
q lo - a

- Rockwellianford Operations

- SUPPORTING DOCUMENT

PROGRAM: Basalt Waste Isolation Project
I

Document Title:

Analysis of Two-Well Tracer Tests With a Pulse
Input

Baseline Document C] Yes F& No

WSS No. or Work PacKage No.

L341A
Key Words: Prepared by Name and Dept. No.) f Date

Tracer Test, Groundwater, Two-Well, Analytical .
Procedure L. S. Leonhart, 10100

See Pge 2 for Approvals

Abstract

Dispersion of a conservative solute which is
introduced as a pulse in the recharge well of a
two-well flow system is analyzed using the general
theory for longitudinal dispersion in nonuniform
flow along streamlines. Results for the concen-
tration variation at the pumping well are devel-
oped using numerical integration and are presented
in the form of dimensionless type-curves which
can be used to design and analyze tracer tests.

Application of the results is illustrated
by analyzing the preliminary tracer test run at
boreholes C7/8 on the Hanford site by Science
Applications, Inc., a subcontractor to Rockwell
Hanford Operations, in December 1979.

* Distribution Name Mail Address

M.F. Nicol
G.S. Hunt
S.M. Baker
W.H. Price
F.A. Spane
R.L. Jackson
L.S. Leonhart
D.L. Graham
P.M. Clifton
R.E. Gephart
P.J. Reder (EO only)
Station 8 (Orig + 2)
Records Retention (1)

PB8/700
PB8/700
PB8/700
MO-029
PBS/700
P88/700
PBB/700
PBB/700
PBB/700
PBB/700
1135
1135
1135

h _

� M � m p1m � '�'kv � 0 M

THIS COPY WILL NOT BE
REPLACED AND MAY BE

CHANGED WINOUT NOTICE

THIS COPY WRL NOT BE
REPLACED AND MAY BE

CHIGED WITHGUT NOTICE

BASALT
(May be continued on page 2)

Initial Release Stamp

THIS DOCUMENT IS A ROCKWELL
SUPPORTING DOU SENT FOR USE
BY ROCKWELt'L, IT-S AUTHCRIZED
SUBCONTRACTORS, AND THE
DEPARTMENT OF ENERGY

-iFF ! r 1 LY P E L-EA`S c E 

'!-. I ; Ju o ! -. J_-
9: , X ' : - 3`7

83CAV0OO 7 9
A-6400"073 (R-6-81)



Rockwell Hanford Operations
Number Page

SUPPORTING DOCUMENT SD- BWI-TI-073 A 2

Approvals * Distribution Name Mail Address

Program Office

Research and Engineering

Plant Operations

E

M

7

Health, Safety and Environ ent

M. F. N co 
Quality Assurance

Training

End Function

w End Function

-/

S. M. Bker
Approval Authority

7

W A
-�T

THis ro�?y V&� NOT BE
RE PLA�tD All L) ,AY BE

CHANGED WID;00T NOCE

. , . 46
i .

� I .

A-6400.073R (R-6-81)



i

i SD-BWIlTI-073

REPORT ON

9UMMUNf

THIS COPY WIU NOT SE
REPLACED AND MAY SE

CHANGED WITHOUT NOTICE

ANALYSIS OF
WITH

TWO-WELL
A PULSE

TRACER
INPUT

TESTS

PREPARED BY

LYNN W. GELHAR

FOR

ROCKWELL INTERNATIONAL CORPORATION
ROCKWELL HANFORD OPERATIONS

ENERGY SYSTEMS GROUP
BASALT WASTE ISOLATION PROJECT

P. O. BOX 8e RICHLAND, WA

APRIL t92

36 302020376 621223
PDR WASTE
Wmf-10 PDR



s

SD-BWI-TI-073

NllSCOPYWINSE
REPLACEDAND MAY SE

CHANGED WUI4OUT y

Summary

Dispersion of a conservative solute which is introduced

as a pulse in the recharge well of a two-well flow system is

analyzed using the general theory for longitudinal dispersion in

nonuniform flow along streamlines. Results for the

concentration variation at the pumping well are developed using

numerical integration and are presented in the form of

dimensionless type-curves which can be used to design and analyze

tracer tests.

Application of the results is illustrated by analyzing

the preliminary tracer test run at boreholes DC7/8 on the Hanford

site by Science Applications, Inc., a subcontractor to Rockwell

Hanford Operations, in December 1979..
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1. GENERAL THEORY CHANGEDWTH0T NOTICE

The objective of this analysis is to describe the tracer

concentration which evolves in the pumping well of a two-well

(pumping-recharge) flow system (see Figure 1) when an

instantaneous pulse (slug) of conservative tracer is introduced

in the recharge well. The streamline pattern for steady flow in

a homogeneous confined aquifer is used in conjunction with the

general theoretical results of Gelhar and Collins (1971) for

longitudinal dispersion in nonuniform flows. With a pulse input

their general result for the concentration (Equation 25) is

c(s,~) - U CHI C _ e2p C ' Jg (1)

s = distance along streamline

t = time

V.= longitudinal dispersivity

asVS) t

'(s) = fS /U() , travel time to s
So 5

*~~ f (t a/[uXcS)]

Ft) = mean location of the pulse at time t

u(s) = seepage velocity

m = mass of tracer per net area of aquifer injected

at s = at time t = 0

Equation (1) is applied along each streamline identified by the

5
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Qocur e L

PUMPING
WELL

RECHARGE
WELL

FIGURE 1.

l
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FhIGURE 2.

STREAMLINE PATTERN FOR TWO-WELL FLOW
SYSTEM WITH / 2.

I

0 a 47(o)
DIMENSIONLESS TRAVEL TIME FUNCTION.
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value of the stream function*7 therefore the velocity u depends

on and as a result,T(s, ) and )(t,' ). These flow integrals

can be evaluated either analytically or graphically as described

in the next section. The coefficient m/u(s.) in (1) is evaluated

by noting that at the recharge well

u(s0 ) 4a/cz irr, n H)
Q,. = recharge rate M

- fr = well radius yWT
THISC5tI TB

porosity ~~~~~~~~~~REPLACED AND MAYBEt
n = effective porosity CHANGEDITHUTNOT

H = aquifer thickness

m = M/2#rrnH

M = mass of tracer injected

m/u(=) M/Q.

Ern

The concentration in the pumping well is found by

calculating the flow-weighted concentration as the following

integral:

641A
C , 2.4 %ft

W . -Z -f W] ot�
'fr-0

(2)

where A = Or/0. In this integral the flow integrals T and W

depend on the stream function'P.

