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Comparison of Computational Fluid Dynamics Analysis and Flight Test

for Coaxial Contra-Rotating Rotor Helicopter

Eun-Seok Choi’, Dong-Hyun Kim"

ABSTRACT

The Kamov Ka-32 with coaxial contra-rotating rotor blades has been known as one of the
best helicopter for firefighting operations because it can carry the largest amount of water
within the fuselage. Complex unsteady flow fields and the interference effects between the
rotor blades and fuselage were investigated using an overset grid-based computational fluid
dynamics (CFD) method. The governing unsteady Reynolds-averaged Navier-Stokes (RANYS)
equations were discretized spatially using a finite volume method. An implicit unsteady flow
solver and the the Shear Stress Transport (SST) k-w turbulence model are used. Boundary
information was exchanged between overset and neighboring meshes using a weighted
interpolation method. The unstructured overset grid technique are utilized in order to
maximize the number of cells in the area of interest while minimizing cells in the far field. The
complete configuration of Ka-32 helicopter with coaxial contra-rotating rotor blades are
analyzed and numerical results are compared with actual flight test data.
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o} 1179] H|g7]9] Gl BollA] B ek eFRdtip
vortex)@t 10 W& e}FH(vortex sheet)> Y7 &
oA B=2A o= diFEo] Elol rX= TR
Yol Z2vt, delFEE 2H *Eﬂ‘ﬂE 2ollA Ayst
o ehi+= Flue} FHsk= Edlol=9] g7t
Fd(blade vortex mteracmon)& WA I ES)
A FEE A8 (forward flight) Al 2E9] 3JH

9} H|gY& 0] 23] o) Azl HRko= 3]st
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Edo= Qs 2dF o= sk 2H A &
g E43S o] Yol 28 E8(flapping)
+52 59 EdolE ¢ f& w3ZE 27F5HA
e} E3F 28 3FHO] 7] S8(down wash)
A, o9 T 4 HY 2E STE 7 IS F
doi, 1789 3g7]of Bls) Adidew o 5
(blunt) FFH A B4 S0 7IQ1g R4t
(flow separation) @&4do] E3t=o] ¥ 354 A
& Bk WA 9ok

71&0]] e i) viT-g dElFE= v 2
El(main rotor)?} H|Y ZE(tail roton)= FAE A
2 ZE(single rotor) WAl 2 o= AdFo=z 7t
et 22 AZo] Bogk Aol lont, Hl 2
3| Aof| WE Z-2-5F angular momentum) HE o

2ol sA7E 2EY A= ¥R E2e EFV
HEgsto], o] 44A1717] gt ¥HE A (anti-torque)
o] dagt HY 2HE sohke o oF 5~10%
Ao sEo] SAEA dot X AZ9 dFA

aikel FEQJ9] A&oZ Qg H|g £%9] At ¢
o] & ZE 3IHHY ¥ EHFFCE rolling
momentE W= 59 ©Ro] = Z0E A
At

shte] Fofl & 7o) =E7}F vkl WeFe s 3lHst
of E3E Hotke 9L o= 555 EHe
18599 Henry Bright7} 9= E3|4oA Fzxg2 &
515 g55iit o] B s WA 27| dYFH
M=l HFSHoE ALANL B35t 28 A
9 A=ldet Adidog w2 faigdEe Iy 59
EAZ G 7egoR2Ee 485l ofzlgo] 9
t}. o]% 7|&9] dkdog 1960 tiRkest e
02 0= dfj£o] GyrodyneAl QH-50 DASH(Drone
Anti-Submarine Helicopter) $<1 dgF¥¢ 75009

£ 83 AHI7E sloH, FaRoA= 1950 Hh
Ka-15 /& AlZe=Z Ka-226, Ka-32 ¥ Ka-52
52 AAKRE FAJole] KamovAl=s 91 dEEHE
T2 APikoto] FEEPA AElFE RolollA f98E 7]
o] Hct. o] F Ka-32+& Aot o] oz 2
|08 /gE Ka-27& U802 /et nd= gt
oA FIZE FFARE HIES) AR, SR 4
FollA oF G0HE &8 FolH, AFHAN 28 F
]l 71&9] ¥4 Fig. 13 LTt

