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Heat transfer enhancement of tubes in various shapes potentially applied to 
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A B S T R A C T   

To make carbon dioxide (CO2) heat exchangers in refrigeration systems more efficient and compact, passive 
methods for heat transfer enhancement produced by tubes in various shapes were surveyed and assessed. The 
tubes were classified into eight types by proposed classification method based on their geometrical features. The 
overall thermal-hydraulic performance of each type and the thermal-hydraulic performance of individual tubes 
in each type were elucidated using friction factor ratio, Nusselt number ratio, performance evaluation criteria 
(PEC) and enhancement efficiency in laminar and turbulent flow regimes. A critical friction factor ratio of 5, i.e. 
the friction factor of the tube with heat transfer enhancement is five times the factor of the plain tube, was 
introduced to assess these methods. The mechanism of heat transfer enhancement, entropy generation rate 
analysis, second law analysis and field synergy analysis were discussed. The twisted polygon tube, periodical 
convergent-divergent tube, helically corrugated tube and wavy tube suffer from high pressure drop and poor 
PEC. The twisted elliptical tube and eccentrical helical tube are the most suitable passive methods for enhancing 
heat transfer in CO2 heat exchangers due to lower pressure drop and better PEC. Vortex formation, development 
and thermal boundary layer disruption are associated with the mechanism of heat transfer enhancement in the 
twisted oval tube, twisted polygon tube, periodical convergent-divergent tube, helically corrugated tube, wavy 
tube and eccentrical helical tube. Entropy production rate analysis and field synergy analysis are applied in the 
periodical convergent-divergent tube and twisted oval tube. Heat transfer enhancement inside and outside the 
twisted oval tube and eccentrical helical tube under CO2 flow conditions is worth being studied in the future.   

Introduction 

Heat transfer enhancement is the process of improving the effec-
tiveness of heat exchangers either to reduce their size or increase heat 
transfer rate or decrease pumping power for a fixed heat transfer duty. 
Heat transfer enhancement can be achieved by using active method, 
passive method or compound method to generate secondary flows or 
vortices or intensify turbulence in boundary layers [1,2,3]. The active 
method applied additional energy to the flow field to accomplish heat 
transfer enhancement. In the passive method, however, heat transfer 
enhancement does not rely on the additional energy. In the compound 
method, two or more active or passive methods are integrated to 
generate even better heat transfer enhancement than the individual 
method [1]. Passive methods do not require any external power input, 
but also have simple construction, high reliability and no moving parts, 
thus have found extensive applications. 

Heat exchangers are important in carbon dioxide (CO2) refrigeration 

systems, and the effectiveness of the exchangers in gas side needs to be 
enhanced [4]. To select a potential passive method of heat transfer 
enhancement for heat exchangers in CO2 refrigeration systems, a survey 
and assessment was conducted on existing passive methods used in heat 
transfer enhancement. These basically include dimples, protrusions, 
rough elements, twisted tape inserts and nanocoating for pipes/tubes 
[5]. A later literature search indicates that heat transfer enhancement 
can be realised by using pipes/tubes in various shapes such as twisted 
oval tube, periodically convergent-divergent tube, twisted polygon tube, 
twisted multi-lobe tube, helically corrugated tube, conical tube, wavy 
tube, and eccentrically helical tube. A classification of this kind of 
methods for heat transfer enhancement is illustrated in Fig. 1. 

Currently, there exist a large number of elegant review articles on the 
passive methods of heat transfer enhancement, as shown Table 1, 
especially the up-to-date contributions made by [6–13]. Further, the 
thermal-hydraulic performance of triangular cross-sectional duct was 
reviewed [14]. The heat transfer in coil heat exchangers with 
semi-circular, triangular, square, rectangular, trapezoidal cross-sections 
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Nomenclature 

a, b semi-major and semi-minor axis lengths of an ellipse, 
respectively, mm 

a amplitude of the wavy wall as shown in Fig. 17, cm 
A heat transfer area of tube, m2 

Be Bejan number 
cp specific heat capacity of fluid at constant pressure, J/kg K 
d inner diameter of a tube, mm 
d0 inner diameter of a plain or reference tube, mm 
d1, d2 diameter of base and envelope circles of a twisted multi- 

lobe tube, mm 
dh hydraulic diameter of a tube or inner diameter of a coil 

tube, mm 
dh0 hydraulic diameter of a plain or reference tube, mm 
dn nominal diameter of a twisted multi-lobe tube, dn=0.5(d1 

+ d2), mm 
D coil diameter, mm 
De Dean number 
e lobe height (maximum radial distance of lobe profile to 

base circle) or profile height of corrugation, mm 
f Darcy friction factor of a tube with heat transfer 

enhancement 
f0 Darcy friction factor of a plain tube or a reference tube 
h convective heat transfer coefficient outside the tube bundle 

or in a tube with heat transfer enhancement, W/m2 K 
h0 convective heat transfer coefficient in a plain or reference 

tube, W/m2 K 
i, j coordinate index, i, j=1, 2, 3 
l wavelength of a wavy wall in Fig. 17 or half wavelength of 

periodical serpentine channel in Fig. 30, cm 
L length of twisted elliptical tube 
L1, L2 length of contraction and expansion segments in the 

channel shown in Fig. 18, mm 
ṁ mass flow rate of fluid in tube, kg/s 
n number of twists, n = L/s 
n shape factor of an ellipse 
Nu Nusselt number of a tube with heat transfer enhancement, 

Nu = hd/λ or Nu = hdh/λ 
Nux local Nusselt number at location x 
Nu0 Nusselt number of a plain tube or a reference tube, Nu0 =

h0d0/λ or Nu0 = h0dh0/λ 
p1 fluid pressure at inlet of tube, Pa 
p2 fluid pressure at outlet of tube, Pa 
Pr Prandtl number of fluid, Pr = ν/α 
Prt turbulent Prandtl number, Prt = νt/αt=0.85 
q heat flux vector, q = − λ∇T, W/m2 

qw wall heat flux of tube, W/m2 

R equivalent diameter of the circle whose area is equal to the 
area of an ellipse, mm 

R c radius of curvature of bends, mm 
Rtube inner diameter of eccentrical helical tube, mm 
Rhelix eccentricity of the helix of eccentrical helical tube, mm 
Re Reynolds number of a tube 
Rex local Reynolds number at location x 
s twist pitch, m 
ṠD entropy generation rate by dissipations in fluid domain, 

W/K 
ṠH entropy generation rate by heat conduction and heat 

transfer in fluid domain, W/K 
s″′
DD specific entropy generation by direct viscous dissipation, 

W/m3 K 
s″′
ID specific entropy generation rate by indirect (turbulent) 

dissipation, W/m3 K 

s″′
HC specific entropy generation rate by heat conduction with 

mean temperature gradients, W/m3 K 
s″′
HT specific entropy generation rate by heat transfer with 

fluctuating temperature gradients, W/m3 K 
T temperature of fluid, K 
Te temperature of fluid at edge of boundary layer, K 
Tw wall temperature of tube, K 
T0 environment temperature, K 
T1 fluid temperature at inlet of tube, K 
T2 fluid temperature at outlet of tube, K 
u, v, w fluid velocity in the primary flow direction x, normal 

direction y to the wall and spanwise direction z, 
respectively, m/s 

U overall heat transfer coefficient, W/m2K 
u*, v* dimensionless values of u and v, respectively 
u*, v* vectors of u* and v*, respectively 
ue velocity of fluid at edge of boundary layer, m/s 
ui, uj time-averaged velocities of fluid in coordinate directions i 

and j, where i, j=1, 2, 3, m/s 
V* vector of velocity with the components u* and v*, 

V*=u*+v*, m/s 
w tape width of twisted tape insert or profile width of 

corrugation, mm 
W1, W2 width of contraction and expansion segments in the 

channel shown in Fig. 18, mm 
x, y, z Cartesion coordinates of the twisted elliptical tube axis and 

tube inner wall, m 
xi, xj Cartesian coordinates in directions i and j, m 
Xa exergy (available energy), J 
Xd exergy destruction (loss), J 

Greek 
α thermal diffusivity of fluid, m2/s 
αt thermal diffusivity caused by fluid temperature 

fluctuations in turbulent flows, m2/s 
β angle between velocity victor and temperature gradient of 

fluid, ◦

Δp pressure drop across the tube bundle, Pa 
ε dissipation rate of turbulent kinetic energy, m2/s3 

η heat transfer enhancement efficiency 
ηX second law performance 
λ thermal conductivity of fluid, W/m K 
μ dynamic viscosity of fluid, Pa.s 
μt dynamic viscosity of turbulent eddy, Pa.s 
ν kinematic viscosity of fluid, m2/s 
νt turbulent eddy viscosity, m2/s 
θ circumferential angle, rad 
ρ density of fluid, kg/m3 

τ shear stress tensor due to velocity deformation of fluid, τij 
= 0.5μ(∂ui/∂xj + ∂uj/∂xi), Pa 

φ nanoparticle volume concentration/fraction in a 
nanofluid, % 

ψ performance evaluation criteria of heat exchanger 
ψnano performance evaluation criteria of heat exchanger with 

nanoparticles in a fluid 

Abbreviation 
1D one-dimensional 
2D two-dimensional 
3D three-dimensional 
CFD computational fluid dynamics 
EHT eccentrical helical tube 
Exp experimental 
GNP–SDBS graphene nanoplatelet–sodium dodecylbenzene 

sulfonate 
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was reviewed [15]. A comprehensive review of Nusselt number corre-
lations for channels with noncircular cross-section was documented 
[16]. However, a systematic review and comprehensive assessment of 
heat transfer enhancement approaches based on tubes in various shapes 
has not been reported. In this article, such a comprehensive review and 
assessment is conducted to find the most suitable heat transfer 
enhancement methods that can be applied to heat exchangers in CO2 
refrigeration systems. First, the various methods based on tubes in 
various shapes in single-phase flow conditions are described, and the 
results achieved by them are explained by using friction factor ratio, 
Nusselt number ratio, performance evaluation criteria (PEC) and 
enhancement efficiency. Second, the best methods for heat transfer 
enhancement in CO2 heat exchangers in refrigeration systems are 
spotted and evaluated. Third, mechanisms of heat transfer enhancement 
and various thermodynamics analyses such as entropy generation rate, 
field synergy and second law analyses for those tubes are summarised 
and discussed. Finally, further work on those best methods is 
prospected. 

The novelty of the article is as follows: (1) provide an approach for 
classifying the tubes in various shapes in heat transfer enhancement; (2) 
assesse the thermal-hydraulic performance of those tubes by using 
friction factor ratio, Nusselt number ratio, PEC and enhancement effi-
ciency rather than listing empirical correlations of friction factor and 
Nusselt number collected from the literature; (3) select efficient heat 
transfer enhancement methods based on the proposed critical friction 
factor ratio of 5 and PEC value. 

Various shapes of cross-sections 

Besides tubes with circular cross-section, the other tubes/ducts/ 
channels with various noncircular cross-sections in macro- or micro- 
level have also found applications in convective heat transfer. These 

cross-sections include semi-circular, elliptical, triangular, square, rect-
angular, trapezoidal, hexagonal, octagonal, tri-lobe and five-lobe cross- 
sections, as shown in Fig. 2. 

Because of limitations in fabricating methods in micro-scale, the 
cross-section of microchannels often is noncircular. For example, the 
microchannels with noncircular cross-sections are mainly found in heat 
sinks cooled by water [48–52] or the mini-channels for heat transfer of 
supercritical carbon dioxide (SCO2) [53,54]. Additionally, the channels 
with noncircular cross-sections can make heat exchangers more compact 
[55,56]. For instance, the channels with hexagonal cross-section are 
employed in so called honeycomb heat exchanger for ordinary fluids 
[57,58,59] and SCO2 [60,61]. 

To evaluate advantages of the thermal-hydraulic performance of 
noncircular tubes over the circular tube, the friction factor ratio (f/f0), 
Nusselt number ratio (Nu/Nu0), enhancement efficiency (η) and PEC of 
the noncircular tubes (ψ) should be employed. The parameters η and ψ 
are defined as [62]: 

η =
Nu/Nu0

f/f0
,ψ =

Nu/Nu0
̅̅̅̅̅̅̅̅
f/f0

3
√ (1)  

where f and Nu are the friction factor and Nusselt number of a noncir-
cular tube, respectively; f0 and Nu0 are the friction factor and Nusselt 
number of the circular tube, respectively. The ratios f/f0 and Nu/Nu0 
account for the change in the friction factor and Nusselt number after 
heat transfer enhancement occurs. η specifies the gain in heat transfer 
over the penalty in friction factor after heat transfer enhancement. ψ is 
the ratio of heat transfer rate between the noncircular tube and the 
circular tube under identical pumping power. ψ must be higher than 1 
for effective heat transfer enhancement. 

The plots f/f0-Re, Nu/Nu0-Re, η-Re, ψ-Re represent the performance 
of a noncircular tube in heat transfer enhancement compared with the 

LES large eddy simulation 
PCHE printed circuit heat exchanger 
PEC performance evaluation criteria 
RANS Reynolds-averaged Navier-Stokes 
RNG renormalisation group 
SST shear stress transport 
SWCNT single-walled carbon nanotube 

STEH shell and tube heat exchanger 
TET twisted elliptical tube 
THT twisted hexagonal tube 
TMT twisted multi-lobe tube 
TOT twisted oval tube 
TPT twisted polygon tube 
TST twisted square tube  

Fig. 1. Classification of passive heat transfer enhancement methods based on tubes in various shapes.  
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circular tube, where Re is the Reynolds number of the noncircular tube. 
Based on the friction factor and Nusselt number data of the circular, 
semi-circular, square, triangular, rectangular, elliptical tubes in [53], 
the ratios f/f0, Nu/Nu0, and parameters η, ψ are calculated and illus-
trated Fig. 3. Since the ratio f/f0<1 is observed, the hydraulic perfor-
mance of the semi-circular, square, triangular, rectangular, elliptical 
tubes is better than the circular tube. This is because there are corners in 
a cross-section of noncircular tubes and secondary flows can emerge in 
the corners [63]. The secondary flow can enhance convective heat 
transfer over the tube wall and reduce the streamwise shear stress [64] 
and eventually decrease the friction factor in some degree. The situation 
of Nu/Nu0>1, η>1 and ψ>1 occurs in a narrow range of Reynolds 

Table 1 
Summary of existing review papers on passive methods of heat transfer 
enhancement.  

Contributor Ref Passive method (device) 

Gupta, Uniyal (2012) [17] Porous pin fin, perforated fin array, 
vortex generator, perforated fin, 
dimple, grooved fin 

Gulia, Punia, Kamboj, Dahiya (2014) [18] Twisted tape insert 
Kamel (2014) [19] Tube bank heat exchanger with 

vortex generator (delta winglet) 
More, Shelke (2014) [20] Bump on divergent channel 
Wang, Li, Zhang, Xu, Wu (2014) [21] Self-rotating insert 
Patil, Tandale (2015) [22] Twisted tape insert, wire coil insert, 

conical insert, and conical strip 
insert 

Prajapati, Mane, Mane, Gaikwad 
(2015) 

[23] Treated surface, rough surface, 
extended surface, displaced 
enhancement device, swirl flow 
device and additive for liquid 

Sheikholeslami, Gorji-Bandpy, Ganji 
(2015) 

[24] Swirl flow device (rough element, 
corrugated tube, protrusion, 
diverging-converging tube, twisted 
tape insert, rib, conical nozzle 
insert, circular-ring turbulator, 
twisted ring and coil wire insert) 

Thakare, Hole (2015) [25] Plate heat exchanger with circular 
and segmented ribs, rectangular 
and triangular ribs, and V-ribs 

Kumar, Varun, Kumar (2016) [14] Triangular cross-sectional duct 
Kurnia, Sasmito (2016) [15] Non-circular coiled tube 
Sonawane, Patil, Chavhan, Dusane 

(2016) 
[26] Twisted tape insert and wire coil 

turbulator 
Agrawal, Saha, Sharma (2017) [27] Shell and tube heat exchanger with 

elliptical twisted geometry 
Gulave, Desale (2017) [28] W-shaped rib 
Gugulothu, Reddy, Somanchi, 

Adithya (2017) 
[29] Twisted tape insert, and conical ring 

Joshi, Bisht (2017) [30] Twisted tape insert 
Mokashi, Mohite, Manthale, Lad, 

Mane (2017) 
[31] Rotating twisted tape insert 

Omidi, Farhadi, Jafari (2017) [32] Double pipe heat exchanger 
(longitudinal fin, snail entry, swirl 
element, propeller-type turbulator, 
screw tape insert, spined pipe, pin 
fin, louvered strip, triangular fin, 
twisted wire brush, helical fin with 
vortex generator, helical fin with 
pin fin, coil wire insert, curved fined 
insert, agitator, two-side grooved 
tube, variable fin-tip thickness 
insert, triangular finned insert, out 
and inside ribs, perforated circular- 
ring, discontinuous helical 
turbulator, helical fin, perforated 
baffle, coil wire insert, circular-ring- 
wire net insert, grooved tube, 
various vortex generators) 

Parmar, Desai (2017) [33] Twisted tape insert, and wire coil 
turbulator 

Ghogare, Gore, Shaikh (2018) [34] Twisted tape insert, wire coil 
Shriwas, D; Saini (2018) [35] Helical oil tube, dimpled tubes, tube 

with extended surface, twisted tape 
inserts, swirl vane, phase change 
material, and nanofluid 

Thejaraju, Girish (2019) [36] Double pipe heat exchanger 
(twisted tape insert, coil wire insert, 
swirl element, louvered strip, 
helical fin and vortex generator, 
perforated circular-ring, agitator, 
discontinuous helical turbulator, 
plain and longitudinal tube, 
corrugated tube, twisted square 
tube, twisted oval tube and twisted 
tri-lobe tube) 

Yousif, Khudhair (2019) [37] Twisted tape insert 
Datt, Kumar, Bhist, Kothiyal, 

Maithani (2019) 
[38] Twisted tape insert  

Table 1 (continued ) 

Contributor Ref Passive method (device) 

Kaggwa, Carson (2019) [39] Nanofluid in solar application and 
nano refrigerant 

Ahmed, Abedi (2020) [40] Twisted tape insert, delta wing tape 
insert, wire coil insert, helical coil 
insert with rib, air foil-shaped 
insert, v-winglet, nanofluid with 
twisted tape insert, baffle, wire coil 
insert, and vortex generator 

Sarmiento, Soares, Milanez, Mantelli 
(2020) 

[16] Circular and non-circular ducts in 
transition regime 

Vora, Oza, Bhatt (2020) [41] Twisted tape insert, coil wire, rib, 
baffle, fin and corrugated surface 

Akeedy, Alias, Salman (2021) [42] Nanofluid in helical coil and 
microchannel heat exchangers 

Kulkarni, Rathnakumar, 
Dhanasekaran, Akthar (2021) 

[43] Nanofluid in helical coil heat 
exchanger 

Sharma, Jilte (2021) [44] Circular/porous insert, insert with 
fin, twisted tape insert and other 
inserts for parabolic trough solar 
collector 

Kumar, Birl (2022) [45] Effects of baffle orientation and 
shape in tube heat exchanger 

Kumar, Jaurke (2022) [46] Helical tube heat exchanger 
(twisted square tube, corrugate 
tube, multi-inner tube) 

Ajarostaghi, Zaboli, Javadi, Badenes, 
Urchueguia (2022) 

[6] Twisted tape insert, conical strip, 
baffle, winglet, fin, metal foam, 
helical coil, rough surface, wavy 
tube, nanofluid 

Bhattacharyya, Vishwakarma, 
Srinivasan, Soni, Goel, Sharifpur, 
Ahmadi, Issakhov, Meyer (2022) 

[7] Swirl device (twisted tape insert, 
wire coil insert, ring shaped insert, 
vortex generator), artificial 
roughness, modified duct (duct with 
helical corrugation, dimpled duct, 
modified duct with insert, twisted 
tube, wavy channel) 

Habibishandiz, Saghir (2022) [8] porous media, nanofluid, and 
microorganism 

Li, Wang, Han, Li, Yang, Guo, Liu, 
Zhang, Zhang, Jiang (2022) 

[9] Concentric (double or triple) pipe 
heat exchanger 

Li, Tan, Yuan, Wang, Wang (2022) [10] Twisted elliptical tube 
Rukruang, Chimres, Kaew-On, 

Mesgarpour, Mahian, Wongwises 
(2022) 

[11] Alternating cross-section tube 

Tavousi, Perera, Flynn, Hasan (2023) [12] Double pipe heat exchanger 
(twisted tape insert, coil wire insert, 
helical screw-tape, wavy strip, 
helical fin and vortex generator, 
split longitudinal fin, helical fin, 
perforated circular-ring, helical 
surface disk, diverging-converging 
tube, twisted square tube, corrugate 
tube, twisted oval tube, conical 
tube, inner rib, helically coiled tube, 
wavy tube) 

Razzaq, Mushatet (2023) [13] Twisted tube heat exchanger 
(twisted elliptical tube, twisted 
square tube, twisted tape, ribs, 
twisted triangular tube, twisted 
circular tube, and conical ring)  
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number only, so that the heat transfer enhancement caused by these 
noncircular tubes is quite limited. 

To improve the heat transfer enhancement of noncircular tubes 
further, a variety of methods have been proposed by manipulating the 
noncircular cross-section along the tube axis. The aim of the manipu-
lating is to intensify secondary flow or vortex near solid wall and 
enhance the convective heat transfer in the noncircular tubes. These 
methods have been illustrated in Fig. 1 and will be reviewed in the next 
section. 

Tubes in various shapes 

The passive heat transfer enhancement methods reviewed in this 
section include twisted oval tube(TOT), periodically convergent- 
divergent tube, twisted polygon tube(TPT), twisted multi-lobe tube 
(TMP), helically corrugated tube, conical tube, wavy tube and eccen-
trical helical tube(EHT). Except the twisted oval tube and conical tube, 
the rest methods are named in the paper based on their features in ge-
ometry. To evaluate the heat transfer enhancement of these methods, 
the plots f/f0-Re, Nu/Nu0-Re, η-Re and ψ-Re as well as Nu/Nu0-f/f0, η-f/f0 
and ψ-f/f0 are presented. The plots f/f0-Re, Nu/Nu0-Re, η-Re and ψ-Re 
specify the influence of operational condition on the hydraulic-thermal 

Fig. 2. Various cross-sections of tube used in forced convective heat transfer, (a) semi-circular, (b) elliptical, (c) triangular, (d) square, (e) rectangular, (f) trape-
zoidal, (g) hexagonal, (h) octagon, (i) tri-lobe, (j) five-lobe, (i) and (j) are adapted from [47]. 

Fig. 3. Friction factor ratio f/f0, Nusselt number ratio Nu/Nu0, efficiency η and performance evaluation coefficient ψ of the noncircular tubes to the circular tube, the 
data after [53]. 
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performance of an enhancing method, while the plots Nu/Nu0-f/f0, η-f/f0 
and ψ-f/f0 reflect the economic-technical features of the method. 

To obtain an overall situation, a summary of the eight passive 
methods based on tubes in various shapes found in the literature is 
presented in Table A1 along with their achievements in heat transfer 
enhancement in the supplemental material. Since the table is quite 
lengthy, it has to be put into the Appendix. The principal contributions 
made by the contributors are credited in the table. 67.6 % of results are 
obtained by using computational fluid dynamics (CFD), 20.5 % of results 
are achieved by experiment (Exp) and 11.3 % of results are gained by 
both. 83.5 % studies deal with the heat transfer enhancement inside the 
tubes, while 16.5 % studies pay attention to the heat transfer enhance-
ment outside the tubes, i.e., in the annulus between the outer tube/shell 
and the inner tubes. 

Twisted oval tube 

Twisted oval/elliptical tube (TOT/TET) was proposed in the 1980′s 
[65–69] and the heat exchangers based on TOT have found extensive 
applications in chemical, petroleum, power, and steel industrial sectors 
[70]. An oval tube is the tube with a flattened cross-section by the forces 
on both sides in the opposite directions as shown in Fig. 4 in industry to 
reduce manufacturing cost. In research, however, the oval tube means 
the tube with an elliptical cross-section. TOT is the tube with twisted 
oval cross-sections along the tube axis. There are two parameters to 
describe the tube geometrical feature. The first parameter is the pitch s, 
which is the axial length after one cross-section is turned circum-
ferentially by 360◦ against the reference cross-section. The second 
parameter is the aspect ratio a/b, which is the ratio of the major axis a to 
the minor axis b in length. 

Six kinds of studies on heat transfer enhancement have been per-
formed on TOTs, e.g., (1) inside TOT; (2) in the annulus between the 
outer tube and inner TOT; (3) in shell and tube heat exchanger with 
TOT; (4) cross TOTs; (5) inside helical coil with TOT; (6) inside U-shaped 
heat exchanger with TOT. The plots f/f0-Re, Nu/Nu0-Re, η-Re and ψ-Re 
extracted from these studies are shown in Fig. 5, while the plots Nu/Nu0- 
f/f0, η-f/f0 and ψ-f/f0 are exhibited in Fig. 6. 

Generally, f/f0=0.90–2.55, Nu/Nu0=0.88–4.77, ψ=0.91–3.68, and 

η=0.97–2.52 at Re=1000–2000 and f/f0=1.13–4.03, Nu/ 
Nu0=1.16–4.03, ψ=0.82–1.97, and η=0.50–1.40 at Re=2000–65,000 
are observed. The heat transfer enhancement outside TOT is better than 
the enhancement inside TOT. Based on the f/f0, Nu/Nu0, ψ and η values, 
the regime for the best heat transfer enhancement by TOT is spotted at 
Re≤2000. The effect of TOT on heat transfer enhancement gets weak 
with increasing Re and becomes much poorer than that at Re≤2000. 

Heat transfer inside TOT 
In this kind of heat transfer enhancement, the straight TET with 

constant pitch usually was employed. Experimental and CFD methods 
were adopted to investigate and understand convective heat transfer 
inside a TET at constant wall heat flux or temperature. Water, air, pro-
pane and epoxy resin have been used as heat transfer fluid in the tube. 
Effects of aspect ratio and pitch on heat transfer enhancement were 
identified and optimal geometrical parameters were determined at 
different Reynolds numbers. 

Effects of pitch ratio and aspect ratio. The effect of pitch ratio, aspect ratio 
and Prandtl number on heat transfer enhancement of TET was simulated 
by using an in-house CFD computer program in the laminar flow regime 
(Re=100–500) [71]. The pitch ratio and aspect ratio are defined as s/b 
and a/b, respectively. The results indicated that PEC rose with 
increasing Prandtl number, Reynolds number and a/b but declined with 
increasing s/b. 

Five TETs were designed with the pitch ratios: 104/19.02, 152/ 
19.02, 192/19.02 and aspect ratios: 1.60, 1.90, 2.15, 1.76, 1.49, 
respectively. Each TET was installed in an outer tube with a larger 
diameter than the TET. The TET was tested with hot water flowing inside 
the TET and cold water passing the annulus between the TET and the 
outer tube under counter-flow conditions. It was revealed that the TET 
with the pitch ratio of 104/19.02r and the aspect ratio of 1.60 had the 
best thermal-hydraulic performance such as f/f0=2.0–3.5, Nu/ 
Nu0=1.5–4.9, ψ=1.3–3.7 at Re=600–55,000 [72]. Here the dimen-
sionless pitch is defined as the ratio of the pitch to the tube inner 
diameter. 

Five TETs with the pitch ratios: 250/20, 200/20, 150/20, 100/20 
and aspect ratios: 24/14.5, 26/12.5, 27/11, 28/9, were designed. When 

Fig. 4. A circular tube is pressed on both sides in the opposite directions to form an oval tube, and two parameters such as pitch sand aspect ratio a/b describing 
geometry of a twisted oval tube, (a) circular tube, (b) oval tube, and (c) two parameters. 
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the TET wall temperature was at 350 K, and the water entered the tubes 
at 300 K temperature, the convective heat transfer of water turbulent 
flow in these TETs was simulated by using the three-dimensional (3D), 
steady, incompressible Reynolds-averaged Navier-Stokes (RANS) equa-
tions, realisable k-ε turbulence model and energy equation in Fluent 6.3. 
The numerical results showed that the heat transfer coefficient and 
friction factor rose with increasing aspect ratio but declined with 
increasing pitch. The pitch ratio of 150/20 and aspect ratio of 28/9 
resulted in the best heat transfer enhancement of ψ=1.65–1.73 at 
Re=8000–45,000 [73]. 

A TET with a pitch ratio of 200/20 and aspect ratio of 24.4/15 was 
tested under convective heat transfer conditions when the cold water 
flowed in the TET and the hot water passed through the tube outside in a 
counter-flow direction. Unfortunately, the heat transfer enhancement 
with ψ=1.02–1.09 was achieved only [74]. 

The convective heat transfer of water flowing in the TETs with the 
pitch ratio of 30 and the aspect ratios of 1.5, 2.0 and 2.5 was simulated at 
Re=500–1100 based on laminar flow model in Fluent 14.0 when the 
wall temperature was 348.15 K and the water inlet temperature was 
298.15 K. The heat transfer enhancement was ranged in f/f0=1.09–1.26, 
Nu/Nu0=1.27–1.62, ψ=1.23–1.50, η=1.16–1.29, and the secondary 
flow generated by the twisted tube wall played a critical role in the 
augmentation of convective heat transfer [75]. 

