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Numerical investigation of influence of two-dimensional
convergent and divergent nozzle’s design

parameters on infrared characteristics

SHI Xiaojuan, JI Honghu

(Jiangsu Province Key Laboratory of Aerospace Power System,
College of Energy and Power Engineering,
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: The computational cases of infrared radiation (IR) characteristics of exhaust
system were designed using the orthogonal experiment design method. The influences of ge-
ometric parameters on IR characteristics of two-dimensional exhaust system were investiga-
ted. The geometric parameters studied included throat width to height ratio, throat radius
ratio, convergent half angle and divergent half angle of two-dimensional convergent and di-
vergent (2D-CD) nozzle. The sensitivity analysis of the four geometric parameters was per-
formed. Results showed that the divergent half angle was the widest parameter that influ-
enced the spatial range of IR characteristics of 2D exhaust system. The convergent half angle
mainly influenced IR characteristics within the range of 10°—30° in the tail direction. The
throat width to height ratio mainly influenced the IR characteristics of 0° in the positive tail
direction and 90° in the lateral direction. The throat radius ratio had little influence on the IR

characteristics. The main influence parameters of IR characteristics in different directions of

s B H#:2019-12-02
EZE B AT 0 /ME (1982 —) oA YU L 1L TN TS R B HLLL AR S+ RIS .
S| AR it /N E . ooy B BT S RO LD MR AE R R A B B g0 ], A 8 12 4. 2020, 35(5) 1 944-955. SHI Xiao-

juan,JI Honghu. Numerical investigation of influence of two-dimensional convergent and divergent nozzle’s design param-

eters on infrared characteristics[J]. Journal of Aerospace Power,2020,35(5) ;:944-955.
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2D exhaust system were different. The most important influence parameter in the direction

of 0° was throat width to height ratio. The most important influence parameters in the direc-

tion of 90° were divergent half angle and throat width to height ratio.

Key words:

two-dimensional convergent and divergent nozzle;

infrared radiation characteristics; orthogonal experiment;

sensitivity analysis; geometric parameters
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Fig. 1 Geometric model of 2D-CD exhaust system
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Table 1 Factors and levels of 2D-CD nozzle’s
design parameters
wit&%
FIKF

R, R./R; /) BO
1 4. 24 0 38.42 3.24
2 3.49 0.2 45 9
3 5 0.1 25 15
4 6 0.3 15 2

®2 ETEXHBRENZ TR BEEG&T

Table 2 Computational cases of 2D-CD nozzle based on orthogonal experiment design method

HA R4 Bt 24
FE R, R, /Ry a/ () B/ =p]|
1 4,24 0 38. 42 3.24 K- 1
2 4. 24 0.2 45 9 IR 2
3 4,24 0.1 25 15 K- 3
4 4,24 0.3 15 2 K- 4
5 3.49 0 45 15 K- 4
6 3.49 0.2 38. 42 2 K3
7 3.49 0.1 15 3.24 K- 2
8 3.49 0.3 25 9 K- 1
9 5 0 25 2 K- 2
10 5 0.2 15 15 KF- 1
11 5 0.1 38. 42 9 K- 4
12 5 0.3 45 3.24 K- 3
13 6 0 15 9 K- 3
14 6 0.2 25 3.24 K- 4
15 6 0.1 45 2 KF- 1
16 6 0.3 38.42 15 K 2
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exhaust system
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Table 4 Direct analysis of influence of nozzle’s design parameters to IR characteristics in the direction of §=0° and ¢=10°