59 26 degHY F5A1E 2 feohAlat

Fig. 1. KA-32 firefighting helicopter operated
in the Korea forest service

HAE F8 AT e ot Zol 898 4=
NASA9] Coleman(1997)2 1950¥ti#¢ 1990l
FH7HA] vl 2Alof, A, J=, FUolA 37t
S5 2Ho| tigh ol ¢ FEA AlE AL
sto] A/ot 2E9] AR 143 ofF £ HlE, TR
Tz 9 Efol= 1¥H|(solidity) A3 5 AHtHO
& BAoioith. 2E ANEE 1t 27 F5 A
Al 2= AR v Ate(hovering condition)ollAl
A2 2HY 55 2HY 38 452 Hud A
#H(Harrington, 1951)7F 911, U3t 2§ Zdg o]
&3 A7 vY 52 ST AHE UAHDingel-
dein, 1954). o] 555 2¥9 445, 4/t 2H
o] 7Hd 4 HISHZ | gt F5AIE 9 siAE At
£ 595 A7 QltiMaAlister et al., 2006; Ma-
Alister et al., 2008).

5 2E dFE Y A71A Bl ek A+
2L 1980¢t] ZMF NASAoA £33t SikorskyAt
XH-59A 7Hd ol gt A3 v F-5AA(Felker
111, 19813} 1990 %Rt Ka-32 HFE Eo]
T Edo] Rt vt 7| E o83 BF AR
o AR B9 2 AR vy F #idlele BH 5
125 2435 AH7F At Akimov et al., 1994).

HAAE FA AR S5 =E 9] FEof4]
< 9J8t 374A2I blade element momentum theory
(BEMT)Q] 7§14 A-HLeishman et al., 2006)2} free-
wake 7|92 283 W4, 2E 4 555K 289 4
534 9 HZ(Bagai and Leishman, 1996)°] it
123 vorticity transport model (VIM) 7|$#& o]&
gt 555k 289 A5ai4(Kim et al., 2000), ¥
“d Navier-Stokes Wg23t HIAFE S AAAE o4&
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gt AR WY A FEAIE Eol ek shA(Lee,
2009), H|¥=4 Navier-Stokes ¥-g4%} vAH &3
AZE o83t AR 9 AX v AJEY] FEAIE =
dlof] gt ajX(Barbely, 2016) 5°] QIch. I thoz
=2 =4 A moving overset mesh) 7| 283t
AAERAGE A7 B84Q trim S 2ES &
83 AR v AdH FEAIE B SAH Qi et
al.,, 2019) @ ¥=A4 Naver-Stokes W23 HE &
H AXA 9 trim o4 283t AX WY A I
Al 2 Si4(Hayami et. al., 2023) Al 50l SIth
Jeu 712 A7 URE 55 26 A9 oA
oet AFEo] loH, sl TR Rt 4
Ao 9 vlw All= EET oo & =EoA= 3
Sl= 59k 2t A S ETT Kamov
Ka-32 EFE9] 2714 34 9 AHE AikgA st
HEgS sk, AFEA] A HIBAIY TlojEet
H|wsto] 264 719 Al==g B7sieich

2.1 KA-32 #2|ZH Y =gy

2AloF KamovAle] KA-32 B39 26 delg
H(Fig. 2= ®lt Age 9 26 dFE | B
S Fagt FZro® 2-8o] 7hsstal FEellA QA
o] 43 7|F 02 Al Algt T4 <F 40knoto] 1L,
AR v ARt T2 < 20knote]th

2 AN E i 715 =) Al ARAIA AlE
St WS AHE(Ka-32T Methodical Text Book, Ka-
mov Company)2} 714 815 8 &334 IPC(llu-
strated part catalog)?] =3I} A= flo|HE &85}
of 2§ Edolt, A X sH &%= 340l tigh 3
A CAD EEHE A3 FHsiqirt

Ka-329] QIg7} A= Fig. 29 ZoH, A2 2H
wHAlof] vlgl] AiHoR W 2] 9 £ oPgTS
Qg &= St} ol &R 2E dEFEY] AFE
E4o® deFH Ed(rim) A A5 S8l S8
HAES AFst7] s Z2 WHarmye B4
UEE Y2 WHo] Q5] wiZolrh Ka-329] 49
Qbgstel WL 2.91m’ol|x, B4 A4S F3f 12.5°
o] Zteg Rz e 57 g wWae 77t
3.05m’o]c}.

