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On the basis of the core-flow heat transfer enhancement and field synergy principle, the difference
between fluid-oriented and surface-oriented heat transfer enhancement methods is performed. The
physical nature of heat transfer enhancement and friction reduction is illustrated through revealing the
synergy principle of heat transfer and friction characteristics of physical quantity and describing the
internal relations of velocity and temperature fields as well as velocity and pressure fields. The efficiency
evaluation criterion (EEC) and the efficiency evaluation plot are proposed to analyze and evaluate heat
transfer enhancement techniques corresponding to the different regions in the efficiency evaluation plot.
Region I represents the heat transfer enhancement ratio is larger than the pumping power increase ratio
and region II represents the heat transfer enhancement ratio is less than the pumping power increase
ratio in comparison with a bare tube. 3-D numerical simulations of several inserts in tube are provided to
verify multi-fields synergy principle of convective heat transfer and efficiency evaluation plot is carried
out to demonstrate the characteristics of enhancement tubes.

� 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

Heat exchangers have been an active subject for applications in
engineering field and investigations in academic field in the past
several decades. Researches for heat exchangers are aimed at
increasing the heat transfer coefficient and decreasing pressure
penalty. However, the improved heat transfer techniques prefer to
bring heat transfer intensification with the presence of power
consumption augmentation in most cases.

There are three aspects on the research for heat transfer
enhancement, which are theoretical, numerical and experimental.
Theoretically, Bergles [1] divided heat transfer technology into four
generations, the first generation of which is bare tube (no fins), the
second of which is plain, the third of which is longitudinal vortex
generators on fins and the fourth of which is fins with vortex
generators subject to electrostatic fields. Specifically speaking,
decreasing the thermal boundary layer thickness, extending heat
transfer surface area and altering thermal physical property of heat
transfer surface are popular ways for heat transfer enhancement
[2], which are defined as the boundary layer heat transfer
enhancement as the enhanced ways are based on surface [1]. Bejan
: þ86 27 87540724.

erved.
[3] divided fluid flow into two parts: the boundary flow and the
core flow. For the boundary flow heat transfer enhancement, it is
common that the ratio of pressure drop increase is always larger
than the ratio of heat transfer enhancement. Liu [4e6] analyzed the
difference between the boundary flow and the core flow and pro-
posed heat transfer enhancement in the core flow, which is mainly
expressed as (1) strengthening temperature uniformity in the core
flow; (2) increasing fluid disturbance in the core flow; (3) reducing
surface areas of heat transfer elements in the core flow; (4)
decreasing fluid disturbance in the boundary flow. Webb [2] pro-
posed three principles of heat transfer enhancement evaluation,
which are (1) the size and surface area of the enhanced heat ex-
changers for the equal pumping power, flow rate and heat transfer
rate; (2) the heat transfer rate of the enhanced heat exchangers for
the equal size, flow rate and pressure drop; (3) the pressure drop of
the enhanced heat exchangers for the equal size, heat transfer rate
and fluid rate in comparison with the regular heat exchangers. Guo
[7,8] and his co-workers afresh surveyed the physical mechanism of
convective heat transfer and proposed a novel concept named field
synergy principle for enhancing heat transfer derived from analysis
of laminar flow in 2-D flat plate, considering the degree of
convective heat transfer is related to the reduction of the inter-
section angle of velocity and temperature field. According to the
field synergy principle, the better the synergy between velocity
field and temperature field is, the higher the heat transfer
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intensification will be under the same boundary conditions of ve-
locity and temperature. As an extension, Tao [9] demonstrated the
three mechanisms, i.e. the decreasing the thermal boundary layer,
the increasing of the flow interruption and the increasing of the
velocity gradient near a heat transfer wall, all lead to the reduction
of the intersection angle between the velocity and the temperature
field. Numerically and experimentally, lots of research [10e15] such
as square ducts, single-phase flow, elliptic tubes, wavy fin heat
exchangers with elliptic tubes and fin-and-oval-tube heat
exchanger with longitudinal vortex generators is provided ac-
cording to the theoretical guide. Liu [16e18] developed the prin-
ciple of synergy and proposed the principle of multi-fields physical
quantity synergy for convective heat transfer, introducing more
synergy angles on the basis of velocity, temperature and pressure
fields and revealing the fundamental nature of heat transfer
enhancement and pressure drop reduction. Bejan [19e21] analyzed
the entropy generation of heat transfer process based on the second
law of thermodynamics and proposed performance evaluation of
heat transfer process. It is understood that the detailed methods of
heat transfer enhancement can be easily invented once the theo-
retical research such as enhancement mechanism and evaluation
criteria are established. Therefore, the focus of this paper is theo-
retical analysis with numerical verifications illustrated as follow.

