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8UMMARY 

The integral method of Lees and Reeves-Klineberg has 

been used to study the effect of changes of wall temperature 

ratio upon wall pressure and heat transfer distributions, of a 

shock wave - laminar boundary layer interaction generated by a 

two-dirnensional deflected surface. 

Klineberg extended the integral method of Lees and 

Reeves to the non-adiabatic case (isothermal wall) but his nu­

merical results deal only with a highly cooled surface (8 =-0.8). w 
The present study consists in an extension of Klineberg's method 

to intermediate values of wall to stagnation temperature ratio, 

from adiabatic (8 =0) to highly cooled wall (8 =-0.8). w w 

A parametric study has th en been carried out to de­

termine the effect of progressive changes in the wall cooling 

ratio. In particular, a linear reduction of the separation 

length with the surface cooling ratio has been demonstrated. 
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1. INTRODUCTION 

The problem of boundary layer separation induced by a 

strong external perturbation, such as a shock wave impinging on 

the boundary layer has received the careful attention of nume­

rous investigators during the past 15 years, mainly because of 

its unfavourab1e effects on the performances of control surfaces 

and air inlets of supersonic vehicles. More recently, the advan­

ces in hypersonic flight have emphasized the associated thermal 

heating problems. Separation has a marked effect upon the thermal 

parameters of the flow, and it is desirabIe to be able to theo­

retically predict the location and strength of heat flux peaks 

on hypersonic vehicles in the presence of separation. 

Numerous methods have been developed in the past for 

the prediction of boundary layer - shock wave interactions and 

satisfactory numerical solutions have been found for cases when 

the boundary 1ayer is wholly laminar. 

Though finite differences methods have been success­

fully applied (Rheyner-Flugge-Lotz) (13) the so-called integral 

met h ods are s i mp I er and constitute the majority of the existing 

methods. The coupling between th e inner V1SCOUS and the outer 

essentially non-viscous flow fields was first introduced by 

Crocco-Lees (1) (1952). From this basic idea other investigators 

(2), (3) refined the method with the aid of empirical datas. 

Later (1963) Lees and Reeves (4), (6) developed an integral 

method excluding empirical data by uS1ng the first moment of 

momentum equation. This method was first applied to the adia­

batic wall case, and was later extended by Klineberg (8), (9) 

(1968) to the non-adiabatic isothermal wall by adding the energy 

equation. A basieally similar method was also applied to axi­

symmetrie bodies (7). Simultaneously with Klineberg, Holden 

developed a rather similar integral method (10), (11). further­

more he included the effect of non-zero normal pressure gradient 

in hypersonic flows (12). 
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A critical evaluation of recent available methods has 

been published by Murphy (1969) (13), pointing out the weaknesses 

of each of the methods studied. 

Although Klineberg's basic theory is valid for any wall 

temperature ratio, the polynomial functions required in the theory 

were given only for the adiabatic and highly cooled wall cases 

and only two complete calculations were presented. For this 

reason Klineberg's theory has been extended in the present study 

to arbitrary wall cooling ratios and the effect of variation of 

the latter parameter upon the overall features of the interaction 

has been examined. For this purpose additional "similar solutions" 

of the boundary layer equations have been calculated in order 

to provide a set of pOlynomial functions describing relations 

between integral properties for each value of wall cooling para­

meter. Into the main framework of the method an interpolation 

procedure was found to satisfy the required downstream boundary 

conditions. 

2. ANALYSIS 

2.1 Governing e quations -------------------
This section summarizes Klineberg's development leading 

to the final form of the differential equations. The partial 

differential equations describing two-dimensional compressible 

boundary layer flow are 

:x (pu) + :y (pv) = 0 

au au ~ a ( ~ ~) ( 2 ) pu + pv = - + -ax ay dx ay ay 

aho ah 0 a aho a [ (1 - Pr) au] pu - + pv = (~r -ry) - u - ( 3 ) 
ax ay ay ay ~ Pr ay 

) 
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The first moment of momentum equation 1S obtained by multiplying 

Eq. (2) by u, giving 

pu 2 au au 
äX + puv ay = - u ~ 

dx 
+ u a (~~) 

ay ay 
( 4 ) 

FOllowing the Karman integral approach, these equations are inte­

grated across the boundary layer to yield a system of four or­

dinary differential equations. Then, af ter assuming the linear 

temperature - viscosity law, 

= C T 
T 

00 

and that the outer inviscid flow is isentropic (i.e. ho = const.), 
e 

we may apply a Stewartson transformation of the form 

dX 

( 6 ) 

dY = dy 

to reduce the equations to an equivalent "incompressible" form. 

The integral properties appearing in these transformed equations 

do not depend upon the fluid properties, and may be related to 

the usual compressible integral quantities, ó , ó*, e, e*, ó , 
u 

e** by means of equations (6). 

The resulting equations can be written 1n the follow-

ing form 

dó~ 
ó~ [d~ _ I+m. dE] ó"!f 

d Log M l+m 
~+ e 

S 
e tg e F (-)- + = m (l+m ) dx 1 dx m dx 1 dx 

e e 00 

( 7 ) 

dó~ d Log M M 
P 

ó~ dZ ó ~( 21.+ I-E) 
co 

't ~+ 
e BC ( 8 ) - + = - -dx M Re , 

dx 1 dx 1 
ó~ e 

1 



dó~ 
J ---2;. + 

dx 

..-
*" dó. 

T -1 + 
dx 

where 

and 

ó~ g + ó~( 3J 
~ dx -~ 

.. dT*" ó~T· 
d 

ó. - + 
~ dx 

tg El = 

m = e 

B 

Re * = 
ó . 
~ 

~ 

v 
e -u 

, 
e 

1.:.l M 2 
2 e 

* p a M ó. 
ex> ex> CJ:) ~ 

- 4 -

Log H M 
2T*)d e ex> R = BC - - (9 ) dx M Re. .. 

, 
e ó . 

1 

Log M M 
e ex> Q = BC (10) dx M Pr Re , 

e w ó"!" 
1 

The transformed integral quantities in equations 7 to 10 are 

defined as follows : 

ó . 

ó. = dY J 
~ 

~ 

e . 
~ 

o 

ó . 

= J ~ 
o 

u 
U e 

u - -)dY 
U 

e 

(1 - L)dY 
U e 

Z 

R 

ó. 
1 J ~ U dY = 
ó~ U 

0 e 
~ 

ó. [ ] 2ó! 
~ a u 2 

= Jo TI (u.) dY ~ 

(12) 

) 
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ó . 

e~ 
JO 

l. 
U U 2 Ó~ (~) = (1 - -) dY Q = 

1. U U 2 l. ay Y=O 
e e 

ó . 
e . 

JO 

1. 

~ l. E 
1 SdY = - = - -

ó~ ö'! 
1. 1. 

e! 
ö. 

TJII-
JO 

1. 

J 
l. 1 U 

= = U SdY 

Q~ ö~ e 
l. 1. 

The functions F and f are defined as 

F = 1: + 
1 + m 

e 
m e 

L!:l 
y-l 

(1 - E) 

(M 2 - 1) Z 
+ 3y - 1 (1 _ E) + __ ~e~ ____ __ 

y _ 1 m (1 + m ) 
e e 

(12 cont'd) 

(13) 

Numerical integration of equations 7 to 10 can be performed 

providing we reduce the number of unknowns by choosing suitable 

families of velocity and total enthalpy profiles. The integral 

quantities (Eq. 12) must be expressed in terms of at least two 

parameters a and b defining respectively a velocity and a total 

enthalpy profile. Nevertheless it is not necessary to precisely 

define the detailed shape of each profile, since only relations 

between each of the integral quantities and the two profile 

parameters are needed. Relations of the following type must be 

obtained. 

't. = :t(a) 

J = J(a) (14) 

E = E(a,b) 
... .. ) T = T (a,b et c ••• 
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Note that the integrals containing u/u only are functions of a 
e 

alone. Using the similar solutions concept, Cohen and Reshotko 

obtained velocity and total enthalpy profile families with stream­

wise pressure gradient and constant wall temperature, 

i.e., assuming 

S = const. 
w 

For given values of e (pressure gradient parameter e = 2m/{m+l» 

and S (wall enthalpy), one can relate each of the integral 
w 

quantities to any other. The fundamental assumption made by 

Lees-Reeves-Klineberg is that the relationships between integral 

quantities obtained from similar solutions are also valid for 

non-similar flows, for example separated flows. As outlined by 

Klineberg, this procedure is different from local similarity 

technique since only relations between integral parameters are 

assumed to be universal, and the velocity and total enthalpy 

profiles are ~ specified by the local pressure gradient para­

meter as in the method first applied by Thwaites. 

2.2 Velocity and total enthalpy profile calculations ------------------------------------------------
Assuming the linear viscosity law (Eq. 5) for a perfect 

gas and using the Stewartson transformation, we reduce the com­

pressible boundary layer equations to their equivalent incompress­

ible form. Then assumlng S = const. (isothermal wall) and Prandtl 
w 

number equal 1, similar solutions are those for which U ~ xm, e 
in which case the shape of the non-dimensional velocity and 

enthalpy profiles does not depend upon X. 

The similarity variabIe lS 

(16) U ]2-e 2 

äX 
00 
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Thus the system of three partial differential equations is re­

duced to a system of two ordinary differential equations : 

f"'(n) + f(n) f"(n) + 8(1 + 8 - f,2(n») = 0 

, 

with 2m 
8 = m + 1 

The boundary conditions are 

f(O) = f'(O) = 0 

8(0) = 8 
w 

f'(co) = 1 

8(co) = 0 

• 

(18) 

The system of equations (17) 1S numerically integrated as a two­

point boundary value problem for fixed values of 8 and 8 , using w 
f"(O) and g'(O) as iteration parameters. 

The upper limit of the boundary layer 1S arbitrarily 

taken as 

= O.99u e 

n cS. = nU = n. 99 
1 U = 0.99 

e 

All the integral quantities (Eq. 12) can be integrated simulta­

neously with the parameters selected for defining both velocity 

and total enthalpy profiles. 

Attached flow velocity profile 

l
a (L)I 

a = n f"(O) = Ue 

.99 a(L) 
ó i y=o 

(20) 
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Separated flow velocity profile 

a = nf,=O 

n. 99 = [!Ju 
-=0 
U e 

All total enthalpy profiles 

b = S' (0) = a(a) 

where a(a) is a sealing factor 

y -1 a(a) = 
ö~ n 

l. 

(21) 

(22) 

Note The veloc i ty profile parameter a must be single-valued 

for all profiles, that explains the change in the defi­

nition of a when the flow separates. 

