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\B§§;racc-

The methcd of crthoggﬁa1 collocation on finjte elements
(OCFE) was app11ed tc’cwo eng1neer1ng prob]ems One of the problems
considered is that of the flow of a Newton1an f1u1d in an 1nterna]1y
flnnedé%ube Cy]1ndr1ca1 coord1nates were emp]oyed and Legendre
shifted orthogonal po]ynom1a1s were used as ‘the trial functions. An
a}ternat1ng d1rect1on 1mp|1c1t (ADI) methodjwas used to solve the
resulting set of -equations. Better accuracy was achieved by increasing
the number of collocation points per e]ement rather than increasing the -

™

number of elements for a given numher of interior collocation points.

2

Although, in general, for a given total number of collocation points,the

OCFE was.found superior to the ffnite difference method in terms of
. / ' .
accuracy, the computational time requirement was much higher for the

method of orthogonal colle&tion on finite elements.

- ~

The second problem considered deals with the simulation of
‘two-dimensional miscible diep]EceTefcmgf oilﬂby a §O]Venciigipctqg§ o
" media. A direct method of solution was used. Solution of the

fcontinuity equatjon provided exce11ent mass conservation However,
;ea1lst1c ancentrat1on profiles cou]d on]y be obta1ned from the -
Lonvect1on d1ffus1on equat1on for a very h1gh va]ue of the dlffus1on

coefficient.
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Chapter T #

INTRODUCTION

- There has been a growing interfist in the application of the N
method of hogonal‘co11ocat10n on finite elements (QCFE) to a wide
vanieéy of chemical engineering problems, The OCFE method comb1nes the
features'of the orthogonal co]]ocatioh method with those.of the f1n1te
element method. The main advantage of the orthogonél c0110eatibn
method is its rapid convergence. In the finite element method, one
can change shapeor size of the elements to fit irregular boundaries.
Moreover, additional elements can be inserted in the regions of steep
gradients. ( |

 The OCFE method has been shown ‘to be very powerful in
obtaining solutions to one-dimensional problems However, not enough
work has been done to demonstrate the suitability of thL method to
mu]tidimensiona] problems. ' {

‘The purpose of the'preseht work is to study the suitability
of the recently developed OCFE method to £hb—dimehsiona1 problems. In
order to gain confidence in the method, it was firet applied to a simple
one-dimensional prob1em. The phogrem 1isting for the one-dimensional
problem is given 1n.Append1x C.

The applicability of the OCFE methad to f1u1d flow in finned
tubes is discussed in Chapter 4. The problem has a steep gradient at
one of the boundaries. ~The reason for the choice of this.f1ew préb]em
is that-the numerical techn1ques wh1ch were used to,so]ve the problem
could no; handle the steep gradient unless a large number of gr1d points

were used: The resu1t1ng algebraic equations were solved us1ng the

'ADI technique.

[



. a SRR 2
R ”.q The app]1cab111ty of the OCFE method to porous media is
d1scussed 1n Chapter 5: The prob]em deals with the unsteady state
miscible d1sp1acement of 011 by solvent in an‘211 reservo1r Unlike

“the finned tube prob]em, a d1rect method of so]ut1on was used The*'

d1rect method solved all the equations s1mu1taneous1y using the LU

*'J‘ decomposition techn1que with iterative refinement. The direct method ‘

“.‘vtOr'the Finned

~“was ‘employed becauseﬂthe ADI technique was found to be fairly expensive

tube prob]em The two d1fferent locations for the
product1on we1“'were cons1dered In one of the schemes, the geometry _
'represented a. quarter of a f1ve spot The second scheme wh1ch has no

pract1ca1 1mp0rtance was used ma1n1y to check the numer1ca1 resuTts



CHAPTER 2 B
. LITERATURE REVIEW

‘”“fThe méthed of weighted residua]s enc. pesses several methods

| (Subdomain,le]]Séation, Galerkin etc.). .Theée methods were first

.;unified by Crenda11 (1956) ae the method of weighteﬂifésidua]s (MWR)ﬂ
A combkehensive review of the literature on MWR is available in FinjJayson

(1972, 1974). ' o

- ’Q{¥ ‘The method of weighted nesidua]s was applied to a .ide
‘variety of engineering p}ob]ems by 61ymer.and Braun (1973), fin]aysan
and>Scriven (1966) and Vichnevetsky (1969). Apg]icetion of the Galerkin
method t; reservoir enginee 117 was considerea by Cavendish et al. (1969),

;;;uvcginam and Varga (1971)'and.McM1chae1 and Thomas (1973). Cavendish

et 51; described a new tecnnique based on the Galerkin method which used
both high and low order piecenise no1ynbm1a1 approximations to solve
bpundary value problems in reservoir engineering. Culham and Varga,in

" addition to the Galerkin method,applied non—Gé]erkin cubic spline inter-
po]atfon to solve. non-linear parabolic equatjons. VMCMichde]'and Tnomés
investigated the feasibility of using the GafErkin_method on three pheée
mu]tidiﬁen§iona1 compressible flo ; They observed that for a given time
step the Galerkin method required/much more computer time than the

_ finite difference mpde]. However], the Galerkin method was'cepable of

.. handling a larger time step. )

A co11ocat{on method was first applied by151ater4(1934) to

solve differential equationsQ Frazer et al. (1957) used this

method with variods trial fun t??ni; Lanczos (1938) used the roots to

Tchebychev polynomials as coljllocatien points. Sparrow and Haji-Sheikh

.
4



’ . ’ “ .
(1968) succeosfu ly app11ed a 1east square collocation method to steady
state heat conduct1on in arbitrary bod1es The first known app11cat1on
of a boundary co]]ocat1on method is due to Sparrow and Loeffler (1959)

The method of orthogona] collocation was first applied by
Lanazos (1938, 1956).. It has since been applied by Cleanshaw and
Norton (1963), Ngrtoh (1964), and Wright (1964) to solve ordinary
differential equatiogs. Villadsen and Stewart (1967) applied the ortho-
gonal co11ocation method to boundary value prob]éms. The method Pf
Morthogona] co1]ocation has been shown to be very effective for certain
non-1inear chemical engineering problems and has been highly advocated

-

by Finlayson (1971), Young and Finlayson (1973)..
|  31ncovec (]977) described the development of a genera]1zed .
collocation method for the solution of coupled non-linear parabo]1c

partial differential equations. He showed that the collocation method

w1th Gauss1an collocation po1nts was .more effective than the convent1ona1
f1n1te d1fference solution. He also showed that for prob]ems with a smooth
solution, one would obtain more accaracy per unit time by increasing

‘the order of the collocation method. -

| The method of orthogonal cof]ocation on finite elements

(OCFE) which is. the subject df this thesfs is a rather new technique
The-area is not well exp]ored and not much work has been done on th1s
method. Doug]as and Dupont (1973) stud1ed theoretically a f1n1te

element collocat1on me thod for parabolic equations. B]ad1er (1973)

“ used OCFE to solve a die swell problem unsuccessfully. Anderman (1974)

used this method to solve a two dimensional fluid flow around a.sphere -

at a very low Reynolds number He found that the computational time

“



requirement was iery large. Carey and Finlayson (197%) usea the OCFE
method to solve a one dimensional effectiveness factor problem ia.a~
catalyst pellet and pﬂey highly recommended the use of OCFE; Chang
and Fin]&yson_(1977)‘app1ied fhe OCFE method to a two dimensional
problem énd used thevaTternating direction {mp1icit (ADI) method to

“solve the resulting a]gébraic equations.



CHAPTER 3

THE METHODS OF WEIGHTED RESIDUALS AND ORTHOGONAL COLLOCATION ON

FINITE ELEMENTS

3.1 General Treatment: , -

The method of weighted residuals (MWR) is a -gehéral meéhod of
ob£ain1ng so]utigns to differential equations. The sol{ition to be
determined is expanded in a set of specified trial functions. The
constants of the trial functions are obtaihed using MWR. The first
approximation gives a solution within 20%. However, more accurate
solutions can be obtained using higher approximations.

For illustrative gu}poses, a boundary va}ue problem is &

7

considered, Fin]ayson (1972).

veT

Tkx‘+ Tyy =0 in V(x,y} (3.1)

LT =T on the boundary of V - , \\(3.2)
Assuming a trial function of t@é'fOrﬁ

.- n : , ) :
T =>TO‘ ,+1-§] CiTi | | ) _ (3.3)
where functions Ti satisfy the boundary conditions (T1=O on the
boundary). Substitute Eq&atioﬁ§(3.3) in thatiog (3.1) to form the
residual (The residual is zero -everywhere inlv when the trial function is
~ the exact solution).- \

N
R =v2(T + g] C.1.) (3.4)

or



~

~

I
In the method of weighted residuals, Ci are chosen in such.a
way that the residda] is forced to be zero in.an average sense.

Equating the weighted integré]s of the residual to zero yields

(WF s, R) = O j=T1,2.....n - (3.5)
where QWFj, R)‘— J.WFj R dV - (2.6)
v
and Nf is a weighting factor. When WF and R are orthogonal then
JNF RdVv =20
v | ‘

From‘Eq@ations (3.4)and (3.5) one obtains,

2 - . 2 7).
: Ci(WFj, v Tf? (WFj, v TO) | (3_7)

He—1=

.i

Equation (3.7) can be written as

N
L Gt Ty - (3.8)
- 2:
_ where Gji (ij, v Ti)
- . 2T
H. (WF {,92T)

3
Here TO and Ti are known. Therefore Gji and Hj can be evaﬁUated if WFj
is known. The methods of choosing ij are described telow. QOnce Gji and
Hj are known; C. can be evaluated using Equation (3.8). C, can then be
substituted in Equation (3.3) to obtain the approximate solution. -

 'There are various ways of choosing the weighting finctions WF.'
Each choice provides a different method of weightéd residua]é. Some of

the important methods are considered below.

"

)

a)‘Subdomain method: Dividing the domain V into g smaller subdomlins

Vj and defining



1 X'in V.
- J

WF .

g
b0 X not in v s

One observes that the residual R, of the differential equatijon

when integrated over the subdomain, Vijyis‘zero as given by Equation (3.5).
As the number of subdomains increase,the differential equation is
“satisfied in more and more subdomains and the residuatl approaches zero
everywhere in the limit as np = = ) .

b) Least squares hethod: Ih the least squares method the weighting

funct1on is 5%—- Equating the residual to zero one obtains,
3R ’ -
J —+ R dV =0 ' ‘
f aci ; . | (3.9)
9 2 _ , . . ’
’C— J R4 dV =0 for i = ],2...” . (3]0)
: _

Hence the integral is minimized with respect to C- Solution of

Equation (3.10) provfdes the Ci coefficients. . The algebra involved

using this method is usually rather tedious.

c) Ga]erkin~M¢tﬁod: I'h the Gaierkin Method, the weighting functions
are also the trial functions, 1.e:, wEi = Ti' “The trial functions
musE be part of. a complete set of functions so that -the trial
solution is capable of representing the exact solution provided
enough terms are used. The Galerkin method forces the residual to be

zero by making it orthogonal to each member of a complete set of

functions.

d) Method of Moments: In this method.the weighting functions for
~ .

the one dimensional case are 1,x,x2,x3,...Therefore successively
{ :



. o V.
higher moment< of the residuals are forced to be zero. It is
‘evident thet for fhe first appreximation this method is
identical to the subdomain method. |

J ) R .
e) Collocation Method: In the collocation method the weighting

functions are: the displaced Direc delta function

WF. = - X, : - AT
; 6 (x va) | | /HU
which has the property that

ey rav =Rl (3.12)
V- \] -\ .

Thus the residual is zero at the N collocation points xj and it

approaches zero everywhere in the 1imit as N -

It has‘been shown that in the c011ocation method the solution
depends upon the choice of the collocation po1nts at which the res1dua1
is set to zero, Finlayson (1972). In order to reduce such dependence
“one can app]y the least squares collocation method. In this method the
residual is evaluated at more points than there are coefficients and the

over-determined set of algebraic equations are so]ved by a least

~

~—

squares method.
The orthogonal collocation method which is a special case of

the co]]ocation_method is discussed in Section 3.3.

. (3\é Choice of Trial Fuection§:

| One of the most important considerations in using MWR is the
choice of the tria? functions. Such a choice 1is veey important for Tow
order approximations but for higher order apbroximations it is not as
-wrcritica1 since the rate of convergence becomes. the prime criterion,

Finlayson (1972).



The trial functions must be complete SO that they represent
the exact so]ution if enough terms are used. Further the trial functlon
shou]d be as simple as possible and shou]d not comp11caté the analysis -
unnecessarily. For a prob]em with a boundary cond1t1on of the type

¥(x,2) = F(x,z) one may choose

a. y.‘(x,z)

1 ]',1

where it is specified that y; = 0 on the boundary. Thus the choice

y(x,2) = F(x,z) +
;

o~ ==

satisfies the boundary conditien. One may start with a general
polynomial and can obtain a geasonab]e trial function afferﬁape]ying
boqndér& conditions and symmétry conditions. - Orthogonal polynomials
were found to be excellent trial functions (Fin]ayson‘]972) and can be

constructed to satisfy some of the boundary conditions. This approach

is usual.y used in the orthogonal collocation method.

3.3 Method of Orthogonal Collocation:

The method of orthogona] co]]ocat1on has been we]] covered by
.Finlayson (1972).  However, a br1ef descr1pt1on is presented in this
sect1on in order to fac111tate the understand1ng of the method wh1ch was
7‘app11eH to the two d1mens1ona1 prob]ems discussed in this thes1s

| The advantage of the method of orthogona1 co]]ocat1on is the

rapid convergence to the solution as the .number of c011ocation’poﬁnts is
increased. Ferguson and Finlayson (1972) showed that for an ordinary
differential equation the error was-pfoportiona] to (%01'72N. Qhefe N'is'
" the number of interior collocation po1nts As N chandes from 5 to 6
‘the error decreases by a factor of 100 In the finite

difference calculation of 0(ax?), a change of N (=

-

) from 5 to 6

[ f ot
&
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decreases the error by only a factor of 1. 4.

In 1.8 :)rthogona1 coﬂocatlon methog the-collocation pmnts
are taken as the roots to. orthogonal polynomials. V111edsen and
Stewart (1967) cnose he trial functions to be tee sets of orthogona1.
polynomial which 21sc sa isf%ed the boundary cofditions and the roots to
the po]ynom1a1s gave .he co11ocat1on points. |

&

A br1ef descr1pt1on of the orthogonal, co110cat1on method 1is

presented below.

Let a function t be approximated byla trial function,
S ‘ ’ X .
t(x)t= by + by x + X (1-x) 12 a1P1_1 (x) - (3.13)

where the-polynomia1s, Pi’ are defined by

] . . ‘“ .f:‘,:‘ .
[WF() P00 Pys) ex = 0 L (3.13)

O .
n=20, 1,,...m-1

and m# n

Thus the successive pb]xhomia]s are orthogonal to all polynomials of
order Tess than m with. some weighting function WF(x) > 0. NX is the
total number of collocation points (1nc1ud1ng boundary points). Since _

both even and odd powers of x are -included in the§¥?1a1 funct1ons, it 1s

" - clear that the orthogona] po1ynom1a1s have no special symmetry pro-

perties. Equat1on (3.73) ‘can be subst1tuted in the d1fferent1a1 equation
whose so1ut1on is requ1red and the res1dua]s are set to zero at the given
collocation points in the interval (0,1). Consequently the coefficients
of Equation (3.13):can be evaluated. The collocation po1nts are the roots

to the polynomial Pn(x). Finlayson's approach is not to solve for the



SR

{

0 !
. 9bnstan

written

12

ts but for t at the co]]ocationdpoint. Equation (3.13) can be

as,

|
= ] dox T S , - (3.14)

t

Ta%ing.first and second derivatives at'fhe collocation points, one

obtajns

3 i
. NX ' i-1 , '
t(x.) = d. - (37
(x5) ]Z] i (x5 (3.15)
. NX - , N o
dt d _i-1- _ . i-2
aiwx =1 dx * X, d; -4.2 (i-1) (Xj) d; (3.16)
ARV L ‘ J =] : :
5 bi SVIRET
d’t = dz i-1. .o i-3
‘ . ooody= 1) (i-2)(x.) "7 d. 5
dx2|x. .17 dx? ” x., | 1= (1 )(]. ?(XJ) i (3.17)
3 : S T

where NX=N+2. N is the total thber of interior co]]ocatibn,points.

Writing the above equations in the matrix nOtatjbq ‘&je]ds, {

,qhd o

where_

K] . (3.1¢
3
dat =< . N
g - Cd (3.19)
¢t .53 | . © (3.20)
dx? ; “ -
R S \ B
Cis = (i-1) x172 B L EU
J1 .\v‘ J- ) ’ . . . . ol . ‘ . (3.22)
L ‘ 1_. ) 1—3 N J
Dys ~ (151)(}-2)vx. ) (3.23)



13

al

From equation'(3.18‘ : o .
o -7 % . | 3.28)

Substituting d in Equations(3.19) and (3.20) yields

- Ol

4

d_t' - :__] -_. N . = - = =

d?t = =] - = 8 = 1 7=1 .

5__2_ =D Q t=Bt where B D Q (3.26)
X .

As the collocation points Xj are known, mafrices 5, E and ? can be

evaluated and hence A and B can be deéermined. A general computer

program to calculate matrices a, E; d, K and B is provided in Appendix
~A. The matrices are tabulated in Appendix B for 3 < NX < 10. Tabulation

of matrices A and B is also given in Finlayson (1972) for NX = 3 aﬁd‘ﬁ.

s ,fhe derivatives in a differentia] equation whose solution
is to“Béﬁfound can be replaced by Equations (3.25) and (3-26)- The
resulting set of anebrajc equations can be»so]ved éubject to the

prevailing boundary conditions. For a differential equation of the

type
d’t , dt S
e T Tt (3.27)
‘ne obtains | .
NY NX | - 3.28)
B. . t. + A. .t. +x.t. =0 .
121 o 1‘21 PRI B R

for each interior co]]ocat%on point j.

3.4 Ofthogoha1 Collocation for Two-Dimensional Problems:

For_two—dimenéioha] problems a trial function analogous to
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Fruat an (2.13) is given by, Finlayson (1974).

- y NX 72
T(x,y) = {:b]+b2xx+ x(1-x) kz1 akPk_](x)} X ¢
. ' NY-2 ‘
{C]+C2y +y(-y) ] FRPQ_](,V)} : (3.29)
=1 3 :
or NX NY .
: Tx,y) = {kz] d k xK ]} LZ] d 5 y* ]} . (3.30)

where S L )
( ] . _ - (3.31)
Ei] (3.32)
For any particu]ar point (i, j) one can write

Tlxioys1 = {Z I Xkﬂ {N}“ ‘ y'ﬁ_ﬂ( (3.33)
J

X,k ,[ 2=1 Y2 J

T(x

% 3
{. } =: a‘l | (3.34)
i Y y .

where Q and Q are 6 in x and y d1rect1ons resped%1vely and their values

) Def1n1ng matr1x X yj) Equation. (3.33) becomes &

are g]ven by Equation or in the matrix form by

(3 21)
-f | (3.35)

T

,:Dlll
L___

or

ol

=il
"
!
ol
=
O
w

M

.36)



The first derivative with respéct to x is given by

3T = = = . =,
=G d,d"Q ) (3.37)

i
Sl
1
ol
>
A
all
R 2

_ 73 %
| = Cx QX’ T ,
or
a;];:‘_ = — V
== Ax T 2 (3.38)
N 4
or aTi i -
T L Mg . (3.39)
k
The first derivative with respect to y is given by
T = Qx dX dy Qy
— , —iy | )
3T _ [ a1 . |
3y \\ay ; o . (3.40)
where
T = Qy y 9x QX (3.41)
and
Ty
; ay by 4y 4 & (3-42)
= cy Qy T - .', ’ o (3.43)
or = = =! .
37 = AT - : o
ey y _ . (3.44)

3y

As the same collocation points are'being used in both x and y directions,

the subscripts x and y from A, B, C, d and {Q can be dropped.

=T ' (3.45)

Let~%v
\ :
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hence
Z. . =T.
153 Js1
Equation (3.47) gives \
27, . .
___]_’J_z. |
3y LRk B , (3.46)
Interchanging i and j in Equation(3.46) yields b
R R |
L E T e
or.
aTi 3 ‘
AV E As Tik (3.48)
Similar relations hold for the second derivétives.
. o '
Thus for a&ﬁ%o dimensional problem of the type
2 2 v :
3 T + 8__T_ = f(x,y) (349)
sx2 - ay? . _ .
one obtains " - N
NX NY :
LBin Tt LBy Tign = fhyy) (3.50)

for any interior collocation point (i,J)

-
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The ma1n‘d1fference between the method of we1ghted residuals
(MwR) and t%e traditional finite element method is in the choice of the
trial functions. Normally MWR uses trial functions defined over the
entire domain whereas in the traditional finite e]ément method trial
or shape funttions are defined over each element. The advantage of the
' finite'element method is that the elements cén be changed in shape or
size to fit tﬁe physical boundaries. The method of orthogonal
collocation on finite elemen<s 1§ an attempt to combfne the features of
both the orthogonal collocation method and fhe finite element method.

The main‘feature of OCFE is that the domain of finterest is
divided into subdomains and that the trial function ié applied over.the
domain in a piecewise fashion e1ement‘by element. Using such
discretization OCFE should theh be able to hand]e solutions which have
steep gradients s the trial functions are orthogonal in the region
(0,1) it become. ..cessary to have the independent variable(s) to lie
between (0,1). For a given element, the value of.the residué]s give an

indication as to whether more elements need to be added in a given

region. The tdta] number of iterations can be reduced by Jsing a
so]ution‘dbtained with a lesser number of ¢o]\ocation points as the
jnitia1.guess for a higher number of c0115cat10n points. Irrespective
‘of the nature of the solution, (symmetric or unsymmetric), qngenera]
polynomial appfoximation should be used in OCFE. A given differential
equation is satisfied at each interior collocation point. At theé
e1emén£ interboundaries, continuity of the first derivative is soUth.

For a one-dimensional problem, one obtains a block diagonal matrix. Two-

dimensional problems can be solved as one-dimentional problems using
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the alternating direction implicit method (ADI)k/,/~

Appendix C illustrates the solution of a simple one-
dimensional problem using OCFE. The cc.apucer program is also

included. A similar approaéh was used to solve the two-dimensional fin

problem discussed in Chaptef»4. b

qu 3.5.1. Agproximatioh Erroré:
- Douglas and Dupont (1973)'showed that for parabé]ic

; differentja] equatidns the discretization error wasvproportional to h*
(h=1/NE) for N=2 , when the collocation points were the Gauséian
quadrature points. However, when the collocation points were uniformly
distributed in each-element, the error was propoftiona] to h?. IThus
changing the collocation points to'Gastian quadrature poihts reduces
the error dramatfca]]y. More generally, bebdor.and Swartz (1973)
" showed- that for a differential equation of the type D?y = f(y), the

error for the OCFE could be given by the following relation. T

error o |
€

Douglas (1973) showed that for linear .problems when the

e

trial polynomials were Qf degree (M+1), convergence proceeded as

+2 2n

ax" globally and ax™" at the collocation points.



CHAPTER 4
APPLICATION OF THE METHOD OF ORTHOGONAL COLLOCATION

TN

N ON FINITE ELEMENTS TO FINNED TUBES
- T———==-tENTS TO FINNED TUBES

he method of orthogonal co]]ocation was applied to a
difficult fiyid flow problem. The selected physica],prob]em is that
of an incomprissib1e Newton%an fluid flow in thé intérna?]y finned
tube shown in Fﬁgure .. The governing equatfon is an e]]iptic type of
partial differentia] equation. This problem was chosen mainly

because traditional finite differenceAtechniques did not Provide an

4.1 Statement of the Problem:

1

The momentum equation‘governing the fluid floy s given by

j Ij [}

;0 ' |
SR (e S RS (4.1)
I Tt gel i’ |
Introducing the dimensﬁon]ess quantities, .
. o @ -
r o= ;;‘andw=’\-/w‘..— "
Rz “dp
Hoodx !
The flow eqUation becomes
24 . 2 . : '
Sl I Y T X | (4.2)
Cgr2 3 r2 592 ,

The appropriate boundary conditions are (Figure 1)

19
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FIGURE l Flow Geometry of a Finned Tube

(a)
(b)
e—
6 =q - )
(c)
,8=0
r=0 T r=1

20



and 0 = 6 < a ' (4.3a)

W=20 at r = 1
W=0 ate=c¢ and 1-L <r <] . - (4.3b)
‘ e ‘
W _ ‘
S£=0 ate=0 and 0 <r <] , ' (4.3c)
at 8 = a and 0 <r < I-L : (4.3d)
%§-= 0 atr =0 and all s (4-3é)

;

Due to the complexity of the boundary conditions and the presence of a
sudden velocity variation at the fin tip, it is unlikely that a closed

form analytical solution exists.

4.2 OCFE Formulation of the Problem:

For every koth element (Figure 2) two new variables are defined

such that :
- -9y
| Aek_}
AT ‘
aw , . . (4.4)
where
e R : - (4'5)
and :
i SRS B 3 | (4.6)
Thus in any kzth

element both the variables g and v vary from zero to

one. . /

OCFE is applied at each interior collocation point. of each

element (ki). Equation 4.2 can be written as:



T

FIGURE 2.
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(a)
NEO = NER =5
NP =NPR =5
L=023
e
lzjk
(b)
NEO =pNER =2 |
NPG = NPR = 5
L=03
FIGURE 3 Collocation Points Near the Fin Tip
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1 K, 1 K,2
——s ) B, W+ ) A i
A}Q. n=1 Jon k,n (rp+ v. Ap ) Arz n=1 01,0
NPg
+ 1 ; ) B1 0 Wk’§ = -1
(Aek)z(rf'“jar )2 n=1 i ’ (4.7)
where Wy 5= W(e], rJ) o (4.8)
and i=2, ..... ;s NPe-1
O - , NPR-1 »
4.9
k=1, ..... NFg - ( )
e= 1, ..., , NER

For a given element kg, NPg and NPR are-the total number of collocation
points (including boundary points) in ® and r directions, respectivé]y.
NE6 and NER are the number of elements in 8 énd r directions rlspect1ve1y.
F1gure 2 shows the elements on which Equation (4.7) is applied. )
EsSentja11y Fquation (4.7) is applied to each element of the flow field.
On the element interboundaries continuity of the function apd its
first derivative is assumed. For the element boundaries that coincide
with the tube boundaries, the physical boundary conditions as given by
Equation (4.3) are applied. | ‘The algebraic Equations (4.7) togethe;
with the boundary conditions are so]vgd using the ADI me;hod, Peaceman

and Rachford (1955). ’



4.3 Solution-of the Equations:

Equation (4.7) can be written as

S
i% Q/ \I . 9' )
rotos aryd NER . (v, +o% or, RNER Y
Arl ' n=1 J,n jsﬁ\\j/l Arl tn:] J,n 1,N
NPe - .
+— ) B, W’L = - (r +v7; Ar ) (4.10)
882 n=1 1.0 N,J N T :

T§ solve the system of eduations using ADI, Equation {4.10) is written

~

in . two different forms.

.4.3.1 Constant r solution:

For constant r, Equation (4.10) can be written as.

NP6

1L Sl
sJ Ae2 n=] > _’ ‘ E)
g
r +v% ar )2 NPR r NPR
—54—5%——5;8 ) B. wg’i S "™ Arél I oa Wkenss
A 2 i n=1 Jsn 1, Ar ‘n:] j,n j’nv
J L )
2 2 (4.1
+ (r2+vj Arg)

‘where w is an iteration parameter and (s+k) denotes the velocities at
the end of a constant r sweep.
At the element interboundaries, the following conditions are imposed

(1) Continuity 6f the function:

Kyoo,s¥%_  k+1, 2,545

W )
NPe, . i,
j J

25

)

for k=1,..... NEo-1 . (4.12)
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(i1) Confinuity of the first derivative:"

1 NP - kaQaS-H'z 1 '+ NPe - : k+] ;'2354'!5 -
X ) ANPe n'wn j SR ) Ai n wn j -
/k n=-| 3 ; " k+'] n:'] b ,,

Cfor k=1, ... NEo-1 (4.13)

In addition the following boundary conditions are -imposed (Figure 3):

ol (54 e 'e§
B.C. 1: T B / ‘
s ' NPg o ,
. SRS TE . |
@, 'nZ1VAir" wn,.j = 0. for Q_],.i.NFR at 6= 0 , (4.14)
o y _ #
B.C. 2
(a) NP g : | |
: 1 NE®6, 2,5+ . .
C— A W27 %= 0 for e=¢. and j=2,...(j.-1)
‘AeNEe n=1 NPe,n n,Jj . f - . v f
for 2<2f ‘.
2 =1,. .zf-1 .
J= 2, NPR-1 (4.152)"
' NEB, 8,5+ _ oo L )
.(b} wNPe,j' =0 for s= o, J: Jgse - NPR-1
4 to_ T~
for 2>gf.:z—.£f+]’ ..... NER v
j.= 2, .NPR-1 S
v | B | (4.15b)

Equatjon (4.17) together with Equations‘ffflz) to (4.15) were solved line

by line at constant r (i.e for j=2,....NPR-1 and g=1,...,NER)

+4.3.2 Constant 6 solution:
: ) : )

For- constant 6; Equation (4.10)can be written as




. . Q‘ 2 '
+voAr NPR
k 4 sf] {?2 j z} B, wk,ﬂ,s+1
W 3 1 br, £, dsn Tim
~ : i"+vQAr‘v NPR, | .
. Ty j. ol Z A wk,z,s+] o wk,g,sﬂé
Arﬁg?( CpEy 3. Tin 1
NP6 | ' .
_]_ . k,,Q,,S'Hg’ L 2
+ 16,2 AZ Bi,n'wn,j + (r2+vj Ari) - (4.16)

where’(s+1) denotes the ve10c1t1es at end of a constant ¢ sweep.
At the eTement 1nterboundar1es the fo]]ow1ng“tond1t1ons are 1mposed

1.:C0nt1nu1ty of the- function:

K,2,s+]

KT NPR

- wk 2,s+1
i, b

1. Continuity of the first derivative:

R - NPR K,g+1, s+l = 0

p
1
— ke, st
ar. LA W. - — 7 A W.
.08 n=] NPR,n; i,n Ar2+] ne1 1,n "isn

for 2=1,....NER-1 ~(4.18)

In addition, the following boUndary conditions are applied, 5

B.C. 1:
NPR C
1y g wk LS o0 atr =0 for k = 1,...NEo
ar, c .1. : e
| (4.19)
‘B.C.o2: . f i
K,NER,s+1 _ - .
Wi NpR =0 atr=1 for k=1, NEs . (4.20)

Equation (4.16) together with Equations (4.17) to (4. 2Q) weﬁ»iﬁ

27

for e=1,. . NER-1 . (4.17)"

lTine by line at constant o [i.e. for i = 2,;..NPe=1, and k.= 1,...NEg].