The paper established synergy relation of heat transfer and
friction characteristics by analyzing multi-fields for convective heat
transfer in tube, based on the core flow heat transfer enhancement
and principle of field synergy. The comprehensive value of EEC and
an evaluation efficiency plot are introduced to evaluate the
enhanced techniques. Numerical computations of additives in tube
are provided to validate synergy principle and comprehensive ef-
ficiency evaluation plot.

2. Physical quantity synergy for convective heat transfer in
laminar

The enhancement of convective heat transfer is based on
increasing heat transfer coefficient as well as decreasing pressure
penalty. For the present enhanced techniques, it is a common
knowledge that ratio of flow resistance increment is often larger
than the ratio of heat transfer enhancement. Thus it is of consid-
erable significance to enhance heat transfer without much pressure
drop augmentation. Based on the internal relations of velocity,
temperature and pressure fields, synergy principle of multi-fields
for convective heat transfer in laminar flow in tube is introduced.

Refs. [7,8,16e18] proposed the synergy between velocity
gradient and temperature gradient and described a dot product of
the dimensionless velocity and temperature gradient, which is
expressed as:

U$VT ¼ ��U����VT�� cos b (1)

where U and VT denote the non-dimensional numbers and defi-
nition can be seen in Ref. [17].

For a fixed flow rate and temperature difference in a channel,
the smaller intersection angle b between U and VT is, the larger the
dot product U$VT will be; and the larger Nu is, the more active the
convective heat transfer between fluid and a solid wall will be.

Refs. [17,18] proposed the synergy between velocity and pres-
sure gradient, and expressed the synergy relation between velocity
vector U and pressure gradient Vp as:

U$ð�VpÞ ¼ jUjj�Vpjcos q (2)

For a fixed flow rate and pressure difference in a channel, the
smaller intersection angle q between U and �Vp is, the smaller
jUjj�Vpj will be under fixed U$ð�VpÞ. That means less power
consumption is employed in the channel.

Based on the analysis of multi-fields synergy for convective heat
transfer, two synergy angles of b and q are introduced to reflect the
heat transfer and power consumption characteristics of fluid,
revealing the physical nature of heat transfer augmentation and
pressure penalty reduction and showing a significance on the
design and optimization of heat transfer units and heat exchangers.

3. Heat transfer enhancement in the core flow of a tube

Based on the nature of heat transfer enhancement, Liu [4e6]
proposed a principle of heat transfer in the core flow, which is
interpolating various heat transfer elements with clearance to the
tube wall and enhancing heat transfer in the core flow region,
compared with the boundary heat transfer. There are two basic
rules for principle of heat transfer enhancement in the core flow,
one of which is to improve temperature uniformity and the other of
which is to reduce pressure penalty. For the purpose of heat
transfer enhancement, the rule of improving temperature unifor-
mity aims at (1) disturbing fluid in the core flow, (2) improving
temperature uniformity in the core flow, (3) forming thinner
thermal boundary layer near the tube wall, (4) increasing the
temperature gradient of thermal boundary layer. Meanwhile, for
the purpose of power consumption reduction, the rule of reducing
pressure penalty aims at (1) reducing area of additives in the core
flow, (2) avoiding disturbance of fluid near tube.

