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In this study, exergy efficiency is defined to evaluate convective heat transfer in a tube based on the local exergy destruction 
rate from the equilibrium equation of available potential. By calculating this destruction rate, the local irreversibility of con-
vective heat transfer can be evaluated quantitatively. The exergy efficiency and distribution of local exergy destruction rate for 
a smooth tube, an enhanced tube into which short-width twisted tape has been inserted, and an optimized tube with exergy de-
struction minimization are analyzed by solving the governing equations through a finite volume method (FVM). For the 
smooth tube, the exergy efficiency increases with increasing Reynolds number (Re) and decreases as the heat flux increases, 
whereas the Nusselt number (Nu) remains constant. For the enhanced tube, the exergy efficiency increases with increasing 
Reynolds number and increases as the short-width rate (w) increases. An analysis of the distribution of the local exergy de-
struction rate for a smooth tube shows that exergy destruction in the annular region between the core flow and tube wall is the 
highest. Furthermore, the exergy destruction for the enhanced and optimized tubes is reduced compared with that of the 
smooth tube. When the Reynolds number varies from 500 to 1750, the exergy efficiencies for the smooth, enhanced, and opti-
mized tubes are in the ranges 0.367–0.485, 0.705–0.857, and 0.885–0.906, respectively. The results show that exergy efficien-
cy is an effective evaluation criterion for convective heat transfer and the distribution of the local exergy destruction rate re-
veals the distribution of local irreversible loss. Disturbance in the core flow can reduce exergy destruction, and improve the 
exergy efficiency as well as heat transfer rate. Besides, optimization with exergy destruction minimization can provide effec-
tive guidance to improve the technology of heat transfer enhancement. 
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1  Introduction 

Heat-exchange equipment plays an important role in indus-
tries such as power generation, metallurgy, chemical indus-
try, steel production, refrigeration, and air-conditioning, and 
research on the process of heat transfer is reported widely. 
Enhancing heat transfer is significant to reduce energy con-
sumption in industry and many technologies of heat transfer 

enhancement have been developed.  
Enhancing technologies for convective heat transfer in a 

tube are developing rapidly. Through numerical simulation 
and experimental analysis, heat-transfer-enhanced tubes 
(e.g., inner-finned tubes [1], spiral corrugated tubes [2], and 
micro-finned tubes [3]) have been exploited and reported in 
the literatures. Yucel and Dinler [4] numerically studied the 
effects of inner fins (number of fins, fin heights) in laminar 
and turbulent flows, and they explained how the fins af-
fected the flow and heat transfer. Kareem et al. [5] experi-
mentally and numerically studied the flow of water for a 
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low Reynolds number in a spirally corrugated tube and 
found that the best thermal performance could reach 1.8–3.4 
for a Reynolds number in the range 100–1300. The devel-
opment of technologies has enhanced heat transfer, but in-
creased the flow resistance at the same time. The need to 
reduce the increase of flow resistance while maintaining 
satisfactory heat transfer has prompted the development of 
some new heat-transfer-enhanced tubes with inserts (e.g., 
short-length twisted tape [6], helical screw-tape [7], and 
wire coil [8]). Guo et al. [9] conducted a numerical study on 
heat transfer and frication factor characteristics of laminar 
flow in a circular tube fitted with center-cleared twisted tape. 
They found that the thermal performance factor of the tube 
with center-cleared twisted tapes could be enhanced by 
7%–20% when compared with a tube with conventional 
twisted tape. Zhang et al. [10] studied the heat transfer and 
flow characteristics in a tube with multiple regularly spaced 
twisted tapes and it was found that the insertion of triple and 
quadruple twisted tapes could induce multi-longitudinal 
vortices in a tube, which could improve the temperature 
uniformity and reduce flow resistance. Chen et al. [11,12] 
and Feng et al. [13,14] conducted a series of researches on 
the constructal optimization for fluid flow and energy units. 
The overall impression from the literatures is that augment-
ing heat transfer and reducing the increase of flow re-
sistance are what advanced technology of heat transfer en-
hancement needs to achieve. 

