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Abstract

The present paper analyzes entropy generation induced by forced convection in a curved rectangular duct with external heating by nume
ical methods. The problem is assumed as steady, three-dimensional and laminar. The local entropy generation distributions as well as tt
overall entropy generation in the whole flow fields, including the entrance region and fully developed region, are analyzed. The effects of
three important factors, including Dean number, external wall heat flux and cross-sectional aspect ratio, on entropy generated from frictiona
irreversibility and heat transfer irreversibility are investigated separately in detail. The results show that the major source of entropy gener-
ation in the flow fields with larger Dean number and smaller wall heat flux comes from frictional irreversibility; whereas for the flow fields
with smaller Dean number and larger wall heat flux the entropy generation is dominated by heat transfer irreversibility. The competition
between the entropy generation from the irreversibility caused by fluid friction and heat transfer is complicatedly related with the three fac-
tors, making the relationship between the resultant entropy generation and the three factors non-monotonous. Based on the minimal entro
generation principal, the optimal condition can induce the minimal entropy generation in the flow fields. Through the optimal analysis, the
optimal aspect ratio is found to be dependent on heat flux and Dean number. For each case with specific aspect ratio and wall heat flu
there exists an optimal Dean number, and the optimal Dean number is found to increase with wall heat flux. The detailed optimal analysis
is provided in the present paper, which is worthwhile for heat exchanger design from the second law of thermodynamics since the therma
system could have the least irreversibility and best exergy utilization if the optimal Dean number and aspect ratio can be selected accordin
to the practical design conditions.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction heat transfer in curved ducts with different cross-sectional
shapes, including circular, rectangular and elliptic, have re-
Curved ducts extensively occur in many industrial ap- ceived continuous attention in past several decades [1-8].
plications, such as air conditioning systems, heat exchang-For rectangular cross section, which is the principal inter-
ers, and the blade-to-blade passage in modern gas turbinessst of the present paper, Cheng et al. [3] analyzed the flow
The most important flow characteristics in curved ducts are field in a fully developed laminar flow in a curved rectan-
the secondary flow structures, which are generated by thegular channel. Bolinder [4] studied the flow structure in a
curvature effect and centrifugal force. The secondary flow helical rectangular duct, in which the effects of the curvature
motion increases the heat transfer coefficient, meanwhile it and torsion in the flow were emphasized. Wang [5] studied
also induces more serious pressure drop in curved ducts. Bethe buoyancy—force—driven transition and its effects on the
cause of the practical importance, the flow dynamics and heat transfer in a rotating curved rectangular channel. Silva
et al. [6] carried out the hydrodynamic and thermal analysis
* Corresponding author. Tel: +886 2 82093211; fax: +886 2 82091475,  Of fully developed laminar flow in curved rectangular and
E-mail address: thko@mail.Ihu.edu.tw (T.H. Ko). elliptic ducts by numerical methods. In their study, a gen-
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Nomenclature
a width of the cross-sectional area of rectangular S/ volumetric entropy generation rate due to
curved duct .. ......oouii m friction ..., Wn—3.K-1
b height of the cross-sectional area of rectangular 7/ volumetric entropy generation rate due to heat
curvedduct......... ... m transfer............ . Wwi—3.K-1
Be Bejan number Sgen  total volumetric entropy generation
d, hydraulic diameter........................ m fate . oo Wi-3.K-1
De Dean number= Re(d, /r.)"/? S% non-dimensional entropy generation rate due
h average heat transfer coefficient in the to friction
rectangular curved duct .......... W2 Kt S non-dimensional entropy generation rate due
k thermal conductivity ............ wh-1.K-1 to heat transfer
Nu Nusselt numbek= hd. / k Séen  non-dimensional entropy generation rate
P PreSSUIe. .\ttt Pa T temperature .. ... K
q” wallheatflux....................... W2 To temperature at ductentrance............... K
q* non-dimensional heat flux % average velocity induct............... -gnt
0 heattransferrate ......................... W o molecular viscosity .. ............ kg—tst
R gasconstant .................... kg—tK—1 P AENSItY . ..ottt kg3
Re Reynolds number y aspect ratio
re radiusofcurvature ....................... m ¢ irreversibility distribution ratio

