ABSTRACT

FORnoort models i sat trat e soll Lundar The anr ect | ono
CASS T. MLLER)

Systens that renediate an aquifer by purging
contam nated water often operate for prolonged periods
because contam nation stubbornly lingers. This is the
tailing phenonmenon. For nondegradabl e, nonionic organics in
ground water, sorption is the promnent reaction. Sorption
Is crucial to the tailing phenonenon.

Types of sorption rate expressions include (1) Iocal
equi librium (2) Langnuir second order, (3) equilibrium
first order, and (4) dual resistance sorption. Types of
equi libriumisotherns include (1) linear, (2) Freundlich, or
(3) Langnuir equilibrium

This work inproves four existing contam nant transport
simul ator nodels; each nodel incorporates one sorption rate
assunpti on.

Based on nodeling of the ground water contam nant nitro-
benzene on Ann Arbor granular aquifer material in laboratory
soil colum reactors, the rate-controlled model s predict
contam nant breakthrough better than the local equilibrium

nodel s.
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In one field-scale sinulation all nonlinear and nonequi -
l'ibriumnodels display the tailing phenomenon. The |inear

| ocal equilibriumnodel does not.
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I . 1 NTRODUCTI ON

A. Ground water contam nation, the general problem

MIlions of Americans depend on ground water. At | east
73 mllion people in the United States drink ground water
(JAWM, 1986), or about one-third of the U. S. popul ation.
This figure is not constant fromstate to state. Florida,
for instance, provides 90 percent of its residents with
drinking water from ground water (Tschinkel, 1986).

Because Aneri cans depend so nuch on ground water, we
wsh it were always safe and pure. Unfortunately this is
not the case. A great deal of ground water is contani nated.
A commonly quoted estimte of ground water contanination is
2 percent of the contents of U S. aquifers, but even this
figure may underesti mate the magni tude of the problem The
Nat i onal Research Council recently reviewed estinates of the
nation's ground water contam nation. They disni ssed earlier
clains that 2 percent of America's ground water is
contani nated as a "rough estinmate based on oversinmplified
assunptions.” The Council believes that the actual level is
probably higher. Even if the percentage appears snall, the
tendency for contam nation to exi st near popul ation centers

magni fies the gravity of the problem (ENR, 1986a).
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One rough gauge of the extent of serious ground water
contam nation is the nunmber of Superfund sites on the
Nati onal Priorities List. That nunber is now approachi ng
1000 and is expected to at | east double (GAWR, 1985; SN,
1986; Grisham et al., 1986). Presently there are 703
formal Superfund sites and 248 under considerati on (USW,
1987) . EPA has no data on the volune of ground water
contani nated by these sites, but estimates that 75 percent
of the sites have produced observed ground water
contam nati on (ENR, 1986b).

What ever the estimate of current contam nation may be,
it is probably an underestimate. That is because a | ong | ag
typically occurs between a contam nation incident and the
eventual discovery of contani nation. In ground water these
|l ags often stretch for decades. Even i f peopl e begin using
only safe waste disposal practices now, an increasing rate
of contam nant discovery will alnmost certainly continue

(Roberts et al.. 1982).

B. Contam nant tailing, the specific problem

After soneone discovers that an aquifer is contamnm nated,
the I and owner or the governnment often begins a cleanup
effort. Al though a variety of cleanup options is avail abl e,
the nost widely used option is the purge well nethod (Canter
and Knox, 1986). The concept of purge wells is sinple. The
engi neer deliberately places one or nore withdrawal wells in

t he contam nated region of the aquifer. As punping
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progresses over a period of tinme, the flow of water carries
away the contam nated water. The soil in the aquifer poses
a speci al probl em because sone contam nant sticks or "sorbs"
to the soil. Thi s contam nated soil can conti nue to cause
probl ens by rel easi ng sorbed contani nants even after wells
renove the the original contani nated water. In the purge
wel | met hod pure water does eventually wash even the

contam nated soil of the aquifer clean. Several
possibilities exist for disposing the withdrawn contam nat ed
water. Treatnent and di scharge to a surface water,
treatnment and recharge to the ground water, and direct

di scharge to sewers are typical disposal options.

Such cl eanup operations can cost a great deal. The
average cost of cleaning up a Superfund site by whatever
met hod i s about $8 mIlion, but due to the great range of
aqui fer and contam nant situations possible, that cost may
range from $200,000 to $2 billion (Kavanaugh, 1986). For
the specific case of well recovery systens, the single
greatest cost nmay be the energy cost of nmaintaining the
punping for the years required to cleanse an aquifer (Canter
and Knox, 1986).

G ven the high cost of cleaning contam nated aquifers in
general, and given the high energy cost of purge well
systens in particular, accurate prediction of contam nant
movenent is crucial. Only by accurately understandi ng the
nmovenent of a ground water contam nant plune can a ground

wat er professional provide a satisfactory neasure to renedy
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t he ground water problem In the case of purge wells in

particul ar, accurate forecasts of cleanup tine are vital to

econoni cal desi gn.

One drawback of many nodels currently in use, nodels
that couple the nost conmmonly applied physical nodeling
assunptions with the nost commonly applied chem cal nodeling
assunptions, is the so-called "tailing" phenonmenon (Roberts
et _al., 1982). In the field and even in the |l ab researchers
find that breakthrough response extends for considerably
| onger than expected. It appears that the contam nant
sorbed to the soil takes longer to rel ease than the
conventional nodel would predict. Figure I-I is an
illustrative exanple of what tailing mght look |like for a
purge well system As the figure shows, at the start of
punpi ng the ground water is contam nated, but as punping
progresses over tine the ground water w t hdrawn becones
increasingly clean. A conventional nodel that nmade the
conventional assunption that ground water and soil are
always in local equilibriumwould suggest a fairly rapid
cl eanup, but contaninant actually lingers for nany tines the

expect ed peri od.
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Clearly, a field scale purge well design based on such a
m sl eadi ng forecast would i ncorporate grossly unrealistic
operati on and nmi ntenance costs. Since cleanup costs are

typically so large, this inprecision is inportant to

exam ne.

C. Inproved contam nant transport nodels, the focus of
this report.

This work explores the hypothesis that the tailing
phenonenon results froma nunber of subtleties of
contani nant sorption. These subtleties are easily
under st ood, and nmat hemati cal nobdeling can antici pate them A
di scussi on of two areas of concern foll ows.

First, nost current ground water contam nant transport
nmodel s depend on the notion of instantaneous equilibration
of contam nant | evels between the ground water and near by
soil. This notion is generally based on batch reactor
experinents in which a small quantity of soil is stirred in
a solution of water contai ning a contani nant of interest.
The change in fluid phase contam nant concentrati on versus
contact time is customarily plotted in a graph. Wen this
measur ed change drops bel ow experinmental error, the system
is assuned to be at equilibrium This approach is |l ess than
rigorous, and may consi derably underestinmate the true tine
required for attainnment of equilibrium That is because the
solid phase available for sorption conprises a nearly

i nconsequential portion of the total system A good deal of
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activity may still occur in the solid without a noticeable
effect on the fluid phase. The conventional approach may

indicate that the systemattains equilibriumwithin a few

hours when in fact, the equilibration process nay continue
i ndefinitely (Coates and El zernan, 1986).

Second, nost current ground water contani nant transport
nodel s hypot hesi ze that the soil-water equilibriumisotherm
is linear. Recent work using |loworganic soils over w de
ranges of contam nant concentrati on suggests that various
nonl i near isotherm nodels better define the equilibrium
condition (MIller and Wber, 1986).

Thi s paper, then, is devoted to the inproved nodeling of
contami nant fate and transport by taking rate-controlled
ki netics, intraparticle diffusion, and nonlinear sorption
equi libriuminto account. The technical report explores the
effect of rate-controlled kinetics, intraparticle diffusion,
and nonlinear sorption equilibriumon sinulations of
| aboratory soil colums and on sinulations of a sinple
field-scale application. |nprovenents of existing sinulator

prograns all ow i nproved nodeling precision and reliability.
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1'1. THEORETI CAL BACKGROUND AND LI TERATURE REVI EW

A. The advecti ve-di spersive equati on

The nat henmati cal specification of physical and cheni cal
phenonena related to contam nant fate and transport nakes
devel oprment of conputerized, nathenatical, ground-water
model s possi ble. Such devel opment begins here with the
f undanent al physi cal processes —hydrodynam cs —and t hen
adds the rel evant chenical process —sorption.

Consider first an el enental vol une. Wthin this unit

vol une, conservati on of mass dict ates

Amass = area* (flux in) - area* (flux out) (H1)
+(source or sink) + (reaction)
wher e
Amass = the net rate of change of contam nant mass within
t he el enental volunme (M~ );

area = area of elenent face nornal to velocity of row(Lz);
flux m= nmnass transfer into the el enmental vol une (NEZT_S;
flux out = nass transfer fromthe el enental vol ume (Mf'f%;

source or sink = contam nant nass added or rempoved (M );

reaction = gain or |loss of nass due to reaction of any kind

()
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The physical forces responsible for flux into and out of
the el ement are advecti on, nechani cal di spersion, and
mol ecul ar di f fusi on. Most engi neers assune Pick's | aw
governs mechani cal di spersion and nol ecul ar di ffusion. In
t hree di nensi ons, detail ed considerati on of mass bal ance

yi el ds the advecti ve-di spersive equati on:

—= - V e grade + div(DO ~gradC) (I1-2)

5C “"b 6q
an (A-Thrxn -MMQ + T (fit )srp

wher e

—3
C sol uti on- phase sol ute concentration (M );
t =time (T);

V

pore velocity vector (LT );

- - = - = 2 —:IL
D, = second-rank hydrodynam c di spersion tensor (L T );

—3
V(C = fluid-phase sol ute source (NL'f%;

P, = bul k density of the soil phase (M. )
6 = volunme void fraction in the nedi um (di nensi onl ess);
g = vol unme- average soil - phase nmass nornualized by the mass of
the solid phase (MW );
rxn = subscript denoting a general chem cal or mass-transfer
reaction (di nensionl ess);
srp = subscript denoting sorption reaction (dinensionless).

This research consi ders the one-di nensi onal case. The

previ ous general devel opnent (adapted from Bear, 1979)
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reduces to a sinpler formin one-di nensi onal systens. In

one di nensi on wi t hout sources or sinks and wi thout reactions
ot her than sorption, the nass-bal ance approach yields a
sinpl er equation. Physical chem sts working with

chr omat ogr aphi ¢ col umms di scovered this equation al nost four

decades ago (adapted from Lapi dus and Anundson, 1952):

6C 6C 6" C Pb (5¢g
N = _AND BN + °h AN - T AN Asrp (AA_3)

wher e

D,

| ongi t udi nal hydrodynani ¢ di spersi on coefficient
(LAY

pore velocity in the longitudinal direction (LT~ );

<
1

2 = longitudinal distance variable (L).

Lapi dus and Amundson performed their pioneering work in
i on exchange and chr omat ographi ¢ col unmms, but the basic
princi ples also apply to one-di nensi onal ground water flow
and ultimately to hi gher-di nensional, ground-water systens.
Interestingly, the chem sts' early work exani ned the
relative applicability of rate and equilibriumcontrolled
sorption nodeling, which is a central focus of this
techni cal report.

Al t hough sone researchers (van Genuchten, et al.. 1984;

Crittenden, et al., 1986; Golt2 and Roberts, 1986; and
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Par ker and Val occhi, 1986) argue that the advective-

di spersi ve equati on presented here can oversinplify ground
wat er hydrodynani cs, this research uses it for two reasons.
First, it is by far the nost common neans of anal yzing
ground water fate and transport. Secondl y, | aboratory

tracer tests using a nonreactive, nonsorbing tracer suggest
that for the |laboratory systens studied in this report the
advecti ve-di spersive equation reasonably approxi nates the

hydr odynami cs.

B. The sorption expression

Once system hydrodynami cs are assuned, the only
remaining task in nodeling the fate and transport of a
nondegr adabl e contaninant is to specify the nature of the
sorpti on phenonenon. Because of the huge surface area over
whi ch ground water and soil contact each other, accurate
characterization of sorption is indispensable to the
construction of a realistic ground-water contani nant-
transport nodel. Sorption is a general termused to
descri be the uptake of a contam nant by soil w thout
specific reference to any particular mechanism  Sorption
enconpasses both surface adsorption of a contamnm nant onto
the exterior of soil particles and al so the partitioning of
a cont am nant between water and the interior of soil
particles (Chiou, in press).

Consi der abl e di sagreenent surrounds the sorption

expression. Debate centers on two issues, the shape of
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equilibriumisothermplots and the rate of equilibrium
attainnent. The question of equilibriumisotherm shape
centers on whether increasing fluid-phase contan nant
concentration in the ground water causes a |linear increase
in solid-phase contam nant concentration. The question of
rate centers on whether the contam nant in ground water
rapidly equilibrates with the contam nant sorbed in the soi
particles.

The next few pages detail the devel opnent of four
fundanental |y different ways of |ooking at the sorption
expression. These formulations formthe basis of the
conputer prograns revised for this research.

The | ocal equilibrium approach

Thi s approach (Freeze and Cherry, 1979) assunes that
i nterphase nmass transfer occurs so rapidly that the solid
phase —the particles that conpose the aquifer —and the
fluid phase —the ground water —are always in |ocal
equilibrium

Focusi ng specifically on the sorption term of equation

(11-3) and invoking the chain rule,

g%cﬁ 66 6C cCriI - a

Equation (I1-4) creates a need to define the relation

bet ween the solid-phase concentration and the fl uid-phase

concentrati on. For the case of i nstantaneous | ocal
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equi librium the sorption isotherm provides the needed

informati on. One possible isothermis the Freundlich

i sot herm

wher e

g = equilibriumvol unme-average soil - phase mass nornali zed
by the solid-phase mass (MW );

K rz Freundlich isotherm sorption-capacity constant
((1VA)");

equi | i brium sol uti on-phase concentration (M-~ );

@)
1

=}
1

Freundl i ch i sotherm sorption-energy constant

(di nmensi onl ess).

Assum ng |l ocal equilibrium any solid-phase
concentration and flui d-phase concentrati on conbi nati on that
satisfies the equation is an equilibriumsolution. This

permts differentiation of (11-5).

d3 = 6t "\ - ("N - S)

Putting this new information to work, equation (I1-4)

becones
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6 6C n-1

ét —_— ™\ " N/ - (/\/\_/\)
Sone researchers (Chiou, in press; Chiou, et_al., 1979;

Chiou, et al.. 1983) nmaintain that the Freundlich

coefficient equals unity for nonionic polar organics, the
class of contam nants of interest in this report. These
researchers suggest that nonionic polar organics sorb by
means of partitioning to the organic matter in aquifer
materials. In other words they believe that the sorption
isothermis linear. This is also the conventi onal w sdom
anong practicing engineers. Qher researchers (Saltznman et
al.. 1972; Mngelgrin and Gerstl, 1983; and MIler and
Weber, 1986) claimthat the Freundlich formw th n not equal
to unity is nore likely to be true, particularly in | ow
organi ¢ aquifer materials over w de contam nant
concentration ranges. Such an extrene situation, they
mai ntain, is conmon in ground water, but rare in sorption
st udi es.

Regardl ess of whether the linear or nonlinear isotherm
is true, the derivative of the general Freundlich isotherm
equation (11-7), may enter the advective di spersive

equation, equation (11-3) to yield

6C 6°C 6C “b  _, 6C
it =°h-71 - Az 6~ - A"V Bt . (M-«)
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Rear rangenment vyi el ds

gC  6°C SC

wher e
Pb .
RM =1 + -g- nk-C /

R- = retardati on factor.

The term Rf is the retardati on factor. It has an

interesting property: If the Freundlich coefficient equals
unity the retardation factor is a constant. The constant
provides the ratio of the average ground water velocity to
t he average contam nant velocity. This is a conpelling
reason why engi neers may wi sh to assune |linear equilibrium
quite apart fromthe question of whether the assunption of
linearity is rigorously true.
The Langmuir second-order approach

This nbdel —which Hiester and Verneul en (1952)
pi oneered i n packed-bed adsorbers —carries two
assunptions: (1) Sorption is a function of the product of
the fluid-phase concentration and the difference between the
sorption capacity and the contam nant concentrati on on the
solid phase. (2) Desorption is sinply a function of the

sol i d- phase concentration.
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Specifically, the solid-phase governing equation is

Tt = Kgl(@ - q) - ~] (11-10)

wher e
@ = Langinuir isothermsorption-capacity constant (MW ) ;
. 3 —a —3
k = second-order Langnuir nodel rate constant (L MT );
3 —a

b = Langnuir isotherm sorption-energy constant (L M ).

As conditions approach steady state, the above equation

yields the Langnuir isotherm

*3e = 1 + bcC - (11-11)

As before, this devel opnent is for a nondegradabl e,
nonr eacti ve cont am nant.

Substituting equation (11-10), the solid-phase governing
equation, into equation (I1-3), the advective-di spersive

equati on, vyields
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Si mul t aneous sol uti on of equation (11-12) and equati on
(1'l- 10) links the solid-phase and fl ui d-phase sol uti ons.

The first-order rate controlled with parallel ecfuilibrium
appr oach

Caneron and Klute (1977) were anong the first to propose
t hi s approach. It assunes that there are two types of sites
on the aquifer naterial where sorption may occur. The first
group of sites allows fast sorption. The nodel assunes
sorption there occurs so quickly that the fast sites locally
equilibrate with nearby ground water. At the second group
of sites sorption is slower. Sorption there proceeds
according to both rate and equilibrium expressions.

In equation form

6 fi'A A%

wher e

gq" = vol ume-average soil-phase mass normalized by the nass

of the solid phase for the rapid sorption rate

conponent of the equilibriumfirst-order nodel (MW );
g = vol une-average soil -phase mass nornalized by the nass

of the soild phase for the slow sorption rate conponent

of the equilibriumfirst-order nmodel (MW ).

Appl ying the chain rule,
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Equation 11-14 is the solid-phase governi ng equation
It is ready to substitute into equation (11-3), the

advecti ve-di spersive equation. This yields

SC 670 6C b "%gC 6' s
Bt =Ah 2 - Az 5% - A~C 6t + TT) + (M-75)

Assunmi ng that the Freundlich equilibriumnodel governs
the fast sites, equation (11-15) devel ops just as the

Freundlich | ocal -equilibriumnodel did to produce

AR FAfPDb n--1 6C
(1+_/\___— N ) 1t (ll—ll\)

6”0 6C b "%
n Oh A/\2 n /\Z 6/\ - n n eII ~5t

wher e

Kp A = Freundlich isothermsorption-capacity constant for

the rapid rate conponent of the equilibriumfirst-

3 -1"f
order rate nodel ((L M) );

n* = Freundlich isothermsorption-energy constant for the
rapid rate conponent of the equilibriumfirst-order

rate nodel (dinensionless).

The addition of a first-order expression for the slow

sorption termyields
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6C ShC 5 '"b n
Mof A =ch-2- 72 6- T"("F,sC - As) (~-17)

wher e

a =equilibriumfirst-order mass-transfer coefficient (T~ );

RN A = retardation factor for the rapidly sorbing fraction
in the equilibriunffirst-order nodel (dinmensionless);
K-, ., = Freundlich isotherm sorption-capacity constant for

the slow rate conponent of the equilibriumfirst-

3 -1"s
order rate nodel ((L M) )

n = Freundlich isotherm sorption-energy constant for the
Sl ow rate conponent of the equilibriumfirst-order

nodel (di nensi onl ess).
The sl ow sorption solid-phase equation is

| ] N\ /\ e
"it = <A(AF,s'= - As) . (AR-IS)

si mul t aneous sol ution |links equations (11-17) and (Il =
I's).
The dual -resi stance approach

Crittenden and Wber (1978) were anpng those who
perfornmed early work with the dual -resi stance nodel in

porous adsorbants. This approach assunes that sorption is a
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two-step process. For a nolecule of contam nant to sorb to
the soil it nmust first pass through a filmlayer which
surrounds each soil particle and then diffuse into the soi
particle proper. Even though aquifer soil is nostly
i npenetrable mneral, this does not detract fromthe nodel's
applicability. The diffusion process sinply shifts to the
pat ches of organic matter which dot the exterior of the soi
particles, so the porous adsorbant nodel also applies to
sand grains as long as there is sone organic natter on the
grai ns' exterior.

| f the concentration of contamnant on a soil particle
conposed of spherical shells equals the integral of
contam nant nass on each shell over the particle radius

di vided by the particle volune, then

g =-"¢, .-~ r~rg dr) (11-19)

wher e
R = radius of soil particle (L);
r = radi al distance variable for dual-resistance nodel (L);

q

sol i d- phase solute mass nornalized by the nmass of the

solid phase as a function of radial position (MW ),

and
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o6 = ,Bmabt (/A 'Ardr) . (11-20)

By applying a mass bal ance to mass transfer anong
adj acent shells and assum ng Fickian diffusion, the solid

phase governi ng equation is

2

6 Q. 2 * "N <5 s

o — VAN

s (-2- + 1 T7) = Tt (1~-21)
wher e
D =intraparticle surface-diffusion coefficient for dual-

2 -1
resi stance nodel (L T ).

The solid phase governing equati on has two boundary

conditions. The first follows fromradial symetry at the

particle center.

(St ey — O - C L1L-—- ==)D

The second conbi nes Fickian diffusion at the filns's

exterior with flux through the boundary-layer film

ar. | N

6r =R rpKSs- < D> (C(11-23)D
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wher e

ki = filmmass transfer coefficient for the DUAL nodel
(LT

C = fluid-phase, equilibriumisotherm concentration

corresponding to the soil -phase concentration at the

. —3
particle boundary (M. );

p = density of the soil particle (M:%.
Al t hough equation (11-20) defines the change of solid-

phase concentration with respect to tinme, a nore practica

definition to substitute into the fluid-phase governing

equati on cones from exam nation of fl ux.

"= MASS FLUX * SURFACE AREA * particLE MASS ' AMATAMA

Substituti ng mat hematical terns.

A= kf(C - C3)*43TrF/$2F’: 4----3— . (11-25)

Sinplification yields the change in the solid-phase
concentration with respect to tinme to plug into the

advecti ve-di spersive equation.

6 2° (" - "s)
N= - - - "NR- - - - - - ("N =-27)
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Now t he advective-di spersive equation, equation (I1-3)

becones

A= o T7----- Ri---- (C- "s) " (17-27)

whi ch serves as the fluid-phase governi ng equati on.
Si mul t aneous sol ution links the fluid-phase governing
equation, equation (11-27) with the solid-phase governing

equation, equation (11-21).

C. Rel at ed research

Val occhi (1985) exam ned the rel ative performance of
rate-control l ed versus |ocal-equilibriumcontrolled sorption
in sinul at ed one-di nensi onal ground water colum
experinments. The study included not only chem cal
nonequi l i bri um but al so physi cal nonequili brium nodel s.

Val occhi did not exam ne the inportance of isotherm shape
because he used the nethod of tinme noments, an anal ytica
anal ysis nethod that requires use of |inear isothernmns.

Chiou (in press) has conducted nunerous batch | aboratory
experinments to determ ne equilibriumsorption isotherm
shapes for a variety of nonionic organic solvents. His
studi es have enconpassed a range of organic matter content,

m neral matter, and npi sture content.
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MIler (1984) studied and nodel ed sorption in batch
reactor | aboratory systens and in |aboratory soil colum
reactors. H s work included the contam nants |indane and
ni trobenzene, but focused on |indane. He denonstrated that
I i ndane exhibits nonlinear, rate-controlled sorption on
several granular aquifer material s.

This technical report is closely allied with the
original work of MIller. The chief distinctions of this
technical report are refinenents of the nunerical node
si mul ator prograns and the nodeling of the contam nant

ni trobenzene i n ground water col umms.
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. EXPERI MENTAL NMETHODS

A. Description of |aboratory studies

This technical report is an offshoot of the dissertation
of MIler (1984). Al laboratory work and many prograns
used in this technical report cone fromthe work of Mller.
Clearly, a basic understanding of that work is a
prerequisite to understanding this work. This first section
of Chapter Il provides a framework for such a basic
understanding. A reader interested in details should refer
to the original dissertation.

The original study is titled Mdeling of Sorption and
Desor pti on Phenonena for Hydrophobic Organic Contam nants in
Saturated Soil Environments. The work consists of three
maj or parts: bottle-point equilibriumstudies, conpletely
m xed batch reactor (CMBR) studies, and soil-colum reactor
studies. It focuses on the sorption of two hydrophobic
organi ¢ contam nants taken one at a tinme on a variety of
glacially deposited Wsconsin Age sands.

O particular pertinence to the present technical report

is the work on the contam nant nitrobenzene on Ann Arbor

soil. MIller's nodeling thoroughly covers only bottle point

and CMBR reactors. The dissertation does not detail the

model i ng of the soil-colum reactor for this particular
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contam nant -soil conbi nati on even though a conpl ete set of

| aboratory data, rate parameters, and equilibrium paraneters

is at hand.

Ni trobenzene (CgH NO ), the contam nant used in the
experiments of interest, is also known as oil of mrbane.

It is a product of the organic chem cal industry. Solvent
recovery plants use it, as do manufacturers of dyestuffs.
It is a solvent used in TNT production. It is also a
constituent in shoe polish. It has the odor of bitter
alnonds. Mller studied it because of its conmbn occurrence
in the environment, its noderately nonvolatile nature, its
resi stance to degradation, and its partitioning properties.
The Ann Arbor soil had a nmedian grain dianmeter of 0.232
mm a grain size uniformty coefficient (dgQd*, .) of 2.616,
a hydraulic conductivity of 4.15x10 cnisec, a total
organi c carbon content of 1.14 percent, and a cation
exchange capacity of 6.9 neqg/1O0gr. MIler studied Ann
Arbor soil because of its sandy character, a character
shared nmy many aquifers tapped for potable water supplies.
This remai nder of this chapter details how the student
used the infommation fromMIller's original studies,

nodi fi ed and wote conputer prograns, and then nodel ed

ni trobenzene on Ann Arbor soil in soil colums.

B. Inprovenent of nunerical nodels
Conmput er nodel inprovement represents by far the | argest

portion of the tine budget of this endeavor. Copies of the

prograns are |located in the appendi x.
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At the start of this study, this research inherited four
FORTRAN comput er prograns whi ch contained the basic
algorithns for finite difference solution of the four types
of sorption nodels presented in the previous chapter. The
progranms were descendants of the prograns MIler used in his
di ssertation. These prograns were naned | ocal equilibrium
wi th dispersion (LED); Langnuir second order sorption (LSO;
equilibrium/ first-order sorption (FED); and dual -
resi stance (DUAL).

The finite difference nodels are, of course, nunerical
nodel s, not anal ytical solutions. The nonlinearity of the
probl ems and the desire to have flexible control over
boundary conditions force the use of nunerical nodels.

This paper often refers to five, not four nodels. That
i s because the nodel LED does double duty. Depending on
whet her the input data deck specifies |inear isotherm
equilibriumor or Freundlich isothermequilibrium the node
operates under the name linear local equilibriumwth
di spersion (L-LED) or Freundlich local equilibriumwth
di spersion (F-LED).

The heart of each nodel is a set of governing finite
di fference equations. These are spatially centered finite
di f ference approxi mations of the differential equations
presented in the previous chapter. The equations that
appear here are not the direct finite difference anal ogi es
to the governing equations, but instead the "sorted"

versions. That is, coefficients associated with the
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dependent variable at |ike nodes appear together. DGEAR, an
| MSL subroutine, handles the tinme-stepping tasks. DGEAR is
a pre-packaged FORTRAN subroutine that solves differential

equati ons using Gear's nethod.

For LED the governing equation (11-8) becones

AN 1 "h Nz 2 DN

f ., 1 P A=
N
axn A 9 —n 9A7 A Aj 4| A
AZ

RA =1+y nkp C"-| |
i = colum node i ndex.

For each of the other nodels there are two governing
equations, a solid-phase and a fluid-phase equation. The

LSO fl ui d- phase equation (11-12) becones
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dG. Di V, 2Dy,
dt " A2 "M 282N N-RUM A2 M A (LTT-2)

°h
ALY 2N Hn

AZ

N\

b _
o k3[(Q - qi) C -3]

N

The LSO solid phase equation (11-10) becones

law I a» |

dt #

(@ -gi) G-~ . (111-3)

The FED fl ui d-phase equation (11-17) becomnes

A - F el I F
S0t TR M2 UM 2R Nl RET NI
IR/ R

P 3 ~
17779 te(Kp, G A - M)A e (110-4)
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The FED solid phase equation (11-18) becones

AAS, |

-dt-= «(Kf,s APt %in ' (I ~MA-5)
The DUAL fl ui d-phase equation (11-27) becones

dC  ~h Az A°h 3KE(]-0)

dt I A~[A A TKiA Ai_l A Al A I A AN oA

Dh Nz Bkf (Il -e)
a"  AWA M 2A|/\ Ai +1 TA A Re AAS,i . (|||-6)

The DUAL solid phase equation (11-21) becomes

ay- 2 T D, D.oso

M ANA T AL A A A Ay

Dh DA

a0t TOAACTA PAS 3 (11-7)

wher e

1 = radi al node i ndex;
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Ar™ + Ar
Ar = - - -=- - - - -
AL "ML+
Ar =
AL+l - A1
Al = 2

The changes to the existing prograns follow.
1. Conmmenting of prograns

The first change nade to the four existing progranms was
t he addition of conmment lines. These conmment lines did not,
of course, affect the operation of the progranms, but they
did inprove the clarity of the prograns. The task al so
fam liarized the student with the prograns.
2. Transportability of prograns

The second change was the conversion of the prograns
from personal conputer prograns to a formthat could easily
operate in either a mainframe or2 mcroconputer environnment.
The increased solution speed was a wel cone i nprovenent,
particularly for nodels such as DUAL whi ch required many
hours to execute, even on a PC-AT. The needed changes
i ncl uded restructuring of the program comon bl ocks and
devel opment of easily redirectable input and output units.
Several mainfranme versions also ran on the Triangle
Uni versity Conputing Center's Floating Point Systenms - 164

scientific conputer. The FPS-164 offered no inprovenent in
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speed usi ng the standard FORTRAN code devel oped for the

mai nfrane and m croconputer. | nproved FPS-164 perfornmance
woul d have required code specifically designed to take
advant age of the FPS-optim zed library subroutines. Program
transportability took precedence over speed so further
programmi ng efforts stayed in the mai nfrane and

m croconput er environnents.

An early task performed to | earn about the relative
useful ness of the various conputer environnents was
benchmark testing. Table Ill-I presents the perfornance of
a benchmark run in three different environnments: the PC AT,
an ordinary PC with a nmath coprocessor, and the nai nfrane.
The conparison attenpted to isolate CPU tine from
i nput/output tinme in order to report just the tinme spent

doi ng t he nath.
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Table 111-1

BENCHVARK TESTI NG I N VARI OQUS COVPUTER ENVI RONMENTS

Sol ution Tine

Envi r onnent Procfram f HH; MM SsS»

PC LED 00: 05: 07

PC LSO 00: 05: 13

PC FED 00: 14: 12

PC DUAL NOTE 1

PC- AT LED 00: 02: 31

PC- AT LSO 00: 02: 20

PC- AT FED 00: 05: 22

PC- AT DUAL >09: 00: OO0 NOTE2
NMAI NFRANME LED 00: 00: 05

MAI NFRANMVE LSO 00: 00: 04

NMAI NFRANVE FED 00: 00: 22

NMAI NFRANME DUAL 00: 06: 49

NOTE 1: THE DUAL EXECUTABLE MODULE IS TOO LARGE TO FIT ON A

FLOPPY DI SK. SINCE IT CANNOT FIT ON A DISK IT
CANNOT RUN.

NOTE 2: EVEN AN OVERNI GHT RUN DI D NOT ALLOW SUFFI Cl ENT TI ME
FOR PROGRAM COVPLETI ON.
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3. Variation of influent

As the present research began, the conputer simulation

nodel s assuned constant soil columm influent concentrati on.

The third change and the first nmjor alteration of the
codes was the addition of variable influent concentration
capability. The nodifications to the code all owed the
prograns to accept both m nor fluctuations in influent
concentration and drastic changes in influent concentration.
The user could now specify a constant influent concentration
or precisely steer the influent concentration. The
ef fl uent boundary condition, the partial of concentration
with respect to |location equals zero, remined unchanged.
The ability to control precisely the upstream boundary
conditi on was conveni ent when reproduci ng small experi nent al
fluctuations in the influent concentration. The control was
i ndi spensabl e when studyi ng sorption/desorption systens
where an elutriation phase follows a period of contam nant
f eed.

A conpani on nodification to the variable influent
provi sion was to add subroutines, INFAO and | NFO2, that
provide a detailed report of sinulation status. As program
conpl exity increased the |ikelihood of blunders increased
dramatically. |INFA and | NFO2 hel ped to counteract this
natural tendency by displaying such relevant factors as

i nfluent concentrations and the derivative of influent

concentration with respect to tine to assure that the
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progranms were functioning properly, and to aid in
troubl eshooting if they were not.
4. Variation of velocity

The fourth change was to accommodate a single update in
the soil colum flow velocity at the time of contam nant
shutof f, should one occur. This was required because of a
peculiarity in the |aboratory experinmental design which
resulted in a change in contam nant vel ocity when
contam nant flow stopped and el utriation began.
5. Cal cul ati on of mass bal ance

The fifth and final change was the addition of an
automatic mass bal ance check. Numerical nodels, even ones
that are technically validated, always threaten an
unexpected nunerical breakdown. These breakdowns were a
constant source of worry for the program operator since they
were not al ways obvi ous. Subroutines MASSI and MASS2
provided relief. The subroutines kept track of the
contam nant nmass in the influent, contam nant nass in the
ef fluent, contam nant left in the soil, and contam nant |eft
inthe fluid. By conputing the ratio of input to accounted
mass at the end of each soil columm sinulation, these
subroutines assured the program operator that the just-
conpl eted run operated snmoothly, at |east to the extent that

matter had neither been created nor destroyed.
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C. Studies with the nunerical nopdels
A si x-step protocol for nodel devel opnent and

application drew ideas about the nodeling process froma
paper by Thomann (1982).

MODEL DEVELOPNMENT PROTOCOL

1. Formulate a nmbdel —a set of governing differential
equati ons plus boundary conditions —from consi deration
of fundamental principles. Recast the nodel in terns of
a nunerical schene for sol ution.

2. Check the nunerical nodel in an analytically tractable
scenari o against an analytic solution. |If it checks, the
nodel is technically validated.

3. Isolate and identify as many paraneters as possible
t hrough i ndependent paraneter determ nation.

4. Use an experinmental ly derived data set and force a fit
using paraneters that could not be independently
established. Check that the paraneters are plausible.
|f the paraneters are plausible and the prediction fits,
the nodel is calibrated, and operationally vali dated.

5. Take at | east one nore data set froma different set of
conditions and nake a predictive run. If the prediction
fits the new data, the nodel is dynam cally vali dated.

6. After every run performa nass balance. This affords yet
anot her partial technical validation each tinme the node

runs.
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Upon conpl etion of the full set of activities fromthe
nmodel devel opnent protocol at the |ab scale, the research
returned to the original question of purge well analysis by
preparing an illustrative field-scale exanple.

Unfortunately, the lack of actual field-scale data prevented
application of the entire nodeling process. The nodel was,
however, well suited to denonstrate the effect of the scale
of the problemon the prediction of the nodel.

The application of these nodeling activities to Mller's
soi |l -colum | aboratory experinents and the illustrative

field scal e nodel conpose the subject matter of the next

chapter.
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I V. EXPERI MENTAL RESULTS AND DI SCUSSI ON

A. Laboratory-scal e anal ysis

This section details the results of the nodel
devel opnent protocol for the |aboratory-scale analysis.

Techni cal validation precedes actual nodel use. One way
to make this validation is to conpare predictions of the
nunerical nodel s agai nst predictions of existing analytical
simulators fromMIller (1984). Wen the predictions natch,
It denonstrates that the central conmponents of the nunerical
nmodel s function correctly. Because this research uses
exi sting prograns, the use of the technical validationis a
conservati ve approach.

The breakt hrough curves produced in sinplified,
anal ytically tractable situations followin Figures IV-1
through 1V-8. The curves appear in matched pairs that
present a nunerical prediction and the correspondi ng
analytic prediction. The LED and FED predictions depict a
situation of contam nation followed by elutriation. The LSO

and DUAL predictions depict a continuous contam nant input.
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The anal ytic and numerical nodels match al nmost
perfectly; the nodels are technically validated.

The next step —isolation and independent estimation of
as many parameters as possible —begins with
characterization of systemhydrodynamcs. The systemis a
suite of three soil colum reactors packed with Ann Arbor

granul ar aquifer material. The operational names of these
colums are colum 15-1, colum 16-1, and colum 16-2

MIller's laboratory tracer tests conducted with the
chloride ion provide the means to characterize each colum's
hydrodynam cs. An automatic nonlinear paraneter estimator
programattached to the front end of one of the inproved
sinulator prograns (LED) drives the sinulator. The
paraneter estimator programuses the |MSL subroutine ZXSSQ
ZXSSQ uses the Levenberg-Mrquardt al gorithmfor nonlinear
optimzation. The estimator drives the sinulator, varying
onl'y hydrodynami ¢ dispersion until the sumof the squares of
the residuals of the nodel prediction with respect to the
observed data reach a m ni mum

Limtations on the size of the DUAL programrestrict
anal ysis to nodels with 21 col um nodes, although for ideal
nunerical nmodel operation theoretical considerations woul d
call for as many as 3 6 col um nodes. A conparison with a
theoretical |y nore favorable situation not presented here
demonstrates that the consequences of the 21-node limtation
are mniml. Figures V-9 through IV-11 illustrate the
best- fit tracer test breakthrough curves for colums with

21 nodes.


NEATPAGEINFO:id=254D06E3-1E6D-4770-BBFA-53CDD7D980B8


49

Tabl e 1V-1 presents the optiml hydrodynam c di spersion
coefficient and dispersivity for each colum as determn ned

by this research

°h

wher e

a = longitudinal dispersivity (cm

Di spersivity neasures the tendency of the aquifer
material to cause dispersion and is independent of ground

wat er velocity if nolecular diffusion is negligible.
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Table | V-1

Fitted Hydrodynam c Paraneters

The table lists optinal hydrodynam c paraneters for

colums nobdel ed with 21 nodes.

Hydr odynam c

Di spersi on Longi t udi nal
Col umm Coefficient D spersitivity
Nunber (cm / hr)

. (cm__
as_ a =. == O as=
1 s - A a. s O . ==
1T s - = a
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The tracer test results, together with Mller's soil
anal ysis, bottle-point studies, and conpletely m xed batch-
reactor studies yield a nearly conplete set of paraneters
for nodeling the breakthrough of nitrobenzene in the soi
colums. A conplete paraneter set already exists for L-LED
F- LED, and LSO FED and DUAL each | ack one paraneter. FED
| acks the relative distribution of fast sorption sites to
sl ow sorption sites. DUAL |acks the filmtransport
coefficient.

Tabl e 1V-2 sunmari zes the sorption paraneter infornmation
that is available for nitrobenzene on Ann Arbor granul ar

aqui fer material at the outset of the nitrobenzene/ Ann Arbor

col um nodel i ng.
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Tabl e | V-2

Laboratory Sorption Paraneters Known at
Start of Sorption Study

Par anmet er Val ue

Li near sorption isotherm nodel coefficient 6. 69
(cm™/g)

Freundlich isotherm sorption-capacit
const ant P P y ( ( CFR;&)L?: /\7/3)
Freundlich i sotherm sorpti on-energy 0.73
const ant (Di mensi onl ess)
Equi l i brium first-order nodel 32 x 1072
mass-transfer coefficient (1/ hr)
Langnui r isotherm sorption-capacity 40 x 10°°
const ant (g/ g)

. . . +5
Langmuir isot herm sorpti on-energy ,91 X 10
const ant (Crn\/g)
Second-order Langnuir nodel rate 1.86 X 10"A'*
const ant (Cm/g/ hr)

I ntraparticle surface-diffusion 3.44-X 10"7
coefficient for dual -resi stance nodel (Cm A hl’)

Source: Mller (1984),
MIler and Weber (1984), and
Weber and MIller (in press)
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Model calibration to determ ne the val ues of the
remai ni ng paraneters for nitrobenzene nodeling foll ows
i ndependent paraneter estimation. |In order to preserve a
fair conparison anong the nodels, the runs treat one
paranmeter from each nodel as an unknown. This allows L-LED,
F-LED, and LSO to share the inproved prediction capability
afforded by calibration. The runs treat hydrodynam c
di spersi on as unknown for L-LED and F-LED, and treat the
second-order rate constant as unknown for LSO

Calibration begins with the first nitrobenzene / Ann
Arbor data set, nunber 15-1. Calibration fits the one
m ssi ng paraneter for each nodel. The objective function is
to mnimze the sumof squares of nodel residuals. The |NMsL
automati c estimator ZXSSQ encounters operational

difficulties for LSO and FED nodels so progressively finer

grid searches find the best fit. A grid search on k* also

finds the best fit for the DUAL nodel because an autonmatic
paraneter estination would require an unacceptably | arge
amount of conputer tinme —sonething in the range of
several CPU-hours for a single run.

Tabl e 1V-3 presents the findings of the calibration

procedure.
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Table 1 V-3
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Fi ndi ngs of Sorption Calibration Procedure

Par anet er

Longi tudi nal dispersitivity for linear

| ocal equilibrium nodel

Longi tudi nal dispersitivity for
Freundlich | ocal equilibrium nodel

Second-order Langnmuir nodel rate
const ant

Freundlich i sotherm sorpti on-capacity
constant for the rapid rate conponent

of the equilibriunmfirst-order rate
nodel

Freundlich isotherm sorption-capacity
constant for the slow rate conponent

of the equilibriunffirst-order rate
nodel

Filmtransport coefficient for the
dual - resi st ance nodel

Val ue

2.59 cm

2.27 cm

5900 cm / g/ hr

0.00 (cnf/g)> ' An

0.27 (cm/g)® A"

0. 0062 cnt hr
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Conpari son of Table IV-2 with Table |V-3 provides
favorabl e i nformati on: For the three npbdel s where paraneter
estimation is not absolutely necessary, the paraneter val ues
do not shift dramatically.

