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Numerical Analysis of Turbulent Flow and Heat Transfer
in a Square Sectioned U-Bend Duct
by Elliptic-Blending Second Moment Closure
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A second moment turbulence closure using the elliptic-blending equation is introduced to

analyze the turbulence and heat transfer in a square sectioned U-bend duct flow. The turbulent

heat flux model based on the elliptic concept satisfies the near-wall balance between viscous

diffusion, viscous dissipation and temperature-pressure gradient correlation, and also has the

characteristics of approaching its respective conventional high Reynolds number model far away
from the wall. Also, the traditional GGDH heat flux model is compared with the present elliptic

concept-based heat flux model. The turbulent heat flux models are closely linked to the elliptic-

blending second moment closure which is used for the prediction of Reynolds stresses. The

predicted results show their reasonable agreement with experimental data for a square sectioned

U-bend duct flow field adopted in the present study.
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1. Introduction

Turbulent flow and heat transfer through the
passage of turbine blades and heat exchangers
are examples of turbulent duct flows with strong
streamline curvature and secondary flow. The pres-
sure induced by secondary flow motions produces
significant outcomes in the turbulent duct flows
and thus, affects the level of heat transfer (Suga,
2003). To investigate this kind of turbulent duct
flow, Chang et al.(1983) provided the detailed
structure of the turbulence in a square sectioned
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U-bend duct by experiments. Also, the heat trans-
fer characteristics related to the local Nusselt num-
ber and temperature distributions in the same
geometry were measured by Johnson (1984) and
Johnson & Launder (1985). These studies detect-
ed a trough in the streamwise mean velocity pro-
files and indicated that unprecedented velocity
distributions originated from strong secondary
flow motions.

The characteristics of turbulence and heat
transfer in square sectioned U-bend duct flows
were predicted by many numerical studies. In the
survey carried out by lacovides and Launder
(1995), who obtained good numerical results, a
low Reynolds number (LRN) model was found
to be for more reliable than wall functions. They
also recommend the use of a second moment
closure to predict duct flows despite the problems
of the wall-reflection terms in modeling the pres-
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sure-strain correlation (Suga, 2003).

Although solving every component of Reynolds
stress transport equations requires more compu-
tational resources than adopting an eddy viscosity
model, second moment closures are considered
to be more general closure. To obtain the numer-
ical computations of flow characteristics in detail,
several more advanced LRN second moment clo-
sures were applied to the square sectioned U-
bend duct flow and the results of the predictions
were in good agreement with the experimental
data. Among them, the model proposed by Craft &
Launder (1996) was considered to be thoroughly
free from the topographical parameters such as
wall-normal distance and wall normal vector.
For industrial applications, dropping these para-
meters is much preferred because of the com-
plexity of the flow geometry (Suga, 2003).

Although the more advanced LRN second
moment closures are well established based on a
sound theory, the near-wall models for pressure—
strain correlation or pressure diffusion term pos-
sesses so complicated forms. This fact means that
the possibility of numerical stiffness is always
existed in the models. From these reasons, the
LRN second moment closures have not been
loaded easily on any commercial code and they
are not widely used in industrial applications.

On the other hand, for the turbulent stress field,
Durbin (1993) introduced the elliptic relaxation
method (ERM), which uses a new type of wall
blocking model. The method, applied to Reyn-
olds stress models, has a solid theoretical basis,
but implies six additional equations, so it is not
widely used in the industry. The complex implemen-
tation and the stability problems of this method
are the main problems, and the boundary condi-
tions for the additional equations are a major
source of numerical instability (Manceau & Hanjalic,
2002) . To overcome the weak points of the ERM,
Thielen et al.(2004) suggested another approach,
called “the elliptic-blending model (EBM)”, which
is based on a blending of near-wall and far-from
the wall forms of pressure scrambling correla-
tion. The ellipticity is preserved by solving an
elliptic-blending function. The model guarantees
the main feature of the Durbin’s elliptic relaxa-

tion second moment model but involves only one
scalar elliptic equation, applying a simple bound-
ary condition at the wall. Also, the model can be
used in the industry because it offers a reasonable
compromise between simplicity and consistency
of physics. A notable feature of these approaches
is that the non-local character on pressure scram-
bling term is preserved by the elliptic operators
such as the elliptic relaxation equation or the
elliptic-blending equation, and the formulations
can be integrated down to the wall (Manceau &
Hanjalic, 2002).

