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Preface

This project entails the development of a one-dimensional contaminant transport

model for homogeneous, isotropic, and llilsaturated soils. The model is to be used

by NJDEP to develop regulatory clean-l1p levels for contaminants in the U!1saturated

zone based on an acceptable impact to grollildwater.

This is the final report for Phase I of this project, and it contains the mathe

matical development, the llilderlying assumptions, a comprehensive description of

model operation, method of solution, sensitivity analysis, and a literature survey for

adsorption/ desorption.

This report supersedes the draft final report submitted to NJDEP on 9/17/1990.

Substantial changes have been made in the computation of evapotranspiration, the

units used for the model input and output, and the sensitivity analysis.

The following personnel are involved in this project:

Principal Investigators:

Co-Investigators:

Project Administrator:

Dr. George P. Korfiatis, Stevens

Dr. Christopher Uchrin, Rutgers

Dr. Nazmi M. Talimcioglu, Stevens

Mr. Bradley Williams, Rutgers

Mr. William Librizzi, NJIT

The model was developed by Dr. Korfiatis and Dr. Talimcioglu at Stevens Insti

tute of Technology. The literature survey for the adsorption/desorption coefficients
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was performed by Dr. Uchrin and Mr. Williams at Rutgers.
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Chapter 1

Introduction

Both numerical and analytical models have been used to predict the transport and

fate of contaminants in subsurlace environment. Analytical models are restrictive

since they usually apply only to simple systems under steady-state conditions. In

addition, non-linearities of the problem are treated in a very approximate fashion,

thus limiting the accuracy of prediction. Numerical models, on the other hand, are

able to describe complex boundary conditions and fully transient processes at the

expense of significantly higher computational effort.

The present work entails the development of a deterministic, one-dimensional

numerical model for predicting the transport and fate of a single dissolved contami

nant in the unsaturated soil zone. The model describes major controlling transport

mechanisms, namely, advection, dispersion, adsorption/desorption, volatilization,

and biodegradation. The mathematical formulation of each of these mechanisms is

based on present state-of-the-art knowledge. Several simplifying assumptions are

made in order to be able to describe the complex processes mathematically. Some

of these assumptions have been extensively reported in the literature, and have been

found to be reasonable within the context of accepted accuracy.

The model employs a trial and error procedure to determine what concentrations

1



CHAPTER 1. INTRODUCTION 2

of. a single contaminant can be allowed to remain in the soil column based on an

allowable concentration at the free surface aquifer below the source.



Chapter 2

Flow and Transport Mechanisms

2.1 Moisture Flow

Richards' equation [70] has been almost exclusively used to describe the movement

of water in soils under partially saturated conditions. This equation is usually found

in the literature either in the moisture content form or in the pressure head form.

The one-dimensional moisture content form of Richards' equation is written without

a source/sink term as follows:

in which

t

z

Volumetric moisture cantent [L3/ L3]

Time coordinate [71

Space coordinate taken positive dov.mward [L]

Hydraulic candudivity [L/71

Soil dif fusivity caef ficient [L2/71

3

(2.1)
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. This equation is highly non-linear due to the fact that both hydraulic conductivity

and soil diffusivity are functions of the moisture content. This equation, therefore,

cannot be solved analytically.

The soil diffusivity coefficient, also called the capillary diffusivity coefficient, was

defined by Klute [51] as:

(2.2)

where 'ljJ = Sudian head [L].

The moisture flux:is described by Darcy's law as follows:

(2.3)

Alternatively, the pressure head fonn of the Richards' equation is given as follows:

(2.4)

where

C('ljJ) = ~; = Specific water storativity

Equation (2.4) also exhibits a strong non-linearity because C and ]( are functions

of'ljJ.

The solution of Equation (2.1) or Equation (2.4) requires the lmowledge of the soil

moisture retention properties (()w - 'ljJ relationship) and the hydraulic conductivity

versus moisture content relationship. Several investigators have proposed parametric

expressions describing these relationships. The most frequently used expressions are

outlined below:
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2.1.1 Soil Moisture Retention

5

The soil moisture retention properties exhibit strong hysteretic behavior [11]. The

relation between the pressure head, 'ljJ, and the moisture content, ()w, is not unique.

Therefore, 'l/; cannot be determined directly from the knowledge of ()w without investi

gating the past wetting-drying history of the specific soil considered. Such hysteretic

behavior can be modeled by using different parametric relationships for wetting and

drying phases of the moisture transport. The hysteresis of the soil moisture retention

is neglected in this study.

Several parametric relationships are addressed in the following sections.

Campbell (1974)jClapp and Hornberger (1978)

Clapp and Hornberger [19] employed an exponential relation based on the equation

proposed by Campbell [14] of the form:

(2.5)

where

'l/;s = Saturatian sudian head

()s = Saturatian maisture cantent

b = Empirical constant (charaderistic of the soil)

van Genuchten (1980)

van Genuchten [89] derived the following empirical relationship experimentally:

(2.6)
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where

Reduced water content

6

a,n,m Empirical parameters

The empirical parameter m is taken as 1 - (1/ n).

Be is also defined by Campbell [14] as:

where ()f is the field capacity.

2.1.2 Hydraulic Conductivity

(2.7)

Although Klute [51] noted that J( versus (}w relationship is literally hysteresis free,

both ]( and D ~e affected by the hysteresis of (}w versus 'IjJ relationship. The following

sections outline ]( versus (}w relationships proposed by several authors.

Campbell (1974)

Campbell [14] suggested the following expression for the hydraulic conductivity:

(2.8)

The exponent m is usually taken as 2b + 3 where b is the exponent used in Equa

tion (2.5).

Mualem (1978)

Mualem [58]generalized the equation proposed by Campbell [14]in which he allowed

the empirical exponent, n, to vary with soil type. He showed theoretically that n can
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take values lower than 3 for granular soils and larger than 3 for textured soils. These

findings were verified experimentally. The proposed equation is written as follows:

[OW-Of]"]((()w) 1(s ()s- ()f
where n is a coefficient of the soil type.

Ragab (1981)

Ragab et al. [67] proposed the following relationship:

where A, b are empirical constants.

]\.1ualem (1976)jvan Genuchten (1980)

Mualem [57] proposed the following model:

in which

(2.9)

(2.10)

(2.11)

(2.12)

where I is an empirical parameter, usually taken equal to 1/2. van Genuchten [89]de

rived the following relationship by substituting Equation (2.6) into Equation (2.11):

(2.13)
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2~1.3 Soil Diffusivity

8

The soil diffusivity coefficient has also been addressed by several investigators. The

following sections outline several equations adopted in this study.

Clapp and Hornberger (1978)

The following empirical equation can be derived by substituting Equation (2.5) into

Equation (2.2):

(2.14)

It should be noted that the empirical coefficient b used in the above equation is the

same coefficient used in Equation (2.5).

Gardner (1958)

Gardner et al. [32] suggested the following expression for the intermediate range of

moisture contents:

(2.15)

where

Do = Di f fusivity carrespanding to ()w = ()o

{3, ()o = Empirical canstants

van Genuchten (1980)

The following equation is derived from Equations (2.2), (2.6), and (2.7):
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(2.16)

Several numerical models have been developed to predict unsaturated moisture trans

port by solving either Equation (2.1) or Equation (2.4) by finite difference or finite

element approximations [30, 72, 42, 53, 90, 91].

Hills et al. [39] compared the solutions of the water content and the pressure

head based equations by using implicit finite differences. The adv;1Tltagesof solving

the moisture content equation as opposed to the suction head based equation are as

follows [39]:

- Relatively low mass balance errors are produced;

- The solution is relatively insensitive to dry initial conditions;

- Longer time steps can be accommodated in the simulation;

- The solution requires substantially less CPU time for initially dry conditions.

Disadvantages of the moisture content based algorithms include:

- The numerical scheme exhibits instabilities at moisture contents very close to

saturation;

- Boundary conditions are difficult to define accurately.

For the purposes of the present project, it is believed that an algorithm based on

the moisture equation is more desirable. This assessment is based on the fact that

simulations over large time periods are required, and the ability to use relatively

large time steps is crucial.



CHAPTER 2. FLOW AND TRANSPORT MECHANISMS

2.2 Solute Transport and Fate

2.2.1 Movement Mechanisms

10

The transport and the ultimate fate of pollutants in the vadose zone are governed by

various mechanisms which depend on soil, chemical and biological properties, and

other factors such as atmospheric conditions. Volatile organic compounds (VOCs)

under unsaturated conditions ultimately partition into three distinct phases, namely

solid, liquid (both aqueous and non-aqueous), and gaseous. Since mass is conserved,

the total quantity of a single chemical within a unit volume is [45]:

Or = PbGA + BwGL +BaGc +BiG]

where
GT = Total concentration of a single chemical [Mj L3]Pb = Soil bulk density [Mj L3]GA = Adsorbed chemical concentration [M j MJBw = Volumetric moisture content [L3j L3]GL

= Liquid phase concentration [Mj L3]

Ba

= Volumetric air content [L3j L3]

Gc = Gaseous phase concentration [Mj L3]Bj

= Volumetric immiscible phase content [L3j L3]

G] = Immiscible phase concentration [Mj L3]

(2.17)

If the immiscible phase is not present in the system, the last term of Equa

tion (2.17) is dropped. Thus, the total concentration can be expressed in three

phases as follows:



CHAPTER 2. FLOW AND TRANSPORT MECHANISMS 11

(2.18)

There are three major mechanisms responsible for the movement of the vac
solutes in the porous media:

Advection (Mass Flow)

Chemical mass is transported by virtue of liquid flow. The advective flux is described

as follows:

(2.19)

where

JA = Advedive flux [M/ L271

qw = Maisture flux [L/71

Hydrodynamic Dispersion

This is the combined effect of mechanical dispersion and molecular diffusion that

causes spreading of the chemical in the soil, and it is described as the following:

(2.20)

where

JHD = Hydrodynamic dispersive flux [M/ L271

E = Hydrodynamic dispersian caef ficient [L2/71
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The hydrodynamic dispersion coefficient can be written as [9]:

E = Ew+ Dw

in which

Ew = IqwlQ'w
()w

Dw = dWfw

where

Ew = Mechanical dispersion coefficient [L2/71

Dw = Molecular diffusion coefficient in soil water [L2/71

Q'w = Dispersivity [L]

dw = Bulk water dif fusion coefficient of the chemical [L2/71

fW = Tortuosity factor in soil water

12

(2.21)

(2.22)

(2.23)

Using the Penman-type model, i.e. f = fa = fW [63, 61], the tortuosity factor

has been empirically derived by :Millington and Quirk [55] as:

()10j37 - ww- ---
n2

where n is the soil porosity, i.e. n = ()a + ()w = ()s

Vapor Diffusion

(2.24)

The movement of vapor through soils is assumed to exhibit Fickian behavior [45].

The diffusive flux is then described as follows:

JVD (2.25)

(2.26)
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where

JVD = Diffusive flux in vapor [M/L271

Da = Molecular dif fusion coefficient in soil air [L2/71

da = Bulk air diffusian coefficient of the chemical [L2/71

Ta = Tortuosity fador in soil air

13

The tortuosity factor, Ta, is generally assumed to be of the form used for the

water diffusion, and is described by the model proposed by :Millington and Quirk

[55] as follows:

()lO/3
Ta= _a_

n2 (2.27)

The on&dimensional continuity equation for the total chemical mass can then be

written for the three mechanisms presented above as the following [37]:

(2.28)

The above equation describes the transport of a single substance in the porous

medium, accounting for the mass flow, hydrodynamic dispersion, and vapor diffusion.

2.2.2 Adsorption/Desorption

Adsorption refers to the bonding of the dissolved solute to the soil mineral surfaces

or to the organic matter surfaces. Desorption is the reverse of this process. The

effect of adsorption on the overall chemical transport phenomenon is to immobilize

the moving chemical molecules in both gaseous and liquid phases temporarily. Soil

sorption, a term interchangeably used for both adsorption and desorption processes,

is a physicochemical process that involves the increase or the decrease of solutes at

the soil-water interface.
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. Because of the extreme complexities of the soil solution and bonding mechanisms,

engineering approximations such as the use of distribution coefficients have gained

general acceptance in describing the adsorption capacity of a given chemical. A

frequently made assumption is that the adsorption process is completely reversible.

Virtually all organic chemicals studied exhibit hysteresis in adsorption-desorption

relationships [84, 86].

The mass transfer from the liquid phase to the solid phase (adsorption) and the

solid phase to the liquid phase (desorption) has been investigated extensively, and

several models have been proposed in the literature. A detailed description of the

kinetics of sorption is given by Uchrin [84], and much research has shown that the

net adsorption component of sorption occurs rather quickly such that instantaneous

local adsorption can be assumed [84]. This allows for the use of a linear adsorption

isotherm, the slope of which is termed the solid/liquid partition coefficient. There

may be, however, a pronounced resistance to desorption, which may occur at a slower

rate. DiToro and Horzempa [27]were among the first to define two components to

sorption: one readily reversible, and one resistant to desorption. Ahlert, et al. [6]

showed the effect that this non-reversibility could have on transport processes.

Sorption of a pollutant can be considered as a pseudo-reversible reaction in which

the pollutant can exist in either an adsorbed state, A· S, or in solution, A [84]. This

process is illustrated schematically in Figure (2.1). The letter S denotes available

adsorption sites. Two components comprise the adsorption process. The first is a

very rapid association from the bulk fluid to the solid surface. The second is a very

slow diffusion into the solid matrix which frees locations on the bulk solid for more

of the former to occur. The former process is readily reversible while the latter quite

resistant. TIlus, the adsorption process can be summarized as a sum of the two

processes, such that:

Total adsorption = initial adsorption + intraparticle diffusion
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Figure 2.1: Sorption schematic (from Uchrin, 1986)

The initial adsorption reaction can be considered to have a mechanism:

A+S~A·S

The intraparticle diffusion is slow and rate limiting.

2.2.3 Chemical Partitioning

In order to estimate the transport and fate of VOCs in the air-soil-water system,

it is necessary to describe the partitioning of the chemical in three phases. In the

present study, the following equilibrium relationships are adopted to readily define

the partitioning between different phases:

The partitioning between the liquid and the air phases is assumed to follow

Henry's law:

(2.29)

where H is the Henry's constant, defined as the ratio of aqueous solubility to the

saturated vapor concentration of the chemical at 20°C [9]. This definition is the

inverse of that more generally used in the literature as ](H = CG/CL.

The partitioning between the liquid and the solid phases is also assumed to be

linear. The initial adsorption reaction is fast and reversible; thus, it is characterized
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by an equilibrium expression of the form:

](d = CA
CL

where ](d [L3 / M] is the reversible adsorption coefficient.

The intraparticle reaction is assumed to have the rate law of the form:

dCA = lfC
dt L

where k' [L3/M71 is the rate dependent irreversible adsorption coefficient.

Combining Equations (2.30) and (2.31) gives:

dCA . ]( dCL +k'C
dt ddt L

16

(2.30)

(2.31)

(2.32)

Tne partitioning coefficient, J(d, is determined by batch tests. It can be expressed

in terms of the organic carbon content, and is given by the relationship [49]:

(2.33)

where ](oc [L3 / M] is the normalized coefficient of adsorption with respect to organic

carbon content, or alternatively called as the fugacity coefficient, and DC is the

organic carbon content of the soil.

Combining Equations (2.28) and (2.18), the mass continuity equation then be-

comes:

8(PbCA+()wCL+()aCC) + :Z(JA+JHD+JVD)=0 (2.34)

Using the partitioning relationships and Equation (2.32), the above equation can be

written in terms of the liquid phase concentration as follows:
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, Rearranging terms and adding a sink term to describe the mass losses due to

biotransformation reveals:

(2.36)

where R is the sink term representing mass losses due to the biotransformation

process. TIlls equation is the governing equilibrium mass transport equation which

accmmts for all the movement mecharilsms mentioned. earlier.

The following section addresses the biotransformation process in the porous me

dia.

2.2.4 Biotransformation

The term biotransformation is a general term describing the effect of living organisms

on the fate of organic compounds. Biodegradation is a more specific term generally

used to refer a biological transformation of an organic compound into more simple

products by biochemical reactions.

The transformation of some VOCs due to biological activity within the porous

media is considered to be an important factor to the ultimate fate of contaminants.

Several rate expressions have been used to describe biotransformation. Most of the

biodegradation models have focused on degradation in the aquatic systems, not in

soils [88]. However, it is commonly assumed that similarities exist between the

two systems. The rate expressions proposed by Monod [56] have been widely used,

and they account for both microbial growth and substrate utilization. The rate of

microbial change, 14, is described as follows [26]:
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where

Rx = Rate of microbial growth per unit volume [M/ L371

f-Lm = Microorganism! s maximum specific growth rate [1/71

]{m = Substrate concentration at 1/2 of f-Lm [M/ L3]

X = Microorganism concentration [M/ L3]

ke = Endogenous decay caef ficient of microorganisms [1/71

The substrate utilization rate is described as [26]:

18

(2.37)

(2.38)R _ kXCL
s - ]{m+CL

where k [1/71 is the maximum rate of substrate utilization per unit mass of mi

croorganisms, and is defined as the following:

k = f-Lmy (2.39)

in which Y is the biomass yield coefficient.

At dynamic population equilibrium condition, the microbial concentration be

comes constant with respect to time, thus the Monod expression becomes:

where kx = kX = constant.

At high substrate concentrations (CL ~ ](m), Rs becomes a constant:

(2.40)
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"

19

(2.41 )

At low substrate concentrations (CL ~ ](m), Rs becomes a first order expression:

(2.42 )

This formulation assumes that microorganisms utilize substrate from the liquid

phase only. Nonbiological transformations are not included ill the present model.

Jury et al. [46] studied the first order biodegradation eq1l;1;brium, and derived

the following relationship that describes the first order coefficient:

k1= In(2)
T'

(2.43)

where T' [days] is the effective half-life of the organic chemical. The values of T' have

been given for selected compounds by Jury et al. [46].



Chapter 3

Climatic Processes

3.1 General

Climatic processes account for the full cycle of precipitation, evapotranspiration, and

runoff events. The net infiltration through the soil surface is due to the combination

of these events. The primary driving force of flow through the vadose zone, therefore,

is a function of the climatic processes.

The following sections address the aforementioned meteorological and hydrolog

ical processes in detail. The model presented in this study has an option to in

corporate the real hydrological data from a database of rainfall and temperature

values observed in Newark, New Jersey. The evapotranspiration rates are computed

by using one of the two methods proposed by Penman [63, 64] and Thomthwaite

[81], respectively. The runoff event is implemented in the model via the empirical

method proposed by the Soil Conservation Service [74]. Finally, the net infiltration

through the ground surface is computed by the water balance method developed by

Thomthwaite and Mather [82].

20
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Table 3;1: Mean monthly precipitation rates observed in Newark, New Jersey during

1959-1989 (inches)

I Jan I Feb I Mar I Apr I May I Jun I Jul I Aug I Sep I Oct I Nov I Dec I

13.3413.091 3.8613.771 3.8612.9914.451 3.80 13.6412.9313.9413.521

3.2 Precipitation

The model requires the input of rainfall values in order to compute the net infiltra

tion. There are two options provided in this study to implement the precipitation

input: 1) User supplied precipitation rates which are given either for individual time

steps or as a constant; 2) Actual daily precipitation rates. For the latter, the rainfall

values, observed in Newark, New Jersey for the last thirty years, are obtained on an

hourly basis from the National Oimatic Data Center in Asheville, North Carolina.

Assuming one-day storm events, this data were evaluated statistically to obtain av

erage daily rainfall rates. Table (3.1) tabulates the results of this analysis. The

average yearly total rainfall was found to be 43.2 inches. Figure (3.1) is a graphical

representation of Table (3.1). Figure (3.2) shows the annual precipitation rates over

the thirty year-period, starting from January 1959 to December 1988.

3.3 Surface Temperatures

Real-time surface temperatures are also incorporated in the model in a similar fash

ion. The results of the statistical analysis are shown graphically in Figure (3.3).

Table (3.2) tabulates these results with standard deviations. These values are uti

lized in the calculation of evapotranspiration values.
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Figure 3.1: Mean monthly precipitation rates observed in Newark, New Jersey during
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Table 3.2: Mean monthly temperature values observed in Newark, New Jersey during

1959-1989

Feb 32.8 3.7

Mar

41.7 3.2

Apr

52.3 2.4

May

62.9 2.9

Jun

71.9 1.9

Jul

77.1 1.8

Aug

75.9 1.8

Sep

68.3 2.5

Oct

57.0 2.9

Nov

46.9 2.7

Dee

35.8 3.8
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Figure 3.3: Mean monthly temperature values observed in Nevvark, New Jersey

during 1959-1989

3.4 Evapotranspiration

The term evapotranspiration is commonly used to describe two processes, namely

evaporation and transpiration. Evaporation refers to the change of water from the

liquid phase to the gaseous phase. Evaporation may occur from open water surfaces

or from soil surfaces. Transpiration occurs directly from plant leaves. The term

potential evapotranspiration refers to the rate of evapotranspiration from a given

surface with vegetation cover which occurs when the water supply to the surface

is unlimited. Therefore, when limiting conditions in water supply exist, the actual

evapotranspiration value is al\vays less than the potential evapotranspiration.

In this study, two methods are considered in predicting the potential evapotran

spiration from soil surfaces. Penman [63, 64] derived an equation for predicting

evaporation from open water surfaces. He then experimentally adjusted this equa

tion to predict evapotranspiration from soil surfaces. Penman's theory combines

"'------
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two mechanisms which are instrumental to the evapotranspiration process: the mass

transfer and the energy balance. The mass transfer theory considers the turbulent

vapor transport by diffusion processes, whereas the energy balance theory considers

the heat energy delivered by solar radiation.

The second method implemented in the present study is addressed by Thomth

waite [81]. Thomthwaite derived a semi-empirical equation to describe the potential

evapotranspiration form soil surfaces. This equation received ,vide acceptance be

cause it is fairly accurate and simple to use. Thomthwaite's equation was found to be

applicable to the present study because of the fact that he conducted his experiments

in New Jersey using actual climatic data.

3.4.1 Penman's Equation

The theory proposed by Penman [63] is incorporated in the model in two stages,

namely, the constant rate stage and the falling rate stage. The constant rate stage

is the period during which evaporation is controlled by external meteorological con

ditions. The falling rate stage, however, is the period during which evaporation is

limited by available water content in the soil.

Constant Rate Evaporation

Penman's equation is written as follows:

(3.1)

where

Eo = Potential evaparation [mm H20/day]

Ho = Net solar radiation [mm H20/day]
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P sychrametric constant [mm H 9r FJ

Evaporation by farced canvedion [mm H20/day]

6. = Slope of the temperature versus vapor pressure

curve at mean temperature [mm Hg/o FJ

The general form of Ea is as follows:

where

Wind velocity fU'r'.dion

ea = Saturation vapor pressure @ mean temperature

ed = Mean vapor pressure @ dew - point temperature

Penman suggested the following relationship for Ea [64]:

Ea = 0.35(ea - ed)(l +0.0098w)

where

w = Mean wind velocity @ 2m abave ground sur face [miles/day]

(3.2)

Ea is in [mm H20/day], ea and ed are in [mm Hg] units in the above equation.

The net solar radiation, Ho, is calculated from the empirical relation:

Ho = R(l- .\)(0.18 + 0.55S) - 0"7;;(0.56 - 0.092e~·5)(0.1+ 0.9S) (3.3)

where

R = Mean monthly solar radiation evaporated per day [mm H20/day]
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Albedo constant

27

(J Boltzmann constant

s

(3.4)

Mean air temperature [1(0]

Actual duration of sunshine
Maximum duration of sunshine

It must be noted that in order for Equation (3.1) to be dimensionally correct,

~ and 'Y must have units of mm Hg per degree °F so that Eo will be in mm H20

per day. Values for R and ~ are given by Chow [18]. The slope of the temperature

versus saturation vapor pressure can be calculated from the following formula:

~ = 422.22 (5~5) e(13.95-~)

where T is the mean daily temperature [1(0] and ~ is in mm H20 per degree °F.

The values of ea and ed can be calculated by the empirical relationship proposed

by Bosen [12]:

ek = 33.8639 [(0.00738Tk +0.8072)8 - 0.00001911.8Tk +481+0.001316] (3.5)

where

[millibars] for Tk = Mean daily temperature [oCj

[millibars] for Tk = Dew point temperature [oCj
(3.6)

If the soil is bare of vegetation, Eo is equal to the soil evaporation, Eso. If the

soil has vegetation, Eso is commonly computed on the basis of the leaf area index

(LAI) [71, 65]. LAI is defined as the ratio of the area of leaves to the area of the

soil surface. It is often measured on a relative scale of 0 to 3, where 0 indicates no

vegetation, and 3 indicates a full cover of vegetation. The potential soil evaporation,

Eso, can be computed from the following relation:
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Eso = Eoe-O.4(LAI) for 0:::; LA! < 3
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(3.7)

Perrier and Gibson [65] suggested the following for the plant transpiration, Ep:

(3.8)

The total evapotranspiration, Et, can then be computed as the following:

(3.9)

Rilling Rate Evaporation

During the falling rate stage, evaporation is controlled by the properties and the

moisture characteristics of the soil. Falling rate evaporation can be predicted by

solving the unsaturated flow equation. Neglecting the gravity term, Equation (2.1)
then becomes:

':w = ~ flOw) ~;] (3.10)

The above equation was solved analytically by Crank [23] for a semi-infinite

column of soil with constant diffusivity. This solution gives the moisture flux, qw, at

the bOllildary as follows:

(3.11)

where

(}w; = Initial moisture content

(}wo = M aisture content at the boundary
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, The cumulative evaporation is obtained by integrating Equation (3.11) with re

spect to time:

(3.12)

Since the diffusivity, D, is a function of the moisture content, an average value

of D should be used in the above equation. Crank [23] suggested the following

weighted-mean diffusivity, D:

(3.13)

The transition from the constant rate to falling rate evaporation is sharp [38].

Since this transition point is not known a priori, the evaporative capacity of the soil

to release water must both be computed and compared for each time interval. For

decreasing surface moisture content, the lesser of the two capacities will control.

3.4.2 Thornthwaite's Equation

The general form of Thornthwaite's equation is written as the following [81]:

(3.14)

where

Et
CaIT -

Monthly potential evapotranspiration [em]

Empirical caef ficient

67.5 X 10-8(1)3 - 77.1 x 10-6(1? + 0.0179(1) + 0.492 [DC]

12 (T) 1.51Annual heat index = L"5 [DC]

Monthly mean temperature [DC]
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"

Table 3.3: Values of the adjustment factor, b, used in Thornthwaite's equation (from

Gray, 1973)

I Jan I Feb I Mar I Apr I May I Jun I Jul I Aug I Sep I Oct I Nov I Dec 1

I 0.841 0.8311.0311.11 11.2411.2511.2711.1811.041 0.961 0.831 0.81 I

The coefficient C depends on the percentage of sunshine in a given period. Under

the assumption of 12 hours of sunshine per day and 30 days per month, C was found

to be 1.62(10/ I)a. Thornthwaite's equation was adjusted with another coefficient,

durations of the months are used. The potential evapotranspiration can then be

expressed as follows [33]:

Et = 1.62b (1~)a (3.15)

Table (3.3) gives the values of the adjustment factor, b, for the 40° latitude (New

Jersey's approximate location).

As mentioned earlier, the average values of the monthly temperatures for the last

30 years were computed using the monthly minimum and maximum temperature

values observed in Newark, New Jersey. The results tabulated in Table (3.2) are

substituted into Equation (3.15) when Thornthwaite option is selected during the

program execution.

3.5 Runoff

The model estimates runoff using the Soil Conservation Service (SCS) method [74,

13], and subtracts the runoff values from the precipitation values. The following
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section outlines the SCS method:

3.5.1 Soil Conservation Service Method

31

The SCS method is an empirical approach for obtaining runoff over finite areas

for single storm events. It should be noted that this method was developed and

calibrated in English units. Figure (3.4) graphically shows the infiltration rates with

respect to time. The surface runoff, Rs, is obtained using the following empirical

relationship:

(3.16)

for

where fa is an initial retention volume, F is the total infiltration, and S is the

potential maximum surface retention. The initial abstraction is commonly taken as

fa = 0.25. The runoff then becomes:

R _ (P - 0.25)2(3.17)s - P+0.85

where
Rs = Runoff [inches]

P = Precipitation [inches]S = ~~ - 10 [inches]

(3.18)

The CN in the above equation is called the curve number, a parameter dependent

on soil type and moisture conditions. A list of CN numbers can be found in Bras
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Table 3.4: Runoff Curve Numbers I (from Soil Conservation Service, 1985)

Soil Group
Land Use

TreatmentHydrologic

or Cover

or PracticeConditionABCD

Fallow

Straight Row
-77869194

Row Crops

Straight RowPoor72818891

Straight Row

Good67788589

Contoured

Poor7070QAQQIv
'.r.>:'-IV

Contoured
Good65758286

Terraced

Poor66748082

Terraced

Good62717881

Small Grain

Straight RowPoor65768488

Straight Row

Good63758387

Contoured

Poor63748285

Contoured

Good61738184

TerraCed

Poor61727982

Terraced

Good59707881

Closed Seed

Straight RowPoor66778589

Straight Row

Good58728185

Contoured

Poor64758385

Contoured

Good55697883

Terraced

Poor63738083

Terraced

Good51677680

32
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Table 3.5: Runoff Curve Numbers II (from Soil Conservation Service, 1985)

Soil Group
Land Use

TreatmentHydrologic

or Cover

or PracticeConditionABCD

Pasture

Poor68798689

or Range

Fair49697984

Good

39617480

Contoured

Poor47678188

Contoured

Fair25597583

Contoured

Good6357079

Meadow

Good30587178

Woods

Poor45667783

Fair

36607379

Good

25557077

Farmsteads

-59748286

Dirt Road

-72828789

Hard Surface Road

-74849092

33
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Figure 3.4: Implied behavior of infiltration and runoff by the SCS method (from

Bras, 1990)

[13]. Tables (3.4) and (3.5) give the values of CN values for categories of soil-cover
, ,

complexes [74]. The soils in the SCS method are classified by Viessman et al. [93]

as follows:

A (Low runoff potential) Soils having high infiltration rates even thoroughly wet

ted and consisting chiefly of deep well to excessively drained sands or gravels.

They have a high rate of water transmission.

B Soils having moderate infiltration rates if thoroughly wetted and consisting

chiefly of moderately deep to deep, moderately well to well-drained soils with

moderately fine to moderately coarse textures. They have a moderate rate of

water transmission.

C Soils having slow infiltration rates if thoroughly wetted and consisting chiefly of

soils with a layer that impedes the downward movement of water, or soils with

moderately fine to fine texture. They have a slow rate of water transmission.
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·D (High runoff potential) Soils having very slow infiltration rates if thoroughly

wetted and consisting chiefly of clay soils with a high swelling potential, soils

with a permanent high water table, soils with a claypan or clay layer at or near

the surface, and shallow soils over nearly impervious material. They have a

very slow rate of water transmission.

In this model, the precipitations over a 24 hour period are assumed as single

storm events.

3.6 Net Infiltration

TIle net infiltration through the soil surface into the vadose zone is a combination of

the aforementioned processes. The rate of the net infiltration, I, can be computed

via the conservation of mass as follows:

I=P-Et-Rs (3.19)

AB mentioned earlier, the evapotranspiration value computed by the method

proposed by Thornthwaite [81]corresponds to the potential evapotranspiration. This

is the maximum evapotranspiration value that can occur for unlimited water supply.

In reality, however, water supply is limited. Therefore, there is a need to adjust

the potential evapotranspiration values during dry seasons. In the present study, a

water balancing model is adopted to compute the actual evapotranspiration values.

TIle following section addresses this model in detail.

3.6.1 Water Balance Method

TIle water balance method [62]allows the estimation of the rate of the net infiltration.

TIlls method assumes a one-dimensional flow and conservation of mass. In general,
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the mass conservation of water through the soil cover where vegetation thrives is

written as follows:

P+SR+IR=I+Rs (3.20)

where P is the precipitation, SR is the input water from the surrounding runoff, I R

is the input water from irrigation, I is the infiltration, and Rs is the surface runoff.

The percolation of water through the soil cover is defined as follows:

PER = I - E; - dSr (3.21)

where E; is the actual evapotranspiration and dSr is the change in moisture storage

in the soil cover, i.e. root zone.

If the moisture content in the soil cover is kept below the field capacity, leachate

will not occur from the precipitation, provided that there is no other source. Fig-

ure (3.5) shows the water-holding characteristics of various soils with the U.S. De- ~,

partment of Agriculture (USDA) classification. The shaded area in the figure repre

sents the available water utilized by plants within the root zone. Even though there

is no leachate within this zone for the moisture values below field capacity and above

wilting point, some of the water will be lost due to the plant transpiration.

Thomthwaite and Mather [82] tabulated the moisture storage values, Sr, within

the soil cover after the potential evapotranspiration has occurred. A partial table

from this study is given in Table (3.6). The potentially available soil moisture can

be computed as follows:

(3.22)

where

PSy = Potentially available soil moisture storage [L]

(Jf = Field capacity [L/ L]
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ewilt = Wilting point [L/ L]

dr = Depth of root zone [L]

38

When the annual value of (1 - Et) is positive, the area is !mown as a humid area.

For humid areas, the moisture storage in the soil cover is calculated by the equation

given above. The actual evapotranspiration is also taken equal to the potential

evapotranspiration during the humid months. When potential moisture deficiencies

are present, however, the moisture storage carmot be computed by Equation (3.22).

For months with negative values of (1 - Et), the storage is derived from Table (3.6)

via linear interpolation. Mter the dry period when (1 - Et) becomes positive, the

storage, Sr, is the sum of the storage in the previous month plus the value of (1 - Et)

for that month, not exceeding the potentially available storage. Where positive

(1 - Et) occurs between two negative values, Sr is calculated by direct addition of

(1 - Et) to the previous Sr. The change of storage, dSr, is the storage from the

current month less the storage from the previous month. For dry months, the actual

evapotranspiration becomes less than the potential. The actual evapotranspiration

values for these months, therefore, carmot exceed (1 +dSr) value. For months with

maximum moisture storage, any excess moisture becomes percolation into the soil
column.
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Table 3.6: Soilmoisture retentionafterpotentialevapotranspirationhas occurred

(from Oweis and Khera, 1990)

Sr (rnrn)

2:.NEG(I - Et)

255075100125150200250300

0

255075100125150200250300

10

16416590115140190240290

20

10335781106131181231280

30

727507498122172222271

40

421436690114163213262

50

317386083107155204254

60

214335476100148196245

70

11128497093140188237

80

1925446587133181229

90

1722406082127174222

100

619365576120167214

150

21022375494136181

200

1513243973111153

250

2816285691130

300

1511204474109

350

13714346192

400

2510265078

450

137204166

500

125163356

600

13102240

700

161528

800

141020

1000

1410



Chapter 4

Mathematical Model Formulation

This chapter presents the mathematical formulations of the transport processes dis

cussed earlier. First, the model assumptions are outlined, then the governing mois

ture flow equation is formulated with the appropriate boundary and initial con

ditions. Finally; the mass transport equation which was derived in Chapter 2 is

presented in a similar manner.

4.1 Assumptions

Several assumptions have been made throughout the development of this model. The

most important assumptions are smnmarized below:

1. Soil is homogeneous and isotropic with respect to hydraulic properties;

2. The flow is one-dimensional and isothermal;

3. Contaminant source is assumed to be eliminated, therefore, there is no immis

cible components of the contaminant present in the soil;

4. There is no loss or gain due to system sinks or sources other than those specif

ically discussed in previous chapters;

40
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.5. Hysteretic behavior in the moisture retention properties is not considered;

6. Hysteretic behavior of the adsorption/desorption processes is neglected;

41

7. The grOlrndwater table does not fluctuate substantially in comparison with the

thickness of the unsaturated zone;

8. The groundwater table is assumed to be free of any contamination at the onset

of simulation;

9. The air is at the atmospheric pressure and stationary within the soil;

10. Interactions between various chemical constituents and competitive effects are

not considered;

11. Biotransformation takes place in the liquid phase only;

12. Oxygen is not a limiting factor for biological growth within the vadose zone;

13. Partitioning of the contaminant mass from one phase to another is assumed to

be linear;

14. In the complltation of the srnface runoff, the cumulative 24-hour rainfall is

assumed as a single storm event.

4.2 Moisture Flow

The mathematical model formulation is based on the transport mechanisms and the

_0 fate processes described in Chapter 2. Equation (2.1) is solved to provide estimates

of volumetric moisture contents and fllL'Cesin one dimension which is taken vertically

downward from the. soil srnface. The governing equation is written in the following

form:
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where

()W = Volumetric moisture cantent [L3I L3]

t = Time coordinate [11z = Space coordinate taken ]XJsitive downward [L]J( (()w)

= Hydraul-ic condudivity [LIT]

D(()w)

= Soil dif fusivity caef ficient [L2IT]

The moisture fllLxequat.ion is given as:

42

(4.1)

(4.2)

TIle following init.ial and boundary conditions are implemented in the model:

4.2.1 Initial Condition

(4.3)

where ()Wi is the moisture content at the onset of the sinlUlation.

4.2.2 Boundary Conditions

A fully transient, real-time simulation of precipitationl evapotranspiration events is

incorporated in the upper boundary condition to give the model more flexibility [52].

1. FIlL"\:boundary condition during infiltration events:

(4.4)
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and

~; S; 0 @ z = 0 forO s; t s; tp

I = P - Rs - E; (net infiltratian rate) [L/71

P = Precipitatian rate [L/71

E; = Actual evapotranspiratian rate fram the surface [L/71

Rs = Surface runoff rate [L/71

tp = Time required for the sur face to becamesaturated [71

43

(4.5)

2. For the cases where the surface becomes saturated, and the water fiux at the

upper botmdary continues, there are two possibilities:

a) If I ~](s, the following boundary condition will be considered:

and

where

Dew = 0 @ z = 0 for tp < t s; teDz

(4.6)

(4.7)

J(s = Saturated hydraulic candudivity [L/71

es = Saturated moisture cantent [L3/ L3]

te = Time when net precipitatian becames less than ](s [71

b) If I < ](s, the filL'\:boundary condition described in Equation (4.4) will

be used.
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. 3. During periods of no water flux at the surface, only evapotranspiration will

take place. The flux bOlmdary condition for this case can be written as:

where

~ = Time of moisture flux cessatian at the sur face [71

tn = Time to initiatian of a new moisture flux event ar

time required to reach the air - dry moisture cantent [71

4. If the dry period is long enough, the surlace moisture content will reach the

air-dry value. For this case, the boundary condition becomes:

and

aBw = 0 @ z = 0 far tn < t :::;tcaz

where

Bad = Air - dry rrwisture cantent [L3/ L3]

(4.9)

(4.10)

tc = Time at which a new precipitatian event commences [71

"When the value of P - E; at a given time step is greater than the saturated

hydraulic conductivity of the soil, the excess water will become runoff since it

cannot infiltrate into the soil with a rate greater than ](8' The second bound

ary condition mentioned above for the case of saturation handles this condition

implicitly, without having to separate the runoff from the precipitation. This

situation may occur if storm events over short periods of time are consid

ered. The soil surface may become saturated immediately after the storm has
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'. started, and may remain at saturation as long as P - E; is greater than ](s.

If long time periods are simulated, however, the model distributes the actual

precipitation rates uniformly over time, reducing the maximum precipitation

rate substantially depending on the time increment used. In this situation, the

soil surface will not reach saturation. Therefore, the runoff has to be computed

and separated explicitly from the precipitation values. This is achieved in the

model by the SCS method mentioned earlier in Chapter 3.

The bottom boundary of the simulation domain is the top of the groundwater

table. For the purposes of this model, the phreatic surface is assumed to be stationary

in time. Two distinct bottom boundary conditions are incorporated in the model.
These are:

1. Gravity drainage condition, i.e.

aew = 0 @ Z = ZL far t > 0az (4.11)

where ZL is the distance from the ground surface to the top of the water table

or capillary fringe.

2. Saturation condition, i.e.

ew = es @ Z = ZL for t > 0

4.3 Contaminant Transport

(4.12)

The equilibrium advection-dispersion equation for the transport of contaminants in

partially saturated soils was derived in Chapter 2 by applying continuity principles

over an infinitesimal control volume. In this study, transport of the total concen

tration is expressed in terms of the liquid phase concentration, CL. Based on the
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relationships presented in Section 2.2, the governing mass transport equation is writ

ten as:

where

CL
I(dPb
k'HEDaR

Liquid phase cancentration [MI L3]

Reversible adsarption coefficient [L3/M]

Soil bulk density [MI L3]

Irreversible adsarption coefficient [L3/MTJ

Henry's constant

Hydrodynamic dispersion coefficient [L2/TJ

Molecular dif fusion coefficient in soil air [L2/TJ

Rate of mass loss due to biotransfarmation [MI L3TJ

If Monod kinetics are asSlUlled, the R term in Equation (4.13) is substituted by

the Rs of Equation (2.38). In this case, however, a mass balance equation for the

lnicroorganisms must be written as follows [26]:

where

x = Microorganism concentration [MI L3]

(4.14)
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'.
Ew= Mechanical dispersian caef ficient [L2IT]

Pm = Microorganisms maximum specific growth rate [liT]!(m = Substrate cancentratian at 1/2 of Pm [MI L3]ke

= Endogenous decay caef ficient of microorganisms [1IT]

TIns equation assumes that the microorganism transport is controlled by advec

tion and mechanical dispersion. The dispersive term is neglected in the equation

given above since it is assumed that advection dominates the transport of microor

ganisms [26].

