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CALCULATION OF SUPERSONIC THREE-DIMENSIONAL FLOW ABOUT BLUNT-NOSED
BODIES

by Zhu Youlan, Wang Ruquan, and Zhong'Xichang

bl

Chinese Academy of Sciences, Institute of Computer Technology

1. INTRODUCTION

From the latter part of the 50's to the present, many methods
have appeared for finding a numerical solution to the problem of

supersonic inviscid flow about blunt-nosed bodies. Of these, one type
is classified as the non-stationary methods and the other type as the
steady-state methnds. Among the steady-state methods there is also
the finite difference method, the integral relationship method, the
straight-line method, etc. All of these methods relate to smooth
objects and all can obtain satisfactory results. But, since the non-
stationary method must undergo a process of stabilization with respect
to time, the machine time expended is very great. In regard to the
finite differ2nce method, in order to obtain sufficiently accurate
results, it is required that grid points cannot be too few, and thus
machine storage capacity must be rather great. Also a large amount

of computer time is expended. In ccmparison, the straight-line ;{
method has many advantages. For example, its algorithms are simple '
and the required storage capacity is small, and using very few rays
makes it possible to obtain satisfactory results. This paper mainly i
describes our work in the field of supersonic flow aboﬁt blunt-nosed ]
bodies using the straight=-line method of calculation.
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We used the straight-line method to conduct extensive calculations
of supersonic flow about blunt-nosed bodies. The calculated objects'
shapes were ellipsoids with various axial ratios as well as objects
which were nearly disc-shaped. The Mach numbers of thQX?Tgw ranged
from 1.5 to ee. Under conditions of axial symmetry, calculations

were carried out on not only frozen gas with y = 1.4 but also on flow

in equilibrium air and non-equilibrium air.

Furthermore, we also used the straight-=line method to calculate
flow in the supersonic region and flow with a sharp angle of attack.

We conducted many checks along the way on the calculated results.
All of the checks indicated that the results obtained using the
straight-line method were quite satisfactory.

2. FORMULATION OF THE PROBLEM

2.1 The basic equation

Inviscid and non-heat-conducting steady-state gaseous flows were
taken into consideration. The aerodynamic equation in the spherical
coordinate system (r,0,¢) is
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where Y%, +v . 30 + . "haaw.-. v, » , respectively, are the velo-

city components in the directions of r,0,¢ , p is pressure, p is
density, and ¢ is sonic velocity. All the quantities in the equation

L

are dimensionless quantities and their dimensional factors are,
respectively,

pepVe, B~pay, u,v,w~Va, r~ Ry
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g: and shock wave, respectively.
coordinate system the shock wave lies within the £ = 1 plane and the
object surface lies within the £ = 0 plane.

c-gﬂ-l-p(r-a—u--f-a

e dv 88

or written in the solved form of

r— G(6, @)
F(o, ¢) - G(eu V) ’

6=0,

It is evident that

-Let
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consequently, equation (2.1) can be written as

S .75
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Here, subscript ee represents the quantity of oncoming flow and R, is
the radius of curvature of the apex of the object's nose.

In order to

3 simplify calculation, we introduce the following coordination conver-

where r = G(6, @) and r = F(6, ¢) are the equations for the object surface

in the (E:ao V’)

o= —(Gy+ ft)), #om——(G,+ ), t=F—¢
sin 6
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2.2 BOUNDARY CONDITIONS

(1) Shock wave conditions
Based on the shock wave, they must satisfy the shock wave relat-
ionship

