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Basic governing equations for turbulent flow

® Reynolds decomposition
U, =U, +u, P=P+p T=T+T"
® Reynolds-averaged Navier-Stokes (RANS) equation

U, G _ 1P 0 ( (ﬂﬂ
_ = — V 'i.
o tx pox x| ox L

. Reynolds stress
® Reynolds-averaged energy equation

oT —oT o0 oTr—

CtU = o T

ot X, OX, | 0OX,
Turbulent heat flux

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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Revynolds stress and turbulent heat flux

® Transport equation of Reynolds stress

ouiU; ouil; oU | oU; p(aui auj)
+ U« = —UiUk — U Uk + +
ot OX OXk OXk | o\ OXji OXi
convection term pressure strain term
_i uinUk—V6Uin — p(5iji-|-§ikUj) —2V@Uian
OXx OXk P OXx OXk
. diffusion term
¢ Transport equation of turbulent heat flux
ouil +UkanT :_mﬂ_r.r,(?Ui_l_ p(@T j
ot OXk OXj OXj | p\ OX .
convection term pressure-femperature gradient term
—i UinT'+£T'5ij —(V—I—Ol)M
OX | OXjOXj

_ . _ diffusion term _
The convection and the diffusion terms are obstacles because these terms are required to

carry out iterative calculations to obtain stable results. Pressure-stain and pressure-
temperature gradient terms play an important role to redistribute turbulent energy and
turbulent heat flux, respectively.
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e Rodi’s approximation

Modeling of convection and diffusion terms

® Modeling for transport equation of Reynolds stress

.. uu (Dk . uu. —y ,
— Diff, :T‘(E—lefkaTj(Pk +R —¢), B =-uu, axk’ P =-pg,uT

1
I

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

Du;u;

T T T
Du: T — Diffir =£(H + PR —g)+i(Pr —¢t)
2k 2T 2
T T
Dui T — Diffir = £(H + B —8)
Dt 2k

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

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

P OUi 1 J O?UiUm | OUi L oUi \(oum ) [ oui || dVOL L
p OXj 4o |\ OxiOXm ) OX; oxm )\ oxi )\ oxj )| |X =Y
(T, + 75 0) (Tij 0+ 7T in)
T T —C,‘;—(W—i—k%j (ﬂ-ij,l T ji,l) .
: Interaction of the fluctuating
o St - Zes,) ok [§§ -5 J velocities, slow term
o ECn2p2ps Rotta’s linear return to isotropy model
c =cC +C,'f[XL J czzc;+c;f(Lj (ﬂ.ijﬂ +7Z..J'i,2) .
Ziow i ! : Interaction of the mean strain
-5 (5 with fluctuating velocities, rapid term
7 AT c. ( SR j Model based on Launder, Reece, Rodi
U ou oU, ——au —— U (ﬂ-ij’3 7 ji’3)
Pi = U G, Tt X, D T T g T gy BT T gy : The buoyant force effect
- - - 3/4k3/2
Pij,b:—ﬁ(giujT'*'gjuiT')a P,=-Bg;,uT], f[%]=c’igxw (ﬂij,W + T ji,W)
— : The wall proximity effect
G |16G [¢ G | C ¢ |G |x |G
1.4 0.44 -0.16 -0.35 0.12 -0.1 0.09 | 042 0.3

Graduate school of engineering, Utsunomiya University 6



Modeling of pressure-temperature gradient term

por' 1 J (ﬁzwumj 8T'+2(8U|j(6umj (GT'j dvoL o
pox; Az oo ) ox o ) Lox JLax J{[x -] T
(ﬂ.iT,l) (ﬂ.iT,Z)
- -C, E—W—CI'T ‘;—(u‘kui —i—a., uT’ (ﬂ'iT,l)
: : Interaction of the fluctuating
e velocities, slow term

Lumley has modified Moin’s model

L
: J} by introducing an anisotropic tensor
XL—J} into model coefficient.
L
)

(Zir )

: Interaction of the mean strain
with fluctuating temperature,
rapid term
Model presented by Lumley and

'F:—Lfﬁi Launder
Cir k OXk (72-”_’3 )
: The buoyant force effect
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Boundary fitted-coordinate system

@ (Coordinate transformation technique

A B A B
; TR q .
A | ;jSSE:
\\\&VFEQ)[/
H G D C H G F E D C
— "X S

Physical plane

Calculation plane

0 0¢ 6+877 8+8§ 0
OXi OXi 0& OXi On OXi 0

® (Calculation is performed in calculation plane. It 1s easy to set boundary
condition in calculation plane, but equations are converted to complicated form.
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R Turbulent flow with heat transfer in square
duct with periodic ribs

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

Side length : D=50 mm

Rib-height : d=1 mm

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

93.3{]\) h
Flow i A
L = 20°C Mo . Tin = 20°C \;__—-i{_e;ated region —
0.0D; T, =100°C
61.3Dy, 102.3Dy,

