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ABSTRACT

The icing of medium-sized transport aircraft can occur when supercooled water droplets
impinge on the aircraft surface during flight. In particular, icing of air and optical sensors
can degrade performance, thereby reducing mission success rates and compromising safety.
In this study, a computational analysis of ice accretion on a DIRCM (directional infrared
counter measures) installed on a medium-sized transport aircraft, a task that has rarely been
studied before, was performed under Part 25 Appendix C. The results showed that ice
accretion occurred on the rear surface of the optical window under glaze ice conditions,
particularly when small droplets were encountered. Furthermore, when a structure was
installed in front of the optical window, ice accretion was significantly reduced. However,
due to instability caused by vortices and limitations in DIRCM operation, additional
structure installation was deemed impractical. In the future, this study can provide baseline
data for optimizing the anti-icing design of aircraft survivability equipment.

1TME

%8 55715 ZA R, A 73, BAF S 5 OEA B Sl 915 =
g AN E =2 AT} oS @ 7itl1-2], E6] AL 2] 0] At
oFAAe] ZHAQ P n|A = tEA] 99107 FFy| EHE oz} Atg
REzalele Bogalel odgks n|A o] AE 7isA T bAde ZstAE 4 9L
o} 8 5710 SR el AEgH] = v)a) obdof] s 491 98- okd A, 1 T
58, JT ATES T ES AAE 2 L Q457 Ed] Hold G njatel



COMPUTATIONAL ANALYSIS OF ICE ACCRETION ON DIRCM INSTALLED ON A MEDIUM-SIZED TRANSPORT AIRCRAFT

DIRCM-Z 1@ A et S BRI F a3t e ‘%%@2@%1 nabele] 27 Lalg Resls)
i o]

sS4tk et DIROME 2 28 34 7 270014 0215 $1glo] ¢lrk. £8] DIRCM

Window)o] ZHLO2 ol 72l 79, A7) A1) 441 Ul el otedake & 4 glo] Al2wl Aol Alshe 7Hs A
o] itk o= 487 44 2 A A2 oo} 4 Gl A2k AEA A} 29102 AH8HTH3-5]
7] 24 BB 17H24 Fol AL Aol 912w, ¥ = 75 U EAlsHE 2 o2 Supercooled Droplet) 7t

ok,
oflt
o
r]o il
12
2oy

o] F == 9I5| 57| THo|| o] Rtwm JAJHt 2 ©] 3 7](Mean Volume Diameter, MVD), <}

&K (Liquid Water Content, LWC), 25 Temperature), 57| <% & (Speed), 1211 A% 2V irZ A|{HExposure
Time)¥} 22 TheFet 9 1of mhet Eefr|= 542 BRI}, 2R Ui 0 2 Glaze Ice, Rime Ice, Mixed Ice 2] Al 714]
T2 EFHT 4 Qlth Glaze Ieet= H| WA 322 LWC, MVD, &= 12|31 {0 77k 2ol A F2 /A5t o]
23t 2704 B 915 S2= dFo] AHEHA dtsty £ FEiE ok, EAle 34 B2 Helrk
Rime Icet= —15C oo} W2 2 H|wA e LWC, MVD, £ oflA FAH Tt Rime Iee= T2 H2 o] 57|

o] 57| B mt fAF 0 ® FAEE E40] Sk o] TAelA I Alelo] &

ERY 5 45 345 295
71 0] k510, oL 0.2 FAe) eI 6], Mied ek 50 858 £, LWC, MVD, 52

] 753’/}@—‘1% FE719] Qe W 58”\]74 58 %5 da, 871 AL 75 Ast, 2F 4 Ast 5 ol 74
? FFe = & 5 AT 7-10].

