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Abdract : Aerodynamic performance of hypersonic waveriders arcreft basng on cone- derived waveriders with the cond der-
ation of volumetric dficient and thermd protection is being sudied by computational fluid dynamic (CFD) and wind tunnel experi-
ment (WTE) . Both the resultsfrom CFD and WTE proved that , waveriderswith design condition Mach number 6 and atack ange

& | a df-desgn condtions that Mach number vary within 5 7, atack ange vary within 4°

6° , it can maintain excellent agro-

dynamic peformance. The lift-to-drag ratio isonly alittle bdow 4. At the same time, a Snple visoous drag andys s method bas
ing on reerence tenperature method is being given to cooperate usng the resuitsof CFD and WTE. It can be used to gve visoous
drag that can ot be got from WTE directly , and it can be used to vdidate visoous drag of CFD , whichis hard to be caculated ac-
curacy too. Though it is very coarse, it is very usful for engneer gpplication.
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0 Introduction

The waveriders concept to desgn hyperonic aircraft
wasfirg introduced by Norweiler™ in 1959. It uses the
sharp leading edge to catch the shock wave , and then the
higher pressure at lower surface and lower pressure at up-
per surface is being sparated. At the desgn Mach nunr
ber and attack ange, no pressure illage takes place
around the sharp leading edge; hence the lift-to-drag bar-
rier of hypersonic aircrdt is being broken succesfully. By
the devdopment near haf a century, the theory and de-
dgn method of waveriders have became nore and nore
meturity , the goplication of this method to desgn real hy-
pernic arcrét is an inevitable tendency™ .

Now , the key problems that waveriders aircraft de-
dgnersfacing are to lve the contradictory of volumetric
eficient and thermal protection with lift-to-drag retio , the
aerodynamic performance of lower eed and dff-design
condition are the key problems mug be reslve too. In
this article , we pay attention to the aerodynamic problems
of waveriders at off-dedgn oonditions.

Whether the leading edge is catch the shock properly
or ot is crux to the aerodynamic performance of waverid-
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ers arcrat. Because it is unawidable to flight at off-de-
dgn oonditionsin red flight , the sudy of waveriders aero-
dynamic perfformance at off-desgn conditions is become
very meaningul. In this article, basng on oone-derived
waveriders !, with the cond deration of volumetric effi-
cient and thermal protection, we get the waveriders air-
crat show infigure 1, which is a hypersonic misdle corn-
cept powered by rocket engnes. Table 1 givesout the bar
Sc parameter of aircrdt showing in figure 1. L W H
U 9 S Vislengh widh height upper face area
lower face area base face area and wlume of the arcrdt
regectively. The aerodynamic performance of that aircrat
is being sudied by CFD and WTE repectivdy. At lag ,
we introduce a dnple method bas ng on reference tenper-
ature method to andys's visoous drag which is hard to be
caculated accuracy in CFD and to gauge in WTE spa
rately from total drag is very hard too. Though it is very
ooarse, it is very usful for engneer goplication.
Table 1 Badc parameter of vehicle mode
u(m?)  9(m) ()
6 3 1 7.30  11.79 1.47  3.57

L(m WM  H(m Vv (m?)
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Fg.1 Waveriders corfigure

1 Areaodynmacic Perfor mance CFD Analysis

At dedgn condition , waveriders have excellent aero-
dynamic performance such as lower drag higher lift-to-
drag ration etc. At off-desgn oonditions, because the
change of flow field and shock waves gructure, it makes
the waveriders characters of waveriders aircreft at desgn
oondition become weaker. The gudy of waveriders aero-
dynamic performance a of dedgn oonditions is very
meaningul to push waveriders hyperonic aircraft desgn
method from a design theory to real gpplication.

The desgn ocondition of waveriders aircrdt in figure
1is Mach number 6 with atack ange 4°. In order to
qudy aerodynamic performance at different Mach number
and attack ange , we choose Mach number 5, 6, 7, a-
tack ange 0° , 2° ,4° ,6° ,8 , use CFD oode to calculate
aerodynamic repectively. Use atmosphere® condition of
32km high dtitude as free dream condition, the datic
pressure is 889%pa and datic tenperature is 228. 5k. Ref-
erence length is choodng the waveriders arcrdt length
6m. Visosty is caculated use Qutherland law. Reyrolds
number of different calculate conditions are: 0. 86 x 10’
(Mach number 5) , 1.01 x 10’ (Mach number 6) , 1.18
x 10" (Mach number 7) .