Equations (4.13) and (4.14) are fully coupled and must be solved simultaneously.

In the present model, the capability is provided to solve the coupled equations. It

is, however, believed that the excess computational effort and the non-availability of

Monod parameters will render tills formulation undesirable.

At equilibrium conditions, however, the microbial concentration becomes con

stant with respect to time. Therefore, Equation (4.13) is decoupled by using Equa

tions (2.41) or (2.42) for substrate limiting conditions. For nonbiodegradable trans

port, Equation (4.13) is solved without the R term.

Equation (4.13) is similar to that reported by Baehr [9].

4.3.1 Initial Condition

The initial condition is implemented in the form:

(4.15)

where CLi is the initial liquid phase concentration profile.
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4~3.2 Boundary Conditions
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Two extreme cases are used for the top bOlllldary conditions in the model. The first

assumes a no mass flux:condition from soil surface to the atmosphere, namely:

(4.16)

The second top boundary condition assumes an infinite flux: from soil surface to

the atmosphere, i.e. CL = o. A comparison of these boundary conditions is given in

the sensitivity analysis.

The bottom boundary condition is assumed to be as follows:

therefore

8CL = constant
8z (4.17)

(4.18)

The top boundary condition for the microorganisms transport equation is a no

flux:condition, similar to the one used for liquid phase mass transport equation.
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Figure 5.1: Time-space discretization for fully implicit finite differences
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--------------------------------------------------------------------------
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~ + ()I~~w) _ gz [D(Ow)~;] =0 (5.1)
The discretized form of the above equation for the intermediate nodes, 1, =

2, ... , n - 1, can be written as follows:

[ 1 Dk+l ] (Jk+l- &(Jk ](k+l + ]{k+l- fu i+l/2 i+l - 6.t i - i+l/2 i-l/2

The terms D and ]( appearing in Equation (5.2) need to be evaluated at the

interfaces i-I / 2 and i + 1/2 of the ith layer. This is accomplished by taking

harmonic means through the interfaces of neighboring layers. Namely:

and

k+l
Di-l/2

J(~+l D~+l + J(~+l D~+lz-l z z z-l

D~+l +nNlz-l z

D~+lD~+l
') z-l z

•..D~+l + fYj+lz-l J

(5.3)

(5.4)

(5.5)

5.1.1 Boundary Conditions

(5.6)

The discretized equations given above are for the intermediate layers, l.e. 1,

2, ... , n - 1. For the b01111daries,however, the governing equation cannot di

rectly be discretized by central differences. Therefore, for the first layer, a forward
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c1i~erenceequation will be utilized to define the top boundary conc1ition. Similarly,

a backward difference equation will be used for the last layer, n.

Top Boundary Conditions

1. Flux Boundary Conc1ition

The governing equation is c1iscretized for the top half layer with a forward

c1ifferenceequation as:

[ 1 Dk+1 +.6.z ] ek+1 + [ 1 Dk+1 ] ek+1 _fu 1+1/2 2!::..t 1 - & 1+1/2 2 -

(5.7)

2. Saturated -and Dry Conc1itions

When the surface becomes saturated or reaches the air-dry moisture content,

the governing equation is c1iscretizedfor the second layer by a central c1ifference

equation:

[fu +~Dk+1 ] ek+1+ [ ~Dk+1 ] ek+1!::..t fu 2+1/2 2 - fu 2+1/2 3 -

(5.8)

where
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'3. Evaporation Condition

During the times when there is no precipitation, only evapotranspiration will

take place. For tIlls case, the governing equation is discretized for the first half

layer as has been done for the flux boundary condition. The top boundary

condition is written in discretized form as:

[ 1 Dk+1 .6.z] ()k+l [ 1 Dk+l ] ()k+l _.6.z 1+1/2 + 26.t 1 + -.6.z 1+1/2 2 -

(5.9)

Bottom Boundary Conditions

The bottom boundary of the simulation domain is the top of the groundwater table

or capillary fringe. In the present study, two conditions are considered as boundary

conditions:

1. Gravity drainage condition

Namely,

(D6.()) k+l
& =O@n

Z=ZL (5.10)

TIle governing equation is discretized for the nth layer by using a backward

difference equation of the form:

[ 1 li+1 ] ()k+l [1 Dk+l .6.z] k+l- 6.z n-l/2 n-l + 6.z n-l/2 + 26.t ()n =

A-I yk+1
~L.).4~()k_ J(~+ + in-1/226.t n (5.11)
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'2. Saturation Condition

54

Since ()n = ()s for all time 'steps, only n - 1 equations will be solved. There

fore, there is no need to discretize the governing equation for this particular

bOlllldary condition.

5.1.2 Solution of Finite Difference Equations

Equation (5.2) must be incorporated with the initial and the appropriate bOlllldary

conditions in order to obtain a solution of moisture contents on the time-space grid.

The discretized equations presented above form a system of order n which can be

expressed in matrix form as follows:

(5.12)

where

A = Caef ficient matrix of the system

e = Moisture vector

jj = Column vector

Replacing the coefficients of ()f~i, ()f+I, ()f':l, and ()f by ai, di, Ci, and gi, re

spectively, and setting gi()f = bi, Equation (5.12) becomes:

dl CI
00...000 ()f+I bI

a2

d2C20...000 ()k+I b22

0
a3d3C3
...000 ()~+1 b3I (5.13)

Bk~1 J

I
0

000... an-Idn-ICn-I bn-In-I

0
000" .0andn ()k+I bnn

,
---,
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. The above equation can now be solved by the Gaussian elimination method as

follows [15]:

The second row of the coefficient matrix, A, can be written of the fonn:

(5.14)

(5.15)

(5.16)

where

d' d a2
2 = 2 - dl CI

b~ = b2 - ~: bi

These equations can be generalized for the (n - l)th equation as the following:

d an-I
n-I - ~Cn-2n-2

b an-I b'
n-I - ~ n-2n-2

For an intennediate layer, I, the volumetric moisture content is then obtained from

where

d' ()k+1 + ()k+1 - b'n-I n-I Cn-In - n-I

d~_1

(5.17)

(5.18)

(5.19)

the following:

where

(5.20)

bi

di

(5.21)

(5.22)

for I = (n - 1), (n - 2), ... , 1.

For the nth layer, however, the volumetric moisture content is equal to the fol

lowing:

(5.23)



CHAPTER 5. METHOD OF SOLUTION

5~1.3 Moisture Flux Computation

56

Once the volumetric moisture contents are computed, the moisture flux for the ith

layer is obtained as follows [52]:

qfH = Kf+l _ Df+l (~) ~+1 (5.24)

Korfiatis [52]evaluated the derivative ~~ in the equation given above by Newton's

divided differences technique as follows: A parabola is fitted through three pairs of

coordinate points as shown in Figure (5.2).

The moisture flux can then be written as a function of depth, z, of the form:

(5.25)

5.2 Contaminant Transport

The governing contaminant transport equation in terms of the liquid phase concen

trations was derived in Chapter 2 as the following:
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o 8i+1 8j 8 '11- 8

z '11-

Z,
1

Z
i+1

z

Figure 5.2: TIrree-point moisture profile for the computation of moisture flux: (from

Korfiatis, 1984)
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8 [( D,) XL ]oz ewE + H oz - ewR (5.26)

Using the continuity of the moisture flow, and ea = n - ew, this equation can

alternatively be written as follows:

HI! p,GL +GLa:; - Hqw ~L - HBwR] (5.27)

The above equation is discretizedin the following sections for both biodegradable

and non-biodegradable compounds:

5.2.1 Transport of Non-biodegradable Contaminants

Assuming that biodegradation does not take place in the transport process, the R

term in Equation (5.27) becomes zero. Therefore, the one-dimensional mass trans

port equation is discretized for the intermediate layers, i = 2, ... , n - 1, without

the sink term as follows:
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(5.28)

1. Top BOill1daryCondition

Equation (5.27) is discretized for the first layer using the bOill1dary condition

of; = 0 @ z = 0 as follows:

(5.29)

The concentration CLl at the top bOill1darywas described as an average concen

tration of the first two layers. Tills approximation was adopted to circumvent

a numerical difficulty arisen when attempted to describe the uppermost layer.

However, this approximation is consistent with the numerical scheme used for

discretization, namely, the central differences. \iVhen the second top bOill1dary

condition (CL = 0) is used, there is no need to discretize the equation since

o~" becomes zero.

2. Bottom BOill1daryCondition

Similarly, the mass transport equation for the nth layer is discretized for the

bOill1dary condition °f/ = f @ Z = ZL in the following manner:
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5.2.2 Transport of Biodegradable Contaminants

Monod Kinetics
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(5.30)

If Monod kinetics are assumed, Equations (4.13) and (4.14) should be solved simul

taneously. The R tenn in Equation (4.13) will be replaced by the Rs tenn given

in Equation (2.38). Hence, the discretized fonn of the mass transport equation

becomes :

[(BEH + D )~+1 _ (BEH + D )~+1 (Ck+1 _ Ck+1 )

a 1+1 a 1-1 LiH Li-l +2& 2&

1lkOk+l)(k+lC7k+1]

t z _ Li (5.31)

Similarly, the microbial growth equation (Equation 4.14), neglecting dispersion,

is discretized as follows:
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for i = 2, 3, ... , n - 1

Substrate Limiting Conditions
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(5.32)

(5.33)

At high substrate concentrations, Rs becomes a constant, therefore the discretization

will take the following form:

(6.CL) k+1 16.t i = (H -1)8f+1 +HI(dPb +n

[(8EH +D,)~':l- (8EH +D,)~!l (C1~- Cft',)2& 2& +

(5.34)

At low substrate concentrations, Rs becomes a first order e:x.-pression:
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(5.35)

1. Top Boundary Condition

Similarly, for the top boundary condition, af;' = 0 @ z = 0, the governing

equation becomes:

(.6.CL) k+I = 1.6.t 1

[-Hk' PbCl;-' + (O~+~~O~)(C1;-1;C1;1) _ HO:+'~+l] (5.36)

where R!:n+I is equal to the Rs of Equation (2.38) when Monod kinetics are used,

or, alternatively, is equal to Equations (2.41) or (2.42) if substrate limiting

conditions are considered.

2. Bottom Boundary Condition

For the nth layer, the governing equation becomes:

.6.CL) k+I 1(.6.t n = (H - l)B~+I + HI(dPb +n
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[(()EH + D )k+1 - (()EH + D l+1 (Ck+1 - CHI )

a n a n-I Ln Ln-l

& fu
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(5.37)

The discretized equations given in the previous sections form a set of ordinary

differential equations. If the Monod kinetics option is selected, for n lines, 2n equa

tions are generated. For limiting conditions, only n set of equations are to be solved.

The solution method is described in the next section.

5.2.3 Hamming's Modified Predictor-Corrector Method

The discretized equations given above are solved by Hamming's modified predictor

corrector method similar to the scheme presented by Demetracopoulos et al. [26].

This method is also called the method of lines. This section outlines the procedure

used in the present study [26, 15]:

Introducing new variables Yj for j = 1, 2, ... , q with q = 2n, and x = t such

that:

{ CL· far j = 1, 2, ... , (q/2)

Y. _ JJ-
Xj-q/2 far j = (q/2 + 1), ... , q

Equations of 8£", and 88~ can now be written in the general form:

dy·
d: = h(x, YI, Y2,· .. ,Yq) far j = 1, 2, ... , q

(5.38)

(5.39)
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'. Let Yj,i be the final modification of the estimated solution for the j1h dependent

variable, Yj, at Xi, and let h,i be the estimate of h at Xi, i.e.

(5.40)

(5~41)

The Harmning's method is used for the solution Equation (5.39). Starting values

for Yj,i, Yj,i-I, Yj,i-Z, Yj,i-3, !j,i, h,i-I, h,i-z must be lrnown. Initial conditions of the

governing equations "Willsupply the values of Yj,i. The fourth order Runge-Kutta

method [15] is used to estimate the values of Yj,i-l, Yj,i-Z, Yj,i-3. The derivatives

h,i, h,i-I, h,i-z are computed from Equation (5.39).

In terms of the new nomenclature, the procedure is outlined as follows:

1. The predicted solutions Yj,i+I,O, where the third index indicates the number of

iterations, are computed for J = 1, 2, ... , q using:

4
Yj,i+I,O = Yj,i-3 +3h(2h,i - h,i-I +2h,i-Z)

where h is the increment of the independent variable X, namely, !:it.

(5.42)

2. The predicted solutions are modified by local truncation errors, ej,i, as follows:

where

9
ej,i = 121 (Yj,i,1 - Yj,i,O)

(5.43)

(5.44)

(5.45)

3. The j1h corrector equation is applied for each dependent variable as follows:

Yj,i+I,1 = ~ [9Yj,i - Yj,i-Z + 3hUj,i+I,O + 2h,i - h,i-I)]

where

!J,i+I,O = !j(Xi+l, Yi,i+I,O, Y2,i+I,O' ... , Y;,i+I,O) (5.46)
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. 4. The local truncation error, ej,i+l, is estimated by the following:

. 9
ej,i+l = 121(Yj,i+l,l - Yj,i+l,O)

5. The final value of Yj,i+l is then computed from:

Yj,i+l = Yj,i+l,l - ej,iH
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(5.47)

(5.48)

6. TIle derivatives, h,i+l, are then computed from Equation (5.39) as follows:

(5.49)

This process is repeated for the next increment of the independent variable. In

the outlined procedure above, the corrector equations are applied just once for each

variable. However, in the present study, they are applied more than once for more

accurate results', A detailed discussion of the procedure and an algorithm can be

found in Carnahan et al. [15].
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Sensitivity Analysis

The sensitivity of the model output has been examined by varying key input pa

rameters. Although most of the key input parameters have been examined, the user

will still be required to perform several runs to ensure adequate understanding of

the model operation and the sensitivity to a variety of input variables and boundary

conditions. This is necessary due to the complexity of the model, the high degree of

nonlinearities of the equations involved, and the variety of the options provided in

the model.

TIle following section addresses the sensitivity runs performed for homogeneous

soils. TIle last section in this chapter entails the verification of the numerical solution

of the mass transport equation with an analytical solution that is derived for steady

state flow conditions.

6.1 Sensitivity Runs

The sensitivity runs have been performed by simulating the hypothetical scenario

shown in Figure (6.1). This scenario involves a 30 feet thick unsaturated soil layer

with the upper and lower 10 feet free of contanlination, and the middle 10 feet

66
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Table 6.1: Hydraulic properties of selected soils (after Clapp and Hornberger, 1978)

Hydraulic Soil Type

Properties

SandSandy LoamSilty Clay LoamSilty Clay

1(s (ft / day)

49.889.83 0.4820.293.
Bf

0.050.10 0.200.25

Bs

0.3950.440 0.4770.492

Bad

0.010.05 0.070.10

m

11.112.8 18.523.8

b

4.054.9 7.7510.4

1/Js (It)

0.40.72 1.171.6

BWi

0.150.20 0.300.35

CN

7282 8789

Bwi;t

0.020.07 0.100.15

contaminated by a single chemical constituent ..
Simulations have been performed for four different soils and three different chem-

ical compounds. The soils were chosen in the range of sand to silty clay. The hy

drologic properties of these soils are shown in Table (6.1) as given by Clapp and

Hornberger [19].

The following default values have been used in all simulations except where in

dicated otherwise:

• Initial total concentration CT = 1 mg/kg

• Time discretization increment ~t = 1 day

• Space discretization increment & = 1 ft
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Ground Surface

10 Feet

Clean Soil
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Clean Soil

Groundwater Table

10 Feet

10 Feet

Figure 6.1: Contamination scenario used in sensitivity analysis
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Table 6.2: Chemical properties of selected organic compoilllds

Chemical Compoillld

Properties

BenzeneTCEToluene

Water diffusivity dw (m2/day)

6.95 x 10-56.90 X 10-56.23 X 10-5

Air diffusivity da (m2/day)

0.8310.6090.729

Henry's constant J(H

0.2330.3770.265

Fugacity coefficient J(oc (m1 / gr )

83126300

e Soil bulk density Pb = 1.65 gr/cm3

• Dispersivity a = 0.2 it

• Root zone depth dr = 3 it

• Organic carbon content of the soil OC = 0.5%

69

Actual rainfall and evapotranspiration data have been used for all sensitivity

runs. Thornthwaite's method was used for the evapotranspiration computations.

Benzene, toluene and TCE were the chemical compoilllds selected for the sensitivity

analysis. The pertinent properties of these compoilllds are shown in Table (6.2).

Effect of Space and Time Discretization Increments fu and tit

TIle effect of the space and time discretization steps was ex:anllned for a sand layer

contanlinated "vith benzene. The simulations were performed for 2,000 days. Fig

ure (6.2) is a plot of the moisture flux versus time for space increments ranging

from 1 foot to 5 feet. It has been observed that the size of the space discretization

increment has very little effect on the predicted moisture flux at the groillldwater

table. Close exanlination of the moisture profiles has also revealed that this effect
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Figure 6.2: Effect of & on moisture fluxes at g.w.t. for sand

-.

is negligible. When the liquid concentration predictions are compared, hmvever, the

effect of fu is substantial as shown in Figure (6.3). This indicates that the solution

of the mass tr~port equation is sensitive to the size of &. It is recommended that

the smallest possible value of 62' be used to obtain more accurate results. AlthOUgll

tIns recommendation may be used as a rule of thumb, the choice of .6.z is dependent

and limited by the size of i:J.t.

Figures (6.4) and (6.5) indicate that the effect of the time increment on both

moisture fl1L'Cesand liquid phase concentrations at the gr01mdwater table is negligi

ble. These runs were performed for sand contaminated with benzene, using a i:J.z=.5

feet.

It is well known that the finite difference solution of the equations in tills model is

stable for an optimum value of the ratio i:J.t/.6.z. This value is not known a priori and

must be determined by sensitivity analysis for each simulation scenario. TIle ratio

i:J.t/ & is knO\Vllas a type of Courant number, willch must have a value i:J.t/ & < T

where T is an appropriate value for stable solutions. This condition is known as the
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Courant-Friedrichs-Lewy(CFL) condition [1].

Figures (6.6) and (6.7) show the effectof fu for a silty clay layer contaminated

with benzene. Figures (6.8) and (6.9) show the similar observation of the /:}.t effect

for silty clay.

Effect of Initial Moisture Content

The moisture content of the soil at the commencement of a simulation may not

always be known. It is, therefore, important to examine the effect of Ow; on the

model output. Figure (6.10) shows a plot of the bottom moisture fluxes versus

time for a 30 year simulation. The soil here is sand with fu=5 feet and /:}.t=5

days. Close observation of this figure shows that the effect of Ow; is confined in the

first 500 days of the simulation, and is negligible thereafter. This indicates that

for simulations over long time periods, the choice of the initial moisture content is

not important. Instabilities in the solution of the moisture transport equation may

occur if the cllosen Ow; value is close to the saturated moisture content or to the
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Figure 6.6: Effect of fu on moisture fluxes at g.w.t. for silty clay
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Figure 6.9: Effect of .6.t on liquid phase concentrations at g.w.t. for silty clay
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Figure 6.10: Effect of (}Wi on moisture fluxes at g.w.t. for sand

air-dry moisture content due to the sharp moisture gradients that are formed in

the soil surface." Attention must also be given to the fact that the choice of initial

moisture content will influence the liquid phase concentration for a given initial total

concentration. This becomes clear when observing Equation (2.17) which shows that

the total and the liquid phase concentrations are related via the moisture content of

the soil. Figure (6.11) is a good example of the liquid phase partitioning due to the

variations in the initial moisture content.

Comparison of Thornthwaite's and Penman's Methods

The mean monthly evapotranspiration value can be computed by the model via the

two methods proposed by Thornthwaite and Penman, respectively. A 30 feet thick

sand layer contaminated with benzene has been analyzed using both theories. Actual

mean monthly temperatures were used for both simulations. Table (6.3) tabulates

the relevant data used in the Penman's equation. It should be noted that most of

this data are not readily available, therefore, they are estimated for the particular
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Figure 6.11: Effect of 8Wi on liquid phase concentrations at g.w.t. for sand

simulation presented herein. The simulations were performed with fu = 2 feet and

/}.t = 5 days for a total of 10,000 days. Figure (6.12) shows the moisture fluxes

at the groundwater table computed using both methods. A small difference in the

magnitude of the fluxes is observed in the sinmlations. However, this cannot result

in any significant conclusion since some of the data used in the Penman's equation

were arbitrarily chosen. Figure (6.13) shows the liquid phase benzene concentration

history at the groundwater table.

Effect of Bottom Boundary Condition of the Flow Equation

The model is equipped to handle two types of boundary conditions at the ground

water table for the solution of the moisture flow. First, the moisture content at

the bottom of the domain is set to remain at the saturated moisture content for all

time steps. When this happens, the moisture content distribution throughout the

unsaturated zone becomes highly curvilinear, thus, increasing the instabilities of the

model. A silty clay loam layer contaminated with benzene has been investigated
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Table 6.3: Oimatic data used in Penman's method

Mean Monthly Sunshine (%)
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Figure 6.12: Effect of evapotranspiration computation method on moisture fluxes at

g.w.t. for sand
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Figure 6.13: Effect of evapotranspiration computation method on liquid phase con

centrations at g.w.t. for sand

with /:j.t = 2 days for 10,000 days. The initial moisture content profile, which repre

sents the dry condition of the soil, was obtained by running the model without any

infiltration for 2,000 days. This profile was then input into the model to simulate

the effect of the contaminated zone on the groundwater table. The spatial moisture

content distribution for selected time steps is shown in Figure (6.14).

The sensitivity runs performed for the scenario described above show that the

model is very sensitive to fu values. The smaller values of fu produced more stable

solutions of the moisture flow equation, but increased the instabilities in the mass

transport equation. The selection of /:j.t values further limited the use of very fine fu
values when using the actual climatic input which is based on daily storm systems.

The same contamination scenario was applied with the second type of the bound

ary condition, i.e. gravity drainage. This boundary condition produced stable results

in the solution of the moisture flow equation with comparatively greater values of

fu. Figure (6.15) shows the typical moisture distribution through the unsaturated
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Figure 6.15: Moisture content distribution in the unsaturated zone "'\Vitho(}j8z = 0

boundary condition for silty clay loam
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Figure 6.16: Effect of bottom bOlmdary condition of the flow equation on liquid

phase concentrations at g.w.t. for silty clay loam

zone for selected time steps. A close observation of the contamination history on the

groundwater table, as shown in Figure (6.16), represents that the difference in the

maximum liquid phase concentrations on the groundwater table is relatively small.

'I1:ris is further observed in the simulation performed for a silty clay layer. The

contamination history for the silty clay layer is shown in Figure (6.17). It can be

concluded that the gravity drainage condition, although it is not physically the most

representative condition for the groundwater table, can be used in predicting the

maximum concentrations on the groundwater table with relatively little effort and

instability problems.

Effect of Climatic Conditions

The model output has been examined for different types of climatic input. First,

the actual rainfall and temperature data was applied to a sandy soil contaminated

with benzene. The simulation was performed for 10,000 days with spatial and time
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Figure 6.17: Effect of bottom b01mdary condition of the flow equation on liquid

phase concentrations at g.w.t. for silty clay

increments of 2 f~t and 5 days, respectively. TIle moisture fluxes at the groundwater

table due to the actual climatic input is shown with a solid line in Figure (6.18).

TIlen, the annual average rainfall for the last 30 years was applied to the same soil

as a constant input with actual evapotranspiration values that were computed by

the TIlomthwaite's method. The dotted line in Figure (6.18) denotes the results of

tIns simulation. Lastly, a constant value of the net infiltration, which was computed

on a monthly basis by the water balance method incorporated in the model, was

applied to the soil without computing the evapotranspiration values for eacll time

step. The moisture fluxes at the groundwater table due to tIns constant infiltration

value is denoted by the dashed line in Figure (6.18). The annual average rainfall

was determined to be 3.6 feet, leading to a daily rainfall value of approximately 0.01

feet. TIle average annual net infiltration for sand was computed by the model as

1.41 feet, resulting the daily rainfall of approximately 0.004 feet.

Figure (6.19) illustrates the liquid phase benzene concentrations at the ground-
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Figure 6.20: Effect of climatic input on moisture fluxes at g.w.t. for sandy loam

water table for all three types of the climatic input mentioned above. The third type

of rainfall input .produced substantially close results to the actual climatic simula

tion. The arumal average rainfall simulation, however, peaked at a higher rna.-x:imum

concentration than the other two simulations. This result was expected since the

surface runoff values were not taken into account by the model for this particular

simulation.

Similar simulations were performed for other types of soils with the same types

of input conditions mentioned above. The only varying climatic input parameter

for each soil was the annual average net infiltration value. The net infiltration is

computed by the water balance method by talcing the full cycle of climatic processes,

such as the precipitation, evapotranspiration, and the surface runoff events, into

consideration. Figures (6.20) and (6.21) represent the effect of the climatic input in

a sandy loam layer contaminated with benzene. Similarly, silty clay loam and silty

clay layers were examined, and results are shown in Figures (6.22), (6.23), (6.24),

and (6.25).
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Figure 6.21: Effect of climatic input on liquid phase concentrations at g.w.t. for
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Figure 6.22: Effectof climatic input on moisture fluxes at g.w.t. for silty clay loam



CHAPTER 6. SENSITIVITY ANALYSIS

5.0

85

$:
c.:>

•• 0 I ."~
....:~c3

3.0

< Z
a~

2.0

§ U
Z

1.0a u
0.0

0.00
1.25

2.50 3.75 5.00 6.25 7.50

TIME (DAYS)

6.75 10.00
·1cT

ACTUAL CLIMATIC DATA

P=lE-2 2f)D W; EVAP~~'P-~~:t:::~{ji1C7-(t~y~p'_~

Figure 6.23: Effect of climatic input on liquid phase concentrations at g.w.t. for silty

clay loam

0.0125

0.0075

~
R 0.0100t
•.......

....:

~
c3

<
x
2 0.0050
w
a::

~
Vl 0.0025a
~

0.0000
0.00 1.25 2.50 3.75 5.00 6.25

TIME (DAYS)

7.50

~ ~
-.. "

- .. "-. ,"-. "-. "- .. "

