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I. INTRODUCTION

The demanding requirements for pump performance and efficienc&
in recent aeronautics and space applications hgve higﬁlighted'the
need for more accurate knowledge o% flow conditi;ns in centrifugal
and disk pumps. Specifically there is need for better estimation
of shear stresses and pressure disttibutions for the flow between
impeller disk and housing in order to obtain better estimates of
power losses and axial thrust. Knowledge of axial thrust is fequired
in designing bearings for the impeller. Cooper‘[ll hés in f;Et
shown that for small centrifugal pumps having SpecifiE speeds‘under
500, the retarding torque due to impellér rotation ("gisk friction")
is by far the largest source of power loss intéucHA;‘pump. |

Due to the imperfection of shaftuéeéls, there t;nds to Bé
leakage from the exit of the impeller through the régibn.bétﬁéen
the impeller and housing, and out past the shaft seals. This leak-
age flow may have significant effect on the disk friction of the
impeller and on the pressure distribution in the region between
impeller and housing. It is exactly these effects of leakage that
are investigated in the present study.

More specifically, the flow problem treated herein is that

between two infinite disks, one of which is stationary and the other

rotating with inflow through the narrow gap between them. This



inflow is assumed to leave ét the axis of rotation. The assumption
of infinite disks precludes the consideration of any end effects.

The basic flow configuration is as follows: The rotating disk
imparts rotation to the fluid leading to a distribution of angular
velocity from the rotating disk value at the disk to zero at the
.stationary wall. The pressure in the narrow gap is centrifugally
generated and its magnitude dependson the effective average angular
velocity of the flow field. The pressure tends to be a function of
radius only and independent of axial position in the narrow gap.
The angular velocity of the fluid near the rotating disk is above
the effective average and hence the fluid near the rotating disk is
thrown radially outward. On the other hand, fluid close to the
statibnary wall has a smaller angular velocity than the effective
average so that it flows radially inward. These secondary flows
are modified somewhat by the inflow due to leakage.

This inflow has signifiCant angular momentum gained in the
impeller. As it flows inward it imparts its angular momentum to the
' surrounding fluid which in turn rotates faster, so that the effect
of inflow is to change the velocity distributions in the gap be-
tween the rotating disk and the wall. This azimuthal speeding up
of‘the'flow between the two disks tends to reduce the shear stresses
on the rotating disk and increase the shear stresses on the wall.
It is the objective of this study to assess quantitiatively this
effect of leakage as well as the influence of leakage on the

velocity and temperature distributions in the fluid.



The flow between .the disk and the wall is laminar in ‘the
vicinity of the axis of rotation and then becomes turbulent beyond
the radius where the flow undergoes tranmsition. In this study only
the laminar region is investigated. Although the laminér flow
analysis applies directly to only a portion of the flow system, it
will suffice to demonstrate the effects of inflow and also provide
the base solution for constructing solutions in the transition and

turbulent regimes,

Previous Investigations

There have been numerous studies of the flow between two
rotating disks but comparatively few of them have included inflow.
The studies with inflow have been either by momentum integral methods
or by approximate solution of the Navier-Stokes equationms.

The earliest study of the problem with inflow was undertaken
by Jimbo [2] for turbulent flow using a momentum integral method.
Jimbo ignored the axial variation of azimuthal velocity as well as
the effect of inflow on the secondary flow pattern. He estimated
the radial pressure gradient with the aid of friction factors
obtained from Schultz~Grunow [3]. Jimbo'’s calculated values show
the trends observed in his experiments and led him to conclude that:
(a) the variation of tangential velocity with radius does not change
with clearance; (b) the pressure distribution with radius for a
given leakage is independent of clearance, and (c) the power loss

due to skin friction decreases as the leakage flow rate increases.



This momentum integral approach is fast but somewhat suspect due to
the lack of flow details in the gap.

Among the studies based on approximate solution of the Navier-
Stbkes equations, Makay and Trumplef [4] have investigated the
ﬁresent problem for laminar flow with leakage, emphasiéingbthe
departure from the solution for Reynolds number zero. They formed
; non-linear integral equation and solved it by a Fredholm integral
technique which strictly speaking is applicable to linear problems.
The solution to the non-linear inertia terms as known from the prior
iteration. They solved for a rather limited range of gap width,
naéély up to § = 3.578 (or gap-width Reynolds number ofk3,578).

The class of solution procedure leading to the one used herein
is that of linearization. An early example of such a procedure is
that of Soo [5]. A meridional stream function is constructed adding
an inflow term to the expression for streamfunction without inflow.
This is substituted into the boundary layer equations and solutions
obtained for small inflow (or outflow) by expansion about the con-
ditions for zero gap-width Reynolds number. Soo's work although
deficient because of assuming equal shear stresses on both the
rotating and stationary disks, sheds light on the recirculation of
flow between the disks and on the effects of inertia.

The linearization scheme of the present paper is essentially

due to an expansion of the meridional stream function in the form



\}/ - % (‘?‘E)nﬁ,(z)' This approach was first used by Savage
[6] to solve the problem of inflow between two stationary disks.
Subsequently Peube and Kreith [7] used this expansion procedure for
the case iﬂ which both disks are rotating at the same angular
velocity. Their solution indicated the explicit appearance of the
amount of inflow in coefficieﬁts of up to the sécond order terms.
The higher order functionéof z are more complicated in that the
flow rate appears implicitly; but fortunately, the higher order terms
tend to be small. Kreith and Viviand [8], using this procedure,
found solutions with inflow between a rotating and stationary disk,
but because they also used series expansion about the solution for
zero gap-width Reynolds number, their solutions are limited to

gap-width Reynolds numbers of the order of one.

Present Study

The procedure of the present study of inflow between a rotating
and a stationary disk is that of an expansion about the exact
similarity solution without inflow of Reshotko and Rosenthal [9]
valid for arbitrary gap-width Reynolds number. fhe zero order system
of equations [9] in this instance is non-linear but the equations of
the subsequent orders are linear. The asymptotic expansion schemé
of Peube and Kreith [7] is used and as with Peube and Kreith [7] and
Kreith and Viviand [8], the inflow rate. appears explicitly as a
coefficient in the first two perturbation orders while it appears

implicitly in the differential equation for higher perturbation



orders. The solution herein is carried only through the first two
orders of perturbation. The zeroth order!solution procedure used
herein is that developed by Cooper [10] for the laminar region in
his concurrent study of the laminar, transitionai and turbulent
flow between rotating and stationary disks without inflow.

The present analysis also includes study of the heat generation
énd temperature distribution between the disks. For Prandtl number
one, an energy integral is obtained which relates the temperature
distribution to the velocity distribution regardless of Reynolds
number very much as Reshotko and Rosenthal [9] have dpne for the

case of zero inflow.



II. GOVERNING EQUATIONS

This problem of rotating disks is best treated by solving '
governing equations in a cylindrical co-ordinate system (%,6,Z).
As shown in figure 1, the disk in the plane Z=0 is rotatiﬁg with
angular velocity f] , and the gap width between this and the sta-
tionary disk is S . The symbols, E} v, ;'represent velocities in

radial, azimuthal and axial directions respectively.

Continuitz
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Assumptions:
The fluid model chosen is that of an incompressible, constant

property, Newtonian fluid. Body forces are neglected. The disks
are impermeéble; so fluid velocities normal to-the disks are zero

and the no slip condition is satisfied at the disks. The flow is

steady and axisymmetric.



Non-dimensionalization:

The steady, axisymmetric Navier-Stokes equations and the
energy equation for a constant property fluid are non-dimensionalized
with respect to characteristic reference quantities. The reference

quantities chosen (as from Peube-Kreith [7]) are as follows:

L?ze{ ’;M WU seef :J—’;I

P)uzf = ML szef = Tw

So that the non-dimensional equations are

Continuity

2(un) | pa(Wwn - g )
9% %z

Momentum

Qu U _Y* _ _ 8P, i(.L u?z))
U W 52 "% 25 e\ %
Fu (2-6)
T 3=
2V av L uy = 2 (1 20vw
uéj,z-i’wg‘z + 5 337_(9?. 2 )
- 2Y (2-7)
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Energy Equation
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Groups of flow parameters which occur in the energy equation, can
be put in the form of known non-dimensional numbers

fPcv
K

= Prandtl number

VL _
C Tne £ = Eckert number/Reynolds number
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Boundary Conditions

The wall and the disk are impermeable and the no slip condition
is satisfied on them. The rotating disk is thermallyinsulated,
while the stationary disk is cooled and kept at constant temperature.

The boundary conditions accordingly are:

U(o) =0 U(s) =0 (2-10)
W(o) =0 W(s) =0 (2-11)
\/(o)v =X V(s) =0 (2-12)
2T (0)=0 T(s)=1 (2-13)

P74

An additional condition comes from the leakage. If G{ is the

amount of leakage, then:
_ s
@-:/17755710{2'
0]

S
= 277XV %ﬁh_‘//?l.élz
o

or

S
Q =%/ ud
27V o J “

_With CQ ref defined as:

(i?ref =277V %7?1
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Then the leakage condition is

S
.gg — U 6£IZ . ‘ 4 (2-14)
7 \

Q

where Q = QYQref' For inflow Q is negative.

For constant property flow, the continuity and momentum
equations are independent of the energy equation. Once they are
solved and the flow field known, the temperaturé'distribution can
be determined by solving the energy equation. Accbrdingly, the

flow field will be considered'fitst and the thermal considerations

left for later.



ITI. SOLUTION OF THE FLOW FIELD

The velocity and the pressure distributions are obtained by
solving the momentum and continuity equations. Von Karman has
shown that the different components of the velocity in laminar

flow, generated by a rotating disk are of following form:

i

U= %F@

VvV = x G<(Z)
(3-1)

w=-2F=

This form of solution transforms the momentum equations into
ordinary differential equations and satisfies continuity. The above
form has been successfully used by Reshotko & Rosenthal [ 9 ] and
also by Cooper [10 ], to find the velocity field between rotating
and stationary disks, withoﬁt inflow. A modified expansion scheme
is required, however, to incorporate inflow into the solution.

Peube and Kreith [T ] have suggested a method of solving the problem
with inflow, by expanding the velocity field in terms of %/éin',
with relations (3-1) providing the first terms in the expansions.

Their expressions for the velocity components are as follows:

13
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; /
w =9 ft £ Tt &5 4 - -+ Tn/2™

‘ (3-2)
V=g + G+ %a/x+ Fafo 4 — — -+ Onfo

W=-24£ — fi/h-!* 2—f3/9;3+ ___ 40 ;ﬁ,,/ﬁ"-fl

With the coefficients ﬁi and ai assumed to be functions of both
Z and Q. After substituting these into the momentum equations,
Peube and Kreith [7] observed that for all Q

(@)= £ e - - = £ ()

2n-)

il
Q

%1(2): %@=------=9(z) =0

21+ |

They solved the special case of the disks and the enclosed fluid
rotating at the same ézimuthél velocity. They obtained a set of
ordinary differential equations with constant coefficients, which
they solved analytically. The form of the solution suggests that
it is possible to separate ji and 92' in terms of Q and functions
of Z up to ji s gﬁi but for higher order equations Q appears as a
parameter in them. So solution functions which are independent of
Q, can only be obtained up to order i/ﬁ?. This expansion was also
used by Kreith and Viviand [8] for finding'the velocity field
between two rotating disks, with Taylor number (jzgtéj )<:4 . They
have solved for jg_(z:) and E%L(ZL) by series expansion. The

technique is applicable here as well.
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The modified series for the velocity field appropriate
to the present problem are therefore:

{

U= F + (Q/ﬁc> F + (Q/yLB F;—F Z Fn(Z59) (3-3)

”-
g JC2

zm =1

U = %G+ @) G+ (T%)G +Z Gn(Z @

G, G

In which Fo’ Fl’ F2, o

1° G2 are function of Z alone.
A stream function can be defined which will satisfy the

continuity equation.

o

id:az

2\
o

8O

Y= 5 +QF+( ) +Z Fn(2z;@)

_2m-2.
mes C

and therefore

1 =-2E+ (%%1? F- 22@-09{2”’5(’2;@) (3-5)
m=3
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Boundary conditions corresponding to these expansions can be
found from (2-10, 2-11, 2-12, 2-14):

/

Fh(()) =0 3 MN=0,4,2 |
(3-6)
o
Fu(0Q)=0 j  m=34 --- oo
/ - . n = 0,4 2
F'(s) =0 s
(3-7
El(sg) =0 5 m=34777" o
qo(O) -_:4; qn(O) :.'Oj 'V\=1;2-
(3-8)
G, (6@)=0j Mm=34,- -~ =°
G, (s) =0 53 M= 0,1,2
(3-9)
. = e - oo
G.(sQ)=0 5 T™M=34,
F(s) =03 F(o)= Webibuany, §) =0
(3-10)
Fa(0,Q) = O5 7= 34 -—- &°
E(s) =0; F(s)= axbRary,;, FG)=0 .

F,(5,Q) = 05m= 34,---°°
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Fl(o) and Fl(s) are not exactly arbitrary their difference

being fixed by the leakage conditionm (2-14)

5 ,
/ Udz = 3—(@ (2-14)
o
or <.
[EI(Z) dz = {
0

As only the difference between Fl(o) and Fl(s) is important,

it is assumed that

F (o) =0 () =1 (3-12)

The solutions will be obtalned through the first three terms
of each function (Fo’ Fl’ Fz; Go’ Gl’ GZ), since only these
functions are independent of the parameter Q. The validity of this
truncation will be discussed with the rgsults. The equations for
the Fn's and Gn's are obtained by substituting the expression for
the velocities (3-3, 3-4, 3-5) into the momentum equations (2-6,
2-7, 2-8). Thus equations of different orders are obgained by
setting the coefficients of different powers of I , equal to zero.

For azimuthal equation (2-7):

—_ 1 } . ’

n=e (%) / e Y (3-13)
2 F:o GO- ZGO F; = Gd )
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n=4, (%)
A / ! i
2R G-26E = G (3-14)
'Y\_—.:Zj (9’(4—3,)
2EG,+2RG-2G]F- 2R = &f G

The expansion resulting from the radial momentum equation (2-6)
can be found in the same way. Again, the radial momentum equation

is:

u U _ vt _ ot (J, 2w\ (2-6)
Udse tW o2 " o azz- A\ D

Substituting the velocity expressions into this equation yields

Z Z Qh Z"H[(—zwi)r E.. +2(n-7- 1)!’
he=o Zzg
- GGy - Z R
+ Z Q 4()41)(2”)912?'4-5
"=l
This expression suggests that the»vp'\ressure "p'" has

following form:
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P = jzlﬁo(z) + A z) + Q én ()z_) 'Iﬁ,(z) -+ (Ql/)zl) 'EL(Z}‘F -

The system of equations obtained from the radial momentum equation

are:
n=0; (%)
;2 / z "n

B -2RE" G = 2R+ E

n=4; () S
2ER"2G,6 = R R

n=2; (%)

£ 6-2ER +2ER-26,6- 2E%

]

(3-16)

o ‘(3"17)

(3-18)

Substituting these expansions for the velocity field and the

pressure in the axial moﬁéntuﬁ equétion (2-9) then'YigiﬁSE

(5*) A —o

(2°) R ='-z‘r~‘o’.'4~r-;t-:€"
(€n %) | £/ = O

(97) =0

o (3-19)

(3-20)
(3-21)

(3-22)
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Now all the equations are artanged in systems, depénding upon

the power of radius:

System 1t
2EG,"2G E= Q.
E2eELGE = -2hor R
c‘, =0
B! =-2r" 4R
System 2:

2F'q -2FG = G
B ZF;F,”— ZCTOGI,I _ —11/7\‘,’)' F,'”}
h, =o0

System 3:

2F'G,+eRGI-2 G F-2GR = &

-Fak2g' Rz RV 2RR"-26,6.

— Z'Ply_"}' El//

ﬁ;-:o

(3-13)

(3-16)

(3-19)

(3-21)

(3-14)

(3-17)

(3-20)

(3-15)

(3-18)

©(3-22)
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The boundary conditions for the above systems ére:

System 1:
F (0) =6 5 F(s)=o
E'to) =0 5 FO’ s)=o
G,(0) =4 3 G,(s) =0

sttem 2:
F() =0 3 F(s) =4
Floy=0 3 F'is) =0
Glo)y =0 3 G, (@) =0

System 3:
E@ = E(s) =o
E'loy =0 3 Ky =o
G =0 5 Ge=o

This then is a mathematically well posed problem to be solved
numerically. The pressure will be determined only within a constant.
This is of no importance since pressure difference is the significant

quantity. The function ‘R(Z) represents the variation of the
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pressure in the axial direction.

