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ABSTRACT

A digital model of the human circulatory system has
been developed which simulates pulsatile blood flow and
gas transport and exchange. The model was designed
specifically to study short term G stress encountered in
modern aerial combat manuevers and incorporates a realistic
representation of the nonlinear elastic characteristics of
circulatory elements and the related pressure dependent
flow resistance characteristic of these elements. One
form for the pressure-volume relationship used in the model
was shown to fit in vivo data for arteries, veins, and
left atrium. The resistance-pressure relationship which
follows using the Poiseuille-Hagen formula was shown to
fit lung data. The oxygen saturation curve and the
carbon dioxide dissociation curve were represented by
published equations. The systemic circulation is
partitioned into four zones: head, upper torso, lower
torso, and legs; while the pulmonary circulation is
partitioned into six zones with a corresponding distri-
bution of ventilation.

This model has been shown to properly simulate
experimental human data for passive breathing in a prone
subject. The computed carbon dioxide and oxygen partial

pressures vary realistically around measured average



partial pressures from human subjects. The computed blood
pressure-time, volume-time, and flow-time curves match
corresponding curves for human data. Under sinusoidal
Gz variations, the model predicts realistic variations

of body segment volumes, flows and pressures.
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CHAPTER I

INTRODUCTION AND REVIEW OF EXISTING MODELS

A comprehensive mathematical model of the circulatory
system is developed. In order to fully understand the
details of its development, we must approach it within a
larger framework. It is one facet of a multiphase, long
range project for the U. S. Air Fcrce. The goal of the
project is to develop a complete cardio-pulmonary mathe-
matical model to study the effects of G stress on man
beyond the limits of human centrifuge experiments in the
hopes of better providing protection for short term G stresses
encountered in modern day aerial combat. The development
phase of this project consisted of a three pronged approach:
development of a lung model (Ray Calvert, University of
Houston, 1976-1978), a circulatory model (this model), and
a feedback control system (H.I. Modell, University of. Washington,
1977-present). All have incorporated parameters with
anatomical correspondences exhibiting nonlinear properties.
Each portion of the development required a more comprehensive
and detailed approach to the mathematics of human physiology
than has been previously attempted. The development and

testing of the circulatory model is presented in this thesis.



Due to the nature of the long range project, the
circulatory model must meet a number of conditions in its
design. It must incorporate gas transport and a pumping
heart. It must be complete with verifiable nonlinearities
and parameters with physiological correspondences. It
must be able to exchange gases with the existing lung model
and transport these gases to tissue sites representing
different portions of the body. It must exchange gases
between lung alveoli and blood, and tissue segments and
blood with a physiologically verifiable rate. It must
transfer blood, modeling physiologic pressure, volume
and flow versus time. Finally, it must provide the ability
to change G as a function of time, to incorporate feedback
mechanisms, and be able to model a number of seconds of
real time with stability, and accomplish all of this in
a reasonable amount of computer time.

In order to keep computer time within a workable frame-
work, it is equally important to recognize what the model
need not be required to describe. It need not describe the
details of the ventricular pulse and arterial wave propagation.
It need not provide the data for a detailed study of the
uptake of gases by blood plasma and hemoglobin. Finally,
it need not model the functioning of the human circulatory
system for periods of hours or days.

A number of models of the circulatory system in man

have been developed. In the late fifties and sixties,



great strides were made by many researchers in an effort
to model the circulatory system. The analog computer was
well developed and this was the modeler's medium. The
primary hope was that an accurate modeling of the arterial
pulse would produce a correlation between pulse shape and
heart dynamics, which could then be used as a diagnostic

aid. This work reached a peak in 1962 when Circulatory

(1)

Analog Computers was published from the proceedings of

the symposium on the applications of analog computers to
the study of the mammalian circulatory system held in the
Netherlands on April 19 and 20, 1962. Following this,
study turned from the circulation itself to the regulation
of the circulation. In 1966, a conference was held on the
regulation of the circulation and metabolite transport

resulting in the book, Physical Bases of Circulatory

Transport: Regulation and Exchange.(z) Since that time

research in all three areas (arterial pulse propagation,
regulation, and gas exchange) has continued independently.
A summary of some of the circulatory models that have
been developed is given in Table I (this model is included
in the table for comparison). The table indicates the
author, date of publication, to what detail the systemic
and pulmonary systems have been divided, to what extent
physiologic data has been linearized, and the studies
performed with themodels. From the table, it can be seen

that existing models of the circulatory system can be
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divided into three distinct categories:

1. Those models containing a pumping heart - these
are all analog in nature and include Dick and Rideout,czs)
Noordergraai,[4-7) Beneken,(lo_lz) Hwang,(14) and Croston. (13)
These have accurately modeled blood flow under physiologic
conditions, usually with a major emphasis on arterial wave
pulse propagation. All but one of these analog models
consider a -constant resistance, unaffected by vessel
geometry. Most assume constant pressure-volume relation-
ships. Most also ignore gravitational effects. These
existing models also place no emphasis on lung geometry and
are therefore inadequate for studies of lung perfusion.

2. Those models addressing the effect of acceleratory

stress - only two are known to the author; that of Green(18)

and that of Boyers.(17)

Boyers' model treats only one g
and Green assumes a linear pressure-volume relationship.

3. Those models containing gas transport and diffusion -
many lung models have some form of circulation. Usually
this consists of only an influx of venous blood and an
efflux of arterial blood. These are not considered. Those
models with a more complete circulatory system include that

(19) and Emery,(zo) Of these only

of Saidel,(21’22) Grodins,
Grodins' model has more than one capillary vessel. All
assume steady state.

No model, known to the author, falls within any two of

these categories. The model developed here addresses all



three categories and therefore is the most comprehensive
and detailed model known to exist.

In addition, only one of the models has assumed that
flow resistances are dependent on the vessel geometry as
the well-established Poiseuille-Hagen relationship(24)
states. All but two of the models assume linear pressure-
volume or pressure-diameter relationships, yet all in-vivo
data and modern in-vitro data (holding vessel length
constant) indicate a logarithmic relationship (see Figures 6,
7, and 8).

The one model with variable resistance is only an
arterial model and is therefore not useful to study the
entire circulatory system. The assumptions made in the
remaining models restrict their reliability to small pressure
changes and make them of highly questionable value in
studying g-stress. In fact, the question of finding a
proper pressure-volume relationship is so important that
a digression is in order to review the literature on
existing empirical relationships.

An empirical pressure-volume relation, satisfactory
for the purpose of a model, must contain relatively few
parameters that can be determined from known physiological
data, as it is impossible to obtain data for all pressures

(25)

on every vessel and body segment. Gessner proposed

the differential relationship;



%% = K0(1+a?+b§2+cﬁ3) (1) V=blood volume
KO, a, b, ¢ =
constants
where P = P-Py o
PAve = mean transmural blood pressure
P = instantaneous transmural blood pressure
Another form proposed, by Attinger,(16) was
T = a(P-b)C+d (for low pressures) (2)
T = tlogP+g (for high pressures)
where r = vessel radius

P = transmural blood pressure

a, b, ¢, d, t, g = constants
Both provide reasonably good fits, but the parameters vary
widely from vessel to vessel with no physiological basis
for their choice. Similarly, the equation proposed by

Cope£26)

Vm Ts 2 2
o = (P -P )+a(PL-P5)+b (P -Pd) (3)

where Ps = systolic arterial pressure
Pd = diastolic arterial pressure
Pv = Veneous pressure
a,b = constants of the aortic pressure value curve
TS = duration of systole
Td = duration of diastole



Vm = cardiac output = minute volume
R = total peripheral resistance
N = heart rate

is not useful as it applies only as a time average over a
heart beat and only to the aorta. More recently, Gaasch(27
proposed the relationship

P = bekV

where P = transmural pressure

f

Vv end-diastolic ventricular volume
b,k = constants
for an end-diastolic pressure-volume relationship in the

(28)

ventricle, but as pointed out by Glantz, it has serious
difficulties. The model predicts that volume becomes zero
for positive transmural pressure, and the fit to data
becomes poorer as the accuracy of data is improved.

None of these relationships is satisfactory. This
thesis presents a satisfactory empirical pressure-volume
relationship. This relationship is also used with the
Poiseuille-Hagen relationship in the model to give a
resulting flow resistance that 1s dependent on transmural
pressure and agrees well with physiological measurements.

The model presented here will provide the best
pressure-volume and resistance-volume relationships of

any complete circulatory model now available. In addition,

it will include the exchange and transport of gases with a

)
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pumping heart. The model includes the following anatomical
details to further simulate the human circulatory system:

1. Venous return volume has been separated from the
capillary volume so that venous storage without significant
O2 and co, exchanges with tissue is possible.

2. Each lung and body compartment has venous return
to provide for the gravitational effect of different body
orientations and venous storage.

3. The leg return compartment and valves simulate
control of circulation and muscle action on circulation
within in the legs.

4. The chest cavity compartment allows changes in
blood pressure and flow in response to changes of pleural
and alveolar pressure due to breathing.

5. Multiple vascular compartments in the lung will
simulate distribution of perfusion in the lung.

6. External pressure, P', and resistances at each
compartment are variable to simulate short term
neural control, g suit effects, and breathing
maneuvers.

7. Each portion of the body has a separate control
of resistance and compliance allowing vasoconstriction and
dilatation in the skeletal muscles while allowing no
vasoconstriction in cranial arteries and neither vaso-

constriction nor vasodilatation in the lungs.
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8. A detailed simulation of heart function which
permits studies of such abnormalities as a defective heart
valve, high blood pressure, or enlarged heart.

9. The variable resistance of the distensible
tubes of the vascular system 1s: adequately modeled.

10. The dependence of compartment pressures on gravity
and whole body acceleration is included for all body
orientations (e.g., horizontal, reclining, legs up, head
down, etc.).

The differential equations of this model have been
programmed for numerical integration using Hamming's fourth
order predictor-corrector integration with a fourth order

(29)

Runge-Kutta method starting procedure. It consists of
84 coupled, nonlinear, simultaneous, differential equations
in its present form (including the transport of O2 and CO2
only). The program is able to include any number of gases
with the number of equations increasing by 24 for each
additional gas. These equations are derived and the
determination of model parameters is discussed in the
following four chapters. A listing of these equations

and parameters is found in Appendix 1; the program itself
is in Appendix 4. Appendix 2 consists of a brief discussion
of the chemistry of gas transport in the blood, and

Appendix 3 lists the empirical saturation and dissociation

relationships used in the model.



CHAPTER 1II

THE MECHANICS OF BLOOD FLOW

This chapter will address the mechanics of blood
circulation in the model. The derivation of the blood flow
equations will be divided into two parts. Part A will
discuss the longitudinal motion of the blood through the
blood vessels, and Part B will discuss the transverse
motion of blood, vessel wall, and surrounding tissue.
Throughout the model, the basic assumption is that many
branching blood vessels may be approximated by a single
vessel of uniform size. Due to the enormous geometric
complexity and number of blood vessels in the body, this
assumption is essential if a model is to be developed. The
single vessel in turn is mathematically equivalent to a
volume element and a resistive element (Figure 1).

These model elements are linked together to form the
entire circulatory model (Figures 2, 3 and 4). Only three
types of capacitive elements are employed in the entire
model. These are enlarged and shown in greater detail in
Figure 5. Type a) consists of a blood volume element able
to exchange gases with an alveolar space in the lungs;

b) is a blood volume able to exchange gas with a tissue

volume element; and c) is a blood volume element having no
12
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Key to Chamber Numbers

1 Large veins including superior vena cava
2 Right Atrium

3 Right Ventricle

2 Left Atrium

3 Left Ventricle

4 Pulmonary arteries

5-10 Pulmonary capillaries

11 Pulmonary veins
12 Right Atrium

13 Right Ventricle
14 Systemic arteries

15-18 Systemic capillaries

19-22 Small veins

23 Veins of the 1leg

24 Large veins including inferior vena cava

The valves are:

(a) Tricuspid valve
(b) Pulmonary valve
(c) Mitral valve
(d) Aortic valve
(e) Leg valve

Figure 4
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exchange of gas with exterior elements. Types a) and b)
will be referred to as the capillary elements.

Valves are indicated in the model within the heart and
leg chambers. The flow of blood through the leg mitral, and

tricuspid valves is modeled by

Vig # 0 if P >P19, valve open (5)

20
Vig = 0 if PZ@ < P19’ valve closed

where Vig is the volumetric flow rate of blood from chamber
19 into 20, with pressures P19 and P20 respectively (see
Figure 2, legs and leg return). This allows only one-way
flow through the leg valves.

The aortic and pulmonary valves also allow only one-way
flow, but are modeled in a slightly different way due to
the inertia of the blood being included (see Part A of
Chapter I). If the aortic or pulmonary valve is closed
(v=0), the same conditions apply as in Equation 5. If the
valve is open, then the flow is calculated and its sign 1is
checked. If it is positive, calculation continues, if it
is negative, the flow is set equal to zero and the vélve
is closed.

The conservation of blood volume in each chamber is

expressed as;

v- -V = I (6)
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where V is the chamber volume and vln(vout

)} is the volume-

tric rate of blood flow into (out of) the chamber.

Part A

The Navier-Stokes Equation(so) for incompressible flow

can be written

2L BXTIETR? = T o T TL, (7)
where § = VX¥ (8)
and T = velocity of blood flow (cm/sec)
p = density of blood
¢ = potential term
P = blood pressure
fvisc = viscous force per unit volume of blood

Assuming the circulation and viscous terms

(?;}Sc—pﬁk?ﬁ can be written as fvz; where f is approximately

a constant plus a constant divided by the flow rate (f reduces

to a constant divided by the flow rate for small Reynolds

number),(sl) the axial component of blood flow becomes
ar P
2,p 8 02,02, 2y _ 3= 3¢
5T 7 37 (TxtTytT,) 52 Paz iV, (9)

The vessel sections are assumed to change size uniformly,

so that

__l=__X=O (10)
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PEE ()

Gravitational forces (or equivalently, centrifugal forces)

are the only body forces, so
$ =g, (12)

where g is the z component of the acceleration (gravita-
tional and/or centrifugal), and p is assumed constant
(incompressible blood). The derivative g% is approximated
as a ratio of finite difference f% for the model elements
of length Az. Assuming that the vessel segment is of
uniform cross section, inlet and outlet velocities
are equal;

rzl = rz2 (13)
and Equation 11 becomes

aT
(pa2)5¢% = (Py*pghy)- (Py*pghy)+Rr +R'Tl  (14)

where fr2 = Rr +R'r2
7 zZ Z

and Pl(PZ) = pressure of the blood at inlet (outlet)

r, (rZ ) = rate of the blood entering (exiting)
1 2
vessel

hl(hz) height above the heart (chosen as h=0) along
the direction of z at inlet (outlet)

Az = vessel length
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This is the equation used in the model segment connecting
the left ventricle and aorta (or arterial chamber) and the
right ventricle and pulmonary arterial chamber (see Chapter IV).

The Reynolds number is appreciable only between the
ventricles and the arteries at the peak of systole.(sz)
Throughout the rest of the circulatory system, it is small -
the turbulence term, R'rg, is therefore dropped for the
rest of the model segments.

An additional assumption,

oT
(pa2)55= = 0, (16)

is made for chambers outside the ventricles and arteries.
This assumption is justifiable since the change of flow
rate outside these chambers 1is small compared to the rate
of flow under normal conditions. With rapidly changing g,
this assumption must be reassessed, but not enough informa-
tion is available for a conclusion at this time. These
assumptions yield the general relationship of axial flow

for these vessels:

(Py+pghy) - (P *+pgh,) = Ryr, (17)

where

=
I

1 flow resistance in the segment connecting

chambers 1 and 2

velocity out of chamber 1 (cm/sec)
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Within the program, the velocity, L is expressed
in terms of the volumetric rate of flow, v. This is

related to v by
Ar_ = v (18)

where A = uniform cross section of the segment.
This expresses the blood flow in ml/sec and because of mass
conservation for the incompressible fluid, the change of

chamber volume is given by

dvV _ _in_ _out
it = v v s (19)
in N out M
where v°© = } v. and v =) v, (20)
i=1 * i=1 J
and
vi(vj) = volumetric flow rate into (out of) the

chamber through segment 1 (j)

blood volume of the chamber

<
1]

Part B

The assumption 1is made that the vessel wall and
surrounding tissue contributes more to the vessel size
and transverse motion than does the transverse blood flow;
thus, the equation of transverse blood flow is not discussed.
The equation of motion of the vessel wall and surrounding
tissue is Newton's second law expressed in terms of

pressures,
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Ra, = P-P'-P-Rv (21)
where

M = mass of tissue in motion

A = cross sectional area of the vessel wall (internal
and external areas of the vessel wall assumed
approximately equal)

P = blood pressure inside the vessel

P' = external pressure on the vessel and surrounding
tissue

P = elastance pressure of the muscular tissue

surrounding vessel (function of vessel radius)

Rv_= resistance of the vessel wall to transverse

T
motion

R = resistive parameter

v = rate of change of the vessel volume with respect
to time

a,. = average transverse acceleration of the vessel wall

and surrounding tissue
An additional assumption of instantaneous equilibrium

was made by giving

5 . pdV
= p'+P
P P+ +RH¥ (22)
for the transverse motion, d¥, of the arterial walls. In
order to simplify calculations in the rest of the chambers,
v was assumed zero. The justification for the removal of

this term, as with the removal of the a. term, can only be
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established by operating the model under various conditions
and comparing the results to physiologic data. Other
models in which the er term was included have demonstrated
that R is very small, but final acceptance of this
approximation will await many computer experiments on

the model. With these assumptions, the transverse motion

of all other chambers is represented as
P =P'+ P. (23)

Within the model, v is expressed in terms of the rate
of change of the volume chamber associated with the

arterial chamber as follows;

_ dav
v = at (24)

where V = the chamber blood volume in ml.