The TETs with the numbers of twists of 1, 2, 3 and the aspect ratios of 
2.5, 1.67, 1.25 were established mathematically. The convective heat 
transfer of air in those tubes was simulated based on the laminar flow 
model or the 3D, steady, incompressible RANS equations, realisable k-ε 
turbulence model and energy equation in Fluent 14.0 at Re=100, 1000, 
10,000, when the tube wall was subject to 300 K temperature and the air 

temperature at the tube inlet was 400 K. The coordinates of the TET 
inner wall are described by [76]: 
{

y(θ, x) = acosθcos(2πnx/L) + bsinθsin(2πnx/L)
z(θ, x) = bsinθcos(2πnx/L) − acosθsin(2πnx/L) (2)  

where a and b are the semi-major and semi-minor axes, x is the coor-
dinate of the TET axis, y and z are coordinates of the TET inner wall, n is 
the number of twists and is defined as the ratio of the tube length to the 
pitch, i.e. n = L/s, s is the twist pitch, L is the axis length of TET, θ is the 
circumferential angle. The best heat transfer enhancement was obtained 
as high as f/f0=1.25, Nu/Nu0=1.5, ψ=1.39, η=1.2 at Re=1000 and the 
number of twists of 1.25 [76]. These parameters were close to or below 
unit at the other Reynolds numbers. 

Five TETs with a fixed number of twists of 3 and aspect ratios of 1.2, 
1.4, 1.63, 1.8, 2, four TETs with a fixed aspect ratio of 1.63 and numbers 
of twists of 6, 4, 3, 2 were employed to investigate the effect of number 
of twists and aspect ratio on heat transfer enhancement numerically 
when water flowed in these TETs with a 300 K inlet temperature and a 
350 K wall temperature at Re=500–2000. The 3D, steady, incompress-
ible RANS equations, well-known low Reynolds number k-ε turbulence 
proposed by Jones and Launder and energy equation were used to 
simulate the convective heat transfer in these TETs in Fluent 6.3. The 
results demonstrated that the aspect ratio had little influence on heat 
transfer enhancement in laminar flow at Re=100 but affected largely on 
heat transfer enhancement in turbulent flow. PEC rose with increasing 
aspect ratio but reduced with decreasing number of twists. The 
maximum PEC of 1.7 was predicted at the aspect ratio of 2 and the 
number of twists of 3 and Re=350 [77]. 

Fig. 5. Thermal-hydraulic Parameters f/f0, Nu/Nu0, ψ and η are plotted as a function of Reynolds number Re for twisted oval tubes, (a) f/f0, (b) Nu/Nu0, (c) ψ and (d) 
η, inside-heat transfer in side tubes, outside-heat transfer outside tubes, coil inside-heat transfer in coils with twisted oval tube, STHE-shell and tube heat exchanger. 
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Three TETs with a fixed aspect ratio of 11.18/5.2 and numbers of 
twists of 8, 6, 4 were designed, and the convective heat transfer of water 
in turbulent flow inside them was simulated using the 3D, steady, 
incompressible RANS equations, Wilcox k-ω turbulence model and en-
ergy equation in Fluent 15.0 at Re=10,000–15,000, when the water 
temperature was 330 K at the TET inlet and the TET wall temperature 
was at 300 K. The number of twists had a critical influence on the 
thermal-hydraulic performance of TET and the best performance was 
achieved at the number of twists of 6. The TET could suppress the 
entransy- (heat transport potential capacity, which is a product of heat 
and temperature [78]) dissipation-based thermal resistance to benefit 
heat transfer greatly [79]. 

The experiment of forced convective heat transfer enhancement on 
titanium alloy TET with a pitch ratio of 10.5 and aspect ratio of 23.5/ 
13.5 (1.74) was performed when water flowed in the TET with a 30 ◦C 
inlet temperature at Re=19,000–55,000 and the tube was heated uni-
formly outside by using an electrical coil heater. The empirical corre-
lations for friction factor and Nusselt number were obtained based on 
the experimental data, and ψ=1.34–1.32 was held at 
Re=19,000–55,000 [80]. 

The TETs with aspect ratios: 1.06, 1.09, 1.11, 1.14, 1.16, 1.25, 1.42, 
1.67 and pitch ratios: 0.6, 0.8, 1, 1.5, 2, 2.5, 3, 3.5, 4 were generated, 
respectively, and the forced convective heat transfer of air flowing in 
them at Re=5000–20,000 was simulated based on a periodic module- 
computational domain under a constant inwards wall heat flux of 600 
W/m2. The 3D, steady, incompressible RANS equations, realisable k-ε 
turbulence model and energy equation in Fluent were employed in heat 
transfer simulations. The results showed that a small aspect ratio and 

large pitch ratio could reduce the pressure drop. The maximum PEC of 
1.30 was estimated at the aspect ratio of 1.11, pitch ratio of 0.6 and 
Re=50000 [81]. 

A TET with the pitch ratio of 150/20 and aspect ratio of 24/14.5 was 
generated, and the forced convective heat transfer of water turbulent 
flow in it was calculated numerically by making use of the 3D, steady, 
incompressible RANS equations, shear stress transport (SST) k-ω tur-
bulence model and energy equation in Fluent when the TET wall tem-
perature was 350 K and the water inlet temperature was 300 K at 
Re=8000–20,000. It was demonstrated that the heat transfer coefficient 
and pressure drop of the TET were increased by 18 % and 65 %, 
respectively, compared with the untwisted straight elliptical tube in the 
same size [82]. 

The TETs with pitch ratios of 50/17(2.94), 100/17(5.88), 200/17 
(11.76) and aspect ratios of 1.5, 2 were designed and the forced 
convective heat transfer of water flowing in the TETs at 
Re=4062–26,998 was predicted numerically under a constant inwards 
wall heat flux of 50 kW/m2. The 3D, steady, incompressible RANS 
equations, k-ω turbulence model and energy equation in Fluent were 
selected in the simulations. The numerical results showed that the heat 
transfer was positively affected as the aspect ratio increased and the 
pitch ratio decreased. The best PEC value of 1.39 was observed at the 
aspect ratio 2 and pitch ratio of 50/17 and Reynolds number of 4524 
[83]. The ratio of the entropy generation rate in the TET and plain cir-
cular tube was calculated after CFD simulations were finished, and 
second law efficiency was estimated. The minimum entropy generation 
rate and maximum second law efficiency were found at the aspect ratio 
of 2 and pitch ratio of 50/17 [84]. 

Fig. 6. Parameters Nu/Nu0, ψ and η are plotted as a function of f/f0 for twisted oval tubes, (a) Nu/Nu0, (b) ψ and (c) η, inside-heat transfer in side tubes, outside-heat 
transfer outside tubes, coil inside-heat transfer in coils with twisted oval tube, STHE-shell and tube heat exchanger. 
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Nine TETs were designed and manufactured at pitch ratios of 25, 
18.75, 12.5 and aspect ratios of 2.13, 3.03, 3.70. The forced convective 
heat transfer in these TETs was tested in a counter-flow tube-in-tube 
heat exchanger by using epoxy resin at Re=25–110. The liquid of epoxy 
resin is non-Newtonian fluid, and the thermo-physical properties of the 
liquid are dependent on temperature. The empirical correlations of Nu 
and f as a function of Reynolds number, pitch ratio and aspect ratio for 
the TETs were cast based on the corresponding experimental data. 
Compared with pitch ratio, aspect ratio is a chief factor affecting pres-
sure drop and heat transfer performance of TETs for the liquid of epoxy 
resin [85]. 

Effect of twist direction. Two cases: the first is tube twisted in one di-
rection only; the second is the tube twisted in two alternative directions 
were investigated numerically. Under the same flow and thermal con-
ditions, the TET in the first case was subject to the better heat transfer 
enhancement than that in the second case due to the stronger helical 
flow [81]. 

Effect of wall temperature and wall heat flux. The TETs with the pitch 
ratios: 1.67, 1.43, 1.25 and aspect ratios: 3, 4, 5 were used to investigate 
the effect of uniform wall temperature and uniform wall heat flux on 
heat transfer enhancement in laminar flow regime. The force convective 
heat transfer of air passing through these tubes was calculated numer-
ically at Re=600, 700, 800, and 70 ◦C wall temperature or 30 W/m2 wall 
heat flux. The mechanism for the phenomenon, where a larger local 
Nusselt number in the uniform wall temperature boundary condition 
than that in the uniform wall heat flux boundary condition in some re-
gions was observed in the TETs, was clarified. The velocity and its 
gradient contributions to the transport of the heat flux were numerically 
examined by using the transport equations of heat flux [86]: 

Dq
Dt

+ τ⋅q = α∇2q (3)  

where α is thermal diffusivity of air, m2/s, q is heat flux vector, q =
− λ∇T, λ is thermal conductivity of air, τ is shear stress tensor because of 
the velocity deformation of air, τij = 0.5μ(∂ui/∂xj + ∂uj/∂xi), μ is dynamic 
viscosity of air, xi and xj are the Cartesian coordinates in i and j di-
rections, respectively; i and j are coordinate index, i, j=1, 2, 3. It was 
shown that the velocity and its gradient made a greater contribution to 
the transport of the heat flux nearly normal to the wall in the uniform 
wall heat flux boundary condition than in the uniform wall temperature 
boundary condition in most regions to produce a larger local Nusselt 
number in a TET in the uniform wall heat flux boundary condition. In 
some regions, however, the velocity and its gradient contributions to the 
transport of the heat flux nearly normal to the wall were larger in the 
latter boundary condition than in the former boundary condition to 
generate a higher local Nusselt number. 

Effect of twisted tape insert. A TET with a pitch ratio of 200/23.1 and an 
aspect ratio of 29/19.5 was designed. Seven twisted tape inserts, such as 
solid one-tape, triple-tape, four-tape, five-tape, perforated one-tape, 
centrally hollow one-tape and ribbed solid one-tape inserts, were 
installed in the TET, respectively. The forced convective heat transfer of 
water in turbulent flow through the TET was numerically calculated 
based on the 3D, steady, incompressible RANS equations, k-ω turbulence 
model and energy equation in Fluent as the tube wall temperature at 
373.15 K and the water inlet temperature at 300 K and 
Re=5000–53,000. The Nusselt number and friction factor of the tube 
with twisted tape insert were increased by 23.4–35.6 % and 
149.5–432.6 % compared with the TET without twisted tape insert, 
respectively. The largest PEC value was found in the TET with the 
centrally hollow one-tape insert. The PEC declined with increasing 
number of tapes in an insert, the twist direction of tape against the TET 
influenced heat transfer rate in minor except for the centrally hollow 

tape insert [87]. 

Heat transfer enhancement outside TETs 
The heat transfer enhancement outside TETs is related to the forced 

convective heat transfer in the annulus between the outer tube and the 
inner TET in a tube-in-tube heat exchanger or the annulus between the 
shell tube and the bundle of TETs in a shell and tube heat exchanger. 
Two types of study on this issue can be found in the literature: one is the 
study on the heat transfer in the annulus alone at a fixed twisted ellip-
tical tube wall temperature; the other one is the study on the heat 
transfer in a whole heat exchange but the results in the annulus are 
extracted and analysed only. The studied topics include the effects of 
pitch and aspect ratios and twist direction of individual tube in a TET 
bundle on the heat transfer enhancement in the annulus. 

Effect of pitch and aspect ratios outside single TET. The TETs with pitch 
ratios: 200/18.65, 200/16.36, 200/14.97, 150/14.97, 250/14.97 and 
aspect ratios: 1.54, 2.02, 2.47 were created, and assembled into an outer 
tube with a diameter of 30 mm, respectively, to form a counter-flow 
tube-in-tube heat exchanger. The forced convective heat transfer of 
water flowing in the annulus between the TET and the outer circular 
tube was simulated based on the 3D, steady, incompressible Navier- 
Stokes equations and energy equation in laminar regime 
(Re=200–1200) when the TET wall temperature was 373 K and the 
water temperature was 300 K at the TET inlet. The PEC rose with 
increasing aspect ratio and decreasing pitch ratio. The best PEC occurred 
at the pitch ratio of 150/14.97 and aspect ratio of 2.47 [88]. 

A TET was accommodated in a straight untwisted smooth elliptical 
tube to form a tube-in-tube heat exchanger. The pitch ratios were 10, 15, 
20 and the aspect ratios were 2.5, 2, 1.67 for the TET, respectively. The 
forced convective heat transfer of water in turbulent flow through the 
tube was predicted numerically based on the 3D, steady, incompressible 
RANS equations, renormalisation group (RNG) k-ε turbulence model 
and energy equation in Fluent when the TET wall temperature was fixed 
at 363 K and the air inlet temperature was given at 293 K and 
Re=4000–15,000. The heat transfer in laminar regime was simulated 
without the turbulence model at Re=1000–3000, too. It was indicated 
that there was a symmetrical secondary flow in the annulus to improve 
the heat transfer greatly. The Nusselt number rose with increasing aspect 
ratio and decreasing pitch ratio. The largest Nusselt number was 
improved by 116 % but the friction factor was increased by 46 % to raise 
the PEC up to 1.9 in the case where the pitch and aspect ratios were 10 
and 2.5 at Re=3000 in comparison with the case where the inner tube is 
another straight untwisted smooth elliptical tube [89]. The empirical 
correlations for Nusselt number and friction factor were established as a 
function of pitch and aspect ratios and Reynolds number in both laminar 
and turbulent flow regimes. 

The straight untwisted outer elliptical tube in [89] was replaced with 
a TET, thus a double twisted elliptical tube heat exchanger was gener-
ated. The twist directions of both the TETs were opposite. The forced 
convective heat transfer of air in the annulus between the two twisted 
elliptical tubes was simulated at Re=1000–3000 and 4000–15,000 when 
the pitch and aspect ratios of the inner TET varied. A strong secondary 
flow was identified in the twisted annulus to enhance the heat transfer 
significantly. The maximum Nusselt number and friction factor were 
enhanced by 157 % and 118 % compared with those in the annulus 
between the straight untwisted outer elliptical tube and an inner TET. As 
a result, the best PEC value was achieved at 1.98 [90]. 

Heat transfer enhancement outside TET bundle.  

1) Effects of pitch and aspect ratios 

The forced convective heat transfer in the annulus of the shell tube 
and the TET bundle was simulated by employing the 3D, steady, 
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incompressible RANS equations, realisable k-ε turbulence model and 
energy equation in Fluent 6.3 when the TET wall temperature of 350 K 
and the water inlet temperature of 300 K were imposed at 
Re=5000–25,000. The aspect ratios of the TETs were 1.51, 2, 2.45, 2.8, 
and the pitch ratios were 80/19.4, 80/16.86, 80/14.94, 50/13.92, 80/ 
13.92, 110/13.92/140/13.92, respectively. The numerical results sup-
ported that the Nusselt number and friction factor rose with increasing 
pitch and aspect ratios. Spiral secondary flow was found in the shell side 
and its intensity was intensified with increasing aspect and pitch ratios, 
especially in the cases with the aspect ratio of 2.8 [91]. 

The forced convective heat transfer in the gap of a TET bundle was 
simulated by using an explicit filtering large eddy simulation (LES) 
method in the spectral element CFD code Nek5000 based on periodic 
domains of triangular and square unit cells surrounding a single TET. 
The 3D, unsteady, incompressible Navier-Stokes equations and energy 
equation were adopted in the simulations. The heat transfer in the flow 
inside the TETs was excluded from the simulations. For the square unit 
cell, increasing gap between the TETs could reduce friction factor by 11 
% and increase Nusselt number over the TETs by more than 20 % in 
laminar flow regime; in turbulent flow regime, however, the increasing 
gap reduced friction factor by less than 5 %. For the triangular unit cell, 
increasing gap could reduce friction factor by 13 % and increase the 
Nusselt number by about 30 % in laminar flow regime. In turbulent flow 
regime, the increasing gap could reduce friction factor by less than 5 %. 
These facts suggest that the gap size exhibits a minor effect on convec-
tive heat transfer enhancement outside a TET bundle in turbulent flow 
regime but a significant influence in laminar flow regime [92]. 

The forced convective heat transfer of water in a shell and TET heat 
exchanger in counter-flow mode was numerically predicted by 
employing the 3D, steady, incompressible RANS equations, SST k-ω 
turbulence model and energy equation in ANSYS CFX at 
Re=3000–20,000. The water temperatures at the inlet of the shell and 
the inlet of the bundle of four TETs were 95 ◦C and 8 ◦C, respectively. 
The twist ratio of the TETs was 2.5. The parameters of f/f0=1.38–1.52, 
Nu/Nu0=1.92–2.12, ψ=1.69–1.86 and η=1.30–1.43 were predicted in 
the annulus between the shell tube and the bundle of four TETs at 
Re=3000–20,000 in comparison with the case of plain tube bundle [93]. 

A counter-flow square channel and TET heat exchanger was pro-
posed and manufactured. The exchanger was composed of a square 
channel and a bundle of nine TETs. There is a slot on top of the channel 
near outlet of the TET for warm air at a temperature of 308.15 K to flow 
into the shell. The opening areas of the slot such as 56.7, 49.14, 41.85 
cm2 were set to alter the inflow flow rate. The cold air with a temper-
ature of 300.15 K was enforced to flow into the TETs in the bundle. The 
TETs have an aspect ratio of 12/7.77(≈1.54) and the twist ratios of 700/ 
120, 700/100, 700/80. The forced convective heat transfer in the space 
between the square shell and the bundle was simulated using the 3D, 
steady, incompressible RANS equations, standard k-ε turbulence model 
and energy equation in Fluent 18.0. The numerical results showed that 
the heat transfer coefficient outside the bundle h and the pressure drop 
across the bundle Δp were decreased with increasing opening area, but 
the parameter h/

̅̅̅̅̅̅
Δp3

√
varied a little at a fixed air flow rate through the 

TETs. The heat transfer coefficient h was increased, but the pressure 
drop Δp and the parameter h/

̅̅̅̅̅̅
Δp3

√
were increased with decreasing pitch. 

There was a notable spiral flow along the outside wall of the TETs to mix 
the inflow air and enhance the external heat transfer effect [94]. 

The effect of twist direction of TETs in a TET bundle on heat transfer 
in the annulus between the shell and the bundle in a shell and TET heat 
exchanger was investigated numerically. Two cases were specified: the 
first is that the central TET is surrounded by the other TETs with the 
opposite twist direction to the central TET, and the second is that all the 
TETs in the bundle are in the identical twist direction. The forced 
convective heat transfer of water in the annulus was predicted numer-
ically using the 3D, steady, incompressible RANS equations, RNG k-ε 
turbulence model and energy equation in Fluent at Re=2000–10,000 

when the TET wall temperature was 350 K and the water inlet tem-
perature was 300 K. The aspect ratios of TETs were 1.5, 2, 3, the pitches 
were 50, 100, 200 mm, the shell inner diameters were 94, 104, 110 mm, 
respectively. Basically, the Nusselt number, friction factor and PEC were 
increased, and the secondary flow became more intense with increasing 
aspect ratio and decreasing pitch. Compared with the second case, a 
more uniform temperature field was obtained in the first case, especially 
the Nusselt number, friction factor and PEC were improved by 12.8 %, 
15.2 % and 7.6 %, respectively. The smaller the pitch or the closer to 1 
the aspect ratio, the more advantage the first case [95]. 

A shell and TET heat exchanger with a spiral baffle around the 
bundle of TETs was designed and the forced convective heat transfer of 
water flowing in the space between the shell and the TET bundle was 
analysed numerically when the mass flow rate of water varied in 
5.15–15.45 kg/s at a given inlet temperature of 293.15 K and the TET 
wall temperature was fixed at 393.15 K. The 3D, steady, incompressible 
RANS equations, realisable k-ε turbulence model and energy equation 
were employed based on Fluent. The aspect ratio of the TETs was 2, the 
centre-to-centre gap between the TETs was 25 mm, and the helix angle 
of the spiral baffle was 15◦ and 20◦, respectively. It turned out that the 
flow velocity distribution in the shell side of the heat exchanger with a 
spiral baffle and the bundle of TETs was more uniform and the velocity 
was increased more near the tube wall than the exchanger with a spiral 
baffle and a bundle of circular plain tubes. Moreover, the baffle with 
helix angle of 15◦ resulted in the shell and TET heat exchanger to have 
the best thermal-hydraulic performance, i.e. the heat transfer coefficient 
was improved by 3.3 % and the pressure drop was reduced by 17.1–19.1 
%, and the PEC was enhanced by 21.5–22.5 % in comparison with the 
heat exchanger with the bundle of circular plain tubes [96].  

2) Optimisation of pitch and aspect ratios 

The forced convective heat transfer of water in the space between the 
shell and the bundle of TETs in a shell and TET-rod-baffle heat 
exchanger was simulated based on the 3D, steady, incompressible RANS 
equations, standard k-ε turbulence model and energy equation in Fluent, 
when the water velocity varied in 0.1–0.5 m/s at a fixed inlet temper-
ature of 300 K and the TET wall temperature was at 350 K. The pitch and 
aspect ratios were also altered in the simulations. Heat transfer coeffi-
cient and pressure drop were used as the objective functions to optimise 
the inlet velocity, pitch and aspect ratios by using the genetic aggrega-
tion response surface models obtained from the simulations. The sensi-
tivity analysis indicated that the inlet velocity has the most, but the pitch 
ratio has the least influence on the heat transfer coefficient and pressure 
drop, the aspect ratio is in between. Compared with the reference heat 
exchanger, the heat transfer coefficient was increased by 19.17 % and 
the pressure drop was decreased by 5.74 % after the optimisation [97, 
98]. 

Heat transfer enhancement in various heat exchangers 
TETs have found applications in counter-flow shell and tube heat 

exchanger, cross-flow serpentine tube heat exchanger, cross-flow shell 
and U-shaped tube heat exchanger, cross-flow tube heat exchanger and 
coil tube heat exchanger. The studies on those heat exchangers were 
mainly focused on the effects of geometrical parameters of TET on the 
thermal-hydraulic performance of those exchangers. However, most of 
the studies tried to provide the heat transfer coefficients in either the 
tube side or shell side or tube outside rather than the overall heat 
transfer coefficient. A guideline for the design of those heat exchangers 
with TET is unlikely established currently. 

Counter-flow shell and TET heat exchanger. The forced convective heat 
transfer inside the TET of a TET-in-TET heat exchanger was measured at 
Re=1000–17,000 when the diesel and steam flowed in the TET and the 
annulus between the TET and the outer tube, respectively. The TETs 
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were subject to three pitch ratios: 11.9, 9.14 and 8.86. The convective 
heat transfer in the annulus between the shell tube and the bundle of 
seven TETs with pitches of 0.2 m and 0.3 m was tested when cold water 
flowed in the bundle but hot water in the annulus at Re=1000–9000. 
The reference heat exchanger is shell and tube heat exchanger with a 
spiral groove inner tube bundle. The experimental Nusselt number and 
friction factor were best fitted to generate empirical correlations. It was 
confirmed that the thermal-hydraulic performance of the bundle was 
better at Re<5000, but the performance of the annulus was higher at 
Re<8000 [99]. 

A shell and TOT heat exchanger was designed and manufactured, its 
performance was tested at water velocity of 3 m/s in the TOT and 1.5 m/ 
s in the shell side. The TOT was made of aluminium and consists of the 
cross-section as shown in Fig. 4(b). The estimated heat transfer coeffi-
cient was ranged in 1.74–10.86 kW/m2K [100]. 

Two types of experiment on forced convective heat transfer were 
conducted in [101], one was the heat transfer of water in a single TET, 
and one is the heat transfer in the annulus between the shell tube and the 
TET bundle. As usual, the heat transfer coefficient and pressure drop 
inside the TET were greater than inside a smooth circular tube. The heat 
transfer coefficient outside the TET bundle was higher and the pressure 
drop was smaller than outside the circular tube bundle in a reference 
rod-baffle heat exchanger. It was suggested that TET heat exchangers 
had a more effective thermal-hydraulic performance at a low tube side 
flow rate but a high shell side flow rate [101]. The corresponding cor-
relations predicting the thermal-hydraulic performance of a shell and 
TET heat exchanger were proposed based on the experimental data. 

A counter-flow shell and TET heat exchanger was designed and 
fabricated. The exchanger included a circular shell tube and a bundle of 
seven TETs which have an aspect ratio of 2.8 and twist ratio of 6.9. The 
forced convective heat transfer inside the shell (hot thermal oil, 
Re=300–2050) and TET (cold water, Re=12,000–45,000) was tested. 
The reference heat exchangers were an ordinary shell and tube heat 
exchanger and a spiral groove shell and tube heat exchanger. The 
experimental results indicated that the shell and TET heat exchanger 
exhibited a better heat transfer enhancement effect than the two refer-
ence heat exchangers in laminar and turbulent flow regimes. The cor-
relations of Nusselt number and friction factor were established 
according to the corresponding experimental data [102]. 

A counter-flow shell and TET heat exchanger was investigated when 
the TET was subject to the aspect ratios of 1.4, 1.7, and 2, respectively. 
The forced convective heat transfer of water flowing inside and outside 
the TETs was simulated separately by using a bulk temperature of 
293.15 K and a TET wall temperature of 393.15 K and a periodic 
computational domain based on the 3D, steady, incompressible RANS 
equations, RNG k-ε turbulence model and energy equation in Fluent at 
Re=4000–18,000. It was demonstrated that the pressure drop, heat 
transfer coefficient and PEC of the TET and shell sides rose with 
increasing aspect ratio. The heat transfer coefficient and PEC of the TET 
were improved by 25.17–38.28 % and 18.56–24.21 %, but those of the 
shell side were increased by 117.99–126.53 % and 40.82–48.28 % at the 
aspect ratio of 2 [103]. 

Cross-flow serpentine TET heat exchanger. A cross-flow serpentine TET 
heat exchanger was proposed for radiators and air conditioners in ve-
hicles. The forced convective heat transfer of the heat exchanger was 
tested and predicted when hot water flowed in the TET and air flow was 
crossed the exchanger. The 3D, steady, incompressible RANS equations, 
standard k-ε turbulence model and energy equation were employed in 
the prediction in Fluent 14.5 at Re=50,000–350,000. Because the 
experimental and predicted overall heat transfer coefficients were as 
large as 500 to 2500 [104], they seemed unrealistic, further confirma-
tion on them is needed. 

Cross-flow shell and U-shaped TET heat exchanger. A cross-flow shell and 

U-shaped TET heat exchanger was designed and constructed and tested 
when hot air passed through the bundle of ten U-shaped TETs in the shell 
tube and cold water flowed inside the TETs at Re=25,000–126,000. The 
Nusselt number, friction factor, pressure drop, and overall heat transfer 
coefficient were calculated and analysed based on the experimental data 
of heat transfer. The overall heat transfer coefficient U of the heat 
exchanger with U-shaped TET bundle was better by 2.23–8.48 % than 
the exchanger with plain tube bundle [105], see Fig. 7, depending on 
Reynolds number. 

Cross-flow TOT heat exchanger. A cross-flow TOT heat exchanger was 
proposed and manufactured. The heat exchanger consisted of a bundle 
of TOTs. Hot water flowed in the TOTs in the bundle and the cold air 
flowed over the bundle in the cross-flow direction to take heat away. An 
experiment on forced convective heat transfer in the heat exchanger was 
performed when the TOTs were staggered in the bundle and the Rey-
nolds number of the air flow varied in 7500–18,000. The air side heat 
transfer and pressure drop were obtained and correlated to Reynolds 
number. However, the PEC of the air side was as low as 1.01–1.06 only 
[106]. The overall heat transfer coefficient is shown in Fig. 7. 

The forced convective heat transfer of air flow around the cross-flow 
TOT heat exchanger in [106] was simulated based on the 3D, steady, 
incompressible RANS equations, realisable k-ε turbulence model and 
energy equation in Fluent at Re=600–17,000 by using a periodic fluid 
domain. The effects of aspect ratio, twist pitch, transverse tube gap, 
longitudinal tube gap, pitch, diagonal tube gap, and number of TOTs in a 
bundle on the thermal-hydraulic performance of the heat exchanger 
were analysed based on CFD results. The air side overall heat transfer 
coefficient, Nusselt number and pressure drop were correlated to Rey-
nolds number [107]. The corresponding overall heat transfer coefficient 
is illustrated in Fig. 7. 

Coil TET heat exchanger. A TET (aspect ratio=6/4.37) was applied to a 
coil (helix angle=21.4◦, coil diameter D=102 mm, tube diameter dh=10 
mm) heat exchanger and the forced convective heat transfer of water in 
the coil was tested and simulated at Re=2000–4000. The 3D, steady, 
incompressible RANS equations, realisable k-ε turbulence model and 
energy equation in Fluent were adopted in the simulations when the 
water inlet temperature was 293.15 K and the TET wall temperature was 
353.15 K. The PEC=1.24–1.2 was observed for the coil TET heat 
exchanger in comparison with a plain coil heat exchanger [108]. 

The forced convective heat transfer of propane flowing in a TET coil 

Fig. 7. Overall heat transfer coefficient of the cross-flow heat exchanger with 
U-shaped twisted ova tube bundle or with plain tube bundle, the data after 
[105,106,107]. 
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was calculated numerically using the 3D, steady, incompressible RANS 
equations, RNG k-ε turbulence model and energy equation in Fluent at 
Re=4000–16,000. The TET twist pitch and aspect ratio varied in 20–100 
mm and 1.2–2, while helix angle and radius were changed in 8–12◦ and 
1000–1400 mm, respectively. The results showed that the friction factor 
and Nusselt number rose with increasing aspect ratio and decreasing 
twist pitch. The PEC varied in 0.76–1.13 for the TET coils with the 
geometrical and flow parameters considered [109]. 

A TET coil was designed with four pitch ratios and four aspect ratios, 
respectively. The forced convective heat transfer of water or Al2O3 
nanofluids was predicted in Fluent using the 3D, steady, incompressible 
Navier-Stokes equations and energy equation in laminar regime at 
Re=500–3000, inlet temperature of 293.15 K and TET wall temperature 
of 353.15 K. Compared with the smooth coil, the PEC was ranged in 
1.04–1.21 and 1.02–1.23 when the aspect ratio and pitch ratio varied. 
The effect of Prandtl number on heat transfer enhancement was inves-
tigated by using ethylene-glycol and engine-oil as well. It was found that 
the Nusselt number of engine-oil was 6–6.8 times higher than water. The 
Nusselt number of nanofluids was higher by 2–18 % than water with 
increasing Reynolds number and nanoparticle concentration [110]. 