In the heat transfer calculations, the general-
ized gradient diffusion hypothesis (GGDH) of
Daly & Harlow (1970) is usually applied to pre-
dict the turbulent heat flux in combination with
second moment closures. Although the GGDH
model is adopted in a non-linear eddy viscosity
model, since the GGDH heat flux model mainly
relies on the predicted turbulence anisotropy, it is
reasonably expected that coupling it with a sec-
ond moment closure is more suitable for predict-
ing complex thermal fields (Suga, 2003). GGDH
can not predict the streamwise heat flux compo-
nent reasonably well (Launder, 1988). Although
the streamwise component is not important for
predicting the thermal field in a fully developed
flow parallel to the wall, it does not necessarily
mean that the streamwise component is always
unimportant. Therefore, to improve the informa-
tion for the characteristics of turbulent heat trans-
fer in curved ducts, the other proposals for turbu-
lent heat flux model, which has better accuracy in
predicting the streamwise component, should be
adopted in square sectioned U-bend duct flow
with heat transfer. Unlike the gradient diffusion
model form, the elliptic concept turbulent heat
flux model proposed by Shin et al.(2005), among
the improved models, solves the turbulent heat
flux transport equation. And, the model satisfies
the near-wall balance between viscous diffusion,
viscous dissipation and temperature-pressure gra-
dient correlation, and can also approach its re-
spective conventional high Reynolds number
model far away from the wall.

Thus, the present study uses the elliptic concept
heat flux model, which is closely associated with
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the EBM of Thielen et al., considering the possi-
bility of its use in the industry, and the prediction
results are compared with those of GGDH model
predictions and experimental data of Johnson
(1984) and Johnson & Launder (1985).

2. Mathmatical Models

2.1 Elliptic-blending model for the turbulent
stress tensor
The model transport equation for the turbulent
stress tensor, which constitutes the elliptic-blend-
ing second moment closure (Thielen et al., 2004),
can be given as follows :

Duu; _ 0 < 5,0ttt duau;

it =96 52 ) 4 Dl 4Pyt 05 —ey (1)

where P;; and g;; are identified as the stress pro-
duction and dissipation rate, respectively, with
P=1/2P.. and e=1/2¢; and @} is the veloci-
ty- pressure gradient correlation, known as the
pressure scrambling term.

To impose a limitation on the fluctuating quan-
tities of Reynolds stresses, Durbin (1993) pro-
posed the ERM as

@:7 —&ii= kfu U uJ 15 (2>

In equation (2), f;; is obtained from the elliptic
relaxation equation as

fi— VP fi=

(@z—— 5u+”k”f ) (3)

Also, Durbin (1993) suggested the wall bound-
ary conditions of f;; equations to reproduce the
wall-limiting behavior of @} —e&;;. However, be-
cause the six additional equations for f;; induce
the numerical stiffness by the imposed boundary
conditions, Thielen at al.(2004) proposed a sim-
pler model preserving the main features of the
ERM ; this model is called the elliptic-blend-
ing method (herein after EBM), which blends the
“homogeneous” (away-from-the-wall) and near-

wall models of @}
05=(1—9*) 05+ y° 0% (4)

and ¢&;; as follows :

= (1—y?) Y e+¢2263“ (5)

where ¥ is an elliptic-blending parameter, ob-
tained by solving an elliptic differential equation
y—LV*y=1, (6)

with the boundary conditions =0 at the wall.
For the reproduction of the wall-limiting behav-
ior of @¥, Thielen et al.(2004) suggested the
near-wall redistribution term.
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where the unit wall-normal vector is evaluated
from
V¥
n= (8)
IVl

Concerning the quasi-homogeneous model @%
(=@ + @) | Thielen et al.(2004) adopted
the following model of Speziale et al.(1991).
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where
b=~ 8, (10)

is the anisotropy tensor. Also, in equation (9)

)

represent the mean rate of strain and the mean
vorticity tensor, respectively.

