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47. OfTesanne KPyrosoro mwimeapa nps Re = 2000,
Mpu Takom umcne Pefiwonkiaca moxHO yke no-
HACTOALLEMY TOBOPHTE © NOIpaHu4HOM choe. B

nepesHeii YacTH ITOT C/I0H JTAMHHAPEH, 34TCM OH OT-
PHIBAETCH M PA3PYILUAETCH, NPEBPALIASCE B Typdy-
meHTHEI crnedn. TOMKM OTpbIiBa, MPOJRMIEFOLIHECH
BHEpE]l N0 mepe Bospactanus 4ncia Peitnossica,

Re,=2000

I1ECk YAKe JOCTHITTH CBOEro MPeaeiLHOro NoJokeHHA
B HANPABIEHHH BEEPX 110 NOTOKY, HAXOASLIETOC
PN CedeHMA MAKCHMANBHOI TomumHs. Buayanusa-
UHA  OCYILECTH

BIIAETC 12 :
nyaeipekos B soge. boro ONERA. [Werlé, Gallon,
1972)

Re, =10 000

41. O6rexanne kpyrosoro waamnapa npn Re = 13,1.  42. O6rekanne kpyrosoro uwmmnapa npn Re =26.

48. Obrexanne Kpyrosoro wnauHapa npu Re = 10 000.
[Tpu ckopoCTH, B NATH pa3 NpeBbILIaoLIEei CKOpPOCTh
[NOTOKA Ha NpEeAbIAYLIEM CHUMKE, KapTHHAa TCUYCHHUA HE
nperepresaer cepbe3Hblx u3meHeHud. Koaddunment
CONPOTHBJICHHS, CNIE0BATE/IBHO, OCTAETCA MOYTH IO~

CTOSIHHBIM B JMana3one uucesn PeiiHosibjca, oXBaThbl-
BAEMOM ITHMH JBYMsl CHUMKaMH. DTOT KO3 pHIIHeHT
CHMKAETCs MO3/IHee, Kor/la, Kak rnokasano Ha ¢oto 57,
NOrpaHNYHBIA CJI0H CTAHOBUTCS TYPOYJIEHTHBIM YXKe B
mecte orpbiBa. Poto Thomas Corke, Hassan Nagib
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natural fluid properties such as molecular viscosity , then purely dimensional

arguments [Taylor (1935)] show that

m ~Kle, |, ~ K'?le

e/ " ! [ : ,

o / %
(0 ) &5 - k: w=-el Kk

. . 5/l75




.3 w ( 1- — .1 1 1941):
P W UMW w2 hm TM
it X T T
. « 5% ) % » W, W2
w2 % 419 ( .. )
e ) (Wilcox, ...) productign term
\
Tw, WYw _ w U, A Tw
r—+r =a —r,—-xrw £ —af+hm [ )—
T k™ 9%, %, r) %,
% (production ) w — k
$ $ - % 16 $ $ %
— | %
—1
.- - $ K-w
© # ( - " , DNS-

. : 58/175



k- Fluent
. $ % (

d d d ok
ﬁ{pkl + — HI, [pku.] BIJ (l"k ) + G,L- - Y_k + S_l;

dz ;

Ht

Uy = p+—
M or

_{P"-"’]‘l'_{wul} 9 ( ;?:J)‘FGW Yo+ S

9z ;
- B
'y = p+ e
Gk y GW_ $
Y — dissipation due to turbulence
Sw , Sk _

( . Fluentmanual ... )

o : 59/175




k-e ) - ,

3 . The exact equation for eis derived by taking the following moment of
the Navier-Stokes equation [Wilcox]

» After a considerable amount of algebra __, the following equation for results :

 Production of Dissipation

e Dissipation of Dissipation

« and the sum of Molecular Diffusion of Dissipation an d Turbulent Transport of
Dissipation, respectively.

These correlations are essentially impossible to meas ure with an y degree of
accuracy —> “drastic surgery " ...
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k-@ Fluent

$
( —( «Standard k- @ model »
i) d 0 e\ ok
= —(phui) = 5— Gr+Gy— pe—Yu + 8
m{ﬁ’k]*‘az‘_{ﬁ?hh] 9z, [(”-l-ﬂk 9z, + G + Gp — pe M + Ok
9 o1 +-2 (peus) = 2 #:) Oe € G
ﬂf{ﬁ]—l_ﬂa:im}_ﬂﬂ:j (#Jrﬂ{ aj]+ﬂ1¢k{ﬂk+f:}3¢{?5] Caep—+5e
Kk — %  —&5:
G, — $ ,
Gy = o (% S );
Se’Sk_ ,
GZe - ( ’

