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Numerical Solution of Transonic Full Stream

Function Equations in Conservation Form

Abstract

The stream function equation in conservation form is solved
iteratively based on the artificial compressibility method. The
density is not a unique function of the mass flux. To avoid the
ambiguity near the sonic line, the density is updated in terms of
the velocity, which is obtained through a simple integration of a
first order equation step-by-step in the flow field. Iteration
algorithms and finite difference approximations are discussed, and

numerical results of both conservative and nonconservative calculations

are presented.

*
This work is sponsored by NASA Ames Contract No. NASA-10252.
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1. Introduction

The stream function formulation is suitable for design problems and
internal flow as well as rotational flow calculations. The stream lines
and potential lines (in the case of irrotational flows) provide an
orthogonal grid with a natural body fitted coordinate.

There are, however, some difficulties in solving the stream
function equation: (1) the density is not a unique function of the mass
flux, and (2) stream function exits only for two-dimensional and axi-
symmetric flows. Extension to three-dimensional flows in terms of more
than one stream function is not simple to implement. Due to these
stumbling blocks, the stream function has not been recently used.

In 1944 Emmons (Reference 1) solved the stream function equation by
hand relaxation where the shock was fitted. In 1968 Sells (Reference 2)
calculated only subcritical flows using line relaxations. Here transonic
flows are calculated where shocks are captured, based on the artificial
compressibility method (Reference 3), and the density is updated in terms

of the velocity without ambiguity.
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2. Stream Function Formulation

For irrotational flows, the governing equations are:

(pu)X + (DV)y =0

1
p = [1 - x—%—l-Mi(uz + v2 - lﬂY -1 .

A potential function exits and it is governed by:
(po ), + (p¢y)y =0

1 1

R L R

In terms of natural coordinates s , n Equation (4) becomes:

2 -
@ -uD +¢ =0

Similarly, a stream function exists such that:

b v
ke SO
o T TV T

178

(1

(2)

(3)

(4)

(5)

(6)

()

(8)
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Hence
)+ (2)
X ) =
(px+ 5 Ny 0 9
2 2 1
- vt v Z
o=l:1—l—§—1mi(—x——2—z-1)]Y 1 (10)
P
or (1—M2)1pss+zpnn=o X (11)

While the density (the speed of sound) is uniquely determined in terms of

the speed q2 u2 + v2 , from Equation (3), Equation (10) indicates that
there are two values of the density for certain mass flux (Sells, Reference
2, obtained rational approximations for the subsonic and supersonic
branches).

We notice also that Equation (11) is a nonlinear mixed-type equation

similar to Equation (6).



Flow Research Note No. 178
October 1979

3. Artificial Viscosity

It is well known (Reference 3) that Equation (6) can be solved by
adding an artificial viscosity term either expliacitly or indirectly

(through upwind differencing), namely,

a - M2)¢SS + 6 = g (12)

nn SS8s8

The corresponding stream function equation is

2 -
a-u )wss + lpnn - _Ewsss (13)

Equation (13) is indeed equivalent to Equation (12) with the augmented
artificial viscosity term.

Therefore, upwind differencing of Equation (11) in exactly the same
way that Equation (6) is solved will yield nonconservative calculations.
In the first case, however, the flow is irrotatiomal and due to the
nonconservative differencing, a proper mass balance across the shock is
not achieved and the error can be represented as a source distribution at
the shock. On the other hand, the mass is conserved automatically in the
stream function formulation and due to the nonconservative differencing,

a vorticity distribution at the shock is produced.
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4. Shock Jump Conditions

Equation (1) admits a discontinuous solution such that

L]
o

[eu] - (j—’;)s [ev]

"
o

(&), 3+ 0v]

In terms of the velocity potential, Equations (14 and 15) read

[es 1 - (3—;‘)8 Leo, T = 0

L] = 0

and in terms of the stream function, they are:

Cvl-=o

SIGEEN

(14)

(15)

(16)

17

(18)

(19)

Either the shock is fitted according to the above shock jump relations, or

it is captured through a proper conservative finite differencing, such
that in the limit of small mesh, the shock jump conditioning are

satigfied.
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5. Artificial Compressibility

In Reference (3), the full potential equation in conservation form is

solved. An artificial viscosity is added through modifying the density,

namely,
(be ) + (pcpy)y =0 (20)
where pP=p-1 pSAS (21)
zu v
psAS q x A+ 1 pyAy (22)

Centered differences are used everywhere in Equation (20). Only P is

evaluated using upwind differencing.

