[OFWRNNTY

HYPERSONIC FLOW OVER POWER-LAW BODIES

Hans Georg Hornung, B.Mech.E., M.Eng.Sc.

November, 1965

i

-

A thesis submitted for the Degree of Doctor bf Philosdph&‘
in the Faculty‘of}Engineering of the University of London



ABSTRACT

‘Theoretical solutions based on the expansion scheme
for large x and large Moo, as proposed by Freeman, are -
obtained for the asymptotic inviscid flow over plane bodies
of the shape % =(§)m in the range % < m< % where blast wave
theory applies as a first approximation. In particular,
the second order terms, which are necessary to satisfy the
body boundary condition for the normal velocity are
computed. The magnitude of the second order terms is found

to increase from zero at m = 55 to infinity at m = %.

As a comparison with theory, experiments at M ,=8.2
were made with two plane power-law bodies in the range
%x<m< % (at m = 7 and §) and on a plane parabola with a
tangent wedge nose. These consisted o‘Lthe determination
of shock wave shapes, surface pressure distributions and
detailed investigations of the distribution of pitot and

static pressure across the shock-layer.

“The experinental results are in particularly good
vagreement‘with the theory in the case m = %, where the
second order effects are small. At m = £ the region of
validity of the theory is limited to much larger distances
from the nose of the body and larger Mach numbersfv

Accordingly, the prediction for the deviation from first

7 order theory, although being correct in sign, is too small.

Shock wave shapes on bodies of the same power but of
'different size are correlated by the‘similarity theory

>when scaled with reSpect to the dimension d.

» The experlmental results obtained with the wedge—
parabola are in very good agreement with a characteristics

" solution by Lewis.
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NOTATION. oo e _/5'
Symbols. ’
A - a constant
a - wvarious constants
a, - speed of sound in the free stream
b - .a constant
C = coefficient
D = - drag
d - length scéle of body
11,12 ~ two integrals defined in eqns. 2.33 and 2.34
J - dinteger, = 0 for piane, = 1 for axisymmetric flow
2
K - D=5y
1- L
F
m - _exponent of body shape
. P = _pressure
Pté' - pitot pressure

r,? - 'prégsure functions

q _‘— ‘speedf = \qu + v2

CR,R - dehéity functions

e = time

‘1T,’hw{§'v$§solute temperature

‘u;U‘  -' §eloQity in i-difection

bi‘ - velﬁcityiin y-direction

v, ;T’velocity functions

S x - coordinafe in free stream direction

- coordinate normal to free stream direction

~4
|

Y - no;mai distance function



ratio of specific heats

et
1

. 2
- 3m _ 1
= 2 - X

- similarity variable in outer layer
- similarity variable in intermediate layer

-~ streamline slope

2!1-&*

/L

exponent of shock wave shape

- kinematic viscosity
am _ |

rli’ 3

= density

i

- slenderness parameter

- shock wave slope

X B8 9D e <F ¥ O 3.5 O on
|

- viscous interaction parameter

éubscfipté;

b - body
s ->‘shock wave
o - first order, also stagnation
1' 4 ‘§econd order

-

oo - free stream,kalsoﬂtp to x =00



. 1. INTRODUCTION.

The theoretical part of this investigation is con-
cerned with the inviscid asymptotic flow field at large”

distances from the blunt nose of an asymptotically slender

'body, when the free stream Mach number is large and where

the body still supports a strong shock wave,

. The appropriate equations of motion are simplified

to the hypersoniénsmall Aisturbanée equations developed by
Hayes (19&7), Goldsworthy (1952), Van Dyke (1954). This
relies on the hypersonic similarity parameter,%d,t,vbeing
finite >with Mg large and T small, where Mo is the free stream
Mach number and T is a slendérness parameter. In deriving

the hypersonic small disturbance equations, terms of order.

A or — are neglected.

1
‘Ma
: The boundary conditions for the hypersonic small

dlsturbance equatlons are spec1f1ed along the shock wave by

the Rankine-Hugoniot relations, and at the body surface By

zero normal velocity. The hypersonic small disturbance
- equations together with these boundary ‘conditions are identi-
. cal with those of one-dimensional unsteady flow produced by

a moving piston when the 1oﬁgitudinal variation is replaced

When the assumption of a strong shock wave is made; 7
the boundary conditions at the shogk wave are simplified

considerably. This assumption invoives the neglect of terms




| | : 8
of order (M:a sin? ¢)-' compared with one.” The density is then |
constant along the shock wave. B
B | Under these conditions the hypersonic ismall distur-
bance eéﬁations possess the seif—similar solutions obtained
by Lees and Kubota (1957), provided that the shock wéve'
shapé is of the form ys ~x,". The solutions have direct
physiéal significanpe in the range 3%:)<Iu<| , where j = O for
plane, and one for axisymmetric f‘iow, the body being given
by ybfvx y W _fA Their significance for'pl outside this
range has been considered by Mirels ,('1959) but is of no
intere_st h.ere. The solution for pzé—_%:i is singular, since
it does not satisfy thé surface boundary condition. This
singul#r 'solut_ion cofreSponds to the solution of t1.1e one-
dimensional unsteady probleln of a constant energy explosion
obtained by Taylor (1950) and Sedov. (1959). This solution
had pi‘eviously ’been interpreted by Lees (1955) and Cheng and
Pallone (1956) as that appropriate for the blunt flat plate
~or cylinder, and this iﬁterpretation is usually referred jto
é.s the "blast iw;arve. analogy". 1If the drag of a body for
which the éimi’lar $dlutions apply is considered, the pressure
at the shock‘warve is given by the shoicyzk .conditi'ons as pro-
portional to';:'"xjfw—b‘ and-thus, since sin‘x;i_blarity applies,
the body éressure will also be proportional to ;Cz(’“q)
| The body shape is’ y proport10na1 to x and with lu-—mthe drag

-4
will be proportional to I 3(" )x"'u'dx which varies as

const. + .I,Bt‘)/“‘ -2 . The constant can be interpreted as



the_drag ef the blunt nose, the other term as the drag of
the afterbody. For }L)s%]it is seen that the afterbody
draé dominates, whereas for,4==§%§ the two terms are of
equal_order and the drag is independent of x. Hence, the
drag of a body with'n1< s%-j:is finite and dominated by the
effect of the blunt nose. ‘This would suggest that the
solutieh for-flat—;v is a first approximation for the flow

3+
over all bodies in the range o<:nﬂ<-2¥u The effect of the

d+)

asjmptotic body variatien then appears as a higher order
terﬁ. These solutions fail near the nose, where the small
disturbance assumptions break down because of the blunt
ngse. It is possible, however, %o treat the effect of the
blunt‘nose as an upstream condition on the asymptotic flow,
by using the condition that entropy remains constant along
streamlines. - This upstream condition is not satisfied by
the similar solutions in a layer near. the body whlch has
become known as the "entropy layer" or "cool core", because
~the sntropy and temperature are required by the upstream
conditien to bevloWer than the predictions‘of the similar
solut1ons. | 8 | |

A further llmitatlon is the requirement that the
shbckvwave be strong. The error terms due to a weaker
- shock have been obtained for the one—dlmen51ona1 unsteady
case of a constant energy explosion, by Sakurai (1953 1954)

" and SW1gart (1960), and for blunt bodies in the range

3+j<m<| by Kubota (1957).
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Attempts to formulaté a rational expansion procedure
have been méde by a number of authors, among them Guiraud
(1958), Freeman (1962), Yakura-(1962), Vaglio-Laurin (1964),
Zolver (1964) and Messiter (1965). It will be sufficient.
for the purpose of this infrOduction to describe only a few
of the results.

| Yakura considered the "inverse problem", in which
the shock wave is given and the body shape is to be detér-
mined, and thus started with‘an entropy distribution which
was known in terms of the stream function. This yielded
an inner (entropy layer) solution which could be joined by
matching to an outer similar solution. Although the.
inverse approach removes maﬁy difficulties from the problem,
it has often been criticised because, by choosing th§ shock
wave shape, one spécifies the transition from the ehtrOpyq
layer fo the outer solution and thus applies anrartificial
constraint to thé:system.

Gﬁiraud:(1958) considered the "aifect pfoblem“ for
the case‘of the blunt flaf plate or cylin&er and obtained
the order of magnitude of the error term introduced in the
Sedov solution by the effect of the entroéy layer.

Freemén_(1962) considered the direct problem for
poﬁef law bodies in fhévrange O0<m<! and obtained the

. order of magnitude of the error terms introduced in the

respective first approximations in expansions in inverse

l .
powers of My for large x. He found that, in the range
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0<m<§.+_, where the first approximation takes no account of

the body shape, the error is due to the effect of the body

or entropy 1ayer, depending on whether m is greater or less

than 2 respectively. In the range :=-<m<\ the
Grps ooF Y 8% 345

entropy layer was again found to give the important error,

and only for m)> 2(s+1) was the error term as small as

ErpEi2
‘that given by Van Dyke (1954) and assumed by Yakura, that

is, of order Figures 1 and 2 show the essential

'n'W;‘
results of this work.

The approach adopted here will be that used by
Freeman. A discussion of other work will be»left to sec~

tion 3. The aim of the theoretical part of the present

work is to derive and solve the differential equations for

. o . Y 2
the second order quantities in the range =
- A e gips <M< 353

‘where the first approximation is the Sedov solution and the
first periurbation is due to the body.

‘Compared to the number of theories available for
the blunt body problem, experimental data is limited. The
most complete set of data 1s that of Kubota (1957) who
obtained surface pressure dlstrlbutlons, shock wave shapes
‘ and,pitot pressure traverses through the shock layer on
three-aiiSymmetric power 1aw bodies, m =%, $,and 2 at
«H;.= 7Q7. All other avaiiable experiments are restricted
to the determination of shock wave ehape and surface
bpressure distributions and very few deal Qith power lawy

-bodies other than m = 0. Among them are the works of
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| Hammitt and Bogdonoff (1956), Freeman, Cash and Bedder (1962)
‘and Peckham (1965). -

As hae been pointed out by Freeman et'al.,.the
magﬁitude of the error term depends on the value of M in
such a way, that the region of validity of perturbation
solutions will be achieved only for very large valﬁes qf x
for some wvalues of}A. As will be seen in section 3, thie
value of x is sometimes outside the range of present experi-
mental facilities.