eral correlation of Nusselt number and friction factor as a flux. Shuja [14] proposed the optimal fin geometry in an
function of Dean numberde) and the cross-sectional as- electronics cooling system based on the exergoeconomic
pect ratio of the duct were proposed. Chandratilleke [7] used analysis. Sara et al. [15] performed the second law analysis
experimental method, and Chandratilleke and Nursubyakto of rectangular channels with square pin-fins. In the recent
[8] used both of numerical and experimental methods to in- researches of Ko and Ting [16,17] and Ko et al. [18], the
vestigate the secondary flow and convective heat transfer inwork for optimizing the helical coils by using the minimal
curved rectangular ducts with external heating, in which the entropy generation concept has been carried out, in which
effects of Dean number and duct aspect ratio on the heatthe optimal Reynolds number of the helical coils have been
transfer coefficient and flow fields are analyzed. presented.

As a good heat-exchanger passage, the curved duct Similar with other thermal systems, the forced convec-
should provide the most effective heat transfer performancetion in curved rectangular ducts also faces the challenge of
and the least friction loss so that the available energy can bejnventing the optimal design to have the minimal entropy
utilized efficiently. However, the heat transfer enhancement generation. However, most of the previous investigations on
in a thermal system is always achieved at the expense ofcyrved rectangular ducts are restricted to the analysis based
the increase of friction loss. Such inevitable conflict makes gn the first law of thermodynamics, whereas very rare exergy
the optimal trade-off by selecting the most appropriate con- analysis has been addressed. The aim of the present paper is
figuration and the best flow conditions become the critical o jnvestigate the entropy generation due to laminar forced
challenge for the design work. Recently, entropy generation convection in curved rectangular ducts with constant wall
has been used as an index for evaluating the significance ofeat flux. The influences of external heat flux, Dean number
irreversibility related to heat transfer and friction in a ther- 544 cross-sectional aspect ratio on the entropy generation
mal system. Based on the concept of efficient exergy useyjj| e emphasized, through which the optimal Dean number

and minimal entropy generation principal, optimal designs 44 aspect ratio according to the relevant design parameters
of thermodynamic systems have been widely proposed fromy, jnqce the best exergy utilization with the minimal en-

the viewpoint of thermodynamic second law [9-18]. Bejan o0y generation and least irreversibility will be discussed.
[10] has described the systematic methodology of comput-

ing entropy generation through heat and fluid flow in several
heat exchangers. Nag and Kumar [11] studied the optimiza-
tion from second law for convective heat transfer through
a duct with constant heat flux. Sahin [12] performed the
irreversibility analysis in various duct geometries with con- Fig. 1 shows the semi-circular curved rectangular duct

stant wall heat flux and laminar flow. Sahin [13] investigated analyzed in the present paper. The side lengths of the cross-
the entropy generation and pumping power in a turbulent section are: andb, respectively; the aspect ratip, is de-

fluid flow through a smooth pipe subjected to constant heat fined asb/a. The Reynolds numbelRg), Nusselt number

2. Physical model
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upper wall, adiabatic

outer wall, exposed to "

Fig. 1. Geometry and coordinate system of a curved rectangular duct.

(Nu) and Dean numbeiDg) for the current problem are de-
fined as follows:

Re=pVd./n (1)
Nu = hd,/k (2)
and

De=Re(d,/r.)"/? 3)

where V and/ are the average velocity and average heat
transfer coefficient of the flow in the curved dudg;is the
characteristic length defined asi (a + b); r. is the cur-

vature radius of the curved duct. Air has been selected as

working fluid in the present study. Due to the small temper-

ature change in the flow field, the thermophysical properties

of molecular viscosity() and thermal conductivityk) are
assumed to be constant a846 x 10° kg-m—1.s™1 and
0.0263 Wm~1.K~1, respectively. The buoyancy force due
to gravity has been included in consideration. The fluid den-
sity at duct entrance is 1.161 kg~3. The calculated cases
cover three aspect ratiog,= 0.5, 1.0 and 2.0; anBe rang-

ing from 100 to 5000. The non-dimensional wall heat flux,
q*, is defined according to the external wall heat flg%, as

q* =q"Vab/kTo (4)
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which indicatesReg it increases withs. For the rectangular
cross-section in present problems, the curvature ratio is cal-
culated by the ratio of characteristic length, be=d,/r..

