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for Increasing Thrust in Off-Design
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Abstract

A design factor analysis was conducted to reduce the thrust reduction in the off-design, due to the driving
of the aerospike pintle nozzle. The close (NPR 100) as well as the open (NPR 11) stroke were fixed, as
under-expansion conditions. The pintle contour, pintle head radius (R), cowl angle (&), and cowl exit length
(L) were selected as design factors. The change in thrust was analyzed, using a verified numerical analysis
technique. First, the pintle head radius and the length of the cowl exit had little influence on the thrust. The
cowl angle changed the mass flow rate by affecting the effective nozzle throat area, and created a reverse
pressure gradient at the cowl exit. As a result of applying the dual aerospike contour, it was confirmed that
the thrust in the design-off increased by approximately 1.2%, compared to the reference case and by
approximately 3.4% compared to the worst case.
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Fig. 2 Comparison between Close and Open
Condition
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Fig. 4 Configuration of Aerospike Pintle Nozzle

Fig. 3 Comparison between Single and Dual Contour
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Fig. 5 Comparison of Cowl Angle

Table 1 Design Parameter of the Pintle Nozzle

Design Parameter Design Values
Pintle Contour Single, Dual
Pintle Head Radius (R) [mm] 10, 15
Cowl Angle (©) [deg] 47, 57
Cowl Exit Length (L) [mm] 2.29, 4.58
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Table 2 Test Matrix

Pintl
. e Cowl [Cowl Exit
Pintle Head
Case . Angle Length
Contour Radius
[deg] [mm]
[mm]
1 Single
15
2 Dual 47
2.29
3 10
4 Single 57
15
5 47 4.58




Table 3 Thrust according to Cases

0.4 0.6 0.8 1.0
Normalized distance

0.2

0.0

i
fe .
C o — N ! QO c c
cfo |88 £ |888%
SR= — | _ 5 N
o | O S NN
2 g |#EEd
3 < | = | < | = | @ 2 Q@R |3
e B T O N B B T &
£l o |loc|lo | x| o 2
[ 0 ) 0 [c's) 0 b5
O
s 9 0w | L | g
g8 ||| :
3 S
]
Tlrols sl m
mNG © r~ o o~ .Wo \\\
= —| © 0 0 [o9) 0 A
= %) ™ ™ %) ™
o
. B B R T
3 — [a\] o <t Lo = o o o o o o
O
ainssald pazijewloN
TR BT ok MP T -ERT® R FRX @ NYE T T ® SN = A Mo 3%
T T T o o 4T R LR s B o omo M E S o R
o e B 2T U RN ¢ e R Y- R T Ay
= R R T I~ S = it o T 73 iy e X% T
SRR B0 o Mo s T AT moor N T T oo TR oW R o L
T L = \leT.c;O Lﬂﬁri —_— 1rOl1.l]E x J
i T W o N LY of M = T2 T T R 5 o WoH N ok~ BT
Lol WIVIM N Lt, Wooo FRRS M,# ~ o o~ T muuu ;lom TH MA| e o ol mrﬁ o= 4 = = ,W _ W i ) i
r : ) nTH . <E g < S X o —
T 383078 q g2 Tzl Popradgrredos=]
S B z]t oﬁ + N g B o &g bﬂ% T e mzo - o T oy h“ 70 uwrﬁ N & Nd Mo T o
o = N I N ol R ~ Lo T ur O = O — o< X
&4 T o Wo2 W < ™ T oo wy S <~ B N X T 8 X @0 Bog
ok S o il B -k o oo — M o T 9 o
Mo o o o T B LI R Y 0 Iy O N P
o 0 4y o~ T > W E ) N om mj ooy @ ®© o 4
BT m BRI B T BT iy TE P TR e w B &
g w .uwo M= I oo ar 3 = om o T oV O™ - oS o] = = ealiiaa HL
Iy S e e W (A b T R W T 5 TS o M
TN Sy sxwidrss o e o5l w8 ® T o o
g e L L EEE g aracaﬂgwﬂwgiﬁ%%aﬂﬂ;%%%ﬁagm%
g . T P T ST %o mn o = — 1 w mo = B gr B N —
S A T AR E P i T F
o R o i o fo) \_Z 1) J.. Ao e o T . 9] %n.m_|
w0 BTl G N T X o olﬁhﬁ_% ®E Y SYNT
(W WwR o BT B no Wy " il % < Em R g LR W o M owm oo A i W —
) ~ o o WD B o e Mo B 21 . © S -
E Wom o g o W o ol ST A T TG T
— O % o . W o T o Ar o W T NG = YW o T Moo = R o
~ NONEE B AT W ok w5 oo e e W oo NAR NN B o ROM EN

