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P

INTRODUCTION

Thie experience of the Analysis Group engaged in theoretical supersonic aero-
dynamic analysis in the Applied Physies Laboratory of The Johns Hopkins Uni-
versity has shown that the computations of pressure distributions on airfoils of
infinite span in a two-dimensional flow and of the effects of shock fronts can be
greatly speeded up by the use of appropriate tables. Brief tables for the calecula-
tion of pressure distributions have been given by Lighthill! but so far as was known
to the Analysis Group, when its work was started, tables to facilitate the computa-
tion of oblique shock front effects did not exist. The Analysis Group has calculated
extensive tables for facilitating oblique shock front computations.

At the same time the need for a concise and accurate discussion of the principles
of supersonic aerodynamics became apparent. With the aid of its consultant, Dr.
F. D. Murnaghan, Professor of Mathematics in The Johns Hopkins University,
the Analysis Group prepared such a discussion for two-dimensional supersonic
flows, giving careful attention to the precise definition of terms. An important
feature of this study is the demonstration that an arbitrary curve intersecting once
and only once each of the stmight-line patéhing or characteristic curves in an
expansive supersonic flow can be treated as if it were a characteristic curve. This
fact leads at once to the formulas for calculating pressure distributions over airfoils
immersed in two-dimensional supersonic flows, and hence to lift, drag, and moment
computations. This explicit demonstration is not given in any of the literature
that so far has come to the attention of the Analysis Group. Also it is explicitly
demonstrated that the Ackeret linear -theory and the Busemann second order
theory are approximations to the more general theory.

The present Bumblebee report includes both of the studies just deseribed—the
computation tables and the discussion of the principles of two-dimensional super-
sonic flow. Thus it is essentially a manual, for the two-dimensional case, on the
theory and practice of computation in supersonic, aerodynamic flow, as far as the
present state of the subject is concerned.

1 F. M. Panel No. 654, Ac. 2420; A. R. C. No. 7384.
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PART I. GENERAL THEORY

1. The theory of paiching curres (characteris-
tics) in tico-dimensional supersonic flow.

We shall confine our discussion to the case of steady
two-dimensional flow of a perfect fluid. The hasic
equations of motion are, in the absence of mass
forces,

1ap du

-——— s em—

19p dv

—— — = a——

pdx dt’ pdy dt

We postulate a relation

= P(P: )]

where 7 is the entropy and assuse that n does not,
vary with x and y; then

a_p _ (?l) dp dp ap _

Ox dpdx oy’ ay

o

where

so that ¢ is the “local sound-velocity”. Since the

flow is steady

du au u au dv a-- & . av

i A i R

ar - Yax ayv’ a - T ay
and so the equations of motion may be written in
the form

c?dp du du ¢t 9 av av
- = ——+v— ———,—p=u—'+v—
p Ox ay p Oy ox ay

The equation of continuity (for steady flow) is

a 2
7. (b0 L (pv) =

Upon multiplying this by ~% and substituting the

cap O .
values jus’ given for — = —B, —2.22 \ve obtain
p 0x p dy
du Jdu av av ou v
ufu=—- 4 v—J4v u--+v—- - —+—])=90
ax ay éx dy dax = ay

? u v 0
(c? — u’)f.’-l-f— uv —9+—‘.\+ @—-v)=—=0. ()
X ay "A/ ay

i

We now consider an arbitrarily given curve C:
x=x(a); ¥ =yl

{a being any convenient parameter or indepen:dent
variabie) and suppose that the values of u, v and of

the vorticity f—‘- _du are prescribed along this
Jx av

Jdv  du .
curve. Inother words, u, v, and 3% 3¢ Aregiven

functions of «; does it, then, follow that the values
6u au av a\
ax *ox’ AY
two velocity components (u, v) are ummlnguou&!v
determined along C?  If not we can regard the curve
C as a patching curve along which two different flows
are patched together, there being no discontinuity
in the velocity components (u, v) nor in the vorticity
av  du
— — — across the patching curve.
éx dy
any such patching curve C must be clearly dis-
tinguished from a shock-curve across which the nor-
mal component of velocity is discontinuouns.

Since u and v are given functions of « along C we
have

of the four space derivatives — of the

For this reason

duds | oudy _du
dxda ' dyda da
v (_l_\ dvdy dv
Ixda 3y da T da”

These two equations together with the equation

v du

o oy w(a),
where w(a) is a given function of o, and the equation
(1) constitute a system of four linear equations for
the four space derivatives of the velocity components
(u, v). These equations determine, without am-
biguity, the four space derivatives of u and + unless
the determinant of the coefficients happens to be
zero. Thus in order that C may be a curve which
patches together two flows for which, at the various

. .. i
points of C, at least one of the four derivatives ;ﬁ,
X

Ou av adv

— has different values for the two flows (the
dv ' 9x 8

v du, .
values of u, v and Frei 3 being, however, the same
X
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Two-Dimcrisional Supersonic Pressure Calculalions

for both fiows along (7, it is necessary that

1 l-- dy A%
{2 - v (( \) 2av - -} + {c* — w) ((!l = 0. (2)
\du

dx  dv
This quadratic equation for the ratio l\ h

real roots if, and only if,
w v >

{the roots being equal when the equality holds).
Thus a point of the flow cannot be a point of a paich-
ing curve unless the flow is supersonic (or, at least,
sonic) at that point; in other words a necessary
condition for a point of the flow to be a point of =
patching curve is
q>c¢

(where q = (u° + v is the speed of the flow).
The essential difference between -supersonic and
subsonic flow is:

There are no palching curves in subsonic flow?

It remains now to sce what fm'ther condition, if

Ju .
any, must be imposed on u, v .md < 3% (which
v

are given functions of « along C) in or(ler that the

du du dv av
® X 9y’ ax oy
have a solution when the determinant of their co-
cfficients 1s zero. This condition is obtained by
cquating to zero the determinant obtained by
replacing any one of the four columns of the determi-
nant of the coefficients of the four equations by the
column of numbers on the right-hand side of the four
equations. Replacing the second column, for ex-
ample, we obtain

four linear equations connecting may

| dx d
= 5 9
da da
i Ix ly
o dvodx o dy
da  do da =0

0 wle) 1 0

¢2—u O -—uv c?— v?|

or, equivalently,

dx dv dy du
2 — 2) o 2 o 132) & —
(© v) da de k(e u)da de
X i
= {(c? — v?) ds + uv dy| dx — wla).
da (laJ de

2 What are here termed paiching curves are usually called
characteristics; we prefer the name patehing curve since
there is danger of confusing characteristics with shock
curves.

92

-

We shall confine ourselves to the case where «f{a) =
0 o that the vorticity is taken to be zero along the
patching curve; in particular, this will certainly be
the case when the flow is irrolational, i.c. when the
vorticity is zerc throughout the entire flow. Then
the sufficient condition for the existence of solutions
ef the four linear equations for the four space deriva-
tives of u and v along C (when the determinant. of

these four équations is zero) is
(e2—v3) il—\‘—'—"--2-(°—u-)(hd—u—0 3)

a da da d«

From this point on we shall suppose that the flow

is Zrrolalional, i.c., that %‘- = -;—l—l and that the rela-

tion which expresses p as a function of the density
p and the entropy # is of the form

= l\'p7
where k is a function of the entropy 7 2ione (so that

k does not vary with x and y). Since, when the
flow is irrotational,

du au 3u du av
at ox v ax ox

i
[
I
<
l
I
[
!
I

= (éq)

dv u v | . v . du . v (1 5
—_— Jui y — =1 — P — e e—
dt ox ay v oy oy ¥

the fwo equations of motion are equivalent to (i.c.
imply and are implied by) the single relation

e2
g+ f—dp = const. €Y
p
_ s LT 2 9p a4
Using the relation p = kp” we have ¢” = P vkp
— TPy that [Cp= o o X P
1at —( = = —_

We may, thcn, write the single relation which is
cquivalent to the two equations of motion in the
form

-1
¢t = 7_2_ @ — (5)

where gy is a constant 2> q (it is the value of q at
those points, if any, of thc flow where ¢ = 0).

The differential cquation which determines the
patching curves may be written in the form

(2 — v3)(dx)? 4+ 2 uv dxdy + (¢ — w)dy)2 =0




General Theory

and, on dividing ¢
we obtain

On denoting by 6 the inclination of the flow we have
=qcosd, v =qsing

so that
¢ 4 dx dy .
- &smo-d— — e~~~ | = sin®p

¥ & ds

q

where g is the angle between the direction of flow
and the direction of the patching curve; g is the
AMach angle and

siny = ¢/q.

The number M = q/¢ = cosec g is known as the

Mach number of the fiow at the point in question.
Through any point, then, where the flow is super-
sonic there pass two possible patching curves and
the direction of flow bisects the angle between these
two curves (the angle between the directicn of flow
and the patching curves being 3= g: it is convenient
to direct the patching curves so that the direction
of flow bisects inlernally the angle between the two
curves). At a point where the flow is sonic, p =
#/2 and the two possible patching curves through
this point touch at the point (the direction of flow
being along their common normal at the point).
The two slopes of the possible patching curves
through a point where the flow is supersonic are

— uv c\/q’ — ¢
¢ —u

Let us consider the curve for which

dy = — (uv + c\/(;"_:?)

dx ¢t — ut

dq :
and calculate the rate, ., at which the speed g
o
varies along this patching curve.  Since ¢* = u* 4 v*
. 7 2 2 2 2
and since {¢C — v) dx dv + (¢ — w)dy du = 0
we have

t — 2y
qdg=udu 4 vdv = ju - vc u_i—)_}du

{ 4 2 - 2
= iu 4+ v awrteve - ¢ Vi@ c} du

c? — yv?

Pa— (ue + v/ = ¢ du

=0 that

{0

da c JESE | |
(uc + vV — c-)
da’

-

du €2 — 2

Since u = q cos 6, v = g sin 8, we have

udv — vdu = ulsin 8 diy + ¢ cos 0 d6)
— vicos 9 dq — G sin 8 d8) = 9

and since

[ et —udy
udv — vdu = —qu— ‘.—' + \}(du
et — vidx

I
\—\

\ (uv et — ) - \'} du
c~ —
vige—¢3) +ucvg¢o - ¢

= - - du
& —

we obtain
o vVg-¢ e du

fue + vV @ — ¢} -

da & —v?
On combining this with the formula furnishing

dc
Tl we find

1dq c

= tan p. (©
o \/q- == in g )

“This is the fundamental relation as far as the appli-

cation of the theory of patching curves (character-
istics) to supersonic calculations is concerned. It
is casy to show that if we had selected the other
characteristic direction through the given point we
should have obtained

1dq
=4 = -—{an u.

qde
Summarizing these results, we may say:
Along any patching curve (or characleristic) in super-
sonic flow

ld— = X tfanp
qdo
where q is the speed, 8 is the inclination of flow and
u ts the Mach angle.
If we denote by t the component of velocity tan-
gent to the patching curve, so that t = ¢ cos g, we
have, since ¢ = q sin g,

2 = c'.’+ ;‘2.

When this is substituted in the rciation

A e B~~~ Al
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2 —l - -,
c="7 5 (axr — q°) we get
7+1 v—=1,.
2 ¢t = 3 (g — 13
=0 that
¥y—-1_ .
= (g — 3.
T +1 (Y] )

Now the relation t = q cos g yields
di = cospdq — qsingdy

and on substituting for dq its value = q tan p 6,
we obtain

dt = q sin g {£do — dp) = cl=de — du).

Hence
di A
:!:9=ﬂ+f—=n+1/’+lf'—:!L—_
€ v—1Jd Vg —-¢
vH1g ot
=pu-+ sin~! — 4 const.
v -1 Qu
Since
VE-E= ‘/+ic,
v —

sin~t L < cotm i all P ERPANPS) Yt lan,
qx +=11t -1
— tan~! il tan p |,
=1

Thus the inclination of the flow at any point of a
patching curve is connected with the Mach angle
by the formula

Wy

+0 =y — Y1 vt 1o r 14+ constant
y—-1 vy—1
= constant — f(u)
where

It follows from this relation that if 0 is known at
every point of a patching curve and if p is known
at one point of this curve then p may be determined
at every point of the curve. All that is needed is
a table of values of the function f(u). Tor

(0 — 80) = f(po) — flp)

so that.
f(u) = =80 — 9) + f(x0)- )

This relation determines f(i) and, hence (by means
of the table), g, for any given value of 6.

Table 5 furnishes the values of f(x), calculated
fory = 1.4

Y - 2 - 1 2 ? . -
The relation ¢ = X (qxy — ) implies the
. - - 1, a4 -
relation ¢ — ¢ = Y _*2‘ (¢ — qw) where q.. =

v — 1
v+ 1

is supersonic,

v -1
> > m = q“'
Qe 29 2 q 1‘/__’_{__1

In a velocity diagram (where the coordinates of any
point are the velocity components (u, v)) a point.
where the flow is supersonic lies in the circular ring

(qy - Hence, at any point where the flow

Gu 2 4 2 (m

(the polar coordinates of any point in the velocity
diagram being q£3). The relation

1dq

—— = d:tan g

q de
shows that the graph, in the velocity diagram, of the
points on a patching curve lie on an epicycloid traced
by a point on the circumference of a circle of diam-
eter gy — . wWhich rolls externally on the circle of
radius q, whose center is at the origin. in fact
if a cirele of radius b rolls externaliy on a circle of
radius a the coordinates of a point on its circumfer-
ence are given by

P
|

L ! i
={a+h) c-":S'; r—bh cos(l + {)r,
: t

d
il

1 }
(n +b) sin-:r - bsin(l + —:)r
H H

where 7 is the angle through which the circle of
radius b_has rolled. The polar coordinates r Z6 of
this point. are given by

= x? 4y = (a? + Zab 4+ 2h?)
— 2h(n -+ b) cos 7, tan 8 = y/x.

From the latter relation we deduce sec’d d8 =

‘.l,_,(., X " e X
M so that do = xdy — y dy

- 7. Hence
X2 x'.’ + )y‘:
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rfdg = xdy — ydx
) (= + b

a

H
X {[(:n. + b) c.')s—) +— bheos
( a

b
X} cos— 7 — cos
u

1
+[(:l +b) sinf*r —bsin{ 1+ -

X[sinh T - sin(l -+ l-’-)r] dr
a a ]

: : }
= ————'——(‘-*— b)‘;(t +2b) (1 — cos7) dr.

In the case of the velocity diagram, q takes the place
of r and for points on any member of cne of the two
families of patching curves we have

1dq -q
*——=lanyg = ————0o
qde \/q-—c- "/74-11/1-—1".

Then qy, the radius of the outer circle, takes the
place of a 4 2b; and q,,, the radius of the inner
circle, takes the phcc of a. We caiculate, accord-
ingly, (a -+ 2b)° —rand ¥ — a°:

(a + 2b)° — r* = 2b(a + b)(1 + cos 7)
r —a® = 2b(a + b)(1 — cos 7)
so that

« IhHhYe — 2
(a 4+ 2b)y: — 7 =cotg.

r* ~ a? “
Since
rdr = b(a + b) sinrdr
we find, on using the value of r*d8 cal¢ilated above,
that

1dr a T a

== t,
r do :l+2bco 2

a qm — /‘/';——__1
a4 2 A v+ 1
plot, in the velocity diagram, of any member of one
of the two families of patching curves (namely, the

(4 2b)2 -1

r?—al

a-+ 2b

Sinec —— it follows that the

family for which -—E = -+ tan x) is an epicyeloid

qde
traced by a point on the circumference of a circle
which rolls between two cireles, of radii q,, and ¢y,
both circles having a common center (the origin).

The members of the second fumily of characicristics
alzo plot as epicycloids traced by 2.point on the cir-
cumference of the same rolling circle; all we have to
do is to replace 7 by — 7 (or, cquivalently, by
2x — 7). This merely amounts to the geometric fact
that threugh any point in a circular ring there can
be drawn two circles each of which touches the
circles which determine the ring (the common
radius of the constructed circles being the difference
of the radii of these two circles).

When a patching curve serves to patch a uniform
flow to a second flow (uniform or non-uniform) the
plot, in the velocity diagram, of the patching curve
is a point and the patching curve itself 1s a straight
line. In-fact uand v are constant along the patch-
ing curve so that the plot, in the velocity diagram,
of the patching curve is a point.  Since q is constant.
along the patching curve so also is ¢, in view of the

relation ¢ = % ; ! (45 — ¢, and it follows from

Iv . .
(2) that &Y is constant along the patching curve;
dx 5 °

in other words the patching curve is a straight line.
This result is of fundamentzl importance:

A curce which paiches, in supersonic flow, a uniform
Jlow onlo a sccond flow (uniform or ron-uniform) is a
straignt line whose plol, in the velocily diagram, is a
poinl.

What can we say about the various members of
the ofher family of patching curves which interzect
such a straizht line patching curve (whose plot in
the velocity diagram is the point Py = (uo, vo))?
The plot of any such patching curve (of the second

family) in the velocity diagram must pass througzh
Po and hence must be the epicycloid (of the second
tvpe) which passes through Py. In other words:
~ All patching curres of the second family which inter-
secl a curee which patches a uniform flow lo a second
Jlow (uniform or non-uniform) have the same plol in
the velocitly diagram.

Let us now examine the various members of the
first. family of patching curves which interseet these
members of the second family. The various points
where a fixed member of the first family intersects
different members of the second family all have the
same plot in the velocity diagram (for the various
members of the second family plot into a single curve
in the velocity diagram). Hence the velocity vector
is constant along the fixed member of-the first family
of patching curves and this implies that this member

)




Two-Dimensional Supersonic Pressure Calculations

of the first family of patching curves is a straight
line. In other woraz:

The palching curce which palches a uniform flow
lo a second flow (uniform or non-uniform) is not only
a straight line bul it is onc of a family of straight lines
cach of which is a paltching curce; furthermore the
velocity veclor is conslani along cach member of this
Jamily.of slraight lines.

Along-cach member of the family of straight line
patching:curves, both q and 6 are constant so that

the relation ;11 %% = o tan p is meaningless (the left-

hand side of this relation being indeterminate). If

the relation 1 (—lﬂ = - tan g is valid.along the mem-

qde
bers of the second family, q decreases with 6 and
s 1d
hence ¢, p and p increasé as 9 decreases.  If a 'Jg =

— ian g, q increases as 8 decreases, ¢, p and p de-
erease as 0 decreases, and the flow is defined as an
expansive flow. It will be assumed from now on
in this paper that the flow is expansive.

