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Im Basic governing equations for turbulent flow
=T

Reynolds decomposition
U: =U +u; P=P+p T=T+T'

Reynolds-averaged Navier-Stokes (RANS) equation
oU, —oU, 1P 9 [ U, —]

tU, =—=- + V—"—uu,
ot ‘ ox, p ox; ox, | ox i

Reynolds-averaged energy equation

O g, 0T _ 9[0T oo
ot “ox, OJx, | ox i

Reynolds stress and turbulent heat flux are obtained by solving transport equations of
these parameters, because it is important to reproduce anisotropic turbulence reasonably
in order to predict correctly the turbulent flow.
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.E Reynolds stress and turbulent heat flux

Transport equation of Reynolds stress

auiuj auiuj — U, oU, p|( ou; Ou;
+U, = —uu, —u Uy —+ ~+
al‘ axk axk axk p axj axl-

Transport equation of turbulent heat flux

ou,T' ou,T' — JT U, p|( oT"

0T du;

axjaxj

_9 ul-ujT'+£T'5lj - (v+o)
ox yo,
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i Modeling of convection and diffusion terms
i
Rodi’s approximation

Modeling for transport equation of Reynolds stress

Duu, U, — U,
! _D ljpzj = ! _D ljfjpk 1]

Dt k ox,

Diffij : Diffusion term of transport equation of Reynolds stress

Diffk : Diffusion term of transport equation of turbulent energy

Modeling for transport equation of turbulent heat flux
ul"

(P ~£) ., b=

Du.T' ul"

T i =T~ e)+ L (P, ;)
Du.T' uT"

o~ Dilfy == (P ~¢)

Diffit : Diffusion term of transport equation of turbulent heat flux
P, €1 : Production and dissipation term of transport equation of fluctuating temperature

Rodi’s approximation saves computational time, but it 1s true that this approximation can
not express more exactly relationship between parameters than differencing equation form.
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e Modeling for pressure-strain term

2
pou _ 1 J- 4[8 ulumj u, +2[8U,j [aumj u, > dVOL v,
pox; 4xoel | dxdx, ) ox; ox, J\ ox, ){ ox, || |[X —Y]
) (72'111 + 7z-ji,1) (72-112 +7Z-ji,2) ’

(”ij,l + 7z’-ji,1)
: Interaction of the fluctuating

©Qtdp _ § Piby)) + Ck( 499 velocities, rapid term
8C, — Q?D xép ) Rotta’s linear return to isotropy model
_T 1y E))‘ k05
Ci=Cl+Cf(L)  Co=C+Cf(e (g2 + 72)
=0 aIg) GEGrGx) : Interaction of the mean strain
. o L : : ..
(=C+fx) with fluctuating velocities, slow term

Model based on Launder, Reece, Rodi
(ﬂij + 7Z.ji )w
: The wall proximity effect

1| oad | 036 | 035 | o1z | 01 | oo | osz_
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i Modeling of pressure-temperature gradient term

Quu YT (U, \(ou \(oT')| dvoL
= +2 +3§,
ox,0x,, ) 0x, ox, )\ ox, J\ox, | [x-Y]

: Interaction of the fluctuating

velocities, rapid term

Lumley has modified Moin’s model

eir = ¢l {1 Lo f( by introducing an ?misotropic tensor
into model coefficient.

C'1T=C'1*"I'{1+CIT,W o (7T )
i7.,2
v = e {1 . : Interaction of the mean strain
with fluctuating temperature,
cor = Chpr {1 + coT,w ¢ slow term

Model presented by Lumley and
Launder

(”iT,w)

: The wall proximity effect
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I Boundary fitted-coordinate system
=T

Coordinate transformation technique

Physical plane Calculation plane

Calculation 1s performed in calculation plane. It is easy to set boundary
condition in calculation plane, but equations are converted to complicated form.
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il Method to transtorm coordinate system
T

Reynolds-averaged Navier-Stokes (RANS) equation
U, JUU, 10P 0 aU
+ —_ + —U;U;
ot ox; p ox;  Ox; ax

25
—ul; =| — —| =
a); ox; a);

ot ox; ,0 ox; Bx !

d”_v+( j ”:(gj

Mathematical theorem
d d& 0 877 %) 84’ %)
ox, Ox, aé" ox, 877 dx; 9¢

l
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g Transformed RANS equation
i