Recent literature reports have proposed theories of heat 
transfer intended to reveal the essence of heat transfer en-
hancement and contribute to the improvement of the tech-
nology. Guo et al. [15,16] proposed the field synergy prin-
ciple, which reveals the mechanism of heat transfer en-
hancement. It indicates that the heat transfer rate not only 
depends on velocity and temperature fields but also on their 
synergy, which is related to an integral of the inner product 
of temperature gradient and velocity. Furthermore, Liu et al. 
[17–19] developed Guo’s field synergy principle and pro-
posed the existence of synergy between physical quantities, 
which reveals the relation between comprehensive perfor-
mance and local properties. It indicates that there are other 
synergetic relations among the physical quantities besides 
the velocity and temperature gradient. The field synergy 
principle and physical quantities synergy provided synergy 
angles that can be used to analyze the heat transfer aug-
mentation and pressure loss. Guo et al. [20,21] proposed a 
new quantity named entransy, which describes the total 
‘potential energy’ of thermal energy in an object. Subse-
quently, entransy has been applied to heat transfer optimiza-
tion on heat conduction [22], convective heat transfer [23], 
and radiative transfer [24]. Furthermore, entransy dissipa-
tion extremum principle was developed and applied in the 
optimization of heat transfer [25–30]. Liu et al. [31] and Jia 
et al. [32] proposed an entransy expression of the second 
law of thermodynamics and convective heat transfer opti-
mization based on minimum entransy dissipation. Besides, 

they proposed principles of minimum power consumption 
[33] and minimum heat consumption [34] that have been 
applied to the optimization of convective heat transfer. It 
was found that the heat transfer rate can be augmented 
while the increase in the flow resistance remains low if lon-
gitudinal swirl flow with vortexes forms in the tube flow. 
Corresponding heat-transfer-enhanced tubes were exploited 
to achieve the optimized results. Zheng et al. [35] conducted 
numerical research on thermo-hydraulic characteristics of 
laminar flow in a heat exchanger tube fitted with vortex 
rods and found that the vortex rod inserts generate pairs of 
counter-rotating vortices or longitudinal swirling flows to 
augment heat transfer with a low increase in flow resistance. 

With the development of theory and the accumulation of 
design experience, various heat-transfer-enhanced tubes 
were proposed, and it is of great significance to evaluate the 
performance of these tubes. Bergles et al. [36], Webb and 
Scott [37,38] proposed and developed performance evalua-
tion criteria (PEC) for convective heat transfer to describe 
the advantages of heat transfer enhancement technology. 
The criterion, PEC, is adopted widely in the evaluation of 
heat transfer augmentation of heat-transfer-enhanced tubes. 
Furthermore, Liu et al. [39] defined the efficiency evalua-
tion criterion (EEC) for convective heat transfer based on 
fluid power consumption. Both PEC and EEC compare heat 
transfer rate under certain flow resistance or fluid power 
consumption, and the heat quantity or the Nusselt number 
(Nu) is adopted to measure the heat transfer rate. Some re-
searchers conducted studies to evaluate the heat transfer 
process from the aspect of irreversibility based on the sec-
ond law of thermodynamics. Bejan [40,41] proposed the 
number of entropy production units to evaluate the irre-
versibility of heat transfer exchangers and obtained good 
results. Besides, different expressions of the dimensionless 
entropy generation number were proposed by Bejan [40], 
Hesselgreaves [42], London and Shah [43], Lin and Lee 
[44]. 

From the aspects of heat quantity and quality, evaluations 
for convective heat transfer mentioned above are unilateral; 
therefore, it is significant to seek a method for heat transfer 
evaluation from aspects of both heat quantity and quality. 
As exergy is affected by heat quantity and indicates the 
process irreversibility, the method of exergetic analysis is 
used successfully in evaluation for energy conversion sys-
tem [45]. In the process of heat transfer, Wu et al. [46,47] 
researched the exergy transfer characteristics of fluid flow 
and heat transfer inside a circular duct under fully devel-
oped laminar and turbulent forced convection with constant 
wall temperature and heat flux. However, there is no effec-
tive exergy criterion for convective heat transfer evaluation 
because of the lack of a state quantity to express the availa-
ble energy potential. In our previous work [48,49], we de-
fined a new quantity named ‘available potential’, based on 
which we constructed an equilibrium equation and derived 
the expression of local exergy destruction rate. In addition, 
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we proposed a method of exergy destruction minimization 
to optimize convective heat transfer, and method of flu-
id-based heat transfer enhancement to assist the improve-
ment of heat transfer enhancement technology. In this paper, 
we proposed exergy efficiency to evaluate convective heat 
transfer based on the equilibrium equation of available po-
tential and conducted an analysis on the distribution of the 
local exergy destruction rate. 

