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PREFACE

This Memorandum reports in detail on the structure and
use of CHEMIST, the RAND chemical equilibrium program, a

computer program used to simulate complex chemical equilibria.

‘This report answers the growing demand for a reference manual

to accompany and document the program. It should be of
interest both to those having similar computer programs and
to those wishing to use CHEMIST for their problems.

The manual will be updated periodically as the CHEMIST
program evolves. The present References and Selected
Bibliography comprise as complete a listing of the liter-
ature as is possible at this writing. It would be
appreciated if users acquainted with additional material
would submit bibliographic information for incorporation

into later editions.
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SUMMARY

This Memorandum is essentially a manual for the use of
CHEMIST, a computer program used to simulate complex chemical
equilibria. CHEMIST has been used to make mathematical models
of simple chemical systems (e.g., bicarbonate system in water
solution), organic systems (e.g., the ionization of serum
albumin), viable bioclogical systems,(e.g., blood chemistry,
electrolyte and fluid distribution in the '"whole body," func-
tion of the kidney), and inorganic systems at non-standard
pressures and temperatures (e.g., planet atmospheres, rocket
exhausts, graphite-carbon vapor system). Obviously, CHEMIST
can meet the varied requirements of many different users, ex~
cept that it is applicable only to the computation of chemical
equilibria or "steady-states" and not directly to the study
of chemical kinetics.

The program=--written in natural language to facilitate
use by professionals not trained in computer programming--
has evolved over the years, and will continue to do so. Con-
sequently, this manual will be modified periodically to keep
abreast of changes. This edition of the program and manual
will be designated as CHEMIST; subsequent editions will be
designated.by an appropriate Roman numeral (i.e., CHEMIST II).

Chaptér I is a general introduction to the theory and
the literature. Chapter II details the operational control
of the program, and Chap. III shows elaborated examples of

its use. Finally, Chap. IV documents the subroutines.
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Chapter I

INTRODUCTION

'GENERAL REMARKS

Laboratory determination of constituent quantities of
a chemical milieu at equilibrium is, for all but the simplest
systems, an arduous and exacting process. 1Indeed, in in-
organic chemistry the procedure may take days of highly
skilled attention, while in organic chemistry a complete
determination is frequently impossible. Yet, in principle,
given the required data and conditions of the experiment,
one should be able to calculate the concentrations of the
equilibrium constituehts by well-established procedures;
and, using a computer, with relative ease.

There are three well-known methods for calculating equi-
librium constituents: kinetic equations; mass-action equa-
tions; and by an indirect method of optimization of certain
thermodynamic properties. Generally, the data required for
computation in a thermodynamically closed system in a single
phase are temperature, pressure, moles of each reactant or
"component,” the list of expected chemical reactions, and
the list of either equilibrium constants or forward and
backward reaction rate constants for each chemical reaction.

By the usual kinetic method, each chemical reaction is
transformed into an equivalent set of ordinary differential
equations for which the reaction rate constants are re-
quired. Using mass-action equations (the usual method of
calculation in chemical laboratories) each chemical equation
is usually transformed into a non-linear algebraic equation

for which the equilibrium constants are required. 1In either



case, the sets of equatioasfare Sblved-simultaneously
while maintaining stoichiometric conservation of mass.

For kinetic equations, the time trajectory of the system
to equilibrium is computed; fbr mass-action equations,
only the final equilibrium state. The additional informa-
tion by the kinetic method is obtained at the expense of
requiring twice as many reactlon constants in the data.

The third method--the method used by CHEMIST--again
computes only the final steady equilibrium state using the
equilibrium constanté,xbut is more compatible to computer
solution. Essentially, this method is based on a theorem
of Sir Willard Gibbs [1] taithedeffect that the equilibfium
composition will be such»that the total thermodynamic free
energy of the system is minimized'(or the entropy maximized)
under the conditions of thefexperiment, CHEMIST, using an
iterative procedure from ﬁathematical programming, determines
that composition’ whlch mlnlmizes the system's total free
energy, subject to the’ constralnts on the system The data

required are equivalent to hgse for the mass-action equa-

tion method.

Not all chemical Systemsjﬁaving real, unique solutions

may be solved with this pfbéfam First, if the concentration
or the absolute amount of a speCLes becomes very small durlng
the iterative procedure, tbe numerlcal precision limitations
and the round-off error. of the computer preclude an accurate
solution and the program exegutes an exit. Second, space
limitations in computeereméry dictate a size 1imitation for
the system. Third, since GHEMIST is designed to simulate
equilibrium systems, tlme dependent and steady-state systems
may be modeled only 1nsofar as they can be approximated by
equilibrium systems (e.g.,,see‘J. C. De Haven and N. Z.
Shapiro [27). | S ”
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The References attached below (pp. 129-130) list:
several applications of the program (to open and closed
systems); several papers relating to definitions of aspects
of chemical systems; analyses of membrane equilibria; dis-
cussions of the existence of solutions; and details of
methods of solution. The last named topic--the method of
solution using CHEMIST--is of principal concern here, and
is treated in papers by R. J. Clasen, in particular Ref. 3.
(This paper, not reviewed here, should help to clarify
certain aspects of the present Memorandum).

This Memorandum will not show the justification of the
theoretical methods used by CHEMIST. Instead, it emphasizes
the useful, practical aspects. For the interested reader,
the mathematical theory is discussed particularly in Gibbs
[1]; White, Johnson, and Dantzig [4]; Dantzig, De Haven,
et al. [5]; and in the several papers by Shapiro [6-14]7.

CHEMIST is designed to allow the researcher to formu-
late a problem and get results with only a minimum knowledge
of the inner workings of the program. Communication with
the program is in English, chemical, and FORTRAN languages.
The instructions are wholly contained herein, along with a
documentation of the FORTRAN program. For the researcher
" who wants results, who wants to set up and solve a problem,
it is sufficient only to read Chaps. I and II, and to follow
closely the examples of Chap. III. The most difficult part
will be to find and properly enter the free-energy param-
eters (equilibrium cdnstants); the next most difficult, to
set up ''conceptual sub-compartments.” These, as well as
other problems, are illustrated herein along with examples
of the action of the program on specified data in various

circumstances. With this useful function in mind, most of
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The maximum number of nomn-zero entries in the matrix is
460. Thus, if a problem has 60 constraints and 169 species,
the maximum average number of non-zero entries per column

is roughly 2.8.

System Approximations

CHEMIST is a generalized computer program for computing
either the equilibrium distribution of species in a thermo-
dynamically closed, idealized chemical milieu or, under
certain circumstances, the steady-state distribution of a
specified open system. The system is assumed to consist
of a finite number of homogeneous phases or compartments,
each of which has a specified pressure and temperature.
Thus, isolated systems, which may change pressure and tem-
perature as a result of chemical reaction, are not included
unless the final pressure and temperature are known. At
present, automatic adjustment of the reaction constants for
changes in pressure or temperature are not made internally
since, generally, the pressure and temperature dependent
functions are not known. Simiiarly, allowance is not made
for changes in external fields such as electrical or
gravitational.

} After a period of time, a reversible closed system will
reach an equilibrium distribution for which the conservation
laws hold and the mass-action laws hold for each reaction
considering the activities of each species under the
specified conditions. In such idealized conditionms, knowing
the intrinsic reaction constants ahd the activity coefficients
at the given temperature and pressure, it is in principle

possible to compute exactly the equilibrium distribution of



the output species. In practice, approximations to the
ideal systems must be made, approximations which vary with
the circumstances. And, since CHEMIST is designed pri-
marily for equilibrium systems, the simulation of open or
steady-state thermodynamic systems again requires certain

approximations. Under these circumstances, "effective'

or "apparent' mass-action constants are substituted for

the intrnsic equilibrium constants as required whenever

the effective constants are known, as from empirical

measurements of species gradients in a biological system.

The stationary states of certain time-independent open
systems thus may be approximately calculated as though
they were equilibrium systems, effective constants being
used to approximate the non-equilibrium reactions.

Similarly, empirical parameters are determined and
used in CHEMIST whenever possible for complex systems (open
or closed) in order to allow automatically for the possibly
unknown activity of a species or for its unknown osmotic
coefficient. For example, the need for empirical param-
 eters becomes particularly clear in concentrated protein
solutions, as in the interior of the red cell. Frequently,
approbriate empirical parameters are not known, and either
closed~system parameters must be used or the appropriate
value is determined by ‘iterative procedures. In the case
of human blood, it is probable that the hydrogen ion
activity in the red cell cannot be measured, but must be
assigned an apparent constant found by adjusting the H+
activity to give the measured (hemolized) pH.

Thus, while in principle idealized closed systems may
be computed exactly from the moles of cdmponents, the chem~

ical reactions, and the mass-action constants, in practice,



closed systems (to say nothing of open systems) may only

be approximated owing to the necessary use of certain
approximate constants. Nevertheless, since this difficulty
is not inherent in the computer but in the chemical system,
calculations may proceed with CHEMIST with the same con-
-fidence and the same restrictions and caveats as without
the computer program. Potentially, however, complex
hypotheses which take account of the non-idealized system
can be incorporated into the program; e.g., the calculation
of activity or osmotic coefficients.

Time-dependent systems may also be approximated under
certain conditions using CHEMIST. For example, if one
reaction is very slow with respect to most of the reactions
in the system, the fast reactions may be assumed to be in
equilibrium at all times with, however, inputs and losses
from and to the slow reaction. The slow reaction, with
known kinetic parameters thus serves as the forcing func-
tion for the equilibrium system which gradually changes

with time.

Names

The chemical-constituents input to the system are

always referred to as components; the output, or product

constituents, as species. Obviously, under varying con-
"ditions (e.g., changing a reaction equilibrium constant

or incrementing a component) the equilibrium or steady-
state distribution of species will vary. The species are,
thus, dependent variables to be determined subject to the
conditions of the experiment. The names of the species are

also the names of the corresponding columns of the model

——— m— e,
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matrix; the names of the components (also referred to as

constraints) are also the names of the corresponding rows

of the model matrix. These names may be chosen arbitrarily

from the user’s special vocabulary to suit a particular

problem--with the following conditions:

1)

2)

3)

In the program, the names of the constraints may
have 12 characters (see Chap. 1II below); but only
the first six are significant, and each name must
be unique in the first six characters. The species
names have only six characters, usually the name
or acronym of the chemical compound represented.
Species names may be the same as component names,
and a species in one compartment may have the same
name as a species in another compartment, but any
two species in a single compartment must have
different names.

Each compartment must alsc be named, and the name
need not be distinct from that of any variable.

A component, variable, or compartment may be named
in any convenient way--except that the wvariable
hydrogen ion should be named H+ since in the pH
calculation the value of a variable with this name
in a given compartment is used.

It is good practice to left adjust each name within
its field since a name is not the same unless it
is punched identically in each occurrence. Also,
it is usually desirable to give the same chemical
substance in different compartments the same name

since the output will be better organized.
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Units and Terminology

CHEMIST uses concentrations in the mole fraction
scale for internal computations. Thus, for a system

consisting of K chemical phases or compartments and having

'x, moles of species Xj’ j=1,...,N, the concentration of
species Xj in the kth phase or compartment is ﬁj = xj/ik,
where x = I x,. é

jek J

Provision is also made for printing the output of the
program in other systems of units, e.g., moles per liter
of water. The internal vector X1 may be printed in the
output in addition to the vector X (the mole numbers) and
the vector x (the mole fractions of each species). The
components of X1, say, moles per liter of water for each
species, must be computed using FORTRAN in the MAIN routine
(or a subroutine which the user may write). X1 will auto-
matically be printed by the OUTPUT subroutine by setting
the toggle IV(23) = 1. '

If T is absolute temperature and R is the gas constant,
then, in ideal solutions, the chemical potential of each

component uj is related to its mole fraction by

() A
. = u. + RT 1n x, 1
Hy = My 1 X, (1)
where u? is the Gibbs' free energy per mole of the pure
substance defined at specified standard conditions. With
these u? and with %, in the mole fraction scale, for non-
ideal solutions an activity coefficient may be defined for

each component so that

O ~
. = U, +RT In ¥, x. : 2
uJ uJ yJ ] )
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where yj is a function of the concentration of all com=
ponents in the phase as well as temperature and pressure.
In biological systems, the concentrations of components
does not vary over extreme ranges, and frequently yi is

assumed to be a variable function only of T and P.

By transposing terms, as in algebra, a general chemical

reaction

a;q X1 +..0F a4, Xr - as Xl’ +.o. 0, ay. Xr

may more convenlently be written

r
Za. X, =0 (3)

where the stoichiometric coefficients, a;, may be zero or
negative. When the mole numbers are strictly positive, a

condition for equilibrium for this reaction is [15]
Z a; u; = o . (4)
i

That is, the concentrations ﬁj will change until the sum
of the Gibbs' free energy per mole of each species times
its respective stoichiometric coefficient is zero.

For y constituents of Eq. (3), any one, say Xj’ may
be singled out as the product species by moving it to the
right-hand side and dividing the entire chemical equation
by the stoichiometric coefficient aj. In the notation of

CHEMIST, ''solving" each equation for exactly one product

species gives
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r
ila.. X, « X, (5)

where the Xi are components, at least one of which is re-
quired to produce each product species, Xj' For example,
+

~1H0+1C0, -1H , XK,

HCO3

where H003 is produced from three components with an equi-

librium constant Kj'

Mathematical Summary

For each equation, as Eq. (3), we have the (ideal)

Gibbs' free-energy function

r r -
F(x) = Z X; By = iji(ug + RT 1n ii) (6)
i=1 i=1

where x is the mole-number vector (Xl""’xy)' For a
single reaction at equilibrium, F(x) is minimized over
all feasible values of x subject to any constraints on
the system [15]. The values of X, producing the minimum

for F may be found by differentiating Eq. (6) and setting

2 -0, for all i . 7)
A°%%5 |1,p

More generally, for any number of reactions and species

in an ideal system at constant temperature and pressure,
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F(x) is the sum of the Gibbs' free energy over all possible

species in the output milieu:

N
F(x) = Z X, (u? + RT In ﬁj) , ' (8)
j=1

and the necessary and sufficient condition for equilibrium
is that F(x) be minimized subject to the constraints Xj 20
for all j and the conservation of mass equations. For N
equations of the form Eq. (3), where M components form N

species, the conservation of mass equations may be written

N
Z a,. x, = b, , i=1,...,M 9

where bi moles of each component are input to the system
and, again, aii are the stoichiometric coefficients. Sim-

ilarly, a conservation of charge equation may be written

=

v. x, =0 ' (10)

‘where vj is the charge of each species and xj are the mole
numbers. It can be shown [6] that the minimization of F(x)
over the range of the vector x and subject to the constraint
Egs. (9) with all Xj > 0 is equivalent to the existence of

M Lagrange multipliers II = (nl,...,qﬁ), the chemical potentials

My for component i at equilibrium, which satisfy



-14-

Z i a,, = u; + RT 1n ﬁj . 3=1,...,8  (11) ,

a result particularly useful for the computer program. In
CHEMIST, iterative procedure is used [3] to find values of
x and 1l satisfying Eqs. (11). However, it is convenient to
divide Egqs. (11) by RT so that u?/RT has the usual defini-
tion, -1ln Kj’ for each reaction. :

In CHEMIST notation, ¢ = AF/RT = -In K, i.e., from
Egqs. (1) and (4), for the jth reaction of equilibrium

a

T o N
Z (ai py + RT 1n X, ) =0 3
i
or
_ _ a; L a;
: Z)ai “2 = -RT Z‘ln x;” = -RT In I x
X . i=1
i i .
or
o
AF = -RT 1n Kj
and
o
- AF -
cj = RT In Kj s : (12)
where Kj = Tl ﬁil is the mass—action constant on the mole-

fraction scale for the reaction, and AF® is the usual
notation [16] for the increment in Gibbs' free energy for
the reaction. |

For non-ideal solutions (as in most biological prob-

lems), we have
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where KA is the apparent constant for species in the milieu
having activity coefficients Yy Usually, for calculations

in non-ideal systems, using CHEMIST, K the apparent con-

A’
stant, will be used in preference to K, the ideal solution
constant. 1In this case, the free-energy parameter cj in
CHEMIST corresponds to an apparent constant,

a,
[ - - J— - 1
c. = lne K In X - 1In ﬂi Y5 (13

where KA is the apparent constant in mole fraction units.
Frequently, cj‘has no such straightforward definition
but is instead an empirical constant derived within the
model to satisfy a given constraint; e.g., the Na+ gradient
across '"'active' membranes where the thermodynamic function

is not known.

Equilibrium Constant

Note, of course, that K in Eq. (12) is obtained in the
mole-fraction scale and is not numerically equal to the
equilibrium constant for the same reaction on the molality
or molarity scales. Consider a simple example: the chemical

equation in dilute aqueous solution

RA - R + A

gives rise to the mass-action equation
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(R) (A)

®y K

d

where parenthesis indicate concentration on the volume
scale, moles per liter, and Kd is the dissociation constant.

If we define K' on the mole fraction scale, however,

(R) /ALITER - (A) /ALITER _ _ (R) (A)
(RA) /ALITER (RA) ALITER

K' =

where ALITER = moles of water per liter at 1 atm pressure
and temperature T (ALITER = 55.139673 at 37°C), and the

parameter c¢ from Eq. (13) is

¢ = =-1n K'

i ® @\ _ _ ~
in ((RA} ALITER| = In Kd + 1In ALITER .

More generally, for the ith reaction

z aj Xj Z 0;
3 ;

at equilibrium, we have

il
pue
Py
"
~

[ S

K, )
5 = I (x, (14)
and
_a, , Ta,
K! = 0 x. J(ALITER) (15)
S |
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where, again, some of the aj are negative, and

ey = -In K . | (16)

Also, particularly in the case of ionization reactions,
with

ij = -log10 K.j

then,

¢, = 2.30259 ij + 1n ALITER . A an

Finally, in each model of a chemical system using
CHEMIST, certain of the cj are set, logically, to zero.
Practically speaking, this arises from the fact that if N

equations are to be solved simultaneously, N equilibrium

constants are required, except that for each algebraic

constraint on the system (e.g., a conservation or mass

equation) the number of equilibrium constants can be re-

%EEEEWEX~95§J” In the simultaneous system, an algebraic
constraint on the mole numbers and an equilibrium constant
are equivalent information. Thus, in a system having, say,
eleven constraints (see the "Soda-Pop" example, Chap. III
below), eleven of the Cj may be set arbitrarily--but the
remaining cj must be determined relative to the arbitrary
values so set. It is most convenient to set the arbitrary
cj at zero. Also, with one cj for each output species, it
is convenient to set those cj to zero for which the corres-

ponding output species is produced from exactly one input
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component. The examples in Chap. III below illustrate this
- practical matter; for theoretical justifications see
Shapiro and Shapley [6] and Ref. 17.
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) Chapter 11

PROGRAM DESCRIPTION

THE PROGRAM DECK

From the user's view, the "program' deck consists
essentially of three parts: the FORIRAN deck, the Data
deck, and a sequence of Control cards.

| The FORTRAN deck consists of a MAIN routine and a
large number of subroutines. All of the subroutines are
compiled into an object deck of machine-language instruc-
tions (described in Chap. IV below). The user normally
need not be familiar with the details of the subroutines.
However,>each time on the machine he will be concerned with
the MAIN routine--described briefly in this chapter and
in more detail in Chap. TII.

By the Data deck is meant an ordered collection of
data cards, described below, which together define a
specific (unique) model of a chemical or biological sub-
system. The Control cards consist of an ordered sequence
- of instructions inserted in the data deck by the user;
in essence, these are a sequence of macroinstructions to
the computer for manipulating the data, and consist of

two kinds: Data Controls, which set or define numerical

data; and Verb Controls, which are instructions toc compute

with or transform the data in some way.
In summary, for a typical machine pass the user has
a MAIN routine, the subroutine object deck, and a specific

data deck which also contains Control instruction cards.
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THE MAIN ROUTINE

The MAIN routine is a FORTRAN program having nominal
control of the machine pass. Control usually passes from
the MAIN routine to subsequent Control cards; but, should
the user choose, control of the machine pass can be re-
tained in the MAIN routine or returned to the MAIN routine
at a later time for special purposes. If the user does
not exercise this choice, the MAIN routine is very short
and serves only to introduce the START subroutine, passing
control to subsequent Control cards. 1In this event, the
MAIN routine contains (besides the COMMON, EQUIVALENCE,
and INTEGER cards) only the FORTRAN instructions to CALL
START (a subroutine containing such nominal constants as
the moles per liter of water at 37°C) and CALL INPUT (a
subroutine passing control to the first subsequent Control
card in the data deck). Of course, as in any FORTRAN pro-
gram, the last card of the MAIN routine is an END card.

If the user does choose to return control to the MAIN
routine from the Control cards (see RETURN, p. 48 below),
he may insert any correct list of FORTRAN instructions for
manipulating the data just after the last CALL INPUT state-
ment. (Since such a FORTRAN list may be quite varied, de-
tailed discussion and examples will be deferred until Chap.
I11 below.) For now, the MAIN routine is the first deck
in the object program (the deck of cards presented to the

computer) and consists of the following cards:
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0 SILFTC NISC  NODECK

[ 4747
1 COMMON ATJ145601, IRCW{4000, JCOL U460}
c .
2 COMMON FINPY/KA(L2) KB{12) cBBUIO60:5)oPHIT)TI20),8RULTLY)
<
3 COBMON /SLYESIVIZN) JTOLI2O) JNRIBO 21 cBISOY PIELITSIOVIITSIV2U7Y),
)| VIS ¥ ET7%) oy XEATON o XMFELTO) oM (EVODL(LTOS,R1ELTQH,
2 K2CLT0) oXI{LT0D 4 XEAR(2S) o NANI2S5420 KL {260, R(TS, %0,
3 JCOKP(1T0) oFEFEQ+EMMB XENE NERB,ERPINENANENA
C
L] EGUIVALENCE (IVILD ®),LIVC2) yPENDS o {IVIDIoNCOHP I, (IVIAIoN,NTOT ),
i CIVES) JNETI LT VO] ROV L LEIVITI PRI (IVIB), ITERD,
2 (IVI9) QITHARE o (IVILI0) EERRORY G LEVEARDJLASTCR I LIVILZIKE D,
E) CIVELT ) o MAXKEY o {IVIIE) o VAP (IV(ETIPARND S, LIVILED RAXND ],
4 CIVILTD oERND Y o CIVILIB) o BLARKY o LIVING) o H20 D (IVI20 1. #PLUS Y,
5 CIVE21) (NCYTLE) o (TVI22) (HBSTAR) o LEVIRZE) JKPF ),
& (IVE261 oNAT U o LEVL25) dMARAED N LIVIZE) 4 1TPT)
S EQUIVALENCE {(TOL(I) o XPIR), (TOLLS) oXSTART J 4 (TOLIG »BARNMIND,
1 (TOLILE D ALITER) 4{TOLEB2) 4RV
<
] IHTEGER PF
7 IMTEGER END,BLANK.MIC HPLLS
€
10 CALL STARY
i1 CALL INPUT
44 CALL EXNIT
4% END

The MAIN routine is followed in the object program by
the subroutines, the end of which is marked by the $ENTRY
or SDATA card to indicate that all subsequent cards are
Control cards and data cards. Infrequently, it may be
necessary to recompile the binary subroutine deck because
of modifications; but for the more usual pass, we have the
sequence: MAIN routine, binary subroutines, CONTROL and
DATA cards, EXIT, as folldws:
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/// EXIT CARD

CONTROL AND DATA CARDS

CHEMIST OBJECT DECK (BINARY)

MAIN ROUTINE ( FORTRAN )

CONTROL CARDS AND DATA ARRAYS

This program may be thought of as a single pass inter-
pretive program.f That is, the program is supplied with a
set of Control cards, each of which is a macroiﬁstruction
which the computer executes as soon as the card is read.
After the instruction has been executed, the next Control
card is read in sequencé, until the Control cards terminate
with an EXIT. The computer "interprets' each macroinstruc-
tion, thus determining the operations it should perform
including, finally, reading the ﬁext macroinstruction.

Once read and executed, a Control card is never re-read,

TThe following discussion is based upon unpublished
documentation accompanying R. J. Clasen's program produced
at RAND.
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control passing to the next card. Subsequent cards in

the sequence are thus independent and may be organized at
the discretion of the user, subject only to natural logical
ordering (e.g., one would not call for the instruction
SOLVE before the data are read in). Thus, an interpretive
program may be different for each pass on the computer
according to the dictates of the particular problem.