A TET coil heat exchanger was designed by changing the coil 
diameter D to study the effect of curvature ratio dh/D on the thermal- 
hydraulic performance of water flowing in the exchanger at 
Re=250–2000. The performance of the exchanger was estimated by 
using Star-CCM+ based on the 3D, steady, incompressible Navier-Stokes 

equations and energy equation in laminar regime. The TET had a fixed 
aspect ratio of 2 and was subject to an isothermal wall temperature of 
350 K and a water inlet temperature of 300 K. The TET resulted in an 
increased Nusselt number, and a slightly increased friction factor 
compared with the plain coil heat exchanger. The best heat transfer 
enhancement occurred at dh/D=0.17 and the corresponding enhance-
ment efficiency was 1.45–1.55 [111]. The correlations of Nusselt num-
ber and friction factor were best fitted. 

Twisted polygon tube 

Twisted polygon tube (TPT) is the twisted tube with a polygon cross- 
section such as triangular, square, rectangular, trapezoidal and hexag-
onal section etc., as shown in Fig. 2. It has been a quite new passive 
technique for heat transfer enhancement since 2015. There are a few 
experimental and numerical studies on this technique covering the effect 
of polygon shape and twist ratio on heat transfer enhancement inside 
and outside TPT. The plots f/f0-Re, Nu/Nu0-Re, η-Re and ψ-Re extracted 
from the literature are illustrated in Fig. 8, and the plots Nu/Nu0-f/f0, 
η-f/f0 and ψ-f/f0 are shown in Fig. 9. It is seen that f/f0=0.39–9.81, Nu/ 
Nu0=0.83–13.44, ψ=0.73–6.00, η=0.40–1.76 at Re=90–2300 and f/ 
f0=0.51–14.53, Nu/Nu0=1.17–14.36, ψ=0.86–6.45, η=0.22–3.78 at 
Re=2400–12,000 are held. The heat transfer enhancement outside TPT 
in [112,113] is much better compared with the enhancement inside 
TPT. The results in [112,113] need to be verified in the future. 

Fig. 8. Thermal-hydraulic parameters f/f0, Nu/Nu0, ψ and η are shown as a function of Reynolds number Re for twisted polygon tubes, (a) f/f0, (b) Nu/Nu0, (c) ψ and 
(d) η, outside-heat transfer outside the tubes, the rest data are for heat transfer inside the tubes. 
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According to the f/f0, Nu/Nu0, ψ and η values, the region for the best 
heat transfer enhancement inside TPT is observed at Re≤3000. The heat 
transfer enhancement gets poor with increasing Re from Re≥3000. 

Heat transfer enhancement inside TPT 
Most (≈81 %) of the investigations into heat transfer enhancement 

by TPTs have been focused on the heat transfer inside them. The work 
done so far is associated with basic thermal-hydraulic performance of 
TPT, effects of twist ratio, variable pitch, shape of twist axis on heat 
transfer enhancement under water or air flow conditions and the in-
fluence of twisted cross-sectional shape in the flow conditions of water, 
nanofluid and non-Newtonian fluids. The twist ratio is an important 
geometrical parameter, the curved twist axis, variable pitch and nano-
fluid can improve heat transfer enhancement further, the TPTs, espe-
cially twisted square tube (TST) and twisted hexagonal tube (THT) can 
generate heat transfer enhancement in non-Newtonian fluid flows. 

Basic thermal-hydraulic performance. The forced convective heat transfer 
and turbulent flow characteristics of water through a TST were 
numerically predicted under isothermal boundary condition of the tube 
wall based on the 3D, steady, incompressible RANS equations, standard 
k-ε turbulence model and energy equation in Fluent at 
Re=10,000–120,000. The length of the square edge, twist angle and 

length of the TST were 10 mm, 360◦ and 200 mm, respectively. The 
results demonstrated that the Nusselt number and friction factor of the 
TST were greater by 14–38 % and 1.5–21 % than the plain square tube 
due to secondary flow, causing the heat transfer enhancement at the 
level of ψ=1.14–1.3. The best enhancement of ψ=1.3 occurred at 
Re=10,000 [114]. 

Effect of twist ratio. The twist ratio or twist number is defined as the ratio 
of the tube length to the twist pitch. The forced convective heat transfer 
in the TSTs with the twist ratios of 11.5 and 16.5 was tested in a counter- 
flow tube-in-tube heat exchanger at Re=600–70,000. The best heat 
transfer enhancement ψ=2.0 occurred at Re=3000 and the twist ratio of 
11.5. It turned out that the TST had a better thermal-hydraulic perfor-
mance in laminar flow regime and also to some extent in turbulent flow 
regime owing to the strong secondary flow inside the tube [115]. 

The forced convective heat transfer of air flowing in three twisted 
triangular tubes was simulated in ANSYS Fluent 17.1 based on the 3D, 
steady, incompressible RANS equations, standard k-ε turbulence model 
and energy equation at Re=5000–25,000. These twisted triangular tubes 
in a length of 1 m and a diameter of 30 mm had three different twist 
ratios of 5, 10 and 20, respectively. The inlet temperature of air was 25 
◦C and the tube wall temperature was fixed to 120 ◦C in the simulations. 
The results indicated that the twisted ratio was the key parameter 

Fig. 9. Parameters Nu/Nu0, ψ and η are demonstrated as a function of f/f0 for twisted polygon tubes, (a) Nu/Nu0, (b) ψ and (c) η, outside-heat transfer outside the 
tubes, the rest data are for heat transfer inside the tubes. 
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affecting heat transfer improvement and friction loss. The best heat 
transfer enhancement was reported at the twist ratio of 5 compared with 
the plain tube, however, ψ=0.85–1.0 was achieved only [116]. 

Effect of variable pitch. The effect of variable pitch on heat transfer 
enhancement was investigated numerically in a TST. Four variable pitch 
profiles along the tube axis were designed: (1) pitch increases steadily 
downstream; (2) pitch decreases steadily; (3) pitch increases steadily 
until the middle then reduces steadily; (4) pitch declines steadily until 
the middle then increases steadily. The forced convective heat transfer 
of water flowing in the TST with each pitch profile was predicted using 
the 3D, steady, incompressible Navier-Stokes equations and energy 
equation in the laminar flow regime (Re=600–1800) in Fluent. It was 
shown that the twist pitch profile had a remarkable effect on the 
thermal-hydraulic performance of the TST. In the studied range of 
Reynolds number, the TST with the steadily increasing pitch profile 
demonstrated the best heat transfer enhancement in comparison with 
the TST with a constant pitch in common [117]. 

Effect of shape of twist axis. The shape of twist axis may influence the 
heat transfer enhancement of a TPT. A sinusoidal wavy axis was speci-
fied by using wave amplitudes of 5, 10 and 15 mm (dimensionless am-
plitudes: 0.5, 1 and 1.5) and wavelengths of 0.15, 0.3 and 0.6 m 
(dimensionless wavelengths: 0.125, 0.25, 0.5), the square cross-sections 
of the tube were twisted with pitches of 0.15, 0.3 and 0.6 m (twist ratios: 
0.125, 0.25, 0.5), respectively. The forced convective heat transfer of 
water in these twisted wavy square tubes was studied numerically using 
the 3D, steady, incompressible Navier-Stokes equations and energy 
equation in laminar flow regime (Re=500–2000) in Fluent. The nu-
merical results showed that the heat transfer enhancement was 
improved with increasing wave amplitude. The thermal-hydraulic per-
formance of the twisted wavy square tube was better than the twisted 
straight square tube at the similar geometrical parameters. For instance, 
the best heat transfer enhancement of ψ=2.42 in the twisted wavy 
square tube was obtained at Re=500 compared with ψ=1.79 in the 
untwisted wavy square tube and ψ=0.98 in the twisted straight square 
tube at the same Reynolds number [118]. 

A coil heat exchanger with TST was designed, where the helical coil 
centre line was used as the twist axis. The forced convective heat transfer 
of water in the heat exchanger was simulated using the 3D, steady, 
incompressible Navier-Stokes equations and energy equation in laminar 
flow regime (Re=600, 900, 1200) in Fluent when the tube wall tem-
perature and inlet water temperature were given and the tube geomet-
rical parameters such as helical diameter, helical pitch and twist pitch 
varied. It was shown that the helical diameter impacted the thermal- 
hydraulic performance most significantly, and then the twist pitch and 
helical pitch followed, respectively. The Nusselt number and friction 
factor were increased by 14.2 % and 7.7 %, however, just ψ=1.03–1.08 
was achieved. It turned out that the twisted walls could prevent the 
development of thermal boundary layers and alter the location and 
strength of secondary flow and velocity profiles continuously, resulting 
in more uniform temperature profiles [119]. 

The coil, serpentine and spiral heat exchangers with TST were 
designed. The helical coil, serpentine and spiral centre lines were used as 
the twist axis, respectively. The forced convective heat transfer of water 
in these heat exchangers was analysed using the 3D, steady, incom-
pressible Navier-Stokes equations and energy equation in laminar flow 
regime (Re=100, 300, 500, 700, 900) in Fluent when the tube wall 
temperature and inlet water temperature were prescribed and the coil 
pitch and twist pitch varied. It turned out the heat transfer coefficient 
was increased by up to 60 % in the serpentine heat exchanger compared 
with the exchanger with the plain tube, the coil and spiral heat ex-
changers with TST followed. Increasing coil pitch and twist pitch 
enhanced heat transfer coefficient but enlarged and pressure drop as 
well, especially increasing twist pitch. The heat transfer enhancement 

such as ψ=1.00–1.20, 0.96–1.45, 0.98–1.20 was gained in the coil, 
serpentine and spiral heat exchangers with TST [120]. 

Effect of cross-sectional shape in various fluid flows.  

(1) Water flow 

The THT was cooled by using counter flow in a shell and tube heat 
exchanger, and the thermal-hydraulic performance of water flowing in 
the THT was simulated using the 3D, steady, incompressible RANS 
equations, RNG k-ε turbulence model and energy equation in Fluent at 
Re=1000–100,000. The results revealed that the Nusselt number of the 
THT was higher in laminar flow regime but lower in turbulent flow 
regime than that of the TST. This matter of fact suggests that THTs 
should be applied in industry for laminar flow regime while TSTs for 
turbulent flow regime [121].  

(2) Nanofluid flow 

The effect of Al2O3/water nanofluid flow on heat transfer enhance-
ment inside the TST was predicted by employing the 3D, steady solid- 
liquid two-phase mixture model with an algebraic slip formulation be-
tween the two phases in laminar flow regime in Fluent. The pitch of the 
twisted square tube was either constant or variable, the Al2O3 nano-
particle volume concentrations were set to be 1, 2, 3 and 4 %. The 
predicted PEC values are presented in Fig. 10 at 0, 1 and 4 % nano-
particle volume concentrations for the TSTs with constant and steadily 
increasing pitches, respectively. Obviously, ψ values rise with the 
increasing concentration and Reynolds number. Compared with the ψ 
values at 0 % concentration (water), the ψ values at the nanoparticle 
volume concentration of 1 % are increased by 1.30–1.78 % and 
0.85–1.45 % for the TSTs with constant and variable pitches, respec-
tively, depending on Reynolds number. At the concentration of 4 %, 
however, the ψ values are augmented by 14.04–17.21 % and 
11.89–12.07 % for the TSTs with constant and variable pitches. This 
suggests the TST with constant pitch works better in the Al2O3/water 
nanofluid flow than the TST with variable pitch [117]. 

The heat transfer characteristics of Al2O3/water nanofluid (volume 
concentrations at 0.5–1 %) flowing in a TST were numerically investi-
gated when the twist ratios were 7.5, 11.5 and 16.5 and the Prandtl 
number was ranged in 8 to 10 based on the 3D, steady solid-liquid two- 
phase mixture model with an algebraic slip formulation between the two 

Fig. 10. PEC values of the TSTs with constant and steadily increasing pitch are 
plotted as a function of Reynolds number Re at 0(water), 1 and 4 % nano-
particle volume concentrations, the data after [117]. 
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phases in laminar flow regime (Re=600–2000) in Fluent. It was shown 
that the Nusselt number rose with decreasing twist ratio and increasing 
Prandtl number. The nanoparticles at a volume concentration of 1 % in 
water could improve the Nusselt number by 1.2 to 1.45 % at the twist 
ratios considered compared with that of water. Once the concentration 
was smaller than 1 %, heat transfer enhancement did not occur [122]. 

The forced convective heat transfer of Al2O3/water nanofluid in the 
twisted mini channel (2.25 mm in diameter) with different geometrical 
parameters was simulated using the 3D, steady solid-liquid two-phase 
mixture model with an algebraic slip formulation between the two 
phases in laminar flow regime in Fluent. The elliptic, semi-circular, 
square, rectangular, and triangular cross-sections, three twist pitch ra-
tios (5, 2, 1) and four nanoparticle volume concentrations (0, 1, 2, 3, 4 
%) were selected to investigate their effects on heat transfer enhance-
ment at Re=300–1500. The heat transfer enhancement by the various 
cross-sections was estimated to be ψ=1.04–1.51 compared with the 
plain circular tube. The twisted tube with square cross-section at a pitch 
ratio of 5 was the best in heat transfer enhancement. The heat transfer 
coefficient and pressure drop were enlarged with increasing pitch ratio. 
The nanoparticles resulted in a higher heat transfer coefficient and 
pressure drop than the pure water. The thermal-hydraulic performance 
of the mini channel was better than the pure water as soon as the 
nanoparticle volume concentration was at or above 1 % [123]. 

The forced convective heat transfer of CuO/organosilicone oil (Syl-
therm 800) nanofluid in the TPTs was investigated numerically by using 
the 3D, steady, incompressible RANS equations, k-ε dispersed turbu-
lence model and energy equation based on the solid-liquid two-phase 
mixture model in laminar and turbulent flow regimes (Re=50–102,000) 
in Fluent 14.5, when the nanofluid inlet temperature was 450 K and the 
TPT wall temperature was 300 K to mimic the operational condition of 
parabolic trough solar collector. The TPTs had triangular, square, hex-
agonal and octagonal cross-sections and the twist angle per unit length 
varied from 0◦ to 360◦, respectively. The volume concentrations of 
nanoparticles were 3 and 6 %. The heat transfer enhancement such as f/ 
f0=0.39–6.71, Nu/Nu0=0.84–6.64, ψ=0.73–3.74, and η=0.60–3.80 was 
achieved at the nanoparticle concentration of 6 % compared with the 
plain circular tube. The TPT at a twist angle 360◦ had the best heat 
transfer enhancement at that concentration. Since the heat transfer of 
the fluid without nanoparticles was not simulated, the increment in heat 
transfer enhancement caused by the nanoparticles was unclear. Addi-
tionally, the numerical data are too scattered, further confirmation on 
them is needed [124].  

(3) Non-Newtonian fluid flow 

The forced convective heat transfer of the slurry from biogas plants 
in the twisted triangular, square, hexagonal, octagonal, decagonal tubes 
were simulated using the 3D, steady, incompressible RANS equations, 

RNG k-ε turbulence model and energy equation in Fluent 12.0 at the 
tube wall temperature of 328.15 K, Re=400–6000 and the total solid 
concentrations of 5.4 and 7.5 %. It was shown that the THT had the best 
thermal-hydraulic performance, and the maximum PEC was ψ=2 at 
Re=2000 but PEC was always higher than the other twisted tubes at 
Re≥2000, as shown in Fig. 11. The Reynolds number of 5000 was the 
best operational condition of the THT for the slurry with the total solid 
concentration of 7.5 % [125]. 

Corn straw slurry in biomethane process is non-Newtonian fluid with 
temperature-dependent and strongly shear-thinning rheological prop-
erties. The dynamic viscosity of the corn straw slurries at the total solid 
concentrations of 6 and 8 % was correlated to temperature and shear 
rate by using a power function based on the rheological experimental 
data. The thermal-hydraulic performance of the slurries flowing in the 
TST and THT was predicted numerically by using the 3D, steady, 
incompressible RANS equations, SST k-ω turbulence model and energy 
equation as well as the correlations of dynamic viscosity of the slurries in 
Fluent 12.0 when the tube wall temperature was 70 ◦C and the slurry 
inlet temperature was 10–55 ◦C at Re=3000–20,000. It was indicated 
that the THT had heat transfer enhancement with ψ=2.0 in the turbulent 
regime. The radial mixing and the near-wall shear effect could induce a 
strong and continuous shearing effect to enhance the heat transfer 
[126]. 

Food waste slurry is non-Newtonian fluid with highly viscous, 
temperature-dependent, and strongly shear-thinning rheological char-
acteristics. The correlations of dynamic viscosity to temperature and 
shear rate for the food waste slurries at the total solid concentrations of 8 
and 10 % by weight were best fitted by using a power function based on 
the rheological experimental data. Then, the forced convective heat 
transfer of the food waste slurries through the TET and THT was simu-
lated based on the 3D, steady, incompressible Navier-Stokes equations 
and energy equation as well as the correlations of dynamic viscosity 
obtained in laminar flow regime (Re=1–1000) in Fluent. It was observed 
that the THT was more effective in heat transfer enhancement with the 
best heat transfer enhancement of ψ=2.75 than the TET at low- 
temperature difference across the tube wall. The TET showed certain 
heat transfer enhancement at high Reynolds number only. The low dy-
namic viscosity in the boundary layer induced by the strong and 
continuous shearing effect near the tube wall is responsible for the better 
heat-transfer enhancement achieved by the THT [127]. 

Heat transfer in annulus between TPT and outer tube 
The forced convective heat transfer of water passing through the 

space between the shell and four TSTs in a counter-flow shell and tube 
heat exchanger was investigated numerically using the 3D, steady, 
incompressible RANS equations, SST k-ω turbulence model and energy 
equation in ANSYS CFX at Re=3000–20,000. The results indicated that 
the TST was more effective in heat transfer enhancement in the low 

Fig. 11. Friction factor f and Nusselt number Nu of twisted polygonal tube are plotted as a function of number of edges of polygon n at Re=4000 (a), PEC values of 
twisted elliptical tube (TET), twisted square tube(TST) and twisted hexagonal tube(THT) are illustrated against Reynolds number Re, the total solid concentration of 
slurry is 7.5 %, the data in the figure after [125]. 
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Reynolds number range (3000 to 5000) than the TET based on PEC 
values. The reason for this effect is that the TST can induce a weak whirl 
flow inside and outside the tube for the tube to achieve a better PEC at a 
lower Reynolds number. The TET, however, can create a strong whirl 
flow inside and outside the tube to enhance the heat transfer better in 
the high Reynolds number range [93]. 

The thermal-hydraulic performance of air flow in the annulus formed 
by an inner TST and an outer circular tube was tested at 
Re=400–60,000. The TSTs were at twist ratios of 10.6 and 15, respec-
tively. The effect of the annulus parameters on the performance was 
exmined by altering the outer tube diameter. At a given twist ratio, a 
narrower annulus resulted in a larger friction factor and Nusselt number, 
especially at Re≥3000. The best heat transfer enhancement such as f/ 
f0=4.33–14.54, Nu/Nu0=4.50–15.29, ψ=2.25–6.52, and η=0.56–1.43 
was reached at the twist ratio of 10.6 and the area ratio of 0.19 (ratio of 
the inner cross-sectional area of the TST to the inner cross-sectional area 
of the outer tube). However, this excellent set of heat transfer 
enhancement needs to be confirmed in the future [112]. 

A counter-flow tube-in-tube heat exchanger, which consists of an 
outer TST and an inner circular pipe, was designed. The forced 
convective heat transfer of water streaming in the annulus between the 
TST and the inner tube was numerically studied using the 3D, steady, 
incompressible Navier-Stokes equations and energy equation in laminar 
flow regime (Re=220–1100) in Fluent 16.2 when the inner tube wall 
was at an inwards heat flux of 100 W/m2 and water had a uniform inlet 
temperature. Three parameters such as edge length of twisted square 
(6.6, 8.2, 10.2,12.6 mm), diameter of the inner tube (19, 21, 23, 25 mm) 
and twist angle (0, 45, 60, 90◦) varied. It was shown that the thermal- 
hydraulic performance of the annulus varied a little with Reynolds 
number, i.e., f/f0=1.40–1.41, Nu/Nu0=1.81–1.83, ψ=1.62–1.63, and 
η=1.29–1.30. The twisted outer tube created a swirl flow in the annulus, 
but also caused a boundary layer separation-reattachment on the inner 
tube wall [128]. 

Three wire coils with circular, equilateral triangular and square 
cross-sections were installed into a TET tube, respectively. The thermal- 
hydraulic performance of water through the annulus between the TET 

and the wire coils was simulated based on the 3D, steady, incompress-
ible RANS equations, k-ω turbulence model and energy equation in 
Fluent at Re=5000–50,000 when the water inlet temperature was 300 K 
and the TET wall temperature was 373.15 K. The effects of the geometric 
shape, twist direction and cross-sectional orientation of the wire coil 
were investigated. The numerical results showed that the additional 
wire coil could enhance the heat transfer rate in the TET, but the PEC 
was decreased, resulting in increased pump consumption. The wire coil 
with the equilateral triangular cross-section led to the best thermal- 
hydraulic performance, e.g., Nusselt number was increased by 45.9 % 
along with an increment of 674.9 % in friction factor compared with the 
TET alone [113]. 

Twisted multi-lobe tube 

Twisted multi-lobe tube (TMT) is the twisted tube along its central 
axis with a cross-section that has a base circle with a few outwards 
axisymmetric lobe-like projections. TMT has been one emerging tech-
nique for heat transfer enhancement since 2015. The most common 
multi-lobe cross-sections found in the literature are illustrated in Fig. 12. 
The lobes originate from the base circle and end on the envelope circle. 
The geometry of lobes can be either systematic or asymmetric, however, 
the lobes are always axisymmetric. Smooth connection is usually 
secured between the lobes, as shown in Fig. 12(b)-(d), but there is a cusp 
between the base circle and the lobes in Fig. 12(a) or between two lobes 
Fig. 12(e). 

Existing investigations into heat transfer enhancement by TMTs have 
been devoted to effects of twist ratio, lobe shape and size on heat transfer 
enhancement and the thermal-hydraulic performance of helical coil heat 
exchanger with TMT. The plots f/f0-Re, Nu/Nu0-Re, η-Re and ψ-Re 
complied by the data found in the literature are illustrated in Fig. 13, 
and the plots Nu/Nu0-f/f0, η-f/f0 and ψ-f/f0 are given in Fig. 14. The 
parameters evaluating heat transfer enhancement achieved by TMTs 
exhibit a significant scatter: f/f0=1.09–12.09, Nu/Nu0=0.48–7.04, 
ψ=0.40–3.50, and η=0.12–2.39 in laminar flow regime 
(Re=100–2000). The scatter in the parameters is damped in turbulent 

Fig. 12. Most common multi-lobe cross-sections found in the literature, columns (a)-(e) represent five types of multi-lobe, respectively, the pictures in column (a) 
adapted from [129,130,131], (b)-(d) from [74,132], (e) [133,134], respectively. 
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flow regime (Re=2000–50,000), namely f/f0=1.0–7.0, Nu/ 
Nu0=1.0–6.9, ψ=0.8–1.4 and η=0.4–1.5. The best heat transfer 
enhancement was ψ=1.6–2.2 with a sightly large f/f0=2.5–3.9 in tur-
bulent flow regime [135]. The heat transfer enhancement obtained by 
TMTs is better in laminar flow regime than in turbulent flow regime 
based on CFD simulations, but experimental confirmation is needed in 
the future. 

Heat transfer enhancement inside TMT 
The lobe height ratio, twist pitch ratio, severity index and number of 

lobes are major geometrical parameters of a TMT and have important 
impacts on the design and thermal-hydraulic performance of the TMT. 
The shape of lobe is another critical factor influencing the design and 
performance as well. Effects of those geometrical factors on the heat 
transfer enhancement inside TMTs have been clarified by using CFD 
simulations under water or air flow conditions in laminar or turbulent 
flow regime. Further, effects of shape and number of lobes on the heat 
transfer enhancement inside TMTs were examined in supercritical water 
flow conditions, too. The influence of twisted tape insert on the thermal- 
hydraulic performance of TMT was also investigated numerically. The 
effects of tape width ratio, pitch ratio or twist ratio on the heat transfer 
enhancement were explored. The thermal-hydraulic performance of 
helical coil heat exchanger with untwisted tube or TMT was evaluated 
numerically. It was suggested that TMTs could improve the thermal- 

hydraulic performance of helical coil heat exchangers slightly only. 

Effects of lobe height ratio, pitch ratio, severity index and number of lobes. 
The important parameters of TMT are lobe height e (maximum radial 
distance of lobe profile to base circle) and twist pitch s. The corre-
sponding lobe height ratio, pitch ratio and severity index are defined as 
e/dn, s/dn and e2/sdn, where dn is the nominal diameter of TMT, dn=0.5 
(d1 + d2), d1 and d2 are the diameter of base and envelope circles, 
respectively [129]. The five twisted two-lobe tubes were designed with 
two asymmetrical lobes at e/dn=0.053, 0.077, 0.095, 0.116, 0.1336, 
s/dn=1.32, 1.08, 0.81, 0.60, 0.41, e2/sdn=0.0021, 0.0055, 0.011, 0.022, 
0.045, as shown in Fig. 12(a). The forced convective heat transfer of 
water through those tubes was analysed numerically by employing the 
3D, steady, incompressible Navier-Stokes equations and energy equa-
tion in laminar flow regime (Re=100–1300) in Fluent 14.0 when the 
inwards heat flux of 5 kW/m2 and inlet temperature of 300 K were 
applied. The CFD results indicated the best thermal performance was 
ψ=1.8–2.3 in the twisted two-lobe tube with e2/sd=0.045 at 
Re=100–700. The Nusselt number was increased by 21.7–60.5 % along 
with the increase of 19.2–36.4 % in friction factor [129]. 

The thermal-hydraulic performance of the twisted tri-lobe tube with 
asymmetrical lobes as shown in Fig. 12(a) was calculated numerically by 
using the 3D, steady, incompressible Navier-Stokes equations and en-
ergy equation in laminar flow regime (Re=100–1300) in Fluent 14.0 

Fig. 13. Thermal-hydraulic parameters f/f0, Nu/Nu0, ψ and η are shown as a function of Reynolds number Re for twisted multi-lobe tubes, (a) f/f0, (b) Nu/Nu0, (c) ψ 
and (d) η, the data are for heat transfer inside the tubes. 
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when the inwards heat flux of 5 kW/m2 and inlet temperature of 300 K 
were specified. The geometrical parameters of five twisted tri-lobe tubes 
were prescribed by e/dn=0.18, s/dn=0.91, 1.82, 2.73, 3.64, 4.55, e2/ 
sdn=0.036, 0.018, 0.012, 0.0091, 0.0072. The results showed the Nus-
selt number and friction factor were increased by 2.4–3.7 and 1.7–2.4 
times compared with the plain tube at the same Reynolds number. The 
best heat transfer enhancement of ψ=1.8–3.4 was obtained at e2/ 
sdn=0.036 [130]. 

Heat transfer and flow characteristics of water flow in a TET and 
twisted tri-lobe tube were studied experimentally at Re=8000–21,000. 
It turned out that the Nusselt number of the twisted tri-lobe tube was 
enhanced by 5.4 % and the friction factor was increased by 8.4 % 
compared with the TET at the same twist pitch [74]. Further, the in-
fluence of geometrical shape and parameters such as cross-section 
shape, twist pitch, twist direction and number of lobes on the heat 
transfer performance and flow characteristics were investigated 
numerically based on different TMTs in the cross-sections shown in 
Fig. 12(b)-(d) using the 3D, steady, incompressible RANS equations, SST 
k-ω turbulence model and energy equation in Fluent 6.3 at Re=4000–20, 
000, 350 K isothermal wall temperature and 300 K inlet water tem-
perature. The geometrical parameters of six TMTs were ranged in 
e/dn=0.15–0.38, s/dn=11.11–12.42, e2/sdn=0.0021–0.012. The results 
revealed that the TMTs with a high e/dn or e2/sdn and a small s/dn could 
have a large Nusselt number and friction factor. The alternately 
right-hand and left-hand twisted multi-lobe tubes had better 
thermal-hydraulic performance (ψ=1.12–1.38) than the right- or 

left-hand twisted multi-lobe tubes. The better heat transfer enhance-
ment of twisted tri-lobe tube was attributed to the helical flow and 
secondary flow induced by the twisted and curved tube wall [74]. 

Twisted tri-lobe tubes with cross-sections like Fig. 12(c) were 
designed and the influences of the lobe height ratio (e/d2=0.02, 0.04, 
0.06, 0.08, 0.1, 0.12, 0.14 and 0.16) and pitch ratio (s/d2=0.5, 0.65, 
0.75, 1.0, 1.5 and 2.0) on heat transfer enhancement in them were 
investigated in turbulent flow regime (Re=5000–20,000) based on the 
3D, steady, incompressible RANS equations, realisable k-ε turbulence 
model and energy equation in ANSYS Fluent 18.0. Air was used as the 
heat transfer fluid in the tubes and the tube wall was subject a uniform 
inwards heat flux of 0.6 kW/m2. The computational results demon-
strated that twisted tri-lobe tubes could induce helical flow and sec-
ondary flow to reduce thermal boundary layer thickness and enhance 
heat transfer rate. The friction factor rose monotonically with increasing 
e/d2 and decreasing s/d2, but the maximum heat transfer rate occurred 
at e/d2=0.08 and s/d2=0.75. The Nusselt number and friction factor 
were 0.8–2.31 and 1.0–17.14 times the plain tube, respectively. The 
maximum PEC of 1.21 existed at e/d2=0.06, s/d2=0.75 and Re=5000 
[136]. 