For the boundary flow heat transfer enhancement, due to the
elements attached the tube conducting heat flux between fluid to
the tube wall, convective heat transfer coefficient between fluid
and additives surface can be defined. Whereas, for the core flow
heat transfer enhancement, the elements enhancing heat transfer
fail to conduct heat flux to tube wall due to the clearance and thus
convective heat transfer coefficient between fluid and additives
surface does not exist.

In comparisonwith boundary flowheat transfer, enhancing heat
transfer and reducing pressure penalty can be achieved at the same
time in the core flow heat transfer, resulting from the fact that a
wider region can be taken into account in core flow region to
reduce pressure drop and intensify heat transfer by decreasing axial
up-coming area and dispersing elements to intensify disturbance to
get lower pressure penalty and more vortexes generated in core
flow region to get higher convective heat transfer coefficient.
Moreover, pressure drop can also be significantly reduced by lower
disturbance in boundary layer and less area of elements disturbing
fluid.

The above elements of heat transfer enhancement inserted in
the core flow of a tube can be divided into two types, one of which
is applied to uniform the temperature field, and the other of which
is employed to disturb the fluid flow. The elements applied to
uniform temperature field, such as porous medium, enhance heat
transfer by improving the overall thermal conductivity in the core
flow. While the elements employed to disturb the fluid flow, such
as twisted tapes and helical screw-tapes, make heat transfer
augmentation by disturbing flow and generating vortexes in tube.
Synergy angles b and q vary in the core flow region due to these
additives. In this paper, all the following simulations are based on
core flow region.

4. Efficiency evaluation criterion and efficiency evaluation
plot

He et al. [22] proposed a performance evaluation plot which
taking friction factor increase f/f0 and heat transfer enhancement
Nu/Nu0 as abscissa and ordinate, respectively, and divided the



Fig. 1. Comprehensive efficiency evaluation plot.
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quadrant of the coordinate into four regions. In region 1 heat
transfer is deteriorated without energy-saving based on identical
pumping power; in region 2 heat transfer is enhanced based on
identical pumping power; in region 3 heat transfer is enhanced
based on identical pressure drop; in region 4 heat transfer
enhancement ratio is larger than friction factor increase ratio based
on identical flow rate.

Webb [23,24] gave the precise definition of comprehensive
evaluation index PEC in common use as follows:

PEC ¼ hA=h0A0

ðP=P0Þ1=3ðA=A0Þ2=3
¼ Nu=Nu0

ðf =f0Þ1=3ðRe=Re0ÞðPr=Pr0Þ1=3
(3)

where Nu, Re and Pr denote the Nusselt number, Reynolds number
and Prandtl number of flow, respectively; P is the power con-
sumption of fluid; h is the coefficient of convective heat transfer; A
is the heat transfer area and f is the friction factor defined as follow,

f ¼ 2DDp=
�
ru2mL

�
(4)

where D denotes the hydraulic diameter, Dp is the difference value
of pressure from inlet to outlet. um represents the average velocity
of cross-section. L is the length of a tube.

All physical quantities related to a bare tubewill be denoted by a
subscript 0. For the same Re number, when the property of fluid
remains unchanged and the heat transfer area is fixed, the power
consumption will be fixed. According these assumptions, Equation
(3) can be rewritten as:

PEC ¼ Nu=Nu0
ðf =f0Þ1=3

(5)

Here, we use efficiency evaluation criterion as:

EEC ¼ Q=Q0

ðVDpÞ=ðV0Dp0Þ
(6)

where Q is heat flux and V is volume flow rate. The numerator Q/Q0
represents the ratio of heat flux of enhanced tube over a bare one
and the denominator (VDp)/(V0Dp0) represents the ratio of corre-
sponding pump power consumption of an enhanced tube over a
bare one. EEC can also clearly represent the comprehensive per-
formance of a heat transfer unit.