The minimal curvature ratio in the present calculated cases is
0.267. According to the report of Srinivasan [19], the critical
Reis 15121. In addition, the study of Mishra and Gupta [20]
pointed out the criticalRe for helical coil flows will increase

as the colil pitch decreases. For the curved duct investigated
in present paper, the pitch is identical zero; therefore, the
critical Re for the current problems should be larger than the
magnitude calculated from the expression of Srinivasan [19].
Since the focus is on laminar flows, the range of studied

in present paper is limited between 100 and 5000, and the
correspondindre is between 194 and 9676, which is much
lower than the criticaRe to ensure the flows are laminar.

3. Mathematical model and numerical method
3.1. Mathematical model

The present problem is assumed as three-dimensional,
laminar and steady. The continuity equation, Navier—Stokes
equation, energy equation and equation of state are solved
simultaneously. The equations in tensor form are as follows:

Il _

0 6
ox, (6)
ad (U Up) = P n d oU; oU;
)Cj PEIYD = ax,' 3XJ' * Z)xj 3)6,'
2 aU;
—Zu—=ks.. . 7
3,[" Ixx l]:|+pgl (7)
9 u;c,T kaT
0x; PEIEp 0x;
oP oU;  0U; 2 AU; aU;
U, — o= Es /=L (8
! 0x; + I:M<8xj 0x; ) 3" dxy 0x; ®

The boundary conditions are considered as below. At in-
let, only the axial velocity component is non-zero, and the

velocity distribution is assumed to be uniform. At outlet,

the diffusion flux in the direction perpendicular to the out-

whereTy is the fluid temperature at duct entrance. Four heat let plane for all velocity components arfdare set to zero

flux cases, including* = 0.112, 0.224, 0.448 and 0.896, are

analyzed. For ensuring the studied cases are laminar flows

the critical Re for the rectangular curved duct flow must be
checked. However, rare information directly indicates the
critical Re for a rectangular curved duct flow in open pub-
lications. Nonetheless, the criticRe for helical pipe flows

For ensuring the outlet boundary condition is appropriate,

a straight section with length &P has been added at the

end of the curved duct, and the zero flux condition was ap-
plied at the end of the straight section. By comparing the
flow fields in the curved duct part from the calculated re-
sults of the cases with or without the extra straight section,

has been reported by several researches [19,20]. Accordingno evident difference was detected. Non-slip conditions are

to the study of Srinivasan [19], the critidaé for helical pipe
flows, which determines the flow is laminar or turbulent, is
related with the coil curvature ratid, which is defined by
the ratio of coiled tube radius to the curvature radius. The
relationship is:

Rerit = 2100(1 4 125%/2) (5)

specified on all solid walls. As shown in Fig. 1, the constant
heat flux is specified only on the outer wall, whereas on other

walls adiabatic condition is applied.

After the velocity and temperature distributions of the

flow field are solved by using Egs. (6)—(9) and the accompa-

nied boundary conditions, the volumetric entropy generation
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due to the heat transfer irreversibility;) and the fluid fric- 10 -
tional irreversibility(S7%) can be calculated by the following B
equations [10]: O
k 2 B O

mo_ " [
S = T2(|VT|) (10) i} sl o 0
g — ﬁ aU; 3Uj aU; (11) =z E

p T\ 0x; ox; /) 0x; F
The total volumetric entropy generation in the flow field can B
be obtained by 6
Sgen=S7 + S§ (12) E
According to Bejan [10], the ratio of;’ and S7’ is defined 5 45000 80000 200000
as the irreversibility distribution rati@: .