Plotting the nodel predictions for colum 15-1 al ong
with the experinental breakthrough neasurenents provides
neans to assess whether the calibrations are successful.
Tabl e 1 V-4 presents the input paraneters for each nodel
Fi gures 1V-12 through IV-16 display the breakthrough curves

predicted by the force-fit nodels.
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| nput Paraneters for Mddels of Colum 15-1,
The Cali brati on Run

Var i abl e

Dv™ during contam nation

DyM for L-LED during contam nation
D, for F-LED during contam nation

e

V during contam nation
V during elutriation

C, @t=0.00 hr
@t=144 hr
@t=191 hr
@t=191+ hr
@t =600 hr

* di nensi onl ess

OO ODOO0 0 OO0 O 00 OO0 OO 0 0 0 ©O 0 oo0OoO0

Val ue

. 2970 E+01 cm/ hr

. 1700 E+02 cnt/ hr

. 1490 E+02 cm/ hr

. 3730 E+00*

.2 670 E+01 g/cnt

. 6560 E+01 cnl hr

. 5070 E+01 cnl hr

. 2450 E+02 cm

.6690 E+01 cm”/g

.2170 E+00 (cm”/g) "' An

. 7300 E+0O0*

10000 E+00 (cmA/ g) A=A

. 7300 E+0O*

2170 E+00 (cm ™ g)A' ' A=A

. 7300 E+0O*

.3320 E-01 1/ hr

. 4400 E-04 g/ g
. 2910 E+06 cmtM g

5900 E+04 cm ™/ gl hr
3440 E-06 cm”/ hr

. 6200 E-02 cm hr
.1160 E-01 cm

. 1564 E-05 g/cni®
. 1310 E-05 <3/ctP
. 1510 E-05 g/ cnt®
.1000 E-19 g/cm?
.1000 E-19 g/cmA”
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The predictions all do a reasonable job of anticipating
the timng of the main breakthrough events around 30 and 70
bed volunmes. L-LED and F-LED fail to capture either the
correct shape of the breakthrough curve or the peak
concentrati on. LSO and FED do better on both counts but
still contain periods of consistent overprediction and
under predi ction. DUAL predictions appear nost accurate,
capturing both the shape and the tim ng of the breakthrough

From a nore objective standpoint, nodel variance
supports the suggestion that DUAL outperforns LSO and FED
which in turn outperformF-LED and L-LED. Mbdel variance
equal s the sum of the squares of the nodel residuals divided

by the nunber of observations. Table IV-5 presents the

vari ance of each nodel.
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Tabl e 1 V-5

Vari ance of Fitted Models of Col um 15-1

) 3 2
Model == == ©Mbdel Variance (g/cm)
L — L= o . O == [ =4

—— L= > Ol O===

L <> o _ O O —=
— ==nr——— <> _ CO O —R T—=
|, WS o . OO = =
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An addi ti onal val uable exercise is to exam ne the

sensitivity of the nodel predictions to perturbations of the
fitted paraneters. Figures |IV-17 through IV-21 present the
result of shifting the fitted paranmeter in each nodel up and
down one order of nmamgnitude. Figures |IV-17 and |V-18
denonstrate the i nportance of hydrodynan c di spersion in
controlling snearing and timng of the breakthrough in the
LED nodels. Figure IV-19 shows the profound effect of the
second order constant in LSO on contam nant breakt hrough
predictions. Figure |IV-20 denpnstrates how the rel ative

di stri bution of fast versus slow sites affects FED s

predictions. Finally for the DUAL nodel Figure IV-21 shows

the small inpact of a filmconstant that is too | arge and
the large inpact of a filmconstant that is too small, at
| east for this run. This is an inportant point. It

suggests that the sorption process is internal diffusion

controll ed.
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On the basis of the precedi ng anal ysis, the nodel DUAL
appears calibrated and operationally validated. The
situation for FED and LSO is not as clear. Arguably, FED
and LSO are al so calibrated and operationally validated. By
any but the nbst generous analysis, L-LED and F-LED are not
calibrated or operationally validated. In accordance with
t he nodel devel opnent protocol, the LED nodels drop from
further consi deration. The elimnation of L-LED is
particularly noteworthy because L-LED is the nost w dely
used sorption nodel in practice.

The next step for the remaining nodels is to apply the
nmodel s in predictive node on new data sets under different
conditions to establish dynam c validation. This brings the
remai ning two data sets involving nitrobenzene into
consideration. The first, 16-1, is distinguished by a four-
fold increase in influent concentration and a hal vi ng of
velocity as conpared to data set 15-1. The second, 16-2, is
quite simlar to 16-1 and has only a slightly |ower influent
concentration than 16-1.

Tables 1V-6 and | V-7 present the input parameters for
the purely predictive runs. Figures |V-22 through |IV-27
di splay the resulting breakthrough predictions together wth
t he experinental observations. Tables IV-8 and IV-9 |ist
t he variance of each of the predictive nodels for each
experi nent.

For both soil colums all three renmining nodels —LSQO

FED, and DUAL —overpredict the peak concentration. The
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model s do, however, capture the general shape and tim ng of
t he breakt hrough curve. Variance, the selected quantitative

neasure of the nodels' fit, increases in all cases fromthe

cali brati on run.
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Tabl e | V-6

| nput Paraneters for Mdels of Colum 16-1
A Predictive Run

Var i abl e Val ue

Dy™ during contam nation - 1773 E+O01 cm / hr

DM for L-LED during contam nation
D, for F-LED during contam nation

. 7820 E+O1 cm/ hr
. 6855 E+O01 cm/ hr

e . 3730 E+OO'¢

P
V during contam nation

. 2670 E+0O1 g/ cm
. 3020 E+O1 cni hr

V during elutriation

2

|S>

.3140 E+01 cnf hr

. 2180 E+02 cm

. 6690 E+01 cm /g

2170 E+00 (cnp/g)- - 73

. 7300 E+00*

. 0000 E+00 {cmp/g)- 0 73

. 7300 E+00*

.2170 E+00 {cnplq) O- 73

. 7300 E+00*

.3320 E-01 1/hr

. 4400 E-04 g/g

2910 E+06 cm /g

. 5900 E+04 cm /g/ hr

.3440 E-06 cml hr

. 6200 E-02 cnf hr

.1160 E-01 ¢ hr

C, @ 5=0. 00 hr
@t=120 hr
@t =482 hr
@t=482+ hr
8 t=1000 hr

. 4653 E- 05 g/ cm
. 4240 E- 05 g/ cm
. 4140 E- 05 g/ cm

. 1000 E-19 g/ cm

OOOOOOOOO_OOOOOOOOOOOOOOOOOO

. 1000 E-19 g/cm

* di nensi onl ess
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Table 1 V-7

| nput Paraneters for Mdels of Columm 16-2,
A Predictive Run

Var i abl e Val ue

.1290 E+01 cm/ hr
. 8550 E+01 cm/ hr
7490 E+01 cn*”/ hr
. 3730 E+00*

. 2670 E+01 g/cm”

. 3300 E+01 cni hr

. 3670 E+01 cm hr
. 2180 E+02 cm

16690 E+01 cni®/ g
12170 E+00 (cni M g)® ™

. 7300 E+0O0O*

.0000 E+00 (cm/g)®

. 7300 E+O0OO0O*

.2170 E+00 (cm A/ g)® 73
. 7300 E+0O0O*

. 3320 E-01 1/ hr

.4400 E-04 g/g

. 2910 E+06 cr'™ g

.5900 E+04 cni'™ gl hr

. 3440 E-06 cnf/ hr

.62 00 E-02 cml hr
.1160 E-01 cm

3191 E-05 g/cmA”
. 3130 E-05 g/cm”
. 2480 E-05 g/cni®
. 1000 E-19 g/cnt
. 1000 E-19 g/cnt

DA during contam nation
D, for L-LED during contam nation

D, for F-LED during contam nation
6

p

V during contam nation

V during elutriation

z

A o]

F, f

A

F, S

C @t=0.00
8 t=120 hr
@t =482 hr
@t=482+ hr
@1t =1000 hr

OO OO O 0 0 OO0 0O 0O 0 OO0 OO 00O 0 O o0 OO0
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Tabl e | V-8

Vari ance of Fitted Models of Colum 16-1

Model Model Vari ance fg/ cm3) z
LSO 0. 0203
FED 0. 0224
DUAL 0. 0197

Tabl e | V-9

Vari ance of Fitted Mbdels of Col um 16-2

. 3 2
Model Model Variance (g/cm)
LSO 0. 0375
FED 0. 0414

DUAL 0. 0381

83
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Clearly the nodel s appear sonewhat |acking in their
ability to predict contam nant breakthrough accurately in
the soil colunms. These predictive runs fail to establish
dynam c validation

A nunber of possible explanations for this unfortunate
situation exist. Although the nodels thensel ves nay be
i ncorrect, experience of MIler (1984) suggests they shoul d
performbetter. One area of concern is the original |ab
wor K. First, the equilibriumnitrobenzene isotherns studies
in the | ab never enconpass the high concentrations in the
soil colum experinents 16-1 and 16-2. Since the col umns
operate in the range of extrapol ati on beyond the range of
earlier experience, the sorption isotherminput paraneters
may be i nadequate . Since the colum nodels do nuch better
in experinent 15-1, a run at nuch | ower concentrations, this
hypothesis is consistent with the facts. Second, the | ab
work may suffer from a mass bal ance error. Due to the
autonmatic sinmulati on mass bal ance check, it is clear the
simul ati on mass bal ances are in order. Unfortunately there
is no way to check the mass bal ance of the actual | aboratory
experiment since the experinent stops while a considerable
concentrati on of contam nant conti nues to exit. Thi rd,
there are many potential sources of error in the |aboratory
setup ranging fromsorption into the tubing to | eaky joints.
Fourth, the | aboratory study includes relatively few

ni trobenzene experinents, so |lack of experience may play a

r ol e.
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The above di scussi on does not suggest that the
| aboratory work is substandard. G ven the consi derable
practical difficulties posed by the experiment, the problens
t he technici an appears to have encountered are
under st andabl e. This just suggests that the di screpancy
bet ween the | aboratory observati ons and t he nodel
predi ctions nmay not stem from any problens with the nodels.
If the |aboratory results are real, possible causes of the
apparent nass | oss include hysteretic or irreversible

sorption, contam nant degradation, or volatile | osses.

B. Field-scale analysis

The field-scale problemdepicts a highly sinmplified,
honmbogeneous, one-di nensi onal situation that resenbl es col um
15-1 in nost respects except size. It portrays a colum 100
times | onger than the | aboratory colum, a system al nost 25
meters | ong. Hydr odynani ¢ di spersi on increases 100 ti nes.
The run sinmul ates a constant rel ease of nitrobenzene for 10
t housand hours (417 days), followed by an abrupt contani nant
cutof f and 50 thousand hours (6 years) of elutriation.

Table 1'V-10 lists the input paraneters for all the nodels.

Figure 1V-28 illustrates the resulting contani nant
br eakt hrough predi cted by each nodel. As expected the
conventional linear-local-equilibriumnodel (L-LED) predicts
no tailing, while the other nodels do predict tailing. It

is interesting to note the convergence of three of the

nmodel s — F-LED, FED, and DUAL —to virtually the sane
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prediction. This is not inevitable but instead an

i nteresting consequence of the particular input function and
system paraneters. Conparison of the field scale
predictions with experinmental findings is inpossible at
present because no field-scale data are avail able, but the
tailing predictions agree in a qualitative sense with the

findi ngs of other observers.
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Tabl e

| nput Paraneters for

Var i abl e

D~ during contanm nation
D, for

D, for

e

V during contam nation
V during elutriation

z

@t =0.00 hr

@ 5=10, 000 hr
@t =10, 000+ hr
@t =60, 000 hr

* di nensi onsl ess

L- LED during contam nation
F- LED during contam nation
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I Vv-10

Fi el d- Scal e | nvesti gati ons

Val ue

. 2970 E+O03

cm/ hr

. 2970 E+03

cm/ hr

. 2970 E+O03

cm/ hr

. 3970 E+OO*

. 2670 E+O01

g/ cm
cml hr
cml hr

cm

. 6564 E+O01

. 6564 E+O01

. 2450 E+04

. 6690 E+01

cm/g

. 2170 E+00 (tm?’///é)f 0.7

. 7300 E+O0O0*

. 2170 E-01

(cnvg) °- "

. 7300 E+00~*

. 1953 E+0O0

(cmvg) *-
. 7300 E+0O*

.3320 E-01 1/ hr

9/ g
cniAM g
cm/ g/ hr

. 4400 E-04

. 2910 E+O06
. 5900 E+04

.3440 E-06 ¢cm / hr

cml hr

cm

. 6200 E-02

.1160 E-0O1

. 1564 E-O05

g/cm

. 1564 E-05

g/ cm

.1000 E-10

g/cm

OOOOOOOOOOOOOOOOOOOOOOOOOO

. 1000 E-10

g/cm
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L-LED
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0 FED
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V. CONCLUSI ONS AND RECOMVENDATI ONS

A. Concl usi ons

The product of this research is a set of four inproved
ground wat er contam nant transport sinulators. The prograns
are useful for investigating the effects of nonlinear and
rate-controll ed sorption in one-di nensional systens. The
prograns are flexible, nechanically reliable, and well
docunent ed.

Al three rate-controlled simulators (FED, LSO and DUAL)
and particularly the dual -resistance sinmulator (DUAL) can
fit the experinmentally determ ned nitrobenzene breakthrough
measurenents for the calibration run on Ann Arbor granul ar
aquifer material. None of the rate-controll ed nodels does a
good job of predicting the experinmentally determ ned
ni trobenzene breakthrough in the predictive runs on Ann
Arbor granular aquifer material. The discrepancies between
t he nodel predictions and the |aboratory neasurenents nay
stem frominaccurate and inconplete | aboratory work rather
than from any shortcom ng of the nodels.

The nodel s can simul ate contam nant breakt hrough in
sinplified field-scale scenarios. Only nonlinear or rate-
controlled nodels anticipate the tailing phenonenon.

Dependi ng on system characteristics and input functions.
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several nodels may converge on a single breakthrough curve

predi cti on.

B. Recomendat i ons

The sinulators in their present state are well suited
for additional theoretical work. An ext ensi on of the
chem cal nonequilibriumportion of the Val occhi (1985) paper
is clearly desirable. Valocchi's work deals only with
i near systens, and these numerical nodels can extend the
investigation to nonlinear systens. Since the sinulators
are already mature, such a study could readily expose the
i nterplay anong the nodel input functions, dinensionless
groupi ngs, and col um breakt hrough curves.
Since previous studies (MIller, 1984) denonstrate that
the rate-controll ed nodels accurately predict |indane
br eakt hr ough curves in soil colum reactors packed with a
variety of granular aquifer materials, and since this
techni cal report denonstrates partial success with
ni trobenzene despite weak | aboratory data, the next | ogical
nmodel s to devel op are two-or three-di nensional nonlinear,
nonequi | i bri um nodel s expressly designed for field use. The
conplexity of field-scale dispersion in realistic
mul ti di mensi onal scenarios may require a nore sophisticated
treatnent of dispersion than the current sinulators afford.
Such work nmay soneday provide ground water
professionals with an inproved ability to predict the fate

and transport of ground water contam nants.
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NOTATI ON

ar ea area of elenental volume normal to flow (LS.
b Langnui r i sotherm sorpti on-energy constant
: : —3
C sol uti on- phase sol ute concentration (M ).
e , . —3

C equi |l i brium sol uti on-phase concentration (M. ).
C, (mngial sol ution-phase solute concentration

C f1uid-phase, equilibriumisothermconcentration

I
corresponding to the soil“Phase concentration at
the particle boundary (M." ).

Dh .secqQnd-rank hydrodynam c di spersion tensor
(LAt T-A) .

D. | ongi t udi nal hydr odynam ¢ di spersion coefficient

°g intraparticle surface-diffusion coefficient for
dual -resi stance nodel (L T~ ).

flux in mass-transfer into the el enental vol une

(M_l A/\tll-/\) I

flux out mass-transfer out of the el enental vol une

(m~t"-n)
i colum node i ndex (di nensionl ess).

k-; filmnmmass-transfer coefficient for dual -resi stance
A model (LT~-A

k|:|>i nfalr \i/s/QSher m sorption partition constant

k second order Langnui r nodel rate constant

NG )

K Freundl i ch i sotherm sorption-capacity constant

" (LA =AY
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Kp

Kp,

R
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Freundlich isotherm sorPti on- capaci _t}/_ constant for
the rapid rate conponent of the equilibriumfirst-

order rate nmodel ((L ni )

Freundl i ch isotherm sorption-capaci t}/ constant for
the slow rate conponent,of the equilibriunffirst-

order rate nodel ( (L-~ni"A) "7)

radi al node i ndex for the dual -resi stance nodel
(di nensi onl ess)

Freundl i ch i sotherm sorpti on-energy constant
(di mensi onl ess).

Freundlich i sotherm sorption-energy constant for
the rapid rate conponent of the equilibriunfirst-
order rate nodel (dinensionless).

Freundl i ch i sotherm sorption-energy constant for
the slow rate conponent of the equilibriumfirst-
order rate nodel (dinmensionless).

vol une- aver age sol i d-phase mass nornalized by the
mass of the solid phase (MW ).

equi | i brium vol une- average soil - phase nass
normal i zed by the solid phase mass (MW ).

vol une- average soi | -thase mass normal j zed by the
mass of the“solid phase for the rapid sorption

rate conponent of the equilibriumftirst-order
nodel (MW~ ).

sol i d- phase solute mass nornalized by the nass of
tﬂﬁ %olid phase as a function of radial position

vol une- aver age soil -phase nmass nornalized by the
mass of the solid phase for the slow sorption rate

conponent of the equilibriumfirst-order nodel
(MM)

Larggnu;r | sot herm sor ption-capacity constant
MV .

radi al di stance vari able for dual -resi stance nodel

(L -

radi us of soil particle (L).

reaction gain™aor |oss of nass due to reaction of any kind

(M ).
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R- retardation factor - defined by equation I1-9
(di nmensi onl ess).

R - retardation factor for the rapidly sorbing
' fraction in the equilibriumfirst-order nodel -
equation 11-17 (di nensionl ess).

rxn subscript denoting a general chem cal or mass-
transfer reaction (dinmensionless).

sour_(:ek contam nant nass added or renoved (MI~ ).
or sin

srp subscri pt denoting sorption reaction
(di mrensi onl ess).

t time (T).

] —m,
V pore velocity vector (LT ).

V pore.velocity in the | ongitudinal direction
A (LT~-%) .

2 | ongi tudi nal di stance variable (L).

Z l ength of columm (L)
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Anmass

(O
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equilibriunifirst-order nodel nmass-transfer

coefficient (T~ ).
| ongi tudi nal dispersivity (L).

the net rate of change of contam nant
the el enental value (MI~ ).

fl ui d-phase sol ution source (NfsT_ﬁ.

vol une void fraction of the nedi um
(di nensi onl ess).

density of the soil particle (NL_Q).

bul k density of the soil phase (M ).

mass within
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THS P

VARI ABLE NAP:

VARI ABLE NAME

|

1 DUMWY
| ER

I NDEX
1A N
I OoUT
I VWK

NDOF
NLC

NuC
NSTEPS

CNGQRM
CPRI VE
CTEMP
DATA

DCODT
DDVDT

DGNLOU
DGNUP

SORPTI ON MODEL

LOCAL EQUI LI BRI UM W TH DI SPERSI ON
MAI NFRAME VERSI ON

USES THE DGEAR NETHOD TO SOLVE TH E DVECT

g AR g R ey
VTR e 1 S
RO S AR S REAP B

IN I TS PRESENT FORM THE PROGRAM IS LIM TED TO 100 NCDES.

PRECI SI ON

| NTEGER* *
| NTEGER«4
| NTEGER«4
| NTEGER»4
| NTEGER* *
| NTEGER* *
| NTEGER* *
| NTEGER* *
| NTECGER* *
| NTECGER* *
| NTEGER* *
| NTEGER* *
| NTECGER* *

REAL»e

REAL »8
REAL»8
REAL»e
REAL* 8
REAL* *

REAL »e

REAL* 8
REAL»8
REAL»8
REAL»8
REAL* 8
REAL»8

DESCRI PTI ON

TI ME STEP | NDEX

DUMWY WORKI NG ARRAY FOR DGEAR
ERROR CODE RETURN | NDEX FOR DGEAR
CALL | NDI CATOR | NDEX FOR GEAR

UNI T NUMBER TO READ FROM

UNI T NUMBER TO WRI TE TO

WORKI NG ARRAY FOR DGEAR

NUVMBER OF NODES I N Z DI RECTI ON
NUVBER OF DECGREES OF FREEDOM
NUVBER OF LOWAER CODI AGONALS- DGEAR
NUVBER O TEMPORAL STEPS TO OUTPUT
NUVBER OF UPPER CODI AGONALS- DGEAR
NuUVBER OF EQUAL BED VOLUME STEPS
TO BE CALCULATED

VECTOR OF KNOWN | NFLUENT
CONCENTRATI ONS ( SEE VECTOR T)

I NI TI AL CONCENTRATI ON

NORMALI ZED EXI T CONCENTRATI ON
EXTERNAL NAME OF DC/ DT SUBRQUTI NE
EXI' T CONCENTRATI ON

EXPERI MENTAL | NPUT DATA

COLUWN 1 CONTAI NS REPORT TI MES
COLUWMN 2 G VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 G VES | NFLUENT
CONCENTRATI ON

COLUWN 4 d VES DCO DT

CHANGE | N | NFLUENT CONCENTRATI ON
W TH RESPECT TO TI ME

DERI VATI VE OF DEPENDENT VARI ABLES
DI AGONAL VARI ABLE GROUPI NG TERMS
LOAER DI AGONAL VARAI BLE GROUPI NGS
UPPER DI AGONAL VARI ABLE GROUPI NGS
HYDRODYNAM C DI SPERSI ON CCEFFI CI ENT
SORPTI ON PHASE HYDRODYNAM C
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»8 FP VARL ABLE._VECT
I;\F/’SLO\I t) a' z( I_
» EXTER E
o FREQAL o |
FKAPPA I;(§8 FR _
::N L >8 -
G i !
ouTPUT 1 Al =TI
CcOoL c
oL TRATION C
coL c
o* q
RDSQSM Hﬁ? %ﬁj p_
rrore >§ S0l S
»
RSDSUM |
SDUMWY » N L
SKAPPA » C —L
SPLGRP » M— N
7
| N THE VEC C C
= @S- vweelia
TI MVE
TO
= G g
VEL2 é ol )}gEE
JeoL CZD
T TLE CHARACTER«72 TI TLE OF SI MULATI ON RUN

EROCANRORIRA00000000000000000000000000000000000000000000000000000000000000

0o o0 o0 o

PRQ?RAClM LED o 2)
IMPLI CI' T REAL»e (A-H,

REAL»4 SDUMWY, DATA, ©UTPUT
CHARACTER«72 TI TLE

DI MENSI ON F(1 00),
DI MENSI ON | UK (10

DI NENSI ON DATA (1&1) A (?\608109 DDVDT&”CON OUFPUT (250,5),

]io L%<,/ 1919

AiH VAL LJP4 ,

HAINH e R ZCOL, VEL2,
EPSLON, GO, ’FK A ¢ T
| CON, NogQL. NOUT, NSTEPS

COWDN / UCRDS/  TI TLE

COWWON / FLUI Iy DCoDT

COMVON /UNI TS/ QN 1 ooUT

EXTERNAL CPRI Mg, FOENJ

(1)

—_—

ION=1
1 oQuUT = 3
CALL READ

VELI = VEL
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100

CALL ECHO

CALL ERRSET (208, 256, -1, 1)
C
C.... COMPUTE CONCENTRATI ONS AT DATA PO NTS | F DATA ENTERED
C
IF (NOUT .GT. 0) THEN
TO = O DOO
CALL I NITL (DDVDT, DV, OUTPUT, TO
CALL GRPFRM
CALL | NFO (DATA, NOUT)

C
C.... I NI TI ALI ZE VARI ABLE FOR FI RST CALL TO | MSL DGEAR ROUTI NE
C
NDOF = NCOL
H=1.D 08
I NDEX =1
DV (1) = CO
NLC = 2
NUC = 2
C
C.... TIME LOOP FOR SI MULTATI ON AND OUTPUT AT EXPERI MENTAL PO NTS
C
DO 100 | = | . NOUT
IF (I .GT. 1) THEN
IF ((DATA (1, 3) .LT. 0.8 « DATA ((I - 1),3)) .OR
1 (DATA <I, 3) .GT. 1.2 » DATA ((I - 1),3))) THEN
H = 1.D 08
I NDEX = 1
DCODT = 0. 000
DV (1) = DATA (1, 3)
WRI TE (| OOUT, 1300)
IF (DV (1) .LT. 1.CE-10 THEN
VEL = VEL2
DH » DH » VEL2 / VELI
CALL GRPFRM
WRI TE (| OOUT, 1400)
END | F
ELSE
DCODT = DATA (1, 4)
END | F
ELSE
DCODT = DATA (1, 4)
END I F
TIME = DATA (1.1)
CALL DGEAR (NDOF, CPRIME, FCNJ, TO, H, DV, TINME,
1 EPSLON, 2, -2, |INDEX, |IW, W, |ER
CALL REPORT (I, DV. RSDSUM RDSQSM RSD)
OUTCON (1) = DV ( NDOF)
100 F(1) = RSD
C
C..... RESTORE ORI G NAL PARAMETERS
C
DH = DHI
VEL = VELI
C
c.... CHECK THE MASS BALANCE
C
CALL MASSI (OQUTCON, DV, CO, ZCO., THETA, FK, FN, VEL, VEL2,
1 RHO, DATA, NOUT, NCOL)
C
END I F
C
C.... I F REGULAR TI ME | NTERVAL SI MULATI ON QUTPUT | S REQUESTED, COMPUTE
C

I'F (NSTEPS . GI. 0) THEN
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CALL INITL (DDVDT, DV, QUTPUT, TO
CALL GRPFRM

CALL INFO2 (OUTPUT, NSTEPS)
C.... INITIALI ZE VARI ABLE FOR FIRST CALL TO I MsL DGEAR RQUTI NE

C
NDOF = NCOL
H=1.Do08
I NDEX =1
DV (1) = CO
NLC = 2
NUC = 2

C.... TIME LOCP FOR SI MULTATI ON AND QUTPUT OF COWPUTED POl NTS

WRI TE (1 OOUT, 1000)
VRI TE (1 QOUT, 1100)
DO 110 | = 1 NSTEPS

| (ClJTPUiT ((| MPUlOéT 4T WEETR N ) Y] e

I NDEX =1
DCODT2 0. 000
DV (1) = OUTPUT (1, 4)
VRI TE (1 OOUT, 1300)
IF (DV (1) .LT. |.CE-10) THEN
VEL ' VEL2
DH = DH « VEL2 / VELI
CALL GRPFRM
WRI TE (| OOUT, 1400)
END | F
ELSE
DCODT » OUTPUT (1,5)
END | F
ELSE
DCODT » QUTPUT (1, 5)
END | F
TII\/E QUTPUT (1. 1)
L DGEAR (NDOF. CPRIME, FCNJ, TO H DV, TIME,
1 EPSLON 2, -2, INDEX, WK, WK, |ER)
CTEI\/P= DV ( NDOF)
CNO?M—CTENP/ CcO

110 WRITE (1OOUT 1200) (QUTPUT (1, J), 3 = 1, 3), CTENP, CNGRM
g ..... RESTORE ORI G NAL PARAMETERS
< DH = DHI
VEL » VELI
E ..... CHECK THE MASS BALANCE

¢ CALL MASS2 (QUTCON, DV, GO ZQOL, THETA, FK, FN, VEL, VEL2,
1 RHO, OUTPUT, NSTEPS, NCQL)

i§88 PRI (ol e T lmguggg B

1400 FORMAT (" ', 23X, "»»»ee " ' DESORPTI ON DETECTED.
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STOP
END

0

o0

SUBROUTI NE READ

n | unuui NAn 1173 wcKt Ktbtl,

PRECI SI ON

| NTEGER»4
| NTECER«<4
I NTEGER»4
| NTEGER* »
| NTEGER»4

REAL M5

REAL »8
REAL»4

REAL»8
REAL «e
REAL»8
REAL »e
REAL»8
REAL »e
REAL»8
REAL »8

REAL »8
REAL»8
REAL »8
REAL»8
REAL»8

CHARACTER»72

Cc

c

c

c

c FROM UNI T NUMBER | O N.
c

c

c VARI ABLE MAP:
c

c

c VARI ABLE NAME
c

c IA N

c | OOUT
c NCOL

c NOUT

c NSTEPS
c

c

(o4

c

c

c co

c DATA

(o4

c

(o}

c

c

c

c DH

c EPSLON
c FK

c FKAPPA
[o] FN

c RHO

c SKAPPA
[ T

C

(o3

c THETA
[ TMESI M
c VEL

c VEL2

c 2C0OL

C

c

c TI TLE
c

c

c

c

I MPLICI T REAL»8 (A-H, 0-2)

REAL»4 DATA
CHARACTER»72 TI TLE

DI MENSI ON DATA <100, 4), C (100),
COWDN /| NPUT/ TMESIM DATA, VEL, DH, RHO, THETA ZCOL, VEL2,

I EPSLON, CO,

FK, FN,

CCCccceceececececccecceccececccceccececccccececcccceccecccccccccccccccccccccccccccccccccccccccccc

TH' S SUBROUTI NE READS THE BASI C | NPUT REQUI RED FOR THE LOCAL
EQUI LI BRI UM SORPTI ON VERSI ON OF THE ADVECTI VE- DI SPERS1VE EQUATI ON

DESCRI PTI ON

UNI T NUVBER TO READ FROM

UNI T NUMBER TO WRI TE TO

NUVBER OF NODES I N Z DI RECTI ON
NUVBER OF TEMPORAL STEPS TO OUTPUT

NUMBER OF EQUAL BED VOLUME STEPS
TO BE CALCULATED

VECTOR OF KNOWN | NFLUENT
CONCENTRATI ONS ( SEE VECTOR T)

I NI TI AL CONCENTRATI ON

EXPERI MENTAL | NPUT DATA

COLUWN 1 CONTAI NS REPORT TI MES
COLUWN 2 G VES EXPERI MENTAL
CONCENTRATI ON

COLUWMN 3 d VES | NFLUENT
CONCENTRATI ON

COLUWMN 4 d VES DCO DT
HYDRODYNAM C DI SPERSI ON COEFFI Cl EN'
ALLOWABLE ERROR FOR DGEAR
FREUNDL| CH | SOTHERM COEFFI Cl ENT
FLUI D- PHASE LOSS RATE

FREUNDL| CH | SOTHERM EXPONENT
SOLI D PHASE PARTI CLE DENSI TY
SOLI D- PHASE LOSS RATE

VECTOR OF ELAPSED TI ME
CORRESPONDI NG TO CONCENTRATI ONS
IN THE VECTOR C

PORGCSI TY

NUVBER OF BED VOLUMES TO S| MULATE
PORE VELOCI TY

DESORPTI ON PORE VELOCI TY

LENGTH OF COLUWMN (Z DI RECTI ON)

TI TLE OF SI MJULATI ON

gceecececececececcccccececcccceccececcecccccecceccccccecccccccccccccccccccccccccccccccccccccccce

T (100)

FKAPPA, SKAPPA. C. T.
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C
C
C
(o3
c
c
(o3
[
Cc
c
Cc
(o3
Cc
C
(o3
(o3
(o}
Cc
c
C
c
c
Cc
(o3
Cc
(o3
(o3

c
c
c
(o}
Cc
C
C
c
Cc
c
c
C
(o3
Cc
(o3
Cc
c
c
(o3
Cc
c
c
Cc
c


NEATPAGEINFO:id=AD4536A8-C29A-4C09-8ADF-970C8772F958


u H- UN, N -Ul ., NUUI , NbTEPS
COVMON / WORDS/  TI TLE
COMMON /UNITS/ AN, |ooUT
EXTERNAL CPRI ME, FCNJ
READ (I O N, 1000) TITLE
READ EI DI N, 11003 NCAL, , NSTEPS, TMESIM | CON
IF (ABS (NOUT) .GT. 0 ) THEN
NTEMP = ABS ( NOUT)
READ (1 ON, 1200) (DATA <I, 1= NTEMP)
READ (1ON, 1200) (DATA (I, b= NTEMP)
END | F
READ (I O'N, 1200) VEL, DH, RHO, THETA, ZCOL, EPSLON
READ (1 O N, 1200) CO, FK, FN, FKAPPA, SKAPPA, VEL2
READ (10 IN, 1200) (C (1), ! = I coN
READ (I OIN, 1200) (T (1), 1= I coN
1000 FORNVAT ( A72)
1100 FORMVAT (315. E12.5, !9

1200 FORVAT ((6E12.5))
RETURN

END

THI'S SUBROUTI NE ECHOS THE | NPUT TO DEVI CE | OOUT.

VARI ABLE NAP:

VARI ABLE NANME PRECI SI ON

1O N | NTEGER* *

| OouUT | NTEGER* *

NCOL | NTEGER* *
REAL»8

co REAL* 8

DH REAL »8

EPSLON REAL »8

FK REAL»8

FKAPPA REAL »8

FN REAL »8

PE REAL' S

RHO REAL»8

SKAPPA REAL»8

T REAL* 8

THETA REAL «8

VEL REAL»8

VEL?2 REAL»8

ZCOL REAL* e

TI TLE

DESCRI PTI ON

UNI T NUMBER TO READ FROMV
UNI T NUMBER TO WRI TE TO
NUMBER OF NODES IN 2 DI RECTI ON

VECTOR OF KNOWN | NFLUENT
CONCENTRATI ONS ( SEE VECTOR T)

I NI TI AL CONCENTRATI ON
HYDRODYNAM C DI SPERSI ON COEFFI Cl ENT
ALLOWABLE ERROR FOR DGEAR
FREUNDLI CH | SOTHERM COEFFI Cl ENT
FLUI D- PHASE LOSS RATE

FREUNDLI CH | SOTHERM EXPONENT
SYSTEM PECLET NUMBER

SOLI D PHASE PARTI CLE DENSI TY
SCLI D- PHASE LOSS RATE

VECTOR OF ELAPSED TI ME
CORRESPONDI NG TO CONCENTRATI ONS
IN THE VECTOR C

PORCSI TY

PORE VELCOCI TY

DESORPTI ON PORE VELOCI TY

LENGTH OF COLUWN (Z DI RECTI ON)

CHARACTER«72 TI TLE OF SI MJLATI ON

S0 00000000000 0o0o°

000000000000000000000

ccccceeeeececececceceeccccecececceccececcccecececccecccccccccecccceccccccccceccecccccccecccccccccc

(o3

c

c
SUBROUTI NE ECHO
IMPLICIT REAL»8 (A -
REAL»4 DATA

HO -

2)
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1000
1100
1200
1300

1400

1500
1600
1700
1800
1900
1950
2000
2100
2200
2300
2400
2500

2600

DI MENSI ON _DATA C100,4), C (10&{, T (100
COMMON /1 NPUT/ TMESI M~ DATA, VEL, DH ~RHO, THETA, ZCOL, VEL2,
1 EPSLON, CO

2 1 CAN, NCOL, NOUT, NSTEPS

FN, FKAPPA, SKAPPA,

COVIVON / WORDS/ TI TLE

COVMON / UNI TS/
PE = VEL -
VRI TE (I ooUJT

5
:

VR TE (
VRI TE (
VR TE (
VR TE
VR TE
VRI TE
VR TE
VR TE

NN AN AN AN AN AN AN AN AN AN AN A A A AT

FORVAT
FORNMAT
FORMAT
FORVAT
FORNVAT
FORMVAT
FORVAT
FORNVAT
FORVAT

FORNVAT
FORVAT
FORMVAT

FORMVAT

AN, | oour
ZCOL / DH
, 1000)
, 1100)
| OOUT, 1200) TITLE
| OOUT, 1400)
| OGOUT, 1300)
| OOUT, 1400)
| OOUT, 1500) CO
| OGOUT, 1600) DH
| GOUT, 1700) NCOL
| OQUT, 1800) RHO
| OOUT, 1900) VEL
| OOUT, 1950) VEL2
| OOUT, 2000) THETA
| OQUT, 2100) ZCOL
| OOUT, 2200) PE
| OQUT, 2300) FK
| OOUT, 2400) FN
| OOUT, 2500) FKAPPA
| OOUT, 2600) SKAPPA
| GOUT, 2700) | CON
| OOUT, 2800)
| OOUT, 2900) ( C (1), ! =1, 1CON)
| OOUT, 3000)
| OOUT, 2900) ( T (1), 1=1, 1CON)
', BOX, "PLUG FLOW DI SPERSI ON REACTCR )
(" ", 47X 'LOCAL EQUI LI BRI UM KI NETI C SI MULATI ON')
(' , 20X, A72)
(" ', 15X, 'VARIABLE', 16X, 'DESCRIPTION, SOX ' VALUE'
16X, "UNITS ', 16X)
(@ '@
)
CcO, 15% 'CO ", 18X, I N TIAL CONCENTRATI ON 1ax,
E10. 4, 16X, 'G CWw«3')
Cc ', 15X, D ', 18X, ' HYDRODYNAM C DI SPERSI ON 14X,
E10. 4, 16X ' CWh«2/ HOUR )
Cc ', 15X, NDZ ', 18X, 'NUMBER OF COLUMN STEPS 16X,
15)
Cc ', 15X, RHO 1 18X, 'SOLI D PHASE DENSI TY 14X,
E10. 4, 16X ' GR/ CW»3')
Cc ', 15X, VEL ', 18X, 'PORE VELCCITY 14X,
El O 4, 16X <*CMHOUR)
C ', 15X, VEL ', 18X, ' DESORPTI ON VELOCI TY 14X,
E10. 4, 16X ' CM HOUR )
C ', 15X, vaD ', 18X, 'VO D VOLUVE FRACTI ON 14X,
E10. 4)
Cc ', 15X, ZL 18X, ' LENGTH OF COLUWN I AX,
E10. 4, 16X ‘M )
(' ', 15X, PE | eX, ' PECLET NUMBER 14X,
E10. 4)
C -, 15X, KFRS ', 18X, ' FREUNDLI CH COEFFI Cl ENT 14X,
E10. 4, 16X * ((CW»»3/ GR) »»NFR) ")
C ', 15X, NS ', 18X, ' FREUNDLI CH EXPONENT 14X,
E10. 4
c', :)I.5X, DI A 18x ' FLU D PHASE LOSS RATE I AX,
E10. 4, 16X '1/HR)
C ', 15X, NDR 18x +SCLI D PHASE LOSS RATE 14X,
E10. 4, 16X, '1/HR)

104
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I QA I CUN
1 15 )
2800 FORNVAT 39X,
2900 FORNAT 14X, 10ElO0. 3)
3000 FORNAT 39X,
RETURN
END

18X, ' NUMBER OF | NFLUENTS 14X,

| NFLUENT CONCENTRATI ONS'

I NFLUENT TI MES' )

105

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC%

| OOUT.

UNI T

VARI ABLE NMAP:

VARI ABLE NANME PRECI SI ON

JA N | NTEGER* ~
| oouT | NTEGER* *
NCOUNT | NTEGER* *
NOUT | NTEGER* 4
DATA REAL»4

000000000000 0D000O00O0O0O0O000O00O00

SUBROUTI NE | NFO ( DATA, NOUT)

REAL»4 DATA
DI MENSI ON DATA (100, 4)

COMVON /UNI TS/ | ON, | OoUT
WRI TE (1 OOUT, 1000)

VIRI TE (1 GOUT, 1100)

VIRI TE (| OOUT, 1200)

VIRI TE (1 OOUT, 1100)

DO 100 NCOUNT = 1, NOUT

WRI TE (1 OOUT, 1300) ( DATA ( NCOUNT,

100 CONTI NUE
1000 FORMAT CI*,

THI s SUBROUTI NE WRI TES THE CONTENTS OF THE DATA MATRI X TO

DESCRI PTI ON

UNI T NUMBER TO READ FROM

UNI T NUMBER TO WRI TE TO

LOOP COUNTER

NUMBER OF TEMPORAL STEPS TO OUTPUT

EXPERI MENTAL | NPUT DATA
COLUWN 1 CONTAI NS REPORT TI MES
COLUWN 2 d VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 Q@ VES | NFLUENT
CONCENTRATI ON

COLUWN 4 d VES DCO DT

1), 1, 4)

42X, ' EXPERI MENTAL COMPARI SON MODE | NFORMATI ON' )

2 T T »)
1200 FORMAT (' ', 2SX, 'TIME', 5X, ' CONCENTRATI ON QUT', 6X,
1 ' CONCENTRATION I N, 16X, 'DCQO DT")
1300 FORVAT (- ', 20X, E12.5, 10X, E12.S, 10X, E12.5, |OX, El2.5)
RETURN
END

QO 00
Q)

cpOoo0oOo0N00O000000000NN00N0000DO0

cccceceecececececccecececccecececcceccecccceccecccceccecccccececccccccccceccccccecccccccccccccccccccccc

C THI'S SUBROUTI NE WRI TES THE CONTENTS OF THE OUTPUT MATRI X TO C
| s I O IJT | i

LW N ] |

T
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—— —_—  ——
s AR ABL E NNMAFPR: |
| — e - e e e e = = = = = <
-— —
C VARI ABLE NAME PRECI SI ON DESCRI PTI ON C
C e T T e e T T T
C I'A N I 'NTEGER*A 'UNI T~ NUMBER TO READ FROM C
C IOOUT | NTEGER** UN T NUMBER TO WRI TE TO C
C NCOUJ NTEGE LOOP COUNTER C
C_NSTEPS | NTEGER** NUMBER OF EQJAL BED VOLUME STEPS C
| Qs T = CAL CuUuUL_ATED C
- —
C_QUTPUT REAL* * A MATRI X OF SI MULATI ON STATUS C
C CO. 1 CONTAI NS REPORI. TI1 VE C
C CO. 2 CONT ED VOLUNVES C
C CO. 3 CONT T HROUJ C
C CO-. * 4G VES | NELUENT CONCENTRATI ON C
C - Ad VES C
— —
CCCCCCCCCX
C

SUBROUTI NE | NFO2 ( OUTPUT, NSTEPS)
REAL** OUTPUT

DI MENSI ON OUTPUT (250, 5)

COMMVON /UNITS/ 1 ON, | OOUT

WRI TE (| OOUT, 1000)

WRI TE (1 OOUT, 1100)

VR TE (1 OOUT, 1200)

WRI TE (1 OOUT, 1100)

DO 100 NCOUNT = 1,  NSTEPS

WRI TE (1 OOUT, 1300) (OQUTPUT (NCOUNT, 1), | =1, 5)
100 CONTI NUE

1000 FORMAT CI', *8X, ' SI MULATI ON MODE | NFORMATI ON )
1100 FORVAT CO------% - ohms et '

)
1200 FORMAT C ', 12X, 'REPORT TIME, UX ‘' BED VOLUMES', 12X,
1 ' THROUGHPUT' , 6X, ' CONCENTRATION I N,
2 16X, ' DCO DT')
1300 FG?I\/AT( ', 11X EL2.5, 10X, E12.5, |0OX, E12.5, |OX,
E12.5, |0OX, E12.5)

< — < —
THI'S SUBROUTI NE | NI TI ALI ZES THE MODEL VARI ABLES FOR THE SI MULATION C

C
C OF THE ADVECTI VE- DI SPERSI VE EQUATI ON. C
—— -
- -
| Gl VARI ANEL_ = NI\ F—: |
| G — - - - - - - = = < —
— —
C VARI ABLE NAME PRECI SI ON DESCRI PTI ON C
C ... e e T e T e T e e e e e C
C 1 I NTEGER* *  WORKI NG VARI ABLE C
C J | NTEGER** WORKI NG VARI ABLE C
C _NSTEPS | NTEGER** NUMBER COF EQUAL BED VOLUME STEPS C
| i O BE AL LATEID <

- -

C C REAL»8 VECTOR OF KNOW | NFLUENT C
C CONCENTRATI ONS SEE VECTOR T)

C DDVDT REAL»8 DERI VATI VE DEPENDENT VARI ABLES
c. DG REAL*8 RATI O OF TOTAL NMASS ADSORBABLE

000
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C UN bULI D PHASE TO TOTAL NMASS I N

C FLU D PHASE

C DT REAL »8 DURATI ON OF EACH TI ME STEP

c DTN REAL »e REAL EQUI VALENT OF NSTEPS

c DV REAL »8 DEPENDENT VARI ABLE VECTOR

c EPSMCN REAL «8 MACHI NE EPSI LON

c FKAPPA REAL »8 FLUI D- PHASE LOSS RATE

c QUTPUT REAL »4 A MATRI X OF SI MULATI ON STATUS

c COL 1 CONTAI NS REPORT TI ME

c COL 2 CONTAI NS BED VOLUMES

c COL 3 CONTAI NS THROUGHPUT

c COL 4 G VES | NFLUENT CONCENTRATI ON
c COL 5 d VES DCO DT

c SKAPPA REAL»8 SOLI D- PHASE LGOSS RATE

c T REAL* 6 VECTOR OF ELAPSED TI ME

c CORRESPONDI NG TO CONCENTRATI ONS

c I'N THE VECTOR C

c TAU REAL »e TRAVEL TI ME THROUGH COLUMWMN

c TEMP REAL »8 TEMPORARY VARI ABLE FOR EPSMCN CALC
c TEMPT REAL* 8 TEMPORARY VALUE OF REPORT TI ME

c

c

c DONE LOGE CAL FLAG TO ALLOW CONDI TI ONAL LOOPI NG
c W THOUT SOFTWARE SUPPORT FOR VHI LE
c LOOPS

Cc

Cc

c
cccccceccecececcecceccecececceccecceccecceccececceccececceccecceccecceccecceccceccecceccecceccecceccccceccecceccecccccccceccecccccccccccccccccccce
c

c

SUBROUTI NE | NI TL (DDVDT, DV, OUTPUT, TO)

IMPLI G T REAL»e (A-H, O 2)

REAL»4 DATA, OUTPUT

LOG CAL DONE

DI MENSI ON DDVDT (101), DV (101), DATA (100, 4),
1 OUTPUT (250,5), C (100), T (100)

COVMON /| NPUT/ TMESIM DATA, VEL, DH, RHO, THETA, ZCOL. VEL2,
1 EPSLAON, CO, FK, FN, FKAPPA, SKAPPA, C, T,

2 1 CAN, NCOL, NOUT, NSTEPS

C .... I NI TI ALI ZE DEPENDENT VARI ABLE AND DERI VATI VE ARRAYS
c
DO 100 | = 1, 101
DV (1) = O DOO

100 DDVDT (1) » O DOO
C
C..... COVPUTE SI MULATI ON OUTPUT PO NTS | F DESI RED
C
I F (NSTEPS . GT. 0) THEN
TAU - ZCOL / VEL

DG * 1 + (RHO » (1-THETA) / THETA) (FK « (CO »« FN)) / CO

DTN ' NSTEPS

DT = TMESIM / DTN

TEMPT = O DOO

DO 110 | = 1, NSTEPS
TEMPT = TEMPT + DT
OUTPUT (1,1) = TEMPT
OUTPUT (1,2) = TEMPT / TAU

110 QUTPUT (1, 3) TEMPT / (TAU - DO
END | F
C.... CALCULATE THE MACHI NE EPSI LON FOR USE AS A LOVNER ERROR BOUND

EPSMCN = 1.0
120 EPSMCN = EPSMCN / 2. 0DOO

107

c
C
c
C
C
c
c
c
c
c
[o]
c
c
[o]
c
c
c
c
c
c
c
c
c
c
c
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TEMP - | . O0ODOO + EPSMCN

IF (TEMP .GT. |.0DOO) GO TO 120
C
C.... CALCULATE THE | NFLUENT CONCENTRATI ONS FOR USE I N THE
C.... EXPERI MENTAL COVPARI SON MODE BY | NTERPOLATI NG FROM THE
C..... LI ST OF KNOAN CONCENTRATI ONS.

