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a b s t r a c t 

It is crucial to further improve the overall performance of heat exchanger tube and make it adapt to 

higher flux conditions. In this paper, a novel type of tube inserts, symmetrical wing longitudinal swirl 

generators (SWLSGs), was proposed and its thermal hydraulic performance was numerically investigated 

under laminar flow. The effect of four geometrical parameters (inclined angle ( ϕ 1 ), face angle ( ϕ 2 ), wing 

angle ( ϕ 3 ) and pitch ( P )) was explored. The results showed the mechanisms of heat transfer augmenta- 

tion for SWLSGs could be divided into two main categories. The first one was that a longitudinal swirl 

flow with multi-vortexes would be formed by symmetrical wings. The other one was that SWLSGs had a 

structure similar to a deflector, which guided the cold water in the center to scour tube wall. This study 

found that the variation ranges of Nu/Nu 0 , f/f 0 , and the efficiency evaluation criterion ( EEC ) were 5.00–

10.22, 4.05–14.20, and 0.71–1.35, respectively. Both exergy destruction of heat transfer and fluid flow in- 

creased as face angle and wing angle increased, and decreased as inclined angle and pitch increased. Ex- 

ergy destruction minimization principle was adopted to optimize SWLSGs. After fitting function through 

artificial neural network, genetic algorithm was applied to obtain the Pareto front. The physical param- 

eters of the compromised point on the Pareto front were ϕ 1 = 25.6 °, ϕ 2 = 142.0 °, ϕ 3 = 13.4 °, P = 64.7 mm, 

and EEC = 1.26. The EEC of the highest point of the ratio of the exergy destruction of heat transfer and 

fluid flow ( REHF ) was 1.48. The present work provided a new method for multi-parameter study of tube 

inserts, and proved that the exergy destruction as evaluation was an effective evaluation index for design 

and optimization. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

As an important equipment of heat and mass transfer, heat ex- 

hanger tubes have been proverbially used in refrigerating, manu- 

acturing and metallurgy systems. In the field of modern industry, 

here is an inevitable process of heat conversion and management. 

t is of utmost importance to improve heat exchanger thermal hy- 

raulic performance for energy utilization. Under fixed magnitude 

f heat transfer, the goal of heat transfer augmentation is to re- 

uce the volume of the heat exchanger, and also to reduce power 

onsumption as much as possible. Techniques of heat transfer aug- 

entation mainly contain active and passive ones. Active tech- 

iques require extra pump power for the heat system, which in- 

rease the complexity of the system. Passive techniques [1] refer to 

odifying the heat transfer surface or adding displayed enhance- 

ent devices to the fluid. Modification of heat transfer surface 

nd change of cross-sectional area are mainly applied to turbulent 
∗ Corresponding author. 
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tate, such as internally grooved tubes [2] and twisted oval tubes 

3] and so on. Whereas, tube inserts can effectively enhance con- 

ective heat transfer under laminar flow. Tube inserts have been 

idely used because of their advantages of simple systems, easy to 

nstall and disassemble. Currently, there are various types of tube 

nserts, which could be simply divided into twisted tapes, coiled 

ires, vortex generators, porous media, etc. The primary purpose 

f tube inserts was heat transfer augmentation, but the large in- 

rease in pressure drop overwhelmed the thermal system. Exces- 

ive pump power consumption would bring about a higher cost 

nd limit the application of heat transfer augmentation techniques. 

herefore, it was particularly significant to weigh the benefits of 

eat transfer augmentation and the costs of power consumption. 

Twisted tapes are able to generate strong secondary flow. Re- 

earchers improved the classic twisted tapes and proposed hol- 

ow twisted tapes [4] , helically twisted tapes [5] , twisted tapes 

ith structure like ribs [6] and others [7] . Zhang et al. [8] applied

he principle of multi-field synergy to illustrate the mechanism of 

eat transfer augmentation in circular tubes with multiple regu- 

arly spaced twisted tapes. With the increase of the number of 

wisted tapes, the increase times of the friction factor was larger 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.122961
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Nomenclature 

a the length of the inlet section 

ANN artificial neural network 

b thickness of the connection with center rod 

c p specific heat capacity 

d diameter of center rod 

D inner diameter of tube 

EEC efficiency evaluation coefficient 

E xd, �T heat transfer exergy destruction 

E xd, �p flow exergy destruction 

f friction factor 

h enthalpy 

h r radial dimension of the insert 

h m 

average heat transfer coefficient 

L length of the tube 

MSE mean square error 

NSGA non-dominated sorting genetic algorithm 

Nu Nusselt number 

P pitch of the insert 

�p pressure drop 

R transitional radius 

Reg Regression coefficient 

Re Reynolds number 

t thickness of the insert 

T temperature 

Subscripts 

0 smooth tube 

in tube inlet 

w tube wall 

m average 

c equivalent value in smooth tubes 

Greek symbols 

λ thermal conductivity of water 

ρ density of water 

μ dynamic viscosity of water 

ϕ 1 inclined angle of the insert 

ϕ 2 face angle of the insert 

ϕ 3 wing angle of the insert 

han that of Nusselt number. Furthermore, heat transfer perfor- 

ance would be further improved by adding fins or ribs to the tra- 

itional twisted tapes, so researchers had made a lot of improve- 

ents on the basic tapes. Eiamsa-ard et al. [9] studied on ther- 

al hydraulic performance in circle tube fitted with delta-winglet 

wisted tapes (DWT). They found Nu number and f of DWT were 

igher than those of classical twisted tapes, and DWT had better 

eat transfer enhancement and could effectively dwindle the size 

f heat exchanger. 