@ This type of turbulent flow is characterized by the secondary flow of the second
kind which 1s generated by anisotropic turbulence.
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Comparison of streamwise velocity and

secondary flow
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Exp. by Fujita er al.
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.I Comparison of streamwise and vertical
normal stresses x> and u’
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.I Comparison of shear stresses u,u, and u,u,
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Comparison of wall shear stress
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. Comparison of temperature distribution and
turbulent heat flux —u,I"

Lumley-Launder Lumley-Launder
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Comparison of turbulent heat flux —u,7" and —u,1"

Lumley-Launder
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Exp. by Hirota et al
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.I Turbulent flow 1n rotating U-bend with
roughened wall

Exp. by Iacovides 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=QD/Ubr=+0.2, -0.2

0 =180°

Positive Rotation

A
D

Y

In the case of positive rotation : Coriolis’s force works from inner to outer
negative ; from outer to inner

& This type of turbulent flow 1s featured by strong anistropic turbulence
induced by rotating effect.
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| Governing equations in rotating coordinate

® Reynolds-averaged Navier-Stokes (RANS) equation

+ U, = —— +
ot ‘o, o Ox,  Ox

oU, —oU, 10P 0 [ oU. J
— | %4 —u,-uj
ka
= 26,Q,U; —(Q;x,Q: —Q;x:Q;) O > angle velocity of x axis
Coriolis’s force Centrifugal force

& Transport equation of Reynolds stress

an —8Ul +£ 8ui+6uj
8xj 6x,-

8”1'7/[]' 6uluj
+ Uy = —UlUx
8t axk an a.Xk p

6 m
- |:1/liuj7/lk —Vau “ —£(5J'kui+(5}kuj ):| —2v
yo,

8u1- ou j
ka 8xk

OX, OX;

— ZQk (Lljumé'ikm + uiumgjkm)

Production term generated by rotation
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Measuring sections in the experimental data

6 =180° X /D=6. 95
X 1/D:O. 45 X 1/D:7. 45
X /D=0. 95 X /D=7.95
X /D=1. 45
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Minus sign of X, indicates the upstream distance from the inlet of curved duct
and plus sign of X, represents the downstream distance from the outlet of
curved duct.

%5
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Comparison of streamwise velocity

s+ Exp. by Iacovides et al.
—— Prediction
3 3
X,/D=1.95

*  Exp. by lacovides et al.
—— Prediction
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Graduate school of engineering, Utsunomiya University 19

L



I Comparison of streamwise normal stress +/u,?
in bend duct

Downstream

Upstream

4+ Exp. by Iacovides et al.
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.I Comparison of streamwise normal stress vu
and shear stress UiUz 1n straight duct
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Exp. by Iacovides et al.

. Exp. by lacovides et al.
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Relationship between secondary flow and
!I streamwise velocity

A pair of vortices generated by secondary flow displays absolutely different
shape each other which are caused by Coriolis’s force.
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| Turbulent flow 1n rectangular duct with a
180-degree sharp turn

Outer wall X3 Exp. by Nakayama et al. (2003)
Re=35,000
Width in straight duct : D=50 mm
Inner wall X, Width in sharpturn @ 70 mm

2\

(Partition wall) S \ Xy
End wall
>

\

334 \
Long side wall

‘ ‘\ unit [mm]
D=5 < TH=25

@ This type of turbulent flow 1s characterized by large scale separated flow.
It 1s interesting point whether the presented method can predict correctly
separated flow, or not.
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Measuring sections 1n the experimental data

Sgc.6 Seﬂ(j.S Sec*.4 Secf
(X,"=3) (X;"=2) (X,"=1) (X,"=0)

\ | \ |
R BE
&
| | | |
l l ‘ _ | |Sec2
(X,7*=0)

Measuring sections are arranged especially in separated region to
investigate turbulent separated flow behavior.




.I Comparison of streamwise vectors at
symmetry plane

Exp. by Nakayama et al. U=

]. — —— § b T ]-
* N Flow = == §\§ \§ \\\\ 3
: M E pam— ‘_—Q-——_‘__-\-\ \ o
< j direction g ;§;§§§ \ >

= % % {/é K‘;f‘:i _‘2 N \///
Y 27277777777 770 ner e V(//f@ %/%

—_ [
— [—
Flow = =
= p—

direction E

I TN N e RS

Prediction

* Flow

j direction

0 V7777777777777 tmer v

Flow

direction [

@ Graduate school of engineering, Utsunomiya University 25



. Comparison of stream function and
reattachment point at symmetry plane

Exp. by Nakayama et al.
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.I Comparison of streamwise velocity
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.I Comparison of secondary flow vectors
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. Comparison of streamwise normal stress

Upstream

\4

Downstream
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H Particle behavior in rectangular duct with
turbulent strength

i

Color scale denotes the strength of turbulent energy for each particle. Turbulent
energy 1s produced actively in large scale separated region.
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N Negatively buoyant turbulent wall jet in a
rectangular duct

/'//O

Experiment by He, Xu and Jakcson
(2002)

