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Table 1 Sensitivity test of turbulence models

Model

Sensitivity Test
k-w k-¢ S—A SST

Grid Resolution 4 3 4 3
yi Spacing 3 1 4 3
Turbulence Level 1 5 5 5
Angle—of—Attack 4 4 4 4
Inlet Profiles 5 5 5 5
Numerical Code 4 4 4 4
Average 3.5 3.5 4.3 4.0

Table 2 Measure of turbulence model goodness

Measure of Model
Goodness k-w k-& S—A SST
Mixing Layer 1 5 5 5
Far Wake 1 2 5 2
Plane Jet 1 5 2 5
Round Jet 1 4 1 4
7ZPG BL 5 5 5 5
APG BL 2 1 4 5
Trans. Bump 2 1 3 4
RAE 2822 2 1 3 4
Average 1.9 3.0 3.5 4.3
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Figure 6 Factors affecting the base pressure and convective heat transfer rate
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Figure 8 Boundary Conditions
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Table 3 Flow conditions for supersonic flat plate

Flow conditions
Ma,, 8.0
P [pal 121114
P lkg/m’] 0.19475
T [KI] 216.65
Moo [Ns/m?] 1.4216X107°
Far field
u=0.99u,
Inflow Tﬁggsiigsn " —_, Outflow
% Turbulent ; -
Taminar

7

Constant temperature wall
Transition Point
(Re,=3.88X106)

Figure 9 Flow conditions and boundary conditions for supersonic flow over the flat

plate
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Figure 10 SKin friction coefficients of flat plate for Max=8.0
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Table 4 Flow conditions for supersonic flow backward facing step

Flow conditions
Ma,, 2.46
R [mm] 31.75
Po [pal 31415
P Lkg/m’] 0.7549
T [K] 145

Inflow

_

_ Outflow
_ 5R
E—
—_—
E—
8R Reattachment
point

- 5

l

R Adiabatic wall <——

Adiabatic wall

Figure 11 Flow conditions and boundary conditions for supersonic flow backward

facing step
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Table 5 Average base pressure comparisons between k-w SST and k-w SST -CC

1R (pj/peo) SST SST-CC
5 0.1374 0.1653
35 0.3402 0.4031
65 0.4505 0.5653
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Figure 13 Normalized average base pressure ratio comparisons between k-w SST and k-

 SST-CC
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Table 6 Flow conditions for hypersonic flow around cylinder

Flow conditions
Req, 1.5X10°
Ma,, 16.32
Pe [pal 82.95
Po [kg/m’] 0.556%x107°
T [K] 52
Twan [K] 294.4
700
i .

Heat transfer rate, q IkW/mZI
W B wn
(=3 (=} (=3
(=} (=} (=]
T T T
| |

%)

=3

S
I

100

Figure 14 Heat flux comparisons of hypersonic cylinder for Max=16.32, p»=82.95[pa],
Tw=52[K], Twan=294.4[K]
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Table 7 Flow conditions and experimental data

(8,)

Separation angle

6.5

Separation length
(14/L)

0.5

Flow conditions

Re,,=6.86 X107

My,=6.0
51.6 K]

Too=

=223
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Separation
Separated length |,
length

P Separation
Yok shock
I Slip line

P S -,

Figure 15 Schlieren image and experimental results for Ma»x=6, p;/p~=223

Calculation

Figure 16 Computational results of pressure for Max=6, p;/p»=223
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Figure 17 Base pressure distributions for grid convergence test, flow conditions are

Maw=>5, Rew=1.18 X 108, Tw=300[K], pi/p==5
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Table 9 Plume species and properties

Species Mole.cular Heat of formation Mass fraction
weight (J/kmole X 10%)
@) 15.9994 2.49 1.250%x107°
14.0067 4.73 0
H 1.0079 2.18 6.000x107°
OH 17.073 0.39 1.224X107*
Ho 2.0159 0.00 6.600x107*
CO 28.0104 —-1.11 6.625X107*
NO 30.0061 0.90 1.872x107!
or 31.9988 0.00 4.436x107!
Ny 28.0134 0.00 1.032%x107*
H20 18.0153 —2.42 3.112X107®
COz 44.0098 -3.94 2.473x107!
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Figure 18 Nozzle exit Mach number distributions for yj=1.1, 1.2, 1.3, 1.4 and multi-
species for Mawx=5, pj/po=5
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Figure 19 Nozzle exit pressure distributions for y;=1.1, 1.2, 1.3, 1.4 and multi-speices for

Maw=5, pj/p==>5
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-species (g,=1.4
Multi-species (g~1.23)

o
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Base pressure ratio p,/p,
(=4
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o

| | | | | | |
0
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y/d

Figure 20 Base pressure ratio distributions for yj=1.1, 1.2, 1.3, 1.4 and multi-species for
Maw=>5, pj/p«=>5
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Figure 22 Base pressure distribution for Max=5, pj/p»=5, yj=1.1
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Figure 23 Heat transfer rate distribution for Ma»x=5, pj/p»=5, y;=1.1
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. <
g (@)
: =
] =
= o
o
— [N}
> —
8
S o
[=B)
<
LO
=
o oo o
O == A= I =
O I> > > =
I = B o B o o}
(] v O oo
g = N
© =~
5 —
(]
n
o]
M
eeeee
SSSSS
aaaaa
e e el a)
Olo & A &

52




1A &4

ﬁo

ol |
PO
0
RN
= o
.ZTI .nlmo
o] T
= =
" m
=o
©or
R
xR
o T
v T
T
iy
o] ,El
=
5ol
B =)
ﬂ_OI ~
™ X
EC
=
—
— =7
B o
« ™

Ao Z Yir gtolth. 2], 485

al

A

B

.

(})j\

EEL

S

. 497 Y AlE T

b

S

:T_L

oju
=]
/o
e

X

WK

—

<
)

%
4
2

el

2

ol ket

f%]—

SR

7} A

1A A7 el
y/d 2 dERd ZAde] dolrh vgE2Y] wiie] 74|

o
&

1

—

0

s

N

(48)

[ p(r,0)dA
fdA

Pb,avg

(49)

_1)

P

(pb,avg

2

YeoM%

Cp =

53

-1

1_l|

___:rkﬁ-! k k‘l.'!l 3



Table 11 Calculated results according to base diameter

Case | Pbavg/Poo Cp Sp a (deg.) | B (deg.)