( . FLUENT manual ...)
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«

K«

»

%

1. & ( . ) |

(Large Eddy Simulation )




‘1.4 2 '4&#2 '3&6//
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%

%

RANS and CFD:
$




[ RANS- § , ! : CFD

(Wilcox):
1. flows with sudden changes in mean strain rate  ( , )
2. flow over curved surfaces; (! )
3. flow in ducts with secondary maotions; ( . )
4. flow in rotating and stratified fluids; ( 525 .
5. three -dimensional flows; ( et
6. flows with boundary -layer separation ( ! : e
7. ( )
2 —2- RANS- —(
“The working horses of the engineering calculations
.- . Computational Fluid Dynamics - CFD
c  $ $ k-e : Phoenix (70- )
o — B. Spalding : “ The father of CFD ”
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- . CFD ( $  B.Smith' , PSI)
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/ " CFD:
(« » - code) FLUENT (ANSYS)

8 % %
Fluent 6.2 (6.1 )— 2006 .
Fluent 6.3 ( Fluent Inc.), — ANSYS FLUENT:
ANSYS FFLUENT 12.1 ( ANSYS), ..., 14.5,15.0, ..., 21.0 ...
. CFD

Star CD (2 — Star CCM) , ANSYS CFX
Phoenix (« Commercial FD», % — ?7?)
& - % (2D, 3D,

1 - )1 ' % '
. (open source codes: openFOAM ..., codeSATURNE, ...
* « » (FlowVision, , * , NEPTUNE CFD, ..))
¢ « » (in-house codes) — IBRAE: Conv2D/3D, ...
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- % FLUENT

8 % (2D-3D), 4 / $
!
. (RANS: Spalart- Almaras, k-e, k-w SST, SAS, transitional, RSM,;
LES, DES ..)
- 1) %
- (. )
- 4% ( )
= ) %! ( VOF);
- % ) : !
. ! , | 5. . (Chemkin)
. 5! ' 5 ;
- X (! )
. !
$ $ % (UDF, UDS)
3% % ( $ * o % $
( , , L)y %
)

. : 7S



' . Flow equations and other PDEs

> 2 (% )
>. % % ($ )
> 5 ($ 4! )
- (5 )
: ) $ % )
(RANS LES )
( ) ) % )
( ! ! : % )
( )
. % () i )
o 4 )
( % )
43 | , _ etc.
| 25 (finite rate chemistry) —
) ( $ | $ );
$ %

. . 21175



$ e ! (! : ).
, 5 . %
T 7 |l -
A(ﬂ—&’ﬂ—Xi """ ) ; “ROY S — { U, = R}
, i $ ! $
7 0 - ) | : CAD, VTK etc.)

—>

2 ' $ 7 % (

4 ) $ — « », « -4 »
—>

3 0 ) $ % ( ——

x $ (10%109) %S$ ! S %

( s _10%108; - )

. . (375



¢ - , % . ) %
e & ; , " , «best practise»

& ( . CFD)
& $ . ( : Colorful Fantasy Dream)
o «Nice pictures» ( . Colors For Directors)

. : 741175




( ), "GRID- "« H » ...

o " $ no_ 0% *
(1- 10- 100- ... , ) 50-2 )

¢« 2 | ( * )

l ( — % )
-N)'5"'2
o 4-8 5- ( )
. $ ~800 ( , = % )
. * ( )

. : 5175



4.1




>

Triangle Cuadrilateral

3D Cell Types

s




+ node

cell —1°
center
$.. face
] (group)
- 4 S o cell
i | ! simple 2D grid
( ) g
Py node
' 4 » Vertex (node) #
! , ,  Edge ,
I 0p * Face , ( (2D) edge
e Volume , % (3D)
« Group ’ face cell
( simple 3D grid
. — (nodes)
(connectivity)
. ® ® ®
o
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Domain —
Thread — ( % , )
Group (material) —

Cell - (
face -
centroid, vertex
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. ! % (CAD )
o * ( )
&
) ! ( Physics)
.6 % % ( C)
"o+
«"2" 0 - | +
, + | , ! etc
e"_-" 0 — - , —
- . % = CFD
structured mesh  (=grid) - — 4-
( ( — ' %4 : )
unstructured mesh - - % (3-
4- ( + )
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(2

MAZE
HEFEST)

GAMBIT

)

(&5

INGRID

)

81/175



((

) —
ANSYS Prep7 -
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(GAMBIT) +

):

$

(FLUENT) g

$

$

/ (interface)

) &

) ),

" %
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1 : ( ) 1(2)

% (PWR)

e

@
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1 : ( ) 2(2)