Ka-32 &ei58 26 Edol=9] 34, 271 94 A
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Fig. 2. Overal dimension of the Ka-32 helicopter
(unit: mm (inch))

Y2 Fig. 33 Atk A5 SHoA Edole €97t
A 7,950mme] B 27] BlEdZs 7, 2
EZol= 480mmz 113H|(solidity, 0)= 0.05°]c}.
Y 2H EFolt BF 6=, AA WS
2 3Kk A 2EQ} BiAA Bgke R 3k )
5 =Eo] 717} 3704 A= e, oF 90% XEY 21
oA Bt 272rpm9] IFELEE 7RI AR 2 SRR
ZH9 7+AL2 1,460mm=Z ZE 217 tjH] 9.18%°]
o, 2 3]¥=(main rotor shaft axis)> BA 3
Foll tisll -4.5° 712715 7=t ALeE 71&01A
U= AEol SRtk

Fig. 39] Section No.79] H[EEZ2 (0°°|H, Sec-
tion No.8%%= A& 478 AdZ flsf = A& =
Fohs, EFF(tracking)S Yt EF™(trim tab)o]
ARFEo] Sk AR % SR Edlo|t9] e AR
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Rotor Blade — Geometric Twist

Basic Specifications

(1) Blade length (as measured from the axis

of attachment fitting eyes)

6980 mm (26 52 ft)

(2) Blade planform rectangular
(3) Blade chord (width) 480 mm (1.57 ft)
(4) Airfoil type NACA-230
(5) Airfoil thickness ratio:

(a) in section Ne 3 14.5 %

(b) in sections NeNe 4 through 10 12%
(6) Blade-span axis on-chord position (from the leading edge)......120 mm (0.46 ft)
(7) Blade end droop 300 mm (0.98 ft)

Fig. 3. Overal dimension of the Ka-32 helicopter
(unit: mm (inch))

Eglo]=9] A9 Section No. 39[4 3 Edo]=9]
735 Section No. 3aclA AIZFELt sHt EFo|=
9] Section No. 39= %5 A4S A3t pendulum
absorber7} AZt=o] it} £ A9 f-53i4 Bd
YoM eskE Yol EFET pendulum absor-
ber B4 112oHA] Aottt

Fig. 4= A% =¥ 5|H9| 4E2 UEL 3le
o, AY/SHL Z#T A (flapping hinge)= ZE &
A5olA 150mm Aol /x5, o E23 4%
L 20%0|t}). HE-Fa(lead-lag) FA|(drag hinge)=
2H F4=03 BE 565mmof| YAI5te] A waF
o= 5 31 vl WFo R 7°9 o1& A% g 7Rt

E9gol 93t EFol: HXE EAtk= 63 4k
= 36709, 9 A=(P)el o Edlole A z+
w9 W3 AO)E Af=—tan(s3) - Bolot. = 3
Bof ZJ2ke Elo]=9] BAZ L (setting angle)= Al
o|Z¥ XF1lo] Tl Sl FHEE 2F1ho] A

32. Themal Compensator

Fig. 4. Upper rotor hub parts
of the Ka=32 helicopter (IPC, Kamov Company)

AR S wl A EFlelEE 12, sHE EdlolE=

10.75° ZJ=iell YA =t

ENEYIS

Ka-32 g ] st 2E-5A4 74 f-ssiat
HIPAA dlol HwE 9] 2ZAST FDR(flight
data recorder) BAE& ¥wolyl, Ao 28 F
Q1 7IAE WY BER AASilt) s 1A= 3,000
28 839 E¥(fire attack system)Z AZ2I5Ho] At
£ Zskgos 851 Q= 71%(Fig. 1o, ARk
HIPAIES oF 30m I=OA R HSAIES oF
120m 2%l $94=]9loH, Fig. 59k Zo] A E
ZZ Alole}t T=d 1771 =Y HolHE 714l A2t
% FDROA FZ&513it.