A
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4.4 Computational Scheme:

It has already been stated that the 'Alternating Direction
Implicit' ADI method was used to solve the resu]fing algebraic equations.
The system of equations described in Section 4.3.1 was solved line by
*1ine at constant r (i.e. for j=2, ...NPR=1 and 2=1,...NER). Since the -
right hand side ;f the Equation (4.11) is knoWn; the system of equations
‘in Section §.3.1 can be solved as a one—d%mensiona] prob1ém_by the method
~ described in Appendix'C; To start the‘iteratiye procedure an initial
so1uti0n'was assumed for the entire doméin."Due to the nature of.fhe
boundary condition along 6=a, two different matrices were obtained.
Tﬁerefdnsfor part ]: 6ne needs to invert only two matrices reqardless
of the number of iterations. As discussed;in'Appendix’C, both the 1eft-
hand side mgtrices were block diagonal agd Qére converted to a baﬁd
sffucture'prior to entering the subroutine GELB. One may use LU
decomposition equally effectively. After one half iteration the
solution is known for j=2, ...NPR-1 but not for J=1 and NPR.fhe solution
at these points‘may be obtained by smoothing, Chang and Finlayson (1977).
'However in this work, o]d‘va1ues were used at these points‘for the o
second half of the iteration scheme and no smoothing was performed.
The second half of the iteration scheme (for the system of equations
described in Section 4.3.2) is similar to the first half except that
only bne matrix is inverted reggrd]ess of the number. of
iterations. The computational scheme 1s.shown in Figuré 4. After the
completion of the second half of the iteration scheme, the velocities
at the points marked with solid circles in Figure 5 are still not known.
The solution at these points was obtained using a %1n1te difference

<
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technique. The finite difference dovelopment of Equation (4.7) is
given in Appendix D. | . | \\\
Once the solution at all the points was known, the procedure
was repeated till convergence was achieved. * Convergence was
assumed to have been reached when the average\ve]ocity‘did ﬁot change
by more than 10-4'in 50 iterations. A quadrature approach was used to
calculate ﬁhe average flow velocity.
The rate of convergence was found to be i very strong
'fuhction of the jteration factor w. The iterative procedure becqmes
unstable when w is large and the rate of convergence is very siow thn
w 15 small. The 6ptima1 or. near optimal value of w was found by
trial and error; In general, the appropriate value of w increased with
the number bf_interior collocation points End with the number of |
elements. Tab]é 1 éhows that w varied from 2 (fqr NEo = NER = 5,
NPe = NPR = 3) to 1150 (for NEe = NER = 2, NPe, NPR = 8). The
optimal value of w was also a fuﬁction of the number of fins and the
" fin length. o .
As the iteration parameter gs the recriprocal of a time -
~ interval when solving simi1ar.prob1ems with‘thé time derivative of
W included, a large w means that the time step js small and the
" number of the time 1gterVa1s to reach “§teady‘state“ is large. Tabie
1 ghows that‘a§vw is ihcreased'ihe number of iterations. to convergence
also increased. The CﬁU.time pera100i€teratioﬁs isééhown in Table 1.
" The computationg] time-was f0und to increase fairly rapidly with fhe
number of co11ocat}0n poinfs._ For examp]e,vfor two elements in the

o and r directions, the CPU time per ]OO_iteratiohs was 1.7 and 22.4
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seconds for NPg.= NPR = 5%?nd NPg = NPR = 10, respectively. For this

type-of problem, the ADI method becomes fairly expensive in terms of

CPU d%mand for cases using a large number of collocation boints.

4.5 Calculation of the Average Velocity:

The average velocity in finned tubes is obtained using the

following expression: :

|
0 | (4.21)
fa [ rdrde
=0 r=0
or s

o,

s = 2o Ty dr do (4.22)

“0 D

Eqﬁation (22) was evaiuated using a quadrature approach. The following

-ormula was used to evaluate the average velocity

"NEo  NPo . NER NPR N\,
(w. W.~

P L T A () r.) (4.23)
r S I N IS S I D

N\

integrated again in thé s-direction to complete the inte ratidh\over
the entire-f]ow region of interest. The velocities at the element
interboundaries do not affect the avefage velocity as.the quagifturé\\at

these points is zero.



Table 1

summary of Computations for the.
Orthogonal Collocatinn on Finite Elements Method

o0 oO

cooco oodoo ©000S

5D

[ R oo oo
~~ [S 208 ,]

[EANE MEL RS o wwWww

NYRRNIE NN

w W

NF NEB NP8 w cPU Tctal No.
NER NPR {secunds) of
o R Iterations
3 ? 5 40" 1.7 250
3 2 6 79 2.2 250
3 2 7 120 6.3 750
3 2 8 185 10 1100
3 2 57 40 1.7 - 250
3 2 6 70 2.2 300
3 ? 7 10, 6.3 609
3 2 8 170 10 500
3 2 5 40 1.7 300
3 7 6 80 2.2 500 -
3 2 7 120 6.3 800
3 2 8 180 10 750
3 2 10 385 22.4 1600
8 2 5 220 1.7 250
8 2 6 . 500 2.2 600
8 2 7 780 6.3 .
8 2 8 1150 10 ‘1000
3 5 3 2 1.7 100
3 5 5 250 6.1 1000
3 5 3 2 1.7 100
3 5 5 300 6.1 - 250
3 .5 3 2 1.7 100
3 5 5 300 6.1 * 200
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One quantity which 55 quite uéefu] in the study of fluid flow
in ffnned tubes is.the product of :friction factor and Reynolds number
(f.Re).. It is given by the following expréésion, Nandakumar and

™
Masliyah (1975).

8AZ | |

F

i

where <W> is the average velocity, AF is the cross-sectional area, and
CF is’ the wetted perimeter. Here Re is based on.the equivalent
diameter D_.

e .

The representative flow area and the wetted perimeter are

given by, respectively,

= TTRZ(E_);

1 — ¢ p2 .
AF ” 5 R . (4.25)
and o ' .

CF = (2nR)(§;) + L' = aR+L : . (4.26)

.‘ _ ' 2 ) ’ )
where AF = AF/R , o | (4.27)
N C. = CL/R | S ()

and

L=L'Y/R | - (4.29)

Using Equations (4.25) to (4.28) Equation (4.24) becomes

- _ 20.2 ' :
fRe = P _(E.“H_I/RTZ ' (430) v

In a case when there is no fin‘present (L=0), Equatibn (4.30) become$

2 . .
f.Re = T o , | o (4.31)

Equation (4i31) is used to check the numerical fesu]ts preséntédv

in the Section 4.7



4.6 Jther Techniques
4.6.1 Least Square Matching Technique

The general solution of the Poisson equation representing the

momentum equation is well known and is given by

~

_ r -k k
W = b0 ot biﬂ£nr'+ E (akr + bkr ) cos 6k
+ ) (ckr_k + dkrk) sin ok

k

Utilizing the boundary conditions (4.3c) and the fact that the solution
must be finite at r=0. a more specific solution is,

- \

W = f§;+ g akrk cos 6k
k=0
The coefficjents a, can be determined by choosing N(=M+1)
. points along the flow duct boundaries. - Each boundary col]Oqation‘point
provides one‘algebraic equation. The resulting N simu]taneoué
3 equations can be solved for the N coefficients. However, by
1 considefing moreiboundary collocation points (Mﬂr%»N) than coeffiéﬂents,
the over—ﬁétermined set of algebraic equations can be reduced to a set

“of (M+1) equations by a least square approach with a weightjng factor

of unity.

Although this method was found to o« very successful in the
solution of flow in arbitrarily shapéd ducts; Ratkowsky and‘Epstein'
(1968, and other complicated flows, Bowen and Masliyah (1973), the
meéhod‘failed to give any\meaningfu] flow field for fin ]engtﬁé greater
than 0.2. The number .of coefficients varied between 5 and 20. Similar

”
v

conclusions ' were also reached by Soliman and Feingold (1977)!



4.6.2 finite Difference Method, F.D.

: Mas]iyah (1975) has used a F.D. method to solve Equation (3.2

The momentum equation was Qiscretizéd'using a thréé—point‘tentral
difference module. The derivatives at the flow boundaries were
approximated by Newton forward and backward three-point formulae. A
successive over-relaxation method was used with a relaxation factor of
1.7. Solutions for gridﬁ.of (11x11),. (2%x21) and (41x41) were
obtained. |

Convergence for the (11x11) grid was fast and the rate of
convergence was found to decre&ée kapid]y as the number of the grid
points was increased. For a grid of (41x41), the rate of convergence
was so'slow for the case of a fin Tength, L = 0.4 and number o7 fins
NF = 8 that it wés not pdssib]e to aécertain whether convergence Had )
occurred after a total of 7000 iterations.

Tabje 2 shows the time requirements and the total number
of iterations'neededfto achieve convergence. fh general, convergence
was assumed to have been reached when the average velocity did not
_cHange by more than‘]O_5 in-50 iterations.

4.6.3 Soliman and Feingold Appkoaéh.

Due to the faj]ure‘of the least square matchihg approach;,
and to overcome the mixed—tybe bounaéry'cénditions, the f]ow‘domain
was divided jnto two regions separated by a circular arc of
radius {(1-L), Soliman and Feingold (1977).General triai functions for
each region were evaluated. These func%ioﬁs satfsfied the respective
regidn boundary gynditioﬁ§. Using the continuity of velécity and.its
derivative at-the'bounda;y of the two regibns at equi-distant cq110-'

cation points, the constants contained in the trial flow functions were

36
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evaluated. The number of inter-boundary collocation points varied
~between 10 and 20. Solimen and Feingold found that the average
velocity of the flow was within 1% for 10 and 20 coefficients. The

results using 20 coeffiefents are given in Table 3.

4.7 Discussion of Results &,
In order tu compare the'resu1ts for. the fluid -flow in an.
’1nterna]1y f1nned tube, the centra] ve10c1ty and the average ve]oc1ty
will be used for comparison. In order to gain conf1dence in- the
numerica] results, a limiting case is considered. When thevfie length
is zero the exact value of f.Re:is 161 OCFE also- gives a value of 16.
- This shows that the numefica] résu]fs.are in perfect agreement with the
exact solution for the limiting case cons1dered
As the purpose of this work is not to study the flow in
finned tubes but rather to study the genera} applicability of OCFE to
obtain solutions to this type of problem, only a few flow cases are .
considered and these cases are primarily dictafed"by the availability
of re5u1ts from other workers The flow cases considered:ere
for NF = 3, 8 with fin 1engths of 0. 3 O 4, O 5 and 0.7. NF is the
number of f1n$. ' f : .
H. Kan (1978)_has presented some’ results for GOC. Due
to the presence of a discontinuity e10ng’ Q.E‘G(pkeeence of the fin}),
global orthogonal collocation is of limited aooiication. If is not.
7poss§b1e-to arbitrarily select a fin length, since the tip of the fiﬁ
ﬁusfvlie on a collocation point. When NR is an odd number, the
middle collocation point is always at r = 0.5. It is for this -

reason that the resu]ts for GOC are only given for one fin 1enqth
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~namely L = 0.5.. Cases for NR=N6=5,7 and 9 were attempted using the

globai drthogoha1 colTocation method.

2 n R
X0

two cohfiguratig
(a) NER = NEé‘;‘S, NPR = NPs = 3 énd 5 with ar and 28 being equal for
Q§ each element. »Uge of an odd number of collocation points

ensufed that the fin tip'1iés on a c?]]ocation point ( See Figure:3a).
&b) NER = NE® = 2 with NPR = NR? = 576,728 aﬁd 10.  Here'ar was not

- equal for the two elements and therefore ar, was{se]edted SO
|

that the fin tip falls on a collocation point. (See Figure 3b).

3

The summary of vresults is aqiven in Table 3. For
comparison, the finite diffe?énce so]utiqn for the fine mesh (41x41)
will be considered as the "true" solution. Indeed, a close examination
of Table 3, columns 9 and ]O,iﬁdicates that both the centre.ve1oéjty
wc and thé'averége velocity, <W> for the (21x21) grid and fhe (41x41)

grid are in fair agreement (maximgm_vaf*&&l%; is about 1.2%).

‘The results for g1oba1'0rthogona] collocation fo%‘a %tn

" length of 0.5 iie much lower than tﬁe "true" solution. lues
of‘wc and W are shown in Fngre 6. 'Th? f]ufd problem ¢ ., ioyed hére
is a rather severe test of the GOC method. For NR = 9, theglues
of r at the 4th, 5th, and 6th collocation p@ints are, 0.2971, 0.5000
and 0.7029, respéttive]y. This ﬁeans that the first c011ocatjon point
away from the fin tip, where the ve]gcity is not zero and thé symmetry

’

condition is applied, is at a distance of 0.2029 away from‘tHé fin tip.

O
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In other words, the gep§between the 4th_and the 5th collocation points

~is fairly large and ‘therefore the ve]ocity‘reso1ufion is fairly poor
near the fin tip. As the fin tip position is very critical in
.. detenn1n1ng the velocity field, it is not surpr1s1ng that the results
as given by the GOC are poor, although a total of 49 1nter1or

-~

collocation points are used.
NS

o
The results for the OCFE for the case of NP = NPR = 3 and

5 with NE® = NER = 5 are given in columns 6 and 7 of Table 3. As the
total.number of collocation poinfs is increased from 3 to 5, the
‘agfeement Qith the "true" solution improved. The maximum dffference is
about 7% (for the case of-w ,» L =0. 7). For NPR = 5 the collocation
povnts are 0, 0.1127, 0.5, 0. 8873 and 1.0. With ar # 0.2, this means
that the interval between the second co]]ocation‘point and the third
co11ocation point (jg) is 0.2 (0.5-0.1127)=0.07746. A finite
difference method with a 14214 grid would produce a u%fform.Ar similar ‘
to that near ?he fin tip for the case o% NEe = NER = 5 and NPe = NPR = 5.°
Compafison of column 7 with columis & and 9 of Table 3 shows that the
results o?_ OCFE do not fall between those given by the finite
'_difference'method for the (11x11)" and the (21x21) grids. In fact the
‘OCFE’results fall below those for tﬁe (11x11) grid. This indicates

that the OCFE having uniform element size with NEs = NER = 5 and
'NPe = NPR = 5 (a total of -25x9 collocation points) is not suitable for
this type of a problem.

| Further numerical experimentation was conducted w1th two

e]ements of unequal size in. r-direction and two elements of equa]

}
size in e-direction, i.e., NEo = NER = 2. The number of collocation
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NPo

points was “varied, viz, NPe = NPH = 5,6,7,8 and 10. " As the ndmber

of col]ocatwon po1nts was 1ncreased the values of w and <W>

approacﬁed those glven by the finite difference method with a (41x41)
gr1d. F1gures 7 and 8 show the variation of -the centre ve10c1ty and
the average velocity with the number of co]]ocatwon pownts, respect1ve1y.r
The values of W and <W> for the NF =3 and L = 0.3 for the case of
NP®o =‘NPR = 8 (tota] of 144 1nter1or collocation points) are close to

those given by a grid of about 21x21 uswng the finite d1fference method.

Similarly, using H and <W> as basis for comparlson, for NF = 3 and

L = 0.5 and 0.7, the NPe = NPR = - 8 case was found to be equwva]ent to

a grid of about (15x15). For the case of a more number of f1ns, NF = 8,

a NPg = NPR = 6 (total of 64 interior collocation points) was found to

'be  equivalent to the finite difference scheme of (11x11) grid and a

1

NPR = 8 was found to be equivalent to af least a (21x21) grid.

The results of SdTiman and Feingold are shown in Figures .7
and 8 for comparison “For the,case of L = 0.7 (NF=3) and L = 0.4 (NF=8)
their resu]ts are in good agr@ement with those for NPe = NPR = 82v |

However, as the f1n length is- decreased Soliman and Fe1ngo1d results

_become equwva]ent to those of lower order gr1d po1nts R ’

‘\‘.'-y
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CHAPTER 5

APPLICATION OF THE METHOD OF ORTHOGONAL COLLOCATION ON FINITE ELEMENTS

TO POROUS MEDIA
. :

. o (;:;tf .
This chapteétdémonstratés the applicability of the method of

orthogonal collocation onvfinitegggements QOCFE) to a flow problem in
- porous media.. Ihe equations éimu1ating miscible disp]aéement in
porous media were.so1ved using OCFE. Unlike the finned tube problem,
a dinect method of solution was used to solve the resulting algebraic
eq&atjons. . ' . ‘ -

The physica1 procéss considered here is that of a homogenous
porous medium haVihg a‘very viscous and practically immobile oil. A
'solvent of 1ow1viscosity js injected ihto.the reservoir through an
injection we]f\;n order to reduce the viscosity of the oil. The oil
is assumed to be highly miscible with the solvent and the oil-solvent
mixture viscosity is taken to be a strong function of the so1ventA

-concentration. As solvent injection proceeds, a mixture of oit and

sc lvent is produced through the production well.

T | - o (5.1)

and

-, L N

where ¢ is the porosity of thevporous medium, u is the Darcy

46
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. ve]oc1ty and KDT is the total dispersion coefficent. Cin is the source

concentrat1on and C is the concentration of the so]vent in the oil-
so]vent mixture. g is the amount of fluid 1n3ected or produced in ~_;%¢
cubic cent1meters per cubic cent1meter of the format1on per second

The viscosity of the oil- so]vent m1xture is assumed to be a_,

function of concentrat10n and is given by, Settari et al. (]976).
N .

\\ Hots

‘ (5.3)
[('I C)\\]/e + C UO]/e]e /

/

where Mo and uﬁ'are“the viscosities of the oil and the solvent,

N\
respect1ve1y and e is a mfxlng parameter

The two- d1mens10na1\qzzii of Equations (5.1) and (5.2) can be

wrjtteﬁi\respectively, as

\, N

\\

\

2 S8y = < j
ax! Ux 3y uy 9 o ‘ (54)

B

and

where KD = ¢ KDTa

Using Darcy's law the components of the fluid velocity -in-Equation (5.4)

can be repﬁaced by

u, = - ﬁE- 8P (5.6)
X u ax'

and K )
uy=—ER 55 (5.7)
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where Kp is the permeability of the porous medium. The v

dispersion coefficient KD is taken as a constant in both d%rections and

is assumed to be independent of fhe fluid velocity.

Mu1tip1y1ng equation (5.4) By C and using e 1ation'(5.5)

yields
3 C 1, 9 aC s aC
L [KD g.] t 7y [KD.- W-]" U, 3% Uy 5y
3C Couy (e ey
¢ o5t q(x', y") (Cingc)

7 . <
where Cin is the source cbncentration. This® concentration is
~ R
equal to the input concentration for an injection well and to Cix, y)
for a production well. Coﬁsequent]y the last term in Equation (5.8)

disappears for aT] production.We1ls.

F¥isolated system.
The geometry of the porods medium is shown in Figure 9. The pofous medium

is assumed to be a rectangle. Equations (5.4) and (5.8) were solved

’

using the following boundary conditions,

L-0 for (6y) e d | (5.9a)
aC _ . ' '
Fr 0 for (x,y) e da A | - (5.9b)
u, = uy =.O for (x,y) ¢ dA : - (5.9¢)
C(x,y,0) =0 for (x,y) e da (5.9d)

where dn  is the boundary of A and n is the outward normal to

da.
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(5.2 Numbering Schewn

; For computationé] purposes a quarter of a five-spot was
‘considered. Only two elements of equal size were usad in each direction.
The number of jnterior co]]bcaticn points was varied from 2 to 5.

Five 1ntérior collocation points correspdnd to a total of 160 unknowns.
The numbering scheme fdr N=2,3,4 and 5 is shown in Figures 1Q to 13,

*
. { n . .
respectively. The corner.points of the blocks were not assigned any

number ,since theytéid not appear in OCFE formulation of the equations.

As shown 1in Figures 10 to 13, the injection well can always be
“1dent1fied_as being the firs£ interior collocation point in the increasing
diréction of both x and y. Two different”locations of the production
well were considered. In one scheme the production well was 1oca£ed
diagonally opposite.to the injection well. Jn the other scheme, the
production we]l-was such that the 1njection}§hd thé production wells were
symmetri; to the line x = 0.5. (in this situation the geometry does not
represent a five-spot). ‘ At any time, only one production and one
injection well were considered, however, the computer program can

hand]e'any number of production and injection wells.

5.3 OCFE Formuiation of the Governing Equations:

5.3.1 Continuity Equation:

Considering Equation (5.4) and using Darcy's law, one obtains
s g, e oo | o
571 [H axl:] +Wl [U Byl] = q ('\ >y ) (510)

For a..porous medium of constant permeability, Equation (5.10)

becomes

q_ . '
% 14696764 (5.11)

Sy (1 ap g, [l oapq.
aX’Q[ u ax'] ¥ ay' [ij ay'J K
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* The constant 14.696764 is for dimensiong] consistency

Let x' = xL | | (5.12)

and y' = yW oo T (5.13)

Here L and W are the 1ength'andfthe width of the formation

undey consideration and x and y are the dimensionless coordinates.
l ,

A

Substituting the dimensionless quantities in Equation (5‘10),

and rearranging,one obtains

02p _ou 3D, g2, 3%p _ Bw Py q L2 :
T T ol R ST 598- by ay? ~ K ¥14.696764 -, (5.14)
. where Z = L/W - | ~ . (5.15)

(TzVIJ?Equat1on (5.14) only x, y and Z are dimensionless.

Two new var1ab]es 0 and v are defined such that

. X=Xy : .
9= - | : (5.16a)
, k , ‘ ‘ : . \
and : ' ‘
y-y : ' )
LV o= Z__E. , (5.16b)
o Y, ,

where axy = xk+]}%K ) >

and By = YentYg

Applying the method of orthogonal collocation -on finite
elements to Equation (5.1), and using fhevhew independent variables g and

v as defined by Equation (5.16), one obtains,



/

/" «

/
/

- K 1-13.696764 . ‘ . , (5.17)
where . Ee
i =2,.... NPX-1
J = 2,....,NPY-] (5.18)
k =1, ...,NEX
L= T1,....,NEY

NEX and NEY are the mumber of elements in x and y direét%@ns,

\ y .
respectively. NPX and NPY are the total number of collocation points
(including boundary points) in any element k¢, in the x and y directions ,

respectively.

X -
Mu1t1p1y1ng Equation (5. 17) by X g and letting Z KYK F,
2
yields, ' . + '

NPX s NPX ke ] [NPX

: > - u ’

s b B Bl T L A g L Rn Pl
: ’ i ) J

NPY ’ NPY 71 | NPY )
k ) . kyﬂ i k,R |
2 » s .
¥ F HH nZ] BJSn P‘i,n ng‘ Aj,n’ulan } Z A\]an P].gn |['

5

_alxihy;) L2 w2 6x 2 ~
Lt k. (5.19)
K+ 14.696764 ‘ | | '

where 1, J» k, and 2 vary according to Equat1on (5.18). The

fol]ow1ng boundary conditions apply:



CNPX

NPY

n=1

A

pNEX§ 2
NPX,n "'n,j

NPY,n Pi,n

0.

For 2=1,

and j=2,....

JFor k=1,....

.. .NEY

NPY-1

NEX

7

1 (5&20)

(5.21)

=0 \x\;/j=2,....NPX-1

At the element interboundaries the %irét derivative is assumed to be

continuous leading to

_l_;’NEX A R NEX Wkl g
BX e NPX,n n,Jﬂ. BXpy1 = ],q n,J K
for g=1,....NEY
O - .
C§=2, ... .NPY-T (5.22A)
and k=1 .
and \ . ‘
WY Ko~ 1 NPY e ”
Ay ) Avpy,n Pin T o Zj Avn Pion (5.228) -
‘yﬂ; ='] A b . 2+‘| n= ) 1]

and g=1
A sfmu]taneous solution of the system of equations as described by

’ .
Equations (5.19) to (5.22) was obtained by a direct method using the LU

decompositioh»technique.



5.3.2. Convection-Diffusion Equation

Assuming a constant dispersion coefficient, Equation (5.8)

can be wrriten as_

, : X i S
2C 2C C C l ’
D %IT?+ Kp : =g 8L 4 q(x',y") (C; -C) (5.23)

K D ?Yﬁf'ux ax' [ Yy 3y ot in

~

Introduc}ng the dimensionless quantities as given by equations (5.12)

and. (5.13), Equation (5.23) can be written as

K. K u u ' ' ’
C _ "D 32C . "p a2C  “x 3C Ty 30 g(x,y)
5t L2y oxZ  WZ¢ ayZ " Lo ax Wo ay ¢- ,(Cin‘c) | (5.24)

’

Applying thé method of orthogonal collocation on finite elements to

Equation (5.24) and using the new independent var{ables 9 and.v as given

by Equation (5.16), one obtains

K, y
i,i_ % NE ki, fp Ngy s ks
dt L2¢px2 i,n on,j W7¢Ay§ nZp ~dsn Tin
j - ; \1  #
¢ Kk, Koo ,. '
e Dpyg) MK ety Beyy) B s
L¢Axk n=1 1,0 'n,J | W¢A?2, - n=1 q;n i,n
Q(X],_Y) K 9 i
- SR BN I 57 b :
¢ { Cin - Ci,j } (5.25)
Let ) KD . ' uiaﬁ(xi ,_Y)
’L ¢AXk 1 . L¢A.Xk = P3 .
KD B u‘ykal(x-, 5YJ) i “
w2¢Ay2 2 = PL; _
. W¢Ay2 \
and (x.,y.)
alx, yl) p

58



- Substituting Equation (5.26) into Equation (5.25), one obtains -

a3
o

k,s
dC.’>~ NP X NPY
e Tl T M P - T
n=1 ? H] n=1 H s
NP X NPY !
Sy LA G P LAy G
n=‘| 3" b n=‘| k] >
»‘ gy .
. | - o |
“Ps (G - 605 e (5.27)

where 1,3, k and » are‘giﬁgﬁ b

»

for Equation (5.27) are similar to Equations (5.20) to (5.22) and can

be obtained by replacing P by C. In %Sditién the‘chCthration was a
~assumed to be zerO“on‘the entire domain at ﬁ=03 Equation (5.27)
together with the appropriate boundary conditions, describes the - =
concentration field. |
Two different methods,, namely a 4£h orégr Runge;Kutta method
and a fully implicit method wére b§ed to.soive Equation (5;27). A

Q

brief descriptibn\of bd'th the methodgﬁis giYen below.

5.3.2.1. Runge-Kutta Method

The k-values of the fourth drder.Runge-Kutta method are

'Tdéfined.by , o I !
ki=hf (c'i":?)~ |
ko=h f (c?:? ;%:) ‘
ks =h f (:C‘]fj’jw* :—2),
caree
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where f (C) is the right hand side of the Equation (5.27) evaluated at
point4(x1,yj) in the element k.

The function value at a new time level (t+at) is given by

(k,+2k  +2k ,+k

. t+At3kaﬂ —
Ci,3 77 T CyT g (grzkyrzkgrky) (5.29)

[eatiadd

As Equation (5.27) {s satisfied on1;\at the ipterior
co]]ocaiion pdints, it is not possible to eva]date k]f‘at the,physica]
zlboundary and the‘element interboundaries. Consequent]y k2 cannot be
 eva1uatedf To avoid this situation, the concentration C was assumed to
remain constant at the boundary poihts during thé"time»intenva] At.

“In other words,UkT,{kz, k3 and k, were initially assumed to be zero at

4
these boundary points. |
Usﬁng Equations (5.28) and (5.29) the-concentration at time
(t+at) was eva]uated for all inte;ior collocation points. The
appropriate condiinQ§,as given by Equations‘(5.20) to (5.22) were
~then applied at the physitaj boundary and the element interboundaries at
the(t+at) level. This resujted in fhree equations with three unknowns.
S?mu]%aneous,so1ution,o% these equationé gave-the concentration at the

new time level. : ~

5.3.2.2 Total Implicit Method

. a *
The total implicit form of Equation (5.27) is given by

trat, ke ot 5,2 , NPX NPY

C. ces ' .
]QJ 1, = P Z B Ct+At,k,Q + P ‘z B Ct+At;k,2
) X X 5 . -
at - ns 1,n "n,J ns1 Jen TiLno
NPX S NPY , ‘
t+at, kL o that, kR L that,kug
P3 nz1 Ai,n “hi - Py nZ1 Aj,n Cin o PS(Cin Ci,j )

(5.30)
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where i,j,k and & are given by Equation-(5.18). Equation (5.30)
provided the appropriate equations for all the interior collocation
points. Equi}ions (5.20) to (5.22) with P replaced by C provided the

'equations for the boundary points (both the physical and the element

interbound ry points). Thus the set of Equétions (5.20) to (5. 22)*aﬁd7'”-_ |
(5.30) %gf\ne the system comp]ete]y The s1mu1taneous so]utlon of the
above 1ént1oned set of equations was obtained by a d1rect method and thej.?

solufion gave the concentration field at the new time level, t+AtZu

5/4 Determination of Source Term

The source term, q, used in Equations (5.19) and (5.27) is

the amount injected or produced in cubic centimeters per unit votume of 7/
] P’ :
ﬂﬁ the well under consideration per second. It -/

the formation surroumits /

was converted to a more *usefu] quant1ty Q which is the total amount

injected or produced in cubic centimeters per second. Q was evaluated/

. . : \
by integrating [q dV over the element under consideration using a

\

quadrature approach. The fo]]owing formula was used to obtain Q fkom q:
‘ . ‘ ' /

. ; /
5 Q= qws (ayg ax JAWL) (S) - . (5.37)

where S is the thickness of the formation. JThe weighting factors W are
/

£

1isted in Appendix B. W,.is the weighting factor for the second/

co11ocat1on point where the 1nJect1on well is 1ocated /

5.5 Computational Scheme

l

For a givén initial concentration profile, Equatfo (5.3)
‘was used to evaluate the yiscosity distribution in the formation. The
préssure was then-ev§1qatéd using Equation (5719)n Equatfbns (5.6) and
(?.Z) were then used to evaluate tﬁe oi]—so]ventymiktur !él6Eity at

the collocation points, usinQVthe viscosity and the‘ve ocity field at



~

the old time Tevel, the concentration at the new-time Tevel was

\ evaluated by solving Equation (5.27). Once the‘;oncentration profile

V\was known, the whole cycle was repeated for a subsequent time interval.

N
5

\\ The flow chart for the computztion scheme is shown in

Fiéure 14. Sections one and two refer to the solution scheme for
\\ : .

Equa%jons (5.19) and (5.27), respectively.

a\» .

\ §
5.6 Results and Discussion

\

\AS stateq;é&ﬁlier, two different locations were used for ~°~
the'producgﬁpn well.  Ih one séheme the production‘and the injection
wells are‘syémetric about the line x = 0.5. This situation wil] be
refer%ed to as\iConfiguration One'. For the other scheme the
produrt1on and tge injection wells are diagonally opposite. This
S1tuat1on will be referred to as 'Configuration Two' F{gure 9 shows
both the conf1gu?at1ons Figures 10 to 13 show the locations of the
’product1on and the 1n3ect1on wells for N=2,3,4 and 5, respectively.

| Two d1fferent}n1t1a1 viscosities of the 0i1 were used

(100 and 10,000 cp).  Initially, the oil viscosity was'assumed to be
constant fdr the entire.formabion’and pure solvent was useﬂ.for
injection. ,

A Tist of all the phys{cg1 data used in this problem is :

. N
_”prov1ded in Append1x H. N

\

5.6.1 Ve10c1ty Results PR

Due to the nature of the bounéary con61t1ons the continuity

equat1on has an infinite number of go]ut1ons - To obta1n a unique

A

so]ut1on, the pressure at one co]]ocat1on poi\t was spec1f1ed The
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pressure-at all Qﬁhgr collocation points was evaluated with respect to

The collocation points where the pressure was

#y-Figures 10 to 13 for N=2,3,4 and 5, respectively. .

(j 5

The reference pressuﬁ ollocation point was assumed to have a pressure

of 1 psi.

' 5.6.1.1 Confiquration One

In this configuration the production and the injection wells
are symmetric about the Tine g = 0.5. Tables E.1 to E.8 refer to this
configuration. These tables show the pressure and the ve]ocities’
along the x and y-directions at the coTigcation points for N=2,3,4 and 5.
- It can be shown : that when q, kp.and'the dimepsions of the
formation are kept constant, a change in the initial viscosity of
the 0il in the formation changes the pressure gradient between any two
points proportionally. Therefore, the velocity at any collocation
point is independent of the viscésity of the oil although the pressure
at a co]]ocat;on point is a function of viscosity. Such an observation
can.be made 1in Tques E.1 to E.8 where ‘two different viscosities were
.used,*'Therefore in the next sections, no reference to the viscosity
will be made while dealing with the velocities.

Dué to symmetry there is no flow in the y-direction along
the Tine x = 0.5 and the pressure at the collocation poihté along this

Tine should bg the same. Tables E.1 to E.8 indicate that the pressufe

at the collocation points along the 1ine x = 0.5 are'constant and

*

Tables E.1 to E.2 provide velocities for N=2 and for two different sets
of viscosities of the oil-solvent mixture, namely, (100 and 10,000 cp).
The velocity at any particular collocation point in both the tables is
identical. Similar conclusions apply to Tables E.3 agd E.4 (for N=3),
Tables E.5 and E.6 (for N=4) and Table E.7 and E.8 (for N=5).
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therefore the flow is in the x-directic only. To check the va]idity
of the numer1ca] resu]ts presented in Tables E.1 to E.8, the velocities

in the X- d1rect10n along the line X 0.5 were integrated to obtain the

total amount of fluid crossing the line. A rature approach was

/

utilized for the integrat1on ( The following formula was used to obta1n

the total flow rate along the line x = 0.5.

NE Y “NPY-1 -
Q =W 1 ey, u ot (5.32)
921 J=2 wPx,j Y

where w'is the weightjng@factor obtained from Appendix B and S is the
thickness of the formation. |
Since the fluid and the formation are incompressible and there
is no fnow in y-directiom,. .the value of QC obtained from Equation (5.32)
shou1d %e equal to the total solvent 1n3ect1on rate Q defined by
Equat1dh (5.31). Table 4 shows the value of QC for the various numbers
of 1nter or co]locat1on points. The value of QC is in excellent |
agreement w1th the value of Q. The ve]ocities obtained for this

-5 -7

1n3ect1on rate are of the order of 107~ to 10 cm/sec. These

velocities compare favourably with those presented by Settari et al

(1976) for the same injection\rate (10-2 to 10~ ft/day).