I___________________________________________________-i $
4 ()
)
- $
& 16 —
| )
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--F' : 235

--5' -1200 CFD- --% -1200
( .180 . )
( ICEM CFD
Star CD ( .& )
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& % & %
1 3 2 4
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1 $
\
I
\
$
\
# 0%
 »
5 % $ %
$ 9% $
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# ' , 3D % 2

Overall Priority Ranking (  Single-Phase )
ltem |Description Score | Item |Description Score
No. /136 No. /36
1 PTS 31 9 |Hot-leg heterogeneities 21
2 Hydrogen mixing and 31 10 |HTGR lower plenum mixing 16
combustion in containments
3 Flows in complex geometries 29 11 |HTGR core heat transfer 15
4 Boron dilution 28 12 |HTGR reactor cavity cooling heat transfer 13
5 Sump strainer clogging 26 13 |VHTR heat transfer issues 12
6 Aerosol deposition in 26 14 |Flow behind blockages in LMFRs 9
containments
7 Thermal fatigue 23 15 [Flow-induced vibrations in LMFRs 8
8 Main Steam Line Break 22 16 |Core barrel vibration in APWRs 6
(leading to asymmetric flow)

"Brian Smith table"” (Paul Sherer Institute, Switzerland)
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1# (PWR) | 1-

3 , — .9 $ &

Stratification: SAM devices
H,+H,O+air layer operation

|1\

, 1-%

'$ H,, H,O &( :

(MCCI, 8,3 )
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3D-

()#
0)

( II%

CFD:

% 10" (
$

0

$

$
ERCOSAM-SAMARA




% 10" (
.1 % ? - . (<50°50°50 ...)

el % ( ( ?

) ) !4 ;

I " (everyone believes an experiment ...);

/ $
(- — TMI-Il — * 174 )
- * - .t
. * , ( $
% $ ; 25 4 , $ -
- .6 "3
3 . PSI(Switzerland), IRSN, CEA(France), NRG(Netherlands), KIT(Germany),
AECL(Canada), /)'5"'2 , +6
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5 ERCOSAM-SAMARA 1/3

D #0
- 4 (15 ( )+ 8 HYMIX;
c4 $  $( ;
¢ 3 " ( , - (&# ),
@
3 [ * ;
o :
S ;
PANDA (PSI), Conceptual facility
- 56m3 : 2 tests - numerical

benchmarks
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S ERCOSAM-SAMARA 2/3

#0$ $( 3 -
« TOSQAN
« PANDA
« MISTRA

2011-2014 .
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5 ERCOSAM-SAMARA 3/3

T114 spray | 1 | ——19 " 4-
" ! (HYMIX).
TOSQAN T115 Spray 2 52
T116 Spray 3
MERCO-0 - 4
MERCO-1 Spray 5 1-111 ( _
MISTRA MERCO-2 Cooler | 6 , -
MERCO-3 PAR | 7 ( , )
MERCO-4 | 2PARs 8
PE1 Spray 9 IV ( ( ) ; $ |
0
PE2 Spray | 10 ’ ('), &#
PANDA PE3 Cooler 11
PE4 PAR 12
PE5 Cooler 13 (
VMY K1 Spray 14 mi A ) o .3
PE1l ! I-1l). % -
e JCodler |} pEpy : ). % -'4 5
S1 Cooler 16
SPOT
S2 Cooler 17
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1# ( " E-S
& / ( ):
8 % R ,
3 ( ) );
* - - 4 ! ( );
., $ % % '
( (3 ) $
e & — +
?2-
o' &# ( % % ) — (UDF)
. $ ( FLUENT);
&
. + —UDF; 10 - FLUENT (14);
. % (9 )
. , 2- ( )
. $ $ % ( Species transport FLUENT).
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( PANDA

R
I+
c—1
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PANDA: 2 (1)

PES,
V1
V1 V1 A He Vi1
Il, t=1560s Il, t=1560 s Il, t=1560 s
( ) $
~0.1 /
% ,
V1 V1 A He Vi
Il , t=2040 s. Il , t=2040 s. Il , t=2040 s.
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(PANDA, )

5 1 $
1 $ [}
" Vi V2
PE3: " V1
V1 PE3:
-~
““*~--___::\~~
& 5 l
( ! %)
V2 PE3: " V2
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& Z- . 40s 60s 80s

He : 40s (max=0.17) 60s (max=0. 165) 80s (max=0.07)
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$ (PANDA)

"2 ) ® * V1
— - "0 — max = 7-9%

, 3 2: Y(1)
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'$ ( 1#5 ):o o

t=Oc\, t=4c t=13c
----------------------- . \
o
LO
<
\
{=53¢ t=53¢ t=153c
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Eng. Des. 2016)
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$* :
CFD ANSYS/FLUENT:

g ; CFD

- RANS

CFD




% $ % ! ; !

