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Summary

Dispersion of a conservative solute which is introduced
as a pulse 1in the recharge well of amtﬁo-well flow system 1is
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 Hanforad

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

Hanford Operations, in December 1979.
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1. GENERAL THEORY

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 reéharge 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

: m ‘ '
(s,8) = 2~ -ne (1)
o i Sl A l

s = distance along streamline

t time
% = longitudinal dispersivity
7= Tis)—-t
. -3
T(s) = fd-s/a-(S) , travel time to s
Sq §- . ’
. 2
W) = [ ds/[ues)]
So
§(t) = mean location of the pulse at time t
u(s) = seepage velocity
m = mass of tracer per net area of aquifer injected

at s = s, at time t =0

Equation (1) is applied along each streamline identified by the
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value of the stream function*; therefore the velocity u depends
on ¥ and as a result,T(s,¥ ) andw(t,¥ ). These flow integrals
can be evaluated either analytically or graphically as described
in the next séction. The coefficient m/u(s,) in (1) is evaluated

by noting that at the recharge well

u(s,) = @./C2mrr, nk]
Q. = recharge rate
I, = well r‘adius
n = effective porosity
H = aquifer thickness

m = M/quan
M = mass of tracer injécted

m/u(sg) = M/Q,

The concentration in the pumping well is found by
calculating the flow-weighted concentration as the following

integral:

Qin -
= <2 { , -

where 8 = Q,./Q. 1In this integral the flow integrals T and W

depend on the stream function,¥ .

2. EVALUATION OF FLOW INTEGRALS AND WELL CONCENTRATION
For the case of equal recharge and discharge rates (p=1),
the integrals for T and W can be evaluated analytically from the

~ velocity variation along a given streamline. The details of this
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analysis are given in Appendix A; the results for T and W are

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

a(¢’)= Q Ter | b(-S-J(}\’): 61—62-.)2.&3— (3)
hH* ! H! |3
where T, is the travel time to the pumping well. The well
concentration is evaluated using these dimensionless fdrms and
the variable of integrﬁtion'z'= V?ZB&/ZH) . Then, for the upper
-half plane in Figure 1, the flow from tﬁé“recharge well is
represented by the range 0$‘$ZI . TFfurthermore, the concentration

A
will always be zero for the streamlines with ¥ > 1 because

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

C. = _bi_ ‘ @. QKPE'CQ"T)Z/4551 dq‘)
Y Qg NHIE (4TE b)'Z

a_nl*. _ ! explva-mi/4eb] 5,
=M U T3, (amen Y
= 8t - X
T= Y\filg ) €= L

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 unequalvfiow T éndtu were aetermined
graphically from a flow net constructed for the case & = 2/3 as

described in Appendix B.
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The limiting result for no dispersion in (4) is found by
noting that, as € — 0,

expl— (@-TV/acb]
(4Teb)?% — &(a-T)

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

integration to a(*‘l:'), (4) becomes

o T >acle)
¢= { S@-m 4;‘! da = ‘r“ =7 ] (s)
aco) T < ale)

The function a(\‘[:) is simply the dimensionless travel time to the
pumping well along a given streamline 1‘;: the general form of this
function is shown in Figure 2. The non-zero portion of (3) can

be evaluated by taking

&G

. Ll
and €(T) is then determined by taking T = a(\?l) and da/d"é’w

A ~
where ) is an assigned value of VY.
3. RESULTS

Numerical evaluation of the concentfatioﬁ 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 resullts are listed
.in tabular form in Appendix D. |

Figure 3 shows a comparison of the graphically based
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FIGURE 3. COMPARISON OF EXACT AND GRAPHICAL
FLOWNET CALCULATIONS. .-

