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SUMMARY I. Title
Development of 3d model for numerical simulations of sediment transport

and bed elevation change in rivers

II. Research Outline

Recently, the climate change induces flash floods and thus modifies the
design floods, which necessitates the increase in flood protection measures.
Specially, in order to estimate such large—scale water works as "four major
river project,” detailed hydraulic analysis i1s needed. That is, three-dimensional
hydraulic analysis due to hydraulic installations and morphological change
rather than conventional one—dimensional analysis is needed. The flow in the
river 1s turbulent, and an appropriate flow model is required to simulate
numerically such flow. To account for the morphological change, proper
sediment transport equations which are suitable for the characteristics of the

rivers in Korea, are necessary.

The objective of the present study is to develop three-dimensional
numerical model that is capable of simulating flow, sediment, transport, and
morphological change in the river, and to present sediment transport formula
that can be used in rivers in Korea. In addition, the objective includes the
development of the graphic user interface under which the numerical model

can be run as a total system.

IMl. Research Processes and Results

For this research project, the study was carried out by three stages. The
study at the first stage included the literature study for various computational
methods for turbulent flows, test computations of the numerical model,
presentation of sediment transport formulas and their application to rivers in
Korea. Also, the techniques for three-dimensional grid generation were

investigated for the development of the graphic user interface.

The study at the second stage contained the development of the algorithm
for flow computation which includes the turbulence model and validation of the
sediment transport formulas to rivers in Korea that were proposed at the first
stage. For the development of the graphic user interface, the input system that

can be used for the computer model was designed and built.

The study at the third stage included the development of the numerical

_6_



model for flow, sediment transport, and morphological change in the curvilinear
coordinate system that is able to be applied to arbitrary—shaped natural rivers.
The model was applied to experimental cases in the literature. The mean flow
and turbulence statistics, and morphological changes were compared and
discussed. The graphic user interface was presented by integrating the pre-

and postprocessing algorithm and three—dimensional grid generating system.

Based on the literature study, both standar and non-linear k—e model were
selected for the turbulence model for the flow model in the present study. The
flow model was applied to a narrow rectangular open—channel. It was found
that the numerical model simulates well the general feature of the flow but
does not reproduce the velocity dip phenomenon. Furthermore, the non-linear
k—e model appeared to reproduce the general pattern of the secondary currents
generated by the non-isotropy of turbulence. For meandering channels, the
standard k—e model was found to be good because the secondary currents are
mainly due to the curvature of the channel, not due to the non-isotropy of
turbulence. The law of the wall was used for the boundary condition, and the

SIMPLE algorithm was used for the pressure term of the governing equations.

The governing equations in the curvilinear coordinate system were solved
numerically that fit the shape of the natural rivers. Non-staggered grids were
used, and the momentum interpolation technique was used to dampen
numerical oscillations. Using the computed flow, the amount of sediment
transport was calculated, and the results were now used to account for the
morphological change. The model was applied to experimental cases, and the
mean flow and turbulence statistics were compared and characteristics of such

flows were presented.

For the sediment transport, the lateral distribution method was used to
distribute the sediment discharge over the width. Two bedload formulas were
tested, and Camenen and Larsons formula was found to predict properly. To
compute the sediment transport, shear stress partitioning was performed to
separate the skin friction from the total shear stress. Finally, the mixture
effect was considered to compute the sediment load. The method was applied

to foreign rivers in the literature and to rivers in Korea.

IV. Final Results and Application

The developed numerical model was applied to Rozovskii’s (1961)

_7_



experiments using 180 degree bend. The model simulated the flow in the
channel bend whose inner radius to width ratios are 0.5 and 2, and computed

results are compared with measured data.

It was observed that, at the starting point of the bend, the flow accelerates
along the inner side of the bend, however, the flow accelerates along the outer
side of the bend after the bend. The flow acceleration along the inner side at
the starting point is due to that the flow is obstructed by the outer side of
the wall. On the contrary, the flow acceleration along the outer side after the
bend 1s due to centrifugal force. The ratio of inner radius to width affects the

location of the changing acceleration.

The computed bed shear stress showed higher values along the inner side
of the bend, which is consistent with previous results by the two-dimensional
models. However, the secondary currents, heading from the outer side to inner
side near the bottom, contributes to sediment transport and morphological
change. Thus, the inner side is deposited by sediment, and outer side is

eroded in the mobile bed case.

The sediment transport model was applied to the Geum River, the
Nakdong River, and Imjin River in Korea. The total sediment load was
calculated by suspended load from Rousean model and bedload from Camenen
and Larson’s formula. The change of total sediment load with discharge was
compared with measured data, and it was shown that the consideration of the

mixture effect improved the prediction.

V. Research Achievement and Effect

The goal of this research project was accomplished. The numerical model
that is capable of computing the flow and relevant morphological change in
the river was developed together with the graphic user interface. A total
number of four papers at SCI(E) level were already published, and two are
under review. A totla number of four papers were published in the domestic
journals. The number of presentations in the international and domestic
conferences are 4 and 23, respectively. A patent was submitted and is under
review currently, and a software was registered through this research project.
Five master students were educated and graduated with the fund supported

through this research grant.



VI. Plan for Application of Research

The three-dimensional numerical model that is capable of computing the
flow and morphological change in the river can provide a tool for detailed
analysis for hydraulic engineering. The results by the model can be used for
the stability study of the river and morphological change by the floods. In
addition, the model can further be applied to the change of sediment transport
by the river works and resulting morphological change and flow characteristics
in the channel bend for the effective management of the river.
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E AlAetF Y. 53], Launder?} Spalding (1974)¢] A At RPN T+E 5 k—e &
HodE] ARSI Tk a8y 35 k—e EE S B[O AE o g
O

I 2FAH 3 backward facing stepoll A A F-2F dolE 34 2HAHs= A
()]
AA

ﬂJ-b_l

Cu Ce1 Ceo O O,

¥ 2y 0.09 1.44 1.92 1.0 1.3

H|g & 7g 0.09 1.15+0.25P, /¢ 1.90 0.8927 1.15

RNG =3 0.085 | 1.42—n(1—n/n,)0+pn") | 1.68 0.7179 0.7179

(4) MY k—e 53

AT k—e BEL SAERS S4ZE BT WA (F50A)Y] s AHE
FE FetEE JdR/ A, &E, o, FAks B 18E 5 Uk ey o] B e
A s AREStaL AL Holsx §YE I HHILHERE Fote TS T
Astar 7] wiEel A mE Holsx S8 W&ol & A ojwAdo] sk
Aol Agol Agtdants dHo] Utk ol& sjAsty] A Holm=gHol| #gt
Boh dukstEl #AA A o] AAIEAE=H, hEAHQA AL Speziale (1987), Nisizima®}t
Yoshizawa (1987) ~12] i Rubinstein®} Barton (1990)°] A A3+ ¥ A& k—e 2ol

Speziale (1987)= dlols= $8€S A FHAEAE XSt FHTFE S5 gig
28-S A AEFA T Nisizima®t Yoshizawa (1987)= S A% HHS Algslo] 234
£ AA3FA 3L, Rubinstein® Barton (1990)2 Yakhot-Orszag renormalization group=
o]&3ste] P S AAISHAT olEo] A Bl dnkAe thg 3 P}
_— ou; o, 1 3
_“i”j:”f(ax o )—51«5 +3(2 e m,) mg_jl S (1.11)

A7V 58t Sy Sy A7 Tt 2k

ou, 6u

1~ ox, Bxk

ou; Ouy,  Ou; Ouy

2%

oxy, or;  Ox; O,
6uk 6uk

1ij ox; 356

¥ 1.291+ Speziale (1987), Nisizima®} Yoshizawa (1987) ~1#] 32 Rubinstein¥} Barton
(1990)0] A|AISE A E k—e BE] RFNFE AASHA
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« SIMPLE €11cl&