Immediately following the CHEMIST subrcutines in the
object deck presented to the computer are the Control and
data cards, which together comnstitute the array of the
problem to be solved in the computer pass. Each Control
card is a macroinstruction to the computer to treat current
data in a particular way. Thus, the Control cards and the
data cards are intermixed in a logical order.

The Control cards are of two types, data Controls and
verb Controls. A data Control card is a macroinstruction
to the computer to interpret and store the numerical data
card or cards immediately following. A verb Control card,
being more general, is a macroinstruction to treat data
already in computer memory. Thus, a verb Control card is
always followed by another Control card, but a data Control
card is always followed by data. 1In the following list of
available Control cards, only the first six characters of
each name are significant; a Control card consists of these
six characters punched in columns 1-6, followed by any
other characters or blanks through column 72. 1In some
instances, however, the seventh column is used as a sub~-

script (indicated by N in Table 1) and columns 8-12 must
be blank.
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Table T
CONTROL CARDS

I. Data Control Cards

Control Card Name FORTRAN Equivalenta

1. ROWS CALL ROWS (0)
(followed by data)
2. MATRIX CALL MATRIX (0)

(followed by data)
MEND = M + NCOMP

3. VECTORX CALL VECTOR (0)
(followed by data)
SCALEC CALL SCALEC (6H...... , VALUE)b
5. ADDB N NBSTAR = N or: BBB(I,N) =
CALL ROWS (2) BBB(I,N) + AA
(followed by data)
6. ALTERBN NBSTAR =N or: BBB(I,N) = AA

CALL ROWS (1)
(followed by data)

7. B N NBSTAR = N or: BBB(I,N)

= 0.0,
CALL ROWS (3) ALL I
(followed by data) BBB(I,N) = AA(I),
ALL I
8. ALTERA . CALL MATRIX (-1) or: A(I,J) = AA
(followed by data)
9. ALTERC CALL MATRIX (1) or: C(J) = AA
(followed by data) and A(I,J) = AI
10. ADDC CALL MATRIX (2) or: C(J) = C(J) + AA
' and

A(T,J) = A(L,J) + AA

II. Special Data Controls

1. CYCLE NCYCLE = K

2. LIMIT ITMAX = K

3. LITER ALITER = AA

4. MULTIPLIERS BMULT(I) = AA(I), I = 1,5
5. RT RT = AA

6. TOLERANCES TOL(I) = AA(I), I = 1,6
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Table I--Continued

III. Verb Controls

Control Card Name FORTRAN Eguivalent

1. (-=-=-= YCOMMENT = ===

2 TITLE (See Section F)

3 SOLVE MEND = M + NCOMP

CALL SOLVE

4 OUTPUT CALL OUTPUT

5 RETURN - o

6. DELETE CALL DELETE(1)

7 PRINTROWS CALL ROWS(-2)

8. PUNCHROWS CALL ROWS(-3)

9. PRINTMATRIX CALL PUNCHM(0)
10 PUNCHMATRIX CALL PUNCHM(1)
11. PRINTTABLEAU CALL PRINTT
12. PUNCHX CALL VECTOR(1)
13. PRINTPIE CALL PRINTP
14. SIMPLEX CALL LP (MON)

IF (MON.NE.O) GO TO "ERROR"
15. MESSAGES PF = 0
16. ALIMESSAGES PF =1
17. NOMESSAGES PF = -1

18. GOTO AA -
19. TIFGOTOAA IF (IOPT.NE.l1) GO TO AA
20. SYMBOLAA -
21. RELAXBN NBSTAR = N
CALL ROWS (&)

22. JACOB CALL JACOBS(0,0,1)
23. MINIJACOB CALL JACOBS(0,2,1)
24. EJECT CALL PAGE

25. CLEAR CALL START

26. EXIT CALL EXIT

27. END ———

Hmile the Control Card is inserted in the data deck
with the appropriate data cards immediately following, the
FORTRAN equivalent cards are inserted in the (FORTRAN) MAIN
routine with the data cards still in the data deck at the
appropriate place to be read.

bWhile the Control Card SCALEC may be followed by any
number of data cards, the FORTRAN statement CALL SCALEC

(6H...... ,V) must be used once for each compartment to be
scaled.
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The Control cards of Table I are listed with a FORTRAN
equivalent--i.e., if the user chooses to maintain control
of the program in the MAIN routine (whose statements are
in FORTRAN) rather than relinquish control to the Control
cards, he may obtain the equivalent action of the Control
card by using the listed FORTRAN statements.

Note that to relinquish control, the user will insert
the FORTRAN statement CALL INPUT in the MAIN routine. This
statement transfers control to the next unused Control card
in the data deck. To regain control in the MAIN routine,
the user will insert the Control card RETURN at the appro-
priate place in the data deck. Control is thus transferred
to the next FORTRAN statement after the last used CALL INPUT
statement in the MAIN routine.

To facilitate the following discussion of the Control
cards, a list of the names of the program variables and an
explanation is given in Table II.

In addition to the Control cards in Table I, the pro-
gram will recognize an "END" card even though it does not -
appear at the end of a set of data cards. 1In this case,
the "END" card causes no action.

Any Control card that does not have one of the above
words in the first six columns, and the first six columns
are not blank is a Title card--which will cause the page
to be restored and the punches in the card to be printed as
the title. 1If the first six columns are blank, no action
other than printing the card will be taken. Care should
be taken not to mispunch a Control card so that it will be
treated as a Title card. Two Title cards in succession will

cause the program to EXIT.



Name

ALJ
ALITER

BBB
BLANK
BMULT

END

- LASTCP

MAXALJ
MAXM
MAXMD
MAXN
MAXP
MEND

Dimension

460

1

60

60 x 5

17

O W

Y ol
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Table I1

INTERNAL VARIABLES

Meaning

Coefficient of matrix entry
Moles per liter H20 at Temperature T
Total values of constraint equations
Components of value of constraint equations
Contains 6 blank characters
Arbitrary component multipliers
Free energy parameters
Contains characters END followed by
3 blanks
RMS equilibrium error (mass action)
RMS mass balance error
Value of objective function
Value of objective function times RT
Contains characters H20 followed by
3 blanks
Contains characters H+ followed by
4 blanks
Flag for termination in SOLVE, normal =1
Flag for optimal solution, optimal = 1
Row number for matrix entry
Iteration number
Maximum number of iterations allowed
Constants, see Equivalence in MAIN
Column number for matrix entry
Contains compartment number for each species
Temporary storage for incoming BCD
Problem title storage
Flag for singular matrix
List of first variables in each compartment
Names of output species
Flag for an extra line of output
Number of compartment where XBAR is too
small '
Number of constraints
Maximum number of matrix entries allowed
Maximum number of constraints
Maximum size for M+NCOMP
Maximum number of columns
Maximum number of compartments
Number of simultaneous equations
= M -+ NCOMP






Name

N

NAIJ
NAM
NBSTAR
NCOMP
NCYCLE

NEMA
NEMB
NIT

NOT
NTOT

NR
PF
PH
PIE
R

RT

T
TOL
Vi
V2
V3
V&

X
XBAR
XEMA
XEMB
XMF
X1
X2
X3

Dimension

60 x 2

75

25
75
X 75

20
20
75
75
75
75
170
25

170
170
170 .
170
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Table II--Continued

Meaning

Number of output species, same as NTOT

Number of entries in matrix array

Compartment names

Subscript for selected component of B

Number of compartments

Number of compartments (or columns)
printed per page

Column number of maximum equivalent error

Row number of maximum mass balance error

Number FORTRAN logical unit (nominally 5),
input

Number FORTRAN logical unit (nominally 6),
output

Number of unknown variables or output
species

Row (constraint) names

Flag for message print

Computed pH in each compartment

Lagrange multipliers

Matrix for linear equations

Product of gas constant and temperature

Temporary storage

Computing decision tolerances

Scratch vector

Scratch vector

Scratch vector

Scratch vector

Unknowns, variables, output species

Sum of x in compartment

Maximum equilibrium error

Maximum mass balance error

Mole fractions of x 1n compartment

Scratch vector

Scratch vector

Scratch vector
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There are no general restrictions on ordering control
and data cards. The only major restrictions concern the
fact that certain names must be defined before certain
other quantities can be input. All input numbers in arrays
(matrix or vectors) are identified with alphanumeric names
which have no relation to the position of the entry in the
array. ,

Finally, Table III is a listing of the data deck from
a sample problem, a simple system called Soda Pop. This
problem is discussed below in detail (p. 56 £f£.), but the
listing exemplifies the use of Control cards; in the sub-
sequent discussion, Soda Pop will be used to illustrate
the action of each card.

Here we note that the first card is a title card and
the last card is an "EXIT" card. The "EXIT" card terminates
the run on the computer; However, the program is not re-
stricted to solving only one problem per pass. As many
problems as desired may be stacked and solved on the same
run, with a "CLEAR" control card separating each problem
and the "EXIT" card appearing at the end of the final
problem. B

DATA CONTROL CARDS

Each of the following data Control cards is immediately
followed in the deck by an array of data whose format is
described below. The number of data cards following each
Control card varies with the problem; therefore, each data
array must be terminated with an END Control card.

The action of the Control card is equivalent to the

FORTRAN statements listed in each case; the user, therefore,
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Table III

EXPERIMENTAL SNDA POP NECK 5-1-617
ROWS
ne2 O 7 .09900E-01 1.31500E-01 O. 0.
cne O. 3.00000E-04 5.26300E-02 0. 0.
N2 0. 7.L9800F=-D1 7.54000F-01 0. D
HZ20) 55,13967 (08 6.10600F~02 0. 0.
H+ 1.0 -03 0. 0. e 0.
cL- 140. -03 0, O. O. 0.
NA+ 130, -03 0, 0. O. 0.
K+ 20, -03 0. 0. O O.
GLUCOSF 10.0 -3 0. 0. Q. 0.
LACT‘C‘ 10.‘) "3 O. OI Oc 0.
M‘SC"’ 1.0 "3 0. 0. 0. 0.
E N
MATRI1X
GAS PHASE

ne -10.93999994 1,0 02

cu2 ~7.74074000 1,0 CU2

N2 ~-11.51999998 1.0 N2

H21) 2,79 1.0 HZ0
LIANIND PHASE

nz2 0. 1.0 02

02 Oe 1.0 CO2

N2 0. 1.0 N2

H+ 0. 1.0 H+

(H- 39,39 1.0 H20 -1.0H+

HZ20 0. 1.0 H20

cL- O 1.0 CL-

MA + 0. 1.0 NA+

K+ Q. 1.0 K+

GLUCNAS 0. 1.0 6GLUCDS

LACTIC 0. 1.0 LACTIC

HCO3- 18.0556 1.0 C02 1.0 H2D -1.0 H+

H2CO3 6.566 1.0 C0D2 1.0 H20

£N3= 45.6616 1.0 CO2 1.0 H20 -2.0 H+

MISC -20,128 1,0 MISC~ 1.0 H+

_ M]SC— 0. 1.0 MISC~-
FND
MULTIPL IERS
le 0. 1000. 0. 0. O

VECTORX EFXPERIMENTAL SNONDA POP NECK 5-1-67
GAS PHASF 02 1.315008 02Cn0O2 5.26287F 0O1N2 T«54000F 02
GAS PHASE H2D 6,10230F 01
LIGUID PHASENZ 1.29516F=04C02 1.27070E-03N2 LalS5T94FE~04
LIQUID PHASEH+ 3.33229E-050H- 7.18394E-10H2N 5.51766F 01}
LIQUIN PHASFECL-— 1.400007F-01NA+ 1.30000F-01K+ 2.00000F~-02
LINUIN PHASEGLUCHS 1.,00000F-02LACTIC 1.00000E-02HCN3~ 3,03114F-N5
LIQUIN PHASEH2CO3 1.77R31E-v06C03= 517534E-11IMI]ISC 9.9698GF -4
LIQUID PHASEMISC~ 3.01078FE-06
END
SOLVF
NUTPYT

EXIT
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has a choice of data control by the Control cards or by

direct modification in the MAIN routine.

1. ROWS
a) Each data card following the ROWS Control card
gives the name and the value of a constraint equation.
Examples of constraints on the system are the mass
conservation equations, charge conservation equations,
and subgroup accounting equations. The name of the
row (constraint) is arbitrary (but must be unique
in the first six letters); the total value of the
row (constraint) is the value of the variable B(I).
Allowance is made for five possible sources for com-
ponents; B(I) is the sum of all five times the

appropriate multiplier as follows:

b) B(I), the value of the constraint, is computed as

J=5.
B(I) = z BBB(I,J) * BMULT(J)
J=1

c) Each data card is punched with the following

information:
Columns Data in Ith data card
1-12 Name of row I.
13-24 BBB(I,1) Floating point numbers.
25-36 BBB(I,2)
37-48 BBB(I1,3)
49-60 BBB(I,4)
61-72 BBB(I,5)

d) Row names must be unique in the first 6 charac-

ters, although 12 characters are allowed for the word.
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e) The FORTRAN equivalent consists of specifying the
BBB(I,J) as required followed by the statement CALL
ROWS (-1) which evaluates B(I).

f) Example: The immediate result of the Control card
ROWS is that the input data is reproduced on the output

printer as follows:

RDYS 02 0. 2.099C000E~-O1 1.3150000€-01 O. O.
2 Co2 O. 3.C0CCO000E-04 5.2630000E-02 0. C.
31 N2 Ce 7.8980000E-01 7.5400000E-01 0. O.
4 H20 5.51395T0E 01 (VI . 6.106C000E-02 0. 0.
5 H+ 1.000CCCOE-03 Q. 0. 0. C.
6 CL- 1.4CCCOCOE~OL 0. O. . C.
T NA+ 1.3000000E-01 O. 0. 0. 0.
8 K+ ZQOOOOCCOE-OZ Q. . 0. Oe 0.
9 GLUCOSE 1.CCO0CO0E~-Q2 O. O o. C.
10 LACTIC- 1.C000CCOE-0Q2 0. 0. 0. 0.
11 MISC- 1.00000C0E-03 0. 0. 0. C.

2. MATRIX

a) The data cards following this Control card are of
two kinds: 1) Compartment name cards (e.g., PLASMA

or RED CELLS), which must be punched in the first 12
columns (unique in the first six); and 2) column or
species cards containing the name of an output species,
stoichiometric coefficients of the constraint equations
(e.g., of the chemical equation generating that species
or of the charge conservation equation), and the free-

energy parameter for the reaction generating that

species.
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b) The format for cards of Type 2 is:

Columns Meaning
1- 6 Blank
7-12 Column Name, X(J), Output Species
13-24 Free-energy constant, c¢(J), floating
C point ,
25-30 Matrix coefficient, a(Il,J), floating
peint
31-36 Name of Row I, (which the above
' coefficient is in)
37-42 Matrix coefficient, a(Iz,J), floating
point
43-48 Name of Row I,
49-54 Matrix coefficient, a(IB,J), floating
point .
55-60 Name of Row I3
61-66 Matrix coefficient, a(I4,J), floating
point
67-72 Name of Row I4

c) If any row name is blank, the corresponding matrix
entry will be ignored. The row names used are the
first six characters of the row name as entered by
the ROWS Control card. If a row name has not been
defined by the ROWS Control card, the entry will be
skipped and a message saying that a row is undefined
will be printed. If more than four matrix entries
are needed for a matrix column, two or more matrix
column data cards may be placed next to each other,
each with the same name in columns 7-12. When there
are two or more matrix column cards in the same com-
partment with the same name, the value of the free-
energy constant is obtained from the first of these

cards.
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After the data for all the matrix columns in one

compartment have been given, another compartment name

may be assigned.

Then, following this compartment

name card, the matrix-column data cards for the

coefficients in this compartment are given as above.

After all of the data cards, an END Control card

must be used

d) Example:
Control card

output sheet

MATRIX
GAS PHASE
1 02 -1
2 co2 -
3 N2 -1
4 H20
LIQUID PHASE
5 g2
6 co2z
7 N2
8 H¥
9 OH- 3
10 H20
11 cL-
12 NA+
13 K+
14 GLUCOS
i5 LACTIC
16 HCO3- 1
17 H2C03
18 . C03= &
19 MISC -2
20 MISC—-

The immediate result of the MATRIX

is to reproduce the input data on the

as follows (the END card is omitted):

0.940000
1.740740
1.520C00
2.75C000

0.000000
0.CC0000
0.CCCaco
G.000000
9.39CC00
0.00CCCO
0.0CC000
0.000000
0.CCCco0
0.0CC000
0.000000
8.055600
6.566000
5.661600
0.128000
0.0CC000

1.000
1.000
1.C00
1.000

1.000
1.C00
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.C00

g2
cg2
N2
H2C

02

co2

N2

He

H20
H20
CL—-
NA+

K+
GLUCOS
LACTIC
coe
ct2
coe
¥ISC-
MISC-

~1.000

1.000
1.000
1.000
1.000

H+

H20 =1.C000 H+
H20

H20 -2.000 H+
H+ :
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3. VECTORX
a) The data cards contain initial estimates for the
values of the vector x, up to three values per card.

The format is:

Column

1-12 Compartment name
13-18 1st column name
19-30 1st estimated value
31-36 2nd column name
37-48 2nd estimated value
49-54 3rd column name
55-66 3rd estimated value

b) If any compartment name or column name has not
previously been input by MATRIX data, an error con=-
dition is set up and a message is giveh. In this
event, VECTORX is ignored'and the SOLVE subroutine
obtains an initial estimate of the vector x from
SIMPLEX. Computation continues. A good initial

guess saves computation time.

c) The FORTRAN equivalent is to rezd the names of

the vector x in any format.
d) Example (see Table IT1T, p. 30).

4. SCALEC
a) Scales up (or down) the size of a complete coms
partment in a chemical system; e.g., double the size
of the plasma compartment, or halve the red cell com-
partment. If the Kth compartment is to be incremented,
and J is a species in the Kth compartment, then the
action of SCALEC is
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X(J) = X(J) + SCALE(X) * X(J)
N

B(I) = B(I) + SCALE(K) * ZA(I,J) * X(J)
J=1

and

BBB(I,1) = BBB(I,l) + SCALE(K) *

N
ZA(I,J) * X(J)| /BMULT(L)
J=1 '

where SCALE(K) is a number input.

b) The data cards following SCALEC have the format:

Columns 1~12 compartment name
Columns 13-24 SCALE(K), with decimal point

c) The FORTRAN equivalent is CALL SCALEC (6H......,
SCALE(K)), where the first six letters of the compart-

ment name are inserted after the Hollerith symbol.

d) Note that since the action of SCALEC is to alge-
braically add an amount to an existing compartment,
the result is (1 + SCALE(K)) times the existing com-
partment. Of course, SCALE(K) may be negative.

'e) Example: The Control and data cards

SCALEC
LIQUID PHASE 0.50

give the following new ROWS (cf.'ROWS, pp- 31-32 above).



SCaLEC

*¢ COMPARTMENT

PRINTRONS
ROW HARE

02

a2

N2

H20

He

CL-

NA+

Ke
GLUCHOSE
LACY IC~
HISC~

—
R Y L

*LIQUID PHASE® HAS BEEN SCALED BY

1.31500C88 02
S.2630651E 01
7.5400021€ 02
1.4378790E 02
1.5000001E-03
2.1000C00E~01
1.9500000¢-01
3.0006CC0E~02
1.3000000E-G2
1.30000606~02
1.5000001E~03

END OF ROWS EN STORAGE
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81
MULT.= 1.,0000000E 00

6. 4757 950E-09
6.51F9239E~-04
2.0789692€-04
8.272T981E O1
1.5000001€E~0)
2.1000000€~-01
1.9500000€~01
3. 000000002
1.5000000CE~G2
1.5000000£-02
1.%000001&-03

%5.0000000 E-0L, ¢

82
-0.

2.0990000€E-01
3.0000000E~-04
7.8980000F-01

83
1.C000000€ 03
1.3150000€-01
5.26300006-02
7.3400000€-01
6.1040000£~-02
0.

o.
0.
o.
o.
0.
o.

The following three Control cards are used to change
the values of BBB(I,J), i.e., they adjust the amounts of

input components or values of constraint equations (see

ROWS, pp. 31-32 ).

altered for the next solution.

following the Control card is:

Columns 1-12

Columné'iS-Zél

The total value of the Ith row is therby
The format of the data cards

The (unique in first 6 cols.) row
name . ‘ ‘ ‘
AA, a floating point number.

The Controls B and ALTERB will define new row names

if the name has not previously been used, ADDB will not.

B first zeros the Nth B column and then does ALTERBN.

5. ADDB J

a) Adds the read value AA to the previous BBB(I,J).
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PRINTROWS results in (cf. ROWS, pp. 31-32):

agoe 3
o2

$.,2630000E-03

EHD INEYW ROMS ARE $~ED¥

PRINTROWS
#0W NARE

a2

€062

M2

W20

He

£h-

Hoe

Ko
GLUCOSE
LACTIC~
RiSC~

e 1
PRI WA

3
ML T.s 1.0000000E 00

13149997 02
5. 7092673 01
T.9399990€ 02
1.02405%1€ 02
7.500001 3606
1.05000008=-01
9. 74999986~ 02
1.4999899E-02
T.499%992€-03
T.469999926~03
70 5000012E~04

END OF ROWS IN STORAGE

6. ALTERBJ

~3,23799728-05
=3,2569613E~04
~1.039408456-04
4.1345915€ 01
7.30000136~04
1.05000008-01
9.7499998€-02
1.4999999€-02
1.4999992€~03
7.4999992€-03
7.500001 26~-C4

82

-0e

2.0990000€-01
3.0000000E~04
7.5980000€~01
B
0.
[ 2
0.
C.
0.
L 2
[ 2

Use of the Control cards ADDB..3 and

83
1.0000000E 03

%<31%00006-01
5. 7092999602
7.54000006-01
8.10600005—02
[
Q.
O.
0.
0.
.

a) Alters current value of BBB(I,J) to a new value.

b) Example (cf. ROWS, pp. 31-32):

ALVEARBI
Hae

1.43000008-08

€MD fHEY ROWS ARE #»-ED)

PRINTROWS
ROW KARE

g2

co2

M2

#20

He

Ch-

N+

Ke
GLULOSE
LACT RC~
RysC~

b n
v 5 D B O AR S P e

81
MULY.= 1.0000000E GO ~0.

1.3149997€ 02
$.TEIZLTIE OL
T.539999CE G2
1.0240351¢ 02
7.5000012¢-04
1.0%00000E~01
1,43000G0€~01
- 499999%E~02
T:4999992€6~03
T4999992E~03
7.50000126-04

END OF ROKS M STORAGE

=3 2378972605
~3.2569616E~-04
~1.03940456~04
4431343315€ 01
1.500001 3E~04
1.05000G0E~0)
1.43C0000E-01L
1499999902
T« 4399992€~03
T 4999992E-03
T.30000128-04

82

2.0890000€-01
3.0000000E~04
T.8980000€-01

#3
1.0000000& 03

1.3150000E-01
5.78%929996~02
7. 5400000801
6+1060000€6~-02
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a) Zeros out the Jth B vector, and then reads new

values into Jth column of B.

b) Example (cf. ROWS, pp. 31=32):

7. B J

B 1
HZ0 5.50C0000€ 0)
L~ 1.4500000€~01
NAe 1.35C0000€~-01
END {NEW ROWS ARE ¢-ED)

PRINTROWS

ROW NAME 3
i 02 1. 3150000
2 Co2 5. 78952999E
3 N2 7.5400000¢8
& H20 1e1606000E
5 He -0.

+ & CL=- 1.4500000€~-01
T  HNAs 1.35000008-01
8 Ke -0
9 GLUCOSE -0
10 LACTIC- ~0.
11 NKISC- -0

END OF ROWS IN STORAGE

8. ALTERA

HULT,=

81
1.0000000€ 00
o.

Q.

0.
$.%000000¢€ O1
0.
1.4300000E~0L
1.3%00000E~01
0.
o'
Qe
0.

82
-0.

2.0990000E-01
3.0000000€E-04
7.8980000E-01

83
1.0000000€ 03

1.31%0000E-01
S. 7892999602
7.5400000E-01
6. 1060000€-02

a) Used to change a stoichiometric coefficient in the

matrix,

for "MATRIX."
13-24) is ignored on the data cards.

The data card format is the same as described

The free-energy parameter (i.e., cols.