C

I'F (NOUT .GT. 0) THEN
DO 130 NCOUNT » 1, NOUT, 1
TEND = DATA (NCOUNT, 1)
DONE = . FALSE.
DO 140 NLOOP = 1, (I CON - 1)
IF (DONE . EQV. .FALSE.) THEN

DNTI ME = T ( NLOOP)
UPTIME = T (NLOOP + 1)
DNCON = C ( NLOOP)
UPCON » C (NLOOP + 1)

IF ((DNTIME .LE. TEND) .AND. (UPTIME .GE. TEND))
a T HEER

DATA (NCOUNT, 3) = DNCON + (UPCON - DNCON)

1 - (TEND - DNTIME) / (UPTIME - DNTI VE)
DONE « . TRUE.
END I F
END | F

1440 CONTI NUE
I'F (NCOUNT .GT. 1) THEN

DATA (NCOUNT, 4) » (DATA (NCOUNT, 3) -

1 DATA (NCOUNT - 1, 3)) / (DATA (NCOUNT, 1) -
2 DATA (NCOUNT - 1, 1))
ELSE
DATA (NCOUNT, 4) = (DATA (NCOUNT, 3) - CO
1/ (DATA ( NCOUNT, 1) - TO)
END I F
130 CONTI NUE
END | F
C
C.... CALCULATE | NFLUENT CONCENTRATI ON FOR USE | N THE

..... SI MULATI ON MODE.

I F (NSTEPS . GT. 0) THEN
DO 150 NCOUNT = 1, NSTEPS, 1
TEND = OUTPUT( NCOUNT, 1)
DONE = . FALSE.
DO 160 NLOOP = 1, (I CON - 1)
IF (DONE . EQV. .FALSE.) THEN
DNTIME = T (NLOOP)
UPTIME = T (NLOOP + 1)
DNCON = C ( NLOOP)
UPCON = C (NLOOP +1)
IE ((DNTIME .LE. TEND) .AND. (UPTINME .GE. TEND))
A T HERM

OUTPUT (NCOUNT, 4) = DNCON + (UPCON - DNCON)

1 -« (TEND - DNTIME) / (UPTINME - DNTI ME)
DONE « . TRUE.
END I F
END | F

160 CONTI NUE
I F (NCOUNT . GT. 1) THEN
OUTPUT (NCOUNT, 5) » (OUTPUT (NCOUNT, 4) -
1 OUTPUT (NCOUNT - 1, 4)) / (OUTPUT (NCOUNT, 1) -
2 OUTPUT (NCOUNT - 1, 1))
ELSE
OQUTPUT (NCOUNT, 5) = (OUTPUT (NCOUNT, 4) - CO)
1/ (OUTPUT ( NCOUNT, 1) -TO
END I F
150 CONTI NUE
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g ..... COWPUTE BED VOLUMES FDR VARI ABLE VELOCI TY CASE

OLDVEL = VEL
TEMPT = O DOO
DO 170 1=1, NSTEPS
TEMPT « TEMPT + DT
IF (OUTPUT (1, 4) . GT. |.OE-10) THEN
CURVEL = VEL
ELSE
CURVEL = VEL2
END | F
AVGVEL = (CQLDVEL (TEMPT - DT) + CURVEL » DT) / TEMPT
TAU = ZzCOL / AVGVEL
QUTPUT (1, 2) = TEMPT / TAU
QUTPUT (I, 3) = TEMPT / (TAU » DO
OLDVEL = AVGVEL
170 CONTI NUE
END | F
RETURN
END
C
(o3

geeeeeccecceccecceeccccecccecccccecceccccceccccccccecccecccccccccccccccccccec

c
TH'S SUBRCUTI NE COMPUTES VARI ABLE GROUPI NGS TO M NI M ZE EFFORT | N cc
THE SCLUTI ON OF THE SET OF SI MULTANEQUS NONLI NEAR EQUATI ONS. c
VARI ABLE MAP: :
VARI ABLE NAME PRECI SI ON DESCRI PTI ON :;
I I NTEGER»A TI ME STEP | NDEX ::
NGO I NTECGER" * NUMBER OF NODES I N Z DI RECTI ON c
NDOF I NTEGER* * NUVMBER OF DEGREES OF FREEDOM c
NouUT I NTEGER* * NUMBER OF TEMPORAL STEPS TO OQUTPUT ¢
NSTEPS I NTEGER* * NUMBER OF EQUAL BED VOLUME STEPS

TO BE CALCULATED

DATA REAL* * EXPERI MENTAL | NPUT DATA
COLUWMN 1 CONTAI NS REPORT TI MES
COLUWN 2 G VES EXPERI MENTAL
CONCENTRATI ON
COLUMN 3 G VES | NFLUENT
CONCENTRATI ON
COLUWMN * G VES DCO DT

DGN REAL »8 DI AGONAL VARI ABLE GROUPI NG TERMS

g\tg’v REAL»8 LOVNER DI AGONAL VARA | SLE GROUPI NGS
REAL»8 UPPER DI AGONAL VARI ABLE GROUPI NGS

DH REAL* 8 HYDRODYNAM C DI SPERSI ON CCEFFI Cl ENT

Dz REAL™* 8 COLUWN STEP SIZE I N Z DI RECTI ON

FK REAL™* 8 FREUNDLI CH | SOTHERM COEFFI CI ENT

FKAPPA REAL* 8 FLUI D- PHASE LOSS RATE

FN REAL «8 FREUNDLI CH | SOTHERM EXPONENT

REALND REAL* 8 NUVMBER OF NODES | N COLUWN

RFEGRP REAL* 8 RETARDATI ON FACTOR GROUPI NG

RHO REAL »8 SOLI D PHASE PARTI CLE DENSI TY

SKAPPA REAL»8 SOLI D- PHASE LOSS RATE

SPLGRP REAL* e SOLI D PHASE LOSS GROUP

THETA REAL»8 PORCSI TY

VEL REAL* 8 PORE VELOCI TY

00000000000000000000000000000000000000000

OO0 0000000000000 00O0O0O0O0KBONDOoOO0OOoO a0

VEL2 REAL* 8 DESORPTI ON PORE VELOCI TY
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ZCUL REAL>S LENTSTH OF COLUW (2 DI RECTIQON)

°ce0oQeonon=

C ..

C

SUBROUTI NE GRPFRM

I MPLICI T REAL»8(A-H, O 2)

REAL>»>4 DATA

DI MENSI ON DATA (i 00,4), C (100), T (100)

COMMON / GROUPS/ DGN, DGNLOU, DGNUP, RFGRP, SPLGRP

COMMON /| NPUT/ TMESI M DATA, VEL, DH, RHO THETA, ZCOL, VEL2,
1 EPSLON, CO FK, FN, FKAPPA, SKAPPA C, T,
2 1 CoN, NCOL, NOUT, NSTEPS

.. COMPUTE MACROSCOPI C ADVECTI VE- DSI PERSI VE EQUATI ON FLUI D PHASE GROUPI NS

REALND = NCOL

Dz = ZCOL / (REALND - | . DOO)
DGNLOW = DH / (DZ »* 2.DOC) + VEL / (2.DOC « DZ)
DGN = -2.D00 » DH / (DZ »» 2.DOG - FKAPPA

DGNUP - DH / (DZ <+ 2.D00) - VEL / (2.DOG "DZ)
RFGRP = FK » FN » (1 - THETA) » RHO / THETA
SPLGRP = (RHO « (1 - THETA) / THETA) + SKAPPA » FK
RETURN

END

NO00N0090000NNNCOO00OP0000000000000

THI S SUBROUTI NE COMPUTES THE VALUES OF THE DERI VATI VE OF THE
DEPENDENT VARI ABLE AS A FUNCTI ON OF TI ME. THE EQUATI ONS ARE
SOLVED USI NG THE VARI ABLE GROUPI NGS PREVI OQUSLY DERI VED | N ORDER
TO SAVE COMPUTATI ONAL EFFORT.

ALL DEPENDENT VARI ABLE ARE STORED IN A SI NGLE ARRAY DV, AND ALL
TEMPORAL DERI VATI VES OF THE DEPENDENT VARI ABLE ARE STORED I N A
SI NGLE ARRAY TERMED DDVDT.

VARI ABLE NAP:

VARI ABLE NANVE PRECI SI ON DESCRI PTI ON

I | NTEGER* * TEMPORARY VARAI BLE

J | NTEGER»4 TEMPORARY VARAI BLE

NCOL 1NTEGER»4 NUVBER OF NODES I N Z DI RECTI ON

NDOF | NTEGER»4 NUVBER OF DEGREES OF FREEDOM

NEND | NTEGER* * VARI ABLE | NDEX FOR LAST COLUWVN NODE

NSTART | NTEGER* * LOOP STARTI NG PCSI Tl ON

NSTEPS | NTEGER* * NUMBER OF EQUAL BED VOLUME STEPS
TO BE CALCULATED

NSTOP | NTEGER* * LOOP STOPPI NG PCSI Tl ON

DCODT REAL»8 CHANGE | N | NFLUENT CONCENTRAI ON
W TH RESPECT TO TI ME

DDVDT REAL»8 DERI VATI VE OF DEPENDENT VARI ABLES

DGN REAL»8 DI AGONAL VARI ABLE GROUPI NG TERMS

DGNLOW REAL»a LOVNER DI AGONAL VARAI BLE GROUPI NGS

DGNUP REAL* 8 UPPER DI AGONAL VARI ABLE GROUPI NGS

DV REAL* e DEPENDENT VARI ABLE VECTOR
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SUBROUTI NE CPRI ME (NVRB, TIME, DV, DDVDT)
| MPLICI T REAL»8 A H 0-2)

A iy e,

COVND\I /FLUID/ DCODT

C.... FORM FLUI D PHASE DERI VATI VES

NDOF = NCOL

C.... FIRST THE INLET CONDITION, A DI RI CHLET BOUNDARY

DDVDT (1) = DCODT

C.... SECOND THE INTERICR FLUI D PHASE DERI VATI VES

NEND = NDCF - 1

| F (DV £| . TH
ISSQF’L = SP%P »RFGR?D FDV &N; )
ELSE

RFI » | . DOO

100 BvDT (1), (DGLOW» DV (I-1) + DN+ DV (1) + DGWP « DV (1+1)
1 - L) / RFI
C..... THRD THE QUTLET BOUNDARY CONDI TION, A NEUMANN BOUNDARY

C
= NDOF

'F&EW'? PR by N »» (FN - 1.D00)

SPL * SPLGRP »
ELSE

RFl = |.DOO

SPL = O DOO

BTR/DT g (DGLOW + DGWP) » DV (1 - 1) + D&+ DV (1)

RETURN
END
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ini 3 aoDKuuj i Nt uunfUits IH VALU b UF THE DERI VATI VE OF THE C
DDVDT ARRAY AS A FUNCTI ON OF THE DEPENDENT VARI ABLE (DV). C
SINCE THE FI NI TE DI FFERENCE OPTION IS USED I N THE CALL TO DGEAR c
(I.E. MTER= -2) THI S ROUTINE | S A BLANK. c
c
c
C

[of oX of o of oY o oF o o) o oY o oY o o) o o o oF o o o oY o oY o o o o o o o o o o o oY o oY o o o oY o oY o o o oY o oY o oY o o o oY o oY o oY o oY of o of oY of o oY oY o7

0O00 09000

SUBROUTI NE FCNJ (N, X, Y, PD>

REAL»8 Y(N), PD(N, N), X
RETURN

END

THI S SUBROUTI NE USES THE EXPERI MENTAL DATA | NPUT AND THE MODEL

SI MULATI ON OQUTPUT TO COVPUTE THE MODEL RESI DUAL, RESI DUAL SQUARED,
SUM OF RESI DUALS, AND SUM OF RESI DUALS SQUARED. THESE COVPUTATI ONS
ARE OUTPUT TO UNIT | OQOUT.

VARI ABLE NAP:

VARI ABLE NANME PRECI SI ON DESCRI PTI ON

| | NTEGER»4 TI ME STEP | NDEX

AN | NTEGER»4 UNI T NUMBER TO READ FROM

| OouUT | NTEGER»4 UNI' T NUVBER TO WRI TE TO

NCOL I NTEGER* ~ NUVBER OF NODES I N Z DI RECTI ON
NDOF | NTEGER»4 NUVBER OF DEGREES OF FREEDOM

NDV 1NTEGER«<4 I NDEX OF OUTLET CONCENTRATI ON
NOouUT | NTEGER* 4 NUVBER OF PO NTS SI MULATED
NSTEPS | NTEGERV4 NUVMBER OF EQUAL BED VOLUME STEPS

TO BE CALCULATED

CNORM REAL»8 NORNMALI ZED OUTLET CONCENTRATI ON
(o) REAL»e I NI TI AL CONCENTRATI ON
DATA REALOA EXPERI MENTAL | NPUT DATA

COLUMN 1 CONTAI NS REPORT TI MES
COLUWMN 2 4G VES EXPERI MENTAL
CONCENTRATI ON

COLUWMN 3 d VES | NFLUENT
CONCENTRATI ON

COLUWMN 4 G VES DCCO DT

Dv REAL »8 DEPENDENT VARI ABLE VECTOR

FKAPPA REAL»e FLUI D- PHASE LOSS RATE

RDSQSM REAL »8 SUM OF RESI DUALS SQUARRED

RSD REAL «8 RESI DUAL OF PO NT AT OUTLET

RSDSQ REAL »e RESI DUAL SQUARED OF PO NT AT OUTLET
RSDSUM REAL' S SUM OF RESI DUALS

SKAPPA REAL »8 SOLI D- PHASE LOSS RATE

C
Cc
C
[
(o3
Cc
c
C
c
c
c
C
c
C
C
C
[
Cc
C
c
C
c
c
c
C
c
c
c
c
c
c
(o}
(o4
C
c
C
Cc
Cc
[
(o3
c
c

SUBROUTI NE REPORT <I, DV, RSDSUM RDSQSM RSD)
IMPLI G T REAL»8 (A-H, O 2)

REAL»4 DATA

DI MENSI ON DATA (100,4), DV(IA), C (100), T (100)

COMMON /| NPUT/ TMESIM DATA, VEL, DH RHO THETA, ZCOL, VEL2,
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O 00

O 0 0pNO000000000000O00000C0N0O0O0O0O0000O0(0O

1 EPSLON, CO, FK, FN, FKAPPA, SKAPPA, C, T,
2 1 CAON, NCOL, NOUT, NSTEPS
COMMON /UNITS/ 1A N, | OoJT

IF (I .EQ 1) THEN

VRI TE (| OOUT, 1000)
VRl TE (1 OOUT, 1100)
VR TE (1 QOUT, 1200)
VRI TE (1 OOUT, 1100)

RSDSUM = O DOO
RDSQSM = O, DOO

END | F

CNORM = DV (NCOL) /

RSD = DATA (1,2) -

RSDSQ = RSD » RSD

CcO

CNCRM

RSDSUM = RSDSUM + RSD
RDSQSM = RDSQSM + RSDSQ

VRI TE (1 OOUT, 1300)

DATA (1, 1),

IF (1 .GE. NOUT) THEN
WRI TE (| OOUT, 1100)
WRI TE (1 OQUT, 1400) RSDSUM RDSQSM

END I F

1000 FORNMAT (+1+,58X 'RES |

DATA (1,2), CNORM RSD, RSDSQ

DUAL REPORT")

1100 FORVAT QO - - -~ = - = - - == = = mm o o -
X .. .
2 @ e e e e e e e e e e e e e e e e e e m e m o - ) -

1200 FORMAT CO', 19X, ' TIME ,1 OX,' T Co (INPUT)"', 1 OX, «C/ Co (PREDI CTED)"

1 14X, ' RESI DUAL' ,
1300 FCRMWAT ('
1400 FORMAT (- ', 81X, E12.5, 14X E12.5)
RETURN
END

| OX, ' RESI DUAL SQUARED )
X, E12. S, [OX El2. 5 14X E12. 5 10X El2. 5 14X El12. 5)

THI S SUBROUTI NE PERFORMS A MASS BALANCE CHECK AFTER THE
COMVPLETI ON OF SI MULATI ON FOR EXPERI MENTAL COVPARI SON.

VARI ABLE NAP:

VARI ABLE NAME

[
I FLAGL

| FLAG2
AN

DATA

PRECI SI ON

NTECGER* *
NTEGER»4

NTEGER" 4
NTEGER»4
NTECER»4
NTECER»4
NTEGER»4

REAL »8
REAL* 8
REAL»4

REAL «8

DESCRI PTI ON

LOOP | NDEX

FLAG FOR ABRUPT CONCENTRATI ON
CHANGE

FLAG FOR DESORPTI ON

UNI' T NUMBER TO READ FROM

UNI T NUMBER TO WRI TE TO

NUVMBER OF NODES IN 2 DI RECTI ON
NUMBER OF TEMPORAL STEPS TO OQUTPUT

RATI O OF MASS | N TO MASS ACCOUNTED
I NI TI AL CONCENTRATI ON

EXPERI MENTAL | NPUT DATA

COLUWMN 1 CONTAI NS REPORT TI MES
COLUMN 2 G VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 d VES | NFLUENT

CONCENTRATI ON

COLUWN 4 d VES DCO DT

DEPENDENT VARI ABLE VECTCR

cccecececececcececcececcececcecececcecceccceccececcceccecccecceccecccecccecccccecccccccccccccccccccccccccc

00000000000000000000000000000000
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ff.
FN
OQUTCON

L»8 FREUN |

RCOL -l L
THETA ’A‘ L

rorory KL

ToTeuT § TOTAL

VEL S P I
veL2 LENcE?E

S o000 0D00O0O0OO0NNNOOC

000

0o00o0

SUBRCUH NE NASSI (OUTCON, Dv CO) ZQ0L, THETA, FK FN VEL, VEL2.

NOUT, NcoOU

INPLI CIT REAL»8’(A—H 0-2)
REAL»4 DATA

DI MENSI ON DATA (100, 4), Dv (101), QUTCON (250)
COMMON /UNI'TS/ [OIN, 1'00UT

I FLAGL =
| FLAR =

C.... STORE THE INITIAL VELOCI TY

VELI » VEL

C
C.... CALCULATE TOTAL CONTAM NANT 'MNJECTED

CALCULATE CONTAM NANT | NJECTED DURI NG FI RST

REPORT PERI OD.

TOTINF = 00 » DATA (1, 1) « VEL » THETA =i (; )
1 0.5 » (DATA El 3)7- CO » DATA
2 VEL >» TH TA

CALCULATE CONTAM NANT | NJECTED DURING TYPI CAL REPORT PERI DS

DO 100 I = 2, -1
» DATA ((I - 1) 3)) LR
| IF (%Bﬁ%ﬁ 2 | g T) » DATA ((1 - 1),3))) THEN

IFLAG =1
TOTI NF TOTI NF +
DATA (I, 3)  (DATA (I, 1) - DATA (I - 1, 1))
VEL » THETA
ELSE
TOTI NF TOTI NF +

g/BAﬁ\A ‘ﬁ( qATQ ?ATA D) By THTAT

DATA )Y TR THETA

AWN P

END | F
100 CONTI NUE

C.....CALCULATE TOTAL EFFLUENT RELEASED
C  CALCULATE EFFLUENT RELEASED DURI NG THE FIRST HALF CF

114
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C THE FI RST REPORT PERI OD
C

TOTOUT = (0.75 « 0.DO + 0.25 * DUTCON (1)) -

1 DATA (1, 1) / 2.DO » VEL » THETA
C
c CALCULATE EFFLUENT RELEASED AROUND THE FI RST REPORT
C PERI OD
C

TOTOUT = TOTOUT +

1 ((0.75 * OUTCON (1) + 0.25 =« O DO »

2 (DATA (1, 1) - O DO / 2.DO *

3 (0.75 « OUTCON (1) + 0.25 « OUTCON (2)) »

4 (DATA (2, 1) - DATA (1, D) / 2.DO »

5 VEL > THETA
C
c CALCULATE EFFLUENT RELEASED AROUND A TYPI CAL REPORT
C PERI OD
C

DO HO I = 2, (NOUT - 1)
C
c RESET VELOCI TY | F DESORPTI ON BEG NS
C

IF (DATA (I, 3) .LT. 1.0E-10> THEN
VEL = VEL2
| FLAGRZ » 1
END | F

C

TOTOUT = TOTOUT +
1 ((0.75 » OQUTCON (1) [00.25 » OUTCON (1 - 1)) «

2 (DATA (I, 1) - DATA (I - 1, 1)) / 2.DO +
3 (0.75 =« OUTCON (1) + 0.25 » OUTCON (1 + D) =
4 (DATA (I + 1, 1) - DATACl, 1)) / 2.DO -

5 VEL > THETA
110 CONTI NUE

C
C CALCULATE EFFLUENT RELEASED DURI NG LAST HALF OF LAST
C REPORT PERI OD
C

TOTOUT = TOTOUT +

1 (0. 75 - OUTCON ( NOUT) (|

2 0.25 - OUTCON (NOUT - 1)) «

3 (DATA (NOUT, 1) - DATA (NOUT - 1, D) / 2.DO »

a4 VWEL > THETA
C
C RESTORE VELOCI TY
C

VEL » VELI
C
C.... CALCULATE CONTAM NANT REMAI NI NG | N FLUI D PHASE
C
C CALCULATE CONTAM NANT | N FLUI D NEAR FI RST NCDE
C

RCOL * REAL ( NCOL)

TOTVET = (0.75 » DV (1) + 0.25 » DV (2)) »

1 ZCOL / (RCOL - |.DO) / 2.DO » THETA
C
C CALCULATE CONAM NANT | N FLUI D NEAR TYP| CAL NODE
C

DO 120 1 = 2. (NCOL - 1)
TOTWET = TOTWET +

1 (0.75 « DV (I) + 0.125 » DbV (I - 1) +
2 0. 125 » DvVv (I + 1)) >>
3 ZCOL / (RCOL - | .DO =« THETA

120 CONTI NUE

C
C CALCULATE CONTAM NANT | N FLU D NEAR EXI T NODE


NEATPAGEINFO:id=9F0010D3-010A-491A-9577-A00B4DA73B04


U6 OB (028 O Wy, s » O

c

C....

130
C
C

C

00

0N 0

C

1200
1300
1400
1500
1600

CALCULATE CONTAM NANT REMAINING ON SOLI D PHASE
CALCULATE CONTAM NANT ON THE SCLI'D NEAR THE FI RST NCDE

I8 7 ke %73 7o P 83 R §2H Bo™ Hera)

CALCULATE CONAM NANT ON TYPI CAL NODES
DO 130 1 = 2,

TOTDRY = T DRY DFK »
go 752» DV V(l s DV (1 - 1)
» NN »
o ?RcofS « (I"DO - THETA)
CO\lTI NUE

CALCULATE CONTAM NANT NEAR EXI'T

T(Ey?z?éd ngioPV B0 TR YN A

COVMPUTE MASS BALANCE

BAL = TQTINF / ( TOTQUT + TOTVET + TOTDRY )

.. OQUTPUT THE MASS BALANCE FI NDI NGS

VRI TE (| OOUT, 1000)

VRI TE (1 OQUT, 1100)

VR TE (1 QOUT, 1200) TOTINF

VR TE (1 QOUT, 1300) TOTOUT

VR TE (1 OOUT, 1400) TOTVET

VR TE (1 QOUT, 1500) TOTDRY

VRl TE (1 OOUT, 1600) BAL

IF (I FLAGL .EQ 1) THEN
VRI TE (1 OOUT, 1700)

END | F

I|F (1FLAG® .EQ 1) THEN
VRI TE (I OOUT, 1800)

END | F

FOiMA-TX . 'édil\;s' TOTAL. NA(SJ%A | 'NiééT'E'D'* ')

FCRIVAT 20X TOTAI? MASS RELEASED =

F&i}\ﬁz\‘r 4( %%5 MAS??.EF?N{ NELU D PHAGE =

F YT ONS0LI D PHASE =
FmT TS RS o MBUr 0 ACCONTED Mss =

*
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1700 FORMAT ", 20X, ' MASS BALANCE TAKES ACCOUNT OF ABRUPT CHANGE'
1 IN I NFLUENT CONCENTRATI ON.

1800 FORNVAT ", 20X, 'MASS BALANCE USED DESO?PTI ON PORE VELOCI TY',
1 DURI NG DESORPI TON. »

RETURN
END

VARI ABLE NMAP:

VARI ABLE NAME

|
I FLAGL

1FLAGR2
IG N
| OQUT

NSTEPS

BAL

FK
FN
QUTCON
QUTPUT

THETA
TOTDRY
TOTI NF
TOTOUT
TOTUET
VEL
VEL2
zcoL

C
c
C
C
Cc
c
C
(o3
Cc
C
C
C
c
C
Cc
C
[
Cc
c
(o3
c
Cc
C
C
C
C
c
C
Cc
C
C
C
c
c
C
Cc
Cc
C
c
C
(o3
C
(o3
c
c
C
c
C
C
[
(o}
(o}
c

PRECI SI ON

| NTEGER* *
| NTEGER»4

| NTEGER»4
| NTEGER* *
| NTEGER* *
| NTEGER* *
| NTEGER* *

REAL* 8
REAL»e
REAL»8
REAL «8
REAL»8
REAL «8
REAL* *

REAL»8
REAL* 8
REAL «S
REAL »e
REAL* 8
REAL «e
REAL»8
REAL* 8
REAL»e

TH'S SUBROUTI NE PERFORMS A MASS BALANCE CHECK AFTER THE
COWPLETI ON CF SI MULATI ON | N SI MULATI ON MODE.

DESCRI PTI ON

LOOP | NDEX

FLAG FOR ABRUPT CONCENTRATI ON
CHANGE

FLAG FOR DESORPTI ON

UNI T NUVMBER TO READ FROM

UNI T NUMBER TO WRI TE TO
NUVBER OF NODES I N Z DI RECTI ON
NUVBER OF TEMPORAL STEPS

RATI O OF MASS I N TO MASS ACCOUNTED
I NI TI AL CONCENTRATI ON

DEPENDENT VARI ABLE VECTOR
FREUNDLI CH | SOTHERM COEFFI CI ENT
FREUNDLI CH | SOTHERM EXPONENT

EXI T CONCENTRATI ON VECTOR

SI MULATI ON STATUS MATRI X

G VES REPORT TI MES

Gl VES BED VOLUMES

G VES THROUGHPUT

G VES | NFLUENT CONCENTRATI ON
Gl VES DCO DT

REAL EQUI VALENT OF NCOL

PORCSI TY

TOTAL MASS LEFT ON SOLI D PHASE
TOTAL MASS | NJECTED | NTO COLUMN
TOTAL MASS TO EXI' T COLUWN

TOTAL MASS LEFT I N LI QUI D PHASE
PORE VELOCI TY

DESCORPTI ON PORE VELCCI TY

LENGTH OF COLUMN (2 DI RECTI ON)

COL
COL
COL
COL
CcOoL

a *wNp

SUBRCUI'I NE I\/Assz (OUTCON, DV, CO zcoL, THETA FKFN VEL, VELZ,

NSTEPS

II\/PLICIT REAL»8 (A-H, 0-2)

REAL** OUTPUT

NCOL)
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DI MENSI ON OUTPUT (250, 5), DV (101), OUTCON (250)
COMMON /UNI TS/ | AN, | OoUT

| FLAG =0
I FLAG2 =0

C .... STORE THE | NI TI AL VELCCI TY
C
VELI = VEL
C
C . ... CALCULATE TOTAL CONTAM NANT | NJECTED
c
c
C CALCULATE CONTAM NANT | NDECTED DURI NG FlI RST
C REPORT PERI OD.
C
TOTINF = CO » QUTPUT (1, 1) « VEL « THETA +
1 0.5 » (OUTPUT (1, 4) - CO » OUTPUT (1, 1) »
=2 NVEL >> THETA
C
C CALCULATE CONTAM NANT | NDECTED DURI NG TYPI CAL REPORT PERI OCDS
C
DO 100 | = 2, (NSTEPS - 1)
IFE ((QUTPUT (I, 4) .LT. 0.8 « OUTPUT ((I - 1),4)) .OR
1 (OUTPUT (1, 4) .GT. 1.2 - OUTPUT ((I - 1),4))) THEN
I FLAD = 1
TOTI NF = TOTI NF +
a OUJUT PUT o, a) >>
2 (OUTPUT (I, 1) - OUTPUT (I - 1, 1)) <«
= N ELo >> T  HEET A\
ELSE
TOTI NF = TOTI NF +
1 OUTPUT (I - 1, 4a) -
2 (OUTPUT (I, 1) - OUTPUT (I - 1, 1)) -
= N EL- - THETA —+
4 0.5 « (OUTPUT (I, 4) - OUTPUT (I - 1, 4)) =
5 (OUTPUT (I, 1) - OQUTPUT (I - 1, D) =
S N ELo - T  HEET A\
END | F
100 CONTI NUE
C
C
C .... CALCULATE TOTAL EFFLUENT RELEASED
C
C CALCULATE EFFLUENT RELEASED DURI NG THE FI RST HALF OF
C THE FI RST REPORT PERI OD
C
TOTOUT = (0.75 » O DO + 0.25 » OUTCON (1)) »
1 OQUTPUT (1, 1) / 2.DO » VEL - THETA
C
C CALCULATE EFFLUENT RELEASED AROUND THE FI RST REPORT
C PERI OD
Cc
TOTOUT = TOTOUT +
1 ((0.75 = OUTCON (1) + 0.25 - O DO -
2 (OUTPUT (1, 1) - O DO / 2.DO +
3 (0.75 » OUTCON (1) + O.25 - OUTCON (2)) *
4 (OUTPUT (2, 1) - OUTPUT (1, 1)) / 2.DO) -
5 VEL - THETA
C
C CALCULATE EFFLUENT RELEASED AROUND A TYPI CAL REPORT
C PERI OD
C
DO 110 | = 2, (NSTEPS - 1)
C
C RESET VELOCI TY | F DESORPTI ON BEG NS
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IF (QUTPUT (I, 4) .LT. |.OE-10) THEN
VEL = VEL2

I FLAG = 1
END I F

TOTOUT = TOTOUT +

((0.75 « OUTCON (1) + 0.25 « OUTCON (I - 1)) »

(QUTPUT (1, 1) - OJUTPUT (1 - 1, 1)) / 2.DO +

(0.75 « OUTCON (1) + 0.25 » OUTCON (1 + 1)) »

(OUTPUT (I + 1, 1) - OUTPUT (1, 1)) / 2.DO »
5 VEL - THETA

110 CONTI NUE

AWNR

C
C CALCULATE EFFLUENT RELEASED DURI NG LAST HALF OF LAST
c REPORT PERI OD
C
TOTOUT = TOTOQUT +
1 (0.75 - OUTCON ( NSTEPS) -+
2 0.25 » OUTCON (NSTEPS - D) -
3 (OUTPUT (NSTEPS, 1) - OUTPUT (NSTEPS - 1, 1)) / 2.DO »
a4 VEL - THETA
C
c RESTORE VELOCI TY
C
VEL = VELI
c
(o3
Cc
C.... CALCULATE CONTAM NANT REMAI NI NG | N FLUI D PHASE
C
C CALCULATE CONTAM NANT | N FLU D NEAR FI RST NODE
C
RCOL = REAL ( NCOL)
TOTWET = (0.75 « DV (1) + 0.25 » DV (2)) »
1 ZCOL / (RCOL - |.DO) / 2.DO « THETA
C
C CALCULATE CONAM NANT | N FLUI D NEAR TYPI CAL NODE
C

DO 120 | « 2, (NCOL - 1)
TOTWET = TOTUET O

1 (0.75 » DV (1) + 0.125 = DV (I - 1) +
2 0.125 » DV (1 + 1)) -
3 ZCOL / (RCOL - | .DO » THETA
120 CONTI NUE
C
C CALCULATE CONTAM NANT I N FLU D NEAR EXI T NODE
C
TOTUET = TOTWET + (0.25 « DV (NCOL - 1) + 0.75 « DV (NCOL)) »
i ZCOL / (RCOL - | .DO [/ 2.DO » THETA
C
C
C.... CALCULATE CONTAM NANT REMAI NI NG ON SOLI D PHASE
C
C
C CALCULATE CONTAM NANT ON THE SOLI D NEAR THE FI RST NCDE
(o4
TOTDRY = FK » (0.75 » DV (1) + 0.25 « DV (2)) <+ FN »
1 ZCOL / (RCOL - |1.DO [/ 2.DO » RHO » (I.DO - THETA)
C
C CALCULATE CONAM NANT ON TYPI CAL NODES
C

DO 130 1 = 2, (NCOL - 1)

TOTDRY = TOITDRY + FK »
1 (0.75 » DV (1) + 0.125 » DV (1 - 1)
2 +0. 125 » DV (I + 1)) »» FN »
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120

3 zZCO. / (KCQL - |1.DO = RHO » (1.DO - THETA)
130 CONTI NUE

C
C CALCULATE CONTAM NANT NEAR EXI T
C

TOTDRY = TOTDRY +
1 FK » (0.25 » DV (NCOL - 1) + 0.75 « DV CNCOD) »» FN

2 » ZCOL / (RCOL - |.DO) / 2.DO » RHO » (|.DO - THETA)
C
C
C .... COVPUTE MASS BALANCE
C
C
BAL = TOTINF / ( TOTOUT + TOTUET + TOTDRY )
C
C
C..... OUTPUT THE MASS BALANCE FI NDI NGS
C
VIRI TE (| OOUT, 1000)
WRI TE (1 OOUT, 1100)
VRl TE (1 GOUT, 1200) TOTI NF
VRI TE (i OOUT, 1300) TOTOUT
VRl TE (1 GOUT, 1400) TOTUET
VRl TE (1 OOUT, 1500) TOTDRY
VRI TE (1 OOUT, 1600) BAL
IF (IFLAG .EQ 1) THEN
VIRl TE (1 OOUT, 1700)
END | F
IF (IFLAGZ .EQ 1) THEN
VIRI TE (1 OOUT, 1800)
END | F
C
C

1000 FORMAT CI', 35X, ' S| MULATI ON MASS BALANCE REPORT ')
1100 FORMAT QO - - == == == === s o mmmmmmcomzommcoacoo oo o

s B - e ,
Y <)
1200 FORVAT (' 20X, 'TOTAL MASS | NJECTED = ',
1 ElO,4, « GRAMS /| SQ CMs)
1300 FORVAT (' 20X, 'TOTAL MASS RELEASED = ',
1 ElO,4, ' GRAMS/ SQ CM')
1400 FORNMAT (- 20X, 'MASS LEFT IN FLU D PHASE = ',
1 ElO 4, « GRAMS / SQ CM =)
1500 FORVAT (' 20X, 'MASS LEFT ON SOLI D PHASE = ',
1 ElO 4, ' GRAMS/ SQ CM')
16001FCR'VAT (EI o 20X, "RATI O OF | NPUT TO ACCOUNTED MASS = ',
,4)
1700 FORMVAT (° , 20X, ' MASS BALANCE TAKES ACCOUNT OF ABRUPT CHANGE',
1 I N | NFLUENT CONCENTRATI ON. ')
1800 FORNVAT (' 20X, ' MASS BALANCE USED DESORPTI ON PORE VELCCI TY',
1 ' DURI NG DESORPI TON. ')
C
C
RETURN

END
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c

C SORPTI ON NVODEL. -

C LANGVUI R SECOND ORDER MODEL
. VAL NFRANE VERSI ON

C
Cc
[o]
Cc
c
C
c
Cc
Cc
(o3
c
Cc
(o3
Cc
[
(o3
Cc
Cc
(o3
(o3
(o3
c
(o3
C
C
c
[
(o3
[
c
c
(o3
C
C
C
C
c
C
(o3
C
c
C
Cc
c
Cc
c
Cc
c
c
c
C
c
c
c
(o3
Cc

TH S PROGRAM USES THE DGEAR METHOD TO SOLVE THE ADVECTI VE

DI SPERSI VE EQUATI ON FOR THE CASE OF THE LANGVUJI R SECOND ORDER
SORPTI ON L. TH S MODEL ASSUMES THAT SCRPTION IS A SECOND-
ORDER PROCESS DEPENDENT ON THE PRODUCT OF THE FLUI D- PHASE
CONCENTRATI ON AND THE DI FFERENCE BETWEEN THE SCLI D- PHASE CAPACI TY

AND THE SCLI D PHASE CONCENTRAL ON, AND DESCRPTION IS A FUNCTI ON
OF THE SOLI D PHASE CONCENTRATI ON ALONE.

THE EQUATI ONS ARE APPROXI MATED USI NG THE FI NI TE DI FFERENCE METHCOD

RESULTING IN A SET OF DQ DT AND DC/ DT EQUATI ONS. THESE ARE
SOLVED USI NG DGEAR --- AN | MSL SUBRCQUTI NE.

THE PROGRAM | S PRESENTLY LI M TED TO 100 NODES.