Obase 0.1549 —0.0483 0.3588 63.2 26.2

Hbase 0.1246 —0.0500 0.3188 63.1 28.2

Dbase 0.1077 —0.0510 0.2891 62.5 29.5

Thase 0.0854 —0.0523 0.2479 61.5 31.2
Hbase

]

46620.7
415517
364828
314138
263448
212759
16206.9
111379 >
6069.0 | [l
1000.0

P
466207

/s
'S
E P
LS
T T T T T T T T 717717

0.075 0.125
x/d

Tbase

i - = E
021500005 0 005 0.1 015 0.2 025 0.3 0.35 04 0.45
x/d

Figure 26 Computational results of pressure contour and recirculation zone near the
base according to base diameter for Ma»=>5, pj/p»=>5, Yj=1.2, To=300[K], Twani=600][K],
base diameter of Obase=d, Hbase=1.145d, Dbase=1.29d, Tbase=1.58d
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Figure 28 Streamline through y/d=+0.001, x/d=0 for Ma«=5, pj/p»=5, y;=1.2,
Tw=300[K], Twan=600[K] of Obase
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Figure 29 Back pressure distributions according to base diameter for Max=>5, pj/p»=5,
Yi=1.2, To=300[K], Twan=600[K], base diameter of Obase=d, Hbase=1.145d,

Dbase=1.29d, Thase=1.58d
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Table 12 Averaged heat transfer rate and total heat transfer rate according to base

diameter
Case | qavp [KW/m?] | Base area ratio Q [kW]
Obase 168.2 1.0 405.6
Hbase 131.9 1.2 364.1
Dbase 108.4 1.8 337.2
Thase 87.6 3.0 333.7
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Figure 31 Heat transfer rate distributions according to base diameter for Max=5,
Pi/P==5, Yj=1.2, To=300[K], Twan=600[K], base diameter of Obase=d, Hbase=1.145d,
Dbase=1.29d, Thase=1.58d
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Table 13 Base pressure ratio, heat transfer rate change rates and pressure coefficient

differences according to base diameter

Case | Do diameter | e | amgliovm |,
Obase 1 - - -
Hbase 1.145 —-19.6% —21.6% —0.0017
Dbase 1.29 —-30.5% —35.6% —0.0027
Thase 1.58 —44.9% —47.9% —0.0040

09~

0.8 |-

0.7

Normalized value

0.6 -

0.5

1.2 13 1.4
Base diameter

1.5 1.6 1.7

Figure 34 Normalized average base pressure ratio and heat transfer rate according to

base diameter
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Table 14 Fuselage length and flow conditions

Case | Fuselage length | Maw | Pj/pPe | Yj Too Twan
FBO2 2d
FBO4 4d
FBO6 6d
FBOS 3d 5 5 1.2 | 300K | 600K
FB10 10d
FB12 12d
2d 3

4d

12d

Figure 35 Variation of supersonic vehicle geometry according to fuselage length
63



S|
5
ehs e & g oo well He Aed 499 7] Hake e

N
2
A7
1%
R
X
o|\
N
ol
=
=
i)
o
flo
oy
B>
ol
2
b
il
e
—
I

ol 717hs1xt,
§ w7t o S B o Zadlt FAE welT. & A 2o

Hstel] oJsf 714 skge] Frhskd wrelrh Al EAst we)Zt o 9

=
N
.
M
PN
ol
ol
2
2
A
r 0
of
12
o
i
2
2
&

Table 15 Calculated results according to fuselage length

Case Pb,avg/Pew Cp SP a (deg.) | B (deg.)
FBO2 0.1322 | —0.0496 0.3625 64.7 27.0
FBO4 0.1456 | —0.0488 0.3601 63.8 27.0
FBO6 0.1533 | —0.0484 0.3591 63.2 26.9
FBO& 0.1587 | —0.0481 0.3585 62.8 27.0
FB10 0.1640 | —0.0478 0.3580 62.5 26.9
FB12 0.1671 —0.0476 0.3577 62.2 26.9
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Figure 36 Computational results of pressure contour and recirculation zone near the

base according to fuselage length for Ma«=D5, pj/p»=>5, Yj=1.2, T»=300[K],

Twai=600[K], fuselage length of FB02=2d, FB04=4d, FB06=6d, FB08=8d, FB10=10d,

FB12=12d
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Figure 38 Velocity distributions in boundary layer on the fuselage at x/d=0 for Ma~=5,
Pi/pP»=>5, Yi=1.2, To=300[K], Twan=600[K], fuselage length of FB02=2d, FB04=4d,
FB06=6d, FB08=8d, FB10=10d, FB12=12d
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Figure 39 Mach number distributions according to fuselage length along the streamline

atx/d=0, y/d=0.51 for Ma»x=5, pj/p»=5, yj =1.2, To=300[K], Twan=600[K], fuselage
length of FB02=2d, FB04=4d, FB06=6d, FB08=8d, FB10=10d, FB12=12d
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Table 16 Averaged heat transfer rate according to fuselage length

Case Qavg [kW/m?]
FBO2 155.1
FBO4 163.6
FBO6 169.1
FBO8 171.7
FB10 176.4
FB12 177.5

600

(%)

=)