The unclosed diffusion term in equation (1) is
modeled by gradient diffusion as

_J_
axk

with the coefficient Cs=0.21.
Accordingly, substituting equations (4), (5)

D=2 ( Conta T@) (12)

0x:
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and (12) into equation (1), we can obtain the
Reynolds stress equation model based on EBM,
and the model equations should be converted into
the cylindrical coordinate. The model transport
equation for the energy dissipation rate can be
given in cylindrical coordinates as follows :

0
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is production of the turbulent kinetic energy, and
the model coefficient Ce; is assigned as

C51:144<1+003(1—¢'2)1/ MM%) (15)

The other coefficients appearing in the equation
are Ceo=1.83 and C.=0.18.

In the above equations, the turbulent time scale
T and length scale L are bounded by Kolmo-
gorov scales as were in the elliptic relaxation
method of Durbin (1993):

T=max<§, Cr<%>m> (16)
L=C, max(%, cﬂ%> (17)

The model coefficients adopted in the present
study is listed in Table 1.

Table 1 The model coefficients for Thielen et al.’s
EBM

G|C|G|G|CG| Ci |G |Cr| C | Gy
34(1.8] 0 |08|13(125]04(6.0]0.161|80.0

2.2 Turbulent heat flux model using the
elliptic-blending equation

A mathematical model of turbulent scalar trans-
port is required to solve the Reynolds-averaged
scalar equation. In the second moment closure,
the generation term due to mean velocity and
scalar gradients can be handled exactly, and this
feature should be one of the most attractive ad-
vantages for the prediction of complex flows. The
transport equations for mean temperature and
scalar flux in a fluid of constant physical proper-
ties are given as:

DO _ 0 00
Dt _8xij< 0%x; uJH) (18)
Du 6 w‘i‘D ?94‘@?9—61'9 (19)

Dt

In equation (19), P; denote production by tem-
perature and velocity gradients, which is exactly
expressed as

Po=—1tts gf ] ‘3;] (20)

and Dj,
mean turbulent diffusive transport, viscous diffu-

%, @ and &;9 are unclosed terms and

sive transport, pressure scrambling (temperature-
pressure gradient correlation) and molecular dis-
sipation of heat fluxes, respectively.

For the modeling of the unclosed terms in
equation (19), the near-wall behaviour of the
heat flux equations must be considered. Satisfying
the limiting behaviour of the models at the wall
is one of the basic requirements of near-wall
modeling. In order to adopt the elliptic-blending
concept turbulent heat flux model, the model of
Shin et al.(2005) is employed in this study.

Firstly, the turbulent diffusion term in equation
(19) is modeled based on the standard gradient
transport hypothesis as:

@> (21)

: =L<CeukulT 2,

0 axk



364 Jong-Keun Shin, Young-Don Choi and Jeong-Soo An

with an adjustable coefficient Co.

Unlike the Reynolds stress model, the molecu-
lar diffusion is not of the correct term. The model
suggested by Lai & So (1990) is adopted for the
wall limiting condition as :

by Fub | a—v Ful
w0 x| mit2 oxd (22)
(no summation for 7)

In equation (22), the #; means the unit normal
to the wall.

The temperature-pressure gradient correlation
term @ and the dissipation term &;5 are the
major sink terms and need to be carefully mod-
eled. By following the same approach as that for
the turbulent stress field, Shin et al. (2005) ex-
pressed the pressure scrambling with the elliptic—
blending equation analogue to Thielen et al.’s
EBM as:

@fa:(l_!ﬁz) @id)+¢2 % (23>

In the above model, the ellipticity of the model
is preserved by solving elliptic differential equa-
tion (6). For @%, any known quasi-homogene-
ous model can be adopted, and the general linear
model (Durbin, 1993) is chosen in the present
study as:

oU:
an
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— 50 @9
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Xi

with adjustable coefficients. Because the molecu-
lar destruction at high Reynolds number flows
is significant only in the vicinity of a solid wall,
an expression satisfying the above constraints
together with @} can be proposed as:
1+ lye 5

Eio— 5 <1+ Pr > A u,ﬁ (25)
To impose the limiting wall behaviour of turbu-
lent heat fluxes, @% can be modeled such that it
will approach its asymptotic value near the wall.