Five twisted six-lobe tubes with cross-sections shown in Fig. 12(c) 
were created at e/dn=0.154, 0.231, 0.308, 0.385 and 0.462, s/dn=1.538, 
1.308, 1.077, 0.846 and 0.769, e2/sdn=0.0154, 0.0407, 0.0879, 0.175 
and 0.277. The forced convective heat transfer of water flowing in these 
tubes was simulated using the 3D, steady, incompressible Navier-Stokes 
equations and energy equation in laminar flow regime (Re=100–1300) 

Fig. 14. Parameters Nu/Nu0, ψ and η are demonstrated as a function of f/f0 for twisted multi-lobe tubes, (a) Nu/Nu0, (b) ψ and (c) η, the data are for heat transfer 
inside the tubes. 
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in Fluent 14.0 when the inwards heat flux of 5 kW/m2 and inlet tem-
perature of 300 K were prescribed. The Nusselt number and friction 
factor were 2.4–3.7 and 1.7–2.3 times the plain tube, respectively. it was 
shown that the twisted six-lobe tube with e2/sdn=0.277 could produce 
the best heat transfer enhancement of ψ=1.8–3.4 at Re=100–1300 
[137]. 

Two series of twisted six-lobe tube with the cross-sections shown in 
Fig. 12(a) were designed, in the first series the lobe height and envelope 
diameter remained fixed but the twist pitch varied, resulting in e/ 
d2=0.23, s/d2=4.07–5.52, e2/sd2=0.0133–0.0098, in the second series, 
however, the pitch was fixed but the lobe height and envelope diameter 
varied, leading to e/d2=0.28–0.061, s/d2=4.38–2.85, e2/ 
sd2=0.0181–0.0013. The forced convective heat transfer of water, air 
and T55 oil passing through these tubes was simulated at 
Re=10,000–60,000 as the inlet temperature and tube wall temperature 
were 363 K and 300 K. It was shown that the pressure drop and friction 
factor declined with increasing twist pitch, and increasing lobe height 
could lead to a large friction factor. The effect of fluid properties on 
friction factor was marginal. The twisted six-lobe tube had better heat 
transfer enhancement than the twisted four-lobe tube. The secondary 
flow velocity and longitudinal vortex vorticity became large with 
increasing lobe height [138,139]. Six twisted tubes with 2, 3, 4, 5, 6 and 
8 lobes (e/d2=0.14, s/d2=1.59–6.36, e2/sd2=0.0123–0.0031) were 
generated, respectively, and the heat transfer enhancement of these 
twisted tubes were evaluated numerically using CFD method. the PEC 
value of the twisted eight-lobe tube is 1.10 times the twisted six-lobe 
tube, but the Nusselt number was 0.73–0.85 times the latter. The 
twisted eight-lobe tube in heat transfer enhancement was better than the 
twisted six-lobe tube in terms of PEC [131]. 

Effects of shape and number of lobes in supercritical water flow. The TMTs 
used in [74] were adopted to study their heat transfer enhancement 
under flow conditions of supercritical water at Re=8000–20,000. Effects 
of cross-section shape and number of lobes on the heat transfer perfor-
mance were investigated. The results showed that the Nusselt number of 
the twisted tri-lobe tube was higher by 53 % and 41 % than the circular 
tube and TET, respectively. A larger radius of connecting arc and a 
smaller major axis length could improve heat flux by 4–6 % due to the 
intensification of swirling fluid flow in the tubes. Increasing the number 
of lobes could intensify the swirling flow rate through the lobes [132]. 

Effect of variable pitch. A twisted tri-lobe tube with the cross-sections in 
Fig. 12(e) was designed and its twist pitch was variable, i.e., steadily 
decreasing to the middle and then monotonically increasing towards 
downstream. The forced convective heat transfer of water flowing in the 
twisted tri-lobe tubes was simulated by using the 3D, steady, incom-
pressible RANS equations, SST k-ω turbulence model and energy equa-
tion in ANSYS Fluent when the inlet temperature and tube wall 
temperature were 300 K and 350 K at Re=8000–20,000. The compu-
tational results were compared with those of the TET and twisted tri- 
lobe tube with a constant twist pitch. It was shown that the heat trans-
fer coefficient of the TET and twisted tri-lobe tube with the constant and 
variable pitch was better by 18 %, 29 % and 63 % than the plain tube, 
respectively, but the pressure drop was increased by 65 %, 107 %, and 
140 %. The PEC values were ranged in 1.12–1.03 for the TET, 1.18–1.05 
for the twisted tri-lobe tube with the variable pitch, 1.39–1.20 as the 
Reynolds number varied from 8000 to 20,000. These results suggested 
that the twisted tri-lobe tube with variable twist pitch could improve 
thermal performance greatly but suffered from considerable pressure 
drop, causing a low PEC value. Thus, a twisted tri-lobe tube with a 
constant pitch has better heat transfer enhancement than that with a 
variable pitch in terms of PEC [82]. 

Effect of twisted tape insert 
The twisted tri-tape insert with the tape width ratios w /d2=0.1, 0.25, 

0.34 and 0.5 was installed in a twisted tri-lobe tube with the cross- 
section shown in Fig. 12(e). The heat transfer enhancement by the 
tube and twisted tri-tape insert was simulated using the 3D, steady, 
incompressible RANS equations, realisable k-ε turbulence model and 
energy equation at Re=5000–15,000. Influences of relatively circum-
ferential positions between the tube and twisted tri-tape insert on the 
heat transfer enhancement were investigated. It was shown that the 
Nusselt number and friction factor rose with increasing tape width ratio. 
The arrangement where the twisted tapes were towards the tube neck 
was better in the heat transfer enhancement than the arrangement 
where the tapes were towards the tube belly at the same width ratio. The 
Nusselt number of the twisted tri-lobe tube with the twisted tape insert 
in the tape-towards-neck arrangement at w/d2=0.34 was larger by 36 % 
than the plain twisted tri-lobe tube compared with 17 % in the tape- 
towards-belly arrangement. As a result of this, the corresponding 
maximum PEC was ψ=1.32 at Re=5000 and w/d2=0.34. This is because 
of the stronger interaction between the swirling flows generated by the 
twisted tri-lobe tube and by the tapes, respectively [140]. 

An untwisted tri-lobe tube with a cross-section shown in Fig. 12(e) 
was generated and three twisted tape inserts were installed in the tri- 
lobe tube, respectively. The forced convective heat transfer of water 
flowing in the tri-lobe tube was simulated using the 3D, steady, 
incompressible RANS equations, SST k-ω turbulence model and energy 
equation in Fluent at Re=5000–20,000. The twist pitch and tape width 
ratio varied in s=100, 150, 200 mm and w/d2=0.15, 0.25, 0.34 and 0.4. 
It turned out that the Nusselt number, friction factor and PEC were 
increased when the tape width ratio rose from 0.15 to 0.4. The best PEC 
of ψ=2.05–1.60 was identified at w/d2=0.4, twist pitch of 100 mm and 
Re=5000–20,000 [135]. 

A twisted tri-lobe tube with a cross-section shown in Fig. 12(b) was 
created and a twisted tape insert with four twist ratios of 2, 3, 4 and 5 
was installed in the twisted tri-lobe tube. Experiments were conducted 
on forced convective heat transfer in the twisted tri-lobe tubes in tur-
bulent flow regime (Re=4500–16,000) when water was adopted as the 
heat transfer fluid. The Nusselt number was improved with decreasing 
twist ratio. The largest PEC values were 1.28, 1.25, 1.23, and 1.21 at 
twist ratios of 2, 3, 4 and 5, respectively [141]. 

Helical coil heat exchanger with TMT 
A helical coil heat exchanger with a twisted tri-lobe tube in the cross- 

section shown in Fig. 12(b) was designed and fabricated, the forced 
convective heat transfer of water in the heat exchanger was tested and 
simulated using the 3D, steady, incompressible RANS equations, real-
isable k-ε turbulence model and energy equation in Fluent at 
Re=2000–40,000. The helical coil heat exchangers with the circular 
tube, untwisted elliptical tube and the untwisted tri-lobe tube in the 
cross-sections in Fig. 12(b) were fabricated, tested and simulated, too. 
the results showed that the coil heat exchanger with the twisted tri-lobe 
tube exhibited better thermal-hydraulic performance than the coil heat 
exchanger with the circular tube, untwisted elliptical tube and un-
twisted tri-lobe tube, respectively. The Nusselt number and friction 
factor of the coil heat exchanger with the twisted tri-lobe tube were 
increased by 19–31 % and 24–38 % compared with the exchanger with 
the circular tube. As a result, when the Reynolds number rose from 2000 
to 40,000, the PEC values reduced from 1.38 to 1.34 for the coil heat 
exchanger with the twisted tri-lobe tube, from 1.36 to 1.25 for the 
exchanger with the untwisted tri-lobe tube, from 1.24 to 1.20 for the 
exchanger with the untwisted elliptical tube, respectively [108]. 

Twenty-five helical coils with twisted two-lobe tubes in the cross- 
section shown in Fig. 12(e) were designed in terms of twist pitches in 
20–100 mm and lobe heights in 0.4–2 mm, the forced convective heat 
transfer of propane flowing in the tubes was predicted numerically at 
Re=4000–16,000. The maximum PEC of ψ=1.13 was obtained at the 
lobe height of 2 mm, twist pitch of 20 mm, and Re=4000 for the twisted 
two-lobe tube. The PEC values of the coil with the twisted two-lobe tube 
were 0.94–1.13 times and 0.88–1.05 times the coil with the plain tube at 
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Re=400016,000, respectively. Additionally, the PEC value of the coil 
with the twisted two-lobe tube was higher than the helical coil with the 
TET [109]. 

The forced convective heat transfer of water in the helical coil heat 
exchangers with twisted two-, tri-, four- and five-lobe tubes in the cross- 
sections in Fig. 12(e) was simulated using the 3D, steady, incompressible 
Navier-Stokes equations and energy equation in laminar flow regime 
(Re=500–2000) with ANSYS Fluent at constant wall temperature. The 
effect of number of lobes, number of twists was evaluated. For the 
straight untwisted tubes with multi-lobe cross-sections, it was shown 
that increasing number of lobes had an insignificant impact on the 
thermal-hydraulic performance of the tubes. For the coil heat exchanger 
with the untwisted multi-lobe tubes, however, the twisted two- and four- 
lobe tubes could increase heat transfer coefficient with a minor impact 
on friction factor. As a result, the thermal performance of the helical coil 
heat exchanger with untwisted two- or four-lobe tubes was improved by 
18.4 % compared with straight tube at Re=500–2000. The twisting of 
multi-lobe tube could improve the thermal-hydraulic performance of the 
straight tube but deteriorate the performance of the helical coil tube 
[133]. 

The forced convective heat transfer of water in the helical coil heat 
exchangers with twisted two-, tri-, four- and five-lobe tubes in the cross- 
sections in Fig. 12(e) was simulated using the 3D, steady, incompressible 
RANS equations, SST k-ω turbulence model and energy equation in 
turbulent flow regime (Re=8000–20,000) with ANSYS Fluent at con-
stant wall temperature. It was revealed that the TMT enhanced the heat 
transfer in a straight tube by 6.76 % but generated a marginal 
improvement in heat transfer in the helical coil tube. The variable 
number of lobes could lead to a change in thermal performance as little 
as 2 % only. The PEC values of the helical coil tube with untwisted and 
twisted two-lobe cross-section were 1.08 and 1.00 only, comparison 
with ψ=1.037 for the coil tube with untwisted and twisted five-lobe 
cross-section [134]. 

Periodical convergent-divergent tube 

Periodical convergent-divergent tubes make use of a periodical 
variation of their cross-sectional area or wall deformation along the flow 
path to enhance the heat transfer inside the tubes. This passive method 
has come to notice since the 1990s and has drawn more attention, 

Fig. 15. Thermal-hydraulic parameters f/f0, Nu/Nu0, ψ and η are shown as a function of Reynolds number Re for periodically convergent-divergent tubes, (a) f/f0, (b) 
Nu/Nu0, (c) ψ and (d) η, the data are for heat transfer inside the tubes. 
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resulting in a large body of literature. Periodical convergent-divergent 
tubes can be divided into seven types: (1) two-dimensional (2D) sinu-
soidal convergent-divergent channel, (2) 3D periodical convergent- 
divergent channel, (3) transversely corrugated tube, (4) orthogonal el-
lipse tube, (5) periodical contraction-expansion tube, (6) alternating 
circle and ellipse tube, and (7) nozzles or inserts in series in tube. 

The plots f/f0-Re, Nu/Nu0-Re, η-Re and ψ-Re based on the data 
extracted from the literature are demonstrated in Fig. 15, and the plots 
Nu/Nu0-f/f0, η-f/f0 and ψ-f/f0 are presented in Fig. 16. The situation: f/ 
f0=1.0–5.55, Nu/Nu0=1.0–6.06, ψ=0.92–3.62, η=0.05–2.01 at 
Re=130–2300 and f/f0=3.00–56.39, Nu/Nu0=1.21–4.44, ψ=0.73–2.17, 
η=0.14–1.17 at Re=2200–60,000 is observed. The extremely large f/f0 
values were found in [142] in the experimental heat transfer enhance-
ment of streamwise periodically fitted V-nozzles in a straight circular 
tube and in the numerical heat transfer enhancement of streamwise 
periodically inserted conical rings in a straight circular tube in [143], 
respectively. The best heat transfer enhancement such as 
f/f0=1.60–4.70, Nu/Nu0=3.12–6.06, ψ=2.66–3.62 and η=1.95–1.29 in 
laminar flow regime was credited to [144] in terms of experimental heat 
transfer on the orthogonal ellipse tubes when the Reynolds number 
varied from 500 to 2300. For the periodical contraction-expansion tubes 
the best heat transfer enhancement was achieved experimentally at 
f/f0=6.06–9.88, Nu/Nu0=2.49–2.68, ψ=1.12–1.44 and η=0.27–0.41 in 
turbulent flow regime at Re=14,000–40,000. This matter of fact 

suggests that periodically convergent-divergent tubes are most suitable 
to the heat transfer enhancement in laminar flow regime, they are not 
economical in turbulent flow regime, and suffer from considerable en-
ergy consumption. 

2D periodical sinusoidal convergent-divergent channel 
2D periodical sinusoidal convergent-divergent channel is a special 

periodical convergent-divergent channel with rectangular cross-section 
where the distance of two sinusoidal walls is much smaller than the 
distance between two flat walls. It is one simple case of 3D periodical 
sinusoidal convergent-divergent channel and has been investigated 
initially as a passive heat transfer enhancement technique. Effects of 
geometrical parameters of 2D periodical sinusoidal convergent- 
divergent channel have been studied under water, air, nanofluid and 
microfluid flow conditions so far. 

Effect of geometrical parameters. Turbulent flow and heat transfer char-
acteristics of air flow in a 2D periodical convergent-divergent channel 
were numerically studied by using the 2D, steady, incompressible RANS 
equations, standard k-ε turbulence model and energy equation at 
Re=40,000–100,000, wall temperature of 35.4 ◦C and inlet temperature 
of 23 ◦C. The channel is shown in Fig. 17 and its wall is sinusoidally 
shaped with amplitude 2a and wavelength l =6.667 cm. The CFD sim-
ulations took place in the body-fitted orthogonal curvilinear mesh at two 

Fig. 16. Parameters Nu/Nu0, ψ and η are demonstrated as a function of f/f0 for periodically convergent-divergent tubes, (a) Nu/Nu0, (b) ψ and (c) η, the data are for 
heat transfer inside the tubes. 
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amplitude-wavelength ratios: 2a/l =0.27, 0.34 by using a custom CFD 
code. The results showed that heat transfer was increased by around 15 
% but pressure drop was enlarged by 40 % as the amplitude-wavelength 
ratio rose from 0.27 to 0.3, suggesting an ineffective channel in heat 
transfer enhancement [145]. 

Flow patterns of laminar and transitional flows of water in 2D si-
nusoidal wavy channels were conducted firstly in a water tunnel, and 
then the forced convective heat transfer in the channels was tested in a 
wind tunnel. The two wavy walls of the tested channels were in 12–14 
wavelengths long, and the wave amplitude, phase angle, and wall-to- 
wall spacing varied. It was found that the onset of unsteady macro-
scopic mixing in the flow was directly relevant to the heat transfer 
enhancement. The location of the onset of mixing depended on Reynolds 
number and channel geometry. The onset of the macroscopic mixing in 
the whole channel occurred at a moderate Reynolds number (Re≈800) 
[146]. 

The forced convective heat transfer of incompressible fluid flowing 
through a 2D periodical, sinusoidal convergent-divergent channel was 
numerically analysed using the stream-vorticity method in laminar flow 
regime under constant wall temperature and uniform fluid inlet tem-
perature. The effects of amplitude-wavelength ratio on Nusselt number 
and friction factor were clarified at Re=100–700. The numerical results 
showed that the Nusselt number and friction factor rose with increasing 
amplitude-wavelength ratio. The heat transfer enhancement was insig-
nificant at a smaller amplitude-wavelength ratio than 0.2, and a suffi-
ciently large amplitude-wavelength ratio (>0.2) was suggested for 
effective heat transfer enhancement [147]. 

The unsteady forced convective heat transfer of air flowing in a 2D 
periodical convergent-divergent channel with sinusoidal walls was 
simulated using the 2D, unsteady, incompressible Navier-Stokes equa-
tions and energy equation in laminar flow regime (Re=25–1000) based 
on an in-house computer program of finite volume method. It was shown 
that the heat transfer rate was very low for steady flow but increased for 
unsteady flow because of the increased mixing between the core and the 
near wall fluids [148]. 

Under nanofluid and micropolar fluid flow conditions. The forced 
convective heat transfer of Cu/water nanofluid in a 2D periodical si-
nusoidal convergent-divergent channel with a hot bottom wall was 
simulated in laminar flow regime (Re=300, 450, 600) at three nano-
particle volume fractions (0.01, 0.03, 0.05) and amplitude-channel 
height ratios (φ=0.1, 0.2, 0.3). The governing equations included the 
single-phase 2D steady Navier-Stokes equations and energy equations 
with effective density, thermal conductivity, and dynamic viscosity. A 
sensitivity analysis was performed on the CFD results by using response 
surface method to optimise the thermal-hydraulic performance. The 
maximum enhancement in Nusselt number was increased by 56 % but 
24 % at Re=600 and φ=0.1 as the amplitude-channel height ratio rose 
from 0.1 to 0.3 and from 0.1 to 0.5, respectively. The dimensionless 
pressure drop was more sensitive to amplitude-channel height ratio than 
Reynolds number and nanoparticle volume fraction. The Nusselt num-
ber was more sensitive to Reynolds number and amplitude-channel 
height ratio. Increasing amplitude of the sinusoidal walls could 
enhance the mixing of fluid in the channel and increase the temperature 

gradient near wall [149]. 
An entropy generation analysis on the forced convective heat 

transfer of Cu/water nanofluid in a 2D periodical sinusoidal convergent- 
divergent channel with constant wall heat flux based on the simulated 
results in ANSYS Fluent in laminar flow regime (Re=300–900), three 
nanoparticle volume fractions (0.01, 0.03, 0.05), amplitude-channel 
height ratios (φ=0.1, 0.2, 0.3) and wavenumbers (2, 4, 6). The gov-
erning equations were the same as those in [149]. It was found that the 
thermal entropy generation was in everywhere in the channel and the 
viscous entropy generation rose with increasing Reynolds number and 
amplitude-channel height ratio [150]. 

Micropolar fluids are a kind of fluid in which molecules can rotate 
independently of local fluid flow and vorticity, and their flow charac-
teristics are affected by the micro rotation. Numerical simulations of the 
laminar mixed convection of a cold micropolar fluid in a horizontal 2D 
periodical sinusoidal convergent-divergent channel with a hot bottom 
wall were launched. The governing equations included 2D steady 
Navier-Stokes equations formulated in both stream function and 
vorticity, micro motion equation and energy equation. The micropolar 
fluid thermo-physical properties were constant except its density, and 
the buoyancy effect was handled by the Boussinesq approximation. The 
governing equations were solved numerically by finite difference 
method. Effects of Rayleigh number, Reynolds number, Prandtl number, 
vortex viscosity parameter and wavenumber on velocity and tempera-
ture profiles as well as Nusselt number were clarified. It was found that 
the Nusselt number rose with increasing Rayleigh, Reynolds and Prandtl 
numbers but declined with decreasing wavenumber. However, the in-
fluence of vortex viscosity parameter on the Nusselt number was not 
monotonic [151]. 

3D periodical convergent-divergent channel 
3D periodical convergent-divergent channels are a kind of 3D peri-

odical convergent-divergent channels with a rectangular or square cross- 
section. The 3D periodical convergent-divergent channel is mainly used 
as a heatsink to cool electrical devices. They usually are subject to a high 
wall heat flux (400–1000 kW/m2), low Reynolds number (100–1000) 
and small size (millimetre scale). The forced convective heat transfer of 
water in 3D periodical convergent-divergent channels with arc, triangle, 
trapezoid, and sinusoidal-shaped walls has been investigated 
numerically. 

Arc, triangle and trapezoid shaped wall. A 3D microchannel with arc- 
shaped walls and rectangular cross-section as illustrated in Fig. 18 was 
proposed in [152]. The conjugate heat transfer of water in the channel 
was simulated by employing the 3D, steady, incompressible 
Navier-Stokes equations and energy equation in laminar flow regime 
(Re=132, 529, 926) in Fluent 6.2.16 when an inwards heat flux of 1000 
kW/m2 was applied at the channel bottom and the temperature of 293 K 
was prescribed to water at the channel inlet. The effects of wall 
geometrical parameters including length and width of the periodical 
structures on Nusselt number and pressure drop were presented. The 
PEC values for evaluating heat transfer enhancement were ranged in 
1.10–1.55 when the wall geometrical parameters and Reynolds number 
varied. The optimised wall geometrical parameters were in the range of 

Fig. 17. Geometrical shape and parameters of a 2D symmetric periodical convergent-divergent channel, the picture after [145].  
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0.15<L1/L2<2 and 1.4<W2/W1<2.1 [152]. 
To improve the heat transfer enhancement in the channel with the 

wall shape shown in Fig. 18(b) further, a pair of inwards arcs were 
added, making the channel even more narrowed locally, see Fig. 18(c). 
The conjugate heat transfer of water in that channel was predicted at 
Re=150–600 and six dimensionless arc heights (arc height to the hy-
draulic diameter of the channel) by using the same flow and heat 
transfer models and numerical methods as well as boundary conditions 
in [152]. The results showed that the Nusselt number of the channel was 
1.3–1.6 times the plain channel when the dimensionless arc height 
varied in 0.074 to 0.217 at Re=600, but the friction factor was 6.5 times 
the latter, depending on the Reynolds number [153]. This work was 
extended by replacing the inwards arc with triangular, rectangular and 
trapezoidal elements/ribs as illustrated in Fig. 18(d)-(f) in [154]. The 
numerical results suggested the PEC of the channel with additional 
rectangular ribs was the lowest and the PEC value of the channel with 
trapezoidal ribs was better at Re<300, but the PEC values of the chan-
nels with arc and triangular ribs were the best at Re≥300, especially the 
channel with arc ribs [154]. 

The 3D periodical convergent-divergent channel shown in Fig. 18(a) 
but with triangular-shaped wall or trapezoidal-shaped wall as well as 
arc, triangular and trapezoidal elements/ribs was proposed in [155]. 
The longitudinal cross-sections of the channel are illustrated in Fig. 19. 
CFD simulations of the conjugate heat transfer of water in the channels 
were performed in laminar flow regime (Re=100–600) at the known 
uniform wall heat flux on the channel bottom in six channels with 
different wall shapes and rib sizes. The results confirmed that the peri-
odical convergent-divergent channel with triangular-shaped wall and 
triangular ribs exhibited the best heat transfer enhancement 
(ψ=1.25–1.45) at Re=300–600, while the channel trapezoidal-shaped 
wall and trapezoidal ribs had the best enhancement (ψ=1.03–1.18) at 
Re=100–300 [155]. 

The 3D periodical arc or triangular convergent-divergent micro-
channels for heat sink with rectangular cross-section were designed, and 
the conjugate heat transfer of water flowing in them was predicted based 
on the 3D, steady, incompressible Navier-Stokes equations and energy 

equation in laminar flow regime and the head conduction in the solid 
domain (water volume flow rate=100–200 ml/min, bottom wall heat 
flux=2000 kW/m2, water inlet temperature=298 K). The numerical 
results suggested two types of microchannels enhanced the heat transfer 
compared with the plain microchannel in rectangular cross-section due 
to the jetting and throttling effect [156]. 

A number of CFD simulations of the conjugate heat transfer of water 
in the 3D periodical convergent-divergent channels with trapezoidal- 
shaped wall were conducted when the geometrical parameters of lon-
gitudinal trapezoidal cross-section varied at a fixed water inlet tem-
perature and a 1000 kW/m2 wall heat flux prescribed under the channel 
bottom in laminar flow regime (Re=100, 300, 550, 800, 1000). The 
geometrical parameters include base length ratio (top base length to 
bottom base length), height ratio (height to the channel length), pitch 
ratio (channel length to pitch/wavelength) and relative longitudinal 
position between trapezoids on the opposite walls (difference in the 
longitudinal positions between the trapezoids on the opposite walls to 
channel length). The best heat transfer enhancement such as 
ψ=2.06–1.72 at Re=100–1000 was achieved at the base length ratio of 
0.5, height ratio of 0.4, pitch ratio of 3.33, and zero relative longitudinal 
position (i.e. symmetrical channel walls) [157]. 

A 3D periodical convergent-divergent channel with triangular- 
shaped wall and rectangular ribs was proposed as shown Fig. 20 and 
the conjugate heat transfer of water in the channel was simulated based 
on the 3D, steady, incompressible Navier-Stokes equations and energy 
equation in laminar flow regime (Re=173–635) as well as the heat 
conduction in the channel wall at a constant bottom wall heat flux of 
1000 kW/m2 and a water inlet temperature of 293 K in Fluent 6.3. The 
effects of wall and rib geometry on Nusselt number and friction factor 
were investigated. The best heat transfer enhancement of f/ 
f0=2.14–3.55, Nu/Nu0=1.89–2.39, ψ=1.46–1.56, and η=0.88–0.67 was 
gained as the Reynolds number varied from 173 to 635. That enhance-
ment was attributed to the interruption and redevelopment of the 
thermal boundary layer [158]. 

A 3D periodical convergent-divergent channel with rectangular ribs 
as shown in Fig. 20 was proposed by replacing the triangular profile with 

Fig. 18. 3D structure (a) and 2D profile of walls (b) of the periodical convergent-divergent channel proposed in [152], the wall shape (c) was proposed in [153], the 
shapes (d)-(f) were created in [154]. 

Fig. 19. Periodical convergent-divergent channel with triangular-shaped wall (a), and a periodical convergent-divergent channel with trapezoidal-shaped wall (b), 
both channels with arc, triangular and trapezoidal elements/ribs, respectively, the picture after [155]. 

W. Li et al.                                                                                                                                                                                                                                       



International Journal of Thermofluids 20 (2023) 100511

24

a sinusoidal profile, and the conjugate heat transfer of water in the 
channel was predicted based on the 3D, steady, incompressible Navier- 
Stokes equations and energy equation in laminar flow regime 
(Re=100–800) as well as the heat conduction in the channel wall at a 
constant bottom wall heat flux of 1000 kW/m2 and a water inlet tem-
perature of 300 K in ANSYS Fluent 14.0. The effects of sinusoidal 
amplitude and rib geometry on Nusselt number and friction factor were 
analysed. The best heat transfer enhancement: f/f0=1.18–2.06, Nu/ 
Nu0=1.30–2.24, ψ=1.23–1.76, and η=1.11–1.09 reached at 
Re=100–800 [159]. 

The work in [159] was extended by putting one 3D periodical 
convergent-divergent channel on top to form a counter-flow double--
layer microchannel heat sink with sinusoidal expansion wall and rect-
angular ribs. the conjugate heat transfer of GNP–SDBS/water nanofluid 
in the sink was simulated based on the 3D, steady, incompressible 
Navier-Stokes equations and energy equation in laminar flow regime 
(Re=50–1000) as well as the heat conduction in the sink wall at a 
constant bottom wall heat flux of 500 kW/m2 and a nanofluid inlet 

temperature of 293.15 K in Fluent. The results suggested that it was 
possible to increase the Nusselt number by nearly 20 % [160]. 

The 3D periodical trapezoidal convergent-divergent channels silicon 
wall as shown in Fig. 21, one with symmetrical cross-section and one 
with asymmetrical cross-section, were designed and the conjugate heat 
transfer of water in them was predicted at Re=443 with laminar flow 
models. Compared with the plain channel, the optimised channel could 
improve the Nusselt number by up to 1.15 times [161]. This work was 
extended to Re=187–715 in [162]. For the channel with symmetrical 
cross-section, the Nusselt number and friction factor were 1.03–2.01 and 
1.06–9.09 times the plain channel. For the asymmetrical cross-section, 
however, the Nusselt number and friction factor were 1.01–2.16 and 
0.04–7.43 times the plain channel [162]. 

3D sinusoidal-shaped wall. 3D convergent-divergent channels in rectan-
gular cross-section with two sinusoidal-shaped top and bottom walls and 
two flat side walls were designed at l =1.3, 2,2.6, 4 mm, 2a=50, 100, 
150, 200 μm, channel aspect ratio (height/width)=1, 1.25, 1.67, 2.5. 

Fig. 20. 3D periodical triangular outwards convergent-divergent channel with rectangular cross-section and rectangular ribs, (a) 3D shape, (b) longitudinal cross- 
section, the pictures after [158]. 