The determination of the flow quantities in the
shock layer presents a further difficulty. Kﬁbota relied
on the assumptione that the total temperature is constant
and thet the streamline slope is independent of the distance
normal te the body in order tobderive all quantities from

- one measurement (pitot pressure). Although the second
assuﬁption becomes.more and mere accurate as m—»i, it is

certainly not satisfactory for m< o7 , eSpecially for the

3+
Plane case. One would therefore like to be able to measure
" other qﬁantities as well in order to evoid this assumption
and,'if>possible, to achieQe some redundancy in the measureé
‘ ments‘tp serve as a check. | |
| Theeeim of the experimental part of this project

B weéfthue.fei&evelop a reliable technique for determining
 the flow parameters in the shock 1ayer under the conditions

which could most nearly be compared with the conditions of

the theoret1cal part W1th1n the 11m1ts of the available
faclllty.
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2. THEORY FOR Mu—>%. ‘ ‘ IR

2.1. Egquations of Motion.

The equations of motion for two-dimensional, inviscid,
compressible flow over an asymptotically slender blunt body‘
afe considered in the limiting case Mgz*oo, x—+oo under the
assumption that rates of change in the x-direction are
negligible compared to rates of change in the .y—direction.
The ratio of these rates of change is of the drder of .l_];“ ’
since small distul_:'bances are propagated across the flow at
the free stream s-peed of sound and convected along the flow
direction at fhe free stream velocity. It is appropriate
therefm;'e to choose the following set of dimensionless
‘variables.

. pressure {a' = —z——i

density - ’)

-

.
' x-velocity U ='-(

y-velocity "U' =

}=
n‘
fis

J

"where X,y aré éarfesian coordinates, §= é and Qg is the
free étream sound speed. |

\»If the priméd variables are defined.as of order. one
and 'tei'ms of order § are rnebglect.ed, the equations of

motion become:




i
ax 29 " P
dy I 4 o
St v 3y + o a—%— 0]
) y 2.2
B T J b t "| _ .

and the boundary conditions on the shock wave on which

M' = *QV\ ¢'
dx

become

P = gyt [' 5 cot'e]
e [l;:;l‘. + 2 cof? qﬁ]

'-2_1' ian qS [I—-Co’i ¢]

VU' =t x+| ‘fan¢[| C.c:;’c1 ]

!

203

<
N

These are the hypersonic small disturbance equations with
the equation for o' decoupled from the remaining three
which are identical to those of one-dimensional unsteady

flow when the transformatibn t = % is made. For the case
. R o0

of a strdng shock wave, 'taﬁ2¢' is large, and the cot2¢'
"term in 2.3 may be neglected.

| As has been shown by ‘Lees and Kubota (1957),
.simi'lar‘ solutions exist only for a strong shock wave whose

shape is y'sa,x"" . The body boundary condition for v',

2.4

' 1
. ony=yb



requiring the .body to be a streamline, determines the scale

for y and x:- If the body shape is given by

2.4 requires “that

() - m2 & = w6 = 00

i

dx x
{
and therefore x' = %._ gi(h-m-)
Lo m
! y 2(1—m)
Yy = d 8

The boundary condition for v' at the strong shock wave
requires by an analogous argument that

x' ~ (%) §5FP

o~ () gt

Thus, if both boundary conditions for v

are to be signi-
ficant, /& must be equal to m, and the body. shape is similar

to the shock wave shape.

2.2. The Similar Solutions of Lees and Kubota and

: Error Terms.

The equatlons can now be written in terms of a

U

s
“defined by

| S e
g-? =Pyl ama YW =- Gy
m J+-l ‘

- . ' ’ .
-and "l"; = g;“‘ = (Cox is the value of ¥ on the shock

15

L simllarity varlable '1— q—’,', where the stream function ¥'is
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wave. Censidering the plene case, j = 0, they become

v '3 1 A
. > a ' . - - .
[ﬁ- 5‘] B =0 - T 26
' o
P 5‘5 ff“a © ’

With the following expressions for the dependenﬁ variables

20
P=cx Ry

v'= C,xX “-p V, (n)

Rdn)

-the eqnations become independent of x' and are

- (\-/"W md"" = —pi-p)
RS SR YA ) g
R: @4l)rl Yo

dVe '
R° dn /'“T dRo =

Here, the second cf equatlons 2. 6 has been integrated using

ethe shockfwave shape Hs (;atho give the second of equa-

' tions 2.7. The beundary conditions on the shock wave require

e thet V;, Po and Ro are given constants on.qssl, and the bedy

.beundary condition;'which requires Vo =& determines the

Co ’

scale of the shock wave in relation to the scale of the beody.

The solution for small n can be obtained directly by
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: considering Po to be constant near the body suijface in the

last two equations:-

| . . |‘2('- | ' ~

P 200 )

o O 20w | | }
- U e X [q Yot consi.] |

20— ' .
“= ' /

’ 7
It is seen that the velocity boundary condition at r‘ = O

2.8

P n

can be gatisfied if the constant is put equal to M- How-
evér, the‘density af: the body is zero. The value of density
can be obtained from the relation .F, = constant along
streamlines by Qonsidering its vélue from the point where

the streamline crosses the shock wave as
) o
£ REP
B
But f,“ is a consj;anf:, and psxm. In the reglon

under consideration éot2¢ >> 1 and
N fl—,g'(_.;'#) \l/' 2—;'*:‘&?
_é.s in 2.8, but for streamlines close to the bédy,
oy —20=p) 1
o p e x $§?
while it has been assumed to be o(1) everywhere; The
vsimj.larrity solution thus fails in a layer near the body in
| ¥ ' 1T ' d.
which = and not ( - ) as it was assumed.
mion =¥ ~O()and not O(§H=F ) as it vas assune

. In this layer it fails to satisfy the upstream condition
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for the entropy distribution. A new set of variables may
‘now be defined, which reﬁain»of order one in this layer.
This ﬁill, iﬁ fgrn, introduce a perturbation in the outer
solution which has to be matched with the inner solution.

The expansion in the outer region will then be of the form

' A
(2

P = Co I'—APR('I)_ + G, § F7H R TR

- L N
Vo= Gt Vel + G SN Y X FTE i 4 — 2

IR | L1 |
PF = Rl + % §*° 3 ' ‘)"‘R.cvp 5 .- }

where A = %Q:#Q . If these expansions are substituted into
L : -
equations 2.2 and terms of order.sx 3 are collected, a new

set of differential eguations for Vl, Rl and P1 are obtained,
which déscribe the effect of the inner entropy layer on the
similarity solution. The shock wave is then perturbed to

the form
' l -1 Au(L -2t
Yy = G+ C 87X #l=g

and this, substituted into the strong form of 2.3 gives the

new shock conditions for the three equations in Pl’ Vl and
: 1 . A _ A
. Sl A i [ = 2(x+1)
R, - When §, that is, when . .t’ or m 3542 )

.. the error term is of the same order as the terms which have

‘been neglected.in deriving equations 2.2. This means that

3x+2
‘1t‘wou1d lie within a layer in which u can no longer be

' the entropy layer would, for m > 2(x+1) | pe so thin that

approximated by U,. ‘



At the other end of the range for which this
»

expansion applies - m = 3-3—5 =3

19

or m = 2 for plane flow -~ the

first approximation breaks down at the body surface because

then the constant in v' of 2.8 becomes zero. This means

" that the effect of the body on the outer flow is dominated

V by the blunt nose.

2.3. The First Order Equations for m<§.

: 2
For m<§— the shock wave is thus given as y'soc x? or

S, .
M= 2, while the body is % =(-:-;-) . The shock condition for

< ,
v' now requires that 'i':(%‘-) §* and Lj'=§8are both 0(1) for

the purposes of the first approximation, while on the body

this would mean that

1-3m
J —? « When m is 2. s, this becomes

2 -
Y= x5 s
and the perturbation due to the body is again as small as
that of the entropy 1ayer.

For the range O«< m<3 the equatlons 2 2 become

:x.-_ 3 . 1 s |
3 _2n2\ P L
5 -3-%,3-'1) %, =0 R 2.10
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] - . _
where n is again Y_ Y vwhere Y= Y g , the shock wave
Ys C,:cs poled

being give“l by ‘d r(_ x3.

With the expressions

P = Co x

-2
3

R M

: P.' R°('1) o — 2.11
v = G X' V, )

t

equations 2.10 become independent of x and are:-

dR Ly — 2 dV, _
an "3V T 8ag 7°
¥
R - §..(_;i'_\_.L
R 9 ¥x1 n 2.12
qd“**—Rog\,’; =0

The‘se.ccbmd equation'has heré been integrated anci'the'con-
stant has been determined from the value of _57 on the point
where a “giw'reri streamline crossed the shock wave, V The
‘boundary conditions on the shock wave (r1= \) are:-
v (1) = » A
o{1) = 3Ey
| 8

,fo'(l) = m ..

)

S 2713

]
4

2.4. The Effect of the Body for Small n, LE<m<3,

The behaviour of this solution for small ¥ can be
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obtained directly by considering Po to be constant:-

- Cx¥p(o

o )
L "3 ZA -
v o= Cx ‘m[ewm(o) n

8 ]'i' ,__%'
2.14
Ll

‘%{ [%(w)E,(o)]!‘ n?

‘O

i

But the boundary condition on the body requires

o 3m
1 1m-| I-=
Vv = MX 8

. | . N :
_‘This means that when n is so small that 0 '\»O[x‘ 5"[ ,] )

m-1 _|~3m
~is of the same order as :(,I S z y that is, when.