% , % 3 :
I $ $ %
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* (RANS ):

$ (K-e,..., RSM), $
$
. -~ ( )-
. ( )
(K-e,..., RSM); +
. % $
: ) ;)
% : (K-e,..., RSM);
" $

.. — . TUTORAL MANUAL ...
) —_
°« 2 7 % .
° 0 " $
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2 0

GUI - Graphical User Interface (*& - ! % % )
TUI - Text User Interface (13 - % ) )
- % | , 25 %
Solver - * - * " $
, , 7 -
domain, thread, face, centroid, vertex — ! .7 ,
25 7
GUI TUl:
& $'% ( ! " $6 )
- $ % . $ & % $ |/
% oo , %
) ( $ )
%
: $ $
$
« ! »
(% - $ )
% " —TUI'!

. . 110/175



' ANSYS/Fluent. -

— . Desktop — DocFluent

Fluent : ! . % % (batch mode)
., . $ . Launcher — —
°2 *exe $ ( $ % % )
° $ % n n _
_ _ 1" * "
FLUENT 6.3, FELUENT 12.1.4, FLUENT 14.5, FLUENT 16.0 ... ( $ -21.0..)
K« » —
- % Fluent 12 ! Fluent6.3 ( 2 . )
- $ Fluent 14-16 ! Fluent12 ( 2 . )
2 -
- % Fluent 6.3 (2007 ) ! -
10
- etc.
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Die erste Kolonne marschiert,
Die zweite Kolonne marschiert ...

L. % "%
1% $ $ CEFD-
% % " . density-based solver
-+ (")
% | % — : pressure-based solver —
.3 )
). #
-4 |
etc.




3 % (flow equations )

«#0
.3
A%~ m=0)
X
.3 2 - ( )
ﬂrui+‘ﬂrqq<:_ﬂp+ﬂ§<+6i:_'ﬂ_p+m M2 0+ (b M T |+
it X, ™ % 91X T 1% 37 Ix ix
2 0 % ( =cons)
fu , fuy Ty, Ty _ 190, T u _
mt x Tt rTx ﬂmbg %
., 3 .. P=p(A), p=p(T,A), ...
- , P— , Ui— 0 — ’ -
1 Si=—13p i + Sk
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X $ % CFD-
o' ¥ % $ %
y 4'$
$ .3 ) (
2 ) ) ("coupled") ...
.- " % =const | MM - —
™
M+ukﬂ_q: 1]p+/‘j)u +G’
it X, r‘H)g _
.- — | 2
. 'ﬂUl 1T 179 Ty
—(——+u = m +G =
ﬂx('ﬂt ) ﬂx rﬂx r'H (ﬂ% ) )=
_gﬂﬂp+mﬂﬂ Wy By, ﬂG:; fp ﬂq -
rox 1% rﬂxw(w Tx Tx ' 18 xTx
ﬂuk ﬂu ( ﬂq)_ 1]( ﬂl‘!( +L{< ﬂl‘il): ﬂ .(lrlu): THJH) .
> % “ Mx % x Tx TxMx
Tp _ T4y - (
X, 1%, % 1%

%

%

(1G/x=0 ..

)
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i Lk " (solvers) $ % FLUENT

Density-based — ) ) , — ;

% __* $ % (
— 4+1 % ( -4 — 8 % )
. ( % ! ) — 1 !
- % (% ! );
. %
Pressure-based - ) , ) ) (

: — , | . )

% $ % — :
e )" % (coupled)
e 5 (segregated)
o | :
() % ( M<<1, - 1. )
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% . pressure-based solver

1. 0 ( " . % )
Tp __, Ty
%, 1%, % 1% —8
M-ﬁukﬂ_q:-iﬁ.ymui +C.:|I
it X, r % -1 - 2
o _ _ 2
X, div u=0
divu10: , :
2 2 —
"% — 2 ’
2 - ) , 2 —

pressure-velocity coupling
pressure-velocity coupling: SIMPLE, SIMPLEC, PISO, "
SIMPLE — Semi-Implicit Method for Pressure-Linked Equations

PISO — Pressure Implicit with Splitting of Operators

2. Coupled solution — , * %
% ( 4- % ! % )

. : 116/175




Pressure-based Fluent
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5 pressure-based * $ CFD-

1) ( ) - (segregated) % (coupled)
2) . - . $ % ( L4 ! etc.)
3).! $ 9

( $ $ etc. — ) — TUI: solve... advanced ... verbose=2)
2 2 _ _

(segregated solver) " (coupled): !
%
$ 4 | , etc.