Numerical Solution Procedure: v ;

E I A

) System 1, represents the problem of flow bgfyeen‘rotating'and
;tationary disks, without_lgakage and it has been_solved,by many
investigators, e.g. [192,3,@‘1;10] etc. The solution procedure for

_system l‘usgd in the present study has been tagen from Cooper [4D ].
System 1 is a set of ordinary non-linear differential equationms.
. This nonlinearity tends to bring numerical,inggabilityvto the system,
Cooper starts his numerical integration from both the stationary wall
and rq?ating disk sides and matches them in the middle. The matching
poin;yisktakenLat 1/3 gap width from thg:stationary wall side. It
has been qbseryed‘that the integration process can go smoothly to
_vlafger distance from the rotatiﬁg disk than from the wall. Solutioms
qb;aingg from both sides are matched for their values and for all
the deriygtives up to an order less than phe qrdg;cqf the equations.
These sqlutions requirg good guesses at the gall and;thebdisk,
especially at larger gap w}dths. Accurate guesses are generated by
a diffe:ent scheme for gap widths greater than ZQP/B. . Here
Cooper}assumesva core angular velocity and shoots from botgﬁsides
up to the edgeg of assumed boundary layers. The'guesses”qn,the wall
. and tpe guesses are,varied to attain this core angu;ﬁf velocity.
These solutions are then tested for angular momentum matching. If
they do not satisfy th%s matching qondition,.then the core angular

_.velocity is perturbed and the same iteration scheme repeated. Once
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the guesses at the wall and thg disk are known, the prgvious pro-
cedure of matching at a point is followed.

A variable size grid is used. The grid is finer close to the
boundaries and becomes coafsér as one moves towards the center. Such
a grid is essential as solu;ions are vefy sensitivé t§ initial
guesses and also 1arge velocity gradients exist close.to the bound-
aries. Finer grid means smaller discretization error. The procedure
for system 1 is given in detail by Cooper [40].

System 2 and system 3 are sets of linear ordinary differential
equations, so superposition can be used. For solving these systems,
the Adams-Moulton predictor-corrector method has been chosen. This
procedure requires the solutions at first 4 points for staéting,
which in turn are obtained by the RungeXutta nnthdd. To start the
Runge-kuttaestimation, values of the functions and their derivatives
at the initial point are needed. As the solution of one system
provides coefficients for the differential equations of the sub-
sequent System, the grid of system 1 has been retained.

For the ghp‘widths smaller than 10 ]/ML , solutions of
system 2 and 3 were obtained by starting the integration from the
disk side and matching at the wall., This method is simpler as the
number of guesses required at the disk and number of match con-
ditions at the wall are only three. But this procedure fails for
larger gap widths due to large accumulated errors. Hence this
method was abandoned for another procedure'in which ihtegration is

started from both sides and the solutions are matched inside the
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region. This match point has been chosen on the basis that the
solutions from both sides are of same order of magnitude. 1In this
scheme the number of matéhed conditions is increased to 7 in system
2 and 6 in system 3., The Adams-Moulton along with Runge-Kutta
integration methods are used for forward marching from the rotating
disk and backward marching from the stationary wéll. The values of
the functions and their derivatives up to one order less than the
equations are required at the wall and the disk, to start the
integration. Some of these are provided’by the boundary.conditions
and remainder are guessed.

System 2 is set of linear ordinary homogeneous differential
equations with non-homogeneous boundary conditions. This system is
solved by directly integrating the equations. Some of the starting

conditions, provided by boundary-conditions, are as follows:

FE(o)=0

1:1"(0) = 0 o ~ (3-23)  ON DISK SIDE
G, =0
Fis) = 1
E ‘ts)
63 (s)y= 0

(3-24) ON WALL SIDE

i
o



25

The-remaining conditions are:

£ =7 Fle=1
Gl =7 G &= (325

_e\j <0) = Constant f'? -ﬁld (S_) — Cans'f'ah‘f' = f

As (3-25) are not known, tﬁey are guessed and the solution calculated
from both sides up to the match points. Each of these solutions are
tentative as the guesses may not be exact. Solutions for different
sets of guesses are combined by éuperposition. These combined
solutions from both sides are then matched by equating their values

) "

and different derivatives. Specifically, values of Fl’ Fl’ Fl’ Gl’
G;, {Ra‘are matched and an additional condition at the wall Fl(s) = 1,
which arises due to nonhomogeneous boundary condition, is satisfied.
There are seven matching conditions. So a set of seven solutions
are needed, three from the rotating disk and four from the stationary
wall,

If x (i) are the constants used to combine the solutions and

Fl(i, z), Gl(i, z), f%i(i, z) represents corresponding set of

solutions.
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Then:

3 7 ‘
Y XOF(Gz) = Z, X@)F, (5 2)
z=4 =
SROFGZ) = ¥ XOF(3)
{=1 N 1’4

3 L4 ) .

S XQ Floz) = 200 F (5
| z=4

3 7 Id -

7 X)) Gz) = Zéﬂz)&, (i, Z4) (3-26)
Z""-j iz

3 ’ - / .
:E:><C£) Cij@;ia) = i%%:xfl)<31(112j

z=(

A

I

, | -
> x@ A,z = > X0 Ry (%2)
=1 14

%x({) Fs)y = 1

i
where‘Z1 is the position of match point.
. As éeveh solutions are needed, so 3‘sets of guesses on the
disk and 4 sets of guesses on the wall for (3-25) are made. The
set of algebraic equations (3-26) is solved by-thé Gauss-Jordan
method. Once these constants X(i), i=1,7 are known,:the solution
of system 2 is obtained by combining the different tentative

solutions as follows:
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For disk side

X(2) 5 (42)

Mu

F () =

=1
- - -
G,(2) = 3 X€@) Gy(5Z] 0szsz
2=} .
3
h, = X&) fy )
=1 '

For wall side
, 7
F@= 7 X&) Kz
=4

G,&) = i X@ G %2)

2 IA

Zy<z2=xS

For system 3 ‘a similar scheme has been used. As.system 3
is a non-homogeneous set of linear ordinary differential equations
_with homogeneous -boundary conditions, in principle it can be solved
directly, if enough starting conditions are known.: System 3-has
" been divided into-two parts; one with non-homogeneous equations
and enough homogeneous conditions to start the integration, and
the second part consists of homogeneous equations with matching
conditions as forced by the first part. So the linear combination
of both the parts will satisfy all the boﬁndary conditions of

system 3.
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The scheme is as follows:

AR

Cb__ = Glh &l GLF
2 - -6\21“ '+ -el:a.P

ss
|

As f%l is a constant, so it can be assumed that total contribution
to ‘ﬁz_comes from homogeneous part and ﬁzP: (@)

The equations for the non-homogeneous part are:

Gy = (626G -2(R"F 5'R)
+2h B+ F*

Y , / I} / (3-27)

Ggr = ZFZ-.PGD-’-ZG’F;-F* Z‘F;GIZF*Z DG?.{?
Boundary conditions for this part are are follows:

F (o) —-F/Zo) =By =0

2p(©) = T A (3-28)
(EZFCO) = <3zp(b) =0

) i |

F;/’<§) = Ep(s) = E-T’ (5) =0 4 (3-29)

G;P(S) = GI—F(S) =0

Integration up to the match point from both sides is carried

out by the Adams-Moulton method in combination with the Runge-Kutta
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procedure. The Runge-Kutta scheme is started with the help of
(3-28) and (3-29). Thus the solution of (3-27) is fopund.

The equations for the homogeneous part are:

G v2h, =2(6", -5 Y- 25, R
- 2 Go Gy, (3-30)
G, = 2,'Go + 2G5~ 2FG,,
- ZEIGZL,

/
$2 =0

The boundary conditions for homogeneous part:

Fi’h(o) = E_h/(o) =0

(3-31)
Gan(0) = O
E.() = E ()= 0

(3-32)

qzh(S) =0

As the boundary conditions are not sufficient to start the

integration, the following additional conditions are guessed:

/
\'—'2'%”(0) =T G, =T $,=7

(3-33)

il

) =7 Gu=T b= 1
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vt -Since, the. three guesses on the disk and wall sides are
arbitrary, the solution obtained is only tentative. Hence three sets
of guesses on the disk side and another three sets on the wall side
are made. Solutlons of system 3 in the disk field and in the wall
field are obtained by taklng a linear combination of these three
solutions and éddiﬁg‘the particular solution to it. The solutions
in both the fields-should_match’at thevmatching point. Quantities

which are matched.are:

v TR [

YUy By By, 6 6,
The details are as follows:
If x(i) fepreé;nﬁs the constants, used for combining different
solutions, and F2hr(i,z), G2h (i,h), h2 (i) the solution functions
in both the fiélds; theﬁ the solﬁtions are: |

In disk field:

3
Rl = 20 B(52)

N\"‘

G.(2) = ><(1) G%(,z,z) 0L ZSZ, (3-34)

z=z3

f, =

L)

MW

xm % (z)

A}
N

.In wall field:

é - -~
5.(z) = X0 B (4z)
T=4
&
G, (z) = 2 X() G (Gz)y 25255 (3-35)

f, = i X&) H, (<)
¢
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Solutions of system 3 are matched by following conditioms.

Matching conditions:

3 B . ) )
Z Xw) By (52)~ Z X(0) By Z) FFWCZ)

z—x —Fpp (2

3

Z X (zz)~ ZX(z) Eh(z Z) = ZPW(Z,) '
-4 — FZFD CZ) .

(3-36)

3 ) 0. 6 ‘ .
2 %0 5,57~ TXOE(52) = Fp 20
2= =4

= oy (2))

meq (5%) - ZX@)CM(@Z/) = Gz,,w(z")

- Gzrp CZ:)

ZX(” G, (YZ,) - ZX(Z) sz&/z) = (op2)
- C72P3> (Z)
Z X(z)ﬁ @) - ZX@) b7
=4
These are set of 6 algebraic équations in 6 unknowns and are
solved by Gauss-Jordan method. ‘The'resulting‘final éolutidn of

system 3 is as follows:
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In disk field

3 -

(z)= Gy (2) +z_=Z" X(@) g, (52)

G, (@) = Gy @+ 2 XE)Gy(62) 0$ 2871
tcf

3
4, = Z X@ 76
7=
In wall field

é
F@) = B8+ XA E G2
1%

[
G(2) = G % T2 X)) (G5
. Tt

where zy is the position of the matching point.

' Solution of this system is generally an order of magnitude
lower then lower order solution, but at certain points they do
become comparable. Still there is felt to be no need to go to
higher order solutions. Once the solutions of all the three systems
are known, velocity and pressure distributions between disk and the.
wall can'be found. The remaining function in the expression for

pressure is computed as follows:
/ 2 (3-21)
P(z) =-2E - 2K+ Const -

The constant cannot be evaluated unless the pressure is known
at a point inside the pump. One can neglect this constant in finding

pressure distribution, as only the pressure difference is really
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significant. The velocity and the pressure field are as follows:
/ by /
Ul 2;0) =52 F'+(Fo) £+ (Q42)
X
V(nz; @) = ng,t (Q/)z) G + @7)G, (3-37)

2+ (26/w) §

\

W (,Z; 6)

P(h2;Q) = 2Zh.+ QR Lu s + (Q%z) ot R (330

where 1%0)-f%1, %ZL. are all constants and Fo’ Fl’ Fz, Go’ Gl’
Gz, are independent of leakage. Pressure variations for the

no inflow case have been provided by Cooper [{0] in terms of B, the
core angular velocity ratio

P _ B = 2nf,
on

.
.

where

— .fzcg&e
FB flch;&

Hence the pressure and velocity fields are known.
A’particular case of this problem has been solved by Peube &

Kreith [T ]. Their no-inflow case consists of two disks and the

enclosed fluid rotating at same angular velocity;the effect of
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inflow is studied by the same perturbation scheme as used in
this study. As a check of the present numerical procedure, the
Peube and Kreith problem was solved as well.

The solutions obtained for system 2 and system 3 match up to
‘5 significant, figutjes with the analytical solution obtained by

Peube & Kreith [71.



IV. AN INTEGRAL OF THE ENERGY EQUATION

An attempt has been made to find the flow situation where Reynolds

analogy can be used to find the temperature field. Equations (2-1) -

(2-5) are nondimensionalised with different reference quantities so that

the largest significant terms of the equation could be retained.

J—— —— —_—

Reference velocities; Tjﬁzﬁ, W/;JﬁJ b»éug

From continuity:
(UR) 2 (W E):-
S 5 (Vrey) + 3> ( MgE O
which implies,

Ury . WryR
R g

Momentum

oz

(2% w32Y) - (Y 2F 4 (2 )

p7a U”'ﬁ

35
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If

| l 1 aP BF ! K X
C ,.¢£R u/tl
2% BZ. '| ah R

a’T_,__L'aT( az]

ARr T Tt on

2 (B2 (2L (2 W) R> .
+{_,_&)+ )}—;—{3‘/ Va2 )}]

K

1
o 7 %
PCR Uy

L
Re
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Y Un . E
Can_R\‘ Re

The above set of equations can be simplified for
B =1, and R/Z >

The resulting dimensional equation with bar removed are

2 2
U U g2 _V |9P+V(BLL)

2% 5z % T Paom z* (4-1)
2V av ,uv _ ,, 2°v )
ﬂ'a‘ffz*waz+h = S5 (4-2)
P _ S/— apP _
Z=00%)> & =00
2T T _ oP oP - :
U % T W a = pPc (u‘ ah+w 52 (4-3)
2.
Y, K (22T
[ )J+fc az’-)

These are boundary layer equations. Although equations (4-1),
(4~2) give same solution as obtained from exact Navier-Stokes equations
for Von-Karman's similarity, the solution of the energy equation (4-3)

is limited to boundary layer region and only valid away from the axis.
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Equations 471, 4-2, 4-3 are nondimensionalised by usual ref-
erence quantities (as in 2-6 to 2-9).

So nondimensional equations are:

au u_v:_ _ 0, Pu
U TV "5 =-Sa+ 522

w 8y 2V uy _ 2y
+u)az+

S w 2T el L 2T Ee | [2uvt
ox "oz - 321+ Re az)“f
2Y Ec| y2oFf
(3 |« E[ug
Whene +Waz_}
Ec - Y1
Re (:1§¢&

Now these equations are combined to eliminate pressure terms along

with the boundary layer assumption that: .

oP 2P
UZsm 77 Wz -

So combined equation is:

__ B> Uiy E‘c) _
——éiz?_[?r4‘ 5 (?i; (4-4)
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Defining a new variable, nondimensional total énthalpy as:

= T(E) - “»

This | 1is substituted into (4-4) and new equatioﬂ obtained:

uon w__ﬂ oY (4-6)

o °2zX
Boundary conditions for above equation depend upon the physical sit-
uation under consideration. Two cases solved in this study are,
insulated disk with the wall coodled to some constant temperature,
and other with the disk and Fhe wall cooled to same temperature.

In order to solve (4—6): it is expanded in terms of a series
using the expansions for W &V |

From (3-37):
U= %2R ZQF r+(Q/,zz)((:' 5’)+,__
V= 5262+ 2Q GG + (T (G 2G6,) + -

Hence}ﬂ is potentially of the form: : ’

H= Cmmst; +717’.H; +2Q R, -}-(Q’yjzz) _H2+~ -- (4_?)
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Now expansions of UJV d w ae substituted into (4-6) and

equations corresponding to different power of 'JU' are obtained as

follows:
. (92%)- .
’ / / 7 (4-8)
2 H‘,Fa- - 2 E Ha = J‘ﬂ,
(5); o ,
2HE-2HE = Hy (4-9)
(7%);

Vi / // -
BHA EH-HE-F Hy = Y% He (410

Boundary conditions for different order equations are obtained

s

for both cases. For the first case of insulated &iék, boundary

conditions are as follows:

52 (o7) =0

o4 _ 92V | (4-11)
52 (0) %) =7V 5= (Q"”)

S, = (Re
H {532) ( Ee> T
1f T;wgr-:l—'w , then T\:\l:j

Boundary conditions for different order equations (4-7, 4-8, 4-9) are

obtained from (4-11) and (4-7).
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From (4-7) & (4-11)
BH (0,n) =32 Hy(0) + @ Hi(©)+ LR |
= GE[Pal +Qaie+ & 6]

or

Hie) = Go(o) ; o Gesn
H;() = G (o) | ‘ (4-9-1)
H,:(O) = G, (4-10-1)

Also at z=s:

Re oy
H@Gsn) = = Const + H*H. () + Q Hy(s) + 32 HalS)

&
or
Const = 'gf‘ o
H() = 0= Gls) (4-8-2)
H(» =0= G | (4-9-2)

~ (4-10-2)
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Equations (4-8), (4-~9), (4-10) and theip bound%ry conditions
are compared with 3-13, 3-14, 3-15 and it is found that former
equations can be obtained by replacing Gi.by corresponding Hi'

Hence:

}1;3 (30 5 ‘}157: Cﬁ j Jiz’ziciL

And so the solution of equation (4-6) is:

9 v
H= %%%Go’f’qu“)%z@h

Temperature distributions can be obtained from (4-11), using (4-5):

=1+ “‘(’L Gt GG+ QlG’ zee[%z

(4-11)

/2.