Similarly, the artificial viscosity can be added to the stream

function equation as follows:

1%
= u
u =7 + 1 5 pXAx (23)
-wx v
YT TR Ay 2
¥ v
Hence, (—_}i) + (4) =0 (25)
p/x ey
or u = ¢y/5 (26)

v = - lbx/f) 27)
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and ( = + 5= 0 (28)
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6. Iteration Algorithms

In the potential claculations, given the density from previous
iterations, the velocity potential is calculated from Equation (20). Then
the density is updated using Equation (5). The iteration loop is shown in
Sketch 1.

[ ~ ~ - ¢
- (B, + (B =0 o
u=¢x,v=¢y
1
- -
<———p=[l_ lei(u2+v2—1)]Y 1T le———
Sketch 1

A similar iteration loop is implemented for stream function calculations

as shown in Sketch 2. The algorithm converges only for subcritical flows.

~ ("
P wx) w)
»(aprx+(—azy=o o -
u=?:z,v=——:’i
p P
1
o = [1 --I—é—l Mczo(u2 + v2 - l)]Y -1 <

Sketch 2

The iteration algorithm described in Sketch 2 is based on the following

procedure:
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2 2
_ v+ Y 1
o =[1_121M2(X2y—1)]y—1 (29)

pold
Noti , 2 2 ,
otice that pnew decreases if the mass flux (wx + wy) increases. This

is true only for subsonic flows. Equation (10) can be rewritten in the

form:
o) = o' - (14 L5 o + g Rl + 4Dy = o (30)

A Newton iteration on the single nonlinear equation in p

(Equation (30)) is given by:

J(pold). (pnew - pold) T T F(pold)
where JP) = (v + p' - 201 + l—;—l %) (31)

Notice that the Jacobian is negative or positive depending on whether
pold is larger than or smaller than p* (p at a = a*) . For pure
subsonic or supersonic flows, Equation (31) may be used. But for mixed
flows, perturbing the sonic conditions yields two possible solutions, and
there is no obvious way to exclude anyone of them based on local

considerations, unless the sonic line is fitted.
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7. Mixed Flow Calculations
To avoid the ambiguity in the density updating, a different approach

is adopted to calculate the speed given the stream function without

referring to the old density. Starting with Equation (2):

u -v =20
y X
or uy - (% . u)x =0 (32)
1
where %:- = - -‘P_X
y
lpx
Hence u + (ﬁ;- . u) =0 (33)
y y ;
lbx wx
or (1n u)y + wy * (1n u)x = -(w—y-)x (34)

Knowing u on a curve crossing the characteristics of Equation (33), u
can be calculated throughout the flow field step by step. The conditions
along such a curve could be either pure subsonic or pure supersonic, where
u can be obtained using a Newton iteration.

Once u 1s obtained, Vv is evaluated from Equation (35)

1]
v = - az- u (35)

The iteration loop 1s shown in Sketch 3.
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Sketch 3
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8. Relaxation Method

Horizontal line over relaxation (with additional ¢xt term, Reference
3) of the partial differential equation for ¢ , given p , is found to be
fast. To explain this, consider the transonic small disturbance system of

equations:

v. = (u - K)uX - EW
£f
= y/'L[‘LC Le )i!f\
u =V s 7
y X vl o (&
3T
o w§,= - u, +w (36)
The characteristics of system (36) is given by p éﬂ ’
£y U x
s N7y
A% - (u - WA - efa =0 (37)

In the limit %’ + 0 , the system (36) is parabolic with y = constant as

a triple characteristic. Simjlarly, the streamlines are the characteristics

of Equation (12).
Moreover, the iterative matrix of the horizontal over relaxation

procedure seems to have a dominant eigenvalue allowing for even more

acceleratlon.
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9. Numerical Results
Transonic flows over NACA 0012 airfoil have been calculated based

on the full potential equation as well as the stream function equation. 1In
these calculations, linearized boundary conditions are used. The stream
function equation is solved using the iteration procedure described in
Sketch 3. Both conservative and nonconservative results are presented.

