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GENERAT, SOLUTION OF THE LAMINAR COMPRESSIBLE BOUNDARY LAYER
IN THE STAGNATION REGION OF BLUNT BODIES
IN AXISYMMETRIC FLOW*
By Fred W. Matting

Ames Resgearch Center
Moffett Field, Calif.

SUMMARY.

A modified Howarth-Dorodnitsyn transformation has been used to
write the laminar boundary-layer equations for axisymmetric flow in
terms of transformed variables, and the equations have been specialized
for the vicinity of the stagnation point. Solutions to the equations
depend on the wall enthalpy and on the variation of several of the gas
properties through the boundary layer. The gas-property relationships
are represented in the form of polynomials in powers of the deviation of
the dimensionless enthalpy from a reference value, and the coefficients
of these polynomials become parameters of the problem.

The solution of the stagnation-point equations is obtained by
expanding the dimensionless enthalpy and stream function into two series
in powers of the deviation of the dimensionless wall enthalpy from a
reference value. With this formulation the effects of all the param-
eters appear explicitly. The equations obtained by this procedure deter-
mine the universal functions of the problem.

Values of the universal functions are tabulated and working formulas
are compiled including inverse transformations back to field variables.
Examples are given to demonstrate the use of the universal functions.
Comparisons are made with exact solutions for velocity and enthalpy pro-
files, for wall-friction coefficients, and for heat transfer at the wall.

The solutions obtained are applicable to any gas. They are best
suited for free-stream Mach numbers, up to about 5, where chemical reac-
tions are not especlally important. At the higher Mach numbers with
chemical reactions, the calculations are for equilibrium-gas boundary

layers.

- *This report was submitted to Stanford University in partial ful-
fillment of the requirements for the degree of Doctor of Philosophy in
Engineering Mechanics, June 196k.




CHAPTER 1
INTRODUCTION

The boundary-layer equations proposed by Prandtl in 1904 and
extended to compressible flow by the inclusion of an energy equation
(ref. 1) are generally used for solving compressible laminar-boundary-
layer problems although they represent only a first approximation of
the Navier-Stokes equations. In Prandtl's treatment the flow field has
been separated into two parts, an external inviecid -flow and a boundary
layer. The usual procedure 1s to solve the external flow problem first,
applying a tangency flow boundary condition at the actual body shape.
This neglects the displacement effect on the external flow due to the
boundary layer on the body.

In the solution of the external flow problem, vorticity in the
external flow 1s often neglected. Considering vorticity in the external
flow changes (and complicates) the outer boundary condition for the
boundary -layer equations. Around bodles whose longitudinal curvature is
not large, the centrifugal force term in the boundary-layer momentum
equations 1s generally neglected, allowing the momentum equation normal
to the body surface to be discarded.

It is seen that if one considers the displacement of the externsal
flow by the boundary layer and considers also the external vorticity,
there 1s a complicated interaction between the boundary layer and the
external flow. One approach to this interaction problem is to numeri-
cally solve the boundary-layer equations over the flow field. Fliigge-
Lotz and coworkers have obtained s number of solutions with interaction
effects by numerical methods. In reference 2, for example, the dis-
placement -thickness interaction has been treated using an implicit
finite-difference scheme, and in reference 3, all interactions have been
considered using finite-difference solutions to eguations developed from
inner and outer expansions by Van Dyke (refs. L and 5).

The consideration of interactions in the boundary-layer problem is
outside the scope of the present work. The centrifugal force term will
be neglected by the assumption that the curvature around a blunt body
is not large. For the inner boundary condition, a no-slip,
no ~-temperature Jjump, and no-injection condition will be assumed.

2
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Solutions will be considered in the nature of a first-order approxima-
tion to the actual flow as described by the full Navier-Stokes and
energy equations.

The compressible laminar boundary-layer problem, even without
interactions, i1s complicated because the differential equations are
coupled and nonlinear, and, in general, do not have closed-form solu-
tions. The problem can be solved by numerical (finite difference)
methods, and, generally, one must obtain a new solution for each "case."
The blunt-body problem can be generalized somewhat if the boundary-
layer equations are expanded into powers of the longitudinal variable.
Then, analogously to the Blasius series for incompressible flow (ref.1),
the problem is reduced to the solution of a number of ordinary dif-
ferential egyations, the zero-order equations being nonlinear, the
higher-order equations linear, but all equations essentially coupled.
The solutions for these ordinary differential equations are not univer-
sal for compressible flow, because they depend on the wall temperature
(or enthalpy) and on the variation of the thermodynamic and transport
properties of the gas.

In the present work we will set up the boundary-layer equations in
transformed varisbles {ch. 2), using a modified form of the Howarth-
Dorodnitsyn transformation (ref. 6). We will specialize the transformed
equations for the vicinity of the stagnation point of axisymmetric blunt
bodies in axisymmetric flow (ch. 3). The resulting equations will be a
pair of coupled nonlinear ordinary differential equations. These will
be the zero-order equations in the expansion of the transformed partial
differential equations in powers of the transformed longitudinal vari-
able. (The forms of the higher-order equations in this expansion are
indicated in appendix A.)

We will seek a general form of solutions to the stagnation-point
equations. These solutions will be made up of sums of the products of
universal functions and the parameters of the problem, and they will
depend on the wall enthalpy and on the variation of several of the gas
properties through the boundary layer. The gas properties can be
related to the enthalpy of the gas, either analytically or numerically.

We will represent the functional relationship between the several gas



properties and the enthalpy in the form of polynomials in powers of the
deviation of the dimensionless enthalpy from a reference value. The
coefficients of the polynomials become parameters of the problem; the
universal functions are independent of the particular values that the
parameters may take.

Our method of solving the stagnation-point equations is to form
the solution as a series in powers of the deviation of the dimension-
less wall enthalpy from a reference value. With this formulation, the
effects of all the other parameters appear explicitly. The equations
are set up in the form to be solved in chapter L. The obtaining of the
solutions for the universal functions is explained in chapter 5; these
solutions were all obtained numerically by machine computation. Tabu-
lations of these functions are given (table I); they are alsgo stored on
a permanent binary tape for convenient use in machine computation¥*
although an automatic computing machine is not needed for the use of
the functions. Inverse transformations back to fleld variables, and
the determination of a number of coefficients of interest are given in
chapter 6. Examples explaining the use of the method of solution are
given in chapter 7.

The range of validity of the calculations 1s discussed in chap-
ter 8. 1In general, the procedure, as set up, is best suited to moder-
ate free-stream Mach nunmbers, say up to about 5, where chemical effects
are not especially important. At the higher Mach numbers, with chemi-
cal reactions occurring in the boundary layer, the procedure will
deliver a reasonsble approximation to actual flows. The calculation
is for an equilibrium boundary layer and does not consider Tinite
chemical reaction rates. This is not inherent in the method of solu-
tion, but the original boundary-layer equations from which the solution
is developed have been written in a simplified form that does not con-
sider finite chemical reaction rates.

A synopsis of the method of using the universal functions is given

in a summary of working formulas in table E-1.

¥Available with computing program from Ames Research Center,

NASA, Moffett Field, Calif.
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CHAPTER 2

PARTTAL DIFFERENTTAL. EQUATIONS FOR THE COMPRESSIBLE
LAMINAR BOUNDARY LAYER

A. A SYSTEM OF NONLINEAR PARTTAT, DIFFERENTTIAL EQUATIONS

The Navier-Stokes equations as simplified by Prandtl's order of
magnitude analysis may be put in the familiar form of the steady-state
laminar boundary-layer equations as follows. (The x and y subscripts
denote partial differentiation with respect to that variable.)

Continuity equation:

(pur€)y + (pvr€)y, =0 (2.1)
x momentum equation:
puuyx + pVuy = ~Py + (uuy)y (2.2)
y momentum equation:
Py = O (2.3)
Energy equation:
oubly + pvHy = uPx + pluy)® + <§ H—y>y (2.4)

where

Il

€ 0 for two-dimensional flow
€ = 1 for axially symmetric flow

The momentum equation in the y direction, P, = O, includes the condi-

tion that the wall curvature is not strong soythat centrifugal force
can be neglected. The equation states that the pressure can be assumed
constant across thg boundary layer. At a distance from the wall at
which viscous effects are no longer important, the longitudinal compo -
nent of velocity, u, approaches asymptotically the external velocity,
Ue. At this distance, the longitudinal momentum equation reduces to:
Px = -pgletey (2.5)

which is the Euler momentum equation for inviscid flow. This equation
neglects the contribution to the external pressure due to the transverse

velocity component, ve.



Equations (2.1) to (2.4) are continuum equations and do not con-
sider nonequilibrium chemical effects. The equations can be considered
to include diffusion for the equilibrium case (equilibrium gas proper-
ties) when o 1is an "effective" Prandtl number. (This is explained in
ch. 7.) When equilibrium gas properties are used the equations will
also give wall values that reasonably approximate "frozen flow" with a
catalytic wall (¢ch. 7). In setting up thevboundary conditions for equa-
tions (2.1) to (2.4), we will not consider the interaction effects due
to external vorticity and displacement thickness. With a tangency flow
condition applied on the body surface, the external flow is assumed to
be known and the pressure, P(x), throughout the boundary layer is known.

The x coordinate is measured along the body (a meridian in the
axisymmetric case), while the y coordinate is measured along an out-
ward normal from the body. Again it is noted that the body curvature
should not be strong to permit the use of equations (2.1) to (2.4) with
a "bent" coordinate system. The body radius, r, is as shown in the
sketch.

Equations (2.1), (2.2),
and (2.4) contain six unknowns:
u, v, H, p, 4, 0. For a given
gas, an equation of state,

o = p(H,P), will be known and
the gas properties, p = u(H,P)
and o = o(H,P), will be known

(ref. 10). The unknowns in the
three differential equations are

then reduced to three, u, v, H.

The wall boundary conditions with no slip, no inJection or suction,

and no temperature Jjump are:
u(x,0) =0 v(x,0) = 0 H(x,0) = Hy(x)

where Hy(x) is prescribed, or:

éﬁ (X,O) = g prescribed function of x

oy




Y
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The external boundary conditions are:
u(x,0) = U-e(x) H(x,0) = He(x)
For the enthalpy boundary condition, He(x) is determined from the
adiabatic relationship:
uez(x)

5 (2.6)

He(x) = Hgy -

which neglects the contribution of the transverse velocity component,
Ve. For the general problem a starting profile at a given x value
should bé known to begin the solution. In the case of the symmetrical
stagnation-point problem, the partial differential equations can be
reduced to ordinary differential equations and the stagnation profile
determined. (This will be taken up subsequently.)

Equations (2.1), (2.2), and (2.4) will be transformed by means of
the Howarth-Dorodnitsyn transformation (ref. 6, p. 290 of ref. 7), and
a stream function will be introduced that satisfies the continuity
equation and eliminates u and v. The transformed equations in final
form will be of third order in the transformed y coordinate but the

enthalpy term will remain of second order in the transformed Y.

B. HOWARTH-DORODNITSYN TRANSFORMATION OF THE PARTTAL
DIFFERENTTAT, EQUATTONS

The following transformation of the coordinates will be used to

transform equations (2.1), (2.2), and (2.4):

X
T = f o, Mtter®® dxy (2.7)
@]
I'eue fy a
N = )
T P Va1 (2.8)
Then:
3 __ 3 d N
S Ty Py M 5Ty 5

because T = T(x), while 1 = n(x,y).



1. Continuity Relationships

The continuity equation (2.1) is transformed to:

(o) ry + (uz€) ny + 1€ (ov) iy = O (2.9)

The original equation, (2.1), can be identically satisfied by a

stream function V¥(x,y) such that

_ 1 9v

U = % Sy (2.10)
_-loy

V=TS (2.11)

Then, by means of the coordinate transformation, we obtain

1 BW(TJn)ny
pu =z —=""
T Bn

Ple dy(T,n) (2.12)

Jor o

I}

ou

u = Ue B\V(T;n) (2_]_3)
Jar  om
-1/93 a‘l{

pv = ;.E -a—ir— Tx + a Nx (2°lh‘)

It is convenient to introduce
T
£(t,m) = ¥(t,n) (2.15)
Jar
The quantity, £, is a kind of dimensionless stream function; it will Dbe
a dependent varisble in the subsequent equations. The velocity compo-

nents are then given by

: y (2.16)
mw = U.e -rl = U — 2.1
Ny
or
u
IZ = fn (2.17)



and

e KJ—E; e E >TX . JEF fnnx} (2.18)

NES

Equation (2.18) can also be obtained when (2.16) is substituted in
(2.9) and formally integrated after some manipulation. With u and v
taken as zero at the wall and u = uy, far away from the wall, equa-

tions (2.17) and (2.18) provide the boundary conditions on f.

£(7,0) =0
fn(T,0) = 0
fn(T,oo) =1

The relationship in equation (2.18) will be used to eliminate v from

the momentum and energy equations.
2. Transformation of the Momentum Equation
We write the momentum equation in the new coordinate system.
DU(uTTX + unﬂx) + PVUNTy = PelelerTx + (Munﬂy)nﬂy (2.19)

Then we substitute (2.17) and (2.18) in (2.19)

puefn[ (U.e,rfn -+ Uean)Tx + Uefnnnx]

Uef
- Sy K@‘f -

> T + 2T fnnx] = pglleUe Ty + (Huef nny)nny

Substituting Tx, Ny, and ny from (2.7) and (2.8) and modifying, we

obtain

d in u
pK e 2) .
[ pw“;> fnan + ffpg + 2 <d T > < - fnj> = 2T(fnf7n - Trfqn)

We can set.

(2.20)

ou__ eu/lon)g
Owtvr (o i) /(o)




where (pu)s is the product pu evaluated at the stagnation enthalpy,
Hgt, and at the pressure at the particular T (or x) station of the

boundary layer. In addition we introduce the notation

g = (D%): ) (2.21a)
gy = Pty (2.21b)
(DU)S

The type of normalization used for pp 1s convenient because, even for
real gases, g will be a slowly changing function of the pressure P,
and for perfect gases it will not depend on P at all (see appendix A,

sect. C). If we normalize the enthalpy by

h = — (2.22)
Hst

we can write

Il

g = g(h; Hg,P)

|l

gy = glhw; Hgg,P)

where hw is the dimensionless wall enthalpy at the T (or x) station
considered. For a given flow, Hgt will be a constant determined by

the adiabatic external flow.
After introduction of g the first term of equation (2.20) becomes

g _ =+ <§8 >
= f = —= T + gt
<éW' nn:% By 5n n m

with

o
3 |
i
o/
05
=4
53
N
_j*d

but

So we have

11]/9

2N
m
£|m
H
=
=
S5—
{

10
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The ratio pe/p will be treated in a similar way; we set

p

Pe  PsPe  Pg/P
o

PsP  Pg/Pe

where pg 1s the density at the stagnation enthalpy, Hgt, and at the

pressure at the particular T (or =x) station. We set

%5 _ o(n; Hgt,P) (2.2ka)

For perfect gases, d does not depend on P, and for real gases it

varies only slowly with P (see appendix A, sect. C). With

. o
8e = d(he; Hgt,P) = — (2.24p)
pe
where
H a2
he = — = < (2.25)
Hgg 2Hgt
we obtain
Pe . B
P Be

Then we can write the momentum equation in the following form:

1 Bg d in d in ue

= 27 <%nf7n - fonn> (2.26)

3. Transformation of the Energy Equation

In transforming the energy equation (2.&), we first write it in

terms of h.

uPy
puhy -+ pvhy = ﬁ—;-+ ﬁ—g uy) (2.27)
5 s

11



Then we introduce the dimensionless stream function, f.

2
Pale Ueyl Ue2 2
puefnhx + (pv)hy = - ——jﬁgg——QE + M Tt (fﬂy) + % hy .

We now transform to the variables, T, 7, and substitute pv from

D( 21T £+ +
e :eTTXf s (52) Ptz + (B ny o ) 1y

We substitute the value of Tx (eq. (2.7)) and Ny (eq. (2.8)) and

equation (2.18).

puefn (hrty + My )

£ :) T + 2T fnnx]
2

rearrange
ETpe'lleU.eTfn
21(fphr - hpfr) - fhy = - ———— 2

1 7 M oHgt,

]_ WM
f h
<OWH%> Hst> ﬂﬂ) <GQWMW N n

The last term contains cwpp/cpwuw which can be treated like pu by
£
setting
owl  oufo (ppfo)/(pu/o)g

OPykeg Pt/ Oy [(pwuw)/cw]/(pu/c)s

where (pp/o)g = pu/o  at the stagnation enthalpy and at the pressure
at the particular x station of the boundary layer. We introduce

the function

n o OB/ (2.28)
(on/o) g
As in the case with g
m = m(h; Hgt,P) (2.29a)
my = m(hw; Hgt,P) (2.29)

12



The quantity, m, is normalized in the same way as g. For perfect
gases we can say that m does not depend on the pressure, and for real
gases it varies only slowly with pressure (see appendix A, sect. C).

We can now write the energy equation as

2

g
mh, + fh, + 2 = £
( n) gl 8w \2Hgt ( Tm

- 2T {fnhT - hnfr + > ar <éHst> ]

We evaluate Om/dn as we treated Jg/dn, using the relation Py =0,

cmw

and we get

dm _ (om
M - <B Rl

Then we have

o2
gy { hﬂg + mhnn} + Oy, Thy + 20wy < ;> nn

2T Oyl [f by - hpfr + <6e> = <éHst> J (2.30)

The energy equation can be used in the form (eq. (2.30)) above.
However, the term 6/6e is somewhat inconvenient but it can be
removed if we solve the momentum equation (2.26) for this term and
substitute back in the energy equation. This is done at the cost of
making the energy equation somewhat longer than in the form above

(eq. (2.30)). With this substitution we obtain

B

Ue
2Hst> [<§ﬁ> hnfnfng + &(fqy + ffnn) + gwffnfnﬂ]

2 2 d. U-e2 > 3:|
£ 2P P f P ) 4 £.3| =0
St>( n Ty - Trfnfan) + - <2Hst n

(2.31)

+ 20y

- ETGmegW [fnhrr - hnf'-r + 2

We will use the energy equation in the form (2.31).

13
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4. Boundary Conditions

Equations (2.26) and (2.31) are a pair of coupled nonlinear
partial differential equations in the dependent variables, f and h.

The boundary conditions at the wall are

£(1,0) = fn(T,O) =0 (2.32a)

h(T,0) = nhw(T) or hy(T,0) = hnw(T) (2.32p)
and for the transition into the exterior flow

fn(T,w) =1 (2.32¢c)
'U_ez

EHSJC«

(2.324)

it

n(T,0) = he(T) = 1 -

C. FURTHER TRANSFORMATION OF THE PARTTAT: DIFFERENTIAL EQUATIONS

The momentum equation (2.26) and the energy equation (2.31) as
given above are valid for both two-dimensional and axisymmetric flows.
Tn order to solve equations (2.26) and (2.31), the body shape and the
external flow myst be known (can be numerical): r = r(x) and
Ue = Ue(x). The transformation from x to T gives: ue = ug(T) (can
be numerical). We can expand the momentum and energy equations in
series in powers of the longitudinal variable. This series represent-
ing the flow from the stagnation point will involve fractional powers
of the variable T (ref. 7, p. 322). To avoid fractional powers we can
make a second transformation to a new longitudinal wvariable, &. The
second transformation will result in a separation of the two-dimensional
and the axisymmetric cases.

Near the stagnation point of a blunt body, the first term in the
expansion of the external veloclty is ue = (due/dx)X:ox. From the
transformation equation (2.7) we see that near the stagnation point for
two-dimensional flows T «x2 and ug « T2, For axisymmetric flows,

T « x* and ue « 114, Ve than meke the second transformation as

follows.

1h




1. Two-Dimensional Flows

For two-dimensional flows the transformation is T = £2 and

3 aEd _ 1 3d

3T 4T Ot  2¢ Of

Then the momentum (2.26) and energy (2.31) equations assume the
following forms:

Momentum equation:

1 og d In ue
&y [<§ﬁ> fnfan ¥ gfﬂ“”] ¥ Fan * <§ mE > < - I > = £(fnfeq - Telay)

(2.33)

Energy equation:

Ue

+ 2oyt 2H3;> [<Bﬂ> mfafny + e(fqn” + fnfamn) + gwffnfnn}

f AT P
st> ( &n & ﬂﬂ) at <éHst> ]

(2.34)

The transformation from the original equations, (2.1) to (2.4), to

- Eoywgy [f h& - f§-+2 <

(2.33) and (2.34) could have been made in one step by taking:

X 1/2
£ = (sgn x) <L/ﬂ Oyt e de) (2.35)
@]
Ue \/Py
= o dy (2.36)
2 Yo *

2. Axisymmetric Flows

For axially symmetric flows the transformation used in equa-
tions (2.26) and (2.31) is T = t* and

o _d&o _ 1 9

dr  ar d& 4t 3¢

15



Then equations (2.26) and (2.31) assume the following forms:

Momentum equation:

1 Bg 1 /4 In ue
[ byt + gfnnn} + Fgn * 5'<d YA

1

Energy equation:
Bm 2
&y 5E hﬂ + thm + cwmwgwfhn
1 ue® = a [ue® 3
‘ (2.38)

Again, the transformation from the original equations to (2.37) and

(2.38) could have been made in one step by taking:

bd i/ 4
(sgn x) <L/q Pytier™ dx%> (2.39)
o}

TUe fy
ek o dy (2.540)
§2 7 Jo 1

3. Boundary Conditions

v
1l

il

The boundary conditions for the pairs of equations (2.33), (2.3%4)
and (2.37), (2.38) at the wall are

Il

£(£,0) = £q(6,0) = 0 (2.41a)
n(g,0) = hw(g)  or  hp(g,0) = hy(E) (2.41p)
and for the transition to the exterior flow:

fn(e,0) =1 (2.41c)

1

he(E) = 1 - ue™(e) (2.114)

h(E,)

16
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4. TForm of Equations
We see that in the variables £, mn, the two-dimensional and the
axisymmetric equations are slightly different and will have different
solutions. In the remainder of this work only the axially symmetric

case will be considered.
D. REMARK ON THE MANGLER TRANSFORMATION

We have shown that the equations for two-dimensional and axisym-
metric flows are identical in the independent variables T and 7.
Following the idea of Mangler (ref. 1, p. 190), we can compare body
shapes for identical flows (in T and n) for the two cases. Speéifi-
cally, we will check the two-dimensional shape that will correspond to
an axisymmetric blunt body. To do this we set up two hypothetical
flows with the same u.(T), pW(T), and (7).

We let:

X longitudinal coordinate with axisymmetry

X

Then

Il

longitudinal coordinate with two-dimensional flow

]
1]

x
JF oy ter® (x1)dxy
o

X
JF PyHyte dx
o]

So x and X have a one-to-one correspondence at corresponding points

1
1l

(same T values).
For flow around an axisymmetric blunt body we have the external

velocity distribution:

Ug = Q1X + aaX® + asx® + .
or

Ue = BiTY % + B3/ % 4+ B/ % + . L.

]

For the corresponding two-dimensional body

& = o (Di(Thue()

17



and

T
— d:
X = L/ﬁ Tl
o Putwte
which yields
X = ClT8/4 -+ .

and
ue ~ kl}_c-l/3 + .

This 1ue distribution corresponds to a body with a wedge-shaped vertex,
not a blunt body. In most cases this wedge shape would have to be
found numerically and it would be tedious. For correspondence in
supersonic flows the shock wave should be detached from the wedge.
(This will generally be the case; for a 90° wedge the shock wave will
be detached for all but the highest free-stream Mach number flows).
Except in the immediate vicinity of the stagnation point, it seems
that the Mangler transformation is not of great practical use in making
a two-dimensional comparison with an axisymmetric blunt body. In any
case, the Mangler transformation does not give a correspondence between
a blunt axisymmetric body and a blunt two-dimensional body. This
result is similar to that found in incompressible flow, where, for
example, the Homann stagnation-point problem corresponds in two dimen-

sions to the 90° wedge (ref. 1, p. 190).

18
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CHAPTER 3
DETERMINATION OF THE STAGNATTION-POINT EQUATIONS

The momentum and energy equations (2.37) and (2.38) can be
expanded in powers of the transformed longitudinal variable, £, as
illustrated in appendix A. In this chapter we will obtain the

stagnation-point equations which are of zero order in powers of E.
A. REPRESENTATION OF THE GAS PROPERTIES

In equations (2.21), (2.24), and (2.28) were introduced dimension-
less representations of the gas properties, g, o, m. The functional
forms of the gas properties will affect the solutions of the boundary-
layer equations. The gas properties will be represented as polynomials
in powers of (h - 1). The coefficients in the polynomials will become
parameters to which we can assign values.

Ng
g(h; Het,P) = 1 + Z g—J (n - 1) (3.1a)

J
J=1

5o - 1)’ (3.1b)

m(h; Hgy,P) = 1 + T

=

[
i
l_l

=
jon

- (n - 1) (3.1c)
Je

il
o
+
o

5(h3 Hst:P)

Ce
i

The quantities Ng, Nm, N& denote the highest powers retained in the
polynomial expressions. For real gases, the coefficients 83, M3, 63
will depend on the value of Hgt and they will vary slightly with the
pressure, P. For perfect gases, there is no dependence on P, and B

does not depend on Hgt (see appendix A, sect. C).
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B. EXPANSION OF THE QUANTITIES IN THE MOMENTUM AND ENERGY

EQUATIONS IN POWERS OF THE LONGITUDINAL VARTABLE

To begin, we expand the functions f(&,n) and h(g,n) as follows:

c £5(n)et
£(g,m) = z —11—~ (3.2)
1=0,2,4,¢4.
o h. j_
n(e,n) = z _1_513)_&__ (3.3)
i=0,2,4,.

These expansions are even in powers of § because of the symmetry of

the flow. This 1s obvious in the case of h. With f we recall that
fn = u/ue. The velocity, u, must be odd or even according as ue is

odd or even, so thelr guotient 1is even.
in ¢. (It will be seen below that ue

notation fi(k) = [dkfi(n)]/dnk, we have

Thus, fﬂ and £ must be even

is odd in ¢.) Using the

o
e fi<k) i
N i=0,2,4,...

with corresponding expressions for h.
It is also necessary to expand the external velocity ue(g) in

powers of E.

o9}
Ye %1 g
Tj:::::= }: I g+ (a1 £ 0) (3.4)
PHst, i=1,3,5,...
The aj will be the parameters that describe the distribution of the

external velocity from the stagnation point of a blunt body. From con-

siderations of symmetry of the flow and knowing that wue 1s zero at

the stagnation point we see that the expansion for ue must be odd
in E.
a1
In the momentum eguation (2.37), the term aTEE;EEA occurs;
n

it is expanded to

20



o0
i
(4 - 1)t
d in ue I3 due _ < _ i=1,3,5,...
d in & Ve dt ue ak N}EHst hd as
i .1
'*'.2Hst ;7 &

il

1i=1,3,5,...
(3.5)
In the energy equation (2.38), the term ug2/2Hgt can be expanded

as follows

bn .n
= g (3‘6)
EHs't < l\’ 2Hst n—zzé 8 n!
=2,4,6, .0
where (see eq. (3.4))
n-1
bn = > <;l> aran-r (3'7)
I":_'L,S,_S, PR

and <§> is the binomial coefficient.

The wall Prandtl number, oy, can be expanded in powers of £ as:

(e o]
1 0— . .
WL 1
Oy = > ?j— 3 (3-8)
) !
i=0,2,4,...

Now all the terms needed to expand (2.37) and (2.38) are available.
We next examine the boundary conditions (2.41) in view of the
expansions assumed ((3.2) and (3.3)). For the wall-enthalpy boundary

condition the expansion is

hwi 4
nw(g) = Z THLE (3.9)
i=0,2,4,...
where the hwi are constant parameters. For the free-stream enthalpy

boundary condition we have the expansion

ue2 §j bn
h =1 - = 1 - .10
e(&) PHat gn (3.10)
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Referring to equations (2.41) and using (3.9), (3.10), the boundary

conditions for the T and h expansions can be stated as follows:

At the wall,

£5'(0) =0 it 0,2, 4, . .. (3.11a)

£4(0)
hs(0) = hwi i: 0, 2, 4, . .. (3.11b)
and at the transition to the exterior flow,

1 and £fi'(w) = 0 i: 2, 4,6, . .. (3.11c)

fl

fo'(°°)
ho(e)

In the case of a prescribed heat flux, the boundary condition hi'(0)

by it 2, 4, 6, . . . (3.114)

i}
1]

1 and hi ()

will be given instead of (3.11b)
C. THE STAGNATION-POINT EQUATIONS

These equations are obtained by considering terms of zero order,
£©. To write these equations we set £ = O in (2.37) and (2.38). We

will use the notation, g,y = g(hwo) and myo = m(hwo). From (3.5)

<§ n ue>

—_° =1

d in & E=0

From equations (2.2L4b), (3.1c), and (3.10) we have:

5e(gzo) = 8[1; Het,P(0)] = 1

Then the zero-order equations are:

Momentum equation:

1 [/3 o o - |
é;g—{ 5§ hoho f' + [alho) I }'+ oo™ + 3 [8(ho) - (%o )21 =0

(3.12)
Energy equation:

[m(ho) Ind" + §§> (ho')e + Oyolyofoho' = O (3.13)

Equations (3.12) and (3.13) are a palr of coupled nonlinear ordinary

differential equations in f5 and hy. The boundary conditions are

22




e O,

given by (3.11) for i = 0. These are the equations to which we will
seek general type solutions. The solutions for £y and hy can be con-
sidered as wvalid representations of f and h in the vicinity of the

stagnation point, the first neglected terms being of order 2.
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CHAPTER 4

THE METHOD OF SOLUTION OF THE STAGNATTON-POINT EQUATIONS IN
TERMS OF THE CONTROLLING PARAMETERS

In this chapter we will derive the method to be used in obtaining
universal type solutions to the stagnation-point eguations. The

numerical results wiil be presented in chapter 5.
A, THE STAGNATION-POINT EQUATIONS

At and very near the stagnation point the values of f and h
become Ty and hg, respectively (egs. (3.2) and (3.3)). These are
obtained as solutions to the zero-order equations (3.12), (3.13).

At this point, in order to avoid excessive subscripting we will

make the following change of nomenclature:
To = F (k.1la)
hy = G (L.1p)

We will introduce polynomials (3.1) into (3.12), (3.13), and we will

assume one new relation:
Owo = 0o + oy(hwo - 1) (4.2)

Equation (4.2) is an artificial relationship between constants. It
will be seen subsequently that the use of (L4.2) permits the perturba-
tion of oyo to be combined with that of hwo. The quantity, oo, is
the reference value around which oy 1s perturbed, and it is the
wall Prandtl number value used in obtaining machine solutions for
universal functions, while o3 1s defined by equation (h.2). Tt will
be seen that we will always work with the product ogi(hwo - 1) which

remains finite.
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We now have for the zero-order equations

Energy equation:

Nm Nm
ma . ) m- .
L+ Z (e -1 e+ |m o+ Z —4— (¢ - 1) (¢")2
AR} Lo (3 - 1)
J=1 J=2
Nm
m- .
+ [op + o1(hwo - 1)] |1 + — (nwo - V)Y Fa' =0 (4.3
gt
J=1
Momentum equation:
Ng Ng
— g4 j-1 . .
g, + > —d— (¢ -1) G'F" |1+ }: 5 (¢ - 1)d]
SRR G R VR JAREE
J=2 J=l
Ng N .
3 g. . . .
+ 1+>J—i(mm-1ﬂ FF" - (F')2+ L |14 (g -1)|} =0
3t 2 2 ot
:jzl j:l

(b
In the new notation the boundary conditions (3.11) are as follows:
At the wall:

F(O0) =F'(0) =0 (L.5a)

G(0) = nwo (4.5b)
and at the transition to the exterior flow:

F'(w) = G(e) =1 (4.5¢)

B. METHOD OF SOLUTION

We will attempt to set up universal type solutions of (4.3) and
(4.4) in terms of the controlling parameters; in particular we will
expand G and F into Taylor's series in terms of (hwo - 1). It will
be seen below that the effects of all the other parameters will be

separated out by the perturbation of the one parameter, hwo.
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In Taylor series form we have

o) = Goln) + ) W (1o - )t (1.6)
#() = Eolm) + ) i (o - 1) (7)
where
S(i)G(n)

Gi(n) = )
Shwo (hwo=1)

with a corresponding expression for Fi(n). From equations (4.5) we

can write the boundary conditions for the terms of (4.6) and (L.7) as

follows:
At the wall:
F;(0) = F;'(0) =0 it 0, 1, 2, 3, . . . (4.8a)
Go(0) = G2(0) = 1 (4.8b)
G;(0) =0 i: 2, 3,4, ... (4.8c)

and at the transition to the exterior flow:

|l
il

Fo'(w) = 1 Fi' (o) = 0 it 1, 2,3, . .. (L.84a)

1 Gi(o) =0 it 1, 2,3, « . . (L.8e)

Go(w)

il

The expansion of G and F in powers of (hwo - 1), around
hwo = 1, is a regular or nonsingular perturbation. It is a perturba-
tion around a given boundary condition. The forms of equations (L4.3)
and (L.L) are preserved and no boundary conditions are lost.

The range of convergence of expansions (4.6) and (4.7) is not
known a priori. This question will be discussed in chapter 5 in

connection with the numerical solutions obtained.
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C. ZERO-ORDER, (hwo - 1)°, EQUATIONS

‘To obtain these equations, we substitute expansions (L.6), (4.7)
into equations (4.3), (4.4) and set hwo = 1. We obtain:

Energy equation:

Nm
. m- .
J dJ 1 dJ J-1 ty2
— - 1)YGs" + [my + E: —= (G - 1) (Go")
[ J O © * ! (J —l)'. © ©
J=1
+GoFOG‘O' =0 (J-l-.9)
Momentum equation:
Ng Ng
g-
gl+y———‘J (Go -l)JlGF”+ l+z J(G—l) o
- (5 - 1) Jt
J=2 J=1
Nd
6 N
FFFS - 5 (B 2|1+ ) (g -1)9 =0 (k.10)
2 2 /3t
J=1

The boundary conditions are given in equations (4.8) with i = O.
It can be seen by inspection that the energy equation (L4.9) has

the solution
Go = 1 (k.11)

We insert (4.11) into (4.10) and obtain:

F " + FoF + % [1 - (Fo')3] =0 (4.12)

Equation (4.12) with boundary conditions given by (4.8a) and
the left side of (L4.8d) is the Homann equation for the axisymmetric
stagnation-point problem for incompressible flow. The numerical
solution of the Homann equation is known (ref. 1). This is the only
nonlinear equation in the system we are developing. All higher-order

equations will be seen to be linear.

27

!”



D. HICHFR-ORDER, (hwo - 1)1, EQUATTONS

The higher-crder equations can be determined by substituting
expansions (4.6), (4.7) into equations (4.3) and (L.4) and then
collecting powers (hwo - l)i. An equivalent procedure is to take
partial derivatives with respect to Ahwo, to the various orders wanted,
of equations (4.3), (4.4) and then to set hwo = 1. .The equations all
have the following form:

Energy equations:
Gi" + (0oFo)Gsi' = (right side) it 1, 2,3, « « . (4.13)
Momentum equations:
Fi" o+ (Fo)F{"' - (Fo')Fi' + (F")F; = (right side)
it 1, 2,3, . .« . (L.14)

The invariance of the left-hand sides of the equations eases somewhat
the task of machine programming the solutions of the equations.

Another point of interest that we observe from (L4.8) is that,
above the first order, all the pertinent boundary conditions are homo-
geneous. This means that we can always satisfy the boundary conditions
of the stagnation-point problem when we carry the expansions to, or
beyond the first order, and then truncate the series.

Equations (4.13) and (L4.1L) are written out with their right-
hand sides in appendix B. The solution for each order depends on the
solutions of the lower orders. For a given order, the momentum equa-
tion is coupled to the energy equation, but not vice versa. As seen
in appendix B, the effects of the parameters appear on the right-hand
sides of the equations, so the solutions will logically agsume a split
form.

Tn obtaining numerical solutions we will use third—degreg poly-
nomial representations for the gas properties, m, g, d. As seen in
appendix B, the parameters, mj, g;, i, appear progressively with the
order of the equations. Through the third order the equations have

been set up in complete form, but the numerical results (cn. 5)
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will show that some terms can be dropped. Above the third order, only
significant terms have been retained in the equations (determined by

comparison with exact solutions).
E. FORM OF SERIES FOR G AND F

Solutions of equations (4.12), (4.13), and (L4.14) will yield
universal functions that can be put into expansions (L.6), (4.7) to

yield the following form

Jo -1
G=l+lGl(Ll!——)_

2

+ [(m1)1G2 + (g,)2G2 + (81)3G2 + (201)2G1] g@ﬂ?é;_&l_
+ (higher order terms) (4.15)

o -
F =Ty + [(g))1F1 + (81)2F1] Q*E%T“_El

(hwo -1)2
+ L.« +(go)aFe +(82)sF2 + (g101)aF2 + (8101 )pFa+. .+ -] B
+ (higher-order terms) (4.16)

The nomenclature iGj, {Fj represents the 1ith split function of the
Jth order. It is multiplied by the parameter to which it corresponds,
as indicated on the right-hand side of its equation in appendix B. A
letter subscript (e.g., gFs) represents a function that will either be
dropped or approximated. An exception to this nomenclature system is
with the term »G; which is a second-order term (see appendix B,
sect. B). The nomenclature of this term will appear consistent in
equation (4.17) below. The term »G; has the boundary condition of
the second-order terms, 5G.{0) = O.

Using equation (L.2) we substitute (oo - 0o) for oi(hwo - 1) in

the series (4.15), (L.16) and we have the more desirable form
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1 2
G =1+ |:1G'1 + (Gwo - UO)ZGl + g (UWO - GO) aG'B

(hwo - 1)

+ higher orders in (Uwo - Go)n] Tt

2
+ [(m1)1G2 + (g,)2G2 + . . ] izl-T'—JE——_—ll—-+ (higher -order terms)

= (k.17)
F = F, +{1}F1 + % (owo - 0o)aFz + % (owo - Uo)ganj (g,)
o2+ 2 (ouo - 0o)ez + L (oo - a0)ers | (80)
+ higher orders in (oywo - oo)n}-ihﬂ§?l—£l
+ [ o+ (80)aF2 + (82)sF2 + .+ . ] EEKEEfQEXi
+ (higher-order terms) (4.18)

In obtaining numerical solutions we will restrict the values that
we will allow oy, to take within rather narrow practical limits
(0.65 < oy < 0.80). Comparison with exact solutions will show that
within any given order of (hwo - l)n', orders of (Gwo - oo)j higher
than the first can be neglected. In fact, for some of the terms, even
the first order of (Gwo - co) produces a negligible effect.

The series indicated above (egs. (4.17), (L.18)) are written in
their final form in chapter 5 (egs. (5.3), (5.4)). At this point it
should be mentioned that we will never use the infinite sgeries. We
will truncate the series, so that actually G and F are represented
by finite polynomials in powers of (hwo - l)j.

For the convenience of the reader, in figure 1 are shown the
derivation of the jGj and jFj5 terms through the third order, and

the significant (retained) terms are shown for the higher orders.
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Figure 1.- Derivation of axisymmetric stagnation-point universal

functions.
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F. THE METHOD OF SOLUTION APPLIED TO EQUATIONS OF
HIGHER ORDER IN POWERS OF ¢

A method of determining general solutions to the stagnation-point
(Zero order in &) equations has been explained in this chapter. This
same procedure of obtaining solutions by expanding in powers of
(hwo - l)‘j can be applied to the equations of higher order in ¢, the
forms of which are given in appendix A. These solutions become
increasingly complicated, as they depend on the solutions to the
zero-order (and lower t? order) equations. It is probably more
practical to obtain solutions downstream of the stagnation point by
finite-difference methods. The procedure described here will deter-

mine stagnation-point profiles which can be used as starting values

for finite-difference methods.
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CHAPTER 5
NUMERICATL, SOLUTIONS FOR THE STAGNATION-POINT EQUATTIONS

The equations shown in chapter L (and appendix B) cannot be solved
analytically. In this chapter we will present the numerical solutions

to these equations.

A. METHOD OF OBTATINING NUMERICAL SOLUTIONS

Equations (4.12), (4.13), (L.14) (see also appendix B) with
boundary conditions given by (4.8) were programmed by the author for
gsolution on the IBM 7000 digital computer. The solutions to the equa-
tions were split as indicated in appendix B. All are linear equations
except the zero-order momentum equation (4.12). The machine computa-
tion is of such a nature that functions can be generated that solve
the differential equations provided sufficient initial (wall boundary)
conditions are known. All of the equations to be solved are accom-
panied by outer boundary conditions rather than just wall boundary
conditions. Once a solution is determined that satisfies the outer
boundary conditions, then sufficient initial conditions are known to
generate the solution again.

Because of its nonlinearity and because Fgy and its derivatives
are in the coefficients and the right-hand sides of the linear equa-
tions (4.13), (L4.14), equation (L.12), the Homann equation, was solved
separately from the rest. The procedure in finding the solution was
to adjust an unknown initial condition, Fo%(0), until the outer bound-
ary condition (left side of eq. (L4.8d)) was satisfied. Then the func-
tion could be generated again using the three initial conditions,
Fo(0), Fo'(0), Fo'(0). The purpose of this solution was to accurately
determine FgJ'(0). Then, in solving the linear equations, the comput-
ing machine could generate Fo(n) and its derivatives as needed for
solutions with a variable increment size (see sect. B below). For the
machine computation, infinity was taken as sufficiently realized at
n = 10. This seems allowable as FO'(n) approaches unity asymptoti-

cally as 1 TDecomes large. The selection of 1 = 10 is explained in
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appendix C wherein an asymptotic solution of this equation is given.
The plot of Fy'(n) is shown in figure 2(a).

The linear equations were solved for the proper boundary values by
linear superposition. The complete equations were solved with the
given initial conditions, and one additional (arbitrary) assumed
initial condition, iGj'(O) for the energy equations, and iF3"(0)
for the momentum equations. The homogeneous part of the energy equa-
tions was solved with the initial conditions, iGj(O) = 0 and with
iGj'(O) begin given an assumed arbitrary value. The homogeneous part
of the momentum equations was solved with 3Fj(0) = iFj'(O) = 0 and
with iFj"(O) being given an assumed arbitrary value. The homogeneous
solutions could then be multiplied by constants and superposed to the
complete solutions to obtain the proper boundary conditions at infinity
(n = 10). These superpositions provided the correct missing initial
conditions, iGj'(O) and iFj'(O). The correct solutions could then be
generated again at will. The superposition method described was pro-
grammed into the computing procedure.

Because of their dependence on one another, the equations had to
be solved in the order in which they are listed in appendix B. Actu-
ally, all the equations were programmed into the machine éimultaneously
(after having separately determined Fg' (0) as described above). The
proper order of solution of the equations was handled by the computing
machine by letting the program make a number of 'passes' through the
machine. The final pass generated the correct solutions to all the
equations, with the solutions split into their components. All of the
solutions approach their boundary condition at infinity asymptotically,
and the boundary conditions at infinity are adequately represented at
n = 10.

In programming the solutions to the equations, the author was able
to use an existing subroutine for the integration of a family of second-
order differential equations. This is "Share" Subroutine RWDEGF con-
verted to "FORTRAN" language. -This subroutine obtains starting values
by the Runge-Kutta method, and the main integration is carried out by

the Livermore Cowell method, which is a predictor-corrector procedure.
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This subroutine was used directly in the energy equations which are of
second order. An additional differential equation was paired with each
energy equation in order to obtain the integral with respect to n of
each enthalpy term, iGj (used in calculating y and 8% and explained
in chapter 6). An existing subroutine for integrating third-order
differential equations was not known to the author, so the momentum
equations (which are third order) were split into pairs of second-order
equations in order to use Subroutine RWDEAF. The simultaneous solution

of a large number of coupled differential equations poses no difficulty

for the computing machine.
B. THE NUMERICAL RESULTS

The universal solutions obtained separate out the effects of the

parameters of the problem (through third-degree gas-property polynomials).

The one parameter that cannot be separated out is op because it appears

in a coefficient on the left side of the energy equations (h.l3). The
quantity, oo, can be assigned an arbitrary value as it is the reference
value around which we elect to perturb the wall Prandtl number, oyg.
For the numerical solutions, we are using the value, o5 = 0.75.

A number of terms in the series expansions (4.17) and (L.18) are
affected by the value of the wall Prandtl number, oyo. We have set
narrow limits for the variation of this quantity (0.65) < oyo < 0.80),
and within this limitation we can approximate the universal functions
that involve oyo (or o,). Each term involving owo can be regarded
as a modification or perturbation of another term. For example, from

equation (4.18) we have the term:
1 1 2
[iFl 3 (0o - 0o)aFz + 3 (0w - 95) anJ (8,)
Comparison with exact solutions will show that the term involving
(OWO - 00)2 can be neglected while the term with (GWO - oo) can be
considered as a small modification of the first term, F;. The func-
tions, 1F1 and gFs, have the same boundary conditions so we can set up

the approximation
aFz = (C)Fy
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where C 1is a constant to be determined. Then we can write for the

term giving the effect of g;:

[1 + C(Gwo - Go)](gl)lFl

This is the form that will be used in the final writing of the series
for G and F. This approximation states that the effect of oye 1s
to modify the effective value of the parameter involved (gl in the
case illustrated). The accuracy of this approximation was checked by
comparison with exact solutions as described below in this chapter.
The constant, C, was adjusted to give accurate values of G¢'(0) and
F'"(0). This procedure eliminated the need for solving for the univer-
sal functions containing o1 in the equations in appendix B. The one
exception is G, which appears in equation (4.17); 2G, was solved
for. This was necessary because 2G; has a different boundary condi -
tion than 1Gi, so these two terms could not be combined. The term,
5G,, which is actually a second-order term moved to the first order,
has the second-order boundary condition 5G.(0) =0 (see ch. L, sect. E,
and appendix B, sect. B).

The universal functions used in the final formulas for G and F

are shown in figure 2. The components of the dimensionless velocity,
1

J

is more immediately meaningful. In figure 3 are shown plotted the

iFj': have been plotted rather than ;Fj as it is felt that jF

universal integrals (see ch. 6) of the 1G5 functions, as defined by

the formula

gl
1I3 = \/P 1G5 dn, (5.1)
@]

In both figures 2 and 3 it is seen that all of the functions approach
their outer boundary conditions asymptotically.

Numerical values of the universal functions used are presented in
table I. The tabulations include the jGj functions, the first and
second derivatives, and the integrals, iIj, of the iGy functions;
the jFj; functions with the first, second, and third derivatives are
tabulated. The machine computes to eight significant figures, but addi-

tions and subtractions were made in solving the differential equations;
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Figure 2.- Axisymmetric stagnation-point universal functions; o5 = 0.75.
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therefore it is believed that the results presented are generally
accurate to five decimal places, as presented in table I.

