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ABSTRACT

A Study on Performance Characteristics of Center-body

Diffuser with Counter-flow Jet

by Kim Jong Rok
Advisor : Prof. Kim Jae-Soo, Ph. D.
Department of Aerospace Engineering

Graduate School of Chosun University

This thesis describes research on verification of performance characteristics
of center-body diffusers and counter-flow jet injection of center-body diffusers
in high-altitude simulation facilities.

The supersonic exhaust diffusers are generally used for rocket engine testing
in high-altitude simulation facilities. They can be classified into the
constant-area exhaust diffuser, the second throat exhaust diffuser, and the
center-body diffuser. The center-body diffuser, compared to the constant-area
exhaust diffuser and the second throat exhaust diffuser, can reduce the cost
of a high-altitude simulation facility. However, since it is disadvantageous in
terms of the cooling system and the aerodynamic heating, it is only used for
p4.1 facility of DLR.

Therefore, this thesis proposed an efficient thermal protection system of the
center-body diffuser with counter-flow jet injection.

The performance characteristics of the center-body diffuser and the
counter-flow jet injection in the center-body diffuser were analyzed by
analytical and the numerical methods. The counter-flow jet injection in the
flow field of center-body diffuser was calculated with axisymmetric

two-dimensional Navier-Stokes equation, with k-¢ and S-A turbulence model.
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The center-body diffuser was compared with the second throat exhaust
diffuser in terms of the starting pressure, the ratio of vacuum pressures, and
the design parameters. The performance characteristics are related with design
parameters such as cone half-angle, position, and blunt-cone of the
center-body. This is closely related to the loss of total pressure according to
the change of cone half-angle and blunt-cone of the center-body.

The counter-flow jet injection in the center-body diffuser was applied for
the thermal protection system on the cone-tip of the center-body. The
temperature of the cone-tip was reduced proportionate to the increase of
pressure of the counter-flow jet. The cone-tip temperature of approximately
3400k was reduced to approximately 500k with the counter-flow jet injection
compared to without the counter-flow jet injection in the flow field of the
center-body diffuser. The flow phenomenon of LPM and SPM was confirmed
to depend on the total pressure of counter-flow jet, the speed of flow field,
and the shape of blunt-cone.

Finally, the counter-flow jet system was confirmed to be effective for
thermal protection of the center-body diffuser. It was verified that the starting
pressure of the center-body diffuser changed according to the cone shape.
These results will be applicable to the development on the counter-flow jet

system to improve the performance of the center-body diffuser.
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o w FT A2 (Air Force Research Laboratory), Z#2El o8} (Princeton
University)s  Hl=Y FQoAFLANA ThFst 43 Fo] F3) =o)X th[10-25]
Z719] AFAERA] o3 v GA FH3HL
2A4 BgA Y T8ty Wkl tEo] FYtEe i ATE AIAEAH
X, Rockwell Science Center, “12]3l #JA]o}9] Institute of Theoretical and
Mechanics in Novosibirsk> S5HE 3421 H|PA ] AFHIA IAFAEE &
ARte B A s 2% HAY F dve dFAHE HER ATH[10-13]
NF 2 JFAEREAS] AFEA N. D. Malmuth[13]8] 23874 d37} 9tk
1 AFAEZAL ©E BALZ 3023 EYE &
Ao A o] tHFEe} o gt AFAHE Yepa vk dFAES
AR (P)e 2710 w2k F 7HA9 e dds HEd An JFAES
H(P,)°l =& AFl Uelde 534S LPM(Long Penetration Mode)

AFAES ALYY(P, )0l e Aol YRt 4% a4

Table 1-1 Wind tunnel configurations [13]

Mach number 2.0, 25, 4.0
Total temperature 300K
Stagnation pressures 0.7g/s
Test section 200x200mm

Table 1-2 Specifications of DC plasma generator [13]

Power supply 100~200V
Discharge current 30~60A
Gas flow 1~3atm
Temperature of nitrogen 5000k
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Fig. 1-8 Plasma generator nozzle [13]
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Fig. 1-9 LPM(Long Penetration Mode, P,,/P,=3.2) [13]

Fig. 1-10 SPM(Short Penetration Mode, P,.,/P,=1.7) [13]

Fig. 1-99} Fig. 1-100] #AF sheel wE A A2 37 yehd o deld a5
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FEo2 TR Uehdth LPMEE Y AERAE ooz 2vfol=olA e}
gt AsaEd gor B gEd 2%y 3259 %0 s I
S8t A7 e itk SPMe] A9 LPMF vlmste] f5o AEQo)
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(a) Experimental Schlieren picture (b) Numerical Schlieren

