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Our previous investigations demonstrated that conical strip inserts have good thermo-hydraulic per-
formances based on evaluation criteria of the First Law of Thermodynamics. The present work is dedi-
cated to further analyze the performances of these inserts from a viewpoint of entropy generation. Effects
of alignment method and geometrical parameters on entropy generations of laminar heat transfer in the
tubular flow are investigated. Local entropy generations are presented for discussion. Results show that
entropy generation rates caused by non-staggered strips are about 81.1% that of staggered alignment,
while the heat transfer rates and PECs of the former are about 33.8% and 13.5% larger than the latter
counterparts, respectively. Moreover, the entropy generation rate (and thus irreversible loss) caused by
heat transfer process overwhelms the counterpart by viscous flow. The total entropy generation number
of enhanced tube, ranging between 0.0657 and 0.0975, is most sensitive to geometry angle with a
maximum averaged relative variation of 32.2%. Its variation trend with Re is concave with a pit at
Re ¼ ~600. In brief, non-staggered inserts with a larger geometry angle and smaller strip-wall gap and
pitch, facilitate a better thermo-hydraulic performance at Re ¼ ~600 from the viewpoint of exergy loss
reduction.

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

For energy saving and cost reduction, heat transfer enhance-
ment in heat exchangers has been extensively studied for several
decades. Numerous thermal augmentation techniques have been
developed and applied in various industrial fields to make the heat
transfer process more efficient [1e8].

Enhancing the heat transfer rate on the tube side is always
highlighted for the improvement of overall performance of heat
exchangers. A variety of high efficient tubes, for example, spirally
corrugated tube [9], helically rib-roughened tube [10], and micro-
fin tube [11], have been developed for better performances on the
tube side. Meanwhile, many kinds of tube inserts have been
investigated for the tube-side enhancement. The twisted tapes are
one type of frequently adopted inserts with good performance
[12,13], because they generate spiral flow in tubes, which promotes
the blending of bulk fluid and disturbs thermal boundary layer as
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well. However, the increment of flow resistance induced by a
conventional twisted tape is relatively larger. To crack the nut,
many developments and modifications have been presented, to
name a few, segmented twisted tapes [14,15], broken twisted tapes
[16], and center-cleared twisted tapes [17], etc. Wire coil is another
type of tube inserts for heat transfer enhancement. It could induce
spiral flow near the wall and block the development of viscous sub-
layer. Thus, the thermal augmentation is efficient in the turbulent
regime, while the flow resistance is relatively smaller [18,19].

Usually, the heat transfer enhancement is accompanied by an
increment in the flow resistance or required pumping power. In
order to comprehensively evaluate the overall thermo-hydraulic
performance, both the heat transfer rate and flow resistance
should be taken into consideration. Up to now, a variety of per-
formance evaluation criteria (PEC) have been proposed [20], to list a
few, [(Nu/Nu0)/(f/f0)]1/3, (K/K0)/(Dp/Dp0) and (h/h0)/[(W/A)/(W/
A)0]1/3 are some frequently adopted ones, in which the subscript
0 stands for the values before being enhanced.

It is noted that the above-mentioned PECs make use of com-
bined parameters based on the First Law of Thermodynamics, and
no considerations are given to the irreversible losses of the energy
quality or exergy. As is well known that heat transfer is driven by
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Nomenclature

b strip pitch, m
cV specific heat of constant volume, J/(kg K)
D tube diameter, m
f friction factor
g gravitational acceleration, m/s2

Gr Grashof number
h convection heat transfer coefficient, W/(m2 K)
K overall heat transfer coefficient, W/(m2 K)
L length, m
Nu Nusselt number
Ns entropy generation number
p pressure, Pa
Dp pressure loss, Pa
qT heat flux, W/m2

qV volumetric flow rate, m3/s
Re Reynolds number
s entropy, J/(kg K)
Sg
c local entropy generation rate, W/(m3 K)
Sg
t tube entropy generation rate, W/K

T temperature, K
u velocity, m/s
W pumping power, W
x, y, z coordinate axis, m
r density, kg/m3

m dynamic viscosity, N s/m2

l thermal conductivity, W/(m K)
a slant angle, �

b geometry angle, �

d strip-wall gap, m
g mean pressure gradient, Pa/m
aV volume expansion coefficient, 1/K

Subscripts
f fluid
i, j tensor
in inlet
m mean
out outlet
w tube wall
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temperature difference, and heat amount keeps constant during
the transfer process. However, according to the Second Law of
Thermodynamics, the quality of thermal energy is degraded and
some amount of exergy is dissipated. Meanwhile, extra entropy will
be generated. Therefore, for a heat transfer process where the
exploitation of exergy is highlighted, the analysis method based on
exergy loss should be taken instead to minimize the entropy gen-
eration for an optimal design [21e23]. Although the minimal en-
tropy generation principle was proposed several decades ago, many
researchers still employ this principle in their studies on thermal
augmentation [24e31]. Sahin [24] computed the dimensionless
entropy generation to determine the optimum duct shape with
constant heat flux and circular geometry was found to be the best.
Moreover, he revealed that the viscous entropy generation becomes
dominant under the condition of low heat flux [25]. Ko and Ting
[26] and Ko [27] made use of the minimal entropy generation
principle to optimize laminar forced convection in a rectangular
curved duct with longitudinal ribs. They compared various rib ar-
rangements and discovered that mounting a single rib on the
heated wall could reduce the entropy generation most effectively.