AA AR 0 2 Q15 AL AR 19971 Comair Flight 3272 H(Embraer EMB-120 Turboprop) 2] 74-3- 1|3l S0l %=
7,000 ftoﬂ/ﬂ 4,000 ft= spshH 597l Leading Edge F-2ofl 254 AHo] A =[Gt} o] A= 37]= a75h=
A ETE 975k i Ak 2EE-S AMAGHe] S0 26 1 59 31 AFUSH= AL EAYEH) 1:]— {11]. H:o]- T}
7 ofe /‘]'Eﬂoﬂ/ﬂ FB719] o Fapgu|o] AH o g IRt @ abFo] XAl AvkE et vl Qlrk 2 = 2009
W oflo] A 447 Afal= O F2PgH] - SRl mEe] AR o & Qls|| <5 Hlo[Bl7E @AFsSHHA 2FARE]

H|eY7]0] £e5 AJets] mpefshr] £l A=y AL Aeof miA iAol Festrt{12]. 2220174 24, F= S
Watchkeeper UAVZ}F T ETHC] 2H] © 2 015} |5t 13]. o]2igh AHHE-L JFof| A&t w]= DIRCM T} -2 A=
A7 AR O & QIR @ AP 7Rs dol A AT RS o g2 AR

olg|et Arj o2 It g7 AALE ofiolr] sl n]=A} -5 Federal Aviation Administration (FAA)S 14
CFR Part 252] F4; 54| Federal Aviation Regulations (FAR) Appendix CE 5ol 2% 7 2152 A5kl Qlct. 5
T 72 Ao] 571 st SOl mIAlE SRt kS HHadsto] o] E AiskAY 2| 4stst] flsl @571 A
AeE-2GA7L Erolor & AR 71 A @ARNS A ololal Qlrk TS FAAE T ol et AH 23S CM
(Continuous Maximum)Z} IM (Intermittent Maximum) 2.2 F-ESH=1] CM< 523 T-50l4 2 TAYsk= A54
Q1 Fo} 29 212, IM2 Aed 50K F2 sk 1Al A A1 245 on|’tri{14]. Fig. 1°h=
Appendix COll AIA == 22X 2o thisf = 714] Z710] AA=of Qlow 1% 242 MVDEE-25%, LWCO] do T
AS Yeplit}, @ 2% 4.2 1T (Pressure Altitude)2F-25.2] H 1S At

-

96



J.H. Park, Y.I. Kim, B.H. Lee, J.H. Lee, G. An, G. Kim, H. Lee and R.S. Myong / Journal of Computational Fluids Engineering

35 38

Continuous|Maximum

—CM
— IM

Intermittent Maximum —CM

15 \/'”e ey
~

: S NN\
: N N

N

2y
iy,
»

Cong;,
s \ Tnug US May; X \

LWC (g/m3)
N
ambient temperature (deg F)
- ©
//

5 BlwSHAAL, 21 B} Local Drage 1.5% PRt = F7Fsh= H] 23] 20 X A Aloflt= d9h2]] 37 st £

= & 93] 932 RIS Dow 5{16]2 RC-26B 57|19 SATCOM {HH[Ue} FLIR(Forward-Looking

Infrared) A1 S 213 73-9-5 o © 2 FENSAP-ICES -84l A4 432 S=afstglet. el i = To[17] 501 &

7] ti7 )12k AR E o]l tiell FAA 14 CFR Part 25 Appendix C5 7[8H0 2 ZH] F4] sl41& o, 015 §3

28 ol o] W A A" A-S Bk

ol2fet A= SLAR, Infrared Sensor Turret, T EY 5 25 F2FH| ot =gl o] AH] oA 21 3¥st T

U, @571 BEEH] 5 shR] DIRCMe]| Bieh 24 GaFd 2412 231004 thE ARl tha F53t Ad=goloth whet
1)

¢

o] 95l FAA Appendix Cofl AIA1E 2
o= Z 67H] At s & S-aekal
=515t s A3kE Evl= DIRCMO Bl2l= 2 FaFdS o 24 2 78 208 = vl 3 Z4]slof, DIRCM 9]
Ao & gt s} 1) Hehuel 9 S BglAe) 3 2

=

Ml

2, Hikeiy o1

2.1 8= Sl{A(Air Solver)

ANSYS FENSAP 2023 AL E Qo5 &-g5}o] 2 A19] -5 shiA= astolrt. 29 S4] it sfiid= et A o
A, o A5G TelelA] RS 57 S141S SAH o 2 Nalelon] o] Ak 2 AR R4S 917t 71 Hel
B2 ARSsich ot o e} ) @l cheh due ke o) A 643 QU A4E 2785 o 35h Ho] B
2ol o]F 95, B AFoA = 4= 2 HA 23S 133 321 454 Reynolds-Averaged Navier-Stokes
(RANS) P4 412 285t} D2 A Ale ol 4153t o] ojict

