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FOREWORD 

In February 1976 the Energy Research and Development Administration (EKDA) announced a 
greatly expanded waste management program for defense and comrnercial radioactive waste. In that 
announcement, ERDA indicated that the Oak Ridge Operations Office (OKO) of  ERDA would 
have lead responsibility for overall coordination of the expanded commercial geologic disposal 
program and that a n  Office of Waste Isolation (OW[) would be created within Union Carbide 
Corporation-Nuclear Division (UCC-ND) with the responsibility for program management of that 
activity. 

The commercial geologic disposal program was named the National Waste Terminal Storage 
(NWTS) program. The principal objective of the NWTS program is to provide facilities in various 
deep geologic formations a t  multiple locations in the United States which will safely dispose of 
commercial radioactive waste. 

In addition to the geologic studies, the NWTS program includes a number of technical support 
activities which are required to identify a waste repository site, demonstrate its feasibility. confirm its 
suitability, and thoroughly analyze all aspects of the repository design proposed for the site. 'I'he 
material presented in this report is related to the category of activity identified as waste/ rock 
interaction projects. These projects are concerned with chemical, physical-chemical, geochemical, 
and radiochemical reactions and processes between emplaced radioactive waste and the surrounding 
rock which might affect the design, safe operation, and long-term containment of a geologic 
repository. This document discusses soil chromatography and evaluates the potential for this 
analytical technique to provide useful cation exchange property data for soil and rock materials. 
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QUANTITATIVE ANALYSIS OF SOIL CHROMATOGRAPHY 
I. WATER AND RADIONUCLIDE TRANSPORT 

M. Reeves 
C. W. Francis 
J .  0. Duguid 

ABSTRACT 

Soil chromatography has been used successfully to evaluate relative mobilities of pesticides and 
nuclides in soils. Its rnlijor advantage over the commonly used suspension technique is that it more 
accurately simulates field conditions. Under such conditions the number of potential exchange sites 
is limited both by the structure of the soil matrix and by the manner in which the carrier fluid moves 
through this structure. The major limitation of the chromatographic method, however, has been its 
qualitative nature. This document represents an  effort to counter this objection. A theoretical basis 
i s  specified for the transport both of' the carrier eluting fluid and of' the dissolved constituent. A 
computer program based o n  this theory is developed which optirniz.es the fit of theoretical data to 
experimental data by automatically adjusting the transport parameters, one of which is the 
distribution coefficient kd. This analysis procedure thus constitutes an integral part of the soil 
chrutnatographic method, by means of which mobilities of nuclides and other dissolved constituents 
in soils may he quantified. 

1 
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I. INTRODUCTION 

In order to simulate the niovement of a radionuclide through geologic formations, it is 
necessary to describe the adsorption of the radionuclide. A parameter which is frequently used for 
this purpose is the distribution coefficient kd. This quantity is defined simply as the ratio of the 
solid-phase concentration to the liquid-phase concentration, and in the dilute-solution limit it 
assumes a constant value. Conventionally, values of kd a r t  obtained under equilibrium conditions 
using the suspension method. Determined in this manner. k,i values represent the rnaxirnum 
adsorption of a nuclide and may be greater than similar values obtained under “field conditions” 
[Prokhorov, 19621 by more than an order of magnitude. The large difference is, of course, 
attributible to insufficient exchange between solid and liquid phases in the moist soil relative to that 
which takes place in liquid suspension. 

One method that appears to simulate environmental conditions better than siispension k,: 
rtieasurements is soil chromatography [.Helling and Turner. 1968, and Rhodes. Belasco, and Pease, 
197701. This method has been proposed by the AIRS-EPA environmental chemistry task group a s  the 
most suitable technique for evaluating the relative mobilities of pesticides in soils. It consists 
basically in the preparation of a thin layer of soil. the transport o f the  dissolved constituent through 
the soil by the carrier fluid, and the observation of migration profiles. We have modified this method 
experimentally for the study o f  radionuclide movement patterns and have developed a computer 
model capable of extracting values of k d  from these patterns. 

Chapter II  presents a brief overview of the experimental tcchniques. ‘I‘he purpose there, 
however, is not to present an exhaustive description of such techniques hut to introduce thc 
remaining part of the document, which contains the principal thrust of this report. These chapters 
arid appendices form a complete description o f  our computer model. Moisture- arid mass-transport 
are the subjects of Chapters 111 and IV, respectively. The optiniimtion procedure used to  ad.just the 
transport parameters so as to theoretically ‘*fit” the experimental data is briefly discussed in Chapter 
V. The next chapter, Chapter VI,  describes the organimtion of the computer program, and Chapter 
VI1  demonstrates its application. A test case, a listing of the computer program, and  a complete 
description of the input may be found in the appendices. 
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11. EXPERIMENTAL SOIL CHROMATOGRAPHY 

Soil thin-layer chromatography (TIX) has been successfully used to evaluate the mobility of 
pesticide5 in soils [Helling, 19711. The major advantage of this technique is the ease in which the 
mobility of a number of pesticides can be assessed under nearly identical conditions. I he technique 
is rapid and allows for the comparison of the mobility of pesticides in a large number of soils with a 
minimum of expense and equipment. Ascending chromatography, using water as  a solvent, is the 
conventionally accepted eluting procedure Operating in this manner. the water flux is determined by 
the soil properties. Unlike soil-column studies, excessive plugging and hydraulic short circuiting d o  
not occur and are thus eliminated as potential sources of error Because of these chat actei irtics, the 
technique is also appropriate for evaluating the movement of radionuclides in soils and porous 
media. 

CHROMATOGRAPHIC SOIL COLUMNS 

Instead of the conventional T I L  plates, we use column-layered chromatogtaphic ( C  LC) plates. 
I he5e plates are 20 by 20 cm with nine channels o r  columns measuring 10 mm in width clnd 2 mm in 

depth. soils are slurried with water until moderately fluid and then applied to the plates (Photo. 1 )  
by using a spreader Strips of blotter paper, approximately 0.7 mm wide and 5 cm long, are used as 
wicks for transporting the eluting solution to the soil layered in the channels. The wicks are held in 
place bq clamping a 20 by 20 cm conventional T1,C plate oii top of the CLC plate (Photo.  2). By 
u m g  these wicks, the SOiIS in the C1.C plate5 may be eluted again after drying If wicks ale not used, 
hull will usually slough off during immersion in the eluting. or feed, solution since the CLC plates 
ale positioned at  68 degrees relative to the surface of the eluting solution 

GENERATION OF DISTRIBUTION PATTERNS 
The radionuclide to be considered may be introduced into the soil column either through the 

feed solution or by spotting the radionuclide directly onto the Soil. In the latter case a spot 
containing 10'- I O 5  dpm is placed at 4 cm from the base of the chromatographic soil column. I he 

ubmerged in the feed solution. We have used HrO, 0 01 b NaHCO3, and solution3 of 
Ca(CO?)r having varying ionic strengths Such an eluting solution is allowed to disperse the 
iadionuclide for a measured period of time The entire CLC plate is then removed ftoin the eluting 
solution, and radionuclide patterns are determined. 

MEASUREMENT OF DISTRIBUTION PATTERNS 

In some of our earlier work autoradiography and a dissection method were used to determine 
distribution patterns. Medicdl X-ray film was used tor the autoradiography The film was enclosed 
In thin sheets of plastic to prevent its contamination. It was then clamped wcurely between the TL,C 
plate and the CLC plate and exposed for periods ranging from 48 to 72 hours Measuring the 
movement of radionuclides in this manner sufficed only in that it gave the general characteristics of 
the mobility of one radionuclide relative to another. For instance, Photo 3 shows that '("Ru, " ' I ,  

Co, and "Tc were quite mobile compared to "Sr, '"'Cd, '5Nb, and "'Cs There appeared to be a 
mobile and non-mobile specie of ' o h K ~  and '"1. Autoradiography, however, is not satisfactory for 
quantitatively measuring the movement of the radionuclides. Another method for obtaining 
distribution patterns consisted of dissecting each column into 1.5 cm increments of soil. The 
radioactivity of each inclement was then counted separately with a NaI detectoi. Although this 
technique was capable of quantitative measurement, it was extremely laborious and its resolution 
was limited to the lengths of the soil increments. 

Currently, a radiochromatographic scanner (Berthold Model LB 2760) equipped with a gas-flow 
detectot is being used for measuring the movement of the various radionuclides (see Photo. 4). 
Because of the large selections of scanning speeds available (6000. 3000, 1500, 1200, 000, 300, 120, 

h 0  
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PHOTO 5629-76 

i f  E- 

photo. I .  The column-layered chromatographic (CLC) plate after loading with soil 
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-. . 

Lsl,. 

Photo. 2. 
wicks submerged in an eluting solution 

A picture of the soil columns, the TLC plate clamped to the CLC plate, and the 



8 

Photo. 3. Radionuclide mobilities as determined by medical x-ray film. 



PHOTO 5631-76 

a 

a 

c --- I; 

Photo. 4. The radiochromatographlc scanner (top center) together with its associated recording apparatus: a multichannel 
analyzer (left) with its paper-tape punch attended by a technician and a strip-chart recorder (right). 



I O  

60, 30 and 15 mm/hr)  and the time selections available for integrating the counts per channel in the 
multichannel analyzer (12.5, 25, 50, 100, 200, 400 and 4800 sec), the resolution and sensitivity is 
much greater than any comparable type of recording apparatus. The multichannel analyzer, with its 
paper-tape punch, produces output suitable for computer analysis. For quick visual inspection, 
however, the scanner may be coupled to a strip-chart recorder. The charts exhibited as Figs. 1 and 2 
are examples. They show a much more rapid movement of ”Sr in Fuquay sand than in Captina silt 
loam for the same eluting solution. 

MOVEMENT OF THE ELUTING SOLUTION 

Profiles such as those shown in Figs. 1 and 2 are amenable to quantitative interpretation 
providing the movement of the eluting solution can be understood. Observed movements of water 
fronts in two types of soils are shown in Fig. 3. As would be expected, a t”’ dependence is observed 
initially due to  the dominance of capillary pressures over gravitational pressures. An important 
deficiency in Fig. 3 is that it yields the Darcy velocity V only a t  the water front, where the reduced 
moisture content a F= 0.5. However, this velocity can vary substantially as a function of a ,  ranging 
from a value which is sometimes in excess of the saturated conductivity K, at a = 1 to a value of 
zero at  a = 0. To obtain this additional information, we introduce a tracer, tritium, into the feed 
solution, and then generate and measure distribution patterns as described above. These patterns are 
then analyzed theoretically to obtain complete velocity profiles. The formalism used for this purpose 
is examined in the next chapter, Chapter 111, and it is applied to the Fuquay soil in Chapter VII.  
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111. WATER 'TRANSPORT 

THEORY 
1. 
treated analytically. 1 he boundary-initial conditions rnay be prescribed >imply as 

Transport equations. Fortunately the water-moLement is sufficiently restricted that it may bc 

O(x = 0, t) = 0 ,  and O(X > o, t = 01 = eo ( 1 )  

where 0 is the moisture content. Also, the transport equation 

for a chromatographic column inclined at an angle c (see Fig. 4) is one dimensional. (Symbols which 
art: not detlried in the discussion to follow may be found in the notatioii, Chapter IX.)  

In published work by Parlange [1971a, 1971b, 19721 a singular perturbation theory is used to 
obtain a second-order solution to the above problem subject to only one additional condition, 
namely that the column be semi-infinite: Le. 

Invoking such a condition will restrict applications to situations in which the wetting front is 
suff'iciently well removed from the top end of the chromatographic columns. However, this is a very 
mild r-estriction and i s  indeed a small price to pay for the cornputalional efficiency of an  analytic or,  
more precisely. a partially rinalytic solution. Equation (2) is notoriously difficult to solve for 
unsaturated moisture conditions due to the highly nonlinear nature of  the conductivity K(0) and the 
diffusivity Q(O), and, in general, one must resort to a strictly numerical and 
cornputer-time-consuming treatment such as that of Reeves and Duguid [1975]. 

Using the theory of implicit functions [Margenau and Murphy, 19563, as is frequently d o ~ i e  i n  
thermodynamic analyses, the water-content variable 0 may be employed as the independent variable 
in Eq. (2), i.e. 

ax av 
at a5 

= -  

Hcre the Darcy velocity 

(4) 

has been sepxately identified since it is the coupling variable between tnoisture transport and mass 
transport. 
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L- 

Fig. 4. Definition of the angle E .  
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In terms of the reduced variables 

Eqs. (4) and ( 5 )  become 

ax - aw 
a t  Z -- 

and 

(7)  

The reduced velocity W is related to the Ikircy velocity by the equation 

(9) V = (6, --- 0,) W - KO sin E 

where K,, == K(O<,). Expressed in terms of variable r y .  the boundary and initial conditions become 

x ( a =  1, t ) =  0 and x ( a = O , t = 0 ) > 0 .  (10) 

since position x is a single-valued function of water content 

2. General application of the Parlange method. To apply the perturbation method, Parlange [ I97 I b] 
first intcgrates Eq. (7) as follows: 

J ' d a x  ax = w , - w  

where W,(t) = W(tu = 1.t). He then reasons that since 

[see Eq. (loa)] the time-derivative term will be small compared to other terms in Eq. ( I  1 )  provided CY 

is sufficiently close to unity. Thus  this quantity may be represented by a lower ordered 
approximation. Expressing the reduced velocity in expanded form o f  Eq. ( 1  I ) ,  Eq.  (8) yields, for the 
n-th approximation to ax/&, the quantity 

ax(") - Q - - 
acu ax("-') 

K sinE+Wi - 
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as a first integral. which defines the velocity [Eq. (E)]: 

'I ho second integral 

is easily obtained by applying the boundary condition. Fq. ( IOa). Ei.aliiaiion o f  the timc deri\ati\e in 
these two equations is considered in Sections 3 and 5. beloby. 

3. First-order solution. .4lthough Eqs. (14) and (15) a r e  appropriate f o r  pencral 11-th or-der 
approxiniations. Parlange [ I97la. 1971 b. 19721 found that second ordcr \\a\ quite adequate f o r  
practical applications. 1'0 start the iterative scheme. it is assumcd that E q .  (12) is a lso ~ a l i d  tor 
N f I .  i.e. 

7 hc first-order solutions of Fq5 (14) and (15) then become 

and 

Equation ( I  7)  simply says that for each water-content value CY > 0. the velocity of advance of the 
wetting front is independent of CY and is a function of timc only [ W " '  = W"'(t)]. 

4. Temporal behavior of the end-point Darcy velocity. At this point a problem associated with is 
identified in Parlangr's [1971b] analysis. This quantity, thc velocity a t  CY = I o r  x = 0. is a t  this 
point a n  unknown function of time Wl(t). However. a rclation may be found for this quantity by 
extending the rangc of integration in Eq. ( I  I )  to CY = 0: 

where, from Eq. (8). 

( 2 0 )  
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Now, by definition [Eq. (hb)], ~ ( 0 )  1::: 0 since cu 0,) [Eq. (ha)]. In addition, i t  m a y  he 
inferred from the initial condition [Eq. (IOb)] that ax /& beconies indetermirxintly large as N 
approaches zero. Hence Eq. (20) gives W,, = 0; and Eq. (19) becomes 

0 iniplies Q 

From the first-order azsult, Lq. (18). onc obtains 

Inserting this relation into Eq. (21) and integrating the resulting equation from 0 to t yields 

where 

Ihe  last line of  the above equation ubes the fact that Wl(0) is 
Interchanging the ordcr of integration in Fq. (23) yield\ 

infinite. 

which, when combined with Eq. (24), gives 

If sin E = 0, the indeterminate form may be evaluated to yield 

1 

t=---!- 1 d y y  Q(7)  , s i n E = O  . 
2 W , 2  



20 

Equations (26) may be inverted numerically to obtain thc desired relation Wl(t). .4ctually, this 
function should be denoted by W'"'(t) since it is based on the first-order quantity x"', Ilowever. we 
follow Parlange in not updating this function with an approximation of higher order. 'l'hus there is 
no need to  make such a notational distinction. As a consequencc, thc familiar t '  ' dependence is 
observed for both first and second order in the horizontal-flow case, i.e. x i "  - t '  ' and x'" - t '  '. 

5 .  Second-order solution. In procccding to second order one should note that the time derivative of 
x'" in Eqs. (14) and (15) will introduce the troublesome quantity a W , : a t ,  just as it did in Eq .  ( 2 2 ) .  
This quantity, however, may be eliminated algebraically. Using Eq. (2 I )  twice the following relation 
is obtained: 

Differentiating Eq. (18) with respect to time yields 

where 

Parlange [1971b] used Eq.  (29) directly, combining it with Eqs. (28) and then with Eq. (15) to 
achieve the second-order result [Eq. (14) in the (1971b) article]. Here Eq. (29) will be simplified 
before taking these final steps. By interchanging the order of integration, Eq. 
of two single integrals: 

(39) becomes the sum 

(30) 

The second integral, of course, vanislies when (Y = 1. 
Combining Eq. (28) with Eqs. (14) and (15) yields the second-order approximations 

W(' ) = W , J (a)/J ( 1 ) 

and 



In contrast to W“’(t) the second-order approximation to the reduced velocity is a function of both 
water content and time, i.e. W”’ = W”’(cr,t). The unreduced Darcy velocity 

v ( ~ )  = (e  1 Q J  w ( ~ )  K, sin E (33) 

obtained froni Eq. (9), is the desired result. 

RESULTS FOR YOLO CLAY 

Parlange’s applications to one-dimensional moisture flow are of interest here. They pertain to 
capillary rise [Parlange and Aylor, 19721. infiltration [Parlange, 197 I b], and horizonatal flow 
[l’arlange, 197 la]. Our purpose here is threefold: ( I )  to demonstrate the solution procedure, (2j to 
compare results o f  our  computer program with those presented in the above-mentioned papers, and 
(3) to supplement the moisture profiles with their corresponding Darcy-velocity profiles. 

1 .  Soil properties. In each case the soil used is Yolo clay. Values of thc conductivity and diffusivity 
for this material are given in Phillip [1957] in tabular forni. Here they are presented in  graphical 
forni as  Fig. 5 .  The only other soil properties which are required are the residual moisture content 
( j , ,  0.2376 cm7/cmi  and the end-point moisture content H I  = 0.4950 cm’:cni’, respectively. 

2. Capillary rise. The case of capillary rise (E = YOo) is used to demonstrate the solution procedure. 
Generation of the time curve (Fig. 6) is the initial step. In general this must be done in order to 
invcrt the transcendental equation, Eq. (26a), between the time t and the end-point reduced h w c y  
vclocity WI. [Such a procedure is not required, however, for the special case of horizontal flow, 
where the appropriate relation, Eq. (26b), may be inverted analytically.] To  produce the time curve, 
various values are chosen for W I .  [Actually, values of the more physical quantity V I ,  in units of the 
saturated conductivity, are required for the computer program, which converts them to W I  using Eq. 
(!I).] Corresponding values of the elapsed time t are then obtained via numerical integration of Eq.  

Determination of positions x(a,t)  and velocities W(a,t)  [or equivalently V(a,t)] is the second 
and final step in the solution procedure. For a specified time t the corresponding end-point velocity 
Wl( t )  is obtained from Fig. 6 by interpolation. Equations (30). (31). and (32), which depend o n  WI,  
are then evaluated to obtain the second-order approximations x”’(a,t) and W“’(a,t). Figure 7 
exhibits x‘”(a,t) and V‘”(a,t), which is related to W(”(a.t) by Eq. (9). at four different values of the 
elapsed time for the case of capillary rise; the agreement with Parlange and Aylor [1972] is quite 
satisfactory. 

3. Infiltration and horizontal flow. Comparisons with Parlange’s work for E f 90”, however, 
although acceptable, are not of the same quality. This may be seen in Fig. 8 for the case of 
infiltration ( 6  = ~90”)  and in Fig. 9 for the case of horizontal flow ( e  = 0’). One possible source of 
this discrepancy is the diffusion in the region near a = 1 .  Since there are no experimental data 
there, extrapolation must be employed. Logarithmic extrapolation yields the value 
Ql = Q(tr = 1) = 1.85 X 10 cm2/sec,  resulting in a position profile lying a b ~ v e  Parlange’s 
[1971a] results, as  indicated in Fig. 9. I f  QI  is arbitrarily reduced by a factor of 10, then the position 
profile falls beneath Parlange’s calculation for a > 0.5. Thus different extrapolations would appear 
to account for the discrepancy between our results and that of Parlange for (Y > 0.5. 

A s  yet, however, we d o  not have 11 comparable explanation f o r  the region (Y < 0.5. As shown in 
Fig. 9, our first-order profiles for x“’(a,t) agree rather well with those of I-’arlange. Such a 
circumstance would appear to indicate that our logarithmic interpolation for Q(a) and K ( a )  [see 
Eqs. (6) and (I&’)] and our  adaptive Gauss quadrature [see Eq. (18) only] are consistent with the 

(20). 
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numerical techniques used by Parlange. Since Eq. (32) for x'" differs from Eq. (18) for x"' only in 
the appearance of J((Y)/ J(I 1, the discrepancy would appear to lie in this quantity. Howcvcr, increases 
in the order of the Gauss quadrature procedure used to evaluate .J(u) a t  nodal points CY, [Ey.  (30)] 
and in the order o f  the Lagrangian interpolation used to evaluate this quantity between notlal points 
have failed t o  produce significant changes in our results for x'". 

I o place this discrepancy in perspective, one must consider the function of the water-transport 
formalism in the analysis o f  chromatographic results. Basically this is to provide a physics-based 
interpolation technique to realistically construct the moisture-content and Darcy-velocity profiles at 
arbitrary times using a minimal number o f  physical observations. The techniques of this chapter, we 
feel, are quite satisfactory for this purpose. By using the automatic-search methods described in a 
later chapter, measured moisture-content profiles may be synthesized LO approximately six 
parameters. These parameters may then be used to obtain both moisture contents and 1)arcy 
velocities a t  the times and positions required by the mass-transport description. 'I he 
water-transport parameters themselves are the subject of the following section. 

PARAMETERIZATION OF SOIL PROPERTIES 

- .  

For some specialized applications of the chromatographic technique, soil tiioisture-flow 
properties will be obtainable from the literature just as they were for the Yolo clay. However, the 
authors suspect that in the most common situation such properties will need to be measured jointly 
with the mas-transport characteristics. In this section a method for determining the moisture-flow 
properties is suggested. 

1. Hydraulic conductivity. In contrast t o  the mass-transport case where the transport characteristics 
;ire expressed as simple constants such as the distribution coefficient and the longitudinal 
dispersivity, functional relationships with the independent variable are involved here (see: for 
example, Fig. 5) .  A frequently used forrniila for the hydraulic conductiCity is that presented by 
Gardner [ 19581: 

where h < 0 is the pressure head. Parameters K,, h,,, and d characterize the soil type. From simple 
rnathematical manipulations the significance of these parameters niay be determined. Values of 
conductivity approach that of the saturated conductivity K,  as ti --* 0. Also. it niay be seen that at 
the critical pressure K(h,,) .= K,/2. In  addition, the slope of the conductivity curve a t  h ::= h,, is 
directly proportional to the pore-size distribution parameter d .  Figure 10 presents curves which, 
according to Bouwer [ 19641. are typical of sand, loam, and clay soils. 

2 .  Moisture characteristic. King [I9651 has shown that a wide range of water contcnt-pressure data 
(the moisture characteristic) nmy be fitted with an equation of  the form: 

(35? 

where 6 is dcfined in ternis of the reridual water content 0, and the saturated watcr content 
(porosity) 81: 
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Gillhan~, et al. [I9761 found that parameter x could be taken as zero without seriously affecting fits 
t o  their data, i.e. 

cosh ( h/hbJd' - 6 

cosh (h/hb)d' t 6 
O(h) = 0 ,  

_.  I his equation may be differentiated 

-I do (2d8 eL/l& j (h/hbjd'- sinh (h/lb)d' 
dh - (cash (h/hbjd' + 6 )  

and inverted 

l /d '  
h(O) = ho(  ln ( S I S ' j  + [(6/6'j2 - 11 ' p )  

Quantity (5' is defined analogously to that of 6 [Eq. (36)]: 

( 3 7 )  

(39) 

Parameters 01, ti;>, and d' have meanings similar to that of their countcrparts K,, h,,, and d in the 
conductivity parameterimtion. The water content approaches its saturated value whenever h -- 0 
since d' < 0. In addition, it may be seen that at the critical pressure 8(htA) e 81/5 provided 
0, .';< 011-5. At this same pressure the slope is directly proportional to the pore-size distribution 
parameter d: Le. dO/dh(hi,) -., Id'/. Figure I I presents thrce moisture-characteristic curves which 
might be appropriate for sand, loam, or  clay soils. In truth, the curves of Fig. I 1  were generated as 
rather crude fits t o  the moisture characteristics shown by Hillel and van Bavel [1976]. The  intent is 
merely t o  show the adaptability of Eq. (37) to different soil textures. 

3. Moisture storage and diffusivity. The generalized moisture-storage function [Reeves and Duguid, 
19753 becomes 

Strictly speaking, p' is the modified coefficient of compressibility of water. Here, however, this 
parameter will also be used empirically to characterize the compressibility of the soil medium. The 
effect of including this quantity in the l'ormulation is to give a nonzero value to  the storage function 
a t  saturation, i.e. F(0) = 8 ~ j 3 ' .  Thus the diffusivity 
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remains finite at h .:L 0 in accord with the analysis of Phillip [1969]. As was noted previously in 
connection wilh Fig. 6, thc moisture profiles €or water content values approaching saturation are 
somewhat sensitive to the diffusivity in this watcr content regime. Hence, such profiles will also be 
sensitive to the value chosen for f i ' .  

A tinal demonstration of the efficiency of  the parameterizations in this section is presented in 
Fig. S. A parameter search, to be described in a latcr chapter, was perfwnietl in order to fit 
Parlange's capillnry-rise results at  t = 10" sec with a moisture profilc obtained from the 
Gardner-King soil-property formulas discussed above. Coriductivities and diffusivities, which are 
given in Eqs. (34j and (42) with supporting Eqs. (37) ,  (38)> and (41) as explicit functions of pressure 
head h are converted to functions of reduced water content 8 via Eqs. (6j, (391, and (40). The 
resulting soil properties are presented in Fig. 5 ,  where they may be conipared with experimentd 
data. 
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IV. MASS TRANSPORT 

THEORY 
In contrast to the water transport, where an approximate analytic solution was appropriatc, a 

fully numerical approach is used here. Such an approach is necessary since the advective flux, Uarcy 
velocity V(x,t), is not, in general, separable in the space-time variables x and t .  Also, the variety of 
initial conditions which are contemplated preclude a perturbative treatment like that used for the 
water transport. Thus a onedimensional rJalerkin-finite-elemznt implementation similar to the 
two-dimensional formulation used by Duguid and Reeves [1976] is employed. 

1. Transport equation. The mass-transport equation may be written as 

(Symbols which are not defined in the discussion to follow may be found in the notation, Chapter 
1X.) Variable cb, the physically measurable quantity, i s  the bulk concentration and includes both a 
liquid-phase component c and a solid-phase component s’: 

where B is the water content and p is the bulk density of the solid. If one assumes local equilibrium, 
i.e. the rate of  the adsorptive reaction is fast relative to the rate of transport, thsn s’ will be a time- 
and space-independent function of c. If, furthermore, a linear adsorption isotherm is assumed, then 

e 
S’ =- kd C 

n (3) 

[Reeves and Uuguidt 19761 where n is the porosity. Quantity kd is the distribution coelficient, whose 
determination is a primary object of this work. With these assumptions, the bulk concentration 
becomes 

where 

i s  the retardation factor, and the transport equation, Eq. ( I ) ,  may be rewritten in terms of one 
dependent variable: 

a 
Rd acoc> a (dD E) t (Vc) t hK&c = 0 . 

a t  ax 
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Adsorption is included above in the first and fourth terms (from the left) of Eq. (6), and the 
mechanism of' dispersion is depicted mathematically by thc second term of Eq. (6). Here the 
equation of Scheideggar [Bear, 19721 

relates dispersion to the magnitude of the Darcy velocity via the longitudinal dispersivity a[.. 
Advection by the carrier flux V appears in the third term. Kadioactive decay (decay constant A) is 
included in the fourth term of Eq. (6) for coinpleteness even though it is expxted  to play a very 
minor rolc in most chromatographic measurements. (.4 deri\.ation of E q ,  (6) may be found i n  the 
document by Duguid and Reeves [ 19761.) 

2. Spatial integration by the Galerkin method. I'he hasic idca here is quitc straightforward and may 
be wen most transparently if Eq.  (6) is rewritten in operator fonn: 

E ( c )  = 0 . 

Consider a trial function of the torm 

m 

i =  1 

h L- c ~ c  - , the N are basis functions spanning the region of interest 0 < x < L. and the ni quantities c, 
are expansion coefficients. In general. E q .  (8) will not be satisfied by c' and therc w i l l  be a residual, 
1.e. 

'l'he Galcrkin method, ticwever. requires that the weighted averages of this quantity \.ankh: 

s,' dx Ni  (x) p ( c ' )  .:: 0 

(Taking the weighting functions N ,  to be idcntical to the basis functions is the characteristic of the 
Galerkin inethod which distinguishes it from among a broad category called weighted-residual 
techniques [Finlayson, 19721.) The working equations here are found by combining Eqs. (9) and 
( I  I ) .  The result 

LL dx Ni ( x ) g  

is a matrix equation, which map be solved for the c,. These coefficients may then be used in Eq. (9) 
to yield the approximate solution c' at any  position x .  



35 

3. Discretization by the finiteelement method. I n  the classical Galerkin method each of the 
functions Tv, extends over the entire domain of  integration. Since there is considerable overlapping of 
the N,, each integral, Eq (12), must be carried over its complete extent 0 < x < I.,, and a fu l l  
matrix is necessary to depict the coupling of the expansion constants c,. Such a situation may be 
alleviated by Ihe use of finite elements. In three-dirnensional space these figures would be polyhedra, 
and in two dirnensions they would be polygons. However, for the onedimensional spzce considcrzd 
here they simply constitute segments of  a straight line. Each element is spanned by basis functions 
which are nonzero only in the interior and on  the boundaries of the elernent. Thus each intcgral of 
the form of Eq. (12) need be carried only over the region of iin individual element, and a sparcc 
matrix results. 

7.0 formulate the Galerkin probleni for Eq. (6) in terms of finite-clement bask functions, it is 
convenient to introduce the matrix function { N(xj].  This quantity i s  a column vector containing two 
linear functions Nl(x) and K2(x). ‘l’hese quantities, which arc showw in Fig. 12. permit continuity 
only in the function itself across elcmcnt boundaries. Hence, first derivatives, are, in general 
discontinuous? and there will be unavoidably some nonconservation of tnass at the nodes. By 
convention, fiinction N, is norrnaLired to unity at node i and taken to be zero :it the other node so 
that the expansion constant c, is identical to the concentration a t  node i, as anticipated i n  Eq. (9) by 
the choice of symbols. In matrix notation this equation becomes, for the r-th finite element 

where the superscript ‘1’ denotes the transposed matrix. (The prime has beeri dr.oppetl from the 
notation since only the approximate solution will be considered in the remainder of this work.) 
Using this notation, both Cialerkin integrals [Eq. (12)] for the 1-41 element become one matrix 
equation, namely 

4. Numerical implementation of the finiteelement Galerkin method. To debelop working equdtions 
from Fy. (14) requires basicallq the sinic s t e p  as 111 document ORNL-4928 [Duguid and l ieoes ,  
19761 Ihe  result i:, 

where 

[,B] = ,J l: ds (” CN) OD - a {N}T 
ax . ax 
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and 

Quantities [,A] and [,SI are 2x2 matrices whereas {rR’} is a 2x1 column vector. The first term on the 
left-hand side of Eq. (6) contributes both to [,A] through the,term R,d and to [.B] thtough the term 
K&O/at). The second and third terms on the left-hand bide of Eq. (6) contribute, after an 
integration by parts, both to [,B] through the term 013 and to {rR’}. Quantity X in the latter is the 
mass flux 

Finally the fourth term in Eq. (6), the radioactive decay, gives rise only to the term in [&I containing 
AB. 