Since the velocity vector is constant along each
member of the family of straight-line patching curves
so also is ¢, by virtue of the relation

& = vy—1
2
What is the practical significance of these
facts> If we draw an arbitrary curve (not
merely a member of the second family of patching
curves) which intersects once and only once cach
member of the family of straight-line patching
curves, the values of g, 6 and g at any point of this
curve are the same as those at the corresponding
point of any member of the second family of patch-
ing curves (two points being said to correspond when
they lie on ‘the same straight-line patching curve).
In other words the plot in the velocity diagram of
the arbitrary curve is the same as the plot of any
one of the members of the second family of patching

curves. This implies that the relation
1dq

:15 = —{an g,

(G — ).

which is valid for any member of the second family
of patching curves, is also valid for any curve which
intersects once and only once cach member of the
family of straight-line patching curves. In par-
ticular, it is valid, in two dimensional flow, for the
contour of an ohstacle immersed in the flow if each

6

component. curve of the contour intersects once and
only once each member of the family of straight-line
patching curves. It is understood that 6 does not
increase as we move from the nose towards the trail-
ing- edge of the obstacle.

To avoid two sets of formulas, one set for the
upper part of the ccrtour and another for the lower
part of the contour, we must keep in mind that, as
ustal, 0 is measured positively in the counter-
clockwise direction. We then treat the lower part
of the contour as if it were the upper part of a con-
tour obtained by reflecting the given contour in a
line through the nose and paraliel to the direction
of flow. This amounts to taking @ positive in the
clockwise direction when we are working on the
lower contour.  We now have a basis for the follow-
ing theorem on which rest the lift, drag and moment
calculations in supersonic flow:

If Py and P are two points which arc both on the
upper parl, or both on the lower part, of the conlour
of the obstacle then

6 —8= f(lll) - f(#)

where 6, p are the inclination and the Mach angle,

respectively, at P, and 6, , m are the inclination and
Mach angle, respectively, at Py . Since 6 and 6, are
given by the gcometry of the obstacle (they are the
inclinations of the tangents at P and Py, respee-
tively) this relation furnishes g when. 1 is given.
Once p has been determined it is easy to calculate
the ratio p/p; of the pressures at the points P and

P,. In fact the relation p = kp* yields ¢ = %2 =
p

- ¢ -l \”
vkp” 'so that = = (£> and J L (ﬂ) =
¢ p1 M [

<-:.) 71, The relations

¢

y—1
2

¢=qsing; = (a3 — ¢?)

yield

Qv — cos 2u) = (v — Lqi
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so that

. . i sin® g\,
1, 1 3 —— 11—l
On denoting by: z(u) the function (.). — COS -2,_;) i

follows that

p_ gW

= 9
o gl ©

Table 5 furnishes values of g(x) (calculated for
v = 1.4).

The determination of the pressure at any point
of an obstacle in supersonic fiow is, then, merely a
matter of reading tables once p is known. It is
convenient to take P, as the nose of the obstacle;
once y; is known at the nose f(p) is calculated from

f(_u) = f(}l:) - (01 - 0)

and then u is determined. ]E)- is then read from a
1

table. Since the uniform- flow usually suffers a
shock at the nose of the obstacle, g, is not, in general,
the Mach angle po of the undisturbed flow. Rather
u must be determined by a separate shock calcula-
tion, the theory of which is explained in the following
section.

2. The theory of shoclk: surfaces in supersonic
flow.

The conditions which hold at a shock surface may
readily be found by considering the time derivative
of a volume integral

1= ] i(x,y, z )dV
‘f

The surface S bounding the volume V of integration
may vary with t and

dI df

So | T AV 4 | fwad

dt  Jydt +fs Wa dS
where w;, is the normal component of velocity of the
surface* (the normal being drawn away from the
volume of integration). This result is valid if f
possesses continuous dervivatives with respect to
X, ¥, z and t throughout V. 1f f does not satisfy

these conditions the theorem is not necessarily valid.
However if V is divided by a surface T into two
regions Vo :ad Vi in each of which the conditions
held we may apply the theorem to Vy and V; sepa-
rately and combine the results; the only penalty is

that we have to consider the surface- integrals of fw,
over the two sides of ©. We obtain, then,

0
ar_ f v+ f fwadS + f (o — Fwa dx
dt Jy ot s s '

(the normal on X being drawn from V, to V,).  Ap-
plying this theorem to a volume where S and S, are

Si

%

g

composed of particles of the fluid and are such that
Vo and V), are infinitesimal we obtain, up to infinitesi-
mals,

oo
a_ j fv, dS + f fr, dS + f (f6 — f)wa dS
dt‘ EY 8 M

where v denotes fluid velocity (as opposed to w
which denotes velocity of the surface X); as Sy and
S; — 3 we obtain

dI
a—?f folw — vo)n d¥ —f filw — v))nd2.

-

1 .
If we know that iﬁ{ = 0 (for every V whose boundary
consists of given fluid particles), it follows (in view
of the arbitrary choice of the part of ¥ over which
the integration is carried out) that

fo(Ww — vo)n = fi(w — vi)n. )
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If, in particular, X is stationary ‘we find
(fo‘r't)- = (fivi)a-

In other words this-means that the product of f by
the normal component v, of the fluid velocity is con-
tinuous across . This is certainly the case (in view
of the principle of conservation of mass) when f is
the density p. This furnishes the firs! shock condi-
fion (for stationary shock fronts), namely

(peve)s = (pVi)n, (10)

and it merely expresses the principle of conscrvation
of mass. -
We obtain the second and third shock econditions

from the mechanical law that force = time rate of

change of momentum. If ¢ is the x-direction cosine
of the unit outward-drawn normal we have

d[ .
‘/;ptds=dt vpnd\’.

Setting f = pu and-proceeding as before we obtain
f (Po - Dl)(d-‘: =f h’ouo(“'n - Vn)o

— pu(wy — v} dS

(the outward drawn normal to S, , for example, ap-
proaches, as S — =, the normal to = drawn from
V. towards Vo). Hence at any point of =

(Po — P1)C = poto{Wa — Va)o — pit(Wn — Vo).

Taking the x-axis tangential to X we have { = 0 so
that

polo(Wo — Vo)o = pri(Wan — Vo)1.

On combining this with the first shock condition we
obtain

(vdo = (veh. a1

This is the second shock condition; the tangential
component of fluid velocity is continuous across the
shock (whether or not the shock is stationary).
Note that this is a result of the combination .of two
physical laws: 2) conservation of mass, and b) con-
servation of momentum under zero force.

The third shock condition follows on taking the x-
axis normal to ¥ so that { = 1. For a stationary
shock we obtain

Po + pe(va)g = pr + m(va)§. (12)

The fourth and final shock-condition follows from
the energy principle. The rate at which work is

‘being-done cn the fluid is — f pv.dS and we equate
(]

this to

dt

-
Y

d
fhad * Ndv
ﬁp&V+Md

where U is the internal energy.
This gives
Po(va)o + pellqg + Us)(va — walo
= pi{vah + pullqi + U)) (Va — wa)s .
For stationary shocks this reduces, in view of the
first shock condition, to
ie + I3 = i + Iqf

where i = U + 2is the heat conlent, or enthalpy.

If the flow is ise':ltropic in each region di = dU +
pd (lp) + (% = d—:) and writing p = kp” we have

di = ko dpsothati = —T—P < % (the
y—1lp v-—-1
constant of integration being determined by the
convention that i vanishes with p). Now the argu-
ment which showed. that in irrotational fivo-dimen-
sional flow the two equations of motion ale equiva-

lent to the single relation

y—1
2

2

¢

= (af — ¥

may be repeated without change for three-dimen-
sional flow; we find that, when the flow is irrotational,
the three equations of motion are equivalent to the
single relation

Y - 1 9
et = —2—(q§= -qY.

Hence the shock condition,

2
+ 0o = =2 + ) (13

2
Co
¥vy—1

may be formulated as follows:

In irrotational flow the value of the constant qy
1s the same on both sides of a shock surface. In two-
dimensional irrotational flow, then, the circular ring
in the velocity diagram whose bounding circles have

e s s——
e e e e
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radii’ qy; and g respeclively, is unaffected by the pres-

ence ¢f shock lines (straight.or curved).
In view of the relations ¢ = “%’ (o = (Y1

we may write the fourth shock condition in the form

—l~('-"—"—')=;{(va: - (v..)'f}.
r=1I\; m

But the first and third shock conditions yield

Pr— Pe = N(l - "'o)("n): = Px(ﬂ— l)("n):
pr, (]

so that
(v)z_(v‘)g=l)_l_'_"_£0(ﬂ_&)=(l)x—!)o)(Px'i"Po)
we ! = pP\P0 P pop
=B'(l+ﬂ)_'_’3(1+£°)_
1/} P Po\ M
Hence
'_’_'("_'Ll_ﬂ)=£° :ri_l_ez)
m\v—=1 »)] w\v—1 n

or, equivalently,

pp G+ Da—G~De_G+Dx—(G-1)

o G+tDm—G—Dp G+D—(G—Dx

(149)

where x = ? is the density ratio across the shock
P

surface. This is the Rankine-Hugoniol relation. It
may be written in the equivaient form

a_Gtidp+b=Dp_ G+ly+G-1
pp G=Dm+G@+Dpo G-Dy+G+1D

(1)

j Y1

where y = = is the pressure ratio across the shock.
Pe

4

Taking po as given (# 0), x = " cannot surpass

the ratio X +
Y

i = § (withy = 1.4) nor be less than

3. Flow against the nose of a wedge.

We denote by w < -g the angle from the direction

of the incident flow to the upper surface of the wedge
and assume a plane shock inclined at angle « as

shown. Then {v\)e = o €05 a; (Vi)o = o sIN a;
v = q cos (@ — w); (v = o sin (& — w).
The first and second shock conditions vield

(16)
(17)

PH]s SIN @ = pyiyy sin{a — W)

o €08 & = (j; cos{a — W)

Eliminating ¢; and q, by division we obtain

Xtan (0« — W) = tan « (18)

where x = 2 is the condensation (so that x lies in
Po

1
therange -~ < x < 6).

The relation (18) expresses either of the i{wo
variables x and « as a function of the other (the angle
w beiug supposed given). In order to determine
either of the variables x and « (and, hence, the other)
we need a second relation between them. This is
forthcoming when the Mach number M, of the in-
cident flow is given. In fact since (vi)o = o sin q,
(vuhi = qu sin (@ — w) we obtain from (12) and (16)

H 1 - .
P — Po = pola Sl“’m(1 - \‘) = piq} sin? (@ — w)(x — 1).

Hence
: 1
B +p—°—g-°sin=a(1 - -)= 1+-yM:sin’a(1 - l—)
Po Po X X

» d D .
since ¢ = £ = 'y% (on the assumption that p =

kp"). From the Rankine-Hugoniot relation (14) we
derive

P 2y(x—- 1)
Po v+ —-(y-Dx
and so
2x
Misinta =
M;sin?a A ——— (19)
9
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Similarly

2

. 20
G+ix—-G-1 0

;\l: sin? (@ — w) =

In order to facilitate the determination of the ratio
pi/po when Mo and 'w are given, Tables 1-4 have
been prepared. Their use is discussed in detail in
Sections 8 and 10.

4. Approximate evaluation of the pressure
ratio p/p.

As we have seen in the previous sections, the de-
termination of the pressure ratio p/pe involves two
separate caleulations. In the first place the shock
tables furnish the pressure ratio.py/po and the Mach
angle m after the shock when w and M, are given.
Then Table 5 furnishes p/p at any point of the
contour. On multiplying p/p: by pi/pe we obtain
the desired pressure ratio p/po . The shock caleula-
tion is the more troublesome of the two dnd it may be
completely avoided (if w is not too large) by means
of the following observation. It may be verified®
By Tabies 2 and 3 that, when w is not too largé, the
relation

£Gu) = fuo) + W
holds to a high degree of approximation. Since
w— 0= () — ()
it, follows that, to a high degree of approximation,
— 0= f(uo) — f(u).

This means that we can ignore completely the shock
calculation and evaluate the pressure by means of
Table 5 starting from any point Py in the uniform
flow (the value of 6 at P being zero). The following
samples show how closely this “short-cut” caleula-
tion approximates the calculation made by using
the shock tables. It was convenient to bhase this
comparison on M;, the Mach number behind the
shock-wave. The result of the “short-cut’” method
is marked by an asterisk.

3 For example, it is found from Table 1-that Mo = 1.777
for & = 39° and w = 5° so that go = 34.25 and f(uo) =
110.40 . The relation in question yields () = 115.40°,
whence p; = 38.49°.  But from Table 2 it is found that when
a = 39° and w = 5% M; = 1.605, whence g = 38.54°.

10

Me =213

w = 1* 2 3 10° 15° 2% 2* 24° 55°
M; s 2,081 2,055 1.946 1.759 1.5 1.340 1,233 1,085 0262
My = 2,091 2.055 1.946 1.771 1.601 1.432 1.361 1.289 1.250
devia-

tion = 0.05; 0.07, 0.05 0.74% 2.45% 6.95% 10,435 17.6%; 35.00%

Mo = LS

w = 1° 2 5° 10° 15° 20°  20.20°
M = 1§15 1.780 1.676 1.455 1.290§ 9802 9178
Mi =1.815 1780 1.678 1.500 1.336 1.140 1.131
devia-

tion = 0.05; 0.05, 0.1, 0.75, 2.9% 15.3¢%% 23.2%,

Mo = 1.40

w = 1* 2* "3 s
M =1.365 1.330 1.215 1.075
M = 1.335 1.330 1.217 1.081
devia-

tion = 0.0% 0.05 0.1, 0.65%

The behavior of the ratio M /M shows that there
is a high degree of continuity in the physical variables
as w changes from positive through zero to negative,
since the simplified method then becomes exact.
(When w is negative there is no shock and the fiow
is expansive from the very beginning.) It should
also be noticed ‘that M{/M; scems to be almost
independent of M for wedge angles not too large.

Two further properties of this solution are worthy
of mention: ‘

(1) The simplified method gives zero entropy in-
crease on passing through the shock wave.

(2) The calculations using the shock wave tables
cannot in general give a description of conditions
in the wake, since there are two-independent. physi-
cal quantities to be matched on the two sides of the
wake, and only one adjustable degree of freedom,
namely the directicn of the final flow. Using the
simplified method, the difficulty is of a different
sort since now an infinite number of solutions exist.
Since p, p, M depend only on M, and on the angle
between the incident and final flow directions, the
two flows derived from the upper and lower surfaces
always match, no matter what direction is assumed
for the final uniform flow.

5. The linear theory.

It is easy to derive, from the rather comulicated
formulas of the preceding sections, simpler formulas
which serve as approximations which are valid for

R B T T
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sufficiently small values of w and of 6. If w
so small that its square is negligible, we have

tan (@ — w) = tan « — w sec*a
so that, from formula (18)

sect a

x=1+4w

= 1 4 2w cesee 2a.
tan

Hence as w — 0, x — 1, and formula (19) then shows
that sin® « — = sin® po. Thus a first approxi-
Mg

mation to the shock angle « is the Mach angle po
of the undisturbed uniform flow. Hence a second
approximation to x is

X = 1 4 2w cosec 2, . 1)

It follows from formula (14) that a secend approxima-
‘tion to the pressure ratio py/po across the shock line is

M 14 (v 4+ 1w cosec 2uq
pe 1 —10 — 1w cosec 2u

Since we are neglecting squares of w this may be
written in the equivalent form
B 1+ 2w cosee 2. @2
Po
It follows from formula (20) that as w — 0,
M; — M, so that a first approximation to u; is o .
In order to obtain a second approximation to p;
we must first obtain from formula (19) a second
approximation to the shock angle «. To do this
we set a = gy + kw (where k is a multiplier which
we wish to determine) and x = 1 + 2w cosec 2y
in (19). Since My = cosce yo we obtain

1 4 2w cosee 2u

1 4 2kw cot up =
+ T = (y = Dw cosee 2

=14 (v + 1)w cosee 2

(v + 1)cosec 2u _ v+ 1
2 cov o 4 cos wo’
a second approximation to the shock angle « is

so that k = Hence

v+ 1
4 cos® po

a = o+ w. (23)

On setting m = po + k'w in formula (20), after re-

. and making use of (23) and (21)
v+ 1
2 cos’ po

placing M, by

Y = €0 2u
2 cos® wp

we find that kK’ =

Thus a second approximation to m is

. ¥ — cos 2
Bt = pot T W,

(21

2 cos® w

Now it follows from formula (7) that

. 2costu
() = —
vy — cos2u

so that to a second approximation
(1) = flue) + w. (26}

This is the basis for the short-cut calculation of
Section 1.

It follows from formula (25) and the relation
6 — w = f(u) — () that

2cos*
0—w=(p—p)- =
» le) o — Cos 2"1
Hence
+ — cos 2y ~ — €0S 20 .
B = —H-w) = —w) ()
2 cos? 2ces? pa

since g is a first approximation to x . On com-
bining (21) and (27) we obtain

— ¢os 2u,
B = p +:I-;—":—"‘ 8. (28)
2 cos? uo

On- taking the logarithmic derivative of the fune-

sin® g X .
tion = [ —————— )71 we obtain
g(n) (7 o3 2#)

d 2 sin 2 | cot.
gl _ 2v c(,t“_._.__“_"___l= 27____'_‘7_ (20)
glp) v-—1 v — €08 2}1[ ¥ — ¢oS 2

It fotlows from formula (9) that

p cot.
==1+4 2y — ;‘(ﬂ"'#l)
M Y — COS oy

and this reduces, by means of formula (27), to

il

L 1 4 2y cosce 2u- (8 — w)
P (30$)

= 1 4 2y cosce 2po- (6 — W)

since we are negleeting w(@ — w). On combining
formulas (22) and (30) we obtain

)
:.)- = ] 4 2v8 cosee 2o . @31
0

[4}) 0 : ol . p .
I'his simple formula for the pressure ratio -I;- is
0

11
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. - T fee - P

known as the lincar theory. Since ¢ = P formula
P

(30) may be rewritten in the {ollowing cquivalent,

form:

Ap=popo=—bX 5. BB __,
sin us CoS mo Sin )y €0S
)
Sin s COS pa
s 0
P A1

6. The quadratic or Busemann theory.

#
= H = 2 (32
Qo ME P G0 cot mo (32)

This theory is obtained from the method of this
report by carryving out the various approximations
as far as the w” terms. Since

tan (¢ — w) = tan a — sec® a-w +-see? o« tan a-w?
we have

sec®

tan (a — w)

w -+ sec® a-w?
tan « tan a

so that

ian a sec? a sect
X~= =1+ w4 — — secfa Jw?
tan (a — w) tan a tan? a

sect a

=1+

W -+ cosee® a- w3,
tan o«

On substituting for «, in the coefficient of w, the
second approximation

v+ 1 ..
a = — w (see we obtai
Mo + 1 cos m (se (23)) we obtain, since
v+ 1
tan « = tan po +4c6»sr; Y
0
sec? a 1 sec®po v+1

= tan a +t (1 — cot? po)w.

tan « ana tanyu 4 cost

Hence the third approximation to x is

x=1+4 %‘:9.—“-0 w
n
r”" 1 33)
+ lcoscc2 Ko -+ v (2 — cosec? uo)}w'-’
4 cost uy
On substituting this value of x in (14) we obtain
:);_1 = 1 + 2y cosec 2up- W
0 (349
[ 4+ (v — 3) cesee? po)
4+ 'y\cosecz Ho - w2,
4 cost o

On differentiating (29) with respect to g we obtain
g {g_’(_#)_}”
gk )

—2y

=y — cos 2p)? {(y -~ cos 2u) cosec® x + 2 cot. u sin 2u}

so that

0 2y
glw) (& — cos2u)?