A1l of the universal functions obtained have been recorded on a
permanent binary tape. The differential equations were originally
solved with a varisble increment size which allows the computing
machine to determine optimum increments of the independent variable.
In order to avoid tabulating odd values of 1, the calculations were
changed to fixed increment sizes for recording on the permanent binary
tape. The fixed increments were selected to be no larger than the
variable increments for given values of 7. The smallest increment of
n at the wall is 0.0025; moving out from the wall the increment is
doubled four times at different 7 values so that the largest incre-
ment is 0.0L. Approximately 600 values of 1 (with corresponding uni-
versal functions) are on the permanent binary tape of which a rela-

tively small portion is presented in table I.
C. ADJUSTMENT OF HIGHEST-ORDER TERMS

The series forms for G and F, indicated in equations (4.17) and
(4.18) can be thought of as truncations of infinite series. The radii
of the circles of convergence in the complex hwo plane of the various
terms of the two series are difficult to ascertain, but the principal
interest is that the two truncated series accurately represent func-
tions which solve equations (L.3) and (4.4) with boundary conditions
(4.5). We will adjust the highest-order terms that we retain (for
each parameter or combination of parameters), and the resultant two
series can be thought of as Taylor series with remainders.

From the theory of Taylor series with a remainder (ref. 8, p. 98,
ref. 9, p. 14), we know that the remainder can be adjusted so the
series passes through a given point., As illustrated in the sketch, we
can expand the function vy = f(x) into a Taylor series around the point,
X = a. We assume for the present that the series is convergent. We
imagine the series carried throﬁgh the second order and having a remain-
der term. This remainder term is actually an adjusted third-order term.
This adjustment can be made so that the series passes through the exact

point, . (The series also passes through Yg since it is expanded
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Ist order

3rd order
= - - — 2nd order +
Ip* F(b) Ve remainder
2nd order
y = f(x) |
Exact f(x) ;
= f(a I
Yq ( )o -

around this point.) For the range of x, a < x <b, the fit between the
second-order series with remainder and the function,‘f(x), will, in
general, not be exact, but it can be very good depending on how well
the function, f(x), can be fitted by a polynomial of third degree. The
illustration given is with the assumption that the Taylor series con-
verges when a < x < b. Often, the same considerations will apply when
the point, x = b, 1s outside the circle of convergence of the Taylor
series, or when the series 1s an asymptotic expansion. The principal
criterion is, again, how well the function, f(x), can be fitted by a
third-degree polynomial when the coefficient of the third-degree term
is at one's disposal to adjust.

The method explained above was used in adjusting the highest-order
terms in series of the type (4.17), (L.18). Practical extremes of
(hwo - 1) and the various parameters were selected; and the highest-

order terms were adjusted so that the series solutions matched the
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exact solutions of equationé (4.3) and (L.L4) for these extreme condi-
tions. After the adjustments were made to the highest-order terms,
moderate combinations of (hwo - 1) and the parameters were then
selected and the matchings of the adjusted series solutions with the
exact solutions were checked. This will be explained below in more
detail.

It is probably desirable to list the steps in a rigorous method
of adjustment of the highest-order terms (although this procedure was
not actually used). In the sketch above it should be recognized that
the variable x corresponds to the product of (hwo - 1) and some com-
bination of parameters. The sketch can be thought of as illustrating
the adjustment for one particular value of the variable, n. Of course,
this adjustment must be made for all values of 17, or (as is probably
obvious) the adjusted highest-order terms are functions of 7n. In a
rigorous adjustment of the highest-order terms, one would first assign
practical extreme values to (hwo - 1) and the parameters. One would
then obtain exact solutions to equations (4.3) and (L4.4) for these con-
ditions. Next, one would evaluate the series of type (L4.17), (4.18)
through one order less than the highest order to be used. Finally, -one
would subtract the next to highest order evaluations from the exact
solutions. The differences obtained would give the adjusted highest-
order terms. The series with adjusted highest-order terms could be
checked against the exact solutions with moderate combinations of
(hwo - 1) and the parameters.

The method that was actually used to adjust the highest-order
terms was an adjustment on these terms as numerically calculated
(table I). The method was simply to multiply each highest-order term,
iGj and iFj: by a constant. The constants were determined by matching
the wall derivatives, G'(0) and F"(O), with those obtained from exact
solutions of equations (L.3), (4.4). The possibility of using this
method comes from the fact that for a given parameter, the curves of
related universal functions shown in figure 2 have approximately simi-
lar shapes. As an example, in figure 2, we can compare the curves for

1F1', 1Fo', and iF3', which are all connected with the parameter g,
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and we can see that the shapes are roughly similar. We can surmise
that terms of higher order connected with g, would continue to have
approximately this shaepe, or, if the higher-order terms would be lumped
into one remainder term, it would have this same approximate shape. 5o
it seems likely that a reasonable remainder term can be obtained if

1Fs is multiplied by a consbant. The "rigorous" method previously
described is exact at the conditions for which 1t i1s calculated, but
it, like the method actually used, can only be a good approximation

at conditions other than those for which calculated.
1. BExact Solutions

In order to adjust the highest -order terms in our expansions, we
need exact solutions of equations (L4.3) and (L.k4) with boundary condi-
tions (L.5). In obtaining exact solutions, selected values of the gas
property parameters were inserted into (4.3) and (L.L). A selected
value of hwo was inserted in equations (L.3) and (4.k4) and also in
the boundary condition (L.5b). In programming the solutions, the
third-order equation (L.L) was split into two second-order equations in
order to use an existing subroutine (the procedure described in
sect. A). The procedure used in starting the solutions was to guess
the "missing" initial (wall) conditions, F"(0) and G'(0), and run the
case through to the outer boundary (n = 10). A systematic procedure of
incrementing or decrementing the initial conditions, F"(O) and G'(0),
was used until the two outer boundary conditions (L4.5c¢) were "bracketed"
(last two trials gave values greater and less than the correct outer
boundary conditions). Both initial conditions were adjusted simul-
taneously as it was found that while the equations interact with each
other, equation (L.3) is most sensitive to G'(0) while (4.k) is most
sensitive to F"(0). It frequently happened that one equation found a
bracket while the other was still incrementing toward its bracket,
Further incrementing of the second initial condition sometimes resulted
in the first eguation being thrown out of its bracket as a result of
interaction, so this contingency had to be provided for. When both
outer boundary conditions were bracketed, linear interpolation was used

to determine a new pair of initial conditions, and the increment sizes
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on the initial conditions were reduced. The above described increment-
ing procedure was then repeated until new brackets were found. This
procedure was repeated as many times as needed with decreasing incre-
ment sizes until the outer boundary conditions were satisfied to six
decimal places. The simple routine described above was programmed, sO
that the final answers were obtained as output in one machine opera-
tion. Most cases were handled in from 20 to UO "passes." One "pass"

required about 15 seconds of machine time.
2. Adjustment of Highest-Order Terms Not Involving oOyg

In order to determine the values of the constant multipliers of
highest-order terms not involving oy in the G and F expansions, a
number of exact solutions of equations (4.3) and (L.L4) were obtained
Wwith oyo = 0o = 0.75 {(or o1 = O which is the same thing) and with
hwo = O (an extreme value).* The extreme values of the gas property
parameters were selected as values that would more than encompass the
range of air properties for a flight Mach number of about 10. The

values selected are

m,; = -1.0 me = 1.5 msg = -4.5 (5.2a)
g, = -1.5 go = 2.0 gy = -6.0 (5.2b)
5, = 1.0 8 = -0.4 853 = 1.2 (5.2¢)

These parameter values were inserted in equations (4.3), (k.4) in
various combinations, and the constant multipliers in the series expan-
sions were determined by matching the wall derivatives, G'(0) and F"(0),
between the exact and the series solutions. With the values of the
constants inserted in the ¢ and F expansions, comparisons were made
between exact solutions and series expansion solutions using hwo

values of 0.2 and 0.5. This gave comparisons of answers under condi-
tions different from those used to determine the constants. The values
of the constants determined by the procedure described are shown below

in section D, equations (5.3) and (5.4).
*The use of hwo = O does not imply that we expect to physically

realize this value in a boundary layer. It is a mathematically con-
venient extreme value to be inserted into equations (4.3), (4.k),
and (4.5b).
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The comparisons of the values of the wall derivatives obtained
from the exact soclutions and those obtained from the expansions are
sumarized in table 5-1. Parameters listed for a case have the values
listed in table 5-1; the other parameters for a particular case are
zero. The underlined values of the calculated wall derivatives are
those for which the constants were adjusted to make the calculated
derivatives equal to the exact derivatives (at hwo = 0). In some
cases both G'(0) and F"(0) are underlined which means that two con-
stants were determined. In other cases (e.g., case my), only one
derivative is underlined which means that only one constant was avail-
able for adjustment.

Of the cases listed in table 5-1, the largest error seen is
2.5 percent which occurred in two cases, case mzg and case mMp,Ma.
Most of the comparisons are within 1 percent. This is thought to be
a very satisfactory check. It was not necessary to check the cases
at hwo = 1. All cases check exactly at this wall enthalpy value
since the perturbation is made around hwo = 1.

The cases listed in table 5-1 were compared throughout the bound-
ary layer. Plots were made comparing the exact and calculated values
of @(n) and F'(n) for the cases listed at the three hwo values used.
As examples, the plots of several cases are shown in figure 4. The
81 case (figs. L(a-c)) shows the effect of one parameter. Two con-
stants were determined for this case (underlined in table 5-1). It is
seen that the agreement throughout the boundary layer is very good.
The g,,%1 case plotted in figures L(a-f) shows the effects of a
combination of two parameters. Two constants were determined for this
case, and again the agreement is very good.

In the latter part of table 5-1 are shown some cases involving
combinations of parameters for which no constants were determined (not
underlined). Constants could have been determined for these cases,
but the terms associated with the constants were dropped in order to
keep the G and F series to reasonable lengths. The terms were dropped
on the basis of having only a small effect on the wall derivatives.

This could be expected to possibly produce larger errcrs away from the
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TABLE 5-1.- COMPARISON OF WALL DERIVATIVES WITH WALL
PRANDTL NUMBER FIXED

Oyo = 0Jo = 0.75

N Gﬂ(ofW' a'(0) F"(0) F''(0)
Case hwo gxact calculated exact calculated
o 0 0.48311958 | 0.48311958 .92768005 | 0.92768005
parameters .2 . 38649566 . 38649566
.5 .24155979 .24155979 ]
0 <L2lhoes2k . 42L06524
m; .2 .34L48 .3419
.5 .2223 .2202
0 .h83uh7é2 48344722 84740213 84740213
g, .2 .3367 .3868 .8550 .8656
.5 2417 .2l 8712 .8792
0 Lhhohe2ol .4Lhok6e293 .55851770 .55851769
51 .2 .3603 .3601 .6375 .6373
.5 .2319 .2317 . 7506 .7505
0 . 12336594 . 12336594 .8493 8Lk
my,g, .2 3Lkl 3417 .8565 .8656
.5 2221 .2202 .8719 8792
0 .38565439 .38565439 .5610 .5585
my,5; .2 .3209 3177 .6394 .6373
.5 .2132 .2109 L7515 .7505
0 . 43670058 . 43670058 47699449 47699448
g,,01 .2 .358L .3582 .56L46 L5751
.5 L2314 .231h L6942 .7023
0 .3808 .3809 4786 L4770
my,g,,01 .2 .3183 .3153 . 5663 L5751
.5 .2125 .210k L6954 .7023
0 10931441 LL0931LL2 . 92768005 . 92768005
Mo .2 3425 3487 . 92768005 .92768005
.5 .2285 .2323 . 92768005 . 92768005
0 .4855 L4831 .82045738 .82045737
go .2 .3879 .3865 8453 .8591
.5 2420 2416 .8865 .9009
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TABLE 5-1.- COMPARTSON OF WALL DERIVATIVES WITH WALL

PRANDIT, NUMBER FIXED

Owo = Oo = 0.75

- Continued

**** e | ') 7(0) F"(0)
Case hwo exact A“_E?;pu%atgq'__ egaet ] calculated
0 0.47884533 | 0.4788L4533 | 0.87701186 | 0.87701185
8o .2 .3843 .38L3 .8953 .8953
- .5 .2410 2410 9151 9150 |
0 . 1083 . 4096 .8479 LBhrl
mo,8, .2 .3420 .3490 .8553 .8656
.5 2284 .2325 8712 8792
0 .3727 .3667 .5651 .5585
mo,d; .2 .3191 .3223 L6415 .6373
.5 .2193 .2225 L7517 L7505
0 LLh2s1 Lhahl .8238 .8205
my,8o .2 3455 3419 .8L76 .8591
.5 . 2205 .2202 .8873 . 9009
0 4200 1198 8762 8770 |
m, ,%o .2 .3h27 .3397 .89L9 .8953
.5 2217 .2196 .9150 . 9150
0 Lu8hy .u83L .807112667“ .86711éé5
81185 .2 .3875 .3868 .8220 .8312
.5 .2419 2417 .851k .8608
0 4788 792 .796&2461 79642401
g,,02 .2 3844 .38L46 .8225 .8330
.5 L2h11 .2h12 8565 .8665
go,01 0 .4382 . 4Lo5 45526707 45526706
.2 .3598 .3601 .5581 .5707
5 .2320 .2317 .7105 .72k
0 43k 4362 49905285 | .L9905287
51,02 .2 <357k .3579 L6012 .600
.5 .2312 .2312 L7371 <7367
0 .L878 L4831 . 79256256 . 79256256
ga .2 <3890 .3865 .8389 .85385
.5 .2420 2416 .8996 .9108
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TABLE 5-1.- COMPARISON OF WALL DERIVATIVES WITH WALL

PRANDTL, NUMBER FIXED

Owo = 0o = 0.75

- Continued

Case
O3

m3

gl)gz)gs

£1,83

€o,815

52:63

61162:63

hwo

A1V 1O

Ul o

\J1 Mo

N

« . . . e
Ul N \Ji \J1 O

J1 o

a'(0) G'(0) F''(0) F''(0)
exact calculated exact calculated
0.48025849 | 0.48025849 .88735514 | 0.88735513
.3853 .3853 .907L . 9070
241k 241k .9227 . 9226
.39541513 .39541513 . 92768005 . 92768005
.3402 .3506 . 92768005 . 92768005
.2333 L2361 . 92768005 . 92768005
Lu8hy L4834 8227 .8239
.3875 .3867 .8L01 8452
2419 .2h16 8711 8771
RRINIRITS) .L4458 .5805 .5796
.363L .3637 .6632 L6624
.2333 .2333 STT3T LT3k
L4362 U376 .51167579 .51167579
.3587 .3589 L6146 .61L0
.2316 .2316 7452 L7450
L1866 L4834 77085440 L770854401
.3886 .3868 7956 .80L6
.2Lh22 2417 .8L00 .8503
L8611 483k .79130612 .79130612
.3881 .3868 817k .3288 )
2420 .2kl .8573 8673
L1880 L1831 .76129792 . 76129793
.389L .3865 . 7990 L8118
2Lol 2416 .8664 .886L
L4759 L4760 .8361 .8367
.3831 .3831 8746 .87h6
.2409 .2408 .910L .9100
. 12960535 . 12960535 L1508 L5020
3558 -3559 5TT9 «OTTL
.2310 .2310 L7317 L7312
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TABLE 5-1.- COMPARTSON OF WALL DERIVATIVES WITH WALL

Owo = Op = 0075

G’ (0) e (o)
Case hwo exact calculated
0 0.14366 0.4367
8,:85785,01 | -2 [ 3588 -3582
) .2317 .2314
0 o228 4258
81:825855 .2 .3535 .3540
81,8203 .5 .2308 .2307
0 39103534 39103534
my ,Mo .2 .3236 .3208
.5 2148 .2135
my ,Ms 0 L4102 Lokt
m; = -0.5 .2 .3392 .3378
me = 1.0 .5 .2235 .2239
0 .38199193 .38199194
mq ,Mms .2 .3226 .3210
.5 217k 2161
0 . 36654293 .3665u292
Mo ,Ma 2 -3169 .32H6
.5 2221 L2276
0 .36381192 .36381191
My Mo ,M3 .2 -3079 .3053
.5 .2107 .2099
m; ,Mp ,M3, 0 3096 .3098
81825855 2 <2777 2746
81,02,%3 .5 . 2005 .199%4
0 -3901 3903
ny,me,8,,8, .2 .3231 .3206
.5 2147 .2135
0 .3307 .3254
My ,Mp ,M3,01 o2 .2865 2811
.5 .2021 . 2006

PRANDTL NUMBER FIXED - Continued

F"(0) F"(0)
exact calculated
0.4066 0.404Y
.5089 L5161
6643 6739
<2950 .2978
482 U557
6h53 L6546
. 92768005 . 92768005
1 ] Y

.2921 .2978
. 4503 U557
L6LT5 6546
.811h 8071
.8250 .8312
.8528 .8608
. 5683 .5585
L6437 .6373

. 7505

L7527

Sk




T, A

TABLE 5-1.- COMPARISON OF WALL DERTVATIVES WITH WALL

Owo = 0o = 0.75

PRANDTIL: NUMBER FIXED - Concluded

: a'(0) a'(0) F™"(0) F"(0)

Case hwo exact calculated exact calculated
dom o) .3253 0.3211 0.5071 0.4991
Mgt ns; 2| .2839 2789 .6065 - 600k
1,92 .5 .2015 .2001 L7391 JT367
0 .3211 3145 L4553 522
gl,ge;ge, .2 282 .2769 .5820 STTL
1,525,523 .5 .2013 .1999 .7336 .7312
0 0 .3486 .3478 L4426 <4407
1;meég1: D L2977 .2942 . 5367 -ohat
82501 .5 .2052 .2037 6771 6843
_— 0 .3224 .3206 4125 Lok
My ,M2, Ségl; D .2827 2787 L5141 .5161
85,855,001 .5 .o01h .2001 L6669 .6739
‘ 0 .3153 .3163 3477 3446
ml)mEJEB’gl’ .2 .2796 2765 758 4790
82,83,01,%2 .5 .2007 .1996 .6531 L6601

Note: Quantities underlined have been matched with exact values by
Parameters not listed are zeroc for

adjustment of constants.
a particular case.

Values of parameters unless otherwise shown:

ml_

Mo

Mg =

-1.0
= 1.5
4.5

g, =
€s =
s =

-1.5
2.0
-6.0

D1
o2
O3

1.0
-0.4
1.2
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A
8 (@) Calculated G
A Calculated F'
— Exact
o
c
o
o 4
2 (a) Case: (3)),(8,=1.0 , other parameters = 0)
hwo =0
o | I 1 | L
10— A ONOAOL To
8
W .6 |-
o
[
o
(L) 4
2§ (b) Case: (8))
hwo =0.2
] | l | | |
(o) 2
0 0 | 2 3 4 5

Figure U.- Comparison of exact and calculated values of G and F';
Owo = 0o = 0.75.
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A
.8 ®) Calculated G
A Calculated F'
— Exact
w -6
e ¢
o
© 4
2 (c) Case: (8)
hwo =0.5
o | 1
1.0 — O o}
8
..LL 6 S
o
[ =
o
(L] 4+
2 (d) Case: (g,,8),(g,=-1.5,8,=1.0 , other parameters=0)
hwo =0
o8 X | | | | J
0 0] 2 3 q 5 6 7

Figure 4.- Continued.
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ol
8 O Calculated G
A Calculated F'
~——— Exact
w .6
©
c
o
© 4
.26 (e) Case: (g,,8))
hwo = 0.2
o | |
£ Lr—
. (f) Case: (gl,S,)
hwo =0.5
| | | I l I J
0 0 2 3 4 5 6 7
n

Figure 4.- Continued.
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1.0 — —0 [0
8+ O Calculated G
A Calculated F'
~— Exact
-LI.. 6 L
o
c
o
(O] _4'_.
(@) Case: (m,,m,,m;,q,,9,,95.5,.8,,5;),
2 (parameters have values shown in table 5-1)
hwo =0
Y 1 | | | | | |
0 (0] | 2 3 4 5 6 7

Figure 4.- Concluded.

wall because, as seen in figure 2, the universal functions reach their
asymptotes at different rates and at different values of 1. The most
extreme case listed in table 5-1 is m3,Mo,N3,8,,85,85,91,02,03 1n
which all the parameters have their extreme values. Thils case, with
hwo = 0, is shown in figure W(g). It is seen that where the curve
bends to reach its asymptote there is an error in F' of about 4 per-
cent. This case, with all parameters simultaneously taking their
extreme values, and hwo = O is actually more severe than we contem-
plate for applications of the method (examples in ch. 7) and more
extreme than we will have for flight Mach numbers up to 10. The
errors at a distance from the wall that we will have in applications
are typified in figures 7 and 11 (cases described in ch., 7). The
errors, due to dropping small terms and to truncations of the G and F
series (see fig., 1), go to zero as hwo approaches unity. The &3

and g,,d; cases as plotted in figure 4 are tybical of the accuracy
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obtained in cases for which constants have been determined. On the
whole, the checks shown in table 5-1, a few examples of which are shown

plotted in figure U4, are considered to be quite satisfactory.
3. Method of Adjusting oy Terms

The method of determining the constant multipliers of the highest -
order oyo bterms in the G and ¥ expansions is essentially tﬁe same
as that described in the previous subsection for the terms not involv-
ing owo. A number of exact solutions of equations (L.3) and (L4.L4)
were cobtained with various combinations of gas-property parameters,
various values of the wall Prandtl number, oyg, and with hwo = 0. The
purpose was tc determine which terms in the series for G and F have
any significant dependency on oye. These terms with the constants
evaluated are seen below in equations (5.3) and (5.4).

The constants were adjusted to match the G'(0) and F"(0) of the
exact solutions for a value of oyy = 0.70, hwo = 0, and with the gas-
property parameter values shown in equations (5.2). Then comparisons
were made with exact solutions by considering oyo values of 0.65
and 0.80 for hwo = O. A few cases were also checked with hwo = 0.2
and 0.5, Comparisons of the wall derivatives for these determinations
and checks are shown in table 5-2, As in table 5-1, the underlined
values represent wall derivatives for which a constant was determined
to match the value of the derivative given by the exact solution.

Table 5-2 gives a survey of the effects of oyy on the wall
derivatives G'(0) and FP"(0). The table shows that our first-order
perturbation of the effect of oyy 1s very good. In the cases listed
for which a constant was determined at oo = 0.70 (underlined), the
errors in the same derivative at oy, values of 0.65 and 0.80 are due
to departures from linearity of the effects of oyp. We have set
limits for the values of oyy &t 0.65 < oyo < 0.80, because 0.65 and
0.80 are the values we used in checking against exact solutions. The
results shown in table 5-2 suggest that these limits could be extended

somewhat. However, these limits encompass the range of oyy values of
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TABLE 5-2.- COMPARISON OF WALL DERIVATIVES WITH VAIUES
OF THE WALL PRANDTL NUMBER
owo = 0.65, 0.70, 0.75, 0.80

G'(0) ag'(0) F"(0) F'(0)
Case Owo | hwo exact calculated exact calculated
0.65 |0 572 0.14579 0.92768005 | 0.92768005
651 .2 .3658 .3663
651 .5 .2286 .2289
No 7010 704930k | L 47049303
parameters 7510 L4831 L1831
751 .2 .3865 .3865
751 .5 .2h16 .2116
.80 |o .Lo52 <4957
.65 o177 . 4023
" .70 41316916 | 41316915
1 .75 =g L2k
.80 L4345 4350
.65 .3878 .3883
o .70 .39882710 .39882709
2 75 . 4093 .1093
.80 L4193 4198
.65 3T7hT .3752
" .70 .38531153 .38531153
3 .75 .3954 .395L
.80 .Los1 .4055
.65 .3706 L3711
I .70 .38107903 | .3810790L
1,72 .75 .3910 .3910
.80 . 4005 .4010
.65 .3621 .3626
S .70 .37228429 | .37228L29
1,78 .75 .3820 L3820
.80 .3913 .3917
.65 .3h75 .3480
- .70 .3572604L | .357260L43
2,13 75 .3665 .3665
Bo| ¥ .375k .3758 Y
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TABLE 5-2.- COMPARISON OF WALL DERIVATIVES WITH VALUES
OF THE WALL PRANDTL NUMBER - Continued

owo = 0.65, 0.70, 0.75, 0.80

a'(0) a'(0) F"(0) F'*(0)
Case Iwo hwo exact calculated exact calculated
0.65]0 .3449 0.3454 . 92768005 | 0.92768005
.70 .35461786 | .35L461783
f1sfesfe | 75 .3638 -3638
.80 .3726 .3730
.65 U577 L4584 .8515 .851L
.70 47091208 | . L47091206 | .8Lohihll | .8LOLINIS
81 .75 483k 83k | .8h7k BT
.80 LLosh . 1960 .8455 L8454
.65 <4595 L4579 .8248 8247
.70 728 4705 .8225581L | .82255813
82 .75 4855 4831 .8205 .8205
.80 4976 4957 .8185 .8184
.65 TSN L4579 L7971 7969
.70 4750 L4705 Rrgeiliy pTNIT-) N Ny de) iy gV I Y
&3 .75 1878 L4831 L7926 7926
.80 . 5001 4957 .7905 .790k
.65 4589 458k 8127 .8126
.70 721 L4709 .8098L925 | .80984925
g1,82 .75 .L8Y7 183k .8071 8071
.80 Meleys . 4960 .8045 8okl
.65 L4601 L4584 L7970 . 7969
.70 L4734 . 4709 .79Lk0830k | .79L08304
€183 .75 L4861 483k .7913 7913
.80 .L4o82 . 4960 .7887 .7885
.65 L4618 L4579 L7676 ey
.70 752 L4705 .76435109 | 76435110
82,83 .75 . 41880 4831 L7613 7613
.80 . 5002 4957 L7584 .7582
.65 . LE06 .L58L L7775 STTT3
.70 4739 - 4709 L7T7H08756 | 77408757
€1785783 .75 4866 183k 7709 7709
80| Y . 4986 . 4960 7678 7676
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TABLE 5-2.- COMPARTISON OF WALL DERIVATIVES WITH VALUES
OF THE WALL PRANDTIT, NUMBER - Continued

Case

81152

E)1;63

ml;gl

My ,89,91

Owo = 0.65, 0.70, 0.75, 0.80

o a'(0) a¢'(0) . F'(0) F"(0)
exact calculated exact calculated
0 L4156 0.4163 .5470 0.5475
.2 | .3L03 .3L05 .6288 .6285
.51 2192 L2194 <7450 .T450
0 42835946 | .h2835945 | .55301907 | .55301908
0 L1ho5 .L4Lo5 .5585 .5585
.2 ] .3603 .3601L .6375 .6373
.5 | .2319 .2317 L7506 . 7505
0 L4521 L4526 .5637 .5640
0 L1531 L4536 8752 .8753
0 . 4663 . b662 87613608 | .87613607
0 .4788 .4788 8770 L8770
0 . 4909 L4915 8778 8779
0 skl 4550 .8857 .8858
0 67T .Le76 .8865798L | .88657983
0 . 4803 . 1803 887k 88T
0 .Lg23 .1929 .8881 .8881
0 [ Tole)h Lh120 L4851 .4856
0 ool Lhehl Lho234203 | L L9234096
0 L4341 .L362 <4991 .Loo1
0 5T L4483 .5053 .5058
0 4115 Lhash .4o81 .Lo86
0 Lokl . 4255 .50514187 | .50514190
0 L4362 4376 L5117 L5117
0 L8 Lot L5177 .5182
0 Lholl L1018 .8536 .851L
2 | 326k .3238 860k .8688
.5 | .2105 .2085 8749 .8812
0 LLhesh 423k .8L93 BTk
.2 | .3bhh « 3417 .8565 .8656
.5 | 2221 .2202 8719 .8792
0 . 3600 .3603 715 L4700
.2 | .3012 .2081 .561L .5695
.5 | .2012 .1989 .6932 .6988
0 .3808 .3809 L4786 L4770
.2 | .3183 .3153 . 5663 L5751
.5 | 2125 L2104 6950 .7023
0 .3905 .3911 L4817 . 4805




TABLE 5-2.- COMPARISON OF WALI, DERIVATIVES WITH VALUES
OF THE WALL PRANDTL NUMBER - Concluded
owo = 0.65, 0.70, 0.75, 0.80

Owo = 0.70 by adjustment of constants.

are zero for a particular case.

listed in table 5-1.

6L

T a'(0) a¢'(0) F"(0) F"(0)

Case Owo hwo exact calculated exact calculated
0.65]| 0 0.2926 0.2926 0.2826 0.2888
65 2| .2628 .2595 4451 Lot
m, ,Mmp ,Mms, 65| .5| .1898 .1885 OU57 .651L
81:85:85 751 0 .3096 3098 . 2921 .2978
81,92,85 750 .2 L2777 L2746 . 4503 4557
75| .5| .2005 L1994 L6475 .6546
8010 .3176 .3183 . 2962 .3023
5 6510 125 Lot . k700 k700
81,01 .751 0 L4367 L4367 L4770 4770
6510 Lh123 Lot .ho21 .3999
gl’ge’ L7510 4366 4367 . 4066 .Lokk
83501 .80 0 79 L Lh87 1085 .Lo67
65| 0 .3987 .4018 .2856 .2888
21’52’23’ 75| 0 .Leog .L2s8 .2950 .2978
1,525>3 8ol 0 Lu3h1 <4379 .2991 .3023
mp,Ms,mg, 6510 + 3054 .3035 . 4083 .3999
£,785:84> 751 0 .322l .3206 Lh1es Lol
51 8o o .3304 +3292 Lah3 LLo6T
0B 65| 0 3642 .3649 .5493 L5475
1501 751 0 .3857 .3857 .5610 -5585
5 5o 5 6510 Lhoko .hosh 43L5 L4367
1,%2,%3 75| 0 . 1296 pitalelss . 4508 L4522

Note: Quantities underlined have been matched with exact values at

Parameters not listed
Values of parameters are as




gases in which we might have interest, so these limits can be considered
as practical values. Almost all errors in table 5-2 at oyo # 0.75 are
less than 1 percent. The largest errors are in case m,Ms,M3,8,,8:,
85,01,02,03 (2.2 percent at oy = 0.65 and 2.1 percent at oyo = 0.80)
and in case my,Ms,M3,8,,85,85,01 (2.1 percent at Oywo = 0.65 and

1.8 percent at oyy = 0.80). Even these errors are not mainly due to
the oyo perturbation because almost the same errors exist for these
cases with oyo = oo = 0.75.

As was done with the data for table 5-1, plots were made of the
table 5-2 data comparing exact and computed values of G(n) and F'(n)
throughout the boundary layer. The plots of several cases are shown in
figure 5. At hwo = O and oyy = 0.70 are shown plots of three cases
for which constants were determined: +the m; case (fig. 5(a)), the
g, case (fig. 5(b)), and the &; case (fig. 5(c)). It is seen that
the agreements shown are very good. In the my; case the F'(n) curve
1s not shown since both the exact and calculated solutions are pre-

cisely the Homann function. In figures 5(d) and (e) are shown the

1.0 F‘ -O O
(o) Calculated G
-——— Exact
(L)
(@) Case: (m)),(m,=-1.0,other parameters =0)
hwo=0 ; o,,=0.70
! | | | | J
3 4 5 6 T 8

7

Figure 5.- Comparison of exact and calculated values of G and F'
with variation of oyg-
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O O——&
.8 Calculoted G
Calculated F'
Exact
i 6
©
[ =
o
© 4}
2 (b) Case: (g,),(g,=-1.5, other parameters = Q)
hwo=0 ; 0,,2070
Ot/i I l | _I I |
1.0 — O— O
8
6
4
2 (c) Case: (8,), (§,=1.0, other parameters =0)
hwo=0 ; 0,,=0.70
0 | L Y R
0 2 3 4q 5 6 7

Figure 5.- Continued.
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1.0 — —>
8 (@) Calculated G
A Calculated F'
— Exact
L 6
©
f =
o
(O] 4
(d) Case:(m,,q,,8,),(m=-1.0,q,=-1.5,8,=1.0,
2 other parameters = 0)
hwo =0 ; o,,=0.65
ods | | | | |
1.0 — O O -0
8
-|_|__ 6 L
o
[ =
o
(O] 4
2 (e) cCase: (m,,q,,3))
hwo =0 ; 0,,20.80
08 £ I I I ! J
0 0] I 2 3 4 5 7
n
Figure 5.- Concluded.
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mi,g8,,01 case with hwo = O and with the oy, values 0.65 and 0.80.
It is seen that the agreement is still good for these oy, Values even
though the constants were determined for oyy = 0.70. In figure 5(e)
some error can be seen where the F' curve bends over to its asymptote.
This is due mainly to the dropping of small terms from the F series
(all terms that would involve m; were dropped from this series; see
fig. 1(b)). In the most extreme case with all parameters taking their
extreme values, the errors at the different oye values are about the
same as shown in figure h(g) for owyo = 0o = 0.75. In all cases the
errors decrease to zero as hwo approaches unity. On the whole, the
checks obtained for oy # 0o, @8 shown in table 5-2 and typified by

the plots in figure 5, are considered to be very satisfactory.
D. FINAL SERTES FORM OF SOLUTIONS

With the constant multipliers given their numerical values, and

with og = 0.75, we write the series for G and F in final form:

G =1+ [161 + 1.02317726(0wo - 0.75)2G1 ] (hwo - 1) + §[1 + 0.30901832( oy,

0.75) 1(my) 1G2 + [1 - 2.42190802( 0y - 0.75)1(g; )20z

+

2
[l-FO-29146138(0wo'-0-75)](51)3G2}£EE9§:})—-+{0-52193773(m12)1G3

0.24383382(m;1g, )2Gs + 0.40200776(g,2)sGs + 0.70153983(g,81) 4G5

+

+

1.3280L04(8.%)sGs + 0.60407205(m 181 )sGs + [0.60669608
3
+ 0.35169961(oyo - 0.75)(m2)~CGa + 1.0182513(82)gGs} iﬁﬂ9gi—ll—
+ {[0.61202131 + 0.35211282(0yo - 0.75)1(ms) 1G4 + [0.22173048
} (hwo - 1)*
2L

S
{00.22546289 + 0.13187495(oyo - 0.75)](mms) 1G5} £9E9156£l_

+ 0.13045010( 0y - 0.75) 1(mims)oGa + 1.01272912(83)3G4

+

8
+ {00.26063754 + 0.15291739(0yo - 0.75)1(mems) 166 } Lgﬂgfé6})

+ {[0.07210034 + 0.04275391 (0, - 0.75) 1(mimems) 1G7

e
(oo - 1)7 (5.3)

+ 621.9886774(818283) 207} =m0
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F = Fo + 4[1 + 0.21023047(owo - 0.75)1(g,)1F1
+ [1 - 0.32104920(oye - 0.75)1(81)2F 1 }(hwo - 1)
+ {(8,%)2F2 + (£181)2F2 + (81%)aF2
[0.53415792 + 0.2093097T(owo - 0.75)1(gz)4F2
[1.0079927 - 0.34845525(awo - 0.75)1(82)sFz }
{0.41447166(g,3) 1Fa + 1.374322U(5:%)2F5

+

(hwo - 1)%
2

-+

+

0.51720661[(g,251)aFs + (g.51%)4F3]

+

+

[0.14873715 + 0.06116220(0ys - 0.75)1(g,82)sF3

0.62726245(g,32)eFa + 0.33313689(g01)7Fs

+

.l_

[1.5242090 - 1.1626879%{owo - 0.75)1(8182)aFs

+

[0.54408038 + 0.17570032(0y0 - 0.75)1(ga)oFa

3
[1.0055625 - 0.38666553(0y0 - 0-75)](53)10F3} QEE27§¥LL—

+

+

{l0.15281523 + 0.05479625(0y0 - 0.75)1(g185) 174
} (hWO - 1)4

+ [1.4873902 - 1.18676619(0y0 - 0.75)1(8183)2F4 oL
5
+ §10.191775L5 + 0.06207212( 0y - 0.75)1(g285) 1Fs} (hWoléOl)
(nwo - 1)°
+ {[0.039081277 + 0.01338353 (0w - 0.75)1(8,8.85) 1Fs} 720

(5.4)

Equations (5.3), (5.4) are the working formulas giving solutions
to equations (4.3), (L4.4) with boundary conditions (L4.5). The agree-
ment shown in tables 5-1 and 5-2, and typified by the plots in fig-
ures 4 and 5, formg the Jjustification for representing solutions to
~ equations (4.3), (4.4) in the form of the two series given, with the
parameters of the problem serving as coefficients in the series. The
limitation on the validity of the series solutions is that the gas
properties should be representable by third-degree polynomials (ais-
cussed further in sect. E, below, and appendix D). The values of the
gas-property parameters, mi, gi, 9i, can be outside the range of values

listed in equations (5.2), but the actual terms in the gas-property
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polynomials (e.g., (mi/it)(G - l)i) are limited in magnitude and
should have the sign for which the adjustments of constants were made.
The magnitude limitation of the gas-property polynomial terms is
obtained by using the values of the parameters listed in equation (5.2)
and setting G = 0 in the gas-property polynocmials. This limitation,
then, corresponds to the values of the gas-property polynomial terms
for which the constants were adjusted. (These limitations are tabu-
lated in table E-1.) The value of the wall Prandtl number is expected
to be in the range 0.65 < oyo < 0.80. Normally, hwo should not be
greater than unity (heated wall case), as the constants were adjusted
for hwo - 1 = -1 (see sect. C.2 above). Slight departures from the
limitations may be allowable if the highest-order terms in equations
(5.3), (5.4) are small, )

For given values of hwo and the gas-property parameters (GWO,
My, Mp, M3, 81, 8ns 8gs D1, O2, da) the values of G(n) and F(n) can
be obtained through the boundary layer if the tabulated values given in
table I for 1Gj and {Fj are substituted into formulas (5.3), (5.4).
The values of the derivatives with respect to 7 through the boundary
layer, G'(n), ¢"(n), F'(n), F'(n), F"(n), can also be obtained from
(5.3), (5.4) by use of the tabulated derivatives of the universal func-
tions. Equations (5.3), (5.4) (and the derivatives) have been machine
programmed for easy solution, the inputs being hwo and the gas-
property parameters, with the universal functions being input from the
permasnent binary tape on which they are stored.

The values of the wall derivatives, G'(0) and F"(0) are of special
interest, Using equations (5.3) and (5.4) for these derivatives, and
substituting the values of the wall derivatives of the universal func-

tions, 3G3'(0) and ;F;"(0), we obtain:
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=

G'(0) = [-0.48311958 - 0.2525308(0yo - 0.75)1(hwo - 1) + {[0.22399449

+ 0.0692184( 0., - 0.75)Imy + [-0.0010063678 + 0.00243733(oyo

} (hwo - 1)2

0.75)1g, + [-0.07178LLET - 0.0209224(0ye - 0.75)181 5

{-0.31765746m:® + 0.0041077599m;1g, + 0.0011390400g,2

+

- 0.016360000g,8; + 0.040586L4608,2 + 0.0254T4T40m,5

+ [0.29522068 + 0.1711384(0y0 - 0.75) lms

(nwo - 1)°
b 6

- 0.0641137h4hs, + {[o.u67757o6 + 0.26911360( 0y0

- 0.75)Img + [-0.65240416 - 0.38382720(owo - 0.75) Imimo

4
- 0.057221883} LEEQ—éEll— + {[-1.2168304 - 0.71173333(0wo
S
- 0.75) Imms } ihﬂgéé—ll— + {[-14.79284906 - 2.81198933(oy0
- 1)®

- 0.75)]m2m3}(h%—

= + {[22.462033 + 1:-5._319u88(cw-O

WO - l)_7_

- 0.75) Imumemg - 39.0835208:8283} (n 5050 (5.5)

F"(0) = 0.92768005 + {[-0.12760662 - 0.02682680(oyo - 0.75) 18,
+ [0.34254127 - 0.10997260(0yo - 0.75) 181} (hwo - 1)
+ {0.23707u84g12 - 0.0047159187g,51 - 0.0419469365:%
+ [-0.10722267 - 0.04201520(owo - 0.75)]g, + [0.25334096
- 0.087578(owo - 0.75)182 } (hLog—l—)z

+ 0.0087819495g,28, - 0,0059559956g,6:% + 0.0338856608,°

+ {-0.27658167g,°

+ [0.13386640 + 0.05504720(0yo - 0.75) 18,82 + 0.00309920g ;82
- 0.011916120g58; + [-0.13194960 + 0.10065300(oyo - 0.75) 18182

+ [-0.13511749 - 0.04363360(0yo - 0.75)1eg + [0.20162455
(hwo - 1)°
6
+ 0.07556107 (0,0 - 0-75) 18185 + [-0.13033960 + 0.10399600(0owo

(hwo - 1)*

- 0.75)]818s } 25—

(awo - 1)°
120

WO - 8
}(—h—%to—l)* (5.6)

- 0.077530(owo - 0.75) 18s} + {[0.21072395

+ {[0.75958040 + 0.24585400( 0y
- 0.75) lezes } + {[-2.24481120 - 0.76874k4(owo

= 0'75) ]glggga
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The machine programming of the derivatives of equations (5.3) and (5.4)
includes the programming of equations (5.5) and (5.6).

The constants in equations (5.3), (5.4), (5.5), and (5.6) are
shown as delivered by the computing machine with eight "significant
figures" or decimal places. These are the numbers used by the comput-
ing machine for the solution of equations (5.3), (5.4), (5.5), and
(5.6) with the universal functions being input from the permanent
binary tape. For hand computations, the constants can be rounded off
inasmuch as the universal functions are rounded off to five decimal
places in table I, and it appears certain that more decimal places are
not meaningful (see discussion in sect. B above). A further rounding
off may be used when one considers the accuracy of results required and

the accuracy shown in tables 5-1 and 5-2.
E. REPRESENTATION OF THE GAS PROPERTIES BY POLYNOMIALS

To solve a problem by means of the formulas given in this chapter,
it is necessary to know the gas-property parameters, mj, g;, 04, pref-
erably through the third order. As an aid to our discussion we will

rewrite egquations (3.1) in the G notation as third-degree polynomials.

_owlo ) LT (e 192 LTS (1O

m(G) = (/o) s =1 +m (G -1) + > (¢ - 1)< + 63 (¢ - 1) (5.72)

g(a) = —2% -1 4 g (6 -1) +2 (¢ -1)2+82 (¢ -1)° (5.7b)
(DH)SO 2 6

5(a) = p?s'i =1+ 58.(G - '1) + 62—2 (¢ - 1)% + -66—3- (¢ - 1)° (5.7¢)

There are several ways of determining the gas-property parameters.
1T the gas-property data are known only numerically, a least squares
fit can be used to determine the parameters (the coefficients in the
third-degree polynomials). Another method is to force each polynomial
to pass through four selected points (one point being (1, 1)). This

involves the simultaneous solutions of three linear algebraic equations.
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If the gas properties are known analytically, it may be desirable
to expand them into Taylor series to the third order about (1, 1).

This will determine the first two coefficients in each polynomial. The
third coefficient can be determined if the third-order Taylor coeffi-
cient is adjusted to give the best fit to the data (truncating the
Taylor series). Whichever method is used to determine the gas-property
parameters, the polynomials obtained should be plotted to compare with
the data they are supposed to represent. Up to flight Mach number
values of about 5 in the earth's atmosphere, the gas properties can be
very well represented by third-degree polynomials. At Mach numbers
around 10, the representation can be considered to be fairly good.

Some examples of this are given in chapter 7.

The values of the gas-property parameters listed in equations (5.2)
and used 1n obtaining the results shown in tables 5-1 and 5-2 have been
given signs which correspond to realistic gas properties. It is pos-
sible to use a coefficient with a sign opposite to the signs listed in
equations(S.E) to pass a polynomial through a discrete number of points,
but this is not desirable (and probably would not give the best repre-
sentation of the gas properties). It is preferable to determine
another polynomial by a different cholice of points. In table E-1 are
listed the allowable ranges of all the gas-property parameters (which
depend on the value of hwo). The use of parameter values outside of
the allowable range (on either end) should only be permissible when the
highest-order term involving the parameter is small relative to the
other terms in the series for G and F.

As has been indicated above, there are several reasonable ways of
fitting polynomials to the gas properties and they can result in some-
what different combinations of coefficients in the polynomials. The
question arises as to what effects the use of different polynomials can
have on the final answers. This is discussed in appendix D.

The results in appendix D show that our calculated answers are not
very sensitive to the shapes of the gas-property polynomials used.

Also the answers are not much affected by small errors in the wall

values of the several gas properties. The matching of the gas
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properties by polynomials will normally be much closer than the spread
of the polynomials imposed in appendix D. The results in appendix D
indicate that any errors in fingl answers due to imperfect representa-
tion of gas properties should not be more than a few percent. Equa-
tions (5.3), (5.4), (5.5), (5.6) have large terms which are independent
of the gas properties. Also, the sensitivity of final answers to the

polynomials selected falls to zero as hwo approaches unity.

F. APPROXIMATE EXTENSION OF THE SERIES SOLUTION
TO HIGHER ORDERS

The method we have used to form our series-type solutions as given
in equations (5.3) and (5.4) can be extended to higher orders of
(hwo - 1) if desired. Such solutions would allow the gas properties to
be represented by polynomials of higher than third degree, and this
would provide better representation of the gas properties at high free-
stream Mach numbers.

It is possible to obtain approximations to the higher-order terms
without golving new equations for higher-order universal functions. It
is seen in figure 2 that the universal functions which are connected
with the same type of parameter (mi, g3, o1 and combinations) have
approximately the same shapes. As an example we can see in figure 2
that the curves for 1Fi', Fo', 1Fg', 4Fs', oFs' (which are connected
with the parameters g, glz, gls, 855 855 respectively) all have
roughly the same shape; similarly, the curves for SFS', 1F4', 1F5',
Fg' (connected respectively with parameters 8.8, 8.855 8583 glg2g8)
have sbout the same shapes (in some cases with the sign reversed); this
type of approximation for the other functions shown in figure 2 is seen
to be fairly consistent. So if, for instance, we wanted to approximate
a new function gFa (connected with the parameter g4), we would guess.
that it would have the same shape as oFs (parameter gs), and we would

take

aFa = (C)oFs
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where C 1is a constant to be determined by matching the wall value of
F"(0) for a selected value of g4 (and hwo) against the wall value
obtained from exact solutions to equations (L.3) and (4.4). This is
just the method that we used in truncating the highest-order terms for
which we determined the universal functions. The author checked this
type of approximation for a number of cases. An example case used the
parameter values mz = -4.5, oyo = 0o, the other parameters equal to
zero, and hwo assumed the three values shown in table 5-1. In the

approximation, 1G4 (parameter mg) was taken as
1G4 = (C)7Gs

(7G3 has the parameter ms). Values of G for this case were deter-
mined from the approximate 1G4, and the exact 1G4, and were plotted
against 1 through the boundary layer. Differences in the plots in
this and in other cases checked were scarcely discernible. The wall
derivatives, of course, were exactly matched.

