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COMPARISON OF COMMERCIAL AND OPEN SOURCE CFD CODES
FOR AERODYNAMIC ANALYSIS OF FLIGHT VEHICLES AT LOW SPEEDS

DH. Park, CW. Kim and Y.G. Lee

Aerodynamics Research Team, Korea Aerospace Research Institute

The comparison of two commercial codes(FLUENT and STAR-CCM+) and an open-source code(OpenFOAM)
are carried out for the aerodynamic analysis of flight vehicles at low speeds. Tailless blended-wing-body UCAV,
main wing and propeller of HALE UAV(EAV-3) are chosen as geometries for the investigation. Using the same
mesh, incompressible flow simulations are carried out and the results from three different codes are compared. In
the linear region, the maximum difference of lift and drag coefficients of UCAV are found to be less than 2% and
5 counts, respectively and shows good agreement with wind tunnel test data. In a stall region, however, the
reliability of RANS simulation is found to become poor and the uncertainty according to code also increases. The
effect of turbulence models and meshes generated from different tools are also examined. The transition model yields
better results in terms of drag which are much closer to the test data. The pitching moment is confirmed to be
sensitive to the existence and the location of transition. For the case of EAV-3 wing, the difference of results with
k- SST model is increased when Reynolds number becomes low. The results for the propeller show good agreement
within 1% difference of thrust. The reliability and uncertainty of three codes is found to be reasonable for the
purpose of engineering use. However, the physical validity and reliability of results seem to be carefully examined
when k- SST model is used for aerodynamic simulation at low speeds or low Reynolds number conditions.

Key Words : 523}l (Aerodynamic Analysis), Z14H-3218H(CFD), FLUENT, STAR-CCM+, OpenFOAM, -1 -F7|(UCAV),
T35 A7AS FRI7IHALE UAV), 3222 (Propeller)
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Fig. 1 Geometry of UCAV model
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Fig. 2 Geometry of EAV-3 main wing
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Fig. 3 Geometry of EAV-3 propeller
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(2) Polyhedral Mesh(STAR-CCM+)
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Fig. 6 Schematic of mesh

128] APEA] 18 Axf, A 9 33 Al
A AEAzE Ao, T 3347 = ok 870
TFig. 5).

STAR-CCM++= AHA|Z 02 A7 S 238t
OpenFOAM 58t snappyHexMeshehi= Az} 715 Al 5-st
ok HlIE Qa7 Il TS AMS ARES SR
A28kt aix gl av)e AAIEAL de 7 ARt
o} FAsAl skt STAR-CCM+ AxR= thdsA] Zzt
(polyhedral mesh) 755 AR&3te] AAsINITE 71 A=kl
A717F fAFSHES custom surface control 2 edge controls

v

(e}
=2
F7lste] wEn|elE Agsioich e EuAak F ok
66,5007l0]c}. ZEF Azte] AGENR FT 718 ARkt
FYsA s, A AR =0l 13 x 100 mZ 9tk ¥
VA= AE 1,052 3kl S edge controlol] 7 7HA
(wake refinement)S F7kote] $-oll W3 AL EiE
TE ik AR T 33 AR oF 40l

SnappyHexMeshi= 254 A#E 7] T2 sfe] Ys)
= 99e o8 DAleve)Z S U= AN (castellated)
S 7)%% 3}, STAR-CCM+S] trimmed mesh 7153} fAFa}
t} 3k W] dojrt ok 043me) 0% A|(level) S A A )
A7d8ka, UCAV xHelA Hd 89 WA 8 =HES
3Ptk UcAV o] A15AA] 37FS refinement boxZ
o] o] 4o el 69 Ao] 7|2 AYHEE 9l
zb g7k 3 (buffer) A 6712 AT AAS A

o] A WA AR} #0]F viscous sublayer Ujol] $IX8HEE A
s AxF A F 5 BASAY AAE ARt o)
oz o] Whalsl= A9 HA LSS ol wEk
snappyHexMesh ZAA} AAol|X= 3 HA| £0]E log layer
91 30 x 10* mZ F 5 55 AAsto] B ALg =50
2 A4k SnappyHexMesh 27} 14 Alo]~&= &4 A
3719} W& (wall function)s ARSsHE 7392 nlw A¥E
AlFett AFE T 3H ARE oF 4130070, & 33 A
A4 oF 2124917) otk

