d

THE IMPACTION OF SPHERICAL PARTICLES ON
CIRCULAR CYLINDERS
by

FRANK OWEN GRIFFIN
B.Sc. (Eng.), Queen's University, Kingston, 1970

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF APPLIED SCIENCE

in the Department

of

CHEMICAL ENGINEERING

We accept this thesis as conforming to the

required standard

THE UNIVERSITY OF BRITISH COLUMBIA
June, 1972



In presenting this tHesis in partial fulfilment of the requirements for
"an advanced dégree at the University of British Columbia, | agree that
the Library shal} make it freely available for reference‘and study.

I further agree that permmission for extensive copying of this tHesis
for scholarly purposes may be granted by fhe Head of my Depértment or
by his representatives, It is understood that copying or publication
of this thesis for financial gain shall not be allowed without my

written pemission,

Department of CHEW(C‘\:(’, E‘\QCIIEIP ErR |£m ’

TRe University of British Columbia
Vancouver 8, Canada

Date Sgleg” '2}1 !Shﬁ



ABSTRACT

Inertial and interceptive impaction of spherical
particles on circular cylinders was investigated theoreti-
cally. The particles were considered to be suspended in a
fluid moving steadily through a random array of parailel
cylinders.

Fluid flowfields around the cylinders were obtained
by numerically solving the Navier-Stokes Equation subject
to Kuwabara's zero vorticity boundary condition. These
solutions were subsequently utilized in calculating particle
tfajectories and impaction efficiencieﬁ. The latter are
presented as functions of Reynolds number (0.2 < Rec < 40),
particle inertial parameter (0 < P < 1000), particle to
cylinder size ratio (0.001 €< K < 1.) and cylinder concentra-
tion (10-%* < ¢ < 0.1171).

The impaction efficiencies and critical inertial
parameters differ significantly from earlier theoretical
predictions. The discrepancies are primarily attributable
to the inaccurate flowfield representations used by previdus

authors. The agreement between Subramanyam and Kuloor's

experimental work and present theory is satisfactory.
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Chapter 1

INTRODUCTION

The removal of particulate matter from liquids
and gases has been an important operation since the incep-
tion of Chemical Engineering. Although the sﬁbject of
particle separation has in the past received intensive
study, present concern about air and water pollution is
stimulating further research. Special efforts are being
made to improve or develop techniques suitable for the re-
moval of very fine particles.

Several methods are available for removing very
small (i.e.nﬁcron-size) particles, the pfincip]e ones being
electrostatic precipitation, scrubbing, centrifugal cleaning
and filtration. Since the former three techniques are costly
and electrostatic precipitation and scrubbing are only suit-
able for gases, filtration is frequently the preferred
method. There are basically two diffefent ways in which
filters separate particles and they may therefore be classi-

fied as surface or deep bed filters.



Surface filters achieve particle separation by
a straining or sieving action because the pores of the
filter cake are smaller than the particles. The pqrtic]es
are retained at the surface of the cake and the cake thick-
ness increases as the filtration proceeds. Since micron
size particles form very compact cakes with concomitant
high pressure drops, surface filters are only suitable for
coarser particles (generally having diaméters in excess of
10u) or under circumstances where high pressure drops are
inconsequential.

Deep bed filters, on the other hand, are loosely
packed assemblages of granules or cylindrical fibres. Their
solids fraction is generally less than 0.1 and the pressure
drops are therefore significantly lower than those of
surface filters. The main disadvantages of deep bed filters
arise from the fact that they separate and retain the
particles inside the filter medium which makes regeneration
difficult. Consequently they are mainly used for cleaning
dilute suspensions and the filters are discarded once they
have become loaded.

Very 1ittle sieving occurs in deep bed filters
and particles are removed mainly by inertial impaction and
interception. Other separation mechanisms such as electro-
static, gravitational and Brownian motion effects are

~frequently less important.



In the present study the lTatter effects were
omitted and the work was restricted to deep bed fi]fers
composed of randomly spaced, parallel cylinders lying at
right angles to the main direction of flow. In order to
~gain a better understanding of the inertial and interceptive
mechanisms in such a filter it is instructive to consider
a very diiute bed. Under these conditions the mechanisms
can be described in reference to a single cylinder situated
in a very large amount of moving fluid. After providing a
brief account of the fluid flowfield, inertial impaction’
and interception are discussed separately. Finally it will
be shown that in reality the effects always occur together

and should therefore be considered jointly.

The Fluid Flowfield

A typical, steady state flowfield around a stationary
cylinder is shown in Figure 1-1. The velocity of the fluid
far away from the cylinder is rectilinear and of magnitude
Uo. In the vicinity of the cylinder the stream lines are
curved and closely spaced. A wake may also be present.

It may be pointed out that the flow in deep bed
filters is generally steady and laminar. . The fof]owing’

arguments apply however equally well to turbulent flows



.

Figure 1-1. Typical flowfield around a circular cylinder. o



provided the particie motfon is not affected by the micro-

structure of the turbulence.

The Inertial Impaction Mechanism

The mechanism of inertial impaction will be
illustrated by considering three identical spherical particles
haVingvradius, Rp, and density, pp.. The ratio of particle

to cylinder radius, i.e.

R
K =§R (1-1)
C

is taken to be very small so that the particles may be re-
~garded as points. The particle density is stipulated to
exceed the fluid density, i.e. pp > p.

When the three particles are started far upstream
of the cylinder with velocity Uy, at x; = - R! and at
three different heights, y;, above the centre Tline, they
travel along different trajectories as shown in Figurell-z.
Since the inertia of the particles are higher than those
of equiva]ent{vo]umes of F]uid, their trajectories deviate
from the streamlines and approach the front of tHe cylinder.

In the case of particle 1 the deviation is sufficient

for the trajectory to intersect the cylinder surface.



i
[yp,cri'i] I

Figure 1-2. Trajectories of three very small particles (pp > p).



Hence when the centre of a particle coincides with the
cylinder surface‘as the result of the aforementioned cause,
inertial impaction is said to occur. Since in reality the
particle centre cannot touch the cylinder surface, this is
clearly an idealized situation. However, for small radius
ratios, K, the idealization does not lead to significant
errors.

As may be seen from Figure 1-2 particle 3 misses
the cylinder whereas the trajectory of the centre of
particle 2 just grazes the surface. The latter is called
the critical trajectory since particles starting at

v 1 . 5 1 . . .
xp = - Rl with Yo < [%P’crig}x collide with the c¥11nder

whereas particles starting with yp >[%p,cri;}lm1ss. It is
therefore possible to define a dimensionless <nertial impac-

as follows:

. 5 crse -

Re

tion coefficient, €1

It may be noted that €1 increases with particle
inertia and ranges from 0 to 1. The upper 1imit is attained
by particles with infinite inertia whose trajectories are

therefore straight lines.



The Interceptive Mechanism

As in the previous section three identical spherical
particles are considered to approach the cylinder with
velocity U,. However, in the present case the particle
density equals the fluid dénsity and the radius ratio K is
significantly greater than zero.

If it is assumed that the particles do not appreci-
ably disturb the fluid flowfield, the trajectories of their
centres coincide with the stream Tines. Hence, when a
particle of radius Rp travels along a streamline, whiph
approaches the cylinder within a distance Rp , 1t is inter-
cepted by the cylinder. The collision is solely due to the
size of the particle and is called the <interceptive
mechanism.

As seen from Figure 1-3 there is a critical starting

position, [%p,cri;]K’ which results in the particle surface

Just grazing the cylinder surface. A dimensionless inter-

ception coefficient, € may therefore be defined analogous

K ;]
to Equation (1-2):

g © (1-3)



Figure 1-3. Trajectories of three particles having finite size (pp = p).

6
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This coefficient may however exceed unity for large particles,

i.e. K > 0, and it is therefore convenient to normalize

it by introducing the impaction efficiency, EK’ where
€
= K 1-4
Ex = Tig (1-4)

The impaction efficiency therefore ranges from 0 to 1.

Combined Inertial and Interceptive Mechanisms

In most practical situations pp >p and K >0
so that both the inertial and interceptive mechanisms are
operative. It is possible to define an overall impaction

coefficient and efficiency:

e = P,crit (]_5)
R
c
- - 1-6
E =15 (1-6)
The critical trajectory starting at x; = - R, and

Yo = Yp,crit 'S determined by selecting the trajectory
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which causes the particle surface to just touch the cylinder
surface. In principle this trajectory can be determined
by a trial and error procedure.

The above discussion has dealt solely with the
mechanisms of particle transport to the surface of the
cylinder. No mention has been made of the interaction which
occurs between the particle and the cylinder at the instance
of impaction.

The impaction efficiency indicates how many of
the particles épproaching a cylinder will actually hit under
~given flow conditions. Since particles colliding with a
cylinder do not necessarily adhere, the actual collection
efficiency of the fibres is less than or equal to the
impaction efficiency.

In practice {t is known that micron-size particles
are permanently retained.in fibre filters by virtue of van
der Waals forces, surface tension and electrostatic effects.

In the case where all particles contacting the cylinder are

thus retained without rebound from the surface, the collection

efficiency is numerically equal to the .impaction efficiency.
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Scope of the Present Work

The primary objective of this thesis was to calculate
impaction efficiencies for spherical particles impinging
on circular cylinders. The following mechanisms and range

of variables were considered:
- inertial and interceptive effects

-~ Reynolds number based on cylinder

diameter, 0.2 £ Re, < ko

- particle inertial parameter,

0.2 P 21000

-~ ratio of particle radius to cylinder

radius, 0.001 £ K £ 1.0

- concentration of cylinders ranging

from 10~%to 0.111

The fluid flowfields around the cylinder were
obtained by solving the Navier-Stokes Equation numerically
with a relaxation technique. Various criteria for monitor-

ing the convergence of the solution were developed.



Chapter 2

LITERATURE REVIEW

This section is primarily restricted to a review
of the 1fterature on particle and fluid motion around
cylinders in the viscous flow régime. However, a brief
account of the key papers describing particle collisions
with cylinders in the potential flow régime is also pro-
vided. The Tlatter were used to verify the computer pro-
~grammes calculating the particle trajectories (Appendix V).

Fuchs [ 1], Dorman [ 2 ], Pich [ 3] and Loffler
[4 ] have writfen_general reviews on particle deposition

on cylinders and other objects.

Particle-Cylinder Collision in Viscous Flow

Landahl and Herrmann [ 5 ] were the first who
theoretically calculated the impaction coefficient due
to inertial and interceptive mechanisms in the viscous

flow régime. Their work was restricted to a circular

13
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cylinder with Re . = 10, and Thom's [ 6] approximate flow-
field was used. The particles were assumed to obey Stokes'
Law, and their motion was calculated by an iterative pro-
cedure involving piecewise linearization of the flowfield
and trajectories. The particle inertial parameter was

~varied from 0 < P < 3, and their predictions have been

summarized [ 3] by the following equation:

3
€ = P + K (2-1)

P3 + 1.54P%2 + 1.76

Equation (2-1) indicates that € is an increasing
function of P and K. However, since it is based on Thom's
data it is somewhat inaccurate. Furthermore, the expression
implies that the inertial and interceptive contributions
to the impaction coefficient are addifive. This is not
strictly correct because the fluid streamlines are not
equispéced at ReC = 10 .

Davies and Peefz [ 7] also used Thom's results
at Rec = 10 . By means of interpolation and extrapolation
polynomials they were able to obtain a finer grid, and to

extend the flowfield to 5 radii from the centre of the
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cylinder. The authors initiated their particle trajec-
tories on the outer boundary of their flowufield.

Stokes' Law was used to calculate the drag on
" the particles and numerical integratibn with variable
step size was emp]oyed to calculate the trajectories
(see Davies and Aylward [8] for a description of this
technique). .

Both iﬁertia] and interceptive effects were
studied, plots being given for e vs P 1in the
ranges 0 <P £ 30, 0 < K<1 . Contrary to Landahl
and Herrmann, Davies and Peetz found that the intercep-
tive and inertial mechanisms of impaction were not
strictly additive.

Davies and Peetz also determined a so-called
"critical inertia] parameter," Pc of 0.417. PC is
defined such that an infinitely smé]] particle (K = 0)
having inertial parameter P < PC would fail to
co0llide with the cylinder.

These authors also studied particle collection
at a Reynold's number of ReC = 0.2 , by utilizing a
Bessel function representation of the flowfield [9].

The following equations were used:



2 3 Re rRe .
'- Re_ =+ r  [Re
X -C : C

where K, and K,

second kind.

are modified Bessel functions of the

16

(2-2)
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The particle trajectories were calculated as
before at ReC = 10 , except that the starting position
was 200 cylinder radii upstream from the cylinder centre.

The results were presented in graphical form by
plotting € versus P with K as a parameter. The ranges
investigated were ‘0 < P £ 80, and 0 < K< 1, and PC
in this instance was estimated to be 0.899.

Davies and Peetz' results are the most accurate
to date in the viscous régime because they are based on
. good approximations of the fluid flowfields. The Bessel
function expression at Re = 0.2 satisfies the Navier-
Stokes Equation and the boundary condition far away from
the cylinder. However, as is shown later (Chapter 4), it
does not predict zero fluid velocities at the cylinder
surface. This feature produces significant errors in the
calculated efficiencies of small particles which closely
approach the cylinder surface.

Wong, Ranz and Johnstone [10] used the equation

~given by Lamb [11] for viscous flow around a cylinder:
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1\

<
1

) [( v (x2+yz-1](yz-xz]/z[xz+yz]]

2

v, = #(szz-]] xy‘/(xzwzk] - (2-3)

_ 1
Y T 2.002 - In Re

Assuming Stokes' Law for the particles they
calculated the following theoretical expression for €
i.e., the impaction coefficient due to interception alone:

8 T Y{:(HK) In (1+K) - K(2+K)/2(]+K):| (2-4)

The authors present curves for Equation (2-4)
at Rec = 0.01, 0.1, 1.0, the highest values of Rec
extending past the Timit of applicability of Equation (2-3).
Furthermore, Equation (2-3) is valid only closé to the
cylinder and does not satisfy the boundary conditions at

infinity.
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Subramanyam and Kuloor [12] used Davies and Peetz®

extension of Thom's calculations at Rec = 10. They cal-
culated particle trajectories starting at 5 radii upstream,
for 0 <P <10, and K = 0. Neither the method of cal-
culating the particle trajectories nor the drag law for
the particles were clearly stated. However, their drag
coefficient would apbear to be very close to that given
by Stokes' Law.

Householder and Goldschmidt [13] used Davies'
[ 9] ana]ytica] approximation to the flowfield at ReC = 0.
They assumed Stokes' drag law for the particles and used
a second-order Runge-Kutta integration technique to deter-
mine particle trajectories. The starting position was 400
radii upstream. Impaction efficiency, E, was plotted as
a function of P and K for the ranges 1 < P £ 10* and
0 £ K< 7. The authors also calculated values of E at
Rec ~ 1000 for similar ranges of P and K. Using a least-
squares technique they fitted the following equation to

their theoretical predictions:

2.
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3
E=0.541 + tanh[cl+czln(1+P) + C3K + C, 1n(1+ReC)
+ Cs In(1+P)K + Cg In(14P) 1n(1+Re'C) + C,K ln(1+ReC)»
. 2 . 2
+ Ca[ln(]+P)] + CgK?2 + Clo(ln(HRec)]
where

C, = -0.9965 Cs = 0.0010
C2 = 0.1921 C; = 0.0197
Cs = 0.1426 €y = 0.0464
Cy = 0.0066 Co =-0.0036

C5 = -0.025] C]_o = (0.0287

The above expression is intended to predict the
impaction efficiency, E, by incorporating the effects of
flowfield, particle inertial parameter, P, and particle
size parameter, K. No mention is made of a critical

inertial parameter PC .
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Equation (2-5) cannot be regarded as well-founded
because it is based on results obtained at just two Reynolds
numbers. Furthermore, the trajectory calculations assumed
that the particles do not influence the fluid flowfield.
This condition is clearly violated for diameter ratios,

K, greater than unity.

Experimental wokk on particle collection by
cylinders has been mainly concerned with potential flow
situations [5,10,12-17] (ReC 2 1000). Although data are
available [5,10,12,16,17] at lower values of Rec, the variable
flowrates make analysis difficult. 1In addition, the particles
used were generally so small or so polydisperse as to make
it impossible to determine the interceptive contributions
to impaction efficiency.

Subramanyam and Kuloor performed impaction effici-
ency experiments in the ranges: 4 2 Re . $ 240, 0 £ K 20.10
and 1 S P £ 60. Their results gave at least a quantita-
tive indication of the effects of particle size on impac-

tion efficienéy.

Particle-Cylinder Collision in Potential Flow

Langmuir and Blodgett [18] presented the first

comprehensive study of particle deposition on cylinders in
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the potential flow régime. The work was entirely theoretical

and utilized Lamb's [11] equations to define the flowfield:

y2 - x2 )
Vy = 1 +
(x2 + y2)?
- (2-6)
- 2Xy
v = >
Y (x2 + y2?) J

The particle trajectories were initiated four
cylinder diameters upstream of the cylinder and the cal-
culations performed on a differential analyzer (analog
computer). The drag experienced by the particles was
expressed either by Stokes Law at low Reynolds numbers, or
by an empirical equation at high values of Rep.

Langmuir and BTodgett considered particle depo-
sition due to inertial effects only, and presented graphs

of the #mpaction coefficient, €, as a function of P, with

¢ as a parameter. ¢ was defined as:

6 = —= = = (2-7)
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The authors investigated the ranges 0 £ ¢ < 10°
and 0.1 < P £ 100 . Using strictly theoretical argu-
ments based on Equation (2-6) they determined a value of
0.125 fof the critical inertial parameter Pc'

Davies and Peetz [7] also reported theoretical
results on particle collisions with cylinders in the
potential flow régime. Their work was basically similar
to that of Langmuir and Blodgett, except that they also
considered the interception effect. .The trajectories
were started 5 radii upstream of the cylinder, and
the particles were assumed to obey Stokes' Law at all
times. Impaction coefficients, ¢, were reported for
the ranges 0 <K <1, and 0 £ P < 40 . By using
a method similar to Langumuir'and Bﬂodgett‘s, they also
calculated the critical inertial parameter, Pc,-to be
0.125.

Further theoretical and experimental results in
the potential flow régime may be found in references [18]

to [24].

Numerical Solution of Navier-Stokes Equation

Thom [ 6 ] was one of the first to use a finite

difference iterative method to solve the steady state
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Navier-Stokes Equatioh for flow around cyTiﬁders. He éa1-
culated flowfields at ReC = 10 and 20 and achieved good
agreement with hié experimental results.

Tomotoika and Aoi [25] obtained an exact solu-
tion to Oseen's linearized form of the Navier-Stokes Equa-
tion for Re up to 10. However, they erroneously pre-

c
dicted wake formation at Re_ = 0.05, and Yamada [26]

o

(quoted by Underwood [27]) indicated serious numerical
errors in their work. Proudman and Pearson [28] used
matched asymptotic expansions, but the results were only
valid up to Rec x5

Happel [29] presented a solution to the creeping
flow equation for cylinders, using the boundary condition
that the fluid shear stress becomes zero at large but
finite distances from the cylinder.

Kawaguti [30] solved the steady state Navier-
Stokes Equation in finite difference form for a circular
cylinder at ReC = 40. The results of his laborious calcu-
lations agree reasonably well with experimental data [31].
The work of Allen and Southwell [32] and Dennis and
Shimshoni [33] is generally regafdéd as imprecise [34],

since they predict, for example, a decrease in wake size

with increasing Reynolds number at ReC = 40.
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Jenson [35] used a Géuss-Seide] relaxation tech-
nique to solve the finite difference form of the Navier-
Stokes Equation for spheres, under non-turbulent flow con-
ditions. In establishing the boundary conditions for
numerical solution he used Kuwabara's [36] model, which
stipulates that the fluid vorticity tends to zero at large
distances from the sphere. This technique of relaxation
may also be applied to the solution of the Navier-Stokes
Equation for circular cylinders, using either Happel's
or Kuwabara's model for the numerical boundary condition
far from the cylinder.

~Jenson suggested criteria to ensure the convergence
of the numerical solution, but these were found to lead to
excessive computation times [37]. He also introduced the
transformation r = ez, for determining appropriate radial
spacing of the numerical solution points. Hamielec et al.
[37] discussed several of the problems associated with
numerical solution of the Navier-Stokes equation for spheres.
Their discussion included angular and radial spacing of
grid points, as well as the effect of the size of the outer
boundary.

Subsequently, Kawaguti and Jain [38] and Son
and Hanratty [34] solved the unsteady state form of the

Navier-Stokes equation for cylinders and extrapolated their
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values to infinite times. Kawaguti and Jain found that
their results approached the steady state solutions of
Kawaguti [30] and Thom [ 6 ]. However, the unsteady state
solution predicted wakes larger than expected

Takami and Keller [39], Hamielec and Raal [40]
and Dennis and Chang [41] numerically solved the steady-
state Navier-Stokes Equation for cylinders, and their
tabulated results afford easy comparison. Hamielec and
Raal used a modified relaxation technique to study the
rangé 1 < ReC < 500, and obtained reasonable agreement
with previous experimental and theoretical results. They
used two relaxation factors, one for étream function and
one for vorticity.

Pruppacher et aql. [42] compiled a useful summary
of the best theoretical and experimental data on circular
cylinders. Masliyah [43] and Masliyah and Epstein [44]
solved the steady state Navier-Stokes Equation for flow
around spheroids and elliptical cylinders. They introduced
an additional relaxation factor for the vorticity at the
surface of the solid object. The authors provide a detailed
discussion of the problems involved iﬁ selecting grid
spacing and outer boundary radius. Their résu]ts for
elliptical cylinders with aspect ratios of 0.995 compared
well with recent theoretical results for circular cylinders

[39-41].



Navier-Stokes Equation

Chapter 3

THEORY

for Flow Around a Cylinder

The flow of an incompressible Newtonian Fluid around

a cylinder is described by the Navier-Stokes and Continuity

Equations, subject to appropriate boundary conditions. When

the flow is steady the

Tess form as follows:

where

In this work

on the cylinder radius

equations may be written in dimension-

v = '%ZP + Re 221 (3'])
c
Vevs=0 (3-2)
2R _pU,
_ c
ReC = y

the dimensionless quantities are based

Rc’ and the free stream velocity, Uo.

27



28

The pressure p is defined in terms of the dimensional pressure
p', and a reference pressure p' :

p' - p',
= — (3-3)

%puoz

For two-dimensional flow around a cylinder, Equations
(3-1)vand (3-2) represent a system of three simultaneous
partial differential equations. These equations may be com-
bined by means of a stream function, ¢, and a vortieity, C,

defined as:

~

- _ 123y
Ve T ¥ 3
- (3-4)
v = 3¢
6  or |
z = V2 y (3-5)

By virtue of its definition, ¢ automatically satisfies the

Continuity Equation. The Navier-Stokes Equation thus

becomes:
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it E T TAN VRN 1 . (3-6)

g = V2 Yy (3-7)

Figure 3-1illustrates the cylinder and surrounding
fluid. Due to the dimensionless representation, the radius
of the cylinder is unity.

In devising a numerical technique for solving
Equations (3-6) and (3-7) it is necessary to consider the
nature of the f]owfie]d_as a function of position. Close
to the cylinder, ¥ and z have large radial gradients, while
farther away radial changes are more gradual. Hence it is
desirable to have a fine grid close to the cylinder, and a
coarser mesh at large values of r. Such a grid spacing is

achieved by using the exponential transformation:
r =e ' (3-8)

Substitution of Equation (3-8) into (3-6) and
(3-7) yields:



A - B C D

Figure 3-1. Co-ordinate system for circular cylinder and surrounding fluid.

o€
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3%¢c 9%
522 T 382 (3-9)

L = —l-[§;$ + 2 ] (3-10)

2z

D

The above equations are second order, and four
separate boundary conditions are required to define their

solutions.

Boundary Conditions

The boundary conditions of the Navier-Stokes
Equation may be put in two categories: those pertaining to
the cylinder surface and axis of symmetry, and those which
apply some distance from the cylinder surface. The first
group presents no difficulties and will be discussed first.
A1l boundary conditions are written for the case of fluid
flow perpendicular to the axis of the cy]indér (Figure 3-1).

On the surface of the cylinder:

¢ =0
at r =1 or z =0 (3-11)
g = V3 y
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Along the axis of symmetry (AD in Figure 3-1)

=7 =20 Along AB , ®
(3-12)

n 1]
= (=]
——p——r

p =¢g =0 Along CD , ©

Kuwabara [36] and Happel [29] have respectively
proposed the zero vorticity and free-surface models which -
define ¢z on the outer boundary. These models assume iden-
tical parallel cylinders in a randomly spaced assemblage.

Each cylinder is associated with a concentric fluid "envelope"

of radius R_, and the solids concentration, ¢, is given by:
R )2
c = li] (3-13)

Hence, by changing the numerical value of R_ in
the boundary conditions it is possible to obtain flowfields
around cylinders in assemblages of various concentrations.
In this work, two main values of R_ were studied,
R, = 3.0, 100. These correspond, respectively, to solids con-
centration of 0.111 and 10°*. It may be noted that at R_ = 100
the system is a good approximatfon”to a cylinder in an in-

finitely dilute array, that is, a single cylinder in an

infinite medium.
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The values of ¢ and g musf be defined on the outer
circular boundary. Since Kirsch and Fuchs' [45] experimental
data agreed better with the predictions of Kuwabara thanv
with those of Happel, the zero vorticity model was adopted
in this work. However, for comparison purposes some com-
putations were also made with Happel's model.

The assumption of streaming parallel flow on the
outer boundary gives:

7o
¥ = R_sin 6 = e sin © at r=R_orz

Z_  (3-14)

Since Kuwabara postulates zero values of vorticity

on the outer boundary:

r =0 at r=R_orz=1 (3-15)

Numerical Solution of Navier-Stokes Equation

For the purpose of numerical solution, the flow-
field was divided into a grid with angular spacing A6 and
radial épacing Az. Figure 3-2 represents such a grid in
the 6-z plane. The number of angular lines is Na’ and the

number of radial lines is N giving a total of Na X Nr



Figure 3-2.

Grid system in the 6-z plane.

-

ve
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grid points. The increments A6 and Az are related to Na

and Nr as follows:

Az = N T (3-17)

Let the Tetters I and J refer to the subscripts
of a general grid point (I,d). The point (I,J) therefore

lies at the intersection of the IR angular line and the

Jth radial line. It follows that 1 < I < Na and

1 ¢ J ¢ Nr' Using this nomenclature, the 06-z co-ordinates

of the point (I,Jd) are:

(1) (I-1) ae (3-18)

z(I)

(3-1) az (3-19)

The values of the stream function and vorticity

at (I,J) are similarly designated as y(I,Jd) and ¢(I,Jd).
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The partial derivatives at (I,J) can be approxi-

mated by second order central difference expressions. For

example:
Y ~ p(L,d+1) - (I,d-1) (3-20)
aZ (I,J) ZAZ
2 - ' - .
2y i 0(1,9+1) - 29(1,9) + y(1,9-1) (3-21)

Jenson [35] found that fourth order approximations
gave results nearly identical to those obtained with second
order formulations. Hence the use of fourth order approxi-

mations is not warranted.

Finite Difference Formulation of the

Navier-Stokes Equation

The Navier-Stokes Equation may be expanded in
finite difference form by substitution of second order
central difference expressions into Equations (3-9) and (3-10).

These equations yield, on rearrangement:
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__AB2.pz2 ] :
‘;(I,J) - 2(A62+A22) AZZ{C(I,J+]) + E(I’J'])]

1

Rec
+ Ae2[«;(1+1,J) + ;(I-],J)} + §Z§K§-[I¢(I+],J) - w(I-],J)] .

[c(I,JH) . c(I,J-])} ; [Lp(x,m) ] w(x,a-n] :

[;(1+1,J) ] c(I-],J)H

(3-22)

and

2, 2
W(1.9) = gizerraeey { e*¥e(1,9)

+ Z%(w(l,d+1) + w(I,J-l)} + A;2(¢(1+1,J) + ¢(1_1,J)}

(3-23)
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Finite Difference Formulation of Boundary Conditions

The boundary condition (of Equation (3-11)):

must also be written in finite difference form. Utilizing

the boundary condition for ¢ on the cylinder surface,

namely,

_ 3y _ 3%y _ - — | -
V=t =557 =0 at r 1 or z 0, (3 24)

Equation (3-11) becomes:

g = 327 (3-25)

The stream function near the surface may be ex-

panded in a Taylor series:

oY Az? 3%y Az3 33y
Y =9 + AZ =— + 55T + 5| o 0
z=Az z=0 9z z=0 2 3z z= 6 oz z=
(3-26)
2 3 3
¥ =y +2az X + 2022 Y 84z 3 +oeoe e
7=0A2 720 9z 7=0 9z -0 6 93z 70
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Since v_ = v, =0 on the surface:

r 6
') =0 (3-28)
92 70

Neglecting terms of order greater than 3, Equations (3-25)

to (3-28) yield:

5w 0],
z = 577z |8V -y (3-29)
z=0 9z* z=0 2z Az 202z
or in terms of I and J:
S(1.1) * gper (89(1.2) - 9(1,3)] (3-30)

Relaxation Method

Equation (3-21) is nonlinear and particularly
unstable at Re_ > 0.10. Previous authors [ 40,43 ] have
+ successfully solved similar equations using the iterative
Re]axation Method, which was also adopted for this study.

If wn*(I,J) and cn*(I,J) denote the results
obtained from Equations (3-21) and (3-22) after the nth
iteration, the process of relaxation modifies these results

as follows:
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- *
bal120) = vy g (1.0) + a [0, *(1,0) = v, q(1.0)] (3-31)
- *
c(1.0) = £y 1(10) + a (g *(1,0) - g _1(1,9)] (3-32)
where:
aw = relaxation factor for stream function
o, = relaxation factor for vorticity

As soon as the new values wn(I,J) and cn(I,J)
are available, they replace the old values wn_](I,J) and
cn_](I,J). The method for obtaining the starting va]ues
Yo and g, is described in the next section.

The relaxation factors determine the amount by
which the grid values are modified between successive itera-
tions. If Oy, = o = 1, Equations (3-31) and (3-32) repre-
sent the Gauss-Seidel Method, which involves no relaxation.

a, was generally selected in the range 1.7-1.8, but for

v

small values of R_ it was necessary to reduce aw to 1.
The solution of the vorticity Equation (3-21) for
the cylinder surface is even less stable than that for the

bulk of the fluid. For this reason Masliyah [43] introduced
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an additional relaxation factor, acs’ for obtaining vor-

ticities on the cylinder surface. The values of o, and

g suggested by Masliyah were used as a basis for this

work*(see Figure 3-3).

Initial Values for Relaxation Method

The solution procedure for Equations (3421) and
(3-22) requires a set of initial values, Yy and zo,. If
inertial terms are omitted, the Navier-Stokes Equation for

a cylinder may be written:
V¥ =0 (3-33)

Both Kuwabara [36] and Happel [29] have presented
particular solutions to Equation (3-33).

Kuwabara's solution which satisfies the boundarx
condition z =0 at r = R is:

0 ?

A .
Y = sin 6 [%1r2 + A,r + A; rinr + —%] (3-34)

vhere

*The relaxation factors used in this work are
listed in Appendix IV.
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Figure 3-3.
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Masliyah's [43] relaxation factors for vorticity.
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M-

Ay = - U Y -zﬁt—Z)
ol

he =y 0 kRa")

2As

As = Ag + R "2 - %R ~*

Happel's particular solution to Equation (3-33)

’=Sl'n6-]-H Y‘3+J—Hr[nr_l + H r+H_l’
v g M 7 N2 7 3 -

(3-35)
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The coefficients H, to H, can be evaluated from
the boundary conditionsfor ¢ stated previously (Equations
(3-11), (3-12) and (3-14)), along with Kuwabara's zero
vorticity condition (Equation (3-15)). Substitution of these
equations into Equation (3-35) yields the following simul-

taneous equations:

T H o+ Hz[--]z—] + Hy + Hy = 0 (3-36)
3 4 +H[‘]+H + Hy, = 0 (3-37)
§ 1 2 '2- 3 4 = -
1 3 1 1 H4 -
§H1R°° +?H2 Roo In Roo--z. + Hj Roo'*"R—— Ug Roo (3-38)
Hy = - HiRZ (3-39)

Equations (3-36) to (3-39) were solved for the coefficients
Hl to HL,:
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2
4y = 8 Ro
- 4
H, = =8 u(,G Reo
- 2
Hy = 2 UaRm
i - UoRa*(1/Rp2 - 1)
Y =
G
-I . 2
G = 4 R* Ing— - R * + (1 -2 sz]

Utilizing the fact that ¢ = v?y, Equation (3-35)

gives the following expression for vorticity:

1 8 sin © r?
¢ =3° r Ezmz = ﬂ (3-40)

In this work, Equations (3-35) and (3-40) were

used to estimate Yy and g, at ReC = 0.5. Once this grid was
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sufficiently converged, the new values of ¢ and ¢ in the
~grid were used as starting conditions for a higher value
of Rec. Similarly, when the values in the second grid had
been iterated to convergence, they were used as starting
values for larger Reynolds numbers. This process was con-

tinued until a converged grid had been obtained at ReC = 40.0.

Convergence Criteria

As mentioned in the previous section thevnumerical
procedure starts from an initial guess of ¢ and ¢, and con-
verges to a final solution after a certain number of
iterations: It is very difficult to estimate, a priori,
the number of iterations which are needed to convefge a
~given grid of values. Consequently, the computations must
be continuously monitored and terminated once certain con-
vergence criteria are satisfied.

In this work, the most relevant criteria are the
particle impaction efficiencies. For a given grid, repre-
sentative efficiencies were calculated every 100 iterations.
When thesé efficiencies varied by less than a specified
amount over a given "cycle" of 100 iterations, the calcula-
tions were terminated. Efficiencies calculated for grids

having R, = 100 were constrained to show no variation in
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the 5th significant digit, and at R_ = 3, constancy in the
4tk significant digit was required.

Numerous other convergence criteria may be sug-
~gested. Before presenting them it is convenient to define
some additional variables. The changes in stream function

and vorticity values per iteration may be denoted by:

by v (1,0) = | " (10) = vy g (1) | (3-41)
Bz (1,0) - | e (0 - g L) | (3-42)
bp (10) = | 5 *(1,9) - a1 (129) | o (3-43)
8, £ (1,1) = | £, *(1,1) - gy (1) | (3-40)

The convergence criteria which were monitored in this

study are the following:
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Maximum changes in stream function and vorticity:

Mpvo = max. 4[An w(I;J)] (3-45)

| Mn Ly, = max .(An ;b(I,J)] (3-46)

M ¢ = max .(An cs(I,])] (3-47)

These criteria are similar to those of Hamielec
and Raal [ 40], who considered their grids to

be converged when:
Mn“ p < 10-¢

Mn“ z < 10°*
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where
Mn“ P = max [An“ w(I,J)] (3-48)
15T SN,
153 <N
r
and
(o4
A, b, (1,9) - v, _4(1,d) (3-49)

That is, these authors compared changes in
the relaxed values of Y and z. Hence, for
values of a« < 1.0, their criteria are less

stringent than those employed in this work.

Sum of all stream function and vorticity

values:
Na Nr
S, v = 121 321 vo_1(1,9) (3-50)
Na Nr
Sptp = 1 L g, q(1,9) (3-51)

I=1 J=2
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Sp T = 1 gpq(1L0) (3-52)

Sum of all changes in stream function and

vorticity values per iteration:

Ng Ny
D,v =1 1 4, v(1,9) - (3-53)
1=1 J=1
Na NI’
Dz, = . : A z(1,d) (3-54)
n ~b Izl JZZ n
N, :
D c. = A z(I,1) (3-55)

Fractional changes in the sum of stream

function and vorticity changes per iteration:

Q, ¥ = o2 (3-56)
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D
b
Q. z, = == (3-57)
n °b Sn Zh
D
Q. z. = -2 (3-58)
n °s Sn ;S

Sum of fractional changes over 100 iterations:

Q 10 ¢y = Nfgg Q, ¥ (3-59)
n n=N n

Q %% ¢, = -N-fgg Q. ¢ (3-60)
n b nel n ~°b

Q100 £ = N§99 Q. ¢ (3-61)
n s. Lty n s

Several authors [31,39-41] have reported theoretical

and experimental values for stagnation pressures and drag
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coefficients for flow around cylinders. Their results can
be compared with values calculated in this study* as further
tests of convergence. In addition, the pressures and drag
coefficients calculated during relaxation tend to stabilize

hear convergence.

Frontal stagnation pressure:

- L ' )
Po = 1 + 2 J ae|e=0 dz (3-62)

Rear stagnation pressure:

m
3z
p_ = po * [ —— do | (3-63)

Skin drag coefficient:

7

*
.The equations for the stagnation pressures and
drag coefficients are derived in Appendix II.
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Form drag coefficient:

L
Jo Pg COS © RC de
Cop =

Rc(% pUg?)

T 0 3¢
= J po + ﬁ%— [ = do| cos o do
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(3-64)

(3-65)



Ratio of drag coefficients:

It was useful to combine the drag coefficients

in the form of a ratio

D
DRAG RATIO = ¢—
DF

Integration of Equations (3-62) to (3-65) was

performed by a Simpson's three-point method.

Calculation of Particle Trajectories

Equation of Particle Motion

53

(3-66)

The motion of a spherical particle subjected to

a drag force ED’ is governed by Newton's second law of

motion which may be written as:

or

")

(3-67)

(3-68)
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The drag coefficient, CD’ is defined for a

spherical particle as follows:

F
C. = [Fol (3-69)

D
[n sz] 5o |v-v' |

~Equation (3-68) takes the following dimension-

less form:
dv Re C
P -_p ., D -v (3-70)
dt 24 P {——p
where:
- 2
- mp 0 =2(DDD) Ron
671y p Rc Rc
' _ )
e - 2 pR, |v Vo |
P u

The dimensionless group P is variously referred

to as the particle inertial parameter,inertial parameter,
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or simply, the "Stokes Number." When defined in terms of
diameters instead of radii, as is sometimes the case, P
differs by a factor of %5 from the definition used in this
work.l

P reflects the magnitude of the inertial and
viscous forces present, and is particularly significant in
the Stokes' régime (where CD = 24/Rep). In this case it
is the sole dimensionless group characterizing the particle

trajectories. P can also be written as:
0 .
{—E——} Re . K2 (3-71)

3

to iTlustrate its dependence on the density ratio, (pp-p)/p

and on the size parameter, K.

Drag Coefficients

For small values of the particle Reynolds number,

Rep << 1, Stokes' Law for spheres may be applied:

Y (3-
Cp = & | (3-72)

P
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At larger values of Rep the drag coefficient may
be expressed by any of a number of empirical and theoretical
formulae. A simple expression which gives good agreement
. with experimental data in the range 0 ¢ Rep < 300 was

suggested by Klyachko [46]

_ 24 4
Cp = Rre_ * Re 7 (3-73)

This equation is continuous in its range of
applicability and deviates only marginally from Stokes'

Law at Tow Rep.

Integration of Particle Equations

In order to obtain the particle trajectories,
Equation (3-70) must be integrated twice, subject to the

initial conditions:

. (3-74)




57

i.e. the particles are started at the outer boundary of

the fluid flowfield with the free stream velocity.

The integration is perfbrmed in a stepwisé manner
by dividing the particle motion into intervals of duration
At. Equation (3-70) is integrated analytically over each
interval by assigning appropriate constant values to the

fluid velocity v, and to Rep/24 P.

‘o
If the subscript "O" denotes the conditions at
the beginning of an interval, integration of Equation (3-70)

over At yields:

_ = - -BAt
vpX =V, - [Vx - vpxo}e (3-75)
— — -BAt
= - - -76
Ypy T Yy [Vy VPYo}e (3-76)
- = 1+ . -BAt_ )
xp = xpo + vat + B(Vx Vpxo}[e ]] (3-77)

1= . -gat (3-78)
p, Vy B[Vy pro][e 1]
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where

g =2 D (3-79)

The values of the fluid velocity, v, at the
start and end of the previous time interval were linearly
extrapolated by At/2 into the next interval. This gave
v, the constant value of fluid velocity used in the
analytical integration of the trajectory segment (see
Appendix I). The summation of these trajectory segments
produced the full trajectory of the particle.

Selection of the variable time step At was
performed so as to reflect the varying nature of the flow-
field. When a particle entered a grid cell of radial
dimension Ar (FigureI-1) with a velocity |1p|, At

was determined from:

At = ml—pl— (3-80)

Hence, up to three trajectory segments were cal-
culated for each grid cell, depending on the direction of

the particle motion. Equation (3-80) has the advantageous
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property that it produces sma]l‘time steps near the cylinder
surface, where ve]ocfty gradients are steepest and high
accuracy is required.

Test calculations were performed using five inte-
gration steps per grid cell, to detect any changes in

accukacy due to the use of shorter trajectory intervals.

Fibonacci Search for Critical Trajectory

As mentioned in the Introduction, the efficiency,
E, for a particular set of conditions was determined from

y the initial critical position of the particle

p,crit’
above the centre line. It was possible to estimate an
accurate value of E with a minimum number of trajectory
calculations by using the Fibonacci éequentia] search

- scheme [47].

Optimum search techniques 1ike the Fibonacci
method locate maxima, minima or discontinuities in uni-
model functions with considerable precision. For the
purposes of efficiency calculations it was necessary to
describe the process of "hitting“ or "missing" the
cylinder in terms of a simple function. -Arbitrarily

assigning a functional value of 1 to every y_ giving a

p
miss, and a value of 0 to every yp giving a hit, the
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collision process may be described by a step function
(Figure 3-4).

Figure 1-3 il1lustrates three particle tkajectories,
each starting at a different value of yp. These samé
points are plotted in Figure 3-4. Because the search pro-
cedure requires an independent variable scaled from 0. to
1., values of yp were scaled with division by 1 + K. The
transformed value of yp for the NP iteration, ypN,'is
denoted AN’ where XN = ypN/1+K. Consequent]y, the critical

value A is identical to the desired value of the

crit
efficiency, E.
The accuracy of the estimate of E was expressed
in terms of LN, the "interval of uncertainty" remaining
after N separate trajectory calculations. LN'is defined
such that the estimated value of E differs from the true
value of the efficiency by less than‘LN. If § represents

the smallest separation of two values of yp giving two

distinct trajectories, LN is given by the following formula:

<3 ’ (3-81)

|

Where FN represents the NER Fibonacci number

and
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)\l )\2 )Lg
X
Figure 3-4. Collision function for Fibonacci search.
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Assuming that § =

tions involved, Equation (3-81) becomes:
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- (3-82)

0 for the numerical calcula-

(3-83) .

Since the efficiencies were expected to be lowest

at low values of P, the highest accuracy was required in

that range.
31, while for

Consequently, for

P>1, N =21

P < 1,N was set equal to

The corresponding intervals

of uncertainty, or the errors in the efficiencies were:

in =

These

tions resulting

= 5.64 x 1073

1

Fax  T77717.
1 1

Fs1  2178309.

cumulative machine error.

= 4.59 x 10”7

7

(3-84)

estimates of error do not include contribu-

from inaccuracies on the flowfields, or



Chapter 4

RESULTS AND DISCUSSION

The main results of this work are presented and
discussed in the present chapter. For the sake of conven-
ience the chapter is divided into three major sections.

The first section contains all findings pertain-
ing to particle behaviour. In particular, it comprises
the important results on particle impaction efficiencies
as functions of: Reynolds number, Rec, particle inertial
parameter, P, and particle size parameter, K. The results
are compared with those of other workers whenever possible.

Fluid flowfields, as predicted by the numerical
solution of the Navier-Stokes Equation, Davies' Bessel
function expression, and by Thom are presented in the
second section. The differences evident between these
flowfields help to explain the discrepancies between
particle efficiencies calculated in this work and those

found by other authors.

63
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The third and final section is devoted to the
convergence criteria which were monitored during the re-
laxation solution of the Navier-Stokes Equation. The
criteria are compared with one another, and the criterion
best suited for determining the convergence of the numerical

solution is indicated.

Typical Particle Trajectories

Trajectories obtained by means of Equations (3-75)
to (3-78) are depicted in Figures 4-1 -and 4-2 , for
Rec = 0.2 and Bec‘= 40, respective]y.* In both cases the
particles started at the same points in the flowfield and
with the local fluid velocity. At the smaller Reynolds
number the particles possessed less momentum than at Rec =
40, and consequently diverged less from the stream lines.
When wakes were present behind the cylinder, particles
were never observed to enter them. This observation is
only valid provided particle transport occurs solely due
to an inertial mechanism. In the presence of other forces,
such as gravity and electrostatic attraction, particles

can conceivably enter the wake region.

*A]] figures and tables are located at the end
of the chapter, starting on pages 93 and 153, respectively.
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The curves in Figure 4-3 show how the particle
Reynolds number, Rep, varies with position for the case of
Rec = 40. Clearly Stokes Law is not suitable for calcu-
lating the drag coefficient for the particles in question.
This fact demonstrates the necessity of using Equation (3-73)
to calculate CD for the particles, since it gives vatlid
predictions both in Stokes régime, as well as at higher
values of Rep. It is also interesting to note the twin
maxima which occur for trajectory 2.

The values of Rep for the trajectpries shown in
Figure 4-1 for ReC = 0.2 have not been plotted, but 1in
this case they were very small (Rep << 0.1) and well within
the range of Stokes Law.

Since CD must be calculated in both Stokes régime
and at higher particle Reynolds numbers, Equation (3-73)
is quite suitable éince it gives continuous predictions
for the desired range. At no time during the trajectory
calculations did Rep exceed 30, so that the upper limit of

applicability of Equation (3-73) was never reached.

PARTICLE IMPACTION EFFICIENCIES

The results are summarized in Tables 4-1 to 4-2.

Figures 4-4 to 4-15 show the variation of efficiency with
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particle inertial parameter for most of the numerical flow-
fie]ds. Graphs have not been prepared for all valués of
Rec since most of the curves are fairly similar.

Before proceeding with the discussion of the
results it is expedient to comment on the size parameter
K.

One basic assumption inherent in the determina-
tion of particle trajectories is that the presence of the
particle does not influence the fluid flowfield itself.

It is very difficult, however, to estimate the value of K
for which this assumption becomes invalid and when signifi-
can error is thereby introduced. |

Because the predicted efficiences showed uniform
increase with K, curves have been presented to a maximum
particle size of K = 1.0. Although the possibility exists
that these particles are too large to be handled properly
by the present solution procedure, they have been included
to illustrate the effect of particle size on impaction
efficiency. The problems that would accompany an attempt
to solve both the fluid and particle motion equations
simultaneously are beyond the scope of this work.

Apart from the small uncertainty regarding effici-
ency prediction at K = 1.0; those values calculated at

K < 0.5 are felt to be quite accurate.
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The curves of efficiency given for K = 0.001
deserve special mention, since they are actually curves of
EI’ the impaction efficiency due to inertial effects alone.
They were obtained by slight modifications of the trajec-
tory calculations: K was considered to have the finite
value 0.001 for the purpose of calculating CD’ but collision
with the cylinder was taken to occur only when the centre
of the small particle coincided with the surface of the
cylinder. Alternately expressed, the interceptive effect

was entirely neglected for particles having K = 0.001.

Effect of Inertial Parameter on E

R_ = 100.

The following general observations can be made

on the appearance of the curves at R, = 100:

a) All of the curves are similar and have an

S-type shape.

b) For large values of P the impaction
efficiences tend to unity as expected

from physical considerations.
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d)
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For small P, the values of E
approach EK’
There is an interval of the inertial
parameter, generally one order of
magnitude wide, in which the effici-
encies rise rapidly from approximately

EK to unity.

The curves of efficiency versus P for R_ = 3

have a very similar shape to those obtained at R_ = 100.

However, for a given Reynolds number the efficiences are

considerably highér than those calculated from flowfields

having R_ =

a)

100. Two further differences are evident:

The effect of Reynolds number on E is
much 1ess pronounced at R_ = 3 than
at R, = 100. This is not unexpected
when it is realized that the flow-
fields at R = 3. are not strongly
dependent on the Reynolds number,

Re .
c
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b) The interceptive efficiences, E are

K)
significantly higher at R, = 3 than
at R, = 100. Once again this is a

consequence of the more closely

spaced stream lines at R = 3.

Comparison with Davies

Re . =0.2.

Table 4-3 contains the efficiencies calculated

for ReC 0.2 on the basis of the numerical flowfield ob-
tained at R_ = 200. Figure 4-16 compares these efficiences
with those presented graphically by Davies and Peetz [7 ].
It should be noted that K = 0.001 corresponds to their
condition of an infinitely small particle.

The agreement is generally quite good, although
Davies and Peetz' predictions aré somewhat higher, especially
in the range 1 ¢ P < 40. This discrepancy is attributable
to the inaccurate expression used by these authors in dis-
cribing their flowfield in the vicinity of the cylinder
(cf. Equation (2-2 )). A more detailed examination of

their flowfield is made in the second section of this

chapter.
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= 10.

Re

Figure 4-17 provides a comparison of the effici-

encies calculated in this work at ReC = 10 and R 100
with those obtained by Davies and Peetz using Thom's data.

Their results are considerably higher, except
for the case of K = 0.001, and Thom's approximate repre-
sentation of the flowfield accounts in part for these
differences. A further reason which explains their higher
efficiences is the fact that these workers started their
particles close to the cylinder, i.e., at xp = -5.0, in
contrast with xp = -100 in this study.

Particles whose trajectories begin close to the
cylinder experience the upward fluid forces for a much
shorter time than those started far away from the cylinder.
Consequently, even with identical flowfields the efficiency
calculated for a particle starting at xp = -5.0 would be
‘higher than for one starting at xp x -100. This effect
decreases as P increases since heavy particles undergo
less deflection.

This argument is supported by the fact that the
efficiency curves do approach each other as P increases

(cf. Figure 4-17). Thom's flowfield is described in more

detail in the second section of this chapter.
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Experimental Impaction Efficiencies

Subramanyam and Kuloor [12] reported experimental
values of the impaction coefficient, e, for 4 < ReC < 240.
These results have been replotted as efficiences, E, in
Figure 4-18 . ‘Since the size parameter of their particles
ranged from K = 0 to K = 0.1, the efficiencies were cal-
culated on the basis of both these values.

As a qualitative indication of how their data
compare with the predictions in this work, the curve of
E vs. P calculated at K = 0.1, Re, = 40 and R = 100 has
been given as a solid line in Figure 4-18 . The reason
that the impaction efficiences for ReC = 40 were shown
is that they correSpond to the hiéhest Reynolds number
for which a numerical grid was calculated.

It is seen that the curves are of very similar
shape. The gbod agreement suggests that the experimental
flowfield may have been close to that obtained by solution
of the Navier-Stokes Equation at ReC = 40.

The above observations therefore give qualitative

support to the predictive technique used in this study.

Potential Efficiencies

The computer programme used to calculate the

efficiencies for the numerical flowfields was modified to
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duplicate the assumptions used by Davies and Peetz [7 ],
Householder and Goldschmidt [13], and Subramanyam and
Kuloor [12].

Efficiences were then calculated for potential
flow on the basis of EQuation (2-6 ). Since the authors
mentioned above used the same equations in their predic-
tions of impaction efficiencies, comparison of their results
with fhe "duplicates" calculated in this work gave an in-
dication of the programme accuracy.

These comparisons are shown in Table 4-4 .

The values ascribed to Davies and Peetz and Householder and
Goldschmidt were read from curves presented by these authors.
A dash ("-") has been inserted where the efficiences were
not available. The last column in the table contains

efficiencies calculated in the normal manner for this study,

i.e., xp -100 and Klyachko's formula. The full set of
potentfa] efficiencies is contained in Table 4-5, and
plotted in Figure 4-19.

It is clear that the agreement is fairly good in
all cases, with Davies and Peetz' results showing the
largest differences. These authors did not have the benefit

of modern computers to aid their calculations, and may

have used excessive step sizes in their work. The predicted



efficiencies in the other two cases differ by less than
2%, the nhmbers being virtually identical for the predic-
tions of Householder and Goldschmidt.

Therefore, it is felt that this test substantially
confirms the va]idity>of the solution techniques which were
employed in this work for calculating the particle trajec-
tories and impaction efficiencies.

The effect of_initia] starting}posftion, xp, is '
also demonstrated in Table 4-4 . For particles having
the same P and K, the efficiency increases as the particles
are started closer to the cylinder. This observation has
been made in connection with Davies' efficiencies at

ReC = 10.

Critical Paftic]e Inertial Parameter

As mentioned previously, the efficiencies at
K = 0.001 are actually the efficiehces due to interception
alone, EK. In order to estimate the c¢ritical particle

inertial parameters, P the curves of E vs. P at K = 0.001

CS
were extrapolated to E = 0, in the range 0.2 < Rec < 40.
The results, shown in Figure 4-20, can only be regarded as
approximate, due to the uncertainties involved in the

extrapolation.
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Davies and Peetz' predictions of Pc for Rec = 0.2
and ReC = 10 were also included for comparison purposes.
Their critical values are seen to be significantly lower

than those predicted in this work.

Effect of Reynolds Number on E

Figures 4-21, to 4-26 show how the impaction
efficiencies change with increasing Reynolds number, Rec.
The effect of Reynolds number was studied for both
R, = 100 and R_ = 3.

oo

R_ = 100.

Figures 4-21 to 4-23 indicate the relationship
between efficiency and Reynolds number for 0.2 < ReC < 40,
The increase of E with ReC is fair]y gradual, being most
pronounced at lower values of P. Although the curves are
plotted to a maximum Reynolds number of ReC = 40, the
efficiencies ultimately approach the values obtained under
potential flow conditions(Figure 4-19 and Tables 4-4 and 4-5).
The intermediate values were, however, not found because
the flowfield becomes unsteady for Rec > 40 and consequently

Equation (3-1) fails.
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The effect of ReC on efficiency at R = 3 is.
illustrated by Figures 4-24 to 4-26. The increase of
efficiency with Reynolds number for any given values of P
is very small. Furthermore the efficiencies at R_ = 3 are

higher than at R_ = 100 for a given P and K.

Comparison with Householder and Goldschmidt

Figures 4-27 and 4-28 compare efficiencies given
by Housého]der and Goldschmidt's expression (Equation (2-5))
with those calculated in this work.

In general their efficiency curves are signifi-
cantly lower than those of this work, except in the case
of P = 1l.and K = 0.1,'where their curve is higher. Since
the agreement is shown to bé poor for both K = 0.1 and
K= 1.0 (cf. Figures 4-27 and 4-28) it is clear that

Equation (2-5) is unsuitable for efficiency prediction.

Contour P1ot$ of Efficiency

The dependence of impaction efficiency on Reynolds
number and particle inertial parameter may be compactly

presented by contour diagrams such as those in Figure 4-29
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to 4-34. The lines of constant efficiency, E, are plotted
with Reynolds number, Rec, as the abscissa, and vp as the
ordinate.

These curves are redrawn from original contouf
plots obtained from the UBC "Calcomp" ink plotter. The
UBC contouring subroutine was used to contour both these
efficiency diagrams, as well as the stream lines and equi-
vorticity lines shbwn in the next section.

Each figure is drawn for a particular value of
K and outer boundary radius. The contour diagrams for
K =10.10 and R_ = 100 and R = 3 are not given because they
were almost identical to the ones shown at K = 0.001. This
similarity is to be expected from the close spacing of the
efficiency curves at lower values of K in the E versus P
plots. |

The distinct rise of the E. contours at low values
of ReC is due to the fact that the impaction efficiencies
increase more rapidiy with Reynolds number at lower values
of Rec.

The dependence of E on K is seen to be greatest
for the lower contour lines, which move closer to the
horizontal axis as K increases. This too.was evident from

the plots of E vs. Rep at different values of K.
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Effect of Solids Concentration

In order to determine the effect of solids frac-

tion on impaction . efficiency, additional flowfields were

calculated at ReC = 0.2 and Rec 40. The outer boundary

radii for these grids were: R_ = 50, R_ =25 and R = 10.
Together with the basic grids at R_ = 100 and R = 3,
flowfields for the following solids fractions were there-
fore available: ¢ = 10*, 4 x 107%®, 1.6 x 10~%, 1072 and
0.111. When ¢ = 10~* the conditions correspond very closely
to a cylinder in a fluid of infinite.extent.

It is seen from Figures 4-35 to 4-40,)" which show
E vs. Yc , that E increases with increasing solids concen-
tration, but that the rate of increase is not particularly
rapid. The greatest rate of increase is apparent at lower
values of P, as was previously found for the curves of E
versus Rec.

As ¢ » 0 the efficiencies approach constant values
cbrresponding to an infinitely dilute array. At the other
extreme, c increases.to a maximum value imposed by the
physical arrangement of the cylinders. The maximum solids
concentration for cylinders in a triangular array may be
shown to.be ¢ = n/3/6 = 0.907.

Kuwabara's and Happel's models implicitly assume

that there exists a finite distance between the surfaces of

*See also Tables 4-6 and 4-7.
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the randomly spaced cylinders in the array. This assumption
is not violated for real arrays of cylinders, so long as

they are not in contact with one another.

Sieving

As the soiids concentration is increased the
average distance between the cylinders is reduced. Hence
there is a concentration, denoted by Cp e for which the
distance exactly equals the particle diameter. Under these
conditions the particles are retained by sieving and the
collection efficiency is unity. Neither the inertial im-
paction nor the interception effects are significant when
sieving occurs. Raising the solids concentration above
Cn does not result in any further increases of the effiéiency.

The sieving mechanism is illustrated in Figure

4-41 and it is easy to show that

2
Cp - [K—‘T] (4-1)

The concentration, c_, is indicated in Figures 4-35 to

m
4-40 by an asterisk. As a first approximation the
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efficiency curves may be extrapolated to the asterisks if

it is desired to obtain values for ¢ > 0.111.

Inertial and Interceptive Mechanisms

In the Introduction, particle impaction was dis-
cussed in reference to the inertial and interceptive
mechanisms. Although these effects generally occur simul-
taneously, it was pointed out that they could be considered
independently. |

The efficiencies due to interception, EK, were
calculated by modifying Equatidns (3-75) to (3-78) so that
they calculated the paths of fluid streamlines. These
streamlines represent the trajectories of finite-sized
particles having P = 0, which impact on the cylinder by
virtue of their size alone. Table 4-8 contains EK results
for both R_ = 100 and R_ = 3.

The additivity of the inertial and interceptive
effects is Fested in Figures 4-42 and 4-43, where effici-
encies are plotted versus Reynolds number for the following
cases: inertial impaction efficiency, EI; interceptive
efficiency, EK; the arithmetic sum, EI + EK, and the im-
paction efficiency for the combined effects of inertial

impaction and interception, E.



80

It is clear that the effects are not linearly
additive, since the dashed lines representing the sums
EI + EK lie above the curves for E. Both EI and EK increase
with increasing Rec, a]thoﬁgh this behaviour is more evident
at R, = 100 than at R, = 3. For both R_ = 100 and R_ = 3
the efficiency due to inertial effects, EI’ is seen to‘
exceed the efficiency due to interception, EK'

The calculation of E, for the case of K = 0.001
afforded another opportunity to determine the accuracy of
the computer programme used in fhis work. If is clear that
for a particle having P = 0 and experiencing no interceptive
effect the predicted efficiency shou]d be zero.

The largest value of EK under these conditions is
0.0014 and occurs at Re_ = 40 and R = 100 (cf. Table 4-8
This amounts to an error of 0.0014. 1In view of the good
agreement with the known theoretical limit of EK = 0.0 for
K = 0.001, the validity of the programme is considered to

have been demonstrated.