If a compartment

or column name is read which was not input by the
previous "MATRIX," the problem will be cut off.

b) 1In this example, the coefficient of H+ is changed
from 1 to 2 (cf. MATRIX, pp. 32-34 above):



ALTERA
LEQUID PHASE

®IsSC
ERD

PROBLEM HAS

PRIMYMATRIX

iz

MATRIX IN STORAGE

GAS PHASE
D2
cp2
N2
HZOD

B fal e

LIQUID PHASE

%

L3 co2

7 N2

8 He

] O

10 HZ0

il L~

j ¥ HA+

i3 Ke

1] GLUCOS
15 LACTIC
ié HCO 3~
17 H2CO3
Le CO3=
2 MIsC
20 KESC—

~0.0000C0 ~0.000

-21

000000 2.,000H+

~0,000€00 -0.000

ROWS,

20 COLUMNS,

~10.94C000
~T1. 740740
~11.520000
2.790000

0.000000
9.000000
0.000000
0.0C0000
34,390000
©0.000000
0.080000
0.000000
0.000000
0.000000
0.000000
18.085600
6.566000
4%5.4661600
~20.128000
0. 000000

ERD OF MATRIX IN STORAGE

9. ALTERC
a) Same as ALTERA, except that the free-energy

ol (Y

-0.000
=0.000
-0.000

2 COMPARYMENYS,

1.000
1.000
1.000
1,000

1.000
1. 000
1.000
1.600
1.000
1.000
1.009

© 1.000

1.000
1,000
1.000
1.000
1.000
1.000
1.000
1,000

Q2
coz2
N2
H20

02

(1]

N2

He

HZO
HZ20

[ B
HA+

Ke
GLUCOS
LACTIC
caz
caoz
€02
HIsc-
nsC-

-0.000 =0.000
-0.000 ~0.,000
-5.000 -0.000

~1.000

1.000
‘.mo
1.000
2.000

27 NON ZERO MATRIX EMTRIES.

He

H20 -1.000 H+
H20

H20 ~2.000 He
He

parameters, Cj values, are not ignored. The program

uses the last appropriate cj value read in the
ALTERC data.

b) This example

alters the HCO

coefficient (cf. ALTERA above):

3> ©

;» and the H'



-41-

ALYERC
LIQUID PHASE ~0.000000 -0.000 ~-0.000 . ~0.000 ~0.000
HCO 3~ 16.250040 1.000H¢ =-0.000 ~0.000 -0.000
. END -0.000000  -~0.0C0 . ~0.000 -0.000 -0.000
PROBLEM HAS 11 ROWS, ‘20 COLUMNS, 2 COMPARTMENTS, 27 NON ZERDO MATRIX ENTRIES.
PRINTMATRIX

MATRIX IN STORAGE

GAS PHASE

1 02 ~10.940000 1.000 02
2 co2 ~7.T740740 1.000 cO2
3 N2 ~11.520000 1.000 R2
4 H20 2.790C00 1.000 H2Q

LIQUID PHASE ) :
B2 0.000000 1.000 02

s

6 co2 0.0C0000 1.C00 C02

T N2 0.0CC000 1.000 N2

8 He 0.000000 1.000 He

9 OH- 39.390000 1.000 H20 =1.000 He

10 K20 0.00C000 1.C00 H20

11 cL- 0.0€C000 1.000 CL-

12 NAs+ - 0.000000 1.000 NA+

13 K+ 0.000000 1.C00 K¢

14 GLUCoS 0.0C0000 1.000 GLUCOS

15 LACTIC 0.000000 1.000 LACTIC

16 HCO3- 16.250040 1.000 C02 1.000 H20 1.000 He
17 H2C03 6.566000 1.000 C02 1.000 H20

18 C03= 45.661600 1.000 CO2 1.000 H2O ~2.000 M+
19 MIsSC -20.128000 1.000 KISC- 2,000 He

20 nISC- 0.000000 1.000 ®ISC~

END OF MATRIX IN STORAGE

10. ADDC
a) Using this Control card, the format for the data

cards is the same as the format for the data cards
of "MATRIX." The numerical entries are added ap-
propriately to both the C(J) and A(I,J) values.

b) Example (cfr ALTERC above):
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ABOL

L QUiD PHASE =B HGGH00 ~D.000 ~3.G00 - 500 ~0.000

HED 3~ 1.80%95560 ~3.0000e Qs D00 -0.000 ~0+000
END -$. 000000  —0.800 (e 0G0 -0.000 -0,000
PROBLEHR HAS 11 ROWS, 20 COLUNMS, 2 CONPARTHENYS, 27 MON ZERO WATRIX ENTRIES,
PRINTHATREN :

MATRIX IN STORAGE
GA% PHASE
o2

Y ~ 100940000 1.000 Q2

2 coz T« T4GT4D 1.500 CO2

3 N2 -11.52000C 1.000 M2

4 HaD 2. 790000 1.000 Ha

LIQUID PHASE

-4 02 0.000000 1.000 02

6 co2 0.000800 1,000 CO02

7 LT 0. 000000 1.000 N2

8 He 5.008000 1.000 He

9 Q- 39,390000 1.000 K20 -14000 He
:0 HED 6.0006060 1.000 ®20

i1 Ch= 0. 000800 1.000 €L~

i2 KAe 0.000000 ) 1.000 Nae

1% e $.5006000 1,000 Ke

i4 GLUCOS .000000 1.000 GLULOS

i3 LACTIC 9.500008 1.000 LACTIC

16 HEG 3~ 18, 055600 1,000 €02 1,000 H20 -1.000 Ko
17 H2C0D3 %0 866000 1.000 CO2 1.000 W20
18 CG%= 4%.661600 1.000 CQ2 §1.000 W20 «2.000 He
i9 misc «20.128000 1.000 MISC~ 2.000 He
20 MISC~ 0.000000 1000 RISC~

END OF MATREIX IN STORAGE

SPECIAL DATA CONTROL CARDS

In routine calculation with this program, there are
several parameters and physical constants required for
subsidiary computation, setting tolerances, and organizing
output. These parameters each have a nominal value set by
either the subroutine START or the Control card CLEAR. The
nominal values are those most frequently used (3700, 1.0
atm pressure), but they may be altered for special cases
in two ways: by FORTRAN redefinition in the MAIN routine,
or by use of the Special Data Control Cards. Each of the
following data Control cards is followed immediately by
one and only one data card punched with values of the
parameters to be used. If the data Control card is not
used, the parameter takes its nominal value.. Since there
is but one data card with each Control, an END card is not

required with these data lists.
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CYCLE
a) FORTRAN equivalent: NCYCLE = AA (integer, no

decimal point).

+ b} The number of compartments to be printed per page
of output is punched in columns 1-4 (right justified,

no decimal point), nominally 8.

LIMLT
a) FORTRAN equivalent: ITMAX = AA (an integer).

b) The maximum number of iterations per solution is
punched in columns 1-4 (right justified, no decimal

point) of the data card, nominally 40.

LITER
a) FORTRAN equivalent: ALITER = AA.

b) The value of moles per liter of water at ¢
used in conversion of scales from molar to mole

fraction, and in the pH calculation.

¢) The value, punched in columns 1-12 of the data
card, must have a decimal point. Nominal wvalue is
55.139673 for 37°C, 1.0 atm pressure.

MULTIPLIERS

" a) FORTRAN equivalent: BMULT(N) = AA
. CALL ROWS(~1).

b) This Control card sets the multipliers BMULT(J)
for computing the values of the constraint equations
(see ROWS, pp. 31-32 above), and evaluates:

5
B(I) = z BBE(I,J) * BMULT(J)
J=1






bl

c) 1In each run, at least one BMULT(J) must be non-

Zero.

BMULT (1) is set to 1.0 by subroutine START:

and by CLEAR; but if a MULTIPLIERS Control card is
used, BMULT(1l) is reset to the punched value (a blank

field would be zero).

d) The data format on the data card is simply 12

columms per number in sequence; each number punched

must have a decimal point.

e) RELAXB and SCALEC will not work properly if
BMULT(1) = 0.0.

£} Example: 7The following shows the ROWS data in
memory before and after use of the MULTIPLIERS Con-

trol card.

PRINTACHS
BCW NAME

az

Lu2

i

H2Q

e

oL~

A+

wKe
GLUCOSE
16 LACTIC~
i1 wmiIsc~

Gl DN R

1.31%00C0€ 02
5.26300008 01
7.3400CC0E 02
1.1519967€ Q2
L .0000Q00E~03
Le6CCOCCOE-01
L.3Q000CC0E~-01
2.0000000E-02
1.000000GE~02
1 «CO00GO0E~D2
1.00000C00€~03

END OF AGWS IN STORAGE

PULTIPLIERS

BULY om

BULil)s 1.Q000F CO WULI2)= 1.0000E O3

PRENTROWS
RCH NAME

g2

co2

H2

H20

H+

Cl=

RA+

Ke
SLUCQOSE
LACYIC~
nis¢~
OF ROKS

- '
LA~ RN Y I ey Ty

END

1.41400G0E 02
%.293C000E 01
1.S43B000E 03
1.1619947F 02
1.GCOCCLOE-03
1.4C00GCDE-01
1.3000000E~01
2.000CCC0E-02
1.0000000E~-02
1.0000000E~02
1.6C000C0E~0)

IN STORAGE

HULV o=

- Bl
1.0CCO0COE QO

8.%51398670E O1
1.0QC0CacE~0s5.
1.4CCGCCOE-01
1.3GCO00GE~0L
2.00006000E~-02
1.C0CQCCOE-G2
1.0C00000E-02
1.0C000008E~03

PULII = 1.0COOE

EH .
1.60000C0€ €0

o.

GG

c@

5.5139467CE 01
1.CCQ00C0E~G3
1.40Q0U000E~01
1.3000CCOE-0L
2.C000CCOE~Q2
1.0000000E~02
1.00€00UC0E-02
1.00C00C0E~CD

B2
Qe

2.0990000€~01
3.0G00COCE-04
7. 89€5000€-01

03 FULIAI=~0.

82
1.000C000E 03

2.0990000E~01L
3.00000005~04
T+.8980000E~01
[ 2

83
1.00000C0E 03

1. 3150000E€-01
5.2630000E~-0G2
T.5400000E-G1
6.1060000E~02
0.
Qs
Qe
Q.
0.
Q.
L 2

!

BUL {5} el

83
1.0000000E G3

1.31%00008~-01)
5.26320000€~02
7.5400000€6-01
&.14360000€E~02
0.
Qu
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5. RT
a) FORTRAN equivalent: RT = AA (floating point

number.

b) R is the universal gas constant; T the absolute

temperature, nominally 616.27403.

c) This constant for computing the free energy of
the system is used by OUTPUT and PRINTPIE; and, of

course, may be used in the MAIN routine.

d) Punched in columns 1-12 of the data card, with,

decimal point.

=2

TOLERANCES
a) FORTRAN equivalent: TOL(N) = AA.

b) TOL(1) through TOL(5) are tolerances used by the
subroutine SOLVE (as explained in Ref. 3). .

VERB CONTROL CARDS

The verb Control cards are macroinstructions for
treating data already in computer memory. Each such
instruction is punched in the first 12 columns of a card.
The first six columns are unique for each instruction.
Frequently, a symbol or a number is punched in columns
7-12, beginning always in column 7; the symbol or number
is then interpreted as an argument or subscript for the
instruction as required. Whereas data Control cards are
always followed by data cards, verb Control cards are
complete in themselves. At the conclusion of execution,
.control is transferred to the next Control card or to the

MAIN routine as appropriate.
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TITLE (any six letters not blank, and not a Control
card)

Reproduces the BCD information in columns 1-72
on the output sheet. The word TITLE is superfluous,
any card which is not blank in the first six columns
or another Control card will be treated as though it
were a TITLE card.

Two TITLE cards may not be used in succession.
If two are required, they may be separated by an END
card, which does nothing, or by a COMMENT Control
card.

The last TITLE card read is used for the heading

of each output sheet.

If the first six columns of a Control card are
blank, the only result is that the BCD information

in columns 7-72 is reproduced on the output sheet.

SOLVE |
Causes the problem to be solved to completion

following the method of Clasen [3]. No initial,
feasible VECTORX is necessary. Of course, the problem
as it exists in the computer may not have a feasible
solution, and in these cases messages are printed
appropriately (see Examples, Chap. III below). The
result of SOLVE for a feasible problem is the follow-
ing list of messages both with and without the use
of VECTORX:



SOLVE

ly7 =

SERPLEN O, L ITERAVIONS, MAX MIN ELENENY» 5.6000000 £-054, CONDITEION ¢
SEMPLER L« 2 TVERATIONS FR ENGe~1.110%344 € G4
SIMPLEN 2. O ITERATVIONS FR ENGe-R.1009346 E 03

IvERAT ION 1 CHANGE TN FREE ENEAGY=-6.1023196 E-06 STEP STIEs 2.81406968 £-08 AV THETAs 4.541i4

ITERAY ION 2 CHANGE IM FREE EMNERGV®~6,50339196 E~04 STEP STEE= 1.8970017 E-Q1 AV THETAs 5:“:*:3: gg
STERATION 3 CHANGE M FREE ENERGY=-0,103%81%46 E-03 STEP $[I€= 7.3094398 2-01 AV THETA® 3,1824TF OO0
TTERAY IOM 4 CHANGE TH FREZ ENERGY-~3.82964883 E~02 - SVEP SIZEec 1.0000000 € 00 AV THETAe 2.34344f 0O
IVERAY IO 5 CHANGE IN FREE ENEMGYw-F.82104950 E-OL STEP S[lfe 1.0000000 & OO0 AV ViElhe 1.484088 00
IVERAY Oy 6 CHAMGE 1M FREE EMERGV=-R.G000908 £ G0 STEP Silge 1.0000000 € OO0 AV THETAw 1.16720¢ OC
ITERATION T CHANGE 1M FREE EMERGYw-4. 0837158 € 00 STYEP SUIZc L.0000000 & OO0 AV YHETAs T.S$39VE-OL
ITERAT 10N § (HAMGE 1M FREE EMRECYD-1.6467774 € O) STEP SUZE~ L.00G0000 & G0 AV THEVAe #,.424038-01
iVERATION ® CHANGE IN FREE EHERGY=-2,.1269043 € 01 $TEP 516> 1.0000500 € 00 AY TWiTAs 2.37833¢-03
ITERATION 10 CHANGE 1N FREE EHERGYs~1,123428% € 0L SUEP/SHICe L.000GO00 £ Q8 AV THETAs [.32%028-5)
ITERATION 11 CHANGE IM FREE ENERCY=-1.3071387 € OO0 SVEM $§ife 1.0000000 € 00 &V YWEYA= 2.15730%-02
ITERATEON 12 CHANGE IM FREE EMERCYw~-2,300184% €-02 STEP STZEw 1.0000000 € GO AV TMETAo 3.363358-04

EYERATEON 33 AV VTHETA LESS THaW THLI1I, G0 7O NEVHOD 2
ITERAVION L4 MAM CHANGE (N PIEe 4.646876819 E~04 HAK ROW ERRORe—~2 4300297 E-02
ITERAVION 13 MAM CHANGE Ui PRE= 1.0916883 E-07 HAX ROW ERRDZ=~Y.0293943 E-0d

UTEYT

SOLVE

ECTION 1 SIME 0.008, SLALE 1,00
:ﬁ;ﬂ’lgﬁl 1 AV THETA LEIS ;‘HAN TOLELY . GO TO NEVWOD 2

ITERATION

4.

2 WAX CMAKGE IN PIEe 9.0790695 £<04 NAX ROW ZRAOK=-T.4293243 E-05

WOTE FASTER SOLYE WITH VALID VECTORK

OUTPUT _

Causes the current values for the species in
moles and mole-fractions to be printed alomg with
appropriate messages. The number of compartments
per page of output may be set by NCYCLE. A third
line of output--say, the moles per liter of water
for each species--may be printed by RETURNing to the
MAIN routine, computing the new values of the vector
x, storing the result in X1, and setting IV(23)=1l.

If IV(23)=1, the vector X1 will be printed as a third
line of output (see Chap. III below). The subroutine
OUTPUT also calls subroutines (see Chap. IV below)
which compute x for every compartment and pH for the
compartments containing a species named (exactly)

H+. ...

If the current solution is infeasible or non-
optimal (IERROR # 1 or IOPT = 0), appropriate messages

are printed. (See discussion in Chap. III below.)
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Table IV shows an example of normal output for

Soda Pop.

RETURN
Transfers control to the MAIN routine. Thus,
after RETURN, the next instruction executed by the
program is: the first valid FORTRAN statement after
the last used CALL INPUT statement in the MAIN routine
(see Chap. III below).

DELETE
Removes the last row of the matrix while adding
the row times the Il value for this row to the free-

energy-parameter vector:
C(J)y =C{J) + A(1,T) * II) , for all J ,

where I is the number of the row deleted. That is,

the entire last constraint equation is deleted, but

the cj values for any columns (species) thus affected
are incremented by precisely the free-energy equivalent
of that constraint. Therefore, SOLVE used before and
after DELETE will givé identical solutions. (See

Chap. III below.) This Control card, along with
PRINTMATRIX, can be used to determine an unknown c,

value. (See Example I--Soda Pop, Chap. III below.)

PRINTROWS
Prints the current data of the input components,
i.e., the current names of the components and their
corresponding B(I) and BBB(I,J) values. (For an
example, see MULTIPLIERS, pp. 43-44 above.)

PR

v Tm
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Table IV

NORMAL SOLUTION FOR EXPERIMENTAL SODA-POP DECK

EXPERIKENTAL SODA PUOP DECK 5-1~67

RHS HASS DALANCE ERROR= 4.T726£-08 HAX. ERROR= 9.0605-08 0N ROM CO2

RNS EQUILIBRIUM ERROR= §,163E-07 MAX. ERROR= 2.816E-07 IN CO3= OF LIQUID PHASE

OPTIMAL SOLUTION

OBJECTIVE= ~-1.1168583 £ 04 RT 2 CBJECVIVE= -6.8829077 € 06
GAS PHASE  LIQUID PHASE
X~BAR 9.99181E 02 5.5489%E 01
PH 0. 4.4770TE GO
02 BOLES 1.315008 02 1.295166-04
MERAC 1.316128-01 2.33408E~06
€02  HMOLES 5.26287€ 01 1.27070E-03
HFRAC 5.26734E-02 2.28998E~05
N2 NOLES 7.54000E 02 4.15794E-04
HFRAC T.56660E-01 7.49320E-06
H20  WOLES 6.102306 01 S.51766E Ol
NFRAC 6.107496-02 9.94361E-01
He HOLES —0. 3.332296-05
MFRAC ~C. 6.005276-07
OH-  KOLES -0. 7.18396E-10
HFRAC -0. 1.29463€-11
€L~  ROLES -0. 1.40000E-01
MFRAC =0 2.523006-03
MAe  HOLES -0. 1 .30000E-01
RERAC ~0a 2.34279¢-03
K¢ BOLES —0. 2.000006~-02
RERAC ~0. 3.60629E-04
_GLUCOS WOLES -0. 1. 0GCGOE-02
HFRAC -0. 1.80214E-04
LACTIC MOLES -0. 1. 00000E-02
; HFRAC ~0. 1.80214E-04
HCO3~ MOLES -0. 3.03114E-05
MERAC —-0. %,462546-07
H2C03 KOLES —0. 1.77831E-06
KFRAC -0e 3.20477€-08 ,
CO3«  MOLES ~O. 5. 17534E~11
HFRAC 0. 9.32671E-13 ‘
{MESC  MWOLES -O. 8. 969BLE-0&
HFRAC ~0. 1.796726-03
#1SC~ HOLES -0. 3.010766-06
HFRAC ~0e 5.42585E~-08
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8. PUNCHROWS o
Punches out current values of rows and multipliers

in the ROWS and MULTIPLIERS format.

9. PRINTMATRIX
Prints the matrix and free-energy parameters in
the input format of MATRIX. (See examples under ALTERA

and ALTERC, pp. 40-41 above.)

10. PUNCHMATRIX
Punches out the matrix currently in storage.

11. PRINTTABLEAU , .
Prints the matrix in tableau form; e.g., for

Soda Pop:

L

[sReoloNeNeoNosNol Nel Sl e BN
-

s

FOQDOO0OO™ OO0 OW
’ ~N

ot
OO0 00000 QOOCQ

O0COORCOOO O™
o

o

oéoooo?oooom
R

OO0 OO =M

MATRIX

(-

: O0.00C)‘OQ;—-O‘OOQ
[

~OWM SO N
coooooOoQCO~ON
0D0DCO0O00OO~OOwW
Doocoocoo~o00 S
SO0 OQOOOOO =\
Oocoooo0cOoO~On
CO0OOOOOO~OO ~
QooaocToooom
COOOCO~mOO0Ww
OOO0OO~OOCOOOON
OO0~ 0000O0O0W
i
OCOQCOOON~MOODD

e

The rows and columns‘df?;hé'mattix,cbrrespond to con-

straints and species; fésPectiveiy, in the model.
12. PUNCHX -
 Punches out present values of the vector x in
accordance with format for VECTORX. These punchouts
may then be used as the‘ihput VECTORX in a subsequent

run.
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13. PRINTPIE
Prints out the current values of PIE (as ex-
plained in Ref. 3):
PIE PLE*RT B
02 -12.96790016 -7921.,780090 1.3150000E 02
coz -1C.6843844T ~6584,508667 5.2630000E 01
N2 ~11.80151427 =7272.966736  7.5400000€ 02
H2C ~0.00565448 -3,484709 1.1619967E 02
4 -14.32545722 ~-8828.407227 1.0000000E-03
oL~ -5.,98230606 -3686.739868 1.4000000E-01
NA+ -6.05641407 -3732.4£10706 1.3000000E-0Q!}
K+ ~T7.22821622 ~488%.953735 2.0000000E-02
GLUCOSE -B8.62136340 -5313.122375 1.0000000E-02
LACTIC- -8.62136340 -5313.122375 1.000C000E~-02
HISC~ -16.72850649 -10309.960327 1.0000000€E-03
PRINTPIE
14. SIMPLEAA
Provides a preliminary solution for the problem
by using a linear programming algorithm. It provides
the model with initial guesses (initial, but non-
optimal, feasible solutions) which are used with the
SOLVE Control card. SOLVE calls SIMPLE if it is re-
quired. SIMPLE also tests the problem for feasibility.
This Control card has an alphanumeric symbol=--punched
in columns 7-12--which may be any of 6 alphanumeric
characters, including blanks. 1If the problem is
feasible, this symbol is ignored. If it is infeasible,
the progfam executes a GOTO instruction on this symbol
(described below, p. 52). 1If the symbol in columns
7-12 is Xew=== , control skips to the next CLEAR or
EXIT card when the problem is infeasible. ’
15. MESSAGES

Prints a one-line message for each iteration when

solving.
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17.

18.

15.

20.

21,
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ALIMESSAGES

Prints all possible messages.

NOMESSAGES

Suppresses messages on inputting and solving.

GOTO AA ‘

Has a six-character BCD word punched in columns
7-12 which causes the computer to space forward along
the Control cards until it reaches a SYMBOL Control
card with the same punches in columns 7-12. If the
punches in columns 7-12 in this card are X---=-- , the
program will stop spacing if it reaches a Control
card bearing CLEAR or EXIT first. An example of this
Control card is: GOTO--ROSE.

IFGOTOAA | | |

Has a symbol punched in columns 7-12. 1If the
solution to the latést problem solved was optimal,
this Control card is ignored. If the solution was
not optimal, a GOTO is executed on the symbol in

columns 7-12.

SYMBOL _

Has a six;character alphanﬁmeric word punched in
columns 7-12. This is' a dummy Control card used by
the SIMPLE, GOTO, and IFGOTO Control cards. An
example of such a Control card is: SYMBOLROSE.

RELAXBN

Where N = 2, 3, 4, qﬁ.S, this Control card re-
places BBB(I,1) by: BBB(I,1) + (BMULT(N)/BMULT (1))
* BBB(I,N), for all I, and then sets BMULT(N) = 0.0.
BBB(I,N) is not changed. Example (cf. ROWS, pp. 31-32

above) :
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ROW NAKE B 82 B3
MUL¥.> 1.0000000E 00 -0, Q.
i o2 1.3150000€ 02 1.3150000E 02 2.0990000€-01 1.3150000E-01
2 o2 5.7892999€ 01 5.7T89Z999E 01 3., 0000000E-06 5. T892999E~02
3 N2 7.5%400000E 02 7T.5400000& 02 7.8980000E~01 7.5400000€-01
% H20 1.1606000GE 02 1.1606000F 02 [ 6. 106GCG00E-02
5 He L. 0000QQ0E 03 L.000BCO0E 03 0. Oe
6 i~ 1+ %500000E~01 1. 4500000E~01 0. [
T WNAe 1.3500000E-CL L. 3500006E-01 0. Q.
8 Ko =0 [+ PR 0. 0.
9 GLUCDSE =0 0. O 0.
10 LACYVIC- =0 Ou 0. 0.
i HKIsC- -0, Gu Ou O.
END OF ROWS IN STORAGE

22.