Equations 14 and 17-24 are adapted for each model
chamber as just described in terms of dv and dZV (A

dat at?’
complete listing is found in Appendix 1). From initial
values of volumes throughout the model and flows through
the ventricular chambers, resistances and compliance pres-
sures are found as described in the next chapter. From
2

these, %% and %;% are calculated. A fourth order Haming
integration technique with a Runge-Kutta starting procedure

is used to integrate the coupled equations sumulatneously

to produce new volumes and flows.



CHAPTER III

P-V RELATIONSHIPS AND PARAMETER ASSIGNMENT

The assignment of blood flow-pressure-volume relation-
ships and parameters to be used in the model will be
addressed in this chapter. Nonlinear blood pressure-volume
and pressure-resistance relationships are found in a
unique manner. Parameter assignment, external to the heart,
is discussed briefly, and a novel method of setting heart
parameters, as used for this model; is presented.

The Pressure-Volume Relationship

for Circulatory Elements

Many measurements of pressure-volume relationships,
both in vivo and in vitro, for both venous and arterial
elements have been reported in the 1iterature.(33_37)
Bergel(sg) has pointed out that in vivo and much in vitro
data differ because the in vitro data were taken without
holding vessel length constant; here only in vivo data 1is
considered. Using in vivo data from the literature for
dogs and man, the author has found that the P-V data for

any circulatory element can be fitted very accurately by

an equation of the form;
25
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V-V, = t(1-e X(P-Pp)

0 ) (25)

where PO’ V0 correspond to an arbitrarily selected
pressure-volume point on the curve, k is a constant
characterizing the elastic property of the tissue associated
with the circulatory element and 1t is a constant proportional
to the tissue volume associated with the circulatory element.

In this equation, P is transmural pressure and V is
blood volume in the element. For blood vessel data reported
in terms of vessel diameter, d, we assume that the length, 2,
of the vessel remains fixed in vivo and hence V is
expressed as nd22/4. For atrial data reported in terms of
diameter, d, a spherical geometry is assumed so that V is
expressed as %u-ds.

Figure 6 exhibits typical fits of this equation to
data at two sites for the unexposed femoral vein in a dog
while Figure 7 exhibits fits for arteries in man.

It is from fits to data as in Figure 7 that the
dependence of the pressure-volume relationship on associated
tissue volume (which is proportional to 1) is demonstrated.
In this figure the three distinct pressure-volume curves
for three subjects become one curve when plotted as
normalized volume, (V-VO)/T, versus P. In this instance
the circulatory element is the arterial system of the leg

and the associated tissue volume 1is the volume of the leg.

This dependence on associated tissue volume is also evident
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in Figure 6 in that the two curves correspond to the same
elastance, but different tissue volumes, t's, associated
with different portions of the femoral vein.

This equation has also been shown to be a good form
for representing the observed pressure-volume data for
heart chambers as well as arteries and veins; Figure 8 shows
this equation fitted to data for the atrium of two dogs.
The difference in these two curves is attributed solely to
the difference in size of the two animals, again through
different t's, but this could not be verified directly
because the sizes were not reported in the paper(37) from
which these data were taken.

Finally, using the elastic constant found from Figure 7
and changing the tissue volume to the tissue volume of
the whole body, Figure 9 was arrived at for an estimate of
the pressure-volume curve of the entire arterial tree. As
indicated in the figure, a proper stroke volume is accounted
for as a result of the pressure changes observed in the
arteries.

It is really not surprising that the pressure-volume
relationship for a circulatory element contains a scaling
factor, 1, proportional to the tissue volume of the element.

(39)

The literature reveals many cross-species Studies showing

direct proportionality of the sizes of body organs, for
example, to total body volume, and it is this kind of

scaling which is revealed here. In particular, Dahn(ss)
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made note of this scaling by plotting arterial pressure-
volume data as in Figure 7.

It is conjectured that the elastic constant k has the
same numerical value for all arterial elements of all
individuals of all mammalian species and similarly k for
all venous elements is the same, but not enough data are
available for confirmation. If this is indeed true, then
a very important fact has been found for the further
application of this circulatory model. For purposes of

fixing parameters in the model, this is assumed true.

Assignment of Compliance Parameters

Having established the general form for the pressure-
volume relationship, and appropriate values for the elastic
constants, k, for venous, arterial and atrial chambers of
the circulatory system by curve fits to human and dog data
it remained only to establish suitable values for PO’ VO
and T appropriate to each element of the model. P, was
assigned as the average pressure in an element and V0 as
average blood volume from general anatomical data. The
value of tissue volume, 1, was also estimated from general

anatomical data.

Flow Resistance

The P-V relationship just discussed is essential to
setting flow resistances in the model due to dependence

on vessel size. Once the P-V relationship was found, the
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dependence of resistance on transmural pressure was set

using the Poiseuille-Hagen formula
)\l
R = — (26)
r4

with A" a constant. Assuming cylindrical vessel geometry

leads to

A
R = (27)
v2

with X a new constant since vessel length is assumed fixed.
Since V(P) is known from the P-V relationship, R(P) follows
immediately. The resulting equation for flow resistance

as a function of transmural pressure has been fitted to data
on a dog's lung shown in Figure 10. This provides excellent
validation for the form of this equation and additional

confirmation of the fundamental P-V relationship.

Assignment of Resistance Parameters

The resistance parameters outside the heart were
assigned for the prone position in the manner indicated
in Figure 11. This figure indicates the logical flow of
established and estimated information necessary to yield
the flow resistance parameters. Once these parameters
are set and verified, they will not change under the action
of g forces. The setting of resistance parameters inside

the heart is discussed in the following section.
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Assignment of Heart Parameters

After parameters in other parts of the cardiopulmonary
model had been chosen and verified, the heart and aorta
posed the most difficult problem due to the type of data
available and the number of parameters to be determined.
Parameters had to be chosen with very little physiological
basis yet these had to make the model produce proper flows
and pressures. The force developed by the heart muscle as
a function of time must also be specified. A number of
physiologic measurements have been made on isolated heart
muscle, but this data is not useful in determining the
total force of all heart muscle since all muscle tissue
does not contract simultaneously within each chamber.

A unique approach to this dual problem of heart muscle
force and parameter assignment was found. A model consisting
of only the ventricle and arteries was developed to study
systole.

A study conducted with this model of the relative
importance of the inertial term vs. the resistive term
showed that the inertial term significantly affects only
the dicrotic notch. That is, with the inertial term the
notch is present, without it it 1is absent, but with
negligible effect (~5 mm Hg) on the rest of the arterial
pressure-time curve. However, without the resistive term
it is impossible to produce an arterial pressure-time

curve and a reasonable stroke volume with the same set of
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parameters. This sub-model was constructed as follows.
A fit to experimental data of ventricular pressure
(Figure 12) and derived arterial compliance (Figure 9)
was used in the model with different heart resistance,
inertial, and turbulence parameters to produce arterial
pressure-time and stroke volume data which could be com-
pared to experimental data. Only systole (the time during
which the aortic (pulmonary) valve is open) was modeled so
that arterial and venous pressures were always greater than
60 mmHg; the mitral (tricuspid) valve was closed; and the
change in volume of the ventricle was equal in magnitude to
the volumetric flow rate between the ventricle and arterial
chambers.
The equations programmed were derived from equations
14, 17 and 21 as follows. Equation 14, written in terms of
the volumetric flow rate (Chapter II), was used for the
segment connecting the ventricle and arteries
v
(o Az)a—icﬁ) = (P *pgh)) (P, *pgh,)+R v, +RIvT  (28)
where
vy = Arz = volumetric flow rate between ventricular
chamber
Pl(Pz) = ventricular (arterial) pressure
hl(hz) = height above the center of the heart of
the ventricular (arterial) chamber
R, = ﬁl/A1

1 (29)
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R} = Rj/A; (30)

The opening between the ventricle and arteries is
approximately constant in size,and the cross sectional area
of this opening, A, is therefore constant. 1In addition,

for the duration of execution of this model,

v. =41
1 dt (31)
where Vl = ventricular volume in ml
In this model, it is assumed that h1 = h2, simulating a
prone subject, giving
d,v dv
2'1 _ o av 1,2
bz~ R PRy ge+R] () (32)

where L1 = pAzZ/A

This is the equation programmed for the segment connecting
the ventricle and arterial chambers.

Equation 17 leads to the following result with the
same assumptions for the segment connecting the arterial

and final chambers:

PZ-P3 = RZVZ (33)
where R2 = RZ/AZ
v, = Azr2 = yvolumetric flow rate between arterial
and final chambers
h2 = h3 =0

PZ(PS) = pressure in the arterial (final) chamber
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For the chambers themselves, equation 21 gives the following

for the arterial chamber, including the inertial term,

av, ) av,
= ! -
where L = D—/Iz
A
Pé = external pressure
ﬁz = compliance pressure, Figure 9, (equation and

constants given in Appendix 1)
P2 = pressure in the arteries
R2 = resistance to the transverse motion of the

arterial wall

Finally, conservation of blood mass (Equation 6) gives

dV1
Vi T aE (35)
de
Vo T T (36)
dV1 dV2
and V3 = F"—CTE— (37)

Equations 32 through 37 are coupled, nonlinear
differential equations to be solved by a Runga-Kutta

integration procedure. The followingare needed as input:

Pl(t) = ventricular pressure simulated as shown
in Figure 12 (equation and constants are
given in Appendix 1).

Vl(t=0] = initial volume of ventricle, from Guyton
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Vz(t=0) = initial volume of atrium, from

Guyton(48)

R3 = average systemic resistance calculated from
known average flow rate (Guyton)(48) and the
assumption P3=0 (this is approximately the
pressure in the right atrium at the end of
the systemic circuit).

PZ(VZ) = derived arterial compliance, Figure 9

(equation and constants given in Appendix 1).

Using these resulting equations and input data, the
parameters in the model (Rl, Ri, RZ’ Ll’ LZ) were system-
atically varied over a range of values. Based on our
findings, the inertial term, L,, was dropped from the main
program resulting in the loss of the dicrotic notch. With
some diffuculty and a large amount of computer time it
would be possible to include both the resistive and inertial
terms and find a set of parameters to match physiologic
data including the dicrotic notch, but since the details
of heart mechanics are not the main object of our study,
only the resistive term was kept with the resulting loss
of dicrotic notch. A set of parameters was found from
this study which provided a match to the pressure-time

curves for aortic pressure and gave a proper stroke volume

(as shown by the dotted curve in Figure 13).
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Only the forcing function remained to be determined.
This was done by using the full model with all the results
thus far discussed included. Only slight changes in the
simplified model parameters were necessary in the full
scale model. The resulting parameters and forcing function
in the final full scale model are given in Appendix 1.

Due to the findings made in the simplified model, the
final form of the ventricle equation (as indicated in
Appendix I) is as follows:

a. Ventricle valve open, atrial valve closed.

a’v; 2
- _ ' -
L, 5 = PC; Pci+1+RiVi R, vy (38)
dt
where v. = flow out of ventricle = rate of change of

ventricular volume.

PC. = Pi+pghi.

R. = resistance of blood to longitudinal motion of

ventricle wall.

<
1]

volume of ventricle.

i
Pi = pressure in chamber.
pghi = hydrostatic pressure.
Ri = turbulence constant.
L, = inertia of blood exiting ventricle.

b. Atrial valve open, ventricular valve closed.

R,—o¢ = PC;-PC,_ (39)

1
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where R.1 = resistance of blood flow into ventricle.
dV1
—f - rate of change of ventricular volume.
PCi = Pi+pghi.
Pi = pressure in chamber.
pghi = hydrostatic pressure.

c. Both valves closed.

P = P'+p (40)

where P' external ventricular pressure.

P

pressure due to nonlinear compliance.

The atrial and aortic equations, like those of chambers

without inertia, become
Pi*toghy-(P;-I+ogh; 1) = Ry V5 4 (41)

for the equation of blood flow between chambers.
N . dV.
' _ _ pin i
Pi*Pi P = Ry 3¢
is the equation of transverse motion of blood and surrounding

tissue for atrial, aortic, and ventricular chambers where

V. o=

Vi1V T g%

Here Pi = pressure in chamber.

hydrostatic pressure.

©
Q

=
I

R. = resistance to flow between chambers.
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V:_1»V; = volumetric flow between chambers.
¢ - rate of change of volume of chamber.

R." = resistance to transverse motion of

ventricle wall.

All other chambers have the same form of blood flow
equations as the atrial and aortic chambers if R;n is

set equal to zero (See Appendix 1).



CHAPTER IV

GAS TRANSPORT

In addition to the equations and parameters of blood
transfer in the body discussed in the previous two chapters,
equations of gas transport are also necessary. This
chapter will discuss these gas transport equations and the
assignment of gas transport parameters.

Gases enter or leave the circulatory system by
diffusion to the alveoli, which lead to the outside air
through the airways of the lung, or by diffusion into the
capillary beds of body tissues where a loss of oxygen and
a gain of carbon dioxide occurs due to the tissue metabolism.
Throughout the rest of the circulatory system the gases
are merely transported, the total number of moles of each
gas being conserved. Within each chamber gas may be gained
or lost to other chambers by two processes: blood flow
or diffusion. Within all but the capillary chambers, gas
may be exchanged only by the influx or efflux of blood
containing that gas.

Oxygen is carried in the blood dissolved in plasma
and bound to hemoglobin molecules within red blood cells.

For the purpose of discussion here, these will be lumped

46
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into a single concentration of Oxygen per unit volume of

whole blood and labeled CO . Carbon dioxide is carried in
2
the blood as dissolved in the plasma, combined with water

to form HCOE,

red blood cells. These will be lumped into a single

and bound to the hemoglobin molecules within

concentration of carbon dioxide per unit volume of whole

blood (C These concentrations may be represented in

COZ)'
number of molecules of gas per blood volume, mass of gas
per blood volume, or volume of equivalent gas at STP per
blood volume. The author has chosen the first of these
alternatives, using the units of micromoles of gas per
milliliter of blood. Most physiologists use the third
representation expressing their units as volume percent

(the number of milliliters of gas in one milliliter of

blood would occupy at STP multiplied by 100). There is

u moles/ml
Vol. %

these two units for normal body temperature and pressure.

a simple conversion factor of 22.41 relating

Perfect mixing in every blood and tissue chamber of
this model is assumed. As a consequence, the concentration
of each gas in whole blood leaving a chamber is always
equal to the concentration of the gas in the chamber.
Instantaneous chemical equilibrium is assumed between
gases in solution in plasma and hemoglobin within the blood.
Instantaneous equilibrium is also assumed in the tissue
chambers and a uniform gradient is assumed within the

vessel walls through which the gases diffuse. This is
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not the case in the real system of course and some studies

have addressed this problem.(41)

As with the instantaneous
equilibrium of the blood, these approximations are assumed
to have negligible affect on the system as a whole.

Using these assumptions and Figure 14, it can be seen
from the conservation of mass of a particular gas that the
rate of change of the number of moles of each gas within
a chamber can be expressed as

g%Ng = [cv]io[cviCUtop(p-F)

where P = the partial pressure of the gas in the tissue or

alveoli (in mmHg) adjacent to capillary chambers

[CV]1n ([Cv]out) = transfer rate of gas into (out of)

chamber by blood flow (u moles/sec)

w
I

the diffusion coefficient in p moles/sec-mmHg

P
]

the number of moles of gas in each chamber in

p moles

In this equation, D(P-P) is the rate of diffusion from
the chamber into the tissue. In Appendix 2, D is shown to

be related to the diffusion constant, S, as follows:

D = 225 (43)
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where a the ratio of concentration to partial pressure
within the tissue.
A = the cross sectional area through which diffusion

occurs.

the distance over which the diffusion occurs.

o
L]

The tissue chambers have an associated metabolic rate
(M) for oxygen and carbon dioxide. The tissue chamber

equations are therefore;

d
£ = -7
It D(P-P)+M (44)
where Ng = humber of moles of gas in the tissue element
in
M = metabolic rate of appearance of 0, or CO,

in u moles/sec. For all other gases, M is zero.

In Equations 42 and 44, D will be zero in all chambers
except the capillary chambers.

The gases in the blood can be divided into two cate-
gories: those that will combine with hemoglobin and those
that will not. The first category consists of ox&gen,
carbon dioxide, and carbon monoxide. The second consists
of all other gases. Due to the fact that oxygen exists
primarily only in two states in the blood (bound to
hemoglobin and dissolved in the plasma), whereas carbon

dioxide exists primarily in three states (bound to hemoglobin,
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dissolved in plasma, and as HCOE), the gas concentration of
whole blood will be expressed differently. In addition,
O2 concentration, CO2 concentrations, and pH are dependent
on each other and must be found simultaneously. The following
describes the method.

The volumetric blood flow into and out of every chamber
is provided by the portion of the model discussed in
Chapter II. The number of moles of 0, in each chamber is
calculated as the sum of the number of moles of dissolved
O2 in the plasma plus the number of moles of 0, bound to
the hemoglobin. The number of moles of 0, dissolved in
the plasma is directly proportional to the partial pressure
of 0, and the volume of plasma. This can be expressed in

terms of the hematocrit, H, as follows:

lasma
NP = an (1-H)VP (45)
02 02 02
where NOplasma = number of moles of O2 in the plasma
2
\
H = hematocrit = 7 RBSV
plasma "RBC
VRBC = volume of red blood cells
Vplasma = volume of plasma
PO = partial pressure of O2
2
ag = solubility factor (related to the Bunsen
2

solubility coefficient in Appendix III).