The iteration history of both vertical and horizontal line relaxations are
plotted. Results for different magnitudes of the artificial viscosity in
the artificial density formulation are also shown.

Finally, we would like to mention that rotational flows can be
easily calculated by modifying Equation (2) where the righthand side
becomes the vorticity w(¥) . The density formula is also slightly
modified by e_S(w) where s(y) is the entropy. Also, other iterative

procedures (i.e., ADI, Fast Solver, MAD, etc.) are, of course, applicable.
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Appendix
Transonic Small Disturbance Equation
Chin and Rizzetta (Reference 4) solved the small disturbance

equation:

2 =
1-M )wxx + wyy =0 (A-1)

where 1-w21-w-(y + DM u

Following Emmons (Reference 1), the small perturbation approximation

of Equation (23), page 19,

- g)ég_ dn
<_C.L = C(g)efwn )
93
Y2

is, u, - u, = - Y dy (A-2)

hence ) ==
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or b, =-V (A-3)

Chin's calculations are nonconservative, not only because of Equation (A-1)

but also because of Equation (A-2).
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Density ~ Mass Flow Relationship

(Rational Approximation Formula After
Sells, Reference 2).
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Figure 3-3. Iteration history of vertical line relaxation
w=18, M = 0.95.
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Figure 4-1.

Tteration history of horizontal line relaxation
w=1.8, M = 0.85.



Figure 4-2. Iteration history of horizontal line relaxation
w=1.8, M _=0.9.
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Figure 4-3.

s MABNESC 1 J 1000 (-5 1000 (-a) 1800i=3} 1800 (~¢} 1000¢e))
1 13.TE%05 20 2 S - 3 2 1
2 3087957 » 2 s L3 k) 2 1
-4 ~BT81 I - & - - - - — —_— — -2 _— 4 - - -
- «TI041S 26 9§ $ [ 3 2 ]
s «~S8519s 29 10 5 L 3 2 1
—ea—611508 M 10 5 -- —- 4 —2 —_t -
7 «45857¢ 31 1) S L] ) 2 H [
L] «4le291 31 1} S L] 3 2 ] [
—8 S3766as 2 M $ - & 3 - —2 = ) -0
10 «I00alt 2 12 S L] 3 2 ) 1 ]
3] «Jll0¢ 32 12 s . 3 2 ] L]