\qj'._-. O{x"'% ‘S":"'F

new vafiabies have to be defined as of order one as follows,

P‘;‘gp‘v 2 \

£
\

)

A suitable new simiiarity variable in this layer could then
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be defined as n,= =Y here K= M-% t 2.10
. = ETE*" where ==1::£ . Equa ions 2.
_ J : ] ]
dn x" and this variable, neglecting terms. containing § to
a positive power, become:Qu
bq.
» o .
const.
n¥ = —— 2.16
¢ it
2 i 4 @ B
—Kn o ' =0
' X" 3, <% o,
With the expressions .
[} lm -1
v = Vo(r()
n P 4 -2
P = CGX 3PRMK) — 2.17
i| . (K_s)
- x R ('0
- .the x" dependanéé‘is again lost:
d5’ -0
dn.
R . ¥
oF = 2.18
n

8
A s RI ~ §"(%¥\ E%T"L
3 (x—%m—xq.g% + & d\j{ e

and the boundary condition for v is

U (07

2.19
The solution of these equations is immediate, giving
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‘5’ = E,(oj
R,

otl=

B

2.20

:* ‘_ [9 (x4 P(o)] rl

-3

- R
VA + 3(x+l)[9(f+\) (03] q'.

Substitutlng these expressions into 2.17 and re-writing them

lxs ? ~
in terms of n=nx S it is seen that the result for

7

large rl, reproduces the result 2.1k precisely except for the

-3 - .
T ™ in v

[ m-1 . ]
in v

term mx in v . This term becomes
and is thus a higher order term in the outer solution. It
reéresents the perturbation' produced by the body on the
outer solution. The matched solution for v' is now uni-

- formly vaiid but the Aupstream condition is still not
satisfied, p be1ng given as zero on rl=0, while an argument
similar to that follow:n.ng- equations 2.8 gives the true '
density to be P =0(3_?) on ¥Y=0. In the entropy layer,
where p’l= O(S%), it is therefore necessary to define new
jrariab‘les'in‘ order to get a uniformly valid solution for

the density, It is evident that this procedure fails when

-
- 3%
the body is so small that the outer solution fails for a

- value of Y¥'= o(§) or F\% = O(i), and trence ‘the entropy.

, because then K=0O. This means that the effect of

layer needs to be con31dered as well.

2.5. The Second Order Equations in the Outer Region, 3,<"‘<3 .

The effect of the body can now be determined in the



24

outer layer in the range'——<1m< by introducing an expansion

33

2 — R
b =Caipms sTFX™S CLRE + -

3m

vecatype 80T GV
‘  23m o m-2 — 2.21
= R+ ST R+

. L .2 i- m

y = CaBYp+ § ? x G YRt
in equations 2.10. Collecting terms of ordef one gives
equations 2.12, which are the first order equations. Tﬁe
similarity vafiabletl is‘téken,to be unchanged, suéh that qﬂd
corresponds to the first order shock wave. ‘Collecting terms
b_am ' '

of order 3 and neglecting any higher order terms,

results in

2.22

The second of these equations has been obtained from the
integrated fsrm of the‘second ofbequations 2.10, that is,
.ﬁ;azlég _algﬁg streamlines, to second order, using the
‘»pertur;ed éhock“wave shape | | |

|—SW' m

Y= G+ 5 T

2.23

So far, the equation for y' has been omitted because it is
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' ’ ' . . . ' [ '
not necessary to consider it in order to solve for p , v

and f'. jr' can always be determined afterwards by éon‘sidering

dy = y L
‘ﬁ) C-:Ei%[- fl 2.24

which is a direct result of the definition of ¥'. If the

[ . .
~expansion for ( is considered in 2.24, there results

dYo _ |
dn R %
dY _ _ R .

for the first and second order fespectively.

‘ It is now necessary to consider the boundary con;
ditions for the second order equations. The similarity
variable n was chosen to belunity on the first order shock
wave. Since W:==%L, howé#er, equation 2.23 gives

1-3m ﬂﬁ-—%

s = i+ % d Tx o 2.27 -

o _ :

it is tﬁis value.vdf n Y ‘therefore; é.t which the shock con--
ditioné ’hé.ve to be ai:plied. That is, faking the shock
condition for the .pressux;e (eciuation 2.3 in the strong
 form) a$ an example,

P X RM+ LA R = 2ty

+\



- 2¢. -t -
--~-butta.n¢=-—9 +5 2 Cmx

—3m ym=1

. |-3m m-2
tanzﬁé“c '3[!+3m8 Cx 3]4

_Since"vs.is small, R(ns) can be expanded as

B ("ls) = B + (rls"‘ ) (%—%)q:i

RO + & §7F <" H{dR)
G T

t

and therefore

-2 O em med -3m g4
C,x SR + CCs Tx 015) + CCS 2" Rl

: 2 drl'l;l 3 )

= FHCK 4 4mlCsT )

Collecting like powers of § ,

- B'_(‘) T

as i:»efo»re,‘ and P() — (QB)
S(X'H) dr’l I1=l
Proceeding in a similar way, the boundary conditions for

Vl, Rl and Yl' can be obtained. There is an additional

" -boundary condition at rl-=o, of course, w_hich requires that
. ' f—

-v'(0,x') be matched with v"(ew,x"). Since the term in n '
-~ of the' first order solution is already matched (equations :

~2.20, 2."11!)" it remains only to satisfy

|_3W\ um -1

c(yag’f CV(o)

All the argu.ments leading up

which requires vl(o) = CE' .

26
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- ) - -‘ i
to this statement can be made analogously for y and the

s v - =
parallel resylt is YI(O) = c; . ,
The problem in the outer region, "when ﬁ<£ﬂ<% can

now be stated as the solution of the following Aequatidns:-

dp (-] —
ar 3% — 32"4"\51 -0 \
L) = .§_..(§:_l)“. L
‘ Ry o) Ww+i) N
2pdR, _ R2d% - g
a ! “1 | 2.28
R, 4% =
| dn .
am RO S, %0 3a
— ¥t _
Ro(‘) 'x__“ ) Yo(‘) - ‘
dP' I  hea — 2 d-y! ==
and a;l (‘ M)\,,i 3!'{ drl @] \
o R Re n“r%“
R2dV —2pdR _(2.m_RdV\p =0
a "3y TR |
R.,%% + R, =0 2.2

‘.'“? P”‘. SGa (331)-1' ,
V(l) 'H, (d’l)'l‘ V.0

Y()—- (%)P Yo =

As bas been stated earlier,

i

these equations can be solved ‘
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without considering the equations and boundary conditions
for Yo and Yl" Furthermore, since the second of equations
2.28 and the second of equations 2.29 have already been

integrated using the shock wave conditions for Po, Ro, Pl.

and R,, the boundary conditions for P_ and P1 can not be

used again. There remain five boundary conditions, one of
‘which - Vl(O) = gi - serves to determine the unknown

coefficient C which is common to all the perturbation

l!
quantities. The boundary condition for Yl(O) also gives
Cl, but this is not an independent condition. It merely

‘leads to the identity Y,(0) = 2v;(0). This is a useful

check in the numerical calculations.

2.6. Series Solution for Small n .

The-eolutioﬁ for the first order equations, which has
been giveh by Sedov (1959)_ana1ytically (see Hayes and
Probsteie'(l959) section 2.,6), has the behaviour given by
equetions 2.14 for small n - Substifuting Z,ihrinto

equations 2.22 produces

R _ ¥R 32m
RO Ay T gt¥® $2-39

where - A = &R [% (B"H)PQ(O)] R T
- 9A'comp1etevS°1uti°n iﬁ terms of;hypngeometric funtions can

L —
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be obtained for equations 2.30.‘ The second of these

eQuations with P1

assumed constant for small Q.gives the

first two terms in R,, and these, substituted into the

third, suggest the corresponding terms in V, which can then

1

be used in the first equation to get the expansion for P1

Proceeding in this manner, the following expressions result.

. A 1 .
R~ -5 B

RO

V@)*rAz

_3myf'2'""] + O(rl"*%)

im_ L

z ¥ z +N1-z PO -4 3Im_2,42
—_ i\t On?* =« —
AY(’( y RO T t ) 2.31

P@) (l—m)VQrU- 2m(l —\ n%‘”';‘“ N O(Vl—%)

2(3m |) 5"1\.L+ |

These solutions for small q contaln some illuminating

information., As

is to be expected, they fail when m =.jL ’

3X

as for example in Vl’ whefe the power of the second term

becomes zero and

its coefficient hecomes infinite, This

means that V., will behave like logn since, writing ?Lr_v\'_% =€,

1

€

i |

€0

In P1

the logarithm appears further down as qlogqhand in R

2

elogn

i

é(H elogrl-(--..)

1

it appears as rlsldgvt This is the logarithmic term

“ which has been observed by Freeman, Guiraﬁd, VagliOFLaurin

and other authors. Its occurrence is not restricted to

' 2
the case m = T
, - 3%

in the expansion.

but occurs in all solutions at some stage

The difficulties associated with it will



Be discussed later, in section 2.9.
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The above solutions for small n break down again when

m = 4, as for example in R ;wheré the powers of the first

1’

two terms become the same., By examining the behaviour of

the individual terms in the series solution in terms of Y

and x', the terms containing m in their power can be traced

to pertgrbations from the entropy layer, and the terms con-
tainihg m merely initheir coefficient are caused by the
body itself. | | |

| This démonstrates again the chapge‘in the relative
importance of the perturbations introduced in the outer‘
region by the body and entropy layer when m decreases from
through to 2 .

3% _
2.7. Energy Considerations and the Coefficients Co and Cj.

“If the equations of conéinuity, momentum and energy

are considered for the control volume shown in Fig. 3, the

‘js Shoek
)
. | u
Uy
Pre
Qe : ) - .

> Fig$ 3. Control Volume

following result which represents an energy balance is

obtained (see Freeman (1962)).

2
3
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S‘k(f(x-n Z)Pd\j = F.TBE& | ,‘ ___..2.32.

