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Effects of Rotor Icing on Flying Qualities of Helicopter
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Abstract: A method for establishing the helicopter {lying qualities analysis model due to rotor icing is
studied. By introducing several icing parameters, the increment of blade airfoil lift/drag coefficient due
to rotor icing is calculated, and the rotor icing model is established. Then considering the rotor icing ef-
fects on rotor force and torque and rotor flapping model with the forms of coefficient increment, the iced
flight dynamic model is developed. Based on the linear perturbation theory, the helicopter flying quality
analysis model is established. Based on the handing quality requirements for military helicopters (ADS-
33E-PRF), the effects of icing on the open-loop flying qualities of helicopter are analyzed. According to
those requirements, the attitude quickness, interaxis coupling, vertical axis control power, and distur-
bance of the lateral gust are mainly analyzed with the variation of icing time, atmospheric temperature,
liquid water content, and median volumetric diameter. Calculation results indicate that the flying quali-
ties analysis model due to rotor icing is effective, and they can be used as an engineering qualitative anal-
ysis tool.

Key words: helicopter; rotor icing; flight dynamics; flying qualities

B 1970 LR, SEFANBAFENREST AR ENEER CIMBRRX T HREKTR
MU THGT TR EFANCTERTRERZHN  SROBEFEM L, B2 EFAVUER S KRER
TEGUKIEER G kX B E BB FTHRERYY.

FERE B 45 VK MR | . 20 tH4280 0GR , LB 5T B AT, B 7 DUBE 3 45 vk BF 5% 3 M ok KU 3

ELHH tEMEsMRAFE IR AR FHES (YWF-10-02-380) ¥ BT 8 .
RS A H3:2010-11-16; #81T B #1.2011-01-13
EREE B XE,B M2, M4 806,1962 F£4 ,E-mail : yihuacaobu@126. com.,



382 B R OMZE MR K ¥ ¥ #®

EERE

B HISMAH TEEERR = FE#Tec. kX
RRABBEBELRKTHEA. B ZARAE &
KRR EMRM ATRE A, BRA 8K, ik
BB REE . M TR, 4 kU E
PHHEEHEA R RS EREET S0 5, HH
F e 3 2 b R [R) 4 v 0 ) 0 B A 3R R R 9500 £
5O R R, SRS KB EEMN R g
BAR B K T [ 2 B KL 4 vk BB B L 45 0K
SETEBEHRTEEL TR ME B KRR
BEERET AEHBEELEERAESTIEN
FABY— 8 OB 5T 45 31 , BE BB 38k G0 vk KU iR 38 A9
RS A, LREE E S K BEE R
MR REMEB Y . FYMNERESKERTEESE
BN A, HIAR 2> & T R e B 4R v R T R UK R
A FHRMBEXEKAFE. HE,
XERBIETARMER S KR, BT THKE
HAN AT I #8 M B T S50k xt E L
AT B SRR

A SCFERT AR T A b, X e R 45 vk s B
AT SRR AT R A B ST B B TR AT , 3 A UH-
60A BIEE E AN AT 4, e R G KE&HT
MERI AT HESE— 5 BFPR BT ITHE
FFE ADS-33E-PRF™, = E 434 7 45 vk it ] L 3R 88
BE RASKEBNEHAEERNEAS B
FIRRETHERSHEE . SEBA S . EEH
X Wb &l A DYy R fiol-2
1 AiE#iR
1.1 SGXREHERARBRNRLIEEITH

BEKRNFARBERT, SKEHETRE
F B 7 R B0 B B — 0 45 0k S B Gl 48 K I
FEK.BREPA KBRERE WL,

BERE M REMBKBREREIK B LK
BEED XHRERFEEV , KRHEE o BE
B o S SR v B R R

PD*V
= 18y

FEHRBBIKEMGT K ATEINT & EN]

/_(S_arctan( R;_é_ ) (2)

)

(1/3)

Ko = 18K

Re—z/a -

KA :Re JKHEHE.