2. EVALUATION OF FLOW INTEGRALS AND WELL CONCENTRATION

For the case of equal recharge and discharge rates (P = 1),

the integrals for t and V> can be evaluated analytically from the

velocity variation along a given streamline. The details of this

7



UUJV IhD WV1 DJ
SD-BWI-TI473 UPV W

THIS CPPY WILL OT BE
REPLACEDANDMAYBE

analysis are given in Appendix A the results for of and WiN'"T"'

given by A3) and (A4) expressed in dimensionless form as

ac' t , (3)

where Tw is the travel time to the pumping well. The well

concentration is evaluated using these dimensionless forms and

the variable of integration Vo = Y6/W2H). Then, for the upper

half plane in Figure 1, the flow from the recharge well is

represented by the range at fYt . Furthermore, the concentration

will always be zero for the streamlines with 9 1 because

lateral dispersion is neglected. Then, using (3) in (2),

c ,9 ft G 2 RTZ/fi] M

At * en H e~ t4- bz

_ - cu 1= f exp kT)'/4 : by (4)

M tf:o (4 irE b)`

The integral in (4) was evaluated numerically using a and b from

Appendix A; a listing of the computer program is included in

Appendix C.

For the case of unequal flow t and W were determined

graphically from a flow net constructed for the case = 2/3 as

described in Appendix B.

8
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The limiting result for no dispersion in (4) is found by

noting that, as - 0,

2pl- @ -Tj /46 b(l A d
(asr / a z-T) THIS COPY WILL NOT BE

(4-T+8 h 11. aREPLACED AND MAYBE
CHANGED WIThOUT NOTICE

where S(x) is the Dirac delta function. Changing the variable of

integration to a(4P), (4) becomes

Cm S (a-T) d _LtTc
do ~ ~ n T~d~C)

The function a( ) is simply the dimensionless travel time to the

pumping well along a given streamline-P: the general form of this

function is shown in Figure 2. The non-zero portion of () can

be evaluated by taking

and t(T) is then determined by taking T - a('v) and da/d~ P4

where V3is an assigned value of i.

3. RESULTS

Numerical evaluation of the concentration in the pumping

well as given by (4) was carried out using the computer program

listed in Appendix C. Several runs were made to test the effects

of model parameters and approximations. The results are listed

in tabular form in Appendix D.

Figure 3 shows a comparison of the graphically based

9
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FIGURE 3. COMPARISON OF EXACT AND GRAF
FLOWNET CALCULATIONS.
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results using 1 (Appendix B) and the exact resultmaxaqNXe
REPLACED AND MAY BE

equations from Appendix A. The excellent agre ment "9NNUMS

the adequacy of the graphical approximation with m 1 in (B2);

that value was used in all subsequent calculations. Figure 4

illustrates the effect of using the approximate form of (2);

some difference is observed at lower concentrations for the rising

limb of the curve with the large value of = 0.2. For smaller -

the differences are generally smaller, as shown in Figure 3. The

effects the increment CW used to approximate the integral in (4)

are illustrated in Figure 5. When G - 0.01, the larger d@i= 0.05

produces oscillations in the tail of the curve, but these are

eliminated when MP= 0.01; for e = 0.2 the results are

non-oscillatory when 4 = 0.05. Generally the oscillations are

eliminated if &U'I e.

The overall results are summarized in Figures 6 and 7:

the unequal flow case (Fig. 7 with - 2/3) corresponds to the SAl

tracer test of December 1979. These results show that the

dispersion parameterC=OC./L affects the rising part of the curve

and the peak but not the tail. This point is further

demonstrated by the behavior the non-dispersive solution using

(5) and (A5) as shown in Figure 6. This shows that all of the

results approach te non-dispersive analytical result for large

timeand further demonstrates the adequacy of the numerical

procedure. Generally, the breakthrough curves are characterized

by a steep rising limb and an elongated tail as shown in the

linear plots of Figure 8. The log-log plots (Figure 6 and 7) are

11
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porosity from tracer test data as illustrated i t eElewinOT

section.

4. APPLICATION METHODOLOGY

The procedure for interpretation of tracer test data

using the results of the above analysis is illustrated by

analyzing the test conducted by Science Applications, Inc.

(SAl) at DC7/8 in December, 1979. Since some of the

conditions of that test were not fully defined, the results

of this interpretation are considered to be preliminary; this

example is present primarily to illustrate the procedures

which can be used to analyze such tests.

The SAI test was reanalyzed using the type curves in

Figure 7. The flow rates for the test were estimated using the

average rates implied for the period 15:13 - 23:00 in Table G4 (p.

G-38, SAI draft report); Q - 2.31 gpm (injection rate) and Q =

3.42 gpm (pumping rate) or Q./Q = 2/3. Based on these rates

and estimates of the volume in the borehole flow conduits and

connecting plumbing the following travel times to and from the

test horizon were estimated:

time down in injection well 153 min.

time up in pumping well = 258 min.

These times were subtracted from the observed times to give the

actual elapsed time since the tracer entered the formation.

Also the elapsed time was corrected to correspond to a constant

pumping rate of 3.42 gpm based of the actual metered volume in

17
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Table G4. After these time corrections were m e, heE OTE

data points in Figure 21 SAI draft report) we

the estimated background of 20 counts subtracted; the corrected

data are shown in Figure 9, a log-log plot of the same scale

(K&E 46 7323 23 cycles) as the dimensionless type-curves in

Figure 7 for p = 2/3. Overlaying the data on the type-curve,

we find a reasonable fit for 6 in the range 0.02 to 0.05; using

= 0.035 =0C/L and L 56 ft., the indicated longitudinal

dispersivity is

OL= 0.035(56) 1 1.96 ft.

Matching the time scales in Figure 9,

T = 1 Qt/nHLL, t(hours) = 1.18 rs

yields the effective thickness

nE t/IT = 0.0105 ft.

The data in Figure 9 seem to show some systematic

departures from the theoretical type-curve. This could be a

reflection of experimental ambiguities such as the following:

1) The background concentration is not clearly

determined and small changes in this level could

drastically alter the low concentration parts of the

curve.

2) Unobserved flow rate variations during the period

that the tracer was passing the sensor would distort the

shape the curve.

3) Uncertainty about the volume in the connecting

conduits could introduce errors in the travel time

correction and alter the shape of the curves.

18
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The differences in Figure 9 could also indicat that V PM, L
REPLACEDAND MAY BE

zone does not behave as a homogeneous, constan thicknes HoUTaN

aquifer. If other sources of errors were eliminated, departures

on the tail of the curve would be diagnostic f that possibility

because that part of the type-curves is determined solely by

convection; i.e., the travel time distribution.

Calculations for the SAI test were also made using the

approximate method developed in Appendix of the SAI draft

report. From Figure 9 the peak time t = 1.5 hrs and the time to

rise from one-half of the peak is t = 0.45 hrs. Then using

equation (15) of Appendix with F 0.202, G = 0.0488 ( 2/3)

- - = 0.0271

OG= 1.52 ft.

and from equation (14) with Q = 3.42 gpm,

nIS= ;v&L~t = 0.0103 ft.

These results show good agreement with those from the type-curve

approach and indicate that the approximate method in the SAI

report is reliable.. Of course, the type curve method has the

advantage that it uses the complete breakthrough curve.