Fan et al. recently developed a new insert with segmental
conical strips for heat transfer enhancement, and demonstrated
these inserts had good thermo-hydraulic performances based on
Fig. 1. Schematics of enhanced tubes with conical strip insert
the First Law of Thermodynamics in both turbulent and laminar
flow regimes [32,33]. The current work is dedicated to further
investigate the laminar thermal augmentation with conical strip
inserts from the viewpoint of minimal entropy generation,
including comparing thermo-hydraulic performances of enhanced
tubes with staggered and non-staggered strip inserts, and exam-
ining the effects of geometrical parameters of strip inserts on the
irreversible losses of convective heat transfer.
2. Numerical model and computational scheme

2.1. Physical model

Fig. 1(a) and (b) schematically shows the horizontal circular
tubes fitted with non-staggered and staggered conical strip inserts,
respectively. The inner diameters, D, of both tubes are 0.02 m. The
dimension of conical strip is characterized by a geometry angle, b
(¼30�, 45�, 60� and 90�). The slant angle a (¼30�, 40� and 50�)
refers to the angle between the conical strip and the central rod.
The strip-wall gap (d) and strip pitch (b) are normalized by tube
diameter D, with d/D taking the values of 0.10, 0.15, 0.20 and 0.25,
while b/D taking the values of 1.5, 2.25 and 3.0.
s. (a) Non-staggered alignment; (b) staggered alignment.
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2.2. Governing equations

The present flow is assumed to be in the laminar regime. Air is
selected as the working fluid, which is treated as a Newtonian,
incompressible fluid. Because the averaged temperature differ-
ences between the bulk fluid and tube wall are not that large
(<30 K) in the current investigation, the physical properties of
working fluid are considered to be constant [34], and the buoyancy
effect is ignored, which is to be checked in Section 2.4. Moreover, it
is assumed that the deformation of conical strip inserts is not
considered. In addition, the assumption of quasi-steady convection
heat transfer is adopted to decrease the computation load [35,36].
The conservation equations of continuity, momentum and energy
for the convective heat transfer of working fluid are presented in
the tensor form as following:

Continuity equation:

v
�
ruj
�

vxj
¼ 0 (1)

Momentum equation:
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Energy equation:
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where T and p stand for fluid temperature and pressure, respec-
tively; u is the fluid velocity; r and cV are fluid density and specific
heat at constant volume, respectively; and l and m are thermal
conductivity and dynamic viscosity, respectively.

The conical strips, made of stainless steel, don't contact with the
tube wall (see Fig. 1). However, they could impact the temperature
field of working fluid through their internal heat conduction and
convection heat transfer with air, which favors the heat transfer
enhancement and the reduction of entropy generation. The strips
have a thickness of 1mm,whose temperature fields are determined
by Eq. (4), together with the conjugate heat transfer between the
fluid and strips.

v

vxj

 
ls

 
vT
vxj

!!
¼ 0 (4)

where ls refers to the heat conductivity of strips.
Since the strips are arranged with constant pitch, to minimize

the computation load and for the convenience of comparison, the
convection heat transfer is assumed to be fully developed, thus the
periodical model can be adopted, i.e., only one cycle of tube is
modeled in the present investigation. In the construction of peri-
odic model, a transform is conducted by introducing an interme-
diate variable of pressure [37], i.e.,

bp ¼ pðx; y; zÞ þ g$ðx� LcÞ (5)

where g and x refer to the averaged longitudinal pressure gradient
and the longitudinal coordinate, while Lc equals to the length of one
cycle. As for the case of non-staggered alignment, Lc takes strip
pitch (b), thus g ¼ [p(x, y, z) � p(x þ b, y, z)]/b.

It is clear that bp varies periodically in the fully developed region,
and the momentum equation can be re-written based on the in-
termediate variable bp. The real pressure can be obtained by Eq. (5)
after the convergence of iteration.
2.3. Computation region, mesh and boundary conditions

In the current numerical model, one cycle of the enhanced tube
is adopted as the computation domain, and periodic boundary
condition is applied to the inlet and outlet of the domain [37].
Meanwhile, due to the symmetric geometries of the circular tubes,
only half of and a quarter of them are chosen for the staggered and
non-staggered alignments in our computation, respectively. The
software Gambit 2.4 is adopted for the geometrical modeling and
meshing, and both tetrahedral mesh and hexahedral mesh are
adopted. In order to resolve the variations of entropy generations
near the walls, mesh refinement is conducted in these regions. The
computation domains and grid systems, for enhanced tubes with
conical strips of staggered and non-staggered alignments, are
shown in Fig. 2(a) and (b), respectively, which both consist of a fluid
zone (air) and a solid zone (strip).

Momentum boundaries of no slip and no penetration are set for
all solid walls. The tube wall has a thermal boundary condition of
uniform heat flux, while the boundary of thermally coupled wall is
set for the interface between fluid and solid. In order to obtain an
approximately constant temperature difference between tube wall
and working fluid, the value of heat flux on tube wall is propor-
tional to the Re number, and the slope is approximately the same as
that of Nu number.

As for the periodic boundary, the mass flow rate needs to be
given for bulk flow, then the CFD software computes the fluid ve-
locity and temperature fields at the inlet by iteration [37]. In the
current investigation, the specified mass flow rates insure that the
tubular flow is always in the laminar regime.
2.4. Computational scheme and validation

The commercial CFD software, Fluent 12.0 [38], is used to solve
these governing equations. The conservation equations and
boundary conditions are discretized by finite volume formulation.
The momentum and energy terms are treated with the second-
order upwind scheme, while the pressure term takes the stan-
dard scheme. The gradients on the faces are evaluated with the
Node-Based method, i.e., taking the arithmetic average of the nodal
values on the face. The double-precision segregated solver is
adopted for the computation, and pressure and velocity are coupled
with the ‘SIMPLE’ algorithm. The convergence criteria are set as:
relative residual of 1E�5 for both continuity and momentum and
1E�8 for energy.