Y .
where D= S Psdtj is the drag of the body up to x. This
L]

equation can be expressed in terms of x' andrl as follows.

2 2 . -
13 s 1 ' D : t dx'
G (Mt + 2 laq = 3R = | oo™
° ° -‘)() 2z rL Pmu&d ° o
If the expansions 2.21 are substituted in this equation and

terms of equal order in S are collected, the following two

" results are obtained.

o I = —r;j?ﬁja 2.33
ana ([, + V°(‘)+ ( X—l)QS())] -';‘—"-;‘3’-%’— ~ 2.34
w1 [+ ¥l —omes.
o ns (e Sl - e
and D, = draq to X = |

_ﬁhile‘equation 2.34 provides yet another means of checking

‘the value of C the constant Cb cannot be obtained from 2.33

1’
w1thout thevknowledge of D,. This can bnly be obtained from
-a knowledge of the pfessure distribution on the nose of thé
' body, which is outside the region of validity of the present
theory. - | : ' |

'2.8. Numerlcal Solutlon and Results.

The equations 2.28 and 2.29 were solved numerically on
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the London University Mercury Computer for'9 values of m in

2 _ 2 - , ,
3‘$<m<_-, when ¥ = 5 The integrals Il and Iz_

were also evaluated and the results are presented in figures

the range

4, 5, 6, 7, 8 and 9. The behaviour of V near N = O made it
difficult to determine V (0) from the computer results,
since the calculations had to be stopped short of n = 0 to
~avoid the infinite value of some of the derivatives. In
order to avoid this difficulty, the independent- variable

' S : 3m_!
was transformed to g§ =-q:z ¥ and the computer calculations
. were repeatéd with S as independent variable, giving a
straight line for Vl(g) near g = 0 which could be extrapola-

" a2

ted accurately to § = 0 giving vl(o) = o5’ and hence C;
(see fig. 8).

2
and m = .= were

3%’

' included in the calculations, although the expansion pro-

win

The limit cases of the range, m =

cedure doésnot apply for them, and the results obtained in
the previous sections are borne out by the behaviour of Vl
obtained by the numericyl calculation. When m = g% ’ Vl
‘has a 1ogar1thmlc 51ngular1ty at n= 0 g1v1ng C = 0 and
bwhen m = %, 1(O) = 0 giving cl =-w. The three methods of

IObtaining C afforded by the boundary conditions for Vl and

1
;Y and equation 2.34 g1ve the same result.

l 2 9. Matchlng with the Entropy Layer.

The dens:Lty in the entropy 1ayer, in which ¥ __ = q,m
o fotld

is of the order of one, behaves like
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o o ;8% xr%s (1+a q/'i‘”)"

K a2 v wONE
e § !I‘BSS (+a¥'+..) d¥

: (<]
where q=% . Introducing the shock wave perturbation of
o
m

the form x' as before, and procecding to get the corres-

1
ponding result for P and y' ’

,ooaSL“' [l+a‘l’ (\ "'55"{.‘.]%
y e 573 x5 Sw[uq‘l’m(l-b‘l’""f +...] %d‘l’"'— 2

where b= 3m E“S“ . Expanding the results for large W'h,

Cot |
-2 '
PI oc S%ZL. 3% [\Ym-‘i _ ) b wu|%+3%-l+""] 4o
— 2.36
- . ‘“! b llls.‘l‘-—- .
‘ﬂ oc 8 .RJCS‘[X; | 3@2 L4 .“_]¢+.“

It is now necessary to match the resuit for small n with
these expressvions. Comparing equations 2.14 and 2.31 with
2,36, it is seen that this would require the form of the
functions on the left of the following table to be matched
"v}ith the form' of the“functions Aon the right, without cén—

sidering matching of the coefficients.

"f”; | — g
"3: x"“'§ n"i"‘*%’"  — g3 x"z‘k LR aubE 2
s‘f%‘x‘m YC"??"% - -5 i ‘Ph' -2
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It is seen that these agreé throughout except for the case

2
3%’

when the last would requiré
x,’sé-x SI—% lo q’m §_2 ' -~ 1%81—%1 "

_ [ q ¥+ Log §‘°‘3’°} < log ¥
which'is obviously not the case, and é more sophistiqated
approach is probably necessary to deal with this case.

The problem for m = 0 is characterised by a pertur-
bation of the shock wave shape of the form £b~% 365% in
the analysis of Freeman (1962). This will always lead to
the difficulty encountefed in the above case m = é% y that
the logarithmic term cannot be matched. Guiraud (1958) and
Messiter (1965)'avoid‘£his difficulty by disallowing a
shock wave perturbation of this form andfconsidering the
next perturbation to be of the form ,820-7) ‘%%
Although>this allows the entropy layer to be matched with

the outer solution when m = 0, it does not remove the

difficulty when m = é% s Since then a perturbation of the
. |—l .

12
form § X 3% appears from the body. The reason for the

.

failure of the matchlng procedure when m = ;; vis not
obvious, but it is probable that the full partial nature of

the differential equatlons may then be important.

>2.10.‘ General Discussion of Theory and Préctical Implications.
| | ’I’n‘ ‘the range 3‘S<m<3 rthé sovlutions obtained herg

varelﬁniformly valid for large x and Moo=, sgtiéfying the .

boundary condifion for nmormal velocity'on the Body and‘the

upstream condition for the entropy distribution. They
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demonstrate that the shock.layer has tovbe suﬂdivided into
‘three layers: | | o

a) The outer region in which the Sedov solution ise
the first ofder‘solutiOn, and the effect of the body (terms
and aqua{g_% etc.) are of second order.

Vb) The intermediate reglon, where the terms AxX™ and
£ ri.l_li dominate and the term contalnlng rbsm ‘i' is of
- higher order. |

c) The inner reglon; or entropy layer, in which the

3m_1
term AX™ dominates and the terms xS‘ ‘V % and ::c.sx Y=

are of higher order.

The way in which these solutions change their order
of impoftance and how they are matched can best be demon;
strated in a schematic diagram (Fig. 10) plotting log y'
against logjl for partlcular Yalues of m and x', where the
sum of the three curves, which representvthe dominant terms
of the three effects, gives the compositersolution for y'.

The range of>E for which this analysis can be

_expected to descrlbe the flow reasonably accurately can now-'

be evaluated by requiring that

U T | ™
3TNl er (3

4

If omne spec1f1es the maximum size of thls quantity as, say,

>(0 B)FL:

. which, for m = é% and ¥ = % is of the order of 500. If mis
5

mearer 3, say, for example m = 3, % would have to be larger

0.3, the Trange of validity is restricted to =
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2

than 3:<101 and if this is to be applicable on a body of,

say, 50 ft. length, d would have to be smaller than about
10”10 inches, which is weli below the limits of the theory
anyway, because of restrictions to inviscid and continuum
flow. | | |
| The practical use of the theory is thu$ clearly

limited. However, it does give an insight into the way in
which the blast waveisolution ié épproached asymptotically
and the physical reasons for thé deviations from it.

The negative value.of Cc, for example, shows how the
drag Deo is approached from below as x -+ and for large x
the rate of change of drag reduces rapidly to zero. The

form of the drag as a function of x'is

3m 'm-%

':Dx = D, — const. §7 T x %..

" which shows that the drag tb be used in order to obtain the
coefficient of the first order quantities, Co, is D, , the
yaximum value of Dx as x —+am The shock wave shépe will
~also approach the firSt-order shock asymptotically from
beléw, and thﬁé lie inside the first'drder shock wave. This
appears'td bg wrong only when the drag caused by the‘
 immediat§ neighbourhood of the noée is considered to be that
‘giving C, instead of the agymptotic‘drag, Do -

o If the solutions to second order in the 6utef fegion

are rewritten in terms of physical quantities, they are
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- co(sz)iY,(ro T oE Y
¢ @R + ceofg™ R

fo o
f

Es
5

! g 2.37
"3 m-t
- C @V + BT Vi
P C. 3c'“‘%
/;Q-’ R+ C,(a) i R{p+....
These have been calculated for m = 3 and m = § and various

values of -E and are shown in Figs. 11 and 12 as P - ) % and
o ; A

%i-versus %i. It is seen that as ﬁ —v»oo the solutions converge
to the first order solutions, and that the deviation from the
first order solution is almost undetectable for m = L even

C

2

m-2 :

for large values of Q= g'(d) 3., Taking E; to be about
(-]

0.1, that is assuming Co =1.3 for m = 0.5, the deviation

~ from first order theory is less than 5% in normal velocity

,for as small a value of Z a5 80. This is not the case for

d
m = %, where an assumed value of %‘ = 0.5 (Co = 2.8) leads to
’ o
a deviation of about 20% for‘ﬁ = ZZﬁ%107. In these coordi-

- nates the effect of the perturbation is very small in the
case of pfessure and density, and sllghtly larger in the case
of mnormal velocity. Pressure and normal velocity are
incfeased while:the density is decreased by the perfurbatibn.
i Ali thevcurveé of Figs. 11 and 12 have been cut off
‘af fheir lower limit of validity in-q (wheré the solutions
have to be mafched to thevinner solution). This corresponds

approxlmately to the point on the body surface, %; AEE.
. s Y
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3. EXPERIMENTS AT Mo = 8.2.
3.1. Facility. _

The hypersonic gun tunnel et.Inperial College was used
for the preeent investigation and it will be described
: bfieflyibelow although a more detailed eccount is available
in a paner by Needham (l963). The gun tunnel usee a light
piston, fired along a barrellby the sudden applicetion of a
‘high Pressure to compress the working gas to the high
stagnation conditions necessary for expansion to high Mach
number floﬁs. This expansion is achieved by a convergent-
divergent nozzle leading to the working section which is
connected to a large evacuated dump tank. The duration of»
the flow is thus limited by the mass of compressed gas and
the mass flow rate through the nozzle, but the steadiness of
'the flow is interrupted perlodlcally dnrlng this time by
reflected waves impinging on the back of the piston. A
typical uninterrupted steady runnlng time is about 40 msec.