—ie = 2908%¢ II 12 - -5 - - -~ 2 - 1 *
3 +20906¢ 1313 13 S L] 3 2 1 ]
1e «269651 33 13 S L 3 2 1 0
i3 231273 323 43 ——5 + 3 -2 - L] 4
10 215399 33 e 5 L) 3 2 1 [}
134 «199360 33 1) 5 . 3 2 ] °
—3i8  L18327% B3 12 ——5- . 3 2 - - - 4
iy «166615 33 11 S - 3 2 1 [
<0 «1496e5 33 10 5 L3 3 2 1 0©
—di -—~132966 6 - —— 5% . 3 2 14
22 +11630% 3 8 5 L] 3 2 10
&3 «999375 Js 7 s [ 3 2 [
—20 _ L8849 2 9 ____ S A 3 2 - 01
> 2073460 31 9 S L3 k] 2 o)
20 06405« 30 10 S L] 3 e [
-€1 055425 29 10 1 — A 3 -2 £ 1
28 +048310 28 1v 5 . 3 2 < 1
<y «04)06t 28 )0 5 L] 3 2 (] i
S0 836056 27 10 -5 - 3 < —9 1
31 «03121¢ 26 10 S L3 3 2 ° 1
32 «027088 26 10 S L] 3 2 1
—dé 823464 23 11 —-5 o 3 4 -— - 4
”» «020445 23 1) S . 3 2 1
> 01777 22 11 S L) 3 2 1
—30 - 015460 21 M- 5 — 3 8 -1
a7 «913500 19 )12 S . 3 20 1
38 +0118a44 18 ]2 S L] 3 20 1
—Y — 10413 4742 ——$ o 3 £ 4
0 =,010279 3T S S [ 3 X 1
41 =,01037 37 5 S . 3 3 1
—al =,01013 -37 -$ ! 3 A 3 X 3
3 =,009979 37 5 S L] 3 13 1
b =,009790 37 S5 S . 3 X 1
—as =,009603 37 -$ 3 - v X 4
. - 37T o s . 3 x2 1
-7 37 S . 3 X2 1
—al AT & - -§- A -3 X2 -
37 S [ k) X2 ]l
37T o 5 . k] X2 1
27 & . § - 3 2 - - 1
31 . 5 L 3 K 2 1
37 » S L3 3 x 2 1
37 — 8 - 3 x 2 -1
31T o S . 3 X 2 1
37T o S L) 3 X 2 1
J3T-a s A 3 X 2 __3
50 =.00418 37 & S . 3 L] 2 )
99 ~,00387¢ 37 o S L3 3 L3 e 1
- A& 3 R 2 R |
L3 S . ) X 2 1
[ S . 3 x 2 1
“ s . 3 X 2 1
- 5 - 2 X 2 e - -
- S L 3 X 2 1
L] S [ 3 L3 2 1
L3 S . 3 x 2 1
o S . 3 x 2 1
- ——95 + 3—& —3 —+
. S . 3 X 4 1
. S [ 3k 2 1
o 5 - =t - 3 — -
- S . p 73 2 1
L 5 [ 3 2 1
- 5 Py 13 2 P -
- S L) 3 2 1
. S . X3 2 1
A $ A XD > ] 3
. [ . k3 2 1
L] S L] x 3 2 3
' '3 A e — |
L) S (3 & ] 2 )
[ S . X b ) 2 1
. B A X -l - 3
. [ 1 . 1 3 2 1
. s L3 X 3 2 1
o 37 4 —5 e £ 3 2 — —
3¢ 31 o s (3 3 3 2 1
008213 37 o . ) 3 2 1
—00 —= 00819} — B —& - - & g -3 d -
V1 =, 00017) 3T o S [ 1 3 3 4 1
N =,08015) 37 o ) & R 3 4 1
23 »_3_a 8 A X 3 2 3 -
Ld $ o 3 2 1
L ] ok 3 2 1
- 5 A 3 2 . ———
. s as J 2 3
- s &e 3 2 1
' 5 K A -3 2 J —_——— =
WO ~,000062 M o S a = 3 2 1
Wl ~,000055 ¥ & -3 & L] 3 2 1
202 = 00045 IT b B - 4o . 1