Fig. 1-14 Comparison of computational and experimental results for
counter—flow jet [26]
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e te
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Fig. 2-1 Flow model of cylindrical diffuser [28]
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Fig. 2-3 Experimental performance of cylindrical diffuser for
various As/A; [28]
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Table 2-2 Design parameters of STED
Parameters STED Parameters STED
Inlet length (S) 110.5 mm | Outlet diameter (D, ) 250 mm
Divergence length
Inlet diameter (D) | 220.83 mm 306.25 mm
(Lout)
Convergence length 295 16 Convergence angle -
.16 mm eg.
(Ly (0)
Diameter of second Divergence angle
163.91 8 deg.
throat (D)) mm ®,.,) o8
length of second
throat (L) 1362.4 mm | Total length (L) 2104.58 mm
Liotal
Lt
“ & .
4-“—5_1—5_-1: i W 5 e
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= v J0d Dt J’Dm-
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Table 2-3 Design parameters of CBD to equivalent STED
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Table 2-4 Shock wave angle according to deflection angle (M=5.0)

Deflection angle Shock wave angle Shock wave angle
(cone or funnel) (CBD) (STED)
3 11 15.0
5 13.9 15.0
10 16 225
12 18 24.8
15 20 284
20 25 34.9
25 30 42
30 35 49.6
30 T T -
T t: }
Funnel A
3 25 T N
- - || : Y Funnelshock model
: |-
= - "
o 5 -5 ]
a g —'_/
£ 20} P Pl ol
E ’ =) A - Pt
z © A =k :
v A -
o by -z ®
A 155. A-gEE =~ 7
M=4.0
10 - -~

o

8 ' 12

deflection angle, o, degree

Fig. 2-14 Effect of increasing the deflection angle [52]
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Fig. 2-15 Shock wave angle according to the mach number [53]
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Fig. 2-17 Flow combinations for sharp and spherically
blunted cones [53]
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Fig. 2-20 Composite heat transfer coefficients versus contour
distance from stagnation Point(R = 0.87") [1]
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Fig. 2-21 Composite heat transfer coefficients versus contour
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_44_

Collection @ chosun



Yol me AFEY

Ay o

=1
T

2.

Aol A AE ke of

3L
I

o] Al o] 2

HeolgE Fa

L

ksl
pul

th. Fig. 2-220) 4}

s}

Aseree] Wslrh Uepd gl

=i
=

A5

o wE

¥h7}

=
T

Fig. 2-23¢]

Al

) (Shell) 7 ]

Aoz B AEuY ¢

p
L.

Z(Conical Nozzle)oll thaliA] 1565 FWrzoll A sk o] 7Hd A vYeht

]
B
g

qo]c). AlE v

Nr
T

o

4
w
o
;OO
@.O
)

o

_45_

Collection @ chosun



Diffuser-wall ststlic-pressure taps

Nezzle-exit stabic-pressure tap —

15% conical nozzle-,
/ ===
Lehasber pressure tapl

~ R i
S— Z NN
S ?
ay
Z: \\\ o
i - — Py
sure
FE ey E
'
Diffuser static-pressure tap— CD-T246

Single-cgtep-spike varisble-area
exhaust 4iffuser

O Concentric spike and shell
|U Constant-flow-area cpike and shell I_
Open sysbols Start
Balid symbols COperate
20 -1 -
3
E N
£ \
.t
§'} 16— E o — —
EE) o) o
E‘E :‘\ S \
nh \
v
T N o
i P
LB _§ e
5 =

mE

16 14 18 22 z5 30
Spike cemivertex angle, 0, deg

Fig. 2-23 Starting and operating pressure of various cone
half angle[31]
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Fig. 2-27 Comparison of CBD and ramjet on the
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Fig. 2-28 Design parameters of CBD
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Table 2-5 Design parameters of CBD

Parameters Parameters
Inlet diameter (D)) 220 mm | Length of CB 400 mm
Inlet length (H) 110 mm Divergence diameter | 250 mm
blunt radius (R&,) 16 mm Divergence angle () | 8 deg.
cone half-angle («) 20 deg. Total length 966 mm
Diameter of CB (W) 50 mm
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Table 2-6 Minimum vacuum pressure ratio of diffuser
Aq/ A, Deviation
(Experimental) (Theoretical) (Y =1.2)
575 0.0188 13% 0.0213 0.0204
76.7 0.0145 8.9% 0.0132 0.0167
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expansion area ratio [31]
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AGN! MOTOR — COOLING WATER SPARY MEMBRANE ASSEMBLY.
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a) Experimental setup using solid propellant rocket motor exhaust
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b) SED characteristic curve for hot rocket exhaust gas

