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Fig. 2 Configuration of Waverider with blunt leading edge
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Fig.3 Comparison of surface pressure distributions over sphere

=== ReT [T4]-Equilibrium Gas

|- - - - Ret[14]-Perfect Gas

2.0 === Present-Equilibrium Gas
: -~ Present-Perfect Gas

1.6
=f 2
;\_B
12
3
0.8f
0.4k el
 (—T) 060 80

1)

Fig. 4 Comparison of surface heating rates

distributions over sphere



568

30

60km

LAAESIT
1R3ET
1 53FIT
12307
#3000
I
S
S0

H=60,M=20,R=0.025m
Cone Waverider
Perfect Gas

5
Fig. 5 Entropy contour of flow field
the perfect gas condition
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Fig. 6 Entropy contour of flow field under

the equilibrium gas condition
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Fig. 8 Variation of lift to drag ratio with radio of bluntness

i 1 | I 1 1
0.02 004 006 008 010 0.12
R/m



569

B
° 9 ho 1) ‘Om ’ R ’ F
, I' = min(R,/R,R,/R) (12)
. R, .
s 10~ 11
0.040 ;
I | —— Perfect Gas
—=— Equilibrium Gas . .
0.038F
0.036F o
_E
b 1.2E+07
0.034F 4 CFD—PerI‘_e;t GJS
i = CFD-Equilibrium Gas
| ———= Code-Perfect Gas
0.032—— T in EREEEER ~ 8.0E+06 Code-Equilibrium Gas|
SENEEEEE : ! £ ' '
).030 1 1 ] 1 1 -
Lo 0 002 004 006 008 010 012 g
R/m o B
4.0E+06
9
Fig.9 Variation of pitching moment coefficients
with radius of bluntness 0 i 1 i i
0 002 004 006 008 010 0.12
Rim
4
10
, Fig. 10 Variation of stagnation point heat flux
with radius of bluntness
000 < CFD-Perfect Gas
’ 4500 SEE8 = CFD-Equilibrium Gas
(qCT weq) ) conveer = (T weq) ) Radiation = O (8) | ===~ Code-Perfect Gas
| Code-Equilibrium Gas|
(8) (q(Tqu))ConVccl 4000
3 (qCT e Radiation . 2 3500 S S SEESEREESaEsS
: 3000 f i i
adiation = 9. 67 X 10° X e(Th, — TL) €D 3 1 : :
e 2500F it TR
(9 e ) e=0. 87, . : : '
2000 — : L - !
0.02 004 006 008 010 0.12
R/m
11
R Fig. 11 Variation of stagnation point radiative equili-brium
temperature with radius of bluntness
b
Vanmol D O 12~ 13 60km ,
| A 20 0. 05m
g — 1.90x 10 JEELys (= By eyt (g9
2 ho R o
y b
Andrushchenko V A °
14~ 15
s he oo L ’
qe = 3.3 X 107°V2 (1 — =) (&) an
hy” R

(10> 1D V.. s T , ’



570

30

Perfect Gas Equilibrium Gas

12
Fig. 12 Heat flux contour near the nose region of waverider

Perfect Gas  Equilibrium Gas

13
Fig. 13 Radiative equilibrium temperature contour

near the nose region of waverider

AEH0S r——= Equilibrium Gas-Up Wall
—— Perfect Gas-Up Wall
3E+050 Equilibrium Gas-Lower Wall

== l’crfgcl Gas-L(_)v_uer W_all

14
Fig. 14 Distribution of heat flux along the central line

3000 r—— Equilibrium Gas-Up Wall
- —— Perfect Gas-Up Wall
2500F! —e— Equilibrium Gas-Lower Wall
—*— Perfect Gas-Lower Wall

2000f —

15
Fig. 15 Distribution of radiative equilibrium

temperature along the central line

’ ’
b
0.05m,
16~ 17 60m ,
20,
o b
[4-5]
34
—— Perfect Gas
3.2 | —=— Equilibrium Gas
E 30F-
B
e 2.8+
S
g 26F
3 24F
22F
2.0 | | 1 1 | i
0 2 4 6 8 10 12 14
al(”)
16
Fig. 16 Variation of lift to drag ratio with angle of attack
18~ 19
b
20~ 21