- Grid number

¢=Sp/St 13)

. L o . Fig. 2. Predicted Nusselt number at fully developed condition by different
Paoletti et al. [21] proposed an alternative irreversibility dis- gyig systems.

tribution parameter, Bejan numbdsd), to describe the con-

tribution of heat transfer entropy on overall entropy genera- 12
tion. The Bejan number is defined as S Experimental data [7]
- O Present numerical results
Be= Sg//Sgéﬂ (14) 10F > Numerical results of Ref. [8]
TheBeranges from 0 to 1. Accordinglge =0 andBe=1 -
are two limiting cases representing the irreversibility is dom- 5 8F ! @
inated by fluid friction and heat transfer, respectively. When = - e g
Be= 0.5, the entropy generation rates from heat transfer and 6
fluid friction are equal. B
3.2. Numerical method 4 -
o v b b b
All the above-mentioned equations accompanied with 00 250 300 350 400 450
boundary conditions are discretized by a finite volume for-
mulation. In the equations, the convective terms are modeled De

by the secondary-order upwind scheme; meanwhile the dif-
fusive terms are modeled by the central difference scheme."'9- 3: Comparison of predicted Nusselt number at fully developed condi-
. . tion with experimental data [7] and numerical results of Chandratilleke and

The numerical solution procedure adopts the well-known Nursubyakio [8].

semi-implicit SIMPLE algorithm, which was developed by

Launder and Spalding [22]. All the detailed numerical pro-

cedure can be found in the book of Patankar [23]. The con- by the three grid systems, from which the difference be-

vergent criteria is set as the relative residual of all variables, tween the results of 80 000 and 200 000 cells are found to be

including the mass, all velocity components and temperatureVery limited. Therefore, 80 000 cells are concluded as dense

less than 10*. The results have been compared with those enough to get the grid independent solutions. In the follow-

from the calculation with the convergent criteria set as®l0  ing cases, the grid system with 80 000 cells is used.

and the results are almost the same. A commercial CFD soft-  For validating the accuracy of numerical solutions, the

ware CFD RC (ESI US R&D, Inc.) is used for the numerical Nusselt number under fully developed condition from cur-

solutions. rent numerical solutions are compared with the experimental
data of Chandratilleke [7] and the numerical results by Chan-
dratilleke and Nursubyakto [8]. The aspect ratio and the wall

4. Resultsand discussion heat flux of the compared case are 2 and 25, respec-
tively. The comparisons, as shown in Fig. 3, cover four cases
4.1. Grid independent test and code validation of De= 220, 300, 380 and 420. For all the compared cases,

the deviation between the present numerical results and the
For grid independent test, three uniform spacing grid sys- experimental data of Chandratilleke [7] or the numerical re-
tems with, including 45000, 80000 and 200000 cells, are sults by Chandratilleke and Nursubyakto [8] is very limited.
adopted to calculate a baseline case. Fig. 2 shows the Nussel®nly relatively larger deviation occurs iDe = 300 cases.
number at fully developed condition for the case calculated The largest deviation is only about 8.2%. Therefore, the
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Fig. 4. The contours of volumetric entropy generati@ﬁ,, on cross-sectional planes 4tA’, B—B’ andC—C’ for y = 1 case, (aj* = 0.224,De = 1000;
(b) g* = 0.224,De = 3000; and (c};* = 0.896,De = 3000. On each cross-sectional plane, outer wall is at left-hand side, inner wall is at right-hand side.
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present numerical predictions are verified to have reasonablecreasing mildly along downstream. By comparing Figs. 4(a)

accuracy. and (b), the increase @fe tends to cause the increasesgf,
which is attributed to the more serious fluid friction and the

