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In this study, a constitutive relation between fluid power flux and pressure gradient was discussed, and a
conservative equation of fluid mechanical energy was introduced to describe convectional phenomena
that is essential to convective heat and mass transfer. The multi-field synergy relations among velocity,
pressure, temperature and component concentration were revealed according to the synergy equations
based on the conservations of thermal energy, mechanical energy, component mass and fluid momentum
to analyze physical characteristic of enhancing convective heat and mass transfer. A new experimental
correlation of Eu number versus Re and Li numbers was obtained for the first time through theoretical
derivation and experiment to test hydrodynamic performance of heat transfer tube. A circular tube
inserted by longitudinal swirl flow generator with center-connected rectangle rods was investigated
through numerical simulation and PIV experiment to validate the synergy relation in convective heat
transfer enhancement.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Since the last century, people had been paying much attention
to explore the physical mechanism of convective heat and mass
transfer based on the conservation laws that were expressed by
the primary conservation equations of mass, momentum, and
energy [1–5]. However, when people want to solve for velocity
and pressure in pure convection, they find no pressure equation
to couple with the Navier-Stokes equation that can be disposed
as a discrete equation for velocity. So they have to use continuity
equation to satisfy mass conservation in the solution. This means
that the conservation equations in fluid dynamics are not closed.
Therefore, in the SIMPLE algorithm proposed by Patankar and
Spalding in 1972 [6], when solving the Navier-Stokes equation, a
set of algebra equations of correcting pressure should be solved
first, which is derived by satisfying continuity equation to correct
the velocity and pressure, then the velocity and pressure are found
through the iteration method. Since 1972, the SIMPLE and its fam-
ily algorithms had been widely used to solve the Navier-Stokes
equation [7–10]. Furthermore, in the simulation of convective heat
and mass transfer, people used the SIMPLE algorithm by coupling
the Navier-Stokes equation with the conservation equations of
thermal energy and component mass to find multi-physical fields
of velocity, pressure, temperature and concentration [11–18]. In
our previous study, however, a mechanical energy conservation
equation in terms of pressure was established by constructing a
constitutive relation between fluid power flux and pressure gradi-
ent. Thus, the Navier-Stokes equation could be solved by directly
coupling the proposed conservation equation to find velocity and
pressure of the fluid [19]. This may provide an alternative method
for simulating pure convection or convective heat and/or mass
transfer.

In the study of convective heat transfer enhancement, Guo et al.
provided a new insight into the physical mechanism of convective
heat transfer, which depends on the synergetic relation between
velocity and temperature fields. They proposed a principle of field
synergy through establishing a synergy equation based on thermal
energy conservation, which demonstrates the relation between the
Nusselt number and the dot product of velocity vector and temper-
ature gradient. Under the same boundary conditions of velocity
and temperature, the better the synergy between velocity and tem-
perature fields is, the higher the heat transfer intensity will be [20–
23]. Tao et al. proved the field synergy principle by various numer-
ical simulations for the laminar and turbulent flows. They also ver-
ified that the field synergy principle could be used as a guide to
design heat transfer units and heat exchangers [24–26]. To further
develop this principle, Liu et al. extended the synergy relations
among variables from two physical fields involving velocity and
temperature to three physical fields including velocity, tempera-
ture and pressure for both laminar and turbulent flows [27,28].
In this work, we aim to explore a general synergy principle by

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2019.01.077&domain=pdf
https://doi.org/10.1016/j.ijheatmasstransfer.2019.01.077
mailto:w_liu@hust.edu.cn
mailto:zcliu@hust.edu.cn
https://doi.org/10.1016/j.ijheatmasstransfer.2019.01.077
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

a thermal diffusion coefficient, m2/s
Cf component concentration in the fluid, mol/m3

cp specific heat capacity, J/(kg�K)
Cw component concentration near the wall, mol/m3

D concentration diffusion coefficient, m2/s
d diameter of tube, mm
EEC efficiency evaluation criterion
Eu Euler number
f friction factor
f0 friction factor of plain tube
J
!

diffusive mass flux, mol/m2

h heat transfer coefficient, W/(m2�K)
hm mass transfer coefficient, m/s
hf hydrodynamic loss, m
k heat convection coefficient of the fluid, W/(m�K)
l side length of inclined rod, mm
Li a new dimensionless number
Nu Nusselt number
Nu0 Nusselt number of plain tube
P pressure, Pa
Pw power consumptions, W
p pitch of inclined rod, mm
Pr Prandtl number
Q heat, W
q! heat flux vector, W/m2

Re Reynolds number
Sc Schmidt number
Sh Sherwood number
T temperature, K
Tf fluid temperature, K
Tf,in fluid temperature at the inlet, K

Tf,out fluid temperature at the outlet, K
Tw wall temperature, K
u fluid velocity, m/s
um fluid average velocity, m/s
w uncertainty
Dp pressure difference, Pa
rC concentration gradient, mol/m4

rp pressure gradient, Pa/m
rT temperature gradient, K/m

Greek symbols
a synergy angle between velocity vector and concentra-

tion gradient, (�)
b synergy angle between velocity vector and temperature

gradient, (�)
c synergy angle between velocity vector and velocity gra-

dient, (�)
dm thickness of concentration boundary layer, m
dt thickness of thermal boundary layer, m
m kinematic viscosity, m2/s
n fluid power factor not including fluid density, kg/(m�s)
f fluid power factor or power consumption coefficient,

m2/s
h synergy angle between velocity vector and pressure gra-

dient, (�)
l dynamic viscosity, kg/(m�s)
s! shear stress vector, Pa
q fluid density, kg/m3

x! power flux vector, W/m2
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introducing a set of synergy equations based on the conservations
of thermal energy, mechanical energy, component mass and fluid
momentum to reveal the physical mechanism of convective heat
and mass transfer [29]. For this purpose, the conservation equation
in terms of pressure was further developed as a synergy equation,
from which a dimensionless experimental correlation was
obtained for hydrodynamic experiments applied to the plain and
heat transfer enhanced tubes.

