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In this study, the equilibrium equation of available potential, which reveals the relation of available
potential and local exergy destruction rate, is determined, and the expressions of available potential
and local exergy destruction rate are given. To improve heat transfer enhancement and reduce increase
amplitude of flow resistance, a method termed as fluid-based heat transfer enhancement is proposed rel-
ative to surface-based heat transfer enhancement. An optimal mathematical model by constructing
Lagrange function with exergy destruction corresponding to irreversibility loss of heat transfer process
and fluid power consumption to flow loss of fluid is adopted to validate this method. To obtain the opti-
mal flow structure in a tube, the tube flow is divided into two parts: core flow and boundary flow. For
reducing the irreversibility loss in the core flow, we take fluid exergy destruction as optimization objec-
tive with prescribed fluid power consumption. For reducing the flow resistance in the boundary flow, we
take fluid power consumption as optimization objective with prescribed fluid exergy destruction. The
optimization equations for the convective heat transfer in laminar flow are derived, which are solved
numerically. The longitudinal swirling flows in the tube are found at different parameters. In the opti-
mized flow, heat transfer is enhanced greatly while accompanied with a little increase of flow resistance.
Comprehensive performance, the ratio of increases in heat transfer and flow resistance, reaches at 3.65
after optimization.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The enhancement and optimization of heat transfer are essen-
tial for energy conservation and environment protection, because
heat transfer is related to almost 80% of total energy consumption
in industry. Convective heat transfer is one of the common trans-
port processes in industry. It is highly important to develop a the-
ory and corresponding technology for enhancing convective heat
transfer.

Through numerical simulation and experimental analysis,
researchers have developed many technologies to enhance
the heat transfer in tube flow. Correspondingly, certain
heat-transfer-enhanced tubes are exploited, such as inner-finned
tubes [1], spiral corrugated tubes [2], and micro-finned tubes [3].
Bejan et al. [4] divided the tube flow into two parts: boundary flow
and core flow. The flow near the wall of tube is defined as bound-
ary flow and the remaining is core flow. In the aforementioned
heat-transfer-enhanced tubes, the surfaces in the boundary, which
dominate the convective heat transfer between fluid and tube wall,
are designed or improved to enhance heat transfer. The mechanism
for heat transfer enhancement includes [5]: disturbing the bound-
ary layer, extending the heat transfer surface, and changing the
physical properties of the heat transfer surface. Therefore, this kind
of method can be designated as surface-based heat transfer
enhancement (abbreviated as the surface-based method). This
method effectively enhances the convective heat transfer coeffi-
cient, but the increase in flow resistance may become significant
and the comprehensive performance can be weakened.

For reducing the increase in flow resistance while maintaining
satisfactory heat transfer, researchers have developed certain
new heat-transfer-enhanced tubes, such as center-cleared twisted
tape [6], multiple regularly spaced twisted tapes [7], and conical
strip inserts [8]. Furthermore, Mohamad and Pavel [9,10] con-
ducted a numerical simulation for heat transfer enhancement in
a fully developed tube with porous media partially filling the cen-
ter. Ming et al. [11] and Huang et al. [12] conducted a brief numer-
ical and experimental study of the heat transfer performance of a
tube filled with porous media in the core flow. Wang et al. [13]
added fiber fines in a fully developed laminar rectangular channel,
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Nomenclature

A1; B1, C1 Lagrange multipliers
A2, B2, C2 Lagrange multipliers
cp specific heat capacity, J/(kg K)
e available potential, J/kg
ed local exergy destruction rate, W/m3

Ed exergy destruction, W
f flow resistance coefficient
F additional volume force, N/m3

h enthalpy, J/kg
J1, J2 Lagrange functions
Nu Nusselt number
p pressure, Pa
Pw fluid power consumption, W
q heat flux, W/m2

qe exergy flux, W/m2

qs entropy flux, W/(m2 K)
_q000 inner heat source, W/m3

_q000e analogical exergy source, W/m3

_q000s analogical entropy source, W/(m3 K)
Q heat, J
s entropy, J/(kg k)
sg local entropy generation rate, W/(m3 K)
t time, s

T temperature, K
U velocity, m/s
V volume, m3

Greek symbols
b field synergy angle, degree
e dimensionless thickness of equivalent thermal bound-

ary layer
k heat conductivity, W/(m K)
q fluid density, kg/m3

l viscosity coefficient, kg/(m s)
/ heat dissipation from fluid viscosity, W/m3

/e analogical exergy flow from fluid viscosity, W/m3

/s analogical exergy flow from fluid viscosity, W/(m3 K)
X fluid computational domain, m3

