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Abstract

Three-dimensional laminar forced convective flow and entropy generation in a 180-deg curved rectangular duct with longitudinal ribs
equipped on the heated wall are investigated by numerical methods. The development of secondary vortices, temperature and local entro
generation distributions as well as the overall entropy generation in whole flow fields, including the entrance and fully developed region, are
analyzed. The effects of rib size are particularly highlighted in the present paper. Calculations of cases with various rib sizes under differen
Dean numbers and external heat fluxes are carried out to examine the influence of rib on the flow field and entropy generation. The entrop
generated from frictional irreversibility and heat transfer irreversibility is investigated separately in detail. The results reveal thisibiine add
of rib can effectively reduce the entropy generation from heat transfer irreversibility since the secondary vortices are augmented by the
rib, through which the heat transfer performance is enhanced, in turn making the temperature gradient become smoother. Nevertheless, t
entropy generation due to frictional irreversibility is raised at the same time because larger fluid friction is resulted from the wider solid walls
and the complex flows disturbed by ribs. Due to the opposite influences of rib on the entropy generations from irreversibilities, the analysis
of the optimal trade-off is carried out based on the minimal entropy generation principle. The optimal rib size which induces the minimal
entropy generation in the flow fields is found to be dependent on the external heat flux and Dean number. Even under some flow conditions
the resultant entropy generation could not be reduced but becomes worse when ribs are added. These results provide worthwhile informatic
for considerations of adding ribs on a curved duct and the determinations of rib sizes from view point of thermodynamic second law.
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1. Introduction trifugal force. The secondary vortices promote fluid mixing,
and in turn enhance the heat transfer performance. However,

The study of heat transfer and flows through a curved duct (€Y result in more serious pressure drop in the flow pas-
is of fundamental importance for industrial applications such sage. During past several decades, th,e flow dynam|c§ and
as turbomachinery, refrigeration and air conditioning sys- heat transfer in curved ducts with various cross-sectional

tems, heat exchangers, and the blade-to-blade passage f&hapes, inc_luding circula_r, rectangular and elliptic, have_re-
cooling system in modern gas turbines. The principal flow ceived continuous attention [1-8]. Because of the practical

feature in curved ducts is the presence of secondary ﬂowimportance, many studies fS’C“S on thEﬂOVYS in.cun/ed ducts
motion generated as a result of curvature effects and Cen_Wlth rectangl_JIar cross.-sectlons. The flow field in a fully de-
veloped laminar flow in a curved rectangular channel was
analyzed by Cheng et al. [3], in which the influence of the
" Tel.: +886 2 82093211; fax: +886 2 82091475, aspect ratio on the Dean vortices and secondary-flow in-

E-mail addressthko@mail.Ihu.edu.tw (T.H. Ko). stability was emphasized. The flow structure in a helical
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Nomenclature

a width of the cross-sectional area of rectangular Re Reynolds number
curvedduct ......... ... m rc radiusofcurvature ....................... m

b height of the cross-sectional area of rectangular Sp’ volumetric entropy generation rate due to
curved duct ........ ..., m friction ............ ... ..., Wn3.K-1

Be Bejan number ST volumetric entropy generation rate due to heat

de hydraulic diameter ....................... m transfer ....................... wi—3.K-1

De Dean number= Re(de/r¢)Y/? Sggn total volumetric entropy generation

h ribheight ......... ... ..o i m =\ - wi—3.K-1

h average heat transfer coefficient in the S5 non-dimensional entropy generation rate due tp
rectangular curved duct ......... W2.K-1 friction

k thermal conductivity of fluid .... Wn~1.K~! ST non-dimensional entropy generation rate due tp

ks thermal conductivity of steel .... Wh~1.K—1 heat transfer

Nu Nusselt numbet= hde/ k Sgen non-dimensional entropy generation rate

P Pressure ... Pa T temperature .............. i b

q" wallheatflux ....................... W2 To temperature at ductentrance .............. K

q* non-dimensional heat flux 1% average velocity induct .............. gt

0 heattransferrate ........................ W molecular viscosity ............. kop—t.s7t