The most sultable condltlons for the present experiments

- “would be a high Mach number and high Reynolds Nnmber.

.Howeven, the conlcal nozzle avallable for the highest Mach
number (15) at Imperial College was con51dered‘unsu1table
’sinceta noneuniform flow would probably be critical in these
venperiments; an@ the Moo = 8.2 contoured nozzle was chosen.
wl‘he conditions were chosen to‘give the highest possible

Reynolds number. This meant that the condensation limit



‘had to be checked. From results collected by Bowman (1965)

the lowest total temperature at which condensation effects
ére pﬁdetecfable at Moo = 8.2 and tota;‘preééure'= 1560
p.s.i;a.; isbaboqt 640°K. This agrees with some measure-
mehts-made by Crane (1965) and the total femperature was
chosen as 660°K for the present work.

‘The viscous length scale, %i’ under fhese conditions
is of the order of 10 -5 inches and is thus llkely to be
small compared with a suitable model dimension, since the
uniform core of the working section flow is about 6 inches
in diameter. The results of a Mach number calibration of
the upper_half of the vertical centre-plane of the working
sectioﬁ #re given in Fig. 13. . |

3.2. Choice of Models.

In view of the short running time of the gun tunnel

it 4is imﬁortanf to have an instrumentation system with a
suitable response time. This requires that the pneumatic
connections to the pressure transducers must be as short as
possible. Hence the most suitable place to house the
pfessﬁre transducers is'insidé‘fhé'model. This in turn

“““ suggests a plane twoédimensiohal cbnfiguration. vAnother

point in favour of plane ﬁodels is the relative ease of

'; mounting Whlch is afforded by the positive d1v151on of the

L”upper“ and "lower" surfaces. Prev1ous experlmental work

S on power—law bodies has been restricted almost entirely

tp axlsymmetr;c flows. Experlmental work on plane power-
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law . bodies wbul@ thus usefully fill a relatively large gap
in the knowledge of such flows. It was decided tﬁat plane
modelsvwoﬁld be used.

Iﬁ the light of the theoretical work of section 2,
the ranée of interest of powers for the model shapes is
here mainly 2,< m<2%. When air is used (¥ = 1.4), this
range is %%<ﬁm<:%. It would, of coﬁrse, be best to test a
considerable number of models in.this range, but because of
the large amount of work involved in making a power-law
shape, and because of 1imited workshop time, this investi-
gation had to be limited to twq models. These two models
were then chosen to be nmear the two ends of the above range
in m, namely m = 0.5 and m = 0.625, in order to test the
large change in magnitude of the second order quantities
predicted‘by»the theory over the range;

It was then necessary to make a compromiée regarding -
the length séale of the body. From the point 6f view of
the theory it would be interesting to look at the flow at
‘#efy large valueé‘of ﬁ. Since x is.regtricted to about
12 inches by the size éf the working_section,gthis woﬁld'
',tmean a‘smallzd. rTWo factors are‘against a small d. One
is the neteSsity that dtbe much larger than the viscous
leﬁgth.séale, andtthé othér?is the lower limit of the
surface pressures imposed‘by the availablé instrumentation;

An upper limit is also imposed on d by tunnel blockage.
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It ﬁas decided that some experiments on simple wooden
parabolas should be included in the pilot experiments
déscribed in the next section in ordef to determine the
viscous effect and the limitation of blockage.

3.3. Pilot Experiments.

3.3.1. Effects of Viscosity and Blockarge.
Three wooden parabolas were made, 10 inches long and
5% inches in span, for which d in the relation defining the

d d

sﬁallest of these was tested at two Reynolds numbers

| Yy 3
shape, = = (E) , was 0.225, 0.156 and 0.100 inches. The

corresponding to two viscous length scales' in the ratio
2 to l, by observing the change in shock wave shape with
Reynolds number. This was found to be undetectable on two
schlieren photographs. A more sensitive check on the
’effect of Refnolds number ié probably afforded by a compa~
rison of boundary layer and shock layer'thickpesses. -The
ratio of these thicknesses is seen to be less thaa é%
.from the schlieren photographs of Fig. 30a. it was con-
- cluded that the viscous displacement_effect‘could be
#eglected;' | ' | _

| A teét of the lérgesf of tﬁe threé models (cross-
. sectional area = 15 sq. in.) showed that the flow was not
:Mblﬁcked_provided that_thé diffuser of the tuhnel was
.hofed fbrﬁa£d_to'within 5 inches'of»the nozzle exit piane.'

This meant that the back part of the model could =not be
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~ seen on schlieren Photographs. The shock wave shapes on

d

vs.log %, and it is interesting to note that they collapse
. 2
3
onto one curve which is very nearly proportional to (E)‘.

all three of these models are plotted in Fig. 1l as log %

vThis shoﬁs that the significant length scale of the shock

wave shape is the same as that of the body, namely d, and

that the second order effect at m = 0.5 is very small even
at §f= 15. Compared with the limit of validity of the

theory estimated in section 2.10 as % = 500, this looks

very encouraging.

3.3.2. Determination of Test Conditions.

-The.free stream Mach number was determined by
messuring free stream pitot pfessure an& using the totalﬂ
pressure available from calibrations of the tunnel
(Needham 1963). Estimates of stagnation temperature,
.based on‘running time and pressure fecords,rwere also
given by Needham. M., P, and stagnation temperature
define the state of the free stream completely. The most
unreliable of the measurements needed to obtaln these
three quantit;es are those leading to the stagnatlon
femperatnre.n Although the stagnation temperatufe has
been estimated subsequently froﬁ stagnation point heat
transfer measurements by Holden (1964), an attempt was
made in the presenf investigation to measure stagnation

 temperature directly. This was done by using the probe
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shoﬁn in Fig. 15a. This pfobe functions as follows. The

flow is decelerated to about M = 0.2 by the normal bow shock
wave in frqnt of the probe. The speed of the flow through

the prébe can be controlled by interchanging the exit throat.
 The tempgratufe inside the tube is then very nearly the
stagnation temperature of the flow,., This is measured by using
a thin wire (0.001 in. dia.) as a fesistance¢ﬁﬁ§rmometer. If
a small constant current is passed thréugh thé wire, the
voltage drop across it is proportional to the wire resistance
and can be monitored on an oscilloscope. The material of the
wire was chosen as 90% Platinum -~ 10% Rhodium for high strength
and temperature coefficient of reSiSti{ity. In order to
minimise radiation losses and errérs dﬁe to immersion of part
of the sensing wire in colder boundary layer flow, the body.
of the probe»which consists of a pyrex glass tube was coated
on the inside(with é platinum film heater. This film and two
silver leadSACOnﬁecting it to wire 1eads‘ﬁefe baked int& the
‘glass. Tﬁe platinum film is heated by dischafging a capacitor
‘th£0ugh it. The temperature-time cﬁrve of this film can then
be‘obtained E& mohitoring current through éﬁd voltage aéross
it and using fhe temperature coefficient of resistance df
such films (Holden, 1964). These films could be heated to
about 500°C withéut causing the glass to break. In order to
avoid induced currents in the sensing wire from this process,
the sensing wire is arraﬁged in a vee shape. It is insulated

from the heater by two plasfic:caps which hold the wire supports.



In order to measure stagnation temperature, it is
necessary to choose the capacitor and its charge in such a
way that the heatér temperature is approximately constant:
and as near to the stagnation temperature as possible over
the period during which the temperafﬁre is recorded. It is
necessary for this purpose to dela& the discharge of the
capacitorvwith respect to the firing of the gun tunnel.
This was &one by means of a Marconi type TF1415 delay
generator. |

Stagnation temperature was measured with the tunmnel

4L

ih four configurations: With the conical nozzle at M.o= 7.5,

10 and 14.5 under conditions for which the estimated stagna-
tion temperature of Needham (1963) was 1300°K, and with the
contoured nozzle, H°° = 8.2, under conditiéns'when the
- estimated temperature wa$ 660°K. The temperature readings
for these cases were, respectively,‘1290°K, 1260°K, 1000°x
and 665°K. The large discrepancy for Mg, = 14.5 is
'considered £o be due to the factbthat the boundary layer is
much thicker inside the probe when Meois large and that the
heater, which is only capable of functioning up to 800°x,
is unable to remove this error. | A

It is interesting to note the large gradient of

stagnation temperature with time during the run, see Fig. 15b,

giving the trace for Moo = 10. This is about 6000°C/sec. and

'Vfiwouldichange the'Reynolds number considerably during a run.
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When the stagnation temperature is 665°K at M., = 8.2 this
gradient is only about 2000°C/sec.,and after the passage of
the fifst and second acoustic wave the temperature jumps to
'thé same value again.

The value of stagnation témperature used under the
running conditions chosen for the present experiments was
that measured by the a50ve probe as 665°K; The free sfreaﬁ

conditions were as follows:

Piow = 11.5 p.s.i.a.
Moo = 8.2

o
To = 665 K.

3.3.3. The Method of Weak Waves.

The fact that small disturbances are propagated at an
angle to the local stream direction whicﬁbdepends only on
the 1ocai Mach number hésibeen used repeatedly in low super-
s;nié flow. It does not seem very promising at high Méch
numbers, because the rate of_change-of Mach angle with Mach
‘number becomes sﬁall. However, since the Mach number in
‘the shock léyers studied here was not likely to exceed

" about 6, it was considered worthwhile to make an attempt at
:,iu51ng this technique.‘
v . The method can best be described Wlth the aid of
Fig. 16. A flat plate is placed opposite the body under
test and small obstructions are placed'on:thé surfaces of

the body and flat plate, such that they generate weak waves.
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The family of waves originating on the flat plate -are
deflected by the curved boﬁ wave of the blunt body and
follow a curved path inside the shock layer. The family
of weak waves generated from the blﬁnt'body travel along
curved paths'towards the.bow wave and infersect_the other
family. Taking the intersection of two particular waves
one from each family, the lécal flow direction can be found
by bisecting the angle 2p, between the two waves. The
local Mach number can then be obtained from

M = sing
The method depends critically on the strength of these
waves., - ihey have to be ﬁéak enough to introduce only
‘negligible disturbances in the fiow;and to propagate in the
direction of the local Mach angle, but strong enough to be
seen on a échiieren photograph. It is also imbortant that
the bow wave of the flatvplate is weak, so that it does
not disturb or deflect the floﬁ.