2]

6 . % , % etc. $
(1. ) - $
- )

( , )

. ! 118/175



¥ $ CFD-

oo " -$ (pressure-based solver!)

) 1-% — $ -
) 2-% ( % | o — 2-%...) —
, - 2- )
) $ — - " !
) %. . "high-order schemes"
pressure based ~ )
— 2 . ( Xt
- 5 - "% % .."' 5 —
— Body Force weighted PRESTO! (PREssure STaggering Option). #5 ! —
PRESTO!( % : ' $ ) — !
("staggered" — 5" $
L )
( ) - 1-l
.. 2-% ; ()
$ $ - )% % )
1'$ ( - %
! )— . 2 CFD- ( . $ .r)
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+ Ro

IMHO
2 , operational ,
2 — ! FLUENT
Operational conditions ! FLUENT
! " , etc. —
n n (Wa”),
— $
(
/ (default=0), (UDF)




operational (1)

/ $ (
«3 —
B 1Ir +‘|Tr U _ (=0)
( 5 ) L
3 ( )
fry, fruy [ Tp T8, 5L T0P 1 T .
T ™o % Mﬁq Hm +3) i i ) ++Q
e | |
| o (1.
) . . %
_ ( )l 1
_ ( ): 1 2- (! =0)
_ ( () ) ) -1 (=0)
(T.Y,..) ! $
.3 -

. . 121/175



operational (2)

( y—1 $ |

) — $
' % ! $ !
' % ()
- (! )
) | _
$ ( ) — ($ )-1L .1
$ — - 1-! ( $ )
# % FLUENT (! : )
% . ( $ ).
_ - 2 :
% 2 , | ( . etc.)

. : 122175



: operational (3)

— ! ( L ! )
Pabs = Pop T Pgauge
% 3 ! Pop=0, I 4,=0"! - ) . (pV=rRT)
(' ' rg(Z-ZO) ' ’
2 % )
# / — $ %
: 1 II’ n ) 1] (no Slip)
* 1-, 2-, 3-1 2 « »
& 2 - %
& ,
! , $ 2-3-!
2 FLUENT 2 ( ! 2-! )
*. 2 - % — “zero gradient”
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, operational (4)

/ (inlet/outlet )
- %
Turbulence Length Scale L & |, |l ~0,01
T au _
| Intensity: |y = < > ~ 0,16 Re®
(fully-developed duct flow of relevant size L) Um
Hydraulic Diameter : |D, =4(Area)/( perimete}
Estimating Turbulent Kinetic Energy  from Turbulence Intensity &k = g{u.ﬂg Iy?
3/2
Estimating Turbulent Dissipation Rate  from a Length Scale e=C* %
( $ " )
wall functions - 2 ! . % %
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% & (1855 1))

— (wall functions)

— "benchmark" — %

— 4




—( . A&HH# 428



$

$ 9
% 10

—5#3 42&/
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fu
t=m—=
1 ) ’ " ay
$ N t r u? 2 u N
2 (u+:y+) : UgpU™ © U, ~E y= —rl;R Y= —FE Y= Ug FRy: Ur Y
} . . i 1/2
) ( )_ uFR = r—
2. — % —
,  $ () = ky* -
2 _ | |
const=t = m, ( y¢)ﬂux . fu, _ const _ dy B 1+ _ 1 dui
Ty Ty Ky dy Ky Urr dYy
_ ; u"=u/ux=(ny) k+ B=(n Ey)/k
(k=0,39 - 1 )
3. ( —" ") — !

- —y*=Yyuer/n
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$ +<100.
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$ X,=Y, _*<10000.
- % %
125 = % (- "7 % )
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, « $ » $ u(d)-u(y) .




CFD-

: wall functions 1

log : *=30
! $ " ( . )  *(1)=15-20...
CFD- *=11,63 - * y* = In(Ey /K
Il FLUENT - % y* (y-star) y* (y-plus)!!
1 $ ( ) " %
- ($
2 —
: % $ 9
) ( % y® %)
) ! ( % yp< 7
$ $ 9% % % — ,
% — % :
( FLUENT - )
) ! % % . ! J Uy
Ur— U 5, 9 U, = IZR In FE ®+InE
(FLUENT: ) ) Urg 16 )
2) 3.= (1) ' 2 *=11,63
I8 ] % - % ) % )
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CFD- . wall functions 2