For convenience of implementation a new local variable of integration s has been chosen in Eqs. 
(16) - (18): 

~~ 1 hus the Jacobian is a simplc constant: 

and the vector of basis functions may be written: 

{N} = $4 (1 + s~s}, ~j = s(xj) . (22) 

5 .  Time integration by the finitedifference technique. In order to obtain the solution of Eq. (15) at 
time t + At from that at  time t ,  Eq. (15) is written for some intermediate time t -k wAt:  

where 0 d w < 1. In the Crank-Nicholson centered-in-time approach LU = 1/2, and in the 
backwarddifference approximation w = 1 .  The Crank-Nicholson algorithm has a truncation error 
of O(Atz), but its propagation-or-error characteristics frequently lead to oscillatory instabilities. The 
backward-difference scheme, on the other hand, has ii truncation error of O(At) but ib quite resistant 
to oscillatory instabilities. An arbitrary w allows an investigation to find the appropriate balance for 
the problem being considered. 
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The time derivative of the concentration is expressed as 

{ r d ) t + o A t  ({rc}t+A,t - - -  {rc}t)iat (24) 

and the value of this quantity a t  the arbitrary point in time is obtained by linear interpolation: 

{ r C ) t + w A t  = a{rC)t+At -k - {&It . ( 2 5 )  

Substitution of Ecls. (24) and (25)  into Eq. ( 1  5 )  yields the following relationships: 

I r C I  I r C I t + i l t  = t rR1 {rK’! 

where 

and 

\K’}. and, hence, and , are evaluated It should be understood that matrices [,A]. [,B], and 
at  time t + wAt .  These matrices must therefore be o tamed by the interpolation procedure of Eq. 
( 2 5 ) .  

bR I 

6. Assembly of elements. Up t o  this poirit the (ialerkin-t‘iiiite-elernent formulation has been 
presented o n l y  for a typical element r among the collection of finite elements which comprise the 
region of interest. The result of this analysis is Eq. (26), which i5 expressed in terms of the 2x2 
matrix CrC] and the two 2x1 vectors (,K\ and { ,R’I .  It is now necessary to sum over all m finite 
elements in order to obtain the corresponding equation for the complete system. namely 

where 
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If there are p nodal points in the system, then matrix [C]  is p x 19 and column vectors { I < } ,  {R’}, 
and { c \ are p x 1. ’Thus the specialized summation. o r  assernblq, procedure indicated in Eq. (3Oj 
converts matrices and vectors of  order two into similar quantities of order p .  To illustrate how this 
works, it is convenient to consider the simple two-element system shown in Fig. 13. Each element 
contains two nodes, which are numbered locally a s  indicated. By mcans of the basis functions of Fig. 
12, each element contributes both to the diilg<Jll;ll ( 1 , l )  and (2,2) matrix ckments and to the 
oft-diagonal (1,2) and (2 , l )  matrix elements of all two-dinicnsional matrices and to the (I) and (2) 
matrix elements of all column vectors. As shown in Fig. 1.3, neighboring elements 1 and 2 contain 
node 2 (in global notation) in common. and this same node is given different local identification 
numbers within these elements. Such a circumstance is accounted for in thc assembly p rvcess. which 
yields 

with similar expressions for {c l  and {k’l. Matrix [C] is tridiagonal due to the bequzntial (global) 
numbering of the nodes. Equations (3 1 )  and (32) demonstrate both the index-shifting arid 
summation properties of the assembly pro 

7. Application of boundary conditions. Two types of boundary conditions are considered here, 
narncly Neumann constant-flux and Dirichlei constarit-concentration specifications. The former 
condition is imposed through colurnn vector {R’I [sec Eqs. (IS) and (3O)I. If a flux X, is imposed a t  
node i ,  then K: = X, is prescribed. (The appropriate basis function N,  o f  F,q. (13) has a value of 
unity at n~i t l~:  i . )  Conversely if there is no exteriially applied Ilux a t  node i ,  then it follows that 
K’ = 0 

At nodes wherc Dirichlet constant-concenlration boundary conditions are applied. an identity 
equation i s  generated for each such node anti includcd in the matrices o f  Eq. (29). As an cxample. 
take the two-element system o l  Fig. 13 wit,ti  he concenrration at node 1 constrained to the valuc of b 
a t  a l l  times, i.e. 

c ,  = b 

Equation (29) then takes the form 

1 0 0 

0 c22 c 2 3  

0 c 3 2  c 3 3 .  

a nd b f b(t) . 

c2 

c3 . .  

( 3 3 )  

(34) 
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in which the tridiagonal structure of matrix [C] [Eq. (31)] has beeii taken into account. l’his result 
may easily be generalized to a n  arbitrary number o f  equations with one o r  two Dirichlet boundary 
nodes. 

8. Solution of the assembled equations, In solving the assembled equations expressed in Eq. (29), the 
matrix [C] is decomposed into the product of upper and lower triangular matrices using the Gauss 
technique. The lower triangular matrix is used to modify the right-hand side of f Y )  for 
back-substitution into the upper triangular matrix to obtain a solution. If the matrix \.C] and the 
tinie step At d o  not change with time, the decornpc~sition needs to be performed only once. 

SAMPLE CALCULATIONS 

In this section the results of‘ three sample calculations are presented. Each of these tiypotlietical 
cases are based on a chromatographic column o f  length I* = 40 cm with boundary-initial 
conditions 

c(x = 0, t )  = 1 

c(x = L, t) = 0 

c ( O < x < L , t = O ) = O  . 

(3s) 

Whenever a temporally and spatially variable L)arcy velocity V(x,t) is used. it is taken to be that for 
horizontal Plow i n  Yolo clay as described in the previous chapter. 

1. Numerical results. The objective here is threefold. P’irstly, we would like to typify the time 
developirierit of a concentration profile for the variable advective velocity. This is done in Fig. 14. 
IJsing the curve c(x,t I day) as  “experiinental data,” a parametcr search (see next chapter) is 
made in order to define at1 equivalent cor‘+--t Darcy velocity subject to the proviso 0 = n. 
Concentrations for this velocity are also shown in Fig. 14 tor comparison, 

Secondly, we would like to demonstrate the effects of both the distribution coefficient k d  and 
the dispersivity a1 and to distinguish one froni the other. Figure 15 shows coriceritrii t i o n  profiles 
c(x,t) at t = 1 day corresponding to several different values o f  the dispersivity a [ .  Figure I6 exhibits 
similar ciirves for several different values of the distribution coefficient k j .  Obviously the et‘fects o n  
lluid concentration c of changing values of a1. are quite similar to those attributable to changing 
valiies of k,,. I f  only fluid concentrations were measured in a chromatograph. there would be little 
hope for distinguishing the two. Fortunately, however, the chromatographic method measures the 
bulk concentration 

where 

I‘he water-content factor O(x,t) serves to modify the shape o f  the fluid concentration profile, as 
shown by the plots of ch/ Kdn in Fig. 16. Nevertheless, it provides no distinction between a]. and k,i. 
I h e  normalization K d  does provide such a distinction since it depends only on k,, [Eq.(5)]. A s  
indicated by the quoted values of Kdn in Fig. 16, this normalization can be quite large, compared to 
the maximum fluid concentration of unity, and quite variable, changing by over three orders of 
magnitude as k,i changes from zero to 1000 cmi /gm.  
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2. Analytical comparison. The third and final objective of this section is to test the numerical results 
of  Fig. 14 for the constant-velocity case against analytical results. 'To sketch briefly the analytic 
solution process we cast Eq. (6) into the form 

--=$---.-"- ac a 2 c  ac . 
at ax ax 

H e r e  

and 

where quantity 19 like V is assumed to he a constant. For convenience thc assumption h 
Thc transformation 

removes the first-derivative term i n  Eq. (36) to yield the form 

... ... , 

(37a) 

The solution of this equation, subject to the boundary-initial conditions o f  Eq. (35) .  may be 
expressed [Berg and McGregor, 19661 as an  expansion over the eigenfunctions of Eq. (39). The 
result is 

m 

2 

m = l  

c(x, t) = e-"'" 

where 

rnr 
0, =- L 

Results obtained from Eq. (40) are plotted alongside the corresponding numerical results in Fig. 14. 
The variation, about 5% on the average, is acceptable for the space mesh used here for which 
6x = 0.5 cm. 
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V. OPTIMIZATION 

INTRODUCTION 
In contrast t o  the water-transport and mass-transport developments of previous sections, no 

improvements or  modifications have been added in this chapter to existing numerical procedures. 
Thus the objective here is to present those basic concepts which permit use of the computer program 
listed in Appeticlix H. Additional technical information may be obtained from the references to be 
cited. 

'The optimimtion problem for chromatographic analysis is twofold. Firstly, given the 
e.uperirnentally determintd water contents O'(x.t), it is required to find soil parameters for the 
best-litting theoretical function O(x,t:K,,h,,,d,P:,,h:,,d') so that the corresponding Darcy velocities may 
be determined. Secondly, given these velocities and the experimentally deterniined concentr a t '  ions 

,t), it is required to find mass-transport parameters for the best fitting tlieoreticai function 
c~,(x,t,k,,,;i,.,p,n). I t  is, of course, desirable independently to measure paranieters a],, p, and n 
whenever possible in order to reduce numerical error in the determination of kd. 

T'he best fit o f  a theoretical function f(x,t,p) is defined as  that set o f  parameter valries p (in 
vector notation) which minirniLes the quantity 

Symbol f may be identified wtith either 0 or  cb, and ox is the experimental error. The number of 
position variables N, will, in general, be a function of  the time t, a t  which the measurements were 
taken, as indicated by the argument. Integer N, represents the total number of such tirne steps. 
Fornially p may be viewed ;is a vector in an N,-dimensional parameter space with components pl. 
p2, ..., ph:,> and X'(p) is 3 hypersurface in an (N, -t- 1)ilimensional space. The problem is to locate 
the point p a t  which X ?  is minirnixd. 

OPTIMAL SEARCH 

One of the simplest tnethods for minimizing X' is the direct search. This technique inv-olves 
sequential evaluation of this dependent variable and subsequent comparison with the best previously 
determined value together with a strategy for determining where the next trial will he made. One 
particular strategy characterizes the pattern-smvclz mrthod [Hooke and Jeeves, I96 I].  When this 
technique is generali7.d to  the case of constrained parameters, it is called the oiititnLr/-s~~.czrr~i rrirthotl 
[Weissman anti Wood, 19661. The  latter is chosen here since it permits the user  to impose physical 
restrictions by specifying a n  allowable range for any parameter. 'T'he computer implementation used 
here is that of Westley [Westley and Watts. 19701. 

The optimal-search strategy may be explaincd as  follows. hitially a hmc point p,, is chosen 
arbitrarily. 'J'hen explor.ation begins about this point. First the expkirlztor.ji trial point 
f i+ ::- @ -t EiApl is chosen where 2 ,  i s  a unit vector parallel to the pi axis. I f  a .mrc'ess is obtained, 
i t .  X'-(pl) < (1 - l ' ,<)X?(p,)) ,  then a n  ey i l o ra to ty  move is made to p' := p,. where l', is an 
acceptance factor for function improvement and 1,' is the current estimate for the next base point F I .  
1E a failure is obtained, i.e. X2(p) > (1  - X,)X'(p<,), then a new trial point $.-- = p,, - e l3p1  is 
chosen. If success is achieved at 13.- then a n  exploratory move is made to p' := p.-. Here and in the 
case of incrementation, whenever there is a success, the step is accelerated in preparation for the next 
exploration, i.e. Ap, - AAp, where A ;' 1 is a n  acceleration factor. If this possibility is also 
exhausted, then there is no exploratory move, i.e. p' = &. 'The step size is then reduced i n  
pieparation for the next exploration, i.e. Ap, ..- HAp, where 13 < I is a reduction factor. The next 
step is to increment, decrement, o r  leavc unchanged parameter pl in the s;ime mannCr as for 
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parameter P I .  After taking each parameter. in turn, a new base point pl will most likely be obtained. 
Figure 17 presents an example for a two-dimensional parameter space. 

p,, followed by exploratory trial 
moves. (Trial moves are indicated as dashed lines in  Fig. 17.) If  this series of moves is successful. i.e. 
X'(p') < ( I  ~ T,)X2(p~). then a pattern move is made to p: =I p'. It should be noted here that the 
sequence of trial moves outlined above continues even if X'(2pl ~ p,,) > ( 1  - l ' , ) X ' ( p l ) .  In 
addition, there i s  no acceleration or reduction of the step sires in such a trial-point exploration. 
Similar pattern moves are taken until there is a failure. Then a return is effected to thc base point, 
say p,, from which the trial moves emanated. A base-poitrr r.~pk)rutiot? then follows. in which 
step-size reductions are permitted. 

At this point all the distinctions between a base-point exploration and a partern e.~p/ora/ion 
should be clarified. basically there are three differences. Firstly, for the former a base-point move, in 
effect, is made each time there is a successful exploratory move. F'or a pattern exploration, on the 
other hand, a base-point move is made only after thc inclusion of cxploratory rnoves of all 
parameters have been made. and there has been a successful cornparison with the previous base 
point, rather than the origin of the exploration. Such was the case in the example of Fig. 17, where a 
base-point exploration was employed about the initial guess $,,. Secondly. as noted earlier. step-six 
modification is allowed only during a base-point exploration. Finally, normal termination of the 
search may only follow a base-point exploration. This happens when there are failures in all 
parameters p, and all increments are less than or equal to their lower limits, i.e. Ap, < T,,p, where TP 
is a step-size tolerance factor. Pattern exploration, since it occurs about a trial point rather than an 
established base point, is not deemed to bc sufficiently reliable to justify either step-six modification 
or normal termination. (Nonnormal termination occurs whenever the prescribed maximum number 
of function evaluations of f(x,t.p) has been exceeded.) 

The above strategy is identical to that of the pattern-search method. I'he only additional feature 
required by the optirnal-search strategy i s  to test aftcr each incrementation (or decrementation) to 
see whether the parameter is within the prescribed range of allowablc values. If not. then the 
parameter value is simply set equal to the nearest bound. 

The next step is to take a pattern trial move to p' = 2p1 
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VI. COMPUTER IMPLEMENI'ATION 

The computer program is divided into three functional uriits pertaining to ( I )  the water 
transport. (2) the mass transport, and (3) the automatic search procedures, all of which were 
described formally in preceding chapters. Routine MAlN controls thc operation of these units as 
prescribed by the user (see Fig. 18). The individual units are structured as  shown iri Figs. 19, 20, and 
21. In all, there are 34 separate subprograrns, listings of which may bc found in hppendix N. 

W AI'E R 'I' RANS PORT 
For the water-transport procedures the control function is pcrformed by WT'R (see Fig. 19). 

IJsing input data obtained by DATAW, routine WTR directs its supporting routines so as to obtain 
both position x(0,t) and Ilarcy velocity V(0,t) as functions oC both time t and the water content 
variable, which may be either 0 or  its reduced counterpart (1. If desired, these results may be printcd 
(PRINTW) o r  stored (S'T'RW) on an auxiliary slorage device. 

The quantities which determine the moisture-flow characteristics of tlic soil arc the soil 
properties Q(H)  and K(H). 'These functions tnay either be read in as tabular functions o r  be generated 
from the Gardiier and King form factors, as described in the last section of Chiipter 1 1 .  I n  the fornter 
case semi-logarithmic Lagrangian interpolation by routine YLAG [ Westley and Watts, 19701 is used 
in order to obtain soil properties appropriate for subsequent Gauss integration. In the latter case the 
diffusivities and conductivities are calculated directly by SPKOP on such a grid. Since a given set of 
soil properties is independent of both position and time, and since these values art: requit-ed only for 
the Gauss-quadrature grid of water-content values, they are calculated only once. 

Initially the soil properties are used to deterniine the time function t(W,) for selccted values of 
the reduced end-point Darcy velocity W I. This is done by applying the Gauss quadrature algorithm 
(subroutine GAtJSS) to evaluate the integral in Eq. (111.26j. By sorting (routine DSORT) the results 
into ascending order in the time variable, the tabular function is placed in a form suitdble for 
interpolation. This is necessary since calculation of x(tx,tj and W(cw,tj require the end-point velociiy 
W,(t), as indicated by Eys. (111.3 1 j and (111.32). Lhuble logarithmic Lagrangian interpolation 
( Y I A G )  is used for this purpose. 

Dependent variables x(a,t) and W(a,t) are evaluated by either the first-ordcr formulas, Eys. 
(111.17) and (111. I X), o r  the second-order formulas, Eqs. (111.3 I )  and (111.32), ;is specified by the user. 
Integrals in the above-rnentioned equations are evaluated by subroutine GAIJSS with the various 
integrands supplied by the function routine FUNS. 'The unreduced velocity V is obtained from the 
reduced velocity W through application of Eq. (111.9). In addition, when coupling with the mass 
transport is required, functions x(0,t) m d  V(0,t) are transfornied to the functions O(x,t) and V(x,t) 
by WTR, and then Lagrangian interpolation is performed to yield the moisture transport variables 0 
and V on the spatial grid specified by the niass-transport calculation. 

Obviously, thc I..aSrange-interpolation and Gauss-quadrature techniques play important roles in 
the water-transport determination. For this reason the order parameters, which govern the accuracy 
of each method, are separately identified as  input quantities. (Appzndices C and I) give a complete 
description of  the input.) 

MASS TRANSPORT 

When the moisture-transport variables H and V are obtained, either as results of the 
above-mentioned calculation o r  as input quantities, the mass-transport equation, Eq. (IV.6), is 
solved numerically ; is depicted by Fig. 20. As indicated by its central location, subroutine MTR 
performs the control function here. Using input data obtained by DATAM, routine MTR directs its 
supporting routines so as to obtain fluid concentration c(x,tj and its bulk counterpart ch(x,t) as 
functions of both position x and time t .  Results may be printed (PRINTMj o r  stored (ST'RM). 
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ORNL-DWG 76-4 2074 

D PRONTW 

I1 I1 
b J I I 

Fig. 19. Flow chart specifying the water-transport routines. 
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-1 SOLVE ---I 
Fig. 20. Flow chart specifying the mass-transport routines. 
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The primary comput.ations for the mass transport are carried out i n  routines 4 4 ,  ASEMBL,  
tK, and SOLVE.  Subroutine Q4 generates the linear basis functions N, [Eq. ( iV.22)] ar?d the 
Jacobian ,J and. using known (or assumed) soil-solution properties, performs thc inlegrations 
necessary to obtain element matrices CrA] and [rB7. The Gausb yuadraturc algorithm of order two is 
employed here. Subroutine ASEMRI. has two functions. First, it applies the finite-difference 
discretizition for the time variable to obtain matrices [,C] iind { , R I  from [,A] and CrH] as prescribed 
in  Eqs. (IV.17) and (1V.28). Secondly. it assembles these quanlities via Eqs. (IV.30) to obtain the 
global matrices [C] and (KI.  Routine HC applies the boundary conditions a s  discussed in  Chapter 
l V ,  Theory Section 7, and SOLVE solves the resulting asymmetric banded matrix system by 
Gaussian elimination. 

Supporting calculations are carricd out in SURF, FI.,!JX, Q4D: SFLOW, and Q4R. Subroutine 
SIJKF identifies boundary nodes and elements. Routine FLIJX and Q4D determine the mass flux a t  
each node from the predetermined concentration distribution. To determine the miss balancc, 
end-point inass fluxes are integrated over time by SFLOW. and concentration distributions are 
integrated over space by Q4R. 

OPTIMIZA'T'ION 
The optimal-search technique, which was described briefly in Chapter V,  is implemented as 

shown in Fig. 2 1. Using search parameters and experirnental data input through I:)AI'AS, routine 
SEARCH produces a set of  physical parameters p which minimix X'(p), Eq. (V.1). This sct of 
parameters arid the corresponding best fits to the experimental data are then printed by PRINTS. 

One of the four different X' evaluators, MEVAL., MWEVAI.,, M WVAI.2, o r  WEVAL. is 
chosen depending onuser specifications. For example. LVEVAI, is used whenever the cxperimental 
water contents H"(x,t) are to be fitted, whereas MWEVAL is used whenever expcrimental 
concentrations ct(x,t) are to be optimally approximated. In the latter case it is understood that the 
water transport is to be calcuhted simultaneously from known soil par. dmeters. 

The material-transpor1. and water-transport procedures here assume tlic role of providing 
theoretical functions for the X' evaluators. There are necessarily, howcvcr, some linkage routines. 
Parameter linkage is accomplished by DUFFM and BUFFW. Subroutine BUFFM establishes the 
correspondence between various elements o f  the parameter array p and the material-transport 
parameters kd, a ~ ;  p, and n. Routine B U F F W  performs this same function for the water-transport 
parameters. Nodal-point linkage is accomplished by Y LAG. S WPKEP, and DSOKT. Calculational 
space grids must, in general, differ from experin~ental space grids. The fornier is chosen from 
considerations to achieve computation efficiency, whereas the latter is dictated by the experimental 
techniques. 1 his disparity is rectified by simply interpolating with YLAG to obtain the theorctical 
functions at the experimental positions. 

- .  
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Fig. 21. Flow chart specifying the optimization routines. 
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VII, ANALYSIS OF EXPEKIMENTAL DATA 

Correspondence of theory and experiment is the subject of this chapter. More precisely, the 
optimization procedure of Chapter V is used to aulomatically adjust parameters of both the 
water-transport theory (Chapter 111) and the mass-transport theory (Chapter 1V) so a s  to “best fit” 
the experimental data (Chapter 11). Oiie of the mass-transport parameters, namely the distribution 
coefficient k d ,  is of special interest. 

Before proceeding, however, certain general remarks should be made regarding the work 
presented in this chapter. In the first place, it is somewhat fragmentary since i t  represents our first 
attempt to analyze experimental data. Even so, feasibility is demonstrated by the S r  and Pu analyses 
presented. Finally the need for further refirieinent o f  two different aspects of our  analysis, n:irnely 
the water-transport and the migration of multiple species, ca ti be seen. 

WATER TRANSPORT 

Yhe purpose here is to determine both the water content O(x,t) and the Darcy velocity V(x,t) .  
These quantities are necessary since they characterize the carrier fluid and thereby control the inass 
transport. To calculate the latter, a space-time grid must be superposed on the region of’ integration 
(x?t). ‘The spacings within this grid are governed by convergence and stability criteria of the 
nurnerical algorithms, arid, in general, are much finer than the corresponding experirnental grid. 
Thus the need for an interpolating procedure arises. The strategy adopted here is to f i t  the 
experimental data at thc selected points at  which it is measured. One thereby determines 
parametrically an interpolation function which may be used at  space-time points other than those 
for which measurements are taken. 

Another consideration concerns the experimental observable, which is siriiply the relative 
radioactivity. In the case of tritium, which is not adsorbed, this radioactivity is taken to be 
proportional to  the water content. Thus the fitting function must he more than a simple 
interpolation function. I t  must have sufficient theoretical foundation that Darcy velocities may be 
extracted from it. The forinal development of such a function is the subject of C-haptei- 111. 

Figurcs 22 and 23 present two different radioactivity profiles for the movement o f  tritiated 
water in Fuyuay sand corresponding to two different values of the eluting time. (The radionuclide 
here is placed in the feed solution rather than being spotted directly onto the soil.) Pararrieter values 
for the theoretical fits are given in Table I .  These fits are not extremely good. There is a pl;iteau in 
the experimental data for the lower values of the position x which is not present in the theory. 
Secondly, the experimental wetting front is steeper than that of the theoretical fit. ‘The problem here 
appears to be experimetital. The relatively weak beta (0.0 18 MeV) corning from ‘1-1 permits 
observation of only the topmost layer of soil, where evaporation, inhomogeneity, and 
two-dimensional effects are the greatest. A different experimental technique appears to be called for. 
Perhaps dissection followed by weighing the increments before and after drying would be inore 
satisfactory. 

MASS TRANSPORT 
8 5  7 The best fits obtained to date are shown in  Figs. 24-20. Figures 24 and 25 pertain to S r  

transport in F L I ~ u ~ ~  sand and Figs. 26 and 27 pertain to Pu transport in the same soil. In each 
case the radionuclide is spotted directly onto the soil. (Figures 28 and 29 show the correspondirig 
initial conditions.) 

The soil is then wetted for approsinlately 17 hours using water as the eluting solution and 
counted to obtain the radionuclide profiles. F3gures 24 and 26 exhibit the resulting profiles. After 
drying, the soil i s  wetted for a second time and counted. Figures 25 and  27 pertain to this wetting, 
again for Sr  and h i ,  respectively. 

2 3 7  
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Table 1. Moisture-Transport Parameters for Fuquay Sand 

Conductivity 
Parameters 

Moisture-Content 
Parameters 

K, 

h 

d 

P' 
h: 

d '  

81, n 

7.57 x cmjsec 

-49.9 cm 

1.78 

3.97 x 
-23.2 cm 

-0.419 

0.00625 

0.625 

Table 2. Mass-Transport Parameters for Fuquay Sand 

Pa ra met e r "Sr ?"PU 

1' 2' I '  2' 

kd (cm3ig) 25.9' 36.3' 44.0 42.3' 

p (glcm') 1.75 1.75 1.75 I .75 

a[. (cm) 0.150' 0.333' 0.446' 0.126' 

'These numbers refer either to the first or second wetting. 
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Fir. 25. '"Pu distribution in Fuauav band after one wettine. with water. 
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Mass-transport parameters obtained from our 1e;ist-squarcs fitting proccdurt: arc shown i n  
Table 2. Perhaps the most striking things about thc values given pertain to t he  K,! detertninations for 

Pu. First, there is exceilent agreement betwceri thc two wettings. Secondly, the magnitudes of 
these numbers is rather sniall compared to the value k,! - 10' crti'/:gm, which has appeared 
Irequently in the litcrature. [See, for example, Prout, 1958.1 Speciation. however, plays an important 
role in determining Pu mobilities [Rondietti, 19761 and appears to he a partial explanation of the 
phenomena observed here. Our suspension measurement of kd  83 cin'jgm seeins t o  confirm this 
explanation. However: i t  does raise another question rzgarding the difference between 01-11 

chromatographic n1c;isureimt:nt of about 43 cm'igni and ( J U T  suspension rrmisiirement reported 
above. The latter is larger than the fonner by a fictor ot 'about two. The explanation here appears to 
be that of reduced exchange between soil and soil solution i n  the chromatographic method relative 
to the suspension method. 

SI reported in 
'lable 2. The average value of' the two distribution coefficients r-eported there is kd =:I 3 I cm'/g:m, 
which i s  substantially lower than out- suspeiision measurcmenc of k,! 85 ctn3jgni. 1-lcre the latter 
is greater than the former by 3 hctur  of about three. Again the reduced exchangc in the 
chromatographic measurement appears to be the reason. Prokhorov [ 19621 compared a flow-typc 
determination to a suspcnsion determination for the case of ""Sr. He got 21 cm',/gtn f o r  ttic former 
and 490 cni'lgm for the latter with the nutnbers differing by a factor o f  about 23. 

Figure 30 exhibits experimental and theoretical results for a 0.0 I N Ca(NO3)z eluting solution. 
Experimentally the peak moves mther than being distorted, ab was the casc when water was the 
eluting agent. 'The theory, however, is unable to account for this r i i o V i r 1 . g  peak, as may be seen by 
comparing Fig. 30 with the initial cc-mdition shown in Fig. 28. I'he explanation pertains to the fact 
that there are here two competing ions, Cat& and Sr'-. Calcium ions are exchanged with Sr ions, 
forcing the latter to movc to a region in which Ca concentrations :ire weaker. A inore gcncral theory, 
like that of Kubin and James [1973], is called for here. 

237 

* 5  A similar point may be made regarding the chromatographic measurernetits for  
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VIII. CONCLUSIONS 

This report documents ou r  initial effort to quantify soil chromatography. Experimentally, a 
radiochromatographic scanner coupled to a multichannel analyzer is employed. Thcse instruments 
provide the resolution, the sensitivity, and the numeric output necessary for computer analysis of the 
chromatographic profiles. 

Theoretically, the chromatographic eluting process is perceived as a coupled flow of water and a 
dissolved constituent through a soil matrix. Solution procedures for solving the appropriate 
transport equations are developed and implemented. The end product here is a computer code 
capable of automatically analyzing the experimental data. This analysis consists in  fitting the 
chromatographic profiles to determine several water- and mass-transport parameters, one of which 
is the distribution coefficient k d .  

The merit of the chromatographic method is that it simulates field conditions more accurately 
than do other techniques. This is very important for the determination of the distribution coefficient. 
Our results for "Sr and '"Pu show that the reduced exchange inherent in a flow-type situation leads 
to kd values which are lower than conventional suspension measurements by tacto rs of three and 
two, respectively. 

Finally the need for two refinements is noted. One pertains to experimental determination of 
the water transport. From a preliminary investigation it appears that i t  dissection method is the 
answer here. 'The other pertains to theoretical assessment of competing cations. In addition, a wides 
variety of soils, including slabs of porous rocks, is desired. Future research will locus on these areas. 
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IX. NOTATION 

c', 

c, 

ic t 
D 

d 

d' 

,J 

K 

K,  

KO 

Acceleration parameter- (dimensionless). 

(2x2) matrix of integrals for r-th finite elerneut (L). 

Longitudinal dispcrsivity (L). 

Reduction parameter (dimensionless). 

(2x2) matrix of intcgrals for r-th finite elemcnt (L/7-). 

Diriclilct 1)oundary condition for the concentration (M/ Id3). 

(2x2) matrix of integrals for  r-th finite element (L/T). 

Asscmbly of  311 LrC] (Lj 'F).  

Concentration of the dissolved constitucnt ( M /  Id3). 

Niirnerical approximation to c (Mi  J L 3 ) .  

Bulk concentration including both dissolved and adsorbed constituents ( M /  Id3). 

Concentration at node i p111,~). 
(2x1) vector of concentration values a t  nodes of  r-th element (MI Id3). 

Vector o f  concentrations value at all nodes o f  the system (Mjl, ').  

Hydrodynamic dispersion (L'/T). 

Pore-siLe distribution index of the Gardner conductivity relation (dimensionless). 

e tlist.ribution index o f  the King moisture-character~stic function 
(d i nien sic) n les s). 

~ o i  s tiire -sto rage func tio t i  (I>-'). 

1 heoretical prediction either of water content ( Id3 /  I,') or  coricentration ( M I  Id3). 

Eqerirrrental data either f o r  water content ( L ~ , /  I - ~ )  o r  concentration (M/L'). 

Transfortned ~ o n ~ e n t r ; ~  t ion ( M /  1.~7. 
Pressure head (L). 

Critical-pressure paranieter of the Gardrier conductivity relation (I,). 

Clritical-Bressure parameter of the King moisture-ch;iracteristic function (L). 

Jntegral encountered in the relation t(\V,) (T2/ L2), 

lntegral encountered in the second-order solution of the water-transport equation 
(I). 

Jacobian for transfcormation to local coordinates (L). 

Hydraulic conductivity (1-1 .I). 

Saturated conduct ivily piiramcter of the Gardrier conducitvity relation (I,,/ XI. 

,~ . 

K(O = 0,) (l.,/vr). 
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p.P1,p' 

Q 

WI 

Wii 

X 

x 

Saturated distribution coefficient (1 , '  ' M). 

Length of chromatographic column (L). 

Differential operator for mass-transport (dimensionless). 

Basis fun c t i o i i  s (d i m e n s i o n le s s ) . 

Number of experimental times (dirnensionless). 

Number of cxperimental positions (dimensionless). 

Porosity ( L' I I-'). 

['heoretical parameter. May represent either moisture-transport o r  masx- 
transport parameter with its associated dimension (variable dimension). 

Vector of theoretical paramctcrs (vauiakle dimension). 

Diffusivity ( 1  , 2 ;  T). 

a1 V: OK,,, the effective diffusivity (I,:, T). 

Vector obtained in numerical solution o f  mass-transport equation ( M ,  L', -1.) 

(2x1) vector of values of the mass flux at the boundaries of the r-th element 
( M :  1.': . T ) .  

Vector of mass-transport boundary flows (M, L2 T). 

Retardation factor (dimensionless). 

Length of soil column (L). 

I,ocal variable of integration (tlirnensionless). 

Value of s at j-th node, i.e. s, = - I  and s2  I (diinensionlcss). 

Solid-phase concentration of the adsorbed constituent ( M i  M). 

Parameter step-size tolerance factor (dimensionless). 

X' acceptance factor (d irnension Icss). 

Time ('1.). 

Darcy velocity (L II 7). 

V:ORd. the effective velocity (L:'T). 

Reduced Darcy velocity (L:T). 

The n-th approximation io the velocity solution of the water-transport equation 
(L; T). 

W(@ = I )  (L'P). 

W ( a  = 0) (L l r ) .  

Mass flux (Mi L': I.). 

Position coordinate (L).  
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X2 

x 

The n-th approximation to the position solution of the water-transport equation 
(I*). 

{ R )  - { K'), vector obtained in the numerical solution of the mass-transport 
equation (kr/L',rr). 

Keduced water content (dimensionless). 

Modified coefficient of compressibility (I,-'). 

Parameter increment (variable dimension). 

Time increment (Tj. 

(0 ,  - 6,)/(01 + 0,) (dimensionless). 

Angle of inclination of the chromatographic column (") 

Moisture content ( L ~ /  L'). 

Kesid tin 1 tnois t ure-co n t en t parameter ( I.,' / L ~ ) .  

Initial moisture content ( L ~ /  ~ ~ 1 .  
Boundary moisture content, equal to the porosity n in this document (Id3/ Id3). 

Experimental water content (L'/ 1,'). 

Reduced hydraulic conductivity (L,'T) 

Decay constant (,r-'). 
Eigenvalues of transformed mass-transport equation (L-2). 

Transformation parameter (I . , - ' ) .  

(01 0)/(01 + 0) (dimensionless). 

Bulk density of the medium ( M / L 3 ) .  

Experimental measurement error either in water content (L3/ L3) o r  in 
concentration ( M I  Id3), 

Sum of weighted squares of residuals between experimental and theoretical 
points (dimensionless). 