Table 4
Comparison of Evaluated and Injected Q. ~  *
Injection rate Q = .3277 cm3/sec -
Evaluated Qg Using Quadrature Approach

Configuration 1

0 LN =2 |‘N = 3 \ N =4 N =5

- cm3/sec

.327690 ‘ .327698.\ .3271702 3277




It was noted

o
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in Chapter 4 that,for odd number of

collocation points, the middle collocation point is always at 0.5.

There fore for elements of equa]lsizé and for two different sets of an.

odd number of collocation points, there exists at least 4 coliocation

points (at the centre of each of the 4 elements) which are identically

‘located. Table 5 gives the corresponding collocation points located

at the centre of each of the 4 elements fdr N=3 and 5.

Table 5

‘Co]]océtion Point Number of the Point Located at the Centre of Each
Element for N=3 and 5.

Collocation
point
Number

N = N =5
18 40
22 46
57 115
55 121

*Comparison of the results at these points Teads to some interesting

conclusions. Table 6 presents the comparison of the pressures for

N=3 and 5 at the\4_co110catidn points 1dcated at the centre of each

element. The results are 1n‘exceT]entyagreement. The slight difference

in the values could be attributed to the fact that the injection,

production qnd reference wells are not exactly at the same positions

for the two cases.

¢
N



\

Table 6

Comparison of the Pressures at the Centre of Each Element for N=3 and 5.

cotscatson poi [ VsEasitiInn co_| Viscosiy 10,00 o
Number .
N=3 | 18 1.20366 2136594
N =5 40 1.19999 20.99703 N
|
N = 3 22 .999463 | 46286
N=5 46 .99466 46466
N = 51 63496 -35.50453
N =5 15 63863 ~35.13795
S
N =3 55 :84399 14.60141
N =5 121 , .84396 -14.6055

. .

Figure 15 shows the directions (not magnitudes) of the resultant

velocities at the collocation points for N=3. These velocities were

taken from Table E.3. As expected, the general direction of the

“velocity profile is towards the production well.-
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Configlf;ati’on One: Direction of the Resultant.
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5.6.1.2 Configuration Two

In this configuration the production and the injection
wells are diagonally opposite. The diagonal joining of the two wells

becomes the  symmetry 1ine (Figure 16). - . .

:'A

X

FIGURE 16,

e
o ol
WM

[

Tabﬁ]atién of ﬁhe'pfeééures 5ﬁd;thé:Velocities'afathé‘
collocation psints for various N.are given in Tables E.9 to E.16. Any
two co]]ocatiohfboihts which a%e symmetrica]]y 1ocajffajiith respect to
the line of symmetry‘shohld'have thé same pressure;‘ An examination |
6f Tables E79 to E.16 indica£¢§ that thé-p}egsure ai cof?espondipg'
pbintS‘is the sémgi Moreover, any t;orsynmefriqalfy Tocated coj]dtation :

'points?a1so‘éxchange velocity com;onents, i:e..the x—ye]ocity component
;at one collocation point becomes the y-velocity cémponent-at‘the
cdrrésponding’synmetrﬁc collocation point and vice versa. Fufthermore.

any coliocation point on any of the two diagonals has identical velocity

.components. This means that the.directiod of the velocity is parallel



to the 11ne»of syhmetry. This flow pattern is exhected for this t§pe
of c0nfiguhation when the mob%]ity ratio (Kp/u)‘is constant throughout
*the formation.‘ Figure 17 shows the directiohs'(not magnitudes) of
resu]tant velocities at the collocation points for N=3. These

velocities were taken from Table E.11.

5.6.2 Concentration Results

The orthogonal collocation on finite element fohmuiation of
the convection-diffusion equation is given by Equation (5.27).”ﬂgwo
different dispersion coefficients were used (KD=O.OOO1O75 and 6[01075
cm?/s ). Pure solvent was injected through the injection well.
Initial concentration of the solvent was assumed to/be'zero for the
" entire formation. |

The set of first order differential equations obtained
from»Equetjoh (5.27) together with'the,bodndary cond%tions were sd]éed
using two diffehent methods of solution, namely the'RungefKutta method
.and the Tota]mimp11cit method. Unrea1ist1c concentratiorf prefiles .
were obta1ned from both the methods of solut1on . The tables of

' Appendwx Ffpresent the concentration prof1E§E obta1ned from both the

methods of solution.

1

+ .
Tables F.1 t~ F.& refer to 'Conf1gu§at1on One' Tables F.1 and F.2°

present concerl.at1on profiles for N=3 and Kp = O 0001075 and 0.01075 °
cmé/s respect1ve1y Tables F.3 and F.4 present ‘concentration profiles
for N=5 and Kp = .0001075 and :01075 cm 2/s, respectively. Tables E.S

-~ to F.8 refer to ‘Configiration Two'. Tao1es F.5 and<F.6 show the

'1-concentrat1on profiles for N=3 and K /0001075 and 0.01075 cm 2/s,
respectively. Tables F.7 and F.8 prov1de the“.concentration profil
for N=5 and Kp = 0. 0001075 -and 0. 01075 cm 45, respect1ve1y

cod
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After the comp]etidn\of thelfirst iteration, negative values
of concentration at several collocation points were obtained. Such
negative values of so]vent concentration are phys1ca11y unrealistic.
However, these negat1ve concentrations do sat]sfy the convection -
diffusion equation as is-shown for two different cases (N=3 and 5) in
Abpendix G. \'A1so an increase in the number of interior co]]ocatﬁonA
po1nts from 3.to 5 does not improve the ‘concentration prof11e

The fourth order Runge-Kutta method of: integration was first
used to so1ve Equat1on &5 27). It was suspected that the negative
values of concentration were due to the method of solution since the

!
Runge-Kutta method is a single step explicit method. A Tota1 Implicit

method was then used to so]ve all the equat1ons s1mu1taneou¢1y

However, no reallstT' 73¢1d be obtained and \ndeed the two

‘methods gave approx1ma“e5y tﬁ?“?ﬁme values of concentrat1on at the

co]]ocation points. (See Tables F.1 to F.8). ¥

To increase the effect of the diffusion terms, a 15rge value
' {

o of KD‘was also useds(Ky = 0.01075 ‘em2/4). Tables F.2" to F.4 for

‘Configuration Ohe and Tab]es F.6 to F.8 for 'Conf1gurat1on Two'

' preseht”hesu1tsffdr'KD =-0.0TO75 cm2/sec. However, such an increase in

’4
K d1dagpt g1ve a realistic concentration profile.

It was thought that the negative va]ues of concentrat1on
v
tou]d be due to 1n1t1a1 1nstab111ty of the numer1ca] method ‘It -was

,;hoped that afte” a few twme steps a . rea11st1c concentrat1on prof11e
would be obtaﬂned “A number of time steps were used But no realistic

‘proflle cou]d be obta1ned Some other schemes were tr1ed to ebtain a

hea11st1c prof11e. The important’ schemes attempted are 11sted be]ow



=

O
Dy

O

a 1. At the end of one complete time step all the negative values

of concentration were equated to zero. Such a method ensured that no

"negative value of concentration was used in the determination of the

viscosity from Equation (5.3). A few time s%%ps were made,using this

approach without any success

2. It was found that -h ragative values of concentration at the

boundaries were mainly caused by the continuity of the first derivative

Al

condition at the element-interboundaries. To check the negative values

- of concentration at the tWo physical boundaries {(i.e. at x = 1 and y = 1)

differeht bodndary conditions were used. The concentrat1on at these two
boundaries was assumed tQ be zero. LSuch alternative boundary cond1t1ons
are Jjustified since there is %faicica]ly no change.1n the concentration
for a largerperiod of time at these'two physical boundaries. This:
appFOach,a]thqugh removed the negative va]ﬁéé df'theuconcentration

f}om the beundar;géidfd not give:a realistic eohcentrétion profi]e

-

' The var1ous schemes described above gave: some- 1ns1ght 1nto the

vmethod of orthogonal co]]ocat1on on finite elements. S1nce on]y two

e]ements Were.usedfin;each direction, there was on]y one element

’interbodndary per direction. When the cont1nu1ty of the f1rst

3

}

- derivative was imposed on sueh an-element 1nterboundary, ‘the resulting

> -

eauations contained the'values'of concentration of the co11océtion

po1nts s1tu§¢ed on the two oppos1te phys1ca1 boundar1es » S1nce there '

is a cons1devab1e d1fference in the concentrat1on chahge between qﬁy

e

" two end po1nts in.one d1rect1on, on]y two e]ementc per d1rect1on are

not suff1c1ent to accommodate the large concentration grad1ent in ‘the 7

format1on. A better approximation of the physical situation could be

>



74

aehieved by using ﬁgre humber of elements. However, eitreme]y‘high

computational demands prevented the use of a 1arger numbey of “elements.
On further 1ntreasing the diffusion coefficient to

1.075 cm?/s, the negative concentrgtien values disappeared and a

solution was obtained for a total of 50 time steps for N=3. A contour

for the concentration profile after the 50 time steps.is shown in

Lo oy

e.18.  The concentration profile was found to be 1nsensit1ve to

%tton of theibroddction well. The concentration: prof11e was

g % Eyhmetric ébout'the Tine x=y. Therefore “this type of a profile

1hd1Cates that the effect of the convect1d‘
. L%

d1ffus1on equat1on is qﬁg]1g1ble and foh

terms in the convection

2N

(A
)

g value of the d1ffus1on

%%5; ¢

s - ‘8 ] N
coeff1p1ent, the convection- d1ffus1on equa¥Fon degenerates to.a diffusion
equation.

o



FIGURE 18.

. v

‘ Concentration = contour valug * 10 ot

S
et

-

Contour fof Concentratign~Préfile‘After 50 Time
Steps for Kj = 1.075 cm“/s ;
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CHAPTER 6
CONCLUSION AND RECOMMENDATION

6:1 Conclusion:

6.1.1 Finned Tube Problem

. \
The results indicate that the OCFE. method on the lbasis of

~equivalent number of 1ﬁterior col1oéation points is superior to the
finite-difference method: However, the finite difference approach is
Asimp]e to app]y?and the advantage gained by using the OCFE methoq/is
1055 in the re]at{ve1y greater programmihg complexity of the method .
and. its higher compUtatfona] cost.

6.1.2 Porous Media Problem /

Solution of the continuity, equation provided excellent mass
conservation. ¢ However, realistic concentration profiles from the
convection-diffusion 'equation could be geﬁéraﬁéd on1y for a veky high

value of the diffusion coefficient.

6.2 Recommendation:

In any future work on tue convect1on diffusion equat1on,
A more elements in each d1rect1on gh\g1d Peused. o <

IE is recommended that in any future simulation of porous
media problems using the OCFE. method, a better algorithm should be /
‘deve]oped to minimize the extraneous zeros 1ntroéuced in the matrixl~_;
.‘Suéh an a]gorithm”woqu permit the'use of a 1ar§er number of‘elémenfsv

and collocation points at a lesser computationa1~cosf.

o

4
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APPENDIX A

Computer Program to- Generate Matrices A, B and w.
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The accompanying computer érogram generates matrices for
the orthogonal collocation method for a general po]ynomia1 appfoximation
satisfying Equation’(3.13a).The first and the second derivative
approximations are represented by A and B matrices, respective1y. The .
progra;.ﬁan be used for up to 18 interior ;o]iocation points. With
minor modificationsvit can be used for any number of co]]ocafion points.
"Appendix B contains the tabuTétion of“the.mgtrices up to 10 interior

1
collocation points. Double precision arithmetic was used to insure a
; . f :

high accoracy. S
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N : c
MATRICES FOR THE METHOD OF ORTHOGONAL COLLOCATION c
c
(GENERAL POLYNOMIAL APPROXINATION) . c
C .
, . : p ¥
THE PROGEAB USES SUBROUTINE MINV WHICH IS AVATLABLE N
IN THE SSP LIBEARY. . :
INPUT DATA REQUIRED ’
1. TOTAL NUMBER OF INTERIOR COLLOCATION POINTS. |
2. COLLOCATION ABSCISSAS. .
N: THE NUMEER OF INTERIOR COLLOCATION POINTS P ‘ ’
X : COLLOCATION ABSCISSAS : ’

IMPLICIT REAL * 8(A - H, O - 2), INTEGER(I - R) '
DIMENSION Q(20, 20), P (20, 20}, X(20), wW(1, 20), L(20), M(20), QI

€20, 20), €(20. 20), F(1, 20), V(50), A(20, 20), B(20,-20), D(20,
£20) '

16

AN

20

30

40
#

/

REAL THE NUMBER OF INTERIOR COLLOCATION| POINTS

READ (5,140) N
WRITE (6,170)
N2 =N + 2

WRITE (6,260) K

READ TiiZ COLLOCATION ABSCIS3AS

READ (5,130) (X(If, I = 1, N2),

DO 20 I =.1, N2 . _ ¢

DO 2C 3 = 1, N2

IF (X{J) -LT- 1.E - 40) GO TO 10 L,
0(3, I) = X(J) ** (I - 1) )
C(J, 1) = (I ~ 1} * ((X(J)) #+ (I - 2))

DET, I) = (1 - 1) * (I - 2) # ((X(J)) ** (1 - 3)) .

GO TO 20 ' .

Q{d, I) = 0.DO ‘

Q(1., 1} = 1.D0

C(J. I) = 0.D0

{5, 2j =+ .56 ' ) B

D{G, I) = 0.DQ

p(J, 3) = 2.D0

CONTINUE
VEITE (6,210) ‘
DO 30 IJ = 1, ¥2 - . : >

¥RITE (6,120) (Q(IJ, K), K = 1, N2)

CORTINUE R

DO 40 I = 1, N2 .
DO 40 J = 1, 2

K=1I4+H2 % (3= ) ‘ -
V(K) = Q(1, J) ' ,
CONTINUE .



.

C

. ,:‘, "L ! « . $
SOUBROOTINE MINY CALCJLATES MATRIX INVERSE.

AN

+ CALL -MINV(V,

DO 50
DO 50
K =
-QI(I,
50 CONTIN

I =
Jd =

J)
UE

1,
1,

I ¢+ N2 »

N
R

LS

2, DET, L,
2

H20 Ly
(Js- 1)

WPITE (6,220)
1
WPITE (6, 120)

DO 60

60 CONTTIN
21 = 0
DO 70
721 = 2
F(1, I

70 CONTIN
WRITE
WRITE
¥RITE
DO 80
WRITE

B0 CONTIN

I3 =

UE
.DO

13 =

I+

J) =

OE

1,

1.D0

1.00 7 21 .

(6,230)
(6, 150)
(64240)
1P
(6,120)

IJ =

UE

WRITE (6,250)
1,
WRITE (6,120)

DO 90

S0 CONTIN

IJ =

UL

="V(K)

N2

(QI(1J, X),

§2 .

)

5)

K =1,

..

v

¥2)"

N

Y

(F(1, II), II = 1, N2)

2
(c(1J,

N2 ;
(D(LJ,

K)o K =

£, K =1,

1,

CALL nMPL(C, QI, A, N2, N2, N2j
CALL MN2L({(D,
© CALLMPLY(F,
WRITE (6,180)
(6,150)
VRITE (6,190)

‘ RRITE

pe 100 I1J. =

QI, B, N2,
QI' H! 1'

e

WFITZ (6,160)

100 CONTIN

UE ,

'

WEITE {6,200)

DG 110

HRITE (6,160)

110 CONTIN
- STOP

120 PORMAT
130 FORMAT
140 FORMAT
150, FORBAT

. 16@AFOF MAT
17@FORMAT

180 FORMAT
130 FORMAT
200 PORMAT
210 FORMNAT

. 220 ' FQEMAT

.. 230

FORMAT
240 FORMAT
250 FORKAT
260 TORNMAT

END

1J

UE

1

(B(1d,

N2, N2)
¥2,

n2)

(1, 0, 3 =1,

N2
(A (IJ,

N2
),

(8R15.6) -
(D12.10)

(I2

)

(F10.56)
(3F.15.6)
(7 /.
(/7 /s
(/7 /.

{/
{

(/7
(/
(7
(7
(7

/
/e
/s
/e

*ORTHOGONAL COLLOCATION HETHOD', / /)

*VECIOR W?*,

K}, K

K

/)

'MATRIX A%, /)
/s, YMATRIX B*, s )
0 HATEIX', /)

*INVERSE OF Q MATRIX', / )

*VECTOR F',~/ )

"MATRIX C¥,

/)

*MATRIX D' /)
*NUMBER OF I..:RIOR QEfLOOCATION POINTS = ', 12, /)

1,

1,

3

§2)

N2)

§2)

~

N2)
n2)

N

AN

-

-

A

G

-
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10
20

10
20"

@ . \Q

SUBPCUTINE MMPL(A, B, O L, M, W)
IMPLICIT ERAL * 8(A - H, 0 - Z). INTEGER(T = N)
DIMENSION A(20, 20), B(20, 20), Cc{20, 20)

Do 203 =1, N -
po 20 1 =1, L :

c(1, J) = 0.D00 >

DO 10 K = 1, B - :

C(Iy J) = C{I, J) '+ MI, K) * B(K, J)

CONTIROE = ( ) -

CONTINOER ,

BETURN

END

SUBKOUTINE MPLM(A, B, C, L, ¥, F)
IMDLICIT REAL * 8(A -'H, 0 = Z), INTEGER(I - ¥)
DIMENSION A (1, 20), B(20, 20), C(1, 20)

po 260 4 = 1, N . o -
c(1, J)y = 0.D0 : ' ’
DG 10.X = 1, K . -
(1, ) = C(1. J) + A(1, K) = B(K, J) By
CONTINOE .~ . . ‘ . e
CONTINUE . - . ‘ R ,
... RETORN U : ‘
‘}nn
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Tabulation of Matrices: A, B and w.’
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- APPENDIX C

Solution of Jne-Dimensional Problem

~ . .
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The method of orthogonal co]]ocatioﬁ on finite elements was
used to solve a simp]e‘one¥diménS1ona1>prdblem. The same approach was

applied to solve the two-dimensionalgfin problem. The problem

-
o

considered is

%%gii:mx”“lxﬂ] (c.1)
y(0) =1

Sy(1) =
The analytical solution to the differential equatfdn is
y = x"* + x +.1;\ The approach~wh1§ﬁ is due to Carey and Finlayson
(1975) was applied here. The domain 0 < x < 1 was dividedvin%o NE

elements as shown below (. igure C.1).

>
- 4 } + -~t-e + > -
{
FIGURE C.1 Location of The Collocation Points
TN

. For the #igure C.1, NE=6. A new variable u is defined such

‘that o
u- = ;———~—; where ¢=1, ..., RE (C.2)

Thus u varies from zero to one in each element 2. Interior
collocation points in each element are the roots to Pn(u) = 0 where Pn
is a shifted Legendre polynomial in the interval Oli_u < 1. Roots to

the'%o1ynomia1 are given in Finlayson (1972).



99

- ?

Introducing the variable u an applying OCFE to Equation (C.1)

at each 1nterior;c0110tatipn,points,’yie1ds,

By (L i Xt a Tk Ry e T R e
where » =1, ..... NE
S j= 2, N
and INPX = N+2

\the total number of inférior co1]?%ifion points.

At thevcommoh point bétWéen‘thé@éiementé,ngdmtiquityﬁbf,tbe .

first derivative is apb]ied, i.e

. NPX : NPX n
1 : 9 1 2+1

oy A yh o= VOA, LY (C.4)
AX 52y n+2,171 A g 55 1,1 74

vrgﬁf/f%he two boundary conditiors beccme

1 _ NE _ ’
¥y = 1 and yNPX_ 3 , _ (C.5)

Solution of the Equations:

Equation (C.3) tegether with Equations (C.4) and (C.5) can be
written as |
© Tx=F ' I | (C.6)

Matrix T has a block diagonal structure as shown in Figure

C.2.
\A' Blocks were stored-in a three dimensional array S(j,i,i)
where ,
j=1..... N+2
0
i=1..... N+2
g =T1..... NE

\
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NN

. | ra

ESS;S;S;SJ ELEMENTS IN THE MATRIX DUE TO B.C,1 ;

-

Ez§;;7§:;7<:;7<:;1 - ELEMENTS IN THE MATRIR DUE TO

CONTINUITY OF THE FIRST DERIVATIVE

m‘ ELEMENTS IN THE MATRIX DUE TO B.C.2

Clear areas in the blocks represent matrix elements due to
e the interior collocation/points. The size of each block is
' (N+2) * (N+2) :

FIGURE C.2. Block Diagonal



N

this problem: ' : ' :

= ]
5(1,1,1) = 0 i=2.. . N+2 @
F1) e
BC2:  S(N+2,i,NE) = 0 i=1... .. N+

2l

S(N+2, N+2, NE) = 1

F[(N+1) NE+1] = 3

'Continuity‘of the First Derivative:

©= 1. .NE-1 .
s(e2, 1,0) = ANZI) '
: ax, -
A(N+2,7) -~ —= A{1,1)
. o y£+}
=25 ... NE . v
S(N+2, N+2, 2-1) i = 1.
S(1,i,0) = :
o AX )
: VIS .
Z};——- A(1,1) io= 2

FLN#1)(2-1) 417 = 0

Interior Collocation Points:

¢=T1..... NE

J-=2..... N+1

S(j,i,2) = B(j,i) + ax - A(i,i) 4 =1.....

FUWT)(e-1) + 31 = axd [12 x2+4x3 +1];

101

| The scheme is dué to Carey and Finlayson and was applied to

Matrix ?,which has a block diagonal structure,was.converted

to a band structure by introducing zeros at the appropriate places as

shown in.Figure €.3.
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NN

L

~

FIGURE C,3. Block Diagonal Matrix as a Band Structﬁred Matrix
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Function index in the accompénying Comp . Tar rogram
introduces zeroes at ﬁhe'appropriafe places. Subroutfne GELB from the
SSP 11brary was used to solve the risufting matrix.
-Results: . * 5;
Table C.1 shows the.ana1ytica1 solution and the sb]ution
obtained using OCFE. The numericAT solution is in very good aggeement

with the analytical -solution: In order to faciiitéte he .compatison

/
over the interval of (0,1), results for 3h1y odd number of collocation
points are presented. Various values of NE ahd NP X weré tried. In all
the cases considered, excellent agreement with the analytic solution

. was observed.



" Table C.1

Comparison. of the Analytical and Numerical Results

1

" For a One-Dimensional Problem.

104

S';;\t\;$ vx-“ . AnaJytiCal Solution Using OCFE NE=5 |
i © | csolution NPX=3 NPX=5 NPX=7
1 0o | 1 .99999 199999 .99999
2 N 1.1001. 099151 | 1.10116 | 1.10005
| 2| .20 199584 | 1.20172 | 1.20152
- 3 1.3081 305964 | 1.30827 | 1.30804
5 4 1.4256 .423069 | 1.42581 1.42554
6 5 1.5625 56041 | 1.56272 | 1.562441
7 .6 1.7296 72754 | 1.72983 | 1.72954
8 7 1.9401 93879 | 1.94029 | 1.94006
9 8 2.2096 20851 2.20976 | 2.20958
10 9. 2.5561" 55586 | 2.55618 | 2.55609
1 1.0 3.0 .0 3.0 3.0
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ano

L 2
C . - . ’ C
C THE SOLUTIOKR OF A ONE-DTMTNSTIONAL PPNRLEM c
C CSING TY® METHYOD OF ‘ [od
C ORTHOGONAL COLLOCATION ON PINITE ELEZMENTS C
C ' C
C::::::::::::::=::::::::::__‘:::==:==:::::::::::::::::::::::::::::::::::C

THE P?DGRAH SOLVFS A ONL DIMENSTONAL PLOBLTM USTUG TEET OCFEI.THR
PPOGPAY USES SU3ROOTIKNE GELB WHICH IS AVATLABLE I¥ THT I57?
(SCIENTIFIC SUBROUTINT PRCKAGE) LIBRARY.

NT: , TOTRL NUMEEP QF ELTMENTS
N : NUNEER OF INTERIO® COLLCCATION PCINTS.
U : COLLOCARTION POINTS :

K1,F2,K36KU RRE THE TNDICSS USED TO INWTRDICF 7ERGS AT THE
ADPEFOPPIATE FLACZS TO CONVERT SLOCK DTIAGCSAL MATRIX T(STORED RS
A THRTE DIMENSICNAL HATRIX S )TO A BAND STRICTUPE. MATRIX S Is
FINALLY CONVEPTED TO VICTOR H ©09I0® TO ENTERING SUEROUTINE GELB
TR THE LINE 10S. T

A & B ARZ THE MATRICES TAKEN FIOM APPENDIY 2.

FOEM: THE VARIAELE FORMAT USED TO.FEAD THP ELEMENTS OF A & B.

CO¥MON ,/ AREA / K1, K2, K3, KU
DIMENSTION .S(8, &, 8), F(50., 1) . (0. 8), n(20, 303, B3, 8), DX{(8)
£, PORM(8) , M (500}, U{10), X {50} e

PEAL ¥ N
SERD (8,%20) FORM . ) ’
DATA % / 500 * 0. /

RYAD THE NUMBER OF INTERIOP COLLOCATION POINTS

RTAD (19,140} ¥

N2 = N ¢ 2 .«

F1 = 8 + 1

READ INPOT - ' ' ~
oFAD (19,150) (B(T), I = 7, N2)

RTAD (9,FO0EK) ((A(I, J), J = 1, ¥2), I = 1, N2)
»TAD (9,FORY) ((B{I., 9Y, J-= 1, 82}, I 1, ¥2)
®2AD (S,1€0) KE

K1KE = NE - 1

ANE = 1. / NE

xX(1) =0

pOo 10 L = 1, KE

Y(L ¢ 1) = X(L) ¢ ANZ

DX(L} = X(L + M - X{L) ‘.

10 CONTINUE

[}

Y(R® + It = 1.0
GEWNERATE ELEMENTS OF MATRIX S AND VECTOR F

,5(1' ?c n = 1.0
DO 20.1I = 2, N2

105
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S(1. T, 1) = 0.0

20 CONTINDE «
(1, 1 =1 g
DO 40 L = 1, MINE o -
L1 =L +-7% : ) /}
DO 30 T = 1, N1 £

S(¥2, I, L) = A(N2, T)
30 CONTINUT :

S{N2, N2, L) = A(N2, N2) - DX(L} * A(1, 1) / (DX(L + i.})
40 CONTINUE

DO 60 L = 2, NE

M1L = L - 1

S{1, 1, L)y = S(N2, N2, ML) <
DO 50 I = 2, N2

(IR Y

S{1, I, L)
S0 CONTINUOE =~

P((N? * M1L) + 1, 1) = 0
60 CONTINOE .

S(N2, N2, NE) = 1.0

po 70 I = 1, N1

S(N2, I, NE) = 0.0
© P(N1 % NE + 1, 1) = 2,
70 CONTINUE

DO 100 L = 1, NE

- DX (M1L) * A{1, T} / DX(L) -

po 90 J = 2, N1
no 80 X = 1, N2
S(J, I,%) = B(J, I) + DX(L) * A(J, T)

80 CONTINOE
MiL = L - 1
~XC = X(Ly + DX(L) * U(J)
. P({N1) % (MIL) + J, 1) = DX(L) * DX(L) * (32 * (YC) *=% 2 + 4 = (IC
B} ** 3. + 1,) .o
90 CONTINUE
100 CONTINCE

—

K1 = 2 % N2 * (N2 - 1) /2
K2 = (N2 - 1) *= (2 * ¥2 - 1)
K: =2 * N2 - 1
K4 = K2 * (NE - 2)
C .
¢ _CONVERT S TO H
c .
..DO 110 J = 1, N2
D0 110 I = 1, K2
DO 110 L = 1, NE .

K = IXDEX(J, I, L, N2, NE)
M(K) = s(J, I, L)
110 CONTINOE -
R4 = NE &« N2 - NE + 1
CALL GELB(P, ¥, N4, 1, X1, N1, 1.E -7, IEBR)

c
c WRITE SOLUTION
c : )
WRITE (6,130) (F(JK, 1), JK = 1, NG o
sTOP : . ‘ N
c .

120 PORMAT (BRU) .
130 PORMAT (F15.6)
140 PORMAT (I2)

150 FORMAT (F12.10)
160 PORMAT - (I2)
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END

- FUNCTION INDEX(J, I, L, N, NP
COMMOY ,/ AREA / K7V, K2, K3, Ku : ) . \

THE FONCTION INDEX INTRODUCES ZSROS AT TH® 2ADPWODRYATP
PLACES TO CONVERT A BLOCK DIAGONAL STRUCTJI®® TO A BAND'STRUCTURE.

IF (L .EQ. 1) GO TO 10
IF (L .®Q. NE) GO TO 290
INDEY K1 + (L - 2) =
GO .TO
10 INDEY
GO TO

K2 ¢+ (J - 1) * K3 + T - J + 1

[=)
I3

=N % (J-2) 24 (T -1) %N+ T

o Il w il
[w]

—

(&

[ ]

'?‘\\mozx + (I - 1) *N+J*N-J* (J+ 1) /2 + Fi+ Kb - §F +
£ ¥

20 CONTINUE .

{RETORN o '
nNo : ‘ :

\“(J

¢



APPENDIX D

Finite-Difference Formulation of the Finned Tube Problem
/

/

108
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The finite-difference formuiation of the fin problem is

AP

presented. = The finite'difference method was used”to obtain the solution
at the corner points of the bloecks {Figure 5).
The flow eqratioh is given by

!

. %W .1 aW 1 3%u ‘ ' :
ERERE AT S (0.1)

Using a'three;points central differé%ce'formu]atioﬁ, Equation

(D.1) becomes.

Mg T TG Maga Mg
- e B 24y ‘

1 - 1

. W WL - éw. .1 - |
+ ;7 [ it1,3 i-1,J 1,3] -1 (D.2)
: . .

- 762

Rearranging the abdve‘eqUation, one obtains
_ 1 —— Y N .
"s,5 7 2Ty ,[Z(Z F2 Mg P HE ) g

. 2 gg2f 3)
FHig gt Wy gty A6:|' S (D:3).

where 7 = A8 -
C AT :
\1

Equatﬁon (D.3) was used to evaluate fhe ve]ocfty at the corner

* points (Full circles in Figure 5) Qf each block.

LI



APPENDIX E

Pressure and Velocity Results from Continuity Equatioon

710,



311

' A value of 10.99 in the ve

, Tocity columns indicates that the
velocity at that collocatijon poi

nt was not evaluated.



TABLE E.1

CONFIGURATION ONE: PRESSURE AXD VELOCITY RESULTS FOR
VISCOSITY=100 CP AND N=2

INITIAL VISCOSITY OF THE OIL=

>

0.000 cp

NUMBEP OF INTERIORK COLLOCATION PGINTS PER ELEMENT= 4§

-

COLLOCATION
. POINT

D ONC W E N -

PRESSURE
(PSI)

1.5434811746
1. 215405415
1.071168011
1.00511.53"
1.534747943
1.495667005
1.156111658
1.7111316193
1.062034594
1.000000000
0.990439828
1.0906427370
1.081496671

1.009025892 -

0.984854718
0.958354632
0.947419607
0.94618999¢6
0.9202%3117%
C.92C29¢179
0.9206295179
€.920299179
0.750170¢88
0.759101687
0.831572466
0.855743640
Uod 72213726
0.893178751
0.8944083c2
0.305857315
0.344931353
0.644486700
0.7292821¢5
0.778563763
0.840598358
0.84415853¢Q
0.297186€613
0.625192943
0.763430317

0.835u87827.

I

n,.

,VELOCITY IN
X DIRECTION
cH/s

-0.000000000
0.000000000
~0.000000000
-0.0009000000
10.990000000
0.000002090
0.000000857
10.990000000
0.000700409
0. 00 30229
10.<77.00000
10.9906000000
0.000004015
0.€00002035
10.990000:000

0.000001070-.,"

0.000000602
10.990000000
0.000003335
6.000002041
0.000001145
0.00000G6647.
10.990C00000
0.000004015
0.000002035
10.990000000
0.0U0001070
C.NnC0000602
10.990000000
10.990000000
0.000002050
0.000000857
10.990000000
0.000000409
0.000000229
10.990000000
=0.0000%000¢C
-0.0000000C0
-G.000000000

.