5 571
1.6E+05
4 —e—70
’ I — "
1.2E+05F i ! ——8°
- 1 I ——— I2a
z
° S) 4.0E+04
0.20 <
i —— Perfect Gas 0
amme —=— Equilibrium Gas ]
0]6-——— R SmEmEE==ss 4. 0E+04k !
| | | I 1 1 i
3 0 4 6 10
o 0.12FH Xim
2 20
0.08E- | Fig. 20 Heat flux increment distributions along
' the central line of lower surface
0.04 300 =
0 14 E: ] =i = +—--— i“
I I I ! —— g0
200 F S=E=== 12°
17
Fig. 17 Variation of pitching moment coefficients
with angle of attack
4.0E+06
===z || —— Perfect Gas ! _
—_— Equilihrium Gas ¢ ] I Lt bbb
3.6E+06 : i L . L H
EEEEEEEE SRsTmEE -1005 4 6 8 10
& 32E+06F i S = Xim
—_————
= e f f t f 21
éa 2.8E+06— = ‘ ----- ; * === * = Fig. 21 Radiative equilibrium temperature increment
e f } I f I distributions along the central line of lower surface
24E+06} : :
2.0E+06 1 1 L 1 1 1
0 2 4 6 8 10 12 14
al(?) s
18 ’
Fig. 18 Variation of stagnation point heat flux .
with angle of attack (1)
3600 ;
: —=— Perfect Gas
3400+ | —=— Equilibrium Gas s
3200_..5. .
¥ 3000 . T 1 I 1 o
= | | | |
2600F | ;
2400F | ’
2200 | 1 1 I | HEP | 1 A ’
0 2 4 6 & 10 12 14
@ (%) °
" (3) :

Fig. 19 Variation of stagnation point radiative equilibrium
temperature with angle of attack



572 30
s [9] ANDERSON J D, CHANG J, MCLAUGHLIN T A.
Hypersonic waveriders: effects of chemically reacting

flow and viscous interaction [R]. AIAA-92-0302.

’ [10] SRINIVASAN S, TANNEHILL J C, WEILMUENSTER
' K J. Simplified curve fits for the thermodynamic proper-

’ ties of equilibrium airf R]. NASA CR-181245, 1986.
NS [11] SRINIVASAN S, TANNEHILL J C, WEILMUEN-
STER K J. Simplified curve fits for the thermodynamic
’ properties of equilibrium air [ R]. NASA RP-1181,

o 1987.

[12] TANNEHILL J C, MUGGE P H. Improved curve fits
for the thermodynamic properties of equilibrium air for
numerical computation using time-dependent or shock-

[1] MAUSJ R, GRIFFITH B J, SZEMA K Y. et al. Hy- caturing methods[ R]. NASA CR-2470, 1974.
personic mach number and real gas effects on space [13] SRINIVASAN S, TANNEHILL J C. Simplified curve
shuttle orbiter[ R]. AIAA 83-0343. fits for the transport properties of equilibrium air[ R].
(2] MAUSJ R, GRIFFITH BJ, SZEMA K Y. Hypersonic New York; CR-178411, 1987.
mach number and real gas effects on space shuttle orbit- [14] KAZEM H, RAMIN K M, VAHID E. Dual-code solu-
er aerodynamics[J]. Jowrnal of Spacecraft. 1984, 21 tion procedure for efficient computing equilibrium hyper-
(2). 136-141. sonic axisymmetric laminar flow[]J]. Aerospace Science
[3] MAUS] R, GRIFFITH BJ. SZEMA K Y. et al. Un- and Technology . 2008, 12(2): 135-149.
derstanding space shuttle flight data by use of wind tun- [15] SINGH D J, KUMAR A, TIWARI S N. Effect of nose
nel and CFD resultsf R]. AIAA 83-2745. bluntness on flow field over slender bodies in hypersonic
[4] ) (7. ) flows[ R]. AIAA 89-0270.
2009, 39(4): 387-397. [16] SINGH DJ. KUMAR A, TIWARI S N. Effect of nose
(YE You-da. Study on aerodynamic characteristics of bluntness on flowfield over slender bodies in hypersonic
high velocity vehicle flying at high altitude [J]. Ad- flows[J]. Journal of Thermophysics, 1990, 5(2):
wances In Mechanics . 2009, 39(4) ; 387-397.) 166-171
[5] . [17] [l ,
[J]. . 2009, 39(6) : 683-694. 1965, 1(2): 20-43.
(YE You-da. Study on aerodynamic characteristics and (18] . » 1965, 1
design optimization for high speed near space vehicles (2): 1-19.
[J]. Advances In Mechanics, 2009, 39(6): 683-694.) [19] VANMOL D O, ANDERSON J D. Heat transfer char-
[6] INGER G R. Nonequilibrium boundary-layer effects on acteristics of hypersonic waveriders with an emphasis on
the aerodynamic heating of hypersonic waverider vehi- leading edge effect[ R]. AIAA 92-2920.
[20] ANDRUSHCHENKO V A, SYZRANOVA N G, SHEV-