97



COMPUTATIONAL ANALYSIS OF ICE ACCRETION ON DIRCM INSTALLED ON A MEDIUM-SIZED TRANSPORT AIRCRAFT

%+V'(pu)=0 (1)
8(;5“) V- (puw) + vp = v-(r+7) 2)
000h) | G (o) = v+ [kt v 7] 3)

ARG A0 4, G, W 212}, p, p, Do) 3 GHEE, 25, GRo] O AAEE, Sk, 74§21, 0F
L 22K T, by by 7 2 LERAGIEE, 2 AT0AE 2l Z1u e 21 851e] A4 975 A shie Salstr
0 4] Sl 719 0 2 22 BT AV A AR S B8 ahick ¥4 Bl Aol Riemann T4}
4] ol Sk Roe-FDSE AMES1ATY. W mRlaelie AT o] 31 ARE AIZF 287} Ao, 371 675, oAt

H
v} AAIE Bt AX iAol F= AR8-El= Spalart-Allmaras X9 ARE-SIIT

2 X == S| O] (Droplet Solver)

o2 Z= 542 I3l ANSYS FENSAP-ICES] DROP3D R-E-2 AR85F3IT}H 18]. DROP3DOIA AR E A Z&=
742 Bourgault 5] A|XIg £ Eulerian 5-2]¢]| 7|50}, o]i= B4 oBA Aol Q4 v Al 2l S 5wk i A5 1
ERfi= HulR ggao g *Jg%ﬁ’r[w]-

3_a+ Vv - ( ) =0 4

at Atg) = “4)

dou aRe Po 1

o Touge vV (uy) = C, 24Kd(ua—ud)+oz(1—p—w)ﬁg %)

1 Aol a= A1) A H](Volume Fraction) S SJRISHH, wy, u= 212 A2, %7]94 £5E, p, p,= A 719}
=0 D om|eith TR, A, ¢, K= 22} Froude Number, 8 71, 2] ¥H4d w7 HE Lehdith, 255 A
A (5)01A] -H1 A A P2 H & of| 2--8-51= Drag Force S WERHH, o= A2 Q1 2] Lot 8] Al Hlols24
of| Blgjetar A g w7 Ao Hhaj2Riet. 4] (5)9] 981 2] F ¥4 &2 Buoyancy Force} Gravity ForceE 2|95t
t}. Oz offe] AlEat o] - el = 71g et 94 9] Empirical Drag CoefficientE LFEFE <~ Gtk

2A 0.687
Cp= (=) (1+0.15R%7)  forRe, < 1300 (6)
Re,

C,=04 for RE, > 1300 (7)

T3 ] Alof|A] Ao TRt FHlo| = =242} K, Buoyancy Force £} Gravity ForceS 2]1|5H= Froude Number+= ¢} 2]
Al3} Zro] o] 24 o]tk

98



J.H. Park, Y.I. Kim, B.H. Lee, J.H. Lee, G. An, G. Kim, H. Lee and R.S. Myong / Journal of Computational Fluids Engineering

@)

Pud | ug—uy |
W

©)

(10)

Upepic,

J(Dynamic Viscosity), d= B4 X152

71535

L 57
1 O

o] Aol A 1

E(Collection

Z]
a

=
="

S
=

Efficiency)

(11)

Ug* N

g | ugg |

P2 g ARG et

ki

P19

Sl

B3} o]

Al'SHA 2 8(Ice Solver)

.
23345

o

Njo

A
2

fol 2y

85

=0 5
=%

HF2 ANSYS FENSAP-ICE =7]2]©] ICE3D &t

=4

CEE

2% of

ot o]

|

—

Ho

]._?ﬂ

2519, 3%

2of| 7]

Messinger 5

[e]
T

(12)

Twall (‘1’.)