RESPANBHN —HWRERE, RIEES K
BEc N, EREMERMZK FEHETREF A/
VHEEMGKERE, XN

A = Vit
pie
RF:LABRBKER 0 Nk EE,

PER M BA T BAMKBWERE AT RA
MTRFEBEAAIARBEIEBSBHYLEH L
KME

Re

3

E = 0.086 86In(K,) + 0.611 12 —
0.743 3¢t + 0.56 )
KA BB EE.
HREHEEBA HAREGEEH51H
AC, =— ZKOKLLZ'I:Q + 2 4+ Ky (@ — 6)2]/c
(5
Jo
(6)
EQEP:“ ﬁ%ﬂfﬁﬁﬂébﬁﬂﬁ,KuKuﬁﬁmﬁﬁi
BHEWEERYGO, HEKWEMNRBMESREG
kGG VKR EHLRE B , B 4R 50U BB BE Sk % 1R
45 vk 3% T RLRE B X R AR 0 45k B B et
b, = 0.683 9k « kD « kT « kE D
kDR R SR ABSKERBL, KEEZED M
R TsX A KR R R AR B R S %
{8 ,k5=0.001 177,
kE = 0.571 4 + 0.245 7L + 1. 257 1L?
b 1, D<C20pm
* 7 11.667 — 0.033 3D, D>> 20 um
kI = 0.047(Ts + 273.15) — 11.27
1.2 RREXER
FRARBRER PO FESLBREES
53 54 A ) AR 1) 39 58 R 40T B X, X KO,
PR B R IR AR 5 B AR g A AL 38, 1 SR
RETHEREEHHBERMNEKER HES
MERBASKENRHERFA BN RO
B AMBIEMNTEXBRARTHENSHR
WA ERATERE, U R FEWE K
BiE SR RERFPBRES S KOBWOS,TE
BIBNEE NS KIEC, BB SRR S kA,
1.3 ZKBEITHHFEERE
XRTFEAN KT AENEE, EREL4E
THEAREHPRD, AXFERTHINE
BEL BRI EREREIESKITNERN
CATE A H AR RS KT EA VLA
TR, BB KRR ERES N4 KB R
Bk OAESHEBGREESEKSE HHEIR
BENMRUNGREMETEYA HAORBEE, B
BIGKEHETERA HAOREK
Cr,= Q1+ AC./CC,. (8
Cp = (1 4+ ACp/Cp)Ch €))
AP :Co, Cobr Bl AR KIELTRHESRBAH
NERE.
TEMEER b SA RS KR, LR E
BRIt A Gk XS e 1 0 56 Fn e BRI SRR R 50 5
Wi, HE— 2P BE ST G5 UK JE B TRAT B S AR R,

a+6

ACp = [[0. 158lnk, + 175A.E + 1. 7] 1o




FEA, % . HIAVBERSKE K TR 383

%334
C’T =Cr + AC’T
C;f = Cy + AC;(
Cu = Cpu + OCy
< Co = Cq+ ACq (10>
a, = a, + Aaj
ay, = ay, + Aaj,
b, = by, + Dby,

itq:':CT9CY9CH’CQ9a0’als’blsﬁ5u%5?ﬂ:b‘k%%
MBER BN WA S 9 SRR AR BB R i
L E BRI E A ERXEB NG KERHRR
B EXBEAE T B THKIENREHEE,
X RO BREKX N

2r 1 —
AC, = ."_J J 22 AC,drdg an
4] o Jo
2x 1 _ .
ACy = — 2 J [ & ACp — urupAC, Ycos¢p —
4n)o Jo
uk AC,Bsing)drd¢ 12

2x 1 . — —
AC,H S5 _E_f [(u-zr ACD s uTupACL)Sin¢ -
4m)o Jo
ut ACfeos¢]drdg as
AC, = _".FT (@2 AC) — uripAC,)Tdrdg
47)o Jo

(14)
T 2 L S
Ady = o J B f WG aciddg (15
4 1_ _ _
Day, =— ——4—2-———J Ju% AC rsingdrdy
g
2 s
16
T 1__ _ —
Aby, = —-—;LZ——J Ju% AC rcos¢gdrdy
ﬁ( 1+ %)a e

an

Rl wp 43 B 0 3 I R TERERE VT P9 O B 49
Ry — U0 16 N W o MBER L B
N—-wRBERNERCE; ¢ M B o5 HheR Kt
Trfr A FIE S A Y G UK AT RO BE B3 M8 T8
as HE VKRR S B ELA SR 25 e AETRELL .
1.4 SBRETRERSTERY

ETHKE TSI #BE, ERAEKEEA
PLE PSR 3, R RE/MES BT B 40k
BRREEE BRAESE, SIA LA K
R E/MEREZ B, BRARENWEKEEF
PLRAT RS TRE R AR RS — PP e R
Bk EAN AT RENEW BN R R
PR T RSk E M EFA VRS G R e
FRiE | E R AR A R AL S .