Parameter of the King moisture-characteristic function, taken to be zero in this 
document (dimensionless). 

Time-integration parameter (dimensionless). 

Spatial frequency for eigenfunctions of concentrations (C'). 
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APPENDIX A 

EXAMPLE CALCULATION: 237Pu IN FUQUAY SAND 
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INPUT 





81 
7 1 Pa, P U Q U A Y  SAND, 18 

1011 100 1 0 1 5 0  2 0  0 0 1 1  0 0 3 1 2  
, 075  0 - 5  3600, I.OOE5 - 5  0- 20. 0. 

.s a, 
1000~00000 ~0~~000000~0~~00000DlO000000000OOOg00000Q000~00~00000050010000001000000000 
10G09000U01030000000~00~000Q00~00~000000~00000~00~100000~000100~00000010~0000000 
0. 0, 0, 0. 0, 

l"105 1.315 1.525 1.735 1" 943 2,155 2,365 2.575 
2.785 2,995 3.205 3,u15 3,625 3.835 4-0P5 4,255 
4.465 4" 67 5 4,885 5,095 5,305 5.515 5,725 5.935 
6.145 6.355 6,565 5,775 6,985 7,195 7-40s 7,515 
7,825 M. 035 8,245 8-4 55 8,665 8,375 9,085 9,295 
9,505 Y-715 9,925 10,135 30,345 10,555 10,765 35,975 
11.185 31,395 l l . . b 0 5  11,815 12,025 12,235 12,445 12,655 
12,865 13,075 13,285 13,t)95 13-705 13,915 I U ,  125 14,335 

16.L25 16-435 16,645 46,855 17,065 17,275 17,485 17,695 
17,905 18.1115 18,325 18,535 38,745 18,955 14,165 19,375 
19,585 19,795 20,005 20,275 20,423 20,635 20.845 23,055 
21,265 21.475 21,685 21,895 0, 
-5,t31a - O , B I O  2.190 0,190 0,190 1,190 -0,810 9.190 
-1.a io  3.1YO 11,19# 36.. 190 35,. 190 100,390 1 O O . f Y O  101, 190 
64,190 50,190 34,190 11.190 1,193 1,190 -0.810 4,790 

0,190 1.190 2, a90 3 -  1 YO 6,190 0.190 0,190 -1.810 
-0,810 - i , a i o  1,190 -2,810 -1,810 2,390 3,190 -1.810 

34,545 14,755 1U,965 15,175 15-38> 15.595 15,aos 36,015 

-1,830 0.. 190 2.190 -0.810 1" 190 0,190 -0,810 -1,aio 
5- 1 9 0  2- 190 1,390 -3,810 -0,810 11,140 -0,810 5,190 

-0,810 0,190 0,190 L - I P O  - L B W  - i . e i o  -0,810 1,190 
0.190 -1,810 4,190 1,490 -0,010 -o,aio -0,810 0, I90 

-3,810 3,190 -0-810 1, I 9 0  0- 190 2.190 -0,810 1, 390 

-0-8 10 1.390 -~!..81Q -3 ,880 -0,810 -3,810 -3,810 -5.810 
-5,810 -5,810 -5,810 -5,810 0, 
1 0. 

10 1 0. 
0 3 7  O U T  3 ' 3  u 8 2 0 1 1 

0.. 190 0" 190 1,19Q -2-810 2,190 -2,810 - 2 . 8 1 0  -0,810 

,00625 ,671 6 0, - 0 1  
.I 000 100 -u9..9 1-78 
,000397 -23-2 -.419 
10" 20. 3 0, 40. 50.. 6 0. 70, 80- 
90. " 1  - 2  - 3  .4 e5 -6 .7 
- 8  -9 1, 2, 3, 8 ,  5, 6. 
7 ,  8, 9, 10- 20 0. 300,  40 0, 500, 
600, 700, 300. 900- 1000, 

1 - 5  0, 25 1-E-10 1 , E - l O  0-1  1, 
43.875 1.75 0,4U 191 ,00625 0.625 ,157E-4 -U9,9 1.78 
0,000397 -23.2 -#,4 19 

1 1  3 30 3 1 l l O  

1 0 1  0 0 0 0 0 0 0 0  
7, E50 1-E50 1,ESQ 1, 1, 1.E50 -1, 5.0 
1.E50 -1- -.( 1 

-%,E50 -500,  -,u5 
0, -5 -01 0. 0, 1-E-6 -150, -5 

2 400, 
92 

1.105 

4.465 
6,145 

9,505 
11-185 

14,545 
16,225 
17.905 
19,585 
-5,810 
3- 190 

88.190 
5.190 

-0, a 10 
1,190 
1,190 

2,785 

7.825 

I 2. 855 

1-3 15 
2.995 
4,675 
6,355 
8,035 
9-7 15 

118.395 
13,075 
14,755 
16,835 
18,115 
19,795 

1,190 
1,190 

33,190 
2- 190 
7,190 

-0.810 
U, 190 

1,525 
3, 206 
U. 886 
6,566 
8.245 
9,926 

11,605 

14,965 
16.816 
18,325 
20,005 
-1.810 
12,190 
31,190 
-0,819 
4, 1w 

13,286 

-a a 10 
-2-8 ao 

1.735 
3.415 
5.095 
6.775 
8.455 

10,135 
11,815 
13,U95 
15,175 
16,855 
18.5 35 
20.215 
-1.8 10 
23,190 
29" 190 
-0-8 10 

8-1 90 
0,190 
1,190 

I, 91)s 
3-625 
L 3 0 5  
6,985 
8,665 

1 0- 3U5 
12,025 
13,705 
15,385 
17,065 
1&7US 

1,890 
42-190 

-5,819 
5,190 
1,190 
1,190 

8,  ago 

2.155 
3.835 
5,515 
7- 195 

Y 0.555 
12,235 
13,915 
15.595 
17,275 
18,955 

-1,610 
56,190 
1Lt90 
-0,810 

6.190 
1- 190 
5,190 

a, 875 

2.365 
4,OQS 
5.725 
7 , 8 0 5  

10,765 
12.445 
14.125 
15,8O5 

19.165 

2,199 
9u. 190 

7, t 90 
7,190 

-0,810 
-0,810 
-2,810 

9 ,085  

17,485 

2.575 
4,255 
5,935 
7-615 
9,295 

10,915 
12.. 655 
au, 335 
16,015 
17,695 
19,375 

-0,810 
124,190 

2, 190 
1,190 
6.190 
7.190 
5-190 



82 

0,190 2 - 1  90  
4,190 1,190 
3.190 0,190 
4 -  1 9 0  1- 1 9 0  
5,190 0,190 
2,175 3,425 
3,705 3.425 
9 . 9 3 6  6,613 
3, Y6b 3.5611 
3 ,  119  4 , 2 1 1  
3 , 4 2 5  3- 119 

3.2 76 3 - 5 6 8  
3,t33d 3,425 
3-705 3 - 2 7 6  
3.838 3.U25 
3.966 3,276 

3,415 3,838 

2-  6 .  

-0"a 10 
2.190 - 1-8 10 
5,190 
1,190 
2- 955 
U" 758  
6.460 
3.. 118 

3,112 
2-780 
3,119 
3,568 
2,955 
3.948 
3,425 

3.. 8 3 8  

-1.8 10 
-2.810 

3.. 190 
0,190 

2-955 
5.808 
6,303 
3" 119 
4.328 
3.276 
3,425 
2-7 55 
2.780 
3.705 
3,276 
2,594 

- 3 ,  a i o  

2,190 
3,193 
0,193 
1,190 

3-42> 
7,26L 
4-32d 
2,175 
3-96b 
3, u2s 
3,425 
3- 5si? 
3,705 
3- 270 
3,425 

-1,810 
-1,810 

3- 190 
o - t a o  

2,955 
8,760 
4,662 
3.119 
U,O9Q 
3,425 
3,966 
2,955 
2,955 
3 ,  705 
3,838 

-0,810 
1,190 
1.190 

-4,810 

3,568 
10, 234 

4 *  21 1 
4-23 3 
3,119 
3,119 

3,119 
3,425 
3,425 
2.394 

2,780 

- 2 - 8 1 0  
1.190 
0,190 

-3.810 

3-  119 
11.607 

3-56F4 
3,425 
14,090 
4,211 
3,966 
2 , 7 8 0  
3,425 
3,276 
2,594 
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OUTPUT 





C A L C O L A T I D N . .  T Y P E  7.. PBOBLEU 1.. 

85 

211. PIJQUIK SAND.  1 Y  

J A T E B I A L - T R R Y S P O Y T  INPUT TABLE 1.. R l S I C  P A B I f i E T E Y S  

U U L l B E R  OF NODAL POLNTS. - - . . . . - - I . - . . 
NUNBCB DE ELEMENT'S. - - I . I - . . - - I - . - - 
NULlBcR OF G I Y F S P E N T  B A T E Y I I L P  - - . .. . - - - - - - 
N U t i b b P  OF CUEBECILOU 18TEUIALS. - . . - . . 
NUPlJZP OF TIHL 1 K U E n E P l T S  - I . - - . . - . - - - 
NUfiBER U F  EUUUUAPY C O N D I r i O N b  . - . I . . . - 
b r i n f i m  O F  SUEFACE T E R U ~  . . . . . . . . . . .. . . . 
YELOCLTY I N P U T  CONTBOL- - - - . . - I . . I - 
PUYCLLARY S T O S A G E  CONTROL . . .. - . - - 
s T L A D Y - 5 T A T E  CONTROL. - - - . .. . . - I . . - - . - 
T I I E - S T E P  LOWTROL . - - - - . . - . - .. . . - - 
S U f I U 8 8  OF LOUEE VABLABLY S I Z E D  ELECIENI'S - .. . . .. 
YUIBEB OF UPPER VAEIABLY S I Z E D  E L 6 H E N T S  ~ I . - . 
8 0 6 ( b E T T  T I M E  I N I E G P I T I O K  INDEX. . . . a . - . - - . 
I N I T I A L - C O N D L T I C N  CONTBM. . . - . - . . - . - . 
MHSli LOUTPOL. - - . - - . . . - - . - . . . . . - 
TILIB IUCBELIENT. .. - - - - - . - - . . - I . . 0. 
U U L ~ I P L I K B  PDB I I C R 2 b L . I N L .  D E L I .  . . - . I - - - 

. . 1 0 1  . * 100 _ _  1 . -  0 . . 150 .. 2 . -  D .. 0 .. 0 .. 1 . "  1 .. 0 .. 0 .. 3 .. I - .  2 
I 75000-0 1 
0.500000 

~ & X l U U f l  VdLLIE OF D E L T  - - - . - - - - - - .. - - - 0 . 3 6 0 O D  OU 
IAYIBUS Y A L U B  O P  T I E E  . . . . . . . . . - . - O A O O O D  51  
F I d L - 1 8 P E C H A T I D N  PAHABETES. . I - I .. - - . . 0.500000 
OULCIN OF BESH G E U E R & T l O #  - . . . . . . . . 0.0 
UAXXMVU Y-VALUE . - - - - - . . - . . . . . . . 20.0000 

UPPBH P l B S T  X - I Y C B E A E P I  I - I . - . . I . . . 0.5000 
CONSTANT OBRCY VELOCITY - . . - . . . . . . . 0.0 
L.UY&E P I B S T  X - i N C B E I E # T  - - . . . . .. - . . . . 0-0 

OUTPUT COYTBOL 
1 0 0 0 0 0 0 0 0 0 1 0 O 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 a 0 1 O 0 Q 0 0 0 0 0 0 1 0 0 0 0 0 0 U 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 ~ M 1 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 ~ 0 0 ~ 1  
f l 0 O O O O O O O  10U00000001000O00uU0100000000010000000001 

a h T E B L A L -  P B A N S P O B T  I N P U T  T A B L E  2.- IIATEBIAL P%OPEBrIBS 

nu-. du. KD R H O 0  AL THdTAR POE 
1 0.0 0-0 0.0 0.0 0 . 0  

IIIITEUIIIL--TYAUSPORT TA&LE 3.. IIODRL-POINT DATA 

NODE 
1 
2 
3 * 
5 
6 
7 
Y 
9 

10 
1 1  
1 1  
1 3  
lil 
15 
1 6  
17 
18 

X 
0 . 0  
0 . 1 1 0 5 0  01 
0 - 1 3 1 5 D  0 1  
0.151SD 01 
0 . 1 7 3 5 0  0 1  
0 - 1 9 U S D  U 1  
0.C155U 01 
0.1365U 0 1  
0.2515D 01 
0 . 2 7 8 5 0  01 
0 . 2 9 9 5 0  0 1  
0.32050 01 
0.3415D 07 
0 . 3 6 2 5 0  01 
0.38350 0 1  
O.UflU5D 01 
0 - U 2 S 5 D  01 
0 . 4 0 6 5 D  0 1  
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19 O.Ub75D 01 
20 O.L)B850 0 1  
21 0.50950 01  
22 0.53050 01 
23 0.55150 01 
2 4  0.57250 01  
25  0.59350 01 
26 0.61USD 01 
27 0,63550 01 
28  0.65650 01  
29 0,67750 01 
30 0.69850 01 
31 0.71950 01 
32 0.74050 01 
33 0.76150 01 
34 0,78250 01 
35 0 . 8 0 3 5 0  01 
36 0.82USD 01 
37 0 - e a 5 5 ~  01 
38 0.86650 01  
39  0.8875D 01 
40 0.908513 01  
U l  0.92950 01 
U2 0.95050 01  
4 3  0.97150 0 1  
U I  0.99250 01 
0 5  ll.10140 02 
e6 0.10350 02  

L)B 0.10770 02 
U9 0.1098D (12 
50 0.11190 0 2  
51 0.11400 02 
52  0.11blD 02 
53 0,11B20 02 
58 0.12030 02 
55 0.12240 02 
54 0.12'450 02  
57 0.12660 02 
58 0.12870 02 
59 0.1308D 02 
60 0.13290 02 
61  0.13500 02 
6 2  0,13710 02 
6 1  0.13920 02  
64  0.14130 02 
65 0.1U34D 02  
6 6  0 -1Y550 02 
67 0.147bD 02 
6 8  0,14970 02 
69 0.15180 02 
70 0.15390 02 
71 0.15SQD 02 
72 0.15810 02 
73  0.16020 02  
7P 0.16230 02 
7 5  0.16UUO 02 
7 6  0.1645D 0 1  
77 0.168hQ 02 
78  0.17070 02 
79  8.17280 02 
DO 0.17'490 02  
8 1  0.17700 02 
8 2  0.1191D 02  

8 8  0.18330 02  
8 5  0.1854D 0 2  
8 6  0.18750 02 

88 0.1917D 02 
89 0.19380 02 
90 0.19590 02 
91 0,1980D 02 
92  0.200iD 02 
93  0-20220 02 

97 o.ios6u a2 

83 0 . 1 8 1 2 ~  a 2  

87 o . i a 9 6 ~  a2 
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9 4 0.201130 R 2  
9 5  0.206,40 0 2  
96 O " 2 U M 5 U  (12 
07 O..L1060 02 
$ 8  0.2127V 02 
99 O..ZlUBD 02  

100 0 . , 2 1 6 ' i D  02 
1 0 1  O.ll3OU 02 

i l A T l h L B L - T 8 4 N 5 W K T  ZABLI: i).. dLEfiEHT DATA 

GLOBAL I N U I L W  OF U 2 B E ) I T  NODES 
EL hil EUT 

1 
1 
3 
4 
5 
6. 
7 
8 
9 
10 
1 1  
12 
13 
16 
15 
16 
l i  
18 
19 
2c 
21 
2 2  
23 
> U  
25 
26 
1 7  
19 
19 
30 
3 1  
32 
31 
34 
32 
36 
37 

39  
U O  
b l  
&1 
u3 
$4 
9 5  
46 
47 

49 
50 
51 
5 2  
53 
51( 
5 5  
Sh 
5 1  
5 8  
59 

3a 

ua 

1 
I 
2 
3 
4 
5 
6 
7 
E 
9 

1u 
1 1  
12 
13 
1u 
15 
16 
31 
18 
19 
20 
21 
22 
23 
24 
1 5  
16 
27 

29 
30 
31 
3 1  
3 .$ 
34 
35 
36 
3 )  
3 d 
39 
40 
4 1  
r2  
43 
LIU 
45 
116 
47 
48 
49 
50 
51 
52 
53 
54 
5s 
56  
51  
58 
59  

2e 

2 
2 
3 
u 
5 
6 
7 
8 
9 

10 
1 1  
12 
1 3 
14 
15 
16 
1 1  
1 8  
1 3  
20 
2 1  
22 
23 
2u 
2 5  
2 6  
21 
28 
19 
30 
31 
3 2  
33 
34 
35 
3 6  
3 1  
3 a  
39 
40 
4 1  
42 
113 
44 
45 
'46 
47 
48 
49 
50 
51 
52 
53 
5 4  
5 5  
5 6  
57 
5 8  
5 9  
hO 

K A T B X I A L  
1 
1 

1 
1 

1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
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6 0  
6 1  
6 2  
6 3  
64 
65 
66 
67 
68  
69 
70 
7 1  
72 
7 3  
74  
75 
76 
77  
78 
79 
BB 
8 1  
82  
83 
811 
8 5  
BA 
87 
8 8  
89 
90 
9 1  
92 
93  
9u 
95 
86 
97 
98 
99 

100 

60  
61 
6 1  
63  
64 
65 
66 
67 
68  
69 
70 
71 
72  
73  
7 6  
7 5  
76 
17 
78 
79 
80 
81 
82 
83 
8Y 
85 
85 
87 
88  
a9 
90 
9 1  
92 
93 
9u 
95 
96 
97 
98 
39 

100 

6 1  
62  
63  
64 
6 5  
6 6  
67  
6 8  
69  
70  
7 1  
72  
7 3  
7u  
7 5  
76 
77  
78  
79  
80 
8 1  
82  
8 3  
84 
85 
86 

88  
89  
9 0  
9 1  
9 2  
93 
94 
95  
96 
97 
9 8  
99 

100 
I O  1 

a 7  

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

I)LTZEIbL-?BAISPOilT KnBET TABLii 5.. B O l l l Q A L I  COrDXllQBS 0 )  T O 3 l  E - 8 0  

I O Q l  88 
1 0.0 

101 0.0 

2 
37 

0 
41  

3 
3 
I( 
8 
2 
0 
1 
1 

-02 
no 
0 2  

-0 1 



CDPAR: 
0.39711MUURO.3 -0.23200000 01 -0.U1900001) 00 

V l / A K S A P :  

S E l E C L i  INPOT P A B L L .  1.. B A S I C  8 A R k t I E T E X S  

YUIIBdS U P  5EABCX P A B A t l B T E a S  - - - - - . - . 1 1  
YIAGBOSTIC P R I N T E R  COITBOL.  . . L/ - - - . . . . - . . 3 

I E I u d T - L O U T O O L  I I I T E S E E .  - - - - . - .. - - . . I I 3 
NUHLl lE  DP E Y P E U I R E N T A L  T I N E  UODEh - . . . . . . 1 
PAHALIBTEK BOUSDS CONTROL, - I . - . - . - . . . . 1 

&OXILIABY STORAGE C O Y T P O t  - . . - - . . . . . . 0 
ACCBLEPAI!ION PABAEETEP- - . . - . . . . . .. . 0-151100 0 1  
P t U U C T I O N  P A R M E T E R  - - . . - . . - I . - - 0.2500D 00 
h T E P - 5 l Z L  TULllUAUCE - - - - . - . - - .. - - . . . 0. IOOOD-OY 

PIUII(IEl!ER STEP-LWCTB PRLCTLOU. . . . . . . . 0.10001) 00 
Y E I b t i T l t l G  C U N S T I N T .  . - - . . . . . . - . - . 0. 1OOOD 01 

nAxriun L H I - W U A R E D  E v A L t l a T i o m s  . . . - - . . . - . 30 
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10 0.199500 01 
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0.61UUSD 00 
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0.0 
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0. 1013511 02 
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0.1622511 0 2  
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o . z a n 0 5 ~  02  
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0.72666D 00 
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0 .0  
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0.1750no 00 
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91 

!iP NFlJB 
11 .jU 

P H  
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* 0.39169390 02 

DELP 
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(1.1780000D 01 0.397OOOOC-03 -0.23200000 02 -0.419OODOD 00 
OECPlllSlP T H E  I-TH V A i U I B L Z  
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L O  0.0 D. 0 0.0 
B B O I I  U P L O i l A 5 O I I  LOQP 
I l C P B I I B l T  THB 1-51 V A i l L l B L l  
? 1 0-(10731270 01 0.23031107D 02 0.1750000D 07 0.2209550D 0 0  0.62500000--02 0.62500000 0 0  0.7570000R-04 -0.499000OD 02 

0. 1780M)OD 01 0,3970000B-03 -0.23200000 02 -Q.U1900DOD 0 0  
n o E P x m n 5  TUX I-Ta V ~ P T A B L ~  

0.17500000 01 0.15466850 00 0.62500000-02 
0.397OOOOD-03 -0.2320000D 02 -0. 41900000 00 

0.757OOOOD-0'4 

0.757000OD-04 

0.7570000D- 04 

0.75700oon-04 

-0.49900001) 0 2  

-0.49900000 0 2  

-0.49900000 02 

-0.49900000 02 
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02 U.17500000 0 1  0.22095500 00 
01 0.39700000-OJ -0,23200000 02  

02 J. 17500000 0 1  0.320304no 00 
01 0.39700uuD-03 - 0 . 2 ~ 2 0 0 0 0 0  0 2  

02 0 .  1 7 5 0 0 0 0 0  0 1  0.121b253D 00 
0 1  0.39700000-OJ -0.232OOOOU 02 
B85TOBE B A S E  YT. 

02 0 .17500000 01 O.lt178110D 0 0  
) 1  0.3970000D-03 -0.L3LOOOOO 02 - 
01 0.0 0- 9 9 4 2 9 7 5 0 - 0 i  

0.0 0.0 

Y 1 0.3bJ13270 02 0 .4277d120 
0. 1 7 8 O O O O D  

IMCBnflEYP T d E  I-TH VARIABLE 
P 3 1).3b>5+490 01 P . 4 2 i i d l 2 D  

0..17800000 
DECBB?IEIT THd I-TH VARIABLE 
B J 0.35491110 02 P.4277812D 

0.1780000D 
PATCCRN n o m  E ~ P L O B A T O P Y  PALLURB 
n P u B =  1 9  * 0.389411900 02  0.39U87600 

D B L P  -0.987 l 8 J 5 D  

B E G I N  EXPLOBATOBY LOOP 
I Y C K ~ i I t U T  THE I-TH VARXABLZ.  
P 1 lJ.37blbL1D 02 0 . 1 9 6 1 5 0 1 0  

0. 178UOOOD 
DECBMENT THE I-TH YAUlIBLE 
U 1 O . J S O L 8 5 I I U  02 0.49359370 0 2  0.17500000 0 1  

PEUUCE S T E P  SI&€ 
IULPErlEblT THE I-TH V M L A M L k !  
Y 3 0 . 3 6 J L k 5 6 D  02 0.3YYd7600 02 0.17500000 01 

0.17800UOD 01 0.39700000-OJ 
DECdZiiEUT THE I-TY VIUTABLE 
B 3 d.36656000 0 2  0.394875011 02 0.17500000 01 

0. 17800000 01 0.397000OD-03 

0 - 1 7 8 0 0 0 0 0  ( 

0.0 

0 .17800ooo 0 1  n.397oooon-OJ 

ELDULS STEP S I L E  

THE NUiiBdP OF P U Y L ' T I O B  E V A L O A T I O l S  BXCEEDED 33 
f 0 .3UY44900  0 2  0.3QU87§00 04' 0.1750000b 01 

BASE PT. z x e L o a . u o n f  X O D E  P A L L U B E  

0.11800000 0 1  0.3Y70000D-U3 

02 50.1750000D 0 1  O.ld781181) 00 
0 1  9.397000OD-03 - 0 , 2 3 2 0 0 0 0 0  0 2  

0. 1878118D 00 
-0.23200000 0 2  

0.28724158 00 
-0.2320OOOD O L  

0.88382008-01  
-0,2310OOUO 02 

0. 1 8 7 0 1 1 8 0  0 0  
- O , L 3 L 0 0 0 0 8  02 - 

0.62500000-02 
-0.&1900000 00 

0.6250 00 OD- 02 
-0.419000~JiJ 00 

0.6250000D- 02 
-0.41900000 00 

0.62500000-02 

0.0 
~0.u1900000 00 

u- 0 

0.6250000D-02 
-0.41900000 0 0  

0.6250000D-  02  
-0.41900000 0 0  

0 . 6 ~ 5 U O O O D - 0 2  
-0 .U~90000D 00 

0 , 6 2 5 3 0 0 0 0 - 0 2  
-0.4190000D 00 

0.62500000-02 
~ 0 . 9 1 9 0 0 0 0 0  00 

U.62500000 0 0  0.757OUOOU-00 -0.UY90QOOD 02 

0.6250oaoo 00 O ~ ~ ~ ~ O O O O D - O ~  - U . U ~ ~ O O O O D  02 

O , b 1 5 U O O O D  00 0,757000OD-04 - 0 . 4 9 Y O O O O D  0 2  

0 .62500(108  00 0.75700000-04 -0.49900000 0 2  

0.0 0.0 0.0 

0.62saoaon 0 0  o . 7 s 7 o o a o ~ - o ~  - O . U ~ ~ O O O O D  02 

0.62500000 DO 0.75700OOD-04 -0 .@9400000 0 2  

0,625013(100 00 0.757OOOQD-04 -0. U9VODOOD 0 2  

YAT2B-TBAUSPOQT IYPOT TABLE 8.. B A S I C  PAallHETEfB 

THP: 
0.62500000-02 0.3100000D-01 0.5527UOUD-01 0.7907211D-01 0 . 1 0 2 3 9 4 2 0  00 0 . 1 2 5 2 4 0 4 0  QU 
O . l Y U Y Z 3 l O  01) 0. 2118bSUU 00 0.23233170 0 0  O.L>LJ22IO 00 0.2718.l658 00 0.29087500 00 
O.JUb1346D 0 0  0 .36226920 00 0.37892790 00 0.39511UbD 00 0.410817JD 0 0  O.U,!bObBlD 00 
0 . 4 6 0 0 6 ~ 6 0  0 0  0 . 4 8 2 2 1 1 5 0  0 0  0.49506150 00 0.507U3750 0 0  U.5193365D 0 0  0 .53075960 00 
0.56?17311, 00 0.51169230 00 0.58073560 00 8,5893019D 00 0.59739421) 0 0  0.60500960 00 
0.6250000D 00 

ALP: 
0.0 O.VO0OOOOD-01 0.7923077D-01 0 . 1 1 7 6 9 2 ) D  0 0  0.15538960 00 0. 1923077D 00 
0.19dUb15D 00 0. 3 3 2 3 0 7 7 0  00 0,3653846D 0 0  0.39769230 00 0.4292308D 0 0  0.46OOOOOD 00 
O . b U l o 9 1 1 0  00 iL57538U60 00 0.60.23077D 00 0 ,61896150 00 0 ,55384620 00 0.67846150 0 0  
0.7416923D 0 0  13.76923080 0 0  0),79000DOD 00 0 . 8 1 O O O U O O  0 0  V..82923080 0 0  O.tl476923D 00 
0.B984blSD 00 0.91384620 d o  0.,91846150 U O  O"91123017D 00 0.95538460 0 0  0 . 9 6 7 6 9 2 3 0  00 
0~1000000U 01 

0 .10761060 00 0.!6P50400 0 0  
0.309'43750 00 0.32752UOD 00 
O-UU0E0298 00 0.45508170 00 
0.54170670 00 0.55217798 00 
Lh121490D 0 0  0 . 6 1 8 8 1 2 5 8  0 0  

0 4 2 2 8 0 6 1 5 8  00 0.26384620 00 
o . ~ 9 o o o o o o  no n. 519230110 no ~ ~ ~ . ~ .  ~. ... .~. . -  .. 
0 .102>07YU 00 0.725lh46D 00 
LRR6538U62 00 0 . 0 8 2 3 0 7 1 0  0 0  
U . 9 1 9 2 J O H O  00 0.Y900000V 00 

S Y S T Z ~ - F L O Y  TABLE 11.. AT T I n E  * 4.1163D 0 0  , (DILT = 1.04940 00) 

P I P E  OF P L O Y  BATE INC. rLou TOTAL PlVW 
C 0 N ~ T A ~ T - L O Y C E N T P I T I O ~  NODE PLOU. . . . 0,57200-01 0.65750-01 0.47280-01 
LOUSTANT-PLUX-NODE PLOY - - - . . . - 0.0 0.0 0.0 
SEEPALE FLUX-NODE PLOY. . - . . . - - 0-0 0.0 0.0 
YUBEULClL LOSSES. - . - - - - - - . . 0.0 0 . 0  0.0 

0.47280-01 1)- ~ 5 7 5 0 - 0 2  UhP PLOY. .. - - - . . . - - e - . - - 4 5 7 2 0 D - 0 2  
0.15720-01 IUCHEA5L IN PIATERIAL CODllPEblT ( L L d U I D )  - -0.. 13690-02 -0 .2  Ob7 P O 2  

I N C P E A S E  IU UATEYIAL CORSENT ( S O L I D ) .  - -B.21710 00 -0.2285D 00 0.17388 0 1  
X A U I U A C Y T V E  LOSSBS [LlQUKD A N D  SOLID) - 3.0 0.0 0.0 
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SISTEB-ILO$l TA9LZ 21.. AT TIaH = 3.5177D 0 1  , [DIIL'P = 5.48760 OOJ  

BBEPAGU ?Lui-noDs ?LOW, - . . . - - . . 0.0 0.0 0.0 
MiJtiLRICU LOSSES. - - - . - - - . I . . L O  0.0 0.0 
NE]: PLOW. - . . . - . . . . . . 0.1>150-02 0.87810-02 0 . 1 x . o ~  oa 
IYCRBASB IR Il iTBUIIL CObXPPT (LIQOID) ~ -0 .3UIOD-03 -0 .1aeen-02  0.89620-02 
IUCRBISL IY ~ R T B E I A L  coimiim ( S O L X D ) .  . -0.. ~ R O Q D - 0 1  -0.20970 00 0.99090 00 
R A D I O I C T I V B  LOSSlS (LIQLlLQ ASD SOLID) - 0.0 0.0 0.0 

SrSTB11-FLOIB TABLB 31.. AT CIaI = 1.U442D 0 2  I (DULT = 1.66220 0 1 )  

IYC.  FLU4 
0.1028D-01 
0.0 
0.0 
0.0 
0.102ao.-01 

-0.817ULi-03 - 0.9 7 0  ID- 0 1 
0.0 

0.0 
0- 0 
0.0 
0.22260 O(1  

-0.1687D-02 
-0- 18650 O ( I  

0.0 

IIJC. n o w  
0.95868-02 
0.0 
0.0 
0.0 
fl.958613-02 

-0.6231D-03 
-0.OBR9C+01 
0.0 

TOTAL rroa 
0.32950 00 
0.0 
0.0 
0- 0 
0-3295B 00 

- 0.8 9aa D -02 
-a.9938o o n  
0.0 
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rw8 OF PLOY BATE 
C D Y ~ ~ I Y T - C 0 N C E Y ~ P A T I O M  UQDE PL0L - - - -0.201 IU-OU 
COUSTANT-FLUX-NODS FLOW - - . . . . I 0.0 
5EEP&(.E PLUS.-UODE PLOY. . - - . . . ., 0 - 0  
WIIFIEBICAL LOSSBS. - . .I . . - - . . . . 0.0 
NET QLOY. - . - . . . I . . - . . . . -&2UllD-oU 
IlCSElSB IN I A T E B I A L  COU‘ZSYT (LLQUID) -0-41950-00 
I U C B E I i E  I N  I I I T I B I A L  C O P P E N T  (SOLID) - - -O,U638D-OU 
B l U I O A C T l V E  LOSSES (LLPUID A I D  SOLXO) 0.0 

IWC. PLOY 
-0.0352D-03 

0.0 
0.0 
0.0 

-0.89520-03 
-0.18670-00 
-0.2069~1-02 

0.0 

T D T U  PLMI 
0.3301D 0 0  
0.9 
0.0 
0.0 
0.33010 00 

-0.199UD-01 
-0.l651D 01 

0.. 0 

O . I Y U B ~ G  32 0.10000D 5 1  
II. 175000 0 1  O . l l 5 O U D  01 
3.187illD JJ 0.  lOJOOD 5 1  

SZARCH OUTPUT T a n L E  1.. n n i L  FALIJE or P A S I I E T Z B S ,  BOOSDS, iwa IacaEnewrs 

XP P P H  PL De 
1 
2 
3 
4 U.6250011-02 0.625000-02 
5 O . L L > U O D  0 0  0 . 6 2 5 0 0 0  00 
6 P.757000-4Y 0.757OOD-04 
7 -0.499UOD 02  -0.499DDD 02 - O , U 9 1 9 O O D  02 0.0 
8 0.176001) 0 1  0.1780UD 01 0.1laOoD 01 0.0 
9 0 .  XQl 00 0-0 3 Q. J9 IOOG-03 0.397000-03 C O  