The type-curves of Figures 6 and 7 can also be used to

design tracer testsi using estimates of E= $/L, the actual

concentration level that will result from a given mass of tracer M

can be determined in terms of the effective thickness n and the

20
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S. COMMENTS AND RECOMMENDATIONS _

These results demonstrate the feasibility of the two-well

tracer test with a pulse input as a method of determining

effective porosity and dispersivity. This type of test has the

advantage that the shape of the breakthrough curve is very

sensitive to the dispersivity. This is in contrast to the more

frequently used step input Webster et al, 1970; Grove and

Seetem, 1971; Robson, 1974; Mercer and Gonzales, 1981) in which

dispersion affects the shape of the curve only in the initial low

concentration portion of the curve.

The type-curves developed here provide a simple method of

designing and analyzing two-well pulse input tracer tests.

The method of analysis used here presumes that o./L is

relatively small: results in Gelhar and Collins (1971) indicate

that the method should be reasonably accurate for COC/L < 0.1. If

the method is to be used for larger values ofoC/L, some

comparative testing with numerical solutions is suggested.

However, it should be recognized that, under those conditions,

(large /L) other factors such as displacement dependent

dispersivity and nn-Fickian effect (Gelbar et al, 1979) may

complicate the interpretation. Also, transverse dispersion is

neglected in this analysis; this assumption is reasonable for

small aqL because then the dispersion effect occurs primarily

along the more direct streamlines for which the fronts will be

nearly perpendicular to the streamlines. For larger OL/L the

21
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dispersion effect along a wider range of streamlines becomes

important; numerical testing would also be required in this case.

When /L is large, a finite difference or finite element solution

should be routine because a relatively coarse grid could be used.

The type-curves for the pulse input can also be

used to treat other inputs by convolution. In particular, this

would apply to recirculating tests in which the pulse is routed

through the aquifer several times. This aspect is important in

the anford tests because analysis of the secondary peaks would

provide a check on the borehole travel time. Some preliminary

work has been done on numerical convolution of the pulse input

results. It is recommended that this be developed for analysis

of the anford data.

rust
THIS COPY WILL NOT BE
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CHANGEO WITHOUT NOTICE
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APPENDIX A -

Z and W for the Equal Flow Case

When Q = r it is easily shown that the streamlines are

circular arcs. In that case the flow is conveniently described in

the polar coordinate system shown in Figure A-1. The piezometric

head for steady flow in this system is

THIS COPY WILL NOT E
REPLACED AND MAY BE

T= transmissivity CHARGEDWTHOUT OTICE

rL (x +) + y 2 , x = -R sinY

rz = (x - + y y = R cosY- B

and using the Darcy equation, seepage velocity along the

streamline is

W~~1Ho2 * f4~ vnRtt8 {2ga

After extensive algebraic manipulation, this reduces to

Lw , t Sa (Al)

Using this velocity in the travel time integral

( R dr

(A2)
_ n~fLZ ibf(irs^-tc0

24
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FIGURE A-I . POLAR COORDINATE SYSTEM FOR THE
* EQUAL FLOW CASE.
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When , (A2) gives the travel time to the RumpfEqAV=DAYIC

A b - 4c ) (A3)

Equation (A3) gives the dimensionless travel time between the

wells as a function of ;f: this result is used for a in (4).

Similarly, the flow integral is 2eiuated from (Al) as

J«3X my L ( 22•l) b(t.#
Ir + t ~(A4)

2 C 6 4 ( $ X + s ) 4 - ~ -4 c s ' j

Here ' indicates the position of the pulse along the streamline

corresponding to f -v . At a given time the position is

found by solving (A2) for Y = when T = t this is done

iteratively using the program listed in Appendix C. When >

the pulse for a given streamline has moved into the pumping well;

in this case W (or b in (4)) was calculated from (A4) using 7 .

If dispersion is neglected, the concentration is found

from (s) using (A3) to find d0/4d&(c 7 '

aVVry + ITP 0

(AS)

26
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The concentration ' is then found by assigning values of P

between 0 and 1, calculating T = a from (A3) and d/da from

(AS).

.,~ ~ ~~~~- .... .--.I~~~~~ Ago findAu W15 
THIS COPrY WILL IUI Dt

RtEPLACED AND MAY BE
CHANGED WITHOUT NOTICE
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APPENDIX B THIscoPwIlLLNOTBE
Graphical Evaluation of and REPLACEDANDMAYBE

COlUNGED VaTHOUT tICtICE

The flow integrals T. and & can be determined from a

graphical construction of the streamline pattern. This approach

is necessary in the unequal flow case where the analytical

description of the flow field is very complicated. The

streamline pattern for . = 2/3 (see Figure 1) was

constructed by standard superposition of the ray streamlines of

the appropriate source and sink strength. If each streamtube has

a flow 0. and width w(s) as a function of the distance along the

centerline of the stAeamtube, s, the velocity is

u(s) = /(n ws))

and then the flow integrals are expressed as

totv't

&= S e h = u ads

These integrals were approximated by measuring the width of the

streamtubes at intervals As along each of the s5deamtubes and

summing the appropriate quantities (w a or ws). The integrals

were evaluated for each streamtube for intervals in of 0.1 at

the pumping and well normalized as in (3). These data for a) and

b(f) at the pumping well were then fit to polynomials of the form

A fl
ln a (E Ml)

KIM O

28
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lnb= E bkV
rl=0
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r
These expressions were then used in the integrations of (4) to

find the concentration in the pumping well. Note that (Bl) gives

only the value of b at the pumping well, b. In general, b

will increase with time as the pulse approaches the well along a

given streamline; this behavior was represented in the form

blbV-t = (B2)

where is a positive exponent to be specified. a and b from (Bl)

and (B2) were then used in (4) to find t.

In order to evaluate the above graphical procedure, the

flow net evaluation was done first for the equal flow case 1

and the results were compared with the exact analytical approach

in Appendix A.

29
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WELL.FOR. 156
This roqram calculates the cncentration Cw) of
tracer Ap arinq n well as a function of the time
elapsed since the tracer was pumped down another well.

The user Is askeo to suPPly several Inittalizinq parameters,
and the values of (tilw) desired. First, the allipurse parameter
ep511on (whlCh accounts tor .dispel510n effects) Is nput
T no you are asked to nPu the ast value
of psi and the increment Of psi to uso.. (Psi
has somethin to do wth hat directlon the tracer s
coming fro,? Using a saller delta psi can he more
accurate, and delnitelY takes longer, (We are aprroxlmatino
an nteoral here. so lnin smaller ste;ps tendis to ,e more
accurate. Good results are otalned In .i reasondble aunt
of time wIth tips between 0.05 and 0.2 (se saller dpsl
for salLer values of epsilon.))

The outout ot the roqram, a table of values of time T)
and concentration (Cw), can be sent either to a file
(for frther processing, plotting etc.) or drectly to
tile line Printer.
For each Value of T a set of values or the parameter Y
must be tound. You can choose rom two methods: 'Exact*
(equal f lo% onlyl) Whitch analytically determines y (a
function o psi and T)j and 'rIIce'. n which Y is set to
(T/a)**m here m ls a uer-supplied constant. (usually t.0)

lext, the program asks how to et te magic sets of values
A and B. used in the concentration integral. For te equal
flow case these can be fOund direct-ly as a simple analytical
function of si. In unoeual tinw Problems, however, these
values cannot oc determned exactly, so you ust supp]y nstedd
five coefticients or a polynomial aproximatlon to the functions.

