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TRAJECTORY PREDICTION OF ICE SHEDDING FROM AN AIRCRAFT
USING CFD and RIGID BODY DYNAMICS
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Ice shedding refers to the phenomenon that ice forms on the surface of an aircraft operating in icing
conditions and then moves with the flow after break-up from the surface by aerodynamic forces. Collisions of
shed ice fragments with aircraft components such as engine intake or control surface can cause serious threat to
the safety of aircraft. The separated ice fragments show unpredictable and complex characteristics in their
shape, size, orientation, formation position, and rotational speed. This study deals with the prediction of the
trajectories of ice fragments using computational simulation methods. The trajectories of ice fragments of a fixed
wing aircraft were calculated by the CFD code based on the overset grid method and the formulation of six
degree of freedom. The method was first validated for the flat plate motion using the wind tunnel test results.
Finally, the aerodynamic characteristics and trajectories of separated ices were investigated for various ice
shapes and conditions.

Key Words : 2A-+-7218KCFD), Ice Shedding, A% #1Z|(Ice Trajectory), 6 AH+%(Six DOF), Overset Method

LM E A A 1 YIS sl AFs] Sls e
g Folrk
A 7] 204 vl Rl Fa710M e A lee Shedding= 2 "3/t S4jo] 7kt di71E 2Fst
ga7)e] Iy A% a7 HgAS Astaz w71l Aol AR F A vhpe] ] o
tH1-4]. "5 Air Safety Foundationo w=w, A|uk 1990y TE BOlA BTl oS few olgsis s wa
E] 20008714 2842719 7o m 9k Al 2 AW Appe B 23lEeh iyl AW AR mEd dev]e) el A

38871(12%)°] A THS]. 7] National Transportation Safety 7o) s, dw 27 e7] FUCR Hojd v
Board®] &7 @H' AR ZAFeA] 200008 5E] 20119714 T e AR AHe AT FelT. =
AW 1,507 = ok 1373%)0] AWOR Qs Almgithe,  APHIART Al A 5 o
ae 779 *MOiO] a37] ool 9lo] 9&Folm, 2| 719 H|BEA ] JaTE op7|eh Iee Sheddmg— g
wAol Aba) AT ek 2= 9k oo WL oISl of oJaf welelo] die ok 9 b, ey, A7l F
U, FelEe] ZEgE o] vRAY Fo PAE T
ato] Sist Fu7] FE] £, 3w ool whE At

> B

Received: Februay 27, 2020, Revised: June 16, 2020,
Accepted: June 16, 2020.

* Corresponding author, E-mail: myong@gnu.ac.kr u]s{)q H Aske AT o ATHS]. )
DO hitp://dx.doi.org/10.6112/kscfe.2020.25.2.013 F7) FHelN el A 24E2 AW @ ),
© KSCFE 2020 W, A4 9, BH SR 2 ofZo] ol BatHel @



14 / J. Comput. Fluids Eng.

M.Y. Cho -

B. Sengupta - P. Larwence Raj - R.S. Myong

g BRItk weby @719 e AT
3 o] WAL ofSshe Tk W
I R
(Computational Fluid Dynamics) F =%
o B 2 ol el vlal, A wee
) o) @e BAsE A7 v
ook A s AAE AlEEeld 7 R el
A7F v HAES tiilste] &E719 e 1384
% Ao Hrret vk FEs] wdskA] FE AdHloltt
I 2ev #H AR A
IZ* ok 04?7} %%6 Al frf%‘ﬂ Atk
Jacob[lO]%

9% 2
So] EAlgik 2
= %5‘—/\] CFD
5

E AP%O}O% )
A Ay A
o
g

o @ow Agaelgd 2

ﬂ HlOlEiHﬂOl
Wichita Tfﬂtﬁﬁu ?si ”H]E 3l
EA49] Pitch, Yaw, Rolle] tigt 38 o
390, CFDE 3l 37| 7R FddeoleE gns)
Stk Ho]ElE> 6 DOF (Degree of Freedom) &2]= ¥3&a}
o ke T=E S8l AW 271 SRS ST