Comparison with Wong et al.

Figure 4-44 compares values of EK predicted by
Equation (2-4 ), as given by Wong, Ranz and Johnstone [10],
with the interceptive efficiencies calculated in this

work.
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The agreement is fairly Qood up to ReC ~ 1.0,
at which point the predictions of Equation (2-4 ) increase
rapidly. The failure of Equation (2-4) at higher values
of Re. 2 1 is expected, since it is based on Equation (2—3)

which is valid only for creeping flow.

Selection of Numerical Grid

Angular and Radial Divisions

In order to determine the optimum grid spacing
for efficiency calculations, the Navier-Stokes Equation was
solved for two additional grids at Rec = 40, one being finer
than the "standard" grid (Na = 49, Nr = 93), and the other,
coarser (Na = 33, Nr = 79). This comparison was perforhed
at ReC = 40, since finite difference representation of the
fluid flowfield was most difficult at this maximum Reynolds
number.

The results of this comparison are shown in Table
4-9 , from which it is seen that the test grids yielded
slightly higher values of E than the standard grid. Since
theSe differences were quite small, the spacing afforded by
the standard grid (Na = 33, Nr = 93) was felt to be adequate

for this work. Hence, for Rm = 100, Az = 0.05 and

A6 = 0.0982 rad. or 5.6°,
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Steps Per Cell

As described in the Theory Chapter, the particle
trajectories were integrated on the basis of three steps
per grid "cell." To ascertain the effect of decreasing
the step size, the efficiencies at Rec = 40 were recalcu-
lated using five steps per grid cell.

It is clear from Table 4-9 that the results for
three steps and five steps per cell are virtually identical.
On the basis of this finding, all the efficiency calcula-

tions were performed with three steps per cell.

Happel's Model

Table 4-9 also contains the efficiencies calcu-
1afed from a flowfield which was obtained by solving the
Navier—stokes Equation subject to Happel's boundary condition.
The Reynolds number and outer boundary radius were 40 and
100, respectively.

Happel's model is seen to predict somewhat higher
efficiencies than given by Kuwabara's zero vorticity condi-
“tion. Kuwabara's model therefore provides more conservative
estimates of impaction efficiencies. Since the latter model
also predicts drag coefficients for cylinders which are in

better agreement with experimental data (Kirsch and Fuchs
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[45]) than Happel's model, Kuwabara's zero vorticity boundary

condition was used throughout this work.

FLOWFIELDS

R = 100.

[+

Figurés 4-45 to 4-47 show representative stream-
lines and equi-vorticity lines for some flowfields used for
efficiency calculations. The symmetry of the stream func-
tion and vorticity values is appareht at low values of
Rec.

As the Reyno]dé number increases, the flowfields
become progressively more asymmetric, and a wake appears
behind the cylinder between Rec = 5 and Rec = 10. With a

further increase 1in ReC the wake grows and the angle of

separation is seen to advance.

Due to the drastically decreased radius of the
outer boundary, the streamlines and equi-vorticity lines
1ie much closer to the cylinder (cf. Figure 4-48 to 4-50).

Furthermore, at high Reynolds numbers the streamlines are
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more symmetric for R_ = 3 than for R_ = 100. It may also
be noted that the wakes are considerably smaller, and appear
only when’ReC > 10.

The values of Vorticity are much higher at R_ = 3
than at R_ = 100 numbers. This is expected since the
gradient of stream function is much steeper for R, = 3 than

for R, = 100.

Effect of R

.Figures 4-51 to 4-54 show how the shapes of the
flowfields at Rec = 50, 25 and 10 change from those shown
for R_ = 100 to those at R_'= 3. The vorticity increases
with decreasing R_, whereas the streamlines become more
symmetric and move closer to the cylinder. There is little
discernible change in the flowfields between R, = 50 and

R, = 25, but it is quite marked between R_ = 25 and R_ = 10.

Characteristic Parameters

Table 4-10 summarizes the stagnation pressures
and drag coefficients calculated for the various Reynolds
numbers and outer boundary radii.

Figure 4-55 shows the excellent agreement between
the values of CDT calculated in this study and those obtained

experimentally and numerically by other authors.
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The other calculated parémeters in Table 4-10 also

agree quite well with tho;e determined by others [39-41].
However, the values of P at ReC = 20 and ReC = 30 are |
larger than expected. The explanation for this behavioﬁr

is that these two flowfields were not fully converged with
respect to the rear stagnation pressures. In certain cases
p, was found to approach a constant value only long after
the efficiencies had stabilized. Since the present work

was primarily concerned with efficiency calculations it was
not considered necessary to execute the additional lengthy

iterations to converge the stagnation pressures.

Davies' Flowfield at Re_ = 0.2

As mentioned earlier, Davies' Bessel representation
of the fluid flowfield at ReC = 0.2 (Equation (2- 2)) was
'somewhat inaccurate. The errors were particularly apparent
close to the surface of the cylinder.

Figure 4-56 shows the same streamlines for: (a) the
numerical flowfield at Re = 0.2 and R, = 200 and (b) the
flowfield predicted by Equation (2-2 ). Davies [9 ] recog-
nized that Equation (2-2 ) was incorrect in the area behind
the cylinder, though he felt it was adequate on the upstream

side. It is clear from Figure 4-56 that Equation (2-2)
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is invalid on the downstream sidé of the cylinder, but a
closer examination of the flowfield shows discrepancies on
the upstream sfde as well.

Figure 4-57 depicts some stream lines correspond-
ing to low values of ¢, which actually terminate on the
surface of the cy]inder,'a condition which is physically
impossib]e.- Furthermore, the stream lines which do not
contact the cylinder surface approach it more closely than
those calculated numerically.

Since the integration of the particle trajectories
involved the rectangular components of the fluid velocity,
Vy and vy, these quantities have been plotted for constant
values of the y-co¥ordinate (cf. Figure 4-58 and 4-59) at

Re. = 0.2. Davies' predictionsof v

c are higher than those

X
derived from the numerical flowfield, while those for vy
are lower. Such differences explain the higher efficiencies
generally predicted by Davies. Tables 4-11 to 4-14 contain
the calculated values of Vy and vy for: a) Davies' equa-

tion and (b) the numerical flowfield in the region near

the upstream half of the cylinder.

Davies' Flowfield at ReC = 10

Table 4-15 contains the values of the rectangular

fluid velocity components given by Davies [7 ] on the basis
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of Thom's [ 6] data. These, together with the velocities
interpolated from the numerical flowfield at ReC = 10, are
plotted in Figures 4-60 and 4-61 for y = 1.0, and y = 0.6.

Tables 4-16 and 4-17 displays Vy and v.y calculated from the

numerical flowfield at Rec = 10.

Thom's predictions of Vy and v are considerably

Y
higher than the velocities calculated from the numerical
flowfield. The errors in his velocities are not surprising
when one considers the approximate method he used to in-

tegrate the equations of motion of the fluid.

CONVERGENCE CRITERIA

As mentioned in the Theory Chapter, several
criteria were monitored during the convergence of the numer-
ical solutions of the Navier-Stokes Equation. The result
| for five typical cases (ReC = 0.2, 0.5 and 40, R_ = 3 and

100) are summarized in Tables 4-18 to 4-22.

It must be stressed that the specific behaviour of
the convergence criteria is strongly dependent on the start-
ing grid values, Yo and g,.

In order to afford a standard basis of compari-

son for one solution, the initial values of ¢ and g for
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100 were calculated from Equations (3-35)

Rec = 0.5 and R
and (3-40).

The following discuss%on outlines some general
properties of the convergence criteria illustrated by the

five cases cited above.

a) Maximum changes in stream function and

vorticity, Mn v, Mn Ty s M ¢

n_°s°

In most cases these values decreased appreciably
over the first few hundred iterations and then decreased
slowly while displaying an oscillatory behaviour. Mn Zh

and Mn t. were larger than Mn ¢ in most cases.

S

b) Sum of all stream function and vorticity

values, Sn Y, Sn Th o Sn [

These sums did not change appreciably over the
course of several thousand iterations, although slight

increases or decreases were noted in some cases.
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c) Fractional changes in the sum of stream

function and vorticity changes per iteration,

Q, ¥> Q, g5 Q, &g

A11 of these parameters decreased during the
relaxation of each grid. This is to be expected as the
stream function and vorticity approach their final constant

values throughout the grid.

d) Sum of fractional changes over 100 iterations,

inuo IP, Qn100 Cb’ QnIOO CS:

The sums related to the vorticity changes decreased
with increasing number of iterations. The same was true

in most cases for the sums of stream function changes.

e) Frontal stagnation pressure, pg:

This parameter changed very slowly, generally de-

creasing slightly during the relaxation.

f) Rear stagnation pressure, p.*

The magnitude of P changed more noticeably than po,

and it sometimes converged very slowly to its final value.
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g) Skin drag coefficient, CDS:

The skin drag coefficient showed very little
change with the number of iterations performed on a given

grid.

h) Form drag coefficient, CDF:

This drag coefficient was somewhat more sensitive
to the number of iterations than CDS’ This resulted mainly
from the fact that it was based on the vorticity values in
the vicinity of the cylinder surface, whiéh converged more

slowly than the stream function in the same area.

i) Ratio of drag coefficients, Cos/Cpr:

In most cases this ratio showed a steady decrease
with increasing number of iterations, but the change was
quite gradual.

Since the stream lines moved closer to the cylin-
der with increasing Reynolds number, one would anticipate
a similar increase in Sn v, Sn Zh and Sn z.. Examination

s
of Tables 4-18 to 4-22 clearly demonstrates this effect.
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In addition, S ¢ decreased with decreasing R_ at a given

n
Reynolds number, whereas Sn Zh and Sn Co increased under

the same conditions.

Selection of Standard Criterion

Qn1°° is the best of the mentioned criteria for
monitoring a numerical relaxation solution of the Navier-
Stokes Equation. The primary advantage of Qn1°° is that
it was a direct measure of the amount of change occurring
at all points in the grid.

Because the sums S, ¥» S, ¢, and Sz did not
change appreciably with the number of iterations performed,
Qn1°° essentially represented a normalized measure of the
changes in ¢, g, and T - Since Qn1°° was based on the
changes over 100 iterations it was preferable to Qn’ which
merely gave the normalized change during one iteration.

Qn1°° almost invariably decreased as the values
in the numerical flowfield approached near their final
values. In some instances Qn1°° decreased by two orders
of magnitude, as in the case of Rec =.4O and R_ = 3.

M;xwas used by Hamielec and Raal [40] to decide

when their numerical solutions of the Navier-Stokes Equation

were converged. However, this criterion was much less
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reliable than Qn1°°, since it decreased very slowly during
most of the iterations, and displayed considerable oscilla-
tory behaviour. As a consequence of these variations, it
is conceivable that Mﬁ drops below some pre-set minimum

value before the final, converged solution is attained.

RECOMMENDATIONS FOR FUTURE WORK

The techniques developed in the present work can
readily be extended to include gravitational, electrostatic,
Brownfan and radiometric effects, in addition to the inertial
and intefceptive mechanisms. It would also be useful to
investigate the nature of the particle cylinder interaction
at the instant of contact, since it determines the collec-
tion efficiency.

A similar study of particle impaction on spheres
at intermediate Reynolds numbers is also of practical
interest. This could be effected by utilizing the same
approach adopted for cylinders.

Experimental research should be performed in order
to test the various assumptions made in the present theore-
tical study. In particular this could provide information
on the extent to which particles of finite size disturb the

fluid flowfield.



93

_/-"""/—'#_O
.———""-///, _,—-"‘"’_‘O
Yp3=H - —— _’_’/.,——-/—’
Yp,=08464 __ __ __ ———"
Yp, =04 e —
P~ ee——
K=01,P=10
Re,=02
Figure 4-1. Particle trajectories for
R, = 100.
_________.-————'O
YP3=H _______ ——
Ypp=08464

e —— — —— —— —— —— oog—  —o—— —  ——

Re.=40

Figure 4-2. Particle trajectories for
- R, = 100.



| yp|=0‘4
2— /

O -| -2 | -3 -4
| X

Figure 4-3; Particle Reynolds number as a function of x and starting
position, yp (K = 0.1, P =10, Rec = 40, R_ = 100.

v6



IO

06—

- Rec= 0-2
Roo='00

V1 vl L el |

Lt L1l

Figure 4-4.

{0 |00
P

Impaction efficiency as a function of inertial
parameter. :

1000

G6



.l l |
IO} —
o8
O-6j—
Req=1
0_4"' Rgo=100 e
%00
00) s vl o vl Lt
ol | 10 100 1000
F)
Figure 4-5. Impaction efficiency as a function of inertial

parameter.

96



l l I
I-0—
| qus
04— _ -
| K=10 Reo™100
02t 03 ]
’ Ol |
00 10111 10109|||||l bl {1 11111
Ol l | (0] 100 1000
P
Figure 4-6. Impaction efficiency as a function of inertial
parameter.

L6



Re =l0
TR R £100 )
05 ' | @ |
ol 02 S —
=01 o001
O il L1l L b barrnl L1t
ol | 0 100 000

F)

Figure 4-7. Impaction efficiency as a function of inertial
‘parameter.

86



IO

O4l=

02

00

K

|0

05

02
Ol

~—0-00I

L1l

I

el

Re=20
Rgo=100

RN

]

O

10
P

|00

W

000

Figure 4-8. Impaction efficiency as a function of inertial
parameter,

66



O-6[—

o2

020

O8—

K

1Y)
05
02

Ol
~——0-00!

L Ll | 1_1||ml

Rec= 40
ROO=IOO

L 1 1111l

O

10
P

|00

1000

Figure 4-9. Impaction efficiency as a function of inertial

parameter.

oot



0-4|—

00

K

0

Re =02
05 | R.=3 -
o2

Ol
~——0-00i

Ll L1l Ll IR EIRNEE

Ol

| o 00 1000
F)

Figure 4-10. Impaction eff1c1ency as a function of inertial
parameter.

Lot



06— I e R
Re~|

04— 05 7 | Roo™3 R

02

O
——0-00l

(070) Ll L ool Lot L1l

ol u 10 100 1000
F)

Figure 4-11. Impaction efficiency as a function of inertial
parameter.

ol



O

o8

06—
04—

o2

040

Ol
——000l

L Ll bt read

Rec=5

Ll

]

L1 1111l

0

(0]
P

100

1000

Figure 4-12. Impaction efficiency as a function of inertial

parameter,

€0l



Rec=IO

L el Ll L L Lttt

Figure 4-13.

(o |00
P

Impaction efficiency as a function of inertial
parameter. :

000

vot



L bl

Re,=20

L et Lttt L Ll bLiill

00 l

Figure 4-14.

10 |00 1000
P

Impaction efficiency as a function of inertial
parameter.

SOt



030

—0-00l

Ll Lot vl Lol SRR
Ol | IO 00 1000
|3
Figure 4-15. ‘Impaction efficiency as a function of inertial

parameter.

901



10
08
06
04
02

00

m——
s
_—-.———__———-‘
——T

L Lrrninl-—7

il I

---- DAVIES

Re,=02, R,200

— THIS WORK

L1 1111l

10
P

|00

Figure 4-16. Comparison of impaction efficiencies
(i) Davies and Peetz [7],

as predicted by:

(ii) this work.

000

L0l



0

06 . —

| Rec=|0 » Rp=100

04 ---- DAVIES -
—— THIS WORK

02 . —

K=05 /
00 L vl L gl Lo el | RN
Ol | 10] - 100

P

Figure 4-17. Comparison if impaction efficiencies
as predicted by: (i) Davies and Peetz [7],
: ' (i1) this work.

1000

801



1O

o6
04—
---- SUBRAMANYAM & KULOOR
— THIS WORK. Rec=40,R =100
o2l— 7/ - —
00 J | L |
0 2 4 6 8 10

P

Figure 4-18. Comparison of impaction efficiencies as given by:

(i) Subramanyam and Kuloor [12] (experimental),

(i1) this work.

601



parameter for potential flow.

| | | |
O
o6 05 —
| POTENTIAL FLOW
al 02 _ _
04 Ryp=100
02— o -
| 000l
00 L7 il Lol Ll I EERET
Ol | {0] I00 1000
Figure 4-19. Impaction efficiéncy as a function of inertial

otlL



Perit

2 .
O DAVIES
— THIS WORK
I+ O —
Rm=3
‘——~‘*‘~“‘*-75-\~\\\N~‘§
o) 1 vl Lt N NERE
Ol | | 10

Re,

Figure 4-20. Critical inertial parameter as a function of
Reynolds number. ‘

Lt



O8—

o6—

04}—

02—

00

K=0-00l

Rg=l00 | | i

L L L Ll | _ L i1l 1 I NEE

Ol

. 0 100
| Re, |

Ll

Figuke 4-21. Impaction efficiency as a function of Reynolds
number.



01—

08—

02—

00

| R,5=100

K=0/{

06—

P=40

L L bl L Ll

Ol

Figqre 4-22,

Impaction ef
number. '

IO

ReC

fiCiency'as a function of Reynolds

|00

€Lt



o8-

06/
04—

02—

ool

K=10
Roy=100

P=40

Lttt Lttt |

L1t 1111

01

l 10

R’eC

Figure 4-23. Impaction efficiency as a function of
' number. .

Reynolds

|00

plL



| |
O P=40 —
10 |
08— 5 ]
o6 2 . —]
04 —
A——~__—————~___—_________________
| - K=0-00|
02 —
Roo=3
00 11yl L1t vl L1111
Of [ 0]
Re,
Figure 4-24. Impaction efficiency as a function of Reynolds

number,

00

SLL



1O~

O8—

o6

04—

o2

0,0)

P=40

[0)

] | S .

] |

Lttt

K=0!
Ry 3

L 1 1 1111

O

Re

c

10

Figure 4-25. Impaction efficiency as a function of Reynolds

number.

|00

all



[ [
O}— P=40 | —
= :
| [/ 2
08— A — m———
, s/
K=I0
04— - —
Roo=3
o2 —_
ool 1 v oyl Lol Lt
Ol I 10 100
Re,
Figure 4-26. Impaction efficiency as a function of Reynolds

number,

LLL



10l—| ==~ HOUSE. & GOLD.

08—

o6— P=40/

K=01, Rp=100

—— THIS WORK

a—
ot
— —
a—— —
p—
Oy m—

04—

—
P=k -
02 _______________x\y’ _
O'O [ I B N e RN 1 NI
Of | 10 |
Rec

Figure 4-27. Comparison of impaction efficiencies
predicted by: (i) Householder and Goldschmidt [13],
(ii) this work.

8l1



IO

08

K=l0 , Rgy=100

__| -——-- HOUSE. & GOLD.
— THIS WORK

0}¢)

Lottt Lt el L

| 1111

O I [0

Rec

Figure 4-28. Comparison of impaction efficiencies
' predicted by: (i) Householder and Goldschmidt [13],
(i1) this work. ‘

|00

6Ll



)

120

| | I
K=0-00I
Rgp=100
E=09 _
4 08 =
2 05 N
03
ol
o 1 | 1
o) 10 20 30 40
Reg |

Figure 4-29. Impaction efficiency as a function of-
Reynolds number and inertial parameter.



121

K=05
Reo=100

09

05
o

oL Ol l l l

0] 10 20 30 40
Re,

Figure 4-30. Impaction efficiency as a function of
Reynolds number and inertial parameter.



122

K=10
Rop =100

09

Figure 4-31.

30

Impaction'efficiency as a function of
Reynolds number and inertial parameter.

40



123

I | |
10} —
K=0-00lI
8~ Roo= 3 B
6 —_

4'\‘5:0.9 ]

08

2o— —
05
Ol C3
0 | l , I .
0 10 20 30 40
Reg
Figure 4-32.

Impaction efficiency as a function of Reynolds
number and inertial parameter. :



124

| | |

10— ]

8 e —
K=05
R00=

61— ' —

VP
41— —
E=0S
2 08 =
05
_— |
0 Q3 | | |
0] 10 20 30 4.0
F%ec: |

Figure 4-33. Impaction efficiency as a function of
Reynolds number and inertial parameter.



125

I0O—

2= | | ' E=09

\08

O l L l

O 10 20 30
Rec

Figure 4-34. Impaction efficiency as a function of
Reynolds number and inertial parameter.

40



tO—

P

40

Re.=0-2

K=0-00I

O-0i

O
/C

Figure 4-35. Ihpaction efficiency as a function of solids
concentration. '

gct



Re,=02| —
K=01

C

Figure 4-36. Impaction efficiency as a function of solids
concentration . ' '

LeL



00

Reg=02
K=t0

Lt 1 I T N I I I

O-0l

Figqure 4-37.

Ol
VC

Impaction efficiency as a function of solids
concentration.

8¢l



|
Hor= P=40 =
o8 0 —
5 ——
06— | _
o] / Re=40 | _
/ | k=000
|
02 -
020) 1 L0l | | Lllllll
ool o
/C

Figure 4-38.

Impaction efficiency as a function of solids
-concentration .,

6¢l



O~ P=40 | 7

o 0 | _ —~
5 ——

o6 | |

2 / . ReC= 40

04

A

00

02=

| L1 1 11l l I N I N R

o0l

c

Figure 4-39, Impaction efficiency as a function of solids
concentration.

o€l



o= P=40 \ X =
0 /
o6~ | | _
| Reg=40
4l _
O K=I0
02— —_
00 1 | L1 1414l 1 ) L1 1 111
o0l ol ' |

C

Figure 4-40. Impaction efficiency as a function of solids
concentration, ‘

LEl



132

Figure 4-41. Sieving mechanism at high
solids concentration.
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Figure 4-45. Streamlines and equi-vorticity lines at
R = 100.
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Figure 4-46. Streamlines and equi-vorticity lines at
R = 100.
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Figure 4-47. Streamlines and equi-vorticity lines at
R_ = 100.
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Figure 4-49. Streamlines and equi-vorticity lines at
R = 3.
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Figure-4-50. Streag]ines and equi-vorticity lines at
‘ R_= 3. '
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Figuf‘e 4-51. Streamlines and equi-vorticity lines at
Re = 0.2.
c
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Figure 4-52. Streamlines and equi-vorticity lines at
ReC = 0.2.
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Figure 4-54., Streamlines and equi-vorticity
lines at ReC = 40,
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Table 4-1

Impaction Efficiencies at R_ = 100
P K RE= 0.2 RE= 0.5 RE= 1.0 RE= 3.0 RE= 5.0
€ 14 € E € E € E € ol

0.01 | 0.001 0.0001 | 0.0001 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.0005 | 0.0005
0.10 | 0.001 0.0002 | 0.0002 { 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0004 | 0.0004 | 0.0C06 | 0.0006
0.15 | 0.001 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.0005 | 0.0005 | 0.0007 | 0.0007
0.25 | 0.001 0.0002 | 0.0002 [ 0.0002 [ 0.0002 | 0.0003 | 0.0003 | 0.0006 | 0.0006 | 0.0C09 | 0.0009
0.50 | 0.001 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.0005 | 06.0005 | 0.0011 | 0.0011 | 0.0018 | 0.0018
0.75 | 0.001 0.0003 | 0.0003 | 0.0004 | 0.0004 | 0.0007 | 0.0007 { 0.0020 | 0.0020 | 0.0C41 | 0.0041
1.00 | 0.001 0.0004 | 0.0004 | 0.0006 | 0.0006 | 0.0010 | 0.0010 | 0.0047 | 0.0047 | 0.0234 | 0.0234
2.00 | 0.001 0.0010 | 0.0010 | 0.0029 | 0.0029 | 0.0414 | ©0.0413 | 0.2008 | 0.2006 | 0.2601 | 0.2598
3.00 | 0.001 0.0082 | 0.0082 | 0.1023 | 0.1022 | 0.1962 | 0.1960 | 0.3373 | 0.3369 | 0.3909 | 0.3905
5.00 | 0.001 0.1740 | 0.1738 | 0.2805 | 0.2802 | 0.3707 | 0.3703 | 0.4963 | 0.4958 | 0.5421 | 0.5u16
7.50 | 0.001 0.3069 | 0.3066-| 0.4141 | 0.4136 | "0.4971 | 0.4967 | 0.6069 | 0.6063 | 0.6458 | 0.6452
10.00 | 0.001 0.3990 | 0.3986 | 0.5018 | 0.5013 | 0.5779 | 0.5773 | 0.6753 | 0.6747 | 0.7¢91 | 0.7084
40.00 | 0.001 0.7522 | 0.7515 | 0.8096 | 0.8088 | 0.8465 | 0.8456 | 0.8887 | 0.8878 | 0.9022 | 0.9013
100.00 | 0.001 0.8827 | 0.8818 | 0.9125 | 0.9116 | 0.9307 | 0.9297 | 0.9506 | 0.9497 | 0.9569 | 0.9559
1000.00 | 0.001 0.9867 | 0.9857 | 0.9903 | 0.9893 | 0.9924 | 0.9914 | 0.9947 | 0.9937 | 0.9953 | 0.9943
0.01°| 0.010 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.0005 | 0.0005 | 0.0006 | 0.0006
0.10 | 0.010 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.0004 | 0.0003 | 0.0006 | 0.0006 [ 0.0C08 | 0.0008
0.15 | 0.010 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.0004 | 0.0004 | 0.0007 | 0.0007 | 0.0009 | 0.0009
0.25 | 0.010 0.0002 | 0.0002 [ 0.0003 { 0.0003 | 0.0004 | 0.0004 | 0.0008 { 0.0008 [ 0.0012 | 0.0012
0.50 | 0.010 0.0003 | 0.0003 | 0.0004 [ 0.0004 [ 0.0006 | 0.0006 | 0.0014 | 0.0014 | 0.0022 | 0.0022
0.75 | 0.010 0.0004 | 0.0004 | 0.0005 | 0.0005 | 0.0009 | 0.0009 [ 0.0024 | 0.0024 | 0.0C49 | 0.0048
1.00" | 0.010 0.0004 | 0.0004 | 0.0007 { 0.0007 | 0.0013 | 0.0012 [ 0.0055 | 0.0055 | 0.0256 | 0.0253
2.00 | 0.010 0.0012 | 0.0012 | 0.0034 | 0.0034 | 0.0436 | 0.0432 | 0.2030 | 0.2010 | 0.2623 | 0.2597
3.00 | 0.010 0.0093 | 0.0092 | 0.1038 | 0.1027 | 0.1985 | 0.1966 | 0.3403 | 0.3369 | 0.3940 | 0.3901
5.00 | 0.010 0.1762 | 0.1744 | 0.2835 | 0.2807 | 0.3743 | 0.3706 | 0.5006 | 0.4956 | 0.5465 | 0.5411
7.50 | 0.010 0.3101 | 0.3072 | 0.4182 | 0.4141 [ 0.5019 | 0.4969 | 0.6124 | 0.6063 | 0.6513 | 0.64u8
10.00 | 0.010 0.4031 | 0.3991 | 0.5067 | 0.5017 | 0.5833 | 0.5775 | 0.6814 | 0.6747 | 0.7154 | 0.7083
40.00 | 0.010 0.7597 | 0.7521 | 0.8176 | 0.8095 | 0.8548 | 0.8463 | 0.8972 | 0.8884 | 0.9108 | 0.9018
100.00 | 0.010 0.8915 | 0.8826 | 0.9215 | 0.9124 | 0.9399 | 0.9306 | 0.9601 | 0.9506 | 0.9663 | 0.9567
1000.00 | 0.010 0.9965 | 0.9866 | 1.0002 | 0.9903 | 1.0023 | 0.9924 | 1.0045 | 0.9946 | 1.0053 | 0.9954
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‘Table 4-1 (Continued)

P K RE= 0.2 RE= 0.5 RE= 1.0 RE= 3.0 RE= 5.0
€ E € E € E € E € E

0.01 0.100 0.0031 0.0028 0.0038 0.0034 0.0047 0.0043 0.007S 0.0068 0.0095% 0.0087
0.10 0.100 0.0031 0.0028 0.0039 0.0036 0.0050 0.0045 0.0082 0.0074 0.0106 0.0096
0.15 0.100 0.0032 0.0029 0.0040 0.0037 0.0052 0.0047 0.0087 0.0079 N.0114 0.0103
0.25 0.100 0.00313 0.0030 0.0042 0.0039 0.0056 0.0051 0.0099 0.0090 0.0134 0.0121
0.50 0.100 0.0037 0.0033 0.0050 0.00u6 0.00M 0.0064 0.0145 0.0132 0.0217 0.0197
0.75 0.100 0.0042 0.0038 0.0062 0.0056 0.0093 0.0085 0.0234 0.0213 0.04C7 0.0370
1.00 |.0.100 0.0050 0.0045 0.0077 0.0070 0.0128 0.0116 0.0u438 0.0398 0.0862 0.0783
2.00 0.100 0.0112 0.0102 0.0288 0.0262 0.0890 0.0809 0.2304 0.2149 0.2977 0.2706
3.00 0.100 0.0457 0.0415 0.1323 0.1203 0.2277 0.2070 0.3770 0.3u28 0.4339 0.39u45
5.00 0.100 0.2002 0.1820 0.3143 0.2858 0.4116 0.3742 0.5468 0.4971 0.5956 0.5u15
7.50 0.100 0.3417 0.3106 0.4579 0.4162 0.5480 0.4982 0.6667 0.6061 0. 7081 0.6437
10. 00 0.100 0.4413 0.4012 0.5531 0.5028 0.6359 0.5781 0.7413 0.6739 0.7773 0.7061
40.00 0.100 0.8273 0.7521 0.8901 0.8092 0.9305 0.8u459 0.9763 0.8875 0.9907 0.9007
100.00 0.100 0.9707 0.8825 1.00135 0.9122 1.02134 0.9303 1.04951 0.9501 1.0518 0.9962
1000.00 0.100 1.0853 0.9866 1.0893 0.9902 1.0916 0.9924 1.094 1 0.994u6 1.0948 0.9953
0.01 0.200 0.0110 0.0092 0.0135 0.0113 0.0168 0.0140 0.0264 0.0220 0.0335 0.0279
0.10 0.200 0.0112 0.0094 0.0140 0.0117 0.0177 0.0147 0.02¢€S 0.0238 0.0366 0.0305
0.15 0.200 0.0114 0.0095 0.0143 0.0119 0.0182 0.0152 0.0299 0.0250 0.0388 0.0323
0.25 0.200 0.0117 0.0098 0.0150 0.0125 0.0196 0.0163 0.0334 0.0278 0.0u42 0.0369
0.50 0.200 0.0129 0.0108 0.0174 0.0145 0.0240 0.0200 0.0461 0.0384 0.0648 0.0540
0.75 0.200 0.0146 0.0122 0.0208 0.0173 0.0304 0.0253 0.0668 0.0557 0.0860 0.08130
1.00 0.200 0.0169 0.0140 0.0253 0.0211 0.0396 0.0330 0.1002 0.0835 0. 1494 0.1245
2.00 0.200 0.0317 0.0281 0.0687 0.0572 0.13u8 0.1123 0.2¢€46 0.21372 0.3499 0.2915
3.00 0.200 0.0819 0.0683 0.1689 0.1408 0.2673 0.2227 0.08264 0.3553 0o.4881 0.u068
5.00 0.200 0.2313 0.1927 0.13527 0.2939 0.4572 0.3810 0.6016 0.5030 0.6568 0.5u73
7.50 0.200 0.3791 0.3159 0.5045 0.4204 0.6022 0.5018 0.7310 0.6092 D.7760 0.6467
10.00 0.200 0.u854 0.4045 0.6065 0.5054 0.6962 0.5802 0.8110 0.6758 0.6501 0.7084
40.00 0.200 0.9029 0.7524 0.9712 0.8094 1.0151 0.8459 1.0650 0.887% 1. 0806 0.9005%
100.00 0.200 ©1.0591 0.8826 1.0947 0.9122 1.1163 0.9303 1. 1400 0.9500 1.3473 0.9561
1000.00 0.200 1. 1839 0.9866 1.1883 1.1909 0.9924 1.1935 0.9946 1.1943 0.9953

0.9903
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~Table 4-1 (Continued)
P K RE= 0.2 RE= 0.5 RE= 1.0 RE= 3.0 RE= 5.0
€ E € E € E € E € |

0.01 | 0.500 0.0578 | 0.0386 | 0.0708 | 0.0472 | 0.0877 | 0.0584 | 0.1348 | 0.0899 | 0.1682 | 0.1122
0.10 | 0.500 0.0587 | 0.0391 | 0.0726 | 0.0484 | 0.0908 | 0.0606 | 0.1418 | 0.0946 | 0.1779 | 0.1186
0.15 | 0.500 0.0593 | 0.0395 { 0.0737 | 0.0491 | 0.0928 | 0.0619 | 0.1464 | 0.0976 | 0.18:3 | 0.1228
0.25 | 0.500 0.0606 | 0.0404 | 0.0764 | 0.0509 | 0.0974 | 0.0649 | 0.1568 | 0.1045 | 0.1588 | 0.1325
0.50 | 0.500 0.0657 | 0.0434 | 0.0848 | 0.0565 | 0.7118 | 0.0745 | 0.1895 | 0.1263 | 0.2432 | 0.1621
0.75 | 0.500 0.0710 { 0.0873 | 0.0956 | 0.0638 | 0.1302 | 0.0868 | 0.2299 | 0.1533 | 0.2952 | 0.1968
1.00 | 0.500 0.0781 | 0.0521 | 0.1089 | 0.0726 | 0.1527 | 0.1018 | 0.2757 | 0.1838 | 0.3497 | 0.2331
2.00 | 0.500 0.1206 | 0.0804 | 0.1870 | 0.1247 | 0.2757 | 0.1838 | 0.4592 | 0.3061 | 0.5429 | 0.3620
3.00 | 0.500 0.1856 | 0.1237 | 0.2915 | 0.1943 | 0.4075 | 0.2717 | 0.6031 | 0.4021 | 0.6828 | 0.4552
5.00 | 0.500 0.3393 | 0.2262 | 0.4838 | 0.3225 | 0.6109 | 0.4072 | 0.7945 | 0.5297 | 0.8632 | -0.5754
7.50 | 0.500 0.5025 | 0.3350 | 0.6552 | 0.4368 | 0.7759 | 0.5173 | 0.9385 | 0.6256 | 0.9963 | 0.6642
10.00 | 0.500 0.6255 | 0.4170 | 0.7745 | 0.5163 | 0.8862 | 0.5908 | 1.0307 | 0.6872 | 1.0809 | 0.7206
40.00 | 0.500 1.1310 | 0.7540 | 1.2163 | 0.8109 | 1.2712 | 0.8475 | 1.3340 | 0.8894 | 1.3538 | 0.9025
100.00 | 0.500 1.3245 | 0.8830 | 1.3689 | 0.9126 | 1.3961 | 0.9307 | 1.4259 | 0.9506 | 1.4349 | 0.95¢6
1000.00 | 0.500 1.4799 | 0.9866 | 1.4854 | 0.9902 | 1.4886 | 0.9924 | 1.4919 | 0.9946 | 1.4929 | 0.9953
0.01 | 1.000 0.1903 | 0.0952 | 0.2321 | 0.1160 | 0.2858 | 0.1429 | 0.4278 | 0.2139 | 0.5205 | 0.2602
0.10 | 1.000 0.1924 | 0.0962 | 0.2361 | 0.1181 | 0.2924 | 0.1462 | 0.4407 | 0.2204 | 0.5366 | 0.2683
0.15 | 1.000 0.1937 | 0.0968 | 0.2387 | 0.1193 | 0.2966 | 0.1483 | 0.4486 | 0.2243 | 0.5465 | 0.2733
0.25 | 1.000 0.1966 | 0.0983 | 0.28u42 | 0.1221 | 0.3056 | 0.1528 | 0.4658 | 0.2329 | 0.5677 | 0.2838
0.50 | 1.000 0.2059 | 0.1029 | 0.2608 | 0.1304 | 0.3319 | 0.1660 | 0.5141 | 0.2571 | 0.6250 | 0.3125
0.75 | 1.000 0.2173 | 0.1087 | 0.2808 | 0.1404 | 0.3626 | 0.1813 | 0.5660 | 0.2830 | 0.6834 | 0.3417
1.00 | 1.000 0.2306 | 0.1153 | 0.3033 | 0.1516 | 0.3964 | 0.1982 | 0.6184 | 0.3092 | 0.739 | 0.3698
2.00 | 1.000 0.2978 | 0.1489 | 0.4106 | 0.2053 | 0.5439 | 0.2720 | 0.8074 | 0.4037 | 0.9284 | 0.u6uY
3.00 | 1.000 0.3792 | 0.1896 | 0.5277 | 0.2639 | 0.6843 | 0.3422 | 0.9542 | 0.4771 ] 1.0678 | 0.5339
5.00 | 1.000 0.5499 | 0.2749 | 0.7374 | 0.3687 | 0.9056 | 0.4528 | 1.1577 | 0.5789 | 1.2548 | 0.6274
7.50 | 1.000 0.73644 | 0.3672 | 0.9335 | 0.4667 | 1.0946 | 0.5473 | 1.3178 | 0.6589 | 1.3994 | 0.6997
10.¢0 | 1.000 0.6797 | 04398 | 1.0756 | 0.5378 | 1.2254 |.0.6127 | 1.4239 | 0.7120 | 1.u942 | o0.747
40.00 | 1.000 1.5156 | 0.7578 | 1.6296 | 0.8148 | 1.7036 | 0.8518 | 1.7891 | 0.8945 | 1.8166 | 0.9083
100.00 | 1.000 1.7684 | 0.8842 | 1.8278 | 0.9139 | 1.8642 | 0.9321 | 1.9050 | 0.9525 | 1.9176 | 0.9588
1000.00 | 1.000 1.9735 | 0.9868 | 1.9807 | 0.9904 | 1.9851 | 0.9925 | 1.9895 | 0.9943 | 1.9910 | 0.9955
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- Table 4-1 (Continued)

P X RE=10,0 RE=15.0 RE=20.0 RE=30.0 RE=40.0
€ E € E € E € E € E

0.01 0.100 0.0135 0.0123 0.0166 0.0151 0.0192 0.0175 0.0234 0.0213 0.0267 0.0243
0.10 0.100 0.01513 0.0139 0.0190 0.0173 0.0221 0.0201 0.0270 0.02u46 0.0308 0.0280
0.15 0.100 0.0168 0.0152 0.0210 0.0191 0.0245 0.0223 0.0302 0.0275 0.0346 0.0314
0.25 0.100 0.0205 0.0187 0.0263 0.0239 0.0313 0.0285 0.0393 0.0357 0.0453 0.0u12
0.50 0.100 0.01348 0.0352 0.05u1 0.0492 0.0673 0.0612 0.0860 0.0782 0.0978 0.0889
0.75 0.100 0.0856 0.0778 0.1158 0.1053 0.1360 0.1236 0.15913 0.1448 0.1717 0.1561
1.00 0.100 0.1532 0.1393 0.1864 0.1695 0.2072 0.1884 0.2299 0.2090 0.2410 0.2191
2.00 0.100 0.3650 0.3318 0.39u8 0.3589 0.4127 0.3752 0.4307 0.3916 0.4379 | 0.3981
3.00 0.100 0.49u8 0.4498 0.5210 0.4737 0.5366 0.4878 0.5516 0.5015 0.5568 0.5062
5.00 0.100 0.6465 0.5877 0.6678 0.6071 0.6802 0.6184 0.6917 0.6288 0.6950 0.6319
7.50 0.100 0.7504 0.6822 0.7677 0.6979 0.7779 0.7072 0.7869 0.7154 0.7893 0.7176
10,00 0.100 0.8137 0.7397 0.8284 0.7531 0.8370 0.7609 0.8445 0.76727 0. 6164 0.7695
40.00 0.100 ~ 1.0049 0.9135 1.0102 0.9184 1.0134 0.9213 1.0162 0.9238 1.0169 0.9245S
100.00 0.100 1.0582 0.9620 1.0607 0.9643 1.0621 0.9656 1.0634 0.9667 1.0638 0.96M
1000.00 0.100 1.0955 0.9959 1.0958 0.9962 1.0959 0.9963 1.0960 0.9964 1. 0961 0.9965
0.01 0.200 0.0468 0.0390 0.0569 0.0u74 0.0653 0.0544 0.07€2 0.0651 0.0879 0.0733
0.10 0.200 0.0519 0.0432 0.0632 0.0527 0.0726 0.0605 0.0869 0.0724 0.0975 0.0812
0.19 0.200 0.0556 0.0463 0.0681 0.0567 0.0784 0.0653 0.0939 0.0782 0.1052 0.0877
0.25 0.200 0.0650 0.0542 0.0805 0.0671 0.0931 0.0776 0.1115| 0.0929 0.1244 0.1037
0.50 0.200 0.1016 0.08u7 0.1275 0.1062 0.1467 0.1223 0.1718 0.1432 0.1871 | 0.1559
0.75 0.200 0.1573 0.1311 0.1909 0.159 0.2136 0.1780 0.2403 0.2003 0.2549 0.2124
1.00 0.200 0.2197 0.1831 0.25%8 0.2131 0.2789 0.2324 0.3047 0.2539 0.3177 0.2648
2.00 0.200 0.4232 0.3527 0.4561 0.3801 0.4760 0.3967 0.4959 0.4132 0.5C37 0.4198
3.00 0.200 0.5546 0.4621 0.5833 0.4861 0.6002 0.5002 0.6162 0.5135 0.6214 0.5178
5.00 0.200 0.7122 0.5935 0.7349 0.6124 0.7481 0.6234 0.7598 0.6332 | 0.7626 0.61355
7.50 0,200 0.8218 0.6849 0.8403 0.7002 0.8508 0.7090 0.8597 ] 0.7164 0.8613 0.7178
10.00 0.200 0.8892 0.7410 0.90u48 0.7540 0.9136 0.7613 0.9209 0.7674 0.9221 0.7684
40.00 0.200 1.0958 0.9131 1.10 14 0.9178 1.1046 0.9205 1.1072 0.9226 1. 1076 0.92130
100,00 0.200 1.1541 0.9618 1.1567 0.9639 1.1582 0.9652 1. 1594 0.9661 1. 1566 0.9¢€64
1000.00 0.200 1. 1951 0.9959 1.1953 0.9961 1.1955 0.9963 1.1957 0.9964 1.1957 0.9964
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~Table 4-1 (Continued)

P K fE=10.0 RE=15.0 RE=20.0 RE=30.0 RE=40,0
€ E € E € B € E € F

0.01 0.500 0.2272 0.1515 0.2676 0.1784 0.2988 0.1992 0.3415 0.2277 0.3695 0.2463
0.10 0.500 0.2408 0.1606 0.28133 0.1889 0.3159 0.2106 0.3599 0.2399 0.3¢882 0.2588
0.15 0.500 0.2499 0.1666 0.2938 0.1958 0.3271 0.2180 0.3717 0.2478 0.4Q000 0.2667
0.25 0.500 0.2703 0.1802 0.3169 0.2113 0.3516 0.27344 0.3970 0.2647 0.4250 0.2813
0.50 0.500 0.3292 0.2195 0.3808 0.2538 0.4171 0.2781 0.4621 0.3080 n.ugy 0.3254
0.75 0.500 0.131912 0.2608 0.44845 0.2964 0.48006 0.3204 0.5232 0.34848 0.5465 0.3¢c41
1.00 0.500 0.4507 0.3005 0.5036 0.3358 0.5385 0.3590 0.5783 0.13855 0.5991 0.3994
2.00 0.500 0.6414 0.4276 0.6875 0.4583 0.7161 0.4774 0.7460 0.4973 0.7591 0.5061
3.00 0.500- 0.7716 0.5144 0.8113 0.5408 0.835 0.5567 0. 8544 0.5723 0.8673 0.5782
5.00 0.500 0.9360 0.6280 0.9667 0.6045 0.98u8 0.6565 1.0010 0.6673 1. 0056 0.6704
7.50 0.500 1.0559 0.70139 1.0801 0.7201 1.09 0.7298 1.10%7 0.7372 1.1080 0.7387
10.00 0,500 1.1315 0.7544 1.1517 0.7678 1.1631 0.7754 1.1723 0.7815 1. 1736 0.7824
40.00 0.500 1.3727 0.9151 1.3796 0.9197 1.3836 0.9224-] 1,.3865 0.9243 1.3866 0.92u4
- 100.00 0.500 1.11436 0.9624 1.4467.1 0.96ul 1.4485 0.9657 1.4497 0.9665 1.u4498 0.9¢66
1000.00 0.500 1.4939 0.9959 1.4942 0.9961 1.4944 0.9963 1.4945 0.99613 1. 4946 D.9964
0.01 1.000 0.6651 0.1325 0.7495 0.37u7 0.8073 0.40306 0.8744 0.14372 0.9103 0.4551
0.10 1.000 0.68U6 0.3423 0.7699 0.3849 0.8277 0.4139 0. 8944 0.uu72 0.9290 o.u6u8
0.15 1.000 0.6963 0.3481 0.7819 0.3909 0.8396 0.4198 0.9057 0.4529 0.9405 0.4702
0.25 1.000 0.7207 0.3604 0.8065 0.4033 0.8637 0.4319 0.9285 0.u643 0.9622 0.4811
0.50 1.000 0.7812 0.3916 | 0.8677 0.4339 0.9227 0.4614 0.9835 0.4917 1.0139 0.5069
0.75 1.000 0.8429 0.4214 0.9218 0.4624 0.971 0.4885 1.0337 0.5168 1.0610 0.5305
1.00 1.000 0.8978 N.4u89 0.9766 0.uH83 1.02061 0.5131 1.0788 0.5394 1. 1036 0.5518
2.00 1.000 1.0725 0.5163 1.139 0.5696 1.1797 0.5894 1.2201 0.6101 1.23711 0.6186
l.00 1.000 1. 1959 0.5980 1.2529 0.6265 1.28M 0.6436 1.1199 0.6599 1.13123 0.6662
5.00 1.000 1.3592 0.6796 1. 4035 0.7017 1.4296 0.7148 1.4532 0.7266 1.46CY 0.7302
7.50 1.000 1.48473 0.7422 1.5192 0.7596 1.5394 0.7697 1.5566 0.7783 1.5609 0.7805
10.G0 1.000 1.5661 0.7830 -} 1.5950 0.7975 1.6115 0.8058 1. 6252 0.8126 1.6279 0.8139
40.00 1.000 1.8433 |.0.9217 1.8529 0.9265 1.8584 0.9292 1.8623 0.931 1. 8627 0.9313
100.00 1.000 1.9295 0.9647 1.9339 0.9669 1.9363 0.9081 1.9378 0.9689 1.9379 0.9690
1000.00 1.000 1.9922 0.9961 1.9928 0.9964 1.9930 0.9965 1.9931 0,9966 1.9931 0.9966
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Table 4-2

Impaction Efficiencies at R, =3
P X RE= 0.2 RE= 0.5 RE= 1.0 RE= 3.0 RE= 5.0
€ E € E € E € |4 € E
0.01 | 0.001 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
0.10 | 0.001 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.CCO02 | 0.0002
0.15 | 0.001 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0003 | 0.0003
0.25 | 0.001 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0004 { 0.0004 | 0.0C05 | 0.0005
0.50 | 0.001 0.0010 | 0.0010 | 0.0011 | 0.0011 | 0.0013 | 0.0013 | 0.0022 | 0.0022 | 0.0042 | 0.0042
0.75 | 0.001 0.1054 | 0.1053 [ 0.1142 | 0.1161 | 0.1295 | 0.1294 | 0.1650 | 0.1648 [ 0.1884 | 0.1882
1.00 | 0.001 0.2603 | 0.2600 | 0.2639 | 0.2636 | 0.2709 | 0.2706 | 0.2904 | 0.2901 | 0.3057 | 0.3054
2.00 | 0.001 0.5182 | 0.5176 | 0.5199 | 0.5194 | 0.5235 | 0.5229 | 0.5342 | 0.5337 | 0.5435 | 0.5429
3.00 | 0.001 0.6352 | 0.6346 | 0.6366 | 0.6359 | 0.6394 | 0.6388 | 0.6479 | 0.6472 | 0.6553 | 0.6546
5.00 | 0.001 0.7515 | 0.7507 | 0.7525 [ 0.7517 | 0.7546 .| 0.7539 | 0.7610 | 0.7602 | 0.7664 | 0.7657
7.50 | 0.001 0.8213 | 0.8205 | 0.8221 | 0.8213 | 0.8238 | 0.8229 | 0.8287 | 0.8279 | 0.8328 | 0.8320
10.00 | 0.001 0.8602 | 0.8594 | 0.8609 | 0.8601 | 0.8623 | 0.8614 | 0.8663 | 0.8654 | 0.8697 | 0.8688
40.00 | 0.001 0.9612 | 0.9602 | 0.9614 | 0.9605 | 0.9618 | 0.9609 | 0.9631 | 0.9621 | 0.9641 | 0.9631
100.C0 | 0.001 0.9841 | 0.9831 | 0.9842 | 0.9832 | 0.9844 | 0.9834 | 0.9849 | 0.9840 | 0.5€54 | 0.98uy
1000.00 | 0.001 0.9984 | 0.9974 | 0.9986 | 0.997¢ | 0.9984 | 0.9974 | 0.9984 | 0.997u | 0.9986 | 0.9976
0.01 | 0.010 0.0004 | 0.0004 | 0.0004 | 0.0004 | 0.0004 | 0.0004 | 0.0004 | 0.0004 | 0.0005 | 0.0005
0.10 | 0.010 0.0004 | 0.0004 | 0.000S | 0.0005 | 0.0005 | 0.0005 | 0.0005 | 0.0005 [ 0.CC06 { 0.0006
0.15 | 0.010 0.0005 | 0.0005 | 0.0005 | 0.0005 | 0.0005 | 0.0005 | 0.0006 | 0.0006 | 0.0007 | 0.0007
0.25 | 0.010 0.0007 | 0.0007 | 0.0007 | 0.0007 | 0.0007 | 0.0007 | 0.0009 | 0.0009 | 0.0011 | 0.0011
0.50 | 0.010 0.0021 | 0.0021 | 0.0023 | 0.0023 | 0.0027 | 0.0026 | 0.0045 | 0.0084 | 0.0084 | 0.0083
0.75 | 0.010 0.1142 | 0.7131 | 0.1221 | 0.1209 | 0.1362 | 0.1349 | 0.1693 | 0.1676 | 0.1918 | 0.1899
1.00 | 0.010 0.2661 | 0.2634 | 0,2693 | 0.2667 | 0.2760 | 0.2733 | 0.2947 | 0.2917 | 0.3095 | 0.3064
2.00 | 0.010 0.5253 | 0.5201 | 0.5268 | 0.5216 | 0.5301 | 0.52z48 | 0.5399 | 0.5346 | 0.5486 | 0.5432
3.00 | 0.010 0.6431 | 0.6367 | 0.6442 | 0.6378 | 0.6468 | 0.6404 | 0.6545 | 0.6480 | 0.6614 | 0.6548
5.00 | 0.010 0.7600 | 0.7525 | 0.7608 | 0.7533 | 0.7628 | 0.7552 | 0.7685 | 0.7609 | 0.7736 | 0.7659
7.50 | 0.010 0.8302 | 0.8220 | 0.8309 | 0.8226 | 0.8324 | 0.8242 | 0.8368 | 0.8286 | 0.8407 | 0.8324
10.00 | 0.010 0.8694 | 0.8608 | 0.8699 | 0.8613 | 0.8712 [ 0.8625 | 0.8748 | 0.8661 | 0.£779 | 0.8693
40.00 { 0.010 0.9709 | 0.9613 | 0.9711 | 0.9615 | 0.9715 | 0.9619 | 0.9726 | 0.9630 | 0.9736 | 0.9639
100.00 0.010 0.9940 0.9842 0.9941 0.9843 0.9943 0.9844 0.9947 0.9848 0.5952 0.9853
1000.00 | 0.010 1.0084 | 0.9985 | 1.0084 | 0.9985 | 1.0084 | 0.9985 | 1.0084 | 0.9985 | 1.0084 | 0.9985
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‘Table 4-2 (Continued)

P RE= 0.2 RE= 0.5 RE= 1.0 RE= 3.0 RE= 5.0
€ E € E € E € E € E

0.01 0.0204 0.0186 0.0204 0.0186 0.0208 0.0190 0.0219 0.0199 0.0239 0.0217
0.10 0.0210 0.0191 0.0213 0.0193 0.0220 0.0200 0.0243 0.0220 0.0270 0.0245
0.15 0.0229 0.0208 0.02133 0.0212 0.0243 0.0220 0.0272 0.0248 0.0306 0.0279
0.25 0.0293 0.0266 0.0300 0.0272 0.0315 0.0287 0.0366 0.03133 0.0422 0.0384
0.50 0.0747 0.0679 0.0777 0.0706 0.0845 0.0768 0.1061 0.0904 0.1262 0.1147
0.75 0.2139 0.1945 0.2173 0.1976 0.2252 0.2047 0.2u68 0.2244 0.2647 0.24806
1.00 0.3385% 0.3077 0.3403 0.3094 0.3455 0.3140 0.3604 0.3276 0.3738 0.3398
2.00 0.5983 0.5439 0.5988 0.5443 0.6010 0.5463 0.60¢€3 0.5530 0.6154 0.5595
3.00 0.7196 0.6542 0.7198 0.6543 0.7214 0.6558 0.7266 0.6605 0.7320 0.6654
5.00 C.8406 0.7642 0.8407 0.7642 0.8418 0.7653 0.8454 0.7685 0.8492 0.7720
7.50 0.91313 0.8303 0.9133 0.8303 0.9142 0.8311 0.%169 0.8336 0.9197 0.8361
10.00 0.9538 0.8671 0.9539 0.8672 0.9546 0.8678 0.9567 0.8697 0.9590 0.8718
40.00 1.0593 0.9630 1.0593 0.9630 1.0594 0.96 31 1.0601 0.9637 1. 0607 0.9643
100.C0O 1.08313 0.9848 1.08133 0.9848 1.0834 0.9849 1.0837 0.9852 1. 0E40 0.9855
1000.00 1.0983 0.9985 1.0983 0.9985 1.0983 0.99485 1.0983 0.9985 1.0984 0.9985
0.01 0.0748 0.0623 0.0748 0.0623 0.0761 0.0634 0.0795 0.0662 0.0857 0.0715
0.10 0.0757 0.0631 0.0764 0.0637 0.0787 0.0656 0.0853 0.0711 0.0935 0.0779
0.15 0.0810 0.0675 0.0820 0.0683 0.0848 0.0707 0.0931 0.0776 0.1028 0.0856
0.25 0.0882 0.0819 0.0999 0.0832 |-0.1039 0.0866 0.1163 0.0969 0.1295 0.1079
0.50 0. 1876 0.1563 0.1909 0.1591 0.1988 0.1657 0.2214 0.1845 0.2423 0.2019
0.75 0.3231 0.2693 0.3254 0.2712 0.3321 0.2767 0.3511 0.2926 0.3688 0.3074
1.00 0.4369 0.3641 0.u4381 0.3650 0.4427 0.3689 0.4566 0.3805 0.4706 0.3922
2.00 0.6916 0.5763 0.6915 0.5762 0.6932 0.5777 0.6993 0.5827 0.7C66 0.5889
3.00 0.8136 0.6780 0.81N 0.6776 0.8143 0.6786 0.8181 0.6818 0.8233 0.6861
5.00 0.9359 0.779% 0.9355 0.7796 0.9361 0.7801 0.93E5 0.7821 0.9418 0.7848
7.50 1.0096 0.8413 1.0092 0.8410 1.0096 0.8414 1.0112 0.8427 1.01136 0.8446
10.00 1.0508 0.87517 1.0504 0.8753 1.0508 ‘0.8757 1.0520 0.8767 1.0538 0.8782
40.00 1. 1582 0.9652 1.1582 0.9652 1.1582 0.9652 1. 1586 0.9655 1. 15N 0.9659
100.00 1.1829 0.9857 1.1829 0.9857 1.1829 0.9857 1. 1E31 0.9859 1. 1832 0.9860
1000.00 1. 1983 0.9986 1.1983 0.9986 1.1983 0.9986 1.19483 0.9986 1. 19483 0.9986
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Table 4-2

(Continued).