23.

JACOB
Prints an array of partial derivatives of the
output mole numbers with respect to the input com-
ponents. In the example (Table V), if an input
component (shown as column headings) were incremented
positively by one mole, the output species (shown
down the left side) response would be the corres-
ponding number in the array in moles. Note that the
first two entries in each compartment are x and pH,
whose responses are also shown. These partial
derivatives are, computed, of course, from the current
values of x in storage. Table V is the result of

the JACOB Control card applied to the example Soda Pop.

MINIJACOB

Prints the partial derivatives of the total
number of moles in a compartment, x, with respect to
the moles of input components, and the partial of pH

with respect to the input components. Example:
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Table V

PARTIAL DERIVATIVES COMPUTED FROM THE SUBROUTINE JACOB
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#IN[SALOR
B OIACOBEAN, LYCLE )
vz cu2 N2 H20 L34 - LY Xe

GAS PHASE L 064638 00 1.06457F 00 1.06463F 00 6.%52342E-03 A.344376~0) ~1.16370F €O ~1,14370F 00 -1.16370¢ 0O
P

LIGUID PHASE ~6.46255F-02 -6,4%729E-02 ~6.46265E-02 9.93477E-01 5.20305€-01 2.14370€ 0O 2,163708 00 2.16370% OO
140 LeBBI2BE~04 ~3.56456E-03 1.88923E~06 3.32T54E~06 ~6.SITIVE 03 &.07222€6-C3 4.C7222E-03 4.0%1222E-0)

B JACNETAN, CTYCLE 2
GLUCOSE LACTYIC- PESC~

GAS PHASE ~1. 163708 00 -1.16370E DU ~1.59702E 0O
Ph

CICHID PHASE 2.16370F 00 2.16370E 00 1.64496E 00
PH 4.07222E~03 4.07222€~03 &.49771E 03

24. EJECT
Causes the page to be ejected and a new heading

to be printed.

25. CLEAR
Zeros out all common stofage; it may be used to
start a new problem and to erase all information
produced by a previous problem. It also sets all
parameters to their nominal values (see Special Data

Control cards, p. 42 ff. above).

26. EXIT

Terminates the job.

27. END

Does nothing.
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Chapter III

EXAMPLES

The following examples have been chosen to illustrate
certain principles in the operation of CHEMIST. Because
CHEMIST is a single-pass interpretive program and may vary
with each pass on the machine, it would not be possible to
anticipate all aspects which may, in the construction of
subsequent models, cause difficulty or misunderstanding.
We can, however, show the solutions to major problems al-
ready encountered. It should be noted, too, that the
program is continuously evolving. CHEMIST was designed
to solve ‘a particular class of problems; but as needs
arise, the program grows and the class broadens--that is
to say, new problems will inevitably arise.

Although this Memorandum is not intended to elucidate
in any detail the theoretical basis for the program,
occasionally in the following examples reference to the
‘mathematical bases will be required to justify certain
operations. At these junctures, results or more funda-

mental research are quoted and the proofs referenced.

EXAMPLE I--S0DA POP

The first example is a simple system, but far-reaching
enough to illustrate most of the basic operations. Soda
Pop is a two-phase system consisting of a gas phase, a
liquid phase having a carbon dioxide system plus glucose,
the sodium and potassium salts of lactic acid, and a

miscellanecus anion.
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Table VI is a listing of the complete data deck for
the Soda-Pop model. Each line of print in the table is
equivalent to one card in the deck. The Control cards in
this deck are, in order:

ROWS

END

MATRIX

END

MULTIPLIERS

VECTORX

END

SOLVE

OoUTPUT

EXIT
All other cards are data cards. Each Control card is
processed in sequence; the first is ROWS. A ROWS card
is always followed by data; in this case, the components
of the Soda-Pop model.
| The names of the components are listed on the left,
and mole numbers for each component in the five columns
to the right. To determine the total moles of each com-
ponent input for this model, each cplumn of mole numbers
is multiplied by its respective multiplier (after the
MULTIPLIERS Control card) and the results are summed.
Evidently, the first column of mole numbers represents one
liter of water (at 37°C) plus one millimole of H+, plus
140 millimoles of Na+, etc.; i.e., one liter of solution
of ionic strength 0.151 moles per liter.

The second column of mole numbers represents dry
fresh air--the sum of the mole numbers is 1.0: 20.99
percent is 02, 0.03 percent is COZ’ and the rest N,. How-
ever, in this model, the second multiplier (MULT(2)) is

zero; so no fresh air is to be used. The third column of
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mole numbers is evidently saturated gas (3700, one atmos-
phere); and the mole fraction of 02 in this gas is 0.1315,
or 0.1315 x 760 = 100 mm Hg. The pCO, is 40 mm Hg, i.e.,
this gas mixture is that found in the alveoli of normal,
resting human males.

The MULT(3) is 1000., so that this model will use
1000 moles of the gas mixture to equilibrate with one
liter (MULT(L) = 1.0) of solution. '

After the Control card MATRIX, the data cards show
two compartments or phases, gas and liquid, and a list of
species expected in eacﬁ compartment. The second column
(in the data cards and in the output) contains the re-
spective free-energy parameters for each species. The
subsequent data columns under MATRIX show the lists of
components (and stoichiometric coefficients) out of which
each species is formed, essentially a list of chemical
equations.

The free-energy parameters are computed following
Eq. (14) (p. 16 above). Consider

OH™ = 1.0 Hy0 - 1.0 i, 39.39 .

We have, by convention, the mass action equation (37°C)

@y (or™y = 2.3775 x 107 .

Converting to mole-fraction scale by dividing each con-
centration by moles per liter of solvent (water), 55.13967,

and taking the natural log, we get,

1ty con”

(ALITER)

1n = -39 39 .
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Again, for bicarbonate the reaction in the model 1is

2o, +H.0-H , 18.0556 .

HCO3 2 2

This cj is obtained as follows: From the mass-action

equation, with (HZO) = 1.0 by convention,

(HCO3) (H') 6 01

=1 x 107" ,
(Hz 0) (Coz) be
and
-6.01
10 °° _
In ALITER 18.0556 .

Here, the concentration of water is already expressed;
by convention, in mole~fraction scale. Anticipating a
subsequent example, a model of blood, we use the apparent
first ionization constant for carbonic acid in plasma,
pK = 6.01 at 37°C’ 1In the theoretical case of pure water,
De Haven [10] shows a model of the ideal carbonate system
using the data from Edsall and Wyma;n.‘r De Haven's paper
also derives the free-energy parameters for CHEMIST in
more detail.

Conversely, we can compute the pK of the miscellaneous
anion MISC~ from the implied mass-action equation shown in

the matrix. Evidently, we have

[MISC-][H+] -

In TMISC] ~-20.1280

b

YSee Ref. 18, Chap. 10.



where square brackets indicate concentration on the mole

fraction scale, or

[Mrsc-1(H'] _ _(MISc-) (H)) )
[MISC] (MISC) (ALITER) exp(~20.1280)

55.1397 gives

i

Multiplying by ALITER

-7.0

+
(MISC“') (H- ) 10 ,

(MISC)

]
i

exp(~-16.11813)

or the pK = 7.0 for this reaction at 37%.
The solubility coefficient for a gas in a liquid

phase at one atmosphere is uéually defined as:

a = ml gas at STP/ml liquid at ™°c ,

where STP is 0°C and one atmosphere. However, for this

mathematical model, we need a on the mole-fraction scale

[177].
' ml moles of gas moles HZO
a = anl * "ml at STP o.
ml at TC
For 37°C
. I
a a X 22’400//0.05513967
~4
= a x 8.0963 x 10 .
For example, for 02 in pure water at 3700, a = 0.02386
and a' = 1.9318 x 10—5. For 02 in plasma, a = 0.0214 and

a' = 1.7326 x 10—5 in the mole=-fraction scale.
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In the model, for the chemical ''reaction"

Orgas ~ 921iquid
at 37°C in simulated plasma, we have,

[0,]

o BaS- = 1.7326 X 107> = exp(e) 3
2111quid
S0 -

5

c, = 1n 1.7326 x 10~ = -10.940 .

1

Similar computations are made for the other gases.

~ The data cards listed after the Control card VECTORX
(which may also have the title of the deck punched in the
remaining columns) are an initial guess for the solution
supplied either by the programmer or by the PUNCHX Control
card from a previous pass of the same data deck. The
purpose of the initial guess is to save computation time,
but it is not required. If the data cards of VECTORX are
not supplied with the data deck, or if any of the names
given in the data cards of VECTORX do not compare precisely
with those in MATRIX (compartment names as well as species
names), or if the initial guess is a very poor one, the
SOLVE subroutine: 1) obtains initial starting wvalue by
PROJECTION into the feasible solution space [3]; 2) solves
a linear programming problem (cbtained by dropping the log
terms out of the free-energy function) using the SIMPLEX
subroutine; and 3) iterates the full non-linear problem by
two different methods to obtain the optimal solution. 1If

the VECTORX supplied is a feasible solution, or if a valid
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solution exists in storage (from a previous SOLVE), SOLVE

£irst calls PROJECTION, which is used to obtain an initial
solution when the solution expected next differs from the

previous in only relatively minor ways [3].

The messages shown with the Control card SOLVE (p. 46
above), were printed out for the Soda-Pop model after
VECTORX and the related data cards were omitted. These
messages are printed by the SOLVE subroutine. The SOLVE
subroutine also sets the flag IERROR = 1 if the problem
is feasible and the solution has converged; IERROR # 1 if
otherwise. If the problem is not feasible, or if an optimal
solution (within the TOLERANCES) has not been found by the
program, other messages will appear. For example, if the
matrix inversion subroutine finds a singular matrix, this
is reported. If the SIMPLEX subroutine finds an infeasible
linear problem, the combination of rows giving a dependent
set is listed. 1If ITMAX is exceeded, that message is given
and for the next pass ITMAX should be increased depending
upon the list of messages. | ‘

Examining the list of messages with the Control card
SOLVE (p. 46 above), one may note that both the free-energy
function and the maximum mass-conservation error are de-
creasing steadily. These values may be oscillatory or
stationgry at values outside the TOLERANCES [3]. 1In such
cases, the solution is non-optimal and the problem being
solved must be reviewed.

The result of the OUTPUT Control card is shown in
Table XII. First, the last read TITLE Control card is
reproduced. Next, two numerical error messages are printed.
These are almost self-explanatory. The errors in the con-

servation of mass (and other constraint) equations are
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Table VII

NORMAL OUTPUT OF EXPERIMENTAL SODA-POP DECK

EXPERIMENTAL SODA POP DECK §-1-47
RES MASS BALAMCE ERROR= 4,T26E-08  MAX. ERROR= ¢.060£-08 ON ROW CO2
AlS EQUILIBRIUN ERADRs> 1.163E-0T7 HAX. ERROR= 2.616E-0T7 IN CO3» OF LIQUID PHASE

OPTIMAL SOLUTION
OBJECTivE= ~1.1168583 E 04 AT & OBJECTIVE= -4.8829077 £ 06

GAS PHASE LIQUID PHASE

-BAR 9.99151€ 02 5.S5489SE 01
pH 0. 4.4TTOTE 00
02 NOLES 1.315008 02 1.29516E~04

BFRAC 1.316126-01 2.33406E-06

€02 MOLES 5.26287€ 01 1.270706€-03
- HFRAT 5,26734E-02 2.28%98E-05

N2 . MOLES 7.54000E 02 4.15794E~-04
MFRAC 7.54640E-01 7.4%320€-06

H2C  WOLES 6.102306 01 5.51766€ 01
MFRAC 6.10749E-02 9.94361E-01

Ho NOLES —0. 3.33229€-05
HFRAC -0. 6.00527€-07
OH-  WOLES =0. 7.18394E-10
HFRAC ~0. 1.29465E-11
CL-  BOLES -0. 1. 40000€-01
HERAC ~0. 2.523006-03
NA®  NOLES -0. 1.36D00E-01
HFRAC —0. 2.342798-03
Ko MOLES ~0. 2.0¢D00E-02.
MFRAC ~0. 3.604296-04
GLUCOS HMOLES ~0. 1.00000E-02
HFRAC ~0. 1.802146-04
LACTEC MOLES ~0. 1.00000E-02
MERAC ~0. 1.80214E-04
HCO3~ MOLES -0. 3.03114E-05
HFRAC -0. 5.46254E-07
H2CO3 MOLES -0. 1.77831E~06"
MFRAC -0, 3.204776-08
€03=  WOLES -0. 5. 175346-11
HFRAC —-0. 9.32671E-13
MEIsC MOLES <0 9. 26VEE-O4
HFRAC -0. 1. 794 TZE-05
MISC~ MOLES —0. 3.01078€-06

HFRAC ~0 5.42585E-08
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averaged and the RMS error (one-sigma) is computed and
printed, along with the constraint having maximum absolute
error. The RMS error for all mass-action equations in the
model is then computed and printed, along with the maximum
absolute error for any species.

Next, the OUTPUT subroutine tests the flag IOPT (set
by the subroutine ARITH) and prints the appropriate message
(in this case, "Optimal Solution'"). If IOPT = 0, 'Not
Optimal Solution" is printed along with the values of Gj
[2] for each species. The Qj are, roughly, a measure
of the degree to which a constraint is violated--by scan-
ning the Qj printed out, the analyst can see where the
trouble is likely to lie: for an optimal solution, the
Qj are greater than ~1.0; the more negative the Qj less
than -1.0, the more difficulty the program is experiencing
in satisfying the constraint.

Next, the current value of the objective function is
printed by the OUTPUT subroutine. The objective function
is

N
G(x) = z xj(cj + 1n xj) s
J=1

where the concentration, ﬁj of Xj is computed within the

appropriate compartment. RT times G(x) is the Gibbs' free-

energy function, but its interpretation in this context

is precarious because of the definitions of Cj' Fregquently,

the Cj are not the standard free-energy parameters for

matching empirical data (see p. 7 above; also, Ref. 17).
Finally, the species are listed by compartment.

Usually, as in this case, moles and mole fractions of
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each species are printed. (In the next example, we show
the result of returning to the MAIN routine to compute
moles per liter of water as well.) The first line printed
is XBAR (i.e., x), the sum of the moles of all species in
the compartment. The second is the pH of appropriate com-
partments, i.e., those (and only those) compartments con-
taining a Species named precisely H+ (left adjusted). The
list of species follows. The same substance in more than
one compartment (e.g., H,0, COZ) can be given the same
name to improve the appearance of the output, as was done
here.

In this simple problem, it is easy to check the con-

servation of mass equations; e.g., for COZ:

gas phase 52.6287 moles
liquid phase 0.0012707

HCO, 0.0000303

H2C03 -

C03 -

52.6300010 moles |,

which is the mole fraction of C02 in the gas phase times
1000 moles of gas (BMULT(3) = 1000.).

It is also simple to check the mass-action equations,
for example:

[Hco;][ﬂ+} 7

_ 5.462 x 10”7 x 6.005 x 10°
[Co, 1LH,0] 2.29 x 107 x 0.9944

= 1.4406 x 107 |
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and

1n 1.4406 x 107° = -18.0556 ,

o

as shown in species HCO3 in the MATRIX (Table VI).

EXAMPLE TI--MAIN ROUTINE AND DELETE

The MAIN routine used for Soda Pop until now is that
shown above (p. 21). We will now alter the MAIN routine
in order to calculate, in addition to the moles and mole-
fractions of the vector ¥, the moles per liter of water
for each species. Also, we will print this result as a
third line of output in a subsequent CALL OUTPUT command
from the MAIN routine. Table VIII is a listing of the
modified MAIN to perform those functions.

At any time subsequent to the SOLVE Control card, the
vector x in storage contains current values for the dis-
tribution of species. By using the RETURN Control card,
control is transferred to the MAIN routine and x is avail-
able for computation. We assume RETURN has been used and
control is transferred to statement number 12 in Table VIII,
the next valid FORTRAN instruction after the last used
CALL INPUT statement. First, the vector X1 in storage is
cleared since, during SOLVE, that vector is used for
temporary thrage. Next, we search through each compart-
ment to find the number of species having the name HQQ.
The vector KL(K) contains the numbers of the first species
in each compartment; therefore, NHZO is the number of the
species H20 in compartment XK.

In statement 27, the moles of Kj in compartment K are

converfted to moles of xj per liter of HZO in compartment X
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2

(ALITER is the moles of water per liter of water at 37°c).
The result is stored in the vector Xl. Finally, we set
IV{23) = 1 and CALL OUTPUT. With IV(23) = 1, the vector X1
will be printed as a third line of ocutput as shown in
Table IX.

As another example, the Soda-Pop model will be used
to show how a chemical reaction with an unknown equilibrium
constant can be incorporated into the model. If data
equivalent to K, the mass-action constant, are known--

for example, in the mass-action equation

(MIsc-J[H'] _
[MISC]

K

if K is unknown but the concentrations on the left are
known=-~then K can be computed and the reaction incorporated
in the usual way. Frequently, however, the equivalent data
are not known until an equilibrium for the total milieu can
be computed. For example, in the mass-action equation
above [H+] may be unknown because K is unknown. If, how-
ever, either [MISC] or [MISC-] are known, K can still be
computed by constraining, say, [MI5C] to be the known
amount and then solving all of the equations of the milieu
simultaneously. In the context of the above problem, this
is accomplished in one pass as follows:

First, we add a constraint with ALTERB and ALTERA:
ALTERBL

& MISCes 5. COCUOU0E~06
END (NEW ADWS ARE S~ED)

ALTERA

LIQUID PHASE -0.000000 ~0. 000 -3. 066 -0, 000 -0.000
23 214 ~20. 128000 LaGQD&] SC~ L. QOCHe Lo DOBRISCaxn -0.000

EHD =0,000800 -0.000 = 000 ~83.000 =0 000
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Table IX

EXPERIMENTAL SODA-POP WITH THIRD LINE OF OUTPUT

EXPERINENTAL IDBA PGP DECK

fad B34

NS HASS BALANCE CREORe 5,TOAE-00 Ral. CRROA= 9.966E-08 ON ROW CO2

KBS EQUILBRIUM ERNCR= 1.1328-07 HAN. ERRORs 2,596E-07 M ON-

OPTIRAL SDLUTION

OB ELT EVES

X--BAR

L

o HLES
RFRAL

X1

co2 KOLES
“ERAC

i

B2 WL ES
AFRAL

X3

K20 BOLES
RERAC

8 8

HOLES
HFRAC
L3

He

O~ BOLES
HFRAC

X5

ci~ ROLES
[ 1214

ni

NAe MOLES
nERAL

Ri

ke MWOLES
RPRALC

E1)

Gulos moLES
mFRAC
-3

LACTEC MOAES
HFRAL
Xl

WCO- AOLES

BFRAC

X1
H2CO3 MOLES
RFRAC
X3
€03= MOLES
RERAC
41
#isC HOLES
WFRAC
#i
HESC~ RWOLES
HFRAC
xi

6070 o

SYRBOLON

GA3 PHASE
P.99195E 82
[ 2

1215008 02
la3l632¢6~01
1.18¢23¢ @2

S.2630TE @1
5. 26 T34E~02
4. 755408 61

T.94000F 0%
7o 548408~0)
2, 8150%¢ 02

6. 18230€ 01
o LOT4OE-G2
5.31397¢ a4t

-0e
-0
-8e

<0
8o
~@a

~8o
~@o
~fe

~0a
~0a
~8e

-CG.
-Be

s =0

=0
=&a
~Qo

~Qa
-0a
-0

-0.
=Q.
Qo

Qo
Qs
bt I

-0,
=G
'

-0
~Go
-0a

~Qu
-Qs
-Qa

-1, 0148003 E 94 AT ® OBJECTIVE
LIRUID PHASE

4. 861 T1E O3
4,4T707E 00

P 71560~ 08
2. 330048-06
3o 20429804

Pa SDGRLE~GA
2.28998E~-05
Ra 289Q6E-3

3o 110438~00
T 405206 ~0@
4,193 16E~-02

42130248 0}
T 94301 E-OL
B.,5139YE OL

2.499228-05
6. 00928E~07
3,33007E-09%

5.3379%5E~10
1.29465€~11
Te LTGAZE~EQ

Lo BS0G0E-01
2, 323005~ 03
Le 39908E~01

%o THOH02-~02
20362 75€~03
Re 28R BE~0L

1. %00006-02
3.6042%¢~08
1. 99888E~02

To BCQ00HE~03
1. GOTIHE-Q8
2.99331E~03

T» 36500 ~03
LoDOIRGE-BS
2. 09331E-03

2,2733%2-05%
80563 55E~07
3. 0292EE-0%

1.33273-06
32047 TE-00
L. VTVIRE~QG

3.891908~21
$5326TCE~13
SoLTEBTE~ER

T-47762E-04
1. T96TZE~TS
9. 96I2PE~ 0%

2,2380G6E-0%
S.42385&~08
3. 0OHTEE~06

OF LEGUID PHASE

-$.8823303 € 04
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the matrix (cf. ROWS, pp. 31-32 above):

81
BULT.= 1.0000060E o0

2.
9.
9.
5.913%67CF 0L
1. 0000000E~G3
1.4600000€~-0L
L. 2000000€-01
2. 000CQ0GE~02
1. 00Q0BQ0OE-C2
£.2000000€6~02
1.800C000E-03
$.0000000E~04

PRINTHOWS

BOW NANE ]
t o2 1.31500008 02
2 Coz 5.26300008 01
3 62 7,34000008 02
4 uzo 1.3619967¢ 02
3 He 10006000603
& CL- 1. 4080000E~ 01
1 Nas 1.3000000E-01
8 we 240006000802
9 GLUCOSE 1.20000008~02
10 LSEYIC- 1. 00600306~02
1 Myse- 1.0000000E-03
12 wmisges 5,0000000E~ 0%

END  OF ROMS IN STORAGE

82
Qs

2.0990000€-01
3.0008000€-04
T.$960000E~-01

83
1.0000C000F 03

1.3190000€-01
5.26300008-02
7.54000006~01
4. 1066000E-02

a4

Q.
1. 0000000E 00
1.000C0008 00

And the ALTERA modifies the MISC column (cf. MATRIX, pp. 32-34

above) :
PRINTHATRIX
MATRIX IN STORAGE
GAS PHASE
1 02 ~10. 940000 1.000
2 co2 ~7.740740 1.000
3 N2 -11.520000 1.000
& H20 2.790000 1.000
LIQUID PHASE
5 oz 0.000000 1.000
& co2 0.000000 1.000
7 N2 0.0000060 1.000
) e 0.006000 1.000
g OH~ 39.3%0000 1.000
10 H20 0.000000 1.0800
11 CL- 0.000000 1.000
12 NA+ 0.000000 1.000
13 Ke 0.000600 1.000
14 SLUCOS 0,000000 1.000
s LACTIC 0.000000 1000
18 HCO 3~ 18.055800 1.000
17 H2C03 6.566000 1.000
18 Co3= 45,661600 1.000
19 MIsSC ~20,128000 1.000
20 HISC— 0.000000 1.000

OF #AYRIA IN STORAGE

gz
€g2
N2
H20

g2

coz

N2

e

H20
H20
CL—
A+

Ke
GLUCOES
LALTIC
€02
caz
€a2
HESC~
HisC~

~1,000 He

1.000
1.000
1.000
1.000

H20
H290
H20
He

~1.000 He

"24:()"!) i"

1.000 #ISCRA



-72-

That is, the species MISC is now constrained to be 5.0
2 10”% moles in the final equilibrium since one of its
components is MISC#k, MISC** is a component of the model
and must show up in the output--the only place it can go
is into the species MISC. We now SOLVE, call OUTPUT:

EXPERIMENTAL S00A POP DECK G167
RKS NASS DALANCE ERRDR= 9, T30E-08 MAX, ERROR= 2.320€-07 ON ROM MISC
AMS  EQUILIBRIUM ERAOR~ ),TBIE~0T MAX. EARCGA® 3.024E~07 1IN CQOde OF LIQUID PHASE