@i“;:—[w%(w%ﬂ%ﬂmm (26)

From the combination of equations (25) and
(26), we know that the limiting wall behaviour of

Table 2 The model coefficients for EBHM

Co Cio Cao Cso
0.153 3.0 0.4 0.25

Q¥ —eyp is artificially satisfied. For the repro-
duction of the limiting wall behaviour of @,
the unit wall-normal vector is used. However, the
use of a wall-normal vector must be avoided,
since such a quantity is often not well defined in
complex geometries. Therefore, in the present work,
a new formulation (8) suggested by Thielen et al.
(2004) is also adopted.

The model coefficients for Shin et al.’s ellip-
tic-blending heat flux model (herein after EBHM)
are listed in Table 2.

2.3 GGDH model

In equation (18), turbulent heat flux ;0 can
be obtained by a simple model, not through the
transport equations used in EBHM. The popular
GGDH (generalized gradient diffusion hypothe-
sis) model of Daly and Harlow (1970) is ex-
pressed as

00

8xj'
The GGDH model can be adopted successfully
in complex turbulent heat transfer computations

Tie:— CoaTuiuj <27)

when near-wall turbulence anisotropy is well re-
produced (Launder, 1988). Thus, since a GGDH
heat flux model mainly relies on the predicted
turbulence anisotropy, it is expected that coupling
it with a second moment closure is more suitable
than any eddy viscosity model for predicting com-
plex thermal fields (Suga, 2003). GGDH can not
correctly predict the streamwise heat flux compo-
nent in a fully developed flow parallel to the
wall. To improve the performance of the GGDH
model, an expanded version of the GGDH model
was suggested by Suga & Abe (2000).

When the turbulence anisotropy in near-wall
of the square sectioned U-bend duct flow is rea-
sonably well reproduced by the Thielen et al’s
EBM, we will investigate whether or not the GGDH
model can capture the characteristics of turbulent
heat transfer. The model coefficient Coo in equa-
tion (27) is set to 0.3.
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3. Numerical Treatment

Figure 1 shows the flow geometry with a bend
radius equal to 3.375 times the hydraulic diameter
of the duct. The flow Reynolds number based
on the hydraulic diameter was 56690. The stream-
wise velocity component was set to W and cross-
sectional velocities {J and V respectively. The flow
configuration presently employed was the same as
that in a previous study (Johnson, 1984). The
equations of mean motion for the turbulent flow
around a square sectioned U-bend duct were con-
veniently expressed in cylindrical coordinates. A
fine grid employed to cover the half cross-section
of the duct between the symmetry plane and on
each wall was 52X 100 in the normal and radial
directions, respectively. The first near wall point
inside the domain was located at y*=0.5 to
capture the limiting wall behaviour of Reynolds
stresses. In the bend section, 116 planes were used
and additional 20 planes were employed for the
inlet and exit tangents extending 10 hydraulic
diameters upstream and downstream, respectively.
The non-diffusive QUICK approximation was
used for discretizing the convective transport in
the cross—sectional plane of the duct.

The inlet conditions at the beginning of the
computational domain were taken from the ex-
perimental data of Melling & Whitelaw (1976).
The distribution of the inlet temperature distri-
butions was derived from the experimental data

Re/D=3.357

1w I

X
Fig. 1 Square sectioned 180° U-bend duct

acquired by Johnson (1984). The constant wall
heat flux condition at the each wall was given for
the thermal field computation. The boundary
conditions specified at the computational domain
are summarized as ;

ui:m:TzﬁZO,
e=2v(d/k /av)? =0

Symmetry plane :
U=uv=uw=uf=0,

G0 (4=V. W.e.we. w0 9,00, w6)

Wall :

Outlet : %ZO (p=Us, &, usu;, O, u:6)