2.3 ~~!~!~~~~~~~~_~~!~~=~_~~!=§~~!_~~~~!~!~~~_~! 
~~~~~~~l_!~l~~_~~~!~!=~ 

For a given profile,each of the integral quantities 

(Eq. 12) must be related to a, b, or a and b. As aresult, the 

number of unknowns in equations 7 to 10 is reduced to 5 : M , 
* e 

0., a, b, G. A more convenient form of the system may be rewritten 
l. 

as follows : 

do! 
ó~(l! da l!. ~) 

o~ dM M h l. l. e co 
(23) F -+ - + + f = SC 

dx l. aa dx ab dx M dx M Re ..-
, 

e e ó. 
l. 
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dó~ ... dJ: da 
ó~ dM 

~ --2;. + (2~ + E) .2.~ ó. + 1 - = 
dx ~ da dx M dx e 

dö~ 
J ~ + ö* dJ d~ da + (3J _ 2T*) 

dx i dl ëiä dx 

ö! dM 
~ e = MdX 
e 

dÖ~ .. aT~ ~) ê! dM 
T* --.!. + ê~ (l!... .2-.!: + T .... .2. ~ + 

dx ~ aa dx ab dx M dx 
e 

with 
aF dZ 

1 + m aE e 
ra = - ää da m e 

aF 
1 + m aE 

= - ( e ) 
äb ab m 

, 
e 

Q = Q 

Pr w 

M 1 + m tg 8 
h e e Re = m (1 m ) M + ó! C 

00 e 00 

~ 

and 

M 
P 00 

BC ~ M e ö~ 
~ 

M"" R 
SC t-1 -

e Re * ö. 
~ 

, 

M -L "" = BC M Re 
e ó! 

~ 

(24 ) 

, (26) 

(27) 

According to K1ineberg's treatment of the equations, one can 

introduce the variables ~(a) and o(b) ~n order to reduce to one 

on1y the functions depending upon both a and b. 

dY 
dn 

~ = 

* Y = aö. = 
1 n 

, 

1 

J
n.99 U 

(1 - u)dn 
o e 

(28) 
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" = - I ·99 Sdl1 
0 

Thus Q 
b = a(a) 

E = a(a) ,,( b ) (29) 

~ 
T(a,b) T = a(a) t 

with T(a,b) 
(,99 U 

Sdn = - -Ue 0 

To summarize, the profile-dependent integral quantities we need 

are the following ones : 

Velocity profile functions 

1. (a), J (a). Z (a), R (a). P (a), ~! (a). '* (a), a (a). ~: (a) 

Total enthalpy profile functions 

"(b) • .2..2 (b) db 

Both velocity and total enthalpy profile functions 

aT aT 
T(a.b), aa (a,b), ab (a,b) 

(30) 

The last remaining unknown 0, the loc al inclination 

of streamlines at the outer edge of the boundary layer with 

respect to the wall is related to the local outer flow Mach 

number M , through the Prandtl-Meyer relationship; 
e 

o = a (x) + v(M ) - v(M ) 
w ± e 

, 
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assuming a supersonic, isentropic outer inviscid flow field and 

o being smalle 

A convenient final form of the differential equations 

is given by Klineberg ( 8 ) 

ó~ dM 
....ê.L 

M Nl 
....2:. ~ CD 

= -M dx Re M D 
, 

e ó~ e 
1 

dó"!" 
BC 

M N2 
1 CD - -- - , 

dx Re M D 
ó~ e 

1 

(32) 

ö~ da ~ 
?-1 N3 CD 

= 
1 dx Re 

ö! 
M D 

e 
1 

ö~ db ~ 
M N4 CD 

= 
1 dx Re 

ö~ 
M D 

e 
1 

",here D BI 
aT*" 

B2 
aF = - at , 

ab 

NI B3 
aT* 

B4 
aF 

= äb - ab 

aT*" 
B6 

aF ( 33) N2 = Bs - E ab 

aT" 
Ba 

aF 
N3 = B7 - -ab ab 
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with Bl AG 
élF 

(A3 f Aa F ) 
dl: 

= ää + - da , 

B2 AG 
élT· 

+ (A3 Aa) T* .9.Z = 'ä'"a - da , 

, 

, (34) 

BS A7 
aF 

+ (A 4 f Aa h ) dt 
= a-;; - -da 

aT" .. AaQ) ~ BG = A7 ä8 + (A 4T - da t 

and Al = 2l + 1 - E 

A2 = PJ - tR 

A3 = 'J;i!.:! - J dX (35) 

A4 P dJ R = dX -

As = 3J - 2T* 

AG = AlJ - As 't 
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dJ 
A 8 = Al d'% - A5· (35 cont'd) 

2.5 ~~~=~~~~!_E~~~=~~~=_!~~_~~~~~~~~~_E~!l~~~~~! 
~=E~=~=~~~~~~~_~!_!~~=~~~!_!~~~~~~~~ 

For a glven value of S a complete family of similar 
w 

profiles and their associated integral quantities is computed 

and then tabulated including both the regimes of reverse flow 

(S < 0 and f"(O) < 0) and attached flow (f"(O) > 0) with adverse 

(S < 0) and favourable (S > 0) pressure gradient. When a suffi­

cient number of similar solutions has been computed (here in 

~ 30 separated and ~50 attached similar solutions) these discrete 

points are curve-fitted by polynomial expressions in a, b or a 

and b, taking for example the following form of polynomial : 

N 
'l(a) = E 

i= O 

1 
a (36) 

The polynomial coefficients Cti are determined uSlng the least 

square rule in conjunction with a best fit procedure, that 15 

the chosen degree of polynomial is that which provides the mini­

mum error (this error is taken as the sum of square deviations 

for each point). The maximum number of coefficients is 9. 

Functions depending directly of one profile only are 

the following :~(a), J(a), Z(a), R(a), P(a), Cl(a) and a(b). 

The first order derivatives of these functions are . determined 

by taking the slope of the segment joining two adjacent points 

as the derivative value at the middle point of this segment, for 

example 

~ -;t, • - "J, • 
d~ (a) = 1+1 1 
da a . 1 1+ - a. 

1 

, 



iI 
I 

with a = 
a. 

1 
+ a. 

1+1 
2 

Hence we obtain 

dZ a:;;: (a), 
dJ 
da (a), 

del 
da 

( a) and 
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~ (b) 
db 

Functions depending on both velocity and enthalpy 

profiles are represented by a double summation on a and b : 

T(a,b) ( 38) 

:; but, prior to this curve fitting, the function T(a,b) is deter­

mined point by point in the fOllowing manner : 

~ total enthalpy profile is multiplied point by point (i.e. 

for each value of n) successively by all the velocity profiles 

(for both reversed and attached flow). This procedure provides 

a complete dehooking of the enthalpy and velocity profiles. 

From the tabulated values of T, a first curve-fit gives, 

for each value of b, ~ polynomial function of a, i.e. 

A second curve-fit of lk coefficients (for each value of k) gives 

a polynomial function of b : 

(40) 

Hence the complete set of T(a,b) coefficients can be calculated. 

Both partial derivatives :; (a,b) and ~~ (a,b) are now deter­

mined using a slightly different procedure to that of Klineberg 

(In fact, direct differentiation of the T(a,b) polynomial provides 
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aT/aa and aT/ab ~n K1ineberg's framework). 

Here we use a procedure simi1ar to that emp10yed for 

the T(a,b) curve fitting, from a discrete distribution of deri­

vative points. The first partia1 derivative is obtained from 

five adjacent points of T(a,b) functions using a Tay1or's for-

mu1a 

with 
f(x) - f(Xl) 

• • • x ) = 
r x - x r 

(41) 

Finally, th e polynomial express10ns for aT/aa and aT/ab are 

M 
aT (a,b) = 1: 
aa k=O 

with tk (b) = 

and 
aT 
ab 

(a, b ) 

1: 

= 

N 

N 

R.=O 

M 
1: 

k=O 

k 
a 

Fk,R. 

, 

bR. 

<l>k (a) b 

R. 
a 

(42) 

k 

(43) 
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POlynomial expressions for T, aT/aa, aT/ab are limited to the 

fifth degree in a and b. 

The result of these curve fits ~s a table of 29 poly­

nomials giving functional dependence of the integral quantities 

to profile parameters a and b. A table of these coefficients has 

been computed for the fOllowing values of S (S =-0.8. -0.6. w w 
-0.4, -0.2) - Appendix A. 

Most of the velocity dependent integral functions are 

quite independent of Sexcept P(a) in the separated region but w 
the remaining functions a(b), da/db(b), T(a,b), aT/aa(a,b) and 

aT/ab(a,b) are directly dependent upon the value of S • For 
w 

example the dependence of T(a,b) and aT/aa(a,b) on S is shown 
w 

in figures 2 and 3. 

Remark : A pair of pOlynomial expressions are needed for all 

the parameters depending upon a. respectively for attached and 

separated flow, due to the change in the definition of a in 

these two regions. 

3. METHOD OF SOLUTION FOR SHOCK-WAVE BOUNDARY LAYER 

INTERACTION GENERATED BY A FLAT PLATE-RAMP 

In order to compare Klineberg theory with the numerous 

experimental da t a availabl e the theory has been applied to the 

simple g~etry constituted by a flat plate followed by a deflected 

flap, e being the deflection angle. The physical model of flow 

field developed in such interactions is shown in figure 1. 

3.1.1 Principle of equivalence : 

Lees and Reeves used the fOllowing simple flow model. A laminar 

boundary layer developing on a flat plate is subjected to an 



- 17 -

imp inging externally-generated plane oblique shock wave. 

The impingement point of the shock upon the external boundary 

of viscous flow field is a given parameter for the interaction 

(sketch 1). 

Reattachment 

Xsh. 

Sketch 1 

If we consider only the inviscid flow field, thè ramp flow can 

be considered as equivalent to a flat plate-incident shock with 

the following assumptions summarized in sketch 2. 

Xsh 

= Re c 

Sketch 2. 

( 2) 

Xc 

(44) 
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The equivalence is discussed ~n greater details ~n ref (22). 

3.1.2 Entropy variation through the impinging shock wave 
-_.~_._----------------~-~------------------------

We consider the statie pressure to be continuous across the 

incident shock and its cancelling expansion fan, i.e. p = p 
el e 2 

but we allow the Mach number to be discontinuous, i.e. M ~ M • 
el e2 

To compute M (just behind the incident shock) we assume that 
e2 

streamlines are straight lines between x and x SH and parallel sep 
to the wall at xO. Therefore 

o = 0 = \I(MeO) - v(Me . ). SH sep sep 
(45) 

More details are also given in reference (22). 

Note that subscripts 1 and 2 refer respectively to flow condi­

tions just ahead and just behind of shock impingement point. 

3.2 Nature of solution - boundary conditions ----------------------------------------
The integration , of the differential equations system 

(32) ~s treated as a two point boundary value problem. 

3.2.1 Upstream initial boundary condition : 

Klineberg performed a detailed study of solution's nature for any 

typical viscous interactions. For the particular case of an inter­

action generated by external shock wave, the initialization pro­

cedure of integration must depend on the "state" of boundary 

layer at the beginning of the interaction. 

One can distinguish : 

_ An initially subcritical flow for which a thickening of the 

boundary layer produces a pressure r~se of the external flow, 

which ~n turn thickens the viscous layer, and 50 on, leading 

to an unstable system. 

_ The in~erse case of an initially supercritical boundary layer 

for which a thickening produces a pressure drop, which does 

not allow upstream propagation of disturbances. 
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This distinction ~s based on the integral properties of the 

viscous layer, more precisely on the relative "areas" of the 

subsonic and supersonic parts of the Mach number profile. In 

the framework of Klineberg's theory, the passage from a sub- to 

supercritical state is reflected by the yanishing of the deter­

minant D in equations (32). 

The sub- or supercritical aharacter of a boundary 

layer developing on a flat plate is strongly dependent upon 

the surface cooling ratio. 

At the same distance Xo from the leading edge of a 

flat plate, which was chosen sufficiently large for the self­

induced interaction to be in the weak regime, i.e. 

M3 IC 
GD 

X = « 1 
1RexO 

We have computed M (xO), 6!(xo}, a(xo) and b(xO) for given free e ~ 

stream conditions and various value of wall cooling ratio. The 

determinant D(M ,a,b) is negative for s = -0.8, -0.6, -0.4, 
e w 

vanishes for -0.4 < s < -0.2 and then becomes positive for w 
s = -0.2 and 0 reflecting in the Klineberg's formulation a w 
passage fro m a superc r itical to a subcritica1 state of the boun-

dary layer at point xo as the surface gradua11y approaches adia­

batic conditions. This behaviour necessitates two different 

starting processes for the integration. 

3.2.1.1 Initia11y supercritica1 flow: As has been 