A+‘_-...1,-+l‘-- \
2

Pt oVl ™ pa + pal'l,

.-u-—(x—ﬁi)a.v.. (2.4)

v re — (1 - %‘) Ve,

e - e (] - p-;.).,v-.J

where quantities with subscript ee represent-wave-front quantities,

quantities without subscripts represent wave-tail quantities,

Y, re-

presents the projection of veleccity in the direction of the shock wave

normal,

cosines of the shock wave normal, i.e.,

————
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h is enthalpy, and (n,, n,, n;) are the respective directional
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(2) Object surface conditions
At the object surface they must satisfy normal velocity for zero
conditions, i.e.,

g=uC—vGy = w Zo =g (2.5)

sin

3. NUMERICAL SOLUTION

In order to carry out numerical solution, we introduc-d a number
of rays in the solution region. For example, in the 6 direction we
introduced some coordinate planes with 8§ = 63 = const, in the ¢ direc-
tion we introduced some coordinate planes with ¢ = @; = const and took
the intersection lines of these coordinate planes as the rays. For
fixed £, we used the value of the flow parameter based on the ray as
the nodal point value to form an interpolation polynomizl and thus
were able to correspondingly determine the partial derivatives for @ and
@. Letting equation (2.3) be established on the basis of the rays
will lead to a set of ordinary differential equations and the corre-
sponding boundary value problems will become boundary value problems
of a set of ordinary differential equations. For this we converted
the boundary value problems intc initial value problems and found the
solution by iteration, i.e., given the shock wave form, we determined
the flow parameters of the wave tail from shock wave conditions (2.4)
and using these as the initial values, integrated the set of ordinary
differential equations and then checked whether or not the object sur-~
face flow parameters thus obtained satisfied object surface ccnditions
(2.5). If not, we then readjusted the shock wave form until the object
surfacze corditions were satisfied. The usual methods, such as the
four-step Runge-Kutta method, can be used for integrating the set ol
ordinary differential equations. Some of the actual treatments are
described below.

3.1 Equations based on the 6 = 0 axis
Assuming 2 flow field with ¢ = 0, the T plane is symmetrical and
the @ = 0 axis is totally within the symmetrical plane. From equation
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(2.2) it can be seen that since sin @appears in the denominator,

H equations with @ = 0 must also be treated. Let v*wy(f,0,0), and it is
evident that ¢(§,0, @) = v*(§)cosp, w(f, 0, @)= = v*(iing, u(f, 0, @) = «(§, 0, 0),
p(E, 0, @)= p(f, 0,0), o(£, 0, p)= po(§, 3,0), We used Lobida's law for the per-
centage terms appearing in equation (2.2) and were easily able to ob-
tain an equation based on 8 = 0. 1In principle, it is well to select

equations based on a ¢ plane, but due to errors in numerical calcula-
tion, for different ¢, the results obtained can be different. To eli-
minate such differences we integrated these equations for ¢ frem 0 to

[ r and obtained the desired equations. For example, after multiplying
: ' the third equation in (2.2) by cos ¢, and subtracting the fourth

2 equation multiplied by sin ¢, we then carried out integration, and
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written in the form of %%,-'u-%%w it is easy to obtain the desired
equations > ?
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where 1

o* w 2 S.ucoupdcp
n ¢

e* = sy 4+ o*°
')

t% = p? - o

FP == ?;5{. S —-f-cosqdq +pg —“P"'Pl‘*}

F} = 3;‘{:' ‘ -—*CO$QJ¢—-{b"}
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F} =~ —Z; - S. —gg—ﬂc‘g-g-)cosq.lp

3.2 Interpolation polynomials

Since it is assumed that the flow field for @ = 0 and the x plane
are symmetrical, therefore a solution is required only between 0 & &
£M. We introduced k + 1 half-planes between 0 and ®. At the same
time, n + 1 cones are formed, @ =@, = const (0,:0),&:0,1,...,n. They
intersect half-planes @ =giand @ = g; +W forming (2n + 1) rays. Note
symmetry of flow parameters and that those for =1 -4¢; are equal to
those for = ¢; +nn, or differ in sign. Consequently, for a fixed §, !
the values for 2n + 1 rays at @ =¢; and ¢4 =1 = ¢; can be used to form
@ interpolation polynomials of the 2n-th degree:

:"‘"Z.-ro‘ (2.7)
Ty

g represents a flow parameter. To save time i calculation, we did
not precalculate coefficient a;, but used the following algorithm:
since the interpolating function and its derivative can both be re-

presented as a linear combination of functional values for the inter-
polation nodal point, and since ti:¢ linear combination coefficient is
related to both the position of the interpolation nodal point and the
position of the interpolation“55int, therefore, once these nodal
points and interpolation poiq@s are fixed, the coefficients can be
detérmined and when the function and derivative values of the various
points must be calculated, it is only necessary that the functional
values for these coefficients and nodal points be scalar products,