Coiled wires [ 10 , 11 ] form a swirl flow in tube, which increase

he flow path and mean retention time of the fluid, thus achieving 

he purpose of heat transfer augmentation. Feng et al. [12] studied 

he rectangular microchannel heat sink with helical coils, and the 

esults showed that longitudinal swirl flow in the microchannel 

as generated. The study found that flow resistance also increased 

hile the heat transfer performance was improved. Promvonge 

13] numerically investigated the coiled square and round wires in 

ircular tubes. And they found the heat transfer performance with 

oiled square wires was stronger than that of the round cross sec- 

ion. 

Vortex generators will produce swirl flow, which are widely 

sed to strengthen fluid mixing and local turbulence for heat 

ransfer augmentation. Deshmukh and Vedula [14] proposed 
2 
urved delta wing vortex generators, and thermal hydraulic perfor- 

ance was experimentally studied under turbulent flow with air 

s working medium. Deshmukh et al. [15] removed the steel pin 

hich curved delta wing attached and experimentally investigated 

his insert with water as working medium under laminar flow. In 

oth turbulent and laminar flow states, curved delta wing vortex 

enerators deflected the mainstream fluid to create tangential ve- 

ocity to scour the tube wall and had higher local Nusselt number 

han other coiled wires. However, vortex generators also have dis- 

dvantages. There are local reverse flow and eddy behind vortex 

enerators resulting in fluid momentum loss and flow dead zone. 

In order to reduce local reverse flow and eddy so as to better 

rganize fluid flow and heat management, an optimal flow field 

tructure with low power consumption must be proposed. Chen 

t al. [16] and Liu et al. [ 17 , 18 ] conducted heat transfer and flow

issipation minimization as optimal goals and created a mathe- 

atical model for thermal optimization based on variation prin- 

iple. They both obtained the low-dissipation flow field with the 

tructure of ‘multiple longitudinal swirling flow’. The longitudinal 

wirl generators effectively reduce reverse flow and enhance con- 

ective heat transfer while reducing flow power consumption. Sub- 

equently, many scholars proposed various longitudinal swirl gen- 

rators [19–22] . Zheng et al. [23] carried out a numerical analysis 

n heat transfer and power consumption of the tube fitted with a 

ortex rod insert. They found that the vortex rod generated lon- 

itudinal swirl flow in the tube. And they investigated the effect 

f pitch and ratio of rod length. Liu et al. [24] came up with a

idirectional conical strip insert, mixing cold and heated water ef- 

ectively between core flow and boundary flow. The bidirectional 

onical strip inserts suppressed the formation of local eddy and 

ffectively reduced the flow resistance. Lv et al. [25] numerically 

nvestigated a circular tube inserted by center-connected deflectors 

hat guided the fluid to scour the boundary region. The increase of 

all temperature gradient would strengthen the convective heat 

ransfer. 

The existing theories and principles of heat transfer enhance- 

ent provide guidance for thermal design techniques. Bejan 

 26 , 27 ] developed the entropy analysis method existed in ther- 

odynamics into the process of convective heat transfer, propos- 

ng entropy generation minimization principle. Entropy generation 

uantificationally describes the irreversibility of heat transfer and 

ould be the indicator to measure the quality of thermal system. 

uo et al. [ 28 , 29 ] came up with the physical concept of entransy

o describe the ability of heat transfer. They illustrated the prin- 

iple of entransy dissipation extreme for analyzing heat transfer 

haracteristics. Liu et al. [ 17 , 30 ] came up with available potential

 to describe the heat transfer capacity of working medium. They 

eveloped the exergy destruction minimization principle by tak- 

ng the unavailable heat below ambient temperature of convec- 

ion process into account. Entropy generation, entransy dissipation 

nd exergy destruction were mathematical descriptions of the con- 

ective irreversibility, representing the irreversibility of heat trans- 

er process. Therein, exergy destruction also included the loss of 

echanical energy of fluid, representing the irreversibility of fluid 

ow. Therefore, exergy destruction analysis method derived from 

vailable potential described the convective heat transfer process 

ore comprehensively from two aspects of irreversibility of heat 

ransfer and flow. 

As mentioned above, multi-vortexes would improve the tem- 

erature uniformity in tubes with moderate increase of pressure 

rop. In order to enhance heat transfer performance and reduce 

he friction factor at the same time, the symmetrical wing longitu- 

inal swirl generators was proposed in this paper. Based on liter- 

ture research, we selected the factors that significantly affect the 

hermal hydraulic performance, and the effect of four geometrical 

arameters of SWLSGs (inclined angle ( ϕ 1 ), face angle ( ϕ 2 ), wing 
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Fig. 1. Geometrical model of the enhanced tube: (a) a wing; (b) center-connected symmetrical wings; (c) the position of SWLSGs. 

Table 1 

Geometrical parameters of SWLSGs. 

D / (mm) L / (mm) d / (mm) a / (mm) h r /(mm) R t / (mm) 

20 500 2 5 9 10 

t / (mm) b / (mm) ϕ 1 /( °) ϕ 2 /( °) ϕ 3 /( °) P / (mm) 

0.2 0.8 20,30,40,50,60 90,110,130,150,170 10,12.5,15,17.5,20 40,50,60,70,80 
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ngle ( ϕ 3 ) and pitch ( P )) was explored. Exergy destruction analysis 

ethod was adopted in this paper. And we apply neural network 

tting [31] and Non-dominated sorting genetic algorithm- Ⅱ (NAGS- 

 ) [ 32 , 33 ] to optimize SWLSGs. 