2. Multi-field synergy principle of convective heat and mass
transfer

2.1. Conservation equation of mechanical energy

As we know that the Fourier’s law shows a constitutive relation
between fluid heat flux and temperature gradient [30,31], which is
expressed as

q!¼ �krT; ð1Þ
where q! represents the magnitude and direction of heat flux at any
point of flow field, reflecting the ability of the fluid to transfer heat
in the way of heat convection, W/m2. It should be noticed that the
Fourier’s law here describes the mechanism of heat convection
rather than heat conduction. Thus, it is necessary to define k as a
heat convection coefficient of the fluid, which is different from tra-
ditional definition in the textbooks.

In addition, a constitutive relation between fluid power flux and
pressure gradient was established to reflect the inherent nature of
the fluid [19],

x!¼ �frp; ð2Þ
where x! represents the magnitude and direction of power flux at
any point of flow field, reflecting the ability of the fluid to do work,
W/m2. In Eq. (2), minus sign indicates that the direction of power
flux is opposite to that of pressure gradient, and f is power factor
of the fluid or power consumption coefficient, m2/s. The pump or
fan is used to provide a driving force to the fluid, which is the source
for the distribution of power flux in a flow field. Then a mechanical
energy conservation equation in the steady state for the incom-
pressible fluid was derived as [19],

U � rp ¼ fr2p; ð3Þ

or

qU � rp ¼ nr2p; ð4Þ

where n stands for power factor of the fluid not including fluid den-
sity, kg/(m�s). It is worth to mention that Eq. (3) can be treated as a
basic governing equation for pure convection or convective heat
and/or mass transfer.

As shown in Fig. 1, we drew a diagram of treble circles to
demonstrate the mutual relations of convective heat and mass
transfer. The upper circle represents pure convection illustrated
by conservation equations of fluid momentum and mechanical
energy for velocity and pressure. The bottom left circle indicates
convective heat transfer illustrated by conservation equations of
fluid momentum, mechanical energy and thermal energy for veloc-
ity, pressure and temperature. The bottom right circle denotes con-
vective mass transfer illustrated by conservation equations of fluid
momentum, mechanical energy and diffusive mass for velocity,
pressure and component concentration. In whatever circle, the
conservation equations are closed now for velocity, pressure, tem-



Fig. 1. Schematic diagram of mutual relations of convective heat and mass transfer.
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perature or component concentration to simulate pure convection
or convective heat and/or mass transfer. In addition, continuity
equation, i.e., r � U ¼ 0, should be satisfied in all circles.

2.2. Synergy equations of convective heat and mass transfer

Integrating the term of right hand side in Eq. (3) in a two-
dimensional parallel tunnel with length L and height l, we haveZ L

0

Z l

0
U � rpð Þdxdy ¼

Z L

0

Z l

0
fr2pdxdy; ð5Þ

For a constant f, the term of right hand side in Eq. (5) becomes

f
Z L

0

Z l

0
r2pdxdy ¼ fDp; ð6Þ

where Dp is pressure difference between the inlet and outlet cross-
sections. It should be noted that the pressure on any cross-section
in the tunnel is variable, which can only be approximated to be con-
stant in a simplified analysis.The term of left hand side in Eq. (5) can
be expressed asZ L

0

Z l

0
U � rpð Þdxdy ¼

Z 1

0

Z 1

0
U � r�p
� �

umlð Þ qu2
m

� �� �
dXdY ; ð7Þ

where um is average velocity of the fluid, and dimensionless num-
bers are

X ¼ x
L
; Y ¼ y

l
; U ¼ U

um
; r�p ¼ rp

qu2
m
: ð8Þ

Substituting Eqs. (6) and (7) into Eq. (5) yields

Dp
qu2

m
¼ umlð Þ

m
m
f

Z 1

0

Z 1

0
U � r�p
� �

dXdY: ð9Þ

Then, we can have a synergy equations based on fluid mechan-
ical energy conservation,

Eu ¼ ReLi
Z 1

0

Z 1

0
U � r�p
� �

dXdY; ð10Þ

or

Eu ¼ ReLi
Z 1

0

Z 1

0
� U � �r�pð Þ� �

dXdY; ð11Þ

where minus sign before r�p represents the opposite direction of
positive pressure gradient. Eu is Euler number, which reflects the
relative relationship between pressure drop through the fluid and
dynamic head of the fluid. Re is Reynolds number, and Li is a new
dimensionless number that is defined as

Li ¼ m
f
; ð12Þ

where Li number is equal to the ratio of viscous diffusion coefficient
m to power consumption coefficient f. Obviously, Li number is
equivalent to Prandtl number in convective heat transfer or Schmidt
number in convective mass transfer, which reflects the relative rela-
tionship between momentum diffusion through the fluid and power
consumption in the fluid.As mentioned in Refs. [20,21], the conser-
vation and synergy equations based on thermal energy in the steady
state can be described as

U � rT ¼ ar2T; ð13Þ

Nu ¼ RePr
Z dt=l

0
U � r�T
� �

dY; ð14Þ

where Nu ¼ hl=k is Nusselt number, Pr ¼ m=a is Prandtl number, dt is
thickness of thermal boundary layer, r�T ¼ rT= Tw � Tf

� �
=l is

dimensionless temperature gradient, Tw is wall temperature, and
Tf is fluid temperature.

Noting that the constitutive relation of J
!¼ �DrC called the

Fick’s law [32,33] and the dot products in Eqs. (11) and (14), the
conservation and synergy equations based on diffusive mass in
the steady state can be expressed as

U � rC ¼ Dr2C; ð15Þ

Sh ¼ ReSc
Z dm=l

0
U � r�C
� �

dY; ð16Þ

where Sh ¼ hml=D is Sherwood number, Sc ¼ m=D is Schmidt num-
ber, dm is thickness of concentration boundary layer, hm is mass
transfer coefficient, r�C ¼ rC= Cw � Cf

� �
=l is dimensionless concen-

tration gradient, Cw is component concentration near the wall, and
Cf is component concentration in the fluid.