FDROA &3t Hlold 5 A+ AR B8y 2
7 v|g) A tigt CFD #5394 A& A4gstk

Fig. 5. Original time signal extracted
from flight data recorder (FDR)
of Ka—-32 helicopter
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Al B Al kg At &5t ZAIRE 1
= Fig. 6 € Fig. 73 2t} of7|A 75 =9
Tl gk Bt HlojelE wkgdste] Table 13 22
4 2AL AFsIct HolA Vi indicated air

speed, o= BAIY] T2t Age collective pitch

A

65 270 2075 2080 2085 270 2075 2080 2085
Time (sec) Time (sec)

Indicated Alr Speed (km/h)

Pitch Angle of the Fuselage (deg)

H

Roll Angle of the Fuselage (deg)
Collective Pitch (deg)

10
2065 2070 2075 2080 2085

g

270 2075 2080 2085

Time (sec) Time (sec)

25 25
5 20 20
= 5l
r 3
£ 15 = 15
a g
) S 10
° 3
£ os S s
s =
2 2
2 oo Y
H
s

s 5

. E)
2065 270 2075 2080 2085 2065 270 2075 2080 2085
Time (sec) Time (sec)

Fig. 6. Selected time range of flight test data
for a hovering condition of Ka-32 helicopter

El 154
2 g
g2 £"
H 3 150
2 H
0 & us
e e g - P
22 2
2 S 14
< H
= 2
g, £
=
140
1085 1085 1067 1088 1089 1090 085 1086 1087 1088 108 1090
Time (sec) Time (sec)

Collective Pitch (deg)

Roll Angle of the Fuselage (deg)

Table 1. Extracted blade motion parameters from
FDR data

Vi a A A B
Case | (/b | (deg) | (de®) | (deg) | (dew)

Hovering flight| 16.8 | 4.5 8.3 0 0

Forward flight | 148.8 | -1.1 | 6.1 0.2 1.5

angle, A1 lateral cyclic pitch angle, Bi< lon-
gitudinal cyclic pitch angle& Qujgtct. 7|4
o H2 Edlo|=9] »AZ 0% sfigste 71 |IA
= A FA4oA Eol= AmHSKspanwise) 22
70.264% A|A9] Section No. 7°|thFig. 3 &=).

2 Atolxls AA EFE B 27 2ol 4
ot 5= 1 £ Y=F 54 T AAHmoving
overset mesh) 7|5re] H|794} AARRA|FSKUnsteady
CFD) 9-5314& 34513t} E8ol= 3 w9izi(y)
o mE MX|Z WSS CFD R-5o04 Zdo] +3st
7] 9l offle] 4& Agsto] i EFolEe] 5=
Hrgsi3ick

A(W) = Ay+ A,cos (W) + B;sin (¥) )]

HIPBAE & Wske TS AR R A S5t

£ Zo] E7FssH, HIgARS P8l Al 71408
Az 714 S35 B (weight and balance) FE
(Fig. 85 7IHte= S5t T4 S4lol disl] o=
At 7hsstet. BIgA 71419] 5 9,010.3kg

Weight & Balance Check Sheet
Limitation :
1. Mass Limit
- Max gross weight (Take-off/Landing) : 11,000kg (24230 Ib)
- Max gross weight (water refilled in hover) : 12,700 kg (27970 Ib)
2. Center of Gravity

- C.G. for Take off, landing and flights with Load in Limits : (+280mm, -30mm)

s . HL9425(FPA621)
ITEM WEIGHT(kg) | C.G.(m) |Moment (Kgf‘m)
. . Empty helicopter 6529.0 0.077 502.1
f085 108 1057 o8 1089 100 085 dos 107 0se 1089 10% Opti it i 332.3 0.467 -155.3
Time (sec) Time (sec) Pilot 80.0 3.100 248.0
15 4 Co-pil igator) 80.0 3.100 248.0
5 Aircraft Mai Technici: ) 80.0 2.100 168.0
g 59 Fuel L/H #1(single point_Liters) 260 | 0.8 0.0 1.560 0.0
5 05 g Fuel R/H #1(single point_Liters) 260 | 0.8 208.0 1.560 3245
sk~ 22 Fuel L/H #2(single point_Liters) 280 (08| 2240 0.310 69.4
g g T T Fuel R/H #2(single point Liters) | 280 [0.8] 224.0 0.310 69.4
Eos g Fuel L/H #3+4(single point_Liters) | 330 | 0.8 |  260.0 -1.510 -392.6
é é o Fuel R/H #3+4(single point_Liters) | 330 | 0.8 52.0 -1.510 -78.5
g0 - Fuel L/H #5(single point_Liters) 220 | 0.8 176.0 0.170 29.9
- 15 a4 Fuel R/H #5(single point_Liters) 220 | 0.8 176.0 0.170 29.9
Toss  tos  fos7 1088 1089 10% 085 108 f0e7 108 1089 10% ;
TOW of Equiped Helicopter 9,010.3 0.132 1190.1