. Geometrical model description 

In numerous engineering systems, convective heat transfer ex- 

sts between the wall and fluid. The key of convective heat trans- 

er augmentation was to improve temperature uniformity, temper- 

ture gradient near the wall and reduce pressure drop in the fluid 

omain. Fig. 1 showed the geometrical model of an enhanced tube 

nserted symmetrical wing longitudinal swirl generators (SWLSGs). 

hese four parameters, such as inclined angle ( ϕ 1 ), face angle ( ϕ 2 ), 

ing angle ( ϕ 3 ) and pitch ( P ), were numerically investigated in this 

aper. The inner diameter and length of the circle tube ( L ) were

0 mm and 500 mm, respectively. And the number of symmetrical 

ings was two or less could not guarantee sufficient mixing of the 

uid. Therefore, the number of symmetrical wings in the circum- 

erential direction was constant of 3. The geometric parameters of 

WLSGs were as follows: the transition radius ( R t ) was 10 mm; the 

ength of the inlet and outlet section (a) were both 5 mm; the ra- 

ial height ( h r ) was constant at 9 mm, the thickness ( t ) of symmet-

ical wings was constant of 0.2 mm. Five different values of pitch 

 P ), inclined angle ( ϕ 1 ), face angle ( ϕ 2 ) and wing angle ( ϕ 3 ) were

elected for numerical calculation. These parameters were listed in 

able 1 . 

Since there are four factors and each with five levels each, a 

arge amount of computing resources would be occupied if a full- 

cale test was carried out. Orthogonal design of experiment was a 

ethod for studying problems with multi-factors and multi-levels. 

t had the characteristics of balanced parameter distribution, high 

fficiency and economy. According to the orthogonal table, several 
3 
epresentative examples were selected to carry out the experiment 

t the cost of missing some examples. Without considering the in- 

eraction between factors, the orthogonal table of L 25 5 
6 was se- 

ected, the factors were arranged in the first four columns of the 

able, and the number of tests was 25. Due to the characteristics 

f the orthogonal table, at least three parameters of any two tests 

ere different. 

. Numerical simulation 

.1. Governing equations and boundary conditions 

In this paper, water is chosen as the working medium. The 

eynolds number is selected as 30 0–150 0 for laminar flow. Be- 

ause the range of temperature is limited, the properties of fluid 

re constant, ignoring the effect of radiation. And the enhanced 

ube is placed horizontally, ignoring the effect of gravity. The gov- 

rning equations of mass, momentum and energy conservation are 

pplied. 

∂ u i 
∂ x i 

= 0 (1) 

∂ 
∂ x j 

(
ρu i u j 

)
= − ∂ p 

∂ x i 
+ 

∂ 
∂ x j 

[ 
μ

(
∂ u i 
∂ x j 

+ 

∂ u j 
∂ x i 

)] 
(2) 

∂ 
∂ x i 

(
ρu i c p T − λ ∂T 

∂ x i 

)
= 0 , ( i, j = 1 , 2 , 3 ) (3) 

here u i is the velocity component in the direction of x i , ρ is the 

ensity of water, μ is the dynamic viscosity, c p is the specific heat 

apacity, and λ is the thermal conductivity. 

All the simulations are carried out by using the commercial 

FD software Fluent 19.0, based on the finite volume method. Out- 

ow boundary condition is applied at the outlet. The boundary 
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Table 2 

Grid independence test. 

Grid 

system 

Grid number Nu Relative 

error- Nu 

f Relative 

error- f

1 4,759,056 33.675 3.41% 0.49252 1.09% 

2 7,046,782 34.773 0.26% 0.49482 0.62% 

3 14,709,596 34.865 – 0.49793 –

Table 3 

The range analysis. 

Test index The impact from high to low 

Nu ϕ 1 P ϕ 3 ϕ 2 
f ϕ 3 P ϕ 2 ϕ 1 
EEC ϕ 3 ϕ 2 P ϕ 1 
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onditions of the tube wall are no slip and constant heat flux 

0 0 0 W/m ². The fully developed temperature and velocity bound- 

ry conditions are applied at the inlet. 

SIMPLE algorithm is selected for coupling pressure and veloc- 

ty. Pressure, momentum and energy equations are solved with a 

econd-order upwind discrete format. The residuals of continuity 

nd momentum equations are set as 10 −6 , and the residuals of en- 

rgy equations are set as 10 −8 . 

.2. Data acquisition 

The Reynolds number ( Re ): 

e = 

ρu m 

D 

μ
(4) 

here u m 

is the average velocity. 

Average heat transfer coefficient in the tube h m 

: 

 m 

= 

q 

T w 

− T m 

(5) 

here T w 

is the average temperature of the tube wall; T m 

is the 

verage temperature of the fluid. 

The calculation formula of Nusselt number ( Nu ) and the resis- 

ance coefficient f in the tube are as followed: 

Nu = 

h m D 
λ

(6) 

f = 

�p (
1 / 2 ρu m 

2 
)
( x/D ) 

(7) 

here �p and x are the pressure drop and length of the selected 

ube segment. 

For an incompressible fluid in a steady fluid dynamics system, 

 p / ∂ t = 0. So the total derivative of the available potential for in-

ompressible fluid can be expressed as [30] , 

De 

Dt 
= −∇ ·

[ (
1 − T 0 

T 

)
q 

] 
+ 

(
1 − T 0 

T 

)
�

−T 0 
λ( ∇T ) 

2 

T 2 
− U ·

(
ρU · ∇U − μ∇ 

2 U 

)
(8) 

The first item on the right of the equation is the total exergy 

ux into the system. The second term is the viscous dissipation, 

hich is so small in calculation that it could be ignored. The re- 

aining two terms are local exergy destruction in the process of 

onvective heat transfer, where T 0 
λ( ∇T ) 2 

T 2 
is unavailable heat below 

mbient temperature, so reducing the temperature gradience in 

hermal process will reduce the exergy destruction of heat trans- 

er. The last item U · ( ρU · ∇U − μ∇ 

2 U ) is the exergy destruction 

f fluid flow owing to the pressure drop. The principle of exergy 

estruction minimization is to minimize partial exergy destruction, 

chieving high efficiency of energy conversion. Exergy destruction 

f heat transfer and fluid flow are caused by temperature differ- 

nce and pressure drop, respectively, 

 xd, �T = 

∫ ∫ ∫ 
�

T 0 
λ( ∇T ) 