_d [, do
—(pug) = - (Ft dx) (1.14)

A7|N L Aot FEANES Agste BAdE @ A FHW PN 7
AAAAVA AA A (L1493 o] AR S & 9o,

d d [ dp
/Ade (pud)dA V= AVE(Ft%)dAV (1.15)

4 115% 7h9-2 vt el ofsto] thaat 2ol AlrtEth

(puAcﬁ)e—(pquS)w:( ;“b)e (mjﬁ )w (1.16)

A7IA e}t we %‘%‘%‘40] P A
ot} A(1.16)d A HA A<
E5S 747 Fo DE EESIEE

L
F=pud, D=—+-4 (1.17)

012 olgate] A(116)& TA Folahd thed 2e A Qv
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F;¢e - Eu(bw = De (¢E_ ¢P) - Z)w (¢p_ ¢w/) (118)

o714 Bk Wi 217} F9Ael PA Ao oo o] @ Ame] FAEelth 4
o W oesh welAe gol M 2AANE Fa7] FAAE oY AX FEogel EAw

o)
L =]
oz F7] §% AEVIHoR FTUAET|IH (the central differencing scheme), 73 2
71¥  (the wupwind differencing scheme), <327 (the hybrid differencing
scheme), W57 (the power-law scheme), QUICK 71%¥ (the QUICK scheme)S =
ol 5103
H 0]’ Py ﬂ'

S A7) (the central differencing scheme)2 53+4 Al A AW &2 U
Hew ARkl ALkE

¢@ = (¢P+¢E)/2 (1.19)

ij = <¢p+¢W)/2 (1.20)
glel 4 ALY B e T A%E A& 5 vk

T(Cﬁp”_ bp)— T(wa"’_ ¢p)=D.(pg—¢p)— D, (dp— ) (1.21)

AL T 2

f
o)
o
)
]

T U o

Fw F:i EI,’ F:g
{(Dw + 7)—}_ (De - 7)—'— (F; - Fu,)}¢p = (Dw + 7)¢W+ (Dw + T)QSE (1.22)

A ay, ag, 123l aps AJste] o]ibshd ofF-2At WA

o},

Fhl

dsivl e

appp=aydytadp (1.23)

A7NA AG ays ap T ape 77t e 2T
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Ay ag ap
F F
Dw+7w De_é aW—I—aE—i-(Fe—Fw)

271 (the upwind differencing scheme) 34 ZAAfolA F >0, F,>0Y
] +

w
W AW FREe tg e Moz Zapate] Akt

¢, = p (1.24)
by = Oy (1.25)
91e] 215 A(L18)el widatd the e AnE 48 F vk
Fopp—Fby=D,(bp—¢p)—D,(¢p— dy) (1.26)
oj e thEI 2ol A 4 Al €k
{D,+F,)+D,+(F ~F)}pp=(D,+F,)py+ Do (1.27)
AG ays ap, 1AL 0B AOFe] olibstE olf-3tat WAL FHINW thgI 2
ct.
appp =yt aydy (1.28)

ANA A ay; ap LHIL aps 47 oS3} 2k

ay+ay+(F,—F,)

oL wAl AeElsty vt 2ol ¥ 4 sk

% 16 AAR o]ArstE WA Aol A4

awl aE
D, +max(F,, 0) D, +max(—F,, 0)
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@ =dAE71H

TYAEEE 22 A EE VA3 oy HFEY F (Pe=F/D)°] A7} 2 oY
gk A go] Zhegh Algte] vk ¥ AFAEVIM Y AS 1A AGEE JPA AL o
L o]F3e] jlo] Ad sEY Agol &uty] wite &Y U F Aol A&k
Z o]l £t} Spalding (1972)¢] A|AIgH &3k 71W (the hybrid differencing scheme)--
T 71 AT Hoj V|HoR vFY F Ao A7 2 oY wWe TYAE
ZIMo®m, 2 oldd W AFAHETIMeR Assts ZIWolth ol#HA 2 AF Ee A
T oay, apZb FFEEE 7 7 A7) wEe] R sEolA A&7l " o]
& Aot A (1.18)el A& F olikstd o]F-gAF WA A S Fdstd v 2ok

apbp = ayby+agdp (1.29)

ANA AT ay, ap LB apE 22 eI 2ok

Ay ap ap

(D ——e), O} aIV+aE+(F;_Fw)

@ Hs7H
Patankar (1980)°] A|A1gF W57 (power-law scheme)S Edtx}E 7ol B] 3|
o] Agst SAAE IS 5 AJuka s o]4ikstE o] FH-gAk w2

AvEL a3 2ok

# 1.8 olatste AN A (71

ay D,max{0, (1—0.1Pe, ) }+max(,, 0)
ag DemaX{O, (1—0.1|Pee|5)}+max(—Fe, 0)
ap ayptap+(F,—F)

® QUICK 714

Leonard (1979)7}F A|A]%F QUICK (quadratic upstream interpolation for convective
kinetics) 71" Al HAES o] &3t Ailsle 1AE AE7|Ho|t S3HE A A
H,

F,>0, F,>0d o A9 Fx&5& ¢

ulles
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e
rlo
O
L
o
fr
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ol
2,
R
[
Ol
v

6 3 1

(bw = g(bw‘l' g(bp_gfbww (1.30)
6 3 1

¢c :§¢P+§¢E_§¢W (131)
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H -2
11 k‘* )] (2.5)

Keulegan &2 o255 gyvtzo] Fuste 54 (H)o dial o5 22 AS o
o 2 o)
= T M

] ojwl n,°l W=
B9k, =200y, AFE3I 2 (Camenen's, 2011), =fWatd ol dsiM = k, =2.5D;,

Agsdrh 27 HE MRS F A9 42 B wByon Euvide] Pus

g Astd muvkdel o@ AFES 7 5 9

aly

(3) &FAE AFE7IH

SAeA Akl S AFASE BAF FER LAsd, o §E
Hoh AFALgE @4 % (active layer) oA FE2AY (rolling) W22 A ™ (sliding) %A
7he (=9 saltating) A S B3 F=E ol5sts SIHESE il AFAIY ¢ &
A EF G FAYEA AHaEER FoHh

Aol FHAreol

it

FARF o gk 29 491 Einstein &~FAF 4 (Einstein bedload number)& U3
o] AHoldt}
* Qb

1948Wd o] AAl" Meyer-Peter and Muller (MPM) 3212 slAtadAto] gle dlEolA
o] AFAF FA R AFEAQ s 228)e FHE Zeth

g =80 —7. )% 7. =0.047 (2.8)

99 Aol |stm Shiclds 47F 0,047 ol3Hel Aol 2FAE WA gt Ao
Wong (20032 ARE thA] 2Aste] theat 2ol 38 T4L AN AL

q, =4.93(1r —7.)'% 7 =0.047 (2.9a)

o
flo
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(1) Ashida & Michiue (1972) &4
g =17 —7)(V7 = 7). 7. =005 (2.10)

(2) Fernandez Luque & van Bet} (1976) 32
q =570 —7.)"°, 7. =0.037—0.0455 (2.11)

(3) Parker (1979) fit to Einstein (1950) 32!