HS A% it 5% £ SR
o R, R./R: /(") B/ % (4] Iy I

1 4.24 0 38. 42 3.24 KF 1 0.82114 0.48387
2 424 0.2 15 9 K2 0. 75057 0.67155
3 4.24 0.1 25 15 K3 0. 75256 0.57839
4 4,24 0.3 15 2 IKF 4 0.73969 0.3091
5 3.49 0 45 15 IKF 4 0.8154 0.65981
6 3. 49 0.2 38. 42 2 K3 0.72373 0.38186
7 3. 49 0.1 15 3. 24 K2 0. 80635 0.38735
8 3. 49 0.3 25 9 KF 1 0.81581 0. 60356
9 5 0 25 2 K2 0. 67868 0.3728
10 5 0.2 15 15 K1 0.73839 0.44591
11 5 0.1 38.42 9 IKF 4 0.74294 0.58736
12 5 0.3 15 3. 24 A3 0. 6867 0.50495
13 6 0 15 9 K3 0.68128 0.51941
14 6 0.2 25 3.24 IKF 4 0.6893 0.44147
15 6 0.1 45 2 K1 0. 706 34 0.43141
16 6 0.3 38. 42 15 K2 0.58408 0.60462

K,  3.06395 2.9965 2.87188  3.00349  3.08167

K, 3.16128  2.90198  2.95901 2.9906 2.81968

K, 2.84672  3.00818  2.93635  2.89043  2.84427

K, 2.661 2.82629 2.96571 2.84844 2.98734

I— ki 0.76599 0.74913 0.71797 0. 75087 0.77042

k. 0.79032 0.7255 0.73975  0.74765  0.70492

k. 0.71168  0.75205  0.73409  0.72261  0.71107

k. 0.66525  0.70657  0.74143  0.71211  0.74683

R 0.12507 0.04547 0.02346 0.03876 0.0655

K, 2.04292  2.03588 2.0577 1.81763  1.96475

K, 2.03258 1.94079  2.26771 2.38189  2.03632

K, 1.91102 1. 98451 1.99622  2.28873 1.9846

K, 1.99689  2.02223 1.66177 1.49516  1.99773

7¢:10‘ k1 0.51073 0.50897 0.51443 0.45441 0.49119

B, 0.50814 0.4852 0.56693  0.59547  0.50908

By 0.47775  0.49613  0.49905  0.57218  0.49615

ky 0.49922 0.50556 0.41544 0.37379 0.49943

R 0.03297 0.02377 0.15149 0.22168 0.01789
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Fig. 8 Influence of geometric parameters on IR characteristics of 2D exhaust system
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Table S Sample points of dimensionless radiation intensity in the opposite direction of 2D exhaust system

HS£2% - - - - _ _ - _ _ -
e 0=0°" I.;,f 10° I.,rza“ I(,,f.'so” I¢*6(J° I¢*f>()° Iofl(f Iafzw Iﬂ*.iﬁf Iﬂfs(f Iofm)”
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1 0.82114 0.48387 0.25273 0.23624 0.20525 0.11457 0.6067 0.33902 0.21459 0.12359 0.08981

2 0.75057 0.67155 0.24161 0.24045 0.16079 0.10426 0.68198 0.43731 0.24679 0.15676 0.10599

3 0.75256 0.57839 0.24384 0.21684 0.13812 0.09131 0.63828 0.38634 0.23553 0.16138 0.12319

4 0.73969 0.3091 0.22195 0.23604 0.19609 0.11297 0.50817 0.19994 0.17670 0.14833 0.08749

5 0.8154 0.65981 0.24381 0.25633 0.1341 0.09227 0.681 0.43979 0.24527 0.17676 0.12153

6 0.72373 0.38186 0.26874 0.29547 0.23781 0.11393 0.55696 0.24407 0.21031 0.18329 0.09128

7 0.80635 0.38735 0.21628 0.21692 0.18208 0.11179 0.53174 0.1951 0.17145 0.13798 0.08868
8 0.81581 0.60356 0.26601 0.19851 0.15442 0.09849 0.63789 0.32782 0.22688 0.1412 0.10868
9 0.67868 0.3728 0.22544 0.23313 0.20995 0.11835 0.57139 0.26735 0.19829 0.14454 0.08522
10 0.73839 0.44591 0.20032 0.14974 0.13797 0.09323 0.60768 0.3671 0.22678 0.15258 0.11779
11 0.74294 0.58736 0.24023 0.22759 0.14493 0.10677 0.64914 0.42924 0.24417 0.15003 0.10069
12 0.6867 0.50495 0.25635 0.22092 0.20928 0.11857 0.62438 0.36586 0.22969 0.13647 0.08957
13 0.68128 0.51941 0.22018 0.16262 0.17652 0.11290 0.60674 0.38248 0.21388 0.1482 0.09392
14 0.6893 0.44147 0.23205 0.19023 0.18227 0.12203 0.60512 0.35801 0.20182 0.12299 0.08413
15 0.70634 0.43141 0.22761 0.2395 0.20174 0.11929 0.59251 0.35918 0.23143 0.15348 0.08661
16 0.58408 0.60462 0.24295 0.25368 0.13992 0.10192 0.64562 0.47035 0.28028 0.16845 0.11163