P RE= 0.2 RE= 0.5 RE= 1.0 RE= 3.0 RE= 5.0
€ E € E € E € E € E

0.01 0.4057 0.2705 0.4050 0.2700 0.4089 0.2726 0.4182 0.2788 0.4392 0.2924
0.10 0.4002 0.2668 0.4018 0.2679 0.4086 0.2724 0.4275 0.2850 0.4532 0.3021
0.15 0.4113 0.2742 0.4135 0.2757 0.4213 0.2809 0.4434 0.2956 0.4707 0.3138
0.25 0.u4489 0.2993 0.4519 0.3012 0.4609 0.3073 0.u866 0.3244 0.5156 0.3438
0.50 -0.5801 0.3867 0.5824 0.3882 0.5908 0.3938 0.6149 0.4100 0.6413 0.4275
0.75 0.70139 0.4693 0.7047 0.4698 0.7107 0.4738 0.7286 0.4858 0.7497 0.4998
1.00 0.8014 0.53u43 0.8012 0.5341 0.8053 0.5369 0.8183 0.5455 0.8350 0.5507
2.00 1.0254 0.6836 1.0237 0.6825 1.0248 0.6832 1.029 0.6861 1.0377 0.6918
3.00 1.1363 0.7575 1.1345 0.7563 1.1347 0.7565 1.1363 0.7575 1. 1418 0.7612
5.00 1.2492 0.8328 1.2475 0.8316 1.2472 0.8314 1.247 0.8314 1.25G1 0.8334
7.50 1.3181 0.8787 1.3166 0.8778 1.3162 0.8775 1.3156 0.8771 1.3175 0.8783
10.00 1.3569 0.9046 1.3558 0.9038 1.3553 0.9036 1.3546 0.9031 1.3560 0.9040
40.00 1.4596 0.9730 1.4591 0.9728 1.4589 0.9726 1.4585 0.9724 1.4587 0.9725
100.00 1.4834 0.9890 1.4832 0.9888 1.4831 0.9888 1.4829 0.98860 1. 4830 0.9887
1000.00 1.4983 0.9989 1.4983 0.9989 1,4983 0.9989 1.4983 0.9989 1.4983 0.9989
0.01 1.3002 0.6501 1.2973 0.6u486 1.2984 0.6492 1.3011 0.6506 1.3208 0.6604
0.10 1.2798 0.6399 1.2793 0.6397 1.2842 0.6u421 1.2987 0.6493 1.3243 0.6621
0.15 1.2846 0.6u23 1.28 48 0.6424 1.2907 0.6u453 1.3081 0.6540 1.3348 0.6674
0.25 1.311 0.6565 1.3133 0.6567 1.3193 0.6597 1.3379 0.6689 1.3639 0.6820
0.50 1.u081 0.7041 1.4069 0.7034 1.47104 0.7052 1.4236 0.7118 1.44480 0.7220
0.75 1.4860 0.7430 1.4838 0.7419 1.4854 0.7427 1.4938 0.74869 1.5€C97 0.7548
1.00 1.5451 0.7726 1.5422 0.7711 1.5428 0.7714 1.5480 0.7740 1.5607 0.7803
2.C0 1.6826 0.8413 1.6791 0.8396 1.6782 0.8391 1.6778 0.81389 1.6847 0.8u24
3.00 1.7533 0.8767 1.7500 0.8750 1.7483 0.8741 1.7465 0.8732 1.7511 0.8755
5.00 1.8274 0.9137 1.82u8 0.9124 1.8232 0.9116 | 1.8201 0.9100 1.8224 0.9112
7.50 1.8736 0.9368 1.8712 0.9356 1.8696 0.9348 1.8673 0.9337 1. 8689 0.9344
10.00 1.9002 0.9501 1.8982 0.9491 1.8969 0.94u485 1.8946 0.,9473 1. 8954 0.94177
40.00 1.9715 0.9857 1.9708 0. 9854 1.9703 0.9852 1.9693 0.98u6 1. 9694 0.9847
100.00 1.98813 0.9942 1.9880 0.9940 1.9877 0.9939 1.9873 0.9937 | 1.9873 0.9937
1000.00 1.9988 0.9994 1.9987 0.9993 1.9987 0.9993 1.9987 0.9993 1.9987 0.9993
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Table 4-2 (Continued)
P K RE=10.0 RE=15.0 RE=20.0 RE=30.0 RE=40.0
€ E € E € E € E € F

0.01 | 0.001 0.0002 | 0.0002 [ 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.0003 | 0.0003
0.10 | 0.001 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0004 | 0.0004 | 0.0005 | 0.0005 | 0.€CC6 | 0.0006
0.15 | 0.001 0.0004 | 0.0004 | 0.0005 | 0.0005 | 0.0005 | 0.0005 | 0.0007 | 0.0007 | 0.0008 | 0.0008
0.25 | 0.001 0.0007 | 0.0007 | 0.0009 | 0.0009 | 0.0071 | 0.0011 | 0.00%6 | 0.0016 | 0.6C20 | 0.0020
0.50 | 0.001 0.0380 | 0.0380 | 0.0807 | 0.0806 | 0.1006 | 0.1005 | 0.1272 | 0.1271 | 0.1u15 | 0.141u
0.75 | 0.001 0.2236 | 0.2234 | 0.2438 | 0.2835 | 0.2545 | 0.2542 | 0.2717 | 0.2714 | 0.2820 | 0.2817
1.00 | 0.001 0.3321 | 0.3317 | 0.3u82 | 0.3u79 | 0.3570 | 0.3566 | 0.3715 | 0.3712 | 0.3804 | 0.3800
2.00 | 0.001 0.5606 | 0.5600 | 0.5715 | 0.5710 | 0.5776 | 0.5770 | 0.5880 | 0.5874 | 0.5981 | 0.5935
3.00 | 0.001 0.6689 | 0.6682 | 0.6777 | 0.6770 | 0.6825 | 0.6818 | 0.6908 { 0.6901 | 0.6958 | 0.6951
5.00 | 0.001 0.7765 | 0.7757 | 0.7830 | 0.7822 | 0.7864 | 0.7856 | 0.7923 | 0.7916 | 0.7$59 | 0.7951
7.50 | 0.001 0.8404 | 0.8396 | 0.8453 | 0.8445 | 0.8479 | 0.8470 | 0.8523 | 0.8515 | 0.8549 | 0.854)
10.00 | 0.001 0.8757 | 0.8749 | 0.8796 | 0.8788 | 0.8817 | 0.8808 | 0.8653 | 0.8844 | O.EETH | 0.8865
40.00 | 0.001 0.9660 | 0.9650 | 0.9671 | 0.9661 | 0.9677 | 0.9667 | 0.9687 | 0.9678 | 0.9693 | 0.9684
100.00 | 0.001 0.9861 | 0.9852 | 0.9866 | 0.9856 | 0.9869 | 0.9859 | 0.9873 | 0.9863 | 0.9€75 | 0.9865
1000.00 | 0.001 0.9986 | 0.9976 | 0.9987 | 0.9977 | 0.9987 | 0.9977 | 0.9987 | 0.9977 | 0.9987 | 0.9977
0.01 | 0.010 0.0006 | 0.0006 | 0.0007 | 0.0007 | 0.0008 | 0.0008 | 0.0009 | 0.0009 | 0.0010 [ 0.0010
0.10 | 0.010 0.0008 | 0.0008 | 0.0009 | 0.0009 | 0.0010 | 0.0010 | 0.0012 | 0.0012 | 0.CC | 0.0014
0.15 | 0.010 0.0009 | 0.0009 | 0.0011 | 0.0011 | 0.0013 | 0.0013 | 0.0016 | 0.0016 | 0.0019 | 0.0019
0.25 | 0.010 0.0015 { 0.0015 | 0.0020 | 0.0020 | 0.0024 | 0.0024 | 0.0033 | 0.0033 | 0.0C41 | 0.00u1
0.50 | 0.010 0.0467 | 0.0462 | 0.0860 { 0.0852 | 0.1040 | 0.1030 | 0.1284 | 0.1271 | 0. 1415 | 0.1401
0.75 | 0.010 0.2262 | 0.2239 | 0.2456 | 0.2431 | 0.2555 | 0.2530 | 0.2715 | 0.2688 | 0.2806 | 0.2779
1.00 | 0.010 0.3349 | 0.3316 | 0.3502 | 0.3468 | 0.3582 | 0.3546 | 0.3714 | 0.3677 | 0.3790 | 0.3752
2.00 | 0.010 0.5647 | 0.5591 | 0.5750 | 0.5693 | 0.5802 | 0.5745 | 0.5892 [ 0.5834-| 0.5S43 | 0.5885
3.00 | 0.010 0.6742 | 0.6675 | 0.6823 | 0.6755 | 0.6863 | 0.6796 | 0.6934 | 0.6865 | 0.6972 | 0.6903
5.00 | 0.010 0.783 | 0.7752 | 0.7888 | 0.7810 | 0.7917 | 0.7838 | 0.7967 | 0.7888 | 0.7994 | 0.7915
7.50 | 0.010 0.8478 | 0.8394 | 0.8521 | 0.8437 | 0.8543 | 0.8458 | 0.8580 | 0.8495 [ 0.8600 | 0.8515
10.00 | 0.010 0.8836 | 0.8749 | 0.8871 | 0.8783 | 0.8888 | 0.8800 | 0.8917 | 0.8829 | 0.8913 | 0.88u44
40.00 | 0.010 0.9753 | 0.9656 | 0.9763 | 0.9666 | 0.3768 | 0.9671 | 0.9777 | 0.9680 | 0.9781 | 0.966u
100.00 | 0.010 0.9959 | 0.9860 | 0.9963 |. 0.9864 | 0.9965 | 0.9866 | 0.9968 | 0.9869 | 0.9970 | 0.987
1000.00 | 0.010 1.0086 | 0.9986 | 1.0086 | 0.9986 | 1.,0086 | 0.9986 | 1.0087 | 0.9987 | 1.0087 | 0.9987

29l



Table 4-2 (Continued)

P K RE=10.0 RE=15.0 RE=20.0 RE=30.0 RE=40,0
€ B £ E € B € E [ A

0.01 0.100 0.0287 0.0261 0.03130 0.0300 0.0362 0.0329 0.0427 0.0348 0.0u81 0.0u437
0.10 0.100 0.03132 0.0302 0.0385 0.0350 0.0424 0.0386 0.0499 0.0u451 0.09%8 0.0507
0.15 0.100 0.0384 0.0349 0.0450 0.0409 0.0499 0.0453 0.0590 0.0536 0.0661 0.0601
0.25 0.100 0.0551 0,0501 0.0661 0.0600 0.0719 0.0672 0.08¢82 0.0802 0.098% 0.0896
0.50 0.100 0.1622 0.1475 0.,1845 0.1677 0, 1964 0. 1786 0.2156 0.1960 0.2266 0.2060
0.7 0.100 0.2952 0.2684 0.3134 0.2849 0.3223 0.2930 0.33171 0.3065 0.3u450 0.3136
1.00 1 0,100 0.3978 0n.16117 0.4125 0.3750 0.4191 0.3810 00,4307 0.3915 0.4363 0.3966
2.00 0.100 0.6295 0.5723 0.6381 0.5801 0.6u411 0.%828 0.6U69 0.5881 0. 6084 0.5898
3.00 0.100 0.7424 0.6749 0.7487 | 0.6806 0.,7505 0.6823 N 7542 0.6857 0.7%50 0. 6864
5.00 0.100 0.8561 0.7785 0.8604 0.7822 D.80614 0.7831 0.8615 0.7850 0. 8635 0.7850
7.5%0 0.100 0.9250 0. 8409 0.9278 0.843% 0.9284 0.8440 0.9296 0.8491 0.9293 0.84u9
10.00 0.100 0.9631 0.8755 0.9654 0.877¢6 0.964%7 0.8779 0.96066 0.8747 0.963 0.8784
40.00 0.100 1.06 20 0,965% 1.0626 0.9660 1.0626 0.9660 1.0628 0.9662 1.0626 0.9660
100.00 0.100 1.0845 0.9859 1.08U6 0.9860 f.0847 0.9861 1.0848 0.9862 1. 0Ele6 0.9860
1000.00 0.100 1.0985 0.9986 1.0985 0. 9986 1.09485 0.9986 1.0985 0.,9986 1. 0985 0.99H6
0.01 0.200 0.1015 0.08u46 0.1155 0.092 0.1253 0. 1044 0. 1454 0.1211 0. 1616 0.1347
0.10 0.200 0.1122 0.0335 0.1280 0.1066 0,139 0. 1159 0.1602 0.1335 0.1765 0.147
0.15 0.200 0.12413 0.1015 0,1419 0.11682 0.1541 0.1284 0.1768 0.1474 0.1938 0.1615
0.25 0.200 0.1579 0.1316 0.1798 0.1499 0.1941 0.1617 0.21495 0.1829 0.2172 0.1977
0.50 0.200 0.2806 0.2338°] 0.30%7 0.2547 0.3194 0.2662 0.3432 0.2060 0.3579 0.2981
0.75 0.200 0.4015 0.3306 0.0h224 0.3520 0.4326 0.3605 0.04512 0.3760 0.4619 0.13849
1.00 0,200 0.149713 0, 414804 0.H1u4 0.4286 0.5220 0.4350 0.5365 0o.4471 0.5442 0.4535
2.00 0.200 0.721317 0.6014 0.7310 0.6092 0.73139 0.6116 0. 7004 0.6170 0.7428 0.6190
3.00 0.200 0.83119 0, 6949 0.8403 0.7003 0.8416 0.7013 0.8452 0.7044 0. 8458 0.7049
5.00 0.200 0.9485 0.7905 0.9524 0.7937 0.9526 0.7918 0.9541 0.7951 0.951% 0.7946
7.50 0.200 1.01813 0, 8486 1.0208 0.8507 1.0206 0.8505 1.0212 0.8510 1.0204 0.4503
10.C0 0.200 1.0%575 0.8812 1.0594 0.0828 1.0591 0.8826 1.0%93 0.8827 1. C584 0.8820
40.00 0.200 1. 1600 0.9667 1. 1604 0.9670 1.1603 0.9669 1. 1601 0.9668 1. 1597 0.9664
100.¢60 0.200 1.18136 0.9863 1.18138 0.986% 1.1838 0.986% 1. 18106 0.98613 1. 1834 0.9862
1000.00 0.200 1. 1943 0.9986 1.1983 0.9986 1.1983 0.9946 1.19813 0.9986 1.1943 0.9986
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Table 4~2 (Continued)

P K RE=10.0 RE=15.0 RE=20.0 RE=30.0 RE=40.0

€ E € E € E € E € |4
0.01 0.500 0.4940 0.3293 0.5401 0.3601 0.5662 0.3775 0.6230 0.4153 0.6623 0.4415
0.10 0.500 0.5128 0.3419 0.5603 0.3735 0.5878 0.3918 0.6431 0.4287 0.6801 0.u4534
0.15 0.500 0.5320 0.3547 0.5796 0.3864 0.6068 0.4045 0.6606 0.4404 0.6961 0.u46u1
0.25 0.500 0.57717 0.3851 0.6239 0.4160 0.6497 0.4331 0.6997 0.4665 0.7318 0.u4879
0.50 0.500 0.6959 0.4639 0.73u8 0.4899 0.7548 0.5032 0.7947 0.5298 0.8190 0.5u60
0.75 0.500 0.79u4 0.5296 0.8262 0.5508 0.8413" | 0.5609 0.8729 0.5819 0.8916 0.594y
1.00 0.500 0.8718 0.5812 0.8981 0.5987 0.9096 0.6064 0.9354 0.6236 0.9500 0.63233
2.00 0.500 1.0585 0.7056 1.0733 0.7155 1.0782 0.7188 1.0921 0.7281 1.0990 0.7327
" 3.00 0.500 1.1559 0.7706 1.1661 0.7774 1.1684 0.7790 1.1775 § 0.7850 1.1813 0.7875
5.00 0.500 1.2586 0.8391 1.2647 0.8432 1.2652 0.8435 1.2700 0.8467 1.2716 0.8417
7.50 0.500 1.3231 0.8821 1.327 0.8847 1.3268 0.8845 1.3296 0.8864 1.3301 0.8867
10.00 0.500 1.3600 0.9067 1.3629 0.9086. 1.3624 0.9083 1.3642 0.9095 1.3644 0.9096
40.00 0.500 1.4597 0.9731 1.4603 0.9735 1.4599 0.9732 1.4601 0.9734 1.4599 0.9732
100.€C0 | 0.500 1.4834 0.9889 1.4836 0.9891 1.4834 0.9889 1. 4834 0.9890 1.4833 0.9889
1000.00 0.500 1.4981 0.9989 1.4983 0.9989 1.4983 0.9989 1.4983 0.9989 | .1.4983 0.9989
0.01 1.000 1.3819 0.6910 1.4308 0.7154 1.4514 0.7257 1.5027 0.7514 1.5336 0.7668
0.10 1.000 1.3903 0.6952 1.4395 0.7198 1.8606 0.7303 1.5093 0.75u6 1.5380 0.7690
0.15 1.000 1.4007 0.7003 1.4488 0.72u4 1. 4694 0.7347 1.5162 0.7581 1.5436 0.7718
0.25 1.000 1.4266 0.7133 1.4713 0.7356 1.4902 0.7451 1.5329 0.7665 1.5575 0.7787
0.50 1.000 1.4943 0.7472 1.5302 0.7651 1.5444 0.7722 1.5777 0.7888 1.5964 0.7982
0.75 1.000 1.5507 0.7753 1.5801 0.7900 1.5906 0.7953 1.6175 0.8087 1.6320 0.8160
1.00 1.000 1.5953 0.7976 1.6201 G.8101 1.6283 0.81u41 1. 6506 0.8253 1.6623 0.831
2.€C0 1.000 1.7062 0.8531. 1.7217 0.8608 1.7252 0.8626 1.73¢E5 0.8693 1.7443 0.8722
3.00 1.000 1.7666 0.8833 1.7781 0.8891 1.7797 0.8899 1.789 0.8945 1.7926 0.8963
5.C0 1.000 1.8329 0.9164 1.8402 0.9201 1.8u406 0.9203 1. 8463 0.9231 1. 8479 0.9240
7.50 1.000 1.8759 0.9380 1.8812 0.9406 1.8805 0.9402 1. 8844 0.9422 1. 8851 0.9426
10.00 1.000 1.9008 0.9504 1.9047 0.9523 1.3044 0.9522 1.9071 0.9536 1.8C75 0.9537
40.00 1.000 1.9706 0.9853 1.9718 0.9859 1.9715 0.9857 1.9721 0.9860 1.9714 0.9859
100.00 1.000 1.9877 0.9939 1.9883 0.9942 1.9880 0.9940 1.9883 0.9942 1.9€83 0.9942
1000.00 1.000 1.99487 0.9993 1.9987 0.9993 1.9987 0.9993 1.9987 0.9993 1.9987 0.9993
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Table 4-3

Impaction Efficiencies at Rec = 0.2, R, 200
p K=0.001 K=0.010" k=0, 100 K=0.200 K=0.%00 K=1.000
€ E [ B € £ € E € | € £

0.01 0.0002 0,0002 0.0002 0.0002 0.0229 0.0026 0.0103 0.0086 0.0540 0.0360 0.17117 2.2889
0.10 0.0002 0.0002 0.0002 0.0002 0.0229 0.0027 0.2105 0.0087 0.0548 0.036% 0. 1796 0.0B9Y
0.15 0.0002 0.0002 0.0003 0.0002 0.02330 0.0027 0.2106 0.0088 0. 0553 2.01369 0. 1808 ). 0404
0.25 0.0002 0.0002 0.00013 0.0003 0.00131 0.0028 0.0109 0.0091% 0.0%65 0.0376 0.1834 .0.0017
0.%0 0.0003 0.0003 0.0003 0.0003 0.0034 0.0031 0.2120 0.0100 0.0603 3.0402 0.191% ).0857
0.75 0.0003 0.0003% 0.000u 0.0004 0.03139 0.003% J.2134 0H.0112 0.0654 0.0u36 0.2014 0.1007
1.00 0.0004 0.0004 0.0005 0.0005 0.0345 0,0041 0.3153 0.0127 0.0715 90,0477 0.2130 3.1065
2.00 0.0010 0.0010 0.0012 0.0012 0.0095 0.0086 N.2288 0.0240 0,1073 0.0715 0.27 14 2.1357
31.00 0.0047 0.0047 0.0053 0.,0052 0.0321 0.0292 0.0661 0.0551 0.1627 0.12489 0.3429 3.1715
5.00 0. 162 0.1460 0.1482 0.11467 0.1703 0.1548 0.1994 0.1662 0.3005 0.2001 0.4973 D,2486
7.50 0.2718 N.273% 0.2768 0.2740 0.3054 0.2777 0.3398 0.2832 0.4540 0.3027 0.6702 J.3391
10.00 0.36 34 0.3630 0.%71 0.3635% 0.4022 0.36%6 0.ul28 0.3690 0.5727 0.3818 0.8097 0.L048
40.00 0.7183 0.7176 0.7254 0.7183 0.7900 0.7182 2.8622 0.718% 1. 0800 2.7200 1.4473 3.7237
100,00 0.8594 0.8585 0.8679 0. 85913 0.9451 0.6592 1.0310 0.8592 1.2892 0.8%9% 1.7214 0.8607
1000.00 0.9830 0.9820 0.9928 0.9830 1.0813 0.9830 1.1764 0.,9829 1. 4744 3.9829 1.9660 J.9830
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Table 4-4
Comparison of Impaction Efficiencies for Potential Flow

X = -§ = -8 ' X = -40 . = -

; xp xp b . xp 100

Davies & Peetz . Subr. & Kuloor . House. & Gold. . .

[7] this work [12] this work [13] this work | this work
0.001 0.38 0.4000 0.38 0.3875 —_ 0.3839 0.3801
0.001 0.77 0.8020 0.77 0.7856 — 0.7757 0.7729
0.001 0.84 0.8923 0.88 0.8812 — 0.8724 0.8700
0.001 0.91 0.9712 L — 0.9677 — 0.9639 0.9622
0.10 0.47 0.4884 0.46 0.4453 — 0.4689 0.4384
0.10 0.79 0.8269 0.80 0.7900 — 0.8003 0.7786
0.10 0.85 0.9055 0.89 0.8814 — 0.8855 0.8714
0.10 0.93 0.9746 — 0.9672 — 0.9673 0.9627
1.0 — 0.8299 —_ 0.8017 0.80 0.8003 0.7899
1.0 —_— 0.9337 — 0.9030 0.91 0.9077 0.8913
1.0 —_ 0.9628 —_ 0.9412 0.94 0.9439 0.9313
1.0 — 0.9898 —_— 0.9825 0.98 0.9830 0.9782

991




Impaction

Table 4-5

Efficiencies for Potential Flow

P K=0.001 K=0.010 K=0.100 K=0.200 K=0.500 K=1.000
€ E [ F € E € F € E € F

0.01 0.0001 0.0001 0.0100 0.0099 0.1782 0.1620 0.3586 0.2958 0.8307 0.5%38 1.8993 0.7497
0.10 0.0004 0.0004 0.0122 0.0121 0.1642 0.1493 0.3419 0.2849 0.8230 0.5486 1.4976 0.7488
0.15 0.0007 0.C007 0.0202 0.0200 0.1783 0.1621 0.3516 0.2930 0.8263 0.5509 1.4991 0.7496
0.25 0.0376 0.037% 0.0589 0.0581 0.2171 0.1974 0.3823 0.3166 0.840% 0.5603 1.5001 0.7526
0.50 0.1u40 0.1¥39 0.1953 0.1933 0.13228 0.2934 0.4685 0.3905 0.8894 0.5929 1.52¢&b 0.76413
0.75 0.296H 0.2965 0.3042 0.3012 0.4115 0.374) 0.5434 0.4528 0.9376 0.6251 1.5547 0.7774
1.00 0.3805 0.3801 0.3864 0.3826 0.4822 0.4384 0.6047 0.5039 0.9797 0.6532 1.5759 0.7899
2,00 0.57u4 0.5738 0.5788 0.571 0.6587 0.5988 0.7643 0.6369 1.1001 0.7334 1. 6568 0.8299
3.00 0.6724 0.6718 0.6773 0.6706 0.7541 0.6855 0.8542 0.7118 1.1740 0.7427 1.7143 0.86571
5.00 0.717137 0.7729 0.779¢6 0.7718 0.8565 0.7786 0.9534 0.7945 1.2606 0.8404 1. 7820 0.8913
7.50 0.831%9 0.4¥3%0 0.8425 0.8342 0.9214 0.8376 1.0176 0.8480 1.3193 0.879% 1.8320 0.9160
10.00 0.8709 0.8700 0.8781 0.8694 0.9586 0.8714 1.0549 0.8791 1.3545 0.9030 1. 8627 0.9313
40.00 0.9632 0.9622 0.9723 0.9627 1.0589 0.9627 1.1573 0.9644 1.4558 0.9705 1.9563 0.9782
100.00 0.9848 0.9838 0.9944 0.9846 1.0830 0.9846 1.1822 0.9852 1.4814 .| 0.9876 1.9814 0.9907
1000.00 0.9984 0.9974 1.0084 0.9985 1.0983 0.9985 1.1981 0.9985 1. 4981 0.9987 1.99861 0.9990
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Table 4-6

Impaction Efficiencies at Rec = 0.2
P K RINF=100.0 RINF= 50.0 RINF= 25.0 RINF= 10.0 RINF= 3.0
€ B € E [ E € E € E

0.01 | 0.001 0.0001 | 0.0001 | 0.000% | 0.0001 | 0.0001 | 0.0001 [ 0.0001 [ 0.0001 | 0.CCOV | 0.0001
0.10 | 0.001 0.0002 | 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 [ 0.0C02 | 0.0002
0.15 | 0.001 0.0002 | 0.0002 | 0.000% | 0.0001 | 0.0001 | 0.0001 [ 0.0001 | 0.0001 | 0.0002 | 0.0002
0.25 | 0.001 0.0002 [ 0.0002 | 0.0002 | 0.0002 | 0.0001 | 0.0001 | 0.0002 | 0.0002 | 0.0CC3 | 0.0003
0.50 | 0.001 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 [ 0.0002 | 0.0002 [ 0.0002 | 0.0010 | 0.0010
0.75 | 0.001 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.0004 | 0.000U4 | 0.1C54 | 0.1053
1.00 | 0.001 0.0004 | 0.0004 | 0,0003 | 0.0003 | 0.0004 | 0.0004 | 0.0006 | 0.0006 | 0.2603 | 0.2600
2.00 | 0.001 0.0010 | 0.0010 | 0.0011 | 0.0011 | 0.0022 | 0.0022 | 0.13%4 | 0.1393 [ 0.5182 | 0.5176
3.00 | 0,001 0.0082 | 0.0082 | 0.0607 | 0.0407 | 0.1260 | 0.1259 | 0.3181 | 0.3178 | 0.6352 | 0.63u6
5.00 [ 0.001 0.1740 | 0.1738 | 0.2270 | 0.2268 | 0.3225 | 0.3222 | 0.50€5 | 0.5080 | 0.7515 | 0.7507
7.50 | 0.001 0.3069 | 0.3066 | 0.3673 | 0.3669 | 0.4670 | 0.4665 | 0.6322 | 0.6316 | 0.8213 | 0.8205
10.00 | 0.0 0.3990 | 0.3986 | 0.4619 | 0.4614 | 0.5590 | 0.5584 | 0.7054 | 0.7046 | 0.8602 [ 0.8594
40.00 | 0.001 0.7522 | 0.7515 | 0.7994 | 0.7986 | 0.8527 | 0.8518 | 0.9121 | 0.9112 | 0.9612 | 0.9602
100.00 | 0.001 0.8827 | 0.8818 | 0.9098 | 0.9089 | 0.9365 | 0.9356 | 0.9633 | 0.9623 | 0.GE41 | 0.9831
1000.00 | 0.001 0.9867 | 0.9857 | 0.9902 | 0.9892 | 0.9933 | 0.9923 | 0.9962 | 0.9952 [ 0.998s | 0.9974
0.01 | 0.010 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 [ 0.0004 | 0.0004
0.10 | 0.010 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0,0002 | 0.0002 | 0.0002 | 0.0CC4 | 0.000u
0.15 | 0.010 0.0002 | 0.0002 | 0.0002 { 0.0002 | 0.0002 | 0.0002 | 0,0002 [ 0.0002 | 0.0005 | 0.0005
0.25 | 0.010 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.CCC7 | 0.0007
0.50 | 0.010 0.0003 | 0.0003 | 0.0003 | 0.0003 |.0.0003 | 0.0003 | 0,0004 | 0.0004 | 0.0021 | 0.0021
0.75 | 0.010 0.0004 { 0.0004 | 0.0004 [ 0.0003 |{ 0.0004 | 0.0004 | 0.0005 | 0.0005 | 0.1142 | 0.1131
1.00 | 0.010 0.0004 | 0.0004 | 0.0004 | 0.0004 | 0.0005 [ 0.0005 | 0.0009 | 0.0009 | 0.2661 | 0.2634
2.00 | 0.010 0.0012 | 0.0012 | 0,0014 | 0.0014 | 0,0027 | 0.0027 | 0.1421 | 0.1407 | 0.52%3 5201
3.00 | 0.010.{ 0.0093 | 0.0092 | 0.0427 | 0.0422 | 0.1279 | 0.1266 | 0.3221 | 0.3189 | 0.64131 | 0.6367
5.00 | 0.010 0.1762 | 0.17u4 | 0.2298 | 0.2275 | 0.3261 | 0.3228 | 0.5140 | 0.5089 | 0.7600 | 0.7525
7.50 | 0.010 0.3103 | 0.3072 | 0.3712 | 0.3675 | 0.4718 | 0.4671 | 0.6368 | 0.6325 | 0.8302 | 0.8220
10.€¢0 | 0.010 0.4031 | 0.3991 | 0.4666.| 0.4619 | 0.5647 | 0.5591 | 0.7126 | 0.7055 | 0.8694 | 0.8€0E
40.00 | 0.010 0.7597 | 0.7521 | 0.8073 | 0.7993 | 0.8612 | 0.8527 | 0.9211 | 0.9120 | 0.9709 | 0.9613
100.00 | 0.010 0.8915 | 0.8826 | 0.9189 | 0.9096 | 0.9458 | 0.9364 { 0.9729 | 0.9633 | 0.9940 | 0.9842
1000.00 | 0.010 0.9965 | 0.9866 [ 1.0001 | 0.9902 | 1.0032 | 0.9933 | 1.0062 | 0.9963 | 1.0084 | 0.9985
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Table 4-6

(Continued)

p X RINF=100,0 RINP= 50.0 RINF= 25.0 RINF= 10.0 RINF= 3.0
€ 4 € E € E € E € F

0.01 0.100 0.0031 0.0028 0.0015 0.0032 0.0042 0.0039 0.0065 0.0059 0.0204 0.0186
0.10 0.100 0.0031 0.0028 0.0036 0.0032 0.0043 0.0039 0.0066 0.0060 0.0210 0.0191
0.15 0.100 0.0032 0.0029 0.0036 0.0033 0.0004 0.0080 0.0068 0.0062 0.0229 0.0208
0.25 0.100 0.00131 0.0030 0.002138 0.0034 0.0046 0.0042 0.0073 0.0067 0.0293 0.0266
0.50 0.100 . 0.0037 0.0033 0.0043 0.0039 0.0054 0.0049 0.0095 0.0087 0.0747 0.0679
0.75 0.100 0.0082 0.0038 0.0050 0.0046 0.0067 0.0061 0.0133 0.0121 0.2139 0.19459
1.00 0.100 0.0050 0.00u45 0.0061 0.0055 0,0084 0.0077 0.0200 0.0142 0.3385 0.3077
2,00 0.100 0.0112 0.0102 0.0162 0.0147 0.0349 0.0317 0.18u84 0.1676 0.5583 0.5439
3,00 0.100 0.0u57 0.0415 0.0804 0.0731 0.1586 0. 1641 0.3630 0.3300 0.7196 0.6542
5.C0 0.100 0.2002 0.1820 0.2576 0.2342 0.3615 0.3287 0.5658 0.5144 0. EUCh 0.7¢42
7.50 0.100 0.3417 0.3106 0.4078-{ 0.3707 0.5171 0.4701 0.6996 0.6360 0.9133 0.8303
10.C0 0.100 0.u413 0. 4012 0.5102 | 0.4638 0.6172 0.5611 0.7789 0.7081 0.49538 N.8671
40,00 0.100 0.82713 0.7521 0.8794 0.7994 0.7382 0.8529 1.0040 0.9128 1. €591 0,9€30
100.00 0.100 0.97017 0.8825 1.0006 0.9096 | -1.0300 0.9364 1.0599 0.9636 1. 048133 0D.9848
1000.00 0.100 1.0853 0.9866 1.0892 0.9902 1.0926 0.9933 1.0959 0.99613 1. 0683 0.9985
0.01 0.200 0.0110 0.0092 0.0125 0.0104 0.0153 0.0128 0.02315 0.0196 0.0748 0.0€21
0.10 0.200 0.0112 0.009 0.0127 0.0106 0.0156 0.0130 0.0240 0.0200 0.0757 0.0631
0.15 0.200 0.0114 0.0095 0.0129 0.0107 0.0159 0.0132 0.02U45 0.0204 0.0€10 0.0675
0.25 0.200 T 0.0117 0.0098 0.0113) 0.011 0.0165 0.0138 0.0261 0.0217 00,0982 0.0819
0.50 0.200 0.0129 0.0108 0.0149 0.0125 0.0190 0.0159 0.01327 0.0272 0.1E76 0.1563
0.75 0.200 0.0146 0.0122 0.0172 | 0.0y 0.0227 0.0149 0.04134 0.0362 0.3231 0.2691
1.00 0.200 0.0169 0.0140 0.0202 0.0169 0.0279 0.0232 0.0607 0.0506 0.4369 0.3641
2.00 0.200 0.01317 0.0281 0.0457 0.0381 0.0801 0.0667 0.2380 0.1981 0.6916 0.5763
3.00 0.200 0.0819 0.0683 0.1180 0.0983 0.1984 0.1653 0.4150 0.3459 0.8136 0.6760
5.00 0,200 0.2313 0.1927 0.2928 0.244¢C 0.4049 0.3374 0.6274 0.5228 0.9359 0.7799
7.50 0.200 0.379 0.1159 0.4509 0.3757 | 0.%699 0.4749 0.7698 0.6015 1.0C<6 0.8013
10.00 | 0,200 Q.48454 0,404% 0.45604 0.4670 0.6769 0.5041 0.8546 0.7122 1.0508 0.8757
40.C0 0.200 0.9029 0.7524 0.9%597 0.7998 1.,0241 7| 0.8534 1.0964 0.91137 1. 1582 0.9€52
100.00 0.200 1.0591 0.8826 1.0917 0.9098 1.1240 0.9366 1.1568 0.9640 1. 1829 0.9857
1000,.C0 0.200 1.1819 0.9866 t.1882 0.9902 1.1920 0.99313 1. 14956 0.99613 1. 19483 0.9986
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Table 4-6 (Continued)

P K RINF=100.0 RINF= 50.0 RINF= 25.0 RINF= 10.0 RINF= 3.0
€ bid € B € E € E € E

0.01 0.500 0.0578 0.0386 0.0655 0.0436 0.0804 0.0536 0.1234 0.0823 0.4C%7 0.2705
0.10 0.500 0.0587 0.0391 0.0665 0.0443 0.0817 0.0545 0.1251 0.0834 0.4002 0.2668
0.15 0.500 0.0591 0.0195 0.0672 0.0448 0.2827 0.0551 0.1269 0.0846 0.4113 0.2742
0.25 0.500 0.0606 0.0u04 0.0689 0.0u459 0.08%1 0.0567 0.1321 0.08481 0.u4489 0.2993
0.50 0.500 0.0651 0.04734 0.0746 0.0497 0.0937 0.0625 0.1527 0.1018 0.5¢01 0.3867
0.75 0.500 0.0710 0.0u473 0.0823 0.0548 0.1056 0.0704 0.1821 0.1214 0.7039 0.4693
1.C0 0.500 0.0781 0.0%21 0.0917 0.0611 0.1205 0.0803 0.2197 0.1465 0.8014 0.53u3
2.00 0.500 0. 1206 0.0804 0.1487 0.0991 0.2115 0. 1410 0.u184 0.2790 1. 0254 0.6836
3.00° 1 0.500 0.18%6 0.1237 0.2334 0. 1556 0.3333 0.2222 0.5976 0.3984 1. 1363 0.7575
5.00 0.500 0.3393 0.2262 0.4143 0.2762 0.5516 0.3677 0.829% 0.5530 1.2492 0.8328
7.50 0.500 0.5025 0.3150 0.59711 0.3900 0.7390 0.4927 0.0922 0.6615 Y.3141 0.8787
10.00 0.500 0.6254 0.4170 0.7189 0.4793 0.8645 0.5763 1.0910 0.7271 1.3509 0.9046
40,00 0.500 1.1310 0.7500 1.2025 0.8017 1.2839 0.8560 1. 31764 0.9176 1.45¢6 0.9730
100.00 0.500 1.3245 0.088130 1.3657 0.9104 1.4063 0.9376 1.4482 0.9655 1.4834 0.94890
1000.00 0.500 1.0799 0.9866 1.4854 0.9903 1.4902 0.9934 1. 4947 0.9964 |. 1.4983 0.9989
0.01 1.000 0.1903 0.0952 0.2153 0.1076 0.2645 0.1323 | 0.4052 0.2026 t.3C02 0.E6501
0.10 1.000 0.1924 0.0962 0.2177 0.1088 0.2673 | 0.1337 0.1u082 0.20m 1.2798 0.6399
0.15 1.000 0.19137 0.0968 0.2192 0.1096 0.2693 0.1347 0.4113 0.2057 1. 2646 0.64213
0.25 1.000 0.1966 0.0983 0.2228 0.1114 0.2742 0.1371 0.4203 0.2101 1.3131 0.6565
0.50 1.000 0.20%59 0.1029 0.2344 0.1172 0.2907 0.1453 0.u4547 0.2273 1.4081 0.7041
0.75 1.000 0.2173 0.1087 0.2489 0.1245 0.3120 0.1560 0.4999 0.2499 1. 4860 0.7430
1.C0 1.000 0.2306 0.1193 0.2659 0.1329 0.3370 0.1685 0.5%15 0.2758 1.5451 0.7726
2.00 1.000 0.2978 0. 1489 0.3510 0. 1755 0.45%98 0.2299 | 0.7720 0.3460 1.6826 0.84513
3.00 1.000 0.3792 0.1896 0.04517 0.2259 0.5952 0.2976 0.9590 0.4795 1.7513 0.8767
5.00 1.000 0.5499 0.2749 0.65%04 0.3252 0.8338 0.4 169 1.2117 0.6059 1. 8274 0.9137
7.50 1.000 0.7344 0.3672 0.8520 0.4260 1.0494 0.5247 1. 3969 0.6982 1. €736 0.93¢68
10.00 1.000 0.8797 0.4398 1.00139 0.5019 1.1992 0.5996 1.5108 0.7554 1.9002 0.9501
40.C0 1.000 1.5156 0.7578 1.6118 0.8059 1.7222 0.8611 1. 8504 0.9252 1.9715 0.9897
100.00 1.000 1.7684 0.08842 1.8240 0.9120 { 1.8793 0.9396 1.9372 0,9686 1.98483 0.9942
1000.CO 1.000 1.97135 0.9868 1.9808 0.9904 1.9872 0.9936 1.9915 0.9968 1.9¢E8 0.9994

0L1



Table 4-7

Impaction Efficiencies at ReC = 40
| 4 K RINF=100.0 RINF= 50,0 RINF= 25.0 RINF= 10.0 RINF=. 3.0
€ B € E € E € . E € E

0.01 0.001 0.0015 0.0015 0.0011 0.0011 0.0008 0.0008 0.0005 0.0005 0.0C03 0.0003
0.10 0.001 0.0023 0.0023 0.0018 0.0018 0.0013 0.0013 0.0009 0.0009 0.0CG6 0.0006
0.15 | 0.001 0.0029 0.0029 0.0022 0.0022 0.0017 0.0017 0.0012 0.0012 0.0008 0.0008
0.25 0.001 0.0046 0.00u6 0.00136 0.0036 0.0028 0.0028 0.0022 0.0021 0.0C20 0.0020
0.50 0.001 0.0270 0.0270 0.0260 0.0260 0.0260 0.0260 0.0406 0.0405 0.1415 0.1414
0.75 0.001 0.1200 0.1199 0.1249 0.1247 0.1321 0.1320 0.1615 0.1613 0.2€20 0.2817
1.00 0.001 0.2001% 0.1999 0.2066 0.2064 0.2159 0.2156 0.2501 0.2u498 0.3804 0.3800
2.00 0.001 0.4040 0.4036 0.41130 0.4126 0.4256 0.4252 0.4670 0.4666 0.5941 0.593%
3.00 0.001 0.5189 0.5184 0.5287 0.5282 0.5u424 0.5419 0.5843 0.5837 0.6958 0.6951
5.C0 0.001 0.6474 0.6467 0.6574 0.6568 0.6716 0.6709 0.7102 0.7095 0.7959 0.7951
7.50 0.001 0.7323 0.7316 0.7420 0.7413 0.7556 0.7549 0. 7894 0.7886 0.8549 0.85481
10.C0 0.001 0.7828 0.7820 0.7921 0.7913 0.8050 0.8011 0.83u4 0.8336 0. EET74 0.8865
40.00 0.001 0.9299 0.9290 0.9358 0.9348 0.9423 0.9414 0.9535 0.9525 0.9693 0.9684
100,00 0.001 0.9695 0.9686 0.9727 0.9717 0.9760 0.9750 0.9809 0.9799 0.9875 0.9865
1000.00 0.001 0.9968 0.9958 0.9972 0.9962 0.9975 0.9966 0.9981 0.99M 0.9987 0.9977
0.01 0.010 0.0021 0.0021. | 0.0017 0.0017 0.0014 0.0013 0.0011 0.0011 0.0010 0.0010
0.10 0.010 0.0030 0.0029 0.0024 0.0024 0.0019 0.0019 0.0015 0.0015 0.0C4 0.0014
0.15 0.010 0.0036 0.0036 0.0030 0.0029 0.0024 0.0024 0.0019 0.0019 0.0019 0.0019
0.25 0.010 0.0055 0.0054 0.0045 0.0045 0.0037 0.0037 0.0031 0.0031 0.0Cu1 0.00M
0.50 0.010 0.0282 0.0279 0.0274 0.0271 0.0277 0.0275 0.0425 0.0420 0.1415 0.1401
0.75 0.010 0.1191 0.3179 0.1241 0.1229 0.1315 0.1302 0.1608 0.1592 0.2806 0.2779
1.00 0.010 0.1990 0.1971 0.2055 0.2035 0.2147 0.2126 0.2488 0.2463 0.3790 0.3752
2.C0 0.010 0.4030 0.3990 0.4120 0.4080 0.4247 0.4205 0.4662 0.4616 0.5943 0.5885
3.00 0.010 0.5189 0.5137 0.5288 0.5236 0.5425 0.5371 0.5848 0.5790 0.6972 0.6903
5.00 0.010 0.6492 0.6u428 0.6592 0.6527 0.6735 0.6668 0.7126 0.7056 0.7694 | 0.7915
7.50 0.010 0.7357 0.7284 0.7454 0.7381 0.7592 0.7517 0.7934 0.7856 0.86C0 0.8515
10. 00 0,010 0.7872 0.7795 0.7966 0.7887 0.8096 0.8016 0.8396 0.8312 0.8933 0.8844
40,00 0.010 0.91380 0.9287 0.9438 0.93u44 0.9506 0.9412 0.9620 0.9524 0.9781 0.9684
100.00 0.010 0.9787 0.9690 0.9819 0.9722 0.9853 0.9755 0.9902 0.9804 0.9970 0.9871
1000,00 0.010 1.0067 0.9967 1.0071 0.9971 1.0074 0.9974. 1.0080 0.9980 1.0087 0.9987
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Table 4-7 (Continued)

p K RINF=100,0 RINP= S50.0 RINP= 25,0 RINP= 10.0 RINP=2 3,0

€ B € B [ ju € B [ B
0.01 0.100 0.0267 0.02413 0.0272 0.0247 0.0276 0.0251 0.0309 0.0281 0.0u81 0.0437
0.10 0.100 0.0308 0.0280 0.0315 0.0286 0.0320 0.0291 0.0359 0.0326 0.0558 0.0507
0.15 0.100 ©-0.03U6 0.0314 |. 0.0354 0.0322 0.0361 0.0328 0.0409 0.0172 0.0661 0.0601
0.25 0.100 0.04%3 0.0412 0.0U66 0.0423 0.0480 0.0u36 0.0558 0.0507 0.0985 0.0896
0.50 0.100 0.0978 0.0889 0.1014 0.0922 0.1062 0.0966 0.1274 0.1158 0.2266 0.2060
0.75 0.100 0.1717 0.14%61 0.1773 0.1612 0.1851 0. 1683 0.2158 0.1962 0.34%0 0.3136
1.00 0.100 0.20810 0.2191 0.2481 0.2255 0.2578 0.2343 0.2941 0.2674 0.41363 0.3966
2.00 0.100 0.4379 0.3981 0.4475 0.4068 0.4609 0.4190 0.5060 0.4600 0.6u88 0.5898
3.C0 0.100 0.5568 0.5062 0.5673 0.5158 0.%820 0.5291 0.6283 0.5712 0.7%50 0.68064
5.00 0.100 0.6950 0.6319 0.7059 0.6418 0.7213 0.6557 0.7648 0.6953 0.8635 0.7850
7.50 0.100 0,789 }.0.7176 0.7999 0.7272 0.8150 0.7809 0.8534 0.77548 0.9293 0.8449
10,00 0.100 0.8464 0.7695 0.8567 0.7788 | 0.8709 0.7917 0.90u8 0.8225 0.9663 0.8784
40.00 0.100 1.0169 0.9245 1.0234 0.9304 1.0310 0.91373 1.0441 0.9u92 1.00626 0.9¢60
100.00 0.100 1, 0638 0.9671 1. 0674 0.9704 1.0712 0.9738 1.0720 0,979 1.0846 0.9860
1000. 00 0.100 1.0961 0.9965 1.0966 0.9969 1.0970 0.9973 1.0976 0.9979 1. 0985 0.9986
0.01 0.200 0.0879 0.0733 | 0.0896 0.0747 0.0918 0.0765 0.10135 0.0862 0.1610 0.1347
0.10 0.200 0.0975% 0.0812 0.0995 0.0829 0D.1021°| 0.0851 N.1149 0.00%8 0.1765 0.1471
0,15 0.200 0. 1052 0.0877 0.1075 0.0896 0.1106 0.0921 0.1248 0.1040 0.1918 0.1€15
0,25 | 0.200 0. 1244 0.1037 0.1275 0.1062 0.1316 0. 1096 0.1497 0.1248 0.2372 0.1977
0.50 0.200 0.1871 0.1559 0.1922 0.1602 0.1992 0. 1660 0.22€0 0.1900 0.3579 0.2983
0.75 0.200 0.2549 0.2124 0.2618 0.2182 0.2711 0.2260 0.3078 0.2565 0.4619 0.3849
1.00 0.200 0.3177 0.2648 0.3258 0.2715 0.3369 0.2808 0.37¢8 0.3157 0.5u42 0.4535
2.00 0.200 0.5017 0.4198 0.5145 0.4287 0.5291 0.4409 0.5796 0.4830 0.7428 0,6190
3.00 0.200 0.6214 0.5178 0.6330 0.5275 0.6490 0.5408 0.7009 0.5840 0. 8458 0.7049
5.00 0.200 0.76 26 0.6355 0.7746 0.6455 0.7914 0.6595 | - 0.8402 0.7002 0.9535 0.7946
7.50 0.200 ‘0.86131 0.7178 0.87130 0.7275 0.88495 0.7u12 0.9328 0.77713 1.C204 0.8503
10.00 0.200 0.922) 0. 7684 0.93134 0.7778 N.9u491 0.7909 0.9874 0.8229 1. 0584 0.8820
40.6G0 0.200 1.1076 0.9230 1e1148 0.9290 1.1232 0.91360 1.1382 0.9u45 1. 1597 0.9¢04
100.00 0.200 1. 1596 00,9664 1.1636 | 0.9697 1.1678 0.9732 1. 1745 0.9748 1.1834 0.9862
1000.00 0.200 1.1957 0.9964 1.1962 0.9968 1.1967 0.9973 1.1974 0.9979 | 1.1683 0.9986
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Table 4-7 (Continued)

RINF=100.0

P K RINF= 50.0 RINF= 25.0 RINF= 10.0 RINF= 3.0
€ B € B € E € E € B

0.01 0.500 0.3695 0.2463 0.37M1 0.2514 0.3866 | 0.2577 0.4326 0.2884 0.6623 0.4415
0.10 0.500 0.3882 0.2588 0.3964 0.2642 0.u4066 0.27M1 0.4538 0.3025 0.6801 0.4534
0.15 0.500 0.4000 0.2667 0.4085 0.2723 0.4192 0.2795 | 0.u675 0.3117 0.6961 0.4641
0.25 0.500 0.4250 0.2833 0.4341 0.2894 0.4458 0.2972 0.4966 0.3311 0.7318 0.4879
0.50 0.500 0.4881 0.3254 0.4986 0.3324 0.5124 0.3416 0.5694 | 0.3796 0.8190 0.5460
0.75 0.500 0.5465 0.3643 0.5583 0.3722 0.5737 0.3825 0.6354 0.4236 0.8916 0.59u4
1.00 0.500 0.5991 0.3994 0.6117 0.4078 0.6284 0.4 189 0.6934 0.4622 0.95C0 0.63133
2.00 0.500 0.7591 0.5061 0.77137 0.5158 0.7933 0.5289 0.8641 0.5761 1.0990 0.7327
3.00 0.500 0.8673 0.5782 0.8827 0.5885 0.9034 0.6023 0.9743 0.6495 1.1813 0.7875
5.00 0.500 1.0056 0.6704 1.0210 0.6806 1.0424 0.6949 1.1088 0.7392 1.2716 0.8477
7.50 0.500 1.1080 0.7387 1.1229 0.7486 1.1442 0.7628 1.2032 0.8021 1.3301 0.8867
10.00 0.500 1. 1736 0.7824 1.1880 0.7920 1.2083 0.8055 1.2608 0.8405 1.3644 0.9096
40.C0 0.500 1.3866 0.9244 1.3958 0.9305 1.4069 0.9380 1.4278 0.9519 1.4599 0.9732
100.00 0.500 1.4498 0.9666 1.4550 0.9700 1.4605 0.9737 1.4699 0.9799 1.4833 0.9889
1000. 00 0.500 1.4946 0.9904 1.4953 0.9968 1.4959 0.9973 1.4970 0.9980 1.4983 0.9949
0.01 1.000 0.9103 0.4551 0.9274 0.4637 0.9491 0.4746 1.0503 0.5252 1.5336 0.7€68
0.10 1.000 0.9296 0.46u8 0.9470 0.473% 0.9694 0.u847 1.0702 0.5351 1.5380 0.7690
0.15 1.000 0.9405 0.4702 0.9580 0.4790 0.9807 0.490u 1.0816 0.5408 1.54136 0.7718
0.25 1.000 0.9622 0.4811 0.9800 0.4900 1.0034 0.5017 1.1048 0.5524 1.5575 0.7787
0.50 1.000 1.0139 0.5069 1.0326 0.5163 1.0573 0.5287 1. 1604 0.5802 1.5964 0.7982
0.75 1.000 1.0610 0.5305 1.0803 0.5402 1.1062 | 0.5531 1.2106 0.6053 1.63120 0.8160
1.00 1.000 1.1036 0.5518 1.1233 0.5616 1.1500 0.5750 1.2554 0.6277 1. 6623 0.8311
2.00 1.000 1.2371 0.6186 1.2579 0.6289 1.2868 0.6434 1.3925 0.6963 1. 7443 0.8722
3.00 1.000 1.3323 0.6662 1.3511 0.6765 1.3829 0.6914 1.4860 0.7430 1.7926 0.8963
5.00 1.000 1.4604 0.7302 1.4808 0. 7404 1.5109 0.7554 1. 6062 0.8031 1. 8479 0.9240
7.50 1.000 1.5609 0.7805 1.5806 | 0.7903 1.6099 0.8049 1.6947 0.8474 1. €651 [ 0.9u26
10.00 1.000 1.6279 0.8139 1.6468 0.8234 1.6749 0.81375 1.7506 0.8753 1. 9075 0.9537
40.C0Q 1.000 1.8627 { 0.9313 1.8748 0.9374 1.8905 0.9452 1.9216 0.9608 1.9718 0.9859
100.00 1.000 1.9379 0.9690 1.9449 0.9725 1.9529 0.9764 1.9669 0.98135 1.9483 0.9942
1000.00 1.000 1.9931 0.9966 1.9942 0.9971 1.9951 0.9976 1.9966 0.9983 1.9987 0.9993
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Table 4-8

Interception Efficiencies

¢

RE RINP K=0.001 K=0.010 K=0.100 K=0.200 K=0.500 K=1.000
€ B € |4 € B € . E € E € E

0.2 100.0 | 0,0001 [ 0.0001 0.0002 | 0.0002: 0.0031 0.0028 | 0.0110 0.0092 | 0.0578 | 0.0385 | 0.1901 | 0.0950
0.51 100.0 0.0002 | 0.0002 | 0.0002 ; 0.0002 ¢ 0.0038 | 0.0034 | 0.0135 0.0112 | 0.0706 0.0470 C.2317 | 0.1158
1.0} 100.0 |{ 0.0002 [ 0,0002 | 0.0003 | 0.0003 | 0.0047 | 0.0043 | 0.0168 | 0.0140 [ 0.0874 0.0582 0.2851 | 0.1425
3.0 100.0 0.0003 | 0.0003 0.0005 | 0.0005 | 0.0074 0.0067 | 0.0262 0.0218 | 0.1341 ] 0.0894 C.4264 | 0.2132
5.0 100.0 | 0.0004 | 0.0004 0.0006 | 0.0006 } 0.0094 0.0086 | 0.0332 0.0277 | 0.1673 | 0.1115 | 0.5188 | 0.2594
10.0 § 100.0 0.0006 | 0.0006 | 0.0009 | 0.0009 | 0.0134 0.0121 | 0.0u4s6H 0.0387 | 0.2259 | 0.1506 | C.6631 | 0.3315
15.0 { 100.0 | 0.0008 | 0.0008 | 0.0012 | 0.0011| 0.0164 0.0149 | 0.0564 0.0470 | 0.2661 | 0.1774 0.7473 | 0.3737
20.0 | 100.0 €.C010 | 0.0010 | 0.0074 | 0.0013 | 0.0190 0.0173 | 0.0647 0.0539 0.2972 | 0.1981 €.8051 | 0.4025
30.0 } 100.0 0.0012 | 0.0012 | 0.0017 | 0.0017 | 0.0232 0.0211 | 0.0776 0.06u46 | 0.3398 | 0.2266 | 0.8723 | 0.4361
40.0 | 100.0 0.00174 [ 0.0014 0.0020 | 0.0020} 0.0265 | 0.0241 ] 0.0873 0.0728 [ 0.3677 | 0.2u51 C.9082 [ 0.u45u1
0.2 3.0 | 0.0001 } 0.0001 0.0004 | 0.0004 | 0.0207 | 0.0188 { 0.0757 0.0631 0.4093 | 0.2729 1.3054 | 0.6527
0.5 3.0 0.0001 | 0.0001 0.0004 { 0.0004 | 0.0207 | 0.0188 | 06.0756 0.0630 | 0.4083 | 0.2722 1.3022.) 0.6511
1.0 3.0 | 0.0001 ) 0.0001 0.0004  0.0004 | 0.0210 0.0191 | 0.0768 | 0.0640 0.4117 | 0.2744 1.3028 | 0.6514
3.0 3.0 0.0001 | 0.0001 0.0004 | 0.0004 | 0.0220 0.0200 { 0.0797 0.0664 | 0.4186 0.2797 1.3038 | 0.6519
5.0 3.0 0.0001 | 0.0001 0.0005 | 0.0005 | 0.0239 | 0.0217 | 0.0859-| 0.0716 | 0.4399 | 0.2933 1.3224 | 0.6612
©10.0 3.0 } 0.0002 | 0.0002 | 0.0006 | 0.0006 | 0.0287 | 0.0261 ] 0.1015 0.0846 | 0.4941 | 0.3294 1.3825 | 0.6912
15.0 3.0 0.0002 | 0.0002 | 0.0007 { 0.0007 | 0.033%1 | 0.0301 ) 0.1156 0.0964 | 0.5401 | 0.3601 1.4310 | 0.7155
20.0 3.0 | 0.0002 { 0.0002 | 0.0008 | 0.0007 | 0.0364 0.0331 | 0.1255 0.1045 | 0.5658 | 0.3772 1.4515 [ 0.7257
40.0 3.0 0.C003 | 0.0003 0.0010 | 0.0010; 0.0486 0.0442 | 0.1625 0.1354 | 0.6623 | 0.4415 1.5342 | 0.7671
30.0 3.0 | 0.0002 | 0.0002 | 0.0009 | 0,0009} 0.0430 0.0391 | 0.1459 | 0.1215 | 0.6228 [ 0.4152 1.5030 | 0.7515
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Table 4-9
Impaction Efficiencies Calculated at ReC = 40, R_ = 100 under Various Conditions

KUWABARA'S MODEL HAFPFL'S MODEL

P K STEPS/CELL= 3 STEPS/CELL= 3 STEPS/CELL= 3 STEPS/CELL= § STEPS/CELL= 3

NA=33  NR=93 NA=U49  NR=93 NA=33  NR=79 MA=33  NR=93 NA=33  NR=93

€ E [ E € E € E [ E

0.01 | 0.001 0.0015 | 0.0015 | 0.0014 | 0.0014 | 0.0021 | 0.0021 | 0.0016 | 0.0016 | 0.001 | 0.0016
0.10 | 0.001 0.0023 { 0.0023 | 0.0021 | 0.0021 | 0.0031 | 0.0031 | 0.0024 | 0.0024 | 0.0025 | 0.0025
0.15 | 0.001 0.0029 | 0.0029 | 0.0026 | 0.0026 { 0.0039 { 0.0039 [ 0.0C€30 | 0.0030 | 0.0031 | 0.0031
0.25 | 0.001 0.0046 | 0.0046 | 0.0042 | 0.0042 | 0.0061 | 0.0061 | 0.0048 | 0.0048 | 0.0051 | 0.0051
0.50 | 0.001 0.0270 | 0.0270 | 0.0265 | 0.€265 | 0.0324 | 0.0324 | 0.0274 | 0.0273 | 0.03u8 | 0.0347
0.75 0.001 0.1200 0.1199 0.1224 0.1223 0.1243 0.1242 0.1198 0.1197 0. 1361 0.1359
1.00 | 0.001 0.2001 | 0.1999 | 0.2036 | 0.2036 | 0.2044 | 0.2042 | 0.2€C0 | 0.1998 | 0.2195 | 0.2193
2.00 | 0.001 0.4040 | 0.4036 | 0.4090 | 0.4086 | 0.4085 | 0.4081 [ 0.4039 | 0.4035 | 0.4301 | 0.4297
3.00 | 0.001 0.5189 | 0.5184 | 0.5243 | 0.5238 | 0.5235 | 0.5229 | 0.5188 | 0.5183 | 0.5479 | 0.5474
5.00 | 0.001 0.6474 | 0.6467 | 0.6525 | 0.6519 | 0.6516 | 0.6510 | 0.6473 | 0.6467 | 0.6788 | 0.6781
7.50 | 0.001 0.7323 | 0.7316 | ©0.7369 | 0.7362 | 0.7361 | 0.7354 | 0.7323 | 0.7315 | 0.7646 | 0.7639
10.00 0.001 0.7828 0.7R820 0.78¢€9 0.7861 0.7862 0.7855 0.7827 0.7819 0.8152 0.8144
40.00 0.001 0.9299 0.9290 0.9317 0.9308 0.9316 0.9306 0.9299 0.9290 0.9554 0.9544 .
100.00 0.001 0.9695 0.9686 0.9704 0.9695 0.9704 0.9694 0.9695 0.9686 0.9848 0.9838
1000.00 | 0.001 £.9968 | 0.9958 | 0.9969 | 0.5959 | 0.9968 | 0.9958 | 0.9968 | 0.9958 | 0.9989 | 0.9979
0.01 0.010 0.0021 0.0021 0.0019 0.0019 0.0027 0.0027 0.0022 0.0021 0.0022 0.0022
0.10 0.010 0.00130 0.0029 0.0027 0.€027 0.0039 0.0038 0.00131 0.0031 0.0032 0.0032
0.15 | 0.010 0.0036 | 0.0036 | 0.0033 | 0.¢033 | 0.0047 | 0.0046 | 0.0038 | 0.0037 | 0.0039 | 0.0039
0.25 0.010 0.0055 0.0054 0.0051 0.0050 0.0071 0.0070 0.0057 0.0057 0.0061 0.00060
0.50 [ 0.010 0.0282 [ 0.0279 | 0.0278 | 0.0275 { 0.0332 [ 0.0329 | 0.0288 | 0.0285 | 0.0357 | 0.0353
0.75 | 0.010 0.1191 [ 0.1179 | 0.1215 | 0.1203 | 0.1232 | 0.1220 | 0.1192°| 0.1180 | 0.1351 | 0.1338
1.00 | 0.010 0.1990 | 0.1971 | 0.2026 | 0.2006 | 0.2032 | 0.2012 | 0.1990 | 0.1971 | 0.2182 | 0.2160
2.00 0.010 0.4030 0.3990 0.4081 g.uo0u1 0.4076 0.4036 0.4030 0.3990 0.4291 D.4248
3.00 0.010 0.5149 0.5137 0.5243 0.5141 2.5234 0.5183 0.5189 0.5137 0.5480 0.5425
5.00 0.010 0.6492 0.6428 0.6544 0.6480 0.6535 0.6470 0.6491 0.6427 0.6807 0.6739
7.50 { 0,010 0.7357 | 0.7284 | 0.7404 | 0.7330 | 0.7395 | 0.7322 | 0.7357 | 0.7284 | 0.7681 | 0.7605
10.00 | 0.010 0.7872 | 0.7795 | 0.7913 | 0.7835 | 0.7907 | 0.7829 | 0.7672 | 0.7795 | 0.8199 | 0.8117
40.00 | 0.010 0.9380 | 0.9287 | 0.9399 | 0.9306 | 0.9397 | 0.9304 | 0.9380 | 0.9287 | 0.9638 | 0.9542
100.00 | 0.010 0.9787 | 0.9690 | 0.9796 | 0.9699 | 0.9796 | 0.9699 | 0.9787 | 0.9690 | 0.9941 | 0.9843
1000.00 | 0.010 1.0067 | 0.9967 | 1.0968 | 0.9968 | 1.0068 | 0.9968 | 1.0C67 | 0.9967 | 1.0087 | 0.9987
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Table 4-9 (Continued)