:: ::
- .. "
-. 0"
- .. "
-. 0""' "-. "-. "-. "-. "-. "'. "'. "'" .

~~~

8.75

ACTUAL CLIMATIC DATA

P=lE-2 FTfE WI EVAP.... 'tl;;;2:t::f:o·.:.:.·o'j .. 1m ·W·/K·..,V ....--~----~~--y_ t~_~y_~ _.
10.00
·1cT

Figure 6.24: Effect of climatic input on moisture fluxes at g.w.t. for silty clay
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clay

Examining the simulations for each type of soil reveals that, for long tenn sim

ulations, the benzene concentration at the groundwater table can be predicted ac

curately by an application of constant net infiltration. One of the advantages of

using a constant input is that the model operates much faster for longer simulation

times since the moisture flow becomes steady-state sometime after the simulation

onset. Another very important advantage is that the overall stability of the model is

improved by the application of a constant rainfall since the significance of the lim

itations in the time-space discretization increments is negligible under steady-state

conditions.

TIle effect of the climatic input conditions were also e.."'\:aminedfor the surface

liquid phase concentrations and the gaseous phase mass fllUes. A sandy loam soil

contan1inated with TCE was investigated under both the actual and the constant

net infiltration scenarios. TIle unsatill'ated zone was discretized "vith .6.z=0.5 feet,

and simulations were perfonned for 2,000 days with fully reversible adsorption. Fig-
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Figure 6.26: Moisture content distribution at the surlace of a sandy loam layer under

transient and steady-state infiltration

ure (6.26) shows.the moisture content history at the surlace of the simulation domain.

TIle dotted line represents the moisture content profile under steady-state infiltra

tion. Fig,me (6.27) shows the liquid phase concentration history at the surface.

As obtained in the previous simulations, the differences in concentrations for tran

sient and steady-state infiltrations were not found to be substantial. TIle gaseous

phase mass fluxes at the surface are shown in Figure (6.28) with respect to time.

A similar simulation was performed for a sandy layer, and the results are shmvn in

Figures (6.29) and (6.30).

Effects of Soil and Chemical Properties

..- TIle effect of various soil properties on the model output has been exanlined by

performing simulations for the four selected types of soils contaminated with TCE.

A 10,000 day simulation is shmvn in Figures (6.31) and (6.32) for &=2 ft and

.6.t=5 days. As eJl.."})ected,the hydraulic properties of the soils are affe~ting the
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Figure 6.31: Effect of different soils on liquid phase concentrations at g.w.t.

moisture filL'{: at the top of the groundwater table as shown in Figure (6.32). 'TIle

effect on the TCE concentration at the bottom of the unsaturated soil layer is shO\vn

in Figure (6.31). It is observed that the concentrations peak at different times,

and ma.-TImumconcentrations vary for each soil. 'TIlis is a result of the differences

in hydraulic conductivities and moisture retention capacities of the soils used. In

interpreting these results, attention must be directed to the fact that the initial liquid

concentration was different for each soil although the lllitial total concentration was

the same for all simulations.

'TIle effect of soil dispersivity on the model output has been examined for a silty

clay layer contaminated with toluene. 'TIle results of this simulation are shown in

Figure (6.33) for 4,000 days with .6.t=2 days for various values of a. It is observed

that the dispersivity has a pronounced effect on the magnitude of the ma.-TImUl11

concentration at the water table. Dispersivity is known to depend on the spatial

scale of the simulation. For surface phenomena, dispersivities of a few nllllimeters

have been reported in the literature. For simulations in thicker soil layers, such as
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Figllfe 6.32: Effect of different soils on moisture fluxes at g.w.t.

the one simulated here, values in the range of 0.1 ft to 0.5 ft are recommended.

Similar simulations were performed to examine the effect of chemical constituent

properties on the model output. Figure (6.34) shows three different scenarios where

a sandy loam layer is contaminated with benzene, phenol, and carbon tetrachloride.

TIle pertinent chemical properties for phenol and carbon tetrachloride are given

below:

dw = 7.15 X 10-5 m2 jday for phenol

dw = 6.61 X 10-5 m2 j day for carbon tetrachloride

da = 0.622 m2 jday for phenol

da = 0.536 m2 j day for carbon tetrachloride

KIf = 1.89 X 10-5 for phenol

KH = 1.0 for carbon tetrachloride

Each of the TImswas executed for the same initial total concentration which produced

different initial liquid concentrations due to different Henry's constants. The differ-
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ences in the maximum bottom concentrations are substantial for these compounds

since their Henry's constants and diffusion coefficients differ drastically.

Effect of the Top Boundary Condition for the Mass 'Iransport Equation

The model is equipped to handle two different mass transport b01llldary conditions

at the soil surface. TI.1esetwo boundary conditions represent the e:x.-tremecases of no

flux of mass to the atmosphere (&:?: = 0) and a maximum possible flux (CL = 0) at

the boundary. Figure (6.35) shows a 2,000 day simulation in a 30 feet thick sandy

loam layer with the middle 10 feet contaminated with benzene for both types of

boundary conditions. For this scenario, the type of boundary condition used does

not influence the benzene concentration history at the top of the groundwater table.

A close observation of the concentration profiles revealed that although benzene

mass had migrated upward in the top 10 feet of the layer due to gaseous and liquid

diffusion, the anl0unt of mass reaching the soil surface boundary ,vas negligible.
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Figure 6.36: Effect of top bOWldary condition for the mass transport equation on

liquid phase concentrations at g.w.t. for sandy loam with the top 20 feet of the layer

contaminated

Another simulation was perfonned with the top 20 feet of the layer contaminated

and the bottom 10 feet free of contannnation. The results shown in Figure (6.36)

indicated that there is a profoWld effect on the bottom concentration history since

much of the mass has volatilized through the bOWldary for the CL = 0 bOWldary
condition.

The effect of the top boundary condition, therefore, can be profound, depending

on how close the contaminated soil layer is to the soil-atmosphere boundary. It

is recommended that the CL = 0 condition be used since it better represents the

processes taking place at the boundary.

Effect of Adsorption/Desorption

Most of the sensitivity simulations reported so far were performed without taking

the sorption processes into consideration. TIle simulations shown in Figme (6.37)
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Figure 6.37: Effect of fugacity coefficient on liquid phase concentrations at g.w.t. for

sandy loam

were performed .for a sandy loam soil contaminated with various compounds. As

expected, a retardation of the contaminant front is observed as the fugacity coefficient

is increased. The maximum concentration at the water table is also affected by

the fully reversible adsorption. Figure (6.38) shows a simulation where irreversible

adsorption is considered in a silty clay soil. The solid line denotes no adsorption,

and the dotted line shows the concentration history for the irreversible adsorption

rate coefficient Ie' = 1 X 10-4 mlfgr.day. The dashed line denotes the concentration

history for Ie' = 2X 10-4 ml f gr· day. The maximum concentration at the groundwater

is greatly influenced by Ie'.

Effect of Biodegradation

The model output has been found to be very sensitive on the rate coefficients of

equilibrium biodegradation. All three biodegradation models, i.e. zero order, first

order, and Monod kinetics, have been examined. Figure (6.39) shows the effect of



CHAPTER 6. SENSITIVITY ANALYSIS 96

1.11

2.S0 3.7S S.OO II.2S 7.s0 1I.7S 10.00

TI•••E (DAYS) ·1cf

Figure 6.38: Effect of irreversible adsorption rate coefficient on liquid phase concen

trations at g.w.t. for silty day
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the zero order coefficient, ko, on the concentration history for a silty day loam layer

contaminated with TCE. The effect of the first order reaction coefficient, k1, for

the same contamination scenario is shown in Figure (6.40). Another simulation was

performed for a sandy loam soil contaminated with benzene, TCE, and toluene. The

first order equilibrium biodegradation coefficient for each of these compounds were

computed by the following equation reported by Jury et al. [46]:

k1 = In(2) (6.1)T

where T is the half life of the microorganisms in the solute [days]. The following

values of k1 were computed for each compound with the T values given by Jury et

al. [46]:

T = 0.365 x 1Q3days --j. k1 = 1.9 X 10-3 l/day for benzene

T = 0.730 X 103 days --j. k1 = 9.5 X 10-4 l/day for TCE

T = 50 days --j. k1 = 1.4 X 10-2 l/day for toluene
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Figure 6.39: Effect of zero order biodegradation on liquid phase concentrations at

g.w.t. for silty clay loam

It is observed from Figure (6.41) that the maximum liquid phase concentrations

substantially differ for each of the compounds used, due to the differences in the first

order biodegradation coefficients.

The Monod kinetic model "\-vasexecuted for a silty clay loam layer contaminated

with benzene with the following values: ke = 0.01 l/day, J(m = 100 mg/l, Y =
0.6, and initial biomass concentration Xinitial = 1 mg/l. A sensitivity analysis was

performed for the growth rate coefficient, J-Lm, and is shown in Figure (6.42).

All these simulations show that the concentration history at the bottom of the

unsaturated zone is greatly influenced by the choice of the type of biodegradation

model used, and the values of the coefficients of these models. It is, therefore,

important that appropriate values for these coefficients are used. Unfortunately, the

availability of the values for these coefficients in the literature is very limited.
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Figure 6.42: Effect of biomass gTowth rate on liquid phase concentrations at g.w.t.

for silty clay loam

6.2 Model Verification

TIlls section addresses a special case of grOlll1dvvatercontamination problem where

an analytical solution exists. The governing mass transport equation is solved an

alytically under steady-state flow conditions for a senll-infinite domain. The mass

transport equation is written without a sink term as follows:

If the net infiltration rate through the unsaturated zone is constant and continu

ous with respect to time, ultimately, steady-state flow 'willoccur. For this particular

case, therefore, f)w, f)a, and qw terms appearing in the governing equation given above

\vill become constants. Hence, the equation becomes:
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where

jj =
BwEH +D

a
RH

V = qw R
k = k' Pb R

in which

100

(6.3)

For tIlis particular problem, the simulation domain will be considered as a senn

in:fulite domain in the vertical a:x:i.s.Namely, the following conditions will be utilized

for the solution of Equation (6.3):

CL(O, t)

CL(oo, t)

CL(z,O)

Co @ Z = 0 for t ~ 0

o @ Z = 00 for t ~ 0

o for t = 0

(6.4)

(6.5)

(6.6)

The analytical solution of Equation (6.3) is obtained as follows [79]:

""1' [';;;' ;~Dkz ] erfe [z + ~~4DI-t] } (6.7)

In order to verify the numerical scheme used in the model, the following scenario is

considered: A silty clay loam layer conta.nlinated with benzene has been investigated
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Figure 6.43: Comparison of analytical and numerical solutions of mass transport

equation for a silty clay loam layer contaminated with benzene

by taking all the physicochemical processes into consideration with k' = 0.001 ml / gr·

day. A constant rainfall of 0.007 jt/day was used for both the numerical and the

analytical models. The following mass transport coefficients were computed and used

in the analytical model for the steady-state volumetric moisture content of 0.3795

which was obtained by running the numerical model for 1,000 days:

D = 1.68411 X 10-3

V = 6.43993 X 10-3

k = 1.51798 X 10-3

TIle comparison of the results at 1,000 days is shown in Figure (6.43). The

numerical model predicted the concentration distribution very accurately for smaller

values of fu. When greater values of 6.z were used, on the other hand, the results

deviated from the analytical solution.
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Model Operation

7.1 General

Although the model has the flexibility to simulate a variety of situations, its main

operation describes the following scenario:

A portion of the vadose zone, having thickness dc, has been contaminated with

a single organic constituent of a !mown concentration, Ci, as shO\,vnin Figure (7.1).

Assuming that the source has been eliminated, this contaminant will move toward

the groundwater table which is assumed to be free of any contamination from tIns

constituent ilntially.

TIle concentration of the organic will reach its maximum value, Cmax, at the

gr01111dwatersurface some tinle later. TIlls maximum concentration and the time

that it will reach that value are predicted by the model. If Cmax is less than the con

centration allowed by regulatory standards on groundwater (Callow), no remediation

will be required. If, on the other hand, Cmax exceeds Callow, the model reduces the

iilltial concentration C by a predetern1ined amount, and repeats the simulation until

Cmax becomes equal or smaller than Callow. TIle reduction of the iilltial contanlinant

mass is accomplished in one of the following \\laYS:

102
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Fig1.ITe7.1: Typical scenario for model application
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'a) By reducing the concentration throughout the initially contaminated zone as

it would be expected in the case of in-situ remediation;

b) By reducing the actual thickness of the initially contaminated zone as it would

be eJ\..-pectedin the case of excavation of the contaminated soil and replacement

with clean fill.

A pseudo-algorithm of the model operation is shown in Figure (7.2). The code

is written in ANSI standard FORTRAN-77, and is executable on DOS operated

personal computers as well as VAX/VMS systems. The model is equipped with

user friendly features, such as the interactive input and data correction availability,

and the capability of tracking input parameters into a file which can be used for

executing the model in batch mode. A built-in calendar system is also included in

the model for real-time simulations. The climatic data input may be accomplished

in an automated fashion, using the actual data observed in New Jersey for the last

thirty years.

The input parameters can be generalized into the following categories:

• Input related to the mnnerical discretization and the model operation

• Input related to the hych'aulic properties of soils and the climatic conditions

• Input related to the chemical partitioning of contaminants between solid, liq

uid, and air phases

• Input related to the biotransformation processes

• Input related to the volatilization losses

A detailed list of input variables and their definitions are given in Appendix B.

As mentioned earlier, the model works in two modes of input, i.e. interactive

and batch. If the interactive mode is selected, the user will be prompted to supply
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Figure 7.2: Pseudo-algorithm of the model operation
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a value or values interactively. If there are more than one variable in a line of input,

values are separated by either spaces or commas. TIle data correction subroutine,

DATA, is called after each entry to enable the user to reenter any mistyped values.

In the interactive mode, the model will keep track of the input by writing all the

values into a file defined by the user. TIns file can then be used witI1in the batch

mode if successive runs are desired.

TIle follmving section gives an example of a shortened version of the main output

to illustrate the model operation.

7.2 Sample Run

The following sample run represents a contamination scenario where the first 5 feet

underneath the ground surface and the bottom 2 feet above the groundwater table

are initially free of contamination, and the middle 13 feet of sand is contannnated

with a total concentration of 1.0 mglkg of toluene. The relevant hydrogeological

and chemical input data are taken directly from Tables (6.1) and (6.2). For the sake

of illustration, a first order equilibrium biodegradation coefficient of 0.0001 day-l

is used. The organic carbon content of the soil is assumed to be 0.5 %, and the

irreversible adsorption coefficient is considered to be 0.001 mll g·day. The simulation

is performed for a total of 400 days, and the initial concentration reduction scheme is

utilized in promulgating the optimum concentration level that can be left untreated

within the unsaturated zone. The allowable liquid phase concentration of toluene is

assumed to be 50 ppb. TIle spatial discretization of the 20 feet tInck vadose zone

is achieved with the increments of one foot. Similarly, the time marching scheme is

established with four day intervals, and the actual climatic data are used throughout

the simulation.

With the input provided above, the model iterates four times to approach the
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allowable total toluene concentration of 0.875 mg/kg. The following output file lists

a more detailed set of results for all iterations:

SAMPLE RUN

RUN NO : 1

THIS IS A SIMULATION FOR BOTH MOISTURE AND SOLUTE TRANSPORT

****** INPUT DATA FOR SUBPROGRAM YGRA *****

FLAGl = 1

FLAG5 = 1

FLAG9 = 1

FLAG2 = 1

FLAG6 = 1

FLAG10= 0

FLAG3 = 0

FLAG7 = 1

FLAGll= 0

FLAG4 = 2

FLAG8 = 1

FLAG12= 1

HYDRAULIC PROPERTIES AND SIMULATION PARAMETERS

SATURATED HYDRAULIC CONDUCTIVITY = 49.8800 FT/DAY

FIELD CAPACITY MOISTURE CONTENT = 0.0500 FT3/FT3

100 TIME INCREMENTS ***

=

0.001000

=

21

=

100

=

11.1000

=

4.0500

=

0.4000FT

SATURATION MOISTURE CONTENT

AIR-DRY MOISTURE CONTENT

DEPTH INCREMENT

TIME INCREMENT

*** OUTPUT PRINTED EVERY

EPSILON

NUMBER OF LINES

NUMBER OF TIME STEPS

COEFFICIENT <AM>

COEFFICIENT <B>

SATURATION SUCTION HEAD

=

=

=

=

0.3950 FT3/FT3

0.0100 FT3/FT3

1.0000 FT

4.0000 DAYS
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INITIAL MOISTURE CONTENT (FT3/FT3)

0.1500 CONSTANT FOR ALL NODES

INFILTRATION RATE(FT/DAY)
..................................

0.0277 0.0000 0.0000 0.0060 0.0094 0.0038 0.0027 0.0004 0.0121 0.0042
0.0133 0.0085 0.0002 0.0010 0.0000 0.0029 0.0292 0.0223 0.0021 0.00400.0000 0.0088 0.0240 0.0006 0.0048 0.0075 0.0000 0.0021 0.0010 0.01600.0060 0.0073 0.0000 0.0110 0.0008 0.0054 0.0000 0.0000 0.0294 0.00710.0108 0.0000 0.0035 0.0217 0.0002 0.0000 0.0000 0.0063 0.0210 0.00630.0156 0.0027 0.0000 0.0000 0.0527 0.0446 0.0000 0.0019 0.0038 0.00000.0619 0.0015 0.0000 0.0000 0.0000 0.0000 0.0000 0.0033 0.0083 0.00850.0183 0.0104 0.0000 0.0088 0.0300 0.0023 0.0015 0.0306 0.0000 0.01560.0077 0.0200 0.0056 0.0008 0.0181 0.0140 0.0215 0.0012 0.0092 0.00080.0219 0.0131 0.0000 0.0002 0.0298 0.0044 0.0000 0.0025 0.0081 0.0000

***** INPUT DATA FOR MASS TRANSPORT MODEL *****

THIS IS A SIMULATION FOR BIODEGRADABLE MATTER

PRINTOUT FREQUENCY = 100

NATURE OF THE SUBSTRATE = TOLUENE

FIRST ORDER MONOD COEFF. FOR SOIL = 0.1000E-03

SOIL

FUGACITY COEFFICIENT

SOIL DISPERSIVITY

FIRST ORDER ADSORPTION COEFFICIENT

FIRST ORDER DESORPTION COEFFICIENT

BULK WATER DIFFUSION COEFFICIENT

=

=

=

=

=

l/DAY

0.3000E+03 ML/GR

0.2000 FT

0.1500E+Ol ML/GR

0.1000E-02 ML/GR l/DAY

0.6230E-04 M2/DAY
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BULK AIR DIFFUSION COEFFICIENT

HENRY'S CONSTANT

SOIL BULK DENSITY

=

=

=

0.7920E+00 M2/DAY

0.2650

0.1650E+01 GR/CM3

109

INITIAL TOTAL CONCENTRATION (MG/KG)

O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO 0.1000E+01

0.1000E+01 0.1000E+01 0.1000E+01 O.1000E+01 0.1000E+01 0.1000E+01

0.1000E+01 0.1000E+01 0.1000E+01 0.1000E+01 0.1000E+01 0.1000E+01

0.1000E+01 O.OOOOE+OO O.OOOOE+OO

INITIAL LIQUID PHASE CONCENTRATION (MG/L)

O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO 0.6134E+OO

0.6134E+00 0.6134E+00 0.6134E+00 0.6134E+00 0.6134E+00 0.6134E+00

0.6134E+00 0.6134E+00 0.6134E+00 0.6134E+OO 0.6134E+00 0.6134E+00

0.6134E+00 O.OOOOE+OO O.OOOOE+OO

***** RESULTS *****

MONTHLY MEAN TEMPERATURES (F)

JAN FEB MAR APR

30.20 32.80 41.70 52.30

NOV DEC

46.90 35.80

CN = 72.

MAY

62.90

JUN JUL AUG SEP OCT

71.90 77.10 75.90 68.30 57.00
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~,
THF =

5.00 (%)

THW =

2.00 (%)

DRZ =

3.00 (FT)

SUMMARY OF WATER BALANCE METHOD(All results are in [rom])o. •••• o. o. •••••••••• e •.•• o. •••• o.o. ••• o.o.o.o.o.o. e •.••••••

JAN

FEBMARAPRMAYJUNJULAUG

P

84.93 78.55 98.06 95.70 97.9475.92 113.0996.55

RUNOFF

2.792.003.894.675.231.918.087.85

I

82.14 76.55 94.17 91.02 92.7174.01 105.0188.69

PET

0.000.36 15.00 45.62 91.94 132.71 160.15 143.27

I-PET

82.14 76.18 79.16 45.410.77 -58.71 -55.15 -54.58

SO-PET)

0.000.000.000.000.0058.71 113.86 168.43

ST

27.43 27.43 27.43 27.43 27.433.320.480.16

dST

0.000.000.000.000.00 -24.11-2.85-0.32 /~

AET

0.000.36 15.00 45.62 91.9498.12 107.8589.01

PERC

82.14 76.18 79.16 45.410.770.000.000.00

SEPOCTNOVDECANNUAL TOTALS

P

92.57 74.49 100.11 89.34 1097.25

RUNOFF

7.713.656.912.22 56.93

I

84.87 70.8493.20 87.121040.32

PET

96.69 52.8622.093.16763.87

I-PET -11.82 17.98

71.10 83.95

SO-PET) 180.25

0.000.000.00

ST

0.14 18.1127.43 27.43214.23

dST

-0.02 17.989.320.00 0.00

AET

84.89 52.8622.093.16610.91

PERC

0.000.0061.79 83.95429.41
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AVERAGE DAILY EVAPO. FOR TIME STEP 100 = 0.4111E-04 FT/DAY ( 2/ 1/1960)

CONCENTRATION DISTRIBUTION AT 400. DAYS MG/L

O.OOOOE+OO 0.1961E-Ol 0.5204E-Ol 0.1001E+00 0.1622E+00 0.2326E+00

0.3028E+00 0.3642E+00 0.4112E+00 0.4428E+00 0.4616E+00 0.4710E+00

0.4738E+00 0.4708E+00 0.4608E+00 0.4400E+00 0.4035E+00 0.3465E+00

0.2672E+00 0.1682E+00 0.5723E-Ol

MAX. CONCENTRATION= 0.5723E-Ol > ALLOW. CONCENTRATION= 0.5000E-Ol MG/L

NEW INITIAL LIQUID PHASE CONCENTRATION(MGiL)

--------------------------------------O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO 0.3067E+000.3067E+00 0.3067E+00 0.3067E+00 0.3067E+00 0.3067E+00 0.3067E+000.3067E+00 0.3067E+00 0.3067E+000.3067E+00 0.3067E+00 0.3067E+000.3067E+00 O.OOOOE+OO O.OOOOE+OOASSUMED NEW TOTAL CONCENTRATION

(MG/KG)

-------------------------------O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO 0.5000E+000.5000E+00 0.5000E+00 0.5000E+00 0.5000E+00 0.5000E+00 0.5000E+000.5000E+00 0.5000E+00 0.5000E+00 0.5000E+00 0.5000E+00 0.5000E+000.5000E+00 O.OOOOE+OO O.OOOOE+OO

CONCENTRATION DISTRIBUTION AT 400. DAYS MG/L

O.OOOOE+OO 0.9806E-02 0.2602E-Ol 0.5006E-Ol 0.8108E-Ol 0.1163E+00

0.1514E+00 0.1821E+00 0.2056E+00 0.2214E+00 0.2308E+00 0.2355E+00

0.2369E+00 0.2354E+00 0.2304E+00 0.2200E+00 0.2017E+00 0.1733E+00

0.1336E+00 0.8410E-Ol 0.2861E-Ol
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MkX. CONCENTRATION= 0.2861E-01 < ALLOW. CONCENTRATION= 0.5000E-01 MG/L

112

NEW INITIAL LIQUID PHASE CONCENTRATION(MG/L)

--------------------------------------O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO 0.4601E+000.4601E+00 0.4601E+00 0.4601E+00 0.4601E+00 0.4601E+00 0.4601E+000.4601E+00 0.4601E+00 0.4601E+00 0.4601E+00 0.4601E+00 0.4601E+000.4601E+00 O.OOOOE+OO O.OOOOE+OOASSUMED NEW TOTAL CONCENTRATION

(MG/KG)

-------------------------------O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO 0.7500E+000.7500E+00 0.7500E+00 0.7500E+00 0.7500E+00 0.7500E+00 0.7500E+000.7500E+00 0.7500E+00 0.7500E+00 0.7500E+00 0.7500E+00 0.7500E+000.7500E+00 O.OOOOE+OO O.OOOOE+OO /~CONCENTRATION DISTRIBUTION AT

400.DAYS MG/L

O.OOOOE+OO 0.1471E-01 0.3903E-01 0.7509E-01 0.1216E+00 0.1745E+000.2271E+00 0.2731E+00 0.3084E+00 0.3321E+00 0.3462E+00 0.3532E+000.3553E+00 0.3531E+00 0.3456E+00 0.3300E+00 0.3026E+00 0.2599E+000.2004E+00 0.1262E+00 0.4292E-01

MAX. CONCENTRATION= 0.4292E-01 < ALLOW. CONCENTRATION= 0.5000E-01 MG/L

NEW INITIAL LIQUID PHASE CONCENTRATION(MG/L)

--------------------------------------O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO 0.5367E+000.5367E+00 0.5367E+00 0.5367E+00 0.5367E+00 0.5367E+00 0.5367E+000.5367E+00 0.5367E+00 0.5367E+00 0.5367E+00 0.5367E+00 0.5367E+000.5367E+00 O.OOOOE+OO O.OOOOE+OO
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ASSUMED NEW TOTAL CONCENTRATION (MG/KG)

113

O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO 0.8750E+00

0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00

0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00

0.8750E+00 O.OOOOE+OO O.OOOOE+OO

CONCENTRATION DISTRIBUTION AT 400. DAYS MG/L

O.OOOOE+OO 0.1716E-Ol 0.4554E-Ol 0.8760E-Ol 0.1419E+00 0.2035E+00

0.2650E+00 0.3187E+00 0.3598E+00 0.3875E+00 0.4039E+00 0.4121E+00

0.4145E+00 0.4120E+00 0.4032E+00 0.3850E+00 0.3530E+00 0.3032£+00

0.2338E+00 0.1472E+00 0.5008E-Ol

MAX. CONCENTRATION AT G.W.T. 0.5008E-Ol MG/L AT 400 DAYS

ALLOWABLE TOTAL CONCENTRATION (MG/KG)

O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO O.OOOOE+OO 0.8750E+00

0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00

0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00 0.8750E+00

0.8750E+00 O.OOOOE+OO O.OOOOE+OO

MAXIMUM ALLOWABLE TOTAL CONCENTRATION= 0.8750E+00 MG/KG

EFFLUENT CONCENTRATION AT WATER TABLE

AT EVERY 100 TIME STEPS



CHAPTER 7. MODEL OPERATION

TIME DAYS DISCHARGE FT/DAY CHEMICAL CONC. MG/L BIOMASS CONC. MG/L

400. 0.8552E-02 0.5008E-Ol O.OOOOE+OO

DISCHARGE AND CUMM. VOL. AT WATER TABLE

AT EVERY 100 TIME STEPS
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TIME DAYS DISCHARGE CUBIC FT/DAY VOLUME CUBIC FT CUMM. VOLUME CUBIC FT

400. 0.8552E-02 0.3420E-Ol 0.1206E+Ol
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-. <AAKM>Substrate concentration at 1/2 of the 11m

<AI>

Coefficient a used in the Ragab's eA"})ression

<AKC>

Zero order biodegradation coefficient

<AKK>

Endogenous decay rate constant

<AKL>

First order biodegradation coefficient

<AKOC>

Fugacity coefficient

<AKPR>

First order irreversible adsorption rate coefficient

<AKS>

Saturated hydraulic conductivity

<ALAM>

Soil dispersivity

<ALB>

Albedo constant

<ALl>

Mean monthly leaf area index

<ALPHA>

Coefficient 0: used in the van Genuchten's equation

<AM>

EA"})onentm used in the Campbell's equation

<AMU>

Specific growth rate of microorganisms, 11m

<AN>

Coefficient n used in the Mualem's expression

<AN2>

&"})onent n used in the van Genuchten's equation

<B>

Coefficient b used in the Clapp and Hornberger's equation

<BE>

E."\."})onentb used in the Ragab' s eA-pression

<BET>

Coefficient j3 used in the Gardner's expression



APPENDIX A. LIST OF Ivl0DEL INPUT VARIABLES

<BIOl\l1I> Initial biomass concentration at a particular node

<CONCA> Allowable liquid phase concentration

<CN> SCS curve number

<CTOTAL> Initial total concentration

<DIN> Simulation start day

<DDA> Bulk air diffusion coefficient of the chemical

<DDW> Bulk water diffusion coefficient of the chemical

<DRZ> Depth of the root zone within the surlace cover

<DT> Time increment

<DZ> Depth increment

<DZER> Soil diffusivity corresponding to ()= ()o

<EPS> Convergence criterion for the flow part

<ET> Value of evapotranspiration rate for the particular time step

<EVTR> Uniform rate of evapotranspiration

<GAl\1J.'v1A> Coefficient I used in the van Genuchten's equation

<HENRY> Henry's constant, J(H

128

<ICI> Main flag of the model; if ICl=O, both flow and mass transport

parts will be executed; if ICl=l, only flow part will be e.'Cecuted
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<ICUT>

<IDl>

<ID2>

<IFLl>

<IFL2>

<IFL3>

<IFL4>

<IFL5>

Flag for concentration reduction scheme; if ICUT==O,initial con

centration will be reduced; if ICUT=l, depth of contamination will

be reduced

Flag for soil surface cover; if ID1==O,soil surface is bare; if ID1=1,

soil surface has vegetation

Flag for Penman equation; if ID2=O, aerodynamic term in the

equation is not considered; if ID2=1, aerodynamic term in the

equation is considered

Flag for J( - e relationship; if IFL1=1, Campbell's equation will

be used; if IFL1=2, Mualem's equation 'will be used; if IFL1=3,

Ragab's equation will be used; if IFL1=4, van Genuchten's equa

tion will be used

Flag for D - e relationship; if IFL2=1, Clapp and Hornberger's

equation will be used; if IFL2=2, Gardner's equation will be used

Flag for initial moisture content distribution; if IFL3=O, initial

moisture content is constant w.r.t. space; if IFL3=1, initial mois

ture content is variable w.r.t. space

Flag for precipitation rate distribution; if IFL4=O, precipitation

rate is variable w.r. t. time; if IFL4=l, precipitation rate is constant

w.r.t. time; if IFL14=2, average values of precipitation data are

read from the database

Flag for evapotranspiration rate distribution; if IFL5=O, evapo

transpiration rate is variable w.r.t. time; if IFL5=1, evapotranspi

ration rate ,vill computed by either Pemnan's or Thomthwaite's
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<IFL6>

<IFL 7>

<IFL8>

<IFL9>

<IFLIO>

<IFLll>

<IFL12>

equation; if IFL5=2, evapotranspiration rate ,vill be constant W.r.t.

time

Flag for printing moisture profiles; if IFL6=0, moisture profiles will

be printed at a given time interval; if IFL6=1, moisture profiles will

not be printed in the output file

Flag for printing fllL'{es;if IFL7=0, moisture fluxes will be printed

at a given time interval; if IFL8=1, moisture fluxes will not be

printed in the output file

Flag for initial total concentration distribution; if IFL8=O, initial

total concentration is constant W.r.t. space; if IFL8=1, initial total

concentration is variable w.r.t. space

. Flag for the bottom boundary condition in flow part; if IFL9=O,

saturation B.G will be used; if IFL9=1, gravity drainage B.G will

be used

Flag for initial biomass concentration distribution; if IFL10=0, ini

tial biomass concentration is constant W.r.t. space; if IFLlO=l,

initial biomass concentration is variable w.r.t. space

Type of top B.G for the mass transport equation; if IFLll=O,

CL = 0 condition is used; if IFLll=l, 8CL/8z = 0 condition is

used

Flag for biomass boundary condition; if IFL12=0, biomass B.G is

constant w.r.t. time; if IFL12=1, biomass B.G is variable W.r.t.

time
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<:IFL13>

<IFLE>

<IFLT>

Flag for biodegradation solution; if IFL13=O, Monod kinetic model

is used (coupled equations); if IFL13=1, substrate limiting condi

tions are used

Flag for evapotranspiration calculation method; if IFLE=O, Thorn

thwaite's eA-pressionis used; if IFLE=l, Penman's expression is

used

Flag for mean monthly temperatures; if IFLT=O, mean monthly

temperatures are read; if IFLT=l, average values of mean monthly

temperatures are used from the database

<!MONaD> Flag for substrate limiting conditions; if IMONOD=O, zero order

equilibrium is assmned, if IMONOD=l, first order equilibrium is

assmned

<INDEX>

<INT>

<IRUN>

<IUN>

<M>

<MIN>

Flag for type of chemical; if INDEX=O, transport of biodegradable

matter is considered; if INDEX=l, transport of nonbiodegradable

matter is considered

Printout frequency for output purposes, i.e. number of time steps

at which values are printed

Run number for identifying the particular run and output files

Flag for the units used in the model; if IUN=l, IT-DAY units are

used; if IUN=2, M-DAY units are used; if IUN=3, IN-DAY units

are used; if IUN=4, CM-DAY units are used

Number of time steps in the time discretization

Simulation start month
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<N>

<OC>

<P>

<PR>

<PSIR>

<RHO>

<RR>

<SSH>

<TD>

<THAD>

<THF>

<THOL>

<THOLD>

<THS>

<THW>

<THZER>

<TITLE>

<W>

<TT>

Number of layer interfaces in the space discretization

Organic carbon content of the soil

Precipitation rate for the particular time step

Uniform precipitation rate

Saturation suction head

Soil bulk density

Mean monthly solar radiation

Mean monthly percentage of daily possible sunshine

Mean monthly dew-point temperature

Air-dry moisture content

Field capacity

Constant value of initial moisture content W.r.t. space

Value of initial moisture content for each node

Saturated moisture content

YViltingpoint of the surface soil

Value of eo

A title of the particular run for output purposes

Mean monthly "vind speed at the surface

Mean monthly surface temperatures
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<UNT>

<YIN>

<YEL>

String value for identifying the constituent being used

Simulation start year

Biomass yield coefficient
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CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

C PROGRAM NAME: IMPACT

C VERSION: 1.1

C