The present numerical methods are validated by computing a
smooth tube, a full-length enhanced tube and a one-cycle
enhanced tube in our previous paper [33], where the computed
Nu number and f factor of smooth tube have relative deviations
within ±3% against the theoretical counterparts. The check of grid
independence is conducted for staggered and non-staggered
alignments, respectively. For the non-staggered alignment, three
grid systems (about 80,000, 125,000 and 210,000 cells) are
computed, and the moderate grid is adopted for the final compu-
tation since the relative deviations of Nu and f between the last two
systems are only 1.5% and 3.2%, respectively. The staggered align-
ment uses a similar grid system to that of non-staggered one, and
the grid system of 500,000 cells is ultimately adopted by comparing
three grid systems (about 320,000, 500,000 and 800,000 cells).

The effect of buoyancy is evaluated with the combined criterion
(Gr/Re2) in the current investigation. Since uniform heat flux is set
on the tube wall, the temperature field of tubular flow is sym-
metrical, and tube radius is adopted as the characteristic dimension
of Gr number (¼r2gD3aV(Tw,m� Tf,m)/8m2). Therefore, in the present
investigation, the Gr of tubular flow is smaller than 4000, and the



Fig. 2. Computation domains and meshes for enhanced tubes with strips of staggered and non-staggered alignments, red represents the strips. (a) Staggered alignment; (b) non-
staggered alignment (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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value of Gr/Re2 is less than 0.045 at Re ¼ 300e1800, which in-
dicates the tubular flow is always in the forced laminar regime [34].

In addition, the numerical computation on a full-section hori-
zontal tube of one periodic length is conducted to examine the
effect of buoyancy force in the above Re ranges for both staggered
and non-staggered alignments, where the density of air is set to be
temperature dependent. The relative deviations of Nu and f of non-
staggered alignment from the counterparts of fluid with constant
density are less than 3% at Re ¼ 300e1800, while the counterparts
of staggered alignments are less than 4.5%. Therefore, in the present
investigation, the Re is set in the range between 300 and 1800, and
thus the buoyancy can be neglected in the computation.

3. Calculation methods of thermo-hydraulic performances

Despite that entropy generation based on the Second Law of
Thermodynamics is highlighted in the current study, we still pay
close attention to heat transfer rate and flow resistance, because
they not only reflect the direct gain and cost of thermal augmen-
tation, but also influence the entropy generations greatly. The
calculation methods of thermo-hydraulic performances are listed
as following.

3.1. Heat transfer rate, friction factor and overall performance
evaluation criterion (PEC) based on the First Law of
Thermodynamics

Heat transfer rate is expressed by the Nusselt number, Nu, which
is calculated as

Nu ¼ qT;w
Tw;m � Tf ;m

$
D
l

(6)

where D, l and qT,w stand for the tube diameter, air thermal con-
ductivity and heat flux of tube wall, respectively. Tw,m stands for the
area-weighted mean temperature of tube wall, while Tf,m represents
the arithmetic mean value of the averaged temperatures of working
fluid at the inlet and outlet, respectively, i.e., Tf,m ¼ (Tin,m þ Tout,m)/2.
The calculation of the averaged temperature of inlet fluid is
presented by Eq. (7), and the averaged fluid temperature at the
outlet can be obtained with the same way.

Tin;m ¼ ∬
S

ruxTf dydz=∬
S

rux dydz (7)

Here ux and Tf refer to the local axial velocity and temperature of
fluid, respectively. S represents the section of the inlet.

The friction factor, f, is calculated as

f ¼ 2gD
ru2m;x

(8)

where um,x stands for the mean axial velocity of cross section, while
D and g represent the diameter and mean axial pressure gradient,
respectively.

The overall thermo-hydraulic performance evaluation criterion
based on the First Law of Thermodynamics is presented by Eq. (9)
[20,33], where the Nu0 and f0 represent the Nu number and f fac-
tor of smooth tube at the same Re condition.

PEC ¼
 
Nu=Nu0
ðf =f0Þ1=3

!
(9)
3.2. Entropy generation rate and entropy generation number

Taking an arbitrary cell from the computation domain for
consideration, the total entropy generation rate of stable convec-
tion heat transfer can be calculated by the following entropy bal-
ance equation [39].

Scg ¼ �1
T
V$ðlVTÞ þ ljVT j2

T2
þ ru$Vs (10)

where u and T stand for the velocity vector and temperature of
working fluid, while s and Sg

c represent entropy and local entropy
generation rate, respectively.

Combining Eqs. (3) and (10), together with the First Law of
Thermodynamics (i.e., cVdT ¼ T ds � p dV), one can obtain the local
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entropy generation rate of incompressible fluid, as shown in Eq.
(11) [25,26].

Scg ¼ Scg;DT þ Scg;Dp ¼ l

T2
jVT j2 þ m

T
vui
vxj

 
vui
vxj

þ vuj
vxi

!
(11)

where the first term on the right hand side stands for the entropy
generation arising from heat conduction, i.e., Scg;DT ¼ ðl=T2ÞjVT j2,
while the second term represents the entropy generation caused by
viscous flow, i.e., Scg;Dp ¼ ðm=TÞ ðvui=vxjÞ ½ðvui=vxjÞ þ ðvuj=vxiÞ�.