$ Xy $ 9 1-$ $ (" ") - % %
| $ ( )
— [Versteeq]:
1/4y,1/2 1/4y,1/2
FS = -t WAceIl: - rCm pr n cel ™ r Cm K: '%e" Ug
u u
$ :1- % — ( ) —
uX |:S
* $ $ -
u,(0)=0 ( fu,/Ty=0, ), u=0.( .-"' . -) -L?)
& % $ % ) —
2 $ ! : o] —
enhanced wall treatment (k-e model), ***-function (k-w model) — . 2 %
’ ! ( %
) * 1% ;2 2 2 (

enhanced wall treatment ...)
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CFD- . wall functions 3

( — 2 , 25 2
' $ $ ;
e 16
$ $
5 |
3 , ( )
!
% % - % % 1% Re > ~10000
! - ) % %
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5 *

& ! ( . ) )

! 0% (! )
1. , ! $ %
2. # - $
3. ' , , $ :
4. ( (! ») :
1 — RANS ...
0 — —
Enhanced wall treatment - . %
— $
( ) — 2_ _
)

Adaptation — —
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2 _
e 0 $
e & (
)
ol .
Re ( )
- (wall functions)
. 0% _
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' $ 3: ! .

No Turbulence Re ' . Name

1 k-e standard, small / large
standard

2 k-e standard, small / large
nonequilibrium

3 k-e realizable, small / large
nonequilibrium

4 k-e realizable, small / large
enhanced

5 k-e realizable, small / large
adaptation

6 k-w standard small / large

7 kK-w SST small / large

8 Spalart-Almaras small / large

9 RSM small / large
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& - ; $ - ;
%
) Re — % ! . %
(standard, enhanced wall treatment). 2
(! . ) N —
) (1/k In(y*)+C).
)" Re — % k-w, k-e (RNG, Realizable) .
)3 " $ % $ %
‘ % — log(y*),
( - % )
° 0 -
$ % -
° ( I
3 ( Re !)
' 9 ( Re )
«3
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# % -
& T Dp, oR »2pRU, t = ngbz
$ _ o 1/2
(friction velocity) Uer =0 = ——
. + ul + u
# , U :< > ’ y* =Ry
U n
(| ) ( — curve length:
% , custom field functions — ) , units —
) — — ! (1), % »
1 — ( + 0!
.. )" % log(**) ...
e 8 $ ’ $ %
o' — " « ) 2 » _
$ % $ %
2 1%
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$ % : u” = kiln y +C
& 2 <uz(r)> - v 1/7_ R- 1/7_ y 1/7
— 1/7» <u;nax> R R R
& ( 2
L ruU 0,3164

0] : Dptub =/ Dh p 1 I:x)tub M L, I = Re’l_/4
. 4 | k = %<uiui>
° e,
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1 : : o Re

& u=u(log(R)) enhanced wall ... / no :
RNGke Re=10% (yp=y*(1)=1) RNGke Re=108 (y,=y*(1)=74)
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«1 1/7» $
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$ (RNGke_Re=105) 5 $ (Re=0,8.10%)
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0 —
(RNGke_Re=10° max=0,1) (Re=0,8.10°, max=0,085)
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<
. — %
° & — ' LX:’)
' — ?
e14 —
) _ 2
— Re
( - | ; $ | ) ! $ - . !
: k-e, k-w, RSM. &
’_) —
— ?
2 ; Fluent:

& %
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1: 5000 , — 2- $ 4
2: 12500 : $ 4
—_ Re —
. k-e, k-w, RSM —
_ $ 1 2
1 %
$ — velocity inlet
$ %! —wall, slip
) %! —wall, no slip
$ — pressure outlet
—wall, no slip
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Back step:

No Turbulence Re Result: Lx, L /H Name
1 k-e realizable, small / large

standard, —

enhanced
2 k-e realizable, small / large

standard, —

nonequilibrium

3 k-e standard, small / large

enhanced,
nonequilibrium

4 k-w, standard

5 K-w , SST small / large
6 Adaptation of No.1 small / large
7 RSM, standard and small / large

nonequilibrium w.f.
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.
— 4
” -
( - $ 3 $
$
&
1
$
$
$
$ %!
) %!
# 3%

. . 150/175



- - ) )
) ( . Fluent Validation Manual)
) ( )
( . )
& ( 2
)
-1 — 0! Profiles
-1 — Custom Field Functions




Heat Transfer in a Pipe Expansion 1
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Heat Transfer in a Pipe Expansion __ 2

. : 153/175



Heat Transfer in a Pipe Expansion 3

(
) ! profiles —
$
) $
$ $ 2 —
Custom Field
Function
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Heat Transfer in a Pipe Expansion _ 4

'$ 5% ! ! |

ZPDITUC,(Ty(¥- T dp XD

4q9"pxD LT = 49" x + 49" x

T = = =
(%) pD’rUC, " m C,DUh " meReJrTn
Re° DU h
& 2 - 4
! —
& 2 —
2
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Heat Transfer in a Pipe Expansion __ 5

Dittus-Boelter equation The Dittus-Boelter equation (for turbulent flow) is an explicit
function for calculating the Nusselt number. It is easy to solve but is less accurate
when there is a large temperature difference across the fluid. It is tailored to smooth
tubes, so use for rough tubes (most commercial applications) is cautioned. The
Dittus-Boelter equation is

Here:

D is the inside diameter of the circular duct

Pr is the Prandtl number

n=0.4 for heating of the fluid, and n=0.3 for cooling of the fluid.