After trying several means of gemerating the waves,
_strips of adhesive tape of 0;0015 in. thickness and about
»%th.inch width were épaced at 2 inch intervals on both the
flat plateb and blunt body. Figs. 17, 18 and 19 simw a
‘Sthieren photogréph of one of the models. in suchya_teét,
the derived Mach number distribution and the streamline
.siopé distribution across the shock léyer at a particularm__ "

station respectively. It is seen that the waves originating
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from the body are not always weak enoﬁgh; sinee ﬁhe bow wave
and trailing wave from the distufbances'converge, instead of
being parallel. Also, the bow wave frem the flat plate does
influence the bow wave of the blunt body sllghtly.

This method has the following advantages. It gives
the flow direction and Mach number relatively directly and
eupplies a distribution of these quantities over the whole
r_flow field at tﬁe expense of one experimental run. Its
disadvahfages are that it is not very accurate at high Mach
numbers and fhat a considerable amount of work has to be
done on the photograph to obtain the above distributions.
it would also be more difficult to use the method in axially
symhetric flow. |

| In order to obtain all the quantities specifying the
flow field it is necessary in addition to measure the |
pitot pressure and total temperature. The latter can, how-
'ever, be'aseumed constant in the non-dissipative flow
outéide the Boundary 1ayef.

3;3.h. Static Pressure Probe.

Inirelatioh to the low degree of preciéion’obtained
'by the method of weak waves it seemed worthwhile to try to
measure the static pressure as a means of obtaining Mach
number distributions. Some experiments on the viscous 1ntef—
action effects of a static pressure probe at M = 6 were

reported by Behrens (1963). An estimate of the viscous
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interaction pafameter'f.wds made for the typical shock lajer
under the experimental conditions of the present work; The
low value (%0.08) of this parameter based on a suitéble
dimension from probe tip to orifice'(about 0;5 inch)
suggested that the viscoﬁs interacfion effect would be very
small, causing an error of less than 1% according to ﬁhe
eﬁpirical formulé given by Behrens.

A probe was then desigrned on the same lines as that
used by Behrens but using the response time as a criterion
‘for size. The method of Kendall (1958) for optimising
pneumatic connections was used to relate the probe size to
the necessary length of pneumatic connections and transducer
volume. The available running time (about ko msec.); the
préssure levéls to be measured (about 6.6 p.s.i.a.) and the
geometiry of bneumatic.conhections made it‘necessary‘to
choose a larger probe than that used by Behrens. The final
design of the probe is shown in Fig. 20.A

7 Three such probes were made and mountéd on a rake,
Atogéthgf'with three pitot preSSure probes, such thét the
.stream;ise position of thermeasuringbpoint was the same for
511 six probes and the spacing between thgm was sufficlent.
to avoid inferference for Mach numbers above about 2.5. Iﬁ
orderrto test’thé stétic.probes, this rake was then used to
'measure»the'static‘pféssure in the shqck layer of a 20°

wedge at Moo= 8.2 with the three static pressure probes at
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the.same distance from the wedge surface. The true inclin#-
~tion of the wedge was 18.8% and the shock wave angle
measured from the schlieren photograph (Fig. 21) was 25.30.
The static pressure in the shock layer corresponding to
these conditions with poo = 0.135 p.s.i.a. and Moo = 8.2 was
calculated to be 1.95 p.s.i.a. from the éblique shock
relations. The pressures asvmeasured by the probes were
'1.935, 1.925 and 1.955 p.s.i.a., that is, within 2% of each
other and thg caleulated value. This is also well within
the accuracy of the instrumentation and recording system
which will be discussed later. Although this pressure was
considerably higher‘than the pressures expected in the shock
1ayef of the blunt.mbdels, it looked very encouraging. Thé
oscilloséope traces showed, however,-that the résponse times
wére slightly longer than those estimated from Kendall (1958).
One of the traces is shown in Fig. 22. The pressure was
higher and the length of the pneumatic commnections longer
‘"than those used in the estimate. The'effect of these changes
on the‘responsé time oppose each other and it was to be
expected that the‘response time for the case of the eétimate
would bevaboﬁt the same as that encountered in the wedge
test.  This was about 66 mséé., whigh‘made'itAnecessary to
take the reading after the interruptiOn caused by the first
acbustic wave. Some later measurements, in which the

‘response time was reduced by shortening the pneumatic



.50

connections showéd that thevpreséure settles to the same
vaiue after the first acouétic'wavé. | |
It was decided that the static and pitot pressure
méthod would be used to measure the local Mach number in
the shock layer and that the total temperature would be
assumed constant throughout the flow field in order to
determine the remaining flow parametérs. |

3.4. Design of Models and Traversing Gear.

. The results of section 3 suggest that the value of d
in the body shape % = (§3m should be varied with m in order
to0 obtain comparable second order effects on models of
similar overall length. Shock wave shapes obtained during
the pilot experimeﬁts showed that the second order effect
'islsmall for parabolic bodies. The largest value of_d ased
in the péraboias of the pi;ot experiments (0.225 inches)
was thus chosén for the fully instrumented metal parabola.
'In contrast, the second order effect can be expected to be
large for the $-power body‘and the valqe of d’for this
model»waéfchosen as 0.010 jinches. This meant }hat the base
thicknesées were 3 inches for the parabola and 1% inches
for thé %—power body at x = 10 inches. The maxiﬁum values
ofrﬁ ﬁéfé thus 44.4 and 1000 respectiveiy. o

With the space'available in the S-power model it was

not feasible to house the pressure transducers inside the

- - model. However, a sting mounting capable of housing four
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transducers ﬁhich was availaﬁle from another project (see’

" Needham, 1965) could be used in conjunction with this model
without excessive lengthening of the pneumatic connections.

The §-power model was thus not made hollow. Details of this
model are‘shown iﬁ.Fig. 23.

The paraboia was designéd in two sections: The main
afférbody ﬁhich wéé machined hollow out of solid duralumin
and open at the bottom. The nose which was solid and
~attached to the afterbody by two screws. The nose and after-
body surfaces were finished on aééehbly and two locating
suffaces machined on the bottom of the two sections ensured
"proper assembly. The afterbody was stiffened by a central
web of § inch width which served also as a mounting surface
for the traversing mecﬁénism. Tﬁentyeight pressure orifices
wefe suitably distributed along the centreline, and to check
the two—dimensionalify of the flow, three pairs of.orifiées
at x = 0, 1.25 and 7 inches ﬁere spaced éymmetrically about
the centreline at % inch:from the edges. In addition, an
orifice was positioned on’the bottom of the nose, sﬁch thaf
it was direcfly opposite one of the top‘orifices in §rdef
‘to chéék that the model was at zéro incidence. The space
in fﬁe modél allowed for the moﬁnfing of 6 pressuré trans-

. ducers sleeved with foam rubber and held in place by spring

clips.

- The main purpose of making this model in two parts was
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toienable the r#tio of the magnitudes of firét and sééond-
'oréef quantities to be mddified bf substituting a different
nose shape. One additional nose was‘made. This started
with a 30o half-angle wedge which had two common tangents
with the parabola and whose apex was on the axis of symmetry
of the parabola. In this configuration the model is referred
to as the "wedge-parabola™" below;b Fig. 2Lh shows the para-
bola with the traversiné mechanism mounted in the rear
position. It could also be mounted at the centre of the
parabola, in which case the probe supporf protruded through
a rectangular hole in the surface. This hole wés sealed
with plasticine during runs.

~ The traversing mechanism (see Fig. 23) has three
degfeesvof freedbm.f The main slide body rotates about an
axis about 4 inch below the model surface which enables
‘the inci&ence of a probe to be changed by ﬁp to 270. The
probe support which is vee shaped in sectiOn engages with
the slide and this constitutes the traversing motiom. Tt
 ~éan bé heid in poéition by é clamp and its pééifion is
’ recordedrby a micrometer séreﬁ mounted on the slide. The
"a;h&ilrbf fhe'miCrometer éystém can be moved by 1 inch, thus
ienabling a full traverse of 2 inches to be-miade. At the top
of the probe Support there is arciaﬁp which holds the “
tubular probé sting in pésition at any streamwise station.

On the %-poﬁer model the traversing mechanism was mounted
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oﬁly on the base of the model by means of a tee block wﬁich
could also be attaehed to the wooden parabolas.

-3,5. Experimental Technique and Accuracy.

3.5.1. Instrumentation.

The pressure measurements were made u51ng the trans-

ducers descr:.bed in the table below.

Pressure transducers:

Range,
No. off Make Type P.S.i.a.
3 Solartron NT4-313 0-30
1 Solartron NT4-313 - 0-15
2. C.E.C. k_326 0-10

None of these is very suifable for the lowest pressures

~ measured, but‘the transducers were celibrated statically
over the full range. The signals from the transducers were
‘measured by Tektronix 502 oscilloscopes and recorded photo-
graphlcally u51ng Land—Polar01d cameras. |

o Schlleren photography was used to observe flow details
and shock wave shapes.' The light source for the schlieren
'system is a spaxk Whlch can be delayed to any desired tlme
durlng the run.