V = volume of whole blood = V \'

RBC™ plasma



52

The number of moles of O2 in the plasma and hemoglobin
is expressed in terms of the hematocrit since a normal
hematocrit is known to be about 0.45.

The number of moles of 02 bound to the hemoglobin in
each chamber is expressed in terms of the saturation of

hemoglobin, S This is the fraction of total O2 saturation

0.°
2
of hemoglobin. Since 100% saturated blood contains .201

volume % of O2 (8.98 u moles of O2 per ml blood), we have

hemoglobin

N02 = sozsv (46)
where Ngemoglobinz number of moles of O2 bound to hemoglobin
’ in a chamber of blood volume V
B = 8.98 moles Oz/ml blood
S02 = fraction of total 0, saturation of hemoglobin

This gives for the total number of moles of 0, in each

chamber, NO ’
2

N = oy (l-H)VPO +S

2 2 2

RV (47)

0 2

0

and for the concentration of 02,

C = a~ (1-H)P, +S, B (48)
0 70 02 02
Equation 42 becomes for 02,
dP02 dPC02
a—% +b It = K0 (49)

2
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aSO
where a = a (1-H)V+BV———2 (50)
0 aP
2 O2
BSOZ |
o,
and
i t 5 dv
K. = [C. v]*™™-[C. v1°Yt-D(P. -P. )-C. S+
O2 O2 O2 0, O2 Ozdt (52)
The expression to be used for SO is the one by Gomez(42)
2
(see Appendix 2). In the process of this calculation, an

equation relating - pH to the partial pressure of O2 and

(43) (44)

CO2 was necessary and the one used by Kelman and West

was chosen (see Appendix 2). Figure 15 shows a comparison

of the calculated and measured S for two extreme PCO

0,

2
values as a function of PO .
2

For CO the total number of moles of CO2 in blood is

2,
written in terms of the concentration of CO2 which is a

function of PO and PCO . Figure 16 shows the comparison
2 2
of the calculated and measured concentration of CO2 in
volumes % for two extreme PO values as a function of
2

PCO . The equation used to compute the concentration of
2
CO2 is adapted from Kelman(43) and West.(44) (See Appendix 2).
For COZ’ equation 42 becomes
dP02 dPCOZ
gt < KCo2 (53)
aCCO2
where ¢ = BPO \ (54)

2
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co,
d = -5 (55)
co,
and
_ in out dv
Xeo, [Cco, V] '[Ccoz"] "Ccoat (56)

Equations 49 and 53 are solved simultaneously, yeilding

dPO dKO -bKCO
2 _ 2 2 (57)
dt ad-bc
dPCO aKCO -cKO
2 _ 2 2 (58)
dt ad-bc

These are solved simultaneously with the saturation function

of 02, the concentration of COZ’ and the pH equation using

either a Hamming or Runge-Kutta integration procedure.
Equations 44, 57, and 58 are adapted for each model

chamber as shown in Appendix I. From initial values of the

partial pressures in all the model chambers, the concentrations

of O2 and CO2 are calculated for each chamber as just described.

These partial pressures and concentrations together with the

flows provided by the equations described in Chapter I are
dPo2 cho2
at #nd —g¢

predictor-corrector integration algorithm is used with a

used to calculate

A fourth order Hamming

Runge-Kutta starting procedure to integrate these evaluations
simultaneously to produce new partial pressures for all of
the model chambers.

The subroutines which calculate the concentrations of

CO and gases not bound to hemoglobin have not yet been
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executed within the program. The number of moles of CO
bound to hemoglobin will be modeled by a curve fit to the
CO saturation curve as was 02. The number of moles of CO
in the plasma is a constant times its partial pressure.
The concentrations of all other gases within the blood are

just a constant times the partial pressure of each gas.

Assigning Gas Transport Parameters

The constants for gas flow and diffusion are estimated
as shown in Figure 17. This figure shows the logical
development of the gas transport parameters. As indicated,
some of the parameters are preliminary and further
physiologic verification. Steady state and perfect mixing
have been assumed so that the mass conservation equations

used to assign the parameters are

c'v-c®Uty = p(2-P) (59)
and

ctMy-cOUty = 4 (60)
where M = the metabolic rate of disappearance of O2 or

appearance of CO2 in tissue.
v = the volumetric rate of blood flow into or out of
the chamber (same under the steady state

assumption).
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CHAPTER V

RESULTS

The model described in the last three chapters is
really a combination of three models: the circulatory
model of the blood alone, the gas transport model, and
the lung model. Each of these may be operated separately
or together. This was done so that different portions of
the complete model may be run separately, thereby saving
computer time for specific studies. This chapter on
results will address the following model combinations:
the circulatory model of the blood alone, the gas transport
model with constant alveolar pressures, and finally the

complete cardiopulmonary model.

Blood Flow Alone

This model represents only blood transport. The model
parameters were selected to simulate a prone resting
condition. Figure 18 compares physiologic measurements
to model results. The model was run for 5 seconds of real
time and then the results were plotted for the following
second of real time. Only the artifacts (0, C, 0, C', a)
of valvular movements are absent in the model results. This

is a direct consequence of the omission of tissue inertia

59
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as discussed in Chapter III. As it is not our purpose to
model every detail of heart mechanics, the results given

are considered to be in excellent agreement with physiologic
measurements.

The differences in stroke volume shown in the figure 18
are due to a heart rate of 70 beats/min in the model whereas
these physiological measurements are taken at 75 beats/min.

Figure 19 enlarges the left ventricular pressure and
includes the forcing functions used as they occur in the
model. Left atrial pressure has also been plotted so that
the effect of the forcing function can be seen.

This model was then subjected to a sinusoidal variation
of g on the body axis with amplitude 0.5g, with positive
acceleration being directed head-to-foot. The effect on
capillary blood volumes is shown in Figure 20. The
capillary blood volumes resulting from the model run
without this variation of g are also plotted for comparison.
Notice that the increases in capillary volumes are small,
but are clearly the result of the ventricular pressure
pulses. There is a phase shift between the heart pulse
at the ventricle and the volume change at the capillaries.
The symbol, 4+, is thefigure notes the time at which the
peak of systole is reached. A similar phase shift can be
seen in the variation of capillary volumes due to the
applied g. The variations of capillary volume resulting

from the model are a result of both g and ventricular
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pulses. The 180° phase shift of the head and leg capillary
volume was to be expected because gravitational forces tend
to reduce (increase) the volume of blood in the head at
the same time they tend to increase (reduce) the volume

of blood in the legs.

Gas Transport Model

This model is executed with constant blood flow
corresponding to the average measured flow of 5 liters/min.
The constants used are listed in Appendix 1. Because this
model contains all of the qualities of the models reviewed
in Table I plus more capillary and systemic chambers, it
is by itself an improvement over existing gas transport
models with closed circulations.

This model was first executed with constant alveolar
partial pressures. Simulation of 30 seconds of real time
indicated that equilibrium had been reached in the model.
The equilibrium values are compared to physiologic measure-
ments in Table II. All model values seem to be in agreement
with physiologic values.

A sinusoidal variation of alveolar pressures was
applied to simulate breathing with all initial conditions
matching the equilibrium results of Table II. 0, and CO2
were varied 180° out of phase. The amplitude of 20 mmHg
for both curves was chosen somewhat arbitrarily as this

has not been directly measured. The selection of this
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TABLE I1I

Partial Pressures of Oxygen (mmHg)

Model
Gordon(47) Guyton(49) (Steaggégiate) é?::iizzg)
alveoli 103 104 104 109
end~capillary blood 103 104 97.7 103
arterial blood 83 95 93.1 94
venous blood 40 40 40.0 40
tissue <30 6 6 6

Partial Pressures of Carbon Dioxide (mmHg)

Model
Gordon(47) Guyton(49) (Steaggd:iate) éizziizig)
alveoli 40 40 40 37.7
end-capillary blood 40 40 40.2 37.5
arterial blood 40 40 40.3 39.0
venous blood 47 45 45.0 45.0

tissue >50 46 46 46.0
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value was based rather loosely upon Guyton's difference

between inspired and average alveolar PO (PCO ) as
2 2
45 mmHg (37.7 mmHg) and the difference between expired

and average alveolar P ) as 16 mmHg (13 mm Hg).

0, Feo,

Figure 21 shows the model results in selected
chambers. First, note that the partial pressure of CO2
in the capillaries is almost identical to the partial
pressure of the alveoll whereas the partial pressure of
O2 in the capillaries is about 7 mmHg below the partial
pressure of the alveoli. This is a result of the diffusing
capacity of CO2 being 20 times that of O2 because of the
different molecular weights of the molecules.

Secondly, there is a phase shift between alveoli and
capillary partial pressures of both O2 and C02. This is
because it takes some time for the diffusion processes to
occur across the vessel walls. The partial pressures in
the capillaries are not exactly sinusoidal, as there is a
larger phase shift in the lower portion of the partial pressure
curves. This is a reflection of the shape of the O2 and
CO2 dissociation curves as shown in Figure 22. These
figures indicate that a sinusoidal variation of the partial
pressures of O2 and CO2 results in a nonsymmetrical
variation of the concentrations. In particular the
concentrations corresponding to the lowest partial pressure
are further below equilibrium than the concentrations

corresponding to the highest partial pressures are above
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equilibrium. In short, more

in and thus a longer time is

values of partial pressure.
Finally, the sinusoidal

pressures of the alveoli are

blood moves from one chamber

69

gas molecules flow out than

required to reach the lower

fluctuation in the partial
damped dramatically as the

to the next as shown in

Figure 21. This effect is due to the assumption of perfect

mixing in the model. 1In fact, by the time that the blood
reaches the arteries, there is almost no fluctuation in
partial pressures. This effect is more pronounced in the
model than the real system because perfect mixing does not
occur in the real system.

These studies have demonstrated the proper functioning

of the gas transport model.

Gas Transport Plus the Circulatory Model

The next step in the validation of the model was to
couple the circulatory and gas transport models together.
Blood flow conditions were the same as in the previous
discussion since the gas transport has no effect on the
blood flow without feedback. The partial pressures
produced from this model are shown in Figure 23.

The large, periodic drops in the partial pressure of
O2 in the capillaries shown in the figure are a result of
the sudden influx of blood resulting from ventricular

contractions. This would be reflected in the body as the
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variation in distance capillary blood must travel (assuming
plug flow) before it becomes fully oxygenated. This is

much less pronounced in PCO due to the greater diffusion
2
rate.

Damping is apparent from chamber to chamber as it was
in the gas transport model alone. And finally, a slight
drift is noticeable in the partial pressure of O2 in the
pulmonary veins. This is due to the nonlinear system
approaching a slightly different equilibrium under pulsed
flow. This model was not executed for a longer period
of time to find this new equilibrium since it is merely an

intermediate model.

The Cardio-Pulmonary Model

Once the testing of the intermediate model was
completed, the complete model was tested. Due to the
volume of data resulting, only the results for a few of
the chambers are included.

Figures 24 and 25 show the partial pressures of 02
and co, in selected chambers of the lung and circulatory
models resulting from the complete model simulating
passive breathing. Blood flows, pressure, and volumes are
not shown and discussed as they are almost the same as
those previously discussed. Breathing does affect blood
flows through changes in the transmural blood pressure

within the chest cavity. This effect is included in the
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model, but the variations of the transmural pressures due
to passive breathing are small. This effect will become
more predominant in forced breathing.

All the observations previously noted in this chapter
can be applied to the full model results.

Other than the interesting visual effect of all the
variations superimposed, only one new observation should
be made. That is that the drift of values has apparently
stopped at new, dynamic equilibrium values by the end of
20 seconds of real time. These values are still within

the range of physiologic measurements shown in Table II.



CHAPTER VI
CONCLUSION

The results presented in the preceding chapter
demonstrate that all the objectives of the circulatory
model have been fulfilled. The model incorporates gas
transport and a pumping heart. It exchanges gas with the
existing lung model and transports these gases. That
model equilibrium values match physiologic values indicates
that the gases are exchanged between lung alveoli and
blood, and tissue segments and blood at a rate which is
physiologically realistic. The heart function simulated
by the model agrees with physiologic measurements except
for valve artifacts. Variations of alveolar gases are
reflected in the blood gases in a reasonable way. The
model has been tested under a time-varying G stress. The
complete model simulation requires about 25 seconds of
cpu time on a Honeywell 6660 to simulate one second of
real time.

The model has been designed so that it is easily
adapted to incorporate feedback methanisms, exfernal body
forces, arbitrary breathing maneuvers and gas concentration
changes.
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As was mentioned in the introduction, this work is
part of a long-term project. Studies with the model that
are presently being considered include sinusoidal g
variation of larger amplitude and a variety of frequencies
for comparison to experimental data of Dr. C. F. Knapp(48)
at the University of Kentucky; linear increases of g to
large sustained values for simulted normal subjects and
subjects with borderline abnormalities of the cardio-
pulmonary system; and, ultimately, simulation of g variation
encountered in aerial combat maneuvers. Currently a study
of alteration of the ventilation-perfusion distribution in
the lungs due to elevated g values is underway. These model
studies will complement experimental studies using the
human centrifuge at Brooks AFB being carried out by Major
James E. Whinnery, Ph.D., M.D.

Not only can the model be used for these studies, but
it also can be used as a tool to study disease. For
example, arteriosclerosis, emphysema and hypertension
are only a few of the possibilities. In fact, any
physical disease of the pulmonary and/or circulatory

system can be modeled to some degree.



77

APPENDIX 1

This appendix contains the equations and constants
used in the model.

Chamber Equations (all chamber numbers refer to Figures 2,

3 and 4). For all chambers except 2, 3, 4, 12, 13 and 14

the pressures are related as follows:

P = P'+P (1-1-a)
where P = blood pressure in the chamber
P' = external pressure
P = compliance presure (see Compliance Equation)

For chambers 2, 3, 4, 12, 13 and 14 the pressures are related

as
P = pr+berYY (1-1-b)
where R = resistance of blood, vessel wall, and tissue in

transverse motion

V = volume of chamber
The remaining chamber equations can be written in the

following form:

at ~ Vin Vout (1-2)



here v.
W in

out
v

where a

~
=]
I

n
= Xv
if1 14
A"
; % 0
i=1 1
m m
dKOZ—bKOZ
(ad-cb)
m m
dKCOZ—bKCOZ
~ T {ad-ch)
aso2
a+B'aPO
2
aso2
B 5P
0
co,
aSco2
.P “y
apoz co,
ascoz
4. Pp
BPcoZ 2

(Cv)in-(Cv)Out-Cm m

o]

co., Y*Sco. " Y

2

dv
dt

where (Cv)'" = 1 (CCFL);
i

where (CCFL)I =C, v
i .

1=1

(1-3)

(1-4)
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and (CV)OUt = E (CCFL)O
i=1 i

Coivoi if VOi >0
where (CCFL)O =
i CV if v < 0
m Oi Oi
C = o-P, +S, B
O2 02 0,
C =S., *Y'P
CO2 CO2 CO2

3 ¥ moles

@ = 1.339 x 10 (ml) - (mmHg)

B = 8.98 ¥ moles/ml

_ ¥ moles

The subscripts are defined in Table III.
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TABLE III

Number of Number of

Chamber Connecting Connecting Connecting Connecting
Number links in  links out Chamber Number "in" Chamber Number "out"
m n 8 Il I2 13 I4 I5 16 I7 0l 02 O3 O4 05 O6 O7
1 2 1 21 22 2
2 2 1 1 24 3
3 1 1 2 4
4 1 7 3 5 6 7 8 9 10 11
5 1 1 4 11
6 1 1 4 11
7 1 1 4 11
8 1 1 4 11
9 1 1 4 11
10 1 1 4 11
11 7 1 4 5 6 7 8 9 10 12
12 1 1 11 13
13 1 1 12 14
14 1 4 13 15 16 17 18
15 1 1 14 19
16 1 1 14 20
17 1 1 14 21
18 1 1 14 22
19 1 1 15 23
20 1 1 16 24
21 1 1 17 1
22 1 1 18 1
23 1 1 19 24
24 2 1 20 23 2

08



Segment Equations

For all segments except 3 and 13,

M —1 -
Ryv, = Pi+pghi (Pj+pghj)

where
M = in M # in
i i i3 i3]
5 4 1 2 17 21
6 4 2 3 18 22
7 4 3 4 19 23
8 4 4 - 20 24
9 4 5 11 21 1
10 4 6 11 22 1
11 4 7 11 23 24
15 14 8 11 24 2
16 14 9 11
17 14 10 11
18 14 11 12
12 13
13 14
14 -
15 19
16 20
For segments 3 and 13,
dv.
M 1 _ _ 2
XZ—L gt = (Pyteghy)-(Py, +eghy 1) -Ryv, -Rivy
(NOTE: 22| = L. used in Chapter III)
AT |1

Tissue Equations (same for all four tissue chambers)
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—at— "~ Pco,Peo,-*co

p )+M
2 2 2 CO2 Co

2

- PcoPeo*coPeo’

dt DX(PX‘AXPX)

Compliance Equation

V-V
- _ 0
Presently Pl P0+1/k 1n (1 T??IV)
for chambers 1, 2, 4, 11, 12, 14, 19, 20, 21, 22, 23, 24
and P, = k(V—VO) for chambers 3, 5, 6, 7, 8, 9, 10, 13,
15, 16, 17, 18.