EQUAL FLOW

38/8/81
1 . N 1 | i 1 R R RN l | I I 1R
- TAB. S.6-
~ ___ ExacT = ' -
T T GRAPHICAL €= 8.85

.91

10

10



SD-BWI-TI-073

results using m = 1 (Appendix B) and the exact result using the
equations ‘from.Appendix A. The excellent agreement demonstrates
the adequacy of the graphical approximation with m = 1 in (B2):
that value was used in all subsequent calculations. Figure 4
illustraﬁes the effect of using the approximate form of (B2):
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 geherally smaller, as shown in Figure 3. The
effects the increment A\Tf used to approximate the integral in (4)
are illustrated in Figure S. When € = 0.01, the larger A\P= 0.05
produces oscillations in the tail of the curve, but these are
eliminated when A% = 0.01; for € = 0.2 the results are
non-oscillatory when 4% = 0.05. Generally the oscillations are
eliminated if b e .

The overall results are summarized in Figures 6 and 7;
the unequal flow case (Fig. 7 with Fb = 2/3) corresponds to the SAI
tracer test of December 1979. These results show that the
dispersion parameter € =X/L affects the rising part of the curve
and the peak but not tl';e 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 the non-dispersive analytical result for large
time, and further demonstrates the adequacy of the numerical
procedure. Generally, the breakthrough curves are characterized
by a steep rising limb énd an elo.ngated tail as shown in the

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

11
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FIGURE 4. COMPARISON OF EXACT CALCULATION WITH
APPROXIMATION USING EQ. B2.
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FIGURE 6. TYPE-CURVES FOR TWO-WELL PULSE INPUT TEST
WITH EQUAL FLOW.
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TYPE-CURVE FOR TWO-WELL PULSE INPUT WHEN"

FIGURE 7. ; |
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PULSE INPUT TYPE-CURVES PLOTTED WITH

FIGURE 8.
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convenient for estimating the dispersivity and effective
porosity from tracer test data as illustrated in the following

section.

4. APPLICATION METHODOLOGY

The procedure for interpretation of tracer test data
using therresulfs of the above analysis is illustrated by -
analyzingiﬁhe test conducted by Science Applications, inc.
(SAI) 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, SAal dréft report); Qe = 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.frqm~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 made, the actual
data points in Figure 21 (SAI draft report) were plotted with
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 2x3 cycles) as the dimensionless type-curves in
Figure 7 for b = 2/3. Overlaying the data on the type-curve,
we find a reasonable fit for € in the range 0.02 to 0.05; using
€= 0.035 =%/L, and L ‘= 56 ft., the indicated longitudinal
dispersivity is N

ot= 0.035(56) = 1.96 f£ft.

Matching tPe time scales in Figure 9,

T=1-= Qt/nHﬁL, t(hours) = 1.18 hrs
yields the effective thickness

nH = Qt/IF = 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 f£following:

1) The background concentration is n 't clearly

determined and small changes in this level could

drastically alter the low concentration parts of the
curve. |

2) Unpbse}ved flow rate varfations during the period

that the tracer was passing-the sensor would distort the

shape the curve.

3) Uncertainty about the.voiume 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 indicate that the tested
zone does not behave as a homogeneous, constant thicknessr
aquifer. If other sources of errors were eliminéted, departures
on the tail of the curve would be diagnostic of 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 metﬁod deQeloped in Appendix H 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 H with F = 0.202, G = 0.0488 (g = 2/3)

& [ E et

) = 0.0271
L a4z &
P
= 1.52 £ft.
and from equation (14) with Q = 3.42 gpm,
nH £ = 0.0103 ft.

T2TLEF

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 éo
design tracer tests:; using estimates of €= &/L, the actual
concentration level that will result from a given mass of tracer M

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

20



SD-BWI-TI-073

well spacing L: i.e., ¢, = M&/nHI? .