S
I

N
=3
=}

Heat transfer rate, q [KW/m’]
] W
3 S

100

Figure 40 Heat transfer rate distribution according to fuselage length for Ma«=?5,
Pi/pP==5, vj =1.2, To=300][K], Twan=600[K], fuselage length of FB02=2d, FB04=4d,
FB06=6d, FB08=8d, FB10=10d, FB12=12d
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Figure 41 Temperature distribution at x/d=0.02 for Ma»=>5, pj/p«==>5, y; =1.2,
Tw=300[K], Twan=600[K], fuselage length of FB02=2d, FB12=12d
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Table 17 Base pressure ratio, heat transfer rate change rates and pressure coefficient

differences according to fuselage length ratio

Case | Fuselaze length | jp | quglicwiml |,
FBO2 L/d=2 - - -
FBO4 L/d=4 10.1% 0.0% 0.0008
FBO6 L/d=6 15.9% 9.0% 0.0012
FBO8 L/d=8 20.0% 10.7% 0.0015
FB10 L/d=10 24.0% 13.7% 0.0018
FB12 L/d=12 26.4% 14.5% 0.0020
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Figure 42 Normalized average base pressure ratio and heat transfer rate according to
fuselage length
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Table 18 Freestream conditions for back pressure ratio and specific heat constant ratio

of plume

Flow conditions

Mach number Ma. 3,4,5
Temperature To 300K
Wall temperature Twal 600K
Specific heat ratio  y; 1.1 1.2 1.3 1.4

pi/p~=>5 86681 | 69775 | 56540 | 46086

pi/p==20 | 21670 | 17444 | 14135 | 11522

Pressure Pw | Pj/p==35 | 12383 | 9968 8077 6584

pi/p-=50 | 8668 | 6978 | 5654 | 4609

p/p-=65 | 6668 | 5367 | 4349 | 3545
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Figure 43 Pressure contour around the vehicle according to freestream Mach number 3,

4, 5 for p;/p==35, yj=1.4
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Figure 44 Computational results of pressure contour and recirculation zone near the

base according to freestream Mach number 3, 4, 5 for p;/p~=50, y; =1.3
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Figure 45 Base pressure ratio distributions according to freestream Mach number for
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Figure 46 Pressure contour and five points where the streamline start for Max=5,
Pi/p»=5, vj=1.2 aty/d=0.502, 0.51, 0.52, 0.53, 0.54
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Figure 47 Streamline flowing through 5 points according to freestream Mach number

for Max=3, 4, 5, pi/p»=5, y; =1.2 aty/d=0.502, 0.51, 0.52, 0.53, 0.54
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Figure 48 Expansion ratio according to freestream Mach number 3, 4, 5 for p;/p»=5,
vi=1.2 aty/d=0.502, 0.51, 0.52, 0.53, 0.54
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Figure 49 Schematic of trailing edge separation
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Figure 50 Heat transfer rate according to freestream Mach number for Ma«=3, 4, 5,

Pi/P~=>5, yi=1.2
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Figure 51 Thermal boundary layer on a fuselage at x/d=0 for Ma«=3,4,5, pj/p«=D5,

vi=1.2
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Altitude | Flow conditions Pressure | Back pressure ratio
P [pal Pj/Po

5km 54048 3

10km 26500 6
Ma, = 5.0

20km 5529 27
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30km 1197 123
Teham = 3000K

40km 287 516

50km 80 1850
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Table 20 Maximum prandtl-meyer function

y=1.1 y=1.2 y=1.3 y=1.4
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Figure 70 Prandtl-Meyer function
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Figure 72 Area-Mach number relation by specific heat constant ratio
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Figure 73 Area-pressure ratio relation by specific heat constant ratio

109



W] An 7 Aok 2

rlo

gt vldo] A= wlde] E Ao 2}
A ougth ot wd WA Yol Faw Qs s
9

Ao ool o Athiz Lotk IHER x=F Y fEolx
=
—

l

rlr

b eEoUA R Askd o wdns} Fes
on o]o] we} &7} Folx|7 W,

Y. 745 =F FT vhele duolth x%HE nhebreln yHe w

= vhsbpl A4S e BT 5 glon whahsr
ol BFE o) G pyyp b ARG 2EEE B vdust 2
PN
T

7b Z7) wEe] 71 A el A fgol v 7] drhA

0.35

0.3

2
il

0.25

4— o— O o—0—0 & 0-eopm
‘V‘waA%PW

0.2

r/d

0.15 T 12

0.1

o = 0—0—0—0—o— 5 =8 —0 —
b > > >—b—b—p— > - —b—

Ma

Figure 74 Nozzle exit Mach number distributions for pcham=100[atm], Tcham=1636,
3000, 4153.85,5142.86[K] fory;=1.1,1.2,1.3,1.4

110



el A7k Fd 714 sbEulE Aldbstol 1"l 750 yERYh

98] x&=S wignlo] i yES Hit 74 gEnlo|th BE nlalgol A

Mach 3 _ Mach 4

=3

%
o
%

S
3
T
I
N
T

o
>
T
o
>
T

o S I
o = O
T T T
b o o
w = 0
T T T

¥
T
o
T

Average base pressure ratio, p, ./,
Average base pressure ratio, p, . /p,,

S
T
o

T

1
% 10 20 30 40 50 60 70 05 10 20 30 40 50 60 70
Back pressure ratio, p/p,, Back pressure ratio, p/p,,

Mach 5

o I o
S N 23
T T

o
o
T

o
©
T

Average base pressure ratio, p, . /p,.
= =
S =
T T

o

0 10 20 30 40 50 60 70
Back pressure ratio, p/p,;

Figure 75 Average base pressure ratio of under the separation point according to back

pressure ratio

111



ofiy

O

Hjgu| 7 71 A

ojil
B
o}
o=

qr
olp
N

| B!

vl duje w

o]},

7

3]

J)

]

A

gl

b 4

A w9

0.35%

U2 f5°] x/d=0, y/d

=0
A= =

]

of VFERSITE. AR wl

e}

4 we] Aol

5, Witd] 35

=
T

ol

ol

i

—

0

0.5

0 = © 0 < e}
(=] (=] (=] (=] (=] (=]
p/&

%3

x/d

1.1,1.2,1.3,

5, pi/p=

Figure 76 Streamline through x/d=0, y/d=0.352 for Maw

1.4

112



A8 7% Zpolo] &g RullE ] WgtE dotry] fE olE IH.
77 YEFAT. 1AW x/d=0 oA x/d=0.027}A ] w7 w3k
< y/d=0.355, 0.36 A T3} y/d=0.355 N vyt 245

td
=,
o,

W e malEe] AA T y/d=0.36 oAt M@ 2AelA o]He] o
Axe] Stk Z, vldBlt 4255 Ga0] BAL] AR WY PFY
Fo malglo] Advkn 5 @ 5 Ytk aeEw wdus gad