Y
Hoy

udz,y)

jex

T} o #] B,

AFHE

5

7l o

(Water Film)
#7191

5]

1

=l

TH20].

e
<o

7

=

il
3

el

1

2%

.ho
il

]

I
il

=hul

H317] 9154 ofefe)

Sf

(13)

Uoo-L Wcﬁi mcvup - Tﬁi(lﬁ

oh
S - —
? +V (ufhf)] -

Pl

(14)

] S UooL WC[)) =05 (Lez,vap + Lsubl)”ﬁe’uap

2
+ (L pyyion = Cioe T +e0(( T, +273.15)* — (T+ 273.15)*)

+ 6,

,IQ

I ugy

[chOO +

+V - (uh,C,T))

9 (h/ C;u T )
ot

pw [

99



COMPUTATIONAL ANALYSIS OF ICE ACCRETION ON DIRCM INSTALLED ON A MEDIUM-SIZED TRANSPORT AIRCRAFT

ATV L, > Luwir Lpsion =V FL AL, 52HIE, Sl AR B0 FHob] S Uehlim, o, €, €, =22 29 Y
T, =0 HIE, Ao HIGS LIk A4 A2 o, 5= 7 B2 E oo = 0138064852 X 10 ¥ m’kgs > K V),
20 Mass Flux=m,,,,,, AH-72] S U, 21 Mass Fluxe m,, 2 Ot 371 759 934 7, 2 T+ Heat
Flux @, Air SolverZ Foll A=, N2 0] 225 gt 2] F-F &&= DROP3DS AMESlo] EEsr).

9SS QA A $E2 U0 I SYL D AT Bl ol 22 o
[e) bﬂ']\ﬂo]ﬂ_— @‘lx—]]ﬂ- ZH E O?l-oﬂéj‘%,_j_

A
ol
o,
z
O
ﬁ
)
rr
Z
=
ne L
>>*‘
)
ol
r
N
I
<]
0%
N
& o
2
(o]
T
(
N,
i

aee Ay, 57102, e G52 2 B ajet e ofat g ag, 2
5} g2 29 86 A S ERSHe 114 G(Solids) v} vhazhel o 2 2]

oh= Al YA (Fluids) 70 B 3282 LehiL: 2 ﬁ:r"‘ﬂ]/ﬂ—}f Heat Source S i@ﬁ}—‘:— A B35 A7 £
hslz] ©

“ﬁL‘HE

o3l
)
o)

I
oX o

Ol

oL,
ne
FUIO m
=]

2l

-,
i)
i)
2
ol m
N

N

oli
St

T

o] mulo] B2t} EA|o] F4517] 2 o1 XJO(HQ_EOHLW gl 2 st ekon, He}
]

h.
Py = U * LWC + 8 (15)

4714 p,, & B0 UL, b, £ B&0) FAS hehdrt,

ANSYS FENSAP-ICE 20232 A13) ¢1722-23]014] E85 v} 9lor dfj A7o A= NASA Lewis Research
Centerol M =385 AH] $-5 Al H|o[E| S 7|FEo2 FENSAP-ICE®] 74t oA AvE vlwl 55130t T3 NASA
Glenn Icing Research Tunnel 4] F198% GLC-305 Swept Wing 2% 35 A& H|o|E|2} FENSAP-ICES &-83F 24t
A A} v wste] F71A Q1 HES 43853t NACA 0012 222 AF8SHFNASA Lewis Research Center 2H] &
& A @] 5 A 2/l Ice Thickness 2 Ice Horn @78 0] S AR F-5 Al HloE 2 oF 8% w|7te] -FARE
3RS Btk NASA Glenn Icing Research Tunnel GLC-305 35 A& Atel|ollA+= Z|H Ice Thickness 227t ©F 2%
njuke]-S glolsteict o]2]st AZ 742 E3) FENSAP-ICE Q] AH] sl At AFA3-S el=s)4c}

O

L ke tiesloto] mElsl 28 457
A8 Q1R AL sA] A= Fig. 394 2] Uehl

0w v E Az} oF2,5009t 72 F/dotITt. Far Field2] At 271+= 5@ 4571 5 €719 Mean Chord Lengthgl
otirt. A A T A} Eoli=p+~12 TS 195192 ™ Boundary Layer 225230522