{(y + 1) cos 2 cosee® ¢ — 4 cos? ).

Hence

P 2+ cot ¥
—=14——— =)+~
M v — €35 2y (v — cos 2u)*

X (5 4 1) cos 2 cosec® yy ~ 4 cos® 4}
X (g — m) - (35)

Oa differentiating (25) we obtain

=2y + 1) sin 2u

) = (y — cas 2u)?

and so the relation 6 — w = f(u) — f(m) yields

2 cos®* iy (v 4 1) sin 2 o )

(r — m) + G — cos 2u0 M

g - W = ————
v — cos 2y

Inveriing this relation we obtain
(v + 1) sin 2 (v — €03 2y)
S cos®
X @ — w):

v cos 2 @
2 ccs® my

r=— = - ) +

and on substituting this in (35) we find
v sect

L 1 4+ 2y cosee 2 (@ — w) +
M 4

X [y + 1) cosec®my — 4 cos?pl(0 — w)2. (36)

We replace in this formula g by o in the cocflicient

2 ~ €08 2po
of (0 — w) and by o + 7—5———-—-— w (sce formula
r4 COS' .uﬂ

(24)) in the coefficient of 8 — w. In this way we

obtain

P 1 4 2 cosec 2po- (8 — W) — 2y sec*po {cosee 2u0 cot 20 X
4

{ v— ¢052u0) jw(0 — w) + ‘{ sectuol (v 4+ 1)cosece po
— 1 cos?uo} (8 — w)?
= 1 + 2v cosee 2uo- (8 — W) + v sec? po(y cosec? 2o
+ 2y cosec 2uo cot 2uo ~— cot? 2pa)w?
— 2 sec? uo(y cosec? 2o + v cosec 2uq cob 2uo)wo
4 v sec?poly cosee?2us T cot? 2u0)6?-
Upon multiplying this by (34) we obtain

)
L. 1 4 2+ 6 cosee 2uo ¥ v see? po cosec? 2po X

Do 37
(v + cos?2u0)0? @7

This approximation to the pressure ratio is known
as the quadratic or Busemann Theory.




PART II. APPLICATION

7. Limitations on method.

This part of the report describes in detail the
calculation of the pressure at any point of an airfoil
in a supersonic stream. The lift, drag and moment
may ther be obtained by numerical integration,
when the pressure is known at enough points on the
surface of the airfoil. In making the application
it should bé remembered that the method is subject
to the following limitations:

(1) The effect of viscosity in forming a boundary
layer is neglected. It is assumed in effect that the
flow past the surface is not retarded by frictional
forces.

(2) The caleulations are strictly two-dimensional.
No attempt is made here to correct for the cffect
of finitc span.

(3) The procedure breaks down for wedge angles
which are too large. For a given incident Mach
number, there is a maximum wedge angle through
which the flow may be turned by a plane shock wave
issuing from the corner. For greater wedge angles,
the shock is presumably curved and detached from
the corner. As applied to airfoil calculations this
limitation means not, only that the leading edge of
the airfoil must be fairly acute (which is likely to be
true of any airfoil worthy of consideration), but also
that the angle of attack must not be too great. No
matter how thin the airfoil, this limits the permissi-
ble range in angle of attack. This limiiation is
more restrictive for lower Mach numbers; in fact,
it is dlways possible for the Mach number to be so
low (yet greater than unmity) that the calculations
cannot be carried out for any angle of attack. Asan
example, for the symmetrieal bi-convex GU2 profile
with a semi-angle of 11.42° at the leading edge, the
computations can only be carried out for angles of
attack up to 13.43° for M, = 2.13°% and up to 8.45°
for M, = 1.85° for M, less than 1.489, the calcula-
tions cannot be carried out for any angle of attack
including zero.

(4) This method is not-exact even for the ideal
two-dimensional non-viscous casc. Unless the ob-
stacle is a wedge formed by two half planes, the
shoek wave is neeessarily cirved and -the motion
has vorticity. However, the initial slope of the

OF THE GENERAL THEORY

shock wave is given by the present method, and the
curvature of the shock wave is small if the curvature
of the airfoil is small; hence, the effect of vorticity
will operate chiefly near the trailing edge and will
probably be small. It seems probabic that this
effect. is small in comparison with the effect -of the
boundary layer near the trailing edge, which is
likewise ignored.

In all of these tables the ratio of the specific heats
(v) is taken as 1.4. The formulas on which the
tables are based are restated below for this value
of .

8. Plane shock: ware solution for flow in a
corner.

"The following formulas describe two-dimensional,
non-viscous supersonic flow in a corner, throughout
the range of Mach numbers and corner angles for
which the shock wave is plane. By juxtaposition
of two such corner flows with, in general, different
wedge angles we have the case of a uniform stream
impinging on an infinite wedge, not nccessarily
placed symmetrically with respect to the stream.
On cither side of the shock wave the flow:is uniform.
The angle w ‘through which the flow must turn in
order to stay in the corner is called the wedge angle.
The Mach number, pressure density and velocity

are denoted by M, p, p, q, with subscript 0 or 1

used to refer respectively to the state before or after
the shock wave. The angle which the shock wave
makes with the incident flow is denoted by a.  The
relations between these guantities are as follows:

' fan a ]
_—— — == Y
po tan (@ — w)

2 /sina
6 - x

M, = 5 // sin (@ — w) 3(38)
6x — 1

M,

P 6x — 1
Ppo 6 —x
1 COS

qo cos (@ — w)

13
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Tables 1—~4 give x, My, M, , and %; respectively as

functions of a and w. The usual problem is to find

M, and :—:i ,given w and My . Since w and M, are
known, « may be found from the table of M, as a

function of « and w (Table 2). Then M, and %')

may be read from Tables 3 and 4. In general a
two way interpolation is required in each table. A
specific numerical illustration will be given later.

Usaally the x-table (Table 1) is not used. It was
a necessary step in the preparation of Tables 2-4,
and is.included here because-it gives a quantity of
physical interest, namely the ratio of densities
behind and in front of the shock wave.

Several properties of this solution may be poinied
out.

The density is greater, the Mach number smaller,
the pressure greater, the velocity smaller, and the
velocity of sound greater behind the shock wave
(subscript 1) than in front of the shock wave (sub-
seript 0).

The shock angle « is approximately equal to the
Mach angle p for small wedge angles, as would be
expected on general grounds. (In general small
wedge angles give weak shocks.)

For a given Mach number, there is a maximum
‘wedge angle w,, . For wedge angles greater than

'm the problem has no solution in terms of a plane
shock wave; presumably the shock moves forward
from the edge and is curved. There is another,
slightly smaller, critical wedge angle w, for which the
Mach number M. is just equal to unity; for~wedge
angles between w, and w,, the flow behind the shock
wave is subsonic. In this case the precedure of the
next two sections is not applicable since the Mach
angle is not real; furthermore, it seems likely that
the solution is unstable even for the case of an infinite
wedge, if-the flow behind the shock wave is subsonic.
It therefore.scems likely that the eritical angle® for
which thé shock breaks away from the nose is
nearer to w, than to w,, . Practically, the distinc-
tion befween w,, and wy is quite unimportant. These
angles are tabulated in Table 6. They approach
equality for both small and large Mach numbers;

¢ It is not certain that such a eritical angle exists. Since
the plane shock wave solution-is not really “exact”, the
shock may be detached slightly and have some curvature
even for small wedge angles.

14

the maximum difference w,, — wy is 0.420° (occur-
ring for M, = 1.52). As M; increases, w,, and w,
both increase; but it should ve noted that for any
Mach number, no matter how large, w,, and w, are
each less than 45.584°. .

Table 6 was constructed from the following
formulas given by Croceo’.

. 1 |v+1
sm’am=-_-;ﬁ-_[ ; M; —1

i
4/(7+1)(1+ \xm-“’;; M:,))]
s v+l 33—
sinta, 7-\10[ n Mo 1

1/(1+1)(9+" i

With ecither subscript,

)

vw=a—§8,
tan 8 2 '(Sin’m.*-'y -1
tana v + I\ sinta 2
An alternative formula may be derived for the
determination of w,,, by eliminating « between the
. . .\ tan W, ¥
first two of equations (38). Writingz = ( 5 ),

.
m = Mg,

azt + bz + ¢ =

= 4(6m + 5)’(m + 35)

27(m 4+ 5)° — (m — 1)*(6m + 5)° +
18(m + 5)(m — D(6m + 5)

¢ = —4(m — 1)°

A similar formula may-be obtained for w, , also of the
fourth degree in tan w, ; but it cannot be solved
explicitly.
There is a wedge angle w*, analogous to w, or w
> IS ¢ > y llc s my
which limits the existence of the “short cut method”
deseribed. Since () = () + w, and since

Mo 1 l 1.2 {13 1.4 1.9 2
w* 0° 3.6° 16.2° 19.0° Il 9° l4 9" l: 8' 07° 23.6° [26.4°

where a
b

td
1.3°

wy 0% H.4°13.7° 16,3° 19.0° [11.7° {14.2° [16.6° [18.8° 120.9° {22.7°
1.5° [3.9° [6.7° [9.4° 112.1° [14.6° |17.0° 119.2° |21.2° [23.0°

2.5 3 4 5 [ 10 ©

39.1° 19.8° 65.8° 76.9° $5.0° 1 102.3° | 130.5°
29.7° 34.0° 38.7° 41.1° 42.4° | 44.4° ] 45.6°
29.8° 34.1° 38.8° 11.1° 42.4° | 4.4°] 45.6°

5 I.. Croceo, Singolarita della corrente gassosa iperacus-
tica nell’intorno di una prora a diedro. I/aecroteenica.
Vol. XVII, fase. 6, 1937.




Applicatien of Theory

() < 90° (/6 — 1) = 130.45°, w must be less
than 130.45° — f{us) if u is to be real. Therefore
w* = 130.45° — f(p). The preceding table shows
that w* is of the same order of magnitude as w, and
Wy, for small Mach numbers, but diverges radically
at very high Mach numbers.

Inspection of Table 2 shows that, for fixed w and
varying a«, My decreases as a increases up to a point
in the neighborhood of 65°, after which it increases.
Thus for each wedge angle, there is a critical value
of Mg, below which the plane shock wave solution
does not exist.” In Table 2, the smallest. value of
M, for-each wedge angle is enclosed in a box.  Simi-
larly the value of M, for which the flow behind the
shock becomes sonic is underlined and in italics.
For any wedge angle and for any M, above the
minimum, fwo values of a may be read from Table
2, or at least could be if the table were extended.
The smaller of these two values of « should always
be chosen. The solution obtained on using the
other value involves subsonic flow behind the shock
wave and is probably unstable. In any case, the
method of this report is applicable only to super-
sonic flow.

9. Flow-around a corner or convex curve (“cx-
panstve flow”).

The Mach angle of the initial uniform flow is

1 1
=] — N
sin~ - M
at any point where the flow hLas turned through an
angle 7 is determined by

fu) — f(u) = 9

where f(x) = 4/6 tan™! (/6 tan p) — p.

Table 5 gives the numerical value of f(u) in de-
grees. Sinee f(u) is a monotonically increasing
funetion of u, it is seen that p steadily decreases,
and hence M steadily increases as we move with
the flow. Since u is an essentially positive quan-
tity, the maximum angle through which the flow may
turn is g = f(w). Practically, however, this is
no restriction since f(p;) is greater than a right
angle for Mach numbers less than 2.5, and greater
than 60° for Mach numbers less than 4.3,

m o= The Mach angle p = sin™!

¢ The relation between this eritical Mg and w is precisely
the sume as the relation between Mg and wi, given by Table
6. In constructing Table 6, a very slightly different ap-
proach was made, in that the maximum w was found for
fixed Mo (instead of the minimum Mo, for fixed w).

After g has been determined at any point, the
pressure {p), velocity (q) and density (p) are de-
termined by the following formulae:

p gl sin®p L
= = ) =\ 50—
i glw) 0.2 4 sinp

a4 _ 0.2 4 sin®py,
L 02 4 sin*p
L4

- ( 2)"’ - )
”m - M ~ hiw

where  h(p) = lglp) 7

sint g sz
“\02 + sintp

It was convenient to use the above definition of
g(u), which differs by a (non-essential) constant
from the function g(u) defined in Section 1. It is

to be noted that p, p, and ,‘/ % (the local velocity

of sound) decrease, and q increases, in flow around
a corner or convex. surface. Of the functions f(x),
g(u), h(x) tabulated in Table 5, only f and g are used
in obtaining the pressure. The function h(u) was
a necessary step in caleulating g(u), and' is given
in thc table since it may occasionally be of interest
to know the density changes in expansive flow.

10. Specific numerical tllustration.

The caleulations for two-dimensional airfoils are
based on the two problems just discussed. The first
problem, with the aid of Tables 1-4, gives the pres-
sure and Mach number on either surface of the airfoil
at the leading edge, just behind the shock wave (the
pressure and Mach number in the undisturbed stream
being given). The Mach number thus obtained

M
and the flow around the curved' profile is followed by
means of the solution to the second. problem. In
this way it is possible to calculate a value for the
pressure and the Mach angle at any point of the
profile. The shock waves proceeding from the
traiiing cdge, and the conditions in the wake, are
ignored, on the principle that they do not affect the
pressure on the airfoil.

As a numerical example, consider a GU2 profile
(formied by two 22.84° circular ares), and specifically
the 309, chord station on the upper surface,. with
+45° angle of attack and Mach number 1.77. The
semi-angle at the leading edge is 11.42°% and this
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T'wo-Dimensional-Supersonic Pressure Calculations

would be the wedge angle to use in connection with a
zero angle of attack; but as a result of the 5° angle
of attack, the wedge angle to be used for ealculations
on the upper surface is w = 11.42° — 3° = 6.42°.
The shock angle a is then to be found from Table 1
by double interpolation. Inspection of Table 2
shows that My = 1.77 and w = 642° determines
to be between 40° and 41°.  For w = 6.42°, interpo-
lation gives My = .58 X 1.779 + 42 X 1.822 =
1.797 for a = 40°and M, = .58 X 1.740 4+ 42 X
1.783 = 1.758 for « = 41°. Another lincar inter-
polation shows-that for M, = 1.77, « = 40 + 3% =
40.69°. Now that « is known, M, and p,/ps are
obtained by interpolating in Tables 3 and 4.

M, = 31 X (38 X 1.573 + 42 X 1.550)
+ .69 X (.38 X 1.336 + 42 X 1.541) = 1.550

P/po = 31 X (.38 X 1.359 + 42 X 1.434)
+ 69 X (:58 X 1.351 + .42 X 1.420) = 1.387

This describes the state just hehind the shock wave.
To follow the: subsequent changes, find the Mach
angle p; corresponding to the Mach number M;:

sin Hy = k\ll = 6452

M= -10.18°,
and determine g at-any point by
fGu) = {(u) = 2

where 7 is the angle between the tangent at the point
in question and. the tangent at the leading edge.
For example, the geometry of the wing shows that
at the 309, chord station n = 6.88°, so that at this
point (using Table 5)

f(x) = £(40.18°) ~ 6.85° = 117.08° - 6.88° = 110.20°
p =34+ 4% = 34.10°

oD gw) 17843

Then — = 5= = -0 =
P g(m) 25328

ratio of the pressure at any point to the pressure just
behind the shock wave. To find the ratio of the
pressure to the pressure in the undisturbed- stream,
this must be multiplied by pi/pe. In the above
example, the ratio of the pressure at the 309, chord

station to the pressure in the undisturbed stream is

.7045. This is the

p/po = 1.387 X .7045 = 9771

The calculations for the lower surface proceed
similarly, but with & wedge angle w = 11.42° 4 5° =
16.42°,

After the pressure has been obtained at a sufficient
number of points on both upper and lower surface,
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the lift, drag, and moment forces are obtained by
numerical integration. For the GU2 profile it is
sufficient to calculate the pressure at 10% chord
intervals, including both leading and trailing edges,
and integrate by Simpson’s rule.  For profiles in the
shape of a polygon, the integrations may be effected
without approximation. In any case, the integrals
to be evaluated are

f p dx
f p tan g dx

f (x + y tan 8) p dx.

on both surfaces. Here x is the-distance back along
chord line; the moment derived is then understood
to be the moment about this fixed origin), y the dis-
tanec .of .the point on the surface above the chord
line, B the angle which the t:ingeiil to the surface
makes with the chord line. All of these quantities
must be taken with correct sign: y is positive on the
upper surface and negative on the lower surface; 8 is
positive on the front of the upper surface and the
rear of the lower surface, but negative on the rear
of the upper surface and the front of the lower sur-
face; x takes on negative values unless the origin is
taken at the leading edge. The moment per unit
span is

f (x 4+ y tan B)p dx —f (x + y tan B)p dx
upper fower

which is considered as positive if it tends to rotate
the wing about the origin in the sense of increasing
angle of attack. The lift and drag, measured
perpendicular and parallel to the chord line, are

A= f p dx —f p dx
fower upper

8 ==f ptanﬁdx:-f p tan g dx
lower upper

per unit span.  The lift and drag, measured perpen-
dicular and parallel to the undisturbed stream, are
per unit span

T,= Ncos ¢ — dsing
D= Asing - 5cosé

where ¢ is the angle of attack.




Application of Theory

Although this procedure is occasionally referred to
as an “exact” method, it is actually an approxima-
tion, although presumably a very good one. Two
facts must be neglected in the development of this
method:

(1) The mathematical solution for the flow around
a corner, or around a cylindrical surface which is
never concave outward, is based on the assumption
that the characteristic-lines proceed from the body
to infinity without meeting any barrier or locus of
discontinuity. In the wedge problem, all of the
characteristics on both sides of the shock wave inter-
sect the shock wave. Hence the flow around a
corner (or convex surface) cannot be treated inde-
pendently of a preceding flow in a corner involving
shock. Likewise the shape of the shock wave is not
independent .of the flow following the shock wave.
The theory of the plane shock wave is developed on
the assumption that the magnitude and direction of
flow just behind the shock wave is everywhere the
same. This-is impossible if expansive flow foliows.
It appears certain that for an-airfoil such as the GU2,
a general theory taking account of this interaction
would lead to a curved® shock wave, perhaps slightly

7 There are physical reasons for believing that, at dis-
tances which are large compared with the maximum diam-
eter of a body disturbing a uniform flow, the shock angle
approaches the Mach .angle of the undisturbed stream.
This leads to a shock which continually. decreases in in-
tensity with distance from the disturbance, as compared
with the present solution which gives a shock wave which
has the same “strength” at cvery point.

detached from the leading edge, even for small wedge
angles; in this case the critical wedge angle discussed
carlier would have no exact meaning.