The transport characteristics of the fluid can be described by the
dot products in Eqs. (11), (14) and (16). The synergy relations
between velocity vector U and gradients rT , rC or �rp can be
expressed by the synergy angles,

b ¼ arccos
U � rT
Uj j rTj j ; ð17Þ

a ¼ arccos
U � rC
Uj j rCj j ; ð18Þ

h ¼ arccos
U � �rpð Þ
Uj j �rpj j : ð19Þ

If define a synergy angle between the velocity sector U and a
positive pressure gradient rp corresponding to the dot product
in the right hand side of Eq. (10), Eq. (19) should be written as

p� h ¼ arccos
U � rp
Uj j rpj j : ð20Þ

Fig. 2(a) and (b) show the three dimensional synergy relations
among physical quantities at a fluid particle M in convective heat
transfer and N in convective mass transfer. For a convective heat
transfer process, as shown in the figure, if angle b is decreased,
angle h will be increased, which implies that more heat is trans-
ferred and more power is consumed in the same time; or vice
versa. For a convective mass transfer process, similarly, if angle a
is decreased, angle h will be increased, which implies that more
component mass is diffused and more power is consumed in the



Fig. 2. 3-D synergy relations of physical vectors at a fluid particle M in convective heat transfer (a); and at a fluid particle N in convective mass transfer (b).

Fig. 3. 3-D synergy relations of physical vectors at a fluid particle P in convective
heat and.
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same time; or vice versa. Thus, the pressure gradient rp is essen-
tial to both convective heat and mass transfers, corresponding to
the power consumed in the transport processes. Fig. 2(a) and (b)
also show that the synergy of convective heat or mass transfer is
based on three physical quantity fields respectively. There exists
no direct synergy relation between temperature gradient rT and
component concentration gradient rC.

Obviously, after a conventional CFD modeling, the further calcu-
lation based on above synergy relations can provide a quantitative
evaluation to comprehensive performance of convective heat and
mass transfer enhancement.In addition, the conservation and syn-
ergy equations based on fluid momentum in the steady state can
be expressed as [27,28],

qU � rU ¼ �rpþ lr2U; ð21Þ

Eu ¼ 0:646v1ffiffiffiffiffiffiffiffiffi
KRe

p þ 3v2

Re
þ
Z 1

0

Z d=l

0
U � r�u
� �

dXdY ; ð22Þ

where �u ¼ u
um

is dimensionless component velocity in the x direc-
tion, v1 ¼ Le=L, v2 ¼ L� Leð Þ=L and K ¼ Le=l are dimensionless
scales, and Le stands for the length of entrance region in the two-
dimensional parallel tunnel. In Eq. (21), the viscous diffusion term
is related to a constitutive relation of s!¼ �lru called the New-
ton’s law of fluid viscosity [34].

In Eq. (22), the first and second terms on the right hand side are
viscous resistances in the entrance and fully developed regions in
the two-dimensional parallel tunnel. The third term on the right
hand side is momentum change of the fluid represented by a dot
product between velocity vector U and component velocity gradi-
ent ru. Thus, we can define another synergy angle,

c ¼ arccos
U � ru
Uj j ruj j : ð23Þ

In Eq. (23), the direction of component velocity u represents the
direction of fluid mainstream in the two-dimensional parallel tun-
nel. The larger the angle c, the smaller the component velocity gra-
dient in the x direction and the larger the component velocity
gradient in the y direction. In this case, the direction of velocity
vector U will be more closed to the direction of fluid mainstream,
which means less power will be consumed due to the change of
fluid momentum. This is also true in the 3-D flow fields, which dis-
plays a mechanism of disturbing fluid [27,28].

For a composite process of convective heat and mass transfer,
the overall synergy relation of physical fields was illustrated in
Fig. 3. From this figure, we can observe that the multi-field synergy
in convective heat and mass transfer is demonstrated by four syn-
ergy angles between velocity vector U and other physical vectors
in a fluid particle. However, concentration gradient can be influ-
enced by temperature gradient, which is so-called Soret effect;
and temperature gradient can be influenced by concentration gra-
dient, which is so-called Dufour effect.

Although Eq. (22) can reflect synergy relation between velocity
vector U and component velocity gradientru, it is not a basic syn-
ergy equation. Therefore, we basically have three main synergy
equations that are Eqs. (11), (14) and (16) and three main synergy
angles expressed by Eqs. (17), (18) and (19) to demonstrate the
multi-field synergy relations in convective heat and mass transfer.
2.3. Experimental correlations of convective heat and mass transfer

The dimensionless experimental correlations of convective heat
transfer are usually expressed as Nu ¼ f Re; Prð Þ or Nu ¼ aRem1Prn1 .
If synergy angle b ¼ 0, according to Eqs. (14) and (17), the Nu num-
ber will reach a maximum value compared to other beta angles,
which is the most beneficial to heat transfer. For convective mass
transfer, similarly, the dimensionless experimental correlations
can be expressed as Sh ¼ f Re; Scð Þ or Sh ¼ bRem2Scn2 . If synergy
angle a ¼ 0, according to Eqs. (16) and (18), the Sh number will
reach a maximum value compared to other alpha angles, which
is the most beneficial to mass transfer.



Table 1
Constitutive, conservative and synergic equations of convective heat and mass transfer, as well as related experimental correlations.

Variable Constitutive equation Conservative equation Synergic equation Experimental correlation

T q!¼ �krT U � rT ¼ ar2T Nu ¼ RePr
R dt=l
0 U � r�T
� �

dY Nu ¼ aRem1Prn1

C J
!¼ �DrC U � rC ¼ Dr2C Sh ¼ ReSc

R dm=l
0 U � r�C

� �
dY Sh ¼ bRem2 Scn2

p x!¼ �frp U � rp ¼ fr2p Eu ¼ ReLi
R 1
0

R 1
0 U � r�p
� �

dXdY Eu ¼ cRem3 Lin3

Fig. 4. Schematic diagram of experimental system for testing hydrodynamic performance of tube.

Table 2
Physical properties of water.