The Reynolds numbers of a bare tube and an enhancement tube
are always set as identical in the experiment of heat transfer and
friction characteristics. The volume flow rate is identical based on
identical pipe diameter with the same Reynolds number, so EEC can
be rewritten as:

EEC ¼ Q=Q0
Dp=Dp0

(7)

Eq. (7) represents the quotient of profit ratio between the
enhanced and bare tubes by heat transfer enhancement and cost
ratio by power consumption. Apparently, EEC is derived from the
angle of the ratio of profit and cost.

By taking the decadal logarithm of Eq. (7), we have:

lg
�
Q
Q0

�
¼ lg

�
Dp
Dp0

�
þ lg ðEECÞ (8)

If we take lg (Dp/Dp0), lg (Q/Q0) as the abscissa and ordinate
respectively, then Eq. (8) represents a straight line for which slope
is 1 and the intercept of it is the value of EEC in such a coordinates
system. When EEC ¼ 1, i.e. lg (EEC) ¼ 0, the straight line crosses
origin (1, 1), that means that the profit ratio by heat transfer
enhancement is equal to the cost ratio by power consumption.
Meanwhile, the straight line divides the plot into two regions as
shown in Fig. 1 and is called baseline for clarity. Obviously, in region
I the heat flux ratio is larger than power consumption ratio while in
region II the heat flux ratio is less than power consumption ratio
between the enhanced and bare tubes.

According to the previous introduction, the comprehensive ef-
ficiency evaluation plot is proposed in Fig.1 which takes lg (Dp/Dp0)
and lg (Q/Q0) on identical Reynolds number as the abscissa and
ordinate. Broadly speaking, the ratio of power consumption in-
crease is often larger than the ratio of heat transfer enhancement,
thus most of working points of enhancement techniques are
located in region II, practically. Therefore, a certain heat transfer
enhancement technique of which the working points are located in
region I or approach region I, i.e. EEC is larger than 1 or close to 1, is
preferable and applicable for energy-saving purpose since the ratio
of heat transfer enhancement is larger than the ratio of power
consumption increase.

According to the above discussion, the ratio of heat transfer
augmentation and the ratio of power consumption increase based
on identical Reynolds number can be obtained in Fig. 1 for a certain
working point A. Moreover, the intercept of the line with point A
located which is parallel with baseline is the value of EEC. There-
fore, ratio of heat flux increase, ratio of pumping power augmen-
tation and the value of comprehensive EEC based on identical
Reynolds number can be obtained by the location of a working
point on the efficiency evaluation plot and thus enhanced heat
transfer techniques are evaluated effectively.

Some examples of numerical simulations are illustrated as fol-
lows based on the analysis of multi-fields physical quantity synergy
and of efficiency evaluation criterion in the core flow convective
heat transfer.

5. Numerical simulation of convective heat transfer
enhancement in tube

The commercial software Fluent 6.3.26 is chosen as the
computation tool in this work to analyze the heat transfer
enhancement techniques aimed at energy-saving, size and cost
reduction and efficiency improvement. Based on the core flow heat
transfer enhancement, the paper provides various additives in the
core flow to verify multi-fields physical quantity synergy principle
and efficiency evaluation plot. In the paper, elements intensifying
fluid disturbance and elements improving temperature uniformity
are presented in Refs. [25e28], respectively. Entrance region of tube



Fig. 2. Three regularly-spaced twisted tapes in tube, (a) cross section geometric
dimension; (b) axial geometric dimension.
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is used for simulation rather than fully developed region in this
paper. To simplify numerical simulations, the following assump-
tions are made: (1) the thermalephysical properties of fluid such as
r, m, cp, k are constant; (2) fluid is incompressible, isotropic and
continuous; (3) fluid is Newtonian fluid; (4) the effect of gravity is
negligible; (5) the flow state is steady; (6) take tube inlet Reynolds
number as the overall Reynolds number, neglecting the influence
caused by additives for fluid; (7) heat conduction in additives is
neglected.