*

4.5
* * 4 TC *
g =11.2(7 )“(1——*) , 7, =0.03 (2.12)

T

(4) Camenen and Larson (2005) &2

*

* * 7_(; *
q, = 12(7 )"’exp —4.5—*), 7, = 0.055 (2.13)

T

7 Shields & ZWulZo] o8 Ad=S el vt od F4S o] &3

of At = 3l

N _ (2.14)

71" R& 4 #5995, G nAAFE Keulegan 32 22 5E Aozt

WA o2 st oA AFARE F FAFEY] 10715%E AHA sk F frAbEel o g
B dFS AdiMe AFAEE 34 ABo] Fasit olE f8 Iulskded AR
At S-S Al FAE d5Y Ag= Alart dasid a9 218 Add3H
e AFAEFS HoFE ZoR oy AFA AAEEAd giE] et ATE A e
2 AM 2] 71 AA AH4si, CL 32437 MPMeo| &zt 183 MMPMe] 7+
A Ak gt 19 22 Sulshbd g fAbeE 279 Q1o oA o] AFARE AR
Ao wWE AFAIES =X Aor H=6m, H =2m. §=0.0002, D,=0.5mm,
7 =048 U "] grolth

MMPM< MPM 3 CL ®iioll o3k &FAbEe] oF 55%5 A Aal, AM2 MPM %
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°F 145% = AtA ettt MPM¥ CLS A& FAFSHA o=
AR TS o]t M E AFAHS dF T 5 dues Aol
=

28 A CLe4 s T8 LAFAES ALtsad.

=
ol
-
2

10 E T T T T T T T T T T T T T g
1 5
01 F E
« L 4
= 0o E— _E
0.001 E
0.0001 £ E
1E-005 . 1 1 1 1 L 1 1 1 1
001 01 1
T
S92l AEgEe ME ARAG 4B Hw
il

MPM MMPM AM CL

18 22 7 =048 A 9] AFAFE 24 T4 Einstein bedload number

(4) F-HArE A7
oA wel F @ R tev g,

h_ _ h_ _
qs=f ucdz:f ucdz (2.15)
0 5
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—) (2.16)

v.c+ D, —= constant (2.17)

s tz

o714 2 (2179 AWML AR o] 9 gate ¢
T EFE (net flux)> FolB= 2 (2179 F=+
A e oA dasty, -HAAF (v,)
Prandtl-Schmidt 4= (o, =v,/D,)7} 1°]28tal 7}t o-HAAASFE 934t
Aste] AgE 4= At} Prandtl-Schmidt 5 12 7}33= AL G777t &5
AT E Hgt BgALE AT SR sdetttal sk otk & X
ek iAo 2R Feye S-HAATE v 2k

v, = kuez (1 — i) (2.18)

17| k= von Karman 75 (=041) o|th. 2 (218)¢] A¥E A (217 tiisto]
H

Aot et e gulE P4 S Atk

z .\ dc -
Hu*z(l—ﬁ)g—i—l{gc (2.19)

f1e] 21> Rouse (1939)°l] 93] A&z MR om A= by} 2

zZ

(2.20)

(1 - Cb)/gb

c_ [ (1-9/¢

G

A 7/\A Z(=v,/(ku.))E= Rouse 4501, b vlbeh ¥t g M) o] ¢=E(=2z/H 1
g3l ¢ =b/H o|t}. ¢E HlERZA ] RBGal wwoln HEPAH (equilibrium
suspension)ol A= A3 E E (entrainment rate)¥ s L3ttt Yo Aol z=bi= nfet
LA 9] HE oulsli=d, ol niEd (2=0)7kA 919 AEo] AYsA ¢kv] uliol

ct.
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(2.21)

PE EF % =094 A

wK

(z=0)1H §%& —wo] e AANER, FHA T E

(composite effective

CERRE P

gt

roughness height)= 3}

P
T

=]
=

|

gz

—_
o

1

]
A

TR

A

\= )
T

p A

ok 19 2300 99 4 (220000 o

7} # oo

% th. Rouse

=
-

g 3ol

Lo

(11

—

N
06

—]

w

o4

7‘“& oz

0.2

NN

%

02

04
——0

o714 Rouse

BH

Ry
-

19 2.3 Rouse &

(2.22)
(2.23)

949 ol
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with A=1.3x10""
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R

Wright®} Parker (2004)

ko3
T

Gracia®} Parker (1991)
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FAPAESE A Best 2ol £4sgrh

U
Z, = —Re)* 5" with A=5.7x10"" (2.24)

EH5AE AEA A A= Wrighted Parker (2004) 5218 o] &3l WS g
o e i%ﬁ}%‘:ﬂr AL A %S dete] EBAbES AT A

0= (2.25)
KR
A7IA k=041, HE FACIM, u, B, = obefish 2}
U« = VgHS (2.26)
5.7x107° 2 Us
E= ———, Z,= —Re)°5"" (2.27)
e (U v, P
03 v
YU a)/a
RD,, D,
Re, = Y00 (2.29)
v
k, = n,D, (2.30)

71 w= B Ad

7, ko ZEEololtt

YEEEE dsty] A &FAE A7)0 wel "2 UrolA AL = A=,
Zb JAre]l 27 A S A @A A EE 2 At wel thE A A &5 o]

S AHEE)E A2 (52 2HE) o -‘?4?]?3‘}04 el ofs) 28t
Aeeo] zhastH, Wi 242 o A wmEFEHol ddg o] Frhgt o & vy
o1al o & v} ﬂ]-’ﬁ *F"“ﬁ}‘—:—tﬂ Ferguson‘s (1989)4 Wilcock#} Crowe (2003)
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]
S (2.32)

o714 0<b<1ol" Fergusons 1989)F b=by, =0.125 AAFAIL Wilcock?}
Crowe (2003)2 b=b,,=0.67/[1+exp(1.5—d,/d)] & A3 Th.

(b)) FHAF
Garcia®} Parker (1991)2 7} YEEXE Hd A8t 4= A= EEXFH FAL o &
AAS bS53 2ol A A &SI
E £ Az, (2.33)
Wi T BT A ‘
L+
+ 03 u
Us d 0.2
Z,=\, —SRE?{Z-S( dl ) with A=1.3x10"" (2.34)
st 50
V/Ryd, d,
i T (2.35)
12
A, =1—0.2980 (2.36)

i

71N it AERIANA 24 WAE dEE G4 dehdE FE Q49 vE, o

=16, — &), (2.37)
In(D,)
¢ =—log,(D,) =— @) (2.38)
=36, (2.39)
F1o] e AAE AU F3el st vlud FESA| N AAE 2 R sEA
EEol A= AYE (entrainment rate)e] Ht} A= HEo] Qr} o] & 23] Wright
o} Parker (2004)+= 4% #AAAE AAAT. ES 233 & AL 543 Z,

S 4 (240)9F #Zo] A8t

U d. b
Z, = Am(v—Bei'G) SO'OS(d—’) with A=7.8x10"" (2.40)

ui
50
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[

0.2 for <1
b= 5? (2.41)
0.7 for <1

[3

1)50

Wright9} Parker (2003)e] AAIE b (A& A5 HAYJAE 75082 AHEE
ZHEY 93] ddE (entrainment rate)o] TAsti XHET MHER 3] AP Eo]

kst A9 A8 @+ Aok
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physical domain & =¢(x.3.2) computational domain

of W& AMAAE adE FASHEA AlLtd el HAAW] e Fate gt &
F3 AEE s WHyolth. ¥ AHoe®  FAVOR  (Fractional — Area/Volume
Representation) 7] W o1} 7H37d Al 71 (Immersed Boundary Method)¢] 1t} FAVOR
71 el ¢ ﬁﬁ]“qoﬂ/ﬂ FAZE EA6HA] e d9e AYste] AT A A A 6

© WHoE Add AR F 9 2AE 2Y = dod

W Z}zbel WA S ALksh

AL WA 9 Zzﬂoﬂ ojgt sE RSt dis] st F=Fsty] Wi 2 E3E 7o
SR A= A o o e P e R 1972@ C. S. Peskin®] A& 7§dtsk Wryio g fA9F X259
B Argol et EoJstwA A FOow AAG PR Sold A4S nHd 3
< Bk ol AAHe] ol Faste ¥ E 1Y F Ade A

2 fFERIS Aitstrl fsiAe AW 2He ALY
point, forcing point, pseudo-fluid point® u-ooF stt}. 18] o
3to] fluid pointEol A AALE £33 no-slip 21 AFg3stel WA forcing point$t
o] Aglol 9o Witk f& o2 HAAE Y E pseudo—fluid pointE X 7FsFS] forcing