=
=

Q |:|I

RS

'x:x :%

N

SIS
el
-

Q

[ Ja
L IR,
[ Ir-s
[
-
0

5 10 15 20 25 30

\
=
Q

of

2

=
B

R"I-RW/RS

n

]

N |
]
RN

10 15 20 25 30

1, (ST I3 /% I JEWITTSY /%
B9 JLASH I)— o SEMT Y Pareto & 10 JULASET oo W Pareto [
Fig. 9 Pareto chart of influence of geometric Fig. 10 Pareto chart of influence of geometric

parameters to IU,w parameters to Igs,mv



5590 I TRANY & K vl L

B2 B0 £ MR AIE 52 1 1 B (BT 50 953

0 5 10 15 20 25 30
20s SN 43 /%
B 11 JLASE [, Y Pareto &
Fig. 11 Pareto chart of influence of geometric

parameters to ;-

0 5 10 15 20 25 30
I TT 53 /%

Bl 12 JUZSH0 1,—s0 5 W Pareto &
Fig. 12 Pareto chart of influence of geometric

parameters to I;—s

|

I

[’

I -

[ IR,

- -

[ Jop

-

m:

0 5 10 15 20 25 30
I FEM T I3 /%

13 JUSHO -0 5% M 1Y Pareto
Fig. 13 Pareto chart of influence of geometric

parameters to I,

| |8
B
B -,
ﬁZ
|
D Rﬂ-a
M =
W=z
[ |R/RB
!! RRG

5 10 15 20 25 30 35 40 45 50
I, oo SEWTT S /%

B 14 JLTSE5F 1o 5 M Y Pareto &

Fig. 14 Pareto chart of influence of geometric

parameters to I,—g

| B

_/3

_ a
R-RJR
a” w8

I - -

[ Jr«

I

E!!F1Q/R{a

al
0

5 10 15 20 25 30
ST 43 /%

(-):ll)

B 15 JLT S8 I— 10 B2 Pareto &

Fig. 15 Pareto chart of influence of geometric

parameters to Iy—jo

I
|

ﬂl

[ e
[a-p
B
0

5 10 15 20 25 30
I ST 5 /%

6=20°

K 16 JLT S BT 1- 00 2B Pareto

Fig. 16 Pareto chart of influence of geometric

parameters to Iy—so



%35 %

R

R-R /R

a w8

10 15 20 25 30
Ly M T3 /%

[zl 17 ﬂdqé%ﬁx‘] Iu—:so“%zﬂﬂ E'(J Pareto IZ]
Fig. 17 Pareto chart of influence of geometric

parameters to Ij—s

I

! |R-RR,

L E

I

I

[ |rR

N -

I:\R\\/Rx'ﬁ

I:IR“-OC

m.

0 5 10 15 20 25 30
1, SEMI T3 /%

6=60°

B 18 JLI S B I— s 52 1Y Pareto
Fig. 18 Pareto chart of influence of geometric

parameters to Iy—go

0 5 10 15 20 25 30 35 40 45 50
Iy SEMTT 53 /%
[Zl 19 JL@%%%ZX»J Io—sm“ %ﬁ ﬂ['n] E/‘J Pareto
Fig. 19 Pareto chart of influence of geometric

parameters to I;—go

TR

AR SCAE M T LR RS O IS A TR g
AR A AR R R AN AR L SR Y OE A R T
T T ZOnHER R G T AN R S R S
BRSO B BT B T oo i e A IR O
Fb R, MEFBI I 42 b Ry /Rs LS o AP
TKF A B A S BON HEUR G L1 AN SRR AE 5 e B
BRI . ZeT .