The above derivation is conducted for the local entropy gener-
ation. If we apply the entropy balance principle to awhole tube, the
total entropy generation rate of the tube can be obtained, as shown
in Eq. (12) [39].

Stg ¼ Stg;Dt þ Stg;Dp

¼
 
rqVcp ln

 
Tout;m
Tin;m

!
� qT;wpDL

Tw;m
� qV$Dp

Tf ;m

!
þ qV$Dp

Tf ;m
(12)

where qV is the volumetric flow rate; Tin,m and Tout,m stand for the
fluid temperatures of inlet and outlet, respectively, while Tf,m refers
to the averaged value of fluid temperatures at the inlet and outlet.
The last term on the right hand side of Eq. (12), represents the
whole entropy generation rate resulting from viscous flow, i.e.,
Fig. 3. Comparisons of thermo-hydraulic performances for enhanced tubes with strip inserts
number in the curves are taken from enhanced tubes of 9D length. (a) Nu/Nu0; (b) f/f0; (c)
Stg;Dp ¼ ðqV$DpÞ=Tf ;m, while the three terms in the bracket stand for
the entropy generation rate due to heat transfer, i.e.,
Stg;DT ¼ rqVcp lnðTout;m=Tin;mÞ � ðqT;wpDL=Tw;mÞ � ½ðqV$DpÞ=Tf ;m�.

For the conveniences of the comparisons of irreversible losses
between enhanced tubes with different cycle length, the tubes of
same length (i.e., 9D) are computed for the entropy generation
rates. In the computation, it is assumed that each cycle has the
same averaged convection heat transfer coefficient (or Nu number)
and pressure loss.

It is seen from Eq. (12) that the entropy generation rate depends
on the heat flux and temperature of tube wall. For easier compar-
isons between different cases, various dimensionless entropy
generation numbers have been presented and widely applied
[40e42]. In the current investigation, the total entropy generation
number normalized by the entropy flow through the tube wall is
adopted [42], as shown in Eq. (13).

Ns ¼
Tw;m

�
Sg;DT þ nSg;Dp

�
qT;wpDL

(13)

where L is the calculated tube length, equal to 9D. The factor n is for
the conversion efficiency from exergy of thermal energy to me-
chanical work. The value of n ranges from 5.5 to 7.0 [42], and here a
typical value of 6.0 is adopted.
of staggered and non-staggered alignments. The values of entropy generation rate and
PEC; (d) total tube entropy generation rate (Sgt ) and entropy generation number (Ns

t).
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4. Results and discussions

4.1. Performance comparison between tubes with staggered and
non-staggered strips

Two types of conical strips, i.e., geometry angle b ¼ 60� and 90�,
are adopted to compare the performances between tubes with
strips of staggered and non-staggered alignments in the current
investigation. Fig. 3(a) and (b) depicts the variations of Nusselt
number ratio (Nu/Nu0) and friction factor ratio (f/f0) for the two
alignments of strips in the laminar flow regime, respectively, in
which the subscript 0 stands for the corresponding value of smooth
tube. From Fig. 3(a) and (b), it can be seen that both Nu/Nu0 and f/f0
increase with the increment of Re. Moreover, compared with
staggered strip inserts, the non-staggered alignment generates
larger Nu/Nu0 and f/f0. In more details, the mean Nu/Nu0 is about
35.6% and 31.9% higher for b ¼ 60� and 90�, respectively, while the
mean f/f0 takes the values 46.2% and 60.9% larger than those of
staggered alignment for the two geometry angles, respectively. The
variation of overall thermo-hydraulic performance (PEC) is pre-
sented in Fig. 3(c). From Fig. 3(c) one can see that both non-
staggered and staggered alignments of strips generate an
increasing PECwith the increment of Re, and the PECs of the former
are about 16.1% and 10.0% larger for b ¼ 60� and 90�, respectively.

The comparisons of total entropy generation rate (Sgt in left
vertical axis) and entropy generation number (Ns

t in right vertical
Fig. 4. Variations of tube entropy generation rate resulting from heat transfer ðStg;DT Þ and visc
strip-wall gaps (d/D) and strip pitches (b/D). The values of entropy generation rate in the cu
a ¼ 30� , d/D ¼ 0.15, b/D ¼ 1.5; (c) a ¼ 30� , b ¼ 60� , b/D ¼ 1.5; (d) a ¼ 30� , b ¼ 60� , d/D ¼
axis) between the staggered and non-staggered alignments are
presented in Fig. 3(d), in which the entropy generations take the
values of tubes with same length (i.e., 9D). From Fig. 3(d) it is clear
that the irreversible losses of enhanced tubes with non-staggered
strips are smaller than those of staggered alignment. In more de-
tails, Sgt and Ns

t caused by non-staggered strips are about 81.1% and
80.0% of those by strips of staggered alignment, respectively.

In conclusion, the strips of non-staggered alignment could
enhance the heat transfer rate more efficiently, because they
generate relatively larger heat transfer rates and PECs, meanwhile
the irreversible losses are smaller. Therefore, the following in-
vestigations in geometrical parameters are limited to the non-
staggered strip inserts.