2 

T 2 
dV (9) 

 xd, �p = 

∫ ∫ ∫ 
�

U ·
(
ρU · ∇U − μ∇ 

2 U 

)
dV (10) 

The efficiency evaluation criterion ( EEC ) is defined as: 

E E C = 

Q/ Q 0 
P W / P W0 

= 

Q/ Q 0 
�P/ �P 0 

= 

Nu/ N u 0 
f/ f 0 

(11) 

here subscript 0 represents the smooth circular tube. Q repre- 

ents heat fluxes; P w 

represents power consumptions, P w 

can be 

eplaced by pressure drop �p when the Reynolds number of tubes 

s the same. According to the formula of resistance coefficient and 

ressure drop in circular tubes, E E C = ( Nu/N u ) / ( f/ f ) is finally
0 0 

4

btained. The characteristic of EEC is the ratio of the benefit of heat 

ransfer augmentation to the cost of power consumption. EEC at- 

aches equal importance to heat transfer augmentation and power 

onsumption increase, which can directly evaluate whether it is 

rofitable to enhance the overall heat transfer performance of the 

nhanced tubes. EEC > 1 means profitable. The larger EEC means 

hat the heat transfer benefit exceeds more obviously power con- 

umption augmentation. 

.3. Mesh system and validation of numerical model 

As shown in Fig. 2 , ICEM 19.0 was applied to generate the hy-

rid unstructured grids, including tetrahedron, hexahedron, prism 

nd pyramid grids in the numerical simulation. Mesh near the tube 

all and insert surface was used to accurately capture the detail 

f thermal hydraulic characteristics. Three grid systems (4,759,056, 

,046,782 and 14,709,596 elements, respectively), were generated 

or Case2 ( ϕ 1 = 20 °, ϕ 2 = 110 °, ϕ 3 = 15 ° and P = 70 mm). As can be

een from the Table 2 , the relative errors of Nu and f were 0.26%

nd 0.62%, respectively. This indicates that grid system 2 had al- 

eady met the requirements of modulated precision. Therefore, grid 

ystem 2 was applied for numerical simulation. 

As shown in Fig. 3 , in order to verify the credibility of laminar

ow in smooth tubes, the simulated results of Nu number and f 

ere compared with those from the theoretical formulas. The in- 

et boundary conditions were fully developed temperature and ve- 

ocity, so the theoretical formulas in circular tubes under laminar 

ow ( Re < 2100) were Nu 0 = 4.36 and f = 64/ Re [34] . The maxi-

um relative errors of Nu number and f were 3.47% and 2.66%. 

or verifying the accuracy of the numerical simulation of the en- 

anced tube, the results of numerical method in this paper were 

ompared with the experiment results [15] . The geometrical struc- 

ure in the experiment was modeled and calculated. As shown in 

ig. 4 , the maximum relative errors of Nu number and f were 8.21% 

nd 9.37%, respectively. The uncertainty of the experiment mea- 

urement: Nusselt number was about 14.4% and the friction coeffi- 

ient was about 10.3%, so the numerical method in this work was 

easible and convincing. 

. Results and discussion 

.1. Results of orthogonal design of experiment 

The heat transfer in the fully developed section is increased 

y 5.00–10.22 times, the friction factor is increased by 4.19–14.20 

imes, and the range of EEC is 0.71–1.26. The range analysis is ap- 

lied on the four factors, and the factors are ranked from highest 

o lowest in order of the magnitude of their impact, as shown in 

able 3 . The inclined angle ϕ 1 has the greatest influence on Nusselt 

umber, so the best way to improve Nu is to reduce the inclined 
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Fig. 2. Mesh generation in computational domain. 

Fig. 3. Numerical simulation verification of smooth tube. 

Fig. 4. Numerical simulation and experimental [15] verification of the enhanced 

tube. 
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ngle. The wing angle ϕ 3 has the greatest influence on friction fac- 

or and EEC . When friction factor is smaller, the EEC is larger, so 

t can be summarized simply as that EEC is more sensitive to flow 

issipation reduction. Therefore, for improving the overall perfor- 

ance of the enhanced tube, the friction factor should be reduced 

s much as possible while ensuring adequate heat transfer aug- 

entation. 
5 
.2. Heat transfer and flow characteristics 

The temperature of water in the enhanced tube is more uni- 

orm due to disturbance effects of SWLSGs. As shown in Figs. 5 

nd 6 (a), there are two main mechanisms of heat transfer aug- 

entation. As shown in Fig. 5 (a), the first one is that symmetri- 

al wings with circular array distribution can be used as longitudi- 

al swirl generators to form multi-vortexes in the tube. Each pair 

f vortexes acts on the mixing of the heated water in boundary 

ow and the cold water in core flow, leading to a more homo- 

eneous temperature profile. As the temperature difference of the 

uid is reduced, exergy destruction of heat transfer will decrease 

ccording to Eq. (9) , which means less irreversibility and unavail- 

ble heat in heat transfer processes. Another mechanism of heat 

ransfer augmentation is the increase of the temperature gradient 

losed to the wall. As shown in Fig. 5 (b), SWLSGs have a structure 

imilar to a deflector, which can guide the central water with high 

elocity to scour the tube wall. Due to the inertia of the fluid, the 

oundary layer is in a state of continuous destruction and recon- 

truction, leading to the increase of the temperature gradient near 

he tube wall and enhancement of the convective heat transfer be- 

ween the wall and fluid. Exergy destruction of fluid flow could be 

ivided into two parts. One part is the irreversibility of the fluid 

ue to its viscosity. The other part is converted into the inertia of 

he fluid to maintain the longitudinal swirling flow. 