Fig. 65 F Ag7]0l o8] wHEolxl Azl g nojE
o} W Axpe] 7B A 2@ AZE STAR-CCM+7F $248,
OpenFOAM ZA= S9A)7F A WaEZ o]Fol4 e
& AT Ak Y] AR STAR-COM w7}
AZ §718, OpenFOAMS] A9l ofg] =7 #ie Alzt
g A2 T gl Zs g1 5 itk

EAV-3 Fd7ligl =g 348 Azk= UCAV 7] 7
zke} U8 GAMBITH TGrids AME8ISiTh Fig 72 2
Ao~ s Jd3} FAZA FJ5 HoIF)

T 9 BEo)=l gt e A Y A 3
B2 HIsla B, E 5 45 99 A7) nAdY
Az FEE sigick Y FEARE

N

s el ey
7F 2¥2F ok 474708k 305klelL). o] - A WA o
1 x 10* m AZE 115 & 265, Za2A212] 49 3 4
=0l 4 x 10° m, AE 116, 1859 ZelF AXE AN



74 / J. Comput. Fluids Eng.

D.H. Park - CW. Kim - Y.G. Lee

48¢
24c¢
|
|
velogis, -
— t'JC.ftj,rJI infet
e i
.“.‘U |
AL Wwing ”L“=~~=,h‘
, B o
g L
o I
Sym ocit
R Metry
(@)
Velocity o
infet 1
o
=)
Propeller =)
CE= '
(_\_7 L -
Velocity \
in ~o
7 interface <]
Pressyre |
Outfet ‘__
| 20D !
(b)
Fig. 7 Computational domain and boundary conditions for EAV-3
wing and propeller

shoith T2l 49 Fig 7 wol Tz =
Ay gee] ooz ra AAUES QEHolameR
Reonh o Fal 2ol 308 RAlahu] 208
< F7I3K= MRF(multiple reference frame) *$2} AAE 3
A7) sliding mesh WS EF AREE = QIS &19ick
el Ay e J4E 122 ApAL vEd Azt
& SR, A 9ol ofe] BRER el 9 4%
Fel2 st T ¥ ARl T 613N, =
23 141891]th

3.3 ofiA{efH

FLUENT &l4elli=  Hl"d &% (double-precision)®]  pressure
-based BAIAS AREEFIIL SIMPLE schemes A B33t} o]
aksl 7O R kel Uis EF(standard), 7 % AdE W
F B WSEl disiME 23] $F RS Aot

Wi BdEs 29 23 ko SSTE AEsisiy, o
5 At s 49742 2l transition SST FE%E Al
Gk AR AARRCR W FEel o] AAY 1
AeElgly, dRAEE 0.1%E sigith Ui 5%
712 FRY ARFME S Tt 9l 3R B
219 AL A fla AT o] AAY w4
dojdtt. AFFelAFE vl Ed7k] i A 7t
Zo|ual o] AAYE 1 mz AA BHs] S
stk

STAR-CCM+ 1A lli= segregated sHAAS ARE-SIIL) W
F 2doy ot} 7H, AHR Wt A% FLUENTSA]
I} FAsHA 3T OpenFOAM 8|4 ol|45= simpleFoam 34
A2 AMgslglom, AMRE FQ FX7HS Table 10 7heh
3] sttt

7] UEE RE dNeN BE diV] 20S sk
1.225 kg, $-8¢H9L 101325 Pa, HAAIGE 1.78%4 x 107
kg/m-sZ BFITE Relaxation factore Al = B+ g0
e 02 ~ 0247 REHoE A3y, 45 2 W
FEo deids 242 073 088 AMEEIEE MRS dgo
= 8 A (steady) 341 3l