Nilamdeen £{12]-2> FENSAP-ICE A& AZEg oS Edf
3]78H= Turboprop?} Helicopter Blade] AW521S 314513
1;]_ Tce Sheddmg H}HO 0@1\% ) X—I;d—/H,] 71—/R 7HL% ]_
o HAuggon] 24 o A7 W ZAss Ao
AAE 7MEe R Fels= Ay 27k ek XS Tet
Sk3ick $PH Tomaro {131 HIAE ZAkst 34 22 g
T FAEAS AMEEle] FA-18 &3719142] IDAM(Joint
Direct Attack Munition) &2 Al&#lo)dsldty. CFD A3}
£ W AlE dlolE 9} nlwate] AlEd|AY] HEES &
S ei=A

Plamer 5{14]& 5& W9
ok vy A AFe] SAUE EAEIICE T3 Tee Crystal

AdA A7 Ao = %

4 o}OﬂE} o7l 32k 3K} AlFE Akl oH, vl
ARkl A, A U ol wet ] S BdEshe
AZE S AT

A FE AP AR 7] A5 Fedel dist A
AMIE Alolshe Ao) oHUii1s,16]. T3 dE7] d4 2 A
191 A, F 7] 2Ae TSk |, B H|go]

= %@ 1 3ict o]l gl Ak AIEHOVM A A

111 H] g =z ,
3 ARk %?1011*1 =S F&S Btk el MR 3y
o] Aol dist =
Aoz g&HoR BAR 4= Qltk Yoy} wjg] Al
2o A z7te] FguolEg ARE E8shs WA

1o
e
dlo
I ol
o
=2,
g 2
)
S
1%
o
&

ARAHE O% Fol= A% 7hesith

AAE AlEH 012 9 ANSYS Fluent«l CFD 2¥7 3D
RBD (Rigid Body Dynamics) %53 Agslo] Ahaoz 3
a3k AW A4S g5 5 ik 1{ of w2 £ o]F
HAAE AR 2HFof wel Ao 5l 1*1 sxﬂ°ﬂ 7}
X 7] 98 skes ARkele] 2 A
73312 6 DOF -53734s Adsto] Bt 4 é %
A syt BAY AXE Axe £ Qo7 £A &8
e B4 2AYE BAked Fast §F
Overset 7|Rlo] ARE-HT)

B oA ANSYS Fluent®] CFD-RBD ZtZ -84}
o ga7] EreEYY FHo f583 dezg-s 53
B3 AsS Holw A% o A4S At AY
%—% AlE AL 2 %% Z71 BAY ozl 7]Ag At
AW e FolHE CRpE Fd Rad 4 9tk
F37] & Zﬂoﬂf\i AA L AR Arle] 2HlE
AY &S sl AW gy Fev)eke] FE A
gLo]O]_oﬂq_ }\l;ﬂ Jﬂ_l]— %Z]CQOﬂ q]sl— %E /K]UJ @ E
34 7S AREsto] vl H HF3IS 0, Overset 7|
6 DOF ®E< Adst w74 da7]eide 2awe 4

=skiet

%

f

o
ot

o Sy ot

_lzin&rzi_'

Ty

2. sifA 7

21 XHYEY ! FA A

AW A AS5s] Sl 7] 9 Ay =27
| fr5de Axtel Adags ook gtk AHE &
gt Apprgaos divle) 37 e A4
CERUIEET

Reynolds-Averaged Navier-Stokes (RANS) 473 2]

W odle) A5 wEaT

ﬁ%x
> R
> 1o
-

BT
ol
-

R

&7
KX
=
v

33!
%
ofr
£ s
w
I, o
Q
[0 ox

to
>~
Z
_O|_‘
3

op _
V() =0 0)

%(pv)-ﬂ-v < (ppww)+Vvp=vV - (r+7,) )

%mh)w < (phv) =V « [(k+k) v T] 3)

Ir

¢

of7IM, p BE, vE 5 pE A & FX
T 4 &, hE dEY, TE 2% kv ¢
Ui Ade] ot GHEEE YeR]H, &5 4l
AZEe] Btgks vEbdTth

¢



TRAJECTORY PREDICTION OF ICE SHEDDING FROM AN AIRCRAFT:

Vol.25, No.2, 2020. 6 / 15

F371gk AW ohE 9 759 dRE BARP] S
k—w SST (Shear Stress Transport) T2-S 2851 TH18].
G2 Mo EE WA ARE AR (Implici -84
(Finite Volume Method)E ARESFITE 4] Z8| 4 ARt Al
ARsE Fall A AME 958 4 QlE Roe-FDS (Flux
Difference ~ Splitting) 7I'H& 2-83f3lth  33F olitslellA
Second Order Upwind 7153} Least Squares Cell 715+ -l 7]

S AL Time- stﬁp—o— le4x2 A z«]g}.oﬂ;}.