When the fluid passes through SWLSGs, the fluid obtains 

angential velocity and forms symmetrical vortexes due to the 

ressure difference behind symmetrical wings. It clearly shows 

he flow characteristics of longitudinal swirling flow with multi- 

ortexes in Fig. 6 (b). The method of swirling strength is adopted to 

isualize the vortex core region [35] in Fig. 6 (c). The vortexes scale 

ear the second insert is significantly larger than that of the first 

nsert. Each time the fluid passes through a symmetrical wing, the 

trength of vortexes is enhanced and the flow path of the vortex 

ore region becomes longer. 

It is obvious that local Nusselt number and friction factor of 

he enhanced tube are far larger than those of the smooth tube as 

hown in Fig. 7 . The longitudinal swirling flow will be generated or 

trengthened by each symmetrical wing. The local Nu number and 

 fluctuate periodically due to periodical distribution of the sym- 

etric wings of linear array configuration. In a period, the largest 

u appears at the rear of the symmetrical wings, where vortexes 

re generated or strengthened to enhance the mixing of heated 

nd cold fluid. The maximum friction factor occurs on the front 

urface of symmetric wings, because the frontal impact of the fluid 

esults in a large pressure drop. In addition, the local Nu number 

uctuates irregularly in the region of the first several symmetri- 
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Fig. 5. Temperature contours and streamline: (a) Temperature contours; (b) streamline and velocity distribution. 

Fig. 6. (a) Temperature contours of vertical section at x = 0–140 mm; (b) Streamlines; (c) Vortex core region by method of swirling strength. 

Fig. 7. Local thermal hydraulic performance along the x-axis direction:(a) N u x ; (b) f x . 
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Fig. 8. Temperature contours of different cross sections at the inclined angle of 20–60 ° with ϕ 2 = 110 °, ϕ 3 = 15 ° and P = 70 mm. 
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al wings that we called it heat transfer transition zone. When 

he longitudinal swirling flow fully develops, it means that stable 

eat transfer augmentation is formed. In the fully developed sec- 

ion (about after three symmetrical wings), local Nu presents ser- 

ated fluctuations with length x . Therefore, the heat transfer in the 

ube is divided into two stages: the transition section and the fully 

eveloped section. 

.3. Effect of geometrical parameters 

.3.1. Effect of the inclined angle 

The temperature contours of cross sections at the inclined an- 

le of 20–60 ° with ϕ 2 = 110 °, ϕ 3 = 15 ° and P = 70 mm are shown

n Fig. 8 . Due to the constant radial height of symmetrical wings, 

ymmetrical wings have a larger incident flow area as the inclined 

ngle decreases. So that a larger quantity of fluid is guided to 

cour tube wall, which will compress the high temperature area as 

hown in the black dotted box. Flow disturbing effect of SWLSGs 

n the fluid is more significant when the inclined angle ϕ 1 = 20 °, 
owever, it leads to more fluid momentum loss and increases fric- 

ion factor and power consumption. After the fluid passes through 

he first two symmetrical wings, the temperature of the cross- 

ection is almost uniform as shown in the red rectangle. The ve- 

ocity of fluid scouring the wall is the largest with ϕ 1 = 60 °, but the

ncident flow area of symmetrical wings is the smallest. Although 

he friction factor is the minimum at this time, the temperature 

niformity of the fluid after three symmetric wings is still unsatis- 

actory and EEC is less than 1. 

.3.2. Effect of face angle 

The cross-section of temperature and velocity distribution with 

ifferent face angles is x = 45 mm as shown in Fig. 9 . In Fig. 9 (a),

he red circle is the high temperature area formed by the backflow 

f heated water near the tube wall, which part near the wall also 

alled region of flow deterioration. This is because two adjacent 
7 
airs of vortexes collide with each other near the wall, resulting in 

he loss of fluid momentum and forming the heat transfer deterio- 

ation region at a low velocity. When the inclined angle and wing 

ngle are constant, the incident flow area increases with increas- 

ng of face angle. Meanwhile, the intensity of the vortex increases 

nough to breaks the barrier of the adjacent vortices. The flow de- 

erioration area is compressed, so the temperature uniformity of 

he cross section significantly improved and Nu number increased. 

hen the face angle is small, the flow disturbance effect is limited 

nd the intensity of the vortexes is weak, so that the high temper- 

ture area still exists. This condition is not conducive to the heat 

ransfer of the fluid, resulting in a low Nu number. 

As shown in Fig. 9 (b), the fluid guided by symmetrical wings 

as the highest velocity, and the velocity decreases rapidly after 

he fluid scouring tube wall. The bulges in the blue dotted circle 

re two high velocity zones formed by the backflow of heated fluid 

rom the tube wall to the center. With the increase of the face an- 

le, the high velocity zone gradually extends to the tube wall in a 

ircular arc to strengthen the multi-vortexes. 

.3.3. Effect of the wing angle 

The ratios of exergy destruction of heat transfer and Nu vary- 

ng with different pitches and wing angles are shown in Fig. 10 . 

 xd, �T, 0 is exergy destruction of heat transfer in the smooth tube 

t a certain Reynolds number. E xd, �T, 0 is fixed when Re = 900 in 

imulations. It can be seen that the larger Nu ratio, the larger 

 xd, �T, 0 / E xd, �T , which means that the exergy destruction of heat 

ransfer in the enhanced tube E xd, �T is smaller. Therefore, the 

verall trend of E xd, �T, 0 / E xd, �T and Nu/N u 0 is consistent. Nu 

umber represents the intensity of convection heat transfer, and 

xergy destruction of heat transfer represents the unavailable heat 

n heat transfer processes. Therefore, it can be concluded that re- 

ucing the unavailable heat can effectively improve the heat trans- 

er capacity of the thermal system. Fig. 11 shows the ratios of ex- 
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Fig. 9. Cross section at x = 45 mm ( ϕ 1 = 40 °, ϕ 3 = 10 ° and P = 80 mm): (a) temperature contour; (b) velocity distribution. 