The approximate method outlined for extending the series solutions
to higher orders may occasionally be of value when it appears that
higher-order polynomials are needed to fit the gas properties. However,
an indefinite extension of this kind would seem generally not to be
warranted in order to obtain a good polynomial fit to the gas properties
at high free-stream Mach numbers (say 10 and above), since our method
of series solutions does not account for time-dependent chemical
effects, and these assume increased importance at the higher free-strean

Mach numbers.
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CHAPTER 6

INVERSE TRANSFORMATIONS AND DETERMINATION OF
QUANTITIES OF INTEREST

In chapter 2, we transformed the boundary-layer equations from an
X,y toa E,n coordinate system for the axisymmetric case. In chap-
ter 3 we obtained the stagnation-point equations (3.12), (3.13), and.
in chapter b4 we rewrote these equations in the form (4.3), (L.L4).
These equations are valid in the immediate vicinity of the stagnation
point since F and G are the zero order of the f and h expansions
(3.2) and (3.3), the first terms neglected being of order 2. In
this chapter we will specialize the coordinate transformations (2.39)
and (2.40) to the vicinity of the stagnation point. Then we will
invert the specialized transformations, since in many problems one will
want to recover the physical coordinates, Also, there are certain
Physical quantities and coefficients which are normally defined and
written in terms of untransformed variables. These will be set up in

terms of 7 and the dependent variables, F,G,

A, INVERSE TRANSFORMATTIONS

1. Transformation for x

In the vicinity of the stagnation point we have

dlle>
Ue ~ —_— X
& /(x=0)

r(x) = x

(DW (O = (QH)WQ

We substitute the values into equation (2.39), integrate, and obtain

[ (1) 4o (due>(x OJ (6.1)
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Using equation (3.4) we can write

Ug ~ §E§> x ~ [2Hg aik (6.2)
X fx=q)

Then for the inverse transformation from & +to x 1in the vicinity of

the stagnation point we have the following forms:

x = [%'(ou)wo <%%§>(x=o)}-l/4g B {ﬁ (o) oo <:(—15%‘*'9>(><=o)}

-1/3

= [% (DH)Sngoal N EHSJD:I g (6'3)

-1/ 4

The relationship between (due/dx y and a1 can be obtained by

) (x=0
equating the second and third bracketed qguantities in (6.3).

1/3
due

?EZ>(x=O) = [%'(Du)sogwoal4<2ﬂst)2} (6.1)

By equating the first and third bracketed quantities in equation (6.3)
and by using (6.4) we can obtain the following additional relations

between (due/dx)(x_o) and aq:

1/3 B — S ——
(o) 100 (PM) 5 08wo

(oM) 508wo

WO [ tTTIBoTWoe (6.5)
J2 a,2(2Hat) E(due/dx)(xzo) 2(d-ue/dx)(x=o)

2/3 T~ ' ‘ '
d.'u.e - ¢
[% (DM)Sngoal \/—E{J :%/(DM)WO a— =%j(pu)sogwo <?1;—>(X=O)

(x=0)
(6.6)

These relationships will be useful in the work to follow.

r



2. Transformation for y

We can specialize equation (2.40) for the vicinity of the

stagnation point by using (6.1) and we obtain

2(due/ax),
n = (3=0) \/pyvp(O,yl)dyl (6.7)

(1) g o8wo

The first term neglected in equation (6.7) is in x=.

We can easily invert equation (6.7) to obtain

Y Y

J“sogwo/gpso(due/dx)(X=o) (l/pso)./(DH)WO/Q(dUe/dX)(X:O)

- Y —_ fn s(c)an,  (6.8)
(l/pso)[(p“)sogwo/“fg a12(2Hst)] ©

The denominator in the third term of equation (6.8) was obtained from
the first term of (6.5). Equation (6.8) can be integrated numerically
after the profile of G(n) has been determined. This integral has
been machine programmed to be calculated at the same time the G
profile is obtained. Equation (6.8) is the general working formls
for the transformation from m back to y. Two special cases will

be described next.

3. Determination of y for Almost Perfect and

Perfect Gases

We will define an almost perfect gas as one having a linear
relationship between the reciprocal of the dimensionless density, B(G),
and the dimensionless enthalpy, G, over the range of interest. This

means that O = 83 = 0 and

dpp = L + 81(G - 1) = (1 - 81) + 8,6 (6.9)
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For perfect gases (thermally and calorically perfect), &; = 1 and we
have
dp = G (6.10)

For the almost perfect gas case, the integral in equation (6.8)

becomes

i i
JF opp(Glan, = (1 - 81)n + alkjp G(n,)dn, (6.11)
o] o]
We can substitute for G in equation (6.11) its series expansion form

(eg. (5.3)). Then we will have a summation of integrals of the univer-
sal functions, iGj- These are our universal integrals, jIj, defined in
equation (5.1), tabulated in table I, and shown plotted in figure 3.
We now specialize equation (6.8) for the calculation of y (in the
vieinity of the stagnation point) for almost perfect gases as follows:
Iap

\/Hsogwo/gpso(due/djc) ('X_=O)

Iap Ipp

(1/0g0 ) (or) o /2 due /%) (o) i (l/pso)[(pu)sogwoﬁfg alz(gHst)]l/S

=n + (81)[1T1 + 1.02317726(0y0 - 0.75)2I11(hwo - 1) + (31)4[1

+

0.30901832(0ye - 0.75) 1(m1) 1Tz + [1 - 2.42190802(0y - 0.75))(g, )21z

(hwo - 1)%
[1 + 0.29146138(0ye - 0.75)1(81)sl2} 54

(81)§0.52193773(m12) 1T + 0.24383382(m1g,)2I5 + 0.40200776(g,2)als

+

+

+

0.70153983(g,51)als + 1.3280404(8,2)sIg + 0.60407205(m181)sTs
3
[0.60669608 + 0.35169961(0yo - 0.75)1(me)-Ia} iﬁﬂeg;_il_

(61){[0.61202131 + 0.35211282(0y0 - 0.75)1(mg)1Ta + [0.22173048
(hwo - l)4
} o

(hwo - 1)°
120

+

+

+

0.13045010(0yg - 0.75)1(mims)oTla (8.)4[0.22546289

+

0.13187495(oy0 - 0.75)1(mimg)1Ts} + (81){[0.26063754

8
+ 0.15291739(0y0 - 0.75)1(mema) 1 Ts} 5E5%%§}¥5l— + (51){[0.07210034
7
+ 0.04275391(owo - 0.75)1(mumamg) 117} £9E§5i6£1— (6.12)
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For the perfect gas case we calculate Ip by inserting &1 =1 in
equation (6.12) which is a working formula that can be used in place of
equation (6.8) for the transformation from 1 back to y for almost
perfect and perfect gases. This equation has also been machine pro-
grammed with the in inputs taken from the permanent binary tape. For
hand computations the constants in the equation can be rounded off (see
ch. 5, sect. D). Equation (6.12) contains terms corresponding to equa-
tion (5.3) (except for terms with s or 85 which are zero). Selected
parameter values can make some of the terms either zero or negligibly
small; approximate values can often be hand calculated using only two
terms. Except for the first term, the sum of the terms on the right
side of equation (6.12) usually reaches its asymptote at a small 7
value. In figure 8(a) are shown curves obtained by solving equation
(6.12). The establishment of linearity between y and n means that the
sum of terms mentioned has reached its asymptote, and compressibility

does not then affect the y,n relationship.

B. PROFILES OF pv, p, AND v NEAR THE STAGNATION POINT

We have a general formula for the pv profile (eq. (2.18)) in the
variables T and 7. For the axisymmetric case, we substitute e =1
and T = £* 1into eguation (2.18) and obtain
~f§'(pu)s(é)gw(§)ue?r_ N2 £2rn,

L%E r

From equation (2.40) we know that 7 is even in x and Ny = 0 at the

(6.13)

ov = —(gfg + 2f)

stagnation point. We specialize (6.13) to the vicinity of the stagna-
tion point using r ~ X, Ue % (due/dx)(xzo)x, and equations (6.3) and

(6.6). We obtain

-pV -ov

2 J2L(1/5) (o1) g o anBist 12 L

J2(0u) o (e /ax) (m0)

i v L (6.11)
Jé(pu)sogwo(due/dx)(x=0)
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BEguation (6.14) is valid in the vicinity of the stagnation point, the
first term neglected being a term in ¢=.
For the density profile we return to the definition of ©

(eq. (2.24a)) specialized to the stagnation point

S0
= 6.15

For almost perfect gases we have from equation (6.9):

- Pso (6.16)
(1L - 81) + 3G

Pap

It

For perfect gases we set &; = 1 in equation (6.16) and obtain ope

For the transverse velocity profile near the stagnation point we

have from equation (6.15):

v = @(_G)_ (6_17)

pSO

Using equation (6.14) we can write (6.17) as

o L -V
(202 050) L(L/4) (01) aotoas JBIE]
-V

(i/béo)./Q(OM)WO(due/dX)(X=o)

-v

_ - = r5(@) (6.18)
N/(Eusogwo/pso)(due/dx)(X=O)

The gquantity, v, is, of course, even in &, the first neglected term in
equation (6.18) being of order tZ. For almost perfect gases we sub-
stitute equation (6.9) into (6.18) and have for the right-hand side of
equation (6.18):

Fo,p = [{1 - 81) + 81GIF (6.19)
from which we calculate Vape For perfect gases we set &, =1 in
equation (6.19) and obtain v,.

P
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C. QUANTITIES AND COEFFICIENTS OF INTEREST
1. Displacement Thickness, 3%

We write the definition of displacement thickness:

&% = fo <1 - DZEQ dy, (6.20)

In the variable, 7, we have:

7T fow <l s f’“> (3n/3y) S o

(x=constant)

We now specilalize equation (6.21) to the vicinity of the stagnation
point, making use of equation (6.7). We recall that at the stagnation
point, Pe = Pgot Also we change the upper limit of integration from
infinity to A, where A 1is a value of 1 at, or beyond, the outer
edge of the boundary layer, such that fﬂ =1 and p = Pe to within the

accuracy desired. We obtain:

1 (DlJ-)sogwo A
% _ , - 6.
° Pso 2(due/dx)(x=o) [LZ: 6(G)dnl F(A)] (6.22)

From equation (6.8) we see that the first term of equation (6.22) is
v(A), which is as it should be. The form of equation (6.22) is a sub-
traction of two guantities after integration of the two terms in equa-
tion (6.20). With accurate integration routines this should be as
accurate as the procedure of first subtracting in (6.20) and then
integrating.
Analogous to our forms of equation (6.8) we write
%
Jpsogwo/gpso(due/dx)(x=o)
o*

) (1/pg0) J(DH)WO/E(due/dX)(X=O-)

- — s = fA s(c)an. - F(a)  (6.23)
(1/p o) [ (o1) 5080/ N2 alz(eHst)]l/s o *
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Equation (6.23) is our general working formula for &% in the vicinity
of the stagnation point, the first neglected term being a term in £2,
This equation has been machine programmed using A = 10. For hand com-
putations, one obtains F(A) using equation (5.4) and tabulated values
of 4Fj in table I. For the integral term, one uses table I and equa-
tion (5.3) to obtain the G profile, thence the & profile; the inte-
gration can be performed by numerical means.

As in our determination of ¥y, we can specialize the calculation
of ®*% for the almost perfect and perfect gas cases (see egs. (6.9)
and (6.10)). For the almost perfect gas case, the right side of equa-
tion (6.23) becomes

A A
JF dpp(G)dn, - F(a) = (1 - 8.)A + alk/ﬁ Gdn, - F(a) (6.24)
o] o]

The integral on the right side of equation (6.24) is a summation of our
iI5 integrals (5.1), using the form of equation (5.3). Using the
value, A = 10, and the ;I3(10) and iF3(10) from table I, we can write

the specialized formila for the almost perfect gas case
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/“sogwo/Epsgza£é7ék>kx;o)

Bhp

* *
°ap ~ Gap

(1/050) J(o)o/2(@e/dx) (o) (/00 L(0M) o8/ N2 827(2Hss) ]

= 0.

-+

+

i/3

80L5506 + {[-0.062542936 - 0.01314843(0y, - 0.75)1g, + [0.9672229
0.57496903(0y0 - 0.75)181 }(awo - 1) + {[-0.29148217 - 0.09007333(0oy0
0.75) Jmy8q + [ -0.027311875 + 0.033L47037 (0o - 0.75) 18,01
0.12066138g,2 + [-0.07742036 - 0.04550108(0y - 0.75)161%
[-0.05836155 - 0.02286897 (oo - 0.75) gz} (hWOQ— 1)®
{0.142220879m,28, + 0.01236733m15,2 + 0.009:6378m18,51 + [ -0.40057177
0.23221006(0y0 - 0.75)Imed; - 0.14509049g,3 + 0.03050273g,28,
0.00904079g 8,2 + 0.047020208:% + [0.07293180 + 0.02999028 (oo
0.75)lg 8 - 0.00701285g,8; + [-0.07886198 - 0.02546696(oy0

0.75) lgg } QEEEE:_}JE.+ {1-0.65220130 - 0.37522948(0yg - 0.75) lmgdy
[0.88748589 + 0.52213220(0yo ~ 0.75) Jmymedy + [0.12060935

4 R
0.0432K791 (04 - 0.75) 18185} <hW9§i_¥l_ + {[1.6844162%

0.98524535(0wo - 0.75) Imimzd; + [0.45202969 + 0.14630883(oywo

5
0.75)le85} (bwo - 1)° § [6.67832064 + 3.91820519(0yo -0.75) Imemad

120 -
[-1.32688310 - 0.45439610(oyo - 0.75)1g,8.85} iﬁﬂgag;kl_

7
{[-31.28731960 - 18.55268985(0yo - 0.75) Imimomsd; } (hwo - 1)
5040 (625)

Equation (6.25) is the working formulas for the determination, for the

almost perfect gas case, of ©®*% 1in the vicinity of the stagnation

point. For the perfect gas case, op* 1s determined by setting ©&;=1

in equation (6.25). This equation has also been machine programmed.

For hand computations the constants in the equation can be rounded off

(see ch. 5, sect D). As with equation (6.12), combinations of
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parameter values can make some terms in equation (6.25) either zero or
negligibly smgll (for hand calculations). In figure 8(a) are shown
some typical values of &% calculated from equation (6.25) (with a

slightly different normalization).
2. Coefficient of Local Skin Friction

To obtain the éoefficient of local skin friction in terms of our

transformed variables, we begin by writing the shear equation

T=pu— (6.26)

We transform to E,n coordinates using equation (2.40). We also make

use of equation (2.21la) for g(h; Hgt,P) and obtain

(pu) ggrue®
L (6.27)
eZ N2 )
where, according to our nomenclature, (pu); is (pu) evaluated at

Hst and at the pressure of the particular £ station. At the wall

we have

( OP«) sBywlle

2
Tw = — frm(&:o) (6.28)
% J2

We see that T and 7, are odd in &, having the value zero at the
stagnation point (obvious from symmetry) .

The coefficient of local skin friction is the wall shear normalized
with a dynamic pressure. We will first normalize with the dynamic pres-
sure, do, Obtained from the velocity and density at the outer edge of

the boundary layer.

1
de = > Deuez (6-29)
Cro = gg (6.30)

Substituting equations (6.28) and (6.29) in (6.30), we obtain

2 o(h,
Cro = '\/—P-Sng ( e) fﬂﬂ(ggo) (6.31)
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The coefficient, Cpe, becomes infinite at the stagnation point as

1/lel. (At this point the local Reynolds number based on x or & is

zero.) The singularity can be removed by taking the product of Cpg

and the square root of the local Reynolds number. The Reynolds number

based on local values at the outer edge of the boundary layer is
Uep X

o (6.32)

Re =

We see that Re is even in x or &. We form the dimensionless quantity

UeP X J2 uSgWrS(he) Uep X
Cfe\/ﬁe_ = Cre Mo = gz o fnn(ggo) (6.33)

The product, CfeA]Re, as written is even in £. With some simplifica-

tion we have

\ ﬁgl; ue(pp) gx

It is sometimes preferred to evaluate the coefficient of local

skin friction in terms of a wall property dynemic pressure as follows:

G = 5 pye? (6.35)
Cry = gﬂ (6.36)
W

We substitute equations (6.28) and (6.35) in (6.36) and obtain

’\[E My
Again, we will remove the singularity at the stagnation point by
multiplying Cgy by a local Reynolds number, Rw, based on wall prop-
erties for this case.

Uepy X -
Rw = 6.
= (6.38)
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e

Then we have

Uep J2 pyr  [uep
Cpo BV = Cpor / ZWWX - g:w / ZWWX £ (€,0) (6.39)

With a slight simplification we have

Car BT = -szr Jue(on)ggyx Ty (£,0) (6.40)

The product, CgyaJRw, is, of course, even in £ or x.

We will now specialize equations (6.34) and (6.40) for the
vicinity of the stagnation point. We make use of equation (6.1), and
we recall that near the stagnation point r = x, ue = (due/dx)(x=o)x,
glhe) = g(1) = 1. We obtain:

Cre NRe = 242 g, F'(0) (6.541)
Cey N RW = 2.2 F'(0) (6.42)

Equations (6.41) and (6.42), valid in the region of the stagnation
point, are the zero orders in &t of the expansions of equations (6.3L4)

and (6.40), respectively; the first neglected terms are of order ¢t=.
3. Heat-Transfer Coefficlents

The rate of heat transfer per unit area by conduction in the

boundary layer in the y direction, Q, is given by

oT

Q = -k 2= (6.143)
dy
Using the relation
dH = cp 4T (6. 4k)
we have
Q=L (6.15)
cp Oy

We transform (6.45) to &,n coordinates using equation (2.40). We
eliminate c¢p and k by the relation ¢ = cpu/k, and we insert

m(h; Hgt,P) as defined in equation (2.28), so that we have
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_ pH mrluelet
Q = T T ESE (6.46)

where (pp/o)g is evaluated at Hgy and at the pressure of the &
station. The value of @ 1s principally of interest at the wall
sinée there it denotes the rate of heat transfer per unit area of wall
from the wall into the boundary layer. For the rate of heat transfer

at the wall, Qy, we write
it
Q,W - _ <p]‘“]'> mwrlue st hn(E,O) (6-)4-7)

In equations (6.46) and (6.47) we are maintaining an always positive
value for r so we use Iuel to keep the sign of @ and Q, consist-
ent. As known from symmetry, Q and Q are even in §. A positive
sign for @, means that heat is being transferred from the wall into
the boundary layer and vice versa. As written, Q, is a local value
per unit area of wall. '

A local Nusselt number can be written, although it may not be
particularly useful at other than the stagnation point since the
"history" of the boundary layer is involved in its evaluation. We can

define a local Nussgelt number based on wall properties as follows:

[xle
o, = (6.18)

(Hy - Haw)bw

where Hg,, 1s the adiabatic wall enthalpy and is a function of E&.

This is the wall enthalpy distribution which will render the heat trans-
fer, Qy, zero at all & Dbeing considered. With a smooth distribution
of wall enthalpies, Hy(t), the ratio Q. /(Hy - Hgy), will generally be
positive, but wall enthalpy distributions are possible that will make
this ratio, and therefore the Nusselt number, negative and even infi-
nite. The absolute value, [x|, has been used to make Nu, even in
x and E.
We now substitute equation (6.47) in (6.48) and, after some

simplification, we obtain:

pgTUeX

N2 £%oy(hay - hw

Nuy, =

) by (&,0) (6.49)
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where hgy = Haw/Hst and p, 1is evaluated at Hgy and at the
pressure of the £ station. Nuy, will vanish at ¢ = 0, but we can

form an expression (which is even in £) that does not vanish as

follows:
bk Nu.
L (6.50)
NRT Juep /iy
Using equation (6.49) we obtain, after some simplification
N r J (pu) s&,lex
ks 2 hy (€,0) (6.51)

= )
JBRw 2 £ (haw - hw)
A local Stanton number based on wall properties can be defined

as follows:

Qy

St =
(Hw - Haw)pwluel

W

(6.52)

(Using |ue| makes Sty even in & and x.) Using equation (6.48) we
obtain the standard relationship

Sty =

Nuw

(6.53)

Rwoy

When we substitute equations (6.38) and (6.49) into (6.53) we obtain

after some rearrangement

_ (H/G) smWSW
- 2

N2 £ (hgy - hw)
where (u/c)s is evaluated at Hgt and at the pressure of the ¢

Sty hn(ﬁ:o) (6.54)

station. As with the coefficient of local skin friction, the local
Stanton number has an infinity as 1/|g| at the stagnation point. This
can be removed by multiplying by the square root of the Reynolds

nuniber. From equation (6.53) we have

Nu
Sty NRW = — % 6.
W T o (6.55)

This can be expressed in more detail by using equation (6.51).

The liﬁitation on usefulness of the local Nusselt number also
applies to the local Stanton number. Infinite or negative Stanton
numbers are possible with certain distributions of wall enthalpy

because of "historical effects." At the stagnation point, the quantity,

Sty JRW, can be considered as a useful coefficient.
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We will now specialize equations (6.47), (6.51), and (6.55) for
the vicinity of the stagnation point. We will use equation (6.1) and
the stagnation point relations, r = x and Ue = (due/dx)(X:o)x. To
obtain QW in several forms we will also use the relations given in

equation (6.6). For Q. near the stagnation point we have

2/3
_ Mﬁ;t_) [.]: (p"‘L)SOgWOal',z{St:] G'(O)

Swo L
Het du§> - 1 Hgt <éue> 1
L P < a'(0) = - =& |2 —c a' (o
o (pt)yo 5 o) (0) o (o) 080 (3 (xe0) (0)

(6.56)
Equation (6.56) is the zero-order term of the expansion in ¢ of equa-
tion (6.47), the first neglected term being of order tZ. From the
series expansion for G, equation (5.3), we know that when the wall
1), then G(n) =1 and
0 in equation (6.56).

Il

enthalpy equals the stagnation enthalpy (nwo

G'(n) = 0. Then, under these conditions, Q
This means that at the stagnation point, the adiabatic wall enthalpy is
equal to the stagnation enthalpy, or the dimensionless adiabatic wall
enthalpy, hgy, is unity. |

Equations (6.51) and (6.55) specialize to

Nuy J2 1
= o) G (0) (6.57)

Sty NRw = Ja o a'(0) (6.58)
(1L - hwo)oyo
Equations (6.57) and (6.58) are valid in the vicinity of the stagnation
point. They are the zero-order terms of the expansion in £ of equa-
tions (6.51) and (6.55), respectively. The first neglected terms in
(6.57), (6.58) are of order t2. Equations (6.57) and (6.58) are not
singular at hwo = 1, because, as seen from equation (5.5), the first

term in G'(0) is a term in (hwo - 1).

90



- _J

\; BT

CHAPTER 7
ILLUSTRATIVE APPLICATIONS OF RESULTS

In this chapter we will demonstrate the use of the method we have
developed. Two typical cases will be considered, one for a perfect gas
and the other for a real gas. The method of procedure is essentially

the same in both cases.
A. A TYPICAL PERFECT GAS

Our procedure will be the following. First the gas-property poly-
nomials will be determined. Next the.caiculated dimensionless velocity
and enthalpy profiles (in the transformedvcoordinate, n) will be com-
pared with exact solutions. Finally we will transform back to the ¥y
coordinate system and will determine profiles of dimensionless velocity,
enthalpy, density, a normalized transverse velocity, and the product of
a normalized transversé.velocity with density. We will also calculate
skin-friction and heat-transfer coefficients and a normalized displace-

ment thickness.

-

1. Determination of Gas-Property Polynomials

We will use flight in the earth's atmosphere for our example. Up

to free-stream Mach numbers of about 5, we can consider that the actual

alr can be quite well approximated by a gas that is thermally and calor-
ically perfect. Over the temperature range existing in the boundary
layer in flight at a Mach number of 5, the compressibility function of
air, Z2 = P/pRT, is essentiaglly unity so that the perfect gas law holds:
P = pRT (ref. 10). Over this temperature range, the specific heat, cp,
does not change much, and we can consider it as having a constant aver-
age value. Then we can write

Pso

- - 8(g) = G (7.1)

which gives the polynomial coefficients (eqg. (5.7c¢)):
5, = 1 (7.22)
2 = 83 = 0 (7.20)

The viscosity can be well represented by Sutherland's law

(ref. 10). This can be written (ref. 11) as:
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3/2
1+ (198.6/Tg0)
HSO TSO> [(T/Tso) + (198.6/':['50):1 (7.3)

Since we are considering the specific heat, Cp, to have a constant

average value, we can write:
T
— = =h =20 (7.4)

When we combine equations (7.1) and (7.4) with (7.3) we have:

_BH _ 4(g) = g/ [1 + (198.6/Tso)} (7.5)

(DH)SO ¢ + (198-6/Tso)

At this point we need to select a value for the stagnation temperature,
Tso. We will use Tgp = 2520° R which corresponds to flight at Mach 5,
at an altitude of agbout 28,000 feet. (This altitude gives a stagnation
pressure behind the normal shock, Pts = 10.6 atmospheres, but this does
not enter our calculations.) With these assumptions equation (7.5)

yields

= PH g2 ML)
(@) = () ¢ <§ + 0.0788 (7.6)

We can see that a substantial variation in Tgo will produce only a
small change in equation (7.6).

Over the temperature range we are considering, the Prandtl number,
o, will change very little (ref. 10). For this case we will consider

it to be constant. Then we have

a(e) = /o o _ _
(@) (pn/0)so  (PH)go 8(6) (7-7)

So one polynomial will suffice to represent both g(¢) and m(G).

We now want to put equation (7.6) in the form of the third.degree
polynomial, equation (5.7b). In chapter 5, section E, we discussed
several methods of obtaining the polynomial coefficients. In this case
we will determine the coefficients by expanding equation (7.6) in a

Taylor series about the point, G = 1. This will determine g, and g,.
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The coefficient, g5, will be
equal the exact value of g

are
81
g2
g3
Qur polynomial is

g(@) =m(a) =1 - 0.4269(G -

determined by forcing the polynomial to

at G = 0.1l. The coefficients we obtain

=m; = -0.4269 (7.82)
=ms = 0.5415 (7.8b)
= mg = -2.50L47 (7-8c)

1) + 9;%&&2 (¢ - 1)2 _ §;§9£Z (¢ - 1)3
(7.9)

In figure 6 we have plotted the Sutherland function, equation (7.6),

and the polynomial (7.9). The comparison is considered quite satisfac-

tory (particularly in view of the demonstration in appendix D, showing

that final answers are not very sensitive to the shape of the gas prop-

erty curves). We will make calculations for a number of different

values of hwo, and, clearly, the best polynomial representation would

2.0 —

Figure 6. - Variation of g =

Sutherland (aw (eq. 7.8)

Polynomial representation (eq.7.9)

on/(on)go and m = (pu/o)/(ou/o),, with G.

Perfect gas: Cp, O constant; Tgo = 2,5200 R.
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be a slightly different polynomial for each hwo value. We will not
seek this additional accuracy, but will use polynomial (7.9) for all
values of hwo.

Since we have assumed a constant Prandtl number for thi§ case, the
wall Prandtl number, owyo, will be the Prandtl number through the bound-
ary layer. We have made our calculations for two values of oy, 0.70
and 0.75, as the comparison is of some interest. Most writers give the
Prandtl number for low temperature air as approximately 0.70, although
0.75 is also found in the literature (ref. 10). It is believed that

owo = 0.70 is the more realistic value for air.
2. Comparison of Calculated Results With Exact Solutions

Our calculations of dimensionless enthalpy and velocity as func-
tions of the transformed variable, 7, will include cases with hwo
values of 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0. For the particular flight
conditions we have assumed, some of the hwo are too low and some are
tooc high to be considered practical. They have been included merely
to illustrate the method and to show trends.

Our next step is to compare our calculated solutions with exact
solutions. In obtaining exact solutions, we have solved equations
(3.12), (3.13). (We recall that fy =TF and hy = G in our nomencla-
ture.) For S(GQ.We have used equation (7.1), and for m(G) and g(G)
we have used (7.6) and (7.7). So, for the exact solutions, the poly-
nomial forms of the gas properties were not used; the original analyti-
cal forms for the gas properties were substituted directly into equa-
tions (3.12) and (3.13).

Calculated solutions were obtained from equations (5.3), (5.&),
with values of G and F' determined at a number of points through the
boundary layer. The comparisons are shown in figure 7 for both oyyg
values used. This comparison is considered to be very satisfactory.
At the lowest values of hwo, there is a small discrepancy between
exact and calculated values of F!' in the outer portion of the bound-
ary layer mainly because of the discarding of terms of lesser impor-
tance from the series solution (see fig. 1). The exact and calculated

results match best near the wall, because the constants used in
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hwo=1.0
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4 O Calculated G
—— Exact
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Figure 7.- Comparison of exact and calculated solutions. Perfect gas:
M, = 5.0; altitude = 28,000 ft; Tgo = 2,520° R.
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truncating the series solutions were determined by matching calculated
wall values with wall values from a number of exact solutions (tables
5-1 and 5-2). Curves for the case with hwo = 1 are shown in figure 7;
at this hwo wvalue, the exact and calculated solutions are identical.
For a comparison of wall derivative values, G'(0) and F"(0), equa-
tions (5.5) and (5.6) were used for the calculated values. This com-
parison is shown in table T7-l1. Again, the check is considered to be

very satisfactory.

TABLE 7-1.- COMPARISON OF EXACT AND CALCULATED WALL
DERIVATIVES FOR PERFECT GAS
Mo = 5.0; altitude = 28,000 ft; Tgo = 2,520° R

o = owo ¢'(0) | a'(o) [EeTeem® lpm(o) | mm(o) |DSTee
(constgnt) hwo exact |calculated er¥or Hexact |calculated erﬁor o
s ’ G'(o) F"(0)
0.70 0.1|0.3247 | 0.3230 0.5 0.5089 o0.5111 O.h4
21 .3003 .3006 .1 .5592 L5647 1.0
JuloLahla .2h36 .2 .6632 .6658 iy
61 L1729 1727 .1 L7579 L7591 .2
8| .09056f .09057 o} .8u5L .8458 0
1.0|0 0 0 L9277 L9277 0
0.75 1] .3336 .3323 b .5119 .51L6 .5
2| .308L .3091 .2 .5618 5679 1.1
.4l L2508 .2505 .1 L6652 .6684 .5
6] 1776 775 .1 L7593 .71610 .2
.81 .09303 .09303 0 .8Lhe1 .8L67 .1
1.0(0 0 0 L9277 L0277 0

3. Calculated Coefficients and Profiles in Physical Coordinates

In figure 8 are plotted a number of calculated quantities as func-
tions of a normalized y for owo = 0.70. The corresponding curves
for oyo = 0.75 are not shown as they are not discernibly different
from those of figure 8. The calculated values were obtained from
machine -programmed solutions using the permanent binary tape for the
input of the universal functions.

Figure 8(a) shows the transformation from mn to y. This was
obtained from equation (6.12), but equation (6.8) could have been used
instead. Both equations show that there are several ways of normaliz-

ing y 1into a dimensionless form. The form using a3 was not used
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because a3 1is a function of gy, (eq. (6.5)), and g, depends on
hwo. The normalization used for y in the figure is slightly different
from a form shown in equation (6.12) in that J8wo has been moved to
the right side of equation (6.12). This allows a more universal compar -
ison for different hwo values when we assume a given flow and body
shape with different hwo values applied. For a given flow, pg, and
Pgo 40 not change with hwo, and for a given body shape, neglecting
displacement-thickness interaction, the quantity (due/dx)(xzo) will be
the same.

The curve, y(n), for hwo = 1.0 is entirely linear, there being no
compressibility effects (see egs. (2.40), (6.12)). The other curves
become linear at rather small n and normelized y values, showing
that compressibility effects are virtually confined to the inner portion
of the boundary layer (see figs. 7(a,b), 8(b,c)). On figure 8(a) are
shown normalized values of the displacement thickness, &%, the normali-
zation being the same as that used for y. The displacement thickness,

&%, was obtained from equation (6.25) but could also be obtained from

equation (6.23).

12
i e

(a) Normalized y vs. 7

I ! l | | | | 1 _J
0 ! 2 3 4 5 6 7 8 9

L
Figure 8.- Calculated profiles for a perfect gas with oy = 0 = 0.70:
Mo = 5.0; altitude = 28,000 ft; Tgo = 2,520° R.
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(b} Dimensionless enthalpy

{(c) Dimensionless velocity
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Figure 8.- Continued.
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Figure 8.- Concluded.

The remaining parts of figure 8 are plotted on a normalized y
basis (the physical coordinate) to show the trends of the data. In
figures 8(b) and (c), respectively, the dimensionless enthalpy, G, and
dimensionless velocity, F', are plotted against the normalized Y.

In figure 8(d) we have plotted a normalized -pv against the nor-
malized y. The quantity, -pv, was obtained from equation (6.1k4). The
case with the greatest compressibility effects, hwo = 0.1, has a curve
that is essentially linear. All of the curves become linear at rather
small values of the normalized y. In figure 8(e) we have a normalized
form of the negative of the transverse velocity, -v, plotted against
the normalized y. The transverse velocity was obtained from equation
(6.18) using (6.19). These curves become essentially linear at small
normalized y values, the case with hwo = 0.1 departing the least
from linearity near the wall. In figure 8(f) we have plotted the
dimensionless density, p/pso, against the normalized y. The density
was obtained from equation (6.16) but could also be obtained from (6.15).
This figure corresponds somewhat to figure 8(a) and shows that any major

change in density occurs in the immediate vicinity of the wall.

101



c0T

2.8 —

——
—

—— —
——

——

——
- ——
2.4 -

7=0.70 Perfect gos
1.6 — - — 0:=0.75
wa/\/Rw — — — — Real gas
o} Ref. 12 ; ¢=0.71 ;, Le=10
l.2 —
8 — = ———
—"
St I\/Rw _ — [RE——
" " === =
Nuw/VRW 3 [ I | [ [ | 1 | |
4
| 2 3 4 5 6 7 8 9 1.0
hwo

Figure 9.- Skin-friction and heat~transfer parameters vs. dimensionless wall enthalpy, hwo.
Perfect gas: M= 5.0; altitude = 28,000 Tt Tgo = 2,5200 R. Real gas: U = 9,750 ft/sec,‘
Mo, = 9.57; altitude = 108,000 ft; Hqt = 2,000 Btu/1b; Ptz = 1 atm; Ty, = 5,7L0C R.



In figure 9 for both oyo values, all the quantities Crge /Re,
Crw JRW, Nuy/ JBw, and Sty JRW are plotted against hwo. The quan-
tities plotted were obtained from equations (6.41), (6.42), (6.57),
and (6.58), respectively. (Curves for a real gas discussed in sec-
tion B, below, are also included in this figure.) As one might expect,
the plots show that the value of the Prandtl number (oyo = o = constant
for these perfect gas cases) has only a very small effect on the coef-
ficient of local skin friction. The effect on heat transfer is small
but noticeable. The Nuw%fﬁﬁ curves in figure 9 are compared with
several values of this quantity obtained from reference 12.

By examining a number of numerical solutions, Fay and Riddell
(ref. 12) developed several correlation formulas for stagnation-point
heat transfer at the wall. Their numerical solutions used a constant
Prandtl number, o = 0.7l, and several constant Lewis numbers. TFor the
equilibrium boundary layer (and considered valid for the "frozen'" bound-
ary layer with a catalytic wall) with Lewis number, Le = 1, the correla-

tion formula (egq. (58) of ref. 12) is, in our nomenclature,

Nuyy _ _0.67
NRw  (gyo)0. 4

Points calculated by the Fay and Riddell formula are shown in figure 9.
It is seen that their values fall between ours for ¢ = 0.70 and 0.75,
in extremely close agreement. It is of interest that the Fay and

Riddell formula contains only one parameter, (which is equal to

€wo
myo for a constant o). This tends to confirm our conclusion in
appendix D that between fairly wide limits the shapes of the gas prop-
erty curves do not greatly affect the wall values of the heat transfer
and the skin friction.

The curves plotted in figures 7, 8, and 9 are not universal
because the flight conditions were specified. However, a moderate vari-
ation in flight conditions will produce only small changes in the final
answers. The free-stream Mach number (or velbcity of flight) and the
altitude determine the stagnation temperature and enthalpy. The stag-
nation temperature determines the constant in the Sutherland viscosity

law (7.3), and this will have some effect on the values of mj and g1
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but for moderate changes in Tgp this effect will not be severe. For
small variations from the specified value of Tgg, the results shown in
figures 7 through 9 can be considered good approximate answers. In dis-
cussing a small variation in Tgo, we are assuming that the gas is
thermally and calorically perfect and that the Sutherland viscosity law
still holds.

Our method of calculation seems best adapted to the type of
perfect gas case we have been discussing. With this type, chemical
effects are not important, and with third-degree polynomials, we can

obtain good fits to the gas-property curves.

B. A TYPTCAL REAL GAS

In this section we will carry through the calculations for a more
severe case than the one we discussed in section A. Our polymomials
will not give ideal fits to the gas-property curves, but a comparison
with exact solutions will indicate that our calculated solutions fur-
nish a reasonable approximation to the exact answers.

As our example, we will consider a vehlcle flying in the earth's
atmosphere with a velocity of 9,750 ft/sec at an altitude of approxi-
mately 108,000 ft. This corresponds to a free-stream Mach number, M.,
of 9.57 (using the ARDC atmosphere). The stagnation enthalpy, Hgg, is
2,000 Btu/1b and the stagnation pressure behind the normal shock wave,
Pts, is 1 atmosphere. At a stagnation enthalpy of 2,000 Btu/lb and a
stagnation pressure of 1 atmosphere, the stagnation temperature is

5,740° R (ref. 13).

1. Determination of Gas-Property Polynomials

We will use the charts of reference 13 for air to obtain the
temperatures corresponding to our range of dimensionless enthalpies of
interest (G = hg = HO/EOOO). In place of a formal equation of state,
we obtain numerical values of the compressibility function, Z, (devia-
tion from the perfect gas law) and thus obtain densities from refer-
ence 13. We then have a numerical tabulation of density as a function
of the dimensionless enthalpy, G (not shown). We next obtain a numeri-
cal tabulation of 3(G) = pso/p against G (not shown). We will fit a
polynomial to this.
10k



Figure 10(a) shows a plot of &(G) against G and the polynomial
fit obtained. As can be seen, this matching is very gocd. The param-

eter values are:

5, = 0.6165 82 = -0.5536 83 = 0.6606

These values were obtained by forcing the polynomial to pass through
two selected points (in addition to (1,1)), and by attempting to match
the slope of the curve at (1,1). This polynomial will be used in
calculating cases with various values of hwo.

For the gas property curve, g(G) = pp/(pu)so, we already have numer-
ical values of p/pso, and we use reference 10 to obtain “/“so' As
given in reference 10, it turns out that the Sutherland formula can be
uéed to give u(T). From this we obtain numerical values of u/uSO(G),
since we already obtained a tabulated relationship between T and G from
reference 13 (not shown). (In the perfect gas case we were sble to
obtain u/uSO(G) directly, because we used a constant specific heat.) In
figure 10(b) the function g(G) is shown plotted. Also shown are plots
of three different polynomials which will be used for different hwo
cases. At the lower values of hwo it is not possible to get an ideal

fit with a third-degree polynomial; a polynomial of higher degree would

1.0
Values from ref 13
-—-- 8=|+O.6I65(G—I)—0'5—§36(G—l)2+@6—(G-|)3 =
8 =
6
a4l
p;" vs. G

2
o | | ! | 1 | | | | |

0 | 2 3 4 5 6 7 8 9 1.O

Figure 10.- Variation of gas properties. Real gas:
Het = 2,000 Btu/lb; Py, = 1 atm; Tgo = 5,7TH0° R.
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g,=-0.2442 ; g, =0 ; gy=-7.674:(hwo = 0.I5)
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be needed. Our polynomials will be approximations to the actual
function, g(G), but we know from appendix D that final answers are
not highly sensitive to the shapes of the gas property curves. For
hwo = 0.15, which will be one of our cases, we have forced one poly-
nomial to match the actual function at the points G = 0.15 and
G = 0.5, and the third coefficient was determined by requiring that the
shape of the polynomial reasonably approximate the g(G) curve. For
another case with hwo = 0.2, we have done the same thing, this time
requiring the polynomial to match the actual function at G = 0.2. For
cases with hwo > 0.4 we have obtained a good fit with a polynomial
that we required to match the actual function at G = O.4. The values
of the coefficients in the polynomials are shown in figure 10(Db).

In determining the gas property curve for m(G), we can use the
relation .
: ou/c sp 9so Oso

w(6) = (ou/a) oy (om, © ¢ o

Since we have evaluated g(G), we only need to determine Gso/o. We
obtain numerical values of o¢ as a function of temperature from refer-
ence 10. We then tabulate USO/G as a function of G (not shown), and
obtain our tabulation of m(G) (not shown). This is plotted in fig-
ure 10(c). Before proceeding further it is desirable that we examine
the meaning of the ¢ given in reference 10.

a. Use of an "effective" Prandtl number for the equilibrium

boundary layer.- The flight case that we have chosen is in the regime

where there is some oxygen dissociation (fig. 6 of ref. 10). We will
assume that the alr is in equilibrium throughout the boundary layer, so
that the amount of dissociation is a function of the enthalpy (and pres-
sure which has been taken as constant). In the colder portion of the
boundary layer there will be recombination of the dissociated oxygen
atoms with a consequent liberation of energy dissociation. For air in
equilibrium, Hansen (ref. 10) has calculated a coefficient of thermal
conductivity which is actually the sum of the usual conductivity coef-
Ticient and a conductivity coefficient that accounts for diffusion and

the heat of recombination. Similarly, Hansen's specific heat, Cps is a
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specific heat that accounts for the variation of concentration of con-
stituents with temperature. So Hansen's Prandtl number is actually an

"effective" Prandtl number, and we can write

c
Cect = _iﬁififﬁ (7.10)
eff
where the subscript eff means that the guantity is evaluated as in
reference 10. This is the Prandtl number that we have used in evaluat-
ing m(G) which we have plotted in figure 10(c). This determination of
the Prandtl number allows us 1to use our energy equation as is, and we
account for diffusion and recombination in the eguilibrium boundary
layer.

The method of lumping thermal conductivity coefficients was
apparently first proposed by Hirschfelder (ref. 14) and modified by
Butler and Brokaw (ref. 15). The method is clearly explained by Cohen
(ref. 16). It should, of course, be noted that the Prandtl nunber and
the coefficient of thermal conductivity have not been given their usual
definitions by Hansen. Cohen (ref. 16) has termed Hansen's definitions
"effective" values, which is probably good nomenclature. The usual
definitions of Prandtl number, specific heat, and coefficient of
thermal conductivity are called "partial" values by Hansen. In the
lower temperature regimes with negligible dissociation, the "effective"
coefficients are identical with the usual (or "partial" values). In
the higher temperature regimes the "effective" Prandtl number has a
greater variation with temperature than the usual ("partial") Prandtl
nunber (figs. 10 and 11(a) of ref. 10). As brought out in reference 16,
the "effective" coefficient of thermal conductivity, and thus the effec-
tive Prandtl number, contains the Lewils number, Le, but there is no
need to determine this gquantity. In this treatment there is no assump-
tion as to constancy of the Lewis number; it can be expected to vary
through the boundary layer.

The curve of m(G) plotted in figure 10(c) is a gas property curve
that is difficult to fit with a low-degree polynomial. (The inflection
in the curve is due to dissociation of oxygen.) We will approximate
this curve by five different polynomials for the cases that we want to

calculate. The polynomial curves and the values of the coefficients
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used are shown on the figure. Each polynomial was forced to pass
through the exact curve at the G value corresponding to the hwo
value for which we will calculate a case. None of the polynomials give
an ideal fit. At the lower hwo values, 0.15 and 0.20, a polynomial
of higher than third degree would be needed for an improved fit. At
the higher hwo values, 0.40, 0.60, and 0.80, an ideal fit cannot be
achieved because we have imposed a limltation on the signs of the coef-
ficients (see table E-1). The approximate polynomial fits should give
satisfactory answers, as we know that final answers are not particularly
sensitive to the polynomial shape (appendix D). Values of the "effec-
tive" wall Prandtl number, oyo, for the hwo cases we will calculate
are shown tabulated in figure 10(c). Some of these values (from

ref. 10) for the lower temperatures are slightly higher than values

given in most of the literature.
2. Comparison of Calculated Results With Ixact Solutions

As we did with the perfect gas, we will compare our calculated
solutions for dimensionless enthalpyAand velocity as functions of 7
with exact solutions over a range of hwo values. The higher hwo
values are not practical cases, but they are included to show the com-
parisons and trends. In the perfect gas case we had analytical rela-
tions for the gas properties; in this real gas case we do not have ana-
lytical relations, but we will use the gas-property polynomials in form-
ing the exact solutions. This comparison between calculated and exact
solutions will thus not involve the quality of the representation of the
gas properties by polynomials, since both the exact and calculated solu-
tiong will use the same polynomials. The equations used for the exact
solutions are (4.3) and (4.4) with boundary conditions (L.5). The cal-
culated solutions were obtained from equations (5.3) and (5.&).

The comparison between calculated and exact solutions is presented
in figure 11. As with the perfect gas case, at the lower hwo values
these is some discrepancy at the outer edge of the boundary layer, due
to discarding of small terms from the series solution. On the whole,
this comparison is considered very satisfactory. Calculated values of

the wall derivatives, G'(0) and F"(0), were obtained from equations
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(5.5) and (5.6). The calculated and the exact wall derivatives are
compared in table 7-2. This comparison is also considered very

satisfactory.
TABLE 7-2.- COMPARISON OF EXACT AND CALCULATED WALL

DERIVATIVES FOR REAL GAS
Uo = 9,750 ft/sec; My = 9.57; altitude

i

108,000 ft;

Hgt = 2,000 Btu/lb; Pis = 1 atm; Tgo = 5,T40° R
' Percent ' 1 Percent
hwo GWp,bl G’(O% i (git g|xror in F;;g% a?céiit | error in
¢ varlable] exac calcu e G'(O) e c e F"(O)
0.15 0.746 0.3212 | 0.3216 0.1 0.5615| 0.5521 1.7
.2 .753 L3166 .3215 1.5 .5983 .5979 .1
A 770 L2713 L2751 1.0 L7173 L7246 1.0
.6 .7h2 .1885 .1883 .1 .8015 .8056 .5
.8 .63L .08852 .08859 L1 .8706 8711 1
1.0 .625 0 0 0 L9277 L9277 0

3. Calculated Coefficients and Profiles in Physical Coordinates

In figure 12 are presented calculated results for the real gas in
a manner that parallels figure 8. The normalization of the quantities
is the same as used in the perfect gas case. All quantities were
obtained from machine-programmed solutions using the permanent binary
tape to input the universal functions. The normalized y was obtained
from equation (6.8). The normalization of the gquantity, -pv, was cal-
culated from equation (6.14); the density ratio, p/pso, was obtained
from (6.15); the normalization of the negative transverse velocity, -V,
was calculated from (6.18). The trends of the data shown in figure 12
are qualitatively similar to those of figure 8. Figures 12(a) and (f)
show that compressibility effects are almost entirely confined to the
portion of the boundary layer nearest the wall. For the case with
hwo = 1.0, there are no compressibility effects.