CPY IMAL SOLUTEDM -
OUSECTIVE> ~1-.11G8580 € U4 RT % OBJECTVIVE« -6.80829037 € 03

645 PHRSE LEQUID PHASE

E-~BAR PoH9FUSRE 02 C.B4904E G1
PH 0. 3.29%910€ GG
02 - HOLES 1.31500€ 02 1.2951Q€-04

MFRAC LoJ16128~0L 2.33406E~00

€02 HOLES 9.26287TE 01 1.270728-03
. BFRAC B.206T7326~0Z 2.20998E~-0%

¥4 BOLES T.94000F 02 4.1%001E-04
RFRAC T7.%546406-01 7.4932%E~04

H20 ROLES ©.1022% 0L S.517TiE 01
KERAC G 10784602 D.P4334E~C1

 be MOLES ~0. %.02012€~04
EFRAC ~G. %.04882E~06

Ot ROLES =0. 6. TOBTAE-11
. MERAC ~Go 2.59380E-13
ce- BOLES ~0. 1.40000E~0}
NERAC -, 2.%2296E-03

MAe ROLES ~0. 1, 30000E-01
MERAC ~0. . 2.342756-03

Ke AOLES ~Co ) 2. COGOOE~02
HERAL 0. 3.60622E-0%

GLUCOS MOLES ~0. 1o 00BG0E-G2
MERAC -0, 1.80211E-04

LACTEC MOLES ~0. 1.00080E~02
HFRAC -0 1.80211E-04

HCO3~ ROLES ~0. 2.012096~06
HERAC ~Cs 3.62601E~08

H2(03 HOLES —0. 1.T7B33E-06
HERAC -0, 2,204736~08

CO%=  MOLES ~0. 2.280438~13
AERAL -0. 4,109608~15

AISC  MOLES -0. $.00000E-04
AFRAC —0. 3.01056E-06

MISC~ HOLES =Q. 5. 000008~ 04

MFRAC ~Q. F.0L036E~0S
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(Note that MISC = 5 x 107 moles) and then DELETE:

CELETE 7,
% ROW **MISC *» ®9 HAS BEEN DELETED ®%*

The DELETE operation (see DELETE, p. 48 above) removes
the last row of the matrix (the one just added) and re-

places that constraint with
C(I) = C(J) + AM,D* TKM) , for all J

where M is tﬁe number of the row removed, i.e., the con-
straint is replaced by an equivalent change in the thermo-
dynamic parameters of each species Xj affected. Finally,
we PRINTMATRIX tc obtain the new C{J) for the MISC
reaction:

PRINTRATRIX
PATRIX IN STCRAGE

GAS PHASE
H 62 -10.94CC00 1.000 €2
2 €o2 ~T. 740740 i.€C0C CO2
3 N2 -11.520C00 1.C00 K2
4 LFr ] 2.75CECO 1.£C0 M20
LIQUTID PHASE
-] o2 0.CCCCCO 1.€40 €2
& (X)) 0.CCCO000 l.C%ﬂ o2
7 LFi 0.0CCCCT §.C00 W2
8 He 0.£04C00 1.C00 He
9 O~ - 35.39CCC0 1.€06 H2C ~1.C00 K¢
¢ “Eg 0.CCCCA0 1.800 H2C
ii Ci- 0.CCLC00 L.C00 CL-
iz Has C.0CCCCO L0 NAe
i3 Ke g.CCCC00 1.£0C Ko
14 6LuCas 0.0CCCCO i.CC0 GLUCOS
1% LACTIC 0.0CC000 1.200 LACTIC
14 HLO 3~ 18.0%54600 i.C00 Loz 1.000 w2C -1.080 He
i7 H2CC3 G.5€6000 1.000 CO2 1.000 w2C
18 C03= 43 .£616C0 l.£00 CO2 B.C0C H2O =2.,000 He
19 #iSC ~11.613087 1.C00 RISC~ 1.C0C Mo
20 HESC- G.LCLCCO teCCC PEISC~

1] CF M8TRIX IN STORAGE
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In the MISC row, C(J) = ~-11.613097; or, exp(-11.6131) =
10"3'05 converting to pK, pK = +3.05 (cf. 7.0, p. 61 above).
1f we now SOLVE again, the result will be identical to that
with the constraint; the equilibrium constant K which
produces 5 x 1074 moles of MISC per liter of solution has
been found.

A final example using the Soda-Pop model is the
following method for ''goaling' the output. This general
method allows one to obtain in a single pass a desired

value of a (dependent) variable in the output by adjusting
| the value of a (independent) variable in the input. Thus,
one might adjust the HCl input to give a desired pH, or
the amount of hemoglobin to give a desired hematocrit.
Frequently, in matching laboratory data, a desired (de~
pendent) variable has been measured but the (independent)
variable causes or producing the result has not. Such a
case requires an adjustment, in the model construction, of
the independent variable to the appropriate level by
watching the variation of the dependent variables.

The procedure uses Newton's method of iteration, and
is subject to the theoretical limitations of that method
as well as thé numerical limitation of the computer. It
consists, essentially, of: SOLVEing to give the initial
value of the dependent variable and the Increment required
to give the desired result; computing the partial deriva-
tive of the dependent with respect to the independent

variable; and solving the equation

AI(%%) = AD (22)
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for Al, the increment in the independent variable necessary
to give AD, the desired increment in the dependent variable.
Usually, this computation must be repeated three or four
times in a loop in order to yield the desired accuracy
since the partial derivative is not a constant and changes
with the changing values of the independent variables.

Table X is a listing of the routine called PHSLV, which
adjusts the pH of a given compartment to a particular value
by varying the H+ ion plus the Cl™ ion in the input. H+
and C1~ are selected by entering a 1.0 in BBB(5,5) and in
BBB(6,5) of the Soda-Pop model (see ROWS, pp. 31-32). NBSTAR
is then set at 5 in the MAIN routine to indicate that
BMULT(5) will be varied, thus varying the input of HCI.

In the PHSLV routine, first the compartment is found by
comparing NAME in the call statement with the stored names
of the compartments. Next, the species H+ and H,0 are
found and the pH computed. DIFF is the increment in pH
required.

A second solution is obtained after incrementing
BMULT(5); and hence the HC1 input a small amount. The
3pH/3HCL is then computed and

opH

AHCL <367

= DIFF

is solved for AHCI. BMULT(5) is incremented by this amount
and the loop is repeated. Eventually, if the procedure
converges, the errcor in pH is less than the criterion.
Table XI is the printed result of the FORTRAN statement
CALL PHSLV (LIQUID, 3.5) in the MAIN routine (see bottom
of Table VIII, p. 68 above).
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Table X

SUBROUTINE pHSOLVE FOR GOALING pH

FCRIRAK SCURCE LISY
SOLRCE STETEMENT

C $IBFYC PHELY NODECK

1

SUBRQUTINE PHSLVINAME,VALLE)

€Ci/24/61

PHSLCL2C
PRELCC2C
PHSLCCSC
PHSLCOGO
PHELLCCTC
PHSLCCEC
PRSLCCYC
PHSLCLICC
PHELCLISC
PHSLCLEC
PHELCLTCT
PH5LO1EC
PHSLCISC
PrSLE2C(C
PkSLC21C
PHSLC22C
PHSLC23C
PESLC24C
PrSLC25C

PrSLC28C
PHSLC29C
PHSLCICC
PHSLCIIC
PrSLCAZC
PHSLCIZC
PHSLCIAL
PHSLCI50
PLSLCIEC
PHILCIRC
PHSLCIST
PHSLC4ACC
PHSLCALC
PHSLC42C

[+ 4-7-87
c CODE WCDIFIED FCR PACKEC FATRIX SYCRACGE
C A{I,J) STCOREC AS THREE ENTRIES
C IRChK) = |
C JCOLLK) = o
c ATJEK) = B{Tsd)
[
COMPON ATJ(460), IRCH(460), JCOLL460)
c
COFMON  ZIMPY/KA(LZ) KBCL2)vBEB(605),PRIZ251, V{200, BMULTILS)
C
COMMOM /SLVE/ZIVIBCH TCLI200oKRIBD,2)yBI6G)PIECTEI,VLITS),V2IT5),
1 VLTS VA 750 4 XULTCY o XPFCLITOY - XNLITODLCH170),N1L(1TC),
2 R20LTC) o XI(LTOS o XBARIZE ) ¢hAMIRS,2) oKL 12600 RITS, TS},
3 JCOMPILTO) JFESFED JERPBAEFB NERD ERMAXEMA,HENA
C
EQUIVALENCE (IVI13 P32 0IV 20 yPERD) o (IVIIDLACCKPE, (IvIa), N HTOTY,
1 CIVIS) oNETY L (I V(8] JNCTY o LIVITIPF) L (IVEBY, ITERD,
2 TIV(9) ITPAK) LIVIL0) s IERRORI o LAV IL L) 4L ASTCP ) LIVIL2T KEDPHSLC2EC
L] CIVEL3) oHAXNK) pLIVILA) yMAXP I LIVIES )y MAXKD o (IVE16) MAXNT), PHSLC2TC
4 FIVOETISERD) gt IVILIBY BLARKY S UIVALD I oh2C), (IVE20), HPLUS),
b CIVvi21) JNCVCLE) o4 IVEZ2) (KESTAR) o {XVIZ31,KPF ),
& PIVIZA) oHATI o {IVI2S),MARATIN, LIVIZ28),10PT)
EQUIVALENCE (TCLUI) oHPIMNI o {TOLI4) o XSTART I o {TOL(S) ,BARNING,
1 ETCLALL D) JALTTER) 4{TCL(L2) 4RT)
[
INTEGER PF
INVEGER EMD BLANK,H2C HPLLS
c .
RLOG1IG= C.436294
C FIND COMPARTMEAY
D0 1 K =1.NCOFP
If (NAME.EQ.KAMIK,L}} &C VC 2
1 COMNTRIRLE
C FINC WAMES

€9

2

("]

98

4 D0 10

10
51

RRITE [NOT,99) NAME

FORMATI16H NC CCHPARTFERT ,R6)
CALL EXST

HYA » KLIK}

MTB = ML(K+1) - 1

NH2Q =C

MHPLELS = C
00 3 J = MTA,MIB
PP (MNUJIL.EQ.H2CY RNWZC o J
IF (MN{JI.EQ HPLLSY MMPLYUS = 4

COMTINUE

I (MH2D.NE.C. AND-MHPLUS. RE.Q) GL TO 4

BRITE (NDY,S8)

FORPATLLSM PH KNOY DEFINED)
CALL EXIT

TETT »k,%

CALL ROwS{-1)
CALL SOLVE
IF (IERADA,HE.1) KETLAA
PHNON = - ALCGUX(WMPLUSI*ALITERA/XINF20))ORLOG10
DIFF « YALLE - PHACEK
IF | ABSIDIFF) oLT.1.E~3 ) RETURN
CALL RCALC i
CALL MATINVIRFERD PIE 0,Y2.Y3,¥4,HE)
EF (KE.KE.Q} RETURN
RATE = Q.0
RATE = PART(S5,~2,Ce~1} & PART{8.~2,0,~1)
IF (RATELEQ.Co IRETURD
BRLLTINBSTAR) = BMULTINBSTAR) + CIFF/ RATE

CONTINUE

WRITEINQT,91) DIFF
FORMAT(16H ERRCR IN PH IS F135.6)

RETLAN
EMD

PHSLC4A3C
PHSLCAGL
PHELCASC
PMSLOD4GT
PHELCATC
PiSLCARC
PHELCASC
PHSLCSCC
PirSLCYLC
PESLCSZC
PHSLCYIC
PHSLCS4L
PrSLLS3L
PrSLCSeC
PHESLLATC
PMSLCSEC

PHSLOSSC
PHSLIGCC
PESLCEIC
PHELCE2C
PHSLCHIC
PrSLCESS
PrHSLCESC
PHELCESC
PHSLCRSC
PHELCOTC
PHELCESC

44184114

PHSLLSIC
PESLC9EC
PREL{s9C
PuSLICCC

PAGE

5
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Table XI

PRINTED OUTPUT AFTER CALLING PHSLV(LIQUID, 3.5) FOLLOWED
BY THE CONTROL CARDS "OUTPUT'" AND '"PRINTR"

HETURN

PROJECTION 1
IVERATION 1
ITERAT ION 2
PROJECTION |
TTERATION 1
FYERAVYUN 2
FTERATION 3
[TERAT (DN %4
PAOJECTION )
TTERATION I
ITERAT ION 2
PRCJECTION ]
IVERAY (ON 1
ITERAT ION 2

EXPERI¥ENTAL

S1ZE 0.00,
AV THETA LESS THAN

v
T

SCALE
OLit),

1.00
GC TO FEYHCD 2

MAX CHANGE 1M PIE= 6,10635%9 E~07 PAX ROW ERRDR= 9.9182129 E-05

S5tiE Oubbs

CHAMNGE IN FREE EMERGY=-2, &85%469 E-03
CHANGE (N FREF EMERGY=-A,.5:49219 E-04

SCALE

1.00

POSETIVE TDA, GO TO RETHOD O
5. 0806595 E-07 MAX ROW

WAX GHANGE IN PIf=

Size 0.18,
&y THETA LESS THAN
MAX CHANGE IN PIf=

SiZE c.00,
AY THETA LESS THAN
MAX CHANGE 1N PlE=

SCALE

1.00

YOLILY, GO 7O METHDD 2
T.4749751 E-07 MAX RUM

SCALE

oL,
T22606774% £-07 MAX ROW

50DAa POP NECK 5-1-67

AMS HASS BALANCE ERROR= T.567E-08
TUK ERRURw 1.627E-07

RMS  EQUILIBR

CPYIRAL SOLUY

CBSECTIVE= 1. 11uBSTO E 04 RY * OBJECTIvEs

X-BaAR
PH

0z HOLES
MFRAC

oz HOLES
HFRAC

N2 #OLES
HFRAC

rac MOLFS

HFRAC
he , MOLES
BERAC
CH- WOLES
MFRAC
T~ MOLES
MERAC
NA# HOLES
BFRAC
Ke MOLES
MEFRAC
GLUCOS HOLES
MFRAL
LACTIC MOLES
HERAC
HCO3-  MOLES
MFRAC
H2C03  EOLES
»FRAC
CC3x HOLES
MFRAC
»ISC HOLES
HMFRAC
MisC~- ROLES
MFRAC
PRINTRONS
RCH NAME
1 02
2 Co2
3 N2
4 w20
S He
& b~
T HMAv
B Ke
9 GLUCOSE
10 LaACTIC-
i1 KISC~
END GF ROKS

{oM

HAX,
AKX,

GAS PHASE LIQUIN PHASE

F.FF151E 02 5.5489%E Q1

c. " 3.49863€ 00

1.315008 02 1.29516£~0%
1.31612E-01 2.33%06€~06

5.26287E 0} 1.27069E~03
3.26FI4E~-02 2.78998E-CS

To54000E 02 4.15793E-04
T.54640E-01 7.49320E-0¢

6. 1023LE Ol 5.51T68E 0L

B2 lGTHIE-02 F.94362E-01
-0. 3.1708%E~-08
-0 S.TUHARE~D6-
-0 1.54959E-11
-0. 1.3605%E-12
~0a 1.39701€~01
~Q. 2.51762E-02
-0. 1.30000E-01
=0 2,34279¢~03
=0. 2.500008-02
~Ua 3.606298~04
“0a 1. 00000802
-0 1.8021%5€~08
~D. 1.CO000E-02
~0. 1.80215¢~04
-0. 3.18%426~08
-0. 5. T4059E~-08
-C. 1.77831€-06
-0 3.2047BE~Q8
-0. 5. 7T15598~13
~0a 1.03003E-14
-0. 3.B7123£-04
-0 8.97652€-06
-0. 6. 1ZATTE-O4
~0. 1. k0&&IE~05

8
BULT.=
1.3150000€ 02
%.26300C0E 01
T.54CCCCOE 02
1.6619967€ 02
7.0102697E~04
1.2970103E~01
1.3C0C0000€6~01
2.00COCCOE-D2
1.QCCCQQ0E~02
1.000CECOF ~02
1.000CCO0E-03

In STORAGE

ERROR=

1.00
GO TQ #ETHOD 2

1.C000000E 00

S.51396T70F OL

1.COCQLCOE-03
1.4000000E-01
1.3000000€-01
2.CO00CO0E-G2
1.€0C0Q0C00E~G2
1.0000000£-02
1.0CC0C00E-03

STEP SIZEw=
STEP SIZE=

Ll64KE-OF7 ON ROW
ERROR= S.0ITE~07 IW CO3=

ERROR=~2.1382305 E-04

ERRMR= 1.296997) E-O%

ERRDKR= 1.3732910 E-04%

~6.8028998 £ OB

B2
0.

2.0990Q00E~01
2.0000000E-0%
7.86980000€-01

LaCTIC-
OF LIQUID PHASE

1.0000000E 013

L. 3150C00E~-0L
5.2630000E-02
7T.54000008-01
&, LO60000E~-02

8.59049E-02

1.0000000 £ 00 AV THETA= H.60213€-02
1.0000000 € GO AV THETAx

86

85
-2.9897103E~04
0.
L+
[+
Q.

1.CCOC0aDE 0C
1.0CCCC0le QO
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This procedure can be completely generalized; several
dependent variables can be satisfled simultaneously by
varying corresponding, appropriate independent variables.
In this case, Eq. (22) should be read as a matrix equation,
which is solved by calling MATINV appropriately. The
partial derivatives are found by using PART, a subroutine
normally called by JACOBS for computing the partial deriva-
tives listed by that routine. The theory is exactly the
same as in the simpler case above; difficulties arise only
in the logical sorting and incrementing of the variables
appropriately, and in computing partial derivatives with
respect to compounds (e.g., HCl) instead of just components.
Such partials are computed as the sum of the partials of
each component taken separately. Also, it is possible to
compute the partial derivatives of certain output variables
with respect to either the thermodynamic parameters (c(j))
or the stoichiometric coefficients of the matrix of con-
straints. This generalization of the goal routines has
been accomplished in the thesis of Magnier [197], where
the subroutine is called GOAINS (also see JACOB, p. 106 £f.,
and PART, pp. 121-122 below).

EXAMPLE III--BSA SOLUTION

The following example (slightly more complex than
Soda Pop) deals with the ionization of protein, serum
albumin. Table XII is a listing of the model to be used;
it contains one liter of Hy0 at ZSOC, 1.0 millimole of
(bovine) serum albumin, and 0.15 mole of NaCl. (An excess

of H+ ion is discussed below.)
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This example is described in detail and the titration
curves are computed in DeLand [12]; here, we show only the
essential details. The example illustrates the division
of the protein into subclasses of homogeneocus binding
sites for H' fon. Each class of sites ionizes at an as-
signed pK (which may be determined during the course of the
computation using, say, Linderstrom-Lang theory). There
are five principal classes; the first contains 105 carboxyl
gites, the second 17 imidazole sites, and so on--226 in
all, as listed in. the species PROIN in Table XII above.

H+ ion is to react with the protein in soclution and the
fraction of sites of each class having a proton bound
depends upon the pK of the class and the pH. 1In principle,
then, one can compute successive steps along the titration
curve merely by adding HCl or NaOH and calling SOLVE and
OUTPUT. In the output, one can read the pH and the moles
of each class ionized; i.e., in equilibrium at that pH.

In préctice, it is slightly more complicated because
there are 2226 possible species in all combinations of
ionized and un-ionized sites to be computed--obviously
impossible. 1Instead, since each class of sites is homo-
geneous, each is treated as a moncbasic acid of concentra-
tion N times the concentration of the protein, where N is
the number of sites in each class: and the ionization of
this acid is computed separately at its assigned pK--i.e.,
the protein ionization is treated as though the solution
contained moncbasic acids corresponding exactly to the
assumed protein ionization sites and each acting inde~
pendently of the other. Under these assumptions (that
each class is homogeneous and the classes~-indeed, the

sites--within a class, are independent and do not effect
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the ionization of each other), Shapiro [13] has shown that
the number of moles of ionized monobasic acid will equal
the number of moles of ionized protein sites under the
same conditions in the original protein.

To effect this computation, it is necessary to transfer
the monocbasic acids to a separate conceptual compartment
in order not to change the effective ionic strength of the
protein solution. Shapiro [8] describes the mathematical
method and proves the equivalence of the new, compartmented
problem with the old or protein solution problem. 1In
Table XITI (p. 79) there are five constraints (mass con-
gervation equations) which transfer the ionization sites
to a separate conceptual compartment, called PROSITES,
for ionization. This may be seen more easily from the
PRINTTABLEAU instruction:

MATRIX 1234 56!7 891011 12 13 14 15 16 17 18 19 20
1 101000!101 0 1 0 1 0 1 0 1 0 1 0
2 011000!'0600 0 0 0 0 0 0 0 0 0 0 O
3 060100!000 0 0 0 0 0 O OO0 0 0 O
4 0000101000 0 0 0 0 0 0 0 0 0 0 O
5 000001:000 0 0 0 0 0 0 0 0 0 0 0
6 00000-1i110 0 0 0 0 0 0 0 0 0 0 O
7 00000 1001 1 0 0 0 0 0 0 0 0 0 O
8 00000 {000 0 1 1 0 6 0 0 0 0 0 O
9 00000-1'!000 0 0 0 1 1L 0 0 0 0 O O©
10 00000000 0 0 0 0 0 1 1 0 0 0 O
11 00000 !000 0 0 0 0 0 0 0 1 1 0 O
12 00000%!000 0 0 0 0 0 0 0 O 0 1 1

[

§

]

PROTEIN SOLUTION - ====== -2 PROSITES IONIZATION
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Because the tableau rounds the matrix entries to the tens-
and-units decimal places only, the full number of the full
detached stoichiometric coefficient is not reproduced;
however, by reading the listing (Table XII) simultaneously,
we form the following equations between the compartments
PROSITES and PROSOLUTION:

f105.1 Xe + 1.0 X4 + 1.0 Xg = 0
-17.0 X 4+ 1.0 X + 1.0 X10 = 0

. (23)
-23.4 Xe + 1.0 Xy + 1.0 X6 = 0

And within the compartment PROSITE, the beta=-carboxyl sites,
for example, are divided into two species: the ionized and

unionized with the pK (from Eq. 17, p. 17 above):

_ -12.760624 + 1n ALITER
7 2.30259

pK

= 3.76 .

Using beta carboxyl as an example, Eqs. (23) require
that the sum of the moles of the species x(7) plus x(8)
equal 105.1 times the moles of protein; i.e., there are
105.1 (empirically effective number, molecular weight
69,060) beta-carhoxyl sites per molecule of BSA and, in
this example, 105.1 moles of an equivalent monobasic acid

ionizing.
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With this model, we SOLVE, OUTPUT, and then RETURN
control to the MAIN routine. Table XITI is a list of the
MAIN routine in which we search for the isoionic point for
this protein solution. Table XIV is the result of this
calculation. Note that since the net charge on the com-
ponents going into the model must be zero, the charge of
the input component protein must be -0.1264/1.0 x 10_3 per

mole, since there is a surplus of H' ion of 0.1264 moles.

Table XITI

MAIN ROUTINE FOR COMPUTING ISOIONIC POINT
OF PROTEIN SOLUTION

c
C ISOIOMIC POINT CALCULATION NZ$20220
c
47 1 DH=.001
50 SUMI=  —X{81-X(10)4X{1114X(131eX(15)-X 118} ¢X (19}
51 00 2C0 I=1,10
52 BBB(1,1)=BBBI1,1)+DH
53 CALL ROWS(-1)
54 CALL SOLVE
5% IF{1ERRORLNE.1) CALL EXIT
60 SUM2s  —X(8)-X{1G}+X{ELI+X{13)+X(15)-X(18)eX(19)}
61 IF(ABSISUM2}.LT..CCCOL) GO TO 201
64 OH= { (SUM2-0.) /7 (SUML-SUM2) ) *DH
65 SUM1aSUM2

6& 200 CONTINUE
T0 201 CaLi QuTPuUY

T WRITE(G,300) MRIL¢1)MNR{1,2),888(1,1)
12 300 FORMATI{IX,286:3H = LPE20.8)
73 WRITE(6,300) KN(il).Xlll’gKNlal'liﬂl'ﬂﬂiia)'XCISBvKNIEG!cl!lOlv

X KMEBS)oXU15),KN(LB) X180 KNI13),%{19)
Té 301 FORMATIIHO, 16X lH# 218X IH=/{6XA601PEL3,S,1XsAb,1PEL3.5/2)
€
C REPEAT, USING EEDUCED YOLUME OF SULVENT (1.0 LITER OF SOLUTION)
75 CALL INPUY
76 60 70 1
77 7 CALL EXRIV
ico END
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Table XIV

COMPUTED DISTRIBUTION OF SPECIES FOR:

a) The isoionic point using
intrinsic pKi

A~BaR
P

e

H20
Nie
cL-
BPROTN
ACOTH
&4C00~
BCOCH
eCcoo-~
imiCe
1R
APiHe
CAMIN
EARINe
EAMEN
. PHENO
Pr-ERND-
Clane

- GUAN

ROLES
MFRAC

MOLES
RERAC

BOLES
MFERAL

MOLES
HMFRAC

MOLES
MERAC

HKOLES
MERAC

MOLES
MFRAC

HOLES
MERAC

MOLES
MFRAC

HMOLES
MFRAC

MOLES
RFRAC

ROLES
HMFRAC

MOLES
MERAC

HOLES
MFRAC

MOLES
KFRAC

MOLES
HMFRAC

MOLES
MERAC

HOLES
RFRAC

BOLES
MFRAC

MOLES
HAFRAT

5.56448E Q1
5.35%324€ 00

4.44594E~08
T.98988E-08

2.2822%E-09
4, i01&4BE~-11

5.53436E Ol
9.945%1E~01

1.5CCQ0E~QL
2.869568E~03

1.5CCO0E~-01
2.69568E-03

1.00001E~-03
1.79714E~05

—C.
«0e

-0,
~0e

=0,
~0.
-0.
°0.

