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Heat Transfer Characteristic Investigation of Nacelle Inlet Hot Air

Anti-icing System

QIN Na, FENG Lijuan, YIN Jinge, ZHENG Mei
(AECC Commercial Aircraft Engine Co.,Ltd., Shanghai 200241, China)

Abstract: To investigate the influence of design parameters of anti-icing chamber of hot air anti-icing systems
of piccolo tube on heat transfer characteristics of inlet lip skin, coupled simulation of internal and external flow
of anti-icing chamber and solid domain under different parameters are conducted. The impact of different
design parameters such as hole diameter, vertical distance between holes and lip skin on temperature,
convection heat transfer coefficient and Nusselt (Nu) number distribution of inlet lip skin lower surface are
obtained. The results show that while the values of hole diameter and vertical distance between holes and lip
skin are within a certain range, the temperature of inlet lip skin and convection heat transfer coefficient increase
with the increase of jet hole diameter and with the decrease of distance between middle row holes and lip skin.
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Table 1 Design parameter composition of different anti—

icing chamber configurations
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Fig.3 Curves selected on lip skin

1.2 HEME

K F ICEM AR X 3= 1 78 9 44 8 1~44
Y6 14 #E S B UK BT R AT RS ) 43, A
JIL 6 2 S5 AL Ak TR A 2 O A X 3 i A AR I
Y i K D98 T 1 5 B A

R TR A RS A A R R [ A SR b
LI R PR T A A S R, R T
THE A ASE AU ST 5 B PN TET ) X T 40 AR, o [ ¢
TET SR TET J22 0 T 04T T R 5 o Ak B R T R 5 —
JZ WS 15 249 9 0.001 mm, {5 31E B 1 X TG 49 32
[ BB+ 5 0t AR AL AH IS . . Tl 4.5 4 B ER
TE 7 VK s S0 T SR 9 R R BT KO P B A . 6 4
S5 R Ak O AE (0 s T RE XA B 0.45 DL b BER
% B A% 2 R 1200 J5 A4, R B 5E BT 99 4% G 5%
PE B 553

4 By oK M it 0 s

Fig.4 Grid of eternal fluid zone of anti-icing chamber

PS5 oK P 1 A

Fig.5 Grid of internal fluid zone of anti-icing chamber

1.3 BR&EH

K Fluent #E 47 b7 vk Ji P9 81 38 388 0 4% 468 )
A TR R AR ENT .

(DS GHRFLE R A 5, A H ik
JE 710 241 kPa, i 4 555 K.

(2) B 48 48 BE Sy JC iy % 10 IR BE T, 3F <03 A
Zx 0 N AR X R RS RE T

(3) Fh It 3 1) o It kA Ma o 0.427 , 5K it i
J# R 263.5 Ko

(4) Fh 3t 48 F0 P 38 38K 19 79 000 g T 34 Sy X R TR
AP Iy i R T

(S) KU A 3 1 i 5

(6) P &ML 3 r (9 AR 35 o AR T A4 35
MOBHE AR A 4

o WO B IR S BRI S 8RR Y BE L
SRR T S B UK R G 0 5 B vk T A A

T, 5 % B BRI AT ko
SST HBERY 155 2 A v W) B W 4 U 4 % 2 il £k
B THI I B LA R S 3 AL o O A S 00 AR AR i
B R T S S5 4 T AR 4

2 EBIEIE

e ) 2 e iR B (R 2 1) gl B 45 R 5
SIS A D7 BT RAS SR AT X e A, USR5
TERA R B6H T T Z2=0.03 m #i £ 1Yk
BE A3 A xd e 25 e o R 1R 6 nT - () ELAE SR AN I 25
R 5 Bz 3 iR L I3 A A2 A B — B i 4R R
JEE VA (LA 5¢ B2 T T, 33X S T o ol 9L R R
R XA T 5 B T AR o 58RI Y
7 R AN B 22 S B e R 2205 °C



%2

ZE WA SR A A

LTI R G 5 -

5¢ B I 2 T E 1A 07 R0 H0 AR 0 KO 22 S A G
BR, BRZEFZ16°Co i TARCFECEMN R
Bl oK BT 2 O nfr ot S 98 R s DX I £ B A
SR, LA BB BT R 5 IR R S E T R W
Corfr ot S5 30 A 0 DX 0 9L 2 A 45 2R H A — 2 B9 T
FEME . R T O A SO B R S E R