. 0] 737 %710 2= Velocity Inlet:S 714 &F H2ol) Asiodn 5] Sl eto s ZJ R

= IR
T2 7)4| 5 B2 15k Pressure Outlet-2 A5t 54 457] AT} DIRCM EHo|= Wall ConditionS 21-&

0

=)

100



J.H. Park, Y.I. Kim, B.H. Lee, J.H. Lee, G. An, G. Kim, H. Lee and R.S. Myong / Journal of Computational Fluids Engineering

40.41 m ' 60 m

N N B N R e e

29.79 m

Fig. 2. Specifications of the medium-sized transport aircraft and survivability equipment, DIRCM

, RSy . 1y fdnxl Pressure Outlet
] —

= | Velocity Inlet

t
Fig. 3. Grid distribution and boundary conditions of flow field

Appendix COllA] 21sk= AW #& 714 2310i=MVD, LWC, 2% 50| Z3¥Ith 3k Appendix ColA] ol
A A ol AWk 0 2 LWC 0.2 ~ 3.0 g/m’, 2 0°C ~ -30°C Alo]ofA FA == 710 2 4= o] 9tk MVDE
=0 Fefof wht Y HE7T ek H, 529 F-5(Stratiform Cloud) ¥ 2-2-3 7-8(Cumuliform Cloud)°llA 2z}
2 W99 dhS 7T 327 Y] A 15~40 #m, AR 5] A 15~50 xm H] AH F7) &5 vepd
.53 757101 %42 DIRCM 9] 2H FFd& 24617 9fall, 25 F-241o] 24| 'Aste] DIRCM O] /s A5+
c A 7102 o= = Appendix C2] Continuous Maximum (CM) &7 7|§E02 s} A4S & 6714 9] Cases
Table 17} Fig. 49} Zo] AASIGITh TRl 59 7571713 dHloll A 45+ <t HAo] obe 523 152 st
= A%E 7St o 2 Aokt 2 dAtelld M 2 7HEe R SiAE HlolHE HIFCR, 5

Intermittent Maximum (IM)Z7-& AAJsto] 71 A5 X4t of oot

101



COMPUTATIONAL ANALYSIS OF ICE ACCRETION ON DIRCM INSTALLED ON A MEDIUM-SIZED TRANSPORT AIRCRAFT

Table 1. Icing conditions for computational simulation

Casenumber MVD (um)  LWC (g/m’) T (°C) Droplet distribution Velocity (m/s) Exposure time (min)

Case 1 20 0.638 0 Langmuir D 120 45

Case 2 20 0.531 -5 Langmuir D 120 45

Case 3 20 0.141 -30 Langmuir D 120 45

Case 4 40 0.15 0 Langmuir D 120 45

Case 5 40 0.125 -5 Langmuir D 120 45

Case 6 40 0.0375 -30 Langmuir D 120 45
0.9

1. Pressure altitude range, S.L. — 22,000 ft.
2. Maximum vertical extent, 6,500 ft.
3. Horizontal extent, standard distance of 17.4 Nautical Miles
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Fig. 10. Ice shape for each case (rear view)
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Fig. 13. Area of ice accretion on DIRCM (case 2)

Table 2. Comparison of area ratios of ice accretion on DIRCM (case 2)

Case number Exposure time Average ice thickness  Front half ice arearatio Rear half ice area ratio Total ice area ratio

4.5 min 0.49 mm 100 % 76.52 % 88.26 %
Case 2 22.5 min 2.91 mm 100 % 77.06 % 88.52%
45 min 6.31 mm 100 % 78.41 % 89.21 %
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Fig. 15. Velocity contour by structure shape in case 2
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Fig. 16. LWC distribution by structure shape in case 2
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Fig. 17. Ice accretion in DIRCM by structure shape in case 2
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Table 3. Comparison of area ratios of ice accretion on DIRCM with an additional structure (case 2)

Case number Structure height (mm) Front half ice area ratio Rear half ice area ratio Total ice area ratio
Clean case 100 % 76.52 % 88.26 %
Case 2 50 mm 58.75% 0% 29.43 %
100 mm 0% 0% 0%
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