10 - 0 , L J 1 0 0 0  0 2  -0.LJZOOD 02 -0.23200U 02 0.0 
11  -0.~190OD 40 -0.919000 00 -0,919000 00 0“ 0 

~. 
0~100001) 01 -0.ZIl6800 01 

0. a 0.17500D 01 
0.10000D-01 0.2U85W- 01 
0.6250OD-02 0.0 
0-62500D 00 0.0 
0.757OOD-OU 0- 0 

SIIAPCH OUTPVZ TABLI 2.- E X P S R I H E Y T l L  DIT& I U D  TaSOBETXCIL PIT 

TABLE 

I X  
1 
2 
3 
4 
5 
5 
7 
8 
9 

13 
11 
12  
13  
l U  
1 5  
16 
17 
i n  
19 
20 
2 1  
L L  
2 3  
ZU 
2 5  
L b  
2.1 
i d  
29 
3* 
3 i  
3 2  
33 
34 
35 
J.5 

i\T T I P l E  = 0 . 2 4 0 0 0  OU 

I X  
0 . l l JSOD 01  
0,1J150U 01 
0.1525OU 01  
U.17350U 0 1  
0.19P500 01 
0.21550D 01 
0.23650D 01 
0.25750D 0 1  
0.27850D 01 
0-299508 0 1  
U.32050D 01 
0.3Ul50D 01 
L 3 6 2 5 0 0  0 1  

o.uousoo 01 
O,U25500 01 
0.W16500 01 
0.467500 01 

0.509505 0 1  
0.U050D 0 1  
0.55150D 01 
a 5 7 1 5 0 0  01 
0.593SOD 01 
0.6111500 0 1  
0.6J5500 P l  
0,656500 01 
L b 7 7 5 0 U  0 1  
0.698500 01 
0-?19SDD 01 

O . T b 1 S O D  01 

0.0035OD 0 1  
0.0ZUSOD 0 1  
0.8455UO 01 

0 . ~ ~ 3 5 0 0  01 

a.UwsoD 0 1  

0 . 7 4 ~ 0 ~  u i  
0.7n2500 u t  

XI 
-0, 10076D 01 

0,20633D 00 
-0..313900 0 0  
-0.3139LM 00 

0.206389 0 0  
-0.31390U 00 

0.3798 ID 00 
- O . l , 4 O 4 8 D  00 

0.206380 00 
0.211u10 01  
0.8021 ED 01 
0.731690 a1 
0.11079U 02 
O . l b 3 3 5 D  02 
0.115380 02 
0.152950 02 
0.515610 01 
0.5U092D 01 
0.506230 01 
O ” I 0 I O I I D  01 
0.19407D 01 
O-llllbYO 01 

0.90009U 00 
0.379810 00 

-0. 140480 00 
-0”140180 0 0  
-0.  100760 0 1  
- O . . I U O U 8 D  DO 

0. 12U69U 9 1  
0.20638D DO 

-0.  140480 0 0  
0.12UCYD 01 
0.72466D 0 0  

a . 5 5 1 2 3 ~  O Q  

0.379aiu 00 

0 , 1 4 ~ a 4 0  01 

I T  
-0.182380 0 1  

0.10680D 00 
0.1U87OD 00 
U.8U-l 8 IO- 0 1 
0.80579 D - Q l  
0.27110U OD 
0.612b6D 00 
0.4762ID 00 
0.59136D 00 
0.19570D 01 
0 . P 3 6 3 0 0  01 
0.775360 01 
0.128020 02 
0,1613030 02 
0-IlOOhD 02 
0.140050 02 
O,IO280D 0 1  
0-bYb130 01 
0.38095D 01 
O . I P l 2 0 0  0 1  
0.3250513 0 0  
0,135901) 00 
0,112560 00 
0.286820 00 
0.233389 00 
0.32435D 00 
0.5‘49590 00 
0.68396D 0 0  
0.U56UlD DO 
0.93658D-01 

-0.13995D 00 
-0.215300 0 0  

-0.120270 00 

-0.49aoso 0 0  

-0.180250 00 

-0 .zt i5no 00 

nrr 
o .a i i i 60  no 
0.593991) 00 
0.512900 00 
0.51298D 00 
0.S9399D 0 0  
0.512880 PO 
0.618698 00 
0.50092D 00 
0.6112558 00 
0 , 5 9 3 ~ 1  ao 
0,826900 no 
0,10073D 01 
0,1259‘10 01 
0,151920 0 1  

0 . 2 0 I i O O  01 
0,172320 01 
O ~ l l U 6 9 D  01 

o . i v w o  ai 

0.730300 00 

0-687810 00 
0.618190 M 
O.SUOP20 M 
O,SUO92D 00 
0.377200 0 0  
O,WlO92D 00 
1&73030D 0 0  
0.59399D 00  
0.540920 00 
0.7383OD 00 
0.645610 0 0  

0 . 6 i n a ~  00 

0.750591~ no 
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37 
3 8  
39 
40 
u1 
u2 
4 3  
44 
4 5  
116 
47 
48 
49 
50 
51 
52  
53 
5 1  
55 
56 
57 
58 
59  
60 
b l  
5 2  
63 
64 
65 
66  
67  
60  
69 
70 
71  
72  
73  
74 
7 5  
76 
77  
78  
79  
80 
0 1  
02 
0 3  
84 
05 
86 
87 
8 8  
89 
90 
91  
92  

0.992500 01 
0-101350 02 
0-103U50 0 2  .~ ~ ~. .- 
0.10555D 02 
0.107650 02 
0.10P75D 02 
0.111850 02 
0.11395D 02  
O.ll605D 02 
a . i i e i 5 ~  02 
o . 1 2 0 2 5 ~  az 
0.122350 0 1  
0. 12945D 0 2  
0.126550 02 
L l 2 8 6 5 D  02 
a. 130750 02 
0.13aeso 02 
0. 134950 02 
0.131050 02  
0.13915D 02 
O.IUI25D 02 
O.lUJ35D 02 
0.14545D 02  
0.14755D 02 
a , i 4 9 6 5 ~  02  
0 , 1 5 1 7 5 ~  02 
0.15365D 02 
0-15595D 02 
0.15805D 02 
0.1bOlSD 02 
0.162250 02 
0.169350 02 
0.1b6450 02  
(1,868550 02  
0.170650 02 
0,172750 02 
0.17485D 02 
0.1769SD 02 
0, 179058 02  
0.101150 02  
0.18325D 02 
0,18535D 02  
0.187'450 02  
0.10955D 02 
0. 191651) 02  
0.193750 02 
0.19585D 02 
0. 197958 0 2  
0.200050 02  
0,2021SD 02 

AVBPACB P O l Y t  PHSIDOAL = 

-0 .19048D 00 
0.329510-01 
0.206380 00 
0.20618D 00 

-0 ,140U8D DO 
0.12469D 01  
0.206388 00 
0.72666D 0 0  

-0.987330 00 
0.20638D 00 
0.206300 0 0  
0.90005D 0 0  

-0.48733D 0 0  
0.900Q90 00 
0.3295 10-01 
0.379810 00 

-0.31390D 00 
0.3798lD 00 

-0.313300 00 
-0. 14048D 00 
-0.48733D 00 

0.726661) 00 
0.205380 00 

-0 .40733D 0 0  

-0.313900 00 
0.20638D 00 
0.2063AD 0 0  
0.553230 0 0  
0.3295 30-01 

-0.3139OD 00 
0.553230 00 
0.32951u-01 
0.55323D 0 0  
0.20638D 00 
0.3295 PD-Qll 
0.726660 00 
0.20633D 00 
0.90009D OD 
0.32951D-01 
0.20638D 00 
0.726660 DO 

-0 .83U19D 0 0  
-0.660760 00 

0.3295 10-01 
0.206380 D O  

-0.660760 00 

- D . I Q ~ U B D  00 

0.379810 no 
0.553230 0 0  

o.9ooo9n 0 0  

Q.1356D 01 

-0.2156W 00 
0.809710-01 
0.27708D 0 0  
0.574UOD-01 

-0.17340D 00 
-0.73988D-0 1 

0.112870 00 
0.113620 0 0  
0.8401ID-01 
0.41(9030-01 

-0.753580-01 
-0.36002D-01 

0.315270 0 0  
0.4775UD 00 
0.208020 0 0  

-0.190820 00 
-0.2U674D 00 

0,14252D 00 
0,336001) 00 
0.2U579D 00 
0.573100-01 
0,69976D-0 1 
0.127800 00 

- 0.48 527D- 0 1 
-0.23UU30 00 
-0.1681110 00 
0.16100D-01 
0.2607 1D-0 t 
0.8 1720D - 0 2  
0,2UU06D 00 
0.296510 00 
0.518950-01 

-0.118000 00 
-0.12202D 0 0  
-0.15029D 00 
-0.20882D 00 
-0,69098D-OU 

0.10800D 00 
0.97914D-01 
0.132800 0 0  
0.1778UD 00 
0.101890 00 
0.77B89D-01 
0.79U39D-01 
0.760370-01 
0.30V700-01 

-0.909510-01 
-0 .503390-01 
-0.20899D 00 
-0.391271) 0 0  
-0.292630 DO 
-0.106YbD 00 
-0.279231)-0 1 
-0.217900 0 0  
-0.321410 00 

-o.a9126~-01 

0.687811) 00 
0.709328 00 
0.540920 00 
0.709120 00 
0,593990 00 
0.51092D 00 
0.,540920 00 
0.568150 0 0  

D.482t3D 00 
0.593990 00 
0-59399D 00 
0.687811) 00 
0,48213D 00 
0-687810 00 

0.618798 00 

0.512480 00 
0.618T90 00 
0.512488 00 
0.5U092D 00 
0.P82130 00 
0.665610 RO 
0.59388D 00 
0.618790 00 
0.982 13D 00 
D.6U255D 0 0  
O.Sl2UBD 0 0  
0.593990 DO 
0.59399D 00 
0.642550 00 

0.512U80 00 
0-642550 00 
0.568150 00 

0.593990 00 
0.56815D 00 
0.665610 00 
0.593990 00 
0.687010 00 
0.568150 00 
0.59399D 00 
L66561D 0 0  
0.V15190 00 
O.VU907D 00 

0.568151) 0 0  
0.593998 BO 

0 . 5 6 8 1 5 ~  ao 
0 .54092~  00 

0 .~68150  ao 

0 . 6 4 2 5 5 ~  0 0  

0 . f i878 i~  ao 

0.449a70 00 
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APPENDIX B 

LISTING OF THE COMPUTER PROGRAM 
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C 
C 
c 

C 
C 
C 
C 
c 
c 
C 
c 
C 
C 
c 
C 
C 
C 
c 
c 
c 

C 
c 
c 
C 
c 
C 
c 
c 
C 
c 
C 
c 
C 
c 
C 
c 
C 
c 
c 
C 
c 
c 
c 
C 
C 
C 
c 
c 
c 
C 
C 
C 
C 
c 
c 
c 
C 
c 
C 
C 
C 
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BLOCK D A T A  

F U N C T I O N  OF BOUTIBE--TD LNZTIALIZE THE COflION BLOCKS. 

I I P L I C L T  BEALL8 (A- H,O-2) 
REAL+U PnAT 
COLI,1OI/cIX V A R / K P B Q ,  KPM { 1000) .&A XD IF , PIA PEL, H A Y  NP, M A X  PIAT, H A  XBI,  

PUNCTIOH Or PflOGBAii---TO SUlUZhTE TRAPISXEBT ONE-DIBEYSIONAL 
i$ATEitIAL AID flOLSTURE PLOW I N  A TBTM-LAXER CHAdllEL CBROBATOGBAPH. 
TBE c ; A L E B K I N - P I N I T E - E L E M E ~  nETHOD I S  USED POB THE NATEXXAL 
TBABISPORT, A N D  THE PAHLANCE PEBTABATIYE HETHOD IS USED f D B  
THZ I' iOISTURE THANSPORT, 

N A I l  
H k E H  
L I A I N  
R A I N  

n A I  N 
M A I N  
f l A f N  

2)  I A I N  
BAIN 

BAL# 
B A I l  
N A I N  

nbIH 

n A x B  

n A I n  

0 
5 

a0 
15 
20 
15 
30 
35 
48 
85 
50  
55 
60  
6 5  
7 0  

D I B E Y S I O U I  IG PO EM AT-- 

c u n a o ~ ~ / e a o s ~ ~ / ~ ~ r ~ e  18) , ~ P B O B  

COfi t lON/CRVAk/TI~E,TH (!lAPEL, 2 )  .Tit8 (HAXEL,P) , PHY (tlYAXEL,Z), 
1 DTH (SAYi?L12) .VX(IAXEL,Z) ,YXP(NAXEL,2) ,VX~(pIAXEL,2)  

1 D E L n A X , T B A X , T P X t & A X I F ~ , ~ ~ ~ ~ A ~ ~ ~ , 3 )  , IP1[2) . t i fST(2)  ,NPTST 121, 
1 
1 

1 #AXBY,BAXIITI,.IYnYPfi 

C O M H O M / G E O I / X ( ~ ~ A X N P )  ,BB,(~) . ~ c o s s i 2 )  ,ocos(2) .DELX,CHNG, 

N B g ( 2 )  . N T S E ( Z )  JS8(2,2) ,IS ( L e 2 )  . B B P , I E L , % ~ A T , I B A l D w 1 B C ,  
I S T ,  NTST, NBEL, NT1,  I N 0 3  

CO M I O I / I I  VAR/K PER. XVR kfiAXlrT1) , OA X D l P ,  f i  AXEL, BAXN P I  BAXRAT, 

CON&OH/i5PRQP/PROP (HAX8ATaNBPPH), VXI 
CfJBflON/B&VA%/ C(BAXNP,BPXBY) ,B ( B A X N P )  ,BP IHAXBP) .Rl ( I A X I P ) ,  

RB(f lAXIP)  ,DP(BAPNP) ,YTdP(NAXBP) , B P L X ( I A f B P 1  ,BPLPP( t lAXNP) ,  
FX(BAXEL,2) , F R A P E ( l O )  , P L O Y ( I O )  , T P L Q V ( I D )  . Y , P I A P ( J , I M P P B )  

1 
1 

CD p1 BO N / N U  I I T  C/ NOR DE I ,  kJI0 BD ER, AI I. F P , I T H  H I I, fG 5 S , I T  n E Y , 
C Q a I O N / T F L X / T T A 8 # M X T T A ~  ,Y  'I N ( W Z T A B ) ,  Y 7TABidXTTAB) , 1 ZGSSV(3)  

7 WITAB(i5XTTAB) ,U 'EAE(HPT~AB) .TTABL (LIXTTAB) .PITABL(fIXTPAB) , 
1 TEfiP( IXTTAB) .IffTAB[BXS?TAB) .NT'TAEI 

CofikION/Tk!TR/T (BAXNTW) ,IT 
COIION/YPBOP/AKPAP (MXSLP) .CDPIBiUXSLP) * A K S B (  HXSZPZL) , 

1 ALPK[?lXSLPL) .DjBXSLP2) ,  ALPD(flKsLPZ),  AKSAT,BKSNO,YKPAR, 
1 NKSP, PCD PAR, NDSB 

1 ALP(IAXTPP)  ,VSUPI (FIAXTHP) . V S U P 2  (BAXTHP) ,P/IIAXTHP) ,QGA(nAXTHP),  
1 QG (HAXTHP) ,THTBP(fiAXTHO), &KGSS( (HAXTHP-If  *t%XGSS+HXGSS1) , 
1 LGSS({nAXTHP-I)  *iYXtiSS+BXGSS1] , I P T T H  InAXTHP) ,HTH,JTH,IIGSS 

COIIlOl/XVAR/XSUPI (PIAXTHP) .XSUPZ{HAXTHPJ .THP(BAXTHP) , 

COBllON/SIP/H P, KPBS,MXPUY ,iCOHV , tJSCP , IPA ( IAXSCP, ilAXSHP) 
Cc)MBDN/SR P/ DELTO I CflXSOe ACC, RED, T O L S T P ,  TOLPIJ tJ4PO 1 IAXSIIP) * 

1 PH (HAXSHP) ,, PL (i4AXSHP) ,DELP[i'lAXSHP),PL@ [PlAXsBP) ,PHO ( H A X S B P )  
c o a n u ~ / x r v / u n x ~  ( n x m x x )  r n ~ x ~  ( B x r n E x )  . I r l tx , (nxTnpII)  , ITX, I IXT 
COInLM/XRV/X I: (NXIPEX,HXZBEX) , Y X i I X I P E X  ,BXTUdX) ,Y X ( N I I P E X ,  

I 
7 XJTU (BXTMEX) 

IIXTtSX) ,DY# [BXIPEX.IXTfiET) ,YS (IYXNPEX) .TP (PlXTSEX) .YWTL (BXTOEX) , 

YBEILE I A X B W  & S  THE nAXSLLUn BAED I I D T B ,  
BAXEL IS TME I A X l B U I  I U I B E B  OP EWIIEIITS,  
l A X l A T  IS THE I A X I B O H  UUIBEP OF HATEPIALS. 

flAXNTI XS THE BAXIHUN NUBBE3 OP TLU3 LHTEBYALS, 
M A X N P  IS T H E  HBXIMUN N U L I B E B  OF BODAL Poxnzs, 
m p m  LS T H E  n A x m u i  I U U E X R  OF WPEBIAL PROPERTIES PER 

SAT E Bd AL . 
BPXUTV I S  THE BAXIHUIII HULIBEB 03 TIME VALUES USED Xbl  THE 

UNCOUPLED U AT ER T BABSPDBT C ALCOLATEOB, 
~ A X T H P  15 T H E  nAxInu8 H U R B B B  OF THETA P O I ~ ~ T S ,  

0 
5 

10 
15 
20 
2 5  
30 
35 
uo 
45 
50 
55 
60 
6 5  
7 0  
75 
8 0  
85 
90  
95 

100 
9 05  
1 I 0  
115 
120 
925 
1'30 
135 
1 UO 
1 4 5  
'1 SO 
1 5 5  
140 
165 
470  
4 7 5  
180 
1 8 5  
190 
195 
200 
205 
2 a0 
215 
2 20 
225 
230 
235 
240 
2U5 
2 50 
2 55 
260 
26 5 
270 
235  
280  
2 85 
290 



100 

C 
C 
C 
C 
C 
c 
c 
c 
C 
c 
C 
C 
C 
C 

c 
G 
c 

C 
C 
c 

6 
c 
c 

2 8 5  
300 
3 05 
310 
315 
320 
325 
330 
3 3 5  
3u0 
345 
350 
355 
36F 
365 
3 7 0  
395 
380 
385 
390 
395 
4 QO 
e05  
4 1 0  
415  
4 20 
425 
430 
4 35 
140 
445 
9 5 0  
1455 
460 
a65 
$70 
475 
4 8 0  
485 
u90 
495 
5 0 Q  
5 0 5  
5 10 
5 1 5  
520 
5 2 5  
5 30 
5 3 5  
540 
5 6 5  
55 
555 
560 
565 
59 0 
575 

585 
590 
595 
600 
605 
6 10 
6 15 
6263 
E25 
630 
633 
6a0 
64% 
650 
655 
666) 
66 5 

5a0 



10 1 

ITML N= 1 
CALL PRTTAB 
IF (KBTB-ECL,O) GO PO 10 
IF ( K S T R U . E u - 1 )  C A L L  STPUI 
I T H I M =  1 
DO 7 0  I T 8 = 1 , b l T  

CALL Y XYTP IT (IT&) ) 
CALL YTXEE(T(FTE)) 
TXCIE=T (ITLI)  
CALL WTPBII 
LP JKYTB.EQ.2)  CALL Y T B N 2  
CALL PBTVf (XITI) 
IF (KUTB, BY. 2) CALL PBTY2 (ITS) 
IP ( E S ! Z R W , E Q , t )  CALL STRYT(T(KTH) 1 

70 COlTIblUE 
GO PO 10 

DO COUPLED CALCULATEON. 

TIME =TIHE+DELT 
Xi! {TIUE0LT.TtiAX) GO TO 
DEL%'=D ELT- (TILIB -T S AX# 
T IIE=TH AX 

120 C O l T X U U B  
GG TO 10 

SEA BCI FOR IIAPEEIAL-TBAISWBT 

130 CALL DATA8 
CALL DATAS 
DELrO=DOELP 

IF (HPPUli .Ip,O) GO TO 160 
IF ( I~SCY,LE,O)  60 TO 150 

DO 140 x s C T = 1 , r S C P  
CALL SEPPEP (ZSCYI 

120 

V A P I A  BLES OliLZ, UliCOUPLBD CALCULASIO%, 

CALL SBIPCH &P, P;CEIS,P~~~PL,ACC,PED,TOLS'IP.TOLFU~, DXLP, KPPS, 
1 BEY AL, MX?U I,XCDli V) 

140 COUTXUUE 
150 KPGI=l  

KSOUT=O 

GO TO 10 
CPU IIEVAL  cars) 

SXAPCH FOB BATBB-PP1ISPOPT VAUXABLSS ONLX. 

160 C l i U  DIlY 
C A U  DATAS 
KB UPF= 0 
1;P {YSCY,LB.O) SQ PO 180 

DO 170 I S C I [ = l , l l s c Y  
IF (BX?UM-LB-O) 4io TO 1.0 

CALL samBP (rscr) 

670 
675 
680 
6 85 
690 
$95 
700 
705 
7 t o  
715 
720 
7 25 
730 
3 35 
7 4 0  
7 4 5  
7 50 
1 5 5  
760 
765 
770 
775 
7 8 0  
785 
790 
795 
8 00 
805 
810 
8 1s 
820  
825 
030 
835 
8u0 

850 
855 
860 
865 
870 
8 7s 
880 
885 
890 
89 5 
900 
905 
910 
9 15 
920 
9 2 5  
9 30 
935 
3 80 
945 
950 
9 55 
960 
9 65 
970 
9 7s 
980 
985 
990 
995 

1 000 
1005 
$0  10 
1015 
1020 
1025 
1030 
10 35 
1040 

a05 



102 

1 0 4 5  
1050 
1055 
1060 
1045 
1070  
1075 
1080 
1085  
1090 
1095 
1100  
1105 
1110  
1115  
1120 
1125 
1130 
1135 
11u0 
11  45 
1150 
1155 
1160 
Y 155 
1170 
Y 175 
1180 
1185 
7 I90 
1195  
1 2 a 0  
1205 
l a l o  
1 2 1 5  
1220 
1225 
1230 
Y 2 3 5  
1240 
1 2 4 5  
12565 
1255 
12639 
1265 
1 2 7 0  
1275 
1280 
12$5 
1290 
1295 

PlPP 0 
111 5 
BTEt 10 
P31B 15 

Bra 2 5  
bT8 30 
1TW 35 
RTk2 $0  
piiT% 4s 

wa'e 2a 
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7 20 
325 
t 30 
135 
140 
145 
a 50 
155 
1 6 0  
165  
370 
175 
180 
885 
190 
195 
2 0 0  
2 05 
2 10 
215  
220  
225 
230 
235 
240 
2U5 
250 
255  
2 6 0  
26 5 
270 
275 
280 
285  
290 
295 
300 
305 
310 
3 15 
320 
325 
3 30 
335 
390 
345 
350 
355 
360 
355 
370 
315 
380 
38 5 
390 
395 
0 00 
405 
0 10 
4 15 
620 
e25 
830 
435 
490 
445 
450 
455 
460 
p65 
8 7 0  
4 75 
480 
4 8§ 
430 
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495 
5 00 
505 
51 0 
515 
5 2 0  
525 
530 
535 
560 
545 
550 
555  
560 
565  
570 
575 
550 
5 55 
590 
595 
6 0 0  
605 
6 10 
615 
6 20 
5 2 5  
630 
6 35 
640 
645 
5 50 
6555 
660 
6 6 5  
6 7 0  
6 7 5  
6 8 0  
685 
690 
5485 
760 
7 09 
3 20 
715 
720 
72 5 
730 
735 
7 0 0  
7rQ5 
3 5 0  
755 
7 60 
7 6 5  
770 
775 
7 8 0  
385 
799) 
985 

00 
05 

8 $0  
8 115 
820 
8 25 
B 38 
35 
10 
95 
50 
54 
680 

865 
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C 
C G E N E B A T E  N O D A L - P O I Y I P  D A T A ,  IF R E Q U S R E D ,  
C 

140  IF { K U E S L B X . O )  GO TO 220 
N P =  1 
x (IYP) =xo 
IF ( H E L L - E Q . 0 )  GD TO 160 
N V= UELL 
I V I I = N V - 1  
D X A V = X O / D P L O A T  (UV) 
S D X z 2 .  * ( D X I V - D L L I )  / D P L O A T  (IVR) 
D X I =  D X L  1 
D O  150 J I T = = l , I V  

UP= WPt 1 
Y (YP) = X (UP- 1) -DXX 
D X I = D X I  + S D X  

150 COITSIUE 

160 IF ( U E L U . E Q . 0 )  GO 30 180 
x ( N P) =0, 

I P = I P +  1 
X (UP) =XQ+ DXU 1 
H Y = I B L U  
NVR= BY- 1 
DX AV= (XPlX-XO) / D P L O  AT 4 U V) 
SDX=2- * ( D X A V - D X U l )  / D P L O I T ( B V I )  
D X Z = D Y U I  t S D X  
DO 170 J V - 2 , N W  

w = n P + i  
X (UP) = X  ( I P - 3 )  4 D X L  
D X I = D X I t S D X  

170 C O N T I N U E  
x (Ne) =XIX 

c 
C P U T  G E N E R A T E D  X - V I L U E S  I N  A S C E I D I W  QRDBB, 
C 

6 
C P B I U T  GENEBATED IOSAL-POXUU!  DATA, 
C 

180 C A L L  D S O E T [ X , I P J ( , ~ N N P )  

P B I l P  10400 
DO 190 Y P = l , U L I P  

190 PBIMT ~ ~ ~ ~ O , ~ P , X ( I P )  
c 
C G E Y E R A T E  ELEIBET RA'EA, 
C 

ITPP=l 
DO 200  l=l,UPL 

YI=I 
UJ=UI+l 
XE6H,1)=NI 
XE (B,2)=HJ 
I E { f i , 3 ) = H t T P  

200 ConTxnuB 
C 

c 
c e a z m  G ~ H E E A P H D  E L B C ~ E U T  DAZA.. 

PRPYT 10500 

IAXDIP=I 
i n n =  I 

Do 210 H = l , Y E L  

GO TO 430 
210 P B I I T  1l70Q,H, ( X 3 ( A l p L ]  .I='1.3) ,BHD 

c 
c B E A D  P O D A L - P O I N T  DATA p i m a  CAPDS APB PBIII"P. LP BEQUIBIED, 
C 

220 

230 

240 

25 0 

IF (K&ESE.#E-o)  Gfl TO 3680 
PIZPT l Q Y Q 0  
YI-sl 
READ 3 190 0 ,  l J p X  (Id) 
X P  ( U J - Y X )  240.270.250 
PPXPZ 13400, sa 
IS'POP=ISTOP+ t 
GO TO 230 
DEhYJ41-idX 

PPXYT 11600, N J e X  (HJ) 

D A T A  445 
D A T A  450 
D A T A  455 
D A T A  4 6 0  
D A T A  465 
D A T k  U70 
DATA '475 
D A T A  480 

D A T A  '499 
D A T A  495 
DATA 500 
DhTA 505 
D A T B  510 
D A T A  515 
D A T A  520 
D A T A  525 
D A T A  530 
D A T A  535 
DATA SUO 
DA4A 565 
D A T A  558  
DILTA 555 
D A T A  560 
D A T A  565 
D A T A  570 
Q A T A  575 
D A T A  580 

DATA 590 
D A T A  595 
D A T A  6 0 0  
D A T A  6-05 
D&TA 610 
D A T A  615 
DATA 6 2 0  
DATA 625 
D A Z A  630 
B&TA 635 
D A T A  640 
DATA 6 U 5  
DATA 6 5 0  
D A T A  655 
D A X A  6 6 0  
D A T A  6 6 5  
DB'IPA 6 7 0  
D A T A  675 
DATI 680 

DATA 690 
D A T A  695 
DATA 7 0 8  
D A T A  705 
D I T &  710 
D A T A  715 
D I T A  7 2 0  
D A T A  9 2 5  
D A T A  730 
D A P A  735 
DATA 740 
DIP4 16.5  
D&TA 750 
DATA 755 
D A T A  760 
DATA 7 6 5  
DATk 770 
DATA 7 7 5  
DATA 7 0 0  
DAZA 785 
DATA 790 
DIT& 195 
DATA BOO 
D A 1 A  805 
B A a p 1  810 

D ~ T A  485 

D A T A  5 8 5  

D A T A  ha5  
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DX=LX(NJ)-X(NI-l) )/DP 
260 C O l T I I U E  

270 PaIYT 1 1 6 0 0 , B I , X C l I )  
x (1JX)=X [HI-1) + D X  

l I . = I 4 l +  1 
I F  (YJ-HI) 280 ,270 ,250 

280 IP ( I L L E - N I P )  GO TO 230 
c 
C B E A D  A I D  PBIMT ELELLEUT DATA. 
C 
C ALSO COMPUTE UitXIMfl l  NODAL D I F P E E E Q C E  FOB EACkl ELEIENT, 
C 

PBINT 10500 
n A X D I P = O  
nJ = 0 

290 BEAD 11000, Bi, (IE iI1,II) , l s 1 , 3 )  ,RODL 

300 MJ = B J  + 1 

310 PaPNT 13500, B E  

n m  = I A ~ s ( ~ ~ ~ ~ ~ , ~ ~ - ~ ~ ( ~ ~ ~ I ) )  
RAYDIP = n A x o { B m , f i ~ ~ D u )  

IF (ni-f iJ)  3 1 0 , 3 4 0 , 3 2 0  

PRINT 11700, ~ X , ~ X E ( M I , I ) ~ ~ = I ~ ~ I  . ~ N D  
ISTOP = ISTOP + 1 

320 DO 330 IQ=1,2 
330  I E ( I J , I Q )  = IElBJ-a,ZQ) + 1 

340 PBIMT 11700, HJ,/IE(BJ,d) ,1=183)  , B U D  
LE (IJ,  3) = IE(HJ-l,3) 

IF ( 8 J - L T . M I )  GO TO 300 
SP ( I J . E Q . I B L )  60 TO 380  

IL= 2 
DO 370 J = 1 , B O D L  

IF (NODL LE, a, GO TO 290 

IF (W,EQ-BI) GO TO 360 
DO 350 KQ=1,2 

350 S E ( B J , K Q )  = XE(IJ-l,i(Q) LL 
IE(i lJ .3)  = XB&8J-l,3# 
PBIUT 1 1 7 ~ 0 ,  MJ,  ( I E  (SJ,E) . ~ = t , 3 )  , I U D  

360 LL = 1 
370 l 3  = HJ + 1 

IJ = LLJ - 1 
S P  (MJ.LT-IEL)  GQ TO 290 

380 C O ~ ~ T X U U B  
c 
C B E A D  I O D A t - P O I I T  DATA f l l  COIPPESSED POIIB, I1 iliZQOIEED, 
C 

390 PEAD 11100,  ( X ( U P ) , U P = l , S Y P )  
EA LL 
PBEUIP 90400 
Do uoo P P = l , B B P  

DSOPT (XeX PXeM IP) 

4 0 0  PRIYT 11600,IP,X(YP) 
c 

C 
c GENERATE m.mmnP DATA, 

ITXP= 1 
DO 410 I = l , P B L  

Jilt 8 
H3=NIt 1 
rs[a, l )=Ur 
I B  ( B 8 2 )  =HJ 
I E ( 8 , 3 )  =HTX P 

410 C O Y T I l l U B  
C 
C P f I l l T  GRIEPAl'BD EUBUEIT DML 
C 

PPSNT 10500 
M M D =  1 
MAXDIP= 1 
W 420 &1,UPL 

U20 PPXYT 11700,I,(IE(B,L] 81=1,3) ,UED 
C 
C BODIPY I I A T E P I U  TYPES FOR SELECTED BLSIElTS* EP BBCESSARI. 
C 

U30 XP ( X B . L B - 0 )  GO TO 4170 
PRIPZ 10600 
P O  

DATA 820 
DATA 825 

DATA 835 
D A T A  840 
DATA BUS 
DATA 850 
DATA 855  
DATA 060  
DATA 865  
DATh 870 

DATA 880  
DATA 885  
D A T A  890 
DATA 895 
DILTA 900 
D A T A  905 
DATA 910 
DATA 915 
DATA 920 
DATA 925 
DATA 930  
DAXA 935 
DATA 9 U Q  
DATA 945 
DATA 950 
DATA 955 
DATA 960 
DATA 965 
D A T A  970  
DATA 975 
DATA 980 

DATA 990 
DATA 995 
DATA1 OQO 
DAT A f 005 
DATA 10 IO 
DATA 1 0 1 5 
D AT A 10 20 
DATA1025 
DATA 10 30 
DMA1035 
DATA 1040 
D AIL" A 10 US 
DATA1050 
DATA 1 0 5 s  
DATA 1060 
DATA I06 5 
D A P A  1070 
D AT A 1 0 75 
DATA 1080 
DAtAlO85 
DATA1090 
DATA $095 
DATA1100 
DATA 11 05  
DIP& 11 10 
DATA1 11 5 
DAYA1120 
BkTA 1 '1 25 
D&.TII 1 1 30 
DATA 1 $35 
DATA Y 140 
DATAllPIS 
DATA1 I 5 0  
DATA 1 155 
D A r A 1 1 6 0  
DATA1165 
D A T A 1  170  
DWA1175 
DATA3 180 
D k?A 1 1 I S  

DATA a30  

D A T A  a75 

OAT& 985 

mrAi 190 
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C 
C 
C 

c 
C 
C 

C 
C 
C 

C 
C 
C 
c 

c 
c 
C 

C 
c 
C 

C 

YHICH D E I E R n X l E S  D E R I V A T I V E S  D I X  (IQ,KQ) OF EACd OP 
THE T U 0  B A S I S  PUNCTLOlS B ( Z Q )  AT EACH NODAL POLPT KQ. 