A
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Taking equation (2.7) zs an example, assume that the nodal point is
ém(m = 0, 1, ..., 2n). We must calculate g(@) at some interpolation
point @. Since at the nodal point there is the condition

z.'a-_-,_ (me 0,1, e, 2n)

e~ = 2(6.). Or written in the form of a matrix:

Ma = g
where
1 0. 0: ............ :‘
o - 1 B ervcvinnnniin o
1 g“ ............... ::
ay I'{] \
a=| "] g ®
‘h :Jl,
Therefore, we have
a = M'1S

Thus, the equation for g(@) can be considered as
g(9) = d* - a

revwritten as

2(6) = d* - (M~'g)

- (M)t - g

-bt-g ., (2.8)
where b = M=1*d, and d* = (1,8, ...,020n), It is evident that when
the nodal points and interpolation points are fixed, M®* and d can both
be determined and thus we will also be able to obtain b. Likewise,
since le

£0C8) = 3 a,i(n)"

im
=d’'a
- (M*d)* ' g
where d} = (0, 1, 20, ..., 2n62n-1), tne prime (') represents a deri~
vative of @ and therefore we consider the derivative can be similarly

treated.
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With respect to @, when O is fixed, we use the value where it in-
tersects the k + 1 half-plane to construct the trigonometric interpol-
ation polynomial for @. The method mentioned .bove is also used in
calculation. For even functions we take

- 5_} s,cof’p )

therefore
go=(M*d)* . g

we now have
1 1 hidd 1 4

COS Py TSP, ot €05 Py

MOw=| .

ostpy, costgyer costey
d! == (0, —sing, ---, —4sin pcost™p)
g* - ('h "y l()

for l—y,d¢,%-£gcmqu we can also write similar expressions which
= ]

have nct been enumerated. For odd functions we take

-3
L™ Z a,cos’ @ sin @

hence
£~ (M*d)% ‘
Now . . .
‘ln v| unw,-.-\ .............. nn @.—l
A sin @, €03 @, :
sin @cost™'p,  sin @eostig, o sin @y c0stTip oy

-~

d® = (cosq, — sin'p + cofg, *++, (k — 2)cest 'psinlp + cost~ip)
In addition to the method described above, we also used the fol-
lowing method to construct interpolation polynomials. For even func-

tions of @ we take .
£ = 20 2 g ()b eor'y

ieQ 120

for odd functions we take
» L]
() = (T 3 wu($)6cory) sing
1m0 ) =0
In order to bring the function and its derivative for ® to a single’
value at § = 0, we must add the appropriate conditions to the poly-

J
nomial. Now to explain such conditions. A
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For example, for a shock wave form of re= F(6,¢), when @ = 0, we
naturally require that it be independent of @. This merely requires
that Fgj = O when j % 0. At the same time, in order to ensure that
the normal has a definite direction, when =0 the direction of the

k normal under spherical coordinates should have a form such as this: :
E_ (o, beos @, —biin @), Where a and b are arbitrary constants. This requires ?
E that F,=0(j%1) . Therefore, for F the polynomial should be

Z - &{

] F(6, @) = Fu + F,Bcosp + 2 2 F.0cove (2.9)

!. 1=} i=$

It is evident that u,p,» should also take the same form as F. The
above conclusion and the v and w forms can still be obtained by the
following means. We let

.k
g™ gulf) + 2 2 2.,(8)8cos’p

o1 im0 .
.