Iow that nitiallation is completed, te Prooiram will read Ili
values t T troji the terminal ena calculate and *:1snl.l C.
When a negative T is Inoutt the pralra l1 write .lt the resuilts
(on the Printer or to t1 cA lel tauledat) ann snp, To Ioo
at the A anti B vlues, or tn se T rabn crtht a ore sleno To irnt
flaures, You can look at the tiles A.dtit, I.niL, Cw.#Jtt, Tiat,
respectively.

CA
0
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C
C
C
C
C
C

C

InItialize useful variables and open output files

MR lI S USED i
dt:

Cdataa

T.d4t:
W~da~t 

A values
R values
calculated Cws
T values InPut by user
temporary storage of Ils

real last,m
double precision pI
dimenston a(0141 bl 4)ltlag(2)
open llnit3e I} t.jat accessawseqolltP) 
open(unit37,ftleacw.dat ,access='seqout ) I
p = 3.14159265359793
innum -1 * I counts nuber of s supplied

store results here
for table

8
63

2;
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1
w

w
.. w

i

C,

0

0

0

A-%



c Read in user-supplied arameters

Wrlte(s 1)
i format(E5,"input epsilon: 96)

read(5.2).el5
2 format( 6.4

c find out what range of sl values to se

writef5,3)
3 tormat(tS,'lnput last psif and delta psi: ,p$)

read(5*4) laststdpst
* 4 tormatO3(t6.4))

C step evenly, starting at tepsize/2

first = dPsl/2

number (last-tIrstedpsi)/dpsl I hQw manV values of psi

c Output, In table form, can go either to a file or to the
c line printer. Here, we find out wnjch s desired, and openc the appropriate device as unit 38.

40 write(5#131
13 format(t5 'Where do oy Wnt the output to go?,/,t1n#

I (0-t e =Prlnter)s .5)
W ~~rea;t5.6Slans

A It((ans.lt O).or.(tans gt I)) qoto 40 5 Ignore nvalid response
ifulans.eq.6) open(untd9,f Ile= tale#dat'access=segout')
1£( ans.eq.1) open(unitu=3,device=-p ,access=Useqout)

c Y can be calculated In two ways: a nice, simple method
c (using a user specified fudqe factor)5 or a more complex
c exact method (whtch works only tor tle equal flow case).

- c rind out which etthod Is equyred ant set a tlam It the
C. nice process s to be ued, read i the tudqe tactor now.
gO wrtle(5 14)
14 formtdtt5#'9xact or nice valies tor Y?%,/,tlo,

@ ~I '{0=eX~ler*1=nIcr sI'$)
read(5,6)tytlaq I set Jytng: 0 exact., I nice
tf((lytl.g.t.O).or.(iJ lAg.qt.)) goto d) had responso-
I ( fla.eq.O)9oto SX exact, no fjde factor
write(5 5)

15 format(t5o'input fodge factor M: ',)
read(502)m

0 c Find which values of a and b to use and set flag

50 write(5,5)
t5 format(tl.'Exact or curve fit vjues or a?'./,tlO,

I '(0:ex;ct, I=fit): ',S)
read(5,6)Ians

6 formatli)
Itians.It O).or (ans.it.) goto 5n ZIgnore nvalld response
If a2sseq.^) calt Aexac (flimber.frstdpslIpl, .au())!c.sll the
i((aM s eq.I) call Ait(nummerf rstdps I laclt ),a) Iprocedure



60 write(57)
.; 7 format(tS,'Exact or curve fit values for b?,P/PttnO

I1 (0=exactr1=ftt): ,8)
readi5,6) ans
i((lans.lt.0).or.(ians.gt.l)) goto 60 ignore Invalid responseIjlans.eq.°) call nexact nt1mber ltlaq(21 ttrst.d7Sp
f an$ t-q~ call 8(ttnumberfrStfdps fla 2 bs

write(5 A)
8 format(t5,To stop, Input a negative value for tV)
c MAlt LOOP:
c Keep calculating until a negative t s Input,
C storing Values of t and cw n data files

70 write(5#9)
-9 tormat(t~f't=^s

- ~read(5 In t.
to formatf21.to)

Innum = nnum +1 I Increment counter
write(36#10)t I write t to file

c as soon as a negative t Is nput. call a routine
C to print tle results dnd terminate

CAI- t t 0) call otput(epstdpsilwirstvtastplnnumpltlagpapbh
I miyflagi

b4 c get values for this t
It (Iyflag.eq.l) Call Ynice(numbert) 6
If (ytlageq.O) Call Yexact(firstdpspinumbertpi) ,

' C Ilere we finally call the routine to et the
C number we are atter.

result = C(t dpslrnumbertplePs)
rite(17,1 )resolt I rite Cw to file

1write(5 l) resuLt. I and terminal
it format( IO.Cw = .#f9.S)