4.2. Local distributions of entropy generation for baseline accompanied frictional irreversibility induced by the larger

caseswithy =1 De. However, the effects of* on S, which can be de-

tected through the comparison between Figs. 4(b) and (c),

For understanding the development of entropy genera-are relatively minor. According to the calculated results,
tion in the curved duct, the distribution of volumetric en- the maximum temperature rise in caseqdf= 0.896 and
tropy generations$’', 7’ andSge, on cross-sectional planes  De = 3000 is only about 16 K, which is less than 6% of
at A-A’, B—B’ and C—C’ (see Fig. 1) for three baseline the initial fluid temperature at entrance. The limited differ-
cases ofy = 1 with ¢* = 0.224, De = 1000; ¢g* = 0.224, ence of temperature makes the change of principal velocity
De = 300Q andg* = 0.896, De = 3000 are studied first.  distribution and velocity gradient be insignificant, and there-
Figs. 4(a)—(c) show the distributions of for the three fore yields the similars’;’ distribution in differenty* cases.
cases, respectively. In the figures, the outer wall, which is The distributions ofs’’ for the same three cases are shown
exposed to the external heating, is on the left-hand side ofin Figs. 5(a)—(c). The significarff;’ concentrates near the
the cross-section, and the right-hand side wall of the cross-outer wall exposed to the external heating, wherggss
section is inner wall. The significart;” appears only in  very minor in the central core of the duct and the region near
the limited region adjacent to the duct walls because of the the inner wall. As flow develops along downstream, the re-
serious velocity gradient in the region. Besids§, in the gion with largeS7’ gradually penetrates toward the central
regions near the upper and lower walls is found to be larger core of the duct. When comparing Figs. 5(a) and (b), the in-
than that in the region near the inner and outer walls. As the crease oDeis found to induce the decreaseSjf, which is
flow develops fromA—A’ to C—C’, the distributions ofs’; attributed to that the increase Dk will result the increase
have no great change, but the magnitudes’ffkeeps in- of heat transfer coefficient, and in turn makes the tempera-
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Fig. 5. The contours of volumetric entropy generatiﬂf;(,, on cross-sectional planes &tA’, B—B’ andC—C’ for y =1 case, (ay* = 0.224,De = 1000;
(b) ¢* = 0.224,De = 3000; and (c};* = 0.896,De = 3000. On each cross-sectional plane, outer wall is at left-hand side, inner wall is at right-hand side.

ture distribution become smoother, and reduces the entropyDe increases to 3000. The comparison also indicates the
generation,S7’. Since the increase @f* causes more heat increase oDetends to cause the reduction of entropy gener-
transfer irreversibility in the flow field, the magnitudes of ation in the region near the heated outer wallDie= 3000
Sy are raised obviously in the larggf case, which can be  case, the layer with large entropy generation near the heated
clearly found through the comparison of Figs. 5(b) and (c). outer wall is found to become thinner when compared with
The distribution of resultant entropy generatisf, for De = 1000 case. The different influences®é on the en-
the three cases is shown in Figs. 6(a)—(c). The principal en-tropy generation in the regions near outer heated wall and
tropy generation occurs within a thin layer near the duct inner wall are attributed to the opposite influencesDef
walls, and the Iargesiggn concentrates in regions adjacent on entropy generation from frictional irreversibility and that
to the outer wall exposed to external heating, whereas thefrom heat transfer irreversibility. As described in Eq. (12),
entropy generation is very minor in central core of the duct, entropy can be generated from the irreversibility of fluid
which indicates the major source of entropy generation in friction and the heat transfer. Whdde increases, both of
the flow fields comes from the near wall region where the the fluid friction and heat transfer coefficient will increase.
temperature and velocity gradients are most significant. As As discussed previously, the increase of fluid friction re-
the flow develops along downstream, frofrA’ to C—C’, sults the increase of entropy generatistj;, whereas the
the layer with large entropy generation gradually penetratesincrease of heat transfer coefficient makes the temperature
toward the central core from the heated outer wall, but the distribution become smoother, and in turn reduces the en-
penetrated depth is still limited. The influencesé on tropy generations’’. The competition ofS}’ and S7’ in the
entropy generation can be investigated through the compari-flow fields, which is dependent on the flow regions, deter-
son of Figs. 6(a) and (b). An obvious difference is that there mines the final changes of the resultant entropy generation,
is almost no significant entropy generation occurring in the Sge. Figs. 7(a)—(c) show thBe contours on cross-sectional
region near the inner wall fobe = 1000 case, but the en- planes atA—A’, B—B’ and C—C’ for the three cases. Near
tropy generation becomes evident in the same region whilethe heated wall regionBe is greater than 0.5 for all cases,
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which reveals the entropy generation in the region is dom- formation indicating the entropy generation near the heated
inated by the heat transfer irreversibility. As flow develops wall is dominated bys7’ and the increase dbe tends to re-
from A—A" to C—C’, the region withBe greater than 0.5  duce the magnitude, gives the explanations 8}, near
penetrates toward the central core region gradually, and thethe heated wall decreases with the increasBe#s previ-

magnitude oBe keeps increasing in the whole region. The  ous discussion based on Figs. 6(a) and (b). Meanwhile, since

ferred into the flow field from the heated outer wall as flows §ominated bys’/, and its magnitude is raised by the more
develop along downstream. However, near the inner wall, serigys frictional irreversibility in largebe cases, the en-