DO 10  I Q = 1 , 2  
I P = I E ( U , I U )  

10 xy(ry)=x(Ne) 
CALL G 4 D  ( D l X , X Q )  

F O B  EACH N O D A L  POI1yI’P K Q  SUB O V E B  C 0 l T R I B U T I O I S  F3W4 S h C A  BASIS- 
I l T E E P O L A Z I O U  PUNCTXON 1 [XQ) TO O B T A I I  D E B X V A T L Y E S  DUX 
DP T H E  COBCEBTRATIOM R IllPj .. 
2.0 DO Y O  KQ=’1,2 

D R X = L  
DO 30 X Q = 1 , 2  

l P = I E ( a , I Q )  
30 D R X = D R X t U I X  ( I Q , K Q )  *P(l iP)  

POBU TAE D I S P E B S l V E  FLUXES I Y  FX(H,KQ). 

MTYP=IE (E1,3) 
AL=PROP [BTYP,3) 
API=O, 
TAU=O, 
D D = A P L * T l U  
V X K = V X  (H.KQ) 
D X X = A L * V X K t D D  
PX ( M , K Q ) r - D X X * D B X  

ADD TME A D V E C T I V E  FLUXES TD P X ( 2 5 , K Q ) -  

P X ( E 1 , K Q )  =PX [ B , K Q ) + Y X K * R ( I P )  
40 C O I T I N U E  
50 COblPIifUE 

RETU %ti 
ESD 
SUf l fOUTIdlE  Q4D [OHX,XQ) 

PULIC4XOti OF SUBBOUTZNE--TO CQHPUTE X D E a I V A t I V E S  RBY( I Q . K Q )  
O F  EACtl B A S S  PUYCTIOY P(ZQ) AT EACH BODE KQ OP THE 
ELISHEYT. RESULTS AaE In 91~3 GLOBAL CDOBDTMTE SISTXM, 

IRPLICIT PEAL*% ga-a.o-s) 
D A T A  s / -a,aD+oo, I ,OD+OO 
DIMBUSIOY S (2) rUYP ( 2 H 2 )  r XQ ( 2 )  

EVALUATE Q U A I T S T I E S  FOB US% XP THE J A C O B f A l  D J / 8 ,  BELOW, BBCESSABY 
FOR T R A Y S F O B I I T I Q I  PllOf l  GLOBAL TO LOCAL CWEDUIATES, 

X21 5 X Q 4 2 )  - X Q ( 1 )  

LOOP OVEB EACH MOPE 

F L U X  85 
PufX  90 
FLUX 95 
FLUX 100 
PLUX 105 
FLUX 110 
FLUX 115 
F L U X  120 
FLUX 1 2 5  
FLUX 130 
FLUX a35 
FLUX 140 
FLUX I U S  

FLUX 155 
PZUY I60 
PLOY 165 
PZOX 470 
fFMX 175 
F L U X  ‘I80 
FLUX 985 
F L U X  190 
FLUX 195 
FLUX 200 
F L U X  205 
FLUY 240 
F L U X  215 
FLUX 220 
FLUX 225 
FLUX 230 
PLDX 235 
PLUX 2 8 0  
FLUX 2u5 
FLUX 250 
F L U X  255 
FLUX 260 
Q4D 0 
QUD 5 
Q 4 D  10 
94D 15 
QUD 20 
Q P D  25 
QUD 30 
QQD 35 
Q 4 D  U O  
Q4D 45 
QID 50 
Q U D  5 5  
Q U D  60  
QUO 65  
Q 4 D  3 0  
Q 4 D  75  
Q4D 80 
POD 85 
QID 90 
Q U D  95 
Q P D  100 
Q b D  105 
Q U D  110 
Q O D  115 
Q U D  120 
Q U D  125 
Q U D  130 
QOD 135 
Q U O  140 
Q 4 D  145 
QUD 1543 
Q P D  155 
Q U D  160 
Q I D  165 
Q U D  170 
Q U O  175 
QUb 180 
BC 0 
BC 5 

FLUX a50 
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C 
c 
c 

C 
c 
C 

c 

1 Q  
1 5  
20 
25 
30 
35 
4 0  
45  
50 
55 
60 
6 5  
7 0  
55  
80 
85 
90 
95 

100 
105 
110 
'115 
129 
1 2 5  
135 
135 
140 
1 ra5 
150 
155 
160 
165 
1 T O  
I i f ,  
180 
1r5 
190 
1 3 5  
200 
2 0 5  
210 
2 I S  
2 2 0  
225 
230 
235 
2rr0 
2V85 
256) 
2 55 
280 
2 6 5  
270  
2 5 5  
280 
285  
290 
235 
300 
305 
31Q 

3 20 
3 2 5  
3 30 
335 
340 
365 
3 5Q 
355 
360 
36 5 
370 
375 
38Q 

315 
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C 
C 

c 
c 
c 

c 
C 
c 
C 

c 
c 
e 
c 

C 
C 
C 
C 

6 
c 
C 
C 

C 
c 
C 
6 

XMITIALILE HATPXCES QA(Ii;,dQ) Abla Q B ( I Q 8 J Q )  

DO 10 L Q = 1 , 2  
DQ 10 J p = 1 , 2  

Q A ( I Q , J Q ) = Q , O  
10 UB (IQ, JQ)=O. 0 

EVALLIATZ UUANTITIZS FOB USE LI JACQBZAW DJAC, dELOLd, N E C E S S A R Y  
FOB TRAlSPOR8ATIQN PRO8 GLOBAL TO LOCAL 6 8 0 8 D I N A T E S .  

x21  = X Y ( 2 )  - X Q ( 1 )  
DO 40 RG=1,2 

D E T E R H I N i L  THE LOCAL C O O P D I N A T E  ,SS A H D  EVALUATE THE J A C O B I Q B  AT 
E A C H  G A U S S - K N T E C R A T X O I  POX.JIT KG. 

SS = P4S(KG) 
DJ = x 2 1  
DJAC = O.S*DJ 
DJX= I. /DJ 
S I  = 1-0 - SS 
S P  = 1.0 t ss 

YU 75 
Q 4  80 
64 85 
Q Y  90 
2 4  9s 
Q4 100 
Q 4  105 
Q U  1 1 0  
Q 4  115 
Q 4  120 
Qd, 125 
Q4 130 
Q %  135 
Q4 1 4 0  
Q9 1 4 5  
24 150 
Q4 155 
84 160 
Q 4  165 
Q's 140 
Q U  175 
94 180 
Q P  185 
Q'b 190 
Q 4  195 
Q9 200 
Q Y  205 
Q 4  210 
Qlb 215 
Q 4  220 
Q4 225  
Q O  230 
Q4 235 
QP 2IO 
Q U  245 
QB 250 
Q4 255 
Q 4  260 
QU 265 
Q4 2 9 0  
QU 275 
Qe 280 
Q &  285 
QU 290 
Q Q  295 
Q'4 300 
Q U  305  
Q@ 3 1 0  
Q U  315 
Q 4  3 2 0  
Q4 325 
Q O  330  
P4 335 
QU 3U0 
QU 3 4 5  
Q4 350 
Q Q  355 
Q4 350 
Q U  365 
Q Q  37Q 
PbtIII 
P B I B  5 
PPIl 10 
PIgZII 1s 
F P I U  20 
PPII 25 



ORZ Ursa 
S€Z RIld 
Of2 NX8d 
SZZ BIBd 

412 NXBd 
012 IXBd 
SO2 UTBd 
002 lfld 

061 KIId 
581 II8d 
08L lI8d 
SLL HIEd 

atz RIW 

56; uIad 

QLt 
S9L 
09L 
ST; I 
OS t 
SAL 
otr i 
Sf 1 
Of L 
sz 1 
Otl 
Sl L 
01 1 
so 1 
001 
S6 
06 
SB 
08 
SL 
OL 
59 
09 
54 
OS 
54 
Otr 
SE 
OC 

3 

Of 

Ot 

3 
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F B X N  405 
PRZN 410 
P B I N  sC15 
F B Z l  420 
P R P N  Y25 
PRIM Y 3 Q  
PBIBl 4 3 5  
PRIN 400 
PRIN 445 
P 8 I I  450  
P B I N  Q 5 5  
PRIN 460 
PlIl 465  
PRIM la70 
PRIN 475 
P I I N  480  
P B T l  '$85 
PRIH 49Q 
PBXN U 9 5  
PEIN 500 
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c 
C 

c 
C 
c 

c 
c 
c 

C 
c 
c 
C 
c 
c 
c 
c 

C 
C 
c 

C 
c 
C 
c 
c 

SURF 65 
SURF 70 
SURF 7 5  
SURF 80 
SUBP $5 
SUBF 90 
SURP 95 
S U M  100 
SURF 105 
SURF 110 
SURF 115 
SURF 1 2 0  
S D B P  325 
SURF 130 
SWF 135 
SU3P I U D  
SUBP 145  
SURF 150 
SURF 155 
SURF 160 
SU3P 165 
S08f 170 
SURF 175 
SURF I B O  
SURF 185 
SOPF 190 
SUBP 195 
s u m  200 
SURF 205 

E m  SURF 210 
SUBROUT1 bl E S PLOY (;PX R , BPLX BPLYP, P RAT E, PLOY, TPLO I, T 8, &AX EL, tl BXMP) 5 PLO 0 

SPLO 5 
SPLO 10 

FUBCPLOIU OF SUBBOUEINE--TO COElPUTE BOUBIDAPY FLUXES, PLOU RATES, S P L O  15 
S f L O  20 

TLRE ZEBO, A l D  THE CHABGB EN SOISTCIIBB COPTEIT P O 3  THE EUTIIBE SFLO 25 
SIISTELI DURING TIME DELT, SPLO 30 

SPLO 35  
SPLO GO 

L#.PLXCXET BEALL8 $A-H,Q-p) SPLO 45  
UXAL*8 HD, LA8BDA sFlo 50 

SPLO 55 
1 I P X ( 1 O l J  .XE(l00,3),YPU~2~ , l P S T ( 2 )  a14PTST,(2)  , l i B E ( 2 )  , ]OTSE(2) ,  ISB(2,SPLO 6 0  
1 2 )  ,XS(2 ,2)  . U B P , P E L , I I A ~ , E B A Y D 8 I B C , Y S 9 , 1 6 S T , ~ ~ S T , U 0 ~ L , ~ T I , ~ Y O %  SPLO 65 

Cf?al!lON/MPPC3P/P3W( 1,5) ,UXX SFLO 70 
DIMBYSfOlR PX (LIAXEL,2) ,BPLX[LIAXIP) .BFLXP(YAXYP) s X Q ( 2 )  p Bpi21 4 SPLO 75 

1 FPATE(I0) gPLOU(10) .TPLDY(YOJ .E(HAIYP) ,TK(BAXEL42] s n o  ao 
DATA QR,QD,QL/O-DO,O,DOyO.DO/  SPLO 85 

SPLO 30 
CILCULAXE NODAL PLOW PATES, S?LO 95 

SPLO 100 
SPLO 105 DO i o  m P ; i . M I y p  

BFLX P ( NP) = BFLX [ I P )  SPLO I t 0  
10 B F L X  tarpj =a. SPLO 19s 

DO 20 LIP=l,PBEL SPLO 120 

BIP=ISE [ W ,  1 j SitO 330 

0PLX (UP) =FX (B,XQ) *DU)SB (LIP) SPLO %eo 
20 conmBux SPLO 145 

SPtO 150 
DmxanxHE PLOUS IUD PLOW R I T E S  THPU TUB VABXOUS SFLO 155 

SFLO I60 TYPES OF BOUHDAPI WOES, SPARTISG P I T H  THE 
UET PLOPS TlPOOGtl  ALL BOUHOT&RY PODKS. SFLO 155 

SPLO 170 
s= 0, SPLO 175 
SWO, SPLO 180 

IICBEBEYTAL PLOYS O C C 0 R P I 1 6  DMBING TXBE DEL@, POTAL PLOIlS S I l i C E  

COHltON/GEOU/X { $01) , B B ( 2 #  ,DCOSB ( 2 )  ,DCOS ( 2 )  ,D3LT8CHBIC,DELLIkI,TIAI, 

8 4  3 E  f YIP) SPLQ 125 

IQ=ISB ( & P 8 2 )  SPGO 135 
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DO 30 t l P = I , N X . P  

30 SP=SP+BPLYP (NP) 
S-S*RPLX(NP) 

FaATE(5) = S  
PLOU (5) =- 5*  (S*SP) *DELT 

C 
C C O Y S T A s l T  D X B I C H L E T  B O U N D A R I  N O D E S .  
C 

P B A I E  [ 1 )  = 0, 
FLOY (1) =Q, 
IF (UBC*LB,O) 6a T O  5 0  
S O .  
sp=o. 
DO 160 NPP&I,IBC 

blP=HdpfJ (YPP) 
S=S+BFLX (NP) 

4 0  SP=SP*RBLXP(NP)  
P R A S E [ l ) = S  
FLOH{l)=.5* ( S + S P ) + D E L T  

6 
C C O N S T A N T  H E U B A N N  BUUNDAOP; MODES, 
C 

50 F f ( A T E ( 2 )  = O ,  
P L O H ( 2 )  -0, 
XP ( N s P . L E , O )  GO TO 70 
S=O. 
sp=o. 
DO 60 t iPP=I ,NST 

NP=ldPST (NPP) 
S=S+BF'LX ( H e )  

6 0  S P = S P * B P L P P  [BPI 
P R A T E  42) = s 
PLOU ( 2 ) = .  5* (SCSP) +rJELT 

c 
C TIIIBISXEHT S E E P A G E  BQUND&ftY I O D E S ,  
C 

7 0  F R A T E ( 3 ) = 0 .  
PLOU (3)  =o. 
IF 4 I T S L L L O )  GQ TO 90 
s= 0, 
SP=O. 
DO 80 I P P = I , B P S T  

HP=NF!i?S'f(lPP) 
s=scBP%x (ark?) 

8 0  SP=SP+BFLXE [WP) 
FRAT E ( 3  1 = S 
PLOY ( 3 )  =. 5* ( S + S P )  *DE%T 

C 
6 III f lEXLCAL FLOU T H B O U 6 8  UMSPECIFIED BOOHDA BY YODZS- 
c 

90 P O ,  
SP=(B, 
Do l0Q X=1,3  

100 SP-SP+PLOY {X) 
S = S * F R % T E  (I) 

FPATE[4)=FWATE $ 5 )  - S  
FLOY(4)=FLOR ( 5 ) - S P  

S FLO 
SPLO 
SFLO 
S FLU 
SPLO 
SFLQ 
SBLO 
SPEO 
SPLO 
S %LO 
SPLQ 
S P L O  
s P I 0  
S F L O  
s PLO 
SPLO 
SPLO 
s FLQ 
SPLO 
S FLO 
SFLO 
SFLO 
S YLQ 
SFLO 
SPLI) 
s PIQ 
SFLO 
s PLO 
SPLO 
SFLQ 
S FLQ 
SFLO 
SPLO 
s PLO 
S PI, 0 
S PLEO 
s PLO 
STLO 
s PLO 
SPLO 
SPLO 
s PLO 
SPLO 
s ??LO 
SPErP 
SFLO 
s PLO 
SYLQ 
SPLO 
5 P%D 
S l p l O  
SPLQ 
s F l Q  
SPLO 
SBLO 
S PLa 
SPEQ 
s $10 
s PLQ 
SPLO 
s P I 0  
s P10 
S I L D  
s P f Q  
SBLa 
SFLQ 
S PLO 
SPLCP 
SFLO 
s n o  
SPLO 
SPLI) 
SEELO 
S P l O  
SFbO 

185 
190 
195  
200 
2 0 5  
2 1 0  
215 
220 
22 5 
230 
2 35 
240 
245 
250 
255 
2 6 0  
265 
27 Q 
275 
280 
2 0 5  
2 9 0  
295  
300 
305 
310  
3 1 5  
320 
325 
3 3 0  
335 
390 
3 4 5  
3 50 
355 
368  
365 
370 
3 7 5  
38 0 
385  
390 
395 
Q O Q  
1bq5 
4 1 0  
4 IS 
420 
4 2 5  
4 30 
935 
468 
4$5 
950 
455 
q60 
455 
470 
475 
480 
485 
990 
095 
500 
5 0 5  
510 
515 
520 
525 
530 
535 
540  
5 4s 
550 
555 
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c 
c 
c 
c 

C 
c 
C 
C 

C 
c 
C 

N P= IE ( H ,  I$) 
XYIIQ) =X (NP) 
BY ( r ~ )  =n UP) *TH t f i8m)  

CALL Q4B (BQ,QBH,XQ) 
Qdl= Q&l* Qdri 
Qltti- RHOB*KD*Q%fi/POH 
(2 D= OD +Q DH 
QLH=QRH+QDM 
UL=QL+ LA14 BD A*QLH 
CZPglT IN U E 

FLOU ( 6 )  =QR-Q3P 
PEAT E (4 ) = F L O  FI (6) /I) ELT 
FLOW ( 7 )  =QD-QDP 
P H A T E ( 9 ) = P L O Y  [7 ) /DELT 
PRATE ( M i  =- S* {QL+QLP) 
PLOU 48) =DELT*FRATE (8) 
DO 130 I = 1 , 8  

BETUPN 
END 
SOBBOUTLHE QUB (3Q,QB&,XQ) 

TFLOY(I)=TFLOY(I) +YLQU(I) 

SFLO 560 
S F L O  5 6 5  
SPLO 570 
S F L O  575 
SPLO 580 
SFLO 5 8 5  
SPLO 590 
SPLO 595 
SPLO 600 
SPLO 6 0 5  
S P L O  510 
SFI.0 615  
SPLO 6 2 0  
S P L O  6 2 5  
SFLO 6 3 0  
SFLO 635 
SPLO 640 
SPLO 6US 
SFLO 650  
SFLO 655  
Q4B 0 
Q 4 P  5 
u4a 10 

FUNCTION OF SUBROOTIME--TO EVALUATE THE COIEENPBATLON XITEGBAL 
QFEB THE LENGTH OP ONE ELELIEIT. 

I B P L l C I P  ilEAL*8 (.A-R,O-&) 
REAL*8 N(2) 

DATA P / 0,577350169189626 /I S / -1,OD+00, 1..00+00 / 
DIlEISICOM E Q & 2 ) s S ( 2 )  r X Q j ( 2 )  

EVALUATE QUAITITXBS PUB US8 I N  THE JACOBSAH DJAC, BELOR, NECESSARY 
PO8 TRAUSFOBfiATIOB PBOB G L O B A L  TO LOCAL COORDIBATE5, 

Y21 = X Q ( 2 )  - X Q i l )  
QaB=O, 
DO 20 KG=1,2 

DETERBIYE LOCAL CCOBDEIABES S S  OF GAUSS-IHTEGRATIOY P O X Y l  KG. 

ss = P + S [ K G )  

Qua 
Q4B 
Q 48 
Q 48 
QUR 
2 4% 
Q4a 
Qua 
Q 48 
Q4a 
Qua 
Q 4B 
Qua 
Q@B 
Q QE 
QQB 
D 48 
Q 48 
QQB 

C QuE 110 
C EVALUATE THE JACOBIAN DJAC PUR 115 
C QUB 120 

DJ = X 2 1  Q48 115 
DJAC = Q,5*DJ QUE 130 

c QUE 135 
C CALCULATE V I L U E S  OF THE B A S I S - I l l Z E B P O M T X O U  FUUCTIOIS Y (IQ) . QUB 140 
c Q O X  1U5 

sa = 1-0 - ss Q48 150 
S P  = 1-0 + ss PUR 155 

QUR 160 
I [2)=0,5+SP QU3 165 

Q 4 R  170 c 
6 QPR 180 

PQP=O. PUR 165 
DO 10 IQ”1 .2  QUX 194 

10 BQP=RQa+ttQ#XQ) * Y  (IQ) QOB 195 
c 948 200 
C A C C U I U L A T E  THE SUB TO EVALIATE TflE SUTEGRAJ. Qa&. Q4R 2 0 5  
c Q Q R  210 

QBB=QRI+P QP*DJAC QU3 215 
20 COUTXYUE Q 4 R  2 2 0  

BETIEM QPP 225 
QYR 230 $PEP 

SUBPOUTXU E SOLY E l K K K  gC, %,NBP,IKR LPB 8 &A XHP, HA XBP) SOLV 0 
c SOLY 5 
c SOLV 10 

SOLV 15 C PVIICZIOX OP SUBPOUTXIE-%O SOlLVE THE ElRPBLIX ~~~~~~~U CX f R ,  
C PETUEIPIIG TEE SOLUTXOY X XY 3- IT IS & S S O l S B  THAT XBiE ARBAX C ( B P , I B ) S o L l  20 
6 COYTAXUS THE BULL BA1D OP ASIUUETBXC IIATQEL SOLV as 
C SOLY 30 
c S O l V  35 

N (1 ) =o- 5*SM 

c IYTEBPOLATB TO OBTAH TnE COUCEIT%ATIOI PQP AT TBE GAUSS m x n t  KG. Qua 175 

15 
20 
25 
30  
35 
Y O  
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
105 
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6 
C 
c 
c 

C 
c 
C 

C 
c 
c 

c 
C 
c 

I I P L X C I ~ ~  BEAL*EI ( A - ~ , O - Z )  
D I M E N S I O N  C ( B A X E I P .  HAXBH) . B  (HAXMP) 
IHBP=IMILPh+ 1 

TP KKK = 1. T H E N  TRXAMGULABEZE THE BAND U R T t l I Y  C ( P P , L 0 ) .  BUT 
LF K K K  = 2 ,  TBEU SIBPLY S O L V E  WITH THE BXCBIX"-HPID S I D E  R ( N P )  

IF ( K K K - E Q - 2 )  GO TO 50 

P I I A I G O L A R I Z E  ELAFBIX C(NP,dB).,  

N U= N NP- I ki ALLP B 
DO 2 0  N I = l , I U  

P I V O T I = I .  /C (BI E H B P )  
biJ-811+1 
I W I U B P  
YK= NI* I H  B LF B 
DO 10 ML=MJ,IK 

IB=IB- 1 
A=-C (NL,IE) * P I Y O T I  
C (NL,  IB) = A  
J B = I B +  1 
KB= I B @ I €I ALP B 
L B= 1;H BP- I B 
DO 10 f l B = J B , K B  

11% LB+UB 
10 siuL,nBj = c ( ~ a l . ~ e )  + A * C  ( L I X , U B )  
2 0  CONTXNUE 

YE=YU* 1 
IU=tdYP-I 
B K = U Y P  
DO 40 U X = l R , L I [ T  

PIVoTI=l./C (ax I IHBP) 
YJ=EIX+l 
I WIHBP 
DO 30 N l = L I J , & K  

10=18-1 
A=-C [HL, 15) * P I V O T €  
c luL,rs)  = A  
J S I B +  1 
KB=9 B4X HALPB 
L B= I t! BB-I R 
DO 30 t i 5 = J B , K B  

P B = L B + U B  
30  C ( N L , B B ) = C t Y L , I B )  +A*C ( Y X .  e$) 
4a C O N T X U U E  

HETURN 

SOLV 40 
SOLV 45 
SBLV 50 
SOLY 55 
SOLB 6 0  
SOLV 6 5  
SQLY 70 
SOLV 75 
S O L V  80 
SOLV 85 
SQLY 90 
SOLV 95 
satv 100 
SOLV 105 
SOLW 1 1 0  
SQLV 115 
SOLV 120 
SOLW 12s 
SOLW 130 
S(3I-V 135 
SOLW 1160 
SOLX 145  
SOL18 150 
SQLV 155 
Salw 160 
SOLV 165 
SOLW 1-70 
SOLY 175 
SOLY 180 
SOLW 185 
SBLW 1 9 0  
SOLV I95 
SOLV 200 
SBLW 205 
SQLV 2 1 0  
SQLV 215  
SOLII 220 
SOLV 225  
SOLV 230 
S Q L B  235 
SQLY 240 
SQLV 2vlS 
S O L I  2 5 0  
saw 255 
SOLY 260 
SQLV 265 
SOLY 270 
S O L I  275  
SQLV 2 8 0  
SOLY 2 8 5  

SQLB 295 
SOLV 300 
SQLP 305 
SOLW 310 
SaLv 3 1 5  
SQLB 320 
S O L I  325 
SBLV 330 
SQLV 3 3 5  
SQlLV 340 
SBLf 345 
SQLV 350 
SOLV 3 5 s  
SQLV 360 
SOEV 365 
SObV 370 
SOLW 3-75 
SaEV 380 
SQbV 385 
ShdEV 390 
SOLV 395 
Sm.I QOO 
SOLV Q05 
sarr 418 

SOLV 29a 
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C 
e 
c 
c 
c 
c 

c 
c g  
c 

c 
c 
c 

suev 
.s O t Y  
SOL v 
s QLV 
SULY 
SOLO 
SOLV 
S O L I  
SGLY 
SQLY 
SOEV 
SOLO 
SQLV 
S n t v  
SClLV 
SOL W 
SOLV 
S(BLV 

415 
420 
425 
430 
4 35 
4 9 0  
445 
t150 
455 
UbO 
465 
4 7 0  
4 75 
Y 80 
485 
u'30 
$95 
500 

0 
5 

a0 
14 
20 
2 5  
30  
35 
90 
45 
50 
55 
6 0  
tis 
70 
as 
80 
8 5  
BQ 
95 

300 
105 
1 10 

120 
125 
I! 30 
135 
140 

150 
-3 55 
3 SO 
165 
170 
3 1 5  
880 
a 85 
390 
395 
200  
205 
210 
215 
220 
225 
230 
235 
2 P Q  
245 
250 
2 55 
26Q 
245 
2fQ 
21 5 

1 15 

n 45 
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20 

30 

QO 

50 
60 

7 0  
c 

JTB= I T  H + 1 
IF (XTH. EQ-NTHPI) I€lDRP=YORDRI 
CALL GAUSS(ALP(1TH) ,ALP(JTH)  .TL&,TLFUB,HBDRP) 
CALL GAIISSLALP (ITkiJ ,ALP ( J P H )  ,TQA,TQPUN,YPD83) 
CALL GAUSSCALP(ITH) ,ALP(JTH) ,TIA,TEPDI,NBDRP) 
T L= T L t  T L A 
T Q = T Q + T Q  A 
T I =  T I +  T I  A 
CONTXNUE 

I F  (TQ-L'E-TL)  GO TO P O  
PRINT 10000, V l N ( I T )  
G O  TO 40 
T T A B ( I T )  =TL--TQ 
U T A 0 ( I T ) = T T B B ( I T )  * V l @ A B  (KT) -W l T h B  (IT) *TBtj*TLtT88*TI  
60 TO 70 
IP ( IFP-NB.3)  G O  TO 00 
I P P = O  
TO=O. 
ICSS=O 
NRDBP; NOBDRR 
DO 5 0  LTH=I,UTHIJ 

JTH=ITN+ 1 
I P  (XTH, EQ, BTHM) JIRDRP~NORDB1 
CALL GAUSS(ALP1ITH) , A L P ( J T H )  ,TOA ,TOPUS ,UBDRP) 
TO=TO+ TO A 
CONTEHUE 

U 1 I= 1, /W 1 
TTAB (KT)=..5*U12*i?II%TO 
UTAB(IT)=TTAB /IT) *Vl!PAB (KT) +. 5*THB*Y19*T3 
COMTKNUE 

C PUT TABULAR ARRAYS I Y  ASCEliDIlYG ORDER, 
c 

C A LL DSOP T (TT 80,  I P T T  A B , PlTT AB) 
W 80 I T = l , l l T T A B  

I P - I P T T A B  (IT) 
TEUP (IT) = B 1 TAB { I P )  

80 C O N T I H U B  
DO 90 IT=1,NTTAB 

YlTAB(LT)=TEIP [ I T )  
9Q COlTZYUB 

DO 100 IT=O,BTTAB 
I P = I P T T A B  ( I T )  
TEMP (IT) =Y I T A B [ I P )  

100 CQuTxnuB 
DO 110 IT=O,UTTAB 

VITAB(X1)  =TEIIP(LT) 
I10 COUTIIYUB 

DO 120 IrC=l,UTTAB 
I P . . I P T T A B  ( I T )  
TEMP ( I T )  = V 1 I ( I P )  

12R COllTIUllE 
DO 130 IT=I,WSTAB 

V 11 [ I T  j = T B I I P  ( L T )  

I P = I P T T A B  (LT) 
TEIP (IT) = O T A B ( I  P) 

130 COIITIUUB 
DO 140 I T = ? , Y T T I B  

140  CONTIHUB 
DO 150 IT=I ,YTTAB 

UTALB ( I T )  =Ti$#F?(l.T) 
150 CO1ITIlUE 

C 
C PBGPAIIB TIBQLAB, AUBAT FOP IOG-LOG KI1TEpI?OLA~XOM, 

WTR 205 
YTR 290 
W T R  2 8 5  
WTR 300 
UTB 305 
WTB 310 
WTB 3 1 5  
W T B  320  
YTB 325 
UTE! 330 
UTW 335 
UTE 340 
Y T B  345 
WTB 350 
WTR 3 5 5  
YTB 360 
WTB 365 
Y T R  370 
YTB 375  
UTR 3 8 0  
UTB 385 
WTB 390 
WTR 395 
YTW lboo 
WTR 605 
UTR @IO 
rdTB 415 
iBPB 420 
UTB 4 2 5  
YTR 430 
YTR 435 
WTR u u o  
Y T B  445 
WTR 450 
WTB 4 5 5  
IT3 460 
UTR 465 
YTII 470 
YTR 475 
YTB 480 

SITB 455 
UTB so0 
WTR 505 
YTP 510 
UPII 515 
YTB 520 
YTP 5 2 5  
WTR 530 
O'ER 535 
YTP 5aO 
YTP 545 

VZ'R 565 
Y T P  570 
UTR 575 
W T R  580 
YTR 585 
YTO 590  
BTP 595 
UTW 6QO 

UT@ 615 
V T X  620 
W T R  6 2 5  
l T B  630 
u m  635 
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C GIVES T VALUE, XNTEBPOLATE TO PKHD U 1  V A L U E  
C 

IF ( Y . L T , T T A B ( l ) )  PBINT 1 0 1 0 0 , T , T T A B ( l )  
I F  
T P = D L O G ( T )  
Y 1P=YLAC ( T P , T T l B L ,  W 7 T A E L , I N D I ,  I X T P 8 1 T I I U  .BTPAE,IEX) 
YI=DEXP ( U l P )  

(T-  GT, TTA B ( NTTA3) 1 PRINT 10 20 0. T, TT AB,(UTf AB) 

Vl=THE*kll-AYSIO 
BETUBN 

c 
C ***********+************~************+*** ****** . . . . . . . . . . . . . . . . . . . . .  
C 

E l T B P  UTXHEfTf 
DO 170 I=1,3 

I G S S V (  I)=O 
170 COLsTIblUE 

LIB DRP= N 0 RDE R 

TL=O, 
TQ=O, 
TI=O, 
DO 160 ITH=l,HTHW 

IP ~ S I M E P S , E Q , O , D O )  GO ro 390 

JTH=ITH+1 
IF ( I T H ,  EQ, HTaf l )  Ni?D1Y=HOEDRl 

C 
C BECALCULATE T, 
C 

CALL GAUSS (ALP (ITH) ,ALP (JTH) ,TLA,TLPUY,WdDRP) 

CALL G A U S S  (ALP(ITFi) .ALP (JTH) .TIA,TIPUP,BYDPP) 
TL= TL+ TLI 
T Q= T Q+ TQ A 
Tf= T X + T I  A 

CALL GAUSS [ A L P ( I T H )  *ALP(JTH) ,TQA*TQPUUrlBDBP) 

1130 COHTIMUE 
TY=Tt-TQ 
T= ICY 
BETUPI 

IGss=o 
U 1 X = 1 , / U ?  
DO 200 lTH=18HTHl!4 

190 TOSO, 

JTH=fTH+l  
I F  ( X T L E Q -  NTHM) UBDBP=YOPDBl 
CALL GAUSS (ALP (ITH) .ALP ( J T H ) ,  TOA,TOPUI,IPDBP) 
T O=T 0 +T 0 A 