(2) The conditions in the wake have been ignored,
presumably on the theory that the wake is bounded
by sheck waves proceeding from the trailing edge,
and hence can have no cffect on the pressure at any
point. on the surface. In general, however, this
method does not yield a solution for the flow in the
wake, sinée it is necessary to match three physical
quantities such as p, p, M, of which- two are inde-
pendent (because of: the relstion: 1~+ ‘

2 v—1
constant) and there is only one degree of freedom in
applying the method of this report, namely the
direction of the-final flow. Therefore the assump-
tion, that conditions in the wake do not affect the
flow over thé airfoil, is without any satisfactory
foundation.

Neglecting these two effects might be justified,
partly by photographic evidence and partly by the
consideration that the pressure distribution is
affected mainly near the trailing edge, where the
pressure is smali, and therefore the total lift, drag
and moment are affected only slightly. However,
both of these faults in'this method should be recog-
nized as mathematical inconsistencics, quite distinet
from objections that may be raised on physical
grounds (e.g., the neglect of viscosity).

17




TABLE |
A tana gy
A =
° an (x-w)
a °f 22| | 4*) 52 ] o} | 6] 9| w0 | ue| 12°] 1w | W] | 18° | v | .| 1°| w [ fje°
w i . i
i 1° 2001 1.501{ 1.2%4 | 1.251 | 1.201 ] 1.168 | 135 1.127 | 1113 | 1.202] 1.09] 1.086} 1.000 | 1.075 | 1.070 | 1.085 | 1.063} 1.¢80 | 1.067 | Hi1.082
2° 3.002| 2.002 | 1.669 | 1.502 | 1.403 {1.%37| 1.200 | 1.256 | 1.227| 1.206} 1.1€8| 1.173 |. 2161 | 1.150 | 1.141 | 1.133 | 1.128 | 1.120 | 3} 1132
3° 4.008 | 2.506 |2.008 | 1.753 | 1.006] 1.507 | 1.436 | 1.383| 1.32| 1.300{ 1.263 | 1.261 | 1.242 | 1.226 | 1.213 | 1.201 | 2190 | 181212
4° 5.012 |3.010 | 2.343 {2.010[ 1.810 | 1.678 | 1.53| 1.512| 1.458 | 1.413 | 1.378 | 1.9 | 2.3e4 | 1.308 | 1.285 | 1.200 | 3} 1.3
o 8.021 | 5,516 |2.682] 2.265 | 2.015 | -L.ea9 | 171 1,683 ] 1.57 | 1.520 | 1.475 | 1.438 | 1.407 | 1.201 | 1358 | 9) 1.407
- - e 1
¢° 7.034 |4.025| 3.022 | 2.622 | 2.222| 2.022| 1860 [ 1774 | 1.8 | 1.26 |'1.573 | 1.529 [ 1.401 | 1.40 | fia.s¢
7°| B.OBZ | 4.536 | 3.366 | 2.780 | 2.430 | 2.157 | 2.031 | £.9807 | 1.810 | 1.734 | 1.672 | 1.€20 | 1.577 |'tfit.em
8’y 0.074 | 5.049 | 3.799 | 3.000 | 2.60 ! 2.372 | 2.1e2 | 2.040 | 1.9 | 1.843 | 1771 | 1712 | g‘g.m
9° 10.102 | 5.586 | 4.066 | 3.302 | 2.650 | 2.549 | 2.3% | 2175 | 2.051 | 1.8%3 | 1.872 | Yjig.c51
. N B
10° 11.136 | 6,087 | 4.406 | 3.568 | 3.063 | 2.728 | 2.490 } 2.312 | 2.174 | 2.084 | §iB.31z
1° 12.177 | 8.611 | 4.757 [ 3.852 | 3.273 | 2.900 | 2.646 | 2.450 | 2.208.| i eu¢
12° 13.226 | 7.140 | 5.113 | 4.101 | 3.4% | 3.091 | 2.6804 | 2.500 | {3091
12° 7.673 | 5,471 | 4372 {3.71¢ | 3278 | 2,96 |.2)Z.71
.14° 8.211 [5.63¢ |4.847 | 3.936 | 3.463 [:3d.64
5° 8755 | 6.200 | 4.4 | 4.100 |r3lBex
16° 6.204 | 6.57 | 5.205 |'4| 9.204
17° 9.860 | 6.9¢5 |.5|.
18° 10.423 |7}
© &=
19 : £
=
20° %
21° i
2| 1
'zso . “
2° . ‘L
3° - \,
-28° s
270 ’ N
28° ‘e
20° . s -
0° gg
13
Jig
30| 400 | a1°| 42°] 43°| wo| 45°) 46°| 470 | 46° | 49°] m0°| s1°] s2°| s3°| s° | &° | s6° | s° | s8° ||} s8
1°| 1.028] 1.0368] 1.03¢| 1.038| 1.038| 1.03¢| 1.038} 1.034 1.038| 1.038} 1.033] i.036] 1.@8| 1.086| 1.037| 1.037] 1.038| 1.082| 1.0%0| 1.038| {10
2°| 1.075| 1.074] 1.0738| 1.073| 1.073] 1.073] 1.072] 1.072! t.072] 1.073| 1.073| 1.073| 1.073] 1.0m] 1.075] 1.075| 1.078] 1.077) 1.078| .07 1.0
3°) 1116 waana| toug] f112) fanf soaf 1 a0 Lo} L L) g tae| was| was| s | e} 17| nuel iy
4°|1.158] 1.166] 1.154| 1.162] 1.152] 1.151{1.150| 1.160{ 1.150| 1.150| 1.160| 1.151) 1.152| 1.152| 1.154| 1.155 | 1.156| 1.156| 1.160| 1.163 §1.1:
8°| 1.201| 1.108| 1.166] 1.186| 1.19¢ 1.198| 1.182] 1.101) 1101 ‘t.101] 1.101| 1.10e| 1.186| 1.8s| 1.195| 1.198 | 1.198| 1.201| 1.208] 1.208} %1.z
6°| 1.247] 1.244{ 1241 1.230| §.om7} 1.236] 1.235| 1.234] 1.234| 1.233| 1.234| 1.23] 1Lems| 1.236| 1.277( 1.2ze| 1281 1.244 | 1247 2280 1.2
. )
7°| 1.293] 1.202) 1.289| 1.266| 1.28¢{ 1.2e2| 1.280| 1.279| 1.278| 1.z7e| 1.278| 1.278| 1.279| L280| 1.282| 1.283 1.266 | 1.268| 1.282| 1.206 ||} 1.2
8°| t.38] 1.35| 1.:9| 1.385| 1.332| 1.220| 1.327| 1.326) 1.34 | 1.4 | 1.328| 1.224] 1.324| 1325 1327} 1320 1me| 1.ms| LW LUS||] 1.3
0° 1.403| 1.206] 1.301| 1.3e7] 1.3&3| 1.370| Lave| 1.374) 1,373 | 1871 nEVL| 137 LE| 1.3B| 1374 1.376 | 1379 | 1363 | 1387 13e1fll13
10° | 1.461] 1.463| 1.447] 1.441 1.438| 1.432| 1.428 1.425| 1,423 | 1,422 | 1.421( 1,420 1.421] 1.422| 14251 1.425 | 1.428 | 1.432 | 1.436 | 1.441 ||} 1.4
11° | 1,623 1.614 | 1.508| 1.460| 1.462] 1.487| 1.483| 1.470| 1.476 [ 1.474 | 1.472| 1.472| 1.472| 1.472] 1.474 | 1.476 | 1.479 | 1,485 1.487 | 1.492 |{] 1.4
12°) 1,68 1578 1.688| 1.560| 1,662} 1.545| 1.640 | 1.536] 1.632 | 1.520 | 1.527| 1.825| 1.525| 1.525| 1.827| 1.520 | 1.6% | 1.525 | 1.640 | 1.545 ||} 1.5
13°| 1:660( 1,647 | 1,635 1,624 | 1.615 | 1.607 | 1.600 | 1.505| 1.59.| 1.586 | 1.563| 1.562| 1.581 | 1.581| 1.562 | 1.588 | 1.566 | 1,500 | 1.5% | 1.e00}}} 1.5
14° 17537 1.720°| 1,706 1.608] 1.662 | 1.673 | 1.664 | 1.667| 1.651 | 1.647 | 1.643 | 1.640 | 1.639 | 1.638| 1.630 | 1.640 | 1.643 | 1.647 | 1.651 | 1.857 |[i} 1.6
"16° | 1819 1.7907] 1.782| 1.767] 1764 | 12| 1722 | 1,728 176 | 1710 | 1.8 | 1.702| 1700 t.ee9| 1.699( 1.700 | 1702 | 1708 | 1710 | 1716 |f] 1.7
16° | 1.908] 1.885| 1.864] 1.846) 1.830] 1.816 | 1.804 | 1.794) 1.785 | 1.777 | 1.771| 1767 w76t | 1762 ) 1761 1762 | 1784 | 1767 | 1771 | 1.7 ] 17
17° | 2.004 | 1,977 | 1.952] 1.631| 1.012| 1.896 | 1,881 | 1.868) 1.867 | 1.648 | 1.841 | 1.605] 1.831] 1.828| 1.827 | 1.AR7 | 1.626 | 1.831 | 1.835 | 1.841 1 1.&
18° [ 2,110 | 2,077 | 2,048 | 2.022| 2,000 | 1.980 | 1.963 | 1.648| 1.985 | 1.924 | 1,016 | 1.907 | 1.002 | 1.898 | 1.896 | 1.884 | 1.005 | 1.808 | 1.902 | 1.807 || 1.8
19° | 2.225| 2,188 ] 2.152| 2.121] 2.004 |-2.071 | 2.050 | 2.032| 2,017 | 2.004 | 1.992| 1.083| 1.976| 1.971] 1.967| 1.968 | 1.966 | 1.967 | 1.971 | t.o76 1} 1.9
20°| 2.2 | 2,305 | 2,206} 2.220] 2.197 | 2,269 | 2.145 | 2.123] 2.105 { 2.089 | 2.075 | 2.064{ 2.055 | 2.048 | 2.043 | 2.041 | 2.040 | 2.041 | 2.043 2.048§ ] 2.0
21°| 2,492 | 2.437 | 2.308| 2.348| 2.208 | 2.275 | 2.246 | 2.221] 2,199 | 2.180 | 2,164 | 2.150 | 2.130 | 2.130| 2.124 | 2.110 | 2.117 | 2,117 | 2,139 z.m,é 2.1
22° [ 2,649 | 2,562 | 2.525 | 2.474 | 2.420 ] 2.390 | 2.356 | 2.328| 2.300 | 2.277 | 2.288 | 2.241| 2.228 ) 2.217 | 2.200 | 2.203 | 2.199 | 2.108 | 2,199 2.2035;31 2.1
23° | 2,624 | 2.745 [ 2.675 | 2.615 | 2.562 | 2.516 | 2.475 | 2.440{ 2,400 | 2382 | 2.569 | 2.339 | 2.323 | 2.300 | 2.200 | 2.201 | 2.286 | 2.263 | 2.263 | 2.286:]'} 2.2
24° 13,022 | 2.926 | 2.843 | 2.771 | 2,708 | 2.653 | 2,605 | 2.563| 2.526 | 2.494 | 2:467 | 2.443 | 2,424 | 2.407 | 2.304 | 2,384 | 2,377 | 2.373 | 2,371 | 2.378"| §} 2.3
2° | 3.248 | 3.132 | 3.032 | 2,645 2.870 | 2.005 | 2.747 | 2.698 | 2.664 | 2.616 | 2,584 | 2.556 | 2.532 | 2.512 | 2.496 | 2.483 | 2.474° | 2,467 | 2.464 2464% 2.4
26° | 3.508 | 3.365 | 3.244 | 5,140 | 3.050 | 2.972 | 2,904 | 2.845] 2.794 | 2.749 | 2.710 | 2.€77 | 2.648 | 2.624 | 2.604 | 2.689 | 2.576 | 2.568 | 2.563 | 2.561' |ii} 2.5
27° | 3.810 | 3,636 {3.487 | 3.360 | 3.252 | 3.159 |3.078 [ 3.007| 2.046 | 2.893 | 2.647 | 2.808 | 2.774 | 2.75 | 2.721 | 2,701 | 2.086 | 2.675 | 2.667 2.6k 2.6
26° | 4.168 | 3.948 | 3.765 | 3.611 | 3,460 | 5.368 |3.271 | 3.167 | 3,114 | 3.061 | 2.997 | 2,050 | 2.9 | 2,675 | 2.846 | 2.622 |2.808 | 2.788 | 2.778 | 2,772 1k} 2.7
20° | 4,596 | 4,317 |4.050 | 3.900 | 3.740 | 3.604 |3,487 | 3.387| 3.200 | 3.225 | 3.161 | B.105 | 3,056 | 3.015 | 2.981 | 2.952 |2.008 | 2.610 | 2.896 | 2.887/ 1} 2.9
z R
20° [ 6.113 | 4.756 |4.472 | 4.236 | 4.029 | 3.873 |3.732 |3.611 | 3.608 | 3.418 | 3.341 | 3.274 | B.217 | 3.168 | B.126 | 3001 |3.063 | B.040 | B.022 | 3.0004 ] 2.0
- - "N
A N
AN '
A