3.5.2. Surface Pressure Measurements.

The support for the metal parabola was ground parallel

o ] its base on aséembly such that the incidence of this
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model with respect to the base of the working section was

zero to within # 0.05°. This was checked by dial gauge.
The alignment of the nozzle centreline with the working
sectionbbase was then checked by tightening a string
accurately along the axis of symmetry of the contoured
nozzle and measuring its height from the base at two poihts.
The aligument was within 0.2°, A further check uas obtained
from two pressures measured on the parabola both at x = 1.25
inches but onlthe upper and lower surface. Since these
agreed to within 2%, alignment with the base ouly was
checked for the-othe; models by dial gauge. The two-
dimensionality check showed that the side pressures at
~ﬂ = 1.25 inches were within 2% of each other and the
pressure on the centreline. So also were those at x = 0
' while those at x = 7 inches uete both 8% lower than those
ou the centreline. At any time during the experiments all
the pressure orifices‘which were uot connected to trans-~
ducers were sealed off with plasticine or rivets inserted
~in the plastic tubing fixed to them. |

. 'f Taklng 1nto account the repeatablllty of condltlons,r
the mode of readlng pressures off a photograph and the
\callbratlons of the transducers and osclllos00pes,>the.
error in the pressure measurements was estlmated to be
about + 5% at pressure levels down to about 0.7 p.s.i. a.;i

-and about 3,8% at pressure levels down to about 0.2 p.s.i.a.



55

3 5. 3. Shock Wave Shapes and Shock-Layer Traverses.

Shock wave shapes were measured from schlieren photo-
graphs enlarged to twice full size. The well-defined shock
fronf was taken to be the position of the shock wave and
its position ﬁas measured from the axis of 5ymﬁetry,by a
pair of dividers, transferred to a rule. The error in this
measurement was estimated to be + 0.01 inch, which corfes-
ponds to + 0.005 inch on‘true‘size. The shock wave position
could be checked in three isolated cases of the shock layer
traverses, when the position of the pitot probe happened
to cqincide with the shock wave. These checks agreed with
the.photographie measurements to withinm + C.01l5 inch.

‘The static and pitot rake was traversed along a line
which.was slightly inclined upstream from the normal to the
body surface, and its incidence was maintained fh:oughout
each traverse. That is, no account was taken of the change
in streamline slope from body to shock wave. This change
in slope amounted to a maximum of about + 30. The wvariation
of the static pressnre_reading with probe incidence was
found to be smalier fhan 2%:over‘a>change of incidence from
Oe,to Bohin the shock 1ayer of a 20° wedge. |

e-i The spaclng of the three sets of probes was mnasured
eccﬁrately and the first readlng of each traverse was taken
ifw1th the 1owest probe touchlng the surface ‘of the model.

'ﬂThe P obe posi+10ns were known to an accuracy of + .005 1nch
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When the uppermost static bfobe was touchiné the bow
'shock wave of the model, strong inferferéhce resﬁlted and
the static pressure was unreliable (see Fig. 25). All such
:eadings were discarded. It was hoped that the shock wave
'Sibpe could be used in conjunction with the free stream
conditions to calculate conditions on the shock wave. How-
ever, since the local Mach number outsidg the shock can
vary with position from about 8 to 8.5 (see Fig. 13) and
conditions on the shock wave are very sensitive to shock
wave slope, the static>pressure behind the shock could only

be determined to within + 15% by this method.
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4. EXPERIMENTAL RESULTS AND COMPARTISON WITH THEORY.

4.1, Surface Pressure Distribution.

The surface distributions on the parabola, wedge-
‘parabola and $-power-law body are plotted in logarithmic

versus = in Fig. 26. They are comparéd
Peo Ve d _ .

with the first and second order theories, modified

coordinates as

Newtonian and tangent wedge approximations and, in the case
of the wedge-parabola, with a charactéristics solution,
which will be discussed in section U4.l.

In order to obtain the coefficient C° of the first
order thgory, the experimental pressure distributions were
integrated numerically to give the drag to x, Dx’ as a

X §n Fig. 27 and the

d
value of D, , the asymptotic drag, was obtained by fitting

function of x. Dx was plotted against -

2

the expression
. m-3

b, - oo - (3

to the experimental curve. Do, substituted into equation

2.33, jields the coefficient C_. These values of c, are
given in Fig. 27. Although this method of obtaining C, is
only an estiméte; it is the result of an integration -of

,;eiperimental quﬁntities and thus likely to be‘more accurate
‘than the alternmative method of comparing the magnitude of

. first and second order quantities directly. It also does

" not involve the use of any second order quanfifies apart

from the actual body shape.
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With this wvalue of Co it is now possible‘to calculate
the theoretical behaviour of the flow variaﬁles, and all
the theoretical curves in the illustration5~q$e C, as
obtained in this fashion. The pressure distributions of the
ﬁarabola and wedgé-parabola agree reasonably well with the
present theory although the effeét of the finite free stream
pressure manifests itself at 1érgé values of %. This effect
is partially cancelled by the lack of two-dimensionality
near the taili end of the model, where the preésure drops off
again. These two effects are best observed in the pressure
distribution nf the wedge-parabola: The'experimental
pressure distribution falls off from the characteristics
,solﬁtidn near the end of the mbdei, This demonstrates the
effect of the loss of fwo-dimensionality, since the effect
of fihiterp¢, is taken into adcpuht by the characteristics
solution. The experimental and characteristics pressures
deviate upwards from the present theory at large 3 because
of the finite free stream pressure effect. The lack of two-
dimensionality af the rear end of thé model makes it
’   necessafy td treat all éxperiméntal results downstream of
£:301n the case of the parabola and wedge-parabola with
sbmg suspicion. | | | e |
| The pressure.distribution‘of the %-pdwer—léw body
r<di£fers widely from the theoretical prediction énd is in

rather better agreement with the tangent wedge approximation
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if plotted asv7£;ur . However, since the pressures on this
. o

_body are considerably lower than those on the other two,
an attempt has been made to correct - the error due to finite

free stream pressure by comparing theory with experimental
. ~ Poo
PV

All three pressure distributions show a consistent

values of « The agreement is quite good.

ndip" in pressure in the region between x = 1 and x ; 3
inches. This has also been observed by Needham (1965) in

the pressure distribution ove¥ a flat plate and is considered
to be a characteristic of the tunnel.

4.2. Shock Wave Shape.

The pilot experiments (see sectibn 3.3.1. and Fig. 14)
have already shown‘that the significant 1éngth scale of the
shock wave-shape on a two-dimensional parabola is the same
"aé_d, the scale of the pérabola. Since only one médel was
tested at m = £, a similar test of correlation could not be
made for this value. However, this correlation was tried
in the experimental shock wave shapes obtained by Peckham
(1965) and Kubota (1957) on akisymmetric power-law bodies.
The result is shown in Fig. 28 for m = 2 and m = %.
‘Unfortﬁnately, the éurva£u£e of the shogk syape (in loga;
/rithmic‘céordinates) could not always bé taken into account,
~.since most of the results were drawn as straightviines in
,?éckha@'s report. Howevér; the correlation is quite.gooal

and it can berexpected‘that shock wave shapes on a body of



the shape % = (%)m collapse for a particular m onto a
sinéle curve in these coordinates for large Mach numbers.
:if the stand-off distance of the bqw wave 1is prop;rtional
to d which is trﬁe'for m = %, this can be expected to be
true fight down to the nose. At the other end of the scale
%—*w -~ the shock wave must; of course, become weak eventu-
aily and shrink to a Mach wave. This behaviour would
exhibit itself in the shock wave shapes as a "tailing-off"

) ¥Ys 1
of the shock wave to a line of the form — a + T
a \’M:-l

M

where a is presumably a function of Mg and m (see Fig. 29).
The tailing-off of the shock wave-can be detected in the
shape for m = 1 and Mo, = 6.8 in Fig. 28 as a deviation of
the shock shape from that for Meo = 7.7.

;The shock shapes obtaihed in the present experiments
aré‘shQWn as schlieren photographs in Fig. 30a and blotted
in 1ogarithmic.coordinates in Figs.VBOb and 14, where they
are compared wifh the present theory using the values of C°
obtained from the drag. The magnitude of the secénd order
'qﬁéntitieévis again seen to be much larger for m = 2 than
for m = 4, and the way in which the second orgef effect
modifies the first qrder theqry is in the right diréction,

excéptiin the case of the parabola, where the theoretical

prediction for Vs is 10% less than the experimental result.

' Althoﬁgh'a'befter fit could bave been achieved by choosing

60

Co and C1 for fit, this was not done here in order to give a
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true comparison'of theory and experiment.

L.3. Shock,Layer Traverses.

| 'Shock layer traverses-of pitot and static pressures
were ma&e at.five stations>on the paraboia d = 0.225 inch,
’3 stations on the wedge parabola, two stations on the 0.625
power body and twq stations on the smallest wooden parabola
(d = 0.100 inch). The location of the stations is shown in
Fig. 31, and the measured éitof and sfatic pressures are
presented in Fig. 32. The length coordinate in these plots
is measured from the body surface. Although the tﬁo—
‘dimensionality of the flow is doubtful downstream of §'= 30
on some of the bodies, such traverses have been included in
' Fig.‘32 to show the general trend. The quantities M, q, P
and T derived from these measurements and from the assumption
‘that £hé total temperatufe is,éonstant at 665°K are shown
in a similar form in Fig, 33. .