{Se is always tl_ess_th:;? 0.5, .Wh'Ch |nd|c?tes ttt;]e T‘_"”?_r enl- tropy generation becomes more evident in the region near
ropy generation In the region comes from the wctional i, er ywal in the largeiDe cases, which again verifies the

irreversibility rather than heat transfer. The influences of . . . ) X
De on Be can be detected from the comparison between previous discussion based on the comparison of Figs. 6(a)
and (b).

Figs. 7(a) and (b). Clearly, ade increases from 1000 to . .
3000, the magnitudes &e in the whole domain are found The influences of heat. flux on gntropy generation can be
to decrease, and the region wile less than 0.5 becomes studied from the comparison of Figs. 6(b) and (c). Clearly,
much wider inDe = 3000 case. which reflects the results the increase of heat flux is found to cause the increase of
that the increase dbe causes enhancement of heat trans- €ntropy generation in whole flow fields because of the more
fer, and in turn makes temperature gradient &ficbecome serious irreversibility due to the larger heat transfer. When
mild; meanwhile the largebe causes more serious fluid fric- ~ comparing Figs. 7(b) and (c), the larger heat flux is found to

tion, and thus increases the frictional irreversibility a§jd cause the increase 8. Especially in the region near the
Besides,Be becomes much smaller than 0.5 in the region heated wall where the external heating is directly imposed,
adjacent to inner wall aBe increases, which indicatesy the magnitudes ofg, andBe increase considerably in the

becomes much larger the§§’ in the region. The above in-  largerg* case.
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Fig. 7. The contours oBe on cross-sectional planes 4t+A’, B—B’ andC—C’ for y = 1 case, (a}* = 0.224,De = 1000; (b)g* = 0.224,De = 3000; and
(c) ¢* = 0.896,De = 3000. On each cross-sectional plane, outer wall is at left-hand side, inner wall is at right-hand side.

4.3. Effectsof Deand ¢g* on S and S7. for y = 1 case

For fair evaluation of the entropy generation in the
flow fields with different external wall heat flux, the non-
dimensional entropy generation rasg,, S7. andsgen, in the
whole curved duct are defined by

sy dv
S/// dV
L L4 /T (16)
and
* fV Sgéndv
gen=— 7Q./To a7)

whereV is the total volume of the computational domagh;
is the heat flow rate into the flow field. The relationship be-
tween the entropy generation abe for different heat flux

thus results the milder temperature gradient in the flow field.
Besides, the increase of heat flux is found to caijséo de-
crease and;. to increase. Since the temperature rise in the
flow field is minor, the principal velocity distributions are
only slightly affected by heat flux; therefore, the magnitudes
of velocity gradient in cases with different heat flux do not
have great change. However, because the temperature term
appears in the denominator 8§, as shown in Eq. (11), and
S% is the normalization ofs) by Q/To, the resultants}

is induced to become smaller in the largércases. Mean-
while, the more serious heat transfer irreversibility is caused
by the largerg*, and thussS} is induced to increase with
g* for all De cases. The competition between the magni-
tudes ofS} andS7, which is also indicated in Fig. 8, can be
found to be dependent dde andg*. Forg* = 0.112, 0.224
and 0.448 casess;, and S; curves intersect each other at
De= 1750, 2835 and 4688, respectively. For the cases with
De less than the intersection@k, S7. is larger thanSy, and

cases is shown in Fig. 8. A clear trend can be found from the Vice verse whenDe exceeds the intersection2k. Through

figure thatSy increases and; decreases aSe increases

the comparison between the thrgé cases, théDe range

for all heat flux cases. As discussed previously, the increasewheresS7. is larger thanSy,, becomes wider ag* increases.

of S} with the increase oDe is caused by the more seri-
ous frictional irreversibility in largeDe cases, whereas the
reduction ofS7. in larger De cases is attributed to that the
heat transfer coefficient is enhanced by the lafgerand