O
18
l
Id

z oY
N
w
=)

N

N
o
Eh
=
[oN

pointel f4& A Ak o] JPe e ArAse] ATE Fal ve] WA
g F4ste] wol Ash A4 52 weld 5 o BAHUY) wEe] FAVORET F
H AR % 7% 5 A 9 PNES ANARAE A wrel Aol
nEHe Qg o AT FHE AT £7b oo T AAYS Ao Hu

o] no-slipFA & FE53+= pseudo—fluid pointd] ko]l Wi EEoAE= RAFE =
7PAE o] olE K4Sy 98 we AXE AEsloF stEE o " AA Ao H=
WAL HAAG o] & dAsty] fJstel A ol A& s AHAATIYel
e gl

f

p
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(3.4)
(3.6)
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4. 373 AFAA A7 ZARBAY fe TR 9 Ax A Z2 o A}
(1) 33 fr5 =219
FEHAS 98t 339 CFD Z2a1#o=Z+= Flow3D, Fluent, CFX, ANSYS
Workbench¢} -8 37) ZZ 132 OpenFOAMS 5 4 9on, 3349 AxAx A
719 NS $Eke] el A

4

11

=
H:l
ll
4
juc)
lo
N
o flo
A et
o
il
o
o
jubad
(0]
Hﬂ
fr
i
m{o
_0|L
38
oo

7

(7}H) Flow3D

Flow 3D = X, Y, Z &9 #&& EF agsto] sARgE Fdst= Hdd 33

A dFRYPers AgFUHS M= NTR 55, AR wEdd, S5 R @
T, e R HwE FAAR, 4548 2 HdEA FAARE 2Ela g w4 o
7hsd HAAY Az ESojoltt F@AEH S AMESta low, thE W FEa Ay
(FEM Finite Element Method), 7 24 (Boundary Element Method)s < A% ™
23she f5d @14 (Fluid Flow Analysis)oll Al & 7]eF Ao BAHE 2A38] #%
Ho7 3z Ao mugS 9 AxE 7% B3l A g

] —042
He AAe A AANE A8 RAUE ol 4ehe o] &olar

mrtmgmu Wiesk litnck 1 Higle Precialm Sersinn 1 iinnlay Passl | el
Brunch Qeigmid Eigmria gl (Betes Jan b L.
Wil Betias Seradale | L] L e
L Taciy . dare Baap
Foaaian | s I:;\ ‘:: {? E" ", 5 I:n!i n i1 . _ ® i } Trod i hg we ey
T TR L PP . L

LA

bl e L LT ] Famasd Bangs |

Filgact L
Carrwrrs |
(i D 10
G |
= a1
wep i 171

ol P
Changs oesi
e eyl

G

ey e iy

2, 9a)e oA
UARE NANAE TAR & YE, F 1 A AAE xgzLow @3}
1g WHEe 24 AAAE o &3 WA oF AAAF o
H

_
—_

[e) = — [e) %_L_
o R A vm F Ak ol FAXAE o] &3 WHS AXrl Ao 7)Ao A el
upel Aol 7] wiEol AA e} 7Ae] AATE ARfel dA|SHA ") wheba A A £
2 Zolf = EE daugFo] Hodx gow AAZABoundary Condition) S % &



T AA A KFHE §% wE H//1mh G AY
G5l Aae Ao Wosa

5% WWe AAE FAMA %3 A AL FAsE
VOF(Volume of Fluid W& Abgas Aoz, dar 7+ Axarda Ax6E b4
2 wE PRl A, of BAAS Frhw Folsts Wolth o e AXAE 1

S = H =
getn A Aoz 2% §AE FAsEd, A4 wAHe) glema At ]
Aol AAE Ry lstel 2 AAE FAshe S¥an A8Y e Waw
3t
J/’an Wﬂid]
_—=Surface Cell
F=1 (Fluid)
19 42 FLOW-3D¢] VOFHH
S E "ix7} A9st VOF Wi A3 7149 AAWS veldl= 71, 149 4
AHAE Fal olEste AAWE AGSHA FHs5te dads, 1 AAH A =20
Agot= el A GdAR FAE QT o Al ZHA] @A AAE Z=ao] & 3
stal Qlojof Akl FEsld AyE A& 5 o, o F s &2 FIHAIRE FEs)
E Aog: BRASs AyE AdA Hrh FLOW-3DE o] A 7HA4] dAE 5% A 83
VOFH & AREetH AAZAY ZAAWE F49 AIAHS A7 st dHES
x3tsta 7] W, FLOW-3DE AF&stH 4&3t Fasld 2945 45 F+ 3

@ 7ﬂx]. /Rg/\-]ﬂ]_ FAVOR tﬂ—tﬂ

FAVOR(Fractional Area/Volume Representation)< 21Zt& Az} <oto] Eojd+=
W FAEs TEehe WHoR 7 A7y A 7z WEo]l A e dFIF fA =
A F gle EAC 93 WS 7 dvha ZYste= Aolth. agERE 3 H7E 4
AN A FreEdol AXeteE Hy % o] wiA 7} Fysl= WAoo AHolxm o] A} o
o o A= Ay, FEsHFEe et T WA dst FdEFS aEst YA 59
gk AA AES ol dHt B4 FY fEol st FS rssiAEY. oetA, F
ARARTA L] HARxHES oA X FeaEH AFEA] 7HE 2 A9 Ul A
o Azl 93t Ayl Asw AstE dAs Tt FAVOR e 7idS ofzle] 149
I}
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Heat transfer Area

19 4.3 FAVOR (Fractional Area/Volume Representation)2] 7§y

FLOW-3D¥= 7 Ald 22 2 (body —fitted grids)”7} 7FA &= A3 AAzE o] 4%

539 FHE 2 553 AAAAE AHEgh. FLOW- 3D°ﬂ/\1
skl AxE Aok st olE = flol ARE Al Azt
Row Azte]l A wE F7HAQ AL WA S

O_“Lﬂ.
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@ FA-14 A3 28 (Fluid-Solid Interaction) FLOW-3D¥ ztghsh @id o] o g) /o
ol qEE AR, wwty] Wake] %5 Aute % 53} % 5
o A EE5S A HiEAE

FLOW-3DE A}&-3}

FLOW-3D+ GMO(General Moving Object)2f+= 9S8 AR&3lo] f-4-4] A3 2
&5 slAst=d, o] W2 nAE WPl gl AA(rigid body)ZE 7HA SR £

A-sste LA 55 A Gl oA, FAlE Aol Hls) R HA WP o] WA st
o aAe] WEe vl AA HER oldd AL BEstA fnh I 1AE AR

ZHgr o= A My Aile] ok HFH HE Y & Atk
(1) Fluent

FLUENTE AlAlelA 74 o] Abgeta e 48 HAiFA9sHCFD) 34 Z=
gAY AAFAI G S sjAdo F a3 A A g (Pre-processing), AlAHSolving), $* €
(Post-processing)?] =& S & F e #7]x 229 o] &2l FA]d A4t X

233 (Solver)d] o]Eol7]% Utk FLUENT AZE9 o] #7]xE dAAg7]|
GAMBIT, TGRID® A4t 2 Fxg ==zl FLUENTZ FAHe HYrh
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FLUENTE o8 71# g%3k 2812 2dS zka 9lon H|¢3=4(low subsonic)dl A
=4 (supersonic and hypersonic) ¥ &% (transonic) & & &9 A 99L& 3
A8 4 9 CFDAE Solverydyt}l. 3 FLUENTE F#7143E2 93 Multigrid W

Wy AAE o8 7R FEje] Solver options A&t

1% 45 Fluent 2215

O AA &¢ 54 (Mesh Capabilities)

N2 ALY AFEA, SEA, OgdA, 2 s, s 2 S35y Az AR
S-A) /A & By o] A~E X33 Hl5Z(Non—conformal) A AF2] Q1E| #H o]~ A&
| <}

il s
e R

|
= A3H W (y+, wall proximity 5)oll 7]¥k3E o}
o

Conformal adaption on triangular and tetrahedral meshes

Hanging node adaption for all element types

O

O

O Automatic interpolation of solution after mesh refinement
O Dynamic hanging node adaption at user—specified intervals
O

Geometry-based adaption

@ 54 A HE 7IH (Dynamic Mesh Modeling)
O Mesh motion and deformation automatically handled by solver

. Cell deformation using spring analogy
. Dynamic cell layering

: Local remeshing

: 25D remeshing

Automatic refinement/coarsening capability using sizing functions
Compatible with all other physical models including multiphase and reacting flows
In-cylinder mesh motion options and crevice/blowby model

Mesh motion preview

O O O O O

Six-degrees-of freedom (6DOF) solver

_55_



.-w ....-.-u.ﬂ'n.