Fgure 2 gives out pressure contour of a section in
the flow fidld at desgn condition with Mach number 6 and
attack ange 4°. Fom figure 2, we can see that , when
waveriders hypersonic arcrdt is flight a dedgn condi-
tion, higher pressure gasis a the lower surface and lower
pressure is a the upper suface of waveriders, this char-
acter can make waveriders hypersonic aircrat gets higher
lift-to-drag ratio a dedgn condition.

04

Fg.2 Pressure contour of a sction (Ma=6,0 =4°)

FHgure 3 gves out the pressure contour of the same
ection at off desgn condition Mach number 6 and attack
ande 8. Fom figure 3, we can see that , waveriders
have very well ability to adapt to the change of attack an-
de; it dnpg has o pressure gillage of lower surface
higher pressure to upper surface lower pressure.

Fg.3 Pressure contour of a section(Ma=6,0 =8°)

FHgure 4 gves out the pressure contour of the same
ection at off desgn condition Mach number 5 and attack
ande 4°, Hgure 5 gves out the pressure contour of the
same section at off desgn condition Mach number 7 and
attack ange 4°. Formfigure 4 and 5 we can se that , a
off desgn Mach number , hyperonic waveriders aircreft
can maintain the higher pressure gas in lower surface
illage less. This makes waveriders aircret at off desgn
Mach number within a certain range maintain excellent
aerodynamic performance such as higher lift-to-drag ratio.

Table 2 gves out the aerodynamic result of CFD at
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Fig.4 Pressure contour of a section (Ma=5,0 =4°)

Fg.5 Pressure contour of a sction (Ma=7,0 =4°)

Mach number 5,6 ,7 with atack ange ° ,2° ,4° ,6°,8.
Cd L/D Orz Xop is drag lift-to-drag ratio pitch noment
oodficient repectively. In table 2, the reference length is
6m, and rderence area is 11. 79 nf. When Mach number
varieswithin 5 7 and attack ange varies within 4 6,
the lift-to-drag ratio is dways higher , jug alittle below 4.

For a Mach number 6 hypersonic waverides aircreft
with the congderation of volumetric dficient and thermd
protection , such aerodynamic result like that is quite de-
drable. It denondrates that point-desgn waveriders do
not suffer any marked off desgn problems, waveriders air-
crdt has excdlent off desgn ability. The pitch moment is
negative with a podtive ange of attack , shows its datic
gahility ability in pitch direction. The pressure center is
nearly 0. 6 with the change of ange of attack and Mach
number , because the projection of the lower face is anmog
ioxeestriange. This character is very usful to gability
and oontrol too.

Table 2 Aerodynamic resut of CFD

Mach  Aoa(0) Ccd L/D (0114 Xop
5 0 0.01810 1.37735 - 0.0162 0.61631
5 2 0.02170 2.94378 - 0.0387 0.60842
5 4 0.02852 3.62938 - 0.0631 0.61001
5 6 0.03864 3.73835 - 0.0843  0.59832
5 8 0.05243 3.56037 - 0.0105 0.58640
6 0 0.01464 1.48634 - 0.0133  0.62290
6 2 0.01791 3.11893 - 0.0355 0.61130
6 4 0.023% 3.79299 - 0.0572 0.61512
6 6 0.03241 3. 93366 - 0.0740  0.59840
6 8 0.04379 3.80817 - 0.0933 0.58537
7 0 0.01302 1.52765 - 0.0137  0.62630
7 2 0.01601 3.21799 - 0.033 0.61832
7 4 0.02185 3.86270 - 0.0549 0.61973
7 6 0.03036 3.93083 - 0.0750 0.60213
7 8 0.04024 3.89115 - 0.0899 0.58928

2 Aerodynamic Performance WTE Analysis

In order to analyss waveriders aircreft aerodynamic
performance nore credible, and vdidate the CFD result
too , the wind WTE fore measure is being carried out with
the waveriders aircret corfigure given by figure 1.