For this real gas case, the quantities Cpe«Re, Cpy JRW, NugA/Rw,
and Stwufﬁﬁ have been plotted against hwo in figure 9 (dotted curves)

along with the same quantities for the perfect gas discussed in sec-

tion A, above. The plotted quantities were obtained, respectively, from

equations (6.41), (6.42), (6.57), (6.58). The Nusselt number and
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Stanton number curves for the real gas exhibit small inflections in the
vicinity of the higher hwo +values. As seen in the table in figure
10(c), the "effective" wall Prandtl number, oyg, dips sharply at

hwo > 0.6. Also the curve, m(G), exhibits a reverse curvature. These
factors can be expected to produce some effects on the Nusselt and
Stanton numbers in the actual boundary layer. Our polynomial curves

do not accurately follow the reverse curvature of m(G), but the coeffi-
cients, my, mp, ms, are affected by it. Our calculated solutions (and
"exact" solutions in this case as well) utilize the polynomials and the
owo values tabulated in figure 10(c), so it is not surprising that
slight inflections appear in the calculated results. It is not known
how closely the inflections in the Nusselt and Stanton number curves
would compare with results obtained from completely exact solutions
which might be obtained by following the m(G) curve closely by numer-
ical methods. This question is probably not important as the real gas
cases with high hwo values cannot be considered as "practical" cases.

12

o

L N & I < S« R 1)

(a) Normalized y vs. n

| ! | | | | | | J
0 I 2 3 4 5 6 7 8 9

Figure 12.- Calculated profiles for real gas: Ux = 9,750 ft/sec;
M = 9.57; altitude = 108,000 ft; Hgy = 2,000 Btu/lb; Py, = 1 atm;
2
TSO = 5,7&-00 Ro
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Figure 12.- Continued.
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(d)

Normalization of -pv

Normalization of -v

(e)

Figure 12.- Continued.
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(f) Dimensionless density
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Figure 12.- Concluded.

Comparison of the results of the real gas with the perfect gas
plotted in figure 9 indicates that a variation in the gas properties
does somewhat affect both the skin friction and the heat-transfer coef-
ficients. The variation shown ranges from zero to about 15 percent.

At the lower hwo +values the percentage variations between the two
cases in the local skin-friction cocefficients and the local heat-
transfer coefficients are of about the same order of magnitude. (An
examination of figures 6 and 10 shows that the m(G), g(G@), and 3(G)
curves are substantially different both in wall values and shape between
the two cases.)

For the quantity Nuw/N[ﬁﬁ, Fay and Riddell worked out a correla-
tion formula for the equilibrium boundary layer to account for Lewis
numbers, Le £ 1, but constant (eq. 60 of ref. 12). In our example case,
taking the Lewis number, Le = 1.4 (an "average" value suggested by
fig. 11(b) of ref. 10), this correction would increase the values of
the Fay and Riddell points in figure 9 by gbout 3 percent. These
points have not been plotted on figure 9. They would fall practically

on top of ocur perfect gas curve for o = 0.75, but are not too close to
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our real gas curve for Nuw%Jﬁﬁ. Some of this difference may be due
to our allowing o¢ to vary and not taking a constant Le in our
calculations. A

It should be pointed out again that our solution to this type of
real gas case must be considered as approximate. We have seen that
we cannot obtain ideal fits to all the gas-property curves with third-
degree polynomials. Also our method, as set up, does not take into
account finite chemical recombination rates, but is essentially
restricted to the equilibrium boundary layer. As a further approxi-
mation, our calculations should furnish reasonable answers for wall
heat -transfer values for a "frozen" boundary layer with a catalytic
wall, but the profiles away from the wall will not be given with high

accuracy (refs. 6, 12).
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CHAPTER 8
DISCUSSION AND CONCLUSIONS

By a method of expansion in terms of a parameter, we have set up
numerical solutions of a general form to the axially symmetric
stagnation-point compressible laminar boundary-layer problem. The param-
eter of expansion that we have used is the deviation of the dimensionless
wall enthalpy from unity, (hwo - 1). The gas properties needed have been
represented as third-degree polynomials in powers of the deviation of the
dimensionless enthalpy from unity, and the coefficients of the polynomi-
als become parameters of the problem. The effects of all parameters are
obtained by expanding in terms of the one parameter, (hwo - 1). The
expansions have been kept to a reasonable lenggh'by truncations in which
the highest-crder term involving each parameter has been adjusted so that
calculated answers agree well with the answers to exact solutions contain-
ing the various parameters.

The solutions have been obtained in terms of universal functions.
These have been plotted (figs. 2 and 3), tabulated (table I), and stored
on a permanent binary tape. The important working formulas to be used in
obtaining solutions fromfthe universal functions have been machine pro-
grammed; with machine calculations, the input to the formulas of the uni-
versal functions is obtained from a permanent binary tape. However, an
automatic computing machine is not necessary for obtaining solutions; the
values of the universal functions given in table I can be inserted in the
formulas for hand compucations. Some of the working formulas are quite
lengthy; with machine calculations this makes little difference since
these formulas have been programmed. In making hand calculations, one
may have combinations of parameters that will render certain terms in the
formulas very small or negligible, and one may Jjudiciously drop these
small terms depending on the accuracy desired.

Solutions can be calculated for any gas. For flight in the earth's
atmosphere, the method, as set up, is best suited to cases with moderate
free-stream Mach nuibers, say around M, = 5. For these cases, the gas-
property functions can be closely fit with third-degree polynomials, and

chemical effects are not especially important. At the higher Mach
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numbers, the solutions should be considered to be reasonable approxima-
tions. The polynomial fits to the gas-property functions, in some of
these cases, will not closely follow the shapes of the gas-property
curves, but this does not have a large effect on the final answers.
However, it is still recommended generally to try to obtain the best
polynomial fits (see appendix D).

At the high Mach numbers, finite chemical recombination rates will
be of increasing importance and the method does not take these finite '
rates into account. (This is not inherent in the method of solution, but
is a conseguence of the way in which the boundary-layer equations were
originally written.) The calculations are for a gas in equilibrium when
an "effective" Prandtl number is used which is obtained from a lumped
coefficient of thermal conductivity that represents both conduction and
diffusion (ref. 10). These equilibrium gas calculations will also give
approximate values for heat transfer at the wall for a "frozen" gas with
a catalytic wall (refs. 6 and 12).

The method can be extended to higher orders, allowing the use of
gas -property polynomisals of higher than third degree, but it may be
doubted if this is worthwhile. Higher-order terms can be approximated
as described in chapter 5, section F.

Numerical solutions have been obtained only for the stagnation-
point prdblem: The boundary-layer equations can be expanded in powers
of a transformed longitudinal varisble to extend around a blunt body
(indicated in appendix A). These equations can be solved in terms of
universal functions by the method used for the stagnation-point equa-
tions, but the number of terms will be large.

Our method of calculation delivers the quantities of interest for
the stagnation-point profile. As an important application, these quan-
tities can be used to form starting profiles for finite-difference
solutions extending around a blunt body. Approximate solutions (refs.

6 and 17) can also be started in this way.

For convenient reference a listing of the stagnation-region working

formulas is given in table E-1 of gppendix E. Also listed in table E-1

are the parameter limits which were used for the series truncations. The
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e

selection of parameter values should normally be held within the limits
An asterisk symbol in table E-1 indicates formulas which

indicated.
have been machine programmed, with the input of the universal functions

from the permanent binary tape.¥*

¥Available with computing program from Ames Research Center, NASA,
119

Moffett Field, Calif.
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APPENDIX A

SERTES EXPANSION OF THE MOMENTUM AND ENERGY EQUATIONS IN POWERS

OF THE LONGITUDINAL VARIABLE

As noted in chapter 3, the momentum and energy equations (2.37)
and (2.38) can be expanded in powers of the transformed longitudinal
variable, £. This will produce pairs of coupled ordinary differential
equations in the independent variable, n. From the symmetry of the
problem we have observed that only even powers of £ will give

functions not identically zero.
A. GENERAL FORM OF EQUATIONS

We can substitute in equations (2.37) and (2.38) the expansions of
all terms in powers of £, then separate out the different powers of €,
and we have the equations for the various orders. This was done to
obtain the zero-order equations (3.12) and (3.13) which are nonlinear.

To obtain the higher-order equations another procedure can be
used. It can be recognized that expansions in pcwers of £ are equiv-
alent to Taylor's series in £ about & = 0. BSo, we are able to take
derivatives of the momentum and energy equations (2.37) and (2.38) with
respect to £t to various orders, then set £ = O, and obtain the pairs
of coupled ordinary differential equations for the various orders.

This is possibly more convenient than picking out powers of §.

The highef—order terms in the momentum and energy equations (in
even powers of £ only) deliver pairs of coupled, linear, ordinary dif-
ferential equations. The left sides of the equations maintain the same
general form. With increasing orders of gi, the right sides of the
equations become increasingly complicated as additional parameters
affecting the solutions come into play. The right sides contain terms

which are the solutions of lower orders, so all lower orders must be

solved before solving a given order.
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The general form of the equations other than zero order is as

follows:

Momentum equations:

[g(ho) f.nr + [é_g_) ho' + F :\ £t

8wo | oh hy &wo °]t

- (1 + %—) fo'] £t + Kl + %) fo'] 3

O

[(@) neE, (8) B 1) T,
L aha hO gW'O ah h gwo 2 Bh hO i

a [Right side containing parameters} (Al)

and terms from lower orders

Energy equations:

[m(ho) ] hi' + [2@%)}1 hot + Gwomwofo:| hj!
O
62 " i 1
+ [ 5E§ ho(hS)g + <§%>hoho -<%> Owomwofo:] hi
+ [(i‘+ %) Gwomwoho] i

_ |Right side containing parameters (A2)
- and terms from lower orders

The boundary conditions for equations (Al) and (A2) are as given
in equation (3.11). These equations can be considered as "semi-
universal." Their solutions depend ultimately on the solutions (for
fo and hgy) of the zero-order equations, (3.12) and (3.13), which are
nonlinear. The values of fg5 and hpg will depend on the dimensionless

wall enthalpy as well as on the gas properties. It is seen in (Al) and
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(A2) that £, and ho. and their derivatives and also the gas properties
o] o]

appear in the coefficients on the left sides of these general form
equations.

[

B. SECOND-ORDER EQUATTIONS

As an i1llustration we can write the differential equations derived
from the ¢2 terms of the momentum and energy equations.

Momentum equation:

h 1
[gﬁoq:%n,+[j%% .£L+;%]f5'-[z%'hé'+[2%"H2

gwo dh, heo &wo
P > notf " £m
s [ §§> _9,1 hat + [ d §> o'fo (28 IoT , 1(20) |,
dh/hg &wo o0h=/hy  8wo oh/hy  &wo oh/hg

- L §§> {_§§> ho!fo" + [g(ho)]f '"}- y
= hwe (;woz St/ w0 3 ho O. ? + g( o) o } .

' 1 o2 1 ) "
+ a,% (—61[6(ho)] + pso(2Hst) {g——wo'[ 5h51g3>h ho'fo' + 5_—§>h o }
. o =~ ho
' ’

1 §§> R §§> '[ §§> ho'fo" + g(ho)f m}}»
+ 5 \3p e 2uo? \OP o Sh ho o lo g< o) 0

+ éé'{;:[(fo')2 - 6<ho)]}'+ Oyl 0] (43)
a- 3\

Energy equation:

, d
[m(hg) Jha" + [ g%)h hao' + Owomwofo} hp'
o

2 /
+ (i %—hiél->h (ho, )2 + g%)h hO" - O'womwofo' :l h2 -+ [go‘womwohor ]f2
o] o]

. Ly [g(hy)]
= hw2[-0w0<§§>hwofoho'} + al2{écwomwo[6(ho)]fo' - wongo = (£5)%

) o @ ol
+ pSO(EHSt)[ ShoP ho(ho )=+ P hoho * Ovo\ 3p hwOfoho

+ Zé-[o] + Oypliygofoho '] (AL)
1
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3 Because of their linearity, one can indicate the solutions to

(A3) and (A4) in a split form.

hs

(hwz)1hp + (21%)php + Z§>3h2 + (oyz)4ho (A5a)

s

i

(hwa)1fn + (a1%)ofs # (g%)sfz + (owa)afs (A5b)

The boundary conditions from (3.11) are as follows.

At the wall:
1£2(0) if21(0) =0 i: 1,2, 3, k4 (A6a,b)

1h5(0)

Il

1 iho(0) =0 i: 2, 3, k4 (Abc,d)

At the transition to the exterior flow:

- ©
°

ifa' (@) = O. “ itT 1, 2,3, 4 (Ae)

2hp(e)

1l

2 ihg(w) 20 i 1, 3,% (a6¢,8)

Boundary condition (A6f) comes from the right side of (3.11d), where,

in this case by = 22,2 (see eq. (3.7)).
C. GAS PROPERTIES

The right sides of (A3) and (AlL) contain the parameter ows
(eq. (3.8)). For most practical problems, the wall value of the Prandtl
number Ow would be so nearly constant that one would probably not need
the oyz term.

The right sides of (A3) and (Al4) also contain partial derivatives
with respect to P of m, g, 8. These terms will usually be very
small and, in most cases, can be dropped. Partial derivatives with
respect to P affect the coefficients of the polynomials (3.1). We
recall that m, g, 3 are dimensionless ratios of gas properties at
different enthalpies but at the same pressure. Over a considerable
range, these ratios are not very sensitive to the pressure level. For
example, with a gas that 1s thermally and calorically perfect, &(h) = h
with no pressure dependence. If a gas closely approximates a perfect

gas, the Sutherland formula (containing no pressure term) can be used
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to compute the viscosity (ref. 10); then g(h) will not be pressure
dependent. In this regime, the Prandtl number ¢ has little pressure
dependence (ref. 10), so m(h) will have very little pressure depend-
ence. Concerning real gases, the writer checked plots for air of m,
g, & using data from references 10 and 13 and for carbon dioxide
using unpublished dataj; and even into the ilonization regime there was
little pressure dependence. In figures 1 and 3 of reference 16 are
plots that show this for air, for gquantities that correspond to our &
and g. It is safe to say that for an approximate analysis, terms
involving partial derivatives of m, g, & with respect to P can

generally be dropped.

D. NOTE ON CONVERGENCE

The expansions of f and h in powers of ¢, equations (3.2) and
(3.3), can be considered to be valid regular or nonsingular perturba-
tions around the axis, & = O. The character of differential equa-
tions (2.37) and (2.38) is not changed with the substitution of the
expansions in the equations and with the change from small £ to & = O.
The momentum equation (2.37) is dominated by f <terms and the highest
derivative term is preserved as & approaches zero. The energy equa-
tion (2.38) is dominated by terms in h when ¢ is small. When ¢
becomes zerc, the highest derivative term in h 1s preserved. Also no
boundary conditions (2.41) are lost as & approaches zero.

The expansions for f and h, (3.2) and (3.3), are analogous to the
Howarth-Blasius expansion for incompressible flow (ref. 1) and are quite
similar to expansions in powers of a transformed longitudinal coordinate,

T (in our nomenclature) for compressible flow given in reference T.

The expansions for f and h are valid only in their region of
convergence, of course. Schlichting (ref. 1, pp. 132, 137) does not
gquestion the convergence of the Blasius series. It is apparent that
the physical problem does not have singularities. However, it is pos-
sible that mathematical singularities may exist in the complex plane of
£. This has been pointed out by Van Dyke (ref. 4) in connection with a

meridian-length longitudinal coordinate and with a parabolic

12k



longitudinal coordinate for incompressible flow over a parabolic blunt
body (or body of revolution). Van Dyke has indicated that a singularity
occurs somewhere on the circle, iXNEJ/a = 0.62, where XNE, is the
meridian-length longitudinal coordinate and a 1s the nose radius.

When a parabolic longitudinal coordinate, X is used, a singularity

2
appears to exist at |Xpi = 1 which correspinds to  Xypl/a = 1.15.

Van Dyke has shown that the circle of convergence can probably be
enlarged to infinity by an Euler transformation to a new variable
ng/(l + Xpa) .

In the light of the above discussion, it is thought possible that
our £ may not be the best longitudinal coordinate from the standpoint
of convergence. In the present work, a detailed analysis with numeri-
cal solutions is only being made for the stagnation-point (zero-order)
equations. These are not affected by an Euler transformation. If
solutions to the higher-order equations were to be obtained, considera-
tion should be given to the possible advantage of the Euler transforma-
tion of the longitudinal variable.

On setting up series solutions to equations (2.37) and (2.38), it
is necessary that any infinite series representation of the gas prop-
erties, such as would be indicated in equation (3.1) with infinite
upper limits, be convergent (and the more rapidly the better). This
possible problem is avoided by using finite polynomial representations

of the gas properties as given in equation (3.1).
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APPENDIX B

THE COMPONENTS OF THE STAGNATION-POINT EQUATIONS EXPANDED IN

POWERS OF (hwo - 1) .

We obtained solutions to the stagnation-point equations (4.3) and
(4.4), with boundary conditions given by (4.5), by expanding the
dimensionless enthalpy, G, and the dimensionless stream function, F,
in powers of the parameter (hwo - 1). The expanded boundary condi-
tions are given by equation (4.8) and the final forms of our series
solutions are in equations (5.3) and (5.4).

The zero-order equations are (4.11) and (4.12) with boundary
conditions (4.8a) and the left side of (4.8d). The higher-order equa.-
tions are all of the form given by (4.13) and (4.14). These equations
will be listed in this appendix. The equations, as written below, are
-complete through the third order. Some terms obtained from the equa-
tions below were dropped as negligible from the final series forms (5.3)
and (5.4) (see also fig. 1). The nomenclature for terms dropped or
approximated is explained in chapter 4, section E (e.g., aFs). Above
the third order, only the significant (non-negligible) terms have been
retained on the right sides of the equations. Where a parenthesis on g
right side contains no specific terms, the function corresponding to that
parenthesis has been approximated or dropped. Approximations have been
used for terms connected with the Prandtl number parameter, o1 (see
ch. 5, sect. B).

For all orders higher than the first, the pertinent boundary P
conditions are homogeneous (4.8). These homogeneous boundary condi-
tions apply to all components of the various orders, iFj: iGj: and will

not be listed below.

A. FIRST ORDER, (hwo - 1)?1
~

Fnergy eguation:
1G1" + [00Fol1G1" = O (B1)
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Momentum equation:
Fam o+ [FIF" - [Fo' IFyt + [Fo"1Fy
' = (8 [Fo™ (1 - 361) - Fo" 162') + (82)1-(1/2)164]
(B2)
Fi = (g,)1F1 + (81)2F1 ‘ (B3)

Boundary conditions for the first-order equations are given by

equations (4.8a), (4.8b), and the right sides of (L.84,e).
B. SECOND ORDER, (hwo - 1)2

Energy equation:
G2" + [ooFolla' = (ml){E[lGl”(l - 1G1) - (lGl')g]} + (g1)(-200 102" 1F1)

+ (81)(-205 161" 2F1) + (201)(-Fo 1G1") (BL4)
Go = (my)10e + (g1)2Gz + (B1)sGz + (201)2G1 (B5)
(2G1 1s the one exception to our nomenclature system. It retains the
second-order boundary condition, 2G1(0) = O (see ch. -k, sect. E).)
Momentum equation:
Fo' + [FolFa" - (Fo'lFo" + (Fo"1F2
. 2
= (g2){-2 161 161" Fo" + Fo™I[1 - (261)21} + (82)[-(1/2)(162)%]
+ (5:2)[-(1/2)sGs - 2 2F1 2F1" * (5F11)2] + (me,)(-Fo" 162"
_ Fo"‘ le) + (ng)[_Fon 2621 - Fo"' 232 -2 1G1' lFln._g 1G1 1Fl"'

'a%"lﬁ.-gﬂ>ﬂf'+gﬂfjﬁf -Elﬁ.ﬁT’+(ﬁiwg]

+

(g,8,) [ -Fo" 3G2" - Fo™ 3Gz - 2 161! SF" - 2 3Gy 2F1' - (1/2) G2

0 ,Fy oF" - 2 gFy 1Fi" + 2 1F1! SFit + 2 oFtM]

+

(m151)£-<1/2)1G2] + (goo )l 1+ (8101)1 ] (B6)
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Fo = (g,2)1F2 +(8181)pF2 + (81%)aF2 + (82)4F2 + (82)sFz

+ (8101)aFs + (8101)bF2 + (myg1)cFo + (my8q)gFs (BT)
C. THIRD ORDER, (hwo - 1)3

Energy equation:

Ga" + [0oFolGa' = (m2)<;3{2 1G1(261")% + 161"[(161)% - l]i>

(mlz){-3[1G2'(2 1G1 + 0gFo) + 1G1 1G2" + 1G1" 1G2]}

+

(mlgl){'3[2G2'(2 161" + 0oFo) + 1G1 2G2" + 1G1" 262

+

200 1G1' 1F1 + 045 1G1' cF2 + 0o 1F21 1G2']}

+

(m151){'3[3G2'(2 161" + 0oF) + 161 3G2" + 1G1" 3Ge

+

205 161" oF1 + 0p 1G1' dFe + 0o 2F2 1G2']}

+

(g5) (300 1G1" aF2) + (82)(-305 1G1' sF2)

+

(812)[-30,(161" aF2 + 2F1 aCG2')]

+

(g,2)[-305(1G1" 1F2 + 1F1 2G2')]

+

(g,8,)[-305(3G1" 2Fo + 1F1 sG2' + 2F1 2G2')]

+

+

(my01)( 1+ (8101)[ ]

+ (8107) 1 1+ (0:5)1 ] (B8)

2
Gz = (mL)1Gs + (mg1)sGs + (g2)sGs + (8181)4G3 + (83)sGs + (m187)eCa
+ (mp),Gs + (82)gGs + (g2)aGs + (m101)bGs + (g101)cCa

+ (8101)3G3 + (0%)eCs (B9)
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Momentum Equation:
Fa' + [FolFas" - [Fo'lFs' + [Fp"IFs

= (82){-3(161)2 167 Fo" + Fo™[1 - (161)21} + (maga) [(-3 261 Fo'

+

3 161 Fo"')1Ga - 3 161 Fo" 1Ga'] + (g182) [ (-3 21G2" F"

3 161 Fo™")oGe - 3 1G1 Fo" 2G2' + (-6 161 1G1' - 3Fg)1F1"
3(261)2 1F1™ - 3F." 1Fy + 3F' 1F1' - FQ" gGa' - Fo'" als

(-3 1G1' - 3Fg)aFa" - 3 1G1 aF2'™ - 3F," 4Fz + 3F,' 4F2!

3 1F1" aFs - 3 1Fy 4Fp" + 3 1Fi' oF2'] + (281 [(-3 161" F"
31Gy Fo')aGp - 3 101 Fo" aGa' + (-6 161 162" - 3Fg)=2F."

3(1G1)2 oFL "™ - 3Fo" oF1 + 3Fg' 2F1' - (3/2)1G1 - 3 2F1" 4F2

3 pF1 aF" + 3 2F1! 4Fo' - (1/2)aGa] + (meg1) (-Fo" ,Ga' - Fo' 7Ga)
(m1Zg1) (-Fo" 1Ga' - Fo™' 1Ga) + (m1g1®)[-Fo" 2Ga'- Fo""' 203

3 1F1" 102! - 3 1F1™ 1Gz + (-3 161" - 3Fp)cF2" - 3 161 cF2'
3F," cFz + 3Fo' cFa' - 3 1F1" cF2 - 3 1Fa cFo" + 3 1F1' cFa']
(m1g151)[-Fo" 6Ga' - Fo™ 6Ga - 3 2F1" 1Ga' - 3 2F1™ 1G2

(3/2) 1G2 + (-3 1G1' - 3F5)aFe" - 3 161 aF=2"'

3Fo" gF2 + 3Fo' aFa' - 3 1F1" aFe - 3 2F1" cFe

3 1F1 gFe" - 3 oF1 oFo' + 3 1F1' gFa' + 3 2F1! oFe' - (1/2) oGzl
(82°)[-Fo" 3Gs' - Fo™ aGa - 3 1F1" 2G2' - 3 1F1'™ 202 + (-3 161!
3Fo)1F2" - 3 1G1 1Fa'™ - 3Fy" 1Fo + 3Fo' 1Fa' - 61F1 1F1"

+ 3(1F1")2 - 3 1F1" 1Fs - 3 1F1 1Fo" + 3 1 Fy' 1Fot]
+ (g81%81) [ ~Fo" 4Ga' - Fo™ 4Gs - 3 1F1" 3G2' - 3 2F1" oGz

+

1

o+ o+

3 4F1™ 3Gp - 3 pF1™ oGz - (3/2)2G2 + (-3 1G1' - 3Fo)2F2"

3 1G1 2Fa"' - 3F," oFo + 3Fo' oFp! - 61F1 pFi" - 6 oFy 1Fy"

6 1F1' pF1' - 3 1F1" oFp - 3 2F1" 1Fp - 3 1F1 2F2" - 3 2F1 1Fa"

3 1Fy' 2Fp' + 3 oFa' 1Fa' - (1/2)sGa] + (8168)-Fo" sGa' - Fo'" sGs
3 2F1" a6z - 3 2F1™ 3Gz - (3/2)3Gz + (-3 1G1' - 3Fo)aFa"

3 161 aFe™ - 3F," 3Fs + 3R aFo! - 6 5F; oF1" + 3(oF1')%

3 3F1" gFs - 3 2F1" 2Fe - 3 1F1 aFp" - 3 oF1 2F" + 3 1F1' sFo’
32F1 2Fa" - (1/2)4Gs] + (8102)[-Fo" &Ga' - Fo" &Gz + (-3 1G1'
3Fo)sFa" - 3 1G1 sFa™' - 3F" sFo + 3F,' sFa' - (3/2)(1G1)2

3 1F1" sFp - 3 1F3 sFo" + 3 1F1! sFo' - (3/2)1G1 2G2]
(8182)[-3 2F1" sF2 - 3 2F1 sF2" + 3 2F1' sFa' - (3/2)1G1 3Gz
(1/2)g6a] + (8:°%)[-3 2F1" aF2 - 3 2F1 aF2" + 3 2F1' sFa!
(1/2)sCa] + (m18:%)[-3 2F1" gF2 - 3 2F1 aF2" + 3 2F1' gFa!
(1/2)eGa] + 83l -(1/2)(261)°%] + (m182)[-(3/2)161 1Gz]

(mzd1)[-(1/2)7G3] + m®8:1[-(1/2)163] + (migi01)( ]
(m18101) [ 1+ (g1%01) I 1 + (g10:.%)I 1+ (g18100)I ]
(51261)[ 1+ (51012)[ 1+ (8201)( 1+ (801)] ]

(B10)
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Fz = (81°%)1Fs + (81°)2Fs + (81581)aFs + (818:%)4Fs + (8182)sFs
(8182)6Fs + (8201)7F3 + (8132)sFs + (83)oFa + (83)10Fs
(migz)aFs + (mog1)pFs + (m1%g1)cFs + (meg1®)afs + (myg181)eFs
(m1812)£Fs + (m182)gFs + (mod1)nFa + (my®8;)iFs + (myg101)3Fs

(my8101)kFs + (81%01)1F3 + (81012)pFs + (818101)nF3 + (8:%01)Fa
(B11)

+

o+ o+ o+

(8101%)pF3 + (8201)qFs + (Bz01)rFs
D. TFOURTH ORDER, (hwo - 1)*

Starting with the fourth order, only significant terms are being
retained on the right-hand sides, so the equations will be shorter (see
fig. 1). Also the gas-property polynomials are terminated at the third
degree, so terms with higher than third-order gas-property parameters
will not appear.

Energy equation:

Ga" + [UOFO ]G‘L'
= (ma)}[-4(1G1)%161" - 12(1G1)3(161")2 - Log Fo 1G1']
+ (mmp)[ -4 1G1 7Ga" - 4 1G1" 72Gz - 8 1G1' 7G3' - 6(3G1)% 1Go"

- 12 1G1 161" 102 - 2k 161 161" 1Ga! - 12(3G1')® 1GoT

- 0o(lFy st + 6Fy 1G2f)] + (83)[-boy 1G1' 10Fa] + (mpoy)l ]
(B12)
Ga = (mg)1Ga + (mmp)Ga + (83)aGs + (mpoy)aCa (B13)

Momentum equation:
Fo'" + [FolFs" - [Fo'IFa' + [Fo"IFa
= (g183)[ -4 1F1" oFs - 4 1F; oFs" + L 1F;' oFs' - 4 1G; oFs™
- 4 3Gyt oF3" - UFQ" oFas - UF, oFa" + LFo' oFs' - h(3G1)° 1Fi™
- 6Fo" (161)% Gp - 6F0"(2G1)% 202" - 12(1G1)% 162" 1F2"
- 12 3Gy 161" Fo" 202 - WFQ" 1F1 - 4Fo 1F1" + UFo' 1Fi']
(8103) [ -l 2F1" 10Fs - 4 oF1 10Fs" + b oF1' 10Fs' - (1/2)aGa
- 3(1G1)% 3621 + (gao1)l ]+ (8s301)[ I+ (g18201) 1 ]
(818201) [ ] (B1k)

+

+

Fa = (8183)1Fs + (8183)oFa + (8301)gF4 + (8301)pFa + (8185201)cFa

+ (818201)dF4 (B15)
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E. FIFTH ORDER, (hwo - 1)°

Energy equation:
Gs" + [0oFolGs!
= (mma)[ =5 1G1 1G4" - 5 1G1" 1Ga - 10 161" 1G2' - S50oFo 1Ga!
- 10(1G1)3 162" - 30(1G1)® 1G1" 162 - 60(1G1)% 1G1" 162"
- 60 101(1G1')% 1G2 - 1000Fo 1G2'] + (mimpoq )| ]
+ (maoq)l ] - (B16)

Gs = (mmg)1Gs + (mimpoi)als + (meoy)bls (B17)
Momentum equation:
Fs™ + [FolFs" - [Fo'lFs' + [Fo"IFs
= (g283)[-10 oF3" 4Fo - 10 4Fo" gFa + 10 4Fs! oFz! - 10(1G1)% oFs'™
- 20 lGl lGl! 9F3" - lOFO” 9F3 - lOFo 9F3" + lOFO' 9F3'

- 10(1G1)3 4F2' - 30(1G1)2 162! 4F2" - 10Fo" 4Fs - 10Fg 4F5"
+ 10Fo' 4Fx'] + (g1830.)I 1+ (818301)( 1 (B18)
Fs = (8283)1Fs + (g18301)aFs + (818301 )bFs (B19)

F. SIXTH ORDER, (hwo - 1)°

Energy equation:
Ge" + [ooFolGa!
= (momz)[-15(1G1)% 1Ga" - 30 1G1 1G1" 1G4 - 60 1G; 1G1' 1G4’
- 30(1G2")® 1G4 - 20(1G1)® 7Ga" - 60(1G1)2 1G1" +Ga
- 120(101)® 161" 7G3' - 120 1G1(1G1")® 7G5 - 0o(15F, 1G4’

+ 20Fg 7Gz')] + (mimsoy)l( ] (B20)
Ge = (memg)iGe + (mymsoi)ale (B21)
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Momentum equation:

anl + [FO]FSH - [FO’]FSY + [FO" :’Fa

= (g18283)[ -6 1G1 1F5™ - 6 161" 1Fs" - 60 gF3" 4Fs - 60 4Fo" oFs
- 6F0” 1F5 - 6FO 1F5” + 60 4__F2' 9F3, + 6FO' 1F5' - lS(lGl)z 1F4”‘
- 60 1G1 G2 oF3™ - 60 1G1 2Gn' oFs" - 30 1G1 1G1' 1F4"

- 60 2Gp 1G1' oFs" - 60 1F1" oFz - 15F." 1Fa - 60 1F; oFa"

- 15Fy 1Fa" + 60 1Fi' oFz' + 15F,! 1Fs' - 20(3G1)° sFa™

- 90(1G1)2 26z aFo™ - 60(1G1)2 161" sFs" - 90(1G1)% 202" 4F2
- 180 1G1 2Go 1G1!' 4Fo" - 60 1Fy" 4Fs - 20F," sFz - 60 1F; 4Fs"

"

- EOFO 5F3" + 60 1Fl' 4F2' + QOFO’ 5F3' - 15 lFA_." 4F2
- 20 sF3" oFg - 20 oFs" sFa - 15 4Fs" 1F4 - 6 1F1" 1Fs
- 6 lFl lF5" + 20 5F3X 9F3' + 15 4_.F2' 1F4’ + 6 lFl' 1F5‘]

+ (gog301) [ ] (B22)

Fs = (818283)1Fs + (828301)aFs (B23)

G. SEVENTH ORDER, (hwo - 1)7

Energy equation:
G7z" + [ooFolGs!
= (mymems)[ -7 161 106" - 35 7Gs 1G2" - 35 1G4 7G3" -~ 7 1Ge 1G1"
- 70 2Ga' 1Ga' - 14 1G1' 1Ge' - 21(3G1)% 165" - 105 1G1 162 164"
- 105 1G1 1G4 162" - 42 1G1 1G5 1G1" - 210 1G1 1G2" 1Ga'
- 84 167 161t 1Gs' - 105 1Gz 1G4 161" - 210 3Gz 1G1' 1G4
- 210 1G4 161" 102" - U2 105(3G1")% - 35(:102)7 264"
- 210(1G1)? 162 4G3" - 210(361)% 7Gs 1G2" - 105(1G1)% 2G4 161"
- 420(1G1)® 162" 7Gs' - 210(1G1)® 161" 204" - 420 1G1 1G2 +Gz 1G1"
- 840 1G; 102 1G1' 7Gz' - 840 1G1 4Gs 1G1' 1G2' - 210 3Gy 2G4(1G1")Z
- 420 1Gg 4Ga(1G1")? - 0o(TFo 1Ge" + 21F, 1Gs' + 35Fo 2Ga')]
+ (818203) [ -05(35 364! &Fs + 35 gGa' 2Fa)] + (memzoi)l I (B2k)

Gr = (mimpmg)1G7 + (818283)2G7 + (mpmzoy)aGr (B25)
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Momentum equation:
F;™ + [FolF" - [Fo'lF7' + [Fo"1F7 = (81828301) I ] (826)

Fr = (81828301)aF7 (B27)
H. EIGHTH ORDER, (hwo - 1)®
Energy equation:
Ga" + [0oFolGs' = (mympmaoq)[ ] (B28)
Gg = (mimsmaoy)aGs (B29)

An eighth-order momentum equation was not used as the series expansion
for F, equation (S.A), was terminated with the sixth order (and the

seventh-order term, aF-, was moved to the sixth order and approximated).
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APPENDIX C
ASYMPTOTIC SOLUTION OF THE HOMANN EQUATION

The equations that we have solved numerically ((4.12), (L.13),
and (4.14)) all have a boundary condition at infinity (4.8d,e). In
solving these equations on a computing machine it is necessary to
replace infinity by some large number and to set the outer boundary
condition at this value of the independent variable, n. The most crit-
ical of the equations is the zero-order momentum (Homann) equa-
tion (4.12), since its solution furnishes coefficients which appear on
the left sides of all the higher-order equations. The value of 1 at
which one sets the outer boundary condition will depend on the accuracy
of the solution desired. In this appendix we will form an asymptotic
solution to the Homann equation for large 7 in order to gain an idea

of the value of n at which we can assign the outer boundary condition.
A. ASYMPTOTIC SOLUTION

To form the asymptotic solution to the Homann equation (L4.12) with
its boundary conditions (4.8a and the left side of L4.8d), we will let:

Fo =1 - T4 (Cla)
Fot =1 - fg' (C1b)
FO” = _fan (ClC)

FOHI — _fa!ﬂ (Cld)

where f, 1is as defined in equation (Cla). This is a logical
formulation, as we know, from the boundary conditions that fg(w) will
be a finite number and the derivatives, fg'(w), T5"(w), and fg™ ()
will all vanish asymptotically.
We substitute (C1l) into (4.12) and use (4.8a and the left side of
4.8d) and obtain:
1

£+ - fi £, - fgt + = (F 'f3= 0 (c2)
a n n /@ a ) a
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e,

with the boundary conditions:

fq(0) =0 £5,1(0) = 1 fg'(w) =0 (c3)

For large n values we see that the nonlinear terms in equation (c2)
will become very small. We neglect these terms and obtain the linear

equation:

Tt + nfad - fad =0 (ch)

where fag 1is defined as the solution to equation (Ch). The boundary
conditions are still given by (C3).
Equation (CL4) is actually a second-order equation since there is

no fgg term. It has the solution:

1 2
fas = f—[/; n,ert <ﬁ\/—_;—> dn, + erf <\/—%—>— 7-1-2—] (c5)

where we define:

nojR

t 2
erf(t) = 2 JF S atq
(e

I

so that:

(ﬂ/\/-é) 2

1 dtq

(@ %

Then, using equation (Cla), we have for the asymptotic solution

to equation (4.12):

(Fodas = n ’@ [fﬂ n,ert <—:-/]_—_;—> dn, + erf <\/%> - T_];_] (c6a)
(Fot)as =1 -E n[erf <\/_TI§> - l] - e—(na/z) (c6b)
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The function given by equation (C6) satisfies the original boundary
conditions (L.8a and the left side of 4.83), but it will not satisfy

the Homann equation (4.12) for small 7 values.
B. SELECTION OF MAXIMUM VALUE OF INDEPENDENT VARTABLE
For large n values we can write:
(FO')as =1 - error = 1 - fgd (c7)
Then from (C6b) or (C5)

error = fog' _N/T% n[erf<ifg> - 1] + o=(n®/2) (c8)

For large arguments we can use an asymptotic formula for erf(t)

(ref. 18, p. 120):

erf(t) = 1 -

Then we have:

erf<;F5> —<::;Z 1 - %§-+ AR ll§é§-+ .. .>

(c10
Substituting (C10) into (C8) we have:
-(ﬂg/z)
oy - £ B (1 B3 L1 ) (c11)
n n N

The IBM 7090 computing machine will deliver eight significant
figures (without using double precision methods). Using equation (C11)
we find that the smallest integer value of n that produces a value of
error < 1078 is n = 6. So we should expect to carry our solutions of
equations out at least tc 17 = 6. Referring to equation (Cla), we
know (table I) that for large 1, the value of f5 becomes approxi-

mately 0.8. Then in equation (C2) the term neglected in the coefficient
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of the second term, fg/n, would have the approximate value, 0.8/6 = 0,13,
This is not really negligible compared to unity, If we extend the max-
imum value of n to 1 = 10, the neglected term, fa/n, has the value
0.8/10 ~ 0,08, This is small but still not negliglble compared to

unity,

In spite of this indication, for our maximum 1, we will try the
value n = 10. This selection is somewhat arbitrary, but it turns out
to be a satisfactory value. The important factor is to observe that all
the universal functions attain values very close to their asymptotes for

n < 10, This condition is seen to be satisfied in table I.
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APPENDIX D
EFFECT OF VARIATTON OF POLYNOMTALS APPROXIMATING THE GAS PROPERTIES

In chapter 5, section E, it is noted that there are several ways
of fitting polynomials to the gas properties, m, g, and B, and the use
of different methods can result in different combinations of coeffi-
cients in the polynomials. We want to determine the effects on final
answers of the use of different polynomial representations. To do this
we will form polynomials with different shapes and check the effect of
shape on our calculated results.

In table D-1 are tabulated a number of cases with different values
of the parameters, mj, g4, and Bi.. These parameters were selected to
give a wide variation in the m(G), g(G), and 8(G) functions, but each
family has a common value at G = O. Cases with hwo = O will show
the effects of varying the shapes of the gas-property curves repre-
sented by the polynomials. For each family of polynomials the extreme
spread of the curves is shown plotted in figure D-1. The polynomials
not plotted fall between these extremes.

The cases tabulated in table D-1 are not intended to represent any
real gas (this is done in ch. 7). These hypothetical cases are for the
purpose of demonstrating the effect on our calculated results of a
variation in the gas-property parameters, and to gain an idea of the
requirements for accuracy of representation of gas properties by poly-
nomials.

The values of G'(0) and F"(0) shown in table D-1 were calculated
by our method of series expansions. It is seen that the variation in
wall values of G'(0) and F'"(0) is less than one might expect. The
my, g1, and d1 cases have been used as references to tabulate the
percentage changes in G'(0) and F"(0) for hwo = O. The percentage
changes in G'(0) and F"(0) for the cases with hwo = 0.2 and 0.5 have

O cases.

It

not been tabulated but they are closer together than the hwo
The differences in G'(0) and F"(0) for the cases with hwo = 0.2 and
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TABLE D-1.- EFFECT OF VARTATTION OF GAS-PROPERTY POLYNOMTIATS

(a) m; cases

Case hwo | G'(0)

-o ‘b.ué89

m; = -0.75 .21 .3480

.5 | .2243

0 .| .k4o093

me = 1.5 .2 | .3487

.51 .2323

0 3954

mg = 4.5 .21 .3506

.51 .2361

m; ,Mo 0 . J‘l':|—93

m; = -0.375 .21 3477

me = 0.75 .51 .2279

my ,M3 0 L4133

my = -0.375] .2 | .3483

mg = -2.25 .5 | .2295

7 ﬁmg ,n]ja O . L’-136

ms = 0.75 .21 .3526

mg = -2.25 .5 | .234%

ﬁl’mZ:mB 0 h160

m,; = -0.25 .2 | .3495

me = 0.5 -5 | .2305
Mg = —1.5

F"(O)

0.9277

Percent change

Percent change

in G'(0), in F"(0),
from m,; case| from m; case
: ,O.,‘ - .
1.6 0
7.8 0
22 0
3.6 0
3.6 0
13.0 o 0]
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TABLE D-1.- EFFECT OF VARTATION OF GAS-PROPERTY POLYNOMIATLS - Continued

(b) g4 cases

J N Pe?éeng chéﬁgei Percent chaﬁge
Case hwo | G'(0) | F"(0) in G'(0), in F"(0),
from g, case_Jfrom g1 case
o |o.4834 | 0.8725 o o
g1 = -1.0 2| .3867 | .8779
.51 .24k17 | .8877
0 | L4831 .8205 close -6.0 7
go = 2.0 .21 .3865 | .8591
.51 L2416 | L9009
0 L4831 .792677 close 9.2
gs = -6.0 .21 .3865 | .8585
51 .2416 11 .9108
81,82 0 4833 | .8L53 close 3.1
g1 = -0.5 .2 | .3866 | .86L1
g = 1.0 .5 ] .2416 | .8905
g1,83 0 L4833 | .833L close 4.5
g1 = ~0.5 2] .3866 | .8635
gz = -3.0 .5 | .2L16 | .8948
82,83 0 4831 | .8255 close C5.h
ge = 1.0 .2 | .3865 | .8650
gz = ~-3.0 .51 .26 | 906k
£1182,83 0 L4833 .8337 close hhs
g1 = -1/3 .2 | .3866 | .8626
go = 2/3 5] .2h16 | L8962
g = ~-2.0
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TABLE D-1.- EFFECT OF VARTATION OF GAS-PROPERTY POLYNOMIALS - Concluded

(c) 8y cases

- N N Percént change ;é;éen£ change
Case hwo | G'(0) | F"(O) | in @'(0), in F"(0),
from &; case |from ©&; case
o |o0.4405|0.5585] o 0
51 = 1.0 .2 | .3601| .6373
51 2317 { .7505
81,02 0 4458 1, 5796 1.2 3.8
5, = 0.8 21 .3637| .6624
8 = -0.L4 51 .2333{ .773hk
51,8 |o | .hk72| .5018 1.5 6.0
51 = 0.8 .21 3647} .6756
85 = 1.2 .51 .2337 | .7816
81,02,83 |0 L4hs8 | L5857 1.2 k.9
81 = 0.8 21 .3641{ .6690
Bz = -0.2 51 23351 .TT75
83 = 0.6

NOTE: owo = Op = 0.75; parameters not listed are zero for a

particular case.
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2.0

/—m,=-0.75 3 My =m3=0

() Eq. {570}

/—'g|='|.0 i 9,93=0

(b) Eq.(5.7b)

(c) Eq.(5.7¢)

Figure D-1.- Variation of gas-property polynomials.
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0.5 are due not only to differences in the shapes of the gas-property
curves, but alsc to the different values of the gas properties at the
wall.

The effect of varying the gas-property polynomials is to change the
coefficients of the universal functions in equations (5.3) and (5.4).
The coefficient of one universal function will be increased at the
expense of another, but these universal functilons have approximately the
same shape and they héve the same outer boundary conditions (fig. 2).
The greatest effect of a variation in gas-property polynomials is on the
wall derivatives as tabulated in table D-1. With this type of varia-
tion, if the wall derivatives are close in value, the functions G(n)
and F'(n) have almost the same values through the boundary layer.

It is easy to make the calculations to show the effects on a¢'(0)
and F"(0) of a variation of the gas-property parameters. One simply
inserts different values of the parameters in equations (5.5) and (5.6).
Combinations of the parameters can be adjusted in such a way as to main-
tain the wall values of the gas properties unchanged (table D-1 with
hwo = 0), or the parameters can be adjusted to change the shapes of thé
gas -property curves and the wall values as well (table D-1 with
hwo = 0.2 and 0.5). This latter type of variation is of interest as it
may be desired to use one writing of the gas-property polynomials for a
number of cases with different hwo values, and there may be values of
hwo at which the fit of the polynomials to the actual gas properties is
less than ideal. The cases in table D-1 with hwo = 0.2 and 0.5 show
only a small variation in G'(0) and F"(0). For these cases the
extremes of the spread of gas properties at the wall are seen in fig-
ure DL (at G = 0.2 and 0.5).

“We can conclude that our calculated results are not overly
sensitive to the selection of the gas-property polynomials used. Equa-
tions (5.3) through (5.6) have large terms which do not depend on the
gas properties. Also the sensitivity to the polynomials selected
decreases to zero as hwo approaches unity.

The spreads of the variations in the shapes of the gas-property
curves shown in figure D-lare quite extreme. A reasonable attempt to

match gas properties with polynomials should £all well within this
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spread. The matching can be made very close for flight in the earth's
atmosphere at free-stream Mach numbers up to about 5. The matching
becomes progressively more difficult with increasing Mach numbers.
Some examples of this are shown in chapter 7. While it is apparently
not crucial, it seems desirable to correctly match the wall values of

the gas properties when it is convenient to do so.
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APPENDIX E

SUMMARY OF WORKING FORMUTLAS VALID IN THE VICINITY
OF THE STAGNATION POINT

The stagnation-region working formilas are listed in table E-1.
Most of the formulas have been machine programmed as indicated by
asterigk symbols in the table. Parameter limits used for the series
truncations are shown. Parameter values selected for use should
generally be kept within these limits. The limit, hwo equal to zero,
ig, obviously, not physically realizable.