TABLE !
N _ tana >w
% tan (@ -w) '’ GRS
i708° | 10° | w0° | 2° | 2° | 2| & | 20| 26° | 2o | 2| 2° | @] | | me| mef xo| 20| mo| =
;4.0&5 1.660 | 1.067 ] 1.05 | 1.053 | 2.061| 1.049 | 1.047] 1.048 7 1.035| 1.0684 ] 1.043] 1.3¢2] 1.081] 1.040) 1.ces) 1.039] .03 1.0mal 1,937 1.3
1,133 | 1.128 | 1.120 | 1.115 | 1.110| 1.106] 1.102 | .09} 1.0%6 | 1.035 | 1.0} 1.083} 1.068] 1.08:] 1.0e2] 1.ce1f 1.07s) 1.078] 1.0™7) 1.076] 1.975
74,213 | 1.201 | 1390 | 1.181 | 1173 | 1.266] 1.190 | 1154 | 1149 | 1144 | 1240 1137 | 1.533| 1.1@] 1.227] 1.125) 1.123] 1123 1.118) 1117 1118
1.303 | 1.265 | 1.269 | 1.256 | 1.243 | 1.23%| 1.223 | L.216} 1.207 { 1.200 | 1,184 | 1.109 | 1.18¢| 1.17| 1.175] 1.172{ t.iee| 1.106| 1.183] 1.180| 1.158
75.407 1.381 | 1.358 | 1.39 | 1.32 1.306 ) 1.283 | 1.261] 1.271 | 1.261 | 1.253 | 1.245 | 1.238 ze| 1.226] 1221 1.217] 1.213] 1.209] 1.208] 1.203
i;.ses 1.491 | 1.490 | 1.435 | 1.409 | 1.383| 1.370 | 1.364 | 1.230 | 1.327 | 1.316| 1.366 | 1.207] 1.2892] 1.281] 1.275| 1.2€9; 1.263| 1.258) 1.254] 1.250
130672 [ 1.€20 | 1.577 | 1500 | 1.508 | 1.480 | 1.456 | 1.4% | 1.416 | 1.300 | 1.365 | 1.372 | 1.380] 1.350] 1.%0| i.m1| 1.34| 1.317( 1.211} 1.355) 1.300
11,843 | 1.771 | 1.712 | 1,665 | 1.620 | 1.584 | 2.553 | 1.625| 1.501 | 1.480 | 1.461 | 1.434 | 1.420| 1.416] 1.408| 1.203) 1.2e3| 1.374} 1.3¢3] 1.358| 1.338
{£.051 | 1.955 | 1.872 | 1.806 | 1.750 | 1.7C2 | 1.862 | 1.628| 1.585 | 1.568 | 1.54% | 2.523 | 1.504| 1.487] 1.472| 1.455] 1.448] 1.433] 1.428| 1.417] 1.503
PRl
18.312 | 2.174 | 2.08¢ | 1.975 | 1.901 | 1.859 1.786 | 1.750 | €.701 | 1.667 | 1.636'| 1.610 | 1.588] 1.525) 1.547| 1.5%0] 1.515| 1.502) 1.400] 1.470| 1.269
E,g'.m 2.450 | 2.258 | 2.177 | 2.079 | 1.997 | 1.928 | 1.870 | 1.820'} 1.777 | 1.723 | 1.708 | 1.877| 1.es1| 1.e28) 1.607] 1.589] 1.5731 1.363] 1:5¢5] 1.553
18.091 | 2.804 | 2.500 [ 2.421 | 2.201 | 2.184 | 2.0% | 2.020 | 1.956 | 1.902 | 1.85¢ | 1.803 | 1:777| 1.745) 1.717| 1.ee| 1.689] 1.650| 1.632] 1.e16] 1602
Y8714 | 3.278 | 2.962 | 2.7 | 2.551 | 2.407 | 2201 | 2.104.| 2.113 | 2.04¢ | 1.95 | 1603 | 1.888| 1.9 1.835| 1.784| 1.757| 1.753| 1.712} 1.653] 1.675
4,647 | 3.936 | 2.463 | 3.126 | 2.875 | 2.800 | 2.525 | 2.3 | 2.266 | 2.207 | 2.133 | 2.069 | 2.013| 1.985| 1.923| 1.ees}1.853| 1.e24| 1.788) 1.~ 1758
=f9.a:o 4.524 | 4.160 | 3.662 | 3.201.| 3.020 | 2.811 | 2.645 | 2.509 }.2.397 | 2,303 | 2.223 | 2.1565 | -2.085 | 2.0 1.599 -1.969| 1.924| 1.683( 1.825) 1.841
i 9.204 | 6.57 | 5.205 | 4.368 | 3.844 | 3.457 | 3.163 | 2.54 | 2.766 | 2.€21 | 2501 | 2.401 | 2316 | 2.242 ) .2.179| 2.124 | 2.076 2.034 1.0¢8] 1.943) 1.93¢
i1 9.80u | 6.545 | 5.460 | 4.618 | 4.035 { 3.926 | 3.318 | 3.079 | 2.890 | 2.736 | 2.008 | 2.501| 2.410 | 2.332( 2.265] 2.206| 2.155| 2.110{ 2.070| 2.025
e 16,423 | 7,325 | 5.7/ | 4.852 | 4.235 | 3.758 | 3.470 | 3.217 ! 3,015 | 2.662 | 2.718 | 2.@03| 2.50¢| 2.424 | 2.352| 2.200| 2.236] 2.:€8] 2.147
4 7.700 | 6.070 | 5.089 | 4.437 | 3.972 | 5.626 | 3.%7 | 3.144 [2.970 | 2.6271 2.707| 2.805( 2.517| 2.442] 2.373] 2.%15} 2.287
f,;: 809 | 6.267 { 5.3 | 3,040 | 4.150 | 3.783 | 3.500 | 3272 | 3.001 | 2.940 | 2.015 | 2.705] 2.613] 2.53:| 2.266{ 2.405
2 3.4 ]6.663 § 5.575 | 4.8:8 | 4.330 | 3.944 | 3.645 | 3.408 | 3.215| 3.055 | 2.922] 2.008| 2.711| 2.628] 2.555
o 6.208 | 6.975 | 5.824 | 5.059 | 4,514 | 4.108 | 3.79¢ | 3.5%4 | 3.3t |3.173] 3.033] 2.014] 2.8:2] 2.725
: 9.206 | 7.237 | 6.077 | 5.274 | 4.72 | 4.275 | 3.545| 3.¢83|3.470} 3.204] 3.147] 3.022} 2.918
¢ 7.604 | €6.338 | 5.498 | 4.80¢ | 4.446] 4.200 | z825| 3.002) 3.428] 2265 3.1
’ 7.927 | €.569 | 5.717 | 5.080| 4.621|4.259| 3.971] 2.738] 3.545] 3.368
3 B.25¢ | 6.£98 | 5.9:5| s.28074.780 | 4.421] 4.120] 30771 3878
4 6.583 | 7.142 | 6.179 §5.493] 4.9 4.587| 5.274] 1.019
§ 7.423 ] 6.418| 5.703 5.170] 4.758] 4.431
¢ 6.682| 5,917 5.282| 4.933
1
' 6.913| 8.137| 5.569
}9‘
T : .
1k se° 57° | s8° | 5° | @° 61° e° | e° 64° os° 8® | 671° 68°) ®° | | 7| 72°| @ | m°| w | 76°
I[ 1.038| 1.0%0] 1.020] 1.000| 1.041] 1.042| 1.045| 1.014| 1.045| 1.048] 1.087| 1.049] 1.081) 1.053 | 1.055| 1.057] 1.000] 1.063] 1.0¢6] 1.0} 1.075
Y1.077{ 1.0 1.079| 1.081{ 1.082| 1.084] 1.086| 1.088] 1.000| 1.0} 1.085| 1.09¢| 1.102} 1.106| 1.110 | 1.115 1.120] 1.126] 1.133] 1.141] 15380
51.117 1.119] 1121 1.123| 1.125) 1,127| 1.1 1.133] 1137 1.140) 1.144] 1.149| 1.154] 2.160 | 1.168| 2.173]1.181] 1.190! 1.201] 1.213| 1.228
11,158 | 1.160| 1.163| 1.165| 1.168] 1.172] 1.195| 1.179] 1.184| 1.189| L.194| 1.2001 1.207| 1.215 | .23 1.233 [ 1.243] 1.256] 1.2e0( 1.285| 1.3038
§1.zo1 1.203| 1.208] 1.209| 1.213| 1.217) L.221| 1.226] 1.232| 1.233| 1.245] 1.263| 1.261( 1.271 | 1.281 | “t.263| 1.308 1.322( 1.%39| 1.268} 1.381
{1.244 | 1.247| 1.250| 1.254| 1.258! 1.263] 1.260| 1.275| 1.281| 1.289| 1.297) 1,308| 1.316] 1.327{ 1.240] 1.364 | 1.370| 1.388| 1.409] 1.433} 1.4
*:1.289 1202 1.208| 1,300 | 1.205| 1.311] L317| 1.34| 1.331| 1.340| 1.360| 1.360| 1.272| 1.366 | 1.400 | 1.416 | 1.435| 1.456| 1.480| 1.508] 1.540
i 1.5 | 1.3 1.23] 1,28 1.%3] 1.369| 1.366] 1.374| 1.363| 1.3881 1.4C3| 1.416] 1.420] 1.444 | 1.461.1 1.480 [ 1.501{ 1.825] 1.553] 1.58¢{ 1.520
f 10388 | 1,387 | 1.301] 1,306| 1.403[ 1.409| 1.417] 1.426] 1.436| 1.46| 1.450| 1.472] 1.467| 1.504 | 1.528 | 1.544 | 1.508| 1.595| 1.628] 1.662| 1.702
| 1432 | 1,436 | t.aar'] 1,447 | 1.453] 1,481 1.469 | 1.470) 1,490 | 1.502| 1.515) 1.530) 1.547| 1.565 | 1.508 | 1.610| 1.538] 1.667) 1.701| 1.720] 1.788
|} 1-483 | 1.487 | 1492 1:499 | 1.508| 1.514| 1.523 | 1.538| 1.545| 1.558 | 1.573| 1.560| 1.607| 1.628 | 1.661 | 1.677 |1.706 | 1.739 1.777| 1.820{ 1.6W
] 158 | 1.540 ] 1.545| 1.552 | 1.860| 1.568| 1.578 | 1.58%| 1.602| 1.616 | 1.632| 1.860| 1.600| 1.682 | 1717 | 1.746 | 1.777]| 1.813) 1.884] 1.902} 1.%66
11.50 | 1.5% | 1.600 | 1.607 | 1.615] 1.604" 1.6 | 1.647) 1.660 | 1.675| 1.603| 1.712( 1.733| 1.767 | 1.784 | 1.515 | 1.849 1.668| 1.923] 1.984 | 2.044
P 1.647 | 1,661 ] 1.657 | 1.664 | 1.673] 1.682| 1.683 | 1.6 | 1.720 | 1.787 | 1.755| 1.775| 1.78] 1.8 | 1.853 | 1.886 | 1.923 | 1.965| 2.013| 2.000| 2.133
10706 | 1720 | 1716 | 1923 | 1,732 1742 1,784 | 1.7A7 | 1,782 | 1,709 | 1.819 | 1.841 | 1.866] 1.6893 | 1.924 | 1.960 |1.009 | 2.044 | 2.086| 2.155 | 2.223
il 1,767 | 1,771 | 1.777 1 1766 | 1.704| 1.804| 1.816 | 1.830 | 1.846 | 1.864 | 1.885 | 1.408| 1.93t] 1.963 | 1.996 | 2.034 |2.076] 2.124| 2.1m| 2.242| 2.316
1) 1601 | 1.5 | 1.841 | 1848 | 1.667] 1.068] 1.01 | 1.5 1012 ] 1.1 | 1:062 | 1.977] 2.004] 2.0%6 | 2.67 | 2.110 | 2.155 ] 2.208 | 2.266] 2.322] 2.410
+i] 1,808 | 1,902 | 1.007 | 1,615 | 1.824 | 1.935] 1.948 | 1.963 | 1.960 | 2.000 | 2.022 | 2.048 | 2.077| 2.110 | 2.147 | 2,188-| 2.238 | 2.20 | 2.352] 2.424 | 2.506
i 1,967 | 1,971 | 1.976 | 1.983 | 1.982 ] 2.004 | 2.017 | 2.052 | 2.050 | 2.071 | 2.09¢ | 2.121 | 2.152] 2.186 | 2.225 | 2.289 {2,319 2.378] 2.442| 2.517] 2.605
] 2.041 | 2,043 | 2.048 | 2.055 | 2.084 | 2,075 | 2.000 | 2.105 | 2,123 | 2.145 | 2100 | 2197 | 2.220| 2,285 | 2.208 | 2.352 | 2.405 | 2.465| 2.5% 2,813 | 2,705
\§l 2,117 | 2,118 | 2,124 | 2.130 | 2.1 | 2,190 | 2.164 | 2.100 | 2.199 | 2.221 | 2.246 | 2.275 | 2.308 | 2.348 | 2,288 | 2.437 |2.402| 2.556 | 2. é25| 2.711 | 2.e08
{f 2.108 | 2,199 | 2.203 | 2,209 | 2,217 | 2.228( 2.241 | 2.258 | 2,277 | 2.300 | 2.328 | 2.366 | 2.300| 2,420 | 2.474 | 2.525 |2.682 ] 2.¢49 ] 2,725 2.8:2] 2.914
4 2,283 | 2,268 | 2,286 | 2.201 | 2,209 | 2.309 | 2,323 | 2.3%0 | 2.366 | 2.362 | 2.408 | 2,440 | 2.475|2.516 |2.662 | 2.616 |2.676 | 2.746 | 2624 | 2.916 | 3.022
4l 2.373 | 2571 | 2,573 | 2377 | 2,386 | 2.304 | 2.407 | 2.424 | 2,443 | 2.467 | 2,404 | 2.526 | 2.563 | 2.605 | 2.3 | 2.708 |2.771 | 2.843 | 2.926] 3.022 31354
F 2.467 | 2.464 | 2.464 | 2,467 | 2.474 | 2,458 | 2.496 | 2,512 | 2.632 | 2.556 |- .584 | 2.618 | 2.654 | 2.688 | 2.747 | 2.805 |2.6870 | 2.945 | 3.022] 3.132 [ 3.2
i 2.568 | 2.563 | 2.561 | 2.663 | 2,568 | R.676 | 2.580 | 2,604 | 2.6% | 2.648 | 2.677 | 2,710 | 2.749 | 2.7%4 |2.846°} 2.904 |2.972 | 3.060 | 3,140 | 3.244 } 3.285
‘ﬁf 2,675 | 2,667 | 2.663 | 2.683 | 2.667 | 2.675 | 2.686 | 2.701 | 2.721 | 2.745 | 2.774 | 2.808 | 2.847 | 2.806 | 2.%48 | 3.007 |35.078 | 3,150 | 3.252 | 3.300 | 3,497
l 2788 | 2778 | 2772 | 20170 | 272 | 2778 | 2.788 | 2,008 | 2.022 | 2,846 | 2.675 | 2.900 2.050 [ 2,907 |3.061 | 3.114 |3.187 | 3.271 | 3.368 | 3.480 | 3.611
] 2.910 | 2.896 | 2.687 | 2.868 | 2.683 | 2.887 | 2,696 | 2.910 | 2.928 | 2.962 | 2.961 | 3.015 | 3.086 | 3,105 | 3.161 | 3.225 |3.200 | 3,367 | 3.467 | 3.604 3. 70
: 3.040 | 3.022 | 3.010 | 3.002 | 3.000 | 3.002 | 3.010 | 3022 | 3.040 | 3063 | 3.001 | 3126 | B.168 |3.217 |3.27 | 3381 [3.418 | 3.508 | 3.611 | 3732 | 367
‘ ==

o=

b
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TAB LE 2
5X :
M= lg=x 2 cosec « ;
»° 18° | 17° | 18° 1° 1 20°] 2° ) 2° | 22° | a° | =° | 26  /ad 2° | 2° ) 20° | m°| = | =t {m'
iE
L ] M B
1. 40881 3779 | 3.566 | 368 | z.182| 3.008| 2.6 | 2754 | 2.6 | 2.531 | 2.455| 2.3 | 2.268 | 21861 2,116 2,060 | 1.965] 1.0% 1.6 3.15
2| 42| 3.960| 3706| 3.01] 3.31] 31| 2.1 ] 2.6 | 270 | 2.008 | 2606 | 2410 | 2.} 2204 | 2,171 | 2,302 | zoom| 1.9 1.9&. g.z.
31 4a87| 4146 3078| 3643 ze28| 22| 3080 208 2,011 | 2.01] 2.582] 2.4 | 2.1 | 2.9 | 220 | 2.158 | 2.001| 2.020 me
4] &717] 4300 ; 4.0 | 3611 S.586 | 3.3 | J211 | 3061 2.010 | 2.782 | 2.968| 2.500 | 2.488 | 2,274 | 8208 | 2.217 | 2,147 2.0:2| 2.0 p.w
o " =~ - e
!:o 5.052| 4.8% | 4.264| 4.006 | 3.756 | 3.598 | 3.314 | 3.175| 3.010 | 2.001 | 2.757 | 2.60¢ | 2841 | 2.4 | 2300 | 2.980 | 2.207| 2.138| 2.0% k.
5| BeAlt| 4.0 ] 4.550| 4.2 | 3.040 3.708 | 3.436 | 3.207 | 3.120 | 2.900 | 2.866| 2.726 | 2.005 | 2.8 | 2.453 ] 2,360 | 2,271 | 2.108| 2aFi p.@
1 5O | 53w | 4,876 | 4.498 | 4.177 | 3004 | 3.006 | 340 | 3275 | 312 ] 2906 268 | 2,117 | 2,000 | 2511 2.421 | 2.3% | 2.263 2.1% 2,40
81 05311 5.823- £.267 | 4.018 | 4.446 | 4.131 | S.e0e | 6 | 8427 | 220 3.009 | 2,046 | 2.818 | 2.702 | 2.807 | 2.500 | 2.415| 2.281; 2.28 $.70
9.] 7.4 | 6.475 | 6,707 | 5.215 | 4.772| 4,453 | 4.00¢ | ZEw | 3001 | 3403 | nawe| 3000 | 2.9%0 | 2,008 | 2.000 | 2.587 | 2402 | 2.008| 2.2 E.ac
o] B D
20.1° 6.823| 7.4072| 6.442 | 6.729.| 5.177 | 4.784 | 4.1 | 4.085 | 3306 | 679 | AM ] 2.200 | 2065 | 2.918 | 2.793 | 2.681 | 2.6m | 2.487 | 2.2 ,3,9,
L1 11486 | 8.902 | 7.410 | 6,427 | 5.708 | 5.151 | 4.700 | 4.348 | 4.062 | 3708 | 3.500 | 3.366 | 3.106 | 3.043 | 2.907 | 2.766 | 2.675 | 2.675 &4&1.0.
12 | 20,743 [ 11,0217 9.084 | 7.450 | 6.455 | 5.008 | 5.137 | 4.001 | 4.320 | 4.027 | 3760 | 3.5¢7 ; 58 | 2.186 | 3.0 | 2.901 | 2.780 | 2.em :ﬁ"u
B 26.009 {12,653 | 9.223 | 7.63 | 5.400 | 5.703 | 5.13¢ | 4.68¢ | 4. 21| 4000 | 3,761 | 3.640 | 3.8 | 3100 | 3.02 | 2.808 | 2.779 1ig.5
" 46.340 [13.410 | 9.486 | 7.6% | 8.507 | 6.726 | 5.142 | 4.006 | 4.:9 | ¢.015 | 3.757 | 3.697) 3.%6 | =178 | 3.c8¢ | 2.808 | 2780 3.5:
‘: 4.0 | 9,63 | 7.762| 6.579| 5.781 | 5.161| 4.008] 4.324 | 4.017 | 3.750 | 3.538 | Z.}8 | 3.100 | 3.038 2.0 3, t
18 18.720 | 10.206 | 7.970 | 2.672 | 5.815] 5.103] 4717 | 4.3 | 4.7 | 3707 | 36481 3.3 | 3167 ) B0 Q.ox
A7 ; 20,472 § 10.911-] 3,213 | 6.79¢ | 5.886] 5.237 | 4.748 | 4.360 | 4.004 | 3.781 | 3.667 | 3.306| 3.197 'f;,a
18 50,482 | 13766 | 8.519 | 6.940 S5.976 | 5.206 | 4.767 | 4,300 | 4.067 | 2.000] 3.574| Z.380 4,.71
19 12,964 | 8.915] 7.12 | 6,006 | 5.308 | 4.8% | 4.428 | 4.098 | 3.826 3.596:53.
m: 14.923 | 9.42 | 7.377 | €222 | 5.487 | 4.901 | 4.475 | 4.138] 3.667 a.
2 18.474 |10.104 | 7.606 | 8.368 | 5.5604 | 4.978 | 4.554| 4.1 7,e¢
2° 28995 [11.044 | 808 | 6,500 | 5.804} 5. 4.602 ],
B 12.431 | 8,512 | €.835| 6.848| 5.176 ;
24 ‘ 14720 | 9.3 | 7.157| e.03t 1
z: 19.61 | 6.973| 7.6:6 1
28 43,870 | 1116 7
27 -
a’ f)
2%° %
3 - ":
i P - 5
i
i
48” | @ | 50° | s1°| s2°| =°| s | | s6° | 57°| 66°| ®° | @ [ e1° | e | 62°:f & } & | 8 for
» —
) . ¥ F—
1°] 1375] 1264 | .84 | L314]| 26| 1.200| 1.263] L.240| 1.23| 120 2.207| 1,105 L1683} 2| 1.162| LB 1.2  L.134| 112854y
2°] 1.404] L3885 | 1362 1L343| 1.326) 1.208| 1.201| 1.2768) 1.2e2| 1.248] 1.235] 1.223] L.211| L201| 1101 1,181 | L172} 1164} 1.16€%y g
$°] 1.43¢) 1412 131 1372 1366 1.37| 150 1.%06] 1.200] 1.277| 1284 1,252 1,240 1,280 ] 1620 Lept| 1.803] 1.196 1.19;(‘_1,2
4°] 1.605| 1.43| 1422 1.403) 1.383| 23081 1.349| 133} 1.210| 1,306| 1.203| 1.281] 1.200| 1.200 | 1.2650°| 2.241| 1.234| L.227 12081
8% 1.407] 1.47¢ | ‘1.463| 1433| 1a1e| 1308 | 19| 1.363| 139 | 1.336| 1.222| L2310 | 1300 | 1.200| 1.280 | L272 | 1.265| 1.258| 1.2 2
6°| 1.620.) 1.508 | 1.486| 1406 1.445| 1.427| L.410| 1.30¢ | 1.379 | 1.2e8| 1.363| 1.341 | 1.330 | 1.20] 1.312 [ 1.304 | 1.206 | 1.201 1.208%4 2
7°] 1:806| 1.6417] 1.5615] 1.408] 1.4781 1.459 ) f.441] 1.428] 1.411 | 1.207] 1.384| 1.372| 1.361 | 1.@2 | 1.343 | 1.336 | 1.328]| 1.323} 1.316 gna
8°| 1601 1.678 | 1,663] 1.551°| 1.511| 1.462 | 1.474) 1.456 | 1.443 | 1.426| 1.416] 1.40¢ | 1.363 | 1.385] 1.6 | 1.368 | 1.3 | 1.357| L.%2yy 2
9°] 1,638 | 1.612 | 1,560 1.566 | 1.648 | 1.526 | 1.508 | 1.491 | 1.476 | 2.4} 1.440| 1.436 | 1.426 | 1,416 | 1.408 | 1.40l | 1.305 | 1.360 | 1.387%q 4
10°| 1677 s.e81 | 1.625| 1,608 | 1.681| 2,661 | 1.643 | 1.528 | 1.510 | 1.408 | t.482] 1471 1400 | 1.450 | r.wsz | 1436 | 1.4 | 1.ee0] Lam iy
11°} 1717 1.680 | 1.684 | 1.041] 1.618| 1.508 | 1.579 | 1.661 | 1.545 | 1.630 | 1.517| 1.605 | 1,406, 1,486 | 1.477 | 1.470 | 1.465 | 1.461| 1,458y 4
12°] 1,760 | 1.731 | 1.704| 1.680 | 1.656 | 1.636 | 1.616 | 1.6068 | 1.581 | 2,667 | 1.563| 1.641 | 1.620 | 1.521 | 1.513| 1,608 | 1.608 | 1:498 [ 1.40€ 4
15°] 1,804 | 1,774 | 1.747] 5721 1.697 | 1.675 | 1.665| 1.803 | 1,80 | 1.604| 1.600} 1.678 | 1.567 | 1.557 | 1.660 | 1544 | 1.530 | 1.6% | 1.63;.5
14°| 1062 | 1.619 | 1,700 1.764| 1.720| 1.716 | 1,606 | 1,678 | 1.660 | 1.643 | 1.620| 1.616 | 1,605 | 1.596 | 1.688 | 1.68 | 1.577 | 1.576 | 1.5M37 5
“18°1 1.900 | 1,807 | 1.8%.| 1,800 1.783 ] 1700 | 1.7 | 1.718 | 1,000 | 1,085 | 1¥ 1,658 | 1,846 | 1.005 | 1.628 | .21 | 1.617 | 1.615 | 1.6141,,
16°| 1.982 | 1.617 | 1,886 | 1.867 | 1.8 | 1.606 | 1.762 | 1.762 | 1.743 | 1.726 | 1,710 1.000 | 1.086 | 1.674 | 1.008 | 1.662 | 1.668 | 1.068] 1.667¢; 4
17°| 2007 | 1971 | 10w | 1.807 | 1,878 | 1,868 | 1.820 | 1.807 | 1.787 | 1.770 | 1.754 | 1.740 | 2720 | 1,719 | 1,711 | 2706 | 1702 [ 1700 | L7007,
16°| 2.007 | 2,020 | 1,998 | 1,900 | 1.2 | 1,602 | 1.677 | 1,866 | 1.836 | 1,816 | 1.800 | 1.786 | .74 | 1,20y | 1786 | 1.760 | 1.746 [ 1745 | 1.746 {77
19%| 2.131 | 2,089 | 2.061 | 2.018 | 1,966 | 1.965 | 1.930 [ 1,006 | 1,664 | 1.866 | 1.048| 1,653 | 1.820 | 1.811 | 1,002 | 1,76 | 1782 [ 761 ] 1i7@ i, 5
- - T T s—
20° | 2,100 | 2,354 | 2,114 | 2.077 | 2.043 | 2.012 | 1.865 | 1,669 | 1.837 | 1,018 | 1.890 | 1,863 | 1.670 | 1.859 | 1.851 | 1,845 | 1.841 | 1,840 182! ¢
21°| 2273 | 2.226 | 2.181 | 2,142 | 2.106 | "2.075 | 2.042 | 2.016 | 1.962 | 1,970 | 1.962}| 1.966 | 1,622 | 2.911 | 1,902 | 1.696 | 1.882 | 1.801 | 1.803 51_9
2°| 2.8 | 2,308 | 2,254 | 2,211 | 2.172 | 2,157 | 2.106 | 2,076 | 2.061 | 2,008 | 2,008 | 1.991 | 1.977 | 1, 1,955 | 1,949 | 1.046 | 1.846 | 1.648 75
22°| 2441 | 2,586 | 2,358 | 2,087 | 2844 | 2,207 [-2.172 | 2142 | 2114 | £:000 | 2.060 | 2,060 | 2,055 | 2.022 | 2.013 | 2,006 | 2,008 | 2.0 | 2,005 2.0
ea°| 2.688 | 2.476 | 2.419 | 2.300 | 2,323 | £.261 | 2.244 | 2.211 | 2.162 | 2.155 | 2,133 | 2.113 | 2,006’ 2.083 | 2.073 | 2,086 [2.062 | 2.0 | 2.084 55
2°| 2,008 | 2.677 | 2515 | 2.469 | 2,408 | 2.363 | 2.2 | 2,207 | 2,254 | 2,226 | 2,201 | 20180 | 2,163 | 2,148 | 2,187 | 2.130 | 2,126 | 2,125 | 2.120 ;2‘,‘
26° | 2,767 | 2.689 | 2.620 | 2.567.| 2.502 | £.462 | 2,408 | 2,308 | 2,383 | 2,202 | 2.275 | 2.263 | 2.235 | 2.218 | 2,206 | 2,186 | 2,103 | 2,103 | 2,107 ;3-_2'
27°| £.903 | £2.616 | 2.738 | 2.068 | 2,608 | 2,661 |- 2,601 | 2.468 | 2.410 | 2,386 | 2.366 | 2,290 | 2.310 | 2,285 | 2,280 | 2.271 [ 2.268.] 2.266 | 2.270. 2.2
28°] 3,061 | 2,000 | 2.871 | 2701 | 2722 | 2,060 | 2.606 | 2.668 | 2,513 | 2476 | 2.443 | 2,416 | 2.28 | 2,204 | 2,359 | 2.360 [2.50 | 2.oM 2,348,123
29° | B.244 | 3,128 | 3,023 | 2.982 | 2.86@ | 2.782 | 2.720 | 2,665 | 2.617 | 2,676 2539 | 2.5(0 | 2.483 | 2,462 |.2.4u8 | 2436 [ 2.420 | 2.428 | 2.4 {o 4
q . e
20°| ae6e| 221 | 3.100 | 3.004 | 3001 | 2,920 | 2,849 | 2.788 | 2738 | 2.686 | 2.646 | 2.610 | 2,582 | 2.668 | 2.5¢] | 2,528 | 2.621 | 2.6 | 2,68 35 ¢
B Y
J— i
- A
o 4
H .
" !
o it
-- oo s ey TS e mr——— R s e WIS