VELOCITY IN
Y DIRECTION
CM/S

10.990000000
10.990000000
10.990000000
10.950000000
-0.000000000

0.00000 1686
0.000002462
0.000001344
0.000000951
0.000000175
0.0

0.:000000000
0.000000388
*0.000000647

- 0.000000488

0.-00C000319 -

| ®'0.000000060

., 0.000000000
10.990000000
10.990000000
10.990000000
10.990000000
*0.000000000
-0. 000000388
-0.000000647
-0.000000448
-6.000000319
<0.000500060
-C.000000000

6.000000000
=0.00000 1686
-0.000002462
-0.00000 1344
-0.000000951
-0.000000175

0.0
10.990000000
10.990000000

10.990000000
£ 10.990000000



TABLE E.2

CONFIGURATION ONE: PRESSURE AND VELOCITY RESULTS FOR

g

VISCOSITY=10,000 CP AND N=2

i

INITIAL VISCbSITY OF THE 0IL= 10000.000 Cp
NUHBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= &

COLLOCATION PRESSURE
POINT (PSI)
1 55.341174562
2 22.540541474
3 8.116804134
4 " 1.511053071
5 S54.474104294
6 50.566700532
7 20. 611165769
8 12.131619278
9 7..203459352
10 1.000000000
11 0.643582802
12 10..042736982
13 9.149667087
14 1.502589223
15 -0.514528197
1€ -2.161536751
17 -4..258039330
18 ~4.381000358
19 ~6.970082094
20 -6.970082094
21 -6.970082094
22 ~6.570082054
23 -23.982901169
24 -23.089831275
25 -15.842753411
26 ~-13.425€35991
27 -i1.778627437
29 -9.682124858
29 -9.559163829
3% -68. 4 TUZEELET
31 -64.505864720
32 -34.551329956
23 -26.071783466
34 -21.143623539
35 -14.980164188
36 -14.584146990
37 -69.281338750
38 -36.480705661
39 -22.056968321
40 -15.451217259

VELOCITY IN
X DIRECTION
cu/s

~-0.000000000
0.000000000
0.0
-0.000000000
10.990000000
0.00000209¢C
0.000000857
10.990000000
0.000000409
0.000000229
10.930000000
10.990000000
0.000004015
0.000002035
10.3850000000
0.000001070
0.000000602
10.990000000
0.000003335
0.0000020u41
0.000001145
0.000000647
10.890000000
0.00000401%
0.000002035
10.990000000
0.000001070
0.000000602
10.990000000
0.000002090
0.000000857
10.990000000
0.00000040S
0.000000229
10.990000000
0.0
-0.000000000
-0.000000000
-0.000000000

VELOCITY IN
Y DIRECTION
CM/S

10.990000000
10.990000000
10.990000000
10.990000000
0.000000000
0.000001686
0.050002462
0.00000 1384
0.000000351
0.000000175
0.000000000
0.000000000
0.000000388
0.000000647
0.000000448
0.00000319,
0.00006006
-0.00000000'
10.950000000
10.990000000
10. 990000000
10.990000000
-0.000000000
-0.000000388
~0.000000647
-0.000000448
-0.000000319
~0.000000060
0.0
-0.02000 1686
-0.000002462
-0.00000 1344
-0.000000951
-0.000000175
0.0
10.990000090
10.990000000
10.990000000
10.990000000

]

\
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INITIAL, VISCOSITY OF THE OIL=

TABLE B.3

ATION ONE: PRESSURE AND VELOCITY RESULTS FOR

VISCOSITY=100 CP AND N=3

G

100.000 cp

NUHMBER OF INTERIOR COLLOCATION POINTS PER FLEMENT= §

COLLOCATION
POINT

WONOOVNMEWN -

PRESSURE
(PSI)

1.828773953
1.39577012¢

1. 15629326¢ .

‘1..093897308

1.026436607
1.001309415
1826174900
1.783944216
1.381502060
1.152174607
1.121433160
1.050773736
1.024689370
1.000000000
0.998710335
1.345640597°
1.334006465
1.203668649
.083631182
.060035134
i.039920776
0-994634706
0.977193298
0.976306574
0.855908837
0-995131576
0.981726407

N NACArnanOEr
Ve surmVIVUS

6.553659550
0.948916384
0.938014976
0.933729126
0.933511264
0.919316895
0.919316689
0.919316243
0.919315898

0.919315274 -

VELOCITY IN
X DIRECTION
cu/s

~0.000000000
0.000000000
~0.000000000
-0.000000000
0.000000000
-0.000000000
10. 990000000
0.000003598
0.000001174
0.000000353
10.990000000
0.000000267
0.000000151
0.000000113
10.990000000
10. 930000000
0.000005789
0.000002820
0.000001307
10. 990000000
0.000000960
10.000000583
0.000000445
10.990000000
10. 99000003
0.000003179
0.000002717

IR I I T
Ve WUVVU I rou

~ 10.9%90000000

0.000001276
0.000000805
0.000000621
10.990000000
.0.000003576
0.000002726
0.000001739
0.000001291
0.000000816

VELOCITY IN
Y DIRECT ION
cM/s

10.990000000
10.990000000
10.990000000
10.990000000
10.990000000
10.990000000
-0.000000000
0.000003373
0.000004810
0.000001360
0.000001474
0.000001199
0.000000533
0.000000112
0.000000000
0.000000000
G.000000946
0.000001860
0.000001115
0.000000955
0.000000797
0.000000377
0.000000077
-0.000000000
.000000000
0.000000067
0.000000254
C.0003053271
0.000000224
0.000000189
0.000000092
0.000000019
-0.000000000
10.990000000
10.950000000
10.990000000
10.990000000
1€.990000000
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4

4

CONTINDED
39 0-.919314863
40 0.842728974
41 0.8u43502213
42 - 0.8569089665
43 0.879231393
44 0..884572592
45 0-.889715394
46 0.900€15535
47 0.9C4500598
48 0.905118409
49 0.492953197
50 0.504627306
51 0.634964686
52 0.755001169
53 0.778596830
54 0.798710760
55 .0.843995013
56 0.861434767
57 0.862321354
58 0.012458879
59 0.054689537
60 0.457131234
61 0.686457602
62 0.717198598
63 0.747€57567
64 0.813939173
65 0.838624250
66 0-839913476 -
67 0..009859799
68 0.442863164
69 0.682338930
70 0.744733978
71 0.812191825
72 0.837314422

0.000000629
10.990000000
0.000003179
0.000002717
0.000001736
10.990000000
0.0Q0001276
. 0.000000805
0.000000621
10.99H000000
10.990000000
0.000005789
0.000002820
0.000001307
10.990000000
0.000000960
0.000000583
0.000000445
10.990000000
10.990000000
0.000003598
0.000001174
0.000000353
10.990000000
0.000000267
0.000000151
0.000000113
10.950000000
"€» 000000000
-0.000000000
0.0
0.000000000
0.0 .
0.000000000

10.990000000
~0.000000000
-0.000000067
~0.000000254
-0.000000271
-0.000000228
~0.000000489
~0.000000092
-0.000000019
0.0
0.000000000
-0.000000946
-0.000001860
-0.000001115
-0.000000955
-0.000000797
~0.000000377
-0.000000077
0.0 .
0.000000000
-0.000003373
~0.000004810
~0.000001359
~0.000001474
~0.000001199
~0.000000533
~0.000000112
0.0
10.990000000
10.990000000
10.990000000
16. 590000000
10.990000000
10. 990000000
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CONFIGU

TABLE E.&

(
BATION ONE: PRESSURE AND VELOCITY RESULTE FOR

VISCOSITY=10,000 CP AND N=3

3

INITIAL VISCOSITY OF THE OIL= 10000.000 CP
NUMBER OF INTERPIOR COLLOCATION POINTS PER ELEMENT= 9

COLLOCATION
POINT

VOO E WN =

PRESSURE
(PSI)

83.876459984
§0.576115792
16628525291
10.385012177
3.64322537¢
1.130987975
83.616551825
79.393485553
39.149308027
16.216656916
13. 142553144
10.076651862
3.468488009
1.000000000
0.871080016
35.563108625
34.395697140
21.365948412
9.3€2279245

. 7.002706139°

4.991306181
0.462861981
-1.281119206
-1.369777914
0.5E9908505
0.512183752
=0.828308604
-3.060785558
=3.636915391
-4.1092132¢€2
-5.169273790
-5.627809161
-5.6455522¢C9
~7.069292227
-7.069290645
-7.069287217
-7.069284562

-7.065273766

VELOCITY IN
X DIRECTION
CM/s

-0.000000000
-0.000000000
0.000000000
-0.000000000
-0.000000000
-0.000000000
10.990000000
0.000003598
0.000001174
0.000000353
10.990000000
0.000000267
0.000000151
0.000000113
10.%90000000
10. 990000000
0.000005789
0..000002820
0.000001307
10.990006C00
0. 000000960
0.000000583
0.000000445
10.9900090 .00
10.990000000
0.000003179

n NnnNNNAIYe"T?
vevwvLUYL T LT

0.000001736
10.950000000
0.000001276
0.000000805
0.000000621
10.990000000
0.000003576
0.000002726
0.000001739

0.000001291"

0.000000816

YELOCITY IN
Y DIRECTIOR
cu/s

10.990000000
1C. 990000000
10.990000000

10.990000000

10.990000000
10. 990000000
0.000000000
0.000003373
0.000004810
0.000001359
0.000001474
0.000001199
0.000000532
0.00000011"
0.00000000%
~0.000000000
0.000000946
0./000001860
0.000001115
0.000000955
0.000000797
0.000000377
0.000000077
-5.0600060000
0.0
0.000000067

0.000000271

0.000000224 -

0.000000189

. 0.000000092

0.000000013

0.0
10.930000000
10.990000000
10.990000000
10.990000000
10.990000000
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CONTINUPD

71

-7.069276602
-14.728493119
-14.650768197
-13.310272663
-11.077787808
-10.503652388
-10.029355667

-8.939285451

-8.510744027

-6.488560588
-49.701693115
~48.538281452
~35.5045293 7
-23.500852634
-21.14127€550
-19.129873300
-14.601415134
-12.857421228
-12.768761461

-97.755136192 .

-93.532069728
-53.287888666
~30.355229219
-27.281121972
-24.215217190
-17.607032114
-15.138511095
~15.009587734
-98.015044150
-54.714696407
-30.767C€97506
-24.5275773173
-17.7817686238
-15.269495854

0.000000629
10.990000000
0.000003179
0.000002717
0..000001736
10.990000000
0.000001276
0.000000805
0.000000621
10.990000000
10.990000000
0.000005789
0.000002820
0.000001307
10. 990000000
0.000000950
0.000000583
0.000000445
10.990000000
10.990000000
10.000003598
0.000001174
0.000000353
10.990000000
0.000000267
0.000000151
0.000000113

10.990000000

0.0

0.0 ’
-0.000000000
-0.000000000
0.000000000

'-0.000000000

10.990000000
-0.000000000
-0.000000067
-0.000000254
-0.000000271
-0.000000228
-0.000000189
-0.000000092
-0.000000019
0.0
-0.000600000
-0.000000946

-0.000001860 -

-0.000001115

-0.000000955

-0.000000797
-0.000000377
~0.000000077

0.000000000

-0.000000000 -

-0.000003373
-¢.000004810
~0.000001359
-0.000001474
-0.00000 1199
-0.000000533
-0.000000112
-0.000000000
10.990000000
10.990000000
10.590000000
10.990000000
10.990000000
10.9390000000
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TABLE E.S

CONFIG&BATION ONE: PRESSURE AND VELOCITY RESULTS FOR

INITIAL VISCOSITY OF THE OIL=

VISCOSITY=10" CP LND N=4

100.000 cp

NUHBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 16

COLLOCATION
POINT

VONOUVEWN -

PRESSURE
(PSI)

2.052622302
1.576227614
1.257984014
1.151082134
1.104371148y

"1.049 435716

1.011155078
1.000483946
2.051661239
2..008709052
1.563657236
1. 255522323
1.149 150717

©1.122302072

1.103206766
1.048643602
1.010604857
1.G00000000
0.599522883
1.954434892
1.542870006
1.394136275
1.204818370
1.114159180
1.095285547
1.078635150
1.031894936
0.598990386
0.989777627
0.989362356
1. 167761337
1.166332950
1.137555013

1.070708111

1.026284472
1.016831511
1.008160147

0.962947021

VELOCITY IN
X DIRECTION
. CM/S

-0.000000000
~0.000000000
0.000000000
0.000000000
0.000000000
-0.000000000
0.000000000
~0.000000000
10.950000000
0-.000005675
0.000001665
0.000000347
0.000000266
10.990000000
0.000600164
0-000000112
0.000000078
0-000000068
10.590000000
10.$90000000

0-.€00008513.

0.000003905
£.C0CO01496
0.000000985
10.990000000
0.002000TLY
0.000000507
0.000000353
0.000000311

10. 990000000 °
10.990000000"

0.0000033u42
0.000003363
0.000002204
0.000001484
10.990000000
-0.000001228
0-000000867

VELOCITY.IN
Y CIRECTION
cU/s

10.990000000
10.5990000000
10.990000000
10.990000000
10.990000000
10.990000000
10-.990000000
10.590000000
0.000000000
0.00000553%
0.000007865:
0.000002013
0.000002104
0.0000C1471
0.000001297
0.000000787
0.000000337
0.000000067
0.0
0.000000000
0.000001529
0.000003260
0.00G002071
0.000001409
0.000001247
.00G051105
0.000060678
0.000000292
0.000000059
-0.000000000
0.000000000
0.000000202
0.000000826
0.000000963
0.000000696
0.0000006u43

. 0.000000581

+0.000000374



CONTINUED

39 0.964635580
40 0.959454270
41 0.959217038
42 0.974780952
43 0.974065324
4y 0..964775540
45 0..951346964
46 0.942505164
47 0.940443575
48 0..938607231
49 0.933222639
50 0..929251928
51 0.928121373
52 0.928069962
53 0.919206346
54 0.919306346
55 0.919306346 -
56 0..919306346
57 0.3193063u46
58 0.919306346
59 0-.919306346 "
60 0.919306346
61 0.863831740
€2 0..864547368
63 0.8738636752
64 0.887265728
65 0.836107528
66 ,0.898169117
67 0.900005461
68 0.905390053
€9 0..909360763
70 0.910491319
71 0.910542730
72 0.6708513=g
73 0.672279701
74 0.701Q57679
75 0.767904580 -
76 0.812328220
77 0. 821781181
78 0. 830452545
79 0. ES5665670
60 0..873977112
81 0-.879158422
82 0.879395654
83 0.284177795

.84 0.295742686
85 0.484476417
86 0..633798322
67 0.723453512
88 0-743327145
89 0.759977523
90 0.806717755
91 0.839622306
g2 0.848835065
93 0.849250336
94 . ~0.213048547
95 -0.170096360
96 0.27491545¢
97 0.583080369
98

02689061975

0.000000613
0.0000005u2
10.990000000
10.990000000
0.000004021
0.000003213
0.000002255
0.000001633
10.990000000
0.000001357
0.000000978
0.000000699
0.000000620
10.990000000
0.000003565
0.000003198
0.00G 172270
0.000.41637
0.000001366
0.000000984
0.000000703
0.000000623
10.990000000
0.000004021
0.000003213
0.000002255
0.000001633
10.990000000
0.000001357
0. 000000978
0.000000699
0.000000620

©10-.950000000

10.99000Q00.0
0.000003342
0.000003363
0.000002204
0.00000148y4
10.990000000
0.000001228
0.000000867
0.000000613
0.000000542
10.990000000

10.990000000
0.00r00B513
0.0000039 2

10.00000149
0. 000 000Ges
10.990004000
0.00000074 1
0.000000507
o.oooooosg3
0.0000003%.1
10.990000000
10. 990000000

0.000005675¢
€.000001665

0.000000347
0.000000266

0.000000164
0.000000033
6.000000000
0.000000000
0.000000095
0.000000208
0.000000176
0.000000153
0.000000136
0.000000123
0.000000081
0.000000036
0.000000007
~0.000000000
10.990000000
10.990000000
10.990000000
10.990000000
10-.990000000
10.590000000
10.990000000

10.990000000 °

0.000000000
~0.000000095
-0.000000208
-0.000000176
~0.000000153
~-0.000000136
-0.000000123
-0.000000081
-0.000000036
-0.000000007
-0.000000000
-0.000000000

~C. 000000202,
~=0.000000826

~=0.000000963
-0.000000696
-0.000000643
-0.000000581
~0.000000374
~0.000000164
=-0.000000033

0.000000000
-0..000000000
-0.000001529
~0.€00003260
-0.000002071

- ANANAABAN
Vevvvvy swvw 3

-0.000001237
-0.000001105
-0.000000678
-0.000000292
-0.000000059
0.0
0.000000000

-0.000005539

-0.000007865
-0.000002013
-0.00000210%
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CONTIRUED

99
100
101
102
103
104
105 °
106
107
108
109
110,
111
112

<

0.715810620
0.735405926
0.789969030
0.82800783%
0.8386126652
~ 0.839¢89809
-0.214009610
0.262385077

0.580628677 -

0.687530558
.0.734241548
0789172976
0-827u457614
0.838128745

10. 990000000
0.000000164
0.000000112
0.000000078
0.000000068

10. 990000000
0.0

s 0.000000000
-0.000000000
~0.000000000
. -0.000000000
0.000000000
0.0 4
~0.000000000

-0.0000014571

~0.000001297

-0.C00000787

-0.000000337

-0.000000067
0.0

' 10.990000000

10.990000000
10.990000000
10.990000000
1€. 990000000
10.990000000
10.990000000
10.990000000

120



COLLOCATION

CONFIGURATION ONE:

INLITIAL VISCOSITY OF THE OIL=
NUMBER OF INTERIOR COLLOCATION

’

PRESSUORE
- POINT (PSI)
1 106.262230183
2 58.622761447
3 26.798401447
4 16.108213384
5 11.427114364
6 5.943971577
7 2.115507831
8 1..048394643
9 106. 166 123865
10 101.870905227
11 57.369723610
12 26..552232257
13 15.915071659
Ty 13.280207193
15 -320676552
1€ 5.864360170
17. 2.060485724
18 1.000060000
19 0.952:88325
20 56.443489234
21 55.287000559
22 40.413627464
23 21.481436958
24 12415918000
25 10.528554669
26 A8_RA3IS1ARYT
27 4. 189493644
28 £.899938611
29 ~0.022237327
30 -0.063764382
31 17.776133684
32 17. 633295039
33 14.7555013(8
34 8.070811137
35 3.628447157
36 2.683151075
37 1.816014659
e

-0.705297857

" TABLE E.6

a

VELOCITY IW
X DIKECTION
cH/s

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

0.000000000 "

-0.000000000

.10.990000000 -

0.000005675
0.000001665
0.000000347
0.000000266
10.990000000
0.000000164
0.00000011%2
0.000000078
0.000000068
10.990000000
10.990000000
. 0.000008513
0.000003905
0.000001496
0.000000985
10.990000000

0.000000701

0.000000507
$.000000353
0.000000311
10.996000000
10. 930000000
0.000003342
0000003363
0.000002204
0.000001484
16.990000000
0.000001228
0.000000867

PRESSURE AND VELOCITY RESULTS FOR
VISCOSITY=10,000 CP AND N=4

—

;

.

10000.000 cp
POINTS PER ELEMENT= 16

JVELOCITY IN

Y CIRECTION
. CHss

10.990000000
10.930000000
10-990000000
10. 990000000
10.990000000
10. 930000000
10.990000000
10. 990000000
-0.000000000
0.000005539
0.000007865
0.000002013
0.000002104
0.000001471
0.000001297
0. 000000787
0.000000337
0.000000067
0.000000000
0.000000000
0.000001529
0.000003260
0.000002071
0.000001409
0.0000061247
n.h'\hl\h“'lct
0.002000673
0.000000292
0.000000059
~0.000000000
-0.000000000
0.000060202
0.00000082¢
0.000000963 -
0.000000686 -
0.000000643 -
0.000000581
0.000000374



CONTINUED

33 -2.536442046
40 -3.054573048
41 ~3.C782961¢6
42 -1.521904804
43 -1.593467621
44 - 2.522406045
45 -3.865303603
46 -4.7494€£3618
47 -4.955642527
48 ~5.129276913
49 ~5.677736141
50 ~6.074807154
51 -6.1878€2728
52 -6.193003824
53 ~-7.069365408
54 ~7.069365408
55 -7.069365408
56 -7.069365408
57 -7.069363408
58 ~-7.069365408
59 -7.069365408
60 ~7.069365408
61 -12.61682€012
62 -12.545263195
63 -11.616324771
64 -10.273427213
65 -9.389247198
66 -9.183088289
67 -8.959453903
68 -8.460994675
69 -8.063923662
70 -7.950068088
71 . =7.945726992
72 =-31.9 14864500
73 =31.772029855
T4 ~28.894222124
75 . ~22.209541953
76 -17.767178013
77 -16.821881891 %
78 -15,9547454 74
76 -13.433432959
80 ~11.,.602288769
81 -11.0841577¢8
62 -11.060434630
83 -70.582220050
84 ~69.,425731375%
85 -54.552358280
86 ~35.620167814
87 ~26.554648816
88 ~24..6672854 €5
89 -23.002247707
920 -18.328224459
91 -15.037769427
92 - =14.116 493489
93" -14.074966434
o4 ~120.304E54681
95 ~116.009636043
96 ~71.508454426
a7 -40.690963073
98 "=30.053802475

. \\/(

0.000000613

0.000000542 "

10.990000000
10. 950000000
0.000904021
0.000003213
0.000002255
0.000001632
10.990000000
0.000001357
0.000000978
0.000000699

» 0.000000620
10.990000000

0.000003565
0.000003198
0.000002270
0.000001€37
0.000001366
0.000000984
0.000000703
0.000000623

10.990000000
0.000004021
0.000003213
0.000002255
0.000001633

10.990000000
0.000001357
0.000000978
0.000000699
0.000000620

10. 990000000

10.990000000
0.000003342
0.0000033¢3
0.000002204
0.0000014.8y

10.990000000
0.000001228
0.000000867
0.000000613
0.000000542

10. 990000000

10.990000000
0.000008513
0.000003905
0-000001496

-0.000000985

10.990000000

0.000000741
0.000000507
0.000000353
0.000000311
10. 990000000
10. 990000000
0.000005675
0.000001665
0.000000347

0.000000266

*

0.000000164
0.000000033
0.000000000
0.000000095
0.000000208
0.000000176
0.000000153
0.000000136

. 0.000000123

0.000000081

0.000000036

0.000000007

0.000000000
10.990000000
10.990000000
10.990000000
10.990000000
10.990000000
10.950000000
10.990000000
10.990000000

0.000000000
-0.000000095
-0.000000208
~0.000000176
-0.000000153
-0.000000136
~0.000000123
~0.000000081
~0.000000036
~0.000000007

0.000000000
~0.000000202
~0.00C000826
~0.000000963
~0.000000696
~0.000000643

-0.000000581"

-0.000000374
~0.000000164
=0.000000033

0.000000000

-0.000000000

=0..00001529
-0.000003260
=0.000092071
-0.000001409
-0.000001247
-0.000001105
-0.000000678
-0.000000292
-0.000000059
~0.000000000
-0.000000000
-0.000005539
~0.000007865
-0.000002013

~0.000002104
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CONTINOED

99
100
101
102
103
104
105 - -
106
107
108
109
110
T111
112

-27.418938009

. -25.459407368"
© -20.003090986

©16.199216540
-15..138730816
-15.091019141
120.400560999
-72.761492263
-40.9371322€3
=30.246944199
-25.575845179
-20.(82702393
+16.254238647
-15.187125459

.

10.990000000

"~ ~0.000001471

0.00000016§=—====~0.000001297

0.000C00117
0.000000078

- 0.000000068

10.950000000

0.000000000-

0..000000000
0. 000000000
0..000000000
~0.000000000

.0.0 H
0.000000000

0.0

-0.C€00000787
-0.000000337
-0.000000067

- 0.000000000

10.950000000
16.990000000
10.990000000
10.990000000

'10.990000000

10.990000000
10. 990000000
10.990000090
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3
TABLE E.7

CONPIGORATION .ONE: PRESSURE AND VELOCITY RESULTS FOR
VISCOSITY=100 CP AND N=5

INITIAL VISCOSITY OF THE OIL=

100.000 CP

NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 25

COLLOCATION

PRESSURE VELOCITY IN
POINT . (PSI) X DIRECTION Y DIRECTION
~ . cu/s & CH/S
1 2.234607128 -0.000000000“ 10.990000000
2 1.1737433350 0.000000000 10.990000000
v 3 $.b76337514 ~-0.000000000 10.990000000
y 1.216296492 -0.000000000 10.990000000
5 1.136850047 -0.000000000 10..990000000
6 1.110997583 "~0.000000000 10.990000000
7 1.0673415990 0.000000000 10.990000000
8 1.0264126655, -0.000000000 10.990000000
9 1.0053944578 . 0.000000000 10.990000000
10 1.000220212 - -0.000000000 10.990000000
11 2.234165861 10.-.990000000 -0.000000000
12 2.190994862 0.000008310 '0.000008218‘
13 1.725€76028 0.000002306 0.000011613
14 1.374494719 - 0.000000389 0.000002910
15 1.215013063 ~0.000000262 0,.000002984
16 1. 136410532 0.000000097 0.000001210
17 1.124 150168 10.950000000 0.000001501
18 1.110398502 . 0.000000124 0.000001373
19 1.066915711 0.000000089" 0.000000966
20 1.026116075 0.000000062 0.000000544
21 1.005159837 0.00C0000LC 0.000000231
22 1.000000000 0. 0000000U4€ 0.000000046
23 0.999778939 10.990000000 0.000000000
24 - 1.726776296 16,990000000 0.000000000
25 1.715459344 0.000012065 0.000002214
26 1.560109222 0.000005339 0.000004887
7 1-337011033 U.00000718177 0.000003230 .
28 1. 169845828 0.0000079019 0.000002081
29 1.123187673 0.0600000624 0.00000.1474
30 ‘1.109674172 10.990000000 0.000001357
31 *1.097194358 0.000000567 0.000001251
32 1.057230470 0.000000422 0.000000894
33 1.019322084 0.000000297 0.000000507
34 0.999763864 0.000030236 . 0.,000000216
35 0.9949430617 0.000000222 0.000000043
36 0.994737782 - 10.930000000 0.000000000
37 1.326227252 10.990000000 -0.000000000
38 1.324835028 0.000003895 0.000000294

o

VELOCITY IN




CONTINUED

1.292556261
1.199988026
1.114299050
1.070058200
1.060406743
1.051507648
1.022612394
0.994660298
0.980066789
0.976455723
0.976301766
1.096821423
1.096040164
1.082352697
1.048645139
1.013319300
0.993121893
0.988671966
0. 984485416
0.970635880
0.956958608
0-943735906
0.947941227
0.947€64928
0.951092704
0.9%1268170
0.951620657
0.945670817
0.938572534
0.934560825
-933622680
0.932766954
0.929935330
0.9227118607
0.925625095
0.925253672
0.3925237764
0.919314279

0.91931409¢6

0.919313838
0.919313490
0.919313277
0.9193130¢€6
U.919312565

- 0.919311957

0.919311559
0.919371548
0.887c35858
0.887360300
0.887C07407
0.892956771
0-900054357
0.904065639
0.905003683
0.905859127
0.908689709
0.911505210
0.912997921
0.913369357
0.91338534y4

0. 000004206

0.000002731
0.000001663
0.000001244
10.990000000

0.000001062

0.000000815
0.000000586
0.000000469
0.000000841
10. 990000000
10-990000000
0.000004532
0.000003593
0.000002736
0.000001960
0.000001515
10.890000000
0.000001339
0.006001048
0.000000766

0.000000618 -

0.0000060581
10.990000000
10.990000000

0.000003202

0.000003382

0.000002756

0.000002009

0.000001591
10.1950000000

0.000001403

0.000001108

0.000000814

0.000000658

0.000000619
10.990000000

0.000003623

0.000003374

0.000002745

0.000002013

0.000001591

0.000001407

0.000001110

"0.000000816“
0.000000660

0.006000621
10. 990000000
0.000003202
0.000003382
0.000002756
0.000002009
0.000001591
10.990000000
0.000001403
0.000001108
0.000000814
0.000000658
0.000000619
10.990000000

\

0.000001358

0.000001769
0.000001317
0.000001047
0.000000965
0.000000895
0.000000653
0.000000377
0.000000162

0.000000032

- 0.000000000

0.000000157
0.000000517
0.000000663
0.000000595
0.000000479
0.000000451
0.000000423
0.000000317
0.000000186
0.0000000890
0.000000016
0.0
-0.000000000
=0.000000031
0.000000041
0.000000143
0.000000111
0.000000102

0.000000092.

G-000000086
0.0000G60065
0.000000038
0.000000017
0.000000003
0.0
10.990000100

. 10.990000000

10.990000000
10. 990000000
10.990000000
16.990000000
16..:90000000
10.950000000

10.990000000

10.950065606
0.000000000
0.000000031

=0.000000041

~0.000000143

-0.000000111

=0.000000102

-0.000000092

~0.000000086

*=-0.000000065

-0.000000038
-0.000009017
=0.000000003
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CONTINUED

99
100
101
102
103

‘104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121

123
124
125
126
127
128
129
130
131
132

134
135°
136
137
138
139
140
141
142
143
144
145
146
147
148
149.
150
151
152
153
154
155
15€
157
158
159
160

\

4

0.741806887
0.74258B8053
1 0.756275154
0.789981189
0.825307313
0.845504271
0.849954089
0.854140350
0. €67588797

0..881664743

0.888886499
0.8906- 82
0.89075,450
0.512400976
0.513793108
0.546G671503
0.6386339194
0..724327403
0.7€8567732
0.778219053
0.787117828
0.816011833
0.843962176
0.858554142
0.862164920
0.862318942
0.111851979
0.1231€8839
0.278518585
0.5068162¢C8
0.648780591
0.715438145
0.728951u8y
0.741430946
0.781393369
0-819299371
0.838854326
0.843€73269
0.843878438
~0.3955373u44
-0.352366138
0.112952019
0.464132755

0.623613570 -

0-702215471
0.714475660
0.728226996
0.771708184
C.812505220
0.833456586
0.838€10392
0.838830961
-0.395978617

0.101194783 -

0.462290047
0.622330226
0.701776040
0.727628001
0.771282381

0.8122086 81
0.833221384

0.838389694 -

10. 990000000
0.000004532
0.000003593
0.000002736
0.000001960
0.000001515

10.990000000
0.000001339
0.000001048
.0.000000766

0.000000618_

0.000000581
10.990000000
10.990000000

0.000003895

0.000004206 -

0-000002731
0.000001663
04000001284
10.990000000
0.000001062
0.000000815
0.000000586
0.000000469
0.00000044 1
10.990000000
1C. 990000000
0.000012065
0.00000533%
0.000001817
0.000001019
0.000000624
10.990000000
0.0000005€7
0.C00000422
0.000000297
0.000000236
0.000000222
10..990000000
10.990000000
0.000008310
0.000002306
0.000000385
0.00000026p
0.0000000 5%
10. 990000000
0.000000124
0.000000089

0.000060062 _

0.000000049

0.000000046-
10.990000000
-0..0000Q0000

0.0
~0.000000000

0.0

00000000

0.0
0.0
0.0
0.0
0.000000000

Q0.000000000
~0.000000157
-0.000000517
-0.000000663
-0.000000595
-0.000000479
-0.000000451
-0.000000423

~0.000000317 _

-0.000000186
~0.000000080
-0.000000016
-0.000000000

0.000000000
-0.000000294
-0.000001358
~0.000001769
~0.000001317
-0.000001087
~0.000000965
-0.000000895
-0.000000653
-0.000000377
-0.000000162
-0.000000032

0.000000000

0.000000000
-0.000002214
-0.000004887
-0.000003230
-0.000002081
-0.000001474
~0.000001357
~0.000001251
-0.000000894

-0.000000507 -

-0.000000216

- =0.000000043

~0.000000000

0.000000000
-0.000008218
-0.000011613
~0.000002910
-0.00000298%
-0.000001210
-0.000001501
-0.000001373
~-0.000000966
-0. 000000544
-0.000000231

- =0.000000046

0.000000000
10.990000000
10.990000000
10.990000000
%0.990000000

©10..990000000
10.990000000

19.990000000
10.9590000000
10.990000000
10.990000000
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-TABLE E.8

CCNFIGGRATION ONE: PRESSUPE AND VELOCITY RESULTS FPOR

VISCOSITY=10,000 CP AND N=5

INITIAL VISCOSIT& OF THE OIL= 10000.000 CP

NUMBER OF INTERIOR COLLOCATION POINTS PEE ELEHWENT= 25

COLLOCATION PRESSURE

POINT

VOO EWN =

(PS1)

124.458881045
T4.7415273C6
38.631389630
22.627962278
14.683383180
12.098182456

7.732727116
3.640092418
1.538850295
1.022078701

120.414753663

120.097658914
73.565799546
38.447714599

22.499623668.