aoto 70 loop forever until nertative t s input
end I ena ot main program

~~~o . _= .

C - -

0*~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Subroutine Axact number f irstodpsl pi 1i)

c Tnis routine calculates values for the parameter a
c using an exact equation. The As, one tor each value
C of psI used, are written to le adat for use later
c In the prooram. The ser specifies whether this routine
c or the aPproximate.vqrsJon 'ItP s to e used. Hote
C that the exact method worhs ONhLY for equal flow problems,

c Initialize variables and open output file

doubleC prec Isiob pi
openlnit33 ie- dat*' ccess=;seqout') open data file
iti = 0 se f aq ndicalAu ex4ct method
psi = first I nitialize psi

C - loop throtigh all values of psi, calculating an a for each

de I 1 = Inumber I how many values e need
a _ p * /si/in(plarpsi)**2)h(tmpl*ps1*(cos(piupsl)/sjn(pi*psj)))
write(33#2)a I write t to the file

2 format(t1.10)psi psi f dpsi increment PSi
I cont I nise

close(unit=33) I close file Ca
return 9
end W

U'~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~%
w~~~~~~~~~~~~~~~~~~ 0

C) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~C
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Subroutine exact(numberlfliirstvdpslpi)

C exect gets values for b With an exact equation.
c 83 are written to the tile B.dat or later use.
c Fla OMf' s set so the output routine nows that
c exact b values were used Remembero the exact
c method can be used only or equal flow.

double precision phi bI
lfl = 0 set tlag: exact values
open Ont=3 fjde='bdattaccess_'seqout') I open bdat

c loop: get a b write It out

do 1 1 Inumber
phi p(tirst#(l-()*dpsi) I Phi psi*0I1
b = piP*2*Cphl-l*cos(phi)*sin(phl)+2*pnlitcos(phi))**2)

1 /(2NtslnPhil))R05)
write (34#,2)b output b to file

2 forgat(tI.10)
1 continue

close(unit=341 I close output file b.dat
return
end

0~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~u
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Sulbroutlne Afit(numberfirstdpaitifloa)

C This roUtlne oPens the tile a.dat end alls
C the routine oFtoo which does a Polynomial curve
c fit usino user-sugplled coefficients. The five
c coefficients ary Passed bCK up to the main rofram
C in the array a , and fla? Ifl Is set to Indica e
c the use ot appro mate va ues.

dimension a8O:4) coefftclenit array
open (unit= 32t le='a;dat%8accss=seqout') I open output file
Itl I f lag approxImAte A values
call Fit numner flrstvdpsiwa) ! call routine to generate As
close(unIt=32) clean p
return
end

Subroutine Bftit(numberfrstpdpsleIfl~b)

C ThiS routine is identical to At it but the file b.dat
C Is opened nstead of a.dat. Coefti clents are returned in
C the array b'*

dimension b:4) array to hold S coetf3cients c
oPen(onit 3 Ml~en'b.dat'access='seqout ) I output to bdat w

iapprox e b values
call Fitt (imber.first,dpsib) I get 1) values

W close(unlt-32)
.4 'return 6

end
.

-4

-'
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Subroutine it~nuberfirstrdpsic)

Fit reads in 5 coetficients and uses them to approximate
either a or b depending on hether t was called by Afit
or fit (in the frst cse, data goes to a.dat. in the
second. b.dAt) the varIable c Is euivalent to either
a or b, wfichever Is appropriate.

dimension c(Ot4) I array of curvo fit coelfictents
do 0 10.4 1 get them one at a ime
write(5 1)
format(d5,' tnput a coefficient')
read(5#2) C(I) I read one in
format( f 4)
writeCSP2 cCl) write It to the terminal.to conlirm

calculate c and write It o file
unit 32 has been opened b our caller
as the correct output file (a.dat or bat)

psi l first I go through all psis
do 3 1 3 1.number
terp P
dO 4 n 0.4

the coefficients are for a polynomial fit n
psi squared

tertp temp + cn)*psi**(2 *n)

the natural log of te data was sed to determine
coet ticients, so we mist take the exponential of
the result

result exp~temp 
write(32 51resx(en t write to a.dat or b.dat
formAMHAOlsl
Psi Osi dpsil
con tinue
return
end

3

Cd

U



S4broutine Ynice(numberempt)

c Here we calculate v alues with sleazy-but-nice formula.
c (usina only a and a user-supplied fudge tactor). Actually,
c we rite out not Y tself bt a lose relative W Cb*y),.
c The values ore pt In (guess what?) wat.

c define variables and open seful dta fIles

real 
double precision yb
open(unt33&f Ie=a.dataccess='seqn')
openl(unit=34, l le- b.dat accessm'seqinI
open(unit-35 (ile='w.dat'Paccess'seqnout )
1fl I set flagi approximate y vlues
Do I I lenmbher I I y for each pSi
read(33#2)a j read In a
read(34,7)r ..ann b

2 format(t21.In)
y _ (t/a)** I 15 Ildge actor
lfl(t/a) tl) y -

= b*Y e 
vrIte(35#21w twrite to W.dat

* s continue

c tidily close all files*. w
close (t =33

w close unit 4 
NO closelunit_ 5

return
end ,

O~~~~~~~~~~~~~~~~~~~~~~~~~ D

O~~~~~~~~~~~~~~~~~~~~~~~~~ea- 
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Subroutine YexacttIrst~dpsimnuMberrtpl)

This routine gets exact v8lues for y and w)
Using a rthrqr messy eqqat on (equa Ilow only).

C
c

c

2

.* C

999
1000

I

define variables and open files

double recis on phI,teipltemp2,b,9amma
open(onit=33file' .lcjat^Acces=seqtn) I a values