Fgure 6 gves out the tet nodd with computer aid
design (CAD) siftware. Figure 7 givesout the tes node
dter manufactured by number control (NC) machine to
mai ntain the corfiguration nore accuracy.

Fg.6 WTE nodd of CAD

This teg is being finished in the hypersonic wind
tunnd of China Academy o Aerogpace Aerodynamics
(CAAA) .

Faure 8 is the schlieren of nmodd in wind tunnel
when ted is being carried out.

We choose Mach number 5, 6, 7, attack ange 0° ,
1° 2,45 .6 ,8 asted condition. Table 3 gves out
the wind tunnel parameter corregponding to different Mach



206 28
Table 4 Aerodynamic resut of WTE
Mach  Aoa(0) Ccd L/D (0114 Xop
5 0 0.01788  1.63059 - 0.0172 0.61826
5 1 0.01949 2.38564 - 0.0282 0.60321
5 2 0.02149  3.03041 - 0.0399 0.60670
5 4 0.02825 3.66461 - 0.0641 0.60913
5 5 0.03269 3.74884 - 0.0757 0.60595
5 6 0.03793 3.70458 - 0.0857 0.59643
5 8 0.05067 3.48671 - 0.1061 0.58329
6 0 0.01494  1.60257 - 0.0142 0.62492
6 1 0.01636 2.53194 - 0.0253 0.60789
Fg.7 Modd pfoio of WTE 6 2 0.01835 3.03041 - 0.0364 0.61206
number. Reyrnolds number in table 3 is choosng 1m as 6 4 0.02447 _ 3.81J00\A 0-0584  0.61615
6 5 0.02845 3.86225 - 0.0680 0.60740
reference length to get. 6 6 0.03238 3.84855 - 0.0760 0.59725
Table 3 Wind tunnel parameter 6 8 0.04262 3.69180 - 0.0942 0.58269
Mach  FO(pa) PS(pa) Pd(pa) TO(K) Re(x107) 7 0 0.01349 1. 65900 - 0.0135 0.62956
5 964365 1962 33480 364 214 7 1 0.01464 2.63945 - 0.0239 0.61559
6 1997869 1355 33401 464 1.99 7 2 0.01665 3.31775 - 0.0345 0.61872
7 3508084 868 20553 508 1.60 7 4 0.02275 3.90977 - 0.0560 0.62067
7 5 0.02690 3.93963 - 0.0666 0.61784
7 6 0.03105 3.86315 - 0.0741 0.60536
7 8 0.03980  3.78607 - 0.0909 0.587%

FHg.8 <hierend nodd in WTE

Table 4 gves out the aerodynamic result of WTE a
Mach number 5,6 ,7 with atack ange 0° ,1° ,2° ,4° ,5°,
6° ,8°. Intable 4, the reference length is 0. 5m, and the
reference area is 0. 0819nT. FHom the WTE result data in
table 4 we can se that , a Mach number within 5 7,
attack ange within 4°
higher aerodynamic performance , the lift-to-dreg ratio is
very higher , jug alittle below 4. And pitch noment coef-
ficient is always negative with a podtive ange of attack
and pressure center is near 0. 6. Gonpare the CFD result
in table 2 with WTE result in table 4, we can draw the
ooncludon that CFD result fits in well with WTE result.
When comparion between wind WTE and CFD result
the visoous drag codficient due to the different of Reyrol-
ds number mus be cond derate.

6° ,waveriders aircrat maintain

3 Viscous Drag Analysis Method Sudy

How to calculate visoous drag accuracy is a problem
need to pay nore close atention to gudy in CFD. Via
WTE, total drag can be got withwind tunnel balance , but
we can ot sparate visous drag and wave drag from total
drag force directly. By CFD to ©lve NS equation with
proper nodd to define visous, turbulent , trangtion etc,
we can get wave drag and visoous drag and totd drag, and
we can deem wave drag get by CFD as red wave drag,
but visous drag is very hard to cdculate accuracy.