T,+140 |

T+120 -

5 T,+100 |-
=~

T,+80 -

T4+60

-1.10 -1.05 -1.00 -0.95 -0.90
X/m

Bl6 5 0 L BE 4 R X L
Fig.6 Comparison of experimental and simulated tempera-

ture results

3 BERESH

3.1 SRILEREm

R 5 4 80 1~ 3 4 P8 A0 G f8 A O L H 5D, 58 iR
T AR SR L E AR (dy dy o dy) 2540 R i< GE 52
P 3 THT ) I BE 4 A AL BOREVE 2 A B R L o

[ 7 S A TR) 5 9 AL B AR 2R AT B UK PO 3R
16 Z=0.03 m V1l b iy BE = & . BB 7 ) 7R
PR 1~3 4500, o Tk v s S0 D5 O LA T i
SRR O IR BN E R B . BRCHE AR UK IS 8 R
il 2 AN T 4 W 3 S 0 v R, S U 1) 9 RN B AR B
TRl 1T R RN EE RIS A P N 0 W N B
i T B EARCTE 5 N RS VR SR B Y
JEHOHE B BT W BE 3t 3 o

v/(mes")

B 7 B vk N TIAE Z =0.03 m V- 1fi b 1 3 =< [
Fig.7 Velocity contours on plane of Z=0.03 m of

anti-icing chamber internal fluid zone

AN TR 58 3L FL AR A% 1R T O 5 R R I Y it
JE 3 A A&l 8 BT 7 o DAIRL 8l - Bl A A R AL BLAR
M dy o 3 2, 3T 52 B AR T R B R R 5 T
o B AN RS AL EAR SR MF RIS N, Z=0 m . Z=
0.03 m Ml Z=—0.03 m fh 4l B (22 A0 155 B 4 15T 9
7R o P9 AT LA - A [ 560 L AR A5 1E T Y

2k bR AR fE B I AR — B0, 3 Al 4k B iR
JEE A B 2 S FL B AR B 8 W B i B oK s 2=
—0.03 m 1 Z=0.03 m M £ b W & 0I5 5 Ig{E

. IS |
/K

o N

P8 AR AL E AR T HE I 52 5 P9 3R 1 (B 431 2 PR
Fig.8 Temperature distribution contours on inner surface of

inlet lip skin under different hole diameters

T+120f

M
&
T+60[
T —
Y110 -105 -1.00 -095 -0.90
X/m
(a) Z=0.03 m
le
T+120F d,
M
~
TA+60f
T - S
110 -1.05 -1.00 -0.95 -0.90
X/m
(b) Z=0 m
T,+120
M
&~
T+60
T;J L 1 1 f
“1.10 -1.05 -1.00 -095 —0.90
X/m
(c) Z=-0.03 m
E9 ARGHHEFLERT Z=0.03m.Z=0m M Z=—0.03m
£ 1 L R AR b

Fig.9 Temperature variation on curves of Z=0.03 m .Z=

0 m A1 Z=—0.03 m under different hole diameters



278 o

2O =

PPN % 55 %

Wit ST T L) T ek R 0 R ) G e K, i)
i T,+60 K.T,+100 K# & T,+ 140 K; 7£ Z=0 m
Mgk B,Y X —11~—1 m B, 38 Bl iR X
S, WA SR IR AL AR S, e i DX S 2
Sy To+50 K. T,+95 K & T,+127 K.,

AN TR) S 30 L AR S AR i 5 R 3R Y )
Uit B B Z B A 1 43 A A0 N 43 A 10,11 f
Ro MR DL Y 5 K SR b R I e AR R
BN N #1052 B0 S5 R B 1 43 A, 3 A4 S 3t L 93
i B B A7 B AL 1 X 3 A T R BORN N B K, L3S
TLBE A R, BE S N7 B R, xR
ek Z BT Nae i B0 12 87 6/

s J

S HEE A P oS R T E) )

d,

I TR) S5 O AL B A T A 58 Bz P A THT 40 R A K
ARG = A

Heat transfer coefficient distribution contours on inner

& 10

Fig.10

surface of inlet lip skin under different hole diameters

«

P R[Sl B T I 52 5 R T N A = K]