Fig. 7 Pressure Distribution of Pintle after Cowl Exit
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Fig. 8 Mach Number Contour according to Pintle

=)
yl
®

Juj
B

j—

To
wr

Contour; (a) Close; (b) Open

= o] J
" e
o+ WK
WPow ]
T T
% 0 ohr
Dy
T
i_%o
0 ﬁﬁ
nowm%
‘OL.E
=
o X
0 o
T o
iyl
KO o
Momo
5 oE
T o
W%@r
EBTO
® T M
Jll.l’l}l
3
m\\
-
yd

Vena contracta

RE!

Vena contracta®s

WMo mE

i

Frz Aol e,

4.3 S 2=

, open

close

N7 case 49 A%

N
No

il

T oF
MM ey
N ﬂAl\ul
™R K
iT - )
¥
-k Eﬁ
BT
R
= o o
™ K
ﬂnﬂo.h
_— N
Rl
_zT ﬂ\ﬂ Eo
%ﬂﬂl
ﬂfraﬁ
o N of
oE OCM
o oo
MoOF B
llu\l\ul.\l.-.

| case

3]

AT close &394 case 19 H]

S

ol ¥

Fig. 9 Numerical Schlieren Graph of Case 3

Z A

7}E open XA G

ol
{Jo
AO
o
U

o7
N

E
;Onﬁ

\

=75 7l

=
o

2EZ 37}



O o5
-]
7]
7]
()
-
o
%S | B S
py 0.0 -
=
S
g W Cowl
3 .l _
o
ﬁ —— Case 1_close
% —— Case 4_close
= ——— Case 1_open
= —— Case 4_open
2 1.0 | 1 I L
0.0 0.2 0.4 0.6 0.8 1.0

Normalized Distance

Fig. 10 Static Pressure Gradient along the Cowl
Exit according to the Cowl Angle

b
X
B[
=)
434,
S
ol
[
oot
9,

| close oA e A {3
o8] case 1HT} AT Ao

i R
open AN AP FFE Z4E Hol7h Fol

E

—=

al,

bl

il

o 3
L) By
l‘lO 1o,
BN
=
jiAc i o,
i)
b olo B
o

e gz rir
)
d_q
QL
38
(o
R
i
o
Lo
oY,
o
o
m L
e
=
ot
o

QL
5 o2
G

T AFHO)FE 2(O7HAE 7=
Case 19 close ZHdME 7]584
N A7t FAe]7] wiie, AA oo
7 A Gl g WskE glol &
o % Ztx=7} 7138 case 49 close %7
0.58~0.86 a7 el wWakgo] gho] &

Yol FHYE ue &Y fEe] wEE
A nE D

oo

[y
o[ o= O %

Y
b
M i

[

-9
oy
éﬂ
R

X
o
« &

g
i
>
=)
>
o
=
o
(o
fru
2
2

(]
oX,

I
Qe oed FE SHoZ sl YHH AU

@]
o
@
=]
N
A
lo,
ol

T, 27FA case BT 3T 7]|stEh4

Case 4 ™

Throat

Throat

Case 1

Fig. 11 Mach Number Contour according to Cowl
Angle; (a) Close; (b) Open

Hog &7 7IEo® HIsHA WAAIE 4%
1 %e Aeolth. wekA Fig. 103} o]

v
T ocase A9 BT wmF F7olA gy pulzt Ay

4.4 QI &7 4ol

wAgto 2 g7 &7 dolE F7HAIZ case 59
8% close oA & FHo] F713aL, open %310l
1= FARE wskgo] duighk AA7E 2

of #4143 eFE wADTW ol gl AANATL

dd
L
ol
Lo
32
v
ol



O o5
>
]
7]
()
—
o
“6 e
o 0.0 -
=2
=
g Cowl
5
o 0.5+ Pintle 01
3 Case 1_dl
—— Case 1_close
N —— Case 5_close case 1
g —— Case 1_open -
P —— Case 5_open
2 1.0 1 1 1 Throat 4 1
0.0 0.2 0.4 0.6 0.8 1.0 \

0.6
0.2

Normalized Distance

Fig. 12 Static Pressure Gradient along the Cowl
Exit according to the Cowl Exit Length