R gasconstant ...................:kg LK1 0 deNnSity ..o kg3

rectangular duct and the effects of curvature and torsion in The entropy generation in a heat transfer process may be
the flow were investigated by Bolinder [4]. In the study of resulted from heat transfer irreversibility or fluid frictional
Wang [5], the buoyancy-force-driven transition and its ef- irreversibility. An adjustment of design parameters would
fects on the heat transfer in a rotating curved rectangular cause opposing contributions to irreversibilities. The system-
channel were studied. Through the numerical investigations atic methodology of computing entropy generation through
on the fully developed laminar forced convection in curved heat and fluid flow in several heat exchangers has been de-
rectangular and elliptic ducts carried out by Silva et al. [6], scribed by Bejan [10,11]. Based on the minimal entropy gen-
a general correlation of Nusselt number and friction factor as eration principle, optimal designs of thermal systems have
a function of Dean humbeDE) and the cross-sectional as- been widely proposed from the viewpoint of thermodynamic
pect ratio of the duct was proposed. The secondary flow andSecond Law [10-17]. Several examples are as follows: the
convective heat transfer in curved rectangular ducts with ex- optimization work for convective heat transfer through a
ternal heating were investigated by Chandratilleke [7] using duct with constant heat flux by Nag and Kumar [12]; the irre-
experimental method, and Chandratilleke and Nursubyakto versibility analysis in various duct geometries with constant
[8] using both of numerical and experimental methods. In wall heat flux by Sahin [13,14]; the optimal analysis of fin
their studies, the effects of Dean number and duct aspectgeometry in an electronic cooling system based on the exer-
ratio on the heat transfer coefficient and flow fields were an- goeconomic by Shuja [15]; the optimal analysis of rectangu-
alyzed. For enhancing the heat transfer performance, Camciar channels with square pin-fins by Sara et al. [16]; and the
and Rizzo [9] added a fence on the heated wall of a 90-degoptimizing work for the laminar forced convection in helical
turning rectangular curved duct. Through their experimental coils by Ko and Ting [17]. In view of that most of the previ-
study, they found the added fence could effectively raise the ous investigations on convective flows in curved rectangular
heat transfer performance of the turbulent convection in the ducts are restricted to the analysis based on thermodynamic
curved duct. First Law, a recent work of Ko and Ting [18] investigated
The primary concern of the heat exchanger design is the entropy generation due to laminar forced convection in
twofold: the effective heat transfer performance and the leasta curved rectangular duct with constant wall heat flux. In
pressure drop. However, an embarrassing situation exits inthe study, the influence of external heat flux, Dean number
the practical design work, i.e. a design parameter adjusted toand cross-sectional aspect ratio on the entropy generation
enhance heat transfer performance inevitably accompaniesvere emphasized, through which the optimal Dean number
an increase of pressure drop. The conflict situation chal- and aspect ratio according to relevant design parameters to
lenges the design work. The optimal trade-off by selecting induce the minimal entropy generation and least irreversibil-
the most appropriate configuration and the best flow condi- ity were reported. According to a recent research of Camci
tions becomes critical and unavoidable. For determining the and Rizzo [9], the fence mounted on the heated wall of a
optimal design, the minimal entropy generation principle has rectangular curved duct could effectively raise the heat trans-
been widely adopted to evaluate a thermal system [10,11].fer performance. However, since their study was restricted
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to the thermodynamic First Law, the current study is moti- the steel rib are 7900 kap—2 and 48 Wm~1.K~1, respec-
vated. The present paper intends to investigate the laminartively. Air has been selected as working fluid in the present
forced convection and entropy generation in a curved rec- study. Since temperature change in the flow field is very
tangular duct with longitudinal ribs mounted on the heated small, the thermophysical properties of molecular viscosity
wall with numerical methods. The effects of the rib on the (u) and thermal conductivityk) are assumed to be con-
flow features and entropy generation are the principal con- stant as 846x 10~° kg-m~1.s71 and 0.0263 Wm~1.K 1,
cerns. Through the entropy generation analysis and minimalrespectively. The buoyancy force due to gravity has been in-
entropy generation principle, the optimal rib size in the rec- cluded in considerations. The gravity direction is indicated
tangular curved duct with different flow conditions will be in Fig. 1. The fluid density at duct entrance according to the
discussed in the paper. fluid temperaturdyp is 1.161 kgm—2. The non-dimensional
wall heat flux,q*, is defined according to the external wall
heat flux,q¢”, as

q* =q"de/kTo (4)

Fig. 1 shows the semi-circular curved rectangular ductan- |, 5 paseline case of the present stuglyand De are fixed
alyzed in the present paper. The curved duct represents aheals o 112 and 2000, respectively. Except the baseline case
exchanger passage. Heat is transferred through the outer WaIJI* is varied as 0.056. 0.224 and 0.448. wiilleis varied as

of the duct, and is transported by the cooling air from duct 544 1000 and 3000, to investigate the influence of external
entrance. A steel rib with square cross-section is mounted heat flux and Dean number on flow fields. For various flow

at the midway of the heated wall as shown in Fig. 1 for en- ,nqitions the calculated cases cover the curved ducts with
hancing the heat transfer performance. The cross-section of,