14.639435781
13.47T3418714
12.03827€6 €4
7.€690142419
3.6104323835
1.515324418
1.000000000
0.977951365
73.6758066(8
72.544116541

E7_nNno1200€y .
CrleVLT Lo w e

34.179353655
19.582904717
13.317150316
11.965€17958
10.717€65185
6.721603201
2.930995060
0.975512872
0.493642476
0.473130705
33.620891512
33.481674198

VELOCITY IN
X DIRECTION
ca/s -

0.000000000
-0.000000000
~0.000000000
-0.000000000

0.000000000
-0.000000000
-0.000000000

0.000000000
-0.060000000

0.000000000
10.990000000

0.000008310

0.00000230¢

0.000000x89

0.000000262

- 0.0000000957

10.990000000
0.000000124
0.0000C0089%
0.0000000€2
0.000000049
0.000000046

10.950000000

10.990000000

0.000012065 ~

n_ nNNNNNE1IC

LR S RV RV VAT R ]

0.000001817
0.0G000101%8
0.000000624
10.990000000
0.000000567
0.000000422
0.000000297
0.000000236
0.000000222
10.990000000
10.990000000

0.000003895

YELOCITY IX
Y DIRECTIOX
- cu/s

10.990000000
10.990000000
10.990000000

“10.990000000

10.990000000
10.990000000
10.990000000
10.990000000
10.890000000
10.990000000
0.000000000
0.000008218
€.000011613
0.500002910

" 0.000002984

0.000001210
0.000001501
0.000001373
0.000000966
0.000000544
0.000000231
0.000000046
0.000000000
-0.000000000
0.000002214
0.000000087
0.000003230
0.000Q052081
0.00000 1474
¢.000001357
0.000001251
0.0000008%24
0.000000507
0.00000C216
0.000000043
0.000000000
-0.000000000
0.000000294

8
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‘CONTINUED
39 30.253820110 _
40 20.4997036414
41 12.428200200
42 8.004164070
43 7.039032061
44 6. 149146754
45 3.259720423
46 0. 464666887
47 -0.9945344C4
48 -1.355602302
49 -1.371000490
50 10.680283701
51 10.602162867
52 9.2334372Cu4
53 5.862814807
54 2.330179235
55 0.310472677
S6 -0.133511124
57 ~0.553147374
58 -1.938027743
59 -3.305658143
60 -4.027853133
61 ~4.207306010
62 -4.214939036
63 ~3.892€18061
64 -3.875066439
65 -3.839793763
66 -4.434752893
67 ~5.144541571
68 -5.545687421
69 ~-5.639495883
70 ~5.725052631
71 -6.008155950
72 -6.289757274
73 -6.439061054
74 -6.476204286
75 -6.477799470
76 -7.0704€4576
77 -7.070463162
78 -7.070461145
79 -7.0704584 16
g0 ~7.070456736
81 -7.070455249
62 -7.070451205
83 -7.070446477
84 -7.070443373
85 -7.070443284
86 -10,248311126
87 -10.265862037
88 -10.301131885
89 -9.706168719
90 -8.996374578
91 - -8.595225362
92 -8.501416100
93 -B. 415857167
94 -8.132745751
95 -7.851134925
96 -7.701824911
97 -7.664681762
-7.663087180

0.000004206 -

0.000002731
0.0000016€3

0.000001244

10.990000000
0.000001062
0.000000815
0.000000586
0.000000469
0.000000441

10.990000000

10. 990000000
0.000004532
0.000003593
0.000002736

‘0.000001960
0.000001515

10.990000000
0.000001339
0.000001048
0.000000766
0.000000618
02000000581

10.990000000

10.990000000
0.000003202
0.000003382
0.000002756
0.000002009

.0.000001591

10.990000000
€.000001403
0.000001108
0.000000814
0.000000658
0.000000619

10.950000000 -

0.000003623
0.000003374
0.000002745
0.000002013
0.000001591
0.000001407
0.000001110
- 0.000000816
0.000000660
0.000000621
10.220000000

0.000003202

0.000003382

0.000002756
0.000002009
0.000001591
10.950000000
0.000001403
0.000001108
0.000000814

0.000000658

0.000000619
10.990000000

~

0.000001358
0.000001769

0.000001317

0-000001047
0.000000965

0.000000895 -
0.000000653 "

0.000000377
0.000000162
0.000000032
0.0

3.000000000
0.000000.157
0.000000517
0.000000663
0.000000595
0.000000479
0.000000451
0.000000423
0.000000317

0.000000186

0.000000080
0.000000016
0.0

© 0.000000000

-0.000000031
0.000000041
0.000000143

0.000000111:

0.000000102
0.000000092
0.000000086
0.000000065
0.000000038
0.000000017
0.000000003
-0.000000000
10.990000000
10.990000000
10.990000000
10.990000000
10.920000000
10.990000000
10.990000000
10.990000000
10.990000000
10.990000000

......

0.000000031

. -0.000000041

~0.000000143
-0.000000111
~0.000000102
-0.000000092
-0.000000086
-0.000000065
-0.000000038
-0.000000017

-=0.000000003

0.000000000

128



CONTINUED

. 99
100
101
102

103,

104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124

125°

126
127
128
129
130

131

132
133
134
-135

136°

137
138
139
140
141
142
143
144
145
146
(Y]
148
149
150
151
152
153
154
155
156
157
158
159
160

-24.821210896
| +24.743089351
~23.374360849
-20.003734370
-16.471093216
-14.451383127
-14.006398469
~13.5£7759972
~12.202871147

© =10.8352308449

-10.113C28107
-9.933574453
~9.925941961

-47.761818029

-47.622600004

~L4.394743041

-35.137955102

-26.569112900

~22.145072683

-21.179939616 .

~20.290051823
-17.400615807
-14.605548662
~13.146335400
-12. 785265251
-12.769€67553
-87.816733496
-86.685042715
-71.150051319

- —4E.3202724€9

~34.123817128
-27.458058037
-26.106724403
~24.858768903
-20.8€24955¢63
-17.07186892¢
-15.1163€152¢
~14.634476264
~14.613563667
~138.555682448
-134.228586982
-87.706724664
-52.588635223
~36.640537721
~28.780344915
—27.554326479
-26.179183890
-21.831035193
-i17.751365627
-15.656159264
-15.140788099
-15.118735649

~=138.589809785

~88.8824%30¢3
-52.772910920
-36.768876989
~28.824292960
-26.239088328
-21.873620476
-17.7680965647

-15.679€84660

-15.1628€3030

10.990000000
"0.000004532
0.000003593
0.000002736
0.000001960
0.000001515
10.590000000
0.000001339
.0.000001048
0.000000766
0.000000618
0.000000581
10.990000000
10.990000000
0.000003895
0.000004206
0.000002731
0.000001663
0.000001244
10.990000000
0.000001062
0.000000815
0.000000586
0.000000469
0.000000441
10.990000000
10.590000000
0.000012065
0.000005339
0.000001817
0.000001019
0.000000624
10.990000000
+ 0.000000567
0.000000422
0.000000297
0.000000236
0.000000222
10.990000000
10. 990000000
0.000008310
0.000002306
0.000000389
0.000000262
0.000000097
10.990000000
0.000000124
-0.000000089
C.050G00062
0.000000049
0.000000046
10. 990000000
0.000000000
0.000000000,
-0.000000000
0.000000000
-0.000000000
. 0.0
0.000000000
-0.000000000

-

-0.000600000
-0.000000157
-0.000000517
-0.000000663
-0.000000595
-0.000000479
-0.000000451
~0.000000423
-0.000000317
-0.000000186
-0.000000080
~0.000000016
0.000000000
-0.000000000
-0.000000294
-0.000001358
~0.000001769
-0.000001317
~-0.000001047
-0.000000965
-0.000000895
-0.000000653
-0.000000377
-0.000000162
=0.000000032

.0
. 0.000%00000
-0.000002214
~0.000004887
~0.000003230
~0.000002081
-0.000001474
~0.000001357
~0. 000001251
0. 000000894

. =0.000000507

20.000000216
-0.000000C43
-0.0000006000
-0. 000000000
~0.000008218
-0.000011613
-0.000002910
-0.000002984
-0.000001210
<N.000001501
-u. 000001373
-0.000000966

-0.0000005%8%
-0.000000231
-0.000000046
-0.000000000
10.990000000
10. 990000000
10.590000000
10.990000000
10.950000009
10. 990000000
10.990000000 °
10.590000000
10.990000000
10.990000000



«CONFIGURATION TWO:

INITIAL VISCOSITY OF THE 0IL=
_ NUMBER OF INTERIOR COLLOCATION P

COLLOCATION PRESSURE

POINT

-s

ek s T
N v O OVDODLONEWN -

14

{PSI)

1.699253216
1.320997053
1.124978045
1.008670703
1.699253216
1.655068647
1. 302932906
1.191017014
1. 114614587
1. 000000000
0.991329297
1.320997053
1. 302932906
1. 136812167
1.0€64555539
1.000000000
0-885385013
0.875021955
1.191017014
1.064555539
0.935444461
0.808982986
1.12u97egu5
1. 114614887
1.000000000
0_.035n000€1
0.863187833
0.697067054
0.679002947
1.008670703
1.000000000
0.885385013
0.808982986
0.€97067094
0.344931353
0-300746764
0.991329297
0.875021955
0.679002937
0.300746784

TABLE E.9

VELOCITY IN
X DIRECTION
CcH/s

~0.000000000
0.000000000

. ~0.000000000
~0.000000000

1p.99ooooooo
0.000001915
0.000000796
10.990000000
0.000000469
0.000000404
10.990000000
10. 990000000
0.000003065
0.000001716
10.950000000
0.000001388
0.000001553
10.990000000
0.000001991
0.000001553
0.000001593
0.000001991

'10.990000000

0.000001553
0.000001388
0.000001716
6.0000030€5
10.990000000
10.990000000
0.000000404
0.000000465
10. 990000000
0.000000796
0.000001915
10.9900000600
~0.000000000
-0.000000000
0.0
0.0

PRESSURE AND VELOCITY RESULTS FOR
VISCOSITY=100 CP AND H=2

100.000 cp .
OINTS PER ELEMENT= 4§

VELOCITY IN
Y DIRECTIGH
cu/s

10.9390000000
10.990000000
10.990000000
10.990000000

-0.000000000

0.000001915
0.000003065
0.000001991
0.000001553
0.000000404
0.000000000
~0.000000000
0.000000796
0.000001716
0.000001593
0.000001383
0.000000469
-0.000000000
10. 990000000
10.990600000
10.990000000
10..990000000

-0.000000000 -

0.000000469

£0.000001388 -

0.000001593
0.000001716
0.000000796
0.0
0.000000000
0.000000404
0.000001553
0.000001991
0.000003065
0.000001915
0.0

10.990000000

"10.990000000

10.990000000
10.990000000
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TABLE E.10

CONFIGURATICN TWO: PRESSURE AND VELOCITY RESOLTS FOR

VISCOSITY=10,000 CP AND N=2

INITIAL VISCOSITY OF THE OIL= -10000.000 CP
NUMEER OF INTERIOR COLLOCATION POINTS PER ELEMENT= g

COLLOCATION PRESSURE
POINT (BST)
1 70.925321552
2 33.099705303
3 13.457804492
y 1.867070269
5 70.925321552
6 66.506864720
7 31.2932%0627
8 S 20.101701372
9 12.451498682
10 1.0000060000
1 0.122929731
12° 33.099705303
13 31293290627
14 14.6E1216660
15 7.455553897
16 1.€00000000
17 ~10.461498682
18 -91.4S7804452
19 20.101701372
20 7.455553897
21 -5.455553857
22 -18.101701372
232 13.897804492
24 12.461498682
5 1.000000000
26 -5.455553837
27 ~12.681216660
28 -29.293290627
29 ~-31.093705303
30 1.867070265
31 1. 000000000
32 ~10.461498682
33 -18.101701372
34 ~29.293290627
35 ~64.506864720
36 -68.925321552
37 0.132929731
38 -11.497804492
39 ~31.099705303
40 ~68.925321552

-

VELOCITY IN

X DIRECTION -

cu/s

-0.000000000
0.000000000
-0.000000000
0.0
10.950000000
0.000001915
0.000000796
10.990000000
0.000000469
0.000000404
10.950000000
10.990000000
0.00000306¢%
0.000001716
10.990000000
0.000001388
0.0000015%3
10.990000000
'0.0000013991

0.000001593.
0.000001593 "

0.000001991
10.990000000
0.000001553
0.000001388
10.990000000
0.000001716
0.000003065
10.990000000
10.989000C000
0.00000040u
0.000000469
10.990000000
0.000000796
0.000001915
10.990000000
0.000000000
0.0
-0.000000000
0.0

Pl

VELOCITY IN
Y DIRECTIOH
: CM/S

10.990000000

10.990000000

10.990000000

10.990000000
~0.000000000
0.000001915
0.000003065
0.000001991
0.000001553
0.000000404
~0.000000000
~0. 000000000
0.000000795
0.000C01716
0.000001593
0.000001288
0.000000469
076 ,
10.990000000
10.990000000

-10.990000000

10.990000000

-0.000000000.

0.000000469
0.0000C 1388
0.000001716
C. 000000796
0.000000000
0.0

0.000000404
0.000001553
0.000001991
0.000003065
0.000001915
0.0

10. 990000000
10. 990000000
10. 990000000
10.390000000
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CONFIGURATION TWO:

INITIAL VISCOSITY OF THE OIL=

TABLE E. 11

PRESSURE AND VELOCITY RESULTS FPOR
VISCOSITY=100 CP AND N=3

100.000 cp

NUMBER OF INTERIO@OLLOCATION POINTS PER ELEMENT= 9

COLLOCATION
POINT

WONOOUVEWRN -

PRESSURE
{PSI1)

1.988869925
1.533457832
1..251182955
1.160393302
1.050134430
1.002598610
1..988869953
1.945325422
1.520076363
1.247282129
1. 202126004
1.357051901
1. 6475006C8

1.000000000

0.957400451
1.53345€380
1.520076882
1.359682883
1. 183024121
1.140728013
1. 101913591
1.000006148
0.952:08Bu463
0.549874304
1.251184709
1.287283846
1.. 183025236
1.069654732
1.034352484
1.000008602
0.898101992

0.842962680.

0-.839621215
1.202128214
1.140729552
1.034352859
0.965665180
0.859288295

VELOCITY IN
X DIRECTION
CH/5

-0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

-0.000000000C

10.990000000
0.000003486
0.000001097
0.0000003348

10.990000000
0.000000286
0.000000228
0, 00000022%

10.95000000¢C

10.990000000
0.000005256
0.000002843
0.000001215

10.950000000

- 0.000001052

0.000000560
0.000000979
10.990000000
10.99000000C0
0.000001980
0.000001920

0.000001547

10.950000000
0.000001465
0.000001602
0.000001820

10.990000000
0.000002102
0.000001771
0.00000151%
0.000001515
0.00000177

VELOCITY IR
Y CIRECTION
cH/s

- 10.990000000-

10.990000000
10.990000000
10.990000000
10.990000000
10.990000000
-0.000000000
0.000003486
0.000005256
0.000001980
0.000002102

0.000001820 -

0.000000979
0.000000225
0.000000000
0.000600000
0.000001057

-0.0000026443
0.000001920
0.000001771
0.000001602
0.000000960
0.000000228
0.000000000
0.000000000
0.000000334
0.000001215
0.000001547
.n00001515
9.0,0001465
0.003001052

0.n730002%6
0.(.0000000:

17.3990000000
10.990000000
10.9590000000
10.990000000
10.990000000
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CONTINUED

39
40
41
42
43
44
45
46
47
us
49
50
51
52
53
S
55
56
57
58
59

0.797889409
1.160396049
1.157C54605
1.1019155653
1..000009365
0.9656€5556
0.9303233%50
0.816992827

0.752734110 .

0.7u48833237
1..050140264
1.047506295
1.000010081
0.898103994
0.859285834
0.816993942
0.6u40335622
0.479941778
0.u66560287
1.002605424
1.000010338
0.952514151
0.842965384
0.797891613
0.752735827
0.479582297
0.054689489
0-011148970
0.99741126€5
0.945880198
0.839€23961
0.74883U991
0.466560835
0.011148999

0.000002102
10.950000000

¢.000001820

0.000001602
0.000001465
10. 990000000
0.000001547
0.000001920
0.0000§1980
10.990000000
10.990000000
0.000000979
0.000000960
0.000001052
10.990000000
0.000001215
0.000002443
0.000005256
10.990000000
10.990000000
0.000000225
0.000000228
0-000000286

10.990000000 .

0.000000334
0.000001097
0.000003486
10.990000000
-0.000000000
0.000000000
-0.000000000
=0.000000000
0.000000000
-0.000000000

10.990000000
-0.000000000
0.000000286
0.000001052
0.000001465
0.000001515
0.000001547
0.000001215
0.000000334
0.0
0.000000000
0.000000228
0.000000960
0.000001602
0.000001771%
0.000001920
0.000002443
0.000001097
0.0
0.000000000
0.000000225
0.000000979
0.000001820
0.000002102
0.000001980
0.000005256
0.000003486
-0.000000000
10.990000000
10.990000000
10.9900000Q0
10.990000000
10.990000000C
10.990000000



/

TABLE E.12

CONFIGURATION TWO: PRESSURE AND VELOCITY RESULTS POR

N
i

INITIAL - VISCOSITY OF THE OIL=

YISCOSITY=10,000 CP AND N=3

10000.000 CP

NUMBER OF INTERIOR COLLOCATION POINTS PER ELEMENT= 9

COLLOCATION
POINT

-
CLVWENOUNEWN =

3 -

33 -

PRESSURE
(PSI)

©99.886057167

54.344886312
26.117493975
17.038611645

6.013007688

1.259507488
99.886057195
$5.532006103
53.005738325

25.727409062

21.211837451
16€.7C4 468313
5.749611750
1.000000000
0.740091572
54.344€86860
53.006738844
36.967372803
19.301573170
15.071994059
11.1905€7763
1.000006148
-3.749602679
-4,012¢c98805
26.117495729
25.72741677S
19.301574284
7.963578179
4.6434374003
1.000008603
~9.190572179
14.704453732
15. 038597128
21.211839662
15.071595598
4.434374379

.VELOCITY IN
X DIRECTION
CH/s .

-0.000000000
0.000000000
-0.000000000
-0.000000000
0.000000000
0.0
10.990000000
0.000003486
0.000001C97
0.000000334
10.990000000
0.00000028¢€
0.000000228
0.000000225
10.990000000
10.990000000
0.000005256
-0.000002443
0.000001215

10.990000000

0.000001052
'0.000000960
0.000000979

1N aannnnnnn
hR Y

- o [VAVAVEVRVAVE

10.990000000
0.0000G1980
0.000001920
0.000001547

10.9990000000
0.000001465
0.000001602
0.000001320

10.990000000
0.0Q0002102
0.000001771
0.00000151%

VELOCITY IN
Y DIRECTION
cu/s

10.990000000
10.990000000

.10.990000000
10.990000000 .

10.990000000
10.990000000
~0.000000000
0.000003486
0.000005256
0.000001980
0.000002192
0.000001820
0.000000979
0.000000225
0.000000090
~0.000000000
0.000001097
0.000002443
0.000001920
0.000001771
0. 000001602
0.000000960
0.000000228
VeV
0.000000000
0.000060334
0.000001215
0.000001547
0.000001515

© 0.000001465

€. 000001052
0.0350000286
-0.000000000
10.990000000
10.990000000
10.990000002

I~

/



~97.886038243

(/
A
\S.\/

3

. 10.990000000.

CONTIRUED

37 *  -2.834356339
38 ~13.071977751
39 '-19.211822039
40 17.038€14391
41 16.704471017
42 11.190589764
43 1.000009365
4y ~2.434355964 .-
45 ~-5.96B560097
46 -17.301556221
47 ~-23.727392823
48 +=24.117477783
49 6.013013522
50 5.749617437.
51 1.000010081
52 -9.150570178
53 -13.071976212
54 -17.301555107
55 -34.9€7354289
56 -51.006720184
57 -52.344868194
58 1.259918303
59 1-000010338
60 -3..749596992
€1 ~14.704451028
62 ~19.211819829
63 -23.727391106
64 -51.006719665
65 -93.531987192
66 -37.886038271
€7 0.740102386
68 -4.012993061
69 ~15.038594381
70 -24.117476029
71 ~52.344867646

0.000001515
0.000001771
0.000002102

40.990000000

0.000001820

0.000001602 .

0.00000146%

-10.990000000

0.000001547
0.000001920
0.-000001980

16¢.990000000
0.000000979
0.000000960
0.000001052

10.990000000

0.000001215
0.0000024543

. 0.00000525¢6

10.990000000
10.990000000
0.0000060225
0-.000000228

0.000000286- -

10.990000000
0.000000334
0.000001097
0.000003486

10.930000000

-0.000000000
0.000000000

=0.0000000600
0.0
0.000000000
0.0

10.9380000000
10.950000000
10.990000000
0.000000000
0.000000286

0.000001052"

0.000001465
0.000001515
0.000001547
0.000001215
0.000000334

/~0-000000000

~0.000000000
0.000000228
0.000000960
0.000001602
0.000001771
0.000001920
0.000002443
1 0.000001097
-0.000000000
0.000000000
0.000000225
0.000000979
0.000001820
0.000002102
0.000001980
0.000005256

0.000003486

0.0

10.990000000
110.990000000
10. 990000000
10.990000099
10.990000000
10.992000000



TABLE E.13

CONFIGURATION TWO: PRESSORE AND VELOCITY RESULTS FOR

INITIAL VISCOSITY.OF THE OIL=

VISCOSITY=100 CP AND N=4

100.000 CP

NUMBER OF INTERIOR COLLOCATION POINTS PER ELEBMENT= 16

COLLOCATION
POINT

OONONEWN -

PRESSURE
(PSI)

2..213532493
1..726877279
1..378588361
1.240539404
1.176301182
1.090222678
1.021792722
1.000961063

"2.213532493

2.170096360
1.714862171
1.376363900
1.238€55397
1.203495726
1.175085353
1.0891893322
1.020827231
1.600000000
€.999038937
1.726977279
1.714862171
1.554513969
1.330837258
1.204798417

1.175979201%-

1. 149383240
1.067259357
1.000000000
0.97917276$
0.978207278
1.378588361

1.376363900°
1.330837258

1.215042441
1.120894419
1.09752516¢%
1.0749375¢C8
1.000000000

VELOCITY IN
X DIRECTION
cM/s

0.000000000
-0.000000000
-0.000000000

. =0.000000000
-0.000000000

0.000000000
0.000000000
0.000000000

10.990000000
0.000005608
0.00000160€

'0.000000314

0.000000259
10.990000000
(.000G00172
0.000000146
0.000000136
0.000000136
10.990000400
10.990000000
0.00000317&
0.000003613
0.000001332
0.000000949
76.9306000000
0.000000777
0.000000677
0.00000064%

0.000000648

10.990000000
10.990000000
0.000002555
0.000002684
0.000001830
0.0000014803

. 10.590000000

£.000001308
0.000001247T

VELOCITY IN
Y DIRECTION
CcH/s

10.990000000
10.990000000

10.990600000-

10.9%90000000
10.990000000
10.990000000
10.990000000
10.5$90000000

0.000000000

0.000005608 .

0.000008175
0.000002555

0.000002724.

0.€00002094
0.000001917
0.000001329
0.000000648
0.000000136
©.000000000
-0.002000000
0.000001606
£.000003613
¢.000002684
0.000002108
0.000001950
0.00000 1804
0.000001292
0.000000645
0.060000136
0.0
-0.000000000
0.000000314
0,000001332
0.000001830
0.000001674
0.000001627
0.000081559
0.000001241
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1.24053940CH

1.238€59397
1.204798417
1.120894419
1.042499703°
1.021137229
1.000000000
0.925062u492
0.850616760
0..824G14607
0.823698818
1.203485726
1.175679201
1.097525165
1.021137229
0.978862771

©0.902474835

0.824020799
0.796504274
1.176301182
1.175085393
1.149383240
1.07493750¢8
1;000000080
0.9788627%1
0.957500297
0.879105581
0.7952015¢€3

. 0761340603

0.759460596
1.090222678
1.0e9189332
1.0€7259357
1.000000000
0.925062u492
0.902474835
0.879105581

.0.784957559

0.669162742
0.623636100
0.621411639
1.021792722
1.020827231
1.00000000C0
0.932740643
0.650616760
0.824020799
0.7952015€3
0.669162742
0.485486031
0.285137829
0.2730z2721
1.000961063
1.000000000
0.379172768
0.910810668
0.824914607

|}

0.000001292
0.000001329
10.990000000

.10.990000000

0.000002724
0.000002108
0.000001674
0.000001510
10.990000000
0.000001480
0.000001559
0.000001804

0.000001917

10-990009000
0.000002094
0.000001950
0.000001627
0.000001501

0.000001501

0.000001627
0.000001950
0.000002094

10.990000000
0.000001917
0.000001804
0.000001559
0.000001480

10.990000000
0-000001510
0.000001674,
0.000002108
0.000002724

10.990000000

10.990000000
0.000001329
0.000001292

0.000001403
¢.000001830
G.000002684
0.000002555
10.990000000

'10.990000000

0.000000648
0.00C000645
0.000000671
0.006000777
10..990000000
0.00000094S
0..000001332
0.000003613
0.000008176
10.990000000
10.990000000
0.000000136
0.000000136
0.000000146
0.000000172

%

0.000000674
0.000000146
0.0
-0.000000000
0.000000259
10.000000949
0.00000 1403
0.000001510
0.000001501
0.000001480
0.000001308
0.000000777
0.000000172
0.0 .
10.990000000
10.990000000
10.990000000
10. 990000000
10.990000000
10.990000000
10. 990000000
10.990000000
-0.000000000
0.000000172
0.000000777
0.000001308
0.000001480
0.000001501
0.000001510
0.000001403
. 0.000000949
0.000000259
-0.000000000
-0.006000000
0.000000 140

0.000000671

0.000001267%
0.000001559
0.000001627
0.0000016748
0.000001830

0.000001332

0.€00000314
-0 000000000
0.000000000

g.000 o
0.0 G645
0.GCu. 292

0.000.u180%
0.000001950
0.000002%98
0.00000 284
0.000003613
0.000001606
0.0 :
-0.000000000
0.000000136
0.000000648
0.000001329
0.000001917
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CONTINUED

99
100
101
102
103

.104
105
106
107
108
106
110
111
112

0.796504274

0.761340603
0.623636100
0.285137829
-0.170096360
-0.213532493
0.999038937
0.978207278
0.909777322
0.823€98818
08759460596
0.621411639
0.273022721

~0.2135832493

10.990000000
0.000000258
0.000000314
0.00000160¢
0.000095608

10.590000000
0.0

-0.000000000 |

0.000000000
-0.000000000
-0.000000000
0.0
0.0
-0.000000000
&

0.000002094
0.000002724
0.000002555
0.000008176
0.000005608
-0 20000000
15.990000000
16.990000000
10.990000000
10.990000000
10.990000000
10.990000000
10.990000000
10.,.990000000



~

CONFIGURATION TWO:

INITIAL VISCOSITY OF T
NUMBER OF INTERIOR colL

COLLOCATION
POINT

“

1

1
‘1

PSRN
g Ta Ll m O VD
Y

MR —b b =
o

—

VISCOSITY

PRESSURE
(pSI)

22.353249324
73.657727881
38.858€36077
25.053940375
18.630118188
10.022267763

3.179272213

1.09610€6318
22.353249324
18.009636043
72.486217099
38.636390025
24.865939747
21.349572601

"~ 18.506539280

3.518933218
3.082723051
14600000000
0.9038936€2

72.697727881

72.4€6217099

56.4651396891

34.083725767

21.479841662

18.597920077

15.938332u40U5
7.725635690
1.020€00900

-1.082723051

-1.179272213

38.858836077

-38.636390025

34.083725767
22.504244097
13.089441872
10.75251648€3

8.493750800

1.000000000
-5.72593£5690

TABLE E. 14

H

3

-

VELOCITY IW
X DIRECTION
cH/s
0.000000000
-0.000000000
-0.000000000
0.000000000
0.000000000
0.000000000
-0.000000000

0.0

10. “60000000
0.C20005608
0.000001606
0.000000314
0.000000259
10. 990000000
0.000000172
0.000000146€
0.000000136
0.000000136
10.990000000
10.990000000
0.000008176
0.000003613
0.000001332
0.000000949
10.990000000
0. 000030777
0.000000671
5.000000665
0.000000648
16.990000000
10.99000000C0
0.002002555
0.000002684
0.000001830
0.000001403
10.990000000
0.000001308
0.000001241
0.000001292

PRESSURE AND VELOCITY RESULTS FOR
=10,000 CP AKRD N=4

4E OIL= 10000.000 CP ’
LOCATION POINTS PER ELEMENT= 16

VELOCITY IN
Y CIRECTION
cM/s

10.990000000

16.990000000
1€.990000000
10.990000000
10.990000000
10.990000000
10.990000000
10.990000000
0.000000000
o.oo@ooseoe
0.000008176
0.000002555
0.000002734
0.00000209%
0.000001917
0.000001329
0.000000648
0.000000136
0.000000000
-0.000000000
0. #0000 1606
0.000003613
0.007.002684
0.000002108
0.000001950
0_000C01808
0.000001292
0.000000645
0.0050000136
-0.000000000
-0.000000000
0.000000314
0.000001332
0.000001830

0.000001674

0.000001627
0.000001559
0.00000 1241
0.0q9000671

e~
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"~

. CONTINUED

~

. TN
40 J-=7.918933218
41 ~8.022267763
42 25.053940375
43 24.865939747
44 21.479841662
45 13.089441872
46 5.249970285
47 3.113722881
48 1.000000000
49 ~6.453750800
50 -13.938324045
51 ~-16.508539280
52 ~16.630118188
53 21.345%726C1
54 18.5579520077
55 10.752516483
56 3-113722881
57 -1.113722881
58 -8.752516483
59 -16.597920077
60 -19.3495726.C1
61 18.630118188
62 18.508539280
63 15.338324045
64 .8.493750800
€5 1.000000000
66 -1.113722881
67 -3.249970285
68 -11.069441872
69 -19. 479841662
70 -22.865939747
71 -23.053940375
72 10.022267763
73 9.9189332%8
74 . " 7.7259356904¢
75 1.0000000C0 "
76 -6.493750800
77 -8. 752516483
.78 -11.089441872
79 -20.504244057
80 -32.182725767
81 -3€.¢36350025
82 -36.858836077
83 3.179272213
84 3.062723051
85 1.000000000
86 ~5.725635690
g7 ~13.930324045
£s -16.597920077
g9 ~19.479841662
90 ~32.083725767
91 ~54.451356891
92 -70.486217099
93 -71.697727881
94 1.096106318 :.:
‘95 1.00000000G0 -
96 - -1.08272305%2
97 -7.91893321¢
‘96 -16.508539280 "
99 -19.,3495726C1

0.000001329
10.990000000
1¢.990000800
0.000002724
0.000002108
0.000001674
0.000001510
10.990000000
0.000001480
0.000001559
- 0.000001V824
0.000001917
10.990000000
0.000002094
0.000001950
0.000001627
0.000001501
0.000001501
0.000001627
0.,000001950
0.000002094
10.990000000
0.000001917

v

0.000001804
0.000001559 °

0.000007480
10.996000000
©0.000001510

0.000001674

0.000002108

0.000002724
10.890000000
10.990000000

0.000001329

0.000001292
s0.0900012“1

7 6.000G601308
10.990000000

0.000001503

0.000001830

0.000002684

0.000002555

10.990000000,. +
10.9900080000::"
0.000000648
0.000000645 .