19 46 Fluentd 52 Az W7

(t}) CFX

e 48 CFD Za2ad& P44, A B4, Solvers o= Hrolx UAThd,
CFX 11.0(Commercial computational fluid dynamics program)2l 74-% ANSYS9]
Workbench &7 ulolA CADFH Post7hA] 9] R 2gHAo] o]Fofzrh, ANSYS
DesignModelers ©]&3le] vtz A4S FASAY CADEZZ oA AZst FA4S
importd} 1L, Workbench Meshing ZZ 13 o]t} CFXAA| 9 mesh A ZZI1WE o] &
st AAE AASEA "k T3 CFXE pressure-based coupled solver WS o] &3}
of 7] 9] segregated 2]} TFE A coupled solver® & Ao 341822 coupled solver
o w21 b Al A e Aol I

E3] a5 A9 A A7 inter-phase couplinge] 2.3l CFX9] coupled
solver= EE A9 matrix?} couple Ho] A E g 2R o7 Ay A7+ coupling
kel & o= 9lt}l. CEFXOlA] free surface®} bubbly flow, Phase change®} #-& thA-

o

%S A3k Eulerian-Eulerian 223 cyclone 5 QYAFFZ o] AFEF+= particle
tracking model?] Eulerian-Lagrangian 2 @& A &3l™, CFXe &Wwro] Azt v}
Ffreaokeln® g AxE o HE multiphase flowe] s4el] ZFHE 73 )
o th& CFD codeol Hla AMEAI 7ol dF G55 = 3ol Atk

(2}) ANSYS Workbench

ANSYS+ FEA(Finite Element Analysis)AZE¢oj= 2 I A
CFX, FLUENT, AUTODYN & 212te] EofellA 3471sS 7HAL =
Ol3le] FxFA Rop ol tpekd Rolo FHAL STt F e ATLEGAE

= ATsA =AY olef o] Z4zbe] FofolA Rt Az E 0] AlE

Wk oyt
|55 T¥3ste] Multi-Physics F73o] 7Fs3gh 37 0= Workbench7l 7= 1 th
=, Workbench= ANSYSAMF Al & dh= o8] #Fofe] AZESoES M= dAAste F
o] thiof &3+ Al E ¢ ol A(Multiphysics Simulation)e] 7Fs 7 3l Interface 7

(Framework)©] t}.

of 3% AlEHA FdE 9% ANSYS® Frameworko| T,

ADEE%H A AARNA FFE A NA #Hed F UXES databases A& T
o] 52 TE Applications Abololl &-f3 ot}

| }=3 Tabs °]&3 GUIE Al&3stal 9loH, Project Page taboll A A28}
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o] Geometry, Boundary conditions setup (loads, restraints, materials), FEA/CFD
Analysis, Visualization (images and animations) ¥ Report 59 #ZS 3
AT}

@ Mesh A4 7%

ANSYSOlA V1.0 H 8 MEFA HMEolxr ¢ Workbench-based Meshing
Application 7] F-Z3)AEok2] ANSYS meshing® CFX-Mesh, 28] 32 ICEM CFD
9] Meshing 7I"H<& Egslo] tdsta AgfstA vhe A= Meshing 87 o]t
* Streamlined meshing tools

P ShEEE ICEM-CFD tetra 2|5

AHEYS sweep
i CF¥=-Mesh, Simulation technelogy
Swept meshing

* Shared mezhing tools ICEM-CFD

cross section

S PHEE S e 0l
D Part JEH HRE A
s Wirtual topology| FHE

" Mezhing technology advances
L CFRx-Mesh, ICEM, ANSYS
: "Contact” 282 KEH2

" Part3z MEEY 25 8d B2 HEO s,

19 477 ANSYS Workbench Mesh Generator

@ ANSYS Workbench %
ANSYS Workbench®] @A 7% % Hx A& FAA=E ofgel 2o

( ANSYS V11.0)

‘Machanical” N " Mechanicaif
F‘ru-pruco:l.ng Posl-Proc

“Fluid" “Fhuid™
Pre-processor z Al Fast-Proc
P CFX-Post

ANSYS Workbench

Ll SECTETTLLEEEPPERe

,,..
]
i
i

GAMBIT

TGrid FLUENT 6.3

19 4.8 ANSYS Workbench %%
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29 49 ANSYS Workbench Longterm Goal

("}) OpenFOAM
© e
2 Z3E(0OpenFOAM:Open Field Operation and Manipulation) 2~ F H
T8 HAAFA 9 8HCFD: Computational Fluid Dynamics)3i21S €3k 374 L
Yurh o] 2272 OpenCFD Ltd.olA 7HEE o GNU GPL(YW &5 A8 3
il
=

el
[
&
O
2
>
>
o

7}A: General Public License)E& AF&3t7] W&ol 74 T2 %
T odon, A AAY B AFAEe o8 AL AEE syt OpenFOAM
Cr+ EEx T4 dom HZFF i7 F5i ofdet kg, ddd, s,
TEHA, A & AT fokd AEL&F F U= T i

of dAYoE At ofel Al AMA AR e ALEX7E Qo g ofyel A A
of A 7|HEANAE de] AFEH I A5

e
i

y

A

@ 54
OpenFOAMS #3412 (FVM : Finite Volume Method)S AF&3Fal ¢lom 3z

A HAZE AxE ALdFYT AR L5& TEE  dom HEALNS AP
T o FEFS ofEgAeldolgta At AYHAS wET] T C++ golB Y E
o] REYUH o] CH+efol B ES o] &3l AMRAZE A4le] ddtes ZR=adS v
=5 AUtk o] geoluegES 7t sfAstazt st wrldE BAEAH HAAE
ARSHAl REEO A lo] A upA Al S & olsata Yok C++ Aofol tal] AAlS] &A
Zadegs GA Z2a98S s F dFUL LEZLS goluegg s A2
o ooty vE A ®H He AAFgAeIAES A ATFUG

@ AFAg #4A

oEXL AARYAAE 93 blockMesh®} snappyHexMesh#t= e E S A3

.
. blockMesh& AF8-A7F Azle] HxE YJEste] AxE tes WHo=E A d e
et JAS Fdstrd= A7 syt snappyHexMeshe stldtd & o] 835} o]

e met AxE Zelgo] oA

*ﬂ/‘é%”%‘ﬂr. ol WS Abgstd oW Hid A= e AAE AT F Us



£5 AFFdYr) StarCD, Fluent, CFX % tddt A& Zzaslo AxE A&
o™ plotdd ¥l wdS ALg3t 4= 5yt #H -+ Harpoon, GridGen 5 A& %A
gl TRIOPEL CEF PAoE AAE UEHUE A4S A glo] o] dolH ¥
3 FeEYEHE AHEE ot glsynh A8 22232l paraviewt W E o] glo]
7 gsta HolEE FE3