Fig. 21. 3D periodical trapezoidal convergent-divergent channels (a) and symmetrical longtudinal cross-section (b) and asymmetrical longitudinal cross-section (c), 
the pictures after [161]. 
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The conjugate heat transfer of water in these channels was simulated by 
using the 3D, steady, incompressible Navier-Stokes equations and en-
ergy equation in laminar flow regime (Re=50, 100, 150) in Fluent when 
a wall heat flux of 470 kW/m2 was given at the channel bottom and the 
temperature of 300 K was fixed at the channel inlet. The best heat 
transfer enhancement was ψ=1.45 at Re=150. Additionally, if the top 
and bottom sinusoidal walls were arranged in such a way that forms a 
serpentine/wavy channel, the thermal-hydraulic performance of the 
channel could be better than the channel with symmetrical sinusoidal 
top and bottom walls [163]. 

Effects of geometrical parameters (channel aspect ratio, amplitude- 
wavelength ratio and area expansion ratio, i.e. maximum cross- 
sectional area to minimum cross-sectional area) of the periodical 
converging-diverging microchannel with two sinusoidal side walls and 
flat top and bottom walls on heat transfer enhancement inside the 
channel were studied numerically by solving the 3D, steady, incom-
pressible Navier-Stokes equations and energy equation of water in 
laminar flow regime (Re=200, 400, 600) in Fluent at a uniform bottom 
wall heat flux and the inlet temperature of 300 K. A performance factor 
was proposed to evaluate the heat transfer and pumping power char-
acteristics of the periodical convergent-divergent microchannel. It was 
shown that the performance factor of the channel was improved by up to 
20 % in comparison with the plain channel. Counter-rotating vortices 
having an adverse effect on heat transfer were identified. A large wall 
curvature resulted in chaotic advection to enhance the heat transfer rate, 
but a huge pressure drop was caused [164]. 

Alternating convergent-divergent channels with two perforated walls. 
Alternating convergent-divergent channels with perforated walls in 
rectangular cross-section were proposed to enhance convective heat 
transfer in heat exchangers at Re=500–3000. The convergent-divergent 
channels were stacked by many layers in an alternating manner, i.e., the 
convergent channel in one layer corresponds to the divergent channel in 
the next layer and so forth. Effects of wall geometry and perforation 
pattern on the heat transfer enhancement were studied experimentally. 
It turned out that the secondary flow induced by the suction and injec-
tion through perforated holes and frequent boundary layer interruptions 
at each convergent channel were responsible for the mechanism of the 
heat transfer enhancement [165]. 

Alternating convergent-divergent channels with slotted walls in 
rectangular cross-section were devised and fabricated on a heat sink. 
The conjugate heat transfer of air in the channels was simulated by using 
ANSYS Fluent 15.0 with the 3D, steady, incompressible RANS equations, 
RNG k-ε turbulence model and enhanced wall treatment as well as en-
ergy equation. It was observed that the channel sections induced sec-
ondary flows and repeatedly disturbed the boundary layer over the 
leading edges of the slots. Even though heat transfer enhancement was 
generated, the vortices generated by the secondary flow resulted in 
considerable pressure drop to limit further improvement in heat transfer 
enhancement [166]. 

Transversely corrugated tube 
Transversely corrugated tubes are the tubes whose inner wall is 

periodically corrugated inwards or outwards along the tube axis with a 
geometrical element such as arc, triangle, rectangle, trapezoid and si-
nusoidal shape. As a result, the cross-sectional area of the corrugated 
tube exhibits a periodical contraction and expansion effect along the 
tube axis. When a fluid flows over the inwards or outwards geometrical 
elements, the orientation and magnitude of the fluid velocity will 
change, and vortices will be induced to enhance heat transfer. A few 
studies were devoted to heat transfer enhancement inside the trans-
versely corrugated tubes when the critical geometrical parameters var-
ied in turbulent flow regime. 

Transversely rectangular inwards corrugated tube. The forced convective 

heat transfer of water in a transversely rough rectangular inwards 
corrugated circular tube was estimated numerically based on the 2D, 
steady, axisymmetric, incompressible RANS equations, standard k-ε 
turbulence model and energy equation when the inwards wall heat flux 
of 500 kW/m2 was applied at Re=5000–60,000. The geometrical pa-
rameters of the rough rectangular elements were optimised based on 19 
design cases when the dimensionless element height, pitch and width 
were ranged in 0.025–0.1, 0.5–1.5 and 0.05–0.2, respectively. The re-
sults showed that the Nusselt number was improved with increasing 
rough element height, width and Reynolds number and decreasing 
element pitch. The highest Nusselt number and best PEC were achieved 
when the dimensionless element heights were 0.1 and 0.025 at the 
dimensionless pitch and width of 0.5 and 0.2, respectively [167]. 

Transversely triangular inwards corrugated tube. A series of V-shaped 
nozzles were tightly inserted a circular tube to form the transverse 
triangular inwards corrugated tubes with pitch ratios of 2, 4 and 7, 
respectively. The forced convective heat transfer and friction charac-
teristics of air flowing in the tubes was tested at a uniform inwards heat 
flux over the tube wall and Re=8500–16,500. The best heat transfer 
enhancement was achieved at the pitch ratio of 2, i.e., f/ 
f0=15.12–16.07, Nu/Nu0=2.36–1.78, ψ=0.95–0.71, and η=0.16–0.11 
as the Reynolds number increased from 8500 to 16,500 [142]. 

Three transverse triangular inwards corrugated tubes were designed 
and the forced convective heat transfer of air through the tubes was 
tested at a constant wall heat flux of 616 W/m2 and Re=1500–8000. The 
wall shape was in periodical isosceles triangle, obtuse triangle and acute 
triangle with angles 27, 50 and 22/60◦ and the narrowest diameters 5 
and 10 mm, respectively. The heat transfer enhancement rate (the 
product of heat transfer coefficient and heat transfer surface of the 
corrugated tube is divided the product of heat transfer coefficient and 
heat transfer surface area of the plain tube) varied in 1–11 at 
Re=2000–5000 [168]. 

Transversely arc inwards corrugated tube. Two transversely inwards 
corrugated tubes (inner diameter of 18 mm) with arc profile in the radii 
of 1.03 and 0.67 mm and a pitch of 15.95 mm were designed and the 
forced convective heat transfer of water in them was predicted based on 
the 3D, steady, incompressible RANS equations, realisable k-ε turbu-
lence model and energy equation in Fluent at Re=12,000–57,000. The 
numerical results suggested that the corrugated tubes had a greater heat 
transfer coefficient than the plain tube but a lower coefficient than the 
helically inner finned tube [169]. 

Transversely S-shaped arc inwards corrugated tube. A transversely S-sha-
ped arc inwards corrugated tube was proposed as heat transfer 
enhancement devices. The forced convective heat transfer of air turbu-
lent flow in the tube was simulated when the arc pitch, height, width and 
circumferential wavenumber varied. It was showed that the heat 
transfer enhancement was improved by transverse vortex and longitu-
dinal swirl flow. The increasing arc height and decreasing both pitch and 
width could enhance both Nusselt number and friction factor, and the 
circumferential wavenumber of 3 could result in the largest Nusselt 
number. The highest PEC=1.73 was achieved with the dimensionless 
pitch, height and width of 0.804, 0.065 and 0.217, and the wavenumber 
of 3 at Re=5000 [170]. 

Transversely arc, rectangular and trapezoidal outwards corrugated tube. 
Three transversely outwards corrugated tubes with semi-circle, rectan-
gular and trapezoidal longitudinal cross-sections as shown in Fig. 22 
were thermally tested to gain their thermal-hydraulic performance 
when the tubes were heated outside at a constant nominal power of 180 
W and Re=10,000–38,000. In comparison with the plain tube, the heat 
transfer enhancement: f/f0=1.15–2.26, Nu/Nu0=1.34–1.63, 
ψ=1.28–1.24, and η=1.17–0.72 was obtained in the semi-circle 
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outwards corrugated tube when the Reynolds number increased from 
10,000 to 38,000. For the rectangular outwards corrugated tube, f/ 
f0=1.36–2.17, Nu/Nu0=1.39–1.49, ψ=1.26–1.13, and η=1.03–0.68 
were achieved, while f/f0=1.19–2.19, Nu/Nu0=1.32–1.58, 
ψ=1.24–1.22, and η=1.11–0.72 were presented for the trapezoidal 
outwards corrugated tube [171]. The semi-circle outwards corrugated 
tube shows the best but the rectangular outwards corrugated tube the 
poorest heat transfer enhancement, while the trapezoidal outwards 
corrugated tube is in between. 

Twenty-five design cases were produced by using central composite 
design method based on four design parameters such as dimensionless 
arc pitch, height, radius and Reynolds number for the transversely arc 
outwards corrugated tube. The forced convective heat transfer charac-
teristics of helium flowing inside these tubes were analysed using the 
3D, steady, incompressible RANS equations, standard k-ε turbulence 
model and energy equation in ANSYS Fluent 13.0 when the helium inlet 
temperature and wall temperature were 663.15 K and 600 K at 
Re=26,250, 45,938, 65,626, respectively. The Nusselt number, friction 
factor and heat transfer coefficient were obtained and their correlations 
to the four design parameters were best fitted by employing response 
surface method. An optimisation took place against these correlations. It 
was revealed that the best heat transfer enhancement was ψ=1.42 and f/ 
f0=1.22 at Nu/Nu0≥1.2 [172]. The same methodology was applied to 
the heat transfer enhancement of steam outside the transversely arc 
outwards corrugated tube when the steam inlet temperature and tube 
wall temperature were 603.15 K and 700 K at Re=26,250, 45,938, 65, 
626, respectively. The best heat transfer enhancement ψ=1.12 at 
Nu/Nu0≥1.2 was obtained when the dimensionless arc pitch, height, 
radius and Reynolds number were 0.82, 0.22, 0.23, and 26,263 [173]. 

The forced convective heat transfer of helium in a transversely arc 
outwards corrugated tube was simulated using the 3D, steady, incom-
pressible RANS equations, Reynolds stress transport equations and en-
ergy equation in ANSYS Fluent 14.5 when the helium inlet temperature 
and tube wall temperature were 663.15 K and 603.15 K at 
Re=3800–43,800. The PEC varied from 1.28 to 0.92 when the Reynolds 
number increased from 3800 to 43,800 [174]. 

The forced convective heat transfer characteristics of air flow inside 
the transversely arc outwards corrugated tube was predicted using the 
3D, steady, incompressible RANS equations, standard k-ε turbulence 
model and energy equation in Fluent 15.0 when the air inlet 

temperature and wall temperature were 300 K and 350 K at 
Re=5000–40,000, respectively, and the arc width, pitch and height 
varied. The effects of these parameters or roughness parameters such as 
skewness Rsk and kurtosis Rku on the flow characteristic and heat transfer 
performance were analysed. It was showed that PEC was improved with 
increasing arc width and height and decreasing pitch, i.e. decreasing Rsk 
and Rku [175]. 

The thermal-hydraulic characteristics of turbulent water flow in the 
transversely inwards or outwards corrugated tubes with arc, triangular, 
rectangular and trapezoidal profiles were predicted numerically based 
on the 2D, axisymmetric, steady, incompressible RANS equations, 
standard k-ε turbulence model and energy equation in ANSYS Fluent at 
an inwards wall heat flux of 500 kW/m2 and Re=5000–61,000. The 
results revealed that the Nusselt numbers in the inwards corrugated 
tubes with trapezoidal, rectangular, arc and triangular profiles were 
higher by 52.61 %, 50.12 %, 47.82 %, and 44.96 % than the plain tube, 
respectively. In the outwards corrugated tubes, the Nusselt numbers 
were improved by 48.31 %, 40.94 %, 41.23 %, and 45.72 % for the 
trapezoidal, rectangular, arc, and triangular profiles, respectively. The 
best heat transfer enhancement ψ=1.10–0.95 (maximum ψ=1.18 at 
Re=10,000) was obtained in the inwards corrugated tubes with the arc 
profile, but ψ=1.05–1.07 (maximum ψ=1.25 at Re=10,000) in the 
outwards corrugated tubes with the triangular profile [176]. 

Flow and heat transfer characteristics of xanthan gum solutions were 
tested in a transversely semi-circle outwards corrugated tube as illus-
trated in Fig. 22(a) at different concentrations and bulk velocities of 
xanthan gum solutions. The results showed that the friction factor 
increment ratio in the corrugated tube rose then declined with 
increasing bulk velocity. The Nusselt number increment ratio and heat 
transfer enhancement efficiency (Nusselt number increment ratio is 
divided by friction factor increment ratio) increased with increasing 
concentration and decreasing bulk velocity, and ended up with the 
maximum Nusselt number increment ratio of 25 and the best heat 
transfer enhancement efficiency of 1600 [177]. 

Two transversely semi-circular corrugated tubes, one with inwards 
semi-circle and the other one with outwards semi-circle, were designed 
and the forced convective heat transfer of SCO2 flowing in them was 
predicted numerically by using the 3D, steady, compressible RANS 
equations, standard k-ε turbulence model and energy equation in ANSYS 
Fluent when the tubes were used as the receiver in a solar trough at a 

Fig. 22. Longitudinal cross-sections of the semi-circle, rectangular and trapezoidal corrugated tube proposed in [171], (a) semi-circle, (b) rectangular, and (c) 
trapezoidal, the pictures after [171]. 
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non-uniform wall heat flux and SCO2 mass flow rate varied in 0.06–0.10 
kg/s. The numerical results revealed that the inwards corrugated tube 
exhibited the best heat transfer performance, for example, the heat 
transfer coefficient of the tube was increased by 157.8 % and 169 % at 
the mass flowrate of 0.08 kg/s compared with the plain tube when both 
the tubes were installed horizontally and vertically, respectively [178]. 

The transversely inwards corrugated tubes with arc, triangular, 
trapezoidal and rectangular profiles were generated and the forced 
convective heat transfer of GNP-SDBS/water, Al2O3/water, and SiO2/ 
water nanofluids in them was analysed numerically based on the 2D, 
axisymmetric, steady, incompressible RANS equations, realisable k-ε 
turbulence model and energy equation for single phase flow in ANSYS 
Fluent 2019 R3 when the nanofluid inlet temperature was 300 K and a 
uniform inwards wall heat flux was 50 kW/m2 at Re=5000–40,000. The 
results suggested that the corrugated tubes and nanofluids could 
improve heat transfer by around 20 % and 11 % compared with the plain 
tube, respectively, while both techniques used together could enhance 
the heat transfer by up to 37 % at Re=10,000. The corrugated tube with 
arc profile could achieve the best heat transfer enhancement at 
Re≥10,000 with the maximum ψ=1.37 at Re=10,000 [179]. 

Three transversely inwards corrugated tubes with semi-circular, 
triangular and trapezoidal profiles were generated and the forced 
convective heat transfer of single-walled carbon nanotube (SWCNT)/ 
water nanofluid through these tubes was predicted numerically by using 
the 2D, axisymmetric, steady, incompressible RANS equations, SST k-ω 
turbulence model and energy equation in Fluent when the nanofluid 
inlet temperature was 300 K and a uniform wall heat flux was 10 kW/m2 

at Re=5000–30,000. The profile height ratio e/d, profile width ratio w/ 
d and pitch ratio s/d were 0.38, 0.3, and 0.9; the nanoparticle volume 
concentration-dependent effective thermo-physical and transport 
properties were prescribed in the CFD simulations, and nanoparticle 
volume concentrations were given to be 0, 0.05, 0.1, and 0.25 %, 
respectively. The best heat transfer enhancement: f/f0=3.63–4.53, Nu/ 
Nu0=1.81–1.35, ψ=1.18–0.82, and η=0.50–0.30 was predicted with 
trapezoidal profile when the Reynolds number varied from 5000 to 
30,000 for water. This achievement seems unsatisfactory. Additionally, 
the ratio of the PEC in nanofluid flow condition ψnano to the PEC in water 
flow condition ψ can be correlated to the nanoparticle volume concen-
tration φ linearly as shown in Fig. 23 [180]. 

Three transversely outwards corrugated tubes with arc, triangular 
and trapezoidal profiles were generated and the forced convective heat 
transfer of Fe3O4/water nanofluid in them was investigated numerically 
by using the 3D, steady, incompressible RANS equations, SST k-ω tur-
bulence model, two-phase mixture model and energy equation in ANSYS 
Fluent when the uniform wall heat flux was 10 kW/m2 at 
Re=5000–30,000 and φ=0, 1, 2, 3 %. The numerical results suggested 
that the pressure drop and Nusselt number in the corrugated tube with 
trapezoidal profile were 2.92 and 1.66 times the plain tube at 
Re=30,000 and φ=2 %. The presence of corrugation could increase the 
viscous entropy generation rate but reduce the thermal entropy gener-
ation rate. The Bejan number decreased with increasing Reynolds 
number [181]. 

Transversely sinusoidal inwards and outwards corrugated tubes. Heat 
transfer, pressure drop and effectiveness in a tube-in-tube heat 
exchanger with sinusoidal inwards and outwards corrugated tubes were 
measured when hot water flowed in the inner tube at Re=3500–18,000 
and 40 ◦C inlet temperature, and cold water passed through the outer 
tube at Re=5500 and 8 ◦C inlet temperature, respectively. The 
maximum heat transfer enhancement ψ=1.19–0.93 was gained in the 
heat exchanger with inwards corrugated outer tube and outwards 
corrugated inner tube at Re=7000–17,500 [182]. 

Transversely arc inwards corrugated tube with spring tape insert. The 
forced convective heat transfer of air in a transversely arc inwards 
corrugated tube with spring/coil tape insert in two corrugation pitch 
ratios and lead ratios (ratio of lead to spring/coil diameter) was tested at 
Re=10,000–50,000 under heating conditions. The results demonstrated 
that the heat transfer enhancement, i.e., f/f0=1.62, Nu/Nu0=3.17, 
ψ=2.70, and η=1.96 almost was independent of Reynolds number 
[183]. 

Periodical contraction-expansion tube. The periodical contraction- 
expansion tube is a tube that is composed of several venturis in series. 
Since the area expansion is quite large, a periodical contraction- 
expansion tube always suffers from a considerable flow resistance and 
low heat transfer enhancement efficiency. Three periodical contraction- 
expansion tubes with linear contraction wall shape and linear or 
nonlinear quick expansion wall shape were designed. The forced 
convective heat transfer of air passing through the tubes was measured 
at Re=14,000–40,000. In compassion with the plain tube, the heat 
transfer enhancement: f/f0=6.06–6.68, Nu/Nu0=2.49–2.51, 
ψ=1.36–1.38, and η=0.41–0.38 was achieved in the contraction- 
expansion tube with slowly linear expansion wall shape when the Rey-
nolds number varied from 14,000 to 40,000. For the contraction- 
expansion tube with quick linear expansion wall shape, the heat trans-
fer enhancement was f/f0=8.89–7.65, Nu/Nu0=2.53–2.85, 
ψ=1.22–1.44, and η=0.28–0.37. For the contraction-expansion tube 
with quick nonlinear expansion wall shape, f/f0=8.63–9.88, Nu/ 
Nu0=2.31–2.68, ψ=1.12–1.25, and η=0.26–0.27 [184]. 

The forced convective heat transfer of Al2O3/water and CuO/water 
nanofluids in the periodical contraction-expansion tubes with linear 
contraction wall shape and quick linear expansion wall shape was 
simulated using the single-phase 3D steady RANS equations, realisable 
k-ε model and energy equations with effective density, thermal con-
ductivity, and dynamic viscosity in ANSYS Fluent 18.2. When the CFD 
simulation took place, four geometrical parameters (two diameters, two 
axial lengths) of the periodical contraction-expansion tube varied at Re=
10,000, 12,500, 15,000, 17,500 and 20,000, φ=2, 3, 4, 5 %, while the 
constant inwards wall flux of 500 kW/m2, and nanofluid inlet temper-
ature of 303 K and were held. It was showed that the thermal perfor-
mance of Al2O3/water nanofluid was slightly superior to CuO/water 
nanofluid, for example, ψ=1.098–1.069 for Al2O3/water nanofluid and 
ψ=1.096–1.063 for CuO/water nanofluid at φ=3 % but ψ=1.097–1.073 

Fig. 23. Ratio of the PEC in nanofluid flow condition ψnano to the PEC in water 
flow condition ψ is correlated to nanoparticle volume concentration φ, the data 
after [180]. 
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for Al2O3/water nanofluid and ψ=1.088–1.058 for CuO/water nano-
fluid at φ=5 % when the Reynolds number varied from 10,000 to 20,000 
[185]. This fact implied that the periodical contraction-expansion tubes 
with linear contraction wall shape and quick linear expansion wall shape 
was ineffective in heat transfer enhancement in Al2O3/water or CuO/-
water nanofluid flow condition. 

Orthogonal ellipse tube 
The orthogonal ellipse tube or alternating elliptical axis tube is 

composed of a series of ellipses which are distributed along the tube axis 
in an orthogonal manner, or their major and minor axes are rotated 
alternatingly by 90◦ in different axial positions along the tube axis, as 
shown in Fig. 24. Even though the cross-sectional area of these ellipses is 
identical, the area experiences contraction and expansion in the 
orthogonal radial directions simultaneously when the major and minor 
axes are rotated by 90◦, as demonstrated in Fig. 24(a). The variation of 
the cross-sectional area in the orthogonal radial directions can generate 
longitudinal vortices in the flow field to enhance convective heat 
transfer in the tube. 

Experiments were performed on the forced convective heat transfer 
of water or 22# lubricating oil in the orthogonal ellipse tube at 
Re=500–50,000. The experimental data confirmed that the heat transfer 
enhancement was as great as f/f0=1.60–4.69, Nu/Nu0=3.11–6.06, 
ψ=2.66–3.62, and η=1.94–1.29 at Re=500–2300 but f/f0=2.59–2.30, 
Nu/Nu0=2.76–1.34, ψ=2.01–1.01, and η=1.07–0.58 at 
Re=2200–50,000. The mechanism for this heat transfer enhancement is 
basically because of the longitudinal vortices generated by the cross- 
sectional variation in the orthogonal ellipse tubes [144]. This outcome 
suggests that the orthogonal ellipse tube is more suitable to heat transfer 
enhancement in laminar flow regime than in turbulent flow regime. 

The forced convective heat transfer of heat transfer oil in four 
orthogonal ellipse tubes with different aspect ratios and pitches was 
investigated numerically in Fluent 6.3 based on the 3D, steady, incom-
pressible RANS equations, standard k-ε turbulence model and energy 
equation at Re=300–2000 under isothermal wall conditions. The results 
demonstrated that the decreasing aspect ratio and pitch could improve 
heat transfer coefficient but increase flow resistance. The best heat 
transfer enhancement f/f0=1.16–1.91, Nu/Nu0=1.16–1.94, 
ψ=1.10–1.56, and η=1.00–1.02 was obtained as the Reynolds number 
increased from 300 to 2000 [186]. 

A mathematical method was developed to orthogonal ellipse tubes 
analytically in [187]. In the method the lengths of the semi-major and 
semi-minor axes vary as a sinusoidal function of axial coordinate be-
tween two ellipse bases or two super-ellipse bases when the 
cross-sectional area or hydraulic diameter remains fixed. The analytical 
expression for an ellipse is written as [187]: 
⃒
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where a and b are the lengths of the semi-major and semi-minor axes of 
the ellipse, respectively, n is the shape factor of the ellipse, n=2 is for an 
ordinary ellipse, n>2 for a super ellipse, n=2.5 was used in [187]. When 
the hydraulic diameter is fixed, the coordinates of a cross-section in the 
orthogonal ellipse tube based on the ellipse base are described by [187]: 
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where R is the equivalent diameter of the circle whose area is equal to 
the ellipse, s is the pitch of the tube, and x is the axial coordinate of the 
tube. A few orthogonal ellipse tubes with different aspect ratios and 
pitches were designed and the forced convective heat transfer of water 
in the tubes was simulated based on the 3D, steady, incompressible 
Navier-Stokes equations, and energy equation in laminar flow regime 
and at a constant wall temperature in COMSOL. Unfortunately, the 
numerical results indicated the best PEC values are ranged in 1.05–1.07 
at Re=90–1400, as shown in Fig. 25 [187]. Further work on this kind of 
tube is needed in the future. 

The transition between any two ellipses in an orthogonal ellipse tube 
is sharp. To remove this drawback and reduce friction factor, the 

Fig. 24. Photo and three cross-sections of the orthogonal ellipse tube proposed in [144], (a) photo of the tube, (b) cross-sections, the pictures after [144].  

Fig. 25. PEC ψ is plotted as a function of Reynolds number Re, the data are 
based on constant hydraulic diameter and from [187], the first and second 
values in () are the aspect ratio and pitch of the orthogonal ellipse tubes. 
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transition segment was replaced with a smooth twisted ellipse tube, and 
a so-called alternative elliptical twisted tube was generated. The forced 
convective heat transfer of SCO2 flowing in the tube was simulated 
based on the 3D, steady, compressible RANS equations, standard k-ε 
turbulence model and energy equation when the tube served as the solar 
receiver in a solar trough at a non-uniform wall heat flux distribution. In 
the simulations, SCO2 mass flow rate at the tube inlet varied in 
0.06–0.10 kg/s. The numerical results showed that the heat transfer 
coefficient of the alternative elliptical twisted tube was higher by 8 % 
and 8.3 % than the orthogonal ellipse tube when both the tubes were 
installed horizontally and vertically, respectively. Unfortunately, the 
thermal performance of the alternative elliptical twisted tube was 
poorer than the transversely semi-circular inwards corrugated tube 
[178]. 

Alternating circle and ellipse tube 
The alternating circle and ellipse tube was proposed in [188]. The 

tube resembles the orthogonal ellipse tube shown in Fig. 24 but the el-
lipse between two horizontal two ellipses is replaced with a circle. The 
forced convective heat transfer of heat transfer oil in the alternating 
circle and ellipse tubes with different aspect ratios and pitches was 
estimated by using the 3D, steady, incompressible Navier-Stokes equa-
tions, and energy equation at Re=500–2000 and a constant wall tem-
perature in Fluent 6.3. The best heat transfer enhancement 
f/f0=1.10–2.21, Nu/Nu0=1.05–1.83, ψ=1.01–1.49, and η=0.95–0.83 
was gained when the Reynolds number varied from 500 to 2000 [188]. 
This heat transfer enhancement is slightly poorer than that in [186]. 

The alternating circle and ellipse tube in [188] was generated by 
using a manufacturing method, and the transition segment between the 
circle section and the ellipse is sharp and unsmooth. An analytical 
approach was developed in [189] to make the transition segment 
smooth. In the approach two semi-axis lengths of an ellipse vary as a 
sinusoidal function of axial coordinate between two circles when the 
cross-sectional area remains fixed. A few annular tubes were designed by 
using that approach and the forced convective heat transfer of water 
flowing those annular tubes was simulated based on the 3D, steady, 
incompressible Navier-Stokes equations, and energy equation in ANSYS 
Fluent 14.0 at Re=388 and a constant temperature on both walls. It was 
demonstrated that the heat transfer enhancement existed compared 
with the plain annular tube. A phase-shifting of one-eighth of a wave-
length/pitch between the external and internal tube could improve ψ by 
43 % [189]. 

Tube-in-tube heat exchanger with orthogonal ellipse tube 
The forced convective heat transfer in a parallel- or counter-flow 

tube-in-tube heat exchanger with the inner tube being the orthogonal 
ellipse tube was simulated using the 3D, steady, incompressible Navier- 
Stokes equations, energy equation of water in laminar flow regime and 
heat conduction equation in the inner tube wall in a custom CFD code. 
Effects of velocity at the inner tube inlet and outer tube inlet and tube 
length on heat transfer enhancement were estimated. The results indi-
cated that the orthogonal ellipse tube could generate longitudinal 
vortices in the inner and outer tube flows to enhance heat transfer 
performance. The counter-flow exhibited a higher overall heat transfer 
coefficient than the parallel-flow, but the heat transfer enhancement in 
the parallel-flow was slightly better than the counter-flow [190]. 

Nozzles or inserts in series in tube 
A series of conical nozzle were tightly installed along the tube axis in 

a tube to form a periodical convergent-divergent tube [143]. Three tube 
configurations, i.e., convergent configuration, convergent-divergent 
configuration and divergent configuration with conical nozzle diam-
eter ratios of 0.3, 0.4, 0.5, 0.6 and 0.7 and pitch ratios of 2, 3 and 4, 
respectively, were employed. The forced convective heat transfer of air 
flowing the tubes with a series of conical nozzles was numerically 
studied by using the 3D steady RANS equations, realisable k-ε model and 

energy equations in Fluent at a constant inwards wall heat flux and 
Re=6000–25,000. Both Nusselt number and friction factor increased 
with decreasing nozzle diameter ratio and pitch ratio. The best heat 
transfer enhancement was produced by the tube divergent configura-
tion, namely f/f0=40.96–30.54, Nu/Nu0=2.86–2.23, ψ=0.83–0.71, and 
η=0.070–0.073, suggesting a poor heat transfer enhancement method 
[143]. 

A series of Y-shaped tee inserts were loosely placed in an arc-shaped 
inner finned tube to form a compound tube for further improvement of 
heat transfer enhancement [191]. The forced convective heat transfer in 
the compound tubes with different gaps between two inserts was tested 
at Re=4000–14,000. The best heat transfer enhancement: 
f/f0=9.34–8.50, Nu/Nu0=3.14–4.44, ψ=1.49–2.17, and η=0.34–0.52 
reached at the gap of 10 mm when the Reynolds number varied from 
4000 to 14,000 [191]. 

Helically corrugated tube 

Helically corrugated tubes are the tubes with inwards or outwards 
screwed wall by employing various basic geometrical elements such as 
arc, elliptical, rectangular, trapezoidal, sinusoidal profiles and so on. 
This passive heat transfer enhancement method started to exist from the 
1980s and grow up slowly right now. Helically corrugated tubes can be 
divided into three categories: (1) inwards corrugated tube, (2) outwards 
corrugated tube, and (3) inwards and outwards corrugated tube. The 
inwards or outwards corrugated tubes often have arc, rectangular, semi- 
elliptical profiles, while the inwards and outwards corrugated tubes are 
subject to sinusoidal profile. The helically corrugated tubes almost are in 
single thread currently. 