D BRI E Tk /A p R m ot HER R
BE L1 AN R AIE 25 1] 90 1B B 98 1 2 880 78 i 1
111 AN TR J5 1] 9 21 5 8 SRR A BE 2 B 1 /)N T Uk
JIN S BE AR DN TR K 5 A7 A 5 1) b 2141 S R A B
BRI K N B A o T E R R )
10°~30° i [l 19 21 S48 5 21 AN 4R S AR IE B
P U /N T R /0 5 I 8 5 5 e R, 32 52 A IE R )
O 17 90° J [w (14 £1 &1 48 5 . 0° 1 2% 141 #4€ I 1hp
90°J7 ] Y 21 /1 5 32 Bl 5 R 14 3 K 0 /)N
T B TR 90° 5 1) A 41 A0 e B AR AE B R, B
YR/ IN T /0N 5 W 350 2R TG 22 4% L R, /R X 21 40 4 5
FR 52 I 70N

2) ZIuHER RGN R Ty 1] b 21 A5 S R AR
) e B 52 SO R 1E Bl 0° 7 ) b i) i
FEHWSHOZ R R W 10°T7 1 R FEE
e 2 K5 Hi 5% ) A% B2 KON HE P 2 B A o ) 90°
J7 1) b0 fe 3B 5 WA S B R T R EE KN HE I
& BHR,.,

S 3R :

[1] CAPONE F ]. The nonaxisymmetric nozzle; it is for real
[R]. ATAA 79-1810,1979.

[2] Zefmng Nk, BE T (2. ooy e M o £t 5t 5
WEFELT]. itz & 3. 1995.21(4) . 8-13.

JI Heming., LEI Yubing, SHAO Wanren. Concept design
and experimental study of the 2D-CD nozzle[ ]J]. Aero-
engine, 1995,21(4) :8-13. (in Chinese)

[3] Meska, 2% M RS pLE LML 754 95 46 Tl K%
i AL, 2005.

L4 bW CR— Bt ay s Lk B L) ], A2 3
71,2018(2) .67-71.

JI Honghu. Fundamental issues of aircra{t/engine integra-
tion for low observability[ J]. Aerospace Power,2018(2) :
67-71. (in Chinese)

[5] ABELA, 4 3o, b BB, 55, ZJ0 K WA N AN IR 3 BUME
RS BB AL ] i B2 R, 2012(1) 1 45-48.
DENG Hongwei, JIN Wendong, YE Liuzeng, et al. Numer-
ical simulation of two-dimensional nozzle and analysis of its

stealth technology[ ]J]. Aeronautical Science and Technolo-



5

il /N4 4 - Z T A BE TS B0 LT AN R 1R 9 BB BT 5 955

L6]

7]

[10]

[11]

[12]

[13]

[14]

gy,2012(1) ;45-48. (in Chinese)

CLINE J,BEHM D, KIDD K, et al. F/A-22 IR signature
flight test model validation [ J]. Aircraft Survivability,
2003,3:9-11.

PATERSON ]. Overview of low observable technology and
its effects on combat aircraft survivability[ J]. Journal of
Aircraft,1999,36(2) :380-388.

DECHOR R. Infrared emission from turbofans with high
aspect ratio nozzles R]. ATAA 81-4319,1981.

STEVENS H L. F-15/nonaxisymmetric nozzle system in-
tegration study support program[ R]. NASA CR-135252,
1978.

AT TR X A S Y A T IR 2L A A
AE AR 52 05 55 B BF ST LT ], e HE B AR, 2014, 35 (4)
463-469.

SI Ren, JT Honghu, LIU Changchun, et al. Model experi-
ment and numerical analysis on infrared character and in-
frared suppression by cooling of two-dimensional conver-
gent-divergent nozzle[ ] ]. Journal of Propulsion Technolo-
gy,2014,35(4) :463-469. (in Chinese)

FEIE UL XM . T R B HER R R LTS A
AEASAD S 98 B 72 () ). A 2 3l J) 2 42 2017, 32(8) - 1861-
1868.