VARI ABLE NMAP:

VARI ABLE NANE PRECI SI ON DESCRI PTI ON

[ | NTEGER* * TI ME STEP | NDEX

I DUMWY | NTEGER«4 DUMMY WORKI NG ARRAY FOR DCGEAR

I ER | NTEGER* * ERROR CODE RETURN | NDEX FOR DGEAR
| NDEX | NTEGER* * CALL | NDI CATOR | NDEX FOR GEAR

e RN | NTEGER* * UNI' T NUMBER TO READ FROM

| couT | NTEGER* * UNI T NUMBER TO WRI TE TO

1 WK | NTEGER* * WORKI NG ARRAY FOR DGEAR

NCOL | NTEGER* * NUMBER OF NODES I N Z DI RECTI ON
NDOF | NTEGER* * NUMBER OF DEGRFES OF FREEDOM

NLC | NTEGER* * NUMBER OF LOWER COD | AGONALS- DGEAR
NOUT | NTEGER* * NUMBER OF TEMPORAL STEPS TO OUTPUT
NUC | NTEGER* * NUMBER OF UPPER COD | AGONALS- DGEAR
NSTEPS | NTEGER* * NUVBER OF BED VOLUME STEP TO OUTPUT
B REAL* e LANGMUI R ENERGY CONSTANT

co REAL* e I NI TI AL CONCENTRATI ON

CNORM REAL»8 NORVALI ZED EXI T CONCENTRATI ON

CPRI VE REAL »8 EXTERNAL NAME OF DC/ DT SUBROUTI NE
CTEMP REAL»8 EXI T CONCENTRATI ON

DATA REAL* * EXPERI MENTAL | NPUT DATA

COLUWN 1 CONTAI NS REPORT TI MES

COLUWN 2 d VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 4G VES | NFLUENT
CONCENTRATI ON
COLUWN * d VES DCO DT

DDVDT REAL »8 DERI VATI VE OF DEPENDENT VARI ABLES
DGN REAL* 8 DI AGONAL VARI ABLE GROUPI NG TERMVS
DGNL OW REAL* 8 LOVER DI AGONAL VARAI BLE GROUPI NGS

DGNUP REAL »8 UPPER DI AGONAL VARI ABLE GROUPI NGS

o -
00000000000000000000000000000"00000000000000000000000000000 o
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o o0
oo000000000000000000000000000000000000 000

DM
DHI

DUMWY
Dv

epsl on
FCNJ
FKAPPA
FLSP
FLDSP
H
QUTPUT

00
RDSQSM
RHO
RSDSUM
SDUMMY
SKAPPA
SLDSP
SDK
THETA
TI MVE
TVESI M
TO

VEL
VELI
VEL2

UK
ZCOoL

TITLE

REAL»e HYDRCDYNAM C DI SPERSI ON CCEFFI CI ENT
REAL «8 SORPTI ON PHASE HYDRODYNAM C
DI SPERSI ON COEFFI ClI ENT
REAL «8 DUMWY ROUTI NE REQUI RED BY DGEAR
REAL»8 DEPENDENT VARI ABLE VECTOR
REAL»8 ALLOMBLE ERROR FOR DGEAR
REAL»e EXTERNAL NAME OF JACOB | AN ROUTI NE
REAL»8 FLU D- PHASE LCSS RATE
REAL»e FLU D- PHASE LGOSS GROUPI NG
REAL»8 FLU D- PHASE LOSS GROUPI NG
REAL «8 STEP SI ZE FOR DGEAR
REAL»8 A MATRI X OF SI MULATI ON STATUS

COL 1 CONTAINS REPORT TI ME

COL 2 CONTAINS BED VO_UI\/ES

COL 3 CONTAI NS THROUGHPUT

COL 4 G VES | NFLUENT CONCENTRATI ON
COL 5 d VES DCO DT

REAL »8 LANGMUI R CAPACI TY CONSTANT
REAL»8 SUM OF RESI DUALS SQUARED

REAL «8 SOLI D PHASE PARTI CLE DENSI TY
REAL »8 SUM OF RESI DUALS

REAL »8 DUMWY ROUTI NE FOR DGEAR

REAL»8 SOLI D- PHASE LOSS RATE

REAL »8 SOLI D- PHASE LOSS GROUPI NG
REAL»8 SECOND- ORDER RATE CONSTANT

REAL «e PORGCSI TY

REAL »8 TIME OF OUTPUT SI MULATI ON PO NT
REAL* e NUMBER OF BED VOLUMES TO SI MULATE
REAL »8 I NI TIAL TI ME FOR DGEAR

REAL »8 PORE VELCCI TY

REAL »8 SORPTI ON PORE VELCOCI TY

REAL»8 DESORPTI ON PORE VELOCI TY

REAL»8 WORKI NG ARRY NEEDED BY DGEAR
REAL »8 LENGTH OF COLUWN CZ DI RECTI ON)

CHARACTER«72 TI TLE OF SI MULATI ON RUN

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

CCeEELLesccCCCCCCeeceeeecccececeecccecececccccecececccccecececcccececececcceccecccceceeee

IMPLICI T REAL«8 CA-H, 0-2)
REAL»4 SDUMW, DATA, OUTPUT
CHARACTER»72 TI TLE

N—

ON F(100), X(I)
ON

WK (101)

101 DDVDT QJTPUT 250, 5
O\IDATA(100,4 100 1)( cor\P ( ),

(191

C (

ﬁ%ﬁ%@@% E@%ﬁ%ﬁéﬁc o

'"NOUT, NS

COMMON / WORDS/ Tl TLE
COMWON / FLU Y DCODT
COWON /UNITS/ AN, | oot
EXTERNAL CPRi ME, FCNJ
IO N =1

I CouUT

=3
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CAl,i - Kt . AU

VELI = VEL
DH = DH
CALL ECHO
CALL ERRSET (208, 256, -1, 1)
C
C. .... COMPUTE MODEL OUTPUT AT EXPERI MENTAL PO NTS | F DESI RED
C
IF (NOUT .GT. 0) THEN
CALL I NI TL (DDVDT, DV, OUTPUT, TO
CALL GRPFRM
CALL | NFAO (DATA, NOUT)
C
C. .... I NIl Tl ALI ZE VARI ABLE FOR FI RST CALL TO | M5SL DGEAR ROUTI NE
C
NDOF = 2 -« NCOL
NCOLEX = 2 » NCOL - 1
TO = O DOO
H = 1. D-08
I NDEX =1
DV (1) = CO
NLC " 2
NUC = 2
C
C .... TI ME LOOP FOR SI MULTATI ON AND OUTPUT AT EXPERI MENTAL PO NTS
C
DO 100 | = | . NOUT
IF (I .GT. 1) THEN
IF ((DATA (I, 3) .LT. 0.8 « DATA ((I - 1),3)) .OR
1 (DATA (I, 3) .aGr. 1.2 » DATA ((I - 1),3))) THEN
H = 1. D08
I NDEX = 1
DCODT = 0. 000
DV (1) » DATA (I, 3)
WRI TE (1 OOUT, 1300)
IF (DV (1) .LT. |.CE-10) THEN
VEL = VELZ2
DH = DH » VEL2 / VELI
CALL GRPFRM
VRI TE (I OOUT, 1400)
END | F.
ELSE
DCODT « DATA (1, 4)
END I F
ELSE
DCODT DATA (1, 4)
END | F
TI ME = DATA (1, 1)
CALL DGEAR (NDOF, CPRI ME, FCNJ. TO, H, DV, TIME,
1 EPSLAN, 2, -2, I NDEX, I VK, UK, I ER)
CALL REPORT (I, DV, RSDSUM RDSQSM RSD)
QUTCON (1) = DV (NCOLEX)
100 F(l1) * RSD
C
C..... RESTORE ORI G NAL PARANMETERS
C
DH » DHI
VEL « VELI
C
C..... CHECK THE NMASS BALANCE
C
CALL MASSI (OQUTCON, DV, CO, zZCO., THETA, VEL, VEL2,
1 RHO, DATA, NOuUT, NCOL)
C

END | F
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u.... CunpuTt

1 (OUTPUT (I, 4) .GT.

1 EPSLON, 2,

C....

C

C

1000
1100

| i UDEL

I F (NSTEPS . GI. 0) THEN

QUTPUT  Ar CALCULATED

PO NTS IF DESIRED

CALL INITL (DDVDT. DV, OUTPUT, TO

CALL GRPFRM
CALL I NFO2 (QUTPUT, NSTEPS)

I NI TI ALI ZE VARI ABLE FOR FI RST CALL TO | MSL DGEAR ROUTI NE

NDOF = 2 » NCOL
NCOLEX = NDOF - i
TO = O DOO

H = 1.D 08

I NDEX =1

= CO

NUC = 2

VIRl TE (| OOUT, 1000)

WRI TE (1 OOUT, 1100)
DO 110 | = 1, NSTEPS
IF (I .GT. 1) THEN

IF ((QUTPUT (I, A)

H = 1.D 08
I NDEX = 1
DCODT = 0. 000

DV (1) « OUTPUT (1,4)
1300)
1. CE-10 THEN

VRl TE (1 QOUT,

IF (DV (1) .LT.
VEL = VEL2
DH = DHI
CALL GRPFRM
VIRI TE (1 OOUT,

END | F

ELSE

DCODT = OUTPUT (1, 5)

END I F
ELSE

DCODT = OUTPUT (1, 5)

END | F
TIME = OUTPUT (1, 1)

.LT. 0.8 » QUTPUT ( (I
1.2 » OQUTPUT ((I -

- 1),A) . R
1),4))) THE

» VEL2 / VELI

1400)

CALL DGEAR (NDOF, CPRIME, FCNJ, TO H, DV, TIME,

-2,

CTEMP = DV ( NCOLEX)

CNORM « CTEMP / CO

OUTCON (1) = DV (NCOL
|

I NDEX,

I VWK, W, | ER

EX)
WRI TE (I DOUT, 1200) (OQUTPUT (I,J), J =1, 3), CTEMP, CNORM

RESTORE ORI G NAL PARAMETERS

DH = DHI
VEL = VELI

CHECK THE NMASS BALANCE

CALL MASS2 (QUTCON, DV, CO, zCOL, THETA, VEL, VEL2,
1 RHO, OQOUTPUT, NSTEPS, NCOL)

END | F

FORMAT CI ',

42X,
FORMAT CO-

1 e

" S| MULATI ON QUTPUT FOR PLOTTI NG )
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125

I ZUU r UKHAI ist.iz. s;
1300 FORVAT (=« ', 20X, '»»»»» ', ' ABRUPT | NFLUENT CONCENTRATI ON
! SCHANGE. | en»en» «, -DGEAR WAS RESET. ', s»»»»»')
1400 FORMAT (' ', 23X, e»»»e» ', 'DESORPTI ON DETECTED. ',
1 * HYDRODYNAM CS VEERE RESET. ', e»»»»ee)
STOP
END

C

C C
c C
¢ THI S SUBROUTI NE READS THE BASI C | NPUT REQUI RED FOR THE SECOND- c
c ORDER SORPTI ON VERSI ON OF THE ADVECTI VE- D1SPERSI VE EQUATI ON. c
(o] c
Cc c
c VARI ABLE MNAP! c
Cc (o3
C c
Cc VARI ABLE NANME PRECI SI ON DESCRI PTI ON c
(o3 c
c I N | NTEGER»4 UNI' T NUVBER TO READ FROM c
c I oout I NTEGER»A UNI T NUMBER TO WRI TE TO c
c NCOL I NTEGER»4 NUMBER OF NODES | N Z DI RECTI ON c
c NouT | NTEGER»>4 NUMBER OF TEMPORAL STEPS TO OQUTPUT c
[o] NSTEPS | NTEGER»4 NUMBER OF BED VOLUME STEP TO QUTPUT c
Cc (o3
Cc c
c B REAL »8 LANGVUI R ENERGY CONSTANT c
c co REAL»8 I NI TI AL CONCENTRATI ON c
c DATA REAL «4 EXPERI MENTAL | NPUT DATA c
c COLUWMN 1 CONTAI NS REPORT TI MES c
c COLUMN 2 G VES EXPERI MENTAL c
c CONCENTRATI ON c
c COLUMN 3 d VES | NFLUENT c
c CONCENTRATI ON c
c COLUWN 4 d VES DCCO DT c
c DH REAL»8 HYDRCDYNAM C DI SPERSI ON CCEFFI Cl ENI ¢
c EPSLON REAL »a ALLOMABLE ERROR FOR DGEAR c
c FKAPPA REAL»8 FLUI D- PHASE LOSS RATE c
c Q REAL»8 LANGMUI R CAPACI TY CONSTANT c
c RHO REAL «8 SOLI D PHASE PARTI CLE DENSI TY c
c SKAPPA REAL »6 SOLI D- PHASE LGOSS RATE c
c SOK REAL »8 SECOND- ORDER RATE CONSTANT c
c THETA REAL »8 PORGCSI TY c
c TMESI M REAL »8 NUMBER OF BED VOLUMES TO SI MULATE c
(¢} VEL REAL »8 PORE VELOCI TY c
c VEL2 REAL »8 DESORPTI ON PORE VELCOCI TY c
c zCcoL REAL»8 LENGTH OF COLUWN (Z DI RECTI QN) c
c c
c c
c TITLE CHARACTER»72 TI TLE OF SI MULATI ON RUN c
(o} c
c c
cccecceecececcececccececcececcceccececcecccecceccceccecceccceccccecccecccecccccccccccccccccccccccccccccccc
Cc

SUBROUTI NE READ

I MPLI CI T REAL»8 (A-H, 0-2)

REAL»4 DATA

CHARACTER»72 TI TLE

DI MENSI ON DATA (100, 4), C (100), T(10O

COMMON /I NPUT/ TMESIM DATA, VEL, DH, RHO, THETA, ZCOL, VEL2,
1 EPSLON, CO QO B, SOK, FKAPPA, SKAPPA, C, T,
2 1 CoN, NCOL, NOUT, NSTEPS

COVIVON / WORDS/ TI TLE
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i,unnuN / UNI TS/

AN, | OooJT

READ (I O N, 1000) TITLE
READ (1 O N, 1100) NCOL, NOUT, NSTEPS, TMESIM | CON

I F (ABS ( NOUT)
NTEMP = ABS
READ (| O N,
READ (14 N,

END | F

.GT. 0) THEN

( NouT)
1200) (DATA (I, 1)
1200) (DATA (I, 2),

READ (1 O N, 1200) VEL, DH, RHO,

READ Cl O N, 1200)

READ (1 O'N, 1200) (C (1), 1=1,

READ <l O'N, 1200) (T (1), ! 1>

1000 FORMAT (A72)

1100 FORMAT (315, E12.5, 15
1200 FORNVAT ((SE12.5))

RETURN
END

C

C

C

c

c VARI ABLE NAP:
c

c

c VARI ABLE NAME
c

c Id N

c I GouT
c NCOL

c

c

c B

c (ee)

c DATA

C

c

c

c

C

c

c DH

c EPSLON
c FKAPPA
c PE

c Q

c RHO

c SKAPPA
c SOK

c THETA
c TMESI M
[ VEL

c VEL2

c zZCOoL

c

c

c TI TLE
c

c

c

c

c

c

PRECI SI ON

| NTEGER»4
| NTEGER»4
| NTEGER»4

REAL «e
REAL »8
REAL »4

REAL «8
REAL »8
REAL »8
REAL»8
REAL»8
REAL »8
REAL* e
REAL «8
REAL»8
REAL »8
REAL* 8
REAL «8
REAL»8

CHARACTER»72

SUBROUTI NE ECHO
| MPLICIT REAL»8 (A - H O - 2)

I = NTEMP)
1= NTEMP)

THETA, ZCOL, EPSLON

CO QO B, SDK, FKAPPA, SKAPPA, VEL2

1 CON)
| CON)

THI' S SUBROUTI NE ECHOS THE | NPUT TO DEVI CE | OOUT.

DESCRI PTI ON

UNI' T NUVMBER TO READ FROM
UNI T NUMBER TO WRI TE TO
NUMBER OF NODES I N 2 DI RECTI ON

LANGVUI R ENERGY CONSTANT

I NI TI AL CONCENTRATI ON

EXPERI MENTAL | NPUT DATA
COLUWMN 1 CONTAI NS REPORT Tl MES
COLUWN 2 d VES EXPERI MENTAL
CONCENTRATI ON

COLUWMN 3 d VES | NFLUENT
CONCENTRATI ON

COLUWN 4 d VES DCO DT

HYDRODYNAM C DI SPERSI ON CCEFFI CI ENT

ALLOMBLE ERROR FOR DGEAR
FLUI D- PHASE LOSS RATE
SYSTEM PECLET NUMBER

LANGMUI R CAPACI TY CONSTANT
SOLI D PHASE PARTI CLE DENSI TY
SOLI D- PHASE LOSS RATE
SECOND- ORDER RATE CONSTANT
PORCSI TY

NUVBER OF BED VOLUMES TO SI MULATE

PORE VELOCI TY
DESORPTI ON PORE VELOCI TY
LENGTH OF COLUMN (Z DI RECTI ON)

TI TLE OF SI MULATI ON RUN

gceceeceeececcececececececececceccecececcceccececcecceccecceccecccecceccccceccccccccccccccccccccccccccccccccce

C
C
C
C
C
c
c
c
c
c
c

Cc
C

c
(o3
c
C

(o3
c
(o3
Cc

(o3
c
(o3
c
c
(o3
c
c

c
c
c
Cc
c
(o}
c
c
C
[
c
c
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REAL»4

DATA

CHARACTER»72 TI TLE

DI MENSI ON DATA (100, 4),

C (100),

COMMON /| NPUT/ TMESI M DATA, VEL,

1 EPSLAON, CO QO

2

B,

I CAN, NCAOL, NOUT,

COVIVON / WORDS/ TI TLE

caovwoN /UNI TS/ 1O N, | OOUT
PE = VEL » ZCOL / DH
WRI TE (| COUT, 1000)
WRI TE (1 COUT, 1100)
WRI TE (| OOUT, 1200) TITLE
VWRI TE (I COUT  1400)
WRI TE (| OGOUT, 1300)
VWRI TE (| OOUT  1400)
WRI TE (| OOUT, 1500) CO
WRI TE (| OOUT, 1600) DH
WRI TE (| OOUT, 1700) NCOL
WRI TE (1 OOUT 1800) RHO
WRI TE (| OOUT 1900) VEL
WRI TE (1 OOUT  1950) VEL2
VRI TE (| OOUT, 2000) THETA
WRI TE (1 OOUT 2100) ZCOL
WRI TE (| OOUT, 2200) PE
WRI TE (1 OOUT 2300) QO
WRI TE (| OOUT, 2400) B
WRI TE (1 OOUT 2500) SOK
WRI TE (| OOUT, 2600) FKAPPA
WRI TE (| OOUT, 2700) SKAPPA
WVRI TE (| OOUT, 2800) | CON
WRI TE (1 OOUT 2900)
VWRI TE (1 OCOUJT, 3000) (C( 1), I =1,
WRI TE (| OOUT, 3100)
WRI TE (| OOUT, 3000) (T (l), I =1,
1000 FORMAT Cl* SOX, ' PLUG FLOGi
1100 FORNVAT (s ' , 47X,
1200 FORNVAT (' 26X, A72)
1300 FORMVAT (' ', 15X, « VARI ABLE' 16X
it 16X, 'UNITS ', 16X)
1400 FORNVAT f-A—-
fo..- .
1500 FORMAT CO 15X, « CO I BX,
£10. 4, 16X, °*G CW«2 )
1600 FORMVAT (' ', 15X, - DH 18X,
E10. 4, 16X, * CMk«2/ HOUR )
1700 FORNAT 15X, ' NCoL ' | ex.
15)
1800 FORMAT (' « . 15X, ' RHO | ex,
E10. 4, 16X, 'G CM»3")
1900 FORMAT (¢ ', 15X ' VEL » , 18X
E10. 4, 16X, * CM HOUF ')
195.0 FORNMAT (- 15X, ' VEL 18X,
E10. 4, 16X, <*CM HOUF )
2000 FORMAT (' ' . 15X, ' THETA ', lex.
E10. 4)
2100 FORMVAT (' ', 15X, - zZCOL - 18X,
E10. 4, 16X, '™ )
2200 FORVAT <e 15X, < PE 18X,
E10. 4)
2300 FORMAT (= 15X, « QO 18X,
E10. 4, 16X, 'GG)
2400 FORNVAT (' . 15X, « B 18X,
E10. 4, 16X, ' CWb»3/ G )
2500 FORMVAT (' . 15X, e« SOK 18X,
12X. El O 4. ifiYy. r.»»*' A c-

T (100)
DH, RHO, THETA, ZCOL, VEL2,

SCK, FKAPPA, SKAPPA, C, T,
NSTEPS

| CON)

I CON)

DI SPERSI ON REACTOR' )
« LANGVUI R SECOND ORDER KI NETI C SI MULATI ON

)

' DESCRI PTION , 30X, ' VALUE'

e« -» 0

I NI TI AL CONCENTRATI ON ' 14X
HYDRODYNAM C DI SPERSI ON ' 14X
NUMBER OF COLUMN STEPS 16X
SOLI D PHASE DENSI TY ' 14X
PORE VELOCI TY 14X
DESORPTI ON VELCOCI TY 14X
VO D VOLUME FRACTI ON 14X
LENGTH OF COLUWN 14X
' PECLET NUMBER 14X
' LANGMUI R CAPACI TY CONSTANT ' 14X
LANGMUI R ENERGY CONSTANT ' 14X

' SECOND- ORDER RATE CONSTANT
JB> 1
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' FLUI D PHASE LOSS RATE I AX,
''SCLI D PHASE LOSS RATE 14X,
' NUMBER OF | NFLUENTS 14X,

CONCENTRATI ONS' )

TIMES )

NE I NI TI ALI ZES THE MODEL VARI ABLES FOR THE SI MULATI ON

DESCRI PTI ON

WORKI NG VARI ABLE
WORKI NG VARI ABLE
NUVMBER OF EQUAL BED VOLUNME STEPS
TO BE CALCULATED

LANGVUI R ENERGY CONSTANT

EXPERI MENTAL | NPUT DATA

COLUMN 1 CONTAI NS REPORT TI MES
COLUMN 2 4G VES EXPERI MENTAL
CONCENTRATI ON

COLUWMN 3 d VES | NFLUENT
CONCENTRATI ON

COLUMWMN 4 4G VES DCO DT

DERI VATI VE OF DEPENDENT VARI ABLES
RATI O OF TOTAL NMASS ADSORBABLE
ON SOLI D PHASE TO TOTAL NMASS I N
FLU D PHASE

DURATI ON OF EACH TI ME STEP

REAL EQUI VALENT OF NSTEPS
DEPENDENT VARI ABLE VECTOR

MACHI NE EPSI LON

FLUI D- PHASE LOSS RATE

A MATRI X OF SI MULATI ON STATUS

1 CONTAI NS REPORT TI ME

CONTAI NS BED VOLUNMES

CONTAI NS THROUGHPUT

A VES | NFLUENT CONCENTRATI ON
4d VES DCO DT

LANGVUI R CAPACI TY CONSTANT

SOLI D- PHASE LOSS RATE

SECOND- ORDER RATE CONSTANT
TRAVEL TI ME THROUGH COLUMWMN
TEMPORARY VARI ABLE FOR EPSMCN CALC
TEMPORARY VALUE OF REPORT TI ME
NUVBER OF BED VOLUMES TO SI MULATE

EERE

zouu  PuftnAi | ea | | bA, hKAh- PA'
1 ElIO A 16X, 'I/HR
2700 FORMAT (' ', 15X, ' SKAPPA'
1 E10. 4, 16X, 'I/HR*
2800 FORNMAT 15X, ' 1 CON
1 15)
2900 FORNMAT 39X. e+ | NFLUENT
3000 FORNVAT 14X, 10E10. 3)
3100 FORNVAT 39X, * | NFLUENT
RETURN
END
C
C
C
c
c
o3 TH S SUBROUTI
c OF THE ADVECTI VE- DI SPERSI VE EQUATI ON.
Cc
c
[ VARI ABLE NMAP:
c
c
c VARI ABLE NANME PRECI SI ON
c
[ [ I NTEGER»4
c J I NTEGER»A
[o] NSTEPS I NTEGER»4
c
c
c
[ B REAL»8
c DATA REAL »4
c
c
c
Cc
c
c
c DDVDT REAL* 8
c DG REAL«8
c
Cc
c DT REAL' S
c DTN REAL»8
[ DV REAL»8
c EPSMCN REAL>»8
[o] FKAPPA REAL»8
[ QuUTPUT REAL »4
c
c
c
c
Cc
(o] QO REAL»e
[ SKAPPA REAL>»8
c SDK REAL»8
c TAU REAL* 8
c TEMP REAL»8
c TEMPT REAL»8
c TMESI M REAL»8
Cc
c
c
c
c
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C
SUBROUTI NE | NI TL (DDVDT. DV. QUTPUT, TO
I MPLICI T REALMS (A-H, 0-2)
REAL»4 DATA, OUTPUT
LOGE CAL DONE
DI MENSI ON DATA (100, 4), DDVDT (101), DV (101), OUTPUT (250,5),
1 C (100), T (100)
COWON /I NPUT/ TMESIM DATA, VEL, DH, RHO, THETA. ZCOL, VEL2,
1 EPSLON, CO, QO, B, SOK, FKAPPA, SKAPPA, C, T,
2 |1 CAN, NCOL, NOUT, NSTEPS
C
C.... I NI TI | ALI ZE DEPENDENT VARI ABLE AND DERI VATI VE VECTORS
C
DO 100 | = 1, 101
DV (1) = O DOO
100 DDVDT (1) = O DOO
C
C.... COVMPUTE SI MULATI ON OQUTPUT PO NTS | F DESI RED

IF (NSTEPS . GT. 0) THEN
TAU = ZCOL / VEL
DG » 1 + (RHO « (1 - THETA) / THETA) « ((QO » B « CO /
1 (1 + B» CO) / CO
DTN = NSTEPS
DT = TMESIM / DTN
TEMPT = O DOO
DO 110 1=1, NSTEPS
TEMPT * TEMPT + DT
QUTPUT (1,1) = TEMPT
OUTPUT (1,2) = TEMPT / TAU
110  OUTPUT (1,3) = TEMPT / (TAU » DO
END | F

C.... CALCULATE THE MACHI NE EPSI LON FCR USE AS A LONER ERROR BCUND

EPSMCN =1. O
120 EPSMCN = EPSMCN / 2. 0DOO

TEMP = | . ODOO + EPSMCN

IF (TEMP .GI. |.0DOO) GO TO 120
c
C.... CALCULATE THE | NFLUENT CONCENTRATI ONS FOR USE I N THE
C.... EXPERI MENTAL COVPARI SON MODE BY | NTERPCLATI NG FROM THE
C.... LI ST OF KNOAN CONCENTRATI ONS.

C
IF (NOUT .GT. 0) THEN
DO 130 NCOUNT = 1, NOUT, 1
TEND = DATA (NCOUNT, 1)
DONE = . FALSE.
DO 140 NLQOP = 1, (ICON - 1)
IF (DONE . EQV. .FALSE.) THEN

DNTI ME = T ( NLOOP)
UPTIME = T (NLOOP + 1)
DNCON = C ( NLOOP)
UPCON = C (NLOOP + 1)

I'F ((DNTIME . LE. TEND) .AND. (UPTIME .GE. TEND))
a T HEEDRM
DATA (NCOUNT, 3) » DNCON + (UPCON - DNCON)
1 -« (TEND - DNTIME) / (UPTIME - DNTI ME)
DONE = . TRUE.
END | F
END | F
1440 CONTI NUE
I F (NCOUNT .GT. 1) THEN
DATA (NCOUNT, 4) = (DATA (NCOUNT, 3) -
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1, 71 USI A ( NUUUNT -
DATA ( NCOUNT 1, 1) )> TUSEA ( b
ELSE

DATA ((NCOUNT, 4 (DATA (NCOUNT, 3 cO)
I (DATA"("'NCOUNT, 1) - TO

130 CONTI NUE
END | F
C.... CALCULATE INFLUENT CONCENTRATI ON FOR USE IN THE
Clll SI MICATI ON

I F (NSTEPS . GI. 0) THEN
DO 150 NCOUNT = 1, NSTEPS, 1
TEND = OUTPUT( NCOUNT. 1)
DONE = . FALSE.
DO 160 NLOOP = 1, (ICON - 1)
IF (DONE . EQV. .FALSE. ) THEN

DNTI ME = T (NLOOP)
UPTIME = T (NLOOP - 1)
DNCON = C ( NLOOP)
UPCON = C (NLOOP ~ 1)

I F ((DNTI ME
4 e .LE. TEND) .AND. (UPTIME .GE. TEND))

OUTPUT ( NCOUNT, 4) UPCON - DNCON)
1 « (TEND - DNTI ME) / ( LH3T1 hﬂE (DNT|M5
DONE = . TRUE.
END | F

ENDI F
160 CONTI NUE
IF(NOOJNT GT. 1) THEN

(OUTPUT ( NOOUNT, 4
%@}P&J,T(mm [, } /)(OUTPLfr Rt
1/ (ourPTUNOSERT, oy (OFRYT (NCONT, 4) - co

ENDI F
1 SO CONTI NUE

C.... COVPUTE BED VOLUMES FCR VARI ABLE VELOCI TY CASE

OLDVEL = VEL
TEMPT = O DOO

DO 170 1=1, NSTEPS
TEMPT = TEMPT + DT

I'F (QUJTPUT (I, 4) GT. |.CE-10) THEN
CURVEL = VEL

ELSE
CURVEL = VEL2

ENDI F

AVGVEL = (OLDVEL « (TEMPT DT) + CURVEL DT) / TEMPT
TAU = ZCOL / AVGVEL

QUTPUT (I, 2) = TEMPT  Tau

QUTPUT (I, 3) = TEWPT / (TAU Do
COLDVEL = AVGVEL
170 CONTI NUE
ENDI F
RETURN
END

T
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VARI ABLE MAP:

VARI ABLE NANME PRECI SI ON DESCRI PTI ON

O N | NTEGER»A UNI T NUMBER TO READ FROM

| ooUT | NTEGER»4 UNI' T NUMBER TO WRI TE TO

NCOUNT I NTEGER»A LOOP COUNTER

NOUT 1NTEGER»4 NUVMBER OF TEMPORAL STEPS TO QUTPUT
DATA REAL »4 EXPERI MENTAL | NPUT DATA

COLUWN 1 CONTAI NS REPCRT TI MES
COLUWN 2 G VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 d VES | NFLUENT
CONCENTRATI ON

COLUWN 4 d VES DCO DT

6op0o0000O00OO0O0000QNO0000O

00000000000000000000000

cccceeeccceecccececcceeccececcceecccececccececcceecccececcceecccececcceeccececcceccccc

SUBROUTI NE | NFO  ( DATA, NOUT)
REAL»4 DATA

DI MENS| ON DATA (100, 4)

COWDN /UNITS/ [Q'N, 1oour
WRI TE (| COUT, 1000)

WRI TE (1 OOUT, 1100)

WRI TE (| COUT, 1200)

VR TE (| OOUT, 1100)

DO 100
W YE O 1360) ( DATA (NOONT, 1), 1 = 1, 4)
idhg E%i Q...42%, " EXPERIVENTAL CCVPAR! SO NOZE | NFORVAT OV )
12001levm Cr. 28X TI|NE '1'5'X' ' 'OG\JCE1'6' CENTRATL OV T, 6X
1300 FORAT C " VRN o %15, & 8x E12.5. 10X, E12.5)

o0 000

cceceeecececececececececececececececececececececececccccccccccccceccccccccccccccccccccccccccceeeee

TO BE CALCULATED

c c
N C
c T s suerouTi Ne WRI TES THE CONTENTS OF THE QUTPUT MATRI X TO c
c UNI T | OOUT. c
: Cc
: C
c VARI ABLE MAP: °
: [+
. DESCRI PTI ON c
c VARI ABLE NAME PRECI SI ON c
i 1O N | NTEGER«4 UNI T NUMBER TO READ FROM C
c | couT | NTEGER»4 UNI T NUVMBER TO WRITE TO Cc
LOOP COUNTER

c NCOUNT | NTEGER»4 ‘
c NSTEPS | NTEGER»4 NUMBER OF EQUAL BED VOLUME STEPS ‘
: Cc
Cc

131
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0
%
:
X
:
;

A MATRI X QF SI MULATI ON STATUS

COL 1 CONTAI NS REPORT TI ME

coL CONTAI NS BED VOLUMES

coL CONTAI NS THROUGHPUT

coL G VES | NFLUENT CONCENTRATI ON
d VES DCO DT

6O OO0 00000

ccccceeecceceeccceeeccceeccecceeccceceecccececcccececccceccccccecccccccccccccc

SUBROUTI NE | NFO2 ( QUTPUT, NSTEPS)
REAL»4 OUTPUT
DI MENSI ON OUTPUT (250, 5)
COMMON /UNI TS/ 1 O N, | OOUT
WRI TE (1 OOUT, 1000)
WRI TE (1 GOUT, 1100)
WRI TE (| OOUT, 1200)
WRI TE (1 GOUT. 1100)
DO 100 NCOUNT = 1, EPS
WRI TE (1 00T, 1300) (QUTPUT (NCOUNT, 1), | =1, 5)

CONTI NUE

100
%(])_88 FO?MAT Cl ', 48X, ' SIMJLATI ON MODE | NFORMATI ON )

_______________________________ )
1200 F(PIVAT 12x ' REPORT_TI ME | x. BED VO_UNES 12X,
RC;JGHF" 6X, CO\ICEN'IJ
1300 F(RI\/AT( ', X, EIZS | OX, E12.5, 1OX, E12.5, |OX
1 El12. 5, IOX E12. 5)
RETURN

END

C

Cc
C
c THI S suBrouTl NE COMPUTES VARI ABLE GROUPI NGS TO M NIM ZE EFFORT I N €
c THE soLuTi oN o THE SET OF SI MULTANEQUS NONLI NEAR EQUATI ONS. ‘;
¢ Cc
C
c VARI ABLE MAP: z
¢ [+
Cc
c VARI ABLE NANME PRECI SI ON DESCRI PTI ON z
Z | | NTEGER* * TI ME STEP | NDEX c
c 2 NCOoL | NTEGER»4 NUVMBER OF NODES I N Z DI RECTI ON ¢
c NDOF | NTEGER* 4 NUVBER OF DEGREES OF FREEDOM c
c NOUT | NTEGER* * NUVMBER OF TEMPORAL STEPS TO QUTPUT ¢©
. NSTEPS | NTEGER* * NUVBER OF TEMPORAL STEPS TO SI MULATEC
¢ [
Z B REAL »8 LANGMUI R ENERGY CONSTANT c
c DATA REAL * * EXPERI MENTAL | NPUT DATA Cn
c COLUWN 1 CONTAI NS REPORT TI MES
c COLUWN 2 d VES EXPERI MENTAL ¢
c CONCENTRATI ON c
c COLUWN 3 d VES | NFLUENT ¢
c CONCENTRATI ON c
c COLUWN * d VES DCO DT <
c DGN REAL»8 DI AGONAL VARI ABLE GROUPI NG TERMS ¢
c DGNLOU REAL »8 LOVER DI AGONAL VARAI BLE GROUPI NGS c
. DENUP REAL»8 UPPER DI AGONAL VARI ABLE GROUPI NGS ¢
c DH REAL »8 HYDRODYNAM C DI SPERSI ON CCEFFI CI ENT €©
c cz REAL »8 COLUWN STEP SIZE IN Z DI RECTI ON c
c EKAPPA REAL »e FLU D- PHASE LOSS RATE c
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c FLSP REAL «e FLUI D- PHASE LGOSS GROUPI NG C
c FLDSP REAL >»8 FLUI D- PHASE LOSS GROUPI NG C
C QO REAL »8 LANGVUI R CAPACI TY CONSTANT C
[} REAL ND REAL »8 NUVBER OF NODES | N CO_UWVWN C
c RHO REAL «e SOLI D PHASE PARTI CLE DENSI TY C
c SKAPPA REAL »>8 SOLI D- PHASE LOSS RATE C
c SLDSP REAL »8 SOLI D- PHASE LOSS GROUPI NG C
c SDK REAL >»8 SECOND- ORDER RATE CONSTANT C
c THETA REAL <38 PORCsI T Yy
c TMVESI M REAL »8 NUMBER OF BED VOLUMES TO SI MULATE C
C VEL REAL >8 PORE VELOCI TY <C
C VEL2 REAL »a DESORPTI ON PORE VELOCI TY C
c zCcdL REAL »8 LENGTH OF COLUMWMN (Z DI RECTI QN) C
c C
v C
c C
c (o3
(o oX o3 o o o o o o o o o o o o o o o o o o o o o o o o o o o of o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o oY of oY o3
Cc

SUBROUTI NE GRPFRM

I MPLI CI T REAL»8(A-H, 0-2)

REAL>»>A DATA

DI MENSI ON DATA (100,4), C (100), T (100)

COVMMON / GROUPS/ DGN, DGNLOU, DGNUP FLSP, FLDSP, SLDSP
COWON /| NPUT/ TMESIM DATA, VEL, DH, RHO THETA, ZCOL, VEL2,
1 EPSLON, CO QO B, SOK, FKAPPA, SKAPPA, C, T,
2 1 CoN, NCOL, NOUT, NSTEPS

133

C..... COMPUTE MACROSCOPI C ADVECTI VE- DI SPERSI VE EQUATI ON FLUI D PHASE GROUP | NS
C

REALND « NCOL

DZ = ZCOL / (REALND - | . DOO)

DGNLON = DH / (DZ » 2.D00) + VEL / (2.D00 - DZ)

DGN = -2.D00 « DH / (DZ »- 2.DOC) - FKAPPA

Cc
C
Cc
(o3
Cc
c
Cc
C
c
(o3
Cc
C
[
[
[
(o4
c
(o3
[
[
(o3
c

DGNUP » DH / (DZ »- 2.DOG - VEL / (2.D00 tDZ)
FLSP = (RHO » (1 - THETA) / THETA) » SOK

FLDSP = (RHO » (1 - THETA) / THETA) » (SOK / B)
SLDSP = SOK / B

RETURN

END

THI S SUBROUTI NE COVPUTES THE VALUES OF THE DERI VATI VE OF THE
DEPENDENT VARI ABLE AS A FUNCTI ON OF TI ME. THE EQUATI ONS ARE
SOLVED USI NG THE VARI ABLE GROUPI NGS PREVI OQUSLY DERI VED | N ORDER
TO SAVE COVMPUTATI ONAL EFFORT.

ALL DEPENDENT VARI ABLE ARE STORED I N A SI NGLE ARRAY DV, AND ALL
TEMPORAL DERI VATI VES OF THE DEPENDENT VARI ABLE ARE STORED I N A
SI NGLE ARRAY TERMED DDVDT. THE | NDEX NUMBERI NG OF THESE ARRAYS
MAY BE DESCRI BED AS FOLLOWS:
A) THE FI RST ENTRY (1) IS THE | NLET NODE OF THE COLUMN.
B) THE SECOND ENTRY (2) IS LEFT BLANK.
C) THE SUCCEEDI NG REFERENCES TO THE FLUI D PHASE ARE AT THE
ODD- NUMBERED | NDI CES.
D) THE SOLI D PHASE REFERENCES ARE AT THE EVEN- NUMBERED | NDEX
FOLLOW NG THE ASSCOCI ATED FLUI D REFERENCES.
E) THE TOTAL DEGREES OF FREEDON ARE EQUAL TO 2 « NCOL.
F) THE NEXT- TO- LAST ENTRY | S THE FLU D PHASE EXI T CON N.
G THE LAST ENTRY IS THE SOLI D PHASE CONCENTRATI ON AT THE EXI T
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00 000000000000 0000N00O000O0O00O0N0000000000O0O0O0D0

VARI ABLE NAP:

VARI ABLE NANME PRECI SI ON DESCRI PTI ON

| I NTEGER* * TEMPORARY VARAI BLE

J | NTEGER»4 TEMPORARY VARAI BLE

NCOL | NTEGER»4 NUVMBER OF NODES I N Z DI RECTI ON
NDOF I NTEGER* * NUVMBER OF DEGREES OF FREEDOM
NEND | NTEGER* * VARI ABLE | NDEX FOR LAST COLUWMN NODE
NSTART I NTEGER* * LOOP STARTI NG POCsI TI ON

NSTEP | NTEGER* * STEP SI ZE FOR LOOP

NSTOP I NTEGER* * LOOP STOPPI NG POCSI TI ON

B REAL «8 LANGMUI R ENERGY CONSTANT

DATA REAL™* * EXPERI MENTAL | NPUT DATA

COLUWMN 1 CONTAI NS REPORT TI MES
COLUWN 2 G VES EXPERI MENTAL
CONCENTRATI ON

COLUMN 3 G VES | NFLUENT
CONCENTRATI ON

COLUWN * d VES DCO DT

DDVDT REAL »8 DERI VATI VE OF DEPENDENT VARI ABLES
DGN REAL* 8 DI AGONAL VARI ABLE CGROUPI NG TERMS
DGNLOW REAL™* 8 LOVER DI AGONAL VARAI BLE GROUPI NGS
DGNUP REAL™* 8 UPPER DI AGONAL VARI ABLE GROUPI NGS
Dv REAL* e DEPENDENT VARI ABLE VECTOR

FKAPPA REAL* e FLUI D- PHASE LOSS RATE

FLSP REAL »8 FLUI D- PHASE LOSS GROUPI NG

FLDSP REAL «8 FLUI D- PHASE LOSS GROUPI NG

QO REAL™* 8 LANGVUI R CAPACI TY CONSTANT

SKAPPA REAL »e SOLI D- PHASE LGOSS RATE

SLDsP REAL »e SOLI D- PHASE LOSS GROUPI NG

SOK REAL»8 SECOND- ORDER RATE CONSTANT

TMESI M REAL »8 NUMBER OF BED VOLUMES TO SI MULATE

cccccecceccececececcececcececcecececcecceccececcecceccceccecccecccecceccceccceccceccceccccccecccecccccceccccccccccccccccccce

SUBROUTI NE CPRI ME (NVRB, TIME, DV, DDVDT)
IMPLI CI T REAL»8 (A-H, 0-2)

REAL** DATA

DI MENSI ON DV (101), DDVDT (101). DATA (100, *), C (100), T (100)
COMVON / GROUPS/ DGN, DGNLOW DGNUP, FLSP, FLDSP, SLDSP

COMVON /| NPUT/ TMESIM DATA, VEL, DH, RHO, THETA, ZCOL, VEL2,

1 EPSLON, CO QO B, SOK, FKAPPA, SKAPPA, C T,
2 1 CAN, NCOL, NOUT, NSTEPS

C.....
C

C

100

COVIVON / FLUI Y DCODT

FORM FLUI D PHASE DERI VATI VES

NDOF = NCOL » 2

. FIRST THE | NLET CONDI TI ON

DDVDT (1) = DCODT
SECOND THE | NTERI OR FLU D PHASE DERI VATI VES
NEND = NDOF - 3

DO 100 I = 3, NEND, 2
DDVDT (1) = DGNLOW* DV (1-2) + DGN * DV (1) + DGNUP « DV (1+2)

134

C
C
C
C
C
C
(o3
(o3
(o3
c
Cc
c
c
C
C
[
C
Cc
(o3
Cc
c
c
c
Cc
Cc
c
(o3
Cc
c
c
(o3
[
Cc
Cc
(o3
c
(o3
[
Cc
c
C
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1 - FLSP « (QO - DV (1+D) « DV (1) CFLDSP » DV (I +l)

C
c.... FORM THE OUTLET BOUNDARY CONDI TI ON FOR THE FLUI D PHASE
C
1 = NDOF - 1

DDVDT (1) = (DGNLOW + DGNUP) » DV (I - 2) + DGN » DV (1)

1 - FLSP » (QO - DV (1 +D) » DV (1) + FLDSP » DV (I + 1)
C
c.... FORM THE SOLI D PHASE EQUATI ONS
C

DO 110 | = 4, NDOF, 2

110 DDVDT (1) = SOK * (QO - DV (1)) « DV (I1-1) - SLDSP » DV (1)

1 - SKAPPA > DV (1)

RETURN

END
C

135

c
ccceccecceccecececcececceccececcececcecececcececceccececcececcecececcececcecececcececcecccececceccceccececceccceccecceccceccccecceccccecccccccccccccce

(1.E. MTER=

0Oo00000000o00

THI S SUBROUTI NE COVPUTES THE VALUES OF THE DERI VATI VE OF THE
DDVDT ARRAY AS A FUNCTI ON OF THE DEPENDENT VARI ABLE (DV).
SINCE THE FI NI TE DI FFERENCE OPTION | S USED I N THE CALL TO DGEAR

-2) THI 'S ROUTINE I S A BLANK.

SUBROUTI NE FCNJ (N, X, Y, PD

REAL»8 Y(N),
RETURN

END

PD(N, N), X

gcccccecceccecececceccececceccecceccecceccecceccceccecceccecccecceccecceccceccecceccecceccecceccecceccceccceccecccceccecceccecceccceccceccecccccceccccccccccccce

C
C
C
c
c
c
c
c
(o3

VARI ABLE NAP:

VARI ABLE NANME

IO N

acouT

NDOF
NDV

NSTEPS

CNORM

DATA

C
c
Cc
C
[
C
[
(o3
Cc
(o3
[
Cc
[
Cc
c |
(o3
c
c
C
(o3
c
(o3
(o3
Cc
Cc
(o3
[
c
c
C

PRECI SI ON

NTEGER* 4
NTEGER»4
NTEGER* *
NTEGER* *
NTEGER* *
NTEGER* *
NTEGER* *
NTEGER* *

REAL' S
REAL»8
REAL* 8
REAL* *

THI S SUBROUTI NE USES THE EXPERI MENTAL DATA | NPUT AND THE MODEL
SI MULATI ON QUTPUT TO COMPUTE THE MODEL RESI DUAL,

SUM OF RESI DUALS, AND SUM OF RESI DUALS SQUARED. THESE COVPUTATI ONS
ARE OUTPUT TO UNI T | OOUT.