Physical properties a + b(Tf + 273.15) + c(Tf + 273.15)2 + d(Tf + 273.15)3

a b c d

l, Pa�s 1.1083 � 10�1 �9.4436 � 10�4 2.7020 � 10�6 �2.5868 � 10�9

q, kg�m�3 7.5340 � 102 1.8793 �3.5676 � 10�3 —
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From Eq. (10) or (11), we can have a function of Eu ¼ f Re; Lið Þ for
the convection. If synergy angle h ¼ 0, according to Eqs. (11) and
(19), the Eu number will reach a minimum value compared to
other theta angles. This represents a most advantageous situation
to reduce the power consumed by the fluid. Then, we can have a
new dimensionless experimental correlation for the convection,

Eu ¼ cRem3Lin3 ; ð24Þ

where coefficients c, power exponents m3 and n3 are constant. At
different fluid status, however, such as the laminar or turbulent
flows, the values of coefficient and power exponents will be differ-
ent. It is worth to note that Eq. (24), that is suitable for single-phase
fluid, can’t be applied to boiling heat transfer of the liquid [35].

As shown in Table 1, all constitutive, conservative and synergic
equations for variables T , C and p, as well as experimental correla-
tions for dimensionless Nu, Sh and Eu numbers demonstrate an
excellent symmetry. In this table, we can see that the migration
mechanism of heat, mass or power was described by a constitutive
relation between a physical flux and a driving force, and the trans-
port mechanism of convection, convective heat or mass transfer
was described by a dot product between velocity vector and tem-
perature, concentration or pressure gradient. In addition, the units
of migration coefficients a, f and D are all the same, i.e., m2/s. The
dimensionless experimental correlations of convection, convective
heat and mass transfer are all similar.
3. Hydrodynamic experiment for the convection

3.1. Experimental setup

Dimensionless experimental correlations for the heat and mass
transfer had been widely studied in the world, but seldom found
for the convection in our literature survey. In order to obtain a cor-
relation described by Eq. (24), an experimental system was estab-
lished to verify hydrodynamic performance of plain tube, as shown
in Fig. 4. In this system, the tube length and diameter are 3200 and



Fig. 5. Validation of friction coefficient f in plain tube at ambient water temperature
23 �C.

Fig. 7. The Eu number calculated by Eq. (39) versus the EuExp number from
experimental data.
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19 mm respectively. The tube is long enough to ensure measuring
accuracy for pressure differences between the inlet and outlet of
the tube. A heater installed in a water tank is controlled by a volt-
age regulator to adjust water temperature. A frequency converter
is used to control the pump and thereby adjusting water flow rate
in the system.

To raise the testing accuracy, two differential pressure gauges,
one (model: FCX-AIII FKCT11V5-LUCYY-BAY) with an accuracy of
±0.1% for a measuring range of 0–1 kPa and another (model: YOKO-
GAWA EJA 110A) with an accuracy of ±0.076% for a measuring
range of 0–10 kPa, were applied respectively to measure pressure
drop in the tube at different flow rate. In addition, to measure
water temperature, two K-type armored thermocouples (model:
NK-1031) with an accuracy of ±0.3 �C were installed at the inlet
and outlet of the tube, respectively. The volumetric flow rate
(model: ADMAG AXF010G) was measured by using a magnetic
flow meter in a measuring range of 0–1.5 m3/h with an accuracy
of ±0.2%, which was calibrated by the weighing method. All exper-
imental data were automatically collected by a data acquisition
system.

The temperature-dependent physical properties of water are
presented in Table 2. The average temperature of water is calcu-
lated by
Fig. 6. Validation of friction coefficient f in plain tube at different water
temperatures.
Tf ¼ Tf ;in þ Tf ;out

2
; ð25Þ

where Tf ;in and Tf ;out are temperatures measured by the thermocou-
ples installed at the inlet and outlet of the tube, respectively. The
experiment was conducted at different average temperatures of
water in the range of 23–80 �C.

The uncertainty analysis for the experimental data was based
on ANSI/ASME standard [36]. The overall uncertainty wR can be
calculated by a function of n independent variables,

wR ¼
Xn
i¼1

wxi

@R
@xi

	 
2 !1=2

; ð26Þ

where R is a function of measured variables x1, x2, . . ., xn, and wx1 ,
wx2 , . . ., wxn are the uncertainties of measured variables. The mea-
sured variables in this experiment are pressure drop (Dp), inlet
Fig. 8. The Eu number calculated by Eq. (39) versus the EuNum number from
numerical data.



Fig. 9. (a) physical model of a circular tube inserted by a longitudinal swirl flow
generator with center-connected rectangle rods; (b) geometric model of center-
connected rectangle rods; (c) front view of physical model; (d) computational
domain.

Fig. 10. Schematic diagram of grid system in computational domain.

728 W. Liu et al. / International Journal of Heat and Mass Transfer 134 (2019) 722–734
temperature (Tin), outlet temperature (Tout) and volumetric flow
rate (Q), and their uncertainties are calculated as:

wDp ¼ 0:1%� 1000 Pa ¼ 1 Pa; Dp < 1000 Pa;

wDp ¼ 0:076%� 10000 Pa ¼ 7:6 Pa; Dp > 1000 Pa;

wTin wToutð Þ ¼ 0:3 �C;

wQ ¼ 0:2%� 1:5 m3=h ¼ 0:003 m3=h;

wTf ¼
1
2
wTin

	 
2
þ 1

2
wTout

	 
2 !1=2

¼ 0:21 �C:

Then, according to Table 2, the uncertainties of viscosity and density
of the fluid can be determined by the following formulas,
wl ¼
�9:4436� 10�4 þ 2� 2:7020� 10�6 Tf þ 273:15

� ��
�3� 2:5868� 10�9 Tf þ 273:15

� �2�2 � wTf

� �2
2
64

3
75

1=2

;

ð27Þ

wq ¼ 1:8793� 2� 3:5676� 10�3 Tf þ 273:15
� �� �2

� wTf

� �2	 
1=2
:

ð28Þ
From the definitions of Eu and Re numbers,

Eu ¼ Dp
qu2

m
¼ Dp

q 4Q
pD2

� �2 ¼ p2D4Dp

16qQ2 ; ð29Þ

Re ¼ qumD
l

¼ 4qQ
plD

; ð30Þ

the uncertainties of Eu and Re numbers can be determined by

wEu¼ p2D4

16qQ2

 !2

wDp
� �2þ �p

2D4Dp

16q2Q2

 !2

wq
� �2þ �p

2D4Dp

8qQ3

 !2

wQð Þ2
2
4

3
5
1=2

;

ð31Þ

wRe ¼ 4Q
plD

 �2

wq
� �2 þ 4q

plD

 �2

wQð Þ2 þ � 4qQ
pl2D

 �2

wl
� �2" #1=2

:

ð32Þ
From Eq. (12), the uncertainty of Li number can be determined

by

wLi ¼ � l
q2f

 �2

wq
� �2 þ 1

qf

 �2

wl
� �2" #1=2

: ð33Þ

Thus, the maximum relative uncertainties for the Eu, Re and Li
numbers can be calculated as ±5.68%, ±2.56% and ±0.53%,
respectively.