Equations of the continuity, momentum and energy for the fluid
flow are given below in a tensor form.

Continuity equation:

vðruiÞ
vxi

¼ 0 (9)

Momentum equation:

v

vxj

�
ruiuj

� ¼ �vp
vxi

þ v

vxj

"
m

 
vui
vxj

þ vuj
vxi

!#
(10)

Energy equation:

v

vxj

 
rujcPT � k

vT
vxj

!
¼ 0 (11)

All the boundary conditions for numerical simulations of
different tube additives are set as the same way as follows: the
finite difference method and the two-order upwind difference
scheme are applied to the numerical computation, and the SIMPLE
algorithm is used for the coupling between pressure and velocity
fields; the two-order upwind difference scheme is applied for en-
ergy and momentum, and the standard difference scheme is used
for the pressure field; tube wall temperature Tw ¼ 350 K, and inlet
temperature of fluid TN ¼ 293 K; the surface of tube additives is set
to be adiabatic in stable flow; the working fluid is water and inlet
Reynolds numbers are set as 300e1800 in laminar flow. In addition,
convergence criteria of 10�6 for the continuity and velocity com-
ponents and 10�8 for energy are applied, respectively. All the
following models are used in the same grid system with non-
uniform structured mesh generated by Gambit 2.0. Compared
with the theoretical data, the grid independent work has been done
in Ref. [28]. The correlation data and experimental results have
been compared to the computational models in Refs. [28,29] to
verify the precision on predicting heat transfer and hydraulic per-
formance. The identical modeling approach was adopted in the
present work.

5.1. Three regularly-spaced twisted tapes in a tube

Three regularly-spaced twisted tapes are presented in a tube as
shown in Fig. 2. The twisted tapes have the geometric dimensions
of L ¼ 500 mm, D ¼ 20 mm, t ¼ 1 mm, W ¼ 4 mm, Lh ¼ 20 mm,
Ls ¼ 5 mm and are placed at the corners of an equilateral triangle.
The distance a between each twisted tapes in the cross section is
5 mm, 6 mm and 7 mm, respectively.

Heat transfer and friction characteristics for three twisted tapes
in a tube are presented in Fig. 3(a) and (b). As shown in the figure,
Nusselt number increases slightly as the distance between twisted
tapes in the cross section varies from 5 mm to 7 mm. Apparently,
since heat transfer enhancement is intensified with the increase of
Reynolds number, Nusselt number increases significantly with the
increase of Reynolds number and reaches the maximum value at
about 90 when Re ¼ 1800. Meanwhile, the friction factor increases
as the space between twisted tapes in the cross section varies from
5 mm to 7 mm and decreases significantly with the increase of Re.
The friction factor reaches the minimum value at about 0.3 when
Re ¼ 1800 and a ¼ 5 mm.

Fig. 3(c) and (d) show the synergy angle b and q as a function of
Reynolds number for three twisted tapes in a tube. For a bare tube,
the synergy angle b and q keep about 88.8�e88.9� and 0.93�e1.2�,
respectively, under different Re numbers. As shown in the figure,
synergy angle b, which reaches the maximum value when
a ¼ 5 mm and minimum value when a ¼ 7 mm on identical Rey-
nolds number, decreases with increase of Re and the average value
is about 81�. Apparently, the decrease of synergy angle b corre-
sponds to the increase of Nusselt number at various Reynolds
numbers. While synergy angle q increases with increase of Rey-
nolds number and reaches themaximumvaluewhen a¼ 7mm and
minimum value when a ¼ 5 mm on identical Reynolds number.
Apparently, the increase of synergy angle q corresponds to the in-
crease of friction factor at various Reynolds numbers.

