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ABSTRACT

This paper presents a preliminary study of a convergent divergent nozzle in an afterburning
turbofan engine of a supersonic aircraft engine. In order to design a convergent divergent nozzle,
cycle model of a low bypass afterburning turbofan engine of which thrust class is 29,000 Ibf at a sea
level static condition is established. The cycle analysis at the design point is conducted by Gasturb 12
software and one dimensional gas properties at a downstream direction of the turbine are obtained.
The dimension and configuration of an model turbofan engine are derived from take-off operation
with wet reheat condition. The off-design cycle calculation is conducted at the all flight envelope on
the maximum flight Mach number of 2.0 and maximum flight altitude of 15,000 m.
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Ay : Nozzle Exit Area
B : Blockage
Con/Di : Nozzle Convergent/Divergent
Ds : Throat Diameter
Dy : Nozzle Exit Diameter
HPC : High Pressure Compressor
HP : High Pressure
HPT : High Pressure Turbine
LPC : Low Pressure Compressor
LP : Low Pressure
LPT : Low Pressure Turbine
OPR : Overall Pressure Ratio
P : Total Pressure
R : Gas Constant
std : Standard
T : Total Temperature
W : Mass Flow Rate
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= Z7dA77F 23 A wvlojglA HEAS Table 1. Component performance data.
AR O A2 a o
443} H o™, Gasturb 12 &4 ZZaH S Item Quantity Unit
Abgste] AAIE B & AR e el By Pass Ratio 0.36
& F33tux ok H vl wEeE 2 Hu) Inlet Corrected Flow 112.49 kg/s
HATE J9 WoAe teks a8E7] JEx Isentropic Inner LPC E‘fﬁciency 0.84
A6 Wak A7 HAADBTEE oy e] 7t Inner Fan Pressure Ratio 3.8
_ _ Isentropic Outer LPC Efficiency 0.78
T Bl W 134 ARE A=, o2 .
_ o . = Outer Fan Pressure Ratio 3.8
=] = 23zl oA = 3 -
FEH FrRaIE 2dse 2eS5 Sa-3 Nominal LP Spool Speed 14,600 rpm
=Z9 7ty AYS =& st 3} Isentropic HPC Efficiency 0.83
HP Pressure Ratio 8.5
Nominal HP Spool Speed 22,800 rpm
- = Burner Efficiency 99.95 %
2. = — Burner Pressure Ratio 0.97
Turbine Inlet Temperature 1,689 K
21 AAA 1A Isentropic HPT Efficiency 0.83
TAxIE 4R oF 29000 Ibf =HF E Isentropic LPT ]?fﬁcwncy 0.88
@ dlxo] Do whs o sl A ALE S After Burner Exit Temperature 2161.11 K
23 ‘—:] s wEolyl fisM e d After Burner Efficiency 0.9
F8 TAFY AYL Table 19 AAFH ] U} Fuel Heating Value 43.124 MJ/kg
ojuf AlE&EH HolHE Mattingly 5[15] o] AA] Power Offtake 50 KW
é.l_ %}\_% i‘:}-_‘ﬂ_'é‘]-o:] /\]__g__s_]_gi—g_tq’ gﬂ]zd% X]}b]_ Con/Di Nozzle Area Ratio 1.2 Wet
A EFLEZANN FALNE 45T 4
S2 A3yt vhels2nle 036, HHIATE O OO Beg 0O ¢