The thermal-hydraulic performance in heat transfer enhancement by 
the existing helically corrugated tubes is summarised in Fig. 26 base on 
the plots f/f0-Re, Nu/Nu0-Re, ψ-Re and η-Re in Fig. 27 in terms of the 
plots Nu/Nu0-f/f0, ψ-f/f0 and η-f/f0. The values of f/f0=1.29–14.80, Nu/ 
Nu0=0.65–4.28, ψ=0.36–1.70, and η=0.044–1.30 in laminar flow 
regime (Re=30–2300) and f/f0=1.03–8.82, Nu/Nu0=1.09–2.92, 
ψ=0.92–2.17, and η=0.22–1.85 in turbulent flow regime 
(Re=2300–90,000) are observed. The extremely large f/f0 values were 
identified in experimental heat transfer enhancement of helically arc 
inwards corrugated tubes [192]. The best heat transfer enhancement: 
f/f0=1.29–1.58, Nu/Nu0=1.08–2.06, ψ=0.98–1.77 and η=0.79–1.30 in 
laminar flow regime was devote to [193] based on experimental heat 
transfer in the coil heat exchanger helically arc inwards corrugated tube 
at Re=30–800. For helically rectangular inwards corrugated tubes the 
best heat transfer enhancement: f/f0=2.13–1.86, Nu/Nu0=3.00–1.94, 
ψ=2.33–1.58 and η=1.40–1.04 was obtained at Re=5500–57,000 
experimentally. Based on this outcome, helically rectangular inwards 
corrugated tube can be a reasonably good passive heat transfer 
enhancement method compared with periodically convergent-divergent 
tubes in turbulent flow regime. 

The geometrical parameters describing helically corrugated tubes 
include the height, width and pitch of a geometrical profile which is 
used as a tool to corrugate the tube wall. The effects of these geometrical 
parameters on heat transfer enhancement generated have been studied 
experimentally and numerically. The effects mainly are associated with 
inwards or outwards corrugated tubes or both inwards and outwards 
corrugated tubes. The heat transfer enhancement inside or outside the 
helically corrugated tube or in coil heat exchangers or shell and tube 
heat exchangers with helically corrugated tubes are summarised in the 
following sections. Besides water, ethylene glycol, machine oil, Al2o3/ 
water nanofluid, fluid foods of whole milk, cloudy orange juice, apricot 
puree and apple puree have been used as working fluids. 

Geometrical effects inside helically corrugated tubes 

Inwards corrugated tubes. Ten helically arc inwards corrugated tubes in 
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single thread were manufactured by cold rolling, resulting in arc profile 
height ratios e/d=0.02–0.06 and pitch ratios s/d=0.6–1.2. The Reynolds 
number is ranged from 2000 to 90, 000 and Prandtl number from 2.5 to 
100 by using of water and ethylene glycol, respectively. The severity 
index (φ=e2/sd) was applied to describe geometrical effect of the tubes 
on heat transfer and pressure drop characteristics. For the optimal 
thermal-hydraulic performance, the severity index should meet 
φ>0.003 at low Reynolds numbers (Re<10,000), and φ=0.001–0.003 at 
high Reynolds numbers (Re=10,000–40,000) [194]. 

Nine helically rectangular inwards corrugated tubes in single thread 
with rectangular profile height ratios e/d=0.12, 0.15, 0.19, and pitch 
ratios s/d=1.05, 0.78, 0.63 were tested by using cold and hot water as 
heat transfer fluids. The best heat transfer enhancement: f/ 
f0=2.44–2.74, Nu/Nu0=2.16–1.98, ψ=1.60–1.41 and η=0.88–0.72 was 
obtained as the Reynolds number rose from 8000 to 24,000 [195]. 

Helically rectangular inwards corrugated tubes in single thread with 
rectangular profile height ratios e/d=0.02, 0.04, 0.06, and pitch ratios s/ 
d=0.18, 0.22, 0.27 were tested by using water under forced convective 
heat transfer conditions at Re=5500–60,000. The excellent heat transfer 
enhancement: f/f0=2.14–1.86, Nu/Nu0=3.00–1.94, ψ=2.33–1.58 and 
η=1.40–1.04 was achieved when the Reynolds number rose from 5500 
to 60,000 [196]. 

The thermal-hydraulic performance of helically inwards corrugated 

tubes with arc profile, inwards dimpled tubes and inner wire coil tubes 
was analysed based on heat transfer and pressure drop experimental 
data in laminar, transitional and turbulent flow regimes. The results 
indicated that the plain tube was recommended at Re<200, the wire coil 
tube was more suitable to Re=200–2000, and the corrugated and 
dimpled tubes were more advantageous for Re>2000 [197]. 

Five helically inwards corrugated tubes with arc profiles in different 
heights and pitches were designed and the forced convective heat 
transfer in these tubes was simulated based on the 3D, steady, incom-
pressible RANS equations, Reynolds stress model and energy equation in 
ANSYS Fluent 14.5 to obtain entropy generation characteristics at a 
constant wall temperature condition and Re=10,020–40,060. The nu-
merical results indicated that the thermal entropy generation occurred 
in the viscous sub-layer and vortex region, but the viscous entropy 
generation was located in the windward of the corrugation and severely 
turbulent fluctuation region. The smallest Bejan number was 0.69 [198]. 

The forced convective heat transfer of water flowing in six helically 
inwards semi-elliptical profile corrugated tubes in single thread was 
numerically simulated at Re=25,000 and a constant inwards wall heat 
flux of 50 kW/m2 by using the 3D, steady, incompressible RANS equa-
tions, realisable k-ε turbulence model and energy equation in ANSYS 
Fluent 17.0 to clarify the geometrical influences on heat transfer and 
flow patterns. A new dimensionless parameter, i.e., corrugation profile 

Fig. 26. Thermal-hydraulic parameters f/f0, Nu/Nu0, ψ and η are shown as a function of Reynolds number Re for periodically corrugated tubes, (a) f/f0, (b) Nu/Nu0, 
(c) ψ and (d) η, the data are for heat transfer inside the tubes. 
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shape factor (e/d× w/s), which includes the width of the profile w, was 
proposed. The results showed that the Nusselt number ratio rose with 
increasing e/d until 0.05 then declined. The friction factor ratio f/f0 and 
Nusselt number ratio Nu/Nu0 decreased linearly with increasing s/d. 
The Nusselt number ratio Nu/Nu0 and friction factor f/f0 increased 
almost linearly with the profile shape factor (in the range of 4 to 18) 
[199]. 

The heat transfer and pressure drop of internal flow in the helically 
corrugated tubes with arc profile in different pitches were characterised 
experimentally by using water as heat transfer fluid. The experiments 
were performed with Reynolds numbers in the range from 429 to 6212 
to cover laminar, transitional and turbulent flow regimes under adia-
batic and diabatic (heat flux imposed on the tube wall varied from 5.5 
kW/m2 to 21.1 kW/m2) conditions. The results suggested the heat 
transfer enhancement by the corrugated tubes was more effective in the 
transitional regime, for instance, f/f0=4.99–4.00, Nu/Nu0=3.63–2.16, 
ψ=2.16–1.36 and η=0.73–0.54 were obtained at Re=2000–3500 [192]. 

Three helically inwards corrugated tubes with arc profile in one 
thread was designed and the forced convective heat transfer of water 
flowing in the tubes was tested under heating condition (uniform wall 
heat flux from 4 to 33 kW/m2) at Re=300–5000. Also, the heat transfer 
was simulation based on the 3D, steady, incompressible RANS equa-
tions, SST k-ω turbulence model and energy equation in Star-CCM. The 
results showed that the best heat transfer enhancement by the 

corrugated tubes was f/f0=1.43–5.60, Nu/Nu0=0.72–8.79, 
ψ=0.63–4.95 and η=0.50–1.57 at Re=300–2200 and f/f0=3.64–3.93, 
Nu/Nu0=2.64–2.89, ψ=1.72–1.83 and η=0.72–0.73 at Re=2750–4500, 
respectively. The critical Reynolds number for the transition between 
turbulent regime and laminar regime was 800–900. The optimal oper-
ating condition occurred at Re=1000–230o for the helically corrugated 
tubes investigated [200]. 

A helically semi-circular inwards corrugated tube (inner diameter of 
27 mm) with a pitch of 60 mm and a profile height of 4.5 mm in six 
threads was generated and the forced convective heat transfer of water 
in the tube was simulated by using the 3D, steady, incompressible RANS 
equations, realisable k-ε turbulence model and energy equation in 
Fluent at the inlet temperature of 363K and a uniform wall temperature 
of 300 K as well as Re=10,000–30,000. The corrugated tube was 
composed of two segments in series, and two cases were investigated, 
the first one was the case where two segments shared the same helical 
direction, the second one was the case where two segments had opposite 
helical directions. The numerical results demonstrated that the case 
where two segments shared the same helical direction had better 
thermal-hydraulic performance. As a result, the best heat transfer 
enhancement such as f/f0=1.40–1.59, Nu/Nu0=1.54–1.71, 
ψ=1.21–1.33 and η=0.91–0.93 reached when the Reynolds number 
increased from 10,000 to 30,000. Also, a secondary flow pattern induced 
by the centrifugal force owing to the continuous helical structure was 

Fig. 27. Parameters Nu/Nu0, ψ and η are demonstrated as a function of f/f0 for helically corrugated tubes, (a) Nu/Nu0, (b) ψ and (c) η, the data are for heat transfer 
inside the tubes. 
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discovered [201]. 
Nine helically inwards corrugated tubes of the diameter of 8.1 mm in 

rectangular profile with the pitches of 5, 7 and 8 mm, profile heights of 
0.75, 1, 1.25 and 1.5 mm were tested when Al2O3/water nanofluid was 
used as heat transfer fluid at nanoparticle volume concentrations of 
0.25, 0.5, and 1 % and Reynolds number varied from 5000 to 20,000. 
The results demonstrated that the Nusselt number and friction factor in 
the plain and helically corrugated tubes ascended with increasing 
nanoparticle concentration, especially in the corrugated tubes. This ef-
fect was intensified in the corrugated tubes with large profile height and 
small pitch. The best heat transfer enhancement: f/f0=2.02–2.51, Nu/ 
Nu0=2.92–2.83, ψ=2.31–2.09 and η=1.44–1.13 at the profile height of 
1.25 mm, pitch of 5 mm and nanoparticle concentration of 1 % was 
observed in comparison with f/f0=2.06–2.57, Nu/Nu0=2.76–2.46, 
ψ=2.17–1.80 and η=1.34–0.96 at zero nanoparticle concentration 
[202]. 

Five helically inwards corrugated tubes with three arc profile heights 
and three leads were designed and two rod inserts with spirally 
implanted short, inclined bars in two pitches were proposed. These rod 
inserts were installed into the five helically inwards corrugated tubes 
separately to produce five helically inwards corrugated tubes with the 
rod inserts. The forced convective heat transfer of TiO2/water nano-
fluids in these helically corrugated tubes was tested at Re=4800–8900 
and φ=0, 0.25, 0.5 %. The experimental results indicated the best heat 
transfer enhancement such as f/f0=1.60–1.80, Nu/Nu0=1.83–1.75, 
ψ=1.56–1.44 and η=1.14–0.97 was obtained at an arc height of 1 mm, a 
lead of 8 mm, a pitch of 30 mm for the bars and φ=0.5 % [203]. 

Outwards corrugated tubes. Five helically outwards corrugated tubes 
with arc profile were tested to determine the effects of arc height ratio 
and pitch ratio on heat transfer enhancement inside the tubes. Numer-
ical simulations were also conducted to find the mechanism of heat 
transfer enhancement using the 3D steady incompressible RANS equa-
tions, Reynolds stress transport equations and energy equation at 
Re=3800–43,800 and a constant wall temperature. The best heat 
transfer enhancement: f/f0=1.89–3.16, Nu/Nu0=1.73–1.31, 
ψ=1.40–0.89 and η=0.91–0.41 was obtained at e/d=0.1 and s/d=1.0 
when the Reynolds number varied from 3800 to 43,800. The heat 
transfer enhancement was due to a jet impingement heat transfer at 
windward side of the arc profile and the considerable turbulent fluctu-
ation rather than swirling flo [174] 

Nine helically corrugated tubes were designed for the absorber of a 
parabolic trough solar collector and the forced convective heat transfer 
of water in the tubes was tested at Re=5000–10,000. The results indi-
cated that the heat transfer rate was increased by (85.7–107.2) % in the 
corrugated tubes, depending on the arc profile height and pitch ratio. 
The best heat transfer enhancement f/f0=1.84–1.75, Nu/ 
Nu0=2.80–2.31, ψ=2.29–1.91 and η=1.52–1.32 was achieved at a pitch 
ratio of 0.12 and an arc height ratio of 0.06 when the Reynolds number 
varied from 5000 to 10,000 [204]. 

Inwards and outwards corrugated tubes. The forced convective heat 
transfer of flow in 28 helically inwards and outwards sinusoidal profile 
corrugated tubes in single thread was numerically investigated when the 
profile height ratio e/d and pitch ratio s/d varied in the ranges 0–0.16 
and 0–2, respectively. The 3D, unsteady, incompressible RANS equa-
tions, SST k-ω turbulence model and energy equation were solved in 
ANSYS Fluent 16.2 using a representative computational domain at a 
constant wall temperature and Re=10,000. It was shown that the 
thermal-hydraulic performance was degraded with increasing sinusoi-
dal profile height based on PEC value. This is because a large profile 
height results in a little increase in Nusselt number but a huge pressure 
drop [205]. 

Geometrical effects outside helically corrugated tube 
The forced convective heat transfer of water flowing in the annulus 

between the outer circular tube and the helically outwards corrugated 
inner tube in arc profile and single thread was tested at 
Re=1700–13,000. The experimental results showed that both the pitch 
to arc height ratio (s/e) and the annulus diameter ratio (inner tube 
diameter to outer tube diameter) affected significantly Nusselt number. 
When the annulus diameter ratio was smaller than 0.5, the Nusselt 
number at s/e=10 was larger than at s/e=12.5. However, when the 
annulus diameter ratio was more than 0.5, the Nusselt number at s/ 
e=14.2 was greater than at s/e=10. The best Nusselt number ratio such 
as Nu/Nu0=1.03–1.78 was obtained [206]. 

The heat transfer enhancement generated by the helically outwards 
corrugated tubes with arc profile as the water with an inlet temperature 
of 303.15 K flowing in the shell side of a shell and tube heat exchanger 
was numerically predicted by using the 3D, steady, incompressible 
RANS equations, realisable k-ε model and energy equations in ANSYS 
Fluent 14.5 at a constant wall temperature of 333.15 K and 
Re=8900–89,400. The helically outwards corrugated tubes were ar-
ranged in three patterns of bundle, namely, circular bundle, square 
bundle and triangular bundle in four tube centre-to-centre spacings 
(1.25, 1.375, 1.5 and 1.625). The results suggested the best heat transfer 
enhancement: f/f0=2.31–2.88, Nu/Nu0=2.21–1.09, ψ=1.67–0.77 and 
η=0.95–0.38 at the centre-to-centre spacing of 1.625 in triangular 
bundle as the Reynolds number increased from 8900 to 89,400. The 
swirling flows with opposite rotating direction generated a strong mix-
ing effect, and the secondary flow resulted in a better heat transfer in the 
boundary layer [207] 

Coil heat exchanger with helically inwards corrugated tube 
The plain tube in a coil heat exchanger was replaced with helically 

inwards corrugated tube in arc profile and single thread, and then the 
forced convective heat transfer of water-ethylene glycol mixture flowing 
in the coil was simulated by employing the 3D, steady, incompressible 
Navier-Stokes equations and energy equations in laminar flow regime 
(Re=360–1030) in ANSYS CFX 11.0 when the inlet temperature of the 
mixture was 20 ◦C and the wall temperature was 60 ◦C. It was shown 
that the heat transfer rate inside the coil with helically corrugated wall 
was improved by 80–100 % but the pressure drop was increased by 
10–600 % due to the additional swirling flow developed in comparison 
with the plain coil [208]. 

The forced convective heat transfer in the coil heat exchanger was 
tested by using ethylene glycol as working fluid at Re=70–1200 and 
Dean number De=12–290 when the coil wall was smooth or helically 
inwards corrugated with arc profile. The experimental results confirmed 
that the heat transfer enhancement was achieved as follows: f/ 
f0=1.40–1.58, Nu/Nu0=1.11–2.06, ψ=0.99–1.77 and η=0.79–1.30 as 
Reynolds number varied from 70 to 800 [193]. 

Shell and tube heat exchanger with helically inwards corrugated tube 
An experimental study on heat transfer in a shell and tube heat 

exchanger with helically inwards corrugated tubes in w-shaped or 
trapezoidal profile was conducted in [209]. The cold machine oil with 
an inlet temperature of 35 ◦C flowed through the shell, and the hot water 
with an inlet temperature of 55 ◦C streamed inside the corrugated tube. 
The hot water velocity was alternated to change Reynolds number. The 
empirical correlations of Nusselt number and pressure drop in the hot 
and cold sides were established. The thermal-hydraulic performance of 
the heat exchanger with the helically inwards corrugated tubes in 
w-shaped profile was the best. 

The forced convective heat transfer of four fluid foods, i.e., whole 
milk, cloudy orange juice, apricot puree and apple puree, flowing in 
helically inwards corrugated tubes with arc profile in a shell and tube 
heat exchanger was tested when the shell side was either heated or 
cooled by water. The whole milk and cloudy orange juice were New-
tonian fluid, but apricot puree and apple puree were non-Newtonian 
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fluid. The experimental results indicated that helically corrugated tubes 
were quite effective in heat transfer enhancement when the generalised 
Reynolds number was above 800 and up to the limit of the transitional 
flow regime [210]. 

The thermal-hydraulic performance of a shell and tube heat 
exchanger with a helically corrugated tube bundle was predicted by 
using the empirical correlations of Nusselt number and friction factor 
proposed by [196] when water was used as heat transfer fluid at variable 
Reynold number (17,969–35,397) in the tube side and a fixed mass flow 
rate of 18 kg/s in the shell side. Entropy generation and second law 
analyses were performed as well. The results revealed that the overall 
heat transfer coefficient of the heat exchanger was improved up to 8 % 
compared with the exchanger with plain tube bundle. The energy and 
exergy efficiencies of the heat exchanger were increased up to 18 % and 
16 %, respectively [211]. 

Tube-in-tube heat exchanger with helically corrugated inner tube 
The thermal-hydraulic performance of a tube-in-tube heat exchanger 

with a helically outwards corrugated inner tube in non-symmetrical 
ridge profile and four threads was tested by using water as working 
fluid at Re=6000–20,000. There were nine helically outwards corru-
gated tubes, their profile height, helix angle and pitch varied. The heat 
transfer coefficient and friction factor in the inner tubes were 

determined and correlated to Reynolds number, profile height, helix 
angle and pitch. The ratio of the heat transfer coefficient of the corru-
gated tube to the coefficient of the plain tube was ranged in 1.07–1.72 
and 1.31–1.46 in two flow directions in the inner tubes [212]. 

Either the outside surface or the inside surface of the inner tube in a 
tube-in-tube heat exchanger was helically corrugated in three helix 
angles of 15◦, 20◦ and 25◦, respectively. Then the forced convective heat 
transfer of the hot water in the hot side (inner tube) and the cold water in 
the cold side (annulus between the inner tube and the outer tube) was 
estimated numerically by using the 3D, steady, incompressible RANS 
equations, RNG k-ε model and energy equations in ANSYS Fluent 19.0 at 
Re=4000–20,000. The results suggested that the externally corrugated 
inner tube was in better heat transfer enhancement performance than 
the internally corrugated inner tube, further the PEC was the best and 
ranged in 1.18–1.00 at the helix angle of 15◦ when Reynolds number 
varied from 4000 to 20,000 compared with 1.00–0.70 in the internally 
corrugated inner tube at the same helix angle [213]. 

Helically corrugated tube with twisted tape insert 
Heat transfer and isothermal friction factor were measured in two 

helically corrugated tubes (in three threads) with twisted tape inserts 
inside at Re=3000–60,000. The height to diameter ratios of corrugation 
were 0.0407 and 0.0569, and the pitch ratios were 15.3, 12.2, 7.7, 5.8, 

Fig. 28. Thermal-hydraulic parameters f/f0, Nu/Nu0, ψ and η are shown as a function of Reynolds number Re for wavy tubes, conical tubes and eccentrically helical 
tubes, respectively, (a) f/f0, (b) Nu/Nu0, (c) ψ and (d) η. 
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and 4.7. The friction factor ratio varied from 2.4 to 17.9. The Nusselt 
number ratio varied from 1.9 to 9.6 and approached the maximum at 
Re=3000–25,000, then gradually reduced [214]. 

Wavy tube or channel 

The wavy tube or channel is one class of tubes or channels that has 
periodical varying walls with a certain large amplitude and wavelength 
in the lateral direction along the flow path. There are three types of wavy 
tube or channel: (1) periodical serpentine channel, (2) periodical sinu-
soidal wavy channel, (3) periodical channel with zigzag, curvy or step 
shape and so on. The Dean’s vortices in the cross-section exist in the 
cross-section of a wavey tube or channel in laminar flow regime to 
enhance heat transfer. The study on heat transfer enhancement made by 
this kind of tubes has grown since the 2000′s but still mainly is limited to 
laminar flow in microchannels of heat sinks for electronics cooling. 

The thermal-hydraulic performance in heat transfer enhancement by 
the existing wavy channels is present in Fig. 28 by using the plots f/f0-Re, 
Nu/Nu0-Re, η-Re and ψ-Re and in Figs. 27 and 29 with the plots Nu/Nu0- 
f/f0, η-f/f0 and ψ-f/f0. The values of f/f0=0.56–3.98, Nu/ 
Nu0=0.64–4.00, ψ=0.62–3.24, and η=0.55–2.67 in laminar flow regime 
(Re=10–2000) are observed. The largest f/f0=4.00 was found in CFD 
simulation of heat transfer in 3D wavy-plate-fin compact channels in 
[215]. The best heat transfer enhancement: f/f0=1.05–1.87, 

Nu/Nu0=1.78–4.00, ψ=1.54–3.24 and η=1.09–2.14 in a periodic trap-
ezoidal channel with semi-circular cross-section was predicted by using 
CFD simulations at Re=50–400 in [193]. Based on those results, it is 
concluded that the wavy channel or tube has better heat transfer 
enhancement than the corrugated tube and periodically 
convergent-divergent tubes in laminar flow regime. 

Fig. 29. Parameters Nu/Nu0, ψ and η are demonstrated as a function of f/f0 for wavy tubes, conical tubes and eccentrically helical tubes, respectively, (a) Nu/Nu0, (b) 
ψ and (c) η. 

Fig. 30. Schematic of geometrical parameters of periodical serpentine.  
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Periodical serpentine channel 
The forced convective heat transfer of incompressible Newtonian 

fluid in periodical serpentine channels with circular cross-section in 
laminar flow regime (Re=5–200) was simulated using a CFD program. 
The serpentine geometrical feature was characterised by the wavelength 
(2l ), channel diameter (d), and radius of curvature of bends (R c). The 
CFD simulations covered the geometrical parameters in the range of 
3<l /d<12.5 and 0.525<R c/d<2.25, and Prandtl number was in a 
range of 0.7 and 100 under constant wall heat flux or constant wall 
temperature boundary condition. A single pair of Dean vortices was 
formed after each bend. At a higher Reynolds number (De≈150), a 
second pair of vortices occurred. Dean vortices induced significant heat 
transfer enhancement compared with flow in a straight channel, espe-
cially at a large Prandtl number, but also inhibited flow separation to 
reduce pressure drop [216]. 

The forced convective heat transfer of incompressible Newtonian 
fluid in periodical serpentine channels with a semi-circular cross-section 
was simulated in laminar flow regime (Re=50–400) using a CFD pro-
gram. The Dean vortices were found following each bend, resulting in a 
large heat transfer rate and low pressure drop [217]. 

The forced convective heat transfer of incompressible Newtonian 
fluid in periodical trapezoidal serpentine channels with a semi-circular 
cross-section in laminar flow regime (Re=50–400) was calculated by 
employing ANSYS CFX 10.0. The Dean vortices emerged following each 
bend. The intensity of the vortices was increased with increasing Rey-
nolds number, leading to efficient fluid mixing and high heat transfer 
rate. The best heat transfer enhancement: f/f0=1.05–1.87, Nu/ 
Nu0=1.21–4.00, ψ=1.20–3.24 and η=1.16–2.13 was predicted at Re 
from 50 to 400 [218]. 

The forced convective heat transfer of nanofluids of water and four 
types of nanoparticles such as Al2O3, CuO, SiO2 and ZnO at five volume 
fractions (0, 1, 2, 3, 4 %) in the periodical trapezoidal serpentine mini 
channel with rectangular cross-section of a plate heat exchanger was 
simulated by using the 2D, steady, incompressible RANS equations, 
standard k-ε turbulence model and energy equations based on the single 
phase model at Re=6000–20,000 and a constant inwards wall heat flux 
(6 kW/m2). The effects of wave amplitude and wavelength of the trap-
ezoidal channel on the thermal-hydraulic performance and flow fields 
were investigated. The CFD results indicated that the nanofluid of SiO2 
had the largest Nusselt number. Nanoparticles at 20 nm diameter and 4 
% volume fraction resulted in 10 % increase in the Nusselt number. The 
trapezoidal height of 2.5 mm and wavelength of 6 mm led to a better 
thermal-hydraulic performance for CuO nanofluid at a lower volume 
fraction [219]. 

Periodical sinusoidal wavy channel 
The forced convective heat transfer of water flow in a periodical si-

nusoidal wavy microchannel with rectangular cross-section was pre-
dicted in laminar flow regime (Re=100–600) by using Fluent. The effect 
of wave amplitude and wavelength of wall on heat transfer was exam-
ined. The results showed that the Dean vortices were generated. The 
Nusselt number ratio and friction factor ratio rose with increasing wave 
amplitude and decreasing wavelength. The decreasing wavelength 
along the flow path could increase heat transfer enhancement. The best 
heat transfer enhancement: f/f0=1.54–2.71, Nu/Nu0=1.35–3.79, 
ψ=1.16–2.71 and η=0.85–1.39 was estimated at Re=100–600, constant 
wall temperature and a dimensionless wave amplitude of 0.125 [220]. 

Experiment was conducted on the forced convective heat transfer in 
the sinusoidal wavy microchannels with rectangular cross-sections in 
sizes of 205 μm(width), 404 μm(depth), of 2.5 mm (wavelength) and 
0–259 μm (wavy amplitude) by using deionised water as working fluid 
at Re=300–800. The experimental results suggested the best heat 
transfer enhancement: f/f0=1.34–1.75, Nu/Nu0=1.90–3.11, 
ψ=1.73–2.57 and η=1.42–1.77 [221]. 

A sinusoidal wavy channel with rectangular cross-section was 
designed and the conjugate heat transfer of water in the channel was 

simulated by using the 3D, steady, incompressible Navier-Stokes equa-
tions and energy equation in laminar flow regime (Re=50, 100, 150) as 
well as the heat conduction equation in the solid domain in Fluent at an 
inwards wall heat flux and a given inlet temperature. At the same ge-
ometry parameters, the sinusoidal wavy channel had better heat transfer 
enhancement than the periodical sinusoidal convergent-divergent 
channel [163]. 

Three sinusoidal wavy channels with square cross-section in the 
wavelength-to-channel-length ratios of 0.125, 0.25 and 0.5 were 
designed, and the forced convective heat transfer of water through these 
channels was predicted based on the 3D, steady, incompressible Navier- 
Stokes equations and energy equation in laminar flow regime 
(Re=500–2000) at a constant inwards wall temperature in Fluent 6.0. 
The numerical results indicated the beast heat transfer enhancement: f/ 
f0=1.14–1.59, Nu/Nu0=1.78–1.54, ψ=1.71–1.32 and η=1.56–0.97 
existed in comparison with the straight square channel as Reynolds 
number varied from 500 to 2000. If the cross-section of the channel was 
twisted along the channel wavy axis, the heat transfer enhancement 
could be even better [118]. 

The forced convective heat transfer of SCO2 passing through a si-
nusoidal wavy channel (500 mm length) with square cross-section (1.31 
mm side length) was simulated by employing the 3D, steady, 
compressible RANS equations, Lam and Bremhorst low Reynolds num-
ber k-ε turbulence model and energy equations in Fluent at the inlet 
mass flux of 127.1–400 kg/m2 s, inlet temperature of 310–325 K, inlet 
pressure of 7–9 MPa and constant wall heat flux of 9–40 kW/m2. The 
numerical results showed that the thermal performance of the sinusoidal 
wavy microchannels was better than the straight channel with the same 
cross-section but with a slight increase in pressure drop [222]. 

The thermal-hydraulic performance of CO2 flow inside a sinusoidal 
wavy mini-channel of heat sink at a uniform inwards wall heat flux of 
1000 kW/m2 was predicted based on the 3D, steady, compressible RANS 
equations, standard k-ε turbulence model and energy equations in 
Fluent. The effects of wall wave amplitude and wavelength on the per-
formance were investigated at various CO2 inlet temperatures 
(305–310 K) and mass fluxes (500–2000 kg/m2s). The numerical results 
illustrated that the thermal performance of the heat sink with the wavy 
channel was 1.86 times the performance of the plain channel but with 
1.58 times pressure drop increment. The maximal PEC of ψ=4.41 was 
obtained at a wall wave amplitude of 1 mm, wavelength of 5 mm and 
inlet temperature of 305 K. A large wave amplitude and small wave-
length and low inlet temperature could result in a large heat transfer 
coefficient [223]. 