Fig. 10. Variation ratios of exergy destruction of heat transfer and Nusselt number 

with different pitches and wing angles ( ϕ 1 = 30 ° and ϕ 2 = 110 °). 

Fig. 11. Variation ratios of exergy destruction of fluid flow and friction factor with 

different pitches and wing angles. 
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Fig. 12. Variation ratios of EEC with different pitches and wing angles. 
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rgy destruction of fluid flow and friction factor vary with differ- 

nt pitches and wing angles. Since both exergy destruction of fluid 

ow and friction factor have a direct relationship with the pressure 

rop in physical meaning and reflect the power consumption, they 

re almost superposed in numerical results. Nusselt number, flow 

issipation and friction factor increase but thermal dissipation de- 

reases with the increasing of wing angle. EEC decreases with in- 
8 
rease of the wing angle and EEC in most cases is greater than 1, 

hich indicates that the heat transfer benefit is greater than the 

ncrease of power consumption as shown in Fig. 12 . 

Fig. 13 illustrates the velocity vector in the cross sections be- 

ind symmetrical wings with different wing angles at ϕ 1 = 30 °, 
 = 50. It is obvious that the velocity in vortexes is larger and the

ixing of fluid is strengthened when the wing angle increases. In- 

reasing the wing angle achieves a similar effect to increasing the 

ymmetric angle, which decreases the area of heat transfer deteri- 

ration of low velocity, as shown in the red circle. 

.3.4. Effect of pitch 

It is evident that with the increased pitch, both ratio of Nusselt 

umber and fiction factor decrease, while EEC increases as shown 

n Figs. 10 and 11 . This is because when the fluid passes through 

ach symmetrical wing, the longitudinal swirling flow is strength- 

ned, and the intensity of the vortexes gradually decreases along 

ith the flow. The times of perturbations per unit length decrease 

ith the increase of pitch, the heat transfer performance weakens 

nd the friction factor decreases. Fig. 14 shows the temperature 

ontours at the axial section in the tube. It can be seen that after 

hree symmetrical wings, the temperature in the tube is basically 

niform, so that the enhanced tube with a small pitch will form 

ulti-vortexes in advance and increase the length of the fully de- 

eloped section. In conclusion, the appropriate pitch should be se- 

ected according to different requirements. The inserts with small 

itches are suitable for the situation where the heat exchanger 
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Fig. 13. Comparison of velocity distribution with different wings ( P = 50, ϕ 1 = 30 ° and ϕ 2 = 110 °). 

Fig. 14. Comparison of temperature contours of axial cross section with different pitches ( ϕ 1 = 30 °, ϕ 2 = 110 ° and ϕ 3 = 12.5 °). 

Fig. 15. Comparisons with previous works (a) Nu/N u 0 , (b) f/ f 0 , (c) EEC value. ( ϕ 1 = 40 °, ϕ 2 = 170 °, ϕ 3 = 10 ° and P = 80 mm). 
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ubes are short and lay emphasis on a higher coefficient of heat 

ransfer. 

.4. Comparison with previous works 

Fig. 15 (a–c) shows the ratio of Nu number, the ratio of friction 

actor, and the comparison of EEC between the work in this pa- 

er and the previous works. Examples include alternate twisted- 

apes [7] , multiple regularly spaced twisted tapes [8] , curved delta 

ing VGs [15] , vortex rods [23] , bidirectional conical strip inserts 
9 
24] , center-connected deflectors [25] , conical strip inserts [36] , 

ultiple conical strips inserts [37] , small pipe inserts [38] , sinu- 

oidal ribs [39] and helical screw tapes [40] . Both Nu / Nu 0 and

he f / f 0 of SWLSGs increase with the increase of Reynolds num- 

er. Nu / Nu 0 of SWLSGs is relatively small at low Reynolds number. 

owever, at high Reynolds numbers ( Re = 90 0–150 0), Nu / Nu 0 of

WLSGs is higher than that of most other inserts. And f / f 0 is lower

han that of most inserts. This is because the special structure of 

WLSGs generates strong longitudinal swirling flow with multi- 

ortexes while reducing ineffective reverse flow and eddy. There- 
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Fig. 16. Optimization procedure of design variables. 

Fig. 17. Neural network structure diagram. 
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ore, SWLSGs is very effective in improving the comprehensive 

eat transfer performance in circular tubes under laminar flow. 

. Multi-objective optimization 

.1. Optimization objectives 

The numerical investigations are limited, so it is necessary to 

ptimize SWLSGs through the obtained basic data, and finally se- 

ect the appropriate geometric parameters to achieve the optimal 

esign for different conditions. The ratio of Exergy destruction of 

uid flow is adopted as optimization Objective 1 , representing the 

ower consumption in the tube. When the convective heat transfer 

ecomes more intense, the temperature gradient of the system will 

e smaller and the exergy destruction of heat transfer decreases. 

eanwhile, the exergy destruction of heat transfer represents the 

navailable energy of exergy flow, which reflects the utilization 

fficiency of energy. Therefore, the ratio of exergy destruction of 

eat transfer is adopted as the optimization Objective 2 . The minus 

ign is to minimize the optimization goal. In order to realize effi- 

ient heat transfer with low power consumption, considering heat 

issipation and power consumption, Objective 1 and Objective 2 are 

efined as Eqs. (12) and (13) . The ratio of the exergy destruction 

f heat transfer and fluid flow ( REHF ) is the index to evaluate the

enefits and costs of heat exchange. 