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 toxthe more
frequently used step input (Webster et al, 1970; Grove and
Beetem, 1971; Robson, 1974; Mercer and éonzales, 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 &/L < 0.1. 1If
the method is to be used for larger values of ¢¢/L, some
comparative testing with numerical solutions is suggested.
However, it should be recognized that, under those conditions,
(lﬁrge ®&/L) other factors sucH as displacement dependent
dispersivity and non-Fickian effect (Gelhar et al, 1979) may
complicate -the interpretation. Also, transverse dispersion is
neglected in this analysis; this assumption is reasonable for
small ®/L 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 &4/L the

21
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dispersioﬁ’effect along a wider range of streamlines becomes
important:; numerical testing would alsolbe 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. 1In particular, this
would apply to recirculating tests in which the pulse is routed
through the aquifer séveral times. This aspect is important in
the Hanford tests because analysis of tHe secondary peaks would
providé 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 Hanford data.

22
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APPENDIX A
%€ and W for the Egual Flow Case

When Q = Q. 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 h for steady flow in this system is

— I (V'/r)z'

= 2
(]

4-77"77-

T- = transmissivity
rF = (x +L)%* + y* x = -R sin?

R cosY - B

= (x -LR +yY y
and using the Darcy equation, seepage velocity along the

streamline is

ro- _____B{__; Q@ [t i
Y nHRGY = " arnAR\ 7oy T T3y

After extensive algebraic manipulation, this reduces to

_Z.QE. Sm3¢ (A1)
7 W Hcasy—cosd)
Using this velocity .in the travel time integral
J’ ds _( zda*
, _
(A2)

- NHE T 51nY+$1n. TH) s
) zsmfs( #- 2

24
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FIGURE A-1. POLAR RDI '
. COORDINATE
. EQUAL FLOW CASE. SYSTEM FOR THE
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When ¥ =¢, (A2) gives the travel time to the pumping well or

" QTw .
al¥) = = ,Slucé- as (A3)

(‘ nHLz Sina¢( é é)
Equation (A3) gives the dimensionless travel time between the

”_
wells as a function of ¥; this result is used for a in (4).

Similarly, theW flow integral is evaluated from (Al) as

-7
S 'Rda‘ 1 HHLZ z | p=—
w_= —— o
_ ‘[—-—)],,—-— ; ”;_ = - ———:Qm_> oY, &)

- + v v -
b(F 4= T [z? , Pest s,miasqt (a4)

— 2.tesd (ST + S)HT+4) ws"cil:_-[

Here ? indicates the position of the pulse along the streamline
corresponding to 15 =T‘$ . 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 Y ¢
the pulse for a given streamline has moved into the pumping well;
in this case W (or b in (4)) was calculated .fronlt (A4) using Y = ¢
If dispersion is. neglected, the concentration is found

from (5) using (A3) to find d¢’/‘b-/g=7 :

= - 2
7 3Tt cm‘w+2w3wsc P T + T3P et

(A5) -

26
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~
The concentration € is then found by assigning values of W

between O and 1, calculating T = a from (A3) and di?da from.
(R5). |

-

27
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APPENDIX B S
Graphical Evaluation of 7 and

The flow integrals T and @ can be determined from a
graphical construction of the streamline pattern. This approach
is hecessary in the unequal flow case where the analytical
description of the flow field is very complicated. The
streamline pattern for Q./Q =P = 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 Q, and width w(s) as a function of the distance along the
centerline of the s%%amtube, s, the velocity is

u(s) = Q /(n H w(s))

and then the flow integrals are expressed as
7= (ds. _ ne
w =g, < ewds

o 88 = U s

These integrals were approximated by measuring the width of the
streamtubes at intervals As along each of the st:eamtubes and
summing the appropriate quantities (wds or wZ?as). The integrals
were evaluated foz: each streamtube for intervals in @of 0.1 at
the pumping and well normalized as in (3)v. These data for a(‘;) and

b(\l':') at the pumping well were then fit to polynomials of the form

73

2h
ln a = Z_ a“\'{\J ‘ (Bl1)
A=0o - '

28
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lnb = g b, szn (B1)
=0 - :
These expressions were then used in the integrations of (4) to
find the concentration in the pumping well. Note that (Bl) gives
only the valge of b at the pumping well, bw' In general, b

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

given streamline; this behavior was represented in the form

T . Tsa

J

b/, =
u L, T>a

(B2)
where m is a positive exponent to be specified. a and b from (Bl)
and (B2) were then used in (4) to find &.