Three printed circuit heat exchangers (PCHEs) with straight semi- 
circle channel were modified by replacing the straight channel with si-
nusoidal wavy channel partially, i.e., the straight segment upstream was 
replaced with a segment of sinusoidal wavy channel, the middle part 
was replaced with the segment of sinusoidal wavy channel and the 
straight segment downstream was replaced with the segment of sinu-
soidal wavy channel. The conjugate heat transfer of SCO2 in the modi-
fied channels was simulated the 3D, steady, compressible RANS 
equations, SST k-ω turbulence model and energy equations in the fluid 
domain and the heat conduction equation in the solid domain in ANSYS 
Fluent 18.1. The numerical results indicated that the straight channel 
with downstream wavy channel had the best thermal-hydraulic perfor-
mance, namely the largest pressure drop in the straight channel with 
downstream wavy channel was reduced by 23 % compared with the 
straight channel with upstream wavy channel, and the mean increment 
in local heat transfer coefficient in the wavy section is 1.56 kW/m2K in 
the straight channel with downstream wavy channel in comparison with 
the straight channel segment [224]. 

Periodical sinusoidal wavy channel with slots 
Two periodical sinusoidal wavy channels with slots aside every peak 

and valley of the channel wall at an angle of 45◦ against the wall were 
proposed and designed to establish cross-channel mixing. The forced 
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convective heat transfer of water in the channels was tested and simu-
lated in laminar flow regime (Re=50–200). The thermal-hydraulic per-
formance, and velocity and temperature fields of the two designs with 
different amplitude-to-wavelength ratios were compared with the 
reference wavy channel without slots to examine heat transfer 
enhancement. The results indicated that the sinusoidal wavy channels 
with properly designed slots could enhance heat transfer without pres-
sure drop trade-off. Both the Dean’s vortices and the cross-channel 
mixing were responsible for that property [225]. 

Air convective heat transfer enhancement in sinusoidal wavy-slot-fin 
channels was tested and simulated at Re=50–4000 in [226]. Effects of 
the cross-section aspect ratio (ratio of fin spacing to height), fin corru-
gation aspect ratio (ratio of corrugation amplitude to wavelength), and 
fin spacing ratio (ratio of fin spacing to wavelength) on heat transfer 
enhancement were simulated. New correlations for Fanning friction 
factor and Colburn factor were established. Additionally, more useful 
references on forced convective heat transfer and flow in sinusoidal 
wavy fin channels with and without slots are listed in [226]. Those 
studies are a bit out of the scope of the article; thus, their details are no 
longer described here. 

Sinusoidal wavy channel with variable wave amplitude and length 
A design of wavy microchannel heat sink with variable wavelength 

and amplitude along the flow path in rectangular cross-section was 
proposed and the conjugate heat transfer in the heat sink was predicted 
by using ANSYS Fluent 14.0 in laminar flow regime. The results showed 
that the decreasing wavelength or increasing amplitude could enhance 
heat transfer significantly. The heat transfer enhancement is attributed 
to the vortices in the cross sections caused by the sinusoidally curved 
walls [227]. 

Sinusoidal wavy-plate-fin compact channel 
The forced convective heat transfer of air through a sinusoidal wavy- 

plate-fin compact channel with rectangular cross-section was simulated 
in laminar flow regime (Re=10–1000) by using a CFD program at a 
constant wall temperature or constant wall heat flux. The effects of 
wavy-fin density on the velocity and temperature fields, isothermal 
friction factor ratio and Nusselt number ratio were examined. Multiply 
pairs of counter-rotating vortices existed in the cross-section, resulting 
in high local heat transfer. These vortices could significantly improve 
the overall heat transfer coefficient but increase the pressure drop 
penalty compared with the straight plain channel with the identical 
cross-section. The best heat transfer enhancement: f/f0=1.77–3.89, Nu/ 
Nu0=0.97–2.84, ψ=0.80–1.81 and η=0.55–0.73 at the fin gap to wave 
amplitude ratio of 0.303, cross-section width to height ratio of 0.240, 
and wave amplitude to wavelength ratio of 0.2667 was estimated as 
Reynolds number increased from 10 to 1000 [215]. 

Sinusoidal wavy channel with convergent or divergent cross-section 
The sinusoidal wavy channels with convergent or divergent or 

convergent-divergent square cross-section along the flow path were 
designed, and the conjugate heat transfer of water in these channels was 
simulated based on the 3D, steady, incompressible Navier-Stokes 
equations and energy equation of water in laminar flow regime 
(Re=85–1145) and the heat conduction equation in the inner tube wall 
in a CFD code at a constant inwards wall heat flux on the channel bot-
tom. The numerical results indicated that the convergent and divergent 
cross-sections along the flow path affected Nusselt number and friction 
factor significantly. The best heat transfer enhancement: f/ 
f0=0.62–0.57, Nu/Nu0=1.51–1.50, ψ=1.77–1.80 and η=2.44–2.61 at 
Re=110–1000 was achieved by the wavy channel with a divergent cross- 
section along the flow path [228]. 

Effect of shape of channel 
The effect of shape of the channel in microchannel heat sinks with a 

constant rectangular cross-section on their thermal-hydraulic 

performance was estimated by using three channels in zigzag, curvy, and 
step shapes, respectively, based on the 3D, steady, incompressible 
Navier-Stokes equations and energy equation of water in laminar flow 
regime (Re=100–1000) at a constant inwards wall heat flux. The nu-
merical results demonstrated that the zigzag channel had the greatest 
heat transfer coefficient and pressure drop, and the curvy and step 
channels followed [229]. 

Cross-flow heat exchanger with sinusoidal wavy channels 
A cross-flow micro heat exchanger with sinusoidal wavy channels 

(five channels on top for hot fluid, five channels on bottom for cold fluid) 
in rectangular cross-section was proposed and the conjugate heat 
transfer in the exchanger was simulated based on the 3D, steady, 
incompressible Navier-Stokes equations and energy equation of carbon 
nanotube (CNT)(20 % in volume)-Al2O3(80 % in volume)/water nano-
fluid in laminar flow regime and heat conduction equation in the solid 
domain by using a CFD code when the cold and hot channels inlet 
temperatures were 300 K and 360 K, respectively. The single-phase 
model was adopted with effective thermo-physical and transport prop-
erties, the hot fluid velocity varied in (5–100) mm/s, the wavenumber of 
the wall shape was ranged in 0–20, and the nanoparticle volume con-
centration was 0 and 5 % in volume. The highest heat exchanger effi-
ciency was achieved at a wavenumber of 8, nanoparticle concentration 
of 5 % and inlet velocity of 50 mm/s [230]. 

Conical tube 

The conical tube is a tube or channel with a gradual decreasing cross- 
sectional area from the inlet to the outlet. There are two flow conditions 
in the tube, one is converging flow where a fluid enters the tube from the 
large cross-section and leaves it from the small cross-section, and the 
other is diverging flow where the fluid enters the tube from the small 
cross-section and exits from the large cross-section. The simplest conical 
tube is a planar conical channel in which the cross-sectional area varies 
in one lateral direction only. The conjugate convective heat transfer in a 
planar conical channel was tested in converging and diverging flow 
conditions firstly in 2015 [231]. Since then, an analytical study was 
associated with heat transfer enhancement in a small conical tube when 
condensation or boiling took place [232] and a several numerical sim-
ulations have been conducted with an emphasis on forced convective 
heat transfer of SCO2 in conical tubes and heat transfer in tube-in-tube 
heat exchangers with conical tubes. However, there is only one set of 
data on heat transfer enhancement by conical tubes in the literature as 
shown in Figs. 28 and 29, respectively. The heat transfer enhancement: 
f/f0=2.96–4.56, Nu/Nu0=1.55–1.48, ψ=1.08–0.89 and η=0.52–0.32 in 
turbulent flow regime (Re=12,202–48,808) was achieved [233]. This 
fact suggests the conical tube is not good at heat transfer enhancement 
due to large f/f0 and small Nu/Nu0 values in turbulent flow regime. 

Planar conical channel 
The conjugate heat transfer in a 2D microchannel with 8◦ expansion 

angle and 156 μm hydraulic diameter was tested and simulated in both 
diverging and converging flow conditions when it was heated at the 
channel bottom and deionised water was used as heat transfer fluid at 
mass fluxes of 113–1200 kg/m2 s (Re=30–274) and wall heat fluxes of 
3–95 kW/m2. The results showed that the heat transfer coefficient in the 
converging flow condition was larger by 35 % than in the diverging flow 
condition [231]. 

Two mini channels with divergence angles of 1.38◦, 2.06◦, respec-
tively, were designed and the conjugate heat transfer of water flowing in 
them was tested at Re=235–1360 and inwards wall heat fluxes of 32, 40, 
48 kW/m2. The experimental results revealed that the divergent mini 
channel had a better thermal-hydraulic performance than the parallel 
mini channel [234]. 
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Conical tube in SCO2 flow condition 
The forced convective heat transfer of SCO2 in a conical tube was 

simulated by using the 3D, steady, compressible RANS equations, SST k- 
ω turbulence model and energy equation in turbulent flow regime with 
Fluent at constant outwards wall flux (cooling condition). The numerical 
results proved that the converging flow in the tube enhanced the heat 
transfer coefficient by 13.2 % compared with the cylindrical tube. 
However, the diverging flow in the conical tube reduced the heat 
transfer coefficient [235]. 

The forced convective heat transfer of SCO2 in a conical tube was 
numerically predicted by using the 3D, steady, compressible RANS 
equations, SST k-ω turbulence model and energy equation in turbulent 
flow regime with Fluent at constant inwards wall flux (heating condi-
tion). The numerical results suggested that the diverging flow in the tube 
improved the heat transfer rate by 19.3 % compared with the cylindrical 
tube. However, the converging flow in the tube reduced the heat transfer 
rate [236]. 

The forced convective heat transfer of SCO2 in two microtubes, one 
is convergent and the other is divergent, was simulated by using the 3D, 
steady, compressible RANS equations, SST k-ω turbulence model and 
energy equation in turbulent flow regime with Fluent under constant 
wall flux cooling conditions. The results showed that the heat transfer 
coefficient over the tube wall was relatively uniform. To obtain more 
uniform heat transfer coefficient, the expansion angle of the divergent 
microtube should be larger than the contraction angle of the convergent 
microtube. The buoyancy effect was responsible for different heat 
transfer coefficients in two microtubes [237]. 

Conical tube in nanofluid flow conditions 
Three conical tubes were designed when the tube radius was 

described by the zero-order Bessel function, squared zero-order Bessel 
function and cubed zero-order Bessel function, respectively. The forced 
convective heat transfer of Al2O3/water nanofluid flowing in these tubes 
was simulated based on the single phase model by using the 2D, steady, 
axisymmetric, incompressible RANS equations, realisable k-ε turbulence 
model and energy equation in turbulent flow regime (Re=300–1200) 
with ANSYS Fluent at an inlet temperature of 300 K, uniform inwards 
wall heat flux of 1 kW/m2 and φ=0, 1, 2, 3 %, respectively. The nu-
merical results showed that the pressure drop profile along the flow path 
was parabolic, and the increasing convergence, Reynolds number and 
nanoparticle concentration could enhance convective heat transfer. 
However, the maximum PECs were 0.7, 0.525, and 0.43 only when the 
tube radius was in the form of the zero-order Bessel function, squared 
zero-order Bessel function and cubed zero-order Bessel function, 
respectively [238]. 

A similar work was conducted in [239] as well, but the forced 
convective heat transfer of CuO/water nanofluid flowing in those tubes 
was simulated based on the two-phase mixture model by using the 3D, 
steady, incompressible RANS equations, realisable k-ε turbulence model 
and energy equation in turbulent flow regime (Re=3000–50,000) with 
ANSYS Fluent at an inlet temperature of 300 K, uniform inwards wall 
heat flux of 2 kW/m2 and φ=0, 1, 2, 5, 4 %, respectively. The results 
showed that the pressure drop, Nusselt number, and viscous entropy 
generation rate rose but the thermal entropy generation rate reduced 
when the tube radius was in the form of the zero-order Bessel function, 
squared zero-order Bessel function and cubed zero-order Bessel func-
tion, respectively [239]. 

Conical tube with protrusion 
Four conical tubes with inlet-outlet diameter ratios of 1.5, 2, 3, and 5 

were designed and their inner walls were roughened by using protru-
sion. The forced convective heat transfer of water in these tubes was 
simulated based on the 3D, steady, incompressible RANS equations, 
realisable k-ε turbulence model and energy equation in turbulent flow 
regime (Re=3000–40,000) with ANSYS Fluent 2021 R1 at a constant 
outwards wall flux of 40 kW/m2 and an water inlet temperature of 300 

K. The numerical results showed that the conical tubes protruded with 
the diameter ratios of 1.5, 2 and 3 had the lowest total entropy pro-
duction rate. Unfortunately, there is no information about heat transfer 
enhancement [240]. 

Tube-in-tube-heat exchanger with conical tube 
Two tube-in-tube heat exchangers with inner conical tube and outer 

conical or cylindrical tube were designed and the forced convective heat 
transfer of water through these heat exchangers was predicted based on 
eight cases (each has four cases: two parallel-flow cases and two counter- 
flow cases) by adopting the 3D, steady, incompressible RANS equations, 
standard k-ε turbulence model and energy equation when the cold water 
(outer tube) inlet temperature was 298 K and hot water (inner tube) 
inlet temperature was 325 K at Re=12,202–48,808. The numerical re-
sults exhibited 55 % increment in effectiveness in the tube-in-tube heat 
exchanger with inner conical tube and outer conical tube in parallel- 
flow when the cold water and hot water were in the diverging flow 
condition compared with the heat exchanger with cylindrical inner and 
outer tubes, and 40 % increase in heat transfer improvement number in 
the tube-in-tube heat exchanger with inner conical tube and outer cy-
lindrical tube in parallel-flow when the cold water was in the diverging 
flow condition but the hot water was in converging flow condition 
[241]. Accordingly, 63 % increment in Nusselt number and 54 % 
increment in heat transfer rate were resulted but ψ≤1.05 [233]. 

Eccentrical helical tube 

The eccentrical helical tube (EHT) was proposed in [242] for water 
firstly, then was followed by shell and tube heat exchanger with EHT 
bank in [243], and very recently by eccentrical helical tube with helical 
tape [244] for air and tube-in-tube heat exchangers with inner EHT for 
water in [245] and for Al2O3/water nanofluid [246]. Basically, an EHT 
is a helical coil since its centre line is a helix but under Rtube>Rhelix 
condition, see Fig. 31, where Rhelix is the eccentricity of the helix. For a 
helical coil, however, the Rtube«Rhelix condition remains. 

The data on heat transfer enhancement made by EHTs are rare, see 
Figs. 28 and 29. The numerical data in the two figures indicate that the 
heat transfer enhancement: f/f0=1.25–2.14, Nu/Nu0=1.23–2.81, 
ψ=1.14–2.18 and η=0.98–1.32 in laminar flow regime (Re=300–1800) 
was predicted [242], while the enhancement: f/f0=2.80–2.21, 
Nu/Nu0=2.78–2.03, ψ=2.07–1.56 and η=0.88–0.84 in turbulent flow 
regime (Re=4000–10,000) was demonstrated [244]. This information 
suggests that the EHT has a better performance in heat transfer 
enhancement than the conical tube in turbulent flow regime. 

Heat transfer inside EHT 
An EHT (length=480 mm, inner diameter=20 mm) with an eccen-

tricity Rhelix=3 mm (eccentricity ratio=3/20) and a pitch s=120 mm was 
designed, and the forced convective heat transfer of water transported in 
the tube was estimated numerically by employing the 3D, steady, 
incompressible Navier-Stokes equations and energy equation in laminar 
flow regime (Re=300–1800) in Fluent when the tube wall was subject to 
a uniform temperature of 350 K. The best heat transfer enhancement: f/ 
f0=2.14, Nu/Nu0=2.81, ψ=2.18 and η=1.32 was obtained at Re=1800, 
and the enhancement became poor and poor with decreasing Reynolds 
number [242]. 

The thermal-hydraulic performance of an EHT(length=1000 mm, 
inner diameter=20 mm) with a twisted full-length tape attached to the 
inner wall of the tube, see Fig. 32, was predicted numerically as air was 
used as heat transfer fluid based on the 3D, steady, incompressible RANS 
equations, SST k-ω turbulence model and energy equation in turbulent 
flow regime (Re=4000–10,000) with ANSYS Fluent 17.0 at a uniform 
inwards wall flux of 1.7 kW/m2 (heating condition). The tape height 
ratios 0.0, 0.125, 0.25, 0.375, 0.5 and 0.625 and the thickness of 1 mm 
were used to investigate effects of tape height on the thermal-hydraulic 
performance of the tube. The numerical results showed that a larger tape 
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height resulted in a higher Nusselt number but induced a greater friction 
factor. The best PEC was obtained at the height ratio of 0.625, for 
instance, ψ=2.07 at Re=4000 and ψ=1.69 at Re=10,000 [244]. 

Shell and tube heat exchanger with EHT bank 
A shell and tube heat exchanger for oil cooler was proposed and 

designed. The thermal-hydraulic performance of the tube side (hot oil) 
and shell side (cold water) was simulated separately in Fluent 6.3 under 
isothermal wall temperature conditions. The forced convective heat 
transfer of the oil (hot side) in the EHT was in laminar flow regime 
(Re=300–1800), but the heat transfer of the water (cold side) in the shell 
was in turbulent flow regime (Re=5000–14,000). The heat transfer 
enhancement inside the EHT was predicted as f/f0=1.45–2.78, Nu/ 
Nu0=1.46–2.89, ψ=1.29–2.06, and η=1.01–1.04 compared with the 
plain tube. However, the heat transfer enhancement in the shell side was 
poorer than the shell and tube with rod baffles because of ψ=0.90–0.95 
[243]. 

Tube-in-tube heat exchanger with inner EHT 
Three tube-in-tube heat exchangers (length=1 m) with inner EHT 

(diameter=25 mm, pitch ratio=5, 10, and 15) and outer cylindrical tube 
(diameter=50 mm) were designed. The flow conditions in these ex-
changers were in counter-flow mode where hot water flowed in the 

inner EHT and cold air streamed in the outer tube. The forced convective 
heat transfer in these exchangers was simulated by using ANSYS Fluent 
18.2 based on the 3D, steady, incompressible RANS equations, standard 
k-ε turbulence model and energy equation in turbulent flow regime 
when the hot water and cold air inlet temperatures were fixed at 343 K 
and 298 K but six pairs of the cold air and hot water mass flow rates were 
prescribed to cover Re=5000–30,000 in the inner EHT. The heat 
exchanger effectiveness and overall performance index (ratio of the 
effectiveness to the pressure drop in both the inner tube and the 
annulus) were determined. The results showed that the pitch ratio of 5 
resulted in the best overall thermal-hydraulic performance, i.e., the 
effectiveness was increased by 14.8 % at the pitch ratio of 5 and 
Re=30,000 but the overall performance index was improved by 13 % at 
Re=5000 compared with the plain tube heat exchanger [245]. 

The tube-in-tube heat exchanger with the inner EHT at the pitch ratio 
of 5 in [245] was adopted to study the effect of Al2O3/water nanofluid 
on its thermal-hydraulic characteristics. The numerical methods and 
flow models were the same as [245] but the nanoparticle volume 
fraction-dependent effective thermophysical and transport properties 
were used for the nanofluid. The nanoparticle volume fraction was 
prescribed to be 0.05, 1, 2.5, and 4 % and Reynold number was ranged in 
5000–30,000. The results indicated that the effectiveness and overall 
performance index of the heat exchanger were improved by 6 % and 
10.7 % at the volume fraction of 4 % compared with the same heat 
exchanger under water flow conditions. However, the pressure drop was 
increased with increasing nanoparticle volume fraction [246]. 

Discussion 

Assessment of the methods 

When the heat transfer in a heat exchanger is enhanced by one of 
eight passive methods stated in Section 3, the pressure drop across the 
exchanger is increased inevitably because of the intensified swirling 
flow or secondary flow or vortex flow. Therefore, when these passive 
methods are assessed, the friction factor ratio f/f0 must be taken into 
account [247]. As a first trial, it is proposed that f/f0=5 is a critical 
condition. If f/f0>5 is true for a passive method, the method will cause a 
severe pressure drop penalty, and caution should be alerted when it is 
adopted to enhance heat transfer in a heat exchanger. Otherwise, if 
f/f0≤5 is held for a passive method, the method will induce an accept-
able pressure drop penalty and should be recommended to be applicable 
to the heat transfer enhancement in the exchanger. The ranges of vari-
ation of the ratios f/f0, Nu/Nu0, ψ and η were illustrated in Figs. 5, 8, 13, 
15, 26, 28 and tabulated in Table 2. For four methods such as TOT, wavy 

Fig. 31. Eccentrical helical tube with the radius of tube and the eccentricity of helix.  

Fig. 32. Eccentrical helical tube with a full-length twisted tape attached to the 
tube wall along the tube, the picture after [244]. 
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tube, conical tube and EHT, clearly, the relation f/f0≤5 is true. Natu-
rally, these methods should be recommended to be applied to heat 
transfer enhancement in a heat exchanger compared with the rest 
methods. 

In our project, a tube-in-tube heat exchanger in cooling conditions 
for SCO2 will operate in a prototype test rig at the mass flux of 200–850 
kg/m2s with an inlet temperature of 30–70 ◦C through the inner tube 
with a diameter of 6 mm [5]. The corresponding operational Reynolds 
number is Re=1.9 × 104–2.55 × 105, suggesting SCO2 flow in turbulent 
flow regime. Based on the f/f0≤5 values illustrated in Table 2, the TET, 
conical tube and EHT potentially can be adopted in the tube-in-tube heat 
exchanger in cooling condition to enhance SCO2 heat transfer and make 
the exchanger more efficient and compact. 

The typical thermal-hydraulic performance in heat transfer 
enhancement of the TETs [72,82], conical tube [233] and EHT [244] is 
shown by using the f/f0-Re, Nu/Nu0-Re, ψ-Re and η-Re in Fig. 33. The 
f/f0-Re curve of the conical tube is much higher the curves of the TETs 
and EHT and rises but also approaches the f/f0=5 criterion with 
increasing Re. The Nu/Nu0-Re curve of the conical tube is comparable to 
that of two TETs but smaller than the EHT. Consequently, the ψ-Re and 
η-Re curves of the conical tube are below the curves of two TETs and the 
EHT. Obviously, the conical tube should be excluded from the candidate 
passive methods for heat transfer enhancement in the project. The TET 
and EHT should be the most suitable candidate passive methods for the 
SCO2 heat exchanger in the project. 

Mechanism of heat transfer enhancement 

The mechanism of heat transfer enhancement for the passive 
methods is essential to the design of heat exchanger. The identified 
mechanisms of heat transfer enhancement for the eight passive methods 
mentioned Section 3 are summarised in Table 3. It is shown that the 
secondary flow and swirling flow contribute to the mechanism of heat 
transfer enhancement for the methods based on twisted cross-section or 

helical corrugation along the flow path, namely TET, TPT and TMT as 
well as helically corrugated tube. 

For periodical convergent-divergent tubes, however, a variety of 
mechanisms of heat transfer enhancement are available, depending on 
the tube and cross-section shapes. Macroscopic mixing or chaotic mix-
ing, redevelopment of thermal boundary layer, and jetting and throttling 
effect are mainly responsible for the heat transfer enhancement in the 
tube/channel with contraction-expansion cross-sectional area. The 
mechanism of heat transfer enhancement in the orthogonal ellipse tube 
is attributed to the multi-longitudinal vortices induced by cross- 
sectional orientation change. The Dean vortices and the complex flow 
patterns caused by the vortices are responsible for the mechanism of 
heat transfer enhancement in the wavy tube or channel. There has not 
been the mechanism of heat transfer enhancement in the conical tube 
and EHT reported so far. 

Theoretical analysis of heat transfer enhancement 

After a CFD simulation on forced convective heat transfer in a heat 
exchanger is completed, two theoretical analyses, i.e., entropy genera-
tion analysis and field synergy analysis, can be performed based on 
velocity and temperature gradients in the flow and temperature fields 
just obtained. The status of application of two theoretical analyses in 
eight passive methods for heat transfer enhancement is present in 
Table 4. More applications of field synergy analysis are found in the TOT 
and conical tube than those of entropy generation analysis. This situa-
tion, however, is reversed in the periodical convergent-divergent tube. 
Neither entropy generation analysis nor field synergy analysis is applied 
in wavy tube presently. 

In entropy generation analysis, the volume entropy generation/ 
production rate in fluid domains needs to be determined from the spe-
cific entropy generation rate. The specific entropy generation rate in-
cludes the entropy generation rate by direct viscous dissipation s″′

DD, 

Table 2 
Assessment of eight passive methods for heat transfer enhancement based on friction factor ratio, Nusselt number ratio, PEC and enhancement erfficiency.  

Passive method Heat transfer enhancement 

Laminar regime Re f/f0≤5 Turbulent regime Re f/f0≤5 

TOT f/f0=0.90–2.55, 
Nu/Nu0=0.88–4.77, 
ψ=0.91–3.68, 
η=0.97–2.52 

1000–2000 No f/f0=1.13–4.03, 
Nu/Nu0=1.16–4.03, 
ψ=0.82–1.97, 
η=0.50–1.40 

2000–65,000 No 

TPT f/f0=0.39–9.81, 
Nu/Nu0=0.83–13.44, 
ψ=0.73–6.00 
η=0.40–1.76 

90–2300 Yes f/f0=0.51–14.53, 
Nu/Nu0=1.17–14.36, 
ψ=0.86–6.45, 
η=0.22–3.78 

2400–12,000 Yes 

TMT f/f0=1.09–12.09, 
Nu/Nu0=0.48–7.04, 
ψ=0.40–3.50, 
η=0.12–2.39 

100–2000 Yes f/f0=1.0–7.0, 
Nu/Nu0=1.0–6.9, 
ψ=0.8–1.4, 
η=0.4–1.5 

2000–50,000 Yes 

Periodical convergent-divergent tube f/f0=1.0–5.55, 
Nu/Nu0=1.0–6.06, 
ψ=0.92–3.62, 
η=0.05–2.01 

130–2300 Yes f/f0=3.00–56.39, 
Nu/Nu0=1.21–4.44, 
ψ=0.73–2.17, 
η=0.14–1.17 

2200–60,000 Yes 

Helically corrugated tube f/f0=1.29–14.80, 
Nu/Nu0=0.65–4.28, 
ψ=0.36–1.70, 
η=0.044–1.30 

30–2300 Yes f/f0=1.03–8.82, 
Nu/Nu0=1.09–2.92, 
ψ=0.92–2.17, 
η=0.22–1.85 

2300–90,000 Yes 

Wavy tube or channel f/f0=0.56–3.98, Nu/Nu0=0.64–4.00, 
ψ=0.62–3.24, 
η=0.55–2.67 

10–2000 No N/A 

Conical tube N/A f/f0=2.96–4.56, 
Nu/Nu0=1.55–1.48, 
ψ=1.08–0.89, 
η=0.52–0.32 

12,202–48,808 No 

EHT f/f0=1.25–2.14, 
Nu/Nu0=1.23–2.81, 
ψ=1.14–2.18, 
η=0.98–1.32 

300–1800 No f/f0=2.80–2.21, 
Nu/Nu0=2.78–2.03, 
ψ=2.07–1.56, 
η=0.88–0.84 

4000–10,000 No  
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entropy generation rate by indirect (turbulent) dissipation s″′
ID, entropy 

generation rate by heat conduction with mean temperature gradients 
s″′
HC, and entropy generation rate by heat transfer with fluctuating tem-

perature gradients s″′
HT [248]. Those specific entropy generation rates are 

expressed by [248]: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

s″′
DD =

μ
T

[

2
(

∂ui

∂xi

)2

+

(
∂ui

∂xj
+

∂uj

∂xi

)2
]

s″′
ID =

ρε
T

s″′
HC =

λ
T2

(
∂T
∂xi

)2

s″′
HT =

μt

Prt

cp

T2

(
∂T
∂xi

)2

(6)  

where μ is dynamic viscosity of fluid, T is time-averaged temperature of 
fluid, ui and uj are time-averaged velocities of fluid in coordinate di-
rections i and j, indices i, j=1, 2, 3; xi and xj are coordinates in the di-
rections i and j; ρ is density of fluid, ε is dissipation rate of turbulent 
kinetic energy, λ is thermal conductivity of fluid, μt is dynamic viscosity 
of turbulent eddy, Prt is turbulent Prandtl number, Prt=0.85; cp is spe-
cific heat capacity of fluid. For laminar flows, s″′

ID=s″′
HT=0 is kept. 

The specific entropy generation rate by direct and indirect dissipa-

tions is denoted by s″′
D=s″′

DD+s″′
ID, and the specific entropy generation rate 

by head conduction and heat transfer is represented by s″′
H=s″′

HC+s″′
HT. 

Then, the entropy generation rate by dissipations ṠD and the entropy 
generation rate by heat conduction and heat transfer ṠH in the fluid 
domain with a volume V are calculated by: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩
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ṠH =
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0
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)2

dV +

∫V

0
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dV

(7) 

Usually, Bejan number is employed to assess the importance of the 
entropy generation rate by heat conduction and heat transfer in a 
thermal and flow system. The Bejan number is defined as the ratio of the 
entropy generation rate by heat conduction and heat transfer to the total 
entropy generation rate, and expressed as: 

Be =
ṠD

ṠD + ṠH
(8)  

where Be denotes to the Bejan number. For a better thermal-hydraulic 

Fig. 33. Thermal-hydraulic parameters f/f0, Nu/Nu0, ψ and η are shown as a function of Reynolds number Re for three typical twisted elliptical tubes [72,82], conical 
tube [233] and eccentrical helical tube [244], respectively, (a) f/f0, (b) Nu/Nu0, (c) ψ and (d) η. 
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Table 3 
Identified mechanisms of heat transfer enhancement for eight passive methods.  