Radial momentum

=3
IS
-
x[

y/d=0.355

e

o
2
i
i
i
\
|
|
|
|
|
|
|
|
|

Radial momentum

0.8

e
>

I
=

y/d=0.36

02 YA=036 —— | — 13 024

y/d=0355 |
/4"

x/d=0.02

0.005 0.01 0.015 0.02 0.005 0.01
x/d x/d

0.015 0.02

Figure 77 Radial momentum from base wall to x/d=0.02 at y/d=0.355 and 0.36 for
Maw=5, pi/p~=35,v;=1.1,1.2,1.3,1.4

113



o

T
el

ol

N

Wb ALRE YUt &

Fol zrom oo wel mE F oMY ALyt

o
=

)

i

soldA = A

W

N

o|J
0

N
Njo

871 9]

=
=

sl

T
Ry

AW Aoz v

A&

4000

080868 0-—0-9-—0-—0_5 g & —a-0—0—0-0-5 oy
=)
S
)
B
=)
S
S
44 -9—q el
w@&ﬁ.& T —q— %< ¢ —4— 49— 4 —< < <
=)
S
e
S
quvv.v.v..v.:v.xf
=)
S
S
ek -
—
oy o
[ S
[ a
o 4 I3
[
Lo
[ o
S
S
=
=)
S
[a) n e N v — [Ya) (=gl
«a S N S = S <=
IS o S S

p/1

Enthalpy [kJ/kg]

1636, 3000,

100 [atm] ; Techam

11,1.2,1.3,14

Figure 78 Enthalpy distributions at Nozzle exit for pcham

4153.85, 5142.86[K] for y;

114

........



o}
H

12=71 3, ®i¢hu)7b 65, BlAn)

)
oF 1.2217°)1 A5 wlatS=2} i

Hldu] 1.4%1 -9+ 0.7430°]th. =, v]dd]o| w}

=

L.

%ol AHF vl

PN
T

X

1t 714 ]

Hd 714 &y, EALFH &g A5
NEES

N

o

st A vy ool 7]

A185

=
=

drs =

o

ol Ax kA F7)

=

3
A tg Ry 9 z

[e)

=2

3

]

I
il

N
NJo

=

=g

Atk %, 2

)
J_,NO

il

ﬁo

il

gl =

ch

] 8-

A =5 W4l

S

F=7b 3, ka7t 6590 5ol

[<]

°
hud

ot

H]GH|]7F 1.4 wje] ]
115

F A vk
H7F 1.1 o FHof 39 7= S7)

[s]

7}

=

o

3ol

A 65% 7V B 1A ggnst

2u] 9



Ma=3

Normalized averaged base pressure ratio

W
T

o
T

—&— p/puS
— L~ p/p,,~20
— T PR3
e P50
—-O—~ p/p,65

Figure 79 Normalized average base pressure ratio according to jet specific heat constant

=

n

N

Normalized averaged base pressure ratio
o
2

1 1 1

1.2 13
Specific heat constant ratio

Ma=5

el T Sl
A | T

T

Normalized averaged base pressure ratio
T

ratio

116

14




Ma=3

Normalized averaged heat transfer rate

1.2 13
Specific heat constant ratio

Normalized averaged heat transfer rate

Ma=5

Ma=4

Normalized averaged heat transfer rate

—&— p/pS
A

= p/p,

— =V PP,
ey Py, =50
— O /o5

Figure 80 Normalized average heat transfer rate according to jet specific heat constant

1.2
Specific heat constant

ratio

117

1.3

ratio




Base pressure coefficient, Cp

Ma=3

0.04

0.02

—&— p/puS
EAY 0

0
-0.02
-0.04
0.064= Vs ~__
TTTA - Ty
0.08 |- Tt A-
T =4
01
. S — H
1.1 3 14

1.2 1.3
Specific heat constant ratio

0.04

Base pressure coefficient, Cp

Ma=5

0.04

Ma=4

1.2 13
Specific heat constant ratio

0.02 -

-0.02

1)

-0.04

- A= - py,
— === p/p,
e D,

—8— p/p,~S
20

— O PP

-0.06 [~

-0.08 |-

Base pressure coefficient, Cp

1.2 13
Specific heat constant ratio

Figure 81 Base pressure coefficient according to jet specific heat constant ratio

118




=

22 FAES HE =5 ol flE 255 vFAd disiA 714

, A Aol, A mbskE, wistnl, 5 vzt 714 e 7

Auo o] o] nX= A 9@ I e tisto] ®ASHA

o] Qi wAAY A FE5 374 FEyz R T 5 gloH
1 % PIFS Type II°l tiste] 8402 Ag-38tdnt

PIFS Type [ :ZolA v AEZL vfZ v 57| wZeo A=

o BF Amsk FIAW A ¢4 L AASFL vwy 44 A5

kb
|\
r®

4 3131, PIFS Type 1lI& AF-F7F 7140 93 v x#] 7] wF
of AIE F%2o ZHol webd V1A 48 4 GHdEko] A 3HH

Bk PIFS Type I AE f&°] 7IAWS wet =21 vtg] ¥7] o
o] PIFS Type [, lII$} TH2A AF72] B AE F52 Aol 7]
g dagdwkel &S FA He olF st geotsisith

A 47, 53elA =oHAd 57F4 a0l 7AW AH dy/de, A A
ol L/d, A PFlF Maw, ¥WISHH] pi/pe., =% HIDH] y. 7} S7HE
o w2l Sp, W)zt o, B, B 1A UHY] ppave/Pe. 1A S AT

Cp, Bt DAL quug 7t o19A WSst=A 1 A= ds % 21

o

2

119

21

| &1

1V



ﬁ
gl:
ot
&
b
18

of delstalth. A% W& sdxe 4 oo S w3

A bR Suola ofe)Z WE

i
23]
s
N
B
ot
iy
iy
1o,
=)
o
iy

Table 21 Comprehensive results

dp,/de L/d Mao Pi/Peo Yoo
SP & &4 i) il &
a &4 & il il &
B il U iy & i
Pb,avg/Poo & il & il &
Cp & iy - iy 4
avg & il il & &

2 edes VA FrEel dFe viAe A s AA Al TR

=2
rr

X,
oft
o
ol
2
1o,
o
po)
o
i
N
2
e

k)

4730l olel sidE. 7]