0.5000006"T1
0.uvo0ELT77
10.5909080000
0. 000000949
0.000001332
0:000003613
¥0. Q00008176
30.990000000

0.000000136
0,..000000136
0.000000140
0.000000172
10.990000000

0.000000146
0.000000000
0.000000000
0.000000259
0.000000949

0.000001403 "

0.000001510
0.000001501
0.000001480
0.000001308
0.000000777
0.000000172
0.0
10.990000000
10.990000000
110.990000000
10.990000000

10.990000000"

1€.990000000
10.990000000
10.990000000
-0.000000000
0.000000172
0.000000777
0.000001308
0.000001480
0.00000 1501
0.900001510
0.000001403
0.000000949
0.000000259
-0.000000000
0.000000000
. 0.000000146
0.000000671
0.000001241
0.0000015%9
0.000001627
0:..000001674
“0.000001830
0.000001332
0.000000314
0.000000000
~0.000000000
0.000000136
0.000000645
0.0060001292
0.000001804
0.0000¢1950
0.000002108
0. 000002684
0.000003613
0.000001606
0.0
~0.000000000
0.000000136
0.000000648
0.000001329
0.0000C1917
0.000002094
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CONTINUED

100 -
101 -
102 -
103 -1
04 -1
25
36.
107,
108 -
109 -
110 -
F111 -
112 -1

22.:865939747
36.636390025
70-486217099
16.009636043
20.3532z49324

0.903893682
-1.179272213
-8.022267763
16.7630118188
23.053940375
36.858836077
71.€57727881
20..353269324

[eNoNoNoRa)

0.000000259
0.000000314
0.000001606
0.000005¢€608

10.9500009000
0.000602000

-0.0000000C0
0.0

00000000

[=NeoReNoNol

I\Ax

0.000002724
0.000002555 *

0.000008176
0.000005608
0.000000000
10.990000000
10.990000000

10.990000000

10.990000000
10.990000000

., 10.990000000
7 10.990000000
"10.99000Q000



TABLE E.15

CONFIGURATION TWO: PRESSURE AND VELOCITY RESULTS FOR
VISCOSITY=100 CP AND K=5

INITIAL VISCOSITY OF THE OIL=
‘ NUMBEE OF INTERICR COLLOCATION POINTS PER ELEMENT= 25

COLLOCATION
POINT

Vo~ E WN =

PRESSURE -
(PSI)

2.395794653
1.893573156
1.514036351
1.325556066
1.223481067
1.185775722
1. 119491111
1.050122807
1.010663730
1.000440653
2.395754659
2.3524029 11
1..882020956
1.512347532
1.32834 €96 1
1.223057498
1.,204854747
1..1851€0689
1.118488901
1.9049672205

1.01022347%2

1.0000CC000

0.999558146

1.893573310

1.e82021104

1.721273002

1.4732745647
1.300976262
1..210206070
1.150378752
1.171585111
1.107509133
1.039267538
1.000008814
0.9€9789833

0..989349338.

1.514037077
1.512348252

100.000 CP

VELOCITY IN
X DIFECTION
cn/s

0.000000000
~0.00000000°2
0.000000000
-0.000000000
0.000000000
-}.000000000
000000000
0.000000000
-0.000000000

+=0.000000040

10.99000000)
0.000008264
0.000002263
0.0000003%6
0.00000024¢
0.000000054

10.990G00000
0.000000128
0.000000105

.0.0000000904
¢.000000092
£.000800C092

10-.990000000

10.980000000

n_0n0011E2H
0.000005122
0.000001655
0.000000938
0-000000608
10.990000000
0.000000583
0.000000502
0.000000459
0.000000u52
0.000000u52

- 10.990000000C

10.990000000
0.000003351

VELOCITY 1IN
Y- CIRECTION
cH/S

10.990000000

©10.980000000

10.590000000
15.990000000

©10.990000000

10.990000000
10.990000000
10.990000000
10.9900006G00
10.990000000

0.000000000

" 0.000G08264

0.000011834
0.0000033£1
€.010000356¢€
0.000001829
0.000002122
0.000001993
0.000001547
0.000000585
0.000000453
r..000p0CO92
0.000000000
~0.000000000

N ANANNDIDIED

(S EEROSPRPRO RS IR

0.000005123
0.0000036993
0.000002699
0.000002132
0.000002017
0.000001909
0.000001512
0.000000976
0. 000000452
0.000000092
0.0

-0.000000000
0.000000356
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|
CONTINUEDI

&

w
1.473275116

1.356048% 75

1.232€51510
1.1585€9700
1.141111357
1.124405368
1.0656659113
1.000013753
0.960756949
0.950351500
0.9499009u8
1.325557798
1.324350686
1.300677821
1.232€52462

1.145348172

1.084449507

1.0€9376634

1.054567129
1000016304
0.9343€61541
0.892520005

'0.881039932
-0.860537787
"1.223483761

1.223060182
1.210208558
1.1582715C3
1. 0844502¢8
1.02€6719587
1.014327392
1.000017639
0..945466957
0.875627266
0.828446585
0.814871028
0.81425€0€2
1.204857717
1.190381512
1.141113403
1.069377€639
1.014327€00
0.985708205
0.930657831
0.858921785
0.809653523
0.795177506
1.185778962
1.185163923
1.171588159
1124407667
1.054568353
1.000018055
0.985708412
0.971316162
0.915585137
0.841463719
0.789826564
0.776975145
0.776551658

0.000003699
0.00000235y
0.000001477
6.000001205
10. 30000000
-0.000001101
0.000001001
0.0000009¢€2
0-000000976
0.00000028¢
10. 990000001
10. 990000000
0.000003566
0.000002699
0-000002083
0.000001643
0.000001450
10. 990000000
0.000001404
0.000001365
0.000001419
0.000001512

0.000001547.
10.990000000

16.990000000
0.000001829
0.000002132
0.0000018€1
0.00000158¢

~ 0.060001505

10.990000000
0.000001489
0.000021531
0.0000061709
0.000001909

. 0.000001993
++-10.990000000

© 7 0.060001562

0.000001499
0.000001499
0.0000015€2
0.000001781
0.000002017
0.000002122
10-590000000
0.000001993
0.C02001909
0.000001709
0.000001531
0.000001489
10.990000000
0.000001505
0.000001586
0.000001861
0.000002132

0.000001829

10.990000000

0.000001655
.0.000002354
"0.000002083

0.000001861

0.006001781

0.000001709

0.000001419

0.000000962

0.000000459

0.000000094

0.000000000

0.000000000

0.000000246

0.000000938

0.000001477

0.000001643

0.000001586

0.000001562

0.000001531

0.000001365

0.000001001

0.000000502

0.000000105
-0.000000000
-0.000000000

0.000000094

0.000000608

0.000001205

0.000001450

0.000601505

0.000001499

0.000001489

0.000001404

0.000001101

0.000000583

0.000000123

0.000000000
10.990000000
10.990000000
10. 990000000
10.950000000
10.990000000

10.990000000 .

10.990000000
10.990000000
10.950000000
10.990000000
0.000000128
0.000060583
0.000001101
0.000001404
0.000001489
0.000001499
0.000001505
0.000001450
0.000001205
-0.000000608
0.000600094
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144

10.990000000

CONTIRUED
- L , . -
99 1.119495831 10.990000000° ¥ <©.000000000
100 1.118993604 0.000001547 0.000000105
101 ©1.107513497 0.000001512 0.000000502
102 1.065672u487 0.000001419 0.000001001
103 1.0000184 11 0.0000013¢€5 0.000001365
104 0.945468181 0.000001404 0.000001531
105 0.93065€837 .10.990000000 0.000001562
106 0.915585928 0.000001450 0.000001586 : i
107 0.854687162 0.000001643 0.000001643 ®
108 0.767382895 02000002083 0.000001477 )
109 0.659057603 0.000002699 0.000000938 -/
110 0.675€84997 - 0.000003566 0.000000246
111 0..674477979 10.990000000 -0.000000000
112 1.050130260 10.990000000 0.000000000
113 1. 049675634 0.000000985 0.000000094
114 1.039274400 0.00000097¢€ 0.000000459
115 1.000018915 0-0000009€2-_ 0.000000962
116 0.934364915 0.000001001 0.000001419
117 0.875629585 . 0.000001101 0.000001709%
118 0.858923831 10.9%0000000 0.000001781
119 0.841465522 - 0.000001205 0.000001861
120 0.767383847 0.000001477 -0.000002083
121 0.643991971 0.000002354 0.000002354
122 0.526760763 0.00000369%9 0.000001655
123 0.487687932 0.000003351 . 0.000000356 o
124 0.485959204 10.990000000 0.000000000 R4
125 1.01067€686 10.990000000 0.000000000
126 1.0102362€1 0.000000u52 0.000000092
127 - 1.000019272 0.000000452 .000000452
128 0.960763811 0.000000459 0.000000976
129 0.892524369 0.000000502 0.000001512
130 0.828449633 0.000000583 . 0.000001909
131 0.809656284 10.990000000 0.000002017-
132 0.,789829051 0.000000608 0.000002132
133 0.6990591€2 0.000000938 0.000002699
'JBQ . 526761332 0.000001655 0.00000369%
135 0.278763207 0.000005123 0.000005123
136 0. 118015436 - 0.000011834 0.000002263
137 0.. 106 463326 10.990000000 0.0
138 1.000460932 10.990000000 4@.000000000
139 1.000819610 0.000000092 0.000000092
140 0.989802622 0.000000052 0.0000004852
141 0.950358929 ©0.000000094 0.000000985
142 0.881044635 0.0000001C5 0.000001547
143 0.814874262 0.000000128 0.1700001993
44 0.795180476 10.990000000 0.000002122
145 0.776977830 0.000000094 0.000001829 -
146 0.675686722 0.000000246 0. 000003566
147 0.487688653 .0.000000356 0.000003351
148 0~ 118015584 0.000002263 '0.000011834
149 -0.352366035 0.000008264 0.000008264
150 -0.395757686 10.990000000 0.0 '
151 0.999578385 ~0.000000000 10.990000000
152 0.989362294 0.0 . 10.990000000
153 0.949508402 0.0 10.990000000
TS4 0.880°542507 0.0 10.990000000
155 0.814259322 0.000000000 10.990000000
156 0.776554352 0.0 . 10.990000000.
157 0.674479711 -0.00000000 10.990000000
158 0.,485999931 0.000000000 10.5390000000
159 0.106463481 0.0 . 10.990000000
160 -0.3951757679 0.000000000



TABLE E.16

CONFIBURATION TWO: PRESSURE AND VELOCITY RESULTS FOR

INITIAL VISCOSITY OF THE OIL=

VISCOSITY=10,000 CP AND KR=5

10000.000 CP

NUMBER OF INTERIOR COLLOCATION POINTS PER ELENMENT= 25

COLLOCATION PRESSURE

POINI

(PSI)

140.577633529
90.355507B69
52.401873336
33..553915678
23.3464€E5189
19.575996330
12947679224

6.011103645

2.065725493.

1.04L126816
140.577633535
136.2384638C2

89.200292361

. 52.23229959357

33.43321351¢6
23.304132330
21.483876607
19.514457329
12.897461466
5.9€6C45947
2.0216€7948
1.000000000
0.955872144
90.355508009
85.200292495
73.125506 044

48.325705078,

'31.095948159
22.018989991
20.036275532
18.156940570
11.749465450
4.925540507
1.0000C7940

C-0.021675946 .

-0.065713696
52.401873993
52.232596608

VELOCITY IN
X DIRECTION
cM/sS

0.000000000
0.0
0.000000000
0.000000000
-0.000000000
0.000000000
0.000000000

 -0.000000000

0.0 .
-0.000000000
10.990000000

- 0.000008264

0.000002263

" 0.00000035¢6

0.000000246
0.000000094
10. 990000000
0.000000128
0.000000105
0.000000094
0.000000092
0.000000092
10. 990600000
10.990000000
0.000011831
0.000005123
0.000001655
0.060000938
0.000000608

©10.990000000

0.000000583
. 0.000000502
0.000000459
€.000000452
0.000000452
10.990000000
10.950000000
0.000003351

VELOCITY 1IN

Y Dlaﬁcggou
cH/

10.990000000

10.990004000
10.990000000
10.990000000
10.590000000
10.990000000
10.950000000
10. 990000000
10.990000000
10.990000000

0.00001%334
0.000003351
0.000003566
0.00000182Y
0.000002122
0.000001993

© 0.000001587

0.000000985
0.000000452
0.000000092
G.0003553000
0.006000000¢
0.000002263

A ANRANAALC 4N
NVNeUUVUU Jilcl

0.000063699
0.000002699
0.000002132
0.0000.2017
0.000001909
0.000001512
0.000000976
0.000000452
0.000000092

-0.000000000
0.000000000
0.000000356
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CONTINUED

39 48.325705593
40 36.60260123%
41 264.263446211
42 16.855314089
43 15.109493505
4y 13.438918766 .
45 7-565392380 .
46 1.000012380
47 -2.925518453
48 -3.966024568
49 -4.011082212
.50 33.553921245
51 33.433215076
52 31.095949566G
53 24.263447072
54 15.533066344
55 9.443234044
56 * 7.935955%612
57 6.455023925
58 1.000014659
59 -E5.565364805
60 ~9.749443267
61 -10.8974358¢1
62 -10.947653181
63" 23.346487625
64’ 23.304134758
65 22.€18992241
€6 16.855315720
67 9.443234760
68 3.870185831
€9 2.430575388
70 1.000015866
71 ~4.454993273
72 -11.438889393
73 . -16.156912049
74  =17.514468762
75 -17.575967675
76 21.4E3879293
77 20.0362768428
78 15. 109495355
79 7.935956522
80 ° 2. 430975576
81 -0. 430943359
62 -5.935924611
33 ~13.109463686
84 -18.0362u6884
85 ~-19. usseu7552
es 12.57553%240
87 19.514 500254
88 18. 156943327
89 13.438920845
S0 6.1455025032
91 1.000016243
92 -0.430943172
a3 -1.870153698
94 ~7.443202890
95 -14.855284030
96 -20.018960629
97 -21.304102932
98 -21.346455708

7

a8

0. oooooasoﬁ

0.000002:35% *

6.000001437
.0.:000001505

+#10. 990000000

0.0800011071
0.06000106%
0.000000962
0.000000976
0.000000985
10.990000000
10.990000000
0.000003566
0.000002699
0.000002083
0.000001643
0.000001450
10.990000000

0.000001404 -

0.00000136¢
0.000001419
0.000001512
0.000001547
10.990000000
©10.990000000
0.000001829
0.000002132
0.000001861
0.0000C1586
0.000001505
10.990000000
0.000001489
Q- 000001531
0.000001709
0.000001909
0.000001993
10.990000000
0.000002122
0.000002017
0.000001781
0.000001562
0.000001499
 0.0006001499
0./000001562
0.00G001761
0.000002017
0.000002122

CU. 'J)UUUUUUU
6.000001993
0.000001909
0.000001709
0.000001531
0.000001489

10.990000800
0.0000015905
0.000001586
0.000001861
0.000002132

0.000001829"

10.990000000

o 000004751
0. ooooo1709;.
0.000001%19"
0.000000562
0.000000459
0.000000094
0.0
0.000000000
0.000000246
o.¢.9000938
0.000001477
0.000001643
0.000001586
0.000091562
0.00000 1531
¢.000001365
0.000001001
0.000000502
0.000000105
-0.000000000

--=0.000000000

0.000000094
0.000000608
0.000001205
0.000001450
0.000001505
0.000001499

. 0.000001489

0.000001404
0.000001101
0.000000583
0.000000128
0.0

10.950000000

10.990000000

10.990000000

10.990000000

10..990000000

10.990000000

1€.990000000

10. 390000000

10.990000000

10.990000000
0.000000128
0.000000583
0.000001101
0.000001404
0.000001489
0.000001499
0.000001505
0.000001450°
0.000001205
0.000000608
0.000000094
0.000000000




" CONTINUZD
99 12.947683493
100 12.897465720
101 11.749473437
102 7.565395431.
103 1.000016565
0y -4.454692165
105, -5.935923702
106 -7.443202174
107, -13.533034572
108 ™22, 263415269
109 -29.095517696
110 -31.433182945
111 -31.553889019
112 6.011110386
113 5.9660526€6
114 4.925546714
115 1.000017049
116 -5.565361754
117 -11.438887313
118 ~13.109461835
119 -14.855282398
120 -22.263414408
121 -34.6C2569172
122 -46.325673316°

©123 ~50.2329€4036
124 ~50.401841325
125 2.G65737212
126 2.02169951¢
127 1.000017399
128 ~2.925512246
129 -9.749439320
130 -16.156909292
131 -18.0362443¢€7
132 -20.018558379
133 ~-29.095916286
134 ~46.325672801
135 -71.125473500
136 ~87.200259€59
137 ~-88.355475078
138 1.044 145121
139 1.000017736
140 -0.021664379
141 -3.966017849
142 -10.897431237
143 -17.514465837
“uy -19.4E3844865
145 -21.304100504
146 - -31.633181384
147 -50.232963385
148 ,=87.200259525
149  —-134.23843(710
150 -138.577600352
151 0.555850449
152- -0.065701977
153 ° -4.011075471
154 -10.947648911
155 -17.575964744
156 -21.346453271
157 -31.553887452
158 -50..401840668
159 '-88.355474939
160 -138.577600346

10.990000000

0.000001547

0.000001512
0.000001419

© 0.000001365

0.000001404
10.9900%0000
0.000001450
0.000001643
0.000002083
0.000002699

0.000003566 -
10.990000000

10.990000000
0.000000985
0.€00000976
0.000000962
0.000001001
0.000001101

10.990000000
0.000001205
0.000001477
0.000002354
0.000003%99
0.000003%51

10.990000000

10.990000000
0.000000452
0.000000452
0.000000459
0.000000502
0.000000583

10.990000000

10.000000608
0:000000938
0.000001655
0.000005122
0.000011834

10. 990000000

1€. 990000000
0.000000092
€.000000092
0.000000094
0.000000105
7.000000128

10. 990000000
0.000000094
0.000000246
0.000000356
0.000002263
0-000008264

10.990000000

-0.000000000

-0.000000000

-0.000000060
0.0
0.0
0.0

-0.000000000
0.0
0.000000000
0.000000000

0.000000000
0.000000105
0.000000502
0.000001001
0.000001365
0.000001531
0.000001562
0.000001586

. 0.000001643
0.000001477

0.000000938
0.000000246
0.000000000
0.000000000
0.000000094
0.000000459
0.000000962
0.000001419
0.000001709
0.000001781
0.000001861
0:.000002083

©0.000002354

0.00000 1655
0.000000356
-0.000000000
0.000000000
0.000000092
0.000000452
0.000000976
0.000001512
0.00000 1909
0.000002017
0.000002132
0.000002699
0.000003699
0.000005123
0.000002263
0.000000000
-0.000000000
0.000000092
0.000000452
0.000000985
0.000001547
6-000001993
0.000002122
'0.000001829
.000003566
0.600063351
0.000011834
0.000008264
0.0
10.990000000
10.990000000
15.590000000
10.990600000
10. 990000000
10.990000000
10.930000000
10. 990000000

.10.990000000

10.990000000
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APPENDIX F

Concentration Results from Convection Diffusion Equation
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A value of 10.99 in the velocity columns indicates that the
velocity at that collecation poinz was not evaluated.

ol
y



COILOCATION
POINRT

P .
4O VDN E WA

b d b s b b
WD dOUNE WA

[N NN SENENEVINY
PAEWN O

~ N
D~

]
D)

L2

Wi w
N O

Wiy
& w

@

£

INITIAL VISCOSITY OF THP OIL=

KD=

TIME=50,000 S
DT=50,000 s

PRESSURE
{PSI)

1.828773953
1355770126 .
1.15¢2932¢8
1.093897308
1.0264366C7
1.001305415
1. E26174500
1.763944216
1..381502060
1.152174607
1.121433160
1.096773736.
1.024'%689370
1. 000006000
0.998710335
1.3L5640597
1. 3340664 €5,
1.20266864°9 -
1.0636231162

1.060035134 . .+

1.035520776
0.9945£34 708
0.5977193298
0.976306574
0.59°9508437
C.552137576
0.9817265C7
0.95040109%
0. 9536557
0.94g5163%g
0.53001497€0p
0.9%3%2912
0.933%1 26§
0.91%9316895

Uz

v oas

&

0.0C0107550.CN /S
KUNSEE OF INTERIOR COLLOC

VELOCITY IN
X DIRECTION
Ca/s

-0.000000000
€. 000000000
-0.000000C2¢
~0.0000000C0
0.000000000
-0.000000000
1€. 930090000
0.000003598
0.000001174
0.000090353
1€. 950000000
0.000000267
0.000000151
.€.000000113
10.950000000
1C.550000000
0.000005789
€L 0C0002020
. €.0%.0001 357
16326000050
0. 650000960
2.ECEITI563
C.L00Y20uus
10.°650082000
1€.99000000¢C
[SRVIUVNITRS I3
0.0005G2717
S. 000001736
10.990000000
£.000001276
€.000000805
€. 000000621
1€. 990000000
0.00000357¢

L

TABLZ P,

CONFIGURATIOR ONE: CO
CISPERSION COEFPICIENT=

100.000 cp

VELOCITY IR
Y DIFECTION
cu/s

10.9€0000000
1€.990000000
10.990000000
10.590000000
10.990000000
1€.950000000
~0.0C0000000
0.000003273
0.03000481¢
0.000001360
0.00000 1474
0.000001199
0-000000533
0.0C0000112
0.000000000
0.000000000
0.0C3000%5u4¢
0.0000U018€60
0.000001115%
0.000000955
0.000000797
G.000000377
0.000000077
=-0.000000000
0.000005000
0.000000067
g.eQeangasg
-J.u0000027 1
0.00000022a
. 0.000000189
0.000000092
€.000000019
=0.000300000

110.990000000

NCENTRATION PESULTS rOR
-0001075 sn.cH/s AND N=3

ATIOE POINTS PEF ELEMENT= 9

CONCENTRATION
INPLICIT BR-K
METHOD BETHOD
0.00%7388 0.0087286
0.0020115 0.0000118
-0.0600015 -0.0000016
0.0000003 -0.0
-0.0000000 -0.0
0.0000000 -0.0
0.002739¢ 0.0087291
0.0076954 0.0076904
6.0000101 0.0000108
-0.0600014 ~0.0000014
0.0002197 0.0002186
0.0000003 0.0
-0.0000000 0.0
0. 0000060 0.0 .
~0.00001€8 -0.0000168
0.00600137 0.0000141
0.0C00121 3.0000124
0.06000050 0.0000000
-0.00006000 -9.0000000
0.0000003 0.0063004
0.000000 0<0°
-0.0000000 0.0
0.0000009 0.0
-~0.0000000 ~0.0000000
-0.000uU0s3 ~0.00000732
~0.0000029 ~0.6000029
~C.053G0G0 =-0.3004000
0.0000000 0.0002000
-0.0000001 ~0.0000061
-0.0000000 0.0
0.6G000000 0.0
-0.0000000 0.0
.0.0200000 0.0000000
0.0002183 0.0002176

COLLOC.TION
POINT

VDO T WA -



COBTINUED

35 - 0.919316689 €. 000022726 10.990090000 ). 0000003 0.00007%07
36 0.919316243 .~ ¢.000001739 1£.990000000 -0.0000000 -0.0000000
37 0.519315858 . 0.0600001291 1€.990000000 6.0000000 -0.0
38 0.519315274 €. 000000816 10.9900600000 ~0.0000000 -0.0
39 0.9193148¢€3 ©0.0D00000629 10.990020000 0.0000000 -0.0
40 . C.BuU2724974 j0.990000000 -0.000050000 0.0000008 -0.0
41 0.8L3502213 ‘ 0.C000b3179 -C.0000000€7 0.0000007 0.0
62’ 0. ESE906965 0.000002717 -0.000000258 - 0.0000000 © 0.0,
43 0. 679231353 . 0.000001736 -0.000000271 -0.0000000 0.0
L] D.EEUET2592: 1. 990000000 . -0.000000224 0.0000000 ~0.0
45 C.BEYT15354 ¢.0000Q127¢ -C.0000001E9 ° 0.0000000 0.0
86 0.900615535 .£.600000805 ~0.000000092} -0.0000000 0.0
a7 0.90490059¢E 0.000000621 -£.000000012! 0.0000000 0.0
LY} 0.905118409 10.990000000 0.0 | -0.0000000 0.0
49 0.u492992197 1€.9%0000000 0.000000000 -0.0000004 +0.00
50 ¢.50u627306 ©.0000057€9 -0.000000946€ -0.0000003 0.9
51 0.63u964686 0.00000282C -0.000001860 -0.0000000 0.0
52 0.755001168 . 0.600001327 ~£.000001115 ~0.0000000 0.0
53 ’ X 0.778596830 10.95600G000 -0.000000955 ©-0.0000000 " ~0.0
58 G.758710760 0.000020960 ~0.0C0000757 0.0000000 10.0
<5 0. 843995613 0.000000583 -0.000000377 -0.000€000 50.0
56 Q.Eépu3u767 GscuGooouLs -£.006200077 -0.0000000 0.0
57 0.86;32\35U 1€.9%$3000C00 0.0 ©0.0000000 0.0
58 (.(12453879 1¢.550000000 0.00000C000 | 0.0000002 -0.0
59 G- 054€8%537 G.0L000359¢E -0.0200033273 0.0000001 ©, 0.0
60 G.uc7131234 €.000001178 ~0.0C00204810 -0.0030000 0.0
61 0.68€457602 0.000200353 ~0.00000135%5 0.0000000 0.0
62 0.71 "48ESE 1¢. 790000020 -0.070%°0107¢4 *.0.0000000 -0.0
63 0. 78 :2575¢CT 6. .50000267 -0.000061199 -0.00C0000 0.0
6t . 0.813339173 0.600000151 -0.000000523 0.0000000 2.0
65 0.£38620250 €.0c0000113 ~0.000000112 ~0.0000000 0.0
66 0. 8394913u76 10.996000000 c.0 - -0.0000000 \ 0.0
67 5.0C9859799 0.000000000 10.5$90000000 -0.00C0165 S aLuua0167
68 C.u4ZEE31EY ~-0.000000000 16.99¢020000 -0.000000C ~1.0205000
69 0.6£2328¢30 0.0 ¥0.©€0%200000 0.0000000 0.00007050
70 (. 740722978 0.000000000 10.5¢5205000 -0.00030000 0.0
71 (.612191825 c.0 10.990000000 0.000000C 0.0
12 0. 6837314422 & 0.060000000 10.9950000000 -0.9800000C 0.0
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TABLZ F.2

COSPIGUEJTIO! ONE: CONCERTPATION RESULTS FOR

DISPERSION COEFPICIEXT=.01075 SC.CM/S AND M=3

INITIAL VISCOSITY OF THE OIL=

FD= 0.01075005Q0.CN/S

TIME=50,000 s
DT=50,000 S

|

PRESSUBE
(PSI)

1.828773953
1.395776126
1.,156293268
1.053897308
1- 626436607
1.601309815

1. E2€174900

1.783944216
1.381502060 -
1152174667
1.121433160

, 1.090773736

1.024689370
1.(006000600
0.558710335
1. 345640557
1. 334006465
1.2036686479
1.083631182
1.060035134

. 1.039520877¢

0. 994634706
0.977193298
0-976306574

.C. 9955088237
40.9571315786

0.9817264C7

0.9536£59550
0.59u8916384.
0.23801497¢
0.933729126
0.933511264

 KU¥BEP OP INTERIOR COLLOCATIOX POINTS PER

"VELOCITY IN

I DIRECTION
Cu/s

. -0.000000000

€.0000000%0
-0.000000000
-0.000000000
0.000000000
-0.000000000
10.990000000
0.000003598
C.000001174
€.000000353
1C.930000000
0.000000267
0.000000151
.0.000000113

» 10.990200000

1C.990000000
0.C00000578¢%
€.000002620
0.000001307
16. 990020000
0.000000960
0. 000000583
0.00D200us5
1C. 50000000
1C. 990000000
2.030293179
. €.000002717
0., 000001736
1C. 90000000
0.000001276
0.000000805
0.000000621
1€.9%0000000

100.000 CP

VELOCITY IN
Y DIRECTION
cu/s

10.990000000
10.990000000
1€.990000000
10.990000000
10.930000000
1€.990000000
-0.000000000
., 0.000903373
G.000004E 10
0.0C0001360
0.000001474
0.000001199
0.000000533
¢.0050000112
¢.Coga00000
€.0000006000
0.000000%4¢€
€.DJ00018€0
0.000001115
0.00000009°"
0.000000777
0.000000377
G.0006000G77
-0.000000C00
0.000000000
0.00C00G0€7
0.000000258
U 006006G271
0.0C0U00uV22t
0.000000189
0.00000C0¢c2
€.00000001¢
~-0.000000000

ELEMENT= 9

CORCENTREATION
IAFLICIT BE~K
METHOD BEETHOD
0.0086009 0.0083523
0.000C592 0.0000521
~0.0000209 -0.0000338
0.0000072 -0.0
~0.0000007 -0.0
0.0000003 -0.0
0.0086018 0.0083528
0.0075670 0.0073677
0.0000523 £.0000460
-0.0000185 -0.0000298
0.0002057 0.0001899
0.0000064 0.0
-0.0000006 0.0
0.0000003 0.0 .
-0.0000144 -0.0000146
0.0000618 0.0000543
0.0000542 0.0000479
0.00000G7 0.C000004
-0.0000002 -0.0000002
0.0000014 0.0000012
0.0000001 0.0
-0.0000000 0.0
0.000:)00 ¢.0
~0.0000001 -0.0000001
-0.0000226 -0.0000354
-0.900LC199 -0.0000312
=-0. U00US0L =J.WUUUUVL
0.0000501 0.0005002
-0.0000005 -y.0J60003
-0.0000000 6.0
0.0000000 0.¢ . 7
-0.0000000 0.0 |
0.0000000 0.0000001

COLLOCATION
POINT
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CONTINUED

0.919316895
0.919316€89
0.519316243
0.91931589¢
0.919312274
0-9193148¢€3
0.642724978
0.843502213
0-.856906969
0.679%231383
0.684572592
0.8897153¢%4
0.900615535

0.5C4900598

0.. 5051186409
0. 452953197

0. 504627306

0. €249€4686
0. 755001169

0.7785%683G

C.7%€710760
0. 8643595013
0.BETU3UTET
0.E€2321354
0.012458879
0.054689537
0.457121234
0.€B864576C2
0.717196598
0.7u47857567
0.813939173
C.638€24250

0. £3991347¢ -

0-00985379¢%
C.uy28€63164
0.6282333930
0. 744733978
0.812191825
0.827314422

£.000003576
0.000002726
€.000001739
v 0.630001291
€. 000000816
€.0006000629
1C. 990000000
0.000003179
. 000002717
6.02000173¢
T 1C-950009000
€.000001276
0.000000805
0.690000621
25+ 1C. 990000000
4% 1C. 990000000
€.000005789
€.000002820
0. 000001307
16.990000000
0.000000560
0.000009583
0.000000485
1C.990600000
1C.530000000
0.000003598
0.006001174
0-000000353

-—1TT950000000

C.0po000267
0.000000151
€. 000000113
1€. 990000000
€.0000000200
-C.000000000
0.0
0.000000000
c.0
€I000000000C

1€.990000000
10.99C6000000
1C.990C000000
1€.9905006000
10.¢90000000
10.996000000
-0.0C0000000
~040000000¢7
~0.6000002%4
=0.0002C0271
-0.000000224
-0.00C000189
-0.000000092
=C.000000019

0.0

0.000000000
-0.000000946
=0.000001860
-0.0000061115
-(.002000955

+=0.000000797

-0.009000277
-C£.006200077
0.0 ’
0.00C000000
-0.000003373
~0.000008810
=-0.000001359
-0.000001474
-0.000001199
-0.000000%23
=0.000000112

0.0
10.9°-0000000
10.990000000

©10.9900000359

10.9900200000
10¢.99G000000
10.990000000

0..0002049
0.0600013
-0.0000005
0.0600002
-0.000009%
0.00C0000
0.0000076
0.0000067
0.0000001
-0.0000000
1 0.0000002
0.0000000
-0.0000000
0.0000000
-0.0000000
-0.000€010
~0.0000009
-0.0000000
0.0000000
-0.0060000
-0.0000000
0.0000000
~0.0000000
0.0000000
0.000U0005"
0.0000004
0.00600000
-0.0000000
0.0000000
0.0000000
-0.0000000
0.0000000
-0.0000000
~0.0000141
-0.000G001
0.0000000
-0.0000000
0.0000000
-0.0000000

0.0001889

0.0000012
=-0.0000007
-0.0Q

- =0.0

-0.0

1
oo
.