C flow boundary area, m2

Subscripts
0 reference point, environmental state
1 state 1
2 state 2
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and conducted numerical and experimental studies to characterize
the heat transfer and pressure drop. Nanan et al. [14] experimen-
tally investigated heat transfer enhancement through perforated
helical twisted tapes and indicated that the use of these tapes
reduces friction loss, but yields lower thermal performance factors
compared with helical twisted tapes. Tu et al. [15] conducted
experimental studies on heat transfer and friction factor character-
istics of turbulent flow through a circular tube with small pipe
inserts. They found that pipe inserts can transfer more heat at
the same pumping power for their unique structure when com-
pared with other inserts, and their performance evaluation crite-
rion (PEC) arrived at 2.23–2.7. These technologies focus on the
disturbance in core flow and enhance the heat transfer by changing
the tube flow. We designate this method as fluid-based heat trans-
fer enhancement (abbreviated as the fluid-based method).
Although this method can achieve satisfactory comprehensive per-
formance, the principle for the design of inserts is not clear.
Therefore, it is necessary to develop a theory to reveal the mecha-
nism and an optimization method for the design of inserts.

In addition to the development of techniques for heat transfer
enhancement, many related theories have been proposed and
developed. Guo et al. [16–18] proposed a new physical quantity
called ‘‘entransy’’ to express the capability of the thermal energy
transport process. Many modeling and numerical investigations
have been conducted; the results have proven that entransy dissi-
pation can be used to express the irreversibility loss when optimiz-
ing the heat transfer process. Additionally, Guo et al. [19] proposed
the field synergy principle to explain and guide the enhancement of
convective heat transfer. Based on Guo’s field synergy principle, Liu
et al. developed two-field synergy into multi physical quantities
synergy, and extended the principle from laminar flow to turbulent
flow [20–22]. Based on the principle of multi physical quantities
synergy, Liu et al. [23–26] conducted extensive numerical and
experimental investigations, which indicated that this theory is
an effective method to direct the design of heat transfer processes.
Liu et al. [27] also developed a new criterion to evaluate the perfor-
mance of heat transfer units. Based on entransy, Liu et al. [28]
developed a new expression for the second law of thermodynamics
and applied it to the optimization of the heat transfer process. Liu
et al. [29] performed numerical investigations to assess the effects
of different combinations of entransy and power consumption as
optimization objectives or constraint conditions. Additionally, Liu
et al. [30] proposed a method for achieving minimum heat con-
sumption to optimize the convective heat transfer, and compared
three different objectives, i.e. minimum heat consumption, mini-
mum entransy dissipation, and minimum power consumption.
The current methods optimize the convective heat transfer based
on the reduction of irreversibility loss, whereas the increase in flow
resistance is not taken into consideration. For the operation of a
heat exchanger at a constant power consumption by a pump, to
reduce the flow resistance means increasing the fluid velocity,
thereby achieving better heat transfer performance. Therefore, the
reduction of flow resistance is also an effective method to enhance
heat transfer. Thus, it is important to simultaneously consider heat
transfer enhancement and flow resistance reduction for optimizing
the convective heat transfer in a tube.

The concept of exergy is applied widely in analysis and evalua-
tion of energy system and lots of studies have been conducted.
Farahat et al. [31] conducted an exergetic optimization of flat plate
solar collectors and found the optimal performance and design
parameters of these solar to thermal energy conversion systems.
Lu et al. [32] established a basic physical model of solar receiver
pipe with solar selective coating and conducted exergetic opti-
mization. The variation of energy absorption efficiency and exer-
getic efficiency with system parameters are analyzed. Bindra
et al. [33] conducted thermal analysis and exergy evaluation of
packed bed thermal storage systems, and proposed that for packed
beds, sensible heat storage systems can provide much higher
exergy recovery as compared to phase change material (PCM) stor-
age systems under similar high temperature storage conditions.
Furthermore, they [34] developed the sliding flow method to
decouple thermal behavior and pressure drop effects and improve
the exergetic efficiency. It is significant to analyze the relation
between exergy and convective heat transfer.

In this study, we proposed a method, termed fluid-based heat
transfer enhancement, for improving the comprehensive perfor-
mance from the perspective of reducing both thermal and flow
resistances. Additionally, we obtained the expression of local
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exergy destruction rate based on the analysis of available potential
of fluid and constructed a two-objective model to optimize the
convective heat transfer.