In order to evaluate the above graphical procedure, the
flow net evaldation was done first for the equal flow case 3 =1
and the results were compared with the exact analytical épproach

in Appendix A.

29
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APPENDIX C

NUMERICAL INTEGRATION OF EQUATION 4.

30
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WELL .FOR. 156

This prodgram calculates the concentration (Cw) of
tracer appearing fin a well as a tunction of the time
elapsed since the tracer ¥as pumped down another well,

The user is askeg to supply several lnitlallzlnq,garameters,
and the values of T (time) desired, First, the a

epsilon (which accounts for dispersion etfects) is {nput,
Then, you are asked to input the last value

ot psi and the Increment of psi to use, (Psi

has something to do with what direction the tracer s

coming from, Using a smaller delta psi can he more
accurate, and definitely takes lonqger, (We are approximating
an Integral here, so usi»a smaller steps tends to he more
accurate, Good results die obtalned in a reasonable amount
of Cime with dpsi between 0,05 and 0,2 (use swmaller dpsi

for smaller values of epsilon,))

The output of the program, a table of values of time (T)
and concentration (Cw), cén be sent efther to a file
(tor further processing, pPlotting etc,) or directly to
the line printer,

For each value of 1, a setl of values for the parameter Y
must be found, You can choose from two methgods: ‘Exact’
(equal flow onlyl) which analytically determines y (a
function ot psi and T); and °Nice’, in which Y s set to
(T/a)#»m where m {s 8 usel=-supplied constant, (usunally 1,0)

am asks how to get the magic sels of valnes

n the concentration {ntegral, For the equal

e can be found directly 4s a simple analytical

« In un€égual flow prablems, however, these

e determlned exactly, so you wust supply instead

ts tor a polynomtal approximation to the functions,

ompleted, Lhe program will read in
1 ana calculate and idisplay Cw,
the progrgm «“iL) write out the results

Now that initjaliz
t a

e called Tavle,dAat) aad stop, To look

(¢]

[

values of T fronm
When a negative T
(on the printer or
at the A and B value
fiaures, You can loo
respectively,

see T and Cs o nore sfanificant
files A,dat, UW,aat, Cw., dat, T, dat,

xXwnd
-

l1=-purpose parameter
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Initialize useful varifables and open output files

FILES USEDg

A values

R values

calcuylated Cws

T values fnput by user
temporary storage of Ws

},1t1lag9(2)
at?,access=’seqout?
dat’®,access=’seqout

by |

store results here
for table
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Read in user-supplied parameters
write(s,1) ,
format(ts.'lnput epsilon? e$)

read(5,2) eps
format(£6.4)

find out wnhat range of psi values to use
write(5,3)
format tS ’*Iinpu
read(5,4) last,
tormat(l(té 4))

step-evenly, starting at stepsize/2
first = dpsi/2

number = (1ast-t1rst+dpsi)/dpsi ! how many values of psi

t last psi. and delta psis “*,§)
dpsi

ﬁ
no
hokoNal

-~ o

le form, can go elther to a
Here, we find out which 1is
e devic

e lat4
-

-y o
e O

e as unit 3,

nt the output to qo?’p/at10}

PDOVE

1)) goto 40 ! ignore invalid response
59.f1 e:‘tahle,ddl’,accass:’seqout )
3B,devices’1pt®,access=’"seqout
w

o e DIl S ODe

——QUT M T
- e

s e Jute 04 P,
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write(5,7)

format(tS,’Exact or curve fit values for b?’,/,ti0,
f(hzexact,i=f1t): *,8)

read(%,6) lans .
1f((lans.1t.0),or,.(ians,gt,1)) goto 60 !ignore invalid response
ft(lans.eq,0) call Rexact(number,1flaq(2),tirst,dpsi,pl)
ff(lans,eq,1) call Biit(number,first,dpsi,iflag(2),p)
write(s,8)

format(ts5,°To stop, input a8 negative value for t*)