2
+2C{>Ef—} +§% 5’7‘1«-2_/::’21—;’) +7z°’C_§3

1+2Q GGy + 7%:(@/2 + 26:-92)}

¥

i [(ﬁﬁo r°+?t6 )

£ Q (G- 5 GG)+ (e, @



43

So effect of leakage on temperature distribution is known.

- For the”Secdhdxéaéé, ﬁhen the disk ‘and the éﬁll are cooled to
the same témperature, the boundary conditions are different but the
solution is obtained in the same way.

The boundary conditions. are: -

T = T/, =1

or

Hion) = Gonst + 32 M@ + Q Hy(o) + & H (o)
== Re | iaziﬁf(o)
K Ec Z ,

= Re o Lg*c (o
_%_;4»2%&&?()

" et = B
Hol) = Y5 G(o) 4-8-3
Hi(o) = O - | 4-9-3
He) =0 SO o

And at z=s, they aré the sane us (4-8-2), (4-9-2), (4-10-2)
Hs) =0=3G0) |
H,(s) = 0= Gyls)
H,(s) =0 = &9
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So }{OJJ11 él_}*z- - are equivalent to 1/2 G, G, G, res-

pectively. Hence the solution of second case is:
)

R l
H _——l—_j—i"—i- 1*G.+ QG +%7_e,2_ (4-14)

and the corresponding temperature distribution as obtained from
(4-14) is:
;}; =1 + == =3 <' 9Z G} + C9(33‘+ = Ci%)
Tw
E 9 12 /7 A ;%
= |7 +2QF 5+%<5

+2E R )+ Go + 2§ GGy

) (4-15)
+ & (G26a,)]

Once the temperature distribution for a given case is known,
then the disk témperature and heat transfeerate at the wall in
case 1 and heat transfer rates at the disk aﬁd at the wall in
case 2 can be found.

For Case 1:

The temperature at the disk is:
.,l_—é = + L Ee <717‘) ‘ (4-16)
71J 2 Fae

~and the heat transfer rate at the wall is:

o B -
g’; = (912&,(5) -+ QG (s) + Gr (g)) (4-17)

Z=5
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For Case 2:

The heat transfer rate at the wall is:

0T  E 1.2 ./ ‘ ESL /
Z=S

and at the disk:

- 2w
1) __ E (4, ¢(°)) (4-19)
azz”o Re \@ @

From the preceding results, it can be concluded that leakage
affect the heat transfer rate at the wall. This rate is reduced
for éecond case as some heat is conducted at the disk now. But the
surprising result is that for solutions within the framework of the
separation of variables chosen, the témperature of the disk in
first case’and.heat transfer rate to the disk inisecond case are
independent of leakage rate. This can be explained as follows:
Effect of leakage is to reduce the shear stresses at the disk, which
means smaller dissipation. Also, leakage reduces radial velocity
and so convection rate. Hence net effect is that smaller amount of
the redgced dissipated heat is convected, The disk gets the same

amount of heat irrespective of leakage for Prandtl humber one.



V. RESULTS AND DISCUSSION

The system of equations (3-13) to (3-22) along with their
boundary conditions have been’solved fbr-tﬁree values of S, where S2
is Taylor number. These solutiong are tabuléted in Tables 1 to 9.
The system-1 functions are shown in Figures 2 to 4, the system-2
functions in Figures 5 to 7 and the system-3 functions in Figqres 8 to
10. The system-3 solution for S =»30 is not available due to numerical
instability. | |

Convergence of the integration procedure ié strongly dependent on
the guesses which are qade to start'the integtation for each system of
differential equations. This is particularly true of system-1, which
consists of non-linear differential eﬁuations.l As éuperposition of so-
lutions is not possible fo: sysfem—l,rconvefgepce can be obtained only
when the guesses are fairly close to the finai solution. Asreach
system depends upon ﬁhe solution to the previousiéystem, the ﬁet effect
of accumulated error shows up most stréng{y,iq the ﬁhird system., It
appeafs that for § = 30, the accuﬁu;ated discrgtization error for system-3
precludes a proper solution. This probiem éanfbe_avoidea by using finer
grid, which Qill require a computer with lérgér core,

The result of different systems will}beidiscussed with respect to

flow field, shear stresses and pressure distribution.

46
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Flow Field
The flow field between thé disk and the wall has been analyzed for

three different non-dimensional widths ( S = 1.0, 17.15, 30.0). Here

52 or Taylor number represents the ratio between inertia forces to viscous
forces. For S<24; tﬁe basic flow is of the merged boundary 1éyer type:Eél
Thus, as seen in the velocity profiles (Figures 2 to 4), for S ='1, 17.15
the boundary layers on the disk and the wall are merged, whilé:for S = 30,
separate boundary layers with a core in between are evident. For vefy
small gap widths, s = l,bviscous effects dominate, and so the azimuthal
'veioéity profile is meamiy a straight line (Figure 4) while the axi#l

and radial velocities are quite small (Figures 2 and 3 respecti.w}ely)°

For large gap width the effects of inertia become importéﬁt an& this is
reflected in the appearance of secondary flows.

| For‘large S, viscous influences decrease as the distancerfrom the
wall or the disk increases. Away from the wall or the disk, the pressure
force is balanced by the centrifugal force, but close to thé sfatioﬁary
wall, the centrifugal force is unable to balance the pressure gradient
and there is a radially inward flow. Similarly excess centrifugal force
near the disk creates an outward radial flow, as evident from Figure 3.
In order to explain the other peéks and troughs, the relative imporfance
of the dif ferent inertia terms has to be considered. For S g 1, wviscous
terms dominate so ﬁo gecondary ripples in the profiles‘are seen. But for
S z‘l,.thefe are regiohs of inflow and outflow between the disk and the

wall, due to strong inertia effects.
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After the first trough in radial velocity near the wall, the
viscous effects are weak and radial convection of angular momentum
. dominates over. axial convection as axial velocities are small, re-
sulting in faster rotation of fluid particles, hence a peak in the
azimuthal velocity profile. This higher angular velocity increases
the centrifugal force and so reduces the inward radial velocity. After
this there is a region of radial outflow. In order to satisfy con-
tinuity, there is a reduction in axial velocity to a local minimum.

‘In this region, since the radial convection is from a region of lower
anguiar momentum, the angular velocity deéreases and there is a trough
ip azimuthal velocity profile. In turn, because of the lower angular
velocity, centrifugal forces are weak, compared to the pressure gradient
resulting again in radial inflow. As the momentum equations or momentum
balance‘are applicable at a point, the regions of inflow and outflow can
only be qualitatively explained in terms of dominant terms. Also since
the influences of three factors, radial and axial convgction, and cen-~
trifugal force, are inﬁolved so there is overlapping of regions of peak
and trough of one profile with another.

This situation is modified when there is inflow. This inflow
comes from larger radius, hence wi;h excess angular momentum, which is
imparted to the fluid around it. This results in increased angular
velocity as i3 evident from Figure 7, which shows that the second order
function Gl is always negative, and for inflow, Q is also negative. It
is not easy to explain the effect of inflow on radial velocity (Figure 6).
There are two ef fects, one is due to the faster rotation of fluid which

accelerates the fluid outward and the second is the negative radial
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momentum carried by infiow, which tends to suppress radial outflow
near the disk and augment radiél inflow near the wall., This negative
radial momentum effect dominates the flow close to the disk and espe-
cially near the wall as the fluid is rotating slower in this regionm.
In the center region, it seems-that the effect due to faster rotation
dominates. For the case of S = 1, viscous influences are strong and
the effect of inflow is equivalent to superposing an inward channel
flow between two stationary disks (Figure 6) on the basic flow. Axial
velocity is not affected by the inflow up to third order.

This effect of inflow is very strong close to the axis, where
the basic angular momentum is low and all the fluid is moving inward as
is evident from figures 11 to 13. Stream lines in these figures in-
dicate that fluid recirculates beyond a certain radius where centrifugal
force beéomes significant. The radius beyond which recirculation starts,
is the radius where radial shear stress first changes sign. This ex-

pression can be computed from the expression for radidl velocity.
’ 2
U=5F"+ QF/n+ TE /%34
v N ‘e
For the case of small Q, @& E/ﬁ? can be neglected compared fo QF /9

leading to the following estiﬁate of the radius outside of which, there

is flow recirculation.

Radius of recirculation =

(5-1)
Despite the inaccuracies of Soo's analysis 5 , it provides

fairly good estimate of recirculation radius r, where
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For the case of disk and wall, recirculation starts near the
disk and estimates of recirculation radius can be made by evaluating
- (5-1) at the disk. As Soo's 5 analysis is for small gap widths, the
radius of recirculation is computed for S = 1, and it is found to be

fairly close to Soo's estimate.

Radius of recirculation ( 8§ = 1) = }553)-746% ®

As is to be expected, it is found that recirculation radius
increases with Q and decreases with gap width (S). Streamlines are

computed as lines of constant stream function, using relation

¥ =B+ QF+ (Q’%z’-)@:f—- -

For small Q, the radial location of a streamline at different axial

positions is approximated (except near r = 0) by

2 Y-QF
o= LQE (5-3)
7S
'These are not the actual streamlines but the "projection" of

the streamlines in a meridional plane ( 6 = const)

These are not the actual streamlines by the projection of the stream-
lines by the projection of the streamlines in a meriodionalrplane.
( 6 = const). Radius of recirculation can also be estimated by locating

position of stagnation streamline on the disk.

Lm Y-QF _ _ Q?

Radius of recirculation =

—

P=0 |
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Shear Stress Distribution

There is a significant influence of inflow on shear stresséé’at
the wall and theé disk. Since the fluid rotates faster due to inflow,
azimuthal shear stress is reduced at the rotating disk and increased at
the stationary wall. Similar effects are observed for the radial shear
stresses due to radial momentum carried by the inflow° This is evident
from the tables 10 and 11, which indicate the relative magnitudes of
the contributioﬁs from the different order séiutions. Also to be noted
is that the influence of inflow on shear stfesses is more proﬁounéed for
larger gap widths. This can be explained in terms of the decreésiﬁg
effect of viscous fofﬁes on the solution. Siﬁke the exceés angular mo-
mentum of the inflow is notﬂéiffused well in the middle region, the
effect of rotation of the inflow dominates over the negative radial
momentum, resulting in second order outflow. In order to satisfy
"continuity", large inflow near the wall and smaller outflow near the
disk are observed (Figures 3 and 6). For very small gap width, the
effect of inflow is in one direction only, as evident from Figures 6 and
7. These results support Jimbo's [2] conclusion, that the power loss
due to skin friction decreases due to inflow since shear stresses de—

crease at the rotating disk.

Pressure Distribution

The effect of inflow is to increase the radial pressufe grédient.
The pressure at the axis or periphery is usually known, so the absolute
pressure can be obtained from the expressioﬁ for pressure gradient on the

disk.
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dp
dn

This increase in pressure gradient ¢an be éxplained in terms of

= P4 8 _ 2am, onN DISK
- >3
bd 9 :

the rotation effect of inflow. The fluid tends t6 rotate faster due to
inflow and so generates larger pressure gradient, which is evident from

tablel!3l4 and from the above expression.

Remarks

This study is based onh an asymptotic expansion for thé different
furictions and only terms up to 3rd or&er are retained. This truncation
subjects\fhe analysis to a limitation on the ‘amouht of inflow that can
be considered which depends on the région of dpplication (radiéi distance)
and the accuéacy desired. Each term should be smaller than the previous
one aﬁd the ratio of succee&ing terﬁs will be indicative of the accuracy
of the estimate of various flow quantities. As an example, the case of
S = 17.15 is considered and the dimensionless mitiimun radius of the

region is 20.

The requirement is

’
QG /7 4
G,
If the allowed ratio is 0.1 at r = 20, then

QG /20
20 GJ

and
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The limit on Q 1is very sensitive to the minimum radius at which compu-
tations are desired.

- The influence of leakage can be deduced in terms of flow parameters

——

Q=

21T Y }%}L

A larger Q means, either large inflow rate or smailér viscosity
or large disk angular velocity. In any éf these situations the overall
\flow will be substantially influenced by the inflow.

According to Daily & Nece [;1] , laminar flow in'the ngh—irgflow case
exists up to r = 500, after which transition occurs. This transition
radius will probably be reduced for the inflow case, since the incoming
fluid comes!f:qm a turbulent regioh and brings tﬁrbulent fluctuations with
it. The region of applicability of the presented laminar solution is

between an inner radius which depends upon the accuracy desired for a

given Q and an outer radius determined by the onset of tramsition.



VI. DESIGN APPLICATIONS

This analysis can be used to calculate the axial thrust on a
pump impeller due to the asymmetric pressure distribution on both
sides as influenced by leakage, and to estimate the power lost due to
the skin friction on the impeller. These quantities are of basic im~-

portance in evaluating the effect of leakage on pump performance.

Axial Thrust:

This thrust will arise either due to different gap widths
between impeller and housing or different leakage rates in the two

gaps. The pressure distribution on the impeller shroud is given by
e ) 2. :
_ P H,4a fanrt 6-1)
P= > + QH1 Qh%—}— o 4+ Constan ¢
This constant can be evaluated by the knowledge of the pressure
at some point inside the pump, If Q and S are different at both
sides of the impeller shroud and if Po represents the pressure at

impeller exit at radius Ro’ then
Bl z 2 - ]
P= £ (2 g2)+ Qi & () + 1,0 (Fa- L)+ B (62)

The contribution to axial force due to the flow between the impeller

shroud and theJ?ousing
F= /zm&ﬁa&z
S

~where T, is the inner radius of the shroud. Integration yields

3

54
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2 = 2 z
F= anp (BZ8) + IB (RLsf) + moi [ £
(2 thR,31) - ;Z%(zﬂn 910-:)] + 21 HZQZQA (%)

' ' 2 g2 p2 ‘ AL '
=21 (%L)(%& + @H, UKo+ %@. > C(6-3)

The net thrust on bearing due to both sides of the impeller is given by
_E ‘ Hon-%=\ TIRY/ a2 .2
Thosst = F-F, = m<-;—%—) - ()
%3 7R |
(- 78)- 2 @ oun -]
CPH:L s;l' (204491;1)— @, Hre _5‘_1__; (2 %ﬁ°K”)]
© y ' 2 ‘ o
-+ 21 HZLQL,'@’I (7_1‘;‘>'—217 HZRQR @h (;’%)’“
. o |
(M Q- 1,07 ) 4T [RE G E ) +
OnR. (@50~ Qi) + 1| REOE P72 )

+8n R, (@t 7~ Qe o) 47 (@m0

- Har Gari) |
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In this expression it is assumed that the outer radius of the impeller
and the pressure at that point on both sides of impeller are the same.
Non~dimensional core angular velocity B is dependent on the dimension~-
less gap width but for $S>»14 it becomes essentially constant (within
5% variation). This expression can be modified for other physical situ-

ations.

Power Loss:
With the knowledge of the azimuthal shear stress distribution
on the disk (impeller), power loss due to friction can be evaluated.

Thus, R

Power loss = PL = l 715z ( Tze) \% sz

where - Gf‘
Vo= nG, %G@* 55 Gt - -

]

and
/ / 2 ¢ s )
/rzez- //‘-<7‘Ga+‘g67-+ 52—&3 GL—F
So the expression for power loss on one side is

P = omp [a6] 2 QGG +66) 5 + R (GG,

Ro
{ / . -5
+QG+GG) Gorr - [ (6-5)

-

The quantity PL can be evaluated for both sides of the impgller
separately and the sum will represent the power loss due to skin frictiom
cf the impeller.

As the analysis in this study is independent of the sign of Q,
it applies as well to disk pumps, and the power required for given amount

of flow rate can be evaluated from (6-5). Furthermore, the pressure
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gradient and hence the pressure rise can be obtained from (6-1).

Illustrative Problem:

The present analysis will be used to compute the leakage rate
and the axial thrust caused by the leakage for a typic{al centrifugal
pump used for lubricating oil.