P
(ih)
<)
a1

sbal 2lem StarCD, Fluent &9 Z=1d doly s FAoR%E Wad 5 95y

Filn Edit Yiew Sources Filtess Jools Macros Help

EEEEme e ? MRLPER kdr PAS Tmep T B

U e = @SoliaColor I | Simewnhe: X s Ldan BB G
| B CTRITQEL =
Pipeirie S o we

8 builtin

- ricitoe i Open [ OAM

CIOgect InapecTor o
Propertios | Diisphay | lisformation
Ky W [joset, W Deists T
Update G

* Mash Parts
InternaiMesh
HriontAndBack - ateh
Inlet - patch
outhet - patch

upperwall - patch
W motorBike frsfeikng 00 1%1 « ...
w miotarBike_windshiokd-007 %37 -
® motarBike e oises - p.
= motarBike rwberme0l0%10 < =

= Vol Fielbds.
k
fut

oA
"p

ay
’

19 4.10 paraview GUI 374 % snappyHexMeshE ©| 83 Z A} o
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(2) 32k AA A Z=ad AP 3 A A ZE2 a9 9EAAQ] Gmsh
SalomeE ¥ 5% GAMBIT, Gridgen, HyperMesh, Femap, ICEM CFDE& & 4 $ith

(7}) Gmsh
1997\ 3 5-¥ Christophe Geuzaine¥} Jean-Francois RemacleZ} 70aldlarl, =9
2, WOSo A BT Algo]l 7hEstH, dA) 2118 dd o]2a 9l CADAH S 7]
o g 3 FHeAE ATvom AT £ don, AerhA A7 Ves EF Ut
Al

[»
[m
o ot g

oy, = o7
o,
D
8
wn
=
B
i
o,

[
[
i
|m
re ;
2

oo
>
ofo
_O‘L
9,
rE
>
Ll
2
2
_O‘L
rr
%
iR
[
N
—O|L

W& Characteristic lengtholl ]3] #|o] %
s ooy y

4z B ofmogg N
“Q i)
— 1o
o
10 of¥
ol
=
2
lo,
o
-

BN
oty
4,
fo
[
ol
=
-
BN
oty
it}
ko
o
ol
o
td
<

Yy
lo
frtl
rlr
b
4
=
-4
BN
ot
i,
fo
B
ol
o
fr
r o
1
ol
ui

@
o>
)
K=
e
ke
S2
rlo
o
5
1%
)
—
3
v
o
N
o
ol
=

" @& Gmsh File Tools Help 2= M @ = Mon 8:52 PM

[
(‘lﬁ
RS

Ja 4o 1@ i@

19 411 Gmsh JEH o]~
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(1}) Salome  SALOME( http://www.salome-platform.org )& FX8142 93 -3
A 7lss M LEL: FREYE oIt SALOME: WEshal =
(multi-physics) a4, &2 A-FA, FXH4 2= FHAZ A&, AFTH
2 (PLM)S 913 20006 o 75| AT

SALOME<= CAD EH¥ &4 Lz ESols Adsty] fls) /MdAeli fd3 25
7t A gleow, BE 7% Fol(Python) &S T3 23T 4 th SALOMEE

CAD =] B4, =4, 7t 7], WE W], 52| (Repair), 42l (Clean), 2472 B4,

22 4 AM, 847 AL, WEWE F 5 ATk B AL A% AR
43 AAZA 44, A A v 4 AnE B4 & Ao
SALOMECI A &= IGES, STEP¢ 22 CAD 3t x9S A3y, 84 ¥yflo=z+

MED, UNV, ASCI 2% A3t}

: BEP+ VGRS YRy HOOE Eaath

125

, =

== D saser=

19 412 SALOME 1g # o]~
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(th) GAMBIT GAMBITS Fluent.Incol A A-&3t+= ©+%¥3 FVM/FEM solver ¢ =
eh= B8 A7) otk ACIS 7125 AH&3dh= CAD 7leg "Alsta glom, &

CAD software2}e] @ 3lo] 7hgsle] fdu w7 J4S F+dd ¢ Qo AH3 A
A A 71e S B st 9tk Gambit> SHA|, APEA|, AH)E, dEeE S o

FE FHel AAE AL} Gambite] AAF= solide] FAdel EStER AAAAE
Agsteld Fade] Al Aeshe mgelolof gtk

(D Hexadecimal Mesh

O Map @ @Y EF SHA A AXE A

O Sub-Map : HE EFd WA AE AxE A

O Tet-primitive : AFAA & Aso2 HE SE53)ste] WA AzE A S

O Cooper : ¥ H+= HAHY source™S sweepingsto] AMZ}7]E HEjo] AxE T
=3

O Wedge mesh

O Cooper : 22td ¥ A E source WS sweeping ste] 42715 dejel Ax}
=3

O Tetra/Hybrid mesh

O Tgrid : AFHA] 8 4E AM&3ste] vABE AAE A, A Auste= Hol

O Boundary layer mesh : =2 v A A Ax}e} A 2ol A A 9 FH
T BASE BEAbstrlel A e Axpolth

i

Ll

au g
R

I

B

o %o

o9l &= default® ZAFH EFsA dAHoE= EXRES fEld AEHoz
et etal Qo™ size function 7]%% S ARESHH,

o
=
edge bunchingS & ZQ glo] AYE = v|AE AR EXE Aojgd 4= 9

cooper meshE & & A& 7]
[e3]

1

F e

eCTEE

19 412 GAMBIT

(2}) Gridgen
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O FSAHE71H

CFD(Computational Fluid Dynamics) % 234} (Structural analysis)< 913t A
2] 7] (pre-processor) 24 1987d F-16 AF7]9] A AP S A]|ZFo 2 USAFS NASA
o] R&DAHAA AF&=T7F 199519 Pointwise Inc.oll Al A& o2 7tsto] Hufj s} 7]
AAe A8 A AL ZE ooty HA E334e o] g ®moh Zagk Ax A4
of g7 wet dE& A AY TR F87F Frhskal ew Gridgens A A

Aol 2a¥E ARk ooz AAAS M ZrAAE FeHeR 8T F

e
AL E & Fot
O A AR

ARZE 2 S A AR}
- A S AREA AR . w" ﬁ'" : :
_ A= w ™ %% 7:]X !

§= =% #H A% node bar triangle quad
- EE9 AAYW FHA A}

9o 1 o5lo] B g v b A
—2]“‘%&3]"(1%‘%7—%}} e e ‘ai ‘.‘-‘
_ X o w a1 g

R R R L tetrahedral hexahedral prism pyramid

%] -l a -
(v}) HyperMesh

Altair HyperMesh+= #2311 HA 73 845 AAS=E 715EH, 4 & 235
AestA FAsH7] f1% 74 EES 2, Hold 459 FEM Pre ¥ Post Processor
O‘L]E} HyperMesh -§A] (Concurrent) 1A Y& & 7HsA 7] 913, thYst A7

|4 File Format ImportE A Yshir, A&k REy 5338k 34 sk Post
Processmg o] 7tesltesE FwuHsta o] &= AlZFsH(Visualization) 7158 Al&3
=

Tt TCL/TK =agE AY % Z=E3 wja=z 7]5& S3llA A7, A& Process
A

Fs3tet 72 dAvite] 54 AAES 44 ASE AR E ot AEHs At
ol 7le S AFTFUL. ¢ o}y, TCL/TKE AFg3dlA, HyperMesh® 2t Hww &

[}
| 9ske 715e 748 5 deuh

2

F\

O HyperMesh 7] 8¢F

- HyperMorph - Mesh morphing module

- Mid-plane surface extraction

- NURB surfaces generation from finite elements

- Quality—based automeshing and smoothing

- Connector entity for generating and managing welds

- Rapid menus system to decrease mouse travel

- Load and boundary conditions applied directly on geometry
- Solver specific user preferences

- One step tetrameshing
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- Direct readers for Pro/E and STEP on Windows
- Direct model parameterization via HyperStudy