2  Evaluation method based on available poten-
tial equilibrium equation 

In ref. [49], the available potential is defined as 

 0 ,e h T s   (1) 

where h is enthalpy, s is entropy, and T0 is the environmen-
tal temperature. Available potential equals total potential, h, 
minus unavailable potential, T0s, and it is a state variable 
which depends on the state of fluid. 

The differential form of eq. (1) is 
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According to the derivation in ref. [49], the equilibrium 
equation of available potential is obtained as  
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where ρ is the density, q is the heat flux, Φ is the heat from 
viscous dissipation, and q  is the heat from inner heat 

source. Eq. (3) can be abbreviated as 
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The left term in eq. (4) is the change of available poten-
tial in heat transfer. The first term on the right is the exergy 
flux transferred with heat flux from the boundary; the sec-
ond is the local exergy destruction rate, which reflects the 
irreversible loss in heat transfer process; the third is the an-
alogical exergy flux induced by viscous dissipation; and the 
last is the analogical exergy flux from the inner heat source. 

As shown in Figure 1, eq. (4) reveals the relationship of 
available potential change and exergy flux in the process of 
heat transfer. Available potential of the fluid gains from the 
exergy flux on the tube wall when it flows through the tube. 
In the process of heat transfer, there is exergy destruction 
due to the irreversible loss induced by the temperature dif-
ference. Besides, the analogical exergy fluxes induced by 
viscous dissipation and from the inner heat source have an 
effect on the change of the available potential. 

 

Figure 1  Sketch of available potential transfer through a tube. 

The irreversible loss in convective heat transfer can be 
induced by temperature difference heat transfer and flow 
resistance. In ref. [46], the loss is expressed as local exergy  
transfer Nusselt number which consists of two parts from 
temperature difference heat transfer and fluid friction, re-
spectively. Furthermore, the magnitude is compared for the 
laminar flow through a duct with constant wall temperature 
and the irreversible loss induced by temperature difference 
heat transfer is greater than that induced by fluid friction 
with a difference of about 103. Therefore, the analogical 
exergy flux induced by viscous dissipation is insignificant 
when compared with the exergy flux from the tube wall. 
Besides, there is no inner heat source in the tube flow. 
Therefore, the last two terms in eq. (4) can be ignored. The 
integration of each side of eq. (3) enables us to obtain the 
integral equation in the fluid domain: 
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By using the Gauss formula, eq. (5) can be rewritten as 
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Eq. (7) indicates that the change of available potential is 
affected by the exergy flux from the tube wall and exergy 
destruction induced by the temperature difference in heat 
transfer. Therefore, we can define the exergy efficiency (ηex) 
as follows: 
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When the exergy flux from the tube wall is given, less 
exergy destruction means higher exergy efficiency. Through 
analysis on exergy efficiency, the performance of 
heat-transfer-enhanced tubes can be evaluated from both 
heat quantity and quality. Besides, analysis of the distribu-
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tion of the local exergy destruction rate enables us to deter-
mine the irreversible loss in the heat transfer process and it 
can facilitate an improvement in the design of heat-transfer- 
enhanced tubes. 