L) [}
v eu(Eeusp + O, D v (§)8cor'p

im) j=0

e bt S+~

; 3 ) ]
i ww — y (sing + (Z 2 w,,(f)O’cos’Q‘)sinQ

im} ;=0

s sl Sl 0 s i, R i D el "l

where g can represent p, p, «, F, and the characteristics ¢(§,0, ¢) = Acosg,
u(f, 0, p) = — Asing, Were used, and therefore we have v, =0(; 1),
wy = 0(j % 0), vy = — weu. Entering the above formula into equation (2.2),
notice that ' 5
3
G'

sin @ 10me

G(o, ?) i GO(_on C)cosep,

han il G.(O, O):incp
(where we assume that the object surface is at P = 0 and the ® plane
is symmetrical. Therefore, when @ — 0, we can obtain

e dux _ 3 - 9% o km F
e T, + reow T pwl Goy + §(Fy, Gﬂ)]‘,f .:': 2

0 duw o tedfie o i F, ;;
a P 45 -t :
(m:d—t'ﬂ — Cut HFy = G iE'_) cosg = lim F, i
& [ daf o=t :

, oo e 1
_(‘Cm_Ca"f‘i(ru Ge‘)‘l&\ sing = Lm F, f
' Moo ét e-e ;

u.(i& - d-“—r"—"‘) - Lim T,

PR il e=s
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where & ™™ ugr, — "M[GO. + ;(Fu - GU’]
e ™ C(C, 0) + :lFQ— G(oo 0)]

o]
Goo = - G(0, 0,
"= g OO 0
clem LB

)
The right side of the above formula is written as a polynomial of

cos & (or multiplied by sin &) and using the linear independence of
l,cosg,-++,cost¢ it can be easily deduced that g should take the form of
equation (2.9) and v and v should take the form

- 4
v gcosp F+ v 8 + v,fcofe + E E v,.6 cos'p

rml sV

- &
u == — yusing — v cosqsin @ + (2 Z u'.,G'cos’cp) sin @

=) =0

At the same time, we have also obtained an equation based on § =0:
dpw . d
n‘:? + r.p.oT"; -~ Pl Go + E(F,, — G”)]idﬂsﬂ ‘
." —(Fep — G(o, 0))[”0;[’11 + Pnu("l: + 20y + 2u) ]
d wd P
0 2% LLBY (P~ 600,000 — £a)

&3 Pu 65
. “éﬂq;_can’!'.f(}:u—cm)é&_n . (2‘10)
ag P a8 ‘

= — (Fu — 6(0, 0)) [‘e;("m + vy + ) + &!]
o

d dp., .
“(_‘n{?_ r:—de,t_) - (FU_ G(on 0)) ‘o (Pn - I’? F’l:)J

3.3 Iteration methods

Just as mentioned in the beginning of this section, we solved the
boundary value problems by iteration. 1In fact, this can also be
understood by solving the problem of a set of nonlinear transcendental

equations, i.e., selecting an Fj set (representing the shock wave form
at the j-th ray), we use

gq(Fy, co-, F) =0 (j=1,2,:-+7m)
where q, =0 , i.e., boundary condition (2.5). We used the Newton
method, i.e., the change in F} value, 8Fj, satisfies the following
equation:

11 g
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Normally, the partial derivative gﬁa is incapable of being expressed

in analytical form, therefcre we u%éd the numerical method, i.e.,

Do L gUFy ey Faoy Fok BF, Foury ooy Fa) = S,(Fyy o0y F)

oF, AF,
Using this method, each time we iterate, we then must integrate m + 1
times, hence an extraordinary expenditure of machine time. To save
time, the simplified Newton method can be used, but since f%- is
probably qot very exact, the convergence rate may be relatively slow.
To make é%f a little more accurate, but without increasing the cal-
culated value very much, we suggest the following method. Let Q re-
present a vector consisting of q,, ..., qu, and let R represent a
vector consisting of F,, ..., Fp. The QtoR guidepost [.sic] was express-
ed as Q. Given that Q(Rg) = Qo and m points R,, ..., Ry are located
outside the vicinity of Ry and it is known that Q(Rj) = Qij(i = 1,

e e & ’
m), and if Ro-Rj(i = 1, 2, ..., m) is linearly independent, then Q]
can be approximated from Rjy and Qj. In fact, since