4. Results and Discussion

Figure 2 compares the predicted streamwise
mean velocity distributions at sections 6=45°
90°, 135° and 180°, respectively. At each section,

o =45 0 =90°
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1.0 3"\-:'; 1.0r ,ﬁ}““m T
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) 4,;;;’;;5)3?@3@ 20D 9"; o° P )
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S P s I s
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osf & 111%;%9{ =075 0.5 §ﬁ$®#¢ﬁ" mn? =075
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05 ‘,fp'”fmwtmﬁ;«]u_ 4=0.50 0.5H W =0.50
’ g, O Chang et al. 1
g @ Chang et al i =+ Durbin EAM
I == Durbin EAM _ Tisles EBM
0.5 Thigien ERM =0.25 0.5 1 =0.25
0.0 05 1.0 0.0 05 1.0
y/D y/D
(a)
= N
6 =135
s
1 0 = |
@?’@%@f !
? =,
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s oo ;
N sissunic ]
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i
- A
05 fi""-}uﬂv”” n‘i— =0.50 23=0.50
[ @ Chang et al. i o
] TR w3
—— Thiekn EBM | —— Thislon EBM
05 L =0.25 058 I =0.25
0.0 05 1.0 0.0 0.5 1.0
y/D y/D
(c) (d)
Fig. 2 Streamwise mean velocity profiles in the U-

bend duct at Re=56690
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the velocity distribution at 2x/D=0.25, 0.5, 0.75
and 1.0 is reproduced. The current primary flow
was obtained from the prediction of the strong
secondary motion, which give rise to the trough in
the streamwise velocity near the inside of the
bend. The ability of velocity profile prediction by
the present EBM was compared with that of the
ERM of Durbin (1993) and the experiments of
Chang et al.(1983). Although there was no per-
fect agreement between the predictions and ex-
periments, both elliptic concept models generally
reproduced well the characteristic of streamwise
velocity. Figure 2(a) shows that, at §=45° of the
bend, the models gave very similar prediction
results with the measured velocity profiles. As
shown in Fig. 2(b) and 2(c), the main charac-
teristic of this flow was the appearance of the
trough shapes in the streamwise velocity distribu-
tion. These shapes were the results of the loss of
streamwise momentum due to the cross—sectional
strong secondary flow. The shape of troughs near
the inside (y/D=0) of the bend at §=90° and
135° was better predicted by ERM than EBM.
However, in the outer (y/D=1) region of the
bend, the results by EBM were considerably in
better agreement with the measured data than
those by ERM were. The results of EBM and the
measured data were in particularly good agree-
ment at §=135°.

Figures 3(a) and 3(b) show the distributions
of rms streamwise turbulent velocity wms and
shear stress w at §=90°. While the ERM yields

8=90° 8=90°
0.5¢ -
1008 *_'b a o VA
\ 6@ 2%D
o ""\ =1.00
o 2 424D
2 00 ?ﬁ-% ) A=1.00
P e o
“e h "n"\}_“'lifsbﬂfsqo; > deogs
= | .
TEOOBN s =0.75
B 3 et =
B[O gt / =0.50

N\ N
ooy SHe050
Y TR P -0.25

] Chang et al.
=-=-: Durbin EAM

O Changet al. if
=== Durbin ERM i

0.0 Thiglen EBM -1=0.25 05V —— Thisien £2M
0.0 0.5 1.0 0.0 05 1.0
y/iD y/D
(a) (b)

Fig. 3 Reynolds stresses in the U-bend duct at =
90°

good predictions on the shape of wms distributi-
on, the EBM is closer to the experimental data in
the accuracy of the evaluated values. Especially,
vw/ Ws profiles due to the EBM exhibit distri-
butions similar to the experimental data.

Figure 4 shows the distributions of non-dimen-
(T—Tw)/(Ts—Tw))
at the cross section of 8=45°,90°,135° and 180°.
Tw is the wall temperature at 2x/D=1.0 of the
outer wall and T3 is the bulk temperature. That
is, predictions by both the EBHM and the GGDH
model combined with the EBM are plotted against

sional temperature @ (=

the experimental results of Johnson (1984). With
respect to the prediction of @ distribution in the
U-bend duct, as mentioned, the flow field re-
produced by the EBM is employed in the turbu-
lent heat transfer computation. As a whole, the
prediction due to EBHM is similar to that of the
GGDH model. This result means that the EBHM
does not greatly affect the thermal field prediction

e -
0.5 ’rn / o Johnson \
{07 — = €BM+GGOH

| EBM + EBHM \

0.5EL
0.0 0.5
y/D
(a)

o= 180°

|zxD g 5T
. 4=1.00 4 o 4=1.00
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0.750 L e 0.750
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of 2., foaso 2 B, pon
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0.0 05 1.0 0.0 05 10
y/D D
(c) (d)

