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ABSTRACT

The Expansion-Deflection(E-D) nozzle is a nozzle that has a performance gain through
the altitude compensation effect by changing the effective area within the nozzle according
to the altitude. An E-D nozzle has been known to reduce the length of the nozzle and
achieve the payload gain of the launch vehicle. Due to the potential advantages of an E-D
nozzle, related research has been carried out in the United Kingdom, Germany, Australia
and Europe etc. In the UK, the flow characteristics of the E-D nozzle and the performance
comparison with the dual-bell nozzle which is altitude compensation nozzle were studied.
In order to understand the transition characteristics of the E-D nozzle in DLR, the
transition characteristics according to the nozzle pressure ratio change were analyzed. In
Europe, numerical study using the E-D nozzle concept on upper stage of the launch
vehicle Ariane 5 ESC-B was carried out to confirm the possibility of payload gain
according to the nozzle length reduction. In this paper, research trends of an E-D nozzle
performed outside the country are classified and analyzed according to their
characteristics and utilized as basic data of E-D nozzle research in the future.
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Fig. 1. Expansion-Deflection(E-D) nozzle
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Fig. 2. E-D nozzle operating mode (a)open
wake mode at low altitude and
(b)closed wake at high altitude[8]
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Table 1. Specifications of E-D nozzle and
dual-bell nozzle in Bristol univ.[16]

Property ED-10-01 | ED-10-02
Throat angle, degree 30 60
Ry, Gi 10 10
R, Gi 10 5
Ry, Gt 10 3
RW+7 Gt 10 5
Pintle entry angle, degree 33 29
Pintle radius 6.2 6.5
Design M. 3.8 53
Gi 0.888 0.847
dual-bell, DB-10-01
Inner nozzle: Total nozzle:
Exit Pe, bar 0.38 Exit Me 3.8
Length, mm 16.2 Length, mm 56.7
Area ratio 3.08 Area ratio 19.0
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GTO Mission constraints
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longitude
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Fig. 13. Comparison of engine performancel[4]
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Table 3. Geometric design parameters of E-D nozzle in UNSW, Gi=15 mm[12]
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1 Gy 45° 0.676, Gi 45°+0.56, Gi 0.5G; 0.5G;
T . 75 o, & | @ow | G 056 %,
1:0 5:Gt 45:_)° 0.6:79n 2.5;G1 45°+:0.59t 1O:G1 3:GI O.E;Gt
1:6 5&3\1 7é° 9:n 2.5:G1 45°+:0.591 1O:G1 3&51 Z:Gt




852 e - uE -

90° throat
Rounded pintle
Open wake

20-4%° throat
Sharp pintle
Closed wake

Mueller et al. — -

Axially inclined throat
Low throat angle
Sharp 15° pintle

Wasko — .

234 56 7

Fﬁﬂ |

30mm

Fig. 17. Half diametric sectioned view of C-D
and E-D nozzle configurations[13]

0.8 5

0.6 - \

x/L

Fig. 18. Pressure distribution of experimental
and numerical results through x/L[13]

t C-D =&¢ Fig. 1739 2t

Ad Ax #Y AFE fd Inviscid, k-o
SST, SA, k-¢ realizable =& XA 3te] =33
A& Y39, Fig. 187 Zo] =& YA o}

w4 A 2 E(0)7) %k 15°2 AA" E-D
=52 593 dolE VHAl= CGD =53 Hlu
o AofE 2hA =E FE HEY
2ol 7} Q7] Wi, 1% BAH :=Z2H 9 g
o2& AFsA g A 20| W FHY{13,25].

v. & &

2 =fdAMeE &% PdT 315 HAE ED
w29 dF /1% A=RE F8353A ED =
=3 #Hste =9 FF¢FEoF AL
qHE AT TS BEAEYa, E-D =& AA
g AANSTE EE3AT