C BRIEF PROGRAM DESCRIPTION: One-Dimensional Mass Transport Model

135

C

C

C

C

C

in partially saturated soils. It

contains t~o major parts:

1) MOISTURE TRANSPORT

2) MASS TRANSPORT

C INPUT FILES: T~o modes of input:

C

C

C

C

C

C

1) INTERACTIVE (Menu Driven)

2) BATCH: An input file is read.

The BINARY FILE (RAIN.BIN) is read

~hen actual precipitation data are

used.

C OUTPUT FILES: Output files ~ill be numbered in concert ~ith the

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

run number given. The main output file is created

as (oUTx.DAT), ~here x ~ill be the run number.

The file (BCNx.DAT) is created for values of

bottom concentration versus time and can be used

to plot results ~ith any plotting routine. Similarly,

(TCNx.DAT) is used for top concentrations. The file

. -- hl>\.JtV'rL(BFXx.DAT) 1S created for bottomjiUxes versus

time for the same purpose. If flo~ part is run only,

the file (THTx.DAT) ~ill be created for moisture

profiles ~.r.t. space for selected time steps.

The file (TTHx.DAT) is similarly the top moisture

content history. If the C_L=O b.c. is used, the

gaseous mass fluxes are ~ritten into the file

(MFXx.DAT) ~.r.t. time.

C SPECIAL FEATURES (LINKING INSTRUCTIONS, HARDWARE REQUIREMENTS,

C

C

C

C

C

C

C

LOGICAL NAMES): This model is developed on a

VAX/VMS system. Ho~ever, it can be executed

on an IBM compatible P.C. A math co-processor

is strongly recommended for higher execution

speed.
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ORIGINAL AUTHORS AND CREATION DATE: Dr. Nazmi M. Talimcioglu,

Dr. George P. Kor£iatis

Stevens Institute o£ Technology

C

C

C

C

C

C

C

C

C

C Date I Name I Description

C---------------+----------+--------------------------------------------

C H A N G E

9/17/1990

(NJDEP Submission Date)

LOG

C 9/17/1990 I N.M.T I DraIt Version (Vl.0)

C---------------+----------+--------------------------------------------

C 11/15/1990 I N.M.T. I Unit conversions £or variables are added

C---------------+----------+--------------------------------------------

C 11/20/1990 I N .M. T. I LAI is removed £rom Thornthgaite's method

C---------------+----------+--------------------------------------------

C 11/28/1990 I N.M.T. I V.B.M. Method is added in subroutine EVAP

C---------------+----------+--------------------------------------------

C 11/28/1990 I N.M.T. I Subroutine INTPOL is added

C---------------+----------+--------------------------------------------

C 3/27/1991 I N.M.T. I Output units are changed to ppm £or C_L

C---------------+----------+--------------------------------------------

C-----------------------------------------------------------------------

PROGRAM IMPACT

C----------------------------------------------------------------------

C-----------------------------------------------------------------------

C

C ...COMPUTER PROGRAM "IMPACT"

C

C

C

C THIS PROGRAM MODELS THE MOISTURE FLOV AND TRANSPORT OF MASS

C IN PARTIALLY SATURATED SOILS. IT IS SUBDIVIDED INTO TVO MAJOR

C SUB-MODELS: THE MOISTURE MODEL YGRA AND THE SOLUTE TRANSPORT

C MODEL SOLUTE.

C

C THE CONTROL ICl IS USED TO DETERMINE VHICR SUB-MODEL

C VILL BE EXECUTED.

C----------------------------------------------------------------------

C-----------------------------------------------------------------------
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COKKON/BLK1/N

COKKON/BLK3/THNEW(400),THOLD(400).

COKKON/BLK4/IFL1,IFL2,AKS,THS,THF,AK,AN,AI,BE,B,THAD,AN2,AK2,

GAKKA,ALPHA

COKKON/BLK5/PSIR,DZER,BET,THZER

COKKON/BLK6/AK(400) ,DIFF(400),AKK(400) ,AKP(400),DK(400) ,DP(400)

COKKON/BLK7/TH(400)

COKKON/BLK8/EPS

COKKON/BLK9/P(2234),ET(2234)

COKKON/BLK10/JT,TIKE(2234)

COKKON/BLKll/QOLD(400) ,QNEW(400) ,DISCH(400)

COKKON/BLK14/DEP(400)

COKKOU/BLK15/UDT,UTHO,UAKS,UDZ

COKKON/BLK16/DZ,DT

COKKON/BLK17/TITLE,IRUN,IC1,IFL8,IFL10,IFL12,

EVTR,PR,THOL

COKKON/BLK18/AKU,AKK,AAKK,YEL

COKKON/BLK19/BIOKI(400),CTOTAL(400),CONCI(400),H,

TKAX,INDEX

COKKON/BLK20/UNT

COKKON/BLK23/THSU(2234) ,D(2234) ,UPR

COKKON/BLK24/THAV(400),TRTH(400)

COKKON/BLK25/IT,INT

COKKON/BLK26/ICOUNT

COKKON/BLK27/VOLE(2234),VSUK(2234)

COKKON/BLK28/K

COKKON/BLK29/IUNIT,JUNIT,KUNIT

COKKON/BLK30/BELL,BOLD,BLINK,REVERS,CLEAR,HOKE,NORKAL

COKKON/BLK40/TCONC(2234) ,BCONC(2234),BBIOK(2234) ,BDISCH (2234)

COKKON/BLK41/IFL3,IFL4,IFL5,IFL6,IFL7

COKKOU/BLK42/IFL13,IMONOD,AKC,AKL

COKKON/BLK50/AKD,AKPR,DDW,DDA,HENRY,POROS,ALAM,RHO

COKKOU/BLK51/ICUT,CONCA

COKKON/BLK52/IFL9

COKKON/BLK53/IUI

COKKON/BLK55/IFLll

COKKON/BLK56/AKOC,OC

COKKON/BLK57/FTIKE

COKKON/BLK59/TTH(2,2234)

C-----------------------------------------------------------------------

DIMENSION THIN(400),CNOLD(400),CTEMP(400)
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LOGICAL CUT,FTIME

C-----------------------------------------------------------------------

CHARACTER*l ANS,IRUN

CHARACTER*3 VRSN

CHARACTER*80 TITLE,FILHM1,FILHM2

CHARACTER*8 UAKS,UTHF,UTHS,UTHAD,UARE,UDZ,UDT,UPSIR,

UDZR,UTHZ,UTHO,UPR,UET,UAMU,UAKK,UALAM

CHARACTER*12 UNT

C-----------------------------------------------------------------------

C ...ESCAPE SEQUENCE DECLARATIONS

C-----------------------------------------------------------------------

138

CHARACTER ESC*1,BELL*1,CLEAR*4,NORMAL*4,BOLD*4,

BLINK*4,REVERS*4,HOME*6ESC

= CHAR(27)

BELL

= CHAR(7)

BOLD

= ESCI I' [1m'

BLINK

= ESCI I' [5m'

REVERS

= ESCI I' [7m'

CLEAR

= ESCI I' [2J '

HOME

= ESCII'[O;O:f'

NORMAL

= ESCII'[Om' ,,---,

C-----------------------------------------------------------------------

C ...SETTING PROGRAM MODE

C-----------------------------------------------------------------------

VRSN='1.1'

C-----------------------------------------------------------------------

1111 WRITE(6,101)CLEAR,HOME,BOLD,VRSN,NORMAL,REVERS,

NORMAL, BOLD,NORMAL ,BOLD ,NORMAL,BOLD,NORMAL ,

BOLD,NORMAL,BELL,BELL

101 FORMAT(lX,3A,10X,'PROGRAM IMPACT v',2AllllX,A,

, TYPE OHE OF THE FOLLOWING: ',All

5X,A,'A- RUN PROGRAM INTERACTIVELY'I

5X,'B- RUN PROGRAM IH BATCH MODE'II

5X,'E- EXIT' ,All

lX,'Enter ',A,'A',!,' or ',!,'B',A,' or ',!,'E',A,

, : ',2A,$)

READ(5,100,ERR=1111)ANS

100 FORMAT(A)

IF(AHS.NE.'A'.AND.AHS.NE.'a'.AHD.ANS.NE. 'B'.AND.ANS.NE. 'b'.

AND.ANS.NE. 'E'.AND.ANS.NE.'e') GOTO 1111

IF(ANS.EQ.'E'.OR.ANS.EQ.'e') STOP
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IF(ANS.EQ. 'A'.OR.ANS.EQ. 'a')THEN

IUNIT=S

JUNIT=6

KUNIT=3

1112 WRITE(6,107)BELL

107 FORMAT(/lX,'ENTER THE FILE NAKE TO BE CREATED FOR'

'BATCH INPUT: ',A,$)

READ(6,100,ERR=1112)FILNK2

OPEN(UNIT=KUNIT,FILE=FILNK2,STATUS='UNKNOWN')

ELSE

IUNIT=l

JUNIT=2

KUNIT=3

1113 WRITE(6,108)BELL

108 FORMAT(/lX,'ENTER THE FILE NAKE TO BE READ: ',A,$)

READ(S,100,ERR=1113)FILNKl

OPEN(UNIT=IUNIT,FILE=FILNK1,STATUS='OLD')

OPEN(UNIT=JUNIT,STATUS='SCRATCH')

OPEN(UNIT=KUNIT,STATUS='SCRATCH')

END IF

C-----------------------------------------------------------------------

C ...READ INPUT VARIABLES

C-----------------------------------------------------------------------

10001 WRITE(JUNIT,1014)BOLD,NORKAL

1014 FORMAT(/lX,'ENTER RUN NUMBER ',A,'<IRUU>',A,': ',$)

READ(IUNIT,100,ERR=10001) IRUN

IF(IUNIT.NE.l) CALL DATA

IF(IRUU.EQ.' ,) GOTO 10001

WRITE(KUNIT,100)IRUN

C-----------------------------------------------------------------------

C ...OPEN OUTPUT FILES

C-----------------------------------------------------------------------

OPEU(UUIT=2S,FILE='BFX'//IRUN//'.DAT' ,STATUS='UEW')

OPEN(UNIT=21,FILE='OUT'//IRUN//'.DAT',STATUS='NEW')

C-----------------------------------------------------------------------

10000 WRITE(JUUIT,1004)BOLD,NORKAL

1004 FORMAT(/lX,'ENTER PROBLEK TITLE ',A,'<TITLE>',A,' : ',$)

READ(IUNIT,100,ERR=10000) TITLE

IF(IUUIT.NE.l) CALL DATA

WRITE(KUUIT,100)TITLE

C-----------------------------------------------------------------------
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WRITE(21,2043) TITLE,IRUI

2043 FORKAT('1',///9X,A//9X,'RUII0 : ',A)

C-----------------------------------------------------------------------

C ...READ UlIT COIVENTIOI

C-----------------------------------------------------------------------

10031 WRITE(JUIIT,1031)REVERS,IORKAL,BOLD,NORKAL,BOLD,IORKAL,

BOLD ,IORKAL,BOLD,IORKAL,REVERS,IORKAL

1031 FORKAT(/1X,A,'EITER' ,A//5X,A,'1' ,A,': IF <FT-DAY> UIITS ARE '

'USED'/5X,A,'2',A,': IF <K-DAY> UIITS ARE USED'/5X,

A,'3',A,': IF <IICH-DAY> UIITS ARE USED'/5X,A,'4' ,A,

': IF <CK-DAY> UNITS ARE USED'//1X,A,'<IUI>',A,' : ',$)

READ(IUlIT,*,ERR=10031) IUI

IF(IUIIT.NE.1) CALL DATA

10032 IF(IUI.IE.1.AID.IUI.IE.2.AID.IUI.IE.3.AND.IUI.IE.4) THEI

WRITE(JUNIT,1032)BLIIK,NORKAL,BELL,BELL

1032 FORKAT(/5X,A,'INVALID ENTRY FOR <IUN>, REENTER',A,'

2A,$)

READ(IUlIT,*,ERR=10032)IUN

GOTO 10032

END IF

WRITE(KUNIT,*) IUI

C-----------------------------------------------------------------------

C ...UNITS FOR VARIOUS VARIABLES

C-----------------------------------------------------------------------

IF(IUN.EQ.1) THEN

UAKS='FT/DAY'

UTHF='FT3/FT3'

UTHS='FT3/FT3'

UTHAD='FT3/FT3'

UDZ='FT'

UDT='DAYS'

UPSIR='FT'

UDZR='FT/DAY'

UTHZ='FT3/FT3'

UTHO='FT3/FT3'

UPR='FT/DAY'

UET='FT/DAY'

UAKU='1/DAY'

UAKK='1/DAY'

UALAK='FT'

END IF
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IF(IUB.EQ.2) THEB

UAKS='K/DAY'

UTHF='K3/K3'

UTHS='K3/K3'

UTHAD=' K3/K3'

UDZ='K'

UDT='DAYS'

UPSIR='K'

UDZR='K/DAY'

UTHZ='K3/K3'

UTHO='K3/K3'

UPR='K/DAY'

UET='K/DAY'

UAKU='l/DAY'

UAKK='l/DAY'

UALAK='K'

EBD IF

IF(IUB.EQ.3) THEB

UAKS='IB/DAY'

UTHF='IB3/IB3'

UTHS='IB3/IB3'

UTHAD='IB3/IB3'

UDZ='IB'

UDT='DAYS'

UPSIR='IB'

UDZR='IH/DAY'

UTHZ='IB3/IB3'

UTHO='IB3/IB3'

UPR='IB/DAY'

UET='IH/DAY'

UAKU='l/DAY'

UAKK='l/DAY'

UALAK='IH'

EBD IF

IF(IUB.EQ.4) THEB

UAKS='CK/DAY'

UTHF='CK3/CK3'

UTHS='CK3/CK3'

UTHAD='CK3/CK3'

UDZ='CK'

UDT='DAYS'
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UPSIR='CK'

UDZR='CM/DAY'

UTHZ='CM3/CK3'

UTHO='CM3/CK3'

UPR='CM/DAY'

UET='CM/DAY'

UAKU='l/DAY'

UAKK='l/DAY'

UALAM='CK'
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END IF

C-----------------------------------------------------------------------

10004 VRITE(JUNIT,109)REVERS,NORKAL,BOLD,NORKAL,BOLD,

NORKAL,REVERS,NORKAL

FORKAT(/lX,A,'ENTER ONE OF THE FOLLO~ING:',A//5X,

A,'l',A,' : FOR MOISTURE BALANCE MODEL ONLY'!

5X,A, '0',A,' : FOR BOTH MASS TRANSPORT AND',

'MOISTURE BALANCE MODELS'//lX,A,'<IC1>',A,'

READ(IUNIT,*,ERR=10004) ICl

IF(IUNIT.NE.l) CALL DATA

10005 IF(IC1.NE.0.AND.IC1.NE.1) THEN

~RITE(JUNIT,1015)BLINK,NORKAL,BELL,BELL

FORKAT(/5X,A,'INVALID ENTRY, REENTER',A,'

READ(IUNIT,*,ERR=10005)ICl

GOTO 10005

END IF

VRITE(KUNIT,*)ICl

IF(IC1.EQ.0) GO TO 2

IF(IC1.GT.0) GO TO 3

VRITE(21,2048)

FORKAT(///10X,'THIS IS A SIMULATION FOR BOTH MOISTURE '

'AND SOLUTE TRANSPORT')

GO TO 4

VRITE(21 ,2049)

FORKAT(///10X,'THIS IS A SIMULATION FOR MOISTURE'

'TRANSPORT ONLY')

VRITE(21,2000)

FORKAT('1',///20X,'****** INPUT DATA FOR SUBPROGRAM YGRA *****')

VRITE(21 ,2011)

2011 FORKAT(27X,' ')

C-----------------------------------------------------------------------

C ...READ AND PRINT FLAGS

109

1015

2

2048

3

2049

4

2000

, ,$)

, ,2A,$)
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C-~---------------------------------------------------------------------

C

c IFL1 IS USED TO DETERMINE WHICH FUNCTION WILL BE USED

C TO EVALUATE THE K VS THETA RELATIONSHIP

C

C IFL2 IS USED TO DETERMINE WHICH FUNCTION WILL BE USED TO

C EVALUATE THE D VS THETA RELATIONSHIP

C

C IFL3 IS USED TO DETERMINE HOW THE INITIAL MOISTURE VALUES

C WILL BE READ.

C

C IFL4 IS USED TO DETERMINE HOW THE PRECIPITATION VALUES

C WILL BE READ

C

C IFL5 IS USED TO DETERMINE HOW THE EVAPOTRANSPIRATION VALUES

C WILL BE READ

C

C IFL6 IS USED TO DETERMINE IF THE MOISTURE PROFILE VALUES

C WILL BE PRINTED OR HOT

C

C IFL7 IS USED TO DETERMINE IF THE MOISTURE FLUX VALUES

C WILL BE PRINTED OR NOT

C

C ...IFL8 IS USED TO DETERMINE HOW INITIAL CONCENTRATION WILL BE READ

C

C IFL9 IS USED TO DETERMINE WHAT KIND OF BOTTOM BC IS USED FOR

C FLOW EQUATION

C

C IFL10 IS USED TO DETERMINE HOW INITIAL CONCENTRATION OF

C MICROORGANISM WILL BE READ

C

C ...IFL11 IS USED TO SWITCH TOP B.C. FOR MASS TRANSPORT EQUATION

C

C ...IFL12 IS USED TO EXERCISE CONCENTRATION REDUCTION SCHEME

C-----------------------------------------------------------------------

VRITE(JUNIT,1016)CLEAR,HOME,BOLD,NORMAL,BELL,BELL

1016 FORMAT(lX,2A,20X,A,'INPUT FLAGS' ,3A//)

C-----------------------------------------------------------------------

10006 VRITE(JUNIT,1017)REVERS,NORMAL,BOLD,NORMAL,BOLD,NORMAL,

BOLD ,NORMAL ,BOLD ,NORMAL ,REVERS ,NORMAL

1017 FORMAT(/lX,A,'ENTER',A//5X,A,'1' ,A,': IF CAMPBELL"S '
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K-THETA RELATIONSHIP IS USED'/5X,A,'2',A,

': IF KUALEK"S K-THETA RELATIONSHIP IS USED'/

5X,A,'3',A,': IF RAGAB"S K-THETA RELATIONSHIP'

'IS USED'/5X,A,'4',A,': IF van GENUCHTEN"S K-THETA '

'RELATIONSHIP IS USED'//lX,A,'<IFL1>',A,' : ',$)

READ(IUHIT,*,ERR=10006)IFLl

IF(IUNIT.NE.l) CALL DATA

10007 IF(IFL1.NE.l.AND.IFL1.NE.2.AND.IFL1.NE.3.AND.IFL1.NE.4) THEN

VRITE(JUHIT,1015)BLINK,NORMAL,BELL,BELL

READ(IUNIT,*,ERR=10007)IFLl

GOTO 10007

END IF

VRITE(KUNIT,*)IFLl

IF(IFL1.EQ.4) THEN

IFL2=3

GO TO 10010

END IF

C-----------------------------------------------------------------------

10008 VRITE(JUNIT,1018)REVERS,HORKAL,BOLD,NORKAL,BOLD,

NORMAL,REVERS,NORKAL

1018 FORMAT(/lX,A,'ENTER',A//5X,A,'1',A,': IF CLAPP ~ HORHBERGER"S '

'D-THETA RELATIONSHIP IS USED'/5X,A,'2' ,A,

': IF GARDNER"S D-THETA RELATIONSHIP IS USED'

//lX,A,'<IFL2>',A,' : ',$)

READ(IUHIT,*,ERR=10008)IFL2

IF(IUNIT.HE.l) CALL DATA

10009 IF(IFL2.HE.l.AND.IFL2.HE.2) THEN

VRITE(JUHIT,1015)BLINK,NORMAL,BELL,BELL

READ(IUNIT,*,ERR=10009)IFL2

GOTO 10009

END IF

VRITE(KUNIT,*)IFL2

C-----------------------------------------------------------------------

10010 VRITE(JUHIT,1019)REVERS,NORKAL,BOLD,NORKAL,BOLD,

NORMAL,REVERS,NORKAL

1019 FORMAT(/lX,A,'ENTER' ,A//5X,A,'0',A,': IF INITIAL',

'MOISTURE CONTENT IS CONSTANT V.R.T. SPACE'/

5X,A,'1',A,': IF INITIAL MOISTURE CONTENT',

'IS VARIABLE V.R.T. SPACE'//lX,A,'<IFL3>' ,A,

, : ' ,$)

READ(IUHIT,*,ERR=10010)IFL3
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IF(IUHIT.HE.l) CALL DATA

10011 IF(IFL3.HE.0.AHD.IFL3.HE.l) THEH

VRITE(JUHIT,1015)BLIHK ,HORHAL,BELL ,BELL

READ(IUHIT,*,ERR=10011)IFL3

GOTO 10011

EHD IF

WRITE(KUHIT,*)IFL3

C-----------------------------------------------------------------------

10012 WRITE(JUHIT,1020)REVERS,HORKAL,BOLD,HORKAL,BOLD,

HORHAL,BOLD,HORKAL,REVERS,HORHAL

1020 FORHAT(/lX,A,'EHTER',A//5X,A,'0',A,': IF PRECIPITATION'

'RATE IS VARIABLE V.R.T. TIME'/5X,A,'1',A,

': IF PRECIPITATIOH RATE IS COHSTAHT V.R.T. TIME'/

5X,A,'2',A,': IF PRECIPITATION RATE VILL BE COMPUTED BY ,

'SUBROUTIHE PREP'//

lX,A,'<IFL4>',A,' : ',$)

READ(IUHIT,*,ERR=10012)IFL4

IF(IUHIT.HE.l) CALL DATA

10013 IF(IFL4.HE.0.AHD.IFL4.HE.l.AHD.IFL4.HE.2) THEH

VRITE(JUHIT, 1015)BLIHK ,HORHAL,BELL,BELL

READ(IUHIT,*,ERR=10013)IFL4

GOTO 10013

EHD IF

WRITE(KUHIT,*)IFL4

C-----------------------------------------------------------------------

10014 WRITE(JUHIT,1021)REVERS,HORKAL,BOLD,NORKAL,BOLD,

HORHAL,BOLD,HORKAL,REVERS,NORHAL

1021 FORHAT(/lX,A,'EHTER',A//5X,A,'0',A,': IF "

'EVAPOTRAHSPIRATION RATE IS VARIABLE V.R.T. TIME'/

51,A,'1',A,': IF EVAPOTRAHSPIRATIOH RATE VILL '

'BE COMPUTED BY SUBROUTIHE EVAP'/51,A,'2',A,

': IF EVAPOTRAHSPIRATION RATE IS COHSTAHT V.R.T. '

'TIME'//11,A,'<IFL5>',A,' : ',$)

READ(IUHIT,*,ERR=10014)IFL5

IF(IUHIT.NE.l) CALL DATA

10015 IF(IFL5.NE.0.AHD.IFL5.HE.l.AHD.IFL5.HE.2) THEH

VRITE(JUHIT,1015)BLIHK,HORHAL,BELL,BELL

READ(IUHIT,*,ERR=10015)IFL5

GOTO 10015

EHD IF

WRITE(KUHIT,*)IFL5
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C-~---------------------------------------------------------------------

10016 VRITE(JUNIT,1022)REVERS,NORKAL,BOLD,NORKAL,BOLD,

NORKAL,REVERS,NORKAL

1022 FORKAT(/lX,A,'ENTER',A//5X,A,'0',A,': IF MOISTURE PROFILE'

'WILL BE PRINTED AT EACH TIME STEP'/5X,A,'1',A,

': IF MOISTURE PROFILE WILL NOT BE PRINTED'//lX,

A,'<IFL6>',A,': ',$)
READ(IUNIT,*,ERR=10016)IFL6

IF(IUNIT.NE.l) CALL DATA

10017 IF(IFL6.NE.0.AND.IFL6.NE.l) THEN

WRITE(JUNIT, 1015) BLINK,NORKAL,BELL ,BELL

READ(IUNIT,*,ERR=10017)IFL6

GOTO 10017

END IF

VRITE(KUNIT,*)IFL6

C-----------------------------------------------------------------------

10018 VRITE(JUNIT,1023)REVERS,NORKAL,BOLD,NORKAL,BOLD,

NORKAL,REVERS,NORKAL

1023 FORKAT(/lX,A,'ENTER',A//5X,A,'0',A,': IF MOISTURE FLUX'

'WILL BE PRINTED AT EACH TIME STEP'/5X,A,'1',A,

': IF MOISTURE FLUX WILL NOT BE PRINTED'//lX,

A,'<IFL7>',A,' : ',$)
READ(IUNIT,*,ERR=10018)IFL7

IF(IUNIT.NE.l) CALL DATA

10019 IF(IFL7.NE.0.AND.IFL7.NE.l) THEN

WRITE(JUNIT,1015)BLINK,NORKAL,BELL,BELL

READ(IUNIT,*,ERR=10019)IFL7

GOTO 10019

END IF

VRITE(KUNIT,*)IFL7

C-----------------------------------------------------------------------

10071 VRITE(JUNIT,1079)REVERS,NORKAL,BOLD,NORKAL,BOLD,NORKAL,

REVERS, NORKAL

1079 FORKAT(/lX,A,'ENTER TYPE OF BOTTOM B.C. FOR FLOW'

'EQUATION' ,A//5X,A,'0' ,A,': SATURATION'

'CONDITION [THETA=THETA_sat]'/

5X,A,'1',A,': GRAVITY FLOW CONDITION [d(THETA)/d(Z)=O]'

//lX,A, '<IFL9>' ,A,': ' ,$)

READ(IUNIT,*,ERR=10071) IFL9

IF(IUNIT.NE.l) CALL DATA

10072 IF(IFL9.NE.0.AND.IFL9.NE.l) THEN
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VRITE(JUHIT,1015)BLINK,NORKAL,BELL,BELL

READ(IUNIT,*,ERR=10072)IFL9

GOTO 10072

END IF

VRITE(KUNIT,*)IFL9

C-----------------------------------------------------------------------

IF(IC1.NE.l) THEI

C-----------------------------------------------------------------------

10055 VRITE(JUNIT,1063)REVERS,NORKAL,BOLD,NORKAL,BOLD,NORKAL,

REVERS, NORKAL

1063 FORKAT(/1X,A,'ENTER',AI15X,A,'0',A,': IF CONSTITUENT'

'IS BIODEGRADABLE'/5X,A,'1' ,A,': IF CONSTITUENT IS '

,NONBIODEGRADABLE' II1X ,A, '<INDEX>' ,A,' : " $)

READ(IUNIT,*,ERR=10055)INDEX

IF(IUNIT.NE.l) CALL DATA

10056 IF(INDEX.IE.0.AND.INDEX.NE.1) THEN

VRITE(JUHIT,1015)BLINK ,NORKAL,BELL ,BELL

READ(IUNIT,*,ERR=10056)INDEX

GOTO 10056

END IF

VRITE(KUNIT,*)INDEX

C-----------------------------------------------------------------------

10022 VRITE(JUNIT,1025)REVERS,NORKAL,BOLD,NORKAL,BOLD,NORKAL,

REVERS, NORKAL

1025 FORKAT(/1X,A,'ENTER TYPE OF TOP B.C. FOR MASS TRANSPORT'

'EQUATION' ,AI15X,A,'0',A,': ZERO LIQUID PHASE',

'CONCENTRATION [CL=O)'/5X,A,'1',A,': NO MASS FLUX '

'CONDITION [d(CL)/d(Z)=O)'11

lX,A,'<IFLll>',A,' : ',$)

READ(IUNIT,*,ERR=10022) IFLll

IF(IUNIT.NE.l) CALL DATA

10023 IF(IFLll.NE.O.AND.IFLll.NE.l) THEN

VRITE(JUNIT ,1015)BLINK ,NORKAL ,BELL ,BELL

READ(IUHIT,*,ERR=10023)IFLll

GOTO 10023

END IF

VRITE(KUNIT,*)IFLll

C-----------------------------------------------------------------------

10020 VRITE(JUNIT,1024)REVERS,NORKAL,BOLD,NORKAL,BOLD,

10RKAL,REVERS,NORKAL

1024 FORKAT(/1X,A,'ENTER',AI15X,A,'0',A,': IF INITIAL'
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'TOTAL CONCENTRATION IS CONSTANT "

'V.R.T. SPACE'/5X,A,'1' ,A,': IF INITIAL'

'TOTAL CONCENTRATION IS VARIABLE '

'V.R.T. SPACE'//lX,A,'<IFL8>',A,' : ',$)

READ(IUNIT,*,ERR=10020)IFL8

IF(IUNIT.NE.l) CALL DATA

10021 IF(IFL8.NE.0.AND.IFL8.NE.l) THEN

VRITE(JUNIT ,1015)BLINK,NORKAL ,BELL,BELL

READ(IUNIT,*,ERR=10021)IFL8

GOTO 10021

END IF

VRITE(KUNIT,*)IFL8

C-----------------------------------------------------------------------

IF(INDEX.EQ.O) THEN

C-----------------------------------------------------------------------

10100 VRITE(JUNIT,1010)REVERS,NORKAL,BOLD,NORKAL,

BOLD,NORKAL,REVERS,NORKAL

1010 FORKAT(/lX,A,'ENTER',A//5X,A,'0',A,': IF MONOD KINETICS'

'ARE ASSUMED (COUPLED EQUATIONS)'/5X,A,'1',A,

': IF EQUILIBRIUM CONDITIONS ARE ASSUMED "

'(SINGLE EQUATION)'//lX,A,'<IFL13>',A,' : ',$)

READ(IUNIT,*,ERR=10100)IFL13

IF(IUNIT.NE.l) CALL DATA

10101 IF(IFL13.NE.0.AND.IFL13.NE.1) THEN

VRITE(JUNIT ,1015)BLINK,NORKAL,BELL,BELL

READ(IUNIT,*,ERR=10101)IFL13

GOTO 10101

END IF

VRITE(KUNIT,*)IFL13

C-----------------------------------------------------------------------

IF(IFL13.EQ.l) THEN

C-----------------------------------------------------------------------

10102 VRITE(JUNIT,1011)REVERS,NORKAL,BOLD,NORKAL,

BOLD,NORKAL,REVERS,NORKAL

1011 FORKAT(/lX,A,'ENTER',A//5X,A,'0',A,': IF ZERO',

ORDER KINETICS ARE USED (Rs=kO)'/

5X,A,'1',A,': IF FIRST ORDER KINETICS ARE USED'

'(Rs=kl*C_L)'//lX,A,'<IMONOD>',A,' : ',$)

READ(IUNIT,*,ERR=10102)IMONOD

IF(IUNIT.NE.l) CALL DATA

IF(IMONOD.NE.O.AND.IMONOD.NE.l) THEN
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VRITE(JUBIT,1015)BLIBK,BORKAL ,BELL,BELL

READ(IUBIT,*,ERR=10103)IMOBOD

GOTO 10103

EBD IF

VRITE(KUBIT,*)IMOBOD

C-----------------------------------------------------------------------

ELSE

C-----------------------------------------------------------------------

10024 VRITE(JUBIT,1026)REVERS,BORKAL,BOLD,BORMAL,BOLD,

BORKAL,REVERS,BORKAL

1026 FORKAT(/1X,A,'EBTER',A//5X,A,'0',A,': IF IHITIAL '

'BIOMASS COHCENTRATIOB IS COHSTAHT "

'V.R.T. SPACE'/5X,A,'1',A,': IF INITIAL '

'BIOMASS COBCEBTRATIOB IS VARIABLE "

'V.R.T. SPACE'//1X,A,'<IFL10>',A,' : ',$)

READ(IUHIT,*,ERR=10024)IFL10

IF(IUBIT.BE.1) CALL DATA

10025 IF(IFL10.BE.0.ABD.IFL10.BE.1) THEB

VRITE(JUHIT,1015)BLIHK,BORKAL,BELL,BELL

READ(IUHIT,*,ERR=10025)IFL10

GOTO 10025

EBD IF

VRITE(KUBIT,*)IFL10

EBD IF

C-----------------------------------------------------------------------

EBD IF

C-----------------------------------------------------------------------

10028 WRITE(JUBIT,1028)REVERS,BORMAL,BOLD,BORKAL,BOLD,BORMAL,

REVERS,BORMAL

1028 FORKAT(/1X,A,'EBTER',A//5X,A,'0',A,': IF COBCEBTRATIOB '

'REDUCTIOB SCHEME IS NOT EXERCISED'/5X,A,'1',A,

': IF COBCEBTRATIOB REDUCTIOB SCHEME IS EXERCISED'//

1X,A,'<IFL12>',A,' : ',$)

READ(IUBIT,*,ERR=10028) IFL12

IF(IUBIT.BE.1) CALL DATA

IF(IFL12.BE.0.ABD.IFL12.BE.1) THEB

VRITE(JUBIT ,1015)BLIBK ,BORMAL,BELL,BELL

READ(IUHIT,*,ERR=10029)IFL12

GOTO 10029

EBD IF

WRITE(KUBIT,*)IFL12
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C-~---------------------------------------------------------------------

IF(IFL12.EQ.1) THEN

C-----------------------------------------------------------------------

10002 WRITE(JUNIT,1013)REVERS ,NoRKAL ,BOLD,NORMAL,

BOLD,NoRMAL,REVERS, NoRKAL

1013 FoRKAT(/lX,A,'ENTER',A//5X,A,'0',A,': FOR INITIAL'

'CONCENTRATION REDUCTIoN'/5X,A,'1' ,A,

': FOR CONTAMINATION DEPTH REDUCTIoN'//lX,

A,'<ICUT>',A,' : ',$)
READ(IUNIT,*,ERR=10002) lCUT

IF(IUNIT.NE.1) CALL DATA

10003 IF(ICUT.NE.0.AND.ICur.NE.1) THEN

WRITE(JUNIT,1015)BLINK,NoRKAL,BELL,BELL

READ(IUNIT,*,ERR=10003) ICur

GoTo 10003

END IF

WRITE(KUNIT,*)ICUT

C-----------------------------------------------------------------------

10069 WRITE(JUNIT,1077)BoLD,NoRMAL

1077 FoRKAT(/lX,'ENTER THE ALLOWABLE LIQUID PHASE "

'CONCENTRATION IN [ppb] ',A,'<CoNCA>',A,' ',$)
READ(IUNIT,*,ERR=10069)CoNCA

IF(IUNIT.NE.1) CALL DATA

WRITE(KUNIT,*)CoNCA

C-----------------------------------------------------------------------

C ...CoNVERT Callo~ [ppb] TO APPROPRIATE UNITS

C-----------------------------------------------------------------------

IF(IUN.EQ.1) CoNCA=2.83168E-5*CoNCA

IF(IUN.EQ.2) CoNCA=lE-3*CoNCA

IF(IUN.EQ.3) CoNCA=1.6387E-8*CoNCA

IF(IUN.EQ.4) CoNCA=lE-9*CoNCA

C-----------------------------------------------------------------------

END IF

c-----------------------------------------------------------------------

END IF

C-----------------------------------------------------------------------

WRITE(21,2001) IFL1,IFL2,IFL3,IFL4,IFL5,IFL6,IFL7,

IFL8,IFL9,IFL10,IFL11,IFL12

2001 FoRKAT(/2X,'FLAG1 =',I2,5X,'FLAG2 =',I2,5X,'FLAG3 ='

12,5X,'FLAG4 =',I2/2X,'FLAG5 =',I2,5X,'FLAG6 ='

12,5X,'FLAG7 =',I2,5X,'FLAG8 =',I2/2X,'FLAG9 ='
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I2,5X,'FLAG10=',I2,5X,'FLAG11=' ,I2,5X,'FLAG12=',I2)

C-----------------------------------------------------------------------

C ...READ CHARACTERISTIC VALUES FOR PARTICULAR SOIL ZONE

C

C AKS IS THE SATURATED HYDRAULIC CONDUCTIVITY

C THF IS THE FIELD CAPACITY KOISTURE CONTENT

C THS IS THE SATURATION KOISTURE CONTENT

C THAD IS THE AIR-DRY KOISTURE CONTENT

C-----------------------------------------------------------------------

VRITE(21 ,2044)

VRITE(21 ,2045)

FORKAT(///10X,'HYDRAULIC PROPERTIES AND SIKULATION PARAKETERS')

FORKAT(10X, ' '//)

VRITE(JUNIT ,1029)CLEAR,HOKE,BOLD ,NORKAL ,BELL ,BELL

1029 FORKAT(lX,2A,10X,A,'INPUT SOIL PARAMETERS',3A//)

10030 VRITE(JUNIT,1030)REVERS,NORKAL,BOLD,NORKAL,BOLD,

RORKAL,BOLD,RORKAL,BOLD,RORKAL,

REVERS,RORKAL

1030 FORKAT(/lX,A,'ENTER',A//5X,'THE VALUE OF SATURATED "

'HYDRAULIC CORDUCTIVITY',T55,A,'<AKS>' ,A/5X,

'THE VALUE OF FIELD CAPACITY KOISTURE CONTERT' ,

T55,A,'<THF>',A/5X,'THE VALUE OF SATURATIOH '

'KOISTURE CONTERT',T55,A,'<THS>',A/5X,

'THE VALUE OF AIR-DRY KOISTURE CORTERT',T55,

A,'<THAD>',A//1X,A,'RESPECTIVELY',A,' : ',$)
READ(IUHIT,*,ERR=10030)AKS,THF,THS,THAD

IF(IURIT.NE.1) CALL DATA

VRITE(KUNIT,*)AKS,THF,THS,THAD

C-----------------------------------------------------------------------

VRITE(21,2002)AKS,UAKS,THF,UTHF,THS,UTHS,THAD,UTHAD

2002 FORKAT(/2X,'SATURATED HYDRAULIC CONDUCTIVITY =',F10.4,2X,

A//2X,'FIELD CAPACITY KOISTURE CORTERT =',F10.4,2X,

A//2X,'SATURATIOR KOISTURE CONTERT =',F10.4,2X,

A//2X,'AIR-DRY KOISTURE CONTERT =',F10.4,2X,A)

C------------------------------------------------------------------------------

C ...READ SPATIAL AND TIKE INCREKERTS

C------------------------------------------------------------------------------

10037 VRITE(JURIT,1037)REVERS,NORKAL,BOLD,NORKAL,

BOLD,NORKAL,REVERS,RORKAL

1037 FORKAT(/lX,A,'ERTER',A//5X,'DEPTH IRCREKENT',T25,

A, '<DZ>' ,A/5X, 'TIKE INCREMENT', T25 ,A, '<DT>' ,A
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111X,A, 'RESPECTIVELY',A,' ,,$)

READ(IUHIT,*,ERR=10037)DZ,DT

IF(IUHIT.NE.l) CALL DATA

WRITE(KUNIT,*)DZ,DT

WRITE(21,2003) DZ,UDZ,DT,UDT

2003 FORMAT(/2X,'DEPTH INCREMENT =',Fl0.4,2X,AI

12X,'TIME INCREMENT =',Fl0.4,2X,A)

C------------------------------------------------------------------------------

10040 WRITE(JUNIT,1040)BOLD,NORKAL

1040 FORMAT(/1X,'ENTER THE VALUE OF PRINTOUT FREQUENCY'

'(TIME INTERVAL) ',A,'<INT>',A,': ',$)

READ(IUHIT,*,ERR=10040)INT

IF(IUNIT.NE.l) CALL DATA

WRITE(KUNIT,*)INT

WRITE(21,2009)INT

2009 FORMAT(/5X,'*** OUTPUT PRINTED EVERY ',IS,

, TIME INCREMENTS ***')

C------------------------------------------------------------------------------

C ...READ CONVERGENCE CRITERIA

C

C ...EPS IS THE ITERATION CONVERGENCE CRITERION

C------------------------------------------------------------------------------

10041 WRITE(JUNIT,1041)BOLD,NORKAL

1041 FORMAT(/lX,'ENTER THE VALUE OF ITERATION CONVERGENCE'

'CRITERION ',A,'<EPS>',A,': ',$)
READ(IUHIT,*,ERR=10041)EPS

IF(IUNIT.NE.l) CALL DATA

WRITE(KUNIT,*)EPS

IF(EPS.EQ.O.O)EPS=O.OOl

WRITE(21,2020)EPS

2020 FORMAT(/2X,'EPSILON =',F13.6)

C------------------------------------------------------------------------------

C ...READ HUMBER OF LAYER INTERFACES AND NUMBER OF TIME STEPS

C

C N IS THE HUMBER OF LAYER INTERFACES ,NUMBER OF LAYERS IS N-1

C M IS THE HUMBER OF TIME STEPS

C------------------------------------------------------------------------------

10042 WRITE(JUNIT,1042)REVERS,NORKAL,BOLD,NORKAL,BOLD,

BORMAL,REVERS,NORKAL

1042 FORMAT(/1X,A,'ENTER',AI15X,'NUMBER OF NODES OR LAYER'

'INTERFACES',T50,A,'<N>',A/5X,'NUMBER OF TIME'
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'STEPS',T50,A,'<K>',AI11X,A,'RESPECTIVELY',A,

, : ' ,$)

READ(IUHIT,*,ERR=10042)N,K

IF(IUNIT.NE.l) CALL DATA

WRITE(KUNIT,*)N,K

WRITE(21,2004)N,K

2004 FORKAT(/2X,'NUKBER OF LINES =',161

12X,'NUKBER OF TIKE STEPS =',16)

HK=N-1

C-----------------------------------------------------------------------

C ...READ PARAKETERS REQUIRED FOR COMPUTATION OF K AND D

C-----------------------------------------------------------------------

IF(IFL1.EQ.1) GO TO 102

IF(IFL1.EQ.2) GO TO 103IF(IFL1.EQ.3) GO TO 104IF(IFL1.EQ.4) GO TO 111102

WRITE(JUNIT,1043)BOLD,NORKAL

1043

FORKAT(/1X,'ENTER THE VALUE OF EXPONENT K IN "

'CAKPBELL"S K-THETA EXPRESSION ',A,'<AK>',

A,' : ',$)

READ(IUHIT,*,ERR=102)AK

IF(IUNIT.NE.1) CALL DATA

WRITE(KUNIT,*)AK

WRITE(21,2013)AK

2013 FORKAT(/2X,'COEFFICIENT <AK> =',F10.4)

GO TO 200

C------------------------------------------------------------------------------

103 WRITE(JUNIT,1044)BOLD,NORKAL

1044 FORKAT(/1X,'ENTER THE VALUE OF n IN KUALEK"S "

'K-THETA EXPRESSION ',A,'<AN>',A,' : ',$)

READ(IUHIT,*,ERR=103)AN

IF(IUNIT.NE.1) CALL DATA

WRITE(KUNIT,*)AN

WRITE(21,2014)AN

2014 FORKAT(/2X,'COEFFICIENT <AN> =',F10.4)

GO TO 200

C-----------------------------------------------------------------------

104 WRITE(JUNIT,1045)REVERS,NORKAL,BOLD,NORKAL,BOLD,

HORKAL,REVERS,NORKAL

1045 FORKAT(/1X,A,'ENTER',AI15X,'COEFFICIENT A',T55,A,'<AI>',

A/5X,'AND EXPONENT b IN RAGAB"S K-THETA '
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'EXPRESSION',T55,A,'<BE>',A//1X,A,

'RESPECTIVELY' ,A,' : ' ,$)

READ(IUNIT,*,ERR=104)AI,BE

IF(IUNIT.NE.l) CALL DATA

WRITE(KUNIT,*)AI,BE

WRITE(21,2015)AI,BE

2015 FORMAT(/2X,'COEFFICIENT <AI>

/2X,'COEFFICIENT <BE>

GO TO 200

C-----------------------------------------------------------------------

111 WRITE(JUNIT,1080)REVERS ,NORMAL ,BOLD ,NORKAL ,BOLD ,NORKAL,BOLD,

NORMAL,REVERS,NORKAL

1080 FORMAT(/lX,A,'ENTER van GENUCHTEN PARAMETERS',A,//5X,'GAMMA',T30,

154

A,'<GAMMA>',A/5X,'EXPONENT n',T30,A,'<AN2>' ,A/5X,'ALPHA',

T30,A,'<ALPHA>' ,A//1X,A,'RESPECTIVELY' ,A,' : ' ,$)

READ(IUNIT,*,ERR=111)GAHKA,AN2,ALPHA

IF(IUNIT.NE.l) CALL DATA

WRITE(KUNIT,*)GAMMA,AN2,ALPHA

WRITE(21,2021)GAMMA,AN2,ALPHA

2021 FORMAT(/2X,'COEFFICIENT <GAMMA>

/2X,'COEFFICIENT <AN2>

/2X,'COEFFICIENT <ALPHA>

AM2=1-1/AN2

GO TO 201

IF(IFL2.EQ.l) GO TO 105

IF(IFL2.EQ.2) GO TO 106

C-----------------------------------------------------------------------

105 WRITE(JUNIT,1046)REVERS,NORMAL,BOLD,NORKAL,BOLD,

RORMAL,REVERS,NORKAL

1046 FORMAT(/lX,A,'ENTER',A//5X,'THE COEFFICIENT bAND',

T70,A,'<B>',A/5X,'THE VALUE OF SATURATION'

'SUCTION HEAD IN CAMPBELL"S EXPRESSION',

T70,A,'<PSIR>',A//1X,A,'RESPECTIVELY',A,

, : ' ,$)

READ(IUNIT,*,ERR=105)B,PSIR

IF(IUNIT.NE.l) CALL DATA

WRITE(KUNIT,*)B,PSIR

WRITE(21,2016)B,PSIR,UPSIR

2016 FORMAT(/2X,'COEFFICIENT <B>

/2X,'SATURATION SUCTION HEAD

200
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GO TO 201

C-----------------------------------------------------------------------

106 WRITE(JUBIT,1048)REVERS,BORKAL,BOLD,BORKAL,

BOLD,BORKAL,BOLD,BORKAL,REVERS,BORKAL

1048 FORKAT(/lX,A,'EBTER',A//5X,'THE VALUE OF DIFFUSIVITY "

'CORRESPOBDIBG TO THETA=THETA_0',T65,A,'<DZER>',

A/5X,'THE VALUE OF COEFFICIEBT BETA',T65,

A,'<BET>' ,A/5X,'ABD THE VALUE OF THETA_O IB '

'GARDBER"S EXPRESSIOB' ,T65,A,'<THZER>',

A//1X,A,'RESPECTIVELY',A,' : ',$)
READ(IUBIT,.,ERR=106)DZER,BET,THZER

IF(IUNIT.BE.l) CALL DATA

WRITE(KUNIT,.)DZER,BET,THZER

WRITE(21,2017)DZER,UDZR,BET,THZER,UTHZ

2017 FORKATC!2X, 'D_ZERO =' ,Fl0.4,2X,Al

/2X,'COEFFICIENT <BET> =',Fl0.4/

/2X,'THETA_ZERO =',Fl0.4,2X,A)

C-----------------------------------------------------------------------

C ...READ INITIAL VALUES OF MOISTURE

C-----------------------------------------------------------------------

201 IF(IFL3.EQ.0) GO TO 202

C-----------------------------------------------------------------------

DO 11 IJ=l,N

10047 WRITE(JUNIT,1052)IJ,BOLD,IJ,NORKAL

1052 FORKAT(/lX,'EBTER THE VALUE OF IBITIAL MOISTURE "

'CONTENT FOR NODE ',I3,2X,A,'<THOLD(' ,13,'»',

A,' : ' ,$)

READ(IUBIT,.,ERR=10047)THOLD(IJ)

IF(IUBIT.NE.l) CALL DATA

WRITE(KUBIT,.)THOLD(IJ)

11 COBTIHUE

GO TO 203

C-----------------------------------------------------------------------

202 WRITE(JUNIT,1053)BOLD,NORKAL

1053 FORKAT(/lX,'EBTER THE COBSTANT VALUE OF IBITIAL "

'MOISTURE CONTENT ',A,'<THOL>',A,' : ',$)

READ(IUBIT,.,ERR=202)THOL

IF(IUNIT.NE.l) CALL DATA

WRITE(KUBIT,.)THOL

DO 204 I=l,N

204 THOLD(I)=THOL
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203 COIlTIIlUE

WRITE(21,2005) UTHO

2005 FORMAT(//30X,'IIlITIAL MOISTURE COHTEIlT',2X,'(',A,

,),/30X ,' 'f)

IF(IFL3.EQ.0) THEil

WRITE(21,2018) THOLD(l)

2018 FORMAT(23X,F10.4,3X,'CONSTANT FOR ALL 1l0DES')

ELSE

WRITE(21,2006) (THOLD(I),I=l,ll)

2006 FORMAT(lX,10F10.4)

END IF

C-------------------------------------------------------------------------------

BP=B+1

C-----------------------------------------------------------------------

C ...READ PRECIPITATION RATES

C

C ...P IS THE PRECIPITATIOIl RATE PER TIME STEP

C-----------------------------------------------------------------------

IF(IFL4.GT.0) GO TO 206

C-----------------------------------------------------------------------

DO 12 IJ=l,M

10050 WRITE(JUIlIT,1056)IJ,BOLD,IJ,NORMAL

1056 FORMAT(/lX,'ENTER THE VALUE OF PRECIPITATION RATE'

'FOR TIME STEP' ,I3,2X,A, '<pc' ,13, '», ,A,' : ',$)

READ(IUHIT,*,ERR=10050)P(IJ)

IF(IUNIT.NE.1) CALL DATA

WRITE(KUNIT,*)P(IJ)

12 CONTIIlUE

GO TO 410

C-----------------------------------------------------------------------

206 IF(IFL4.EQ.2) THEN

CALL PREP

GOTO 410

END IF

C-----------------------------------------------------------------------

WRITE(JUNIT,1057)BOLD,NORMAL

1057 FORMAT(/lX,'ENTER THE UNIFORM PRECIPITATION RATE

A, '<PR>' ,A,' : ' ,$)

READ(IUHIT,*,ERR=206)PR

IF(IUNIT.NE.1) CALL DATA

WRITE(KUNIT,*)PR
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DO 207 JP=l,M

207 P(JP)=PR

C-----------------------------------------------------------------------

410 VRITE(21,2007) UPR

2007 FORKAT(1132X,'IHFILTRATIOI RATE',2X,'(',A,')'

132X, , '/)

IF(IFL4.EQ.1) THEH

WRITE(21,2019)P(1)

2019 FORMAT(23X,F10.4,3X,'COHSTAHT FOR ALL TIME STEPS')

ELSE