shown ~n reference (8), a supercritica1 boundary layer subjected 

to astrong adverse pressure gradient responds only by means of 

a rapid but continuous change in the governing parameters of the 

flow field because the supercritical viscous layer does not allow 

for upstream propagation of disturbances over larger range than 

a few boundary 1ayer thicknesses. But in the integral formula­

tion, no upstream propagation is possible in such a case, and to 

start the calculation a "jump" in flow properties must be intro­

duced at some point, this jump approximating to the ph7~ically 
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continuous but very rapid process. Downstream of the jump the 

flow proceeds smoothly into the subcritical region and under 

certain conditions of Mach number wall temperature and pressure 

gradient may experience a second change from sub- to 8upercritical 

state prior to attaining the final downstream conditions. 

3.2.1.2 Initially subcritical flows : Within a sub­

critical boundary layer, perturbations are propagated over a 

considerable distance upstream, the intensity diminishing expo­

nentially, as one moves upstream. We choose a point Xc as the 

beginning of the interaction, such that the amplitude of the 

disturbance becomes less than some arbitrary value - say ~ -. 

As in the case of an initially supercritical boundary layer, 

the flow field upstream of Xc is described by viscous weak 

interaction upon an undisturbed flat plate. 

3.2.2 Downstream boundary condition : 

According to the sub- or supercritical state of the downstream 

interacting flow, two types of downstream conditions must be 

used. However, both types lead to the same condition at down­

stream infinitYt where we assume a self-preserving flat plate 

flow with a free stream Mach number (M+) given by inviscid 

theory. 

3.2.2.1 Boundary layer becomes supercritical down­

stream of the interaction : 

According to ref. (8), a study of the sub- to supercritical 

"transition" for various types of viscous interaction showed 

that the boundary layer flowing along a highly cooled compression 

surface goes through a smooth sub- supercritical transition 

downstream of the interaction, process entirely different to the 

shock-like jump at the beginning of the interaction. This "tran­

sition" point is marked by the simultaneous vani8hing of : 

and D ~ 0 
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It is a singu1ar point of the basic differentia1 equations (sadd1e 

point type). As shown in reference (5), there is one, and only 

one. integra1 trajectory among an infinity tending toward the 

singular point which passes through it; this determines the 

correct integral solution. Nevertheless a step-by-step numerical 

integration cannot determine even af ter numerous iterations the 

mathematically exact integral path. Though it is possible by 

applying l'Hospital's rule. in conjunction with a suitable 

iteration process, to release the indetermination of the diffe­

rential equations at the critical point, we apply a simple gra­

phical extrapolation in this region as suggested by Klineberg. 

Downstream of the critical point, the integral solution is stable 

and asymptotically approaches the downstream final conditions. 

(Within the accuracy of the plots, the graphical procedure doesn't 

affect the final result.) Also, it must be pointed out that a 

marked overshoot of pressure above inviscid downstream value 

occurs. Sketch 3 describes qualitatively the behaviour of the 

integral solutions in the vicinity of critical point. 

Xo Xsh 

Sketch 3 

x 

3.2.2.2 Boundary layer remains subcritical downstream 

of the interaction : 

As will be shown later. in th~ section 5.1, the assumed location 

of the critical poin~ moves ddwnstream as we approach the adia­

batic condition from highly cooled ones. Thus for a moderate 

wall cooling ratio (s = -0.4, -0.2) the critical point lies out 
w 
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of the maximum range of x vari~tion which 1S of practical interest. 

For these conditions, the correct integral path 1S 

obtained respectively by iteration on both Xo and ~, the per­

turbation parameter according to the procedure used by Klineberg 

for the adiabatic case. 

An interpolation procedure (described in section 4) 

limits the number of iterations, when Xo and ~o have been deter­

mined with a sufficient accuracy,and achieves to determine the 

correct downstream curve. This interpolation procedure applies 

both when smooth sub- supercritical transition exists through 

a critical point or when the final downstream conditions are 

obtained directly. In fact the interpolation between diverging 

solutions of different type leads automatically to D + 0 and 

N. + 0 (i=I,2,3,4) and thus to an approach to the critical point. 
1 

3.2.2.3 Locations of critical point: 

A numerical evaluation of the critical point location has been 

performed for some particular cases. A plot of a
CR 

as a function 

of Me CR ' corresponding to D(Me,a,b) = 0, for various values of 

b CR is shown in figure 4 for different values of the wall cooling 

ratio. The gene r al behaviour of the function D with variation 

of a at given values of b is shown in figure 5. (The Mach number 

Me is fixed at 5.0, fig. 4 showing that a CR is not very sensi­

tive to Mach number above M=3.) As S goes from -0.8 to 0, these w 
curves flatten along"a'~xis but the general shape remains un-

changed. Despite the fact that D=O is not single value (i.e. 

three critical points exist 1n most cases) the limited range of 

"a" variation for practical cases of shock wave boundary layer 

interactions (0 < a < a .) define the single critical point Blas1us 
which must be considered. 
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4. NUMERICAL METHODS 

This section describes the numerical methods used in 

the different parts of a viscous interaction generated by a 

two-dimensional flat plate ramp geometry in order to be able to 

use digital computer. 

4.1 The weak interaction reg~on ---------------------------
One considers the viscous interaction developing on 

an uodisturbed flat plate - Kubota (23) showed that a solution 

can be obtained by coordinate expansions of the basic differential 

equations in the neighbourhood of the Blasius sOlution, taking 

X (the viscous hypersonic interaction parameter) as the variable, 

provided that X « 1, i.e. at a point sufficiently far from the 

leading edge. Klineberg (8) performed sueh a eoordinate expansion 

of equations (2 3 to 26) rearranged into a convenient form. 

Taking a priori solutions of this form 

(M ) 
e WI 

= M (1 
00 

+ ••• ) 

, 
(46) 

-2 = ba + blX + b2X + ••• 

aod by introdueing these express~ons into the basic differential 

equations, one identifies the eoefficieots for each power ~n X· 

This provides the series of eoefficients (mI' m2. 60. 6 1 • 6 2 , 

~2, aO. al, a2, ba, bI. b2)· 
Note that the integral funetions appeariog ~n these expressions 

(X (a), T(a,b), ••• ) are found from Taylor expansions of these 

funetions in the neighbourhood of the Blasius values of a and b. 
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The complete express~ons of series coefficients are given in 

Appendix Band numerical values for each value of 

are given in Appendix A. 

S investigated 
w 

Typical trajectories for pIp (x), 6!(x), a(x) and b(x) 
Cl) ~ 

are given in figure 6 for M = 6.06 and Re = 0.239 x 10 7 per 
Cl) u 

meter, and various values of the wall cooling ratio. 

4.2 Iteration procedure -------------------
From the undisturbed flat plate solution assumed to 

be existing upstream of the interaction, the required departure 

conditions are applied according to the hstate" of the boundary 

layer at the assumed beginning of interaction, as discussed in 

section 3.2.1. 

4.2.1 Subcritical flow at the beginning of the inter-

action 

According to an analysis of Kubota (19) using a linearization 

of the hypersonic form of moment equations in the neighbourhood 

of Blasius solution, the following form of perturbation must be 

applied at any point 

to properly initiate 

computation. 

tof = M (1 + P l~ ) 
e eO 

6~ = 6~ ( 1 + P2 t) 
~ ~O 

a = ao(l + P3i ) , 

b = b 0 (1 + P4 t ) 

with ~ « 1 

of the weak interaction solution in order 

shock-wave boundary layer interaction 

(47) 
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and PI = [X ~ - J) , 
d'l: 

P 2 [3J * (21; + 1 - E) *1 = - 2T - t 

(48) 

P3 = [( 2 X + 1 - E) J - (3J - 2T -- )':t] 1(*) , 

Pit = [( P 1 + P2 )T~ + P (!.:L) I(.!!....) • } * 
3 aa ab 

The following numerical procedure is then used. Taking arbitrary 

chosen values of xQ (beginning of the interaction) and 1: (per­

turbation parameter), XQ is iterated using a fixed value of t 
(~ 10- 3 ) until the integral trajectory approximately satisfies 

the downstream boundary condition • When xQ has been localized 

with a sufficient accuracy (taken arbitrarily), g is then ite­

rated for this fixed value of xQ until the correct integral path 

is determined by approaching the correct downstream conditions, 

i.e. the Blasius solution. 

4.2.2 Supercritical flow at the beginning of interaction 

In reality p e r turb a tions are communicated upstream over a short 

distance, t he interaction being then initiated with a rapid 

change in t h e flow quantities. This process is mathematically 

simulated by a shock-like jump at the beginning of the inter-

action. 

Writing suitable conservation equations across the 

jum~ Klineberg obtained relations between flow quantities up­

stream and downstream of the discontinuity. This was done by 

writing conservation equations of mass and momentum flux. A 

third equation which describes the variation of mechanical energy 

across the jump is obtained in the limit : the size of the 

control volume (sketch 4) tends toward zero (i.e. ~XI, ~X2 -+ 0). 



- 26 -

Sketch 4 

These conservation equations are the following 

mass flux 
. 

- mI = (p u ) ( 6 2 m2 e e I 

momentum flux 1 2 - I I = (p u 2 ) ( 6 2 -e e I 

total enthalpy (M O·T*) = (M O*T'-) 
e I 2 e I I 

and mechanical energy (moment of momentum) 

with • m 

I 

G 

3 = (p u ) 
e e I 

f6 pu dy = 
0 

= r pu 2dy 

0 

= r pu 3dy 

0 

6d 

od 

, 

, 

- 02 (P2 - PI) , 

(49 ) 

(50) 
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K = fIS u dy 

o 
(51 cont'd) 

At the jump location the external flow is assumed to experience 

a plane oblique shock wave. The "strength" of this shock is fixed 

by the above relations between upstream and downstream flow 

quantities. Finally we get three simultaneous algebraic equa­

tions which give, together with the shock equations, the rela­

tions between upstream and downstream unknowns, respectively 

... * M , IS. , alt b 1 and M , cS. t aZt b Z • 
el ~l ez ~Z 

[
'tl :t z ] 

m F - + ez Z m Fl m Fz 
el ez 

pz 
(- - 1) 
PI 

- (1 - p U
Z )(Z2 - 't 2 ) + (1 - p u )(1 -r r r r 

. . . 

'"1- 1 
---=F-) Zz = 0 m 1 

el 
, 

2u 
r 

M 2 
Y el 

P2 
(- - 1) 
PI [ m J 2 + Z Z - (1 + m ) T Z .... ] ••• 

ez ez 

Jl 
- (1 - p U 3 )(Z2 - J 2 ) + (1 - p u )(1 + F )Zz = 0 , 

r r r r me 1 1 

• (54) 
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(Subscript r refers to ratio quantities across a plane oblique 

shock wave, ~.e. 

p = 
r Pl 

) . 

Then with an initially supercritical boundary layer 

the interaction parameter 