Passive method Mechanism of heat 
transfer enhancement 

Reference 

TOT Inside tube Rotating fluid and 
secondary flow induced 
in the tube 

[71] 

Longitudinal vortex 
induced by the tube wall 

[72] 

Secondary flow in the 
form of spiral flow 

[73] 

Secondary flow generated 
by the tube wall 

[75] 

Secondary flow inside the 
tube 

[77] 

Rotational motion 
produced in the flowing 
fluid 

[79] 

Longitudinal vortex/ 
secondary flow in the 
tube 

[81] 

Symmetrical secondary 
flow in the annulus 

[89] 

Outside tube Disturbance of flow 
condition and promotion 
of the mixing between hot 
and cold fluids 

[103] 

Secondary flow 
strengthened by the 
centrifugal force of the 
helical streamlines and 
the swirling velocity 
induced by the twist 

[111] 

TPT Square cross-section 1. Development of 
thermal boundary layer is 
avoided due to the 
continuous change in 
flow direction induced by 
the tube wall. 
2. Secondary flow causes 
more uniform 
temperature profile, 

[119] 

Triangular, square, 
hexagon, octagon 
cross-section 

Centrifugal force 
generated by the rotating 
flow in the tube allows 
nanoparticles to move to 
proper locations and 
enhance heat transfer. 

[124] 

TMT Tri-lobe 1. Helical flow and 
secondary flow induced 
by the twisted and curved 
tube wall. 
2. Radial and tangential 
velocities generated by 
centrifugal force result in 
higher temperature 
gradients near the tube 
wall. 

[74] 

Two-lobe Harmony and orderly 
swirling flow in 
secondary flow region 
induced. 

[129] 

Six-lobe Secondary flow velocity 
and vorticity of 
longitudinal vortex 

[138] 

Two-, tri-, five-, six-, 
eight-lobe 

Secondary flow [131] 

Tri-, four, five-, six- 
lobe 

Swirling flow [132] 

Tri-lobe with twisted 
tape insert 

1. Secondary flow 
generated by the twisted 
tube wall. 
2. Swirling flow along the 
core tube induced by the 
tape. 

[141] 

Periodical 
convergent- 

2D sinusoidal channel Macroscopic mixing [146]  

Table 3 (continued ) 

Passive method Mechanism of heat 
transfer enhancement 

Reference 

divergent 
tube 

3D arc or triangular 
microchannel with 
rectangular cross- 
section 

1. Increased heat transfer 
surface area. 
2. Redeveloping 
boundary layers. 
3. Jetting and throttling 
effect in contraction 
region. 
4. Slipping over the 
expansion region. 

[152] 

Jetting and throttling 
effect in contraction 
region 

[153, 
156] 

3D triangular 
microchannel with 
rectangular rib 

1. Interruption and 
redevelopment of thermal 
boundary layer. 
2. Intensified mainstream 
disturbance. 
3. Chaotic mixing 
between cold and hot 
water. 

[158] 

Mixing of fluid because of 
formation of secondary 
flows 

[160] 

3D sinusoidal 
microchannel 

Chaotic advection results 
in a higher heat transfer 
rate albeit with a larger 
pressure drop. 

[164] 

Transversely arc 
outwards corrugated 
tube 

1. Jet impingement heat 
transfer at windward side 
of the corrugation. 
2. Considerable turbulent 
fluctuation. 
3. Boundary-layer 
redevelopment. 

[174] 

Orthogonal ellipse 
tube 

Multi-longitudinal 
vortices induced by cross- 
sectional change. 

[144] 

Tube-in-tube heat 
exchanger with 
orthogonal ellipse 
tube 

Longitudinal/axial 
vortices in both the inner 
and outer tube flows 

[190] 

Helically 
corrugated 
tube 

Outwards helically 
corrugated tube 

1. Secondary flow. 
2. Turbulent pulsation. 

[207] 

Wavy tube or 
channel 

Periodical serpentine 
channel with circular 
cross-section 

Dean vortices at a low 
Reynolds number and 
more complex vortical 
flow patterns at an 
increased Reynolds 
number 

[216] 

Periodic serpentine 
channel with semi- 
circular cross-section 

[217] 

periodic trapezoidal 
channel with semi- 
circular cross-section 

[218] 

3D sinusoidal 
microchannel with 
rectangular cross- 
section 

1. Secondary flow (Dean 
vortices) generated. 
2. Chaotic advection 
caused by the change in 
quantity and location of 
the vortices along flow 
direction. 

[220] 

Wavy channel with 
slot 

1. Dean vortices induced. 
2. Cross-channel mixing 
and boundary layer 
disruption by slots. 

[225] 

3D sinusoidal 
microchannel with 
variable wavelength 
and amplitude 

Vortices in cross-section [227] 

3D wavy-plate-fin 
compact channels 

1. Periodical growth and 
disruption of pairs of 
counter-rotating vortices 
in the wall valley. 
2. Periodical interruption 
of thermal boundary 
layers on the fin surface. 

[215] 

(continued on next page) 
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performance, a heat exchanger should have ṠD and ṠH as small as 
possible. 

Based on the predicted mean wall heat flux qw, wall temperature Tw, 
outlet pressure p2 and outlet temperature T2 by CFD simulations, and the 
known inlet pressure p1, inlet temperature T1, and environment tem-
perature T0, the exergy (available energy) Xa, exergy destruction (loss) 
Xd and second law performance ηX can be estimated. This is so-called 
CFD-based second law analysis. If the working fluid is an incompress-
ible liquid, the expressions for calculating the exergy Xa, exergy 
destruction Xd and second law performance ηX are written as [249]: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Xa = qwA
(

1 −
T0

Tw

)

Xd = ṁcp(T1 − T2) + ṁcpT0ln
(

T2

T1

)

+ ṁ
p1 − p2

ρ + Xa

ηX =
Xa − Xd

Xa

(9)  

where A is heat transfer area of the tube, ṁ is the fluid mass flow rate in 
the tube, cp is the specific heat capacity of fluid at constant pressure. If 
the tube cools the fluid, then qw<0; if the tube heats the fluid, then qw>0. 
Obviously, based on one-dimensional (1D) flow and heat transfer 
analysis and relevant empirical correlations of friction factor and Nus-
selt number, second law analysis also can be analysed on heat ex-
changers [211]. A comprehensive review of this kind of analysis is 
referred to [250]. 

The field synergy/coordination principle was proposed in [251,252] 
for enhancing convective heat transfer in tubes. The principle was 
explained by using a simplified energy equation for 2D, steady incom-
pressible laminar flow of a fluid with constant thermo-physical prop-
erties over a flat plate. The original energy equation for 2D, steady, 
incompressible laminar flow over a flat plate is read as [253]: 

ρcp

(

u
∂T
∂x

+ v
∂T
∂y

)

= λ
∂2T
∂y2 + μ ∂2u

∂y2 (10)  

where u and v are the velocity in the primary flow direction x and the 
normal direction y to the plate wall, respectively. The viscous dissipation 
term in Eq, (10) was removed and the equation is simplified to [251, 
252]: 

ρcp

(

u
∂T
∂x

+ v
∂T
∂y

)

= λ
∂2T
∂y2 (11) 

Integrating Eq. (11) across the boundary layer thickness δT and 
considering two boundary conditions: λ∂T/∂y|0=− qw and λ∂T/∂y|δT

=0, 
Eq. (11) is expressed as: 

ρcp

∫δT

0

(

u
∂T
∂x

+ v
∂T
∂y

)

dy = qw (12) 

The following dimensionless variables are introduced: 

u∗ =
u
ue
, v∗ =

v
ue
,T∗ =

T − Te

Tw − Te
,Rex =

ρuex
μ ,Nux =

qwx
λ(Tw − Te)

,Pr =
μcp

λ
(13)  

where ue and Te are the velocity and temperature of fluid at edge of the 
boundary layer, respectively; Rex and Nux are the local Reynolds number 
and Nusselt number at a location x, Pr is the Prandtl number of the fluid. 
Those dimensionless variables are involved into Eq. (12), and the 
equation is rewritten as: 

RexPr
∫δT

0

(

u∗∂T∗

∂x
+ v∗

∂T∗

∂y

)

dy = Nux (14) 

Since 

u∗∂T∗

∂x
+ v∗

∂T∗

∂y
= V∗⋅∇T∗ = |V∗||∇T∗|cosβ (15)  

where V* is the vector of the velocity with the components u* and v*, 
V*=u*+v*, |V*| and |∇T*| are the modulus of V* and ∇T*, respectively; 
β is the angle between the vectors u* and ∇T*. Then, Eq. (14) is updated 
accordingly: 

RexPr
∫δT

0

|V∗||∇T∗|cosβdy = Nux (16) 

The equation suggests that the angle β between the vectors V* and 
∇T* plays a critical role in the convective heat transfer in a tube. Under a 
given flow condition and wall heat flux, the angle β should be made 
small as possible to obtain a higher Nux. The smaller the angle β, the 
better the synergy/coordination between the temperature and velocity 
fields. That is so-called field synergy/coordinate principle for convective 
heat transfer proposed in [251,252]. The principle is attributed to the 
angle between the vectors V* and ∇T* only. After a 3D CFD simulation 
on forced convective heat transfer in a tube is completed, the angle β can 
be extracted by using the following expression: 

β = cos− 1
u ∂T

∂x + v ∂T
∂y + w ∂T

∂z

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2 + w2

√
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

∂T
∂x

)2

+

(
∂T
∂y

)2

+

(
∂T
∂z

)2
√ (17)  

where w is the velocity in the spanwise direction z. For the forced 
convective heat transfer of water in a tube, β is ranged in 78.6–90◦ from 
the tube centre to the wall; for the TiO2/water nanofluid of 1.5 wt. % 
concentration, however, β is reduced to 75.9–89.1◦ due to heat transfer 
enhancement [254]. 

Since the field synergy/coordination principle is as simple as finding 

Table 3 (continued ) 

Passive method Mechanism of heat 
transfer enhancement 

Reference 

Conical tube N/A N/A 
EHT Vortex is formed near the tube wall, but straight 

bulk flow is kept in the core region. 
[243]  

Table 4 
Status of theoretical analysis in eight passive methods for heat transfer 
enhancement.  

Passive method Theoretical analysis Reference 

Twisted oval tube Field synergy analysis [72,75,77,79,96,103, 
108] 

Entropy generation 
analysis 

[75,84] 

Second law analysis [84] 
Twisted polygon tube Field synergy analysis [125] 
Twisted multi-lobe tube Entropy generation 

analysis 
[131] 

Field synergy analysis [74] 
Periodical convergent- 

divergent tube 
Field synergy analysis [154,155] 
Entropy generation 
analysis 

[154,155,158,180, 
181,143] 

Exergy analysis [155] 
Helically corrugated tube Entropy generation 

analysis 
[198,211] 

Second law analysis [211,214] 
Wavy tube or channel N/A N/A 
Conical tube Field synergy analysis [236,235] 

Entropy generation 
analysis 

[239,241] 

Eccentrical helical tube Entropy generation 
analysis 

[243]  
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the angle between the velocity vector and the temperature gradient 
only, it has found more applications in explanation of various methods 
for heat transfer enhancement in Table 4. Unfortunately, this principle is 
unable to uncover the reasons why the angle between the velocity vector 
and the temperature gradients varied in each method for heat transfer 
enhancement in the table. 

Most of the methods for heat transfer enhancement are relevant to 
vortices as shown in Table 3. However, the vortex kinematics and dy-
namics in tubes where the convective heat transfer is enhanced by eight 
methods in the table are not studied in the literature. As the first trial, 
the vortex kinematics in the tube with a twisted tape insert was inves-
tigated in [255]. Hopefully, vortex kinematics can be applied to the 
tubes where the convective heat transfer is enhanced by employing eight 
methods in Table 3 in the future. 

Based on Table A1 in the supplemental material, the number and 
percentage of papers on eight passive methods achieved by using CFD or 
experiment or both are listed in Table 5. More than 2/3 papers were 
completed by using CFD method, demonstrating CFD has been a useful 
tool for dealing with heat transfer enhancement. However, experimental 
study is still needed in heat transfer enhancement to validate CFD re-
sults, especially for TPT, TMT, wavy tube, conical tube and EHT. 

In these investigations completed by using CFD simulation, the heat 
transfer enhancement inside these tubes was a major concern, but the 
heat transfer enhancement outside the tubes received limited attention. 
The evidence suggested the heat transfer enhancement outside a TOT 
was stronger than that inside the tube [88]. Whether the heat transfer 
enhancement outside an EHT is stronger than inside the tube is worth 
being clarified in the future. 

Conclusion 

Passive heat transfer enhancement methods by using the tubes in 
various shapes were surveyed to seek mostly suitable methods for heat 
transfer enhancement of SCO2 heat exchangers in refrigeration systems. 
First, the existing tubes in various shapes for heat transfer enhancement 
were divided into eight groups: twisted oval tube, twisted polygon tube, 
periodical convergent-divergent tube, helically corrugated tube, wavy 
tube or channel, conical tube and eccentrical helical tube. Then, the 
overall thermal-hydraulic performance of each group and the thermal- 
hydraulic performance of individual tubes in the group were summar-
ised in terms of friction factor ratio, Nusselt number ratio, PEC and 
enhancement efficiency in laminar and turbulent flow regimes, respec-
tively. A threshold of friction factor ratio was proposed to evaluate those 
passive methods and the most suitable methods for heat transfer 
enhancement of SCO2 heat exchangers were secured. The mechanism of 
heat transfer enhancement in those groups, applications of entropy 
generation rate analysis, second law analysis and field synergy analysis 
in them were discussed. It is concluded that the twisted polygon tube, 
periodical convergent-divergent tube, helically corrugated tube and 
wavy tube belong to the passive methods with higher flow resistance 
and poorer PEC based on the f/f0=5 criterion proposed, while the 
twisted oval tube, conical tube and eccentrical helical tube are subject to 
lower flow resistance and better PEC. The twisted elliptical tube and the 
eccentrical helical tube are the most suitable passive methods for 
enhancing heat transfer in the SCO2 heat exchanger in refrigeration 
systems due to lower flow resistance and better PEC. The vortex for-
mation and development and pattern as well as thermal boundary layer 
disruption are relevant to the mechanism of heat transfer enhancement 
in the twisted oval tube, twisted polygon tube, periodical convergent- 
divergent tube, helically corrugated tube, wavy tube and eccentrical 
helical tube. CFD simulation-based entropy production rate is mainly 
applied to periodical convergent-divergent tubes, but the field synergy 
analysis is basically focused on twisted oval tubes. 

The further work should be devoted to CFD and experimental study 
on heat transfer enhancement inside and outside twisted oval tube and 
eccentrical helical tube under SCO2 flow conditions, enhancement 

optimisation based on entropy generation rate or second law analysis or 
field synergy analysis as well as the study on vortex kinematics and ki-
netics inside and outside these tubes for even better understanding of the 
mechanism of heat transfer enhancement in them. 
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[114] N. Uğurlubilek, Numerical investigation of heat transfer and flow in a twisted- 
shaped square duct, J. Therm. Sci. Technol. 32 (2) (2012) 121–131. 

[115] R. Bhadouriya, A. Agrawal, S.V. Prabhu, Experimental and numerical study of 
fluid flow and heat transfer in a twisted square duct, Int. J. Heat Mass Transf. 82 
(2015) 143–158. 

[116] K.S. Mushatet, H.M. Hmood, Numerical investigation for heat transfer 
enhancement in a triangular twisted tube, ARPN J. Eng. Appl. Sci. 16 (5) (2021) 
593–599. 

[117] M. Khoshvaght-Aliabadi, Z. Arani-Lahtari, Proposing new configurations for 
twisted square channel (TSC): nanofluid as working fluid, Appl. Therm. Eng. 108 
(2016) 709–719. 

[118] M. Khoshvaght-Aliabadi, A. Feizabadi, S.F. Khaligh, Empirical and numerical 
assessments on corrugated and twisted channels as two enhanced geometries, Int. 
J. Mech. Sci. 157-158 (2019) 25–44. Vols. 

[119] M. Farnam, M. Khoshvaght-Aliabadi, M.J. Asadollahzadeh, Intensified single- 
phase forced convective heat transfer with helical-twisted tube in coil heat 
exchangers, Ann. Nucl. Energy 154 (2021), 108108. 

[120] M. Khoshvaght-Aliabadi, S. Deldar, S. Rehman, A. Alimoradi, Comparative study 
of heat transfer and pressure drop for curved-twisted tubes utilized in chemical 
engineering, Chin. J. Chem. Eng. 40 (2021) 53–64. 

[121] S.K. Mahato, S.C. Rana, R.N. Barman, S. Goswami, Numerical analysis of heat 
transfer and fluid flow through twisted hexagonal and square duct and their 
comparisons, Chem. Eng. Trans. 71 (2018) 1351–1356. 

[122] S.K. Mahato, S.C. Rana, R.N. Barman, S. Goswami, Numerical analysis of heat 
transfer and fluid flow through the twisted square duct (TSD): nanofluid as 
working fluid, J. Mech. Sci. Technol. 33 (11) (2019) 5507–5514. 

[123] M. Khoshvaght-Aliabadi, Z. Arani, F. Rahimpour, Influence of Al2O3–H2O 
nanofluid on performance of twisted minichannels, Adv. Powder Technol. 27 
(2016) 1514–1525. 

[124] Y. Wang, J.J. Zhou, Z.G. Jin, X.H. Yang, Performance investigation of the 
organosilicone conduction oil with CuO nanoparticles filled in twist tube flow for 
solar energy storage, J. Energy Storage 41 (2021), 102911. 

[125] J. Chen, X. Ji, X. Lu, C. Wang, Mechanism study of heat transfer enhancement 
using twisted hexagonal tube with slurry from biogas plant, Energy Proc. 142 
(2017) 880–885. 

[126] J. Chen, Z. Hai, X. Lu, C. Wanga, X. Ji, Heat-transfer enhancement for corn straw 
slurry from biogas plants by twisted hexagonal tubes, Appl. Energy 262 (2020), 
114554. 

[127] J. Chen, M. Risberg, L. Westerlund, U. Jansson, C. Wang, X. Lu, X. Ji, Heat- 
transfer performance of twisted tubes for highly viscous food waste slurry from 
biogas plants, BioTechnol. Biofuels Bioproducts 15 (2022) 74. 

[128] M.K. Rashed, K.A. Jehhef, F.A. Badawy, Numerical study on thermal performance 
of water flow in a twisted duct heat exchanger, Int. J. Appl. Mech. Eng. 27 (2) 
(2022) 199–216. 

[129] Z.S. Kareen, M.N.M. Jaafar, T.M. Lazim, S. Abdullah, A.F. AbdulWahid, Heat 
transfer enhancement in two-start spirally corrugated tube, Alexandria Eng. J. 54 
(2015) 415–422. 

[130] Z.S. Kareem, S. Abdullah, T.M. Lazim, M.N.M. Jaafar, A.F.A. Wahid, Heat transfer 
enhancement in three-start spirally corrugated tube: experimental and numerical 
study, Chem. Eng. Sci. 134 (2015) 746–757. 

[131] J.Y. Qian, C. Yang, M.R. Chen, Z.J. Jin, Thermohydraulic performance evaluation 
of multi-start spirally corrugated tubes, Int. J. Heat Mass Transf. 156 (2020), 
119876. 

[132] M. Najafian, A. Esmaeili, A. Nikkhoo, H. Jin, M.R. Soufivand, Numerical study of 
heat transfer and fluid flow of supercritical water in twisted spiral tubes, Energy 
Sources Part A 44 (3) (2022) 6433–6455. 

W. Li et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0073
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0073
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0073
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0074
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0074
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0074
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0075
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0075
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0076
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0076
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0076
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0077
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0077
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0077
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0078
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0078
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0079
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0079
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0079
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0080
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0080
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0081
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0081
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0081
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0081
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0082
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0082
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0083
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0083
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0084
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0084
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0085
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0085
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0085
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0086
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0086
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0086
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0087
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0087
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0087
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0088
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0088
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0089
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0089
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0089
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0090
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0090
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0090
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0091
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0091
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0091
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0092
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0092
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0092
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0093
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0093
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0093
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0094
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0094
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0094
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0095
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0095
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0095
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0096
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0096
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0096
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0097
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0097
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0097
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0098
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0098
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0098
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0099
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0099
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0100
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0100
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0100
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0101
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0101
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0101
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0102
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0102
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0102
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0103
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0103
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0104
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0104
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0105
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0105
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0105
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0106
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0106
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0106
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0107
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0107
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0107
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0108
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0108
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0108
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0108
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0109
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0109
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0109
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0110
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0110
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0110
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0111
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0111
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0111
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0112
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0112
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0112
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0113
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0113
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0113
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0114
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0114
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0115
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0115
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0115
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0116
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0116
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0116
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0117
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0117
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0117
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0118
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0118
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0118
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0119
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0119
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0119
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0120
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0120
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0120
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0121
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0121
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0121
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0122
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0122
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0122
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0123
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0123
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0123
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0124
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0124
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0124
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0125
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0125
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0125
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0126
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0126
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0126
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0127
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0127
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0127
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0128
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0128
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0128
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0129
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0129
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0129
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0130
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0130
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0130
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0131
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0131
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0131
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0132
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0132
http://refhub.elsevier.com/S2666-2027(23)00226-4/sbref0132


International Journal of Thermofluids 20 (2023) 100511

46

[133] K.L. Liaw, J.C. Kurnia, A.P. Sasmito, Laminar convective heat transfer in helical 
twisted multilobe tubes, Case Stud. Therm. Eng. 39 (2022), 102459. 

[134] K.L. Liaw, J.C. Kurnia, Z.A. Putra, M. Aziz, A.P. Sasmito, Enhanced turbulent 
convective heat transfer in helical twisted multilobe tubes, Int. J. Heat Mass 
Transf. 202 (2023), 123687. 

[135] M.H. Esfe, H. Mazaheri, S.S. Mirzaei, E. Kashi, M. Kazemi, M. Afrand, Effects of 
twisted tapes on thermal performance of tri-lobed tube: an applicable numerical 
study, Appl. Therm. Eng. 144 (2018) 512–521. 

[136] P. Promthaisong, W. Jedsadaratanachai, S. Eiamsa-ard, Effect of geometrical 
parameters on turbulent flow and heat transfer behaviors in triple-start 
corrugated tubes, J. Therm. Sci. Technol. 13 (1) (2018) 1–18. 

[137] H.H. Balla, Enhancement of heat transfer in six-start spirally corrugated tubes, 
Case Stud. Therm. Eng. 9 (2017) 79–89. 

[138] Z.J. Jin, F.Q. Chen, Z.X. Gao, X.F. Gao, J.Y. Qian, Effects of pitch and corrugation 
depth on heat transfer characteristics in six-start spirally corrugated tube, Int. J. 
Heat Mass Transf. 108 (2017) 1011–1025. 

[139] Z.J. Jin, F.Q. Chen, Z.X. Gao, X.F. Gao, J.Y. Qian, Effects of pitch and corrugation 
depth on heat transfer characteristics in six-start spirally corrugated tube, Int. J. 
Heat Mass Transf. 108 (2017) 1011–1025. 

[140] S. Eiamsa-ard, P. Promthaisong, C. Thianpong, M. Pimsarn, V. Chuwattanakul, 
Influence of three-start spirally twisted tube combined with triple-channel twisted 
tape insert on heat transfer enhancement, Chem. Eng. Process. 102 (2016) 
117–129. 

[141] P. Samruaisin, S. Kunlabud, K. Kunnaraka, V. Chuwattanakul, S. Eiamsa-ard, 
Intensification of convective heat transfer and heat exchanger performance by the 
combined influence of a twisted tube and twisted tape, Case Stud. Therm. Eng. 14 
(2019), 100489. 

[142] S. Eiamsa-ard, P. Promvonge, Experimental investigation of heat transfer and 
friction characteristics in a circular tube fitted with V-nozzle turbulators, Int. 
Commun. Heat Mass Transf. 33 (2006) 591–600. 

[143] M.M. Ibrahim, M.A. Essa, N.H. Mostafa, A computational study of heat transfer 
analysis for a circular tube with conical ring turbulators, Int. J. Therm. Sci. 137 
(2019) 138–160. 

[144] J.A. Meng, X.G. Liang, Z.J. Chen, Z.X. Li, Experimental study on convective heat 
transfer in alternating elliptical axis tubes, Exp. Therm. Fluid Sci. 29 (2005) 
457–465. 

[145] M.A. Habib, I. Ul-Haq, H.M. Badr, S.A.M. Said, Calculation of turbulent flow and 
heat transfer in periodically converging-diverging channels, Comput. Fluids 27 
(1) (1998) 95–120. 

[146] T.A. Rush, T.A. Newell, A.M. Jacobi, An experimental study of flow and heat 
transfer in sinusoidal wavy passages, Int. J. Heat Mass Transf. 42 (1999) 
1541–1553. 

[147] C.C. Wang, C.K. Chen, Forced convection in a wavy-wall channel, Int. J. Heat 
Mass Transf. 45 (2002) 2587–2595. 

[148] A.G. Ramgadia, A.K. Saha, Numerical study of fully developed flow and heat 
transfer in a wavy passage, Int. J. Therm. Sci. 67 (2013) 152–166. 

[149] M. Akbarzadeh, S. Rashidi, M. Bovand, E. R, A sensitivity analysis on thermal and 
pumping power for the flow of nanofluid inside a wavy channel, J. Mol. Liq. 220 
(2016) 1–13. 

[150] J.A. Esfahani, M. Akbarzadeh, S. Rashidi, M.A. Rosen, R. Ellahi, Influences of 
wavy wall and nanoparticles on entropy generation over heat exchanger plate, 
Int. J. Heat Mass Transf. 109 (2017) 1162–1172. 

[151] I.V. Miroshnichenko, M.A. Sheremet, I. Pop, A. Ishak, Convective heat transfer of 
micropolar fluid in a horizontal wavy channel under the local heating, Int. J. 
Mech. Sci. 128-129 (2017) 541–549. 

[152] G. Xia, L. Chai, M. Zhou, H. Wang, Effects of structural parameters on fluid flow 
and heat transfer in a microchannel with aligned fan-shaped reentrant cavities, 
Int. J. Therm. Sci. 50 (2011) 411–419. 

[153] G. Xia, Y. Zhai, Z. Cui, Numerical investigation of thermal enhancement in a 
micro heat sink with fan-shaped reentrant cavities and internal ribs, Appl. Therm. 
Eng. 58 (2013) 52–60. 

[154] Y.L. Zhai, G.D. Xia, X.F. Liu, Y.F. Li, Heat transfer in the microchannels with fan- 
shaped reentrant cavities and different ribs based on field synergy principle and 
entropy generation analysis, Int. J. Heat Mass Transf. 68 (2014) 224–233. 

[155] Y.L. Zhai, G.D. Xia, X.F. Liu, Y.F. Li, Exergy analysis and performance evaluation 
of flow and heat transfer in different micro heat sinks with complex structure, Int. 
J. Heat Mass Transf. 84 (2015) 293–303. 

[156] G.D. Xia, J. Jiang, J. Wang, Y.L. Zhai, D.D. Ma, Effects of different geometric 
structures on fluid flow and heat transfer performance in microchannel heat sinks, 
Int. J. Heat Mass Transf. 80 (2015) 439–447. 

[157] H.E. Ahmed, M.I. Ahmed, Optimum thermal design of triangular, trapezoidal and 
rectangular grooved microchannel heat sinks, Int. Commun. Heat Mass Transf. 66 
(2015) 47–57. 

[158] Y.F. Li, G.D. Xia, D.D. Ma, Y.T. Jia, J. Wang, Characteristics of laminar flow and 
heat transfer in microchannel heat sink with triangular cavities and rectangular 
ribs, Int. J. Heat Mass Transf. 98 (2016) 17–28. 

[159] I.A. Ghani, N. Kamaruzaman, N.A.C. Sidik, Heat transfer augmentation in a 
microchannel heat sink with sinusoidal cavities and rectangular ribs, Int. J. Heat 
Mass Transf. 108 (2017) 1969–1981. 

[160] E. Khodabandeh, S.A. Rozati, M. Joshaghani, O.A. Akbari, S. Akbari, D. Toghraie, 
Thermal performance improvement in water nanofluid/GNP–SDBS in novel 
design of double-layer microchannel heat sink with sinusoidal cavities and 
rectangular ribs, J. Therm. Anal. Calorim. 136 (2019) 1333–1345. 

[161] L. Chai, L. Wang, X. Bai, Thermohydraulic performance of microchannel heat 
sinks with triangular ribs on sidewalls – Part 1: local fluid flow and heat transfer 
characteristics, Int. J. Heat Mass Transf. 127 (2018) 1124–1137. 

[162] L. Chai, L. Wang, X. Bai, Thermohydraulic performance of microchannel heat 
sinks with triangular ribs on sidewalls – Part 2: average fluid flow and heat 
transfer characteristics, Int. J. Heat Mass Transf. 128 (2019) 634–648. 

[163] L. Gong, K. Kota, W. Tao, Y. Joshi, Parametric numerical study of flow and heat 
transfer in microchannels with wavy walls, J. Heat Transf. 133 (5) (2011), 
051702. 

[164] H. Ghaedamini, P.S. Lee, C.J. Teo, Developing forced convection in 
converging–diverging microchannels, Int. J. Heat Mass Transf. 65 (2013) 
491–499. 

[165] M. Fujii, Y. Seshimo, G. Yamanaka, Heat transfer and pressure drop of perforated 
surface heat exchanger with passage enlargement and contraction, Int. J. Heat 
Mass Transf. 31 (1) (1988) 135–142. 

[166] O.B. Kanargi, P.S. Lee, C. Yap, A numerical and experimental investigation of heat 
transfer and fluid flow characteristics of a cross-connected alternating 
converging–diverging channel heat sink, Int. J. Heat Mass Transf. 106 (2017) 
449–464. 

[167] H.A. Mohammed, A.K. Abbas, J.M. Sheriff, Influence of geometrical parameters 
and forced convective heat transfer in transversely corrugated circular tubes, Int. 
Commun. Heat Mass Transf. 44 (2013) 116–126. 
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