Segment (mmHg )
No. (i) ml/sec
1 .148
2 .00963
3 .0024
4 0.
5 .294
6 .294
7 .294
8 .294
9 .294
10 .294
11 .033
12 .019
13 .012
14 0.
15 1.31
16 24
17 1.11
18 .9
19 .327
20 .12
21 .553
22 .45
23 .327
24 .0608
5 in .588
6 in .588
7 in .588
8 in .588
9 in .588
10 in .588
11 in 7.19
15 in 9.60
16 in 1.76
17 in 8.12
18 in 6.62
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A is calculated from initial values of R and V
in the program using
= R-Vz
M/a2 R' R

SEG. NO. ( A%Hg ) mmHg ( mmH )

(1) ml/sec (ml/sec)2 ml/sec

2 - = 9 0.

3 1667. 3.0x10 0.

4 - - .0136

12 - - 6 0.

13 333. 1.5x10 0.

14 - - .068
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Forcing Function Used in Simplified Model (Chapter III)

FF = [A/.0219+c_b]-%

where
.85(t-t,) .85(t-t,)
= 0.2, ) 0.4
A= 3 ] [1.0-———7;————
t-t,-a

b = 749. (—2—)%/a°

where a = pulse duration = 0.4 seconds
ty = starting time of the pulse = -.057 seconds

Forcing Function Used in the Complete Model

FE = o-c ®
where o = amplitude of the pulse
A= 1/2(t-ty-a/2)% /o
o = (a/4)*
a = pulse duration
ty = starting time of the pulse
t0 a
(sec) (sec) mmH
Rt Atrium .26 .35 5.0
Rt Ventricle .43 .53 20.0
Lt Atrium .26 .35 15.0
Lt Ventricle .43 .53 110.0

to reset after a time of 1/8 where B = pulse rate = 70/sec
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TABLE IV

Constants and Initial Values

Chamber k P! T P0 \Y VO PO2

Number (1/mmHg) (mmHg) (ml) (mmHg ) (ml) (ml) (mmHg)
1 .552 0 358. 4.0 941.0 945.0 40.0
2 .243 -4. 373. 0. 73.39 30.0 40.0
3 .056 -4, 0. 0. 125.0 125.0 40.0
4 .092 =4, 647. 18.0 290.6 265.0 40.0
5 1.00 -4, 0. 0. 23.70 11.70 97.7
6 1.00 -4, 0. 0. 23.70 11.70 97.7
7 1.00 -4, 0. 0. 23.70 11.70 97.7
8 1.00 -4, 0. 0. 23.70 11.70 97.7
9 1.00 -4, 0. 0. 23.70 11.70 97.7
10 .368 -4, 0. 0. 23.70 11.70 97.7
11 .061 -4, 647. 8.0 262.9 256.0 93.1
12 .150 -4, 373. 0. 62.24 30.00 93.1
13 .023 -4, 0. 0. 125.0 125.0 93.1
14 1.00 -4, 644 . 8.0 778.9 750.0 93.1
15 1.00 0. 0. 0. 55.20 35.20 40.0
16 1.00 0. 0. 0. 56.20 36.20 40.0
17 1.00 0. 0. 0. 125.2 105.2 40.0
18 .552 0. 0. 0. 20.00 0. 40.0
19 .552 0. 143. 10.0 277.2 277.0 40.0
20 .552 0. 143. 10.0 282.7 278.0 40.0
21 .552 0. 322. 10.0 624.1 625.0 40.0
22 .552 0. 36 10.0 69.80 70.00 40.0
23 .552 0. 143 7.0 378.3 377.0 40.0
24 .552 0. 143 4.0 376.8 378.0 40.0



APPENDIX 2

This appendix is not essential to the material presented
in this thesis, but provides some background to the equations
chosen for gas concentrations. This appendix consists of
three parts. Part A will discuss briefly the chemistry of
oxygen and carbon dioxide transport by the blood. Part B
will relate the diffusion coefficient used in the model to
the diffusion constant. Part C will relate the Bunsen
solubility coefficient to the solubility constant used in

the thesis.

Part A

Oxygen is carried in the blood in two states, either
dissolved in the blood plasma or bound to the hemoglobin
molecule within the red blood cells. Only a small portion
of the oxygen carried by the blood is dissolved in the
plasma. That which is carried in this form is directly
proportional to the partial pressure of the oxygen. The
portion of oxygen that is carried by the hemoglobin is
bound to the hemoglobin molecule at one of four binding
sites. For each molecule of oxygen added to the hemoglobin
molecule, the reaction rate is greater than for the

preceding molecule. This cooperative binding process
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accounts for the characteristic sigmoidal shape of the
Oxygen saturation curve (Figure 15) which relates the
percent of filled sites versus partial pressure of Oxygen
in plasma.

This curve has been found experimentally to vary also
as a function of temperature and pH. As this model
considers only normal body temperature (37°C), the effect
of temperature on the Oxygen saturation curve will not be
discussed. The pH of the blood does change within the
body, however, because it is directly affected by the amount
of Carbon Dioxide dissolved in the blood.

When the blood is exposed to Carbon Dioxide, the

following reactions occur:

CO,+H,0 = H,C0, (2-1)
+ —

H,C0, —= H'+HCO; (2-2)

H++Hboz: HHb++02 (2-3)

CO,+Hb0, == HbCO,+0, (2-4)

These reactions indicate that Carbon Dioxide can be found
in the blood in four states: dissolved, or combined to

form HZCOS’ 3
the right, however, that only a trace of H2C03 remains and

HCO., or HbCOZ. Reaction 2-2 goes so far to

essentially all of the Carbon Dioxide can be found in one

[

of three remaining states; normally 7% dissolved, 10%
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HZCOS’

CO2 in all forms by whole blood is found experimentally

and 60-90% HbCOZ).(49) The uptake of total

as shown in the CO2 dissociation curve (Figure 16) which
plots the concentration of CO2 in whole blood versus the
partial pressure of CO2 in the blood plasma.

These reactions also indicate that two processes tend
to cause the loss of 02 by the hemoglobin molecule in the
presence of Carbon Dioxide. One is the buffering of
Reaction 2-2 by the hemoglobin (Reaction 2-3) and the other
is the displacement of 0, by CO2 in the hemoglobin molecule
(Reaction 4). This accounts for the dependence of the
Oxygen saturation curve on pH and indicates a further
dependence (directly, through replacement and indirectly
through reaction with water) of the oxygen saturation
curve of COZ' Since all of these reactions are reversible,
the COZ dissociation is dependent in turn on pH and O2
concentration in the blood. One could write COZ(POZ’ PCOZ’
pH). These functional dependences are incorporated into
the equation used to calculate O2 and CO2 concentrations
within the model.

pH is related to PO and PCO in the following manner.

2 2
From Reaction 202,

+

[H [Hco'g] - K (2-5)

[HZCOS]
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and reaction 2-1

[H,0] - [CO,]

= K" 2-6
[H,C0,] (2-6)
follows
[H'] [HCOL]
3 =k (2-7)
lCOZI
assuming the concentration of water to be constant.
Rearranging
-log[H'] = logK+log ([HCO;1/[CO,1) (2-8)
or
pH = pK+logHCO3] (2-9)
[C02|

Since the dissolved CO2 is proportional to the partial

pressure of CO,, P equation 2-9 becomes
2 o,

[HCO,]
pH = pK"'lOg-—aT)— (2’10)
CO2
This relationship is plotted as shown in Figure 26a as
PCOZ isobars.

Reaction 2-3 indicates that oxygenated hemoglobin can
act as a buffer. The buffering action depends, of course,
on the amount of hemoglobin present. Figure 26b shows that
experimentally the pH and HCOé are linearly dependent on

one another in the presence of hemoglobin. The slope is

dependent on the amount of hemoglobin present, as shown in
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Figure 26b. Finally, the buffering action of hemoglobin
depends on the number of oxygen molecules bound to it.
Figure 26c shows the relationship between HCO% and pH for
fully oxygenated and fully reduced plasma in contact with
hemoglobin. As indicated, the linear relationship remains,
but is translated by the absence of O2 bound to the hemo-

globin. These relationships can be expressed mathematically

as

pH = m[HCOé]+b (2-11)

where m slope of lines in Figure 26b and is a function of
the hemoglobin concentration in the blood.

b = intercept of lines in Figure 26c and is a function
of the oxygen saturation of hemoglobin in the
blood.

Equations 2-10 and 2-11 provide a set of transcendental
equations relating pH to the partial pressure of COZ’

hemoglobin concentration, and oxygen saturation of hemo-
(43)

globin. This relationship as approximated by Kelman

is used in the model.

Part B
The diffusion constant, S, is the ratio of the number
of moles of gas per second, %%, to A%%, where the gas 1is

diffusion through a cross sectional area, A, across a distance

dx due to a concentration difference dC.
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dn _ ,qdC
It = AsEx (2-12)

where S is independent of concentration assuming the
diffusion molecules are very similar to the molecules
through which diffusion occurs. This equation applies to
the blood-alveoli and blood-tissue interface. If a
uniform concentration gradient in the capillary wall is

assumed, the rate of gas flow in or out of the blood is

d -AS
H% - T2 (Cwl_cwz) (2-13)

where Cw (C.. ) = concentration of gas in capillary wall

W
2 1
adjacent to the blood (alveoli or tissue)

¢ = thickness of capillary wall.

This can be written in terms of the partial pressures
in the vessel wall by introducing the coefficient a

as

dn _ -AS _ _
It 7 (anl quz) (2-14)

where Pw and Pw are the partial pressures of gas in the
2 1

capillary walls and o is defined as the ratio of concen-

tration to partial pressure within the tissue.

Assuming instantaneous equilibrium at the wall faces,

it follows that (see Figure 27)

P =P (2-15)



Concentration

CO
Cb
4 >
alveoli
or vessel wall blood
tissue : .
POFﬁO' < 2 S
. Pressure N d
P |
a qu,
sz R
R o= -Pw, R‘/:: R

Diffusion of gasses through vessel walls.
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Pa = sz (2-16)
and

dn _ oAS _ _ _ _

It " —Ef{Pa Pb) = D(Pa Pb) (2-17)

where Pb and Pa are the partial pressure of gas in the blood

and alveoli, or tissue, respectively. Here, the quantity

D = “ﬁs (2-18)

is the diffusion coefficient used in our model.

Part C

The Bunsen solubility coefficient, B, is defined as

follows
g = \—\%% (2-19)
where VO = volume of gas at STP dissolved in a volume VS of
solute
P = partial pressure of the gas.

This can be related to the ratio of partial pressure to
the number of moles of gas per solute used in the thesis

with the ideal gas law:

PV = nRT (2-20)

where R = ideal gas constant and V is the volume of n

moles of gas at partial pressure P at temperature T.
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At STP,
PV = nRT (2-21)
0 0 o
where PO = 760 mmHg
T =273 K
)
n = number of moles of gas occupying a volume VO
Substituting into Equation s
BP
Op - I -
RTL -7 (2-22)
0 s

Since concentration, C, is defined as the number of moles

per volume of solvent, Equation 2-22 becomes

0y _ - -
wpoP = C = oP (2-23)
BP
Thus @ = gre - (2-24)



APPENDIX 3

This appendix consists of the empirical Oxygen
saturation curve, Carbon Dioxide dissociation curve, and
their derivatives with respect to P02 and PCOZ' Note that
definitions of symbols carry throughout this appendix.

S
Oxyhemoglobin Saturation, 02
_ U
S0, T T+V
where U = .925V+2.8V2+30V>
vV = CP
02
_ -3 -3
C = 5.727x10 “z+4.273x10
z = exp[(pH-7.4)-1.812]
and pH = 7.59+y-.2741 1n P.. /20.0
CO2
where y = .045'(1-80 )
2

SO and pH are dependent on another and are calculated

2
with P, &P
0, "CO,

given below;

as inputs by the two step iterative procedure

set y = 0.0

calculate pH
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calculate S
0,

recalculate y

calculate pH

calculate S

0,
Concentration of Carbon Dioxide CCO
2
C = S .P
CO2 CO2 CO2
where S = (1-H)-C +H-d,°C
co, = (LTH)-Cp+H-dynCy
H = hematocrit = .45
Cp = 0.0307-(1+Y")
Y' = exp[2.3961-pH-14.7162]
d1 = d2+(d3—d2)-(1—802)
d2 = .59+,2913(7.4-pH
d3 = ,664+.2275(7.4-pH)

Rate of Change of the Oxy-Hemoglobin Saturation function
with Respect to the Partial Pressure of Oxygen

BSOZ
BPOZ
S
ob 2
O2 (1+V) +A2
A2 = .045A3
A3 = Al-PO +(.010377) "z

2

.925+5.6V+90V2

o=
]



Rate of change of the Oxy-Hemoglobin Saturation BSO
Function with Respect to the Partial Pressure 2
of Carbon Dioxide, aPCO

3S0
oP

2 _ —AS..2741

Cco (1+V)2+A3'.045

1
Co

P

2 2

Rate of Change of the Concentration of

Carbon Dioxide with Respect to the

aC
Co,

Partial Pressure of Oxygen,

5P
0,

Ceo S0
2 _ 2 5
3D 5D Co
0, 0, 2
where aSCO2
—ap'o—— = (1-H)Cl')+Hd:'LCP+HdiCl'D
2
Cp = .03077"
Y = 2.396:6"Y"
[ - 1 t_ _ - -
d dj+(dy-d3) (1 SOZ)+d2 dp) ( Séz)
dj = -.2913b"
di = -.2275b"
ds
b = -.0453—91
Py

2

2
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Rate of Change of the Concentration of BCCO

Carbon Dioxide with Respect to the 2
Partial Pressure of Carbon Dioxide aPCO
2
BCCO aSCO
s—— = Sco. 57— Pco
Co 2 CO 2
2 2
39S
CoO
where 2 _ Rt LT . e
5P = (1 H)CP+H Hi CP+H-d1 CP
CO2
CP = .0307f

f =2.3961Y'-b
3S

0
T - T d .2
d; = dy*+(d5-d;) (1-85 )-(d5-d;)5p
2 co,
d, = -.29135
d, = .2275b
] S, /
B = -.0452 -.2741/P
9Pro o,

2
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APPENDIX 4

This appendix lists the subroutines and their
purposes followed by a complete computer listing of the
programs. The outlining of the subroutines will not

include the details of the lung program. A flow chart

describing the order of calculation is shown in Figure 27.
BMAIN--program of pumping heart and blood flow only

(circulatory portion of the model only)

BMAIN--calling routine controlling storage,
subroutines, time incrementation, and I.O.
Subroutines of BMAIN

BDRIVS--calculates flows, derivatives of volumes,

and controls the leg valve.

RESIST--calculates resistance of all segments.
Options available are LOPR=neg makes R = k/(V2+V).
This is to model nonNewtonian flow in the capillaries

if desired. Not presently in use.

LOPR 0 makes R = constant

LOPR = pos. makes R = d/V2 in accordance with

the Poiseuilille-Hagen law.
PHEART--Calculates the forcing function of the heart.
PCHART--calculates pressures and valve dispositions

within the heart.

100



Given
V(t), v(t)
L’ R" R’ k’ R-i»l, A’ T’ (PO’ Vn)

Calculate
P', R, P, v
adv  av

Integrate
v(t+Aat), V(t+At)
Y
Given

Pg(t)’ D, M

Y

Calculate

dp

Cq 7ﬁ§

The order of calculation within the program.

Figure 27
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SKON--calculates compliance pressures. Options
available are LOPPl = 0 means compliance constant.
LOPP1 # 0 makes compliance a function of volume.
(See Appendix 1)

HAMING AND RUNGE--calculates advancement of all

independent variables in time.
Calling structure:

BMAIN

PHEART RESIST SKON BDRIVS HAMING RUNGE

SKON PCHART
BCC--program of gas exchange with constant blood flow

BCC--(Same as BMAIN)
Subroutines of BCC
BCDRIV--calculates derivatives of tissue concen-

trations. Options are;

LOPGS = 1 execute for only the gases O2 and
Co,

LOPGS = 2 execute for only the gases 02, COZ’
and X

LOPGS = 3 execute for only the gases X

LOPGS =

4 execute for only the gases 02, COZ’
and CO
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LOPGS = 5 execute for all the gases 02, COZ’
CO, and X where X is one or more gases that do
not bind to hemoglobin

OZDRIV--calculates the dPOz, dPCOz, and dPCO for all
dt dt dt

dp
chambers. ( €O is not calculated if LOPGS.LT.4).
dt

XDRIV--calculates the %% for all chambers (is not

called unless LOPGS = 2, 3, or 5)
dSO dSO dCCO
SATUR--calculates S, , C R 2, 2, 2, and

0 Co
2 2 dPO2 dPC02 dPO

y/

dC
co,

dp
CO2

GFLTST--calculates K and K for all chambers.
O2 CO2

FLTEST--determines the direction of flow and (Cv)'™

and (CV)OUt for each chamber

Calling Structure

BCC
BCDRIV Subroutines
of
BMAIN
02DRIV XDRIV
SATUR GFLTST GFLTST

FLTEST FLTEST
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BCMAIN--program of gas exchange with pumping heart (circula-

tory model with gas transport)
BCMN--same as BMAIN.
Subroutines of BCMAIN consist of all those in BMAIN

plus all those in BCC.

MAIN--complete cardio-pulmonary model to date.

BCMAIN

MAIN--controls the execution of the blood program
(BCMAIN) and lung program (LMAIN) so that they may

be executed with different time steps and duratiomns.
Subroutines in MAIN.

BCMAIN--circulatory model with gas transport with
various entry points added.

LMAIN--complete lung program with various entry
points added

BLCONV--calculates the rate of removal of each gas
from each alveoli chamber

LBCONV--calculates external pressures on blood
chambers using alveoli pressures and pleural pressures
from the lung program and converts each gas concen-
tration to each gas partial pressure in each alveoli.