equations 52, 53, 54 must 

initial values (M , 
e2 

xo is iterated until 

... ó. , 
~2 

the 

~s xO, and for each trial value, 

be solved simultaneously, to provide 

a2, b2) for starting the integration. 

integral path satisfies the downstream 

boundary conditions with a sufficient accuracy. 

Remark : Convergence of equations 52 to 54 is relatively fast 

for high wall cooling ratios (S = -0.8, -0.6) but becomes diffi­
w 

cult to achieve (within accuracy of numerical computations) for 

intermediate values (S = -0.4) where the jump intensity is very 
w 

smalle 

Starting with initial conditions as described ~n the 

previous section, the four basic differential equations (eq. 32) 
are integrated simultaneously using a Runge Kutta numerical 

procedure (4th order). A c omputer program has been written for 

an IBM 1130 digital computer. 

The integration variable is x (physical abscissa along 

the wall) for attached flow, but it is convenient to use the 

velocity profile parameter "a" as the independent variable in 

the separated region, due to the steep gradients in "a" af ter 

separation and before reattachment, parti~ularly in the case of 

a highly cooled wall. 

Also, the set of polynomial coefficients must be 

changed from attached to separated flow values as one goes through 

the separation and vice versa at the reattachment point, since 

the definition of the velocity profile parameter is different 
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for attached and separated flows. 

In order to limit the number of iterations upon both 

Xc and C a linear interpolation procedure is used between two , 
solutions of different type downstream of reattachment (see 

sketch 5). 

x 
Sketch 5 

When a sufficient number of iterations has been performed the 

divergence between solutions of different type (one goes to a 

new separation and the other to an expansion) becomes apparent 

some distance downstream of reattachment, the upstream part of 

the integral curves being quite undistinguishable from each 

other, a new starting point is defined by linearly interpolating 

between two diverging solutions (point A sketch 5) and the inte­

gration is continued downstream. This provides a new set of 

two diverging integral curves and the process is repeated moving 

downstream from the divergence point. On highly cooled wall the 

boundary layer experiences a sub- to supercritical change down­

stream of reattachment. In this vicinity the above interpolation 

procedure does not allow for an exact determination of this 

critical point (D=O), the divergence of solutions becoming very 

rapid here. A graphical extrapolation is used, as suggested 

by Klineberg (8), and the numerical integration is restarted at 
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one point lying downstream of the critical point. The equations 

are now stable and converge to the downstream final conditions. 

Note th at in all cases investigated, the pressure 

reached a peak value above the inviscid final pressure (p~) and 
+ 

th en levels off downstream. This pressure overshoot is ~5% of 

the inviscid pressure rise for numerical computations carried 

out in the present study but increases as the free stream Mach 

number of the interaction increases. Practically, the extent 

of graphical extrapolation required is small for hi~hly cooling 

rate and increases as adiabatic conditions are approached. For 

Sw = -0.4 (with free stream conditions investigated here) the 

downstream critical point lies beyond the maximum value of the 

abscissa x reached. For moderate ratios of cooling (-0.4<s <0) w 
the interpolation procedure applies in the same way as for the 

adiabatic case, and final downstream conditions can be reached 

by this means. (A detailed description of the so-called inter­

polation procedure is given in reference 22.) 

5. NUMERICAL RESULTS 

The experimental conditions used by Lewis (ref. 17) 

apart from the wall cooling ratio, have been used for a theore­

tical analysis of the effect of step-by-step variation of wall 

cooling ratio (0.2 < Tw/T t < 1) upon the main features of shock 

wave boundary layer interactions generated by a deflected surface. 

The calculated pressure distributions are shown in 

figure 7a, we observe that a progressive cooling of the surface 

starting with adiabatic conditions produces : 

- an increase of pressure at the beginning of inter­

action (po/P:) (weak interaction region), 

- astrong decrease of upstream influence (XO - x sh )' 

- an increase of pressure gradient in the neighbour-

hood of reattachment. 
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The effect of cooling the surface upon distributions 

* of M , 0., a and b is also shown in figures 7b and 7c. e 1 

The skin friction distributions are shown in figure 7d. 

It 16 found that, as expected. an increase of skin friction is 

produced by surface cooling. The heat transfer coefficient dis­

tributions are shown in figure 7e. This coefficient CH is defined 

in a manner homogeneous to a Stanton number where the reference 

quantities are related to stagnation conditions (due to assump­

tion P =1). 
r 

-q w (55 ) 

In order to study the effect of wall temperature variation upon 

the x sealing of an interaction, the non-dimensionalized form 

of pressure distribution, asdefined by Lewis (ref. 17, 18), has 

been used. 

p - Po 
One plots against 

x - x c (figure 8), 

.. .. . . 
where Ö 1S the d1splacernent th1ckness of an und1sturbed flat 

c 
plate flow at the point x calculated using the free stream and 

c 
wall temperature conditions of the interaction studied. The 

qualitative behaviour is in agreement with Lewis' experiments 

but the decrease in upstream influence due to wall cooling is 

magnified by the unrealisitc jump assumption. 

5.1.1 Effect of surface cooling upon characteristic 
---------------------------------------------
lengths of the interaction : 

Figure 9a shows the variations of the following characteristic 

lengths of an interaction with change of wall cooling ratio. 

- xo/L beginning of the interaction. 

- x /L separation point. s 
- xR/L reattachment point 

- L /L or (x - x )/L length of separated flow. 
sep r s 
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In addition the e~~ect of free stream Reynolds number is also 

shown. All these lengths vary almost linearly with the ratio 

of wall-to-stagnation temperature ratio. In particular, the 

length of the separated region (L ) is very nearly proportion-sep 
al to Tw/Tt over the whole range considered. Also, (L - xO)/L 

which may be considered to be a measure of the extent of up­

stream influence, is again almost proportional to Tw/T t • The 

latter result ~s in accordance with the free interaction sealing 

of Curle, but is more general in that it applies to the extent 

of upstream influence in a complete interaction. 

5.1.2 Ef~ect of sur~ace cooling upon characteristic 

~eatures of the pressure distribution : 

Figure 9b shows the variations of the following pressure ratios 

as a function o~ wall-to-stagnation temperature ratio for two 

free stream Reynolds number values 

- po/P: beginning of the interaction (undisturbed 

flat plate flow), 

- PSH/P : impingement point of incident shock wave 

(or "plateau" pressure), 

p /p~ reattachment pressure risee 
r -

Also plotted are these pressures referred to Po. It will be seen 

that the results must be interpreted in different ways according 

to which non-dimensionalized representation is used. 

F i gures 9c and 9d show the effect of wall temperature 

variations upon the extremes of the skin friction coefficient 

and heat transfer coefficient (C H), these being respectively 

the minimum value reached at corner and peak value in the neigh­

bourhood of reattachment. The latter moves downstream as adia­

batic conditions are approached (see figure 7e). 

Figures 10 show the effect of variation of the Reynolds 

number upon the pressure and heat transfer distribution respec­

tively. 

Remark : From the definition of CH the actual heat flux is 

a (x) = p u C TtS CH(x) 
~ ~ ~ p w , (56) 
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In order to obtain directly the effects of both unit Reynolds 

number and wall temperature ratio changes on the heat flux 

distribution. one must bear in mind that CH(x) must be multiplied 

by factors proportional to these two parameters. 

5.2 Comparison with experimental results 
----------------~-------------------

5.2.1 Limitations of the Lees-Reeves-Klineberg laminar -----------------------.------------------------
theory 

Despite the fact that numerous experimental data are available 

for boundary layer shock wave interactions. only a few results 

are suitable for testing the laminar theory. 

The assumptions used in the theoretical development 

are not valid for certain cases. For example : 

The external inviscid flow is assumed to be isentropic. 

and the compression waves generated by the flow deflection 

coalesce far from the boundary layer edge. This condition is 

required in order to apply the Prandtl-Meyer relationship rela­

ting the local external flow Mach number to the inclination of 

streamlines at the boundary layer edge. Needham (ref. 16) deve­

loped a phys i cal mo d e l of shock wave bounda ry layer interaction 

in hypersonic flow sh owing that compression waves starting at 

the sonic line in the boundary layer coalesce into a shock~ar 

the boundary layer edge. Thus Klineberg's theor~ in the present 

formulation, is not applicable for very high Mach numbers. 

Klineberg suggests the use of the tangent-wedge formula in place 

of that of Prandtl-Meyer in such cases, but this does not fully 

take account of the entropy discontinuities of the shock waves. 

Another question arises when we consider the validity of the 

boundary layer equations, particularly the assumption that 

dp/dy = O. When the separated boundary layer thickness has the 

same order of magnitude as the separated length (at high Mach 

numbers and strong deflection angles) the streamline curvature 

at the boundary layer edge differs considerably from the wall 

curvature and generates a pressure gradient normal to the wa11. 



- 34 -

Holden (12) has developed an integral theory which includes this 

normal pressure gradient. He was able to demonstrate that the 

inclusion of this effect eliminated the necessity for a super­

to subcritical jump and concluded that such jump is a mathema­

tical approximation without physical meaning. Unfortunately 

the addition of the normal momentum equation increases consi­

derably the complexity of the integral method, and the improve­

ment in agreement with experimental data is small except at very 

high Mach numbers. 

The linearized viscosity law ~ ~ T i s not a €'Pod 

assumption for hypersonic flow, where large temperature differ­

ences occur within the boundary layer. 

These arguments limit the application of Lees-Reeves­

Klineberg theory to moderately hypersonic flows. 

5.2.2 Select ion of experimental data for comparison 
---------------------------------------------
with theory : 

Most of the experimental results fall into two groups, according 

to the facility used during tests : 

- Low Mach number, adiabatic wall data (refs. 14,15,20) 

- High Mach number, cold wa11 data (refs. 11,12,16). 

Also available are a few data at moderately low hypersonic speeds 