(1)@ @5

EE 1,689 K, 379479 AELxE 2161.11
K2 AA39c)
48y =9 wWAu= AAAHANAM 122

=
AAstgon, vgE&re wE Hgse XA
5% gty flskel Fig 29k 2ol w3y whal
ol wel =F WAEL WEdES 2449 de e
. olm =Zo] WAME =2 ZuHd 37
FE VG FExT BRAAYH 2T FFR i oo 5%, a1 Handing Bleed 0 %
(A HIE AHogH ) ;
4;%43]1@1%7;4?} :rl{]ﬂ e @y W =g Fig. 1 Engine component layout.
Bzol wix 2 9XAFoE Fig. 13 2t} o]
W ®He =2 Zo|Mel 9X o, OHe =Z []
27 WolMe 9XE dedd )
AARANAN Y Fes AT F2L 129.63 kN g 7
(29142  Ibf), HIAEARE(TSFC)  55.069 :j "8 /
g/(kN*s) (1.944 Ib/(Ibf hr))Z A=k o g
A= Pratt WhitneyAe] F100-PW-229 <%, ) 1-2T /
GE9] F110-GE-129 ¥ Lyulka®] AL-31IMF$} 3 o o e - - .
71447 Z5(Wet) 2 B &5 (Dry) 279 9 Mach Number

& FAFEES Table 2014 & 4 Ao T3 2 Fig. 2 Nozzle area ratio with mach number.
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Table 2. Engine performance comparison.

Thrust(1bf) SFC(Ib/Ibf h) | Airflow
Engine OPR
Dry Wet Dry Wet (Ib/s)

Model 18,086 | 29,142 | 0.747 | 1.944 248 323

F100-PW
17,800 | 29,000 0.74 2.05 248 324
-229[15]
F110-GE-
18,330 | 28,620 1.47 2.08 254 30.4
100[15]
AL-31F
17,857 | 29,320 0.67 - 243 23.0
Mi16]

2800

2400 7

2000 /

__ 1600 41, /"4 // 2
g 7 /
ngoo // s //
a 800 / -
3 / i

0.8 12 16 3 24
Entropy [kJ/(kg K)]

Fig. 3 Enthalpy entropy diagram.
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Fig. 5 Engine overall layout.
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5 —— N Table 3. Nozzle exit temperature, pressure and area
T A=
4512 Mo at ground.
4 Alt = 3300
© Alt = 4400
4w =550 Flight
5 Xt Alt = 6600 Mach After [Altitude Item Units Nozzle Nozzle
& 35)|5 M- Bumer| (m) Throat (8)|  Exit (9)
2 = All = 9000 No.
o 8 Alt=11000 Mass Flow kg/s 119 119
o  31|e At=1000
E @ Alt= 13000 Total Temperature K 2143 2143
g 2.5 :ﬁ:::gggg Static Temperature K 1900 1657
2 Total Pressure kPa 297 297
B 2 on 0 Static Pressure kPa 164 85
Area m? 0477 0.573
s — B Diameter mm 780 854
e— | , 0 Mach Number 10 15
Mass Flow kg/s 114 114
0.5
0 20 20 50 80 100 120 Total Temperature K 883 883
Static Temperature K 754 628
Mass Flow Wi, [ky's] off o Total Pressure kPa 322 322
Static Pressure kPa 173 86
+ : : H Area m? 0.263 0316
Fig. 9 Engine operating line at LPC map. S o s
Mach Number 1.0 15