RAGEEER U REE YL 3 K at A
B, SRA T ELBIRBL R A Btk . DU 2
&SRB, b BB IEIR N quc/ A, BIRAD M B R A

75 Al W (B 55 AT AP £ B0 WR B B9 BU{EL AR RMRF A 7 22
o e /N BE OO T 5 K B AR, B BB SF . 453X
MRS e 25 B AR A I 4R 0 1. 0 cm R E AL 1B
BRI 1. O s, BRSTA I RS BAE 1 .

BEAVSERESHEET LN T 3T 'S
M- BB — RAAR S D — RS URRE —
WMEE . AT EREIN SR SEL 0 cm &
B BRI BE 5T & R 45 VKA F B BE — R AT
B HEBA HRMAEES 0s ZHHPB -1
W) L W 5~ (3) A 35 3. 0 s A A4 AT A 3 JBE WAl L 5
(3)H 3.0 s KMETHILZE [ B BE ;75 N

r(3) —r, >0
T rn—r@ rn<<o as

W GBI A 7 /w3 [Flry/ [w(3) ],

EHMBRADIBEEANEEEN ITHRE
HMHEZ—. ARERERERFEALERLSs
J& » ELFHHL P A A 2R 1) B w0, s T DAE R 3B H 3R
DTN I8 4R . BeSh, B R IR B3 B FHL
TEKAEMER, WEAFAIREEN KITHRE
FHHEZ— HEAVEZBRAER T B BEKRE
KL S HIRT 3. 0 s P9, WAL A 3 AR L ra 5
SRR FEWRIE V2 LLRR/D , B0 B BF o A SCLASCHR
(1818 57 Ay o] 2 MUIR S A SR Sy, B SE AR
[ 45 VK 20 52 X3 88 1) 28 XU 3l &k PR R B2

F1 ARG KEMEANITRETE S
WA .

gk E ZR T HKIE XT3
FEOHE R
L T I

]
FIRRR
B W

[ l
RSN B
aHr Z)

i

A1 ERAKEHENKTRETESTHER

2 HEHSH

B F AT M R ADS-33E-PRF, X} FF ¥ 4k
ATF UH-60A HAVESEHEE BEHBEHE.
FEHMBADBAE M RRAL SRR HR R
1 WEAREEERF R YAREE-ZE kS EX
KETMBE M, KBRS BEHRTIRLE
AR A ) . EFAVLET CHEE X=74. 0 km/
h, £HLEE R 7 264.0 kg, XKITHEEH 1 600.0 m,

£1 REREXAMERRS

ts/C L/(g+*m?) D/pm /s

—25.0 0.75 20 100




384 m RN =

i R K ¥ % #

#43%

2.1 BEEEHESN

B2 4T EF VLR MRS SRR A R &
IR, B LUE H, BE 3 4 0Kk B RER TR
M AS EE Y, BB 45 vk B[R] B9 3% » & IR AR
HWRFEMBETHFBEHNBYE, RV MHREKR
%,

031

- -
- -

-
-

on 4 —f—;%—;—%ﬁj
i 3
1=0.75 g/m>»1.00 g/m’> 125 g/m’

03¢ a BoKIEHR oZEUKSE, T=100 s
A SIS, T=300 s V&UKSG, =600 s

5 6 9 10

T oo
(WA E BRI

4 o
P lEE -~ -
06} ~—-—

A o -~
~a ~
\-1 T \V\A
3 4
EHL S
D=15 pm - 20 pym —25pum
03} a BIKER o £EUKJE,T=100 s

ALK, T=300 sV Z5UKf5,7=600 s

0.2 y L N —
5 6 7 8 9 10
£8:4/()

(b)7k 35 B A R KRN I 3R AL

Ea o
0.7+ %ﬁz-“~§
06}

sd AT

;\%‘ PRRE. Do
o o 3
Ts=20°C = -25°C -~ -30 C

03} o KGR o Z5KJE,T=100 s
AZKIS,T=300 s v 5VK)E,7=600 s

5 3 5 8 g 10
200/
(c) PRI AT i 85 DK B 18] A 3R AL
B2 ST EFPURMSSHELEN R W

FEG KR T WA/K & B A (8 & R
AR IR B 2 T B Eh, RS M EOR
2, K AR R K8 SRR R A A BT
B3, R EREGEEAR A KRB, B
o, SREE IR B I PR AR A8 B R AR RN B G BT
B, R R AR S KA IR B .
X — P R M B AR o 45 VK R ML B R AR AL
B, R(PRTRHERMTEIREYHKR
T KRS B 6 5 W 3R B L K L AR 93 R R 45 UK R T
RS BE /DN, 45 vk R T AR 1R 6 (A Uk B9 Rt