with a controlled wall temperature, usually achieved by internal 

circulation of coolant (refs. 17, 18, 24, 25, 26). 

The most severe limitation arises when transition 

appears ~n the boundary layer near the reattachment point. The 

concept of "entirely laminar interaction" is understood in 

different ways by experimentators. As an example, Johnson (refs. 

25, 26) considers an interaction to be 1aminar as long as the 

transition (detected by flow visualization, heat transfer mea­

surements or velocity profile surveys) occurs behind the reattach­

ment point. A theoretical ana1ysis of the effect of transition 

is exc1uded in the framework of laminar theory, so we consider 

here only those interactions for which the transition ~s 10cated 
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"far" downstream of the reattachment region fo11owing the 

conclusions carried out by Lewis-Kubota-Lees (18,19). 

A criterion for detecting transition has been defined 

~n reference (20)-(21). It is based upon the observation that 

upstream influence increases with increasing unit Reynolds 

number in purely laminar flow, but decreases in transitiona1 

flow. Thus. if the measured pressure at a suitably chosen pOint(PN) 

in the separation pressure rise region is p10tted against unit 

Reynolds number, it is found that the pressure rises in the 

laminar regime as Re increases, in agreement with 1aminar theory 
u 

but then reaches a peak and starts to fall in the turbulent 

regime. The flow is inferred to be certainly transitional at 

Reynolds number higher than that at which the pressure peak 

occurs (sketch 6). 

.,., ---- ... ~xperiments 
.,., ...... 

,/ " 
/ 

/' 

Sketch 6 

5.2.3 Summary of the major limitations of Lees-Reeves-
---------------------------------------------~--Klineberg theory : 

- The external flow must be supersonic or moderately low hypersonic. 

- The whole extent of the shock wave boundary layer interaction 

considered must be laminar (i.e. the transition point must be 

located "far" downstream of reattachment). 

- The theory is valid for a short extent of separated reg~on 

and the maximum thickness of the separation bubb1e must be 

small with respect to the separated length. 
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5.2.4 Direct comparison withexperiment : 

Klineberg has already made a comparison between his theory and 

the measurements of Lewis (17) which shows good agreement. To 

provide further comparisons, we have considered the experimental 

results of Needham (16), despite the fact that they must be 

considered as limiting cases for the application of the present 

theory. 

Non-dimensionalized pressure and heat transfer distri­

butions are presented by Needham, but the method of data reduc­

tion used to convert the data obtained in conical flow into an 

equivalent two-dimensional form makes a direct comparison against 

theory difficult. Here we match the theoretical values of M 
eO 

and Reo at the beg inning of the interaction with experimenta1 

values, but a1lowing xo to be free to be determined by iteration. 

Figure 11a shows experimenta1 and theoretica1 pressure 

and heat transfer distributions on a flat plate, the interaction 

being generated externally by an oblique plane shock wave imp in­

ging on the boundary layer at 6 inches behind the plate 1eading 

edge. Free stream conditions are M = 7.4 and Re SR = 2.2 x I0 6 • 
eo x 

Figure llb shows similar distributions for an inter­

action generated by a flat plate ramp configuration. The def1ec­

tion angle and free stream conditions are: e = 10°, M =9.7, 
eo 

Re x = O.95xlO s • 
c 

Figure llc shows pressure distribution on a flat p1ate 

ramp with deflection angle e = 6° and free stream conditions 

are M = 7.4, Re x = 2.2 X I0 6 • 
eo c 

All these experimental results have been obtained in 

a gun tunnel so that surface model is kept cold (s ~ -0.8). w 

The length of separation is magnified by the theory, 

whilst the predicted heating is too low. Nevertheless the agree­

ment between theory and experiment is reasonable. 
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In figure 12, theoretical results obtained both in 

this section and from the parametric study (section 5.1) have 

been used to check the experimental plateau pressure correlation 

presented by Needham (16) and derived from the "free interaction" 

concept. The theoretical points lie within the scatter of the 

experimental data. 

Finally a comparison of the Lees-Reeves-Klineberg 

theory with experimental results obtained by the author on an 

adiabatic wall model with a short flat plate ramp is presented 

in figure 13. Good agreement for both unit Reynolds numbers of 

1.03 and 2.32 x I0 7 per meter is achieved, and theoretical trend 

vhen Reynolds number is increased is clearly demonstrated by 

the experimental results. 

6. CONCLUDING REMARKS 

Shock wave laminar boundary layer interactions gene­

rated by a flat plate ramp geometry with a non-adiabatic iso­

thermal surface have been studied using the Lees-Reeves-Klineberg 

theory. The method has been extended to a wide range of vall-to­

stagnation temperature ratios from adiabatic to highly cooled 

conditions. 

A parametric study of the effect of surface cooling 

upon the main overall features of pressure and heat transfer 

distributions has been carried out which showed that the length 

of separation and the "upstream influence" decrease quasi 

linearly with the vall-to-stagnation temperature ratio. Within 

the basic limitations of the theory, i.e. considering a purely 

laminar interaction at moderate hypersonic speed over a model 

geometry generating a short length of separation, good agreement 

vith experimental results has been found for both pressure and 

heat transfer distributions. 
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APPENDIX A 

1. Notations used for weak interaction coefficients 

CC{MJ,LJ) CC{MJ,l) CC{MJ,2) CC{MJ,3) 

CC ( 1 , LJ) dO aO b o 

CC{2,LJ) m 11 m 12 m2l 

CC{3,LJ) dll d2l d22 

CC{4,LJ) all a2l a22 

CC{5,LJ) b 11 b2l b22 

2. Notations used for profiles dependent integral functions 

2.1 ~~~~!:_E~~!~!:_~:E:~~~~~_!~~~~~~~~ 

F{a) 

where 

NK=9 
= E 

NK=l 
CD(NJ,NK) NK-l a 

F is the integral function considered 

NJ is the subscript of definition of function F 

NK 1S the subscript of summation 

a is the parameter of summation. 

Example 

1> (a) 
NK=9 

= E CD{6,NK) NK-l a 
NK=l 

2.2 ~~~~!~~~~_~=~=~~~~~_~~_~~!~_!=!~S~~l_~~~_!~~~!_=~!~~!El 
profiles ---'-----

5 
T{a,b) = E 

k=O 

6 
CD{NJ ,NK) b NK- 1 with 
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aT 5 
Ck (b) 

k 
(a,b) = r a 

aa k=O 

6 
NK-l with Ck (b) = r CD(NJ,NK) b 

NK=l 

aT 5 k 
(a,b) = r CPk b ëlb k=O 

6 
NK-l with CPk(b) = r CD(NJ,NK) a 

NK=l 

where NJ is the subscript of definition of ~k' t k , ~k 
and NK 1S the subscript of summation 

Integral Subscr ipt Summation 
function of defi- parameter 

nition (NJ) 

bo 1 b 

0 2 b 

dO/db 3 b 

C 0 4 b 

~o 5 a 

1> 6 a 

J 7 a 

Z 8 a 
,-

R 9 a 

P 10 a 

d~/da 11 a 

dJ/d'65 12 a 

Cl 13 a 

dCl/da 14 a 
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Integral Subscript Summation 
functions of defi- parameter 

nition (NJ) 

~l 15 b 

t;2 16 b 

r; 3 17 b 

"(;4 18 b 

Gs 19 b 

t l 20 b 

t 2 21 b 

€3 22 b 

t 4 23 b 

is 24 b 

lP 1 25 a 

, 2 26 a 

, 3 27 a 

, .. 28 a 

lP s 29 a 
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SW -0.200 

WEAK INTERACTION COEFFICIENTS 

CCCl, LJ) 
CCC2, LJ) 
CCO,LJ) 
CC( ~, LJ) 
CC( S,LJ) 

PROF I LES 

ATTACHEO 

coc 1, NK) 
COC 2, NK) 
CDC 3, NK) 
CO( ~,NK) 

COc S, NK) 
CO( 6, NK) 
coC 7, NK) 
CO( S, NK) 
COC 9,NK) 
COClO,NK) 
COCll,NK) 
COCl2 ,NK) 
CD C ll, NK) 
CD 04,NK) 
CO<lS,NK) 
eo n6, NfO 
CO (17 ,NK) 
CQ<l8,NK) 
CQ 0 9 , NK) 
eD(2o , ruo 
CDe21, NK) 
C002 ,flK) 
CD C 23, NK) 
CO(24 ,NK) 
COC2S,NK) 
COC 26, NK) 
COC 27, NK) 
CD(28 , NK) 
COC29,NK) 

CC(MJ,l) CC(MJ,2) CeeMJ,3) 

O.172ItOIt69E Ol 0.163~001~E Ol 0.93S72139E-Ol 
0.661S6177E 00 O.1378165H Ol 0.1606S371E Ol 
O.18419537E Ol -O.48865032E Ol O.34234957E Ol 

-O.30817132E Ol -0.107~26S9E 02 O.35315408E Ol 
0.506501616 E-Ol -0 . 2S90~2S9E Ol o • 13036112E Ol 

COEH I Cl ENTS 

FlOW 

eDCNJ,!) CO(NJ,2) CO(NJ,3) CO(NJ,~) CO(NJ,S) CD(NJ,6) eDCNJ,7) 

0.10120~lE Ol -0.SO~7927E 02 0.llS3S01E O~ -0.13S7696E OS 0.S~2~SlSE OS -0 .20269SSE 06 O.OOOOOOOE 00 
0.S79S0SSE 00 -0.1l6S297E 02 0.9960SSlE 02 -0.27S0326E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
O.2007842E Ol -O .5436568E 03 O.1216447E OS -O.9961009E 05 O.2820441E 06 a.ODCODaOE 00 a.DOOOOODE 00 
0.22S12S2E 00 -0.3S392SlE Ol 0.1l77166E 02 0 .1~721S2 E 03 -0.1299~SSE O~ 0.2S~2161E O~ O.OOOOOOOE 00 

-O.7186277E 02 -O.151879GE Ol -O.1680972E Ol O.2113904E Ol -O.7680599E 00 0.8863358E-Ol a.ODDooaDE 00 
O.2432018E 00 O.1l1l2097E 00 -0.2133638E-Ol 0.3ijlt602"E-02 -0.6690906E-03 0.6692868E-01I -0.16835"2E-06 
0.36766S2E 00 0.16939~2E 00 -0 .13S336 1E-Ol -0.1695096E-02 0 . 26~9S2~E-03 O.OOOOOOOE 00 O. OOOOOOO E 00 
0.1012450E Ol 0."59 .. 26lE 00 0.3377379E-Ol 0.3237293E-02 -0.5287739E-03 O.OOOOOOOE 00 O.OOOOOOOE 00 
0.1276809E Ol -0 . 5942 1 57E 00 0.3563U7E 00 - 0.1l35015E 00 O.2301015E-01 -0.2861258E-02 0.1659720E-03 
0.13916S6E-03 0.~9S2S37E 00 - 0.10S6S66E 00 0.1l8S776E-Ol 0.3939~03E-03 -0.3S"SOOE-03 0.17916S4E-0~ 
0.1l36275E 00 -0.3572020E-01 -0.183 .. 999E-Ol O.5089926E-01 -0.5147828E-01 0.2770314E-01 -O.8265964E-02 
0.1511220E 01 0.22"4828E 00 0.28 .. 5154E-Ol -0.4192"9IE-Ol 0.11l0120SE-01 - 0.H66130E-02 O.OOOOOOOE 00 
0."170089E 00 0.1549519E 00 0.1l50744E 00 -O.9130536E-01 0.4738381E-Ol -0.8776338E-02 0.4865755E-03 
0.20165116E 00 -0.4722840E-Ol 0.2645002E 00 -0.2817051E 00 0.1611833E 00 -0.4036320E-Ol 0.3530115E-02 
0.2204281E 00 -0.2194535E Ol -0.4280882E 02 0.11421187E 0 .. -0.9593486E 04 0.2838957E 05 O.OOOOOOOE 00 

-0.6593967E-01 -0.2174748E 00 0.7720492E 02 -0.1716420E 04 0.1 .. 9l038E 05 -0.1I623654E OS O.OO(lOOOOE 00 
0 . 1875200E-01 0.5760566E 00 -O . 4947714E 02 0 .1 057011E 0 .. -0.9329457E 011 0.2960383E 05 O.OOOOOOOE 00 

-O.3 69 9270E-02 -0.15118264E 00 O.1l94590E 02 -0.2565513E 03 0.2305J5lE 0 .. -0.746220lE 04 O.OOOOOOOE 00 
0.3067735E-03 0.1118205E-01 -O.9376580E 00 Cl.2071095E 02 -0. 1904819E 03 0.6299467E 03 O.OOOOOOOE 00 

-0.1682139E 00 0.6047677E Ol -0.1095075E 03 0.1378137E 04 -0.1019487E OS 0.3046426E 05 O.OOOOOOOE 00 
0.1l06624E 00 -0.8034078E Ol 0 . 24911444E 03 -0.4077232E 04 0.3220H2E 05 -0.9571915E 05 O.OOOOOOOE 00 

-0.49114029E-01 0.5577l51E Ol -0.2048198E 03 0.3572309E 04 -O.2891132E 05 0.86851106E 05 O.OOOOOOOE 00 
0.1129086E-01 -0 . 1677208E 01 0.6594230E 02 -O.1181328E 04 0.9689585E 04 -0.2937162E 05 O.OOOOOOOE 00 

-0.9987279E-03 0.1759699E 00 -0.716 7904E Ol 0 . 1303086E 03 -O.1078170E all 0.3290778E (111 O.OOOOOOOE 00 
0.1I390039E 04 -0.1989711E 03 0.3978322E 03 -0.3287593E 03 0.1090818E 03 -0.121709SE 02 O.OOOOOOOE 00 

-0.1l38261E 06 0.91221104E 04 -0.1731730E 05 0.1408695E 05 -O.46593110E 011 0.5201066E 03 O.OOOOOOOE 00 
0.11181395E 07 -0. 1 571627E 06 O.3122597E 06 -0.2572816E 06 0.8570825E 05 -0.9616lt70E 04 O.OOOOOOOE 00 

-0.9465590E 07 0.1228785E 07 -0.2531726E 07 O.2111752E 07 -O .7088488 E 06 0.7997489E n5 O.OOOOOOOE 00 
0.2358122E 08 -0.3600359E 07 0.7588980E 07 -0.6386908E 07 0.2158036E 07 - 0.244750SE 06 O.OOOOOOOE 00 

SEPARATED FLO~1 

CDCNJ,1) CO(NJ.2) CO(NJ,3) CDCNJ, 4) CO(NJ,S) COCNJ,6) CO(NJ,7l 