.
[eReN-NollafsleloNolloNaleRoeloRaolleNalelaololeNaoloNoReloNolloNaoallsNolal

000145
000001
000001

153

34
35
36
37
38
39
40
41
42
43
44
45
46
87
48
49
50
54
52
53
54
55
56
57
58

60
61

62

63

64
fc
G
67
68

69

70
n
72




v
COLLOCATIONR

POINT

TABLE r.3

COKPIGURATION OWE: CONCERTEATION RESULTS POR
DI SPERSION COEBPPICIENT=.000107% SQ.CH/S ANLC B=5

ol - «
N v

INITIAL VISCOSITY OP THE OIL= 100.000 Cp

KD= U.00010755Q.CH/sS

NUBLZF OF INTERIOR COLLOCATION POINTS PER ELEMENT= 25
TIME=50,000 §

DT=50,000 S

PRESSURE VELOCITY IX VELOCITY IX CONCENTERATION
(PSI) I DIRECTION T DIPECTION
cuys cB/S IMEFLICIT BR-K
’ MPTROD BETHOD
AY

2.23460712%8 ~G.000000000 10.990000000 0.0467453 0.0458284
1.7374331350 ¢.000000000- 1€.9900000060 0.00C3190 0.0003498
1.37€337514 -0.000000000 10.9900000G0 -0.000C300 -0.0000397
1.2162964 52 -0.000300000 10.990000000 0.004L0174 0.0000238
1. 136850047 -€.000000000 10,950000600 -0.00000€62 -0.0000085
1.110997583 -€.0060C00000 T5f990000000‘ 0.0050020 -0.0
1..06734159¢C 0.000C00000 10.995000000 -0.0040003 -0.0
1.026412€85 -0.€00000000 10.950C00000 0.0000001 -0.0
1.605394578 0.000000000 10.990000000 -0.0000000 -0.0
1.000220212 -0.000000000 10.990000000 0.00¢0000 -0.0
2.2341658¢€1 15.990000000 -0.000000000 0.0461452 0.0458278
2.190594862 €. 000008310 0.000008218 0.04"2528" 0.0410013
1.725676C28 €.000002306 0.000711613 0.00028%4 0.0003129
1.374494716 €.000300389 0.000002910 -0.00002¢€8 -0.0000355
1.215C013063 €-000000262 0.000002984 0.0000155 ©0.0000213
1. 136410532 €.000000097 0.000001210 -0.0080655 -0.0000076
1.124150166 1€. 9903000027 0.000001501 0.0003819 0.0003756
1.11039:502 C.C0u02012 - 0.000001373 0.0000018 0.0
1.06691571Y - €.05002008¢ 0.00000096¢ -0.0000003 6.0
1.026116075 | 0.000000062 0.0000005084 0.0000001 0.0
1.005159837 G. 0Cuuu00s9 0.000000231 ~0.0000000 0.0
1.000000000 0.000000046 0.000000046 0.0000200 0-0
0.995778939 -, 1€.9%0000000 ©.000000000 -0.C000122 -0.0000121
1.72€77€25€ 10-9%6000630 0.0n0ndnnnn 0.02023%% VIRVIVIVEL-X P
i. 115459344 0.000012065 0.000002218 0,00029¢€2 £.0C03248
1L 560305222 (. 690005339 6.006004RRT 4.0090212 0.0600015
1.3316i1033 €.000001817 0.000203230 ' -0.00C00032 -0.0000002
1. 189845828 €.000001019 0.000C02081 S 0.0C00201 0.0000001
“1.123167673 ¢ 0.000000628 0.0000C1478 -C.00%0CCO -0.0000000
12109674172 10.990000000 0.000001357 0.0000027 0.0000030
1.05719a358 €.000000567 0.0000C 125 0.0005C00 0.0
1.057230470 €.000000422 0.000000894 -0.000L0G00 0.0+
1.019322084 €.0C0000297 0.000000507 0.0000200 2.0

154
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(2N

CONTINOED

0.999763864
G.994543017
0.994737782
1.3262272%2
1.32u835028
1..92556261
1.199488026
1.114299050
1.070C58200
1.C6UL0ETHI
1.051507648
1.022612354
0-5%4660298
0.960066789
0.976455723
0.57€301766
1.0968214623
1. 0560640164
1.082352697
1. 04BEU6139
1.013315300
0.993121€93

L-cue61196€

0.9844e5416
0.9706358E€0
0~ 956958608
0.546735906
06-947941227
0-%47€64928
0.521052704
0.951268170
0.¢51620697
0.545670817
€. ¢38572534
C.&-us5¢ng25

T 0.623:22€80

0.932766954
0.929935330
0.527118607
0.525625095
- $28253672
9.925237760
~515318275
0.S1931409¢€
0.919313p35
0-919313450
0.919313277
0.519313086¢
0.9155125¢5
0.915311957
0-519311559
0.21931154¢
U. BB7535858
J- E87360300
Coboudag7
0.892956771
0.%00054357
0.504GE5639
0. 5050036€3
0-905859127

0.00000023¢
0.000000222
1€.950000000
1C. 990000000
G.000003895
0.00000420¢
€.000002731

€.002001663 *

€. 000001288
10. 950000000
€.0000%1062
0.0C0000815
0.0000005A6
0.000000469
C.0C00000u Y
1€. 9900060000

1(.650600000

\

€.0000064532
0.000003593
0.000002736
0.C00001960
€.000001515
1€. 590000000
0.00000133¢
0.000001048
0.'00000076€
0.00000061¢
€.000000581
1. 950000000
1€.950€00000
0.€00003202
€.000003382
0.0000C2756
0.000002009
¢+,000001591
15950500000
€.{0629001403

€.0B0000814
£.000000658
€. 000000619

.10.990000000

0-000003€23
€.000003374
0.006002745
0.000002013
0.090001591
0.000001807
0.0660511%0
0.0C0000816
0.000000660
C.0C00Co62
10. 590000000

Uoudguiizg .

C.0uu00s3n?
0.000302756
€. 000002009
0.0000015391
10.950009000
€C.000001403

0.000000216
€.000000043
0.000960090

~0.000000000
0.00000G2%4
0.000001358
0.C0000 1760
0.000601317
0.000001047

-+ 0.0%00009€5
0.0Cc000895
0.020000€653
0.070600377
0.0002001¢62
0.000000032
0.0
0.000000000
0.000000157
0.000020517
0.0000006€3
0.000900595
0.000000479
0.000000u¢1
£.000000423
0.006000317
0.000000186
0.000000080
€.000000016
0.0

~0.000000000

~0.000000031
0.000000041
0.000000142
0.000000111
0.000000102
0.006000092
€.00000003€
€.000000065
0.900000038
0.000000017
0.000000003
0.0

1€.990000000

1€.990000900
10.9%00004CC
10.550000000
10.590900000
10.990000000
1C. 990000000
10.9%0000000
19.520300600

16.575600000,
0.000000000°

4. 010000021
-0.00000006
-0.000000143

"~=0.000009111
~0.000000102 .

~C.0C0000042
=C.00000008¢€

>

-0.0000000
0.000L0000
~0.0000001
-0.0000395
-0.00003%y
-0.00600003
0.0CC0000
-6.0000000
0.0000000
-0.0000003
-0.0000000
0.0000000
~0.0000000
0.0000000
~0.0600000
0.0600000
0,0000258
0.0000221
0.0000001
~0-0000000¢
0.0C00000
-0.000000G
0.0000002
0.0600000
~0.6000000
0.0000000
-0.000C000
0.0000000
~0.0000000
-0.0000137
-0.0000123
~0.0000001
0.0000000
~0.0000000
0. €000000
~0.00G0001
~0.5000000
0.0000000
-0.0000000
0.0000000
-0.0000000
0.0000000
0.0003773
0.0000026

~0.0000002

€.0000001
-0.0000001

0.0000000 "

-0.U0L J000
+0.0000000

-0.0000000

0.0000000
0.0000037
¢.0000033
0.00C0000
-0.0000000
.0.0000090
-0.0000000

. 0.0000000
© . 0.00000090

OO0

0.0

0.0
-0.0000001
-0.0000524
-0.0000469
~0.0000003

0.0000000
-0.0000000

0.0000000
-0.0000004

Q.

cooo

coooCo

0.0000000
0.0000354
0.0000316
0.0000001

-0.C000000
0.0000000

-0.6000000
0.0000003

=0.0000170

=0.0600152

~0.0000001
0.0006G0D0

-0.0000000
0.0000000

-2.0000001
0.0

[=NeNoNal

0-0000000
0.0003€699
0.000002y

-0.0000003
0.0030032

-0.0000001

-0.0

=0.¢

. +0.0

34
35
36
37
38
39
40
41
82

43

4q

46
47
48
49
50
51
52
53
54
55
56
57
58
59

60 -

61
62
63
64
65
66
67
68
69
76
7
72
73
74
75
76
77
78
79
1]
81
82
83
64

86
ey
86
89
90
91
92
93
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CONTINUED

qu
95
9¢
97
98
99
100
101
102
Y03
104
10°%
106
107
108
109
110
111
12
113
114
1':
116
117
118
19
120
121
122
123
124
12¢
126
127
128
129
130
131
132
133
134
13
136
127
138
139
1450
1461
182
143,
144
e
146
W7
148
19
150
151
152
153
154
155
15€
157
158
159
160

0.908689709
0.911505210
0.912y97921
0.9133¢9357

0.4713385344

0.741E606887
0.742588053

0.7°6275154:

0. 789581189
0.625307313
0. 845504271
0. E49954 089
0. €54140350
0. £€7988797
). B8B1L6uTH3
0.ELBBEO6LIS
0.ESCLEIOE]
0.5%56757450
0.512600976
0. 12753108
0. 546071503
0.€38639194
0.724327403
0.7€8567732
0.77€219053
0.787117826
0.616011833
0. 843962176
0. £58556142
0.862166920
0.562318942
0.111851979
0.123168836
0.27€5185E5
0.506516268
0.6u68780591
0.715433145
0.728951484
0.741430546
0.731393369
0-£19295371
0. 638854326
0. 43673269
6.803378438

-0- 395537344

-0. 352366438
0-112952019
0.466132755
0.623613570

- 0-70221587
0.714475660
0.726226996
0.771708184
0.812505230
0.833456586
0.636610392
0.€38830961

-0.395978617°

0.101194783
0. 462290047
0.622330276
G. 701776040
0.7276280G1
0.771282381
0.812208681

0.633221384 |

0.€38389694

0.000001108
G.000000814
C.0C0000E5E
0.006000619

10.990000000
1€.930000600
€.000004532
0.000602593

%, 000002736
0.C20001960
0.006001515

10.9950000034.
€.-00000 1ERw
0.006001 ¥
0.000GH0 Thts

0. 0cggiob6Te .
0.000020581>"

10.5950020000
10.990000G00
0.000003895
0.020004206
€.000002731
0.000001€63
0.00000124u
1€. 990000000
0.000001062
0.00000081%
0.000000586
0.000000469
€. 0000000641
10.990000000
1€. 590000000
0.000012065
0.0000605339
0.060001817
0.000001019
0.000000624
1€.950000000
0.000090557

C.000000822 -

0.000030297
€.C0000023¢
C. 000000222
1€.590C00000

10.990000000 ¢

L#0- 000008315
0.000002306
0.000000389
0.000000262
0.000000097
10.990000C00
0.000000124
€.000000085
0.000000062

0.000000089

0.000000046
10.990000000
-0.000000000

-0.000000000

COCO0OOO0 DOS

n-
00000000
00000000

s

’

-0.00000006%
-0.600000038
~G.500000017
-0.00C0000063
0.0.
0.000000000
~0.000000157,
-~0.000000517
-0.000000663
-0.000000595
~0.000000479

;. =0.@00000451
£ -0,800000423

W 0400000317

' ’;

4=4,000000186
¢ =0 000000080
5.000200016
*20.900000000

0.000000000
'~=0.000000254
~-0.0000013¢%e
-0.0000017€9
-0.000001317
-0.000001047
-0.0000009¢5
~0.000000895
~0.0000006%3
-0.0@8000377
-0.0000001€2
~0.000000032

6.000000000

€.000000000
-0.00C002218
-0.00000uE27
-0.000003235
-0.000002081
-€.000001470
-0.0000013¢%7
-0.0000012¢%1
~0.000000854
-0.90000005C7
-0.000000216
~(.000000043
20.000000000

0,000000000

i =0.5d0008218

-0.506011613
. =£.000002910
-0.0000029E U
~-0.0000012%0
-~0.000001501
. ~C.000001373
~0.000000966
-0.000000544
~0.000000231
-C.000000046
0.000000000
10.990000000
10.9290000000
10.990000000
10_scnnnpnon
16.950000000
10.9900600000
:10.990000000
1¢-990009900C
1€.990000000
10.990000000

-0.0000000
0. 0000000
~0. 0000000
0.0000000
-0.0000000
-0.0500012
~0.0000011
-0.0000000
0.0000000
-0.0000000
0.60C0000
-0.0000000
-~6.0000000,
0.00C0000

-0, 0000000

+0.0000000
-0.0000000
0.0000000
0.0000005
0.0000005
0.0000000
-0.0000000
0.0000000
0.0600000
0.0000000
0.0000000

0.0040000 "

-0.0000000
~-0.0000000

0.00¢0000
-0.0000000
-0.6000010
-0.6000009
-0.00000C0
-0.000000C

0.0000000
-0.0000000
-0.0000000

0.0000000

" ~0.0000000

0.0000000
-0.0000000
-0.0000000

0.0000000

0.0000006

0.0000005
-0.0000000

0.0000000 .

-0.0000000
0.€000000

0.0000000.

-0.0000G600
0.0000000
-0.0000000
0.0020000
0.0000000
-0.0000000

-0.90006112 -

=~0. 0000001
0.00000C0O
=0.00C03000
0.0000000Q
=~0.0010000
0.€0000060
~0.0000000
0.0000000
~0.0000000

oS o
.
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184
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COLLOCATION
POINT

- .4
CWUD~O N T WN =

AN b md b md b b eh b b
Y IV RN I VAR S NS

INITIAL VISCOSITY OF THE OIL=,

TABLEZ F.®

CCNFIGURATION ONE: CONCENTPATION BESULTS MCR
DISPERSICA COEFFPICIENT=.01075 SQ.CM/S ABD BrS

KD= 0.01075005Q.Cn/5S
NUMSEF OP INTERIOP CCLLOCATION POINTS PER ELEBENT= 25

TINE=50,000 S
DT=50,000 S

PEESSURE
(PSI)

2.234607128
1.737433350
1.37€337514
1.21€2964¢2
1.13€850047
1.31169975€3
1.067311590
1.02t412655
1.0053%4578
1.060220212
2.234165861
2.190954862
1.725€76C28
1.374454719
1.215013063
1. 136413532
1. 1241501¢€6
1110393502
1.066915711
1.026116¢€75
1.005159R37
1.000060000
0.999778939
1. 76776 246
1.715L56 344
1. 560105222
1.331611033
1.129845628
1.123167673
1. 109674172
1.097194358
1.057230470
1.079322084

T et

YELOCITY 1§ -

X DIFECTIOR
cu/s

-C.000000000

0.000000000
-0.000020000
~0. 080000000
-0.040060000
~0.020030000

€.000000000
-6.500000000

@ 0.020000000

-0.000000000
1€.950000000

. 0.€00008310

€.000002306
0.46C0000389,
€.000000262
€.000006G97
10. 950000000
G.0l0u0vI24
0.(G0Q00089
0.000000062
0.000000089
0.00000004¢6
1C.990000000
10.990000000
0.0C0012065
€. 0633005336
€.000001817
0.000001019
¢.00000062u

©10.9%0000000

0.0L0000567
0.0000008&22
0.000000297

100.0C0 CP

VELOCITY IX
Y DIBECTION
cu/s

1¢.990000000
10.990000000
10.59C000000
10.990000000
10.990000000

10.990000000°

10.990000000
10.990000000
10.9%90000000
1€.990000000
-0.0000200000
0.000006218
0.030011¢ 12
€.00C002910
0.0000¢C2¢6Ge8
0.00000121C
0.000001501
0.00£00127]
0.0000G096C
0.0000005u44
0.0C0000231
¢.0Cc00000UE
0.00000000¢0
a.annnnnnan
0.3¢0C02214
G NGOG LART
0.04600023230
0. 000007081
.0.000001474
0.0000013£57
0.0000012¢1
0.00000089¢%
0.000000%07

CORCENTRATION

IMPLICIT R-K
¥ ETHOD METHOD
0.0430028 0.0367040
0.0011293 0.0009224
-0.0001575 -0.0001864
0.0000956 0.0001348
-0.0C01126 -0.0002525
0.0000464 -0.0
~0.0000024 -0.0
0.0000010 -0.0
~0.0000007 -0.0
0.0000006 -0.0
0.0430952 0.0367067
0.03€5935 0.0329442
0.0010166 0.0008283
-0.0001418 -0.0001675
©oe.oG0ces2 0.0001210
~0.0001022 -0.6002267
0.0002993 0.0001529
0.00006417 0.0
~0.0003022 0.C
0.0000009 n.0
-0.0000007 v.0
0.0000006 0.0
~0.09000¢4 ~0.60C0049
0. nn110T n_oroozle
0.001025A 0,0008377
[VITIVISKV I o} 0.00CJ234%
~0.003C%64 ~0.0000050
0.000C037 0.0000034
-0.0040043 -0.0000063
0.00000€7 0.0000035 °
$.0000016 0.0
-0.0000001 0.0
0.0000009 2.0
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CONTINUED

0.999763864
0.954943017
0.994737762
1.32€2272¢2
1. 324835028
1. 292556261

"1.199988026 °

1- 1142995050
1..670058200
1. 000406743

" 1.051507¢6u48

1.022€12394
6. 9546€0298
G.5800€€6789
0-97€455723
0.5763017¢6
1.09¢621423
1. 09¢0401€4
1. 082352657
1.048646129
1.013319300
0.5931218¢3
0.9BEETIIEE
0.964485416
0.970635860
0. 556958608
0- 945735906
0. 54734122

0.947864928
0.551052704
0.951266170
0.951¢20697
0.%45€670817
0-538572534
0.534560825
0.633622€80
0.532766954
0.929%35330
0.927118607
0.925625095
0.928253672
0.525237764
0.915314279
0.91931403¢€
0.919313838

. 0.919313450

0.619313277
0.91931308¢
0.919312565
0.919311957
G.9%16311559

TN G1CI1TSUR

G- 857535858

4 RAT30G300

G.€37007407

0.882956771

0.9000541357
0. 904065635

.0. 905003083

0..505859127

Xl
e,
058 603202

0.000000236
0.000000222
10. 950000000
1. 59905000000
6.000003895
0. 020004206
€. 000002731
0.000001663
0.000001244
10. 959000000
0.0%0001062
0.000000815
€. 000000586
0-060000469
0.00000044 1
10.590000000
1. 390009000
€.000004532
0.000003593
0-000002736
0.000001960
0.0060001515
1€. 950000000
0.000001339
0.080001046
0.000000766

© 0.000000618

£00Q00581

194000000
£30000000

€. 0%0003382
0.C0000275€
€.600002009
€.000001591
1€. 990000000
€-00Q001403
£.000001108
0.000000614
©0.0003C2658
6.00000061%
1590000000
€.000003623
€.000303374
0000002745
¢to0000201
0.000001591
0.000001607
€.000001110
¢.00000081¢
0.000000€60
0.0600600621
16.590000000

C-.000C03202

€.0630002382
0.000002756
0.00000200¢
€.000001591
10.99000000C
C.000001403

o4

0.000000216
€.600000043
0.060000000

-0.040000000

.0.000000294

“%.00000125¢
0.000001769
0.000001317
0.000001047
0.000000965
0.000000€ 9%
0.000000653
0.000000377
0.000000162
0.000000032
0.0
0.060000000
0.0000C0157
0.000000517
0.000000662
0.£%0000595
0.000000479
0.0C000045
0.000000423
0.000000317
0.000000186
0.000000080
0.000000016
0.0

-0.000000000

~0.050000031
0.0200000a1
0.000000143
0.000000111
0.040000102
0.000000092
0.00000008¢
€.000000065
0000000038
0.0C0000017
0.000000002
0.0

10.980000000
10.550000000
10.9%000000C.
10.990000000 .
10.990000000
10.990000000
10.990000006C -
10.990000000
10.9900000C0
1€.550006000
0.000000000
£.0002000 23

-0.000000041

-0.000000143

~0.000050111

-0.000000102

-¢.600000052

~0.000000086

-0.0000000

© 0.0000000

-0.0000001
-0.0001¢£52
-0.00C 1487
-0.00000¢€7
0.0600009
-0.00630005
0.0G20006
-0.0000010
-0.0000002
0.00C0000
-0.0000000
0.0000000
-0.00C0000
0.00600000
0.0001%025
0.0600%22
0.0000039"
-0.0000006
6.00600003
-0..0000004
0.0000006
0.0000002
-0.0000000
0.0000000
~-0.0000000
0.0000000
-0.0600000
-0.0091168
-0.0031069
-0.0000045
0.000600¢
-0.0050004
0.0050005
~0.0000007
-0.0000002
0.0000000
~0.0000000
0.0000000
-(.u000000
0.0000000
0.0C029€1
0.03000¢5
-0.9¢00009
0.0000006
-~0.€0060007
0.0C02003
0.000000%
-0.0000300
0.00J50004
0.0000468 -
0-0000ug
0.060¢016
-0.0000002
0.0600001
=0.0000002
0.0000003
0.000C201

0.0
0.0

-0.0000001

~0.20019¢64
-0.0001764
-0,0000051

0.0000011.

~0.0000008

0.0000014
-0.0000007

.
-

DO OoCOO
cCoooo

0.0000000
0.0001838
0.0001291
0.0000036

-0.0000008
0.0000005

~-0.0000010
0.G6900005
0.0

-0.0000000
-0.0002586
~0.0002322
~2.0000063
0.0000013
~0.0020010
0.0000016
+-0.0000009
0.0

-
-

oo COoO
oo o

0.00C0000
C.0001487
0..0000034%

-0.0000006

0.0000035
~0.0000009
~0.0
-0.0
-0.0
-0.0
-0.0
-V.u

J.9

OO OOC
.
[=NoB=jeNolal
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CONTINUED

94
95
96
97
98
99
100
101
102
103
104
108
10¢
107
108
106
110
1
112
113
118
115
116
117
118
119
120
121
122
123
124
12¢
126
127
128
129
130
131
132
133
134
13¢
‘136
137
138
139
140
141
Wz
143
1wy
e
146
W7
148

;149

150
1%
2
153
154
15S
15.€
157
- 158
159
1606

0508689709
0.911505210
0. 9129¢7921
0.913369357
0.5123853uy
0.761606887
-0. 7425668053
0. 356275154
0.7€9981189
0-€25367313
0. 845504271
0. 849554086
0- 854140350
0. €€7588797
0. 681664743
0. 888866499
0. £906£1082
0.£36757450
0.512600976
0.£13793108
0-546071503
C.€36639154
0.724327403
0.7€¢ES€7732
0.778219053
0.767117828
0.816011833
0.643962176

858554142
ol €62164920
0

862318942
0. 111851979
0.123168¢E39
0. 2765185685
0.E50¢€6162C8
0.64€780591
0. 715438145
0.778551484

0.741430946

0.7813533¢€9
0.£8152993M
0.83885432¢
0.843673265
0.8u3B78438
~0.39553734y4

. =0.352366436

0.712952019
0-.464132755
0.€2361357¢
0.702215431
G. 7164475660

0.728226996 .

0.771708184
0.812505230
U. 8334p06586
0.836€10352
0..836630961
~0.395978617
0.101194783
0.462299047
0.622330226
0.701776040
0.727628001
0.771282381
0.8122086¢€1
0.8332213¢4
0.33838%694

0.000001108
0.000000818

€. 000000658

€. 000000619
10. 9%0000000
1€.920000000
6. 000004532

€. 000003593
10.00000273¢
C.C00001560

€. 000001515
10.990000000

. 0.000001329
L, gl0000010uE
(i . 30.00000076€
102000000618
" 0,000000581
0l 550000000
16.590000000
0.0%0003e9¢
0.000004206
0.0000602731
0.000001663
0.000001264
10.950C00000
C.000001062
0.000000815
0.000000586
0.000000469
0.0000008a1
10.590006000
1€.596003000
€.0000120¢5
€.C€00006%339
€.000001817
C.000001019

C.G000000624 -

10.9%000000¢C
0.000000567
0.000000422
:C-G00000297
€. 000000236
C.000000222
10.990000000
1¢.990000000
0.000008310
. 0-000002366
0.000000389
0.000060262
0.000000097
10.530000000
0.0000C0124
0.000000089
0.0000U0ueY
v.u00000089
0.000000046
10.990000000
~0.000000000
0.0
-0.000000000
0.0

00000000

0
0
[¢]
0
Q
0.000000000

0
0
0
0
0
o

~0.000000.15
~0.000000C 38
~0.000000017
-G.000000003
0.0
0.G6C0000000
-0.000200157
=0.000200517
-0.0000006E3
-0.000n9050°¢
-0.0000004709
~0.600000u451
=0.000C00423
'~0.000000317
-0.000000186
-0.000000C80C
-0.00000001¢

-0.000000000

0.000000000
-0.000000298
-0.00000135¢e
~0.0000017€9
~0.000001317
~0.000001047
=0.000000965
-0.C000008€5"
-0.000000653
-0.000000277
-0.000000162
=-0.000000032

0.000000000

0.000000000
-0.000002214
~0.0000048R?
-0.060003230
~0.000002081
~0.000001474
~0.000001357
=0.0000012¢%1
=-0.000000894
~0.000000507
-0.000C00216
~C.000600043
~0.000000000

0.000000000
=0.000008218
~0.000011613
=0.020002910
=0.0000G2z%8u
=0.0020061210
=0.000021501
~0.002051373
-0.000000966
=0.06u30058%
-0.000000231
-0.000C00046

0.000000000
10.9%0000000
10.950000000
10.9€0000C00

1C.9¢0200000

10.9%0000000°

1C.9€0000000
1C. 90000000
10.650000000
10. 950000000
10.9%0000000

=0.0060000

0.0GC0000
-0.002C000

0.0000000
-0.00°0000
~0.0000029
~0.0000C26
-0.0000001

0.0000000

-0.600L0000
0.06{0000
-0.0€00009
-0.0060000
0.0000000
-0.0000000
0.00C0000
-0.0000000
0.00L0000
0.0000012
0.00C0011
0.0060000
-0.00000G0
0.0000030
~0.00C0000
0.0¢00000
0.0000000
-0.00C0000
0.0C00000
-0.0000000
0.0000000
-0.0000000
~-0.0000013
-0.0000011
-0.00C0000
0.0050000
-0.0000000
0.0C20000
~0.00C0000
-0.0000000
0.0000000
~0.0000000
0.0000000
-0.0000000
0.0C020000
0.0050005
0.0000008
0.00000C0
-0.0C90000

VIV VIV TeRvId)

-0.0000000
0.0000000
0.0C30004

-0.0000000

. 0.0c00000

-0.00000%0
0.00000

-0.0000000

-0.0900059

-0.0000001
0.009000¢C

-0.0000000
0.60¢0000

~25 0000000
4, 0000000

=0.0080000
0.0C20000

-0.00U0000
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oo

)
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0000000
-0000000

94

95
96
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98
99
100
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104
105
106
107
108
109
110
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118
113
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121
122
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124
125
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127
128
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130
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134
135
136
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140
141
142
143
144
165
146
147
148
149
150
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152
153
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TABLEZ P.5

CONPIGUEATION TWO: CONCENTRATION BESULTS POR
CISPERSIOY COEFPICIBNT=,0001075 SQ.CM/S AND N=3

[P

INITIAL VISCOSITY OP THE OIL=
FD= 0.0C310755Q.CH/S
KNUNMEEF OF INTEFIGE COLLOCATION POIRTS PER ELPNERT= 9

100.000 CP

TIKE=50_000 S [

DT=50,000 S

0.000000000

CONCENTRATION |

PRESSURE VELOCITY I¥ YELCCITY IX
(PSI) I DIRECTION Y DIfECTION .
cn/s cm/s INEIICIT R-K
NWETHOD METHOD
1.588869925 -(.000000000 1€.990000000 0.0087392 '0.0087289
1..533457832 €.000000000 10.99000000¢C 0.0000125 0.0000128
1.251182955 0.060202000 10.990000000 ~0.0000022 ~0.0000022
1. 160393302 0.000000000 10.990000000 0.0000005 -0.0
1.050134430 6.000000000 10.99006CC00 ~0.0000001 -0.0
1.0025%8610 ~-0.000000000 1C€.990200000 0.0000000 ~0.0
1.5686€9553 10.990000000 ~0.006C000000 10.0087352 0.0067289
1.545329422 .. 00000348€ 0.000003uAr 0.0076954 0.0076904
1.520076363 0.030001(97 €.0500052%6 0.0000110 0.0000113
1.247282129 €.000000>34 0.0000C1980 -0.0000C13 -3.0000019
1.202126004° 10.990000000 0.000002102 .g.ccu21es 9.0002182
1.157051501 0.000000286 0.000001220 110.0000004 6.0
1.047500608 £.000000228 C.0000600879 -0.0000001 0.0
1. 060002000 £.000000225 0.02000022¢ 0.00C0Q00 0.0 :
0.9974C(451 16-9900600000 0.60000000¢ -0.0000167 -0.0000168
1. 53745 E3€C 15.950000000 0.000200000 0.0000125 0.0000128
1.52007¢582 0.00000525¢€ 0.000301087 0.0000110° 0.00080113
1.35%0622353 C.CU0002uu3 0.0003C2443 0.00LCI00 0.0000000
1. 183024121 €.000001215 -0.036001920 -0.00450000 -0.0000000
1.14072€013 1C.990000000 0.000321771 10.0000003 ¢ 0000003
1. 101913591 0.000601052 0.000C01602 0.0000000 .0
1.000006148 0.000000960 0.000000960 ~0.000000U 0.0
0.552508463 0.000000979 0.000000228 0.00060200 0.0
0. 5uy3743006 10-590000000 a.0nnnnnnnn -0 _nnnnnnn ~n _nannnne
1.251184709 1€.930C20000 0.000200000 ~010206022 ©-0.0000022
1.2672528u6 0.82C00198¢ 0.60006G330 -C.0050019 -U.0Yuuv019
1.183025236 0.000001920 €.000001215 -£. 000500 -0.0009000
1. 069694732 C.000001547 0.000001547 0.00000060 0.0000000
1.0543524 84 1€.590000000 0.000201%15 -0.0000001% -0.0000001
1.000008602 <0.000001465 “0.0000014¢5 =0.0000000 0.0
0. 858101952 0.000001602 0.000001052 0.0000000 0.0
0. 862962680 0.000001820 €.000000286 ¢ -0.0000000 0.0
028356212158 10.990000000 0.0900000 0.0000000
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CONTIKROED

kL]
35
3€
37
e
39
LXe}
81
42
83
LR
85
46
47
Ge
49

3
>

5B
52
53
Sy

[
5

<6
S7
5g
59
€60
61
62
€3
6n
65
66
€67
€8
€9
70
n
72

1.202128214
1.146729552
1.03432859
0. 965665180
0.€59268295
0-757889409
11603956049
1.1570546¢5
1.161915563
1.0000033€65
0.9€5665556
0-530323350
0.£16952827
0.752734110
0.74£833237
1.050140260
1.047506295
1.0600010081
0.698103994
0- 655289634
0.616993942
0- 640335622
0.475541778
0-4665€0287
1. 002609424
1.000010338
6~952514151
0- 842965384
0.757691619
C. 752735927
0~ 479942297
0.65u685489
0.01114897¢
G.5574112€5
0.549660198
0.£35623561
0.748834991
0.466560635
0.011145999

660002102

000001515
.04,000001515
0.0%00017714
0.000002102\
1C. +506000000
0.0600001820
€. 000001602

0.0000014€5
1€. 950000000
€.030601537
€. 600001920
0.000001980
10.990000000
10.590000000
0.000000979
0.600000960
0.000001052

1C. 550000600
6.000001215
0.000002443

C. 000005256
1€. 50000000
1€. 990000000
0.030000225
0.6<0000228
0.0L0000286
12.€50000900
€. 00000033y
0.9C0001097
€. 60300348t

16. 59000000

<AgprQoox771//

)

~C.00CCo0000 -,

€C.0000v0090
~C.000000000
=0.0C0000000
€.0C0000000
-0.000000000

10.990000000
10.990000000
10.950000000
1€.990000000
16.9900600000
10.950000000
~0.009000000
€.000000286
€.0000010%2
0.00030 1465
0.0G0GC 151%
0.000001547
€.000001215
0.000000234
0.0
0.000000000
0.000000228
0.0C00009¢0
0.00030061602
0.0C0001771
0.060001920
0.000002443
€.Q£00010%7
0.0
0.000000000
0.020000225
0.000000979
0.000001£20

0.002002102.