FER A 6 ARE b ABAEE 9
(Two—way Coupled Method) 7] < &9

14
ot
i

e
,r
7
E

g
5 5.
&
L g
=
rE
%
L o
o

i

Y
=
>
r
3

Sk
H
‘csc}:
Xio}ﬂl é"&i AARe WHS 3_’34%‘ %37} olol a&7olA|
Tk %g]?ﬂ ?‘54)\1——0— 51_/\}—3}— A3} ‘“}0] “*OWE} P
o]
“
g

A
o % . lelh oH**OﬂH wﬁr @4— Azsi %
57} o} PRl ARE JL S YTH19] CFD ANt
ANSYS Fluent 19R1S AR&-31%ith

22 6 AR 2SN A

ANSYS Fluent®] 6 DOF Solvers= &2 HAe-F W 7|4
S5 AXkl] fa EA9 39 BHES ARGty B F
FANA FAIEA e Hske-Fo disk Al B2 theat
o] yehd & gl

— 1 —

Vg = EZICG @
o714 vG‘: EAC] FA el digt 7REE e,
m< A, fgt Aol 435k 3 WEE YeRIth L&
=412 A, MBL 419 &3 9HE YeRich A
o) NSRS AETE w, 9 w, R BAEY, B4 3

2 A48 of) Aol o) Axka & 9l
uT'B’: L_l(ZMBLEB’)X L@) ©)

TS A A okl A (6)F AFESte] T FHarAlelA
A AT e S 9tk
M,= RM, ©

NN M= A el ek BHE, RS vheo] Wa
LS ek,

Fig. 1 Inertial and body reference frames

GC, S, -5,
S,8,C—CuS, 8,88, +C,C, S,C )
CySyCy+5,5, C5,5,—5,C, C,C

A7\ C, =cosz, S, =sinz °|H, ¢,0, wb TAUR 2z

o}y, xFoll tigh g4S ek 35719 A9 Yaw, Pitch

Roll 2315 vepdich. 74 9l W3l 7= A (5)9 (6=

3 AR &, S FAART] S =EETh20). ZT_LQ}

%‘75_] 5\‘_‘-:_% T2 A ARl ARgE ] AL EA1 9]

A ALAE e, oy BT

bap e A e sFEow 3
%2 ehith Fo Mf MM 717 2 s A8
ah 9 vEjs wAES e

23 24 22| MAHUE
Fy7)oA<] @‘ﬂo el
T AvlEs gl 28 dojddtt AWl gL b))

5, 947 371 9l %E 5ol Wt 1 3719 Gado] AAE

ol e A3k B ALl Q1 AR FgX ] 2y,

sjo]sle] o)F, AN T} T2 N 3o e sk &

718e] oJal] dwle] 27 Fe= v‘%ﬂ]%ﬂk w3 3] BF

rfo ﬂ

s} 22 o] Aol tidl I2E S, AuHow
ol St A A W A5 o) A 28 o)
0] A=

Ak B .
ELEERR Zma @Hgsq B 1] o el
3 wejEs e
A0 2ol e 3 pos A, ArH o 2



16 / J. Comput. Fluids Eng.

M.Y. Cho - B. Sengupta - P. Larwence Raj - R.S. Myong

Wall
Background

Overset Overset

Wall
Background

Enenes o] e

Overset

Overset

Fig. 2 Scheme of connection between background

and overset region

g AW 272 7]5Ee] A8 Lo olFel] F¥
7] FERe] FEol AT 5 glu12]

¥ =rode T2y 3K, 7] 55, AUEIAIAE
vjakE, JE, 2k T U ke ddsio] AW 2749
v& FHoR uwAe Az s, Tl AW 7o)
el Zlow JHddth AW 27 Overset 7]W9] 9
Hbs S8 @e7] mield A "ol stef wixskitt
Fa7] ma AW 2749 F2 A0 Qe 539
< AME) 8 22k RS AREEE O, Time-stepe] 7
e A A8k