-0,
-0,

~Ca
-0

-0
-0

=-Ca
~Ca

-0a
-0

~0.
-C.

-0a
-0.

-0.
~-0.

-0.
-0.

2.2832CE-C1
~Q0a

-0,
-0

~Q.
-0

2.571B9E-05
1.12644E-04

1.03428E-03
4.52996E-C3

4.65115€-03
2.037126-02

1.00449E~-01
4.39948E~-C}

1.65294E-C2
1.23958€-02

4,70583¢-04
2.06107€-C3

1.05%75¢F-C3
4,62401E-C3

4.28%61E~C6
1.8595CE~-C%

6.06978E-0Q2
?.6496%E-C1

2.16827E~04
Vo4G66LE-C8

2.01998€E~C2
B.RATI4E-C2

2.0404CE-CT
B8.93680E-07

2.34C00E~-C?2
i.02488€~-Q1L

1.67332€~-09
7.328858-C9

b) The isoionic point using
reduced volume of solvent
(1.0 liter of solution)

X-faR

(1%

20

NAS+

CL-

PRCTN

ACOOH

ACCO~

RCCCH

BLce-

IMICe

irlC

AVINS

AMIN

EAMING

EAPIN

PHEND

PHEND~

CUAN®

GUAN

MGLES
PFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

BOLES
MFRAC

MCLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
HFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOCLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

4.75478E 01
5.3%2716¢F CC

3.79968E-Cé6
To99128F~CP

1.948C2E~C9
4.09696F-11

4.72646RE 01
F.93669L-01

1.5CCCOE-CI
3.15412F~C)

1.5CCO0F-01
J.156472E-03

3.95995€-04
2.1C313F-C5

~0.
-C.

-0
‘Go

-Q.
-C.

-0
-0

~Ce
"'0-

-0
-Ce

2.28320e~-C1

~C.

~-C.
~C.

-Ca
~C.

-0
~C.

-C.
~Ce

2.57233-C5
"1.1268638-C4H

1.034288~-C3
4,52994¢-C1

4.65193+-C3
2«CITABE-C)

. LeCC44BE-C!
4.39944E-C1

1.6529%€~C2
Te23962€-02

4.70503¢6-C4
2.060728-C)

1.05576€-C3
4.562401E-C3

&.24487E~C6
1.835918E~-CS

6,04979F-C2
2.8497CE~-C1

2.16789¢~Cb
F.4969%E~-(6

2.01998E~C?
B.84T14E-C2

2.0640GS5€E-CT
8.935C3E-C7

2.340C0€E~C2
1.072488E~-01

1.67303F-CY
1.32757F -9
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This exact amount of H' ion is required to be attached in
order to make the specified protein neutral in this solu-
tion. This is determined as follows: starting the compu-
tation with an arbitrary amount of H+ ion, the problem is
solved (equilibrium computed) and the net charge on the
protein, considering ;he sign of each site, is algebraically
added. TIf this charge is not zero, H+ ion (as a component)
is added or subtracted in an iterative loop until the
protein net charge is satisfactorily small--in this case,
less than 0.00001. At this point, the results are written
in the output.

Evidently, becausz of the H+ ion reaction with HZO’
the pH of the solution is also changing during the itera-
tion, and the isoionic pH is that pH at which the loop
finally indicates the protein to have zero net charge.
Also, the isoionic pH, and the H ion're%uired to attain
that pH, will be different with a differént assignment of
the pKi. The H+ ion surplus in this caseg is just that
required to make the input components to an isoionic
solution neutral. An equivalent statement is that the
prdtein entered the mcdel as sodium protinate and the
neutral molecule HCl was added until theéisoionic point

was. reached.

EXAMPLE IV--HUMAN BLOOCD

Table XV begins with a list of components and con-
tinues through an entire printed output for an elementary
model of the respiratory chemistry of human blood. This
model is taken from DeLand [20], where it is described in

detail; earlier models of the blood are described in
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.Tablé XV

DATA DECK AND OUTPUT FOR COMPLETE COMPUTER RUN
OF ELEMENTARY BLOOD MODEL

ROWS
1 o2 &.83000D0E-03
2 Co2 2. 3490000E~02
3 N2 4,3T00GO0E~DS
& H¥ 40 650G0000E OF ~0a
5  OH- 4.6520200E 01 -0
6 Chk- 8. 0650000E-02 ~0.
7T NAe 8.4820000£-02 -0.
8 Ke 4.95050000E-02 -0
9 CA#rs 1. 605000003 -0e
10 MG+ 1.56125000E-03 =0a
1 504= 5.,2500000€~04 -0,
12 HPO4= 1.4300000E-03 ~0a
I3 URER 3. 1420000E-03 -0.
i GLUCOSE 3.6660000E-02 -0
1S LACTEIC- 2.0330000E-03 -0,
16  HNH&e 8.6900000E-04 -0a
17 MISCPLASMA Be TO&OGO0E~04 -0
18 MISCREDCELL 3. 7505000E~03 -0.
13 HBS 9,08999G9E-03 ~Ba
20 9PLASMA ~0e -0
21 NMA% 7.56441400E-02 -0.
22 K¥ 2.2963500E-03 -0
FE I 1.3796000E-03 “0u
246 WGH 4, 6681B00E-04 -0
HATRIX
AIR OUT
1 02 -10. 940000
2 o2 - 7.690000
3 N2 -11.520000
& H20 ~36. 600000
PLASMA
5 a2 0.,006000
& coe 0. 000000
7 N2 0. 000000
8 He 0. 600000
9 OR— 0. 000000
10 TL- 0. 000000
it NA+ . GO0GR0
11 NA -0, 000000
L2 K 0. 0000G0
iz Ke - 0. G00000
13 Chass 0. 000000
i3 CAsw - 0. 000000
14 MG & & 0. 000000
1e MG e+ ~-0.000000
15 S04= 2. 000000
16 HPQ4= 3. 000000
7 UREA 0. 300000
18 GLUC DS 0. 600003
19 LACTIC 0. 000000
20 NH4 & 0. 8000600
21 HCO3- -21.350000
22 H2C03 ~32.6%0000
23 CO3= 6. 260000
Z4 H20 -39, 330000
25 MISCPR Q. 0OCC00
RED CELLS
26 02 -0 000000
27 cg2 0.600000
28 N2 - 0. 000800
23 He 0.000000
30 OoH- G. GGOGO0
3l cL- 0. 000000
32 NA® 2. 193399
33 Ke ~2.34%E575
38 CA2o 2.2517%0
35 MG+ -0, 457703
38 SQ4= =2.G00000
37 HPD&= -2.000000
38 UREA 0. 000000
39 GLUCOS 0. 000600
%0 LACYIL 0. (00000
el NH &+ 0. 000000
42 HCO3~ -21.490000
43 H2C03 ~-32., 840000
4% CO3= 6. £20000
45 H20 -39.390000
46 #35CPR G. 00G00G
47 HB 4 0.000000
48 HE402 -16.230000

PROBLEM HAS

2% ROHS,

%8 COLUMNS,

1.000
1.600
1.000
1.000

1.000
1.000
1.000
L1-000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1,000
1.000
1.000
1.000
1.000
1.000
1.000
1.000Q
1.000
1.000

1.000
1,000
1.000
1.000
1.000
1.00G0
1.400
1.000
1.000
1,000
1,000
1.000
1.000
1.000
1,900
1.000
1.000
1.000
1.600
1.000
L.000
L.000
1.060

2.0990000GE-01
3.0000000E~04%
7.8980000E-01

D2
ca2
N2
He

02

€02

N2

H+

OH~
CL-
NAE
NA#*

Ke

K#
CAre
Cas
NGe+
12 2
S04 =
HPO&=
UREA
GLJCOS
LACTIC
NHé +
coz
co2
co2

He
MEISCPL

02

co2

N2

He

aH-
ci-
NA+

K+
Chee
MO+ +
SOé=
HPO4=
URE &
GLUCOS
LACTIC
MH& +
€02
co2
co2

He
MISCRE
HB%

i.3150000E-21
5+ 2600000E-02
7.5400000€-01
6. 1099399E-02

0.
~De
0.
0.
G.
0.
0.
G,
Q.
O
~0.
-0
~C.
~0.
~Qe
~0.
~0a
0.
0.
1.000
1.000
~1.000
-1.000
1.000
1.000
2.000
Z.000
~2.000
~2.000
~1.000
i.000
1.000
1.0600
~1.000
1.000
-10.000
1.000
i.000
~1.000
1.000
1.000

oz

3 COMPARTMENTS,

6. 1099999E-02

OH-

*PLASN
SPLASM
*PLASM
*PLASM

PLASM
sPLASM
#PLASR

*PLASM
*PLASM

*PLASN
PLASMH
OH-

He

He

OH-
*PLASH

b T8
He
He
0K~

HB4

-0.
-0.
“0
-0.
~0a
-0
~0.
~0.
~0.
'
~C.
~0.
~0.
~0.
~0.
~0.
~0.
~G.
-0
~G.
~0.
~0.

~0.

~1.000 *PLASY
1.000 OH-
1.000 M-

1.000 OH-
1.0060 OH-

~2.303 sPLASN

80 NON IERD MATRIX ENTRIES.
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Table XV--Continued

HUL TEPL FERS
MUL{1i= 1.0000E 00 HULI21=-0. MUL{3)= 1.ODOCE 03 MUL{e}=-0. MUL () -0,
VECTORX
ATR OUT 02 t.3149806 02 CO2 5.260220E 0L N2 7.540000E 02
ATR OUY W20 6.1026S0E 01 -0. -0.
PLASHA 0z 6.742080E~05 €02 6.9556206-04 N2 2.164490E-04
PLASHA He 2.108430E-08  OH- 3,0769106-07 €L~ 5,742540E-02
PLASMA NA+ T.644130E~02 K¢ 2.2963306-03  Chee 1.379590£-03
PLASKE HG+s 4. GHBOYDE-04  504= 1.844B30E~06  HPO4= 5.024960E-0%
PLASMA UREA 1.937870E-03  GLUCDS  2.2610806-03  LACVIC  1.455420€-03
PLASMA NH4&+ 4.38B880E-06  HCO3- 1.386630E-02  H2CO03 3.8920408-0T
PLASHA £o3= 1.940030E~0%  H20 2.872480E 01  MISCPR  B.706000E-04
RED CELLS o2 4.189320E~05  CO2 %.322010E-04 N2 1.344950E~04
RED CELLS He 2.066270E-08  OH- 1.2122406~07 €L~ 2.262440E-02
RED CELLS A+ 8,3786706-03  Ke 4.275370E-02  CA+e 2.254050E-04
RED CELLS mGes L E45690E-03  S§0as 3.4051706-06  HPOS= 9.275040€-0%
RED CELLS UREA 1.208130E~03  GLUCOS  1.4049506~03  LACTIC  5.T458406-04
RED CELLS KH &+ 4.3011206~06 HCD3~  5.283980E-03  H2CO3 6.146620E-07
RED CELLS CO3n 5.5764806-06  H20 1.784870F 01  MISCPR  3.750500E-03
RED CELLS Ha & 3.353680E-04  HB&DZ 8.754630E-03 ~0.
END -0, . -0. -0.
SOLVE
PROJECTION 1 SI2E 0.00, SCALE 1.00
ITERATION 1 AV THETA LESS THAM TOLE1), GO YO HETHOD 2
ITERATION 2 MAX CHANGE (N PIE= E.7E60532 E~02 MAX ROW ERROR= 5.4931641 E-Dé
ITERATEON 3 MAX CHANGE IN PIEw 5.9323630 E~05 MAX AOW ERKOA=-5.3605762 £-05
ITERATION 4 MAX CHANGE !N PIEx 2.4503554 E-05 MAX ROW ERROR=-5.3405762 E-05
ITERATION 5 MAX CHANGE IN PIE= 1.3516583 E~05 MAX ROW ERADR=-5.3405762 E-05
ITERATION & KAX CHANGE IN PIE= 2.4093508 £-05 MAX ROW ERROR=-5.340%762 £-05
ITERATION 7 MAX CHANGE [N PIE= 1.2332987 E-05 MAX G0W ERROR=-3.3405762 E-05
ITERATION B MAX CHANGE IN PIEw 1.3591567 E-05 NRAX ROM ERROR=-5.3405762 £-0%
ITERATION 9 MAX CHANGE IN PIE= 2.4347612 E-05 MAX ROW ERRDR=-5.3405752 E~05
OUTPUT

RUS HASS BALANCE ERRDR= 2.006E-08 MAX. ERROR=> 2,127E-07 ON ROW He
ANS  EQUILIBREUM ERRDRw 2.088€-07 MAX. ERROR= 3.385€-07 IN CO3= OF PLASMA

QPYIMAL SOLUTION
OBJECTIVEx ~1.%404338 E O4 RT & QBJECTIVE= -9.4932936 £ 05

ATR OUT PLASMA RED CELLS

X—B AR 9.99127€ 02 2.88B53£ 0L 1.79485E Ol
PH 0. 7.39233E 00 T.19445E 00

oz MOLES 1.36458€ 02 6.T4207E-05 #$.16934E-05
MFRAC 1.316&13E-CL  2,33409E-06 2.33409E-06

coz MOLES S.260228 Ol 6.95580E-04 4.32202E-04
HFRAL 5.26482E~032 2.40B0LE~-03 2.40801E-0%

N2 MOLES T.54000F 02 2.16449E-04% 1.34495E-04
HFRAC  T.54859F-01 Ta49339E-06 7T.49339%£-06

- H20 MOLES 6.10265€ 0L 2.8724TE 01 1.78488€ Of
MFRAC  6.1079%E-02 F.9%442E-01 9.94443E-01

H+ NOLES -0. 2.108376~08 2.06621E~08
MFRAC ~0. 7.299136-10 1.15119E-09
oH- MOLES ~D. 3.076986-07 1.21228E-07
MERAC 0. 1.06524E~08 6.75¢L9E-09
ci- WOLES ~0. 5.74254E-02 2.26248E-02
HFRAC ~0. 1.98805E~03 1.26053£~03 ;
HAe MOLES -0. 7.64614E-02 8.37860E-03
RFRAC -0. 2.645308E-03 &.66813E-04
K+ MOLES ~0. 2.296356~03 4.2T537£-02
MFRAC -0, 7.94930E~05 2.38202€-03
€A%+ MOLES ~0. 1.379406-03 2.25400£-04
KFRAC ~0. - 4o 7T614E-05 1,25581E-0%
MGé+  MOLES -0 4.6681BE~04 Lel4568E~03
MFRAC —C. 1« 6161 1E~05 5.3831&E-05 A
SO4=  MOLES ~0. 1.B448LE=04 3.40519E-Gb
MFRAC -G. . 6.38646TE~06 1.89720E-05
HPO&= KOLES -0, 5.02490E-04 9.27510€-0%
HFRAC —0. 1.73961E-05 5.l&T61E-05
UREA  MOLES -0. 1.93786E-03 1.20616E-03

KFRAC -0. 6. T0883E~05 &6.70883E-05
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Table XV-~-Continued

GLUCOS MOLES -0 2.261056-03 1.40695E-03

MERAC -0 T.B27686-05 7.827686~05
LACTIC MOLES -0. Lo43B4LE-03  5.74589E-04

KFRAC -0. 5, 0489B8E~05  3.20131E-08
NH&+  HOLES -0. %, 3GBBBE-~04 4.30112E-0%

MFRAL -0. 1.51942E-05 2.39636£-0%
HCO3~ MOLES -0. 1. 38656E-02 6.28419€~03

MERAC ~0. %,80059E-04 3.50123E~-04
HZCO3 MOLES -0. 9. BI204E-0T 6. 14664E=07

MFRAC -0. 3,42450E-08 3.42460E-08
€035  HMOLES ~0. 1. 960k 2E-05 $5.5T4B4E-06

HFRAC -0, 6. 71865E-07 3.108C1E-07
MISCPR MDLES -0. 8. TOL00E-04 3.75050E~03 -

MFRAC -0. 3,013996-05 2.08959E-04
HB4 MOLES -0 -0, 3.35368E-04

HFRAL -0, -0 1.85850€~05
HB&OZ HWOLES ~0. -0 8.75463E-03

MFRAC -0, =Ga 4. BT763E-04
PRINTPIE

(313 PIESRY 8
a2 ~12.96789014% -7991.773926  1.3150683E 02
co2 -10.63412292 -6553.5344264  5.2623489E O}
N2 ~11.80848911 ~7272.951233  7.5400043E 02
He ~20.58247089 ~12064.442261  1.0760000F 02
OM~- ~18.83310201  ~11594.026173 1.0T62020F 02
cL- ~6.6T622477 ~4114.383911  8.0050000£-02
e -5.67618318 ~3374.829458  B.48Z0000E-02
Ke -8.58138273 -5534.992920  4.50500006-02
Case -9,03335118 ~5557,019714  1.6050000E~03
%"Ge+ ~10.156968L3 -5236.823486  1.6125000E-03
SGh= ~12.87256632 ~7933.015991  5.2500000£-04
HPO A= -LE.BT7051487 ~T315.490051  1.4300000£-03
UREA -9.60950029 ~5922.085449  3,1420000E~03
GLUCGSE -9, 45525861 -5827.030334  3,6660000E-03
LACTIC~ ~10.34936368 ~6378.044067  2.0330000E-03
HH&+ -i0.63897252 ~6556.522461  8.6300000E-04
HISCPLASHA ~14.96590781 ~9223.100342  8,7060000E-04
MESCREDCELL ~B. 47327353 ~5221.920044  3.7505000E-03
HB% -10. 88778973 -6709.862061  2.0899399E-03
£PLASMA ~0. 45562486 -280.789764 0.
NAS -0.00275613 “1.697296  T.6641800E-02
K ~G.002T5T9T ~1<4699868  2.2963500E~03
cax -0, 00869211 ~2.891626  1.3796000E-03
MG ~0.0046865% ~2.888200  %.66818008-04
DELETE
e ROW 'OMGH® 'Y HAS BEEN DELETED o
DELETE
€% RO *'CA% 9* 4AS BEEN DELETED s=
DELETE
vs ROW "'R= ©% HAS BEEM DELETED o&
DELETE
5 ROW '°NA% 9t HAS BEEN DELETED #=
SOLVE
PROJECTION 1 SIZE 0.00. SCALE 1.00
ITERATION 1 AV THETA LESS THAN TOLi1). GO TO METHOD 2
ITERATION 2 MAX CHANGE £N PIEx 5,7120262 £~04 MAX ROW ERRDR= 4.5967102 E-04
ITERATION 3 MAX CHANGE IN PIE= R.6TALT08 £-05 MAX ROW ERROR=~5.3405762 £-0S
ITERATION & MAX CHANGE IN PEEs 5.40868837 £~06 MAXK ROW ERRDR=—5,3405762 E-05
auYPUT
RMS HASS BALANCE ERROR= 2.308E-07 NAX. ERROR= 7.09LE~07 OM ROM H+
AMS EQUILIBRIUM ERROR= 6.388E~G7 MAX. ERROR= 8.121E-067 IN CO3= DF RED CELLS
OPTYHAL SOLUTION
OBJECYIVE= -1.5404338 € 04 RYT ¢ OBJECTIVE= ~%.43932936 E 06
AIR OUT PLASKA RED CELLS

X-BAR 9.99127E G2 2.88853F Ol 1.T9485E 01
pH 0. 7.39233E 00 7.19446E 00
g2 MOLES 1.31498E 02 6.74207E~05 4.18934E-05

NFRAC 1.31613E-01 2.3340BE~06 2,33408E-06
co2 HOLES 9.26022E 0L 6.95561E-04 4.32202E-04

MFRAC 5.26482E-02 2.4DB0LE-05 2.40601€-05



N2 MOLES
MFRAC
HZO SOLES
MNFRAC
He MOLES
HERAC
OH-- BOLES
MERAL
cL~ MOLES
MFRAL
LT 4 HOLES
MFRAC
Ke MOLES
MFRALC
Case MOLES
HFRAC
MG2e HOLES
MFRAC
S04 MOLES
MFRAC
HPD4=  MOLES
HERAC
UREA MOLES
MFRALC
GLUCOS HMOLES
MFRAC
LACTIC MOLES
MERAL
Kii4e HOLES
NFRAC
RLD3~ MOLES
MFRAL
HZCO03 MOLES
MFAAC
€03 BOLES
MFRAC
HISCPR MOLES
MFRAC
Hi4 KOLES
MFRAL
HB4OZ? MOLES
: NFRAC
PUNLCHX
PRINTROWS
ROW NAME
1 02
2 (02
3 N2
4 He
5 OH-
6 L~
T NA+
8 K+
2 CA+s
10 #Gew
i1 S504=
12 HPUA=
13 UREA
14 GLUCOSE
1% LACYIC-
16 NH4+

7.5400DE 02
T.5465%E~00

6.1
6.1

-0,
~0e

~a

~0.

“0e
~0a

' )
~Ga

-G,
~0e

-0e
-0

~Ca
~0.

-0«
=04

~0a
=0u

-0
~0.

-0
-0

~0.
~0e

~0e
-0

~Ca
0w

-0«
~0a

-0
-0.

~0e
-0.

~0.
-0,

~0a
-0.

17 MISCPLASHMA
18 MISCREDCELL

12 HB4&
20 #PLASMA
END

PRINTTABL EAU

0264 O}
Q¥I%E-02

2. 16449E~D4
1.49339E-06

2.87248€ 01}
P, 9%4462E~01

2.10835£~08
T.29905€E-10

3.0T702E-OT
1.08526E-~08

5.7253E-02
L. 9880SE-03

TebbbiS5E-02
2.645638€E-03

2.29636E£~03
Tu94995E-05

1.37960E-03
4. 2761 4E-05

4.60822E-04
L.616L2E-05

1.84480E-04
6o 308686 IE~0&

5.0248TE~04
1. T3960€-05

1.23786E-03
6. 70883E-05

2.26105€-03
7.82768E-0%5

1.45841E-03
5. 0489TE-05

4, 38890E~-04
1.51942E~05

e 3866B8E-02
4, B00HSE~D4

9.89205€-07
3.424560€-08

1. 94061 TE~05
&.TL1680E-07

8. TOS00E~D4
3. D1339€E-05

-0.
“0.

-0,
-G

-89-

1.3646955-04
T.49339E~08

1.78488E 01
9.94463E~01

2.06618E-08
1.151L7TE~09

1.21230E-07
&.754306-09

2.2624TE~02
1.26053E-03

8.37855E~03
%,66810E~0%

4.27536€E-02
2.38202€E-03

2.25398E~04
1.25580€-05

1.14568E-03
5.38314E-05
3.405206-04
1.89721E-05

F.27513E-04
5.16T63E-05

1.20414€-03
6.70883E-05

1.40495€-03
T«82THLBE-05

S T45S0£-04
3.20133E-05

4.30111E~04
2.39636E~05

6.28429E-03
3.50129E-04

6. L4664E-07
3.42460E-08

5.57502E-0%
3.10612E~07

3.75050€-03
2.08959E-04

3.35368E-04
L.86850E-05%

8. 75463E-03
4.87T764E~06

i a1
KWL T.= 1.0000000€ 00

1.3150683E 02
5.2623489€ 01
7.5400043€ 02
1. 076000CGE 02
1.0762020€ 02
8.0050000€-02
8.4820000€-02
4. 5050000E-22
1.56050000E-03
1. 6125000€-03
5.2500000E-04%
1.4300000€-03
3.1420000£~03
3.6660000€-03
2.0330000£-03
8. 6900000E-04
8.7T060000E-D4
3.75050006-03
9. 0BITIPIE~O3

0.