DESCRI PTI ON

TI ME STEP | NDEX

UNI T NUMBER TO READ FROM

UNI T NUMBER TO WRI TE TO

NUVMBER OF NODES I N Z DI RECTI ON
NUVMBER OF DEGREES OF FREEDOM

I NDEX OF OUTLET CONCENTRATI ON
NUMBER OF PO NTS SI MULATED
NUVBER OF STEPS TO SI MULATE

LANGMUI R ENERGY CONSTANT
NORMALI ZED OUTLET CONCENTRATI ON
I NI TI AL CONCENTRATI ON

EXPERI MENTAL | NPUT DATA

COLUWMN 1 CONTAI NS REPORT Tl MES
COLUMN 2 d VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 d VES | NFLUENT

RESI DUAL SQUARED,

o0

-

0000000000000 000000000000N000
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§ 00000 NN0O0ONN0OP°

DV
FKAPPA
(o)
RDSasSM
RSD
RSDSQ
RSDSUM
SKAPPA
SOK
TMES1IM

§000006000060000600006000060000600000000000000000000000000600006000000000¢
C

C

A 0o000000

ISLI\J/EIE(}(J:-I“'I'NEE;{EEQ?T (|, D_V2 RSDSUM  RDSQSM  RSD)
REAL «A

BRAPS W e

(D\/ND\IIUNITS/ ION |oour
NDV = (NCOL » 2) - 1
I'F (I .EQ 1) THEN
VRl TE (1 OOUT, 1000)
WRI TE (1 OOUT, 1100)
VR TE (I OOUT, 1200)
WRI TE (I OOUT, 1100)
RSDSUM = O. DOO
RDSQSM = O. DOO
END | F
CNORM = DV (NDV) / CO
RSD = DATA (1,2) - CNORM
RSDSQ = RSD « RSD
RSDSUM = RSDSUM + RSD

nil o@BT‘Q%GoESBi?A 1,1), DATA (1,2), CNORM RSD, RSDSQ

IF(I .GE.

N—,

WR TEE OaUT, 1400)) RSDSUM  RDSQSM

1%% WT ,58X," RES | DUAL REPCRT')

ay E%";”Mﬁ? R I A0l 00 Jiﬁé‘?%[’

SR YRS FECATRR Aol eoek B Bl A Sk

VARI ABLE MAP:

o 00 o o 0 o(
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Cc
c VARI ABLE NANME PRECI SI ON DESCRI PTI ON
c
c [ I NTEGER* * LOOP | NDEX
c | FLAG I NTEGER»4 FLAG FOR ABRUPT CONCENTRATI ON
c CHANGE
(o] | FLAG2 I NTEGER* * FLAG FOR DESORPTI ON
c AN I NTEGER* * UNI T NUVMBER TO READ FROM
C I oouT I NTEGER* * UNI T NUMBER TO WRI TE TO
[ NCOL I NTEGER* * NUVMBER OF NODES I N Z DI RECTI ON
c NouT | NTEGER* * NUMBER OF TEMPORAL STEPS TO OUTPUT
c
c
c
C BAL REAL»8 RATI O OF MASS I N TO MASS ACCOUNTED
c CcO REAL»8 I NI TI AL CONCENTRATI ON
c DATA REAL* * EXPERI MENTAL | NPUT DATA
COLUWMN 1 CONTAI NS REPORT TI MES
c COLUWN 2 d VES EXPERI MENTAL
c CONCENTRATI ON
c COLUWN 3 d VES | NFLUENT
c CONCENTRATI ON
c COLUWMN * d VES DCO DT
c DV REAL* 8 DEPENDENT VARI ABLE VECTOR
c OUTCON REAL»8 EXI T CONCENTRATI ON VECTOR
c RCOL REAL»8 REAL EQUI VALENT OF NCOL
c THETA REAL»8 PORGCSI TY
[o] TOTDRY REAL* e TOTAL MASS LEFT ON SOLI D PHASE
c TOTI NF REAL* 8 TOTAL NMASS | NJECTED | NTO COLUWMN
c TOTOQUT REAL* 8 TOTAL MASS TO EXI' T COLUWN
c TOTVET REAL* 8 TOTAL MASS LEFT IN LI QUI D PHASE
c VEL REAL* 8 PORE VELOCI TY
C VEL2 REAL* 8 DESORPTI ON PORE VELOCI TY
c zCcoL REAL* 8 LENGTH OF COLUMN (Z DI RECTI ON)
C
c
c
C
RS DHRAUROULT E A B U WA Y L'UUEnE T AW
c
c
c
c
SUBROUTI NE MASSI (OQUTCON, DV, CO, ZCO., THETA, VEL, VEL2,
1 RHO, DATA, NOuUT, NCOL)
| MPLI CI' T REAL*e (A-H 0-2)
REAL** DATA
DI MENSI ON DATA (100, *) , DV (101), OUTCON (250)
COMWON /UNI TS/ |Q N, | oouT
| FLAG =
| FLA&RZ =
C .... STORE THE | NI TI AL VELOCI TY
C
VELI = VEL
C
C .... CALCULATE TOTAL CONTAM NANT | NJECTED
C
C
c CALCULATE CONTAM NANT | NDECTED DURI NG FI RST
c REPORT PERI OD.
c
TOTINF = CO « DATA (1, 1) » VEL * THETA *
1 0.5 » (DATA (1, 3) - CO * DATA (1, 1)

2 VEL > THETA

137
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[¢]

g CALCULATE CONTAM NANT | NJECTED DURI NG TYPI CAL REPCRT PERI ODS

DO 100 1 » 2, (NOUT - 1)
IF ((DATA (I, 3) .LT. 0.8 » DATA ((1 - 1),3)) .OR
1 DATA (1,.3) .GI. 1.2 « DATA ((I - 1),3))) THEN

=1
TOTINF = TOTI NF O

1, DATA (1. 3)_ (DATA (I, 1) - DATA (I - 1, D) -

ELSE
TOTI NF = TOTI NF +

1 DATA (I - i, 3) >
2 E)DATA (1, 1& - DATA (I - 1, 1)) « VEL » THETA +
3 0.5 e ((DAT (1, SI) 2 DATA (17~ 1, 33) »
4 (DATA (I, 1) - 'DATA (I - 1, 1)) » VEL'» THETA
100 CONTI NUE
C
C.... CALCULATE TOTAL EFFLUENT RELEASED

C

C CALCULATE EFFLUENT RELEASED DURI NG THE FI RST HALF OF
C THE FI RST REPORT PERI CD

C

TOTOUT = (0.75 » O.DO + 0.25 » OUTCON (D) »
1 DATA (1, 1) / 2.DO » VEL » THETA

c
C CALCULATE EFFLUENT RELEASED AROUND THE FI RST REPORT
c PERI OD
c

TOTOQUT = TOTOUT +

1 ((0.75 » OQUTCON (1) + 0.25 « O DO «

2 (DATA (1, 1) - OoDbo [/ 2.DO +

3 (0.75 » QUTCON (1) + 0.25 « QOUTCON (2)) »
A (DATA (2, 1) - DATA (1, 1)) / 2.DO »

5 VEL - THETA

c
C CALCULATE EFFLUENT RELEASED AROUND A TYPI CAL REPORT
C PERI OD
c
DO 110 | - 2, (NOUT - 1)
c
C RESET VELOCI TY | F DESORPTI ON BEG NS
c

IF (DATA (I, 3) .LT. |.CE-10 THEN
VEL = VEL2

| FLAG2 =1
ENDI F

TOTOUT « TOTOUT +
1 ((0.75 » OUTCON (1) + 0.25 » OUTCON (I - 1)) »
2 (DATA (I, 1) - DATA (I - 1, D) / 2. DO +
3 (0.75 - OUT (1) +°0.25 » QUTCON (I + 1)) »
4 (DATA (1 + 1, 1) - DATA (I, 1)) / 2.D0 »
5 VEL > THETA
110 CONTI NUE

CALCULATE EFFLUENT RELEASED DURI NG LAST HALF OF LAST
REPORT PERI OD

000 0

TOTQUT = TOTOUT +

1 (0.75 « OQUTCON (NOUT) +

2 0.25 » QUTCON (NOUT - 1)) »

3 (DATA (NOUT, 1) - DATA (NOUT - 1, 1)) / 2.DO »
A VEL - THETA
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C RESTORE VELOCI TY
C
VEL = VELi
C
c
C.... CALCULATE CONTAM NANT REMAI NI NG I N FLU D PHASE
C
C CALCULATE CONTAM NANT I N FLUI D NEAR FI RST NCDE
C
RCOL = REAL (NCOL)
TOTWET = (0.75 « DV (1) + 0.25 » DV (3)) »
1 zCcOL / (RCOL - | .DO [/ 2.DO « THETA
C
C CALCULATE CONAM NANT I N FLU D NEAR TYPI CAL NODE
C
DO 120 1=3, (2 » NCOL - 3), 2
TOTWVWET = TOTWET +
1 (0.75 » DV (1) + 0.125 « DV (I - 2) +
2 0.125 » DV (I + 2)) >»
3 ZCOL / (RCOL - | .DO - THETA
120 CONTI NUE
C
C CALCULATE CONTAM NANT | N FLU D NEAR EXI T NODE
C
TOTWET = TOTVET + (0.25 » DV (2 « NCOL - 3) +
1 0.75 » DV (2 » NCOL - 1)) »
2 ZzCOL / (RCOL - | . DO [/ 2.DO » THETA
C
c
C.... CALCULATE CONTAM NANT REMAI NI NG ON SOLI D PHASE
C
C
C CALCULATE CONTAM NANT ON THE SOLI D NEAR THE FI RST NODE
C
TOTDRY = O DO » 0.75 + DV (4) » 0.25
C
C CALCULATE CONAM NANT ON TYPI CAL NODES
C
DO 130 1=4, (2 » NCOL - 2), 2
TOTDRY = TOTDRY +
1 (0.75 » DV (1) + 0.125 » DV (I - 2)
2 4+0.125 » DV (1 + 2)) »
3 ZzCOL / (RCOL - |.DO « RHO » (I .DO - THETA
130 CONTI NUE
C
C CALCULATE CONTAM NANT NEAR EXI T
C
TOTDRY = TOTDRY +
1 (0.25 « DV (2 » NCOL - 2) + 0.75 » DV (2 » NCOL))
2« 7ZCOL / (RCOL - 1.DO) / 2.DO » RHO » (I.DO - THETA)
C
c
C.... COVPUTE MASS BALANCE
C
C
BAL = TOTINF / ( TOTQUT + TOTWET + TOTDRY )
C
C
C.... OUTPUT THE MASS BALANCE FI NDI NGS

VRI TE (| OOUT, 1000)
VIR TE (| OOUT, 1100)

VR TE (1 OOUT, 1200) TOTI NF
VR TE (1 OOUT, 1300) TOTOUT
VRI TE (1 OOUT, 1400) TOTVET
VRI TE (1 OOUT. 1500) TOTHRV
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1500 FORNMAT
1600 FORNVAT
1700 FORNVAT

1800 FORMVAT (' '

WK1 11 (1 UUUT, 1600) BAL
IF (IFLA .EQ 1) THEN
VWRI TE (I OOUT, 1700)
END | F
IF (Il FLA& .EQ 1) THEN
WRI TE (| OOUT, 1800)
END | F
1000 FORNAT 35X,
1100 FORNAT
I
2
1200 FORVAT (' ', 20X, 'TOTAL MASS | NJECTED '
1 E10.4, « GRAMS / SQ CM"')
1300 FORVAT (e ', 20X, 'TOTAL MASS RELEASED !
1 E10.4, ' GRAMS / SQ CM'")
1400 FORVAT (' ', 20X. 'MASS LEFT IN FLU D PHASE
1 E10.4, « GRAMS / SQ CM )

CcC ', 20X,
1 E10. 4, '

(v, 20X,
1 E10. 4)
(e ', 20X,
1 ‘I N I NFLUENT CONCENTRATI
, 20X, ' MASS BALANCE
1 2 DURI NG DESORPI TON. ')

GRAMS / SQ CM')

RETURN
END

'MASS LEFT ON SOLI D PHASE = '

" EXPERI MENTAL MASS BALANCE REPORT')

" RATI O OF I NPUT TO ACCOUNTED MASS = ',
' MASS BALANCE TAKES ACCOUNT OF ABRUPT CHANGE'

ON. ")
USED DESORPTI ON PCRE VELCCI TY',

Cc
c
c
c
c
c
C
[
c
Cc
C
[
c
c
C
(o3
[
c
c
(o3
C
C
(o3
(o}
c
c
c
C
Cc
c
Cc
C
[

THI' S SUBROUTI NE PERFORMS A NMASS

BALANCE CHECK AFTER THE

COVPLETI ON OF SI MJULATI ON I N SI MULATI ON MODE.

VARI ABLE NAP:

VARI ABLE NANME PRECI SI ON

| | NTEGER»4
| FLAG | NTEGER»4
| FLAG2 | NTEGER»4
1A N | NTEGER»4
I OoUT | NTEGER»4
NCOL | NTEGER»4
NSTEPS | NTEGER»4
BAL REAL «e
CcO REAL «8
Dv REAL »8
QUTCON REAL «8
QUTPUT REAL»4
RCOL REAL»8

DESCRI PTI ON

LOOP | NDEX

FLAG FOR ABRUPT CONCENTRATI ON
CHANGE

FLAG FOR DESORPTI ON

UNI' T NUVMBER TO READ FROM

UNI' T NUMBER TO WRI TE TO

NUVMBER OF NODES IN Z DI RECTI ON
NUMBER OF TEMPORAL STEPS

RATI O CF MASS I N TO MASS ACCOUNTED
I NI TI AL CONCENTRATI ON

DEPENDENT VARI ABLE VECTCOR

EXI T CONCENTRATI ON VECTOR

SI MULATI ON STATUS MATRI X

COoL 1 G VES REPORT TI MES

2 4 VES BED VOLUMES

3 d VES THROUGHPUT

4 d VES | NFLUENT CONCENTRATI ON
COL 5 d VES DCO DT

REAL EQUI VALENT CF NCOL

CcOoL
CcOoL
COoL

7000"0000000000000000000000000000
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C THETA REAL>e
C T OTDRY REAL>a
C TOTI1I NF REAL>e
C T OTOoOoOuUT REAL>e
C TOTUET REAL>S8S
< VEL REAL >3
< VEL 2 REAL > 6
C ZC REAL >8
C
C
C
C
&
C
c
C
c

PORCSI TY

TOTAL MASS LEFT ON SOLI D PHASE
TOTAL HASS | NDJECTED | NTO COLUWN
TOTAL MASS TO EXI'T COLUWN

TOTAL MASS LEFT I N LI QU D PHASE
PORE VELOCI TY

DESORPTI ON PORE VELOCI TY

LENGTH OF COLUMWN (2 DI RECTI QN)

SUBROUTI NE MASS2 (QUTCON, DV, CQ, ZO(l) THETA, VEL. VEL2,

1 RHO OUTPUT, NSTEPS ,

IMPLICI T REAL»8 (A-H, 0-2)
REAL»4 OUTPUT

NCOL

DI MENSI ON OUTPUT (250, 5), DV (101), OUTCON (250)
oouT

COVMON /UNITS/ 1TAN, |

| FLAG =
| FLAR =
C.... STORE THE | NI TI AL VELCCI TY
C
VELI = VEL
C
C.... CALCULATE TOTAL CONTAM NANT | NJECTED
C
Cc
c CALCULATE CONTAM NANT | NDECTED DURI NG FI RST
c REPORT PERI OD.
C
TOTINF « CO « OQUTPUT (1, 1) » VEL » THETA +
1 0.5 -« (QUTPUT (1, 4) - co DoOUTPUT (1, 1)
2 WVEL > THETA
C
c° CALCULATE CONTAM NANT | NJECTED DURI NG TYPI CAL REPORT PERI ODS
DO 100 | = 2, (NSTEPS - 1)
IF ((OQUTPUT (I, 4) .LT. 0.8 « QUTPUT ((I 1),4)) . OR
| (QUTPUT (I, 4) .GI. 1.2 « OUTPUT ((I 1),4) ) ) THEN
I FLAG
TOTI NF TOTINF + .
i OUTPUT (I, 4) »
2 (OUTPUT (I, 1) - OUTPUT (I 1, 1))
VEL » THETA
ELSE
TOTI NF = TOTI NF +
1 QUTPUT (I - 1. 4) -
2 (QUTPUT (I, 1) - QUTPUT (I - 1, 1)) »
3 VEL « THETA +
4 0.5 « (OUTPUT (I 4) - OUTPUT (1-1, 4)
5 (QUTPUT (I, 1) - QUTPUT (I - 1, 1)) «
6 VEL + THETA
END I F

100 CONTI NUE

C

C

C.... CALCULATE TOTAL EFFLUENT RELEASED

C

C CALCULATE EFFLUENT RELEASED DURI NG THE FI RST HALF OF

141
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C THE FI RST REPORT PERI OD
© TOTOUT = (0.75 » O.DO + 0.25 * OUTCON (1)) »

1 OUTPUT (1, 1) / 2.DO » VEL » THETA
C
C CALCULATE EFFLUENT RELEASED AROUND THE FI RST REPORT
C PERI OD
C

TOTOUT = TOTOUT +

1((075- OUTCON(l) +025»ODO) .

OUTPUT / 2.DO +
fo 75 « éumorx%u) + o 25 & GUTCON (2)) «

4(OUTPUT(2 1) - OUTPUT (1, 1>) / 2.DO »

5 VEL >» THETA
C
C CALCULATE EFFLUENT RELEASED AROUND A TYPI CAL REPORT
C PERI OD
C

DO 110 1 = 2, (NSTEPS - 1)
C
C  RESET VELOCI TY | F DESORPTI ON BEG NS
C

IF (QUTPUT (I, 4) .LT. 1.0E-10 THEN
VEL = VEL2

1IFLA&R = 1
END | F
TOTQUT = TOTOQUT +
1 ((0.75 » QUTCON ( + 0.25 » QUTCON (I - 1)) -
2 ()J|PUT((1JTC&\| PUT(|-1,D/2 DO +
3 (0.75 - +0.25‘(1JT (I + D »
4 (QUTPUT (I + 1, ) QUTPUT (I, D / 2. DO »
5 VEL > THETA
110 CONTI NUE
c
C CALCULATE EFFLUENT RELEASED DURI NG LAST HALF OF LAST
C REPORT PERI OD
c
TOTOUT = TOTOUT +
1 (o 75 « OUTCON ( NSTEPS) +
25 » OUTCON (NSTEPS - 1)) -
3 CaFrpUT (ReTEPS. ' 1)~ QUTPUT INSTEPS - 1. 1)) / 2.DO »
4 VEL >» THETA
c
C RESTORE VELOCI TY
c
VEL = VELI
c
c
C.... CALCULATE CONTAM NANT REMAI NI NG I N FLUI D PHASE
c
C CALCULATE CONTAM NANT I'N FLU D NEAR FI RST NODE
c
RCOL = REAL (NCOL)
TOTUET = (0.75 » DV (1) [0.25 » DV (3)) »
1 ZCOL / (RCOL - |1.DO) / 2.DO e« THETA
c
C CALCULATE CONAM NANT I N FLU D NEAR TYPI CAL NCDE
C

DO 120 1=3, (2 » NCOL - 3), 2
TOTUET « TOTWET +

1 (0.75 » DV (1) + 0.125 « DV (I - 2) +
2 0.125 t DV (I + 2)) »
3 ZzCOL / (RCOL - |.DO » THETA

120 CONTI NUE

(@X¢)

CALCULATE CONTAM NANT I'N FLUI D NEAR EXI T NCDE
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TOTWET = TOTVET + (0.25 « DV(Z' NCO_- 3) *
1 0.75 » DV (2 » NCC]_—

. 2200l / (RoA - "B / 2 b0 » THETA
c
g ..... CALCULATE CONTAM NANT REMAI NI NG ON SCLI D PHASE
c
g CALCULATE CONTAM NANT ON THE SOLI D NEAR THE FI RST NCDE
- TOTDRY = O.DO + 0.75 + DV (4) + 0.25
g CALCULATE CONAM NANT ON TYPI CAL NODES

DO 130 1=4, (2 » NCOL - 2), 2

TOTDRY = TOTDRY +

1 (0.75 DV (1) + 0.125 » DV (I - 2)

2 +0.125 -« DV (i + 2)) »

3 7CO / (RCOL - 1.DO) » RHO # (I.DO - THETA)

130 CONTI NUE

c
C CALCULATE CONTAM NANT NEAR EXI' T
c

TOTDRY = TOTDRY +

1(025»DV2'NCO_-2)+075'DV(2« I%'F

2 » ZCOL / ( - 1.DO) / 2.DO « RHO » (1.DO - THETA)
Cc
C.... COVPUTE MASS BALANCE
c
c
. BAL = TOTINE / ( TOTOUT + TOTVET + TOTDRY )
c
(C:: ..... OQUTPUT THE MASS BALANCE FI NDI NGS

WRI TE (I OOUT, 1000)

WRI TE (1 OOUT, 1100)

VR TE (1 OOUT, 1200) TOTI NF

WRI TE (I OOUT, 1300) TOTOUT

WRI TE (1 OOUT, 1400) TOTVET

WRI TE (I OOUT, 1500) TOTDRY

WRI TE (I OQUT, 1600) BAL

IF (IFLAG .EQ 1) THEN
WRI TE (1 OOUT, 1700)

END | F

IF (IFLA® .EQ 1) THEN
VRl TE (i OOUT, 1800)

END | F

1000 FCRVAT O, 35X, ' SI MULATI ON WASS BALANCE REPCRT )
1100 FORMAT QO £--- 2o fouoro ot i it .

1200 FORVAT C = 20X, ' TOTAL MASS | NJECTED = '
aa EIl .04' " GRAMS / SU. CM ')

1300 FORNVAT ( . 20X, 'TOTAL MASS RELEASED
A El O g GRAI\/S/ SQ CM'

1400 FORNAT (- , 20X, MASS LEFT IN FLU D PHASE = '
= T =] O4,'GRA|\/5/SQCM)

1500 FORVAT (- , 20X, 'MASS LEFT ON SCOLID PHASE = ',
a EIO4,-GRANS/ SQ C™M ')

1600 FORNVAT (- . 20X. "RATIOOF INPUT rn Arrnii MIPn nmacc =
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tio.a)?2

17001F(]?l\/}&1l (I' NeL R AASRBAHANGE &Q’(ESS ACCOUNT OF ABRUPT CHANGE',

1800, FORVAT (1 =20 oedASS ﬁéLlAI\;CE USED DESCRPTI ON PCRE VELOCI TY',

c
RETURN
END
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C
c
c
c
c
c
c
c
C
C
c
c
(o]
C
C
C
C
C
(¢}
C
(o]
c
c
c
c
(o]
c
c
c
(o]
c
c
c
c
(¢}
(o]
(o]
c
c
(o]
[o]
(o]
(¢}
c
(¢}
c
c
c
(¢}
c
(¢}
Cc
c
(o]
c
c
[o]
c
(¢}
c
c

SORPTI ON MODEL

FI RST CRDER EQUI LI BRI UM W TH DI SPERSI ON
MAI NFRAME VERSI ON

THI S PROGRAM USES THE DGEAR METHOD TO SOLVE THE ADVECTI VE

DI SPERSI VE EQUATI ON FOR THE CASE OF FI RST ORDER EQUILI BRIUM W TH
DI SPERSI ON.

THE FI RST ORDER AND PARALLEL EQUI LI BRI UM SORPTI ON MODEL ( FOPESM
ASSUMES THAT | NTERPHASE MASS TRANSFER OCCURS BETWEEN THE FLUI D
PHASE AND TWO DI FFERENT TYPES OF SOLI D PHASE SI TES: FAST SI TES
AND SLOW SI TES. THE MASS TRANSFER TO THE FAST SI TES OCCURS

RAPI DLY AND CAN BE ASSUVED TO BE AT EQUILIBRIUM MASS TRANSFER
TO THE SLOWN SI TES IS TESTUDI NATE AND REQUI RES BOTH A RATE AND

EQUI LI BRI UM EXPRESSI ON TO COVPLETELY DESCRI BE THE | NTERPHASE
MASS TRANSFER.

THE EQUATI ONS ARE SPATI ALLY APPROXI MATED USI NG THE FI NI TE
DI FFERENCE METHOD RESULTI NG I N A SET OF DC/ DT AND DQ DT EQUATI ONS.

THESE EQUATI ONS ARE THEN SOLVED SI MULTANEQUSLY USI NG DGEAR- - -
AN | MBL SUBROUTI NE.

IN I TS PRESENT FORM THE PROGRAM | S LI M TED TO 100 NCDES.

VARI ABLE NAP:

VARI ABLE NANVE PRECI SI ON DESCRI PTI ON

| | NTEGER»4 TI ME STEP | NDEX

I DUMW | NTEGER»4 DUMWY WORKI NG ARRAY FOR DCEAR

I ER | NTEGER»A ERROR CODE RETURN | NDEX FOR DGEAR
1 NDEX | NTEGER* A CALL | NDI CATOR | NDEX FOR GEAR

e RN | NTEGER»4 UNI T NUVMBER TO READ FROM

| oouT | NTEGER«4 UNI T NUVBER TO WRI TE TO

1 VK | NTEGER»4 WORKI NG ARRAY FOR DGEAR

NCOL | NTEGER«4 NUMBER OF NODES I N Z DI RECTI ON
NCOLEX 1NTEGER»4 COLUWMN EXI T NODE

NDOF | NTEGER»4 NUMBER OF DEGREES OF FREEDOM

NLC | NTEGER»4 NUMBER OF LOWER COD | AGONALS- DGEAR
NOUT | NTEGER»4 NUMBER OF TEMPORAL STEPS TO OQUTPUT
NUC | NTEGER»4 NUMBER OF UPPER COD | AGONALS- DGEAR
NSTEPS | NTEGER»4 NUMBER OF BED VOLUME STEP TO OUTPUT
ALPHA REAL' S SLOW SORPTI ON PROPORTI ONALI TY

co REAL»8 I NI TI AL CONCENTRATI ON

CNORM REAL»8 NORMALI ZED EXI T CONCENTRATI ON

CPRI VE REAL»8 EXTERNAL NAME OF DC/ DT SUBROUTI NE
CTEMP REAL »8 EXI T CONCENTRATI ON

DATA REAL »4 EXPERI MENTAL | NPUT DATA

COLUMN 1 CONTAI NS REPORT TI MES
COLUWN 2 d VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 G VES | NFLUENT
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c CONICEDRST I=AA T 1 <o | -
c CO_UNMN a4 d VES DCY DT C
c DDVDT REAL »8 DERI VATI VE OF DEPENDENT VARI ABLES C
c DGN REAL »8 DI AGONAL VARI ABLE GROUPI NG TERMS C
c DGNLOW REAL»8 LOVNER DI AGONAL VARAI BLE GROUPI NGs C
c DGNUP REAL «8 UPPER DI AGONAL VARI ABLE GROUPI NGS C
c DH REAL »8 HYDRODYNAM C DI SPERSI ON COEFFI CI ENT C
c DHI REAL «8 SORPTI ON PHASE HYDRODYNAM C C
c DI SPERSI ON COEFFI Cl ENT C
c DUMMY REAL »8 DUMMY ROUTI NE REQUI RED BY DGEAR C
c Dv REAL »e DEPENDENT VARI ABLE VECTOR C
c EPSLON REAL »8 ALLONWABLE ERROR FOR DGEAR C
c FCNJ REAL»8 EXTERNAL NAME OF JACOB | AN ROUTI NE C
c FKAPPA REAL »8 FLUI D PHASE LOSS RATE C
c FKF REAL»8 FAST FREUNDLI CH | SOTHERM CCEFFI Cl ENTC
c FKS REAL «8 SLOW FREUNDLI CH | SOTHERM CCOEFFI Cl ENTC
c FKT REAL »8 THROUGHPUT FREUNDLI CH COEFFI Cl ENT C
c FNF REAL»8 FAST FREUNDLI CH | SOTHERM EXPONENT C
c ENS REAL »8 SLOW FREUNDLI CH | SOTHERM EXPONENT C
c FENT REAL »8 THROUGHPUT FREUNDLI CH EXPONENT C
c FSSDLS REAL »8 FI RST ORDER DECAY LOSS ON sOLI D C
c FSSDLS REAL »8 FI RST ORDER DECAY LOSS ON sOLI D c
c H REAL »8 STEP SI ZE FOR DGEAR c
c QUTPUT REAL «8 A MATRI X OF SI MULATI ON STATUS c
[ COoL CONTAI NS REPORT TI ME c
c CcOoL CONTAI NS BED VOLUMES c
(o] COoL CONTAI NS THROUGHPUT c
C CcoL G VES | NFLUENT CONCENTRATI ON c
C COoL A VES DCO DT c
c RDSQSM REAL »8 SuM RESI DUALS SQUARED c
c RFGRP REAL»8 RETARDATI ON VARI ABLE GROUPI NG c
c RHO REAL»8 SOLI D PHASE PARTI CLE DENSI TY c
c RSDSUM REAL»e SUM OF RESI DUALS c
c SDUMWY REAL «8 DUMWY ROUTI NE FOR DGEAR c
c SKAPPA REAL»8 SOLlI D PHASE LGOSS RATE c
c SLSPAC REAL «e SLOW sOLI D PHASE ACTUAL [
c CONCENTRATI ON GROUPI NG c
c SLSPEQ REAL »8 SLOW SOLI D PHASE EUULI B GROUPI NG c
c THETA REAL»8 PORGCSI TY c
c T VE REAL»8 TIMVE OF OQUTPUT SI MULATI ON PO NT c
c TMVESI M REAL»8 NUVBER OF BED VOLUMES TO SI MULATE c
c TO REAL»8 I NI TI AL TI ME FOR DGEAR c
c VEL REAL »8 PORE VELOCI TY [
c VELI REAL>»8 SORPTI ON PORE VELOCI TY (o]
c VEL2 REAL »8 DESDRPTI ON PORE VELOCI TY [
c UK REAL»8 WORKI NG ARRY NEEDED BY DGEAR c
c 2CoL REAL »8 LENGTH OF COLUWMN (Z DI RECTI ON) c
c c
[o] c
c TI TLE CHARACTER»72 Tl TLE OF SI MULATI ON RUN c
c c
o] c
(o3 (o3
cccella@ddlecBCccccccCcCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c

Cc

c

C

| MPLICI T REAL»8 (A-H, 0-2)
REAL»A SDUMWY, DATA, OUTPUT
CHARACTER»72 TI TLE

0000

DI MENSI ON P(i nn~.  Y(9>
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[¢]

000

DI MENSI ON | UK (101)

DI MENSI ON DATA (100, 4), DV (101), DDVDT (101), OUTPUT (250, 5),

1 WK (1919), C (100), T (100), OUTCON (250)
COVMVON / DBAND/ NLC, NuUC

COVIVON / GEAR/ DUMWY(48), SDUMW(A), | DUMWOS)

COVMON / GROUPS/ DGN, DGNLOU, DGNUP, RFGRP, FSSDLS, SLSPEQ
a S SPePeACS

COVWMON /I NPUT/ TMESIM DATA, VEL, DH, RHO THETA, ZCO.L, VEL2,
1 EPSLON, CO FKF, FNF, FKS, FNS, ALPHA,

2 FKAPPA, SKAPPA, FKT, FENT, C, T,

3 1 CAN, NCOL, NOUT, NSTEPS

COVVON / WORDS/  TI TLE

CcCOovVON / FLUI D/  DCODT

COMMON /UNITS/ AN, | OOUT

EXTERNAL CPRI ME, FCNJ

ION = 1

| couT = 3

CALL READ

VELI = VEL

DH = DH

CALL ECHO

CALL ERRSET (208, 256, -1, 1)

. COWUTE QUTPUT FOR EXPERI MENTAL DATA | F NUMBER OF PO NTS > 0

IF (NOUT .GT. 0) THEN
CALL INITL (DDVDT, DV, QUTPUT, TO
CALL GRPFRM
CALL I NFAO (DATA, NOUT)

.INITIALI ZE VARI ABLE FOR FI RST CALL TO | MsL DGEAR ROUTI NE

NDOF = 2 » NCOL
NCOLEX » 2 « NCOL - 1
TO = O DOO

H = i.D oe

I NDEX =1

DV (1) = CO

NLC = 2

NUC » 2

. TIME LOOP FOR SI MULTATI ON AND OQUTPUT AT EXPERI MENTAL PO NTS

DO 100 | = 1, NOoUT
IF (1 .GT. 1) THEN
IF ((DATA (I, 3) .LT. 0.8 » DATA ((I - 1),3)) .OR
I (DATA (I, 3) .GT. 1.2 » DATA ((1 - 1),3))) THE
H = i. D oe
I NDEX 1

DCODT = 0. 000
DV (1) = DATA (1,3)
VRl TE (1 QOUT, 1300)
IF (DV (1) .LT. |.OE-10) THEN
VEL = VEL2
DH = DH » VEL2 / VELI
CALL GRPFRM
VRI TE (| OOUT, 1400)
END | F
ELSE
DCODT = DATA (1, 4)
END | F
ELSE
DCODT = DATA (1, 4)
END | F
TIME = DATA (1, 1)
CALL DGEAR (NDOF. CPRIME. FCNJ. TO H. DV. TI M.

14


NEATPAGEINFO:id=DA1E1BBB-9834-498E-97E9-246DB6BDEBC8


1 EPSLAN, 2, -2, I NDEX, I UK, UK, I Ek)
CALL REPORT (I, DV, RSDSUM RDSQSM RSD)
OQUTCON <n = DV ( NCOLEX)
100 F(1) = RSD
C
C .... RESTORE ORI G NAL PARANMETERS
C
DH = DHI
VEL = VELI
C
C .... CHECK THE NMASS BALANCE
C
CALL MASSI (QUTCON, DV, CO ZCO., THETA, VEL, VEL2,
1 RHO, DATA, NOUT, NCOL)
C
END | F
C
C.... COVPUTE OUTPUT FOR COMPUTED PO NTS | F NUMBER OF PO NTS > O
C
I F (NSTEPS . GI. 0) THEN
CALL | NI TL CDDVDT, DV, OUTPUT, TO
CALL GRPFRM
CALL | NFO2 (OQUTPUT, NSTEPS)
C
C.... I NI TI ALI ZE VARI ABLE FOR FI RST CALL TO | MSL DGEAR ROUTI NE
C
NDOF = 2 » NCOL
NCOLEX = 2 » NCOL - 1
TO = O DOO
H=1.D 08
I NDEX =1
DV (1) = CO
NLC « 2
NUC = 2
C
C .... TI ME LOOP FOR SI MULTATI ON AND OUTPUT AT COVPUTED PO NTS
C
WRI TE (1 OQUT, 1000)
WRI TE (I OQUT, 1100)
DO 110 | X 1, NSTEPS
IF (I .Gr. 1) THEN
IF ((OQUTPUT (I, 4) .LT. 0.8 » OUTPUT ((I - 1),4))
1 (OUTPUT (I, 4) .GT. 1.2 » OUTPUT ((I - 1),4)))
H » | . D 08
I NDEX = 1
DCODT = 0. 000
DV (1) = OQUTPUT (1, 4)

VIRI TE (| OOUT, 1300)

IF (DV (1) .LT. |.OE-10) THEN
VEL = VEL2
DH « DHI » VEL2 / VELI
CALL GRPFRM
VRI TE (| OOUT, 1400)
END | F
ELSE
DCODT - OUTPUT (1, 5)
END | F
ELSE
DCODT = OUTPUT (I, 5)
END | F
TIVE = QUTPUT (1, 1)

CALL DGEAR (NDCOF, CPRIME, FCNJ, TO, H, DV, TI M,

1 EPSLON, 2, -2, 1INDEX I|IW, W I|ER
CTEMP = DV ( NCOLEX)
CNORM = CTEMP / CO

OQUTCON (1) = DV (NCO . FVi

. OR

THEN

148


NEATPAGEINFO:id=1DE48DC2-1080-4F88-96D7-A2D3B8549802


110 WRITE (1 ODUT, 1200) (OUTPUT (I, J), J =1, 3), CTEMP, CNORM

ZCOL, THETA, VEL, VELZ2,

C.... RESTORE ORI Gl NAL PARAMETERS
c
DH = DHI
VEL = VELI
c
C.... CHECK THE MASS BALANCE
C
CALL MASS2 (QUTCON, DV, CO
RHO, OUTPUT, NSTEPS, NCOL)
END | F
1000 FORMAT Cl', A2X,

"SI MULATI ON OQUTPUT FOR PLOTTI NG*)

1100 FORMAT (-0------ - - oo oo oo oo oo oo o m oo s o - - - oo !

1

1200 FORVAT (5E12.5)

1300 FORNVAT (0 '

1400 FORVAT (e« '

1 "y»»a» !

20X, eee*«e o

" ABRUPT | NFLUENT CONCENTRATI ON
1 "CHANGE. ', e»*»ex» '

' DGEAR WAS RESET. ', ' »»»»»e)
, 23X, e»«»e» ', ' DESORPTI ON DETECTED. ',
' HYDRODYNAM CS WERE RESET. ', '»»e»»')

THI' 'S SUBROUTI NE READS THE BASI C | NPUT REQUI RED FOR THE DUAL-
RESI STANCE SORPTI ON VERSI ON OF THE ADVECTI VE- DI SPERSI VE EQUATI ON.

C

c

c

C

c

c

c VARI ABLE NAP:
c

c

c VARI ABLE NAME
G

c AN

c I GoUT
c NCOL

c NOouUT

c NSTEPS
c

c

c ALPHA
c CcOo

c DATA

c

c

c

c

c

c

c DH

c EPSLON
c FKAPPA
c FKF

c FKS

c FKT

c FNF

c FNS

c FENT

c RHO

c SKAPPA
c THETA
c TVESI M

PRECI SI ON

| NTEGER* ~
| NTEGER»4
| NTEGER* *
| NTEGER«4
| NTEGER»4

REAL»8
REAL »8
REAL* 4

REAL»8
REAL»8
REAL»e
REAL»8
REAL»8
REAL «8
REAL »e
REAL' S
REAL' S
REAL»8
REAL»8
REAL' S
REAL' S

DESCRI PTI ON

UNI T NUMBER TO READ FROM

UNI' T NUMBER TO WRI TE TO

NUVMBER OF NODES | N Z DI RECTI ON
NUVMBER OF TEMPORAL STEPS TO OUTPUT
NUVBER OF BED VOLUME STEP TO OQUTPUT

SLOW SORPTI ON PROPORTI ONALI TY CONST
I NI TI AL CONCENTRATI ON

EXPERI MENTAL | NPUT DATA

COLUWN 1 CONTAI NS REPORT TI MES
COLUMWMN 2 4 VES EXPERI MENTAL
CONCENTRATI ON

COLUMN 3 G VES | NFLUENT

CONCENTRATI ON

COLUWN 4 d VES DCO DT

HYDRODYNAM C DI SPERSI ON COEFFI Cl ENT
ALLOMABLE ERROR FOR DGEAR

FLU D PHASE LGOSS RATE

FAST FREUNDLI CH | SOTHERM CCEFFI CI ENTC
SLOW FREUNDLI CH | SOTHERM CCOEFFI Cl ENTC

THROUGHPUT FREUNDLI CH CCEFFI CI ENT
FAST FREUNDLI CH | SOTHERM EXPONENT
SLOW FREUNDLI CH | SOTHERM EXPONENT
THROUGHPUT FREUNDLI CH EXPONENT
SOLI D PHASE PARTI CLE DENSI TY

C
C
C
C
C

SOl D PHASE LGOSS RATE C
—COoOF=2C o—1 T <

NUMBER OF BED vni.UMFS TO c tMil ATF

r

149
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c VEL REAL* a PORE VELOCI TY c
c VEL 2 REAL»8 DESORPTI ON PORE VELOCI TY &
c ZzCcoL REAL «8 LENGTH OF COLUWN (Z DI RECTI ON) c
: :
(o]
c TI TLE CHARACTER»72 TI TLE OF SI MULATI ON RUN c
: :
: c
ccecececececcececcceeccecececcceccecceccecceccecccceccccccccccccccccccccccceccccecccccccccce
C
SUBROUTI NE READ
IMPLICI T REAL«8 (A-H, 0-2)
REAL»A DATA
CHARACTER»72 TI TLE
DI MENSI ON DATA (100, 4) C (100), T (100)
cowoN /1 NPUT/ TMESIM  DATA, VEL, DH, RHO, THETA, ZCOL, VELZ
1 EPSLON, CO, FKF, FNF, FKS, FNS, ALPHA,
2 FKAPPA, SKAPPA, FKT, FNT, C T,
3 I CON, NCOL, NOUT, NSTEPS
COMVON / WORDS/  TI TLE
COVMON /UNI TS/ 1TQN, | ooUT
READ (1 O N, 1000) TITLE
READ (I O N, 1100) Nca., NOUT, NSTEPS, TMESIM | CON
IF (ABS (NOUT) - GT. 0) THEN
NTEMP = ABS (Noum)
READ (1 ON, 1200) (DATA H, | = NTEMP)
READ (I O N, 1200) (DATA 2), | = NTEMP)
END | F
READ (1 O'N, 1200) VEL, DH, RHO THETA, ZCOL, EPSLON
READ (I O'N, 1200) CO FKF, FNF, FKS FNS, ALPHA
READ (| ON, 1200) FKAPPA, SKAPPA, FKT, FNT, VEL2
READ (I ON, 1200) (C (1), | =1, 10N
READ (1O N, 1200) (T (1), I =1. 1CcoN
1000 FORMAT (A72)
1100 FORMAT (315, E12.5, 15
1200 FORMAT ((6E12.5))

C

C

C

C

c VARI ABLE MAP:

C

C

C VARI ABLE NAME PRECI SI ON
C

c I AN | NTEGER»4
C | CoUT I NTEGER* *
c NCOL | NTEGER»4
Cc

Cc

c ALPHA REAL* e

c CcO REAL»6

c DATA REAL «4

C

Cc

C

Cc

Cc

Cc

c DH REAL>»e

THI'S SUBROUTI NE ECHOS THE | NPUT TO DEVI CE | OQUT.