MAIN LOOP:
Keep calculating until a negative t is {nput,
storing values of t and cw In data tlles

wrlte(S'Q)

format(tS,’t = *7,8)

read(s,los t . .

format(£21,10)

fnnum = fnnum + 1 { increment counter
write(36,10)t § write t to file

as soaon as 3 negative t s fnput, call & routine
to print the results and terminate

1f (t,1t,0) call output(eps,dpsi,tirst,last,innum,iflag,a,b,
modytiagi =

get Yy values for this t

1t (1yflag.eq.1) Call Ynice(number,m,t)
if (iytlag.eq,0) Cal) Yexact(first,dpsi,number,t,pt)

Here we finally call the routine to get the
number we are after,

result = Cw(t,dpsi,number,pl,eps)
write(37,10)result ! write Cw to flle
write(S5,11) result ! and terminal

tormat(th.’Cw = °,£9.5)

goto 70 ! loop forever until negative t {s input
end ! ena of main program

€L0-11-1m8-as
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Subroutine Aexact(number,first,dpsi,pi,1£}1)

Tnis routine calculates values for the parameter a

using an exact equation., The As, one for each value

of psi used, are written to ftile a,dat for use later

in the program, The user speclftes whether this routine
or the approximate vsrs on *Aflt’ 1s to ve used, Note
that the exact method works ONLY for equal flow problems,

inftialize vartables and open output file
double precisiop pl .
open(unit=33,tfile=’a.dat ?Ccess- seqout’), ! open data file . .
1¢1 =0 ! setftla? 1ndicat na exact method1 N
psl = first ! initializ | L o .
loop through all values of psi, calculating an a for each
20:tut & 1i9"berni o) m??r(yaéfﬁs 15265 (p1ans1)/stn(pt H))
a = pi » sin(pitpsi)us - psi*(cas(plups sin(pi#ps
wrlte(33.§)a ! write {t to the f11
format(§21,10)
pst1 = psi + dpsi !increment ps{
cont inue
close(unit=33) ! close file
return
end

€L0°11-IM8-AS
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Subroutine Bexact(number,ifl,first,dpsi,pil)

8exact gets values for b Wwith an exact equation,
8s are wWritten to the flle B.dat for later use,
Flag *1tl’ is set so the output routine Xnows that
exact b values were used, Remember, the exact
method can bhe used only for equal flow,

double precision phi,b,pi
1f1 = 0 ! ser flag: exact values
open (unfit=34,ffle="b,dat’,access=’seqout’) ! open b.dat

loop: get a b; write ft out
do 1 § = 1,number _
phi = pls(first+(i«1)ndpsl) { phi = psiwpi
b = piws2#(phi=3rcos(phi)*sin(phi)+2#pni#(cos(phi))*u2)
7(28(sin(phl))xus)
write (34,2)b ! output b to file
format(f21,10)
cont{nue
close(unit=34) ! close output file b.dat
regurn
en

€0-11-1M8-as
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Subroutine Afit(number,first,dpsi,ifl,a)

This routine opens the file a.dat and calls

the routine “Fit°’, which coes a polypnomial curve
fit using user~supplied coefficfents, The flve
coeffifcients are passed back up to -the main ?ro?ram
fn the array ‘%a’, and 1lag 1£fl {s set to indicate

the use ot approximate values,
dimension ago:4) ! coefficient array
open (unit=32,tjle=’a.dat’,eccess="seqout’) | open output fiie
1t =1 ! f1ag aprroximate a values .
call Fit(numper,first,dpsi,a) ! call routine to generate As
close(unft=32) tclean up
return
end