Xj'

oA ARF PP A Qo BA o), ARF vtk
7 olel gL BA o7t FAAY AT rHaest Fobed
o= MBI QI F2 BA FURA AT F
1A ol AR wEel wel A4 niassh
1A ] wgkEol BAY o]zt Frksk uie)

o visterk Basty AR vhekes Fohed uhel Hde) vhel

O ot
1 T ¥
o 2
oX, o (m
ok @
ST
= lo o
rﬂ o}

gi
1S =

»
2

120

S s i



Ky

7}

B

)

Z}

Z]

=

=5 HlEH] 7} o]
o)

o AAL o] wzt A

A WA 714 4
7}akaL

Z|

=
S

o
O

3

= o
L

3 w7 o 7}

]
=

HA = Hhe
off wehA 7] A el A Y=

7}3
3)
g

=

7}

=

o]
el 3

ol
~u

71A ke et

M
fite)

B

g
-

o
ﬁo

)

Ao 7 7)Aoty Al

19914 2 % 9l%e] AHF vt

Holx|gk 2],
ol¢} #o] Power—on AH Sl &% HgAe] 714

FSACE.

= AAs

a4

ﬁo

s

gl =

ch

___:rk;! k k‘l.'!l 3

121



Appendix

A5 vkekE, vl et EF wjdn]d wE V1A FF5Y A 84
AE 3% AL, A2, A3, A4, A5l Attt ®. A1 H 714 o
Hl, %.A2E Hi 49 AR, A3, A4, ASE B, vheEl ) o o)1l %

T A+ kel &S BA 6] fs . ATl BHolq v
Wkow 5719 Ade Ave A HR0E Atk 5709 AA
2 x/d=0 °lA] y/d=0.502, 0.51, 0.52, 0.53, 0.54 ©]th. M; ¥ p; & 7
b WA A wskrel GO R x/d=0 oA FolA My, pr & BH F
do] Had wjeo grolrh

. Bloll= AF-F viehe st & H 714 gnle] Wk
= sttt vkebrrE 39 W B 1A FEuvE g Z] el
Hitu e} E5 wdu|ry 2 mpekErt 391 AE VIeloE WEE S

A

Arretdth, R7EA 2 3% B2ele At vhekar o] Wste] uhE

—

IS
Lo
2
k)

i

{
=

3. Clell= wisiu]e 714 kg e Wskas e
‘ﬁ’

stith. witulZE 5w sF V1A FEuZE 7R A7) wiitel A

shelpol EE wldulh ga dgtulzl 591 A FoR WaES
AsErodT, . Cooli Wgtulel Wstel B AR w. C3olt o
A% Aol g 217k g sheit

. Dlel= 25 Wldn o] wste] wE g 714 ko] WHakEs

sttt 5 BlgvZE 149 B9-E VI€o R st ®. D2le

JL—-! - ‘:,3' T



=5 Algn[o Wste] wE dXdgER, i D3ole o" AT Aols

72t gelsrsit.

PR e R #. Eolls # =wolAd AR degEl] dedsE A

gl &kt

123

S e ki



Table A1 Averaged base pressure ratios

Ma., Pi/Pe yi=1.1 yi=1.2 y;=1.3 yi=1.4
5 0.2958 0.3060 0.2890 0.2685

20 0.6084 0.5713 0.5008 0.4429

3 35 0.8184 0.7718 0.6528 0.5555
50 1.0308 0.9420 0.7826 0.6550

65 1.2217 1.0977 0.8976 0.7430

5) 0.1968 0.2010 0.1903 0.1777

20 0.4487 0.4008 0.3610 0.3207

4 35 0.5277 0.5269 0.4637 0.4033
50 0.6805 0.6275 0.5558 0.4708

65 0.8398 0.7154 0.6331 0.5332

5) 0.1580 0.1547 0.1468 0.1373

20 0.3864 0.3242 0.2961 0.2644

5 35 0.4891 0.4115 0.3845 0.3390
50 0.5691 0.4884 0.4585 0.3970

65 0.7102 0.5615 0.5175 0.4481
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Table A2 Base pressure coefficients

Ma., Pi/Pe yi=1.1 yi=1.2 y;=1.3 yi=1.4
5 —-0.1118 —0.1101 —-0.1128 -0.1161
20 —0.0620 —0.0680 -0.0791 —0.0883
3 35 —0.0286 —0.0360 —0.0549 —0.0704
50 0.0052 —0.0089 —0.0342 —0.0545
65 0.0356 0.0159 —0.0159 —0.0404
5 —-0.0717 —0.0713 —0.0723 —0.0734
20 —0.0472 —0.0535 —0.0570 —0.0606
4 35 —0.0420 —0.0421 —0.0478 —0.0532
50 —0.0283 —0.0331 —0.0395 —0.0471
65 —0.0140 —0.0252 —0.0325 —-0.0415
5) —0.0481 —0.0483 —0.0487 —0.0493
20 —0.0353 —0.0390 —0.0402 —0.0420
5 35 —0.0291 —0.0335 —0.0351 —0.0377
50 —0.0245 —0.0291 —0.0308 —0.0344
65 —-0.0164 —0.0249 —-0.0274 —-0.0314
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Table A3 Separation points

5 0.3561 0.3551 0.3551 0.3551
20 0.3840 0.3594 0.3561 0.3556
3 35 0.4030 0.3665 0.3578 0.3563
50 0.4128 0.3730 0.3598 0.3570
65 0.4192 0.3787 0.3619 0.3577

5 0.3694 0.3560 0.3553 0.3552
20 0.4079 0.3715 0.3584 0.3563
+ 35 0.4384 0.3874 0.3631 0.3578
50 0.4462 0.3993 0.3675 0.3592

65 0.4502 0.4078 0.3716 0.3606
5) 0.3840 0.3588 0.3557 0.3554
20 0.4157 0.3840 0.3614 0.3571
5 35 0.4447 0.4045 0.3683 0.3591

50 0.4604 0.4167 0.3741 0.3611
65 0.4634 0.4248 0.3798 0.3630
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Table A4 Separation angles, o (deg.)