The physical data for the pump are as follows:

Disk angular velocity = 1000 rad/sec (955 rpm)

Outer xadius (Ro) = 0.2 ft,
Inner radius (r ) = 0.08 ft.
011 viscosity = 2,18 x 10" > 1bf.sec/ft?
Kinematic viscosity = ].0—3 ftzlsec.
Gap width = 0.01715 ft.
Clearance at seal = 0.0002 ft.
Pressure rise in
impeller = 200 psi.
Total flow rate = 50 gpm

The reference quantities for this analysis are:

- S gt
Lref - Jz%z- = 10 f

63x107C §t%/aec

et =2y /]y, °
Pres = N = 2:48 bf/ft?
-6
= - o
Thrusg,. = ALV = 2-18 X110~ Lbf
H, = - ,3459
H, = - ,1096
.314

o
it
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Non-dimensional quantities are:

+

R = 200

o
T = 80

(o]

A = '
( P)Imp 13,200

Dimensionless gap width bLztween impeller shroud and flousing

(s)

[

17.15

Clearance (&) .2

The flow rate across the seal (non-dimensional) is
Q= CXXb6x% [2AR

where §low e fficient C =04

so that 2

ra
YaA =-0122Q

" Ba

The pressure difference in the gap is

i (AP)% -,—;_EL(KE“JZ?)—H’P’quY‘ (%E)JerQl(ﬁ; i

. T . _4\ 3 5
= L656-0315Q + 043%10 QZ

N

Assuming that seal is open to inlet pressure on external side

(2P, = Py, (BP),
which quantitatively is written

13,200 = 1656 - 0:315Q +Of53xlo“£’Q2+:-OJZZQZ
or

2
<0122 Q -~ 0-315Q- 41,520 =0
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This may now be solved for Q. As the problem is about leakage, the
negative root will be taken. The result is

Q = -964

To check the validity of the analysis for this problem, diffefent

terms can be compared in the expression of ;ZE at inner and outer radii.

dpP 2 HQ 2H.Q"

Now at inner radius ( r, = 80)

Q x_‘fi’ = -514

ey p>
’Q__ % ,2'_.}_{.2' = -0877
nr" R

And at outer radius (Ro = 200)

’@"Q_X _}i! = -0825%
R p*

-gg poS éLH} = -0/4]

R H

As expected, it is found that succeeding terms decyease more
rapidly at the outer radius but even at inner radius each term is
smaller than previous term by enough to indicate that truncation error
is reasonably small and this analysis 1is applicable.

Assuming that, ﬁfrﬁk’ Ho, = Hlor and that there is leakage on

one side only, the thrust can be evaluated from (6-4).

Thrust

2 i Q[ 2 on (%) - B4 o, Q[ 00 (£

R ]
- 4R ,

_ _zmi,Q(-528) x10"+ 201 1,Q" (- 7°)

== [y X107
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In dimensional form

7 6

Thrust = -1.141 x 10’ x 2.18 x 10 = 1b.

= 25 1b.

. 4 . Crd B
This value can be compared with the extreme case of infinite

leakage'as shown bf'Cooper [10] . The assumption of infinite 1eakage
impiies that the inflowing fluid tends to conserve the angular momentum
it possessed upon entering the clearance space at the impeller outer
radius. In thié-case pressure decreases more rapidly with the de-
creasing radius as the angular speed increases. So expression for thrust

for infinite leakage on one side and no leakage on other side is,

525k 4 2
22nf PR R | 7 Pa¥
o« L2 (20 -2 2 )

= 336 1b.
Actual leakage ratio for this problem

6

964 x 6.3 x 1070 £t3/sec

L
. |

2.73 gpm

5.5% of total flow rate

I1f this Centrifugal pump has an impeller with a shroud on one
side only then the thrust will be larger. The force developed on the
side of impeller where there is no shroud is calculated assuming the

fluid to rotate at the impeller angular speed. This yields
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Ko 2 :
Ro-n?%
F o= 2774’(1?,— Re-2") 510
_ Zne(Rdz)zf') "(-2—6,7-7)(?.,9:313“)2'
(6-6)

The thrust due to the shrouded side of the impeller is given by equation

4

(6-3). The thrust for an impeller shrouded on one side only is the

difference between (6-6) and (6-3). TFor Jzog ':.'.3Z¢,,_J this becomes
Th£ust = EQT(:R ) F?-+ (:R 7L?J
8 °” d

2. ) 2z EL
ror HR [ J (R ) - B2 ]

vaalen B G ]

= 7646 X 107

In dimensional form for the calculated example the thrust is 1,710 lbs.
in a direction 6pposite to the inlet flow.

Most of the axial force for a single shroudeq impeller is because
of the difference in average angular velocity on the two sides of the

or 1.5%.

impeller. The effect of leakage is of the order of 13?0

¢



VII. SUMMARY OF RESULTS

The problem of inflow between a stationary disk (wall) and a
rotating disk has been solved by a linearization method. Similarity
solutions are sought while end effects are neglected by taking infinite
disks. The momentum and energy equations are simplified by assuming
an axisymmetric laminar flow of a constant property fluid. The effect
of inflow is found as a perturbation of the no-inflow base solutionm.
Only two perturbation terms in the series are evaluated, since for
other higher qrder terms, the inflow appears as a parameter in the
differential eduation. This precludes solution of the higher order
equations unless the amount of inflow is specified a priori.

The solution of flow field and temperature field shed light omn
the influence of inflow on the pressure distribution, the shear stresses
and the heat transfer rates at the disks. It is found that inflow
increases the pressure gradient in the gap and so results in an in-
creased axial thrust above that due to the basic flow. The effect be~
comes prominent for situations, vix., large leakage rate, large angular
velocity of the disk or small viscosity.

Inflow also reduces the shear stresses on the rotating disk and in-
creases the shear stress on the wall. So it has the effect of reducing
frictional power loss on the rotating disk. Overall, the leakage has
a negative influence on pump performance, as it carries with it some
kinetic energy which is lost.

Another effect of inflow is on the recirculation region. The in-

fluence of leakage becomes large at small radius as the angular momentum

62
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of the basic flow diminishes to zero as the axis is approached. This
inflow creates a recirculation cell about the axis of rotation, With

fluid coming inward at rotating disk instead being thrown out. This

recirculation will slightly affect the power loss due to radial shear
stresses.

A surprising influence of inflow is on the temperature field. For
the case, wherein the wall is cooled to a constant temperature and the
rotating disk is insulated, the disk temperature is independentJof
" amount of inflow, although the heat transfer rate at the wall decreases.
For the case where both the disk and the wall are cooled to the same

temperature, the heat transfer rate at the wall decreased as expected.
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APPENDIX

Solutions of system~1 as listed in tables 1, 4, and 7 are directly
taken from Cooper [10] results. They have to be modified in order to'
correspond to the co-ordinate system of this report.

Conversion is as follows:

Position relative to wall,

Cooper's notation Current notation
F -~ F
FP FP
FPP - FPP
GP G
GPP - GP

Position relative to Disk

Cooper's notation Current notation
F F
FP FP
FpPP : . FPP
GP G

GPP GP

Here the number of P's represents the order of the derivative

with respect to the argument.
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17

21

-00000000

«10000000

«20000000

«30000000
«40000000

«50000000

PGSITION RELATIVE TO wALL
2/8 ETA

NUE

+00000
1.00000
10000 __
1.00000
220000
100000
+30000
1.00000
L40000
1.00000
«50000
1.00000

POSITION RELATIVE TO DISK

1 2/5 ETA
NUE
1 +000000N0 <00000
1.00000
5 +10000000 410000
. 1.00000
9 220000000 +20000
100000
13 «30000000 «30000
1.00000 -
17 40100000 240000
1.00000
21 +50000000 +50000
1.00000

%
Refer to Appendix.

*
TABLE 1

S=1

System 1

_F . .. ... FP o
W 6P
«00000000 »00000000
200000000 200000000
«200028151 __=.00513739
« 00056301 «09983608
=+00093159 =+ 00740480
«N0186319 »19966740
s 00167654 =:00710092
200335308 29948844
000228244 _ =,00472341
200456488 +39930169
=o00257511 =.00096908
200515022 +49912422
F Fp
W 6P
«00000000 +00000000
«0UaN0000 l.00n00n000
,00039337 . e N06PK0TH .
=-:00078674 + 89962900
+00120158 +N0B859761
-.00240316 «79938097
«00199911 200691441
«»00399823 2699208993
_=0025207) _ 200331269 _
~. 00504142 | 259933382
«00264107  ~.00091066
-200528214 49946782

VELOCITY AND SHEAR STRESS PROFILES

FPP
GPP

~2 06622170
+99836537
=+ 03669207

£99834828

=>00915407
«39826715

01440230
+99815668

s 03198670 .

+99813639
<04160583
.99837088

PP
&PP

s10041434
~1,00398336
_ «03997902

~1.00321949

=s00240228
~1.00169221
=2 02876032
=1.00017095

_..=e04112176

~299902977
=« 04150427
«:99836792

6L



S=1
System 2
F Fp FPP G GP FPPP GPP M1

WALL 1. u0000 00000 -6+ 02N89 .00000 «39887 ~12.12436 00000 =-12.12436
FTA POS FRACT Z/5
Disk  ,00000 »00000 5.9994% <0000 ~+Sg0u5 -12+12436 «0NR00 -12.12436 «NUNOY DL
+ 02798 53951 . beT92uy . ~e08812 ____ =eSu6T4 ___ =12.02357. ... #97115 _ _=12.12436 .. _ 10000 _. 10000
«10369 «95875 3.59348 -+ 10684 =el41840 -11+96218 1.53383 -12412436 20000 21000
021574 4.25835 . 2.39877  =elB0S1 | =e25114  =11.93743 _  1.7A090 = =12.1243AK +30000 «3unpo
35158 1.43854 1.20499 -0 15679 =0 07499 ~13.94250 1.72471 -12,1243p 4000y Jhupoo
43gU7 149929  __ +00957 _=e 15597 +URT74Y =11.96R61 ____ 1.,49724  =12.12036 . . _ 50000 _ 50000
64743 1444033 -1+18911 -e14027 “ 22044 =12.00691 1.14925 -12.12436 60000 60000
. 78354 )+ 26132 =2¢391906 -e11314 31574 -12.04857 « 75444 «12412436 ° TOOGG «JU000
«89573 236183 =3.59870 =oN7AHY 037217 =12.08632 -« 38340 =12.12434 «BG000 «BUN00
«97197 «Sh148 -4.89852 =~e03982 «39564  ~12.11370 10790 «12.,12436 +«90N0V «90000

1.4Lnho «0UNGH =6«02089 + 00000 < 39887 =12+12436 «00000 =12.12436 1.n0000 L.vt'000

08



WALL

F
«00700

«00000
- BUNHe
-e U157
~e 0189
- ul131
=, UyQ0y

-.UU00Y9
sL1LT7
»Uu1sl
40153
Un0BL
«ULUNU

TABLE 3

S=1
System 3
—— [ FPP . ... .6 ... 6 _ ____ FPPP GPP _ . H2 .
000N «17330 + 00000 010053 1,5548% + 00000 = 77742
: - . FTA POS FRACT
+n0N00 =-a17517" «00000 «Unps3 1.55u8% «00000 —-T7T7U2 «00NOY Suuonn
- 01992 -e02811_  ___ e0p00l _____=+UN060 21025082 = 016A0 =4 77742 -+ 10000 «10000
-, NU74] «0R7%0 ~«00013 =eUN199 «h2UT2 -.0N871 - TT742 » 20000 20000
00132 s 09605 =e0003% . _=e00213________=+p3698 +00565 - TT742 30000 « 30000
«N)ABY « 06657 «e00051 ~+00105 =-+5N78R 01443 - 77742 LUNNny «40n00
«N1355 00403 ~a00N54 __ _ «00043 ____ =e76653 01372 = T2 . RN +HUN00
ETA PUS FRACT
oN1355 L 00403 _ =e00NSH 20043 =e76A53 _+01372 = 77742 50000, 50000
«101041 e 064U7 =« QU044 «0n1ys ~e 56307 «ON597 - TTTU2 PG Y «6U0NN
e ..eDU1H9 =909742 ~2 00028 00160 =+ 05402 =+ 00249 =« TTTU2 «70000_____» 70R00
- N0703 -+ 06952 ~e00014 UN1L3 + 2493 ~+00586 - 77742 «R0000 - «BUONN
=+NU973 «02622 ~+00006 +0ngeY . _1.26062 . =s00316 ~s 77742 »900800 «9U000
2 NUOUND «17330 «00000 20n053 155485 +00000 LI AALY ] l.n0N00 1.00000

18



13
17
21
b
e
33
a7
41
48
Cuy
53

57

VELOCITY

TABLE 4

S =17.15

System 1

POSITION RELATIVE TO WALL

2/

00000000
200583090
<01166181
«01789271
<02332361

« 02919452

S03494EH2

L04081633
664723
~U5247813
05830904
06413994
206997084
-0758U175

+0816326%

ETA
-NUE

« 00000
1.00000
10000
1,00000
«20000
1.n0000
+30000
1.,00000
«40000
1,00000
«50000

1.00000

s60000
1.00000
« 70000
1,.00000
«s 80000
1.00000
«90000
1.00000
1.00p000
1.00000
110000
100000
1.20000
1.00000
1.30000
1,00000
1.40000

1.00000.

AND SHEAR STRESS PROFILES

F FP < Fpp
W Gp GPP
200000000 «00000000 =+16978390
200000000 = 00pn000N = 13930740
=, 00083195 =s 01646947 =+159A0R871
200166391 +01393005 «12929976
-, 00326002 -«03192297 =-.14947037
« 00652005 « 02785848 «1%924810
=4 00718286 =+ 0636591 -2 13940278
. 01436572 0H177740 212911357
~s(1249981 -2 05980692 -+ 129436709
202499961 «05567751 s 138R6272
-.01911123 = (7225759 =¢11960044
«13822246 06954512 « 13846736
= 02691879 - 0R373218 -.10991018
05383757 <0R33651R « 13799420
-,03582568 -a QU4 736 -s10041590
207165136 209711974 « 12715442
-, Q4573690 =410382201 =,09111163
209147381 011078941 . +» 176020425 _
- 05655942 -.11247694 -.08202477
211311885 212435355 «13504264
-, 0AB20239 «:12023477 =s 07317213
« 13640478 13779007 «13366293
=, 08057728 =612711968 =3 06456860
- .. alB11bH456 . 215107874 .. 13206149 .
«, 09359808 =s13315724 =.05622741
+18719615 16419555 12023756
~-s 10716137 - 13837429 = 04816017
. 21436275 17711889 212819295
=s12124651 -a 184279874 -2 04037700

s 24249303 _ _ _.18982691 12593174

Z8



Table 4 (continued)

Z/S ETA F FP FPP
NUE W GP GPP
61 s0B8746356 1.50000 =2 13571566 = 14645945 =s 03288660
1.,00000 027143133 20229822 12345996
65 s 09475219 1.62500 -, 15425643 =.15000656 =.02394641
1.00000 230851287 21752306 17008608
69 210641399 1.82500  =,18464592 -215344492 =:01064525
e 1,00000 236929183 ___ . .24095125. . e11407560.
73 11807580 2.02500 = 21546543 - 15434879 200139452
1.00000 43093085 2631083 210739096
17 +12973761 2.22500 - 20623340 =,15297224 «01215793
1.00000 49246681 «2R386947 +10013397
bl «141399041 2.42500 =, 27655932 -e 14957070 «02164569
1.00000 255503864 . . «30313104 _ .  ,092481294
85 15306123 2.62500 -¢30594362 - 14439803 02987272
1.00000 «61188723 «32081167 « 0RU3LIYY
&9 216472303 2.82500 -s33417711 =3 13770384 « 03686670
1,00000 266835423 . 33685255 07603490
93 017638484 302500 -+ 36093993 =212973098 «042A6660
. 1,00000 ... 72187985 . «35121708.. _. . 06759783 __
97 18804665 3.22500 -3 38599990 ~+12071356 «04732130
1.,00000 577199978 36389010 «05913673
1yl 19970845 342500 -, 40917064 =+11087500 +0508881R
i ’ 1.00000 81831126 «37487671 « 05074943
105 21137026 3662500 -, 43030926 ~:10042652 «05343176
. - _...71400000 - . . JB6U61852 _ ... 38420080 __ . .04252587.._.
109y 22303207 3.82500 - 44931379 - 08956584 » 05502234
1,00000 2896862758 +39190340 03454722
113 225469388 402500 = 46612036 - Q7847614 205573471
1,00000 93224072 « 39804083 02680534
117 24635568 422500 -, 48070021 -2 06732530 + 05564689
1.00000 296140041 40268282 . 01960241 _.
121 25801750 4.42500 - 40305658 =4 05626539 «0S4g3R96
1,00000 98611315 40591057 «01275091
12% 26967930 4.62500 -.50322152 = 04543233 205339192
1.00000 1,00640304 40781482 + 00637365
129 «28134111 4.82500 -eb1l2526H4 = 03494583 «US138A71
1,00000 1.02250528 40849390 .. .0N050401 __
133 29300292 5.02500 -.51722990 =¢02490953 " » 04890320
1.00000 1.03445980 40805191 =.004R3369
137 230466472 5022500 - =e52125236 -e01541123 204601937
1,00000 1.04250471 «406596495 = 00962374
1ud ¢31632653 5.42500 ~-eb2343512 - 00652343 «0u2a81059
1.00000 = 1,04687025 40423945 ~-.01385847_
145 2327948834 5.62500 =-.52390631 «00169615 «03934890
1.00000 1.0478126) 40109061 _ ~.01753768
149 233965015 5.82500  =.522A0416 200920382 03570247
1.00000 1.04560831 39726099 -.02066797
153 »35131195 6:02500 -.52027430 « 01596909 «0319351¢6
1,00000 1.04054861 ¢ 39285918 . . =.02326206
157 36297376 6.22500 ~s51646724 202197378 «02810614
1,00000 1.03293449 +3879907) -+02533809
1ol + 37463557 6.42500 =.51153597 +02721105 02426957
1,00000 1,02307194 238275696 ~.02691893
165 38629737 662500 -e 50563377 «03168439 «02047448
1.00000. ._ 1.01126754 . __ 37725436 _=.02803148 .