Fig. 4 Non-dimensional temperature profiles in the
U-bend duct at Re=56690 and Pr=0.71
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in the U-bend duct. However, it can be shown
that the prediction of GGDH model is closer to
the experiment results up to #=90° in the U-
bend, while the EBHM reproduces better results
and shape than the GGDH model does, beyond
6=135° in U-bend. At #=45° the non-dimen-
sional temperature profiles near the outer wall
(y/D=1.0) are considerably higher than those
near the opposite wall, with the peak displaced
towards the outer wall.

Although some discrepancies are observed in
the regions of 2x/D>0.75, the predictions show
good distributions when compared to the ex-
periments. A difference pattern emerges at §=90°,
where the minimums in the non-dimensional tem-
perature mimic the trough in the streamwise ve-
locity profile for 2x/D=0.5, 0.75 and 1.0. Despite
of relatively correct prediction for the streamwise
velocity, the non-dimensional temperature distri-
butions by the models deviated from those of the
experiments in regions of 2x/D>0.5. This is due
to the incorrect prediction of the levels of turbu-
lent velocity fluctuations in these regions. How-
ever, the predictions by the EBHM at #=135°
and 180° show good reproduction for the shape
and magnitude in comparison with experiments.

In Fig. 5, the predicted local Nusselt number

o

Nu distributions at the sections of @=0° 45°,

< Johnson |
300 =+~ EBM + GGDH 1
——— EBM + EBHM
250 F . i j
200 - A ;}-:_"'c'-—’-"'@“ =" D
150 _._. 170 "/ ]
100 E—==57 ¥ i
5
Jg I 0= 135;)_' a g
- R e - L e o1
150 ___4_/.__,._]:17; .lrjz .r !
i g
10050 0=90° 4
50 | TR o
= o ” :’_\ - ’I-") o ANs) -
Z 50k 20 F\f W
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1005 © r i .
=45 i |
50 ) = ol
[ et R/
P A\ &6 0
150F oy e - o4 h 'ﬁ(‘) =
100 === I ]
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:3?} ro0-00 - mTisimie, st
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0 L 1 . 1 . L L
0.5 0.0 0.5 1.0/0.0 0.8
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Fig. 5 Local Nusselt number distributions in the U-
bend duct flow at Re=56690 and Pr=0.71

90°,135° and 180° are compared with the experi-
mental data of Johnson & Launder (1985).

The level of agreement between the models
and experiments were fairly reasonable though
some discrepancies can be found at §=45° and
90° of the outer wall. The high level local Nusselt
number distributions at §=45° and 90° were the
consequence of the over-prediction of the non-
dimensional temperature profiles in outer wall re-
gion which were obvious in Figs. 4(a) and 4(b).
The prediction based on the EBHM was slightly
better than that of GGDH.

Figure 6 shows the prediction patterns of the
streamwise velocity contour and the secondary
flow vector in the left-hand-side of the U-bend
duct cross section by EBM of Thielen et al.,
and the non-dimensional temperature contour by
EBHM in the right-hand-side of the cross sec-
tion. From the secondary flow patterns, we can
infer the sequence of developments that give rise
to the trough in the profile of the streamwise ve-
locity near the inside of the bend. Over the initial
part of the bend, the conventional single secon-
dary flow carries the near-wall fluid to the inside
(y/D=0) of the bend. Due to this accumulation,
slow moving fluid near the symmetry plane is
pushed away from the inside wall towards the
outside (y/D=1) of the bend. However, because
its streamwise velocity is low, it cannot proceed
against the radial pressure gradient. Thus, the in-
teraction of primary and secondary flows leads to
a progressive vortex breakdown. The streamwise
velocity contours shown in Fig. 6 are distorted in
an obvious way by this secondary flow pattern,
and this distortion leads to the appearance of the
trough in the profiles of Fig. 2. From the pre-
dicted thermal field contours, also, we can see
that the non-dimensional temperature distributi-
on is strongly affected by the steamwise velocity,
especially beyond §=135° of the bend. That is,
the non-dimensional temperature contour pat-
terns are very similar to the streamwise mean
velocity contours with the exception at §#=90°.
Like the contour of the streamwise velocity, the
contour of non-dimensional temperature corre-
sponding to #=180° is, stratified in the outer wall
region (y/D=1) of the cross-section, indicating
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the absence of heat transfer along the x direction.
Accordingly, the forced convection in square
sectioned U-bend duct flow is directly affected by
the flow field.