OF RONWS IN STORAG

6.630G000E~0)
2.3490000E~02
4.37T00C00E-0%
4,6500000E 01
4.56520200€ Ol
8.0050000E~02
8.4820000£-02
4.5050000£-02
1.6050000E-03
1.6125000€-03
5.2500000E-04
1.43000008-02
3. 1420000E~03
3.6660000E-03
2.0330000E-03
8.6900000E~04
8. T060000E-04
3.7505000€-03
9.0899992€~03
-0,

B2
-0.

2.0990000€-01
3.0000000E~J%
7.8980000E~01

~0e

-0

=0’

~0.

-0.

-G

“0a

~0.

=0

-0.

-0

~0a

-0

~Qe

-0.

-0

“0e

Table XV--Continued

B3
1.0000000E 03

1.3150000€-01
5.2600000E-02
7.5400000£-01
6. 1099999E-02
6. LO99999E-02

-0

-0.

«0a

-0,

=0.

-0.

~0.

-0.

-0

-0,

-0.

~0a

~0.

~0.

-0,

B4

85
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Table XV--Continued
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MATRIX IN STORAGE
ATR OUT
1 nz2 -10.9240000 1.000 02
2 a2 ~T.690000 1.000 CO2
3 N2 ~11.520000 1.000 N2
& 20 -36,600000 1.600 He 1.000 DM~
PLASHA
5 az 0. 00Q000 1.000 42
& 02 0.000000 1.000 CO2
7 N2 0. 000000 1.000 N2
8 H+ 0.000G00 1.000 H+ 1.000 *PLASM
g OH- Q. 000000 1.000 OH- ~1.000 *PLASM
Lo L= 0.000000 1.000 CL- ~1.000 *PLASM
i1 NA % 0.002754 1.000 NA+ 1.000 *PLASM
12 K+ 0.002758 1.000 K+ 1.000 *PLASM
13 CAet 0.0045692 1.000 CA#+ 2,000 *PLASM
14 MGee 0. 004687 1.000 MGe+ 2.000 #PLASM
15 SD&= 0.000000 1.000 SO4= ~2.000 *PLASM
i6 HPO4= G. 000000 1. 000 HPOA= —2.000 *PLASN
1T UREA 0, 000Q00 1.000 UREA
18 GLULOS 0. 300000 1.000 GLUCOS
19 LACTIC 0.0000600 1.000 LACTIC ~1.000 *PLASM
20 NH& ¢ 0. 000000 1.000 NHas 1.000 ®*PLASM
21 HCO3- ~21.350000 1.000 CO2 1.000 OH~ ~1.000 ePLASH
22 H2CN3 ~32.840000 1.000 CO2 1.000 He+ 13200 JH-
23 £o3= 6.260000 1.000 CO2 ~1.000 He 1.000 JH- -2.000 ®PLASM
2% H20 ~39.390000 1.000 H+ 1.000 DH-
25 #ISCPR 0. 000000 1.000 MISLPL  -10.000 ¢PLASH
RED CELLS
26 az ~0.000000 1.000 02
27 [ ] 0. 000000 1.000 CcO2
28 N2 -0+ 000000 1.000 N2
29 He 0.0006000 1«000 H+
30 OH~ Q. 000000 1.000 GH~
3l cL- 0. 000000 1.000 €L~
32 Ra+ 2.193399 1.000 NA+
33 K+ -2+941575 1.000 K+
34 CAve 2.251790 1.000 CAes
35 MG ++ ~0.457703 1.000 MGe+
36 S04&= -2.,000000 1.000 S0&=
37 HPO4= ~2. 000000 1.000 HPD4=
33 UREA 0.000000 1.000 UREA
39 GLWOS 0. 000000 1.000 GLUCOS
40 LACTIC 0. 000000 1.000 LALTIC
&1 N4 0.000000 1.000 NH&+
%2 HCO 3~ ~21.490000 1.000 C0O2 1.000 OH-
43 H2C03 -32.840000 1.000 €CQ2 1.000 He 1.000 OH-
4% Ca3= 6. 120000 i.000 C02 ~1.000 He 1.000 3H-~
45 H20 -39.320000 1.000 H+ 1.000 OH-
46 MISCPHR 0. 000000 1. 000 MISCRE
&7 HB & 0. 000000 31.000 HB4
48 HB 402 -16.230000 1.000 @2 1.000 HB4
END OF HATRIX [N SYDRAGE
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De Haven and Deland (217, and a much more complete model
in Deland and Magnier [22]. The human-blood model is shown
here particularly to illustrate the intercompartmental
relationships.

Generally, the same substance in different compart-

ments is given the same name with a subscript; thus,
and Na+ . The transfer of a substance from

one compartment to another may be regarded as a pseudo-

chemical reaction; i.e.,

+

-+ —p
Nap, = Nage »

and has associated with it an "equilibrium" constant, K3

or, in\the model, cj;

[Na+]PL
1n---—+—-—-=c + "¢ 4 = Ac + (24)
[Na ]RC NaRC Na, Na

+ (usually, one of the compartmental cj are zero gpd—théfé~
'_fore, ch
tation of this cj‘is not obvious thermodynamically. If

'is simply referred to as cj), but the interpre-

it is regarded as 'a free-energy increment--in a sense, the
net work done on the species per mole in transferring it
from one side of the membrane to the other--at least two
problems arise: -a) the implication that work has, in fact,
been done on the species .by an obscure mechanism; and b) in
viable biological systems (wherewthis problem arises), an
equilibrium does not obtain~-rather only a steady movement
of species through the system=--so that the usual definition
of RTlogK as free energy is not applicable. To avoid these
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difficulties, the parameter c(J) of Eq. (24) is defined
merely as that effective free-energy parameter requ1red
under the conditions of the mathematlcal model ;o malntaln
the observed concentration gradient for the substance across
the membrane. Again, the Lj is an effective, obserVed
parameter. We will now derive the cJ which 31mulate the;
"active cation pumps' between red cell and plasma milieu.
Table XV, a camplete printout for this blood model |

has several control-card applications. Looking_fixstﬂat_
the ROWS, the first 19 rows are the components of bneiiiter
of the model blood in moles. Note that H,0 is manufactured
in the model out of the components H and OH that ﬁﬁgre
is an excess of OH owing to: a) the reaction @féducing
HCOQ in the model uses CO, and OH ; and b) the exact charge

on the various protein components has not yet been deter-

mined. The MISCPLASMA is a miscellaneous plasma impermeable
component in this simple model including serum albumin-'

similarly for MISCREDCELL, except that the hemoglobln'ias

pensated by the addition of excess impermeable?mi$¢q“
laneous species in the plasma compartment.

Component 20, *PLASMA, having zera.value,3

net charge restraint placed upon the plésﬁa5¢dﬁbaitﬁéﬁfy
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This is accomplished merely by adding the moles of each
species times its respective valence and requiring that
the sum be zero in the plasma compartment. If the sum of
the input component charges are also zero, then the red-
cell sum is zero, too; the gases are obviously neutral.
Note that each charged species in plasma has an entry from
the *PLASMA constraint. The charges assigned here to
MISCPR, the miscellaneous impermeable species in plasma,
is -10.0 per molecule--an arbitrary number for this ex-
ample. In a more sophisticated model, the charge on this
species would be given by its titration curve and the pH
(as in Ex. III, p. 78 £f.).

The constraints 21 through 24 (NA%*, etc.) will dictate
the aﬁount of each of these species appearing, in this case,
in the PLASMA compartment. Thus, we determine from the
literature the moles of, say, Na+ in a liter of blood--
which s entered in row 7. Then, determine the Na+ in the
plasma alone of the liter of blood-~this amount is entered
in constraint 21. When the problem is solved, only the
right fraction of the total Na+ will appear in the plasma--

because in the matrix, the component NA* occurs only in
+
PL
the constraint, be identical to the fictitious NA* com-

the species Naglasma’ so that the moles of Na_, must, by
ponent input.

In the Red-Cell compartment, the free-energy parameters
for HCO

3
to a differential solubility of the gases in Red-Cell

are not quite identical to those in plasma owing

milieu compared to that in plasma.

The c(j) entries in Na+, K+, Ca++; and Mg++ are now,
in the beginning, zero--as in plasma; therefore, by Eq. (24),

the concentration gradient for the cations would be 1:1--
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except that the comstraints 21 through 24 will upset this
ratio for each species.

The MULTIPLIERS indicate that we are going to equi-
librate 1 liter of blood with 1000 moles of alveolar gas
(see Ex. 1, p. 56 £f. above).

The number of iterations printed from the SOLVE command
indicates that the VECTORX used is not very close to the
final result. Therefore, we will PUNCHX later to get a
better guess for the next machine pass, thus saving'cpmputer
time.

The first output gives an optimal solution under the

constraints;:; for example,

+'}
(NAJpL 2 646

[NA+]RC 0.4668

5.67 ,

which is far from 1.0 because of the constraint that
76.441 x 10,3 moles of Na™ appear in plasma, which they
do. Also one could check, if he cared to, that the
plasma has zero net charge. The distribution of H20

(see Ref. 20) indicates about 45 percent hematocrit allow-
ing for the specific volume of the proteins in solution.
Finally, under the 13.15 percent (100 mm Hg) Oé conéentra-

tion in the gases, the hemoglobin is

[MB,0,] 8755
fHBQOZ] + [HB4] 9.09

= 0.963

or 96.3 percent saturated. This is obtained using an

empirical constant from the Hill equation for the reaction
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The following control card is PRINTPIE, and in the
output follpwing are'the values of the Lagrange multipliers
(cf. Ref. 3) for each constraint; formally, PIE*RT is
the free energy per mole for each component times B, the
number of moles of eachﬁcomponent-falthoﬂgh, again, this
interpretation is entirely formal and its interpretation
in the physiological system must be used with care.

Next, DELETE is called four times,ﬁdeleting the fixed
constraints 24 through 21 (see DELETE, p. 48); and then
SOLVE. The solution now is identical to that before DELETE
since the DELETE routine merely substitutes cj values for
the constraint equations. A

The PRINTROWS, PRINTMATRIX, and PRINTTABLEAU commands
verify that DELETE worked satisfactorily; i.e., a) in ROWS,
the last four rows are now missing, and b) in MATRIX, the
NA* entries in Na;lasma is missing but a cj for Na;lasma
has been obtained. PUNCHMATRIX would now give a deck of
cards having the appropriate cj values punched for the
next pass, or the present deck may be altered by adding
the cj values printed in the MATRIX IN STORAGE.

Thus, concerning the intercompartmental relationships,
the active cation pumps assumed between the Red Cells and
Plasma have been simulated in that the Na+, K+, Ca++, Mg++
now have the concentration gradients as given in the
1iterature.‘ Also, since the species HZO in each compartment
has the same free-energy parameter, the concentration
gradient for the species H20 is 1:1, i.e., the two com-
partments are iso-osmotic. Finally, since the input com-
ponents have a net zero charge, and Plasma has a zero-charge
constraint, the Red Cells must alsoc have a zero net charge.

This fact, along with the fixed (impermeable) anionic charge
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on the various proteins, gives rise to the Gibbs-Donnan
gradient. The ratio of Cl~ concentrations in this model
is 1.57, which is slightly high as a8 measure of the normal
Gibbs~Donnan gradient.T

1.F'cn: further analysis, see Ref. 20.
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Chapter 1V

PROGRAM SUBROUTINES

GENERAL REMARKS

The instruction deck of CHEMIST consists of a set of
FORTRAN IV subroutines that may be subdivided conceptually
into three subgroups which, a) solve a chemical equilibrium
problém1 b) transform and manipulate the data of the chemical
model {(Control cards), and c) do housekeeping and special
tasks. The average user may never become involved with the
subroutines in groups a) or c) since they comprise, as it
were, the submerged part:of the iceberg. The subroutines
of group b), which are called in natural language Control
cards (see Chap. 11 above), have the on-line control of
data flow, and "perform' for the user the required tasks in
his logical order. These Control cards, therefore, provide
access to the subroutines although the user need not be
aware of this activity. However, situations will inevitably
arise in which more detailed information about the subroutines
would be advantageous. The following section outlines the
interdependencies among the subroutines; and the final sec-
tion of this chapter, a short description of each subroutine,
its calling sequence, and its function. A listing of the
entire set has been omitted since it is easily available

from a compilation.

SUBROUTINE AND FUNCTION LIST

The following is a list of the subroutines and functions
in CHEMIST, along with sublists of the routines and functions
called by each.



10.
11.

12,

13.

14.
15.

Subroutine

Subroutine

Subroutine

Function

Subroutine

Subroutine

Subroutine

Subroutine

Subroutine

Subroutine

Subroutine

Subroutine

Subroutine

Subroutine

Subroutine

ARITH
ABRS
BAR
EXIT
EXP
MATINV
PHCALC
RCALC
SQRT

BAR(W,WBAR)

BERROR (BMAX)
ABS

CJACOB(I1,J)
FIND

CLOG (W, WBAR)
ALQG

DEL(W,Q)

DELETE (NODEL)
POP

ERRORS
ARITH

FIND(1,J,1JLOC,
IFLAG)
EXIT

IMAGE (KA ,L,KB)

INPUT
DELETE
EXIT
IMAGE
JACOBS
LOOKUP
LP
MATRIX
QUTPUT
PAGE
PRINTP
PRINTT
PUNCHM
ROWS
SCALEC
SOLVE
START
VECTOR

JACOBS(I,12,13)
ARITH
IMAGE
LIST
LOOKUP
PART

LIST
IMAGE
LOOKUP

LOOKUP (KA ,X,L,LL,KB)

LP (MON)
ALGG
AMINL
BAR
EXIT
FLOAT
SIMPLE

16. Subroutine

17. Subroutine
18. Subroutine

19. Subroutine

20, Subroutine
21. Function

MATRIX(III)
EXIT
FIND
POP
PUSH

MATINV(A,N,B,M,D,
W,IP,ISING)

MOVE (X1 ,X,N)

OUTPUT
ERRORS
IMAGE

PAGE
PART(I,J,KIND,KDEP)
ALOG
CJACOB

EXP
FIND

22. Function PHCALC (K)

23, Subroutine
24,  Subroutine

25. Subroutine

26. Subroutine
27. Subroutine

28. Subroutine

29. Subroutine

30. Subroutine

31. Subroutine

32. Subroutine

33. Subroutine

ALOG
POP(1J)

PRINTP
PAGE

PRINTT
FIND
MINO
PAGE

PUNCHM (IPUNCH)

PUSH(1J)
EXIT

RCALC
FIND

ROWS (KALTER)
EXIT

SCALEC (KAA,ZZ)
EXIT
FIND

SIMPLE (INFLAG,MX,NN,
NCT,A,IR0,JC,B,C,KO,
KB,P.JH,X,Y,PE,E)

SOLVE

LP
MATINV
RCALC
SQRT
SSWICH

START
IMAGE

34. Subroutine VECTOR(IVI)
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For convenience, we arbitrarily divide the subroutines
and functions into the three categories mentioned above:
a) solve subroutines, b) Control card subroutines, and
c) subsidiary housekeeping subroutines and special func-
tions. Communication of data into and out of the sub-
routines is accomplished by the following block common,

equivalence, and integer statements:

c
C ISOIONIC POINT CALCULATION NZS20220
c s

47 1 DH=.COlL

50 SUMIs  ~X{B)=-X(10)+X{11)+X(13)+X(15)=X(18)¢X(19)

51 DO 260 I=1,10

52 BBB(1,1)=8BB(1,1)+DH

53 CALL ROWS{-1)

s CALL SOLVE

55 1F ( TERROR.NE.1) CALL EXIT

60 SUM2=  —X(8)=X{10)¢X{11)+X(13)+X(15)=X(18)¢X (19}

61 IF(ABS(SUM2).LT..CCCO1) GO TO 201

64 DHs ( (SUM2-0.) / (SUM1-SUM2) ) #DH

65 SUM1=SUM2

66 200 CONTINUE
70 201 CALL OuTPuY

71 WRITE(6,300) NR{Lo1} NMR{1+2),88B(1,1)
72  3CO FORMAT(1X,2A6,3H = 1PE20.8)
13 WRITE(S,301) KNCLLIIoXCLLYsRKNEBY o XE8) KNELI) XLV RNELOV o X (10D

X KNELS) o XT15)KNTL1BY ,X(18) KN{29),X{(19)
T4 301 FORMAT(1HO, 16X 1H® 18X 1H-/(6X A6 1PEL.5:1Xe A6, 1PEL3.5/1))

c .
C REPEAT, USING REDUCED VOLUME OF SOLVENT (1.0 LITER OF SOLUTION)

75 CALL IWPUY
76 GO 7O 1

17 7 CALL EXIT
i00 END

In addition, each subroutine or function may have its own

peculiar dimension statements and arguments.
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SOLVE SUBROUTINES

BAR MATINV
BERROR RCALC
CLOG SIMPLE
DEL SOLVE
LP

This collection of FORTRAN IV subroutines may be used
for solving chemical equilibrium problems as descrlbed in
Ref. 3. The calling sequence is merely the FORIRAN state-‘
ment CALL SOLVE, or, using Control cards, just thg card
SOLVE. "

The data that must be lnput before CALL SOLVE is

executed consist of the following:

COMMON Location Quantity

Iv{L) M, the number of'constraihts

1v(2) MEND, = M + NCOMP.

IV{3) NCOMP, Number of compartments "

IV(4) N or NTOT Number of unkngwn' variables:
IV({5) Number of the input unit.: ”i*,-‘

IV{6) Number of the output unit.

V{7 Print flag: =1 = minimal amount of

messages;, 0 = one message pe i
iteration step; +1 = all messages.

IV{9) Maximum number of 1terations to be
: ( allowed, L

B{i) By, i=1, 2 v .

X(3) yj, j= 1 2 ,N, where’ yj 1s the

initial estimate of the solution.'
If no estimate is available,,set
X(J) = 0, all j.

c() ¢y j=1,2,...,N, the‘free-energy
' parameters. RS o
"A(l,1H" See MATRIX subroutine for how the

matrix entries a; are storgd in

COuEnon. j

T s R
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In addition, all species in one compartment must have

consecutive subscripts. That is, species 1,2,3,...,k1 must
be in compartment 1; species k1+1, k1+2,...,k2 must»?e in
compartment 2; ...; and species kp-l+1’ kp_1+2,...,kp must

be in compartment p. These k's are communicated to the

subroutines by setting

KL(1) =1
KL(2)
KL(3)

i
=

KL(p) = k
KL(p+1l) = k

In other words, KL(k) is the number of the first component
in compartment k, and KL(p+l) is equal to n+l.

The above are the only numbers that need to be set so
that CALL SOLVE will solve the chemical equilibrium problem.
However, in order that the program can write messages (in
cases of infeasibility, etc.), names for the rows, species,

and compartments may be input:

COMMON Location Quantity

NR(I,1), NR(I,2) Two-word row name for row I.

KN(J) One-word component name for
component J.

NAM(K,1), NAM(K,2) Two-word compartment name for
compartment K. .

In addition, TOL(1) through TOL(5) are tolerances used

by the program. If they are zero when the program is entered,
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they are set by the subroutines to nominal values. These
may also be set by the user of the subroutines; if so,
the nominal values will not be set in the subroutines.

The tolerances are the following:

Nominal

Tolerance Value Meaning*

TOL(1) 0.01 € in step 3 of the first-order
_5 method. :

TOL(2) 10 6 in step 4 of the second-order
-12 method.

TOL(3) 10 Minimum value any x, is allowed
-6 to have. J

TOL(4) 10 Minimum starting value that any

component will have is the
lesser of TOL(4) and %yn+1.

TOL(5) 10”7 Problem is assumed to be degen-
erate if any Sk becomes less
than TOL(5).

With all the above as input, the statement CALL SOLVE
will attempt to solve the chemical equilibrium problem. If,
upon completion of this attempt, a solution is obtained, the
cell IV(10) will contain a 1, and the following data will be

in storage:

COMMON Location Data
X(i) | X i=1,2,...,n (the solution).
XBAR (k) Syes k=1,2,..‘,§.
PIE (1) T i=1,2,...,m.
XMF (1) }Ei, i=1,2,...,n.

TSee Ref. 3.



-103~

If IV(10) is not 1, the subroutines have failed to solve
the chemical equilibrium problem. The reason for this
failure is written on output unit IV(6). 1In such a case,

X(j) will contain the latest value of these quantities.

* % * % %

There are nine subroutines in the set used for the
solution of the chemical equilibrium problem. A brief
description of these subroutines follows. (For a complete

description see Ref. 3.)

1. Subroutine SQOLVE, the master subroutine, is

divided into four functional segments (each of which calls
other subroutines for specific tasks):
a) The prcjection and linear programming routines
for obtaining the initial solution.
b) The first-order method.
¢) The second-order method.

d) Output messages.

2. Subroutine BAR(W,WBAR) calculates the S

Kk

3. Subroutine BERROR(BMAX) calculates

‘N
g; = bi - :z aijxj , i=1,2,...,M .
j=1

4. Subroutine DEL(W,Q) sets
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5. Subroutine RCALC calculates the r array.

6. Subroutine CLOG(W,WBAR) computes

. =c, + log x. , j=1,...,n .
OlJ 3 B 3 Jj=4iL, ’

7. Subroutine LP(MON) sets up the linear programming

problems.

8. Subroutine SIMPLE (INFLAG,MX,NN,NCT,A,IR0,JC,B,C,KO,

KB,P,JH.X,Y,PE.E) solves the linear programming problems.

Information is communicated to this routine via a calling
sequence rather than by COMMON (as in subroutines 1-7).

All dimensions are dummy statements.

9. Subroutine MATINV(A,N,B,M,D,W,IP,ISING) solves
simultaneous equations. As in SIMPLE, no COMMON is used.
The dimension of A in MATINV should agree with that of R
(not A) in SOLVE. All:other dimensions are éingly sub-

scripted.

* k % % %

Subroutines 1-7 above all have a COMMON statement
(labeled /SLVE/) which should be the same in all éeven.
The dimensions of the variables in this COMMON statement
may be set to the values for the largest problem to be
solved. With M, MEND, NCOMP, and N as previously de-

fined, these dimensiocns must be at least:
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Symbol Minimum Dimension
v 30
TOL ' 20
NR (M,2)
B M
KN N
X N+1
C N+1
JCOMP N+1
KL NCOMP+1
NAM (NCOoMP,2)
PIE- MEND
V1,V2,V3,V4 ' MEND
XMF N
- X1,X2,X3 N+1
XBAR NCOMP
R (MEND ,MEND)

CONTROL-CARD SUBROUTINES

DELETE PRINTT
JACOBS PUNCHM
MATRIX ROWS
OUTPUT SCALEC
PAGE VECTOR
PRINTP

These 11 subroutines aré the master routines for corres-
ponding Control cards. 1In each case, one or more Control
cards call these subroutines for execution of the macro-
instruction of the card. Alternatively, these subroutines
may be called from the (FORTRAN) MAIN routine; conse~
quently, even though the actions of the Control cards

have been described in Chap. II above, we show here the
calling sequences and the data required for each subroutine.
Since it is unlikely that these subroutines will be called
out of the context of CHEMIST, the requirements are given

in terms of the data formats of that problem. For this
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purpose, we assume the existence of a valid model of a
chemical system having a feasible solution (e.g., any of
the examples described above in Chap. III would serve).
We also assume that either subroutine START or CLEAR has

been previously called.

1. Subroutine DELETE(NODEL) performs a Lagrangian
delete NODEL times. The result is described under Control
card DELETE (p. 48 above). The Control card DELETE
calls subroutine DELETE(1l) and so must be used NODEL times 
to be equivalent to the FORTRAN statement CALL DELETE (NODEL).

2. Subroutine JACOBS(I1,12,I3) computes and prints
partial derivatives 3u/3v, where u (the dependent variable)

may be components of the vectors X,XMF,XBAR, or pH; and v
(the independent variable) may be components of the wvectors
B, C, or K(K = exp(C).

The program maintains two lists of specifications

established and altered under user control: suppressed

compartments, and selected species.