WRITE(21,2oo6) (P(JP), JP=l,M)

EHD IF

C-----------------------------------------------------------------------

C ...READ EVAPOTRAHSPIRATIOH RATES

C

C ...ET IS THE EVAPOTRAHSPIRATIOH RATE PER TIME STEP

C-----------------------------------------------------------------------

IF(IFL5.EQ.1) GO TO 213

IF(IFL5.EQ.2) GO TO 209

C-----------------------------------------------------------------------

DO 13 IJ=l,M

10053 VRITE(JUHIT,1060)IJ,BOLD,IJ,HORMAL

1060 FORKAT(/1X,'EHTER EVAPOTRAHSPIRATIOH RATE FOR TIME STEP'

I3,2X,A,'<ET(',I3,'»',A,': ',$)
READ(IUHIT,*,ERR=10053)ET(IJ)

IF(IUHIT.HE.1) CALL DATA

VRITE(KUHIT,*)ET(IJ)

13 COHTINUE

GO TO 208

C-----------------------------------------------------------------------

209 VRITE(JUHIT,1061)BOLD,HORMAL

1061 FORKAT(/1X,'EHTER THE UHIFORM RATE OF EVAPOTRAHSPIRATIOH

A,'<EVTR>',A,': ',$)
READ(IUHIT,*,ERR=209)EVTR

IF(IUHIT.HE.1) CALL DATA

VRITE(KUHIT,*)EVTR

DO 210 JP=l,M

210 ET(JP)=EVTR

208 VRITE(21,2022)UET

2022 FORKAT(1130X,'EVAPOTRAHSPIRATIOH RATE',2X,'(' ,A,')'

130X,' 'I)
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IF(IFL5.EQ.2) THEN

WRITE(21,2019) ET(1)

ELSE

WRITE(21,2006) (ET(JP),JP=1,H)

END IF

213 CONTINUE

WRITE(21 ,2028)

2028 FORMAT(///)

C-----------------------------------------------------------------------

IF(IC1.GT.0) GOTO 7700

C-----------------------------------------------------------------------

WRITE (21 ,700)

700 FORMAT('1',///20X,'***** INPUT DATA FOR HASS TRANSPORT'

'HODEL *****'/20X,

................................... '/ /)
C-----------------------------------------------------------------------

H=DT

THAX=DT*H

C-----------------------------------------------------------------------

10057 WRITE(JUNIT,1064)BOLD,NORHAL

1064 FORMAT(/1X,'ENTER TYPE OF CONSTITUENT CONSIDERED ',A,

,<UBT> ' ,A,' : " $)

READ(IUBIT ,100 ,ERR=10057)UNT

IF(IUNIT.NE.1) CALL DATA

WRITE(KUNIT,100)UBT

C-----------------------------------------------------------------------

IF(IFL8.EQ.1) GO TO 3013

C-----------------------------------------------------------------------

10060 WRITE(JUNIT,1067)BOLD,NORHAL

1067 FORMAT(/1X,'ENTER THE VALUE OF INITIAL TOTAL CONCENTRATION IN '

'[HG/KG] ',A,'<CTOTAL(1»',A,' : ',$)

READ(IUBIT,* ,ERR=10060)CTOTAL(1)

IF(IUNIT.NE.1) CALL DATA

WRITE(KUNIT,*) CTOTAL(1)

DO 3014 I=2,N

3014 CTOTAL(I)=CTOTAL(1)

IF(IFL11.EQ.0) CTOTAL(1)=0.0

GO TO 3005

C-----------------------------------------------------------------------

3013 CTOTAL(1)=0.0

NHN=1

- --------------------------------------------
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IF(IFL11.EQ.0) IKB=2

DO 16 IJ=IMI,I

10062 WRITE(JUIIT,1069)(IJ-1)*DZ,UDZ,BOLD,IJ,IORKAL

1069 FORKAT(/1I,'EITER THE VALUE OF IIITIAL TOTAL COICEITRATIOI II "

'[MG/KG] '/1I,'AT DEPTH ',F6.2,1I,A,T58,A,'<CTOTAL(',I3,

'»',A,' : ',$)

READ(IUlIT,*,ERR=10062)CTOTAL(IJ)

IF(IUIIT.IE.1) CALL DATA

WRITE(KUIIT,*) CTOTAL(IJ)

16 COITIllUE

C-----------------------------------------------------------------------

3005 WRITE(JUIIT,1071)REVERS ,IORMAL,BOLD ,IORMAL ,BOLD ,IORMAL,

BOLD ,IORKAL ,BOLD ,IORMAL ,REVERS ,IORKAL

1071 FORKAT(/1I,A,'EITER',AI15I,'BULK VATER DIFFUSIOI "

'COEFFICIEIT II [H-2/DAY]',T55,A,'<DDV>',A/5I,

'BULK AIR DIFFUSION COEFFICIEIT II [M-2/DAY]',

T55,A,'<DDA>',A/5I,'HEIRY"S COISTAIT "

,[GASEOUS/LIQUID]',T55,A,'<HEIRY>',A/5I,

'FUGACITY COEFFICIEIT II [ML/GR]',T55,A,'<AKOC>',

AI I1X,A, 'RESPECTIVELY' ,A,' : ' ,$)

READ(IUlIT,*,ERR=3005)DDV,DDA,HEIRY,AKOC

IF(IUIIT.IE.1) CALL DATA

WRITE(KUIIT,*)DDV,DDA,HEIRY,AKOC

C-----------------------------------------------------------------------

C ...COIVERT DDA AID DDV TO APPROPRIATE UIITS, IIVERT HElRY'S COISTAIT

C-----------------------------------------------------------------------

IF(IUI.EQ.1) THEI

DDA=10.76391*DDA

DDV=10.76391*DDV

ELSE

IF(IUI.EQ.3) THEI

DDA=1550.0031*DDA

DDV=1550.0031*DDV

ELSE

IF(IUN.EQ.4) THEI

DDA=1E4*DDA

DDV=1E4*DDV

EID IF

EID IF

ElD IF

C-----------------------------------------------------------------------
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HENRY=1./HENRY

c-----------------------------------------------------------------------

10036 WRITE(JUBIT,1036)REVERS ,NORKAL ,BOLD ,IORKAL,BOLD ,IORKAL,

BOLD ,NORKAL,BOLD,NORKAL,REVERS ,NORKAL

1036 FORKAT(/1X,A, 'EBTER' ,A//5X,'DESORPTIOB COEFFICIEBT OF '

'SOIL IN [KL/GR/DAY] ',T55,A,'<AKPR>',

A/5X,'ORGABIC CARBOI CONTENT OF SOIL II [%]',

T55,A,' <OC>',A/5X,'DISPERSIVITY OF SOIL'

T55,A,'<ALAK>',A/5X,'BULK DENSITY OF SOIL'

, II [GR/CK3]',T55,A,' <RHO>',A//1X,A,

'RESPECTIVELY' ,A,' : ' ,$)

READ(IUNIT,*,ERR=10036)AKPR,OC,ALAK,RHO

IF(IUBIT.NE.1) CALL DATA

WRITE(KUBIT,*)AKPR,OC,ALAK,RHO

C-----------------------------------------------------------------------

C ...COMPUTE ADSORPTION COEFFICIENT IN KL/GR

C-----------------------------------------------------------------------

OC=OC/100.

AKD=OC*AKOC

C-----------------------------------------------------------------------

C ...CONVERT RHO, AKPR, AND AKD TO APPROPRIATE UBITS

C-----------------------------------------------------------------------

IF(IUB.EQ.1) THEN

RHO=2.8316847E4*RHO

AKPR=3.53146E-5*AKPR

AKD=3.53146E-5*AKD

ELSE

IF(IUB.EQ.2) THEB

RHO=1E6*RHO

AKPR=1E-6*AKPR

AKD=1E-6*AKD

ELSE

IF(IUN.EQ.3) THEN

RHO=16.387064*RHO

AKPR=6.10237E-2*AKPR

AKD=6.10237E-2*AKD

END IF

END IF

END IF

C-----------------------------------------------------------------------

C ...ASSIGN POROSITY FOR EACH SOIL
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C-~---------------------------------------------------------------------

POROS=TBS

c-----------------------------------------~-----------------------------

c ... CONVERT TOTAL CONC. TO APPROPRIATE UNITS

C-----------------------------------------------------------------------

DO 17 JJ=l,N

17 CTEKP(JJ)=lE-6*RHO*CTOTAL(JJ)

C-----------------------------------------------------------------------

C ...COIVERT TOTAL COIC. TO LIQUID PHASE CONC.

C-----------------------------------------------------------------------

DO 94 KK=l,1

CONCI(KK)=CTEKP(KK)*HEIRY/«HENRY-l)*THOLD(KK)+

HENRY*RHO*AKD+POROS)

C-----------------------------------------------------------------------

IF(INDEX.EQ.l)GO TO 244

C-----------------------------------------------------------------------

IF(IFL13.EQ.l) THEI

IF(IMONOD.EQ.O) THEN

VRITE(JUNIT,1012)BOLD,IORHAL

FORMAT(/lX,'EITER ZERO ORDER MONOD COEFFICIENT',

, FOR SOIL II [MG/L/DAY]',2X,A,

'<AKC>',A,' : ',$)

READ(IUBIT,*,ERR=10104)AKC

IF(IUNIT.NE.l) CALL DATA

VRITE(KUIIT,*)AKC

ELSE

VRITE(JUIIT,1050)BOLD,IORHAL

FORMAT(/lX,'EITER FIRST ORDER MOIOD COEFFICIEIT',

, FOR SOIL II [1/DAY]',2X,A,'<AKL>',A,

, : ' ,$)
READ(IUBIT,*,ERR=10105)AKL

IF(IUIIT.NE.l) CALL DATA

VRITE(KUIIT,*)AKL

END IF

C-----------------------------------------------------------------------

ELSE

C-----------------------------------------------------------------------

10065 VRITE(JUBIT,1073)REVERS,NORHAL,BOLD,NORMAL,BOLD,NORHAL,

BOLD,NORHAL,BOLD,NORMAL,REVERS,NORHAL

1073 FORHAT(/lX,A,'ENTER',A//5X,'SPECIFIC GROWTH RATE OF "

'MICROORGANISMS IN [1/DAY]',T58,A,'<AHU>',A/5X,
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'ENDOGENEOUS DECAY RATE CONSTANT II [1/DAYJ',T58,A,

'<AKK>',A/5X,'SUBSTRAT~ CONCENTRATIOI AT 1/2 OF '

'<AKU> II [MG/L]',T58,A,'<AAKM>',A/5X,

'BIOMASS YIELD COEFFICIENT' ,T58,A,'<YEL>',A//1X,A,

'RESPECTIVELY' ,A,' : ' ,$)

READ(IUNIT,*,ERR=10065)AMU,AKK,AAKM,YEL

IF(IUHIT.NE.l) CALL DATA

VRITE(KUHIT,*)AKU,AKK,AAKM,YEL

END IF

C-----------------------------------------------------------------------

IF(IFL13.EQ.l) GOTO 3012

C-----------------------------------------------------------------------

IF(IFL10.EQ.l) GO TO 3010

C-----------------------------------------------------------------------

10068 VRITE(JUNIT,1076)BOLD,NORMAL

1076 FORMAT(/lX,'ENTER THE CONSTAIT VALUE OF INITIAL BIOMASS'

'CONC. [MG/L] ',A,'<BIOMI(l»',A,' : ',$)

READ(IUHIT,*,ERR=10068)BIOMI(1)

IF(IUNIT.NE.l) CALL DATA

VRITE(KUNIT,*)BIOMI(l)

C------------------~----------------------------------------------------

DO 3017 I=2,JI

3017 BIOMI(I)=BIOMI(l)

C-----------------------------------------------------------------------

GO TO 3012

C-----------------------------------------------------------------------

3010 DO 19 IJ=l,1

10070 VRITE(JUNIT,1078)(IJ-l)*DZ,UDZ,BOLD,IJ,NORMAL

1078 FORMAT(/lX,'ENTER THE VALUE OF IJlITIAL BIOMASS CONC. "

,[MG/L] ,/11,' AT DEPTH ',F6. 2,lX,A, T55 ,A, ,<BIOMI( ,,13,

,», ,A,' : ' ,$)

READ(IUHIT,*,ERR=10070)BIOMI(IJ)

IF(IUNIT.NE.l) CALL DATA

VRITE(KUNIT,*)BIOMI(IJ)

19 CONTINUE

C-----------------------------------------------------------------------

3012 VRITE(21 ,719)

719 FORMAT(20X,'THIS IS A SIMULATIOJl FOR BIODEGRADABLE MATTER'//)

VRITE(21,900)INT,UIT

900 FORMAT(10X,'PRIJITOUT FREQUENCY

lOX,' NATURE OF THE SUBSTRATE
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C-~---------------------------------------------------------------------

IF(IFL13.EQ.0) THEI

c-----------------------------------------------------------------------

VRITE(21,901)AKU,UAKU,AKK,UAKK,AAKK,'KG/L',YEL

901 FORKAT(10X,'BIOKASS SPECIFIC GROWTH RATE =',E14.4,2X,A//

10X,'ENDOGENOUS DECAY CONSTANT =',E14.4,2X,A//

10X,'SUBSTRATE COIC. AT 1/2 OF KU~ =',E14.4,2X,A//

10X,'BIOKASS YIELD COEFFICIENT =',E14.4//)

C-----------------------------------------------------------------------

C ...CONVERT AAKK TO APPROPRIATE UIITS

C-----------------------------------------------------------------------

IF(IUI.EQ.l) AAKK=2.83168E-2.AAKK

IF(IUI.EQ.3) AAKK=1.6387E-S.AAKK

IF(IUU.EQ.4) AAKK=lE-6.AAKK

C-----------------------------------------------------------------------

ELSE

C-----------------------------------------------------------------------

IF(IKOUOD.EQ.O) WRITE(21,903)AKC,'KG/L ',UAKU

903 FORKAT(10X,'ZERO ORDER KONOD COEFF. FOR SOIL '

=',E14.4,2X,2A//)

IF(IKOUOD:EQ.l) WRITE(21,904)AKL,UAKU

904 FORKAT(10X,'FIRST ORDER MONOD COEFF. FOR SOIL'

=' ,E14.4,2X,A/1>

C-----------------------------------------------------------------------

C ...COUVERT AKC TO APPROPRIATE UNITS

C-----------------------------------------------------------------------

IF(IUB.EQ.l) THEU

AKC=2.83168E-2.AKC

ELSE

IF(IUI.EQ.3) THEI

AKC=1.6387E-S.AKC

ELSE

IF(IUI.EQ.4) THEI

AKC=lE-6HKC

EUD IF

EUD IF

EUD IF

C-----------------------------------------------------------------------

ElD IF

C------------~----------------------------------------------------------

IF(IUI.EQ.l) THEI
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WRITE(21,902) AKOC,'KL/GR',ALAK,UALAK,

2.8316847E4*AKD.,'KL/GR',

2.8316847E4*AKPR,'KL/GR ',UAKK,

9.2903E-2*DDW,'K2/DAY',9.2903E-2*DDA,'K2/DAY',

1/HENRY,3.53146E-5*RHO,'GR/CK3'

ELSE

IF(IUI.EQ.2) THEN

WRITE(21,902) AKOC,'KL/GR',ALAK,UALAK,

1E6*AKD,'KL/GR',

1E6*AKPR,'KL/GR ',UAKK,

DDW,'K2/DAY',DDA,'K2/DAY',

1/HENRY,1E-6*RHp,'GR/CK3'

ELSE

IF(IUN.EQ.3) THEN

WRITE(21,902) AKOC,'KL/GR',ALAK,UALAK,

16.387064*AKD,'KL/GR',

16.387064*AKPR,'KL/GR ',UAKK,

6.4516E-4*DDW,'K2/DAY',6.4516E-4*DDA,

'K2/DAY',1/HENRY,6.10237E-2*RHO,

'GR/CK3'

ELSE

IF(IUN.EQ.4) THEN

WRITE(21,902) AKOC,'KL/GR',ALAK,UALAK,

AKD,'KL/GR',AKPR,'KL/GR "

UAKK,1E-4*DDV,'K2/DAY',1E-4*DDA,

'K2/DAY',1/HENRY,RHO,'GR/CK3'

END IF

END IF

END IF

END IF

902 FORKAT(/20X,'SOIL '//

10X,'FUGACITY COEFFICIENT =',E14.4,2X,A//

10X,'SOIL DISPERSIVITY =',F10.4,2X,A//

10X,'FIRST ORDER ADSORPTION COEFFICIENT =',E14.4,2X,A//

10X,'FIRST ORDER DESORPTION COEFFICIENT =',E14.4,2X,2A//

10X,'BULK WATER DIFFUSION COEFFICIENT =',E14.4,2X,A//

10X,'BULK AIR DIFFUSION COEFFICIENT =',E14.4,2X,A//

10X,'HENRY"S CONSTANT =',F10.4//

10X,'SOIL BULK DENSITY =',E14.4,2X,A)

C-----------------------------------------------------------------------

WRITE(21,251)
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251 FORKAT(//22X,'IIITIAL TOTAL'CONCENTRATIOI',2X,

'(KG/KG)'/

22X, ' '.'/)

C-----------------------------------------------------------------------

IF(IFL8.EQ.0) THEN

C-----------------------------------------------------------------------

WRITE(21,261) CTOTAL(2)

261 FORKAT(20X,E15.4,3X,'CONSTANT FOR ALL NODES')

C-----------------------------------------------------------------------

ELSE

C-----------------------------------------------------------------------

WRITE(21,260) (CTOTAL(I),I=l,N)

260 FORKAT(lX,8E15.4)

C-----------------------------------------------------------------------

EIID IF

C-----------------------------------------------------------------------

WRITE (21 ,250)

250 FORKAT(//22X,'IBITIAL LIQUID PHASE COBCENTRATIOB',2X,

'(KG/L)'/

22X, ' '/)

C-------------------·----------------------------------------------------

IF <rFL8 .EQ .0) 'rHEI

C-----------------------------------------------------------------------

IF(IUN.EQ.:t) WRITE(21,261) 35.314667*CONCI(2)

IF(IUN.EQ.2) WRITE(21,261) CONCI(2)

IF(IUN.EQ.a) WRITE(21,261) 61023.744*CONCI(2)

IF(IUN .EQ.~l) WRITE(21,261) 1E6*CONCI(2)

C--------------------·---------------------------------------------------

ELSE

C-----------------------------------------------------------------------

IF(IUN.EQ.1) WRITE(21,260) (35.314667*CONCI(I),I=l,l)

IF(IUI.EQ.2) WRITE(21,260) (COBCI(I),I=l,l)

IF(IUN.EQ.3) WRITE(21,260) (61023.744*CONCI(I),I=l,l)

IF(IUN.EQ.4) WRITE(21,260) (lE6*CONCI(I),I=l,l)

C-----------------------------------------------------------------------

END IF

C-----------------------------------------------------------------------

IF <rFL13 .EQ .0) THEN

C--------------------·---------------------------------------------------

WRITE(21 ,270)

270 FORKAT(//20J[,'INITIAL BIOKASS CONCENTRATION',2X,
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'(MG/L)'/

201, , : ' /)

IF(IFL10.EQ.0) THEN

VRITE(21,261) BIOMI(l)

ELSE

VRITE(21 ,260) (BIOMI(I),I=l,I)

END IF

C-----------------------------------------------------------------------

C ...CONVERT BIOMASS CONCENTRATION TO APPROPRIATE UNITS

C-----------------------------------------------------------------------

DO 21 JJ=l,I

IF(IUI.EQ.l) BIOMI(JJ)=2.83168E-2*BIOMI(JJ)

IF(IUI.EQ.3) BIOMI(JJ)=1.6387E-S*BIOMI(JJ)

IF(IUI.EQ.4) BIOMI(JJ)=lE-6*BIOMI(JJ)

21 CONTINUE

C-----------------------------------------------------------------------

END IF

C-----------------------------------------------------------------------

GO TO 424

C-----------------------------------------------------------------------

244 VRITE(21,720)

720 FORMAT(20X,'THIS IS A SIMULATIOI FOR IOIBIODEGRADABLE MATTER'//)

VRITE(21,900) IIT,UNT

C-----------------------------------------------------------------------

IF(IUN.EQ.1) THEI

VRITE(21,902) AKOC,'ML/GR',ALAM,UALAM,

2.8316847E4*AKD,'ML/GR',

2.8316847E4*AKPR,'ML/GR ' ,UAKK,

9.2903E-2*DDV,'M2/DAY',9.2903E-2*DDA,'M2/DAY',

1/HENRY,3.S3146E-S*RHO,'GR/CM3'

ELSE

IF(IUI.EQ.2) THEN

VRITE(21,902) AKOC,'ML/GR',ALAK,UALAM,

1E6*AKD,'ML/GR',

1E6*AKPR,'ML/GR ',UAKK,

DDV,'M2/DAY',DDA,'K2/DAY',

1/HENRY,lE-6*RHO,'GR/CM3'

ELSE

IF(IUI.EQ.3) THEN

VRITE(21,902) AKOC,'ML/GR',ALAM,UALAM,

16.387064*AKD,'ML/GR',
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16.387064*AKPR,'ML/GR ',UAKK,

6.4516E~4*DDV,'K2/DAY',6.4516E-4*DDA,

'K2/DAY',l/HEHRY,6.10237E-2*RHO,

'GR/CK3'

ELSE

IF(IUI.EQ.4) THEI

VRITE(21,902) AKOC,'ML/GR',ALAK,UALAK,

AKD,'ML/GR',AKPR,'ML/GR "

UAKK,lE-4*DDV,'K2/DAY',lE-4*DDA,

'K2/DAY' ,l/HEHRY,RHO,'GR/CK3'

EHD IF

EHD IF

EID IF

ElD IF

VRITE(21 ,251)

C-----------------------------------------------------------------------

IF(IFL8.EQ.0) THEH

VRITE(21,261) CTOTAL(2)

ELSE

VRITE(21,260) (CTOTAL(I),I=l,H)

EHD IF

VRITE(21 ,250)

C-----------------------------------------------------------------------

IF(IFL8.EQ.0) THEI

C-----------------------------------------------------------------------

IF(IUI.EQ.l) VRITE(21,261) 35.314667*COHCI(2)

IF(IUI.EQ.2) VRITE(21,261) COHCI(2)

IF(IUI.EQ.3) VRITE(21,261) 61023.744*COHCI(2)

IF(IUI.EQ.4) VRITE(21,261) lE6*COHCI(2)

C-----------------------------------------------------------------------

ELSE

C-----------------------------------------------------------------------

IF(IUH.EQ.l) VRITE(21,260) (35.314667*COHCI(I),I=l,l)

IF(IUH.EQ.2) VRITE(21,260) (COHCI(I),I=l,l)

IF(IUH.EQ.3) VRITE(21,260) (61023.744*COHCI(I),I=l,H)

IF(IUH.EQ.4) VRITE(21,260) (lE6*COHCI(I),I=l,H)

C-----------------------------------------------------------------------

EHD IF

C-----------------------------------------------------------------------

424 COHTIHUE

7700 VRITE(21 ,2008)
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2008 FORKAT('1',/////35X,19H ••••• RESULTS •••••)

IlRITE(21,2010)

2010 FORKAT(20X,' ')

168

C~---------------- C ...START COMPUTATION C~--------

ICOUBT=O

FTlME= .TRUE.

IF(IC1.GT.0) GO TO 83

C-----------------------------------------------------------------------

C ...REDUCTION SCHEME

C-----------------------------------------------------------------------

888 IF(FTIKE) THEN

C-----------------------------------------------------------------------

IZT=O

IZB=O

DO 3016 KK=1,I

CNOLD(KK)=CONCI(KK)

3016 THIN(KK)=THOLD(KK)

CKAX=CONCI(1)

DO 3021 KK=2,N

3021 IF(CONCI(KK).GT.CKAX) CKAX=CONCI(KK)

DCONC=CKAX

DO 3022 KK=1,1l

3022 IF(CONCI(KK).IE.O.) GOTO 3023

3023 IZT=KK

DO 3024 KK=NZT,I

3024 IF(CONCI(KK).EQ.O.) GOTO 3025

3025 IZB=KK-1

C-----------------------------------------------------------------------

ELSE

C-----------------------------------------------------------------------

IF«NZB-NZT).LE.1) THEN

VRITE(6,3031) BOLD,IORKAL

3031 FORKAT(/5X,A,'ALL OF THE COllTAKINATED SOIL MUST BE '

'EXCAVATED!',A/)

VRITE(21,3032)

3032 FORKAT(/5X,'ALL OF THE COllTAKINATED SOIL MUST BE '

'EXCAVATED! 'f)

STOP

END IF
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C-~---------------------------------------------------------------------

DO 3018 KK=l,1

3018 THOLD(KK)=THIB(KK)

DCOBC=DCOBC/2.

IDZ=(BZB-IZT)/2

C-----------------------------------------------------------------------

IF(CUT) THEB

C-----------------------------------------------------------------------

IF(IUB.EQ.1) VRITE(6,272)35.314667*BCKAX,35.314667*COICA

IF(IUB.EQ.2) VRITE(6,272)BCKAX,COBCA

IF(IUI.EQ.3) VRITE(6,272)61023.744*BCKAX,61023.744*COBCA

IF(IUI.EQ.4) VRITE(6,272)lE6*BCKAX,lE6*COBCA

C-----------------------------------------------------------------------

IF(IUB.EQ.1) VRITE(21,272)35.314667*BCKAX,35.314667*COBCA

IF(IUI.EQ.2) VRITE(21,272)BCKAX,COBCA

IF(IUI.EQ.3) VRITE(21,272)61023.744*BCKAX,61023.744*COBCA

IF(IUI.EQ.4) VRITE(21,272)lE6*BCKAX,lE6*COBCA

C-----------------------------------------------------------------------

272 FORKAT(/lX,'KAX. COBCEITRATIOI= ',E10.4,' > "

'ALLOV. COICEITRATIOI= ',E10.4,lX,'KG/L'/)

C------------------~----------------------------------------------------

IF(ICUT.EQ.O) THEB

DO 3019 KK=IZT,BZB

COBCI(KK)=COBCI(KK)-DCOBC

3019 IF(COBCI(KK).LT.O.) COBCI(KK)=O.O

ELSE

IZT=BZT+BDZ

DO 3027 KK=l,BZT-1

3027 COBCI(KK)=O.O

DO 3028 KK=BZT,BZB

3028 COBCI(KK)=CBOLD(KK)

EBD IF

C-----------------------------------------------------------------------

ELSE

C-----------------------------------------------------------------------

IF(IUI.EQ.1) VRITE(6,273)35.314667*BCKAX,35.314667*COBCA

IF(IUI.EQ.2) VRITE(6,273)BCKAX,COBCA

IF(IUB.EQ.3) VRITE(6,273)61023.744*BCKAX,61023.744*COBCA

IF(IUB.EQ.4) VRITE(6,273)lE6*BCKAX,lE6*COBCA

C-----------------------------------------------------------------------

IF(IUB.EQ.1) VRITE(21,273)35.314667*BCKAX,35.314667*COBCA
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IF(IUi.EQ.2) VRITE(21,273)BCKA1,COiCA

IF(IUI.EQ.3) VRITE(21,273}61023.744*BCKA1,61023.744*COICA

IF(IUI.EQ.4) VRITE(21,273)lE6*BCKA1,lE6*COICA

C----------------------------------------------------------- _

273 FORKAT(/l1,'MA1. COICEITRATIOI= ',E10.4,' < "

'ALLOV. COICEITRATIOI= ',E10.4,l1,'MG/L'/)

C--------------------------------------------------------- _

IF(ICUT.EQ.O) THEI

DO 3020 KK=IZT,IZB

3020 COICI(KK)=COiCI(KK)+DCORC

ELSE

IZT=RZT-RDZ

DO 3029 KK=1,IZT-1

CORCI(KK)=O.O

170

3030

DO 3030 KK=IZT,IZB

CORCI(KK)=CIOLD(KK)

EID IF

C------------------------------------ ------ _

EID IF

C---------------------------------- - _

VRITE(21 ,271)

271 FORMAT(/201,'REV IIITIAL LIQUID PHASE COiCEITRATIOI',21,

'(MG/L)'/

201,'--------------------------------------,/)

C--------------------------------- --- _

IF(IUI.EQ.1) VRITE(21,260) (35.314667*COICI(JJ),JJ=1,1)

IF(IUI.EQ.2) VRITE(21,260) (CORCI(JJ),JJ=l,l)

IF(IUI.EQ.3) VRITE(21,260) (61023.744*COICI(JJ),JJ=1,1)

IF(IUR.EQ.4) VRITE(21,260) (lE6*CORCI(JJ),JJ=1,1)

C-------------------------------- _

DO 3026 JJ=l,1

CTEMP(JJ)=(THIR(JJ)+(POROS-THli(JJ»/HERRY+

RHO*AKD)*COiCI(JJ)

CTOTAL(JJ)=lE6*CTEMP(JJ)/RHO

3026 CORTliUE

C-------------------------------- _

VRITE(21 ,275)

275 FORMAT(/201,'ASSUKED lEV TOTAL COiCERTRATIOR',

21,'(MG/KG)'/

201,'-------------------------------,/)

VRITE(21,260) (CTOTAL(JJ),JJ=l,R)
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C-~-----------------------------------------~---------------------------

EHD IF

C-----------------------------------------------------------------------

C ...SOLVE BOTH FLOV AHD KASS TRAHSPORT EQUATIOH

C-----------------------------------------------------------------------

ICOUBT=O

CALL SOLUTE

C-----------------------------------------------------------------------

GO TO 97

C-----------------------------------------------------------------------

83 OPEH(UHIT=22,FILE='THT'//IRUB//'.DAT',STATUS='HEV')

OPEN(UNIT=28,FILE='TTH'//IRUB//'.DAT',STATUS='HEV')

C-----------------------------------------------------------------------

DO 95 JT=l,K

TIKE(JT+1)=FLOAT(JT)*OT

D(JT)=DIFF(l)

THSU(JT)=THOLD(l)

ICOUBT=ICOUHT+1

C-----------------------------------------------------------------------

C ...SOLVE FLOV EQUATIOH
. ,

C-----------------------------------------------------------------------

CALL YGRA

C-----------------------------------------------------------------------

BDISCH(JT)=DISCH(N)

C-----------------------------------------------------------------------

C ...OPTIONAL OUTPUT FOR GRAPHICAL REPRESENTATION OF THETA DISTRIBUTIOH

C-----------------------------------------------------------------------

VRITE(28,2222)TIKE(JT+1),THNEV(2)

IF (ICOUNT/IHT*IHT.EQ.ICOUHT) THEH

VRITE(22,2221)TIKE(JT)+DT,UDT

2221 FORKAT(10X,'TIKE=',F6.0,lX,A)

DO 777 IJ=l,1

777 VRITE(22,2222)THNEV(IJ),-1*DEP(IJ)

2222 FORKAT(lX,F10.4,lX,F10.4)

END IF

C-----------------------------------------------------------------------

DO 80 I=l,H

THOLD(I)=THNEV(I)

80 QOLD(I)=QNEV(I)

C-----------------------------------------------------------------------

95 CONTINUE
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97' CONTINUE

C--------------------------------------~--------------------------------

IF(IC1.GT.O)GO TO 90

C-----------------------------------------------------------------------

C ...COMPUTE KAXIMUM CONCENTRATION

C-----------------------------------------------------------------------

BCKAX=BCONC(1)

KAXK=O

DO 93, I=1,K

IF(BCONC(I+1).GT.BCKAX) THEN

BCKAX=BCONC(I+1)

KAXK=I*DT

END IF

93 CONTINUE

C-----------------------------------------------------------------------

IF(IFL12.EQ.0.OR.ABS(BCKAX-CONCA)/CONCA.LE.0.1) GOTO 91

IF(BCKAX.GT.CONCA) THEN

CUT=.TRUE.

ELSE

IF(FTIKE) GOTO 91

CUT=.FALSE.

END IF

FTIKE=.FALSE.

GOTO 888

C-----------------------------------------------------------------------

91 OPEN(UHIT=23,FILE='BCN'//IRUH//'.DAT',STATUS='NEW')

OPEN(UNIT=27,FILE='TCN'//IRUH//'.DAT' ,STATUS='NEW')

IF(IFL11.EQ.O) THEN

OPEN(UNIT=29,FILE='KFX'//IRUN//'.DAT',STATUS='NEW')

END IF

C-----------------------------------------------------------------------

IF(IUN.EQ.1) WRITE(21,2037) 35.314667*BCKAX,KAXK

IF(IUN.EQ.2) WRITE(21,2037) BCKAX,KAXK

IF(IUN.EQ.3) WRITE(21,2037) 61023.744*BCKAX,KAXK

IF(IUN.EQ.4) WRITE(21,2037) 1E6*BCKAX,KAXK

C-----------------------------------------------------------------------

2037 FORKAT('1',10X,'KAX. CONCENTRATION AT G.W.T. : '

E15.4,1X,'KG/L',' AT ',IS,' DAYS')

C-----------------------------------------------------------------------

IF(IFL12.EQ.1) THEN

C-----------------------------------------------------------------------
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IlRITE(21,276)

276 FORKAT(/20X,'ALLOIlABLE TOTAL ~OHCEHTRATIO>',

2X, '(KG/KG) ,1

20X,,-------------------------------'/)

IlRITE(21,260) (CTOTAL(JJ),JJ=1,H)

DKAX=CTOTAL(1)

C-----------------------------------------------------------------------

DO 92 JJ=2,>

92 IF(CTOTAL(JJ).GT.DKAX) DKAX=CTOTAL(JJ)

C-----------------------------------------------------------------------

IlRITE(6,2038)DKAX

IlRITE(21,2038)DKAX

2038 FORKAT(/1X,'KAXIKUK ALLOIlABLETOTAL COHCEHTRATIOU= ,

E10.4,' KG/KG'/)

C-----------------------------------------------------------------------

EUD IF

C-----------------------------------------------------------------------

IlRITE(21,2029)

2029 FORKAT(1120X,'EFFLUEUT COHCEHTRATIOH AT IlATERTABLE')

IlRITE(21,2030)

2030 FORKAT(20X,'.: 'I)

IlRITE(21,2031)IHT

2031 FORKAT(26X,'AT EVERY ',14,' TIKE STEPS'/)

IlRITE(21,2030)

IF(IHDEX.EQ.O ) GO TO 850

IlRITE(21,2032) UDT,UAKS,'KG/L'

2032 FORKAT(1115X,'TIKE',1X,A,5X,'DISCHARGE',1X,A,5X,

'CHEKICAL COHC.',1X,A/)

DO 96 JT=1,K

C-----------------------------------------------------------------------

IF (JT/IUT*IHT.EQ.JT) THEI

C-----------------------------------------------------------------------

IF(IUH.EQ.1) IlRITE(21,2033) TIKE(JT+1),BDISCH(JT),

35.314667*BCOHC(JT+1)

IF(IUH.EQ.2) IlRITE(21,2033) TIKE(JT+1),BDISCH(JT),BCOHC(JT+1)

IF(IUH.EQ.3) IlRITE(21,2033) TIKE(JT+1),BDISCH(JT),

61023.744*BCOIC(JT+1)

IF(IUH.EQ.4) IlRITE(21,2033) TIKE(JT+1),BDISCH(JT),

1E6*BCOHC(JT+1)

2033 FORKAT(15X,F6.0,12X,E15.4,12X,E15.4)

C-----------------------------------------------------------------------
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EID IF

C----------------------------------------------------------------------_

C ...COMPUTE GASEOUS PHASE KASS FLUXES AT TOP OF THE SOIL [KG/CK-2/DAY]

C-------------------------------------------------------------------- _

IF(IFLll.EQ.O) THEN

AVTH=(2*POROS-TTH(1,JT+l)-TTH(2,JT+l»/2.

QGAS=DDA/HENRY*AVTH**(10./3.)/POROS**2*TCONC(JT+l)/DZ

IF(IUI.EQ.l) WRITE(29,2036) TIKE(JT+l),lE3*QGAS/30.4S*.2

IF(IUI.EQ.2) WRITE(29,2036) TIKE(JT+l),QGAS/l0.

IF(IUI,EQ.3) WRITE(29,2036) TIKE(JT+l),lE3*QGAS/2.54**2

IF(IUI.EQ.4) WRITE(29,2036) TIKE(JT+l),lE3*QGAS

ElD IF

C----------------------------------------------------------------------_

C ...OPTIOIAL OUTPUT FOR TOP AND BOTTOK COUCEUTRATIOX TRACER

C--------------------------------------------------------------------- __

IF(IUU.EQ.l) THEI

WRITE(23,2036) TIKE(JT+l),35.3l4667*BCOUC(JT+l)

WRITE(27,2036) TIKE(JT+l),35.3l4667*TCOUC(JT+l)

ELSE

IF(IUI.EQ.2) THEK

WRITE(23,2036) TIKE(JT+l),BCOUC(JT+l)

WRITE(27,2036) TIKE(JT+l),TCOUC(JT+l)

ELSE

IF(IUU.EQ.3) THEI

WRITE(23,2036) TIKE(JT+l),6l023.744*BCONC(JT+l)

WRITE(27,2036) TIKE(JT+l),6l023.744*TCOUC(JT+l)

ELSE

IF(IUU.EQ.4) THEN

WRITE(23,2036) TIKE(JT+l),lE6*BCOUC(JT+l)

WRITE(27,2036) TlKE(JT+l),lE6*TCOIC(JT+l)

END IF

EUD IF

END IF

END IF

96 COIlTIIlUE

2036 FORKAT(lX,F6.0,lX,E15.4)

C-------------------------------------- ------------- _

GO TO 90

850 WRITE(21,2034) UDT,UAKS,'KG/L','KG/L'

2034 FORKAT(//5X,'TIKE',lI,A,5I,'DISCHARGE ',lI,A,5I,

'CHEMICAL CONC.',lI,A,5X,'BIOMASS COUC.',lI,A)
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DO 99 JT=1,M

C-----------------------------------------------------------------------

IF (JT/IIT*IIT.EQ.JT) THEI

C-----------------------------------------------------------------------

IF(IUI.EQ.1) VRITE(21,2035) TIME(JT+1) ,BDISCH(JT),

35.314667*BCOBC(JT+1),

35.314667*BBIOM(JT+1)

IF(IUI.EQ.2) VRITE(21,2035) TIME(JT+1) ,BDISCH(JT),

BCOBC(JT+1),BBIOM(JT+1)

IF(IUI.EQ.3) VRITE(21,2035) TIME(JT+1),BDISCH(JT),

61023.744*BCOBC(JT+1).

61023.744*BBIOM(JT+1)

IF(IUI.EQ.4) VRITE(21,2035) TIME(JT+1) ,BDISCH(JT),

1E6*BCONC(JT+1),1E6*BBIOM(JT+1)

2035 FORMAT(5I,F6.0,12I,E15.4,12I,E15.4,12I,E15.4)

C-----------------------------------------------------------------------

EID IF

C-----------------------------------------------------------------------

C ...COMPUTE GASEOUS PHASE MASS FLUXES AT TOP OF THE SOIL [MG/CM-2/DAY]

C-----------------------------------------------------------------------

IFCIFL11.EQ .0> THEI

AVTH=(2*POROS-TTH(1,JT+1)-TTH(2,JT+1»/2.

QGAS=DDA/HEURY*AVTH**(10./3.)/POROS**2*TCOBC(JT+1)/DZ

IF(IUI.EQ.1) VRITE(29,2036) TIME(JT+1),1E3*QGAS/30.4S**2

IF(IUI.EQ.2) VRITE(29,2036) TIME(JT+1),QGAS/10.

IF(IUW.EQ.3) VRITE(29,2036) TIME(JT+1),1E3*QGAS/2.54*.2

IF(IUI.EQ.4) VRITE(29,2036) TIME(JT+1),1E3*QGAS

END IF

C-----------------------------------------------------------------------

IF(IUR.EQ.1) THEN

VRITE(23,2036) TIME(JT+1),35.314667*BCONC(JT+1)

VRITE(27,2036) TIME(JT+1),35.314667*TCONC(JT+1)

ELSE

IF(IUI.EQ.2) THEN

VRITE(23,2036) TIME(JT+1),BCONC(JT+1)

VRITE(27,2036) TIME(JT+1),TCONC(JT+1)

ELSE

IF(IUB.EQ.3) THEB

VRITE(23,2036) TIME(JT+1),61023.744*BCOUC(JT+1)

VRITE(27,2036) TIME(JT+1),61023.744*TCOUC(JT+1)

ELSE
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IF(IUN.EQ.4) THEN

VRITE(23,2036) TI~(JT+l),lE6*BCONC(JT+1)

VRITE(27,2036) TIME(JT+l).lE6*TCONC(JT+l)

END IF

END IF

END IF

END IF

C-----------------------------------------------------------------------

99 CONTINUE

C-----------------------------------------------------------------------

IF(IFL11.EQ.0) CLOSE (UNIT=29)

CLOSE (UNIT=23)

90 DO 992 JT=2,K

992 VOLE(JT)=(BDISCH(JT)+BDISCH(JT-1»*DT/2.

VOLE(l)=BDISCH(l)*DT

VRITE(21.2220)

2220 FORKAT('1',20X,'DISCHARGE AND CUKK. VOL. AT '

'VATER TABLE')

VRITE(21,2030)

VRITE(21,2031)INT

VRITE(21,2030)

VRITE(21,2052) UDT,UAKS,UDZ,UDZ

2052 FORKAT(//5X.'TIKE',lX,A,5X,'DISCHARGE CUBIC',lX,A,8X,

'VOLUKE CUBIC' ,lX,A,2X.'CUKK. VOLUME CUBIC',lX,A/)

VSS=O.O

DO 991 JT=l,K

VSS=VSS+VOLE(JT)

VSUK(JT)=VSS

C-----------------------------------------------------------------------

C ...OPTIONAL OUTPUT FOR BOTTOK FLUXES

C-----------------------------------------------------------------------

VRITE(25,2036) TIKE(JT+l),BDISCH(JT)

C-----------------------------------------------------------------------

IF (JT/INT*INT.EQ.JT) THEN

VRITE(21.2053) TIKE(JT+1),BDISCH(JT),VOLE(JT),VSUK(JT)

2053 FORKAT(5X,F6.0,12X,E15.4,15X,E15.4,10X,E15.4)

END IF

991 CONTINUE

C-----------------------------------------------------------------------

C ...END OF EXECUTION

C-----------------------------------------------------------------------
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VRITE(6,2054)BOLD,KORKAL,BELL

2054 FORKAT(/10X,A,'EBD OF EXECUTIOB',fA/)

C-----------------------------------------------------------------------

C ...CLOSE FILES

C-----------------------------------------------------------------------

CLOSE (UKIT=21)

CLOSE (UKIT=22)CLOSE (UBIT=25)CLOSE (UBIT=27)CLOSE (UIlIT=28)CLOSE (UIlIT=IUIlIT)CLOSE (UIlIT=JUBIT)CLOSE (UBIT=KUBIT)EBD
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C-~--------------------------------------------------------------------

c--------------------------------------~--------------------------------

SUBROUTIHE YGRA

c----------------------------------------------------------------------

c-----------------------------------------------------------------------

COKHOH/BLK1/H

COKHOH/BLK3/THHEW(400),THOLD(400)

COKHOH/BLK4/IFL1,IFL2,AKS,THS,THF,AM,AH,AI,BE,B,THAD,AB2,AM2,

GAKHA,ALPHA

COKHOH/BLK5/PSIR,DZER,BET,THZER

COKHOH/BLK6/AK(400),DIFF(400) ,AKM(400) ,AKP(400) ,DM(400) ,DP(400)

COKHOB/BLK7/TH(400)

COKHOB/BLK8/EPS

COKHOH/BLK9/P(2234),ET(2234)

COKHOH/BLK10/JT,TIME(2234)

COKHOB/BLKll/QOLD(400),QBEW(400),DISCH(400)

COKHOB/BLK13/IT2

COKHOH/BLK14/DEP(400)

COKHOH/BLK15/UDT,UTHO,UAKS,UDZ

COKHOB/BLK16/DZ,DT

COKHOB/BLK24/THAV(400),TRTH(400)

COKHOB/BLK25/IT,IHT

COKHOH/BLK26/ICOUHT

COKHOH/BLK28/M

COKHOH/BLK30/BELL,BOLD,BLIHK,REVERS,CLEAR,HOME,HORMAL

COKHOB/BLK40/TCOHC(2234),BCOHC(2234),BBIOM(2234),BDISCH(2234)

COKHOH/BLK41/IFL3,IFL4,IFL5,IFL6,IFL7

COKHOH/BLK52/IFL9

COKHOH/BLK57/FTIME

C-----------------------------------------------------------------------

LOGICAL FTIME

CHARACTER*a UDT,UTHO,UDZ,UAKS

CHARACTER ESC*1,BELL*1,CLEAR*4,HORMAL*4,BOLD*4,

BLIHK*4,REVERS*4,HOME*6

C-----------------------------------------------------------------------

BM=B-l

BP=B+l

C-----------------------------------------------------------------------

C ... START SOLUTIOB OF BUMERICAL EQUATIOHS

C-----------------------------------------------------------------------

IF(IFL5.HE.l) GO TO aOl
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C-~---------------------------------------------------------------------

IF(.IOT.FTIKE) GOTO 801

CALL EVAP

C-----------------------------------------------------------------------

801 COITINUE

DO 310 1=1,1

310 THNEV(I)=THOLD(I)

C-----------------------------------------------------------------------

C ...COURTER FOR NUMBER OF ITERATIONS

C-----------------------------------------------------------------------

40 IT=O

IT2=O

C-----------------------------------------------------------------------

C ...COMPUTE APPROXIMATIONS TO I AID D

C

C ...CHECIS TO TRAISFER COITROL TO FLUXEQ OR TO CONSMO

C-----------------------------------------------------------------------

41 DO 43 I=l,N

IF(THNEV(I).GE.THS) THNEW(I)=THS

IF(THNEV(I).LE.THAD) THNEV(I)=THAD

43 CONTINUE

C-----------------------------------------------------------------------

C ...OPTIONAL COUNTER FOR DEBUGGING

C-----------------------------------------------------------------------

IJI=IJI+l

WRITE(S,7878)REVERS,IJI,IORKAL