4.2. Variations of entropy generations with geometrical parameters

4.2.1. Effects of geometrical parameters on entropy generation rates
resulting from heat transfer ðStg;DT Þ and viscous flow ðStg;DpÞ

Fig. 4(a)e(d) demonstrates the effects of slant angle (a), ge-
ometry angle (b), dimensionless strip-wall gap (d/D) and strip
pitch (b/D) on the entropy generation rates of enhanced tubes,
respectively. Double vertical coordinates systems are adopted in
Fig. 4, in which the left axis represents the entropy generation
resulting from heat transfer ðStg;DT Þ, and right vertical axis stands
for the viscous entropy generation ðStg;DpÞ. Both Stg;DT and Stg;Dp take
the values produced in the tubes of same length (i.e., 9D), and the
ous flow ðStg;DpÞ for enhanced tubes with different slant angles (a), geometry angles (b),
rves are taken from enhanced tubes of 9D length. (a) b ¼ 60� , d/D ¼ 0.15, b/D ¼ 1.5; (b)
0.15.
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heat flux on tube wall varies between 400 and 800 W/m2 for
Re ¼ 300e1800. It is clearly seen from Fig. 4(a)e(d) that the
geometrical parameters exert significant effects on entropy gen-
eration rates, and two general tendencies are observed. First, both
Stg;DT and Stg;Dp increase with the increment of Re. Secondly, the
values of Stg;DT are several hundred times larger than those of Stg;Dp.
For an instance, when Re rises from 300 to 1800, the non-
staggered strips of a ¼ 30�, b ¼ 60�, d/D ¼ 0.15 and b/D ¼ 1.5
generate rising Stg;DT and Stg;Dp, and their values vary between
5.24E�4~1.18E�3 and 3.66E�8~3.04E�6 W/K, respectively, which
indicate that the irreversible losses due to viscous flow could be
neglected in the evaluation of total entropy generation, and thus
Stg;DT is highlighted in the following analyses.

It is observed from Fig. 4(b)e(d) that at a fixed Re, Stg;Dp increases
with the increment of geometry angle (b), and with the decrements
of strip-wall gap (d/D) or pitch (b/D), while the variation tendencies
of Stg;DT are inverse. In addition, as depicted in Fig. 4(a), Stg;Dp in-
creases with the increment of slant angle (a) monotonically.
However, the variation tendency of Stg;DT versus a is more complex
and depends on Re. When Re exceeds about 400, Stg;DT decreases
Fig. 5. Variation of total entropy generation number (Ns
t) for enhanced tubes with different

values of total entropy generation number in the curves are taken from enhanced tubes of 9D
b ¼ 60� , b/D ¼ 1.5; (d) a ¼ 30� , b ¼ 60� , d/D ¼ 0.15.
with the increment of a; however, when Re ¼ 300, Stg;DT increases
with the increment of a, but the differences are not that large.

Scrutinizing the curves in Fig. 4(a)e(d), one can see that Stg;DT is
most sensitive to the geometry angle (b). When b is increased from
30� to 90�, Stg;DT decreases by around 30.9%. The strip-wall gap (d/D)
and pitch (b/D) havemoderate effects on the irreversible losses. The
maximum averaged variations of Stg;DT caused by d/D and b/D are
about 15.6% and 13.9%, respectively (at d/D ¼ 0.1 versus 0.25; b/
D ¼ 1.5 versus 3.0). The impact of slant angle (a) on the irreversible
losses is relatively smaller with a maximum averaged variation of
about 6.8%.
4.2.2. Effects of geometrical parameters on the total entropy
generation number (Ns

t)
The total entropy generation rate (Sgt ) and dimensionless en-

tropy generation number (Ns
t) are usually highlighted in the en-

tropy generation analysis. Since the irreversible losses resulting
from heat transfer are dominant in the total entropy generation,
and the entropy generation rates of heat transfer have already been
slant angles (a), geometry angles (b), strip-wall gaps (d/D) and strip pitches (b/D). The
length. (a) b ¼ 60� , d/D ¼ 0.15, b/D ¼ 1.5; (b) a ¼ 30� , d/D ¼ 0.15, b/D ¼ 1.5; (c) a ¼ 30� ,
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putted forward in Section 4.2.1, here only the variation of total
entropy generation number is presented.

The influences of slant angle (a), geometry angle (b), strip-wall
gap (d/D) and strip pitch (b/D) on total entropy generation number
(Ns

t) are presented in Fig. 5(a)e(d), respectively. From Fig. 5 it is seen
that Ns

t lies in the range of 0.0657e0.0975 for all the investigated
non-staggered strips and Re, and it has a different variation ten-
dency with Re compared with Stg;DT . All the curves of Ns

teRe are
concave and the pits are located at Re ¼ 600. In other words, when
Re < 600, Ns

t drops with an increasing Re, while a larger Re gener-
ates a larger Ns

t at Re > 600. This phenomenon indicates that the
Re ¼ 600 is an optimal working condition from the viewpoint of
minimal entropy generation number.

Scrutinizing the curves in Fig. 5(a)e(d), one can see that ge-
ometry angle (b) has a larger influence on Ns

t. When b is increased
from 30� to 90�, Ns

t decreases by around 32.2%. Meanwhile, the
influences of strip-wall gap (d/D) and pitch (b/D) are moderate with
the maximum averaged relative variations about 16.5% and 14.8%,
respectively (at d/D ¼ 0.1 versus 0.25; b/D ¼ 1.5 versus 3.0). The
impact of slant angle (a) on Ns

t is relatively limited. Its maximum
averaged variation is about 6.9%.