DESCRI PTI ON

UNI T NUMBER TO READ FROM
UNI' T NUMBER TO WRI TE TO
NUVBER OF NODES I N Z DI RECTI ON

SLOW SORPTI ON PROPORTI ONALI TY

I NI TI AL CONCENTRATI ON

EXPERI MENTAL | NPUT DATA

COLUMN 1 CONTAI NS REPORT TI MES
COLUWN 2 G VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 G VES | NFLUENT

CONCENTRATI ON

COLUWN 4 G VES DCQO DT

HYDRODYNAM C DI SPERSI ON COEFFI ClI ENT
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EPSLON REAL »8 ALLOWABLE ERROR FOR DGEAR C
FKAPPA REAL »e FLUI D PHASE LOSS RATE C
FKF REAL »8 FAST FREUNDLI CH | SOTHERM CCEFFI Ci ENTC
FKF REAL »8 FAST FREUNDLI CH | SOTHERM COEFFI Cl ENTC
FKS REAL»8 SLOW FREUNDLI CH | SOTHERM COEFFI Cl ENTC
FKT REAL»8 THROUGHPUT FREUNDLI CH COEFFI Cl ENT C
ENF REAL «8 FAST FREUNDLI CH | SOTHERM EXPONENT C
ENS REAL »8 SLOW FREUNDLI CH | SOTHERM EXPONENT C
FNT REAL »6 THROUGHPUT FREUNDLI CH EXPONENT C
FKS REAL »8 SLOW FREUNDLI CH | SOTHERM COEFFI Cl ENTC
PE REAL »8 SYSTEM PECLET NUVMBER C
RHO REAL »8 SOLI D PHASE PARTI CLE DENSI TY Cc
SKAPPA REAL »8 SOLI D PHASE LOSS RATE C
THETA REAL»8 PORCSI TY c
TVESI M REAL »8 NUVMBER OF BED VOLUMES TO SI MULATE c
VEL REAL »e PORE VELOCI TY c
VEL2 REAL»8 DESORPTI ON PORE VELCCI TY c
ZCOoL REAL »8 LENGTH OF COLUWN (Z DI RECTI ON) c

c

c
TI TLE CHARACTER»72 TI TLE OF SI MJULATI ON RUN c

c

c

c

Cc

cccecececececcececccececcececcececcceccececcceccececccecccecccecceccceccecccceccccceccccccccccccccccccccccce

SUBROUTI NE ECHO

I MPLICI T REAL»8 (A - H O 2)
REAL«A DATA

CHARACTER* 72 TI TLE

DI MENSI ON DATA (100,4), C (100), T (100)

COMMON /| NPUT/ TMESI M DATA, VEL, DH, RHO THETA, ZCOL, VELZ,
1 EPSLON, CO, FKF, FNF, FKS. FNS, ALPHA,

2 FKAPPA, SKAPPA, FKT, FNT, C, T,

3 I CON, NCOL, NOUT, NSTEPS

COMVON / WORDS/  TI TLE
COMMVON / UNI TS/ | O N,
PE = VEL - zCcoL / DH
WRI TE C OOUT  1000)
WRI TE (1 OOUT  1100)
WRI TE (|l COUT  1200) TITLE
WRI TE (| OOUT  1400)

WRI TE (1 OOUT  1300)

WRI TE (1 OOUT  1400)

WRI TE (1 OOUT 1500) CO

WRI TE (| COUT  1600) DH

WRI TE (1 COUT 1700) NCOL
WRI TE (I OOUT  1800) RHO
WRI TE (| OOUT  1900) VEL
WRI TE (| OOUT 1950) VEL2
WRI TE (1 OOUT 2000) THETA
WRI TE (I GOUT 2100) ZCOL
WRI TE (1 OOUT 2200) PE

WRI TE (1 OOUT 2300) FKF

WRI TE (1 OOUT 2400) FNF

WRI TE (1 OOUT 2500) FKS
WRI TE (| OOUT 2600) FNS
WRI TE (| COUT 2700) ALPHA
WRI TE (1 OOUT 2800) FKAPPA
WRI TE (1 OOUT 2900) SKAPPA
WRI TE (1 OOUT 3000) | CON
WRI TE (| COUT 3100)
WRI TE (1 OOUT 3200)
WRI TE (| OOUT  3300)

| oouT

(C(1), I =1, 1CON
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V\R|TE(|oour 3200) (T (1), |

15

=1, 1CON)

1000 FORVAT CI' , SQX, ' PLUG FLOW DI SPERSI ON' REACT F\’1

}%88 E%w g s 4gx Aﬂ RST ORDER PARALLEL EQUILIBRI UM SI MULATION )

1300 FORMAT C ', [1SX VARI ABLE' 16X, ' DESCRIPTION, 30X VALUE' |

16X, "UNI TS 16X)

B =0 = 1Y /0 "

1500 FORMAT CO, 15X, 'CO , 18X, I NI TI AL )CO\ICENTRATI ON 14X
1 E10.4, 16X, 'GE CWww«3') '

1600 1F%:\I’I\/(l§|' 4(3 1 6152)(’ , (%;L« 5/ HO}% + HYDRODYNAM C DI SPERSI ON 14X,

1700, FORVAT C, L 15X, ' NCaL ',

1800 F(RMAT C , 15X ‘RHO ! L
16 * GR/ CMWb

ISCDTf%?MAT C', 15X VEL i |

18X

" NUMBER OF COLUMN STEPS
" SOLI D PHASE DENSI TY
S>>< ' PORE VELOCI TY

18X 16X,

14X,

14X,

1950 FO?I\/AT C 1)':'%X, VEL HOUR 1)8X, DESORPTI ON VELOCI TY 14X,
20001FCRMA£OC_' 15X ' THETA ', 18X, 'VO D VOLUME FRACTI ON 14X,
2100 _FCRMAT C ', 15X 'ZCOL ', 18X, 'LENGTH OF COLUWN 14%,
1 E10.4, 18X, 'CM)

2200_FORWAT C* 15X ' PE ', 18X, 'PECLET NUMBER 14X,
2300 FCP%\/AT E10, %5X16)EKE((CM>»§/ G?F&;UN ICi-I FAST COEFFI CI ENT',
2400 FORMT G ° }.SX ENFT, ISX FREUNDLI CH FAST EXPONENT ', 14X
2500 F T %10 %5X16>|(:KS ((CM%E%/ G:\EREQIE%O-& SLOW CCEFFI CI ENT

18X, ' FREUNDLI CH SLOW EXPONENT ', 14X,

2600 FO@IC@ W J5X TRNS

2700 F%T E10 1§X 1éngA Ly '_J"g)( ' FI RST ORDER RATE COEFFI Cl ENT

2800 FCE%T g 1%%2( ' FK/AR% 18X "FLU D PHASE LOSS RATE ', 14X
29001FC§%T g 1%%2( §K/Aﬂ’|§ ) 18X, "SOLID PHASE LOSS RATE ', 14X
3000 FORMVAT G2, 15X, "ICON *, 18X, "NUMBER CF | NFLUENTS Y, 14X
3100 FORMAT C ', 39X, '|NFLUENT CONCENTRATI ONS')

3200 FORMAT C ', 14X, 1OE10 3)

3300 FORVAT C ', 39X, 'INFLUENT TIMES)

RETURN
END
C

VARI ABLE NAP!

VARI ABLE NANVE PRECI SI ON
1O N | NTEGER»4
| couT | NTEGER»4
NCOUNT | NTEGER* 4
NouT | NTEGER»4

000000000 O0O0O0OMn0O0DO 0

TH S SUBROUTI NE WRI TES THE CONTENTS OF THE DATA MATRI X TO
UNI T I"OOUT.

DESCRI PTI ON

UNI T NUMBER TO READ FROM

UNI T NUMBER TO WRI TE TO

LOOP COUNTER

NUMBER OF TEMPORAL STEPS TO OUTPUT

C
C
C
C
C
C
c
c
c
c
c
c
c
c
c
r
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DATA REAL »4

00O 000000000

SUBROUTI NE | NFO ( DATA, NOUT)

REAL«4 DATA

DI MENSI ON DATA (100, A)
COMVON /UNI TS/ | ON, | couT
VRI TE (1 OOUT, 1000)

VR TE (| COUT, 1100)

VRI TE (1 OOUT, 1200)

VRl TE (1 OOUT, 1100)

DO 100 NCOUNT = 1, NOUT

15

EXPERI MENTAL | NPUT DATA C
COLUMN 1 CONTAI NS REPORT TI MES [
COLUWN 2 d VES EXPERI MENTAL C
CONCENTRATI ON c
COLUWN 3 4 VES | NFLUENT C
CONCENTRATI ON C
COLUWN A d VES DCE DT c

c

c

Cc

cccecececececcececcceccececcecceccecccecceccccecccecccceccccceccccccccccccceccccceccccccccccccccccccc

WRI TE (1 OOUT, 1300) ( DATA (NCOUNT, 1), | =1, A

100 CONTI NUE

1000 FORMAT Cl', A2X, 'EXPERI MENTAL COVPARI SON MODE | NFORMATI ON' )

1100 FORMAT QO--------=-=--=-----

1 oo - e e ---,
2 - ----- R, --* )
1200 FORMAT (' ', 28X, 'TIME ,5X ' CONCENTRATION QUT', 6X
1 ' CONCENTRATION I N, 16X, ' DCQO DT')
1300 FORVAT (' ', 20X, El2.5, 10X E12.5, 10X E12.5, |0OX, E12.5)
RETURN
END

UNI T | OOUT.

VARI ABLE NAP:

VARI ABLE NAME PRECI SI ON

1A N | NTEGER»4
I oouT | NTEGER»4
NCOUNT , | NTEGER«<A
NSTEPS | NTEGER»A
QUTPUT REAL»A

C
c
c
c
[
Cc
C
(o3
c
c
c
[
C
Cc
Cc
c
c
C
c
(o3
(o3
c
Cc
C

o 00

THI'S SUBROUTI NE WRI TES THE CONTENTS OF THE OUTPUT MATRI X TO

DESCRI PTI ON

UNI T NUMBER TO WRI TE TO

LOOP COUNTER

NUVMBER OF EQUAL BED VOLUME STEPS
TO BE CALCULATED

A MATRI X OF SI MULATI ON STATUS
CONTAI NS REPORT TI ME

CONTAI NS BED VOLUMES

CONTAI NS THROUGHPUT

G VES | NFLUENT CONCENTRATI ON
G VES DCO DT

d8gg8

c
C
c
C
C
c
c
c
c
c
c
c
UNI' T NUVMBER TO READ FROM c
c
c
c
c
c
c
c
c
c
c
c
c
C

cccccececececececcececcceccecceccecccecccecccecccccecccecccecccccecccccccccccccccccccccccccccccc

SUBROUTI NE | NFO2 ( QUTPUT, NSTEPS)

REAL»A OUTPUT
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DI MENSI ON OUTPUT (250, 5)
COMMON /UNI TS/ | ON, | OoUT

VRI TE (| COUT, 1000)

VRI TE (| OOUT, 1100)

VRI TE (| COUT, 1200)

VRl TE (| OOUT, 1100)

DO 100 NCOUNT = 1, NSTEPS

WRI TE <l OOUT, 1300) (OUTPUT (NCOUNT, 1), | = 1, 5)
100 CONTI NUE

1000 FORMAT CI', 48X, 'SI MULATI ON MODE | NFORNMATI ON )
1100 FORMAT QO - - - - - === oo o oo oo oo oo

2 o o )
1200 FORMAT C ', 12X, 'REPORT TIME', 11X 'BED VOLUMES , 12X,

1 "THROUGHPUT' , 6X, ' CONCENTRATION IN ,

2 16X, ' DCO DT')
1300 FORMAT C ', |1 X, E12.5, |OX, E12.5, |10X, E12.5, |0OX,

1 E12'5, 1OX, E12.'S)

RETURN

END

THI'S SUBRCUTI NE | NI TI ALI ZES THE MODEL VARI ABLES FOR THE SI MULATI ON
OF THE ADVECTI VE. D] SPERS|I VE EQUATI ON.

VARI ABLE NAP:

VARI ABLE NANME PRECI SI ON DESCRI PTI ON

t | NTEGER»4 WORKI NG VARI ABLE

J | NTEGER»4 WORKI NG VARI ABLE

ALPHA REAL «8 SLOW SORPTI ON PROPORTI ONALI TY
DATA REAL »4 EXPERI MENTAL | NPUT DATA

COLUWN 1 CONTAI NS REPORT TI MES
COLUWN 2 Q@ VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 d VES | NFLUENT
CONCENTRATI ON

COLUWN 4 d VES DCQO DT

PooONOOOOOOODOOODOONOOOODOOODOBOQNONCQC

DDVDT REAL »8 DERI VATI VE OF DEPENDENT VARI ABLES

DG REAL »8 RATI O OF TOTAL MASSS ADSORBABLE ON
SOLI D PHASE TO TOTAL MASS | N FLU D
PHASE

DT REAL »8 DURATI ON OF EACH TI ME STEP

DTN REAL»8 REAL EQUI VALENT OF NSTEPS

Dv REAL»8 DEPENDENT VARI ABLE VECTOR

EPSMCN REAL »8 MACHI NE EPSI LON

FKAPPA REAL»8 FLU D PHASE LGOSS RATE

FKFE REAL »8 FAST FREUNDLI CH | SOTHERM CCOEFFI Cl ENTC

FKS REAL «8 SLOW FREUNDLI CH | SOTHERM COEFFI CI ENTC

FKT REAL «8 THROUGHPUT FREUNDLI CH COEFFI Cl ENT

FNF REAL «8 FAST FREUNDLI CH | SOTHERM EXPONENT

FNS REAL»8 SLOW FREUNDLI CH | SOTHERM EXPONENT

FENT REAL «8 THROUGHPUT FREUNDLI CH EXPONENT

QuUTPUT REAL* 6 A MATRI X OF SI MULATI ON STATUS

COL 1 CONTAI NS REPORT TI ME
COL 2 CONTAI NS BED VOLUVMES
COL 3 CONTAI NS THROUGHPUT
COL 4 d VES | NFLUENT CONCENTRATI ON

C
C
c
C
c
c
c
c
c
c
c
C
c
Cc
(o4
c
C
c
c
[
c
c
c
[
c
[
c
Cc
Cc
C
[
(o3
c
C
(o3
c
C
(o3
Cc
[
C
C
C
C

OO0 0 o0 00000
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C CUL b dVtb N o7uT C
C SKAPPA REAL»8 SCLI D PHASE LOSS RATE C
C TEMP REAL»8 TEMPORARY VARI ABLE FOR EPSMCN CALC C
C TMESI M REAL»8 NUVBER OF BED VOLUMES TO SI MULATE C

SUBROUTI NE | NI TL (DDVDT, DV, OUTPUT, TO
I MPLICI' T REAL»8 (A-H, 0-2)

REAL»A DATA, OUTPUT

LOG CAL DONE

DI MENSI ON DATA (100, 4), DDVDT (101), DV (101), OUTPUT (250, 5)
DI MENSI ON C (100), T (100)

COMMON /I NPUT/ TMESIM DATA, VEL, DH, RHO, THETA, 2COL, VEL2,
1 EPSLON, CO, FKF, FNF, FKS, FNS, ALPHA,

2 FKAPPA, SKAPPA, FKT, FNT, C, T,

3 1 CON, NCOL, NOUT, NSTEPS

DO 100 | = 1, 101
DV (1) = O DOO
100 DDVDT (1) = O DOO
C
C.... COVPUTE SI MULATI ON QUTPUT PO NTS | F DESI RED

c
I F (NSTEPS . GI. 0) THEN

TAU = ZCOL / VEL

DG =1 + (RHO » (1 - THETA) / THETA) » (FKT » (CO «« FNT)) / CO

DTN = NSTEPS

DT « TMESIM/ DTN

TEMPT = O DOO

DO 110 I = 1, NSTEPS
TEMPT = TEMPT + DT
OUTPUT (1,1) = TEMPT
QUTPUT (1,2) = TEMPT / TAU

110 QUTPUT (1,3) = TEMPT / (TAU » DG
END | F
C
C.... CALCULATE THE MACHI NE EPSI LON FOR USE AS A LOAER ERROR BOUND
C
EPSMCN = 1.0
120 EPSMCN = EPSMCN / 2. 0DOO
TEMP = | . ODOO + EPSMCN
IF (TEMP .GT. |.O0DOO) GO TO 120
C
C.... CALCULATE THE | NFLUENT CONCENTRATI ONS FOR USE | N THE
C.... EXPERI MENTAL COVPARI SON MODE BY | NTERPOLATI NG FROM THE
C .... LI ST OF KNOAN CONCENTRATI ONS.

I F (NOUT . Gr. 0) THEN
DO 130 NCOUNT = 1, NOUT, 1
TEND « DATA ( NCOUNT, 1)
DONE = . FALSE.
DO 140 NLOOP = 1, (ICON - 1)
IF (DONE . EQV. .FALSE.) THEN
DNTI ME = T ( NLOOP)
UPTIME * T (NLOOP +1)
DNCON = C ( NLOOP)
UPCON = C (NLOOP + 1)
I'F ((DNTIME .LE. TEND) .AND. (UPTIME .GE. TEND))
- T HHEEA
DATA (NCOUNT, 3) = DNCON + (UPCON - DNCON)
1 » (TEND - DNTIME) / (UPTIME - DNTI MVE)
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UUNt = .| KUh.
END | F
END I F

1440 CONTI NUE
I'F (NCOUNT .GT. 1) THEN

DATA (NCOUNT, 4) = (DATA (NCOUNT, 3) -
1 DATA (NCOUNT - 1, 3)) / (DATA (NCOUNT, 1) -
2 DATA (NCOUNT - 1, 1))
ELSE
DATA (NCOUNT. 4) = (DATA (NCOUNT, 3) - CO)
1/ (DATA ( NCOUNT, 1) - TO
END | F
130 CONTI NUE
END | F

c
C.... CALCULATE | NFLUENT CONCENTRATI ON FOR USE I N THE

C .... SI MULATI ON MODE.

I F (NSTEPS . GI. 0) THEN
DO 150 NCOUNT = 1. NSTEPS, 1
TEND = OUTPUT( NCOUNT, 1)
DONE = . FALSE.
DO 160 NLOOP = 1, (ICON - 1)
IF (DONE . EQV. .FALSE.) THEN
DNTI ME = T ( NLOOP)
UPTINME = T (NLOOP +1)
DNCON = C ( NLOOP)
UPCON = C (NLOOP + 1)
IE ((DNTIME .LE. TEND) .AND. (UPTIME .GE. TEND))

a T HEEDRd
OUTPUT (NCOUNT, 4) = DNCON + (UPCON - DNCON)
1 » (TEND - DNTIME) / (UPTIME - DNTI ME)
DONE = . TRUE.
END | F
ENDI F

160 CONTI NUE
I F (NCOUNT .GT. 1) THEN
QUTPUT (NCOUNT, 5) = (OUTPUT (NCOUNT, 4) -
1 OUTPUT (NCOUNT - 1, 4)) (OUTPUT (NCOUNT, 1) -
2 OUTPUT (NCOUNT - 1, D)
ELSE
QUTPUT (NCOUNT, 5) = (
1 / (OUTPUT ( NCOUNT, 1) -
ENDI F
| SO CONTI NUE

QUTPUT (NCOUNT, 4) - CO)
TO

C.... COVPUTE BED VOLUMES FCOR VARI ABLE VELCCI TY CASE

OLDVEL = VEL
TEMPT ' O. DOO
DO 170 | = 1, NSTEPS
TEMPT = TEMPT * DT
IF (QUTPUT (I, 4) . GT. |.OE-10) THEN
CURVEL = VEL
ELSE
CURVEL = VEL2
ENDI F

AVGVEL = (OLDVEL + (TEMPT - DT) + CURVEL » DT) / TEMPT

TAU = 2C0OL / AVGVEL
OQUTPUT (I, 2) = TEMPT / TAU
QUTPUT (I, 3) = TEMPT / (TAU » DO
OLDVEL = AVGVEL
170 CONTI NUE

ENDI F

RETURN

END
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@
c
c
c
c
c
c
c VARI ABLE NMNAP:
c
C
c VARI ABLE NANME
c
c |
[o] NCOL
[o] NDOF
[o] NOUT
c
c
c ALPHA
c DATA
c
c
c
c
c
c
[o] DGN
[ DGNLOU
c DGNUP
c DH
[o] Dz
c FKAPPA
c FKF
c FKS
c FKT
c FNF
c FNS
[o] FENT
[o] FSSDLS
c REAL ND
c RFGRP
c RHO
(o3 SKAPPA
c SLSPAC
c
c SLSPEQ
c THETA
c TMESI M
(o] VEL
C VEL2
c 2COoL
c
c
c
c
c
Cc
c

SUBROUTI NE GRPFRM

PRECI SI ON

| NTEGER»4
! NTEGER»4
| NTEGER* ~
| NTEGER»4

REAL»8
REAL »4

REAL»8
REAL »8
REAL»8
REAL «8
REAL »e
REAL»8
REAL »8
REAL»S
REAL»8
REAL»8
REAL»8
REAL »8
REAL>»8
REAL »e
REAL»8
REAL »8
REAL »e
REAL>»8

REAL »8
REAL>»8
REAL »e
REAL »e
REAL' S
REAL »8

I MPLI I T REAL»8(A-H, 0-2)

REAL«4 DATA

DI MENSI ON DATA (100,4), C (100),
COVMON / GROUPS/ DGN, DGNLOW DGNUP. FFrtRP  caani ¢ el coirn

THI' S SUBROUTI NE COVPUTES VARI ABLE GROUPI NGS TO M NI M ZE EFFORT I N
THE SOLUTI ON OF THE SET OF SI MULTANEQUS NONLI NEAR EQUATI ONS.

DESCRI PTI ON

TI ME STEP | NDEX

NUMBER OF NODES I N Z DI RECTI ON
NUVBER OF DEGREES OF FREEDOM
NUMBER OF TEMPORAL STEPS TO OUTPUT

SLOW SORPTI ON PROPORTI ONALI TY
EXPERI MENTAL | NPUT DATA
COLUMN 1 CONTAI NS REPORT TI MES
COLUMN 2 G VES EXPERI MENTAL
CONCENTRATI ON
COLUWMN 3 d VES | NFLUENT
CONCENTRATI ON
COLUWMN 4 G VES DCO DT
DI AGONAL VARI ABLE GROUPI NG TERNMS
LOVER DI AGONAL VARA | BLE GROUPI NGS
UPPER DI AGONAL VARI ABLE GROUPI NGS
HYDRODYNAM C DI SPERSI ON COEFFI Cl ENT
COLUMN STEP SI ZE | N Z DI RECTI ON
FLU D PHASE LOSS RATE
FAST FREUNDLI CH | SOTHERM CCEFFI Cl ENTC
SLOW FREUNDLI CH | SOTHERM COEFFI Cl ENTC
THROUGHPUT FREUNDLI CH COEFFI CIENT  C
FAST FREUNDLI CH | SOTHERM EXPONENT c
SLOW FREUNDLI CH | SOTHERM EXPONENT c
THROUGHPUT FREUNDLI CH EXPONENT c
FI RST ORDER DECAY LOSS ON SOLI D c
NUVBER OF NODES | N COLUMN c
RETARDATI ON VARI ABLE GROUPI NG c
SOLI D PHASE PARTI CLE DENSI TY c
SOLI D PHASE LOSS RATE c
SLOW SOLI D PHASE ACTUAL c
CONCENTRATI ON GROUPI NG c
SLOW SOLI D PHASE EQULI B GROUPI NG c
PORCSI TY c
NUVBER OF BED VOLUMES TO SI MULATE ¢
PORE VELOCI TY c
DESORPTI ON PORE VELOCI TY c
LENGTH OF COLUMN (Z DI RECTI ON) c
Cc
C
C
C
C
c

cccecececececcececccececcceccececcceccececcceccececccecccecceccceccecceccceccececccccceccccceccccccccccccccccc

T (100)
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REALND = NCCL

b 2R 2 Sh 2
i . f

BN o e 2 D%SH VE% /Féz DG » D7)

RFGRP = FKF »

FSSDLS = (RHO

SLSPEQ = ((RHO (1 - THETA) / THETA)
RETURN

> FNIE > (1 1 )I'HETA )

G R L

» COVPUTE  MACROSCCPI C ADVECTI VE- DSI PERSI VE EQUATI ON FLUI D PHASE GROUPI NS

»[7)

S « FKF
ALPHA * FKS
ALPHA

(o3
C
C
c
C
c
(o4
(o4
C
(o3
(o3
(o}
(o4
(o4
C
(o3
(o4
C
c
(o3
(o3
c
c
(o3
Cc
Cc
Cc
c
Cc
C
Cc
Cc
(o3
C
Cc
(o3
Cc
C
c
Cc
Cc
c
[
(o3

i

TO SAVE CO\/PUTATI ONAL EFFCRT.

T o

MAY B

i

i

E\; “1'S THE | NLET NCDE OF THE CCLUM,

r@é“ﬁo’?“@ﬁ RENCES 10 THE 'FLU D PHASE ARE AT THE

ARE AT THE

e

VARI ABLE NAP;

VARI ABLE NAVE PRECI SI ON
, | NTEGER»4
] | NTEGER»4
% | NTEGER»4
NCOL | NTEGER»4
NDOE INTEGER»4
NEND | NTEGER»4
NSTART | NTEGER»4
NSTEP | NTEGER»4
NSTOP | NTEGER»4
ALPHA REAL »8

CNE REAL »e

oNS REAL »8

DATA REAL »4

L -
xgl
0 PHe

DESCRI PTI ON

TEMPORARY VARAI BLE

TEMPORARY VARAI BLE

| NDEX FOR SPHERI CAL _GROUPI NGS
NUMBER OF NODES IN Z DI RECTI ON

NUMBER OF DEGREES OF FREEDOM
VARI ABLE | NDEX FOR LAST COLUWN NODE

LOOP STARTI NG PCSI Tl ON
STEP SI ZE FOR LOCP
LOOP STOPPI NG PGSI Tl ON

SLOW SORPTI ON PROPORTI ONALI TY

FAST EQUI LI BRI UM CONCENTRATI ON
SLOW EQUI LI BRI UM CONCENTRATI ON
EXPERI MENTAL | NPUT DATA

COLUWN 1 CONTAINS REPORT Tl MES

COLUW 2 G VES EXPERI MENTAL

N- NUMBERED | NDEX

ek ST R

Yarh Eﬂﬁﬁ&ﬁw@ L e A B b
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ccccceecceeccecceeccecccecccecccecccecccecccccccccccccccccccccccccccccccccccccecccccce

SUBROUTI NE CPRI ME (NVRB, TIME, DV, DDVDT)
IMPLICI T REAL»e (A-H, O 2)

REAL»4 DATA

CHARACTER»72 TI TLE

DINENSI QN DV (101), DOVDT (101), DATA (100, 4
B'OW%&J%? )DGN b&EQN DGNP, REGRP, FSSDLS, SLSPEQ)

CDVI\/O\I%I NPUT/ TIES] !\é DATA VEL DH RHO. THETA ZCOL, VEL2.
EPSLON, FKS, FNS. _ALPHA,

2 FKAPPA SKAPPA FKT FNT
3 1 CON, NCO,

NouUT, EIDSC T’

COMVON /FLUI D/ DC(I)T

C.... FORM FLU D PHASE DERI VATI VES

NDOF = NCOL « 2
FI RST THE | NLET CONDI TI ON
DDVDT (1) = DCODT

SECOND THE | NTERI OR FLUI D PHASE DERI VATI VES

NEND » NDOF -

|:I)C'):108V| ‘|‘ 3, D,
I'(QFl él) D% RF% » (FNF - 1.D00)
CNF = DV (1) »e FNF
CNS = DV (1) =+ FNS
ELSE
RFI = | .DOO
CNF = O DO
ONS = O DO
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160

00,00 & (PP QDGR B I8 11042

C.... FORM THE CUTLET BOUNDARY CONDITION FCR THE FLUI D PHASE

T B?/O?lf "o o D09 THEN
FI =1[.DOO + « (DV (1) » (FNF - 1.DO0)
CNF = DV (1) »» FNF
CNS = DV (1) <+ FNS
ELSE
RFI = | .DOO
CNF = O. DOO
= O. DOO
DDVD OW + « D » DV
L Eééﬁxs $PREY PRy D8R M+
F:tF:I
C
C.... FORM THE SOLI D PHASE EQUATI ONS
C
DOllOl _4. NDCF, 2
J =1 -

IF(DV(J) .GT. 0.DOO) THEN
CNS = DV (J) «» FNS
ELSE
CNS = O DOO

110 DOVOT (1) = ALPHA « (FKS » ONS - DV (1)) - SKAPPA + DV (1)

— i
R E T |
- rR= - | K
- — I
G00000000000000606060600000000000006660600000000000060666060000000 ) ,

SUBROUTINE FCNJ (N, X, Y, PD)

REAL»8 Y(N), PD(N, N), X
RETURN
END

g VAR ABLE NAME PRECl Sl O\l DESCRIPITON, C
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1 | NTEGER* * TI WE S TEFRFP 1 NDEX C
1A N | NTEGER* 4 UNI T NUVBER TO READ FROMV C
| couT | NTEGER* * UNI' T NUVBER TO WRI TE TO C
NCOL | NTEGER* * NUVMBER OF NODES I N Z DI RECTI ON C
NDOF | NTEGER* * NUVBER OF DEGREES OF FREEDOM C
NDV | NTEGER* * I NDEX OF OUTLET CONCENTRATI ON C
NOUT | NTEGER* * NUVBER OF PO NTS Sl MULATED C
C

C

AL PHA REAL* 8 SLOW SORPTI ON PROPORTI ONALI TY C
CNORM REAL »8 NORMALI ZED OUTLET CONCENTRATI ON C
co REAL »8 I NIl TI AL CONCENTRATI ON C
DATA REAL* * EXPERI VENTAL | NPUT DATA C
COLUWMN 1 CONTAI NS REPORT TI MES C

COLUWN 2 d VES EXPERI MENTAL C

CONCENT RATI N [ @

COLUMN 3 d VES | NFLUENT C

CONCENT RATI N [ @

CO_LUMN * d VES DCO DT C

DV REAL «8 DEPENDENT VARI ABLE VECTOR C
EFKAPPA REAL »8 FLUI D PHASE LOSS RATE C
FKF REAL »8 FAST FREUNDLI CH | SOTHERM COEFFI Cl HNTC
FKS REAL* e SLOW FREUNDLI CH | SOTHERM COEFFI Cl ENTC
EKT REAL »8 THROUGHPUT FREUNDLI CH COEFFI Cl ENT c
ENF REAL »8 FAST FREUNDLI CH | SOTHERM EXPONENT c
ENS REAL »8 SLOW FREUNDLI CH | SOTHERM EXPONENT c
ENT REAL' S THROUGHPUT FREUNDLI CH EXPONENT c
RDSQSM REAL* 8 SUM OF RESI DUALS SQUARED c
RSD REAL «8 RESI DUAL OF PO NT AT OUTLET c
RSDSQ REAL »8 RESI DUAL SQUARED OF PO NT AT QUTLET ¢
RSDSUM REAL»8 SUM OF RESI DUALS c
SKAPPA REAL »8 SOLI D PHASE LGSS RATE c
TMES | M REAL »8 NUMBER OF BED VOLUMES TO SI MULATE c
C

Cc

C

Cc

SUBROUTI NE REPORT (I, DV, RSDSUM RDSQSM RSD)
I MPLICI T REAL*8 (A-H, 0-2)
REAL** DATA
DI MENSI ON DATA (100, *), DV(1Q), C (100), T (100
COMMON /I NPUT/ TMESIM DATA, VEL, DH, RHO THETA zca, VEL2,
1 EPSLON, CO, FKF, FNF, FKS, FNS ALPHA
2 FKAPPA, SKAPPA, FKT, FENT, C, T,
3 1 CAN, NCOL, NOUT, NSTEPS
COMVON /UNI TS/ AN, | CoJT
NDV = (NCOL » 2) - 1
IF (I .EQ 1) THEN
WRI TE (1 OOUT, 1000)
VIRI TE (1 OOQUT, 1100)
VIRI TE (1 OOQUT, 1200)
VWRI TE (1 OQUT, 1100)
RSDSUM = O. DOO
RDSQSM = O. DOO
END | F
CNORM = DV (NDV) /CO
RSD = DATA (1,2) - CNORM
RSDSQ = RSD ¢ RSD
RSDSUM = RSDSUM + RSD

RDSQSM = RDSQSM + RSDS!
WRITE (1 OOUT . 1300) DATA (1,1), DATA (1,2), ONCRM RSD, RSDSQ
IF (I .GE. NOUT) THEN

WRI TE (1 OOUT, 1100)

gccececeeeceececececececececececececececececececececececceccecccececccecceccccecccccccccccccccccccccccccccccccc
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VRI TE (| OCOUT,

END | F

1400) RSDSUM RDSQSM

| OO0 FORVAT C1',56X,' RES 1 DUAL REPORT')

1100 FORNMAT <’ O- - == == == == m mmmmmm e e e e e e :

1200 FORMAT (+0', 19X, ' TIME ,1OX,' C/ Co (I NPUT)+, | OX, ' C/ Co (PREDI CTED)',
1 14X, ' RESI DUAL' , | OX, ' RESI DUAL SQUARED )
1300 FORMAT (' ', 11X, E12.5, 10X E12.5. 14X, E12.5,1 OX, E12. 5, 14X, E12. 5)

1400 FORVAT (' ', SI X, E12.5, 14X, E12. 5)

RETURN
END

00

162

cccceceecececececceccecececcecceccecccececcceccceccecceccceccccecccceccccccccccecccccccccccccccccccccccccccccccce

VARI ABLE NAP:

0o0oo0on0on00-o°

VARI ABLE NAMVE

| FLAG

| FLAG2
JA N
| OouUT

DATA

QUTCON

THETA
TOTDRY
TOTI NF
TOTQUT
TOTUET
VEL
VEL2
2CoL

OO0 0000000000000 00O00O00O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0OO0oO0

PRECI SI ON

| NTEGER»4
I NTEGER»4

I NTEGER»4
| NTEGER»4
| NTEGER»4
I NTEGER- 4
1NTEGER»4

REAL»8
REAL «e
REAL »4

REAL»8
REAL»8
REAL »8
REAL «8
REAL»8
REAL»8
REAL' S
REAL»8
REAL»8
REAL»8
REAL»8

THI' S SUBROUTI NE PERFORMS A NMASS BALANCE CHECK ' AFTER THE
COVPLETI ON COF SI MULATI ON FOR EXPERI MENTAL COVPARI SON.

DESCRI PTI ON

LOOP | NDEX

FLAG FOR ABRUPT CONCENTRATI ON
CHANGE

FLAG FOR DESORPTI ON

UNI T NUVMBER TO READ FROM

UNI' T NUMBER TO WRI TE TO

NUVMBER OF NODES I N Z DI RECTI ON
NUVMBER OF TEMPORAL STEPS TO OUTPUT

RATI O OF MASS I N TO MASS ACCOUNTED
I NI TI AL CONCENTRATI ON

EXPERI MENTAL | NPUT DATA

COLUMN 1 CONTAI NS REPORT TI MES
COLUWN 2 d VES EXPERI MENTAL
CONCENTRATI ON

COLUMN 3 d VES | NFLUENT
CONCENTRATI ON

COLUWN 4 d VES DCO DT

DEPENDENT VARI ABLE VECTOR

EXI T CONCENTRATI ON VECTOR

REAL EQUI VALENT OF NCOL

PORCSI TY

TOTAL MASS LEFT ON SCOLI D PHASE
TOTAL NMASS | NDECTED | NTO COLUMN
TOTAL MASS TO EXIT COLUMN

TOTAL MASS LEFT I N LI QUI D PHASE
PORE VELOCI TY

DESORPTI ON PORE VELOCI TY

LENGTH OF COLUMN t Z DI RECTI ON)

ccccecceecececececceccecceccecceccecceccecceccecceccecccecccecccecccceccccccecccccccecccccecccccccccccccccccccccccce

C
C
C
C
C
C
C
C
C
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
Cc
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1 RHO, DATA, NOUT,

IMPLICI T REAL»e (A-H, 0-2)

REAL»4 DATA

DI MENSI ON DATA (100, 4), DV <101), OUTCON (250)
COVMON /UNITS/ AN, | CoUT

SUBRCUTI NE MASS| (QUTCON, DV, OO) 2COL, THETA, VEL. VEL2,
NCOL

C

IFLAG = O

| FLAG2 =0
C
C.... STORE THE I NI TI AL VELOCI TY
C

VELI = VEL
C
C.... CALCULATE TOTAL CONTAM NANT | NJECTED
C
C
C CALCULATE CONTAM NANT | NJECTED DURI NG FI RST
c REPORT PERI OD.
C

TOTI NF = CO » DATA Sl 1) » VEL » THETA +

1 0.5 » (DATA (1, » DATA (1, 1) »

2 VEL - THETA
C
C CALCULATE CONTAM NANT | NJECTED DURI NG TYPI CAL REPORT PERI ODS
C

DO 100 | = 2, (NOUT - 1

IF(éDATAEI, 3; .LT. 0.8 ¢ DATA ((I - 1), ))
1 DATA (I, 3) .GI. 1.2 » DATA ((I - ), ))) THEN
IFLAG = 1
TOTINF = TOTINF +
1 DATA (I, 3) « (DATA (I, 1) - DATA (I - 1, D) -

2 VEL > THETA
ELSE

TOTI NF = TOTI NF +

a1 TA ( >

2 DATA , 1/2\ DATA ( 1))« VEL » THETA +

3 0.5 DA , SI) DATA ( | E >

4 (DATA 1, 1) ATA (1 - 1)) » VEL » THETA
END | F

100 CONTI NUE
c
C.... CALCULATE TOTAL EFFLUENT RELEASED

c
C CALCULATE EFFLUENT RELEASED DURI NG THE FI RST HALF OF
C THE FI RST REPORT PERI OD

c

TOTQUT = (0.75 « O.DO + 0.25 » OUTCON (1)) »
1 DATA (1, 1) / 2.DO+ VEL » THETA

c
o CALCULATE EFFLUENT RELEASED AROUND THE FI RST REPORT
c
c

PERI OD

TOTOUT = TOTOUT +

1 ((0.75 « QJTCO\|(1) + 0.25 » O DO »

2 (DATA (1, - ODbO [/ 2.DO +

3 (0.75 »OJT (1) + 0.25 » QUTCON (2)) »
4 (DATA (2, 1) - DATA (1, 1)) / 2.DO »

5 VEL - THETA

C
C CALCULATE EFFLUENT RELEASED AROUND A TYPI CAL REPORT
C PERI OD
C
DO 110 | = 2, (NOUT - 1)

c
C RESET VELOCI TY | F DESORPTI ON BEG NS
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IF (DATA (I, 3) .LT. |.OE-10) THEN
VEL = VEL2
| FLA&R2 =1

END I F

TOTOUT = TOTOUT +

1 ((0.75 * OUTCON (i) + 0.25 » OUTCON (I - 1)) »
2 (DATA (1, 1) - DATA (I - 1, 1)) / 2.DO +

3 (0.75 » OUTCON (1) + 0.25 » OJUTCON (1 + 1)) »
4 (DATA (I + 1, 1) - DATA (I, 1)) / 2.DO »

5 VEL << THETA

110 CONTI NUE

C
C CALCULATE EFFLUENT RELEASED DURI NG LAST HALF OF LAST
C REPORT PERI OGD
C
TOTOUT = TOTOUT +
1 (0.75 -« OUTCON (NaouTt) +
2 0.25 » OUTCON (NOUT - 1)) <«
3 (DATA (NOUT, 1) - DATA (NOUT - 1, D) / 2.DO »
4 VEL * THETA
C
C
C RESTORE VELOCI TY
C
VEL = VELI
C
c
C.... CALCULATE CONTAM NANT REMAI NI NG | N FLUI D PHASE
C
C CALCULATE CONTAM NANT | N FLU D NEAR FI RST NODE
C
RCOL = REAL ( NCOL)
TOTWET = (0.75 » DV (1) + 0.25 » DV (3)) »
1 2COL / (RCOL - | .DO [/ 2.DO » THETA
C
C CALCULATE CONAM NANT | N FLU D NEAR TYPI CAL NODE
C

DO 120 1=3, (2 « NCOL - 3), 2
TOTWET = TOTWET +

1 (0.75 » DV (1) + 0.125 « DV (I - 2) +
2 0. 125 » DV (I -1- 2) ) >»
3 ZCOL / (RCOL - | .DO - THETA
120 CONTI NUE
C
C CALCULATE CONTAM NANT I N FLU D NEAR EXI T NODE
C
TOTVWET = TOTWET + (0.25 « DV (2 « NCOL - 3) +
1 O0.75 » DV (2 » NCO. - D <«
2 ZCOL / (RCOL - | .DO [/ 2.DO » THETA
C
C
C.... CALCULATE CONTAM NANT REMAI NI NG ON SOLI D PHASE (SLOW
C
C
C CALCULATE CONTAM NANT ON THE SOLI D NEAR THE FI RST NCDE ( SLOW
C
TOTDRY = O DO » 0.75 + DV (4) - 0.25
C
C CALCULATE CONAM NANT ON TYPI CAL NODES (SLOW
C

DO 130 1=4, (2 » NCOL - 2), 2

TOTDRY = TOTDRY +
1 (0.75 « DV (1) + 0.125 « DV (I - 2)
2 + 0.125 » DV (I [2)) »
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on o0 0 OO0

[eN @It

140 C()\ITI NUE

C
C
C

00000

0 Oo0

130

3 ZCOL / (ROOL - |1.DO » RHO + (1.DO - THETA)

CONTI NUE

CALCULATE CONTAM NANT NEAR EXIT (SLON

TOIDRY, +
Tﬁé&’) TR Yy 2L b5 med Dk 208 N By

..... CALCULATE CONTAM NANT REMAINING ON SOLI D PHASE (FAST SITES)

CALCULATE CONTAM NANT ON THE SOLI D NEAR THE FI RST NCDE ( FAST)

1987 T(Cf%\ffﬁK.FDb) 073 ! E}?_D-I-»'(ZF 2 DV :H_)E»o FNF »

CALCULATE CONAM NANT ON TYPI CAL NODES (FAST)

DO 140 1=3, (2 » NCOL - 2
TOTDRY = T DRY + FKF »

3 + 0. 1' » - 2)
o3 TR f)ﬁ Fiﬁ(’) ‘Do - THETA)

CALCULATE CONTAM NANT NEAR EXI T (FAST)
TOTDRY = TOTDR

FKF %25 » 2 » IEI-CO_
» ?Qi [ |2 BO » RII-:IB‘ » (I.DO - THETA)

COVPUTE MASS BALANCE
BAL = TOTINF / ( TOTQUT + TOTVET + TOTDRY )

OUTPUT THE MASS BALANCE FI NDI NGS

VR TE (| OOUT, 1000)

VRI TE (I OOUT, 1100)

VR TE (1 QOUT, 1200) TOTI NF

VR TE (1 OOUT, 1300) TOTOUT

VR TE (1 QOUT, 1400) TOTVET

WRI TE (| OOUT, 1500) TOTDRY

VRI TE (1 OOUT, 1600) BAL

I'F (IFLAG .EQ 1) THEN
VRI TE (1 OOUT, 1700)

END | F

|F (1FLAG2 .Ea. 1) THEN

VR TE (1 OOUT, 1800)
END | F

1200 Fuin}A'T' Ty 'édii;[; TOTAL NAs's' I NECTED = * )

1300

: ceMeEh
FCRI\/AT ( i ZOXI\/S TOTAIQMASS R)LEASED =

165
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| a0O FORNVAT (e« « .
1 E10. 4

20X,

'MASS LEFT I N

FLU D PHASE =

- GRAMB / SQ CM = )

1500 FORMAT (- . 20X, 'NMASS LEFT ON SOLI D PHASE
1 E10.4 =+ GRAMS / SQ CM =+ )

1600 FORMVAT (' ', 20X, *« RATI O OF | NPUT TO ACCOUNTED NMASS
1 E10. 4)

1700 FORVAT (' ', 20X, 'MASS BALANCE TAKES ACCOUNT OF ABRUPT CHANGE'
1 e I N | NFLUENT CONCENTRATI ON. ')

1800 FORMAT (e ' 20X, 'MASS BALANCE USED DESORPTI ON PORE VELOCI TY',
1 ' DURI NG DESORPI TON. ' )
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X
C
C
c
c
Cc
c
C
Cc
C
Cc
c
C
c
C
c
C
Cc
C
c
c
(o3
c
c
c
c
C
(o3
c
Cc
c
(o3
C
Cc
C
Cc
c
c
c
c
c
c
C
(o3
C
c
Cc
(o3
c
c
C

THI' S SUBROUTI NE PERFORMS A MASS BALANCE CHECK AFTER THE
COVPLETI ON OF SI MULATI ON | N SI MULATI ON MODE.