Qc~QG+QZ(R0—RO) (i—lng"'ym)

we therefore have

(QI—QOQ ."i Q-— Ql)“ Q;(Rl_R.) Ct e R-— R.)
thus we have

9;~(Q| - Qh Tty Q-— Q.)(RI_ R.;"',R,. - R.)"
and therefore can obtain the iteration formula

R-Qu - R- - (Rn—- - R-) Y R.-x - R.)(Q-—- - Q:) A Qn-l - Q.)"Qc

a=m-+1,

(2.11)

It is obvioﬁs that using the above formula to carry out iteration,
first to find Q,, ..., Qu4, from R, ..., Rp,, requires integration
m + 1 times, but subsequent iteration only requires integration one
time. Now a simple estimate “or convergence rate. It is obvious
that when

k-'ﬂ - (RI = Raers ** % R. — Rus) = A&F - E

12
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equation (2.11) is a cdifferencing Newton formula in which E is the
unit matrix and AF is a scalar quantity. Since we now have
Qus ™ (0= Qeers ***s Da = Daet) ™ OneiRass + o AF?)
therefore we have
Ol = Run 0zl + o AF)Q2L, = Rau 024 + ol &F)
consequently for the differencing Newton formula we have the estimat-

IO STk i 1

ing formula
R®* = Reuy™ R® = Rosy + Rasi024,00ma
= R*—~ Roes + 00 0nnr + (Rani02 = 00)0au
= o(!R® = Rayill’) + o(AFiQaul)
or written as
IR® — RI < AlIR* = R, + BAF[Q.-l (a=1,2,::-:)
where R* represents the genuine solution, [ || represents a modulus,
and A and B are both appropriate constants. Likewise, for a simpli-
fied differencing Newton method there i the estimating formula

LR® = RN K AIR® = Kool + BAF[0,oll + CliRuy, = Rl Qu-ill
(= m+2,--4) -

For the method we proposed there is the estimating formula

BR® ~.R,ii & AiR® — R\l + DI, ':ur;.llk.-. = Rowr= 10,2001

where A, B, C, and D are all constants.

It is not difficult to see that when aF is on the same order or
smaller than [|R* - Rn-xll’ the differencing Newton method basically
maintains the convergence rate of the Newten method. But, generally
IlRp+1 - Rp-1]] increases as n increases, and therefore the converg-
ence rate of the simplified Newton method is relatively slow. Since
it wp "Remy = Reefi=o(1),  and w0 [iRei—= Rl decrease with an in-
crease in n, therefore the method we propose can converge somewhat
faster than the simplified Newton method. Actual calculations have

confirmed this point.

3.4. Initial shock wave selection and object surface value extrapol-

ation
When using the method mentioned above to conduct iteration,
whether the shock wave is well selected or not is rather important for

13
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calculating whether or not it will be successfully carried out. For
this reason, we used the results already obtained on the basis of
step-by-step interim measures of certain parameters. For example,
when we want to consider the results of flow under a certain angle of
attack n*, angle of attack n can be selected as a parameter. After
the results of n, have been calculated (for example n, = 0%, then we
can regard it as the initial value of n, + 4n, and after calculating
the results of n, + 4n, we can then use the results of Ng» Ny + 4n
and use linear interpolation to determine the initial value of n, +
2An. And so0 forth and so on, until the results of n* have been deter-
mined. As to first calculation of the required initial shock wave
form, this can be accomplished by using available results.

It can be seen from equation (2.3) that a = 0 on the object sur-
face and therefore integration is not carried out up to the object
surface. In order to determine the object surface value, we used the
extrapclation method, i.e., integration is carried out until a cer%ainm
£* is reached (for example £%* = 0.1), then using the £ value of sever-
al adjacent points we extrapolate the object surface value, for exam-
ple, using the values § = 0.3, 0.2, 0.1 is regarded as two-step inter-
polation. It should be mentioned in passing that if another form of
calculation is used, for example the implicit form, to carry out in-
tegration, extrapolation can be completely avoided. For conditions of
axial symmetry, we designed a mode and carried out the calculations
and the results indicate that it was a success. It is not described
in any detail here.