When aircrdt isflight at a certain attack ange, lift
and drag is the change of axia fore and normd force with
the array formed by dne and cogne of attack ange. nore
ddfinitely , the visoous drag and wave drag in this part is
axial force. It is good to not corfuson.

Total drag wave drag and visoous drag codficient get
by CFD are Dcro ,Dw,cro ,Dv.cro ,total drag codfficient
get by WTEis Dy , and wave drag and visoous drag codf-
ficient D.,r,Dv,r , they can not be got directly.

Because wave drag codficient isirrelevant to visous
dfect,  the wave drag codficient of CFD nodd and
WTE nodd is the same. Because we can assume the
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wave drag get by CFD is accuracy wave drag, 9
Dw,t = Dw,cr (1)
Then:
Dyt = D1 - Du,r (2)
The Reyrolds number of CFD and wind WTE is
flight Reyrnolds number and wind tunne Reyrolds separ
rately , © we mus condderation this different dfect to the
visoous drag codficient. We assume a third condition, it
has the same Reyrolds number with WTE, free dream
oondition is the same as CFD, © we can calculate the
nodel length of this third condition is:

_ Riew
L = R (3

Now the third condition is satidied geometry dmilar-
ity Mach number and Reyrol ds number the same , visoous
drag codficient of wind tunnd tes result Dy is the same
as third condition. Then problem that analyss the differ-
ence and relation of visoous drag codfficient between WTE
and CFD is change to sudy the visous drag codficient
between third condition and CFD ocondition. Because the
free dream ocondition of third condition is the same with
CFD oondition, the only different is the aircrat length ,
the length rationis n; = Lew /L, With reference tenper-
ature method®” to calculate visoous drag , we get :

" b (5.1
d dX/(nl)
D!QEQJ - 3131 { (nl)Gz—l (4)

Dy, r a— d{b v %
a ,a b, bisalittle visoous drag integra regon. G, ,
G; isparameter used in reference method to calculate vis
oousdrag, G, isbeing reduced, G is0.5 in lamnar flow

and 0.8 in turbulent flow.

Badng on the result of D, o1 get by reference tem-
perature method , we can use it to analyds and vaidate
the result Dy, oo , Dero 0t by CPD.

4 Conclusions

Via the CFD and WTE andyds of a cone-derived
hypersonic waveriders aircrdt aerodynamic performance ,
we can draw the conclusons below :

(1) The waveriders aircrat with design condition
Mach number 6 and attackange 4° can maintain excellent
aerodynamic performance when mach number varieswithin

5 7 and atack ange varieswith 4°  6°. With the con-
Sderation of volumetric dficient and therma protection , it
has a lift-to-drag only a little below 4 , thisis quite desr-
able result. The aerodynamic results get in this article can
being a meaningul basic for the application of waveriders
hypersonic arcreft desgn.

(2) Badngon reference temperature method , coop-
erate use CFD and WTE result can dnple get the visoous
drag that can not be ot directly by WTE, and it can be
used to vaidate the visoous drag that is hard to caculate
accuracy in CFD too. It relves the visoous problem that
face by CFD and WTE. Though it is very coarse , for en-
g neer goplication , it is very usful.
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Fud-Time Optimal Rendezvous of an Inspector Satdlite to its Mader

ZHANGJian, DAl Jin-hai
(Qllege of Agronautics and Maerid Engineering, Nationd Universty of Defense Techrology , Changsha 410073, Ching)

Abdract : The rendezvous of an ingector satdlite to its mager isone o the key techniquesin formetionflying. The diversty
o the ace missons demands minimization of both fuel and time. A dable time-fud optimd sird orbit for the rendezvous o an
ingector saellite is put forward. Descriptions of the rendezvous problem based on Hill” s equation are gven, and the dedgn in-
tents and prerequistes o the trander orbit are expounded. Then an efective ird rendezvous control scheme is rased, and its
characterigtics and gahility is discussed. At lag , the tradedif betweenfuel cog and rendezvoustime and initid phase isinvedigat-
ed. Imulation results show that the gird ocontrol sheme is dficient and feadble. It can acoonplish rendezwous efectively , and
can gain tradedf between fud and time.

Key words: Ingector stellite; Reaive orbit control ; Fue-time tradeoff