TABLE 2 .
| M= (___5)( )l/ sec «a
co

| %= \e-x! ———
oo | 2| w0 | at| =] =] | @] | m | w | %] 0°] 0] @ | @ | w0 | & | o | o
P 3186 | 2.116| 2,060 | 1.909{ 1.03 | 1.070| 1.8% | 1.783| 1.740| 1.88 | 1.600 | 1.3} 1.580] 1.967] 1.527] 1.408 )] 1.471 | 1,445 | t.420 | 1.307
be2e| 2,71 | 2102 | 2.0% | L0 Lw6| Le72 | 1.682] 177 | 170 1.607 | 1.000| 1.80¢]| 1.591 ] 1.660 | 1.5 | 1508 | 1.0m5 | 1c80 | 1.8
Lg.gn| 220 2,158 | 2,001 | 2.000| L.92| L0a8| 1,660 1.1 | 1.777| 1.736 | 1.8 | 1.081] 1.7 1.604 | 1.56 | 1.55 | 1.507 | 1.e01 | 1.2
Ee.md | 2.268 | 2.217 | 2.147| 2,082 2.088 | 1.908 | 1.914 | 1.606 | 1.819| 1.776 | 1.736| 1.06| 1.663| 1.629 | 1.598 | 1.508 | 1.560 | 1.614 | 1.420
i - p

£ 2.4 | 2.200 | 2.900 | 2,207 | 2.138 2.0 | 2.017 | 1.082| 1.611 | 1884 | 1.819 | 1.777 | 1.7%8] 1701 1.667 | 1.68¢ | 1.00¢ | 1.875 | 1.7 | 1.522
O 2.6 | 2.453 | 2.340 | 2.271 | 2,198 2138 | 2.071 | 2.0131 1.960 | 1.610! 1.865 | 1.20] L7} 2700 | 1.706 | f.@: | 1.640 | 1.610 | 1,588 | 1.566
£2.000 | 2511 | 2.421 | 2.5% | 2,265 | 2.100 | 2,126 | 2.007 | 08| 1,69 | 1.910 | 10251 1002 1785 | 1.745 ] 1.730 | 1.078 | 1.¢07 | 1.613 | 1.601
£ 2702 | 2.87 | 2.500 2418 | 2,381 2.288 | $.300 | 2,126 | 2,006 | £.011} 1. 1.913| 1.808| 1.827 | 1.8 | 1.762 | 1.7 | 1.086 | 1.065 | 1.627
7 2.804 | 2.000 | 2.587 | 2.402 | 2,408 | 2.27 | 2.253 | 2.187 | 2.i2¢ | 2.006 | 2,002 | 1.965] 1.918] 1072 | LM | 1.79¢ | 1.788 | 1728 | 1.e04 | 1.606
5 - - "
£18.916 | 2.753 | 2.681 | 2.6 | 2,487 | 2,408 | 2,324 | 2.263 | 2.187 | 2,125 | 2.008 | 2.016 ) 1.908 | 1.821 | 1.079 | 1.0 | 1.80e | 1,70 | 1.736 | 1708
Elg.0u3 | 2.907 | 2.786 | 2.075 | 2.875 | 2.488 | 2.400 23 £.253 | 2.188 | 2128 | 2.072| 2.021 | L.97S| L.emp | 1.008 | 1.868 | 1812 | 1778 | 1.748
g?.m 3.0% | 2.901 | 2.780 | 2,072 | 2,573 | 248 | £:401 | 2.25 | 2,266 | 2,108 | 2.138] 2.078] 2.027 | 1.9e1 | 1067 | 1096 | 1.068 | 1.823 | 1.700
H8.348 | 3,160 | 3.030 | 2,808 | 2,770 ] 2,871 | 2,573 | 2.48¢| 2.40¢ | 2.300 | 2.9% | 2.107 | 2.140| 2006 | 2086 | 1.000 | L.9¢7 | 1.907 | L3 | 1.8
0 8.5% | 3.348 | 2178 | 3,080 | 2.808 | 2.780 | 2:073 | 2.578 | 2.480 | 2.408 | 2.3%6 | 2.208 | 2205 | £.148 | 2.006 | 2.068 | z.002 | 1.060 | 1.920 | 1.88¢
— -

£3.750 | 3.638| 3.348 | 3.160 | 3.028| 2.00R [ Z7H | 29787 2,588 2.405] 2.410 { 2.344| 2.278] 2.216] 2,160 | 2.107 | 2.050 | 2.0i4 | 1.975 | 1.986
??.m 3.7671 3.546 | 3,365 | 3.187| 3.080 | 2.900 | 2792 2.086| 2.801| 2.6 | 204267 2.u65e] :2.208 | 2.228 | 2,172 | 2.181 | L.07S | 2.0 | 1,980
7 8.360 | 4.644 | 3.781 | 3.667 | 3.366| 3.197| 20407 2010} z.008| 2.07| 2002 | 2.516] 2.4%| 2.307 | 2.me | A24 2.127 | 2.000 | 2.047
C 4787 | 4.300 | 4.087 | 3,800 | Z.574| 2.360 | 3.211 | 2.063| 2.9% | 2.815 | 2.711 | 2.617| 2.68| 2.464| 2282 | 2.8 | 2.awe | 2.206 | 2.i56 | 2.100
5,363 | 4.8%0 | 4.428 | 4.008 | 2.826| 2.606| 3.300 | 221 | 3.000 | 2.040| 2.3% | 2.728 | 2.08¢| 2540 2,471 | 2.401 | 2.2 | .28 | 2.2ea | 2.178
T 0.222 | 5.457 | 4.901 |- 4.475 | 4138} 3.967| 3.3 | 3424 | 3.263) X108| 2.971 | 2.es3| 2.7 2.664 | 2.500 | 2.492 | 2.4 | 2360 | 2300 | 2.248
R 7.600| .358 | 5564 | 4.978 | 4.534] 4.182 | 3.696 | 3.056| 3.454 | 3.200| 3.128 | 2.996 | 2.877| 2.771 | 2.678 | 2.5 | 2.510 | 2.8 | 2.5 | 2.8
€.004 | 903 | 6,500 | 5,094 .5.000| 4.002] 4.236 | S.042| 3.007 | s.400] 3231 3150 | 3.0e8| 22008 | 2790 | 2,704 | 2.610 | 2645 | 2473 | 2.1
6] 12.431 | 8.512 | €.835| 6.848| 5.1783| 4,083 | 4.201 | 2.906 | 5,743 X5 | 3.3 | 3.196| 3.007 | 2.957 | 2.6%0 | 2.7 | 2.@D | 2.675 | 2.504
i{i 14.720 | 9.133| 7.137| 6.031 | 5.3 | 4.778 | 4.377} 4.068| 3.798 | 3.679| 5.34| 3.23¢ | 5.006] .2.974 | 2.866 | 270 | 2.88¢ | 2607
§§ 19.514 | 9.973} 7.616 | 8.254 ] 5.454 | 4.6%0 | 4.466 | 4.131 | 3.820 | X &¥®| 3445] 3.281 | 2140 | 3.016 | B00e | 2.810 | 2,725 -
€ 43.870 | 11,198 | 7.963 [-6.523 | 5.6 | 5.021; 4.568 | 4.215 | 3.931| &8 | 3.502 | %334 | 3100 | S.063 | 2.962 | 2.85
) 13.162 | 8.826 | 6.6864 | 5.847 | 5.173 | 4.087 | 4.313| 4.015| 3.770 | 3.567-] 3.20¢ | Z246 | X118 | X003
3 17,085 | 9.4%6 | 7.272 | -8.10¢ | 6.386 | 4.005| 4.424] 4.2087| 2.863 | 3641 | e | 220 | 3.178
_E . 2.2 | 10773 | 7.800°| 6.420] 6.571| 4,908 | 468 | 4218 | Z.048 ; 3726 | B630 | 3.30
'; 12.806 | 8.531 | 6.812| 5.851 5,178 | 4.705 | 4.344 4,058 | 3822 | ze28
{

. |

"§01° | 62° | e | | &° | 66° | e | e°| @ | W | m° 2| | | W | | | 1| &
@,{u.m 1162} t.15e| tmel| 13| 1126| 1118} 21| 1,106 | 1.009]| 1.004| 1.0e0| s.006| 2.om| 1.om| 1o rovs ] o8| 10w ] 107
Pfé{:.zox 1,191 ] f.181 ) LI72} 2166 | 1,166} 1.150 | 1344 | 1.1 | 1.134] .130] 1126 L.z} 1.12] 12| 1122] 1,124 ’

Bi1.220 | 1.220 | t.gM1| 1.903| 1.106 | 1.188| 1.182 | 1177 21123 | 1.169) 1.166] .10 f 3. 1100 1.186] 15168

031,200 | 1.250 | 1.241| 1.23¢| 2227 ) t.220| z.215| t.210] 1.207 | 1.204| 1,208 | t22] 1.208) 1.206| 1.208| 124

#1200 | 1.280 | 1.272 | 1.265] 1.268| 1.252] L248 | 1.2u| 22| Lawo] 1.2m] 1,200 L2243 L.u7] 22| .20

Bl1.m0] 1.312 | 1.304 | 1.208 | 2.201| 1.288 | 1.281 | 1278 | 1,278 | L.2m] 1.277 | 1279 1.268| Lsee| Lze7| 137

Shime | 1.543 | 1,236 ] 1.328| 1.223| L3109 | LA | LA 1L.M2] 1,318 | L34 | w38 L4 L] 1341 | L34

41,283 | 1.6 1.368 | 1362 | 1,367 | L2 | 1.360 [1.3487] 1.348] 1.0 1.363 | L3s8| 1,365 1.275| Lmes| 1.402

flit.e16 | L.408 | 401 | 1385 | 1.200 | 1.367 | 1,365 [ 1.384] 1.286 | 1.%6 | 1.302 | 1.308 | 1.407| 1.418| 1.438'| 1.4 .
811,450 | 1002 | 1,436 | 14307 40| tam | 1421 | La21)] 149 | 1428 1432 | 1.400| 1.450| tias| Lam | 1800

2'51.485 1.u77 | 1,470 | 1,465 1,461 | 1,450-§ 1,456 | 1.455 | 1,482 | 1.488 | 1.473 | 1488 1.404( 1600 1.52% ) 1.851 |-

%f1.501| 1.513 | 1.608 | 1.808 | .496 [1.306 | 1.496 | 1.497 | 1.501 | 1,507 1.514 | 1.626] 1.639] 1.888| 1.577 | 1.008

B1.557 | 1.660 | 1544 | 1.530 [ 1.6% | 1.685 | 1.536 | 1.537 | 1541 1.648| 1.667 | 1.600 | 1.584] L6t | Le27| L.

“11.596 | 1,666 | 168 | 1,677 | 157 1.57% | 1.6575 | 1.678 | L.66%| L.E61| 1.601 | 1.615] 1.6%] 1.85| L.6W | L.712

£ " s T .

411,65 | 1608 | 1,021 | 1,017 | 1,615 | 1.014 ] 1,016 ['1.620 | 1.6 | 1,885 | 1.647 | 1,082 1.1} 1.204] 1738 | 1788

"ﬂz.m 1,60 | 1.6@ | 1,068 [ 1.668] 1.067 | 1.060 | 1.663 | 1,600 | 1.680 | 1.%94 | 1.710 | .71 | 1787 ] 1.788 | 1.087

Of7.210 | 1,711 | 1,706 | 1,701 [ 1900 | 1,700 | 1,703 | 1,708 | 1,716 | 1.727 | 1.7¢2 | 1.700 | 1,783 1.811 | 1.848 | 1.608

E? . 1,756 | 1,760 | 1,746 | 1.745 | 1.746 | 1,748 | 17686 | 1764 |'1.778 | 1.7%2 | 1.812 | 1.82r{ 1.808 | 1.008 | 1.962

B:1.811 | 1,602 | 1.708 | 1,782 {1701 | 1708 | 1796 | 1.804 | 1,818 | 1.827 | 1.844 | 1.666 | 1,605 | 1.9€7 | 1.068 | 2.019.