AU, O P \
atl + aé {(Wl +;§xi _llUif _IZU Z Uzé’ +§xel3 +§y612 + z ZIJ 1
d | P ]
%< WU, +;§xi _Z2Ui§ - - LU, s TN.esTT)e,TT1).e, (¢
d P
£< WU, +;§xi _Z3Uz'§ _lsUm _I6Ui§’ + é,xei?) + é,yeiZ + é/zeil =0
U=U 85 U af U aé: L= dilé:z’d +di2§2x2 +di3é:2x3
B 71+ 28—352 38—353 lzzdﬂ xl x1+di2 X2 x2+di3 x3/1x3
V=uU on N,y 877 +U, 877 I, = di1§x1§x1 +d;56,26 12 +di35x3(x3
‘ox,  ‘ox, o L, =d. 0’ a+d.mv+d.nas
W=U£+U a_§+U_§ s =d 1.6 + 41,06 02 T A 371,56 13
: axl : axz . ax3 16 = dl-lélle + dlzé/zxZ +dl3§2x3
U,V,;W . Components of the contravariant velocity 5 _ J ég f 825
I; - Metric tensor ! ox, axf
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jm Turbulent flow 1n square duct with periodic ribs

Exp. by Fujita,Hirota (1992,1999)
Re=65,000

Side length : D=50 mm

Rib-height : d=1 mm

Ratio of rib-height to duct-height: 2%

Heated region

T =100°C

This type of turbulent flow 1s characterized by secondary flow of the second
kind which is generated by anisotropic turbulence.
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Il Wall function method
=T

Boundary condition for turbulent energy and dissipation

U’ U’
k=—7= : E=—1
JC, Ky
Smooth wall : Ui = 1 In Ury +5.5
U, 042 1%
Rough wall - Ui L oa[Y2)-s4
U, 042 1%

The existence of actual ribs 1s considered indirectly into calculation by
adopting wall function method for roughed wall. Therefore, there 1s no
need to take actual ribs into calculation.
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Comparison of streamwise velocity and secondary

I flow
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Comparison of streamwise and vertical normal

IB stresses u,° and +u,’
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i@ Comparison of shear stresses wu, and wu,
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ime Comparison of wall shear stress 7'

il B
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o
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i@ Comparison of temperature distribution
T

Lumley-Launder

1.0

X3/B

0.0

-1.0

Prediction Exp. by Hirota et al
(TW'T)/(TW'TC)
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i@ Comparison of turbulent heat flux —u,7"
=T

Lumley-Launder

Prediction Exp. by Hirota et al.
——y 3
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I Comparison of turbulent heat flux —u, 7" and —u.1"

I
0 Lumley-Launder Lumley-Launder
= |
< .
0.0 f = | @
k 1.0}
10 Ew=ree = 5 = ¢ =
-1.0 X,/B 1.0
Prediction Exp. by Hirota et al Prediction Exp. by Hirota et al
— 3 — 3
G TTU(Ty-To)% 10 HTTUL(Ty-T,)% 10
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Summary of compared results for square duct
IIF with roughened wall

= Reviewing the compared results of square duct
with roughened wall, although there are a few
points of discrepancy, the presented model 1s
able to predict well the secondary flow of the
second kind and the distributions of Reynolds
stresses and turbulent heat fluxes.

= Reasonable prediction of secondary flow of the
second kind shows the validity of the presented
turbulent model.
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Turbulent flow 1n rotating U-bend with roughened

Exp. by lacovides et al. (1996)
Re=100,000, D=50 mm

Ratio of rib-height to duct-height: 0.1
Ratio of rib-pitch to duct-height: 10
Ro=+0.2, -0.2

0=180°

This type of turbulent flow 1s featured by strong anistropic turbulence

induced by rotating effect.

In the case of positive rotation : Coriolis’s force works from inner to outer
negative ; from outer to inner
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I Measuring sections 1n the experimental data

il B
0 =180° X 1/D=6. 95
X ,/D=0. 45 X 1/D=7. 45
X ,/D=0. 95 X ,/D=7. 95
X ,/D=1. 45
% @
= Yy vyvy yvy
0 =90° B e )
<% n n n n n n n n
%//b‘ A A
X 1/D=-0.45
0 =0"

Minus sign of X, indicates the upstream distance measured from the inlet of
curved duct and plus sign of X, represents the downstream distance from the
outlet of curved duct.
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g Governing equations 1n rotating coordinate
Sl

Reynolds-averaged Navier-Stokes (RANS) equation

oU, , 93U, __10P 0 ( U —
ot “ox, pox ox ox e

Coriolis’s force Centrifugal force

Transport equation of Reynolds stress

BUJ T BU, + p aui +81/l]
/ a?Ck yo an axl-

au,- auj

00Xy OXx,

ou,u ; ou;u ;
L+ Uy L = —uuy,

ot X, Oy,

° |:u,-ujuk —Vaujuj p(5jkul-+é}kuj )j| A%
yo,

axk X

— ZQk (U jUm Eikm + Uiumgjkm)

Production term generated by rotation
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Il Comparison of streamwise velocity
_ s+ Exp. by lacovides et al. e Exp. by lacovides et al.