Printing of partial derivatives of all quantities
(mole numbers, total mole number, mole fraction, and bﬁ)
associated with compartments which are suppressed at the
time when a printout occurs will be omitted. Also, only
the partial derivatives with respect to the c's or k's
of selected species will be printed. For this reason; the
compartments are also regarded as species. (Thus, for the
tth compartment, aii/aé or aiL/aﬁ are symbols meaning,

respectively, the rate of change of x, when each and every

{4
¢ in compartment { is incremented additively an equal amount

or if each k is multiplied by the same number.)
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Printing of partial'derivatives with respect to those
b's which are exactly equal to zero are omitted; all other
partial derivatives with respect to b's are printed under
the b-derivative option.

Subroutine JACOBS is called by the FORTRAN statement
CALL JACOBS(I11,12,13) where:

I1 specifies the desired independent variables as
follows:

I1L = 0 Specifies B's which are not zero.

I1 =1 Specifies c's associated with the
selected species.

Il = -1 Specifies k's associated with the
selected species.

12 specifies the desired dependent variable as
follows:

12 =0 Specifies mole numbers of every species
in every unsuppressed compartment and
the total mole numbers and pH of every
unsuppressed compartment.

I2 = 1 Specifies the mole fractions of every
species in every unsuppressed compart-
ment, and the pH of every unsuppressed
compartment.

12 = 2 Specifies the total mole numbers of
every unsuppressed compartment.

- I2 = -1 Specifies the pH's of every unsuppressed
compartment.

I3 specifies whether or not printing is to occur, and
whether or not data cards which will create a new
list of selected species are to be read:

I3 = -1 Creates a list of selected species and/or
suppressed compartments by reading data
cards. If there is a list of selected
species already in existence, it will be
erased and a new list formed. ©No printing
will occur. When I3 = -1, the values of
I1 and I2 are irrelevant.
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I3 =0 Creates a list as discussed above, but
will also compute and print the partial
derivatives of every independent vari-
able (specified by I1) with respect to-
every dependent variable (specified by
12) for the species on the list.

13

I
pet

Computes and prints partial derivatives
discussed above; but instead of creating
a new list of selected species, will use
the list previously created. Use 1 for
B JACOBS.

Care must be taken when using JACOBS more than once in
the same run not to erase inadvertently the list of species
by calling for a list to be created more than once. A
second list in the same run may be created, if desired, by
~calling for it--but another set of data cards must be in-
cluded. However, compartment-suppression cards may be
added to the list without erasing the species list.

Compartment Suppression. All compartments start out

in an unsuppressed state. To suppress a compartment, a

data card is added (as described below) with a 1 in column

20. Similarly, a compartment may be unsuppressed by adding

a data card with a 0 in column 20. I3 must, of'cburSe, be

-1 or 0 to read these cards. If more than one card ié\fead

in for a given compartment, the last one read dominates.v
Data Cards for JACOBS. Cards for both 1ists; the

selected species and the compartment suppression, may be

inserted together, with formats as follows: columns 1-12
have the compartment name, left-justified; columns 13-18,
the species name, left-justified; and column 20, the com-
partment-suppression indicator. Table XVI gives allowable

data card variations.
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Printing Format. The partial derivatives are printed

in cycles of arrays, each cycle being 8 (or less in the
case of the last cycle) columns wide and up to N (the
number of species in the problem) rows long. The column
headings are the names of the selected species (independent
variables selected) and the rows are identified by either
compartment or species name or pH. Thus, for each of the
selected species, there is printed in a column (for all
unsuppressed compartments) the partial derivatives of the
compartment treated as a separate species with respect to
the selected species, the pH (if any) of the compartment,
and then all the partial derivatives of the species in that
compartment with respect to the selected species.

Compatibility. The Control card JACOB has the effect
of calling JACOBS (0,0,1). Control card MINIJACOB calls
JACOB (0.,2,1).

Partial Derivatives. The partial derivatives are

calculated using the following equations {37:

where:

d, = +1 for k < N, -1 for k > N;

Xy = moles of species k;

A = matrix element at row 4, column k;

yzi = element of matrix Rwl (see RCALC, p. 104
above) at row 4, column i;

b, = moles of component i.
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X M M

K 'L

Be, dy dy X5 Xy ) Zasj R A A "
s=1 t=1

where:
ijv= kroenecker delta.
Bxk - axk . Bxk
aaij i acj i abi
where:

T, = ith Lagrange multiplier, PIE(1).

The partial of x with respect to the independent

variable is obtained from the identity

» X X
A R S 2 0
1 LxL )2

(4]

where the dot means derivative and the subscript in square
brackets indicates that i[i] is the sum of the moles of

all species in the compartment containing X, -

3. Subroutine MATRIX(III) is called by several Control
cards (or by the FORTRAN statement CALL MATRIX(III), and

the argument IIT determines the action taken according to

the fdllowing equivalence:
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II1 CONTROL
-1 ALTERA

0 MATRIX
1 ALTERC
2 ADDC.

All four of these controls are Control cards and the
action taken is described in Chap. II above. The Control
card MATRIX (i.e., CALL MATRIX(0)) reads and stores the
names of the compartments and species as well as the data
array A(I,J). These data must be available in storage
before using the other options of the argument.

The data in the matrix array A(IL,J) is not stored in
COMMON in an I x J matrix. Since this matrix is sparse,
conslderable space has been saved by storing the data in
the three smaller blocks:

Name Dimension Meaning
AL 460 Coefficient of matrix

entry, aij

IROW 460 Row number for entry
JCOL 460 Column number for entry.

The matrix coefficients are stored in the order in
which they are read. If more than one card is used for one
species, it must immediately follow the first card. The
free-energy parameter from the first card is stored.

The coefficient for the entry goes into the array ALJ,
the row number into IROW, and the column number into JCOL.

The arrays for the sample Soda-Pop problem (see Ex. 2,
PRINTTABLEAU, p. 81 above) would look as follows:



AIJ(1) = 1.0 IROW(l) =1 JCOL(1) =1
A1J(2) = 1.0 IROW(2) = 2 JCOL(2) =2
AIJ(3) = 1.0 IROW(3) = 3 JCOL(3) =3
ALJ(4) = 1.0 IROW(4) =4 JCOL(4) =4
A1I(5) = 1.0 IROW(5) =1 JCOL(5) =5
ALI(6) = 1.0 IROW(6) = 2 JCOL(6) = 6
ALI(7) = 1.0 IROW(7) = 3 JCOL(7) =7
AIJ(8) = 1.0 IROW(8) = 8 JCOL(8) =8
AL3(9) = 1.0 IROW(9) = 4 JCOL(9) =9
A1J(10) = 1.0 IROW(10) = 5 JCOL(10) = 9
ATJ(23) = 1.0 IROW(23) = 4 JCOL(23) = 18
A1J(24) = -2.0 IROW(24) = 5 JCOL(24) = 18
ALJ(25) = 1.0 IROW(25) = 11 JCOL(25) = 19
A1J(26) = 1.0 IROW(26) = 5 JCOL(26) = 19
A1J(27) = 1.0 IROW(27) = 11 JCOL(27) = 20

Manipulation of Matrix Data. Since the matrix in-

formation is stored in three arrays, it cannot be addressed
directly. If a particular ai% coefficient is needed, the
arrays are first examined for a value that corresponds to
the i and j subscripts. If there is an a5 entry, it must
be located in the arvay. If it does not exist, then this
information is required. Also, it is sometimes convenient
to know the first and last locations in the array for a
given species or for a given compartment.

1£f one cof the Control cards ALTERA, ALTER(C, or ADDC
is used, a particular aij coefficient must be found. If
it is not in the matrix, tbe program must f{ind (he place

to insert the value that iz to be alteved into the data

arrays. A new coefficioent Lor species J would go sfter
the last entry for that specles and ahead of the fivst
entyy for Che pext gpecles. This means that all entries
must be moved down one cell starting with the next species

to make room for the new ﬂij‘ Conversely, if an a, .
)
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coefficient in the matrix is to be changed to zero, the
code will eliminate it by moving all entries that follow
by one cell, ; ' '

. Three subroutineérarézavailaﬁle to do the ménipﬁlé&ion.
FINB~wiIIVIDqk for the entfy aij and return the approppiate
information; it will also look for the beginning and end of
a speciés. The locations for the compartment are found by
looking for the ranges of the first and last species in the
compartment - (see FIND below). PUSH will move the matrix
down one slot (see PUSH'beiow); it gets the starting loca-

tion from FIND. POP will move the matrix up one slot (see

[
C ¥
T

POP below); it also gets'the starting location from FIND.

4. Subroutine OUTPUT is called by the Control card !
OUTPUT or by the FORTRAN statement CALL OUTPUT. (The action '~ {
is described in Chap. II above, p. 47.) Normally the vectbnmxf“

X and the vector XMF are printed as shown in the Chap. III ‘¢ o
examples; but the vector X1 may also be printed as a third ‘
line of output by first filling the vector with the data
to be printed and theh setting IV(23) = 1 before calling
OUTPUT. | | - R

The subroutines called by OUTPUT and ERRORS (which
calls ARITH), which prints the errors and the headings
OPTIMAL or NOT OPTIMAL SOLUTION (see example, p. 65); and -
IMAGE, which sets up some of the captions for printing.

5. Subroﬁéine PAGE is called by the Control éard
EJECT or Ey the FORTRAN statement CALL PAGE. 1tS'e§£€Ct
is to skip the printer to the top of the next sheef?and-to
print the last read TITLE. . o ‘» iaﬁf
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6. Subroutine PRINTP is called by the Control card
PRINTPIE or by the FORTRAN statement CALL PRINTP. 1ts
effect is described in Chap. II above (p. 51).

7. Subroutine PRINTT is called by the Control card
PRINTTABLEAU or by the FORTRAN statement CALL PRINTT. 1Its

effect is described in Chap. II above (p. 50).

8. Subroutine PUNCHM(I) is called by the Control
card PUNCHMATRIX, or by the FORTIRAN statement CALL PUMCHM(I).
Its effect is to print (I=0) or to punch (I=1) the matrix

data array in the input format.

9. Subroutine ROWS(KALTER) is called by several Con~
trol cards or by the FORTRAN call statement CALL ROWS(KALTER).

The value of the argument KALTER determines the action taken

according to the following equivalence:

KALTER CONTROL
-3 PUNCHROWS
-2 PRINTROWS
-1 (Update B)

0 ROWS
+1 ALTERB
+2 ADDB
+3 B

"Update B" is not a Control card, but the other six con-
trols in the above list are. (Their action is described
above in Chap. II.) Update B (i.e., CALL ROWS (-1)) up-

dates the vector B according to

B(I) = ZBBB(I,J)*BMULT(J) ,  for all T ,
J
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and consequently the BMULT(J) must be known before CALL
ROWS(~1). Similarly, if the BMULT(J) are changed in FORTRAN
(e.g., in the MAIN routine) CALL ROWS(-1) must be used to
update B.

Normally, the MULTIPLIERS Control card computes B;
and ROWS, ALTERB, ADDB, and B also update B automatically.
Since B is the matrix product BBB:BMULT, both sets of data
are required for correct evaluation of B; and since the
ROWS data array is read before the BMULT(J) data, the re-
sult may temporarily be irrelevant. Conversely, the
MULTIPLIERS Control card (as well as ALTERB, ADDB, and B)
requires the ROWS data array for execution since it does

update B.

10. Subroutine SCALEC(KAA,ZZ) is called by the Control
card SCALEC (followed by%data; see SCALEC, Chap. II, p. 35);
or by the FORTRAN statement CALL SCALEC(KAA,ZZ), where KAA

'is the rame of the compartment to be scaled (first six

alphanumeric symbols of the name only, including blanks)

and ZZ=SCALE -1.0--i.e., if the ccmpartmeﬁt KAA is to be
multiplied by SCALE (a r?al number), ZZ is set at SCALE -1.0
since the result of SCALEC is added to the £resent value
(see p. 35 ff. above). More than one compartment may

be listed as data cards after the SCALEC Control card (all
followed by an END card), but CALL SCALEC(KAA,ZZ) must be

used once per compartment.

11. Subroutine VECTOR (IVI) is called by two Control
cards or by the FORTRAN statement CALL VECTOR (IVI) accord-
ing to the following equivalence:
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IVL Control
0 VECTORX
1 PUNCHX

The action of these two Control cards is explaihed in

Chap. II above.

SUBSIDIARY SUBROUTINES AND FUNCTIONS

ARITH LOOKUP
CJACOB MOVE
ERRORS PART
FIND PHCALC
IMAGE PoP
INPUT PUSH
LIST START

JOHNO1

GOALNS

This is a miscellaneous collection of subroutines and
functions which are not called either by SOLVE or directly
by a Control card. They are called only by FORTRAN call
statements or--in the cases of CJACOB, PART, and PHCAILC--
by FORTRAN function statements.

1. Subroutine ARITH, called by the FORTRAN statement
CALL ARITH, recomputes the vectors XBAR, XMF, and Rnl; and
then computes the current value of the free-energy functions
FE=PIE:B and FE2=RT.FE--where the dot is vector dot product,
and the vector pH. It then computes ERMA and ERMB, and sets

the optimum solution toggle IOPT (see Table II, pp. 27-28

above) .

2. Function CJACOB(I.J) ié called by JACOBS to com-
pute the partial derivative of x(I) with respect to C({J).
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It may also be used directly as a function, but the inverse
of the matrix R must be in storage. For this purpose, the
inverse may be obtained by the statement CALL ARITH.

3. Subroutine ERRORS is called by the FORTRAN state-
ment CALL ERRORS. This subroutine calls ARITH and then

prints the resulting messages at the beginning of the OUTPUT
printing (see Subroutine OUTPUT, p. 114 above).

4. Subroutine FIND(I,J,IJLOC,IFLAG) locates an element
of the matrix A(I,J) in the data arrays ALJ(IJ), IROW(LJ),
and JCOL(IJ) using the following four arguments:

I is set to the given row number, i (or zero).
J is set to the given column number, j.

IJLOC is set by FIND to a location (subscript 1J)
within the matrix data arrays.

IFLAG 1is set by FIND to zero or one if I # 0. If
I =0, FIND will set IFLAG to a locatiom.
The subroutine does one of two things, depending on
the value of I1:

1) If I#0, search the arrays of the matrix data for
the entry for aij' If it is in the matrix, set

TJLOC = 1J
IFLAG = 0 .

This means that

IROW(IJ) = 1
JCOL(IJ) = J

ATJ(1T) = aij

If there is no entry in the matrix for a;.s set

1JLOC = 1J
IFLAG = 1 ,
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where 1J is the location for the first entry of
the next species.

2) If I=0, search the arrays of the matrix data for
the beginning and end of column J. Then set
IJLOC = L
IFLAG = LL .

This means that ail the aij entries for species
J are located in the array AIJ from AIJ(L) to
ATIJ(LL) inclusive.

This second option can be used to find the range for
all the entries of a given compartment K. Call the sub-
routine twice. The first time, set JHKL(K), which is the
first species in the compartment. The calls will be as

follows:

CALL FIND (0,KL(K),KTA,KTB)
CALL FIND (O,KL(K+l)-1,KTC,KTB)

This means that all of the aij entries for the compartment
are located in the array AIJ from AIJ(KTA) to AILJ(KTB).
Note that the third parameter in the two calling

sequences must have a different name.

5. Subroutine IMAGE(KA,L,KB), called by CALL
IMAGE (KA,L,KB), merely stores the name in KB(L) in loca-
tion KA.

6. Subroutine INPUT is the master Control routine

for the Control cards. From the user's view, INPUT is
always called by the FORTRAN statement CALL INPUT,; and
the action is always apparently to transfer control to
subsequent Control cards in the data deck. However, con-
trol of the machine pass actually remains in INPUT where

the statement
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701 READ(NIT,71) (KA(K),I=1,12)

reads each Control card in turn; and, using subroutine
LOOKUP, identifies the card and then calls the proper
subroutines for its execution. Upon completion of each

Control card a GO TO statement transfers back to read the

next card.

7. Subroutine LIST, called by JACOBS, handles the
list structuring of compartments, species, and parameters
as described above under Subroutine JACOBS (p. 106 f£f.).

8. Subroutine LOOKUP(KA,K,L,LL.KB) looks in the
array KB(I) from the locations of I=L to I=LL for the first

word that is equal to the word in KA. 1If one is found, set
K=I. If KB(I) does not contain the word in KA, set K=LL+1.
L can be greater than one, but it must not be
greater than LL.

LL must be within the range of KB array and
should not be less than 1.

KB is an array name, or it may be an alpha-
numeric list.

The following uses are legal:

CALL LOOKUP (LC,J,1,5,KN)

CALL LOOKUP(LD,J,KL(K) ,KL(K+1)-1,KB)

CALL LOOKUP (KA,K,1,3,18HINPUTSOUTPUTFINISH)

CALL LOOKUP (KA,K,2,4,30HFIRST SECONDTHIRD
FOURTH FIFTH SIXTH)

Using the last CALL LOOKUP statement as an example, the

following demonstrates how it works:

If KA is THIRD K
If KA is SAMPLE K
If KA is FIRST K

¥
2

it i

3
5
5
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FIRST is in the 1list, but the CALL asks the subroutine to

look at words 2, 3, and 4 only.

9, Subroutine MOVE(X1,X,N) sets X{(J)=X1(J) for J=1,N.

10. Subroutine PART(I,J,KIND,KDEP) computes partial

derivatives, du/dv, according to the following values of

the arguments:

I

KIND

KDEP

the independent variable: the row or
species number, or in the case of compart-
ments, the negative of the compartment
number .

the dependent variable; the species number
or the negative of the compartment number.

the kind of independent variable:

KIND = 0 for derivatives with respect to b

KIND = 1 for derivatives with respect to

KIND = -1 for derivatives with respect to
K = exp ¢

the kind of dependent variable:

KDEP = 0 for mole number or total mole
number (x or x)

KDEP = 1 for mole fraction (X)
KDEP = -1 for pH .

Compartment numbers, as described above, are dif-

ferentiated from species numbers by a minus sign. The

input for a pH must have a compartment number (negative)

for J.

When PART is called directly, ARITH must be called

first in order to make R_l available,

The c¢'s and K's Associated with a Compartment. There

is a generalized definition of the free-energy parameter

{and K=exp C) which applies to compartments as a whole.

A precise pragmatic statement is that for any dependent

variable, u,

C
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3u
ac,
J

QJlOf

o
i

L ]

where the summation extends over all species in the com-
partment with which ¢ is associated.
Also,

ok dc dc

11. Function PHCALC(K) computes the pH for compart-

ment K. The normal way to use it would be PH(K) = PHCALC(K).

The formula for the computation of the pH is as follows:

log(xH+ * ALITER #* BLITER)
log 10 ’

sz.—

where the product of the constants ALITER times BLITER times

the concentration of H+ will give the correct pH at temper-
o, t

ature 37 C.

12, Subroutine POP(1LJ) eliminates the matrix data
entry AIJ(IJ) that is equivalent to aij' The value of 1J
is normally obtained from a CALL FIND(1,J,1J,IFLAG) state-

ment. To remove the entry from the matrix, the subroutine

shifts the data in the arrays from

ALJ(IJ+1) to AIJ(NALJ)
IROW(IJ+L) to IROW(NALJ)
JCOL(IJ+1) to JCOL(NALJ)

TcE. Ref. 5, pp. 348-349.
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up by one position so that it is now located in

ALJ(LI) to ALJ(NALJ-1)
IROW(IJ) to IROW(NALJ-1)
JCOL(1J) to JCOL(NAIJ-1)

Set the values of

AIJ(NALY) = 0
IROW(NALJ)
JCOL (NALJ)

0
0

[

and then reduce NAIJ by one since we have eliminated an

entry.

13. Subroutine PUSH(IJ) adds a matrix data entry,
jj» to the arrays ALJ(LJ), IROW(LJ), and JCOL(L). The
value of 1IJ is normally obtained from a CALL FIND(I,J,1J,
IFLAG) statement. Adding an entry, PUSH moves all of the

a

entries down by one positibm so that the data that was
originally in
ATIJ(1J) to ALJ(NALY)

IROW(IJ) to IROW(NALJ)
JCOL(1J) to JCOL(NALJ)

is now located in

ALJ(IJ+1) to ALJ(NAILJ+1)
IROW(IJ+1) to IROW(NAIJ+1)
JCOL(IJ+1) to JCOL(NAIJ+1)

and set NAIJ = NALJ+1.

14. Subroutine START, normally called once in the
MAIN routine, clears all of COMMON and sets the nominal

values for all parameters. Since the Control card CLEAR

calls START, its action is the same. The parameters set

are.;
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NIT = 5
NOT = 6
MAXM = 60
MAXN = 169
MAXAIJ = 460
MAXP = 25
MAXMD = 75
BMULT(1l) = 1.0
ALITER = 55.139673
RT = 616.27403

15. Subroutine JOHNO1(I,IZ2,I3) is an example of a

special-purpose routine which simulates the movement of

species into and out of a biological system. Components
of one hour's urine are added to the system and, simul-
tanecusly, the previous hour's production of uriﬁe is
deducted. The calculation will thus follow the time

course of events in the biological system [2].

16. Subroutine GOALNS (METH,LOCIND, KAIK,KNDIND,
LOCDEP ,KNDDEP ,GOAL ,IGRUP) is a modification of the pre-
viously described PHSOLVE (see Chap. I1II, p. 74 above)

with the following added characteristics:

1) The A(i,K) values can be used as an independent
variable to reach a goal (dependent variable
value).

2) More than one species can be combined to form
a compound, which will be the independent variable.
Each component of the compound will be incremented
equally as the routine seeks a desired goal.

3) The routine and all its goals can be defined from
any other routine or from a macro in the data deck
plus the appropriate data cards.

4) The maximum iterations allowed in attempting to
reach a goal is g variable.

5) The printed output generated by the routine is
segmentally suppressible.
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6) The computed step size (increment) of a C(I) can
be attenuated if the routine oscillates or blows

up.

The arguments of the subroutine have the following

definitions:

METH--Indicates how information will be supplied to
the subroutine.

METH = 0 The program will start reading data
v cards until an END is read into
columns 1-3. One data card is used
for each independent variable.

METH = 1 The program expects only one de-
pendent and one independent value
whose characteristics are specified
by the remaining arguments of the CALL
GOALNS(ls—:"':-:'s's")
statement. : v

METH = 2 The program stores this set of de-
pendent and independent arguments until
the complete set of arguments has been
supplied by a series of call statemernts.

METH = 3 Indicates that all the arguments have
been supplied by call statements and
the routine should start iterating in
an attempt to reach the specified
goals.

LOCIND=--Specifies a location of the independent vari-
able. This is the location of the Ith com-
ponent in ROWS, the Ith "c¢" value, or the Ith
row of the A(I,K) matrix.

KAIK--Also specifies the location of the independent
variable: the Kth column of the 'BBB' matrix
or the Kth column of the A(I,K) matrix. Enter
a "1" for c(j) goal. :

KNDIND-~The type of independent variable:

0 = BBB(I1,J)
1 = c¢(K)
2 = A(I,K)
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LOCDEP-~Specifies the location of the dependent
variable, either its compartment or species
number. Compartments are to be specified
by negative integer; i.e., -1, -2, etc.

KNDDEP--Indicates the type or units of the independent
variable:

-1 =
0 = moles
1 = mole fractions

GOAL~--The desired goal value.

IGRUP~-~Specifies the Ith independent group to be
used to reach the Ith goal.

A group could be:
1) The moles of a single species, as H+.

2) The combined moles of more than one
species to form a 'compound" such as

H +c1”.
3) A combined set of equally incremented
C(I)'s or A(I,K)'s.

The maximum number of components to a compound is
six. Each éompound must have the same IGRUP number, but
each group must be sequentially incremented by one. The
maximum. total number of goals, counting each component of
a compound, is 19. The partial derivative of a dependent
variable with respect to a compound is the sum of the
derivatives with respect to each component of the compound.
Thus, since a.j may be negative, the sequence number is
written with a minus sign as required.

The set of values on the END card or the CALL card

- with METH = 3 can be used to suppress undesired output:

LOCIND > 0 Suppresses the output of the input table.

KAIK > 0 Suppresses the output of the partials
with respect to A(I,K).



KNDIND

KNDIND

LOCDEP

KNDDEP

IGROUP

GOAL >

0.0
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Suppresses the iterated output of the
incremented independent variables. The
final increment is printed.

Suppresses all output of the incremented
independent variables.

- Suppresses the matrix of partials used

to determine the independent variable
increment.

Suppfesses the set of partials that are
summed to form the partial of a compound.

This number will determine the number of
cycles the program goes through to reach
a goal. A zero or default option implies
a maximum of five cycles.

Specifies the attenuation factor for a
C(I), or A(1,K) value. A zero or de-

fault option implies a 0.8 attenuation.
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