TABLE E-1.- STAGNATION-REGION WORKING FORMULAS

bguiﬁﬁiiﬁined Bquation number
G,at,a" 5.3%
F,F!,F",FM 5.k
G'(0) 5.5%
F'"(0) 5.6%
£ or x 6.3
a, or (due/dx)(x=o) 6.4, 6.5, or 6.6
v 6.8%
Ypp 6.102%
Vp ) 6.12% (8, = 1)
PV 6.10%
P 6.15%
Pap 6.16%
op 6.16% (5, = 1)
v 6.17 or 6.18%
VAP 6.18 and 6.19%
vp 6.18 and 6.19% (8, = 1)
&% 6.23%
5%, p 6.25%
&%p 6.25% (8, = 1)
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TABLE E-1.- STAGNATION-REGION WORKING FORMULAS

~ Concluded.

Equation

"
g(G) zﬁ;”*gl (6 -1)+8@-12+8@c-1)°

Quantity to
be determined number
Cpo NEe 6. 41
CfW\’RW 6. u2x
Qy 6.56%
Nuy,/~ Rw 6.57%
Sty NRW 6.58%
*Formulas are machine programmed
Basic formulas
G =hg = Ho/Hst
F' = £5" = u/ug
Ug % (due/dx)(x=o)x
Ue ®2Hgt a4t
Gas-property polynomials
n(G) = ot /9 =1 +m(e -1)+ 2 @G-1%2+ 2 (¢ -1)3
en/o) 50 2 6 (5.78)
5.7a

(5.70)

5(G) =22 _ 148, (6 -1)+ 2@ -1)2+22 (¢ -1)°
P 2 3 6 _.£5'79)
Parameter limits used for series truncations

0 < hwo < 1 0 < galhwo - 1)2 < 2.0

0 < my(hwo - 1) < 1.0 0.4 < 8z(hwo - 1)2 <0

0 < gi(hwo - 1) < 1.5 0 < mg(hwo - 1)% < L.5
-1.0 < 8;(hwo - 1) <0 0 < ga(hwo - 1)2 < 6.0

0 < mo(hwo - 1) < 1.5 -1.2 < 8sfwo - 1)2 <0
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TABLE T.-

AXTSYMMETRIC STAGNATION-POINT UNIVERSAL FUNCTIONS

GO = O -75
E E! gy EM IFl X F" g
mn (o} 0 o o ih 17 1M
{g)

Q. 0. 0. 0.92768 ~0.50000 C. [ -0.12761 0.44518
0.01000 0.00005 0.00925 0.92268 -0.50000 -0.00001 -0.00125 -0.12315 0.44335
0.02000 0.00018 0.01845 0.91768 -0.50000 -0.00002 -0.00246 -0.11874 0.43852
0.03000 0.00042 0.02761 0.91268 -0.50000 -0.00006 -0.00363 -0.11438 0.43368
0.04000 0.00074 0.03671 0.90768 ~0.50000 -0.00010 -G,00475 -0.11007 0.42885
0.05000 0.00115 0.04576 0.90268 ~0.49999 -0.00015 -0.00583 -0.10580 0.42401
0.06000 0.00165 0.05476 0.89768 ~0.49998 ~0.00021 -0.00687 ~0.10159 0.41917
0.07000 0.00224 0.06371 0.89268 ~0.49997 ~0.00029 ~0.00786 -0.09742 0.41432
0.08000 0.00293 0.07261 0.88768 -0.49996 -0.00037 -0.00882 -0.09330 0.40947
0.09000 0.00370 0.08147 0.88268 -0.49994 -0.00046 -0.00973 ~0.08923 0.40461
0.10000 0.00456 0.09027 0.87768 ~0.49992 -0.00057 -0.01060 -0.08521 0.39975
0.11000 0.00550 0.09902 0.87268 -0.49990 ~0.00068 -0.01143 -0.08123 0.39489
0.12000 0.00654 0.10772 0.86768 -0.49987 -0.00079 -0.01223 -0.07731 0.39001
0.13000 0.00766 0.11637 0.86269 ~0.49983 -0.00092 ~0.01298 ~0.07343 0.38513
0.14000 0.00886 0.12498 0.85769 -0.49979 -0.00105 -0.01369 ~0.06961 0.38024
0.15000 0.01016 0.13353 0.85269 -0.49974 ~0.00119 -0.01437 ~0.06583 0.37535
0.20000 0.01789 0.17554 0.82771 ~0.49940 ~0.00199 -0.01720 -0.04768 0.35076
0.25000 0.02769 0.21630 0.80275 -0.49883 -0.00290 -0.01916 ~0.03076 0.32596
0.30000 '0.03950 0.25581 0.77783 ~0.49800 -0.,00389 -0.02030 -0.01508 0.30096
0.35000 0.05325 0.29408 0.75296 -0.49685 ~0.00492 ~0.02069 -0.00066 0.27579
0.40000 0.06888 0.33111 0.72815 ~0.49534 ~0.00595 ~0.02039 0.01249 0.25049
0.45000 0.08634 0.36690 0.70343 -0.49343 -0.00695 -0.01946 0.02438 0.22512
0.50000 0.10555 0.40146 0.67882 -0.49107 -0.00788 -0.01797 0.03501 0.19977
0.55000 0.12646 0.43478 0.65433 -0.48823 -0.00873 -0.01598 0.04436 0.17453
0.60000 0.14901 0.46689 0.63000 -0.48488 -0.00947 -0.01355 0.05246 0.14952
0.65000 0.17313 0.49779 0.60585 -0.48100 ~0.01008 ~0.01075 0.05932 0.12486
0.70000 0.19877 0.52748 0.58191 -0.47655 ~0.01054 -0.00764 0.06496 0.10068
0.80000 0.25435 0.58330 0.53477 ~0.46590 -0.01097 -0.00072 0.07268 0.05432
0.90000 0.31528 0.63447 0.48881 -0.45283 -0.01067 0.00674 0.07594 C.01158
1.00000 0.38109 0.68112 0.44428 -0.43735 -0.00962 0.01433 0.07516 -0.02645
1.10000 0.45135 0.72339 0.40142 -0.41954 -0.00781 0.02166 0.07084 ~0.05880
1.20000 0.52563 0.76146 0.36045 -0.39955 -0.00530 0.02840 0.06361 -0.08472
1.40000 0.68461 0.82585 0.28498 ~-0.35408 0.00152 0.03918 0.04310 -0.11574
1.60000 0.85503 0.87610 0.21915 ~0.30361 0.01006 0.04541 0.01912 ~0.11982
1.80000 1.03424 0.91420 0.16365 -0.25137 0.01937 0.04693 -0.00338 -0.10226
2.00000 1.22004 0.94225 0.11850 -0.20066 0.02856 0.04440 -0.02091 -0.07167
2.20000 1.41061 0.96225 0.08310 -0.15425 0.03694 0.03901 -0.03180 -0.03734
2.40000 1.60453 0.97607 0.05638 -0.11411 0.04407 0.03212 -0.03611 -0.00689
2.60000 1.80073 0.98529 0.03697 -0.08118 0.04977 0.02492 ~0.03512 0.01518
2.80000 1.99843 0.99125 0.02342 -0.05552 0.05407 0.01830 ~0.03069 0.02764
3.00000 2.19708 0.99496 0.01432 -0.03650 0.05716 0.01275 -0.02463 0.03171
3.20000 2.39631 0.99719 0.00845 -0.02305 0.05926 0.00846 -0.01840 0.02989
3.40000 2.59589 0.99849 0.00481 -0.01399 0.06062 0.00534 -0.01289 0.02487
3.60000 2.79567 0.99921 0.00264 -0.00816 0.06146 0.00322 -0.00851 0.01883
3.80000 2.99556 0.99960 0.00139 -0.00457 0.06196 0.00186 -0.00533 0.01320
4.00000 3.19550 0.99981 0.00071 -0.00246 0.06224 0.00103 -0.00316 0.00864
4.20000 3.39547 0.99991 0.00035 -0.00127 0.06239 0.00054 -0.00179 0.00532
4440000 3.59546 0.99996 0.00016 -0.00063 0.06247 0.00027 -0.00096 0.00309
4.60000 3.79545 0.99998 0.00007 -0.00030 0.06251 0.00013 -0.00049 0.00170
4.80000 3.99545 0.99999 0.00003 -0.00014 0.06253 0.00006 ~0.00024 0.00089
5.00000 4.19545 1.00000 0.00001 -0.00006 0.06254 0.00003 -0.00011 0.00044
5.20000 4.39545 1.00000 0.00001 ~0.00003 0.06254 0.00001 -0.00005 0.00021
5.40000 4.59545 1.00000 0.00000 -0.00001 0.06254 0.00000 -0.00002 0.00010
5.60000 4.79545 1.00000 0.00000 ~0.00000 0.06254 0.00000 -0.00001 0.00004
5.80000 4.99545 1.00000 0.00000 -0.00000 0.06254 0.00000 -0.00000 0.00002
6.00000 5.19545 1.00000 0.00000 -0.00000 0.06254 0.00000 -0.00000 0.00001
6.20000 5.39545 1.00000 0.00000 -0.00000 0.06254 0.00000 -0.00000 0.00000
6.40000 5.59545 1.00000 -0.00000 -0.00000 0.06254 0.00000 -0.00000 0.00000
6.60000 5.79545 1.00000 -0.00000 -0.00000 0.06254 0.00000 -0.00000 0.00000
6.80000 5.99545 1.00000 ~0.00000 -0.00000 0.06254 0.00000 ~0.00000 0.00000
7.00000 6.19545 1.00000 -0.00000 0.00000 0.06254 0.00000 -0.00000 0.00000
7.20000 6.39545 1.00000 -0.00000 0.00000 0.06254 0.00000 0.00000 0.00000
7.40000 6.59545 1.00000 -0.00000 -0.00000 0.06254 0.00000 0.00000 -0.00000
7.60000 6.79545 1.00000 -0.00000 ~0.00000 0.06254 0.00000 0.00000 -0.00000
7.80000 6.99545 1.00000 -0.00000 0.00000 0.06254 0.00000 0.00000 -0.00000
8.00000 7.19545 1.00000 -0.00000 ~0.00000 0.06254 0.00000 0.00000 -0.00000
8.20000 7.39545 1.00000 -0.00000 0.00000 0.06254 0.00000 0.00000 -0.00000
8.40000 7.59545 1.00000 ~0.00000 -0.00000 0.06254 0.00000 0.00000 -0.00000
8.60000 7.79545 1.00000 ~0.00000 0.00000 0.06254 0.00000 0.00000 0.00000
8.80000 7.99545 1.00000 -0.00000 0.00000 0.06254 0.00000 0.00000 0.00u00
9.00000 8.19545 1.00000 -0.00000 -0.00000 0.06. 54 0.00000 0.00000 -0.00000
9.20000 8.39545 1.00000 -0.00000 0.00000 0.06254 0.00000 0.00000 u.00000
9.40000 8.59545 1.00000 -0.00000 -0.00000 0.06254 0.00000 0.00000 n.00000
9.60000 8.79545 1.00000 -0.00000 0.00000 0.06254 0.00000 0.00000 0.00000
9.80000 8.99545 1.00000 -0.00000 0.00000 0.06254 0.00000 0.00000 0.00000
10.00000 9.19545 1.00000 -0.00000 -0.00000 0.06254 0.00000 0.00000 0.00000
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n ZF' F! F
(80 21 2"t
a. O. 0. 0.34254
0.01000 0.00002 0.00340 0.33755
0.02000 0.00007 0.00675 0.33259
0.03000 0.00015 0.01005 0.32765
0.04000 0.00027 0.01330 0.32273
0.05000 0.00042 0.01651 0.31784
0.06000 0.00060 0.01966 0.31298
0.07000 0.00081 0.02277 0.30813
0.08000 0.00105 0.02582 0.30332
0.09000 0.00133 0.02883 0.29852
0.10000 0.00163 0.03179 0.29375
0.11000 0.00196 0.03471 0.28901
0.12000 0.00232 0.03757 0.28429
0.13000 0.00271 0.04039 0.27959
0.14000 0.00313 0.04317 0.27492
0.15000 0.00358 0.04589 0.27027
0.20000 0.00620 0.05883 0.24741
0.25000 0.00944 0.07064 0.22518
0.30000 0.01325 0.08136 0.20360
0.35000 0.01756 0.09102 0.18268
0.40000 0.02233 0.09964 0.16243
0.45000 0.02751 0.10727 0.14288
0.50000 0.03304 0.11394 0.12405
0.55000 0.03889 0.11969 0.10595
0.60000 0.04500 0.12455 0.08860
0.65000 0.05133 0.12856 0.07202
0.70000 0.05784 0.13176 0.05623
0.80000 0.07125 0.13590 0.02708
0.90000 0.08493 0.13729 0.00125
1.00000 0.09862 0.13626 -0.02119
1.10000 0.11211 0.13316 ~0.04024
1.20000 0.12520 0.12833 -0.05592
1.40000 0.14958 0.11477 —-0.07760
1.60000 0.17090 0.09807 -0.08764
1.80000 0.18874 0.08035 ~0.08816
2.00000 0.20308 0.06327 -0.08172
2.20000 0.21417 0.04795 -0.07096
2.40000 0.22242 0.03502 —0.05824
2.60000 0.22835 0.02466 —-0.04545
2.80000 0.23245 0.01675 -0.03385
3.00000 0.23519 0.01099 -0.02412
3.20000 0.23696 0.00697 -0.01648
3.40000 0.23807 0.00427 -0.01082
3.60000 0.23873 0.00253 —0.00083
3.80000 0.23912 0.00145 -0.00415%
4.00000 0.23934 0.00080 -0.00243
4.20000 0.23946 0.00043 -0.00138
4.49000 0.23:52 0.00023 -0.00075
4.00000 0.239506 0.0001L1 -0.00040
4.80000 0.23957 0.00006 -0.00020
5.00000 0.23958 0.00003 -0.00010
5.20000 0.23958 0.00001 ~0.00005
5.40000 0.23959 0.00001 -0.00002
5.60000 0.23959 0.00000 -0.00001
5.80000 0.23959 0.00000 -0.00000
6.00000 0.23959 0.00000 -0.00000
6.20000 0.23959 -0.00000 —-0.00000
6.40000 0.23959 -0.00000 -0.00000
6.60000 0.23959 -0.00000 -0.00000
6.80000 0.23959 -0.00000 -0.00000
7.00000 0.23959 -0.00000 -0.00000
7.20000 0.23959 —-0.00000 -0.00000
7.40000 0.23959 -0.00000 -0.00000
7.60000 0.23959 -0.00000 ~0.00000
7.80000 0.23959 -0.00000 -0.00000
8.00000 0.23959 -0.00000 -0.00000
8.20000 0.23959 -0.00000 -0.00000
8.40000 0.23959 ~-0.00000 -0.00000
8.60000 0.23959 -0.00000 -0.00000
8.80000 0.23959 -0.00000 -0.00000
9.00000 0.23959 -0.00000 ~-0.00000
9.20000 0.23959 -0.00000 -0.00000
9.40000 0.23959 ~-0.00000 -0.00000
9.60000 0.23959 ~0.00000 -0.00000
9.80000 0.23959 -0.00000 -0.00000
10.00000 0.23959 -0.00000 -0.00000
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oF)

-0.50000
-0.49758
-0.49517
-0.49275
-0.49033
-0.48791
~0.48548
~0.48306
-0.48062
~0.47819
-0.47574
-0.47330
-0.47084
-0.46838
-0.46591
-0.46344
-0.45093
-0.43817
-0.42512
-0.41174
-0.39800
~-0.38390
~-0.36941
-0.35455
-0.33931
-0.32371
-0.30778
-0.27505
~0.24146
-0.20744
~-0.17351
-0.14021
-0.07779
~-0.02438
0.01702
0.04513
0.06048
0.06508
0.06180
0.05368
0.04343
0.033006
0.02384
0.01636
0.01071
0.00672
0.00404
0.00234
0.00130
0.00070
0.00036
0.00018
0.00009
0.00004
0.00002
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

iFo
%

0.
0.00001
0.00005
0.00010
0.00018
0.00028
0.00039
0.00052
0.00067
0.00084
0.00102
0.00122
0.00143
0.00165
0.00189
0.00213
0.00350
0.00504
0.00668
0.00833
0.00994
0.01146
0.01284
0.01404
0.01503
0.01580
0.01631
0.01656
0.01572
0.01382
0.01093
0.00714
-0.00269
-0.01475
-0.02816
-0.04215
-0.05604
-0.06921
-0.08115
-0.09146
-0.09993
~0.10654
~0.1l1144
—-0.11489
-0.11721
-0.11868
-0.11957
-0.12009
-0.12037
-0.12052
~0.12060
-0.12063
-0.12065
-0.12066
-0.12066
-0.12066
-0.12066
-0.12066
-0.12066
-0.12066
~0.12066
-0.12066
-0.12066
~0.12066
-0.12066
-0.12066
-0.12066
-0.12066
-0.12066
-0.12066
-0.12066
-0.12066
-0.12066
-0.12066
-0.12066

-0.12066

1F2

Q.
0.00232
0.00454
0.00666
0.00869%
0.01062
0.01246
0.01420
0.01586
0.01743
0.01891
0.02031
0.02163
0.02287
0.02402
0.02510
0.02939
0.03199
0.03307
0.03284
0.03146
0.02910
0.02592
0.02206
0.01766
0.01285
0.00774
-0.00296
-0.01374
-0.02407
-0.03359%
-0.042006
-0.05550
-0.06435
~0.06909
-0.07024
-0.06814
-0.06317
-0.05586
~0.04703
-0.03764
-0.02860
-0.02064
~0.01415
-0.00923
-0.00572
-0.00338
-0.00190
-0.00102
~0.00052
~-0.00026
-0.00012
-0.00005
~-0.00002
~0.00001
-0.00000
-~0.00000
-0.00000
-0.00000
-0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

FUNCTIONS

P2

0.23707
0.22698
0.21706
0.20733
0.19778
0.18840
0.17920
0.17017
0.16132
0.15264
0.14413
G.13579
0.12762
0.11962
0.11178
0.10411
0.06818
0.03617
0.00793
-0.01672
-0.03794
-0.05594
~0.07089
~-0.08300
-0.09247
-0.09954
-0.10440
-0.10842
~0.10631
~0.09973
-0.09021
-0.07903
-0.05541
-0.03352
~0.01438
0.00264
0.01803
0.03127
0.04111
0.04639
0.04678
0.04295
0.03632
0.02851
0.02090
0.01437
0.00931
0.00569
0.00329
0.00181
0.00094
0.00047
0.00022
0.00010
0.00004
0.00002
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
-0.00000
-0.00000
0.00000
0.00000
-0.00000
-0.00000
-0.00000

if2

-1.01873
-1.00048
-0.98238
-0.96441
~0.94657
-0.92887
~-0.91130
-0.89387
-0.87656
-0.85938
-0.84233
~-0.82541
-0.80862
~0.79195
-0.77541
-0.75900
-0.67885
-0.60193
-0.52831
-0.45814
-0.39158
-0.32878
~0.26992
-0.21517
-0.16466
-0.11851
~-0.07678
-0.00665

0.04613

0.08282

0.10542

0.11653

0.11589

0.10238

0.08967

0.08100

0.07244

0.05886

0.03851

0.01401
~0.00956
~0.02749
-0.03740
-0.03951
-0.03586
-0.02911
-0.02158
-0.01479
-0.00944
-0.005%65
-0.00319
-0.00170
-0.00086
-0.00041
-0.00019
-0.00008
-0.00003
-0.00001
-0.00000
~0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
~0.00000
-0.00000
-0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000
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F, F,
22 3e ' " w
n F, ' R F, F, F.
(g,8) 272 2'2 22 (82) 3F2 3F2 3F2
0. 0. 0. -0.00472 0.39757 0. 0. -0.04195 0.
0.01000 ~0.00000 ~0.00003 -0.00079 0.38723 -0.00000 ~0.00042 -0.04195 0.00036
0.02000 -0.00000 -0.00002 0.00303 0.37696 —0.00001 -0.00084 ~0.04194 0.00072
0.03000 -0.00000 0.00003 0.00675 0.36675 -0.00002 -0.00126 ~0.04193 0.00108
0.04000 0.00000 0.00012 0.01036 0.35662 ~-0.00003 -0.00168 -0.04192 0.00144
0.05000 0.00000 0.00024 0.013a8 0434654 -0.00005 ~0.00210 -0.04190 0.00180
0.06000 0.00001 0.00040 0.01730 0.33654 -0.00008 -0.00252 -0.04188 0.00216
0.07000 0.00001 0.00059 0.02061 0.32660 -0.00010 ~0.00293 -0.04186 0.00253
0.08000 0.00002 0.00081 0.02383 0.31672 ~0.00013 ~0.00335 -0.04183 0.00290
0.09000 0.00003 0.00106 0.02695 0.30690 ~-0.00017 -0.00377 -0.04180 0.00327
0.10000 0.00004 0.00135 0.02997 0.29715 -0.00021 -0.00419 -0.04177 0.00364
0.11000 0.00005 0.00166 0.03289 0.28746 -0.00025 -0.00461 -0.04173 0.00401
0.12000 0.00007 0.00200 0.03571 0.27783 ~0.00030 -0.00502 ~0.04169 0.00439
0.13000 0.00009 0.00237 0.03845 0.26826 -0.00035 -0.00544 -0.04164 0.00477
0.14000 0.00012 0.00277 0.04108 0.25875 -0.00041 -0.00586 ~0.04159 0.00515
0.15000 0.00015 0.00320 0.04362 0.24931 -0.00047 -0.00627 ~0.04154 0.00554
0.20000 0.00037 0.00567 0.05492 0.20303 ~0.00084 -0.00834 -0.04121 0.00753
0.25000 0.00072 0.00865 0.06395 0.15836 -0.00130 -0.01039 -0.04078 0.00962
0.30000 0.00124 0.01203 0.07079 0.11537 -0.00188 ~0.01242 ~0.04025 0.01182
0.35000 0.00193 0.01569 0.07552 0.07422 -0.00255 -0.01441 -0.03960 0.01413
0.40000 0.00281 0.01955 0.07824 0.03505 -0.00332 -0.01638 -0.,03883 0.01656
0.45000 0.00389 0.02349 0.07906 -0.00194 -0.00418 -0.01830 ~0.03794 0.01908
0.50000 0.00516 0.02742 0.07809 -0.03655 -0.00514 -0.02017 -0.03692 0.02169
0.55000 0.00663 0.03127 0.07545 -0.06858 -0.00620 -0.02199 -0.03577 0.02436
0.60000 0.00828 0.03494 0.07128 -0.09780 -0.00734 -0.02374 -0.03449 0.02708
0.65000 0.01012 0.03837 0.06572 ~0.12402 -0.00857 -0.02543 -0.03306 0.02981
0.70000 0.01212 0.04149 0.05893 ~0.14705 -0.00988 -0.02705 -0.03151 0.03252
0.80000 0.01653 0.04658 0.04231 ~0.18290 ~0.01274 -0.03003 -0.02799 0.03775
0.90000 0.02137 0.04986 0.02283 ~0.20444 -0.01588 -0.03263 -0.02397 0.04249
1.00000 0.02644 0.05110 0.00191 ~0.21145 -0.01925 ~0.03481 ~0.01952 0.04644
1.10000 0.03152 0.05024 -0.01900 -0.20446 -0.02282 ~0.03652 -0.01472 0.04935
1.20000 0.03642 0.041735 -0.03856 -0.18486 -0.02654 -0.03774% -0.00969 0.05098
1.40000 0.04489 0.03634 -0.06926 -0.11694 ~0.03421 -0.03866 0.00050 0.04993
1.60000 0.05065 0.02071 -0.08411 ~0.03065 -0.04187 -0.03759 0.00990 0.04316
1.80000 0.05309 0.00384 -0.08196 0.04918 ~0.04914 -0.03482 0.01746 0.03190
2.00000 0.05231 -0.01115 -0.06614 0.10377 -0.05571 -0.03078 0.02250 0.01832
2.20000 0.04890 -0.02211 -0.04269 0.12518 -0.06140 ~-0.02600 0.02480 0.00489
2.40000 0.04380 -0.02816 -0.01809 0.11653 -0.06610 ~0.02103 0.02461 -0.00633
2.60000 0.03795 -0.02961 0.00261 0.08819 -0.06983 -0.01629 0.02250 ~0.01411
2.80000 0.03219 -0.02756 0.01670 0.05255 ~0.07265 ~0.01210 0.01921 -0.01819
3.00000 0.02707 -0.02340 0.02383 0.01978 -0.07472 ~0.00864 0.01544 -0.01904
3.20000 0.02288 -0.01841 0.02520 -0.00432 ~0.07616 ~0.00592 0.01175 -0.01757
3.40000 0.01969 -0.01357 0.02278 ~0.01826 -0.07713 -0.00391 0.00850 -0.01479
3.60000 0.01741 -0.00942 0.01848 -0.02349 ~-0.07776 ~0.00248 0.00586 -0.01155
3.80000 0.01586 -0.00620 0.01378 ~0.02280 -0.07816 -0.00152 0.00387 -0.00846
4.00000 0.01487 -0.00388 0.00957 -0.01900 -0.07839 -0.00090 0.00244 -0.00586
4.20000 0.01426 ~0.00231 0.00624 -0.01424 ~0.07853 -0.00051 0.00148 -0.00385
4.40000 0.01390 -0.00132 0.00385 ~0.00982 -0.07861 -0.00028 0.00086 -0.00241
4.60000 0.01370 ~0.00072 0.00225 -0.00632 -0.07865 ~0.00015 0.00049 -0.00145
4.80000 0.01360 -0.00038 0.00126 -0.00382 -0.07867 ~-0.00008 0.00026 -0.00083
5.00000 0.01354 -0.00019 0.00067 -0.00218 -0.07868 ~0.00004 0.00014 -0.00046
5.20000 0.01352 ~0.00009 0.00034 -0.00118 -0.07869 -0.00002 0.00007 -0.00024
5.40000 0.01350 -0.00004 0.00017 ~0.00061 ~0.07869 -0.00001 0.00003 ~-0.00012
5.60000 0.01350 -0.00002 0.00008 -0.00030 -0.07869 -0.00000 0.00002 -0.00006
5.80000 0.01350 -0.00001 0.00004 -0.00014 -0.07869 -0.00000 0.00001 -0.00003
6.00000 0.01349 ~0.00000 0.00002 -0.00007 ~0.07869 -0.00000 0.00000 -0.00001
6.20000 0.01349 ~0.00000 0.00001 -0.00003 -0.07869 -0.00000 0.00000 -0.00001
6.40000 0.01349 -0.00000 0.00000 -0.00001 -0.07869 -0.00000 0.00000 -0.00000
6.60000 0.01349 ~0.00000 0.00000 -0.00000 -0.07869 0.00000 0.00000 -0.00000
6.80000 0.01349 ~0.00000 0.00000 -0.00000 -0.07869 0.00000 0.00000 ~0.00000
7.00000 0.01349 -0.00000 0.00000 -0.00000 -0.07869 0.00000 0.00000 -0.00000
7.20000 0.01349 ~0.00000 0.00000 -0.00000 -0.07869 0.00000 0.00000 ~0.00000
7.40000 0.01349 -0.00000 -0.00000 -0.00000 -0.07869 0.00000 0.00000 -0.00000
7.60000 0.01349 -0.00000 -0.00000 -0.00000 -0.07869 0.00000 0.00000 -0.00000
7.80000 0.01349 -0.00000 -0.00000 -0.00000 -0.07869 0.00000 0.00000 -0.00000
8.00000 0.01349 -0.00000 -0.00000 ~-0.00000 ~0.07869 0.00000 0.00000 ~0.00000
8.20000 0.01349 -0.00000 -0.00000 -0.00000 -0.07869 0.00000 0.00000 -0.00000
8.40000 0.01349 -0.00000 -0.00000 -0.00000 -0.07869 0.00000 0.00000 -0.00000
8.60000 0.01349 -0.00000 -0.00000 0.00000 ~-0.07869 0.00000 0.00000 -0.00000
8.80000 0.01349 -0.00000 -0.00000 0.00000 -0.07869 0.00000 0.00000 -0.00000
9.00000 0.01349 -0.00000 ~0.00000 0.00000 -0.07869 0.00000 0.00000 -0.00000
9.20000 0.01349 ~0.00000 ~0.00000 0.00000 -0.07869 0.00000 0.00000 -0.00000
9.40000 0.01349 -0.00000 ~0.00000 0.00000 -0.07869 0.00000 0.00000 ~0.00000
9.60000 0.01349 -0.00000 -0.00000 0.00000 -0.07869 0.00000 0.00000 -0.00000
9.80000 0.01349 ~0.00000 -0.00000 0.00000 -0.07869 0.00000 0.00000 -0.00000
10.00000 0.01349 -0.00000 -0.00000 0.00000 -0.07869 0.00000 0.00000 -0.00000
151
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4Fé F| Fu Ful 5F2
Y (a.) a2 afe a2 (S.)
LP) 2

0. O. 0. -0.20073 0.89636 0.

0.01000 —-0.00001 -~0.00196 -0.19184 0.88240 0.00001
0.02000 -0.00004 -0.00384 -0.18308 0.86851 0.00005
0.03000 =-0.00009 -0.00562 -0.17447 0.B5469 0.00011
0.04000 ~-0.00015 -0.00733 -0.16599 0.84093 0.00020
0.05000 -0.00023 ~-0.00895 -0.15765 0.82724 0.00030
0.06000 -0.00033 —-0.01048 ~0.14944 0.81361 0.00043
0.07000 ~0.00044 -0.01193 -0.14138 0.80005 0.00059
0.08000 -0.00057 -0.01331 ~0.13344 0.78654 0.00076
0.09000 -0.00071 -0.01460 -0.12565 0.77310 0.00096
0.10000 -0.00086 -0.01582 -0.11798 0.75972 0.00118
0.11000 -0.00102 -0.01696 -0.11045 0.74639 0.00141
0.12000 -0.00120 -0.01803 -0.10305 0.73313 0.00167
0.13000 -0.00138 -0.01903 -0.09579 0.71992 0.00195
0.14000 -0.00158 -0.01995 -0.08865 0.70677 0.00224
0.15000 -0.00178 -0.02080 ~0.08165 0.69368 0.00256
0.20000 -0.00291 ~0.02404 -0.04859 0.62909 0.00439
0425000 ~0.00416 -0.02571 -0.01872 0.56594 0.00663
0.30000 —-0.00546 ~-0.02597 0.00803 0.50428 0.00922
0.35000 -0.00674 -0.02496 0.03173 0.44419 0.01211
0.40000 -0.00794 -0.02284 0.05248 0.38580 0.01527
0.45000 -0.00900 -0.01976 0.07034 0.32924 0.01865
0.50000 -0.00990 -0.01585 0.08543 0.27468 0.02221
0.55000 -0.01058 -0.01126 0.09785 0.22229 0.02591
0.60000 -0.01101 -0.00611 0.10770 0.17228 0.02972
0.65000 -0.01118 -0.00053 0.11512 0.12482 0.03362
0.70000 -0.01106 0.00536 0.12023 0.08011 0.03756
0.80000 -0.00992 0.01765 0.12411 -0.00037 0.04550
0.90000 -0.00753 0.02994 0.12059 -0.06794 0.05336
1.00000 -0.00395 0.04156 0.11099 —-0.12177 0.06098
1.10000 0.00074 0.05198 0.09670 -0.16154 0.06824
1.20000 0.00639 0.06079 0.07914 -0.18745 0.07506
1.40000 0.01987 0.07270 0.03947 -0.20143 0.08716
1.60000 0.03494 0.07668 0.00123 -0.17557 0.09703
1.80000 0.05008 0.07372 -0.02919 -0.12624 0.10473
2.00000 0.06409 0.06573 ~0.04880 -0.06985 0.11049
2.20000 0.07619 0.05493 -0.05753 -0.01921 0.11461
2.40000 0.08601 0.04332 -0.05737 0.01832 0.11746
2.60000 0.09356 0.03238 -0.05123 0.04059 0.11935
2.80000 0.09907 0.02303 ~0.04204 0.04935 0.12056
3.00000 0.10290 0.01561 ~0.03214 0.04830 0.12130
3.20000 0.10545 0.01011 -0.02310 0.04152 0.12175
3.40000 0.10706 0.00626 -0.01569 0.03247 0.12200
3.60000 0.10804 0.00371 -0.01010 0.02351 0.12214
3.80000 0.10861 0.00211 -0.00619 0.01592 0.12221
4,00000 0.10892 0.00115 -0.00361 0.01015 0.12225
4.20000 0.10909 0.00060 -0.00201 0.00612 0.12227
4.40000 0.10918 0.00030 -0.00107 0.00350 0.12228
4.60000 0.10922 0,00014 ~0.00054 0.00190 0.12228
4,80000 0.10924% 0.00007 ~-0,00026 0.00098 0.12228
5.00000 0.10925 0.00003 -0.00012 0.00048 0.12228
5.20000 0.10926 0.00001 -0.,00006 0.00023 0.12228
5.40000 0.10926 0.00001 -0.00002 0.00010 0.12228
5.60000 0.10926 0.00000 -0.00001 0.00004 0.12228
5.80000 0.10926 0.00000 -0.00000 0.00002 0.12228
6.00000 0.10926 0.00000 -0.00000 0.00001 0.12228
6.20000 0.10926 0.00000 -0.00000 0.00000 0.12228
6.40000 0.10926 0.00000 -0.00000 0.00000 0.12228
6.60000 0.10926 0.00000 -0.00000 0.00000 0.12228
6.80000 0.10926 0.00000 -0.00000 0.00000 0.12228
7.00000 0410926 0.00000 -0.,00000 0.,00000 0.12228
7.20000 0.10926 0.00000 -0,00000 0.00000 0.12228
7.40000 0.10926 0.00000 0.00000 -0.00000 0.12228
T.60000 0.10926 0.00000 0.00000 -0.00000 0.12228
7.80000 0.10926 0.00000 0.00000 -0.00000 0.12228
8.00000 0.10926 0.00000 0.00000 -0.00000 0.12228
8.20000 0.10926 0.00000 0.00000 -0.00000 0.12228
8.40000 0.10926 0.00000 0.00000 -0.00000 0.12228
8.60000 0.10926 0.00000 0.00000 0.00000 0.12228
8.80000 0.10926 0.00000 0,00000 0.00000 0.12228
9.00000 0.10926 0.00000 0.00000 -0.00000 0.12228
9.20000 0.10926 0.00000 0.00000 0.00000 0.12228
9.40000 0.10926 0.00000 0.00000 0.00000 0.12228
9.60000 0.10926 0.00000 -0.00000 0.00000 0.12228
9,.80000 0.10926 0.00000 -0.00000 0.00000 0.12228
10.00000 0.10926 0.00000 -0.00000 0.00000 0.12228
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5F2

0.
0.00249
0.00493
0.00732
0.00966
0.01195
0.01420
0.01640
0.01855
0.02065
0.02271
0.02473
0.02670
0.02862
0.03050
0.03234
0.04090
0.04843
0.05500
0.06067
0.06548
0.06948
0.07273
0.07529
0.07719
0.07849
0.07923
0.07925
0.07759
0.07459
0.07056
0.06578
0.05498
0.04380
0.03340
0.02442
0.01716
0.01159
0.00754
0.00472
0.00285
0.00166
0.00093
0.00050
0.00026
0.00013
0.00006
0.00003
0.00001
0.00001
0.00000
0.00000
0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
~0.00000
-0.00000
~0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
—0.00000
-0.00000
-0.00000
-0.00000
—-0.00000

sFz

0.25133
0.24636
0.24143
0.23655
0.23172
0.22693
0.22219
0.21750
0.21286
0.20826
0.20371
0.19921
0.19475
0.19034
0.18597
0.18165
0.16072
0.14090
0.12218
0.10454
0.08795
0.07241
0.05789
0.04438
0.03186
6.02030
0.00968
~0.00881
-0.02384
-0.03564
-~0.04446
~0.05061
-0.05611
-0.05469
-0.04882
-0.04068
-0.03197
-0.02384
-0.01693
-0.01149
~0.00746
-0.00464
-0.00277
—~0.00159
-~0.00088
-0.000406
-0.00024
-0.00012
~0.00005
-0.00002
~0.00001
~0.00000
~-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
~0.00000
-0.00000
-0.00000
—-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000

5F2

-0.50000
~0.49518
-0.49038
-0.48561
~0.48086
~0.47612
~0.47141
~0.46672
~0.46205
~-0.45740
—-0.45277
-0.44815
-0.44355
~0.43898
—0.43441
-0.42987
~-0.40739
-0.38531
-0.36359
-0.34222
-0.32120
-0.30053
-0.28023
-0.26030
-0.24078
-0.22168
-0.20303
~0.16724
-0.13369
~0.10264
-0.07438
-0.04310
-0.00805
0.02020
0.03664
0.04331
0.04285
0.03794
0.03093
0.02356
0.0165%50
0.01149
0.00743
0.00458
0.00270
0.00152
0.00082
0.00042
0.00021
0.00010
0.00005
0.00002
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
-0.00000
-0.00000
-0.00000
-0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
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TABLE T.- AXISYMMETRIC STAGNATION-POINT UNIVERSAL FUNCTIONS
0o = 0.75 - Continued
F F
l 3 t u (113 2 3 ] " m
Y iF3 iF3 1F3 2F3 2F3 2F3
(g3 (8%

0. ., 0. 0. ~0.66731 3.39677 0. 0. 0.02466 -0.
0.01000 ~0.00003 -0.00650 -0.63376 3.31296 0.00000 0.00025 0.02466 ~0.00015
0.02000 -0.00013 -0.01268 ~0.60105 3.23035 0.00000 0.00049 0.02465 -0.00031
0.03000 ~0.00029 -0.01853 -0.56915 3.14893 0.00001 0.00074 0.02465| -0.00046
0.04000 ~0.00050 -0.02406 -0.53807 3.06869 0.00002 0.00099 0.02464 ~0.00061
0.05000 -0.00077 -0.02929 -0.50778 2.98960 0.00003 0.00123 0.02464 -0.00077
0.06000 -0.00108 ~0.03422 -0.47827 2.91167 0.00004 0.00148 0.02463 -0.00092
0.07000 -0.00145 -0.03886 ~0.44954 2.83487 0.00006 0.00173 0.02462 -0.00107
0.08000 -0.00186 ~0.04322 -0.42157 2.75920 0.00008 0.00197 0.02461 -0,00123
0.09000 -0.00231 ~0.04729 —0.39435 2.68465 0.00010 0.00222 0.02459 -0,00138
0.10000 -0.00280 -0.05110 -0.36787 2.61121 0.00012 0.00246 0.02458 -0.00154
0.11000 -0.00333 ~0.05465 —0.34212 2.53887 0.00015 0.00271 0.02456 -0.00169
0.12000 -0.00390 -0.05795 -0.31709 2.46762 0.00018 0.00295 0.02455 ~0.00185
0.13000 -0.00449 ~0.06100 -0.29277 2.39746 0.00021 0.00320 0.02453 ~0.00200
0.14000 -0.00512 -0.06381 -0.26914 2.32837 0.00024 0.00344 0.02451 -0.00216
0.15000 -0.00577 -0.06638 -0.24620 2.26035 0.00028 0.00369 0.02448 -0.00232
0.20000 ~0.00935 -0.07601 ~0.14139 1.93609 0.00049 0.00491 0.02435 -0.00312
0.25000 -0.01329 -0.08078 -0.05216 1.63770 0.00077 0.00612 0.02417 -0.00395
0.30000 -0.01736 -0.08146 0.02280 1.36461 0.00110 0.00733 0.02395 -0.00480
0.35000 -0.02138 -0.07872 0.08472 1.11628 0.00150 0.00852 0.02369 ~0.00568
0.40000 -0.02518 -0.07318 0.13483 0.89220 0.00196 0.00970 0.02338 -0.00661
0.45000 -0.02866 ~0.06541 0.17433 0.69177 0.00247 0.01086 0.02303 -0.00757
0.50000 -0.03170 -0.05591 0.20439 0.51433 0.00304 0.01200 0.02263 -0.00857
0.55000 -0.03423 ~0.04511 0.22614 0.35906 0.00367 0.01312 0.02217 -0.00962
0.60000 -0.03619 -0.03342 0.24065 0.22501 0.00435 0.01421 0.02166 ~0.01071
0.65000 -0.03756 -0.02115 0.24897 0.11108 0.00509 0.01528 0.02110 -0.01185
0.70000 -0.03830 -0.00860 0.25207 0.01602 0.00588 0.01632 0.02048 -0.01303
0.80000 ~0.03791 0.01642 0.24618 -0.12321 0.00761 0.01830 0.01905 -0.01549
0.90000 -0.03506 0.04027 0.22934 ~0.20507 0.00954 0.02012 0.01738 -0.01806
1.00000 ~0.02992 0.06210 0.20664 ~0.24284 0.01163 0.02177 0.01544 -0.02064
1.10000 -0.02272 0.08153 0.18181 -0.24957 0.01388 0.02320 0.01325 -0.02313
1.20000 -0.01370 0.09847 0.15736 ~0.23702 0.01626 0.02441 0.01082 -0.02540
1.40000 0.00884 0.12550 0.11448 -0.19010 0.02133 0.02604 0.00538 -0.02868
1.60000 0.03599 0.14489 0.08083 -0.14935 0.02661 0.02653 ~0.00048 -0.02940
1.80000 0.06640 0.15824 0.05335 -0.12888 0.03186 0.02586 -0.00617 ~0.02691
2.00000 0.09894 0.16638 0.02814 ~0.12540 0.03688 0.02412 -0.01104 -0.02134
2.20000 0.13262 0.16947 0.00260 -0.13083 0.04146 0.02154 -0.01456 ~0.01364
2.40000 0.16639 0.16733 ~-0.02420 -0.13638 0.04546 0.01841 -0.01645 -0.00524
2.60000 0.19919 0.15977 -0.05136 -0.13305 0.04880 0.01507 -0.01671 0.00239
2.80000 0.22994 0.14693 -0.07634 -0.11376 0.05149 0.01182 -0.01561 0.00817
3.00000 0.25766 0.12961 -0.09569 -0.07708 0.05355 0.00888 -0.01360 0.01161
3.20000 0.28158 0.10924 ~0.10639 -0.02882 0.05507 0.00641 -0.01112 0.01280
3.40000 0.30128 0.08772 -0.10715 0.02040 0.05615 0.00444 -0.00859 0.01224
3.60000 0.31672 0.06698 -0.09889 0.05993 0.05688 0.00295 -0.00630 0.01057
3.80000 0.32823 0.04859 ~0.08427 0.08333 0.05736 0.00189 -0.00440 0.00843
4.00000 0.33637 0.03347 -0.06670 0.08975 0.05766 0.00117 -0.00293 0.00628
4.20000 0.34185 0.02190 -0.04926 0.08282 0.05784 0.00069 -0.00187 0.00440
4.40000 0.34535 0.01361 -0.03409 0.06814 0.05795 0.00040 ~0.00114 0.00293
4.60000 0.34748 0.00804 -0.02216 0.05103 0.05801 0.00022 ~0.00067 0.00185
4.80000 0.34871 0.00452 -0.01358 0.03522 0.05804 0.00012 -0.00038 0.00112
5.00000 0.34938 0.00242 -0.00786 0.02259 0.05806 0.00006 -0.00021 0.00064
5.20000 0.34974 0.00123 -0.00431 0.01354 0.05807 0.00003 -0.00011 0.00036
5.40000 0.34991 0.00060 -0.00224 0.00762 0.05807 0.00001 —-0100005 0.00019
5.60000 0.35000 0.00028 -0.00110 0.00404 0.05807 0.00001 -0.00003 0.00010
5.80000 0.35004 0.00012 -0.00052 0.00202 0.05807 0.00000 -0.00001 0.00005
6.00000 0.35005 0.00005 ~0.00023 0.00096 0.05807 0.00000 -0.00001 0.00002
6.20000 0.35006 0.00002 -0.00010 0.00043 0.05808 0.00000 ~0.00000 0.00001
6.40000 0.35006 0.00001 -0.00004 0.00018 0.05808 ~0.00000 -0.00000 0.00000
6.60000 0.35006 0.00000 -0.00002 0.00007 0.05808 -0.00000 -0.00000 0.00000
6.80000 0.35006 0.00000 -0.00001 0.00003 0.05807 -0.00000 -0.00000 0.00000
7.00000 0.35006 0.00000 -0.00000 0.00001 0.05807 ~0.00000 ~0.00000 0.00000
7.20000 0.35006 —0.00000 -0.00000 0.00000 0.05807 -0.00000 -0.00000 0.00000
7.40000 0.35006 -0.00000 -0.00000 0.00000 0.05807 ~-0.00000 —-0.00000 0.00000
7.60000 0.35006 -0.00000 ~0.00000 0.00000 0.05807 -0.00000 -0.00000 0.00000
7.80000 0.35006 -0.00000 -0.00000 -0.00000 0.05807 ~0.00000 -0.00000 0.00000
8.00000 0.35006 -0.00000 -0.00000 -0.00000 0.05807 -0.00000 -0.00000 0.00000
8.20000 0.35006 ~0.00000 -0.00000 0.00000 0.05807 -0.00000 -0.00000 0.00000
8.40000 0.35006 -0.00000 -0.00000 -0.00000 0.05807 —0.00000 -0.00000 0.00000
8.60000 0.35006 -0.00000 ~0.00000 0.00000 0.05807 -0.00000 -0.00000 0.00000
8.80000 0.35006 ~0.00000 -0.00000 0.00000 0.05807 -0.00000 ~0.00000 0.00000
9.00000 0.35006 -0.00000 -0.00000 0.00000 0.05807 -0.00000 -0.00000 0.00000
9.20000 0.35006 -0.00000 -0.00000 ~0.00000 0.05807 ~0.00000 -0.00000 0.00000
9.40000 0.35006 -0.00000 0.00000 -0.00000 0.05807 ~0.00000 -0.00000 0.00000
9.60000 0.35006 -0.00000 0.00000 ~0.00000 0.05807 -0.00000 -0.00000 0.00000
9.80000 0.35006 -0.00000 0.00000 -0.00000 0.05807 -0.00000 -0.00000 0.00000
10.00000 0.35006 ~-0.00000 0.00000 -0.00000 0.05807 -0.00000 -0.00000 0.00000
153
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TABLE I.-
3F3 i 1]
i 3 33
(938
0. 0. O. 0.01698
0.01000 0.00000 0.00011 0.00516
0.02000 0.00000 0.00010 ~0.00623
0.03000 0.00000 -0.00001 ~-0.01719
0.04000 0.00000 -0.00024 ~-0.02772
0.05000 -0.,00000 -0.00057 ~0.03784
0.06000 -0.00001 -0.00099 -0.04755
0.07000 -0.00002 -0.00152 -0.05686
0.08000 ~0.00004 -0.00213 -0.06576
0.09000 -0.00007 -0.00283 ~-0.07428
0.10000 -0.00010 ~0.00361 -0.08242
0.11000 -0.00014 -0.00448 -0.09018
0.12000 ~0.00019 -0.00542 ~0.09757
0.13000 -0.00025 ~0.00643 ~-0.10459
0.14000 ~0.00032 -0.00751 -0.11125
0.15000 ~0.00040 -0,00865 -0.11756
0.20000 -0.00099 ~0.01523 ~-0.14406
0.25000 -0.00194 -0.02292 -0.16266
0.30000 -0.00329 -0.03137 -0.17414%
0.35000 -0.00508 -0.04023 -0.17924
0.40000 ~0.00732 —-0.04920 -0.17872
0.45000 -0.01000 -0.05802 -0.17332
0.50000 -0.01311 ~0.,06647 ~0.16377
0.55000 -0.01664 -0.07434 ~0.15080
0.60000 -0.02054 -0.08150 -0.13509
0.65000 -0.02477 -0.08782 -0.11732
0.70000 -0.02930 -0.09321 -0.09812
0.80000 -0.03905 -0.10101 -0.05773
0.90000 ~-0.04937 ~0.10478 -0.01796
1.00000 -0.05988 ~0.10473 0.01817
1.10000 -0.07020 -0.10133 0.04873
1.20000 —-0.08005 ~0.09520 0.07286
1.40000 -0.09739 -0.07726 0.10280
1.60000 -0.11069 -0.05527 0.11493
1.80000 -0.11941 -0.03188 0.11794
2.00000 -0.12343 ~0.00841 0.11598
2.20000 ~0.12284 0.01410 0.10785
2.40000 -0.11796 0.03412 0.09059
2.60000 -0.10949 0.04969 0.06370
2.80000 -0.09849 0.05918 0.03072
3.00000 -0.08626 0.06199 -0.00208
3.20000 -0.07410 0.05878 ~0.02856
3.40000 -0.06304 0.05124 -0.04507
3.60000 ~0.05375 0.04145 -0.05115
3.80000 ~0.04648 0.03134 -0.04886
4,00000 -0.04115 0.02225 -0.064142
4.20000 —0.03746 0.01490 -0.03198
4.40000 ~-0.03506 0.00944 -0.02280
4,60000 -0.03358 0.00567 -0.01516
4.80000 -0.03270 0.00324 -0.00947
5.00000 -0.03221 0.00177 -0.00557
5.20000 -0.03195 0.00092 -0.00311
5.40000 -0.03182 0.00046 ~-0.00165
5.60000 -0.03176 0.00022 -0.00083
5.80000 -0.03173 0.00010 -0.00040
6.00000 -0.03171 0.00004 -0.00018
6.20000 -0.03171 0.00002 -0.00008
6.40000 -0.03170 0.00001 -0.00003
6.,60000 -0.03170 0.00000 -0.00001
6.80000 -0.03170 0.00000 -0.00001
7.00000 -0.03170 0.00000 -0.00000
7.20000 -0.03170 0.00000 -0.00000
7.40000 -0.03170 0.00000 -0.00000
7.60000 -0.03170 0.00000 -0.00000
7.80000 -0.03170 0.00000 0.00000
8.00000 -0.03170 0.00000 0.00000
8.20000 -0.03170 0.00000 0.00000
8.40000 -0.03170 0.00000 0.00000
8.60000 -0.03170 0.00000 0.00000
8.80000 -0.03170 0.00000 0.00000
9.00000 -0.03170 0.00000 0.00000
9.20000 -0.03170 0.00000 0.00000
9.40000 -0.03170 0.00000 0.00000
9.60000 -0.03170 0.00000 0.00000
9.80000 -0.03170 0.00000 0.00000
10.00000 -0.03170 0.00000 0.00000
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"
3F3