€8



1

13
17
zi
3]
24
33
a7
41
45
49
53
57

Z/s

39795918
40962099
<42128280
43294460
culu60pU2
456020822
46793003

« 479591864

49125364

Table 4 (continued)

POSITION RELATIVE TO DISK

z2/5

00000000
=« 00585090
201166181
e01789271
<02332361
202915452
f0349554?
204081633
204064723
05247813
«583U904
+ 064135994
+06997084

«0758U175

ETA F FP FPP
NUE W GP GPP
6.82500 =2 449891232 < 03540654 01676461
- .~ 1.00000. +997E2463 .. .. 037157358 _  =.02870598
702500 =: 49151986 «03839849 201317840
1.00000 _. . .9830G3971_.__ 36579899 .. =.,07897535 .
722500 - 48359974 « 04068837 + 00974904
e 1, 00000 . 296719987 2 36000812_ . ~,028R7450__
7.42500 =-. 47528905 «QU231044 200650454
1.00000 +95057809 035427139 =-.0284401R
762500 o 466T1LTHT 204330406 200346794
1.00000 293343494 034865180 =.02770950
782500 ~, 45800643 s 04371272 +000A5THS
- 1.00000 +91601285 « 34320482 =.02672038 .
 Be02500 = 44926827 +04358313 =,00191260
1.000060 . 89853654 +33797836 -.02551060
822500 ~ 48060579 « 04296434 =o 00423309
1.00000 +68121157 233301280 =, 02411747
8.42500 =e43211178 «04190695 -.00629790
e i = 3000000 . o B6H22355___ +32834116 = 02257749
F FP FPp
ETA W GP GPP
NUE
«00000 .00000000 +00000500 <46803n0F
1,00000 «00000000 1.00000000 =.52032585
210000 < 00219924 204257319 e SAYL2N6D
1,00000 =, 00459848 «9u811452 =-.51600131
«20000 200824387 $07717133 230932511
- 1.00000 ~ 01649774 - 89704304 . = 50436A44 __
230000 +01739939 210474363 « 24359099
1,N00000 - 03479877 « BU742591 ~.4R718191
244000 « 02899287 $12617185 018632621 °
1,00000 -, 05798574 - 79974245 = 46591562
+50008 «0B265608 «14226758 +136R2279
1.00000 ~. 08491217 . _ 75433807 . =.443178379
260000 « 05729340 015377159 «0943752a
1,80000 -,11458681 o 71144767 - 41578647
« 70000 sUT7307978 * 16135484 +05829492
1.00000 -, 14615957 267121562 =-.30873R4%
+80000 2 0R945386 216562071 02702000
1,00000 . . =<17890773 ... +633571297 . .-.36129631 ..
290000 L10611138 +16710810 «0026239%
“1.00000 =-.21222275 « 59895198 - 33358202
1.00000 012279887 +16629518 =+01818066
1.00000 =-.24559774 + 56689860 =.3n0720258
1.10060 213930784 216360350 =.03503817
. 1,00000 . __-.27861569 ___ 53748292 =.,28127296__
1.20000 215546931 015940239 =o048ULRIE
1,n0000 -.31093861 251060796 _ =.25642177
130000 « 17114877 «15401334 = 05886927
1,00000 = 34229754 «4AB15703 - 23281486
1+40000 «1R624169 s14771441 = 06671207
1.00000 . =~:37248337 _ 46399981 =.21056198

08163265

78



65

69

121
125
1e9
159
137
141
14d
149
153
157
161

165

6l

z/s

T.uB74n356

«09475219

.10641399

+11807580
$12973761
$14139941
" .15306123
216472303
« 17638484
+ 18804665
19970845
+21137026
«223035207
«23469388
< 24635568
.25801750
+ 26967930
228134111
029300292
< 30466472
«31632653
+32794834
+33962015
+35131195
436297376
« 37463557

« 38629737

Table 4 (continued)

ETA
NUE

1.50000
1.,00000

1.62500

. l.00000

1.82500

e -.. 1400000 _.

2.02%00
1.,00000
2422500
1.,00000
2.42500
1.00000
2462500
1,00000
2.825u0
1.00000
3,02500
1,00000
3422500
1,00000
3.42500
1.00000
3.62500
1.00000
382500
1.n0080
4.02500
1.00000
422500
1.00600
4442500
1,0u000
4.62500
1,00000
4.,82500
. 1.00000
5.02500
1.00000
522500
1,00000
5.42500
1,00000
5.62500
1,00000
5.82500
1.00000
6.02500

1.00000

6222500
1.00000

6442500
1,n0000

6.62500
1.00000

F
W

20066933

- 40133464
.21TABI8Y
-, 43536709
20200257

- 43480518
26396740
-.527493480
28204478

-, 56486957
29801174

-.59602348 ...

+31091256
=,62182511
32142720
-, 6428DuHf
232984896

-, 65969792 . . .

2 33646917
-.67293833
+34156723
-.68313446
» 34540459
-.690130918
$ 34822100
-, 69HHU 2R
« 35023575
- 70047151
« 35164285

L. =e10328570 .
352615688

=-.70523375
«35331198
-, 70662396
¢ 35386404
-, 70772808
+ 35439245
-, 70878489
« 35500175
- 71000349
«35578322

.. =e 71156644
« 3561623

=, 71363246
+ 35816955
-,71633869

T e35990129
.= 71980297 _

36206163
-, 72412326
+ 36469131
-,72938201
+ 36782293

=.73564585 .

FP
GP

TU16074443  <.07234R70

FPP
GPP

48399750 -+ 1972792
»13139559 ~-e 07679396
. 42180537 ©  =.16572101 .
11571283 -+07919390
239213026 ... =.1%197302.
. 09999579 - 07741290
36865116 -.10369382
«08492917 =-+07289746
«35031998 “.0RO40202
+» 07094661 =4 06672531
33619578 .. =.0A152399 ..
05829675 -e 059/BN25
«32545658 - QUEUS526A
04709537 - 05231662
31740015 =.N2WHN1L6
+ 03736582 =~ 0u501291
+31143798 . =.02542350. .
02906959 =, 03801538
« 30708534 -2 01842918
002212918 -, 03107294
+303949%% ~,01318824
«0louuu72 -.025u6434
30171791 -. 00933114
201190580 -.02001927
JANDIBKT7Q -« ONARURIR
00839962 -, 015154356
229904583 -, 0N457014
200581632 -e 01078520
. «29827810 . . ~,0Nn319079 ..
200405226 -, 00693512
20774152 - 00223236
00301183 -o 0035415A
+ 29736654 - 00155400
00260813 =: 00056062
«29710878 =.00104254
00276291 200205006
« 29694385 ~-.0N0AIPARL
00340606 00422217
290686292 =, 000119364
2 0NUL7475 00631067
. «2968691L . +00026592
«00591240 00802315
229697455 S000RaNY2N
200766762 00948970
229719789 00144848
«00969307 01072798
029756224 «00221689
201194445 01175061
.29809363%__  .00312002.
01437948 01256557
+29881952 | 200416210
01695710 «01317676

229976767 __ . 00534203 . .

1]



Table 4 (cdntinued)

Z/S ETA F FP FPP

NUE W GP GPP

109 +39795918 682500 « 37148094 +01963664 201358462
R . . . 1.00000 -. 74296188 + 30096518 «0N665411

173 «40962099 702500 «37568165 + 02237723 +01378667
e .1,00000. __=.7513633L . .. 30243748 00806863

177 42128280 7.22500 «38043313 + 02513727 «01377819
- 1.000600. - 76086626 .. +30420789 ... 00963230

161 43294460 T.42500 - +38573502 202787405 +01355282
J— 1,00000.. . =, 77147003 . +30629659 201126863

165 «44u60642 7462500 «39157826 «+ 03054345 201310317
— I . 1,00000 . . =.73315653 30872022 01297817

189 45626822 T«82500 39794487 «03309984 s01242141
e . 1.00000 . =~.79588973 .. «31149127 ... .01473873

193 + 46793003 8002500 40480752 +03549603 201149983
1.00000 ~+80961505 «31461748 «01652561

197 47959184 8022500 «41212936 203768332 +01033145
[ e 1,00000_._..=.82425871 __ .31810146 . .01831171

2ul 49125364 8042500 41936360 «03961176 +00891051

1.00000.—_=,83972719 ____ _+32194016..... ,02006776...

98



TABLE §

S = 17.15
System 2
T T e T T R T PP G TToer T FPPe GPP H1
wALL _ l.uuidn s000uQ =:44716 -00000 £ 25936 =-,34549 _n000u ~, 34589 L
: ETA PGS FRACT 2/8
DISK  sUUULY _s00000  .1H066 .000up ~+31563  =ej3458y  .UB0D0U  =.345h9 2 0UNCo s 06000
culubh L0lzhy 10912 = 031452 -31433 =,28660 .U2497 -5 34589 210000 «ULERD
.uu239 202201 CLU8311  =,0627¢ =.31082  =-.23461 L U461 -2 34519 .20000 <1166
o L00497 2922 T wubl97 ~-.09362" =:30555 T=-,18937 JU6uls - . 305/4 L 30000 17s0Q
L0(817 .03454 T 60503 -.1238¢( -.29389 ~21504¢ 07256 =+ 34549 o 43000 a0/ 332
ul183 U335 .U3170 -.1533% ~,29111 -, 14720 . UB256 ~. 34559 .50000 2915
- L158U 04598 Ju2lyl ~. 18205 - 23244 ~a U931 U906 - 34580 260000 VK UY-T)
L.C2uun TT.u6272 T 0136 =22094% Te 27303 T T T Shpeg21 T 09725 T T T -0 30G49 270000 s Lu052
02433 L04379 _ .00803 -.23663 -,26303 -~ 04741 10256 -2 34569 L80000 0u665
2874 i 04438 TTTL004U7 T = 262427 T T =e25255 T T T maud240 T TLI0070 T T TTee34559 7T 490000 eub2bt:
+1.3319 S04y 65 «00iky -,28713 =.24171 =, 02069, . 10998 LI 100600 LubE3l
u3766 08470 -.00016 ~-.3107% ~.23059 ~. 01180 L11230 - 34569 1.1a000 sUel1n
 eubzls ETR =2U0100 ~.333z24 ~-.21928 - 04527 11377 - 34559 1.20600 06997
T L8859 Ta04452 7 T=,0ni28 =, 35440 -.20786 VYT -y AN § £ 1Y =.3u589 T T1.30080 7 07580
2058073 s U440 =:UN119 ~. 37431 =~s 19641 200236 11436 =, 34580 1.40000 < UB163
.05547 204429 =+ UNUAS = 39544 -.18501 VY24 S11398 =o345n9 1.50600 YL
S 06100 Jobb2e -~ uNUl4 - 41613 -.17092 sUUH20 11172 - o 3U4b4Y 1,62500 o (194 7Y
2u698+ NTEYE NTEX] = EG8TT =, 145027 TR L T06ST =, 3G5A9 1782500 SIS
U782 S Ul HY L0017Y -, 475941 -.12824 g .1005% -+ 34549 2.02%00 SL180E
w0877 RUTR-TS T uneu2T T T A 99507 T=o10887 7T T wu0271 7T L0030 7T T e3nsm9 T T 2,20000 7T 12974
209672 Jobsuy S su0285 _=s5l947  =.09108 2UU169 Oa4us =0 34H19 2elz00 14140
.1U587 . 046U9 .UN312 ~.53604 =s07493 7 T L,00108 07060 -.34569 2062500 . 15306
11916 s .0Nn331 - 54955 -.06043 s LU0BY LU6852 = 30549 2.82500 216472
. 12457 . 06752 L 0UN357 -.56032 - 04750 «GU083 L 06087 =~ 34589 302500 STTESE
wi3h13 +04g13 003565 =:568435 -, 03604 + QU090 .U5381 ~ea34519 3.22%00 2 1§F 05
. 14383 Sobga7 T Taun3u3 = 57482 =502593 TLU0093 T T L0442 T T 034549 3.42500 T .14971
. 15368 . 04906 00400 -.5791¢ -.01702 L0079 04173 - 34589 3,62500 221137
16369 05047 WUN413 -.581 70" -,00919 subi042 03070 - 3U%H9 3.82500 « 20303
L 57337 . 05130 SUNGLG -. 58244 -.00230 -, 0up21 LU3230 - 34549 4,02500 23469
. 18421 205213 L0NG03 -.5826, ,00376 -,u011i2 L U23u5 =L 34548G B.22500 Loublo
19472 V5290 sUNI069 -.58138 200411 -s 00229 U250 - 34509 4,424%00 szhbne
o 220537 7 T o053%8 77 003107 T =,879ga 7 T T L01382 TTTTTT=L00368 T T T 02210 7T~ 345489 4462500 226048
216106 05412 sun22l -s57559 201797 ~.Uu525 LU19u4 -:34549 4.62500 o2tl3h
22700 05444 LUN0YY T=.5719, L2160 7T Teapue93 T T T L0102 e 2500 5.02500 25300
223790 05449 - 00057 ~.56724 02479 - HUBES 01475 ~, 345689 5.22500 0 30466
. 2Le77 LU5419 =, uney - 56204 w2752 = Ul062 LUTE55 - 3U5A9 52500 31633
« 25955 05348 - UNHT74 =a9563( 02983 -.ui210 LUtu4s ~e 34559 5462500 ° 327494
.21013 205228 w731 ~.55013 03171 =eU1365 LU0836 =e34500 5082500 31965
248042 205653 -.0101y -.54304 03317 ~.11503 .G0620 -.34589 £.02500 .35131
29031 SLY-3E] - 01334 ~eb30Y9y 03419 -sUlble LOudy7 - 3UHHY 6.22500 « 36,2717
29965 04519 —.U1063 = 529y0 03475 =.0u1701 .U0l6o = 34549 B.425N0 S 376
. 30634 S Uk152 -.02009 -:52303 . 03485 = 01754 <. 06074 =L 3454y 6.62500 43630
csluee $U3715 -.02362 =.51loyg 403445 -.01769 ~.00323 - 34584 6.82500 «39796
032315 U320 ~s 02714 =e509:8 «N3355 - 01745 T e, un5u0 e 34589 7.025%00 B U962
202900 sui30 - U3057 =.50271 03212 -eU1670L ~-.boBuY - 3U45HHY 7.22500 ° J4yisE
33263 s 01980 -a03382 77 T =.l9647 7T 7 403017 7T -aulbe6 T T T =.U11110 0 T ~,345R9 7.42500 45294
« 3369V 01279 -oU3o8l -o4GUe,7 02768 =oUl4lu -, 01374 -s 34589 762000 a4ut6l

L8



Table 5 (continued)