4. RESULTS OF CALCULATIONS

We used the methods described above to conduct extensive calcul-
ations on axisymmetric and three-dimensional flow about blunt-nosed
bodies. The shapes of the calculated objects were ellipscids and
nearly disc-shaped objects with various axial ratios (the objects are
represented by the equation 2" + (x"+y‘)"/‘=l", and n2 2). The Mach
number range of the oncoming flow was 1.5 € Mea<{ © . For
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conditions of axial symmetry, in addition to frozen gas with y = 1.4,
we also conducted calculations for equilibrium air and ncon-equilibrium
air. The method described in [12) was used to calculate the thermo-
dynamic functions of equilibrium air. See our other articles for non-
equilibrium gases. The accuracy of the computational results was
checked in various ways. One was the carrying out of the computations
themselves, for example, the use of different numbers of rays and
different integral step lengths and conducting checks on certain
relationships which the flow field must satisfy, such as the condition
of total conservation of energy. Another was making comparisons of
results obtained from experiments and from other methods such as the
integral relationship method. All the checks indicated that the
accuracy of the computed results was quite satisfactory. Part of the
computed results is given below.

Figure 1 shows the shape of shock waves and sonic speed lines for
the flow of frozen gases about a sphere at different Mege numbers. It
is evident from the figure that the sonic speed line forms appear in
two types: At M » 3, the limiting characteristic line is the second
family of characteristic lines to reach the object surface sonic
speed point; and at ML 3, the limiting characteristic line is made
up of the first family of characteristic lines in contact with the
sonic speed line (generated by the object surface) and the second
family of characteristic lines (generated by the shock wave).

Sy

Fig. 1. The shock wave and sonic

speed line shapes for the flow of
frozen gases about a sphere

16 1412 10
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Figure 2 shows the object surface pressure distribution for frozen

gas flow about a sphere.

Fig. 2. Distribution of pressures over
the object surface

_.,.r-..

-

Figure 3 shows shock wave shape and sonic speed line location for
different objects, Mgg = 3, 7 = 1.U4. For a very blunt body, for ex-
ample m>» 20, the position of the shock wave will generally remain
unchanged. With a decrease in the radius of curvature of the object
surface in the vicinity of the sonic speed points, for a fixed Mge
number, beginning with a certain curvature the sonic speed line will

[ exhibit an inflection point.

T ———r

Fig. 3 Shock wave locations and sonic
speed line shapes (Moo = 3)

Figure 4 present equilibrium gas flow about a sphere and the shock
wave locations and sonic speed line shapes at different Moe numbers.

16
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Fig. U. Shock wave and sonic speed line
—Fy e) shapes for the flow of equilibrium gas about
—-=~=%3 b) a sphere

KEY: a) equilibrium; b) frozen

The flow conditions are: Meo = U4, poe = 0.87 X 103 dynes/cma, Qoo =
0.95 X 10-6 g/cm3 and Moo = 20, poo = 0.122 X 106 dynes/cm2, @ oo =
0.192 X 10~3 g/em3. It is evident from the figure that dissociation
causes the shock wave location and sonic speed line to markedly differ
from that of frozen gas with Y = 1.4. The shock wave draws very near
to the object surface.

M=o, Mw)s

M =20
Fig. 5. Shock wave and sonic speed line
shapes for the flow of non-equilibium gas
about a sphere
S 1
13 1.0 0.8

Figure 5 shows shock wave location and sonic speed line sha for
the flow of non-equilibrium gas about a sphere. The conditions of the
oncoming flow are: pee = 0.947 X 103 dynes/cm?, Qe = 0.123 X 10-5
g/cm3, R = 5 cm. It should be noted that the Mee = 20\sonic speed
line has a peculiar shape at the shock wave.

17
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f 0.16 + 33:25?.::; - Fig. 6. Stagnation point shock
L 014 wave detachment distance along
5 T \\\ with changes in Mee 1
é oazr M o080 s mst 4) KEY: a) frozen; b) equilibrium;
; 010F \\\‘{:" x10°2 R/ %k ¢) non-equilibrium; d) dynes/
F oo f N0/ €) cm?; e) g/cm3.
{ L NN sa=002xi008m /My d)
§ 0.06 + N——— e ————
f | . am0.192x10' /1N @)

i i
4 10 2 X Mo

Figure 6 shows the relationship between the Meoe number and the
detachment distance of the stagnation point. For frozen flow, with
M > 10, it basically remains unchanged. For equilibrium air, with
an increase in Mes , a change in detachmeat distance occurs without

monotonicity.