2. Equilibrium equation of available potential and local exergy
destruction rate in heat transfer process

Liu et al. [35] proposed a new variable, designated as available
potential, to evaluate the energy grade in fluid with the following
expression:

e ¼ h� T0s; ð1Þ

where h is enthalpy, s is entropy, and T0 is the environmental tem-
perature. Available potential equals total potential h minus unavail-
able potential T0s, and depends on the state of fluid.

In heat transfer, available potential changes when the fluid state
varies, and the process is expressed as

De ¼ e1 � e2 ¼ ðh1 � h2Þ � T0ðs1 � s2Þ ¼ Dh� T0Ds; ð2Þ

when fluid changes from state 1 to 2, the difference in available
potential reflects the transfer of exergy.

Then, the differential equation of Eq. (2) yields

De
Dt
¼ Dh

Dt
� T0

Ds
Dt
: ð3Þ

In heat transfer process, the energy conservation equation of
incompressible fluid can be written as follows:

q
Dh
Dt
¼ �r � qþ /þ _q000; ð4Þ

where q is the density of fluid and t is the time. The left term of the
equation is the change of enthalpy, and the right terms consist of
heat fluxes: the first is heat flux from the boundary; the second is
heat flux from viscosity dissipation; and the last is heat flux from
the inner heat source.

Substituting the relation between entropy and enthalpy, i.e.,
Dh ¼ T � Ds, into Eq. (4), we can obtain the equilibrium equation
of entropy for the incompressible fluid:

q
Ds
Dt
¼ �r � q

T

� �
þ kðrTÞ2

T2 þ /
T
þ

_q000

T
; ð5Þ

that is,

q
Ds
Dt
¼ �r � qs þ sg þ /s þ _q000s : ð6Þ

The left term in Eq. (6) is the change of entropy in heat transfer.
The first one in the right terms is entropy flux transferred with heat
flux; the second is the entropy generation rate; the third is analog-
ical entropy flux induced by viscous dissipation; and the last is
analogical entropy flux from the inner heat source.

Integrating Eqs. (3)–(5), we have the following equation about
available potential:

q
De
Dt
¼ �r 1� T0

T

� �
q

� �
� T0

kðrTÞ2

T2 þ 1� T0

T

� �
/

þ 1� T0

T

� �
_q000; ð7Þ

that is,

q
De
Dt
¼ �r � qe � ed þ /e þ _q000e : ð8Þ

The left term in Eq. (8) is the change of available potential in
heat transfer. The first one in the right terms is exergy flux trans-
ferred with heat flux from the boundary; the second is the local
exergy destruction rate, which reflects the irreversibility loss in
heat transfer process; the third is analogical exergy flux induced
by viscous dissipation; and the last is analogical exergy flux from
the inner heat source.

Eq. (8) reveals the equilibrium relation of available potential.
During the heat transfer process, the transfer of exergy induces a
change in the fluid state, i.e., available potential. However, due to
the irreversibility of the process, there is additional destruction,
termed as the local exergy destruction rate. When the exergy flux
remains constant, the decrease in the exergy destruction means
the achievement of a high available potential state.

Thus far, the equilibrium equation of available potential has
been proposed and the expression of local exergy destruction rate
is found to measure the irreversibility loss of convective heat
transfer.
3. Method of fluid-based heat transfer enhancement

3.1. Description of the method

Many technologies have been developed to enhance the heat
transfer in the tube. It is widely known that the enhancement in
heat transfer accompanies the increase in flow resistance. As a tra-
ditional technique, surface-based heat transfer enhancement con-
centrates on the extended body on the tube wall, which
simultaneously generates a substantial increase of flow resistance
in the boundary flow near the tube wall, and may even weaken the
comprehensive performance of enhanced heat transfer tube. Thus,
to significantly reduce the resistance increase amplitude while
maintaining satisfactory heat transfer performance, we introduce
a method of fluid-based heat transfer enhancement, which focuses
on the fluid disturbance in the core flow in a tube. Many studies
have shown that there are plenty of spaces in the core flow region
to enhance heat transfer and some corresponding technologies
have been reported.

For surface-based heat transfer enhancement, convective heat
transfer occurs between the fluid and the heat transfer surface,
and the extended surface on the tube wall directly conducts heat
from/to the tube. For fluid-based heat transfer enhancement, con-
vective heat transfer only occurs between the fluid and the tube
wall, and the disturbance elements or inserts do not conduct heat
from/to the tube wall. This implies that there is no heat transfer
occurring between the disturbance element surface and the fluid,
which is the difference between the two methods.