; o and without ribs. In the cases with rib, the rib sizgde, is
the curved duct is a square with side lengtirhe Reynolds varied as 110, 1/7 and Y5 to investigate its influences.
number Re), Nusselt numberNu) and Dean numbeiDE)
for the current problem are defined as follows:

2. Physical model

Re= pVde/1L (1) 3. Mathematical model and numerical method
Nu= hde/k 2
o/ @ 3.1. Mathematical model
and
De= Rede/rc)Y? (3) The present problem is three-dimensional, laminar and

_ _ steady. The conjugated heat transfer phenomenon including
whereV and/ are the average velocity and average heat g convection in fluid flow and the conduction in steel rib

transfer coefficient of the flow in the curved dugkis the 46 considered simultaneously in the present analysis. For
characteristic length defined as AP, whereA andPw are g flow, the relevant equations are continuity equation,

the area and wetted perimeter of the square cross-sectiony,ier—Stokes equation, energy equation and equation of

respectively;rc is the curvature radius of the curved duct.  q4te For steel rib, the heat conduction equation is consid-
The rib height ish; the density and thermal conductivity of ered. The equations in tensor form are as follows.

For fluid flows:

upper wall, adiabatic

outer wall, q"

9 .
(pUi) -0 5)
axi
0 (pU;Ui)
ax]' PV
- P ad aU; dU; 2 U
9 k
@ \ bottom wall, adiabatic I =—3 + S —l + —] — —,u—8,~j + pg&i
inlet outlet ox;  0x; 0x; ox; 3" Oxg
B (6)

rib
a aT

— (,OU]'CpT - k—>

3)6]' B)Cj

P aU;  AU;\ 2 AU, 10U
=Uj§+[u(—’+—’) "5} Lo

j ij 3)61‘ - §M E)xk i E
P =pRT (8)
For steel rib:
ad aT
Fig. 1. Geometry and coordinate system of a curved rectangular duct. 3_ Sr =0 (9)
Xj Xj
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The boundary conditions are specified as follows. The g7 _ ﬁ(an + 8&) Ui (11)
uniform axial velocity is set at duct entrance. At outlet, the T'\oxj  9x; ) dx;
diffusion flux in the direction perpendicular to the outlet
plane for all velocity components and temperature are set to 1 he total volumetric entropy generation in the flow field can
zero. Non-slip conditions are specified on the duct wall and Pe obtained by
rib wall. As shown in Fig. 1, the constant heat flux is spec-
ified only on the outer wall, whereas on other walls of the Sgen= ST + Sg’ (12)
curved duct adiabatic condition is applied. At the interface
between fluid and rib surface, the energy balance of convec-Bejan numberBe) proposed by Paoletti et al. [19], which
tion in fluid flow and conduction in steel rib is applied to describes the contribution of heat transfer entropy on overall
couple the conjugated heat transfer process. entropy generation, is defined as

After the velocity and temperature distributions of the

flow field are solved by using Egs. (5)—(9) and the accompa- ge— s Sé’én (13)
nied boundary conditions, the volumetric entropy generation
due to the heat transfer irreversibilitg() and the fluid fric- Obviously, theBeranges from 0 to 1Be= 0 andBe= 1 are
tional irreversibility (S5') can be calculated by the following 4 jimiting cases representing the irreversibility is domi-
equations [11]: nated by fluid friction and heat transfer, respectively. When
k 5 Be= 0.5, the entropy generation rates from heat transfer and
St = E(WTD (10)  fluid friction are equal.
A-A B-B’ c-C
(a)
(b) ) ) » ””””\“m/./,,,,,,,,,,‘/‘/‘2/,
,,,,,,,..‘m‘»»“‘\}
(&Y 777 Y
s
EP‘W/ .fn’ ("é’
i ;sssssssssé”(\ S
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Fig. 2. Flow analysis: secondary flow motions on cross-sectional planes dt B—B' and C-C. (a) No rib; (b)/de = 1/10; (C) h/de = 1/5. On each
cross-sectional plane, outer wall is at right-hand side, inner wall is at left-hand side.
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Fig. 3. Distributions of secondary kinetic energy coefficiefitec On cross-sectional planes at A=AB-B' and C-C. (a) No rib; (b) #/de = 1/10;
(c) h/de = 1/5. On each cross-sectional plane, outer wall is at right-hand side, inner wall is at left-hand side.