KUWABARA'S MIDEL

HAPPEL'S MODEL

P K STEPS/CELL= 3 STEPS/CELL= 3 STEPS/CELL= 3 STEPS/CELL= 'S STEPS/CELL= 3

NA=33 NR=93 NA=49 NR=93 NA=33. NR=79 NA=33 NR=93 NA=33 NR=93

€ E € E € E € E € E
0.01 0.100 0.0267 0.02413 0.0265 0.0241 0.0276 0.0251 0.0268 0.0244 0.0z81 0.0256
0.10 0.100 0.0308 0.0280 0.0306 0.0278 0.0320 0.0291 0.0309 0.0281 0.0327 0.0297
0.15 0.100 0.0346 0.03 11 0.0344 0.0313 0.0358 0.0326 0.0347 0.0316 0.0369 0.0335
0.25 0.100 0.0453 0.0412 0.0453 0.0412 0.0468 0.0425 0. 0UsS 0.0414 0.0490 0.0L46
0.50 0,100 0.0978 0.0889 0.0793 0.0902 0.1004 0.0913 0.0982 0.0892 0.1082 0.09¢u4
0.75 0.100 0.1717 0.1561 0.1747 0.1588 0.1752 0.1593 0.1720 0.1563 0. 1876 0.1706
1.00 0.100 0.24810 0.2191 0.2449 0.2227 0.2450 0.2228 0.2412 0.2191 0.2606 0.2369
2.00 0.100 0.41379 0.3981 0.4435 0.4031 0.4426 0.4024 0.4379 0.3981 0.4651 0.4228
3.00 0.100 0.5568 0.5062 0.5627 0.5115 0.5617 0.5107 0.5568 0.5062 0.5873 0.5339
5.00 0.100 0.6950 | 0.6119 0.7009 0.6372 0.6997 0.6361 0.6950 0.6319 0.728% 2.6623
7.50 0.100 0.7893 0.7176 0.7946 0.7223 0.7936 0.7214 0.7893.| 0.7175 0.8241 0.7492
10.00 0.100 0.8464 0.7695 0.8511 0.7738 0.8502 0.7729 0. 8464 0.7694 0.8815 0.801u
40.00 0.100 1.0169 0.9245 1.0191 0.92565 1.0188 0.9262 1.0169 0.9245 1.04513 0.9503
100.00 0.100 1.06 38 0.9671 1.0649 0.9681 1.0648 0.9680 1.0638 0.96M 1.0809 0.9826
1000.00 0.100 1.0961 0.9965 1.0962 0.9966 1.0962 0.9966 1. 0961 0.9965 1. 0985 0.99¢€6
0.01 0.200 0.0879 0.0733 0.0888 0.0740 0.0892 0.0784 | -0.0880 0.0733 0.0924 0.0770
0.10 0.200 0.0975 0.0812 0.0984 0.0820 0.0990 0.0825 0.0976 0.0813 0.1029 0.0u58
0.15 ] 0,200 0.1092 0.0877 0.1063 0.0836 0.1069 0.0891 0.1C53 0.0878 0. 1114 0.0928
0.25% 0.200 0.1244 0.1037 0.1260 0.1050 0.1265 0.1054 0.1246 0.1038 0.1326 0.1105
0.50 0.200 c.1871 0.1559 0.1899 0.1533 2.1901 0.158¢4 0.1873 0.1561 0.2008 0.1673
0.7% 0.200 0.2549 0.2124 0.2589 0.2158 }. 0.2587 0.2156 0.2552 0.2126 0.2732 0.2277
1.00 0,200 0.3177 0.2648 0.322¢6 0.2638 0.3220 0.2683 0.3179 0.2649 0.3394 0.2€28
2.00 0.200 0.5037 0.4198 0.5101 0.4251 0.5089 0.4241 0.5038 0.4199 0.5330 0.uby2
3.00 0.200 0.6214 0.5178 0.6281 0.5234 J.6267 0.5223 0.6215 0.5179 0.6542 0.5052
5.00 0.200 0.7626 0.6359 0.7691 0.6409 0.7676 0.6397 0.7626 0.6355 0.7987 0.6656
7.50 0.200 0.806113 0.7178 0.8673 0.7228 0.08661,| 0.7217 0. 8613 0.7178 0.8990 0. 7491
10.00 0,200 0.9221 0.7684 0.9275 0.7729 0.9264 0.7720 0.9221 0.7684 0.9603 0.8002
40.00 0.200 1.1076 0.9230 1.1101 0.9251 1.1098 0.9248 1.1C76 0.9230 1. 1386 0.9489
100.00 0.200 1.1596 0. 9664 1.1608 0.9673 | 1.1607 0.9672 1. 1596 0.9664 1.1784 0.9820
1000.00 0,200 1.1957 0.9964 1.1959 0.9906 1.1958 0.9965 1. 1957 0.9964 1. 1982 0.9985
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Table 4-9 (Continued)

KUWABARA'S MODEL

HAFPEL'S MODEL

P K STEPS/CELL= 3 STEPS/CELL= 3 STEPS/CELL= 3 STEPS/CELL= 5 STEPS/CELL= 3
NA=33 NR=93 NA=49 NR=93 NA=33 NR=79 NA=33 NR=93 NA=13 NR=93

€ E € E € E € E € E
0.01 0.500 0.3695 0.2463 0.3750 0.2500 0.3734 0.2u89 0.3694.1 0.2u463 0.3864 0.2576
0.10 0.500 0.3882 0.2588 0.3940 | 0.2627 0.3923 0.2615 0.3883 0.2589 0.4066 0.2711
0.15 0.500 0.4000 0.2667 0.4060 0.2707 0.4043 0.2695 0.4€02 0.2668 0.4 194 0.2796
0.2% 0.500 0.4250 0.2833 0.4313 0.2375 0.4295 0.2863 0.4252 0.2835 0.4U62 0.2974
0.90 0.500 0.4881 0.3254 0.49%2 0.3301 2.49132 0.3288 0.4883 0.3285 0.5123 0.3422
0.75 0.500 0.5465 0.3643 0.5543 0.3696 0.5522 0.3682 0.5468 0.3645 0.5751 0.3834
1.00 0.500 0.5991 0.3994 0.6074 0.4049 0.6050 0.4034 0.5993 0.3995% 0.6303 0.u202
2.00 0.500 0.7591 0.5061 0.7683 0.5122 0.7658 0.5105 0.7593 0.5062 0.7969 0.5311
3.00 0.500 0.8672 0.5782 0.87465 0.58h4 0.8741 0.5827 0. 8674 0.5783 C.9088 0.6059
5.00 0.500 1.0056 0.6704 1.0143 0.6762 1.0121 0.6747 1.0056 0.6704 1.0506 0.7004
7.50 0.500 1.1080 0.7387 1.1159 0.7439 1.1141 0.7427 1. 1080 0.7387 1.1549 0.76S9
10.00 0.500 1.1736 0.7824 1.1808 0.7872 1.1793 0.7862 1. 1736 0.7824 1.2212 0.8141
40.00 0.500 1.3866 0.92u44 1.3899 0.9266 1.3896 0.9264 1. 3866 0.9244 1.8259 0.9506
100.00 0.500 1.4498 0.9666 1.U4513 0.9675 1.4513 0.9675 1.4498 0.9666 1.4740 0.9827
1000.00 0.500 1.4946 0.9964 1.4947 0.9965 1.4948 0.9966 1.4946 0.9964 1.4979 0.9986
0.0 1.000 0.9103 0.u4551 0.9231 0.4616 0.91838 0.4594 0.9102 0.u4551 0.9u475 0.4737
0.10 1.000 0.9296 0.u6u8 0.9424 0.4712 0.9381 | 0.4690 0.9296 0.4648 0.9680 0.4840
0.15 1.000 0.9405 0.4702 0.9534 0.4767 0.9490 0.4745 0. 94CH 0.4703 0.9797 0.u4¢E69
0.25 1.000 0.9622 0.4811 0.9750 0.4375 0.9708 1 0.u4854 0.9622 0.4811 1.0026 0.5013
0.%0 1.000 1.01139 0.5069 1.0270 0.5135 1.0229 0.5115 1.01081 0.5070 1.0575 0.52¢7
0.75 1.000 1.0610 0.5305 1.0713 0.5371 1.0703 0.5353 1.0613 0.5306 1.1071 0.553%
1.00 1.000 1.1036 0.5 18 1.1169 0.5564 1.1129 |+ 0.5565 1.10638 0.5519 1.1517 0.57%9
2.00 1.000 1.2371 0.6186 1.2504 0.6252 1.2469 0.6234 1.2374 0.6187 1.2911 J, 6US6
3.00 1.000 1.3323 0.6662 1.3450 0.6725 1.3418 0.6709 1.3323 0.6662 1.3894 0,6947
5.00 1.000 1.4604 0.7302 1. 4720 0.7360 1.46906 0.73u48 1. 4604 0.7302 1.521 0.7606
7.50 1.000 1.5609 0.7805 1.5713 0.7856 1.5693 0.7846 1.5609 0.7805 1.6237 0.8119
10.00 1.000 1.6279 0.8139 1.6372 0.8186 1.6358 0.8179 1.6279 0.8139 1.6916 0.08u58
40.30 1.000 1.8627 0.9313 1.86606 0.93133 1. 8666 0.9333 1. 8627 0.9313 1.9159 0.9579
100.00 1.000 1.9379 0, 9690 1.9400 0.9700 1.9401 0.9700 1.9379 0.9690 1.9712 02,9856
1000.00 1.000 1.99M 0.9966 1.9934 0.9967 1.9934 0.9967 1. 9932 0.9966 1.9978 0.9969

LIt




Table 4-10

Stagnation Pressures and Drag Coefficients

RE RINF P-ZLERO P-REAR CDSKIN CDFORHM CDS/ChF CDTOTAL
0.2 100.0 12.4746 -11.2923 18.6320 18.6693 0.9980 37.3013
0.5 100.0 6.3393 -5.1553 8.9444 3.0223 0.9914 17.9667
1.0 100.0 4.0705 ~2.9527 5.3813 5.5002 0.9784 10,8815
3.0 100.0 2.2916 -1.3310 2.5783 2.71917 0.92136 5.30699
5.0 100.0 1. 8575 ~0.9727 1.8703 2. 1354 0.8759 4.0057
10.0 100.0 1.u842 -0.6910 1.2234 1.5592 0.78u46 2.7827
15.0 100.0 1. 3427 ~0.6133 0.9553 1.3427 0.7115 2.2981
20.0 100.0 1.2672 ~0.5513 0.8022 1.2022 0.6673 2,.0045
30.0 100.0 1. 1851 -0.5113 0.6221 1.0574 0.5883 1.6795
40.0 100.0 1.1390 -0.5735 0.5255 1.0362 0.5071 1.56 16
0.2 3.0 39,8528 (-155.,9388 122,314 [153.7286 0.7956 | 276.0398
0.5 3.0 16,4796 -61.89139 48.9497 61.5427 0.7954 ) 110.4924
1.0 3.0 8.7176 -31.0064 24.9073 31.1941 0.7985 56.1013
3.0 3.0 3. 5405 ~10.2030 . 8.4207 10.7682 0.7820 19.1890
5.0 3.0 2.5177 -6.9304 5.3155 7.3744 0.7208 12.6899
10.0 3.0 1.7673 -4.5321 3.0185 4.7874 0.6305 7.8059
15.0 1.0 1.5193 ~3.8959 2.2486 3.9771 0.5654 6.2258
20.0 3.0 1.3930 ~3.6887 1.8324 3.6603 0.5006 5.4627
30.0 3.0 1.2668 ~2.9315 1.3576 2.9204 0.4649 4.2740
40.0 3.0 1.2027 -1.7336 11125 2.0441 0.5443 3.1566
0.2 200.0 11.8113 -10.4274 17.4483 17.4655 0.9990 34.9138
0.2 100.0 12. 4746 =11.2923 18.6320 18.6693 0.9980 37.3013
0.2 50.0 13.7751 =13.1261 21.0467 21.1307 0.9960 42.1774
0.2 25.0 16, 1542 -16.9694 25.84824 26.0080 0.9952 51.8904
0.2 10.0 21.7583 -30,2886 39.9402 40.9005 0.9765 H0. 8107
0.2 3.0 39.8528 | -155.93838 |122.3114 | 153,7286 0.7956| 276.0398
40.0 100.0 1.1390 -0.5735 0.5255 1.0362 0.5071 1.56 16
L0.0 50.0 T 1447 ~0.5238 0.5253 0.9993 0.5257 1.5246
40.0 25.0 1. 1483 -0.54818 0.5474 1.01386 0.5271 1.5860
40.0 10.0 1. 1586 ~0.8610 0.6278 1.2358 0.5080 1.8636
40.0 3.0 1.2027 ~1.7336 1.1125% ] 2.0441 . 0.5443 3.1566
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Table 4-11

Fluid Velocity, Vyo According to Davies and Peetz [7] at Rec = 0.2

-3.0 -2.9 -2.8 =2.7 -2.6 =2.5 -2.4 -2.3 -2.2 -2.1

(o]

WNNNUNNNANNNS 0 o e ad b b it it OOCOOCOOOCOOCOO
o & 8 & & o 3 B & & & % B e s 6 6 8 B P 8 e s b " B2 s s b e

OO YONNEWNSLOOOIdONEWN=OVONIOVEWNO

0.24128 0.23247 0.22344 0.21419 0. 20470 0. 19456 0.18u498 0.17475 0. 16426 0.15350
0.24164 0.23286 0.22385 0.21462 0.20516 0.19546 0.18551 0.17531 0. 16486 0.15415
0.24272 0.23400 0.22507 | 0.21592 0.20654 0.19693 0.18709 0.17700 0. 16667 0.156C83
0.24451 0.23590 0.22709 0.21806 0.20883 0. 19937 0.18969 0.17979 0.16965 0.15928
0.24698 0.23853 0.22988 0.22104 0.21199 0.20275 0.19329 0.18363 0.17376 0.16368
0.25013 0.24186 0.233u42 0.22480 0.21600 0.20701 0.19784 0.18849 0. 17895 0.16922
0.25391 0.24587 0.23767 0.22932 0.22080 | 0.21212 0.20328 0.19429 0. 18513 0.17582
0.25830 0.25052 0.24259 0.23454 0.22634 0.21801 0.20955 0.20096 0.19224 0.18339
0.26325 0.25576 0.2u814 0.240m 0.23257 0.22462 0.21657 0.20841 0.20017 0.19183
0.26874 [ 0.26155 0.25426 0.2u688 0.23942 0.23188 0.22426 0.21658 0.20883 0.20103
0.27471 0.26784 0.26090 0.25390 0.24683 0.23972 0.23255 0.22535 0.21813 0.210¢€8
0.28111 0.27459 0.26801 0.26139 0. 25474 0.24806 0.24136 0.23466 0.22796 0.22127
0.28791 0.28173 0.27553 0.26930 0.26307 0.25683 0.25061 0.2u4440 0.23823 0.23210
0.29506 0.28924 0.28341 0.27758 0. 27176 0.26597 0.26021 0.25450 0.2u885 0.24327
0.30251 0.29704 0.29159 0.28616 0.28076 0.27540 0.27011 0.26u88 0.25973 0.25468
0.31023 0.30511 0.30002 0.29498 | 0.28999 0.28507 0.28022 0.27546 0.27080 0.26626
0.31815 0.313139 0.30867 0.30401 0.29941 0.29490 0.29049 0.28618 0.28199 0.27793
0.32626 0.32183 0.317u47 0.31318 0.30897" 0.30486 0.30086 0.29698 0.29323 0.28962
0.33450 0.33041 0.32639 0.322u46 0.31862 0.31489 0.3112¢ 0.30780 0.30446 0.30128
0.34285 0.33908 0.33539 0.33180 0.32831 0.32494 0.32170 0.31860 0.31565 0.31285.
0.35128 0.34781 0.3u4u4 0.38117 0.313801 0.33498 0.33209 0.32934 0.32674 0.32430
0.3597u 0.35657 0.35349 0.35053 0.34769 0.34498 0.34241 0.33998 0.33771 | 0.33560
0.36822 0.36533 0.36254 0.35986 " 035732 0.35490 0.35262 0.35050 0.34853 0.34672
0.37670 0.37407 0.37154 0.36914 0.36686 0.36472 0.36272 0.36087 0.35917 0.35762
0.38514 0.38276 0.38049 0.37833 0.37631 0.37u42 0.37267 0.37107 0.36962 0.36831%
0.391354 0.39139 0.38915 0.38743 0. 38564 0.38399 0.38247 0.38109 0.37986 0.37877
0.40188 0.39994 0.39812 0.39642 . 0.39u84 0.39340 0.39209 0.39092 0.38989 0.385C0
0.41013 0.40840 0.40678 0.40528 0.40390 0.40265 0.40154 0.40055 0.39970 0.39897
0.41830 0.41675 0.41532 0.41400 0.41280 0.41173 0.41079 0.40997 0.40928 0.40871
0.42636 0.42499 0.42373 0.42258 0.u42155 0.42064 0.41985 0.41918 0.41863 0.41819
0.43432 0.433M 0.43200 0.43101 0.43013 .; 0.42936 0.42871 . 0.42818 - 0.42775 | - 0. 42744
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Table 4-11 (Continued)

=-2.0 -1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2 -1

® 8 % & & % & 4 4 & 0 . 2 & s B 6 s 8t e o @

OV NONNEWN DO VNEWN=OOVEJONEWN-O

WNNNNNONNNNNMNNG SO e oam e ama e aa0000000000 <

0.14249 0.13120 0.11964 0.10780 . 0.09565 0.08313 0.07012 0.05633 0.04119 0.02339
0.14318 0.13195 0.120u4 0.10866 0.09656 0.08410 0.07114 0.057u40 0.04230 0.02459
0.14526 0.13417 0.12282 0.11120 0. 09927 0.08697 0.07417 0.06059 0.04566 0.02819
0.14867 0.13783 0.12674 0.11538 0.10373 0.09171 0.07919 0.06590 0.05127 0.03426
0.15338 0.14287 0.13213 0.12114 0.10988 0.09825 0.08614 0.07327 0.05913 0.04279
0. 159N 0.14920 0.13890 0.12838 0. 11760 0.106u48 0.09491 0.08260 0.06914 0.05372
0.16636 0.15673 0.14694 0.13697 0.12676 0.11626 0.10533 0.09375 0.08115 0.06687
0.174413 0.16534 0.15613 0.14676 0.13721 0.12740 0.11724 0.10650 0.09490 0.06193
0.183u1 0.17490 0.16631 0.15760 0. 14876 0.13972 0.13039 0.12059 0.11010 0.09854
0.19318 0.18528 0.17734 0.16913 0. 16123 0.15300 0.14454 0.13574 0. 12641 0.11628
0.20361 0.196135 0.18907 0.18177 0. 17444 0.16702 0.15947 0.15167 0. 14350 0.13475
0.21460 0.20796 0.20135 0.19477 0. 18819 0.18159 0.17492 0.16811 0. 16105 0.15361
0.22602 0.22000 0.21405 0.20816 0.20232 0.19651 0.19069 0.18u481 0.17880 0.17255
0.23777 0.23236 0.22704 0.22182 0.21668 0.21162 0.20660 0.20158 0.19652 0.19133
0.24974 0.24490 0.24019 0.23560 0.23113 0.22676 0.22248 0.,21824 0.21403 0.20977
0.26185 0.25756 0.25342 0.24942 0.24556 0.24183 0.23821 0.23468 0.23120 0.22775
0.27401 0.27024 0.26663 0.26317 0.25987 0.25671 0.25368 0.25077 0.24795 0.2u517
0.28617- 0.28287 0.27974 0.27678 0.27398 " 0.27134 0.26884 0.266u7 0.26420 0.26199
0.29825 0.29540 0.29271% 0.29019 0.28785 0.28566 0.28362 0.281M 0.27991 0.27818
0.31022 0.30776 0.30548 0.30336 0.301u41 0.29963 0.29798 0.296u7 0.29506 0.29374
0.32203 0.31993 0.31800 0.31625 0.31465 0.31321 0.31191 0.31074 0.30966 0.30866
0.33366 0.33188 0.33027 0.32883 0.32754 0.32640 0.32539 0.32450 0.32370 0.322¢96
0.34506 0.34358 0.34225 0.34108 0.34006 0.33918 0.33842 0.33777 0.33719 0.33667
0.35624 0.35501 0.35393 0.35300 0.35222 0.35155 0.35101 0.35055 .| 0.35016 0.34982
0.36716 0.36616 0.36530 0.36459 0.36400 0.36352 0.36315 0.36286 0.36262 0.36242
0.37783 0.37703 0.37637 0.37583 0.37541 0.37509 0.37487 0.37471 0.37u460 0.37450
0.38824 0.38761 0.3871 0.38673 0.38646 0.38628 0.38617 0.38612 0.386 11 0.38611
0.398138 0.39791 0.39755 0.3971 0.39715 0.39708 0.3970¢8 0.39712 0.39718 0.39725
0.40825 0.40792 0.40769 0.40755 C. 40751 0.40753 0.40760 0.40772 0.40784 0.40796
0.41787 0.41765 0.41752 0.41749 0.41753 0.41762 0.41777 0.41793 0.u1811 0.41827
0.42722 0.42710 0.42707 0.42711 0.42722 0.42738 0.42758 0.42779 0.42800 0.42819
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Table 4-11 (Continued)
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-1.0 -0.9 -0.8 -0.7 -0.6 =-0.5 -0.4 -0.3 -0.2 ~0.1
b4
0.00006 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.00144 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.00564 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.01265 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.02246 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.03u496 0.01041 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.04987 0.02848 0.00006 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.06683 0.04847 0.02529 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.085136 0.06984 0.05107 0.02806 0.00005 0.0 0.0 0.0 0.0 0.0
0.10496 0.09203 0.07693 0.05921 0.03865 0.01558 0.0 0.0 0.0 0.0
0.12519 0.11453 0.10247 0.08881 0.073513 0.05699 0.0u4008 0.02422 0.01124 0.00284

0.14563 0.13693 0.12736 0.11682 0. 10537 0.09330 0.08119 0.06988 0.06039 0.05366
0.16597 0.15894 0.15138 0,14324 0. 13461 0.12567 0.11680 0.10851 0.10136 0.09590
0.18596 0.18032 0.17u438 0.16810 0.16155 0.15485 0.14823 0.14200 0. 13647 0.13196
0.20543 0.20095 0.19630 0.19145 0. 18645 0.18137 0.17635 0.17155 0.16717 0.16338
0.22427 0.22074 0.21710 | 0,21337 0.20953 0.20564 0.20176 0.19799 0. 19443 0.19118
0.24242 0.23964 0.23683 0.23394 0.23098 0.22796 0.22492 0.22190 0.21894 0.21611
0.25983 0.25768 0.25550 0.25327 0.25098 0.24861 0.2u4618 0.24371 0.24120 0.23870
0.27651 0.27485 0.27317 .| 0.27145 0.26966 0.26779 0.26582 0.26375 0.26159 0.25934
0.29246 0.29119 0.28991 0.28858 0.28718 0.28567 0.28404 0.28228 0.28038 0.27834 .
0.30770 0.30675 0.30578 0.30476 0.30364 0.30241 0.30105 0.29952 0.29782 0.29564
0.32226 0.32156 0.32084 0.32004 0.31915 0.31814 0.31697 0.31562 0.31408 0.31234
0.33618 0.33568 0.33514 0.33453 0.33381 0.33295 0.33193 0.33073 0.32932 0.32769
0.34949 0.34914 0.34875 0.3u4827 0.34768 0.34695 0.34605 0.34496 0.34365 0.34212
0.36222 0.36199 0.36171 0.36134 0.36085 0.36022 0.35940 0.35840 0.35717 0.35572
0.37441 0.37428 0.37408 0.37379 0.37338 0.37281 0.37207 0.37113 0.36998 0.36860
0.38609 0.38603 0.38590 0.38567 0.38531 0.38480 0.38412 0.38323 0.38214 0.38082
0.39729 0.39729 0.39720 0.39702 0.39671 0.39624 0.39560 0.39476 0.39372 0.39245
0.40805 0.40809 0.40804 0.40789 0.40760 | 0.40717 0.40656 0.40576 0.40476 0.40354
0.41839 0.41845 0.u41843 0.41830 0.41804 0.41763 0.41705 0.41629 0.41532 0.414 14
0.428134 0.42842 0.42842 0.42830 0.42806 0.42767 0.42711 0.42637 0.42543 0.42430
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Table 4-12 (Continued)

-2.0 -1.9 -1.8 =1.7 -1.6 -1.5 -1.4 ~1.3 “1.2 -t.1
4
0.0 -0.0 -0.0 -0.0 0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0
0.1 0.01070 0.01081 0.01086 0.01082 0.01065 0.01028 0.00963 0.00857 0.00689 0.00425
0.2 0.0213 0.02153 0.02164 0.02156 0.02123 0.02054 0.01931 0.01730 0.01414 0.00925
0.3 0.03175 0.03208 0.03224 0.03214 0.03169 0.03073 0.02904 0.02630 0.02203 0.01552
0.4 0.04194 0.04236 0.04258 0.04248 0.04194 0.04080 0.03878 0.03556 0.03060 0.02320
0.5 0.05179 0.05231 0.05257 0.05248 0. 05190 0.05065 0.04845 0.04u98 0.03974 0.03209
0.6 0.06124 0.06184 0.06215 0.06208 0.06148 0.06018 0.05792 0.05439 0.04918 0.04174
0.7 0.07024 0.07089 0.07123 0.07118 0.07058 0.06927 0.06703 0.06359 0.05858 0.05162
0.8 0.07873 0.07941 0.07977 0.07972 0.07913 0.07784 0.07566 0.07235 0.06765 0.06126
0.9 . 0.08668 0.08736 0.08772 0.08766 0.08706 0.08578 0.08367 0.08052 0.07613 0.07029
1.0 0.09405 0.09471 0.09504 0.09495 0.09432 0.09305 0.09098 0.08796 0.08384 0.07846
1.1 0.10085 0.10146 0.10173 0.10157 0. 10090 0.09959 0.09754 0.09461 0.09069 0.08565
1.2 0.10706 0.10759 0.10777 0.10753 0.10678 0.10542 0.101335 0.10046 0.09666 0.09185
1.3 0.11269 0.11312 0.11320 0.11284 0.11199 0.11054 0.10841 0.10551 0.10176 0.09709
1.4 0.11776 0.11807 0.11801 0.11753 0. 11654 0.11498 0.11277 0.10982 0.10607 0.10145
1.5 0.12230 0.12247 0.12226 | 0,12163 0. 12050 0.11880 0.11647 0.11344 0.10964 0.10504
1.6 0.12633 0.12634 0.12597 0.12517 0.12388 0.12204 0.1195¢8 0.11644 0. 11257 0.10793
1.7 0.12988 0.12972 0.12919 0.12822 0.12676 | 0.12476 0.12216 0.11890 0.11494 0.11025
1.8 0.13299 0.13266 0.13195 0.13080 0.12918 0.12701 0.12426 0.12088 0.11683 0.11208
1.9 0.13570 0.13519 0.13430 0.13298 0.13118 0.12886 0.12597 0.12246 0. 11831 0.11349 .
2.0 0.11803 0.13735 0.13628 0.13479 0.13282 0.13035 0.12731 0.12370 0. 11946 0.11457
2.1 0.14002 0.13917 0.13793 0.13627 0. 13415 0.13152 0.12836 0.12463 0.12031 0.11537
2.2 0.14172 0.14070 0.13929 0.13747 0. 13520 0. 13244 0.12916 0.12533 0. 12093 0.11594
2.3 0.14314 0.14196 0.14040 0.13842 0. 13601 0.13312 0.12973 0.12582 0.12136 0.11634
2.4 0.14431 0.14298 0.14127 0.13916 0. 13662 0.13361 0.13013 0.12614 0.12162 0.11658
2.5 0.14527 0.14380 0.14195 0.139M 0. 13705 0.13394 0.13037 0.12632 0.12177 0.11671
2.6 0.14604 0.14443 0.14246 0.14010 0.13733 0. 13413 0.13049 0.12638 0.12180 0.11675
2.7 0.14664 0.14491 0.1u4282 0.14035 0. 13749 0.13421 0.13050 0.12636 0.12176 0.11671
2.8 0.14710 0.14525 0.14305 0.14048 0. 13754 0.13419 0.13044 0.12626 0.12166 0.11662
2.9 0.14742 0.14547 0.14317 0. 14052 0. 13750 0.13410 0.13030 0.12611 0.12150 0.11649
3.0 0.14764 0.14558 0.14320 0.14047 0.13739 0.13394 0.13012 0.12591 0.12131 0.11632
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Table 4-12 (Continued)

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 =0.1

b4

0.0 -0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.1 0.00015 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.2 0.00173 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.3 0.00572 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.4 0.01233 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.5 0.02117 0.00590 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.6 0.0314y4 0.01755 0.00055 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.7 0.04226 0.03007 0.01482 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.8 0.05290 0.04234 0.02956 0.01492 0.00057 | 0.0 0.0 0.0 0.0 0.0

0.9 0.06282 0.05361 0.04277 0.03063 0.01797 | 0.00603 0.0 0.0 0.0 0.0

1.0 0.07170 0.06355 0.05410 0.04365 0.03274 0.02221 0.01299 0.00603 0.00182 0.00014
1.1 0.07943 0.07203 0.06352 0.05415 0.04430 0.03450 0.02530 0.01725 0.01066 0.005137
1.2 0.08600 0.07909 0.07121 0.06252 0.05328 0.04384 0.03454 0.02572 0.01757 0.01009
1.3 0.09147 0.06488 0.07739 0.06912 0.06023 0.05095 0.04154 0.03220 0.02308 0.01424
1.4 0.09596 0.08956 0.08231 0.07428 0.06559 0.05642 0.04691 0.03724 0.02755 0.01790
1.5 0.09959 0.09330 0.08619 0.07831 0.06975 0.06064 0.05110 0.04126 0.03124 0.02115
1.6 0.10250 0.09626 0.08923 0.08145 0.07299 0.06394 0.05441 0.04452 0.03435 0.02405
1.7 0.10480 0.09858 0.09160 0.08390 0.07552 0.06656 0.05709 g.0u7T21 0.03703 0.02666
1.8 0.10659 0.1€038 0.09344 0.08580 0.07752 0.06865 0.05927 0.049u8 0.03937 0.02905
1.9 0.10798 0.10176 0.09u86 0.08729 0.07910 0.07035 0.06109 0.05143 0.0u414y 0.03124
2.0 0.10902 0.10282 0.09595 0.08846 0.08037 0.07174 0.06264 0.05313 0.04331 0.03328
2.1 0.10980 0.10361 0.09679 0.08918 0.08140 0.07291 0.06397 0.05464 0.04502 0.03519
2.2 0.11036 0.10419 0.09742 0.09010 0.08225 0.07391 0.06514 0.05601 0.04660 0.03698
2.3 0.11075 | 0.10u461 0.09791 0.09068 0.08295 0.07477 0.0€618 0.05726 0.04806 0.03€67
2.4 0.11100 0. 10489 0.09827 0.09114 0.08355 0.07553 0.06713 0.05841 0.049uy 0.04028
2.5 0.11115 0.10508 0.09853 0.09152 0.08406 0.07620 0.06799 0.05948 0.05073 0.04181
2.6 0.1 0.10520 0.09873 0.09183 0.08u451 0.07682 0.06880 0.06050 0.05197 0.04327
2.7 0.11121 0.10526 0.09¢€88 0.09209 0.08491 0.07739 0.0€955 0.06146 '0.05315 0.04u468
2.8 0.11116 0.10527 0.09899 0.09231 0.08528 0.07792 0.07027 0.06237 0.05428 0.04603
2.9 0.11107 0.10526 0.09907 0.09251 0.08562 0.07842 0.07095 0.06325 0.05537 0.04734
3.0 0.11096 0.10522 0.09913 0.09269 0. 08594 0.07890 0.07161 0.06410 0.05642 0.04860
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Table 4-13

Fluid Ve]ocity, Vys as Interpolated from the Numerical

Flowfield at ReC = 0.2, R_ = 200

-3.0 -2.9 -2.8 -2.7 -2.6 =2.5 ~2.4 . =2.3 -2.2 ~2.1

(]

@ 8 6 6 » & B & & & & 8 6 8 * 5 s & & & 8 e * o @ e 9 2 s o

WRNNNNMUMNNKRKRANAN - a - u e ax e a0 = a0 0 CO0000O0

OVCTNONMEWN—-OLONONMEWNN=0LB U UNEWNLO

0.20665 0.19716 0.18753 0.17759 0. 16740 0.15701 0.14630 0.13532 0. 12411 0.11267
0.20715 0.19770 0.18812 0.17821 0.16807 0.15774 0.14707 0.13615 . 0. 12501 0.11363
0.20794 0.19856 | 0.18905 0.17920 0. 16914 0.15889 0.14829 0.13746 0. 12642 011514
0.20912 0.2C€001% 0.19083 0.18126 0. 17154 0.16162 0.15137 0.14092 0.13027 0.11938

0.21250 0.20156 0.194u8 0.18507 0.17552 0.16574 0.15568 0.14544 0. 13500 0.12426
0.21615 0.207138 0.19843 “0.18921 0.17987 0.17027 0.16077 0.15112 0.14125 0.13115
"0.22011 0.211813 0.20311 0.19463 - 0. 18584 0.17675 0.16754 0.15819 0. 14857 0.13€81
0.22568 0.21766 0.20932 0.20092 0. 19233 0. 18354 0.17467 0.16558 0.15677 0.14787
0.23149 0.22365 0.21558 0.20749 0. 19924 0.19122 0.18307 0.17474 0. 16635 0.157¢86
0.23751 0.23010 0.22272 0.21525 0.20761 0.19997 0.19209 | 0.18u14 0.17623 0.16843
0.2uu81 0.23772 1'0.23069 0.22345 .| 0.21620 0.20883 0.20142 0.194n04u 0.18728 0.18014
0.25227 0.24552 0.23877 0.23184 0.22522 0.21857 0.21201 0.20535 0.19868 0.19208
0.25948 0.25348 0.24713 0.21123 0.23505 0.22886 0.22268 0.216U42 0.210u47 0.20u66
0.26815 0.26247 0.25663 0.25090 0.24501 1 0.23929 0.23352 0.22820 0.22283 0.21756
0.27693 0.27146 0.26603 0.26051 0.25517 0.25011 0.24511 0.24017 0.23526 0.23052
0.28579 0.28054 0.27549 0.27066 0.26601 0.26127 0.25673 0.2521 0.24791 0.24379
0.29u55 0.29003 0.28554 0.28115 | 0.27673 0.27248 0.26819 0.26441 0.26064 0.25711
0.30399 | 0,29987 | 0.29561 0.29157 0. 28750 "0.28370 0.28012 0.2766Y9 0.27339 0.27024
0.31349 0.30956 0.30575 0.30189 0.29856 0.29513 0.29201 0.28888 0.28602 0.28336
0.32302 0.31927 0.31586 0.31263 0. 30951 0,30657 0.30366 0.30107 0.29857 0.29644
0.332133 0.32923 0.32615 0.132313 0.32045 "0.31781 0.31532 | 0.31307 0.31109 0.30915
0.34200 0.33921 0.33643 0.33378 - | 0.33136 0.32897 0.32695 0.32500 0.32327 0.32182
0.35167 0.34904 0.34665 0.3u421 0.34209 0.34018 0.33832 0.33679 0.335122 0.334c¢C4
0.36125 0.35885 0.35660 0.135472 0.35278 | 0.35112 0.34964 0.3u825 0.34714 0.3u4610
0.37062 0.36864 | 0.36667 0.36494 0.36342 0.36190 0.36069 0.35959 0.35860 | 0.35796
0.38001 0.37824 0.37669 0.37508 0.37375 0.37262 0.37147 0.37062 0.36999 0.36946
0.38945 0.38780 0.38639 0.38517 | 0.38395 |- 0.38295 0.38219 0.38144 0.38102 0.3€078
0.39863 0.39731 0.39601 0.39495 0.39404 | 0.39315 0.39253 0.39219 0.39182 0,39152
0.40770 0.40657 0.40557 0.40456 0.40380 0.40327 0.40275 0.40251 0.80230 0.40211
0.41672 ~0.41568 0.51482 0.4141 0.41343 | 0.41302 0.41287 0.41251 0.41237 0.41252
0.42560 0.42469 0.42391 0.42337 | 0.42300 0.42266 0.u2242 0.42236 0.422137 0.42257
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Table 4-13 (Continued)

-2.0 -1.9 -1.8 -1.7 >-1.6 =1.5 -1.4 -1.3 -1.2 ~1.1

<
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0.10097 0.08905 0.07699 0.06485 0.05273 0.04080 0.02936 0.01879 0.00959 0.0029y
0.10199 0.09014 0.07815 0.06607 0. 05400 0.04211 0.03065 0.02003 0.01068 0.00364
0.10366 0.09216 0.08052 0.06878 0.05705 0.0u543 0.03419 0.02348 0.01388 0.00587
0.10823 0.09691 0.08543 0.07384 0.06222 0.05069 0.03972 0.029M 0.01925 0.01033
0.11338 0.10266 0.09180 0.08082 0.06977 0.05871 0.04773 0.03703 0.02696 0.01727
0.12090 0.11049 0.09993 0.08923 0.07867 0.06833 0.05795 0.04756 0.03717 0.027¢C4
0.12890 0.11924 0.10951 0.09966 0.08972 0.07968 0.06981 0.06007 0.05007 0.03969
0.13885 0.12964 0.12033 0.11092 0.10192 0.09287 0.08366 0.07429 0.06501 0.055M1
0.14919 0. 14061 0.13235 0.12402 0. 11556 0.10699 0.09880 0.09040 -0.08165 0.07267
0.16077 0.15310 0.14532 0.13747 0.13002 0.12260 0.11508 0.10757 0.09994 0.09183
0.17302 0.16576 0.15887 0.15216 0. 14546 0.13863 0.13215 0.12560 0.11891 0.11204
0.18560 0.17940 0.17330 0.16711 0.16115 0.15549 0.14986 0.14415 0. 13850 0.13274
0.19895 0.191335 0.18769 0.18253 0. 17752 0.17246 0.16764 0.16302 0.158135 0.15351
0.21240 0.20717 0.20275 0.19819 0.19373 0.18965 0.18563 0.18176 0.17800 0.17425
0.22606 0.22188 0.217M 0.21376 0.21019 0.20667 0.20349 0.20031 0. 197134 0.19454
0.23997 0.23617 0.23267 0.22944 0.22639 0.22368 0.22092 0.21861 0.21628 0.214Cy
0.25365 0.25051 0.24759 0.24490 0. 24248 0.24015 0.23821 0.23636 0.23467 0.23308
0.26717 0.26474 0.26232 0.26016 0.25814 0.25643 0.25499 0.25353 0.25236 0.25134
0.28099 0.27877 0.27683 0.27503 0. 27352 0.27233 0.27111 0.27022 0.26959 0.26880
0.29435 0.29262 0.29097 0.28963 0.28858 0.28758 0.28687 0.286135 0.28592 0.2€546
0.30762 0.30605 0.30487 0.3039 0.30309 0.30247 0.30203 -0.30189 0.30151 0.30163
0.320138 0.31934 0.31841 0.317717 0.31717 0.31680 0.31693 0.31656 0.31666 0.31710
0.33307 0.33219 0.33171 0.33110 0.33079 0.33096 0.33075 0.33084 0.331u41 0.33140
0.34535 0.34496 0.3u434 0.34409 0.34417 0.38420 0.34429 0.34472 0.34513 0.34535
0.35746 0.35699 0.35680 0.35675 0.35701 0.35711 0.35736 0.35801 0.35833 0.35880
0.36913 0.36887 0.36879 0.36909 0.36926 0.36944 0.37004 0.37074 0.37096 0.37164
0.38040 0.38036 0.38069 0.38085 0.38103 0.38160 0.38236 0.38263 0.38322 0.38u42y4
0.39154 0.39163 0.39201 0.39220 0.39260 0.39322 0.39386 0.39u438 0.39508 0.39591
0.40223"° 0.40265 0.40289 0.40314 0.4C374 0.40469 0.40499 0.40555 0.40648 0.40712
0.41283 0.41310 0.41337 0.41395 0.41465 0.41522 0.41572 0.41657 0.41760 0.41780
0.42305 0.42333 0.u42364 0.42426 0.42518 0.42564 0.42619 0.42705 0.42779 0.42825
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Table 4-13 (Continued)

-1.0 -0.9 -0.8 "0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

WNNNRONARDNAONRKN = bttt et ed it s et ad DO COODOOCOCOO
@ ¢ & o B 8 & & & 8 & 8 &6 8 & & & % 6 5 8 6 & & % 5 b 6 0 e @

OVDJdOIPNETEWNSOVONOUNEWN=2O0O0TdITNEFE W20

b
0.00000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.00012 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.00079 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.00291 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.00786 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.01637 0.00459 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.02868 0.01590 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.04432 0.03190 0.01670 0.0 g.0 0.0 0.0 0.0 0.0 0.0
0.06274 0.05142 0.03790 0.02116 0.0 0.0 0.0 0.0 0.0 0.0
0.08311 0.07331 0.06184 0.04823 0.03203 0.01297 0.0 0.0 0.0 0.0
0. 10471 0.09643 0.08715 0.07645 0.06424 0.05088 0.03638 0.02241 0.01041% 0.00266
0.12665 0.12015 0.11266 0.10452 0., 09574 0.08579 0.07579 0.06635 0.05862 0.05290
0.148713 0. 14354 0.13796 0.13170 0. 12524 0.11830 0.11136 0.10456 0.09898 0.09512
0.17032 0.16655 0.16210 0.15784 0. 15287 0.14795 | 0.14316 0.113857 0.130130 .0.13125
0.19147 0.1¢861 0.18543 0.18218 0. 17886 0.17526 0.17175 0.16851 0. 16555 0.163C9
0.21211% 0.20970 0.20780 0.20519 0.20293 0.200u9 0.19775 0.19563 0.19310 0.19121

0.21161 0.23003 0.22857 0.22696 | 0.22519 0.22383 0.22157 0.21996 0.21805 0.21635
0.25024 0.24948 . 0,24834 0.,24749 .| 0,24607 0.24522 0.24352 0.24219 0.24080 0.23921
0.260822 | 0.26764 0.26704 0.26637 0.26572 0.26488 0.26385 0.26266 0.26168 0.26014
0.285u1 0.28497 0.28490 0.28429 0.28422 0.28327 0.28278 0.28164 0.28099 0.27946
0.30158 0.30143 0.30156 0.30134 0.30140 0.30056 " | 0.30050 0.29934 0.29896 0.29741
. 0.31088 0.31729 0.31734 0.31733 0.31730 0.31688 0.31684 0.31595 0.31558 "0.31404
0.33170 0.33243 0.33221 0.31257 0.33243 0.33238 0.33223 0.33111 0.33096 0.32956
0.34605 0.34629 0.3u646 0.3u4718 0. 34690 0.3U696 0.34654 0.34596 0.34549 0.34422
0.35960 0.35969 0.36021 0.36070 0.360uy4 0.36073 0.3¢020 0.35981 0.359130 0.35811
0.37235 0.37268 | 0.37324 0.37311 0.37344 0.37395 0.37329 0.37307 0.37245 0.37133
0.38450 0.38491 0.18575 0.38574 0.34601 0.38631 0.38564 0.385u44 0.38472 0.3¢t368
0.39618 0.39686 0.39765 0.39751 0.39779 0.39790 0.39741 0.39734 0.39655 0.39559
0.40757 0.40826 0.40867 0.40875 0.40922 0.40918 | 0.u40884 0.40885 0.40792 0.40699
0.41836 | 0.41928 0.41948 0.41974 0.42021 0.41988 0.41956 0.41960 0.41860 0.41774
0,42902 0.42981 0.42976 0.43005 0.43067 0.43019 0.4299¢ c.43011. 0.42905 0.42824
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Table 4~

14

Fluid Velocity, vy, as Interpolated from the Numerical

Flowfield at ReC = 0.2, R = 200
-3.0 -2.9 -2.8 -2.7 -2.6 ‘=245 -2.4 -2.3 -2.2 ~2.1
Y
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.1 0.00925 0.00948 0.00973 0.00997 0.01023 0.01049 0.01075 0.01100 0.01126 0.01150
0.2 0.01849 0.01895 " 0.01944 0.01993 0.02044 0.02096 0.02148 0.02200 0.02251 0.02300
0.3 0.02769 0.02835 0.02904 0.02974 0.03046 0.03120 0.03192 0.03266 0.03338 ‘0.03408
0.4 0.03653 ‘0.037u 4 0.03833 0.03926 0.04022 0.04120 0.0u4218 0.04317 0.0u416 0.0u508
0.5 0.04532 0.0u6H2 0.04756 0.04872 0.01994 0.05113 0.05221 0.05331 0.054137 0.05530
0.6 0.05402 0.05522 0.05643 0.05768 0.05898 0.06027 0.06159 0.06293 0.06421 0.06546
0.7 0.06205 0.06344 . 0.06485 0.06632 0.06782 0.06933 0.07090 0.07242 0.07361 0.07478
0.8 0.07000 0.07158 0.07318 0.07487 0.07645 0.07789 0.07935 0.08077 0.08220 | 0.08361
0.9 0.077187 0.07944y 0.08096 0.08253 0.08411 0.08576 0.08738 0.08904 0.09072 0.09188
1.0 0.08u486 0,08648 0.08819 0.08991 0.09169 0.09351 0.09526 0.09662 0,09789 0.09914
1.1 . 0.09160 0.09344 0.09531 0.09719 0.09890 0.10035 0.10187 0.10336 0. 10484 0.10635
1.2 0.09836 0.10032 0.10186 0.10345 0. 10505 0.10669 0.10836 0.11002 0.11138 0.11220
1.3 0,10437 0.10602 0.10767 0.10940 0.,11113 0.11295 0.11449 0.11560 0.11665 0.11768
1.4 0.10986 0.11160 0.11340 0.11523 0. 11699 0.11820 0.11943 0.12066 0.12186 0.12310
1.5 0.11527 0.11710 0.11899 0.12026 0.12160 0.12291 0.12429 0.12561 0. 12659 0.12689
1.6 0.12055 0.12193 0.12329 0.12470 0. 12610 0.12757 0.12901 0.12963 0.13012 0.13063
1.7 0. 12466 0.12611 0.12754 0.12904 © 0413054 0.13171 0.13237 0.13302 0. 13365 0.13426
1.8 0.12868 0.13018 0.13173 0.13328 0. 13413 0. 13486 0,13564 0.13636 0.13712 0.13676
1.9 0.,13265 0.13419 0.13547 0.13629 0.13713 0.13798 0.13880 0.1395 0. 13921 0.13893
2,0 0,13649 0.13743 0.13830 0,13922 .| 0.14009 0.14102 0.14155 0.14140 0. 14125 0.14100
2.1 0.131922 0.14017 0.14110 0.14200 0. 14304 0.14340 0.14338 0.14330 0. 14320 0.143C9
2.2 0.14187 0.14284 N.14386 0. 14484 0. 14510 0.14516 0.14516 0.14519 0. 14514 0.14389
2.1 O.1uhu7 0.t1u5u8 0.14650 0.14666 0. 14675 0. 14686 0.14695 0.14700 0. 14591 0, 140472
2,4 0.14700 0.14708 0.14805 0.1u4823 0. 1842 0.14854 0.14869 0.14771 0. 14665 0.14557
2.5 0. 14910 0. 14915 0.14960 0.14980 0.15001 0.15023 0.14932 0.1u840 0.14743 0.14638
2,6 0.15056 0.15082 0.15109 0.15137 0.15160 0.15081 0.15000 0.14910 0. 14818 0.14684
2.7 0.15197 0.15229 0.15258 0.15288 0.15219 0.15142 0.,15064 0.14984 0. 14876 0.14669
2.8 0,15337 0.15372 0.15407 0.15311 0. 15275 0.15206 0.15130 0.15052 0.14863 0.1466 1
2.9 0.,15477 0.15513 0.15u457 0.15398 0.15331 0.15266 0.15199 0.15017 0. 14849 0.1u656
3.0 0.15614 0.15563 0.15508 0.15452 0. 15394 0.15329 0.15198 0.15024 0. 14841 0.14652
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Table 4-14 (Continued)

-2.0 -1.9 -1.8 =1.7 -1.6 -1.5 -1.4 -1.3 -1.2 -1.1
Y
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.1 0.01172 0.01190 0.01203 0.01206 0.01197 0.01168 0.01107 0.00998 0.00818 0.00519
0.2 0.0234) 0.02375 0.02396 0.02401% 0.02380 0.02323 0.02210 0.02005 0.01667 0.01127
0.3 0.03469 0.03521 0.03557 0.0357 0403551 0.03u477 0.03312 0.03038 0.02576 0.01858
0.4 0.0u4591 0,0u4648 0.04686 0.04697 0.04666 0.04575 0.0u4396 0.04082 0.03558 0.02739
0.5 0.05629 | 0.05709 0.05770 0.05802 0. 05770 0.05654 0.05446 0.05106 0.0u4574 0.03735
0.6 0.06665 0.06743 0.06788 0.06801 0.06771 0.06680 0.06471 0.06109 0.05585 0.0u8cs8
0.7 0.07586 0.07675 0.07746 0.07789 0.07733 0.07613 0.07414 0.07097 0.06556 0.05829
0.8 0.0BuB88 0.08587 0.08626 0.08641 0.08611 0.08529 0.08288 0.07955 0.07507 0.06€805
0.9 0.09284 0.09371 0.09436 0.09474 0.09405 0.09278 0.09095 0.08784 0.08315 0.07735
1.0 0.100137 0.10142 0.10172 0.10158 0.10118 0.10028 0.09778 0.09467 0.09064 0.0847¢
1.1 0.10724 0.10771 0.10810 0.10820 0. 10754 0.10597 0.10407 0.10097 0.09652 0.09155
1.2 0.11300 0.11374 0.11428 0.11364 0.11278 0.11153 0.10914 0.10593 0.10222 0.09645
1.3 0.11870 0.11909 0.11885 0.11841 0.11778 0.11586 0.11336 0.11058 0.10599 0.10097
1.4 0.121324 0.12133 0.12324 0.12299 0.12137 0.11945 0.11743 0.11353 0.10938 0.10430
1.5 0.12722 0.12741 0.12722 0.12597 0. 12455 0.12306 0.11973 0.11632 0.11209 0.10658
1.6 0.13106 0.13085 0.129NM 0.12887 0.12773 0.12492 0.12201 0.11863 0. 11379 0.10863
1.7 0.13400 0.13332 0.13255 0.131M 0.12931 0.12678 0.12410 0.11978 0.11520 0.10991
1.8 0.13630 0.13574 0.13514 0.13306 0. 13087 0.12856 0.12492 0.12081 0. 11647 0.11054
1.9 0.13853 0.13814 0.13631 0.13440 0. 13238 0.12936 0.12565 0.12172 0. 11669 0.11095
2.0 0.14078 0.13915 0.13748 |. 0.13570 0. 13324 0.12984 0.12626 0.12209 0.11676 0.11134
2.1 0.14165 0.14020 0.13861 0.13665 0. 13353 0.13025 0.12688 0.12190 0.11683 0.11138
- 2.2 0.14260 0.14118 0.13968 0.13678 0.13378 0.13073 0.12649 0.12175 0. 11692 0.11086
2.3 0. 14349 0.14223 0.13969 0,13693 0. 13409 0.13060 0.12617 0.12161 0.11652 0.11039
2.4 0. 1444 0.14230 0.13977 0.13710 0.13431 0.13016 0.12585 0.12145 0. 11588 0.106%4
2.5 0.14468 0.14231 0.13982 0.13729 0. 13376 0.12969 0.12556 0.12089 0.11522 0.10948
2.6 0. 14459 0.14230 0.13996 0.13701 0.13320 0.12932 0.1250 0.12008 0. 11463 0.10910
2.7 0.14458 0.14234 0.14000 0.13643 0.13274 0. 12894 0.12455 0.11938 0.11408 0.10848
2.8 0.14453 0.14241 0.13937 0.13586 0.13228 0. 12864 0.12373 0.11867 0. 11355 0.10770
2.9 -0.1u456 0. 14205 0.13875 0.13538 0. 13189 0. 12775 0.12295 0.11807 0.11307 0.10693
3.0 0.14454 0.14143 0.13819 0.13489 0. 13149 -0.12693 0.12224 0.11747 0.11219 0.10624
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Table 4-14 (Continued)

~1.0 -0.9 ~-0.8 =-0.7 -0.6 ~0.5 -0.4 -0.3 ~0.2 -0.1

Y

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.1 0.00029 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.2 0.00227 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
.0.3 0.00719 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.4 0.01505 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.5 0.02532 0.00734 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.6 0.03652 0.02097 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.7 0.0u818 0.03479 0.01779 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.8 0.05930 0.04775 0.03393 0.01758 0.0 0.0 0.0 0.0 0.0 0.0

0.9 0.06904 0.05943 0.04739 0.03415 0.02029 0.00699 0.0 0.0 0.0 0.0

1.0 0.07793 0.06873 0.05862 0.04718 0.03533 0.02412 0.01410 0.00662 0.00207 0.00027
1.1 0.08450 0.07684 0.06721 0.05712 0.0u4666 0.03587 0.02602 0.01748 0.01055 0.00499
1.2 0.09018 0.08264 0.07425 0.06448 0.05457 0.04438 0.03u436 0.02488 0.016 31 0.00853
1.3 0.09454 0.08749 0.07901 0.07020 0.06025 0.05023 0.04016 0.03016 0.02050 0.01131
1.4 0.09793 0.09097 0.08278 0.07395 0.06450 0.05u442 0.04420 0.03388 0.02365 0.01361
1.5 0.10085 0.09334 0.08578 0.07669 0.06744 0.05745 0.04708 0.03669 0.02603 0.01556
1.6 0.10234 0.09526 0.08741 0.07875 0. 06937 0.05968 0.04920 0.03872 0.02796 0.01726
1.7 0.1034y 0.09672 0.08859 0.08026 0.07076 0.06118 0.0507¢8 0.04029 0.02956 0.01€79
1.8 0.10436 0.09724 0.08941 0.08093 0,07178 0.06214 0.05198 0.04154 0.03093 0.02019
1.9 0.10493 0.09755 0.09003 0.08137 0.07253 0.06282 0.05293 0.04257 0.03213 0.0215¢C
2.0 0.10484 0.09769 0.09015 0.08165 0.07297 0.06332 0.05371 0.04344 0.03321 0.02273
2.1 0.10461 0.09779 0.09002 0.08175 0.07305 0.06371 0.05424 0.0uu2y 0.03u418 0.02389
2.2 0.10439 0.09771 0.08978 0.08178 0.07308 0.06402 0.05467 0.04u488 0.03506 0.02500
2.3 0.10418 0.09716 0.08951 0.08180 0.07307 0.06425 0.05501 0.0454u8 0.03589 0.02608
2.4 0.10390 0.09665 0.08927 0.08152 0.07299 0.06443 0.05533 0.04606 0.03669 0.02712
2.5 0.10325 0.09618 0.08898 0.08117 0,07292 0.06462 0.05564 0.04663 0.03747 0.02814
2.6 0.10256 0.09567 0.08872 0.08088 0.07287 0.06469 0.05592 0.04715 0.03820 0.02912
2.7 0.10189 0.09524 0.08833 0.08058 0.07278 0.06471 0.05620 0.04767 0.03893 0.03008
2.8 0.10130 0.09481 0.08781 0.08030 0.07274 0.06477 0.05649 0.0u4820 0.03965 0.03103
2.9 0.100M 0.09443 0.08737 0.08007 0.07271 0.06u482 0.05676 0.04870 0.04034 0.03195
3.0 0.10021 0.09400 0.086%4 0.07983 0.07268 0.06489 0.05706 0.0u4921 0.04104 0.03287
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Table 4-15

Fluid Velocities According to Davies and Peetz [7] at Rec = 10
Vx

-0.2/-0.4}-0.6{-0.8 |-1.0 |-1.2{({-1.4}-1.6 |-1.8 {-2.0 |-2.2 |-2.4 |-2.6 [-2.8 |-3.0
0 . . . . . . 0.12]10.24 |10.35 [0.46 |0.54 j0.61 |0.66 |10.695|0.725]10.75
0.2 . . . . 0. 0.01510.13|0.26 |0.38 {0.48 |0.56 {0.63 |0.675{0.71 {0.74 10.76
0.4 . . . . 0 0.04 (0.20|/0.33 |0.44 |0.52 |0.59 |0.65 |0.69 [0.73 |0.755(0.78
0.6 . . . . 0 0.23 [0.35/0.43 {0.51 |0.57 {0.63 |0.68 [0.72 [0.75 |0.775]0.795
0.8 . . . 0 0.30 {0.43 |0.50{0.55 |0.60 {0.64 j0.68 [0.71 |0.74 |0.77 [0.79 |0.8]
1.0 0 0.01(0.05(0.45[0.55 {0.60 [(0.64(0.67 [0.69 }|0.71 {0.73 |0.75 [0.775]0.80 |0.82 [(0.835
1.2 0.4010.47|0.6010.72{0.76 {0.77 |0.78|/0.78 [0.78 |0.785|0.79 [0.80 ]0.82 |0.845{0.865{0.88
1.4 0.71/0.80/0.86/0.9110.92 {0.915/0.90(0.88 |[0.86 [0.85 [0.845(0.85 |0.87 |0.89 [0.91 |0.92
1.6 0.95/1.04|1.05(1.04]1.02 [1.00 {0.98{0.955/05.93 [0.90 {0.89 |0.90 (0.92 {0.935/0.95 {0.96
1.8 1.10[1.18)1.17{1.12{1.06 |1.03 |1.00/0.97 |0.95 [0.925{0.915|0.925{0.915{0.96 |0.975/0.99
2.0 {1.17{1.25(1.21}1.13{1.07 [1.00 . . . . . . . . . .