CO( 1, NK) 0. 10 10356E Ol -0.4992520E 02 0.1l31355E O~ -O.135061GE OS 0.814760JE OS -(I. 1949407E 06 O.oOOOOOOE 00 
coc 2,NK) O.1711652E Ol -0. SS22S3~E 02 0.3197853E O~ -0 . 7509432E OS 0.107S22SE 07 -0.8612346E 07 0.293S3SSE OS 
coc 3, NK) -0.11811227E 03 O.llSSll~E OS -0.5770l .. 7E 06 0.1646610E OS -0.2705836E 09 O.2380160E 10 -0.8678436E 10 
CO( 4, NK) -0.2601S10E 00 -0.S901~S3E Ol O. ~ 021S12E 03 -0.5698633E O~ 0.3603~71E OS -0.8664879E OS O.OOOOOOOE 00 
CO( -0.7169670E 02 0.10S9~23E 02 -0. S72712SE 02 0.960S0SSE 03 -0.3 54171I1E O~ 0.5386795E O~ O.OOOOOOOE 00 

COCNJ, S) CO(NJ,9) 

O.OOOOOOOE 00 O.OOOOOOOE 00 
O. OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O. OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
0.12 89 5 7 5E-02 -0. 820 IS 56 E -04 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O. OOOOOOOE 00 O.oOOOOaOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
a.oOOOOOOE 00 O.oOOOoaOE 00 
a.OOOOoOOE 00 O.OOOOOODE 00 
a.oOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O. OOOOOOOE 00 
O.OOOOOOO E 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOODE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.O ODOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 

CDCNJ . 8) CO(NJ,9) 

O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 5, NK) 

coc 6, NK) 0 .2~3 01~6E 00 -0.2348471E 00 -0. Gll263SE 00 0.2702778E Ol -0.1313284E 02 0 .2076036E 02 -0.1l2S720E 01-0.1l069~6E 02 O.OOOOOOOE 00 
CO( 7, NK) O. 3669505E 00 -0.3620679E 00 -O.6890594E 00 0.2SS9.,7E Ol -0.1466418E 02 0.310908lE 02 -0.2001SS9E 02 O.OOOOOOOE 00 O.OOOOOO(lE 00 

coc 8, NK) 0 . lOO9939E Ol -0.1010514E Ol - 0 . 1l69SS2E Ol 0.3497865E Ol -0.2086277E 02 O.454Q653E 02 -0.29263SSE 02 O.OOOOOOOE 00 O.OOOOOODE 00 
coc 9, NK) 0.1276387E Ol 0.1341297E Ol O.~ 7210SSE Ol -0.289385JE 02 0 .1 9S~9S3E 03 -O.3713260E 03 0.2~79120E 03 O.OOOOOOOE 00 O.OOOODOOE 00 
COClO,NK) -0.2866114E-03 -0.101830SE Ol -0.3709193E Ol 0.2687367E 02 -0. 1454293E 03 0.3126624E 03 -0.210S2S7E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 
CO( l1,NK) -0.2612833E 00 o. 7~3~800E-Ol -0.12S2S11E 02 0.9311746E 02 -0.4387744E 03 0.1097330E O~ -O.1237780E O~ 0.492396lE 03 o.OOOOOOOE 00 
COC12,NK) O.1506058E Ol -O.4660438E 00 -0.9189562E 00 -0.4567602E Ol 0 . 39S6340E 02 -O.1l~6~92E 03 0.1l0066lE 03 O.OOOOOOOE 00 O.OOOOOOOE 00 
CDCl3,NK) 0.4127476E 00 -O.4048745E 00 - 0.1I769246E 00 0.1539471E Ol - 0.74 54624E Ol 0.1478646E 02 -0 .90~6S25E Ol O.OOOOOOOE 00 O.OOOOOOOE 00 
coc 1~, NK) -0.4359281E 00 0.30811968E 00 -O.1032689E 02 0.4737627E 02 -0.1220907E 03 0.lS63~S7E 03 -0.1l41363E 03 O.oOOOOOOE 00 o.oOOOOOOE 00 
COC IS, t'K) -0.313830lE 00 -0.3858612E 02 0.17l4G17E O~ -0.276S117E OS 0.19S1122E 06 -0. S137912E 06 O.OOOOOOOE 00 o.OOOOOOOE 00 O.OOOOOOOE 00 
CO( 16, NK) -0.545120lE Ol 0.8426081E 03 - 0.2970S6lE OS 0 .4464240E 06 -0.3081020E 07 0.8029295E 07 O.OOOOOOOE 00 O.OOOOOOOE 00 O.DDOOOOOE 00 
CDC17,NK) 0.3489904E 02 -0.S096239E O~ 0.1748877E 06 -0.258497H 07 0.1764671E OS -0.4564025E OS O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
coc 18, NK) -0.11l5S 9 7E 03 0.12S008lE OS -0.~12S0S7E 06 0.591782JE 07 -0.397066lE OS 0 . 1015575E 09 O.OOOOOOOE 00 O.OOOOOOOE 00 0.000 0000 E 00 
CD 09,NK ) 0 . 101887!JE 03 -0.10 0 6172E OS o .3096SS6E 06 -0.4343267E 07 0.287590lE OS -0.7292795E OS O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOODE 00 
CO<20,NK) -0.2236704E 02 0.1293193E 04 - 0 .2960689E OS 0.3376"25E 06 -0.1911262E 07 O. ~2S2S62E 07 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COC21,NK) 0.2919593E 03 -0.1644304E 05 0.3613880E 06 -0.3937849E 07 0. 21274HE OS -0.lt552502E OS e.oeOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
CD(2LNK) -0.14l4123E all 0.71S02S7E OS -0.1410S60E 07 0.1362S27E OS -0.643776lE OS 0.1181893E 09 O. DOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
CD<23,NK) 0.2579852E 04 -0.1096177E 06 0.173842lE 07 -0.1l9 0596E OS 0.2671202 E OS 0.2277867E OS O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
CD(24,NK) -0.1496832E 011 0.5032238E 05 -0 . ~S69S6SE 06 -0.1900187E 07 0.4726599E OS -O.lSOOSllE 09 O.OOOOOOOE 00 O·.OOOOOOOE 00 O.OOOOOOOE 00 
COC2S,NK) 0.'4374763E 04 -0.SS9S760E 03 0 .2 0S23S1E OS -0.1627111E 06 0.5497548E 06 -0.680876SE 06 o.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
CO( 26, NKl -0.1l32137E 06 0.3429344E 05 -0.S~9776SE 06 0.6417504E 07 -0.209S292E OS 0.243254 OE OS O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
CDC27,NK) 0.1469797E 07 -O.5896708E 06 0.140~771E OS -0 . 1042375E 09 0.3337893E 09 -0.37S1930E 09 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COC2S,NK) -D.9365388E 07 0.4488342E 07 -0 .1012996E 09 0.7S9S323E 09 -0 . 2402994E 10 O. 26~9~S9E 10 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COC29,NK) 0.2126390E os -0 .12 S~S2SE os 0.2S1S~S4E 09 -0. 2060~lSE 10 0.6~60~OSE 10 -0 . 70329S3E 10 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 



- 44-
sw -o.~oo 

WEAK INTERACTION COEFFICIENTS 

ceCM"',l) CC(MJ,2) CC(MJ,J) 

CC<1,LJ) O.1721J1990E Ol O.163lfl712E Ol O.1879U46E 00 
Ce(2, LJ) O.66196978E 00 O,10341641E Ol o .1606~ 8S6E Ol 
CCO,LJ) O.156669"2E Ol -0 .~39S~992E Ol O.309668S4E Ol 
CC(', LJ) -O.H827699E Ol -0. 79S38S'SE Ol 0.2860730lE Ol 
CC(S, LJ) 0.8801'036E-Ol -0. H026S61E Ol 0.16812727E Ol 

PROF IlES COEFFICIENTS 

ATTACHED FLOW 

CO(NJ,1) CO(NJ,2) CO(NJ,3) COOlJ,' ) CQ(NJ,5) 

coc 1, NK) O.1890959E Ol - a.ltS39928E 02 O.4979701E 03 -0.2896391E 0' 0.8S87S21E 0' 
coc 2, NK) 0.1722617E Ol -0 .129362lE 02 0.'496'27E 02 -0. S9443'9E 02 O.OOOOOOOE 00 
COC 3, NK) -0 .1002S62E 02 -0.3l9 S77lE 02 O.1309It,5E 04 -0 . 7169710E 0' O.1204925E OS 
coc 4"NIO O.5041592E 00 -O.168 01f .. 9E Ol -0.173S736E Ol 0.128867lE 03 -0. S689027E 03 
CD( 5, NK) -0.S441S87E 02 -0.209S99lE Ol -0.2S22788E Ol 0.361'362E Ol -0.U7992'E Ol 
COC 6,NK) O.2377678E 00 0.1l92232E 00 -0.20S000lE-Ol 0.1343508E-02 0.29744SlE-O' 
COC 1, NK) O.3582686E 00 0.1783417E 00 -0.l'Ol867E-Ol -0. H781S9E-02 O.80371t65E-03 
CD( 8, NK) 0.979'896E 00 0.'79'3S6E 00 0.32 76316E-01 0.5475098E-02 -O.155992]E-02 
COC 9,NK) O.1306113E Ol -0.6 .. 8838 .. E 00 O.3868538E 00 -0.1l3266H 00 0.17'3S6SE-Ol 
CDOD,UK) 0.1108829E-03 O.5039683E 00 -0.1l88S' SE 00 o .1676002E-Ol -0. 1326236 E -0 2 
CD(ll,NK) D.12138l7E 00 -O.Sl29218E-Ol O.2020 .. 38E-Ol -0.1l37002E-Ol 0.'O'17S7E-02 
COC 1Z, tIK) 0.l'98l7H Ol 0.273S72SE 00 -0.3589Z06E-Ol O.lOSS 891E-02 0.1083242E-02 
CD(13,NK) 0.39'86S8E 00 0.21032'3E 00 0.1196742E-01 -0.1l697'6E-Ol 0.2773902E-Ol 
CD<1',NK) 0.20ZH09E 00 -0.2588126E-01 0.2810809E 00 -0.4119822E 00 O. H9129SE 00 
COCl5,NK) 0.'6B913E 00 -0.187l937E Ol -0.32S797SE 02 O. lSll770E 03 -0 . lB'9'2E 0' 
COO6,tlK) -0.1143591E 00 -0.1568937E 01 0.6370317E 02 -0.6287818E 03 0.2S760HE 0' 
CO <17, NK) 0.Z07578ZE-01 0.164690ZE 01 -0.'3'2230E 02 0.'12173SE 03 -0.1702281E 0' 
CD <18, "Kl -0.3SH739E-02 -0.'7l6078E 00 0.llSlS67E 02 -0.1086161E 03 0.4S18616E 03 
CDn9,NK) 0.32Sl840E-03 0.'J,S988E-Ol -O.lO'73'OE Ol 0.986998H Ol -0.411'S29E 02 
CD(20,NK) -0.H79S10E 00 0.'230008E Ol O.177H7SE Ol -0.23161S9E 03 0.123967SE 0' 
CO(21,NK) 0.2705689F. 00 -0.1I605089E Ol O. H36896E 02 -0.8896258E OZ -0.7320907E 02 
CO(22,NK) -0.1307030E 00 0.H899'7E Ol -0.' 36080'E 02 0.29S2S1SE 03 -0.9S11889E 03 
CD(23,"K) 0.3078758E-01 -O.10811396E 01 O.1686007E OZ -0.l298lS0E 03 0.'67'689E 03 
CO(ZII,HK) -0.2681780E-OZ 0.1l79943E 00 -0.1998619E Ol 0.1616374E 02 -0.6QS2213E 02 
Co(2S,NK) O.HBII811E Dit -0.6572239E 02 O.1958HH 03 -0.197181SE 03 0.7116502E 02 
CO(26, NK) -O.1635783E OS O.13S23S7E 0' -0.l49'S62E 0' 0.3'6'07SE 0' -0 .12S3S29E 0' 
CD(27,NK) 0.96288S7E OS -0.9H9966E 0' 0.26S'369E OS -0.27l9'HE OS 0.100060SE OS 
CD(28,NK) -D.2850Z75E 06 O.2883569E 05 -0.922696SE OS 0.986'676E OS -0.3703998E OS 
CO(29,HK) 0'. HS2S9SE 06 -0. H0736H OS 0.l20S212E OG -0.1l46120E 06 O. S16Q821E OS 

SEPARATEO FlOl'l 

CD(NJ,!) CD(NJ,2) COCNJ,3) CD(NJ,4) C9(NJ, S) 

CO( 1, ~IK) 0.1897S99E Ol -0.'S2'36SE 02 0.'92'844E 03 -0.28'291SE 04 O. B370841E 0' 
Coc 2, fiK) 0.3323193E 01 -D.77B9360E 02 0.121805I1E 011 -0.1154834E OS O. S9116S7E OS 
CD( 3, "Kl -O.9219S92E 02 0.lS2S78'E 0' -O.66461162E 05 0.6823H2E 06 -0.3628416E 07 
CO( 4, NK) -0.'79 1203 E 00 -0 .lH9 344E 02 0.28S'J6SE 03 -0.207'368E 0' 0.67a7l96E 0' 
CD( 5, tlK) - 0.5'20684E 02 0.218S80H-Ol o . 1449370E 03 -0.7lS036SE 03 0.1381S6lE 0' 
CD( 6, NK) 0.2H'196E 00 -0.2S27624E 00 0.2S968'SE 00 -0.SHOS18E Ol 0.2199028E 02 
CD( 7, NK) 0.3S73910E 00 -0.H,0032E 00 -0.63S3008E 00 0.2171027E Ol -0.12907S9E 02 
CO( 8, NK) 0.9766272E 00 -0.91S7787E 00 -0.9998776E 00 0.17273l0E Ol -0.l'313S7E 02 
CD( 9,NK) 0.1l07616E Ol 0.1303407E Ol O.4994744E 01 -0.3311S00E 02 0.20S956SE 03 
CO OO,HK) -0.6320771E-03 -0.9183089E 00 -0.3229979E Ol 0.237211SE 02 -0.1294306E 03 
CD(ll,NK) -0.2792692E 00 0.2H6680E Ol -0.Sl96'9SE 02 0.3970874E 03 -0.1636322E 0' 
CD<12,NK) 0.lSOl'20E Ol -0.6862806E 00 0.3760630E Ol -0.378G911E 02 0.1499297E OJ 
CO( ll, NK) 0.3968S6lE 00 -0.362'77H 00 -0. "'83S9E 00 0.1l3'214E Ol -0. S89'l'4E Ol 
CO (14, NIC) -0.4395904E 00 0.29882HE Ol -0.SS282S3E 02 0.3788677E 03 -0.13870S1E 0' 
COCl5,NIC) -0.1899182E Ol 0.62'7S81E Ol 0.2S793'2E OJ -0.2888HH 0' 0.llS2H8E OS 
COO6,NK) 0.732'728E Ol 0.20'780SE 03 -O.60900S0E 04 O. S32090H OS -0.1973872E 06 
CD(17 ,N K) -0.1980'80E 02 -0.l8907S9E 0' 0.'298'61E OS -0.3487S30E 06 0.12'7920E 07 
COC 18, NIC) -O.4S001190E 02 0.6368727E 0' -0.1l68204E 06 0.880862SE 06 -0 .30HS47E 07 
CD(19,NK) 0.8263504E 02 -0.S691217E 04 0.9' 26964E OS -0. 6816S6lE 06 0.229819H 07 
CD(20,NK) -0. S813166E 02 0.197744SE Dil -0.2549a03E OS O.1605861E 06 -0 ... 9511 733E 06 
CO(21,NK) 0.787l003E 03 -0.2628780E OS O. B'37l8E 06 -0.20832HE 07 0.63730SSE 07 
COC22,Nk) -O.3897185E Olt 0.121S'94E 06 -0.l'8707'E 07 0.9026096E 07 -0.270979'E 08 
CD(23,NK) 0.72800HE 0' -0.2l2'8S0E 06 0.2'9'6'lE 07 -0.1469919E 08 0.4314467E 08 
COC H,l4k) -O.4"989811E O~ O.123666"E 06 -0.1391669E 07 O.7931024E 07 -0.226S'06E 08 
COC 25,NK) 0.1II27BOE 0" 0.lS6'376E 03 -0.2229566E 011 0.71S6496E 04 0.16S'32SE OS 
CD(26,NK) -0.1628HlE OS -0.18B480E 0' 0.SS3'3S0E 0' 0.57862,.OE OS -0.7871328E 06 
CO(27,NK) 0.9S8S21lE OS 0.73637l8E 0' 0.7l6063SE OS -0 .1l19410E 07 0.7602373E 07 
CD(28,NK) -0.2838'7lE 06 -0.8926B94E 0' -0.'660S60E 06 0.S229819E 07 -0.29S2993E 08 
Co(29,NK) 0.H'1l66E 06 -0.'3lSS17E 0' 0.7884026E 06 -0.79776'6E 07 0.41273S2E 08 

CO(NJ,6) 

-0.1017739E OS 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
0.81216S2E 03 
0.1623S73E 00 
O. OOOOOOOE 00 

-0.'00290lE-O' 
0.l899216E-O' 

-0 . 1l09170E-02 
0.6181'96E-O' 

-0 .68H059E-03 
-0.226184'E-03 
-0.9345412E-02 
-0.lH6135E 00 

0.2196385E 04 
-0.382Z955E 04 

O.2569708E 011 
-0.6899'2oE 03 

0.6369726E 02 
-0.207l842E 0' 

0.S79S192E 03 
0.l1Z30Z1E 011 

-0.62'1909E 03 
0.811011975E 02 

-0.82ltn72E 01 
0.l'S77S3E 03 

-0.1l7S12SE 0' 
0.4400'69E 0' 

-0.620'3lSE 0' 

CO(NJ,6) 

-0.9861)3HE 0' 
-O.1247853E 06 

0.78178S2E 07 
-0.8"4B2l8E 0' 

O. S0079'SE OJ 
-0. 5807538E 02 

0.2739SS2E 02 
0.3'06317E 02 

-O.184B120E 03 
0.2736a79E OJ 
0.361768SE 0' 

-0.28'8862E 03 
0.1l931135E 02 
0.27876S0E 0' 

-0.162 0S'6E OS 
0.2688913E 06 

-0.1663984E 07 
0.39618S0E 07 

-0.29S 6092E 07 
O. S992000E 06 

-0.76SS'99E 07 
0.3209328E 08 

-0. S02000'E 08 
O.257106SE 08 

-0.867lS32E OS 
0.173S227E 07 

-0.137134 0E 08 
0.'860147E 08 

-0.644603'E 08 

eD(NJ,7) eO(NJ,8) 

O.OOOOOOOE 00 o. DeQOOGDE 00 
O. DODooeDE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 a.DODOOGOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 a.DODOOGOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