24 Asx} 9= Bristol ™8, UNSW, =<
DLRoIME E-D =29 @?iw 15 BHA &

IE 1 —?4?& 5 B o] 54 dsrEAl
w3 ATE F=2 TP
= 5L 74 4% ED =59 A

d ARG =F do] % %% T LA o &
AsFol5e 271 At 77 THHezE 73
Atk ol & {8 AA /éxﬂi AH8-¥ Ariane 5
AR A Vined 7o) E-D =5 MdES A
&3 FAH AFE FPsto, EATHF o5 7t
A4S Byt AAR SddME XA
Ariane WARA IR 19 e 7 @ =
< A&sta, A Ael= ED =5 MdSs

g3l A7 H A8 Tl Utk ol 1
T BA =Z Jido] ©@<d ofojrjoiz) opd A
A EAA ] HEgE F e JHedel e
BoFa Q)

nEtA E-D =ES HES 15 By =F9

#3 72 AT TR T, =4 ﬂj?a‘i%*}ﬂl
M o] % ApAT) EALA] o] ofolrjo] =
gtegs &8 715E Aol A

E-D AARTFEE =5 ¥ A S (rm),
:rLZl'Hé & H]‘Z]E(I'bc~de) s 456y, & 7+
< MI26,), VE 4/\ =°](ya) 87}
ol 4 Uth o] kgt AA

/‘471] WA L—_é 5 Zee)s 27
Aol FolAATE FEstES AAA Aot
UF Zolx A =W 15 AP =EE2ZXe &
H7F floxitte FA- o] A "ot wEka A
A3t =5 AE(0)9 HY AANE A, TH5F
AAM ol #g 7|2 ATV S ojof &
llj% AehEoh

- =
==

=

A~ =
T 5
2

I~H N

1_._3_

>\‘ Nt”u:f:ar;‘ﬁmnz_

F



B 45 48 28 10 %%, 2017. 10.

15 BAE A-2HED) =EY w9 AT TF 853

7

o

i = AFMAZEHGT) Adoew
FxAdTFATEe] FFAUISINTAY AdE T
o} 31=d 7 Y (NRF-2014M1A3A3A02034776).

References

1) Genin, C, Stark, R., Haidn, O. Quering,
K. and Frey, M., Experimental and Numerical
Study of dual-bell Nozzle Flow; Progress in Flight
Physics, Vol. 5, Torus Press, Moscow, 2013,
pp-363~376.

2) Genin, C., Gernoth, A. and Stark. R,
"Experimental and Numerical Study of Heat
Flux in dual-bell Nozzles," AIAA Journal, Vol.
29, No. 1, 2013, pp.21~26.

3) Genin, C. and Stark, R. "Experimental
Study of dual-bell Nozzles," 2" FEuropean
Conference for Aerospace Sciences, 2007.

4) Goetz, A., Hagemann, G. and Kretschmer,
J,  "Advanced Upper Stage Propulsion
Concept-The Expansion-Deflection Upper
Stage,"  41st AIAAASMESAE/ASEE  Joint
Propulsion Conference &  Exhibit, ATAA
2005-3752, July 2005.

5) Hagemann, G., Immich, H.,, Nguyen, T.
V. and Dumnov, G. E., "Advanced Rocket
Nozzles," Journal of Propulsion and Power, Vol.
14, No. 5, 1998, pp.620~634.

6) Taylor, N. V. and Sato, T., "Experimental
and Computational Analysis of an Expansion
Deflection Nozzle in Open-wake Mode," 26th
AIAA Aerodynamics Conference AIAA 2008-6924,
August 2008.

7) Taylor, N. V. and Hempsell C. M,
"Throat Flow Modelling of Expansion
Deflection Nozzles," JBIS, Vol. 57, 2004, pp.
242~250.

8) Taylor, N. V., Hempsell C. M,
Macfarlane, J., Osborne, R., Varcill, R., Bond,
A. and Feast, S., "Experimental Investigation of
the Evacuation Effect in Expansion Deflection
Nozzles," Acta Astronautic a66, Vol. 66, March
2010, pp.550—562.

9) Wagner, B. and Schlechtriem, S,
"Numerical and Experimental Study of the
Flow in a Planar Expansion-Deflection Nozzle,"

In 47rd Jjoint Propulsion Conference Vol. 5942,
2011.