w=1.8

?

0.95 .

Iteration history of horizontal line relaxation
M
[ ]

100

-X-N-N-N-N-N-J
cocoocboeoboscsoocobocoDOO® eeo-eohoo.o.boeoooooo.c...oeooaoooooeooaooboooeooeoooeoooeoecoecoeoecoaeo



JTex  MAARESU 1 J jueni=5, 1000 (=6} 19¢2(=3) 1800 (=) 1000 (-1
1 13.008071 2 2 S . 3 2 . 1
& 4. 2075 o 2 5 - 3 2 1
3 deldde} «o I » - . _——— - =3 EEE e N —3
[} 00551 29 ¢ S L) 3 2 1
> obllIos 2 16 S . J 2 i
5 <EMRSI0 1  —- 6 - —,—— — 3 - -~ 2 ——— 1
14 «50e15 32 1} S . 3 2 1
. «68575¢ 33 1) S . J 2 1
¥y .easf0% 33 I s JRONERUSURRY "G | 2 1
10 «81238¢ e ¢ $ L] 3 2 1
1 «388567 O 12 s . 3 2 1
12 + 51835 s 43 -——% - - - —3 - 4
13 «32%20« 34 I L . 3 4 }
14 «30263c  Jo e S L) k) 4 )
49 20251 B4 A6 - - -3 - - — -2 4
1e 204611 34 14 S - 3 e 1
17 «26586 235 1) S - 3 2 1
e 220460 % 12 —& A 3 4 - - 4
iv «20714¢ 35 1) S L] 3 2 )] 0
4] «}88202 36 10 S & 3 2 1 0
) 1688928 26 ¥V % —. 3 -—- - < 1 9
¢2  .leBS2¢ 36 8 S . 3 2 1 0
¢ .127287 3o 7 S L] 3 e 10
—- &% 110796 35 ¥ - § - 3 —2- - — - 40
[t} 2097cut 3> Y S “ 3 2 0
[4{] +085c00 35 9 S . 3 2 [
€7  0Tadvt 33 10 -5 - —- » 3 - —2 - 08
28 «06887c 32 10 S . 3 2 ¢
29 «056332 32 10 S L3 3 2 ¢ }
ET «049235 31 10 _-_-_§ - 3 2 - -—— 8 1
31 .0e3120 3] MV 5 . 3 2 e 1
a2 «037¢50 30 J0 S L) 3 2 L] 1
3 «032816 30 10 $ - A 3 —— 2 9 )
S +028579 29 )0 5 L 3 2 ] 1
I +024860 29 )0 S . 3 2 [ 1
kL3 «021624 28 10 --B--- 4. - ) -2 -4 )
Y, «01878« ¢85 10 S L) 3 e v 1
Jo +01632¢ 27 10 S [ 3 4 v 1
L4 «0lelie 26 214 - % - — 3 —2 0 - - i
LT} +012341 25 11 5 L k) 20 1
.l «010710 25 1) S L] k] 20 )
=2 «0093486 23 11} — % ——— —— . 3 8 — 1
.3 009713 30 @ S “ 3 0 1
Lo «007)el 19 12 5 L) 3 02 )
> «000Zvi )8 12 - % - [ —— 3 0 -2 _ _ 1
~o «00555¢ 17 12 5 . 3 L] 2 1
7 «00491¢ 106 )2 S . 3 ] 2 1
w0 L00636Z 612 -8 -l ____A 3 ' U S,
-y «003877 1S 12 S L] 3 [ 2 1
20 0036wz & )¢ S “ 3 ° 2 1
2l «00307) e )2 e S e 3 T N SO -
22 «002743 13 14 S L3 3 [ ] 2 1
>3 «002451 312 13 5 . 3 L] 2 1
e «002195 312 13 -5 'y 3 — 2 —— _ 3
2> «001668 11 13 5 L] 3 [] e 1
20 «001767 11 14 S . 3 0 2 1
al «001545% )0 i3 R S Y 3-8 RS 1
>4 «001431 10 13 5 . 3 0 2 1
29 «801285 913 L3 & 30 2 1
-- 0 *,001207 38 )3 -—$--—-- A > 18 2 —_
el <«,00lla6 38 13 S L x 2 1
2 ~,00108« 38 13 S L) X 2 1
®3 =.001015 38 13 5 - 1 2 1
— % =, 00085« J» 14 -5 4o * —2 1 —
o> =,000885 J¥ 1s S [ X3 2 1
o6 =,00082¢ 38 13 S . X3 2 1
ol =,000764 38 1) 5 L] X3 2 1
o8 ~,000705 38 14 5 L] L I ) 2 1
oY +,0006648 38 13 -5 —k—3 -2 —_—t— -
70 -.0005%« 38 12 S . L S ] 2 1
Tl =,00054« 38 12 S . x 3 2 1
32 5 A P —2 —
3 12 S L) 1 3 2 1
38 12 S L X 3 2 1
W2 —-5 - 3 > 3
3 )2 s L) 4 3 2 1
38 12 [ . L3 3 2 1
—8 a,0080272 28 12 4 - X — —3 —3
Ty «.000245 30 )2 s . 1 3 2 1
80 =,000220 36 12 S « ] 3 2 1
— a1l =,000197 36 i2 & ». X 3 & —
. 000177 36 )2 S L) L3 3 2 1
$ 4 x 3 2 1
£ w - x 3 -3 3 -
S L2 J 2 1
s ox 3 2 1
45 — 3. 2 3 —
) L] 3 4 )
$ [ X ] 3 2 1
—-33_— 8 e 3 2 h
. ) ) o & 3 2 1
213 s o o 3 2 &
4 —-& . 3 2 —_— —
P T s [ . 3 2 )
» Al ] [ J - 3 2 1
-3 83 5 - - 3 2 3
£24 «O0004Z 313 s [} . 3 2 1
Yo «000035 313 5 L] L3 h ] 2 3
— M8  LO000J6 - JId3 - .§ 4 PR 3 2 1
o «000033 313 s ] - 3 2 1
1l L000030 3 13 s [} - 3 2 1
-—102 -000028 -3-10- - g . 3 -2 $ -

.L

Figure 4-4. Iteration history of horizontal line relaxation
w=1.8, M =0.98.