Fig. 4 shows the relation of EEC value with Reynolds number for
three twisted tapes in a tube. As show in the figure, the enhanced
tube with three twisted tapes shows a high value of EEC and it
increases with the increase of Reynolds number. It turns out the
maximum value is 1.194 when Re ¼ 1800 and a ¼ 5 mm, i.e.
compared with a bare tube, the ratio of heat flux augment is 1.194
times as the ratio of power consumption increase. According to the
above analysis, three twisted tapes in a tube present an expecting
result for the purpose of energy-saving and are applicable in en-
gineering fields.
5.2. Four regularly-spaced twisted tapes in a tube

Four regularly-spaced twisted tapes are arranged in a tube as
shown in Fig. 5. Compared to the three twist tapes, the four twisted
tapes has the geometric dimensions of L ¼ 500 mm, D ¼ 20 mm,
t¼ 1mm,W¼ 4mm, Lh¼ 20mm, Ls¼ 5mm. The distance between
each twisted tapes in the cross section is also 5 mm, 6 mm and
7 mm, respectively.

Heat transfer characteristics and synergy for four twisted tapes
in a tube are presented in Fig. 6(a) and (b). The trend of computa-
tional results is similar to that of three twisted tapes in a tube.
Nusselt number, which increases with the increase of Reynolds
number, increases slightly as the distance between twisted tapes in
the cross section varies from 5 mm to 7 mm and reaches the
maximum value about 105 when Re ¼ 1800. At the same time,



Fig. 3. Relation between Re and Nu, f, b, q of heat transfer enhanced tube with three twisted tapes in (a), (b), (c), (d) respectively.
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b decreases slightly with the increase of Re and reaches the mini-
mum value when a ¼ 7 mm and maximum value when a ¼ 5 mm.
Apparently, the decrease of synergy angle b corresponds to the
increase of Nusselt number as a function of various Reynolds
numbers.

Friction characteristics and synergy for four twisted tapes in a
tube are presented in Fig. 6(c) and (d). The friction coefficient de-
creases with Reynolds number ranging from 300 to 1800 and rea-
ches maximum and minimum when a ¼ 7 mm and a ¼ 5 mm,
respectively.

Fig. 7 shows the relation of EEC value with Reynolds number for
four twisted tapes in a tube. As shown in the figure, the
Fig. 4. Relation between Re and EEC of heat transfer enhanced tube with three twisted
tapes.
comprehensive efficiency index of four twisted tapes in a tube in-
creases with increase of Re and gives the maximum EEC value 1.05
when Re¼ 1800 and a ¼ 5 mm, i.e. in comparison with a bare tube,
the ratio of heat transfer enhancement is 1.05 times as the ratio of
power consumption increase. The EEC value is slightly less than that
of three twisted tapes in a tube but it is still applicable and practical
in engineering fields for the purpose of energy-saving.

5.3. Triangle poles and ten crossing poles insert in a tube

Regularly-spaced triangle circular poles and ten crossing circu-
lar poles are placed in tubes as shown in Figs. 8 and 9. The model
has the geometric dimensions of D ¼ 20 mm, L ¼ 500 mm,
Fig. 5. Four regularly-spaced twisted tapes in tube, (a) cross section geometric
dimension; (b) axial geometric dimension.



Fig. 6. Relation between Re and Nu, b, f, q of heat transfer enhanced tube with four twisted tapes in (a), (b), (c), (d) respectively.
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s ¼ 12.5 mm, d ¼ 1 mm. The distance from the end of pole to the
tubewall is 1 mm. The inserting additives are arranged in staggered
pattern.

As shown in Fig. 10, heat transfer performance of triangle cir-
cular poles is better than that of ten crossing circular poles, corre-
sponding to synergy angle b. For triangle circular poles inserting a
tube, Nusselt number reaches about 62 and synergy angle b reaches
about 83.5� when Re ¼ 1800. The friction factor of triangle circular
poles is larger than that of ten crossing circular poles, corre-
sponding to q. For ten crossing circular poles inserting a tube, the
Fig. 7. Relation between Re and EEC value of heat transfer enhanced tube with four
twisted tapes.
friction factor reaches about 0.45 and synergy angle q reaches about
48.5� when Re ¼ 1800.