TB=, 5 + V  1Z*Y1 I*TO 
200 C O H T I l U E  

BETU PN 
C 
c 
C 

C 

C 

**********C**++*****+*****I*L+**+ ** ***+** **a********#********* ***** 
ENEPY U T 3 I l  

c CALCULATE FIBSF-ORDER PosIrxons a m  YELOCXTXZS, 

SGSS=O 
YRD3P= YDPDEB 
XSUPl  (PTH) 4 - 0  
VSUPl ( M T H ) = V 1  
DO 210 ITIt=l . l lTHB 

J1Pk 1Z H + 1 
XP (ITH-EQ,  HTHX) YPDPP=#iOPDRl 
CALL GAUSS(ALP [Ire) ,ALP 4JTH) .XSUPI (XTrr) .CPUI,YRDBP) 

210 ComxiluE 
DO 220 fTBPl.liTliid 

XTki=Srn--1T3 
JT& TT B + 1 
XSUPI  (XTH) =ISUP 1 (JTW +XSOPl (Ire) 
YSUPI [ IT i i ) IVl  

220 COOTZYUE 
PETUlZU 

C 
c ******+***ce*r+*+***~~***~~*************ru~*u***~**L*****~******** 
C 

EUT%X ST8112 

UTE 66Q 
YTP 665 
YTB 670 
YTB 6 7 5  
P T P  680 
UT8 685 
UTE 690 
PTB 695 
OTR 7 0 0  
A T R  7 0 5  
YTB 710 
WTB 715 
UT8 7 2 0  
UT3 725 
Q T B  7 3 0  
UT2 735 
UTB 740 
RTB 7U5 
UT% 750 
UTE 755 
YTP 7 6 0  
UTR 765 
VPB 770 
YlTP 775 
UTR 7 8 0  
UPB 7 8 5  
U T 8  790 
UT$ 795 
RTR 800 
PTB 8 0 5  
UPB 819 

UT8 8 2 0  
UTB 825 
UTf 830 
UTR 835 

V l l B  8I5 
l l ra  850 
UTR 855 

YTP 865 
YTB 870 
PTR 075 
YPR 800 
PTB 885 
UTR 890 

1TR 900 
HTR 905 
STP 910 
UTB 915 
UPP 920 
U 4 p  925 
PTR 930 
13P 935 
UT3 940 
UTR 945 

IT% 955 
UTP 960 
ST3 965 
U'lg 970 
ulcn 975 
UTR 980 
BTE 985 
UP& 990 
urn 995 

IlTP 1005 

O T P  101s 
UTP 1020 
EIn i  102s 

m a  815 

m a  840 

ura 860 

UP% a95 

UTP gsa 

em i a o o  
urn IBOO 

n a  i 43a  
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1035 
"iuo 
1045 
1050 
1055 
4 060 
1065 

1075 
t080 
1085 
109k) 
1095 
1100 
1 1 0 5  
9110 
1 1 1 5  
1120 
1125 
1130 
3135  
1140  
11u5 
1150 
1155 
9 160 
3 165 
1170 
5175 
1180 
1185 
B 190 
7 1 9 5  
120q 
9205 
3210  
1245 
1220 
1225 
1230 
8235 
5240 
1 2 4 5  
1250 
9255 
9260 
1265 
127@ 
1275 

1070 

1280 
12a5 
7290 
1295 
1300 
7395 
'1340 
1315 
1320 
1325 
1330 
1335 
1340 
'1365 
1350 
1355  
1360 
1365 
1310 
1375 
1380 

1390 
513'15 
t4QQ 
la05 
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320 COUTIN UE 
DO 330  I P = l , N T H  

blPI=IPPQH (HP) 
E H T H P  ( n p z ) = n i P  (IP) 

930 COMTSUUE 
THfiN=THTIP {NTH) 

DO 350 NP=l,NNP 
xxnxH=i 

IP (X(ISP).LT.XHX) GO TO 3 4 0  
XP'PIP {UP) =THIN 
GO TO 350 
Y T I P  LIP) =YZAG (X ( # P )  .rl(SUP2,T HZ RP, I I D  1, Y X T Y ,  IXilIN,NTH,IEX) 

D O  360 IQ=1,2 
u P = I E ( n , I p )  
TB[f!,IQ)=XTBP(UP) 

340 
350 COYTZNUE 

DO 360 W=l,NEL 

36 0 CON T I I  UE 
RETURN 

lOQQ0 POBn&T('  HOTICE: A UUME%ICAL EBBDR OCCUBPED IW THE TABULAR * 

ID100 PORIAT { *  WOTXCE: THE 91f%lEaE12, 4, 
1 *TIRE CALCULATIOl FOP * I %  =*,E12,4f 

1 IS LESS THAN 2XE LEAST TABULAE VAtUB'E12.4) 

1 I S  CPEATEO THAN TH% GBEATEST TABULhff UALUE*E12,4)  
10200 FOIZflAT(e S Q T L C E :  THE TlI IE 'E12.4 ,  

BYD 
SUBflOUTfH E DATAP 

c 
C 
C PUElCTIOU O P  SUBBOUTEHE--TO BEAD, PRINT. A U D  CHZCK UATER-TRAYSPORT 

YTB 11410 

WTB 1U20 
WTR 1425 
UTR 1&30 
W T R  1 r 3 5  
UTR 1U40 
WTR 1845 
UT8 1450 
UTE 1455 
WTB 1Y60 
S T P  1465 
U T 3  la70 
11118 1U75 
YTR 1489  
YTP 1 U 8 5  
U T R  1490 
ST% 1495 
I(TP 1500 
UTB 1505 
YTP 1510 
YFP 1515 
UTU 3520 
ETP 1525 
€fT% 1539 
YTR 1535 
D A T A  0 
DATA 5 
DATA 10 
DATA 15 

Z ~ T P  l a i s  

C YkiZIABLES PERTAZIlIBiG T C  SOEL P R O O X R P I ~ ,  BOUIDABI-SIITSAL COtJDITIOIS,DATA 20 
C NODAL P O S I T O U S  1% BOTU T I I E  A N D  FlATEfl COISTEITS, A N D  HZSCELLAUEOUS DATA 2 5  
C OTlEE IIF'ORHATIOY,  DATA 30 
C DATA 33 
C DATA r ) O  

IPIPLXCIT BEAL*8 (A-H,O-Z) DATA 45 
CO IIOU/C1PL/KPGI,  KYTR , KVI, KSTBI, KST RP , ISTOP, KSS, K D I G ,  K I D U T ,  50 

1 KPSTP,KSQUT,KS8CB.KBUPPcKAML,KIC,KSTgS DATA 55 

COBflOU/BI/ T H l  .THO ,TBB,SIUEPS D I X A  65 
C O # m U / U U  8 I T G /  POR DR 1, NORDEB, HITP. fTBHfS ,ZOSS,  I T H I  I, ICSSV [ 3 )  DATA 70 
COMIOti /TPLX/TT&B{50) ,VlM{SO) ,PSTAB (50) .Y1TAB (50) ,UThB (SO), DATh 7 5  

1 'ETABL(50) , U l T A B L i 5 0 )  ,'PEEIP(50) , I P T T A B ( S O )  ,IITTAB D A T A  80 
COl8~QU/TiilTa/T (50) ,IT DATA 85 
COIHOU/QPEOP/AKPLP ( S O )  ,CDPAB (SO) , AKSB ( 2 5 )  ( 2 5 )  ,,D ( 2 5 )  , ALm3 (25) DATA 90 

1 bKSAT,ACSIO I #&%AB, I K S ~ . M C D P A ~ I  MDSP DATA 95 
COMtSOI4/XPAR/XSIIP1(50) .=UP2 (50) .THP (50) .ALP(50) , PSIlP1 (50) , DATA 100 

1 I P T T B  [ 5 O )  .IXH,JTB,NGSS DAT& 910 
ElFBRUAL DUHPUU D A t A  115 
D I I E I i S X O l  s O i t D R A f 2 )  DATA 120 
DATA P I / 3 . l U l 5 9 2 6 5 3 6 D O /  D h T A  1 2 5  

C DATA 130 

KWOU4, D Arb 

COUIOI/BPPOP/PRQP 1, S),,VXX D M A  69 

1 VSffP2 (SO) ~ P ( 5 0 ) ~ Q G A ( 5 ~ ~ Q G ( 5 0 ) , T I I T M P ( S O )  ,AKGSS(212) .  D G S S ( 2 1 2 ) I  DATA 305 

C * # * * * * * * 4 * * * 4 * e S 4 * + * * * * * * * # * * * ~ * 4 * ~ * * * * * * * * * * * * * * * * * * ~ * ~ ~ ~ * * * * * * * * * * ~ B A T A  335 
C 

EBlTUY DINY 
C 
C 1/12 OF UObl-ABPIP IlDTEGEg AED REAL PARAMBTBPS, 

D A T A  $40 
DATA 105 
D A 2 A  150 
DATA 155 
D A T A  150 
DAT& 155 
DATA 170 
DAPA 175 
DATA 180 
D U A  785 
DATA 190 
DATA 195 
DATA 2100 
DITA 205 
DATA 210 
DATA 215 
D I T A  220 
D A T A  225 
D 1 r A  23Q 
B*PA 235 
DkTA 240 
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t?iiDRP=NOYDEB DATA 6 2 0  
DO 120 ITH=1 .NTH8 DATA 625 

9 T"H= I T R +  1 DATA 630 
I F  ( I T L  EQ, blTHn) hBDPP=YORDB? DATA 635 
CALL GAUSS{ALP{ITH) ,BLP(JTH)  , D U f l R K I  DUWPUY,NRDRP) DATh 6 U 0  

120 CONTINUE DATA 6U5 

I F  ( K P G 8 , E Q . S )  GO TO 130 DATA 655 
I F  ( K P C L  EQ. 7) GQ PO 130 DATA 660 
IF (KSRCH. NE, 0) RRINT 10200 DATA €165 

c D&TA 670 
C OUTPUT OF THE UATEE CONTENES- DkTA 675 
c DATA 580 

P R I N T  10900, ( T H P ( 1 )  ,X=1,NTH) DATA 685 
P B I Y T  11000, ( A L P ( I )  .X=a,BTH) DATA 690 

330 BETUBU DATA 695 
c DATA 700 
10000 FORMAT (1615) DATA 705 
10100 PO8BAT[/ '  T r  */(8315-7)) D A T A  710  
110200 Y O B I A T  (////e UATE3-1P3PrNSPOBT INPUT TABLE 8.- BASIC PARAMETERS4) DATA 715 
10300 FOBIAT (////' RATER-T%A#SPQBT XIPUT TRBLE 8,- BASXC PABAflBTEBS*// DATA 7 2 0  

15X, * DATA 725 
l F U N C T l O U  TYPE I - . - . . . - - * . .. . . . .',X5/ 5X, '  D A T A  730 
1 P U I B E B  UP TABULAR TIHE IIODES, . - . . - - . . - - . -',15/ SX,' DATA 735 
l l U n B E B  OP T I I E  BODES PO% STAND-ALONE OPEBATLON- - - .',Is/ 5X.l DATA 740 
1NUflBEE OF THETA VALUES, - I - - - .) - - - - . .. .',IS/ 5X, '  DATA 745 
lt4UfiBEB OF COBDUCTIVITY S O I L  PARAIETEBS- .. - - .. .I -'815/ SX,' DATA 750 
1 I f 3 1 B E B  OF CAPACITY 03 D I P P U S I V I T I  S O I L  PlrBAdETERS - -',15/ 5 X , '  DATA 7 5 5  
1 0 R D E 3  OF LEGENDPE-GAUSS D l T E G P A I I O I  .) - - - -',15/ SI,' D A T A  760 
IORDEB BEAB ALPHA = 1, .. - . - .. .. - . - - . - e - .) - -@,IS/ 5 X , a  DATA 765 
I U U I B E B  OP POEUTS II INTERPOLATIIG POLYBOEIAL- ., I . -',IS/ SY,' DATA 770 
lAUXILIABP STORAGE CONTROL - .. . I . . . - - - - - .#,X5/ SX,' DATA 775 
IVABIABLE-BESB COIYTWL - . - . - - . - - -9,15/ 5 X , )  DATA 780 
1A.YBLYTIC SOlL-PROPERTIES COLSTBOL, . I - * . ., . .) . . ' , I5)  D A T A  785 

l O U 0 0  POBMAT (8P10-0) DATA 790 
10500 FOBIAT(5X ' XBT21AL CONDITION ON HATE3 CDNToNT THETA, .. - .. I ,  DUPA 795 

1 E l O - l c /  5X, 8 B O U N D A R Y  COMDITXON 024 YATEQ COBTENT T H E T A  - - - * , D A T A  8 0 0  
3 EIQ.U/ 5X8 ' IUCLIIATIOH I N  DESBEES. - - . . - .. - . . I) .) *,DATA 805 

NG S 5: =.X G SS DATA 650 

I ~ i o , 4 /  5x, 9 ALPHA IBCPEHEXT NEAB ALPHA = 1. . . - - . . - *,DATA 810 
3 E10.11) DATA a i s  

10800 FORMAT(/* V1/AKSBT:*/@215.7)) D A T A  a30 

30600 P0611AT (/q AfSPA8;a/[ 8 E l S . 7 ) )  D A T A  820 
60700 POBEAT(/* C D P A B : * / ( t J E 1 5 - 7 ) )  DATA 825 

10900 P O U A T  (/* THP: */&8815.7#) DATA 635 
'IlOOO FOB8 AT (p ALP: '/ (8E15-7) 1 DATA 840 
I 1100 POBlAT (20 AU) DAPLA 845 
11200 POBllAT t l l f0 ,20AU) DATA 350 

El D D A r A  855 
SUBPOU TIHE DSQ BT (X  PT, I= , Is PT) DSOP 0 

C DSOP 5 
c DSOB IO 
C PUICSLON OF SUBljlClU%IBB-TQ TPANSPORdl A B R A Y  X P T  ISTO ASCEYDXBIG D S O R  15 
C OBDEB A I D  O B T A I N  THE PREIOSATIVE TRAUSPOBELATIOI I P T ,  DSOB 20 
c D S O P  25 
c D S O B  30 

ZfiPLXIC1.T REAL*8 (A-H,O-&) DSOB 35 
DIMEPSIOY X P T ( 1 )  ,If?Til) D S O P  40 
Do 10 I = l * B P T  DSOR la5 

10 xPs:(I)=I DSOP 50 
L= BPT D S O P  55 

20 Z=L/2 D S O B  60  
If iL .EQ.0)  RETIJOB DSOf 65  
I(= I P T - I  DSOP 70  
J= 1 DSOB 75 

30 I=J D S O P  80 
40 I L = I + L  DSOP 85 

IF (XPT (I) .LE,XP'B ( I L ) )  50 TO 50 D S O P  90 
TEW=XPT (I) DSOR 95 

XPT(X) = X P P ( I k )  DSOP 1 05  
I P T ( I J  = I P T ( I L )  DSOB 1 YO 
XPT (IL) =rBllP D S O P  115 
U T  (U) ==IPBllP DSOB 120 
1=1- L D S O D  125 
ILP (I-GE- 1) G O  TO 49 DSDP 130 

I T E H P = I P T  41) D s t n  100 
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c 
c 
c 

C 
c 
C 

c 
c 
c 

C 
C 
(5 

c 
C 
C 

C 

c" 
c 

c 
c 
c 

c 
c 
c 
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c 
c 
c 

C 
c 
c 

c 
c 
C 

C 
& 
C 

c 
F: 
C 
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C 
C 
c 

C 
c 
c 

C 
c 
c 
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f 

P 

c 
c 
C 

C 
C 
C 

c 
c 
c 

C 
c 
C 

c 
C 
C 

C 
c 

F U N C T I O B  Puns(~wG) PtiNS 0 
Funs 5 
FUNS 10 

P U B P O S E  O F  ROUTIIE--TO PROVIDE A CDLLECTXOB OF furcTxogls TO BE USED FUNS 15 
IN THE PARLAMGE-TYFE UATER-TRALPSPQ8T CALCULATIOB. P U N S  20 

puns 2s 
PUNS 30 

U P L I C X T  3EAL*8 (A-a,Q-Z$ PUBS 35 
COMHOU/CT BL/KPGPI ,KWTB . KYX. KSTR 8. KSTBY, ESTOP, KSS, K D I G  ,Kl lOUT,  40 

1 KTSPP,KSOUT.KSBCH.KBaPP,KANL,KfC, KSTBS FUlS 95 
coaaoM/cwl/ Y 1 , V I  FUNS 50 
COtlfiOIi/tiUMlTG/ b lORD31  8YD3DEP8$ITP8 ITHIII,EC~S,IZBlI, XGSSV (3) PUNS 55 
COaCtOt4/TFLX/TTAFi[SQ) , V l U { S O )  , V l T A B ( 5 0 )  ,YITAB {so) .UTAB (50) , PUNS 60 

1 TTABL ( 5 0 )  .I1TABL(SO) .TEMP 150) ,XPTTAB{50) ,MPTAB PUBS 65 
Cofino~/XYAR/XsUPl(5Ot ,XSUP2(50) .THP(SO) , b L P i S O )  .VSUPI ( 5 0 ) ,  PUNS 70 

7 VSUP2(50)  ,P(56).QGA(50) ,QG(50),THTBP(5O),AKGSS(212), D G S S ( 2 1 2 ) .  PUBS 7 5  
3 IPTTH [SO) ,NTH,JTBnNGSS pulls 80 
DATA X M D l / O /  FUNS a5 

PUNS 9 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  FUNS 95 
PUUS 700 

EHTBP TLPUI(ALPG)  PUIYS 105 
FUMS 110 

EVALUATE LOGA3IITBM--1PPE TIUE LYTEGPAID, PUNS 115 
PUPS 120 

1GSSV (I)=IGSSV (1) + 1 PUNS 125 
IGSS=XGSSV (1) FUlS 130 
B K S B = A R G S S  ( I G S S )  P U P S  1 3 5  
D=DGSS (IGSS) PUIS 140 
P I=BLPG*D/  (hKSI*AKSI) Funs  165 
P2=DLOG { ( ARSI+ Ul) / U l )  PUBS 150 
TLPUBI=P 1*P2 Funs i s 5  
3ETURU P U P S  1 6 0  

FUYS 965 
******lru~ps 170 

PUUS 175 
EYTPY TQPUN (ALRG) P U U S  180 

P U l S  185 
DETEBBINE QUOTIEPT-TXPE TIME IIPZIECPALYL puns 190 

PUUS 195 
IGSSV<2)=IGSSU(2] + 1 Pols 200 
X G S S = I G S S V  (2)  PUUS 205 
AKSU=AKCSS (IGSS) PUUS 210 
D = D G S S  (1655) FUNS 215 
P I=&LDG*D/hKSY PUHS 220 
P2=le / (AKSY+YI)  PBYS 225 
TQFUB=F 1 *P2 PUIS 230 
BBPURU POYS 235 

puns 2410 ****++****+********,***+***IL**S+*++~****UC~*~*+~**+*****L++~:*******~~P~ 245 
F O l S  250 

B Y t B r  TOPUI ( U P 4  PUlS 255 
P U I S  260 

XYALUA'LE TIlo TflB X#TgGP&L foil S I P & P S = O .  POUS 265 
PUHS 270 

IGSS=IGSS+ 1 ?DUS 275 

POP U IW &LPG*D i O Y S  285 
BETUP3 FDlS 290 

?UlS 295 

KUDUT,IUBIS 

***e***#+ a***+ *+e*** +**+**** *****e *e+*** **e*** ******** **** 

WDGSS (IGSS) runs 280 

***********C***#lc*++****~,******+**+****t4*********8******+*2*8***8*FB#S 300 
rums 305 

EYZB'I TIPUY [ALPLQ PUUS 310 
puns 31s 

DETERIIXYE XlZBGPh1D APISLIIiii PROM I l P I N L T E  VPLOCTTX UMIX rums 320 
C runs 325 

16SSV(3) =IGSPV 13) +1 I U E S  330 
IGSS=I6SSV (3) PUIS 335 
A6Sll=A K6S S ( I G S  S) ?UHS 310 
D=DGSS {XGSS) F u n s  395 
ZZPUI= &F G*D/AI(SY P5lS 350 
PETVOI ?UES 35s 

C rums 360 
c * ~ * * * * * * * * * * * + * C * * ~ * * ~ ~ * * ~ * ~ * * * * # * * ~ * * * * * ~ * ~ * ~ * * ~ * * ~ ~ * * * * * # * * * * y ~ ~ ~  365 
c ruis 370 
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PLIWS 375 
PUlS 380 C 

C 
c 

c 
C 
c 

C 
C 
C 

c 
c 
C 

17 
c 
c 

6 
c 
C 

c 
C 
c 
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PBIIJ 4 4 5  
PRXW 658 
P B X a  455 
PRXW rcC0 
P R T N  465 
STBY 0 
STPY 5 
STRU 10 
s m i l  15 
STRY 20 
STRU 25  

30 
35 
U0 
45 
50 
55 
60 
6 5  
70 
75 
8 0  
85 
90 
8 5  

100 
105 
310 
115 
120 
125 
? 30 
135 
1413 
1 US 
4 50 
155 
160 
165 
170 
175 
1 80 
185 
130 

Q 
5 
10 
15 
20 
25 
30 
35 
40 
us 
50 
55 
QQ 
65 
90 
7 5  
8 0  
85 
99 
95 

100  
D A T I  IO5 
DbPB 110 
DATA 315 
DATA 220 
DATA 325 
BL4A aao 
DATA 335 
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I X = I X l - J X  
ax= nx- 1 
XP (XX [ X X r X T a ) -  LE, XUTU ( X I I ) )  GO TO 180 
U X ( I X , I T B ) = O .  

1 7 0  C O U T I N U E  
180 l Y Y U  (Ira) = I X  

190 PRINT 10700,TXiITB) 
I!JXT=NYT+BYXU(XTB) - B Y X t ( I T Z 1 )  0 1  

C 
C MOBBALIZE EXPEEIt%EY%AE POIYTS. 
C 

tiXL=PIYXL (ITPI) 
ifXU=nY X U  (ITB) 
son=o. 
DO 200 I X = I X L , I X U  

A &I= 1 QO, /SUM 
A B S = A Y  * A N  
DO 210  I X = l , b l I  

20 0 S U B = S U f l + Y X I X X ,  ITag 

Y X [ IX, IT If)= A S*YX (FX I I T B )  
B Y X  ( I X , I T f i ) = A I * D Y X  ( IXeXTFi )  
Y X  ( IX, x ~ i q  = n x  ( r x , ~ r n )  /AUS 210 

C 
C OUTPUT EXPIBXt3EUTAL DATA, PHCLUDENG UZIGATS, 
C 

D O  220 I X = I * U X  
UX(I~,ITI)=DA~SgU~/6X,I~~~ 1 

2 2  0 PRI UT 10500, X X ,  XXeXX, XTS) , Y X  ( I X ,  XTill) I idX (IX,ITi! )  
230 COWTIHOE 

IF (KYT,EQ.3)  GO TU 250 
kJXF=O 
DQ 240 I T B = l , b l T X  

240 Y X T = N X T + Y T X  ( m a )  
2 5 Q  BETURY 

C 
c 
c 

c 
6 PaEPIBE A H D  P U N T  S'BISP S I Z E S  DELJ? AMD PABAPIE!EEsl B O O l D S  PH A N D  PL- 

* *+ **** **+ M *** e*+***  *****+****** ++ * 4  **++ ** **e+ * c +  **++***** ** ** f*  8* 8 

ELrTlltilY S f l P R E P  (ISCH) 

D A T A  45'5 
DBT8 so0 
D A T A  5 0 5  
DATA 5 1 0  
D A T A  5 3 5  
D A T A  5 2 0  
DATA 525  
DATA 530 
D A T A  5 3 5  
D A T R  540 
D A T A  545 
D A T A  550 
DATA 555 
D A T A  5 6 0  
DATA 565  
D A T A  5 7 0  
D A T A  575 
D A T A  580 
D A T A  585 
DATA 5 9 0  
DATA 595 
DATA 600 
DATA 6 0 5  
DhTA 610  
D A T A  615 
D I T 1  6 2 0  
DATA 625 
D A T A  630  
D A T L  6 3 5  
DATA 640 
BITA 6b5  
DATA 6 5 0  
DATA 6 5 5  
D A T A  6 6 0  
DATA 6 5 5  

* D A r A  6 7 0  
BAT& 6 7 5  
DATd 6 8 0  
D A T A  b8S 
DATA 6 9 0  
DArA 695 
DATA 700 
DATA. 705 
D&TA 7 0 0  
DAZa 715 
DATA 7 2 0  
DATA 725 
DATA 730 
DITA 735 
DATA 7rdO 
DATA 745 
B I T a  754 
D A r A  7 5 5  
DATA 7 6 0  
BlbPI 765 
D m 1  7 7 0  
DdPB 775 
BAT& 7 8 0  
D M A  78% 
D%TA 798 
P I T &  v95 