[e]



!

Oe

- X-X-N-N-N-N-N-N-N-N-N-N-N-N-J
L N 4
.

|

WI200°%= 4He6"1 6%
196000°« Gl WS
€00L00°- S28°1 (S
£09400 L%t 9%
118210°= S21°1 €S
CIGSI0°= 620°1 %%
116010 629°1 €6
€68220°=- 6I6°1 28
c1EL20°- s28°l 1S
- €9G62€0%= S10°l 0S

2%9RE0° S?e°1 6%
FORGH0°= G2€°1 @Y
s2c°t Lv

st2°t 9y

g22°*l sv
- SL1°1 —v¥y-
s21°l €v

si0°t 2v

6S1029*= g20°L v

1009E€1°= G16° 0%
589090°« &§26° o€
A9NeT0°=—g 0 —9C —
F06600° g29° (€
G999C0° [ Y7 N 9C
1€4960°  §21° €
FRBLL0° §19° o€
199860° g29° (€

|
'
!

RI202T*— g8 ¥C
2590s1° $26°
wcet112° Sie*
266042° $29°
€esolc”® $LC°
wel02C* s2c’

%0991¢€ LT
AlSG50€°  €22° A3
25862 g1 w8

avisize  gete 2
1L19€0°  s10° 2
19005E%= g20° 1

14373 suamn 14 A ] -

€60082°~ 6l
292902° [ 1)
- 1906S1° (3
289921° sl

Re1COT°> §42°+ 61

022680 —gpese — 94—
fe0120°~ sic°~ €1
965650°

- 190050° =
200290°~ €I8'~ 01
8G0SC0°~> SKis'> &

(- - °°°°°ﬂ?°°°°°’°5.°°q°°°°ﬂ°°°°°°

Oe

o~

-~

1106204 —gpesw—§ ——
19’ ¢
s~ 9
L TUSA ]
s20'- ¢
AQaBAAY . somo L

I3
\

—~

—

1.3 .

ty factor

vV1sCcosl

.
]

= 0.85

M
©

’

X

u versus

Figure 5-1.



§62100°= 426°1 6%
Q19€00°= GR°1 6%
199600°- 628°1 (5
1CLL00°~ &22°1 9%
CH6600°- S21°1 S$6
RBY210°= §19°1 9§
122510°= S29°Y (€§
9T1"810°- Gis°t 2§
100220%- &26°1 1§
051920°~- Siv°t 08
:aaono”- s2e°l 6%
- . v
Tooteor- Srcei Ly
9€A1S0°~ GU2°1 9%
£2€290°~ §22°1 S&v
RE1920°~ GI1°T v
299660°- G21°l €v
226521°~ G0°l 2v
f62022°= S20°1 v
109%91°= Gl6° OV
06%201°- G26° o€
0L&190°a—81ge — 8T —
#22120°=- S29° I
QE2100°  S11° ¢
*15920° mwn. sC
#11050°  Si19°  of
128210° g29* (C

260560°—§I8* ~PC
A69021° $2¢° 1c
HeeLte Sie* "
w10292° (1124 (34
19902¢€° sic® [ 1]
16699C°  €IC° 3

T919€C"817* 9§
06091C°  ¢22° nm
R9C092*  s¢f°

ws9t12t Y €2
9618L0° n
962%02°%~ 12
ROL9BE%e 0 -
209492%« 61

188161°« ap(°s Bl

5000 e L
EINE 91
618(80°« S

B8V (0% - apeie— -=
“65v90°%e fyc- €1
1S1960°«  62*~ 21
2696v0°%e

~

—~

09CCI0°e %i4°- 8
290000+ SR0°- ¥

{
AN

-~

-~

i ity factor = 1.0

V1sCosl

2

= 0.85

M
<]

’

X

u versus

Figure 5-2.