BRAS S EEOKE ERR/N B ETFLE
AR 1R 45 vk AT B R RS B B SR IR B Y
R A% , e 32 3R 2 T 4% VK I VKO R R R AL N, (7R
ks RN EBS SRR ERR N
i, R T AR AS B T BL S S R T 1 55 UK AT
EE Y. XA 5LREKEREHE. K
B A SCR S5 KR AN AT R RI G 3,
2.2 WMEBAHESN

R 3, e B A VKRR T B FAHLEEE — R
$5-0 FE 45 VKRR OB N6 B RS R E R %5
% 1BESK 2, BAKEBAMEREER
WEEFBH, FTARE—RNBAHERRE
%, FEREHREEHEEGIETI%3, K
B R RA KRR mES.

1=0.75 g/m*1.00 g/m*—+1.25 g/m’

~25 o EkiEs o #vKjE,7=100 s
P AEVKIE,T=300 sV £KJ5E,7=600 s
Y20 Y R

g : :

715 :

2 1o} x\<\45

= os} oo
i) 5 a

200 _

0 TS 10 05 00 05 10 15 20
(@ 8" @5
@IEAKE B UK R RN
D=15 pm — 20 pm - 25 pm

25 o KoL o £kJE,7=100 s
=~ AZEIKIE, T=300 sV ZYK[E,7=600 s
ol [l ittt |
- 201 w2
T 15 : .

Tw :

. 1.0} \ !

= os) \&

s fa? H

1500 . _°

5= 05 00 05 10 15
G (O« 8"+ @m = s))

(b) K ¥ ELAR A0 4 VKB (R 9 2R A
Ts=20C —~ -25°C =~ -30C

25 o Ko o £50KJE,7=100 s
o & R0, T=300 5 7 HOKJE =600 5
e 2.0 Domgn s
b : :
i 3 :
“ 10 %N
S o3 RN
“-‘_‘_5 0.0 ° .

"0 T15 <10 05 00 05 10 15 20
gy (O 7 8 = e )
()RR BE T 25 vk 1) (9 3R 4L

B3 gukat BFHHLEEE — RALRE A R HE RO
AN REE 3T UBEF N, K AR



LR

FEEM, % HIHBER S KGN TR 385

AL BB — AT S A B IR .
KBHERHD=15 pm ¥ KE D=20 pm B}, 5T
EMBEERNENLELT . RARFEH—F TR
M X/KEEEH D=20 pm ¥ KZE D=25 pum &,
mEERNTFEBEENBERNE TR, AR HEE
B rHEaYE. F—PHRRA.X—HUREE
WEAEEEN G KEEHARENTASE. AR
(TRE W, K5 E 2 8 34X 45 vk 2% 1 MR A9
BB HKBEER/DT 20 pm B, KRB E
12 B A b %o &5 vk 3% TEDHLRE B B9 B2 e BT DL B S R
YAKBERLKXF20 pm 6, KHHBEHE KRS
VKR E AR B/ (E 45 KR E AR, BT 4
BEKEHRERET B RBSE KK T KE
HARB /N BEREAE 5 , DA THT (68 B LA BB — 1R A
BMERER MG KITEE M@,
2.3 BEEMBHAIZSHF

A4 A HETHEHANEEHBRADSHARS
VKIFE B A e RS K E AL E E SR A T
FEAR, HEEE S vkEt B R3S M, B SR 1 BEE

L5k

1.0 %2&11‘

w, /(ms™)

100 200 30'0/ 400 500 600
T/8

1.5
- - - TUKAES
...... D:: um
3732%5 o
1.0 1%5&1
£, fEEmEIm St EE et
£
Sosp |FH2
* b 53
}
0.9 s P . -
100 200 300 y 400 500 600
T/8

1.5
-~ LUKER
...... T=-20°C
oy SR
rop s %%I
E] e S LR T R AT L
> 0.5 e
X 1255
f
0.0

100 200 360/ 200 500 600
T/s
(C)FR B IR B A 45 UK B [A] 4L

B4 Sk EFYLEE RN

FH2NAHMERSKEBHKEM, PN ERLE
R [EEHL 3. KFEREXTET RN
BMEEWAMES B — mAAES BT R4
1005 BR52 38 BE F) 2 £ %oh B % 35 A T 3 0 5 i R 4
SREHEESITEEF B
2.4 HRE SRR BRI 5T