Yy

0 . . . 0 0 0 0 0 0 0 0 0 0 0
0.2 . . . 0.11 {0.14(0.14 |0.125{0.095{0.075(0.06 [0.05-10.04 ]0.035]0.030
0.4 . . . 0.22 [0.26|/0.26 | 0.23 {0.18 {0.14 |0.12 {0.10 {0.08 {0.065}0.055
0.6 . . . 0 0.33 10.37/0.36 |0.32 {0.25 {0.20 |0.165/|0.14 }0.115/0.095(0.08
0.8 . . . 0 0.28 |0.41 {0.46{0.43 | 0.38 {0.30 |0.25 [0.205{0.17 (0.14 |10.115{0.095
1.0 0 0.01/0.13/0.27{0.40 [0.475/0.51]0.47 |0.41 {0.33 {0.275|0.22 |0.19 [0.16 {0.13 [0.105
1.2 0.06/0.1210.2810.39/0.465(0.51 0.52{0.485[0.42 [0.345|/0.28 [0.23 |0.19 . . .
1.4 0.12/0.21(0.35(0.45/0.49 |[0.51 [0.51]0.47 {0.471 {0.34 |0.28 }0.23 . .
1.6 0.18]/0.28(0.38[{0.46[/0.495/0.50 |0.49(0.44 |0.39 |0.33 |0.28 |0.23
1.8 0.23/0.3210.39{0.44{0.47 |0.48 |0.46/0.41 | 0.37 |0.315/0.265|0.23
2.0 . . . . . . . . . i . .
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Table 4-16

Fluid Velocity, v as Interpolated from the Numerical

x’
Flowfield at Rec = 10, R, = 100
-3.0 -2.9 -2.8 -2,7 ~2.6 -2.5 -2.4 -2.3 -2.2 -2.1

[

WRNNAONNIONMODMONN = e ad ok os 0 acd OO0 O OOOCOOO
COWONOVMEWNSAOLRIdONEWN=2OORJdOANEWN O

0.67960 0.6645u 0.64832 0.63092 0.61184 0.59068 0.56762 0.54238 0.51461 0.48397
0.67931 0.66430 0.64819 0.63090 0.61192 0.59092 0.56805 0.54304 0.51554 0.48522
0.67952 0.66458 0.64865 0.63158 0.61272 0.59200 0.56947 0.5u484 0.51781% 0.4€8C2
0.68025 0.66589 0.650631 0.63434 0.61616 0.59644 0.57507 0.55179 0.52630 0.49823
0.68u63 0.67077 0.65608 0.6u4027 0.62270 0.60381 0.58338 0.56117 0.53666 0.50871
0.68938 0.67607 0.66202 0.64660 0.62982 0.61191 0.59312 0.57252 0.54998 0.52557
0.69452 0.68220 0.66924 0.65479 0.63950 0.62322 0.60553 0.58617 0.56535 0.54289
0.70163 0.69010 0.67764 0.66417 0.64997 0.63479 0.61808 0.60034 0.58225 0.56294
0.70898 0.69826 0.68629 0.67382 0.66100 0.6u4723 0.63276 0.61756 0.60151 0.5E396
0.71652 0.70654 0.69603 0.68523 0.67353 0.66115 0.64828 0.63470 0.61998 0.60540
0.72554 0.71622 0.70674 | 0.69679 0.68608 0.67510 0.6€370 |. 0.65220 0.64046 0.62847
0.73u34 0.72593 0.71747 0.70811 0.69901 0.69001 0.68034 0.67063 0.66088 0.65044
0.74315 0.73565 0.72824 0.72062 0.71306 0.70484 0.69671 0.68860 0.68039 0.67296
0.75263 0.74640 0.73973 0.73324 0.726230 0.71940 0.71286 0.70653 0.70060 0.69501
0.76252 0.75673 0.75104 0.74521 0.73940 0.73443 0.72916 0.72436 0.71979 0.71537
0.77197 0.76690 0.76203 0.75743 0.75327 0.74888 0.74493 0.74121 0.73804 0.73608
0.78111 0.77735 0.77342 0.76982 0.76621 0.76288 0.75985 0.75766 0.75632 0.755C9
0.79093 0.78769 0.784%50 0.78155 0.77866 0.77648 0.77475 0.77380 0.77297 0.77305
0.80052 0.79763 0.79522 0.79267 0.79121 0.78976 0.78905 0.78853 0.78880 0.79¢CCS
0.80946 0.80729 0.80539 0.80414 0.80305 0.80249 0.80220 0.80263 0.80399 0.80613
0.81815 0.81685 0.81570 0.81u492 0.81442 0.81432 0.81485 0.81622 0.81821 0.£2088
0.82715 0.82613 0.82560 0.82510 0.82517 0.82572 0.82708 0.82888 0.83136 0.83u448
0.83560 0.83507 0.83475 0.83u487 0.83548 0.83682 0.83840 - 0.84072 0.84349 0.E4740
0.84367 0.84353 0.84355 0.84431 0.84549 0.84698 0.84914 0.85158 0.85515 0.85925
0.85146 0.85155 0.8%52136 0.85313 0.85478 0.85664 0.85890 0.86217 0.86580 0.€7021
0.85890 0.85959 0.86052 0.86192 0.86350 0.86560 0.86847 0.87178 0.87578 0.88020
0.86619 0.86715 0.86832 0.86982 0.87178 0.87427 0.87731 0.88084 0.88482 0. €8954
0.87320 0.87424 0.87567 0.87734 0.87965 0. 88245 0.88553 0.88915 0.89334 0.89812
0.87975 0.88103 0.88252 0.88468 0.88713 0.88994 0.89325 0.89689 0.90123 0.906 14
0.88594 0.88738 0.88931 0.89150 0.89411 0.89703 0.90031 0.90423 0.90859 0.91340
0.89188 0.89359 0.89565 0.89799 0.90060 0.90361 0.90710 0.91100 0.91537 0.92018
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Table 4-16 (Continued)

-2.0 -1.9 -1.8 -1.7 | -1.6 1.5 . 1.4 -1.3 -1.2 -1.1

"

4 8 & & & 4 5 o 0 8 & & 8 8 6 0 & 8 s s &

WRNNNNOUONNONNONMON o wm oo aeam a e 0000000000

OWVWONONEWNSDOVOYOAVNEWN=SOORIOANEWN 2O

0.45008 0.41262 0.37131 0.32603 0.27686 0.22422 0.16881 0.11293 0.06071 0.01868
0.45172 0.41470 0.37392 0.32923 0.28073 0.22880 0.17412 0.11876 0.06640 0.02281
0.45516 0.41984 0.38078 0.33805 0.29172 0.24210 0.18980 0.13612 0.08373 0.03746
0.46724 0.43330 0.39616 0.35517 0.31102 0.26352 0.21473 0.16396 0.11272 "0.06332
0.48036 0.44918 0.41523 0.37837 0.33851 0.29520 0.24913 0.20108 0.15248 0.10160
0.49908 0.47027 0.43897 0.40502 0.36915 0.33160 0.29133 0.24797 0.20186 0.15326
0.51861 0.49330 0.46630 0.43721 0.40592 0.37232 0.33726 0.30064 0.26036 0.21491
0.54229 0.51984 0.49588 0.47030 0.44458 0.41741 0.38820 0.35645 0.32286 0.28435
0.56540 0.54616 0.52682 0.50645 0.48494 0.46215 0.43944 0.41489 0.38764 0.35690
0.59057 0.57516 0.55913 0.54219 0.52576 0.50892 0.49123 0.47273 0.45269 0.u429%49
0.61599 0.60287 0.59042 0.57822 0.56588 0.55332 0.54141 0.52877 0.51480 0.49831
0.64058 0.63132 0.62228 0.61315 0.60449 0.59663 0.58888 0.58108 0.57269 0.56302
0.66588 0.65872 0.65179 0.64640 0.64170 0.63751 0.63355 0.62999 0.62642 0.62121
0.689132 0.68468 0.68133 0.67825 0.67586 0.67489 0.67490 0.67503 0.67462 0.67425
0.71248 0.71013 0.70830 0.70754 0.70837 0.70962 0.71201 0.71526 0.71839 0.72084
0.734138 0.73150 0.73391 0.73516 0.73766 0.74151 0.74570 0.75108 0.75719 0.76183
0.75482 0.75561 0.757u8 0.76067 0.76450 0.76975 0.77631 0.78319 0.79057 0.79820
0.77413 0.77627 0.77949 0.78344 0.78915 0.79549 0.80322 0.81139 0.82015 0.€E2941
0.79230 0.79%35 0.79928 0.80u477. 0.81102 0.81884 0.82690 0.83643 0.84629 0.85593
0.80900 0.81274 0.81782 0.82383 0.83102 0.83904 0.8u824 0.85817 0.86850 0.£7€89
0.824133 0.82901 0.83462 0.8u4118 0.84880 0.85736 0.86702 0.87720 0.88796 0.89900
0.83876 0.84388 0.84985 0.85686 0.86475 0.87382 0.88354 0.89394 0.90473 0.91618
0.85201 0.85740 0.86373 0.87093 0.87927 0.88820 0.89803 0.90837 0.91955 0.93071
0.86413 0.86978 0.87629 0.88384 0.89197 0.90109 0.91075 0.92117 0.93229 0.94292
0.87522 ' 0.88108 0.88785 0.89522 0.90355 0.91242 0.92203 0.93257 0.94288 0.95370
0.88546 0.89149 0.89815 0.90567 0.91374 0.92255 0.93219 0.94209 0.95229 0.96319
0.89489 0.90090 -{ 0.90767 0.91493 0.92295 0.93170 0.94095 0.95051 0.96067 0.97113
0.90355 0.90956 0.91612 0.92340 0.93126 0.93970 0.9u4868 0.95801 0.96774 0.97789
0.91146 0.91739 0.92397 0.93101 0.93868 0.94698 0.95549 0.96450 0.97406 0.98367
0.91875 0.92460 0.93098 0.93794 0.94542 0.95328 0.9€156 .0.97036 0.97955 0.9€E€50
0.92539 0.93119 0.93749 0.94419 0.95142 0.95901 0.96703 - 0.97545 0.98411 0.99284
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Table 4-16 (Continued)

WK NRNNMNEKNNONNAONN = 0O e omew am— e =2 .au00000C0000 -
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-1.0 -0.9 -0.8 0.7 -0.6 . =0.5 -0.4 -0.3 -0.2 0.1
0.00000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.00071 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.00497 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.018136 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.04872 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.09738 0.02823 0.0 0.0° 0.0 0.0 0.0 0.0 0.0 0.0
0.16235 .] 0.09380 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.23624 0.17747 0.09545 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.31927 0.26941 0.20381 0.11502 0.0 0.0 0.0 0.0 0.0 0.0
0.40011 0.36279 0.31204 0.24631 0.16356 | 0.06503 0.0 0.0 0.0 0.0
0.47822 0.45053 0.41502 0.36799 0.30852 0.23926 0.16586 0.09811 0.04243 0.00997

0.54940 0.53227 0.50608 0.47285 0.43145 0.38202 0.32897 0.27587 0.23019 0.19554
0.61487 0.60123 0.58773 0.56400 0.53564 0.50097 0.45984 0.41833 0.37939 0.34412
0.67194 0.66702 0.65669 0.6u4386 0.62276 0.59707 0.56859 0.53413 0.49985 0.46788
0.72256 0.72196 0.71727 0.70978 0.69654 0.67830 0.65568 0.63005 0.60108 0.57168
0.76720 0.76903 0.76982 0.76558 0.75795 0.74561 0.72858 0.70929 | 0.68439 0.65927
0.80439 0.81015 0.81248 0.81316 0.80866 0.80204 0.78983 0.77447 0.75447 0.73259
0.83701 0.84544 0.84921 0.85352 0.85153 0.8u838 0.83996 0.82892 0.81362 0.79494
0.86544 0.87418 0.88065 0.88581 0.88760 0.88624 0.882013 0.87420 0.86325 0. E4761
0.88966 0.89863 0.90743 0.91325 0.91779 0.91788 0.91717 0.91148 0.90461 0.89178.
0.90978 0.91965 0.92909 ~0.913650 0.94261 0.94424 0.94637 0.94250 0.93883 0.92€57
0.92687 0.93769 0.94711 0.95557 0.96213 0.96612 0.96945 0.96822 0.966u9 0.95899
0.94151 0.95284 0.96247 0.97156 0.97842 0.98425 0.98838 0.98910 0.98888 0.98399
0.95423 0.96516 0.37492 0.98496 0.99202 0.99922 1.00368 1.00596 1.00709 1.00443

0.96525 0.97532 0.918553 0.995136 1.003135 1.01124 1.01582 1.01966 1.02187 1.02108
0.97387 0.98400 0.99455 1.00406 1.01235 1. 02070 1.02571 1.03075 1.03382 1.03460
0.98124 0.99151 1.00218 1.01089 1.01956 1.02789 1.031375 1.03970 1. 04345 1.04552
0.98773 0.99783 1.00778 1.01658 1. 02556 1.03371 1.04026 1.0U677 1.05082 1.05377
0.991315 1.00299 1.01245 1.02139 1.03050 1.03821 1.04495 1.05177 1.05623 1.05599
0.93782 . 1.00749 1.01647 1.02518 1.03406 1. 04154 1.04862 1.05575 1.06050 1.06489

1.00193 1.01108 1.01955 1.02819 1. 03700 1.08427 1.05154 1.05885 1.06381 1.06860
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Table 4-17

Fluid Velocity, vy, as Interpolated from the Numerical

Flowfield at Re . = 10, R, = 100
-3.0 -2.9 -2.8 -2.7 -2.6 -2.5 -2.4 -2.3 -2.2 -2.1

Y

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 0.0

0.1 0.01426 | 0.01546 | 0.01679 | 0.01827 | 0.01995 | 0.02185 | 0.02397 | 0.02636 | 0.02904 | 0.03202
0.2 0.02842 | 0.03080 [ 0.03335 | 0.03639 0.03973 | 0.04349 | 0.04770 | 0.05243 | 0.05774 | 0.06367
0.3 0.04239 | 0.04589 | 0.04976 | 0.05407 | 0.05897 | 0.06446 | 0.07060 | 0.07748 | 0.08513 | 0.09379
0.4 0.05580 |- 0.06037 | 0.06542 | 0.07106 | 0.07747 | 0.08461 | 0.09261 0.10156 | 0.11162 | 0.12281
0.5 0.06887 | 0.07484 | 0.08059 | 0.08753 0.09533 | 0.10399 | 0.113489 | 0.12415 | 0.13605 | 0.14920
0.6 0.08148 0.08786 0.09490 0.10288 0.11173 0.12156 0.13258 0.174493 0. 15863 0.17380
0.7 0.09308 | 0.10025 | 0.10826 | 0.11722 0.12713 | 0.13817 | 0.15061 0.16437 | 0.17912 | 0.19537
0.8 0.10412 | 0.11199 | 0.12092 | 0.13073 0.14143 | 0.15330 | 0.16639 | 0.18084 | 0.19681 | 0.21449
0.9 0.11457 0.12304 0.132136 0.14255 0. 15397 0.16661 0.18053 0.19594 0.21307 0.23114
1.0 0.12371 | 0.13275 | 0.14257 | 0.15341 0.16551 | 0.17876 | 0.19333 | 0.20891 0.22590 | 0.24441
1.1 0.132313 0.14176 0.15196 0.16347 0.17572 0.18891 0.2035€ 0.2195S 0.23696 0.25615
1.2 0.14032 | 0.15002 | 0.16038 | 0.17171 0.18398 | 0.19772 | 0.21261 0.22884 | 0.2u633 | 0.26452
1.3 0.14716 | 0.15675 | 0.16741 | 0.17885 | 0.19159 | 0.20542 | 0.22018 | 0.23591 0.25278 | 0.27098
1.4 0.15301 0.16296 0.17366 0.18539 0.19810 0.21120 0.22572 0.24126 0.25811 0.27638
1.5 0.15842 0.16847 0.17919 0.19054 0.20258 0.21594 0.23020 0.24568" 0.26195 0.27848
1.6 0.16333 | 0.17283 | 0.18330 | 0.194u4 0.20663 | 0.21974 | 0.23389 | 0.2u831 0.26344 | 0.27992
1.7 0.16683 0.17619 0.18674 0.19763 0.20992 0.22242 0.23561 0.24942 0.26455 0.26039
1.8 0.16978 | 0.17945 | 0.18954 | 0.20073 0.21172 | 0.22385 | 0.23647 | 0.25028 | 0.26473 | 0.27905
1.9 0.17255 | 0.18193 | 0.19186 | 0.20199 0.21298 | 0.22456 | 0.23710 0.25015 | 0.26317 | 0.27678
2.0 0.17u81 | 0.18354 | 0.19297 | 0.20293 0.21361 | 0.22497 | 0.23673 | 0.2u859 0.26107 | 0.27422
2.1 0.17586 0.18460 0.19360 0.20353 0.21380 0.22447 0.23522 0.2u4669 0.25868 0.27131
2.2 0.17678 | 0.18519 | 0.19420 | 0.20359 0.21323 | 0.22296 | 0.23356 | 0.244u4 0.25607 | 0.26692
2.3 0.17739 | 0.18554 | 0.19432 | 0.20291 0.21190 | 0.2215% | 0.23139 | 0.24214 | 0.25205 | 0.26251
2.4 0.17761 | 0.18561 | 0.19336 [ 0.20179 0.21051 | 0.21967 | 0.22941 0.23841 0.24815 | 0.25797
2.5 0.17750 | o0.18476 | 0.19247 | 0.2003% | 0.20893 | 0.21774 | 0.22615 | 0.23501 0.24395 | 0.25353
2.6 0.17684 | o0.18381 [ 0.19123 | 0.19903 0.20699 | 0.21492 | 0.22295 | 0.23128 | 0.24006 | 0.24856
2.7 0.17589 | 0.1€281 | 0.18986 | 0.19739 0.20458 | 0.21185 | 0.21971 0.22769 0.23571 | 0.2u4339
2.8 0.17494 | 0.18152 | 0.18851 | 0.19501 0.20190 | 0.20907 | 0.21630 | 0.22403 | 0.23107 | 0.23806
2.9 0.17390 | 0.18022 | 0.18631 | 0.19272 0.19921 | 0.20603 | 0.21314 0.21969 0.22635 | 0.23321
3.0 0.17261 | 0.17835 | 0.18416 | 0.19021 | 0.19660 | 0.20306 .| 0.20929 . | 0.21556 |.0.22182 | 0.22816
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Table 4-17 (Continued)

0.26542

-2.0 -1.9 -1.8 -1.7 -1.6 -1.5 -1. 4 -1.3 1.2 -1. 1

¥

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.1 0.0351313 0.03893 0.04275 0.,0U667 0.05043 0.05362 0.05533 0.05427 0.04815 0.03331
0.2 0.07020 0.07723 0.08469 0.09231 0. 09961 0.10580 0.109u9 0.10769 0.09735 0.07027
0.3 0.10328 0.11360 0.124613 0.13594 0. 14686 0.15627 0.16174 0.16023 0. 14708 0.11358
0.4 0.13511 0.14813 0.16196 0.17621 0. 19016 0.20210 0.21024 0.21128 0. 19735 0.16330
0.5 0.16365 0.17934 0.19607 0.21342 0. 22995 0.24413 0.25431 0.25659 0.24704 0.21478
0.6 0.19048 0.20798 0.22637 0.24532 0.26401 0.28118 0.29355 0.29795 0.29100 0.26529
0.7 0.21717 0.23244 0.25295 0.27430 0.29395 0.31195 0.32659 0.33455 0.32916 0.31007
0.8 0.213179 0,25427 - 0.27506 0.29653 0.31801 0.33844 0.35289 0.36192 0.36312 0.34792
0.9 0.250u8 0.27128 0.29342 0.31645 €. 33759 0.35718 0.37437 0.38528 0.38702 0.37978
1.0 0.26457 0.28628 0.30799 0,.32984 0.35182 0.37320 0.38902 0.40095 0.406Uu6 0.39973
1.1 0.27606 0.29668 0.31845 0.34106 - 0.36259 0.38175 0.39914 0.41175 0.41683 0.41597
1.2 0.28404 0.30496 0.32704 0.34767 0.36834 0.38861 0.u0480 0.41671 0.42499 0.42268
1.3 0.29070 0.31080 0.3308) 0.135151 0.37239 0.39020 0.40628 0.42003 0.42551 ‘0.42691
1.4 0.29419 0.31341 0.31332 0.1315374 0.37190 0.38943 0.40602 0.41689 0.42u57 0.u2611
1.5 0.29629 0.31499 0.31395 0.35189 0.36983 0.38766 0.40088 0.41209 0.42073 D, 42196
1.6 0.29720 0.31861 0.331176 0.134925 0.36700 0.38149 0.39521 0.40685 0.41317 0.41670
1.7 0.29623 0.31227 0.32886 0.34598 0.36070 0.37506 -0.38876 0.39799 0.40512 0.40885
1.8 0.291387 0.309138 0.32548 0.33981 0.35416 0.36827 0.37944 0.38890 0.39664 0.39897
1.9 0.29111 0.30606 0.31970 0.31353 0. 347139 0.35956 0.37004 0.37956 0.38561 0.38878
2,0 0.287917 0.3€075 0.31379 ,0.32709 0.33950 0.35035 0.3€064 0.36915 0.37465 0.,37€E61
2,1 0.24114 0.29510 0.30783 0.320013 0.13083 0.34124 0.35128 0.35807 0.36340 0.36774
2.2 0.27820 0.28985 0.30161 0.31205 0.32221 0.33240" 0.34051 0.34728 0.35324 0.35611
2.1 0.27324 0.28427 0.29434 0.30405 0.31400 0.32289 0.33015% 0.33687 0.348215 0.34471
2.4 0.26821 0.27786 0.28704 0.29654 0.30576 0.31317 0.32023 0.32674 0.33087 0.133377
2.5 0.26261 0.27129 0.28021 0.28898 0.21680 0.30389 0.31056 0.31628 0.32010 0.32320
2.6 0.25676 0.26505 0.27324 0.28130 0.208821 0.29484 0.30143 0.30596 0.30972 0.313CC
2.7 0.2%1013 0.25881 0.26677 0.27336 0.27991 0.28639 0.29186 0.29605 0.29990 0.30285
2.8 0.24550 0.25291 0.25943 0.26586 0.27209 0.27807 0.28261 0.28675 0.29044 0.29266
2.9 0.24002 0.24664 0.2527 0.25460 0.26441 0.26963 0.27387 0.27774 0.28137 0.28310
3.0 0.23479 0.2u404u 0.24595 0.25169 0.2%724 0.26143 0.26929 0,27z22 0.27392
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Table 4-17 (Continued)

e 6 & & ® 0 8 B 5 e 3 B 6 &6 6 & B % &6 5 8 6 8 6 e+ s s s v 0
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-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 ~0.1
Y

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.00196 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.01499 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.04710 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.009441 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.15295 0.0u4642 0.0 0.0 0.0 0.0 © 0.0 0.0 0.0 0.0
0.21368 0.12666 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.27010 0.20072 0.10373 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0
0.31764 0.261366 0.19041. 0.09819 0.0 0.0 0.0 0.0 0.0 0.0
0.35u22 0.31502 0.25618 0.18550 0.10867 | 0.036847 0.0 0.0 0.0 0.0
0.381384 0.35081 0.30663 0.24983 0. 18620 0.12343 0.06959 0.03107 0.00936 0.00125
0.40118 0.37849 0.34031 0.29383 0.24050 0.18477 0.13247 0.08756 0.05277 0.02746

0.41456 0.39380 0.36496 0.32466 0. 27941 0.22979 0.17951 0.13319 0.09272 0.05882

0.41964 0.40434 0.37881 0.34713 0.30649 0.26208 0.21622 0.17051 0.12823 0.09C74
0.4208 0.40883 0.38767 0.36041 0.32566 0.28629 0.24395 0.20115 0. 15978 0.12119
0.41996 0.40853 0.39255 0.36802 0.33835 0.30352 0.2654u 0.22590 ° 0. 18642 0.1u4¢€88
0.41376. 0.40612 0.39155 0.37181 0. 34564 0.31568 0.28178 0.24570 0.20882 0.17307

0.40657 0.40160 0.38839 0.37262 0.34939 0.32341 0.29318 0.26111 0.22733 0.19385
0.39866 0.39366 0.381359 0.36954 0.35035 0.32733 0.30110 0.27256 0.24215 0.21120
0.38956 0.38480 0.37756 0.36486 0.34907 0.32861 0.30609 0.280u8 0.25358 0.22522
0.37874 0.37554 0.36949 0.35900 0.31579 0.32776 0.30860 0.28565 0.26194 0.23612
0.36776 0.36604 0.36042 0.35192 0.34032 0.32524 0.30853 0.28849 0.26746 0.24422
0.35647 0.35606 0.35107 0.34u624 0.33394 0.32140 0.30672 0.28919 0.27059 0.24985
0.34623 0.34518 0.34130 0.33616 0.32692 0.31654 0.30344 0.28817 0.27177 0.25337
0.33582 0.33434 0.33160 0.32705 0.31946 0.31076 0.29896 0.28586 0.27139 0.25512
0.32072 0.32382 0.32202 0.31783 0.31150 0.30425 0.29375 0.28254 0.26976 0.25549
0.31396 0.31364 0.31256 0.30850 0.30333 0.29701 0.28802 0.27843 0.26712 0.25449
0.30363 0.30375 0.30277 0.29933 0.29518 0.28955 0.28190 0.27367 0.261353 0.252135
0.29374 0.29420 0.29310 0.290139 0.28706 0.28191 0.27530 0.26819 0.25916 0.24933
0.28430 0.28498 0.28376 0.28161 0.27890 0.27421 0.26856 0.26248 0.25441 0.24577
0.27518 0.27595 0.27478 0.27310 0.27092 0.26662 0.26181 0.25659 0.24936 0.24173
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Table 4-18

Convergence Criteria for Rec 0.2, R =
n Mn v Mn Ch Mn Es sn ¥ ’sn %h Qn v Qn Ch Qn bs
x 10° x 10" x 10°? x 10° x 10°% x 10°

100 .3662109 0.6133318 0.1939535 32424, 223.3393 7.150173 935801 .1898850
200 .2593994 0.6181002 0.3061295| . 32391. 222.8590 3.972983 583687 .2537882
300 .1831055 0.7987022 0.2726912 32377. 222.8292 1.595299 997266 .2987888
400 .1678467 0.7551908 0.3543496 32378. 223.1770 1.291838 018430 .2217368
500 .2136230 0.6848574 0.2304316 32386. 223.6526 2.006573 606286 .2223956
600 .1525879 0.4804134 0.2557039 32397, 224.0821 2.104382 627323 .2312208
700 .1678467 0.7200241 0.2989173 32408. 224,3869 1.786049 861549 .2352977
800 .1373291 0.4565716 0.2302527 32415. 224,5573 1.231336 225793 .2362006
900 .16723467 0.5465746 0.2422333 32420, 224.6109 0.7276921 .025761 .2059342
1000 . 1525879 0.4553795 0.2218485 32421, 224.5710 0.4844510 .9798929 .2050424
1100 .1831055 0.4017353 0.2691746 32421, 224.4960 0.4265002 .8423536 .2810527
1200 L127329 0.6759167 0.2540946 32419. 224.4247 0.5417496 .7821969 .2007642
1300 .2288818 0.5650520 0.2390742 32417. 224,3533 0.5757742. .6369250 .2144844
1400 .1220703 0.9381771 0.2876520 32416, 224.3000 0.4796247 .6948230 .2852161
1500 .15253879 0.4756451 0.1652241 32414, 224.2751 0.4365410 .3656165 .1687109
1600 .1678467 0.3957748 0.2100468 32414, 224.,2698 0.3567274 .3559429 .1580623
1700 .1220703 0.3451109 0.1873374 32413, 224.2748 0.3003355 .3094173 .1306260
1800 .1220703 0.3689528 0.2254248 32413, 224.2839 0.3126982 .2457092 .1201635
1900 .1220703 0.437498) 0.2340674 32414, 224.2961 0.2898445 .3256616 .1373836
2000 .1373291 0.3033876 0.2139807 32414, 224.,3054 0.3109455 .2737409 .1552640
2100 .1525279 0.3212690 0.1379251 32414, 224.,3123 0.3120705 .2546480 J1173576
2200 .1678467 0.5418062 0.3687143 32414, 224.3187 0.3070587 .2364612 .1578440
2300 .15256879 0.3743172 0.2601147 32414, 224.3233 0.3418558 .2197179 .1453026
2400 .1525879 0.4512072 0.3088713 32414, 224,3243 0.3265565 . .2537884 .1826439
2500 .1678467 0.1829863 0.1275539 32414, 224.3243 0.3420255 .1811919 .1084353
2600 .2441406 0.4172325 0.1881719 32414, 224.3252 0.3508134 .2339178 .1409571
2700 .1678467 0.3790855 0.1763701 32414, 224.3252 0.3017497 .2079946 .1376554
2600 .1220703 0.3379583 0.1655817 32414, 224,3256 0.2806894 .2379599 .1353326
2900 .1525879 0.3951788 0.1761913 32414, 224.3258 0.3272932 .2240903 .1456900
30C0 .1220703 0.4819095 0.1909733 32414. 224.3264 0.3035752 .2377925 .1246146
3100 .1678467 0.2974272 0.1407266 32414, 224.3267 0.2820640 .2298317 .1340814
3200 .1373291) 0.3820658 0.2023578 32435, 224.3258 0.3344360 .2571139 .1714804
3300 .1373291 0.4303455 0.2081394 32414, 224.3265 0.3218735 .2336772 .1622145
3400 .1220703 0.2563000 0.0621842 32415. 224.3264 0.3179489 .1556114 .1018527
3500 .1678467 0.3182888 0.2275109 32414. 224,3267 0.3451950 .2527984 .1557258
3600 .1373291 0.2658367 0.2171397 32415, 224.3264 0.3050212 .2068497 .1332243
3700 .1220703 0.3492832 0.1794696 32415. 224.3278 0.2826210 .2582765 .1598873
3800 . 1373291 0.5745888 0.2851486 32415. 224.3272 0.2844763 .2651960 .1727926
3900 .1220703 0.3701448 0.1338720 32415. 224.3277 0.3015327 .1805770 .1025956
4000 .1525879 0.3558397 0.1871162 32415.01 224,3274 0.2884764 .2658353 1645718
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Table 4-18 (Continued)

inﬂﬂ CS

n 0n'°" v | Q' ap Po Py Cps CoF Cos/CpF Cp TOTAL

x 10" x 102 x 10!
100 | 7.732573 | 8.026108 | 0.2888260 | 12.42114 | -10.88319 | 18.34061 | 18.29985 | 1.002227 | 36.64046
200 | 5.615565 | 3.867237 | 0.2382388| 12.39877 | -10.97000 | 18.34688 | 18.34366 | 1.000175 | 36.69054
300 | 2.604036 | 3.789320 | 0.2537769| 12.39844 | -11.40244 | 18.45369 | 18.69798 | 0.986935 | 37.15167
400 | 1.236813 | 4.133679 | 0.2434398 | 12.41647 | -11.62570 | 18.56787 | 18.89192 | 0.982847 | 37.45979
500 | 1.660638 | 3.906574 | 0.2416733| 12.44124 | -11.65694 | 18.64868 | 18.92371 | 0.985467 | 37.57239
600 | 2.105945 | 3.174808 | 0.2257891 | 12.46280 | -11.58049 | 18.69147 | 18.87633 | 0.990207 | 37.56779
700 | 1.971503 | 2.281506 | 0.2252967 | 12.47843 | -11.50123 | 18.70422 | 18.84224 | 0.992675 -| 37.54646
800 | 1.517206 | 1.473901 | 0.2051357 | 12.48667 | -11.35229 | 18.69496 | 18.72481 | 0.998406 | 37.41977
900 | 0.954553 | 1.068371 | 0.2130742 ] 12.48917 | -11.32813 | 18.67744 | 18.69952 | 0.998819 | 37.37697
1000 | 0.585362 | 1.039642 | 0.2374525| 12.48693 | -11.26943 | 18.65321 | 18.65115 | 1.000110 | 37.30437
1100 | 0.439911 | 0.952705 | 0.2241366 | 12.48299 | -11.24377 | 18.63721 | 18.63858 | 0.999926 | 37.27579
1200 | 0.478394 | 0.813143 | 0.2196897 | 12.47928 | -11.26189 | 18.62828 | 18.65472 | 0.998582 | 37.28300
1300 | 0.560640 | 0.740319 | 0.2192370 [ 12.47559 | -11.23158 | 18.61845 | 18.61946 | 0.999946 | 37.23792
1400 | 0.518971 | 0.666703, | 0.2393850 | 12.47287 | -11.26669 | 18.61732 | 18.65097 | 0.998196 | 37.26830
1500 | 0.453138 | 0.467445° | 0.1920039 | 12.47189 | -11.25685 | 18.61839 | 18.63422 | 0.999151 | 37.25261
1600 | 0.369607 | 0.334040 | 0.1485944 | 12.47161 " | -11.29150 | 18.62247 | 18.66212 | 0.997875 | 37.28459
1700 | 0.346567 | 0.313880 | 0.1505162 | 12.47176 | -11.29163 | 18.62576 | 18.66394 | 0.997954 | 37.28970
- 11goo | 0.314561 | 0.287733 | 0.1417457 | 12.47232 | -11.31389 | 18.62825 | 18.68796 | 0.996805 | 37.31621
11900 | 0.306497 | 0.303364 | 0.1504800 | 12.47293 | -11.30577 | 18.63020 | 18.67574 | 0.997562 | 37.30594
2000 | 0.312265 | 0.275238 | 0.1406657 | 12.47334 | -11.31006 | 18.63098 | 18.68289 | 0.997221 | 37.31387
2100 | 0.304181 | 0.251536. | 0.1355204 | 12.47371 | -11.29468 | 18.63121 | 18.66769 | 0.998046 | 37.29890
2200 | 0.307096 | 0.249181 | 0.1375719 | 12.47401 | -11.32909 | 18.63261 | 18.70255 | 0.996261 | 37.33516
2300 | 0.320471 | 0.246286 | 0.1380551 | 12.47426 | -11.30711 | 18.63203 | 18.67764 | 0.997558 | 37.30968
2400 | 0.320482 | 0.228877 | 0.1365416 | 12.47448 | -11.30654 | 18.63193 | 18.68332 | 0.997249 | 37.31525
2500 | 0.327679 | 0.240385 | 0.1480852 | 12.47449 | -11.30057 | 18.63191 | 18.67282 | 0.997809 | 37.30473
2600 | 0.338027 | 0.216020 | 0.1299474 | 12.47453 | -11.29313 | 18.63196 | 18.67061 | 0.997930 | 37.30257
2700 | 0.300572 | 0.230483 | 0.1411159 | 12.47433 | -11.30625 | 18.63205 | 18.67685 | 0.997601 | 37.30890
2000 | 0.296088 | 0.241187 | 0.1482385 | 12.47445 | -11.29723 | 18.63196 | 18.66417 | 0.998274 | 37.29613
2900 | 0.319610 | 0.244308 | 0.1489319 | 12.47443 | -11.29459 | 18.63181 | 18.66756 | 0.998085 | 37.29936
3000 | 0.307807 | 0.228157 | 0.1396955 | 12.47435 | -11.30437 | 18.63246 | 18.57850 | 0.997535 | 37.31096
3100 | 0.309469 | 0.234688 | 0.1438734 | 12.47436 | -11.28905 | 18.63184 | 18.66170 | 0.998400 | 37.29353
3200 | 0.317932 | 0.236364 | 0.1470463 | 12.47443 | -11.32988 | 18.63242 | 18.69502 | 0.996651 | 37.32744
3300 | 0.311789 | 0.225638 | 0.1368260 | 12.47446 | -11.29414 | 18.63173 | 18.66534 | 0.998199 | 37.29707
3400 | 0.325372 | 0.233173 | 0.1424393 | 12.47449 | -11.30502 | 18.63216 | 18.67316 | 0.997804 | 37.30531
3500 | 0.319297 | 0.218356 | 0.1339688 | 12.47436 | -11.29507 | 18.63202 | 18.66586 | 0.998187 | 37.29788
3600 | 0.315672 | 0.225532 | 0.1373813 |  12.47450 | -11.28871 | 18.63168 | 18.66212 | 0.998369 | 37.29381
3700 | 0.289290 | 0.230780 | 0.1404415 | 12.47423 | -11.30902 | 18.63237 | 18.67828 | 0.997542 | 37.31065
3800 | 0.296593 | 0.250369 | 0.1520862 | 12.47448 | -11.31734 | 18.63228 | 18.68742 | 0.997049 | 37.31970
3900 | 0.310010 | 0.229651 | 0.1417075 | 12.47447 | -11.30644 | 18.63219 | 18.67889 | 0.997499 | 37.31108
4000 | 0.314439 | 0.232862 | 0.1463900 | 12.47462 | -11.29218 | 18.63202 | 18.66928 | 0.998004 | 37.30130
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Table 4-19

Convergence Criteria for ReC = 0.2, R_ =
n Mn v Mn %y Mn bs Sn v Sn Sp Sn ts Qn v Qn p Qn Es
x 10° x 10° x 10 x 10" x 10° x 103
100 7.688999 1.696348 2.508163 1771.311 3282.504 80.56285 3.665644 6.043103 4.237801
200 12.39777 2.307892 3.385544 1770.941 3283.510 80.43411 5.622692 5.585801 6.273467
300 15.25879 2.794266 4.,053116 1770.505 3284.180 80.29771 7.066622 5.300507 8.070458
400 16.74891 3.175735 4.653931 1770.045 3284.537 80.16118 8.031356 5.103365 9.384096
500 17.58337 3.356934 4.796982 1769.548 3284.607 80.03004 8.614443 4.934125 10.94751
600 18.11981 3.356934 4.796982 1769.048 3284.444 79.90666 8.877232 4.754219 10.15857
700 18.11981 3.309250 4.,682541 1766.548 3284.094 79.79274 8.889337 4,544154 9.955030
800 17.28535 3.118515 4.,348755 1768.052 3283.589 79.68860 8.678266 4.298594 9.293891
900 17.28535 2.861023 3.881454 1767.577 . 3282.964 79.59460 8.315190 4.022188 8.588515
1000 16.21246 2.574921 3.576279 1767.125 | 3282.263 79.51059 7.895411 3.722415 7.799447
1100 15.25879 2.279282 3.261566 1766.689 3281.483 79.43639 7.375022 3.413866 6.850116
1200 14.54353 1.993179 2.737045 1766.302 3280.684 79.37161 6.776687 3.101599 5.963568
1300 13.35144 1.707077 2.241135 1765.932 3279.865 79.31569 6.145390 2.792990 .5.033828
1400 12.09974 1.468658 2.031326 1765.605 3279.049 79.26810 5.549570 2.495288 4.,293259
1500 10.72¢€84 1.220703 1.468658 1765.304 3278.238 79.22929 4.927446 2.210183 3.496339
16060 9.596348 1.039505 1.392365 1765.045 3277.465 79.19786 4.,344992 1.944807 2.957584
1700 8.583069 | 0.877380 1.125336 1764.809 3276.728 79.17294 3.785610 1.699361 2.220203
1800 7.450581 0.743866 0.848770 1764.611 3276.035 79.15366 3.262402° 1.473492 1.813659
1900 6.675720 0.619888 0.619888 1764.438 3275.395 79.13992 2.795525 1.268199 1.332181
2000 5.722046 0.524521 0.514984 1764.292 3274.800 79.13092 2.361546 1.083920 1.028249
2100 4.768372 0.438690 0.391007 1764:177 3274.260 79.12613 1.978497 0.918955 0.777392
2200 3.814697 0.371933 0.381470 1764.080 3273.783 79.12431 1.600771 0.774262 0.500194
2300 3.039837 0.314713 0.257492 1764.011 3273.358 79.12560 1.302906 0.645247 0.356382
2400 2.980232 0.267029 0.457764 1763.952 3272.982 79.12928 0.979475 0.537941 0.353353
2500 2.205372 0.219345 0.305176 1763.926 3272.671 79.13528 0.780561 0.449259 0.294953
2600 1.907349 0.190735 0.352860 1763.902 3272.401 79.14275 0.557911 0.376650 0.441258
2700 1.907349 0.162125 0.333786 1763.892 3272.180 79.15096 0.403196 0.322402 -0.,427356
2800 1.907349 0.143051 0.295639 1763.891 3271.99) 79.15974 0.2061 0.282809 0.433784
2900 0.953674 0.190735 . 0.314713 1763.909 3271.843 79.16890 0.085670 0.250734 0.387055
3000 0.952674 0.162125 0.333786 1763.922 3271.729 79.17813 0.057209 0.226068 0.412003
3100 0.953674 0.238419 0.333786 1763.932 3271.632 79.18567 0.071355 0.207723 0.412716
3200 0.834465 0.181198 0.305176 1763.947 3271.551 79.19330 0.093325 0.193708 0.405075
3300 0.953674 0.171661 0.314713 1763.961 3271.507 | 79.20090 0.1102M 0.178787 0.371105
3400 0.953674 0.152588 0.276566 1763.980 3271.478 79.20828 0.135777 0.169710 0.342841
3500 1.072884 0.162125 0.238419 1764.000 3271.460 79.21455 0.157709 0.155822 0.309255
3600 1.132488 0.114441 0.305176 1764.018 3271.458 79.22069 0.140339 0.141678 0.354224
3700 1.907348 0.123978 0.286102 1764.037 . 3271.467 79.22652 0.150980 0.132230 0.344342
3800 1.907349 0.143051 0.381470 1764.058 3271.474 79.23099 0.153984 0.119577 0.289707
3900 1.907349 0.104904 0.257492 1764.081 3271.499 79.23566 0.176497 0.112916 0.303380
4000 1.072884 0.114441 0.333786 1764.106 3271.521 79.23984 0.148587 0.102654 0.269666
4100 1.132488 0.095367 0.276566 1764.126 3271.557 79.24324 0.140848 0.092805 '| 0.276273
4200 0.953674 0.114409 0.219345 1764.147 3271.586 79.24649 0.116996 0.086500 0.230156
4300 0.953674 0.104904 0.276566 1764.162 3271.621 79.24994 0.102239 0.082807 0.227814
4400 0.953674 0.567572 0.190735 1764.175 3271.666 79.25195 0.073288 0.070994 0.185390
4500 0.953674 0.667572 0.247955 1764.187 3271.706 79.25290 0.068793 0.060974 0.115294
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Table 4-19 (Continued)

100 160 100
n Q" v Qg | 9T T Pa Py Cos Cor Cps/Cpr Cp toTaL
x 10" x 10°? x 10°

100 | 2.583549 | 6.444227 | 3.193853 | 39.85486 | -158.7242 | 124.3777 | 156.0578 | 0.7969976 | 280.4353
200 | 4.698345 | 5.792599 | 5.342774 | 40.06970 | -157.1782 | 124.1856 | 155.0768 | 0.8008001 | -279.2622
300 | 6.396144 | 5.432308 | 7.184137 | 40.23824 | -155.7266 | 123.9795 | 154.0817 | 0.8046347 | 278.0610
300 | 7.589322 | 5.136106 | 8.652471 | 40.36414 | -154.4993 | 123.7698 | 153.1913 | 0.8079424 | 276.9609
500 | 8.352662 | 5.016956 | 9.659093 | 40.45186 | -153.5629 | 123.5652 | 152.4798 | 0.8103712 | 276.0449
600 | 8.764211 | 4.845861 | 10.13161 | 40.50615 | -152.8267 | 123.3702 | 151.8947 | 0.8122089 | 275.2646
700 | 8.889313 | 4.651256 | 10.10136 | 40.53261 | -152.2967 | 123.1886 | 151.4564 | 0.8133605 | 274.6448
800 | 8.791771 | 4.422847 | 9.688854 | 40.53636 | -151.9308 | 123.0218 | 151.1395 | 0.8139619 | 274.1611
900 | 2.515895 | 4.160725 | 9.009130 | 40.52268 | -151.7114 | 122.8709 | 150.9311 | 0.8140863 | 273.8020
1000 | 8.114893 | 3.872286 | 8.165877 | 40.49586 | -151.5990 | 122.7357 | 150.8038 | 0.8138767 | 273.5393
1100 | 7.616449 | 3.567281 | 7.267587 | 40.45953 | -151.5893 -| 122.6162 | 150.7545 | 0.8133500 | 273.3706
1200 | 7.055230 | 3.255383 | 6.352384 | 40.41701 | -151.6490 | 122.5121 | 150.7645 | 0.8126054 | 273.2764
1300 | 6.460263 | 2.944244 | 5.469970 | 40.37074 | -151.7663 | 122.4220 | 150.8139 .| 0.8117424 | 273.2358
1400 | 5.844426 | 2.640916 | 4.644755 | 40.32275 | -151.9428 | 122.3456 | 150.9136 | 0.8106995 | 273.2590
1500 | 5.235441 | 2.350033 | 3.878897 | 40.27455 | -152.1974 | 122.2834 | 151.0839 | 0.8093740 | 273.3672
1600 | 4.632326 | 2.074864 | 3.198716 | 40.22731 | -152.4465 | 122.2330 | 151.2432 | 0.8081884 | 273.4761
1700 | 4.061419 | 1.819421 | 2.591989 | 40.18199 | -152.7222 | 122.1929 | 151.4261 | 0.8069476 | 273.6189
1800 | 3.524381 | 1.582745 | 2.053485 | 40.13930 | -152.9903 | 122.1621 | 151.6074 | 0.8057794 | 273.7693
1600 | 3.020708 | 1.367905 | 1.598944 | 40.09952 | -153.2954 | 122.1400 | 151.8227 | 0.8044911 | 273.9626
2000 | 2.566229 | 1.173433 | 1.207811 | 40.06300 | -153.5595 | 122.1255 | 152.0043 | 0.8034342 | 274.1296
2100 | 2.150231 | 0.998216 | 0.875003 | 40.02977 | -153.8629 | 122.1178 | 152.2230 | 0.8022295 | 274.3406
2200 | 1.768756 | 0.844695 | 0.613017 | 40.00000 | -154.1187 | 122.1146 | 152.4035 | 0.8012586 | 274.5181
2300 | 1.438465 | 0.708735 | 0.415187 | 39.97359 | -154.3553 | 122.1163 | 152.5716 | 0.8003870 | 274.6877
2400 | 1.139820 | 0.590515 | 0.297954 | 39.95039 | -154.5042 | 122.1220 | 152.7442 | 0.7995196 | 274.8660
2500 | 0.£80219 | 0.490525 | 0.282180 | 39.93025 | -154.8362 | 122.1313 | 152.9243 | 0.7986385 | 275.0554
2600 | 0.657482 | 0.411033 | 0.320917 | 39.91295 | -155.0470 | 122.1431 | 153.0802 | 0.7979029 | 275.2231
2700 | 0.464176 | 0.347852 | 0.353551 | 39.89830 | -155.2213 | 122.1558 | 153.2054 | 0.7973334 | 275.3611
2800 | 0.287206 | 0.300964 | 0.392682 | 39.88612 | -155.3615 | 122.1694 | 153.3089 | 0.7968841 | 275.4783
2900 | 0.140709 | 0.264753 | 0.420849 | 39.87617 | -155.5067 | 122.1835 | 153.4131 | 0.7964340 | 275.5964
3000 | 0.069986 | 0.238843 | 0.448121 | 39.86809 | -155.6129 | 122.1979 | 153.4876 | 0.7961414 | 275.6853
3100 | 0.068452 | 0.218061 | 0.456232 | 39.86177 | -155.6595 | 122.2090 | 153.5168 | 0.7960630 | 275.7256
3200 | 0.092637 | 0.201865 | 0.475389 | 39.85718 | -155.7427 | 122.2208 | 153.5824 | 0.7957994 | 275.8030
3300 | 0.103976 | 0.186498 | 0.436316 | 39.85368 | -155.8118 | 122.2324 | 153.6346 | 0.7956041 | 275.8669
3400 | 0.119918 | 0.174016 | 0.419280 | 39.85155 | -155.8751 | 122.2439 | 153.6873 | 0.7954066 | 275.9312
3500 | 0.132400 | 0.160776 | 0.378339 | 39.84978 | -155.8913 | 122.2534 | 153.6932 | 0.7954380 | 275.9465
3600 | 0.149762 | 0.147814 | 0.356970 | 39.84892 | -155.9336 | 122.2630 | 153.7300 | 0.7953101 | 275.9929
3700 | 0.139312 | 0.138158 | 0.337809 | 39.84851 | -155.9559 | 122.2720 | 153.7457 | 0.7952873 | 276.0176
3800 | 0.152425 | 0.126041 | 0.290798 | 39.84851 | -155.9583 | 122.2787 | 153.7460 | 0.7953297 | 276.0247
3900 | 0.161051 | 0.117114 | 0.294745 | 39.84872 | -155.9595 | 122.2860 | 153.7448 | 0.7953831 | 276.0308
4000 | 0.155760 | 0.107053 | 0.269724 | 39.84946 | -156.0029 | 122.2926 | 153.7840 | 0.7952229 | 276.0764
4100 | 0.140247 | 0.097784 | 0.243714 | 39.85031 | -155.9814 | 122.2976 | 153.7692 | 0.7953321 | 276.0667
4200 | 0.133075 | 0.091302 | 0.249651 | 39.85126 | -155.9710 | 122.3025 | 153.7591 | 0.7954160 | 276.0615
4300 | 0.113824 | 0.083672 | 0.227649 | 39.85213 | -156.0180 | 122.3079 | 153.8000 | 0.7952398 | 276.1077
4400 | 0.094787 | 0.076321 | 0.183333 | 39.85310 | -155.9713 | 122.3105 | 153.7562 | 0.7954832 | 276.0667
4500 | 0.075530 | 0.065425 | 0.120520 | 39.85422 | -155.9299 | 122.3115 | 153.7231 | 0.7956607 | 276.0344
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Table 4-20

Convergence Criteria for Rec =

0.5, R_ = 100
n My ¥ My % My s Sp ¥ S % Sn s Q, ¥ Q % Q, &
x 10° x 10" x 10° . x 108 x 10° x 103
100 9.521484 308.9738 69.45044 32152.98 269.6206 12.48976 192.2936 598.1970 78.60362
200 5.613599 72.93880 -| 11.64007 32897.04 217.3437 11.56137 135.9953 378.1964 20.20574
300 3.00598) 15.23376 1.390696 33521.07 248.5018 16.95943 73.88487 158.3455 }.337508
400 1.464844 5.143881 0.960767 33836.05 263.7090 16.82074 34.05107 61.77011 0.956267
500 0.747681 5.266070 0.942051 33974,82 267.5128 15.95480 14.89648 41.41983 1.089754
600 0.366211 3.955364 0.911474 34024.83 266.6531 15.23694 6.696414 32.34337 0.917320
700 0.196457 3.103614 0.573337 34023.62 264.2664 14.74446 4.349235 26.18395 0.495385
800 0.320435 2.298355 0.394404 | - 33988.12 261.5579 14.4193] 7.746299 21.33438 | 0.358446
300 0.3£9099 1.533628 0.418561 33935.96 259.0725 14.22863 8.805154 16.11329 0.299834
10060 0.342369 0.569820 0.345707 33885.04 257.1851 14.16297 7.489736 10.49571 0.199975
1100 0.274658 0.652075 0.409603 33846.32 256.0806 14.19449 4.979044 6.285653 0.218003
1200 0.167847 1.133084 0.356316 33823.99 265.7011 14.27831 2.504750 | 5.082808 0.290933
1300 0.167847 1.282692 0.422418 | "33816.34 255.8445 14.37438 1.081979 4.848797 0.337939
1400 0.106812 0.735521 0.413001 33819.36 256.2695 14.45832 1.197126 4.547894 0.187760
1500 0.122070 0.736713 0.300169 33827.48 256.7605 14.51092 1.808348 3.623804 0.259587
1600 0.183106 0.713468 0.413179 33837.37 257.1919 14.53942 1.768719 |. 2.749849 0.197124-
1700 0.183106 0.494719 0.365496 33846.16 257.4912 14.54451 1.426763 1.841213 0.214781
1800 0.183106 0.478625 0.422001 33852.08 257.6426 14.53440 0.995388 1.156043 0.212080
1900 0.122070 0.505447 0.275791 33855.00 257.6755 14.51743 0.581042 1.062523 0.198199
2000 0.228882 0.723004 0.222564 33855.89 257.6230 14.49941 0.417295 1.04497) 0.182862
2100 0.122070 0.582337 0.360787 33855.43 257.5464 14.48388 0.428892 0.928156 0.267273
2200 0.213623 0.404716 0.309050 33853.83 257.4719 14.48084 0.516841 0.786435 0.180125
2300 G.122070 0.604987 0.259578 33851.95 257.3989 14.47639 0.459557 0.774381 0.201942
2400 0.137329 0.600219 0.341415 33850.60 257.3545 14.47627 0.416522 0.543386 0.221883
2500 0.167847 0.324249 0.259042 33849.67 257.3345 14.47839 0.395265 0.357152 0.113529
2600 0.152588 0.309348 0.209153 33849.21 257.3303 14.48089 0.313978 0.305742 0.176529
2700 0.18310¢ 0.318285 0.192285 33849.12 257.3359 14.48322 0.337376 0.230977 0.153277
2800 0.137329 0.585318 0.340045 33849.25 257.3494 14.48550 0.311518 0.254344 0.143917
2900 0.152588 0.320077 0.249744 33849.43 257.3604 14.48582 0.319694 0.254052 0.145055
3000 0.137229 0.510812 0.220895 33849.63 257.3696 14.4864) 0.313066 0.229429 0.154955
3100 0.137329 0.313520 0.188053 33849.8) 257.3748 14.48655 0.271504 0.199335 0.132320 -
3200 0.198364 0.417233 0.190496 33849.93 257.3779 14.48654 0.299809 0.158379 0.093568
3300 0.167847 0.287890 0.198245 33850.00 | 257.3818 14.48684 0.264300 0.185080 0.105418
3400 0.152588 0.439882 0.142992 33850.05 257.3826 14.48667 0.271885 0.214491 0.125815
3500 0.137329 0.409484 0.15515) 33850.06 257.3848 14.48735 0.315248 0.199007 0.108058
3600 0.183106 0.367761 0.225425 33850.07 257.3845 14.48654 0.300786 0.202527 0.170830
3700 0.167847 0.281334 0.121892 33850.07 257.3845 14.48670 0.280235 0.147138 0.102530
3800 0.152588 0.486970 0.206471 33850.09 257.3843 14,48687 0.307100 0.185090 0.124333
3900 0.167847 0.277758 0.137448 33850.08 257.3848 14.48711 0.262374 0.174157 0.108831
4000 0.183106 0.392199 0.303388 33850.09 257.3848 14.,48661 0.28684] 0.191796 0.132210
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Table 4-20 (Continued)

100 104 1040
n Q""" v QT gy | QT & Po P Cps Cor Cos/Cor TOTAL
x 10" x 10°? x 10! )

100 | 777.9241 | 2594.948 | 604.9518 | 6.399675 36.34631 | 7.469881 | -23.85773 | -0.313101 .38783
200 | 155.8785 | 562.1548 | 45.24501 | 5.401373 | -17.31380 | 7.211985 |- 17.85170 | 0.403994 106367
300 | 103.8590 | 263.4616 | 7.496189 | 6.116107 | -14.23011- | 10.47842 | 15.97412 | 0.655963 145255,
200 | 51.71347 | 98.06842 | 6.254554 | 6.454000 | -8.026783 | 10.38021 | 11.36821 | 0.913093 -74841
500 | 23.07153 | 49.45197 | 1.060185 | 6.538251 | -5.374091 |. 9.845118 | 9.352885 | 1.052629 $19800,
600 | 10.25873 | 36.62514 | 0.922711 | 6.521586 | -4.425424 | 9.402945 | 8.589066 | 1.094757 199200
700 | 5.033973 | 29.15219 | 0.658928 | 6.473050 | -4.177400 | 9.101320 | 8.360942 | 1.088552 146225
800 | 6.010483 | 23.67815 | 0.467425 | 6.418550 | -4.151567 | .8.901600 | 87301298 | 1.072313 ©20290
900 | 8.527758 | 18.77093 | 0.323148 | 6.369474 | -4.292788 | 8.784275 | 8.373407 | 1.049067 15767
1000 | 8.320517 | 13.30759 | 0.233420 | 6.332848 | -4.573229 | 8.744663 | 8.562129 | 1.021318 130678
1100 | 6.293631 | 8.077320 | 0.218993 | 6.011744 | -4.869937 | 8.764620 | 8.782026 | 0.998018 154665
1200 | 3.713081 | 5.580425 | 0.243026 | 6.305036 | -5.121823 | 8.816704 | 8.969275 | 0.982990 178596
1300 | 1.682944 | 5.011052 | 0.248738 | 6.308683 | -5.282665 | 8.876005 | 9.096009 | 0.975813 197200
1400 | 1.029053 | 4.753985 | 0.229748 | 6.317655 | -5.339795 | 8.927345 | 9.149370 | 0.975733 07671
1500 | 1.566322 | 4.138451 | 0.213067 | 6.327747 | -5.329376 | 8.959652 | 9.151669 | 0.979018 1131
1600 | 1.827121 | 3.254870 | 0.206023 | 6.336169 | -5.285035 | 8.976837 | 9.121782 | 0.984110 100862
1700 | 1.625662 | 2.260068 | 0.198879 | 6.341838 | -5.232705 | 8.979706 | 9.081871 | 0.988751 (06157
1800 | 1.180066 | 1.429558 | 0.186788 | 6.344737 | -5.174661 | 8.973278 | 9.039791 | 0.992642 101306
1900 | 0.741426 | 1.074603 | 0.184246 | 6.345247 | -5.143297 | 8.963215 | 9.017463 | 0.993984 198067
2000 | 0.497338 | 1.064901 | 0.218978 | 6.344159 | -5.108975 | 8.951845 | 8.987653 | 0.996016 193948
2100 | 0.408959 | 0.936774 | 0.205980 | 6.342561 | -5.122100 | 8.945486 | 8.998137 | 0.994149 194362
2200 | 0.482327 | 0.797232 | 0.201985 | 6.341143 | -5.141502 | 8.941284 | 9.015608 | 0.991756 195688
2300 | 0.505006 | 0.727014 | 0.206333 | 6.339540 | -5.140205 | 8.938021 | 9.009363 | 0.992081 194737
2400 | 0.454986 | 0.569552 | 0.210985 | 6.338715 | -5.141205 | 8.937981 | 9.012220 | 0.991762 195020
2500 | 0.409966 | 0.396451 | 0.170176 | 6.338330 | -5.141486 | 8.939159 | 9.011545 | 0.991967 195070
2600 | 0.358155 | 0.203308 | 0.137626 | 6.338263 | -5.145746 | 8.040617 | 9.014179 | 0.991839 195479
2700 | 0.332002 | 0.273993 | 0.134507 | 6.338476 | -5.169041 | 8.942518 | 9.032464 | 0.990042 197498
2800 | 0.300416 | 0.276702 | 0.136252 | 6.338636 | -5.152096 | 8.943373 | 9.017553 | 0.991774 196092
2300 | 0.289496 | 0.254124 | 0.129680 | 6.338923 | -5.160241 | 8.944004 | .9.027002 | 0.990806 197099
3000 | 0.308181 | 0.226922 | 0.124626 | 6.339015 | -5.151320 | 8.944212 | 9.023125 | 0.991254 196733
3100 | 0.293890 | 0.203207 | 0.123117 | 6.339200 | -5.151319 | 8.944172 | 9.019409 | 0.991658 196358
3200 | 0.295796 | 0.199876 | 0.127157 | 6.339210 | -5.157525 | 8.944424 | 9.025557 | 0.991011 196997
3300 | 0.286259 | 0.195110 | 0.123262 | 6.339327 | -5.148466 | 8.944311 | 9.016989 | 0.991940 196129
3400 | 0.284780 | 0.194784 | 0.128825 | 6.339316 | -5.154813 | 8.944427 | 9.023410 | 0.991247 196783
3500 | 0.313081 | 0.188242 | 0.123294 | 6.339327 | -5.149818 | 8.944548 | 9.018152 | 0.991838 196269
3600 | 0.316996 | 0.196212 | 0.132730 .| 6.339297 | -5.155107 | 8.944427 | 9.022446 | 0.991353 196687
3700 | 0.287831 | 0.186650 | 0.129220 | 6.339365 | -5.146738 | 8.944244 | 9.016602 | 0.991975 196085
3800 | 0.205443 | 0.185980 | 0.128660 | 6.339423 | -5.151116 | 8.944328 | 9.018015 | 0.991829 196234
3900 | 0.297437 | 0.185464 | 0.125916 | 6.339297 | -5.153989 | 8.0944567 | 9.022766 | 0.991333 196733
4000 | 0.279591 | 0.183802 | 0.129112 | 6.339336 | -5.155262 | 8.944403 | 9.022274 | 0.991369 196667
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Table 4-21

Convergence Criteria for Rec 40, R_ = 100
n Mn v Mn 5h Mn ts sn v Sn b Sn L Qn V- Qn b Qn Ls
x 10°? x 102 x 102 x 108 x 10?2 x 102