3  Numerical calculation 

3.1  Physical model 

The finite volume method (FVM) is taken as a numerical 
method to obtain the information of flow and temperature 
fields in the tube, so that the local exergy destruction rate 
and corresponding exergy efficiency can be calculated by eq. 
(8). This calculation entails three types of tubes chosen as 
calculating objects. Figure 2 shows the physical models. 
The first is a smooth tube with the following parameters: D 
(diameter) = 20 mm and L (periodical length) = 500 mm. 
Investigation of the smooth tube is expected to clarify the 
exergy efficiency and distribution of the local exergy de-
struction rate in a general tube. The second is a heat-  
transfer-enhanced tube in which short-width twisted tape 
has been inserted (abbreviated as an enhanced tube), as 
proposed in refs. [9,10] with a good comprehensive perfor-
mance. The diameter and periodical length of the enhanced 
tube are the same as those of the smooth tube and the detail 
parameters of twisted tape are as follows: δ (thickness) = 1 
mm, H (180° twist pitch) = 125 mm, and w (short-width rate) 
= W/D = 0.8. Research of the enhanced tube aims to show 
the change in exergy efficiency and distribution of the local 
exergy destruction rate due to the insertion of heat transfer 
enhancing units. The third is a smooth tube with the opti-
mization of exergy destruction minimization (abbreviated as 
an optimized tube), which is proposed in ref. [48]. The 
physical model is the same as for the smooth tube, but the 
governing equations are optimized equations, which are 
deduced when the exergy destruction is set as optimization 
objective and the prescribed flow consumption as a con-
straint condition. Research of the optimized tube is expected 
to validate the effectiveness of minimal exergy destruction 
optimization on the heat transfer enhancement. 

The Reynolds number (Re), Nusselt number (Nu), flow 
resistance coefficient (f ) and local exergy destruction rate 
(ed) are defined as 

 

Figure 2  Physical models. (a) Smooth tube, optimized tube; (b) enhanced 
tube inserted with short-width twisted tape. 
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where u is the velocity, D is the diameter of the tube, k is 
the coefficient of heat transfer, L is the length of the tube, 
and ∆p is the pressure difference. 

Water is selected as the working fluid, which is assumed 
to be incompressible. The natural convection is neglected 
and the thermo physical properties of the fluid are assumed 
to be temperature independent. The dynamic viscosity (µ), 
thermal conductivity (k), density (ρ), and specific heat (cp) 
at constant pressure of water are given as µ = 1.003×10−3 
kg/(m s), λ = 0.6 W/(m K), ρ = 998.2 kg/m3, and cp = 4182 
J/(kg K), respectively. 

3.2  Governing equations 

In this calculation, the flow is assumed to be three-dimen-          
sional, laminar, and steady. Heat conduction in the twisted 
tape is neglected. For both the smooth and enhanced tubes, 
the equations of continuity, momentum, and energy for the 
fluid flow are as follows: 

 0, U  (13) 

 ( )ρ p μ    2 ,U U U  (14) 

 T ρc T   2
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In the case of the optimized tube, the equations of conti-
nuity and energy are the same as eqs. (13) and (15), whereas 
that representing the momentum contains an additional term 
for volume force deduced from the exergy destruction 
minimization [48]. The optimized momentum equation is: 
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where C0 is a coefficient related to the constraint prescrib-
ing the flow of the power consumption, and variable B, 
which is a Lagrange multiplier, is constrained by the fol-
lowing equation: 
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The information of flow and temperature fields for 
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smooth and enhanced tubes will be obtained by solving 
governing eqs. (13)–(15). And the governing equations for 
an optimized tube are eqs. (13), (15), and (16) with a con-
straint condition eq. (17). The local exergy destruction rate 
can be calculated by eq. (12) and the exergy efficiency by 
eq. (8) based on the data from numerical calculation. 

3.3  Boundary condition 

A periodic condition is specified at the inlet and outlet, and 
the upstream temperature is set as 300 K. The environmen-
tal temperature T0 is specified as 293.15 K. On the tube wall 
and the surfaces of the twisted tape, no slip conditions   
are adopted. The boundary condition between the fluid   
and the twisted tape surface is adiabatic. A prescribed heat 
flux condition is imposed on the tube wall. For the opti-
mized tube, the boundary condition for variable B is given 
as [48] 

 0
2

2
0.


  

T λ T
B

T
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3.4  Numerical method 

The commercial software, Fluent 6.3, was chosen as the 
computational fluid dynamics (CFD) tool for this numerical 
calculation. The SIMPLE algorithm is used for pres-
sure-velocity coupling; the second upwind scheme is 
adopted to discretize the convection and diffusion terms. 
The user defined function (UDF) and user defined scalar 
(UDS) are utilized to solve the optimized momentum equa-
tion with the boundary condition for the optimized tube. 
Convergent solutions are obtained when the residuals are 
less than 10−5. 