Ma., Pi/Peo yi=1.1 yi=1.2 y;=1.3 yi=1.4
5 59.6 54.4 51.2 48.7

20 66.4 64.5 61.4 58.4

3 35 68.7 67.2 64.7 61.7
50 70.0 68.8 66.6 63.6

65 71.3 69.8 67.9 65.0

5 63.9 59.9 56.1 52.9

20 68.9 67.5 64.7 61.3

4 35 71.4 69.5 67.6 64.4
50 72.5 70.8 69.1 66.3

65 73.2 71.8 70.2 67.4

5 65.5 63.2 59.2 55.6

20 70.1 67.4 66.5 63.0

5 35 71.7 71.0 69.0 65.9
50 73.8 72.3 70.5 67.5

65 74.5 72.8 71.4 68.7
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Table A5 Separation angles,  (deg.)

Ma., Pi/Peo yi=1.1 yi=1.2 y;=1.3 yi=1.4
5 22.6 23.0 24.2 25.7

20 8.8 12.6 15.5 17.8

3 35 3.7 7.6 11.1 14.0
50 -0.4 4.6 8.4 11.3

65 —-10.0 2.2 6.4 9.3

5 24.2 25.1 26.3 27.4

20 13.2 14.0 16.9 19.2

4 35 4.8 8.4 12.5 15.4
50 0.9 5.1 9.1 12.7

65 —4.6 2.7 6.8 10.5

5 24.5 26.2 27.3 28.4

20 11.4 13.2 17.6 19.8

5 35 4.0 9.2 12.9 15.8
50 1.1 5.6 9.6 13.1

65 -3.9 2.6 6.9 11.0
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Table A6 Averaged heat transfer rate (kW/m?2)

Ma., Pi/Peo yi=1.1 yi=1.2 y;=1.3 yi=1.4
5 141.1 146.9 123.8 100.3

20 97.4 85.5 63.2 47.0

3 35 89.2 72.7 51.3 36.1
50 84.5 65.2 45.2 31.0

65 80.0 60.1 41.1 27.8

5 154.7 159.4 133.4 108.5

20 108.5 96.1 74.0 55.8

4 35 97.1 80.3 59.1 42.9
50 93.2 72.2 52.2 36.6

65 91.3 66.9 47.6 32.8

5 165.2 168.2 142.1 116.5

20 115.1 102.1 81.0 62.6

5 35 104.8 82.8 64.6 48.4
50 94.1 73.8 56.6 41.2

65 92.6 68.4 51.3 36.9
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Table A7 M1, M2 and expansion ratio along the streamline according to freestream

Mach number in case of back pressure ratio 5, jet specific heat constant ratio 12

y/d=0.502
Mao M, M; p2/p1
3 1.627 2.212 0.3097
4 1.902 2.887 0.2046
5 2.067 3.225 0.1580
y/d=0.51
3 2.023 2.775 0.3033
4 2.422 3.464 0.2048
5 2.690 3.769 0.2078
y/d=0.52
3 2.246 3.014 0.3140
4 2.732 3.499 0.3358
5 3.070 3.793 0.3746
y/d=0.53
3 2.442 3.095 0.3875
4 3.019 3.605 0.4578
5 3.424 3.978 0.5107
y/d=0.54
3 2.641 3.148 0.4838
4 3.333 3.778 0.5737
5 3.836 4.277 0.6279
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Table B1 Base pressure ratio change rates according to freestream Mach number

Mae Pi/Pw yi=1.1 yi=1.2 vi=1.3 yi=1.4
3 _ _ _ _
4 5) —33.45% —34.30 —-34.16 —-33.83
5 —46.58% —49.46 —49.21 —48.89
3 _ _ _ _
4 20 —26.25 —29.85 —-27.91 —27.59
5 —-36.49 —43.25 —40.87 —40.31
3 _ _ _ _
4 35 —35.52 -31.74 —28.97 —27.41
5 —40.24 —46.69 —-41.10 —38.98
3 _ _ _ _
4 50 —-33.98 —33.38 —28.98 —28.12
5 —44.79 —48.16 —-41.41 —39.38
3 _ _ _ _
4 65 -31.26 —34.82 —29.47 —28.24
5) —41.87 —48.85 —42.35 -39.69
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Table B2 Heat transfer rate change rates according to freestream Mach number

Mao, Dj/Peo yi=1.1 yi=1.2 vi=1.3 yi=1.4
3 _ _ _ _
4 5 9.7% 8.5% 7.8% 8.1%
5) 17.1% 14.5% 14.8% 16.2%
3 _ _ _ _
4 20 11.4% 12.3% 17.1% 18.8%
5) 18.2% 19.4% 28.3% 33.4%
3 _ _ _ _
4 35 8.9% 10.4% 15.2% 18.8%
5) 17.5% 13.8% 26.0% 34.1%
3 _ _ _ _
4 50 10.3% 10.7% 15.4% 17.9%
5 11.4% 13.1% 25.2% 32.9%
3 _ _ _ _
4 65 14.1% 11.4% 15.8% 18.1%
5) 15.8% 13.9% 24.9% 32.7%
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Table B3 Base pressure coefficient differences according to freestream Mach number

Mae Pi/Pe yi=1.1 yi=1.2 vi=1.3 yi=1.4
3 _ _ _ _
4 5 0.0401 0.0388 0.0406 0.0427
5) 0.0637 0.0619 0.0641 0.0668
3 _ _ _ _
4 20 0.0129 0.0145 0.0222 0.0278
5) 0.0271 0.0294 0.0390 0.0464
3 _ _ _ _
4 35 —0.0133 | —0.0060 0.0072 0.0173
5) —0.0004 0.0026 0.0199 0.0328
3 _ _ _ _
4 50 —0.0334 | —0.0241 | —0.0052 0.0075
5) —-0.0295 | —0.0200 0.0036 0.0203
3 _ _ _ _
4 65 —0.0495 | —0.0409 | —-0.0165 | —0.0009
5) —0.0517 | —0.0406 | —0.0113 0.0093
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Table C1 Base pressure ratio change rates according to back pressure ratio

Mac, Pi/Peo yi=1.1 yi=1.2 y;=1.3 yi=1.4
5 _ _ _ _
20 1.06 0.87 0.73 0.65
3 35 1.77 1.52 1.26 1.07
50 2.49 2.08 1.71 1.44
65 3.13 2.59 2.11 1.77
5 _ _ _ _
20 1.28 0.99 0.90 0.80
4 35 1.68 1.62 1.44 1.27
50 2.46 2.12 1.92 1.65
65 3.27 2.56 2.33 2.00
5 _ _ _ _
20 1.45 1.10 1.02 0.93
5 35 2.10 1.66 1.62 1.47
50 2.60 2.16 2.12 1.89
65 3.49 2.63 2.53 2.26
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Table C2 Heat transfer rate change rates according to back pressure ratio