0.4391901E-04 O.OOOOOOOE 00 
0.'S~8707E-OS O.OOOOOOOE 00 
O. a92160H-03 O.OOOOOOOE 00 
0.2600099E-Ol -0.l8'692'E-02 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOoE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 o.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOODE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 

COCNJ,7) CO(NJ,8) 

O.OOOOOOOE 00 O.OOOOOODE 00 
O.OODOOOOE 00 O.OOOOOOOE 00 
o.onOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
0.8SS'lOOE 02 -0.1I802383E 02 

-0.1736S63E 02 O.OOOOOOOE 00 
- 0.2216424E 02 O.OOOOOOOE 00 

0.2'83SS0E 03 O.OOOOOOOE 00 
-0.1802S8SE 03 O.OOOOOODE 00 
-0.3948061E 0' 0.1666447E 0' 

0.2270798E 03 o.oOOOOOOE 00 
-0.720'07SE Ol O.OOOOOOOE 00 
-0.28S70'H 04 0.1l6'9S6E 0' 

O. OODOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 

COO'J,9) 

O. OOOOOODE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
a.OODOOODE 00 
O.oooooonE 00 
O.OOOOOODE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O. OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 

CD CUJ, 9) 

O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O. OOOOODOE 00 
O.OOOOOOOE 00 
O.OOOOOODE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
o.OOOOOODE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
a.oOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 
O.OOOOOOOE 00 



- 45-
SW -0.600 

WEAK INTERACTION COEFF I Cl ENTS 

CCCMJ,l) CCCMJ,2) CCCMJ, 3) 

CC( 1, lJ) 0.1724l549E Ol 0.16336767E Ol 0.28211760E 00 
CCC2, LJ) O.66183984E 00 0.68881285E 00 0.16060264E Ol 
CCO,LJ) n.12964274E Ol -O.38444666E Ol 0.27738795E Ol 
CC(4, lJ) -0.1902438H Ol -0.565l5l50E Ol 0.22147183E Ol 
CCC5,LJ) 0.11233793E 00 -0.40482835E Ol 0.20676l02E Ol 

PROF IlES COEFF I C I ENTS 

ATTACHEe HOI., 

COCNJ,l) COCNJ,2) CoCNJ , 3) COCNJ,4) CDCNJ,5) CD(NJ,6) CDCNJ,7) COCNJ,8) CO(NJ,9} 

coc 1,NK) O.2912912E Ol -O.4926310E 02 0.3786752E 03 - 0.1538372E 04 0.3178047E 04 -0.2619741E 04 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
coc 2, NK) O.3273021E Ol -O.232970ItE 02 0.8807365E 02 -0.1702461E 03 0 .1325 679E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 O.O OOOOOOE 00 O.OOOOOOOE 00 
coC 3, NK) -0.21S6118E 02 0.1467479E 03 -0.3234761E 03 O.1l5335SE Ol O.S568568E 03 O.OODOOODE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
coC 4, NKl 0.878l807E 00 -0.4438156E Ol -0.2950l57E Ol 0.8575444E 02 -0.2576340E 03 0.252l464E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 o.OOOOOOOE 00 
COC 5, NK) -O.5922720E 02 -O.4145298E Ol 0 .8924835E 00 0.1384278E Ol -0 . 8245806E 00 0.1202995E 00 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COC 6, NK) O.228792lE 00 0.1301224E 00 -0.2461319E-Ol 0.1770436E-02 0.6514634E-04 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COC 7, NK) 0.3435018E 00 0.1940737E 00 -0.1894793E-Ol -0.2723700E-02 0.6378561E-03 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COC 8, NK) 0.9289087E 00 0.519583H 00 0.3390965E-02 0.3412923E-Ol -0.1l99552E-Ol 0 . 1l01652E-02 O. OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COC 9,NK) 0.1359245E Ol -0.7727751E 00 0.5148797E 00 -0.1901181E 00 0.4522400E-Ol -0.6614011E-02 0.4516236E-03 O. OOOOOOOE 00 O.OOOOOOOE 00 
eoeIO,NK) 0.4504812E-04 0.5167260E 00 -0.1304416E 00 0.1861089E-Ol -0.9351079E-03 O.OOOOOOOE 00 O.OOOOOOOE 00 O. OOOOOOOE 00 0.0000000 E 00 
CDCll,NK) 0.1320599E 00 -0.6178326E-Ol 0.3008609E-Ol -0.2082683E-Ol 0.8576700E-02 -0.1622709E-02 0.1126"4E-03 O.DOOOOOOE 00 a.OODOOOOE 00 
CQC12,NK) O.H85940E Ol 0.2899080E 00 -0.3139439E-Ol -0.2605892E-02 0 . 3986596E-03 O. DOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COO',NK) O.3749805E 00 O.198860SE 00 0.5265136E-Ol -0.5793720E-Ol 0.6256018E-Ol - 0.2171938E-Ol 0 . 2360651E- 02 O.OOOOOOOE 00 O.OOOOOOOE 00 
CD(14,NK) O.2026946E 00 0.2772013E-Ol O.161S620E 00 -0.3319475E 00 O.1865422E 00 -0.204666lE 00 O.4815844E-Ol -0.4163511E-02 O.OOOOOOOE 00 
co Cl5, NKl O.8386147E 00 -O.3218976E Ol -0.1687463E 02 0.164l024E 03 -0.465l708E 03 0.4576787E 03 O.OOOOOOOE 00 O.OO OOOOOE 00 o.OOOOOOOE 00 
CO 06, NI() -O.Z907772E 00 -0.1106967E-Ol O.3464562E 02 -0.2657899E 03 O.7754127E 03 -0. a014759E 03 O. DOODDODE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COC17,NK) 0.9671567[-01 O.9828481E 00 -a.2716865E 02 0.1946l48E 03 -0.571238lE 03 0.6024l68E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 o.oOOOOOOE 00 
COD8,NKl -O.2451961E-Ol -O.3644711E 00 0.8308698E Ol -0.578n98E 02 0.170U20E 03 -0.1822878E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 O. OOOOOOOE 00 
CDC19,NK) 0.2592060[-02 0.3896356E-Ol -0.8552632E 00 0 . 5936780E Ol -0. 1762838E 02 0.1898196E 02 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
eD(20,HK) -O.8068393E 00 O.60820UE Ol 0 . 18170l6E Ol -a.lS85094E 03 0.5768040E 03 -0.6518139E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
eo C2l,HK) O.6740213E 00 -O.6471fS4H Ol O.1907022E 02 O.3329 749E 02 -0.2952040E 03 O.4398936E 03 O.OOOOOOOE 00 a.DOOOOOOE 00 a.DOOOOOOE 00 
COC22,NK) -0.3692l93E 00 O.4688066E Ol -O.310S003E 02 0.1131745E 03 -0.193894lE 03 0 . 1059963E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
coC 23, HK) 0.9674153E-Ol -O.15817SlE Ol O.1l86276E 02 -0.6620826E 02 0.152966 JE 03 -0.1318497E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
CO(24,NK) -O.9167635E-02 O.187619SE 00 - 0.1813053[ 01 0.9768003E Ol -0.2 426922E 02 O.22542 04E 02 O. OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COC25,NK) O.1096584E 04 - O.8045093E Ol O.5126657E 0 2 -0.7884082E 02 O.3563249E 02 -O.4841029E Ol a.DODOOOOE 00 O. OOOOOOOE 00 O.OOOOOOOE 00 
COOG,tIK) -0.876952SE 04 O.2421282E 03 - 0.7263963E 03 0.1009388E 04 -0. 4504390E 03 0 .612 3190E 02 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
co C 27, NK) 0.3608967E 05 -0.7815559E 03 O.347 8544E 04 -0.5371450E 04 0.2478582E 04 -0.3423312E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
COO8,NK) -0.7454214E 05 O.2344541E 03 -O.6849S87E 04 0.1279094E OS -O.6207325E 04 O.8764991E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OODOOOOE 00 
CO(Z9,NK) 0.6108326E OS 0.1337067E 04 0.449134SE 04 -0.1122879E 05 0.S789452E 04 -0.8383043E 03 O.OOOOOOOE 00 O.OOOOOOOE 00 0.0000000 E 00 

SEPARATED FLOW 

CO CNJ,1) COCNJ,2) COCNJ,3) CDCNJ.4) COCNJ,5) COCNJ,6) COCNJ,7) COCNJ,8) COCNJ,9) 

coC 1, NK) 0.2909518E Ol -0.4886837E 02 0.3732008E 03 -0.IS07484E 04 0.3099'19E 04 -0 .2545003E 04 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

COC 2, NK) 0.5141833E Ol -0.8298115E 02 0.8889820E 03 -0.5740300E 04 0.1993020E 05 -0.2843864E 05 O.OOOOOOOE 00 O. OOOOOOOE 00 O.OOOOOOOE 00 

COC 3, NK) -0.lZ45110E 03 O.4230522E 04 -0.7lt57459E 05 0.7629208E 06 -0.4536592E 07 0.1453778E 08 -0.19'040lE 08 O.OOOOOOOE 00 O.ODOOOODE 00 

coC 4,NIO -0.8496940E 00 - 0.7339845E Ol O. B49612E 03 - 0.6970823E 03 0.1580489E O. - 0. B55198E 04 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

COC 5, NK) -0.59l69 51E 02 - 0.1020833E Ol D.1422166E 03 -0.6091092E 03 0.8730449E 0 3 0.1l1930JE 04 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

COC 6, NK) 0.2284925E 00 -0.200903SE 00 -0.2089189E 00 - 0 . 159811H Ol 0.8232807E Ol -0.3188295E 02 0.5967343E 02 -0.3752324E 02 O.OOOOOOOE 00 

COC 7, NK) 0.3430975E 00 -0.290S073E 00 -0.4727668E 00 -0.7567150E-Ol 0.1766312E 00 -O.9095745E Ol 0.2978683E 02 -0.2294712E 02 O.OOOOOOOE 00 

co C 8, NK) 0.9289307E 00 -0.76B208E 00 -0.1135972E Ol 0.3969454E 00 0.9600368E 00 -O.2038090E 02 0.577S402E 02 -0.4223102E 02 O. OOOODDOE 00 

coC 9,NK) O. B54212E Ol 0.2088778E Ol -0.1437306E 02 o • 12!U994E 03 -0. 4618336E 03 0.1031769E 04 -0 . 1235459E O~ 0.6075875E 03 O. OOOOOOOE 00 

CD<lO,NK) 0.4996032E-03 -0 .9259l58E 00 0.1463316E Ol -0.2091992E 02 0.8041362E 02 -0.2270987E 03 0.392S1SSE 03 -0.2S03818E 03 O.OOOOOODE 00 

COCll,NK) -0.246S702E 00 0.2111875E Ol -0.4722626E 02 0.3566528E 03 -0.1454 021E 04 0.H694BE 04 -0.3399746E 04 0.1407967E 04 O.OOOOOOOE 00 

CO{12,NK) 0.1478838E Ol O.S804386E-01 -0.8S03183E 01 0 .5 56l031E 02 -0.2109996E 03 0.4587796E 03 -0.5S.8839E 03 0.324788 3E 03 O.OOOOOOOE 00 

COC13,NK) 0.3749648E 00 -0.324S716E 00 -0.9513976E-02 -0.1888377E Ol 0.3256014E Ol -0.1269779E Ol O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

CDC14,NK) -0.36 76629E 00 0.2578781E Ol -0.5045329E 02 0.3522822E 03 -0.132l927E 04 0.2724077E 04 -0.2863049E 04 0.1199299E 04 O.OOOOOOOE 00 

COClS,NK) -0.9161282E 00 -O.3S99497E 02 O.S733518E 03 -0.3196122E 04 0.7874599E 04 -0.7247282E 04 O.OOOOOOOE 00 O. OOOOOOOE 00 O.OOOOOOOE 00 

CO (16, NK) -O.IS48636E 02 0.8l8551ZE 03 -0.9944634E 04 0.5l70l74E 05 -0.1238868E 06 O.1124335E 06 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

COC17,NK) 0.102710 2E 03 -O.4963265E 04 0.5829898E 05 -0.2972322E 06 0.7032547E 06 -0.6326867E 06 O.OOOOOOOE 00 O.OOOOOOOE 00 O.O OOOOOOE 00 

COC l8,NK) -0.3317432E 03 0.1250726E 05 -0.1373556E 06 D. 6780D07E 06 -0.15741HE 07 0.1398946E 07 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

CDC 19,t~K) O.3040754E 03 -0.9872160E 04 0.1033065E 06 -O .49 77598E 06 0.1139l99E 07 -0.1002952E 07 O.OOOOOOOE 00 O.OOOOOOOE 00 O.ODDOOOOE 00 
COC20,NK) -0.7214920E OZ 0. 1529336E 04 -0 .1258521E 05 O. 5128922E 05 -n.1035BlE 06 0.8266353E 05 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

co C 2l, NK) 0.9483078E 03 -0.1926623E 05 0.1522028E 06 -0.5965242E 06 0.1161088E 07 -0.8966303E 06 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOODE 00 

CDC22,NK) -0.4561980E Dil D.830SD68E 05 -0.S986695E 06 0.2150248E 07 -0.3839439E 07 0.2720323E 07 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 
CO(Z3,NK) 0.8084584E 04 -0.1281226E 06 0.7932605E 06 -0.2352134E 07 0.3232138E 07 -0.1538590E 07 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

COC24,NK) -0.II63076ZE 04 0.6085132E 05 -0.2747SS9E 06 0.3S.9774E D6 0.6032597E 06 -0.1390782E 07 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

COO5,NK) 0.1096595E 04 0.1006430E 03 -0.6735957E 03 -0.2850148E 04 0.39l44l9E 05 -0.8862825E 05 O.OOOOOOOE 00 O.OOOOOOOE 00 O.ODDOOOOE 00 

COC26~NK) -0.8781634E 04 -0.6067462E 03 - O.1115663E OS 0.14S5155E 06 -0.7473870E 06 0.1198158E 07 O.OOOOOOOE 00 O.O OOOOOOE 00 0 .0000000 E 00 

COC27~NK ) 0.36 20337E OS 0.5393227E 03 0.106l284E 06 -O.1049401E 07 0.4590832E 07 -0.6559986E 07 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

COC2B,NK) -0.7493679E 05 0.3286809E O. -0.3222858E 06 0.294l699E 07 -0.1200562E 08 0.1618463E 08 O.OOOOOOOE 00 o.oooooaDE 00 O.OOOOOOOE 00 

COC29,N K) 0.6155607E 05 -0.6041636E 04 0.3327236E 06 -0.2927'67E 07 0.1148hlE 08 -0.1495228E 08 O.OOOOOOOE 00 o.ooaOOODE 00 O.OOOOOOOE 00 



- 46-
SU -0.800 

UEAK I UTERACT I ON COEFF I C I ENTS 

CCCl,LJ) 
CCC2, LJ) 
CCC3,LJ) 
CC(4,lJ) 
CCC5,LJ) 

PROF I LES 

ATTACHED 

coc I,UK) 
coC Z,NK) 
COC 3,UO 
coC 4 .. UK) 
COC 5,NK) 
COC 6,llK) 
COC 7,NK> 
coC B,NK) 
COC 9,NK) 
COClO,I~K) 
COCU,NK) 
C0C12"NK) 
CDC13,NK) 
COCH,NK) 
COCl5,NK) 
C0C16/NK) 
COfl1,UK) 
COClS,llK) 
CD Cl9, 11K) 
COC20,NK) 
COC2l,NK) 
COCl2,I'4K) 
COC23,llK) 
CD(2 .... I~K) 
COC25,UK) 
CO(26 .. I~K) 
eoe27,14K) 
COC28,NK) 
CDf29,"K) 

SEPARATED 

coC 1,IlK) 
COC 2,14K) 
COC S,NK) 
COC 4, I~K) 
COC 5,UK) 
COC 6,llK) 
coC 7, I~ K) 
COC d,NK) 
coc 9,IIK) 
COClO,NK) 
co C 11, UK) 
COCl2,IIK) 
COClS,NK) 
COClO,UK) 
COCl5,NK) 
COCl6,HK) 
COCl7 ,llK) 
COClS,NK) 
CO C 19, 11K) 
COC20,NK) 
COC2l,NK) 
COC22,IIK) 
COC25,llK) 
COC24,NK) 
COC25,IIK) 
COC26,llK) 
CO C27, NK) 
CDC28,I~K) 
CDC29,UK) 

CCCMJ,I) CCCMJ, 2) CeeMJ , 3) 

O.172lf0100E Ol 0.16328.01E Ol O.3195300lE 00 
0.662l0007E 00 O. '''26000''E 00 O.16127500E Ol 
