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Experimental Investigation and Simple Estimation of Heat Requirement for Anti-Icing

il yuy ! AREp B CIEE T

ASAUMI Norio MIZUNO Masayuki TOMIOKA Yoshihiro

ART BEHE™

KIMURA Shigeo

H i<y #ER%

HYUGAJI Tatsuma

SR —!

SUZUKI Kazuhiro

ABSTRACT

A simple method to quickly estimate the approximate amount of heat necessary to prevent ice accretion on
components of jet engines in cold environments is evaluated. For prevention it is proposed to mount an electrically
heated film on the leading edge of the airfoil surface. The effectiveness of this measure is evaluated for a NACA0013
profile tested in an icing wind tunnel. Super-cooled water is sprayed into the upstream air stream to simulate the
cold environment. Comparison of the experimental results with model calculations revealed that the simple model

overestimates the required amount of heat by about 200%.

Key words : B EIKE, 75K, Bk, (B2 T4, Hfilfn
Supercooled Water Droplets, Icing, Anti-Icing, Heat Transfer Engineering, Contact Angle

1. ®8

ZERH O Y Y g, ERRRROE T TORITH
L EDFEKEEICBITAEAPEEINL 20, =0T
Y ANTROF FH KK E B 720 ORiBRoREE S LI L
%5V, BiBokEEICIE, SiRZEREMNHT2 0%
Be—2E2HCLHERH LD, wWihdbryIvo
Wz AVTFo—-F2FHTL LI D20, BTt
D7D B iR ELBE TR 5 2 LB E
LB,

FHROMEBIRG % 5Lk 3 % 7V & L TMessinger
ETFNTORHOENT WD, BiRICLERBEIZON
T, Messinger® 7V %& W7 BUEFE & EER O LA
bR —F L72ERPH O TV EE0, —, IUi
IR BN WL 7 Bt % il A 1T < ﬁl’ﬂ@‘% yATS)
Messinger® 7V % 0 IRITTAICFIATE S X9 Liﬁ(iﬁ’%
HEL T AP E_INTNWBEY, 7272L, T OW5E
TlX, B—=F A—APRAETLH 7 a7 Hz w5
ZELTWL OGN T3 RS2 v, /2, X
FROGHTIC TR Bk O i % WGIE L 72 3E Tl m % £
MELTHE-TnEY, BEiwBr 5 2 50K Lo
KOZEFZOWTH L K BREN TV R,

JEfR A 20174E 9 H22H
FFE T 2018410H 6 H
* 1 (RIHI
T135-8710 {LHXEM=TH1-1
® 2 AFIITRRAE
T243-0292 JEATT 4K EF1030

AL T, FOFIRRER % Bk L 7288 2 it g s 25K
JEG TRk RER 2 F2hi L 720 BiKD 7201 NEZE 1T -
7o BRI TR b K% E) % R B 912 B L BLG O iR
BATolze 512, BiKICLELBEDTF—7 ZIEL
BRI ORDIN A L 2o Ao 2 BiR TSR 123 L T,
fli Bt L 7= Messinger D=4 E 7))L O F IR B 2 Bk L
720

2. HBREKE
2.1 BKEHF

HIRB L OBIIK/Bok D Feli % FE i3 % BRI 1375 KA
ZEFHES 2 AR O, #H ORI & OKRE 7%
A, AN OIREZ KA T TR TR RN &, R
SRR B B L TR K 2 J8 453 4 i O iE
NEF>TVDIETH B,

Seen from the ovut’let

Fig. 1 Photograph of icing wind tunnel
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Fig. 2 Schematic configuration of experimental model
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Fig. 3 Schematic positions of electric resistance measurement

Trailing edge

Fig. 4 IR photograph of temperature distribution on airfoil surface
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Fig. 5 Comparison of temperatures obtained with IR camera
and thermocouple

3. BIKOHRAEHED/-DDBRETIV

22 OMAAFE T 5 T 3V FONEZI THKIZ 2
HLEZDLBEEFET L209, S0, DTO 320K
EEBEMBIHENTEL LI, O EFEBLL
55, @ PikNEYOREREIL 1 HORTRET S,
@ B EoKOIREREmEF L &3 5,

ZELHR2), (7), 12X 1 PikIZBE L #0m 2 X(ITR
FRIEOBME LTHINTE %,

Qanti-ice = Q1 + Q2 + Q3 — (Q4 + Q5) (1)

22T, Quiicel X BRI B, Qu KiH GEIF
HK) oMo /-0 O #a (Sensible heating), Q%

Al #E (Evaporation), QuKiMOEHEIZE S AT
#im (Kinetic heating), Q=ZEJJM#EIC X 5 A FH &
(Aerodynamic heating) Ta& % (Fig. 6)o Quutiices @1
~ QOBEDHAIIWTH b BELMG)ITIE, Bk
MEEATI0 CHHE T, Q& QsDIEIZ Q1% @5\ H~ At
FICKREWETH 2 2 EDBERAKY I 2L =2 a v D
RRELTRINTVS, UTIZ, AFETOQ ~ Qs
DRI % 7R§002.09,