-1.20436
-1.16038
-1.11709
~1.07448
~1.03254
-0.99126
-0.95063
-0.91066
-0.87133
-0.83265
-0.79460
-0.75718
-0.72040
-0.68424
~0.64870
~-0.61378
-0.44843
-0.29831
-0.16331
-0.04335
0.06169
0.15193
0.22762
0.28913
0.33694
0.37172
0.39427
0.40674
0.38365
0.33573
0.27404
0.20876
0.09721
0.03188
0.00175
-0.02272
-0.06146
-0.11165
-0.15422
-0.17010
-0.15255
-0.10918
-0.05558
-0.00702
0.02712
0.04453
0.04803
0.04268
0.03340
0.02372
0.01554
0.00949
0.00544
0.00294
0.00151
0.00073
0.00034
0.00015
0.00006
0.00003
0.00001
0.00000
0.60000
0.00000
0.00000
0.00000
0.00000
0.000600
0.00000
0.00000
0.00000
—0.00000
-0.00000
-0.00000
-0.00000
-0.00000

aF3
CR-3)

0.
-0.00000
-0.00000
~-0.00001
-0.00001
-0.00001
-0.00002
-0.00003
-0.00004
-0.00005
-0.00006
-0.00007
~0.00009
-0.00010
-0.00012
-0.00014
-0.00026
~0.00043
-0.00064
~0.00091
-0.00124
-0.00165
-0.00213
~0.00270
-0.00335
-0.00411
-0.00497
-0.00703
-0.00955
~0.01253
~0.01597
-0.01980
-0.02832
-0.03720
-0.04538
-0.05191
-0.05618
-0.05804
-0.05780
-0.05603
-0.05340
-0.05052
~0.04781
-0.04554
-0.04379
-0.04253
-0.04168
—0.04114
-0.04082
—-0.04063
-0.04053
~-0.04047
-0.04044
~0.04043
~0.04042
-0.04042
-0.04042
-0.04042
—0.04042
-0.04042
-0.04042
-0.04042
-0.04042
~0.04042
-0.04042
-0.04042
—-0.04042
-0.04042
-0.04042
-0.04042
-0.04042
-0.04042
-0.04042
-0.04042
-0.04042
~0.04042

]
a3

0.
-0.00012
-0.00023
-0.00035
-0.00047
-0.00060
-0.00072
-0.00085
-0.00098
-0.00112
-0.00126
-0.00140
-0.00154
-0.00169
-0.00184
-0.00199
-0.00282
-0.00376
-0.00482
-0.00602
-0.00735
~-0.00883
-0.01046
~0.01223
~0.01413
~0.01616
-0.01830
-0.02284
-0.02754
-0.03217
~0.03644
-0.04006
—~0.06435
-~0.04354
-0.03746
-0.02731
-0.01526
-0.00368

0.00558

0.01156

0.01424

0.01426

0.01257

0.01007

0.00747

0.00518

0.00339

0.00210

0.00123

0.00069

0.00037

0.00019

0.00009

0.00004

0.00002

0.00001

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

n
P

-0.01152
-0.01168
-0.01186
-0.01205
-0.01227
-0.01249
-0.01274
-0.01300
-0.01327
-0.01356
-0.01387
-0.01419
-0.01452
-0.01487
-0.01523
-0.01560
-0.01765
~-0.01998
-0.02255
-0.02529
-0.02814
-0.03106
-0.03396
-0.03676
~0.03939
-0.04177
-0.04381
-0.04656
-0.04709
-0.04495
-0.03994
-0.03210
-0.00947
0.01767
0.04209
0.05752
0.06095
0.05331
0.03846
0.02132
0.00603
-0.00499
-0.01116
~0.01321
-0.01246
-0.01028
-0.00768
-0.00530
~0.00342
-0.00208
-0.00120
-0.00065
-0.00034
-0.00017
-0.00008
—-0.00004
-0.00002
-0.00001
-0.00000
-0.00000
-0.00000
-0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

e
4F3

-0.01538
-0.01710
-0.01878
-0.02044
~-0.02206
-0.02366
-0.02522
~0.02676
—-0.02827
-0.02974
~-0.03119
~-0.03261
-0.03400
~-0.03536
-0.03669
~-0.03798
-0.04397
-0.04908
-0.05320
-0.05620
-0.05796
-0.05835
-0.05727
-0.05462
-0.05035
-0.04444
-0.03690
-0.01725
0.00751
0.03557
0.06453
0.09170
0.13010
0.13500
0.10378
0.04798
-0.01282
-0.06022
-0.08399
-0.08389
~0.06696
-0.04280
-0.01957
~-0.00207
0.00835
0.01265
0.01279
0.01076
0.00803
0.00547
0.00346
0.00205
0.00115
0.00061
0.00031
0.00015
0.00007
0.00003
0.00001
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
-0.00000
-0.00000
~0.00000
-0.00000
-0.00000
-0.00000
-0.00000




TABLE I.- AXISYMMETRIC STAGNATION-POINT UNIVERSAL FUNCTIONS
0o = 0.75 - Continued
F. F.
53 ' " " 6°3 ) " "
N (@ a.) sF3 53 sF3 (a.5.) 6F3 6F3 6F3
9,92 9,92
0. 0. O 0.90002 -4.67971 0. O. 0.00494 0.42268
0.01000 0.00004 0.00877 0.853717 -4.57039 0.00000 0.00007 0.00909 0.40768
0.02000 0.00017 0.01708 0.80861 =-4.46247 0.00000 0.00018 0.01310 0.39288
0.03000 0.00038 0.02494 0.76452 ~4.35594 0.00000 0.00033 0.01695 0.37829
0.04000 0.00067 0.03237 0.72148 -4.25080 0.00001 0.00052 0.02066 0.36390
0.05000 0.00103 0.03938 0.67950 ~4.14701 0.00001 0.00074 0.02423 0.34971
0.06000 0.00146 0.04597 0.63854 ~4.,04459 0.00002 0.00100 0.02766 0.33572
0.07000 0.00195 0.05215 0.59860 —3.94350 0.00003 0.00130 0.03094 0.32192
0.08000 0.00250 0.05794 0.55966 -3.84374 0.00005 0.00162 0.03410 0.30832
0.09000 0.00311 0.06335 0.52172 -3.74529 0.00007 0.00198 0.03711 0.29491
0.10000 0.00376 0.06838 0.48475 -3.64816 0.00009 0.00236 0.03999 0.28169
0.11000 0.00447 0.07305 0.44875 -3.55232 0.00011 0.00278 0.04275 0.26866
0.12000 0.00522 0.07736 0.41370 —~3.45777 0.00014 0.00322 0.04537 0.25581
0.13000 0.00602 0.08132 0.37959 —3.36450 0.00018 0.00368 0.04786 0.24316
0.14000 0.00685 0.08495 0.34641 -3.27250 0.00022 0.00418 0.05023 0.23069
0.15000 0.00772 0.08825 G.31414 -3.18177 0.00026 0.00469 0.05248 0.21840
0.20000 0.01246 0.10017 0.16605 -2.74689 0.00057 0.00756 0.06191 0.15968
0.25000 0.01762 0.10521 0.03894 ~2+34283 0.00103 0.01083 0.06852 0.10546
0.30000 0,02288 0.10439 ~-0.06874 -1.96912 0.00165 0.01437 0.07253 0.05567
0.35000 0.02798 0.09863 -0.15848 ~1.62540 0.00246 0.01805 0.07416 0.01030
0.40000 0.03268 0.08881 -0.23177 —1.31134 0.00346 0.02175 0.07363 -0.03065
0.45000 0.03680 0.07571 —-0.29010 —1.02660 0.00464 0.02538 0.07117 -0.06715
0.50000 0.04020 0.06003 -0.3349] ~0.77073 0.00599 0.02884 0.06699 -0.09920
0.55000 0.04277 0.04242 —~0.36764 -0.54317 0.00752 0.03205 0.06132 -0.12678
0.60000 0.04442 0.02344 —-0.38969 ~0.34318 0.00919 0.03495 0.05439 ~0.14991
0.65000 0.04510 0.00360 -0.40240 -0.16981 0.01101 0.03747 0.04641 -0.16861
0.70000 0.04478 -0.01666 —0.40709 ~-0.02192 0.01294 0.03958 0.03760 -0.18294
0.80000 0.04108 ~0.05707 -0.39729 0.20307 0.01705 0.04239 0.01837 -0.19892
0.90000 0.03343 ~0.095%52 -0.36925 0. 34505 0.02135 0.04322 —-0.00166 -0.19908
1.00000 0.02209 ~0413057 -0.33052 0.41974 0.02563 0.04208 -0.02098 -0.18529
1.10000 0.00745 ~0.16146 ~0.28698 0.44412 0.02970 0.03909 -0.03833 —-0.16002
1.20000 ~0.01005 -0.18794 ~-0.24281 0.43496 0.03339 0.03451 -0.05270 ~0.12622
1.40000 -0.05193 —-0.22817 -0.16153 0.37369 0.03910 0.02197 -0.07006 ~0.04599
1.60000 -0.10032 -0.25342 —0.09278 0.31875 0.04206 0.00757 ~-0.07137 0.03039
1.80000 ~0.15245 -0.26580 -0.03180 0.29590 0.04221 -0.00569 -0.05943 0.08418
2.00000 -0.20585 -0.26629 0.02662 0.28818 0.04000 -0.01569 -0.03977 0.10728
2.20000 -0.25820 -0.25531 0.08245 0.26552 0.03621 -0.02149 -0.01842 0.10218
2.40000 -0.30727 -0.23382 0.13057 0.20975 0.03168 -0.02326 -0.00015 0.07836
2.60000 -0.35117 —0420405 0.16431 0.12391 0.02712 -0.02193 0.01245 0.04733
2.80000 -0.38856 -0.16936 0.17936 0.02663 0.02303 -0.01869 0.01894 0.01852
3.00000 ~-0.41884 -0.13356 0.17570 -0.05982 0.01969 -0.01469 0.02038 -0.00269
3.20000 -0.44214 -0.10007 0.15724 -0.11963 0.01715 -0.01076 0.01847 -0.01491
3.40000 -0.45918 -0.07125 0.12999 -0.14761 0,01535 -0.00741 0.01493 -0.01945
3.60000 -0.47103 -0.04825 0.10005 ~-0.14782 0.01414 —-0.00481 0.01104 -0.01883
3.80000 -0.47887 -0.03109 0.07211 -0.12941 0.01337 -0.00297 0.00757 -0.01555
4.00000 -0.48381 -0.01909 0.04886 -0.10228 0.01291 -0.00174 0.00486 -0.01151
4,20000 ~0.48678 ~0.01117 0.03124 -0.07426 0.01265 -0.00097 0.00294 -0.00781
4.40000 -0.48848 —0.00624 0.01890 -0.05005 0.01250 ~0.00051 0.00168 -0.00493
4.60000 -0.48941 -0.00332 0.01084 -0.0315% 0.01243 -0.00026 0.00091 -0.00291
4.80000 -0.48989 -0.00169 0.00590 -0.01868 0.01239 -0.00013 0.00047 ~0.00162
5.00000 -0.49014 -0.00082 0.00306 -0.01043 0.01237 -0.00006 0.00023 -0.00085
$.20000 ~0.49025 ~0.00038 0.00151 -0.00551 0.01236 -0.00003 0.00011 ~0.00042
5.40000 -0.49030 —-0.00017 0.00071 -0.00276 0.01236 -0.00001 0.00005 -0.00020
5.60000 -0.49033 -0.00007 0.00032 -0.00131 0.01236 -0.00000 0.00002 -0.00009
5.80000 ~0.49034 -0.00003 0.00014 -0.00059 0.01236 ~0.00000 0.00001 -0.00004
6.00000 -0.49034 -0.00001 0.00006 -0.00026 0.01236 -0.00000 0.00000 ~-0.00002
6.20000 -0.49034 -0.00000 0.00002 -0.00010 0.01236 -0.00000 0.00000 -0.00001
6.40000 ~0.49034 -0.00000 0.00001 -0.00004 0.01236 -0.00000 0.00000 ~0.00000
6.60000 -0.49034 -0.00000 0.00000 -0.00002 0.01236 -0.00000 0.00000 ~0.00000
6.80000 -0.49034 0.00000 0.00000 -0.00001 0.01236 -0.00000 -0.00000 -0.00000
7.00000 -0.49034 0.00000 0.00000 -0.00000 0.01236 -0.00000 -0.00000 -0.00000
7.20000 —0.49034 0.00000 0.00000 -0.00000 0.01236 -0.00000 -0.00000 ~-0.00000
T7.40000 -0.49034 0.00000 0.00000 ~0.00000 0.01236 -0.00000 -0.00000 -0.00000
7.60000 —-0.,49034 0.00000 0.00000 -0.00000 0.,01236 -0.00000C -0.00000 -0.00000
7.80000 -0.49034 0.00000 0.00000 ~0.00000 0.01236 -0.00000 -0.00000 -0.00000
B8.00000 —0.49034% 0.00000 0.00000 -0.00000 0.01236 -0.00000 -0.00000 ~-0.00000
8.20000 -0.49034 0.00000 0.00000 -0.00000 0.01236 -0.00000 -0.00000 -0.00000
8.40000 -0.49034 0.00000 0.00000 ~0.00000 0.01236 ~0.00000 ~0.00000 -0.00000
8.60000 -0.49034 0.00000 0.00000 0.00000 0.01236 -0.00000 -0.00000 0.00000
8.B0000 —-0.49034 0.00000 0.00000 0.00000 0.01236 -0.00000 -0.00000 0.00000
9.00000 —0.4903% 0.00000 0.00000 0.00000 0.042136 -0.00000 ~0.00000 0.00000
9.20000 -0.49034 0.00000 0.00000 0.00000 0.01236 -0.00000 -0.00000 0.00000
9.40000 ~0.49034 0.00000 0.00000 0.00000 0.01236 -0.00000 -0.00000 0.00000
9.60000 -0.49034 0.00000 0.00000 0.00000 0.01236 -0.00000 -0.00000 0.00000
9.80000 —0.49034 0.00000 0.00000 0.00000 0.01236 -0.00000 -0.00000 0.00000
10.00000 —0.49034 0.00000 0.00000 0.00000 0.01236 -0.00000 -0.00000 0.00000
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TABLE T.- AXTSYMMETRIC STAGNATION-POINT UNIVERSAT, FUNCTIONS

0o = 0.75 - Continued

7F3 ! -
n (9281) 773 773
0. 0. 0. -0.03577
0.01000 -0.00000 -0.00030 -0.02403
0.02000 -0.00001 ~0.00048 -0.01267
0.03000 -0.00001 -0.00055 -0.00167
0.04000 -0.00002 -0.00052 0.00896
0.05000 -0.00002 -0.00038 0.,01923
0.06000 -0.00002 ~-0.00013 0.02915
0.07000 -0.00002 0.60021 0.03871
0.08000 -0.00002 0.00064 0.04793
0.09000 -0.00001 0.00116 0.05680
0.10000 0.00000 0.00177 0.06533
0.11000 0.00003 0.00247 0.07353
0.12000 0.00005 0.00324 0.08139
0.13000 0.00009 0.00410 0.08893
0.14000 0.00014 0.00502 0.09615
0.15000 0.00019 0.00602 0.10305
0.20000 0.00063 0.01195 0.13289
0.25000 0.00141 0.01918 0.15536
0.30000 0.00257 0.02737 0.17097
0.35000 0.00416 0.03617 0.18021
0.40000 0.00619 0.04529 0.18360
0.45000 0.00869 0.05445 0.18168
0.50000 0.01163 0.06338 0.17497
0.55000 0.01502 0.07187 0.16403
0.60000 0.01881 0.07972 0.14540
0.65000 0.02297 0.08676 0.13166
0.70000 0.02747 0.09285 0.11137
0.80000 0.03724 0.10173 0.06533
0.90000 0.04765 0.10579 0.01564
1.00000 0.05823 0.10487 -0.03371
1.10000 0.06847 0.09918 ~0.07924
1.20000 0.07792 0.08924 -0.11814
1.40000 0.09301 0.05989 -0.16881
1.60000 0.10147 0.02440 -0.17959
1.80000 0.10287 ~0.00964% -0.15603
2.00000 0.09810 -0.03656 -0.11091
2.20000 0.08891 -0.05354 -0.05885
240000 0.07735 -0.06046 ~0.01188
2+60000 0.06528 -0.05912 0.02286
2.80000 0.05407 -0.05228 0.04321
3.00000 0.04455 —-0,04270 0.05076
3.20000 0.03703 ~0.03260 0.04901
3.40000 0.03145 -0.02345 0.04190
3.60000 0.02753 ~-0.01597 0.03271
3.80000 0.02493 -0.01035 0.02372
4.00000 0.02328 -0.00639 0.01613
4.20000 0.02229 -0.00377 0.01036
4.40000 0.02171 -0.00213 0.00631
4.60000 0.02139 -0.00116 0.00366
4.80000 0.02122 -0.00060 0.00202
9.00000 0.02113 -0.00030 0.00107
5420000 0.02109 -0.00015 0.00054
5.40000 0.02107 -0.00007 0.00026
5.60000 0.02106 -0.00003 0.00012
5.80000 0.02106 -0.00001 0.00006
6.00000 0.02105 -0.00001 0.00002
6.20000 0.02105 -0.00000 0.00001
6,40000 0.02105 -0.00000 0.00000
6.60000 0.02105 -0.00000 0.00000
6.80000 0.02105 ~-0,00000 0.00000
7.00000 0.02105 -0.00000 0.00000
7.20000 0.02105 -0.00000 0.00000
T+.40000 0.02105 -~0.00000 -0.00000
7.60000 0.02105 -0.00000 -0.00000
7.80000 0.02105 -0.00000 -0.00000
8.00000 0.02105 -0.00000 -0.00000
8.20000 0.02105 -0.00000 -0.00000
8.40000 0.02105 -0.00000 -0.00000
8.60000 0.02105 -0.00000 -0.00000
8.80000 0.02105 ~-0.00000 -0.00000
9.00000 0.02105 -0.00000 -0.00000
9.20000 0.02105 -0.00000 -0.00000
9.40000 0.02105 ~(.00000 -0.00000
9.60000 0.02105 -0.00000 -0.00000
9.80000 0.02105 ~-0.00000 ~0.00000
10.00000 0.02105 ~0.00000 -0.00000
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FIII

73

l.19271
1.15513
1.11800
1.08130
1.04505
1.00922
0.97382
0.93884
0.90429
0.87015
0.83642
0.80310
0.77020
0.73770
0.70560
0.67391
0.52148
0.37908
0.24675
0.12464
0.01294
-0.08813
-0.17835
~0.25752
-0.32551
-0.38225
~-0.42775
~0.48564
-0.50154
~0.47971
-0.42617
-0.34837
-0.15335
0.04050
0.18403
0.25461
0.25572
0.20801
0.13769
0.06734
0.01118
-0.02527
-0.04309
—-0.04686
-0.04208
-0.03349
-0.02435
-0.01644
-0.01040
-0.00622
-0.00352
-0.00190
-0.00098
—-0.00048
-0.00023
~-0.00010
-0.00005
~0.00002
-0.00001
-0.00000
-0.00000
~-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

aFs
(3,8,

0.
-0.00000
-0.00002
~0.00004
-0.00007
-0.00011
-0.00016
-0.00021
-0.00028
-0.00035
—0.00043
~0.00052
-0.00062
-0.00073
-0.00085
-0.00097
-0.00172
-0.00268
-0.00385
~0.00522
-0.00678
—-0.00854
~0.01047
—-0.01259
-0.01487
-0.01730
—~0.01989
—0.02546
-0.03148
-0.03787
~0.04452
-0.05132
-0.06498
-0.07808
-0.09002
-0.10039
-0.10898
-0.11580
-0.12098
~0.12475
-0.12740
-0.12919
-0.13034
-0.13107
-0.13151
-0.13176
-0.13191
-0.13198
~0.13203
-0.13205
-0.13206
-0.13206
-0.13206
-0.13207
-0.13207
-0.13207
-0.13207
-0.13207
—-0.13207
-0.13207
-0.13207
-0.13207
-0.13207
-0.13207
-0.13207
-0.13207
—-0.13207
~0.13207
-0.13207
-0.13207
-0.13207
-0.13207
-0.13207
-0.13207
~0.13206

~0.13206

gf3

C.
-0.00087
-0.00173
-0.00260
-0.00346
-~0.00433
-0.00519
-0.00605
-0.00691
-0.00777
-0.00863
-0.00949
-0.01035
-0.01120
-0.01206
~0.01291
~0.01713
-0.02129
-0.02537
-0.02934
-0.03320
-0.03694
—-0.04052
-0.04394
~-0.04719
-0.05025
-0.05310
-0.05815
-0.06225
-0.06535
—0.06741
-0.06843
~0.06748
~0.06305
~0.05603
~0.04748
—-0.03846
~0.02982
-0.02217
-0.01583
-0.01086
-0.00718
—~0.00457
-0.00280
-0.00166
-0.00095
-0.00053
-0.00028
-0.00015
-0.00007
—0.00004
-0.00002
-0.00001
-0.00000
-0.00000
-0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

gf3

-0.08657
-0.08656
-0.08654
-0.08651
-0.08646
—-0.08640
-0.08632
—-0.08623
~0.08613
-0.08602
-0.08589
-0.08575
-0.08559
-0.08542
-0.08524
-0.08505
-0.08388
-0.08239
-0.08057
~-0.07843
-0.07598
-0.07321
-0.07013
-0.06675
-0.06308
-0.05914
-0.05495
-0.04588
-0.03609
~-0.02583
~0.01538
-0.00505
0.01409
0.02949
0.03983
0.04474
0.04477
0.04109
0.03513
0.02824
0.02149
0.0155%
0.01074
0.00709
0.00449
0.00273
0.00160
0.000%90
0.00049
0.00026
0.00013
0.00006
0.00003
0.00001
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.,00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

gF3

0.
0.00139
0.00276
0.00413
0.00549
0.00684
0.00819
0.00953
0.01086
0.01219
0.01352
0.01484
0.01616
0.01747
0.01878
0.02009
0.02660
0.03308
0.03953
0.04594
0.05228
0.05852
0.06461
0.07050
0.07612
0.08142
0.08632
0.09468
0.10071
0.10404
0.10441
0.10174
0.08784
0.06508
0.03802
0.01157
-0.01028
~0.02531
-0.03314
-0.03481
-0.03213
-0.02703
-0.02110
-0.01547
-0.01072
—-0.00706
-0.00443
-0.00266
~0.0015%
—-0.00085
—-0.00045
-0.00023
—-0.00012
~0.00006
-0.00003
-0.00001
—0.00001
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
~0.00000
~0.00000
~0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000




TABLE T.- AXISYMMETRIC STAGNATION-POINT UNIVERSAL FUNCTIONS
0 = 0.75 - Continued
F F
9 3 ] " (1) lo 3 ) n m
n (a.) oFs of3 of 3 (5. of3 10F 3 10oF3
93 3
0. Oe 0. -0.24834 1.34454 O. (029 0.20051 -0.50000
0.01000 -0.00001 -0.00242 ~0a.23503 1.31719 0.00001 0.00198 0.19555 -0.49279
0.02000 ~-0.00005 -0.00470 -0.22200 1.29011 0.00004 0.00391 0.19065 -0.48565
0.03000 ~-0.00011 -0.00686 -0.20923 1.26330 0.00009 0.00579 0.18583 -0.47857
0.04000 -0.00018 -0.00889 -0.19673 1.23675 0.00016 0.00763 0.18108 -0.,47156
0.05000 -0.00028 -0.01079 -0.18449 1.21045 0.00024 0.00942 0.17640 -0.46462
0.06000 -0.00040 -0.01258 -0.17252 1.18442 0.00034 0.01116 0.17179 -0.45775
0.07000 -0.00053 ~0.01424 -0.16080 1.15864 0.00046 0.01285 0.16725 -0.45094
0.08000 -0.00068 -0.01579 -0.14935 1.13311 0.00060 0.01450 0.16277 -0.44419
0.09000 -0.00085 -0.01723 -0.13814 1.10783 0.00075 0.01611 0.15836 -0.43751
0.10000 -0.00103 -0.01856 ~-0.12719 1.08280 0.00092 0.01767 0.15402 -0.43089
0.11000 -~0.,00122 -0.01978 -0.11648 1.05801 0.00111 0.01919 0.14974 ~0.42434
0.12000 -0.,00142 -0.02089 -0.10603 1.03347 0.00131 0.02066 0.14553 ~0.41784
0.13000 -0,00164 -0.02190 -0.09581 1.00917 0.00152 0.02210 0.14139 -0.41141
0.14000 -0.00186 -0.02281 ~0.08584 0.98511 0.00175 0.02349 0.13730 —0.40504
0.15000 -0.00209 —-0.02362 -0.07611 0.96128 0.00199 0.02484 0.13329 -0.39873
0.20000 —-0.00335 -0.02627 -0.03096 0.84570 0.00339 0.03102 0.11412 -0.36805
0.25000 -0.00469 -0.02681 0.00856 0.73593 0.,00508 0.03628 0.09646 -0.33879
0.30000 ~-0.00600 -0.02550 0.04273 0.63190 0.00700 0.04069 0.08022 ~0.31091
0. 35000 -0.00721 ~0.02262 0.07184 0.53359 0.00913 0.04433 0.06534 -0.284306
0.40000 -0.00824 -0.01840 0.09618 0.44101 0.01142 0.04725 0.05176 -0.25911
0.45000 -0.00903 -0.01307 0.11604 0.35422 0.01385 0.04952 0.03941 -0.23513
0.50000 -0.00953 -0.00686 0.13170 0.27325 0.01637 0.05121 0.02823 -0.21238
0.55000 -0.00971 0.00003 0.14346 0.19815 0.01896 0.05236 0.01815 ~-0.19086
0.60000 -0.,00952 0.00742 0.15161 0.12899 0.02160 0.05304 0.00912 ~0.17053
0.65000 -0.00896 0.01514 0.15646 0.065T7 0.02426 0.05329 0.00108 -0.15138
0.70000 -0.00800 0.02302 0.15829 0.00852 0.02692 0.05317 ~0.00603 -0.13339
0.80000 ~0.00491 0.03872 0.15411 -0.08821 0.03218 0.05195 —-0.01771 ~-0.10080
0.90000 -0.00029 0.05356 0.14142 -0.161177 0.03728 0.04973 ~0.02634 -0.07259
1.00000 0.00574 0.06680 0.12249 —-0.21334 0.04211 0.04677 -0.03236 —0.04855
1.10000 0.01300 0.07792 0.09943 ~0.24465 0.04661 0.04333 ~0.03618 -0.02843
1.20000 0.02125 0.08661 0.07416 -0.25799 0.05076 0.03960 -0.03817 -0.01196
1.40000 0.03971 0.09630 0.02336 -0.24173 0.05791 0.03190 -0.03803 0.01133
1.60000 0.05913 0.09646 -0.02004 -0.18800 0.06355 0.02462 —0.03434 0.02409
1.80000 0.07779 0.08914 -0.05084 -0.11912 0.06782 0.01828 -0.0289]1 0.02915
2.00000 0.09447 0.07705 -0.06785 -0.05249 0.07094 0.01308 -0.02302 0.02908
2.20000 0.10847 0.06281 -0.07272 0.00106 0.07313 0.00904 -0.01748 0.02602
2.40000 0.11959 0.0485¢6 -0.06861 0.03702 0.07462 0.00604 ~-0.01270 0.02157
2.60000 0.12799 0.03573 -0.05907 0.05576 0.07560 0.00390 ~0.00887 0.01683
2.80000 0.13403 0.02508 -0.04723 0.06062 0.07623 0.00243 -0.00595 0.01245
3.00000 0.13818 0.01683 ~0.03544 0.05614 0.07661 0.00147 -0.00384 0.00878
3.20000 0.14091 0.01081 -0.02511 0.04670 0.07684 0.00085 -0.00238 0.00591
3.40000 0.14263 0.00665 -0.01686 0.03573 0.07697 0.00048 ~-0.00142 0.00380
3.60000 0.14366 0.00392 -0.01077 0.02547 0.07704 0.00026 -0.00082 0.00235
3.80000 0.14426 0.00222 ~0.00655 0.01705 0.07708 0.00014 -0.00045 0.00139
4.00000 014460 0.00120 -0.00380 0.01078 0.07710 0.00007 -0.00024 0.00078
4.20000 0.14477 0.00063 -0.00211 0.00645 0.07711 0.00003 ~0.00012 0.00043
4.40000 0.14486 0.00031 -0.00112 0.00367 0.07711 0.00002 -0.,00006 0.00022
4.60000 0.14491 0.00015 -0.00057 0.00198 0.07711 0.00001 -0.00003 0.00011
4.80000 014493 0.00007 -0.00027 3.70102 AL0TTLIL 0.00000 —-0.00001 0.00005
5.00000 0.14494 0.00003 -0.00013 0. 050 0.07712 0.00000 ~0.00001 0.00002
5.20000 0.14494 0.00001 -0.00006 0,.00024 0.07712 0.00000 -0.00000 0.00001
5.40000 0.14494 0.00001 ~0.00002 0.00011 0.07712 0.00000 -0.00000 0.00000
5.60000 3.14495 0.00000 -0.00001 0.00005 0.07712 ~0.00000 -0.00000 0.00000
5.80000 0.14495 0.00000 -0.00000 0.00002 0.07712 -0.00000 -0.00000 0.00000
6.00000 0.14495 0.00000 ~-0.00000 0.00001 0.07712 -0.00000 -~0.00000 0.00000
620000 0.14495 0.00000 -0.00000 0.00000 0.07712 -0.00000 -0.,00000 0.00000
6.40000 0.14495 ~0.00000 -~0.00000 0.00000 0.07712 -0.00000 -0.00000 0.00000
6.60000 0.14495 -0.00000 -0.00000 0.00000 0.07712 -0.00000 -0.00000 0.00000
6.8Q000 0.14495 -0.00000 ~0.00000 0.00000 0.07712 -0.00000 -0.00000 0.00000
7.00000 0.14495 -0.00000 -0.00000 0.00000 0.07712 -0.00000 -0.00000 0.00000
7.20000 0.14495 -0.00000 -0.00000 0.00000 0.07712 -0.00000 -0.00000 0.00000
7.40000 0.14495 -0.00000 -0.00000 -0.00000 0.07712 -0.00000 ~0.00000 0.00000
7.60000 0.14495 -0.00000 -0.00000 -0.00000 0.07712 -0.00000 -0.00000 -0.00000
7.80000 0.14495 -0.00000 -0.00000 -~0.00000 0.07712 -0.00000 -0.00000 -0.00000
8.00000 0.14495 ~0.00000 -0.00000 -0.00000 0.07712 -0.00000 -0.00000 -0.00000
8.20000 0.14495 -0.00000 -0.00000 -0.00000 0.07712 -0.00000 ~0.00000 -0.00000
8.40000 0.14495 -0.00000 -0.00000 -0.00000 0.07712 ~0.00000 -0.00000 0.00000
8.60000 0.14495 ~0,00000 -0,00000 0.00000 0.07712 -0.00000 -0.00000 0.00000
8,.80000 0.14495 -0.00000 -0.00000 0.00000 0.07712 -0.00000 -0.00000 0.00000
9.00000 0.14495 ~0.00000 -~0.00000 -0.00000 0.07712 -0.00000 -0.00000 0.00000
9,20000 0.14495 -0.00000 -0.00000 0.00000 0.07711 -0.00000 -0.00000 0.00000
9.40000 0.14495 -0.00000 -0.00000 0.00000 0.07711 -0.00000 -0.00000 0.00000
9.60000 0.14495 -0.00000 -0.00000 0.00000 0.07711 -0.00000 -0.00000 0.00000
9.80000 0.14495 -0.00000 -0.00000 0.00000 0.07711 -0.00000 ~-0.00000 0.00000
10.00000 0.14495 -0.00000 —-0.00000 0.00000 0.07711 -0.00000 -0.00000 0.00000
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E
14 1 u m
n ( ) Fa \Fa iFa
9,93

0. O. O. 1.37895 -8.38499
0.01000 0.00007 0.01337 1.29629 ~8.14696
0.02000 0.00026 0.02593 1.21599 ~7.91317
0.03000 0.00058 0.03770 1.13801 ~T7.68358
0.04000 0.,00102 0.04870 . 1.06231 -7.45811
0.05000 0.00156 0.05896 0.98884 ~T.23672
0.06000 0.00219 0.06849 0.91756 -7.01935
0.07000 0.00292 0.07731 0.84844 -6.80594
0.08000 0.00374 0.08546 0.78143 —6.59645
0.09000 0.00463 0.09295 0.71649 -6.39084
0.10000 0.00559 0.09980 0.65360 -6.18904
0.11000 0.00662 0.10603 0.59270 -5.99102
0.12000 0.00771 0.11166 0.53377 -5.79673
0.13000 0.00885 0.11671 0.47675 -5.60613
0.14000 0.01004 0.12120 0.42163 -5.41917
0.15000 0.01128 0.12515 0.36836 -5.23582
0.20000 0.01789 0.13739 0.12853 ~4.,37181
0.25000 0.02483 0.13869 -0.07023 -3.59238
0.30000 0.03161 0.13098 -0.23205 -2.89334
0.35000 0.03781 0.11603 -0.36084 -2.27075
0.40000 0.04312 0.09539 ~0.46033 -1.72079
0.45000 0.04728 0.07043 -0.53406 -1.23963
0.,50000 0.05011 0.04235 -0.58538 ~-0.82337
0.55000 0.05148 0.01221 ~0.61742 -0.46797
0.60000 0.05131 ~-0.01912 -0.63312 ~-0.16922
0.65000 0.04956 -0.05087 -0.63521 0.07724
0.70000 0.04623 ~-0.08245 ~0.62619 0.27597
0.80000 0.03491 -0.14317 -0.58367 0.54892
0.90000 0.01777 -0.19851 -0.52088 0.68753
1.00000 -0.00457 ~0.24706 ~0.44940 0.72891
1.10000 -0.03140 -0.28837 ~0.37720 0.70722
1.20000 -0.06201 ~0.32264 ~0.30908 0.65168
1.40000 -0.13189 -0.37230 -0.19189 0.52327
1.60000 -0.20952 -0.40086 -0.09633 0.44325
1.80000 ~0.29104 -0.41149 -0,01080 0.41847
2.00000 -0.37300 —0.40534 0.07195 0.40712
2.20000 -0.45210 -0.38301 0.14994 0.36%09
2.40000 —-0.52524 —~0634625 0.21463 0.27370
2.60000 -0.58987 —-0.29867 0.25682 0.14401
2.80000 —0.64433 -0.24536 0.27161 0.00499
3.00000 -0.68800 -0.19178 0.26024 -0.11305
3,20000 ~0.72134 -0.14259 0.22913 -0.19051
3.40000 -0.74554 -0.10086 0.18709 -0.22266
3.60000 ~0.76227 -0.06791 0.14261 ~0.21685
3.80000 -0.77328 -0.04355 0.10198 -0.18658
4.00000 -0.78018 ~0.02662 0.06868 ~0.14571
4.20000 -0.,78432 ~0.01552 0.04368 —-0. 10486
4.40000 ~0.78667 -0.,00864 0.02631 -0.07020
4.60000 -0.78796 -0.00459 0.01503 -0.04401
4.80000 -0,78863 -0.00233 0.00816 ~0.02595
5.00000 -0.78896 -0,00113 0.00422 -0.01444
5.20000 -0.78912 -0.,00053 0.00208 -0.00761
5.40000 -0.78919 -0.00023 0.00097 -0.00380
5.60000 -0.78923 -0.00010 0.00044 ~-0.00180
5.80000 -0.78924 -0.00004 0.00019 -0.00081
6.00000 -0.78924 -0.00002 0.00008 -0.00035
6.20000 -0.78925 -0.00001 0.00003 ~0.00014
6440000 -0.78925 -0.00000 0.00001 -0.00006
6.60000 -0.78925 -0.00000 0.00000 -0.00002
6.80000 -0,78925 -0.00000 0.00000 -0.,00001
7.00000 ~-0.78925 -0.00000 0.00000 -0.00000
720000 ~-0.78925 -0.00000 0.00000 -0.,00000
7.40000 ~-0.78925 -0.00000 -0.00000 -0.00000
T.60000 -0.78925 -0.00000 —~0.,00000 -0.00000
7.80000 -0.78925 -0.00000 -0.00000 -0.00000
8,00000 -0.78925 -0.00000 -0.00000 -0.00000
8,20000 -0.78925 -0.00000 -0.00000 ~0.00000
8.40000 -0.78925 -0.00000 -0.00000 ~0.00000
8.60000 ~0.78925 -0.00000 -0.00000 0.00000
8.80000 -0.78925 -0.00000 -0.00000 0.00000
9.00000 -0,78925 -0.00000 -0.00000 0.00000
9.20000 -0.78925 -0.00000 -0.00000 0.00000
9.40000 ~-0.78925 -0.00000 -0.00000 0.00000
9.60000 -0.78925 -0.00000 -0.00000 0.00000
9.80000 ~0.78925 -0.00000 -0.00000 0.00000
10.00000 ~0.78925 -0.00000

~0.00000
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0.00000

2Fa

(8,8,)

0.
-0.00000
~0.00002
-0.00004
-0.00007
=0.00011
-0.00016
-0.00021
-0.00028
-0.00035
=0.00044
-0.00053
-0.00063
-0.,00074
-0.00086
-0.00098
=0.00174
=0.00270
-0.00387
-0.00523
~-0.00678
-0.00851
=0.01041
=-0.01247
~-0.01467
~0.01702
~0.01949
—-0.02475
-0.030137
-0.03624
-0.04225
-0.04832
~0.06025
-0.07142
-0.08137
-0.08987
-0.09681
-0.10227
~0.10639
-0.10938
-0.11148
-0.11290
-0.11382
~0.11440
-0.11475
-0.11495
-0.11507
-0.11513
-0.11517
-0.11518
-0.11519
-0.11520
=0.11520
=-0.11520
~0.11520
-0.11520
-0.11520
-0.11520
-0.11520
-0.11520
-0.11520
-0.11520
~-0.11520
-0.11520
-0.11520
~-0.11520
-0.11520
-0.11520
~0.11520
-~0.11520
-0.11520
-0.11520
-0.11520
-0.11520
-0.11520

-0.11520

0.
—-0.00088
-0.00175
-0.00263
-0.00350
-0.00438
-0.00525
-0.00612
-0.00699
-0.00786
-0.00872
-0.00959
-0.01045
-0.01131
-0.01216
-0.01302
-0.01723
-0.02133
-0.0253]1
-0.02915
-0.03282
-0.03631
-0.03960
~0.04268
-0.04554%
-0.04817
-0.05056
-0.05459
-0.05759
-0.05958
-0.06057
~0.06062
-0.05819
-0.05310
-0.04626
-0.03860
-0.03090
-0.02378
-0.01760
~0.01255
-0.00861
~0.00570
-0.00364
-0.00224
—-0.00133
-0.00077
~-0.00043
~-0.00023
-0.00012
-0.00006
-0.00003
-0.00001
-0.00001
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

FUNCTIONS

-0.08763
-0.08762
-0.08758
-0.08752
-0.08744
-0.08733
-0.08721
~0.08706
-0.08688
~0.08669
~0.08648
-0.08624
~0.08599
-0.08571
~0.08541
-0.08510
-0.08324
-0.08093
-0.07821
-0.07511
-0.07165
-0.06787
-0.06380
~0.05947
~0.05492
-0.05018
~0.04529
-0.03521
-0.02495
-0.01482
-0.00508
0.00402
0.01954
0.03063
0.03699
0.03898
0.03745
0.03347
0.02815
0.02242
0.01699
0.01228
0.00849
0.00563
0.00358
0.00219
0.00129
0.00073
0.00040
0.00021
0.00011
0.00005
0.00003
0.00001
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

oFa

0.
0.00242
0.00479
0.00713
0.00942
0.01169
0.01391
0.01610
0.01826
0.02038
0.02248
0.02454
0.02657
0.02856
0.03053
0.03248
0.04176
0.05039
0.05838
0.06575
0.07250
0.07862
0.08408
0.08888
0.09298
0.09638
0.09906
0.10220
0.10242
0.09980
0.09459
0.08711
0.06709
0.04358
0.02033
0.00031
-0.01470
-0.02412
~0.02833
-0.02837
-0.02560
-0.02131
-0.01658
-0.01217
-0.00846
-0.00560
~0.00354
-0.00214
-0.00124
—-0.00069
-0.00037
-0.00019
-0.00010
-0.00005
-0.00002
-0.00001
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0. 00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
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TABLE I.- AXISYMMETRIC STAGNATION-POINT UNIVERSAT: FUNCTIONS
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Fs . “ iFe . "
n ( ) iFs iFs iFs ( ) iFe iFe iFe
9,95 9, 9, 95