By inserting a heat transfer unit, the fluid disturbance in core
flow alters the flow structure and redistributes the temperature
in the core flow region as uniformly as possible. Thus, an equiva-
lent thermal boundary layer with a larger temperature gradient
will be formed near the tube wall, which results in significant heat
transfer enhancement. Additionally, the bound between the core
and boundary flows will become clear in the tube, and the core
flow and boundary flow can be coupled to develop a model of heat
transfer enhancement.

For a given power consumption, reducing the flow resistance in
a process means that heat transfer can be conducted at a higher
fluid velocity, which is beneficial to heat transfer enhancement.
That is, reducing flow resistance is another method to improve
the performance of heat exchangers. Fluid-based method focuses
on reducing fluid power consumption. There are several methods
which can effectively reduce flow resistance: (1) minimizing the
velocity gradient near the tube wall to avoid excessive fluid shear
force; (2) minimizing the fluid disturbance in the hydrodynamic
region to avoid excessive loss of fluid momentum; (3) minimizing
the area of extended surface or insert as far as possible to avoid
excessive surface friction. Beyond these, there are other rules for
reducing flow resistance: the visual windward area should be
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made as small as possible, and the enhanced components should
be arranged discretely along the flow direction and so on.

We summarize the characteristics of fluid-based heat transfer
enhancement mainly as: (1) no convective heat transfer between
the surface of disturbance element and the fluid; (2) formation of
an equivalent thermal boundary layer; (3) reduction of flow resis-
tance in the hydrodynamic region of tube. The goals of fluid-based
heat transfer enhancement are: (1) to attain a uniform fluid tem-
perature in the core flow while a higher temperature gradient in
the boundary flow near the tube wall; (2) to attain a relatively
small increase amplitude in flow resistance [36].

3.2. Two-objective model for validating the method

For laminar flow and heat transfer problems, three conservation
laws are always the primary principles, which constrain the fluid
motion and heat transfer:

(1) Mass conservation law
r � U ¼ 0; ð9Þ
(2) Momentum conservation law
qðU � rÞU ¼ �rpþ lr2U þ F; ð10Þ
(3) Energy conservation law
kr2T � qcpU � rT ¼ 0: ð11Þ
According to fluid-based method, fluid temperature in core flow
region should be distributed as uniformly as possible. Eq. (8)
reveals the irreversibility of convective heat transfer with local
exergy destruction rate, which represents the unavailable heat loss
during the heat transfer process. The minimization of the exergy
destruction results in decreased unavailable heat loss. In the flow
region, exergy destruction is the integral form of local exergy
destruction rate, which can be expressed as

Ed ¼
ZZZ

X
ðedÞdV ¼

ZZZ
X

T0
kðrTÞ2

T2

" #
dV ð12Þ

By analyzing the expression of local exergy destruction rate, it
can be found that the smaller the local exergy destruction rate,
the smaller the temperature gradient and the higher the fluid tem-
perature in the core flow, which is consistent with the principles of
fluid-based method. Therefore, local exergy destruction rate can be
taken as the optimization objective for core flow enhancement.

The enhancement of heat transfer is usually accompanied by an
increase in flow resistance. To achieve an element of
high-performance heat transfer, it is necessary to consider this dis-
crepancy. Liu et al. [27] proposed fluid power consumption by ana-
lyzing the synergy based on the conservation equation for
mechanical energy, which equals the sum of kinetic energy loss
and viscous dissipation work. By making fluid power consumption
as small as possible while maintaining a constant heat transfer
rate, the optimized flow can be achieved. Total fluid power con-
sumption for incompressible laminar flow is expressed as

Pw ¼
ZZZ

X
½ðqU � rU � lr2UÞ � U�dV ¼

ZZZ
X
½ð�rpÞ � U�dV ð13Þ

Therefore, the mathematical optimal model for fluid-based
method can be constructed by using a two-region method; i.e.,
(1) minimizing exergy destruction with prescribed fluid power
consumption in core flow region; (2) minimizing fluid power con-
sumption with prescribed exergy destruction in boundary flow
region. Based on the preceding method, the optimal mathematical
model can be constructed and the governing equations for the
optimized flow field can be achieved by constructing Lagrange
function and corresponding variation [29].

In this model, certain boundary conditions should be taken into
consideration.

Constant velocity at boundaries, written as variation:

dUjC ¼ 0: ð14Þ

Constant viscous shearing stress at boundaries, written as
variation:

dðlrUÞjC ¼ dðrUÞjC ¼ 0: ð15Þ

Constant wall temperature or heat flux at boundaries, written
as variation:

dTjC ¼ 0 or dðkrTÞjC ¼ dðrTÞjC ¼ 0: ð16Þ

In core flow (region I), the generalized Lagrange function can be
constructed according to the optimization objective and corre-
sponding constraint conditions:

J1 ¼
ZZZ

X
T0

kðrTÞ2

T2 þ C1½qðU � rÞU � lr2U� � U þ A1r � U
(

þB1ðkr2T � qcpU � rTÞ
o

dV ; ð17Þ

where C1, A1, and B1 are Lagrange multipliers; C1 is a constant and
A1 and B1 are variables.