openl(4nt=34,fle=' dat' access=seqIn I b values
open(Unit=3Sttle='w.dat',access'seqout ) t put s here

itl = 0 1 flag exact y values
Do I = .number I loop through all psis
read(33,2)a I get a
read(34 2b I and b
formatl 2. )
Phl z p rit rst*(I-)*dgsJ) I phtl - PlpsI

((t a. gt .o)gOO 99I9tsppcal case w b

Invoke function to find amma, used n
cdlculatlng ()

gamma Cappr(phlast)

tempt = ((gammasphI)/2+(in( gamMA)*cos(qamma)/2)+sln(phI)*
cos(ohl)/2 - 2cos(Phlu*(s$n gamma)4sInphi) +(aa +Phl)*
eos( hi)*N2)
temp2 a P1**2/12*sIn(phi)**5)
w temsl*temp
goto I0oO
w b
If (wle.O.0O0)" = 0.001 I Baby things happen It w = 0
wrlte(35,2)w I write to dat
continue I et next w
return
end

(A

)
E2

it: s~=rr

0. G - () sE!_,-i ts

-

M (E3
F:;



Function Gppr(phivaot)

c returns an approximation to gamma

daible recision amma
oldt a
oltx 
x 2old - I

10 lt(abs(aldx-x).lt.O.0001) goto 20 close enough yet?
= phi ox
= (sin(phi)+sln(o)-(Phia+)*cos(phi))

I /(2ai(5in(p1i)-Phi*CO5(Phl)
0o dx x
x = x .Old - t)/2 I get new 
4oto 10 1 check again

20 Capr phiox
ret urn
end

CO)

.~~~~~~~~~~~~~~~~

Function CwttdpsinumberpIeps)

c Aporoximate the ntegral or the concentration Cw

double precision temp.cp1,#Waaa

open(unit=33: tileu'a.datACcess5'Seqln')
owen(unit= 4tle=oh dat'access=se1in')
osien(unit=35,flle'w. dat . accessa se 'Jn)
do I I .number
read(33,2) a
read( 342) b
readt 35 2) 

2 format(fZI.in) 
temp = exP(-((a-t)**2. (4 epsaw)))
c C * dps1*tegp/Sqrt(4.*pJ*epsW)
continue
cI = C G6
ret urn 

end ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~4~ __
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Subroutine utput(epsvdpSlfistlastinnumitlaotaahm,
lyflag)

Output prints the results In a table, either
ln a file (table.dat.) or on the line printer

dimension Itlag(2) flags for a b exact or approx
.dimension a(O:4) . a coeficlents
dimens1on b(Os4) I b ceftieients

open files ith results

close(unit36)
close(unit3 )
opentunlt6,11e='tdat'8aCCess;'Seqin'
open(un1t=37,fllc::'cW.dat ,acces 'seqfln )

unit 38 has already been opened as either
table.dat or LPts
DisplaY the paramneters nPut bY user:

Writc(38*I)ePstdpstjflirst last
formatt///v10x,'eps Jon 5(f 'tR4j5xS'dpsl ^fR,4*5x,
'first psi = f8.4X'11a psi , ef .4,/,tiO)

If exact a & b values, say so

If(tilag(1)ceq.) writ-(3 8 )
)ormat( to Eact a vajuefi')
if(itlao(2) e.o) Write(38, )
tormac(tIOVExact P values')

If curve tit was used, print coefficIents

IttiflatV Sgeq~j) Wrlte(38.)M^l:l=0 4)
forat(0. A coeftictents aret O (tdf.4,2x))
l ffaa(2) eql) write(.18OM(l) 1-0 4)
format( 10,*B Coefllcientt arcs .S(t 111.4p2x))

tell how V was calculated

tf(iYf lda 9 o)wrlte(3RPa1)
format(t O, xact Y valses'e//)
if(vfYlaeqg.C *wrte(3e,11)m
toruatMtIr APProximate y vauoes, m Is: #tO.4p//)

print header for tahle

write(38.9)
format(t31,'T.&12xPCW'./)

read In t and Cw from t.det and Cw.datt
write them nut together

do 2 1 ItInnum Innum = of Ts supplied
readX 36, 4 ) t get t
format.(f21.10)
read(37#4)cw I get Cw
wrlte(3B53)tCw I make table
forMdt(2SxufI.£,Sxtfl,4)

ce
9
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2 continue

c execution stops here

stop 'Hydrology Is all wet.'
end

*~~~~~~~~~~~~~~~~~~~~~~~~~~~I ', CX

m Coa
a E

D ' A"..~~~~~~~~~~~~~~~~~~~~

o 1 in~~~~~~~~~~=

C)



SD-BWI-TI-073

00mm~~iAvfDli

THISCOPY WILL NOT BE
REPLACED AND MAY BE

C4AtGED W;THOUT NOTICE

APPENDIX D

TABLES OF TYPE CURVE DATA

44



eps lon 2000
beta =1.0000
Exact a values
Exact b values
Exact y values

dpi .0500 first ps = .0250 last psi a .9750

T

0.1000

0.4000
o*snoo
0.6000
0.7000
0.8000
0.9000
1.0000
101000

I.2000
1.3000
I 4000
I 5000
1.8000
2,*00(00
2.5000
3*0000
3.5000
4.0000
4.5000
5.1000
5.*5400

6. 00(1

I . 0(00

0.0000
0.0013
0.0205
n, 60n
0. 1031
0:1373
0. 1619

n l899
0. 1963
0.2012

0.2055
02041
0 20(05
0.1707

0.1098
0 076
000562
0 4 44
0 .0364
0.0308
0.0266
O (232
0.0206
(0.01 84
00(0167
0051 52
O.N128
0)*0110

Il

Tab. 1



I

epsilon .2000 dpsl -
beta 1.0000
Exact a Values
Exact b values
Approximate V ValUes m 153

.OSOO first Psi - .0250 last Pi = 9750

1.0000

T

0.1000
0 .2000
o.300
0.4000
0.5000
0..6000
0.70n0
o.64)00
O0 19)00
I .004)0
I o a
I 200)
1,300
1.4000
1.5000
I.A00
2,0000
2,5000
3.0000
3,500
4.000
4.50'00
5.0 0
5,5000
6 .0000
6.5000
7, 0000
7.5000
a.0000
9:0000

10.4000(

0.0000
0.0056
0,030
0. 069
0.1076
0.1W44
0. 165
0.1033
0.1947
0.2011
0 .20)5
0.24Jo 
0.1956
0. 901
0 . 699
0 .1555
0.1225
0. 961
0.0762
0.0614
0.0503
0.0420
0041357

0. 0269
0 to237

n.021 2

004)195

co

6

V1

n ~

0 ** ___ 

:s''_E 3
; m 

q,
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epsilon 0100
beta = .000
Exact a values
Exact b values
Exact y values

- dpsl .o first psi = .0250 last ps = 9750

T

001000
0*2000
0.3000
0. 4000
065(00
0.6000
0.6500
0.7000

o 8(0
0.90410
0 * 9501)
1). lgfi))I .000
I .n00
1.1on(

1 .4500

I .500

14.0001.4500

I .16000
I .7000

I .900i)
2 * 0130z

3. 2l,il
3 .snnr
1. 01)1XM4,54000
4.11on"

5 i)0'

5 .54a,0)
6.500no

7.51)1)0

9.0t'Ino
I G0.00on

A
C.

060000
0. 00

. no
00000

0* 000
n.0027
0.0113
0.4a337(1.07o0* 0178
0.1471
002 369
(I. 3354
n. 31277

0.50n508
0.5447