o 19 ~ 31%AEZ JEbgTh olw ®AGF
(Corrected Flow) U+ Eq. 29} o] gojdr,

[ RXT
Rstd x jl‘td

W= Tt Tstd @) (@) After Burner On

Dg = 780 mm

Dy = 854 mm

Dg = 579 mm

H g ® z
e &A= hg— %L_'(AB) T (b) After Burner Off
(Ag9] WiztE ALE + e, o258y Z
B3z A0 Ao =A== 7587 A Fig. 10 Nozzle configuration at ground.
& 5% ¥ 5 Yok AYelFRANA Frlds
719] &AF AR 2 =& 5 @ E7d gk Table 40 A|AEo] a1, ojWe] == o]
e, 48 2 w2 WHo| Table 30 AAHS  Fig 116] AAE0] Atk olu] £3 W Ae
UL, oo =ZF FAo] Fig. 100 AA| ¥ o F71da71e AEs oA Feval 7Hd skl
ATk ARG olF A F7] Ax7e AF f o w717k FrEe A7 99 kg/sob 138 kg/s
ol met wiri=Ee HAe A WHstEs & 2 oF 14 A= Aol7t FE & & len, H
T A oJAE kA fFE 5 A B 2 7=z 7 A%4L 635 mmst 1,100 mmE
zFol7k floy F7|dAr] FHFd uE stae 7|22 WAL 3] AT x5S H|go] ol
=7} 2,143 K&} 883 K&2 ZA zol7F vr] W 2 HPEt AFS & 4 Yrh olAL 2L
ot & =2 oM fEo] £AH w1 WA A =Z BuH o STUANIL okgs
of mgdtelol HEE o]F WEas] AMM F mAAe] 12904 2002 AHN HFY BFLS
7] A&7 FAFE A =E2ET 94 §7) A4 st719gt 238 7] wEoth
717v ZEskAl e Aol Hls) of 1.88] A= H3 vYPr=2l 15000 molA ZS4 HIFA|
=2 71?<4°F s g F ATk kst 1.5 ¢F 2.0 BIge] dig A =& =&
MAIE 5000 molA SR 09% 3 Ak = % ETe] e 2%, ¢ 2L wF W]
n}etg 152 224 HE A9 A =2 =Z Table 50 A=} a1, oj|je] =Z o]
2 E70 W 2%, 4 % =5 WHo Fig. 12¢] A|AJ=o] Aok wi7|17k2x f3Fe 742
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Table 4. Nozzle exit temperature, pressure and area
at flight altitude of 5,000 m.

Table 5. Nozzle exit temperature, pressure and area
at flight altitude of 15,000 m.

":IAIS!: After |Altitude Itemn Units Nozzle Nozzle ;‘SS: After [Altitude Itemn Units Nozzle Nozzle
No. Burner| (m) Throat (8) Exit (9) No. Burner| (m) Throat (8) Exit (9)
Mass Flow kg/s 99 99 Mass Flow kg/s 44 44
Total Temperature K 883 883 Total Temperature K 2142 2142
Static Temperature K 753 627 Static Temperature K 1901 1358
Total Pressure kPa 280 280 Total Pressure kPa 109 109
09 off 5000 Static Pressure kPa 150 75 5 on | 15000 Static Pressure kPa 60 12
Area m? 0.263 0316 Area m? 0480 0959
Diameter mm 579 635 Diameter mm 782 1105
Mach Number 1.0 15 Mach Number 10 21
Mass Flow kg/s 138 138 Mass Flow kg/s 59 59
Total Temperature K 2140 2140 Total Temperature K 2140 2140
Static Temperature K 1896 1349 Static Temperature K 1897 1351
Total Pressure kPa 345 345 Total Pressure kPa 147 147
L3 | o | 3000 i Pressure | kPa | 191 38 201 o | 13000 e essure | kPa |81 16
Area m? 0.475 0.950 Area m? 0476 0.953
Diameter mm 778 1100 Diameter mm 779 1102
Mach Number 1.0 2.1 Mach Number 1.0 2.1

Dg = 579 mm
Dy = 635 mm

Fig. 11 Nozzle configuration at flight altitude of 5,000 m.

44 kg/s9k 59 kg/sE °F 138 A= Ao]7t 1}
v, wi71=E9 &7 A4 1,106 mm$ 1,102
mmZ A FAES & 4 Utk 1= 15,000
moll A ASHe oF 12 kPal 24 HPulets 15

9B AR BFS T 5 Jou, ma v
13

2090 B¢ =% WA AFe= HFH FF&
3tA] Fatal gste] 16 kPaz thd ESS &
+ Ao
3.& E

2% FE7] FA71HA o] 87bsd FU14A
&717F ZFE HEA Qe 2ds s,
o|ZFH AAM N FHst A TR
e =FD 5 Ak ol 7R 2

Dg = 782 mm
Dy = 1,105 mm

Dg = 779 mm
Dy = 1,102 mm

(b) M =20

Fig. 12 Nozzle configuration at flight altitude of 15000 m.
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