3.2. Dimensionless experimental correlation

The experimental correlations of friction coefficient f for the
turbulent flow in the plain tube were given by Blasius [37],

f ¼ 0:3164Re�0:25; 4000 < Re < 105; ð34Þ
and Petukhov [38],

f ¼ 0:79InRe� 1:64ð Þ�2
; 2300 < Re < 106: ð35Þ

According to the Darcy expression, we have

hf ¼ f
L
d
u2
m

2g
; ð36Þ

where hf ¼ Dp= qgð Þ is hydrodynamic loss. Then we can have a rela-
tion between the pressure drop and friction coefficient,

Dp ¼ qu2
mL

2d
f ; ð37Þ

or

Eu ¼ L
2d

f : ð38Þ

Based on Eq. (38), a comparison between Eq. (24) and Eqs. (34)
or (35) in a plain tube can be made at different Reynolds number.
In order to determine coefficients c, power exponents m3 and n3 in
Eq. (24), the flow rates at different water temperature were first
measured to determine the Re number. Then, the water tempera-



Table 3
Mesh independence testing.

Model Grid number Nu Eu

1 339,797 32.8134 6.4316
2 669,851 29.4165 6.0754
3 1,013,215 29.0103 6.0105

Fig. 11. Comparisons between numerical results and theoretical values of plain
tube.
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tures at different heater power were measured at different flow
rate, which were used to determine kinematic viscosity and ther-
mal conductivity of water in the Li number. Thus, the Eu number
calculated by measured pressure drop could be fitted according
to the experimental data of Re and Li number.

As shown in Fig. 5, the experiment at ambient water tempera-
ture 23 �C was conducted to validate friction coefficient f in a plain
tube. The results show that the present experimental data agreed
with Eqs. (34) and (35) in a maximum deviation less than 7.83%.
As shown in Fig. 6, the experiments at different water tempera-
tures in the range of 23–80 �C and Reynolds numbers in the range
of 4000–57,000 were carried out to validate the experimental cor-
relation expressed by Eq. (24). In this figure, we can observe that all
experimental data of f were consistent with Eqs. (34) and (35)
within a deviation range of �4.74 to 7.83%, which implies that
the data processing method applied in the present work has a good
reliability.
Fig. 12. Numerical results of circular tube with a generator in a cross section at p = 40 mm
Based on our experimental data, a dimensionless experimental
correlation for the Eu number versus the Re and Li numbers was fit-
ted for the plain tube,
Eu¼32:0326Re�0:2652Li0:0025;4000<Re<57000;20 �C< T <80 �C:

ð39Þ
As shown in Fig. 7, the values of Eu number calculated by Eq.

(39) agreed well with the experimental data of EuExp number with
a deviation of ±5.7%. This may suggest that the experimental
method proposed in the present study could also be reasonably
applied to all heat transfer enhanced tubes.

To validate the above dimensionless experimental correlation, a
numerical experiment was conducted through CFD method. A cir-
cular tube with diameter of 19 mm and length of 3200 mm was
applied in the numerical calculation. The ranges of Reynolds num-
ber and water temperature used in numerical experiment were
5000–55,000 and 20–80 �C, respectively. Based on the numerical
data of Eu number versus Re and Li numbers, a dimensionless
numerical correlation for turbulent flow in a circular tube was fit-
ted by the MATLAB software,
Eu¼32:3352Re�0:2622Li0:0026;5000<Re<55000;20 �C< T <80 �C:

ð40Þ
As shown in Fig. 8, good agreements are achieved with a devi-

ation range from �7.0% to 1.0% between the Eu number calculated
by Eq. (39) and the EuNum number from numerical data, which indi-
cates that the experimental correlation (39) is suitable to evaluate
the hydrodynamic performance of plain tube.
4. Synergy analysis for convective heat transfer

4.1. Physical model of an enhanced tube

A physical model of heat transfer enhanced tube inserted by a
longitudinal swirl flow generator with center-connected rectangle
rods was illustrated in Fig. 9. The side lengths of connective rod
and inclined rods were both 2 mm. The angle of inclined rod was
45�. The pitches between inclined rods were selected as p = 20,
40, 60 mm. The tube diameter was 20 mm. The mathematical
model including continuity, momentum and energy equations
was discussed in Section 2, and a periodic boundary condition
was used. The periodic length of computational domain was one
pitch.
, (a) tangential velocity vectors and velocity contours; (b) temperature distribution.