DATIFI BO5 
ISAT& 810 
BAZA 835 
o r a l  820 
BAY!%, 825 
DATA 833 
BAT& 835 
D l T &  840 
PAT& 845 
DIT& 850 
Dam 855 
~~~~ @LO 
O&TA 865 
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C SPACE CRIED SO THAT SUCH Q U A i i T I T S E S  NAY BE P&QTTBDc STBS 2 5  
C S T B S  30 
C SPPS 35  

I l P L K C X T  ILEAL*8 (A-H,Q-E) s m s  4 0  
XBAL*4 PEAT STPS 45 
C O l @ O ~ / P R O B I D / T I T L E  (8)  ,YPROB S T R S  50  

1 B T S T P , K S Q U T ,  KS RCH . KBUPX, KANL. KIC,  KST-BS S T B S  60 

1 2) , I S  ( 2 , 2 ) ,  NNP,YEL, BCIATIIBAND ,NBC e IyST.NTST.  YBEL,NTI NNOX STBS 75 

1 .PRATE ( 1  0) , FLOE( 10) , T P b O Y (  10) .Y,PIIAT (3,s) S T P S  9 0  

COi%HOU/CT BL/RPGn,KHTB,KVX, K S T R I ,  KSTOY , I S T O P I  KSS, KDLG, Kilo UT, KYOUT,  STRS 55 

CQltBON/GEOH/X(IO?)  e B B ( 2 4  ,DCOSB(Z) HDCOS ( Z ) , D g L T , C H B G , D E L n ~ X # T ~ ~ X ,  SOBS 45 
1 I P X  (101) . X E ( I 0 0 , 3 ) s I P 1 ( 2 )  ,NPST(2) . I P T S T , ( 2 ) , N B E [ 2 ) . N T S E ( 2 ) ,  ISB(2,STBS 70  

CONHON/!4EWAR/ A[?01,2) .B[101.3) , R ( l O l )  ,RE'[lOI),RI ( l O l ) , R B  (101 )  , STBS 8 0  
3 DP(IO1)s R 1  ( l O I ) , B T  (101) SXTBP (10  1) , B F L X { 1 0 1 )  . B P L X P  (101) ,  f X  (100,2)  STRS 8 5  

CONltOU/XXV/l9YXL{5) ,BYXU (5) , B Y X ( S )  , NTX, NXr STRS 95 
s o B M O U / X R W / X X ( l O O , S ) , Y X ~ ~ ~ 0 0 , 5 )  . Y X ( 1 0 0 8 5 )  . D Y I  ( l O O , 5 )  . YT(IO0) , T X ( 5 )  STRS 100 

1 ,XuTt(5)  ,XUTU(5 )  STBS 105 
IF ( I T L G T - 1 )  GO T O  10 STRS 1 1 0  
PUNCH 10000, (TSTLE ( X ) , I = l , 8 )  STPS 1 1 5  
PUNCH 10100. BTX STPS 120 
IF (KPGB.EQ.2) N U P O  S T E S  125 
P U N C H  a o i o o ,  ( N ~ x ( I )  .X=I,YTX) .NYP S T f S  1 3 0  

10 PUNCB 1 0 2 0 0 . T X ( I T l )  STPS 135 
NX=MPX ( I T I I )  STRS 140 
PUICLi 30200, ( X X ( X X . X . T I I ) ~ I K = l , U X )  S T B S  145 
PUNCH 10200. ( Y T ( X X )  , f X = l , N X )  SEPS 150 
PUNCH 10200. ( Y  X ( I X ~ I T M J ~ I X = l  rlX:) STBS 155 
PM NCM S T R S  160 
I F  ( K P G I C  NE- 2 )  PUICE[ 1 0 2 O O s  ( X (  I F )  8 WP=I .NU&?) w a s  165 
IF ( K P G B -  UE- 2) PUNCH 1 O 2 O O *  ( P B ( I P )  .LIB 3, i l lP)  STRS 170 

S T P S  175 RETU BN 
10000 F O R H A T  (8A8) S T S S  180 
10100 POXBAT (16K5) STBS 185 
10200 POPELAT ( 8 E l O .  U) S'TRS 190 

END STRS 195 
SUBBQUTIS E I E V  ALL ( R  ,CHIS)  IEYA 0 

C B E V A  5 
C PUUCTIOU Q P  SUBROUTINE--TO E V A L U A T E  CHI-SQUAREO FOB T i i E  BETTA 10 
C B A T E B I A L - T R A Y S P Q P T  CASE,  &EVA 15 
C N B l A  20 
C I E V &  25 

XHPLXCIT %EAL*8 $A-H,O-Td) HEPA 30 
REAL*@ PBAT HEVA 35 
C 0 I10 I /CT B L/ K P Gl! , K R T 8 ,  l t W  1 . KST B I, KS T R U . XS TOP , K SS K D X G , i C  LIO UT , Y 0 

1 KTSTP,KSOUT8KSIICH.KBUPP~KANL, K I C , K S T R S  REVB 4 5  
COnUOW/ca~AR/TXa~,TH( 109,2) ,PPE(IOO,L) ,TPU (100,2) ,DTBj100,2) , BETTA 50 

CQMliO&fGEOE/X (lQ1) ,BE1 (24 .DCOSB (2) , D C O S  (2) .DgLT,e~lG,DBL~hX,T~~X, N E V A  6 0  
1 I P X ( I 0 I )  , I E [ 1 0 Q 8 3 ) , U P J i ~ 2 )  ,UPST(P) ,NPTST1(2) . N B E ( 2 )  , I T S B ( 2 ) ,  I S B ( 2 , I E V R  65  

1 02 00s { DY X 4 I X ,  IT#) 8 X X = I n  HX) 

K 10 UT EI E V & 

1 VX(100,2) , V X P ( 1 0 0 , 2 )  .VIY( 100,2)  niwli 55 

1 2 )  , I S  (2 . 2)  e SUP. UEL, UflAT,1 BAND,  II BC , IIST , RTST, II BEL, Itax, UWOR niwA 30 
CQMMOI/IPROP/PRQP ( I , § )  @ # X I  IEBltr 75 
COMBON/BBVAR/ A ( l O l , 2 ) , B ( I 0 l , 3 )  .a ( lOl)  ,BP(101) , B X ( 1 0 l )  ,BB(101) , 8EYb 80 

1 D P  (101) . 81 (10 1) . RT (103) ,ITRP(lO 1) , BPLX (101) , B F L X P  (101) PX (100.2) N H Y A  $5  
1 PRATE (10) . PLOP 410) , TPBQU (10) . g , m w  (28 5 )  HBVB 90 
c o a a o ~ / x r v / ~ r x ~ ~ 5 ~  .arxu)5) 8bux(5) 8 ! m 8  n x r  l E V A  95 
C O I f 1 0 H / X R Y / X X ( l B Q e 5 )  .Srlu(l0O85J . T X ( l O O , S ) , D Y K  ( 1 0 0 . 5 )  , Yt(100) ,TX(5)ElBVA 10Q 

1 , XUTL (5) .XPTLl (5) MEVI 105 
COil&OU/SRP/ DELTO,CBISQ*ACC,PEDe T O L S T P ~ T O W M I O . P O  (20) PB (20) I E V A  110 

1 P L ( 2 0 )  . D B L P ( Z O )  , P k 0 ( 2 0 )  ,PUO(ZO) l l E V A  1 1 5  
Dxnwsxou P ( 1 1  BETA 1 2 0  
DATA X H D l / O /  IWnrA 125 

C B E V A  130 
C C O B P E L A T E  SEARCH ~ A ~ A M E ~ E ~ 6  PITB PBTSLCAL ~~~A~~~~~~~ &EVA 135 
C #EVA 140  

CALL B O P P l  (P) BETA 145 
cii XS=O, I E V A  150 

C P Y A  155 
C TXIR SEQUBICE CILCOLATIOY. BEFA 160 
C # P Y A  165 

TT UE=O. BEIA 170 
CALL lPHL B B I I  175 
1;p (KP68.LLg.3) CALL F ~ ~ ~ ~ ~ O ~  BEVA 18Q 

T X I E r D B  L'BO RE$& 199 
IT&=- 1 lPWA 195 

DELT-DBLrO B E W ~  185 
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c 
C 
c 

C 
C 
C 
C 

C 
C 
c 

C 
c 
C 

ITX= 1 MEVA 200 
10 I F  ( T I t l E , G E , T X ( I T X ) )  G O  T O  20 &EVA 205 

UEVh 210 
G O N E R A T E  BESULTS P ( 3 f  I B T E M E D I A T E  STEPS, BEVA 215 

UEYA 220 

I P  (KPGLI. LE. 3 )  CALL PBLYTB ( ITf l )  HEVA 230 
DELT-DEL"* (1, +CAUG) 8EVA 235 
DELT=DNIbT 1 (DELT,DELRAX) I E Y 8  240 
T I f l E = T I H E + D E L T  REVA 245 
LTB= I Til+ 1 M E V A  250 
ti0 T O  I O  XEVA 255 

HBYA 2 6 0  
CALCULATE COBCENTEMTON PBDPILE AT T S B E  S T E P  PDB V H E C H  EXPEBIREITAL REVA 265 
DATA IS GIVEN, XEVA 271) 

REYA 275 
20 DELT.P=DELT BEVA 280 

CALL f l T 8 A l  n e w  225 

DELP=DELT- (TINE-TX (ITIL) n B v A  2 8 5  
TINE=TX (ITXJ B E V A  29a 
CALL NTPAB REBA 295 
I F  ( Y P G i L L E 3 )  CALL P i l D I T a ( I T 1 )  MEVA 300 
b l X = N Y X  ( I T X )  BEVA 305 
I X N I t J = l  NEV& 310 
SUfl=O, lEVA 315 

&XU= U Y X 8 ( 3CTX ) NEVA 325 
DO 30 I X = I , ) I X  REVA 330 

BEVA 335 

BXL=RYXL (ITX) nxvA 320 

Y T ( I X )  =YLAG (XY ( 1 X . l T X )  ,X.PB,FIDl. 2 ,  I X J S I U ,  NX, IEX) 
IP ( E X , L T , I X Q  GO TO 30 B H A  340 
IP (IY.GT,flXU) GO TO 30 HEVA 305 
SUN=SUR+YT (EX) NEVA 350 

30 CONTINUE NEVI 355 
ClBYA 360 

1pIOklIALI. Z E  Tfl EO% E T I C h L  POSIWS,  HEVA 365 
H E Y A  370 

A N =  100. /S 01 BEVA 375 
DO 40 IX=l,NX N E V A  380 

YT (IX) =AI*YT (IX) R E B A  385 
l E V A  390 

COLLECT CHL-SQUARELL B E V A  395 
H M A  400 

CPXS=CHIS+YX /XX,XTX) *(YT (1x1 - Y X  {XX,ITS) ) **2 HEVA 405 
40 COYTIBUE HEVA 410 

C H I S Q = C l i I  S 1 E Y A  415 
IF (KPGldGT.3)  GO TO 50 BEVA 420 
CALL P P I I T S  (ITP) I E V A  425 
LF (KSTRS.EQ. 1) CALL S!J!htS(ITX) 1 E V A  130 

50 IF ( ITX-GE,NTX)  GO TO 60 UEVA 435 
I T  X= I T X+ 1 BEVA 4 4 0  

T I  MB=TI ISB +DE I T  MEVA U50 
xm=xTn+% REVA 455 
GO TO 10 & E V A  P60  

60 BEPUBU B E I A  465 
ElrlD 1891. 070 
SU BEOUT1 II 8 I Y EVA% ( P , CHIS) H u m  0 

BWEV 5 
1WEV 10 

P U I C T I O I  OF SOBilOUTXY %-'80 6EMmhTE IIA'PEPIAL TRAMSPORT PROPILES MWEV 15 
SUBJECZ TQ COUPLED IIOISTUPR I O V M E Y T  A N D  TO CALCULATE CXX- U Y E V  20 

DELT=DIGLT P azvA u45 

S Q U A R K D  POP THE P & R A I E f E i I  BBABCH. n m v  25 
a u w  30 
IWEV 35 

XISPLICIT REAL*8 (A-H,O-%) 1 Q B I  90 
RE&L*U P I A T  I U K Y  U5 

1 K T S P P , K S O U T , X S B C ~ , K B U F ? , K A n ~ , ~ ~ C , K S T E S  I U E I  55 
COBflOU/~RVA&l/TXdlS,T3( tOO.,2) .THM~100,2) ,TfM (140.2) ,DPB ( l O Q . 2 )  , HPBY 60 

1 vx  ( 1 0 0 . 2 )  ,PXP (100.2) ,VIY4100,2) i l U B I  65 
cOMJlOY/GEOII/X (1011 . B B ( Y  .DCOSB ( 2 )  ,DCDS (23 .ggLT,CHY(?,DDEM~X,.TllAY, UWEV 70  

cDIIIOII/CZEL/KPG&~ I( WTE * K * I e  EST3 B, KSTPY, ISTOP. ltSS * l tD16,  X I O U T ,  IUOU4,R QBV 50 

1 I P X ( r O 1 )  .IIB(IQ0,3) *YP&(2) *pIPST(2) r I P T S T r ( a  *#BE(2) v I T S B ( 2 ) .  I S B ( 2 , I W B V  75 
1 21 .IS ( 2 , 2 ) ,  Y Y P , Y E L , ~ ~ ~ , I B A M D . M ~ C , ~ ~ ~ . ~ S S ~ , Y B B L , ~ X ~ U I O P  umm 80 
COBIOU/IPROP/P%OP { 1,s) ,WXX IWZY 85 
COINOY/MaVM/ A ( l a  1.2) &(101,3) .P(lO1) ,aP(10 I )  .P I (101)  , R % ( l O l ) ,  I W V  90 

I DP(lOt),El(lOl),Rl(lQ1),XTMP{~O~~ .BPLX(lOl) ,EFLXP(jO%), rZ(100,2)HSEV 95 
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C 
C 
c 

C 
C 
C 

C 
c 
c 

C 
C 
C 
C 

C 
6 
C 

c 
C 
c 

cQnnon/sRP/ DELTO , C H X S O , A C C , R E D ~  TOLSTP,TOLPMI.PD 420) , PH ( 2 0 1 ,  
1 P L ( 2 0 )  ,DELP (20),PL0(2Q),PB0(20) 
DIBEWSLON P( 1) 
DATA L N D l / O /  

CORRELATE SEARCH PARARZTERS Y I T H  PHYSICAL P I B I I E T E Y S ,  

CALL BUFF8 (P) 
CtlKS=O. 

TXfiE SEQUEUCR CILCULATXOY. 

Txf iE=o .  
CALL HlNL 
I F  (KPGd, L E  3)  C A L L  PftZlFLl(0) 
DELT=DELT 0 
T I  NE-DELT 0 
I T I =  1 
XTX= B 

X i ?  ( T I U B - G E ,  TX ( I P Y ) )  GO TO 90 
IO WIF=T.'81 

XP (TXHILGTLTHAX) GO TO ao 

GEblEPATlS BESUL'PS FOR LHT&Rli%PIATE STEPS, 

CALL B T B B Y  
XP (KPGH..  LE. 3) ChLL PRINT8 ( ITkl )  

DELT==DELT* (1. +CHNG) 
GO T O  30 

20 XF ( I r E L E Q , l )  TCaMxDEL~aVI**(1.*SH16) 
DELT=TCOI/Vl ** (3 -  +C&NG) 

30  BELT=DIIMl (DBLT,DELIAL) 
TlIE=TIIB+DELT 
XTM=ITI+ '1 
GQ TO 10 

IF (KTSTP-HK-0) 68 TO 20 

CALCULATE C O U C E Y T B A T I I O l  PfOPBLE AP T I I B  STEP POP SIBXCH 
DATA IS GJCWEIY, 

310  
315 
320 
325 
330 
3 35 
300 
345 
356 
3 55 
360 
365 
378 
375 
380 
385 
390 
395 
40 0 
455 
419 
%85 
0 20 
1e25 
0 30 
035 
4 4 0  
eEBs 
4 50 
4 55 
1860 
1665 
n) 70 
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C 
c 
C 
C 
c 
c 
C 
c 
C 
C 

c 
C 
c 

c 
e 
c 

c 
c 
c 

c 
c 
C 

f P  ( K 5 T R S , E Q U I )  CALL S T P S ( L T K )  n m  4 7 5  

n m v  48s  

ITfi=XTPI+I R Y E V  5 0 0  

lUEY 480 
lCTX=ITX+l 
UELI=D ELT P nWEV 4 9 0  
TIISB=TX B E + D E  LT BUEV 995 

GO TO 10  UUEV 505 
a o  PRINT i o 0 0 0  flUEV 510 
is a RETU BM BUEV 515 

BYEV 525 
n l V A  0 
MUIA 5 
BUVA 10 

H V I A  20 SUBJECT TO COUPLED UOISTURB BOVEPIEHT A I D  TO CALCULATE C H I -  
SGUABED P O R  THE PAPAfi WER SEARCH, U H I C H  I I C L U D G S  BQTii HATIRIAL- BYYA 25 
AND UATEB-TRAYSP03T P A R A n E T  ERS- lYYA 30 

UUVA 3 5  
R Y V A  40 
U Y V A  4 5  
l l U V A  50 

XPlPLICXT PEAL*8 &A-H,Q-&) l 4 l Y A  55 
REAL*4 PBAT M U P A  60 
COMl!iOB/CTQL/KPGI~R UT3 KVI. KSTRI, KS TBU XSZQP. KSS, KDIG, RBO DT, KYOUT, I w& 65 

1 ~ ~ S T P 8 K S O U T . K S P C H , K B U f b , R A s l , R I C , K S T 3 S  B U V A  7 0  
BYIA 75 

HWOA 85  

70 PF {ETX.GE,HTX) GO TU 90 

m o o  FORBAT(/ / / / '  n A I m u n  TI#% E X C E E U E D * B  M Y E V  520 
E ID 
SU 1380UTIM E BY V AL2 P C H I S )  

PUHCTXOH O F  SUBBOUTXI *--TO G E I E B A T E  BATERIAL TIlAUSPOBT PBOFLLES n n v A  I S  

C O I i 5 O I / C P V A E / T X ~ E , T B  1 10082) I THH ( 100e2)  ,TBY (1 00.2)  ,DTH (100.2) , 
1 VX1100.2) .VXP (100 *2) .vXu(100,2~ nmva 80 

1 2) ,IS ( 2 , 2 ) ,  U Y P , N E L , Y 8 A ~ , I B A U D , U B C , I S T , n P S T , N ~ S ~ ~  MBEL,WPI,IMOR n w k  9s 

COMMOhl/GEOI/X { l a l )  , B B  42) .DCDSB ( 2 )  . DCQS (2) . D g L T . C B I G , D B L P I A X , T H A X ~  
1 IPX 1101) ,IE{100,3) .VPH[2) eNPSP(2) 8 I P T S T f i 2 )  "BSE ( 2 )  q l T S E ( 2 )  8 X S B ( Z , I Y Y I L  90 

c o a a o l i / n P a o P / P E o a  (1,5) JiXI  BPYA 100 
COUHON/HiiVAE/ A(101,2) , B ( l 0 1 . 3 )  , P f 1 0 1 ]  . R P ( l J 1 ) , R I  (101) , R B ( l t O 3 )  . MUVA 305 

1 DP[lO1] , B1( IO 1) ,aT{lQl) ,XTPIP( 10 1) . BPLX( 101) e BPLXP (101), FX 4 100.2) HYYA 1 IO 
1 8 FRAT E ( I  0) PLOY 61 0 )  TPLQY (IO) ,U . P I A T  ( 3 , s )  I W V A  115 
connola/cw I /  Y I , V I  B P Y A  1 2 0  

C O M O U / X R V / X X { l 0 0 , 5 )  ,UX(100,5) , Y X ( Y O 0 , 5 )  ,DYY [ t Q U , 5 ) ,  YT(100) r T X [ 5 )  BWYA 130 
C O ~ M ~ N / ~ I V / P I Z X L ~ ~ I  .arxu45) .urx (5). ITX. sxr nwvii 125 

1 , X Y T L ( S )  .XUTU (5) n w V A  13s 
COB&ib%/SUP/  D E L T 0 8 C H I S O ~ A C C ~ 8 8 D ~ T O ~ ~ T P , X ~ L F U ~ , ~ ~ ~ 2 0 ~  , PB (20 )  , B i m  140 

1 PL(20) . D E L P { 2 0 ) . P L 0 ( 2 Q  ,Pri0(20) 8 Y V A  l e 5  
D K R E P S I O Y  P ( 1) LlUVA $50 
DATA I Y D I / O /  n u n  15s 

ZQRRELATE SEALICII PASBIETEBS YXTE PflXSICAL PARAMETERS, umva 165 
HWV& 160 

I P V A  170 
CALL BUPPB(P)  U P V A  175 
CALL BUPPY (P) I Y V &  f8Q 

n U V A  185 
SET U P  SOPI, PRQPBBTIES, I W V A  190 

lVV& 200 
B I T A  205 

R I V A  2 1 5  
I P V A  220 
MUVA 225 

n u n  195 
CALL P m c u  

CHISaO,  awva 210 
CALL UIBE 

P I E 3  SEQUEYC E C ALCULATXOU. 

T I B E = O ,  n u i A  230 
CAU mu. n w h  235 
I4 [ K P 6 U c L K  3) CALL PRUIT8 ( 0 )  PlYVA 240 
DELTrDELTO NYVA 245 

SUVA 250 P I H W D E L T O  
B D Y A  255 

x3px= 1 MOVA 260 
10 P1P=V1 I l f l V A  265 

I Y V A  270 IF (%'Lf4E4GX4TX(ITX)) CQ TO 90 
EP ( Z I I E . G I E T I A X ) ,  GO TO 80 UVVA 275 

I P V A  280 
GE11EBAT3 RESULTS PQR I Y T E P l l E D S A r B  S P B P S .  I W A  285 

I V Y &  290 
CALL nzmN I O F I  295 

I P V A  300 

HSVA 310 

n n =  1 

XP {KFG& I%, 3) CALL P P W r t l  /I.%) 

D W a  DBLP * 4 1 
IF (KTSTP-MB.0)  GO 20 20 aura 305 

GO TO 30 nuva 31s 
+C Bp GI 
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M Y V A  320 
HPVh 325 
H Y V A  330 
M Y V A  3 3 5  
f l U V A  3 4 0  
I I Y V A  345 
f f Y V A  350 

R Y V A  360 
B Y V A  365 
P l Y V A  370 
H W V A  335 
H W V A  380 
P l V V A  3 0 5  
H Y V A  390 
MUYA 395 
H Y V A  4 0 0  
H Y V A  405 
HUVA 410  
IWVA 1015 
IW71 b 2 0  
I Y V A  425 
H Y V A  430 
I B V A  e35 
EUBA 4 4 0  
U Y V A  4 4 5  
B Q V A  458 
HUYA 455 
M Y V A  u6a 
B Y V A  465 
R Y V A  470 

B U V A  480 
M Y V A  485 

H U V A  495 
HPVA SOQ 
S W V A  SO5 

UBPI 515 
BWWB 520  

HUYh 530 
@IW& 535 

P V A  500  
EVVA 595 
PI188 550 
B a V A  55s 
HIBBA 560 
I l T A  565 
N H Y A  570 
BWP 0 
BUFF § 
Bum? 10 
BUPP 15 
BUPF 20 
BUPP 25 
BUFF 38 
BUFF 35 
BUFF 40 
BUPP 15 
BOPF SQ 
BUFF 55 
BUFF 6Q 
BUYP 55  
BWPP 7 0  
BUFF 7 5  
B U P I  BO 
BOPP 8 5  
BUFF 90 
B W f  95 
BUPP 100 

B u m  110 
BOPP 115 

nuvA 355 

mwa laas 

n w A  498 

i w a  510 
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BETUBN BUFF 
EUD BUFF 

C UZVA 
C UEVA 
C FUNCTION OF SUBROUTINE--TO EVALUATE CHX-SQUAitED FOB T H E  MEVA 
1: HATER-TRANSPORT C A S E  BEVB 
C PEBA 
C HEVA 

IISPLXICXT REAL*8 (&-H,O-X) UEVA 
CUl~ON/C4BL/KPGB,KMTR8KO10KS4EM8 K S T B U , I S ~ O P .  KSS,KDIG,KROUT, KYOUT, WEVA 

YEYA 
COMNO~J/MLI~ITG/ wmiii I NOEDEP, NXTP, r i+nnxN, I G S S .  rrnru,  IGSSV ( 3 )  YEVA 

UEYA 
c o a n o w / x r v / a r x L ( 5 )  , H Y X U ~ ( ~  .mrux(s) , NTX, t ~ x r  YEYR 
COHHON/XflV/XX(lQ005) 8tiX,(100.5) ,YY(IOO, 5) , D Y i  (100,5J, YTi  100) ,TX (5) YEVA 

1 .XYPL(5)  .XYrnU(5)  WBVA 
Y E V A  

1 VSUP2(50)  , F ( ~ ~ ) , ~ ~ A ( 5 O ) , Q G ( 5 O t , T a l a P o  , A K G S S ( 2 3 2 ) ,  DGSS(212) I YZVA 
1 TPTTIIISO) ,ITB,JZ€i,NGSS 

S U B R O U T I N  E Y EVAL /P .CHIS) #EVA 

1 K T S T P ,  KSOUT , KSBCH . RBUPP, KBYL, KLC, ISTOS 

COBHOM/TU TR/T ( S O )  NT 

CoaMON/XVeR/XSUPl (50)  ,XSUPZ(SO) , T B P ( 5 0 )  , d L P ( 5 0 )  ,VSUP1(50] 

C 
C 
C 

C 
c 
C 

c 
C 
C 

C 
C 
C 
C 
C 
c 

COH8OU;SBP) DELTO,CHESO,  ACC,BED, TOLSTP,T'OLPUU,PO (20) . PH (20) , 
DEUEIYSIOU P( 1) 

1 P L ( 2 0 )  .DELP (20) .&'LO (20) .OXO ( 2 0 )  

COfMLELATE SEARCH PhfAilETBQS WITH PHPSXCAL PABAIETEBS, 

CALL BUPPW(P)  

SET UP S O I L  PROPERTIES. 

CALL PYCAL 

TllE SEQUEBCE CALCULATION, AND COLLECT CHI-SQUARED, 

cHIS=O. 
CALL WXYL 
I?!MXCI= 1 
DO 20 ITlS=l,klTX 

S X = N Y X  (ITd!) 
TIHE=TX ( I r a )  
CALL UEYTP ( T H E )  
CALL YTIHB [TCAL) 
CALL YTBH2 
CALL SUPREP ( I T B )  
DO 10 XX=l,MX 

CBIS=CHES+YX (XK,Ll' iI)  * { X T ( I X )  - Y X ( l X , I T I ) ) * * 2  
10  COBTIIIQE 

ciiiso=cnxs 
IF ( K P C L G T . 3 )  GO TO 20 
CALL P B I l f S  {KTB) 
TP {&STBS, EQ, 1) C A U  STBS (ITH) 

20 COMT'IYUB 
REPURIl 
EY D 
SUBROUI'XYE SYPBBP(XTI) 

PUNC4IOU OF SUBBOUTSY E-W PPEPABE TH% YATBP CUETENT POX COWLPIPISOBI 
UITB EXPEBXIEBTAL DATA. 

120  
125 
0 
5 

1 0  
15 
20 
25 
30 
35 
40 
95 
50 
55 
50  
65 
7 0  
75 
80 

Y E V A  85 

Y E Y A  95 
U E V A  100 
YEVA 105 
#EVA 110 
UXVA 115 
HEVA 120 
YEVA 125 
YEVA 130 
UEYR 135 
UEVA 1 U O  
WEVA 145 
MEVI 150 
YBYA 155 
Y E I A  160 
WEVA 165 
YEVA 170 
YEOA 175 
UEVA '180 
UEVA 185 
YEVA 190 
YEVA 195 

YEVA 205 
YEVA 210 
YEVA 215 
YEVA 220 
YEW& 225 
YEVA 230 
YEVA 235 
PEYA 240 
YEYJL 245 

UEYA 255 
SIlPP 0 
SYPP 5 
SVPP 10 
SUPP 15 
SUPP 20 

SYPP 30 
SUPP 35 
SYPR P O  

mEvA 90 

uxva  200 

u m a  250 

sap% 2 5  

'P 
% 
'E 
'a 

'E 
'P 
'f 
'a 
'f 
'P  
'P 

In 

05 
50 
55 
60 
6 5  
7 0  
75  
80 
85 
90 
95 
IO0 
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C 

c 
C 
c 

C 
C 
C 

c 
C 
c 

c 
6 
C 
C 
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RETUBP 
LO HrlYF=i 

THO=PBOP (BTY P, 4 )  
T H I = P B O P ( I T Y P ,  5) 
RETUBN 
END 
DOUBLE PRECISION F u l i c T i o n  YLAC (XI, ~,r,m~i,er ~ , I ~ N , I ~ X ~ X E X ~  

C PBOGPAB AUTBO3S A- A, BROOKS A N D  E-C- LONG6 
C Z O H P U T L I I G  TECHNOLQGP C E B T E B ,  UBIOl CALBBIDE C O W . ,  NUCLEAR DIV., 
C Q A K  R I D G E ,  TEN#- 
C 
c 
C 
c 
0 
c 
c 
c 
C 
C 
C 
c 

10 

21) 

30 

40 

50 

6Q 

7 0  

8 0  

90 
100 
1 i o  

120 
13Q 

LAGBAHCIA N I I T E f W ) L A P I a Y  
X I  IS IUTBPOLATHD E l T B Y  I N T O  X-AEPAY 
tl IS THE O R D E B  09 LAG-BA~#GRAB IBTEXPOLATIOI  
X I S  ABBAY PROP( YHICH Y L A G  SS OBTAINED BY IITERPOLATION 
XND IS T H E  M I N - 1  F O R  X(K).GT,Pt  
IF I U D = O , X - A B B A Y  WILL BE SEARCHED 
I B K N  IS 8 1 8  I H R E X  POY S E A R C H  OF X-ALIIBAY 
ILlAX IS I A X  I N D E X  OP I(-AND Y-ABBAYS 
EXTRAPOLATION CAH OCCUR*fEX=-l  OR +1  

DIElENSION X(l) . P C I )  
DOUBLE PBECISIOlY P .D, S,XD. XI, X. T , P LAG 
IPD. .  IN D? 
n=Bi 
I E X = O  
I F  ( L L L X I A X )  GO TO 10 
U = I X A X  
IEX=I 
XI' (IllD.6T.O) GO 'PO 40 
DO 2 0  J = X B I I Y , I i ¶ A X  

IF (XI-X (J) 1 30,130,20 
COUT III U E 

IEX= 1 
GO TO 70 
XNW J 
I H X U  = J 
I F  ( X N D , G T , I )  GO PO 50 
IEX=-'1 
IULsXUD- (1+1) /2  
iP ( I H L G T - 0 )  GO TO 6 0  
XNL= 1 
It4 W I  NL+B-1 
1P ( 1 U U - L E . I L I A X )  60 TO B O  
X I L = I E A P - N +  1 
1% U= I I A X  
s=o, 
P = l *  
DO 110 J=IYL,IIb)U 

P = P * ( X I - x  43) J 
D = l -  
DO 100 x = I u L , s n u  

If (EIIE-J)  60 190 90 
ID= X i  
GO TO 100 

DrD* ( Z D - X  &) 1 
XD=X{J) 

S=S*T (J)/D 
YLAG=S*P 
REPU%% 
Y L A 6 = 1 1 ( 3 )  
nuti = ~ * i  
GO TO 120 
Ell D 

BUFF 185 
BUFF 190 
BUPP 195  
BUFF 200 
BUPP 205 
BUPF 210 
ILAG 0 
Y L A G  5 
YLAG IO 
I L A G  I5 
YLAG 20 
YLAG 2 5  
Y L A G  38 
YLAC 35 
YLAG 4 0  
YLAG 4 5  
fLAG 50 
Y L A G  55 
YLAG 60 
ILAG 65  
YLAG 70 
PLAG 75  
Y L A G  80 
Y U G  85 
YLAG 90 
Y L A G  95 
YLAG 100 
YLAG 105 
YLAG 3 9 0  
YEA6 115 
Y L A C  120 
YLAG 325 
YLAC 130 
TLAE 335 
YLAG 1Q0 
Y L A G  145 
YLAE 150 
YLAC 355 
XLAG 160 
Y L A G  165 
YLAG 370 
X U E  9 1 5  
PLAG 360 
YLAC 185 
ILAG 190 
f L A 6  195 
YLA6 200 
YLAG 205 
YLAC 230 
YLAG 215 
YLAG 220 
YLAG 225 
Y L A G  230 
Y L A C  235 
WWG 290 
YLAG 2Y5 
ILAG 250 
lLAG 25s 
ILA6 260 
YLAG 265 
YLAG 270 
ILAC 275 
YLAG 280 
P U G  235 
ILAG 295 
SBAR 0 
SEAR 5 
SEAS t o  
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c 
C 
c 

C 
6: 
c 
c 

O A K  RIDGE, P E I N -  

B E A L * 8  

I N T E G R B W  R V S  (20) 
IF (KPBS, G T - 0 )  B P l l T  10600, I P , & Z F t I I .  ~CC,RBD,TOLSTP,TDLPUN, 

I C O N V  = 0 
IEXP-O 
DO 1 Q  I = l , N P  

P ( 1 )  , PL ( 3 )  # PH (1) *DELE' (1) , BP (20)  , A C C s d  ED, T O L S T P ,  T O L F U I , F ' B ,  
1 Pi?. FBP.STOR , TEAP, PAT,  EBAL 

1 (PH(1) , P ( I )  ,PL[X) ,I=l.i?JPJ 

IP (P(X)-GT-PH(I))  Pi(X) = P F I ( X )  
IF ( P ( I ) ~ I T , P L / I ) )  ?AI)  = PiA(&) 
X P  [PH (I) .EC,PL(I) D E I P ( 1 )  = 0 , D O  

i o  B P ( X ) = P / I )  
N P U I I =  1 
CALL E V B L  ( P , P B )  
PP=PR 
P B P P B  

IF ~ U ~ ~ ~ ~ G E - ~ X ~ ~ ~ ~  G O  TO 2 2 0  
I F  (KPBS,GT,O) PBINT 11000, UFIIN 
I. P (KPBS, CT,  0)  PRI I T  40700, PBP,  ( B P  (I)  , I=3 ,HP) 
I F  (KP89,GT-0) PBXNT Pi700, J D E L P ( I ) , T = I , Y P )  

20 iWFAL=O 

S T A P T  THE EXPLOBATQBX Loop. X F  IBXP = I ,  THEN I T  HQLLOYS A 
P A T T E B ~  aova, IB IT PS a ,  T E E N  IT POLLOUS a m s E  eolHr. 

X P  (KPRS,GIP.  1 )  PBIIHT i o m o  
DO 120 X = l , N P  

PVS(I) = a 
XP (DELP[I),EQ.O,OD0) GO TO 110 
STOR = P(1) 

~trr  T H E  X-TH v a u I i w  BY ITS CURRERIT SEEP ABD CHECK P O D  
A M Y  PAIGB LINXTATIOIS ,  SHECK THE PIIElCTIOhT 
lEId POIIIT A G A I N S T  FP FOE 1. 

@ ( I ) = P ( I )  + D E L P ( X )  
IF ( P ( I )  GT,PB(I) .O$,P(I) , L T , P L ( X )  1 GQ TO 40 
IF (KPRS,GT,  1) PRXMT 10100 
UPIII=NPUN + 1 
CALL EVAL (P,PB) 
IP (KPIIS.CT. 1) P R I N T  1080Q, I ,  PB, (P( ,d)  .J=l.UP) 
IF ( P B , G E , F P T O Z P U M * D A B S  (Pi?)) GO TO 440 
LF ( I E X P . U B , O )  GO TO 30 
$P (KPaS.GT.1) P B E I T  10200 
DELP {I)  =B&L.D (1) *ACC 

GO TO 120 
39 P?=88 

40 ?(I) = STPR - D E t P ( X )  

SEAR 50 
SEAR 55  
SEAR 6 0  
SEAR 65 
S E A R  7 0  
SEAR 7 5  
SEAR 80 
S E A R  8 5  
S E A R  90  
S E A R  95 
SEAR 100 
SEAR 105 
S E A B  110 
S E h B  115 
SEAL3 120 
S E A R  125 
S E I 8  130 
SEAR 1 3 5  
SEAR 140 
SEAR 1 4 5  
S E A R  150  
S E A R  155 
SEAR 160 
SEAR 165 
SEAR 170 
S E A R  175 
SEAR 180 
SEAR 185  
SEAR 190 
SEAR 195 
SEAB 200 
SEAR 205  

SEAR 2 1 5  
S E A R  220 
SEBB 2 2 5  
SEAR 230 
SEAR 235 
SEaB 20Q 
SBALBL 245  
SEA% 250 
SEAR 2 5 5  
SEAB 260 
S E I I P  265 
S E A R  2 7 0  
SEA$ 275 
SEAR 200 
SEAR 2 0 5  
SEAR 2 8 0  
SBABI 295  
SBIR 3 0 0  
SEAB 305 
SEAP 310 
SEAR 315 

SEAR 325 
S E U  3 3 0  
SEAR 335 
SEAB 3@Q 
S E A R  345 
S E A R  350 
SEAR 355 
SEAR 360 
S E A 8  3 6 5  
SEAR 3 7 0  
SEAR 375 
SEAR 380 
SEAR 385 
SEAS 390 
S E A R  395 
SEAR 400 
SEAlP Y O 5  
SERB 430  

SEAR 420 

SEAR 2 1 0  

S E A R  3 2 0  



149 

C ABS (€'(I)) TOLSTP M S E E  IP THE DELP ES AT ET5 H I l I I U M .  
C 

1F (KPRS-GT-1)  PBXNT 30400 
DELP (I) =DELP / E )  *RED 
P E M F = D A B S  ( P  (XI) /DELE (It) 1 * T O L S r P  
I F  (1, DO-TEW) 70,80,100 

7 0  DELP (I) =DELP (I) *TEMP 

IP (l.DO,CE,TELLP) GO TO 110 

G O  TO 110 
IOCI T E n P = l , ~ l O / a A B S ( D E L P ( I ) )  

ZP (1, DO-TEMP) 90,110,120 
110 tlNPAL=RNPAL + 1 
1.20 CONTIHUE 

8 0  r E n P = 1 , D - l O / u a B S l D E L ~ ~ X ~ )  

90 DELP (I) = D E L P ( I )  *TEBP 

1P [ (FBP-PP) -IE..TULFUN*DABS[P%P) ) GO T O  350 
C 
C 1 F  THE FUNCTION VALUE AT THE BEY POINT IS L E S S  TIihN THE PUNCTIOLS 
C WALUE AT THE OLD POXtiT [BASE POINT) TlIYUS EOLPUN * ABSIOLD 
C P O i l i T )  ACCEPT A S  A BETTER POINT. XP MOT, GO TO STATEIIEIT 140 
C 

IF (KPBS.GT.0) PRINT 10500 
IF (KPBS. G1P-2) PRf IT 17200, lPUM 
DO 130 I = l , U P  

X P  [ 3 Y S ( X ) , E Q , O )  GO 40 130 
DSLP (I 1 = -DE&P {I) 

130 CO1ITIIUE 
PBP= PP 
DO 1UO E = l , N P  

PAT=BP (I) 
BP (I) =P (I) 
P 1x1 = 2- DO * iw(rj - PAT 

P (1) =DHII a (P(I) ,pti (11 ) 
F ( I ) = D U A X l  (P(1) r P L ( 1 ) )  

140 
WPUP==BPUN + 7 
CALL EFAL (P, PP) 

c 
C PEilEOBB THE PAlTEBbl I Q V E  A S  2. * NEU POIYT - OLD P O X U 4  AND 
C U S E  TPE PUIICTXOI VA&UE AT THIS POXUT AS THE VALUE OF PP. 
6 

GO TO 20 
150 IF (IEXP.EQ.l) GO TO 170 

c 
C B A S E  P O I S T  EXPLORATOPY l Q D E  PAXLUPE . 
C 

IP ( B N F A L - C L I P )  GO TO 190 
XP (KPRS.GT.2) PPSYT l l sO0  
DO 160 I = I , M P  

IP ( R Y S ( I ) - E Q - O )  GO Z'O 160 
DELP (I) = -DELI? (I) 

160 COUTIMUB 
GO TO 20 

'170 lBXP = 0 
c 
C PATTXRl flODE BIPT.OBATO%T PAZLUPE. R B S ' f O f E  D I D  
C REVERT TO 0 A S B  UODB EXPLOBAITIOY 
c 

P P  = PBP 
DO iao I=I,UP 
IF [upas, G.L, 2)  BPXMT 1 is00 

180 P(1) = ai?(&) 

GO TO 20 
IPO IF ~ P P , L E . P B P )  GO TO 214 

C 

BASE POSFT AUD 

C THE PPOGPAl ASSUMES THAT ZS HAS ?CXl1ID A L O C a  l I U X l i l l l  SIYCE 
C EICIi VARIBLB BAS BEACCBBD I3.S lS1IIUM STgP SLIR 
C 

;PP=PBP 
DO 200 I = l , Y P  

200 P Q) 5BP (I) 
210 1P ( I P f S . G T . 0 )  PSISS 11.190, PP, (P( fd  , I = Y $ U P )  

r0 = ?P 
IF (KPIS-61-5) P I L n  11000, WgY 

SEAR 4 2 5  
SEAP b30 
SEAR 435 
SEAR 4 4 0  
SEA8 U45 
SEAR 450 
SEAR 4 5 5  
SEAR 460 
SEA8 465 
SEAR 470 
SEAR 4 7 5  
SEAR 480  
S E A R  U 8 5  
S E A 2  890 
SEAR 495 
SEAR 500 
SEAR 505 
SEAR 510 
SEAR 515 
SEA% 520 
SEAR 525 
S E A R  530 
SEAR 535  
SEAR 540 
SEAR 545 
SEAR 5 5 0  
SElrR 555 
SEAB 5 6 0  
SEAR 565 
SEAR 570  
SEAR 575 
SEAR 580 
SEAR 585 
SEAR 590 
SSIB 595 
SEAR 600 
SEAR 505 
SEAR 610 
SEAR 615 
SEAR 620 
SEAR 625 
SEAR 630 
SEA3 635 
SEA3 640 
SEAB 6U5 
SEAP 650 
S E I R  655 
SEAR 460 
SEAS 665 
SEAR 670 
SEAX 675 
SEA3 680 
SEAR 665 
S E A 8  690 
SEAD 695 
SEAR 700 
SBAP 705 
SEAR 780 
SBAJI 715 
SBAP 720 
SEAR 725 
SBA8 7 3 0  
SEAS 735 
SEA€! 740 
SEAR 745 
SEAR 750 
SEA8 755 
SEAR 764 
SXAR 765 
SEIP 770 
S E A R  775 
SEAR 760 
SEA0 785 
S B A f  790 
S L I D  795 
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c 
c 
C 

S E A R  8 0 0  
SEAR 805 
SEAR 8 1 0  
S E A 8  8 1 5  
SERR 820 
SEAR 8 2 5  
S E A R  8 3 0  
S E A R  835  
SEAR 840 
SEAR 845 
SEAR 850  
SEAR 855 
S E A R  860 
SEAR 865 
SEAB R 7 Q  
S E k R  8 9 5  
SEAR 880 
SEAR 8 8 5  
SEA@ 880 
SEAB 895 
SEAM 900 
SEAR 905 
SEkB 910 
SEAR 915 
SBAB 920 
SEI8 925 
S B A R  930 
SEAR 8 3 5  
SE8B 940 
SFAB 9 4 s  
SEAR 950 
SEIH 955 
SEAR 960 
SEAR 965 
SEAR 9 7 0  
SEAR 975 
SEAR 980 
GhUS 0 
GAUS 5 
G A O S  10 
GhBS 15 
GAUS 20 
GAUS 25  
GhaS 30 
G A U S  35 
GhUS Ih0 
GAUS 45 
GAUS 50 
GABS 55 
G A U S  QQ 
GAGS 6 5  
G I a S  7 0  
GAUS 75 
GAUS 8 0  
G A O S  8 5  
GAUS 9 0  
GADS 95  
GbUS 100 
GAUS I05 
GADS 110 
GAUS 1 1 5  
CAUS 120 
GABS 125 
G M l S  130 
GaOS 135 
GADS 1QQ 
GAUS 185 
GAUS 150 
CAaS 155 

GIUS 165 
GAQS 110 
GADS 175 
GADS 180 
GAQS 185 



15 1 

GAUS 190 
GAUS 1 9 5  
G B U S  200 
GAUS 205 
G A U S  210 
GABS 2 1 5  
GAUS 220 
GAUS 2 2 5  
G A U S  230 
C A D S  235 
GAUS 2 4 0  
G A U S  2 4 5  
G A U S  250 
G A U S  255  
GAUS 260 
GAUS 255  

G A G S  275 
C A U S  280 
GLUS 285 
G A U S  290 
6AUS 295 
G A U S  300 
G A U S  305 
GAUS 310 
G A U S  315 
GAUS 320 
CAUS 325 
G A U S  330 
G A O S  335 
G A U S  3U0 
G A B S  345 

/ GAOS 350 
G A U S  355 
G A B S  360 
G A U S  365 
GAUS 370 
G A U S  375 
SAUS 380 
G A U S  385 
G A U S  390 
G A U S  395 
GAUS 400 
GAUS 405 
G A U S  U10 
GAUS 915 
CADS U 2 0  
GABS 625 
GADS 430 
GAOS U35 
GAUS 440 
EAUS UU5 
GAUS 450 

G A U S  2 7 0  
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APPENDIX C 

DEFINITION OF INPlJT PARAMETERS 

Parameters are listed below by input data-set nuriilms in the order o f  their 
occurrence in the “Data Input Guide.” Such an  ordering scheme facilitates easy 
cross-referencing between Appendices C and D. 





1. KPGM 

NPKOH 

'1 17 I.E(I) 

2. N N P  

NEI. 

NMAT 

N C M  

N1'1 

NRC 

NS T 

K V I  

KS I K M  

KSS 

The program option parameter. If  its value is three o r  less, then a simple 
one-shot calculation is performed with no opr.imization. J f  KPCiILl = I ,  then 
only the mass transport is determined. If KPGM = 2, then only the wakr 