Fig. 7. Selected time range of flight test data
for a forward flight condition of Ka-32 helicopter

Fig. 8. Weight and balance check sheet
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el

o, AXkE FA FHE EH IHSoN o=
132mm Aol YRR, &, ofe 4bke Xokg =92
o B4 Z9] A8 B(foam tank)7 Rl e 5
g 2ot

3

2 AollA HARAIGE si42 US54 Navier-
Stokes W7gAlo] Z|wksiltt. f-adlA] ARt Y 2
e HSEH A8 AAgAE s mEIRel
STAR-CCM+ ¥ EE Efo]=9] Bi9|zto| wZ 7id
Al 1A 5= sl 93 Z=F AAst] dF
siAstoict 21 9 55k 555 EdlolELt &
A = FAlol et 33 B fEchas 9
3l Fig. 99} Zro] I1ZZ9] hexahedron 84 7[5
HAE $H AAAE At 38idS S35k
o} 55014 AR F Acell) = EFol= € A
Hell 10709] AAS AAE 2ghste] oF 1,3384E o]
tt. ¥ (background) AAH= oF 7458t 7o) A& -
A, SA A= Eedelar Qirh ZHz7te] Edol=
= U9zl wet Holks 52 WY 5 AES 071
9] overset YHOZ FAE0] Q1o IS overset
FH9] A 4= oF 1005t 7t} Edo|=9] FAS F

1 O I I O

Fig. 9. Hexaheron mesh based unstructured
overset grid for the Ka-32 helicopter

A= Bt y+ gho] 1 o] H=E AR o] o4&
B3l A HA BAS oIt 2UEE 25k S
AR ERE BE EH|0I=9] overset YT B 4
ZH= distance weighted 7Hd 9] QlEHjo]A HAZA
o] WF=| U}, ZHre] il Exflol=9] 52 super-
posing motion 7|¥<S A8&sto] Eq. 19 7|4€toto]
HIZ3AY Rl Az Ao wet Axzte s wdtst
= "o gigll 539l cyclic pitching motion©]
T2 4 JTFE field function T=5 FHAdsto] HE
gtk

£ AoA v8d 84 CFD fadid 71 4
SHoAAME AT} e BUE F YA shear
stress transport (SST) k-0 FH 292 #8513t
H|%4 CFD siA71%9] A, & oA ARk SE5l
A A7+E A7 (time step) 22 Uds HHE A4

AlelHA £E AE 4 ¢ e AR T
A= sl AlzE 2H40] gt 84 HAES tofst
Al et T H A9 kS A-gsielct. AHH AIRE zF
AL EF0lE 1 A F5 = sFsk=d, time-
step B 0.5 (Aot=0.5 deg) 3| 27 dfdot= =
Zolet. E3E v f-5S14Y 2 ARE DAA &
A ZHL Y3t sub-iteratione 10815 WIS
om, 22} A7t o]Ats) 7]H(2nd-order time discre-
tization method)< -85t AHA A (far-field)
= A5 E(free stream) S ATt HIPA]
?o] oF 120 m9 W2 1 EofA] FR=| 7] LA
A 7Y 242 101,325Pa= 7] 2== 300KE
Frretich. 8o AL AR WY 279 k=
16.8km/h (4.7m/s)& AX Hg FA9 £k
148.8km/h (41.3m/s)E HHgstict.