7 % 20 713 20003] 9] iterations 3EI%iTh A
Eg 2] 9 & residualo] Z17F 10% 7 10° o)atE 7HAash
3, AR 4t #E AAsh: AS FHoE I
st =2 w57 276 A sis b d8sh)

i)

o
e

)

2 MO
o

rE oo
< rulo

3
O%
o
=2 1

it
Mo

Iy
il

=~
2.
L= v

)

N

=

[

e S

o]
Ag7t g3
el sl FAEA Xk AEshe A% AR
5003] iteration#ke] F-& FSISITE
Intel Xeon CPU E5-26702.6GHz) 123015 AR W 7
A Al UCAV 713 Aol tfdk 2000 iteration 3AJAI7H-

Table 1 Numerical Schemes and Solution Methods in OpenFOAM

Calculations
grad cellLimited Gauss linear
div bounded Gauss linearUpwind
laplacian Gauss linear corrected
interpolation linear
pressure GAMG
SO other Eqns. smoothSolver
smoother GaussSeidel




COMPARISON OF COMMERCIAL AND OPEN SOURCE CFD CODES FOR:::

Vol.21, No.2, 2016. 6 / 75

(a) Lift Coefficient

— -4 -— OpenFOAM
o Exp. (Shim et al. 2013)

o

. | 1 1 | 1 J
0 5 10 15 20 25

AOA (deg.)

Q
[N

L 09 "o
0.8 - PN 9’/‘:@/;}"7 M
06
04l
o2k FLUENT
Tk —--—--— FLUENT (unsteady)
i — —— — STAR-CCM+
5

0.4
[ (b) Drag Coefficient

S
0.1 E %/
e

0 e n et
-5 0 5 10 15 20 26
AOA
0.02 -
001
oF
001}
0.02f
-0.03F
~ L T 1 T L 1 T L J
0.04 5 0 5 10 15 20 25
AOA

Fig. 8 Comparison of aerodynamic coefficients of UCAV

FLUENT7} ©F 119%, STAR-CCM#+= ©F 1544, OpenFOAME
oF 148%0] AQ%S HAES 53 RIS Segregated
2] 9] STAR-CCMH+9} OpenFOAM=> -AFSEL, FLUENT:= oF
20% A2 28 AR eI s = v 8l e
E galel w2 ARte] Hul 50% w7 Aok A
fa 54 e m= 8 e $EEgih

ol

4. ol At 3 =9

4.1 BWB UCAV
71 Azl wiel] Al si=E ARES] W7t 2%
2 ARS8 0n, Fig 8ol ko SST EES

>~ r_}(_‘
b &
& |o

TS A3 Uehigle. wmE S FEAE As)
S @ el s AskFig S@)itE wert
43l o 1071 T B9 BAF  9lov, of
Qe Al =9 A3HEo] Az % QR3] APl
E 2RES & gk SR Be7t 100 olFolls e
A3} Aok e AAACE AYA ] ke el

=

TE HRITh el UCAV SHe] vl ksl
o 4 79 A7) 5718 1] K (unsteady) -5 54
o] AujAolt) A AT Fe] 2-9AA U vdl 7)uk
o RANS Algdlo]de ol2fdt frgel el w2 AFEE
s ofdvka ek, ksZleld FeiAt A
AAE WA Fahs Fo dolow PR

Fig. 8(b)2 @7l a2t 1671 444Q Aol

2 ARk RE o] % Ei&— AR g EEe] A3t A7t &
7Fhe Z& & 4 Qlth Fig 80l A¥7ze] Al
Aol7b AR ok AAH HolAwL o] Rk Figh Fig.
9(@)°] drag polars KT AJgejA o] 37t T A5
i 9F 60 counts?] WHHO Al 7=9] N A 25 of
100 counts FE=C.2 °F 0% a7 3t ol W
melof uE Ae) 3 FolM MER =0 shes fLDP