transport i s  obtained. If, however. K I W M  = 3 ,  then a coupled 
(mass-and-water) transport calculation is performed. For  values greater than 
three, parameter optirnizatiori is performed. For K PCiM xy 4, only the mass 
transport is considered. For  K P G M  1 5 ,  only the water transport is 
considered. For K P C M  ~-I: 6 coupled transport is considered, but only the 
mass-transport pararneters may be wried in  the optimiTation, o r  automatic 
search, process. The option KPGM = 7 is identical to the KI'GICI 1:: 6 
option with only one exception, namely that an autoniatic search 01 both 
mass- and water-transport occurs. 

A problcm identification number. 

An array containing the title of the problcm. 

Number of nodal points 

Nurriber of elemcnts. '['his parameter is overridden and set to 
NELI., -4- NELCJ if either of  the latter is nonzero. 

Nunibei of dtfterent types of soils comprising >system 

Number o f  correction materials 

Number of time increments. 

Number of Dirichlet boundary conditions 

Number of Neurnann boundary conditions (siiIfacc terms) 

Velocity input control parameter. 

Control parameter for storage of mass-transport on auxiliary storage. If 
K S I ' R M  = I), there is no storage, but if it does not equal 0 ,  there is storagc 
on logical unit 1 via subroutine S'T'KM. (Sec Appendix B for a listing of this 
routine.) 

Stcady-state control. I f  KSS = 0, the steady-state solution i s  obtained. If 
KSS == 1 ,  transient-state solutions art' obtained. 

Time-step control. Via this parameter the time step i s  varied ciiher 
exponentially, K7'S'T'P = 0, or as a power law of the end-point I k c y  
velocity V 1 ,  K'T'STP Z 0. 

NELL 

N E L U  

Number of elements for which x r XO. 

Number of elements for which x > XO 
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NNOR 

KIC 

KMESH 

3. DLLT 

CHNG 

DELMAX 

TMAX 

W 

XO 

XMX 

DXLl 

DXUI 

VX I 

4. KPRO 

KPR(1TM) 

5 .  PROP( 1,J) 

6. NJ 

X(NJ)  

Time integration parameter. If  NNOR = I ,  then integration proceeds as 
described in Chapter IV,  Section 5 .  Otherwise Norsett integration 
O(At**(NNOR+I)) is used. Acceptable values are NNOR =:: 1 ,  2, 3, and 5.  

Initial-condition control. If KIC f 0. then the initial conditions are hulk 
concentrations. Otherwise they are fluid concentrations. 

Mesh control parameter. If KMESH = 0, then a free-form input is used 
with partial automatic generation. If KMESH = 1. then complete automatic 
generation is specified. If KMESH = 2. then there i s  no automatic 
generation, and a compressed-form format is used. 

Initial time increment ... T. 

Parameter used for changing the time increment __. (dimensionless) 

Maximum value of DELT _.. '1 

Maximum value of the time ... I' .  

Time-in tegra t io n para meter . . , (d i men sio nless). 

Variable-mesh parameter. Position ahnut which Lariahle me\h 1s 

concentrated ... L. 

Variable-mesh parameter. Length of chromatographic column ... L. 

Variable-niesh parameter, X-increment immediately below point XO ... L. 

Variahle-mesh parameter. X-increment immediately above point XO ... L. 

Space- and time-independent Ilarcy velocity ... L,  T 

Printer control for steady-state and initial conditions. If KPRO = 0, there is 
no  output. If  KPRO - 1. only integrated flow variables pertaining to the 
material balance are printed. if KPRO = 2. then both bulk and fluid 
concentrations are output. If  KPRO := 3. material fluxes and those variables 
mentioned previously are printed. Finally, if KPRO 2 4. then water 
contents and Darcy velocities are also output. 

Printer control similar to KPRO used to control timedependent output. 

Material property J for soil type I .  In terms of the formal names given in the 
chapter on notation. PROP(I.1) = k,, ,  PROP(I,2) = p. PROP(I,3) = a [ ,  
PROP(1.4) = 0, .  and PROP(1,S) = n _.. (variable dimensions). 

Nodal-point number 

X-coordinate of node NJ ... I,. 
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7. 

8. MI 

1 E( M 1,1 j 

9. MI,MK 

MTYP 

I O .  NJ 

N N J )  

1 1 .  

12. n-1 

BHI 

13. N1 

El 

14. VX(MI.IQ) 

15. TH(MI,IQ) 

16. 

17. 

18. KWTR 

N 'IT AB 

See definitions f o r  item 6 

Element numbcr. 

Element definition array. Entries IE(M1,I) and IE(M1-2) are numbers of the 
two nodes which subtend element 
material type. 

Element numbers. 

Material-type index. 

Nodal number. 

Fluid or  bulk concentration c or ct, . 

M I ,  whereas IE(M1,3) identifies the 

M:'J,**3. 

See definitions for item 10. 

Nodal nuniber 

Fluid concentration of boundary node N1 ... M/ 1.,**3. 

Nodal number 

Material flux at boundary node. If the direction is along the positive X axis. 
then i t  has a positive value, otherwise it is negative ... M/1,**2/ r. 

Darcy velocity at node IQ of elenierit M I  ... L/T. 

Water content at node IQ of element M I  ... I2**3iL,**3. 

See iteni 12. 

See item 13. 

Water-transport control parameter. This parameter is operativc only if 
KPGM = 2. I f  KWTR ~ z z  0, then only the tabular function t(W1) is 
obtained. If KWTR I ,  then, additionally, the first-order calculations for 
x") and V") are determined. 

Number of evaluations of the tabular function t(Wi). 
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NT 1 he number of simulation times to be considered. 

NTH The number of values of 0 to be used. 

NKPAR Number of conductivity parameters to be input. 

NCPAR Number of capacity parameters to be input 

NORUER Order parameter for the Gauss quadrature algorithm when applicd to the 
in tena l  (8, ,. O,), 1 < NTH. NORDER IS the number of integration points to 
be inserted into each interval. 

NORDERI Same as NORDER except that it is applied to the interval (0, I .  O,), 
i = NTH.  1-ypically the diffusivity is a strongly vai-yiiq function of water 
content in  this region, and a higher-.ordered Gauss integration scheme must 
be used. 

NITP 

K S  1'K W 

KMESPI 

KANL 

19. THO 

T H  1 

EPS 

DAkPl 

20. AKPAR 

21. CDPAR 

Number of Lagrange interpolation points to be used in all water-transport 
calculations requiring interpolation. 

Control parameter for storage of water-transport output on auxiliary 
storage. If KS TRW = 0, there is no  storage, but if it docs not equal 0, there 
is storage on logical unit 2 via subroutine STRW. (See Appendix B for a 
listing of this routine.) 

Mesh control parameter. If KMESII  = 0. then a uniformly spaced 
water-content grid is uscd. If K M E S H  .t' 0. then a variable grid is specified. 
Typically one desires to concentrate the mesh near the largest water content 
where a (NTH) = I .  The next lower value is then 
a ( N T E I )  = 1 - DALPI, where the latter is an  input quantity. 

Analytic soil-properties control. If  KANI, = 0, then tabular soil properties 
are used. If  K A N l > f  0. then Gardner and King analytic properties are used. 

Initial and residual moisture content ... L**3: L**3. 

Boundary nioisture content and porosity ... 1.**3/ L**3. 

Angle of inclination t ... (degrees). 

Variable-mesh increment between N = I and its nearest neighbor ... 
(dimensionless). 

Conductivity parameters ... (variable dimensions). 

Lhffusivity parameters ... (variable dimensions). 



22. V I N  

24. NP  

KPRS 

MXFUN 

KWT 

NSCY 

KS I R S  

25. izcc: 

KED 

I'QLS'I-P 

End-point Darcy telocity VI in units uf the 5aturated conducthity ... 
(dimensionleas). 

1 he simulation time ... T. 

Nilinher of search parameters. 

Output flag. 111 KPRS = 0, there is no intermediate search output. If 
KPKS = 1 ,  base points ;1od current step sizes are printed. If K P R S  = 2, 
then there i s  output as f o r  K P K S  = I plus exploratory search information. 
If' K P R S  := 3, then there is output a s  f i x  K P R S  = 2 plus pattern search 
info rrnat ion. 

Maxiinurn numbei cjf function ev,aluationa allowed in jentching for the 
maxiinurn o f  the >i' hurfacc. 

Cont.rol parameters for adjusting statistical weights. If KW-T = 0 ,  then the 
cxperiinenta! error is taken to be the square root of the experirrlental value. 
If K W T  ::= 1,  ;i percentage error (Cw'1') is taken. For KW'l '  2 2 
experimental errors are input. For K W T  := 3 ,  the statistical weights 
obtained from thc cxperirnental errors are set to zero for all X X  XWT. 

Number of time$ for which experiinental data are input 

If K B N D  := 0, all parameter ranges are unbounded. If  K B N I I  :# 0, then 
upper and lower bounds are input for  each search parameter. 

Number of search cycles. 

Control parameter for storage of optimized profiles on auxiliary storage 
(tape or disk). If  KS-T'KS = 0, there is (io storage crn punched cards via 
subroutine S'TKS, ( S e e  Appendix B fo r  a Listing of  this routine.) 

Acceleration parainetcr for the step s i x ,  i.c Ap,(new) 1:: AC'C*Ap,(old). 
ACC ::= 1.2 is typical _ _ _  (tiimensionless). 

Kediiction paratnett:r for the step si7e, i .c. Ap,(new) == RED*Ap,(old). 
€<ED = 0. I i s  typical ... (dimensionless). 

Step-size tolerance. Generally, the szarch is terrniaated whenever 
lAp,/p,  I < 'T'QLS'I'P tor  all parameters i. TOLSTP 1.1 0.001 is typical ... 
(dimensionless). 

'I'olernrice in the function X?.  Generally, the search is terminated whenever 
the I AX'/ X' 1 < TOLFIJN. ' 1 ' 01 ,F l lN  = 0.001 is typical __. (dii-rien~ir,nless). 

Step s i x  par:trnetcr. Initial11 the s e a c h  step si7es are taken to be 
. lp ,  - RI)P*p, for nll parameters i ... (dimensionless). 

Statistical weight parameter . . . (cli rnerrsionless) 
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26. P(IP) 

27. 

28 

29 

30. 

31. 

32. 

33. 

34. 

35. 

Starting values for parameter search. The meaning of this array depends on 
the program option. If KPGM = 4. then P contains only the mass-transport 
quantities k d ,  p ,  al,, 0,. and n, in that order, for IP = I (  l)5. If KPGM ~::: 5 ,  
then P contains only the water-transport variables K,. h,,, d.  j3' h,',, d', O,, - 0 ,  
and 01 = 0, in that order. for IP :I= I (  1)X .  Option KPGM = 6 requires only 
the mass-transport input just as  for KPGM = 4. Option KPGM = 7, 
however, requires input appropriate for both mass and water transport. Thus 
P(IP) contains quantities k, , ,  p, a l ,  8,. and n for IP = 1(1)5 and quantities k,.  
h,,, d ,  j3', hh, and d'  for IP = 6( I ) I  1 . . _  (variable dimensions). 

IPA(ISCY,IP) Search parameter indices. A search is carried out on  parameter It '  on search 
cycle ISCY only if IPA(ISCY.1P) f 0. 

PH( 1P) Upper bounds for parameter P(1P). These parameters are operative only if 
KRND f 0 ._. (variable dimensions). 

PL( 1P) Lower bounds for parameters P( 1P). These parameters are operative only if 
KBND f 0 . _ _  (variable dimensions). 

I X( ITM)  Expel irnental time:, _._ I .  

NYX( I T M )  Number of points in experimental water-content: conccntration profile at 
time 1'1-M. 

XX( lX, l l 'M)  Experimental X-coordinate of point 1X a t  time ITM _.. I 

YX( IX,ITM) Experimental water-content:concentration value a t  point IX and time I I M 
.._ (vatiat~le dimensions). 

DYX( IX.ITM) Experimental error in the water-content, concentration measurement a t  
position IX and time ITM ... (variable dirnensions). 

XWI'L(1TPM) The statistical weight is set to zero for all X X  > XWTI.  ... I 

XWTU(1 I'M) Similarly the statistical weight is set to 7631-0 for all XX > XWTU _ . .  L. 

-~ 

The notation IP 1(1)5 meaiis that 1P -= 1. 2, "_., 5 .  



161 

APPENDIX D 

DATA INPUT GUIDE 

[his appendix and Appcndix C both pertain to the data input. Here the 
input data organization and format are prescribed. Appendix C gives a definition 
of each input parameter. 
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1. Problem identification. One card per problem. 

List: K PGM,NPRC~B,(rlTI,E( I),I= I ,  I$) 
Format: 215,8A8 

Muss-transport input. The following set of data ahould he included only if mavAranxport is 
specified above. Specifically, only if  KPGM = 1.3,4,6, or 7 should card sequcncer 2 19 appedr 

2. Mass-transport integer control parameters. One card per problem. 

List: 

Format: 1615 

NNP,NEI,,NMA'l ,NCM,NTl.NRC,NS I ' ,KVI,KS I KM,KSS,KTS l-P,NEL.l., 
NELU,KNOR,KIC,KMESM 

Note on Durcy velocities and water conterm. Five quantities must be considered whenever an 
uncoupled calculation (KPGM := 1 ,  or  4) i s  performed. 'fhcy are KVI, the control integer listed 
ahove, the input velocity parameters VXI and VX(M,IQ), and porosity n = F'ROP(1.S) and water 
content 'TH(M,lQ]. If K V I  = 0, then the 131rcy velocity a n d  water content arc takcn to  he the 
spatial and temporal constant VXI (card-set 3) and n (card-set 5 ) .  respectively. If  K V I  ::= I ,  then one 
spatially dependent array VX(M,IQ) (card-set 12) and one spatially dependerit array '1 H((M,IQ) 
(card-set 13) are used for all time steps. Finally, if KVI = 2, time dependence is allowed, as well its 
space dependence, so that arrays VX(M,JQ) and '1 H(M,LQ) are input  for each time step (card-sets 14 
and 15). 

Note OPZ variubke time mesh. By appropriately specifying control parnrneter K? STP, the time step 
may be varied either exponentially 

DEL'l' = DEL,T*( 1 .+CWNG), K'lSTP = 0 

or as a power law function of the endpoint Darcy velocity V1 

The initial value of time step DELT and the value of parameter CHNG appear in card-set 3. If an 
uncoupled calculation is called for by the value of KPGM, then only the former equation is used. 
regardless of the value of KTSTP. 

Note on space n w h .  Three different options are available here through control par- 'iriteter KMESFJ. 
If KMESH = 0. then nodal positions are input in free form via card-set 6 and elements are defined 
via card-set 8. If KMESH = 2, then a11 nodal positions are prescribed by card-set 7 .  These positions 
may be in random order since they are subsequently reordered arid numbered in terms of ascending 
values. Element definitions are generated internally and initial conditions are input (card-set I 1) in 
the same order as their corresponding positions. If KMESH :;+ I ,  then both nodal positions and 
elements are generated automatically with the finer mesh concentrnted about the point x := XQ. 
Here integers NELL and NELU (ahove) and real quantities XO, XMX, DXLI, and DXlJl (card-set 
3) are operative. Their meanings are apparent from the figure below. 

0 XO XMX 
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Note ot7 initial cotzditions. If KIC = 0. then K = c ,  the fluid concentrat ion,  in card-set 9. If, 
however, KIC f 0. then R = ci,. the  bulk concentration i i i  card-set 9. 

3. Mass-transport real control parameters. Two cards  per problem. 

I i j t  DEL I .C 'HUG.DL:LMAX. I M A X , W . X O , X M X , D X I  I.LIXUI.VX1 
f-orrn<it X t  10 0 

N o t e  on tirnepurameter W. I f  N N O R  := I ,  then W has a dual  role of  determining both the  accuracy 
[O(_lt '). at most] and the intermediate time t.,* = t + w A t  f o r  which t imedepcndent  coefficients are 
ebaluateti. I f ,  howckcr, N N O K  > 1 .  then Norsett integration [Norsett.  19741 is used, which is 
accurate  t o  O ( l t * * ( N N O R t I ) ) .  In the latter case parameter  LV determines only the interrilediate 
time. 

Note' on units. The computer  code itself functions independently of the chosen system of units. 
Iiowt'\er. consistency of units is required for  the input. and  dimensions (length. mass, and ' o r  time) 
a re  indicated in Appendix C as  a n  aid f o r  the  user. 

4. Printer output control. The  numbcr  of cards  here depends o n  the number  o f  time increments 
~ r i .  

5. Material properties. A total ot U M A  1 cardj, one  tor  each material 

List: (PROP(  l,.l)..l=l.5), I= I ( I )TiMAT 
Format :  81- PO.O 

6. Free-form nodal-point positions. These cards a r e  necessary whenever K M  E S H  = 0. IJsually 
one  card per node  is needed, a total of N N P  cards. 

Liat: NJ.X(N.J) 
F o r  inat : 15.5 X. F 10.0 

tlozvever. some autornatic generation may be employed in the following manner .  If some of the 
nodes a re  equidistant, data  for  only the first and  last points o f  the g r o u p  a r e  needed. Intermediate 
nodal positions a r e  generated by linear interpolation. 

7. Compressed-form nodal positions. I hese cards  a re  nsed whenever K M E S H  = 2. There  is n o  
auioinat ic  generation of  mesh points  here. '1 he number  of cards  depends on thc value o f  N N P .  

List: ( X (  N.I).NJ=I , N N P )  
Format :  KF10.0 



165 

8. Element definitions. Thehe caids are necessary whenever K M E S H  = 0. IJsually one card pci 
elerrlent is needed, a total of NEL cards. 

1,ist: MI,(lE( M1.1),1- 1,3),MOl)L 
Format: 1615 

However, the last parameter of the above list is used to gericrate element definitions autnn~aticnlly 
for a group of MODI., elements containing sequentially nurnbered nodes. I n  such a case MI 
designates the first number of the group of elements. Field MODI, is left blank whenever the 
automatic generation fealure is not used. 

9.  Material correction. Cards arc required here only if N C M  > 0. In  many cases one card is 
required per material change, a total of N C M  card5. 

List: MI,MT‘YP.MK 
Format: 1615 

However, in those cxxs where numbers o f  the affected elernents range from a lower liniit M1 to an 
upper limit M K ,  automatic correction may be used. Field M K  is left blank if the automatic 
correction facility is not used. 

IO. 
I n  the most general case therz is one  c:ird per node, a total of  N N P  cards. 

Free-form mass-transport initial conditions. C;trd\are required here wheiwer K M F S H  f 2. 

J,ist: N.I.K(NJ) 
For mat : I5 .S X, F 1 0.0 

Frequently, however. groups of neighboring nodal points 3.) have identical values K(N.J). I f  ;L gap is 
recognized in the input sequence of nodal numbers. the initial concentrations are assumed 1.0 be 
identical to the concentration at  the lower boundary of the gap. 

1 1. 
KMESH -:= 2. The number of cards depends upon the value of Y N P .  

Compressed-form mass-transport initial conditions. Cards are required here only if 

List: (R(NJ).NJ=J .NNI’) 

Here the order is assumed to correspond to that of the mesh points of card-set 7. 

12. 
I’arameter NBC is the number of required cards. 

Dirichlet concentration-type boundary conditions. These cards are necessary only if NBC ;> 0. 

List: NI,BBI 
Format: 15,5X,F10.0 
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13. 
hST > 0 The value of parameter N S I  is the number of required cards. 

Neumann flux-type boundary conditions. Cards of thls type must he used I f  and only I f  

List: N1,EI 
Format: 15.5X.FI 0.0 

14. 
K V I  > 0. I he number of cards depends on the number of elements NEL. 

Dara;y velocities at time t = 0. These cards are necessary if and only if the velocity control 

List: ((VX(MJ..JQ),JQ=I ,?), MJ:-MI.MK) 

Format: 8F10.0 
whcre M K= min( M I f 3 ,  N EL)  and M I= 1 (4)NEL 

It should be noted that the velocity input below, like the water-content input below. is ordered by 
elements. 

15. 
necessary. namely when KVI > 0. The number of cards depends on the value of NEL.  

Water contents at time t 0. Thcsecardsare necessary whenever the Darcy-velocity cards are 

List: (( I I I (  MJ,J Q),J Q= 1,2),M J=MI, M K)  

Format: 8F10.0 
where MK = min(MIS3,NEL) and MI  = I (4)NEL 

\ 

16. 
number of cards depcnds on the value of KEL. 

D’arcy velocities for times t > 0. Cards of this type must be used only w henever K V I  = 2. The 

List: (( VX( MJ,JQ),JQ=I ,2),MJ-:.MI.MK) 

Format: 8F10.0 
where MK = min(M1-1-3,NEL) and MI = I(4)NEL 

Note. Whenever KVI = 2, card sequences of the form of sequences 14 arid 15 belo@ must appear 
for each time to be used in the simulation. 

17. 
number of cards depends on the value of NEL. 

Water contents for times t > 0. Cards of this type must be used only whenever KVI = 2. The 

List: ((TH(MJ,JQ),JQ=I .2),MJ=MI,MK) 

Format: 8F10.0 
wherc MK = miii (MI+-3,NEL) and M I  = l(4)NEL 

Moisture-transport input. The following set of data should be included only if a moisture-transport 
calculation is indicated by card I .  Specifically, only if KPGM = 2,3,5.6, o r  7. should card sequences 
18 -- 23 appear. 
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18. Moisture-transport integer control parameters. One card per problem 

List: 

bormat: 1615 

K WT R , N T I  AB,NT, KTH,N K PA K,NC DP A R ,NO R DE K, N OR DE K I , N ITP, 
KS T R W, K MESH , K AN 1, 

Note on soifproperties. Input parameters NKPAK, NCDPAR, and KANL, (above), and AKPAR(1) 
and CDPAR(1) (below) all pertain to soil properties and are interrelated. If. for cxample, 
KANL = 0, then array AKPAR contains the NKPAR entries 0 , ,  K I .  6 7 .  K:, ... and array CDPAR 
contains the NCDPAR entries 05, Q I ,  05, Q2, ... . Here K is the conductivity, Q 1s the diffuswitl. and 
0 and 0' are water content values, where 8, is not necessarily eyual to 0:. If, on the other hand, 
KANL # 0,  then array AKPAK contains the parameters Ks, 110, and d,  in that ordcr, and CDPAK 
contains the paranieters /3', h6, and d'. Thus, in this case NKPAR = 3 and NCDPAR = 3. 

Nule on variable wutrr-content mesh. Frequently a uniformdistributed set of UT H water contents 0 
(or a)  will be sulficient. Heie K M E S H  = 0. However, whenever computer time is a problem, it is 
desirable to concentrate the mesh in the most active region near (Y = 1. This  may be done by 
specifying KMESH f 0 and supplying the first increment DALPl (below). The rebultung me\h will 
begin ( Y N I H  = 1 ,  CXNTH-~ = I - D A I P I .  The remaining points will then be distributed 11: accordance 
with an algebraic progressiori of increment vdueh 

19. Moisture-transport real control parameters. One card per problem. 

1,ist: 'Tr-IO,'THI,EPS,I~AI,P I 
Format: 8b10.0 

20. 
number of cards is determined by NKPAK. 

Conductivity parameters. If KANL -f 0 (see note above), one card is sufficient. Otherwise the 

List: (AKPAR(I),I=l .NK PAR) 
Format: XFlO.0 

21. 
number of cards is determined by NCDPAK. 

Diffusivity parameters. if KANL, # 0 (see note above), one card is sufficient. Otherwise the 

L i t :  (CDPAR(I), & I  ,NCL)PAR) 
Format: 8F10.0 

22. End-point Darcy velocities. The number of cards depends on the value of N T I A B .  

List: (VI N(I),I=l ,NTTAB) 
Format: 8F10.0 
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cards is a function of parameter NT. 

Simulation times. This sequence of cards is used if and only if KPGM = 2. I h e  number of 

List: (~I'( I) . l=l .NT) 
Format: 8F10.0 

Optimization input. The following set of data should be included only if a n  optimization, or 
parameter search, is indicated by card I .  Specifically, only if KPGM > 3 ,  should card sequences 
24 - 35 appear. 

24. Search integer control variables. One card per problem. 

List: NP.KPKS,MXP UN,KW I ,NTX,KBND,NSCY,KSTRS 
Format: 1615 

Note on statistical weights. Variables KWT (above) and CWT,  YX. DYX. XWTI,, and XWTU 
(below) are interrclated in the following manner: If  the control integer KWT = 0, then the 
experimental error in a given measurement YX is taken to be d Y X  and the weight. WX I / YX 
[see Eq. (5. I)] .  is internally generated. If  KWT ::= I ,  then CWT is the relative error, the experimental 
error is CWT*YX, and again the statistical weight, WX I:: I i(CWI'*YX)**2, is internally generated. 
I f  KWT 2 2, then the experimental error is read into array DYX(IX,ITM) as  a function of both 
position index 1X and time index II'M. These values are then converted to statistical weights in 
accordance with the relation WX = I/c)YX**2. If KW7' = 3. then WX is set to zero for all 
XX < WXT'L and for all XX > XWTU. 

Note on parameter constrawzfJ. If K B N D  # 0, then Incquallty constiaints must be input in the form 
of an  upper bound PH(IP) and a lower bound PL(1P) for each parameter IP 

Nure ut? XearCh C?deS. In order to guard against unrealistic parameter values, it is sometimes 
desirable to search on  the parameters sequentially. This may be done by setting NSCY equal to the 
desired number of search cycles and identifying the parameter groupings through the IPA array 
below. 

25. 

26. 

27. 

Search real control variables. One card per problem. 

List: ACC,RED,TOLS I P. POLFUN,RDP,CW I 
Format: 8F10.0 

Initial parameter values. I'he number of cards depends on  the number of parameters NP. 

List: (P( I P). IP= I ,NP)  
F'o r ma t : 8 F*. I 0.0 

Search-parameter identifiers. The number of cards depends on the number o f  parameters K P .  

I h t :  (IPA(ISCY,IP),IP= 1,NP). ISCY =I,NSCY 
Format: 1615 
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28. 
of cards depends o n  the number of parameters hP .  

Upper bounds. If KHND f 0, then the following card sequence must be present. I he number 

List: ( P H( I P ) ,  1 Pr= 1 , N P) 
Format. 8F10.0 

29. 
cards depends on the number of parameters NY. 

Lower bounds. If K H N D  f 0, then the following card sequence rniist appear. I he nuniber of 

List: (PL,(IP),IP=l ,NP) 
Format: 8F10.0 

30. Experimental time measurements. The number of cards depends 011 vari,ible NTS. 

List: ('PX(ITM),11'M= 1 ,NI  X) 
I- orniat: 8F  10.0 

31. 
iv rx. 

Number of water-content/ concentration profiles. I he number of cards dcpends on \.ariable 

List: ( N Y  X(I'l~1LI),ITM- 1 ,NT'X) 

Nure on inptrf of experimentulyrofik rnt'a.~urerrlents. ?'he follow ing three cat (i sequences are ne5ted 
within a loop over the time index 1 I My I (  I )N  I X. 

32. 
NX = hYX(1TMj. 

Position variables for time 1TM. I he number of cards depends on  the kalue of the index 

List: (XX(lX,I'l-M),IX= 1 ,NX) 
Format: 8F10.0 

33. 
value of the index NX = NYX(I1-M). 

Concentratiun/water-content variables for time ITM. The number of cards depends on the 

List: (YX(IX.1 17M),IX==I,NX) 
Format: XF 10.0 

34. 
'rhe number o f  cards depends on the value of the index N X  = NYX(1TM). 

Experimental errors for t h e  ITM. This sequence of cards should appear only if KWT 2 2. 

List: ( D Y X ( I X , I T M  ) , I><= 1 ,NX)  
Format: 8F10.0 
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35. 
K W T  = 3. One card per value of ITM. 

Modification of statistical weights for time ITM. This sequence of cards should appear only if 

List: XWTL( lTM).XWI’U( ITM) 
Format : 8 1.. 10.0 
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