VARI ABLE NAP:

VARI ABLE NAME

| FLAG

| FLAG2
AN
I OoUT

NSTEPS

BAL

QUTCON
QuUTPUT

THETA
TOTDRY
TOTI NF
TOTOUT
TOTWVWET
VEL
VEL2
zZCOoL

PRECI SI ON

NTEGER»4
NTECER«4

NTEGER»4
NTEGER* 4
NTEGER»4
NTEGER»4
NTEGER»4

REAL»8
REAL VS
REAL»e
REAL «8
REAL* 4

REAL»8
REAL* e
REAL »8
REAL »e
REAL»8
REAL»8
REAL»8
REAL* e
REAL »e

DESCRI PTI ON

LOOP | NDEX

FLAG FOR ABRUPT CONCENTRATI ON
CHANGE

FLAG FOR DESORPTI ON

UNI T NUVMBER TO READ FROM

UNI' T NUMBER TO WRI TE TO
NUVMBER OF NODES I N Z DI RECTI ON
NUVMBER OF TEMPORAL STEPS

RATI O OF MASS I N TO MASS ACCOUNTED
I NI TI AL CONCENTRATI ON

DEPENDENT VARI ABLE VECTOR

EXI T CONCENTRATI ON VECTOR

SI MULATI ON STATUS NMATRI X

COL 1 G VES REPORT Tl MES

CcOoL : A VES BED VOLUNMES

CcaL 4G VES THROUGHPUT

coL ! A VES | NFLUENT CONCENTRATI ON
COL i A VES DCO DT

REAL EQUI VALENT OF NCOL

PORCSI TY

TOTAL MASS LEFT ON SOLI D PHASE
TOTAL MASS | NJECTED | NTO COLUMWN
TOTAL MASS TO EXI' T COLUWVWN
TOTAL MASS LEFT IN LI QUI D PHASE
PORE VELOCI TY

DESORPTI ON PORE VELOCI TY

LENGTH OF COLUWN (Z DI RECTI ON)

cccccececececcececcececccecceccecceccceccceccceccccceccceccceccccceccccccccecccccccccccccccccccccc

C
C
C
C
C
C
C
C
C
c
C
C
c
C
C
C
C
C
C
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
C
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SUBKUUTI Nt ri ASS2 CDUTCON, DV, CO, 2C0L, THETA, VEL, VEL2,
RHO, OUTPUT, NSTEPS , NCOL)

Il\/PLIClT REAL»8 (A-H, 0-2)
REAL»4 OUTPUT

DI MENSI ON OUTPUT (250, 5), DV (101), OUTCON (250)
COVWON /UNITS/ 1A N, |oouT

| FLAG =0
| FLAGZ =0
C
C.... STORE THE I NI TI AL VELOCI TY
C
VELI = VEL
C
C.... CALCULATE TOTAL CONTAM NANT | NJECTED

C
Cc CALCULATE CONTAM NANT | NJECTED DURI NG FI RST
C REPORT PERI OD.

c

Ol NE = QO (1, 1) » VEL » THETA +
105»(our (1 4) cO » OUTPUT (1, 1) e
2 VEL - T HE

000

CALCULATE CONTAM NANT | NJECTED DURI NG TYPI CAL REPORT PERI ODS

DO 100 | = (NSTEPS - J_.l)
'F ((dureur (T, 0.8 QUL ((1- 1).4) R
1 §QJTPUTE 4§ GT. 1.2« OUTPUT ((1 - 1), 4))) THEN

I,

| FLAG =1

TOTI NF = TOTINF +
Cl1

PUT 4) >
2 (CIJTPUT (1, 1) - QUTPUT (1 - 1, 1)) »
33 VEL - THETA

ELSE
TOTI NF = TOTI NF +

1 OQUTPUT (I - 1, 4) »
2 (QUTPUT (I, 1) - QUTPUT (I - 1, D) -
3 VEL > THETA -+

5«'5T PUT(I 4) = QUTPUT (1 - 1, 4)) »
5(OUTP PUT (I - 1, D »
S NVEL >> THETA

END | F
100 CONTI NUE
C
C
C.... CALCULATE TOTAL EFFLUENT RELEASED

E CALCULATE EFFLUENT RELEASED DURI NG THE FI RST HALF OF
C THE FI RST REPORT PERI OD
C

TOTOUT = (0.75 » O DO + 0.25 » QUTCON (D) «
1 QUTPUT (1, 1) / 2.DO » VEL » THETA

((:Z CALCULATE EFFLUENT RELEASED AROUND THE FI RST REPORT
c
C

PERI OD

TOTOQUT = TOTOUT +
1((075<<C1JTCO\11|:025°ODO)»

OUTPUT 2. DO +
4{075»(5urcc1\% (1) +025-OUT00N(2) »

OQUTPUT (2, 1) - (1JTPUT(1 1)) / 2. D03 »
5 VEL <« THETA

CALCULATE EFFLUENT RELEASED AROCUND A TYPI CAL REPCRT

PERI OD

0 0o
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DO 110 | = 2, (NSTEPS - 1)
Ca
c RESET VELOCI TY | F DESORPTI ON BEG NS
C
IF (QUTPUT (I, 4) .LT. |.CE-10) THEN
VEL = VELZ2
| FLA&R2 = 1
END | F
C
TOTOUT = TOTOUT +
1 ((0.75 « OUTCON (1) + 0.25 * QUTCON (I - 1)) »
2 (OQUTPUT (1, 1) - OUTPUT (I - 1, D) / 2. DO +
3 (0.75 » OUTCON (1) + 0.25 » OUTCON (1 + 1)) =
4 (OUTPUT (I + 1, 1) - OUTPUT (I, 1)) / 2.DO »

5 VEL > THETA

C
C CALCULATE EFFLUENT RELEASED DURI NG LAST HALF OF LAST
c REPORT PERI CD
C
TOTOUT = TOTOUT +
1 (0.75 » OUTCON ( NSTEPS) +
2 0.25 » OUTCON (NSTEPS - D) »
3 (OUTPUT (NSTEPS, 1) - OUTPUT (NSTEPS - 1, 1)) / 2.DO »
a4 VEL » THETA
C
c RESTORE VELOCI TY
C
VEL = VELI
c
C
C.... CALCULATE CONTAM NANT REMAI NI NG | N FLUI D PHASE
C
c CALCULATE CONTAM NANT | N FLU D NEAR FI RST NODE
C
RCOL = REAL ( NCOL)
TOTUET = (0.75 » DV (1) + 0.25 » DV (3)) »
1 ZzcCOL / (RCOL - |.DO / 2. DO » THETA
c
c CALCULATE CONAM NANT | N FLUI D NEAR TYPI CAL NODE
c

DO 120 1=3, (2 - NCOL - 3), 2
TOTWET = TOTUET +

1 (0.75 -« DV (1) + 0.125 » DV (I - 2) +
2 0. 125 >» DvVv (I + 2)) >>
3 ZCOL / (RCOL - | .DO » THETA
120 CONTI NUE
C
C CALCULATE CONTAM NANT | N FLU D NEAR EXI T NODE
C
TOTWET = TOTUET + (0.25 « DV (2 = NCOL - 3) +
1 O0.75 -« DV (2 = NCOL. - D -
2 ZCcOL / (RCOL - | .DO [/ 2.DO « THETA
C
C
C.... CALCULATE CONTAM NANT REMAI NI NG ON SOLI D PHASE (SLOU SI TES)
C
C
C CALCULATE CONTAM NANT ON THE SOLI D NEAR THE FI RST NCODE (SLOU)
C
TOTDRY = O DO » 0.75 + DV (4) » 0.25
C
C CALCULATE CONAM NANT ON TYPI CAL NODES (SLOU)
C

DO 130 1=4, (2 « NCOL - 2), 2
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TOTDRY = TDTDRY +

1 (0.75 » DVIS\) + 0.125 » DV (I - 2)
2 +0. 125 >» ( -+ 2)) >>
3 7COL /| (RCOL - |.DO) « RHO « (1.DO - THETA)
130 CONTI NUE
g CALCULATE CONTAM NANT NEAR EXIT (SLOW
TOTDRY = TOTDRY +
1 (0.25 « DV « NCOL - 2) + 0.75 » DV ( 2'NCG.H
c 2 » ZCOL | ( - 1.DO) [/ 2.DO » RHO » (I.DO - THETA)
c
C.... CALCULATE CONTAM NANT REMAI NI NG ON SCLI D PHASE ( FAST SI TES)
C
C CALCULATE CONTAM NANT ON THE SOLID NEAR THE FI RST NODE ( FAST)
TOTDRY‘TOTDRY+FKF >> 075 » DV +025 » DV 3)) *» FNF «
c ca / (RCOL - . R?—|O ”E
g CALCULATE CONAM NANT ON TYPI CAL NODES (FAST)

DO 140 1=3, (2 » NCOL - 3), 2

TOTDRY = TOTDRY + FKF e
1 (0.75 » DV Ig\) + 0.125 » DV '(__| -
2 + 0.125 - ( +2)) »» FN »

3 7CO. / (RCOL - |.DO) » RHO » DO—THETA)
140 CONTI NUE

C
(C:Z CALCULATE CONTAM NANT NEAR EXI T (FAST)

TOTDRY = TOTDRY +

1 FKF » (0.25 « DV (2 » NCOL - 3)

2 + 0.75 » DV (2 » NCOL - 1)) <+ FNF

3+ 700 / (ROOL - 1.D0) / 2.00 » RHO » (1. DO - THETA)

C.... COMPUTE NMASS BALANCE
c

BAL = TOTINF / ( TOTQUT + TOTWET + TOTDRY )

OOUT; 1000)

OOUT, 1100)

OOUT, 1200) TOTI NF

OOUT, 1300) TOTOUT

OOUT, 1400) TOTVET

OOUT, 1500) TOTDRY

WRI TE (1 OOUT, 1600) BAL

IF (IFLAG .EQ 1) THEN
WRI TE (1 0OUT, 1700)

END | F

IF (IFLA® .EQ 1) THEN

VR TE (1 OOUT, 1800)
ENDI F

C
c

1000 FORMAT OI', 35X, ' SIMJLATI ON MASS BALANCE REPORT ')
1100 FORVAT Q0= - - ,
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1200 FORMAT (= ', 20X, <TuTAL MASS | NDECTED = '
1 E10.4, « GRAMS / SQ CM')
1300 FORVAT (' ', 20X, 'TOTAL NMASS RELEASED = *'
1 EIOA <« GRAMS / SQ CM')
1400 FORVAT (' ', 20X, 'MASS LEFT IN FLU D PHASE = '
1 E10.4, « GRAMS / SQ CM')
1500 FORVAT C ', 20X, "MASS LEFT ON SOLI D PHASE = ',
1 E10.4, ' GRAMS / SQ CM =)
1600 FORMAT (' ', 20X, 'RATIO OF | NPUT TO ACCOUNTED MASS = ',
1 E10. 4)
1700 FORMAT (' ', 20X, 'MASS BALANCE TAKES ACCOUNT OF ABRUPT CHANGE' ,
1 ' I N I NFLUENT CONCENTRATI ON. ')
1800 FORVAT C ', 20X, 'MASS BALANCE USED DESORPTI ON PORE VELOCI TY',
1 « DURI NG DESORPI TON. )

RETURN
END
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00000000000000000oooooonooooooooooonooo00000000000000000000

SORPTI ON MODEL :
DUAL RESI STANCE
MAI NFRAME VERSI ON

THI S PROGRAM USES THE DGEAR METHOD TO SOLVE THE ADVECTI VE

DI SPERSI VE EQUATI ON FOR THE CASE

OF DUAL- RESI STANCE SORPTI ON.

THE TWO RESI STANCES S| MULATED | NCLUDE EXTERNAL FI LM TRANSPORT AND
I NTERNAL SCOLI D- PHASE SURFACE DI FFUSI ON. THE EQUI LI BRI UM MODEL
USED IS THE SI NGLE COMPONENT FREUNDLI CH | SOTHERM THE EQUATI ONS
ARE SPATI ALLY APPROXI MATED USI NG THE FI NI TE DI FFERENCE METHOD
RESULTI NG IN A SET OF DC/ DT AND DQ DT EQUATI ONS. THESE EQUATI ONS

ARE THEN SOLVED SI MULTANEOQOUSLY

USI NG DGEAR- - - AN | MSL SUBROUTI NE.

THE LIM TS OF TH S PROGRAM ARE THREE:
1) NUMBER OF COLUWN NODES = 21
2) NUMBER OF RADI AL NODES = 21
3) NUMBER OF DATA PO NTS = 100

THESE LIM TS ARE | MPOSED CHI EFLY
OF WORKI NG ARRAY FOR DGEAR (VK) .

AT THE EXPENSE OF | NCREASED SI MULATI ON TI ME BY USI NG THE DI AGONALLY

BECAUSE OF THE RESULTANT SI ZE
THESE LIM TS MAY BE RELAXED

DOM NANT ASSUMPTI ON FOR CALLS TO DGEAR (I .E. M TER = 3>.
MJUCH LARGER PROBLEMS CAN BE SI MULTAED USI NG THE DI AGONAL DOM NANT
FORM AND THE ONLY CHANGES REQUI RED ARE TO THE ARRAYS DV, DDVDT.

RADGRP, AND UK.

VARI ABLE NAP:

VARI ABLE NAME PRECI SI ON

| I NTEGER«4
I DUMWY | NTEGER* *
| ER | NTEGER* *
I NDEX | NTEGER* *
1A N | NTEGER* *
I oout | NTEGER* *
I UK | NTEGER* *
NCOL | NTEGER* *
NDOF I NTEGER* *
NLC I NTEGER* *
NRAD | NTEGER* *
NOUT | NTEGER* *
NuUC | NTEGER* *
coO REAL»8

CPRI VE REAL* 8

DATA REAL* *

DDVDT REAL* 8

DESCRI PTI ON

TI ME STEP | NDEX

DUMWY WORKI NG ARRAY FOR DGEAR
ERROR CODE RETURN | NDEX FOR DGEAR
CALL | NDI CATOR | NDEX FOR GEAR

UNI' T NUVMBER TO READ FROM

UNI' T NUMBER TO WRI TE TO

WORKI NG ARRAY FOR DGEAR

NUMBER COF NODES I N Z DI RECTI ON
NUVBER OF DEGREES OF FREEDOM
NUVBER OF LOWER CODI AGONALS- DGEAR
NUVMBER OF RADI AL STEPS

NUVBER OF TEMPORAL STEPS TO OUTPUT
NUVBER OF UPPER CODI AGONAL S- DGEAR

I NI TI AL CONCENTRATI ON

EXTERNAL NAME OF DC/ DT SUBROUTI NE
EXPERI MENTAL | NPUT DATA

COLUWN 1 CONTAI NS REPORT TI MES
COLUMN 2 G VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 4 VES | NFLUENT
CONCENTRATI ON

COLUWN * d VES DCO DT

DERI VATI VE OF DEPENDENT VARI ABLES

5000000000000 000000000000000000000°°0000000

o000 0o00009%00000

171
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c DGN REAL »8 DI AGONAL VARI ABLE GROUPI NG TERMS c
c DGNL OwW REAL »8 LOVNER DI AGONAL VARAI BLE GROUPI NGS c
C DGNUP REAL »8 UPPER DI AGONAL VARI ABLE GROUPI NGS C
C DH REAL »8 HYDRODYNAM C DI SPERSI ON COEFFI Cl ENT C
c DHI REAL «8 SORPTI ON PHASE HYDRODYNAM C c
Y4 DI SPERSI ON COEFFI Cl ENT c
c Ds REAL »8 SURFACE DI FFUSI ON CCEFFI Cl ENT c
c DUMMY REAL»8 DUMMY ROUTI NE REQUI RED BY DGEAR c
c Dv REAL »8 DEPENDENT VARI ABLE VECTOR c
c EPSLON REAL »8 ALLOWABLE ERROR FOR DGEAR c
c FCNJ REAL »8 EXTERNAL NAME OF JACOBI AN ROUTI NE c
c FlI LIVK REAL »8 FI LM TRANSFER CCEFFI ClI ENT c
c FK REAL»8 FREUNDLI CH | SOTHERM COEFFI CI ENT c
c FLUXCF REAL »e MACROSCOPI C FLUX TERM GROUPI NG c
c FN REAL' S FREUNDLI CH | SOTHERM EXPONENT c
c H REAL »8 STEP S| ZE FOR DGEAR c
c QUTPUT REAL »4 MATRI X OF SI MJULATI ON STATUS c
c COL 1 CONTAI NS REPORT TI ME c
(e} COL 2 CONTAI NS BED VOLUMES c
c COL 3 CONTAI NS THROUGHPUT c
[o] COL 4 G VES | NFLUENT CONCENTRATI ON c
c COL 5 G VES DCO DT c
c RADGRP REAL »8 SPHERI CAL VARI ABLE GROUPI NGS c
c RADI N REAL' S SPHERI CAL | NTERNAL BOUNDARY GROUP c
c RADI US REAL' S RADI US OF SPHERI CAL PARTI CLE c
c RADOUT REAL' S SPHERI CAL EXTERNAL BOUNDARY GROUP c
c RDSQSM REAL' S SUM OF RESI DUALS SQUARED c
c RHO REAL' S SOLI D PHASE PARTI CLE DENSI TY c
(e} RSDSUM REAL' S SUM OF RESI DUALS c
c SDUMWY REAL' S DUMWY ROUTI NE FOR DGEAR [o]
c THETA REAL' S PORGCSI TY c
c T VE REAL' S TI ME OF OQUTPUT SI MULATI ON PO NT c
c TO REAL' S INITIAL TI ME FOR DGEAR "
c VEL REAL' S PORE VELOCI TY c
(e} VELI REAL' S SORPTI ON PORE VELOCCI TY c
c VEL2 REAL' S DESORPTI ON PORE VELOCI TY c
c UK REAL' S WORKI NG ARRAY NEEDED BY DGEAR c
c zZCOoL REAL' S LENGTH OF COLUWMN CZ DI RECTI QN) c
C (o3
(o} Cc
c TI TLE CHARACTER 72 TI TLE OF SI MULATI ON RUN c
c c
c c

(o3

C
c
c
Cc

PROGRAM DUAL
IMPLICIT REAL'S (A-H 0-2)
REAL' A SDUMWY, DATA, OUTPUT
CHARACTER 72 TI TLE
DI MENSI ON | VK (462)
DI MENSI ON F (100), X(I)
DI MENSI ON DATA (100, 4), DV (462), DDVDT (462), OUTPUT (250, 5),
1 RADGRP (21, 3), VWK (3649Ss), C (100), T (100),
2 OoOUTCON ( 250)
COMVON / DBANDY NLC, NuUC
COVMON / GEAR/ DUMWY(48), SDUMMY(4), | DUMWY(38)
COMMON / GROUPS/ DGN, DGNLOW DGNUP, FLUXCF, RADGRP, RADOUT, RADI N
COVMON /I NPUT/ TMESI M  DATA, VEL, DH, RHO THETA, ZCO., VEL2,
EPSLON, CO, FK, FN, RADI US, DS, FILM,
FKAPPA, SKAPPA, C, T, NCOL, NRAD, NOUT,
NSTEPS, I CON
COMMON / WORDS/  TI TLE
COVMVON /Ri.iiin/ nrnrvT
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COVMVON /UNI' TS/ 1A N, I ooUT
EXTERNAL CPRI ME, FCNJ

IO N = 1

I OOUT = 3
CALL READ
VELI = VEL
DH = DH

CALL ECHO
CALL ERRSET (208, 256, -1, 1)

C
C.... COVPUTE CONCENTRATI ON AT EXPERI MENTAL PO NTS | F DESI RED
C
IF (NOUT . GT. 0) THEN
CALL I NITL (DDVDT, DV, RADGRP, QUTPUT, TO
CALL GRPFRM
CALL I NFO (DATA, NOUT)
C
C.... I'NI TI ALI ZE VARI ABLE FDR FI RST CALL TO I MSL DGEAR ROUTI NE
C
TO = O DOO
H = 1.D 05
I NDEX = 1
DV (1) = CO
NDOF = NCOL » (NRAD + 1)
NDV = NCOL + (NCOL - 1) » NRAD
NLC » NRAD + 1
NUC = NRAD + 1
C
C.... TIME LOOP FOR SI MULTATI ON AND OUTPUT AT EXPERI MENTAL PO NTS
C
DO 100 | = |.NOUT
IF (I .Gr. 1) THEN
IF ((DATA (1, 3) .LT. 0.8 » DATA ((I - 1),3)) .OR
1 (DATA (I, 3) .GT. 1.2 » DATA ((I - 1).3))) THE
H = 1.D 08
I NDEX =1
DCODT « 0. 000
DV (1) = DATA (1, 3)
WRI TE (1 OOUT, 1300)
IF (DV (1) .LT. |.CE-10) THEN
VEL = VEL2
DH = DH » VEL2 / VELI
CALL GRPFRM
WRI TE (1 OOUT, 1400)
END | F
ELSE
DCODT = DATA (1, 4)
END | F
ELSE
DCODT = DATA (1, 4)
END | F
TIME = DATA (1, 1)
CALL DGEAR (NDOF, CPRIME, FCNJ, TO H, DV, TI M,
1 EPSLAON, 2, -2, |1 NDEX, |IW, W, I|IER
CALL REPORT (I, DV, RSDSUM RDSQSM RSD)
QUTCON (1) = DV (NDV)
100 F(l) = RSD
C
C.... RESTORE ORI G NAL PARAMETERS
C
DH = DH
VEL = VELI
C
C .... CHECK THE MASS BALANCE

c
CALL  MASSI ( QUTCON. Dv. rn. 7(~ni tuct» \lci (;ci o
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1 RHO, DATA, NOUT, NCOL, NRAD)

C
END | F
C
C.... COVPUTE QUTPUT AT COVPUTED OQUTPUT PO NTS | F DESI RED
C
IF (NSTEPS , GT. 0) THEN

CALL I NITL (DDVDT, DV, RADGRP, OUTPUT, TO)

CALL GRPFRM

CALL | NFO2 (QUTPUT, NSTEPS)
C
C.... I NI TI ALI ZE VARI ABLE FOR FI RST CALL TO I MSL DGEAR ROUTI NE
C

TO = O DOO

H=1.D 05

I NDEX = 1

DV (1) = CO

NDOF = NCOL - (NRAD + 1)

NDV = NCOL + (NCOL - 1) » NRAD

NLC = NRAD + 1

NUC = NRAD + 1
C
C.... TIME LOOP FOR SI MULTATI ON AND OQUTPUT AT COVPUTED PO NTS
C

WVRI TE (1 QOUT, 1000)
WRI TE (1 OOUT, HOQ)

DO 110 | = 1, NSTEPS
IF (I .GTr. 1) THEN
IF ((OUTPUT (I, 4) .LT. 0.8 » OUTPUT ((I - 1),A)) .OR
1 (OUTPUT (1, 4) .GT. 1.2 « OJTPUT ((I - 1),4))) THE
H=1.D 08
I NDEX 1

DCODT = 0. 000

DV (1) = OUTPUT (I, 4)

VRI TE (1 OOUT, 1300)

IF (DV (1) .LT. I|.CE-10) THEN
VEL = VEL2
DH = DH - VEL2 / VELI
CALL GRPFRM
WRI TE (1 OOUT, 1400)

END | F
ELSE
DCODT = OUTPUT (1, 5)
END | F
ELSE
DCODT = OUTPUT (1. 5)
END | F

TIME = OUTPUT (1, 1)
CALL DGEAR (NDOF, CPRIME, FCNJ, TO H, DV, TIME

1 EPSLON, 2, -2. INDEX |WK, WK, |ER)
CTEMP = DV ( NDV)
CNORM = CTEMP / CO
QUTCON (1) = DV (NDV)

110  WRITE (1 OOUT, 1200) (QUTPUT (I, J), J =1, 3), CTEMP, CNORM
C

C.... RESTORE ORI G NAL PARAMETERS
C
DH = DHI
VEL = VELI
C
C.... CHECK THE MASS BALANCE
C

CALL MASS2 (QUTCON, DV, CO zCQL, THETA, VEL, VEL2,
1 RHO, OUTPUT, NSTEPS, NCOL, NRAD)

END | F
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1000 FORVAT Cl', 42X

1100 FORMAT CO - - - - mm oo oo oo oo e oo oo o '

1 i —.

2 B )
1200 FORNMAT (5E12.5)

1300 FORNVAT <e ' |

20X, e»«««» '

1 "CHANGE. ', ex»eex»» '

1400 FORVAT (e ',

1 " m»»a»»

" ABRUPT | NFLUENT CONCENTRATI ON '

' DGEAR WAS RESET. ', e»»»ese)
23X, e»e«e« ', ' DESORPTI ON DETECTED. ',
' HYDRODYNAM CS WERE RESET. ', e»»e»»e)

175

c

c

c

c

c

c

c VARI ABLE NMAP:
c

c

c VARI ABLE NAME
c

[ JA N
c | oouT
c NCOL
o NRAD
[ NOUT
c

c

c CcO

c DATA
c

c

c

c

c

c

c DH

c DS

c EPSLON
c FlI LMK
o] FK

c FN

c RADI US
c RHO

c THETA
c VEL

c VEL?2
c zZCOoL
c

c

c

c

c TI TLE
c

c

c

c

c

c

c

PRECI SI ON

| NTEGER«4
| NTEGER»4
| NTEGER»4
| NTEGER»4
| NTEGER* 4

REAL»8
REAL «4

REAL»8
REAL»8
REAL»8
REAL»8
REAL »8
REAL»8
REAL»e
REAL »8
REAL »8
REAL »8
REAL»8
REAL' S

TH' S SUBRCOUTI NE READS THE BASI C | NPUT REQUI RED FOR THE DUAL-
RESI STANCE SORPTI ON VERSI ON OF THE ADVECTI VE- DI SPERSI VE EQUATI ON.

DESCRI PTI ON

UNI T NUMBER TO READ FROM

UNI T NUMBER TO WRI TE TO

NUMBER OF NODES I N Z DI RECTI ON
NUMBER OF RADI AL STEPS

NUMBER OF TEMPORAL STEPS TO OUTPUT

I NI TI AL CONCENTRATI ON

EXPERI MENTAL | NPUT DATA

COLUWMN 1 CONTAI NS REPORT TI MES
COLUWMN 2 G VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 d VES | NFLUENT
CONCENTRATI ON

COLUWN 4 d VES DCQO DT
HYDRODYNAM C DI SPERSI ON COEFFI Cl ENT
SURFACE DI FFUSI ON COEFFI Cl ENT
ALLOMBLE ERROR FOR DGEAR

FI LM TRANSFER COEFFI Cl ENT
FREUNDLI CH | SOTHERM COEFFI Cl ENT
FREUNDLI CH | SOTHERM EXPONENT
RADI US OF SPHERI CAL PARTI CLE
SOLI D PHASE PARTI CLE DENSI TY
PORCSI TY

PORE VELOCI TY

DESORPTI ON PORE VELOCI TY

LENGTH OF COLUWN (Z DI RECTI ON)

CHARACTER»72 TI TLE OF SI MULATI ON RUN

SUBROUTI NE READ
IMPLICIT REAL'S (A-H. 0-2)

00000000000000000000000000000000000000000000000

ccceceecececcceccececcccecececccecececccccececccccceccccccecccceccccccececccccccccccceccccccccc


NEATPAGEINFO:id=09589744-C318-4DB4-8174-63CD8731A3FA


176

REAL»4 DATA
CHARACTER»72 TI TLE
DI MENSI ON DATA (100, 49 C (100), T (100)

COVMVON /| NPUT/  TMESIM DATA, VEL., DH, RHO THETA, ZCOL, VEL2,
1 EPSLJAN, O, FIK, N, RADI US, DS, FILHK,
2 FKAPPA, SKAPPA, c, T, NCOL, NRAD, NOUT,
3 NSTEPS, 1 CON

COVMMON / WORDS/  TI TLE
COMMON /UNI TS/ | O N, | oouT
READ (I O N, 1000) TITLE
READ (1 O'N, 1100) NCOL, NRAD, NOUT, NSTEPS, TMESIM | CON
I F (ABS (NOUT) .GT. 0) THEN
NTEMP = ABS ( NOUT)

READ (| O'N, 1200) (DATA (I, 1, NTENMP)
READ (| O'N, 1200) (DATA (I, 2), NTEMP)
END | F
READ (I OIN, 1200) VEL, DH, RHO, THETA, ZCOL, EPSLON
READ (I ON, 1200) CO FK, FN. RADIUS, DS, FILM
READ (| ON, 1200) VEL2
READ (I ON, 1200) (C (1), | = I con
READ (lQIMW, 1200) (T (1), ! = I coN

1000 FORNAT (A72)
1100 FORNMAT (415,E12.5 19

1200 FORMAT ( {6E12.S))
RETURN
END
C
c
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC @ OCC

THI S SUBROUTI NE ECHOs THE | NPUT TO DEVI CE | OOUT.

VARI ABLE NAP:

VARI ABLE NANME PRECI SI ON DESCRI PTI ON

AN | NTEGER»4 UNI T NUMBER TO READ FROM

| ODUT I NTEGER»4 UNI'T NUVBER TO WRI TE TO

NCOL I NTEGER»4 NUVBER OF NODES I N Z DI RECTI ON
NRAD | NTEGER-. A NUVBER OF RADI AL STEPS

CcO REAL»8 I NI TI AL CONCENTRATI ON

DATA REAL »4 EXPERI MENTAL | NPUT DATA

COLUWMN 1 CONTAI NS REPORT TI MES
COLUWMN 2 d VES EXPERI MENTAL
CONCENTRATI ON

COLUWN 3 d VES | NFLUENT
CONCENTRATI ON

COLUWMN 4 d VES DCCO DT

DH REAL »8 HYDRODYNAM C DI SPERSI ON CCEFFI ClI ENT
DS REAL »e SURFACE DI FFUSI ON COEFFI CI ENT
EPSLON REAL* 8 ALLOMWABLE ERROR FOR DGEAR

Fl LMK REAL »e FI LM TRANSFER COEFFI Cl ENT

FK REAL »8 FREUNDLI CH | SOTHERM COEFFI Cl ENT
FN REAL»8 FREUNDLI CH | SOTHERM EXPONENT

PE REAL »8 SYSTEM PECLET NUMBER

RADI US REAL »8 RADI US OF SPHERI CAL PARTI CLE
RHO REAL »8 SOLI D PHASE PARTI CLE DENSI TY
THETA REAL «8 PORGCSI TY

VEL REAL »e PORE VELOCI TY

VEL2 REAL »e DESORPTI ON PORE VELOCI TY

zCcoL REAL* 8 LENGTH OF COLUMWMN (Z DI RECTI ON)

0000000000000000000000000000000000000
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e CHARACTER«72 TI TLE OF S| MULATI ON RUN

0noo000

ccccceeceeececececccccccecceceececececcccccecccecececccccccecececcceccccccccccececececceeccec

000 ONO o000

SUBROUTI NE_ECHO

IMPLICIT REAL»8 (A-H, 0-2)

REAL«4 DATA
RACTER»72_TI T

PG B R g

CC]VIVO\I /V\CRDS/ TI TLE
COMON /UNITS/ |ON, 'OouT
PE = VEL » ZCOL / DH

WRI TE (| OQUT, 10002

WRI TE (I Gour 1100

WRI TE (I oQuT 1200) TITLE
WRI TE (| OoUT  1400)

WRI TE (1 cour 1300)

WRI TE (1 couT  1400)

WRI TE (1 OOUT 1500) CO
WRI TE (| couT 1600) DH
WRI TE (| OOUT 1700) NCOL
WRI TE (1 OouT 1800) RHO
WRI TE (1 COUT 1900) VEL
WRI TE t| OOUT 1950) VEL2
WRI TE (1 COUT 2000) THETA
WRI TE (| OCOUT 2100) ZCOL
WRI TE (1 OQUT 2200) PE
WRI TE (I OQUT 2300) FK
WRI TE (| OQUT 2400) FN
WRI TE (| OQUT 2500) FN
WRI TE (1 OOUT 2600) FILM
VWRI TE (I OOUT 2700) DS
WRI TE (| OOUT 2800) RADIUS
WRI TE (1 OOUT 2900) NRAD
WRI TE (| OOUT 3000) | CON
WRI TE (I OOUT 3100)
wrI TE (loour 3200) (C (1), I =1, ICN
WRI TE (| ©OUT 3300)
WRI TE (1 OOUT _3200) I > 1=1, 1CON)
1000 ForvaT c . 90K PLUG FLQW DI SPERS| ON_REACTCR )
1100 ForvaT (¢ . 47X "DUAL RESI STANCE KINETIC S| MULATION )
1200 FORMAT (' 26x, Ar2 \ \ \ »
1200 ERwr & 15X, \ARIABLE', 16X, ' DESCRIPTION , 30X, VALUE
1 16X, 'UNITS ', 16x)
1400 FORMAT CO—

1500 FCRI\/AT4CU;;31-5)-(""-C-C);\/;'---iSX----I-NI-TI-AL CONCENTRATI ON
1600 % et B i’ ml)sx) HYOROYNAM C DISPERSION %
1700 Fcﬁ& AL NI FOUR  NBRR OF OLUW STEPS

1800 FORIAT i 15x, R0 ' 18X " SOLID PHASE DENSI TY .
1900 FORIRT 15x EM 1§x ' PORE VELOQI TY
1 Pini4 iv <(-Munii

177


NEATPAGEINFO:id=6E68D616-6850-494F-9176-3C160EB16D86


178

1950 FORMAT (' ', 15X, 'VEL ', 18X ' DESORPTION VELOCI TY ', 14X,
1 E10.4, 16X, ' CM HOUR* >

2000 FORMAT (' ', 15X, 'THETA ', 18X, 'VO D VOLUME FRACTI ON ", 14X,
1 E10. 4a)

2100 FORMAT (* ', 15X 'ZCI)L ", 18X, ' LENGTH OF COLUWN ', 14X,
1 E10.4, 16X, CM )

2200 FORMAT (' ', 15X 'PE ", I1SX, "PECLET NUMBER ", 14X
1 E10. 4a)

2300 FORMAT (' ", 15X, 'FK ", 18X, 'FREUNDLI CH COEFFICIENT ', 14X,
1 £10.4, 16X, < CCCM»»3/ GCR)»»FN) )

2400 FORMAT (' ', 15X "FN ", 18X, ' FREUNDLI CH EXPONENT ', 14X,
1 E10. 4a)

2500 F(RI\/AT (" ", 15X, 'FN ', 18X, ' FREUNDLI CH DESORPTI ON EXPONENT' ,
1 E10. 4)

2600 F(RMAT ", 15X "FILMK ', 18X, 'FILM TRANSPORT COEFFI Cl ENT' ,

10 4 | 6X, 'CM HR )
2700 FG?M‘\T (' X, 'DS ', 18X, ' I NTRAPARTI CLE COEFFI Cl ENT', 14X,
4, 16X e CVhb»2/ HR g(
2800 F(PNAT ", 15X "RADIUS' , 18X, 'PARTICLE RADI US ', 14X,
E10. 4, 16X, 'CM)

2900 FCRMAT (" ', 15X, "NRAD ', 18X, 'PARTICLE STEPS ", 16X,
a 15)

3000 FORMAT (' ', 15X, 'ICON ', 18X, 'NUMBER OF | NFLUENTS ", 16X,
a 15D

3100 FORMAT (' ' 39X, I NFLUENT CONCENTRATI ONS')

3200 FORMAT (' 14X, 10E10. 3)

3300 FORMAT (' 39X, ¢ | NFLUENT TI MES')
RETURN

END

C
c C
c C
c THI' S SUBROUTI NE WRI TES THE CONTENTS OF THE DATA MATRI X TO c
c UNI T | OOUT. z
c c
c VARI ABLE MAP: ¢
c C
c Cc
c VARI ABLE NANE PRECI SI ON DESCRI PTI ON c
Cc
C
c 1O N | NTEGER»4 UNI T NUMBER TO READ FROM c
c | CcouT | NTEGER»4 UNI T NUMBER TO WRI TE TO c
c NCOUNT 1NTEGER»4 LOOP COUNTER c
c NOUT | NTEGER»4 NUVBER OF TEMPORAL STEPS TO OUTPUT
Cc
(o4
c DATA REAL»4 EXPERI MENTAL | NPUT DATA c
c COLUWN 1 CONTAI NS REPORT TI MES ¢
c COLUWN 2 d VES EXPERI MENTAL c
c CONCENTRATI ON c
c COLUWN 3 d VES | NFLUENT c
c CONCENTRATI ON c
c COLUWN 4 d VES DCCO DT c
C
¢ :
C

SUBROUTI NE | NFO ( DATA, NOUT)
REAL>»4 DATA

DI MENSI ON DATA (100, 4)
COMMON / UNI TS/ | ON, | oouT
VIRI TE (| OOUT, 1000)

VRI TE (| OOUT, 1100)

WRI TE (1 COUT, 1200)
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VI |t C UUUT,

1100)

DO 100 NCOUNT = 1, NOUT
V\RITE(IOClJT 1300) ( DATA (NCOUNT. 1), I =1, 4)
100 CONTI NUE
1000 FORMVAT CI , 42X, "EXPERI MENTAL COVPARI SON MCDE | NFORMATI O\l'
1100 FORMAT CO - - - - s s s m s m o m o e e e e o e oo m e e e e e e oo -
1 --------------------------------------------------------------- 1
_______________________________ o )
1200 F(RMAT C', 28X, 'TI M, 5X OO\ICENTRATI ON QUJT', 6X,
1 " CONCENTRATI ON IN, 6X, ' DCQO DT')
1300 FORMAT (' ', 20X, E12. 5 IOX E12.5, 10X, E12.5, 10X El12.5)
RETURN
END
[+
C
(o4
C
C
C
C
c THI s suBrouTl NE WRI TES THE CONTENTS OF THE QUTPUT MATRI X TO
c UNI T | OOUT.
[+
C
c VARI ABLE NAP:
C
[+
c VARI ABLE NANVE PRECI SI ON DESCRI PTI ON
C
c 1A N | NTEGER* * UNI T NUMBER TO READ FROM
c | couT | NTEGER* * UNI T NUMBER TO WRI TE TO
c NCOUNT | NTEGER* * LOOP COUNTER
c NSTEPS | NTEGER* * NUVBER OF EQUAL BED VOLUVE STEPS
c TO BE CALCULATED
C
c OUTPUT REAL * * A MATRI X OF SI MULATI ON STATUS
c COL 1 CONTAI NS REPORT TI ME
c COL 2 CONTAI NS BED VOLUMES
c COL 3 CONTAI NS THROUGHPUT
c COL * G VES | NFLUENT CONCENTRATI ON
c COL 5 G VES DCO DT
C
C

s 00000000000000000000O0D

cccceceecececccecececccececececccceccecccccececccccecccccccccccccccccccccccccccccccccccccc

SUBROUTI NE | NFO2 ( OQUTPUT. NSTEPS)

REAL** OUTPUT

DI MENSI ON OUTPUT (250, 5)
COMMON /UNI TS/ AN, | OOUT
VIRI TE (| OOUT, 1000)

WRI TE (| OOUT, 1100)

WRI TE (1 COUT. 1200)

VRl TE (| COUT, 1100)

DO 100 NCOUNT = 1, NSTE

WRI TE (1 OOUT,  1300) (OUTPUT(NCOUNT, 1), 1 =1, 5)

100 CONTI NUE

1000 FORVAT O/, *8X, ' S| MULATI ON NODE | NFCRVATI ON )

1100 FORMAT CO- - -m-mmwmmmomme oo o
L oommmmm e
e SR )

1200 FORVAT C ', 12X ' REPORT TIME . I1X ' BED VOLUVES , 12X,
1 " THROUGHPUT' , 6X, ' CONCENTRATION | N ,

2 16X, ' DCCO DT')

1300 FORVAT C ', I1X, E12.5, |OX, E12.5, |OX. El12.5. |OX

1 E12.5, 10X, E12.5)

RETURN
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END

180

ccccccccecceccececcecceccecceccecceccecceccecceccecceccecccecceccecceccecceccecceccecceccecceccecceccecccecceccecceccecceccecceccceccecceccecceccecceccecceccecceccceccecceccccecceccccccce

THI S SUBROUTI NE | NI TI ALI ZES THE MODEL VARI ABLES FOR THE SI MULATI ON

DESCRI PTI ON

WORKI NG VARI ABLE
WORKI NG VARI ABLE

DERI VATI VE OF DEPENDENT VARI ABLES
DEPENDENT VARI ABLE VECTOR

MACHI NE EPSI LON

MATRI X OF SI MULATI ON STATUS

1 CONTAI NS REPORT TI ME

2 CONTAI NS BED VOLUMES

3 CONTAI NS THROUGHPUT

4 G VES | NFLUENT CONCENTRATI ON
5 4 VES DCO DT

SPHERI CAL VARI ABLE GROUPI NGS
TEMPORARY VARI ABLE FOR EPSMCN CALC

dpegs

c
c

c

c OF THE ADVECTI VE- DI SPERSI VE EQUATI ON.
c

c

c VARI ABLE NMAP:

c

c

c VARI ABLE NAME PRECI SI ON
c

c | I NTEGER* *
c J I NTEGER* *
c

c DDVDT REAL»8

c DV REAL* e

(o] EPSMCN REAL»8

c OQUTPUT REAL »4

c

c

c

c

c

c RADGRP REAL»8

c TEMP REAL»8

c

c

c

c

c

c

c

cccccccecceccececceccecceccecceccecceccecceccecceccecceccececcecceccecceccecceccecceccecceccecceccceccecceccceccecceccecceccecceccecceccecceccecceccecceccecceccecccecceccceccecceccccccce

SUBROUTI NE | NI TL (DDVDT, DV, RADGRP OQUTPUT, TO
| MPLICI T REAL»8 (A-H, O 2)
REAL»4 DATA, OUTPUT

LOG CAL DONE

DI MENSI ON DATA (100, 4),
I RADGRP (21, 3),
COMMON /| NPUT/ TMESI M
1 ErSL oo,
= FEFrAarerAa,

= NST ERPS, I CON

DO 100 1=1,

462

DV (1) = O DOO
100 DDVDT (1) « O DOO

DO 110 | = 1,
DO 110 J =
110 RADGRP ( 1.J)

21
1, 3
= O DOO

DDVDT (462) DV (462)  OUTPUT (250, 5),
C (100), T (100)

DATA, VEL, DH, RHO, THETA, ZzZCO., VEL2,
CO, FK, FN, RADIUS, DS, FILMK,

SKAPPA, C, T. NCOL, NRAD, NOUT,

C .... COMPUTE SI MJULATI ON OUTPUT PO NTS | F DESI RED

C

IF (NSTEPS . GI. 0) THEN

TAU = ZCOL

DG = 1 + (RHO -

/  VEL

DTN = NSTEPS
DT = TMESI M/ DTN
TEMPT = O DOCO

DO 120 | »
TEMPT =

OUTPUT (

1, NSTEPS
TEMPT + DT

I.i) = TEMPT

(1 - THETA)

/ THETA) - (FK » (CO »- FN)) / CO

D00 0000O00000O00000000000000000N000O0
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UUfuU tl.iiJd = ItnHT / TAU

n
120 QUTPUT (1,3) = TEMPT / (TAU + DO

END I F

. CALCULATE THE MACH NE EPSI LON FOR USE AS A LOAER ERROR BOUND

EPSMCN =1. 0

130 EPSMCN = EPSMCN / 2. 0DCO

TEMP = | . ODOO + EPSMCN
IF (TEMP .GI. |.0DOCO) GO TO 130

. CALCULATE THE | NFLUENT CONCENTRATI ONS FOR USE I N THE

.. EXPERI MENTAL COVPARI SON_MODE BY | NTERPOLATI NG FROM THE
L1'ST OF KNOAN CONCENTRATI ONS.