- HyperLaminate for reviewing and editing composites Product Highlights
- Catia V5 % #4g 98 5 U9

(¥}) Femap

Femape 1d dxyold {32434 (FEA)S 98] 1985 w=po A 7jtd Z
JEAE TRt B3] At 20037 Ao A5 AlEe waAolg: T 71|
AH S Fedglo] Tt WHAAA, AA MER vlo]|ARATIE 0y 29t T 3HE =

1
g AFgA QA H ) AGUDE AFEEe] Z ZaAA 2 RE Femap 75l o3
AM 25 7Ha e 21t} EF Femape
CAD Alz=" g &4 EHo] dig SHdS Fste], dA &5 = 79 BE
CAD dHlelEE 593 W 24 glo] vtz AT 4= 9lom, d|4 &njo] el
M-S THs A st 71Ee] E8E BAstal e 79l E Femaps 2-83dto] @
s #9388 F de FHE 7HA L ATh

" b
X
o
A
BN
2
Iz
2
° o,
n
>,
il
Ar
e
é
o
oko k=l

r l

R R & & _N 2 _N_ N __ _J __

..-ul-""' ‘-J.tl ARETE e R PR Y S T r
= 2 PR T S &P _l[rhhlllt‘lti:l-l.l
1|-i l.'!ﬂ-ht"‘l.“l‘

@ Mesh 7%

viool A AXE AzE 3D £E= 2 39 s FHdE o FHo 24AE
WAt Aee 43 24 RdS A=Y A29HE AIS gE G242 5 Qs
53] A2 w4 71ee e EY F1to] ofd 3D FteA Ay wie] 84
o} (warping)& A AL By #5538 FH] fH=A &S 94E T3 dHd 1F
A mAE A 4= A HAh o)A E(pole) I oE} I By e w Ay
A EAE Bu EHA AT EBrk oyl FHokekAl i st A EgelA o
Bhq o2 yelye, V)& gt EY Ao FAF IS Ae LN £ 4TS
AT + Ades gust Egk RS mME B AA 2 vEE 2 ZA4E 3
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24 3 EZ2X0 IAE Ho FHE dad v E AT

sh

= — o

18] 3 solid tet-meshers Wi % ™ (branchign faces) ¥ =A1& 37
°* %

fE 1
Sh
N
o
g
S

Holl A glsle] shte] PFdow FAHAHEE wAIE ST 5 Joy, A&7 £9 Al
Aol WA Afo]ZE Aot 4 =2 FFTt
a9 414 /A ¥ Femap mesh
@ M =+
AeWEZ BA W A AY(seeding)S A Yst= gt A4t AE3st =& 2
= = (stress raisers)S 93k WAl ZF

FaL gl ol MER Ve i wAe &
4 Adeh FE WA =7 oE ) 2

O ZA47F e AevED 4

-2 ZWe s 2%

- (hanging) A Al 3 EZZA fUolE
-2 249 AF AA

- B3k AA 29 Ay 2 vE 7ls A

O =A Al
= WAl A /ALl S Al Sk
- S A G A " &
- local refinements &3l WAl A|=E Fi 21 A o] FEgo N HA] Alo]A 7Y

A
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(A CEM CFDQ@ 71 &

ANSYS ICEM CFD+ EE CAE Simulationg 93 &4} mela] 2 Mesh 442
dol 7hs3slH, HAsE Meshe= 1009 F57F o] vt CAE solver (FEA, CFD,
71} CAE 314 solver) 9 48 3dS st 1.

ANSYS ICEM CFDTE vy4st T/ “Mesh”, “Geometry”, "Solver”, "Application” ol

25 XE 73t 538 Pre-processor ©]t.

Hytirid Mesh for
Civil HVAC

TetraHexa Hybrid for
under hood anakysis

Fluent

+ Compiete Systoms
+ Mulliphy sic8/FSI Tatra Asrodynamics &
- Simulated Environments Conjugate Heat Transfar

Faceted Data

3¢ Party CAD

E5. ACIE, i

| | | |

| cFXx || Fluent || starcD || CFD-ACE || Etc.. |
| ANSYS || LS-DYNA || Nastran || Abaqus || Patran |

19 4.15 ICEM CFD
@ Efficient Volume Mesh
O E33 Ao gk &=4% Tetra Mesh A4
O T893 J4 vstsE A &3] v
O Mesh size Alo1E & &3k 71 7]
- Curve mesh parameter, Surface mesh parameter, Mesh density &

- B33 3Alo] thd Deviation, Curvature =& Proximityol] <73 ZAA=A7]9] 25
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a7

@ th¥gk Tetra Volume mesh A &alg] s

- Octree (Robust) : Patch independent

- Delaunay (Quick) : Existing surface mesh, uniform transition
— Advancing Front (Smooth) : Delivers required mesh quality

(1) Intelligent Surface Meshing (Shell element)
O Patch conformal meshing (Paved mesh)

- Bolt hole, Fillet, Buttons, Flange, Beads 5°] ¥ 2HEH Asoz HEH o ZAxLAY
3
O Patch independent meshing

- Octree &118]&52 A&3o] poor geometryol] 3k -3k 32 Shell mesh
(t}) Fast BF(Body Fitted)-Cartesian Meshing

O Mesh Alo]E 93l surface sizeE 24T 4 A 2W, mesh density % -&°] 7}5 3}t
O Mesh Refinement 7}& (uniform, 2:1, 3:1 ... )

(2}) Flexible HEXA Meshing (Structured & Unstructured)
O Top-Down 2 Bottom-up %49 blocking W #|&

O 533 24 gk HEXA blocking 2d< 2143 8 & & ik
O AR @8l did 5L Aake] AAHE 7Hs (parametric study)

=
— Parametricdt 9] W7t HAS = A9 meshe €7 HJHolE H
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o AAA A VI AT s F wrReasdiqyol 4Re 7] A 2715FH As
24 AAES B2 d7AEe] ddS ol skt L gt oY Eokel A=l 9
Q

=1 A4 (surface reconstruction) H-2 Akl T 014 e HEEF

B A48 94%S thEe] J4ES vEs Fo2ZH choisd FEgE WS YtEE
HFH © 2 smoothness criterion= A28 2™, Hoppes < energy functiong A 2| 3d}ar
< o] &

aRg FHAisete WHE At Garlands -2 greedy insertion algorithm
S g ez ZASH(polygon approximation)dhs WS A A8
Z 7Fg oAl wHol  Delaunay
% 4

ol WE 4 At 4749

H 4
S del= duEFS AslY a, Florianis < visibility
MdS o] &3le] ATxAS WA 7|HA DTS fgoan it A4zte g 4aws
S AdstAnh =g 84S vhEo] vz o Advancing Front(o]sl AF)

3 Ao AAE frontZ2 EHNL IS HAIAA
Holt}, Sadek> QF-AA M AHES eI
of 1 Aol nHle} Alo]ZbES V|FoE upeEA g YR HAAH A E
S Akt o Lox AH2HE patchE & 9]