100 0.1983643 0.6668091 1.230431 1.291594 2.102468 0.295458
200 0.1831055 0.6532669 1.170254 1.273185 2.059035 0.280922
300 0.1525879 0.6475449 1.201344 1.298084 2.016782 0.267310
400 0.2441406 0.6332397 1.192570 1.375002 1.974082 0.249072
500 0.1678467 0.6280899 1.128387 1.414542 1.937151 0.230943
600 0.1678467 0.6093025 1.089191 1.519139 1.900999 0.222784
700 0.2136230 0.5880356 1.047039 - 1.580679 1.868643 0.221859
800 0.2136230 0.5641937 0.977135 1.736079 1.845623 0.215696
900 0.1831055 0.5435944 0.952911 1.690156 1.838715 0.215468
1000 0.1983643 0.5089760 0.908279 1.798760 1.828332 0.214261
1100 0.2746582 0.4788399 0.877857 1.859271 1.819822 0.214214
1200 | 0.2288218 0.4512787 0.806522 1.807392 1.809245 0.207264
1300 0.2441406 0.4092216 0.722885 1.815648 1.788809 0.196578
1400 0.1831055 0.3764153 0.682396 1.888188 1.763372 0.191568
1500 0.2441406 0.3447533 0.714564 1.850942 1,732493 0.185764
1600 0.2593994 0.3204346 0.689363 1.850673 1.693715 0.170193
1700 0.2136230 0.3405273 0.717467 1.826818 1.646181 0.170102
1800 0.2288818 0.3511012 0.735372 1.776798 1.592637 0.166536
1900 0.1831055 0.3569067 0.724924 1.758803 1.532072 0.156058
2000 0.1678467 0.3628850 0.721192 1.680284 1.467823 0.152744
2100 0.2593994 0.3615916 0.697426 37416.02 503.9138 68.02225 1.682060 1.397989 0.136730
2200 0.1831055 0.3630996 0.665063 37407.52 503.4678 68.15862 1.525117 1.327950 0.134371
2360 0.1983643 0.3550708 0.659019 37399.82 503.0869 68.30487 1.442062 1.257850 0.132097
26400 [ 0.1983643 0.3481805 0.637931 37392.81 502.7581 68.46954 1.363077 1.191895 0.142101
2500 0.2441406 0.3369629 0.584668 37386.56 502.5051 68.65569 1.276649 1.132730 0.138086
2600 0.1831055 0.3193557 0.552690 37381.16 502.3169 68.83795 1.153235 1.080699 0.133840
2700 0.3204346 0.3057718 0.540924 37376.59 502.1904 69.03424 1.060163 1.046091 0.143475
2800 0.1525879 0.2368772 0.490093 37372.97 502.1233 69.24002 0.966125 1.021395 0.139120
2900 0.1933643 0.2861023 0.535011 37370.29 502.1255 69.44005 0.907823 0.998151 0.149511
3000 0.1831055 0.2952576 0.603390 37368.54 502.1819 69.64682 0.868960 0.983150 0.159216
3100 0.1983643 0.2941132 0.573158 37367.81 502.2966 69.85341 0.843627 0.967126 0.142822
3200 0.22€8818 0.3055573 0.584316 37367.91 502.4685 70.06000 0.848838 0.955567 0.149561
3300 0.2136230 0.2968788 0.538063 37368.79 502.6877 70.24905 0.855010 0.933772 0.127209
3400 0.1678467 0.3043175 0.534439 37370.46 502.9517 70.43877 0.813602 0.920256 0.124725
3500 0.2441406 0.2981186 0.555897 37373.07 503.2502 70.61066 0.814779 0.902206 0.119377
3600 0.1678467 0.2924919 0.569439 37376.25 503.5850 70.77069 0.868425 0.887805 0.105677
3700 0.1831055 0.2859116 0.552463 37379.97 503.9451 70.91615 '0.959947 0.875755 0.104559
3800 0.1831055 0.2788544 0.511455 37384.14 504.3279 71.05078 1.005581 0.867068 0.100364
3900 0.1831055 0.2731323 0.493813 37388.98 504.7217 71.17053 1.065001 0.863128 0.100258
4000 0.1678467 0.2575874 0.515842 37393.91 505.1252 71.27045 1.084593 0.863945 0.101495

v0¢



Table 4-21 (Continued)

160 100 100
n Q""" v P Po Pr Cps CoF Cps/Cor Cp 7oTAL
x 10* x 10}

100 | 1.314693 | 2.124828 | 0.2982533 | 1.142896 | -0.3307629 | 0.5247070 | 0.853658 0.6146572 | 1.378365
200 | 1.290960 | 2.080667| 0.2847220 | 1.142811 | -0.3233471 | 0.5215412 | 0.846943 0.6157926 | 1.368484
300 | 1.305476 | 2.037089 | 0.2692951 | 1.142702 | -0.3174810 | 0.5185379 | 0.841432 0.6162565 | 1.359969
400 | 1.342586 | 1.996216| 0.2527016 | 1.142573 | -0.3141441 | 0.5157066 | 0.837885 0.6154861 | 1.353591
500 | 1.403603 | 1.955230 | 0.2372945 | 1.142424 | -0.3115425 | 0.5130401 | 0.834948 0.6144574 | 1.347988
600 | 1.474733 | 1.317630| 0.2242638 | 1.142255 | -0.3117952 | 0.5106079 | 0.834286 0.6120300 | 1.344393
700 | 1.546225 | 1.883624| 0.2210818 | 1.142069 | -0.3138885 | 0.5084000 | 0.835112 0.6087308 | 1.343512
800 | 1.617093 | 1.855219| 0.2188038 | 1.141873 | -0.3178988 | 0.5064278 | 0.837432 0.6047392 | 1.343859
500 | 1.690562 | 1.842204| 0.2216495 | 1.141663 | -0.3215256 | 0.5046062 | 0.839540 0.6010505 | 1.344147
1000 | 1.739688 | 1.e31412| 0.2124700 | 1.141444 | -0.3292017 | 0.5031425 | 0.844843 0.5955452 | 1.347985
1100 | 1.786033 | 1.824294 | 0.2100453 | 1.141221 | -0.3369503 | 0.5018768 | 0.850240 0.5902766 | 1.352117
1200 | 1.828202 | 1.815712| 0.2081533 | 1.140992 | -0.3445349 | 0.5007747 | 0.855563 0.5853161 | 1.356338
1300 | 1.851610 | 1.798664| 0.1987789 | 1.140762 | -0.3556004 | 0.5000126 | 0.863672 0.5789383 | 1.363684
1400 | 1.867506 | 1.777012 | 0.1936976 | 1.140533 | -0.3658161 | 0.4994217 | 0.871187 0.5732656 | 1.370608
1500 | 1.878604 | 1.748096 | 0.1868154 | 1.140306 | -0.3758278 | 0.4990127 | 0.878553 0.5679936 | 1.377565
1600 | 1.871609 | 1.713039 | 0.1800582 | 1.140082 | -0.3864622 | 0.4988132 | 0.886515 0.5626674 | 1.385328
1700 | 1.854698 | 1.670104| 0.1709459 | 1.139865 | -0.3995905 | 0.4988720 | 0.896459 0.5564917 | 1.395330
1200 | 1.820566 | 1.619601{ 0.1640437 | 1.139657 | -0.4113731 | 0.4990906 | 0.905404 0.5512353 | 1.404494
1900 | 1.780522 | 1.561838| 0.1557587 | 1.139458 | -0.4234428 | 0.4994922 | 0.914654 0.5460994 | 1.414146
2000 | 1.734900 | 1.500093| 0.1489416 | 1.139272 | -0.4365158 | 0.5000812 | 0.924733 0.5407842 | 1.424814
2100 | 1.669077 | 1.433321| 0.1423976 | 1.139099 | -0.4487238 | 0.5008118 | 0.934195 0.5360893 | 1.435006
2200 | 1.588970 | 1.362929| 0.1396648 | 1.138941 | -0.4620934 | 0.5017353 | 0.944640 0.5311388 | 1.436375
2300 | 1.504886 | 1.292013| 0.1336139 | 1.138798 | -0.4739456 | 0.5027458 | 0.953946 0.5270172 | 1.456691
2400 | 1.405464 | 1.223427| 0.1338050 | 1.138672 | -0.4866219 | 0.5039123 | 0.963922 0.5227726 | 1.467834
2500 | 1.316716 | 1.161875| 0.1394890 | 1.138570 | -0.4996014 | 0.5052547 | 0.974183 0.5186447 | 1.479437
2600 | 1.217745 | 1.105760{ 0.1348662 | 1.138484 | -0.5094404 | 0.5065799 | 0.982006 0.5158623 | 1.488585
2700 | 1.1085¢2 | 1.061581| 0.1433614 | 1.138416 | -0.5208387 | 0.5080276 | 0.991100 0.5125898 | 1.499126
2800 | 1.033478 | 1.033845| 0.1494408 | 1.138371 | -0.5312948 | 0.5095615 | 0.999505 0.5098140 | 1.509066
2900 | 0.961960 | 1.007423| 0.1449962 | 1.138343 | -0.5399694 | 0.5110664 | 1.006564 045077336 | 1.517631
3000 | 0.897825 | 0.988713| 0.1493978 | 1.138332 | -0.5490694 | 0.5126358 | 1.013971 0.5055722 | 1.526607
3100 | 0.859266 | 0.975847 | 0.1485261 | 1.138344 | -0.5563145 | 0.5142117 | 1.019884 0.5041863 | 1.534096
3200 | 0.836836 | 0.960633| 0.1483834 | 1.138371 | -0.5640001 | 0.5158043 | 1.026215 0.5026281 | 1.542019
3300 | 0.816519 | 0.944523| 0.1350858 | 1.138417 | -0.5675640 | 0.5172687 | 1.029318 0.5025354 | 1.546586
3400 | 0.814615 | 0.926681| 0.1354721 | 1.138474 | -0.5728337 | 0.5187511 | 1.033759 0.5018104 | 1.552510
3500 | 0.830727 | 0.910580| 0.1224833 | 1.138546 | -0.5750561 | 0.5201069 | 1.035835 0.5021135 | 1.555942
3600 | 0.873907 | 0.£94979| 0.1136836 | 1.138629 | -0.5764227 | 0.5213783 | 1.037218 0.5026698 | 1.558596
3700 | 0.923325 | 0.881451| 0.1043551 | 1.138721 | -0.5769472 | 0.5225483 | 1.037971 0.5034322 | 1.560519
3800 | 0.978368 | 0.871982| 0.1027506 | 1.138822 | -0.5768309 | 0.5236400 | 1.038189 0.5043783 | 1.561829
3900 | 1.029360 | 0.863619| 0.1005135 | 1.1238928 .| -0.5762291 | 0.5246254 | 1.038030 0.5054049 | 1.562654
4000 | 1 0.863020 | 0.0980801 | 1.139042 5734720 | 0.5254627 | 1.036172- | 0.5071192 | 1.561634
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‘Table 4-22

Convergence Criteria for ReC 40, R, = 3
n Mo W Ma b Mp &g Sp ¥ Sn Ty - Lg Qn 7 Qn Zp Qn Ls
x 10° x 10° x 10!} x 10°% x 10? x 10°

100 0.1400709 0.9293556 1.392788 2040.857 3426.031 154.8513 0.3467933 0.7865638 T.T6550
200 0.1394749 0.9123392 1.365238 2040.145 3426.019 154.4943 0.3493675 0.7778001 1.132417
300 0.1400709 0.8975208 1.341963 2039.431 3426.029 154,1448 0.3515810 0.7692611 1.118940
400 0.1400709 0.8826971 1.321894 2038.713 3426.031 153.7998 0.3529487 0.7610434 1.102858
500 0.1406670 0.8669615 1.300365 2037.987 3426.052 153.4611 0.3549284 0.7530260 1.083823
600 0.1406670 0.8669615 1.280403 2037.257 3426.070 153.1312 0.3595524 0.7449502 1.078818
700 0.141859N 0.8384902 1.258981 2036.529 3426.085 152.8044 0.3616924 0.7373017 1.044338
8GO0 0.1424551 0.8255858 1.235676 2035.797 3426.110 152.4860 0.3626496 0.7296449 1.026811
900 0.1424551 0.8124582 1.216811 2035.059 3426.144 152.1719 0.3625278 0.7223630 1.024658
1000 0.1430511 0.7998999 1.197195 2034.316 3426.178 151.8632 0.3664021 0.7151753 1.013332
1100 0.1430511 0.7885221 1.179689 2033.561 3426.216 151.5589 0.3666522 0.7081628 0.981842
1200 0.1436472 0.7760465 1.159352 2032.815 3426.267 151.2624 0.3686047 0.7011962 0.973452
1300 0.1448393 0.7640958 1.138419 2032.063 3426.321 150.9705 0.3726473 .| 0.694428) 0.942498
1400 0.1448393 0.7509828 1.120031 2031.302 3426.383 150.6871 0.3750059 0.6875819 0.936943
1500 0.1448393 0.7395923 1.100761 2030.536 3426.448 150,4056 0.374589N 0.6812334 0.914581
1600 0.1454353 0.7262230 | 1.071843 2029.783 3426.521 1560.1300 0.3776234 0.6748337 0.890650
1700 0.1454354 0.7143248 1.058370 2029.011 3426.599 149,8630 0.3746976 0.6683898- 0.897934
1800 0.1460314 0.7034846 1.041663 2028.240 3426.688 149.5962 0.3769961 0.6623900 0.881124
1900 0.1460314 0.6921146 1.018399 2027.465 3426.780 149,3348 0.382601 "0.6564409 0.854759
2000 0.1484156 0.62808143 0.9990752 2026.694 3426.872 149.0795 0.3836500 0.6506258 0.846232
2100 0.1478195 0.6697774 0.9827614 2025.922 3426.979 8289 0.3838099 0.6448960 0.835069
2200 0.1484156 0.6586611 0.9587288 2025.138 3427.090 5855 0.3855191 0.6389081 0.793672
2300 0.1484156 0.6472766 0.9402931. 2024.356 3427.205 3485 0.3847217 0.6330991 0.791462
2400 0.1484156 0.6363988 0.9288490 2023.568" 3427.333 148. 1121 0.3868251 0.6277746 0.796393
2500 0.1496077 0.6263573 0.9104490 2022.790 3427.469 8802 0.3892183 0.6224406 0.771538
2600 0.1496077 0.6163176 0.8923113 2022.005 3427.607 6547 0.3879888 0.6171118 0.753766
2700 0.1496077 0.6061472 0.8769631 2021.220 3427.751 147.4351 0.3903583 | 0.6117045 0.728441
2800 0.1456077 0.5960863 0.8579016 2020.429 3427.906 147.2200 0.3890465 0.6064554 0.720968
2900 0.1507998 0.5857356 0.8382022 2019.644 3428.062 147.0084 0.3881885 0.6013145 0.704585
3000 0.1502037 0.5752977 0.8244157 2018.850 3428.228 146.7994. 0.3884565 0.5964944 0.703523
3100 0.1513958 0.5658090 0.8070946 2018.065 | 3428.400 146.5969 0.3924572 0.5914154 0.669455
3200 0.1513958 0.5566299 0.7899165 2017.279 3428.583 146.4000 0.3907015 0.5864485 0.664696
3300 0.1513958 0.5473375 0.7716715 2016.486 3428.762 146.2082 0.39114417 0.5814182 0.646135
3400 0.1513958 0.5380452 0.7716715 2016.486 3428.762 146.0177 0.3933860 0.5768305 0.638486
3500 0.15376800 0.5288124 0.7384479 2014.912 3429.154 145.8339 0.3907124 0.5719939 0.616114
3600 0.15631839 0.5195856 0.7202625 2014120 3429.365 145.6534 0.3905066 0.5673298 0.610083
3700 0.1519918 0.5109549 0.7053137 2013.325 3429.576 145.4767 0.3907352 0.5627447 0.600209
3800 0.1537800 0.5026698 0.6855965 2012.548 3429.786 145.3031 0.3906973 0.5582620 0.585128
3900 0.1519918 0.4943788 | 0.6685972 2011.760 3430.009- 145.1341 0.3870730 0.5537209 0.572760
4000 0.1537800 0.4860520 0.6492674 2010.975 3430.240 144.9709 0.3889631 0.5491019 0.553076
4100 0.1519918 0.4776955 0.6299496 2010.192 | 3430.471 144,8118 0.3883103 0.5445829 0.544365
4200 0.1561642 0.4692614 0.6130517 2009.419 3430.706 144.6548 0.3864181 0.5402178 0.522291
4300 0.1537800 0.4616737 0.5951881 2008.634 3430.953 144.5063 0.3855380 0.5354874 0.521162
4400 0.1513958 0.4541039 0.5829394 2007.868 3431.203 144,3585 0.3827075 0.5311212 0.488553
4500 0.1537800 0.4464865 0.5692184 2007.094 3431.455 144,2177 0.3843792 0.5265840 0.468675
4600 0.1525879 0.4388988 0.5516112 2006.316 3431.720 144.0838 0.3822995 0.5217327 0.460922
4700 0.1537800 0.4313171 0.5395174 2005.554 3431.997 143.9499 0.3833231 0.5174421 0.459459
4300 0.1507998 0.4240811 0.5245328 2004.795 3432.265 143.8179 0.3796685 0.5132814 0.457138
4900 0.1496077 0.4173398 0.5093336 2004.030 3432.538 143.6884 0.3790741 0,5090935 0.441493
5000 0.1507998 0.4105270 0.4954338 2003.276 3432.814 143.5669 0.3749216 0.5044720 0.417942
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Table 4-22 (Continued)

o 0, v 0 ¢ i s Po Px Cps Cor Cps/Cor Cp TOTAL
x lo? x 10! x 10° ]

100 0.3459174 0.7909715 1.171311 1.203033 -1.470630 1.187882 1.839385 0.6458041 3.027267
200 0.3474574 0.7821536 1.150740 1.203024 -1.472588 1.18544Q 1.841661 0.6436797 3.027102

kid¢l 0.3503470 0.7734537 1.129601 1.203015 -1.474226 1.183050 1.843480 0.6417482 3.026530
400 0.3525801 0.7651204 1.117106 1.203006 -1.474968 1.180696 1.844854 0.6399944 3.025551

500 0.3546397 0.7569861 1.099405 1.202996 -1.476142 1.178387 1.846170 0.6382870 3.024557
600 | 0.3567713 0.7488716 1.072800 1.202987 -1.479044 1.176142 1.848893 0.6361328 3.025035

700 0.3592726 0.7411158 1.065190 1.202979 -1.,480267 1.173922 1.850559 0.6343604 3.024481
800 0.3611837 0.7333755 1.039666 1.202971 -1.483285 1.171763 1.853428 0.6322142 3.025191
900 0.3638344 0.7259107 1.028283 1.202963 -1.484738 1.169633 1.855029 0.6305199 3.024662
1000 0.3652479 0.7187068 1.012322 1.202954 -1.486856 1.167543 1.857241 0.6286441 3.024784
1100 0.3672899 0.7116920 0.999432 1.202947 -1.488900 1.165491 1.859522 0.6267692 3.025013
1200 0.3696666 0.70459930 0.975957 1.202938 -1.492130 1.163490 1.862404 0.6247250 3.025894
1300 0.3715025 0.6978190 0.962797 1.202929 -1.495221 1.161521 1.865046 0.6227842 3.026567
1400 0.3727691 0.6909060 0.936202 1.202922 ~1.499798 1.159620 1.869287 0.6203541 3.028908
1500 0.3749619 0.6844074 0.931938 1.202914 -1.502001 1.157726 1.871197 0.6187090 3.028923
1600 0.3760953 0.6780112 0.913237 1.202905 -1.505687 1.155876 1.874476 0.6166394 .3.030353
1700 0.3779838 0.6714076 0.887514 1.202896 -1.510370 1.154095 1.878699 0.6143051 3.032794
1800 0.3792436 0.6653720- 0.887965 1.202888 -1.512737 1.152308 1.880807 0.6126665 | 3.033114
1900 0.3801719 0.6594253 0.871216 1.202880 -1.516445 1.150562 1.884013 0.6106976 3.034575
2000 0.3821435 0.6534636 0.852447 1.202870 -1.520418 1.148858 1.887334 0.6087201 3.036192
2100 0.3833349 0.6477034 0.838156 1.202862 -1.524734 1.147188 1.890985 0.6066618 3.038173
2200 0.3847270 0.6419486 0.814781 1.202855 -1.531334 1.14557 1.896338 0.6040964 3.041908
2300 0.3852774 0.6359029 0.79527 1.202847 -1.536999 | 1.144000 1.900887 0.6018245 3.044887
2400 0.3873182 0.6303358 0.794700 1.202839 -1.539875 1.142426 1.902994 0.6003310 3.04542]
2500 0.3875643 0.6251007 0.780285 1.202830 .-1.544664 1.140887 1.907125 0.5982237 3.048012
2600 0.3884404 0.6197350 0.759862 1.202822 -1.550507 1.139396 1.911698 0.5960122 3.051094
2700 0.3887198 0.6143835 0.740936 | 1.202814 -1.557132 1.137940 1.916630 0.5937194 3.054570
2800 0.3905422 0.6090367 0.726883 1.202806 -1.563076 1.136518 1.921207 0.5915647 3.057726
2900 0.3899820 0.6038438 0.716597 1.202799 -1.568626 1.135119 1.925514 0.5895149 3.060634
3000 0.3906379 0.5988347 0.708319 1.202792 -1.573074 1.133738 1.928747 0.5878103 3.062485
3100 0.3912360 0.5939701 0.687023 1.202785 ~-1.580461 1.132405 1.934664 0.5853240 3.067069
3200 0.3913143 0.5888813 0.669330 1.202778 -1.587403 1.131107 1.939739 0.5831234 3.070847
3300 0.3912130 0.5839220 0.653036 1.2027NM -1.595273 1.129843 1.945395 0.5807779 3.075238
3400 0.3916807 0.5790719 0.649034 1.202765 -1.600250 1.128590 1.949194 0.5790032 3.077784
2500 0.3911767 0.5743853 0.626237 1.202757 -1.608343 1.127385 1.955301 0.5765787 3.082686
3500 0.3918051 0.5696237 0.616994 1.202750 --1.614834 1.126195 1.959771 0.5746563 3.085966
3700 0.39038647 0.5650340 0.603678 1.202744 -1.622046 1.125038 1.965497 0.5723937 . 3.090535
3800 0.3905019 0.5604819 0.594000 1,202737 -1.628523 1.123899 1.969889 0.5705391 3.093787
3600 0.3902896 0.5559565 0.578748 1.202730 -1.,635825 1.122789 1.975¥50 0.5684577 3.097939
4000 0.3896329 0.5514128 0.500217 1.202724 | -1.644518 1.121723 1,981738 0.5660300 3.103461
4100 0.3890502 0.5468003 0.547165 1.202720 -1.652637 1.12068) 1.987164 0.5639597 3.107845
4200 0.3876998 0.5423978 0.539008 1.202713 " -1.659718 1.119649 1,992172 0.5620241 3.111821
4300 0.3866141 0.5377869 0.513983 1.202709 -1.670073 1.118675 1.999290 0.5595361 3.117966
44C0 0.3849147 0.5333875 0.508523 1,202703 -1.678151 1.117708 2.005282 0.5573819 3.122991
4500 0.3856095 0.5288066 0.48975¢C 1.202701 -1.687804 1.116781 2.011660 0.5551541 3.128441
4600 0.3836032 0.5241019 0.463138 1.202696 -1.699182 1.115908 2.019847 0.5524714 3.135755
4700 0.3816742 0.5195352 0.461945 1.202688 «1.,706842 1.115040 2,025583 0.5504783 3.140623
4800 0.3804944 0.5153077 0.456155 1.202682 -1.714274 1.114181 2.030828 0.5486335 3.145009
4900 0.3788571 0.5111936 0.448261 1.202676 -1.722136 1.113326 2.035708 0.5468985 3.149035
5000 0.3779216 0.5067693 0.4159957 1.202672 -1.733464 1.112537 2.043962 0.5443042 3.156500

L0¢



Roman Letters

A1 to As

DF

DS

C1 to CIO

an’Dan’DnCs

NOMENCLATURE

fraction of angular increment
coefficients for Equation (3-34)

solids concentration defined by
Equation (3-13)

minimum solids concentration defined
by Equation (4-1)

total drag coefficient

form drag coefficient defined by
Equation (3-65)

skin drag coefficient defined by
Equation (3-64)

coefficients for Equation (2-5)

sum of changes in stream function and
vorticity values for the nth iteration
as defined by Equations (3-53) to (3-55)

impaction efficiency

208



209

impaction efficiency due to particle
inertia

impaction efficiency due to interception
drag force on particle
Fibonacci number defined by Equation (3-82)

coefficient in Equation (3-40)
coefficients for Equation (3-35)

unit vectors in r, 8 and £ directions

angular subscript of a grid point

radial subscript of a grid point

size parameter defined by Equation (1-1)
modified Bessel functions

fraction of radial increment

interval of uncertainty

virtual mass of spherical particle defined
by (pp - p)4/3mw R[.73



210

“maximum changes in stream function and
vorticity values for the nth iteration
as defined by Equations(3-45) to (3-47)

M_¢ v, M o C maximum changes in relaxed values of
stream function and vorticity

Na number of angular grid divisions
Nr number of radial grid divisions
p dimensionless pressure defined by

Equation (3-3)

Poe frontal stagnation pressure defined by
Equation (3-62)

P, dimensional reference pressure

Pg dimensionless pressure on the cy11nder
surface at ang]e 8

rear stagnation pressure defined by

m Equation (3-63)
P ‘particle inertial parameter defined on
page 54
Pc critical inertial parameter
Q point within fluid flowfield

Q, ¥s Q gpsQ, ¢ fractional changes in the sum of stream
S function and vorticity values for the nth
iteration as defined by Equations (3-56)
to (3-58)



100 100 100
Q""" ¥, Qe QT T

sn lp’sn Cb’sn Cs

“At

Uo

|<

_‘L<
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sum of fractional changes in
stream function and vorticity
values over 100 iterations as
defined by Equations (3-59) to
(3-61)

n

dimensionless radius

cylinder radius

radiqs of spherical particle
dimensionless radius of f]gid.enve]ope

cylinder Reynolds number defined on
page 27

particle Reynolds number defined
on page 54

sums of stream function and vorticity
values for the nth iteration as defined
by Equations (3-50) to (3-52)

dimensionless time
time increment defined by Equation (3-80)
free stream velocity

dimensionless fluid velocity vector

dimensionless particle velocity



Az

Greek Letters

%

dimensionless
velocity

dimensionless
velocity

dimensionless
velocity

dimensionless
velocity

dimensionless

dimensionless

dimensional y

212

radial component of fluid
angulaf component of fluid
x-component of fluid
y-component of fluid

X co-ordinate
y co-ordinate

co-ordinate of particle

dimensional starting position of
critical trajectory

transformed radius of fluid envelope

transformed radial spacing of grid

Tines defined

by Equation (3-17)

transformed radial co-ordinate defined
in Equation (3-8)

relaxation factor for stream function

relaxation factor for vorticity



Cs

1<

A®

213

relaxation factor for vorticity on the
surface of the cylinder

parameter defined by Equation (3-79)
factor defined by Equation (2-3)

minimum separation of starting
co-ordinates

"del" operator

impaction coefficient

inertial impaction coefficient
interception coefficient

dimensionless vorticity defined by
Equation (3-5)

value of vorticity without relaxation
after n iterations

initial values of vorticity

components of vorticity in r, 6. and §
directions

vorticity at the surface of the cylinder
angle

angular spacing of grid lines defined by‘
Equation (3-16)



VYo

Superscript

214

transformed starting position of particle
defined on page 60

fluid viscosity

co-ordinate in g£-direction

fluid density

particle density

dimensionless shear stress
parameter defined by Equation (2-7)

dimensionless stream function defined by
Equation (3-4)

value of stream function without relaxa-
tion after n iterations

‘initial values of stream function

prime denotes dimensional quantity
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APPENDIX I

RECTANGULAR CO-ORDINATES

In polar co-ordihates, Ve refers to the radial

component of fluid velocity, and v, to the angular com-

0
ponent. If a rectangular co-ordinate system is located

at the centre of the cylinder (Figure 3-1), the fluid
velocity at a point may also be expressed in terms of

Vy and vy, i.e. the x and y components of the fluid velocity;
as follows: )

LN

X VGS'lne-VrCOSG

<
[}

- (1-1)

: + .
y Ve cos © Vr s1in © J

<
]

Here r and 6 are the radial and angular co-ordi-
nates of the point. Substitution of Equation (3-4) into

(I-1) gives:
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= 9%, s 13y
Vx ar sing + r 38 cos ©
- (1-2)
1 _ 13y .
V‘y —Br‘ cos 6 -—r 36 sin o

Equation (I-2), when written in finite difference

form for a general point (I,J) becomes:

= q’(I;J'I'])'\U(I’J'])

vX(I,J) = SRy sine (I)
¢ by ML) o o1

- (1-3)

vy(I,J) = w(I’J+1%;£(I’J']) cos 6 (I)

1 lP(I'*‘],J)-l,’J(I-],J)
T z(Jd) 208

sin 6(I)

At the boundaries the rectangular velocity com-

ponents are determined by physical considerations:
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Vx(I’]) 0 Cylinder Surface
r=1 or z=0
vy(I,l) = 0 (Zero S1ip Conditions)
Vy(]’J) 0 6=0 Axis of Symmetry
(No flow across axis of
v (I,N) =0 g=m symmetry)
y r
Vi (IN.) = 1.0 Parallel Streaming
r=R_ or z=L_
vy(I,Nr) =0 Flow on outer envelope

Solution of Equations (3-6) and (3-7) will yield
values of ¢ and ¢ at all interior grid points. The rectan-
~gular fluid velocity components at these points can be
estimated with the aid of Equation (I-3). Howevér, determi-
nation of Vy and vy ‘at a position other than a grid
point will require interpolation.

Figure (I-1) illustrates a typical grid cell
delimited by angular and radial lines. Consider a point Q

inside the cell, whose position is defined by the fractional

quantities a and |, as shown in Figure (I-1).



(I+1,d4)

(L) !

Figure I-1.

(1)

Typical grid ce]]. ‘

(I1,J)

¢éce
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Interpolating with respect to angular and radial position
yields the following formulae for the fluid velocity com-

ponents at point Q:

v

o = 0-0 [ (10 -0+ v

Q

+ aErx(IH,J)-a + VX(I+]’J+]).a.El
- (1-4)

v

S| = e [u (1,0 (-0 + v (1,000 1]

Q

I+ ca + I+1,d+1)-a-
+ a[}y( 1,d)-a vy( J+1)-a ﬂ




APPENDIX II

STAGNATION PRESSURES AND DRAG COEFFICIENTS

In order to derive the stagnation pressures and
drag coefficients it is useful to write Equation (3-1) in
an alternate form. To accomplish this, the following

identities were used:

=9 xy
Yxg=9Yx9¥xy
v2y = 9(7-y) - ¥ x (T x v)
(ve9)y = %9(vev) - (v x ¥ x v)

Equation (II-1) may be expanded in determinant

form,_giving:

224

(11-1)

(11-2)

(11-3)

(11-4)
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1r ie 1g
_ - |8 13 3 |- -
L=V xyv= 31 r 30 5E (11-5)
vr Vo vg

Since v, =0 and a/ag = 0, Equation (II-5)

becomes:

oV VvV
s _ s 8 _ 1 r _
c- gt~ Tl T v e (11-6)

The vorticity vector ¢ has in general three

components, t¢._., ¢ and In the present case of
0

r

Cg-
axisymmetric flow around a cylinder, e and Zo are
zero. For the sake of brevity the term Cg was
abbreviated as simply <t .

Substitution of Equations (II-1) to (II-4) into

Equation (3-1) yields:

lx_§_=152p+3§_v_lz +R—§—1x§_ (11-7)
. Cc
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Writing Equation (II-7) in slightly expanded

form:
'lr 16 'lg
_ 2, 12 2
Ve Vo Vg _%[Irar+16r36+1ia€]p
0 0 z
9 1 3 9 2 2 2
+}§[1r‘ ar Fle v e T g agH"r vyt v
'lr 16 1E
2 5 1 3 9
*Re_ | 3r T30 W | (11-8)
0 0 C

Frontal Stagnation Pressure

The fronta] stagnation pressure, pg, 1is the
pressure on the cylinder surface at 8 =0, r =1 as

shown in Figure (3-1).
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The r-component of Equation (II-8) is:

_93p ., 4 13z, af, 2
2 vg 2 * Rec r 96 * ar vr

Along the centreline (c.f. Figure (3-1)),

8 =0 and Vg = Vg = 0, hence
ap _ _ 4 13z N 11
ar Rec r 36 ar Vi (I1-10)
6=0

Equation (II-10) may be integrated with the

following boundary conditions:

p=20 r =R, ,1
P = Po r =1
- (11-11)
Ve = 1 r=R_
V=0 l"=] J
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The following expression for p, 1is obtained:

R

[o0]

_ 4 3T
Po = 1+ 35 [ 36
¢ 1

dr (11-12)
6=0

Introducing the transformation r = e? ~gives

JA

o«

_ 4 r1e
Po =1+ Re [ 286

0

dz (11-13)
6=0

Rear Stagnation Pressure

The rear stagnation pressure, Pros is the
surface pressure at 6 = m (Figure (3-1)).

‘The ¢-component of Equation (II-8) is:

_Ylap, 4 3t .1 3 2,2, 2 i
-2V =vagt Re_ ar ty ae[vr Vet Y, ] (I11-14)

On the surface of the cylinder, v _= Vg = 0,

and r =1, giving:



where Pg
6 =0

and from
or

ape 4 82;s

36 ReC ar

is the pressure on the cylinder surface at

Integrating Equation (II-15) from p, to

=0 to 6 =020

4 ° 3Es
pG_pO:Rec —= do

4 ° 9L
Pg = Po * Re 5z 40
c
Hence the rear stagnation pressure is:

kit
aL
N 4 S
Ppr = Po # ReC [ 3z de
0

229

(1I-15)

Pg >

(II-16)

(11-17)

(11-18)
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Skin Drag Coefficient

The skin drag coefficient, CDS’ is defined:

Ir=1 (I11-19)

In terms of dimensionless shearstress, Tre,

Equation (II-19) becomes:

™
Cps = - [ K sino de ~ (11-20)
0 r=1
By definition:
v, av '
v v 9|6 1 _r -21)
Tre — HIT 3 {r'] T T 56 (11-21)

and
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- ' . dy
R S I T -1 B R
Tre = ° Re " 3r { r] Y3 (11-22)
3Vr
On the surface of the cylinder, Vo = 38 0,
and r =1, giving:
oV
Trg = = T - (11-23)
c

Similarly, on the surface of the cylinder,

Equation (II-6) becomes:

Bve
z =ty = 37 (11-24)

Substituting Equations (II-23) and (II-24) into
Equation (II-20) yields:

™ .
C = f ¢z. sin 8 de (11-25)



Form Drag Coefficient

The form drag coefficient, CDF’ is

™
J Pg cOS 0 Rc de

0
Cop =

¥ p Up®

or, in dimensionless form:

m
CDF = J Pg cos 6 do
0

defined:

This - is easily evaluated by substituting

Equations (I1-13) and (II-17) for Pyt

232

(11-26)

(11-27)
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DF Re

(11-28)

0
. 9T
+—i—f —> d6 } cos o de




APPENDIX III

HAPPEL'S MODEL

Equation (II-22) may be expanded in terms of the

stream function, y:

__ 4%y 1oy 1 3%
Tre = ° Rec{}rz T r ar T rZ 302 (111-1)
Happel's model specifies that =t _, =0 on the

ré
outer boundary, where r = R_, Equation (III-1) then

becomes:

3%y 1 3y| - 1_23%y
ST T oRgSY| R er (111-2)
r=R, r=R, r=R_

In addition, at r=R_, Y =R, sin 6. Hence:

234
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Y _
T R cos ©
> (III-3)
3%y _ .
W_ R sin ©

Equation (3-7) may be expanded in terms of r

and 9:

c= V=5t v 3t v7 302 (I11-4)

Substituting Equations (III-2) and (III-3)
into (III-4) gives:

- | L 3 i I -
z = 2 T "R sin o (111-5)
r=R r=R

(=] o«

I
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By introducing the exponential transformation,

r = e“, Equation (III-5) becomes:

C - 2| - eZ°° sin © (111-6)

Equation (III-6) may be written in finite

difference form as:

(I11-7)

- e sin 9o

which is the desired equation for the vorticity on the

outer boundary.



“APPENDIX IV

Table IV-1

Relaxation Factors Used in this Work

Rec R aw aC acs
0.2 200 1.8 0.75 0.50
0.2 100 1.8 0.8 0.55
0.2 50 1.8 0.8 0.55
0.2 25 1.8 0.8 0.55
0.2 10 1.8 0.8 0.55
0.2 3 1.0 0.6 0.45
0.5 100 1.8 0.7 0.5
0.5 3 1.0 0.6 0.45
1 100 1.8 0.5 0.4
1 3 1.0 0.5 0.4
3 100 1.8 0.35 0.25
3 3 1.0 0.35 0.25
5 100 1.8 0.3 0.25
5 3 1.0 0.25 0.2
10 100 1.8 0.2 0.10
10 3 1.0 0.20 0.10
15 100 1.8 0.08 0.05
15 3 1.0 0.08 0.05
20 100 1.8 0.07 0.04
20 3 1.0 0.07 0.08
30 100 1.8 0.07 0.04
30 3 1.0 0.07 0.04
40 100 1.8 0.03 0.02
40 50 1.8 0.03 0.02
40 25 1.8 0.03 0.02
40 10 1.8 0.03 0.02
40 3 1.0 0.03 0.02
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APPENDIX V

Computer Programmes and Sample Output
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Computer Programme used to Solve the Navier-Stokes

anonNnaonnOnanaOnannnonNnnnonnNnonnNnn

Equation for Flow Normal to a

Circular Cylinder

REAL S{33,93),v(33,9%),7SIN(33),FC0S (33),RG(93),THETAG (33)
REAL VGX (33,93),vGY(33,93),P (20),X (20)

cormoN s,v,FSIN,PCOS,RG, THETAG,VGX,VGY,P,K

CONMON RINP,BEZ,A,B,GNUM, XPST

CONMON NR, YA, HONBA,JSUB

READ (4,2900) RINP,RE,RLXS,RLXV,RLKVS,A,B

READ(4,3000) NR,NA,ITER,NCYCL,HNUMBA

LR 2 R 2 2 s S R R R R R R R R R R R R S R 22 2R 22 R 22 2 1 £ )

THIS PROGRAMME CALCULATES THE PLOW FIELLC ABOUT A CIRCULAR
CYLINDER. THE EQUATIONS ARE ALL DIMEHSIONLESS, A4D ARISE F20Y THE
HAVIER STOKES EQUATION. THEY ARE EXPRESSED IN PIHITE DIFFERENCE
FOBH AND SOLVED BY N GAUSS-SEIDEL ITERATION METHOD.

THESE EQUATIONS, TWO IN NUYBER, INVOLVE VORTIZITY (V)
ARD STREAM FUNCTIOR (S).

IT SHOULD BPR HOTED THAI RELAKATION FACTORS ARE INTRODUCED
TO EXPEZDITE THE CONVERGENCE, AND TO GUARD AGAINST DIVERSENCE. IH
ALL, THREE SUCH FACTORS WEREZ USED: “RLXS", RELAYATION PACroOR
FOR THE STREAM FURCTION, "RLXV"™, RELAXATION FACTOR POR TiE BOLK
VORTICITY, AND "RLXVS", RELAXATION FACTOR FOR THE VORTICIEY AT THE
CYLINDEZR SURFACE. )

(22222 2 SRS R E LS 2T 2 S AR RS2 LR T2 S S S 2SR RS2 22 P22 2 L2 22 2 2 2 0]

A GRID OP POIHTS IS ESTABLISHBZD ABOOT THE OPPER HALP OP
PHE CYLINDER, WITH NA POINTS IN THE ANGULAR CIRECTION, AND ¥R
IN THE RADIAL DIREZTION. TO OBTAIY FINEZ SPACING SEAR THE SURFAZE,
THE TRANSFORMATICN R=EXP (Z) WAS USED, WHERE Z WAS INCRRASED BY
EVEZN IRCREMENTS. THE ANGULAR STEP SIZE IS CALLED 8, AND THE RADIAL
Z-STEP SIZE IS ®A%,

CESEERESER L ER SR RN SERRREDEISLEEEER KBRS S KXBRRESRRERES A48

WRITE (6,3500)

RRAD(8,3600) NCYCL,RE,RLXV,RLXVS
ITER=100

YRITE(6,1100) RINP,RE,NR,HA
WRITE(6,1900} RLXS,RLXV
4RITE(6,2400) BRLXVS
WRITE(6,1200) [TER,NCYCL

ELLEGEEEERBEBERELORERECEEE SR SRS SE AR SRR SHIBREAER RS EE SR A SEERER

A SUNMARY OP NOTATIOY

= RADIAL INCREMENT IN 2
= ANGULAR INTREMENT (RADIANS)

ER= CURREZNT CHANGE IN POINT VALUES
NA= NUNBER OF ANGULAR GRID DIVISIONS
NR= NOMBER OP RADIAL GRID DIVISIONS
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17
118
119
120
121
122
123
1248
125
126
127
128
129
130
13

132°

133
134
135
136
137
138
139
180
141
142
153
168
145
146
187
188
149
150
151
152
153
158
155
156
157
158
159
160
161
162
163
168
165
166
167
168
169
170
171
172
173
17a

anaaaonaonanaan

220
90

100
1

s$(1,3)=0.0

S(NA,J)=0.0

v(1,J)=0.0

VY (NA,J)=0.0

CONTINUR

¥RITE2(6,2200) .

DO 90 J=1,NR,JSPACE
WRITE(6,1400) (V(X,J),1=t,8A,ISPACE)
CONTINUE :
WRITE(6,2300)

po 100 J=1,NR,JSPACE
ARITE{6,1400) (S{I,Jd),I=1,8A,ISPACE)
CONTINUB
Cl=(A*A®B*BR) /2. /7 (A*A+B%B)
C2=1./A/A

c3=1./8/8

SA1=NA~1

HR1=§EB-1

Do 60 KK=1,ACYCL
SERV=0.0

SERVS=0.0

SERS=0.0

SUMAX=0.0

DO SO XL=)1,ITER
ERS=0,.0

ERV=0.0

ERYS=0.0

vTIL=0.0

¥STL=0.0

STL=),0

ERTS=0.0

ERTV=0.0

BRTVS=0.0

IERS=0

IERV=0

I2RYS=0

JERS=0 . N
JERV=0

JERVS=0

BESCFEREEBIR SRR RS EESRELARRXRE XL BREEEEBEELSENTESSLLDIERNRNERSRGS

WITHIN THE NEXT TWO LOOPS, THE ATTUAL GAUSS-SZ2IDEL RELAXATION
TECHYIQUE IS EBNPLOYED. A TEST FOR CONVERGENCE IS ALSO INCLUDED
HERE, IN EFFSCT, IT COMPARES THE ZHANSES IN VALOES AT SRID POINTS,
FROM ORE CYCLE TO THE NBXT. WHEN THBIS CHANGE IS LESS THAX TRHE CON~-
VERGENZE CRITERION, THE OPERATION IS CONSIDERED TD) HAVE CONVERSED.

ESRCESICOEIR LV ISERRE SRR PROPIPR S LS LB EREEPLECREEREEFEPSEEESREEE

DO 110 I=2,¥A1

2=0.9

DO 40 J=2,HR1

2=T A

VTENP=C1e (S20 (V{I,J-1) 4V (I,3¢1)) +C38 (V(I-1,J)+V{L+1,J))
1 +RE/8./A/B* ((S{I*+1,J) =S (I-1,J))#(V(L,J+1)-V(L,d-1))
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175
176
177
178
179
180
181
182
183
188
185
186
187
188
189
190
191
192
193
198
195
196
197
198
199
200
201
202
203
208
205
206
207
208
209
210
21
212
213
218
215
216
217
218
219
220
221
222
223
228
225
226

. 227

228
229
230
2N
232

400

410
40

420

110

300
310

2 = (S(X,J41)-S(I,J-1))*(V(I+1,3)-V(I-1,3))))
YPREV=V(L,J)

Y (I,J)=RLYVS* (VITENP-V (I,3))+V (L,J])
DIPF=ABS (VPREVY-VTEAP)
ERTV=ERTV+DIFP

VTL=YTL+VPREYV

IF(DIFPP.LT.ERY) GO TO 400
ERV=DIPP

IERV=I

JERV=J

CONTINDE

STEMP=C1#% (~EXP(2.%2) *V (I,J)¢+C2#(S(I,J+1)+S({I,J~1))*
1 C3#(S(I+1,3)+S(I-1,3)))
SPREV=S(I,J)

S{I,J)=RLXS* (STENP-S{I,J))+5(L,T)
DIFF=ABS (SPREV-STEAP)
ERTS=ERTS*DIFP

STL=STL+SPREV

IF(DIFF.LT.ERS) GO TO 810
BRS=DIFF

IERS=I

JERS=J

CoNTIBURB

CONTINOE
VTENP=(C2/2.0)*(8.0%5(1,2)~3(L,3))
YPREV=V (I,1) . .
DITF=ABS {YPREV-VTENP)
ERTYS=ERTVS+DIFP

IP(DIFP.LT.ERVS) GO TO 420
ERVS=DIFP

IEBRVS=I

JERVS=%

COITINUE

VSTL=VSTL+VPREY
V(I,1)=RLXVS* (VTENP-V (I, 1))V (L, 1)
CONTINUE

BRTS=ERTS/STL

BERTV=ERTV/VTL

ERTYS=BRTVS/VSIL

SERS=SERS+ERTS

SERV=SERV+ERTY

SERVS=SERVS*ERIVS

ERTS=ERTS*100.0

ERTV=ERTV#100.0

ERTVS=ERTVS+100,0

NEVEN=NUNBA

NUMBA=BUMBA+1

NWRITE=NEVEN/25%2S

IFP(NWRITE. EQ.NEVEN) GO TO 300

GO T2 310

WRITE(6,8600)

CONTINUE

WRITE(6,8500) RUMBA,ERS,ERV, BERVS,ERTS,ERTV, ERTVS
WRITE(6,4700) IERS,JERS,1ERY,JERY,IERVS,JBRVS,STL,VTL, VSIL
PRS=ERS®RLXS

BERV=ERV*RLXV

ERVS=ERVS*RLXVS

ERTS=ERTS®RLXS

242



233
234
235
236
237
238
239
240
241
242
283
244
245
246
247
248
289
250
251
252
253
254
255
256
257
258

259

260
261
262
263
2648
265
266
267
268
269
270
211
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290

ancacnonnonohanan

50

200

190

243

ERTV=ERTV*RLIXV
ERTVS=ERTVS *RLIVS

EEEREEEE SRS ERNEEBE IS ETNEREEINEPERREISRRXIBXGALP LK 4SS0 00000

HAERE THE CONVERGEUCE IS5 TESTED, AND IP "ER™ IS LESS THAN
THE CRITERION (HERE 0.0001), THE PROGRAMME EXITS T) DISPLAY AND
RECORD THE RESULTS. AS A PRECAUTION AGAINST NON-CONVERGENCE
WITHIN A GIVEN TIME LIMIT, VALUES OP THE VORTICITI AiND STREAN
FUNCTION MATRICES ARE STORED EVERY 50 ITERATIONS.

EXSFEEEE RS REIBXERERERRRSFAORESNERR G ERERF SRR IREXEXRE SRR 2R 0 00200

CONTINUE

CERS=0.0

CERV=0.0

CERYS=0.0

CSTL=0.0

CYTL=0.0

CYSTL=0.0

CERTS=0.0

CERTV=0.0

CERTVS=0.0

DO 190 I=2,HAY

2=0.0

DO 200 J=2,HNR1Y

Z=2+A

VTENP=C1# {C2%(V(I,3-1) ¢V (I,J+1))+33% (V(I-1,J)+V (I+1,3))
1 ¢RE/8./A/B% ((S(I+1,J) =5 (I-1,3))*(V(I, I+ 1)~V (L,3-1})
2 —(S(L,J+1)-S({I,J-1))*(V(I+1,3)-V(I-1,3))))
VPREV=V(I,J)

DIFF¥=ABS (VPREV-YTEYP)

[P(DIFPV.GT.CERV) CERV=DIFPY
CERTV=CERTV+CIPEY

CVTL=CVYTL+VPREV

STENP=C1# (~EXP (2.*Z) ¢V (I,J)+C28(S(I,J+1) +S (I,J-1)) ¢
1 C3%(S(I+1,J)+S(I-1,T)))

SPREV=S(I,J)

DIFFS=ABS (SPREV-STEAP)

IP(DIFPS.GT. CERS) CBRS=DIPPS
CERTS=ZERTS+DIFPS

CSTL=CSTL#SPREY

CONTINUE

YTEMP=(C2/2.0) #(8.0%S(I,2)-5 (I,3))
YPREV=V (I, 1)

DIFPY=ABS (VPREV-VTENP)

CERTVS=CERTVS+DIPFY

IP(DIFFV.GT.CERVS) CERVS=DIPPY
CVSTL=CVSTL+VPREV

CONTINUE

CERTS=CERTS/CSTL#100.0
CERTY=CERTV/CVIL®100.0
CERTVS=CERTYS/CYSTL*100.0

WRITZ(6,4200) HUNBA

WRITE(6,3900) CERS,CBRV,CERVS,CERTS,CE3TV,CERIVS



291
292
293
298
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
31
312
313
318
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331

332

333
333
335
336
337
338
339
340
341
342
343
340
345
346
347
338

annaonaanan

170

180

60

120

70

80
1000
1100

1200
1300
1400
1500

1600

CERS=CBRS*RLXS

CERV=CZRVSRLIV

CERVS=CERVS ¢RLXYS

CERTS=CERTS*RLXS

CERTY=CERTV*RLYY

CERTVS=CERTVS*RLXVS

WRITE(6,53000)

WRITE(6,3900) CEBRS,CERV,CERVS,CERTS,CERTV,CERTVS
WRITE(6,4300)

WRITE(6,68400) SERS,SERY,SERVS
SERS=SERS*RLIS

SERV=SZRV*RLIXY

SERVS=SERVS*RLIVS

WRITE(6,4000)

WBITE(6,4400) SBRS,SERV,SERVS

REAISD 1

WRITE(1,2900) RINF,RE,RLXS,8LXV,RLXVS,A,B
WRITE(1,3000) ¥&,NA, ITER,NCYCL,NUYBA
Do 170 J=1,HR

WRITE(1,2910) (V(I,d),I=1,H])
CONTINDE

DG 180 J=1,HR

WRITE(1,2910) (S(I,J),I=1,HA)
CONTINUR

BRE4IND 1

CALL DRAG

CALL EFFSUB

CONTINUE

SRS EEEA RIS SXERRRE RN AR R EB RS AR T REXSEEB SRS EEXEIS SR EXNCEEE RS

THIS SECTION OF THE PROGRAXMNE IS OUTSIDE THE SAUSS-SEIDEL LODJPS,
AND PINAL RESULTS ARE BOTH DISPLAYED, AND RECORDED IN A FILE VIA
ONIT 1.

EEEBEEERSE PSS FSRRBERIEESF R RIS BBAS L FEFFRRBSLRNERAEEREIRER NS SSREED

WRITE(6,2500) HOABA

WRITE(6,2600)

Do 70 J=1,¥2,JSPACE

WRITE(S,1400) (V(I,J),I=1,HA,ISPATE)

CONTINUE

WRITE(6,2700)

DO 80 J=1,NR,JSPACE

WRITE(6,1400) (S(I,J),I=1,HA,ISPAZE)

CONTINUEB

FORMAT(S5F12.5)

FORMAT('1',*BOUNDARY RADIUS=',F10.5,5X,'REYKOLDS NJ.=*,P10.5,
1 5X,*RA0IAL CIVISIONS=°',13,5X,*ANSULAR DIVISIONS=',1I3//)
FORMAT(10X,*KO. OF ITERATIONS PER CYCLE=', 1X,I13,19I,

1 *N0. OF CYICLES=',1X,13/)

FORMAT(6I5)

FORMAT(8514.7)

FORMAT({'1?,20X,"#*¢s VALUES OF THE STREAM PUNCTION FOR CYCLE ¢
1,12, sssvyy)

FORMAT('17,20X,*sss VALUES OF THE VORTICIIY FOR CYCLE
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349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
3713
374
375
376
377
378
379
380
381
382
183
388
385
86
187
388
189
390
39

245

1,12, sss0yy)
1700 FORMAT(10X,'ANGULAR VALUSS ARE PRINTED BY *,I2,°''51/)
1800 FORMAT(10X,*2-INCREMENT=',P3.4,31X, ANGULAR INCRENENT=¢,P8.%/)
1900 PORMAT (10X, 'RELAXATION PACTOR P)R STREBAM FUNCTIOH=',F10.5,3X,
1 *RELAXATION PACTOR FDR BULK VORTICITI=',P10.5/)
2000 PORMAT(10X,"BADIAL VALUSS ARE PRINTED BY *,I2,'%'Sty)
2100 FORBAT(*1?)
2200 FORAAT('1¢,20X,*##* INITIAL VALUES OF VORTICITY %sst//)
2300 FORMAT('17,20X,'#+¢+ INITIAL VALJES OP STREANM FUNITION *¢%1//)
2400 FORMAT(61X,'RELAXATION FACPOR FOR SURFACE VORTICITY=',FP10.5/)
2500 FORMAT('1°*,20X,*AFTER *,TI4,1X, ITERATIONS: *//)
2600 PORMAT(20X,?*** FINAL VALOES OF VORTICITY #*%2?/y)
2700 FORMAT({'39,20X,'*®»*% FINAL VALUES DP STREAN FUNCTIDY %ssv//)
2800 FPORMAT(*1'/////20X*CURRENT BRROR='F10.6,3X'AFIrER *'IA8,1X,
1 *ITERATIONS'/)
2900 FORMAT{8F10.6)
2910 FORMAT(17G18.7)
3000 FORMAT (5I5) '
3100 PORMAT(//10X,*APTER *,I4, ITERATIONS, (NO RELAXATION):'//)
3500 FORMAT(//,*'ENTER THE VALUES OF NCICL,RE,RLXV, AND RLXVS'/
1 ,YTHE FORMAT IS I2/G14.7/G14.7/G14.7 ; SO THAT MEASS POUR®/
2 ,'COUNT THEM, FOUR LINES OF INPOT!!'//)
3600 FORMAT(I2/GI14.7/G14,7/G14.7)
3300 FORHAT(30X,'HAXIHUH CHANGES OVER GRID:*,//,
1 *STREAM FUNCTION=',G14,.7,5X, '*BILK VORTICITY",GIU 7,5x%,
2 '"SURFACE VORTICITY=',G14. 7//?0X,'AVBRAGB % CHANGE OVYER GRID:®
3 ,//,'STREAN FINCTION=',G14.7,5X,*BULK VORTICITY=*¢,314.7,5X,
4 *SURFACE VORTICITY=',G18.7)
4000 FORMAT(///,'MITH RELAXATION:'//}
4200 FORAAT('1%,10X,'COSVERGENCE TEST OF GRID APTER *,I4,* ITSRATIONS:®
1 /77) :
4300 FORMAT(/////10X,'AVERAGIRG T'HE STEP TO STEP CHANGES OVER THE LAST
1 100 ITERATIONS: '//)
4400 PORMNAT(10X,'CVERALL % CHANGES, (80 RELAXATION): '//,
1 'STREAM PUNCTION=°¢,G14.7,5X,'BULK VORTICILY=*,G18.7,5X,
2 'SOURPACE VORTICITY=',G14.7//)
4500 PORMAT(3X,IS5,2X,6(4X,G18.7))
4600 PFORMAT(*1*,3X,'ITER',8X,*MAX STREAN',8X, 'MAX VORT/8°,
7 8X,'HMAX VORT/S',8X,'%AVG STREAM',7X,'%AVG VORT/BY,
2 7X,'%AVG VORI/S'//)
4700 FORMAT(7X,3(11X,°(',12,%,%,12,%) ') ,2%,3(4X,G18.7)})
sTop
END



BOUNDARY RADIUS= 100.00000

RELAXATION FACTOR FOR

¥0. OP ITERATIONS PER

Z-INCRENENT=

0.0501

REYNOLDS NO.= 10.00000

STREAN PUNCTION=

CYCLE= 100

1. 79999

RADIAL DIVISIONS= 93 ANGULAR DIVISIONSs 33

RELAXATION PACTOR FOR BOLK VORTIZITY= 0.2000)
RELAXATLON PACTOR POR SURPACE VORTICITY= 0.10000
NO, OF CYCLES= 5

ANGULAR INCREMENT= 0,0982

uorlenb3y sajojls-uslaey
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COCOCOCOO0CODOOOLOOLOOLOLODLOLOLOOOOO0DDLOCOVOODODULVODODOCODOLOO
S 5 5 8 & 4 & e 8 0 0 4 & & B % 4 5 5 B & & 8 B & 4 B O B 8 E e 5 5 B & & & L & 8 e b s 20w 8 s,

oss INITIAL VALUBS OF STREANM FUNCTION ¢ss

0.0

0.3166351E-01 0.51576732-01 0.53636158-01 0.4057910E~01 0.21889358-01

0.1210178
0.2585750
0.4361131
0.6505539
0.9053867
1.209157
1.573606
2.013128
2.545129
3.190701
3.975480
4.930648
6.094239
7.512609
9.242293
11.35221
13.92657
17.06801
20.90201
25.58179

31.29436

38.26833

"0.0

0.2322458
0.4429818
0.7630147

1.156322
1.626942
2.188885
2.863231
3676451
4.660694
5.854926
7.306573
9.073275
11.22533
13.86847
17.04715
20.94890
25.70908
31.51790
38, 60753
47.25945
57.81926
70.71066

0.0

0.2190959
0.5000356
0.8940217

1.396379
2.008596
2.744302
3.627474
4.692855
$.982216
7.545331
9, 4u6857
11.75910
14.57577
13.00858
22. 19426
27.2935)
33.52794
41.12737
50. 40073
61.71883
75.53226

92.38792

0.0

0.1748646
0.4215859
0.7952866

1.303639
1.950569

2.744241

3.704163
4.862879
6.264517
7.964046
10,02845
12,53952
15.59700
19.32245
23.86438
29. 40381
36.16150
44,40619
54,46637
6674300
81.72527
100,0000

0.0

0.1011599
0.2605929
0.5248731
0.9176478

1.458294
2.161308
3.040434
4.116013
5.420938
7.002493
8.9217?9
11.25446
14.09279
17.54367
21.76305
26.90120
33.16959
40.81833
50.15288
61.54584
75. 44626
92, 38800

0.0

0.700712632-02
0.37371452-01

0.1065531
0.2328833
0.4382018
0.7475468
1.187733
1.785275
2.564778
3.54387)
4.767262
6.25235)
8.057783
10.25026
12.9173)
16.16533
20.1245)
24,95505
30.85486
38,06493
46.87323
57.61794
70.71074

0.0
0.2433537g-03
0.5312692€-02
0.2157733g-01
0.5593926E-01
0.1158362
0.214472)
0.3619673

0.5756383

0.8754433
1.28518)
1.832363
2.54845)
3.468511
4.631682
5.082113
7.870827
10.05304
12.72339
15.96343
19.91283
24.75475
30.73932
38.2684)

8%¢



ITER

5001
5002
5003
5004
5005
5006
5007
5008
5009
5010
5011
5012
5013
5018
5015
S016
5017
5018
5019
5020
5021
5022
5023
5024
5025

MAX STREAN

0.1525879E-03
(16, 90)
0.1371291E-03
(21,90)
0.1220703E-03
(21, 489)
0.198364%3E-03
(15, 88)
0.1831055E-03
{15, 87)
0.13732918-03
(15, 86)
0.1373291E-03
(18,90)
0.1678467E-03
(20, 92)
0.1373291E-03
(20, 92)
0.1525879E-03
(20, 89)
0.1220703E-03
(20,90)
0.1525879E-03
{19, 89)
0.1831055E-03
(17, 92)
0.1525879R-03
(18,62)
0.1831055E-03
(18,91}
0.1670467E=03
(21,92)
0.1373291E-03
(18, 49}
0.1220703E-03
(18, 89)
0.1525879E-03
(17, B8)
0.15258738-03
(15, 86)
0.1831055E-03
(16, 85)
0.15258798-03
(21,90}
0.1678467E-03
(18,91}
0,1220703E-03
(21, 90)
0.1268115E-03
(19,87)

MAX VORT/B

0.4673004E-04
(20, 2)
0.4863739E-04
(22, 2)
0.4321337E-04
(4, 2)
0.3165007E-04
(22, 3)
0.4088879E-04
21, 2)
0.45776378-04
(19, 2
0.3540516E-04
(21, 2)
0.4291534E-04
(17, 2)
0.40054322-08
(16, 2)
0.4005432E-04
(19, 2)
0.4386902E-04
(18, 2)
0.4959106E-04
(16, 2)
0.4863739E-04
(18, 2)
0.4196167E-04
(16, 2)
0.3719330E-04
(12, 2)
0.33317660E-04
(13, 2y
0.2777576E-04
(21, 3)
0.2652407E-04
21, 3)
0.2634525E=-04
21, 3)
0.3242493E-04
(14, 2)
0.3147125E-04
(1, 2
0.3337860E-0U
(10, 2)
0.3433228E-04
(9, 2)
0.2956390E-04
(Y4, 2)
0.2479553B-04
(13, 2)

MAX VORT/S

0.4377365E-03
(10, 1)
0.5331039€-03
(10, 1)
0.4538894E-03
(24, 1
0.45216088-03
(21, 1)
0.3767014E-03
(19, m
0.3805161E-03
(19, 1)

0.57697308-03 °

(11, 1)
0.41961675-03
(11,
D.U491B06E-03
(16, 1)
0.4758835E-03
(18, 1)
5.84%90918-03
(15, 1
0.4615784E-03
(14, 1)
0.4978180E-03
(11, N
0.3032584E-03
(12, 1)
9.3881454E~01
(20, 1)
0.3967285E-03
{7, 1)
0.2908707E-03
(6, 1)
0.2765656E~03
(v, 1
0,554 0848E~03
(1, 1)
0.5598068E-03
(11, 1
0.54168705-03
(10, W)
0.48637398-03
{9, 1)
0.40626532-03
(1u, 1)
0.379562u8-03
(8, 1)
0.4873276E-03
(10, 1)

%AVG STREAM

0.3832535e~04
36965.03
0.3367634B-04
36965.02
0.32732668-04
36965.03
0.3162512E-04
36965.02
0.3024828E-04
36965.03
0.2815023E-04
36965.03
0.2850003E-04
36965.02
0.2887346E-04
36965.02
0.2698371E-04
36965.02
0.27231348-04
36965.01
0.2825118E-04
36965.02
0.3000229E-04
36965.01
0.31136442-04
36965.01
0.31279208-04
36965.02
0.30000278-04
36965.00
0.30438938-04
36965.01
0.3040301E-04
36964,99
0.287US21E-D4
36965.01
0.3009439E-04
36965.01
0.2859565E-04
36965.00
0.3125262E-04
36965.00
0.29824288-04
36965.01
0.3103838E-04
36965.01
0.2994195E-04
36964.99
0.3045263E-04

36964.98

%AVG VIRI/B

0.11393592-02
439.2815
0.1120330E-02
439.28>8
0.1121744E-02
439.2798
0.10711758~-02
439.2738
0.1033273E-02
439.2735
0.1097479g-02
439.27N
0.1178373e-02
439.2736
0.10673798~02
439.2783
0.10697258-02
439.2776 ’
0.13753328~02
439.2776
0.12683658~02
439.2763
0.1083786€-02
439.2764
0.106727282-02
439.2764
0.10581248-02
439.2756
0.10634808-02
439.2754
0.1235366E-02
4139.2751
0.1016366E~02
439.2747
0.1029%49€-02
439.2744
0.10208188-02
439,274y
0.1008)328-02
439.2742
0.1011196E-02
439.2739
0.1046254E-02
439.2734
0.1038796E-02
439.2734
0.10141668-02
439.2734
0.10032488-02
439.2732

XAVS VORT/S

0.1223442E-01
40.03743
0.1)85493E-01
40.03783
0.1306374E-01
40.03767
0.1465393E-01
40.03798
0.3354730E-02
40.03764
0.7656839E-02
40.03741
0.1152435E-01
40.03754
0.11279288E-01
40.03748
0.1231391E-01
40.03729
0.9995J743E-02
40.03712
0.11435508-01
40.03706
0.1211420E-01
40.03688
0.1358179€E-01
40.03694
0.3276678E-02
40.03685
0.33122850€E-02
40.03671
0.3532634E-02
40,03685
0.3453326E-02
40.03690
0.3481814E-02
40.03680
0.1137315E-01
40.03656
0.1104227E-01
40.03648
0.1250998E-01
40.03638
0.1134%42E-01
40.03592
0.1339615E-01
40.03618
0.8363879E-02
40.03596
0.11579168-01
40.03593

6v¢



ITER

5026
5027
5028
5029
5030
5031
5032
5033
5034
5035
5036
5037
5018

5039 -

5040
5041
5042
S0u3
5044
5045
5046
5047
5048
5049
5050

MAX STBEAM

0.18110558-03 -

(14,92)
0.1983643E-03
(14,92)
0.1373291E-0)
(14,91)
0.1525879E~03
(16,92)
0.1678467E-03
(14,92)
0.1678467E-03
(17,92)
0.16784b67E-03
(14,92)
0.13712916-013
(14,92)
0.1831055E-03
(18,92}
0.16784677-03
(14,90)
0.136R115E-03
(20,90)
0.12207031€E-03
(18,92)
0.1220703E-03
(21,88)
0.1220703E-03
(17, 86)
0.1220703E-03
(22,92)
D.1525879E-03
(14,92)
0.1525879E-013
(20,49)
0.12207032-03
(20,92)
0.1373291E-03
{18,90)
0.11232918-03
(13,92)
0.12207018-03
(21,92)
0.1678467E-01
{(17,91)
0.16784p7E-03
(14,92)
0.1678467E-013
(14,89)
0.12207032-03
(18, 88)

MAX VORT/B

0.3242493E-04
(10, 2
0.2312660E-04
(22, 4)
0.2861023E-04
21, 2)
0.3099442E-04
25, 2)
0.3242493E~04
21, 2)
0.3147125E-04
(19, 2)
0.2574921E-04
(16, 2)
0.3433228E-04
(11, 2)
0.2861023E-04
(10, 2)
0.2574921E-04
(19, 2)
0.22292 14E-04
{24, 4)
0.2384186E-04
(20, 2)
0.3051758E-04
(18, 2)
0.2777576E-04
23, 2)
0.2908707E-04
(21, 2)
0.2670288E-04
{19, 2)
0.2145767E~04
(22, 4)
0.2131446E-04
(27, 2)
0.2115965E-04
(24, W)
0.2378225E8-04
(24, 2)
0.3051758E-04
(18, 2)
0.2318621E-04
21, 2)
0.3147125E-04
(16, 2)
0.2765656E-04
(18, 2)
0.2098083E-04
(17, 2)

MAX VORT/S

0.59890758-03
(10, 1)
2.49209598-03
{9, 1)
0.3719330E-03
(W, 1)
0.4851222E-03
(21, 1)
0.4043579€-03
(15, 1)
0.5331039€-03
(12, 1)
0.8764267E-03
(11, 1)

 0.5A46024E-03

(10, 1)
0.41484838-03
(16, 1)
0.5006790E-03
(11, 1)
0.4167557E-03
(19, 1)
0.4281998E-03
(8, 1
0.4061460E-03
23, M
0.3671646E-03
(20, 1)
0.3871918E~03
{10, 1)
0.4081726E-03
(17, 4
0.3166199E-03
(18, 1)
0.2899170E-03
(9, )
9.3919601E-03
(8, 1)
9.57792668-03
{18, 1)
0.4100800E-03
(12, 1)
0.5865097E-03
(16, 1)
9.4577537E-03
(i, 1)
0.3919601E-03
(18, 1)
0.3B14697E-03
19, N

%AVG STREANM

0.31663974E-04
36964.99

0.2983308E-04 .