[¢]

Qb4 AAISE Table 19] A3 Fig. 99 {5314
A7t ol AR vl 23k A AX Hg 24
of thet BIRA Adel AARRA S} SiAS S35ttt

ARF] vy 2] et sfiAle] A, EdolE 3
HA&EE(272rpm, 28.484rad/s)2F Table 10 AAIE
A AAAT Eq. 19] AgEE wrgste] ezl =
£ EFolt 1x] 52 F&ok: HE FI(filed

function)E A4gste] ABT WA SERAE 48
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sIoitt. A=stRAT Ka-32 dFHY =8 65
2 A AF0] tiof AR -4.5° 7]&oix] AdH
2 Z2Eo] Qiot. wEhA AR HIPAIE Al 59
1|22+ Table 13} Zo] +4.5°2 7IXH, CFD 3j4]
HEe o5 15| 95 Efols 9 FA9 27
CAD A& y& W8ko 2 +4.5° SAA AEH=E
oA AXE A/dstoltt. 1= AlRp HE 279
izt v AEdlAe 91gE AlRE IHES unsteady
global iteration 13]o] EFo|= #¢jZlo] 0.5° (Aw
t=0.5deg) 3| XPoh= A0 R HHsI9oH, ol
E87Q ARE HEo® MehE Ar=3.0637x107
sec oH, £¥| EdolE 134o] a3t AT 75
SA ARE AZE 720871 RS ZF ARE A o
Aol B34 a9 8 S5 g8t sub-iteration
5315 wtgsioint. ARt vl 2219] A9, Efol=
7} 4314 7t o| SR E = SEE B fesiA A
E 42 & %o, SESH 89 29E 471 ¥
o & 103]d ol shAsiqltt. IR o] siAdl=
AMD Ryzen Threadripper PRO 5995WX 64-core
€} 512 GB RAM AlJe] EAt A 2tiE &85}
¥om, 53] sub-iteration TJ3} overset A Hlo]
B w3A7hE 2geto] 13] B Al Aol <9 1
o] AQEr}. wEbA EFolE 134 i) 48
= A ARES F 72081241701, 108d
(tmax=2.21 sec) SfAoll= <k 50| AQEA Hrt
AR v A B A7 &=7tollA A 2H £
Ho] off 7T BEXE Fig. 100] YERHIICE Edlo]
T EdojlA g3 vortexZt RE|HETE 22 3719
g HHo=E &8 yerte FFS HolH, gAY
273 Y5 4.7m/sE R0l 9EA §Y

Fig. 10. Instantaneous vorticity contour
on the symmetric plane of the fuselage
under a hovering condition

Sz JHgeiel] hizdl v WIdeE: vortex?
2ol ot TEHIL St E3F SAIAM TAYS=
S G WA glon, ofr RS AwEd
71&9 Aol 28 U 71Alel B s
=93 FHOARE HY =0l ARE =& A
27 sk o AR aEe E@E &+ A
ot Fig. 112 AR ¥ A] SA) 24 Bl <
b FEEE HoiFAL Qled, Sdol=rt B9t
<Ak Ao E8clE Y2l 55 IFe= U
B2 4 AT EEe AE 2 5 QU

AR W Al = 232 ARl HiRt 52 st
£ Fig. 127 ARSI EFel= S1d&L=7T 272rpm
(28.484rad/s)o1B2 13540 AQ%= AREZ 0.221
secO|™, - 371 B SR 371 EFlo|=2] WA ZHd 9
Al A FFe= 131 ARt di8shke AR 77
A 6x1e] ZH) 38 W=Fo] WS ERIT 4 Stk
J=eld FA2 Edo|l=rt BARke AdE FEe YE
Wi, A2 SAPIA] et A 39 e et
I Qitk o] S HH Ka-32 elFHY B9 A
2] v Al SFlol=2} BAI9 MY FFem Wsk=
Bt T Aae oF 3.54% FEUC] TeiE:
Fig. 129] o Z1H2 242} A4 E3lols, st &
E g A5t EFlole S ST 29E BoFal 9L
o A EFel=e] Bt FHo] o wor, 1A B
FHolA oF 62% HI5-E Btk ¥ ohi Edo|=9
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Fig. 12. Unsteady thrust variation with respect
to time of the Ka—32 helicopter
(hovering condition)
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