F FP FPP G GpP FPPP GPP HI ETA zZ/s
33871777 welsiseT T TSlu3g4A3 Py L02666 TS uigZoy =L uiedY ~. 54580 782500 45627
«33893 - U295 -.04161 -otl0py  L02112 . =e00964% -.018Y% - 34589 8.02500 H6793
233752 "=.01145 -, 04326 ~477uz .01709 Cmeuyb78 -.U2137 - 54539 8,22400 47059
R ~,02022 —o0UB2Y e uTupy  G01259 =.pu347 ~. 02359 ~. 34559 B8.42500 40125
32940 -.02¢12 - UN63 Te u7201 TLan767T 00017 ~, 02556 7T T=.34589 8.62500 50292
32264 -eu38u2 - Ut 2y - 4Tiyuy 002358 SOUN1Y -, 02722 - 34589 Y th2H0U «Hihha
BATY) =, 0hg7s ~. GlE295 = G71y7 =, 00320 (U838 =, 02852 = 34539 5.02500 52628
50451 -,05514 - 0u083 -4722¢ -.00900 g1284 -.02940 234589 9.22500 +53790
2921 - UE302 T =.U3760 N Y =, 01492~ 01746 ~. 02980 =.3458Q §.425007  L.540567
.c7885 -, 07620 - 03384 - 47826 -,02088 g2216 -.02967 ~-234589 9,62500 56122
26417 -, 07@4g T T = uzaou T TS UAB3GY T = 02678 T WLz 687 < 02898 TR 34589777 9.82500 0 T T L.572AR9

- +24833 ~.08g471 -, 0231V =~ 483U95 ~a 03243 203152 - u2708 =~ 30500 10.02400 HBUGS
154 -, U8567 - U1634 = 4959y ~, 03778 WU3603 . 02575 = 34549 10.225060 Lou6217
21415 -.0ce819 . =.00271  =.504u3 -,04268  Lu4031 ~,02316 -.34589 10.42500 «607R7
L1984y ~,08510 -.U0N024 =.5134u1 =.047007 Tenut2s’ =,0199y =.34589 777 10,62500 07 61953
$ 17863 -, 08824 _e0N8Ys  ~.52279 _ =+05060 “U4785 -, 01598 -e 34589 10.82500 .63120
16123 -.085406 LU18867 ~.53320 -.05335 «U5094 =L 0118177 T -,38589 7 7 11.,02500 64236
« 14458 =.58065 02932 =546 «e 05512 S (5346 =-,00622 ~« 34589 11.22500 .65U52
-32911 SebrgTy ~ug021 -+55517 =+ 05580 05532 =.00043 <. 54569 Ti,62500 .60618
41825 ~-. 18455 U514y ~.56630  =.05526 09642 .00590 ~.34589 11.62500 67784
10344 -.05314 06272 -.57719 -+ 05340 UG66Y TTTL01272 T =a3ub30 11.82500 KIS0
LUOG 1L -.u3g46 U701 ~-.58757 -, 05014 . 05602 01994 =-.34580Q 12.02500 70117
209277 - = uBB&Y __ LUTEBL__ ~.590u5 =, 04910 35570 L02180 = 304549 12.07%00 JTuung
+CBET74 -.uiges U8776 =.59938 =, 04598 05375 RIFEI S 3489 T TT12.275007 T T TLSTe T
L8472 - U062 LU9824 _ =.60754  =.03732 «US066 .03722 -.345a8Q 12.47500 72741
-,8662 Lu2uul 10796 —.b6l421 " =,02909 ° QU642 T 04512 - 34589 12.67500 . 73907
.u9285 LLHZSU 0 L11671 =eGlYuy___=e0lu28 .en087 0 ,05297 =2 304909 1267500 0073
16313 06661 12022 - 02182 e, 00791 T T 403398 TLUe0es T =, 34589 13.07500 76239
211958 R AR 213021 -~ 62214 200496 SU2bbl L6799 = 345189 13.,27500 L7405
L 14u6 VY :i{2 L 13039 -.61374 .01925 ~015%90 L07485 ~. 38580 13.47500 TE5TT
. 18766 1457y a13647 ~.61435  ,03485 cUUHBY JUBl06 - J4LHRG 13.67500 70738
.1989 217300 12615 =e60572 7 TTTL051627 T T =.u0826 L URoUS =.385089 777 T 13,47800 7 T 00004
23625 +19297 13300 ~+59304 06936 - 02271 09063 - 34559 14407500 82070
27365 22602 12693 -5779: 08787 7T T T =.03878 T L 0ouud T T —e 34589 TT14,275000 T L8323
32654 +25052 11744 -.5584% .105689 ~. 05647 . 09589 ~,34589 14.,47500 .84402
< 37691 L2727 L10424 ~.53515 .12613 = 07570 L 03622 = 345489 145075700 V8556097
43644 e 29195 UBRTNS ~a508uU1 « 101527 = U9IH62 U948y - JUSR9 L4 . 87500 2BBT35
T LR Bu72d LU6549 - 47 7uR .16396 -11900 L09178 -e345H49 15,07500 .87901
55843 »31783 U330 = W24 . 18185 -.14278 LH681 =-e30589 15.27500 89067
6221 32208 L0083y - W04y «1985%6 ~s16781 07998 -4 38589 15.47500 90233
G765, L 52197 - U1H3S -,3737% .21010 -.18726 .07304 -,34589 5462600 91108
L7025 . 31917 - 03771 -.35258 21723 -.20048 . 06895 -. 34589 1572500 .91691
. 13055 o340 30 LTINS -e 53032 .P2388 -.21383 .06383 - 3UHHD 15842500 P27
76540 $SUTHY - UBULY -.30702 $22999 —ec2727 LU5837 e 38589 15492500 $92857
S 1957n 29824 -~ 10383 -.28434 « 23554 - 24069 .05262 -4 34589 16.02%00 293440
.82503 28062 -, 12802 =, 26054 «24050 -.25403 Ouool - 34565 16012500 296023
853060 227247 - 158648 - 23626 24486 ~e26716 .04051 -.34589 16.22%00 294606

88



Table 5 (continued)

F FP FPP G GP FPPP GPP HI ETA z/s
L8793 « 25664 T 18R04 aiiny TRUBET T =a27996 TTUAEE T T TS.34589 T T 104325000 .95100
«QUHYY 23602 21066 - 186%5¢. 225173 -.292238 2822 - 34589 16.42500 208773
WG2ubt T e21347 T -e2u047 “i1612¢° 25426 T T e, 30392 7T T, 02229 T T T 038589 7 T 7164525000 7 096356
Yh6H3 L187¢9 | =e27143 =e13573 . +25620 _==31470 .01670 -+ 34549 16.62500 296939
96401 15816 T ee30338 2,110037 25761 - 32436 L01160 230550 T 16472500 77 .97522 7
__s978Ju +12716 ¢ 3%024 - 0842y .25854 ~433263 00718 - 34589 16.82500 .98105
L0875k L9180 =L 36964 ~.05854 +25908 =+ 33920 00363 - 34589 16.92500 <ORGAB
SUGEGE Juh320 - 40401 ~-.03242 .25931  ~.34372 .uo118 -0 34549 17.02500  .99271
L9900 01107 ~o 43651 -, 00648 T.25936 7 = 34580 7 T 7,00005 777 T =.34539 17.12500 299854

68



TABLE 6

'8 =17.15

. R : System 3- .
. F . Fp . kPP R - S LI _ FPPP S GPP He
WatLt  Loul00 L, s000Uy 1)792 200000 2u2131 221935 LBU00U -.10967
L . ) . FTA POS Funet 2/9
DisK ypuut «0ugu0 22321 -00000 02131 21935 Voouu - 10967 S NGuN0 ann
=su01i0d ~.02123 =.20146 .002u6 .01925 21613 -, 03940 ~.1n967 lunoo HubE3
= o417 -, 04030 -.17993 200374 01375 21464 ~.U88a9 ~310967 L2au08 TH11f€
= uu907 =e05722 =e15850 ' L00473  L,00577  .2143p - UB934 =-.10967 30060 L1709
-.ul55% - 07200 C =.13706 . 6048y -.00384 Te21452 T TT=ll0le7 T =e104967 skuuNg .02332
o meud3%0  =.08403 -s11559 200393 -.01433 .21470 =.10691 -.10907 «SHUL0 202915
-.u3240 ~. 09512 -s09414 . 00196 T =.025027 TTL21s26 T T S0 T T =010967 T Tebuan0 « 13406
=o L4235 =+30348 -,u7278 ‘= 001ue =-,03539 «21270 =.1004% - 10967 70600 NIy
~.uS53u2 =,10908 ~sUS105 —.005u0 -, 04469 2 2096U — ~.0%090 =.1n967 SHUUT NATAA Y
o _msubber -e11380 =<03092 -s010uz _=s05349 220467 -.07475 ~s10907 « 90600 S 52u8
~.su7572 -.11508 - U1078 ~.0157y -, 06067 19770 ~. 06473 ~a10%:7 T 1.00000 05631
~oUB733 -.11599 SU0B5Y =.02211 =-. 00641 - 18865 ~-.Uu9s2 =.104967 1.10000 L0614
~.u9885 =ellh21 UP68Y =e023897 1 =.07063 7 417755 =-.03474 - ~.10967 1.20006 L6297
~.11011 =+110069 sUh4uy ~.0361¢ -.07337 s 16456 -.02006 =« 10967 Yo3uubll - JU7HFU
~e12093 ~e10545 2U5974 ~, 04300 - 071467 014991 ~.00624% = 11967 ThnGed ™ Lusled™™
. =el3llS o =,09876 .. 207394 -.051yp =+ 07465 213391 .U0b41 ~-.10967 1.50900 08746
- 14287 - 08852 «UBY3Y = 06042 -.07296 «11251 L02029777 T T -010967 T 1.62500 09475
L .melS865 | =,00B64 +10826 = 0743¢ =-.06706 «07669 L3777 ~s1P867 1.82560 10E41
-.17012 =+ 04569 12005 =.08695 -.05822 ugl2? L0ug7e ~e10967 77T T 2,025600 11808
-.17882 -.02108 212497 ~.§97b4 =, 04748 200849 LU57ub -+10907 2.22500 12974
~ 17853 - TN G0389 . 12373 - 10937 -. 03564 - L2017 . 06085 =, 10967 LTI RS )
=.1753) _ _ «uy28U7 . «11720 -:11177 -e02331 - U436 06208 - 10967 2eb2%00 «1530¢
—s 16742 T aub05L T 10661 -y 11519 =e010927 T T = 6200 T U613 T T =i t0un? 2elieh0 16472
S med3%27 0 L0700 .0928u _ _ -.llolS  .00122 ~. 07525 .U596Y9 -.10967 3.02500 17636
L =e13942 08749 U768 -.11473 T 01289 T T A 08391 T 7T 05667 7T =a1n967 3.22500 < 14ROS
=.12u50 .10114 + 05950 -.11104 02391 -+ 08862 LU5324 =.10967 3,42500 + 19971
-. 099y Jil1es 04159 -.1092; 03413 =.0%003 RETY =, 174967 2 hanng '-35 LY A
-, 0702k all 777 202367 C =, 097yt 04361 ~-.08876 .04378 -.10967 3.82500 $22303
= L5233 + 12075 ToeunGzs oelusTys 205160 - u8534 LU3803 10467 Hozshh 23469
° -su2817 12032 Y me 01035 - 07649 05358 ~. 08022 .U3leb -e1N967 ".22500 2 2UE3D
TreE.g0bhy T 11669 =eU2577 T e 0645g T T 06423 T T =-0g7375 T T 02473 -.10967 4.42500 <2TE02
01831 v ,11011 = U34Y70 =, 05130 ~N6H4Y - 46618 A 737 - 10967 W6 2500 269K
NEEEE) 210088 -.U5210 "7 =,03731 e0711% -.(5770 .0N970 = 17967 GLh25007 L2813
o +UDBSL . 0893b - ~.u62ul = 02294 207231 =a L4845 00187 T=el0967 5.02%00 « 29300
7508 207589 TTeau7182 T = 00648 TTN07190 TeeuB856 T TTTTRL00897 T T ~i0967 T %.224900 250466
T euBB8T6 L L6uB8 C=eU7819 - ,00572 . 06994 ~e02812 -.U1362 -e1N967 Helebut0 31633
ST L09938T T L0hq7S T TTTTEVVA274 T TTITN0193E T L 06648 T TEGuLT2T T TR 02093 T TT=10967 77 5062500 +32799
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Table 6 (continued)

F FP FPP G GP FPPP GPP HI ETA z/s
2 1uBhby 202793 -.08508 03221 L06160 - 00616 -.02771 -.10967 5,82500 .33965
211650 uILs7 -+ 08520 L, 0439y . 05544 40502 -. 03380 -.10967 6.02500 + 35131
J1iv3d ~. 00600 -, UB30GY 05437 L4318 «U1601 -. 03904 -.1r967 ©,225900 «36297
LBl ~. 0222 -.07882 06313 + 03989 2652 -, 04329 =e109067 642500 37464
10216 <7 ~.u3739 - 7253 Ce07022 .03090 L3621 = Uiyl =+10967 6462900 « 368630
.093%29 ~.05111 - 064N2 07548 T ol02139 T T L4469 T T T 04338 T T =0 10907 0.82500 + 39700
__+48183 = 06306 ~sUS476 .U7876 01163 U5159 ~.U4908 - 10967 7.02500 LY
cuBB2Y T o =l uT729% -, 08392 . 08010 .6U185 JUS64Y ~. 04350 10967 T.22500 H2i08 T
uS201 ~.UBpS7 -.03232 07951 -.00769 « 05906 = 0u667 -.10967 T.42500 <U3204
W Gl8i2 ~.0B585 —a UZIK{T 07796 ~. 01674 Su5901 - 04367 ~e10967 7.625,00 YN
1862 -.08878 -, 00890y 07266 - 0125009 05616 -.03962 -.10967 - 7.82500 45627
0078 -.u89u7 U0181 06709 - (3253 «U50b6 ~.03470 ~210967 8,02500 46703
_meul703  -.08gl5 T L0111y . 05992 =+03892 04203 -.02914 -e10967 8,22500 2479459
~.03439 -.u8516 SU1846 .05159 - 04416 203119 -.u2322 ~e10967 B8.42500 49155
~-.65191 ~«.08093 L2354 L0423y -,0u821 01844 -.01724 =-e10967 8.62500 «50292
-, u667) -, 07596 02575 203239 T-.05107 Loouug =.01153 TT=e10907 8.82500 +51458
-.08138 -.07p82  .02%22 . .021l9g -.05286 - 00977 - 00642 ~-+10967 9.02500 52624
=.09596 -, 06606 U2189 7 W011317 T T=e053717 T T=.023268 77 =-,00223 7T T=.10967 9.225n0 53700
= iu787 - 16223 «01643 .00058 ~.05383 =-.03491 .bougu ~+10967 9.42500 254956
-.12005 -, U5978 L00813 -.01019 ~.05348 -, 04344 - .00248 ~.10967 §.62400 EYSEra
-clsigu -.05906 _=eU0lbo _ =.02083 _ =.05293 - 04771 .00273 -.10967 9,52500 .57289
~.163580 -. 06023 -, 01059 -.03137 ~. 05247 - Ul662 TLUoley T T =e10967 1060250077 .B5A455 T
~e1561% -.06324 ~eU1929 = U81lu4  -.05236 =.yu3924 -.00069 =210967 10.22500 +59621
-~ 14923 - UGTHD -.02582 -, 05235 -.05280 =.02488 7 T «.003827 T =197 T T 10.42500 7 .60787
_=.1833) -.07333 -.02874 -.06391 -.05391 =+00311 -.00726 -.10967 10.62510 61953
~. 19854 -0 /896 - 02657 -.0739 ~. 05568 «02613 -, 01035 ~.10967 10.82500 631207
~.21l8l -.08352 - 1781 _ =.08532 -.05798 06260 -.01231 ~-.10967 11.,02500 64286
~.23178 -.08555 - 00109 = 09716 T =.06048 7 T 7 10566  +=,01225 T T =.1n9a7 11.22500 656482
~,2u875 -.D8334 U24u3 =.10944 = 06268 215431 -.00924 -410907 11.42500 66618
~,26478 - -.0 /494 LU6UN2 ~.12217 -\ 06391 20722 -.00232 = 10907 11.62500 67784
. ~.27818 _ .10789 ~o 13493 -, 06379 226274 .U0940 - 1097 11.82500 26B950
~.28730 16606 < 1ur2g =.N5978 31893 L2676 ~.1097 12.02800 L7017
-.28864 -.02233 «18236 -.150285 -.05831 16634 LU3198 =a109n7 2,07500 « TOUGE
~. 28951 01597 219413 ~.16113 -.04976 ' ~.03058 .UB31S -.1n967 12,27500 S 71574
~.28237 « 05336 17618 ~.16989 -.03738 -.13650 L6954 - 109067 12.,47500 « 72741
=.26832 o 0854E .14358 -.17591 -.02242 =.18152 =+10967 12,67500 73967
<.2ng6y T L11067 . 18607 =.17879 = 00637 =.18888 =:10067 12.87500 <7507%
~.22464 . 12797 06940 -.178u} 00962 - 17544 ~e10Y967 13.07500 +76239
~.19738 . 13848 03651 -.17502 02436 T =,15259 -.10967 13.27500 77405
-.i8965 14290 00858 -.16883 ST L0372t ~.12739 -.10967 13.47500 .78571
= 14106 «1h222 ~-. U856 ~.1loU29 04777 =e10374 =e10967 13.67500 < 79738
_medBON 413737 =e03220 —.149gg 205584 -+ 08335 = 10967 13.87500 +80904
~.08633 +12918 ~. 04613 ~.1381( 06158 -, 06652 = 10967 14507500 < 82070
-.0615% 11832 ~a 16002 - 12541 SN6492 = 05280 _=¢l0907  14,27500 283236
-.w3915 .10534 -.0AYYY ~o11227 06617 -.0u128 -.10967 14,47500 S6ul02
-.01952 H9071 ~.U7661 -.09997 06556 =.030%96 ~.10967 14,67500 85509
-.0029% LOTHBS ~.08160 -.08016 CL.06335 T T =.G2081 ~410907 14 .87500 86735
e 01335 .45613 - UBLED - 07382 05982 =e0u987 =.10967 1507500 $87901
rHre- »u4103 -.0P563 -.06230 (15527 00275 - 10907 15.27500 U067
026178 U24L00 -.U8362 _ =a0517¢ 205002 fU1779 -10967 15,47%00 290233
02946 01176 -,07998" TTeLoBys7 T T 0458377 T L03107 T -,10967 15.62500 291108
Lu3024% QU394 07639 -.08013 » 04299 $U4100 -.02833 ~.10967 15.72500 .91691
03326 -, 06340 ~-sQ7175 -e030y7 «0H018 +u5184 -,02791 ~e10967 15.82500 92274