0.000001980

€.0000052¢%¢

0.000003uBE
=0.000300000
10.590000000
10.920000000
10.990000000
10.9%0000000
18.990CC0000
19.990000000

|

0.0002188
0.0000003
-0.0000001
0.0000000
-0.0000000
0.0000000
0.0000005
0.0000004
0.0000000
-0.0000000
0.0000000
0.0000000
-0.0000000
0.0000000
-0.0000000
~0.0000001
-0.0000001
-0.0000000
0.0000000
-0.0C00000
-0.0000000
0.0000000
-0..0000000
0-0000000
0.0000000
0.02000000
0-0000000
-0.0006000
0.00C0000
0.0040000
-0.0000000
0.00000/00
-4.0000000
-0.0000167
~0. 0000000
0.0000000
-0.0020000
0.0000000
-0.0000009

0.0002182
0.0000003
-0.00060001
=0.0
=-0.0
-0.0
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TABLE F.6

CONFIGURATION TwO: CONCENTRATICN BESULTS PCE
DISPLRSIOL CCEPFICIENT=.01075 5Q.C%/S AND N=3

w®

IBITIAL VISCOSITY OP THE CIL= 100.000 Cp

¥D= 0.01075005Q.CN/5
NUMBER OF INTERIOE COLLOCATION FOINIS PER ELEMENT= 9

TINE=50,000 S

DT=50,000 S

PRESSURE
(PSI)

1.988869925
1. 5334578632
1.25118295%
1.1603¢3302
1.050124430
1.00259€610
1.9883€9453
1.945329422

1.52007€363

1.247262129
1.202126006
1.157051901
1.047500608
1.600060000
0.5974G0451
1.£334523380
1.820C708€2
1.359652893
1183028121
1.140728013
1.101913591
1.000006148
0- 952508463
0.949874364
1.231164700
1.247283846
VIR0 7S 73R
1.069654732
1.034352484
1.00000¢603
0.698101992

0.842962L80

C.839621215

YELOCITY IR

I DIRECTION
ch/s

2
-€.060000000

0.000090200
0.00C 200000
0.0€0000000
0.06L0000000

-0.000000000

1C.5%0000000
€.00000342¢
€.000001097
€.000000338

10.990000000
0.CL0000286
0.000060228
€.0C0000225

10.590000000

1C.§90C00000
€.00000525¢
€.0C0002443
€.000001215

10.5%0000000
0.000001052
0.0C0000960
0.000000979

1.590300000

10.990a00000

0.000001980

9000001920
. €.600001547
10. 596000000
0.000001465
0.000001602
0.0000018620
10.990000000

~

VELOCITY IN
Y DIRECTION
cuss

10.990000000
10.990000000
10.990000000
106.9900€9200
10.950000000
10.990000200
-0.0C0000000
0.000Ch3uet
0.00000525€
0.00001980
0.000002102
0.000001820
0.0€0000579
0.000000225
0.000000000
0.000020£00
0.060301097
0.060002642
0.000001920
0.000001771
0.06000 1602
0.000CC09¢0
0.005000278
0.08G300000
C. 00000000
0.000000334
£.000701215
0.0C0301547
0.006301515
0.00900 1HES
0.000001052
€.000000286

0.000000000 -

'

CONCENTEATION
INPLICIT R-K
8ETEOD NETHOD
0.0086012 0.0063526
0.0000€02 0.0600531
-0.0000215 -0.0000343
0.0CUCIT3 -0.0
-0.0000007 -0.0
00030002 -0.0
0.00€012 0.0063526
0.007537¢ 0.0073677
0.00C0%32 0.0000U69
-0.0000190 -0.00003p3
0. 0002054 0.0001896
0.0000065 0.0 - |
+=0.0000007 0.0 f
0.0000003 0.0 |
-0.0000144 -0.0000146
0.60006 02 -.0.06D0531
0.00%0%32 G.0000469
0.0C20007 0.0000004
-0.0000202 -1.0000002
0.0000014 0.0000012
0.0000021 5.0
-0.0000000 0.0
0.00006006 0.0
-0. 0000301 ~0.0000001
-0.000LE8215 -8.00383%3
-0.0000190 -0.0000303
-0.00C00902 -0.0000%0C
0.0000001 0.0000902
-0.0000905 -0.0000005
-0.0020000 0.0 |
0.0000000 0.0
~0.0900000 0.0
0.0000000 - 0.0000001
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S

CONTINUED

kL)
35
36
32
38
39
40
41
82
42
4a
45
a6
87
ug
49

51
52
53
s
55
56
57
5¢
59
€0
61
62
63
64
€5
66
67
68

7C
71
72

1. 202128218
1. 160729552
1. 034352859
0. 965665180
0. 659288255
0.757869409
1.1€€396049
1.157054605
1. 101915593
1000009365
0. 965665556
0.93:0323350
0-616952827
. 752734110
0.7u8833237
1.050140264
1.047506295%
1.000010081
0-898103994
0- 859269834
0.61€953942
0..£40335622
0.479941778
0. 466560287
1.002609428
1.000010338
0.952514151
0.BUZ965364
0.797851619
0..752735827
0.479962297
0.054639489
0.011146970
0.65T4112€65

-0.545530198

0.825623961
0. 7u4B8E34951
0. 466560835
0.011148999

*0.000002102
0:000001771
€. 000001515
0.0000215*¢%
G.0C00CY77Y
0.000002102
10.590€00000
€.0000201820
0.000001602
6.000001465
10.990C00000
0.000001547
€.000001920
0.C00001980
1C.990000000
1(.990000000
0.000000979
0.0600000960
€.000001052
10.%90000000
0.000001215
€.000002uu43
€.000005256
1€.9%0000000
1(.990000000
€.000000225
0.000000228
€.000000286

1€.990000000°

€. 000000334
€.000001097
0.000003886
1€.990000000
-£.0000000C00
0.000000G00
~0.000000000
~0.000000000
G.000000000
~0.000000000

10.990000000
1£.950000000
10.990000000
10.960000000
10.960000000
1C.990000000
-0.066000000
€.000000286
0.C0000 1052
0.000001865
0.600001515
0.000001527
0.000001215
0.000000338
0.0
0.000000000
0.000000228
0.000000960
0.00000 1602
0.000001771
€.000951920
0.0000C20443
0.0000010¢7
0.0
0.000000000
€.000000225
0.000000979
0.000001820
0.000002102
€.000901980
0.000005256
0.000003486
-0.000000009
10.980000000
10.5%0000000
10.990000000
10.990000000
16.990000000
10.950000000

0.0002054
0.0000014
-0.0C00005
0.0000002
-0.0000000
0.000C000
0.0000073
0.0000065
0.0000001
-0.0000000

0.0000002 -

0.0000000

-0.0000000

0.0000000
-0.0000000
-0.0000007
-0.0000007
-0.0000000
0.0000000
-0.0000000
-0.0000000
0.0000000
-0.0000000
0.0000000
0.0000003
0.0000003
0.0000000
-0.0000000
0.0000000
0.0000000
-0.0000000
0.0000000
-0.0000000
-0.0000144
-0.0000001
0.0000000
-0.0000300
0.0000000
-0.0000000

0.0001896

0.0000012
-0.0000008
-0.0

o
)

COO0OO00OO0OOCO0O

i
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COLLOCATION
POINT'

VO AN E WK -

INITIAL VISCOSITY OF THE OIL=
0.0001075s0.CH/5

"KD=

TABLE r.7

100.000 CP

COYPIGUFATION TWO: COWCENTFATION RESULTS POR
BISPERSION COEFFICIENT=.0001075 SQ.CM/S AHD N=5

A
* NUMBEEK OF INTERIOR COLLOCATION POINTS PER ELENENT= 25

TINE=50,000 S

‘Dr=50,000. s

PRESSURE
(P51}

2.395794653
1.853573156
1.514036351
1. 325556066
1-223481067
1.185775722
1.11649111¢
1.050122807

1. 310663730

1.600440853
2.395794659
2.352402911
1.882020956
- 512347532
1. 324348961
1.223057498
1.204854747
1.185160685
1.1189%988901
1.049672205
1.010223472
1.000000000
0.99955814€
1.853573310
1. RR2A7YINA
1.721273002
. 473274547

1.300976262.

1.210206€70
1190378752
1. 171835111
1.107509133
12039267538

VELOCITY I¥

I DIRECTION
ca/s

0.000000000
~-0.000000000
0.000Q00000
~0.000000000

0.000000000 -

-€.C00000000
0.000000000
0.000000000

-0.000000000

-0.000000000

1. 990J00000
0.060005264
0.000002263

0.000000356

0.000000246
€. 000000054
10.$90£00000
€. 000000128
0.000000105
0.000000094
0.000000092
0.000000092
1€. 990300000
10.990000000

WLLLERTEE

0.000005123

C.0nG1M1eRS
€.000000938

o> 0.000000¢€0R
10. 990000000

0.000000583
€. 060000502

0.000000459

VELOCITY IN
Y DIRECTION,
cH/s

10.990000000
10.990000000
10.990000000
10.990000000
10.950000000
10.990000000
1€.990000000
10.990000000
1€.9900G0000
10.990000000
0.000000000
0.000008264
0.000011834
0.0000C3351
0.000003566
0.00000 1824
0.000002122
1.000001943
0.000001547

. 0.000000985

0.000600452
0.000000092
0.000000000

-0.000000000
0000002222
0.000005123
0.000003F90
0.000002€59
0.000002132
0.000002017
0.000001909
0.000001%12
0.000000976

CONCEKTRATION
INPLICIT B-K°
METHOD ®ETHOD
0.0461469 0.0458263
0.00032u49 0.0003568
-0.0000342 -0.0000454
0.0000205 0.0000282
~0.0000085 ~0.0000112
0.0000026 -0.0
~0.0000005 -0.0
0.0000002 ~——0.0
~0.0000001 -0.0
0.0000000 ~0.0 ' -
0.0461469 0.0456263
0.0412828 0.0410013
0.0002907 0.0003187
~0.0000306 . -0.0000406
0.0000184 0.0000252
-0.0000076 -0.0000100
0.0003805 0.0003737
0.0000023 0.0
~0.0000004 0.0
0.0000001 0.0
-0.0000000 - 9.0
0. 0000000 0.0
~0.0000121 -0.0000121
0.0003249, 0.0003564
C.2002537 C.5003CT
£.0000018 3.0000G15
,~0.0000003 ~0.C005003
0.0030001 0.0000001
-0. 0000001 -0.0000001;
0.0000527 0.0000029
0.0000000 9.0
-0.0000000 0.0
0.0000000 0.0
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CONTINUED

38
35
3¢ &
37
3e
‘a9
80
41
82
- 3
aK
45
a6
a7
LY
45
50
€1
€2
53
54
s
5¢
57
Se
5o
T 60
61
62
€3
64
65
113
67
68
€9
70
71
72
73
74
75
76
17
78
79
80
81
62
83 .
au

AB89 -

W

1
1
1
"
1
1
1

1.000008814
0. 969785833
0.989345338

1.514037077,

1.51234¢8252
1.473275176
1. 356043675
1.232€51510
1. 158569700
.o te1111387
1.124405368
1.0656€95113
1.000013753

C.S€0756949

6-9503515C0
0.549500948
1. 323557758
. 328350686
. 309877821
- 232652862
S 148345172
LOEULUFS0T
. 0E%376634
. CS54SET12S
1.00601630¢
0..934361581
0. 852520005
0.881035932
0.8805377€7
1.2234837€1
1.223060182

1.210208558

1. 158571503
1.068445C2938

1.G26716557 °

1.014327392

©1.000017638

G. 945466557
0.875527286
0.828446585
0.814571028
0.8142560€2
1.204857717
1.190381512
1.181113403
1.069377035"
1.014327€00
0.985708205
0-530657831
0.858921785
0.809¢53523

. '0.795177504
+ 1. 185778962

1185163523
1171588159
1.124407667
1.05-565353
1.000018055

0.¢05708412 ..

0.971316162

C.000009452
€.000000452
1€. 490002000
1€.99007%000
€.000003351
C.00007%3699
G.00000235u
C.000001u77
0.000001205
1(.990000000
€.000001101
0.000031001
C.000000962
0.€00000976

4

1€¢. 990990006
1.£.9%00600000
0. 000003566
€.0000032699
€.020002083
€. 000001643
0.000001450
10.'990C€00000
€.000001404
€.000001365
€.000001819
0.000001512
€. 000001547
1€.990000000
1€.950000000C
€. 000001829
0.000002132
0.C0UND1EET
6.00000158¢
0.0000015G5
1€.590C00000
0.000001489
5.000001531
0.000001709
0.000001909
, . 000001993
1€.9508C0000
0.000032122
C.C00302017
0.00N0031781
0.000021562
€.000001499
0.000001a%9
0.000001562
0000001781
C.000002017
a.n0pnan2 127
10.950020000
. 6.000561993
0.0000271909
0.000C01709
. 0.000001531
0.000001489
1€.990000000
0.000001505

.

€.000000985

Y

0.00CNOOUE?

0.000000092
0.0 .-
-0.200900000
0.0000003%¢
0.000001655
0.0600002254u

C.000002082

€.000001861
0.500001781
0.000001709
0.000001819
6.0000009€2
0.0000004%9
0.000000054
0.000G20000
0.00000000C
0.00000028¢%
0.000000938
0.000001477
0.000001€43
0.000C0 15 BE
0.0000015€2
0.600001°31
0.0000013€5
© 0.000021001
0.000000502
$.00000010¢
-0.0€0000000,
-0.000000000
€.000000054
0.000000608
0.0000012¢%
0.0000014%0
0.000001505
0.000001499
0.00000 1486
0.000001404
0.000001101
0.000000582
0.00000012¢
0.000000000
10.9%0000000
10.9$0009000
10.99006G0030
1€.995000000
10.990000000
¥10.,99000000¢

10.990000000

10¢.990000000
10.990000000
1.€.990000000
0.000000000
0.00600301%238

.0.000C005E3 .

0.000001101
0.00000 1404
0.000001489
0.0000014a99

0.000001505~

-0.000G6000

0.0000000 -

-0.0000001
-0.0000342
~0.0005106
-0.0000003

0.0002000
~-0.00Cn000
0.0062900
-0.0000003
~G.0000000
0.'0000000
-0.0000000
0.0000000
20.0000000
0.0000000
0.0000205
0.0000184
0.0000001
~0.0000060
0.00030C0
-0.0060000
0.0003002
0.0000000
-0.0000000
©0.00000° "
-0.0000:
0.000000C
~-0.0000000
-0.060008¢
-0.000007¢
-0.0002001
€.0065002

*-0.0006600

0.009500
~0.0000001
~0.0000000
0.0000000
-0.0000000
0.0000000
-0.000000
0.0039000
0.0003005

0.0000027 -
,=0.0002003 .

€.00cc002
-0.6000001
0.0000000
~0.0000000
0.0000000
~0. 0000000
0.0000000
0.0000026
0.6085023
0.0000000
-0.0000000
0.0002000
~0.0000000
0.0000000
- 0.0000000

R

C.
0.
© 0.
0.
0.

0.0
0.0

-0.0000001
-0.0000454
~0.0000406
-0.0000003

0.0000000
-0.0000000

0.00060000
-0.0000004

0.0

CoOoO

cooco

0.0000000

0.0000282 %%,
0.0900252" ™

0.0000001
-0.0000000
Q.G000000
~0.0600000

0.000

0.0

0
0.
0

cooQ

0.0

0002

-0.0000000
-0.0000112
-0.0000100
-0.6000001

0.2000200
-0.0000000

0.0J00000
-0.00G00001

0.0

QOO Oo

0000000

0.0003737
0.0000029
~0.C000004
0.0000002
-0.0000001

-0.0
-J.0

P

.

34
35
36
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40
41
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43
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45
46
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53
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55
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CONTINQED

\

0.915585137
0. 851463719
0.789826564
0.776975145
0.77€551658 ¢
1.115495831
1.118993604
1.107513497
1. 0656724 €7
1.0000184 11
0.545468181
0.930658837
0.515585928

0.850468716;
0.767382895\
3

‘0.69905760
0.€75
0.674477579
1-050130260
1.069679634
1.039274400

1.000018915
- 934364915,
0. 95€S

0.85€£923831

0.. 841465522

0.. 767383847
0-€43951971
0.526760763
0.487687932
0. 485995204
1.0106766 €6
1.010236261
1.000015272
0-960763811
0.892524369
V. 828449633
0-809056264
0.789825051
0-899059162 -
'0.526761332°
0.278763207
0. 118015336
0.1064€3326
1006460932
1.000019610
0.9859802622
0.550358929
0. 681084635
0.61487u2¢2
9. 795160476
0. 376977830
N ATSARRTI?
0.4E7688653
0. 118015564
-0.352366035
~0:355757686
0.999573385
0.58936229%
0.545508402
0. €80542507
0.814259122

© 0-776554352

0.674479711
0885999931
0. ¥Ocu634¢€1
=0.395757679

G997 °

/

8

0.000001586
0.000001861
€.000002132
0.000001829
10.890300000
10.990000000
0.000001547
0.000001512
0.0000018419
0.000001365
70.600001404
10.990000000
€:000001450
0.000001643
0.0000024083
0.000002699
0.000003566
10.990000000
10.990000000
0.00G06098¢
0.006000976"
0.00%%00962
0.000001001
0.000001101
10.990000000
€.000001205%
0.000001477
0.000002358
0.0000036ab
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10.990000000
10.990000090
0.000000452 -
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0.900000502
0.000000583 .
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0.000000608
6.000000938
0.000291655

©.0.000005123

0.000011834
1€.9900000C0
1€. 990000000

0.000000092

€. 000000092-

6.000000094

0.000000105

0.C50300128
10.99600000¢0

0.0000000%4

n.nonannl2usk

0.0G60000%56
€.000002%¢%3

0.000008264
10.950000000
-0.000000000
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0.0

¢.0500000000

0.0
-0.000000000
0.C00000000
0.0 .
0.000000000

0.0000014%0
0.00000120%
0.000000608
€.000000094
0.0
.=~0.000000000
0.0000001CS
0.000000502
0.000001001
0.0000013€5
€.000001531
0-9000015€2
0.000001586
0.000001643
0.00000TL77
) 0000009238
70.000000246
-0.000006000
£.005000000
0.000000094
0,000000859
0.000000962
0.000001419
0.0072901709
0.000001781
0.00000 1261
€.000002083

0.000002354 -

0000001655
0.000000356
0.003000000
0.000000000
0.0060000092
0.007000852
0.009000976
0.200001512
0.000001909
0.000002017
-o.oogﬂoz132
0.688%02699
o.obﬂg 699
0.000045123

0.000002263

0.0
0.000000000
0.0001000092
£.002006452
€.0C02900985
0.000001587
9.000001693
0.000002122
0.00000182¢9
N.ONNONISKR
0.0000033%1
0.000017TR 4
0.000608264
6.8 >

10.950000000

10.990000000

7 .19.990000000

10.990000000

10.9900009¢C0

10950000000
1€.$90000000
10.990090000
1€.990000090
10.99C000000

-0.0000000
0.0000000

'=0.0000000

0.0000000
-0.0000000
-0.0000005
-0.0000004
-0.0000000

0.000000%

I'-O.OOOOOOO

6.0000000
~0.0000000
-0.0000000

0.080C.20
-0.0000000

0.0000000
-0.0000000

-+ 0.0000000 -
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0.0000001
0.0000000
~0.0000000
0.0000000
-0.0000000
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0.0000000
-0.00000600
0.2000000
-0.0000000
0.0000000

-0.0000000:

-0:0000001
-0.0000000
~0.0000000
0.0000000
-0.0000000
0.0000000
-0.0000000
-0.0000000
0.0000000
+0.0000009
0.0000000
~0.0006000
0.5090000
0.2000000
0.9000000
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-£-0000000
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COLLOCATICN
POINRT

-
QOQVODNOANE WN

PIPINICONINIION b b it b b b ad
AU BWN a0 B D AN O WA a

[NEWRWEWESEN]
WK = OW.D

INITIAL VISCOSITY OP THE CIL=
G.01C75005Q.CH/S

Kb=

»

TABLE 7.8

100.000 cp

CONPIGUEATION THO: CONCENTPMTICH PESULTS POR
LISPEESICH COEFPPICIENT=.01075 SC.CK/S AND H=S

NUMBEE OF INT:EICR COLLOCATJOF POINTS PER ELEMENT= 25

TIME=50,000 S

DT=50,000 S

FRESSUEER
(ps1) °

2. 395794653
1.89357315¢€
1. E1403£351
1.325556066
1.2234€1067
1.1€3775722
1. 115451111
1.0%0122807
1.010663730

. 1.00064u4C€83

2.3957546°53
2.352402911
1. 88202095%¢€

512307232

223057498
- 2uls53747
1. 185160666
1.118588901
1.045672205

1.
. 1.3243489¢€1
1.

1

C1.0102:3uw2

15000600000
0.99C552146
1.r5357331¢
J.COLucitus
1.721273502
1. 473274547
1.300970262
1.210.C6C70
1.190375752
12171555111
1.1€7509133
1.039267538

VELOCITY IN

I DIRICTIOW
CH/5

0.000000090
~£.000000000
€. 000000000
=0.000006000
0.000000000
-€. 000000000
0.0C0000000
€.000200000
-0.000200000
~(.000000000
10. 990000000
0.000008264
€.000002263
€. 00000035¢
0-00G0C024¢€
0. 000000094
10.990500000
¢.600200128
0.000C20105
G. 000000094
2.0£0000C092
0.000000092
1. 590000000
1€, 999902030
[VPRVIVAVAVE B R K
€. 000509123
€. 000631650
¢ £.000009538
0.006000608
10.990900000
0.£020000583
0.000000502
0.000000459

VELOCITY IR
Y DIRECTIOR
cass

10.990900000
1.©52000000
10.990000000
10.990000000
16.990000000
10.990000000
10.590009006
10.950000009
1€.990000000
10.990000000
0.000000000
0.009008264
0.000011234
0.009n03751
0.00010255€
0.020001g2¢
0.000002122
0.002001993
0.000001547
0.000000985

0003506453

0.000000062
.0.000000000
-C.000000200
U.qyuuuzzc:

0.50000C123

0.00v000 e xa
0.0000Nn2r 95
0.€00002132
€.0000020

0.000001%512
0.00000097¢
’ /

0.06000 1908

0. 0000000

CONCENTRATION
Ianlzzr R-K
METHOD HETHODQ%
0.0u39041 0.0367055
0.0011344 0.0009275
-0.0001609 -0.0001909
0.0000983 0.0401381
-0.0001152 -0.0002543
0.0000465 -0.0
-0.0000025" -0.0
0.0000010 -0,
-0.0000008 -0.0
0.0000006 -0.0
0.0430041 0.0367055
0.0385935 0.0329442
0.0010212 0.0008329
-0.0001449 -0.0001715
6.0000884 0.6001240
-0.000153¢ ~0:0002284
0.0002983 0.0001515 .
0.000G318 0.0
-0.0000022 y0.0
0.0000009 0.0
~6.0006967 .0
0.0000906 2.0
-0.0000064 ~0.0000049
0.001134¢ -  #G.C062327¢
U.QuTUZ12 0.00J8329
J. 000GL6T Q. 000023
~Gl00GOCC6L =0.0000050
0.000302¢ 0.000503%
-0.00000%u -0.0000063
0.00000606 0.0000034
0.0000016 0.0
-0. 0000001 0.0
0.0,
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-0.0900000
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-0.0000000
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-0.0000090
-0.0001152
'-0.0001036
-6.0000044
0.003CJ06
-0.005C208
0.06099C5
~0.00C0007

=0.0060002,
0.0000000

-0.0000000
9.0000000
-0. 6000000
0.0€00560
0.000P9E3

0.0600000%
-0.C0%0007
0.00720033
-Q, 0000000
0.0000000
~0.0000C00¢

n_nnpnnnn

0.0000465
0.00004 18
0.0000016

-0.0000002
0.0000001

-C. 8000002

0.0000003.
0.0000001
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0.0

0.0
-0.0000001
~0.0001909
-0.0001715
-0.0000050

0.0000011
-0.0000008

0.0000014
-0:0000006

0.0

000000

[UVETR
0.0u012+9
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0.0000005
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0.0
0.0
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APPENDIX G

~ Hand -Calculations for Concentration Profiles
1 -

L
i
- o
g e
i
. "
1Y
. Y
’ .
-
Y -
3
9
.
,
AL
w0 : :
Vi
N Al Y
- £ __TH
* s \ ' o
~ hy -
- .

170



171
This appendix contains hand calculations for two cases for
the €onvectio;—d1ffusion eq%atioh:(for details see Sectién 5L7.2).
Two extreme cases‘are cohsidered. Values of gonceneration
are checked on]y for the Total Implicit method. For N=3 the concent-

ration values are taken from Table F.2, and for N= 5, from Table F. 4

e For N=3) -

; The co]]ocat1on point Number 10 7s conswdered (see Figure

vjiT”ﬁgf.number1ng of unknowns). Equation (5,30)'Was used for the

ETota] Imp11c1t formu]at1on LQQﬁentratio:,%ﬁ,ihe solvent at the 't
tlme“leve1 was assumed@ﬁ%ro for the ent1 nation. Also for the
co]]dcat1on po1nt Number ]Q g is zero. ff'refore Equation (5.30)
-'reduces to
t+ot,k, b ‘ .
?jilﬂ_z;_ - p NEX B ctrat,k, e Ct+At,k,ﬂe -
At Lo Pin T, j.n Ti,n .
n=1 ‘ :
\ NLX t+at,k, 4 NPY t+at,k
ns1 1M s J & isn i,n

. (6.1)

e )"L
n)-k =

- The fo110w1ng co]]ocat1on points are needed for the f}rst and

the second derivatives (Figure G.7, not to the sca]e). | .

o 1

s

ngure G.1. Collgcation po1nt5\for first and second
Der1vat1ves for N=3.



Pi, P,, Py and P, are given by Equation §.26

7
Kn 01075 / -9
PL e T Te000) e ST (EY T 194 X 10
p, - D 01075 - 11.944 x 1077
¢ % Waiy,” T (6000)7x 1x(5)7 :
ﬂuk’] ( ) ‘ -7 -10
oo ox_ nid5t 353 x 1077 L 11.766 x 10 |
3 L¢Axk ' 6000 x .1x.5 _‘ .
K, - .
o Uy Uy 136 x 108 alsszk 107
4 W@Ay] 6000 x .1x.5

Summations in Equat%on (G.1) are expanded below

O

k,g e '

Z} Bin Cn.y ©B2,aCs * Boyo Crp * By,3 Chg * BouCog + By oy
n= ’ 5
NPX e l

;] Ain Cnng TRl # AT Cro  As 5 Cun # Ay ulos Ag o0y
n= ’ ’ ' ‘ _ :

Z] By n Ciln ®Bun Cr v Byn Gy # By 3 Co * By Cro * By o Gy
n= [ ’ . ; ’ -

NPY P . w0

21 A Cin T A Cot Ay Bg + Au s Cg * Ay Cyg + Ay 5 Cyy
n= 2 * - . X ' .

-,

th.éo]]ocation'pointd

where Ci is the concentration at the i

‘The numerical values of the'summatigns can be"eya1uated‘as

A2

. ' S : . W ‘
follows: B N o
NPX k.d - o 2 S
) B. | Cn:j = 53.2379 x - .0000209 - 73.333333 x - .0000185

+ 26.666667.x - 0000002 --13.333333 x 0000001
+ 6.7621 x - .0000005 - ' |

.0002339468

[}
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L A aCyly = -5.32379 x - .0080209 + 3.872983 x - 0000185
+2.065591 x - .0000002 - 1.290994 x 0000001

+ .6/621 x - .0000005

= .0000387367
NPY - | : .
[ B C1’L =6.7621 x .0086014 - 13.333333 x .007587
n=1 ? ’ . :
|+ 26.666667 x .0000523 - 73.333333 x - .0000185 ”
> + 53.23790 x..0002057 | o
) = -.0292941012
NPY - [
LAy o Gy = -.67621 x 0086014 + 1.290994 x 007587
n:] > b4 ) .
-2.065591 x .0000523 - 3.872983 x - .0000185
o .

.+ 5.32379 x .0002057 .

&,

- = .0050371422

Substituting the values of the summation- tn Equation G.1 yields

TR 11048 x 1070 « 00 12339868 + 11,940 % 107 x - 029294101

s | _
ot - 11.766 x 10710 x (0000382367 - 4.533 x 1079 & 0050371422,

‘= -.3559433501 x 1077

-,

- 3554433501 x 1072 x 50000 o | /
5. - R

(]
1]

= -1.77 x 10°

. The Corresponding value. in Tab?g F.2 for_the_tha] Implicit

method is -1.85 x 1072,
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Case 2 (For N=5):

-

Collocation pbint Number 27 is considered (see Figure 13.
for numbering of unknowns). Equation G.1 still holds with different
| Vafués for NPX ‘and NPY. - )
| The fo]]owing co]]ocatioh.pbints are needed for the first

-and the second derivatives (Figure G.2, not to the scale).

[ ] 30
. 29 : L;:,',‘i‘:‘-,_‘,' )
*28
3 %14 ®27 %0 ®53 %65 °78
26
®25
®24
Figure G.2. Collocation points for first and second“
: Derivatives for N=5.
‘ The values of Py, P,, Py and P, are given by
L p =P, = 11944 x 1070 “
. v
A k,2
! u: (X -5y ) {
N /_.,/"/ = ,,ﬂx_._v_ 1 = .:.O_O_OLQQJ—__.——B] 7 = \ -9
- Ry 6000 x.1x.5 - 00966 x 10 %
ke ,
USP " (xssys) L :
-y i’7j’ _ .000003230 -_- Coan=d L
P sy 6000 x:1x.5 - 10-7666 x 107

" Summations in Equqtion‘G.] are expanded below:

2



NPX

+

+

= By,y Couy + By Cyg + By 3 Cog + By y Cov

By ¢

3

Az, s

Cey + By ¢ Coy *+ B3 7 Cyy
- b bl °

¢

Cog + Ay Cis * A3 7Coy

Bu,5 Cop + By, s Cog /* Bu 7 Cag

. = B3 1C3 + By 50y + By 5 Cop +.Bs 4 Cuo

= A3 1 Cy* Ay Coy * A3 3 Cag + A Cug

i 175

¢

Ay Cou AL Cos AL 3 Che AL Cyy

t Au,s Cop v ALLg Cog * ALL7 Oy

Therefore the numerical values of the 'summations can, be

‘evaluated as fo]]dws:

-21.024726 x - .0007575 + 59.816814

-66.912395 x - .0000064 + 35.697494

-12.531160 x - .0000006 + 11.261251

-6.307280 x -

- .0046903108

" 3.732156 x -

" +1.516706 X -

=1.8571164x -

-1.119622 x -
.000490073

.0006609 -

.0001575 - 7.625116
.0000064 + 3.412150
.0000007 +1.940842"
0000009

X

X

X

X

X

X

- .0001418 -
.0000009

.0000006

¢ -.:0001418
.0000009

.0000006
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NP Y - | |

J B, ¢ 2 7.5 % .0011397 - 14.867044 x .0010258

n:‘] J>Nn 1,N ) ,
+ 30.033711 x .0000463 - 45.333333 x - .0000064
+ 30.0337171 x .0000037 - 14.867044 x -.0000043
+ 7.5 x .0000067 |
= - 0047968666

NEY ) | ‘

LAy, T 1875 x 0011397 + 3.368054 x .0010258

n=1 ’ ’

-4.043058 x .0000463 + 0 x - .0Q00064
+4.043057 x .0000037 - 3.368054 x - .0000043
K +1.875 » 0000067 -

0.0011728232

Substituting the values of the summations in Equation G.1 yields

C§+qt,k,z . . L
el = 11,944 x 107% [~ 0046903108 - .0047968666]
~6.0566 x 1072 x .0004900773 - 10.766 x 107 % 0011728232
" . 12891036 x 107
¢, = - 1289103673 x 10°°x 50000
Chr = - 6.44 x 107°

‘The corresponding value in Table F.4 is -6.4 x 107°
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. . ) )\‘
Injection rate of the solvent Q, 0.3277 cm3/s

;  Viscosity of the injected solvent “s"] cp

Porosity of the formation , 0.1 ¢

Permeability of the formation Ky, 0.1 dércyv
Length of the formation L, 6000.cm

Width of the formation W, 6000 cm |
Thickness of the férmation S, 30.48.cm | )
Initial viscosity of the oil in the formation y, 100 and 10000 cp

0.0001075 and 0.01075 cm?/s

Dispersion Coefficient KD’

at, 50,000 s ' -
Pressure at the reference «collocation point, 1 ;;:1 )