By using functional variation with respect to velocity, U, we can
obtain the following optimization equation:

qC1U � rU þ qC1U � ðr� UÞ � 2C1lr2U �rA1 � qcPB1rT ¼ 0:

ð18Þ

By comparing Eq. (18) with general momentum equation, if
allowing

rA1 ¼ �C1rpþ qC1U � ðr � UÞ � C1lr2U; ð19Þ

we can obtain a new momentum equation (a particular solution):

qðU � rÞU ¼ �rpþ lr2U þ F1; ð20Þ

where the additional volume force, F1, for the optimized flow field is

F1 ¼
qcpB1rT

C1
ð21Þ

By using functional variation with respect to temperature, T, we
can obtain the following constraint equation of variable B1:

�2T0kr2T

T2 þ 2T0kðrTÞ2

T3 þ qCPUrB1 þ kr2B1 ¼ 0 ð22Þ

and corresponding boundary conditions for the unknown scalar B1:

2T0krT

T2 � qCPB1U � krB1

� �
dT þ kB1dðrTÞ ¼ 0: ð23Þ

For the boundary condition of constant wall temperature, Eq.
(23) can be simplified as

B1 ¼ 0 ð24Þ

and the boundary condition of constant heat flux as

2T0krT

T2 � krB1 ¼ 0: ð25Þ

For boundary flow region (region II), the generalized Lagrange
function can be constructed according to the optimization objec-
tive and the corresponding constraint conditions:



Fig. 1. Schematic of calculation model.

Fig. 2. Division of calculation regions.
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J2 ¼
ZZZ

X
U � ½qðU � rÞU � lr2U� þ C2T0k

ðrTÞ2

T2 þ A2r � U
(

þB2ðkr2T � qCpU � rTÞ
o

dV ; ð26Þ

where C2, A2, and B2 are Lagrange multipliers; C2 is a constant and
A2 and B2 are variables.

By using functional variation with respect to velocity, U, we can
obtain the following optimization equation:

qU � rU þ qU � ðr� UÞ � 2lr2U �rA2 � qcPB2rT ¼ 0: ð27Þ

By comparing Eq. (27) with common momentum equation, if
allowing

rA2 ¼ �rpþ qU � ðr � UÞ � lr2U; ð28Þ

we can obtain a new momentum equation (a particular solution):

qðU � rÞU ¼ �rpþ lr2U þ F2; ð29Þ

where the additional volume force, F2, for the optimized flow field is

F2 ¼ qcpB2rT: ð30Þ

By using functional variation with respect to temperature, T, we
can obtain the following constraint equation of variable B2:

�2C2T0kr2T

T2 þ 2C2T0kðrTÞ2

T3 þ qcPUrB2 þ kr2B2 ¼ 0 ð31Þ

and corresponding boundary conditions for unknown scalar B2:

2C2T0krT

T2 � qCPB2U � krB2

� �
dT þ kB2dðrTÞ ¼ 0: ð32Þ

For the boundary condition of constant wall temperature, Eq.
(32) can be simplified as

B2 ¼ 0 ð33Þ

and the boundary condition of constant heat flux as

2C2T0krT

T2 � krB2 ¼ 0: ð34Þ

Through variations on Lagrange functions in core and boundary
regions, the governing equations for optimal flow in the flow
region can be expressed as

qðU � rÞU ¼ �rpþ lr2U þ F;
r � U ¼ 0;
kr2T � qCpU � rT ¼ 0:

8><
>: ð35Þ

When fluid flows in core region, the additional volume force F in
Eq. (35) is F1, which is related to B1 in Eq. (21) and its constraining
equation, Eq. (22); when fluid flows in boundary region, F becomes
F2, which is related to B2 in Eq. (30) and its constraining equation,
Eq. (31).

Mathematical optimal model has been constructed by minimiz-
ing different objectives in core and boundary flows. The governing
equations for the flow with the best comprehensive performances
of heat transfer and flow are obtained as Eq. (35). By solving the
governing equations, the optimized flow and temperature fields
optimized by fluid-based method can be achieved.