3.2. Numerical method 4. Resultsand discussion

All the above-mentioned equations accompanied by  The accuracy of numerical solutions has been investi-
boundary conditions are discretized using finite volume for- gated through the comparison of numerical results with ex-
mulation. In the equations, the convective terms are modeledperimental data in the curved duct with various aspect ratios
by the secondary-order upwind scheme while the diffusive in the previous study of Ko and Ting [18]. From the compar-
terms are modeled by the central difference scheme. Theisons, the accuracy of numerical results has been verified.
numerical solution procedure adopts the well-known semi- The grid independent tests were also carried out in the study
implicit SIMPLE algorithm, which was developed by Laun- of Ko and Ting [18]. For higher resolution of the current
der and Spalding [20]. The detailed numerical procedure is problem, the grid number is raised to 202 500 for ducts with
given in the book of Patankar [21]. The convergent crite- various rib sizes. The grid layout is 4545 on the rectan-
rion is set as the relative residual of all variables, including gular cross-sectional plane, and 100 grids along the axial
the mass, all velocity components and temperature less thardirection.
10~4. The results have been compared with those from the  In the following, the flow fields, including the secondary
calculation with the convergent criterion set as 40The vortices, distributions of velocity, temperature, and entropy
results are almost the same. A commercial CFD software generation, under a baseline flow conditigii,= 0.112 and
CFD RC (ESI US R&D, Inc.) is used for the numerical so- De = 2000, is first discussed, and then the effegtsand
lutions. De on the entropy generation is presented. From the inves-
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Fig. 4. Flow analysis: velocity contours on cross-sectional planes at,/B8-8" and C-C. (a) No rib; (b)2/de = 1/10; (c)h/de = 1/5. On each cross-sectional
plane, outer wall is at right-hand side, inner wall is at left-hand side.

tigations of influences of ribs, the optimal rib size for the regions near the inner wall on AZplane. As the flow devel-
curved duct flow under various external heat flux &redis ops to B—B plane, the pair of vortices remain at nearly the
discussed. same location. Meanwhile, two additional vortices with op-
posite rotating direction appear in the corner region near the
4.1. Analysis of flow fields wit" = 0.112and De= 2000 outer wall. Further to C—Cplane, the pair of vortices near
the outer wall splits into two vortex pairs, and a vortex sys-
De = 2000 will be discussed first. The case without rib and tem Wl.th totally three pairs of vortices form on th? p'a.”e' The
complicated development of the secondary vortices is the re-

the ribbed cases with/de = 1/10 and }5 are selected as . .
baseline cases for comparisons. Figs. 2(a)—(c) show the SeC_sult of combined effects of duct curvature and the centrifugal

ondary vortices on the cross-sectional plane A-BAB' and forces. Figs. 2(b) and 2(c) show the secondary vortices on

C-C for the case without rib, and the ribbed cases with the curved duct with rib of/de = 1/10 and ¥5, respec-
h/de = 1/10 and ¥5, respectively. In the figures, the left- tively. On all the three cross-sectional planes, it can be seen
hand side of the cross-sectional plane is the inner wall of that the influence of rib on the vortices at the corners near in-
the curved duct, and the right side is the outer wall of the nerwallis relatively minor, whereas the principal influences
curved duct, which is exposed to the external heat flux. For of ribs on the secondary vortices appear in the region near
the case without rib, as shown in Fig. 2(a), it can be found a the outer wall. In both ribbed cases, a new pair of counter-
pair of counter-rotating vortices distribute on the two corner rotating vortices forms near the rib corner on A-#lane.

The flow fields with flow conditions ag* = 0.112 and
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Fig. 5. Flow analysis: temperature contours on cross-sectional planes df B—B and C-C. (a) No rib; (b)2/de = 1/10; (c) h/de = 1/5. On each
cross-sectional plane, outer wall is at right-hand side, inner wall is at left-hand side.