3.5  Grid independent test 

Meshes of the physical models are generated by using 
Gambit 2.0, and a grid independent test is performed to 
validate the accuracy of the numerical solutions. A hexahe-
dral grid is employed for the model of both the smooth and 
optimized tubes, and a grid refinement method is adopted in 
the boundary layer. For the model of the enhanced tube, a 
tetrahedral grid is adopted and the grid refinement method 
is also adopted in the boundary layer and near the surface of 
the twisted tape. As depicted in Figure 3, three grid systems 
with about 450974, 794339, and 1508020 cells for the 
smooth tube and 888232, 1042400, and 2071010 cells for 
the enhanced tube are adopted to calculate a baseline case in 
which the Reynolds number is 500, heat flux on the tube 
wall is 2000 W/m2, and short-width rate (w) is 0.8. Among 
the calculated values obtained by the three grid systems, the 
794339 and 1042400 grid systems are found to be suffi-
ciently dense for both the smooth and enhanced tubes to 
produce grid independent solutions. 

3.6  Validation of CFD model 

The accuracy of the numerical solutions was validated by 
comparing the Nusselt number (Nu) and the friction factor 
(f) of the smooth tube with the theoretical data under a fully 
developed periodic condition. In Figure 4 it is clearly seen 
that the deviation of the numerical results from the theoret-
ical data is very small. Therefore, the present numerical 
predictions have reasonable accuracy. 

3.7  Analysis of exergy efficiency 

This section discusses the above-mentioned change in the  

 

Figure 3  Results of the calculations for the different grid systems. (a) Smooth tube; (b) enhanced tube. 
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Figure 4  Comparison of the numerical results and the theoretical data in 
the smooth tube results discussion. 

exergy efficiency of the tubes under different conditions, 
respectively. In the convective heat transfer, heat from the 
tube wall to the fluid can be expressed as 

 w m( ),T T Q Ak  (19) 

where A is the area of heat transfer, Tw is the temperature of 
the tube wall and Tm is the average temperature of the fluid. 

This heat can also be written in another form: 

 f,out f,in( ),Q mc T T  p  (20) 

where m  is the mass flow, Tf,out is the temperature of fluid 
at the outlet, and Tf,in is the temperature of fluid at the inlet. 

Figure 5 shows the results of the calculations of the 
smooth tube for a Reynolds number ranging from 500 to 
1750 when the heat flux on the tube wall is set as 2000 
W/m2. From eq. (20), Q and Tf,in keep constant, therefore 
Tf,out decreases with the increase of Reynolds number. Fur-

thermore, the temperature of fluid, Tm, decreases and the 
temperature of tube wall, Tw, decreases in eq. (19) while 
Nusselt number keeps constant. In addition, the decrement 
of Tw is greater than that of Tf,out, which leads to the change 
of exergy efficiency. Although the quantity of heat is con-
stant, the temperature of the tube wall and fluid varies. An 
increase in the Reynolds number leads to an increase in the 
rate (Tf,out/Tw), even though the temperatures of the tube 
wall and the fluid in the outlet decrease. Moreover, the input 
exergy and exergy destruction decrease, whereas the exergy 
efficiency increases. These changes reveal the variation in 
the heat quality in the process of heat transfer; however, the 
Nusselt number remains constant when the Reynolds num-
ber varies. Figure 6 shows the calculation results for the 
smooth tube with heat flux from 1600 to 2400 W/m2 when 
the Reynolds number is maintained at 500. From eq. (20), 
Reynolds number and Tf,in keep constant, therefore Tf,out 
increases with the increase of heat flux. Furthermore, the 
temperature of fluid, Tm, increases and the temperature of 
tube wall, Tw, increases in eq. (19) while Nusselt number 
keeps constant. In addition, the increment of Tw is greater 
than that of Tf,out, which leads to the change of exergy effi-
ciency. As the heat flux increases, although the tempera-
tures of the tube wall and the fluid in the outlet increase, the 
rate (Tf,out/Tw) decreases. In addition, the input exergy and 
exergy destruction increase, whereas the exergy efficiency 
decreases. Similarly, the Nusselt number remains constant 
when the heat flux varies. 