ﬁo - %E
Aol Fwe] wANG 2 a1 FHel ANES AAG H APPES A =
3

o 2
M o
=T ol

i_ﬁmi
s
Hﬁ-lﬂﬁri_“owo%

g
N
N
R

ol
-

oo A

oo ox rr r & 2 ox
o o ™

o
bl

3 TF Mavriplis< DTe] &&43% AFY WE3e FHE& o &
]E

E At Wl oA ShimadasS =8 4%

ol
el

A= S Aedtgd o, Bossen® FAFSE force function<

SA 713l F7bstal A ASHE pliant methodE  AlQtshich g

Witkins 2 JAS o] &34 implicit surfaces T TE= Aol & ¢ A= dudEs

r (

e aHA AT Lo UolA FFS destste 13 & e WHE
NE= Atk Hoppe®t Garlands 2 edge contraction®] WH oz A4S W3l o
W IHe EAMEo A BREHLEE duyES oY Ecks

parameterizations ©]-&3slo] thFdlde 2d
o
=

edge contraction®]°] non-edge contraction

EoduneES e

A

sto] iAoz wHE7I7F oy o ATA
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ol 9ete] AAHoR ALY 84aWe vrEE Wyo] sEEo]l gttt Tame S
medial axis®] ARE ol&sto] AAY 4w TS WS AAEeH
Bachmanns -2 quadtreeE ©]-83le] 423, A28 Q45 Wt WS AQkssict
Eg g2 A7AEdd 9kl F3F(looping)¥Hel APHA ST, paving Bl st
ME B A7 o] FoRt Loberv AA G5 § F9oE Ywozx #HEAY
7b e e dudES MEEdon, Reest Zo wEl HAs A ALY 249k 47
g axe =% Ji dagEs HEstl e, Nowottny+= quadtree’d'H ¥

ds F

71 paving WHe EAHE AAHS, geometryel]l 7]¥FE ¥ decomposition
o
=

B33l & paving HHS ALsle] ALY @47S U=

erwsY ALY an
o

2 W3 slo] A E QA4S W= WS Aot Lees 2 error estimation®l 7]

r]I.
o
M
1
oo
=
>
ol
i)
o
[oN
Q
s
&
=
(@}
=
(@}
=h
5
(@}
i
(@}
=
o
o
2
.
ol
ol
R
v

(th APAA 4o AsAAY dags
3 FAE s Askr] fslA A gl B 34S AFHA 4R UFE o
2 S0 AT HArt £uE 339 2a AAS 9% 1x dFEA SapidissS
solid/solid®] 7 <AAbx}lol] #3le] =2]3}% 3L, Joness < 339 2407 A AF3
of =% F% CAD model?] =4 Wl tisle 7]&3std . &3 Benzleys < AW
A oy SHA 8o dje] Ao n X = Gkl thste] =95kt
AFAA 24 A Wil et 27|RH B A7AESY dAS ol & Ao
DT2l We 3x9oz gaolr}. Cavendishs 2 solide] @S Zeh 17 $o 4
= FAE

AE w51 1 HdHEY DTE A&ste] AMHAIE wEASW, Facellow
DTWH (A Y regular triangulation)& A 238} t}.
g1 27)5E gaAA & AT F9 FU7b quadtreed] 3xY oz ol sFolgla
|

Aot Jungs 2 AFHAl octreeS Alb-g-3)o]

= AN -

Folxl Pds FAstet AA Fd AHES A Ao AAER &V Ads §
sto] APAAES PA oM, ContisS octreest DTS Adsle] 245 A s U
S A 3L, Garimellas S finite octree WHS ©o]83to] AlHAl Q45 TE H

5 Hr
anisotropival enriching WHS o] &3sle] T/ Wdo =z ofe] H AlHA 245 W=
= WS Aotsdth =3 Freys S solid 72 HHS
E2 A3 ZF voxelo] thste] AFHEA AR U WHES AT
3P = AFe WS dg A8E3 ¢lEd, Chaes S Sadeke] dagl=S 3314
o2 ZAste] AlHAl 245 e en ShostkosS FolX HAS 9 o Fdd
o8 tie F ZZel oY e ZEAAMTE 248s sAld AL UrA FAE A
Agstowx BHE Az a4 Adstes W o
o] validity test®} auxiliary testZ st W
A3t o vElg ¢ sl b ol 1dEtr] of
AetstA oW Freys# Fleishmanns < DT¢ AF
s Attt

uens < 32H4 DTAA sliver7F HAE 4= S-S X Hst 1 2%

=

o

i et o

M o b

s o ol
< 00 e B @

fo e ) o )
B 12 oo gy S
o o m &
(Lo £ e fo

oy

2

i

Cavendishs %
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He AT

32k DTE theto & MMSA(Minimize Maximum Solid Angle) 278 #8388+
Aol ok A7 A=dl, JoesS T A4S convex polyhedronii Ura Wi
= 24 g 248 AAEE 23S DT/MMSAZAS 2447 o] &3k Uy U=
E A43% g ddE AAdsa a3S DT/ MMSAZAS 77t o] §3te] AldAl 84
WS eI R EY AuAIA Y &Yezts 27t vud o =ma MMSAxZdoel ¢ -
T A AMAAE AT AS R
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(2h) &9aA 247 A% A dugs:  SUA eage
o] AHE& 7HA A o kel dgisk AL of
AgtA o2 A}8E 3 9tl. Scheniders5< octreeE °o]-&

o
ox

e

uE4

R

S

il
o,

= T A=
@A e 7Ivs i AA models 713 sub modelEE UFo] ZpZbo] tiste] SR A
845 vEs IS AAET

Aol WA= frE 2 AVF e A AY, A Ao dfjAe AR ¢ gle &
Sl A= gy 1A 24 FAS FHAE T U= 7IHEC] JiEEol sk,
57} A = 9 &3} (smoothing) =¥ mesh relaxiationo]8til E8$+= HHog Ao 9
X5 vAto] PJAS FFAT7E WHola g2 v A9 W3k(ocal transformation)
olgfil E & connectivityE BFFoIA FFE FAFA7= Wl 9l

Hol #3 A=A, Freitags HA3E H Wl osto] ARl A=

)
e
b
=)

o

¢
ol
3R
o
g

, Cananns < 74 93 29|+ Laplacian smoothing® A3} WS st
. 22813, Shimadas ¥} Bossen©] A|¢tst WS 1 zpA|7F 24 AA =
=2 gte] 7S Fa YAgte] dkd wel G A= A wep 1
Agsto] dxo) fxE AAsHATH

2 W3] 3k AFEM = Hoppes, Rassineuxemd, Hattangadyol <JsiA
H edge collapsing, edge swapping, edge splitting 59 7|¥<S o] &3 surfacedp o 3
A9} Chae's, Kettunens, Freitagsol <ste] A% face swapping, edge
swapping, N->(2N-4)Z & 4 t}. =3 Shentons ¥ Kettunenemd-2 2342 72 $-¢9F
= 9] 3xd swapping®ll A AA F Q= EAIH #ste] A A 5T

o X o g
2
ﬂf{

M =
d

T = T
ok 1o W3lo] 543 AR B e 1 ARS ZEkA 1AM sE st bisection
W = Rivara®t Merrouche% ol ¢]3te] o5 At}

L2 A T2 22y vl 2ao R oA, 840 A7
7b AAE 249y AR 02 489 2adoer UE £ drh 7#2F 24a9ES o
Wb o g F 7bA Ao A¥om TAHM, e WFe] JAF ARES AR wAH
A ki v e AR & @ msE A4S A, §3 GRS ALEE
Eged 722 v o Agdn

_71_



AR AT =
/ £ (D o
v e
M _____ Z /( ,“ ,/,j z’,/,, il
e 2 i
l T SO T S
— /_! ’/ —
19 4.16 Uniform Structured 19 4.17 Adaptive Structured
Mesh Mesh

19 4.19 Adaptive Unstructured

Mesh
(1) F22 ax 4471
ole @ Wiol AEE & de AvE ANsuA e dde) Fyo) vstel &
dgefol ud YHow BB + Ue u AFsHTh BPA Fg Aol g
eF WWOoE 22U Y] oY

(7H) Multi-block 7]
Multi-block 7|2 wjw]& Super-Element 7% © 2 <5 % +=d|, Thompson, Fritz,
Pierrot, Ecer 5% W& AAtE] oafjA A7fEATE 712420 /Hde Folxl 9=
71249 dHo EFE59 Az B oz o|FoAd. 47 2
Tl E2ES Algebraic Interpolation 7% o]y Solving PD.E. 52| 7]Hel 2]3f
s FAsHA Ha, dA 499 84S AS 28E E5EY AR e 84w
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19 4.25 Paving Method
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