Ob jecti v e 1 = E xd, �p / E xd, �p, 0 (12) 

Ob jecti v e 2 = −E xd, �T, 0 / E xd, �T (13) 

REHF = 

E xd, �T, 0 / E xd, �T 

E xd, �p / E xd, �p, 0 

(14) 

.2. Optimization procedure 

With the Re = 900, five different values for inclined angle ( ϕ 1 ), 

ace angle ( ϕ 2 ), wing angle ( ϕ 3 ) and pitch ( P ) are selected, respec-

ively, and basic data are obtained by CFD numerical simulation. 

econdly, a BP neural network with a hidden layer is used to fit 

he relationship between the input parameters and the output ob- 

ective function. Furthermore, the trained ANN is selected as the 

bjective function and a non-dominated sorting genetic algorithm 
10 
NSGA-II) is used for multi-objective optimization to obtain the 

areto front. Finally, the appropriate design parameters of SWLSGs 

re selected on the Pareto front according to the engineering re- 

uirements. The optimization procedure is shown in Fig. 16 [ 32 , 41 ].

.3. Fitting of ANN 

ANN consists of an input layer, a hidden layer and an output 

ayer as shown in Fig. 17 . The number of neurons in the hidden

ayer plays an important role in the accuracy of the training re- 

ults of ANN. Therefore, independent verification is required for the 

umber of neurons in the hidden layer. Regression coefficient ( Reg ) 

nd Mean square error ( MSE ) are used as evaluation indexes of the 

raining results. Bayesian regularization algorithm ( B-R ) is applied, 

nd ANN training results Objective 1 and Objective 2 are shown in 

ig. 18 . Smaller MSE and REG closed to 1 have higher fitting accu- 

acy, so hidden layers of 7 and 6 neurons are named ne t �T and 

e t �p , respectively. The comparison between the results of CFD 

imulation and ANN is shown in Fig. 19 . The maximum relative 

rror of ne t �T is 4.27% and that of ne t �p is 4.77%. Therefore, ANN 

as a relatively reliable fitting accuracy. 

Reg = 

√ ∑ N 
i =1 ( y i,ANN −ȳ ) 

2 

∑ N 
i =1 ( y i −ȳ ) 

2 
(15) 

MSE = 

1 
N 

N ∑ 

i =1 

( y i − y i,ANN ) 
2 (16) 

.4. Result of optimization 

NSGA-II algorithm is used to minimize the two objectives in the 

ommercial software MATLAB, and its specific parameters are as 

ollow: the ranges of the design variables are ϕ 1 ∈ [20, 60], ϕ 2 ∈ 

90, 170], ϕ 3 ∈ [10, 20], P ∈ [40, 80]; the population size is 500, 

he number of iterations is 100, the crossover coefficient is 0.8, the 

umber to population ratio on the Pareto front is 0.15, the func- 

ional tolerance is 10 −4 , and the other parameters are the default 

alues. The Pareto front is obtained as shown in Fig. 20 . 

According to the properties of the non-dominated solution, if 

here are multiple optimization objectives, the improvement of any 

bjective function will inevitably weaken other objective functions 

ue to the conflict between the two objectives. Therefore, each 
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Fig. 18. Neuron independence test. 

Fig. 19. The relative error of CFD and ANN fitting: (a) E xd, �p / E xd, �p, 0 ; (b) − E xd, �T, 0 / E xd, �p . 

Fig. 20. Pareto front and TOPSIS method result. 
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oint on the Pareto front indicates the minimum exergy destruc- 

ion of heat transfer will be attained for specific exergy destruc- 

ion of fluid flow. The points on the Pareto front are all the most 

dvantageous points. For achieving the best synergy between heat 

ransfer and fluid flow, the technique for order preference by sim- 

larity to the ideal solution (TOPSIS) is adopted to get point C. 

e select representative points ABCD on Pareto front for simu- 

ation. The errors of these four points between simulated results 

nd predicted results are small: the maximum relative error of ex- 

rgy destruction of heat transfer is 3.15%, and the maximum rel- 

tive error of exergy destruction of fluid flow is 3.71%. Therefore, 

he results of multi-objective optimization in this paper is feasi- 

le and convincing. Points A and B are the extreme points, and 

oint C is the optimal point. Point A obtains a low heat transfer 

oefficient with a low power consumption, and the convection is 

ot sufficient, requiring multiple unit inserts to form the homoge- 

eous temperature characteristic. Point B achieves high heat trans- 

er augmentation with excessive power consumption, so the cost 

utweighs the benefit. Geometric parameters of SWLSGs at Point 

 are ϕ 1 = 25.6 °, ϕ 2 = 142.0 °, ϕ 3 = 13.4 ° and P = 64.5 mm. Compared

ith the smooth tube, the exergy destruction of heat transfer de- 

reased 8.88 times, while the exergy destruction of fluid flow in- 

reased 7.50 times, EEC is 1.26. Point C achieves a high benefit 

f heat transfer enhancement with moderate power consumption. 

ith the increase of the exergy destruction of fluid flow, REHF in- 

reases first and then decreases gradually. Point D is the highest 

oint of REHF , and the geometric construction of point D is sim- 

lated to get EEC = 1.476. It can be seen that the optimized en-

anced tube has excellent overall heat transfer performance by us- 

ng the principle of exergy destruction minimization. 

. Conclusion 

In this paper, a novel type of inserts, symmetrical wing longitu- 

inal swirl generators, was proposed. SWLSGs had the advantages 

f simple structure and production, and thermal hydraulic char- 

cteristics were numerically investigated under laminar flow. The 

echanism of heat transfer enhancement was analyzed, and the 

ollowing conclusions were obtained. 