(a) Variation of angle β with Re number (b) Variation of angle θ with Re number

(b) Variation of angle with Re number

Fig. 13. Performance comparison between enhanced tube and plain tube through synergy angles.
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4.2. Efficiency evaluation criterion

To evaluate the comprehensive performance of heat transfer
enhanced tube, an efficiency evaluation criterion (EEC for short)
was defined as

EEC ¼ Q=Q0

Pw=Pw0
; ð41Þ

where Q and Q0 are heat fluxes, and Pw and Pw0 are power con-
sumptions of the fluid for the heat transfer enhanced and plain
tubes, respectively. If the Re number is the same in both tubes,
we then have

EEC ¼ Q=Q0

DP=DP0
: ð42Þ

For different boundary conditions, Eq. (42) can be written as

EEC ¼ Nu=Nu0

Eu=Eu0
; ð43Þ

and simplified as

EEC ¼ Nu=Nu0

f=f 0
: ð44Þ
Obviously, the value of EEC in Eq. (43) is more accurate than
that in Eq. (44), as the Eu number reflects dimensionless pressure
drop of the fluid in a tube caused by viscous dispassion and kinetic
energy variation. Thus, Eq. (43) is suitable for evaluating compre-
hensive performance of heat transfer enhanced tube.
4.3. Numerical simulations

The grid system for computational domain generated by com-
mercial software Gambit 2.4.6 was shown in Fig. 10. Highly refined
grids near the tube wall, locally refined grids near the insert sur-
faces and hexahedron grids in the core region were adopted for
the grid system. Mesh independence was checked by using three
grid systems with different grid numbers (339,797, 669,851, and
1,013,215) at p = 40 mm and Re = 900. The results listed in Table 3
indicated that compared with 1,013,215 elements, a grid system
with 669,851 elements was sufficient for the simulations with
the deviations of 1.38% and 1.07% for the Nu and Eu numbers
respectively. Theoretical values of Nusselt number (4.36) and fric-
tion factor (64/Re) were applied respectively to validate the perfor-
mances of heat transfer and flow in the plain tube. As shown in
Fig. 11, good agreements were obtained as the deviations between



(a) Nu number versus Re number (b) Eu number versus Re number

(c) Variation of EEC value with Re number

Fig. 14. Variations of Nu number (a), Eu number (b), and EEC value (c) with Re number.
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the simulative and theoretical values were 4.7% for the Nusselt
number and 1.1% for the friction factor.

The results of numerical simulation in a circular tube inserted
with a longitudinal swirl flow generator were shown in Fig. 12.
As shown in Fig. 12(a), four pairs of longitudinal swirls, which
led to sufficient mixing between hot fluid near the tube wall and
cold fluid in the core region, were generated in the tube. From
Fig. 12(b), it can be observed that the cold fluid in the core region
was guided to the tube wall, and the hot fluid near the tube wall
was guided to the core region, thereby enhancing fluid disturbance
and promoting temperature uniformity of the fluid. Thus, the syn-
ergy between the velocity and temperature fields was improved.

As shown in Fig. 13(a), synergy angle b of enhanced tube was
apparently lower than that of plain tube, which decreases with
the decrease of the pitch. In the same time, however, synergy angle
h of enhanced tube was significantly higher than that of plain tube,
which increases with the decrease of the pitch, as shown in Fig. 13
(b). Compared to the plain tube, therefore, both heat transfer and
power consumption were enlarged in the enhanced tube. Fig. 13
(c) shows the variation of synergy angle c with the Re number.
The magnitude of this synergy angle demonstrates how many
power consumed by disturbing the fluid in an enhanced tube. From
the figure we can observe that synergy angle c of plain tube is
almost 90�, as there is no insert in the tube. However, synergy
angle c of enhanced tube inserted by a longitudinal swirl flow gen-
erator with inclined rod pitch of 20 mm is smaller than others, due
to strong fluid disturbing in the tube.

As shown in Fig. 14(a) and (b), the Nusselt numbers for the
enhanced tube reached to 13.93–48.81, corresponding to 3.20–
11.19 times of those for the plain tube, while the Euler numbers
for the enhanced tube was in the range of 3.95–15.99, correspond-
ing to 3.27–13.93 times of those for the plain tube. The EEC values
in the range of 0.74–1.12 increased with the increase of the pitch,
and increased first and then decreased with the increase of the
Reynolds number when the pitches were equal to 40 and 60 mm,
as shown in Fig. 14(c).

4.4. Validation by PIV experiment

To validate the accuracy of the simulation model and confirm
the multiple longitudinal swirls generated by center-connected
rectangle rods, a measurement of flow field at cross section
10 mm downstream the generator had been carried out by
stereoscopic-PIV (Particle Image Velocimetry) in this study.
Fig. 15(a) and (b) show the schematic diagram of stereoscopic-
PIV system and the pictures of the generator with center-



Fig. 15. (a) Schematic diagram of stereoscopic-PIV system: 1 computer, 2 PIV supply unit, 3 laser, 4 lenses, 5 CCD cameras, 6 water prisms, 7 light sheet, 8 test section, 9
insert, 10 control valves, 11 water pump, 12 water tank, 13 electromagnetic flowmeter, 14 upstream tube; (b) physical map of longitudinal swirl flow generator with center-
connected rectangle rods.
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connected rectangle rods, respectively. The pitch of inclined rect-
angle rods is 40 mm, and the measured Reynolds number is 900
in the experiment. Except exposure time-delay that was set to
0.9 ms, other experimental parameters were chosen as the same
as that in our previous PIV experiment, which could be found in
Ref. [39] for more details.

Fig. 16(a)–(c) show the comparisons between numerical and
experimental results. Experimental results of PIV measurement
confirmed that four pairs of longitudinal swirls were generated
by center-connected rectangle rods in the tube flow, which agree
with the numerical results, as shown in Fig. 16(a). In addition, a
quantitative comparison of intensity of longitudinal swirls
between numerical and experimental results is displayed in
Fig. 16(b). It is observed that the vorticities in the z-direction in
numerical simulation agree well with that of experimental data.
Fig. 16(c) indicates that the numerical and experimental results
have a consistent distribution of the velocity in the z-direction.
Therefore, the results of PIV measurement well confirmed that
the numerical simulation applied in this study has a reasonable
reliability, and the investigated model has a credible accuracy in
predicting heat transfer performance for the enhanced tube.

5. Conclusions

In summary, we can make the following conclusions for the pre-
sent study.
(1) A conservative equation of fluid mechanical energy was
proved to be one of the basic governing equations for con-
vective heat and mass transfer, which can demonstrate the
physical mechanism of transport process by a constitutive
relation between power flux and pressure gradient, and a
dot product between velocity vector and pressure gradient.
It can be further developed as a synergy equation to deter-
mine how to reduce power consumption of the fluid in a
tube.