Asforg* = 0.896 casesS; keeps as larger thas}, in all De
cases. These results provide worthy information for under-
standing the major source of entropy generation in different
cases with variouBe and heat flux. For cases with higre
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Fig. 8. The effects oDe on entropy generation induced from heat transfer
(S;) and fluid friction(S;‘,) for y =1 case. De

Fig. 9. The relationship between entropy generatja,, andDefor y =1
. ) with differentg” values.
and smallg*, S is the dominant source of entropy genera-

tion in the flow fields, whereas the dominant source turns to 6000
be S7 for cases with lonwDe and largeg*. - v=1.0
5000 - :
4.4. Effects of De on Sge, and optimal De analysis for 5 4000
y =1case 2 B
8 3000 -

Fig. 9 shows the relationship betwesf,, and De for ~ -
different ¢* cases. The figure indicates clead, is not 2000
monotonically related witlp* andDe. For smalleDe cases -
(De < 2179), S§en is largest ing* = 0.896 and smallest in 1000 - | | |
q* = 0.112 case, which is attributed to ths{ is the domi- 0 025 05 o075 1
nant term in smalleDe cases and it increases wigti. For
larger De cases De > 3472), Sgq, is largest ing* = 0.112 q*

case, which is resulted from that, is the dominant term
and it is larger in the smaller* cases. However, because of
the complex competition o}, and S7, the resultantSge,

is minimal ing* = 0.448 case, which is neither the largest 4.5, Effects of aspect ratio
nor smallesiy™ considered in the current studied cases. In
the mediumDe (2179< De < 3472 cases, the relationship
betweenSge, andg™ is not monotonic either. The minimal
Sgen OCCUrs ing*™ = 0.224 case. Nonetheless, for every
case there exists an optiniae with the minimal Sge, and
the optimalDe is found to increase with*. Fig. 10 shows
the optimalDe for different ¢* cases. For quantitative re-
sults, the optimabDe for g* = 0.112, 0.224, 0.448 and 0.896
cases are 1000, 2000, 3000 and 5000, respectively.

Fig. 10. The optimaDe for y = 1 cases with differeng* values.

For investigating the effect of aspect ratio on the en-
tropy generation, two additional aspect ratio cases, including
y = 0.5 andy = 2.0, with g* = 0.224, De = 3000 are cal-
culated. The two additional aspect ratio cases have different
side length, but the cross-sectional area and duct volume are
the same withy = 1 case, which has been discussed previ-
ously. Figs. 11(a) and (b) show the contours of volumetric
entropy generation§ge,, on cross-sectional planes&tA’,
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Fig. 11. The contours of volumetric entropy generatiﬁg@n, on cross-sectional planes at-A’, B—B’ and C—C’ for cases ofy* = 0.224, De = 3000,
(a) y = 0.5, (b)y = 2.0. On each cross-sectional plane, outer wall is at left-hand side, inner wall is at right-hand side.