7878 FORKAT('+',A,'TOTAL ITERATIONS IN YGRA= ',IS,A)

C-----------------------------------------------------------------------

IF(THNEV(l).LT.THS.AND.THNEV(l).GT.THAD) GO TO 44

QINC=P(JT)-ET(JT)

IF(THNEV(l).EQ.THS.AND.QINC.GE.AIS) GO TO 25

IF(THNEV(l).EQ.THAD.AID.QIIC.LE.O.) GO TO 25

C-----------------------------------------------------------------------

C ...SUBROUTINE FOR FLUX BOUNDARY CONDITIOI

C-----------------------------------------------------------------------

44 CALL FLUXEQ

C-----------------------------------------------------------------------

C ...COMPARE TRIAL THETAS WITH ASSUMED ONES

C-----------------------------------------------------------------------

42 DO 345 I=l,N

DEL=TH(I)-THNEW(I)
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DELTH=ABS(DEL)

IF(DELTH.GT.EPS) GO TO 49

345 COBTIlruE

GO TO 55

49 IT=IT+1

DO 350 I=l,B

TRTH(I)=THHEV(I)

350 THIEV(I)=TH(I)

IF(IT.GE.20) GO TO 81

GO TO 41

C-----------------------------------------------------------------------

C ...SUBROUTINE FOR COHSTANT MOISTURE BOUHDARY COHDITIOH

C-----------------------------------------------------------------------

25 CALL COHSMO

C-----------------------------------------------------------------------

DO 400 I=l,H

DEL=TH(I)-THHEV(I)

DELTH=ABS(DEL)

IF(DELTH.GT.EPS) GO TO 449

400 COHTIlruE

GO TO 55

449 IT2=IT2+1

DO 450 I=l,H

TRTH(I)=THNEV(I)

450 THIEV(I)=TH(I)

IF(IT2.GE.20) GO TO 81

GO TO 25

C-----------------------------------------------------------------------

C ...COMPUTE K's AHD D's

C-----------------------------------------------------------------------

55 DO 60 1=1,1

60

THHEV(I)=TH(I)

IF(IFL1.EQ.1) GO TO 75IF(IFL1.EQ.2) GO TO 80IF(IFL1.EQ.3) GO TO 85IF(IFL1.EQ.4) GO TO 86

C-----------------------------------------------------------------------

75 DO 20 1=1,1

20 AK(I)=AKS*(THHEV(I)/THS)**AM

GO TO 90

C-----------------------------------------------------------------------
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80' DO 30 1=1,5

30 AK(I)=AKS*«THNEW(I)-THF)/(THS-THF»**A5

GO TO 90

C-----------------------------------------------------------------------

85 DO 95 1=1,5

95 AK(I)=AI*(THNEW(I)**BE)

GO TO 90

C-----------------------------------------------------------------------

86 DO 96 1=1,5

IF(THNEW(I).GE.THS) THNEW(I)=THS-O,OOl

IF(THNEW(I).LE.THF) THNEW(I)=THF+o.OO1

SE=(THHEW(I)-THF)!(THS-THF)

96 AK(I)=AKS*SE**GAKKA*(1-(1-SE**(1/AK2»**AK2)**2

C-----------------------------------------------------------------------

90 IF(IFL2.EQ.1) GO TO 91

IF(IFL2.EQ.2) GO TO 92

IF(IFL2.EQ.3) GO TO 98

C-----------------------------------------------------------------------

91 DO 93 1=1,5

93 DIFF(I)=AK(I)*B*PSIR/THS*(THS/THNEW(I»**BP

GO TO 65

C-----------------------------------------------------------------------

92 DO 94 1=1,5

94 DIFF(I)=DZER*EXP(BET*(THNEW(I)-THZER»

GO TO 65

C-----------------------------------------------------------------------

98 DO 83 I=l,N

SE=(THNEW(I)-THF)/(THS-THF)

83 DIFF(I)=AK(I)/(ALPHA*(AH2-1)*(THS-THF»*(1-SE**(1/AK2))**

(-AK2)*SE**(-1/AK2)

C-----------------------------------------------------------------------

C ..COKPUTATION OF THE KOISTURE FLUX

C-----------------------------------------------------------------------

65 SUK2=0.0

DO 58 1=1,.

DEP(I)=SUK2

58 SUK2=SUK2+DZ

C-----------------------------------------------------------------------

DO 61 I=2,HK

IK=I-1

IP=I+1
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C-~------------------------------~--------------------------------------

DTHDZ=(2.*DEP(I)*«THNEV(IK)/«DE~(IK)-DEP(I»*(DEP(IK)

DEP(IP»»+(THNEV(I)/«DEP(I)-DEP(IK»*(DEP(I)

DEP(IP»»+(THNEV(IP)/«DEP(IP)-DEP(IK»*(DEP(IP)

DEP(I»»)+(THBEV(IK)/(DEP(IK)-DEP(I»)+(THNEV(I)/

(DEP(I)-DEP(IK»)-«THBEV(IK)*(DEP(I)+DEP(IK»)/

«DEP(IK)-DEP(I»*(DEP(IK)-DEP(IP»»-«THIEW(I)*

(DEP(I)+DEP(IK»)/«DEP(I)-DEP(IK»*(DEP(I)

DEP(IP»»-«THBEW(IP)*(DEP(I)+DEP(IK»)/«DEP(IP)

DEP(IK»*(DEP(IP)-DEP(I»»)

c-----------------------------------------------------------------------

IF(IFL1.EQ.4) THEN

IF(THBEW(I).GE.THS-O.001) DTHDZ=O.O

ELSE

IF(THBEW(I).GE.THS) DTHDZ=O.O

EBD IF

C-----------------------------------------------------------------------

QBEW(I)=AK(I)-(DIFF(I)*DTHDZ)

C-----------------------------------------------------------------------

IF(IFL9.EQ.O) THEB

QBEV(I)=AK(I)-DIFF(I)*(THBEV(I)-THNEW(IK»/(DZ)

EBD IF

C-----------------------------------------------------------------------

IF(THNEV(I).EQ.THAD) QBEW(I)=O.O

TIEF=THBEV(I)-THF

IF(TIEF.LT.O.OOOOO1) QNEV(I)=O.O

DISCH(I)=QBEV(I)

61 COBTIBUE

C-----------------------------------------------------------------------

QBEW(B)=AK(B)-DIFF(B)*«THBEV(B)-THBEW(NK»/DZ)

IF(IFL1.EQ.4) THEN

IF(THBEW(1).GE.THS-O.001) QNEW(l)=AKS

ELSE

IF(THBEW(l).GE.THS) QBEW(l)=AKS

EBD IF

C-----------------------------------------------------------------------

IF(THBEV(l).EQ.THAD) QBEW(l)=O.O

IF(THBEV(l).GT.THAD.ABD.THBEV(l).LT.THS) QNEV(l)=P(JT)-ET(JT)

DISCH(l)=QBEV(l)

DISCH(N)=QNEV(I)

C-----------------------------------------------------------------------
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C.:.COKPUTATIOI OF THE MASS BALAICE RESIDUAL

C-----------------------------------------------------------------------

SUM=O.O

DO 56 I=2,NM

56 SUM=SUM+(TH(I)-THOLD(I»

SUM=(SUM+(TH(1)-THOLD(1)+TH(I)-THOLD(N»/2)*DZ

TIEI=THNEW(I)-THF

IF(TIEI.LE.O.Ooooo1) QNEW(I)=O.O

TOTAC=(P(JT)-ET(JT)-0.5*(QNEW(I)+QOLD(I»)*DT

RES=TOTAC-SUM

C-----------------------------------------------------------------------

IF(ICOUNT/INT*INT.NE.ICOUNT) GO TO 101

IF(IFL6.EQ.0) THEI

WRITE(21,2010) TIME(JT+1),UDT,UTHO

2010 FORMAT(///20I,'MOISTURE DISTRIBUTION AT ',F6.0,3I,A,3I,A/)

WRITE(21,2026) (THNEW(I),I=1,N)

2026 FORMAT(10F10.5)

WRITE(21,2oo9) IT

2009 FORMAT(///2I,'10. OF ITERATIONS IN SUBROUTINE FLUIEQ = ',12/)

WRITE(21,2024) IT2

2024 FORMAT(2I,'NO. OF ITERATIONS IN SUBROUTINE CONSMO = ',12/)

WRITE(21,2018) RES,UDZ

2018 FORMAT(2I,'MASS BALANCE RESIDUAL = ',E13.5,

21,AI>

END IF

IF(IFL7.EQ.0) THEI

WRITE(21,2013) TIME(JT+1),UAKS

2013 FORMAT(///20I,'FLOW RATE DISTRIBUTIOI AT ',F6.0,31,

'DAYS II',1I,A/)

WRITE(21,2011) (QNEW(I),I=1,I)

2011 FORMAT(8E15.4)

EBD IF

GO TO 101

81 VRITE(6,2012)

2012 FORMAT(/5I,'*** 10 CONVERGEBCE ***'//

1X,'CHECK INPUT RELATED TO FLOW PART'/)

STOP

101 RETURN

END



APPENDIX B. PROGRAM LISTING

C-~--------------------------------------------------------------------

c--------------------------------------:--------------------------------

SUBROUTINE EV AP

C----------------------------------------------------------------------

C-----------------------------------------------------------------------

C THIS SUBROUTINE COMPUTES THE EVAPOTRANSPIRATION RATE BY EITHER

C PERMAN'S OR THORNTHWAITES'S THEORY, AND ADJUSTS THE POTENTIAL

C EVAPOTRANSPIRATION VALUES BY THE VATER BALANCE METHOD.

C-----------------------------------------------------------------------

COKMON/BLK1/N

COKMON/BLK4/IFL1,IFL2,AKS,THS,THF,AM,AN,AI,BE,B,THAD,AN2,AM2,

GAKMA ,ALPHA

COKMON/BLK9/P(2234),ET(2234)

COKMON/BLK10/JT,TIME(2234)

COKMON/BLK16/DZ,DT

COKMON/BLK21/IFLE,IFLT,ID1,ID2,RR(12) ,ALB,TD(12) ,V(12),

SSH(12) ,ALI(12) ,DIN,MIN,YIN,TT(12),THW,DRZ

COKMON/BLK23/THSU(2234),D(2234),UPR

COKMON/BLK25/IT,INT

COKMON/BLK28/M

COKMON/BLK29/IURIT,JUNIT,KUNIT

COKMON/BLK30/BELL,BOLD,BLINK,REVERS,CLEAR,HOME,NORMAL

COKMON/BLK41/IFL3,IFL4,IFL5,IFL6,IFL7

COKMON/BLK53/IUR

COKMON/BLK54/CN

C-----------------------------------------------------------------------

DIMENSION BB(12) ,PE(12) ,APE(12),RNF(11170) ,DIPET(12) ,

SIPET(12),RAV(12) ,AINF(12),PAV(12),RRAV(30,12),

ST(12) ,DST(12) ,PERC(12) ,IDUR(12)

CHARACTER BELL*1,CLEAR*4,NORMAL*4,BOLD*4,BLINK*4,REVERS*4,

HOME*6,UPR*8

INTEGER DAY,MONTH,YEAR,OLDM,OLDY,DII,MIN,YII

REAL II

C-----------------------------------------------------------------------

C ...THORNTHVAITE MODIFICATION PARAMETERS FOR NORTHERN LATITUDE 40

C-----------------------------------------------------------------------

DATA BB/0.84,0.83,1.03,1.11,1.24,1.25,1.27,1.18,1.04,0.96,

0.83,0.81/

C-----------------------------------------------------------------------

C ...AVERAGE PRECIPITATION VALUES FOR THE LAST 30 YEARS II [100*In]

C-----------------------------------------------------------------------
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DATAPAV!334.3667,309.2333,386.0667,376.7667,385.6000,298.9000 ,

445.2333,380.1000,364.4667,293.2667,394. 1333,351.7333!

C-----------------------------------------------------------------------

C ...DURATIOI OF KONTHS OF A YEAR (DAYS)

C-----------------------------------------------------------------------

DATA IDUR!31,28,31,30,31,30,31,31,30,31,30,31!

C-----------------------------------------------------------------------

C ...READ DATA

C-----------------------------------------------------------------------

IF(JT.GT.l) GO TO 15

C-----------------------------------------------------------------------

C ...SET IBPUT DAY, KOBTH, AND YEAR OF SIKULATION

C-~---------------------------------------------------------------------

DIN=l

KIB=l

YIB=1959

C-----------------------------------------------------------------------

C ...CHECK CURVE lUMBER TO PREVEBT SIBGULARITIES

C-----------------------------------------------------------------------

103 IF(CN.EQ.O) THEB

WRITE(JUBIT,1021) BOLD,BORKAL

1021 FORKAT(!lX,'EBTER THE SCS SOIL CURVE IUKBER ',A,'<CN>',A,

, : ' ,$)

READ(IUNIT,*,ERR=103) cm

IF(IUBIT.BE.l) CALL DATA

IF(CN.LE.0.OR.CI.GT.l00) THEN

WRITE (JUNIT,1022)BLINK,BORKAL,BELL,BELL

FORKAT(!5X,A,'INVALID ENTRY FOR <CN>, REENTER: '

A,' : ',2A,$)

READ(IUBIT,*,ERR=10022) CI

GOTO 10022

END IF

WRITE(KUBIT,*) CN

EBD IF

C-----------------------------------------------------------------------

10011 WRITE(JUNIT,lll)REVERS,NORKAL,BOLD,NORKAL,BOLD,NORKAL,BOLD,

IORKAL

111 FORKAT(!lX,A,'EITER ONE OF THE FOLLOWING:',A!!5X,A,'0',A,

': IF THORNTHWAITE"S EQUATIONS ARE USED'!5X,A,'1',A,

': IF PENKAN"S EQUATIONS ARE USED'!!lX,A,

'<IFLE>',A,' : ',$)
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READ (IUBIT,*,ERR=10011)IFLE

IF(IUIIT.IE.l) CALL DATA

10012 IF(IFLE.IE.O.AID.IFLE.IE.l) THEI

VRITE(JUBIT,l12)BLIIK,NORKAL ,BELL,BELL

112 FORKAT(/5X,A,'INVALID ENTRY FOR <IFLE>, REENTER',A,' : ',2A,$)

READ(IUNIT,*,ERR=10012) IFLE

GOTO 10012

EID IF

VRITE(KUIIT,*) IFLE

C-----------------------------------------------------------------------

IF(IFL4.EQ.2) THEI

C-----------------------------------------------------------------------

DAY=DII

MOITH=MII

YEAR=YIN

C-----------------------------------------------------------------------

ELSE

C-----------------------------------------------------------------------

10015 VRITE(JUBIT,118)REVERS,NORMAL,BOLD,NORKAL,BOLD,IORKAL,

BOLD,IORMAL,REVERS,IORKAL

118 FORKAT(/lX,A,'EITER SIMULATION STARTING DATE',A//5X,

'DAY',T25,A,'<DII>',A/5X,'MOITH',T25,A,'<MIN>',

A/5X,'YEAR',T25,A,'<YII>',A//1X,A,

'RESPECTIVELY',A,' : ',$)

READ(IUNIT,*,ERR=10015) DIN,MII,YII

IF(IUBIT.IE.l) CALL DATA

IF(DII.GT.31.0R.DIN.LT.1) THEN

VRITE(JUNIT,120)BLINK,IORKAL,BELL,BELL

FORMAT(/5X,A,'INVALID ENTRY FOR <DIN>, REENTER' ,A,
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, : ',2A,$)

READ(IUBIT,*,ERR=10016) DIN

GOTO 10016

END IF

IF(MII.GT.12.0R.MIN.LT.1) THEN

VRITE(JUNIT,121)BLINK,IORKAL,BELL,BELL

FORMAT(/5X,A,'INVALID ENTRY FOR <MIN>, REENTER',

A,' : ',2A,$)

READ(IUBIT,*,ERR=10017) MIl

GOTO 10017

END IF

VRITE(KUBIT,*) DII,MII,YIN
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DAY=DIH

MOHTH=MII

YEAR=YII

c-----------------------------------------------------------------------

EID IF

C-----------------------------------------------------------------------

10014 VRITE(JUHIT, 122)REVERS ,HORKAL,BOLD ,HORMAL,BOLD,HORMAL,

REVERS,HORMAL

122 FORMAT(/lX,A,'EHTER',A//5X,A,'0',A,': IF MONTHLY MEAN "

'TEMPERATURES ARE SUPPLIED BY USER'/5X,A,'1',A,

': IF THE AVERAGE VALUES OF THE LAST 30 YEARS '

'ARE USED'//lX,A,'<IFLT>',A,': ',$)

READ(IUHIT,*,ERR=10014) IFLT

IF(IUHIT.IE.1) CALL DATA

IF(IFLT.IE.0.AHD.IFLT.HE.1) THEI

VRITE(JUHIT,119)BLIHK,NORMAL,BELL,BELL

FORKAT(/5X,A,'IHVALID EHTRY FOR <IFLT>, REENTER',A,

, : ',2A,$)

READ(IUHIT,*,ERR=10018) IFLT

GOTO 10018

EHD IF

VRITE(KUHIT,*) IFLT

C-----------------------------------------------------------------------

IF(IFLT.EQ.O) THEN

C-----------------------------------------------------------------------

DO 28 IJ=l,12

VRITE(JUHIT,113)IJ,BOLD,IJ,HORKAL

FORKAT(/lX,'ENTER THE MEAH MONTHLY TEMPERATURE IH "

'FAHREHHEIT FOR MONTH ',I2,2X,A,'<TT(',I2,'»',A,

, : ' ,$)

READ(IUHIT,*,ERR=10013) TT(IJ)

IF(IUHIT.HE.1) CALL DATA

VRITE(KUHIT,*) TT(IJ)

28 CONTINUE

C-----------------------------------------------------------------------

ELSE

C-------------------------------------------------------------------------------

C ...AVERAGE MONTHLY MEAH TEMPERATURES FOR THE LAST 30 YEARS

C-------------------------------------------------------------------------------

TT(1)=30.2

TT(2)=32.8
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TT(3)=41.7

TT(4)=52.3

TT(5)=62.9

TT(6)=71.9

TT(7)=77.1

TT(8)=75.9

TT(9)=68.3

TT(10)=57.

TT(11)=46.9

TT(12)=35.8

C-----------------------------------------------------------------------

END IF

C-----------------------------------------------------------------------

C ...PRINT YEARLY TEMPERATURE VALUES

C-----------------------------------------------------------------------

WRITE(21,114)

114 FORKAT(//30X,'MONTHLY MEAN TEMPERATURES (F)'/

30X ,' '//

4X,'JAN' ,4X,'FEB',4X,'KAR',4X,'APR',4X,'KAY',4X,'JUN',

4X,'JUL',4X,'AUG' ,4X,'SEP',4X,'OCT',4X,'HOV',4X,'DEC'/)

WRITE(21,115) (TT(I),I=1,12)

115 FORKAT(5(2X,F5.2),3X,F5.2,3(2X,F5.2),lX,F5.2,2X,F5.2,3X,F5.2)

C-----------------------------------------------------------------------

C ...READ INPUT RELATED TO WATER BALANCE METHOD

C-----------------------------------------------------------------------

10019 WRITE(JUHIT,1015)BOLD,NORKAL

1015 FORKAT(/lX,'ENTER WILTING POINT OF THE SOIL IN [%] ',A,

'<THW>',A,' : ',$)

READ(IUNIT,*,ERR=10019) THW

IF(IUHIT.NE.l) CALL DATA

WRITE(KUHIT,*) THW

C-----------------------------------------------------------------------

10020 WRITE(JUHIT,1019)BOLD,IORKAL

1019 FORKAT(/lX,'EITER THE DEPTH OF ROOT ZONE ',A,'<DRZ>',A,

, : ' ,$)

READ(IUNIT,*,ERR=10020) DRZ

IF(IUHIT.NE.l) CALL DATA

WRITE(KUHIT,*) DRZ

C-----------------------------------------------------------------------

C ...COIVERT DRZ TO [M]

C-----------------------------------------------------------------------
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IF(IUI.EQ.l) DRZ=0.3048*DRZ

IF(IUN.EQ.3) DRZ=0.0254*DRZ

IF(IUN.EQ.4) DRZ=O.Ol*DRZ

c-----------------------------------------------------------------------

c ...COIIVERTTEMPERATURE VALUES TO CELSIUS

C-----------------------------------------------------------------------

DO 32 IJ=l,12

TT(IJ)=(TT(IJ)-32.)*5./9.

IF(TT(IJ) .LT.O) TT(IJ)=O.O

32 CONTINUE

C-----------------------------------------------------------------------

IF(IFLE.EQ.l) THEN

C-----------------------------------------------------------------------

10000 VRITE(JUNIT,100)REVERS,BORKAL,BOLD,NORKAL,BOLD,NORKAL,

BOLD,NORKAL,BOLD,NORKAL,BOLD,NORKAL,BOLD,

BORKAL ,REVERS,NORKAL

100 FORKAT(/lX,A,'ENTER',A//5X,A,'0',A,

': IF SOIL SURFACE IS "

'BARE'/5X,A,'1',A,': IF SOIL SURFACE HAS',

'VEGETATION',T75,A,'<ID1>' ,A//5X,A,'0',A,

': IF AERODYNAMIC TERK IN PENMAN"S EQ IS NOT "

'CONSIDERED'/5X,A,'1',A,': IF AERODYNAMIC TERK "

'II PENMAN"S EQ IS CONSIDERED',T75,A,'<ID2>',A//1X,A,

'RESPECTIVELY',A,' : ',$)

READ(IUNIT,*,ERR=loooo)ID1,ID2

IF(IUNIT.IE.l) CALL DATA

10001 IF(ID1.NE.0.AND.ID1.NE.1) THEN

VRITE(JUNIT,101)BLINK,NORKAL,BELL,BELL

101 FORKAT(/5X,A,'INVALID ENTRY FOR <ID1>, REENTER' ,A,

, : ',2A,$)

READ(IUUIT,*,ERR=10ool)IDl

GOTO 10001

END IF

10002 IF(ID2.NE.0.AND.ID2.NE.1) THEN

VRITE(JUNIT,102)BLINK,NORKAL,BELL,BELL

102 FORKAT(/5X,A,'INVALID ENTRY FOR <ID2>, REENTER',A,

, : ',2A,$)

READ(IUNIT,*,ERR=10002)ID2

GOTO 10002

END IF

VRITE(KUUIT,*)ID1,ID2
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C-~---------------------------------------------------------------------

190

10005

105

DO 22 IJ=l,12

VRITE(JUHIT.105)IJ,BOLD.IJ,NORKAL

FORKAT(/lX,'ENTER THE VALUE OF MEAN SOLAR RADIATION "

'Umn VATER] FOR MONTH ',I2,2X,A,'<RR(',I2,'»',

A.' : ',$)

10007

107

READ(IUNIT,*.ERR=10005)RR(IJ)

IF(IUHIT.NE.l) CALL DATA

VRITE(KUHIT,*)RR(IJ)

22 CONTINUE

VRITE(21,l007)

1007 FORKAT(//10X,'MEAI MONTHLY SOLAR RADIATION IN KK VATER '

'EVAPORATED PER DAY'/)

VRITE(21,l005) (RR(JL),JL=1.12)

1005 FORKAT(lX,8Fl0.4)

C-----------------------------------------------------------------------

10006 VRITE(JUHIT,106)BOLD,NORKAL

106 FORKAT(/lX,'ENTER THE VALUE OF ALBEDO COEFFICIENT ',A,

'<ALB>',A,' : ',$)

READ(IUNIT,*.ERR=10006)ALB

IF(IUHIT.RE.l) CALL DATA

VRITE(KUHIT.*)ALB

VRITE(21,1008) ALB

1008 FORKAT(//10X,'ALBEDO =',2X,Fl0.4)

C-----------------------------------------------------------------------

IF(ID2.EQ.0) GO TO 10

C-----------------------------------------------------------------------

DO 23 IJ=l,12

VRITE(JUHIT,107)IJ,BOLD,IJ,NORKAL

FORKAT(/lX.'ENTER THE VALUE OF MEAN DEV-POINT TEMP. "

'IN [F] FOR MONTH ',I2,2X,A,'<TD(',I2,'»'.A,' : ',$)

READ(IUNIT,*,ERR=10007)TD(IJ)

IF(IUHIT.IE.l) CALL DATA

VRITE(KUHIT,*)TD(IJ)

23 CONTINUE

VRITE(21,1009)

1009 FORKAT(//10X,'MEAI MONTHLY DEW POINT TEMPERATURE IN '

'DEGREES FAHRENHEIT'/)

VRITE(21,1005) (TD(JL),JL=l,12)

C-----------------------------------------------------------------------

C ...CONVERT DEV-POINT TEMP. TO CELSIUS
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C-~---------------------------------------------------------------------

DO 21 IJ=1,12

TD(IJ)=(TD(IJ)-32)*5/9.

21 COBTIBUE

C-----------------------------------------------------------------------

191

10008

108

DO 24 IJ=1,12

WRITE(JUBIT,108)IJ,BOLD,IJ,RORMAL

FORMAT(/lX,'ERTER THE VALUE OF MEAR WIRD SPEED IR [mph] ,

'FOR KORTH ',I2,2X,A,'<W(',I2,'»',A,' : ',$)

10009

READ(IURIT,*,ERR=10008)W(IJ)

IF(IUBIT.RE.l) CALL DATA

WRITE(KUBIT,*)W(IJ)

24 CORTIUUE

WRITE(21 ,1010)

1010 FORMAT(//25X,'KEAB KOUTHLY WIUD SPEED IU KPH'/)

WRITE(21 ,1005) (W(JL),JL=l,12)

C-----------------------------------------------------------------------

DO 26 IJ=1,12

WRITE(JUBIT,109)IJ,BOLD,IJ,UORMAL

109 FORMAT(/lX,'ERTER THE VALUE OF MEAB DAILY'

'SUUSHIUE IB [%] FOR KORTH ',I2,2X,A,'<SSH(',

12,'»',A,' : ',$)

110

10010

READ(IURIT,*,ERR=l0009)SSH(IJ)

IF(IUBIT.BE.l) CALL DATA

WRITE(KUBIT,*)SSH(IJ)

26 COUTIBUE

WRITE(21 ,1011)

1011 FORMAT(//20X,'KEAB KORTHLY PERCEBT OF DAILY POSSIBLE'

'SUBSHIRE'/)

WRITE(21,l005) (SSH(JL),JL=1,12)

C-----------------------------------------------------------------------

10 IF(ID1.EQ.0) GO TO 16

C-----------------------------------------------------------------------

DO 27 IJ=1,12

WRITE(JUBIT,110)IJ,BOLD,IJ,BORMAL

FORMAT(/lX,'EBTER THE VALUE OF MEAR LEAF ARE IBDEX FOR'

'KORTH ',I2,2X,A,'<ALI(',I2,'»',A,' : ',$)

READ(IURIT,*,ERR=10010)ALI(IJ)

IF(IUBIT.BE.l) CALL DATA

WRITE(KUBIT,*)ALI(IJ)

27 COBTIUUE
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WRITE(21,1012)

1012 FORKAT(//25X,'MEAN MONTHLY LE~F AREA INDECES'/)

WRITE(21,1005) (ALI(JL),JL=1,12)

C-----------------------------------------------------------------------

C ...COMPUTE THE CONSTANT RATE EVAP. II [KK] USING PENKAI'S EQUATIONS

C-----------------------------------------------------------------------

16 DO 11 IJ=1,12

IF(TT(IJ).EQ.O) GOTO 11

C-----------------------------------------------------------------------

IF(ID2.EQ.0) GO TO 20

C-----------------------------------------------------------------------

C ...COMPUTE SATURATION VAPOR PRESSURES

C-----------------------------------------------------------------------

EA=33.8639*«0.OO738*TT(IJ)+0.8072)**8.-0.000019*ABS(1.8*

TT(IJ)+48.)+0.001316)*(760.!1013.25)

ED=33.8639*«0.OO738*TD(IJ)+0.8072)**8.-0.000019*ABS(1.8*

TD(IJ)+48.)+0.001316)*(760./1013.25)

SS=SSH(IJ)/100.

C-----------------------------------------------------------------------

C ...LATENT HEAT OF VAPORIZATIOI ,HV, IN CAL/GR FOR T II CELSIUS

C-----------------------------------------------------------------------

HV=597.3-0.564*TT(IJ)

C-----------------------------------------------------------------------

C WATER DENSITY RHO=0.998 GR/CK3,SIGMA=11.71E-8 CAL/(CK2 DAY K4)

C COMPUTE BOLTZMANN CONSTAIT, NET SOLAR RADIATION, DAILY EVAPORATIOI

C-----------------------------------------------------------------------

BT=(11.71E-8*(273.+TT(IJ»**4./(0.998*HV»*10.

HO=RR(IJ)*(1.-ALB)*(0.18+0.55*SS)-BT*(0.56-0.092*(ED**.5»*

(.1+.9*SS)

WW=W(IJ)*24.

AEV=.35*(EA-ED)*(1.+0.0098*WW)

C-----------------------------------------------------------------------

GO TO 25

C-----------------------------------------------------------------------

20 HO=RR(IJ)*(l.-ALB)

C-----------------------------------------------------------------------

25 DELT=422.22*(5205./(TT(IJ)+273)**2)*EXP(13.95-5205./

(TT(IJ)+273»

IF(ID2.EQ.0) AEV=O.O

C-----------------------------------------------------------------------

C ...COMPUTE POTENTIAL EVAP. -- PSYCHROMETRIC CONSTANT = 0.27 [HK HG/F]
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C-~---------------------------------------------------------------------

PEV=«DELT*HO+.27*AEV)/(.27+D~LT»*IDUR(IJ)

c-----------------------------------------------------------------------

IF(ID1.EQ.O) GO TO 35

SEVP=PEV*EXP(-O.4*ALI(IJ»

C-----------------------------------------------------------------------

35 IF(ID1.EQ.O) THEB

PE(U)=PEV

ELSE

EPL=PEV*ALI(IJ)/3.

PE(IJ)=SEVP+EPL

IF(PE(IJ) .GT.PEV) PE(IJ)=PEV

EBD IF

C-----------------------------------------------------------------------

11 COBTIBUE

C-----------------------------------------------------------------------

ELSE

C-----------------------------------------------------------------------

C ...COKPUTE ADJUSTED P.E.T. II [KK] USIIG THORBTHWAITE'S EQUATIOBS

C-----------------------------------------------------------------------

II=O

DO 29 J=l,12

29 II=II+(TT(J)/5)**1.51

AA=67.5E-S*II**3-77.1E-6*II**2+0.0179*II+O.492

C-----------------------------------------------------------------------

DO 31 J=l,12

31 PE(J)=1.62*BB(J)*(10*TT(J)/II)**AA*10

C-----------------------------------------------------------------------

EJlD IF

C----------------------------------------------------------------------

C-----------------------------------------------------------------------

C COKPUTE THE ACTUAL EVAPOTRABSPIRATIOB USIBG VATER BALABCE METHOD

C READ ACTUAL RAIBFALL DATA FROM THE BIBARY FILE (RAIB.BIB)

C----------------------------------------------------------------------

C-----------------------------------------------------------------------

C ...COKPILE VITH THE FOLLOVIBG STATEMEBT FOR VAX/VMS VERSIOI

C-----------------------------------------------------------------------

OPEB(UBIT=26,FILE='RAII.BII',STATUS='OLD',FORK='UBFORKATTED',

ACCESS='DIRECT',RECL=4)

C-----------------------------------------------------------------------

C ...COKPlLE VITH THE FOLLOVIIG STATEMENT FOR IBM/DOS VERSIOI
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C-~---------------------------------------------------------------------

C OPEH(UNIT=26,FlLE='RAIH.BIN' ,STArUS='OLD',FORK='UNFORKATTED',

C ACCESS='DIRECT',RECL=16)

c-----------------------------------------------------------------------

CHN=1000./CH-10.

c-----------------------------------------------------------------------

C ...COMPUTE DAILY RUNOFF IN INCHES

C-----------------------------------------------------------------------

DO 12 IJ=1,11170

READ(26,REC=IJ) PP

PP=PP/100.

IF(PP .GE.(0.2.CHH» RNF(IJ)=(PP-O .2.CHH)"2/ (PP+O .8.CHH)

IF(RHF(IJ) .LT.(PP-CHH» RNF(IJ)=O.O

12 CONTIHUE

CLOSE (UHIT=26)

C-----------------------------------------------------------------------

C ...COMPUTE AVERAGE RUHOFF II [MM]

C-----------------------------------------------------------------------

SUMR=O.O

C-----------------------------------------------------------------------

C ...AVERAGING MOHTHLY FOR EACH YEAR

C-----------------------------------------------------------------------

DO 13 JJ=1,10959

OLDM=MOHTH

OLDY=YEAR

IF(MOD(YEAR,4).EQ.0) THEH

IDUR(2)=29

ELSE

IDUR(2)=28

EHD IF

IF(DAY.GT.IDUR(MOHTH» THEH

DAY=DAY-IDUR(MOHTH)

MOHTH=MONTH+1

END IF

IF(MOHTH.GT.12) THEH

MOHTH=MONTH-12

YEAR=YEAR+1

EHD IF

IF(OLDM.EQ.MOHTH) THEH

SUMR=SUMR+RHF(JJ)

ELSE
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RRAV(OLDY-1958,OLDM)=SUKR

SUKR=RJlF(JJ)

END IF

DAY=DAY+1

13 CONTINUE

C-----------------------------------------------------------------------

C ...AVERAGING YEARLY

C-----------------------------------------------------------------------

DO 14 J=1,12

SUKR=O.O

DO 36 1=1,30

36 SUKR=SUKR+RRAV(I,J)

RAV(J)=25.4*SUKR/30.

PAV(J)=25.4*PAV(J)/100.

AINF(J)=PAV(J)-RAV(J)

14 CONTINUE

C-----------------------------------------------------------------------

C ...COMPUTE INITIAL MOISTURE

C-----------------------------------------------------------------------

CS=10*(100*THF-THW)*DRZ

DO 17 KK=1,12

17 ST(KK)=CS

C-----------------------------------------------------------------------

SIPET(1)=O.O

DO 33 JJ=1,12

DIPET(JJ)=AINF(JJ)-PE(JJ)

IF(DIPET(JJ) .LT.O) SIPET(JJ)=SIPET(JJ-1)+DIPET(JJ)

33 CONTINUE

C-----------------------------------------------------------------------

C ...CALL INTERPOLATIOJlROUTINE TO COMPUTE NEV STORAGE (ST)

C-----------------------------------------------------------------------

DO 18 JJ=1,12

IF(SIPET(JJ).LT.O) CALL INTPOL(SIPET(JJ),ST(JJ»

IF(DIPET(JJ-1).LT.O.AJlD.DIPET(JJ).GE.O) ST(JJ)=ST(JJ-1)+

DIPET(JJ)

IF(ST(JJ).GT.CS) ST(JJ)=CS

18 CONTINUE

C-----------------------------------------------------------------------

C ...COMPUTE MOISTURE STORAGE DIFFERENCES

C-----------------------------------------------------------------------

DO 19 JJ=2,12
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19' DST(JJ)=ST(JJ)-ST(JJ-1)

C--------------------------------------~--------------------------------

C ...COMPUTE ACTUAL EVAPOTRANSPITATION VALUES

C-----------------------------------------------------------------------

DO 34 JJ=1,12

APE(JJ)=PE(JJ)

IF(ST(JJ) .NE.CS.OR.DST(JJ) .NE.O) APE(JJ)=AINF(JJ)-DST(JJ)

IF(APE(JJ).GT.PE(JJ» APE(JJ)=PE(JJ)

PERC(JJ)=AINF(JJ)-APE(JJ)-DST(JJ)

34 COJITINUE

C-----------------------------------------------------------------------

C ...COMPUTE YEARLY TOTALS

C-----------------------------------------------------------------------

DO 51 JJ=1,12

SP=SP+PAV(JJ)

SR=SR+RAV(JJ)

SPE=SPE+PE(JJ)

SI=SI+AINF(JJ)

SST=SST+ST(J J)

SDST=SDST+DST(JJ)

SAET=SAET+APE(JJ)

SPERC=SPERC+PERC(JJ)

51 CONTINUE

C-----------------------------------------------------------------------

C ...TABULATE RESULTS

C-----------------------------------------------------------------------

WRITE(21,1018)CN,100*THF,THW,DRZ/0.3048

1018 FORKAT(/1X,'CJI = ',F4.0/1X,'THF = ',F6.2,' (%)'/

1X,'THW = ',F6.2,' (%)'/1X,'DRZ = "

F6.2,' (FT)'//20X,'SUKKARY OF WATER BALANCE METHOD'/

23X, '(All results are in [Jmn])' /

20X, ' '/)

WRITE (21 ,1014)

1014 FORKAT(13X, 'JAN' ,5X, 'FEB' ,5X, 'MAR' ,5X,' APR' ,5X, 'KAY' ,5X,

'JUN',5X,'JUL',5X,'AUG'/)

WRITE(21,10021) 'P' ,(PAV(K),K=1,8)

WRITE(21,10021) 'RUNOFF',(RAV(K),K=1,8)

WRITE(21,10021) 'I',(AINF(K),K=1,8)

WRITE(21,10021)'PET', (PE(K) ,K=1,8)

WRITE(21,10021) 'I-PET',(DIPET(K),K=1,8)

WRITE(21,10021) 'S(I-PET)',(SIPET(K),K=1,8)
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VRlTE(21.10021) 'ST',(ST(K),K=1,8)

VRlTE(21,10021) 'dST',(DST(K),K=1,~)

VRITE(21,10021) 'AET' ,(APE(K),K=1,8)

VRITE(21,10021) 'PERC'.(PERC(K),K=1,8)

10021 FORHAT(1I.A8.8(F8.2»

VRITE(21.10003)

10003 FORHAT(//13I,'SEP',5I,'OCT',5I,'HOV',5I,'DEC'.5I,'AHNUAL TOTALS'/)

VRITE(21.1017) 'P',(PAV(K),K=9,12),SP

VRITE(21 ,1017) 'RUHOFF',(RAV(K),K=9,12).SR

VRITE(21.1017) 'I',(AIHF(K).K=9,12),SI

VRITE(21.1017)'PET' ,(PE(K).K=9,12),SPE

VRITE(21,1016) 'I-PET',(DIPET(K),K=9,12)

VRITE(21,1016) 'S(I-PET)',(SIPET(K) .K=9,12)

VRITE(21 ,1017) 'ST',(ST(K).K=9,12),SST

VRITE(21 ,1017) 'dST',(DST(K),K=9,12),SDST

VRITE(21,1017) 'AET',(APE(K),K=9,12),SAET

VRITE(21,1017) 'PERC',(PERC(K).K=9,12),SPERC

1016 FORHAT(1I.A8,4(F8.2»

1017 FORHAT(1I,A8,4(F8.2),6I,F8.2)

C-----------------------------------------------------------------------

C ...RESETTIHG CALEHDAR

C-----------------------------------------------------------------------

DAY=DIII

MOHTH=KIII

YEAR=YIH

C-----------------------------------------------------------------------

c ... CO!'IPUTIHG DAILY EVAP. RATES --- HOTE: DT CAHHOT BE KORE THAH 30 DAYS

C-----------------------------------------------------------------------

15 IF(KOD(YEAR,4).EQ.0) THEH

IDUR(2)=29

ELSE

IDUR(2)=28

EHD IF

IF(DAY.GT.IDUR(KOHTH» THEil

DAY=OAY-IDUR(KOIITH)

KOHTH=KOHTH+1

EHD IF

IF(KOHTH.GT.12) THEil

KOHTH=KOHTH-12

YEAR=YEAR+1

EHD IF
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C-~---------------------------------------------------------------------

C ...COMPUTE DAILY EVAPOTRANSPlRATIOB

C-----------------------------------------------------------------------

ET(JT)=APE(MONTH)/IDUR(MOBTH)

C-----------------------------------------------------------------------

IF(IFLE.EQ.1) THEB

C-----------------------------------------------------------------------

C ...COMPUTATION OF FALLING RATE EVAPORATIOB

C-----------------------------------------------------------------------

JTM=JT-1

C-----------------------------------------------------------------------

IF(JT.EQ.1) THEB

DMEAN=D(JT)

EFR=2.*THSU(JT)*(DMEAB*DT/3.14)**0.5/DT

C-----------------------------------------------------------------------

ELSE

C-----------------------------------------------------------------------

DMEAB=(D(JT)+D(JTM»/2.

EFR=2.*(THSU(JTM)-THSU(JT»*(DMEAB*DT/3.14)**0.5/DT

C-----------------------------------------------------------------------

EBD IF

C-----------------------------------------------------------------------

IF(THSU(JT).GT.THSU(JTM» GO TO 70

IF(THSU(JT).EQ.THS.AND.THSU(JTM).EQ.THS) GO TO 70

IF(EFR.LT.ET(JT» ET(JT)=EFR

C-----------------------------------------------------------------------

EBD IF

C-----------------------------------------------------------------------

70 IF(IUN.EQ.1) ET(JT)=ET(JT)/304.8

IF(IUN.EQ.2) ET(JT)=ET(JT)/1000.

1F(IUN.EQ.3) ET(JT)=ET(JT)/25.4

IF(IUN.EQ.4) ET(JT)=ET(JT)/10.

C-----------------------------------------------------------------------

IF(JT/1BT*INT.EQ.JT) THEN

VR1TE(21,1020) JT,ET(JT),UPR,MOBTH,DAY,YEAR

1020 FORMAT(/5X,'COMPUTED AVERAGE DAILY EVAPOTRABSPlRAT10B '

'FOR TIME STEP ',14,' =',2X,E15.4,2X,A,3X,'(',12,

'/' ,12,'/' ,14,')'0
EBD IF

C-----------------------------------------------------------------------

DAY=DAY+DT
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RETURJI

EJlD
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C-~--------------------------------------------------------------------

c--------------------------------------:--------------------------------

SUBROUTINE INTPOL(SPT,S)

C----------------------------------------------------------------------

C-----------------------------------------------------------------------

C

C THIS SUBROUTINE COMPUTES THE SOIL MOISTURE RETAINED IN THE

C ROOT ZONE AFTER THE POTENTIAL EVAPORATION OCCURS

C

C-----------------------------------------------------------------------

DIMENSION TABLE(23,9),TEMP(23),ANEG(23)

C-----------------------------------------------------------------------

DATATABLE/25,16,10,7,4,3,2,1,1,1,0,0,0,0,0,0,0,0,0,0,0,0,0 ,

50,41,33,27,21,17,14,11,9,7,6,2,1,0,0,0,0,0,0,0,0,

0,0,75,65,57,50,43,38,33,28,25,22,19,10,5,2,1,1,0,

0,0,0,0,0,0,100,90,81,74,66,60,54,49,44,40,36,22,

13,8,5,3,2,1,1,0,0,0,0,125,115,106,98,90,83,76,70,

65,60,55,37,24,16,11,7,5,3,2,1,0,0,0,150,140,131,

122,114,107,100,93,87,82,76,54,39,28,20,14,10,7,5,

3,1,1,0,200,190,181,172,163,155,148,140,133,127,120,

94,73,56,44,34,26,20,16,10,6,4,1,250,240,231,222,213,

204,196,188,181,174,167,136,111,91,74,61,50,41,33,

22,15,10,4,300,290,280,271,262,254,245,237,229,222,

214,181,153,130,109,92,78,66,56,40,28,20,10/

DATAANEG/O,10,20,30,40,50,60,70,80,90,100,150,200,250,300,350 ,

400,450,500,600,700,800,1000/

C-------------------------------------~---------------------------------

DO 10 IJ=1,9

10 IF(S.GT.TABLE(1,IJ).AND.S.LE.TABLE(1,IJ+1» GOTO 100

WRITE(6,1000)

1000 FORMAT(/2X,'SOMETHING VRONG VITH ROOT ZONE DEPTH')

STOP

100 AAA=(TABLE(1,IJ+1)-S)/(TABLE(1,IJ+l)-TABLE(1,IJ»

DO 20 JJ=1,23

20 TEMP(JJ)=TABLE(JJ,IJ+l)-AAA*(TABLE(JJ,IJ+1)-TABLE(JJ,IJ»

SPT=ABS(SPT)

DO 30 IJ=1,23

30 IF(SPT.GT.ANEG(IJ).AND.SPT.LE.ANEG(IJ+1» GOTO 200

WRITE(6,1000)

STOP

200 AAA=ANEG(IJ+1)-ANEG(IJ)
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BBB=TEKP(IJ+l)-TEKP(IJ)

S=TEKP(IJ+l)-(AIEG(IJ+l)-SPT).BBB~AAA

500 RETURN

ElD
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C-~------------------------------------------------------------------ _

c--------------------------------------~------------------- _

SUBROUTIIE PREP

C------------------------------------------------------------ _

C----------------------------------------------------------------- _

C

C THIS ROUTIIE READS THE ACTUAL DAILY PRECIPITATIOI DATA AID COMPUTES

C RUIOFF USIIG THE SCS METHOD

C

C------------------------------------------------------------ _

COKHOI/BLK9/P(2234),ET(2234)

COKHOI/BLK16/DZ,DT

COKHOI/BLK28/K

COKHOI/BLK29/IUlIT,JUIIT,KUIIT

COKHOI/BLK30/BELL,BOLD,BLIIK,REVERS,CLEAR,HOKE,HORKAL

COKHOH/BLK53/IUI .

COKHOI/BLK54/CI

C--------------------------------------------------------------- _