Fig.11 Nu distribution contours on inner surface of inlet lip

| L D
Ni

u
d

skin under different hole diameters

PN R S 3 AL B AR 2 1 T 5 B 3% 1 4 i <
BF 83 2R b 6] I 4 A R B0AE K R N A2 Ak 4n 5]
12 13 Fin o MR 12 13 0] %0« 5 37 48 o7 0 o5 5% 2%
B S I e B R BORN N 5 0% IR R AR Ak # BF 0
B A A 1 X6 i 4 IR BOR Nu B K, A I 0 A
o Rt 2R 0 A g S Y B R, X R
e B F2 BOR Nu 3 8080/ o BE A& I AL B AR i 3
T, 3 450 A 2 b 1 E AT 52 R 3R T A 0T I 46 A
FBURN Nu Y28 i 38 K, H 5 i Ab i 38 i fe K Bl
EWHRALERH d LI E dy, DHFFLIE S E L
A X6 3 J B 2R B R 0.140h, . 0.35A, 38 % 0.57h,,
Nu WA H1 0.1Nu, . 0.32Nuy 3 2 0.68Nu, , H 1] FL 4%
RO ZR LR N e AR R B AR R 0.27h, .0.6R 3 &
1.05hy, Nu W 1 0.18Nu, . 0.54Nu, 4 % 1.18Nu,,
T HEFL G A% S A R I B R B F 0.06,
0.165h, 34 % 0.31h,, Nu W18 H1 0.06 Nu, . 0.16 Nu, 3
£ 0.36Nu,, Ut W B & 5 it fL B AR 1380, 58 je 3k

T A7 DI RS P 3 3 A Ko 9 B o ) 2 e B SR
M . 5 T2, ko FT Nuy 53 591 R A 3C R X i
T B 22 BRI N 53 591358 78 19 v 50(E .

e,

_°_dz

\ fr*

B/ (W (m’*K)")

(a) Upper row hole Z/m

N '

— p4 e dl

- 1 ¢ 4
g " i a

s ‘ '

— s !

= i

(b) Middle row hole Z/m
—d,
—_— dz

_._d3

B/ (W e (m’* K)Y)

(c) Lower row hole “m

P12 NIRRT AL AR AR S B s e 2k b A X O 46
MERHE
Fig.12 Heat transfer coefficient distribution contours on im-
pingement stagnation lines under different hole di-
ameters

_°_d1
= ——d,

Z/m

(b) Middle row hole



%2

ZOURLAF SR A

LTI R G 5 V70

Nu

_._dl
—ed

—e—d.

Y

— N

Z/m
(c) Lower row hole

P13 AN [ S L AR 26 T S O 0 i B A B B OR
Btk

Fig.13  Nu distribution contour on inner surface of inlet lip

skin under different hole diameters on impingement

stagnation lines under different hole diameters

3.2 HRALEHESEROEBSNZIE

(&l 14 Sy #6789 3~6 119 (v ] HE G 0 L 2 s 11 3R
BRI A H, (H, H,  Hy) i SUIE 587 38 T /Y IR B2
S BEE S RALEE OBk, 2=
0 m.Z=0.03 m fl Z=—0.03 m £k |- /01 (5 78
NG B AN 15 Br7s o DAL 14 (15 7] 11 : B 4 v ) HE
S LB B AT R AR B H, H, H I E
H,, iF =3B 52 Bz 2 10 R B A BT, 2=0.03 m il
2 L RIREEAE B T,477 K. T,+94 K, T,+
103 K## % T,+112 K,Z=—0.03 m fh £ I 1)
WA 2 9l T,476 K. T,+93 K, T,+103 K14 &
T, +107 K, Z=0 m f1 £k I (9 /=5 i X3k 1) °F ¥ 38
Iy 9 T,+58 K, T,+82 K, T,+90 K # & T,+
93 K.,

v (] HE S 3 L 3 i AT R TR (AR R AR 1
T, EACIE 5 R T 06T 4 A R B0 A RS FE R
By AR W 16 i o Fi B 16 0] LU < B 25 b ] HE
S ALBN 52 B R EE B B H, H, JHLU R Hy 58 5
FE T )T I A P R ORI N B S 3K e R 5
B 2% T B B a5 A AL

i ) HE L S 4 o O U SR A 6 T R AR R
BeAs A A Na A8 AL A0 P17 B s o Bt 25 b 180 HE 5 3
LB S RmE & H, Hy JHIRE H, E2 1
Xof i 48 T FR HIORN 5% B JR B AT BT 1S I, B Ak v i
1B 58 R B K, B Ak B X R e B R B0 A R

|~ N

PR 14 vl 1 AL AL 0 A R 1A R BE AR R R R
18 5¢ B2 A 3R TR 70 A 2 [
Fig.14 Temperature distribution contours on inner surface
of inlet lip skin under different distances between

middle row holes and inlet inner surface

T,+80F
M
&
T, +401
T,r
-1.10 -1.05 -1.00 -095 -0.90
X/m
(a) Z=0.03 m
T,+80
M
&~
T,+40
T‘O -
-1.10 -1.05 -1.00 -0.95 -0.90
X/m
(b) Z=0 m
T,+801
¥
S