4. Numerical verification of laminar flow in a tube

The fluid-based heat transfer enhancement takes both of heat
transfer performance and flow characteristic into consideration.
To validate this method, the optimized governing equation (35)
deduced from the model is solved by numerical calculation.

The Prandtl number of water is intermediate, which means that
flow and thermal boundary layers can achieve full development at
a close length. Furthermore, water is commonly used in heat
exchanger, so it is chosen as the working fluid in this calculation.

The schematic of the calculation model is shown in Fig. 1, for
which the detailed parameters are as follows: a circular tube with
dimensions D = 20 mm, L1 = 1200 mm, L2 = 300 mm, and
L3 = 200 mm, where D is the tube diameter, L1 is the length of
entrance region, L2 is calculation domain of heat transfer optimiza-
tion, and L3 is the length of stable region. Thus, water flows with
an inlet Reynolds number and achieves full development at the
end of entrance region, then the additional force affects the flow in
the calculation region to achieve the optimal result.

The inlet temperature and Reynolds number are 300 K and 200.
The tube walls of entrance and calculation regions are maintained
at a constant temperature of 310 K. The wall of the stable region is
adiabatic in this calculation.

The governing equation for the calculation region is Eq. (35). By
solving the governing equations, we can determine the optimal
flow structure and temperature field. The commercial computa-
tional fluid dynamics (CFD) software FLUENT 6.3 is adopted in this
calculation. The SIMPLEC algorithm is used for pressure–velocity
coupling; the QUICK scheme is adopted to discretize convection
and diffusion terms. The user defined function (UDF) and user
defined scalar (UDS) are utilized to solve the unknown parameters
and volume forces. The convergent solutions are obtained when
the residuals are less than 10�5.

Grid independent test has been performed for the physical
model. Hexahedral grid is adopted in this calculation and the grid
of boundary layer is refined. Three grid systems with 1,780,818,
3,059,392 and 5,918,747 cells are adopted to calculate a baseline
case. From the calculated values obtained by the three grid sys-
tems, the 3,059,392-grid system with 1.4% deviation of Nusselt
number, is found to be dense enough to result in the grid indepen-
dent solutions. To validate the accuracy of the numerical solutions,
the Nusselt number (Nu) and the friction factor (f) of bare tube are
calculated and compared with theoretical values (3.66 and 64/Re)
when the Reynolds number (Re) is 200. The deviation of Nu and f
are less than 2%.

When the flow achieves full development, the boundary layer
meets at the center of a tube. According to the principles of
fluid-based method, we hope to form an equivalent thermal
boundary layer. In the calculation, therefore, we need to determine
the thickness of equivalent thermal boundary artificially and
search for the optimal value. The entire flow region in the tube is
separated into the core and boundary flow regions. The former is
a circular region with diameter D1, and the latter is an annular
region, as shown in Fig. 2. The dimensionless thickness can be
defined as



Table 1
Performance with different dimensionless thickness (C1 = �1 � 106, C2 = �3 � 10�7,
Pw = 8.34 � 10�7 W, Re = 200).

e Nu/Nu0 f/f0 (Nu/Nu0)/(f/f0)

0.05 3.48 1.18 2.95
0.1 3.35 1.10 3.05
0.2 3.1 1.06 2.92
0.3 2.46 1.05 2.34

Fig. 3. Temperature and flow field at L = 1350 mm (C1 = �1 � 106, C2 = �3 � 10�7,
Pw = 8.34 � 10�7 W, Re = 200).

Fig. 4. Temperature and flow field at L = 1250 mm (C1 = �1 � 106, C2 = �1 � 10�5,
Pw = 1.09 � 10�6 W, Re = 200).

Fig. 5. Temperature and flow field at L = 1250 mm (C1 = �4 � 107, C2 = �1 � 10�5,
Pw = 1.19 � 10�6 W, Re = 200).
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e ¼ D� D1

D
: ð36Þ

Calculation was conducted to determine a relatively optimal
value of dimensionless thickness and the data was shown in
Table 1. Nu0 and f0 are the Nusselt number and friction resistance
coefficient of bare tubes. The value of (Nu/Nu0)/(f/f0) is used to
evaluate the comprehensive performance by simultaneously con-
sidering the heat transfer enhancement and flow resistance
increase. When dimensionless thickness decreases, both of Nu
and f increase, while comprehensive performance increases first
and then decreases. The case with 0.1 has the best comprehensive
performance among cases calculated, and dimensionless thickness
is chosen as 0.1 in this study (see Table 2).