Calling Structure;

MAIN

LMAIN BLCONV LBCONV



10C
20
30
490
50
0d
‘10
80
90
100
110
120
150
140C
150
160
170
150
199
200
2190
229
250
240
250
209
270
260
290
200
310
320
359
540
350C
s0U
370
3060
390
400
410
420
433
by
450
400
4yQ
K50
440
500

reuady
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SUBROUTINE MALN
INTEGER HAMING, OPT1, OPT2, FBOPY
IMPLICIT REAL%*s (B-h,0-Z)
REAL%¢  LAMRO2,LArBC2,LANBCO,LAMEX,LCO2,LCC2,LECO,LEX,NETUZ, tin 1C2
& N, M
DIMENSION R(24),rKDA(24),PP(24),V(24),vo(24),h(24),pV(24),
1VFLOW(24) ,VFLIN(16) ,RIN(18),PC(24),P(24)
DIMENSION FCTE(00),DFCTB(86),FCTSB(86,H4),DFCLsEB(06,5),EL(0D)
DIMENSION GPO2(24),GPC2(24),GPCO(48),GPX(1,24),C102(4),CTc2(4),
1CTCO(4),CrX(1,4),DIKL2(10),DIFC2(10),DIFCO(10),0iFX(10),CPh(24),
2LC02(0) ,LCC2(0),LCCO(u),LCX(1,0),CS4T02(24) , oA (2 ),p5Po2(24),
3DGPCZ(24),DGPCu(bY) ,Dorx(1,24),8X(1)
DLiENSION DCTU2(4),bCiC2(4),DCTCO(H4),bCTX{1,4) ,held2(Y4),1.1C2(Y)
TH1S D1MENSLION STATEMENT 1S ONLY IN bmALN
DIMENSION TE(02), rCT(62), FCTS(62,4), DFCT(H2), wriTs(o2,s)
COMrOk C(12,4), DC(12,4), CT(12), Cw(12), DCL(12), DChoP(12),
F(12), G, GS, NG, DNT(12), Nw(12), DNW(12),Pru(i12), PLS,
DPB3, PELALV(6), DPELAL(6), P&LDA, DPELLA, PLL1X, DPoLTh,
PG(6), bLPG(0), PGAb, DPGAB, PPL, DPS(d), LPSZ,
S(4), T, DY, 1n(12), T0Tn(12),VED(12), Vv, VLU:G,
ser(12), ve(12), hoT
COFrOn /&NT/K LD
COMtaun /BCi/ lb,Trlxb
COmrud /Lin/ KNT
CUMMON /Cd1/V,ve2,VP5,VPLs,VP12,VP13,VP14,GP0z, Ll
LGPC2,C1Ce
COmei0d /Ctad1T/GPCO, CTCO, 6PX, CTX
CONIUN /CHNZ/DV,LVPZ,DVPY,DVPL,DVP12,DVP13,DV P14, LGPuz,DLT U,
1DuPC2,DLICe
CORriON /CMn2T/DGPCO,DCICO,DGPX,DCEX
Cltivun /bLK1/ N(12,3), VIX, VALV(o), PALV(b), sk(1e), vser
Cutaild /BLK2/ DN(12,3), DVIX, DVALV(6), DPALV(o), LSW(12), wv.rk
eQUIVALExCE (V,FCLE,FCTSB), (DV,DFCIB,DFCTSE)
& LANCT), FCT(1), FCTS(V) ), (Da(1), wrCi(1), veclud) )
FCTE(V=24,VP=0,L=24,(T=4)
REED (5,2) KNTYST,CONV,RIC
2 FORMAT (15,2E10.3)
CALL BCiATiv(LbUMMY)
CALL LMAIN(LDUMMY)
CALL LECOWV(RIC)
1F (KnITST.LT.0) GO TO 100
10 CALL BCeNT(LDUMmY)
CALL BLCOWV(CunV)
CALL LuN1(LDUNMY)
CALL LBCONV(RIC)
20 CONTINUZ
1 (I-TB.LT.1.E-04) GO TO 35
I (KNIB.GL.5) CALL BCmN3(LDUMMY)
I¢ (KnTB.LE.3) CALL BCriNz(LDUMMY)
50 CALL BLCOWV(CONV)

R R R RS
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510 1F (1B-T.LT.1.E-04) GO 10 45
520 35 CONTINUE

550 IF (KNT.GT.3) CALL LMN3(LDUMMY)
549 IF (KNT.LE.3) CALL LMN2(LDUMMY)

550 40 CALL LBCOWV(RTC)

550 45 1F (TB-TMAXB) 29,50,50

570 50 CONTINUE

5380 CALL LMNY4(LDUMMY)

590 100 CONTINUE

600C  REVERSE GRDER OF CALL BCMN AND LMN'S AND ADJUST KNTLsT

610C STATEMENLS FCR NEG. KNTTST.

620 STOP

630 END

640 SUBROUTINE LBCONV(RTC)

650 IMPLICLT REAL¥*Q (A-H,0-Z)

660 REAL¥*3 LAMBO2,LANBCO,LAMEX,LCO2,LCC2,LCCO,LCX, 102, p1C2

670 & N, N

060 COMMON /AVE/ PPAVE

690 COMMON /BLK1/ 8(12,3), VIX, VALV(6), PALV(6), sw(12), VSPR
700 COvinON C(12,4), LC(12,4), CT(12), CW(12), DCw(12), DCwbP(12),
710 & F(12), G, GS, NG, DNT(12), nW(12), Diw(12), p(i12), PES,
720 & DPBS, PwLALV(0), DPELAL(6), PELDA, DPELDA, PELTX, DPELLX,
750 & PG(o), DPG(b), PGAB, DPGAB, PPL, DPS(6), LrSz,

T40 & S(4), T, DI, TN(12), GOTN(12), V(12), VD, VLUNG,

750 & SQr(12), DP(12), HOT

760 COMMUN /BCMBLK/ R,FKDA,PP,V0O,A2DM2,A2DM3, A2DM4 , A2Dm12, A2DNTS,
170 142DM14,h, RHC,GHOLD, RIN, PHOLD, PC

780 COIMON /BCONLY /LCO2,LCC2,LCCO,LCX

750 DIMENSION R(24),FKDA(24),PP(24),V0(24),H(24),DV(24),

800 TVFLOW(24) ,VFLIN(18) ,R1N(18),PC(24)

810 DIMENSLION LCO2(6),LCC2(b),LCCO(0),LCX(6)

520 DIMENSLON PHOLD(24)

b30C  WARNING...THLS DIM 15 1IN ThLS SUBROUTINE ONLY

540 DO 10 1=1,0

850 LCO2(1)=C(1+b,1)*RTC

660 LCC2(1)=C(I+b,2)*R1C

870 PP (1+4)=PALV(1)-T00.

330 10 CONTLINUE

0Y0 PPAVE=PPL+(PG(3)+PG(4))/2.-760.

900 RETURN

$10 END

920 SUBRCUTINE ELCONV(CONV)

930 18PL1CIT REAL®s (A-H,0-Z)

940 REAL*3 LAMEO2,LAMBEC2,LAsBCO,LAMBX,LC0O2,LCC2,LCCO,LCK, METOZ, HETC2
Y50 COMMUN /CHMN1/V,VP2,Ves,VPa,VP12,VP13,VP14,GP02, CTu2,GEC2,ClCe
Y69 CumMmMON /CMNTT/GPCU, CTCO,GPX,CTX

g0 COMMUN /BC/LAMBO2 ,LAMBC2 ,LAMECO,LAMBX,A02,AC2,AC0, AX ,HEMAT ,DLFU2,
980 1D1#C2,D1FCO,DIFX,CPH,CSATV2,CSATC2,METO2 , METCZ

940 COMMON /BCONLY/LCO2,LCC2,LCCO,LCX

1000 COMMON /BLK12/ DIFF(6,3)

ready

%
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1010 DIMENSION V(24),METC2(4),METC2(4)

1020 DIHMENSION GPO2(24),GPC2(24),GPCO(4Y),GPX(1,24),CT02(4),CTC2(4),
1030 1CTCO(4),CTX(1,4),D1F02(10),D1FC2(10),DIFCO(10),D1FX(10),CPH(24),
1040 2LCu2(0),LCC2(d),LCCO(H),LCX(1,6),CSATV2(24) ,C3ATC2(24 ) ,DGPUZ(2L),
1050 SDGPC2 (24) ,DGPCu(48),bGPX(1,24),AX(1)

1000 DO 10 N=1,0

1070 DIFF(N,1)=DIF02(N)*(LCO2(N)-LAMBO2¥GPO2(N+4))*CONV

1000 DIFF(N,2)=DIFC2(N)*(LCC2(N)-LAMECZ*GPCZ(N+4) ) *CONV

1090 10 CONTINOE

1100 RETURN

1110 &b

ready

*

10 SUBRCUTINE LMALN(LDUMMY)

20 IRTEGER HAMING, OPI1, OPYT2, FBOPT

50 1MPL1CIT REAL*s( A-H, 0-Z )

40 REAL¥o N, N

50 REAL*4 A, B, W, TIN, TEX, Y1, Y2, FRCP, VMAX, ViIN, PDAG,

60 & FCIN, FCTN2, Y3, Y4, TE, PB, PDIN, PLzx, G1, G2, G, G4,
70 & PTXG, PTAaln, PIXeX, PCALC, CICALC, VLDir, prCY, ASUL, PV,
80 & Re>, PPLC, ASUK1, AwSUsM, AwSuml, RIUL, 10, 12, TTesl

50 DIMENSION Te(62), KCT(62), FCTS(02,4), DFCT(bz), DrCis(v2,3),

100 & PRCL(12,4), ASUM(4), PV(12), RES(12), PPLC(3), P3AVE(D)

110 DIMENSION ASUM1(4)

120 COmMMON /LMN/ KNT

130 COMMON /BLK1/ N(12,3), VTX, VALV(6), PALV(6), SWw(12), VPR

140 COMMON /BLK2/ DN(12,3), DVIX, DVALV(6), DPALV(6), Liw(1Z), UVSPR
150 COnrON /BLKs/ B(8,12), FS(12), RA(12), RE(1Z2), w(12), DId

160 COwmCN /BLKY4/ TLN, TeX, PUIN, TB, Y1, Y2, Y3, 14, PIXIN, Plibkx,
110 & PDEX, PDAG, PTXG, 10, 12, PB, rulst, FSPR>, 11aST
160 COMMON /BLKS/ A((,8)

190 COMMON /BLK{/ PCALC(12), CTCALC(12), VLDLF

200 CuMdON /BLKb/ PHl, GF, GR, GT, GD, HP, P1E, ANG1, ANG2, PHil, PHlZ
210 COMMON /BLK10/ PGAV, DPGAV, PGAVb, DPGAVS

220 COMMON /bLK11/ PTX, DP1X, PD, DPD, G1, Gz, G3, G4, FBOPT

230 COMMON /BLK12/ DIFF(06,3)

240 ClmMON C(12,4), DC(12,4), CI(12), CW(12), DCu(12), LCWDP(12),
250 & ¥(12), G, GS, NG, DNT(12), Nw(12), DhNw(12), P(12), PES,

200 & DPBS, PELALV(6), DPELAL(6), PELDA, DPELDA, PELYX, DPELIX,
210 & PG(o), LPG(o), PGAB, DPGAB, PPL, DPS(b), DPS2,

250 & sS(4), T, DI, Tn(12), TOIN(12), V(12), VD, VLUuG,

290 & SQT(12), DP(12), HDT

300 EQUIVALENCE (N(1), FCT(1), FCTS(1) ), (DN(1), DFCT(1), DFCTS(1) )
ready
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310 DATA PI1E, HP / 3.141592654 DO, 1.57079632¢1 DO /
320 REWIND 12

330 UNSTAbL = 0.

340 NF = 02

350 NG = 3

300 T0 = 0.

370 DO 50 K= 1,4

3060 DO 50 J= 1,NF

390 1F ( K - 4 ) 49, 50, 50

400 49 DKCTS(J,K) = 0.

410 50 FCIS(J,K) = 0.

420 READ(5,2008) OPT2, KPRINT
450 2008 FORMAT(214)
440 READ(5,2000) T, DT, TMAX, T1N, TEX, INT, OPT1, 'twP, ToPS

450 2000 FORMAT ( D10.5, D10.8, D10.5, 2F10.5, 213, 2b6.1 )
459 DITM = DT

470 INIS = INT

450 READ(5,2003) PPL, PDEX, PTXEX, KRG, VD, Y1, ¥2
460 READ(5,2004) PLXG, DPTXG,

500 &  PDAG, DPDAG, VIX, VmAX, FCIN

510 READ(5,2001) VMlN, FCInz, Y3, Y4, TB, Pb

520 2001 rURMAT ( (K10.4 )
530 2003 FORWAT ( 5D10.4, 2FK10.4 )
540 2004 KFURMAT ( F10.4, D10.4, F10.4, 2D10.4, 2¢K10.4 )

550 READ(5,2010) V

500 READ(5,2010) ( P(J), J= 1,12 )

57v READ(5,2002) ( ( PRCT(1,d), I =1, 12 ), d =1, 4 )
550 2002 FORMAT ( bF10.4 )

590 READ(5,2001) ( ( B(1,Jd), 1=1,7), d= 2,12 )

600 READ(5,2001) A

610 DO 5 1= 1,8

620 A(4,1) = A(4,1) - .1D-b

030 A(3,1) = A(3,I) + .1D-¢
640 5 A(o,1) = A(1,1) * hp
050 2005 Fukuat ( 5D10.v, 13 )

1w n

bb0 ReaD(5,2000) (W(J), J=1,12)

670 READ(5,200y) (FS(J), J=1,12), F(1)
680 2006 FORMAT ( 6£10.5 )

090 READ(%5,2005) PHl1, PHI2, GF, FBOPT

{00 2010 FORMAT ( 6D10.4 )
710 2009 FORMAT ( 7D10.4 )

720 WRLTE(6,2007)

750 2007 FORMAT(1H1)

740 WRITE(6,4001) ¥,DT,TIN,TEX,INT,0PT1,TMP,TMPS, PPL,PDER, PIXEX, KT,
750 & (J,J=1,6),VD,Y1,Y2,PTXG,(V(J),d=1,6),(Jd,Jd=1,12),(P(d),d=1,12),
769 & (3,d=1,12),(J, (PACI(1,Jd),1=1,12),d=1,4),(J,d=1,1),

710 & ((B(1,d),I=1,7),d=2,12),(J,d=1,7),4,

780 &  (w(J), J=2,12), PHL1, PHI2, GF, Y3, Y4, TB, VMAX, FCIN,

790 &  VMIN, FCINZ

600 4001 FORMAT(1H ,10X,'T',6X,'DT",7X, "TIN' ,7X, " TEX", VX, "LNL",7X,0PT1",
ready



810
20
830
840
850
860
870
500
by
900
910
g20
430
940
$50
900
970
9ou
960
1000
1010
1020
1050
1040
1050
1000
1070
1060
10v0C
1100
1110
1120
11350C
1140
1150C
1100
1170C
11¢0
1190
1200C
1210
1220
1250
1240C
1250
1200
1210C
1260
1290
1500

ready

#*

Ro Re Qo Qo RO R0 R Qo B0 Re R RS Re RO RO Re

16¢

6X,'"TMPY,TX, '"TMPS' ,6X,'PPL',6X,'PDEX ',5X,'PTXEX',bX, 'RG',//,
bx, 2810.3, 2(f(.3,34),2(2X,15,5X),

O6(FT.3,3X),7//,9%,'VD* ,6X,'Y1',8%,'Y2",7X,'PTXG", (X,
b(V(,11,')",0X),//,6%X,10(F1.3,3X),///,0%,12('2(",12,')",5X),
//,0%,12(¥7.3,3X),///,2%,"PRCT",3%,12(12,6X),//,4(3X,11,2X,
12(61.5,3X),//),7,5%,"B* ,8X,7(11,9%X),//,3%," (12) ', 4%, ((¥7.3,
3X),//,3%,'(23) ', 8X,T(FT.3,3X),//,3%, ' (24) ' ,4X,7(F(.3,3X),//,
3K, (39) UK, T(F7.3,3X),//7,3%, 1 (46) ", 4X, T(FT.5,5K),//,3%," (5()
VOTCET 3, 34) /7, 3%, (48) UX T(F.3,3X),/7,3%, 7 (59) ', 4%, 1 (FT1.3
Y 3X),//,2X%,'(610) ', 4X,T(F7.3,3X),//,2%,' (511) " ,4X,T(F71.3,3K),
/7,2%X, ' (012) UX,T(E(.3,3%),//7/7, 1%, TCHACY 11,0 )Y ,6X),//7,0(5%,
((Fo.4,2X),/7),/,1X, " Wi21,6X,'H23",6X, 'k24"' ,0X, "h35", 0k, 'hlb!,
BK, "W, 0K, TWUs 6%, "W ,TX, "WO10",TX, TWs 11, 7K, G120, /7,
5K, 11(B10.4,1X),///,7%, "PHI1 , 71X, 'PH12",,1X,'Gr' 0%, Y3 ,0),
tY4t BX,'TBY,0X, 'ViAX! ,0X, 'FCTN',6X, '"VMIN' 06X, 'FCIN2"//
SA,F1.3,3%,07.3,3%,F1.2,T(3X,F1.4),/// )

51 CONTINUE
DG 55 1 = 1,4

55 35(1) = 0.0
TmAX1 = TMAX + DT / 2.
G = TMP * RG

GS = THPS * RG

G1 = 0.84791 / ( G*G )
G2 = 0.018015 / G

G5 = 47.007/ G

G = 1.7 G

PhI1 = PHL1 # PIE / 180.
PH12 = PHIZ2 #* P1E / 1b0.