Ly

%11.859 | 1,851 | 1.845 | 1.841 | 1.840 }'1.6842 | 1.846 | %.264 | 1,866 | 1,876 | 1.600 [ 1,923 | 1.963 | 1.060.| 2,033 | 2.088

304,911 | 1,902 | 1.€96 | 1.892 § 1,691 | 1.893 | 1.898 | 1.907 | 1.019 | 1,33 | 1,966 | 1.962°| 2.014 | 2.064 | 2,200 | 2161

F,’igz.m 1,956 | 1,549 | 1.948 | 1.45 | 1.648 | 1.963 | 1.062 | 1.975 | 1,908 | 2.016 | 2.043 | 2.079 | 2122 2.174 | 2.2%

8.12.022 | 2013 | 2,008 | 2.003 | 2.02 | 2.005 | 2.011 | 2,021 | 2,036 | 2.054 | 2.079 | 2.109 | 2.147 | 2,198 | 2.261 | 2.1

€ (2.063 | 2,073 | 2,068 [2.062 | 2.062 | 2.064 | 2.071 | 2.063 | 2.008 | 2,119 | 2.146 | 2,178 |' 2,219 | 2.260 | 2.3R | 2,410

R{‘z._w_a 2,137 | 2,130 | 2,128 | 2,125 | 2.129:| 2.136 | 2,148 { 2.166 | 1.187 | 2.816 | 2.251 | 2.208 | 2.361 | £.4:9 | 2.604

12.218 | 2,208 {2,198 [ 2,183 2,103 ] 2.197 | 2,205 | 2.218 | 2.236 | R.200 | 2,200 | 2.39 | 2.8 | 2.437 | 2.512 | 2.004

Q12,263 | 2.230 | 2,271 | 2.268 | 2.266 | 2.270 | 2.278 | 2.2% | 2.311 | 2.337 | 2.2370 | 2413 | 2.466 | 2.831 | 2.612 | 2.716

(2.2 | 2,350 | 2,360 [ 2. Toohk | 2,348 | 2.267 | 2,372 | 2,308 | 2.420 | 2,467 | 2,603 | 2.500 | 2,681 | 2.720 | 2.8%3

B02,462 | 2,048 | 2435 | 2,420 [ 2428 | 2.4% ["R.441 | 20457 | 2.481 | 2,611 | 2.640 | 2,509 | 2.662 | 2.740 | 2.880 | 2.006

B,
8i0.668 | 2.5u1 | 2.628 | 2.621 | 2,620 | 2,623 | 2.633 | 2.561 | 2.676 | 2,608 | 2,651 | 2,705 | 2.774 | 2.800 | 2.970 | %130
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TABLE 3 t
5
X
M= (2= )2 ¥
= sx-') cosec (a-w) 5
LS . I
-+ 2° | x=° l 26° ° o o © | 540 [ o .0 o o ° o o o ° o o
, LR A R R R ol K Ol Ko U o R O I o IS o PTL % )
> S
w | 1)2487 12,212,303 2.222 | 2,147 | 2.077 | 2.014 1 1.955 | 1.807 | 1.644 {1,795 |1.740 | 1.705 | 1.e86 |1.e28 |1.500 | 1,558 | 1,52 | 1452 ] 1.463] 1436 | 1,009 065
] 2 2.420 1 2.329 | 2.244 12.167 | 2.095 |2.028 | 1.966'1 1,998 £ 1.864 1,804 {1.75¢ {1.711{1.609 [1.%20 |1.5%2 ] 1667 | 1524 | 1aase | 1401 | 1.433 ) 1,407 100
3° 2.357| 2.270 | 2,169 | 2.114 [2.045 | 1.961 | 191 | 1,866 |1.812 [1.763 | 1.718 [ 1.6% |1.€33 |1.506 | 1.558| 1.62¢ | 1452 1.481 1,432 | 1,404 5881
4 2.298 | 2.214 | 2.138 | 2,065 | 3.998 | 1.936 | 1.876 | 1.65 |1.774 |1.72¢ | 1.0 |1.040 }1.600 | 1.562 | 1.527 | 1484 ] 1.461 | 1.431 | 1,408 ]
o g ” - :
5° 2.242 | 2.181 {2.087 | 2.018 | 1,964 | 2,604 |1.837 {1.785 | 1.736 | 1.600 |1.646 {1,005 | 1.567 | 1.631 | 1.495 | 1463
s 2.189 2,111 | 2.030 |1.973|1.910 {1.862 |1.798 | 1.748 | 1.700 {1.e56 |1.613 | 1.573 ] 5.6%6 | 1.500 | 1.c06
7 : 2.1 ) 2.063 1.95¢ | 1930 [1.869 |1.613 [1.700 |1.711 [1.006 |1.621 | 1.500 | 1.541 | 1.604 | 1.470
8 2.050 12,018 | 1.9€1 {1,888 |1.830 | 1.776 | 1.72¢ [1.676 |1.631 | 1,508 1.548 | 1.510 | 1.474
9 2.045 [ 1.974 {1,910 |1.848 | 1.792 [ 1.730 [1.080 |1.642 | 1.5 ] 1.567 | 1.617.1.480
10: 2,001 | 1.633 | 1,800 {1,810 | 1.756 [1.70¢ | 1.665 [ 1.610 | 1.566 | 1.525 | 1.408
n ) 1,959 11,898 | 1,83 [1.774 1.720 [1.670 | 1.622] 1.578 | 1.536 | 1.496
=° 1.918 | 1.86¢ | 1.794 |1.738 |1.%66 | 1.637| 1.501 | 1.547 | 1.506
L1 1.679 | 1.217 [1.769 | 1,704 | 1.663 | 1.006 | 1.560 | 1.517
1 1.842 11781 |1.72¢ | 1.671 ] 1.621 | 1.574 | 1.6
Bl 1.06 | 1748} 1,601 | 1.6 | 1.596| 1.543 1.500 | 1458
16 . I 1.770 {1.712 | 1.368 | 1.607 | 1.569 | 1.514 | 147255
17° : 1736 1,600 | 1,626 1.576 | 1.529 | 1,488}
18° . 1.708 | 1.656| 1.5% | 1.54€ ) 1.500 ¢ .
19 1.729] 1.671 | 1.617 | 1.565 | 1.517.8°_
-20° , 1759 | 1.697 [ 1.610 | 1.58 | 1.5c8'f:
21 ’ 1.791 ] 1.726 | 1.6£5 | 1.609 | 1.558 %"
2 : 1.828 | 1.757 } 1.69% | 1.834 | 1.579,¢
23° 1.866 | 1.7 | 1.725 | 1.662 | 1.604 £
D ) 1.905 | 1831 | 1,780 | 1.663 | 1.63L ¥
=’ 1.7 | 1.6 | 1.797 | 1725 | 1622,
26°| 2.011)1.9211 1,829 | 1.764 | 1695
2r° 2.071 ] 1,674 L6858} 1,605 | 1.72Lx.
28° 2.137 1 2.038 | 1,933 | 1.651 | 1.772{
29° 2.217|2.100| 1.995| 1,902 | 1.818:, .
2° 2.306 | 2.177 | 2.062 &
50° | ®° | s6° | 57° | 8° | s0° | @0° | 61° | &2° | 63° | e4° | 6° | a6 | 67° | 68° | €0° | 0° | n° | 7°
1°] 1.225] 1.209] 1,194} 1.79 | 1,165 ] 1.162 | 1130 1.127 | 1,115 ] 1,104 | 1083 1.063 | 1.074 | 1.004 |1.055] 1.046 | 1.057 | 1.080]-1.c21
2°] 1,215} 1.199| 1.183] 1.167 | 1.153] 1.138 | 1.125| 1.112 | 1,059 | 1.067 | 1.076 | 1.054 { 1.064 | 1,043 | 1,053 | 1,023 1.014 | 1,004 ] .984¢
3°| 1.208] 1.189} 1.178] 1.156 | 1,141 | 1.126 ] 2112 1,098 | 1,086 | 1.072 | 1.060 | 1.048 | 1.053 | 1,25 |1.024 | 1.003 | 9520 | .9815| €708
4°} 1.199] 1.181] 1.164] 1.247 | 1.130| 1.115 | 1.100| 1.086 | 1.072 | 1.068 | 1.045 | 1.0 | 1.020 | 1.008 |.9963| .0837 | .o72 | .0604] . 04"
5°] 1.1} 1,173 1.165] 1.138 | 1,121 | 1.106 | 1.060| 1,074 | 1.060 | 1.046 ['2.03 } 1.018 | 1,005 |.990 |.9724| .9665 | .o642 | .9416! .81 w
6°] 1.186] 1.167| 1.148} 1.130 | 1.113} 1.096 | 1.080} 1.084 | 1.049 | 1,034 | 1.(20 | 1.006 | . 9015 | .9778 | .9644 | .9511 ] .6376 | .44 .0100| .E074} 8633 eaaq.p
7°| 10181} 1.161]'2.142 1,123 1.105| 1.088 | 1,071 [ 1,065 | 1,030 | 1.024 | 1009 | .gn3e | 9760 }.9640 |.9507 | 9367 | .0225 | 9037 | .8944 | .8800| 6664 | .a50LES
8°] 1.177] 1.156| 1,136 1.117 | 1.099| 1.081 | 1,084 1.047 | 1.030 | 1.014 | .9084 | L0820 | .0e81 | 0628 |.oe82} .35 | 088 | .8910| .6703| 86842 (8467 0.04
9%h 1,174 -14183| 1.132) 1.112 | 1.063| 1.075 | 1.066 | 1.030 | 1.022] 1.006 | L9801 | 9736 | 0675 | .0422 | .68 .0116 | L6062 | L6810 .6655] L8408 L6338 .am
B b (23
10°} 1.171] 1.150| 1.126| 1.108 | 1.066 | 1,089 ; 1.061 | 1.022 | 1.016 | .9978 | .9609 | .9644 }.9483 |. 0522 |.0162 | .9008 | .8848 | .8666 | .6529| 6364 | .6200 .so.)éia!a
11°] 1,170 1,147 1.125] 1,104 | 1,084 J-1.064 | 1.045] 1.027 | 1.009 | .9911 | .9736 | 9566 | .0207 | .28 |.0070 | .8906 | .6741 | .8677 | (8412 .8245) .6074 ."sgo.m
12°] 1.169 | 1.146] 1.123( 1,162 [ 1.081 | 15080 { 1,041 | 1,022 | 1,003 | 9845 | 0669 | .5496 |.9321 |.9150 |.8964 | 8613 | .8645 | .8477 | .8307| 0175 | 7969 .'m'q.%
13°] 1,160} 1.145 | 1.1221'1.100 | 1.078 | 1.057 | 1.037 | 1.018 | .0982 | 9794 | .0612 | 433 | .9252 |.9077 |.6904 | 6732 | .e550 | .6384 | L8211 .6034 | 7653 | 76095008
14°| 1.170] 1.145| 1,121 1.090 | 1.076 [ 1.055 | 1,084 | 1.014 | .6043 | o719 | .5661 | .0574 | 0192 | 0013 |.6854 | .85s | 8479 | L6301 | .e122| 7342 7758 | 75675004
2% 55
15°| 1,171 | 1,146} 1,122 1,008 | 1.075 | 1,063 | 1,022 1,011 | 9907 | .071C | 0517 | .07 | 0138 [ .6053 |.e771 | .esen | .8a07 | L6225 | L6041 | 766 (7e®0 | 74783001
16°( 1,174 | 1,148 1,123} 1,099 | 1,076 | 1.052 | 1,330 | 1.009 |.9881 | .9678 | .9479 | 9284 | .0001 |.e002 (.6714 | .e528 | .6343 | 6165 | 7960 | L7760 | .7588 wﬁoos
17°| 1,177 1.180| 1,124 1,200 | 1,075 | 1,052 [ 1.030 | 1.007 |.9860 | 9663 | .9448 |.9248 |. 0063 |.8667 |.8666 | .8475 | 6256 | 8004 | 7003 | 7711 | 7514 .7315.007
18°f 1.162 | 1,164 1,227/ 1.101 {1.077 | 1,052} 1.029 | 1.007 | .9646 | 9632 | .9424 | 0219 | .018 |.8615 |.B622 | .8426 | 6282 | .00 | L7844 | 7648 7449 .msmv
19°} 1.186 | 1.158 | 1.130] 1.104 | 1,078 | 1,054 | 1.030 | 1,008 |.9840 | .9622 | .0407 |.0106 | 0001 | 6787 |.8584 | .6@86 | .e187 | 7600 | .7701 | L7601 | 7308 .7133.0')8
20°] 1162 | 1.163 | 1134 | 1,107 | 1,081 | 1,066 1,031 | 1.007 {9640 | 9614 |.9395 | .9170 |.508 | .6760 |.8554 | .6350 | 6149 | 7046 | 7743 | .7640 | 7334 | 7128007
21°| 1,200 1.169 | 1.140 1.112 | 1,084 | 1.058 {1,033 | 1.008 | .9846 | .9615 | .9389 | 0160 | .8053 |.8740 |.8630 | .6521 | .8116 | 7809 | 7703 | , 7496 7286 .'wn
22°] 1.207| 1,176 | 1,145 1.116| 1,068 | 1.081 |1.028 | 1,010 | 0861 | .0622 | . o001 |.0164 | .03 | .ev25 |.e611 | 290 | o087 | 7876 | 7668 | L7486 | L7243 | 7028610
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1,755 | 1697 1.840 | 1,585 § 1.536 | 1.469 |1.444 | 1.4021 1.363{ 1.3:5|-1.280 | 1.Z56 {i.22+
1,761 §1.726 | 1,685 § 1.602 | 1.556.] 1.507 |2.461 11.417| 1.378 | 1.337] 1.300 | 1.2£5 |1.231
1.828 1§ 1.757 | 1.694 | 1.634 | 1.579 [ 1.527 11.472 | 1.433| 1.390 | 1.350 | 1.312 }1.275 J1.24
1.865] 1.7 § 17251 1.532 | 1.60% [ 1.550 [1.499 |1.451 | 1.406 | 1.384 | 1.324 [ 1.265 [1.250
1,908 | 1.831 ] 1,750 | 1.653 | 1.631 | 1.574 {1.521 | 1.471] 1.424 | 1.300 | 1.322 |1.258 |1.2¢2

1.967 1 1.873 | 1.797 | 1.726 | 1.6€2 | 1.601 {1.545] 1.493| 1.445 | 1.7 | 1.364 | 1.313 | 1.274
2,011 | 1,621 | 1.859] 1.764 | 1.635 | 1.631 {1.572 { 1.51611.485 | 2.417 | 1.371-] 1.328 |1.268
2.071] 1.4974 1 1.6285[.1.805] 1.731 | 1.€65 |1.601 | 1.543{ 1.488 | 1.438] 1.30 [1.345 {1.303
2,137 | 2,033 | 1,938 1.651 | 1.772 | 1,700 [1.633 | 1.572| 1.514 | 1.461 | 1.421 }1.388 {1.220
2.21712.100] 1.685] 1.002 ! 1.818 §1.750 |1.8€9 [ 1.603] 1.542 [ 1.485 § 1.434% | 1.285 | ..328

2,308 | 2.177 | 2,082} 1.9 1.:888 1.765-) 1.708{ 1.638] 1.574 § 1.514 | 1.456 | 1.407 11,336

62° | 63° | 64° | 6% | 66° | 87° |65 f60° | 0| 7| 21 | | B | 6 | 7° | ° | ° | &0°

1.115] 1.10¢ ['1.003 | 1,083 | 1.074 | 1.064 [1.055] 1.046 | 1.057] 1.080] 1,021 1.014| 1.007 j. 0092 | 9016 | .0844 | o771 ] L5897
1.099| 1.087 } 1,076 | 1.084 | 1.064 | 1,043 | 1.033] 1.23| 1.024 | 1.004 | .99s¢| .0e57| .9762 | L0671 | L0577

1.085 | 2,072 ] 1,060 | 1,048 | 1,038 | 3.CR5 11,014 | 1.003 | .93R0 | -9B15] .€70¢| B6C3) 6493 | 0364 | - R74
1.072 | 1.068 | 1,045 | 1,032 | 1.020 | 1,008 | .9968| 9637 | 9722 | .9604] .94S0; K368{ R | L9130 | .9004

1.0€0] 1,046 | 1,032 {1,018 | 1,065 | .gR0 | 9734} .9665 | .%642 |- .0416] .R01| .9160] 9031 | ,B900 | 8761 ’
1.049| 1.034 | 1.020 | 1,006 | . 9916 | .6778 {.0644| .9511] 9376 | .R44 | .0108| .674; .B833 | 6589 | 8542
15085 | 1,039 | 1.024 | 1,009 | .0038 | 3700 | .0648 |.6607 | .9367 ] .9225 | .8037| .8944] .6800] .8964 | .8501 | .€344
230.%'7 1.030} 1.014 | .9964 | 6629 9881 | .9523 | .62 | (K36 ] .0083 | LEQI0] .8793| L6421 L8467 8320} .8167
2,080 | 1.022] 1.005 | 9891 | 9735 | L9675 | .9422 | .9268 | .9116 | .8962 | .6810| .86565| 8498} 6338 | L6172 | .80

1,615 | 9978 { .9609 {.9044 | .9483 | . G322 |.0162 | .9008 | 8648 | .8688 | .8520| . 8364 | .8200 | .603C | L7853
99,087 |1.009 | .9911 | .9736 | . 9666 | .6367 | .33 {.9070 | .B9C6 | 8741 | LE677 | 8412 | .8245¢ .8074 } 7899 | L7718
7':]‘:& 1.003 | .9849 49869 | 49496 | 0321 |.9150 |.6084 | 8613 | 6845 | 8477 | L8307 | 81T | 7968 | JTTT7 | 758
j ‘.ge 9982 | .9704 | 9612 | 9433 | 9262 {.0077 |.8904 | 6732 | .8569 | B384 | L8211 .B0Z4| 7863 | L7689 | . 7478
67,084 |.6943 | .9749 | .66 | 0374 | .9192 [.9013 |.86834 | .8856 | .8479 | .B301 | .B122| .7942| 7768 | .TE67 | L7373

.7}?&1 .9907 | .9710 | .9617 | . 5227 | 0138 | 8963 |.87717| .6508'| (8407 | L8225 | L6041 | L7868 7680 J4TS | SRS
984009 |.9881 | .9678 | .9479 | ,9284 | .9091 |.8902 -|.5714 | .6528 | 6343 | .6165 | 79€9] 7700 | 7568 [ 7363 | . 7190
;ﬁ‘;mv ~9860 | 6653 | .9448 | ,9248 | . 9063 | .8857 |.8665] .8475 | .&265 | 8004 | .7903| 7711 .7514 | L7345 | 7110
%8907 | 0846 | .9632 | .9424 | .9219 | .9018 |.8819 {.8622 | 8426 | 8232 ] .8040 | .7844 | 7648 7449 | ,7R46 | .7038
82,006 | .9840 | .o622 | .0407 | 0196 8061 | 8787 |.6584 | (8886 | 48187 | 7990 | L7791 | 7891 | L7388 | 7182 | <6971

'25n ;W’ .6040 | .9614 | 9395 {.9179 | .8068.{ 6760 |.8664 | 8350 | 8149 | 748 | L7743 ] 7640 | T34} 125 | . 11
ﬂ‘;&e +9846 | (9615 | .0389 | 0160 | 6063 |. 8740 |.8630 | .8321 | 48116 | 7909 JT705 ] 7496 LTRE6| 7074 | 46857
x8, 10 | .9661 | L9622 | . 9C61 |.9164 | 8043 | .8725 |.8611 -8299 | 8087 7876 | 7668 | L7465 | J7243 | L7(R8 | L6608
33%.013 9878 | ,9636 | 6398 |.9168 [ .8839 | ,8716 |.8497 | .8279 | .8065 | L7861 | L7637 | L7421 | .7208 | L6967 | 6764
361 2016 9906 | .9655 |.6413 |.0174 | .8045 | .8714 |.8480 | 8268 | .B048 | L7830 | L7642 | 7304 | L7174 | L6051 | 6725