Fig. 3-1 SED experimental setup and characteristic curve [9]
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Fig. 3-2 Computational grid of SED
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Fig. 3-3 Mach number contours for transient regime
(pP,/P,=2718)
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Fig. 3-4 Mach number contours for transient regime
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Table 3-2 Vacuum and starting pressure ratio of CBD and STED

Diffuser PP, P,/P, Shock wave angle
CBD (a: 10 deg. , H: 0.5) 0.0165 44 16 deg.
CBD (a: 20 deg. , H: 0.5) 0.0145 43 24 6deg.
STED (6: 5 deg. , S: 0.5) 0.0148 44 15 deg.
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Fig. 3-11 Mach number contours at the starting pressure
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Table 3-3 Vacuum and starting pressure ratio of various cone-tip

position
Diffuser PP, P,/ P,
a: 20deg. , H: 0.0 0.0128 45
a: 20deg. , H: 0.25 0.014 46
a: 20deg. , H: 0.5 0.0145 43

o8

P/P,

—m—CBD{a: 10, H:0.5)
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_ —4—CBD(a: 20, H: 0.5)
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0z

60 70
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Fig. 3-13 Comparison of characteristic curve of CBD
(«=20, H=0.070.5D,)
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Fig. 3-14 Mach number contours for transient regime
(a=20, H=0.0D4, Po/P,=10743)
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Fig. 3-15 Mach number contours for transient regime
(a=20, H=0.0Dg4, Po/P.=44760)
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Fig. 3-16 Mach number contours for transient regime
(a=20, H=0.25Dq)
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Fig. 3-17 Mach number contours for transient regime
(a=20, H=0.5Dy)
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Table 3-4 Vacuum and starting pressure ratio of various cone
half-angle
Diffuser P./P, P,/ P,
a: 10 deg., H=0.5D, 0.0165 44
a: 15 deg., H=0.5D, 0.0142 39
a: 20 deg., H=0.5D, 0.0145 43
a: 25 deg., H=0.5D, 0.0142 44
a: 30 deg., H=0.5D, 0.015 46
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(H=0.5D,, «=10, 15, 20, 25, 30)

_81_

70



Fig. 3-19 Mach number contours for transient regime
(a=10, H=0.5Dg)
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Fig. 3-20 Mach number contours for transient regime
(a=15, H=0.5Dgq)
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Fig. 3-21 Mach number contours for transient regime
(a=25, H=0.5Dq)
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Fig. 3-22 Mach number contours for transient regime
(a=30, H=0.5Dgq)
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Mach number :
Total temperature: 300K
Stagnation pressure: 3 bar

Test section : 120x80mm
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- ARAE BA} Al2H
Jet pressure(P;,;): 1~12 bar

Jet nozzle diameter: 0.6mm

Fig. 4-1 Experimental setup for counter—flow jet

Pressure sensor -1

Flow(M=2.5) T |
—p —

Counter-flow -

Pressure sensor -2

Fig. 4-2 Geometry of Counter-flow jet model
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Fig. 4-3 Counter—flow jet model
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b) CFD |
Fig. 4-4 Comparison of computational and experimental results
for counter—flow jet (Piet/Po= 1.47)

Fig. 4-5 Comparison of computational and experimental results
for counter—flow jet (Piet/Po= 2.64)
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CHOSUN UNIVERSITY

Fig. 4-9 Mach number contour for counter-flow jet (P,,/P,=1.76)

Fig. 4-10 Mach number contour for counter-flow jet (P,,/P,=2.64)
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CHOSUN UNIVERSITY

¢) LPM(Long Penetration Mode), d2/d1=4, M=2.0
Fig. 4-11 Mach number contours for counter—flow jet

(P,,,/P,=3.3)
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Fig. 4-12 Mach number contours for counter-flow jet
(M=5.3, Ty=3400K)
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Table 4-1 Vacuum and starting pressure ratio of
various counter—flow jet

Counter-flow jet PP,
P,/ P,=0.0 0.0145
P,/ P,=0.5 0.0161
P,/ P,=1.0 0.0162
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Fig. 4-15 Concept design of counterflow jet
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