O KiE GHEHIK) omEoizo#a (Q)

Q= p.water X (Theat — Tamb)
X (LWC x 1073 X V X B X Aprojection)  (2)

ZZT, cowaterFTRDILE (J/kgK), ThealIMELTH D
e (K) THbdo TeldZROMWME (K), LWCIHHK
HREFE (g/md), VIFERBE (m/s) , ApojectionlL A
BoFih~OF M CRIEAtX B 28y ik
B (m?), BIEAKHOHIEE (-) TH5H,

@  FAZEIC X A EE (Q2)
QZ =hX (Theat - Tamb) X Aheat—surface (3)

ZIT, REABEER (W/m?K), AncatsuriacelE MBI
DFEmE (m?) THb,
3 I X B EE (Qs)

THRNR SN T OHETHE L 72,

m _ hvp [ﬂ { Pvw (P V,oo) b1 }]
emax R, T¢ | M, (p1 — Pyw Po /1= DPvw
X Apeat—surface (5)

Me = NeMe max (6)

ZIZT, AIAEFEEE (J/kg), mldFETE R (kg/
S), Memax!TELFH L OW KT R (kg/s), hIIWEIR
EH (m/s) pditE (Pa), RJATZEXRDOT XEE (J/
kgK), TWFEm & £ & OFHEE (K), MAIKDO5H
Fi (kg/mol), M3z D% ¥ & (kg/mol), pvwiz
K FLOKRDOEFIE (Pa), pveld FiL TOKRDERL
(Pa), pold EFMOFHIE (Pa) TH Do prépelliT KA
Ex Tz, F72, AT (ne @ BEERAEIIX 3 2 B
T AR EOEE) 13, S ORETIZEIAH
ThDOKICLEGZBBENRKE & D=1 B0E
L7z,

@ KiHOMLU L D ATHE (Q1)

FMNHE LT 2 KHEOEE T AL F LY 1558E% D,
TR,

Q4 = (LWC x 1073 X V X B X Aprojection) X 0.5 X V. (7)

22T, ValdEFHROWHHE (m/s) THbo
® 2B X 5 ATFEE (Qs)

5% B C ORI BRI X o THAE T A BB OH
WA DUF IR 30000,

Qs =7 X h X V5 X 0.5/pair X Aneat-surface (8)
r=[1-(VE/vi) - pPrm)] (9)

CIT, rEEREoNESR (-), VIEEREART
DR E (m/s) |, Vald ER O T E (m/s), cparld
2R DEELE (J/kgK) Th b BHROYEI1En=1/2,
G DOYE On=1/3% Fl\\ 729, 7, Z2INEh & 4%

Q;:Evaporation
Supercooled Water Droplets b
Q,:Convection

© -Kinetic Heatin Qs:Aerodynamic Heating
Q4:Kinetic Heating yn
|
FLOW OO et T Airfoil

Q,:Sensible Heating
o Heater

Fig. 6 Tllustration of energy transfer around model
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Fig. 7 Visualization of flow over airfoil surface
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Fig. 8 Schematic illustration of thermocouple locations
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Fig. 12 Photograph of clear (a) or iced (b) condition
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Table 1 Experiment Conditions
Condition
TEST NO. [ Amb.Temp (°C)[WIND(m/s)| MVD(pum) [LWC(g/m”"3)
1~4 -8 30 58 28
S5=2112) -8 60 18 0.6
121== 16 -20 30 27 09
177=19 -20 60 18 0.7
Table 2 Comparison of Experiment with Calculation
Experiment Calculation
Thermocouple iced=0 Laminar |Turbulence
TEST NO.| No.1 min(C) clear=1 Power(W) | Power(W) | Power(W)
1 2.1 0 6 B _
2 5.4 1 9 8 13
3 5.7 1 9 8 14
4 8.5 1 11 10 18
5 13 0 5 - -
6 1.4 0 6 E i
7 20 1 7 6 13
8 2.7 1 8 6 14
9 45 1 10 8 18
10 5.6 1l 12 9 20
11 94 1 16 13 29
12 11.1 1 23 14 33
13 2.1 0 10 -
14 2.6 0 12 -
15 6.6 1 14 12 23
16 8.6 1 16 14 25
17 27 0 15 -
18 75 1 17 17 39
19 95 1 19 19 44
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Fig. 14 Relation between temperature and condition of model

surface
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Fig. 15 Water droplets & Water film on model surface
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Fig. 19 Comparison of required heat quantity
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Fig. 20 Ratio of required heat quantity
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