As the flow develops to B-Bplane, the new vortex pair whereV; andW; are two velocity components on the corre-
becomes stronger and moves their position slightly away sponding cross-sectional planes. From the figures, the larger
from the rib corners in the case with rib éfde = 1/10. Csec CONcentrates in a very narrow region near the top and
Nonetheless, the principal vortex pattern remains unchangedoottom walls for all of the three cases. Although the value
near the rib corners in the case. As the rib size increases toof the largest value ofsec for the three cases is similar,
h/de = 1/5, the vortex system near the rib becomes very which is around 0.29-0.3, the area coverage with lafes
complicated. On B—Bplane, the vortex pair appearing near becomes wider as the rib added and the rib size increases.
the rib corner on the A—Aplane still distributes there. But  Accordingly, the addition of rib can be seen to augment the
between the vortex couple, a new pair of vortices develops secondary vortex motion. Figs. 4(a)—(c) show the velocity
and forms in the left region adjacent to the rib. As the flow contours on the three cross-sectional planes for the three
develops to C—Cplane, the three pairs of vortices become cases. For the case without rib, it can be seen clearly that the
more distinguishable. The vortex system on the three cross-hjgh velocity zone transfers from the inner side gradually to-
sectional planes for the three cases with or without ribs canyard the outer side as the flow develops from Apfane to

be seen very different, which indicates the rib has signifi- c_c plane. Such change is resulted from the influence of
cant influences on the secondary flow motion in the curved centrifugal force. However, the trend is changed due to the
duct. Such influences will be beneficial to the enhancement i, From the ribbed cases, as shown in Figs. 4(b) and 4(c),
of heat transfer performance but detrimental to the reduction {he transfer of the high velocity zone is impeded by the rib,
of fluid friction in flow fields. Figs. 3(a)—(c) show the distri-  yhjch results that the high velocity zone distributes near the
butions of secondary kinetic energy coefficiefifec Which  central zone instead of outer zone of the cross-sectional duct

is defined as plane as the flow develops toward downstream. In addition,
the impediment effect of the rib can be seen to increase as
Csec= (VE+WA)? /v (14) the rib size increases.
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Fig. 6. The contours of volumetric entropy generati, on cross-sectional planes at A=8-B" and C-C. (a) No rib; (b)h/de = 1/10; (c)h/de = 1/5.
On each cross-sectional plane, outer wall is at right-hand side, inner wall is at left-hand side.

Figs. 5(a)-(c) show the non-dimensional temperature These results reveal that the rib can effectively enhance the
contours on the three cross-sectional planes for the threeheat transfer performance in the curved duct, and in turn
cases, respectively. The non-dimensional temperaftife, smooth the temperature gradient in flow fields.
is defined as
« 4.2. Analysis of entropy generation under flow condition of
" =T =T0)/To 15+ Z0.112and De= 2000
Obviously, the principal temperature rise occurs in a very
narrow region close to the outer wall, which is exposed tothe  The distributions of volumetric entropy generation due to
external heat flux. The largest* is about 0.009 occurringin  frictional irreversibility and heat transfer irreversibility for
the case without rib. Besides, the temperature gradient canthe case without rib and the ribbed cases it = 1/10
be found more serious in the case without rib. In the regions and /5 under flow condition of;* = 0.112 andDe = 2000
near the outer wall, the higher-temperature zones show dif-are shown in Figs. 6 and 7, respectively. From Figs. 6(a)—(c),
ferent shapes on various cross-sectional planes for differentwhich show the distributions oSy’ on the three cross-
cases. However, it is interesting to find that the shapes of thesectional planes, respectively, the significant entropy gener-
higher-temperature zones are coincident with the contoursation due to fluid frictional irreversibility is found to concen-
of relatively lower velocity near the outer wall as shown in trate in a very thin layer adjacent to the curved duct wall. In
Fig. 4. The results indicate the heat transfer performance isall of the three cases, the values$f near the inner wall
relatively worse in the lower-velocity region near the heated are relatively smaller than those near the other three sides.
wall; therefore, the local temperature is higher. In the ribbed Although the largessy’ occurs in the regions closely adja-
cases, it can be seen the temperature distribution within thecent to the outer wall in the case without rib, the distributing
rib is very uniform, which could be understood because of area of the layer with significant values §f can be seen to
the large thermal conductivity of the rib. In addition, the tem- increase with the rib size. This is resulted from the more se-
perature within the rib decreases as the rib size increasesrious fluid friction near the wider rib-wall area in the larger
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Fig. 7. The contours of volumetric entropy generatisﬁf(,, on cross-sectional planes at A=B-B' and C-C. (a) No rib; (b)i/de = 1/10; (C)h/de = 1/5.
On each cross-sectional plane, outer wall is at right-hand side, inner wall is at left-hand side.

rib case. The distributions & on the three cross-sectional cantS”én concentrates only in the thin layer on the perimeter
planes for the three cases are shown in Figs. 7(a)—(c), respecoef the duct wall for all the three cases. The vaIueSSﬁn is
tively. The distribution of significansy’ only occurs in the largest in the region near the outer wall, whersis,is very
region close to the outer wall, where§§ is almost zero in  minor in the region near the inner wall.

other regions. The larges{’ occurs in the case without rib.