Mac, Pi/Peo yi=1.1 yi=1.2 y;=1.3 yi=1.4
5 _ _ _ _
20 —30.9% —41.8% —49.0% —53.2%

3 35 —36.8% —50.5% —58.6% —64.0%
50 —-40.1% —55.6% —63.5% —-69.1%
65 —43.3% —-59.1% —66.8% —72.3%
5 _ _ _ _
20 —29.9% —39.7% —44.5% —48.5%

4 35 —37.2% —49.6% —55.7% —60.5%
50 —39.8% —54.7% —60.9% —66.3%
65 —41.0% —58.0% —64.3% —69.7%
5 _ _ _ _
20 —-30.3% —39.3% —43.0% —46.3%

5 35 —36.6% —50.8% —54.6% —58.5%
50 —43.0% —56.1% —60.2% —64.6%
65 —44.0% —59.3% —63.9% —68.3%
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Table C3 Base pressure coefficient differences according to back pressure ratio

Mac, Pi/Pe yi=1.1 yi=1.2 y;=1.3 yi=1.4
5 _ _ _ _
20 0.0496 0.0421 0.0336 0.0277
3 35 0.0830 0.0739 0.0577 0.0456
50 0.1167 0.1010 0.0783 0.0613
65 0.1470 0.1257 0.0966 0.0753
5 _ _ _ _
20 0.0225 0.0178 0.0152 0.0128
4 35 0.0295 0.0291 0.0244 0.0201
50 0.0432 0.0381 0.0326 0.0262
65 0.0574 0.0459 0.0395 0.0317
5 _ _ _ _
20 0.0130 0.0097 0.0085 0.0073
5 35 0.0189 0.0147 0.0136 0.0115
50 0.0235 0.0191 0.0178 0.0148
65 0.0316 0.0232 0.0212 0.0178
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Table D1 Base pressure ratio change rates according to jet specific heat constant ratio

Ma., Pi/Pe yi=1.1 yi=1.2 y;=1.3 yi=1.4
5 10.1% 14.0% 7.6% -
20 37.4% 29.0% 13.1% -
3 35 47.3% 38.9% 17.5% -
50 57.4% 43.8% 19.5% -
65 64.4% 47.7% 20.8% -
5 10.8% 13.1% 7.1% —
20 39.9% 25.0% 12.6% -
4 35 30.9% 30.7% 15.0% -
50 44.5% 33.3% 18.0% -
65 57.5% 34.2% 18.7% -
5 15.1% 12.7% 7.0% —
20 46.1% 22.6% 12.0% -
5 35 44.3% 21.4% 13.4% -
50 43.3% 23.0% 15.5% -
65 58.5% 25.3% 15.5% -
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Table D2 Heat transfer rate change rates according to jet specific heat constant ratio

Ma., Pi/Pe yi=1.1 yi=1.2 y;=1.3 yi=1.4
5 40.6% 46.5% 23.4% -
20 107.4% 82.1% 34.5% -
3 35 147.1% 101.5% 42.0% -
50 172.4% 110.3% 45.7% -
65 187.7% 116.0% 47.8% -
5 42.7% 46.9% 23.0% -
20 94.4% 72.1% 32.5% —
4 35 126.4% 87.2% 37.7% -
50 154.8% 97.5% 42.6% -
65 178.0% 103.8% 45.0% -
5 41.8% 44.3% 21.9% -
20 83.8% 63.0% 29.4% -
5 35 116.5% 71.0% 33.4% -
50 128.3% 79.0% 37.2% -
65 151.0% 85.3% 39.1% -
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Table D3 Base pressure coefficient differences according to jet specific heat constant

ratio

Mao Pi/Peo vi=1.1 yi=1.2 yi=1.3 yi=1.4
5 0.0043 0.0059 0.0033 -
20 0.0263 0.0204 0.0092 -
3 35 0.0417 0.0343 0.0154 -
50 0.0596 0.0456 0.0203 -
65 0.0760 0.0563 0.0245 -
5 0.0017 0.0021 0.0011 -
20 0.0114 0.0071 0.0036 -
4 35 0.0111 0.0110 0.0054 -

50 0.0187 0.0140 0.0076 -

65 0.0274 0.0163 0.0089 -
5 0.0012 0.0010 0.0005 -
20 0.0070 0.0034 0.0018 -
5) 35 0.0086 0.0041 0.0026 -

50 0.0098 0.0052 0.0035 -
65 0.0150 0.0065 0.0040 -
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Table E1 Viscosity (1) [poises]

Temp. [K] CO NO O, N, H.0 COq
0 5.5 75.2 94.1 53.3 11.2 1.1
100 24.5 118.3 141.3 93.7 43.9 51.1
200 46.3 167.1 195 138.5 77.1 102.8
300 63.9 207.4 | 238.9 176.7 109.6 152
400 79.4 243.3 277.5 211.2 143.2 196
500 94.1 276.4 312.9 243.5 178.6 235.4
600 108.6 | 307.4 346 274.2 | 2149 | 271.4
700 123.1 336.9 377.3 303.6 251.5 304.8
800 137.4 365.2 407.1 332 287.9 335.9
900 151.2 | 392.5 | 435.8 | 359.6 | 323.5 | 365.3
1000 164.6 418.9 463.6 386.6 358.7 393.1
1500 528 542 591.7 513.7 521.7 517.6
2000 637 654.7 708 632.6 | 663.7 | 625.1
2500 736.1 760.8 816.6 746.1 790.5 721.3
3000 828.1 862.2 | 919.9 | 855.8 | 906.1 | 812.2
3500 914.8 960 1018.9 | 962.7 1013 899
4000 997.1 | 1054.8 | 1114.7 | 1067.2 | 1112.5 | 980.7
4500 1075.7 | 1147.3 | 1207.7 | 1170 | 1206.6 | 1058.7
5000 1151.4 | 1237.9 | 1298.4 | 1271.1 | 1296.6 | 1133.5
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Table E2 Viscosity (2) [poises]