IF (NOUT .GI. O THEN
DO 140 NCOUNT = 1, NOUT, 1
TEND = DATA (NCOUNT, 1)
DONE = . FALSE.
DO 150 NLOOP = 1, (1 CON - 1)
I F (DONE . EQV. .FALSE. ) THEN
DNTI ME » T ( NLOOP)
UPTIME = T (NLOOP + 1)
DNCON = C ( NLOOP)
UPCON = C (NLOOP + 1)
IF ((DNTIME | E TEND) .AND. (UPTIME .GE. TEND))

a THEERN
) DATA (NCOUNT, 3) ' DNCON + (UPCON - DNCON)
i > ( TEND - é)l\lTl I\/I_:)) / (UPTIME - DNTI ME)
DONE = . TRUE.
END | F
END | F

I SO CONTI NUE

I AO

090

170

IF (NCOUNT .GT. 1) THEN
DATA (NCOUNT, 4) = (DATA (NCOUNT, 3) -
1 DATA NCOUNT - 1, 3)) / (DATA (NCOUNT, 1)

2 DATA (NCOUNT - 1, 1))
ELSE

DATA (NCOUNT, 4) ' (DATA (NCOUNT, 3) - CO
/ (DATA ( NCOUNT, 1) - TO
END | F
CONTI NUE
END I F

. CALCULATE | NFLUENT CONCENTRATI ON FOR USE IN THE
. SI MULATI ON MODE.

I F (NSTEPS . GT. 0) THEN
DO 160 NCOUNT = 1, NSTEPS, 1
TEND QUTPUT( NCOUNT, 1)
DONE = . FALSE.
DO 170 NLOOP = 1, (ICON - 1)
IF (DONE .EQV. .FALSE.) THEN

DNTI ME = T (NLOOP)
UPTIME = T (NLOOP + 1)
DNCON = C ( NLOOP)
UPCON = C (NLOOP + 1)

IF ((DNTIME . LE. TEND) . AND. (UPTIME .GE. TEND))
THEN
OUTPUT (NCOUNT, 4) = DNCON + (UPCON - DNCON)
« (TENC - DNTIME) / (UPTIME 2 DNTI ME)
DONE » . TRUE.
END | F
END I F
CONTI NUE
IF (NCOUNT .GT. 1) THEN
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OQUTPUT (NCOUNT, 5) = (OUTPUT (NCOUNT, A) -
1 OoOuUTPUT ( NCOUNT - a, 4)) / (OUTPUT (NCOUNT, 1) -
2 OUTPUT ( NCOUNT - 1, 1)
ELSE
OQUTPUT ( NCOUNT, 5) = (OUTPUT (NCOUNT, 4) - CO
1 / (OUTPUT ( NCOUNT, 1) - TO
END | F
160 CONTI NUE
C .... COVPUTE BED VOLUMES FOR VARI ABLE VELOCI TY CASE
C
OLDVEL = VEL
TEMPT = O DOO
DO 180 1=1, NSTEPS
TEMPT = TEMPT + DT
I F (OUTPUT (I, 6) GT. |.OE-10) THEN
CURVEL = VEL
ELSE
CURVEL = VEL2
END | F
AVGVEL = (OLDVEL - (TEMPT DT) CUHVEL » DT) / TEMPT
TAU = 2COL / AVGVEL
QUTPUT (1, 2) = TEMPT TAU
QUTPUT (I, 3) = TEMPT (TAU DG)
OLDVEL = AVGVEL
180 CONTI NUE
END | F
RETURN
END
C
C
C

0000000000000000000000000000000000

THI S SUBROUTI NE COMPUTES VARI ABLE GROUPI NGS TO M NI M ZE EFFORT
THE SCOLUTI ON OF THE SET OF SI MULTANEOUS NONLI NEAR EQUATI ONS.

VARI ABLE NAP:

VARI ABLE NAME PRECI SI ON

| I NTEGER* ~
NCOL I NTEGER»4
NDOF I NTEGER* *
NRAD | NTEGER»4
NOUT I NTEGER* *
DELTAR REAL»8
DGN REAL »8
DGNLOW REAL* e
DGNUP REAL* 8
DH REAL »8
DS REAL* e
Dz REAL »8
Fl LMK REAL* e
FLUXCF REAL »e
GRPDGN REAL* e
GRPOFF REAL»8
RADGRP REAL »8
RAD I N REAL »8
RAD | US REAL»8
RADND REAL «e
RADOUT REAL' S

I'N

DESCRI PTI ON

TI ME STEP
NUVBER OF
NUVMBER OF
NUVMBER OF
NUVMBER OF

I NDEX

NODES I N Z DI RECTI ON
DEGREES OF FREEDOM

RADI AL STEPS

TEMPORAL STEPS TO OUTPUT

DELTA RADI US FOR SPHERI CAL EQUATI ON
DI AGONAL VARI ABLE GROUPI NG TERMS
LOVNER DI AGONAL VARAI BLE GROUPI NGS
UPPER DI AGONAL VARI ABLE GROUPI NGS
HYDRODYNAM C DI SPERSI ON CCEFFI Cl ENT
SURFACE DI FFUSI ON CCEFFI CI ENT
COLUWMN STEP SI ZE I N Z DI RECTI ON

FI LM TRANSFER CCEFFI Cl ENT

MACROSCOPI C FLUX TERM GROUPI NG

DI AGONAL GROUPI NG FOR SPHERI CAL EQ
OFF DI AGONAL GROUP FOR SPHERI CAL EQ
SPHERI CAL VARI ABLE GROUPI NGS

SHPERI CAL | NTERNAL BOUNDARY GROUP
RADI US OF SPHERI CAL PARTI CLE

NUVMBER OF RADI AL NODES

SPHERI CAL EXTERNAL BOUNDARY GROUP
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RADTMP
REAL ND
RHO
THETA
VEL
VEL2
zZCcoL

c
c
c
Cc
c
C
c
C
[
C
c
[
c
C

SUBROUTI NE GRPFRM

183

REAL»8 TEMPORARY VALUE OF SPHERI CAL RADI US C
REAL »8 NUVBER OF NODES | N COLUWN C
REAL »e SOLI D PHASE PARTI CLE DENSI TY C
REAL >8 PORCSST T Y
REAL > 8 PORE VELOCI TY <C
REAL »8 DESORPTI ON PORE VELOCI TY C
REAL»8 " LENGTH OF COLUWN (Z DI RECTI ON) Cc
C
C
c
C
c
C

| MPLI CI T REAL»e(A-H, O0-2)

REAL»4 DATA
DI MENSI ON DATA (100

,4), RADGRP (21,3), C (100), T (100)

COVIVON / GROUPS/ DGN, DGNLOU, DGNUP, FLUXCF, RADGRP, RADOUT, RADI N
COVVON /| NPUT/ TMESIM DATA, VEL, DH, RHO THETA, ZCO., VELZ2,

1 EPSLON, CO,

FK, FN, RADI US, DS, FI LM,

2 FKAPPA, SKAPPA, C, T, NCO_, NRAD, NOUT,

33 NST EPS,

1 CON

NDOF = NCOL - (NRAD +1)

C.... COVPUTE MACROSCOPI C ADVECTI VE- DSI PERSI VE EQUATI ON FLUI D PHASE GROUPI NS
c

REALND = NCOL

DZ = ZCOL / (REALND - | . DOO)

DGNLOW = DH / (DZ »» 2.DOG + VEL / (2. DOG » DZ)

DGN = -2.DOG » DH / (DZ »+ 2.DOG - 3.DOG  FILMK » (1 - THETA)

1 / (RADI US - THETA)

DGNUP = DH / (DZ »» 2.DOG) - VEL / (2. DOG »DZ)
Cc.... COVPUTE SPHERI CAL SOLI D PHASE VARI ABLE GROUPI NGS

FLUXCF = 3.DOG « FILMK « (1 - THETA) / (RADI US » THETA)

RADND = NRAD

DELTAR = RADI US / (RADND - | . DGO

GRPDGN -2.DGG » DS / (DELTAR «» 2. DOG
GRPOFF DS / (DELTAR »* 2. DOG)

RADTMP DELTAR

DOIGO 1 = 2, NRAD

RADGRP (1.1) = GRPOFF DS / ( RADTMP DELTAR)
RADGRP (1.2) = GRPDGN

RADGRP (1.3) ' GRPOFF + DS / (RADTMP « DELTAR)

100 RADTMP = RADTMP + DELTAR
RADI N = 6. D0 » DS / (DELTAR »« 2. DOG)
RADOUT = 2. DOO » FI LMK * DELTAR / (Ds RHO)

RETURN
END

C
C
C
c
c
(o]
c
c
(¢}
(o]
(o]

TH S SUBROUTI NE COVPUTES THE VALUES OF THE DERI VATI VE OF THE
DEPENDENT VARI ABLE AS A FUNCTI ON OF TI ME. THE EQUATI ONS ARE
SOLVED USI NG THE VARI ABLE GROUPI NGS PREVI OUSLY DERI VED | N ORDER
TO SAVE COVPUTATI ONAL EFFORT.

ALL DEPENDENT VARI ABLE ARE STORED IN A SI NGLE ARRAY DV, AND ALL
TEMPORAL DERI VATI VES OF THE DEPENDENT VARI ABLE ARE STORED I N A
SI NGLE ARRAY TERMED DDVDT. THE | NDEX NUMBERI NG OF THESE ARRAYS

0000000000
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c MAY BE DESCRI BED AS FOLLOWS: c
c A THE FIRST ENTRY (1) IS THE | NLET NODE OF THE COLUMN c
c B) THE SECOND ENTRY (2) IS THE | NTERI OR NODE AT THE CENTER c
¢ OF THE SPHERI CAL PARTI CLE CORRESPONDI NG TO THE | NLET c
c PCSI TI ON OF THE COLUWN c
c & THE EXTERI OR BOUNDARY NODE OF THE SPHERI CAL PARTI CLE AT THE c
c I'NLET OF COLUMN | S AT | NDEX VALUE (NRAD + 1) c
c D THE SECOND COLUWN NODE | S THEREFORE AT | NDEX (NRAD + 2) c
c E) THE TOTAL DEGREES OF FREEDON ARE EQUAL TO NCOL » (NRAD + 1) ¢
c F) THE LAST | NDEX ENTRY IS THE BOUNDARY NODE OF THE SCOLI D c
c PHASE SPHERE AT THE OUTLET POCSI TI ON OF THE COLUWMN c
C

. c
c VARI ABLE NAf c
Cc c
c Cc
c VARI ABLE NAhIE PRECI SI ON DESCRI PTI ON c
Cc Cc
c I I NTEGER* " TEMPORARY VARAI BLE c
c J I NTEGER* » TEMPORARY VARAI BLE c
c K | NTEGER»4 | NDEX FOR SPHERI CAL GROUPI NGS c
c NCOL I NTEGER»4 NUMBER OF NODES I N Z DI RECTI ON c
c NDOF I NTEGER* * NUVMBER OF DEGREES OF FREEDOM c
c NEND I NTEGER«4 VARI ABLE | NDEX FOR LAST CCOLUMN NOCDE c
c NRAD | NTEGER»4 NUVBER OF RADI AL STEPS c
c NSTART | NTEGER»4 LOOP STARTI NG PCSI TI ON c
c NSTEP | NTEGER»4 STEP SI ZE FOR LCOP c
c NSTOP | NTEGER" 4 LOOP STOPPI NG PCSI TI ON c
c c
C Cc
c cs REAL»8 FLU D CONC AT EXTERI OR OF PARTI CLE ¢
c DDVDT REAL »8 DERI VATI VE OF DEPENDENT VARI ABLES c
c DGN REAL' S DI AGONAL VARI ABLE GROUPI NG TERMS c
c DGNLOU REAL' S LOWER DI AGONAL VARAI BLE GROUPI NGS c
c DGNUP REAL' S UPPER DI AGONAL VARI ABLE GROUPI NGS c
c DV REAL' S DEPENDENT VARI ABLE VECTOR c
c FK REAL' S FREUNDLI CH | SOTHERM COEFFI Cl ENT c
c FLUXCF REAL' S MACROSCOPI C FLUX TERM GROUPI NG c
c FN REAL' S FREUNDLI CH | SOTHERM EXPONENT Q
c RADGRP REAL' S SPHERI CAL VARI ABLE GROUPI NGS c
c RADI N REAL' S SHPERI CAL | NTERNAL BOUNDARY GROUP c
c RADOUT REAL' S SPHERI CAL EXTERNAL BOUNDARY GROUP c
Cc

. c
C Cc
Cc c
C c
C Cc
ccceceecececececcececcecceccececceccceccecccecceccecceccceccececcecccecccecceccceccceccecccecccccecccecccccecce
Cc

SUBROUTI NE CPRI ME (NVRB, TI Mg, DV, DDVDT)

IMPLICIT REAL'S (A-H, O 2)

REAL«4 DATA

DI MENSI ON DATA (100, 42, DV (462), DDVDT (462), RADGRP (21, 3)
DI MENSI ON C (100), T (100)

COVMON / GROUPS/ DGN, DGNLOW DGNUP, FLUXCF RADGRP, RADOUT, RADI N
COVMON /I NPUT/ TMESIM DATA, VEL, DH, RHO, THETA, ZzZCOL, VEL2,
1 EPSLON, CO FK, FN, RADI US, Ds, FILM,
2 FKAPPA, SKAPPA, C, T, NCOL, NRAD, NOUT,
3 NSTEPS, 1 COIN

COVMON / FLUI DY DCODT

C.... FORM COLUWN STEP DERI VATI VES

NDOF = NCOL » (NRAD + 1)
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185

NSTART = NRAD + 2
NSTOP = NDOF - <2 » NRAD) - 1
NEND = NDOF - NRAD

NSTEP = NRAD +1

DDVDT (1) = DCODT

DO 100 | = NSTART, NSTOP, NSTEP

IF (DV (1 +NRAD) .GE. O DOO) THEN
CS = ((DV (I +NRAD) / FK) +» (1.D0OO / FN)>

ELSE
Cs = O DOO
END | F
100 DDVDT (1) = DGNLOW » DV (I-NSTEP) + DGN « DV Cl)

1 + DGNUP » DV (1 +NSTEP)
Z + FLUXCFEF >» CsS
IF (DV (NDOF) .GE. O DOO) THEN

CS = ((DV (NDOF) / FK) == (1.DOO / FN))

ELSE
CcsS = O Doo
END | F
DDVDT (NEND) = ( DGNLOW + DGNUP) » DV ( NEND- NSTEP)

1 + DAGN >»> DV ( NEND)
=2 —+ FL UXCRF~ - s

C
c.... FORM THE SOLI D PHASE DERI VATI VES
C
DO 110 | = 1, NEND. NSTEP
DDVDT (1+1) = RADIN » (DV (1+2) - DV (1+1))
NSTART =1+2
NSTOP =1 + NRAD - 1
DO 120 J = NSTART, NSTOP
K =J - NSTART + 2
120 DDVDT (J) = RADGRP (K, 1) + DV (J-1) + RADGRP (K,2) » DV (J)
1 + RADGRP (K. 3) » DV (J+1)
J = 1 + NRAD
IFE (DV (J) .GE. O DOO) THEN
CS = ((DV (J) / FK) «» (1.DOO / FN))
ELSE
Cs = O DOO
END | F
110 DDVDT (J) = RADGRP (NRAD.I) « DV (J-1) + RADGRP (NRAD, 2) » DV (J)
1 + RADGRP (NRAD, 3) - (DV (J-1) + RADOUT » (DV (1)
= - > >
RETURN
END
c

C THI S SUBROUTI NE COVPUTES THE VALUES OF THE DERI VATI VE OF THE C
C DDVDT ARRAY AS A FUNCTI ON OF THE DEPENDENT VARI ABLE (Dv). C
C SINCE THE FI NI TE DI FFERENCE OPTION IS USED I N THE CALL TO DGEAR C
C (1! . E. M TER= - 2) THI S ROUTI NE 1| S A BLANK. (@

SUBROUTI NE FCNJ (N, X, Y, PD)
REAL»8 Y(N), PD(N, N), X
RETURN

END
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THI S SUBROUTI NE USES

SI MULATI ON OUTPUT TO COVPUTE
AND SUM OF
ARE QUTPUT TO UNI T | OOUT.

SUM OF RESI DUALS,

VARI ABLE NAP:

VARI ABLE

NANME

| | NTEGER»4 TI ME STEP | NDEX
IO N I NTEGER* * UNI T NUVBER TO READ FROM
I GouUT I NTEGER* * UNI'T NUMBER TO VHI TE TO
NCOL | NTEGER* * NUVBER OF NODES I N Z DI RECTI ON
NDOF I NTEGER* * NUMBER OF DEGREES OF FREEDOM
NDV I NTEGER* * I NDEX OF OUTLET CONCENTRATI ON
NOUT I NTEGER* * NUVMBER OF PO NTS SI MULATED
NRAD I NTEGER* * NUVMBER OF RADI AL STEPS
CNORM REAL* 8 NORNVALI ZED OUTLET CONCENTRATI ON
(ee] REAL* 8 I NI TI AL CONCENTRATI ON
DATA REAL* * EXPERI MENTAL | NPUT DATA
COLUWMN 1 CONTAI NS REPORT Tl MES
COLUMN 2 d VES EXPERI MENTAL
CONCENTRATI ON
COLUWMN 3 d VES | NFLUENT
CONCENTRATI ON
COLUMN * d VES DCQO DT
DV REAL* 8 DEPENDENT VARI ABLE VECTOR
RDSCQSM REAL* 8 SUM OF RESI DUALS SQUARED
RSD REAL* 8 RESI DUAL OF PO NT AT OUTLET
RSDSQ REAL* 8 RESI DUAL SQUARED OF PO NT AT OUTLET
RSDSUM REAL »8 SUM OF RESI DUALS

ccccceccecceececcecceccecceccecceccecceccecceccceccecceccecceccecceccecccecceccecceccccecceccecccceccecceccccecceccccecccceccecccccccccccccccccccce

SUBROUTI NE REPCRT (I,
I MPLICI T REAL*8 (A-H,
REAL** DATA

DI MENSI ON DATA (100, 4)
COVVON /| NPUT/ TMESI M

a EPSL._ O,
=2 FEIEKARPRP,PA,
= NST ERPS,
COVMON /UNI'TS/ | AN,
NDV = NCOL + (NCOL -
IF (I .EQ 1) THEN
WRI TE (| OOUT,
WRI TE (| OOUT,
WRI TE (| OOUT,
WRI TE (| OOUT,
RSDSUM = O. DOO
RDSQSM = O. DOO
END | F
CNORM = DV (NDV) /
RSD = DATA (1.2) -
RSDSQ = RSD » RSD
RSDSUM =
RDSQSM =

PRECI SI ON

THE BEXPERI MENTAL DATA | NPUT AND THE MODEL

THE MODEL RESI DUAL, RESI DUAL SQUARED,
RESI DUALS SQUARED. THESE COVPUTATI ONS

DESCRI PTI ON

C
C
C
C
C
(o3
(o3
c
c
C
C
(o3
(o3
(o3
C
(o3
(o3
c
Cc
(o3
c
(o3
c
(o3
(o3
(o3
(o3
(o3
(o3
(o3
c
(o3
c
c
(o3
(o3
(o3
C
c
(o3
C

DV, RSDSUM RDSQSM RSD)

0-2)
DV(*62), C (100), T (100)
DATA, VEL, DH, RHO THETA, ZCOL, VEL2
CO. FK, FN, RADIUS, DS. FILMK

SKAPPA, C, T, NCOL, NRAD, NOUT,
I CON
| CoUT

1) - NRAD

1000)
1100)
1200)
1100)

(e}
CNORM

RSDSUM + RSD
RDSQEM + RSDSQ
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WH TE (i OOUT, 1300) DATA (1, 1),

IF (I .GE. NOUT) THEN

VWRI TE ( | OOUT,

VRI TE (| OQUT,
END | F

1100)

DATA (1,2), CNORM RSD, RSDSQ

1400) RSDSUM RDSQSM

1000 FORMAT (+1',58X,' RESI DUAL REPORT')

2 e----. ...

e )

1200 FORMAT ( ' OMOX. " TI ME', IOX, ' C/Co ( INPUT)', IOX ' C Co (PRED CTED)',
1 14X,' RESI DUAL' , | OX, ' RESI DUAL SQUARED )

1300 FORMAT E ", 11X E12.5,1 OX, E12, 5, 14X, E12. 5,1 OX, E12. 5, 14X, E12. 5)
1400 FORMVAT (' ', SI X, E12.5, 14X, E12.5)

RETURN

END

187

THI' S SUBROUTI NE PERFORM5S A MASS BALANCE CHECK AFTER THE
COVPLETI ON OF SI MULATI ON FOR EXPERI MENTAL COVPARI SON.

VARI ABLE NAP:

|
| FLAGL

| FLAG2
AN
| OOUT

c
[
c
c
[
c
c
[
c
[ VARI ABLE NANME
c
c
c
c
c
c
c
c

BAL

DATA

QUTCON

THETA
TOTDRY
TOTI NF
TOTOuUT
TOTWET
VEL
VELI
VEL2
ZzCcoL

ccccecceceececcecececcecceccecccececcecceccecceccecceccceccccececccccceccccccccccccccccccccccccccccccccccccccc

PRECI SI ON

| NTEGER«4
1NTEGER»4

| NTEGER»4
I NTEGER«<4
| NTEGER»4
| NTEGER»4
| NTEGER»4

REAL »8
REAL»8
REAL »4

REAL»e
REAL »8
REAL »8
REAL' S
REAL »8
REAL»8

REALTf 8
REAL»8

REAL »8
REAL»8
REAL »8
REAL»8

DESCRI PTI ON

LOOP | NDEX

FLAG FOR ABRUPT CONCENTRATI ON
CHANGE

FLAG FOR DESOCRPTI ON

UNI T NUMBER TO READ FROM

UNI' T NUMBER TO WRI TE TO

NUMBER OF NCDES I N Z DI RECTI ON
NUMBER OF TEMPORAL STEPS TO OQUTPUT

RATI O OF MASS | N TO MASS ACCOUNTED
I NI TI AL CONCENTRATI ON

EXPERI MENTAL | NPUT DATA

COLUMN 1 CONTAI NS REPORT TI MES
COLUWMN 2 G VES EXPERI MENTAL
CONCENTRATI ON

COLUMN 3 G VES | NFLUENT
CONCENTRATI ON

COLUMN 4 G VES DCQO DT

DEPENDENT VARI ABLE VECTOR

EXI T CONCENTRATI ON VECTOR

REAL EQUI VALENT OF NCOL

PORGCSI TY

TOTAL MASS LEFT ON SOLI D PHASE
TOTAL MASS | NJECTED | NTO COLUWN
TOTAL MASS TO EXI T COLUWN

TOTAL MASS LEFT IN LI QUI D PHASE
PORE VELOCI TY

SORPTI ON PORE VELOCI TY

DESORPTI ON PORE VELOCI TY

LENGTH OF COLUWN (Z DI RECTI ON)

‘0000000000000000000000

c
Cc
c
Cc
(o3
(o3
C
c
Cc
c
Cc
(o]
c
(o3
(o3
(o3
c
c
(o3
(o3
Cc
c
c
(o3
Cc
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0O0o0o

o0 0

000 0N o0*°

noo o

SUBRQOUTI NE

1 BHO DATA,
IMPLICI T REAL«8 (A-H, 0-2)
REAL»4 DATA

DIVENSI ON DATA (100, 4), DV (462), OUTOON (250)

COVMVON / UNI

I|FLAG = O
| FLA& =0

..... STORE THE |

VELI = VEL

TS/ AN,

NI TI AL VELCCI TY

CALCULATE TOTAL CONTAM NANT | NJECTED

CALCULATE CONTAM NANT | NJECTED DURI NG FI RST
REPORT PERI OD.

TOTI NF

= CO + DATA (1, 1) « VEL » THETA +

MASSI (OUTCON, DV, CO zco_ THETA, VEL,
NOUT, NCOL, NRAD)

1 0.5 » (DATA (1, 3) - CO » DATA (1,
2 VEL - THETA

1) »

VEL2,

CALCULATE CONTAM NANT | NJECTED DURI NG TYPI CAL REPORT PERI ODS

DO 100 1 =

2, (NOUT - 1)

IF ((DATA (I, 3) .LT. 0.8 » DATA ((I - 1),3)) .QR
DATA (I, 3) .GT. 1.2 » DATA ((I - 1),

IFLAD =1

TOTI

1 DATA (1,

=2 NEL
ELSE

TOTI

1 DATA

2 (DATA (

4 ( DATA ((

END | F
100 CONTI NUE

NF = TOTI NF O

3) ‘EDATA (1, 1) - DATA (I - 1, D -
NF = TOTI NF +
(1 - 1, 3) »
|, - DATA (I - 1, 1)) » VEL » THETA +
DAT (1, 3) - DATA (I 1, 3 .
I, 1) - DATA (I - 1, 1)) « VEL « THETA

CALCULATE TOTAL EFFLUENT RELEASED

3)>) THEN

CALCULATE EFFLUENT RELEASED DURI NG THE FI RST HALF OF
THE FI RST REPORT PERI OD

TOTQUT = (0.75 » Q. DO + 0.25 » OUTCON (1)) -«

1 DATA <1,

1) / 2.DO » VEL » THETA

I(Dlé}l:_ng.ISATE EFFLUENT RELEASED AROUND THE FI RST REPORT

TOTQUT * TOTQUT +

1 ((0.75 »

OUTCON (1) + 0.25 » O DO)

2 (DATA (1, 1) - O DO / 2.DO +
OUTCON (1) + 0.25 « OUTCON (2)) »

3 (0.75 -

4 (DATA (2,
5 VEL -

1) DATA (1, 1)) / 2.00

»

CALCULATE EFFLUENT RELEASED AROUND A TYPI CAL REPCRT
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00

000

0000

000

C
C
C

PERI OD
DO 110 | = 2, (NOUT - 1)
RESET VELOCI TY | F DESORPTI ON BEGQ NS
IF (DATA CI, 3) .LT. |I.OCE-10) THEN
VEL = VEL2
| FLA&GR2 = 1
END | F
TOTOUT = TOTOUT +
1 ((0.75 « QUTCON (1) + 0.25 « QUTCON (I - D)
2 (DATA (I, 1) - DATA (1 - 1, 1)) / 2.DO +
3 (0.75 » OUTCON (1) + 0.25 « QUTCON (I + 1))
4 (DATA (I + 1, 1) - DATA (I, 1)) / 2.DO »
5 VEL >> THETA
110 CONTI NUE
CALCULATE EFFLUENT RELEASED DURI NG LAST HALF OF LAST
REPORT PERI OD
TOTQUT = TOTOUT +
1 (0.75 « OUTCON (NOQUT) +
2 0.25 » OUTCON (NOUT - D <«
3 (DATA (NOUT, 1) - DATA (NOUT - 1, D) / 2.DO »
4 VEL > THETA
RESTORE VELOCI TY
VEL = VELI
..... CALCULATE CONTAM NANT REMAI NI NG | N FLU D PHASE
CALCULATE CONTAM NANT I N FLU D NEAR FI RST NODE
RCOL = REAL ( NCOL)
TOTVET ' (0.75 « DV (1) + 0.25 « DV (NRAD [2)) «
1 ZzCcOL / (RCOL - | .DO [/ 2.DO » THETA
CALCULATE CONAM NANT I N FLU D NEAR TYPI CAL NODE
DO 120 | = (NRAD + 2), ((NCOL - 2) » NRAD + NCOL - 1), (NRAD + 1)
TOTUET = TOTWET +
1 (0.75 » DV (1) + 0.125 * DV (I - NRAD - 1) +
2 0.125 » DV (I + NRAD + 1)) >»
3 ZCOL / (RCOL - | . DO <=« THETA
120 CONTI NUE
CALCULATE CONTAM NANT I N FLU D NEAR EXI T NODE
TOTWET = TOTWET + (0.25 » DV ((NCOL - 2) » NRAD ONCOL -
1 0.75 » DV ((NRAD + 1) » (NCOL - 1) + D »
2 ZCOL / (RCOL - | . DO [/ 2.DO -« THETA
..... CALCULATE CONTAM NANT RENMAI NI NG ON SOLI D PHASE

T00

TOTDRY = O DO
WGTSUM = O. DO
RRAD = REAL ( NRAD)

CONSI DER EACH PARTI CLE RADI US . ..

>»>

1) +

189
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C

C

C

1 (NRAD + 1)
IF ((1COL . LE
2 THE
ELSE
END | F
130 CONTI NUE

C

C

C

C

C

C

C

RADWGT » 3
UGTSUM = UGTSUM +

C

C

C

DO 140 | RAD =

2, NRAD + 1,
RI RAD = REAL (| RAD)
RADSUM = O. DO

| RAD)

1

. AND CONSI DER THAT RADI US OVER THE ENTI RE COLUWMN LENGTH

DO 130 1COL = IRAD, ((NRAD + 1) » (NCOL - 1) + I RAD),
. OR

1 (1COL .GE. ((NRAD + 1) » (NCOL - 1) + IRAD)))
N

RADSUM = RADSUM + 0.50 » DV (1 COL)

RADSUM = RADSUM + DV (I COL)

RADAVG = RADSUM / (RCOL -

* (((R

CALCULATE THE AVERAGE CONCENTRATI ON AT TH S RADI US

| . DO

CALCULATE APPROPRI ATE WEI GHTI NG FOR THI S RADI US BASED
ON | TS CONTRI BUTI ON TO THE OVERALL PARTI CLE NMASS

RAD - |.DO) / RRAD) *« 2) » |.DO/ RRAD
RADWGT

CREDI T AN APPROPRI ATE CONTRI BUTI ON FROM THI' S RADI US

TOTDRY = TOTDRY + RADAVG « ZCOL « RHO » RADWGT «
THETA)

1 (1. Do -

0

o000 0

140 CONTI NUE

TOTDRY = TOIDRY / WGTSUM

C
C.... COVPUTE NMASS BALANCE
C
C

C
C

THE WEI GHTI NG FACTORS SHOULD SUM TO UNITY. | N COARSE

DI SCRETI ZATI ON THEY MAY NOT DO SO PRECI SELY. APPLY A
BLANKET CORRECTI ON.

BAL » TOTINF / ( TOTQUT + TQTWET + TOTDRY )

VRI TE (
VR TE (
VR TE (
VR TE (
VR TE (
VR TE (

1000)
1100)
1200)
1300)
1400)
1500)
1600)

TOTI NF
TOorouT
TOTVET
TOTDRY
BAL

IF (IFLAG .EQ 1) THEN
VIRI TE (| OOUT, 1700)

END I F

IF (1 FLAG .EQ 1) THEN
VR TE (| OOUT, 1800)

END I F

QUTPUT THE MASS BALANCE FI NDI NGS
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C
C
C
c
[
c
c
c
c
c
(o]
c
c
c
[
c
(o]
[
(o]
c
c
c
[
c
[
c
[
c
(¢}
c
(¢}
(o]
c
[
c
(o]
(¢}
c
c
[
c
c
[
c
[
[

1200 FORNVAT
1

1300 FORNMAT
1

1400 FORNVAT
1

1500 FORNVAT
1

1600 FORNVAT
1

1700 FORNVAT
1

1800 FORNAT

(r 20X, ' TOTAL MASS | NDECTED = ',

ElO.4, ' GRAMS / SQ CM"')

('+. 20X. 'TOTAL MASS RELEASED = ',

EIOA =+ GRAMS/ SQ CM')

(+ +, 20X, 'MASS LEFT IN FLU D PHASE = ',

ElO 4, + GRAMB/ SQ CM')

(" . 20X, 'MASS LEFT ON SOLID PHASE = ',

ElO4, + GRAMS / SQ CM')

(" ', 20X, 'RATIO OF | NPUT TO ACCOUNTED MASS

El O 4)

(" +'., 20X, 'MASS BALANCE TAKES ACCOUNT OF ABRUPT CHANGE"
I N | NFLUENT CONCENTRATI ON. ')

(', 20X, 'MASS BALANCE USED DESORPTI ON PORE VELOCI TY',

DURI NG DESORPI TON. ')

THI S SUBROUTI NE PERFORMS A NMASS BALANCE CHECK AFTER THE

COVPLETI ON OF Sl MULATI ON

VARI ABLE NAPI

VARI ABLE NANME

| FLAG

| FLAG2
IO N
| oouT

NSTEPS

BAL

OQUTCON
QUTPUT

THETA
TOTDRY
TOTI NF
TOTOUT
TOTWVET
VEL
VELI
VEL2
zCOoL

PRECI SI ON

I NTEGER»4
I NTEGER»4

I NTEGER»4
I NTEGER- A
1NTEGER»4
I NTEGER»4
I NTEGER«<4

REAL»e
REAL»8
REAL »e
REAL»e
REAL »4

REAL »e
REAL' S
REAL»8
REAL»8
REAL »e
REAL»8
REAL»e
REAL »8
REAL»8
REAL»8

I' N SI MULATI ON MODE.

DESCRI PTI ON

LOOP | NDEX

FLAG FOR ABRUPT CONCENTRATI ON
CHANGE

FLAG FOR DESORPTI ON

UNI' T NUMBER TO READ FROM

UNI T NUMBER TO WRI TE TO

NUVMBER OF NODES I N Z DI RECTI ON
NUVMBER OF TEMPORAL STEPS

RATI O OF MASS | N TO MASS ACCOUNTED
I NI TI AL CONCENTRATI ON

DEPENDENT VARI ABLE VECTOR

EXI T CONCENTRATI ON VECTOR

SI MULATI ON STATUS NMATRI X

COL 1 G VES REPORT TI MES

4d VES BED VOLUMES

4d VES THROUGHPUT

G VES | NFLUENT CONCENTRATI ON
G VES DCO DT

REAL EQUI VALENT OF NCOL

PORCSI TY
TOTAL NMASS
MASS
MASS

Regs

LEFT ON SOLI D PHASE
I NJECTED | NTO COLUWN
TO EXI'T CO_UWN

TOTAL MASS LEFT I N LI QUI D PHASE
PORE VELOCI TY

SORPTI ON PORE VELOCI TY

DESORPTI ON PORE VELOCI TY

LENGTH OF COLUWN (Z DI RECTI ON)
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192

(¢]

0o

100

0o0o

SUBROUTI NE MASS2 (OUTCON, DV, CO, 2COL, THETA, VEL, VEL2,
1 RHO, QUTPUT, NSTEPS , NCOL, NRAD)

I MPLICI T REAL»8 <A-H, O 2)

REAL«<A OUTPUT

D VENSI ON QUTPUT (250, 5). DV (462), OUTOON (250)

COVWON /UNITS/ | AN,

| FLAG
| FLAG2

=0
= 0

STORE THE I NI TI AL VELCCI TY

VELI s VEL

CALCULATE CONTAM NANT | NJECTED DURI NG FI RST
REPORT PERI OD.

TOTINF = CO » OUTPUT (1, 1) » VEL ". THETA +
1,05 » (QUTRUT (1. 4) - 'CO » OUTPUT (1, 1) »
2 VEL - THETA

CALCULATE CONTAM NANT | NJECTED DURI NG TYPI CAL REPORT PERI ODS

DO 100 | = 2, (NSTEPS - 1)
IF(OJTPUTS 4§.LT. 0.8 » OUTPUT ((I - )?) LR
1 QUIPUT (], 4) .GT. 1.2 + OUTPUT ((I - 1)} 4))) THEN
TOTI NF = TOTI NF +
1 ouUuTtTPuUT (1, a) >
2 (OUTPUT (1, 1) - OUTPUT (I - 1, D) »
3 NEL - T =T A
ELSE
TOTI NF = TOTI NF O
1 OUJUTPUT (1 - 1, 4) >
2 (QUTPUT (I, 1) - OUTPUT (I - 1, D) -
3 V
4 0. OUTPUT | QUTPUT (I - 1, 4)) -
5 (oJr JT ( oErrPUT(l (1 1)) )
ENDIF
CONTI NUE

. CALCULATE TOTAL EFFLUENT RELEASED

CALCULATE EFFLUENT RELEASED DURI NG THE FI RST HALF OF
THE FI RST REPORT PERI OD

TOTOUT = (0.75 » O.DO + 0.25 » QUTCON (1)) -
1 QUTPUT (1, 1) / 2.DO » VEL » THETA

gélF_ngogATE EFFLUENT RELEASED ARCUND THE FI RST REPORT
TOTOUT = TOTOUT +

1 ((0.75 « QUTCON (1) [0.25 » O DO »
2 (QUTPUT (1, 1) - ODbO [/ 2.DO +
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3 (0.75 » OUTCON (1) + 0.25 « OUTCON (2)) »
A (QJIPUT (2, 1) - OUTPUT (1, 1)) / 2.DO »
5 VEL - THETA
CALCULATE EFFLUENT RELEASED AROUND A TYPI CAL REPORT
PERI OD
DO 110 | = 2. (NSTEPS - 1)
BESET VELOCI TY | F DESORPTI ON BEG NS
IF (OQUTPUT (1, 4) .LT. |.CE-10) THEN
VEL » VELZ2
| FLAGR2 = 1
END | F
TOTOUT = TOTOUT +
1 ((0.75 » OUTCON (1) + 0.25 « OUTCON (I - D) »

2 (oJurputr (I, 1) - oOUrtkPUT (I - 1, 1)) / 2.DO +

3 (0.75 » QUTCON (1) + 0.25 » QUTCON (I + 1)) »
4 (OJTPUT (I + 1, 1) - QUTPUT (I, 1)) / 2.DO »
5 VEL - THETA

110 CONTI NUE

CALCULATE EFFLUENT RELEASED DURI NG LAST HALF OF LAST
REPORT PERI OD

TOTOUT = TOTOUT +

1 (0.75 » QOUTCON ( NSTEPS) +

2 0.25 » OUTCON (NSTEPS - 1)) «

3 (OUTPUT (NSTEPS, 1) - OUTPUT (NSTEPS - 1, 1)) / 2. DO
a4 VEL - THETA

RESTORE VELOCI TY

VEL = VELI

CALCULATE CONTAM NANT REMAI NI NG I N FLUI D PHASE
CALCULATE CONTAM NANT I N FLU D NEAR FI RST NODE

RCOL = REAL ( NCOL)
TOTWET = (0.75 « DV (1) [0.25 » DV (NRAD + 2)) -

1 ZCOL / (RCOL - |.DO) / 2.DO » THETA
CALCULATE CONAM NANT | N FLUI D NEAR TYPI CAL NODE
DO 120 | = (NRAD +2), ((NOOL - 2) « NRAD + NCOL - 1). (NRAD + 1)
TOTWET - TOTWET +
1 (0.75 « DV (1) + 0.125 » DV (I - NRAD - 1) +
2 0.125 » DV (1 + NRAD + 1)) »
3 zcoL / (RCOL - |.DO » THETA
120 CONTI NUE
CALCULATE CONTAM NANT | N FLUI D NEAR EXI T NODE
TOTVET = TOTVET + (0.25 » DV ((NCOL - 2) » NRAD + NCOL - 1) +
1 0.75 « DV ((NRAD + 1) » (NCOL - 1) + 1)) »
2 ZzcOL / (RCOL - |.DO) / 2.DO » THETA

CALCULATE CONTAM NANT REMAI NI NG ON SOLI D PHASE

TOTDRY

O DO
WGTSUM O. DO

19
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140
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RRAD = REAL ( NRAD)

CONSI DER EACH PARTI CLE RADI US ...

DO 140 | RAD = 2,

NRAD + 1,

RI RAD = REAL (| RAD)
RADSUM = O. DO

1

. AND CONSI DER THAT RADI US OVER THE ENTI RE COLUMN LENGTH

DO 130

1 (1COL . GE.
=2 THEN

RADSUM = RADSUM + 0.50 » DV (I COL)

ICOL - IRAD, ((NRAD + 1) » (NCOL - 1) + IRAD),
1 (NRAD +1)
IF ((ICOL .LE.

ELSE

RADSUM =

END I F
CONTI NUE

| RAD)

((NRAD + 1)

. OR

» (NCOL - 1) + I RAD)))

RADSUM + DV (| COL)

CALCULATE THE AVERAGE CONCENTRATI ON AT THI' S RADI US

RADAVG = RADSUM / (RCOL - |.DO

CALCULATE APPROPRI ATE WVEI GHTI NG FOR THI S RADI US BASED
ON | TS CONTRI BUTI ON TO THE OVERALL PARTI CLE NASS

RADWGT

CREDI T AN

=3+ (((RRAD -
UGTSUM = WGTSUM [CRADWGT

|.DO) / RRAD)

»e

2) » |.DO/ RRAD

APPROPRI ATE CONTRI BUTI ON FROM THI S RADI US

TOTDRY = TOTDRY [RADAVG » ZCOL » RHO ¢ RADWGT »
1 (1. DO - THETA)

CONTI NUE

THE WEI GHTI NG FACTORS SHOULD SUM TO UNITY.
DI SCRETI ZATI ON THEY MAY NOT DO SO PRECI SELY. APPLY A

BLANKET CORRECTI ON.

TOTDRY » TOTDRY / WGTSUM

..... COVPUTE NMASS BALANCE

BAL = TOTINF / ( TOTOUT + TOTWET + TOTDRY )

QUTPUT THE MASS BALANCE FI NDI NGS

VIRI TE (1 OOUT, 1000)
VIRI TE (| OOUT, 1100)
VRI TE (| OOUT, 1200)
VRl TE (| OOUT, 1300)
VRl TE (| OOUT, 1400)
VRI TE (I OOUT, 1500)
VRl TE (1 OOUT, 1600)

IF (I FLAG

END | F

TOTI NF
TOorour
TOTWET
TOTDRY
BAL

.EQ 1) THEN
VRI TE (|1 OOUT, 1700)

IF (I FLAG .EQ 1) THEN
VIRl TE (| OOUT, 1800)

I' N COARSE

194
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END | F

C

/\/\p c

1000 FORNAT

1100 FORNVAT
1
2

1200 FORNVAT
1

1300 FORNMAT
1

1400 FORNMAT
1

1500 FORNMAT
1

1600 FORNMAT
1

1700 FORNMAT
1

1800 FORNVAT
1

RETURN
END

cl’

35X, "SI MULATI ON MASS BALANCE REPORT ')

20X, 'TOTAL MASS | NDJECTED = ',

' GRAMS / SQ CM ‘')

20X, ' TOTAL NMASS RELEASED = '

- GRAMS / SQ CM »)

20X, "'MASS LEFT IN FLU D PHASE Y

' GRAMS / SQ CM ')

20X, 'MASS LEFT ON SOLI D PHASE = *

' GRAMS / SQ CM ')

20X, "RATI O OF I NPUT TO ACCOUNTED MASS = '.

20X, "NMASS BALANCE TAKES ACCOUNT OF ABRUPT CHANGE' ,
I NFLUENT CONCENTRATI ON. ')

20X, ' MASS BALANCE USED DESORPTI ON PORE VELOCI TY' ,

DURI NG DESORPI TON. ')
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