R

When calculating axisymmetric flows normally five rays are used.

Fig. 7. Shock wave shapes and sonic
speed lines“within a symmetrical plane
along with cnanges in angle of attack

) . KEY: a) sonic speed line; b) shock
7%335(“__‘” wave; c¢) direction of oncoming flow;
e RO d) stagnation point (Mee = 4, 3);

' e) Results from [12]

Mowmd

=w==Naw=3

0 x(2)rm e)

PR g e mi i e

18




T Ay

R

e Clar, St st g aleg)

Rre—

T —— ey

N R - - .- P -
L o~ —_

i
-

e T e e e v e

Figure 7 presents the flow about an ellipsoid with § = 1.5 and the
shock waves and sonic speed lines within a symmetrical plane at Mea =
3 and 4 along with changes in angle of attack n. Figure 9 presernts
the object surface pressure within a symmetrical plane along with
changes in angle of attack. Figure 7 also presents the location of
the stagnation points and, within the accuracy of the figure, the

stagnation points for Mes = 3 and Mga = 4 duplicate each other.

When the angle of attack changes, the stagnation point moves over the-
object surface at a nearly uniform rate. Figure 8 presents the
shock waves and sonic speed lines within the ¢ =7/2 plane along with

changes in angle of attack. In the figure it can be seen that changes

in shock wave shape are slow, but the changes in sonic speed lines are

relatively quick.

Fig. 8. Shock wave shapes and sonic
speed lines with changes in angle of
attack (Mee = 4, § = 1.5)

Fig. 9. Object surface
pressure within a sym-
metrical plane along
with changes in angle of
attack (8§ = 1.5)

KEY: a) Results from [12]
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Fig. 10. Shock wave shapes and sonic
speed lines on a symmetrical surface
(Moo = 5.8, n = 20}

Figure 10 presents the flow about a disc-shaped object for Mee =
5.8 and n = 20 and the shock waves shapes and sonic speed line locat-
ions on a symmetrical plane at different angles of attack. Figure 11
presents the object surface pressure distribution within an axial
[sic] plane.

210
.
e
Fig. 11. Object surface press-
ure distribution within a sym-
metrical plane
(Mea = 5.8, n = 20)
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When c2lculating three-dimensional flow, we generally take four
¢ Planes, and within each ¢ plane we take four rays. And because
the axes are common, altogether we tzke 13 rays. The coordinate
system z-axis extends into the symmetrical plane of the flow field
and for conveniénce of calculation we usually use the included angle
?5 between the flow field symmetrical plane and the body symmetrical
axis (angle 8 = (0.5 - 0.6)n, and | is the angle of attack).
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In regard to the questicn of whether or not maximum entropy value
is reached on the object sui'face, it can be seen from our calculations
that for certain types of objects, within a given range of error,
maximum entropy is reached.

We employed several means to check the results of our calculations.
We used different numbers of rays, for example, for axisymmetrical
flows we conducted separate calculations using five rays and three
rays and the results indicated an error of within 1%. We also employ-
ed different integral step lengths. For example, for flow about a
sphere with Moo = 6 and v = 1.4, from the shock wave to the object
surface, integrals of 10 steps, 20 steps, and 80 steps. The relative
error in the results obtained with 10 and 20 steps did not excecd
0.3% and between 20 to 80 steps, there was at least the same three
significant digits. This also explains that we did not have to be
overly concerned about rounding off error increases.

We made a comparison between the results for Meo = 3, & - 1.5,
N = 159 and the results obtained by Telenin [16] and it can be seen
from Figure 1 that they are exactly the same. For frozen flows about
ellipsoids and spheres with & - 1.5, the results of our calculations
agree with those obtained by Belotserkovskiy using the integral rela-
tionship method up to three significant digits.