0. 0. 0. 3.96078 =2T7.71792 0. 0. ~57.43956 443,19953
0.01000 0.00019 0.03824 3.68843 -26.75533 -0.00280 -0.55255 -53.10033 424,74121
0.02000 0.00076 0.07380 3.42560 -25.81559 -0.01091 ~1.06261 ~-4B.94286 406.84478
0.03000 0.00166 - 0.10678 3.17205 -24.89828 -0,02392 —1.53199 ~-44.,96160 389.496177
0.04000 0.00288 0.13727 2.92756 -24.00299 -0.04142 ~1.96241 -41.15114 372.68409
0.05000 0.00440 0.16536 2.69191 -23.12934 -0.06304 -2.35556 ~-37.50618 356439396
0.06000 0.00618 0.19114 2.46490 =22.27695 -0.08841 -2.71307 -34.02156 340.61405
0.07000 0.00821 0.21469 2.24631 ~21.44545 -0.11719 -3.03651 —-30.69224 325.33220
0.08000 0.01047 0.23609 2.03592 =204 63446 -0.14903 -3.32742 -27.51329 310.53666
0.09000 0.01293 0.25543 1.83355 ~19.84365 -0.18363 -3.58726 —24.47992 296421587
0.10000 0.01557 0.27279 1.63898 ~19.07266 ~0.22068 ~3.81749 -21.58743 282.35862
0.11000 0.01838 0.28824 1.45203 -18.32116 -0.25989 -4,01947 -~18.83124 268.95392
0.12000 0.02133 0.30185 1.27250 ~17.58881 -0.30098 ~4.19455 —-16.20688 255.99100
0.13000 0.02441 0.31371 1.10019 -16.87530 —-0.34369 -4.34403 -13.70998 243.45940
0. 14000 0.02760 0.32388 0.93493 —-16.18030 -0.38778 ~4.46916 -11.33629 231.34882
0.15000 0.03088 0.33243 0.77653 ~-15.50352 -0.43300 -4,.57115 -9.08164 219.64923
0.20000 0.04817 0.35323 0.,08117 -12.38223 -0.66862 —4,77361 0.54473 166.97811
0.25000 0.06569 0.34298 ~0.46856 ~9.67259 -0.90338 -4,55677 T.76406 123.18381
0.30000 0.,08206 0.30847 -0.89239 ~T7.34097 -1.,11915 -4.03034 12.99337 87.20842
0.35000 0.09623 0.25553 -1.20842 -5.35562 ~1.30277 ~3.28446 16.59900 58.08122
0.40000 0.10739 0.18914 -1.43321 -3.68613 ~l.44516 -2.39215 18.90068 34.90747
0.45000 0.11499 0.11348 ~1.58181 -2.30310 -1.54052 -1.41149 20.17517 16.86113
0.50000 0.11864 0.03201 ~-1.66782 ~1.17789 -1.58560 -0.38778 20.65952 3.18060
0.55000 0.11814 -0.05246 ~1.70343 -0.28254 -1.57916 0.64465 20.55430 -6.83323
0.60000 0.11338 -0.13768 ~1.69945 0.41019 -1.52142 1.66063 20.02666 ~13.81769
0.65000 0.10439 -0.22191 -1.66535 0.92680 =1.41367 2.64257 19.21340 ~18.34817
0.70000 0.09123 -0.30385 -1.60928 1.29282 -1.25792 3.57905 18.22415 —20.93793
0.80000 0.05304 -0.45751 ~1.45773 1.66936 ~0.81249 5.29306 16.03863 -22.03860
0.90000 0.00028 -0.59475 -1.28632 1.71745 -0.20660 6.78927 13.91994 -20.00346
1.00000 ~0.06534 -0.71496 -1.12018 1.58635 0.53872 8.08637 12.07568 -16.81000
1.10000 -0.14218 ~0.81937 -0.97113 1.39190 1.40507 9.21532 10.55591 -13.65735
1.20000 ~0.22875 -0.90983 -0.84119 1.21440 2.37722 10.20714 9.32260 -11.13930
1.40000 -0.42600 -1.05531 —0.61854 1.0647T7 4.59144 11.87165 T.41051 ~B8.48261
1.60000 ~-0.64800 ~1.15723 ~-0.39641 1.19009 7.10294 13.18894 5.77121 -B8.19642
1.80000 —-0.88571 -1.21127 ~-0.13689 1.39915 9.84500 14.17437 4.,05125 -9,14270
2.00000 -1.12879 -1.20981 0.15420 1.47654 12.74823 14.79215 2.07507 -10.67681
2.20000 -1.36573 -1.15010 0.43738 1.31338 15.73338 14.98268 -0.22249 -12.24515
2.40000 -1.58536 -1.03861 0.66477 0.93133 18.70875 14.68595 -2.77209 -13.04876
2.60000 -1.7787L -0.89024 0.80238 0.43698 21.57317 13.87259 -5.33610 -12.28103
2.80000 ~1.94029 -0.72434 0.84056 ~0.04343 24.22530 12.5T446 -7.55600 -9.61173
3.00000 ~2.06854 ~0.55980 0.79245 ~0.41416 26.57753 10.89698 -9,07889 -5.43343
3.20000 -2.16529 -0.41131 0.68523 ~0.63165 28.56968 9.00407 -9,.69155 -0.69184
3.40000 ~2+23473 -0.28758 0.54973 ~0.70107 30.17724 7.08175 ~9.39003 3.54429
3.60000 -2.28218 -0.19152 0.41228 -0.65868 31.41165 5.29683 -8.36064 6.49584
3.80000 -2.31308 -0.12160 0.29057 -0.55143 32.31308 3.76642 ~6.89748 T.87644
4,00000 -2.33229 ~-0.07366 0.19319 ~0.42142 32.93904 2+54636 ~5.30407 T7.85606
4,20000 ~2.34367 ~0.04260 0.12153 ~0.29802 33.35245 1.63733 -3.81916 6.87578
4.,40000 -2.35012 ~0.02354 0.07249 ~0.19669 33.61225 1.00182 -2.58416 5.43600
4.60000 —2.35362 ~0.01243 0.04107 ~0.12184 33.76767 0.58361 ~1.64783 3.94471
4.80000 =-2.35542 -0.00628 0.02214 -0.07113 33.85624 0.32388 -0.99259 2.65370
5.00000 -2.35632 -0.00303 0.01136 -~0.03926 33.90434 0.17132 -0.56589 1.66614
5.20000 -2.35674 -0.00140 0.00556 ~0.02053 33.92925 0.08643 ~-0.30585 0.98105
5.40000 -2.35693 -0.00062 0.00260 ~0.01019 33.94156 0.04160 —0.15693 0.54369
5.60000 ~2.35702 -0.00026 0.00116 -0.,00481 33.94736 0.01912 ~0.07652 0.28438
5.80000 -2.35705 -0.00011 0.00049 ~0.00216 33.94998 0.00839 -0.03550 0.14070
6.00000 ~2.35707 ~0.00004 0.00020 -0.00092 33.95111 0.00352 -0.01568 0.06597
6$.20000 -2.35707 -0.00002 0.00008 -0.00038 33.95157 0.00142 -0.00660 0.02935
6.40000 —-2.35707 -0.00001 0.00003 -0.00015 33.95175 0.00055 -0.00265 0.01241
6.60000 ~2.35708 -~0.00000 0.00001 -0.00005 33.95182 0.00020 -0.00101 0.00499
6.80000 -2.35708 -0.00000 0.00000 -0.00002 33.95185 0.00008 -0.00037 0.00191
7.00000 —-2.35708 -0.00000 0.00000 -0.00001 33.95186 0.00003 -0.00013 0.00070
T.20000 —-2.35708 -0.00000 0.00000 -+0.00000 33.95186 0.00001 -0.00004 0.00024
7.40000 -2.35708 -0.00000 0.00000 -~0.00000 33.95186 0.00001 -0.00001 0.00008
7.60000 -2.35708 -0.00000 -0.00000 -0.00000 33.,95187 0.00001 -0.00000 0.,00002
7.80000 -2.35708 -0.00000 -0.00000 -~0.00000 33,95187 6.00001 0.00000 -0.00000
8.00000 -2.35708 -~0.00000 -0.00000 -0.00000 33,95187 0.00001 0.00000 ~0.00000
8.20000 ~2.35708 -0.00000 -0.00000 ~0.00000 33.95187 0.00001 0.00000 0.00060
B. 40000 -2.35708 -0.00000 -0.00000 ~000000 33,95187 0.00001 0.00000 -0.00000
8.60000 -2.35708 -0.00000 -0.00000 0.00000 33.95187 0.00001 0.00000 0.00000
8.80000 -2.35708 -0.00000 -0.00000 0.00000 33.95188 0.00001 0.00000 0.00001
9.00000 -2.35708 -0.00000 -0.00000 0.00000 33.95188 0.00001 0.00000 0.00001
9.20000 ~-2.35708 -0.00000 -0.00000 0.00000 33.95188 0.00001 0.00000 -0.,00001
9.40000 -2.35708 -0.00000 -0.00000 0.00000 33.95188 0.00001 0.00001 -0.00004
9.60000 ~2.35708 ~0.00000 -0.00000 0.00000 33.95188 0.00001 0.00001 ~-0.00004
9.80000 —~2.35708 -0.00000 -0.00000 0.00000 33.95189 0.00001 0.00000 -0.00001
10.00000 -2.35708 -0.00000 -0.00000 0,00000 33.95189 0.00001 0.00001 -0.00006
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L n 1 n
Y “ 16 16y 18 I 26 26 26y 2l
0. 1.00000 -0.48312 0. O. 0. ~0.24681 0. 0.
0.01000 0499517 ~0.48312 0.00002 0.00998 -0.00247 ~0.24681} 0.00003 -0.00001
0.02000 0.99034 -0.48312 0.00007 0.01990 -0.00494 ~0.2468] 0.00012 -0,00005
0.03000 0.98551 -0.48312 0.00015 0.02978 -0.00740 -0.2468) 0.00028 -0.00011
0.04000 0.98068 -0.48312 0.00027 0.03961 -0.00987 ~0.24680 0.00049 -0.00020
0.05000 0.97584 ~0.48311 0.00042 0.04940 -0.01234 ~-0.24680 0.00077 -0.00031
0.06000 0.97101 -0.48311 0.00060 0.05913 -0.01481 ~0.24679 0.00110 -0.00044
0.07000 0.96618 -0.48310 0.00081 0.06882 -0.01728 ~0.24678 0.00150 -0,00060
0.08000 0.96135 -0.48309 0.00106 0.07845 -0.01974 ~0.24676 0.00195 -0.00079
0.09000 0.9565%2 -0.48308 0.00134 0.08804 ~0.02221 ~0.24674 0.00247 -0.00100
0.10000 0.95169 -0.48306 0.00165 0.09758 ~0.02468 ~0,24671 0.00304 -0.00123
0.11000 0.94686 ~-0.48305 0.00199 0.10708 -0.02715 ~0.24667 0.00368 -0.00149
G.12000 0.94203 -0.48302 0.00237 0.11652 -0.02961 -0.24663 0.00437 -0.00178
0.13000 0.93720 -0.48300 0.00277 0.12592 -0.03208 ~0.24659 0.00511 -0.00209
0.14000 0.93237 ~0.48297 0.00321 0.13527 -0.03454 ~0.24653 0.00592 -0.00242
0.15000 0.92754 -0.48293 0.00368 0. 14457 -0.03701 ~0.24647 0.00678 -0.00278
0.20000 0.90340 ~0.48268 0.00648 0.19034 -0.04932 -0.24601 0.01193 -0.00493
0.25000 0.87927 -0.48227 0.01001} 0.23491 ~-0.06160 ~-0.24525 0.01845 -0,00771
0.30000 0.85517 -0.48167 C.01427 0.27827 ~0.07384 -0.24%414 0.02626 -0.01109
0.35000 0.83111 -0.48084% 0.01920 0.32042 -0.08601 ~0.24261 0.03529 -0.,01509
0.40000 0.80709 ~0.47974 0.02478 0.36138 -0.09809 ~0.24059 0.04548 -0.01969
0.45000 0.78314 -0.47835 0.03098 0.40113 ~-0.11006 ~0.23804 0.05671 ~0.02490
0.50000 0.75927 -0.47663 0.03773 0.43969 ~-0.12189 ~0.2349%0 0.06891 -0.03070
0.55000 0.T3548 ~0.4T7457 0.04501 0.47706 -0.13354 ~0.23114 0.08194 ~0.03708
0.60000 0.71181 -0.47212 0.05276 0.51324 -0.14499 ~0,22670 0.09569 —-0.04405
0.65000 0.68828 -0.46928 0.06094 0.94825 -0.15620 -0.22156 0.11002 -0.05158
0.70000 G.66489 ~0.46602 0.06947 0.58207 -0.16713 -0.21569 0.12479 ~0.05966
0.80000 0.61867 -0.45819 0.08740 0.64625 -0.18803 -0.,20170 0.15502 ~0.07743
0.90000 0.57332 -0.44852 0.10606 0.70584 ~0.20737 —-0.18469 0.18508 -0.09722
1.00000 0.52903 -0.43697 0.12489 0.76094 ~0.22487 ~0.16474 0.21361 -0.11885
1.10000 0.48599 -0.42355 0.14338 0.B1168 -0.24023 ~0.14207 0.2392¢86 ~0.14212
1.20000 0.44438 -0.40832 0.16097 0.85819 ~0.25320 -0.11703 0.26076 -0.16681
1.40000 0.36615 ~0.37295 0.19150 0.93912 -0.27118 -0.06183 0.28708 —0.21944
1.60000 0.29555 -0.33232 0.21311 1.00516 ~0.27776 -0,00399 0.28670 -0.27452
1.80000 0423344 ~0.28845 0.22374 1.05791¢ -0.27296 0.051Q00 0.25876 -0.32978
2.00000 0.18023 -0.24359 0.22290 1.09913 -0.25790 0.09796 0.20756 -0.38302
2.20000 0.13591 —-0.19999 0.21158 1.13060 -0.23458 0413302 0.14138 -0.43239
2.40000 0.10003 -0.15952 0.19196 1.15406 ~0.20562 0.15419 0.07040 -0.47648
2.60000 0.07180 -0.12357 0.16688 1.17112 -0.17383 0.16152 0.00438 ~0.51444
2.80000 0.05025 -0.09293 0.13929 1.18322 ~0.14182 0.15678 -0.04926 ~0.54599
3.00000 0.03426 -0.,06784 0.11179 1.19159 -0.11173 0.14292 —-0.08644 -0.57130
3.20000 0.,02275 ~0.04807 0.08640 1.19722 -0.08503 0.12335 —0.10649 -0.59091
3.40000 0.01467) -0.03306 0.06436 1.20092 ~0.06255 0.10133 -0.11146 -0.60560
3.60000 0.00926 -0.02206 0.04626 1.20328 ~0.04449 0.07952 -0.10506 -0.61623
3.80000 0.00567 -0.01429 0.03211 1.20475 ~0.03060 0.05978 ~0.09150 -0.62367
4.00000 0.00338 ~0.00898 0.02153 1.20564 -0.02036 0.04214 -0.07468 -0.628B71
4.20000 0.00196 -0.00548 0.01395 1.200616 -C.01312 0.02992 -0.05760 ~G.63201
4.40000 0.00111 -0.00324 0.00875 1.20646 ~0.00818 0.01998 -0.04222 ~-0.63411
4.60000 0.00061 -0.00186 0.00530 1.20662 ~0.00493 0.01286 -0.02952 -0.63540
4,80000 0.00032 -0.00104 0.00311 1.20671 -0.00288 0.00798 -0.01975% -0.63616
5.00000 0.00017 -0.00056 0.001L77 1.20676 -0.,00163 0.00478 ~0.012867 -0.63660
$.20000 0.00008 -0.00030 0.00097 1.20679 -0.00090 0.00276 -0.00780 -0.63685
5.40000 0.00004 -0.00015 0.00052 1.20680 -0.00048 0.00154 -0.00462 —-0.63698
5.60000 0.00002 -0.00007 0.00027 1.20680 -0.00024 0.00083 -0.00264 ~0.63705
5.,80000 0.00001 ~-0.00004 0.00013 1.20681 -0.00012 0.00043 -0.00145 -0.63709
6.00000 0.00000 -0.00002 0.00006 1.20681 -0.00006 0.00022 =-0.00077 ~0.63711
6.20000 0.00000 -~0.00001 0.00003 1.20681 -0.00003 0.00011 -0.00039 -0,63711
6.40000 0.00000 ~-0.00000 0.00001 1l.20681 -0.00001 0.00005 -0.00019 -0.63712
6.60000 0.00000 -0.,00000 0.00001 1.20681 -0.00001 0.00002 -0.00009 -0.63712
6.80000 0.00000 -0.00000 0.00000 1.20681 -0.00000 0.00001 -0.00004 ~0.63712
7.00000 0.00000 -0.00000 0.00000 1.20681 -0.00000 3.00000 -0.00002 -0.63712
7.20000 0.00000 -0,00000 0.00000 1.20681 ~0.00000 0.00000 -0.00001 ~0.63712
740000 0.00000 -0.00000 0.00000 1.20681 ~0.03000 0.00000 -0.00000 —-0.63712
7.60000 0.00000 -0.00000 0.00000 1.20681 ~0.00000 0.00000 -0.00000 -0.63712
7.80000 0.00000 -0,00000 0.00000 1.20681 -0.00000 0.00000 -0.00000 -0.63712
8.00000 0.00000 -0.00000 0.00000 1.20681 0.00000 G.00000 -0.00000 -0.63712
8.20000 0.00000 -0.00000 0.00000 1.20681 0.00000 0.00000 -0.00000 -0.63712
8.40000 0.00000 -0.00000 0.000Q0C 1.20681 0.00000 0.00000 -0.00000 -0.63712
8.60000 0.00000 -0.00000 0.00000 1.20681 0.00000 0.00000 -0.00000 -0.63712
8.,80000 0.00000 -0.00000 0.00000 1.20681 0.00000 0.00000 -0.00000 -0.63712
9.00000 0.00000 -0.00000 0.00000 1.20681 0.00000 0.00000 ~0.00000 -0.63712
9.20000 0.00000 -0.00000 0.00000 1.20681 0.00000 0.00000 - =-0.00000 -0.63712
9.40000 0.00000 -0.00000 0.00000 1.20681 0.00000 0.00000 -0.00000 ~-0.63712
9,60000 0.00000 -0.00000 0.00000 1.20681 0.00000 0.00000 -0.00000 -0.63712
9,80000 0.00000 -0.,00000 0.00000 1.20681 0.00000 0.00000 ~0.00000 ~0.63712
10.00000 0.00000 -0.00000 0.00000 1.20681 0.00000 0.00000 ~0.00000 -0.63712
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et

)

0.
0.01000
0.02000
0.03000
0.04000
0.05000
0.06000
0.07000
0.08000
0.09000
0.10000
0411000
0.12000
0.13000
0.14000
0.15000
0.20000
0.25000
0.30000
0.35000
0.40000
0.45000
0.50000
0.55000
0.60000
0.65000
0.70000
0.80000
0.90000
1.00000
1.10000
1.20000
1.40000
1.60000
1.80000
2.00000
2.20000
2.40000
2.60000
2.80000
3.00000
3.20000
3.40000
3.60000
3.80000
4.00000
4.20000
4440000
4.60000
4.80000
5.00000
5.20000
5.40000
5.60000
5.80000
6.00000
6.20000
6440000
6.60000
6.80000
7.00000
7.20000
7.40000
7.60000
7.80000
8.00000
8.20000
8.40000
8.60000
8.80000
9.00000
9.20000
9.40000
9.60000
9.80000
10.00000
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162
(m))

0.
0.00222
0.00439
0.00651
0.00859
0.01062
0.01260
0.01454
0.01643
0.01827
0.02006
0.02181
0.02352
0.02517
0.02678
0.02835
0.03546
0.04141
0.04619
0.04982
0.05231
0.05366
0.05390
0.05305
0.05114
0.04821
0.04429
0.03370
0.01983
0.00320
-0.01555
-0.03576
~-0.07762
-0.11672
-0.14816
—0.16863
~0.17676
-0.17317
-0.15999
-0.14025
-0.11716
-0.09357
~0.07163
-0.05266
~0.03725
-0.02537
-0.01667
-0.01057
-0.00647
~0.00383
~0.00219
-0.00121
-0.00065

il -0.00034

-0.00017
-0.00008
-0.00004
il -0.00002
-0.00001
-0.00000
| -o-00000
-0.00000
~0.00000
-0.00000
-0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

E]

(G2

0.22399
0.21933
0.21466
0.20999
0.20532
0.20065
0.19598
0419131
0.18664
0.18197
0.17730
0.17263
0.16796
0416328
0.15861
0.15394
0.13060
0.10731
0.08412
0.06109
0.03831
0.01585
-0.00618
-0.02768
-0.04854
~0.06864
-0.08785
-0.12315
~0.15349
-0.17739
-0.19596
-0.20688
-0.20696
—0.17989
-0.13175
-0.07175
-0.01011
0.04419
0.08500
0.10968
0.11882
0.11527
0.10304
0.08616
0.06803
0.05102
0.03651
0.02500
0.01643
0.01037
0.00630
0.00369
0.00208
0.00113
0.00060
0.00030
0.0001L5
0.00007
0.00003
0.00001
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
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163

-0.46681
~0.46682
-0.46684
-0.46687
—~0.46691
-0.46695
-0.46699
=~0.46704
-0.46708
-0.46712
—-0.46715
~0.46717
-0.46717
-0.46716
-0.46714
~0.46709
-0.46647
-0.46499
-0.46237
—-0.45836
-0.45272
—-0.44523
-0.43570
—~0.42399
-0.40996
-0.39355
-0.37470
-0.32972
-0.27554
-0.21337
-0.14506
-0.07302

0.07084

0.19473

0.27882

0.31242

0.29635

G.24146

0.16447

0.08292

0.01094
~-0.04293
-0.07597
~-0.08997
-0.08940
-0.07953
-0.06519
~0.04997
-0.03616
-0.02485
-0.01629
~0.01021
-0.00614
~0.00354
-0.00197
~0.00105
-0.00054
-0.00027
-0.00013
-0.00006
-0.00003
-0.00001
-0.00000
-0.00000
-0.00000
-~0.00000
-0.,00000
-0.00000
~0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000

Iz

0.
0.00001
0.000604
0.00010
0.00017
0.00027
0.00039
0.00052
0.00068
0.00085
0.00104
G.00125
0.00148
0.00172
0.00198
0.00226
0.00386
0.00578
0.00798
0.01038
0.01294
0.01560
0.01829
0.02097
0.02358
0.02606
0.02838
0.03231
0.03501
0.03618
0.03558
0.03302
0.02169
0.00216
-0.02449
~0.05637
-0.09111
~0.12629
~0.15974
-0.18984
-0.21561
~0.23668
-0.25316
-0.26553
—-0.27446
-0.28066
-0.28482
-0.28751
-0.28918
-0.29019
-0.29078
-0.29111
-0.29129
-0.29139
~0.29144
-0.29146
~0.29147
~0.29148
-0.29148
-0.29148
-0.29148
-0.29148
-0.29148
-0.29148
-0.29148
-0.29148
-0.29148
-0.29148
~0.29148
-0.29148
-0.29148
-0.29148
-0.29148
-0.29148
-0.29148
-0.29148

262
{g)

0.
~0.00001
-0.00002
-0.00003
-0.00004
-0.00005
-0.00006
~0.,00007
-0.00008
~0.00009
-0.00010
~0.00011
-0.00012
~0.00013
-0,00014
-0.00015
-0.00021
-0.00026
-0.00033
-0,00040
-0.00047
-0.00056
-0.00066
~0.00078
-0.00091
-0.00105
-0.00122
-0.,00159
~0.00203
~0.00254
-0.00309
~0.00367
~0.00483
-0.00585
-0,00656
-0.00686
~0.00674
-0.00624
~0.00548
-0.00458
~0.00366
-0.00279
-0.00205
-0.00144
-0.00098
-0.00064
~0.00041
-0.00025
-0.00015
-0.00008
-0.00005
-0.00002
-0.00001
-0.00001
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
~0.00000
~0.00000
-0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

1 o
265 262 212
-0.00101 0. 0.
-0.00101 -~-0.00000 -0.00000
-0.00101 -0.00002 -0.,00000
-0.00101 -0.00004 -0. 00000
-0,.00101 -0.,00007 -0.00000
-0.00101 -0.00011 -0.00000
-0.00101 -0.,00015 -0.00000
-0.00101 -0.00021 ~0.00000
-0.00101 -0.00027 -0.00000
-0.00102 -0.00033 -0.00000
-0.00102 -0.00041 -0,00001
-0.00102 -0.00049 ~-0.00001
-0.00103 -0.00057 -0.00001
-0.00104 -0.00066 -0.,00001
—-0.00104 -0.00076 -0.00001
-0.00105 -0.00086 -0.00001
-0.00111 -0.00142 -0.00002
-0.00120 -0.00207 -0.00003
-0.00132 -0.00277 -0.00005
-0.00147 -0.00349 -0.00006
-0.00166 -0.00419 -0.00009
-0.00189 —-0.00486 -0.00011
-0.00215 -0.00547 -0.00014%
-0.00244 ~0.00599 -0.,00018
-0.00275 -0.00640 -0.00022
-0.00307 ~0.00670 -0.00027
-0.00341 -0.00686 -0.00033
-0.00410 -0.00676 -0.00047
-0.00475 -0.00606 -0.00065
-0.00529 -0.00479 -0.00088
-0.00569 -0.00304 -0.00116
-0.00589 -0.00093 ~0.00149
-0.00561 0.00373 -0.00235
~0.00443 0.00786 -0.00342
-0.00258 0.01038 ~0.00467
-0.00042 0.,01082 -0.00601
0.00163 0.00936 -0.00738
0.00324 0.00664 -0.00868
0.00425 0.00348 ~0,00986
0.00465 0.00057 ~-0.01087
0.00453 -0.00164 -0.01169
0.00405 ~-0.00300 -0.01233
0.00338 -0.00357 -0.01282
0.00266 ~-0.00354 -0.01316
0.00199 -0,00314 -0.01340
0.00142 -0.00256 -0.01356
0.00097 -0.00195 ~-0.01367
0.00063 -0.00140 -0.01373
0.00040 -0.00096 -0.01377
0.00024 -0.00063 -0.01379
0.00014 -0.00039 -0.01381
0.00008 -0.00024 -0.01381
0.00004 -0.00014 -0.01382
0.00002 -0.00008 -0.01382
0.00001 -0.00004 -0.01382
0.00001 -0.00002 ~0.01382
0.00000 -0.00001 -0.01382
0.00000 -0.00000 -0.01382
0,00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.,01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 ~-0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 ~-0.01382
0.00000 -0.00000 -0.01382
0.00000 -0.00000 -0.01382
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TABLE TI.- AXTSYMMETRIC STAGNATION-POINT UNIVERSAL FUNCTIONS
0o = 0.75 - Continued
n 3% G. G, I %3 G, Gx 1
(Sl) 3v2 3v2 342 (m2|) Y3 1~3 =3

0. G. -0.07178 0. 0. 0. -0.60861 2.04972 0.
0.01000 -0.00072 ~0.07178 0.00001 -0.00000 -0.00598 ~0.58822 2.02945 -0.00003
0.02000 -0.00144 -0.07178 0.00006 -0.00001 -0.01176 -0.56802 2.00920 -0.00012
0.03000 -0.00215 -0.07178 0.00013 -0.00003 -0.01735 -0.54803 1.98897 -0.00026
0.04000 -0.00287 -0.07178 0.00023 -0.00006 -0.02273 -0.52824 1.96875 -0.00047
0.05000 -0.00359 -0.07178 0.00036 -0.00009 ~0.02791 ~-0.50866 1.94854 -0.00072
0.06000 -0.00431 -0.07177 0.00052 -0.00013 -0.03290 -0.48927 1.92831 -0.00102
0.07000 -0.00502 -0.07177 0.00071 -0.00018 -0.03770 -0.47009 1.90806 -0.00138
0.08000 -0.00574 ~0.07176 0.00092 -0.00023 ~0.04230 -0.45111 1.88779 -0.00178
0.09000 -0.00646 -0.07175 0.00116 -0.00029 ~0.04672 -0.43234 1.86747 -0.,00222
0.10000 -0.00718 -0.07174 0.00143 -0.00036 -0.05095 -0.41376 1.84712 ~-0.00271
0.11000 -0.00789 ~-0.07172 0.00172 -0.00043 -0.05500 ~0.39539 1.82671 -0.00324
0.12000 -0.00861 -0.07170 0.00204 -0.00052 I -0.05886 -0.37723 1.80624 ~-0.00381
0.13000 -0.00933 -0.07168 0.00238 -0.00061 -0.06254 -0.35927 1.78571 -0.006442
0.14000 -0.01005 -0.07165 0.00275 -0.00070 -0.06604 -0.34151 1.76511 -0.00506
0.15000 -0.01076 -0.07162 0.00314 ~0.00081 ~0.06937 ~0.32397 1.74443 -0.00574
0.20000 -0.01434 -0.07141 0.00545 ~0.00143 -0.08343 -0.23935 1.63971 -0.00957
0.25000 -0.01790 -0.07107 0.00831 -0.00224 -0.09340 -0.16004 1.53246 -0.01401
0.30000 -0.02144 -0.07057 0.01166 -0.,00322 ~0.09953 -0.08615 1.42243 -0.01885
0.35000 -0.02496 -0.06990 0.01546 -0.00438 -0.10210 -0.01784 1.30963 -0.02391
0.40000 -0.02843 -0.06902 0.01964 -0.00572 -0.10141 0.04477 1.19429 -0.02901
0.45000 -0.03185 -0.06793 0.02414 -0.00723 -0.09772 0.10155 1.07688 -0.03400
0.50000 -0.03522 -0.06660 0.02890 -0.00890 -0.09135 0.15243 0.95807 -0.03873
0.55000 -0.03851 ~0.06504 0.03385 -0.01075 -0.08258 0.19735 0.83869 -0.04309
0.60000 -0.04172 -0.06322 0.03893 -0.01275 -0.07171 0.23631 0.71973 -0.04696
0.65000 -0.04483 -0.06114 0.04407 -0.01492 -0.05905 0.26935 0.60230 -~0.05023
0.70000 -0.04783 -0.05881 0.04920 -0.01723 ~0.04488 0.29658 0.48760 -0.05284
0.80000 -0.05345 -0.05339 0.05915 -0.02230 ~0.01315 0.33435 0.27126 -0.05577
0. 90000 -0.05847 -0.04701 0.06825 -0.02790 0.02131 0.35168 0.08028 -0.05538
1.00000 -0.06282 -0.03978 0.07601 -0.03397 0.05660 0.35153 -0.07709 -0.05148
1.10000 -0.06641 -0.03186 0.08201 —0.04044% 0.09116 0.33758 -0.19508 -0.04408
1.20000 -0,06918 -0.02345 0.08593 -0.04723 0.12380 0.31391 -0.27131 -0.03331
1.40000 ~0.07212 -0.00602 0.08677 -0.06142 0.18067 0.25365 -0.30778 -0.00266
1.60000 -0.07163 0.01064 0.07837 -0.07585 0.22560 0.19798 ~0.23760 0.03815
1.80000 -0.06804 0.02482 0.06241 -0.08986 0.26110 0.16031 —0.14158 0.08695
2.00000 -0.06196 0.03530 0.04191 -0.10290 0.29078 0.13825 ~-0.09057 0.14221
2.20000 -0.05420 0.04151 0.02033 ~-0.11453 0.31659 0.11897 -0.11455 0.20301
2.40000 -0.04563 0.04357 0.00079 —0.12452 0.33761 0.08850 -0.19646 0.26853
2.60000 -0.03701 0.04211 =0.01455 -0.13278 0.35073 0.03960 -0.29017 0.33753
2.80000 -0.02896 0.03810 -0.02470 ~0.13937 | 0.35237 -0.02514 -0.34822 0.40805
3.00000 -0.02187 0.03257 -0.02974 ~0.14443 0.34030 ~0.09544 ~-0.34355 0.47756
3.20000 -0.01596 0.02649 ~0.03052 ~0.14819 0.31470 -0,15836 ~0.27649 0.54326
3.40000 -0.01127 0.02057 -0.02824 -0.15090 0.27817 -0.20329 -0.16843 0.60270
3.60000 -0.00769 0.01531 -0.02419 -0.15277 0.23494 -0.22498 —-0.04904 0.65408
3.80000 -0.00508 0.01094 ~0.01945 ~0415404 0.18970 -0.22392 0.05551 0.69655
4.00000 -0.00325 0.00752 -0.01480 -0.15486 0.14658 —-0.20485 0.12931 0.73011
4420000 -0.00202 0.00498 -0.01072 -0.15538 0.10851 ~0.17456 0.16789 0.75552
4.4000D -0.00121 0.00318 -0.00741 -0.15569 0.07705 -0.13977 0.17556 0.77396
4.60000 -0.00070 0.00196 -0.00491 -0.15588 0.05254 -0.10580 0.16126 0.78680
4.80000 —-0.00040 0.00117 -0.00313 ~0.15599 0.03444 ~-0.07607 0.13485 0.79540
5.00000 -0.00022 0.00067 ~0.00191 -0.15605 0.02173 ~-0.05212 0.10456 0.80094
$.20000 -0.00012 0.00037 -0.00113 -0.15608 0.01320 -0.03412 0.07602 0.80437
5.40000 -0.00006 0.00020 —0.00064 ~0.15610 0.00773 -0.02139 0.05220 0.80642
5.60000 -0.00003 0.00010 ~0.00035 -0.15611 0.00436 -0.,01286 0.03402 0.80760
5.80000 -0.00001 0.00005 -0,00019 -0.15611 0.00238 -0.00743 0.02112 0.80826
6.00000 -~0.00001 0.00003 -0.00009 -0.15611 0.00125 ~0.00412 0.01253 0.80861
6.20000 -0.00000 0.00001 -0.00005 -0.15611 0.00063 ~-0.00220 0.00711 0.80879
6.40000 ~-0.00000 0.00001 -0.00002 -0.15611 0.00031 ~-0.00113 0.00387 0.80888
6.60000 -0.00000 0.00000 -0.00001 -0.15611 0.00015 -0.00056 0.00202 0.80893
6.80000 ~-0.00000 0.00000 -0.00000 -0.15611 I 0.00007 -0.00027 0.00102 0.80895
7.00000 —-0.00000 0.00000 -0.00000 -0.15611 0.00003 -0.00012 0.00049 0.80896
7.20000 -0.00000 0.00000 =0.00000 -0.15611 0.00001 -0.00006 0.00023 0.80896
7.40000 -0.00000 0.00000 -0.00000 -0.15611 0.00001 -0.00002 0.00010 0.80896
7.60000 -0.00000 0.00000 -=0.00000 ~0.15611 ¢.00000 -0.00001 0.00004 0.80896
7.80000 -0.00000 0.00000 -0.00000 -0.15611 0.00000 -0.00000 0.00002 0.80896
8.00000 -0.00000 0.00000 -0.00000 -0.15611 0.00000 -0.00000 0.00001 0.80896
8.20000 -0.00000 0.00000 -0.00000 -0.15611 0.00000 ~-0.00000 0.00000 0.80896
8.40000 -0.00000 0.00000 -0.00000 -0.15611 0.00000 ~0.00000 0.00000 0.80896
8.60000 -0.00000 0.00000 -0.00000 -0.15611 0.00000 -0.00000 0.00000 0.80896
8.80000 -0.00000 0.00000 -0.00000 -0.15611 -0.00000 -0.00000 0.00000 0.80896
9.00000 -0.00000 0.00000 -0.00000 -0.15611 ~0.00000 -0.00000 0.00000 0.80896
9.20000 -0.00000 0.00000 -0.00000 -0.15611 -0.00000 -0.00000 0.00000 0.80896
9.40000 -0.00000 0.00000 ~-0.00000 -0.15611 -0.00000 -0.00000 0.00000 0.80896
9.60000 -0.00000 0.00000 —-0.00000 -0.15611 -0.00000 -0.00000 0.00000 0.80896
9.80000 -0.00000 0.00000 -0.00000 -0.15611 -0.00000 -=0.00000 0.00000 0.80896
10.00000 -0.00000 0.00000 -0.00000 -0.15611 ~-0.00000 -0.00000 0.00000 0.80896

| | Jp— - - -
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TABLE I.- AXTSYMMETRIC STAGNATION-POINT UNIVERSAL FUNCTIONS

7

0.

0.01000
0.02000
0.03000
0.04000
0.05000
0.06000
0.07000
0.08000
0.09000
0. 10000
0.11000
0.12000
0.13000
0.14000
0.15000
0.20000
0.25000
0.30000
0.35000
0.40000
0.45000
0.50000
0.55000
0.60000
0.65000
0.70000
0.80000
0.90000
1.00000
1.10000
1.20000
1.40000
1.60000
1.80000
2.00000
2.20000
2.40000
2.60000
2.80000
3.00000
3.20000
3.40000
3.60000
3.80000

4.00000
4.20000
4.40000
4.60000
4.80000
5.00000
5.20000
5.40000
5.60000
5.80000
6.00000
6.20000
6.40000
6.60000
6.80000
7.00000
7.20000
7.40000
7.60000
7.80000
8.00000
8.20000
8.40000
8.60000
8.80000
9.00000
9.20000
9.40000
9.60000
9.80000
10.00000

263
(m, g)

0.
0.00017
0.00034
0.00050
0.00067
0.00084
0.00101
0.00117
0.00134
0.00150
0.00167
0.00184
0.00200
0.00217
0.00233
0.00249
0.00331
0.00412
0.00492
0.00570
0.00647
0.00722
0.00794
0.00863
0.00928
0.00988
0.01043
0.01134
0.01196
0.01226
0.01224
0.01191
0.01055
0.00880
0.00740
0.00687
0.00736
0.00859
0.01006
0.01125
0.01177
0.01151
0.01054
0.00909
0.00740
0.00572
0.00421
0.00296
0.00199
0.00128
0.00080
0.00047
0.00027
0.00015
0.00008
0.00004
0.00002
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
—-0.00000
—-0.00000
—0.00000
-0.00000
-0.00000
-0.00000
~-0.00000
-0.00000
-0.00000
-0.00000

263

0.01685
‘0.01682
0.01679
0.01676
0.01673
0.01670
0.01667
0.01664
0.01662
0.01659
0.01656
0.01653
0.01650
0.01647
0.01644
0.01642
0.01626
0.01608
0.01585
0.01556
0.01519
0.01471
0.01412
0.01340
0.01254
0.01153
0.01039
0.00771
0.00464
0.00137
-0.00183
—-0.00469
-0.00838
-0.00843
—-0.00512
-0.00004
0.00465
0.00722
0.00704
0.00450
0.00068
—-0.00322
-0.00628
-0.00807
-0.00858
-0.00808
~0.00694
-0.00554
-0.00416
-0.00294
~0.00198
-0.00127
~0.00078
-0.00046
~0.00026
-0.00014
-0.00007
-~0.00004
-0.00002
~0.00001
-0.00000
~0.00000
-0.00000
-0.00000
-0.00000
~0.00000
~-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
~0.00000
-0.00000
~0.00000

0o = 0.75 - Continued

263

-0.00292
-0.00291
=0.00291
-0.00290
-0.00288
-0.00287
-0.00286
-0.00285
-0.00284
-0.00283
~0.00284
-0.00284
-0.00286
-0.00288
-0.00291
-0.00295
-0.00332
-0.00403
~-0.00510
-0.00657
-0.00842
-0.01063
~-0.01312
-0.01582
-0.01865
-0.02150
-0.02425
-0.02903
~0.03211
-0.03281
-0.03076
-0.02594
~0.00984
0.00903
0.02274
0.02616
0.01919
0.00603
-0.00753
-0.01693
-0.02020
-0.01797
-0.01232
-0.00562
0.00028
0.00443
0.00661
0.00716
0.00659
0.00546
0.00416
0.00296
0.00199
0.00127
0.00077
0.00044
0.00025
0.00013
0.00007
0.00003
0.00002
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

G
3 3 i 1]
213 (a2) 363 363 313

95
Oa 0. 0.00283 -0. 0.
0.00000 0.00003 0,00283 0.00001 0.00000
0.00000 0.,00006 0.00283 0.00005 0.00000
0.00001 0.00009 0.00283 0.,00011 0.00000
0.00001 0.00011 0.00284 0.,00019 0.00000
0.00002 0.00014 0.00284% 0.00030 0.00000
0.00003 0.00017 0.00284 0.00042 0.00001
0.00004 0.00020 0.00285 0.00056 0.00001
0.00005 0.00023 0.00285 0.00073 0.00001
0.00007 0.00026 0.00286 0.00091 0.00001
0.,00008 0.00028 0.00287 0.00110 0.00001
0.00010 0.00031 0.00288 0.00131 0.00002
0.00012 0.00034 0.00290 0.00154 0.00002
0.00014 0.00037 0.00291 0.00178 0.00002
0.00016 0.00040 0.00293 0.00203 0.00003
0.00019 0.00043 0.00295 0.00229 0.00003
0.00033 0.00058 0.00311 0,00376 0.00006
0.00052 0.00074 0.00333 0.00540 0.00009
0.00074 0,00092 0.00365 0.00711 0.00013
0.00101 0.00111 0.00404 0.00883 0.00018
0.00132 0.00132 0.00453 0.01047 0.00024
0.00166 0.00156 0.00509 0.01197 0.00031
0.00204 0.00183 0.00572 0.01327 0.00040
0.00245 0.00213 0.00641 0.01433 0.00050
0.00290 0.00247 0.00715 0.01511 0.00061
0.00338 0.00285 0.00792 0.01558 0.00075
0.00389 0.00327 0.00870 ‘0.01573 0.00090
0.00498 0.00421 0.01025 0.01501 0.00127
0.00614 0.00531 0.01166 0.01299 0.00175
0.00736 0.00654 0.01281 0.00981 0.00234
0.00859 0.00786 0.01359 0.00572 0.00306
0.00980 0.00924% 0.01393 0.00100 0.00391
0.01205 0.01198 0.01313 -0.00898 0.00604
0.01399 0.01437 0.01043 -0.01762 0.00868
0.01560 0.01606 0.00630 -0.02305 0.01174
0.01701 0.01684 0.00148 —0.02443 0.01504
0.01841 0.01666 -0.00321 -0.02195 0.01841
0.02000 0.01561 -0.,00711 -0.01661 0.02165
0.02187 0.01390 -0.00976 -0.00985 0.02461
0.02401 0.01180 ~0.01105 -0.00313 0.02718
0.02632 0.00956 -0.01109 0.00244 0,02932
0.02866 0.00742 -0.01019 0.00625 0.03102
0.03088 0.00553 -0.00872 0.00822 0.03231
0.03285 0.00395 -0.00701 0.00862 0.03325
0.03450 0.00272 -0.00534% 0.00795 0.03391
0.03581 0.00180 -0.00387 0.00668 0.034386
0.03680 0.00115 -0.00268 0.00521 0.03465
0.03751 0.00071 -0.00178 0.00383 0.03483
0.03800 0.00042 -0.00113 0.00266 0.03494%
0.03832 0.00025 -0.00069 0.,00177 0.03501
0.03853 0.00014 —-0.00041 0.00112 0.03505
0.03865 0.00007 -0.00023 2.00068 0.03507
0.03873 0.00004 -0.00013 0.00040 0.03508
0.03877 0.00002 -0.00007 0.00022 0.03508
0.03879 0.00001 -0.00003 0.00012 0.03509
0.03880 0.00000 -0.00002 0.00006 0.03209
0.03881 0.00000 -0.00001 0.00003 0.03509
0.03881 0.00000 -0,00000 0.,00002 0.03509
0.03881 0.00000 ~-0.00000 0.00001 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.,00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 ~-0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 —-0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
0.03881 0.00000 -0.00000 0.00000 0.03509
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G G
4v3 ' n 53 ] T
6 463 a1z 563 563 53

K (g,3)) 4 (82)
0. [ ~0.02332 0. 0. 0. 0.03056 ~0. 0.
0.01000 -0.00023 -0.02332 -0.00000 -0.00000 0.00031 0.03056 -0.00000 0.00000
0.02000 -0.00047 ~0.02332 -0.00000 -0.00000 0.00061 0.03056 -0.00000 0.00001
0.03000 -0.00070 ~0.02332 -0.00000 -0.00001 0.00092 0.03056 ~-0.00001 0.00001
0.04000 -0.00093 -0.02332 -0.00000 -0.00002 0.00122 0.03056 -0.00001 0.00002
0.05000 -0.00117 ~-0.02332 -0.00000 -0.00003 0.00153 0.03056 -0.00002 0.00004
0.06000 -0.00140 -0.02332 0.00000 -0.00004 0.00183 0.03056 -0.00002 0.00006
0.07000 -0.00163 ~0.02332 0.00001 -0.00006 0.00214 0.03056 -0.00003 0.00007
0.08000 ~0.00187 ~0.02332 0.00001 -0.00007 0.00244 0.03056 -0.00004 0.00010
0.09000 -0.00210 -0.02332 0.00002 -0.00009 0.00275 0.03056 -0.00006 0.00012
0.10000 -0.00233 ~0.02332 0.00003 -0.00012 0.00306 0.03056 -0.00007 0.00015
0.11000 -0.00257 -0.02332 0.00005 -0.00014 0.00336 0.03056 -0.00008 0.00018
0.12000 -0.00280 ~0.02332 0.00007 -0.00017 0.00367 0.03056 -0.00010 0.00022
0413000 -0.00303 -0.02332 0.00009 ~-0.00020 0.00397 0.03056 -0.00012 0.00026
0.14000 -0.00326 ~0.02332 0.00012 -0.00023 0.00428 0.03055 -0.00014 0.00030
0.15000 -0.00350 -0.02332 0.00016 -0.00026 0.00458 0.03055 -0.00017 0.00034
0.20000 ~-0.00466 -0.02330 0.00041 -0.00047 0.00611 0.03054 ~0.00032 0.00061
0425000 -0.00583 ~0.02327 0.00083 -0.00073 0.00764 0.03052 ~-0.00054 0.00095
0.30000 ~0.00699 ~0.02322 0.00145 -0.00105 0.00916 0.03049 -0.00083 0.00137
0.35000 ~0.00815 ~0.02312 0.00230 -0.00143 0.01069 0.03044 -0.00121 0.00187
0.40000 -0.00930 -0.02298 0.00338 -0.00186 0.01221 0.03036 -0.00168 0.00244
0.45000 -0.01045 -0.02278 0.00472 -0.00236 0.01372 0.03027 -0.00226 0.00309
‘0450000 ~0.01158 ~0.02251 0.00629 -0.00291 0.01523 0.03014 -0.00295 0.00382
0.55000 -0.01270 -0.02215 0.00811 -0.00352 0.01674 0.02997 -0.00377 0.00461
0.60000 -0.01379 -0.02169 0.01016 ~0.00418 0.01823 0.02976 -0.00472 0.00549
0.65000 -0.01486 ~0.02113 0.01240 -0.00489 0.01971 0.02949 ~0.00582 0.00644
0.70000 -0.01590 ~0.02045 0.01480 ~0.00566 0.02118 0.02917 -0.00706 0.00746
0.80000 -0.01786 -0.01871 0.01996 -0.00735 0.02405 0.02833 -0.00998 0.00972
0.90000 -0.01963 -0.01645 0.02524 -0.00923 0.02683 0.02716 -0.01346 0.01227
1.00000 -0.02114% -0.01368 0.03022 -0.01127 0.02947 0.02562 -0.01742 0.01508
1.10000 -0.02235 ~0.01043 0.03445 -0.01345 0.03194 0.02366 -0.02172 0.01816
1.20000 -0.02321 ~0.00682 0.03753 ~0.01573 0.03419 0.02127 -0.02616 0.02146
1.40000 -0.02381 0.00095 0.03909 -0.02046 0.03786 0.01518 -0.03448 0.02869
1.60000 -0.02286 0.00836 0.03397 -0.02515 0.04017 0.00764 -0.04030 0.03652
1.80000 ~0.02057 0.01417 0.02347 ~0.02951 0.04087 -0.00066 -0.04192 0.04465
2.00000 -0.01735 0.01759 0.01050 -0.03331 0.03991 -0.00879 ~0.03862 0.05275
2.20000 -0.01371 0.01843 -0.00172 ~0.03642 0.03743 -0.01581 -0.03091 0.06051
2.40000 -0.01012 0.01711 -0.01081 -0.03880 0.03371 -0.02096 -0.,02030 0.06764
2.60000 -0.00696 0.01438 -0.01577 -0.04050 0.02919 -0.02387 -0.00881 0.07394
2.80000 -0.00441 0.01106 -0.01691 -0.04162 0.02432 ~0.02455 0.00168 0.07930
3.00000 -0.00253 0.00780 -0.01531 -0.04231 0.01950 -0.02335 0.00984 0.08367
3.20000 -0.00126 0.00503 ~0.01226 -0.04268 0.01506 ~-0.02082 0.01505 0.08712
3.40000 -0.00047 0.00292 -0.00884 -0.04284 0.01122 -0.01753 0.01737 0.08974
3.60000 -0.00005 0.00147 -0.00576 ~0.04289 0.00807 -0.01403 0.01732 0.09166
3.80000 0.00015 0.00057 -0.00336 -0.04288 0.00560 -0.01071 0.01566 0.09301
4.00000 0.00021 0.00008 -0.00170 -0.04284 0.00375 -0.00782 0.01311 0.09394
4420000 0.00020 ~0.00015 -0.00066 -0.04280 0.00243 -0.00548 0.01030 0.09455
4.40000 0.00016 ~0.00022 -0.00009 -0.04276 0.00153 -0.00369 0.00766 0.09494
4.60000 0.00012 ~0.00021 0.00016 -0.04273 0.00092 -0.00239 0.00541 0.09518
4.80000 0.00008 ~0.00017 0.00024 -0.04271 0.00054 ~-0.00149 0.00365 0.09532
5.00000 0.C0005 ~0.00012 0.00022 ~0.04270 0.00031 -0.00090 0.00236 0.09541
5.20000 0.00003 ~-0.00008 0.00018 -0.04269 0.00017 ~0.00052 0.00146 0.09545
5440000 0.00002 ~0.00005 0.00012 -0.04269 0.00009 ~0.00029 0.00087 0.09548
5.60000 0.00001 ~0.00003 0.00008 -0.04269 0.00005 ~0.00016 0.00050 0.09549
5.80000 0.00000 ~0.00002 0.00005 -0.04269 0.00002 -0.00008 0.00027 0.09550
6.00000 0.00000 ~0.00001 0.00003 -0.04268 0.00001 -0.00004 0.00015 0.09550
6420000 0.00000 ~0.00000 0.00002 -0.04268 0.00001 -0.00002 0.00007 0.09550
6.40000 0.00000 ~0.00000 0.00001 ~0.04268 0.00000 -0.00001 0.00004 0.09550
6.60000 0.00000 ~0.00000 0.00000 -0.04268 0.00000 -0.00000 0.00002 0.09550
6.80000 0.00000 ~0.00000 0.00000 -0.04268 0.00000 -0.00000 0.00001 0.09550
7.00000 0.00000 ~0.00000 0.00000 ~0.04268 0.00000 -0.00000 0.00000 0.09550
7.20000 -0.00000 ~0.00000 0.00000 -0.04268 0.00000 -0.00000 0.00000 0.09550
7.40000 -0.00000 ~0.00000 0.00000 ~0.04268 0.00000 -0.00000 0.00000 0.09550
7.60000 -0.00000 ~0.00000 0.00000 ~0.04268 0.00000 -0.00000 0.00000 0.09550
7.80000 -0.00000 -0.00000 0.00000 ~0.04268 0.00000 -0.00000 0.00000 0.09550
8.00000 -0.00000 ~0.00000 0.00000 -0.04268 0.00000 -0.00000 0.00000 0.09550
8.20000 -0.00000 ~0.00000 0.00000 -0.04268 0.00000 ~0.00000 0.00000 0.09550
8440000 -0.00000 ~0.00000 0.00000 -0.04268 0.00000 -0.00000 0.00000 0.09550
8.60000 ~-0.00000 ~0.00000 0.00000 -0.04268 0.00000 -0.00000 0.00000 0.09550
8.80000 -0.00000 ~0.00000 0.00000 -0.04268 0.00000 -0.00000 0.00000 0.09550
9.00000 -0.00000 ~0.00000 0.00000 -0.04268 0.00000 ~0.00000 0.00000 0.09550
9.20000 ~-0.00000 ~0.00000 0.00000 -0.04268 0.00000 —-0.00000 0.00000 0.09550
9.40000 -0.00000 ~0.00000 0.00000 -0.04268 0.00000 ~0.00000 0.00000 0.09550
9.60000 -0.00000 ~0.00000 0.00000 -0.04268 0.00000 -0.00000 0.00000 0.09550
9.80000 -0.00000 ~0.00000 0.00000 ~0.04268 0.00000 -0.00000 0.00000 0.09550
10.00000 -0.00000 ~0.00000 0.00000 ~0.04268 0.00000 -0.00000 0.00000 0.09550
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n