4.3. Discussions and analyses

4.3.1. About the comparisons of thermo-hydraulic performances
between staggered and non-staggered alignments

In Section 4.1, it is concluded that non-staggered strips generate
larger heat transfer rates and smaller entropy generation rates
compared with staggered ones. To dig the reason, the temperature
Fig. 6. Contours of temperature and velocity for enhanced tubes with strips of staggered
staggered alignment; (b) temperature of non-staggered alignment; (c) velocity of staggered
and velocity contours at the longitudinal and cross sections of
enhanced tubes with staggered or non-staggered strips are pre-
sented in Fig. 6(a)e(d), respectively. Comparing Fig. 6(c) and (d),
one can see that the non-staggered alignment generates a larger
velocity magnitude, which results in a larger pressure loss and
viscous entropy generation rate, and also facilitates the enhance-
ment of heat transfer rate and reduction of heat transfer entropy
generation. Scrutinizing the velocity and temperature contours of
the cross section in Fig. 6, one can find that compared with the
insufficiently disturbed region of staggered alignment, where the
local flow and thermal boundary layers are thicker, the counterpart
of non-staggered alignment is smaller, which favors the increment
of heat transfer rate and reduction of heat transfer entropy
generation.

Studying the velocity contours in the longitudinal sections of
Fig. 6(c) and (d), it is find that the velocity contour generated by
staggered strips is more complicated, and the analysis on the
comparison of heat transfer rate (and thus entropy generation by
heat transfer) need to be based on the “field synergy principle”,
which tells that the convection heat transfer rate depends on both
fluid velocity magnitude and synergy angle between velocity and
heat flux [43]. As for the tubes with staggered strips, due to the
blockage of strips, the near-wall fluid has a smaller velocity
magnitude at the downstream of strips, while there the synergy
angle between velocity and heat flux is smaller, which facilitates a
larger heat transfer rate. The fluid velocity on the opposite side of
strips is larger, however, there the synergy performance between
convection and heat conduction is not so desirable. As a result, the
local convection heat transfer coefficient on the strip side has a
and non-staggered alignments under the condition of Re ¼ 900. (a) Temperature of
alignment; (d) velocity of non-staggered alignment.



Fig. 7. Variations of tube entropy generation rate of heat transfer ðStg;DT Þ and total
entropy generation number (Ns

t) under five different heating conditions. The heat flux
on tube wall is linear to Re for No. 1, 2, 3 and 4, and their values at Re ¼ 300 are equal to
100, 200, 400 and 600 W/m2, respectively. The tube wall of No. 5 has a constant heat
flux of 100 W/m2.
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larger value, which can be seen from a thicker thermal boundary
layer on the opposite side (see Fig. 6(a)). Non-staggered alignment
accommodates two times strips compared with staggered one,
which facilitates the heat transfer enhancement and also the
reduction of heat transfer entropy generation.

With the above analyses, one can conclude that compared with
staggered strips, non-staggered ones can generate good heat
transfer enhancement, i.e., a larger Nu and a smaller entropy gen-
eration rate.
Fig. 8. Contours of local entropy generation rate induced by viscous flow ðScg;DpÞ at horizonta
different geometry angles (b). (a) b ¼ 30�; (b) b ¼ 45�; (c) b ¼ 60�; (d) b ¼ 90� .
4.3.2. About the comparison of entropy generation rate of heat
transfer ðStg;DT Þ with that of viscous flow ðStg;DpÞ and the effects of
tube-wall heat flux (qT,w)

Fig. 4 demonstrates that tube entropy generation rate resulting
from heat transfer ðStg;DT Þ overwhelms the counterpart caused by
viscous flow ðStg;DpÞ. The reason for this phenomenon could lie in
the adopted Re and tube-wall heat flux (qT,w). On the one hand, the
fluid velocity of present laminar flow is small, thus Stg;Dp has a small
value as well. On the other hand, a large qT,w (i.e., 400 W/m2 at
Re ¼ 300) is adopted in the present investigation, and the tem-
perature difference between tube wall and working fluid is large.
Thus, a notable Stg;DT is generated and it plays a dominant role in the
total entropy generation (Sgt ).

To further investigate the relation between heat flux (qT,w) and
entropy generation (Stg;DT , Stg;Dp and Ns

t), five different heating
conditions are computed, amongwhich four conditions have varied
qT,w under different Re, while qT,w of the fifth condition is constant
for all Re. The results are depicted in Fig. 7, where the left and right
vertical axes are for Stg;DT and Ns

t, respectively. It is noted that
because the value of Stg;Dp is limited and the effects of qT,w on Stg;Dp is
relatively weak, no Stg;DpeRe curves are showed in Fig. 7. Instead,
the value of Stg;Dp is referred to the black dashed curve in Fig. 4(a).

From the left vertical axis of Fig. 7, it is clearly seen that Stg;DT
drops monotonically with a decreasing qT,w at a fixed Re. In more
details, when Re¼ 900 and qT,w is decreased to one half or a quarter
(i.e., from 560 to 280 or 140 W/m2), Stg;DT will drop by about 73.4%
and 93.1%, respectively. Compared with Stg;DT , the total entropy
generation number (Ns

t) has amore stable relationwith qT,w (see the
right vertical axis in Fig. 7). With the above variations of qT,w, Ns

t

drops to about 51.7% and 27.9%, respectively. In addition, Fig. 7
shows that the Stg;DTeRe curves of varied heat flux are rising
despite the heat transfer rate is larger at a larger Re. The variation
trend can be reasoned as below:
l, longitudinal planes and cross section for enhanced tubes with non-staggered strips of
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Under the conditions of varied heat flux of Fig. 7, tube-wall heat
flux (qT,w) is proportional to Re, and the slope is roughly the same as
that of Nu (<1), thus the averaged fluid temperature is smaller at a
larger Re, while the temperature differences between tubewall and
working fluid at different Re are approximately the same. From the
above two points, it is known that the tube-wall temperature de-
creases with a rising Re, while the entropy flow through tube wall
rises with an increasing Re, which results in a larger entropy gen-
eration rate at a larger Re. The similar heating conditions are
adopted in Fig. 4, and there Stg;DT increases with the increment of Re
as well.