CALL PGRAV ( PES, PGAB, PG, DPBS, DPGAB, DPG )
PTX = PTXG * GU

Po

= PDAG * GD

Frcp = FRC2 ( VA, VIX, PD, PTX )

IF

( ABS( VMLIN ). LT. 0.0001 ) GO T0 57

CALL PMAX ( FRCP, VMIN, PG, PES, GI, GD, PGAE,

&

FCIN2, VIX, VD, PPL, VA )

PTXEXS = PTXIN
PDLXS = PDIN
51 CONTINUE

CALL PMAX ( FRCP, VMAX, PG, PBS, GI, GD, PGAb,

& FCIN, VIX, VD, PPL, VA )
IF ( TIN. LE. 0. ) CALL SUB3( V)
VSPR = V(1)

DO 60 J = 1,6



1510 K = J+b

1520 PSAVE(J) = P(J)

1550 PALV(J) = P(K)

1580 60 VALV(J) = V(K)

1350 PPLC(1) = PPL + PG(1)

1560 PPLC(2) = PPL + PG(3)

1370 PPLC(3) = PPL + PG(5)

1300 WRltE (6,995) GR, PPL, PPLC(2), VLUNG, VIX, VD, VALV
1390 948 FURMAT(1R ,4X,'GR', ©6X, 'PPL', 7X, 'PPLAVG', 06X, 'VLUNG', oX,
1400 & "WIX', yX, 'VD', bX, 'VALV', //,

1410 & 14, F5.1, 1X, 2F12.6, YF11.7, /// )

1420 VLDIF = VLUNG - VIX - VD

1450C

1440C IF ( FpOPT. EQ. 11 ) CALL PCHK( VMIN, VMAX, FKCP, FCIN,
1450C & FCIN2, VLDIF, PGAE )

1460C 1f ( FBOPT. £Q. 10 ) CALL FCHK( T, FSPR, DT )

1470C

1430 TOTN(1) = P(1)*V(1)/GS

1490 Cw(1) = 31.6 * DsXP( 0.018 * ( P(1) =-760. ) / G3) / GS
1500 Nw(1) = Cw(1)%V(1)

1510 TN(1) = TOIN(1)-NW(1)

1520 DU 70 1=1, MG

1550 N{(1,1) = Tn(1) * PRCT(1,1)

1540 70 C(1,1) = N(1,1) /7 v(1)

1550 PV(1) = P(1) * V(1) /7 ( TOTN(1) * GS)

1500 DO 80 J=2,12

1510 TOIN(J) = P(JI)*V(J)/G

1500 Cw(d) = G3 # DEXP( G2 * (P(J)-T760.) )

1540 NW(J) =CW(J)*v(J)

1000 TN(J) = TOTN(J)-Nuw(J)

1010 PV(3) = P(J) * V(J) / ( TOIN(J) * G )

1020 DU 60 I=1, NG

1030 N(J,1) = TN(J)*PRCT(J,1)

1640 60 C(J,1) = N(J,L1)/V(J)

1050 3011 FORMAT( //,1H ,4(5X, 6(E17.11), //) )

1660 DU 1580 1 = 1,NG

1070 1580 ASUMI(I) = O.

1660 AWSUMT = 0.

1690 DO 1585 J= 1,12

1700 AWSUMT = AwSUM1 + NW(J)
1710 DO 1585 1= 1,NG

1720 1585 ASUM1(L) = ASUM1(1) + N(J,I)
1730 HDT = DT/u4.

1740 CALL FLOW ( 1, 2 )

150 CALL FLOW ( 2, 5 )

1700 CALL FLOW ( 2, 4 )

1740 CALL FLOW ( 3, 5 )

1760 CALL FLOw ( 4, 6 )

1790 CALL FLOW ( 3, 7))

1600 CALL FLOW ( 4, & )

recady



1810
1820
1830
Tol40
1850
1600
1070
1800
18990
1900
1910
1920C
1930C
1940¢C
1959
1960
1910
1900
1990
2000
2010
2020
2050
2040
2050
2000
2070
2050
2090
2100
2110
2120
2150
2140
2150
2100
2170C
2100
2190
2200
2210
2220
2250
2240
2250
2200
2270
22¢0
2290
2300

reaay

90

100

110

11
120

140
150
155

154

152
151

CALL FLOW ( 5, 9 )
CALL rLOW ( o, 10 )
CALL FLOW ( 5, 11 )
CALL FLOW ( b, 12 )
KNT = 0.

DO 100 K = 1, NF
FCIS(K,4) = FCT(K)
TE(K) = 0.
WRITE(6,2007)
RETURN

ENTRY LMN1(LDUMMY)
$$% RUNGE-KULTA INTEGRATION SECTION $$3

M=1

CALL DERIVS( OPI1, 1, PSAVE )

LFC T. LT. 1.0-6 ) GO 10 151

IF( M. EG. 5 ) GO TO 150

CALL RUnGE( NF, FCT, DrCT, T, DT, M, HDT )
DIM = HDT * 2.

CALL PaKits2( VA )

M =M+ 1

GO TU 110

= KnT + 1
M= 1

K = 4 - KNT
HDT = DT/2.
1F( K. EG. 1) GO TO 150

DO 140 J= 1,NF

FCTS(J,K) = FCT(J)

DFCTS(J,K) = DFCI(J)

DU 195 J= 2,12

Fs(d) = ¥(J)

DU 154 JPS = 2,6

PSAVE(JPS) = P(JPS)

INT = INTS

1F ( T. LT. .15 ) INT = INTS / 10

IF ( INT. EQ. 0 ) LNT =1

1F ( KNT/INT % 1NT .NE. KNT ) GO TO 190

CONTINUE

CALL SuB2( ASUM, ASUM1, AWSUM, AWSUM1, RES, PV, RICT, PPLC )

1F( KPRINT. Ne. 1 ) GO TO 153

WRITE(6,3000) KNT

wR1TE(6,3000) 1, VTX, DVIX, VD, VSPR, DVSPR

WRITE(6,3001) ((N(J,I1),Jd=1,12), (DN(J,I1),d=1,12), (C(J,1),d=1,12),
& (DC(J,1),J=1,6),I=1,NG )

WR1TE(6,3002) Nw, DiW, CW, (DCW(J),Jd=1,86), (PCALC(J),d=1,u),

& P, DP, VALV, DVALV, F, DCWDP

WRITE(6, 1) PSLALV, S, PELDA, PELTX, PTX,

& PD, PG, PGAB, PPL, PPLC, VLUNG, RTOT, ASuU«(1), ASUM(Z), ALSUM



2310
2320
2350
2340
2350
2560
2370
23580
2390
2400
2410
2420
24350
24490
2450
2450
2470
2460
2440
2500C
2510C
2520C
2530
2540
2550
2500
2570
2580
2590
2000
2010
2020
2050
2640
2050
2060
2010
2000
2090
2700
2710
270
2750
2'(40
2750
2760
27{0C
2700C
2790
26090

ready

*

WRITE(6,3009) DNT, CTCALC

153 CONTLNUE

3000
5001
5002
3009
3006

1

190

500

506

501

Ul

w

&

&

WR1TE(12,3100) T, VSPR, PPL, PPLC, RTOT, VLUNG, Vix, VD,

PTX, PD, VALV, P&LALV, PELTX, reLDA
3100 FORMAT( 10E14.7 )

WR1TE(12,3100) P, ¥, RES, RA, NW, CW, CT,

11°

( (N(J,1),d=1,12), (C(J,1),d=1,12), L1=1,NG )

FORMAT( 1H , 4X, 'T=', 6E13.6 )

FORMAT( 1H , 3( 2( 6E13.6,/), ) bBE13.6
FORMAT( 1H,
FORMAT( 1H , 2( /, 5%, oE13.6 ) )
FORMAT( 11X, 'KNT = ', Lb )
FORMAT( 1H , 10E13.6 )

1F( . LT. 1.D-0 ) GO TO 111
CONTLINUE

RETURN

ENTRY Ltn2(LDUMY)

IF ( KNT. LT. 3 ) GO TO 120
IF(OPT2. Lt. 1 ) GO 70 1000

$$% CALL HAMING PReDICTOR OR CORRECTOR $33%

TTESTO = TT&ST

DIM = HDT = 2.

MTEST = BAMNG1( NF, FCTS, DFCTS, T, DT, Tu
MTEST = HAMING( NF, FCIS, DFCTS, T, DT, TE
CALL PARMSZ( VA )

IF ( T. GT. TIN - .001 ) PDEX = PDEXS

IF (0. GI. TIN - .001 ) PTXEX = PIXEXS
CALL DERIVS( OPT1, MTEST, PSAVE )

IF( MIEST. EQ. 1) GO TO 500

KNT = KNT + 1

DU B0o J= 2,12

Fs(d) = F(J)

FSPRS = FsS(2)

DO 501 JP3S = 2, b

PSAVE(JIPS) = P(JIPS)

IF ( p(Y). LT. ©50.0. OR . P(9). GT. 850.0
I ( P(4). LT. ©50.0. OR . P(4). GI. 850.0
GO TO 503 '

EnD FILE 12

UNSTAB = 10.

KPRINT = 1

GO TO 510

CONTINUE

INT = INTS

1f ( T. GI. T0. AND. T. LT. TO + .15 ) INT
1¥ ( T. GT. T2. AND. T. LT. T2 + .15 ) INT
1F ( INT. EQ. O ) INT = 1

IF (KNT.LT.1000) GO TO 600

)

)
)

~

7¢ 2( 6E13.6, /) ), 2( 12E10.4, /)

GO T0 502
30 TO 502

INTs /7 10
INTS /7 10



2810
2820
2030
2540
2850
2000
2670
2560
2890
2900
2910
2929
29350
2940
2959
2960
29(0
2960
2990
3000
3010
3020
3030
3040
3050
5060
3070
3080
5090
3100
3110
3120
3130
3140
5150

ready
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505 IF ( KNI/INT * INT . NE. KNT ) GO TO 600
510 CONTL1NUE

CALL SUB2( ASUM, ASUM1, AWSUM, AWSUM1, RES, ¢V, RIOI, PPLC )

IF( KPRINT. K. 1 ) GO TO 515

WRITE(6,3006) KNT

WRLTE(5,3000) T, VIX, DVTX, VD, VSPR, DVSPR

WRITE(b,3001) ((N(J,I),d=1,12), (DN(J,1),d=1,12), (C(J,1),d=1,12),

& (pc(J,1),d=1,0),1=1,NG )

WRITE(b,3002) NW, DNW, CW, (DCW(J),J=1,6), (PCALC(J),d=1,v),

& P, DP, VALV, DVALV, F, DCwDP

WRITE(b, 1) PELALV, S, PELDA, P&LTX, PTX,

&  PD, PG, PGAB, PPL, PPLC, VLUNG, RTOT, ASU(1), ASUM(Z2), AwSUn

WR1Tk(6,3009) DNT, CICALC

1F( UNSTAB. GT. 5. ) STOP 2
515 CONTLNUE

WR1TE(12,3100) T, VSPR, PPL, PPLC, RTOT, VLUnG, ViX, VD,

& PTX, P, VALV, PELALV, PZLTX, PsLDA
WRITE(12,3100) P, ¥, RES, RA, Nw, Ck, CI,
& ( (N(J,1),d=1,12), (Cc(J,1),d=1,12), L=1,NG )

000 CONTINUE
625 CONT1INUE
TIeSTO = TTEST
RETURN
ENTHY LMNZ(LDUMMY)
Ir ( T - TMAX1 ) 500, 1000, 1000
1000 CONTINUE
RETURN
EwlRY LMNY(LDUMMY)
T = 0.0
WR11E(12,3100) (T,1=1,10)
END F1LE 12
WRITE (6,9999) T

9999 FORMAT (' LUNG PROGRAM HAS ENDED AT TIME=',r10.5)

RETURN
END
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10 SUBROUTINE BCMAIN(LDUMMY)

20 1NTEGRR HAMING

30 IMPLIC1T ReAL*s (A-H,0-2)

49 ReAL*o LAMNBO2,LAMBCZ2,LAMBCO,LAMBX,LC02,LCC2,LCCO,LCX,METV2,METC2
50 ~ COMMON /BCM/ TB,TMAXB

60 COMMON /BCMBLK/ R,FKDA,PP,VO,A2DM2,A2DM3, A2Dm4 A2DM12, A2DM15,

70 1A2DM14,H, KHO,G, le P, PC

80 COMMON /RP/ RPj RP15

50 COMFON /SK/ TAU,PV,P1

100 COMMON /CMN1/V,VP2,VP3,VP4,VP12,VP15,VP14,GP02,CTC2,GPC2,CIC2
110 COMMON /CHN11/GPCO, CTCO,GPX,CTX

129 COMMON /CiMN2/DV,DVP2,DVP3,DVPY,DVP12,DVP1Y,DVP 14, bGru2, DLiue,
130 1bGPce,berce

140 COMON /C1n21/DGPCO, DCICO,DGPX,DCTX

150 COMMUN /A1/LVALVZ2,LVALVS,LVLV12,LVLV13,LVLYV2S,

100 1P312,PST12,1852,1b51

110 COMMON /ENT/KNTEB

180 COMMON /PHY/KTB,KTUEL

160 COMMON /VFLT/VELOWR,VELIN

200 COMMON /BC/LAMBC. ,LAMBC2 , LAMBCO,LAMEX, A02,AC2,ACO, £X,hiMAT, D1FU2,
210 1D1FC2,D1#CO,D1FX,CPH,CSATO2,CSATC2, MhETU2,, METC2

220 COMMON /BCUNLY/LCOZ2,LCC2,LCCO,LCK

230 EQUIVALENCE (V,FCIp,FCISB),(DV,DFCTB,DFCTSB)

240 DIMENSION R(24),FKDA(24),PP(24),V(24),V0(24),h{(24),bV(24),

250 TVFLOW(24) ,VFLLIL(10) ,RINC10) ,PC(24) ,P(24)

260 DIMENSION RK(24),RINK(16)

2710 DLMENSLION 1AU(24),PO(24),P1(24)

260 DImMENSIUN FCTB(bb),DFCTE(86),FCTSB(86,4),DFCISb(60,5),TEB(d0)
290 DIMENSION GPO2(24),GPc2(24),GPCO(4s),6PX(1,24),0T02(u4),Crca(L),
300 1CTCO(4) ,CTX(1,4),D1FU2(10),D1FC2(10),D1FCO(10),DIFX(10),CPH(24),
310 2LCu2(6),LcC2(b),LCCO(6) ,LCX(1,06),C3ATO2(24),CSATC2(24 ) ,DupPL2(24),
320 3DGPC2(24),DGPCO(LB),DGPX(1,24) ,AX(1)

%50 DIMENSLON DCT02(H4),DCTC2(4),DCTCO(H),DCTX(1,4) mru2(d),MeiC2(X)

340C  THIS DIMENSION SYTATEMENT IS ONLY IN BMALN

350C  FCIB(V=24,VP=b,C=24,CT=4)

360C A4DD 20 LOCATIONS FOR EAC NEW GAS TRANSPORTED®. ‘THLS PROGRAM LS
370C PRESENTLY SET UP FUR 24 CHAMBERS AND 1 GAS..NFE=NC+6+NG(NC+4)=55
360C  *EXCEPT FOR CO, wHICH REGQUIRES TwICE AS MANY LOCATIONS (2%20=55).
340 NFB=6b

490 DO 50 K=1,U
410 DO 50 J=1,KFB
429 IF (K-4) 49,50,50

4350 4y DFCTSB(J,K)=0
440 50 FCTSE(J,K)=0

450 READ(5,1010) (R(N),N=1,2U4),(FKDA(N),N=1,24),(PP(1),N=1,24)

460 READ(5,1010) (TAUG(N),N=1,24),(PO(N),N=1,24)

4(0 1010 FORMAT(B(EB.1,1X))

450 READ(5,1020) (V(n),N=1,24),(VO(N),N=1,24),A20M2, A20Ms, A2DMY , A2DM12
490 1,A2DM13, A2DM14

500 1020 FORMAT(8(F5.3,1X))
ready

*



LR

510 READ(5,1030) (H(N),N=1,24),RHO,G

520 1030 FORMAT(2(12(F5.1,1X)/),F3.1,F5.1)

530 READ(5,1040) (RIN(N),N=5,11),(RIN(N),N=15,18),VP2,VP3,VP4,VP12,
540 1VP13,VP 14

550 1040 FORMAT((£9.1/4EG.1/6E9.1)

560 READ (5,201) GPOZ,GPC2,GPCO,GPX

510 201 FORMAT (VEY.2/36E9.2/8£9.2)

540 READ(5,201) LAKBO2,LAMBC2,LAMBCO,LAMBX,A02,AC2,ACGC, AX,CLu2,CTC2,
540 1CTCO,CTX ) .
000C  C1 STAND FOR THE PARTIAL PRESSUR IN THE TISSUE, nUL THe CORC.