16



Table 6 (continued)

F FP FPP G GP FPPP GPP HI ETA z/s
.02954 -.01038 . -+ UAHYY ~+03209 «03743 S 06362 ~-.02704 =+10907 15.92500 292857
02821 ~.glgbd -.U590y =+.02848 W 03479 07633 -.0257¢2 -.1N907 16,2500 +93440
02826 -.522L3 ~«U5009 -.02513 «03230 «6B995 -,02398 =-10967 16.12500 294023
02331 -.02673 - UUUYS -.02201 203000 «10439 -.021465 ~e10967 16.22500 QU616
32095 -403028 - U297Y -.ulyia 02794 211953 -.01937 -+10967 10432500 295190
+01780 -.N3¥263 =,01706 =~.0l6tz T, 02614 +13610 ~.01e61 -.10967 16.42500° 295773 T o
RITLN - 03364 . =.0027% -.,0138g $ 02462 «15100 =.01366 ~10967 16.52500 + 96356
e Y <. (3313 01314 -,01148 .02381 < 16665 -.01062 =e10967 Toca2500 . 96929
<ODFIY = #3090 U30656 =.00919 02250 _+18163  =.00764  =.10967 16472400 97522

L v 00499 - 02697 08942 =. 00697 .02187 «19526 T =,00489 ~e10967 16.82500 298105
< 00257 -lle] 03 S UBYDY ~.00481  L02151  «20675 =.00255  ~,10967 16.92500 «9B638
+ 00085 -.0l3n3 « 09066 -.00266 — .02134 215107 T =.00085 T =e10987 7T 17402500 .99271
+56008 ~-. 00288 11243 ~,00053 .02131 221916 -.0n004 =-e10957 17.12500 299654 . .
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YELOCITY

TABLE 7

8

. Systeml

= 30

AND SHEAR STRESE PROFILES

1

37
41
us

4o

53.

POSITION RELATIVE TO WALL _. . F . . . FP. e PP
2/ ETA W GP GPP
NUE
200000000 +00000 +00000000 2 000000ND0 =016534420
1.00000 .00000000 s 00000000 213566461
_ «D0333333 . ___ .. «10000 . =,00081034 ___ =.01604317 . _ =.15562212
1,00000 sU0162069 201356628 + 13565736
00660667 +20000 =, 00317594 = 031104959 -e14573501
1,00000 ,00635188 202713007 13560834
201000000 230000 ~, 00699894 e 34519241 =.13601504
1.00000 +11399788 04068532 13548063
201333333 _s40000 . =.01218217 =,05831182 . =.12639154 - __
1.00000 - 02436430 . 05422251 « 13524240
001666667 +50000 «s01862942 . =s07047483 =e11689120
1.00000 03725884 06772921 2 134RB6TY
+02000000 60000 -, 02624570 - 08163497 -:10753822
1.00000 . 05249141 08119053 . 13833143
02333333 s 70000 | _~,03493751 . _-.0919881%1 _ -.09835452
1.00000 06947502 9458957 +13361859
s 02666667 «80000 - 04461302 ~e10137218 =+ 08935990
1.00000 208922604 10790786 13271434
030000800 90000 -.05518230 =: 10986699 =,08057219
1,00000 -11036l61 »12112572 13160857
203335333 1.00000 =, 06655749 =11749405 __=,07200738 ___
1.00000 »13311499 213422263 +13029452
03660667 1.10000 -, 07865296 ~412427638 -, 06367974
1.00000 15730591 14717758 212876850
«p4#ev000 1.20000 -,09138542 ~e13023833 = =.05560195
1,00000 .18277085 . 15996923 212702956
L e0433I3B3 ____ . 1.30000 —~e 10467412 =5} 3540547 =~ 04778517

€6



2Js

Table 7 (continued)

ETA F FP FPP
NUE W GP ~ GPP
1.00000 .20934825 17257642 . ,12507918-
57 s 04666667 1.40000 =e11844091 -+13980439 =.04023916
1.00000 23688181 «18497813 «12292100
6l 05000000 1.50000 -.13261031 - 14346261 =0 03297232
1.00000 . 26522063 019715387 + 12056056
©5 215060667 1.70000. = 16186921 ___~«14867071 __ _=,01930352 . ___
1.00000 32373842 «22074865 11526284
oY s 06333333 1:90000 = 19190821 =+15126319 =: 00682184
100000 « 38380842 243211869 +10925R78
75 + 07000000 2:10000 -,22221612 ~e 15148033 00444710
: 1.00000 LLu843225 26441096 210263703
e 1T e0T0606OT _____ 2,30000 . =.25235423 . =:14956589 01449353 _ __
1.00800 50470846 28423211 + 095489668
61 08333333 2+50000 -.28191666 = 14576414 202332202
1.00000 56383333 « 30258205 208794263
8% 009000000 270000 - =,31055021 - 14031713 .«03095013
1.00000 262110043 231938872 .08008189
BY9. .. 409660667 . 2.90000 . _=.3379U4367 - _=.13346219 03740702 .-
1.00000 67589933 « 33460144 07202059
93 +10333333 3.,16000 -.36385661 - 12542979 08273215
1.00000 72771323 # 34819046 +0A386157
97 +11000000 3.30000 -5 38805789 -e11644157 - 2 04697397
1.00000 277611577 « 36014608 + 05570254
101 211660667 . 3:50000 . =~.41038367 ~s10670870 .___ 05018860
1.00000 282076725 37047756 S DUTA3UED
105 ¢12335333 3.70000 -, 43070504 e 09643045 . +05243859
1.00000 86141007 +37921158 .03974123
10y « 13000000 3.90000 -. 44893190 = 08579307 05379164
1.00000 89786378 « 3639072 + 03209755
113 . 13660666 4.10000 -:46500984 = 07496882 205431043
1.00000 93001908 +39207168 202476978
117 014333333 4.30000 - 47891751 -sJh411535 205409645
1.00000 095783501 « 39632352 201781510
121 215000000 4:50000 =,49066357 ~+ 05337521 05319890
1,00000 98132713 39922581 01128150
125 . 015660667 ____ . _4:70000 . _=,50028366 ___ =.04287563 ____ 05170370
1.00000 1.00056732 «40086681 00520792
129 +16335333 %.90600 -,50783735 -.03272847 «04YER750
1.00000 1.01567470 40134168 -, 00037547
153 217000000 5,10000 - 51340502 - 02303033 _s04722587
) 1.00000 1.62681004 40075078 -. 00544699
157 17660667 5.30000 ~.51708489 =:01386290 _. _.04439248 .
1.00000 1.03416978 «39919794 =.00999294
141 18333333 5.50000 =251899006 = 00529337 08125842
1,00000 1.,63798012 » 38678906 -, 01400710
145 +19000000 5.70000 -e51924568 00262496 203789161
1,00000 1.03849135 «39363052 =.017u9018
14y 419660667, .. ... 5.90000 _ .=.51798619 ____ 00985205 _____.03435629 _.__
1.,00000 1,03597237 38982794 =:02044916
153 2203335333 6.10000 =-,51535281  .01636027 .. +03071262
1.00000 1.03070562 + 38548496 ~+ 02289669
157 +21000000 6430000 «¢51149110  _  «02213359 __ _.02701628
1,00000 1.02298220 «38070219 =.02485039
L.161 . .21666667 6050000 . __=.50654874_____ 02716668 .202331830
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L2345 ..

ied

lo9

JA73

177

181

-85

189
193
197
201
20b
2uY
213
217

221

2e9

237

243

245

1

Z/s ETA

NUE
1,00000

+23000000 6+:90000
1,00000

224335333 7+30000
1,00000

T 225660667....._... Ts70000
1.00000

«27000000 810000
1.00000

+28335333 8.50000
1.00000

- 229660667 _ . . 8490000
1.00000

+31000000 9.30000
1.00000

32335333 970000
: 1.00000

e 2 35660667 10210000 .

1.00000

+35000000 10.50000
1.00000

036333334 10.90000
o 1.00000

+ 376659667 - 11430000
1.00000
+3900U000 11.70000
1.00000

240335334 12.10000
1,00000

41660666 .12,50000
1.00000

<43000000 12.99000
. 1.00000

44335334 13.30000
1.00000

45666666 __ .. .. 13.70000 ..

1.00000

47000000 l4.10000
v . 1.00000

248335333 14.50000
1.00000

249660667 14.90000

TaBle 7 (continded)

1.00000

POSITION RELATIVE TO DISK

2/s

«00000000
200335333

s 10666667

ETA
.NuE .-

«Ny0oo0
1,00000

210000
1,00000

20000 _ _ .

F FP FPP
W GP GPP
101309748 «37557627 ~. 072633222
- 49401139 203503834 +01609711
. 98802277 s 36465700 =~ 02708571
-, 47889200 . +04010909 +U0935872
+95778399 « 35339373 ° ~,02809473
.= 46226565 .« 08262080 ..._._ 200333402
292453130 234235167 = 02692564
- 48509423 2 0U289252  =.001R2129
. 89018845 233198654 == 02475655
=, 42820142 04129154 =-00602030
+85640284 « 32264304 ~.32186216
e 41225872 203820756 . _=,00923638
SHB245174y s 31455803 =.01850174
-:39778104 203403048 =:0114934y
79556207 - 30787239 = 01490987
~. 38513035 +02913225 =e 01285565
« 77026070 230263451 =:01129003
s 37452588 . 202385282 . .__»,01341706 .
» 74905176 s 29842147 =.00781074
- 36605898 «01843020 301329177
« 73211795 29634941 -~ 00u60UL2
-035971127 01329428 =s01260494
L 71942253 229508886 = 00170623
L =e 35537457 +U0846399 -=e (1148493
s 71074915 « 29487885 00064084
. =e 352RT7137 « 00414740 - ~s 0105665
270574273 . . « 29553981 «0N25%58%87
- 35197467 «0N04U4Y22 =: 00843635
« 70394935 «29688527 00406459
-a35242663 =e 00258997 . =, 00672772 .
270485325 +29873108 00509533
-¢35395503 -« 00493800 -+00501931
+ 70791005 + 30090661 00571462
- 35628749 ~e0NbHhlblY =-.00338325
«71257499 . 30325522 00597307
=e35916300 . ___=«00766180 ___=,00187519 _ __
+ 71832600 « 30564506 00593163
-e 36234079 ~e 00813779 = 00053547
72468157 30796962 «00565862
- 36560687 ~: 00811633 +00060837
273121373 « 31015084 200522741
.=s36877847 | =.00767972 ____ 00153762 .
. 73755694 «31214071 " 200471499
_F FpP FPP
W GP GPP
+ 00000000 «0n000000 47249216
-00000000 1.,00000000 -.52405271
00221649 «04291293 « 38706527
~. 00443299 S UTT4297 -.51969u479
00831588 «07782247__.  +31231881 __

S6



Table 7 (continued)

Z/8 ETA F
NUE W
1.00000 ~.01663175
13 01000000 *30000 201754613
1.60000 -, 03509226
17 201333333 240000 02924741
1,00000 ~. 05840482
e 2l a01666667 . __»50000 ____.08284504
1.00000 -, 48569008
25 «N2009000 o000 205724240
1,00000 -. 11568481
29 «02335333 «70000 07381380
1.00000 -.14762759
. 33 02660667 ._.. «BQ00D0 . ,U9039749
1,00000 -.18079498
37 «0300uQ00 +90000 »10728905
1.00000 -.21457809
41 «03335333 1.00000 «l2422502
T 1.00000 -, 24847004
45 . 403660667 _ .__1.10000 ... .lu102700
1,00000 ~-.28205400
by 04003000 1.20000 15749614
1,00000 -.31499229
53 204333333 130000 »17350812
1,00000 -. 34701623
_.5T .. _ap466066T7 . 1440000 . _. 18895850
‘ 1.00000 ~:37791701
‘el »(S00U000 1.5p000 20376865
1.00000 -, 40753729
65 205660667 170000 +23126020
1,00000 -, 46252041
69 206335333 1.90000 26573608
1,00000 -.51147214
75 «Q700u000 2.100p0 227716131
) 1,00000 -, 55432262
77 07660667 230000 « 29564330
1,00000 -.,59128659
a1 208333333 2+50000 e 31137931
1.00000 -.02275861
bY 209000000 2.70000 3261774
1,00000 -, 64423549
bY + 09066667 2.90000 +33563028
1.0u000 - 67126057
93 . «10333333 . 3.10000 ____ 434469240 ___
1.00000 -, HARO3B4B0
97 +11000000 3.30000 «3520703%
1.04000 -, 70414070
101 211666667 3.50000 235801299
1.00000 -.71602598
105 _e12335333. .. 370000 2 36274708 .
1,00000 -, 72549415
vy + 13000000 3.90000 IE64T512
1.00000 -y 73295024
113 213660666 %4.10000 +36937501
1,00000 -, 73875001
117 14335333 4.30000 237160079

FP FPP
GP GPP
«89630630 =.50796772
+10568406 24639221
+ 88633572 s 49064209
+ 12738492 . +18808529
»79831503 =el45919362
14374124 «13938221.._
+ 75259345 = HyupuuT2
P 15549770 «09Ap700L
« 70940907 =« 41860045
+16332R38 +06075283
+66890907 ~-+39127984
£16783912 . .03036254
»63116683 ~¢36354309
+16957065 +00506631
«59619669 -.33591545
+16900238 =+01572841
+56396630 =~+30D8R0795
- .e16655666 .. =.03257085
« 53440718 =.28253546
«16260309 ~« 08506561 .
50742348 =+ 25733743
«15746308 = 05637261
«48289940 =.23336641
~e15141425 =, 06420802
«46070518 ~.21074986
0 14469469 = 06954586
418070216 =, 1895501%
+13002285 ~.07582774
40669418 =.15149593
+11471260 =+ 07655790
« 37972343 =.11913826
+ 09963366 =~ 07376474
« 35868242 ~.09212249
+ 08535386 =~ 06875306
34255240 =+ (993490
207221558 ~: 06208542
« 33042549 =+05199180
s 0A039684 =.05565378
«32151245 =-.03769808
+04995919 =+ 04874018
31514104 =.U2648U00
__sQU80RBUBL ___=.0L206676 -
231074855 =.01782637
003310279 =+035R3607
30787127 -.01125918
«02651277 =.03016294
+30613207 =.00637700
«02099687 . . _=+02509946
+30523132 ~.00283387
«01643172 =. 02065405
230492932 - =,00033047
«01269539 =+ 016R0596
« 30504172 2 0N134631
200967210 -.01351606
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121
12%

—..129.