We also conducted integral checks, i.e., we also checked the acec-
uracy of integral equation

(o=

ILU,PII + do + '”.pg‘. s do =0
(i=1,2,13)
”. PP 'ou + do = 0

t

where xj represents the unit vector in the 3 axial directions under
rectangular coordinates, uj is the projection of velocity loss u in
these three directions, ¢ is any curved surface which‘does not in-
clude the shock wave. See Table 1 for the results of integration for
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Moe = U4, 6 = 1.5, n = 109, 200, Besides the total integral, Table
1 also gives the integral for the shock wave, for the object surface
and for the cone. It can be seen from Table 1 that the calculated
results are correct and that integrals for the shock wave and cone
differ only in the third digit. Object surface conditions are alco
rather well satisfied, being on the order of 10-4,

" 7 6 (@) »naz) 0 BQ] wEl) 8 x ()
’ R @ | v 0.00066 % 2 0.6451; x2 0.00236 X2
. [P 108-Y ¢ ) 0.04395 %2 -0.00731%2 «-0.03849%2 0.00013 %2
10° yimank) 0 0 v 0
(% 108 14, 0.67039%2 -0.32282%2 ~0.34881%2 ~0.0M03 ¥ 2
n ) -0.03784%2 9.00008 X2 0.0380vx2 0.0UL26 X2
B ox ()] -o.e08ex2 U.LU0SA x 2 v.632v8 X2 0.002%4 %2
FmyRl® 0.0%011x2 -0.01579%2 =0.07 9B R2 0.00u3s %2
20° y 7m0 0 0 0 0
¢ 5E ) 0.052 12 -0.30087 % 2 «0.34423%2 -0.00139%2
200 ~-0.086379x2 0.00008 % 2 0.U5¢63x2 0.00033%2

Table 1. Integral checks Meo = U4, § = 1.5, B = 0.6n

KEY: (a) equation; (b) shock wave surface; (c¢) object surface;

(d) cone surface; (e) Total; (f) mass; (g) momentum in direction x;
ion; (h) momentum in direction y; (j) momentum in direction z;
(k) entropy

Furthermore, we calculated the total energy at all the nodal
points and the entropy of each nodal point on the object surface.
From Table 2 it can be seen that with Mee =% & = .5, when n < 159,
the relative error of total energy is less“than 1%. From Table 3 it
can be seen that with Mee = 4, &6 = 1.5, and n & 152, the object sur-
face entropy differs only by 1 at the third significant digit.

Table 2. Total energy difference
The exact value for M2xv2sw® ., ¥ P i5 0.65625, at Meo = U

2 -1
%  Yentxwz | Yunes ‘
; : ' .KEY: (a) total energy maximum dev-
L N 0.13% fation; (b) relative error
$* 1 0.0019 0.30%
10 0.0034 . 0.515%
15 0.005 0.78%
00 v.00s} 1.33%
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! Table 3. Entropy value of object surface
g nodal points (inr=rine)

When Mes = U, §= 1.5, B=0.6n, n =0,
the exact value is -2.31904

i \ "o ' 10° 20°
BN P, | 1
' G0 ¢ =2.3193 | =2.31837 | =236 .
Do | ~2.31246 | —2.30863 C
in | , 55! —2 0o | =235
e TN ’! —2.3833 | —2.3061
L | =2.32091 | -2
‘ b o | Ue2.32000 | —2.3:354 ¥
: tim ! 23150 C T TTYE 3R B B P11V |
i TP R T R R 11T
' [aa300 ) -2
- L -1 -23nn
Fy o | | -2a2e | -2.30m
' LI P -2.31543 ~2.31361
; Sl P {' 3 | -2.31854 -2.31903
: Cow 232045 | -2.342
E B
l i
| k|
‘ In short, using the straight-line method to calculate flow about
-

L smooth bodies, the accuracy of the results is satisfactory.

Comrade Rui Weiming participated in part of the work, Comrade :
He Jiaomin gave us much assistance, and Comrade Feng Kang enthusiast-
dcally directed our work and for this we express our thanks to them.
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