Fig. 8()25H 33 THEY} Z718] Al&she 50 ~ 10°
el A siA e AgF atol7h BTy AlE HMH
4o oA FTkelr] AlAste] 80 ~ 100 Hglellx] ThAl
sl & oA 23] SIS wiggling 59 HolA|vr
Ant AaE2 ozl A §lo] W37t 80 ol A FE] wl
2A STk EAE Rtk w7t 10° ~ 14° 1*1% A8
I} FAFSHA pitch break 5-do] ERIEA|RE A F7HS Ho
W14 o] Fel= AlgG FURRIA Xkl T ‘S}Uﬂf\i zfo] 7t
A F7Fstel STAR-CCM+ Ax}e] 79, Fdgt 7|1 Az}
£ ARESISSollE g ZolA oFy 4l i BRIE Al
7} FLUENT ZA3zte el GHA el

Table 201 W57k 009} 6°2] AFE v]wsl3l E}. A
i(]-o]h Oooﬂ/ﬂ OkE’:l b’l—E‘ﬂ J]Z] UuﬂE ]_r7]. ;]EH
1.8%, 4.5%, 1.7% XME YElom, e°ollx= 1.0%, 1.1%,
42%2] zolZ Felslgitt 60 olul9] A FgloA F=o
upz} g 2olE 5 countsE WA GE ASE RIS
Fig. 8914 & 4= QlRo] F8h4] 58 #olx e Xzt
A5 AFe AFsirtar ke,

H

=
A=
=
=
RUS

LA



76 / J. Comput. Fluids Eng.

D.H. Park - CW. Kim - Y.G. Lee

0.6

(a) Drag Polar

05
04F
03F
o2k
- © FLUENT
0.1 o — — — - STAR-CCM+
: o — —» — - STAR-CCM+ (polyhedral mesh)
oF o —-—>—-- OpenFOAM
- o \ —-—&—-- OpenFOAM (snappyHexMesh)
01F ‘ O Exp.(Shimetal.2013)
ook
0 0.01 0.02 0.03 0.04 0.05 0.06
Cl)
0.01

(b) Pitching Moment Coefficient

-0.03

o
o
=
LI L O B

. | 1 | I ENEUN SNRNENEN SURNANEN SRR
0.04 -4 -2 0 2 4 6 8 10 12

AOA (deg.)

Fig. 9 Results of UCAYV over linear region

FLUENTE ARg8lo] Whgzh 4098 2407h49] ngd
(transient) 341& F7FE F3IGITE 22 FEE2] YAA Al
F AR7IHE APl time step 0.001%, $F time stepel
25%]9] iteration © 2 500 step= ANISIITE @4 A3= Fig
8ol FA vERSich w57t 607k A W B S
At wjg- & Ao, o]FFEE zlol7t YERY]

AZsleinh =y v RREE dAH o FARBI oY
Are S o %S ghE Holn] Al B}

Qe AW 2 U 9 FRE TP W37 3
[e)

STAR-CCM+Z  polyhedral 77,  OpenFOAMO.Z
snappyHexMesh AX} AN F7F2 F3skgitt A7k
drag polar®} 7% BHEZE Fig 9o YeRflod, HnE $
3l Fig. 82 718Ax AYE T YeRIQITh Ae=4 Al
A8l Azt zfol= g mw]gk Zlow SRIHT) 7|2 AAke}
polyhedral Z#fe]] thEk STAR-CCM+ At A7Z Table 3¢

Hjwalon, ¢hds] thE Nael AxE AREE A Fkl
g o] Ayt 2 dxjgivta ddkdnh AE 7 o)) A
AP A3t Aol ol whE Ajol(Fig 8)9F AR Tl
2 e, agzteAE Axtel] uEdn e
RANS 814 Azte] W7} 2 2107 AH:

71 AR 9L snappyHexMesh ZAfoll tgt OpenFOAM Akt
Z¥R= Table 40l H]wal3ick A3} A}oli= STAR-CCM+$} H]
wahd ok FA VERdTE 53] WE7t 60 o] $HEE V)
Aztele] Al Zol7k 15 counts o WAkl WHEZto]
AdTE Aole o Srkelth o AEEisie
snappyHexMesh 7Ll M= L2l AzLE] xol7h Wk Ab
& FEoR, = y+ gholl 3l W ElelA ekt AL
8 Zlo] An Aolel F2o oz WAEch =3
snappyHexMesholl M= obdlat S o] A ool A
layer7} A/30] H#] Ealolvhs Aw zle]e] dlow o}

w|Sick AN AxF S vl A 1HasHA
w3l snappyHexMeshE ©]-8-3F 22 3l4] =
Hollx o] glom, AF7ilelM ] Adw Fah4] 2g-a
Ao dEatulst ARAS A