Both of the magnitude and distributing zone of significant 4.3. Effects of rib size on entropy generation and analysis
S7' can be seen to be smaller in the ribbed cases. As the ribof optimal rib size

size increasessy’ decreases obviously. These results verify

again that the rib can effectively enhance the heat transfer  For evaluation of the entropy generation in flow fields, the
performance, reduce the temperature gradient, and accordnon-dimensional entropy generation rafg, ST andSge, in
ingly decrease the entropy generation due to heat transfer irthe whole curved duct are defined by

reversibility. The contours dBeon the three cross-sectional [, Sgdv

planes for the three cases are shown in Fig. 8. From the fig-Sp = = (16)
ure, it can be found that the valuesi®é near the outer wall Q/”/To

are larger than 0.5, which indicaté$’ is larger thanSp’ in St = fv St'dv (17)
the region where the external heat flux is imposed. The area Q/To

of fluid flow region with largerBe can be seen to become g,q

smaller in the two ribbed cases. Besides, as rib size increases [, sudv

fromh/de = 1/10to 1/5, the values oBecan be seen to be- Séen Jv PgentV (18)
come smaller in most region of the flow field, which reveals 0/To

that S7’ decreases as the rib size increases. The distributionwhereV is the volume of the whole computational domain,
of Sgén on the three cross-sectional planes for the three casesncluding the fluid and the steel rilg) is the heat flow rate
is shown in Fig. 9, from which it can be seen that the signifi- into the flow field. The comparison of entropy generation
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Fig. 8. The contours oBe on cross-sectional planes at A58-B" and C-C. (a) No rib; (b)A/de = 1/10; (c) h/de = 1/5. On each cross-sectional plane,
outer wall is at right-hand side, inner wall is at left-hand side.

for the cases without rib and the ribbed cases with differ- points out that the entropy generation due to fluid frictional
ent rib sizes, including/de = 1/10,1/7 and 15, is shown irreversibility in the whole flow field becomes increasingly
in Fig. 10. A clear trend can be found from the figure that more important than that from heat transfer irreversibility as
Sp in all ribbed cases is larger than that in the case without the rib size increases. The resultant entropy generafjgn

rib, and its magnitude increases as the rib size increases. Théor the calculated cases is depicted in Fig. 12. It can be found
results can be understood as a consequence that more fluithat theSge, can be effectively reduced by adding ribs with
friction is induced by the wider rib wall in the larger rib case. all sizes considered in the present study. Nonetheless, among
The figure also indicates that the rib can cause obvious re-the analyzed ribbed cases, the rib sizé fe = 1/7 can in-
duction of S. As the rib size becomes largeSi decreases — duce the minimabg,, Accordingly, the rib size is concluded
more, which reveal again that the effect of the rib on heat as the optimal option for the curved duct under the flow con-
transfer performance is substantial. For the present analyzedlition with ¢* = 0.112 andDe = 2000. By equipped the
case withg* = 0.112 andDe = 2000, S} is much larger rib of such size, the best exergy utilization with least irre-
than St for all the cases, indicating the entropy generation versibility could be obtained in the convective flow of the
under the current flow condition is dominated by the fluid curved duct.

frictional irreversibility. It is noted that Fig. 10 also exhibits

the opposite influence of rib size ¢if andSy. The conflict 4.4, Effects of Dean number and external heat flux

trend manifests that the rib size could be optimized due to

a trade-off between the irreversibility from heat transfer and  For further investigating the entropy generation and op-
fluid friction so that the minimal resultant entropy generation timal rib size under different flow conditions, several cases
could be obtained. From Fig. 11, which depicts the values of with variousg* andDe are calculated. Figs. 13(a) and 13(b)
S7/Sgenfor all the different cases, it can be seen that the val- show the values of and S7 for ¢* = 0.112 cases with
ues ofS3/Sgen for all cases is less than 0.5. In addition, the De = 500, 1000, 2000 and 3000, respectively. Comparing
value of $7/Sge, decreases as the rib size increases, which the two figures, it can be seen that the increaseesfnakes
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Fig. 9. The contours of volumetric entropy generati§jhy, on cross-sectional planes at A=8-B" and C-C. (a) No rib; (b)h/de = 1/10; () h/de = 1/5.
On each cross-sectional plane, outer wall is at right-hand side, inner wall is at left-hand side.
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Fig. 10. The effects of rib height on entropy generation induced from heat Fig. 11. The effects of rib height as§f/ Sgen

transfer §1) and fluid friction (§5).