-~



- - R-N-N-N-N-]
AR N I

00W100°=- G¢h°1
269600 VLA |
999500 [TL04 )
%90100°- SiL°Y
RE0OT0°- G24°1
195210° [ YL A |
629°1
si6°1
s25°1
[-7L 24 1
G2l
sie*l
sze°l
st2°1
s22°1
sitet
sat°1
s10°1
fesh2z*- s2o°tl
2S56981°~ Gi6°

€06401°- S26°

T 810290°= S8

2%9120°- 6§28°
®69000° s’
#29620° s22°
A606%0° SL19°
192120°  S2¢°

QuoYeD*— S1§°
EZATAR & 828°
*R%0S1°  Sle°
?€9922° s2e°
2€96€C* sic’
6E996¢C"° [ Y184

SHCOSCo—§ip® ~
15022¢€° s22°
ogelee* | T3 8
1reug2e sy
ateozo0° $ie°
24€602°« 820

W TSY2068 e AR0%e
€99992°%=

LE-X-N-X-N-X-N-E-N-X-A-R-N N R 2 N-I-X X X ¥ N J-X-N-N-N- NN -N-N-N-N-K-N-J-N-N-N_N-N-¥_J-N-J
*

—_

f
AN

*2
o
e

PN

» Vviscosity factor = 0.5

= 0.85

M
©

b

X

u versus

Figure 5-3,.

-



I S

0 0lLe0N = S26°1 6%
[] £96600°« ogR°l 8S
Os 146A00°=- G2a°1 IS
0s 228110%« §1.°0 9§
Oe GIsGl0*- 622°1 $S
Oe 969610 §9°1 ¥§
[ G90%20°~- §29°t €%
[ €1€620°=- S§i6°1 2§
0 o RESSEO°- S25°1 IS
[ - - - .- 06L240%°=- S9°1 0S
0 . 162160°= S2e°1 6%
0 . ?29€190°~ &i€°t @Y
0 . 095€L0°= S2€°1 LY
0 . 0L9880°- §12°1 9¢
] . €62101°=- 622°1 Sv
[] ¢ - e T YA {3 IR T & S 4 A
0 . ?265691°= G21°1 €v
] . Avl912°~- gl0°1 2¢
(] . 08%196°%°= 620°1 v
(] . 261241°« S16° OV
(] . 0598L0°- S26° 6
T ST s s e “—P699C0%=—58%— #C—
Oe otLt10®- S28° IS
0 ei1800° S22° S¢C
[] 108€€0®  s24*  SC
[] 6v6R80°  §19° o€
[] J04€81°  Ss20° €t
B 019662 §18* — I —
(] 228506  g2¢° 1€
[) 982CEE"  Siv*  of
[] follwc® 2e° (1)
[] 96CECE®  sif* 03
(] 425%2€°  s2¢° 43
[ Bl ~90SCIC> gL 20"
[ 102562° €22 &
(] 959292° st a2
(] .- - - - --flE061° eRt* €}
(] 122100° g0 2}
[] . YosClve g% 1}
9 122018 gp0°s 00 -
(] . oIFL2C%= §10°« 61
0 . #98092 [TARCIN 1
[J . - “19€61°%= #1%e 21
[} . A90951°%« §22°- 91
0 3 6L6121°%= §42° Sl
0--— ¥ - stcte 4t
0 . Fiv890°= ®40°- €1
[ . GL6FL0®s §26°- 21
[ . 6€0190°%=  §iv*e 11
0 . ?265150°%«  626°- 01
0 £9L290%= §16°= ”
o R el 28 £-1 % LU Y L L2 -
0. 969R20° §9°- I
0 e “%9220°- $24°~ 9
Oe tiegl0% - S
LT 199210%« S20°- ¥

—_

—

= 0.9 .

M
©

’

X

u versus

Figure 5-4.