1) The mechanisms of heat transfer augmentation of the longitu- 

dinal swirl generator were as follow: ( ⅰ ) After each symmetri- 

cal wing, the fluid formed the longitudinal swirling flow with 

multi-vortexes. The formation of each pair vortices would facil- 

itate heated and cold fluid mixing, so as to realize the uniform 

temperature characteristic in tube. ( ⅱ ) SWLSGs had a structure 

similar to a deflector, which guided the cold water in the center 

to scour the tube wall. Thus, the boundary layer was destroyed 

due to the inertia of fluid and the temperature gradient near 

the wall increased. 

2) Orthogonal design of experiment and parametric analysis were 

applied, the calculation range of various geometric parame- 

ters of SWLSGs was ϕ 1 = 20–60 °, ϕ 2 = 90–170 °, ϕ 3 = 10–20 ° and 

P = 40–80 mm. When the Reynolds number was 900, Nus- 

selt number of the enhanced tube was increased by 5.00–10.22 

times and the friction factor was increased by 4.05–14.19 times 

compared with those of the smooth tube. The range of EEC was 

0.71–1.35. The geometrical parameters with the highest overall 

heat transfer performance was ϕ 1 = 40 °, ϕ 2 = 170 °, ϕ 3 = 10 ° and 

P = 80 mm. 

3) Both exergy destruction of heat transfer and fluid flow in- 

creased with the increasing of face angles and wing angles and 

the decrease of inclined angles and pitches. Comparing with the 

smooth tube, the exergy destruction of heat transfer in the en- 

hanced tube decreased by 4.63–11.08 times, while the exergy 

destruction of fluid flow increased by 3.99–14.00 times. 
12 
4) According to the exergy destruction minimization principle, ex- 

ergy destruction of heat transfer and fluid flow were taken as 

two optimization objectives to obtain the neural network fit- 

ting function, respectively. NSGA-II was applied to obtain the 

Pareto front. According to the TOPSIS method, the geomet- 

ric parameters of compromised point at the Pareto front were 

ϕ 1 = 25.6 °, ϕ 2 = 142.0 °, ϕ 3 = 13.4 ° and P = 64.7 mm, and the EEC 

was 1.26. And the EEC of the highest point of REHF was 1.476, 

the excellent overall heat transfer performance was achieved. 

Therefore, the exergy destruction minimization principle was 

applied as a criterion to evaluate heat transfer performance. 
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ppendix 

Since many researchers use R 3 [42] to evaluate the overall heat 

ransfer performance, we add the analysis content of evaluation in- 

ex R 3 for the convenience of other researchers to compare with 

his study. 

 3 = 

N u a 

N u c 
(17) 

ubscript c is the equivalent value in the smooth tube under the 

ame pressure drop with enhanced tubes. 

The method for calculating equivalent Nusselt number is as fol- 

ows, 

 

R e a ) 
3 f a = ( R e c ) 

3 f c (18) 

here Re c is equivalent Reynolds number of the smooth tube. 

The inlet boundary conditions are fully developed temperature 

nd velocity. For Re c < 2100, 

 u c = 4 . 36 (19) 

f = 64 /Re (20) 

For Re c > 2100 [43] , 

 u c = 

( f c / 8 ) ( Re c − 10 0 0 ) P r 

1 + 12 . 7 

√ 

f c / 8 

(
Pr 2 / 3 − 1 

) (21) 

f c = (0 . 782 lnR e c − 1 . 51) −2 (22) 

When the equivalent Reynolds number is near the critical value 

etween laminar flow and turbulent flow, the turbulent equivalent 

eynolds number will be obtained by using laminar friction factor 

q. (20) , and the laminar equivalent Reynolds number is obtained 

y using turbulent friction factor Eq. (22) . In these contradictory 

ases, it is assumed that Re c can be calculated by the equation of 

aminar friction factor. 

https://doi.org/10.13039/501100001809
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Fig. A.1. Variation ratios of R 3 with different pitches and wing angles. 

Fig. A.2. Comparisons with previous works. 
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As most of the simulations in this study is Re a = 900, the equiv-

lent Reynolds number is Re c = 180 0–40 0 0 under the strong dis-

urbance of SWLSGs, and this is a transition flow. We have calcu- 

ated the values of R 3 for all simulations, which range from 2.79 

o 6.37. The equivalent Reynolds numbers of all simulations are 

arger than 2100 except for point E in Fig. A.1 . In smooth tubes,

he heat transfer rate of transition flow is much larger than that 

f laminar flow. As the equivalent Reynolds number of point E 

s under laminar flow, the equivalent Nusselt number of point E 

s low. When Re c is slightly greater than 2100, Nu c will increase 

apidly, resulting in a rapid decline of R 3 shown in Fig. A.1 . The

urve trends of R 3 and EEC are consistent, both of which decrease 

ith increasing wing angle and decreasing pitch. Meanwhile, the 

ptimal configuration selected by evaluation indexes of R 3 and EEC 

s the same. Geometric parameters of the optimal configuration are 

 1 = 40 °, ϕ 2 = 170 °, ϕ 3 = 10 ° and P = 80 mm, R 3 of which is 6.37. 

Fig. A.2 shows the comparison of R 3 between previous 

orks and the work in this study. R 3 of SWLSGs increases as 

he equivalent Reynolds number increases under laminar flow. 

u c = Nu 0 = 4.36 for Re c < 2100, so the curve of R 3 is the same as

hat of Nu / Nu 0 . It can be seen that R 3 decreases rapidly near the

ritical value of equivalent Reynolds number and decreases with 

he increase of equivalent Reynolds number under transition flow. 
13
n the whole, R 3 of the optimal configuration in this study is 

igher than that of most other inserts, so SWLSGs is very effec- 

ive in improving the comprehensive heat transfer performance in 

ircular tubes under laminar flow. 
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