(2) Three synergy equations were introduced to reflect the syn-
ergy relations among velocity, pressure, temperature and
component concentration, and three synergy angles were
discussed to judge how to transfer more heat and mass,
and consume less power in the transport process. For the
laminar convective heat transfer in a tube inserted with a
longitudinal swirl flow generator, the synergy angles b and
c of enhanced tube are less than that of plain tube (nearly
90�), and the synergy angle h of enhanced tube is bigger that
of plain tube (around 10�). The EEC value, that represents
comprehensive performance of enhanced tube, reaches to
0.98–1.12 for the generator with inclined rod pitch of
60 mm.

(3) A dimensional correlation was theatrically predicted
through a synergy equation based on fluid mechanical
energy conservation, and experimentally obtained as

Eu ¼ 32:0326Re�0:2652Li0:0025 in the Reynolds number of



Fig. 16. Comparisons between numerical and experimental results at Re = 900: (a) tangential velocity vectors; (b) vorticities in the z-direction; (c) velocities in the z-
direction.
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4000–57,000, and the fluid temperature of 20–80 �C. The
deviation between experimental and numerical correlations
is less than 7%. This may provide an available method to
evaluate hydrodynamic performance for heat transfer tubes.
Conflict of interest

The authors do not have any possible conflicts of interest.
Acknowledgement

This work was supported by the National Natural Science Foun-
dation of China (Grant No. 51736004).
References

[1] O. Shishkina, S. Wagner, Prandtl-number dependence of heat transport in
laminar horizontal convection, Phys. Rev. Lett. 116 (2016) 024302.

http://refhub.elsevier.com/S0017-9310(18)33508-7/h0005
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0005


734 W. Liu et al. / International Journal of Heat and Mass Transfer 134 (2019) 722–734
[2] K. Petschel, S. Stellmach, M. Wilczek, J. Lülff, U. Hansen, Dissipation layers in
Rayleigh-Bénard convection: a unifying view, Phys. Rev. Lett. 110 (2013)
114502.

[3] S. Chiu-Webster, E.J. Hinch, J.R. Liter, Very viscous horizontal convection, J.
Fluid Mech. 611 (2008) 395–426.

[4] G. Ahlers, S. Grossmann, D. Lohse, Heat transfer and large scale dynamics in
turbulent Rayleigh-Bénard convection, Rev. Mod. Phys. 81 (2009) 503–537.

[5] Y.R. Li, Y.Q. Ouyang, L. Peng, S.Y. Wu, Direct numerical simulation of Rayleigh-
Bénard convection in a cylindrical container of aspect ratio 1 for moderate
Prandtl number fluid, Phys. Fluids 24 (2012) 074103.

[6] S.V. Patankar, D.B. Spalding, calculation procedure for heat, mass and
momentum transfer in three-dimensional parabolic flows, Int. J. Heat Mass
Transfer 15 (10) (1972) 1787–1806.

[7] S.V. Patankar, Numerical Heat Transfer and Fluid Flow, Taylor & Francis, New
York, 1980.

[8] J.P. Van Doormaal, G.D. Raithby, Enhancements of the SIMPLE method for
predicting incompressible fluid flows, Numeric. Heat Transfer 7 (1984) 147–
163.

[9] D.S. Jang, R. Jetli, S. Acharya, Comparison of the PISO, SIMPLER, and SIMPLEC
algorithms for the treatment of the pressure-velocity coupling in steady flow
problems, Numeric. Heat Transfer, A 10 (1986) 209–228.

[10] Z.G. Qu, W.Q. Wao, Y.L. He, An improved numerical scheme for SIMPLER
method on nonorthogonal curvilinear coordinates: SIMPLERM, Numeric. Heat
Transfer, B 51 (1) (2007) 43–66.

[11] Q.W. Wang, Q.Y. Chen, G.D. Chen, M. Zeng, Numerical investigation on
combined multiple shell-pass shell-and-tube heat exchanger with continuous
helical baffles, Int. J. Heat Mass Transfer 52 (2009) 1214–1222.

[12] J.F. Yang, M. Zeng, Q.W. Wang, Numerical investigation on shell-side
performances of combined parallel and serial two shell-pass shell-and-tube
heat exchangers with continuous helical baffles, Appl. Energy 139 (2015) 163–
174.

[13] J. Zhang, Q. Chen, C. You, Numerical simulation of mass and heat transfer
between biochar and sandy soil, Int. J. Heat Mass Transfer 91 (2015) 119–126.

[14] A. El Maakoul, A. Laknizi, S. Saadeddine, A. Ben Abdellah, M. Meziane, M. El
Metoui, Numerical design and investigation of heat transfer enhancement and
performance for an annulus with continuous helical baffles in a double-pipe
heat exchanger, Energy Convers. Manage. 133 (2017) 76–86.

[15] W.B. Tu, Y. Tang, J.Y. Hu, Q.H. Wang, L.S. Lu, Heat transfer and friction
characteristics of laminar flow through a circular tube with small pipe inserts,
Int. J. Therm. Sci. 96 (2015) 94–101.

[16] X. Song, G. Dong, F. Gao, X. Diao, L. Zheng, F. Zhou, A numerical study of
parabolic trough receiver with nonuniform heat flux and helical screw-tape
inserts, Energy 77 (2014) 771–782.

[17] Z. Feng, X. Luo, F. Guo, H. Li, J. Zhang, Numerical investigation on laminar flow
and heat transfer in rectangular microchannel heat sink with wire coil inserts,
Appl. Therm. Eng. 116 (2017) 597–609.

[18] Z. Cao, J.L. Xu, Modulated heat transfer tube with short conical-mesh inserts: a
linking from microflow to macroflow, Int. J. Heat and Mass Transfer 89 (2015)
291–307.

[19] W. Liu, J.B. Wang, Z.C. Liu, A method of fluid dynamic analysis based on Navier-
Stokes equation and conservation equation on fluid mechanical energy, Int. J.
Heat Mass Transfer 109 (2017) 393–396.
[20] Z.Y. Guo, D.Y. Li, B.X. Wang, A novel concept for convective heat transfer
enhancement, Int. J. Heat Mass Transfer 41 (14) (1998) 2221–2225.