Richardson number
Ri=Gr/Re?=0, 0.01, 0.02

Ratio of background velocity to
jet velocity 1s 0.077

125D
z

=

E-

=

o

<

100D

@ This kind of turbulent wall jet with heat transfer
has been known to be difficult to predict because
anisotropic turbulent flow 1s generated by near
wall and buoyant turbulent flows.
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L Governing equations for buoyant turbulent flow

® Reynolds-averaged Navier-Stokes (RANS) equation

8U_, a (U i U k ) 85 8 1 GU. - ﬂngref
ot X, oX. | oX, | RedX, ot

1k
oP) o (1 aUi —) |Gr=
=— + —uu, (=T
oX, ) oX, | Re dX, Re

Buoyant force
_Gr Ri : Richardson number

 Re? Gr : Grashof number, Re : Reynolds number

Ri

® Reynolds-averaged energy equation
o oUT) o ( 1 T —
+ = -u, T
ot oX, oX, | RePr oX,

Pr : Prandtl number
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.I Comparison of mean velocity vectors for

Ri1=0.0

Ri=0,Re=4754
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Exp. by He et al.
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.I Comparison of mean velocity vectors for
Ri=0.01

Ri=0.01,Re=4754 Ri=0.01,Re=4754
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.I Comparison of mean velocity vectors for
Ri1=0.02

Ri=0.02,Re=4754 Ri=0.02,Re=4754
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!I Calculated results of temperature distribution

1.00 I | 1.00
050 0.80 I
060 | 060
.40 0.40
0.20 020
0.00 0.00

Ri=0.01 Ri=0.02
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Comparison of penetration distance of jet

40 —T
35 Z Prediction
30 . } Exp. by He et al.
75 /Q } - = Exp. by Goldman et al.
A 20
S
s T T ===
10 A
5
0
0 0.01 0.02  0.03 0.04  0.05 0.06

Gr/Re?

Penetration distance 1s defined as the distance from jet exit to the
location at which the normalized value of temperature minus
background stream temperature falls to about a value of 0.02
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Air-Hydrogen mixture flow in rectangular
indoor space

Experiment by Inoue et al. (2008)

Sensor 2 Sensor 3 075D, 075D,
o’ oof vent /—/
\\\g Zi.SODh
x
Sensor 1 *
X
/X Sensor 4 150D, 8;231
6.01Dn ? { Hydrogen inlet Door vent Rt
. =g 7
1.50D/] Xs 3.65D»
/ /
0.75Ds A4/0.75D,
14.29Dn

Dv=0.203[m]

® Numerical calculation has been carried out for laminar flow in rectangular
indoor space which 1s generally called as Hallway model.
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H Governing equations for Air-Hydrogen

mixture flow

® Transport equation of momentum

ou, o(UU) _ 1(ap) 1 9 (ay,) [Cy
o oX, ploX. ) Reax, \oX, | | Fr
Buoyant force induced
® Transport equation of mass by density difference
8CH2 4 a(Uk(:"'z ) _ 1 0 aCHz Fr: Froud.e number
ot axk ReA Sc @Xk axk Sc : Schmidt number
Cy+Cy =1, v=v,(1-C, )+, C,,
2
Re:—U‘“D“, ReAz—U‘”D“, Fr — i . Sc=22
14 Va D,.g D

A Air H, : Hydrogen

v - Mixed kinematic viscosity
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.I Grid layout

# Door vent

X x X, x X, =53%x38x75

In calculation, outer space is added to the outside of indoor space because
boundary condition for roof and door vents are not needed to take into account.
Grids are set 53, 38 and 75 along X1, X2 and X3, respectively.
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Comparison of hydrogen concentration
for Fr=1x10-3

Sensor 1 — Exp. by Inoue et al. Sensor 2 — Exp. by Inoue et al.
0.1 — redlctlon 01 —-— Prediction
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.I Comparison of hydrogen concentration

Sensor 3 — Exp. by Inoueetal. Sensor 4 — Exp. by Inoue et al.
—-— Prediction —-— Prediction
0.1 ' ' ' 0.1 . . .
CIN| £ 004l
& 0.05 & 0.05

tUin/Dn | tUin/Dn
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m Comparison of velocity at Door vent and

calculated hydrogen concentration

— Exp. by Inoue et al. .
— prg)dicgion Prediction — 60Us

0.0 10 20 H
tUi/Dy JutU3 /U,
Velocity at Door vent Hydrogen concentration
tUin / Dh — 04
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H| Animation of hydrogen concentration for
different Froude number

Fr=1x10-3 Fr=2x10-3

Great buoyant force is produced for small Froude number because reciprocal value
of Froude number contributes to generate buoyant force. Animation suggests that
low concentration is diffused more widely in Fr=1x10-3 than Fr=2x10-3.
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Conclusions

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

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

The numerical method using algebraic turbulence
model provides profitable and effective information
for engineers.
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‘1 Thank you for your attention ! | §

Please visit following home page:

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