Subroutine Btlt(number.f!rst,dpsl.ltl,b)

This routine §s identical to Afit, but the file b,dat :
1s opened ;nstead of a,dat, Coeflicients are returned in
the array ’b’,

dimension bso:dl ! arragy Lo hold S caoetticients
open(unit=32,fi1le=’b,dat’,access=’seqout®) ! output to b.dat
if1 =1 ! flaqQ approximate b values

call Fit(number,first,dpesi,b) ! get b values

close(unit=32)

return

end
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Subroutine Fit(number,first,dpsi,c)

Fit reads in 5 coefficlents and uses them to

ejther a or b, depending on whether {t was ca

or Bfit (in the flrst caseé, data goes to a.da

second, dat). The variable ¢ is equivalent

a or b, fchever §s appropriate,

0: ! array of curve fit coetficlents
! get them one at a time

a coetficient”’)
read one in

t
he
1)
g

ut
¢

i)

(1) Jwrite it to the terminal to confirm
¢ and write {t to fille
[
r

NI NOwN=0D

been opened by our caller
ect output flle (a,dat or b,dat)

rst ! go through all psis
f.,number

0,4

t e‘coettlciehts are for a polynomial fit {in
psi squared

tewp = temp + c(n)xpsiss(2#n)

- T B s AN

H DU Dw= » mio=> 1O

= LR

the natura) log of the data was used to determine
ggetfiglcnts'-so we. must take the exponential of
ere '

ul

ex emg) ,

?) Blt !} write to a,dat or b,dat
‘
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Subroutine Ynice(number,m,t)

Here we calculate y valVes with sleazy=but=nice formula
(using only @ and a user=-supplied fudge factor). Actually.
we wr?te out not Y Itself but 4 Close relative W (=hsy),
The w values are put In (9uess what?) w,dat,

define variables and open useful data filles

real m
double precision y,b
openfunit=33,fllez"a, dat',access-'seqin )
open(unit=33,f{1e=’b, ddt',access_ ‘seqin’ )
open(unit=35,f{1e="w.dat’,accessz’seqout”’)
1f1 = 1 !} set flag: approxlimate y values
Do 1 | = 1l,nupher”! 1 y for each psi
read(33,2)a | read {n a
read(34,?2)n ! ana b
format(£21,10)
= (t/a)*¥m { m §s fudge factor
f((t/a), gt 1) y =1
W = bey | ?et w
write( S¢2)W { write w to w.dat
continue .

tldlly close all flles,.,

claoseftunit=33
close(unit=34
close(unit=135
return

end

€L0-11-IM8-as



0%

-

c G C

0o

on

[ Y =
o
o

‘"Subroutine Yexact(first,dpsi,number,t,pt)

This routine gets exact values for Y and w)
using 'a rather messy equation (equa low only),

define variables and open flles

double precision phi,templ,ltemp2,v,09amma
open(unlt:l),fl]e:'g.dat’,access:'seqtn‘g i a8 values
open{unit=34,ffle="b,dat’,access=’seqin’ b values
open(unit=3S,tlle=z’w.dat’,access=’seqout®) ! put Ws here
1tl = 0 ! flag exact y values
Do 1 1 = 1,number | loop through all psis
read(33,2)a ! get a '
read(34,2)b ! and b
format(iZl;lO) ,
phi = p n(flrsbq(l-l)ﬂdgsl) ! phi = plwpsi
1f((t/a).9t.1.0)goto 999 ! speclal case, w = b

fnvoke function to find gamma, used in

calculating v (w)
gamma = Gappr(phi,a,t) ‘
templ = ((gammafphl)/2+(sin(?amma)NCOS(?amma)/2)+sln(phl)*
go:{gﬂ};:32- 2ucos(phi)s(sin{gamma)+sinlpni))s+(gamma+phi)«
o .
temp2 = Dlvﬁzlszusln(phl)cuS)
w = teppistemp ,
gotoslooo
W = _
1€ (v,)le,0,001)w = 0,001 ! u?lv things happen {f w = 0
write(3%5,2)w ! write to w,da
continuve ! get next w
return '
end
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Function Gappr(phi,a,t)

returns an approximatifon to gamma
u?le greclslon gamma
X
a

HKDFd = X

o
1
1
f

Heunwe i)
NHO+ semmenmD
o %
| B
*

h = * N el

~(phi+tg)#cos(phl))
s (ph )