and the rib size becomes larger. Fig. 14 shows the values of
Sp increase andt decrease. Such results can be understood S7/Sge, for ¢* = 0.112 cases witfDe = 500, 1000, 2000
that the increase de will cause the more serious fluid fric-  and 3000, respectively. It can be seen from the figure that
tion and the better heat transfer performance. For the samehe value ofSt/Sgen gradually decreases as the rib size in-
reasonsSp increases andy decreases as the rib is added creases for alDe cases, which indicates the trend that the
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Fig. 12. The effects of rib height on entropy generatl@bn. norib 177 110 s
h/d,
rib can enhance the heat transfer performance and in turn to (@
reduce heat transfer irreversibility is not influenceds - De=500
As the rib size increases, the affects can be found to become cee-m---- De=1000
more significant. The figure also exhibits that the value of —-—m—-— De=2000
S?/Ssen becomes larger d3e becomes smaller. In all ribbed De=3000
and non-ribbed cases wibe = 500 and 100057 /Sge, is 0.015
much larger than 0.5, whered$/Sge, is less than 0.5 for -
all cases a®e increases to 2000. ABe increases to 3000, 0.0125 |-
the values ofS3/Sge, in all cases become much smaller -
than 0.5. This reveals the fact that the entropy generation 0.01F
in flow fields is more dominant by heat transfer irreversibil- -
ity in smaller De cases, and is more dominant by frictional "¢y 0.0075
irreversibility whenDe is larger. The increase off and -
decrease of; caused by the increase B accordingly in- 0.005
duces the decrease 8§/ S; The effects oDeon S, are - TR S,
e g : ? : 0.0025 -
shown in Fig. 15. InDe = 2000 cases, which has been dis- - H==x
cussed previously, the magnitudesjt, can be reduced by T T

adding the rib in the curved duct, and the optimal rib size is norib  1/7 110  1/5
h/de = 1/7. The similarly favorable effect of the added rib h/

can also be found ibe =500 and 1000 cases. As the rib is de

added, the value of,, decreases monotonically as the rib (b)

size increases, which results thietde = 1/5 is the optimal Fig. 13. (a) Effects oDe on 5 (¢* = 0.112). (b) Effects ofDe on s

rib size for theDe = 500 and 1000 cases. However, when (,* _0112).

De increases to 3000, the opposite and unexpected results

are found from the figure. IiDe = 3000 cases, the added

rib does not reduce the value 6f,, but makes the value addition of ribs induces the unexpected increase of resul-
increase. As the rib size becomes larger, the entropy generlantsgen. As the rib size increases, the unexpected increase
ation becomes more serious. These results point out that theof resultantSg., becomes larger. On the contrary, the en-
rib should not be added in the curved duct from the view tropy generation is dominated by heat transfer irreversibility
point of minimal entropy principle wheBe is larger. The  in the smallerDe cases Pe = 500 and 1000), the addition
reasons to cause such results can be explained as followsof rib can effectively reducéz. Although theSg increases
Although the addition of rib can reduc through the en-  due to the added rib at the same time, the resultant entropy
hancement of heat transfer performance, but it also rafses  generationSg,, still decreases since the dominant entropy
simultaneously because the added rib makes fluid friction generation isS7 for the smallerDe cases. The affects also
become more serious in flow fields. Since the entropy gen- become more significant as rib size increases. Accordingly,
eration is dominated by frictional irreversibility in the larger in De =500 and 1000 case%s, can be reduced by adding
De (De = 3000) cases, as been discussed previously, the in-ribs of all sizes, and the optimal rib sizeigd. = 1/5, which
crease ofSj overwhelms the decrease §f,; therefore the is the largest rib size considered in present study. As for the
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Fig. 15. Effects oDe on Sep (De= 2000). Fig. 16. (a) Effects oly* on S (De = 2000). (b) Effects ofz* on S}

(De = 2000).