36964.98
0.3153236E-04
36964.97
0.3103127E-J4
36964.96
0.31028195B-04
36964.96
0.3010007E-D4
36964.98
0.3032872E-04
36964.98
0.2823218E-04
36964,97
0.2905959E-04
36964.96
0.2939766B-04
36964.96
0.291773S€-24
36964.946

0.26815462B-04 -

3696L.96

0.2893005E-04 -

36964.96
0.3031868E-04
36964.97
0.2897454E~04
36964.96
0.29231358-04
36964.96
0.3010957E-04
36964.96
0.28729388-04
36964.96
0.2993793e-04
36964.95
0,3023274E-04
36964.96
0.3037u81E-04
36964.95
0.3054940E-04
36964.95
0.302071%E-04
36964.95
0.2907751B-04
36964.94
0.28113678-04
36968.95

%XAYG VIRI/B

0.121834802-02
439.2727
0.3963840E-03
439.2722
0.9735744E-03
439.2725
0.9687142E-03
439.2720
0.9707389E-03
439.275
0.93076738-03
439.271)
0.3785)36E-03
439.2738
0.38238728-03
439.273)

0.96501858-03

439.2728
0.9637357E-03
439.27)8
0.92848272-03
439.27)%
0.3341282e-03
439.2638
0.9432357E-03
439,2635
0.9412340€-03
439.20688
0.3498510E-03
439.2635
0.9427743E-03
439.2698
0.9269328e-03
439.273)
0.9210431E-03
439.273)

0.32183768-03

439,2638
0.9320443E-03
439.27)2
0.9435380E-03
439.2635
0.3215283E-03
439.2635
0.9069)96E-03
439.2636
0.83325378-03
439.2633
0.30111328-03
k39.2683

XAV3 VORD/S

0.12687648-01
40.03569
0.7222530E-02
40.03547
0.3636290E-02
40.03587
0.1368631E-01
40.03595
0.1262989E-01
40.03581
0.3505680E-02
40.03558
0.1252475E-01
40.03%51
0.1131617E-01
40.23539

0.3740799E-01

80.03543
0.1186327E-01
40.03523
0.39536171E-02
40.03554
0.1115249g-01
40.03546
0.1394829E-01
40.03531
0.13299268-01
40.013525
0.9362410E-02
40.03513
D.3619651E~02
40.03517
0.341%4170B-02
40.01519
0.6712113E-02
40.03514
0.1264675E-01
40.31518

.0.118%300E-01

40.03493
0.38283788E-02
40.03u64
0.11384718-01
40.03u82
0.3428153E-02
40.03482
0.1318804E-01
40.03491
0.13327578-01
40.03467

05¢



ITER

5051
5052
$053
5054
5055
5056
5057
505§
5059
S060
5061
5062
5063
5064
5065
5066
5067
5068
5069
5070
5071
5072
5073
5074
507S

MAX STREAN

0.1220703E-03

(17,85}
0.12681158-03
(19,92)
0.13732918-03
(19,92)
0.1373291E8-03
(17,91)
0.15258798-03
(17,92)
0.1220703E-03
{13,89)

© 0.1831055E-03

(18,88)

0.1831055E-03

(15,90)
0.1678467E-03
(15,92)
0.1373291E-03
(15,92)
0.1220703E-03
(15,91)
0.16784678-03
(14,92)
0.1373291E-03
(19,92)
0.1373291E-03
(17,87)
0.15258792-03
(21,92)
0.18310558-03
{15, 89)
0.1831055E-03
(15,91)
0.1678467E-03
(17,87)
0.1525879F-03
(18, 86)
0.1220703E-03
(18,92)
0.1373291E-03
(16, 86)
0.1220703E-03
(19, 89)
0.1525879E-03
(19, 85)
0.12207038-03
(19,87)
0.1525879E-03
(17,92)

MAX VORT/B

0.2384 186 B-04
(19, 2)
0.2574921E-04
(14, 2)
0.2765656E-04
(13, 2)
0.2765656E-04
(14, 2)
0.2574921E-04
(13, 2)
0.2861023E-04
(15, 2)
0.3528595E-04
(1%, 2)
0.3242093E-04
(13, 2)
0.3147125E-08
(10, 2)
0.2986193E-04
(21, 2)
0.3433228E~04
(20, 2)
0.3814697E-04
(18, 2)
0.3B14697E-04
(184, 2)
0.5050474E-08
(17, 2)
0.4959106 E-04
(14, 2)
0.4577637E-04
(17, 2)
0.5054474E-04
(12, 2)
0.58174 13E~-04
(17, 2)
0.54359404E-04
(1, 2)
0.5054474E=08
(11, 2)
0.4673005E-04
(20, 2)
0.4386902E-04
(16, 2)
0.4196167E-04
(18, 2
0.4005432E-04
(20, 2)
0.3206730E=-04
(23, 2)

MAX VORT/S

0.5960464E-03
(12, 1)
0.3021955E-03
22, 1
0.363348998-03
(5., 1
0.3271103E-03
(15, 1

0.4196167E-03"

(15, 1)
0.2851486E-03
(s, 1)
0.3385544E-03
(17, 1)
0.3633499E-03
(10, 1
0.3757477E-03
(8, 1)
9.37288678-03
(12, 1)

0.5598068E-03

(1, 1)
0.7324219E-03
(11, N

0.5435944E-03

(Y, N
0.6141663R-03
M, n
0.4272461E-03
(17, 1)
0.6275177E-03
(12, 1)
9.8449554E-03
(11, 1)
0.64659128-03
(9, 1)
0.5664825E-03
RETRET
0.4911423E-03
(16, 1)
9.4062653E-03
(15, 1)
0.4950033E-03
(8, 1)
0.4825592E-03
(14, 1)
0.3929138E~03
(12, 1)
0.5283356E-03
(15, 1)

%AVG STREAN

0.28919318-04
36964.34
0.2752632E-04
36954.95
0.28053408-04
36964.93
0.2882739E-04
36964.93
0.28119558-04
36964.933
0.27298998-04
36964.93
0.2846391E-04
36964.93
0.2941256E-J4
36964.93
0.273508JE-04
36964.93
0.263499)E-04
36964.33
0.2697967E-04
36964.92
0.2730533E-04

. 36964.91

0.2778311E-04
36964.91
0.2713141E-04
36964.91
0.2835753E-04
36964.89
0.2799286E-04
36964.90
0.2819%99E-04
36964.89
0.282337)E-04
36964.90
0.2602144E-04
36964.89
0.2796727E-04
36964.89
0.2796174E-04
36964.87
0.2786473E-04
36964.88
0.27066u40E2-24
36964.88
0.2998076B8-04
36964.87
0.2822118E-04
36964.87

ikVQ VIRI/B

0.8888422E-03
439.2686
0.8868647E-03
439,2636
0.3011310E-03
439.2636
0.90803328~03
439.2678
0.33695862-03
439.2676
0.31234278-03
4356.2676
0.3110451e-03
439.2676
0.91312378-03
439.2673
0.91834132-03
439.2671
0.9231554E-03
439.2661
0.94655188-03
439.2661
0.9499732g-03
439.2656
0.93327312-03
439.2654
0.93388)72-03
439.2651
0.10063878-02
439.2651
0.10172528-02
439.2654
0.1029234e-02
439.26u44
0.1070256E-02
439.26406
0.1)75)76E-02
439.2633
0.1070346E-02
433.263¢4
0.1074377E-02
839.2629
0.10651918-02
436.2634
0.10633998-02
439.2632
0.1052680E-02
439.2634
0.10213128-02
439.2634

%AV3 VORI/S

0.12759348-01
40.03477
0.9844007E-02
40.03465
0.8235261E~02
40.034u4
0.3187549E-02
40,03432
0.10634878-01
40.03429
0.7236187E-02
40.03409
0.1242282E-01
40.03401
0.3130733E-02
40.03381Y
0.3719305€-02
40.033M
0.12436%1E-01
40.03349
0.1126507€-01
40.03319
0.1410455E-01
40.031305
0.13)49839E-01
40.03258
0.1312166E-01
40.03230
0.1176592E-01
40.03198
0.1312425E-01
40.03175
0.1742905E-01
40.03146
0.14264%45E-01
40,0309
0.1471501E-01
40.03067
0.1374620E-01
40.03046
0.9953976E-02
40.03023
0.1382572E-01
40.03009
0.1262376E-01
40.03001
0.34367458-02
40.02991
0.3889007E-02
40.02998 .

LS¢
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CONVERGENCE TEST ON GRID APTER S100 ITERATIONS:

MAXINUM CHANGES OVER SRID:
STREAY PUNCTION®= 0,2136230B-03 BULK VORTICITI= 0.2765656B~04 SURPAZE VORTICITY= 0.3671646E-03
AVERAGE X CHANGE OVER GRID:

STREAN PUNCTION= 0,35532288-04 BULK VORTICITY= 0,8203802E-03 SURPACE VORTICITY= 0,10231418-01

WITH RELAXATION:

MAXIMUN CHANGES OVER GRID:

STREAM PUNCTION= 0.3845200E-03 BULK VORTICITY= 0.5531310B-05 SURFACE VORTICI!Y; 0.36716452-04
AVERAGE X CHANGE OVER GRID:

STREAM PUNCTION= 0.6395788E-08 BULK VORTICITY= 0. 1640760E-03 SORFACE VORTICITY= 0,1023140E-02

AVERAGING THE STEP TO STEP CHANGES OVER THE LAST 100 ITERATIONS:

OVERALL %X CHANGES, (NO RELAXATION):

STREAM PUNCTION= 0.3002149B-04 BOLK VORTICITI= 0,9792482E-03 SURFACE VIORTICIrY= 0.1076943E-01

WITH RELAXATION:

OVERALL % CHANGES, (RO RELAXATION):

STREAM PUNCTION= 0.5403848B-04 BULK VORTICITY= 0. 1958496E-03 SORFACE VORTICITY= 0,1076942EB-02

RINFP= 100.000000 RE= 10. 000000
SIZE OF GRID= 33 X 93

NUMBER OFP ITERATIONS= 5100

€6¢



THETAG{ 1) =
THETAG( 2)+
THETAG( 3)=
THETAG({ U)=
THETAG( S5)=
THETAG{ 6)=
THETAG( 7)=
THETAG( B)=
THETAG( 9) =
THETAG (10} =
THETAG(11) =
THETAG(12) =
THETAG(13) =
THETAG(14) =
THETAG(15) =
THETAG(16) =
THETAG(17) =
THETAG(18) =
THETAG (19) =
THETAG{20) =
THETAG(21) =
THETAG(22) =
THETAG(23) s
THETAG (2U) =
THRTAG(25) =
THETAG(26) =
THETAG(2T) =
THETAG(28) =
THETAG(29) =
THETAG(30)=
THETAG(31) =
THETAG(32) =
THETAG(33)=

SURFACE VORTICITY DISTRIBOTION

0.0 -
2.98174758-01
0. 1963495
0.2945243
0.3926990
0.4908738
0.5890485
0.6872233
0. 7853980
0.8835728
0.9817475
1.079922
1.178097
1.276271
1.37u8446
1.472621
1.570796
1.668970
1.767145
1.865320
1.963494
2.061669
2. 159844
2.258018
2.356194
2.456369
2.552543
2.650718
2.748893
2.847067
2945242
3043417
3.141592

VORTIZITY( 1,1}=
VORTICITY( 2,1)=
VORTIZITY( 3

VORTIZITY( 4, 1)=
VORTICITY( 5,1)=
VORTIZITY( 6,1)=
VORTICITY( 7,1)=
VORTIZITY( 8,1)=
VORTIZITY( 9,1)=
VORTIZITY (10, 1) =
VORTIZITY {(11,1)=
VORTIZITY (12,1)=
VORTICITY (13,1)=
VORTIZTTY (14, 1) =
VORTICITY (15,1)=
VORTIZITY (16,1)=
VORTIZITY (17,1)=
VORTIZITY (18,1)=
VORTIZITY (19,1)=
VORTIZITY (20, 1) =
VORTIZITY (21,1)=
VORTIZITY (22, 1) =
VORTIZITY (23, 1) =
VORTIZITY (24,1)=
VORTIZITY (25,1)=
VORTIZITY (26,1)=
VORTIZITY (27,1)=

0.0
0.4397055
0.8673537
1.271414
1.641084
1.966905
2.241029
2.457419
2.612244
2.703779
2.732823
2.702162
2.616772
2.483301
2.309817
2.105314
1.879213
1.640827
1.398988
1.161667
0.91356664
0.7265244
0.5384942
0.3746592
0.2370090
0.1265936
0.4355459B-01

VORTIZITY (28,1)=-0.1290640E-01
VORTIZITY (29,1)=-0.4462839E-01
VORTIZITY (30,1)=-0.5456545B-01
VORTIZITY (31,1)=-0.46B84433E-01
VORTIZITY (32,1)=~-0.2665148E-01

VORTICITY (33,1)=

0.0

v§¢e



SURPACE PRESSOURE DISTRIBUTION

THETAG( 3)= 0.1963495
THRTAG( 5)= 0.3926990
THETAG( 7)=a 0.5890u85
THETAG( 9)= 0.7851980
THETAG(11)= 0.9817475
THETAG(13)= 1.178097
THETAG(15)= 1.374446
THETAG(V7)= 1.570796
THETAG(19)= 1.767145
THETAG(21)=  1,963494
THETAG(23)=2 2,159844
THETAG(25)® 2.356194
THETAG(27)= 2.552%543
THETAG(29)= 2.748893
THETAG(31)= 2.945242
THETAG(33)= 3,141592

DRAG PARAMETERS

APTER 5100 ITERATIONS:

R-INFINITY= 100.0000

SIZE OF GRID= 33X93

PRONTAL STAGNATION PRESSURE=s

SURFPACE
SURFAZE
SURTACE
SURFAZE
SURFAZE
SURFAZE
SURFAZE
SURPAZE
SURPAZE
SURFAZE
SURFAZE
SURPACE

" SURFAZE

SURFACZE
SURPAZE
SURFACE

PRESSURE( 3)= 1.393917
PRESSURE( S)= 1.138027
PRESSURE( 7)= 0.7583042
PRESSURE( 9)= 0.3139000
PRESSURE(11)3-0.1310129
PRESSURE({13)=~-0.5205097
PRESSURE(15)2-0.8168278
PRESSURE(17)= -1.004923
PRESSURE(19) = =-1.0905684
PRESSURE(21}= -1.094018
P2ESSURE(23) = -1.040699
PRESSURE (25)=-0.955667%
PRESSURE (27) =~0.8605127
PRESSURE (29) =-0.7741785
PRESSURE(31) =s=0.7136545
PRESSURE(33)==-0.6918373

REYNOLDS ¥3.= 10.00000

1, 484224

REAR STAGNATION PRESSURE=-0.6918373

THE SKIN DRAS COEPFICIENT=

THE FORYM DRAS COEFFICIENT=

CDSKIN/CDPORN= 0.7841986

THE TOTAL DRAG COEFFICIENT =

1.223155
1.559752

2.782307

GG¢e



STOKES{ 1)= 0.5000000
STOKES( 2) = 1.000000
XKAP( 1)= 0.9999999E-~D3
XKAP( 2)s 0.2000000
INITIAL VARIABLES
RINF= 100.000 REYNOLD'S NO.= 10.000
XP(1)= =100,0000

SIZE OF GRID= 33 X 93

NUMBER OF STEPS PER GRID CELL= 3.000009

weoes NUMERICALLY CALCULATED FLOWFIELD USED ##sssss

sevsss EPPICIENCY WITH INTERCEPTION ##¢ssks

STOKES* HO.= 0.500 EPFICIENCY= 0.37953890860E-02

STOXKES® EO.= 1. 000 EPPICIENCY= 0.10445642471

®essse EFPICIENCY WITH INTERCEPTION ##¢ssss

STOKES® NO.= 0.500 EFPICIENCY= 0,10357707739
STOKES® NO.= 1. 000 EPFICIENCY= 0,22413486242

DP/DF=

DP/DP=

DP/DF=

DP/DP=

0.001000
0.001000

0.200000
0.200000

I= 0.379159953458-02
I= 0.10435211658

I= 0.86314201355E-01
I= 0,18677902222

96¢



ITER

5101
5102
5103

5104

5105
5106
5107
5108
5109
5110
5111
5112
5113
5114
5115
5116
5117
5118
5119
5120
5121
5122
5123
5124
5125

MAX STREAM

0.1525879E~03 -

(21,90)

0.1831055E~03

(21,89)
0.1983643E-03
(18, 89)
0.1525879E-03
(19,87}
0.15258798-03
(15, 89)
0.1373291E-03
(16,90)
0.1068115E-03
(19,90)
0.1068115E-03
(17,92)
0.13732912-03
{16, 86)
0.13732916~03
(17,87)
0.1670467E=03
(21,92)
0.1525879E-03
(21,9%)
0.1373291E-03
(21,92}
0.1831055E-03
(1A, 91)
0.1831055E-03
(18,90)
0.1220703E-03
(20, 48)
0.1678467E-03
(17,91}
0.2136230E-03
{19, 92)
0.16784676-03
{19,92)
0.1525879E-03
(14,92}
0.1678467E-03
(14,92)
0.13732918=03
(14,91
0.1525879E-03
{18,90)
0.1373291E-03
(17,90}
0.1525879E-03
(18,92)

¥AX VORT/B

0.2861023E-04
{15, 2)
0.2038479E~04
(22, W)
0.2098083E-04
(20, 2)
0.2002716E~-04
(11, 2)
0.1966953E-04
(22, )
0.19311908-04
(23, W)
0.1919270E-04
(22, 4)
0.2384166E-04
(10, 2)
0.25749218-04
(20, 2)
0.3187125E-04
(16, 2)
0.3802776E~04
(21, 2)
0.485776378-04
(12, 2)
0.4673004E~04
(17, 2)
0.4673004R-04
(12, 2)
0.4291534E-04
(13, 2)
0.4386902E-04
(12, 2)
0.3719330E-04
(19, 2)
0.33117860FE~04
(13, 2)
0.3623962E-04
(16, 2
0.3623962E~04
(18, 2)
0.,3u331228E~04
(16, 2)
0.3202493E-04
(18, 2)
0.,3147125E=-04
(16, 2)
0.2765656 E~04
(14, 2)
0.314871258=-04
(18, 2)

¥AX VORT/S

0.44727233E-03
(9, 1
0.3614426E-03
{20, 1)
0.4014969€-03
(1, 1)
0.5340576E-03
(11, N
0.2737045E-03
(19, 0
0.5102158E-03
(12, )
0.6866455E-03
(10, 1)
0.7324219E-03
(20, 1)
0.5865097E-03
(7, 1
0.6628036E-03
( 6' 1)
0.7190704E-03
(12, 1
0.5559458E~03
(10, M
0.7534027E-03
(9, 1
0.6437302E-03
(8, 1)
0.5426407E-03
(12, 1y
0.4053116E-03
(7, 1)
0.4005432E-03
(19, 1
0.6093979E-03
(12, 1)
0.5102158E-03
(L, n
0.3881454E-03
(16, 1)
0.3700256E-03
(18, 1)
0.4644394E~03
{10, 1)
0.4329681E-03
(1, 1)
0.4205704E-03
(11, 1
0.6465912E-03
(18, 1)

XAVG STREAM

0.3293085E~04
36964.80
0.3154232E-04
36964.79
0.3243212E-04
36964.80
0.3314609E~04
36964.79
0.3295981E-04
36964.79
0.337738)E~-04
36964.78
0.3379783E-04
36964.79
0.3457602E-04
36964.78
0.3403913E-04
36964.76
0.3397473E-04
36964.76
0.3242038E-04
36964.75
0.3375584B-04
36964.75
0.3390828E-04
36964.74
0.34548298B-04
36964.75
0.31902188-04
36964.75
0.3233006E-04
36964.73
0.3327448E-04
36964.73
0.3332338E-04
36964.73
0.3220805E-04
36964,73
0.3394637E-04
36964.74
0.3330742E-04
36964,72
0.3352184E-04
36964.73
0.3282570E-04
36964.73
0.3422948E-04
36964,72
0.3203607E-04
36964.73

%AVG VIRI/B

0.92022892-03
433,2566
0.9017366E-03
439.2566
0.8837758E-03
439.2561
0.8581837E-03
439.2561
0.84155508-03
439.2561
0.8385049E-03
439,2563
0.8372634E-03
433.2559
0.8458628E-03
439.2556
0.8927474e8-03
439.2554
0.9334281E-03
439.2549
0.9566367E-03
433.2546
0.9703676E-03
433.2542
0.9906)34B-03
439.2537
0.10021228-02
439.252)

0.9949240E-03

439.2523
0.9976812E-03
439.2527
0.9951438E-03

S 439.2517
- 0.97168708-03

4133.2512
0.9638444E-03
439.2512
0.9498487E-03
439.251)
0.9405264R~03
433.25)2
0.9290185E-03
439.252
0.92286158-03
439.2438
0.9117709E-03
439.2433
0.92409998-03
439,2488

XAVG VORT/S

0.1017817E-01
40.02858
0.9537667E-02
40.32458
0.9403102E-02
43.32873
0.8910235E-02
40.32895
0.7376297€E-02
40,22907
0.94391008-02
40.22902
0.T452914E-01
40.32899
0.1809339E-01
40,2885

0.1715757E-01

40.32831
0.1254840E-01
40.02777
0.1513172E-01
40.02744
0.1376224E-01
43.327N5
0.1222955E-01
43.32679
0.1176801E-01
40,22649
0.9765130E-02
40.22637
0.1276199E-01
40.22620
0.10548685E-01
40.32629
0.1331570E~01
42.32612
0.1501269E-01
43.232615
0.9322476E-02
42.02611
0.880074y2E-02
40.02638
0.1153548E-01
43,02635
0.8993808E-02
43.022635
0.1224850E-01
43.02602
0.1271359E-01
40.22580

LS¢



ITER

5126
5127
5128
5129
5130
5131
5132
5133
5134
5135
51&6
51317
5138
5139
5140
5141
5142
5143
S144
S145
5146
S147
5148
5149
5150

MAX STREAM

0.1525879E~03 -
(14,92)
0.1831055£-03
(18,91)
0.1678467E~03
(18,90)
0.1220703E~03
(20,91)
0.12207038~-03
(15,86)
0.1678467E~03
(11,92)
0.1373291E~03
(18,91)
0.1220703E~03
(18,91}
0.12681152-03
(19, 86)
0.12207031E~03
(21,92)
0.1525879E~03
(18,92)
0.1373291E~03
(17,91
0.1678467E~03
(16,99)
0.1678467E~03
(14,91)
0.1220703E~03
(17,92)
0.1220703E~03
(16,91)
0.1220703E~03
(15,90}
0.2116230E~03
(21,92}
0.12207038-03
(21, 88)
0.1678467E~03
(18,90}
0.1220703E-03
(21,92)
0.1525879E~03
(16,86}
0.1373291E-03
(20,87)
0.1373291E~03
(17,92)
0.1525879E-03
(14,89)

MAX VORT/B

0.2765656E-04
(16, 2)
0.2098083E-04
(14, 2)
0.2879553E-04
(13, 2y
0.1919270E-04
(21, )
0.19133098-04
(22, 4)
0.1907349E-04
(21, 4)
0.1841784E-04
(21, 4)
0.1907349E-04
(11, 2)
0.2002716E-04
(10, 2)
0.2098083R-04
(8, 2)
0.1907349E-04
(17, 2)
0.2002716E-04
(16, 2)
0.2056360E-04
{22, 2)

"0.2050400E~-04

(21, 2)
0.1907349E-04
(12, 2)
0.1680451E-04
(21, 5)
0.17166 1 E-04
(9, 2)
0.1651049F-04
(23, 5)
0.2479553E-04
{15, 2)
0.3099442E-04
(21, 2)
0.3337860F-04
(18,.2)
0.4005432E-04
(16, 2)
0.31471258-04
(15, 2)
0.3623962E-04
(7, 2)
0.4673004 E-04
{14, 2)

MAX VORT/S

0.4472733e-03
(17, 1
0.51784528-03
{10, 1)
0.3204346E-03
(19, 1)
0.5064011E-03
(7, n
0.2622504E-03
(w, 1
0.27275098-03
{1, 1)

0.4854202E-03

(11, 1)
0.4853739E-03
(1, n
0.5054474E-03
(18, 1
0.4110336E-03
(8, 1)
0.4100800R-03
(16, N
0.654%22068-03
(16, 1)
0.4053116E-03
(8, 1)

. D.4362454E-0)

(24, N
0.461578UE-03
(12, 1)
0.3414154E-03
(11, 1),
0.3175735E-03
(S, 1)
0.49895058-03
(23, 1
0.6188154E-03
(21, 1)
0.5998511E-03

(8, 1 ¢
0.6322861E-03
(16, 1)
0.4768172E-03
(17, N
0.6237030E-03
(17, 1)
0.5369186E-03
(16, 1
0.4959106E-03
{9 1)

%AVG STREAM

0.3309744p-08
36964.71
0.3297126E-04
36964U.72
0.3182217E-04
36964,.72
0.3380323E-04
36964.71
0.32533278B-04
36964.70
0.3274276E-04
36964.70
0.3180435E-04
36964.70
0.3036794E-04
36964.69
0.3135735B-04
36964.69
0.3361104E-04
36964.70

©0.3262611E-04

36964.69
0.3228027B-04
36964,69

.0.3141037E-04

36964.69
0.3130041E-04
36964.69
0.3315438E-04
36964.70
0.3221033E-04
36964.68
0.3296748B-04
36964.69
0.3324146B-04
36964.68
0.3296672E~04
36964.68
0.3262643E-04
36964.66
0.3021062E-04
36964.68
0.3066452E-04
36964.67
0.2904626E-34
36964.67
0.30112478-04
36964.68
0.3185870E-04
36964.67

KAVG VIRT/B

0.8955309E-03
439.248)
0.88023)1E-03
39,2476
0.8966681E~-03
433.247
0.8545844E-03
439.2466
0.8509515E-03
439.2463
0.8401666E-03
439.2454
0.8188338E-03
439.2456
0.8227886E-03
439.2458
0.8237415€-03
439.2456
0.83883098E-03
439.,2451
0.8300620E-03
433.2u49
0.8315756E-03
439.2449
0.8158321E-03
439.24u9
0.8100633E-03
439.24u4
0.7935110E-03
433.24u4
0.7851452E-03
433.2446
0.7952419R-03
439.24133
0.7861641E-03
439,2434
0.8125771€-03
439.24134

0.81235738-03

439.2432
0.8279241E-03
439,2423
0.83881858-03
439.2419
0.8367)79E6-03
433.2417
0.8565)48E-03
439.2417
0.8573621E-03
439.2415

%AVG VORI/S

0.1145375E-01
40,22600
0.9564206E-02
43.32629
0.1160000E-01
40.32585
0.9834450E-02
40.02617
0.3271096E-02
43,2621
0,9040929E-02
40.32638
0.9410653E-02
40.02643
0.9809572E-02
43.02650
0.1150986E-01
40.32643
0.8612312E-02
40.22615
0.99776958-02
4).232620
0.1308735F-01
40.32625
0.9517547E-02
43.32646
0.1192757€E- 01
43.02658
0.9460393E-02
40.22681
0.9391584E-02
43.32673
0.1008053E-01
43.02660
0.125%02868-01
40.0%2658
0.1267414E-01
43.22625
0.10486488B-01
40.22635
0.1228891E-01
43,32580
0.,102480158-01
40.22%62
0.1160427E-01
40.22545
0.1274044E-01
43.32516
0.1159762E-01
40.32535

8G¢



ITER

5151
5152
5153
5154
5155
5156
5157
5158
5159
5160
5161
5162
5163
5164
5165
5166
5167
5168
5169
5170
s17
5172
5173
5174
5175

MAX STREAM

0.1220703E-03 -
(19,92)
0.1220703E-03
(19,91)
0.1371291E-03
{18, 88)
0.1525879E-03
(21,91)
0.1525879E-03
(14,90)
0.1373291E-03
(19, 18)
0.1220703E-03
(19,88}
0.1373291E-03
(20,87)
0.1525879E-03
(17, 87)
0.1371291E-03
(21,90}
0.1373291E-03
{21,91)
0.1173291E-01
(16,88)
0.1678467E~03
(18,92)
0.1371291E-03
(18, 92)
0.1373291E-03
(20, 89)
0.1525879E-03
(18, 83)
0.1373291E-03
(18, 89)
0.1525879E~03
(18,90)
0.1525679E-03
{18, 89)
0.15256798-03
(18, 84)
0.1983643E~03
(13,90}
0.13732912-03
(22,91}
0.1220703E-03
(22,92)
0.1220703E-03
(19,89)
0.13732918~03
(19,91)

MAX VORT/B

0.3337860E-04
(9, 2)
0.2956390E-04
(11, 2)
0.3337860E-04
(10, 2)
0.33376608-04
(9, 2)
0.2956390E-04
("8y:2)
0.2574921E-04
(19, 2y .
0.2765656E-04
(9,2
0.2193451E-04
(20, 2

0.2098083E-08

(18, 2)
0.2670208E-04
(16, 2)

" 0.2861023E-04

(15, 2)
0.2574921E-04
(g, 2)
0.2670288E-04
(2, 2)

. 0.210404UE-04

(23, 2)
0.2866983E-04
21, 2)
0.3147125E-04
(19, 2)
0.2539158E-04
(25, 2)

L 0.2825260E-04

(22, 2)
0.34332287-04
(21, 2)
0.2676249E-04
(22, 2)
0.3317860F-04
(19, 2)
0.3337U60E-04
(18, 2)
0.1907349E-04
(8, 2)
0.17523778-04
(21, 3)
0.2098083E-04
(16, 2)

MAX VORT/S

0.3166199E-03
(16, 1)
0.3590584E-03
(23, 1
0.3267527E~03
(23, 1)
0.4062553E-03
(18, 1)

0.5526543E-03

(21, 1
0.3919601E-03
(18, 1
0.4901886E-03
(1, 1
0.2689362E-03
(13, 1)
0.4587173F~013
(16, 1)
0.461578u4E-03
(1, 1
0.3079442E-03
(1, 1
0.%062553E-03
(9, N
0.3871918E-03
(12, 1
0.5187988E-03
{20, 1)
0.4281998E-03
(18, 1)
0.4310012E~03
(24, N
0.3433228%-03
(36, 1)
0.4024506E-03
(20, 1)
0.3395061E-03
(11, N
0.5264282E-03
(9 1
0.3519058E~03
(8, 1)
0.4730225e-03
(18, 1)
0.3433228E-03
(, 1)
0.4644394E-03
(15, 1
0.45585638-03
(7, 1

¥AVG STREAM

0.3117413e-04
36964.68
0.3163521E-04
3696U4.66
0.31935858-04
36964.66
0.3045026E-04
36964.66
0.302138uE-04
16964.66
0.2868772E-04
36964.64
0.2942474B-04
3696U.64
0.3025726E-04
36964.63
0.3070058E~04
36964.64
0.3041844E-08
36964.63

"0.3052143E-04

3696U4.64
0.2993536E-04
36964.64
0.29900592-04
36964.64
0.3122007E-04
36964.63
0.3045306E-04
36964.63
0.3006024%-04

" 36964.63

0.3093020E-04
36964.62
0.3118843E-04
36964.63
0.3217961E-04
36964.62
0.3193643E-04
36964.61
0.3282427E-04
3696U. 61
0.3253714E-04
36964.61
0.3281455E-04
36964.62
0.3187274E-04
36964.61
0.3170675E-04
36964.61

%AVG VIRT/B

0.84003628-03
439.2412
0.8208160E-03
439.241)
0.8239138E-03
439.241)
0.8288133E-03
439.24)2
0.8236628E-03
433.24)5
0.8406718E-03
439,2425
0.8470)46E-03
439,237
0.8215629E-03
439.233)
0.8000338E-03

439.239)
0.8260032E-03

439.2333
0.8318427e-03
439.21333
0.8396704E-03
439.2138)
0.8322184E-03
439.21378
0.8188190E-03
439.2378
0.8239201E-03
439,2375
0.8124)67E8-03
439.2375
0.82743848-03
439,237
0.8238)51E-03
4139.2368
0.8246J00E-0)
439.2373
0.8219311E-03
439,237
0.8351366E-03
439.2368

0.83913318-03.

439.2363
0.8056690E-03
439,21358
0.7870398E-03
439.2361
0.7804993E-03
439.2358

LAVG VORT/S'

0.8597154€E-02

-4d,.J2510

0.1066765E-01
43.32519
0.1052067E-01
43.32515
0.9871166E-02
42.22496
0.1544328E-01
40.32498
0.1031034E-01
43.32469
0.9652134E-02
49.22454
0.8372549€-02
4n.d22u66
0.1258453E-01
40.32480

0.76761328-02 |

40.22452
0.7864319E-02
40.324135
0.1113588E-01
40,22432
0.9258516E-02
40.32423
0.1081047E-01
43.32426
0.11162028-01
40,22435
0.9532835E-02
40.22415
0.90906556E-02
40.32386
0.85003648-02
40,22376
0.860U340E-02
43.32376
0.1173250E-01
40.22373
0.9790957E-02
40.22354
0.1058556E-01
4).221344
0,1114503E-01
43.32373
0.1074778E-01
40.32393
0.76395988-02
49.32390

6G¢
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CONVERGENCE TEST ON GRID AFPTER 5200 ITERATIONS:

- MAXINUM CHANGES OVER SRID:
STREAM PUNCTIOH= 0.1525879E-03 BULK VORTIZITY= 0.3719330E-04 SORFACE VIBTICITY= 0.51498412-03
‘AVERAGE % CHANGE OVER GRID:

STREAN PUNCTION= 0.3176701B-04 BULK VORTICITY= 0.7528174E-03 SURPATE VIRTICIrY= 0.1294620E-01

WITH RELAXATION:

MAXINUM CHANGES OVER GRID:
STREAM PURCTIOR= 0.2746570B-03 BULK VORTICITY= 0.7438659E-05 SURFACE VORTICIIY= 0.5149838E-04
AVERAGE % CHANGE OVER GRID:

STREBAM PUNCTION= 0.5718040B~04 BULK VORTICITY= 0.1505635E-03 SURPACE VORTICITY= 0.1234619B-02

AVERAGING THE STEP TO STEP CHANGES OVER THR LASI 100 ITEBATIONS:

OVERALL % CHANGES, (NO RELAXATION):

STREAN PUNCTION= 0.3259513E-04 BOLK VYORTIZITI= 0,83887908-03 "SURPAZE VORTICIrTY= 0.1075931E-01

WITH RELAXATION:

OVERALL % CHANGES, (NO RELAXATION):
STREAM PUNCTION= 0.5867101B-04 BULK VORTICITY= 0.1677758E-03 SURFACE VORTICIPY= 0.10759318-02

RINF= 100.000000 REs= 10, 000000
SIZEe OP GRIDs 133 X 93

NUMBER OF ITERATIONSs 5200

L9c¢



THETAG( 1)=
THETAG( 2)=
THETAG( 3)=
THETAG( U)=
THETAG({ S)=
THETAG( 6)=
THETAG( T)=
THETAG( 8)=
THETAG( 9)=
THETAG(10) =
THETAG(11) =
THETAG(12) =
THETAG (1) =
THETAG(14) =
THETAG (15} =
THETAG (16} =
THETAG(17) =
THETAG(18) =
THETAG(10) =
THETAG(2)) =
CTHETAG(21) =
THETAG(22) =
THETAG(23) =
THETAG (2U) =
THETAG(25) =
THETAG {26) =
THETAG(27) =
THETAG (28) =
THETAG(29) =
THETAG (30) =
THETAG(31) =
THETAG(32)=
THETAG(33) =

SURPACE VORTICITY DISTRIBUTION

0.0 :
0.98174758~01
0.1963495
0.29452413
0.3926990
0.4908738
0.5890u85
0.6872233
0.7853980
0.8835728
0.9817475
1.079922
1.178097
1.2762M
1.376446
1.472621
1.570796
1.668970
1.767145
1.865320
1.9613494
2.061669
2.159844
2.258018
2.356194
2.454369
2.552543
2.650718
2.748893
2.847067
2.945242
3.043417
3.1481592

VORTIZITY ( 1
VORTIZITY( 2
VORTIZITY( 3
VORTICITY ! 4
VORTICITY( S
VORTIZITY( 6
VORTICITY ( 7
VORTIZITY( 8
VORTICITY({ 9,1)=
VORTIZITY (13, 1) =
VORTIZITY(11,1)=
VORTIZITY (12,1)=
VORTICITY (13,1)=
VORTIZITY (14,1}
VORTIZITY {15,1)=
VORTIZITY (16, 1) =
VORTICITY(17,1)=
VORTIZITY (18, 1)=
VORTICITY (19,1)=
VORTIZITY (23, 1)=
VORTICITY (21,1)=
VORTIZITY (22,1)=
VORTICITY (23,1)=
VORTIZITY (24, 1) =
VORTICITY (25,1)=
VORTIZSITY (26,1)=
VORTICITY (27,1)=

0.0
0.4396651
0.8672954
1.271282
1.640920
1.966743
2.240809
2.457161
2.611959
2.703513
2.7324T
2.701745
2.616419
2.4829M1
2.309456
2.104969
1.878827
1.640441
1.398632
1.161340
0.93513606
0.7262393
0.5382329
0.3744143
0.2367879
0.1263913
0.4337758E-01

VORTIZITY (28,1)=-0.13060238-01
VORTIZITY (29,1)=-0.44753362-01
VORTIZITY (30,1)=~0.54668702-01
VORTICITY (31,1)=-0.46920102-01
VORTIZITY (32,1)=-0.26695842-01

VORTICITY (33,1)=

0.0

¢9¢



SURFACE PRESSURE DISTRIBUTION

THETAG{ 3)= 0,19613495
THETAG( S)= 0.3926990
THETAG( 7)= 0.5890485
THETAG( 9)= 0.7853980
THETAG(T1)» 0.9817475
THETAG(13)= 1.178097
THETAG(15)=  1.374u46
THETAG(TNY = 1.570796
THETAG(19)= 1.767145
THETAG(21)= 1.963494y
THETAG(23)> 2.159844
THETAG(25)* 2.356194
THETAG({27)® 2.552543
THETAG(29) s 2.748893
THETAG(31)s 2.945242
THETAG(33)» 3.141592

DRAG PARAMBTERS

APTER 5200 ITERATIONS:

R-INFINITY= 100.0000

SIZE OF GRID= 33X93

PRONTAL STAGNATION PRESSURE=

SURPFACE
SURPAZE
SURFAZE
SURFAZE
SURFAZE
SURFACE
SURFACE
SURFACE
SURFAZE
SURFACE
SURFAZE
SURFAZE
SORFATE
SURFATE
SURFACE
SURPATE

PRESSURE( 3)= 1,393908

PRESSURE( 5)= 1.138104
PRESSURE({ 7)= 0.7584244
PRESSURE( 9)= 0.31461203
PRESSURE (11} =-0.1307583
PRESSURE(13)=~0.5201273
PRESSURE(15) =-0.8163815
PRESSURE(17)= -1.004440
PRESSURE(19) = -1.090083

PRESSURE(21)= -1.093371

PRESSURE(23) = -1,040020
PRESSURE (25)=-0.9549694
PRESSURE(27)»-0.8598185
PRESSURE (29)=-0.7735138
PRESSORE (31)=-0.7130127
PRESSURE (33)=-0.6911907

REYNOLDS N¥J.= 10,00000

1. 484200

REAR STAGNATION PRESSURE=-0.6911907

THE SKXIN DRAS COEFFICIENT=

THE FORM DRAS COEFPPICIENT=

CDSKIN/CDPORYM= 0.7843232

THE TOTAL DRAG COEFFICIENT =

1.222929
1.559216

2.782145

€9¢



STOKES{ 1)= 0.5000000
STOKES( 2)=  1.000000
XKAP( )= 0.99999998-03
XKAP( 2)= 0.2000000
INITIAL VARIABLES
RINF=  100.000 REYNOLD'S NO.= 10.000
XP(1)s -100.0000

SIZE OF GRID= 33 X 93

NOMBER OF STEPS PER GRID CELL= 3.00000)

ssvse NUNERICALLY CALCULATED FLOWFIELD USED ¢sss&ss

$s4%ss EFPICIENCY WITH INTERCEPTION Ereeane

STOKES® KO.= 0.500 BEPFICIENCY= 0.379538908560E-02

STOKES' NQ.» 1.000 EFFICIENCY= 0, 10445642471

*¥se9s EFPICIENCY WITH INTERCEPTION »%susés

STOXKES' UO.= 0.500 EFPPICIENCY= 0,10357707739
STOKES® HO.= 1.000 EPPICIENCY= Q,22409653664

bp/DPs

DP/DF=

DP/DFa
DP/0F=

0.001000
0,001000

0.200000

0,200000

‘I= 0.37915995345E-02 -

I=a 0.13435211658

I= 0.86314201355E-01

= 0,18674713373

¥9¢



VRN NEWN =

Computer Programme used to Calculate Stagnation
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20
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50

60

Pressures and Drag Coefficients

REAL S{33,93),v(33,93),PSI¥(33),P20S(33)
RZAL P (33),PT {33)

REAL RG (93),THETAG(33)

READ{4,2900) RINP,RZ2,RLXS,RLXY,RLXVS,A,B
READ(4,3000) KR,NA,ITER,HCYCL,RUNBA
#RITE(6,3100) RIYF,RE,NA, NR,NUHBA

DO 10 J=1,KR

READ{4,2910) (V(I,J),I=1,8A)

CORTINUE .

DO 20 J=1,RR

READ(4,2910) (S(I,J),I=1,Hp)

CONTIRUE

PI=3.141592653589793

B=PI/(NA-1.0)

DO 40 I=1,HA

ANGLE=PI/ {¥A-1.0)*(1~-1.0)
FSIN(I)=SIN(ANGLE)

FCOS (I) =COS (ANGLE)

THETAG(I) =ANGLE

CONTIBUE

DO 80 I=1,HA

CONTINUE

HA2=4A-2

NR2=9RB-2

CDSKIN=0.0

DO 39 I=1,%A2,2
CDSKIN=PSIN(L)&V (I,1) +4.*PSIN(T+1)*V{I+1,1)
1 #PSIN({I+2)*V (I+2,1) +CDSKIN

CONTINUR

CDSKIN=CDSKIN*4_,0#B/3.0/RE

P0=0.0

DO 50 J=1,NB2,2 .

PO=PI¢(=3.0*V (1,J)+4.%7(2,J)~-Y(3,J))

1 +4 s (=3, &V (1,TJe1)+U_*V(2,3+1)~7(3,J+1))

2 +(-3.%V(1,342) #0857 (2,3+2)-V(3,J+2))

CONTINUE

PO=PJI%U4,*A/3./RB/B/2. +1.0

PZERO=PD

P(1)=0.0 .

DO 69 I=1,8A2,2°

KK=1+2
P(KK)=((-3.%V (L, 1) +4.%Y(T,2)-¥(I,3))

1 +UL (=3 8V (11, 01) ¢L_®V (1+1,2)-7(L+1,3))

2 +(=3,6V(T+2,1)¢U, ¢V (T+2,2)-V (1+2,3)))/2./A+P(I)

PT (KK) =PO+P (KK) $4.%8/3./RE

CONTINUE

PT (1) =PO

PREAR=PT (¥A)

CDFORM=0.0

DO 7) I=1,NA2,%
CDFORM=CDFORM¢PT (I) #FCOS (I) +4.0%PT (1+2) #FCOS (I+2)
) +PT(I+4)*FCOS (L+4)

70 CORTINUE

THSEP=0.0
D1=1./(NA-1.0)

DO 130 I=1,HA
IF(I.ED.1) GO TO 100
IF(I.EQ.H4A) GO TO 100
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59
60
61
62
63
68
65
66
67
68
69
70
LA
72
73
T4
75
76
77
78
73
80
81
82
83
84
85
86
87
88
89
90
91
92
93
9y
95
96
97
98
99
100
101

102°

103
104
105
106
107
108
109
110
1M

IP(Y(I,1).GT.0.0) GO TO 100
THSEP=180.#%{1.0-D1% (I-2.-V(1-1,3)/(V (L, 1)-V(I-1,1})))
GO T 90 R
100 CONTINUB
90 CONTINUB
CDFORM=CDPOR4%*B/1.5
CDTOT=CDSKIN+CDFORN -
CRAT=CDSKIN/CDFORA
WRITE(6,4200)
¥RITE(6,4000) RE,RINF,NA,NR
WRITE(6,4100) PZERO,PREAR,THSEP,CDSKIN,CDPORN,CRAT,CDTOT
4RITE(1,4300) RINF,RE,NR,NA,NUMBA,PZERO,PRZAR,THSEP,COSKIN,CDFORA,
1 CRAT,CDTOT
RITE(6,4200)
WRITE (6,5200)

v1000 FORMAT(10X,"THE SKIR DRAG COEFFICIENT=',G13.7/)

1100 FORMAT(5FP12.5)
1200 FORMAT(10X,*THE FORM DRAG COEPFICIENT =¢,G18.7/)
1300 FORNAT(6IS)
1400 FORNAT(10X,'THE TOTAL DRAG COEFFIZIENT =',G18.7//)
1500 FORMAT(10X," FRONTAL STAGNATION PRESSURE=',318.7/)
1600 FORMAT(10X,*THETAG(',I2,')=*,G14,7,5%, *SURPACE PRESSURE (*,
112,%=2,G18.7//)
1700 FORMAT(10X,'THETAG(',12,%)=',G14.7,5X, *VORTICITY (", 12,*,1}="*,
1 GY4,7/77)
1800 PORMAT (10X, 'CDSKIN/CDFORN=',G14,7/)
2900 FORHMAT(BFP10.6)
2910 FORNAT(17G18.7)
3000 FORNAT(SIS) -
3100 FORMAT('1',10X,*RINP=',P12.6,5X,'RE=*,F12.6//10X,'SIZE OF GRID=",
1 1x,12,* ¥ *,I2//10%, 'RUMBER OF ITERATIONS=',I5/)
3200 PORMAT{®1',15%,'SURPACE VORTICITY DISTRIBUTLQN'//)
3300 FORMAT('1%,15X,*SURPACE PRES350RZ DISTRIBUTLOW'//)
3300 FORMAT('17,15X,* DRAG PARAMETERS'//)
3500 FORMAT(10X,'REAR STAGNATION PRESSURE=',314.7/)
3600 FORMAT('17,10X)
3700 FORMAT(10YX, *AFTER',1X,I4,1X, *ITERATIDNS:'///)
3800 FORMAT(10X,*R~INFISITY=',G14.7,5X, 'REYNOLDS ¥O.=',G1G.7/
1 10X,%SIZ® OF SRID=',1X,12,'X',I2/)
3900 FOR®AT(10X,*ANSLE OP WAKE SEPARATION=Y,P8.3,% DEGREES*'//)
4000 FORMAT(13X,'REYNOLD'’S NO,=',F5.2, 18K, *DUTER BOUNDARY RADILUS="',
1 F5.1//50X,"GRID DIMEKSIONS: ',I2,*' X ', 12///26X,
2 'CALTULATED YALUSS'//)
4100 FORMAT(13X,' FRONTAL STAGNATION PRESSURE=*, 1X,FP10.6//
1 13X, 'REAR STAGNATION PRESSJRE=',3X,P11,6//13X
2 'AMSLE OF WAKE SEPARATION=',U4X,F10.6//13X,
3 *SKIN¥ DRAG CORFFICISNT=',7X,F1).6//13X, *FORN DRAG ZJ2PPICIBNT=',
u 7%,F10.6//13X,'RATIO: CDSKIN/CDFORM=',8X,F10.6//13X,
S YTOTAL DRAG COEBPFITIENT=',5X,Fi0.6)
4200 FORMAT(*1°)
4300 FORMAT(12G14.7)
STOP
E¥D
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REYNOLD'S ND.= 0.20 'OUTER BOUNDARY RADIUS=100.0

GRID DIMENSIONS: 33 X 93
CALCULATED VALUES

PRONTAL STAGNATION PRESSURE= 12.474573

REAR STAGNATION PRESSURE=s -11.292297

ANGLE OF WAKE SEPARATION= 0.0

SKIN DRAG COEFPICIENT= 18.632019
PORM DRAG COEFFICIENT= 18.669342
RATIO: CDSKIN/CDFOBM= 0.998001
TOTAL DRAG COEPPICIENT= - 37.301361

'SjuaLdL4ie0) beug
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REYNOLD'S NO.=10.00

CALCULATED VALUES

FRONTAL STAGNATION PRESSUREa
REAR STAGNATION PRESSUREs
ANGLE OF WAKE SEPARATION=
SKIN DRAG COEFFICIENT=

FORM DRAG COEFPICIENT=
RATIO: CDSKIN/CDPORM=

TOTAL DRAG COEFFICIENT=

OUTER BOUNDARY RADIUS=100.0

GRID DIMENSIONS: 33 X 93

1.484242
-0.691041
33.753763

1.223443

1.559248

0.784637

2.782691
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RBYNOLD'S HO.=40.00

CALCULATED VALUES

PRONTAL STAGNATION PRESSURE=
REAR STAGHATION PRESSUREs
ANSLE OF WAKE SEPARATION=
SKIN DRAG COEFFICIENT=

PORM DKAG COEFFICIENT=
RATIO: CDSKIN/CDFORNa

TOTAL DRAG COEPPICIENTs

OUTBR BOUMDARY RADIUS=100.0

GRID DIMENSIONS:

1. 139041
-0.573483
55.672012
0.525463

1.036173

0.507116

1.561641

33 x93

69¢
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270

Computer Programme used to Calculate

Impaction Efficiencies

REAL PSIN(S1),PCOS(51),RG(93),THELAG {51),XP (2000}, TP (2000)
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THIS IS THZ MAIN PROGRAMME FOR CALCULATIRG THE PAITICLE COLLECTION
EFFICIZNCIBS, FOR ALL CASES, BXC2ZPT THAT 4HESRE STOKES' NUYBER IS
BEQUAL TO ZEBRO. BY PROPER SELECTION OF THE VARIABLE "Jsys®

ANY OF THZ POLLOWING THREE PLOWFIBLDS CAN BEZ 0SED: POTENTIAL,
DAVIES®* BZSSEL EBQUATION ONE AT RE=0.2, OR THE GRID OF NUMERICAL
YALOES FOR THE GIVEN REYNOLD'S NONBER.

IT SHOULD BE HOTED THAT THE CO-DRCINKATES FOR THE PARIICLE TRAJECTORY
HAVE BPBEN MOVED TO THE CENTRE JFP THE CYLISDER. THIS HAS HAD EPFECT
OH CERTAIN EQUATIONS IN THE H/P AND S/R 'LOCATE®.