CHARACTER BELL*1,CLEAR*4,HORKAL*4,BOLD*4,BLIHK*4,REVERS*4,

HOME*6,UPR*8

C------------------------------------------------------------------ _

C ...COMPlLE WITH THE FOLLOWIHG STATEMEHT FOR VAX/VKS VERSIOH

C------------------------------------------------------ _

OPEH(UHIT=26,FILE='RAIH.BIH',STATUS='OLD',FORK='UlFORKATTED',

ACCESS='DIRECT',RECL=4)

C-------------------------------------------------------- _

C ...COMPlLE WITH THE FOLLOWIHG STATEMEHT FOR IBK/DOS VERSIOH

C--------------------------------------------------------- _

C OPEH(UlIT=26,FILE='RAIH.BIH',STATUS='OLD',FORK='UHFORKATTED',

C ACCESS='DIRECT',RECL=16)

C----------------------------------------------------- _

10 VRITE(JUHIT,100)BOLD,HORKAL

100 FORKAT(/1X,'EHTER THE SCS SOIL CURVE NUMBER ',A,'<CH>',A,

, : ' ,$)

READ(IUlIT,*,ERR=10) CH

IF(IUHIT.HE.1) CALL DATA

13 IF(CH.LE.0.OR.CH.GT.100) THEH

WRITE(JUlIT, 101)BLIHK,HORKAL ,BELL,BELL

101 FORKAT(/5X,A,'IHVALID EHTRY FOR <CH>, REEHTER

A,' : ',2A,$)

READ(IUHIT,*,ERR=13) CH
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GOTO 13

EIID IF

VRITE(KUIIIT,*) CII

C1111=1000./CII-10.

C-----------------------------------------------------------------------

DO 11 IJ=1,K

SUKP=O .0

DO 12 JJ=(IJ-1)*DT+1,IJ*DT

READ(26,REC=JJ) PP

PP=PP/100.

IF(PP.GE.(O.2*CIIII» RUIIF=(PP-O.2*CIIII)**2/(PP+O.8*CIIII)

IF(RUIIF.LT.(PP-CIIII» RUIIF=O.O

PP=PP-RUIIF

SUKP=SUKP+PP

RUIIF=O.O

COIlTIIIUE

P(IJ)=SUKP/DT

IF(IUII.EQ.1) P(IJ)=P(IJ)/12.

IF(IUII.EQ.2) P(IJ)=P(IJ)*O.0254

IF(IUII.EQ.4) P(IJ)=P(IJ)*2.54

COIiTIIlUE

CLOSE (UIIIT=26)

RETURII

ElD
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C-~--------------------------------------------------------------------

c-----------------------------------------------------------------------

SUBROUTINE FLUXEQ

C----------------------------------------------------------------------

C-----------------------------------------------------------------------

C THIS SUBROUTINE COMPUTES THE APPROXIMATION TO K AND D

C AT THE END OF EACH TIME STEP AND FORMULATES THE SYSTEM OF

C EQUATIONS FOR SOLUTION IN MATRIX FORM FOR THE FLUX

C BOUNDARY CONDITION

C-----------------------------------------------------------------------

COMMON/BLK1/1

COMMON/BLK2/DIAG(400) ,SUB(400) ,SUP(400),R(400)

COMMON/BLK3/THNEV(400),THOLD(400)

COMMON/BLK4/IFL1,IFL2,AKS,THS,THF,AM,AN,AI,BE,B,THAD,AN2,AM2,

GAMMA,ALPHA

COMMON/BLK5/PSIR,DZER,BET,THZER

COMMON/BLK6/AK(400) ,DIFF(400),AKM(400) ,AKP(400) ,DM(400) ,DP(400)

COMMON/BLK7/TH(400)

COMMON/BLK9/P(2234),ET(2234)

COMMON/BLK10/JT,TIME(2234)

COMMON/BLK16/DZ,DT

COMMON/BLK24/THAV(400),TRTH(400)

COMMON/BLK25/IT,INT

COMMON/BLK28/M

COMMON/BLK52/1FL9

C-----------------------------------------------------------------------

1F(1T.GT.O) GO TO 102

C-----------------------------------------------------------------------

DO 103 1=l,N

103 TRTH(1)=THNEV(1)

C-----------------------------------------------------------------------

102 NM=N-1

BP=B+1

C--------------------------------------------------------------------- __

DO 101 I=l,N

101 THAV(1)=(TRTH(1)+THNEV(1»/2.

C------------------------------------------------------------------- _

1F(1FL1.EQ.1) GO TO 5

1F(1FL1.EQ.2) GO TO 10

1F(1FL1.EQ.3) GO TO 15

1F(1FL1.EQ.4) GO TO 16
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c-~---------------------------------------------------------------------

5 DO 20 1=1,1

20 AK(1)=AKS*(THAV(1)/THS)**AM

GO TO 60

C-----------------------------------------------------------------------

10 DO 30 1=1,1

30 AK(1)=AKS*«THAV(1)-THF)/(THS-THF»**AI

GO TO 60

C-----------------------------------------------------------------------

15 DO 40 1=1,1

40 AK(1)=A1*(THAV(1)**BE)

GO TO 60

C-----------------------------------------------------------------------

16 DO 41 1=1,1

1F(THAV(1).GE.THS) THAV(1)=THS-0.001

1F(THAV(1).LE.THF) THAV(1)=THF+0.001

SE=(THAV(1)-THF)/(THS-THF)

41 AK(1)=AKS*SE**GAMMA*(1-(1-SE**(1/AM2»**AM2)**2

c-----------------------------------------------------------------------

60 1F(1FL2.EQ.l) GO TO 45

1F(1FL2.EQ.2) GO TO 50

1F(1FL2.EQ.3) GO TO 51

c-----------------------------------------------------------------------

45 DO 55 1=1,1

55 D1FF(1)=AK(1)*B*PS1R/THS*(THS/THAV(1»**BP

GO TO 65

C-----------------------------------------------------------------------

50 DO 56 1=1,1

56 D1FF(1)=DZER*EIP(BET*(THAV(1)-THZER»

GO TO 65

c-----------------------------------------------------------------------

51 DO 57 1=1,1

SE=(THAV(1)-THF)/(THS-THF)

57 D1FF(1)=AK(1)/(ALPHA*(AI2-1)*(THS-THF»*(1-SE**(1/AH2»**(-AH2)*

SE**(-1/AH2)

c-----------------------------------------------------------------------

65 DO 70 1=2,NH

IH=1-1

1P=1+1

AKH(1)=(AK(1)*D1FF(IH)+AK(1H)*DIFF(I»/(DIFF(I)+DIFF(IH»

AKP(1)=(AK(I)*D1FF(IP)+AK(IP)*DIFF(1»/(DIFF(I)+DIFF(IP»

- ---- --- -
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DK(I)=2*(DIFF(I)*DIFF(IK»/(DIFF(I)+DIFF(IK»

DP(I)=2*(DIFF(I)*DIFF(IP»/(DIFF(~)+DIFF(IP»

70 CONTINUE

C-----------------------------------------------------------------------

IF(THNEV(N).LT.THF) AKP(BK)=AK(NK)

IF(THNEV(N).LT.THF) DP(NK)=DIFF(BK)

C-----------------------------------------------------------------------

C FORMULATE THE SYSTEM OF EQUATIONS FOR SOLUTION IN MATRIX FORK

C A*TH=R

C CALL SUB,DIAG,SUP THE THREE COEFFICIENT ARRAYS FOR THE TRIDIAGONAL

C KATRIX (TDMA)

C------------------------------------------~----------------------------

SUB(l)=O.O

DIAG(1)=DK(2)/DZ+DZ/(2.*DT)

SUP(1)=-DK(2)/DZ

R(1)=DZ*THOLD(1)/(2.*DT)-AKK(2)+P(JT)-ET(JT)

C-----------------------------------------------------------------------

DO 25 I=2,NK

SUB(I)=-DK(I)/DZ

DIAG(I)=(DP(I)+DK(I»/DZ+DZ/DT

25 SUP(I)=-DP(I)/DZ

C-----------------------------------------------------------------------

DO 26 I=2,NK

26 R(I)=DZ*THOLD(I)/DT-AKP(I)+AKK(I)

C-------------~---------------------------------------------------------

IF(IFL9.EQ.0) THEN

TH(N)=THS

ELSE

SUB(N)=-DP(NK)/DZ

DIAG(N)=DP(NK)/DZ+DZ/(2.*DT)

SUP(N)=O.O

R(N)=DZ*THOLD(N)/(2.*DT)-AK(N)+AKP(NK)

IF(THNEV(N).LT.THF) R(N)=DZ*THOLD(N)/(2.*DT)+AKP(NK)

END IF

C----------------------------------------------------------------------_

C ...SOLVE THE TDKA

C-----------------------------------------------------------------------

27 CALL TRDKS

~T~N

END
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C-~--------------------------------------------------------------------

c--------------------------------------~--------------------------------

SUBROUTINE TRDKS

C----------------------------------------------------------------------

C-----------------------------------------------------------------------

C ALGORITHM BASED ON S.D.CONTE/C.DE BOOR,ELEMENTARY NUMERICAL

C ANALYSIS,MC GRAV-HILL

C-----------------------------------------------------------------------

COKKON/BU1/N

COKKON/BLK2/DIAG(400),SUB(400),SUP(400),R(400)

COKKON/BLK7/TH(400)

COKKON/BLK52/IFL9

DIMENSION DIAGP(400),RPR(400)

C-----------------------------------------------------------------------

NK=N-l

DIAGP(l)=DIAG(l)

RPR(1)=R(l)

C-----------------------------------------------------------------------

IF(IFL9.EQ.0) THEN

IIN=NM

ELSE

IIN=II

END IF

C-----------------------------------------------------------------------

DO 5 I=2,NN

IF(DIAGP(I-l).EQ.O.) GO TO 15

DIAGP(I)=DIAG(I)-SUB(I)/DIAGP(I-l)*SUP(I-l)

5 RPR(I)=R(I)-SUB(I)/DIAGP(I-l)*RPR(I-l)

IF (IFL9.NE.0) TH(N)=RPR(N)/DIAGP(N)

DO 10 I=l,NK

K=N-I

10 TH(K)=(RPR(K)-SUP(K)*TH(K+l»/DIAGP(K)

GO TO 20

15 VRITE(6,2000)

2000 FORKAT(//2X,'SOMETHING IS VRONG'/)

20 RETOOl

EBD
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C-~--------------------------------------------------------------------

c--------------------------------------~--------------------------------

SUBROUTINE CONSMO

C----------------------------------------------------------------------

C-----------------------------------------------------------------------

C THIS SUBROUTINE COMPUTES THE APPROXIMATION TO K AND D AT THE END

C OF EACH TIME STEP, FORMULATES AND SOLVES THE EQUATIONS

C FOR CONSTANT MOISTURE BOUNDARY CONDITION

C--------------------------------------------------------------------- __

COKKON/BLK1/N

COKKON/BLK2/DIAG(400) ,SUB(400) ,SUP(400),R(400)

COKKON/BLK3/THNEV(400),THOLD(400)

COKKON/BLK4/IFL1,IFL2,AKS,THS,THF,AM,AN,AI,BE,B,THAD,AN2,AM2,

GAKKA,ALPHA

COKKON/BLK5/PSIR,DZER,BET,THZER

COKKON/BLK6/AK(400),DIFF(400) ,AKM(400),AKP(400) ,DM(400) ,DP(400)

COKKON/BLK7/TH(400)

COKKON/BLK9/P(2234),ET(2234)

COKKON/BLK12/JK

COKKON/BLK13/IT2

COKKON/BLK16/DZ,DT

COKKON/BLK24/THAV(400),TRTH(400)

COKKON/BLK28/M

COKKON/BLK52/IFL9

C----------------------------------------------------------------------_

TH(1)=THNEV(1)

C-------------------------------------------------------------------- _

IF(IT2.GT.0) GO TO 202

DO 200 I=1,N

200 TRTH(I)=THNEV(I)

C---------------------------------------------------------------- _

202 NK=N-1

BP=B+1

NK2=N-2

ICC=O

JK=2

C------------------------------------------------------------------- _

C ...LOCATE THE FIRST LAYER VHICH HAS THETA BETVEEN TH_AIR - TH_SAT

C------------------------------------------------------------ _

DO 120 I=2,NK

IF(THNEV(I).EQ.THS.OR.THNEV(I) .EQ.THAD) GO TO 120
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IF(THNEW(I).LT.THS.AND.THNEW(I).GT.THAD) JK=I

GO TO 110

120 CONTINUE

C------------------------------------------------------------------ _

110 IF(ICC.EQ.O) GO TO 131

C------------------------------------------------------------------- _

DO 130 I=l,1

130 THNEW(I)=TH(I)

C---------------------------------------------------- _

131 DO 21 I=l,1

21 THAV(I)=(TRTH(I)+THNEW(I»!2.

C--------------------------------------------- _

IF(IFL1.EQ.l) GO TO 5

IF(IFL1.EQ.2) GO TO 10

IF(IFL1.EQ.3) GO TO 15

IF(IFL1.EQ.4) GO TO 16

C----------------------------------------------------- _

5 DO 20 I=l,N

20 AK(I)=AKS*(THAV(I)!THS)**AK

GO TO 60

C----------------------------------------------- _

10 DO 30 I=l,1

30 AK(I)=AKS*((THAV(I)-THF)!(THS-THF»**AI

GO TO 60

C--------------------------------------------- _

15 DO 40 I=l,1

40 AK(I)=AI*(THAV(I)**BE)

GO TO 60

C----------------------------------------------- _

16 DO 41 I=l,1

IF(THAV(I).GE.THS) THAV(I)=THS-O.OOl

IF(THAV(I).LE.THF) THAV(I)=THF+O.OOl

SE=(THAV(I)-THF)!(THS-THF)

41 AK(I)=AKS*SE**GAKKA*(1-(1-SE**(1!AK2»**AK2)**2

C---------------------------------------- _

60 IF(IFL2.EQ.l) GO TO 45

IF(IFL2.EQ.2) GO TO 50

IF(IFL2.EQ.3) GO TO 51

C----------------------------------------------- _

45 DO 55 I=l,N

55 DIFF(I)=AK(I)*B*PSIR!THS*(THS!THAV(I»**BP
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GO TO 65

C-----------------------------------------------------------------------

50 DO 56 I=l,1

56 DIFF(I)=DZER*EXP(BET*(THAV(I)-THZER»

GO TO 65

C-----------------------------------------------------------------------

51 DO 57 I=l,N

SE=(THAV(I)-THF)/(THS-THF)

57 DIFF(I)=AK(I)/(ALPHA*(AN2-1)*(THS-THF»*(1-SE**(1/AM2))**(-AM2)*

SE**(-1/AM2)

C-----------------------------------------------------------------------

65 DO 70 I=2,NM

IM=I-1

IP=I+1

AKM(I)=(AK(I)*DIFF(IM)+AK(IM)*DIFF(I»!(DIFF(I)+DIFF(IM»

AKP(I)=(AK(I)*DIFF(IP)+AK(IP)*DIFF(I»/(DIFF(I)+DIFF(IP»

DM(I)=2*(DIFF(I)*DIFF(IM»/(DIFF(I)+DIFF(IM»

70 DP(I)=2*(DIFF(I)*DIFF(IP»/(DIFF(I)+DIFF(IP»

C-----------------------------------------------------------------------

IF(THNEW(N).LT.THF) AKP(NM)=AK(NM)

IF(THNEW(N).LT.THF) DP(NM)=DIFF(NM)

C-----------------------------------------------------------------------

c FORMULATE THE SYSTEM OF EQUATIONS FOR SOLUTION II MATRIX FORM

C A*TH=R

C CALL SUB,DIAG,SUP THE THREE COEFFICIENT ARRAYS FOR THE TRIDIAGONAL

C MATRIX (TDMA)

C-----------------------------------------------------------------------

C ...BOTTOM B.C.

C-----------------------------------------------------------------------

IF(IFL9.EQ.0) THE!

TH(N)=THS

ELSE

SUB(N)=-DP(NM)/DZ

DIAG(N)=DP(NM)/DZ+DZ/(2.*DT)

SUP(N)=O.O

R(I)=DZ*THOLD(I)/(2.*DT)-AK(N)+AKP(NM)

IF(THNEW(N).LT.THF) R(N)=DZ*THOLD(N)/(2.*DT)+AKP(NM)

END IF

C----------------------------------------------------------------- _

C ...ESTABLISH NEW TOP B.C. (FROM THE JKth LAYER)

C------------------------------------------------------------------ _
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SUB(JK)=O.O

DIAG(JK)=DP(JK)/DZ+DZ/DT

SUP(JK)=-DP(JK)/DZ

c-----------------------------------------------------------------------

IF(THBEV(JK-l) .EQ.THS) AKK(JK)=AKS

IF(THBEV(JK-l).EQ.THAD) AKK(JK)=O.O

c-----------------------------------------------------------------------

R(JK)=DZ*THOLD(JK)/DT-AKP(JK)+AKK(JK)

c-----------------------------------------------------------------------

IF(JK.EQ.BK) GO TO 400

IF(JK.EQ.B) GO TO 410

C-----------------------------------------------------------------------

C ...IBTERMEDIATE BODES

C-----------------------------------------------------------------------

DO 100 I=JK,BK2

SUB(I+l)=-DK(I+l)/DZ

DIAG(I+l)=DP(I+l)/DZ+DK(I+l)/DZ+DZ/DT

SUP(I+l)=-DP(I+l)/DZ

100 R(I+l)=DZ*THOLD(I+l)/DT-AKP(I+l)+AKK(I+l)

C-----------------------------------------------------------------------

400 CALL TRDSl

C-----------------------------------------------------------------------

GO TO 420

C-----------------------------------------------------------------------

410 IF(THBEW(BK).EQ.THS) AKK(B)=AKS

IF(THBEV(BK).EQ.THAD) AKK(B)=O.O

IF(THBEV(B).LT.THF) AK(B)=O.O

IF(IFL9.BE.0) TH(B)=THOLD(B)-(2.*DT)/DZ*(AK(B)-AKK(B»

IF(TH(B).GE.THS) TH(B)=THS

IF(TH(B).LE.THAD) TH(B)=THAD

GO TO 150

C-----------------------------------------------------------------------

C ...CHECKING BEV SOLUTION BETWEEN JKth and Nth LAYERS

C-----------------------------------------------------------------------

420 JKCHNG=JK

DO 300 I=JK,N

IF(TH(I).GE.THS) THEN

TH(I)=THS

JKCHNG=I

END IF

300 CONTINUE
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C-~---------------------------------------------------------------------

JK=JKCHNG

c-----------------------------------------------------------------------

DO 310 I=JK,N

IF(TH(I).LE.THAD) THEN

TH (I)=THAD

JKCHIlG=I

EIlD IF

310 CONTIJroE

C-----------------------------------------------------------------------

JK=JKCHNG

C-----------------------------------------------------------------------

IF(TH(JK+1).LT.THS.AIlD.TH(JK+1).GT.THAD) GO TO 150

C-------------------------------------------------------------------- _

ICC=ICC+1

GO TO 110

150 RETURN

END
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C-~----------------------------------------------- _

c---------------------------------------------------- _

SUBROUTINE TRDSl

C------------------------------------------------------- _

C------------------------------------------------------ _

C ALGORITHM BASED OB S.D.CONTE/C.DE BOOR,ELEMENTARY NUMERICAL

C ANALYSIS,MC GRAV-HILL

C----------------------------------------------------- _

COMMON/BLK1/N

COMMON/BLK2/DIAG(400),SUB(400),SUP(400),R(400)

COMMON/BLK7/TH(400)

COMMON/BLK12/JK

COMMON/BLK52/IFL9

DIMENSIOB DIAGP(400),RPR(400)

C------------------------------------------- _

BM=N-l

DIAGP(JK)=DIAG(JK)

RPR(JK)=R(JK)

DO 5 I=JK,NM

IF(DIAGP(I),EQ.O.) GO TO 15

DIAGP(I+l)=DIAG(I+l)-SUB(I+l)/DIAGP(I)*SUP(I)

5 RPR(I+l)=R(I+l)-SUB(I+l)/DIAGP(I)*RPR(I)

IF(IFL9.NE.0) TH(N)=RPR(N)/DIAGP(N)

NN=N-JK

DO 10 I=l,NN

K=N-I

10 TH(K)=(RPR(K)-SUP(K)*TH(K+l))/DIAGP(K)

GO TO 20

15 VRITE(6,2000)

2000 FORMAT(//2X,'SOMETHING IS VRONG'/)

20 RETURN

END
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C-~------------------------------~----------------- _

c--------------------------------------~---------------- _

SUBROUTINE SOLUTE

C--------------------------------------------------- _

C--------------------------------------------------- _

C

C THIS SUBROUTINE IS BASED 01 HAMKING'S PREDICTOR-CORRECTOR

C METHOD. IT SOLVES A SYSTEM OF I FIRST-ORDER DIFFERENTIAL

C EQUATIONS, SUBJECT TO N NUMBER OF INITIAL CONDITIONS.

C ..••.•....•...•...........•..•..•........•.••.••.•.....•.

C INDEX IS A VARIABLE THAT IDENTIFIES TYPE OF THE MATERIAL.

C INDEX=O BIODEGRADABLE, INDEX=l NONBIODEGRADABLE

C AAKM= SUBSTRATE CONCENTRATION WHEN SUBSTRATE UTILIZATION

C IS EQUAL TO ITS MAXIMUM VALUE.

C AMU= BIOMASS SPECIFIC GROWTH RATE

C AKK= ENDOGENOUS DEATH RATE CONSTANT

C AKC= ZERO ORDER MONOD COEFFICIENT

C AKL= FIRST ORDER MONOD COEFFICIENT

C YEL= CELL YIELD GROWTH COEFFICIENT

C THAX= MAXIMUM SIMULATIOI TIME

C YR= AN ARRAY CONTAINING VALUES OF CONCENTRATION

C FR= AI ARRAY CONTAINING VALUES OF THE DERIVATIVES OF THE

C EQUATIONS

C DZ= STEP SIZE FOR DISTANCE INCREMENT

C DT= STEP SIZE FOR TIME ENCREHENT

C--------------------------------------------- _

COMKON/BLK1/N

COMKON/BLK3/THNEW(400),THOLD(400)

COMKON/BLK6/AK(400) ,DIFF(400),AKM(400),AKP(400),DK(400),DP(400)

COMKON/BLK10/JT,TIKE(2234)

COMKON/BLKll/QOLD(400) ,QNEW(400),DISCH(400)

COMKON/BLK16/DZ,DT

COMKON/BLK19/BIOKI(400),CTOTAL(400),CONCI(400),H,

TMAX,INDEX

COMKON/BLK25/IT,IIT

COMKON/BLK26/ICOUNT

COMKON/BLK40/TCONC(2234) ,BCONC(2234),BBIOK(2234) ,BDISCH(2234)

COMKON/BLK42/IFL13,IMONOD,AKC,AKL

COMKON/BLK53/IUN

COMKON/BLK59/TTH(2,2234)

C---------------------------------- _
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DIKERSIOI TE(800),YR(800),FR(800).Y(4,800).F(3.800).YOLD(800)

c-----------------------------------------------------------------------

JT=O

x=o.o

ICOUNT=O

c-----------------------------------------------------------------------

C ...DETERMIRE TYPE OF THE KATERIAL TO BE CONSIDERED

C-----------------------------------------------------------------------

IF(INDEX.EQ.1) GO TO 14

IF(IFL13.EQ.1) GOTO 14

12=2.R

L=N2/2

LP1=L+1

C------------------------------------------------------------ _

C ...SET THE IRITIAL VALUES

C------------------------------------------------------------------ _

TCORC(1)=CORCI(2)

BCORC(1)=COICI(R)

BBIOK(1)=BIOKI(R)

BDISCH(1)=QOLD(I)

TIKE(1)=X

C------------------------------------------------------------------- _

DO 9 I=1,L

9 YR(I)=CORCI(I)

C--------------------------------------------------------------- _

DO 11 J=LP1.R2

11 YR(J)=BIOKI(J-L)

C--------------------------------------------------------------- _

DO 2 J=1,R2

Y(4,J)=YR(J)

2 TE(J)=O.O

C------------------------------------------------------------- _

35 JT=JT+1

TIKE(JT+1)=FLOAT(JT).DT

C--------------------------------------------------------------- _

C ...CALL YGRA TO GET KOISTURE DISTRIBUTIOR

C------------------------------------------------------------- _

ICOUNT=ICOURT+1

C---------------------------------------------------------- _

CALL YGRA

TTH(1,JT+1)=THREW(1)
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TTH(2,JT+l)=THNEW(2)

C-----------------------------------------------------------------------

C ...CALL RUNGE TO GET CONCENTRATION DISTRIBUTION

C-----------------------------------------------------------------------

3 DO 1005 IJ=1,N2

1005 YOLD(IJ)=YR(IJ)

C-----------------------------------------------------------------------

CALL RUNGE(K,N2,YR,FR,I,H)

C-------------------------------------------------------------------- _

DO 1000 I=1,N2

1000 IF(YR(I).LT.O.O) YR(I)=YOLD(I)

C------------------------------------------~----------------------------

IF(K.NE.l) GO TO 4

C--------------------------------------------------------------------- __

C ...CALL BIOD TO GET DERIVATIVES OF THE EQUATIONS

C-------------------------------------------------------------------- _

CALL BIOD(N2,YR,FR)

C--------------------------------------------------- __ -- _

GO TO 3

4 DO 80 I=l,N

THOLD(I)=THNEW(I)

80 QOLD(I)=QNEW(I)

TIKE(JT+l)=I

TCONC(JT+l)=YR(2)

BCONC(JT+l)=YR(L)

BBIOK(JT+l)=YR(N2)

BDISCH(JT+l)=DISCH(N)

ISUB=4-ICOUNT

DO 5 J=1,N2

Y(ISUB,J)=YR(J)

5 F(ISUB,J)=FR(J)

C------------------------------------- _

C ...PRINT CALCULATED VALUES

C----------------------------------------- _

6 IF(ICOUNT/INT*INT.NE.ICOUNT)GO TO 7

C------------------------------------ _

IF(ICOUNT.LE.3) WRITE(21,220) I,'KG/L'

220 FORKAT(1120I,'CONCENTRATION DISTRIBUTION AT ',F6.0,2I,

'DAYS ',AI)

C---------------------------------- _

IF(ICOUNT.LE.3) THEN
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IF(IUB .EQ .1)

IF(IUB .EQ. 2)

IF(IUI.EQ.3)

IF(IUB .EQ. 4)

230 FORKAT(8E15.4)

C-----------------------------------------------------------------------

END IF

C-----------------------------------------------------------------------

IF(ICOUBT.LE.3) WRITE(21,240) X,'KG/L'

240 FORKAT(//20X,'BIOKASS DISTRIBUTION AT ',F6.0,2X,'DAYS ',A/)

C-----------------------------------------------------------------------

IF(ICOUBT.LE.3) THEN

C-----------------------------------------------------------------------

IF(IUB.EQ.1) WRITE(21,230) (35.314667*Y(ISUB,J),J=LP1,H2)

IF(IUB.EQ.2) WRITE(21,230) (Y(ISUB,J),J=LP1,H2)

IF(IUB.EQ.3) WRITE(21,230) (61023.744*Y(ISUB,J),J=LP1,H2)

IF(IUB.EQ.4) WRITE(21,230) (1E6*Y(ISUB,J),J=LP1,N2)

C-----------------------------------------------------------------------

END IF

WRITE(21,230)

WRITE(21,230)

WRITE(21 ,230)

WRITE(21,230)

(35.314667*Y(ISUB,J),J=1,L)

(Y(ISUB,J),J=1.L)

(61023.744*Y(ISUB,J) ,J=1,L)

(1E6*Y(ISUB.J),J=1,L)

C-----------------------------------------------------------------------

IF(ICOUBT.GT.3) WRITE(21,220) X,'KG/L'

C-----------------------------------------------------------------------

IF(ICOUBT.GT.3) THEH

C-----------------------------------------------------------------------

IF(IUB.EQ.1) WRITE(21,230) (35.314667*Y(1,J),J=1,L)

IF(IUB.EQ.2) WRITE(21,230) (Y(1,J),J=1,L)

IF(IUB.EQ.3) WRITE(21,230) (61023.744*Y(1.J),J=1,L)

IF(IUB.EQ.4) WRITE(21,230) (1E6*Y(1,J),J=1,L)

C-----------------------------------------------------------------------

END IF

C-----------------------------------------------------------------------

IF(ICOUBT.GT.3) WRITE(21,240) X,'KG/L'

C-----------------------------------------------------------------------

IF(ICOUBT.GT.3) THEN

C-----------------------------------------------------------------------

IF(IUB.EQ.1) WRITE(21,230)(35.314667*Y(1,J),J=LP1,H2)

IF(IUB.EQ.2) WRITE(21,230)(Y(1,J),J=LP1.H2)

IF(IUB.EQ.3) WRITE(21,230)(61023.744*Y(1.J),J=LP1,H2)

IF(IUB.EQ.4) WRITE(21,230)(1E6*Y(1,J),J=LP1,N2)

C-----------------------------------------------------------------------
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EHD IF

C-----------------------------------------------------------------------

7 IF(X.GT.TKAX-H/2.)GO TO 135

IF(ICOUHT.LT.3) GO TO 35

C-----------------------------------------------------------------------

C ...CALL HAMMIHG TO GET THE HEW VALUES

C-----------------------------------------------------------------------

8 DO 1007 IJ=l,H2

1007 YOLD(IJ)=Y(l,IJ)

C-----------------------------------------------------------------------

CALL HAKIHG(M,H2,Y,F,X,H,TE)

C-----------------------------------------------------------------------

DO 1008 I=l,N2

1008 IF(Y(l,I).LT.O.O) Y(l,I)=YOLD(I)

C-----------------------------------------------------------------------

DO 42 I=l,H2

42 YR(I)=Y(l,I)

IF(M.EQ.2) GO TO 465

JT=JT+l

TIME(JT+l)=X

C-----------------------------------------------------------------------

C ...CALL YGRA TO GET MOISTURE DISTRIBUTION

C-----------------------------------------------------------------------

ICOUHT=ICOUHT+l

C-----------------------------------------------------------------------

CALL YGRA

TTH(l,JT+l)=THHEW(l)

TTH(2,JT+l)=THHEW(2)

C-----------------------------------------------------------------------

465 COHTINUE

C-----------------------------------------------------------------------

C ...CALL BIOD TO GET DERIVATIVES

C-------------------------------------------------------------------- _

CALL BIOD(H2,YR,FR)

C-----------------------------------------------------------------------

DO 17 K=l,H2

17 F(l,K)=FR(K)

IF(M.EQ.l) GO TO 8

TIME(JT+l)=X

TCONC(JT+l)=YR(2)

BCOHC(JT+l)=YR(L)
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BBIOM(JT+1)=YR(H2)

BDISCH(JT+1)=DISCH(H)

IF(M.EQ.1)GO TO 466

DO 90 I=l,H

THOLD(I)=THNEW(I)

90 QOLD(I)=QHEW(I)

466 GO TO 6

C----------------------------------------------------- _

C ...CALCULATE MOISTURE, CONCENTRATION FOR NONBIODEGRADABLE MATTER

C

C ...SET INITIAL CONDITIONS FOR NONBIODEGRADABLE MATTER

C---------------------------------------------------------------- _

14 CONTINUE

TCONC(1)=CONCI(2)

BCONC(l)=CONCI(N)

BDISCH(l)=QOLD(H)

TIME(l)=X

DO 10 L=l,B

10 YR(L)=CONCI (L)

DO 20 J=l,1

Y(4,J)=YR(J)

20 TE(J)=O.O

C-------------------------------------------------- _

330 JT=JT+1

TIME(JT+1)=FLOAT(JT)*DT

C------------------------------------------------------ _

C ...CALL YGRA TO GET MOISTURE DISTRIBUTION

C---------------------------------------------------- _

ICOUNT=ICOUHT+1

C-------------------------------------------- _

CALL YGRA

TTH(1,JT+1)=THHEW(1)

TTH(2,JT+1)=THNEW(2)

C----------------------------------------------------- _

C ...CALL RUNGE TO GET CONCENTRATION DISTRIBUTION

C------------------------------------------------------- _

33 DO 1003 IJ=l,H

1003 YOLD(IJ)=YR(IJ)

C----------------------------------------------------- _

CALL RUNGE(K,H,YR,FR,X,H)

C------------------------------------------------- _
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DO 1001 II=l,1

1001 IF(YR(II).LT.O.O) YR(II)=YOLD(II)

C-----------------------------------------------------------------------

IF(K.IE.l) GO TO 44

C-----------------------------------------------------------------------

C ...CALL IBIOD TO GET DERIVATIVES

C-----------------------------------------------------------------------

CALL RBIOD(R,YR,FR)

C-----------------------------------------------------------------------

GO TO 33

44 DO 91 I=l,R

THOLD(I)=THREW(I)

91 QOLD(I)=QREW(I)

TUIE(JT+l)=X

TCONC(JT+l)=YR(2)

BCONC(JT+l)=YR(N)

BDISCH(JT+l)=DISCH(N)

ISUB=4-ICOUNT

DO 50 J=l,R

Y(ISUB,J)=YR(J)

50 F(ISUB,J)=FR(J)

C-----------------------------------------------------------------------

C ...PRINT CALCULATED VALUES

C-----------------------------------------------------------------------

66 IF(ICOURT/INT*IBT.NE.ICOURT) GO TO 77

IF(ICOURT.LE.3) WRITE(21,220) X,'KG/L'

C-----------------------------------------------------------------------

IF(ICOURT.LE.3) THER

C-----------------------------------------------------------------------

IF(IUR.EQ.l) WRITE(21,230)(35.314667*Y(ISUB,J),J=l,R)

IF(IUR.EQ.2) WRITE(21,230)(Y(ISUB,J),J=l,R)

IF(IUR.EQ.3) WRITE(21,230)(61023.744*Y(ISUB,J),J=1,R)

IF(IUR.EQ.4) WRITE(21,230)(lE6*Y(ISUB,J),J=1,R)

C-----------------------------------------------------------------------

EBD IF

C-----------------------------------------------------------------------

IF(ICOURT.GT.3) WRITE(21,220) X,'KG/L'

C-----------------------------------------------------------------------

IF(ICOURT.GT.3) THEN

C-----------------------------------------------------------------------

IF(IUR.EQ.l) WRITE(21,230)(35.314667*Y(l,J),J=1,R)
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IF(IUH.EQ.2) WRITE(21,230)(Y(1,J),J=1,1)

IF(IUH.EQ.3) WRITE(21,230)(61023.744*Y(1,J),J=1,1)

IF(IUH.EQ.4) WRITE(21,230)(lE6*Y(1,J),J=1,1)

C-------------------------------------------------------------------- _

EID IF

C------------------------------------------------------------------- _

77 IF(X.GT.TKAX-H!2) GO TO 135

IF(ICOUHT.LT.3) GO TO 330

C----------------------------------------------------------- _

C ...CALL HAHMIIG TO GET IEW VALUES

C------------------------------------------------------------ _

88 DO 1004 IJ=l,1

1004 YOLD(IJ)=Y(l,IJ)

C------------------------------------------------------- _

CALL HAKIIG(M,I,Y,F,X,H,TE)

C--------------------------------------------------------- _

DO 1002 11=1,1

1002 IF(Y(l,II).LT.O.O) Y(l,II)=YOLD(II)

C------------------------------------------------------ _

DO 45 J=l,1

45 YR(J)=Y(l,J)

1F(M.EQ.2) GO TO 565

JT=JT+1

TIME(JT+1)=X

C------------------------------------------------------ _

C ...CALL YGRA TO GET MOISTURE DISTRIBUTIOI

C-------------------------------------------------------- _

ICOUHT=ICOUIT+1

C--------------------------------------------------------- _

CALL YGRA

TTH(1,JT+1)=THIEW(1)

TTH(2,JT+1)=THIEW(2)

C-------------------------------------------------------- _

565 COITIHUE

C---------------------------------------------- _

C ...CALL iBIOD TO GET THE DERIVATIVES

C------------------------------------------------------------ _

CALL RBIOD(I,YR,FR)

C----------------------------------------------------------- _

DO 36 1=1,1

36 F(l,I)=FR(I)
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1F(K.EQ.1) GO TO 88

TIKE (JT+1)=1

TCONC(JT+1)=YR(2)

BCONC(JT+1)=YR(N)

BD1SCH(JT+1)=D1SCH(N)

1F(K.EQ.1)GO TO 566

DO 92 1=1,1

THOLD(1)=THNEW(1)

92 QOLD(1)=QNEW(1)

566 GO TO 66

135 CONTINUE

RETURN

END
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C-L---------- _

c------------------------------------------------- _

SUBROUTIHE HAMIHG(M,H,Y,F,X,H,TE)

c---------------------------------------------- _

c----------------------------------------------- _

LOGICAL PRED

DIMEHSIOH YPRED(110),TE(H),Y(4,H),F(3,H)

DATA PRED/.TRUE./

IF(.HOT.PRED)GO TO 4

DO 1 J=l,H

1 YPRED(J)=Y(4,J)+4.*H*(2.*F(1,J)-F(2,J)+2.*F(3,J»/3.

DO 2 J=l,H

DO 2 K5=1,3

K=5-K5

Y(K,J)=Y(K-l,J)

2 IF(K.LT.4)F(K,J)=F(K-l,J)

DO 3 J=l,H

3 Y(1,J)=YPRED(J)+112.*TE(J)/9.

X=X+H

PRED=.FALSE.

M=l

RETURH

4 DO 5 J=l,H

Y(1,J)=(9.*Y(2,J)-Y(4,J)+3.*H*(F(1,J)+2.*F(2,J)-F(3,J)»/8.

TE(J)=9.*(Y(1,J)-YPRED(J»/121.

5 Y(l,J)=Y(l,J)-TE(J)

PRED=.TRUE.

M=2

RETURH

EHD

---- ------
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c-~-------------------------------------------------- _

c--------------------------------------------------- _

SUBROUTIHE RUHGE(K,H,Y,F,X,H)

c--------------------------------------------------- _

c--------------------------------------------------- _

DIMEHSIOH PHI(110),SAVEY(110),Y(H),F(H)

DATA M!O!

M=M+1

GO TO (1,2,3,4,5),M

1 K=1

RETURH

2 DO 22 J=1,H

SAVEY(J)=Y(J)

PHI(J)=F(J)

22 Y(J)=SAVEY(J)+o.5*H*F(J)

X=X+o.5*H

1=1

RETURH

3 DO 33 J=1,H

PHI(J)=PHI(J)+2.0*F(J)

33 Y(J)=SAVEY(J)+o.5*H*F(J)

K=1

RETURH

4 DO 44 J=1,H

PHI(J)=PHI(J)+2.0*F(J)

44 Y(J)=SAVEY(J)+H*F(J)

I=X+0.5*H

1=1

RETURH

5 DO 55 J=1,H

55 Y(J)=SAVEY(J)+(PHI(J)+F(J»*H!6.0

M=O

1=0

RETURH

EHD
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C-~--------------------------------------------------------------------

c-----------------------------------------------------------------------

SUBROUTIHE BIOD(H2,V,F)

c----------------------------------------------------------------------

c-----------------------------------------------------------------------

COKHOH/BLK1/N

COKHOH/BLK3/THHEV(400),THOLD(400)

COKHOH/BLK11/QOLD(400) ,QHEV(400) ,DISCH(400)

COKHOH/BLK16/DZ,DT

COKHOH/BLK18/AKU,AKK,AAKM,YEL

COKHOH/BLK50/AKD,AKPR,DDV,DDA,HEHRY,POROS,ALAM,RHO

DIMEHSIOH V(800),F(800)

c-----------------------------------------------------------------------

DO 25 J=l,H

IF(THHEV(J).GT.POROS) THHEV(J)=POROS

25 CONTINUE

A2=HEHRY*AKPR*RHO

C-----------------------------------------------------------------------

L=H2/2

LP1=L+1

C-----------------------------------------------------------------------

DO 2 I=l,H2

RSUB=AKU*V(L+I)*V(I)/(YEL*(AAKM+V(I»))

C-----------------------------------------------------------------------

A1=1./«HEHRY-1)*THHEV(I)+HEHRY*AKD*RHO+POROS)

IF(I.EQ.1) GOTO 5

A3=HEHRY*QHEV(I)

EHDA=HEHRY*(ABS(QHEV(I»*ALAK+

DDV*THHEV(I)**(13/3.)/POROS**2)+

DDA*(POROS-THHEV(I»**(13/3.)/POROS**2

EHDAK=HEHRY*(ABS(QHEV(I-l»*ALAK+

DDV*THHEV(I-1)**(13/3.)/POROS**2)+

DDA*(POROS-THHEV(I-l»**(13/3.)/POROS**2

IF(I.EQ.L) GO TO 8

IF(I.GT.L) GO TO 4

EHDAP=HEHRY*(ABS (QHEV(I+l»*ALAK+

DDV*THHEV(I+1)**(13/3.)/POROS**2)+

DDA*(POROS-THHEV(I+1»**(13/3.)/POROS**2

C-----------------------------------------------------------------------

C ...FOR IHTERMEDIATE HODES

C-----------------------------------------------------------------------
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F(I)=A1*«EHDAP-EHDAK)*(V(I+1)-V(I-1»/(4*DZ**2)+

EHDA*(V(I+1)-2*V(I)+V(I-1»/PZ**2-A2*V(I)+

(THREW(I)-THOLD(I»*V(I)/DT-A3*(V(I+1)-V(I-1»/

(2*DZ)-RSUB)

GO TO 2

C-----------------------------------------------------------------------

C ...FOR TOP B.C.

C-----------------------------------------------------------------------

5F(I)=A1*(-A2+(THREV(1)-THOLD(1»/DT-RSUB)*(V(1)+V(2»/2 .

GO TO 2

C-----------------------------------------------------------------------

C ...FOR BOTTOM B.C.

C-----------------------------------------------------------------------

8 F(I)=A1*«EHDA-EHDAM)*(V(I)-V(I-1»/DZ**2-A2*V(I)+

(THREW(I)-THOLD(I»*V(I)/DT-A3*(V(I)-V(I-1»/DZ

RSUB)

GO TO 2

C-----------------------------------------------------------------------

C ...SOLVE FOR X EQUATION

C-----------------------------------------------------------------------

4 J=I-L

IF(I.EQ.LP1) GO TO 6

IF(I.EQ.R2) GO TO 10

C-----------------------------------------------------------------------

C ...FOR IRTERMEDIATE RODES

C-----------------------------------------------------------------------

F(I)=-QREW(J)/THREV(J)*(V(I+1)-V(I-1»/(2.*DZ)+AKU*V(I)*V(J)/

(AAKM+V(J»-AKK*V(I)

GO TO 2

C-----------------------------------------------------------------------

C ...FOR BOTTOM B.C.

C--------------------------------------------------------------------- __

10 F(I)=-QREW(J)/THREV(J)*(V(I)-V(I-1»/DZ+AKU*V(I)*V(J)/(AAKM+

V(J»-AKK*V(I)

GO TO 2

C-----------------------------------------------------------------------

C ...FOR TOP B.C.

C----------------------------------------------------------------- _

6 F(I)=AKU*V(I)*V(J)/(AAKK+V(J»-AKK*V(I)