O.10223600E 01 -O.31ll81402E Ol O.24411S0ltE Ol 

-0.lH57601E Ol -0.H105902E Ol 0.15732300E Ol 
O.1273600lE 00 -0. "9017400E Ol O.2874050lE Ol 

COEFF I C I ENTS 

FLOU 

COCIIJ,l) COCflJ,2) COCllJ,S) COCNJ," ) COCNJ, 5) COCNJ,6) COCNJ,7) 

O.4261H1E Ol -O.6157092E 02 O.19115996E 03 -O.11"3925E Oft O.2273664E Dit -D.1518686E 0 .. D.OOQOOODE 00 
0.S678075E Ol -0.H68022E 02 0.2685578E 02 -0.18'4.23E 02 O.OOOOOOOE 00 O.OOOOOOOE 00 O.OOOOOOOE 00 

-O.2560494E 02 O.1530367E Ol -O.3SU975E 03 O.2906592E 03 a.oaDOOODE 00 O.OOOOOOOE 00 D. OOOOOOOE 00 
0.1467029E Ol -0.G19S428E Ol -0.lS34790E Ol 0.6616170E 02 -0.1589657E 03 0.12157~lE 03 O.OOOOOOOE 00 

-0.7406826E 02 -0.'025508E Ol -0.8562842E-01 0.2191791E Ol -0 . 1I66896E Ol 0.1791068E 00 O.OOOOOOOE 00 
0.2159569E 00 0.1O'6S06E 00 -0.2676""lE-01 -0 •• 000408E-OS 0.5829025E-93 O. OOOOOOOE 00 O.OOOOOOOE 00 
0.5199875E 00 0.2l09286E 00 -0.1066506E-01 -0.8910706E-02 0.1796175E-02 O.OOOOOOOE 00 O. OOOOOOOE 00 
0.8606220E 00 0.5S60091E 00 0.2517679E-01 0.S5012'OE-01 -0.1>92288E-01 0.1I65250E-02 O.OOOOOOOE 00 
0.1457706E 01 -0 . 9707156E 00 0.6S684S4E 00 -0.2256521E 00 0.41038HE-Ol -0.30699lf5E-02 O.OOOOOOOE 00 
0.1699928E-03 · 0.5347523E 00 -0.1442540E 00 0.1828404E-Ol 0.5143890E-03 -0.1396539E-03 O.OOOOOOOE 00 
0 . 1II918"4E 00 -0.7996785E-Ol 0.4553073E-Ol -0.3123530E-Ol 0.1001542E-01 -0.7780675E-03 -0.8590212E-04 
0.1058878E Ol 0.B82785E 00 -0.5709781E-01 -0.5751755E-01 0.519'626E-01 -0.2205759E-01 0.2952755E-02 
0.3456743E 00 0.1561S10E 00 0.2181642E 00 -0.2988159E 00 0.2391l381tE 00 -0.8096699E-Ol 0.95105 .. 3[-02 
0.2202'I>E 00 -0.H121S6E 00 0. 962 0H9E 00 -0.1980170E Ol 0.2UOHSE Ol -O.1l2'021E Ol 0.28050S0E 00 
0.1407069E 01 -0.4673S36E Ol -0.14 .. 658SE 02 0.1231t34SE 03 -0.2802988E 03 0.2184363E 03 O.OOOOOOOE 00 

-0.6S01719E 00 0.147S198E 01 0.273160lE 02 -0.1884711E 03 0.ltS041t33E 03 -O.37401ItSE 03 O.OOOOOOOE 00 
0.51S00HE 00 0.H9'S66E 00 -0.2222988E 02 0.HOl812E 05 -0.H9'885E 05 0.289.607E 05 O.OOOOOOOE 00 

- 0.9878188E-Ol -0.ISS2839E 00 0.n6S"8E Ol -O.4S04640E 02 0.1098691E 03 -O.9S06629E 02 O.OOOOOOOE 00 
0.1199229E-Ol 0.1991355E-Ol -0.8434880E 00 O.5118777E 01 -0.1256854E 02 0.109911t8E 02 O.OOOOOOOE 00 

-0.1685068E Ol 0.U60509E 02 -0.lS75526E 02 -0.5216925E 02 0.2128265E 03 -0.2029576E 05 O.OOOOOOOE 00 
0.1676513E 01 -O.1II64785E 0 2 0 .602 064lE 02 -0.1403068E 03 0.164HS2E 03 -0.6175170E 02 O.OOOOOOOE 00 

-0.9765H8E 00 0 .10S0 l39E 0 2 -0 .BU760E 02 0.2279887E 03 -0.4171379E 03 0.2888297E 03 O.OOOOOOOE 00 
0.2607175E 00 -Q.3S4 .. 6SSE Ol 0.258"79lE 02 -0.1064026E 03 0.2128201fE 03 -Q.15900g3e 03 O.OOOOOOOE 00 

-0.252280lE-Ol 0.lf379S .. 3E 00 -0.3579971E 01 0.ls65586E 02 -0.3254103E 02 0.25t089/tE 02 a.ooooaOOE 00 
0.1168181E 04 -0.5137349E 02 0.11051S0E 03 -0.1139075E 03 0.1I793986E 02 -0.G807la3SE 01 a.oOOOOOOE 00 

-O.7864746E 011 0.6H089l:1E 03 -0.12"1206E 011 O.1233086E 04 -0.5H"517E 03 O.7297830E 02 O.OOOOOOOE 00 
0 .2686553E OS -0.2469258E 04 0.533l1a88E 04 -0.5525328E 04 0.2355393E all -O.B84"02E 03 O.OOOOOOOE 00 

-0.45119103E os 0.41799l:19E 04 -O.1009791E 05 0.l10610lE 05 -0.48S2531E 04 0.7089919E 03 O.OOOOOOOE 00 
0.3025512E 05 -O. 26046S3E 04 0.7039856E 04 -0.8172907E 04 0.369G934E 04 -0.54 986 01tE 03 O.oooooaOE 00 

FLOW 

CDCNJ,U CDWJ,2) COClIJ, 5) COCliJ, 4) COCNJ, 5) CDCNJ,6) COCNJ,7) 

0.43704"IlE 01 -0.6347748E 0 2 0.4123527E 05 -0. lS91791E O' 0.23HH2E 04 -0. 1571S43E O' O.OOOOOOOE 00 
0.766HOlE 01 -O.l1"OOSSE 05 0.ll87404E 04 -0.7749337E 04 0.29H108E 05 -0.5796773E 05 0.lf468747E 05 

-0.lS27965E 05 O. H77002E O. -0 . "34S0G4E 05 0.31636""E 06 -0.150'S98E 07 0.28lSS22E 07 -0.2056200E 07 
-0.190'91"E 01 -0.1067966E 02 0.212176'E 05 -0.1001222E O' 0.1991617E 00 -0.1If59769E O' O.OOOOOOOE 00 
-0.7387666€ 02 -0.1072111E 02 O.2613652E 03 -0.10944 71E O' 0.1028890E 04 O.1102238E O' O.OOOOOOOE 00 

0.2155'59E 00 -0.2lS2991E 00 0.llS8 919E Ol -0.I1326HE 02 0.6015286E 02 -0.1905997E 05 0.5275771E 05 
0.H92755E 00 -0.2506050E 00 -0.4H028"E 00 0.2279195E Ol -0 . U71917E 02 0.4710648E 02 -0. '612138E 02 
0.8590"5E 00 -0.65lS702E 00 0.2H9219E 00 -0.lf640319E Ol -0.172249SE Ol 0.24908HE 02 -0.2805178E 02 
0.1_58739E Ol 0.9495550E 00 0.79.0915E Ol -0. 58"576E 02 0.275275lE 05 -0. 45851lf9E 05 O.2760114E 05 

-0.4281911[-03 - 0.2821226E 00 -0.8S27181E 01 0.7108799E 02 -0.S206760E 05 0.6826S90E 05 -0.6597211E 05 
-0.25601S3E 00 0.572'676E Ol -0.S782386E 02 0.56S0224E 03 -0.1294467E 04 0.2568210E O' -0 .2 56.,59E 00 

0.H95762E Ol -0.1767176E Ol o .1669609E 02 -0.7623469E 02 0.86\022'E 02 0 .2 S55378E 03 - 0.74140"E 05 
O. H19051E 00 -0.2557996E 00 0.5926206E 00 -0 ..... S4457E Ol 0.H084laE 02 -0. 1556955E 02 0.H10988E 02 

-0.H2581SE 00 0.5927558E Ol -0.5590925E 02 0.H155S9E 05 -0.96B9'OE 05 0.1685057E 04 -0.IS25127E 00 
-0.lB9615E 02 o .20 .... 382E 03 -0.1321417E 0" 0.4S29795E 04 -0.7059744E 04 0.4S"49"SE O. O.OOOOOOOE 00 

0.1282109E 05 -0.1988905E O. 0.124922SE 05 -0.S9S5768E 05 0.6169219E 05 -0.S8S011SE 05 O.OOOOOOOE 00 
-0.4871962E 05 0.6580105E 0" -0. 3659682E 05 0.10266S0E 06 -0.lOS 6605E 06 0.7975890E 05 O.OOOOOOOE 00 

0.65069'9E 05 -0.7568958E O' 0.S2789'2E 05 -0.666H59E 05 0.5S68195E 05 -0.5576768E O' O. OOOOOOOE 00 
-0.2825281E 05 0.2'79061E 04 -O.S95S044E 04 -0.77"5866E 04 0 •• 91096SE 05 -0.5096571E 05 O.OOOOOOOE 00 
-0.9480354E 02 0.H55088E 04 -O.2889t68E 05 O.1169091E 06 -0.2199936E 06 0.1571397E 06 O.OOOOOOOE 00 

0.1372878E A' -0.3996389E 05 O.3S 2034SE 06 -0.1396610E 07 0.259676SE 07 -0.1840010E 07 O.OOOOOOOE 00 
-0.6655504E O' 0.1691725E 06 -0.H32583E 07 0.5560625E 07 -0. 10206HE 08 0.7170955E 07 O.OOOOOOOE 00 

0.11678S5E 05 -0.275U"5E 06 0.2250259E 07 -0.8594286E 07 0.1561910E 08 -0.109020SE 08 O.OOOOOOOE 00 
-0.670S.50~ 00 0.149S183E 06 -0.1l951a91tE 07 O. '510065E 07 -0.8lS'05SE 07 0.561a8293E 07 O.OOOOOOOE 00 

0.116510lE 0 .. 0.1727296E 03 -0.10H099E O' -0.5022015E O' 0.5277018E 05 -0.986l9S3E 05 O.OOOOOOOE 00 
-0.78H081E 0 .. -0.4372172E 05 -0 . 1610558E 05 0.19H570E 06 -0.8076107E 06 0.1l51934E 07 O.OOOOOOOE 00 

0.2678S62E 05 -0.H22052E 04 0.1235789E 06 -0.1l41 .. 30E 07 0.426909H 07 -0.5237721E 07 O.OOOOOOOE 00 
-0.4S36228E 05 0.6879550E O. -0.3028.60E 06 0.2572666E 07 -0. 902955OE 07 0.10S2920E OS O.OOOOOOOE 00 

0.3018369E 05 -0 . 7077070E 04 0.250600lE 06 -0.204471SE 07 0.69H970E 07 -0.783lf236E 07 O.OOOOOOOE 00 

eOWJ,8) COCHJ,9) 

O.OOOOOOOE 00 O.OOOOOOOE 00 

8:88888m 88 8:888888g~ 88 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O. OOOOOOOE 00 

-0.2739579E-Ol O. OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O. OOOOOOOE 00 O. DOODDODE 00 
G.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O. OOOOOOOE 00 O. OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O. OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 

CDCNJ,8) CDCI~J,9) 

O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOO OOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 

-0.28175BE 05 0.9957688E 02 
0.15H676E 02 O.OOOOOOOE 00 
0.8U6090E Ol O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
0.2S61755E 05 O.OOOOOOOE 00 
0.99958HE 05 O.OOOOOOOE 00 
0.549065'E 05 O.OOOOOOOE 00 

-0.6026988E 01 O.OOOOOOOE 00 
0.5515919E 05 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OODOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O. OOOOOOOE 00 
O. OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 
O.OOOOOOOE 00 O.OOOOOOOE 00 



- 47 -

APPENDIX B 

Weak interaction coefficients computation 

The four basic differential equations of moment 

(eq. 7 to 10) can be rewritten in the fOllowing form with the 

hypersonic viscous interaction parameter X as the independent 

variabIe : 

Y+l 
l+m 2{y-l) M3 tgG 

QO CD 

Ft. - 2(ï+iil) --- , 
e m X e 

rA
-

31-1 

dM l+m 2(Y-l) 
MooP 

dt. d~ da ( 2't+l-E) t. --S 1 
2(l+m"") ~ + t. - + = - , 

da M M t. 
dX dX e dX X e e 

(BI) 

[JA -

31-1 

* dM l+m 2{y-l) M R 
dt. dJ d1 da (3J-2T ) ~ 1 QO CD 

J + t. - + t. = 2(ï+iil) M"X , 
d~ da M 

dX dX e dX X e e 

31-1 

* .- T"'t. dMe l+m 2{y-l) M Q 
T* ~ + t.(2.!.. da + 2.!.. ~) 1 T*t. 2(--=) 

QO 

+-- = - n aa ab - M dX 
l+m 

dX dX dX e X e e 

Re 6t X 
where t. = 

M3 C 
CD 

M31ë 
CID 

and X = • 
/Rei 

• 



Exp & n s ions in powers of X about the zero pressure gradient 

Blasius solution are assumed of the form : 

+ ••• ) 

, 

(B2) 
t 

Here the logarithmic term in the expansion for 6 has been found 

necessary because of the singular nature of a particular solu­

tion of equations BI. It may be shown (ref. 8) that : 

Af ter introducing these expressions (B2) into equations (BI) the 

unknown coefficients are determined by equating terms of the 
- -same power in X up to the second degree in x. 

The integral functions of velocity and total enthalpy 

profiles are found by Taylor expansions in the neighbourhood 

of the Blasius point (aB and bBl. For example : 

a - aa 2 
(a2'~) 

~(a ) = ~ + (a - aa) (!f) + ( ) + • • • , 
· B oa B 21 aa 2 

B 

or 
2 

1: (d~ ) dt, -2 
al ( d 21, ) 

X2 l (a) = + al - X + a2 (dä) X + + • • • B da B 2 
da 2 B B 

(B4) 



and for T(a,b) 

T(a,b) = TB + 

2 
al 

••• + 2 
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+ ••• 

(B4 cont'd) 

Derivatives of the first order (~~, *, :~, etc. ) are directly 

available using the polynomial expressions resulting from the 

curve-fits of the similar solutioos, (see section 2-5), whilst 

• 

d 2 ;r, a2 T a2 T . 
derivatives of the second order such as ---, ---, --- are obta1ned 

da 2 aa 2 ab 2 
by differentiation of the polynomial expression of the first 

order derivatives. 

The following expressions for the coefficieots in the 

coordinate expansions of equations (B2) are found : 

ath degree 10 X coefficients : 

P 1/2 
= (2~) 

~B 

= Pr w 

(B6) 

(B7) 

Since l, R, P, Jare pOlynomial fuoctions of a, the value of aO 

may be found from (B5) using an iteration procedure. 
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lst degree in X coefficients : 

with 

Ö 1 = 

with 

with 

b 1 = 

with 

2nd 

m2 = 

-(y-l)(l+m ) 
Cl) 

rn 1 1 = 

m12 = 

(d 1 1 -

dll = 

Ki = 

bll rn l 

b 11 = 

~BÖa , 

( 1 - E)B Ó a . 

Kl) m 1 • 

[ (~) 
da B 

( ~ + 1 - E) -B 
2(~) 

da B 
(J 

[t (g.) 
B da B 

J (~) ] B da B 

3y -
y 

2 
Ö a 
2 

-

, 

1 
rn 

( 1 
Ol) 

) 
1 + m 

Cl) 

J B (1 - E - t) B + 2}:B T * B 

1', (dR) J (!!!) 
B da B B da B 

da B [(~) 1 
ba QB all + dll 

degree in X coefficients 

[IN: - 1 m2l]ml + [1 
m 1 J Cl) 

+ m 
M3 Cl) 2 (M 2 -

CD Ol) 

(B8) 

- T·)B] 

(BlO) 

(BIl) 

2 
(B12) ml , 
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with 

2 
a2 = (a21 + Kla22)ml + (all - a22)m2 

where a21 and a22 are given by the fOllowing relations 

= [1 - (2 Ê + ê)] all d 1 1 + [ Ê 
(B - ê) (Ê - ê) 

ft. (B + ê) 
ê (B - ê) 

where : 

A = J r"" - (1 - E) J - 21. T *" B Ltl"B B B B 

... 
J (d:e) _ 1, (il) B = B da B B da B 

... 2 [10 (~) _ J (.1E.) ] C = 2' 
60 

B da B B da B 

... .;t a 2T*) a 
E = ( 3J - - JE -B aa B 

oa 

... 
JBClB(~) 1? (aT) F = 2 BClB äb 

B B 

, 

(2·~ + 1 -

+ Dal~]all+ 
2(B - C) 

E)B 

(B13) 

Fbll 

(B - ê) 



with 

m = 3y-1 ( CD) 

2(y-U ~ 
CD 
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5v-3 CD 

[ 
m ] 1-~­

y-1 l+m
CD 

1 Ö
2
1 -e ö2 = 2 - G2 Log Öo 

Fina11y. 

with 

(B14) 

, 

2(2~ + 1 - a 0 )} - 1 B B B , 

(B15) 

, (B16) 
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b l1
2 

-+ 
2 

~B ] 
PB pry 

Numerical values of the coefficients g~ven by equations B5 to 

B16 are given in Appendix A for each value of S investigated. 
y 
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