Two parameters, C1 and C2, can be adjusted to change the fluid
power consumption condition. By solving the governing equations,
the optimal flow form is obtained under prescribe power con-
sumption. Moreover, optimal flows under different power con-
sumptions are shown in Figs. 3–6. From Figs. 3–6, the flow form
is a longitudinal swirl flow with multi-vortexes under different
combinations of C1 and C2. That means longitudinal swirl flow is
an optimal flow under certain power consumption. Besides, there
are a few differences between the optimal flows under different
power consumptions. There is a vortex strip in the core flow region,
which consists of eight vortexes, as shown in Fig. 3. These vortexes
disturb the core flow, thus changing the temperature field. The
temperature in the core flow region is distributed uniformly.
Simultaneously, an equivalent thermal boundary layer is formed
in the boundary flow region. When C1 keeps constant but C2

changes, 12 vortexes are generated, as shown in Fig. 4. In addition,
the vortex strip is smaller and closer to the wall than that in Fig. 3.
Accordingly, the equivalent thermal layer becomes thinner and the
temperature gradient near the tube wall higher. By changing the
combination of C1 and C2, flow structure and temperature field
are changed. As shown in Fig. 5, the temperature field and flow
structure are similar to those shown in Fig. 4, but certain vortexes
in the vortex strip become large. In Fig. 6, the vortex strip consists
of alternated large and small vortexes. The large vortexes disturb
the core flow so that the temperature is distributed more uni-
formly. The small vortexes make equivalent thermal boundary
layer thinner and temperature gradient near the tube wall higher.
By comparing the temperature field in Fig. 6 with that in Figs. 3–5,
the temperature in the core flow region, which occupies large parts
of flow region, is distributed uniformly and remains high. The outer
region is boundary flow with high temperature gradient.

For the model of a tube, optimal governing equation (35) was
numerically solved. Moreover in cases of different power
Table 2
Comparison between optimized and bare tubes in different fields.

C1 C2 Pw � 107 (W) Nu/
Nu0

f/f0 Ur/Um

(%)
(Nu/Nu0)/
(f/f0)

�1 � 106 �3 � 10�7 8.34 3.35 1.10 1.58 3.05
�1 � 106 �1 � 10�5 10.9 4.85 1.43 5.75 3.39
�4 � 107 �1 � 10�5 11.9 5.53 1.56 9.66 3.54
�4 � 107 �2 � 10�5 15.3 7.20 1.97 16.90 3.65

Fig. 6. Temperature and flow field at L = 1250 mm (C1 = �4 � 107, C2 = �2 � 10�5,
Pw = 1.53 � 10�6 W, Re = 200).
consumption, the optimal flow forms are all longitudinal swirl
flows with multi-vortexes, as shown in Figs. 3–6. In momentum
equation, the additional force is determined by temperature field,



Fig. 7. Distribution of field synergy angle b at L = 1250 mm (C1 = �4 � 107, C2 = �2 � 10�5, Pw = 1.53 � 10�6 W, Re = 200).

Fig. 9. Temperature variations of bare and optimized tubes in radial direction.

Table 3
Comparison among different optimization methods.

Methods Pw � 107 (W) Nu/Nu0 f/f0 (Nu/Nu0)/(f/f0)

Exergy destruction 8.45 3.66 1.12 3.27
Entropy generation 8.59 3.60 1.14 3.16
Entransy dissipation [34] 8.39 2.27 1.10 2.06

J. Wang et al. / International Journal of Heat and Mass Transfer 90 (2015) 49–57 55
and the force improves the synergy of velocity and temperature
fields. Fig. 7 show the distribution of synergy angle b which is pro-
posed to evaluate heat transfer enhancement in Ref. [19]. The vor-
texes greatly improve the synergy of velocity and temperature
fields, and the average b of calculation region is reduced from
89.8� to 84.7�.

Fig. 8 shows the flow structure in the calculation domain. At the
end of the entrance region, the flow achieves full development, and
a longitudinal swirling flow appears in the flow region under the
effect of additional volume force. By considering Figs. 6 and 8,
we can draw the conclusion that longitudinal swirling flow with
multi-vortexes is the optimal flow pattern.

To more clearly observe the temperature field, temperature
variations of bare and optimized tubes in the radial direction are
presented in Fig. 9. As shown in Fig. 9, the temperature variation
of bare tube is parabolic and far from the ideal temperature distri-
bution. The vortexes distribute the temperature uniformly in the
core flow, as shown in Fig. 9. Accordingly, an equivalent boundary
layer is formed near the tube wall. When the vortex form changes,
the temperature distribution varies correspondingly. There is a
region in the core flow which has a relatively high temperature,
which makes the temperature gradient in the boundary flow
increased. Additionally, the region of low temperature lessens with
the increase of disturbance intensity (more fluid power consump-
tion). Uniform distribution of temperature in the core flow and for-
mation of an equivalent thermal boundary layer are the reasons for
the enhancement of heat transfer.