Temp. [K] O N H OH H,

0 53.5 47.8 14.8 21.1 13.1
100 110 98.3 34.3 78.1 37.8
200 172.5 | 154.1 56.9 144.2 66.6
300 226 201.9 74.9 196.7 89.2
400 274.5 | 245.3 90.3 241.4 | 108.6
500 319.9 | 285.8 | 104.2 | 281.2 | 126.1
600 362.9 | 324.2 | 117.5 318 142
700 404 361 129.9 | 352.2 | 156.8
800 443.7 | 396.5 | 141.7 | 384.2 | 170.8
900 482.1 | 430.8 153 4145 | 184.5
1000 519.5 | 464.2 | 163.8 | 443.4 | 197.8
1500 694.8 | 620.8 | 212.8 | 577.9 | 257.5
2000 856.7 | 765.5 | 256.2 | 696.7 | 310.1
2500 1009.6 | 902.1 | 295.8 | 804.9 | 358.2
3000 1155.9 | 1032.9 | 332.7 | 905.4 | 402.8
3500 1297.2 1 1159.1 | 367.5 | 1000.1 | 444.9
4000 1434.3 | 1281.6 | 400.6 1090 485
4500 1567.9 | 1401 432.2 | 1176 | 523.2
5000 1698.6 | 1517.8 | 462.6 | 1258.7 | 560
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Table E3 Heat conductivity (1) [cal/cm-sec-K]

Temp. [K] CcO NO 0, N, H.O COq

0 5.5 23.6 4 4.7 5 0.1

100 24.5 37.2 20.4 23.4 26.5 11.7
200 46.3 52.5 39.2 44.8 48.9 25.9
300 63.9 65.2 54.4 62.2 69.9 43.5
400 79.4 76.5 67.4 77 93 61.8
500 94.1 86.9 78.8 90 119 79.8
600 108.6 96.7 89 101.6 147.3 97.2
700 123.1 105.9 98.3 112.3 177.5 114.1
800 137.4 114.8 106.9 122.1 209.4 130.2
900 151.2 123.4 117.4 | 131.3 | 242.5 145.7
1000 164.6 131.7 126.9 139.9 276.9 160.5
1500 226.3 170.4 170.5 177.2 456 226.6
2000 280.3 | 205.8 | 208.7 213 628.5 | 282.5
2500 328.7 239.2 240.8 251.3 787.2 331.7
3000 373.2 271.1 271.2 288.2 933 377.7
3500 414.9 | 301.8 | 300.4 | 324.2 | 1068.2 | 421.2
4000 454.5 331.6 328.6 359.4 | 1194.5 | 462.3
4500 492.3 360.7 356.1 394 1314.4 | 501.5
5000 528.7 | 389.2 | 382.8 | 428.1 | 1429.5 | 539.2
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Table E4 Heat conductivity (2) [cal/cm-sec-K]

Temp. [K] O N H OH Ho

0 24.9 25.5 109.2 12.5 235.1
100 51.2 52.3 253.4 46.3 314.6
200 80.3 82 420.8 85.5 394.8
300 105.2 | 107.4 | 553.4 | 116.6 474

400 127.8 | 130.4 | 667.6 | 143.2 | 554.6
500 148.9 152 770.4 | 167.1 | 633.2
600 168.9 | 172.4 | 868.5 | 189.5 | 714.7
700 188.1 192 960.5 | 211.2 | 791.9
800 206.5 | 210.8 | 1047.7 | 232.4 | 867.6
900 224.4 | 229.1 | 1130.9 | 253.6 | 944.2
1000 241.8 | 246.8 | 1210.8 | 274.9 | 1022.4
1500 323.4 | 330.1 | 1573.2 | 382.9 | 1414.3
2000 398.8 407 1893.9 | 484.5 | 1796.9
2500 470 479.7 | 2187 | 577.9 | 2157.4
3000 538.1 | 549.2 | 2459.8 | 664.6 | 2496.1
3500 603.9 | 616.3 | 2717 | 746.1 | 2816.6
4000 667.7 | 681.5 | 2961.4 | 823.6 | 3122.7
4500 729.9 745 1 3195.2 | 898.1 | 3417.3
5000 790.7 | 807.1 | 3419.9 | 970.3 | 3702.8
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Abstract

Study on the Characteristics of Base Pressure

and Heat Transfer by Underexpanding Jet

June Woo Lee
Aerospace Engineering
The Graduate School

Seoul National University

When the flow from the nozzle of a supersonic vehicle in flight
highly underexpands, a complex flow phenomenon occurs due to the
interaction of freestream flow and the underexpanded jet around the
base.

In this situation, this study attempted to identify physical
phenomena and research the characteristics of base drag and heat
transfer through numerical analysis. The effects of vehicle shape
such as base diameter and fuselage length and flow conditions such
as freestream Mach number, back pressure ratio and plume specific
heat constant were analyzed.

If the nozzle exit is fixed in size and the base diameter increases,

the base pressure decreases and the heat transfer rate decreases.
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As the fuselage length increases, the base pressure increases and
the heat transfer rate increases.

In order to investigate the influence of freestream Mach, numerical
analysis were performed for the Mach 3, 4, 5. As the freestream
Mach number increases, the base pressure decreases but the heat
transfer rate increases. The back pressure ratio is determined by the
ratio of the jet pressure to the atmospheric pressure and the back
pressure ratios were studied for 5, 20, 35, 50 and 65. As the back
pressure ratio increases, the base pressure increases but the heat
transfer rate decreases. The base drag and heat transfer rate
characteristics of the plume specific heat constant ratios of 1.1, 1.2,
1.3 and 1.4 were studied. As the plume specific heat constant ratio
increases, the base pressure decreases and the heat transfer rate
decreases.

Since the base drag and heat transfer delivered by underexpanded
jets are influenced by various factors and the physical reasons for
each of these factors are different. Therefore, they cannot be
established by one empirical formula or theory. This must be taken

into account during a new supersonic vehicle development.

Keywords: Supersonic Vehicle, Base drag, Heat transfer, Plume
Underexpanded Jet
Student Number: 2010—30196
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