C---------------------------------------------------------------- _

2 CORTIRUE
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RETURN

END
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C-~--------------------------------------------------------------------

c-----------------------------------------------------------------------

SUBROUTIHE HBIOD(H,V,F)

c----------------------------------------------------------------------

c-----------------------------------------------------------------------

COKHOH/BLK3/THHEV(400),THOLD(400)

COKHOH/BLK11/QOLD(400) ,QHEV(400),DISCH(400)

COKHOH/BLK16/DZ,DT

COKHOH/BLK19/BIOMI(400),CTOTAL(400),COHCI(400),H,

THAI,IHDEI

COKHOH/BLK42/IFL13,IMOHOD,AKC,AKL

COKHOH/BLK50/AKD,AKPR,DDV,DDA,HEHRY,POROS,ALAM,RHO

COKHOH/BLK55/IFL11

DIMEHSIOH V(400),F(400)

c-----------------------------------------------------------------------

DO 25 J=l,H

IF(THHEV(J).GT.POROS) THHEV(J)=POROS

25 COHTINUE

A2=HEHRY*AKPR*RHO

C-----------------------------------------------------------------------

DO 2 I=l,_

IF(IHDEI.EQ.O) THEN

IF(IMOHOD.EQ.O) THEH

RSUB=THHEV(I)*HEHRY*AKC

ELSE

RSUB=THHEV(I)*HEHRY*AKL*V(I)

EHD IF

ELSE

RSUB=O.O

EHD IF

A1=1./«HEHRY-1)*THHEV(I)+HEHRY*AKD*RHO+POROS)

IF(I.EQ.1) GOTO 5

A3=HEHRY*QHEV(I)

EHDA=HEHRY*(ABS(QHEV(I»*ALAM+

DDV*THHEV(I)**(13/3.)/POROS**2)+

DDA*(POROS-THHEV(I»**(13/3.)/POROS**2

EHDAM=HEHRY*(ABS(QHEV(I-1»*ALAM+

DDV*THHEV(I-1)**(13/3.)/POROS**2)+

DDA*(POROS-THHEV(I-1»**(13/3.)/POROS**2

IF(I.EQ.H) GO TO 4

EHDAP=HEHRY*(ABS(QHEV(I+1»*ALAM+
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DDW*THBEW(I+l)**(13/3.)/POROS**2)+

DDA*(POROS-THBEW(I+l))**(13/3.)/POROS**2

c-----------------------------------------------------------------------

c ... FOR IRTERKEDIATE RODES

C-----------------------------------------------------------------------

F(I)=Al*«EHDAP-EHDAK)*(V(I+l)-V(I-l))/(4*DZ**2)+

EHDA*(V(I+l)-2*V(I)+V(I-l))/DZ**2-A2*V(I)+

(THBEW(I)-THOLD(I))*V(I)/DT-A3*(V(I+l)-V(I-l))/

(2*DZ)-RSUB)

GO TO 2

C-----------------------------------------------------------------------

C ...FOR TOP B.C.

C-----------------------------------------------------------------------

5 IF(IFLll.EQ.O) THEB

F(I)=O.O

ELSE

F(I)=Al*(-A2+(THBEW(1)-THOLD(1))/DT-RSUB)*(V(1)+V(2))/2.

ERD IF

C-----------------------------------------------------------------------

GO TO 2

C------------------~----------------------------------------------------

C ...FOR BOTTOK B.C.

C-----------------------------------------------------------------------

4 F(I)=Al*«EHDA-EHDAK)*(V(I)-V(I-l))/DZ**2-A2*V(I)+

(THREW(I)-THOLD(I))*V(I)/DT-A3*(V(I)-V(I-l))/DZ

RSUB)

2 CORTIRUE

~TUBR

EBD
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C-~--------------------------------------------------------------------

c--------------------------------------~--------------------------------

SUBROUTIHE DATA

C----------------------------------------------------------------------

C-----------------------------------------------------------------------

CHARACTER AHS*1,UHT*12,UPR*8,IRUH*1

CHARACTER*80 TITLE,FILHK1,FILHK2,IVAR

IITEGER DIH,KIH,YIH

C-----------------------------------------------------------------------

COKKOH/BLK1/1

COKKOH/BLK3/THHEV(400),THOLD(400)

COKKOH/BLK4/IFL1,IFL2,AKS,THS,THF,AK,AI,AI,BE,B,THAD,AH2,AK2,

GAKKA,ALPHA

COKKOH/BLK5/PSIR,DZER,BET,THZER

COKKOH/BLK8/EPS

COKKOH/BLK9/P(2234),ET(2234)

COKKOH/BLK16/DZ,DT

COKKOH/BLK17/TITLE,IRUH,IC1,IFL8,IFL10,IFL12,

EVTR,PR,THOL

COKKOH/BLK18/AKU,AKK,AAKK,YEL

COKKOH/BLK19/BIOKI(400),CTOTAL(400),COHCI(400),H,

TKAX,IHDEX

COKKOH/BLK20/UHT

COKKOH/BLK21/IFLE,IFLT,ID1,ID2,RR(12),ALB,TD(12),V(12),

SSH(12) ,ALI(12) ,DII,KII,YII,TT(12) ,THV,DRZ

COKKOH/BLK25/IT,IIT

COKKOH/BLK28/K

COKKOH/BLK41/IFL3,IFL4,IFL5,IFL6,IFL7

COKKOH/BLK42/IFL13,IKOHOD,AKC,AKL

COKKOH/BLK50/AKD,AKPR,DDV,DDA,HEHRY,POROS,ALAK,RHO

COKKOH/BLK51/ICUT,COHCA

COKKOH/BLK52/IFL9

COKKOH/BLK53/IUH

COKKOH/BLK54/CH

COKKOH/BLK55/IFLll

COKKOH/BLK56/AKOC,OC

C-----------------------------------------------------------------------

1000 VRITE(6, 100)

100 FORMAT(/10X, 'DATA COKPLETED - AHY CHAHGES? [H]: ',$)

READ(5,10,ERR=1000)AHS

10 FORMAT(A)
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IF(AIIS.IlE.' , .AIlD.AIlS.IlE.'Y' .AIlD.AIlS.IlE.'y' .AND.

AIIS.IlE.'II'.AIlD.AIlS.NE.'n') GOT9 1000

IF(AIIS.EQ.' '.OR.ANS.EQ. '1I'.OR.ANS.EQ.'n') RETURI

C-----------------------------------------------------------------------

1001 WRlTE(6,101)

101 FORMAT(/lX,'E/TER VARIABLE NAKE TO BE CHANGED (RETURN TO EXIT): '

$)

READ(5,10,ERR=1001)IVAR

IF(IVAR.EQ.' ,) RETURII

DO 11 IJ=80,1,-1

11 IF(IVAR(IJ:IJ).IIE.' ,) GOTO 12

12 IF(IVAR(IJ:IJ).EQ.')') GOTO 30

C-----------------------------------------------------------------------

1002 WRlTE(6,20)IVAR(1:IJ)

20 FORMAT(/lX,'EIITER THE IlEW VALUE OF <',A,'> : ',$)

C-----------------------------------------------------------------------

IF(IVAR(l:IJ).EQ.'TITLE'.OR.IVAR(l:IJ).EQ.'title') THEil

READ(5,10,ERR=1002) TITLE

GOTO 1001

EIlD IF

IF(IVAR(l:IJ).EQ.'IRUIl'.OR.IVAR(l:IJ).EQ.'irun') THEN

READ(5,10,ERR=1002) IRUN

GOTO 1001

EIlD IF

IF(IVAR(1:IJ).EQ.'IC1'.OR.IVAR(1:IJ).EQ.'icl') THEN

READ(5,*,ERR=1002) ICl

GOTO 1001

EIlD IF

IF(IVAR(l:IJ).EQ.'AKS'.OR.IVAR(l:IJ).EQ.'aks') THEil

READ(5,*,ERR=1002) AKS

GOTO 1001

EIlD IF

IF(IVAR(l:IJ).EQ.'THF'.OR.IVAR(l:IJ).EQ.'thf') THEN

READ(5,*,ERR=1002) THF

GOTO 1001

EIlD IF

IF(IVAR(l:IJ).EQ.'THS'.OR.IVAR(l:IJ).EQ. 'ths') THEil

READ(5,*,ERR=1002) THS

GOTO 1001

EIlD IF

IF(IVAR(l:IJ).EQ.'THAD'.OR.IVAR(l:IJ).EQ.'thad') THEil
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READ(5,*,ERR=1002) THAD

GOTO 1001

EJlD IF

IF(IVAR(l:IJ) .EQ.'AK'.OR.IVAR(l:IJ).EQ.'am') THEI

READ(5,*,ERR=1002) AM

GOTO 1001

EID IF

IF(IVAR(l:IJ).EQ.'B'.OR.IVAR(l:IJ).EQ.'b') THEJI

READ(5,*,ERR=1002) B

GOTO 1001

EJlD IF

IF(IVAR(l:IJ).EQ.'PSIR'.OR.IVAR(l:IJ),EQ.'psir') THEI

READ(5,*,ERR=1002) PSIR

GOTO 1001

EJlD IF

IF(IVAR(l:IJ).EQ.'THOL'.OR.IVAR(l:IJ).EQ.'thol') THEJI

READ(5,*,ERR=1002) THOL

GOTO 1001

EJlD IF

IF(IVAR(l:IJ).EQ.'AKPR'.OR.IVAR(l:IJ).EQ.'akpr') THEJI

READ(5,*,ERR=1002) AKPR

GOTO 1001

EID IF

IF(IVAR(l:IJ).EQ.'ALAM'.OR.IVAR(l:IJ).EQ.'alam') THEJI

READ(5,*,ERR=1002) ALAM

GOTO 1001

EJlD IF

IF(IVAR(l:IJ).EQ.'RHO'.OR.IVAR(l:IJ).EQ.'rho') THEJI

READ(5,*,ERR=1002) RHO

GOTO 1001

EJlD IF

IF(IVAR(l:IJ).EQ.'OC'.OR.IVAR(l:IJ).EQ.'oe') THEI

READ(5,*,ERR=1002) DC

GOTO 1001

EJlD IF

IF(IVAR(l:IJ).EQ.'AKC'.OR.IVAR(l:IJ).EQ. 'ake') THEJI

READ(5,*,ERR=1002) AKC

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'AKL'.OR.IVAR(l:IJ).EQ.'akl') THEN

READ(5,*,ERR=1002) AKL
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GOTO 1001

EJlD IF

IF(IVAR(1:IJ).EQ.'IFL1'.OR.IVAR(1:IJ).EQ.'ifll') THEN

READ(5,.,ERR=1002) IFLl

GOTO 1001

EJlD IF

IF(IVAR(1:IJ).EQ.'IFL2'.OR.IVAR(1:IJ).EQ.'if12') THEN

READ(5,.,ERR=1002) IFL2

GOTO 1001

END IF

IF(IVAR(1:IJ).EQ.'IFL3'.OR.IVAR(1:IJ).EQ.'if13') THEN

READ(5,.,ERR=1002) IFL3

GOTO 1001

END IF

IF(IVAR(1:IJ).EQ.'IFL4'.OR.IVAR(1:IJ).EQ.'if14') THEN

READ(5,.,ERR=1002) IFL4

GOTO 1001

END IF

IF(IVAR(l:IJ) .EQ.'IFL5'.OR.IVAR(1:IJ).EQ.'if15') THEN

READ(5,.,ERR=1002) IFL5

GOTO 1001

EIlD IF

IF(IVAR(1:IJ).EQ.'IFL6'.OR.IVAR(1:IJ).EQ.'if16') THEN

READ(5,.,ERR=1002) IFL6

GOTO 1001

EIlD IF

IF(IVAR(1:IJ).EQ.'IFL7'.OR.IVAR(1:IJ).EQ.'if17') THEIl

READ(5,.,ERR=1002) IFL7

GOTO 1001

END IF

IF(IVAR(1:IJ).EQ.'IFL8'.OR.IVAR(1:IJ).EQ.'if18') THEN

READ(5,.,ERR=1002) IFL8

GOTO 1001

END IF

IF(IVAR(l:IJ) .EQ.'IFL9'.OR.IVAR(1:IJ).EQ.'if19') THEN

READ(5,.,ERR=1002) IFL9

GOTO 1001

END IF

IF(IVAR(1:IJ).EQ.'IFL10'.OR.IVAR(1:IJ).EQ. 'ifll0') THEN

READ(5,.,ERR=1002) IFL10

GOTO 1001
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END IF

IF(IVAR(l:IJ).EQ.'IFLll'.OR.IVAR(~:IJ).EQ.'i£lll') THEN

READ(5,.,ERR=1002) IFLll

GOTO 1001

END IF

IF(IVAR(l:IJ) .EQ.'IFL12'.OR.IVAR(1:IJ).EQ.'i£112') THEN

READ(5,.,ERR=1002) IFL12

GOTO 1001

END IF

IF(IVAR(1:IJ).EQ.'IFL13'.OR.IVAR(1:IJ).EQ.'i£113') THEN

READ(5,.,ERR=1002) IFL13

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'IMONOD'.OR.IVAR(l:IJ).EQ.'imonod') THEN

READ(5,.,ERR=1002) IMONOD

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'ICUT'.OR.IVAR(l:IJ).EQ.'icut') THEN

READ(5,.,ERR=1002) lCUT

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'CONCA'.OR.IVAR(l:IJ).EQ.'conca') THEN

READ(5,.,ERR=1002) CONCA

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'CN'.OR.IVAR(l:IJ).EQ.'cn') THEN

READ(5,.,ERR=1002) CI

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'IUN'.OR.IVAR(l:IJ).EQ.'iun') THEN

READ(5,.,ERR=1002) IUN

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'DZ'.OR.IVAR(l:IJ).EQ.'dz') THEN

READ(5,.,ERR=1002) DZ

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'DT'.OR.IVAR(l:IJ).EQ.'dt') THEN

READ(5,.,ERR=1002) DT

GOTO 1001

END IF
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IF(IVAR(l:IJ) .EQ.'IDT' .OR.IVAR(l:IJ).EQ. 'int') THED

READ(S •••ERR=1002) liT

GO TO 1001

EnD IF

IF(IVAR(l:IJ).EQ.'EPS'.OR.IVAR(l:IJ).EQ. 'eps') THED

READ(S,.,ERR=1002) EPS

GOTO 1001

EID IF

IF(IVAR(l:IJ) .EQ.'I'.OR.IVAR(l:IJ) .EQ. 'n') THED

READ(S,.,ERR=1002) I

GOTO 1001

EnD IF

IF(IVAR(l:IJ).EQ.'K'.OR.IVAR(l:IJ).EQ. 'm') THED

READ(S,.,ERR=1002) K

GOTO 1001

EHD IF

IF(IVAR(l:IJ).EQ.'AI'.OR.IVAR(l:IJ).EQ.'an') THED

READ(S,.,ERR=1002) AI

GOTO 1001

EDD IF

IF(IVAR(l: IJ) :EQ. 'AI' .OR.IVAR(1: IJ) .EQ. 'ai') THEil

READ(S,.,ERR=1002) AI

GOTO 1001

EDD IF

IF(IVAR(l:IJ).EQ.'BE' .OR.IVAR(l:IJ) .EQ.'be') THEil

READ(S,.,ERR=1002) BE

GOTO 1001

EIlD IF

IF(IVAR(l:IJ).EQ.'GAMMA'.OR.IVAR(l:IJ) .EQ. 'gamma') THEil

READ(S,.,ERR=1002) GAMMA

GOTO 1001

EID IF

IF(IVAR(1:IJ).EQ.'AI2' .OR.IVAR(l:IJ).EQ. 'an2') THEil

READ(S,.,ERR=1002) AIl2

GOTO 1001

EDD IF

IF(IVAR(l:IJ) .EQ.'ALPHA'.OR.IVAR(l:IJ) .EQ. 'alpha') THEil

READ(S,.,ERR=1002) ALPHA

GOTO 1001

EDD IF

IF(IVAR(l:IJ).EQ.'DZER'.OR.IVAR(l:IJ) .EQ.'dzer') THEil
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READ(5,*,ERR=1002) DZER

GOTO 1001

EJlD IF

IF(IVAR(l:IJ) ,EQ.'BET' ,OR,IVAR(l:IJ).EQ.'bet') THEM

READ(5,*,ERR=1002) BET

GOTO 1001

EJlD IF

IF(IVAR(l:IJ).EQ.'THZER'.OR.IVAR(l:IJ),EQ.'thzer') THEJI

READ(5,*,ERR=1002) THZER

GOTO 1001

EJlD IF

IF(IVAR(l:IJ),EQ.'PR',OR.IVAR(l:IJ).EQ.'pr') THEN

READ(5,*,ERR=1002) PR

GOTO 1001

EJlD IF

IF(IVAR(l:IJ).EQ.'EVTR',OR,IVAR(l:IJ).EQ.'evtr') THEN

READ(5,*,ERR=1002) EVTR

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'IMDEX'.OR.IVAR(l:IJ).EQ.'index') THEN

READ(5,*,ERR=1002) INDEX

GOTO 1001

EJlD IF

IF(IVAR(l:IJ).EQ.'UMT'.OR.IVAR(l:IJ),EQ.'unt') THEM

READ(5,10,ERR=1002) UIT

GOTO 1001

EJlD IF

IF(IVAR(l:IJ),EQ.'AKOC'.OR.IVAR(l:IJ).EQ,'akoc') THEJI

READ(5,*,ERR=1002) AKOC

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'DDV',OR.IVAR(l:IJ).EQ.'dd~') THEN

READ(5,*,ERR=1002) DDV

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'DDA'.OR.IVAR(l:IJ),EQ.'dda') THEN

READ(5,*,ERR=1002) DDA

GOTO 1001

EJlD IF

IF(IVAR(l:IJ).EQ.'HENRY'.OR.IVAR(l:IJ).EQ.'henry') THEN

READ(5,*,ERR=1002) HEJIRY
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GOTO 1001

END IF

IF(IVAR(l:IJ) .EQ.'AMU' .OR.IVAR(l:IJ).EQ. 'amu') THEN

READ(5,*.ERR=1002) AMU

GOTO 1001

END IF

IF(IVAR(l:IJ) .EQ. 'AKK' .OR.IVAR(l:IJ).EQ. 'akk') THEN

READ(5,*,ERR=1002) AKK

GOTO 1001

END IF

IF(IVAR(l:IJ) .EQ.'AAKH'.OR.IVAR(l:IJ) .EQ. 'aakm') THEN

READ(5.*,ERR=1002) AAKH

GOTO 1001

END IF

IF(IVAR(l:IJ) .EQ.'YEL' .OR.IVAR(l:IJ).EQ. 'yel') ,THEN

READ(5,*,ERR=1002) YEL

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'IFLE'.OR.IVAR(l:IJ).EQ.'i£le') THEN

READ(5,*,ERR=1002) IFLE

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ. 'ID1' .OR.IVAR(l:IJ).EQ.'idl') THEN

READ(5,*,ERR=1002) IDl

GOTO 1001

END IF

IF(IVAR(1:IJ).EQ.'ID2' .OR.IVAR(l:IJ).EQ. 'id2') THEN

READ(5,*,ERR=1002) ID2

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'ALB' .OR.IVAR(l:IJ).EQ. 'alb') THEN

READ(5,*,ERR=1002) ALB

GOTO 1001

END IF

IF(IVAR(l:IJ) .EQ.'IFLT'.OR.IVAR(l:IJ) .EQ.'i£lt') THEN

READ(5,*,ERR=1002) IFLT

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'DIH' .OR.IVAR(l:IJ).EQ. 'din') THEN

READ(5,*,ERR=1002) DIN

GOTO 1001
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'. EIlD IF

IF(IVAR(l:IJ).EQ.'MIIl'.OR.IVAR(l:~J).EQ.'min') THEil

READ(S,*,ERR=1002) MIll

GOTO 1001

EIlD IF

IF(IVAR(l:IJ).EQ.'YIIl'.OR.IVAR(l:IJ).EQ.'yin') THEil

READ(S,*,ERR=1002) YIIl

GOTO 1001

EIlD IF

IF(IVAR(l:IJ).EQ.'THW'.OR.IVAR(l:IJ).EQ.'thv') THEil

READ(S,*,ERR=1002) THW

GOTO 1001

END IF

IF(IVAR(l:IJ).EQ.'DRZ'.OR.IVAR(l:IJ).EQ. 'drz') THEil

READ(5,*,ERR=1002) DRZ

GOTO 1001

EIlD IF

GOTO 1001

C------------------------------------------------------------------ _

30 OPEIl(UWIT=24, STATUS=' SCRATCH')

DO 13 JJ=IJ,l,-l

IF(IVAR(JJ:JJ).EQ.'(') THEil

VRITE(24,21) IVAR(JJ+l:IJ-l)

21 FORMAT(lI,A)

REVIllD (UIlIT=24)

READ(24,*) MMM

CLOSE(UWIT=24)

GOTO 14

END IF

13 COILTIHUE

C---------------------------------- -- _

14 VRITE(6,22)IVAR(1:JJ-l),MMM

22 FORMAT(/lI,'ENTER THE lEV VALUE OF <',A,'(',I3,'» : ',$)

C---------------------------------- -------- _

IF(IVAR(l:JJ-l).EQ.'THOLD'.OR.IVAR(l:JJ-l).EQ.'thold') THEil

READ(S,*,ERR=14) THOLD(MMM)

GOTO 1001

EIlD IF

IF(IVAR(l:JJ-l).EQ.'P'.OR.IVAR(l:JJ-l).EQ.'p') THEil

READ(S,*,ERR=14) P(MMM)

GOTO 1001
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EBD IF

IF(IVAR(l:JJ-l).EQ.'ET'.OR.IVAR(l:JJ-l).EQ.'et') TBEH

READ(S,.,ERR=14) ET(KMK)

GOTO 1001

EBD IF

IF(IVAR(l:JJ-l).EQ. 'CTOTAL'.OR.IVAR(l:JJ-l) .EQ. 'ctotal') TBEH

READ(S,.,ERR=14) CTOTAL(KMK)

GOTO 1001

END IF

IF(IVAR(l:JJ-l).EQ. 'BIOMI' .OR.IVAR(l:JJ-l).EQ.'biomi') TBEH

READ(S,.,ERR=14) BIOMI(KMK)

GOTO 1001

EHD IF

IF(IVAR(l:JJ-l).EQ. 'RR'.OR.IVAR(l:JJ-l).EQ. 'rr') TBEH

READ(S,.,ERR=14) RR(KMK)

GOTO 1001

EHD IF

IF(IVAR(l:JJ-l).EQ. 'TD'.OR.IVAR(l:JJ-l).EQ. 'td') TBEH

READ(S,.,ERR=14) TD(KMK)

GOTO 1001

EBD IF

IF(IVAR(l:JJ-l).EQ. 'V' .OR.IVAR(l:JJ-l).EQ. 'v') TBEH

READ(S,.,ERR=14) V(KMK)

GOTO 1001

EBD IF

IF(IVAR(l:JJ-l).EQ.'SSB'.OR.IVAR(l:JJ-l).EQ.'ssh') TBEH

READ(S,.,ERR=14) SSB(KMK)

GOTO 1001

EBD IF

IF(IVAR(l:JJ-l).EQ.'ALI'.OR.IVAR(l:JJ-l).EQ.'ali') TBEH

READ(S,.,ERR=14) ALI(KMK)

GOTO 1001

END IF

IF(IVAR(l:JJ-l).EQ. 'TT'.OR.IVAR(l:JJ-l).EQ. 'tt') TBEH

READ(S,.,ERR=14) TT(KMK)

GOTO 1001

EHD IF

GO TO 1001

EBD

239



Appendix C

Literature Review on Adsorption

and Desorption

240



241

within the last quarter of a century, there has developed an
increased interest, in both the private and public sector,
regarding the chemical compounds that are being introduced into
the environment. Of specif ic interest are those organic
chemicals being commonly found in surface and subsurface waters,
which due to their physicochemical and toxicological properties
might prove to be detrimental. In conjunction with this
interest, the need for definitive knowledge of the behavior and
fate of known or potential pollutants became paramount, thus
promoting a substantial amount of scientific research.

The impact of having an organic chemical introduced into the
environment is contingent on a variety of physical, chemical, and
biological processes. (2) While attempting to study the fate and
distribution of organic pollutants, it became evident that the
inherent properties of organic compounds could be used to
characterize their environmental interactions. During the last
10 to 15 years, the partition coeffient has become one of the
most important parameters. to be i!1v.estigated.(25) Ideally,
determination of the partition coefficlent requires measurement
of the equilibrium ratio for the concentration of a single
component (contaminant) dissolved in nonpolar and polar layers.
The partition coefficient for an organic/aqueous system can be
considered as a measure of the relative affinity of the solute
for the two immiscible liquids, as an index of comparative
solubility in the two liquids, and therefore as a parameter of
the relative degree of partitioning between one phase and the
other. (26) Although the polar phase is nearly always water, the
nonpolar phase to be used may often be arbitrary(i.e. chloroform,
hexane, octanol, etc.). (35)

Established in numerous experiments, the partitioning system
found to be most suitable, and therefore chosen as the reference
system for characterizing the interactions between chemical
substances and biological systems has been n-octanol /water
[KowJ. (45,57,112) By definition, Kow expresses the equilibrium
concentration ratio of an organic chemical partitioned between an
organic liquid (e.g., n-octanol) and water and can be equated to
the partitioning of any organic chemical between itself and
water. (16) Partitioning of organic solutes between a soil organic
phase and water may also be treated in a manner similar to that
between an organic solvent phase and water. (19) Additionally, it
has generally been assumed that the mechanism leading to the
uptake of organic pollutants by organisms (bioconcentration) is
analogous to the partitioning between an organic phase and
water. (20) In this manner, the partition coefficient has gained
popular application for correlations involving water solubility,
soil sorption, bioconcentration factors, and other chemical,
biochemical, and toxic effects of a given chemical. (54,80)
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Many investigators have lamented a lack in the data base for
measu1='edpartition coefficients (1,10), but as has been aptly
stated in a paper by Leo, A. et ale (62), "the task of making a
complete listing is nearly impossible". Since Leo's compilation
is still currently one of the most referenced pieces of
literature regarding partition coefficients, the validity of this
statement would seem irrefutable, When also considering that the
partition coefficients pertaining to soil sorption may include
organic carbon (Koc), organic matter (Kom), or soil/sediment
(Kp), the complexity of organizing a logical tabulation of
published partitioning values becomes further apparent.
Nevertheless, it is the desire of this current undertaking to
accrue a list of partitioning coefficients for the following
twelve organic chemicals:

Benzene
Benzo(a)pyrene
Bis (2-ethylhexyl)phthalate
Chlorobenzene
1,1 - Dichloroethylene
Ethylbenzene
4 - Methylphenol
Naphthalene
Tetrachloroethylene
1,1,1 - Trichloroethane
Trichloroethylene
Toluene

As a supplement to the attached tables of partitioning values,
the following set of descriptions hope to impart better insight
into the origins of these cited values. The five common
analytical techniques used for developing partition coefficients
are as follows:

1. Shake-Flask (Batch) - This direct method of measurement
is the most traditional, and has been adopted in the Organization
for Economic Cooperation and Development (OECD) Test Guideline
107 as the standard procedure for determining partitioning
coefficients. (25,30,45,54) This technique involves mixing a
solution containing the chemical of interest with a known solvent
(i.e. n-octanol), allowing the mixture to reach equilibrium, and
then separating the two liquid phases (water and solvent) for
quantitative analysis.

2. Generator Column - In order to avoid the emulsion
problems associated with the shake-flask method, this direct
method of measurement was adapted from standard liquid
chromatography column design. An inert solid support medium
(silanized Chromosorb W, diatomaceous silia, or glass beads) is
first coated with an unsaturated octanol-water solution of the
solute of interest by drawing it through the column. The solute
is then eluated with octanol-saturated water and finally the
effluent is collected and analyzed chromatographically. (25,86)
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3. Chromatography - Unlike the direct generator column
method, these types of chromatographic methods are indirect. The
method is based on developing a retention time for the solute of
interest via reverse-phase high performance liquid
chromatography, or similar chromatographic method, then
correlating it to the the octanol-water partitioning coeffient.
The correlation involves a solute retention volumn or a
chromatographic capacity factor (86), which has been determined
by passing a reverse-phase aqueous mobile phase through a column
packed with a given stationary phase. (42) The stationary phase
has been chemically bonded to an inorganic support prior to the
exper iment . (9)

4. Modeling - As an alternati ve to direct measurement,
octanol-water partitioning coefficients may also be determined by
applying mathematical models. By using other physico-chemical
characteristics such as aqueous solubility, charge density,
Henry's Law constants etc., for the solutes of interest, the
partition coefficient is predicted via mathematical formulas or
correlatiohs. other popular estimation methods use s-cructural
aspects of the chemical constituent such as molecular
connectivity indices (MCI's), substitution constants, activity
coefficients, or fragment constants. (2,62,84,87)

SUMMARY

In interpreting the findings of this compilation for a specific
compound, a quick visual assessment of the tablulations may offer
a better evaluation than that which could be expressed verbally.
The partitioning value thought by investigators to be most
representative for a specific chemical is often made self-evident
in the literature (references) column of the tables. While not
consistent for all of the organic chemicals, for those chemicals
where a plethora of data has been accumulated or referenced (i.e.
benzene, toluene, etc.) the above statement may be taken as an
axiom. For better clarification, all the octanol-water partition
coeff icients for the organic chemicals surveyed have been
organized into a series of frequency histograms. Due to error,
precision, or bias of either an analytical, experimental, or
mathematical nature, there tends to be an extensive scatter of
values in addition to the possibility of having more than one
dominant partitioning coefficient for a particular compound.

Since partitioning behavior of a substance is very closely
related to adsorption isotherm characteristics, an additional and
insightful aspect of any partitioning coefficient evaluation is
the methodology incorporated into the experimental design. More
precisely, and especially for soil sorption, it is of interest
whether the batch or column studies performed were also conducted
as desorption investigations. Unfortunately, there is only
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limited information and literture pertaining to
adsorption/desorption work. Currently in this compilation there
were Dnly four publications which refer to, or contain
desorption experimentation. While Karickhoff, s. W. et al.,1979.
and Uchrin, C.G. and Mangels, G., 1987. both describe the
desorption procedure within the materials and methods section,
only the second article applied to the actual compounds under
investigation. In the case of Rogers, R.D. et al., 1980. and
Schwarzenbach, R.P. and Westall, J., 1981. neither of these
publications offer too much insight as to methodology on the
desorption aspects of the experiment.

Results for soil sorption coefficients, specifically organic
carbon (Koc), have been statistically tabulated as follows:

Compound

Benzene
Benzo(a)pyrene
Bis(2-ehtylhexyl)-phthalate
Chlorobenzene
1,1-Dichloroethylene
Ethylbenzene
4-Methylphenol
Napthalene
Tetrachloroethylene
Toluene
1,1,1-Trichloroethane
Trichloroethylene

* From Kow and Karickhoff, et ale (1979)

Log Koc

1.95
6.26
7.44*
2.43
1.66*
2.58
1.76*
3.08
2.39
2.28
2.03
2.01

Kd = Koc * foe is the organic carbon mass fraction
of the soil (%)

Kd in the units [ml-liq/g-soil]

At present, use irreversible desorption coefficient equal
to zero (totally reversible-hyperconservation)

Consistent for all the chemicals investigated, regarding the
various data sources cited was the continual referencing of
several primary publications or authors. Due to their
prominence, the following references encountered in this present
compilation are felt to merit specific notation

Chiou, ., 1981. Partition coefficient and water solubility
in environmental chemistry. In Hazard assessment of chemicals
(edited by Saxena J. and Fisher, F.), Academic Press, New York.
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Hansch, C., and Leo, A.J., 1979. Substituent constants for
correlation analysis in chemistry and biology. John Wiley & Sons,
New York.

Kenega, E.E., and Goring, C.A.I., 1980. Relationship between
water solubility, soil sorption octanol-water partitioning, and
bioconcentration of chemicals in biota. In J.C. Eaton (ed.)
Aquatic toxicology ASTM STP 707. American Society for Testing and
Materials, Philadelphia, PA.

Leo, A., Hansch, C. and Elkins, D., 1971. Partition
coefficients and their uses. Chemical Reviews, 71(6), pp. 525.

OECD Guideline for testing
coeff icient (n-octanoljwa ter)
Paris, 1981.

of chemicals 107, partition
flask shaking method, OECD,

Pomona College Medicinal Chemistry Project, 1982. Log P and
parameter database : A tool for the quantitative prediction of
bioactivity. Hansch, C. and Leo~ A., Comtex Scientific
Corporation, New York.

Rekker, R.F., 1977. The hydrophobic fragmental constant, its
derivation and application - A means of characterizing membrane
systems, Pharmacochemistry Library Vol. 1, Elsevier, Amsterdam.

u.S. Environmental Protection Agency. 1979. Water-related
environmental fate of 129 priority pollutants. EPA-440j4-79-029.
u.S. Environmental Protection Agency, Washington, D.C.

Sangster, J., 1989. Octanol-water Partition coefficients of
simple organic compounds. J. Phys. Chem. Ref. Data, 18(3), pp.
1111.

As a note, the last citation is a very informative compilation
which has recently been brought to press and will assuredly
become as estimable a reference in the future as those contained
in the preceding list.
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 1
Octanol-Water (Log Kow)

Compound Log Kow
B C

Data Sources
G M L

:==================:======:=========:=========:===~=====:=========:===========:
B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literature
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 2

Octanol-Water (Log Kow)

Compound Log Kow
8 C

Data Sources
G M L

:==================:======:=========:=========:=========:=========:===========:

:==================:======:=========:=========:=========:=========:===========:

8 = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literatu~e
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 3

Octanol-Water (Log Kow)

Compound Log Kow
B C

Data Sources
G M L

:==================:======:=========:=========:=========:=========:===========:
:BIS(2-ETHYLHEXYL)-: 7.80
:PHTHALATE (Cant.) : 8.70

8.73

I'

:CHLOROBENZENE

:1,1 - DICHLORO
:ETHYLENE

2.18
2.46
2.49
2.51
2.60
2.62
2.63
2.65
2.69
2.71
2.75
2.79
2.80
2.81
2.82
2.83
2.84

2.89
2.90
2.94
2.98

3.00
3.05
3.07
3.08
3.18
3.79

1. 48
1.87
1. 90

38,39
27,99

99

99
39

124 : 58

26,39

27,99
:48,53,99 :22,38,39,:

:77,1.1.6

27
78

:27,30,74
:99,1.1.2,
:1.28

28,99

30
75

30
69
30

1.3,99
30

:28,43,52,
: 1.20

:24,52,72,98:

96
42

5
:==================:======:=========:=========:=========:=========:===========:

B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literature
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 4

Octanol-Water (Log Kow)

Compound Log Kow
B C

Data Sources
G M L

:==================:======:=========:=========:=========:=========:===========:
:ETHYLBENZENE 2.68

2.98
3.06
3.07
3.10
3.12
3.13

3.14
3.15 :31,48,53,:

:99

31,99

26,99
:99,101,
:112,128

4
82
63

70,99
47,63

:49,75,107:22,64,100,
:133 :113,120,12=:

99,101
:4,11,13,19,:
:20,21,J5,~9:
:51,58,56,6-:-:
:70,78,79,32:
:84,86,96
:105,106,-'.1:2:
:117,122,130:

3.16 :-:78
3.17

:-:49 :-:-:107
3.20

:-:58 :-:107
3.21 :

-:-:-:107
3.28

:-:-:-:13,99
3.30

:-:49 :-:-:107
3.36

:-:-:-:-:31
3_.43

:-:-:-:66
3.57

:-:31

:4 - METHYLPHENOL 1. 62
1. 73
1. 90
1. 92
1.94

1. 95
1. 96
1. 97
1. 98
1. 99
2.10
2.28
2.35
2.38
3.01

58
38,39

112
78

38,39
38,39

46
13

14

13

67
:13,43,46,58:
:67,79,80,
:123

50,117
78

67
67
67 .

78

:==================:======:=========:=========:=========:=========:===========:
B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literature
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 5
Octanol-Water (Log Kow)

Compound Log Kow
B C

Data Sources
G : M L

:===================:======:=========:=========:========:=========:============:
B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literature
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 6
Octanol-Water (Log Kow)

'.

Compound Log Kow
B C

Data Sources
G M L

:=================:======:=========:=========:=========:==========:===========:

B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literature
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 7

Octanol-Water (Log Kow)

:==================: ======: =========:=========: ======== =:=========:===========:

Compound

:TOLUENE (Cant. )

I :1,1,1 -TRICHLORO
:ETHANE

Log Kow

2.94
2.97
3.00
3.01
3.06
3.12

1. 96
2.17
2.33
2.39
2.47
2.49

B

3

C

99

28

31

Data Sources
G M

61
69

30

69

L

B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literature

:TRICHLOROETHYLENE:2.04:-:-:-:111
2.20

:-:-:-:66 :31
2.24

:-:-:-:-:49
2.25

:-:-:-:-:49
2.28

:-:-:-:49
2.29

:-:-:-!-:43 ,46, 51~C;!3: ~

:84,86,9

~:
. .~

. ! ..:102,111,.1.-"2:
:1342.31

:-:-:-:-:5
2.40

:-:58
2.42

:3,31 :-:-:-:1,58,69,51
2.53

:-:-:112:75 :52. ~
2.56

:-:49
2.67

:-:49
2.84

:-:31
2.86

:-:-:-:69
2.98

:-:-:-:-:5
3.02

:-:-:-:69
3.14

:49
3.19

:-:-:-:-:49
3.24

:-:-:-:-:41,42
3.30

:-:-:-.-:25,41,42,98:

:==================:======:=========:=========:=========:=========:===========:
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 8

organic-Carbon (Log Koc)

Compound Log Koc
B C

Data Sources
G M L

:=================:======:=========:=========:=========:=========:============:
:BENZENE

:BENZO(A)PYRENE

1. 58
1. 63
1. 72
1. 73
1. 78
1. 82
1. 90
1. 91
1. 92
1. 93
1. 95
1. 96
1. 98
2.00
2.01
2.09
2.16
2.31
2.53
2.73
3.01

6.26

57

93

.93

115
115
115
115
115
115

104
104

104
57

57
103

63
63

103

63

51
:44,54,63,10::::

93

103

:CHLOROBENZENE :2.18:-:-:-:-:54
2.37

:105:-:-:-:106
2.39

:105:-:-:-:106
2.41

:-:-:-:-:2
2.44

:-:-:-:2,103
2.50

:-:-:-:-:103
2.59

:-:-:-:-:103
2.73

:-:-:-!12

:ETHYLBENZENE 2.38
2.41
2.75
2.78

105
105

51
51

106
106

B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literature
:=================:======:=========:=========:=========:=========:============:
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 9
organic-Carbon (Log Koc)

" Compound Log Koc
B C

Data Sources
G M L

:===================:======:=========:=========:=========:=========: ==========,

..
.'

:NAPHTHALENE 2.91
2.94
2.96
2.97
2.98
3.00
3.04
3.11

3.15
3.18
3.27
3.25
3.52
3.89

57

110

56

.
:TETRACHLOROETHYLENE: 2.14

2.32
2.35
2.36
2.39
2.54
2.56
2.57
2.89

:TOLUENE !1. 74:-:-:104
1.89

:36

1. 93
:-:-:-:36

1. 98
:-:-:104

2.13
:-:-:104

2.18
:37

2.21
:37

2.28
:36

2.43
:-:-:-:36

2.49
:-:-:-:36

2.74
:115

2.87
:U5

2.92
:U5

3.33
:U5

3.41 :
U5

:===================:======:=========:=========:=========:=========:==========:
B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literature
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 10

organic-Carbon (Log Roc)

Compound Log Roc
B C

Data Sources
G M L

:===================:======:=========:=========:=========:=========:===========
:1,1,1 -TRICHLORO- :1. 70:-:-:-:2

:ETHANE
:1. 78:-:-:104

1.80
:-:-:104

2.02
:-:-:-:57

2.03
:-:-:104

2.04
:-:-:-:57

2.08
:-:-:-:57

2.11
:-:51

2.25
:-:-:-:-:57

2.26
:-:-:-:-:2

:TRICHLOROETHYLENE :1. 66..-:-:-:36
1. 76

:36

1.84
:-:-:-:2

1.86
:-:-:104

1.98

' . - .----:104: -:
2.00

:-:-:-:-:2
2.02

:-:-:-:-:51
2.03

:37

2.09
:37 :-:-:36

2.14
:-:-:-:36

2.15
:-:-:104. -

2.20
:36

:===================:======:=========:=========:=========:=========:===========:

B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literature
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 11

Soil-Organic Matter (Log Kom)

Compound Log Kom
B C

Data Sources
G M L

:===================:======:=========:=========:=========:=========:===========
:BENZENE 1. 04

1.26
1.89
1. 92
2.00
2.09
2.45
2.50
2.53

:BENZO(A)PYRENE : 2.38

:CHLOROBENZENE

·ETHYLBENZENE

:NAPHTHALENE

1.19
1. 33
1. 68
2.10
2.32

1. 98
2.61

2.38
3.11
3.18

20

97

97

8

97

97

97

97

:TETRACHLOROETHYLENE: 2.32 18

:TOLUENE

:1,1,1 -TRICHLORO
:ETHANE

:TRICHLOROETHYLEKE

1.12
1. 74
1. 90
2.32
2.85

1. 55
2.02

1. 28
1. 70
1. 72
1. 97
2.19
2.30
3.16

6

6

B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Literature
:===================:======:=========:=========:=========:=========:===========:

=
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PARTITION COEFFICIENTS FOR SEVERAL ORGANIC CHEMICALS

Table 12

Sediment-Water (Log Kp)

Compound Log Kp
8 C

Data Sources
G M L

-===================:======':=========:=========:=========:=========:===========:
:BENZENE

:BENZO(A)PYRENE

:CHLOROBENZENE

:ETHYLBENZENE

:NAPHTHALENE

0.02
0.23
0.29
1. 80
1. 92

1. 26
1. 84

1. 46
1. 68
2.10
2.40

1. 01
1. 98

1.36
1. 51
1. 53
2.63
3.11

:TETRACHLOROETHYLENE: 0.65
2.10

:TOLUENE

:1,1,1 -TRICHLORO·
:ETHANE

:TRICHLOROETHYLENE

0.32
1. 84

0.60
2.30

0.30
0.32
0.72

:===================:======:=========:=========:=========:=========:===========:

B = Batch; C = Chromatography; G = Generator Column; M = Model; L = Litera~ure
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