The static pressure as measuréd'on.the surface of the
metal models opposite the traversing station is included in
Fig. 32 as é'pointion the vertical axis.‘ It»is seen that
the sﬁ:face‘bressure‘agrees well with thevextrapolatioh bf
Vthé étatié pPressure traversés, giving additional'confidence
- in the‘static pressure probe. |
The assumption that the velocity in the x-direction

is constant and equal to U, is seen to be a good first

Y%
ad

approximation except when is smaller than 5.
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It is seen from the density profiles that the assﬁmption
of a-strong shock wave is Quite'drastic for the conditions of .
the presegfieXperiments,:the density on the shock wave being
less than 50% of the value on a strong shock wave for large g.
It can therefore be expected that tﬂe density profiles will
not be in good agreement with the theory. This is evident
even from a cursory inspection of the density profiles on the
" $-power-law body, whose éhape is considerably different from
the dénsity profile of Fig. 12; The general Shape of the
density profiles on the parabola, however, is similar to the
theoretical prediction.

lThe strong shock assumption is not so serious in the
case of pressure and velocity and in the hope that the effect
of the error in density on the pressure and normal velocity is
nof too strong, these were compared with theory in Figs. 3ka |
.and 34b. The normal velocity v was calculated from the
rstreamline slo?e distributioné of Fig. 19 and the g-distribu-
tions of Fig. 33. It is seen that in both cases the experi-
ments for the parabdla’are in very’good agreement with theory.
In the case of m = § the pfessure distribution is of the
right generﬁl shape but considerably higher than the theoré—
" tical prediciton. The weak shock effect (finite free stream
preséﬁre)-would account for some of this discrepanci. The 7
normalvfelocity for m = 4 is also underestimated by thg

theoretical prediction. However, from a close inspectidn’of



- the,shock‘wave shape for m = %, Fig. 30b, it is seen that

' the shock wave begins to "tail off" at aboutlﬁ = 300. For

a reasonable comparison with the present theory, % should be
‘at least about 500. The two fégions‘in-which the theory
breaks down (1argé_§ - weak shock, small g — slow conver-
gence) thus 6verlap, and a comparison with experiment becomes
somewhat marginal unless M., is larger than in the present
experiment. | | ”

The Maéh numbér distribution as obtained from statig
and pitot pressure measurements on the %—power model at
% = 560 is superimposed on that obtained by the method of
‘weak waves at the same station in Fig. 18. The scatter of
fhe.points derivéd from pressure measurements in this traverse
'amounts’approximately to that of the wéak waves method.
Within this scatter of about + 6% thg agreement is quite good.

Fig. 36 Shows streamline shapes derived from the weak

waves method'in the case of the wooden parabola, 4 = 0.100 inch.

4.4, Comparison with Characteristics Solution.

”xLewis.(1965) calculafed_the flow,dver the wedgé-parabola
»vof(thé present investigation under the same conditioné by the
method of characteriStics._ These data are cqmpared with the
J-éxpefimental résuit% in.the apprbpriate parts ovaigs. 26, 30b
‘and 35. vIt_is se‘enj’.v'in'Fig. 26 that the experimental surface
‘tp:essure disfributiﬁﬁ is in good agreement with the character_
x

istics solution up to about 3= 30, where the expefimental
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pressure drops off due fo ioss of two—dimeﬁsionality. Tﬁe
comparison dlso,lends éubport to the statement made in
section h.l.,~th5t the consistent "dip" in pressure is a
characteristic of the funnel. ’

The shéck wave sﬁape as obtained by the characteristics
method is also in good agreement with experiment as is seeﬁ
in Fig. 30b. : " The diécrepancy between experiment and
characferistics solution for smallvﬁ amounts only to about
- 0,020 inch and is largely attributable to experimental error.

Two interpolatibns of Lewis's data coincided with two
of the traverses of the shock-layer of the wedge-parabola.
The position of these interpolations is ﬁarked on Fig. 31.
The results of the interpolations are compared with the
experimental traverses in Figs. 35a and 35c. (Note that‘the
full line of Fig. 35b is a mean line through the experimental
points.) Aﬁ important result is.brought out by the compari-
son in Fig. 35a where the experimental‘static pressure
'deviates'cénsiderably from the characteristigs prediction
when the uppermost probe protrudes throﬁgh'the shock wave.
The discrepancy’starts at y-y, = 0.4l inch and this is
.corroborated by the position at which it should occur
~according to the shock wave and probe geometry (seeiFig.~25'
which is taken at the same station). This gives an indication
of the imporfance of probe-shock interference and has been A

used in aséessing the validity of static pressurex measured
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near the shock wave in other traverses. At the downstream
station, ﬁhich is in the region where the two-dimensionality
of the flow is doubtful, (% = 36), the static pressure
readingskare consistently lower than the pressufe obtaiﬁed by
tﬁe method of characteriétics. This discrepancy amounts to a
maximum of about 10%.

Apart from_fhese discrepancies the agreement between
experiment and characteristics theory is remarkably good, the
ﬁitot pressures being almost identical. The distinct kink in
the profiles at the upstream station which results from the
discontinuous curvature of the body at the juncfion of wedge
and parabola is shown by both experimént and characteristics
method and coincides with the change in density gradient
~sh6ﬁn in the schlieren photograph Fig. 30a. -

Thé relatively iarge error of the quantities on the
‘shock wave is due to the fact that they were determined from
the shock wave slope and free stréaﬁ conditions. This is a
' relatively.inaccurate technique. | |

It is more difficult‘fo'start characteristicsAsolutions
when the flow is locally subsonlc, as it is mnear a blunt nose,
especially in plane flow. The computer program of Lewis (1965)
is ﬁnfortunafely unéble'to deal w1th such cases at present.
'»However, the comparlsons of Flg. 35 give an indication of the

potential of ‘this method as a criterion for other theoret1ca1

methods. They also indicate the extent to which one can trust
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- the static pressure measurements in the blunt body shock

layers of the present investigatioh.

The experimental and theoretical results are available
in the form of detailed tables at the Imperial College

Aeronéutics Department.
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5. FUTURE WORK.

The experiﬁents conducted in this investigationvwere

- insufficient in number to determine the complete behaviour
of the coefficients Cl(m) and Co(m) over the range H < m<%$,
two points only having been obtained. A more complete
investigafion, say, of about five models in this rahge would
demonstrate more clearly the strong and weak points of the
theory. The similarity of the shock wave shapes in % and %
‘coordinates could be verified more fully by testing models
with several different length scales for each value of m.

The same could be repeated for other.ranges of m, and
for axisymmetric flow. Theoretical solutions for other ranges
of m.could be obtained in the manner éuggested by Freeman
(1962), (see also section 2.2.). |

Idealiy, thé aim would be to obtain theoretical solu-
tions for the full range of ﬁ from 0 to 1 with a full range
of experimenfal results to check them in both plane and axi-
stmetfic flqw. "It would be better in a comparison of
' theoretica} and experimental shock wave shapes to plot Co(m)
‘;and‘cl(m),rather'than /L(m), since fL(m) is more propefly |
 pm D). Ty e |
o The experimental verification ofAtheofetical wofk'coﬁld
véry sﬁitably be cOmpiemented by numerical solutions such as

:those presented here for the wedge-parabola. These could

serve to check the extent to which the assumptions of both
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theory and experimental technique can be made safely, and to
‘give a more adcurate comparison with the theory. -

It would also be interesting to see how the theoretical
solutions depend on ¥ and this would need only a simple
extension of the computer programme so long as ¥ -1 is not
small. The most difficult problem of the theory, however,
reméins fhe determination of matched solutions for the,
particular values of m, for which the solution remains

- . » 2 :
singular near the wall to second order. These are m = (3+j$x !

2 2{(x+1) . ;
3+j * (3+j)p+2 - .
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6. CONCLUSIONS.
Theoretical solutions, based on the expansion scheme
for large x and large Mg, és'proposed by Freeman (1962),

were obtained for the asymptotic inviscid flow over plane

: m
bodies of the shape % = (ﬁ) in the range %x<:m'< Z.

These second order solutions enabled the condition that the
body’surface be a streamline to be satisfied.

The magnitﬁde of the second order term was found to
increase frém’zero at the singular point m = 2, to infinity
at the singular point m‘= 2. At these two points it is
probably nécessary to adopt a more sophisticated approach

since, at m = § , a matching condition cannot be satisfied,

and at m = § the expansion does not converge in the present
approach. |
The coefficient of-the.second order quantities was
found to be negative, such that the shock wave of the second
order theory lies closer to the body tﬁan that éf the first
- term in the expansidh. Sihiiariy;'ﬁﬁé surface pressure
'aPProaches.thg'first order value from 5elow as §—+mo.
_E;perimeﬁts at Moo = 8.2 wefe pefforﬁéd bn two plane
power;law bédies'in the range fy<m—< % (at m = { and m = %)
"#ﬁd 6n égpléhe>parabola with a 30 degrée halfhanglé fangént
wedge nose. ‘These included the determination of shock wave

shapes, surface pressure distributions and detailed investi-

gations of the diSﬁribution of pitot and static pressﬁres
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across the shock-layer.

T A comparison of shdck wave shapes on plane parabélas
of different_lgngth_scaleé showed that the significant length
scale of the shock wave shape is the same as that for the
5ody, the shoék waves for all parabolas cOIiapsing onto a
single curve in the body coordinates % versus % . The same
was found to apply to the results given by Peckham (1965)
for axisymmetric bodies with m = 1 and 2.

The deviation of the experimental results from first

order'theory was generally in the same direction as predicted

by.second order theory and the magnitude of the deviation was

found to be much larger in the case m = § than at m =

(Y

where it was véry small. This again agrees with the pre-
,diction of the theory. »Thé accuracy of the experimental
results was insufficient for a conclusive comparison of the
shape of the deviations with the second order quantities.
The extent of the range of wvalidity of thé'theory was
‘shown fd vary with m. When the ratio of first and seﬁond
‘;‘order goéfficients; %i , is taken equal to one,‘the fange of
 vg1idity‘is restricted_to Qery large values of ﬁ . The
'experiméntal detgrmination of Co showed, however, that this

"~ ratio is smaller than one, thus reducing the lower limit of

-

_‘ (U0

the range of validity of the theory to about i =10 at m =
‘and £ = 500 for m = §. - o |

The experimental results were compared with a
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characteriétics solufidn by Lewis (1965) in the case of the
wedge-pafabola with good agreement. The maximum discrepancy
of the stétic pressure in this comparison was about + 8% in
-fhe region where the static probe is free from interference.
A similar discrepancy of the pitof pressure amounts to about
+ 5%, ,This_compariéon lends strong support to the gun tunnel
‘as a gbod facility for testing steady fiows. It also shows

that numerical solutions could be used with confidence as a

p.<

test of the theory for wvalues of a

outside the range of

experimental facilities.
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Fig.36. STREAMLINE SHAPES ON PARABOLA. (@ = 0.100 in.) AS OBTAINED
BY THE METHOD OF WEAK WAVES. '
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