The results of the calculation for the enhanced tube for 
Reynolds numbers ranging from 500 to 1750 are plotted in 
Figure 7 when the heat flux on the tube wall is set as 2000 
W/m2. From eq. (20), Q and Tf,in keep constant, therefore 
Tf,out decreases with the increase of Reynolds number. Fur-
thermore, the temperature of fluid, Tm, decreases and the  

 

Figure 5  Results of the calculation for the smooth tube as a function of the Reynolds number. (a) Temperature; (b) exergy efficiency and Nusselt number. 
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Figure 6  Results of the calculation for the smooth tube as a function of the heat flux. (a) Temperature; (b) exergy efficiency and Nusselt number. 

 

Figure 7  Results of the calculation for the enhanced tube as a function of the Reynolds number. (a) Temperature, (b) exergy efficiency and Nusselt num-
ber. 

temperature of tube wall, Tw, decreases in eq. (19) while 
Nusselt number increases. In addition, the decrement of Tw 
is greater than that of Tf,out, which leads to the change of 
exergy efficiency. The variation is similar to that observed 
for the smooth tube. The insertion of short-width twisted 
tape into the tube has the effect of increasing the Nusselt 
number and exergy efficiency to values higher than those 
obtained for the smooth tube as the Reynolds number in-
creases. Apart from the Reynolds number, another variable, 
namely the short-width rate, is also considered in this cal-
culation. Figure 8 shows the results of the calculation for 
the enhanced tube with the short-width rate varying from 
0.3 to 0.9 when the Reynolds number is maintained at 500 

and the heat flux on the tube wall is set as 2000 W/m2. From 
eq. (20), Reynolds number and Tf,in keep constant, therefore 
Tf,out keeps unchanged for a prescribe heat flux with the in-
crease of short-width rate. Furthermore, the temperature of 
fluid, Tm, keeps constant and the temperature of tube wall, 
Tw, decreases for a prescribe heat flux in eq. (19) while 
Nusselt number increases. In addition, the variation of Tw 
leads to the change of exergy efficiency. An increase in the 
short-width rate has little effect on the temperature of the 
fluid in the outlet, whereas the temperature of the tube wall 
decreases. This indicates that a low-quality heat source can 
almost upgrade the temperature of the fluid to the same ex-
tent. Furthermore, both the exergy efficiency and Nusselt  
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Figure 8  Results of the calculation for the enhanced tube as a function of the short-width rate. (a) Temperature, (b) exergy efficiency and Nusselt number. 

number increase with an increase in the short-width rate. 
Analysis of the exergy efficiency of both the smooth and 

enhanced tubes shows that the exergy efficiency can reflect 
changes in the quality and quantity of heat. In the case of 
the smooth tube, the exergy efficiency increases with in-
creasing Reynolds number and decreases with increasing 
heat flux, whereas the Nusselt number remains constant. For 
the enhanced tube, the exergy efficiency was found to in-
crease as both the Reynolds number and short-width rate  
(w) increase. 

3.8  Distribution of local exergy destruction rate 

In the equilibrium equation of available potential, the ex-
pression of the local exergy destruction rate is deduced by 
using eq. (3), which is related to the temperature field and 
reveals local irreversibility. Thus, an analysis of the distri-
bution of the local exergy destruction rate enables us to ob-
tain local information of the irreversibility in the process of 
heat transfer, which can facilitate the improvement of the 
design of heat-transfer-enhanced tubes. Figures 9 and 10 
show the distribution of the local exergy destruction rate for 
the smooth tube with different parameters. The local exergy 
destruction rate in the radial direction is shown to be con-
centrically distributed and decreases with increasing Reyn-
olds number, especially in the core flow. An increase in the 
velocity changes the temperature distribution, thereby re-
ducing the exergy destruction. When the heat flux increases, 
the temperature gradient increases, resulting in an increase 
in the exergy destruction in the tube flow. The results ob-
tained by analyzing the exergy efficiency are in agreement 
with the observed change in the distribution of the local 
exergy destruction rate. 

For the enhanced tube, the Reynolds number and short- 

width rate are the two impact factors considered in this cal-
culation and the corresponding results are depicted in Fig-
ures 11 and 12. The local exergy destruction rate is lower 
than that of the smooth tube, and it is high near the tube 
wall. In the core flow, the local exergy destruction rate re-
mains low due to the disturbance caused by the short-width 
twisted tape. When the Reynolds number increases, exergy 
destruction occurs closer to the tube wall and is reduced. 
The insertion of short-width twisted tape disrupts the core 
flow, resulting in the formation of an equivalent boundary 
layer between the core flow and the tube wall. Destruction 
of exergy mainly occurs in the equivalent boundary layer 
and the affected region decreases when the short-width rate 
increases as shown in Figure 12. 