—— Prediction —— Prediction
3 3
Downstream .- S X,/D=1.95 o X,/D=1.95
% % L 1 Q 1 a
D D “AAAAAA 53 °® [ ) )
. g 1 -
A 2 7 5
) =) =)
Upstream | | | | | [ [
-1 -1 -1 ‘ -1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
0 0.2 0.4 0.6 0.8 1 (1] 0.2 0.4 0.6 0.8 1
Outer X,/D Inner Outer X,/D Inner Outer X,/D Inner Outer X,/D Inner
Uy/Us, Ug/Us U/Us, Uy/Uy
Positive Rotation Negative Rotation

Graduate school of engineering, Utsunomiya University 24




| Comparison of streamwise vectors at symmetry plane
il

Exp. by lacovides et al. Exp. by lacovides et al.

LT LT LT LT LT Lf

Positive Rotation Negative Rotation
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Relationship between secondary flow and
@ streamwise velocity

X1/D=-0.45 X1/D=-0.45

Positive Rotation Negative Rotation
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Comparison of streamwise normal stress ./ ’

1P 1n bend duct
=

4+ Exp. by lacovides et al. e  Exp. by lacovides et al.
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. . 2
Comparison of streamwise normal stress 4/«

| 1n straight duct
il A

Exp. by Iacovides et al. 3 Exp. by Iacovides et al.
| Prediction | Prediction
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A
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i@ Comparison of shear stress «u, 1n straight duct

Prediction ° Exp. by Iacovides et al.
~o 0.1 Prediction
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Summary of compared results for rotating U-

I bend with sharp turn
=1

s Considering compared results of rotating U-bend,
it 1s necessary to modify the turbulent model, but
the presented method predict relatively well the
distributions of Reynolds stresses induced by
rotating effect.
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Turbulent flow 1n rectangular duct with a 180-
| degree sharp turn
L

Outer wall  X; Exp. by Nakayama et al. (2003)

Re=35,000
Width in straight duct : D=50 mm
Width in sharpturn ;70 mm

Inner wall X5

334 _
Long side wall

‘ unit [mm]
DZS T H=25

This type of turbulent flow is characterized by large scale separated flow.
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I Measuring sections in the experimental data
= '

Sec.6 Sec.5 Sec.4 Sec.3
%k %k *
(Xl :'3) (Xl :'2) (Xl*:_l) (Xl :O)

77777 Sec.2
(Xz**:())

Measuring sections are arranged especially in separated region to
investigate turbulent separated flow behavior.
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“1mm Calculation grids layout
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@ Flow behavior in rectangular duct with sharp turn
i
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Upstream

Downstream

i@ Comparison of streamwise velocity
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i@ Comparison of secondary flow vectors
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|l Comparison of streamwise vectors at symmetry plane
=0

: Exp. by Nakayama et al. U= |
— — S N N A
o Flow = ;§§§§§§§§w»m
o direction = = %;E%%X \ \}h l <
<— = ===== = \ b
— g = ‘7 // P % \/ / / %
. = Z =277, - - %%/ »
7 ' 7
0 WL LA Yomer Wall VA P AL % % Z o
= ==t I I B
Flow = ====Z=Z 7 7 :
m%$ = ====7 _ ;
= ===Z2_ (|
_1 1 I ) I 1 I 1 I 1 I’M ) | I’M I/ l% |/ l/ | = \l : | 1
-7 -6 -5 -4 -3 -2 -1 | < 2
1
Prediction - | Ubf‘ i
direction h L X
\Wﬂ( }', ‘; B
V227777777777 e S V2277720727 27 O
Flow = === z? ?% |
direction = %
:> 2 LE
= =
-1 | | — — = - My
-7 -6 -5 -4 -3 - -1 0 | 5 F 2
1

Graduate school of engineering, Utsunomiya University 37




I Comparison of stream function at symmetry plane
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i@ Comparison of streamwise normal stress
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iIm@ Comparison of vertical normal stress
=T
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Summary of compared results for rectangular

I duct with sharp turn
=1

= Judging from compared results of rectangular
duct with sharp turn, agreement 1s certainly not
perfect 1n all detail, however, the presented
method is able to predict the large scale
separated flow correctly including reattachment
point of separated flow.

Graduate school of engineering, Utsunomiya University 41




im¢ Conclusions
=T

= Based on comparison with the experimental data,
the presented algebraic Reynolds stress and
turbulent heat flux models can predict complicated
turbulent flows.

= Anisotropic turbulence model has potentiality to
predict more exactly complicated turbulent flow by
improving model.

s The numerical method using algebraic anisotropic
turbulence model provides profitable and effective
information for engineers.
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B Thank you for your attention !

Please visit following home page:

http://www.cc.utsunomiya-u.ac.jp/~sugiyama/indexeng.html
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