B-B’ and C—C’ for the two cases. Similar with the results for all aspect ratio cases as discussed previously. Besides,
of y = 1.0 case, which has been shown in Fig. 6(b), the dis- another important information revealed from Fig. 13 is that
tribution with largerSg, concentrates near a thin layer near for all De cases with differeng*, 57 is found to be minimal
the heated outer wall, and gradually penetrates toward thein y = 2 case, wherea$; is minimal in eithery = 0.5 or
central core as develops from-A’ to C—C’ planes. The y = 2 case according e, thus making the final evaluation
magnitudes osggn are comparative for the three aspect ra- of the aspect ratio requires the further check on the resultant
tio cases, but the local maximum §f,is largestiny = 0.5 entropy generation§ge, Fig. 14 shows the relationship be-
case. Figs. 12(a) and (b) show the distributioBebn cross- tween Sge, and De for different y cases withg* = 0.112,
sectional planes at—A’, B—B" andC—C’ for the two cases. ~ 0.224, 0.448 and 0.896. The large],, is found to ap-
For most regions except the zone near the heated outer wallpear in the higheDe side forg* = 0.112 and 0.224 cases,
Beis less than 0.5. The region wiBe greater than 0.5 con-  whereas the largesy, location gradually transfers toward
centrates in the region near the heated outer wall, indicatingthe lowerDe side asg* increases to 0.448 and 0.896. Such
the dominant entropy generation comes from the heat trans-developments reveal the fact thg} is the major source of
fer irreversibility; meanwhileBe is very small in the region  Sge, for smallerg™ case, so that the greategj,, will ap-
near the inner wall, indicating the entropy generation due pear in the higheDe side since the highebe will cause
to frictional irreversibility is the major source 6fy, in the more serious frictional irreversibility and the resultafj.
region. Besides, through the comparison of Figs. 12(a), (b) For largerg* case, the dominant entropy generation becomes
and Fig. 7(b), the magnitude &k is largest iny = 1 case, S7, which results the transfer of the largesgt,, toward the
which indicates the entropy generation from heat transfer ir- low Deregion since the lovde will induce low heat transfer
reversibility is most serious in the case. coefficient and cause serious temperature gradient and the
Fig. 13 shows the influences Dk on S} andS7. for dif- corresponding entropy generatia$y,. In addition, Fig. 14
ferent aspect ratio cases wigti = 0.112, 0.224, 0.448 and  also provides the information about the effects of aspect ra-
0.896. Asq™ increases, a clear trend can be found from the tio on Sge,, from which the optimal aspect ratigept, with
figure thatS} gradually decreases arfi} increases for all  the minimal inducedSge, can be obtained. The optimal as-
cases with varioug andDe. The situation that the entropy  pect ratio is found to be dependent be andg*, which is
generation in the cases with higle and smallg* is dom- analyzed and shown in Table 1.
inated byS%; whereas the entropy generation in cases with  For every case with specific aspect ratio and heat flux,
low Deand large;* is the dominant by§7, remains the same  there exists an optimal Dean number with minimal entropy
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Fig. 13. The effects oDe on S}, ands. for different aspect ratio cases with variapis

generation. Fig. 15 shows the relationship between opti- have the least irreversibility and the best exergy utiliza-
mal De and y for cases with differen™, from which the tion.

optimal De is found to increase ag* increases. These

results proviple important infqrmation for .the heat ex- 5. Conclusions

changer design since the optim@k and optimal aspect

ratio are suggested to be used according to the practi- The entropy generation in a curved duct with various
cal design conditions so that the thermal system could De and ¢* is investigated by numerical methods. For lo-
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Fig. 14. The relationship between entropy generatﬂggn, andDe for different aspect ratio cases with variags

Table 1 —s— q*=0.112

Optimal aspect ratio for cases with differerit andDe —4—— q*=0.224

— o q*=0.448

q* De Yopt i
0.112 De < 1000 influence of is minor 6000 ——— q'=0.896
1000< De < 5000 2 -
0.224 De < 500 2 5000
500< De < 1500 Q05 B
1500< De < 5000 2 -
4000 |-
0.448 De < 500 2 - B
500< De < 2000 05 PR B
2000< De < 4000 1 g 3000F @/@—@
4000< De < 5000 2 ~ -
2000 |-
0.896 De < 680 2 B
680< De < 4000 05 B
4000< De < 5000 1 1000 |~ [E; = £
O:IIIIII\IIIII\II\I\III\I\
0 0.5 1 1.5 2 25

cal distribution of the entropy generation, the |argxggn

region concentrates near the duct wall, where the tempera- Y
ture and velocity gradients are most serious. I.n the region Fig. 15. The relationship between optiniz andy for cases with different
near the heated outer wall, the entropy generation caused by .
heat transfer irreversibility is larger than that from the fric-
tional irreversibility, andverse vice in the region near the
inner wall. As the evaluation for the whole domain, the ma-
jor source of entropy generation in the flow fields with larger
De and smalley* comes from the frictional irreversibility,
denoted byS%; meanwhile for the flow fields with smaller
Deand largely* the entropy generation is dominated by the
heat transfer irreversibility, denoted I8§.. The increase of
g* tends to cause the decreaseSpfand the increase df.
The competition betweef};, and S} is complicatedly re-
lated with De, ¢* andy, making the relationship between
Sgen@ndg™, and the relationship betweefje, andg ™ non- References
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