0.
0.01000
0.02000
0.03000
0.04000
0.05000
0.06000
0.07000
0.08000
0.09000
0.10000
0.11000
0.12000
0.13000
0.14000
0.15000
0.20000
0.25000
0.30000
0.35000
0.40000
0.45000
0.50000
0.55000
0.60000
0.65000
0.70000
0.80000
0.90000
1.00000
1.10000
1.20000
1.40000
1.60000
1.80000
2.00000
2.20000
2.40000
2.60000
2.80000
3.00000
3.20000
3.40000
3.60000
3.80000
4.00000
4420000
4.40000
4.60000
4.80000
5.00000
5.20000
5.40000
5.60000
5.80000
6.00000
6.20000
6.40000
6.60000
6.80000
7.00000
T.20000
7.40000
7.60000
7.80000
8.00000
8.20000
8.40000
8.60000
8.80000
9.00000
9.20000
9.40000
9.60000
9.80000
10.00000

TABLE I.- AXISYMMETRIC STAGNATION-POINT UNIVERSAL FUNCTIONS

603
(m,sﬁ

O.
0.00041
0.00080
0.00117
0.00152
0.00185
0.00216
0.00244
0.00271
0.00295
0.00318
0.00338
0.00356
0.00372
0.00386
0.00398
0.00427
0.00404
0.00330
0.00205
0.00032
-0.00187
-0.00450
-0.00754
-0.01095
-0.01467
—-0.01867
-0.02724
-0.04614
-0.04481
-0.05266
-0.05915
-0.06615
-0.06326
-0.05033
-0.02959
-0.00493
0.01927
0.03927
0.05276
0.05907
0.05893
0.05397
0.04609
0.03707
0.02826
0.02052
0.01424
0.00946
0.00604
0.00370
0.00219
0.00124
0.00068
0.00036
0.00018
0.00009
0.00004
0.00002
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
-0.00000
-0.00000
~-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000

603

0.04217
0.04009
0.03801
0.03593
0.03385
0.03176
0.02968
0.02760
0.02551
0.02343
0.02134
0.01926
0.01718
0.01509
0.01301
0.01093
0.00054
-0.00976
-0.01989
-0.02978
-0.03931
~0.04836
-0.05683
-0.06457
-0.07147
-0.07740
-0.08224
-0.08825
-0.08882
-0.08360
-0.07261
-0.05630
~-0.01146
0.04047
0.08689
0.11716
0.12569
0.11309
0.08496
0.04940
0.01437
=0.01431
-0.03372
~0.04359
-0.04549
~0.04187
-0.03522
-0.02757
-0.02030
-0.01416
-0.00941
—-0.00596
-0.00362
-0.00211
-0.00118
-0.00064
-0.00033
-0.00017
-0.00008
-0.00004
-0.00002
-0.00001
-0.00000
-0.00000
~0.00000
-0.00000
-0.00000
-0.00000
~0.00000
-Q.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
-0.00060
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03

-0.20808
-0.20809
-0.20812
-0.20816
-0.20821
-0.20826
-0.20832
-0.20837
-0.20841
-0.20845
-0.20847
-0.20847
-0.20845
-0.20840
-0.20832
-0.20821
-0.20706
-0.20461
-0.20052
-0.19447
-0.18624
-0.17563
-0.16252
~0.14687
-0.12870
-0.10810
~0.08924
-0.03379
0.02295
0.08144
0.13760
0.18723
0.25220
0.25623
0.19886
0.09905
-0.01309
~-0.10804
-0.16631
-0.18242
-0.16297
-0.12146
~0.07248
-0.02760
0.00645
0.02762
0.03719
0.03816
0.03390
0.02730
0.02036
0.01424
0.00941
0.00591
0.00354
0.00203
0.00111
0.00059
0.00030
0.00014
0.00007
0.00003
0.00001
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.60000

613

O.
0.00000
0.00001
0.00002
0.00003
0.00005
0.00007
0.00009
0.00012
0.00015
0.00018
0.00021
0.00024
0.00028
0.00032
0.00036
0.00057
0.00078
0.00096
0.00110
0.00116
0.00112
0.00096
0.00066
0.00020
-0.00044
-0.00127
-0.00356
-0.00673
-0.01078
-0.01566
~-0.02126
-0.03394
~0.04706
-0.05857
-0.06667
-0.07015
-0.06867
~0.06272
-0.05340
-0.04210
~0.03021
-0.01885
-0.00881
-0.00049
0.00603
0.01088
0.01433
0.01668
0.01821
0.01917
0.01975
0.02008
0.02027
0.02037
0.02042
0.02045
0.02046
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047
0.02047

-

763
(mz)

0.
0.00480
0.00945
0.01397
0.01835
0.02259
0.02670
0.03067
0.03450
0.03820
0.04177
0.04520
0.04850
0.05167
0.05471
0.05761
0.07021
0.07965
0.08604
0.08947
0.09006
0.08793
0.08321
0.07606
0.06661
0.05504
0.04151
0.00936
-0.02829
~0.06978
-0.11341
-0.15749
-0.24077
-0.30876
—0.35422
-0.37421
-0.36980
-0.34519
~-0.30632
-0.25957
-0.21073
-0.16431
-0.12326
-0.08909
~-0.06211
-0.04180
-0.02718
-0.01708
~-0.01038
~0.00611
~0.00347
-0.00191
-0.00102
~0.00053
-0.00026
-0.00013
—-0.00006
-0.00003
-0.00001
-0.00001
-0.00000
-0.00000
-0.00000
-0.00000
-0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

0.48660
0.47263
0.45873
0.44489
0.43113
0.41742
0.40379
0.39022
0.37672
0.36329
0.34992
0.33662
0.32339
0.31023
0.29714
0.28412
0.22009
0.15794
0.09779
0.03981
-0.01582
-0.06890
-0.11923
-0.16658
-0.21076
-0.25155
-0.28876
-0.35173
—0.39851
-0.42842
-0.44133
-0.43772
-0.38588
-0.28790
-0.16429
-0.03656
0.07699
0.16407
0.21927
0.24332
0.24129
0.22052
0.18874
0.15272
0.11753
0.08639
0.06082
0.04110
0.02671
0.01671
0.01008
0.00586
0.00329
0.00178
0.00093
0.00047
0.00023
0.00011
0.00005
0.00002
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

"

763 713
~1.40043 C.
~1.39368 0.00002
~1.38695 0.00010
~1.38025 0.00021
~1.37355 0.00037
~1.36686 0.00058
~1.36016 0.00083
~1.35346 0.00111
~1.34673 0.00144
~1.33998 0.00180
~1.33320 0.00220
~1.32637 0. 00264
~1.31951 0.00311
~1.31259 0.00361
~1.30562 0.00414
~-1.29858 0.00470
-1.26224% 0.00791
-1.22352 0.01167
-1.18183 0.01582
-1l.13671 0.02022
-1.08778 0.02472
-1.03478 0.02918
-0.97755 0.03347
-0.91605 0.03747
-0.85034 0.04104
-0.7805% 0.04409
-0.70707 0.04651"
—-0.55034 0.04911
-0.38418 0.04820
-0.21381 0.04332
~0.04516 0.03417

0.11557 0,02063

0.39003 -0.01937

0.57227 ~0,07466

0.6455% -0.14137

0.61625 -0.21464

0.50894 -0,28942

0.35742 -0,36121

0.19536 -0.42654

0.04952 -0,48321
-0.06355 | -0.53023
-0.13758 =0.56767
-0.17451 -0.59632
—0.18146 -0.61743
-0.16775 -0.63243
—0.14246 -0.642T72
-0.11302 -0.64953
-0.08460 -0.65389
-0.06012 -0.65659
-0.04074 -0,65821
-0.02640 -0.65914
-0.01640 -0.65967
-0.00979 -0.65995
-0.00561 -0.66010
-0.00310 -0.66018
~0.00165 | -0.66022
-0.00085 -0.66024
-0.00042 -0.66024
-0.00020 -0.66025
-0.00009 —0.66025
~-0.00004 ~-0.66025
-0.00002 -0.66025
-0.00001 -0.66025
-0.00000 -0.66025
-0.00000 -0.66025
~-0.00000 -0.66025
—-0.00000 -0.66025
-0.00000 ~-0.66025
-0.00000 -0.66025
-0.00000 -0.66025
~-0.00000 —-0.66025
~0.00000 -0.66025
-0.00000 -0.66025
-0,00000 -0.66025
-0.00000 -0.66025
-0.00000 -0.66025
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TABLE TI.- AXTSYMMETRIC STAGNATION-POINT UNIVERSAT, FUNCTIONS
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G G
8v3 ' " ¥4 ' u
m S 863 863 1Ga 1G4 1Ia
(5,) (m,)

0. O. -0.06296 0. O G.T76428 -2.80085 O

0.01000 -0.00063 -0.06296 0.00002 0.00750 0.73641 -2.77388 0.00004
0.02000 -0.00126 -0.06296 0.00006 0.01473 0.70880 -2.74708 0.00015
0.03000 -0.00189 ~0.06296 0.00014 0.02168 0.68147 -2.72042 0.00033
C.04000 -0.00252 -0.06296 0.00025 0.02836 0.65440 ~2.69391 0.00058
0.05000 -0.00315 -0.06296 0.00038 0.03477 0.62759 -2.66752 0.00090
0.06000 -0.00378 —-0.06295 0.00055 0.04091 0.60104 -2.64124 0.00128
0.07000 -0.00441 -0.06295 0.00074 0.04679 0.57476 ~-2.61506 0.00172
0.08000 ~-0.00504 -0.06294 0.00097 0.05241 0.54874 ~-2.58896 0.00221
0.09000 -0.00567 -0.06293 0.00122 0.05777 0.52298 -2.56294 0.00276
0.10000 -0.00630 -0.06291 0.00149 0.06287 0.49748 -2.53698 0.00337
0.11000 -0.00692 -0.06290 0.00179‘ 0.06772 0.47224 -2.51106 0.00402
0.12000 -0.00755 -0.06288 0.00212 0.07231 0.44726 -2.48519 0.00472
0.13000 -0.00818 —-0.06286 0.00248 0.07666 0.42254 ~2.45934 0.00546
0.14000 -0.00881 -0.06283 0.00285 0.08077 0.39808 —-2.43351 0.00625
0.15000 -0.00944 -0.06280 0.00326 0.08463 0.37387 ~2.40768 0.00708
0.20000 -0.01257 -0.06258 0.00561 0.10036 0.25672 -2.27837 0.01173
0.25000 -0.01569 -0.06223 0.00849 0.11041 0.14605 -2.14804 0.01702
0.30000 -0.01879 -0.06172 0.01182 0.11508 0.04194 -2.01592 0.02268
0.35000 -0.02186 -0.06104 0.01554 0.11471 -0.05550 —1.88150 0.02844
040000 -0.02489 -0.06016 0.01959 0.10964 -0.14616 —1.74447 0.03407
0.45000 ~0.02788 -0.05908 0.02390 0.10021 -0.22991 -1.60475 0.03934
0.50000 ~0.,03080 ~0.05777 0.02839 0.08677 -0.30660 =1.46244 0.04403
0.55000 -0.03365 -0.05624 0.03300 0.06967 -0.37611 -1.31782 0.04795
0.60000 -0.03642 -0.05447 0.03766 0.04928 -0.43835 —1.17135 0.05094
0.65000 -0.03909 -0.05247 0.04231 0.02596 -0.49322 -1.02361 0.05283
0.70000 —0.04166 ~-0.05024 0.04688 0.00008 -0.54070 -0.B7531 0.05349
0.80000 -~0.04644 -0.04511 0.054952 -0.05787 -0.61344 -0.58039 0.05066
0.90000 -0.05066 -0.03917 0.06311 -0.12164% ~0.65705 —-0.29383 0.04172
1.00000 -0.05425 -0.03254 0.06925 -0.18835 -0.67215 -0.02338 0.02624
1.10000 -0.,05715 -0.02538 0.07362 -0.25532 -0.66252 0.22351 0.00404
1.20000 -0.05931 -0.01788 0.07601 -0.32008 -0.62905 0.44028 -0.02475
1.40000 -0.06136 -0.00269 0.07452 ~0.43467 -0.50600 0.76443 -0.10064%
1.60000 -0.06046 0.01140 0.06524 -0.51922 ~-0.33399 0.92885 —-0.19661
1.80000 -0.05697 0.02302 0.05012 -0.56712 014463 0.94137 -0.30587
2.00000 ~0.05148 0.03125 0.03196 -0.57778 0.03439 0.83177 -0.42096
2.20000 -0.04472 0.03579 0.01370 -0.55543 0.18272 0.64201 -0.53477
2.40000 -0.03739 0.03689 ~0.00223 -0.50752 0.28882 0.41647 ~0.64142
2.60000 -0.,03015 0.03516 -0.01430 -0.44294 0.34956 0.19425 -0.73667
2.80000 -0.02346 0.03146 -0.02195 ~0.37048 0.36869 0.00422 ~0.81808
3.00000 -0.01764 0.02666 -0.02542 ~0.,29769 0.35452 -0.13709 -0.88485
3.20000 -0.01282 0.02152 -0.02551 -0.23020 0.31744% ~0.22494 —0.93751
3.40000 -0.00901 0.01661 -0.02327 -0.17155 0.26781 -0.26396 -0.97752
3.60000 -0.00613 0.01230 -0.01973 -0.12332 0.21442 -0.26455 -1.00683
3.80000 -0.00404 0.0087% ~-0.01573 ~0.08559 G.16371 -0.23937 -1.02755
4.00000 ~0.00258 0.00600 -0.01190 -0.05739 0.11958 ~0.20049 -1.04170
4.20000 -0.00160 0.00396 -0.00857 -0.03720 0.08378 ~0.15754 -1.05104
4.40000 -0.00096 0.0025%2 -0.00591 -0.02332 0.05640 -0.11709 -1.05700
4.60000 -0.00056 0.00155 -0.0039%90 -0.01414 0.03653 -0.08277 -1.06068
4,.,80000 -0.00031 0.00092 -0.00248 -0.00830 0.02279 -0.05585 -1.06288
5.00000 -0.00017 0.00053 -0.00151 -0.00471 0.01371 -0.03607 ~-1.06415
5.20000 -0.00009 0.00029 -0.00089 -0.00259 0.00796 ~0.02235 -1.06486
$.40000 -0.00005 0.00016 -0.00050 -0.00138 0.00446 -0.01330 -1.06525
5.60000 -0.00002 0.00008 -0.00028 -0.00071 0.00241 ~0.00762 -1.06545
5. 80000 ~-0.00001 0.00004 -0.00015 -0.00036 0.00126 -0.00420 -1.06556
6.00000 -0.00001 0.00002 -0.00007 -0.00017 0.00064 ~0.00223 -1.06561
6.20000 -0.00000 0.00001 -0.00004 ~-0.00008 0.00031 -0.00114 ~1.06563
6.40000 -0.00000 0.00000 -0.00002 -0.00004 0.00015 -0.00057 -1.06564
6.60000 -0.00000 0.00000 -0.00001 -0.00002 0.00007 -0.00027 -1.06565
6.80000 -0.00000 0.00000 -0.00000 -0.,00001} 0.00003 -0.00012 —-1.06565
7.00000 -0.00000 0.00000 -0.00000 -0.00000 0.00001 -0.00006 -1.06565
7.20000 -0.00000 0.00000 -0.00000 -0.00000 0.00001 -0.00002 -1.06565
T7.40000 -0.00000 0.00000 -0.00000 -0.00000 0.00000 -0.00001 —1.06565
7.60000 -0.00000 0.00000 -0.00000 -0.,00000 0.00000 -0.00000 -1.06565
7.80000 -0.00000 0.00000 -0.00000 -0.00000 0.00000 ~0.00000 -1.06565
8.00000 -0.00000 0.00000 -0.00000 -0.00000 0.00000 -0.00000 -1.06565
8.20000 -0.00000 0,00000 -0.00000 -0.00000 0.00000 -0.00000 -1.06565
8.40000 -0.00000 ¢.00000 -0.00000 -0.00000 0.00000 -0.00000 -1.06565
8.60000 -0.00000 0.00000 -0.00000 -0.00000 0.00000 -0.00000 ~1.06565
8.80000 -0.00000 0.00000 -0.00000 -0.,00000 0.00000 ~-0.,00000 -1.06565
9.00000 -0.00000 0.00000 -0.00000 -0.00000 0.00000 -0.00000 —-1.06565
9.20000 -0.00000 0.00000 ~0.00000 ~-0.00000 0.00000 -0.00000 ~1.06565
9.40000 -0.00000 0.00000 -0.00000 -0.00000 0.00000 -0.00000 ~1.06565
9.60000 -0.00000 0.00000 -0.,00000 -0.00000 0.00000 -0.00000 -1.06565
9.80000 -0.00000 0.00000 -0.00000 -0.00000 0.00000 -0.00000 -1.06565
10.00000 -0.00000 0.00000 -0.00000 -0.00000 0.00000 -0.00000 -1.06565
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n

0.
0.01000
0.02000
0.03000
0.04000
0.05000
0.06000
0.07000
0.08000
0.09000
0.10000
0.11000
0.12000
0.13000
0.14000
0.15000
0.20000
0.25000
0.30000
0.35000
0.40000
0.45000
0.50000
0.55000
0.60000
0.65000
0.70000
0.80000
0.90000
1.00000
1.10000
1.20000
1.40000
1.60000
1.80000
2.00000
2.20000
2.40000
2.60000
2.80000
3.00000
3.20000
3.40000
3.60000
3.80000
4,00000
4.20000
4.40000
4.60000
4.80000
5.00000
5.20000
5.40000
5.60000
5.80000
6.00000
6.20000
6.40000
6.60000
6.80000
7.00000
7.20000
7.40000
7.60000
7.80000
8.00000
8.20000
8.40000
8.60000
8.80000
9.00000
9.20000
9.40000
9.60000
9.80000
10.00000

M

264 G " . 364 - e"
(m. m.) 2684 264 2la (5.) 304 364
i Mo 3
0. ~2.94233 12.8B8045 0. Oa -0.05650 0.
-0.02878 —2.81456 12.67293 -0.00014 -0.00057 -0.05650 0.00002
-0.05630 -2.68887 12.46686 -0.00057 -0.00113 -0.05650 0.00006
-0.08257 -2.56522 12.26216 -0.00127 -0.00170 -0.05650 0.00015
-0.10761 -2.44362 12.05877 -0.00222 -0.00226 -0.05650 0.00026
~0.13145 —2.32404 11.85663 -0.00341 -0.00283 -0.05650 0.00040
-0.15410 -2.20648 11.65570 -0.00484 -0.00339 -0.05649 0.00057
-0.17558 ~2.09092 11.45591 -0.00649 ~0.00395 -0.05648 0.00077
-0.19592 -1.97736 11.25723 -0.00835 -0.00452 -0.05648 0,00099
-0.21514 -1.86578 11.05960 -0.01041 -~0.00508 -0.05646 0.00125
-0.23324 -1.75616 10.86299 -0.01265 -0.00565 -0.05645 0.00153
-0.25027 ~1.64851 10.66737 -0.01507 -0.00621 -0.05643 0.00184
~0.26622 —-1.54281 10.47269 -0.01765 -0.00678 -0.05641 0.00217
-0.28113 -1.43906 10.27893 -0.02039 -0.00734 -0.05639 0.00253
~0.29501 -1.33723 10.08606 -0.02327 -0.00791 -0.05636 0.00291
-0.30788 -1.23733 9.,89407 ~0.02629 -0.00847 -0.05633 0.00331
~0.35778 -0.76640 8.94656 -0.04303 -0.01128 -0.05611 0.00566
~0.38530 -0.34234 8.01911 -0.06169 ~0.01408 -0.05576 0.00850
-0.39277 0.03585 711207 ~-0.08122 -0.01685 -0.05525 0.01176
—0.38246 0.36923 6.22729 -0.10067 -0.01960 -0.05458 0.01535
-0.35658 0.65900 5.36786 -0.11921 -0.02231 -0.05371 0.01922
~-0.31727 0.90651 4.53789 -0.13611 -0.02497 -0.05265 0.02328
-0.26661 1.11336 3.74218 -0.15075 -0.02757 -0.05138 0.02747
-0.20658 1.28139 2.98603 -0. 16261 -0.03010 -0.04990 0.03172
-0.13908 l.41271 2.27492 -0.17128 -0.03256 -0.04821 0.03598
~-0.06588 1.50972 1.61422 -0.17642 -0.03492 —-0.04631 0.04016
0.01137 1.57506 1.00898 -0.17780 -0.03718 ~0.04420 0.04422
0.17210 1.62248 -0.01820 -0.16867 -0.04137 -0.03939 0.05175
0.33287 1.58022 -0.78201 -0.14338 —-0.04504 -0.03388 0.05817
0.48605 1.47510 —-1.27601 ~0.10235 -0.04813 -0.02780 0.06314
0.62668 1.33356 ~1.51442 —-0.04659 -0.05059 -0.02131 0.06644
0.75235 1.17961 -1.53149 0.02249 -0.05238 ~-0.01458 0.06793
0.95966 0.90770 -l.l1446 0.19460 -0.05394% -0.00113 0.06537
1.12301 0.74618 -0.50980 0.40340 -0.05291 0.01113 0.05622
1.26515 0.6B767 -0.13865 0.64241 -0.04965 0.02105 0.04236
1.40027 0.66163 -0.19469 0.90904 ~-0.04470 0.02793 0.02629
1.52636 0.58514 -0.61483 1.20195 -0.03869 0.03158 0.01047
1.62740 0.4065% -1.17142 1.51792 -0.03226 0.03226 -0.00312
1.68199 0.12457 -1.61108 1.84980 -0.02595 0.03056 ~-0.01325
1.67311 '-0.21351 =1.T6467 2.18646 -0.02015 0.02722 -0.01955
1.59475 ~0.55924 -1.59125 2.51438 ~-0.01512 0.02298 -0.02228
L.45361 -0.83773 -1.16067 2.82015 -0.01097 0.01850 -0.02217
1.26647 ~-1.01499 ~0.60244 3.09275 -0.00770 0.01425 -0.02010
1.05521 -1.07922 ~0.05074 3.32513 -0.00523 0.01053 —0-0[69q
0.84155 -1.04250 039447 3.51468 -0.00345 0.00748 ~0.01350
0.64314 -0.93195 0.68352 3.66278 -0.00220 0.00512 -0.01019
0.47153 -0.T7T7977 0.81347 3.77374 -0.00136 0.00337 -0.00733
0.33203 -0.61527 0.81328 3.85355 -0.00081 0.00215 —-0.00504
0.22477 -0.46025 Q72623 3.90871 -0.00047 0.00132 -0.00333
0.14642 -0.32768 0.59542 3.94539 -0.00027 0.00078 -0.00211
0.09185 —0.22269 0.45503 3.96886 -0.00014 0.00045 -0.00129
0.05553 -0.14480 0.32716 3.98334 -0.00008 0.00025 -0.00076
0.03237 -0.09025 0.22266 3.99195 -0.00004 0.00013 -0.00043
0.01821 -0.05400 0.14408 3.99689 -0.00002 0.00007 -0.00023
0.00988 -0.03105 0.08893 3.99962 -0.00001 0.00004 -0.00012
0.00518 -0.01718 0.05248 4.00108 -0.00000 0.00002 -0.00006
0.00263 -0.00915 0.02967 4.00183 -0.00000 0.00001 -0.00003
0.00128 ~-0.00470 0.01610 4.00221 -0.00000 0.00000 -0.00001
0.00061 -0.00233 0.00839 4.00239 -0.00000 0.00000 -0.00001
0.00028 -0.00111 0.00420 4.00248 -0.00000 0.00000 -0.,00000
0.00012 -0.00051 0.00203 4.00251 -0.00000 0.00000 -0.00000
0.00005 ~0.00023 0.00094 4.00253 -0.00000 0.00000 ~0.00000
0.00002 -0.00010 0.00042 4.00254 -0.00000 0.00000 -0,00000
0.00001 -0.00004 0.00018 4.00254 -0.00000 0.00000 -0.00000
0.00000 -0.00002 0.00008 4.00254 -0.00000 0.00000 -0.00000
0.00000 -0.,00001 0.00003 4.00254 0.00000 0.00000 -0.00000
0.00000 -0.00000 0.00001 4.00254 0.00000 0.00000 -0.00000
0.00000 -0.00000 0.00000 4.00254 0.00000 0.00000 -0.00000
0.00000 -0.00000 0.00000 4.00254 0.00000 0.00000 -0.00000
0.00000 -0.00000 G.00000 4.00254 0.00000 0.00000 —-0.00000
0.00000 ~0.00000 0.00000 4.00254 0.00000 0.00000 -0.00000
0.00000 -0.00000 0.00000 4.00254 0.00000 0.00000 -0.00000
0.00000 —-0.00000 0.00000 4.00254 0.00000 0.00000 -0.00000
0.00000 -0.00000 0.00000 4.00254 0.00000 0.00000 ~0.00000
0.00000 ~0.00000 0.00000 4.00254 0.00000 0.00000 -0.00000
0.00000 -0.00000 0.00000 4.00254 0.00000 0.00000 -0.00000
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G G
175 Y6 ! '
Uj G: Gs 1 G Gq I
1¥5 V5 1+5 1¥6 1¥e -6
(m,m) (m, ms)

0. 0. ~5.39703 28.85773 0. 0. ~-18.38894 | 120.38628 0.

0.01000 -0.05254 -5.11162 28.22641 ~0.00027 -0.17793 | -17.20271 116.87207 -0.00090
0.02000 -0.10225 -4.83248 27.60307 -0.00104 -0.34417 | -16.05129 | 113.42126 -0.00352
0.03000 -0.14921 -4.55953 26.98750 -0.00230 —0.49907 | —14.93407 | 110.03264 -0.00775
0.04000 ~0.19346 -4.29270 26.37953 ~0.00402 —0.64296 | -13.85044 | 106.70500 -0.01346
0.05000 -0.23508 -4.03192 25.77898 -0.00616 -0.77619 | -12.79977 | 103.43724 -0.02057
0.06000 -0.27412 -3.77710 25.18571 -0.00871 -0.89907 | -11.78149 | 100.22832 -0.02895
0.07000 ~0.31064 -3.52818 24.59955 -0.01164 -1.01192 | -10.79501 97.07722 -0.03852
0.08000 ~0.34471 -3.28508 24.02036 -0.01491 -1.11507 -9.83976 93.98301 -0.04916
0.09000 -0.37636 -3.047175 23.44803 -0.01852 -1.20882 -8.91517 90.94477 -0.06079
0.10000 -0.40568 -2.81610 22.88242 | .-0.02243 ~1.29348 ~8.02068 87.96169 -0.07331
0.11000 -0.43271 -2.59008 22.32343 -0.02663 ~1.36933 ~7.15575 85.03294 ~0.08663
0.12000 ~0.45750 -2.36961 21.77095 -0.03108 -1.43669 -6.31984 82.15778 ~0.10066
0.13000 ~0.48012 —2.15464 21.22489 -0.03577 -1.49582 -5.51242 79.33549 -0.11533
0.14000 -0.50061 ~1.94509 20.68516 ~0.04068 ~1.54703 -4.73296 76.56540 -0.13055
0.15000 -0.51904 ~1.74091 20.15169 -0.04578 -1.59058 -3.98094 73.84688 -0.14625
0.20000 -0.58198 -0.79835 17.57584 -0.07350 -1.70279 -0.61474 61.00780 -0.22928
0.25000 -0.60096 0.01914 15.14840 -0.10324 -1.66224 2.14003 49.38053 -0.31398
0.30000 -0.58203 0.71891 12.86645 -0.13296 -1.49799 4.34269 38.91635 ~0.39345
0.35000 -0.53091 1.30821 10.72984 -0.16091 -1.23622 6.05040 29.57663 -0.46216
0.40000 ||'-0.45293 1.79435 8.74040 -0.18560 -0.90028 7.31854 21.32827 -0.51583
0.45000 -0.35307 2.18475 6.90117 -0.20584 -0.51079 8.20089 14.13985 -0.55130
0.50000 -0.23592 2.48703 5.21579 -0.22062 -0.08575 8.74965 7.97842 -0.56632
0.55000 -0.10570 2.70896 3.68780 -0.22921 0.35945 9.01524 2.80690 -0.55954
0.60000 0.03377 2.85848 2.32016 -0.23104 0.81187 9.04612 -1.41781 -0.53026
0.65000 0.17907 2.94368 1.11471 -0.22574 1.26092 8.88840 -4.74611 -0.47841
0.70000 0.32720 2.97266 0.07184 -0.21309 1.69829 8.58548 ~7.23633 ~0.40436
0.80000 0.62188 2.89431 -1.53376 -0.16557 2.51492 7.70164 ~-9.97508 -0.19296
0.90000 0.90174 2.68619 -2.53200 -0.08921 3.23386 6.67279 | -10.24684 0.09534
1.00000 1.15673 2.40593 -2.99066 0.01395 3.85181 5.71153 -8.74177 0.45042
1.10000 1.38218 2.10287 -3.00582 0.14115 4.38323 4.95992 -6.17059 0.86280
1.20000 1.57784 1.81570 -2.69323 0.28939 4.85327 4.49056 -3.20154 1.32502
1.40000 1.89395 1.38306 -1.57752 0.63801 5.72449 4438970 1.79512 2.38311
1.60000 2.14666 1.17928 -0.53088 1.04275 6.65605 4.98231 3.48207 3.61914
1.80000 2.37599 1.12820 -0.10660 1.49518 7.71437 5.53406 1.49987 5.05431
2.00000 2.59852 1.08638 -0.42424 1.99276 8.82481 5.42512 ~2.82091 6.70857
2.20000 2.80235 0.92413 -1.25186 2.53338 9.82107 4.37867 -7.55895 8.57665
2.40000 2.95576 0.57846 -2.18788 3.11035 10.51914 2.48387 | -11.08802 10.61701
2.60000 3.02258 0.06756 -2.85054 3.70989 10.78083 0.08540 | —12.51480 12.75503
2.80000 2.97709 -0.52773 -3.00977 4,31185 10.54942 ~2.37286 | -11.72366 14.89627
3.00000 2.81303 -1.10025 -2.63321 4.89277 9.85493 -4.48693 -9.18577 16.94377
3.20000 2.54500 -1.55393 -1.85332 5.43009 8.79625 -5.98245 -5.67800 18.81388
3.40000 2.20346 -1.82925 -0.88845 5.90586 7.51095 -6.74803 -2.01275 20.44715
3.60000 1.82624 -1.91175 0.04199 6.30910 6.14345 -6.82098 1.16024 21.81282
3.80000 1.45005 ~1.82561 0.77812 6.63644 4.81939 ~6.34312 3.45474 22.90750
4.00000 1.10407 -1.61870 1.24393 6.89116 3.63017 -5.50578 4.75613 23.74966
4420000 0.80694 -1.34612 1.44025 7.08135 2.62819 -4.50055% 5.16335 24.37213
4.40000 0.56669 -1.05712 1.41951 7.21774 1.83051 -3.48520 4.90025 24.81461
4.60000 0.38274 -0.78780 1.25638 7.31179 1.22748 -2.56762 4.22854 25.11735%
4.80000 0.24882 -0.55916 1.02380 7.37418 0.79302 -1.80520 3.38341 25.31686
5.00000 0.15582 -0.37905 0.77890 7.41405 0.49392 -1.21407 2.53884 25.44358
5.20000 0.09406 " | -0.24595 0.55808 7.43859 0.29672 -0.78251 1.79962 25.52121
5.40000 0.05476 -0.15302 0.37879 7.45316 0.17203 -0.48408 1.21102 25.56709
5.60000 0.03076 -0.09141 0.24456 7.46151 0.09629 -0.28778 0.77643 25.59327
5.80000 0.01668 -0.05250 0.15067 T.46613 0.05205 -0.16458 0.47556 25.60769
6.00000 0.00874 -0.02901 0.08878 7.46859 0.02719 -0.09062 0.27885 25.61537
6.20000 0.00442 -0.01544 0.05013 7.46986 0.01372 -0.04807 0.15679 25.61932
6.40000 0.00216 -0.00792 0.02716 7.47050 0.00670 -0.02459 0.08465 25.62128
6.60000 0.00102 -0.00392 0.01414 7.47080 0.00316 -0.01213 0.04393 25.62223
6.80000 0.00047 -0.00187 0.00708 7.47094 0.00144 -0.00578 0.02194 25462267
7.00000 0.,00021 -0.00086 0.00341 7.47101 0.00064 -0.00265 0.01055 25.62287
7.20000 0.00009 -0.00038 0.00158 7.47104 0.00027 -0.00118 0.00489 25.62295
7.40000 0.00004 -0.00016 0.00071 7.47105 0.00011 ~0.00051 0.00218 25.62299
7.60000 0.00002 -0.00007 0.00031 7.47105 0.00005 -0.00021 0.00094 25.62301
7.80000 0.00001 -0.00003 0.00013 7.47106 0.00002 -0.00008 0.00039 25.62301
8.00000 0.00000 -0.00001 0.00005 7.47106 0.00001 -0.00003 0.00016 25.62301
8.20000 0.00000 -0.00000 0.00002 7.47106 0.00000 -0.00001 0.00006 25.62302
8.40000 0.00000 ~-0.00000 0.00001 7.47106 0.00000 -0.00000 0.00002 25.62302
8.60000 0.00000 ~0.00000 0.00000 7.47106 0.00000 -0.00000 0.00001 25.62302
8.80000 0.00000 -0.00000 0.00000 7.47106 0.00000 -0.00000 0.00000 25.62302
9.00000 0.00000 -0.00000 0.00000 7.47106 0.00000 -0.00000 0.00000 25.62302
9.20000 0.00000 -0.00000 0.00000 7.47106 0.00600 ~0.00000 0.00000 25.62302
9.40000 0.00000 —-0.00000 0.00000 7.47106 0.00000 -0.00000 0.00000 25.62302
9.60000 0.00000 ~0.00000 0.00000 7.47106 0.00000 -~0.00000 0.00000 25.62302
9.80000 0.00000 -0.00000 0.00000 7.47106 0.00000 -0.00000 0.00000 25.62302
10.00000 0.00000 -0.00000 0.00000 7.47106 0.00000 -0.00000 0.00000 25.62302
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7

0.
0.01000
0.02000
0.03000
0.040G0
0.05000
0.06000
0.07000
0.08000
0.09000
0.10000
0.11000
0.12000
0.13000
0.14000
0.15000
0.20000
0.25000
0.30000
0.35000
0.40000
0.45000
0.50000
0.55000
0.60000
0.65000
0.70000
0.80000
0.90000
1.00000
1.10000
1.20000
1.40000
1.60000
1.80000
2.00000
2.20000
2.40000
2.60000
2.80000
3.00000
3.20000
3.40000
3.60000
3.80000
4.00000
4.20000
4.40000
4.60000
4.80000
5.00000
5.20000
5.40000
5.60000
5.80000
6.00000
6.20000
6.40000
6460000
6.80000
7.00000
7.20000
7.40000
7.60000
7.80000
8.00000
8.20000
8.40000
8.60000
8.80000
9.00000
9.20000
9.40000
9.60000
9.80000
10.00000

NASA -Langley, 1964
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(m‘m2m3)
O.
2.98477
5.71561
8.20320

10.45794
12.48994
14.30899
15.92461
17.34606
18.58230
19.64203
20.53370
21.26550
21.84537
22.28099
22.57983
22.26695
19.52270
15.03599
9.37794
3.01359
-3.68705
-10.43821
-17.02805
~23.30850
-29.18551
~-34.60963
-44.,07163
-51.86897
-58.39325
-64.08304
-69.31500
~79.34047
-89.31551
-99,19720

-108.98354

-118.91857

-129.08226

-138.91778

-147.12461

-151.99639

-152.00318

-146.32706

-13%4,13359

~-119.51282

~101.16353
-81.96857
~63.60855%
-47.30932
~-33,75151
-23.11585
-15.21030
-9.62268
-5,85705
-3.43206
-1.93717
-1.05376
~-0.55269
~-0.27962
~0.13652
—0.06434
-0.02929
~0.01288
~-0.00548
-0.00226
-0.00091
-0.00036
-0.00015
~-0.00007
-0.00004
-0.00003
-0.00002
-0.00002
-0.00002
-0.00002
-0.00002

A-801
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311.53850
285.59945
260.74561
236494621
214.17120
192.39118
171.57741
151.70178
132.73678
114.65549
97.43155
81.03916
65.45306
50.64850
36.60123
23.28751
-33.07637
-T4.40167
-103.16685
~-121.60851
-131.73587
-135.34049
-134.00325
-129.10005
-121.80770
-113.1108%
-103.81082
~-85.75809
~70.86981
-60.36488
-54.06687
-51.01190
-49.86045
~49.76606
~49.03475
—-49.07400

-50.38786
-50.79470
~46,44576
-34.14824
~13.24723
13.88434
42.73295
68.26512
86.48970
95.40084
95412690
87.44459
T4.98499
60.45381
46.07602
33.33455
22.96317
15.09889
9.49476
5.71930
3,30444
1.8333¢C
0.97761
0.50147
0.24762
0.11778
0.05399
0.02386
0.01017
6.00419
0.00166
0.00064
0.00024
0.00008
0.00003
0.00001
0.00000
0.00000
0.00000
0.00000

16'7

-2649,20850
-2539.12589
-2432,15500
-2328.22498
—-2227.26718
-2129.21548
-2034.00645
-1941.57809
-1851.87093
-1764.82709
-1680.39084
~1598.50772
-1519.12506
-1442.19167
~1367.65779
-1295.47491
~-368.20860
-693.05798
~464.99988
-279.36093
-131.70312
-17.74950
66.65483
125.55276
162.86196
182.34447
187.56501
168.21091
127.62624
82.86979
44.78627
18.41802
—-0.58790
2.67105
3.08622
~4.05063
~T.16316
6.51844
39,79996
83.76086
123.18920
144.21997
139.93439
111.98080
68.58332
20.67978
—21.86837
-52.69460
~69.59960
-73.83691
-68.70586
-58.11129
~45,50699
-33.35863
~23.05466
~15.09720
~9.40170
~5.58334
~3.16887
~1.72i84
~0.89698
~0.44852
~0.21550
~0.09957
~0.04427
~0.01896
~0.00782
~0.00311
~0.00119
~0.00044
~-0.00016
~0.00005
~-0.00002
~0.00001
~0.00000
-0.00000

117

Q.
0.01514
0.05885
0.12864
0.22214
0.33706
0.47123
0.62256
0.78907
0.96886
1.16013
1.36114
1.57027
1.78595
2.00670
2.23111
3.36401
4.41736
5.28731
5.90149%
6.21338
6.19729%
5.84388
5.15619
4.14626
2.83209
1.23527
~2.71388
~7.52333
~13.04519
~19.17424
—25.84667
~40.71563
-57.58147
~76.43528
-97.25326
-120.03897
-144.83746
~171.651177
—200.29696
-230.27887
~260.76953
=290.69901
-318.93040
—344.45590
-366.55323
—384.86543
~399.39738
-410.44748
-418.50500
—424.14372
-427.93383
-430.38255
—431.90432
—-432.81458
—~433.33894
-433.63001
~433.78577
—-433.86616
~433.90620
—433.92544
~433.93438
-433.93837
—~433,94012
~433.94084
=433.94114
~433.94126
-433.94131
~433.94133
~433.94134
~433,94135
~433.94135
~433.94135
—=433.94136
~433.94136
-433.94136

267 o o
27 Y7
(8,5,5,)

Oe -0.06284 Ow
-0.,00063 -0.06284 ~0.00001
~-0.00126 ~-0.06284 ~0.00005
-0.00189 -0.06284 ~0.00010
-0.00251 -0.06284 ~0.00018
-0.00314 -0.06284 ~0.,00029
-0.00377 ~-0.06284 ~0.00041
-0.00440 -0.06285 ~0.00056
-0.00503 ~-0.06286 ~0.00074
-0.00566 -0.06286 ~0.00093
-0.00628 -0.06287 ~0.00115
-0.00691 -0.06289 ~0.00139
~0.00754 -0.06290 ~0.00165
-0.00817 ~0.06292 ~-0.00194
-0.00880 -0.06294 -0.00224
-0.00943 -0.06297 ~-0,00257
-0.01258 -0.06314 -0.00454
-0.01575 -0.06343 -0.00702
-0.01893 -0.06385 -0.00996
-0.02213 ~0.06443 -0.01328
-0.02537 -0.,06518 ~0.01690
-0.02866 -0.06612 -0.020T71
-0.03199 -0.06726 -0.02459
-0.03538 ~-0.06858 -0.02838
-0.03885 -0.07009 -0.03196
-0.04240 -0.07177 -0.03515
-0.04603 -0.07360 -0.03780
~0.05359 -0.07756 -0.04084
-0.06155 -0.08163 -0.03993
-0.06990 ~-3.08538 —-D.03419
-0.07859 ~-0.08829 -0.02316
-0,08751 -0.08984 ~0.00690
~0.10534 -0.08692 0.03846
-0.12160 -0.07393 0.09160
-0.13422 -0.05072 0.13824
~0.14138 -0.01994 0.16555%
-0.14200 0.01375 0.16676
~0.13604 0.04508 0.14285
~0.12442 0.06969 0.10113
-~0.10879 0.085%04 0.05202
-0.0910¢ 0.09068 0.00547
-~0.07308 0.08788 -0.03143
~0.05031 0.07898 -0.05538
-0.04172 0.06659 -0.06647
~G.02375 0.05309 —-0.06709
~-0.02044% 0.04023 ~0.06062
~0.013%4 0.02909 -0.05043
~0.00866 0.02012 ~0,03920
~-0.00535 0.01335% -0.02874
-0.00319 0.0G851 -0.02000
~0.00184 0.00522 -0.01326
~-0.00103 0.00308 -0.00840
~0.00055 0.00175 -0.00510
~0.00029 0.00096 -0.00297
~0.00015 0.00051 ~0.00166
~0.00007 0.00026 -0.00090
-0.00003 0.00013 -0.00047
~0.00002 0.00006 -0.00023
~0.00001 0.00003 -0.00011
~-0,00000 0.G0001 -0.00005
-0.00000 0.00001 -0.00002
~0.00000 0.00000 -0.00001
-0.00000 0.00000 -0.,00000
~0.00000 0.00000 -0,00000
~0.00000 0.00000 ~0.00000
~0.00000 0.00000 -0.00000
-0.00000 0.00000 -~0.00000
~0.00000 0.00000 -0.00000
~0.00000 0.00000 ~0.00000
-0.00000 0.00000 -0.00000
-0.00000 0.00000 -0.00000
-0.00000 0.00000 -0.00000
-0.00000 0.00000 -0.00000
~-0.00000 0.00000 -0.00000
-0.00000 0.02000 -0.00000
-0.00000 0.00000 -0.00000
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“The aeronautical and space activities of the United States shall be
conducted so as to contribute . . . to the expansion of bhuman knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiﬁng limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with a NASA contract or grant and released under NASA auspices.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
' Washington, D.C. 20546