The Dittus-Boelter equation is valid for

0.6<Pr<160

Re>10000

L/D > 10

1 . n=0,35 % &

( .(. .+ -1 % ..t
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Heat Transfer in a Pipe Expansion __ 6

_ 49X _ 49" X
Field functions : Te(X)= RenC, o = Re><0,0001><0,;r273
tbulk=heat-flux * x * 4 / (40750 * 0.0001 * 0.7) + 273.
hcoeff=heat-flux / (wall-temp-out-surf - tbulk + 0.0000001) 9" =h(x)(TG(X - T (3)
Nu(X) = hx

nusselt-no.= hcoeff * 3.33333 / 0.0001 | /D

_ Nu(x _ Nu»
nu_nub=nusselt-no. / 97.24 NUpoc (X = Nu, 97,24

Nupg Was computed as 97.24 (at taken mat. props?)

2 FLUENT — 2 % 2
SCHEME (script)
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Heat Transfer in a Pipe Expansion 7

No Turbulence Input Result: Lx, L /H Name

1 k-e realizable, Profiles
standard w.f.

2 k-e realizable, =
nonequilibrium

3 k-e standard, =
nonequilibrium

4 k-w, standard =
5 K-w, SST =
6 k-e standard, ( % %
nonequilibrium

7 RSM, standard =
(Nonequilibr
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Heat Transfer in a Pipe Expansion

()

0 .
( ~30

)

$

* Non-Equilibrium WF —

%
y* >10-20
$
%

Profile!

const: Nu=Nupg

- )

8
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Heat Transfer in a Pipe Expansion __ 9

# — Profile, :

( pressure-velocity coupling ) coupled solution,
SIMPLE ) $ 9 % :

( — k-e — RNG )

. . 160/175



-
- 4
% _ _
&
1
!
4 — ) $ %
! : %
$
- $ ,
- 0$ ,
- $ %! ;
- ) %! ,
-# 3% :
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, & %

2 %

1905 !.

%




K« »

) !
Ph = -1 9(2-20);
| $ Np,=-rg— 7 :
_ 4 , ) _
% % :
_ + | ® 25 ($ ) |
% ! % 2 —
_ 5 , % |
(I — )" % : %

( ). - - % | L2 %

| % | ( ) % + ]
_ ) _

FLUENT $ (buoyancy force) ! g
% ( 5" % - ) O )
¢ " -r gz , 4
! )
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$ $
(($ $ )
| ) 2
$
% - L1 (X(X),T(X)
( ) 1 (T(X))
$ :
( $ " ), *$ (
)
'( -) ( )
3 $ / $ — $
10 % " 0 - )
04 )
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) " "

. ~ g R, _ a=h/R 1!
! h( $ - ! )
. s % ’ % — 34 Ra=GrPr:
Ra= ngTR3 L Ra — % $ D&
n
Ra " 0 Clw - Rawngq,\,ﬁl
lkn
Ry = JOQR
lkn |~ ( ) et
— . 2
_- Ra—Ra(Rai). Ra‘ :I(IDDRT Ra:NU(Ra X Ra ~ f®a X( ~Nu Fga: ix0) )~ﬁ.(
. % _ w2
1 f
~ f (X) - Nu,, = : dS
Nu(x)= : , Xl W
O e Ty RS s, ! e T/ R
_ 3 1 $ 1 2 &=&:
Nu, _ S,

= f dS f dS
Nu, S 5 S
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$ $ $ ) % %
25% ) ) & 1$ 7" % % 2
$ % - (7
), _ % << 1
$ $ % )
Tu, Tu fu_ 1 9p L T Q
— =0 —+4+uy — =-——-+nDu - T- —+y — = +—
Tx, TR T " G T ! "G
9 b 4 7" | ' . ' gib(T-T,)
4 2 ( ) ($
25 ) 2 % % b(T-T,) !
) % ! g;
& 52
) (
M:O &+Ukﬂ—q=-ﬂ+ DUi'R—a( - 'IE)) £+uk ﬂT: 1DT+
™%, Mt ™ Pr Tt x. Pr
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H Fluent