610 READ(5,20%) LCO2,LCCZ2,LCCO,LCX

620 READ (5,204) DIFC2,DIFC2,D1FCO,DIFX

630 READ (5,205) mET0Z,MELC2

o040 204 FORMAT (oEY.2/2E9.2)
650 203 FOREMAT (0Ey.2)
660 205 FORMAT (4E9.2)

6 (0 READ(5,1050) DTE,TMAXE
680 1050 FORMAT (F8.1,1X,Fo.1)
690 READ (5,1200) AN1P,LOPPR,LOPP1,LOPR,LOPGS

700 1200 FORMAT (I2,1X,11,1X,11,12,12)

710C LOPPR=1 IF RUNGE 1S TO BE PRINTED,LOPPR=0 IF NOT
720C KNTP TELLS HOw UFTEN (NO. OF TIME STEPS) TU PRINT
730C  LOPP1 CONTROLES LIN(O) OR NONLINEAR COMPLIAKCE
T40C  SEE 3UB ReSIST FOR wXPLAINATION OF LOPR

750C  SEE SUB ECDRIVS FUR EXPLAINATION OF LUPGS

‘{00 WR1TE(0,2010)

7{0 2010 FORMAT(10X,126(1nPUT DATA)/)

780 WRITE (6,2001) DIB,TMAXB

790 2001 FORMAT(10H DTB,TAXB,5X,2F8.4)

800 WRITE(6,2040) (RIN(N),N=1,18)

810 2040 FURMAT(10H  RIN(N) ,5X,o(E10.3,2X)/15X,8(E10.5,2X)/15X,2(E10.5,
820 12X)/)

850 WR1Te(0,2020) R,FKDA,PP ‘

o400 2020 FURMAT(10H R(N) ,5X,8(E10.3,2X)/2(15X,0(E10.5,2X)/)///
850 1100 FKDA(N) ,5X,8(£10.3,2X)/72(15%,6(E10.5,2X)/)///

860 2104 PP(iv) ,54,0(E10.3,2X)/2(15X%,8(E10.5,2X)/)///7)

870 WRITE(6,2021) TAU,PO

800 2021 FORMAT(10H  TAUCL) ,5X,0(E10.3,2X)/2(15X,8(E10.5,2K)/)///
090 110H PO(N) ,5X,8(E10.3,2X)/2(15X,8(E10.3,2X)/)///)

900 WR1TE(6,2030) V,V0,A2DM2,A2DM3, A2DMY , A2DM12,A2D113, A2DM1 4
910 2050 FURMAT(10H V(N) ,5X,8(F8.3,2X)/72(15%,8(¥d.5,2%)7)/7//
920 110H VO(N) ,5X,0(F8.3,2X)/2(15X,8(Fv.3,2X)/)///

950 2104 A2D¥ ,5%,0(F8.3,2X)///)

940 WRITE (6,2031) H

$50 2031 FORMAT (10H  H(N)  ,5X,8E12.3/2(15X,8E12.3/)///)
960 WRITE (6,2032) RHO,G

§70 2032 FORMAT (' RHO,G = ',2F3.3)

980 WKLTE (6,2033) VP2,VP3,VP4,VP12,VP13,VP14

990 2033 FORWAT (' Ve ',6K12.3///)

1000 WRITE (b,2041) KNTP,LOPPR,LOPP1,LOPR,LOPGS

ready

*®



1010
1020
1030
1040C
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310C
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490C
1500

ready
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2041 FORMAT (' OPTIONS ',5X,I2,1X,I2,1X,12,1X,I12,1X%,12)
WRITE (6,208) GP02,GPC2,GPCO,GPX
208 FORMAT (15H GP02,C2,C0,PX ,8(E10.3,2X)/14(15X,8E12.3/))
WARNING...FORMAT MUST BE CHANGED IF NGX.GT.1
WRITE (6,209) LAMBO2,LAMBC2,LAMBCO,LAMBX,A02,AC2,ACO,AX
209 FORMAT (' LAMB,A...02,C2,C0,X ',/,15X,8E12.3/)
WRITE (6,210) CT02,CTC2,CTCO,CTX
210 FORMAT (* cTO02,C2,C0,X ',/,2(15X,8E12.3/))
WRITE (6,211) LCO2,LCC2,LCCO,LCX
211 FORMAT (' Lco2,C2,C0,X ',/4(15X,6E12.3/))
WRITE (6,212) DIF02,DIFC2,DIFCO,DIFX
212 FORMAT (' DIK02,C2,CO0,X ',/,4(10E11.3/))
WRITE (6,216) MET02,MEIC2
216 FORMAT (' MET02,MEIC2 ',4E12.3,10X,U4E12.3)
RETURN
ENTRY BCMN1(LDUMMY)
WRITE(b,2050)
2050 FORMAT(10X,13H(OUTPUT DATA)/)
WRITE (6,3002) PP,LCO2,LCC2
SUMVI=0
DO 444 N=1,24
444 SUMVI=SUMVI+V(N)
TB=0
KNTE=0
MTEST=0
RIN(4)=.0136
RIN(14)=.068
RP3=5,k~07
RP13=1.5£-06
HEMAT=.45
INITIAL VALUES FOR PHEART SET HERE
PSTO1=.26
PST02= .43
PST03=.26
PSTO4=.43
PSDUR1=.35
PSDUR2=.53
PSDUR3=.35
PSDURY=.53
PSAMP1=5,
PSAMP2=20.
PSAMP3=15.
PSAMP4=110.
PSRT=70
CALL CHEART(PSDUR1,PSAMP1,PSRT,Z1,PSEND1,PSTON1,PSTO1)
CALL CHEART(PSDUR2,PSAMP2,PSRT,Z2,PSEND2,PSTONZ,PST02)
CALL CHEART(PSDUR3,PSAMP3,PSRT,Z3,PSEND3,PSTON3,PSTO3)
CALL CHEART(PSDURY,PSAMPY4,PSRT,ZY4,PSENDY,PSTONY,PSTOL)

CALL PHEART(PSDUR1,PSAMP1,PSRT,TB,PP(2),PSTO1,Z1,PSEND1,PSTON1)



1510
1520
1530
1540
1550C
1500
1570
1580C
1590C
1000C
1010
1020
1050
1640
1650
1000
1070
1009
1040
1/(00C
1110
1720C
1750
1140
1150
1760
1770C
1700
1790
1000
1610
1020
1630
1040C
1858
1000
1670
1680
1030
14500
1910
1620
1950
1940
1950
1900
1910
1430
1990
2000

ready
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CALL PHEART(PSLUR2,PSAMP2,PSRT,TB,PP(3),PST02,%2,PSENDZ, PSTONZ)

CALL PHEARY(PSDURY,PSAMP3,PSRT,TB,PP(12),P5T03,23, PSEND3, PSTONS)

CALL PHEART(PSDURL,PSAMPY,PSRT,TB,PP(13),PSTOU, 24, PSENDY , PSTONY)
2 CONTINUE

CALL CRES(LOPR,RK,RINK)
CALL RESIST(LUPH,HKK,RINK)

THE FOLLOWING SET3 PC ¢GR THE HEART. IF ANY VALVE 1S OPuN,1NITIAL
CONDITIONS SHOULD GiVE THE CONNECTED CHAMBERS '[HE SAME
In1TIAL PRESSURE FOR NON-INERTIAL FLU1D

CALL SKON(LOPP1,TB)
P(2)=Pr(2)+P1(2)
P(3)=PP(3)+P1(3)
P(U)=PP(4)+P1(L)
P(12)=PP(12)+P1(12)
P(13)=PP(15)+P1(13)
P(14)=P2(14)+P1(14)
CALL BDRIVS(LuPP1,0,TB)
CALL BCDRIV(LOPGS)

IF (LOPP1.EQ.2) GO TO Y98

DO 60 K=1,NFB
FUTSB(K,4)=FCTB(K)

00 TEB(K)=0

55 M=1

THE LAST VAR1ABLE IN KUNGE IS DUMMY

ob CALL RUNGE (W#B,FCIB,DFCTB,1B,DTB,i,DUM)
CALL PHEART(PSDUR1,PSAMP1,PSRT,TB,PP(2),PST01,21,PSENDT,PSTONT)
CALL PHEARI(PSDURZ,P3AMP2,PSRT,1B,PP(3),P3TC2,22,PSEAND2,PSTONS)
CALL PHEART(P3DUR3,PSAMP3,PSRT,TB,PP(12),PST03,23,PSENDS,PSTOUNS)
CALL PHEARY(P3DUKY4,PSAMPY,PSRT,TB,PP(13),P3TOU,ZY,PSENDY, PSTUNY)

22 CONTINUE

SEE ABUVE
CALL RESIST(LOPR,KK,RINK)
CALL BDRIVS(LCPP1,0,TB)
CALL BCDRLV(LOPGS)

13 CONTLNUE
M=+
1F (M-5) 55,67,67

67 KNTB=KNTB+1
SUMV=0
DG 155 N=1,24

155 SUMV=SURV+V(N)
DELV=SUMV-SUMVI
DO 153 N=1,24

156 1F (V{(N),) 157,158,158

157 WRITE (6,3009) N,V(N)

5009 FORMAT (' ConAMBER NO. ',I2,' HAS A NEG VOLUME = ',E12.6)
158 CONTINUE



2010C
2020
2030
2040
2050
2000
2070
2050
20y0
2100
2110
2120
2150
2140
2150
2160
2170
2100
2190
2200
2210
2220C
22590
2240
2250
2200
22'10
2200
2290
2300
2310
2320
2350
2340
2350
2500C
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
24(0
24380
2490
2500

reaay
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THE FOLLOWING 1S A PRINT OPTION

68

70

71

72

89
90

32

1F (KNTB/KNTP*KNTP.EQ.KNTB) GO TO 993

CONTINUE

RETURN

ENTRY BCMN2(LDUMMY)

1 (KNTB-3) 70,712,712

K= 4-KNTB

DO 71 J=1,NFB

FCTSB(J,K)=rCTE(J)

DFCTSB(J,K)=DECTBE(J)

GU TG 0%

CONTINUE

MTEST=HAMNG1(NFbL,FCTSB, DFCTSE, TB, DB, TEB)

CONTINUE

MIEST=RAMING(NFB,FCTSB,DFCTSB, 8, DTB, TEB)

IF(MIEST.EQ.1) GO 10 32

CALL PHEART(PSDUR1,PSAMP1,PSRT,TB,PP(2),PSTC1,41,PSENDT,PoiUNT)

CALL PHEART(P3LURZ2,PSAMP2,PSRT,TB,PP(3),P3T02,22,PSEND2,PSTUN2)

CALL PHEART(P3DURS,PSAMP3,PSRT,TB,PP(12),P3105,23,P3ENDS,PSIUNS)
CALL PHEARL(P3DURY,PSAMPY,PSRT,TB,PP(13),P3I04,Z4,PSENCH, PS10nY)
CUNTINUD

SEE ABUVE

555

556
551
558

CALL RESIST(LOPR,RK,RINK)
CALL BDRIVS(LOPP1,MTEST,1B)
CALL BCURIV(LUPGS)

1F (MTeEdT.EQ.1) GO TO 8Y
SUMV=0

DU 555 N=1,24
SUMV=SUMV4+V(N)
DELV=SUMV-SUMVI

DO 558 N=z1,24

IF (V(N)) 557,555,558
WRITE (0,3002) N,V(N)
CUNTINUE

ANTE=KNTB+1

THIS 1S THe PLACE TO TEST RESULTS TO SEE 1F YOU WISH TO COnIINUE

91

996

1F (NIB.LT.1000) GO TO 91

IF (KNTE/KNTP#KNTP.EQ.KNTB) GO TO Y99

CONTINUZ

RETURN

ENTRY BCMN's(LDUMMY)

1¢¥ (IB-TMAXB) Y0, 100,100

CONTLNUE

wHITE (4,3000) KNTB,KNTP,TB,DTB,LOPPR,LOPP1,LUPR,LOPGS,PP(2),
1PP(3),PP(12),PP(13),LVALVZ,LVALV3,LVLV12,LVLV1Z,LVLY23

WRLTE (4,3002) vP2,VP3,VP4,VP12,VP15,VP14,DVP2,LVP3,DVPY,DVP12,
1DVP15,DVP 14

WRITE (4,3002) P,V,DV,VFLOW

WRLLTE (4,3002) VFLIN,RIN,R

WR1TE (6,3000) KNIB,KNTP,TB,DTB,LOPPR,LOPP1,LOPR,LOPGS,PP(2),



2510
2520
2530
2540
2550
2500
2570
2580
2549
2600
2010
2620C
2630
2040C
2650
2000
20°(0
20650
2690
2709
2710
2720
250
27480
2450
2700
2770
2760
2190
2800
2510
2620
20350
2040
2350
2500
- 2010
2660
2090
2900
2910C
29290
2930C
24540
29590
2960
2970
2950
2990
3000

ready

]

3000
5002

599

100

5999

11e

1pe(3),pPP(12),PP(13),LVALV2,LVALV3,LVLV12,LVLV13,LVLYV23
wklle (b6,3002) VP2,Ve%,VPU,VP12,VP13,VP14,DVP2,DVP3,DVP4,bVP12,
1DVP13,DVP 14

wR1Te (b,3002) P,V,DV,VFLOW

WRITE (6,3002) VFLIN,RIN,R

wWaite (o,3002) GPO2,GPC2,CSATO2,CPH,DGPO2,DGPC2

WRITE (b,3002) CT02,DCl02,CTC2,DCIC2

WRITE (4,3002) GPou2,GPC2,CSATO2,CPH,DGPO2,DGPC2

WRLTE (4,3002) CI02,bCT02,C1IC2,DCIC2

FORMAT (1X,210,2F10.4,416,4F10.4,5173)

FORMAT (1x,12K10.4)

IF (LOPP1.EQ.2) GO TO 100

GO TO b5

CUNTINUE

WRIlTE (4,3000) KNIB,KNTP,TB,DTB,LOPPR,LOPP1,LGPR,LOPGS,PP(2),
1PP(3),PP(12),PP(15),LVALV2,LVALV3,LVLV12,LVLV15,LVLV2S

WR1TE (4,3%002) VP2,VP3,VP4,VP12,VP13,VP14,DVP2,DVP5,DVPL,LVPI2,
1DVP13,DVP14 -

WRiTE (4,5002) P,V,DV,VFLOW

WRITE (4,3002) VFLIN,RIN,R

WHITE (6,5000) KNIb,KnIP,TB,DIB,LOPPR,LOPP1,LUPR,LOPGS,PP(2),
1Pe(s),PeP(12),PP(15),LVALV2,LVALVS,LVLV12,LVLY13,LVLV2Y

wR1Te (6,3002) VP2,VP3,VP4,VP12,VP13,VP14,DVPs,DVPS,DVPL,LVPYZ,
1DVP13,DVP 14

WRLTE (6,3002) P,V,DV,VFLOW

WR1TE (6,3002) VFLIn,RLN,R

WRITE (b,3002) GPO2,GPC2,CSATO2,CPH,DGPO2,DGPC2

WRITE (0,3002) Clv2,DCTU2,CTC2,DCIC2

WRLITE (4,3002) GPO2,GPC2,CSATO2,CPH,DGPO2,DGPC2

WRITE (4,3002) Cro2,bCroz,crc2,bCTcz

GO 10 Y1

CUNTINUE

WR1TE (6,9999) TB

FORMAT (' ...BLOUD PROGRAM HAS ENDED AT TIME=',F10.5)

RETURN ‘

END

SUBROUTINE BDRIVS (LOPP1,MTEST,TB)

IMPLICLY REAL%s (A-H,0-2)

NEW FOR ABMNRC

COMrON /RP/RP3,RP13

COMMON /BCMBLK/ R,FKDA,PP,VO,A2DM2,A2DM3,A20M4 ,A2DN12, A2DM 1S,
1A2DM14,H, RHU, G, R1N, P, PC _
COMMON /CHMN1/V,VP2,VP%,VPY,VP12,VP13,VP14,GP02,CTIU2,GPC2,CLC2
COMMON /CHMN11/GPCO,CTCO,GPX,CTX

CUMMON /CMN2/DV,DVP2,DVP3,DVPL,DVP12,DVP13,DVE14,DGPO2,DCTU2,
1DGPC2,DCLC2

COMON /CMN2T/DGPCO,DCTCO, DGPX ,DCTX



3010
3020
5030
3040
3050
3000
3070
3930
3090
3100
5110
3120
3130
31490
3150
3100
3110
5100
3190
3200
3210
5220
3259
3240
3250
3200
3270
5200
3290
33500
3510
3320
3350
3540
3359
33500
3310
3300
3390
3400
5410
3420
3430
3440
3450
3460

34/0C
3430C

3490
3500

ready

®

10
12

20

11
112

113
1113
120
121

123
1123
150

13
‘Th
'l

120

COMMON /A1/LVALV2,LVALV3,LVLV12,LVLV13,LVLV23,P312,PST12,1832,1b312

coMrHoN /SK/ TAU,PO,P1

COMMCON /VFLT/VFLOW,VFLIN

DIMENSION R(24),FKDA(24),PP(24),V(24),V0(24),H(24),DV(24),
1VFLOW(24) ,VFLIN(18) ,RIN(18),PC(24),P(24)

DIMENSION TAU(24),PO(24),P1(24)

D1IMENS1ON GPO2(24),GPC2(24),GPCO(48),GPX(1,24),CT02(k4),CrCc2(4),
1CICo(4),CcTx(1,4),D1F02(10),DIFC2(10),DIFCO(10),DIFX(10),CPH(24),
2LC02(6),LCC2(b),LCCO(0),LCX(1,0),C3AT02(24) ,CSATC2(24 ),DGPU2(24),
jDuPCZ(dM) DuPCU(Hs) uopx(1 zu) AX(1)

D1MENSION DC102(4), Dcha(u) Dcrco(u) DCTX(1,4),me102(4), hblb&(u)

CALL SKON(LOPP1, 1n)

P(1)=PP(1)+P1(1)

DO 10 N=5,11

P(N)=PP(N)+P1(N)

DO 12 N=15,24

P(N)=PP(N)+P1(N)