In addition, scrutinizing the curve of constant heat flux in Fig. 7
(marked with green (in the web version) stars), where qT,w has a
low value of 100 W/m2 for all investigated Re, one can see that
different with the curves of Stg;DTeRe under varied heat flux con-
ditions in Figs. 4 and 7, Stg;DT of constant heat flux decreases with an
increasing Re, dropping from about 7.5E�5 to 3.6E�5 W/K as Re
rises from 300 to 1800. The variation tendency of Stg;Dp with Re is
monotonically increasing (refer to the black dashed curve in
Fig. 4(a)), and its values at Re ¼ 300 and 1800 are 7.58E�8 and
6.17E�6 W/K, respectively.

Compared with Ref. [26], where entropy generation of laminar
heat transfer in curved duct was studied, the current study has
qualitatively the same variation tendencies of Stg;DT and Stg;Dp with
Re under the condition of constant heat flux, as well as that of Stg;DT
with heat flux. In addition, the De number ðDe ¼ Stg;DT=S

t
g;DpÞ of

current enhanced tube has a value about 5.8 under the condition of
Re ¼ 1800 and qT,w ¼ 100 W/m2, several times larger than but
comparable to that reported in Ref. [26]. However, the temperature
difference under such condition is limited (about 3 K).
Fig. 9. Contours of local entropy generation rate induced by heat transfer ðScg;DT Þ at horizonta
different geometry angles (b). (a) b ¼ 30�; (b) b ¼ 45�; (c) b ¼ 60�; (d) b ¼ 90� .
4.3.3. About the variation tendency of entropy generation rate and
number with geometrical parameters

As mentioned in Section 4.2.1 that tube entropy generation rate
resulting from heat transfer ðStg;DT Þ decreases with the increment
of geometry angle (b), and with the decrements of strip-wall gap
(d/D) or strip pitch (b/D), while Stg;Dp shows an opposite variation
tendency (refer to Fig. 4). These variation trends could be
explained by the Nu and f curves of enhanced tubes under various
geometrical parameters depicted in Ref. [33], whose physical
mechanisms were accounted for with the velocity and tempera-
ture contours at Re ¼ 900 in the same paper. According to the
NueRe and feRe curves of Ref. [33] in which the dimensionless
strip pitch is expressed with s/D, conical strip inserts with larger b,
or smaller d/D, or smaller b/D which is used to express strip pitch
in the present paper, could give the fluid more intensive distur-
bances, and thus result in larger pressure losses and Stg;Dp. Mean-
while, the heat transfer rates are enhanced more effectively by
such strips and the enhanced tubes have smaller heat transfer
temperature differences (see Eq. (6)) at the same heat flux. As a
result, the tube-wall temperature decreases and Stg;DT becomes
relatively smaller. The irreversible loss of enhanced tubes resulting
from viscous flow increases with slant angle (a), which could be
interpreted by the f curves of Ref. [33]. However, as mentioned in
Section 4.2.1, the heat transfer entropy generation increases with
the increment of awhen Re is larger than about 400, which can be
interpreted by the NueRe curves and corresponding temperature
contours under different a in Ref. [33]. When Re¼ 300, the entropy
generation from heat transfer increases with the increment of a,
this is in accordance with the decreasing relation between Nu and
a in Ref. [33] as well.
l, longitudinal planes and cross section for enhanced tubes with non-staggered strips of
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It is depicted in Fig. 5 that total entropy generation number Ns
t

has a different variation tendency from that of entropy generation
rate (Sgt ), i.e., it is concavewith Re. It is known from the definition of
Ns
t (Eq. (13)) that the above phenomenon is related to both the

entropy generation rate and entropy flow of tube wall. On the one
hand, it is known from Fig. 4 that entropy generation rate increases
with the increment of Re. On the other hand, because the heat flux
on tube wall is increased at approximately the same rate as that of
Nuwhen Re is increased, the tube wall has a smaller temperature at
a larger Re, therefore, the entropy flow through tubewall rises with
an increasing Re. When Re is relatively smaller (i.e., Re < ~600), the
variation of tube-wall entropy flow surpasses that of entropy gen-
eration rate, thus Ns

t drops with the increment of Re. However, for a
relatively larger Re (i.e., Re > ~600), the increase of entropy gen-
eration ratewith Rewill exceed that of tube-wall entropy flow, thus
the Ns

t rises with Re number.

4.3.4. Discussions based on local entropy generation rate
The above discussions are based on the analyses of augmenta-

tions of heat transfer rate and flow resistance, as well as the tem-
perature and velocity contours of fluid. For further discussion, local
entropy generation rates resulting from heat transfer and viscous
flow (i.e., Scg;DT and Scg;Dp) of tubes with non-staggered strips are
presented in Figs. 8 and 9, respectively, and corresponding contours
of velocity magnitude and temperature are depicted in Figs. 10 and
11, respectively. It is noted that here only the impact of geometry
angle (b) is discussed as an example.