_ ! ! g ={g}

(% % )
* Boussinesg( . % );
* Incompressible ideal gas () );
*9 % () )
* UDF - () )
. % — !
* $ _
* Presto ( );
» Body force weighted ( , |
_ % )
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% $

The turbulence kinetic energy, k, and its rate of dissipation, e, are obtained from the
following transport equations:

d 0 L0 e\ Ok
E{pk] * E}Il‘ {pku,] N H:Bj [('u T ﬂ';—,) il'u;_,..-

+ G+ Gy — pe — Ym + S

€2

o o L, 0 e\ Oe € B €
E{PE]—F&I.. {P\‘Eﬂi] — ﬁ_.“!'..'_? [(H + ﬂ'{) HIJ'] +Glzk {G.i: + SEEGE'] Gﬂzﬁ K + 8¢

k €
In these equations, G, represents the generation of turbulence kinetic energy due to the

mean velocity gradients. G, is the generation of turbulence kinetic energy due to

buoyancy.
Y, represents the contribution of the fluctuating dilatation in compressible turbulence to

the overall dissipation rate.
Cio Cow Cso Gy are constants. s, and S, are the turbulent Prandtl numbers for k and &,

respectively. S, and S, are user-defined source terms.
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DT
1 ) - _
) -3) % (. ) 34
Ra=a gDTR3/(nk)
a- /)
g- 9
DT —
R —
n, k—
34 ) : % /
% : )
Nu= Nu(Ra).
"RANS- $  , - % % |
| % . : 4 2
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( ")

- : T(zy) =Ty, T(z,) =T,

) % ) : Ra<107-108
% : Ra>108
6
- Nu=Nu(Ra) $ "9 % Ra
% " ’ % ! !

) 4 : 13, $

0 |

) *~10 (standard ...)

) 4 - ( )

) I'$ - — incompressible ideal gas
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! V& 1/2

/ N& — (Calc_Water)
(Calc_Air). [Lit_1]=[42], [Lit_2]=[43]
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! V& 2/2

&
. $ «1/3»:
Nu(Ra)=CRal’3

.- Ra — " 3013,

! $

Ra, !
( 10 ) " ( )
- $ ( 109) $ Ra .% 2

(enhanced) ( )
. X " 1/3 ,

. . 174/175



.
9 ! ) -
?
$ - 34 ) $
$ Ra — Nu(Ra) —
; Nu?
% " ( Nu(Ra)): $ $
$ % .
3 3
- 3 %

- pressure-velocity coupling
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1) 8 ) ()) % ) R 4 1!
4 1 $ , | — . & ' %
)1 $ 8 ) %) ?
2) | 9 $ 4
3 | . )25 & %
% % :
3 & ) % ? # ? #
RANS ? % % &
) 8 $ ) % %
4) 8 3 % | ,
, I $ ! !
0) — ' .0 ?
5) 8 4 | | ,
! - I $ .
& B : FLUENT $
I 3%
6) 8 $ % 4 ! . 8
% % 4 | : % 16 16 :
! - 1 $
1 - : ?1 16 ?

. : g



_ 2/3

7) 9 RANS- % S ,
% . k-e kK-w -
; , k e
?
8) ' ! (CFD) - 5 ! CFD
: ) 2D 3D )
2D 3D. $
% .
9) ; 5 , .
& ! % % , % % % . "9 "
! % & . 0
$ . & ; % , | %
1 % y+. % :
10) ! : CFD? &
.3 CFD . 9 ! $ %
FLUENT - ) $ % 1
" O ! $
$ % k-e ?2# " "enhanced wall treatment"?
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- 3/3

11)& : % ! ) %
) % ) CFD- ( FLUENT). -
. % : $ . pressure-based, density-based —
" ?
12) & % - . 4 - :
; , | . H# "bulk" “film"
! . & " IS
13)' 25 ( ) - $) :
( % ). & , 25
- # x| 34 (
! ). # :
14) 1 34 -0 — , - Sy i
&9 2 — % :
1 : % " RANS-
2 1 $ % " (FLUENT).
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=

& |

2. # " "
)

5%

. #

#

) %

SN

(o))

. H#H
1

~

8. ! 5
0. #

10.# !
11.

12.

13.# "2-

14. # 16 ?
15.# ! %
16.# +? #

17.

18.#

) % 3%
3 %

*

? &
?
?
?
?&
?1
= $) ’ I
- ! 11.
"
%
: : 2D, 3D
FLUENT

%

? &

?H
"? & :
RANS
?
?
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