it.4577
n. 88
0.3183

0.2356
0.2022

0.1571
0.1423
0. 941
nn f68'1
0.AS44
(1 i415
n 373
1) 34 3
0,|is15
to, 11 it9
0.0270

.249
.1S0

Is 071
0.01 30
0.)19h

w
t4

C,)

Tab. 3



lf

epsilon = .0100
beta = 10000
Exact a values
Exact b values
Exact v values

dpol .100 first psi = .0050 last PSI a 950

T

0.1000
02000
0 3000
0.4n000
0 S000
0.6000
O. "6Ono1,7000
0.000o
0.8500
0.9001'
0 9500
I .()00
1 .0500
S 1(100
1.1500
1.20(00
12500
,3(00
1.400
I.5000
1.600a
I.700n~
1.0000

2.04)00
2.5000
3.0000
j,5000o
4.0000
4 .50)41
5.0000

6,00)'
6,5010
7,* O0001
7,5000

101000

°4.4nso

O. O0o0
0.0000
0 .00000.0000
0,00m00.00)04

0.0113
0o0770
0.1471

0.A2 7
0 . SO 1 Ii

0.5446
0.5060
0.4576

0. 2358

0.19
0.1 578
0. 1421
0.0937
o.i 687
A. 0536
0 .04 35
0n 363

o:n269
36

0.0210
(I ( I 89
(1 .611 7 1
a01356
11.01 32
0 f l (1 4

-4-

A-C-

-i m -

r.7S8(E
O 11 A C
CD 6 k

1, z x 

z 9 
_2 wCD
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� I

epsilon 0500
beta .000
Exact a values
Exact b values
Exact values

dpsl = 0200 first psi a .0100 last psi :: .9700

T

0.1000

O.4000
0.5000O * 6000

O~i00
00754)0
o.nnno

1. 01)0

I1.150on
1. 2000z
I1.2500

I1.4(0

I .6410)
I .700n)

I *90I)0

2 .5(100
3,01100

4.5000

6 . nnnn0 
5. * (10

,5 0o
6.7l040
0750)0

0. nnno0

9.o;no

o90(no

1.0000

A
C

o.0000
0 .00o
0 .0000
00124
0,0200

0.0647

0.l292
0.1635
0.1966
0. 2543
0.2775
0. 2966
003120

: 124 1

0.3361n. 3363
P. 2 S6
0,3152
o . 8
A.2583
0.2275
0.1993
o.1740
0. 1544
O. 1 242
n. nssa
41 06911
0.0533
0. 0 

:00)359
0.1 306
0 . 265
00233
n0 0oz7
0 0186
0.0168
O.0153
o.nl30
0.0512

3 ° V E

M 3

Tab. 5
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� 6

epsilon a 0.0500 dpsl a 0.0200
heta 1.0000
A coefficients ares a 0 = 00400 3.775',
n coefficients are: b n. 2730 6.7200
Approximate values* n is: 1.0000

f rst psi =

3.3016
3.97nn

0.0100

-4.9376
-7.3120

last psi =
7 .0424

1 3.3020

0,9700

T

0.1 oo
0.2.100
0. 3000
0:4000
05000

0.64)10
. 6500

0.7000
0.7500
0.86000
0.8500
0*9000
0.95(00

.0000
1500
.1000
.1500
1.2000
1.3000
1.4000

17000

° .8100n

I .9 1)0

2.200n
2.50no
3.01MO
3 50n
4,0)00
3 .sno4 51)41)
5. nnnn0

6. 0o)00
6.5110
1. 000

9. n111.0
0.0000

o~ono0.000
0.0001
0.00)35
0.02 16
0,0649
0*0951
0. 1291)
0.1641
0.1989

0.231 2
0.2597
0.21136
0 1 3

0. 3272
o .3 46
n0. B 
0. 3374
*. 3331
o. 3149
0.28R
0. 569
0.2259
0.1975
0.1731
0. 152R
n,1229
o . 950
n.0687
0.0Z5 4
) .0 4 3 1
0), 361
n4130B
0 .(168
n 235
n.n209
rG * 0 I 7
1 0170
.n 015

0.0112n

i

Tab. 6



.

epsilon 0.0200 dpsi 0.0200 first psi 

-0.9750
-1.1240

0.0100

3.2250
4 .b5O5

last psi =

_1.3020
-1.4520

0.9700

A coefficients are a 0.2010 3.3090
B coetficlents are: b 0.6570 4.9770
Approximate y aluest ef Is: 1.0000

unequal flow

0.1000
0.2000
0,3000
0.4000
0.500
0.6 )00
(17000

0118000
0. 9000
.0000
.1000

I .200
1.3000
I .so
I .8t)4}o)

0 ~ ~ ~ ~~~~ * I) non
3.0000o
35000

3.0000
4.5000
4.0000

5 .501)0
6. 0006.5 I000

01000
6.1500n
1. noo9 .01n00

0.0000
0.n1OO
0.0000
0.0)01o
0.0000

0.0110
0.04 38
0. 11no
0.2033
n). 31n2

0. 16

A.4270
0.4092
0.2796
0.2112
o.1294
0.0921
0.01

o.0269I

n .0570

0.0240

0 0196
0. 0167
0.0144

C,)

a,

I

Tab. 7



epsillon 0.0500 dPSI = 0,0200 fIrst psi = 0.0100 last PSi 5 0.9700

A coefficients arel go .2010 3.3090
11 coefficients are: 0 0.6570 4.9770
Approximate v values, m Is2 1.0000

T C

0.1000 .0000
200 .0000

0:3000 0.0000
0 4000 0.01109
0n500 0, 077
0.60n 00279
0.7no0 .0652
0.80oo 0.1157
0091100 (17105
1.(0o 0,221 1
1.1000 0.2627

2000 0. *2915
1.3000 0.3102
14000 0. 201
156000 0. 196
1.6000 0.3101
1. 7PO 0,2934
I ,Be)00 0,2719
2. 00n 0.2 I 7
2.5000 0.1364
3,0000 0. 0945
3 5.l0 0. ,07173,000 0,0573
4:5002 0.0473
5.0000 00399
550(10 a n 045
6b0100 0.0302
6 Soo0n 0.2671
7.0000 0 1239
7 s00n0 0 .216
9.0000 0,0 96
9,OI)a . 0165
1(1000 0.0143

0. 9750
-t.1240

3.2250
4.6500

-1.3020
-1.4520

unequal flow

r- -

igE BF:;

8- C F yd 

F. A v 
= _ G

M : 
Cs " -- 3

Tab. 8



.4

epsilon = 0.1000 dpS = 0.0200

A coefficients are: P0 0.2010
n coefficients are: go U (0I570
Approxtmate v values. Is:

T

0.1000
0.2000
0030 l00
0. 40)01

o . 6(10 0 0.700')
0.8001)
0.7000

.nBnn 
1.0000I .1 000
1.2400
1 6 3000
1 .4n01)

wA 1.5000

1.61)00I. 701)
1.800 

4.10000
2. 50)0
2.044)0 

105)000

4.500

5.oopo
5.5)00
6. 1 )000

7.1)'l ne)
7 * 5 () 4 l. 1 

9 . ( 3 0 0 0 
I 1 6 , 0 ) )

first psi 

-i. l750
_1 . 240

0.0100 last PSI 0,9700

1.0000

e,
0.0000
0 .0000
0 *0(u 
0,0378
0.0726
0. 115

0.2072
0.2262
0. 236
0.2472
0,2529
0 25 46
0.2521
I) 2 263
0),237 3

0.2112
0.1 -isI
o) n998
0,07 )I
0.0*051)
11.04711
66.01403

0. 0347
n 030.1

0.:267

0.1)219
nl 0 21t

0 : 2 I j7t

000 ) fi61.4)1 6 i

(bll 3f

1 3090
1,9770

3.2250
4.65110

_1.3020
1.4520

unequal flow

w9

(A

Tab. 9



epsilon = 0.0200
beta = 1.0000
Exact a values
Exact h values
Exact y values

dpsi a 0.0200 flrst p = 0.0100 last psi n.s700

T

0.1000
0.2000
0.3000
0.4000
0. (00
0.6 6000
r.7000

O.90001.0000
1.1000I . no
1 .4000
2.000

2.5000
3.00002.5000

4.0003 son
4000

6.00006000 r
7.0000

7.5000
0.0000

1 onno

0 0000
0:000000.0000

0. 006
0.0102
0.0543
0.1475
o.2667
0:3721

0 4523