[21] Z.Y. Guo, Mechanism and control of convective heat transfer – coordination of
velocity and heat flow fields, Chinese Sci. Bull. 46 (7) (2001) 596–599.

[22] Z.Y. Guo, W.Q. Tao, R. Shah, The field synergy (coordination) principle and its
applications in enhancing single phase convective heat transfer, Int. J. Heat
Mass Transfer 48 (9) (2005) 1797–1807.

[23] Q. Chen, J. Ren, J.A. Meng, Field synergy equation for turbulent heat transfer
and its application, Int. J. Heat Mass Transfer 50 (25) (2007) 5334–5339.

[24] W.Q. Tao, Z.Y. Guo, B.X. Wang, Field synergy principle for enhancing
convective heat transfer – its extension and numerical verifications, Int. J.
Heat Mass Transfer 45 (18) (2002) 3849–3856.

[25] W.Q. Tao, Y.L. He, Q.W. Wang, Z.G. Qu, F. Song, A unified analysis on enhancing
single phase convective heat transfer with field synergy principle, Int. J. Heat
Mass Transfer 45 (24) (2002) 4871–4879.

[26] L.D. Ma, Z.Y. Li, W.Q. Tao, Experimental verification of the field synergy
principle, Int. Commun. Heat Mass Transfer 34 (3) (2007) 269–276.

[27] W. Liu, Z.C. Liu, Z.Y. Guo, Physical quantity synergy in laminar flow field of
convective heat transfer and analysis of heat transfer enhancement, Chinese
Sci. Bull. 54 (19) (2009) 3579–3586.

[28] W. Liu, Z.C. Liu, S.Y. Huang, Physical quantity synergy in the field of turbulent
heat transfer and its analysis for heat transfer enhancement, Chinese Sci. Bull.
55 (23) (2010) 2589–2597.

[29] W. Liu, P. Liu, J.B. Wang, N.B. Zheng, Z.C. Liu, Exergy destruction minimization:
a principle to convective heat transfer enhancement, Int. J. Heat Mass Transfer
1000 (2018), 1000–1000.

[30] P.L. Garrido, P.I. Hurtado, B. Nadrowski, Simple one-dimensional model of heat
conduction which obeys Fourier’s law, Phys. Rev. Lett. 86 (2001) 5486–5489.

[31] R. Soto, M. Mareschal, D. Risso, Departure from Fourier’s law for fluidized
granular media, Phys. Rev. Lett. 83 (1999) 5003–5006.

[32] M.H. Ernst, L.K. Haines, J.R. Dorfman, Theory of transport coefficients for
moderately dense gases, Rev. Mod. Phys. 41 (1969) 296–316.

[33] I. Calvo, R. Sánchez, B.A. Carreras, B. van Milligen, Fractional generalization of
Fick’s law: a microscopic approach, Phys. Rev. Lett. 99 (2007) 230603.

[34] C. Neto, D.R. Evans, E. Bonaccurso, H.J. Butt, V.S.J. Craig, Boundary slip in
Newtonian liquids: a review of experimental studies, Rep. Prog. Phys. 68
(2005) 2859–2897.

[35] S.M. Peyghambarzadeh, M.M. Sarafraz, N. Vaeli, E. Ameri, A. Vatani, M.
Jamialahmadi, Forced convective and subcooled flow boiling heat transfer to
pure water and n-heptane in an annular heat exchanger, Ann. Nucl. Energy 53
(2013) 401–410.

[36] A.J. Wheeler, A.R. Ganji, Introduction to Engineering Experimentation, third
ed., Upper Saddle River, New Jersey, 2010.

[37] Y.A. Çengel, A.J. Ghajar, Heat and mass transfer: fundamentals and
applications, th ed., McGraw-Hill, New York, 2011.

[38] F.P. Incropera, P.D. Witt, T.L. Bergman, A.S. Lavine, Fundamentals of Heat and
Mass Transfer, sixth ed., John-Wiley & Sons, 2006.

[39] P. Liu, N. Zheng, F. Shan, Z. Liu, W. Liu, An experimental and numerical study
on the laminar heat transfer and flow characteristics of a circular tube fitted
with multiple conical strips inserts, Int. J. Heat Mass Transfer 117 (2018) 691–
709.

http://refhub.elsevier.com/S0017-9310(18)33508-7/h0010
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0010
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0010
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0015
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0015
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0020
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0020
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0025
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0025
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0025
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0030
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0030
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0030
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0035
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0035
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0035
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0040
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0040
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0040
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0045
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0045
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0045
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0050
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0050
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0050
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0055
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0055
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0055
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0060
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0060
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0060
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0060
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0065
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0065
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0070
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0070
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0070
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0070
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0075
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0075
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0075
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0080
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0080
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0080
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0085
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0085
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0085
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0090
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0090
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0090
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0095
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0095
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0095
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0100
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0100
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0105
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0105
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0110
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0110
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0110
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0115
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0115
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0120
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0120
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0120
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0125
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0125
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0125
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0130
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0130
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0135
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0135
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0135
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0140
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0140
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0140
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0145
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0145
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0145
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0150
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0150
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0155
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0155
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0160
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0160
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0165
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0165
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0170
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0170
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0170
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0175
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0175
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0175
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0175
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0180
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0180
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0180
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0185
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0185
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0185
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0190
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0190
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0190
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0195
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0195
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0195
http://refhub.elsevier.com/S0017-9310(18)33508-7/h0195

	A study on the multi-field synergy principle of convective heat and mass transfer enhancement
	1 Introduction
	2 Multi-field synergy principle of convective heat and mass transfer
	2.1 Conservation equation of mechanical energy
	2.2 Synergy equations of convective heat and mass transfer
	2.3 Experimental correlations of convective heat and mass transfer

	3 Hydrodynamic experiment for the convection
	3.1 Experimental setup
	3.2 Dimensionless experimental correlation

	4 Synergy analysis for convective heat transfer
	4.1 Physical model of an enhanced tube
	4.2 Efficiency evaluation criterion
	4.3 Numerical simulations
	4.4 Validation by PIV experiment

	5 Conclusions
	Conflict of interest
	Acknowledgement
	References