20,000 | .6339 | .9682 |.0643 | 0188 | 8040 |.8717 [.8487 | L8260 | 8037 | L7813 | J75R | 7570 +7148 | 6RO | 66K
3955&5 0979 | 9716 | 9459 |.9209 | .8063 |.8725 |.8490 | 6258 | .BOB0 | 7803 | L7677 | LTE61| J7L24 | L0895 | L6663
‘;@1 1,008 | 9756 | 9491 |. 834 | .8983 | .8738 |.8499 | .8262 | .B020| 7797 | L7566 | 7336 | 7106 | .6874 | .6638
oo 711,006 | 00802 | .0531 |.9267 | .001C.] 8750 |.8513 | .68271 ] 8033 L7797 | L7562 L7327 | L7093 | €857 | €319
1,015 { .9658 | . 95678 |.9306 | . %012 | 8786 |.8534 | 6285 | 8041 | 7601 | L7562 | 7323 | 7085 6845 | 8608
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: 36,025 (16712 | 10.23% | 7,763 |- 6.359 | 5.453 | 4.e23 | 4258 | 4.205 | 2.925 | 3,501 | 2.313 | 3.160 | 3.ca0 1 2.915 | 2825 | som | ev ]| ses
] €.627 |19.328 [11.848 | £.743 | 7.050 | 5.982 | $.254 | 4.720 | 4.318 | 5.003 | 3.740 | 3.52 ) 3.371 [ 3.225 | 3.4R | z.oor | sz | e
3 i51.658 |24.488 {13.851 | ©.666 | 7.83% | 6.578 § {.725 | £.118 | 2.598 | 4.306 | 4.017 | 3727 | 3554 | 243 | mzog | zaen | 3064
—_ 32.419 | 16.380 {11.258 | B.757 ] 7.233 | 6.25 | 5.551 | 5.031 | 4.629 | 4.309 | s.040 | 3.657 | zese | zse | zmm
i 46.232 [19.75%5 | 12.919 | a9y ] 2.0c0| 6.636 | 6.082 | 5.428 | 4082 | 5.6 | 4.33% | ;005 | zsc1 ] 393
: 78.355 | 24.222 | 14,658 | 11:023 | €.832 | 7.503 | 8.567 | 5.885 | 5.3V1 | 4.565 | s.g:2 | 2200 4.100
: 162.86% 131,168 | 17,555 [ 12499 | 9.638 | €.251 | ™.163 | 8.381 | 5.758 | 5350 | sugve ] 4.
) 22,209 | 2.565 | 14,280 | 11.622 | 9.106 | 7824 | 8.98% | g.z65 | 5.753 | 5.%:26
- €3.034 | 25.646 | 16.625 [12.421 110.002 | 0.595 | 5 es5 | 6.702 | a.2:2
117.€75 | 22.416 | 19.301 [14.108 [11.250 | 9.473 | 2.257 | 7.37%
?
E 530,284 | 422260 |28.142 |16.166 | 12.617 {10.482 | .55
' e3.02: |28.381 | 18.770 |1a.28 J11.688
, 11,845 | 28,169 [22.183 {16.307
—4i 115.887 |48.650 125,602
= -
—s N 73.3¢5
e
i ;5,70 5e° 59° @®° 61° 62° &z° 4© &° €6° 67° 6a° 693 x° - 710 0 73° 740 75° 76°
e ’
4y 105 | 1.055 |1.056 | 1.086 | 1.056 | 1.061 | 1.0€2 | 1.064 | 1.065 | 1.0¢5 | 1.060 | 1.072 | 1.0% | 1.076 | 1.081 | 1.0¢5 | 1.062 | 1.0% | 1.686 | 1.10”
1o | LIR P05 | 1037 | 1020 | 1322 | 1125 | 1128 | 1133 | 1,136 | 1361 [ 1.246 | 3.152 | 1157 [ 1165 | 1172 | 1.18p | 2.181 | 1208 | 1216
prAe171 | 1076 11177 | 1,180 | 1.1€2 | 14167 | 1,382 | 1.197 | 1202 | 1.208 | 1.215 | 1.222 | 1.281 | 1.260 | 1219 | 1.283 | 12w | 123 | 1211 1.3
— 1231 | 1.236 {1.239 | 1.243 | 1.240 | 1.25¢ | 1.260 | 1.267 | 1.275 | 1,263 | 1202 | 1302 | 1.315 | 1.327 | 1.2 | 1.3e8 | 1378 | 1.390 | 1.42F | 1482
‘ &f 1.265 | 1.201 |1.305 | 1.312 | 1.318 | 1.224 | 1.331 | 1.341 | 1.250 ] 1.361 | 1.373 | 1.386 | 2.401 | 1.417 | 1.438 | 1.456 | 1.4e2 | 1.509 | 1.5%0 [ 1.5™
40 1-36% | 1.368 | 1375 | 1.381 | 1.389 | 1.308 | 1.407 | 1.417 | 1.420 | 1,442 | 1.45¢ | 1.472 | 1.490 | 1.511 | 2.833 | 1.659 | 1.589 | 1.624 { 1.e22 | 1.709
g 1434 } 1440 11,447 | 1.455 | 1.464 | 1.474 | 2485 | 1.496 | 1511 | 1.527 | 1543 | 1.563 | 1.88% | 1.600 [1.635 | 1.657 | 172 | 173 | 1.7 | 1.ui6
5;;»\;.509 1.516 | 1.52: | 1.532 { 1.541 | 1.553 | 1.566 | 1.58: .897 | 1.814 | 1,636 | 1.652 | 1.8 | 1711 [1.743 | 1780 | 1821 | 1.e70 | 1.0e€ | 1.8m1
114687 | 1594 [1.602 | 1.614 | 1.624 | 1.657 | 1.¢52 | 1.€80 | 1.686 | 1.708 | 1.730 | 1.785 | 1.765 | 1.618 | 1.855 | 1.897 | 1.%46 | 2.002 j 2.0¢8 | 2.143
e 1-669 | 1677 | 1687 | 1.697 | 1711 | 1725 [ 1742 [ 1761 | 1781 [ 1.808 | 1630 |18 | 162 | 1.0 | 1.93 | 2.20 | 2.0 | 2.141 | 2.21¢ | 2,308
e DTS5 | 1764 11776 | 1,788 | 1,801 | 1,816 | 1.835 | 1.666 | 1.67 | 1.906 | 1.6%5 | 1.667 | 2.006 | 2.048 | 2.096 | 2.151 | 2.214 | 2.288 | 2.3 | 2475
'o;—%x.ef.a 1.856 | 1.669 | 1.663 | 1.697 | 1.915 | 1.935 | 1.958 | 1.884 | 2032 2,046 | 2.081 | 2.125 | 2.172 | 2.228 | 2.268 | 2.%59 | z.432 | 2.541 | 2.665
o 30635 | 1,955 | 1,957 | 1,982 | 1.998 | 2.016 | %.0i0 | 2.065 | 2.0 [ 2.126 | 2.162 | 2.202 | 2.249 | 2.302 | 2.367 | 2.432 | 2.512 | 2.608 | 2.71E | 2.4
—.2.008 | 2,069 | 2.072 | 2,089 | 2,108 | 2.126 | 2.151 | 2,178 | 2.210 | 2.245 | 2.28¢ | .32 | 2.381 | 2.440 | 2.508 | 2.585 | 2.€%4 | <.779 | £.904 | 3.%61
AR .
2} 2.158 | 2.17 | 2,183 | 2:201 | 2,220 | 2.243 | 2.269 | 2.298 [' 2.331 | 2371 | 2.415 | 2.464 | 2.5 | 2.587 | 2.66t | .78 | 2.847 | 2.963 | 3.103 | 3.267
:4159.2'76 2.286 |2.201 | 2.321 | 2.341 | 2.365 | 2,303 | 2.427 | 2.461 | 2.505 | 2.524 [2.608 | 2.670 { 2.741 | 2.626 | 2,919 | 3.080 | 3.1€0 | F.33 | Z.501
cc ;2403 | 2415 | 2,430 | 2448 | 2.470 | 2.497 | 2,626 | 2.562 | 2.6(2 [ 2.646 | 2.700 } 2.759 | 2.627 | 2.806 | 2.997 | 3.10¢ | B.225 | 3.371 | 3.542 | E.M49
i 2-541 [ 2551 | 2.568 | 2.587 | 2.610 | 2.638 | 2.670 | 2.706 | 2.750 | 2.798 | 2.656 | 2.2 | 2.007 | 3.064 |3.1e2 | 3.209 | 3.4 | B.5%4 | 3R | s.017
—f2.607 | 2.688 | 2.7m13 | 2,757 | 2,750 | 2,787 | 2.821 | £.651 | 2.908 | 2.963 | 3.023 | 3.006 | 3.177 | 3.272 | 3.381 | 3.508 | 3.688 | B.857 | 4.049 | 4.309
i‘:' 845 | 2.858 | 2872 | 2.802 | 2.917 | 2.049 | 2.986 | 3.028 | 3.079 | 2.961 | 3.203 | 3.281 | 3.571 | 3.4%2 | 3.504 | s.72e | 3901 | 4.008 | 4.7 | 4.622
0133-018 [ 3.020 | 3.044 | 3.065 | 3.001 | 3.124 | 3.162 | 3.208 | 3.262 | 3.:3 | 3.308 | 3.480 | B.579 | 3.600 | 3.824 | 2.977 4.160 | 4,300 | 4,052 | 4,955
(3208 | 3.218 | 3.232 | 3.252 | 3.252 | 3.279 | B.311 | 3.353 | B.401 | 3.459 | 3.526 | 3.605 | 3.606 | 3.801 | 3.926 | 4.24) | 4.4 | 4,687 | 4.979 | 6.3
e 180418 | 3424 | 8,437 | 3,457 | 3.483 | 3.510 | 2.660 | 3.613 | 3.674 | 3747 | 3.631 | 3.9 | 4.048 | 4.160 | 4.3i0 [ 4.526 | 4.7 | 5.020 | 6,349 | 5752 |
-mis.ms 3.650 | 3.661 | 3.679 | 3.706 | 3.741 | 3.767 | 3.840 | 3.907 | 3.983 | 4.075 §4.163 | 4.309 | 4.467 | 4.632 | 4.830 | 5.088 | 5.386 | 5.753 | e.212
F
};5.898 3.898 | 3.007 | 3.926 | 3.952 | 3.989 | 4.034 | 4.002 | 4.163 | 4.248 | 4.343 [ 4.4600 | 1.600 | 4.750 | 4.955 | 5.162 | $.45 | s5.792 | 6.4 | 6.718
Ko | 4177 | 4,163 | 4.108 | 4.222 | 4.261 | 4.306 | 4.367 | 4.442 | 4.533 | 4.€38 | 4.766 | 4.917 | 5.094 | 5.%C5 | 5.560 | 5.864 | 6.238 | €.700 | #.283
‘%4.501 4,488 | 4.488 | 4.501 | 4.526 | 4.861 | 4.600 | 4.674 | 4.753 | 4.849 | 4.665 | 5.101 | 5.265 | 5.460 | 5.694 | 5.978 | 6.320 | @.737 | 7.258 } 7.92¢
" 04,863 | 4.843 | 4.836 | 4.843 | 4.863 | 4.697 | 4.%48 | 5,013 | 5.097 | 5.200 | 5.823 | 5.475 | 6.655 | 5.8¢8 | 6.128 | 6.442 | 6.625 | 7,208 | 7.680 | 8.650
078 | 5.243 | 50220 | s.220| 5.243) 5.278 | 5.%27 | 5.303 | 5.483 | 5.583 | 5.726 | 5.889 | 6.000 | €.328 | £.613 | 6.963 |, 7.395 | 7,928 | 8.008 | 9.487
g ~ A
_lgfs.vss 5,708 | 5.674 | 5667 | 5.674 | 5.706 | 5.753 | 5.824 | 5.917 [ 6.0% | 6.178 | 6.360 | 6.578 | €.839 [ 7.163 | ".S65/] 8046 | 4,050 | 9.4% |10.465




TABLE 5

Functions for Calculations of Expansive Flow

" £0u) gl h(x) B f(u) g h(z)
%° 130.45° .5283 .6339 44° 120.32° 2071, 4203
_89° 130.45 .5282 .6339 13° 119.54 .2860 .4089
88° 130.45 .5279 .633¢ 42° 118.71 2746 .3072
7° 130.45 .5274 .6332 41° 117.83 .2630 .3352
$6° 130.45 .5268 .6326 10° 116.90 2512 3727
85° 130.44 .5259 .6319 39° 115.92 .2391 .3599
8s° 130.44 .5249 -6310 38° 114.88 .2269 3467
83° 130.42 .5236 .6300. 31° 113.77 .2146 .3331
'82° 130.41 5222 .6287 36° 112.61 .2022 .3192
81° 130.39 .5206 .6274 35° 111.37 .1897. .3050
80° 130.37 .5188 .6258 34° 110.07 1772 .2003
79° 130.34 .5168 .6241 33° 108.70 .1647 .2757
78° 130.31 .5146 .6222 32° 107.23 522 .2607
77° 130.27 .5122 .6201 31° 105.69 .1399 .2454
76° 130.22 .5096 .6178 30° 104.08 .1278 .2301
75° 130.16 .5067 6151 29° 102.36 .1159 .2145
74° 130.10 .5037 .6127 28° 100.56 .1043 .1990
3° " 130.03 .5003 .6099 27° 98.65 .09313 .18335
72° 129.95 .4970 .6069 26° 96.64 .08237 .1681
e 129.85 .4033 .6037 25° 94.53 .072i1 .1529
70° 129.75 .1894 .6003 24° 92.30 .06213 1379
69° 129.64 .1853 .5966 23° $9.96 .03338 L1233
68° 129.51 .4809 .5928 22° 8$7.50 .01502 .1092
67° 129.37 4763 .5887 21° 81.91 103739 .09562
66° 129.22 A715 .5845 20° $2.19 .03054 .0827+4
65° 129.05 _ 1661 .5800 19° 79.34 .02447 .67063
61° 128.87 4611 .5752 18° 76.31 .01919 .05937
63° 128.67 4555 .5702 17° 73.21 .01469 .01905
62° 128.45 4497 .5650 i6° 69.94 .01095 .03977
61° 128.22 .1436 .5593 15° 66.51 .00791 .03153
0° 127.97 4372 .5538 14° 62.95 .00352 .02433
59> 127.69 .4306 .5478 13° 59.23 .00370 .01832
58° 127.40 4237 .5415 12° 55.37 .00237 .01331
'57° 127.08 .4165 .5349 11° 51.37 .00143 .00931
56° 126.74 .4090 .5281 10° 17.22 .00081 .00621
55° 126.38 .4013 .5209 9° 42.94 .00043 .00392
54° 125.99 .3033 .5135 8° 38.53 .00020 .00232
53° 125.57 .3850 .5057 7 34.00 .00009 .00126
52° 125.12 .3763 .4976 6° 29.36 .00003 .00061
51° 124.64 .3675 .1801 5° 24.63 .00001 .00026
30° 124.14 .3583 .4804 1° 19.81 .00000 .00009
49° 123.59 .3488 .4713 3° 14.92 .09000 .00002
48° 123.02 .3390 .4618 2° 9.98 .00000- .00000
47° 122.40 .3289 .4520 1° 5.00 .00000 .00009
46° 121.75 .3186 .4418 0° 0.00 .00000 .00000
45° 121.06 .3080 4312
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TABLE 6
Wedge Angle for Sonic Flow Behind Sheck Wave (w,). Mazimum Wedge Angle (w0a)

M, We Wi f Mo W Wra
1.01 0.05° 0.05° 1.75 17.76° 18.12°
1.02 0.13 0.15 1.76 1758 18.34
1.03 0.2 0.26 < 197 18.2¢ . 18055
1.04 0.§7 0.40 1.78 18.41 - 18.76
1.05 0.52 0.56 1.79 18.63 18.97
1.66 0.67 0.73 1.80 18.84 19.18
1.07 0.84 0.61 1.81 19.05 19.39
1.08 1.02 1.10 1.2 19.26 19.59
1.09 1.21 1.30 1.83 19.46 19.80
1.10 1.41 1.51 1.84 19.67 20:00
1.11 1.61 1.73 1.85 19.87 20.2¢
1.i2 1.82 1.96 1.86 20.07 20.40
1. 204 2.19 1.87 20.27 20.59
1. 2.26 2.43 1.88 20.47 20.38
1. 2.49 2.67 1.89 20.67 20.98
1. 2.73 2.92 1.9 20.86 21.17
1. 297 ¢ 3.17 1.91 21.05 ~ 21.36
1. 3.21 3.42 1.92 21.24 21.34
1. 3.45 3.68 1.93 21.43 21.73
1. 3.70 3.94 1.94 21.62 21 .91
1. 3.95 4.21 1.95 21.81 22.09
1. 4.21 4.48 1.96 21.99 22.27
1. 4.46 4.74 1.97 22.17 22.45
1. 4.72 5.01 1.98 22.35 22.63
1. 4.99 5.29 1.9 22.53 22.50
1. 5.25 5.56 2.00 22.71 22.97
1. 5.52 5.83 2.01 22.88 23.14
1.2 5.78 6.11 2.02 23.05 23.31
1. 6.05 6.39 2.03 23.23 23.48
1.30 6.32 6.66 . 2.04 23.40 23.65
1.31 6.59 6.94 2.05 23.56 23.81
1.32 6.806 7.22 2.06 23.73 23.98
1.33 7.13 7.49 2.07 23.9%0 24,14
1.34 7.40 7.71 2.08 24.006 24.30
1.35 7.67 8.05 2.00 24,22 24.46
1.36 7.94- 8.32 2.10 24.38 24.61
1.37 - 8.21 8.60 2.11 24.54 24.597
1.38 8.43 8.88 2.12 24.79 24.92
1.39 8.76 9.15 k 2.13 24.85 25.08
1.40 9.03 9.43 2.14 25.01 25.23
1.41 9.30 9.70 2.15 25.16 25.38
1,42 9.57 9.97 2.16 25.31 25.52
1.43 9.84 10.25 2.17 25.46 25.67
1.44 10.10 10.52 218 25.61 25.82
1.45 10.37 10.79 2.19 25.76 25.96
1.46 10.64 11.05 2.20 25,90 26.10
1.47 10.90 _ 11.32 2.21 26.05 26.24
1.48 11.17 11.59 2.22 26.19 26.38
1.49 11.43 11.83 2.23 26.33 26.52
1.50 11.69 12.11 2.24 26.47 26.66
1.51 11.96 12.37 2.25 26.61 26.80
1.52 12.21 12.63
1.53 12.47 12.89 2.3 27.28 27.45
1.54 12.73 13.15 2.4 28.53 28.68
1.55 12.99 13.40 2.5 29.67 29.80
1.56 13.24 13.66 2.6 30.70. 30.81
1.57 13.49 13.91 2.7 31.64 31.74
1.58 13.74 14.16 2.8 32.50 32.59
1.59 13.99 4.4 2.9 33.29 33.36
1.60 14.24 14,65 3.0 34.01 34.07
1.61 14.49 14.90
1.62 14.73 15.14 4 38.76 38.77
1.63 14,98 15.38 5 41.11 41.12
1.64 15.22 15,62 6 42.44 42.44
1.65 15.46 15.86
1.66 15.70 16.09 8 43.79 43.79
1.67 15.93 16.32
1.68 16.17 16.55 10 44.43
1.69 16.40 16.78
1.7 16.63 17.01 15 45.07
1.71 16.86 17.24
1.72 17.09 17.46 20 £5.20
1.73 17.31 17.468
1.74 17.54 17.90 o £5.58
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