004212
0.3628
o. 302t
0. 1 82
0.I441
0.0939
00
0. (134

0.(361

0.0267
0. 235
0.0209
0 )1 l8
0,0,70
0.0155
0.0131
0.)11 3

co
a,

(A

Tab 10



4

I ft

asilon = 0 1000
be a 1,I0006
Exact alues
Exact b values
E XACt values

T

0.100
0.200
0.3001
0.4001
0.50010 * 4nnn1

0.760na

o. 9noo
1.0001
11001

I .2noa
.30011

1.400

.6001.7001

2.s00
2.511(1

4. nnnn
4 .%0(1
5.00(c

6 001
6.5on(7*00(
7 son(
8 n(
8 .so(IC
9*000(

00 o

dp51 t 0.0200

C.

I 0.0000
0.0000

) 0.0024
I 0.0213

0.0623
I )0.1 125
) 0.19

0 2347
I 0.2436
I 0.2564

0.2636
I 0.2644
I 0.2592

X 0 234 4
0.2176

I~~~ 0 9

) s0. 1642
0. 1011

.0.707

I 0.0431
I )0 o359

I (0 030S
0.0264

1 n0.0232
I 0.02')6
)~~~~I 1) I Ass|)

n 0.01 67

I 0.0139
0.) 28

D 0.011 

first pst 0.0100 last pi 0.9700

CA,%A
L"

I
I

I

I

i
i

Tab. 11



-

epsilon = 0 0200
be a 1.0006
Exact a values
Exact b values
Exact V values

dps = 0.0100 first psi a 0 . 0050 last psi = 0.9700

UA

0.1000
0.200)
0.3000
0.4000
0.500
0.6000
El, T00
00000)
0.8500
0*90a)0

1.09500
I * 100
1.01500

1.2001)
1.2500
1 *3000
1.4000
o .5000
.6no

1.7000
1.8000
1.9n00
2.0000
2,500
3 0000

365(osn0

3.15000

4 4)000
45500
6j.0000.15000
6.0000

I.Soo(
7 .6nnn)1 .7no

I:OXoon

M *000

I . sen

0.0000
00 0noo

0.0000
0,0006

n. 1415
01 475
0.2(164
O.26

0.3721

0.41)

0. 523

o 4232
0. 3628
0. 3021
0.2507
0.21 6
0.1827
0.161n
0. 1441
0.09519

0.0 433
0.)361

0 .i267
0.0235

0.03 1 )

0ol 13

0

6
Ca)

0 (HCp Z !

Tab. 12
I



4

1

epsilon s 0.0100 dpsi = 0.0200 first psi ; 0.0100 last ost u 0,9700

A coefficients aret m 0.2010 3.3090 -0.9750 3.2250 -1.3020
B coefficients a0e6 D ' 0 6570 4.9770 -1.1240 4.6500 -1.4520
Approximate va ues ,n Is; 1.0000

unequal flow
T C

0.1ono 0.0000
0.2000 0.0000
0.3000 0.0000
0.4000. 0.0000
0.5000 0.0000
0.6000 0.000

o.7000 0.to00A
.0000 0.0078

O.90(10 U.0469
I.onno .1492
1.1000 0.3018
1.20n 0.4412
1.3400 0.5171.
.4Onn Q.5156
.5000 0.4 66

1. 900 0.264n
2.0000 .2021

* . ffi 2.5000 0.1283
3.0000 0.)0924
3.5000 E).0711
4.0000 0,0570
4.5nno . 0.0473
5.nno 0.)4j00
5.50n0 0.(1345
6.0000 0.0303
6.500n 0.n269
7.000) 0.(10241
7,5000 0.11218

9.nnnn( 0.0167
1o.0000 0.4144

Tab. 13



V

. I 

epsilon 0.2000 dpsi 0.0200

A coefficients are: ao 0.2010 3.3900
11 coetficlents are: b 0.6570 4,9770
ApproxImate y values* % Iss 1onooo

T t

first psi 

0. 9750
l11 240

0 .0 l00.

3. 22s
4.6500

last psi 
-1.3020
-1.4520

0.9700

unequal flow

0.4000
0.5000

0.90000:3000

017200

o.9ono

1000I 

Os 2.~~~~~:000
I .50n

4. (Inoo- I . 40000

4.500
.Inoon

5,5000
6 (OO

8.0000
9. non)
1 0.oU()n

0.0n29
0.0489o * 6468
0.0784
0,1082
0 1332
0:10 33

Os 3

0,1861
34

0.1957
01 968
0.1 44

0,1060
a4 790
0.0612

0.093

0.04ii
0,11352

o . 08

0-. 241
(),021 a
0.u198
06167
0 , ) 4 1

CO)
a

6

ta
e.

Tab. 14



I

epsilon 0.0050 dpSl a 0.0050 first psi = 0.0025 lAst psi = 0.9700

A coefficients are: a0 M 0.2010 3.3090 -0.9750 3.2250 -1.3020
It coefficients are: bo 06570 4.9770 -1.3240 4.6500 -1.4520
Approximate Values, m Is: 1.0000

A% unequal flow
T E

0 1000 ,000
0.2000 0, 0000
0.3000 0. 000

4000 0*0Ono
0,4Ono 0,06)00
o oan 0. oo

o:7h0O . 41 o00
0.700 n.nou0
0(5n o,0ooo

.:80 a o. 0,)12

0.900 1)0 n a
.9500 0.02711

3.0004o 00722 C
3,05010 0,1531 a
.n1)00 0.(2677
3:1500 ,3979
1.200 n.5159
1.25no 0.594
1.31)0 0.638 16
1,4(300 0.5867
I.500 0,4636
1I6t30n n 3617
1I 70(0 0.2970
1.8000 0.254i
I.gion 0.2233
2,0(300 0.19 91
2.62l0) 0,305

3.n)00 0.0924
3 50)0 0.11712
4.nOOO 0.0572
4.%Ooo n.0474
5.nn00 0.0402
5,5400 0.0347
6,500n 001)34(

* 0.504w a 0.{}70)>~
7%.o10in 41 42 '

O .rion o041,99 .
,1)368

10.000n 0.t)145
,: Cv fA ce r

Tab. 18
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AP

epsilon 0.0050 dpsI 0.0100 first psl = 0.0050 last Psi 0.9750

Exact a values
Exact b values
Exact values

0

T

0.1000
0 . 200
03000

4oon
0.5000
0.6100
,7n000

0.9000
1,0000
1 .0250
1 )50o
1.0750
I 1o00
1.1250
I *1500
1 .1750
I . 20)40
1. 2250)
1.2500
1 .3nnn
I 4000
I .5000
1 61)00
1. 7nnO

2.21100

3.510

4 .5t)o4.000
5.n1100
505040
6 .'t0nn
6,5000
1 4)1041
8 0000
9.0.00o
10.0000

0 000
060000
0 00000.0000

0.0005~ooos

n.0197
O. 1635
0. 422
0.5461
0.6071
0.6532
0.6797
0.6866
0.6758
01.6505
1,6153
0.57143
0.5316
0, 45 1 4
0 3377
062722
0 2291
0,1991
0.1155
o . I 4 1 5
0.1181
()0.939
0.0689
0.0538
0,o436

. 0164
00.I
. * O7o

n. (23 7
0.0211
0 ,1191
0.eil51
5,,,n32
0.0114

a

1.3

T
Tab. 19



N

epsilon = 0.0020 dpsI = 6.0100 first Psi = 0.0050 last psi 

p. 

Exact a values
Exact values
Exact V values

0a

T

0 1000
0 *24000 lon
0.3 00

0.5000
0..6(100
i ,7000
0.8600
(g 50
0 *9004)

0. 9500
4.9750

I . nnnn
I .11100
1.1 250
t.1500
I .1750
1.2000
1 2250
1.2500
I . 3n00n
I.25n0
1,400)
1.5000
I.600
I .900A
2.n0oo
2.2100
2.501)0
3. 1000
3.5,10o
4. oo
4 .5000
5. On
5. 5 1)0
6. nnn
6,5m0l00
7 .(n0
7*5 .nn
8 .0nnn
9 000

10*o00

A
C

0.00000
O. 000
0. 000
41,0000

0.10m

o .noov

0.4 854
0452

0.6464
0.7804
0.8642
1,.8871
0.8556
0,78130.70a
0.6265
0.5572
105007
0.4 194
0.5007
0.3244
0.267 1
0.2274
0,1751)
(.13415(!b. 1 1 5
0.138410 .i84 
0.Ia16
000 Oi40
6.41438
n0.Ib366
it 312
o.127 1

. 2 38
0 .212

O 190

o0 015
0:0b33
0,0o I15

Tab. 20