Figure 7 represents the turbulent heat flux con-
tours at the sections of §=45°, 90°, 135° and 180°,
which were predicted by the present EBHM only,
and the distributions obtained from the GGDH
model, which are not represented in this figure,
are very similar to those of EBHM. As shown in
the figures, the radial direction turbulent heat flux
%0 was symmetrically predicted at the symmetry

; WALy =00

(d) 180°
Fig. 6 Secondary flow vectors, mean velocity contours and non-dimensional temperature contours in the
U-bend duct at Re=56690

plane of the cross—section, while the distributions

of streamwise heat flux %6 were reproduced to 0
at the symmetry plane. Also, we can infer, from
the predicted contour pattern, that the distributi-
on of v@ was much affected by the streamwise
velocity and mean temperature profiles.

The results presented in the present article were,
overall, in reasonable agreement with the experi-
mental data, giving confidence that the present
elliptic concept heat flux model combined with
the EBM can be applied to industrial flows with
heat transfer. Also, the GGDH model coupled
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D =00
(c) 135°
Fig. 7 Streamwise and radial direction turbulent heat flux distributions in the U-bend duct at Re=56690

with EBM was appropriately successful for pre-
dicting the thermal characteristics in the square
sectioned U-bend duct thermal flow, since near—
wall turbulence anisotropy was well reproduced
by the EBM.

Although the EBHM coupled with EBM solves
directly the modelled transport equations which
satisfies the limiting wall behaviour of the tur-
bulent heat fluxes, the prediction results are simi-
lar to those of the simple GGDH model cou-
pled with EBM. This fact means that the correct
resolution of flow field including the Reynolds
stresses in the vicinity of the wall is firstly re-

(d) 180°

quired for the prediction of forced convection
heat transfer.

5. Conclusions

The elliptic-blending heat flux model (EBHM),
which is closely associated with EBM of Thielen
et al., was applied to the square sectioned U-bend
duct flow with heat transfer. The appropriateness
of the elliptic-blending second moment closure
and heat flux model was directly examined by
comparing the prediction results with the experi-
mental data. We conclude the following :
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(1) The predictions of turbulent flow and heat
transfer in the square sectioned U-bend duct by
EBHM coupled with EBM, which solves the tur-
bulent heat flux transport equation, were rea-
sonably accurate. Also, despite the simplicity, the
GGDH model preserved a proper appropriateness
when it was coupled with the EBM. This fact
means that the GGDH model can be adopted suc-
cessfully in complex turbulent heat transfer pre-
diction when near-wall turbulence anisotropy is
well reproduced.

(2) The non-dimensional temperature contour
pattern was very similar to the streamwise mean
velocity contour, except at §=90°. That is, the
non-dimensional temperature distribution was
strongly affected by the steamwise velocity. Also,
the levels of agreement between the models and
experiments for the local Nusselt number distri-
butions were fairly reasonable, though some dis-
crepancies were shown at §=45° and 90° of the
outer wall. The high level local Nusselt number
distributions at #=45° and 90° are the conse-
quence of the over—prediction of the non-dimen-
sional temperature profiles in outer wall region.

(3) The distributions of non-dimensional tem-
perature and local Nusselt number by the EBHM
coupled with EBM were reasonably well repro-
duced, when compared to those by the experi-
ments, suggesting that it can be applied to more
complex industrial geometries. This result means
that the possibility for industrial application can
be increased in using the elliptic concept second
moment closure.
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