10) Wagner, B., Stark, R. and Schlechtriem,
S.,  "Experimental Study of a
Expansion-Deflection Nozzle Flow Field," 4

Planar

Eurgpean Conference for Aerospace Sciences, July
2011.

11) Schomberg, K., Olsen, J., Doig, G. and
Neely, A., "Numerical Analysis of a Linear
Expansion-Deflection Nozzle at Open Wake
16th  Australian
Aerospace Congress, February 2015, pp.493-498.

12) Schomberg, K., Doig, G. and Olsen, J.,

Conditions," International

"Geometric Analysis of the Linear
Expansion-Deflection Nozzle at Highly
Overexpanded Flow Conditions," 50th
AIAAASME/SAE/ASEE Joint Propulsion

Conference AIAA 2014-4001, July 2014.

13) Schomberg, K., Olsen, J. and Doig, G.,
"Analysis of a Low-Angle Annular Expander
Nozzle," Shcok and Vibration, March 2015.

14) Schomberg, K., Olsen, J. and Doig, G.,
"Computational Analysis of Pintle Variation in
an Expansion-Deflection Nozzle," 13th Australian
Space Science Conference 2013, pp.261~271.

15) Hwang, H. and Huh, H., "Numerical
Study on Thrust Characteristics of an E-D
Nozzle for Altitude Compensation," Journal of
Korean Society of Propulsion Engineers, Vol. 20,
No. 3, 2016, pp.87~95.

16) Taylor, N., Steelant J. and Bond, R,
"Experimental Comparison of dual-bell and
Expansion Deflection Nozzles," AIAAASME/
SAE/ASEE, July-August 2011.

17) Wagner, B., Stark, R. and Schlechtriem,

S.,  Experimental  Study of a  Planar
Expansion-Deflection Nozzle Progress in
Propulsion Physics, Vol. 2, EDP Sciences,

2011, pp. 641~654.

18) Schomberg, K. and Olsen, J., "Design of
High Area Nozzle Contours Using Circular
Arcs,"  50th  AIAA/ASMEGAE/ASEE  Joint
Propulsion Conference Vol. 32, No. 1, 2014, pp.
188~195.

19) Taylor, N. V. and Aghababaie A. A,
"Enhancements to Compensating Nozzle Test
Facilities at the University of Bristol," /th
Eurgpean Symposium on Aerothermodynamics, May
2011, pp. 175.



854 =HA -

A -

B
My

424 - HBY B2 T P

=
[ZIY

20) Taylor, N. V., "Simulating Cross Altitude
Performance of Expansion Deflection Nozzles,"
57th International Astronautical Congress Valencia,
Spain, IAC-06-C4.5.7, January 2006.

21) Park, H., "Numerical Study on Dynamic
Characteristics of Pintle Nozzle for Variant
Thrust," Master’s Thesis, Korea
University, South Korea, 2011.

22) Schifer, K., Bohm, C., Kronmdiller, H., St
ark, R. and Zimmermann, H., "P6. 2 Cold Gas
Test Facility for Simulation of Flight Condition
s-Current Activities," EUCASS, July 2005.

23) Robert A. W., "Performance of Annular
Plug  and

Aerospace

Expansion-Deflection =~ Nozzles

Including External Flow Effects At Transonic
Mach Numbers," NASA Technical Note, NASA
TN D-4462, 1968.

24) Tomita, T., Takahashi, H., Genin, C. and
Schneider, D., "LOX/CH4 Hot Firing dual-bell
Nozzle Testing : Part II-Characteristics of Com
bustion Instability and Heat Flux-," 51st AIAA/
SAE/ASEE Joint Propulsion Conference AIAA 201
5-4156, 2015.

25) Choi, J., Kim, D. and Huh, H., "Numeric
al Study on Thrust Characteristics of an Extern
al Pintle Thruster," Journal of The Korean Societ
y for Aeronautical and Space Sciences, Vol. 43,
No. 12, 2015, pp.1071~1078.