From Fig. 8(a)e(d), it is seen that Scg;Dp is relatively larger in the
near-wall regions for all cases, especially in the very vicinity of the
Fig. 10. Contours of velocity magnitude at horizontal, longitudinal planes and cross sectio
b ¼ 30�; (b) b ¼ 45�; (c) b ¼ 60�; (d) b ¼ 90� .
walls of strip and rod. The reason is that the velocity gradient (and
thus strain rate) in those regions is relatively larger (see
Fig. 10(a)e(d)), and local viscous heating or irreversible loss of
mechanical work is more notable. In addition, since Re remains
constant in Fig. 8, the fluid velocity magnitude increases with the
increment of b (see Fig. 10), thus, a larger b facilitates a larger Scg;Dp.
Meanwhile, a larger b indicates that a strip has a larger strip-wall
surface, near which Scg;Dp has a larger value (refer to Fig. 8). Due
to the above two points, Stg;Dp increases with the increment of b,
which is in accordance with Fig. 4(b).

Similar to the distribution of Scg;Dp, S
c
g;DT is mainly located in the

region near tube wall, and it has much larger values than Scg;Dp(refer
to Fig. 9). The reason is that the present heat transfer temperature
difference between tube wall and working fluid, mainly in the re-
gion near tube wall, is 20e30 times that of fluid velocity. Moreover,
it is seen from Fig. 9 that the horizontal section (Y ¼ 0) has a
considerably thick layer of larger Scg;DT next to tube wall. This local
distribution of Scg;DT could explained as following:

The horizontal section (Y ¼ 0) is far away the installation plane
of strips, and there the disturbance is relatively weaker compared
with the longitudinal section (see Fig. 10). Therefore, the horizontal
section has a larger tube-wall temperature and thicker thermal
boundary layer (see Fig. 11), which generate a considerable Scg;DT .

Comparing Scg;Dp and Scg;DT with the counterparts in Ref. [26], it is
clear that both ducts have the majority of entropy generation in the
near-wall region. Moreover, the current Scg;Dp is several times larger
than that in Ref. [26], while Scg;DT is even dozens or hundreds times
larger. The former can be reasoned by the larger increment of
friction loss resulting from strips, while the reason to the latter can
n for enhanced tubes with non-staggered strips of different geometry angles (b). (a)



Fig. 11. Contours of temperature at horizontal, longitudinal planes and cross section for enhanced tubes with non-staggered strips of different geometry angles (b). (a) b ¼ 30�; (b)
b ¼ 45�; (c) b ¼ 60�; (d) b ¼ 90� .
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be the larger heat flux adopted in the current investigation, which
can be seen by comparing the Scg;DT of the thin layer near heated
wall.

In addition, the comparisons of local entropy generation rates
between non-staggered alignments (see Figs. 8 and 9) and
Fig. 12. Contours of local entropy generation rate induced by viscous flow ðScg;DpÞ at longit
geometry angles (b). (a) b ¼ 60�; (b) b ¼ 90� .
staggered ones (see Figs. 12 and 13) are conducted. From the
comparisons, one can see that the non-staggered alignment results
in a smaller Scg;DT , while the Scg;Dp of staggered alignment is smaller.
The reason is that non-staggered strips could enhance heat transfer
rate more effectively, while staggered strips generate smaller flow
udinal plane and cross sections for enhanced tubes with staggered strips of different



Fig. 13. Contours of local entropy generation rate induced by heat transfer ðScg;DT Þ at longitudinal plane and cross sections for enhanced tubes with staggered strips of different
geometry angles (b). (a) b ¼ 60�; (b) b ¼ 90� .
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resistances (refer to Fig. 3(a) and (b), respectively), in accordance
with the curves in Fig. 3(d).

5. Conclusions

The current work investigated the laminar thermal augmenta-
tion of horizontal circular tubes with conical strip inserts from the
viewpoint of minimal entropy generation, including comparing
thermo-hydraulic performances of enhanced tubes with staggered
and non-staggered strip inserts, and examining the effects of
geometrical parameters of strip inserts on the irreversible losses.
Besides, the local entropy generations are presented for discussions
and analyses. From the current study, some conclusions are ob-
tained as below:

(1) The tubes with non-staggered strips behave better than
thosewith staggered ones. The tube entropy generation rates
of the former are about 81.1% of the latter, while their heat
transfer rates and PECs are about 33.8% and 13.5% larger than
the latter.

(2) Tube entropy generation rates resulting from heat transfer
ðStg;DT Þ and viscous flow ðStg;DpÞ both increase with the
increment of Re number. Stg;DT decreases with the increment
of geometry angle, and with the decrements of dimension-
less strip-wall gap or strip pitch, while the variation ten-
dency of Stg;Dp with the three parameters is opposite. In
addition, the values of Stg;DT overwhelm those of Stg;Dp under
the current investigation conditions.

(3) The total entropy generation number (Ns
t), ranging between

0.0657 and 0.0975, has a variation trend of concave curve
with Re, and the Re at the pit is about 600. Ns

t is most sen-
sitive to geometry angle (b) with the maximum averaged
relative variation about 32.2%. The strip-wall gap (d/D) and
strip pitch (b/D) have moderate impacts on Ns

t with the
maximum averaged variations about 16.5% and 14.8%,
respectively.

In brief, as for all the investigated enhanced tubes, the non-
staggered strip insert with geometry angle b ¼ 90�, strip-wall gap
d/D ¼ 0.15 and strip pitch b/D ¼ 1.5 results in the least entropy
generation rate and entropy generation number. In addition, the
total entropy generation number of enhanced tube is minimal at
the Re ¼ 600 in the current investigation.
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