Fig. 11 shows the relation of EEC value with Reynolds number for
triangle circular poles and ten crossing circular poles inserting in a
tube. As shown in the figure, the EEC value of triangle circular poles
in a tube increases with Reynolds number, which ranges from 300
to 1200, and remains constant near about 0.49 once Reynolds
number exceeds 1200. The EEC value of cross circular poles in a tube
increases with Reynolds number, which ranges from 300 to 1800,
and reaches the maximum value 0.572. Accordingly, the model of
triangle circular poles and ten crossing circular poles inserting in a
tube for the purpose of energy-saving is not applicable due to the
low EEC value.
5.4. Screw-tape in tube

Full-length helical screw-tapes and regularly-spaced helical
screw-tapes are arranged in a tube as shown in Fig. 12. The model
has the geometric dimensions of D ¼ 20 mm, L ¼ 500 mm,
W ¼ 10 mm. The thickness of helical screw-tapes d is 1 mm.
Regularly-spaced helical tapes has the geometric dimensions of
Lh¼54 mm and Ls ¼ 54 mm. The space ratio S is defined as S ¼ Lh/Ls
[30].
Fig. 8. Triangle circular poles in a tube.



Fig. 9. Ten crossing circular poles in a tube.

Fig. 11. Relation between Re and EEC value of heat transfer enhanced tube with tri-
angle circular poles and ten crossing circular poles.
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As shown in Fig. 13, heat transfer performance of full-length
screw-tapes is slightly better than that of regularly-spaced helical
screw-tapes, corresponding to b. The reductions of Nusselt number
for the regularly-spaced helical screw-tapes are 11%e15% based on
various Reynolds numbers in comparison with the full-length he-
lical screw-tapes. For full-length helical screw-tapes inserting a
tube, Nusselt number reaches about 120 and synergy angle b rea-
ches about 78� when Re ¼ 1800. The reductions of friction factor of
regularly-spaced helical screw-tapes are 43%e53% on various
Reynolds numbers in comparison with the full-length helical
screw-tapes, corresponding to q. For regularly-spaced helical
screw-tapes inserting a tube, the friction coefficient reaches about
0.52 and synergy angle q reaches about 60� when Re ¼ 1800.

Fig.14 shows the relation of EEC valuewith Reynolds number for
two models of helical screw-tapes in a tube. As shown in the figure,
the EEC value of two models in a tube increases with Reynolds
number ranging from 300 to 1200 and remains nearly constant
after Reynolds number exceeds 1200. The model gives the
maximum EEC value 0.91 when Re ¼ 1800. Accordingly, inserting
helical tapes in a tube is a promising technique for heat transfer
enhancement.
Fig. 10. Relation between Re and Nu, b, f, q of heat transfer enhanced tube with trian
Fig. 15, i.e. comprehensive efficiency evaluation plot, reflects all
working points of the models discussed above. Six working points
for every additive are arranged ranging Reynolds number from 300
to 1800 from bottom up. For three regularly-spaced twisted tapes in
tube, half of the working points are presented in region I, i.e. the
EEC value of about half of the working points are larger than 1, with
different distances between twisted tapes in the cross section.
According to the intercept discussed before, EEC reaches the
maximum value 1.194 when a ¼ 5 mm and Re ¼ 1800, which in-
dicates that the ratio of heat transfer enhancement is 1.194 times as
the ratio of power consumption increase for enhanced tube in
gle circular poles and ten crossing circular poles in (a), (b), (c), (d) respectively.



Fig. 14. Relation between Re and EEC value of heat transfer enhanced tube with helical
screw-tapes.