LU Haohao,JI Honghu,LIU Jian,et al. Experiment on in-
frared signature of two dimensional convergent-divergent
vectoring nozzle exhaust system[]]. Journal of Aerospace
Power,2017,32(8) :1861-1868. (in Chinese)

P UL T AR B B X oA R B HER
RGLAMFAEM R S8 [T %8 3 J1 2% 41, 2017, 32(9)
2070-2079.

LU Haohao, JI Honghu, WANG Ding, et al. Experiment
on infrared characteristics suppression by component cool-
ing of two-dimensional convergent-divergent vectoring
nozzle exhaust system[ J]. Journal of Aerospace Power,
2017,32(9):2070-2079. (in Chinese)

U UET L XA, AEL R X Z o R SRR R
GELLAMAE R 9 52 B W 52 [T 1. 2050 AR, 2017, 39(7)
648-652.

LU Haohao,JI Honghu, LIU Jian,et al. Experiment inves-
tigation of infrared radiation characteristics of two-dimen-
sional convergent-divergent vectoring nozzle exhaust sys-
tem on different bypass ratio states[ J]. Infrared Technolo-
gy.2017,39(7) :648-652. (in Chinese)

A RATERLL M ST AE BR ShHILAG 52 BE K TR T

[15]

[16]

[17]

(18]

[19]

[20]

[21]

FELD]. At B B A R K%, 2015,

WANG Xingtao. Research on infrared radiation perform-
ance of air vehicle and temperature reduction disciplinarian
of engine nacelle skin[ DJ. Nanjing: Nanjing University of
Aeronautics and Astronautics,2015. (in Chinese)

BUH O, BB R A, w3 AT ool g
EY TR BORE I A B W B IR B B ST A 3 ) 24, 2002,
17(1) :40-44.

Eriqgitai, WANG Zhijie, WU Shousheng. Preliminary ex-
perimental investigation on the divergent wall cooling of
two dimensional C-D nozzles at high speed and hot jet con-
ditions[J]. Journal of Aerospace Power, 2002,17 (1) ;40-
44, (in Chinese)

Jti /NG 3 HE) L . el A R S 08 s P g
SR R B 5T LT ). A 23 3 ) % R, 2016, 31 (8) : 1799-
1810.

SHI Xiaojuan,JT Honghu,SI Ren. Numerical investigation
of geometric parameters’ influence to aerodynamic per-
formance of two dimensional convergent and divergent
nozzle[ J]. Journal of Aerospace Power,2016,31(8):1799-
1810. (in Chinese)

B gk SOAL B KL AR R RO S R A FE M. &
JIE « op L RE 2 B AR RS Rk . 2008,

Tt /MR L 3 B 2 Sl AL SRR A 21 A S R A B 51 S 4 o
ARBFFELD]. B AL - B LA LR K2, 2007,

SHI Xiaojuan. Investigation of infrared radiation character-
istic of convergent nozzle in turbofan engine and ejector’s
suppressing technology [ D]. Nanjing: Nanjing University
of Aeronautics and Astronautics,2007. (in Chinese)

AR W UL BT BRDF iR a4 S RT3
BRG] W28 244, 2012,33(7) 1 1227-1235.

HUANG Wei, JI Honghu. Computational investigation of
infrared radiation characteristics of exhaust system based
on BRDF[]J]. Acta Aeronautica et Astronautica Sinica,
2012,33(7):1227-1235. (in Chinese)

HOA UL WL I R S LR R G LA RRAE
0J]. e AR ,2010,31(6) : 745-750.

HUANG Wei, JI Honghu, SI Ren, et al. Infrared charac-
teristics calculating of turbofan engine exhaust system[]].
Journal of Propulsion Technology, 2010, 31 (6):745-750.
(in Chinese)

LUDWIG C B, MALKMUS W, REARDON] E, et al.
Handbook of infrared radiation from combustion gases
[R]. NASA-SP-3080,1973.

(h#t."t H.E2E)