To verify the method of fluid-based heat transfer enhancement
and investigate the heat transfer and flow resistance performance
of the optimized flow field, Table 3 provides a comparison of heat
transfer and resistance coefficients between optimized and bare
tubes under different parameters. The optimized flow structure
in our investigation is the longitudinal swirling flow, and the max-
imal value of (Nu/Nu0)/(f/f0) can reaches at 3.65. The ratio of
Fig. 8. Longitudinal swirling flow in calculation domain (C1 =
velocity in the radial direction and main flow direction, Ur/Um, is
less than 17%. Therefore, the increase of flow resistance is weaker
than enhancement of heat transfer, which indicates that the flow
structure with longitudinal swirling has excellent overall heat
transfer performance. In addition, under different conditions, the
comprehensive performance is larger than 3. Thus, it indicates that
�4 � 107, C2 = �2 � 10�5, Pw = 1.53 � 10�6 W, Re = 200).



Fig. 10. Comparison of heat transfer and flow resistance performances. between exergy destruction rate model and entropy generation rate model.
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the method of fluid-based heat transfer enhancement can be
applied in the optimization of convective heat transfer.

In this optimal mathematical model of fluid-based heat transfer
enhancement, irreversibility loss is expressed as local exergy
destruction rate. From Eq. (10), the local entropy generation rate
can also express the irreversibility loss in heat transfer process.
Then, another model can be constructed with local entropy gener-
ation rate as irreversibility loss. These two models can be desig-
nated as exergy destruction rate model and entropy generation
rate model, respectively. In addition, through function variation
and numerical calculation, a similar optimal temperature field
and flow structure can be obtained. Furthermore, a comparison
between the two models is conducted. Fig. 10 compares heat trans-
fer and flow resistance performances for these two models. The
results show that, for prescribe fluid power consumption, the heat
transfer in the exergy destruction rate model is slightly higher than
that in the entropy generation rate model, with almost the same
flow resistances increase. It indicates that both exergy destruction
rate and entropy generation rate can express the irreversibility of
the heat transfer process, but exergy destruction rate is more suit-
able than entropy generation rate to express irreversibility loss
because of its specific physical meaning and same unit with
energy.

In Ref. [37], Jia et al. proposed an optimization method based on
minimum entransy dissipation in circular tube. Entransy dissipa-
tion is set as optimization objective in the entire flow region, while
fluid power consumption is not taken into consideration. Table 3
shows the comparison among exergy destruction, entropy genera-
tion and entransy dissipation models. From the comparison, it indi-
cates that the method in this paper can bring a better
comprehensive performance than that in Ref. [37].

By analyzing the performance of convective heat transfer and
flow resistance in the optimized tube, the method of fluid-based
heat transfer enhancement is demonstrated to be effective.
Under different power consumptions, optimal flows are all longitu-
dinal swirling flow with multi-vortexes, which has high heat trans-
fer efficiency and relatively low flow resistance. Furthermore, more
fluid power consumption means stronger disturbance and better
comprehensive performance.
5. Conclusions

The equilibrium equation of available potential is obtained, in
which the local exergy destruction rate is defined to express the
irreversibility loss of the convective heat transfer process.
Different from the surface-based heat transfer enhancement
method, the fluid-based method is put forward by considering
both thermal and flow resistances. The optimal mathematical
model is constructed by the two-region method to reflect the prin-
ciple of fluid-based heat transfer enhancement. By numerically
solving the governing equation deduced through functional varia-
tion for Lagrange function, the optimal velocity field is obtained.
The theoretical analysis is benefit to the high-efficiency and
low-resistance heat transfer enhancement technologies. Specific
conclusions are summarized as follows.

(1) Available potential represents the energy grade of the fluid,
and its equilibrium equation expresses the transport process
of available energy. By reducing the exergy destruction of
the fluid, the irreversibility of transport process can be
decreased.

(2) An optimization method of convective heat transfer is con-
structed by setting exergy destruction rate as optimization
objective in the core flow and fluid power consumption as
optimization objective in the boundary flow in a circular
tube, which supports the principle of fluid-based heat trans-
fer enhancement.

(3) Numerical results by solving the governing equations show
that the optimized flow field in a circular tube is in a struc-
ture of longitudinal swirling flows, which shows alternating
large and small vortexes in the cross section of tube, and
heat transfer can be greatly enhanced with a slight increase
in flow resistance.
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