Analysis of the distribution of the local exergy destruc-
tion rate enables us to determine where the destruction of 
exergy is large. Besides, the local irreversible loss in the 
process of heat transfer becomes clear and can help us im-
prove the design of heat-transfer-enhanced tubes. 

3.9  Analysis of three types of tube 

The discussion in this section includes all three types of 
tubes that were initially introduced in Section 3. Generally, 
the smooth tube is the basic objective in the research of heat 
transfer enhancement. In ref. [49], comparison among ex-
ergy destruction, entropy generation and entransy dissipa-
tion models has been conducted, which indicated that the 
method based on local exergy destruction minimization 
could bring a better comprehensive performance, therefore 
we took exergy destruction minimization as the optimiza-
tion method for exergy analysis in this paper. The optimized 
tube is a smooth tube with a virtual volume force deduced 
by variation, with the exergy destruction set as optimization  
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Figure 9  (Color online) Distribution of the local exergy destruction rate for the smooth tube with different Reynolds numbers. 

 
Figure 10  (Color online) Distribution of the local exergy destruction rate for the smooth tube with different heat fluxes. 

 
Figure 11  (Color online) Distribution of the local exergy destruction rate for the enhanced tube with different Reynolds numbers. 

objective and the prescribed flow power consumption as a 
constraint condition. This tube can be regarded as repre-
senting the ideal situation with minimum exergy destruction. 
The optimized equations can be solved to obtain the opti-
mized results by using the coefficient, C0, which is related 
to the constraint of the flow power consumption, to deter-
mine the intensity of the virtual volume force in eq. (16). 
Optimized by exergy destruction minimization, the opti-
mum flow and temperature fields could be described in 
Figure 13, which shows the results of structure optimization 
and longitudinal swirl flow with vortexes has a better per-

formance [48]. In this calculation C0 is set to −1×10−4. The 
enhanced tube is a tube to which inserts have been added to 
enhance the heat transfer rate. In this calculation, the insert 
is a short-width twisted tape. 

Figure 14 shows the distribution of the local exergy de-
struction rate for the tubes when the Reynolds number is 
500 and the heat flux is 2000 W/m2. For the smooth tube, 
the local exergy destruction rate in the annular region be-
tween the core flow and tube wall is the highest, indicating 
that it is necessary to reduce the exergy destruction in this 
particular region. Besides, as the local exergy destruction  
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Figure 12  (Color online) Distribution of the local exergy destruction rate for the enhanced tube with different short-width rates. 

 

Figure 13  Temperature field and flow field structure with ten vortexes [48]. 

 

Figure 14  (Color online) Distribution of local exergy destruction rate of tubes (Re = 500, q = 2000 W/m2, C0= −1×10−4). 

rate is related with the temperature field, methods to disturb 
the core flow to ensure a more even distribution of its tem-
perature would be able to reduce the exergy destruction and 
improve the heat transfer rate. For the enhanced tube, the 
local exergy destruction rate is low in the region where the 
twisted tape is inserted, and high in the boundary layer be-
tween the core flow and tube wall but lower than that of the 
smooth tube. For the optimized tube, destruction of the ex-
ergy mainly occurs in a thin equivalent boundary layer, 
which means that the local exergy destruction rate is low in 
most regions. 

Details of the radial distribution of the local exergy de-
struction rate of these tubes are depicted in Figure 15. In 
general, the exergy destruction of the smooth tube is higher 
than that of both the enhanced and optimized tubes, and its 
distribution is consistent with the contour in Figure 14. For 
the enhanced tube, the twisted tape insert disturbs the core 
flow and reduces the extent of the exergy destruction. Be-
sides, the destruction of exergy in the equivalent boundary 
layer is reduced when compared with that of the smooth 
tube. For the optimized tube, the local exergy destruction 
rate is well distributed in the core flow and the equivalent  
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Figure 15  (Color online) Local exergy destruction rate of tubes along the 
radial direction (Re = 500, q = 2000 W/m2, C0= −1×10−4). 

boundary layer is thinner than that of the enhanced tube. 
The distribution of the local exergy destruction rate in the 
optimized tube presents the ideal condition and offers an 
ideal target for improving the design of tube inserts. 