T,+40f

-1.10 -1.05 -1.00 -0.95 -0.90
X/m
(¢) Z=0.03 m

P15 v [l 5 g AL 20 I 3R RN R B S AR R 2=
0.03m.Z=0mf Z=—0.03 m {1 £k I 19 5 A5 1k
Fig.15 Temperature variation on curves of Z=0.03 m, Z=
0 m and Z=—0.03 m under different distances be-

tween middle row holes and inlet inner surface

0.55h.0.82hy . 1.05h, F Wi 14 %5 1.64h,, 5 540 1 Nu
U {8 FH 0.68Nu,. 0.94 Nuy . 1.18 Nu, 3% #i 3 %= 1.8
Nuo, A 5 3 AL 21 15 <38 Ay 2k 2 100 05 35 H 6 52 7
T A A 1 A A R B ) K B IR T
(0 155 5 O B L T O R G B B HOX
e P FR B 5 ) TR DR S AR AR TC R . SOk
R e M = W R A N S B T T
XoF 3 49 3R FR BRI 46 BRSO AT i 8, 52 g 0 v
SPF AT R A ) A R R B R e K, 5 B 3R 1T I
BT .



280 [ S R /| R NS = =

555 4%

Surface heat transfer coefficient/(w/(m’ + k) ')

TC
<

16 )G AL s 1R [ BE B 4 1R R R 5 K
ESE 3 /&
Fig.16 Parameters distribution contours on inner surface of
inlet lip skin under different distances between mid-

dle row holes and inlet inner surface

2 i
o I} ]
& ' 1t H
; i it H,
: ! i
~ +l - H,
< ol
& 1
i :
(@ h Z/m
2 3
1
i
A | ——5,
il N———1"x
4 ‘ H
1 ot ?
« g
i
(b) Nu Z/m

310 WA 151 2 2875 e e 21 = m 7 N i E= 2 N T R
i o g R 2 bl 1R AR R Al
Fig.17 Heat transfer characteristic distribution variation on
impingement stagnation lines under different distanc-

es between middle row holes and inlet inner surface

3.3 HEGEREZBEXAXHXILL
Matin 3 i #F ¢ 38 45 f9 5L 2 e 24 R 80
SR G R

[ RN d\d

2Re0-°(1+ 2?)0 ) (1—1.1)
r r

P (1)

Nu=—

H d
1+0.1|——6|—
N (d )r

A H/d LB v m RS S EARN
8 5 r 4 I B B3R LA o0 B9 AR el BE B Pr o 3 B

SR (D) E BB R 2<<H/d<<12,2.5<r/d<
7.5,2 000<<Re<<40 000,

Goldstein 8 7 fy B AL oo 569 0 1 7 2 40 B R
P

24 — E*775
y .

Nu= Re"™ (2)

1.285

-
533 + 44| —
)

K (2)RYIE B A : 2<H/d<<12,61 000<<
Re<<124 000,

BEXT AL AL 10 b ) HE S A AL, A AL S B8
HAREBSEANT : H/d=15,Re=85 000, ¥ A
T AL 1 25 AT o 1] HE S5 0 FL X 1 52 e 3% T SF-
Nu oy 5 450 0 VAT A8 21 an 18 Fis
M. MWEITRTLUE W A S B 4531 5 Gold-
stein 250 KRB AW A L BEE 193N, 73 Nu
IR EOH [R] ) A8 Ak 3

90
80T

—— A% R

r/ mm
18 FM 1 4 T2 Nu iy B 45 5 486 40 U5 [
18 Comparison of average Nusselt number between sim-

ulation results of configurationl and formula

BRSSO B 5 X0 G A A % 2 TH o it AT,
{2 By K s ¥ 28U 1 v a]HE S L B S ) i
o R A I AR R 907, b Sl T X S 9 L o o 4 24
RBUAT A B RN AT LA SRR ) e e R4y
A AT X LS B R 1 R Y H/ d s OB ) Gold-
stein £ 55 A 2 H/d 1938 A3 L {2 Goldstein £
WA Reidi UYL S8 1 — 20, e R B A
B WAt . A SCrh py B R B R S
SEAR H/ d 15 A AT i b 0 46 R R 8000 A 32
2%,

4 & &

AR LS A 1 CTE TR A Bl 0K R G O BIF 5T
G AT T AR B oK BT E 2 80T S8 ALY b i 4
TS UK T N SN R G O ESUL B A
FLALAR o 0 55 3t FL 2 kU 2% 2 TR B R H A
PEACE R F AT HOR S F5¢ R T R ) e ks