Fig. 12. Helical screw-tape in a tube, (a) Full-length helical screw-tape; (b) regularly-
spaced helical screw tape.
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comparison with a bare tube based on identical Reynolds number
and identical dimensions. Therefore, inserting three regularly-
spaced twisted tapes in a tube is a practical and applicable tech-
nique for heat transfer enhancement. Similarly, EEC, the ratio of
heat transfer capacity increase over the ratio of power consumption
increase for four regularly-spaced twisted tapes, triangle circular
poles, ten crossing circular poles, full-length and regularly-spaced
helical screw-tapes are presented in Fig. 15. As shown, working
points of three regularly-spaced twisted tapes, four regularly-
spaced twisted tapes and regularly-spaced helical tapes are
plotted in or approaching region I, indicating they are effective
ways to enhance heat transfer and save energy. Full-length helical
screw-tapes have the similar value of Q/Q0 but larger value of DP/
DP0 compared with regularly-spaced helical screw-tapes which
results in lower comprehensive index EEC. This is because of the
Fig. 13. Relation between Re and Nu, b, f, q of heat transfer enhance
fact that the geometric arranging pattern of regular spaces reduces
the pressure drop and thus increases comprehensive efficiency
index, which corresponds with the core flow heat transfer
enhancement proposed by Liu [4e6]. Every working point of tri-
angle circular poles and cross circular poles is in region II and far
away from baseline resulting from the two models lack of distur-
bance in fluid and increase flow resistance. The two models have
smaller value of Q/Q0 and larger value ofDP/DP0 in comparisonwith
three regularly-spaced helical screw-tapes on identical Reynolds
number, thus EEC of the two models is much smaller. Therefore,
triangle circular poles and cross circular poles interpolating into a
tube are not effective ways for heat transfer enhancement.
d tube with helical screw tapes in (a), (b), (c), (d) respectively.



Fig. 15. An efficiency evaluation plot for enhancement techniques oriented for energy-
saving.
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6. Conclusions

Based on the analysis of internal relation of velocity and tem-
perature field and velocity and pressure field for the convective
heat transfer, the paper demonstrated multi-fields synergy princi-
ple and proposed relation between b and the heat transfer char-
acteristics and relation between q and the friction characteristics.
The physical nature of heat transfer enhancement was presented
through the analysis of synergy angle b and q. By the comparison
between the boundary flow heat transfer enhancement and the
core flow heat transfer enhancement, inserting additives in the core
flow region resulted in less friction and larger heat transfer rate.
The comprehensive index EEC and efficiency evaluation plot were
proposed. Various values of EEC and positions in comprehensive
efficiency evaluation plot for various enhanced elements reflected
the performance of different techniques. Numerical simulations of
four typical additives in tube were provided to verify the relation
between b and heat transfer performance and relation between q

and friction characteristics and all results were evaluated by the
value of EEC and the efficiency evaluation plot.
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Nomenclature

a distance between tapes in cross section [m]
A heat transfer area [m2]
cp specific heat [kJ/(kg K)]
D tube diameter [m]
f friction factor
k thermal conductivity [W/m K]
L flow channel length [m]
Lh helical tape length [m]
Ls free-spacing length [m]
Nu Nusselt number
P power consumption [W]
Pr Prandtl number
Q heat transfer rate [W]
Re Reynolds number
s tape to space ratio (s ¼ Lh/Ls)
t tape thickness [m]
Tw wall temperature [K]
TN inlet temperature of fluid [K]
T temperature of fluid [K]
u velocity along x direction [m/s]
um average velocity of cross-section [m/s]
U flow velocity vector of fluid [m/s]
v velocity along y direction [m/s]
V volume flow rate
W tape width [m]
VP pressure gradient [Pa/m]
Dp pressure drop [Pa]
Dt wall-to-fluid temperature difference [K]

Greek symbols
b synergy angle [�]
q synergy angle [�]
r fluid density [kg/m3]
m dynamic viscosity [kg/(m s)]

Subscript
0 bare tube
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