WRYEE 5, FE R 45 VKRR T B A HLER 2R KUk
B B BB 45 vk i (8] 4938 b0, B PRE SR T R
B BEKETBEI KB ERRE KL RIF
SR B BT R 3 B8 BT LB 1) 2 XU B BT R

21 Fukisn

~1ql - 1=0.70 g/m’
w 105 7075 é’ma
& gf ——L080gmw

rrrr
ST
e
e

0 45 60 75 90 105 120

30 45 60 75 90 105 120
/s

(bR E MK [ A

s
T 10F ts=—2 C
¥ ——t=25 °C
—et =30 C -

0 45 60 75 90
)R E LK R AL

B5 Skt EFHHUR R R X3 R

3 & it

A 30 S BT S BE B 4 vk B B HL AT B R A
PR Y i B 5L U B, B2 T RAT A BRALYE ADS-33E-
PRF, 3 — 404 T HER 45 vk X B A0 W4T dh R B9
M. WHESTRHA.



386 BRE M ZE M X K ¥ ¥ #H

%43 %

(D) URFHE B AR R S KRB M4
KJE BEFOLRAT B SR, AT LA R R 2 — B 5
BB S50k JE 89 WAT B = EAE

(2) 5vkntEl FREERE BEKEEMEY
KB ERMEFAN KT REE —ER W, B35
B F KB E R KR AN B S WAT &
BFM R A AR m X B SRS L
BRI VK E ARG R T B L TR R
A HEE, 7T LARRSST TRMA LA EES .

2% 30k

[1] Korkan K D, Dadone L, Shaw R J. Performance
degradation of propeller systems due to rime ice ac-
cretion [J). Journal of Aircraft,1984,21(1):44-49.

[2] Miller T L, Korkan K D, Shaw R J. Analytical de-
termination of propeller performance degradation
due to ice accretion [J]. Journal of Aircraft, 1987,
24(11):768-775.

[3] Hemming F J, Randall K B, Thomas H B. Role of
wind tunnels and computer codes in the certificate
and qualification of rotorcraft for flight in forecast
icing[R]. NASA TM-106747,1994.

[4] Ratvasky T P, Ranaudo R J, Barnhart B P, et al.
Development and utility of a piloted flight imulator
for icing effects training[R]. AIAA 2003-22,2003.

[5] Cao Yihua, Chen Ke. Helicopter icing [J]. The
Aeronautical Journal, 201(5, 114(1152); 83-90.

(6] Z=E&, #FA, ¥HBME. AFIEREM BREBUKH
BEBMT]. EFAMBOR, 2008(3) . 78-81.

[7] Flemming R J, Luszcz M T. Incorporation of an em-
pirical icing code in a flight simulator [R]. SAE
Technical Paper Series 2003-01-2104,2003.

(8] Z=EHM, W4 ERLKFEAN T ¥R

HREmI]. AMIE¥M, 2011, 32(2). 187-194.

[9] United States Army Aviation and Missile Command.
ADS-33E-PRF aeronautical design standard, per-
formance specification, handling qualities require-
ments for military rotorcraft [S]. Redstone Arsenal
Alabama: Aviation Engineering Directorate, 2000.

[10] mHRBl. kMR ELZFGTH I CITHEHE
DI db¥: FEMEMRAKEMENFESTEE
B, 2007.

[11] Flemming R J, Lednicer D A. High speed ice accre-
tion on rotorcraft airfoils [R]. NASA CR 3910,
1985.

[12] Shin J, Bond T H. Experimental and computational
ice shapes and resulting drag increase for a NACA
0012 airfoil[R]. NASA TM-105743, 1992.

[13] Korkan K D, Dadone L, Shaw R J. Performance
degradation of helicopter rotor in forward flight due
to ice [J]. Journal of Aircraft, 1985, 22(8): 713-
718.

(14] ZFE%, Y&, $E. EREXEREHFIXEHA
PLEERELmII] EEMEMRKREER,
2010, 36(9): 1034-1037.

[15] Howlett J J. UH-60A black hawk engineering simu-
lation program: volume I—mathematical model
[R]. NASA CR-166309, 1981.

f16] Cao Yihua, Li Guozhi, Yang Qian. Studies of trims,
stability, controllability, and some flying qualities
of a tandem rotor helicopter [J]. Journal of
Aerospace Engineering, 2009, 223(G2): 171-177.

[17] Z=E%, ¥ L%, BE. X EANELHTE RS
EHEBUAESRD]L LEMEMRKEER,
2009,35(1): 74-77.

(18] =EHAu, WX YNAXEANBECTREAPR
[J]. #iZsh %R, 2009, 24(5). 1055-1060.