[7]

(8]

cles[ J]. Journal of Thermophysics and Heat Trans-

fer, 1995, 9(4); 595-604.

INGER G R. Nonequilibrium boundary layer effects on
the aerodynamic heating of hypersonic vehicles[J]. Acta
Astronautica, 1995, 36(4): 205-216.

STARKEY R P. Design of waverider based re-entry ve-
hicles| R]. ATAA 2005-3390.

ELEV Y D. An estimate of the heat fluxes to the surface of
blunt bodies moving at hypersonic velocity in the atmos-
phere[ J1. Journal of Applied Mathematics and Me-
chanics, 2007, 71(5); 747-754.

( 605 )



ul
(2]
(=)
ol

A mechanism investigation of potential field-secondary flow

interactions in turbine endwall regions

QI Lei', ZOU Zheng-ping', LIU Huo-xing', WANG Lei

(1. National Key Laboratory of Science Technology on Aero-Engine Aero-Thermodynamics ,
Aero-Engines Simulation Research Center , Beihang University . Beijing 100191,China;

2. Turbine Division, AVIC Shenyang Aero-Engine Research Institute, Shenyang 110015, China)

Abstract; The flow in turbomachiney is inherently unsteady, so investigating the unsteady interaction
between the downstream pressure field and the end-wall flows is very important for improving the perform-
ance of low-aspect-ratio, high-loaded turbine. This paper presents the results of a numerical study of the in-
teraction between the end-wall secondary flow and tip leakage flow of the rotor and the downstream potential
field of the stator in a low-aspect-ratio, subsonic turbine. The flow diagrams of tran-sient results were ana-
lyzed in detail. The results indicate that the entropy rise and the efficiency at the exit of the rotor blade
showed a significant periodic variation due to the unsteady interaction of the downstream pressure field. The
periodic variation of the rotor performance is due to the unsteady interactions of the downstream pressure
field with the secondary flow vortex and the tip leakage vortex, which has been interpreted using the theory
of kinematic vortex transport.

Key words: potential field; secondary flows; unsteady interaction; turbine endwall
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Equilibrium gas effects on aerodynamic and aerothermal

characteristics of waveriders

ZENG Wetrgang, LI Wei-dong, WANG Fa-ming
(Institute o f Mechanics, Chinese Academy of Sciences, BBeijing 100190, China)

Abstract: A method including equilibrium gas effects have been given to generate waveriders fling at high
altitude with high Mach number. And the CFD technique has been used to investigate the equilibrium gas
effects on aerodynamic and aerothermal characteristics of waveriders fling at high altitude with high Mach
number. The results indicated that the equilibrium gas affects aerodynamic characteristics of waveriders
slightly in comparison with perfect gas, but it does have some effects on the aerothermal characteristics of the
nose region and lower wall for wavriders. Additionally, the angle of attack, which is suitable for waverider,
will not change the equilibrium gas effects on aerodynamic of waveriders and heat flux and radiative equilibrium
temperature of nose region of waveriders, but it will narrow the region affected by equilibrium gas of heat
flux and radiative equilibrium temperature down for lower wall of waveriders.

Key words: waverider; equilibrium gas; heat flux; radiative equilibrium temperature