SEEFSEESSEEISVEEBSEESSR LD IR LR RPES SRR XXX FLSTEXXSERFESF IR PSSR LS TR ARG

REAL ¥GX(51,93),VGY(51,93),VPX(2000),VPY (2000)
REAL S$(51,93),V(51,93)

REAL EPSIL (20),P(20),KSIZE(20),BFP (20)
REAL XPST,RE,RINFP,A,B,GNUM

INTE3ER NR,N¥A,JSUB,JINT

COoMMO¥ XPST,RE,RINP,A,B,NR,9A

COMMON RG,THETAG,VGX,VGY,P,KESIZE
CONMO¥ GNON,JSUB,JINE

IPA=0

READ (8,2900) START,SHUM

WRITE (6,9910)

READ (7,9110) JSUB,JBOUND,JIST
READ(5,2300) NSTK!,NSTK2,MKAP1,BKAP2,NANY
DO 220 I=1,8ANY

READ(5,2100) KSIZE(X),P(I)

CONTINUE

REWIND 5

READ (4,2900) RINF,RE,RLXS,RLXV,RLXYVS
READ(4,3000) NB,NA,ITER,NCYCL,HUNBA
XPST=-RINP*START

DO 350 I=ASTK1,MSTK2

WRITE (5,9730) I,P(I)

CONTINDE

DO 350 I=MKAPI,NKAP2

WRITEB(6,9740) I,KSIZE(I)

CONTINDE

IP (JSUB.%XE.1}) GO TO 630

DO 20 J=1,HR

READ(4,2910) (v(I,J),I=1,NA)

CONTINDE Nie
DO 30 J=1,%R

READ (4,2910) (S(I,J),I=1,38a)

CONTLINUE

CONTILUE

REWIAD &

WRITE (6,3300)



59
60
61
62
63
64
65
66
67
68
69
70
n
72
3
74
75
76
77

79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

100
101
102
103
104
105
106
107
108
109
110
111
112
113
118
115
116

660

630
650

500

510
520

550

560
570

10

11

400

40

S0

IP (JSUB.EQ.3) GO TO 64O

WRITE (6, 1100)
GO TO 650

WRITE (6, 1110)
CONTINUE

YRITE {6,2500)
WRITE (6, 1800)
WRITE (6,3600)

IP (JBOUYD.EQ.1) GO TO 500
1P (JBOUND.EQ.2) GO TO 510

WRITE (6,5201)
GO TO 251
WRITE (6,5200)
GO TO 520
WRITE (6,5300)
CONTINUE
IP {(JINT.EQ. 1)
IP (JINT.EQ.2)
WRITE (6,6201)
GO TO 251
WRITE (6,6200)
GO TO S70
WRITE (6,6300)
CONTINUE

RINF,RE
RE
IPsT

3A,H8
Gaun

G0 TO 550
GO TO 560

ZINT=ALOG (RINP)

A=ZINF/ (KR-1)

PI=3,1341592653589793

B=PY/ (NA- 1)
po 10 I=1,RA

ANGLE=PI/ (¥A-1.) * (I-1.)
FSIN(I)=SIN(AASLE)

PCOS (1) =COS (A¥GLE)
THETAG (I) =ANGLE

CONTILNUE
DO 11 J=1,8R

RG (J) =BXP (ZINF/ (NR-1.) * (J-1.})

CONTINUE

IF (JSUB.EQ. 1)
IP (J5UB. EQ.2)
IF (JSUB. EQ.3)
WRITE (6,9201)
GO TO 251
WRITE (6,9200)
NAt=NA-1
NR1=NR-1 .
DO 40 I=2,NA1
DO 40 J=2,8R1

VTH=(S(L,J¢1)-S(I,3-1))/2./A/RBG{J)
VR= (3(I-1,3)~-S(I+1,3))/2./B/RG(J)
VGX (I,J)=VTH*PSIN (I)~-VR*FCOS (I)
YGY (I,J)=VTH*P=0S (I)+VRePSIV(I)

CONTINUE

DO 50 I=1,HA
VGX (I, 1)=0.0
vGY (L, 1)=0.0
VGX (I, NR)=1,0
YGY (I,NR)=0,0
CONTINUE

GO TO %00
GO TO 260
GO TO 270
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DO 120 J=2,NR}

va= (-3.%S (1,J) *4.¢5(2,3)-S(3,J)) /2. /B/RG (J)
VGX (1,3)=VR

vGY (1,3)=0.0

YR1= (3. %S (¥A,J) -4.%S (XA-1,J) +S(¥A-2,J)) /2. /B/]G (J)
VGX (¥A,J)=-VR1

VGY (¥A,3)=0.0

CONTINUE

GO TO 280

WRITE (6,9300)

GO TO 280

WRITE (6,90300)

COMTINOR

DO 250 KB=MKAP1,MKAP2

DO 230 I=MSTK1,NSTK2
YMAX=KSIZE(KR) +1.0

IP (START.GT.0,38) XPST=-SQRT(RINP*RINP-YIAX®YHAK)
EPS=1.0E-4 '
P19=6765.

F20=10946,

STAR=P19/P20+EPS/P20

YP1=0.0

1P2=1.0-STAR

1P3=STAR

1PU=1.0

NFIB=219

IF (P (I).GT.1.0) GO TO 620

¥PIB=29

F28=513229,

£29=832080.

STAR=F28/729

1P2=1.0-STAR

YP3=5TAR

WRITE (6,9930) NPIB,P (I),KSIZE(KR), XPSP
WRITE (6,99 20)

YP1D=YP1¢YNAX

-TP2D=YP2*THAX

YP3ID=YPI+YNAX

YP4D=YPU*YNAX

CALL FITRAJ(YP1D,I,KR,HT)

ZALL PITRAJ(YP2D,I,KR,H2)

CALL PITRAJ(YP3D,I,K2,H3)

CALL FITRAJ(YPUD,I,KR,HUY)

D12=ABS (H1-H2)

D23=ABS (§2-H3)

D34=ABS (H3-HY4)

IF (ABS {(D12-1.0).LE. 1.0E-8) GI T2 60
IF (ABS (D23-1.0) ,LE. 1.0E-4) GO TO 70
1P (ABS (D34-1.0) .LE.1.0E-8) GO TO 70
YPU=YP3 .
H4=H3

YI=YP1+YPa-YP2

YTEST=YL*INAX

ZALL FITRAJ(YTEST,I,KR,RTEST)
IP(YI.GT.YP2) ¥P3=YI

IP (YL.LT.YP2) GO TO 160

GO0 TO 170

1P3s1P2
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H3l=H2

H2=HIBST

1P2=Y1

Go TO 80

H3=HTEST

GO TO 80

1P1=YP2

H1=H2

YI={P1+YP3-YP3

YTESC=YI*THAX

CALL FITSAJ(YTEST,I,KR,HTEST)
IF(YI.LT.YP3) YP2=YI

IF (YI.GT.YP3) GO TO 180

GO TO 150

fP2=1P3

H2=H3

H3=HTES?T

1P3=YIL

GO TO 80

H2=HITBST

CONTINUR

po 90 J=1,8PI8

D12=ABS (H1-H2)

D23=ABS (H2-H3)

D34=ABS (H3-HUY)

IF (ABS (D12-1.0).LE.1.0BE-8) G3 T) 100
IF {ABS (D23-1.0).LE. 1.0B-4) GO TO 110
TP {ABS (D34-1.0). LE. 1.0E-4) GO TI 110
1PU=YP3

HU=H3

YI=YP1+YP4-YP2

YTEST=YI*YNAX

CALL PITBAJ{YTEST,I,KR,HTEST)
IP (YL.GT.YP2) YP3=YI
IP(YI.LT.YP2) GO TO 180

GO TO 190

¥P3=1YP2

H3=H2

H2=HTEST

1P2=YI

Go TO 130

H3=HTEST

GO TO 130

1P1=YP2

H1=H2

YI=YP1+YPU-YP3

YTEST=YI*YHAX

CALL PITRAJ(YTEST,X,KR,HTEST)
IF (YI.LT.YP3) YP2=YIL
IP(YI.GT.YP3) GO TO 200

GO TO 210

YP2=YP3

H2=H3

H3I=HTEST

1P3=Y1

GO TO 130

H2=HTPBST ~

CONTINUB
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90 CONTINUR
D12=ABS (H1-H2)
D23=ABS (H2-H3)
DIu=ABS (H3-HY)
EPSIL([)=0.0
IF (ABS (D12-1.0) .LT.1.08-5) EBPSIL(I)=YP1+YP2
IF (ABS (D23-1.0).LT.1.0E-5) EPSIL{[)=YP2+IP3
IF (ABS (D34-1.0).LT.1.0E-S) EPSIL(I)=YP3+1P4
EPSTL(L)=EPSIL(I)*YNAX/2.0

230 CONTINUE
WRITE (6,3300)

WRITE (6,1100)
WRITE (6,2500)
WRITE (6,1800)
WRITE (6,3700)
WRITE (6,3900)

RINP,RE

£PST

BA, HR

G0N, JSOB,NUNBA

IP (JBOUND,EQ.2) GO TO 530

WRITE (6,5200)

GO TO 540
530 WRITE(6,5300)
S40 CONTINUE .
IF (JSUB.BQ.2) GO TO 8§10
IF (J5UB.EQ.3) GO TO 420
WRITE (6,9200)
GO TO 430
410 WRITE(6,9300)
GO TO 430
420 WRITE(6,9000)
430 CONTINUE
' IP (JINT.EQ.2) GO TO 580
WRITE (6,6 200)
GO TO 590
580 WRITE (6,6300)
590 CONTINUEB
DO 240 IY=MSTK1,MSTK2
EPF (IX) =EPSIL (IX) /(1. +KSTZE (KA))
4RITE (6,2400) P (IX),EPSIL(IK),KSIZE (KR),EPP(IX)
240 CONTINUE
WRITE (1,3000) JSUB,JIBOUND,JINT
WRITE(1,2910) RINF,RE,START,GHUM
WRITE (1,3000) HR,NA,ITER,NCYZL,NUMBA
DO 370 IX=MSTK1,MSTK2
WRITE (1,9800) P(IX),KSIZE(KR),B2SIL{LX),EBPP(IX)
370 CONTIKUER
250 CONTINUR
251 CONTINOR
1000 FORYAT (2P12.6,E12.7)
1100 FORMAT (10X, *R-IMFINITY=',F10.3,5%, 'REYNOLD'*S §3.=*,P10.3,/)
1110 PORMAT (10X, *R-INFIRITY=INFISITE',7X, *RZYNILD''S §O.=',P10.3/)
1200 FORYAT (8X,P10.6,7%,F10.6,7X,F8.3,11X,14)
1300 FORMAT(*1',10X,'X-VALUE®,10%, 'T-VALUE', 10X, 'TI4B", 10X,

1500 FORMAT (*1',5K,

1 'ITERATIONS'//)
1400 FORMAT (2F10.6)

tses IMPACT AT TINE= *F8.3,1X,'esxt//

1 10X,*BETWEBEN XP=', F10,6,2, 'Y2=',P10.6//
2 10X, vA4D*,S5L,*'XP=',P10.6,2X,'YP=*,F10.56//)
1600 PORMAT (10X, 'VISCOSIPY OF FLUID=',E12.6//,10X,

1 'RADIUS OF PARTICLE=',F10.6,//10X*DENSITY OF PARPICLE=',F10.6//)
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1700 FORMAT (F12.6)
1800 PORMAT (10X,?SIZE OF GRID=',1X,I12,' X ',12/)
1900 FORMAT (///17X'INITIAL PARTIZLE POSITION'///,10,"X-TKITIAL="
1 P10.6,//10X'Y-INITIAL=",P10.6//)
2000 FORMAT (10X, ?'STIKES'® NO.=',F10.3,5X, *DP/DP="*,P10.3//)
2100 FORMAT {2FPB.3)
2200 FORMAT (////18X*s+2%x¢ EPSILIENCY WITH INTERCEPTION ssssssst//y)
2300 PORHAT (514)
2400 FORMAT (SX,'STIRES*'' X0.=',P10.3,5X, "EPSILIEYCY=",314.7,5K
1 'Dp/DP=*,P10.6,5%,'I=',G14.7/)
2500 FORMAT {10X, 'XP(1)=',515.7/)
2900 FORMAT (8F10.6)
2910 FORHAT (17614.7)
3000 FORMAT (SIS)
3200 FORMAT (10X, 'AFTER ¢,I3,' ITERATIONS, TINE= ',F6.2,
' 2X,*X-VALUE=Y,F10.5,2X,'Y-VYALUE=?,F10,.5/)
3300 FORMAT (*1%',20X, 'INITIAL VARIABLES'/)
3400 FORMAT (//"t“t“##t*t'#* PIBONACZI RESJILTS *ss:35xxx352%5%8588/
1 /10X, *YP1=?,F10.6,2%, 'H1=',P10.6/10%X,'YP2=",F10.6,' H2=t,
2 FP10.6,10%,'YP3=",P10.6,' H3=',F10.6/10X,*YPU=*,710.6,2X,
3 'HY=* P10.6//) :
3500 PORYAT (//10X, 'EPSILIENCY="',P10.6)
3600 FPORMAT (10X, *NUMBER OF STEPS PER GRID CELL=',F10.6//)
c THIS IS TO TEST THE LENGTH JF THE LINE ENTERED #8588 ssssssssssssss
3700 FORMAT (10X, *GHUN=",514.7,5X, *JSUB=",12,5X, KUNBE]R OF ITERATIONS IW
1 GRID=',G14.7//)
3800 FORMAT (*1',10%)
3900 FORMAT (22X, *KLYACHKO''S FORMNULA POR DRAG COEPSILIENT USED AT ALL ¥
1ALUES OF RE'//)
4000 PORMAT (/////10K, *AT YMAX=',G14,7,2X,'AND RINP=',313.7,
1 2%, *XPST="',G18.7)
S200 FORMAT (31X, "##ss%% KURABARA''S ZERO VORTIZITY NMODEL S&s%ses?y/)
5201 FORMAT (*1°,'WRONG SPECIFICATION OP BOUNDARY CONDITIONS'//)
5300 FORMAT (30X, '+esssssss UAPPEL' 'S ZERO SHEAR STR2SS NMODEL *#%¢xe/)
6200 FORMAT (40X,?EPSILIENCY WITH INTEZRCEPTION'//)
6201 PORKAT ("1%,7WRING SPESCIPICATION FIR INTERZEPTIDN EFPBIT'//)
6300 FORMAT (38X,*NO INTERCEPTION: POINT PARTICLES'//)
9000 FORMAT {'1%,20X, "#¢s++33% NEJ STIKES'? AND DP/DP *esdsassty
1 10X,*STOKES (',I2,%)=4,F10.6,5X, *DP/DF(!,12,%)=*,P10.6//)
9110 FORHAT (312)
9200 PORYAT (35K, '##4+% NURERICAL PLONWPIELD USED #*#33s481//)
9201 PORMAT ('1','WRING SPECIFICATION JP FLOWFIELD'//)
9300 FORMAT (31X, "##%sxss% DAVIEStt BESSEL EQUATIONS USED #ssssxxet//)
9400 FORIMAT (33X, '¢ssssseasss DOTEITIAL PLOWFIELD USED *sxs9x8t/))
9730 FOREAT (//10X,*STOKES (*,I2,')=',P7.2)
9740 PORNAT (//10K, "KSIZZ(*,12,')=*,F7.8)
9800 PORZAT (2F12.5,2G614.7)
9950 PORMAT (//10X, '#e*++2% FI%BER OF FIBONACCI TYCLES:!,I3)
9910 PORMAT (1X,*ENTEZR YALUES OF JSUB,JBCUND,AND JINT'//,1X,
1 *1=NUMERICAL/KUW¥A./INT. $#* 2=0AVIES/HAPPEZL/ND [N[. *%* 3=pIT?)
9920 FORMAT (1X, *ITER',6X, *TIMB?, 11X, Y2 (1), 13X, *XP?, 14X, YP", 131,
1 'YPX', 15X, VY, 11X, "VEAG Y/ /LY, *]PY, 12X, *NIK RD',9X,
2 YRADIANS',9X, 'DEZSRERS®,9X, *20S (ANG)',9X,'WAX RE?',9X,
3 ¢MI¥ CD'/p)
9930 FOREAT (+1',//5X, *KO. PIBONAZZI ZYZLES=*,1X,I2,5X, 'STOKES 42.=?
1,P10.5,5X,'DP/OF="*,P8.5,5X, ' XPST=?,G13.7///}
STop
END
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SOBROUTINE PITRAJ(YPW,I,KR,H)
IMPLICIT REAL*8(A-H,0-2),INTEGER*Y (I-¥)
REAL YPY,H

RBAL B3 (93),THETAG(S1)

REAL ABS,ALOG

REAL*8 XP(2000),¥P (2000)

REAL*8 XTES(S),YTES(S)

REAL V3X(51,93),9Y5Y(51,93)

REAL®8 VPX (2000),VPY (2000), sunr(2000) VIOT (2000)
REAL P (20) ,KSIZE (20)

REAL*8 BE?(ZOOD),DISXP(ZOOO)

REAL*8 DELXP(2000),DELYP{2030),RATXY (2000)
RZAL GSPAC (2000)

REAL*8 VBA3IX (2000), VBARY (2020),TSrEP (2000) ,VPX (2000),YFY (2000)
RBAL XPST,RE,RINP,A,B,GNUN

INTE3BR NR,NA,JSUB,JINT

COMMON XPST,RE,RINP,A,B,NR,NA

COMMON RG,THETAG, V3X,VGY,P,RSIZ8
COMMON GKUN,JSUB,JINT

XP (1) =XPST .

ZINP=ALOG (RINF)

yPX(1)=1.0

yPY (1)=0.0

SPAN3=5.0

IF (JSUB.EQ.2) SPANS=0,0

IP (RINP.LE.10.)) SPANS=ABS({XPST)/1.5
YP(1)=1PY¥

SUMT (1)=0.0

KITBR=0

KDOR=0

RPMIN=1.0B6

REHAX=0.0

COMIN=1.026

DO 60 X=1,2000

IPK=0.0

TPK=0.0

VIK=0.0

YYK=0.0

VTK=0.0

NOLD=K

NEW=K+1

KITER=XKITER+1

CaLL LOCATE(XP,YP,K,RP,THETAP,RT,¥Z)
IP (NZ.BQ.NR) GJ TO 10

IBIG=HZ+1

ISML=N2Z

GO 7O 20

IBIS=N

ISHL=1R~-1

CONTINOE

DISXP (K) =XP(K) ~-RINP

GSPAC (K)=RG(IBIG) -RG (ISKL)

1P (JSUBLEQ.1) GO TO 21%

IF (J5UB.EQ.2) 33 TO 22

CALL POTEN(XP,YP,K,VELI,VELY)

GO TO 23

CALL CLOSE(RP,THETAP,NT,NZ,VELX,YELY)
GO TO 23
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CALL EQOAT (XP,YP,X,RP,VELX,VELY)

CONTINDE

VTOT (K) =DSQRT (VP X (K) #VPX (K) +VPY (K) *VPY (X))
TSTEP (K) =GSPAC (K} /VTOT (X) /GHOUA

NRI=NR-1

IF (§2.GE.NRY) TSTEP (K)=GSPAZ (K) /VIOT (K) /GRUN/3.0
IP (PSTEP(X).GE.10.0) PSTEP(K)=12.0

VPX (K) =VELX

VPY (K) =VELY

IP (K.GT.1) GO TO 100

JKL=1 :

XTES (1) =XP (1) +GSPAC (K) /GEOUH /3.0

TTES (1) =YP{1)

CALL LOCATR(XTES,YTES,JKL,RP, THETAP, NT,N2)

IP (JSUB.EQ.1) GO TO 200
IF {(JSUB.EQ.2) GO TO 210
CALL POTEW (XTES,YTES,JKL,VITES, VITES)

GO TO 220

CALL CLOSE(RP,THETAP,HT,NZ,VXTES,YVYTES)

GO TO 220

TALL EQUAT (XTES,YTES,JKL,RP,VXTES, YITES)

CONTINUE

VBARX {1} = (YFX (1) 4VXTES) /2.0

VBARY (1) = (VPY (1) #+VITES) /2.0

GO T3 110

VBARX (K) =VPX (K) * (VPX (K)-VFX (K=1) ) *TSTEP (K} /2. /TSTEP (K~ 1)
VYBARY (K) =V PY (K) + (VFY (K)~VFY (K~1) ) #TSTEP(K) /2. /TSTEP (K- 1)
CONTIRUE

SUNT (K+ 1) =SOAT (K) +TSTEP (K)

RELX=VBARX (K) ~7PX (K)

RELY=VBARY (K) ~VPY (K)

SURD= (RELX*REZLX +RELY*RELY)

URZL=DSQRT (SUBD)

REP (K) =RE*URSL*RSIZE (KR)

1P {REP (K) . GT. RENAX) REMAX=REP (K)

BETA=1./P(I) i

IP (REP (K).GT.0.0) BETA=(1.0+ (RE? (K) #%0.6666666) /6.0) /P (I)
IP {(REP (K) .EQ.0.0) GO TO 221

CDRA3=BETA®24.0%P (I) /REP (K)

1P (CORAG.LT.CDNIN) CDMIN=CDRAG

CONTINGE

C5=1.0/BETA

ARGE=~BETA*TSTEP (K)

C4=DEXP (ARGE)

XP (K+1)=XP (K} +YBARX (K) * (C4U*-5-CS+TSTEP {K}) +VPL (K) *

1 (C5-CB*C5)

IP (K+1)=YP(K) +YBARY {K) # {C4325-C5+TSTEP (X)) +VPY (K} *

1 (C5-Cu=*C5)

IK1=K+)

IK2=K+2

DISXP (K+1)=RINP-XP (K+1)

DELXP (X 1) =XP (K+1) = XP (K)

DELYP (X+ 1) =¥P (X+1) ~YP (K)

YPX (K¢ 1) =VBARX (K) * (1.-CU) +YPX (K) #C8

VPY (K+1) =VBARY (K) ® (1.-CU) +7PY (K) ¢C8

XPK=XP (K) '

TPK=YP (K)

YXK=VPX (K)



8§65
466
867
468

369.

470
471
872
873
47
475
476
377
478

479

480
481
482
483
584
48S
486
487
L¥:1:)
489
‘490
391
492
493
494
495
496
497
598
499
500
501
502
503
508
505
506
507
508
509
510
511
512
513
518
515
516
517
518
519
520
521
522
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YYR=VPY (K)
_VTR=VTOI (X) i
- VTOT (K+1) =DSQRT (VPX (K+ 1) *VPX (K*1) +YPY (K# 1) ¢¥PY (K+1))
" CALL LOCATE(XP,YP,NEW,RP,TRETAP, T, NZ)
IP (RP.LT.RPNIN) RPNILN=RP
FINSIZ=KSIZE (KR)
IF (JINT.EQ.2) PINSIZ=0.0
CLEZAR=RP-1.0-FPINSIZ
IF (CLEAR.LE.0.0) GO TO 180
IF (4P (K) .GT. SPAYS) S0 TO 13)
60 CONTINUE
140 H=0,0
GO TO 70
130 H=1.0
70 CONTIHGE
XC053=DCOS (THETAP)
THDE3=THETAP*180. /3. 14 1592653589793
WRITE(6,9792) ¥JLD,SUMT (NOLD),7Y® (1), XPK,YPK, VXK,
1 ViK,VIK,RP,RPMIN,THETAP,THDEG,XCISS,RENAX,CDIIN
1000 FORMAT (2P12.6,EB12.7)
1700 FORMAT (P12.6)
2000 FORHAT (10X, *STOKES'' NO.=!,F10.6/7)
2100 FORMAT (2F12.6)
2900 FORNAT (8P10.6)
2910 FORMAT (17G14.7)
9000 FORMAT (/15X,'e#ss¢s% PITRAJ: CYZLZ COMPLETED ##s3sst/
) 10X, 'SUMT(",Ib,'y=*,P10.6,5X, 'SUNT (*,I4;%)=7,P10.6)
9001 FORMAT (10X, 'CURRESNT LARGE TIME STEZP=',P10.6)
9200 FORMAT (10X,'DISXP(*,I4,*)=*,F10.6,5X, " DISXP(',I4,?)='F10.6/)
9300 FORMAT (/10X, *STOKES (*,12,%')="*,P10.6,5%,'D2/DP (',12,%)=",P10.6///)
9400 FORNAT (/10X,*STARTING ¥=',F10.6,5X,'PINAL H=',F10.5,5X,
1 'AFTERY,1X,I4,1X, 'ITERATIONS')) .
9600 FORXAT (10X,'NUMBER OF STEPS=¢,1X,I4,5X, 'VALUE 3P K=',I4.
9705 FORHAT (///]K' 152X RPBRASLLREEBEE S DI RERFIRB XX EREBEER0RERRESEREED
‘it‘t‘“t‘tl.“‘.“tt".“‘..*“.."‘3"'/’ .
9710 PORMAT (10X,'XP(*,I4,*)=",F13.6,5%,'XP(*,I[8,%)=*,F10.6,5%
1 ,°Y¥P(",I4,%)=',F10.6,5X,'¥P (', 14, *}=?,F10.6/)
9720 FOR¥AT (10X, *VPX(*,I4,')=*,P10.6,4X, ' ¥PX(*,I8,%)=*,P10.6,8X,
1 vyPY(*,T4,9)=",P10.6,8X, 'VRY (', 14,%}=%,F10.6/)
9730 POREAT (10X,"NT=*,I2,4%,'N2=*,12,5X,*RG (*,I4,%)=",F10.6,5%X,
1 RS (,I4,%)=',P10.6,5X, 'GSPAZ (', I4,%}=",F10,.6/)
9740 FOSRMAT (10X,*VEX(',I8,%)=",F10.6,5X, VFY(*, Ia,')=",710,6,5X,
1 *DISXP(*¢,I&,")=',P10.6,5X, 'RP=",P10.5/)
9750 FORMAT (10X,'RELATIVE VELOCITY WART FLOID=',B12.5, 8X,
1 'REYNOLD''S HJ. (',I8,%)=7,E12.5/)
9760 FORMAT (1X,*##8## TSTEP(',I4, ") =',P12.6,2X, 888811 ,5Y,
1 *TOTAL TIME TO XP(*,I4,%)=*,P12.6/)
9770 FORMAT (10X,*DELXP (', I%,*)=*,F10.6,2X, DELYP (7,14, ) =",
1 F10.6/)
9780 FORNAT(1X,'ZER3 EPSILIENCY IONDITION: VPX(',IG&,")=7,
1 E12.5,5X%,*DELXP (', I4,")=',E12.5,5%, *XP(',I4,7)=1,B12.5,
2 SX,'YP(*,I4, )=, E12.5//)
9790 FORMAT (10X, *STARTING VALUZ: YP(1)=',E12.5/) .
9731 PORAAT (10X, *VEARX (', I4,%)=',F10.6,3X, VBARY (',I4,*)=*,F10.6/)
9792 FORMAT(I5,7(tX,612.5)/G12.5,6(8X,512.5))
RETURY
END
SUBIOUTINE LOCATE (XP,YP,K,RP, THETAP, NT,¥2)



523
524
529
526
527
528
529
530
531
532
533
538
535
536
537
S38
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
558
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
ST
572
573
574
575
576
577
578
579
580

10
20

400

410

IMPLICIT REAL®S(A-H,0-Z),INTEGER*3 {[-H)
REAL SNGL
REAL®8 XP(2000),YP (2000)

REAL RG(93) ,THETAG(51),VGX(51,93),VGY(51,93),P (20},KSI2E(20)

REAL XPST,RE,RIHF,A,B,GNUA
INTESER NR,NA,JSUB,JINT
£oMn08 XPST,RE,RINF,A,B,HR,8)
CONMON RG,THETAG, ¥GX,VGY,P,KSIZE
COMMON 3HUMN,JSUB,JINT

=~XP (K)
RP=D3QRT (YP(K) *YP (K) +R*R)
PI=3.141592653589793

IF (DABS (R) .LT.1.0E-S5) GO TO 10
THETAP=DATAN (YP (K) /R)
IP(R.LT.0.0) THETAP=PI-DATAS (YP (K) /DABS{R))
GO TO 20

THETAP=PI/2.0
CONTINOE
NZ=IPIX {SNGL (DLOG (8P)/A)) *+1

IP (RP.GE.RINF) NZ=NR
HT=IFLX (SNGL (THETAP/B) )+t
RETURY

END

SUBROUTINE CLOSE (RP,THELAP,NT,NZ,VELX,VELY)
INPLICIT REBAL®8(A-H,0-Z) ,INTEGER*Y (I-N)
2BAL BG(93),THETAG (51)

REAL VGX(51,93),VGY(51,93),TH(51,93),% (51,933)
REAL P (20) ,KSIZE (20)

REAL XPST,RE,RINP,A,B,GNUN
INTE3ER NR,NA,JSUB,JINT
COMNON XPST,RE,RINF,A,B,NR,RA
COMHON RG,THETAG,V3X,VGY,P,KSIZ8
COMNON GHUM,JSUB,JINT

VELX=20,0

VELY=0.0 .

IP (RP.GE.RG(¥R)) GO TO 800
NZ1=NZ+1

ARGW=RP-RG(N2Z)

XL=ABSW/ (RG(HZ1) -BG (8H2Z))
GO TO 4510

XL=0,0

NZ1=¥Z
CONTINOR

NT1=NT+1

ARGT=DABS (TRETAP-THETAG (§T))
ALPHA=ARGT/B

VX1=VGX(NT,NZ)

VX2=VGX (NT,NZ1)

VX3=VGX (NT1,K82)

VXU=VGX (NT1,421)

VY1=V3Y (NT,N2Z)

VY2zVGY (NT ,NZ1)

VY3=V3Y (NT1,NZ)

VYU=VGY (NT1,N21)

VELX= (1,0-ALPHA) *# (VI1#(1.0-XL) +VX2*XL) +ALPHA* (VX3 (1.0-XL)*

1 VX4eXL)

VELY= (1.0-ALPHA)Y * (7Y 1#(1,0-LL)+VY2*XL)+ALPHA*(VY3I*({1.0-XL)*

1 vYGsXL)
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581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596

597

598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
613
615
616
617
618
619
620
621
622
623
62%
625
626
627
628
629
630
631
632
633
634
635
636
637
638

RETURN
END
SUBROUTINE EQUAT(XS,YS,K,RP,VELX,VELY)
IMPLICIT REBAL®*8(A-Z)
INTESER*3 K
REAL BESSKO,BESSX}?
REAL®*8 XS (2000),Ys5{2000)
REAL RS (93),THETAG(51),VGX(51,93),V31(51,93),P(20),&XSLZE(20)
REAL J,K1,L,%,8 )
RZAL XPST,RZ,RIRP,A,B,GNON
INTESSR NR,¥A,JSUB,JINT
COMMON XPST,RE,RINP,A,B,HR,5)
COo¥¥O¥ RG,THETAG,VGX,YGY,P,KSIZE
COMMON GHUM,JSUB,JINT
X=XS (K)
Y=1S (X)
12=X5 (K) *XS (K)
X3=X2%XS {K)
R2=RP*RP
R4U=R2*R2
R6=RU*R2
ARG1=RE/4,.0
ARG2=R2*RP/4.0
B1=BBSSK1(RE/U.0)
B2=BESSKO (RE/4.0)
B3=BESSKO (RE*#RP/1._0)
BY=BESSK 1 (RE*RP/0.0)
C=DEXP (RE®*X/U,)
ARGK=RE®*RP/S8,
C1=DEXP (RE*RP/B.0)
CKO=B3#C1
CK1=Bu4*C1
=-1,0/2.0/R2
P=X/R2
G=RE/16,*B2
H=1,.0-5./R&
G1=G*H
J=RE/68.
K1=1.0-6./R2
L=K1+5./R%
M=X2/RY
¥=X3/BR6*RE/8.
PP=X/RP*BU
Q=pp+B3
RB=C*Q
DEN=B2+0.5
YA=Y/R2
IB=RE/16.*B2
¥YC=1,0-1./R%
YD=YB*YC
YE=RE/6U.*{1.-2./R2+1,/RY)
YF=X*Y/RU
YG=X2*Y/R6*RE/8.,
TH=DEXP (RE*X/4.})
YK=Y/RP#*Ba
YELY={YA® (B1~YD+YE) +YF*+YG-YHe¢YK) /DBY
VELX=1.0+ (D¢F*(B1-GleJeL)+NMeN-RB)/DRY
RETURN
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639
640
641
682
643
644
645
646
647
648

2HD

SUBROUTINE POTEX (XP,YP,K,VELX,VELY)
IMPLICIT REAL®8(A-H,0-Z),INTEGER®Y (I-H)
REAL®8 XP (2000} ,¥YP (2000)

X2=XP (K) *XP (K)

Y2=YP (K) *YP(K) .
VELX=1.- (X2-Y2) / {X2+4Y2) / (X2¢Y2)
YELY=-2.%XP (K) *YP (K) / (X2¢Y2) / (X2+Y2)
RETUBN

N0
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INITIAL VARIABLES
R=INPINITY= 100,000 REYNOLD®S NO.= 10.000
LP(1)= =100,0000
SI2E OF GRID= 33 X 93

NUMBER OF STEPS PER GRID CELL= 3.000000
sssvsns KUWABARA'S ZERO VORTICITY MODEL sesenses
EPPICIENCY WITH INTERCEPTION

v

*esss NOMERICAL PLOWPIELD USED %edévex

suwweuabouaqd Adous1o1443 wouy 3ndang adweg

¢8¢



N0,

ITER

RP

277
1.0913
430
5.3949
40U
5. 5694
376
5. 8546
493
5.2605
474
5.1211
262
1.0930
465
5.2274
288
1. 0997
N
5. 1825
296
1.099%0
473
5. 1563
475
5.1382
476
5. 1421
477
5.1714
298
1.0997
477
5.1912
477
5.1686
299
1.0999
477
5.16748
477
5.1549
4177
5. 1559

1.1000
4277
5. 1559
477

PIBONACCI CYCLBS= 29

TINE

102.30
111.85
109.29
107.71
116,21
124,82
102.58
120.33
102.87
122.86
103.37
124.06
125.49
125.90
126.29
103.51
126.26
126.32
103.58
126.34
126.31
126.30
103.58
126,30
126.31

MIN RP

1.0913
1.4456
1.7426
2.1899
1.2452
1.1103
1.0930
1.1631
1. 0997
1.1307
1. 0990
1.1181
1. 1055
1.102%
1.1007
1.0997
1.1014
1. 1003
1.0999
1.1002
1.1000
1.1001
1.1000
1.1001

STOKES

1P (1)

RADIANS

0.0
0.0
0.42016
2.8262
0.67984
2.7303
1.1000
2.6367
0.25967
2.9254
0.16049
3.0258
0.99187D-01
0.36209
0.19837
2.9843
0.13707
0.55037
0.17496
3.0100
0.15154
0.71645
0.16601
3.0202
0.15706
3.0311
0.15496
3.0342
0.15364
3.0372
0.15286
0.75204
0.15419
3.0373
0.15341
3.0374
0.15310
0.76871
0415333
3.0375
0.15318
*3.0372
0.15325
3.0371
0.15317
0.76881
0.15324
3.0371
0.15323

NO,= 1. 00000

e

DESREES

=1.1092
0.0

5.0404
161.93
5.2116
' 156.43

5.0257
151.07

5.J542
167.62

5.0022
173.37

-1.0361
20.746

5.3786
170.99

-0,95011
31.534

5.0532
172.46

-0.84120
41.050

5.01338
173.05

5.0222
173.67

5.9277
173.84
5.2586
: 174,02

-0.81555
43.089

5.3782
174,03

5.9558
174,03

-0.8)308
48,044

5.0547
174,04

5.J421
174.02

5.9431
174.01

-0.80307
44,050

5.0430
174.02

5.0430

Dp/DP= 0. 10000

e

COS (ANG)

1.1408
-0.97673
0.60195
-0.99330
0.37639
0.93516
0.83047
-0.98766
0.56273
0.85233
0.69089
-0.99135
0.70881
0.7541%
0.63470
-0.99265
0.57647
-0.99390
0.56125
-0.99423
0.54833
, -0.99456
0.73834
0.73029
0.54992
-0.99457
0.54698
-0.99458
0.75176
0.71881
0.54653
-0.99459
0.54692
-0.99455
0.54731
-0.99455
0.75191
0.71874
0.54723
-0.99455
0.54716

IPST= =99,

vex

MAX RE

0.15476
0.20211
J.48185
0. 15285
9.64390
0.13859
2.81044 .
0. 11445
9.34176
0.17150
9.2430)
0.18525
9.15746
0.19367
7.28013
0.18024
2.16836
0. 15005
3.25803

99394

vey

MIN D

0.0
125.56
-0.57837D-01
164.50
-0.50505D-01
180.90
=0.27932D-01
217.95
-0,49804D-01
1u7.14
-0.30153D0-01
136.57
0.118%8
130.83
-0.39573D-01
140.24
0.16181
133.24
-0.33791p-01
138.19
0.17226
135,38
-0.31440D-01
137.22
-0.28935D-01
136.14
=-0.28240D-00
135.86
«0,27540D-01
135.68
0.17172
135.57
-3,27526D-01
135.75
=0.27492p-01
135.64
0.17082
135.60
=-0,27477D-01
135.63
~0,27547D-01
135.61
-0.27560D-01
135.62
0.1709%
135.61
=0.27557D0-01
135.62
=0.27554D-01

VHAG

0.15476
0.48531
0.64588
0.81092
0.34537
0.24490
3.19706
0.28291
0.23351
0.26024
0.23913
0.25104
0.24195
0.2399%
9.23931
0.23847
0.24038
0.23900
0.23746
9.23888
0.23843
0.23852
0.23765
0.23851
0.23850

€8¢



5. 1559
477
5. 1558
477
5. 1558
477
5. 1558
477
5. 1558
299
1.1000
477
5. 1549
299
1.1000
299
1.1000
299
1.1000

126.31
126.31
126.31
126.31
103.58
126.31
103.58
103.58
103.58

1. 1001
1. 1001
1.1000
1.1000
1.1000
1.1000
1.1000
1. 1000
1. 1000
1. 1000

0.15322
0.15320
0.15319
0.15318
0.15317
0.15318
0.15317
0.15317
0.15317

3.0372
3.0372
3.0372
3.0372
3.0372

0.76882
3.0372

0.76882

0.76883

0.76883

5.0430
5.2430
5.0430
5.0430
-0.80307
5.Ju421
-0.80307
-0.80307

174.02
174.02
174.02
174.02
174,02
44,050
174.02
44,050
44,050

-0.80307 -

48,050

~0.99455
0.54708
-0.99455
0.54700
-0.99455
0.54693
-0.99456
0.54685
-0.99456
0.75192
0.71873
0.54693
-0.99455
0.75193
0.71873
0.75193
0.71873
0.75193
0.71873

0. 18660
0.23689

0. 18660
0.23688

0.18660
J.23687

0.18661

0. 18661

135.62
-0.275500-01
135.62
-0.27547D0-01
135.61
-0,275484D-01
135.61
=0.,27540D~-01
135.61
0,17095
135.61
=0,275480-01
135.61
0.17095
135.61
0.17095
135.61
0.17095
135.61

0.238%9
0.238%8
0.238%6
0.238%5
0.23765
0.23843
0.23766
0.23766
0.23767

v8¢



¥0.

ITER

BRP

277
1.0870
451
5.2557
418
5.5792
384
S5.8111
288
1.0915
u3é
5.3952
300
1. 0985
449
5.3396
456
5.2392
459
5.213%
461
5.2235
462
5. 1768
305
1.0995
ue1
5. 1504
463
5.2212
u63
5.2073
463
5. 1841
306
1.0999
463
5.1947
46l
5. 1943
307
1. 1000
463
5. 1802
463
5. 1802
463
5.1801

PIBORACCI CYCLES= 19

TIME

- 101.24
115.49
110.07
107.86
101.57
112.23
102.18
113.93
117.02
118.23
119.24
119.76
102.38
119.39
120.10
120.16
120.18

10243
120.14
120.17
102.47
120.14
120,14
120.15

MIN 8P

1.0870
1.1827
1.5166
1.9926
1. 0915
1.3174
1.0985
1.2357
1.1486
1.1268
1.1130
1. 1044
1.0995
1.1077
1.1023
1.1011
1.1002
1. 0999

1. 1007

1.1004

1.1000
1.1001
1. 1001
1.1000

STOKES

1P {1)
RADIANS

0.0
0.0
0.420%6
2.9199
0.67984
2.7602
1. 1000

0.45805
0.39675

0.38228

2.9692
0.37333

2.9843
0.36781

2.9908
0.36438

1.0694
0.36991

2.9856
0.36648

2.9957
0.36571

2.9963
0.36516

2.9959
0.36493

1.0862
0.36548

2.9960
0.136524

2.9964
0.36501

1.1025
0.36509

2.9958
0.36508

2.9959
0.36502

2.9960

¥O.=

xe

-1.1057
5.0432
5.2851
5.0043

-0.94037
5.2591
~0.62971
5.0766
5.2588
5.7519
5.0750
S.3336
~0.54442
5.0039
5.0816
5.3683
5.0451
~0.52834
5.0556
$.0555
~0.51239
5.0412
5.0412
5.0412

2.00000

DESREES

157.}0
158.15
151.32
32,193
162.57
56.038
165. 30
168.98
170.12
170.99
171.36
61.272
171.06
171.64
171.68
171.65
62.236
171.66
171.68
63.171

171.65

171.65
171.66

DP/DF= 0. 10000

P

COS (ANG)

0.76429
-0.98941

IPST= =99,

vex.

MAX RE

J.39307
0.38413
0.35577
0.27622
J.61375
0.22633
9.81567 :
0.17944
J.40267
0.32291
J0.47967
0.25360
3.39316
0.29199
J.407N7
0.26823
3.31897
0.28161
J.29512
0.28533
9.28112
0.28778
3.27226
0.28935
0.37903
0.29035
0.275
0.28876
0.27069
0.28974
J.26935
0.28997
J.26824
0.29013
0.37599
0.29019
J.26885
0.29003
2.26849
0.29010
0.3723¢6
0.29017
0.26809
0.29015
J.26807
0.29015
J.26798
0.29017

99398

vey

MIN CD

0.0
67.981
-0.52946D-01
. 93.030
-0.43062D-01
112.60
-0.29062D-02
140.84
0.15100
80.154
-0.54836D-01
100.96

=-0.55567D-01
95.677
~0.49259D-01
91.326
-0.46030D-01
90.190
-0.43036D-01
89.455
~0.41625D-01
88.991
0.19287
88.698
-0.42747D-01
B9.167
-0.405370-01
88.878
=0.40408D-01
88.812
-0.,40387D-01
88.765
0.19159
88.745
-0.40477D-01
88.792
-0.40388D-01
88.772
0.18992
88.752
~0,43509D-01
88.759
«0.40505D0-01
88.758
-0.424820-01
88.753

VHAG

9.39307
0.35969
0.61526
0.81567
0.43005
0.48279
2.43970
0.41095
0.32276
9.29869
0.28440
0.27542
0.82528
0.27861
0.27371
0.27236

'0.27128

0.42199
0.27188
0.27151
0.41799
0.27113
0.27112
0.27102

682



¥0. PIBONACCI CYCLES= 19

ITER

RP

271
1.0871
289
1.0991
429
5.4328
392
5.8026
413
5.5961
482
5.1 21
453
5.2852
300
1.0984
4u8
5.2658
455
5.2215
457
5.2233
304
1.099)
456
5.2286
307
1. 0997
457
5.2426
457
5. 1926
308
1. 1000
457
5.2141
457
5.2070
457
5.2047
457
5.2044
457
S. 1928
457
5. 1925
310
1. 1000

TINE

100.81
101.32
110.96
108.14
109.38
112.91
115.40
101.70
114,19
116.10
116.74
101.83
116.51
101.93
116.71
116.72
102.00
116.73
116.72
116.73
116.75
116.73
116.72
102.03

MIN RP

1.0871
1.0991
1.3529
1.8492
1.5498
1.2226
1.1364
1.0984
1. 1700
1. 1151
1. 1017
1.0991
1.1058
1.0997
1. 1035
1. 1002
1. 1000
1. 1014
1.1010
1.1007
1.1003
1. 1000
1. 1001
1. 1000

STOKES

e(n

RADIANS

0.0
0,0
0.u42016
0.79203
0.67984

2.8007-

1.1000
2.6666

0.84032
2.7352

0.58065
2.8635

0.51915
2.9250

0.48146
1.0532

0.54276
2.8968

0.50487
2.9349

0.49594
2.9512

0.45039
1.133

0.49912
2.9469

0.49377
1. 1865

0.49714
2.9508

0.49497
2,9505

0.49470
1.2204

0.49572
2.9509

0.49549
2.9507

0.49527
2.9509

0. 49504
2.9512

0.49482
2.9507

0.49489
2.9506

0.49481
1.2367

NO.=  3,00000

e

DESREES

-1.1050
0.0

=0.79006
45.380

5.3314
160,47

5.0667
152.79

S5.0467
156.72

5.3195
164.06

5.0778
167.59

-0.56044
60.346

5.%249
165.98

5.0307
168,38

© 95.2452
169.09

-0.48271
64.925

5. 0460
168.84

~0.42924
67.980

5.0637
169.07

5.0144
169.05

~0.39452
69.923

5.0358
169.07

5.2287
169.06

5.2266
169.07

5.3266
169.09

5.0143
169.06

S5.0144
169.06

-0.37760
70.859

bDP/DP= 0.10000

144

€05 (ANG)

XPST= =99,

vex

MAX RE

0.52363
0.50716
0.53872
0.37491
0.53796
0.298135
0.77814
0.23103
0.65328
0.26357
0.43721
0.32291
0.35533
0.33932
0.52668
0.35203
0.38910
0.33267
0.33384
0.34390
0.31927
0.34584
0.51759
0.34373
0.32u480
0.34572
0.50947
0.34758
0.32103 :
0.34544
0.31802
0.34717
0.50321
0.34725
0.31901
‘ 0.34692
0.31872
0.34599
0.31837
0.34707
0.31800
0.347174
0.312777
0.34722
0.31789
0.34720
0.49976
0.34722

99394

vey

MIN CD

0.0
52.338
0.16061
59.563
-0.40343D-01
85.u28
0.10063D-01
11049
-0.19478D-01
95.561
-0.50734D-01
80.154
~0.51501D-01
76.UB4

73.842
~-0.52282D0-01

77.917
-0.50658D-01

75.498

"-0.49561D-01

74.883
0.17910
74.505
-0.499690-01
75.119
0.17764 .
74.739
~0.495850-01
74.972
~0.49652D-01
. 74,322
0.17595
74.806
~0.49598D-01
74.873
-0.49619D-01
74.859
~0.49605D-01
74.842
-0.49576D-01
74.827
-0.49634D-01
74.812
-0.496420-01
74.816
0.17488
74.811

VBAS

0.52363
0.56215
0.53947
0.77821
0.65357

0.45014

0.35904
0.55624
0.39259
0.33766
0.32309
0.54770
0.3286é
0.53955
0.32u484
0.32187
0.53309
0.32284
0.32256
0.32222
0.32184
0.32163
0.32174
0.52948

98¢



NO.

1TeR

RP

2717

PIBONACCI CICLES= 19

TINE

100.36

1.0861

283
1.0895
448
5.2884
403
5. 6488
428
5.5013
293
1.0987
440
5.4136
307
1.0988
445
5.3508
450
5.2702
452
5.3287
452
5.2640
4s3
5.2709
310
©1.0993
453
5.28u2
312
1.1000
us3
5.21710
453
5.2480
453
5.2708
453
5.2707
453
5.2639
453
5.2638
453
5.2537
453
5.2527

100.66
112,36
108,33
110.07
101,01
111.32
101,43
111.94
112.7
113.12
113,13
113.26
101.52
113.26
101.57
113.25
113.23
113.26
113.26
113,25
113.25
113.23
113.23

MIN RP

1.0861
1. 0895
1. 1455
1.6609
1.3518
1. 0987
1.2263
1.0988
1.1767
1.1259
1. 1137
1. 1060
1.1014
1.0993
11030
1.1000
1. 1015
1.1001
1. 1013
1.1012
1.1010
1.1009
1. 1008
1.1007

STOKES

iP(1)

RADIANS

0.0
0.0
0.42016
0.61300
0.67984
2.8694
1.1000
2.7105
0.84032
2.7946
0.58065
0.95779
0.74114
2.8390
0.64195
1.2602
0.70324
2.8579
0.66535
2.8787
0.65643
2.8895
0.65087
2.8894
0.64751
2.8925
0.64530
1.31u%
0.64866
2.8925
0.64645S
1.3483
0.64760
2.8924
0.64655
2.8917
0.647u2
) 2.8926
0.64733
2.8926
0.64723
2.8922
0.64714
©2.8923
0.64705
2.8917
0.64696
2.8917

NO,= S

xe

-1.1040
-0.90892
5.0093
5.3382
5.0862
-0.65061
5.2786
-0.35338
5.2480
5.0047
5.3715
5.3130
5.02138
-0.29618
5.0367
-0.26023
5.0238
5.0006
5.0238
5.2238
5.0166
5.2166
5.2060
5.2051

. 00000

DESREES

0.0

35.122

164,41
155.30
160,12
54.877
162.66
72.203
163.75
164.9¢
165.56
165.55
165.73
75.317
©165.73
77.253
165,72
165.68
165.73
165.73
165.71
165.72
165.68

165.68

bp/DP= 0.10000

be4

COS {(ANG)

1.3078
'=0.95893

XPSTs -99.99394

VeX

MAX RE

0.66039
0.58410
0.66648
0.55412
0.42496
0.39955
0.70763
0.30273
2.55776
0.35570
0.67074
0.47388
7.48051
0.38071
3. 65253
0.44892
2.44686
0.39193
2.61062
0.41164
5.40093
0.42705
9.39577
) 0.43667
9.39219
0.44323
0.64589
0.44697
0.39327
0.44086
2.64121
0.44539
9.39229

3.39178
0.44437

vey

MIN CD

0.0
41.893
J.963000-01
4g.182

-0.35730D0-01

65.498
0.27044D-01
85.236

-0.13922D-01

73.118
0.13171
55.776

-0.28062D-01

68.559%
0.147164
58.686

=0,33023D-01

66.702

-0.37459D-01

63.681

-0.38886D-01

61.512

-0.39123Dp-01

60.234

-0.39530D-01

59.394
0.14105
58.927

-0.39484Dp-01

59.694
0.14035
59.123

-0.39520D-01

59.418

-0.39497D-01

59.146

-0.39539Dp-01

59.37

-0.39548D-01

59.347

=-0.39518D-01

59.322

-0.395270-01

59.298

«0,39476D-01

59.274

-0.39481D-01

59.251

VMAG

0.66039
0.67310
D U2646
0.70794
0.55793
0.68355
0.48133
9.66772
0.44808
0.41232

0.40281

3.39770
0.39418
0.66111
9.39525
0.65639
3.39427
2.39338
9.39408
9.39399
0.39395
3.39386
2.39386
0.39377

L8¢



NO.

ITER

RP

27
1.0854
281
1.0892
295
1.0934
413
5.5197
4u0
5.3566
429
5.4337
449
5.3880
306
1.0986
64s
5.3623
450
5.3285
451
5.3192
312
1.1000
4s1
5.3420
452
5.13572
452
5.1301
452
5.3244
452
5.3123
452
5.13098
452
5.3098
3113
1.0997
mn
1.0998
313
1. 0999
314
1.1000
452
5.3098

PIBONACCI CYCLESs 19

TIME

100.05
100.29
100.76
108.22
109.83
109.07
110.65
101.08
110.28
110.73
110.85
101.24
110.84
110.97
110.92
110.92
110.90
110.90
110.90
101.26
101.26
101.26
101.29
110.90

MIN RP

1. 0854
1.0892
1.0934
1.5236
1.2135
1.3345
1. 1366
1.0986
1.1662
1.1182
1. 1067
1. 1000
11110
1. 1039
1.1023
1.1012
1.1007
1.1001
1. 1002
1.0997
1.0998
1. 0999
1.1000
1. 1001

STOKES

e (1)

RADIANS

0.0
0.0
0.42016
0.53987
0.67984
1.0334
1.1000
2.7537
0.84032
2.8330
0.93951
2.8002
0.77902
2.86 1
0.74114
1.2843
0.80244
2.8493
0.76455
2,8642
0.75561
2.8678
0.,75008
1.3938
0.75901
2.8675
0.75348
2.8710
0.75221
2.8700
0.75134
2.8701
0.75095
2.8696
0.75047
2.8697
0.75055
2.8696
0.75016
1.4101
0.75024
1.4102
0.75032
T.4114
0.75040
1.4277
0.75048
2.8696

NO.= 1

xe

-1.1034
-0.95219
~0.57758

5.0204
5.0145
5.3309
S.0884
-0.32818
S.0458
5.3356
5.0320
-0.21144
5.3536
5.0732
5.0457
5.3403
5.3279
5.2256
5.0256
=0.13368
-0.19368
~0.19239
~0.17462
543256

. 50000

DESREES

0.0
30.932
59.207
157.77
162.32
160.44
163.93
73.587
163. 25

164,10

164,31

79.859
164.30
164.50
164.44
16444
164,41
164,42
154,42
80.795
80.796
80.865
81.802
164.42

Dp/DP= 0.10000

) 24

COS (ANG)

=0.0

1.0000

0.558395
0.85778

0.93686
0.51194

2.0847
-0.92569

1.4292
v =0.95325

XPST= -99.99394

veX

MAX RE

0.74602
0.72987
0.74889
0.65607
D.751u5
0.55578
J3.67008
0.35961
J.52166
0.42500
2.58476
0.39566
J. 47604
0.48976
J0.74197
0.53496
J.49419
0.451381
0.46589
0.51370
J.45902
0.52878
J.73262
0.53589
J.46131
0.52303
J. 45671
0.53255
2.45615
0.53500
0.u45596
0.53668
J. 45545
0.53745
D.4551
0.538137
J.45517
0.53821
J0.73075
0.53759
J3.73078
0.53742
0.73067
0.53735
3.72878
0.53812
J.45512
0.53835

#IN8 20

0.0
37.325
0.63610D-01
41.185
0.10217
48.048
0.25384D-01
72.364

-0.33803D-02

61.790
0.799100-02
66.106

=0.117230-01

54.078
0.10976
49.791

-0.83682D-02

58.091

~0,128080-01

S1.714

~0.13826D-01

50.334
0.10983
49.710

~0.136786D-01

50.852

~0.14552D-01

50.001

-0.14384D-01

49.787

-0.14323D-01
49,641
-0.143270-01

§9.575

-0.14356D0-01

49,496

-0, 14346D-01

49.510
0.10961
49.563

49.584
0.10939
49.517

=0.14355D-01

49.498

VHAS

0. 74602
0.75159
0.75836
0.67056
0.52157
0.58u81
0.47618
J.75004
0.49826
0.46606

0.45923

.0.74081

D. 46152
J.45694
0;“5638
0.45579
0.45567
0.45534
0.455%0
0.73892
0.73895
0.73885
0.73695
0.45534

88¢



NO. FIBONACCI CYCLES= 19

ITER

/P

277
1.0851
280
1.0925
290
1.0956
420
5.5029
qu9
5.3747
437
5.4311
300
1.0993
uuy
5.3899
851
5.29u6
306
1.0990
uso
5.1161
3N
1. 0990
451
5.3498
492
5.3388
314
1. 0998
u52
5.3542
452
5.3374
4952
5.3216
452
5.3215
31y
1.0999
314
1.1000
452
5.3214
452
5.3215
452
5.32W

TINE

99.860
100.06
100,42
108.03
109.38
108.75

100.72

109,11

109.44
100.88
109.39
101.00
109.51
109.54
101.07
109.56
109.54
109.51
109.51
101.07
101.07
109.51
109.51
109.51

MIN RP

1.0851
1. 0925
1.0956
1.41397
1. 1327
1.2521
1.0993
1.1787
1. 1040
1. 0990
1. 1150
1.0999Q
1. 1082
1.1014
1. 0998
1.1024
1.1008
1. 1004
1.1003
1.0999
1. 1000
1.1001
1. 1002

1. 1001

STOKES

1P (1)

RADIANS

0.0
0.0
0.42016
0.50344
0.67984
0.91796
1.1000
2.7878
0.84032
2.8620
0.93951
2.8319
0.77902
1. 1826
0.87821
2.8498
0.81691
2.8662
0.80244
1.3053
0.825985
2.8641
0.811138
1.3993
0.82032
2.8678
0.81479
2.8692
0.81350
1.4506
0.81562
2.8697
0.81433
2.8693
0.81396
2.8686
0.81388
2.8687
0.81358
1.4506
0.81365
1.4506
0.81373
2.8687
0.811380
2,8687
0.81373
2.8687

5.)529

NO.= 10.00000

xp

DESREES

-1.1031
0.0

-0.97580

28.845

-0.68341

52.595
5.2729

159.73
5.0770

163.98
5.3836

162. 26

-0.43397

'67.759%
5.0731
163.28
5.0103
164,22

-0.30618

74.790
5.0236
16410

-0.23537

80.176
5.0615
164. 31

164,39

-0.14978

83.110
5.)684

164,42
5.0518

164.40
5.2155

164.36
5.2355

164436

~0.14978

83,111

~-0.14978

83,112
5.31355

164,36
5.3355

164.36
S.9355

164,37

pp/DP= 0.10000

144

COS (ANG)

-0.96300

IPST= -99,99394

vex

MAX RE

0. 79554
0.77945
0.79751
0.71193
7.80081
0.61684
0.66869
0.39727
0.53457
0.55137
0.59107
0.43822
0.79756
0.58284
0.55719
0.49712
Jd.52167
0.58884
0.79225
0.58479
0.52693
0.57450
0.78612
0.58943
0.52261
0.58343
0.51934
0.59271
0.78204
0.59234
0.51951
0.59118
0.51908
0.59354
0.51923
0.59424
0.51918
0.59438
0.78206
0.59219
0.78209
0.59204
0.51908
0.59465
0.51913
0.59452
0.51908
0.59466

veY

HIN CD

0.0
35.137
0.47304D-01
38.191
0.76410D-01
43.607
0.26441D-01
65.854
0.43605D-02
48.406
0.13040D-01
60.033
0.86988D-01
U5.967
0.77795D0-02
53.327
0.30301D-02
45.539
0.89106D-01
45.824
0.36770D-02
46.587
0.89526D-01
45.438
0.27588D-02
45.923
0.23645D-02
45.254
0.89357D-01
45.280
0.22659D-02
45.363
0.233720-02
45.195
0.24853D-02
- 45,146
0.24785D-02
45.136
0.89365D-01
45.231
0.89373D-01
45.301
0.24654D-02
45.117
0.247170-02
45.126
0.24649D-02
§5.116

VNAS

0. 79554
0.79892

0. 80444

0.66922
0.53459
0.59122
0.80229
0.55724
0.52168
0. 79724
0.52694
0.79121
0.52261
0.51935

0.78713

0.51951
0.51909
0.51923
0.51918
0.78715
0.78718
0.51909
0.51913
0.51909

68¢



R-INPINITY=

XB(1y= =99

SIZE OF GRID= 33 X 93

GNOUN= 3,00

STOKES® HO.=
STOKES® HO.»
STOKES?® NO.=
STOKES* NO.=
STOKES®* NO. =
STOKES® NO.=

5TOP 0
EXECUTION TERMINATED

$SSIGNOFP

INITIAL VARIABLES

100.000

«99394

0000

REYNOLD®S NO.s

Jsys= 1

10.000

NUMBER . OF ITERATIONS IN GRID=

5000

KLYACHKO'S FORMULA FOR DRAG COEFPICIENT USED AT ALL VALUES OP RE

1,000
2.000
3.000
5,000
7.500
10.000

ssx¥ers RUAABARA'S ZERO VORTIZITY MODEL #%esess

#ssss NUMERICAL PLOWFIELD USED ®e¢ssses

EPSIL=

EPSIL=

EPSIL=

EPSIL=

EPSIL=

EPSIL=

EFFICIENCY WITH INTERCEPTION

0.1531760
0.3650161
0.4948146
0.6464387
0.7504339
0.8136897

0p/0P=
DP/DF=
DP/DF=
DP/DP=
DP/DP=

DP/DF=

0. 100020
0. 100000
0. 100000
0. 100000
0. 100000
0. 100000

EFP=
EFFa
EFP=
EFPF=
EFf=

EPF=

0.13%2509
0.3318329
0.4498317
0.5877264
0.6822130
0.7397183

06¢