-~
oIt ~N2Q
P

XBD‘O-‘O

O ommy Ity =Y
- ©0 VTV am™m
o ) e

Function Cw(t,dpsi,number,pi,eps)
Approximate the integral for the concentration Cw

: double precision temp.c,pl W,aaa

¢ =
ODen(unlt J3,tlle=’a.dat’,access=’seqin’)
open(unit=] tlle:'h dat’oarcess—’seqln )
}J5,flle=’w.dat®,accessz’seqgin’)
’ -mber

epsaw)))

1,
S
1]
8
b
W
1
i ensuw)

hoJi o LN ST N T |

th m~e

t=
t
2
2
2
2
X
d

r—~0
e

~
-~
o

W -
ho -3
—p
»*x x

.0001) goto 20 ! close enough yet?

€L0-11-IMme-as



2%

(2 X s}

nNna

Subroutine Output(eps,dpsi,first,last,innum,itlag,a,b,m,

iyflag)
utput prints the results in a table, elther
n a file (table,dat) or on the line printer
dimensfon 1f1ag(2) ! flags for a &€ b: exact or approx
dimension a(O:g) [ coe?fIClents P
dimension b(0:4) ! b caoefticients
open flles with results
close(unit=36)
close(unit=37)
open{unit=36,111e=’t,dat’,access="seqin’)
open(unit=37,fl1le="cw,dat’,accessz’seqin’)
unit 38 has already been opened as either
table,dat or ‘Lpt: )
Display the parameters input by user:
write(38,1)eps,dpsi,first,last
format(///,10x,’epsilon = "tR.A,Sx.'dpsl = *,fR8,4,5x,
'f‘rst psl = "£8.4,5x.'las PS] = "f8.40/'t'0)
1f exact a & b values, say so
}t(ltlaqll)zeg.n) write(38,5)
ormat(tio,’EXact a values®’
1f(1f1ag(2),eq,0) Write(38,8)
format(t10, Exact p values?)
1f curve tit was used, print coefticlents
ft(iflag(1)seq,1) write(3B,7)(a(1),1=0,4)
format(t10,°A coefficlents are: :5(ti0.4.2x))
lf(lflag(Z),eq.l) write(38,8)(np(1),1=0,4)
format (€10,°B coefflcients dre: *,5(fl0,4,2%))
tell how y was calculated
lt(lvfld?.eg.OLwrlte(38.10_
format(tio, “‘Exact y values?’,/7)
it(lvtla?.e Lldwrite(368,11)m
tormat(tlo, Approximate y values, ® 1s: “*,f0.4,7/7)
print header for tahle
write(39,9) '
format(t31,° T ,12%x,°Cw°*,/)
read Iin t and Cw from t.det and Cw,dat;
wvrite them ont together
do 2 3 = lelnnum ¢ dnnum = % of Ts supplied
read(36,4)t ! get t
format (£21,10)
read(37,4)cw ! get Cw -
write(38,3)t,cw | wake table
format (25x,tH,4,5%x,6H,4)
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continue
execution stops here
P ‘Hydrology is all wet,’
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Approximate y values,
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b
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last psi = ,9750

0250

first psi

« 0500

vdpsi =

000
values

n
1

Exact b values
Exact y values

epsilo

beta
Exact a
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0,9700

0,0100 last psi =

first psi =

dpsi{ = 0,0200

0,0200

1,0000
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a
Fxact b values

epsilon =
Exact y values

beta
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