FTEANEB]E I A o

4>
Og:\l
k!
2y
— 38
~

i AT 9ol A kst £30% ddE: Fig 89
9 NS & IFE 7T ko SST R8s 2851517
M

] B & P g5
drag polar H]w A= ElHTh

Table 3 STAR-CCM+ Results from Different Mesh

Qe Pyl gde] RANS SNTo R St 92 [AOA | Mesh G Gy G
N o Basic Mesh 0.0944 0.0106 -0.0289
7 Q3 } Ao 3
Aketol dgsfor & Ao ekt 0° | Polyhedral | 00940 | 00105 | -0.0287
6 Basic Mesh 0.4191 0.0281 -0.0293
Table 2 Comparison of Results from Three Codes for Basic Mesh Polyhedral 0.4194 0.0287 -0.0294
AOA Code C Cp (G Table 4 OpenFOAM Results from Different Mesh
FLUENT 0.0927 0.0111 -0.0284
0° STAR-CCM+ 0.0944 0.0106 -0.0289 AOA Mesh C Cp Cn
OpenFOAM 0.0940 0.0110 -0.0289 0° Basic Mesh 0.0940 0.0110 -0.0289
FLUENT 0.4152 0.0284 -0.0284 snappyHexMesh 0.0986 0.0108 -0.0303
6° STAR-CCM+ 04191 0.0281 -0.0293 6 Basic Mesh 0.4192 0.0284 -0.0296
OpenFOAM 0.4192 0.0284 -0.0296 snappyHexMesh |  0.4202 0.0308 -0.0290




COMPARISON OF COMMERCIAL AND OPEN SOURCE CFD CODES FOR:::

Vol.21, No.2, 2016. 6 / 77

06 -
[ m
- (a) Drag Polar
05
0.4 F
03F
o2k /‘/:3 7
- /° FLUENT (k-o SST)
01 fo — . STARCCM+ (k- SST)
- b —-—>—-- OpenFOAM (k-0 SST)
OF & | —-—+—-- FLUENT (tran. SST)
E Ao — ——- STAR-CCM+ (y-Re,)
0.1F Y o Exp. (Shim etal. 2013)
Oob i L1 ]
“0 0.01 0.02 0.03 0.04 0.05 0.06
CD
0.01 o :
" (b) Pitching Moment Coefficient
oF
N /‘
| *
001 %
o o )
-0.02 - ‘
003 ¢ ==, =
- R St
o0oal ] ] ]
0.04 0 5 10
AOA (deg.)

Fig. 10 Effect of turbulence models

F5 A% 0 A01E TP F5L BAP] A9 43
742121 FLUENTS] transition SST, STAR-CCM+2] y-Rep 5%
& 8ol o1 9 SRS LY deli- >
A 5 (intermittency, p&} FHE A dlols2e
(Reg©ll ©igh % W 2o] F7hath FLUENTS] transition
SST E\ﬂeloﬂ Reo ]E HOI—Z%MO]]H 1253 401;(] %}_—r Zﬂg]ﬂ- i
2% Rea, Fiongn, Ree®l thall AHA| a1Qkel A3 A
(correlation)”} A-EE o3I} AAXAY T BF 01E
FIE O™, pReo BE AR Al QTEE freestream edget
HH o 2RE] A7} 0025 m A%E field function =
Aol Fakeloley 4 Al BEl s 2 2ol dfsl
30003]9] iteration= AL WA 300319 Ftgke A
I}z FHsloh OpenFOAM** 4944 dErds a2LEkH]
ot 71 i AEkA] ekt

g 77 ZhelM e Fo]l BY Ag AiE F7tste]
Fig. 100 VR a Bde]] w2 A= Table 5ol W]wstsl
o} Ho] BEll A= ko SST A ] o] Wola A