2.4 Overset Grid 7|

A 27137 W9 & AREel diste] ANSYS Fluent®]
Overset 719 AHESFATE Overset A o)A LA|ShH=
o FAS met A P Jddske vAdE AEHo| A8 &
g, A= 999 4 dol"dE Hilste] A Fo& A4S
v} w2bA Overset Meshi= Z23F A J9E 34 Folok 3t
u, AR T Fato] 5o A4s] wlie] o A
AeFzricos AE 4 gl= Aol lvh21]. Overset 719
- AR S BeR s dorw A AkE W
b oolom, Aa do] Hitel P4 £A1Y s af
otk FHol= BAl 7o AE dAsHA AT EM
£ FEd Aol =AY AN w2 IS B
o, AW 27 F99 HA¢ g afHoE uE
=

Fig 25 EAIS} Fafield®] Az BiF #3218 vehdic
Overset -7+ U] Receptor®} Background®] Donor 7+ 1717}
ARt 49 ARE Fadetl 47] o)zt & % Orphan
Cello] st s A] 45 dolelE A 2AksHA
Ht}k. Background®] Donor®} Receptor A}0]2] Al Dead Cell
o] Fu, o] A 3|4 Yol EFEA]| o=tk

X ool

o

30

Fig. 3 Computational domains and grids

25 A%t MY

Fig. 3% 37] 9 A7 A& HoEth 6 A=Y
A, GB7] U] feRd ) 2d 9 Ay 27 2
A9 el Fastt webA AW Aol S AR
o we} Overset 7 d4sto] F27] FHe v]s) =gt
AZE AA3KITE Unstructured Grid® 4% o] ZAxpe=
Advancing Front, A2 Tetrahedrals 2-8-3}0] ZAAE 44
aFlth. T8k Overset 2Axke} AR 2715 FA8] S8l
of|Z A=29 A= 20 ~ 40 mm= A 38T} Farfield 2=}
= 2 200el, AW A5 AR 999 Axl= o 350vH1E
AHE-3ISAT

3.7 243

3194 7" A3

Aol ARSE g AT EOR] Fluent®] Overset
7IH A= Sl Wichita TSIl e Fee] S
A% dolElsh CrpYl Sy Au22415 wlusglth FE

il

AR fE4E Bee ek Qi BT Fse
b2

Feves 370l =EHe
o &2t Bae ¢ @l
2 37 AoR SHErHs] EsH XA HEE S
Al 71Ael Qg mds eaprh

= CFDE &85 -5 a4 A Bl
L e I e T B et o S A A e =R o

Ao
2 gk 313 4
& 2

T
0,
N
)
o
—‘O_Sli
ol
1%
ol
o,
307

Fig. 4= A THQ1e) Az} 9 o] X E HojFEt:
THRle] - HHE ol 4572 mo]H Eo]E 2.134 mt}. x



TRAJECTORY PREDICTION OF ICE SHEDDING FROM AN AIRCRAFT:

Vol.25, No.2, 2020. 6 / 17

Fig. 4 Computational grid of rectangular plate
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Table 2 Dynamic properties of three ice shapes

Ice Shape Mass(kg) Inertia Matrix(kg -m?)
1, 2.64e-3
Rectangular Plate 0.341 Z, 6.6e-4
L, 3.3e3
I, le-3
1, 7.397e-5
Yy
Glaze Ice 0.251 7. o3
1. 2.266e-5
1., 8.498e-4
1, 9.785¢e-4
. I, 2e-3
Rime Ice 0.422 I, 6.6880-5
I, 2.005e-5
1. 1.578e-5
Table 3 Center of gravity of three ice shapes
Ice Shape X (m) y (m) z (m)
Rectangular Plate
(Wing) 2.7038 -143 -0.1
Rectangular Plate
(Fuselage) 1.2038 -0.77 -0.03
Glaze Ice 24 -1.43 -0.15
Rime Ice 2.55 -1.3 -0.1

Table 4 Initial angular velocity of ices

Ice Shape Case No. (rl:g;:) (ll::ic/lsl) (m)
Rectangular Plate ! 4 12 5
i) 7 -5 -15 -25
g 3 15 0 20
Rectangular Plate g 8 1(? 8
(Fuselage) 6 0 -10 0
7 0 10 0
Glaze Ice 8 L5 -5 >
9 20 0 -20
10 0 0 0
Rime Ice 11 -10 10 >
2 15 -5 20
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Fig. 8 Streamlines of air flows near aircraft fuselage

(a) Pitch angular velocity 10 rad/s (case 4)
Fig. 7 Trajectory of rectangular plate shed from aircraft wing
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Fig. 10 Trajectory of glaze ice shed from aircraft wing
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