3.8

3} TEeo] wr ﬁg%ﬁg 714 34
=

Ao =7}

dom AAHE Fo AR Fol

2.6
case 5 \Throat J 22

]
thul gyl ZheE Wekx] 29k7] wWEd case 59
) - Throat 18
open ZHINAE Fig. 129} o] "7l &9 ¢+ Case 1 &
7k Sl Lrebdth case 59 970 Zol7h case 1.4
19] dole] 2ujle mesld Al FA 9 o)A
dgte ujzl AP FA F rf. w3 Fig.
133} Zo] close A3 open &4 EY¥ Y &+
ol Watw A% #5 FrE FAEATL
Jiso 2 AR

wep

0.6
0.2

i
S
{r

=2

S0 2 o

o Aol g HA BEoA AASAANE A g e D fﬁ;ﬁ;N(‘f)“bcellsi;"‘g’)“ro;:‘r’l‘”ding to Cowl

A3 Fow ddn. gnt FegA e AR s

o] #% 727k AX AU, open Aol A9} o] A saa 4= Qul, Abd AT E FTAAHE ooz Au

How 5% A= 7|asHE w=FHe] Ztk Afolrt olm WE =29 MASAA T, AN BWeAHS I

MAEE Aol ogord Tz Alzaly] WA7hA SEr e

S AelE Ak el 9 SUs shE Ao olol AZE A 7Pe B3] ooz 23}

s ola VE wZo AAAA 4/E Heste], & 571
casedl t3ale] close, open Z7oAlel FHS vl

52 £ St 4 A3 WE = wAe o 2 9
& FA AT £ 97 2T o] =3 2 JFL
29 282 98 1A F1we WgE BEe FA ek
B2 ooz svtelaE AASY, wEe JTHA AsAen Qe 5 4wd A9 w3 A4



ilu}
it
)
N
A
o
2
o
L)
ol\
u}
Gl
Ho
o
2
9
frtl

)«

=l
o
Hu
rE
il
kr
i
1o,
i
=)
[-40
_>‘i
M
1%
re
-4
O

Zbol| gkl G M E A BFES Gt

(1]

(3]

(4]

=~
o]F Ao w AAH case 29 A$7} 7]Fo] H
case 19| H|8] ¢F 1.2%2] 3 FHE, /M g%

1 case 4ol H]3)] °F 3.4%2 8 FHE 7[AH 0]

E2 HES AAEFF close X719

1 e 5 s7lel olF A

References

J. Heo, K. Jeong, H. Sung, “Numerical Study of the

Dynamic Characteristics of Pintle Nozzles for

Variable Thrust,” Journal of Propulsion and Power,
vol. 31, no. 1, pp. 230-237, Jan. 2015.
H. Sung, K. Jeong, J. Heo, “Performance
characteristics of a pintle nozzle using the conformal
sliding mesh technique,” Aerospace Science and
Technology, vol. 16, pp. 85-94, Feb. 2016.

G. Lee and H. Sung, “Three-dimensional Effects of
an Axi-symmetric Pintle Nozzle,” Journal of the
Korean Society of Propulsion Engineers, vol. 22, no.
6, pp. 47-55, Dec. 2018.

S. S. Park, Y. Moon, J.

S. Kawk, “Numerical

Analysis and 2-D Experiment of Heat Transfer
Coefficient on the Pintle of a Controllable Thruster
Nozzle,” Journal of Aerospace System Engineering,
vol. 6, no. 4, pp. 24-28, Dec. 2012.

J. Kim, S. Oh, J. Heo, D. Lee, “Analysis of the
Flow Characteristics of Plug Nozzle for Cold Air
Test with Pintle Shape and Operating Pressure,”
Journal of the Korean Society of Propulsion
Engineers, vol. 23, no. 3, pp. 28-34, June 2018.

J. Kim, of the

Characteristics of an

of Stroke and

“Analysis

Acrospike Pintle nozzle in terns
Operating Pressure,” Journal of Aerospace System
Engineering, vol. 14, no. 4, pp. 1-9, Mar. 2020.

S. B. Verma, “Performance Characteristics of an

Annular Conical Aerospike Nozzle with Freestream

(8]

Effect,” Journal of Propulsion and Power, vol. 25,
no. 3, pp. 783-791, May 2009.
P. P. Nair, A. Suryan, H. D. Kim, “Study of Conical
Aecrospike Nozzles with Base-Bleed and Freestream
Effects,” Journal of Spacecraft and Rockets, vol. 56,
no. 4, pp. 990-1005, July 2019.