Ask, Szl o] YA oF 55 counts®
FA 60 counts®} FAFEE ghE BAFITHFig 10(2). %
° 58 A} ke SST A7} tjH] AZ =7 et
vhwrgzho] St S S RE 3k Y Ajolrh e
s}, wezt %_ } Al etEetg o] njzo] kA T R
& Aoz} asioieh. ARG o] 2
o a9 %%oﬂ/q H2E Ho X HE 7|20 7 correlation 5]

ot} wre uke oA 2a}9 ofed A= Holo F
T-S3fo]l 9J3k o)} A|u)Eo| = 2[13,14], }&‘6&
ol 212 Fig 102 @2 o5 B2 ehgainhn

w2b A%E IR BHE S7PE AREE AlgelA e

5] Aoz vrERar 9ot AL Ajo
= SAETh gt 9% RAE F7F AIRHEE pitch break ©]
7M1 9 wiggling g0l AlgElolE|e} o] FlEkA et
WA etk shARE S RElY] A} nlu Ry v w9
E W3} SAo] AAIT Aeleke dvEvial A ¥ t(Fig
9(b)). FLUENTE A8 o A7k 34 A7 6] IM =
YA WEEo] AFE up ek S| Hol X]@OI blass
7k 7kl wet ko w whEA| o)gshs Aol mdle] o3
5HHA Fig. 9b)eh 2ol B 2 54 Fd= 71
S Slvk e mEle] SR HE S Al BE ol
Eﬂq]/ﬂ A 7Fset 35 (cross-flow) E<2H8 4 (instability) ]
oJgk Hol[15,16] ©lI5 AFAE S7] wiel, 9 o= &
& 7ds = offtar A Eh oo gk /e flsl
A Bfrs dols I A5 kst W 2Ee 71 4
& 2 P 2o JloR Halt

4.2 EAV-3 T4
Fig. 11> EAV-3 270 darg polar WS HolFw] o4
27190 6 mis A9} HWE A3 60 mis 271 AIE
A JEMIEE 60 mvs o= Al 759 oFgF pado] By
ZF AA|sh= Wb, A%el 6 mse] F9olE B3 A4S
AREBIAS ol s ET8lal o] W zjo)7} Ao g o
A YerS B 4 9tk
W27k geollA 9] FEAGE Table 60 Blw3IQITE 6 mis

Table 5 Results from Different Turbulence Models

AOA Model C Cp Cx
k-o SST 0.0927 0.0111 -0.0284
0° transition SST 0.1021 0.0060 -0.0313
Y-Reo 0.1003 0.0060 -0.0306
k- SST 0.4152 0.0284 -0.0284
6° transition SST 0.4288 0.0250 -0.0313
Y-Reg 0.4294 0.0255 -0.0306
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Table 6 Aerodynamic coefficients of EAV-3 main wing(a = 0°)
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\ Code C Cp (G
FLUENT 0.9709 0.0353 -0.0895
6 m/s | STAR-CCM+ 0.9923 0.0342 -0.0919 Table 7 Results from transition models
OpenFOAM 0.9987 0.0362 -0.0945
FLUENT 1.0514 0.0332 -0.1020 Code C Cp Cn
60 m/s | STAR-CCM+ 1.0386 0.0334 -0.0990 FLUENT (transition SST) 1.0353 0.0308 -0.0994
OpenFOAM 1.0679 0.0343 -0.1054 STAR-CCM+(y-Ree) 1.0403 0.0302 -0.0993
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Code Thrust(N) Torque(Nm)
FLUENT 36.59 3.76
STAR-CCM+ 36.76 3.77
OpenFOAM 36.91 3.77
Experiment
(V=5.76 m/s) 38.48 3.93
FLUENT Device
(Sliding Mesh) 38.37 3.84
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Note

This paper is a revised version of a paper presented at the
KSCFE 2016 Spring Annual meeting, Yeosu, May 25-27, 2016.
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