-

—~



"0KE00°« G261 (3
1R6400%°« S28°1 8%
Fi€210%= g2g°1 s
2R22110°%= Sl 0%
116220°- S2;°1 6§
#GH620°- G101 Wy
%011€0%= &29°1 €$
a509%0°~ Si5°1 2§
916960°- S25°1 1§
91IR90%= Sre°l 0%
RL6280°- S29°1 6
#G5660°= SeE°l 9
RAO06TT°- S2¢°1 Lv
26€2%1°= 512°1 9
RIL0L1°= S22°1 SV
#65902°~ SIT1°1 Wy
921962°= SG21°1 €v
0n€22€°~ S10°1 2¢
~mo.-”o .m~°”_ ”o
169182°= §l6 v
ABBeCI® = S26°  6C

2LEC90*>—519°—8C
690180° S28° It
Fle981®  Ssu2° St
980952° LT-7 R 1 ¢
228S0E*  §19° o
049%E€C* 29 €€

‘Cl‘.ﬂﬁb
9e22%¢° s28° 14
crslec’ Sie* ot
A1G92E® S20° 82
e9991¢"° sie* ['14
eL020¢c* sz2c* Y

BOYY62
0v6222° se2° (14
c9loc2* (YA R L4
rruste L34 R ¥
918%%0°- Si0° £
69128%°= §20° 12

]

PAVEB6 "= G20 » 80
fo6lgt®« §70°= ol

[ A - XN X XN K- K-N-X-N-N-X-X-N X N-I-X-X-X-2-N-N-X-¥F-N N-N N-F W- N ¥ N _N-N ¥W-¥_¥_N-N-N. N_¥- N

226962~ [ 1]

1995C2%- i

) 09i261°%= ot

3 1018S1°= §42°= o1

4 RI02CT e — S2C vt

. 250011°= §i€°e (1

€1S160°= - 8

bl 198610« o it

269290°= o ol

920160°= §i6°e 6

» 2102190%=— 9299~
. 1hL2€0° =
. 0§S20°=

= 0.95

M
oo

?

X

u versus

Figure 5-5.



o~

0 NeGLEn®=  G26°1  bY
Oe GIR'1l &S
Oe 68l ¢S
0= SiL°y 95
[ Y750 B 11
0 SI19°1 %
[} - 629°1 €%
0 . Si1s°1 2%
0 . L119€80°~ g2s°t 1s
0 . - TII01°~ Gie°t 0§
(] . 166021°=- G24°1 6%
0 . 629fn1%= Gi€°l 8Y
[] . €£85691° [ T4 A0 SENFA
0 » F2le61°%=- G12°1 9
[ ] . 16e6g2°~- g22°1 S¢
- ot s - ° Y - a1 LY EAL A Y2 A4 Sa o ache
[] - €R99€C*~ S21°T €9
0 » GE960%*= G0°1 2¢
[} 1€99€6 szo*l le
0 - RLN09E°~ GL6° o
0 . 9915€0°~- &26° 6€C
- = [ Sumany ° — a2ttt — G0 -
. 0 209252° s28° d€
- 0 %GLE0E° st ¢
- [} sle9ec® s2L° 119
[ L] 1€56%C° Sio* [ 43
. [} 091e%C* c26° ({4
[ ] - 0 BOSHEC 318> — ¢ —
. [] €9962C° [ 143 114
- ] w9o0t2c* Sie* [ 14
[} 0 P18 § 4 S2° ol
3 0 1cevoce sice [ 1)
. 0 Q51662°  §2¢° 8
—_ ¥ 0 RORTBZS—S1 2% —OF -
. 0 189862° s23° '“
. (] 109612° st [
. [ ] - ecooc e sk (1)
[ ] . 190940°- §10° [ 1)
[} . 6Cn2%°= S70° o“
- I, TS015Q%tw g80°e
[ ] . w159te*e gj0°- ol
[ ] O %9652¢€ st @l
[ ] [ ] - - €20€92 Sit%e 21
[} ° 26912 srece 91
[} . otlessi®e 642% S|
\ 2 v w2008 1o~ apete 41—
0 3 650821°%« picc- ¢1
(] . srec- 21
[] - bl i siv- 11
0 . st o1
0 . 1295%0°% n;.nlﬂ
- v 2 allal Rt ae 14 Aad —
0 o 040%C0°= §l9°- [
0o Al9%20°- §21°- ¢
[ I ZFL AT AR VY L N
[ LIYY AT AR ¥ { A
L ac2e sie°- <

-~

~

= 0.98

M

?

X

u versus

Figure 5-6.

~



End of Document