133
137
141
145
1wy
O § 1]
1b7
lel
165

169

173
177
181
185
149
193
197
201
205
2u9

213

Table 7 (continued)

zZ/s ETA F FP FPP
NUE W GP GPP
1.00000 - 74320158 «30542707 «00281931
»15000000 4,50000 « 37328424 « 00725505 ~+01073480
1,00000 -, 74656848 «30597917 +00303717
2156060667 4,70000 237453678 «00534790 | ~.00840782
1,00000 -, 74907357 +30662001 200332514
o al6333333. . __.4,90000 .. 37545168 00386532 _...re00647991 .
1,00000 -, 75090336 «30729382 «00338138
«17000000 5.10000 37610623 «00273289 =« 00UA2T771
: 1.00000 -, 75221246 « 30796221 «00n328173
¢«17060667 5630000 « 37656389 «00188653 -, 00361132
1.00000 -,75312778 «30860000 «00308282
218335333 - 550000 . __..376870626 L.e00127169 C = 00257950 .
1,00000 -.75375251  .30919208 .0N283069
«19U0U000 5. 70000 « 37708492 «0N08u243 =.00174012
1,00000 - 75416984 30973071 «0N2R79272
+ 19666667 590000 . __ +37722304 ... +00056043 .=s00109727
1.00000 - 75444607 31021348 «0n227518
020333333 . 6£e10000 .. __«37731678 ___+00039396 .. _=.00058907 -
-1,00000 -, 75463356 «31064179 00201027
021000000 630000 37738657 00031697 =e 00019840
1,00000 -~ 75477314 «31101915 «0N1T7H6RT79
21066667 650000 +37744811 00030823 «000N960L9
1,00000 -, 75489622 31135117 «ON1ISHAYT
223006000 6090000 . 37759078 .o000482986 __. «00046982
1.00000 -, 75518156 231190376 «0Nn122R18
0204535333 Te30000 .« 37780593 200065TIH . #000A390H
1.,00000 -, 75561187 «31235047 +00102507
25666667 7470000 « 37812165 + 00092385 00067612
1,00000 -, 75624330 »31273817 00092037
27000000 8.10000 37854436 .. «00118607 ...__ 400062241 __
1.n0000 - 75708872 « 31310499 +0N091636
»28333333 8.50000 «37906578 200141307 «00050307
1.00000 -.75813156 31347878 «000959R9
«296H0667 8+90000 2 37966701 «00158159 « 00033153
1.00000 -, 75933401 «31387709 »0N1N3487
«31000000 . 930000 .2 3R8032068 .. +00167232 __ _.00011504
1.,00000 -, 76064134 31430779 00111817
«32533333 9.70000 «3R099221 +0D166R26 =+00014170
1,00000 -~ 7TA198442 31476992 LON11HARTA
0 33660667 . 10.10000 eJR164UGL « 00155420 ~e 000H 30
. 1.,00000 -, 76328120 e 31525457 «0Nn122767
035000000 ..___...10.50000 . ___. 238221914 _ __ 00131704 __=«00075597 __.
- 1,00000 -, 764143829 «31574593 «0012176R
36333334 . 10490000 _a3R267645  _ +00094665 _ _~.00109849
1,00000 - 76535290 «31622016 « 00114363
+37666667 11.3p000 « 3295788 . «00043709 ~+00144957
1,00000 =, 76591577 + 31665014 «00099250
+39000000 11.70000 - . 38300748 =2 00021207 _ . _=+00179355 __
1.00000 -, 76601496 +31700250 «0N075401
40335334 12.10000 38277046 =«00099427 __ ~400211131 ___
1.00000 =, 76554091 «31724076 «00042119
41666666 ..12.50000 038219626 _  =«00189466_ _ =.00238053 _ _
1,00000 - 7TH439252 « 31732647 ~+00000879
+43000000 12.90000 ___.»38124216__ _ =+0028889) __ =.00257630__
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Table 7 (continued)

z/s  1‘§er

g FP
NUE W GP

1.00000  =,76248433 +31722104

229 44333336 . 13.30000 «379B7719  =,00394236
1.00000  =,75975438 +31688783

233 + 45666666 13470000 +37808680 =.00500955
oy 1,00000  =,75617279 231620474

— 237 L47000000 3410000 ...__ «37537517 __.=o0D603426
1,00000  =,75175035 +31541689

241 . 48333333 .__.. 1450000 237327346 =+00695019
: 1.00000  =.74654692 «31423964

245 <49666667 18:90000 . ,37033950  =.00768237
100000  =.74057899 «31276162

FPP
GPP

=,00053377

=« 00267201
= 00114576
~: 00264048
=.0N1A3020

.=: 00245539 .
=+0N2565218

=900209297
~+,00332166
=:00153384

=-»00406233
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TABLE 8

S =30
System 2
3 Fp FPP. 6 aP FPPP, GPP. Hi
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219191 W U633 —-.UuBb4 = 47985 ~s 11435 -, 0U63Y 209663 - 3DH30 Zeluuby 0700y
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16118 cu2l82 -, ULlBU -576065 ~-e 0824 suul71 ~u19hu ECRLE] boiuuliv «13un/
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Table 8 (continued)

F FP ¥PP G GP FPPP GPP HI ETA Z/s
220249 00470 =, U229y - BHUHY 2 UN540 ~. 00199 ~.0011lb - 3L530 Boloutil 27Jby
20084 LOABL =, QU38Y =, 900687 ubesp =, D0ep2 - 00159 BRI AT - NTITAT] 28434
20481 00102 ~-.00473 ~-s00673 Y0412 - uuele - G211 -, 4hb3u 6eQuiny PAEYS
« 20500 w0004y = 00959 . mebB52b W 0031l6 . _~suu2ll = 00269 _ . =,3bb80 Ye3uyny + 51000
W 20ku2 -.00233 -.00631 - Hbuds sUULY7 ~.UUi5H -.00328 - ahb sl PeTuul 32335
20270 ~-. 00548 . ~.000683 -.b5a72 UUDSH _=.00097 . =.00380 —a 2bHUSY luedvubiv FERETYS
20002 -.00825 -.007u8 =.95385 ~oUU111 - UUULT - U436 - AhL o) lueSs0Lb «350uv
_2A9Clo =, 04207 =.00694 = bhund ERTPLN aUD6 7y e U TS =2 ARt30 1u. 9001 3£33%
«19119 -,013%75 -. 00642 =.0061Y EIITT ] .00185 - GUnd7 ~odhbaN 11.3uutiy + 37067
JLBR2Q_ . _=,01Bi4 __ _ =.Q0545 =.bO850 _=aUu8Bb aG0@9Y_ = 00896 _ ___ +.3nb30  1l.7uuul . 3990w
47834 -.01805 =, 00402 =~ 56169 -.0uB882 .Qublo -~ (0470 ~, 30050 i2s.10000 JHU33S
o 17108 . =,041970 -. 00213 | = Hohul L =eul060 00527 =00kl ERRIICTAN] 12:5.50y s4lopl
«16301 -. 04970 0C0L8 - 5T0LS ~.i210 200627 -.00328 PR DAL l2.90uub 432000
12522 -.01410 2 00286 ~: 57520 —s 1318 £ 007407 =.0020Y = abh30 15,3000 IR E D)
+147BR -, 01738 . 00680 7 = HLB0G0 EPVE Y R 00759 -, 01064 -0 2l 1. Tuuul 245067
Ty TY:) -. 01444 . 00889 -, 58810 - U13603 G077 0044y LRI} 144 4ulib s4luvu
01306409 -.04027 . 01195 -BYlul -~ 01279 U047 ,00309 RIERERY! 450000 B0239
«13342  _ =,00494 201479 = 59623 =s U114 SUUBGY 2DUS1B =a0LLAl o lwsvuubl o ohdabl
013274 00152 01728 -.60021 -, 0u865 L QU5 00729 -4, ahual 15.d0vuby eSlubu
—2A3N2E . 00882 £31912 ~.6U303 —. JuSH3A2 YRl 00972 =AYl 19700t G254
+ 13984 <UL 889 .020006 ~. 60436 —-,uylaz Suulioy L1112 ~ 80530 1 buuuu 536617
.1h8i2 02473 204993 ~.00392 __ _ L00353 C=590183 0 01253 -. 25550 16.50unl +535Jdy
. 15958 . 03267 01855 -, 60148 0u874 ~,00G510 .1341 —a 3uLS0 16,90y S5
o 173949 « 03939 2Gib62 =+ 5YH9U $0Lul7 -, 00859 01361 = abh 3y 1Fe3uany e lond
< 1669) 04493 ull68 -2 59015 N ELY ~s0Leud 201301 LR 17eTvuuu RN
120968 Ul 855 CeuvulB e DBlah S 024006  ~. 0453 L1152 IETUCIVLTS LT IR § - PO I8 1171 SR /5 M
22942 RIETYES - 00053 ~e 27069 . 12861 ~.0L809 L U0909 LR Taeouying . 6lual
.249U8 LBBOO . = 00819 =,55860 . 03160 ____ =s02003 . .0UBY2 . =u3Lh3U 318:9vu0y «GOUbY
20739 04309 - 0Lbu -, 04561 03307 -, 02066 00149 =000 19.3su0u RAEEW
.28309 LuBUB8 | m.02469 __ =.53239. U32T0 =.02034 =346 eemadnndl . L 13.Tulud o sGDubd
29485 u2340 -.03247 -:51973 032y ~-o 04824 -, uN889 - ShhaU 23 lutui «HTuty
230443 20905 = y29u? = GUf49 212557 =L pAUGE, = ulhyf AT 2oaJuuin  6Badd
30478 -. 66780, -, k383 - 48957 s U186y =-.00905 -.u1806 - 35030 2090000 XY
WPUBLS . =, 025888 =.06810_ _  =,49382 L0097 7 . =,00208_  =.u2456 . =a35bA0 . 2ls3uuuu_ . _a7luvu
« 28119’ - 408 -, 064532 - 49198 - UUUB2 « 00619 -.02812 - nnal 2ls fubiy s 72330
.28002 =oULIRT = QHE03. . mo49nb2 . wedd292 _  L01536 . ___ _=.ul006.... . =.29550 Z2¢sluuuy aloubld
23234 - U7640 - 0297 - 50205 -2 Uz46U 202497 -.02968 -3l 2es5uhu s 7D dlu
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. 0832AR -.07803 . QL0227 =aH 790D - 05781 « 05680 -,utillh - 3h350 PHe UL e ot d
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. 05568 -. 05733 L 06337 -.560163 - 15669 un€26 SUL20E ENCREET Zastuling PRI
QU578 - 0432349 s07498 =ebl278 _ __=meUbgbh  __.0B7/2 201338 TR T 24 80y e scubld
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_au3u97 =.00890 09738 ~.03184% ~o 4173 25352 203650 ~atba0 Zoaz Uty PRUITN
~u35i9 .01156 SLuT7e =, 03943 =-.U3395 Ouy /0 SUH291 -.ubhai) 2v.4uuuu cohot
13972 L3407 DIVTL/ . =.6453L =, 02ubh L0uuBl o L65uYs __ =.39h30 25.6u000 AR R
+HG 894 - 05855 212548 ~ 64yl - 01358 203820 uHBHS - AL5H50 2meBuiiny csouly
S08317 . .uSed48 ___ .13230 =:05064 e ULH 202039 2 01605y _=e35530 __. 26.uUBLY . Boobl |

00T



Table 8 (continued)
F FP FPP G GP FPPP GPP ‘HI ETA Z18
08266 o1ille . 13754 —.bl4947 201299 fU2lid <U7373 - 39b30 26.2U00U 87335
210770 PPRLTIL ELTINA =, 64535 202841 2V LUDY 2UBUSBE Y3 Ye 1o11] 26904y 283900
$ 13833 10731 eL4l57 ~eb3802 ° 34509 -, OUZUY . 882y - 3hH03U 2646000y Bbob/
o eXTh62 L e1955u___ _ a339au o e06ZBT. ____ =aULB93 . Lu9LE6 o =e0hbad. . 26,8uuiy .. 489399
2164y 22304 13509 . vel $0u152 - UDLL9 Lu9313 - 55050 27+ 00010 «Yuduy
« 8375 «2493, «1271u . =.5945Y _eluugl _ m.ULBHG »u9773 TR L] 27 e2uiuu eduned
231608 27364 .1195. =sb7240 12052 - ubThy ~u9887 =e30H00 27 vyl e9l530
s #37302 029520 NI —o SHGIY NLTIPY - uB792 - uYB4Y =aabb 3 276y REP-NTTVE
243395 © .31335 cuB024. =.91637 15976 -.10%9u .119820 - 3hb30 27.8uuny 2y
hogu7 « 327095, 05593 = 4251 17863 - 45537 219215 e LG 28,0500 15559
B8hh1) « 3350, 288U - 44498 «t 9850 ~.15819 ~08623 ER TR 28.2y0hy 094 11y
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TABLE 9

S =z 30
System 3 N
F Fp FPP 6 6P FrPy 6Pp H2
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Table 9 (continued)
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Table 9 (continued)
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TABLE 10

Differeht Order Contributiéns to Shear

Stresses for S = 1,0
DISK
rF” F! F,"/x> x 105 o G! ¢, '/r2 X 10
r o 1/r 2 - o 1/r 2
100 10.041 .0599 - .1751 - 100.398 - .00599 .053
200 20,082 .0299 - .0218 - 200.796 - .00299 .007
300 30.123 .0199 - .0065 - 301.194 - .00199 .002
400 40.164 .0149 - ,0027 - 401.59 - 0149 .0008
500 50.205 .0119 . = ,0014 - 501.99 - 00119 .0004
WALL
100 6.622 - 0601 .1751 |- 099.83 .00399 .053
200 13.242 - .0301 .0218 - 199.66 .00199 .007
300 19.866 - .020 .0065 - 299,69 .00133 .002
400 26.488 - .015 .0027 - 399.32 .00100 .0008
500 33.110 - ,012 .0014 - 499.15 .00080 .0004
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TABLE 11

Different Oxder Contributioms to Shear_Stresses for 8 = 17.15
DISK
r vF% Fi/r ,Fz“/rB x10% G Gi/r .t /e xiag
= Z
100 46.893 00141 - 2232 - 52.033 - .00316 2,131
200 $3.786 +00070 - .027% ~104.065 - .00158 0.266
300 140.678 . 00047 - ,0083 -156.130 - 00105 0.0789
400 187@572 00035 - ,0035 -208.130 - .00789% 0.0333
500 234,465 .00028 - .0018 =260.163 - 00063 0.0171
WALL
100 16.978 - 00447 -1179 - 13.93 .00259 2,131
200 33.956 - 00224 01474 - 27.86 .0012% 0.266
300 50.934 - 00143 00437 - 41.79 . 00086 0.0789
400 67.912 - 00112 00184 - 55.72 .00065 0.0333
500 84.890 - ,00089% .00094 - 69.65 600652 10.0171

901



Different Order Contributions to Shear

TABLE 12

Stresses for

= 30.0

DISK
11] " % ¥
T rFo F1 /r rGo G l/r
100 47.2492 .0015173 - 52.4053 .003186
200 94,4984 .0007583 - 104.8105 .001593
300 141.7476 .0005058 ~ 157.2158 .001062
400 188.9968 .0003793 - 209.621 .000797
500 236.242 .0003035 - 262.026 .000637
WALL
100 16.5344  |-.004634 - 13.5665 .002688
200 33.0688 |-.002317 - 27.1329 001344
300 49.6033 |-.001545 - 40.6994 .000896
400 66.1377 |-.001159 - 54,2658 .000672
500 82.6721 |-.000927 - 67.8323 .0005376

LOT
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TABLE 13

Different Order Contributions to Pressure:Distribqtion for S = 1.0

r . " 82r2/2 B ' Hlln(r) | | Hz/r2 x10”
10 , 14:93 | - 27.91 - 77.71
50 | 373.27 ;‘47;41 - 03.108

100 | 1;493.0,' . f'sslsév ~ 00,7771
200 5,972.3 - 66.22 - 00.0971
300 13,437.8 - 69.135 - 00.0864
400 23,889.5 - 72.62 ~ 00.0486
500 37,327.3 | - 75.33 - 00.0311
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TABLE 14

Different Order Contributions to Pressure Distribution for S = 17,15
$o ' ‘

r 82r2/2 H,la(x) H2/r2 x10®

16 . 5,09 - 0.7964 ~ 10.97
50 127.3 - 1.3531 - 00.4386
100 509.1 - 1.8326 - 00,1097
200 2,036.24 - 1.9729 - 00.0274
"lsob 4,581.54 - 1.9729 - 00.0122
Vaoo 8,144.9 - 2.0724 - 00.0068
500 | 12,726.5 - 2.1495 - 00.00439




Different Order Contributions to Pressure Distribution
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TABLE 15

fo: S = 30,0

r B2r2/2 H,In(r)
10 4,9141 - 0.818105
50 122.853 - 1.389942
100 491.4113 - 1.63622
200 1,965.645 - 1.88249
300 4,422,701 - 2,02655
400 7,862.580 - 2.128767
500 12,285.281 - 2.20805
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