%2

Z R, A A R SGE PR KR Gl R PRI S 281

PR EAT T HESE 15 1 LUT 4598

(1) BE & 0 FL B AR B 3 R, B 58 B SR 1
IR JEE A 3 TR, 5 B A SR T A DT P I B X
e BRI R 2 A EROCR A

(2) Bt 25 39 i AL B k0 R 10 A B S 02 W
JAN A 5 R A T EE T A 0 e i X SR
B S I, 53¢ Bz 2 THT SRS 3L B 07 140 00 O 5 A R
8% B IR BT A 8, R A X O 45 B4R B2 3 o

(3) 38 1 5 3055 45 R A 22 565 A S X He, 7T LA
Tl R D7 B B AR B A MR AR B A 4R AL
A —E B R EETE

(4)38 iP5 BLA5 RIS A SHOT MR WA
B1s K 28 G0 1) A BACRE A A0 R BT D R P RE A A, X
i Bl7 7K 2 G DA B A B R S

S E Wk

(1] AR5, NI, BB, 5. CHLE K S By kAR

(ML B 50 G52SR K7 Hh idt, 2016.
LIN Guiping, BU Xueqin, SHEN Xiaobin, et al. Air-
craft icing and anti-icing technology[ M ]. Beijing: Bei-
jing University of Aeronautics and Astronautics Press
2016.

[2] MARTIN H . Heat and mass transfer between imping-
ing gas jets and solid surfaces[J]. Advances in Heat
Transfer, 1977, 13:1-60.

[3] GOLDSTEIN R J, BEHBAHANI A 1,
MANN K K. Streamwise distribution of the recovery

HEPPEL-

factor and the local heat transfer coefficient to an im-
pinging circular air jet [J]. International Journal of
Heat & Mass Transfer, 1986, 29(8):1227-1235.

(4] METZGER D E. Impingement cooling of concave sur-
faces with lines of circular air jets[J]. Journal of Engi-
neering for Gas Turbines & Power, 1969, 91(3) :
149-158.

[5] TAWFEK A A. Heat transfer studies of the oblique
impingement of round jets upon a curved surface [J].
Heat and Mass Transfer, 2002,38(6) :467-475.

[6] PAPADAKIS M, WONG S H, YEONG H W, et

al. Parametric investigation of a bleed air ice protection

[7]

[8]

[9]

[11]

[12]

[14]

system[ C]// Proceedings of ATAA Aerospace Scienc-
es Meeting & Exhibit. [S.1.]: ATAA, 2007.
WRIGHT W B. An evaluation of jet impingement
heat transfer correlations for piccolo tube application
[C]// Proceedings of the 42nd ATAA Aerospace Sci-
ences Meeting and Exhibit. [S.1.]: American Institute
of Aeronautics and Astronautics, 2004.
PLANQUART P, BORRE G V, BUCHLIN J M.
Experimental and numerical optimization of a wing
leading edge hot air anti-icing system [ C]//Proceed-
ings of the 43rd Aerospace Sciences Meeting and Ex-
hibit. Reno, Nevada: [s.n.], 2005.

PELLISSIER M P C, HABASHI W G, PUEYO A.
Optimaiztion via FENSAP-ICE of aircraft hot-air anti-
icing systems [J]. Journal of Aircraft, 2012, 48(1) :
265-276..

RIGBY D. Numerical investigation of hole pattern ef-
fect on piccolo tube anti-icing [C]// Proceedings of
ATAA Aerospace Sciences Meeting & Exhibit. [S.
1.]: ATAA, 2013.

R R IR IR kIR A T [T ] 7L
iz, 2017(3) : 25-28.

WU Xuefeng, LI Rongjia, ZhANG Dalin. Theoptimiza-
tion of hotairanti-icing chamber design[J].Jiangsu Avi-
ation, 2017(3) : 25-28.

J B RRIESE A B S BEERID]. M
A B R LR K%, 2010,

ZHOU Yulie. Optimal design and numerical simula-
tion of the hot air cavity structure [ D ]. Nanjing: Nai-
jing University of Aeronautics and Astronautics, 2010.
I, bIEE LRGP A PSS B0 e
M sE[I]. 2 B 154, 2014, 32(6) : 848-853.
PENG Long, BU Xueqin, LIN Guiping, et al. The
impact study of the hot air cavity structure parameters
on performance[J]. Acta Aerodynamica Sinica, 2014,
32(6):848-853.

T R FHLE SRR S  B UK RE AT S D .
AL P AU A R R, 2013,

MA Hui. Investigation of engine composite guide
vanes on anti-icing performance[D]. Nanjing: Naijing

University of Aeronautics and Astronautics, 2013.