De = 2000 cases, the entropy generation due to frictional
and heat transfer irreversibility is relatively comparable, i.e. irreversibility in largerq™ cases. Because the temperature
no one is dominant in flow fields. Therefore, the opposite raise is limited for the heat flux considered in the present
influence of added rib o5 and S makes the choice of op- ~ study, the influence of heat flux on velocity fields is minor.
timal trade-off of the rib size become necessary to obtain the Therefore Sg', which is mainly related with the velocity gra-
minimal Sa‘en_ The details have been discussed previously. dient, is not significantly affected by heat flux. However, due
The effects of the external heat flux are shown in Figs. to the normalization o/ Tp and temperature term appears
16-17. In the calculated case3e is fixed as 2000, and  in the dominator of the definition df} (see Eq. (16))S3 is
g* is varied as 0.056, 0.112, 0.224 and 0.448, respectively.induced to become larger in the smaligr cases. The ef-
Figs. 16(a) and 16(b) show the values §}f and S5 for fects of rib onS5 and ST remain the same for all heat flux
De = 2000 cases witly* = 0.056, 0.112, 0.224 and 0.448, cases, i.e. the added rib causgsto increase whilst causes
respectively. From the two figures, it can be seen that the S} to decrease. The change increases as the rib size becomes
increase ofy* makesSy decrease andy increase. The in-  larger. Fig. 17 shows the values 8f/Sge, for these cases,
crease ofS is resulted from the more serious heat transfer from which it can be seen that /S, increases ag* in-
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Fig. 17. Effects of* on $T/S§en (De = 2000).
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Fig. 18. Effects of* on S§en (De = 2000).

creases. This is the natural result due to the lafgaraused

by the largerg*. In largerg* cases, the entropy generation
is more dominant by heat transfer irreversibility. It can also
be seen from the figure that the valuesSgf Sge, decrease
monotonically as the rib size increases inglicases, which
indicates again the larger rib is helpful for the better heat
transfer performance and the reductionSgf The resultant
entropy generatior$ge,, for the cases is shown in Fig. 18.
In the cases withy* = 0.112, the addition of rib with all
sizes can reduce the value §,,, and the optimal rib size
to induce minimalSge, is i/de = 1/7 as pointed out pre-
viously. As forg* decreases to 0.056, the addition of rib
with all sizes cannot reduck,, but raises its value since
the entropy generation is dominated by the frictional irre-
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versibility in the low heat flux cases. Accordingly, the rib
should not be added in the cases. As the external heat flux
increases tg* = 0.224 and 0.448, the major entropy gen-
eration comes from the heat transfer irreversibility. It can
be seen that the addition of rib can cause the reduction of
the value ofSg, Besides, as rib size increasef§e, de-
creases more. Therefore, the minin§gl,, is obtained in the
h/de = 1/5 case, which is the largest rib size in the present
study.

5. Conclusions

Three-dimensional laminar forced convective flow and
entropy generation in a 180-deg curved rectangular duct with
longitudinal ribs equipped on the heated wall have been in-
vestigated by numerical methods. The effects of rib size
under different flow conditions with various Dean number
and external flux are particularly highlighted. The principal
conclusions are as follows:

(1) The major entropy generation concentrates in the region
adjacent to the solid walls since the velocity and tem-
perature gradients are steepest there. Near the duct outer
wall, where the external heat flux is imposed, the en-
tropy generation is largest. The entropy generation near
the inner duct walls is relatively mild.

The addition of ribs can augment the secondary vor-

tex motion in the curved duct, through which the heat

transfer performance is enhanced, and therefore, the
temperature gradient in flow fields becomes milder.

In turn, the entropy generation from the heat trans-

fer irreversibility is effectively reduced. Nonetheless,

since the flow is disturbed significantly and the solid
walls become wider in the fluid flow due to the added
ribs, more serious fluid friction is resulted. As a con-
sequence, the entropy generation from fictional irre-
versibility is raised by the ribs. The opposite influ-
ence on the entropy generation from irreversibilities
makes the optimal trade-off analysis become neces-
sary for obtaining the minimal resultant entropy genera-
tion.

(3) For cases with smaller Dean number and larger heat
flux, the entropy generation in flow fields is dominated
by heat transfer irreversibility. Therefore, the addition
of rib can reduce the resultant entropy generation effec-
tively since the reduction of the entropy generation from
heat transfer irreversibility overwhelms the increase of
the entropy generation from frictional irreversibility due
to the rib. On the contrary, since the entropy genera-
tion is dominated by frictional irreversibility in cases
with larger Dean number and smaller heat flux, the ad-
dition of the rib cannot reduce the resultant entropy
generation but raises its value. Accordingly, the rib
should not be added in curved duct in these cases.
For the cases with medium Dean number and exter-

)
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