Figure 16 shows the exergy efficiency of the smooth tube, 
the enhanced tube into which tape of different short-width 
rates has been inserted, and the optimized tube for different 
Reynolds numbers when the heat flux is set as 2000 W/m2. 
As there is no enhancement or optimization, the exergy ef-
ficiency of the smooth tube is the lowest and remains in the 
range 0.367–0.485. The insertion of short-width twisted 
tape into the tube improves the exergy efficiency of the en-
hanced tube such that it lies within the range 0.705–0.859, 
but this is still lower than that of the optimized tube whose 
exergy efficiency is within the range 0.885–0.906. Figure 
16 indicates that the technology whereby heat transfer en-
hancement is achieved by the insertion of short-width 
twisted tape is not the best method; thus, there is opportuni-
ty to improve the twisted tape inserts, and it would be of 
significance to design new heat transfer enhancing compo-
nents to increase the exergy efficiency. 

 

Figure 16  (Color online) Exergy efficiency of tubes (q = 2000 W/m2, C0 

= –1×10–4). 

4  Conclusions 

Based on the local exergy destruction rate deduced from the 
equilibrium equation of available potential, the exergy effi-
ciency is defined to evaluate the process of convective heat 
transfer in a tube. The exergy efficiency and distribution of 
the local exergy destruction rate of a smooth tube, a 
heat-transfer-enhanced tube with a short-width twisted tape 
insertion, and an optimized tube with exergy destruction 
minimization are discussed. Analyses of the results of nu-
merical calculations were used to study the influence of the 
Reynolds number, heat flux, and short-width rate on the 
exergy efficiency. The local distribution of irreversibility is 
revealed by analyzing the distribution of the local exergy 
destruction rate in the process of convective heat transfer. 
Besides, the results obtained for the smooth, enhanced, and 
optimized tubes are compared. The specific conditions are 
summarized as follows. 

(1) Exergy efficiency can be used to evaluate the perfor-
mance of convective heat transfer and the distribution of the 
local exergy destruction rate can reveal the local irreversible 
loss. This method evaluates the irreversibility quantitatively 
from the aspect of exergy. In this method, the irreversible 
loss induced by temperature difference heat transfer is taken 
into account, while that by flow resistance is not. However 
it is of great significance to evaluate the exergy transfer in 
convective heat transfer and the analyses of local exergy 
destruction can contribute the development of heat transfer 
enhancement. 

(2) For the smooth tube, the exergy efficiency increases 
with increasing Reynolds number and decrease as the heat 
flux increases, while the Nusselt number remains constant. 
For the enhanced tube with a short-width twisted tape inser-
tion, the exergy efficiency increases with increasing Reyn-
olds number, and increases as the short-width rate increases. 
Under different flow conditions, the distribution of the local 
exergy destruction rate is affected by the Reynolds number, 
heat flux, and short-width rate. 

(3) The core flow of the smooth tube experiences a low 
destruction of exergy; however, near the tube wall the de-
struction is high and reaches a maximum between the core 
flow and tube wall where the largest irreversibility in heat 
transfer exists. The exergy efficiency of the smooth tube 
ranges from 0.367 to 0.485 when the Reynolds number var-
ies from 500 to 1750. For the enhanced tube, the disturb-
ance of the core flow by the short-width twisted tape reduc-
es the exergy destruction, thereby improving the heat trans-
fer rate and exergy efficiency. Compared with the smooth 
tube, the exergy efficiency of the enhanced tube is in the 
range 0.705 to 0.859 when the Reynolds number varies 
from 500 to 1750. The study of the distribution of the local 
exergy destruction rate for the optimized tube revealed the 
formation of a thin equivalent boundary layer near the tube 
wall, whereas exergy destruction remains low in other re-
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gions because of the additional virtual volume force de-
duced from the minimal exergy destruction optimization. In 
this case the exergy efficiency ranges from 0.885 to 0.906 
when the Reynolds number varies from 500 to 1750. 
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