DO 20 N=1,24

PC(w)=P{N)+RHO*¥G*H(N)

CiLL PCHART(2,LVALV2,LVALV3,MTEST,PST2,1BS2,Th)

CALL PUHART (12,LVLV1Z,LVLV13,MTEST,PST12,TB512,1b)

VFELOW(1)=(PC(1)-PC(2))/R(1)

It (LVALVZ) 115,111,112

ViELOW(2)=(PC(2)-PC(3))/R(2)

Gu 10 120

VFLOW(2)=0

Gu TV 120

WRITE (6,1113)

FORMAT ('LVALV2 1S NEG .. NOT POSSIBLE')

IF (LVALV3) 123,121,122

VFLOW(3)==VPJ

DVP3=(~PC(3)+PC(Y4)+RPI*VP3¥*2_RIN(3)*VP3)*A2LN3

DV (3)=VP5

GU T0 150

VELOW(3)=0

VP3=0.0

DVP5=0.0

DV(3)=VFLOW(2)

GO TO 130

WRITE (b,1123)

FORMAT ('LVALV3Y IS NEG .. NOT POSS1BLE')

VFLUW(4)=0

DO 15 N=5,11

VFLIN(N)=(PC(4)-PC(N))/RIN(N)

VFLOW(N)=(PC(N)-PC(11))/R(N)

VELOW(4)=VELOW(4 ) +VFLIN(N)
E FOLOwWING 1S A CORRECTLON TO THE ZERO CALC. 1N Ths DO FOR
LOW(11) ABOVE

VELOW(11)=(PC(11)-PC(12))/R(11)

1F (LVLV12) 133%,131,132



3510 1351
3520
3550 132
3540
3550 133
3500 1133
35/0 140
3580 141
3590
3600
3610
3620 142
3030
53040
3050
3000
5670 143
3000 1143
35050 150
3700
3110
3720
3(30 14
5(40C The
3750
3700
5((0 151
3700
3790
3603 152
3610
5620

171
VELOW(12)=(PC(12)-PC(13))/R(12)
GO TO 140
VFLOW(12)=0
GO TO 140
WRITE (6,1133)
FORMAT ('LVLV12 1S NEG .. NOT POSSIBLE')
1F (LVLV13) 143,141,142
VELOW(13)=-VP153
DVP13=(-PC(13)+PC(14)+RP13*¥VP13**2_RIN(13)¥VP13) *¥A2D1413
DV(13)=VP13
GO TO 150
VFLOW(15)=0
VP15=0.0
DVP15=0.0
DV(13)=VFLOW(12)
GU 10 150
WRITE (o,1143)
FORMAT ('LVLV13 18 NEG .. NOT POSSIBLE')
VELGW(14)=0
DU 14 N=15,10
VELIN(N)=(PC(14)-PC(N))/RIN(N)
VELOW(N)=(PC(N)~PC(N+4))/R(N)
VELUW(14)=VELOwW(14) +VFLIN(N)
FOLLUWING 1uSTS VALVE 23
1IF (MIEST.EG.1) GO TO 153
1F (PC(1y)-pPC(23)) 152,151,151
VELOW(19)=(PC(19)-PC(23))/R(19)
LVLVZs=0
GO IO 160
VFLOW(19)=0
LVLV23=1
Gu TO 100

5b30C  VALVE TEST FROM LAST BDRIVS EXECUTED 18 USED

3640 153
5050 154
5000 1144
3070 155
3600
3890 150
5900 157
3910 1060
3920
3950
3940
3450
3900
3970
3940
3990 223
400V

ready

*

1F (LVLV22) 154,155,150

WRLILE (bL,1144) .
FORMAT ('LVLV2Y IS NEG .. NOT POSSIEBLE!')
VFLUW(19)=(PC(19)-PC(23))/R(19)
GO T0 157

VPLOW(1Y9)=0

CUNT INUE
VFLOW(20)=(PC(20)-PC(24))/R(20)
VELOW(21)=(PC(21)-PC(1))/R(21)
VELUN(22)=(PC(22)-PC(1))/K(22)
VELUW(Z23)=(PC(23)-PC(24))/R(23)
VELOW(24)=(PC(24)-PC(2))/R(24)
DV(1)=VFLOW(22)+VFLOW(21)-VFLOW(1)
DV(2)=VFLOW(24)+VFLOW(1)-VFLOW(2)
DV(4)=VFLCW(>5)-VFLOW(H)

CONTINUE

DO 15 N=5,10
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4010 15 DV(N)=VFLIN(n)-VFLOW(N)

4020 DV(11)=VELIN(11)+VFLOW(5)+VFLOW(G )+VFLOW(T ) +VFLOW (8 )+VFLOW(Y ) +
4030 1VFLOW(10)-VFLOW(11)

4040 DV(12)=VFLGW(11)-VFLOW(12)

4050 DV(14)=VFLOW(13)~-VFLOW(14)

4060 253 CONTINUE

4o DV(15)=VFLIN(15)~VFLOW(15)

4050 DV(10)=VFLIN(10)-VFLOW(16)

4090 DV(17)=VFLINC1{)~VFLOW(1T)

4100 DV(10)=VFLIN(1b)-VFLOK(18)

4110 DV(19)=VFLO%(15)-VFLOW(19)

4120 DV(20)=VFLOW(15)-VFLOW(20)

4150 DV{(21)=VFLOW(17)-VFLOW(21)

4140 DV(22)=VFLOW(10)-VFLOW(22)

4150 DV(23)=VFLOW(19)~-VrLOW(23)

4160 DV(24)=VFLOW(23)+VFLOW(20)-VFLOW(24)

41¢0 RETURN

4189 END

41490 SUBROUTINE RESIST(LOPR,RK,RINK)

4200 1MPLICIT REAL*S (A-H,0-Z)

4210 CUMIRUN /BCrikLK/ R,FKDA,PP,V0,A2DM2, A2DM3, A20il, AZDM12, 8201 5,
4220 1A2DM14 |, RHO,G, RIN, P, PC

4259 COMEON /CuiN1/V,VP2,VP5,VP4,VP12,VP13,VP14,GPu2,Cluz,GPC2, CLC2
4240 COMMION /CrN11/GPCO,CTCU,GPX,CTX

4250 CUMMUN /CMN2/DV,DVP2,DVP3,DVPY,DVP12,DVP13,DVP 14, DGPG2 LT L,
4250 1DGPC2,DCIC2

4219 COMMON /Ciin21/DGPCO,DCTCO,DGPX,DCTX

4250 COMMON /VFLT/VFLOW,VFLIN

4240 DIMENSION R(24),FKD&(24),PP(24),V(24),V0(24),H(24),bV(24),
4300 TVFLOW(24) ,VFLIN(18),RIN(18),PC(24),P(24)

4310 D1MENSION RK(24),RINK(1v)

4320 DINENSION GPG2(24),GPC2(24),GPCO(US),GPX(1,24), cTuz(4),c1ca(u),
L5350 1¢rCo(4),CTX(1,4),D1F02(10),D1FC2(10),DIFCO(10),DIFX(10),CPu(24),
4340 2Lcu2(b),Leez(o),LCCcu(b),LCXx(1,06),CSATO2(24) ,CSATC2(2L ) ,DGPOz(c4),
4350 3DGPC2(24),DGPCu(4o ) ,DGPX(1,24),AX(1)

4360C LUPR=NC&G MEANS R=K/VA*24K/V

43570C  LOPR=0 MEANS R=CUNST=RK

4380C LCPR=POS MEANS K=RK/V=*2 WHERE INPUT R IS USED FOR KK

4349 If (LOPR) 1,2,5%

4400 1 WRITE (0,2000)

4410 2000 FORMAT (' LOPR 13 NEG, NOT POSSIBLE YET')

4420C THIS WILL EVENTUALLY INCLUDE RESISTANCES OF THE TYPE R=K/V¥¥24+K/V
4430 RETURN :

4440 2 CONTINUE

4450C 'TH1S WILL LEAVE R UNCHANGED FROM THE GIVEN VALUES (l.E. K=CUNST)
4450 RETURN :

4470 3 CONLINUE

4450 R{1)=RL(1)/7(V(1)%V(1))

4490 DU 41 N=4,11

4500 41 R(N)=RK(N)/(V(N)®V(N))

reaqy

%



4510
4520
4530
45490
4550
4560
45¢0C
4560
45599
4500
45610
4oz0
4630
4b40
4650
45660
46770
4000
4590
4700
4710
4720
450
4740
450
4700
k7o
(o0
L¢g0
4600
4510
L4620
U550
4y
4550
§b00
4370
L6350
4393
400
4410
4920
k4350
4gugQ
4950
L4900
4970
4450
4940
5000

ready

y2
32

33
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DO 42 N=14,24
R(N)=RK{N)/(V(N)=V(N))

DO 32 N=5,11
RIN(N)=RINK(N)/(V(4)*v(u))
DO 33 N=15,18
RIN(N)=RINK(N)Z/(V(14)*v(14))

THIS CALCULATES NEW VALUES OF R AND RIN USING R=RK/V>#2

18
19
16

17
20

102

RETURN

ENTRY CRES(LOPR,RK,RINK)

IF (LOPR.LE.O) GO T0 20
RK(1)=R(1)*v(1)*v (1)

DO 10 N=#,11

RE(N)=R(N)*V(N)#V(N)

DO 19 N=14,24

RK(N)=R(N)*V(N)*V(N)

DO 16 H=5,11

RINK(N)=RIN(N)*V(4)%V(4)

DO 17 N=15,1¢

RINK(N)=RIN(N)*V(14)%v(14)

CONT1NUE

RETURN

END

SUBROUTINE PHEART(PSDUK,PSAMP,PSRT,TB,FF,PST0,%,PSEND, PSTON)
1MPLICLT REAL*S (A-H,0-2)

CUMMON /ZAVE/ PPAVE

1F (IB.LT.PSTO) GO TO 1

PSTON=PS O

PSTU=PS10+00./PSRT

Z=00./PSRT-PSDUR

PSEND=PSTU-Z

GO T0 2

1F(1o.LT.PSEND) GO 10 2

FE=PPAVE

Re LURN

CUNTINUE

S1GYA=(PSDUR/Y ., ) *%2
A=-(TB-PSTON-PSDUK/2.)=#4/(2.%(SIGMA)**2)
FF=PSAMPR*EXP(A)+PPAVE

CONT1NUE

RETURN

ENTRY CHEART(PSDUR,PSAMP,PSRT,Z,PSEND,PSTON,PS10)
PSTUN=P3TU-00./PSRT

2=00./PSKRT-PSDUR

PSEND=P3TO-Z

ReTURN

END

SUBROUTINE PCHART(I,LVALV2,LVALV3,MTEST,PST,Tbs,TB)
14PLICIT REAL*¢ (A-H,0-Z)

COMUN /BCMBLK/ R, EADA PP VO,AZDM&,AZDMB,A&UM4,A2UM1£,AZDM13,
1AZDM14,H,RHO,G,R1N,P,PC
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5010 COMMON /CMN1/V,VP2,VP3,VP4,VP12,VP13,VP14,GP02,C102,GPC2,CLC2
5020 COMmON /CHN11/GPCO, CICO,GPX,CTX

5030 CUMMON /CHN2/DV,0VP2,DVP3,DVPY,DVP12,DVP15,0VP 14,DGP02,DCTV2,
5040 1DGPC2,DCTC2

5050 COMMUN /CMN2T/DGPCO,DCTCO,DGPX,DCTX

5060 COMMON /KNT/KW1B

5070 COMMON /SK/ TAU,POQ,P1

5080 COMION /VELT/VFLOW,VFLIN

5050 DIMENSION R(24),rKDA(24),PP(24),V(24),V0(24),n(24),0V(24),

5100 1VFLOW(24) ,VFLIN(10) ,RIN(18) ,PC(24) ,P(24),VP(14) -
5110C WARNING...  ‘TrlS SUBROUTLINE HAS A DIFFERENT CliAbnS1ON..VP(14) ADDED
5120 DIMENSION TAU(24),PO(24),P1(24)

5130 DIMENSLON GPuz(2h),Gpcz(24),GPCO(U48) ,GPX(1,24),CTu2(4),Clie(4),
5149 1CTCu(4),C14(1,4),D1#02(10),DIFC2(10),DLFCU(10),DI1FX(10),LPH(24),
5150 2LCoOz(0),LcC2(o),LCCO(D) ,LCX(1,0),CSATO2(24),C381C2(24 ) ,LGPuz(24),
5169 5DGPC2(24) ,DGrCu(ub) ,DGPX(1,24),48Xx(1)

5110 D1MENSION DCI0G2(4),DCTC2(4),DCTCO(H ) ,DCTX(1,4) ,rsiu2(4) , 124 )
5100 VP(3)=VPs

5140 VP(13)=VP13

5200 1F (1-2) 1,2,3

5210 1 WRLTE  (6,111)

52¢0 111 FORMAT('SUBROUTINE PCHART HAS BEEN CALLED 1l LRROR')
5250 RETURN

5240 2 SINUR=1/R(1)+1/R(24)

5259 SINPDE=PC(1)/R(1)+PC(24)/R(24)

5200 SOUTDR= 1/KIN(5)+1/RIN(O ) +1/RINCT)+1/R1IN(E)+1/R1n(Y)+1/
5270 TRINCIO) +1/RINCTT)

5280 SOUTPR=PC(5) /RIN(5)+PC(0) /RIN(B)+PC(T)/RIN(()+PC(v)/&IN(0)+
5290 1PC(Y)/RIN(9)+PC(10) /RINCI10)+PC(11)/RIN(11)

5500 GO Tu 10

5310 3 SINDR=1/K(11)

5320 SINPDR=PC(11)/R(11)

53550 SUUTDR= 1/RINC15)+1/RIN(16)+1/RIN(1T)+1/RIR(13)

5340 SOUTPR=PC(15) /RINC(15)+PC(16) /RIN(16)+PC(17)/R1IN(17)+PC(10) /RIN(10)
5350 10 J=1+1

5360 K=1l+2

5310 ir (1B8.LT.0.00.0R.TB.GT.0.05) GO TO 201

5380 WRITE (b6,1000) TIB,MTesT,PC(1),PC(J),PC(K)

5340 1,PP(1),PP(J),PP(K),P1(1),P1(1),P1(K),RiN(1),RIK(JI),RINCK),
5400 2H(1),H(J),H(K),SLNPDR,SINDR,VP(J),SOUTDR,SOULPR, kHO,G

5410 1000 FORMAT (' TB,MI[EST,PC(2,3,4)= ',F10.4,12,3F10.4

5420 1,/,1%X,12F10.4,/,1X,12F10. 4)

5450 201 CONTINUE

5440 1F (TB.LE.0.0) GO 10 33

5450 1F (MIEST.EQ.1) GO T0 ¢

5460 IF (LVALV3.EQ.1) GO T0 310

5470 VALTSJ==VP(J)

5450 GO 10 320

5490 310 VALTSJ=PC(J)-PC(K)
5500 320 CONTINUE

ready



5510
5520
5530
5540
5550
5560
5510
5569
5593
5000
5010
5020
5030
55640
5650
5650
5570
5000
5690
5700
5710
5120
5750
5740
5750
5700
51170
5740
5790
5600
5510
5820
5030
5540
5550
5500
5870
5080
58990
5400
5910
5920
5930
5440
5950
5960
5910
5960
5990
009

ready

*

1F (PC(1)-pPC(J).LY.0.0.AND.VALTSJ.LT.0.0) GO 10 4o
1F (PC(I)-PC(J).LT.0.0) GO TO 21
I+ (VALTSJ.LT.0.0) GO 10 33
GO T0 11
9 IF (LVALV2.NE.O.AND.LVALV3.NE.O) GO TO 46
IF (LVALVZ2.NE.Q) GO 1O 21
1F (LVALV5.NE.O) GO 10 33
11 CONTINUE
WRiTE (b,1035) Tb,I,J,K
1035 FORMAT (' BOTH VALVES ARE OPEN...NOT WORKING NCW...,
118,1,J,K="F20.5,514)
STOP
21 P(1)=(PP(1)+P1(1)-RIN(I)*SINPDR+RIN(1)*SINDR*
TRHO*G*E(1))/(1.0+RIN(L)#SINDR)
P(J)=PP(J)+P1(J)=-RIL(J)*(-VP(J))
P(K)=(PP(K)+P1(K)+RIN(K)*(-VP(J))
1-RIN(K)*RhO*3%d (K ) *SUUTDR+RIN(K) ¥SOUTPR) /(1.0+R1N(K)*
2SOUTLR)
PC(1)=P(L)+RHO*G*H (L)
PC(J)=P(J)+RHUFG4H(J)
PC(K)=P (K) +REG*G*H(K)
LVALVZ=1
LVALV3=0
GO 10 47
33 P(K)=(PP(K)+P1(K)-RIN(K)*SOUTPR+RIN(K)*
1SOUTDR*REO*G*H(K) ) /(1.0+RIN(K)#SOUTDR)
PC(K)=P(K)+REO*G*E(K)
P(1)=(PP(I1)+P1(1)+RIN(1)*SINPDR-RIN(I)¥*
TRHO*G*H (L) *SINDR+(RIN(L) /(R(1)+RIN(J)) ) *(PP(J)+
2P 1(J)+RHO®G*H(J ) -RHO*G*H(1))) /(1. 0+
SRINCL)*SINDR+RIN(L) /(R(L)+R1IN(J)))
PC(1)=P(1)+RHO*G¥*H(1)
P(I)=r(1)/(RINCI)+K(1))*¥(P1(J)+RIN(JI)/R(I)*PC(1)+
1PP(J)-RIN(JI)/R(1)*RHO*G*n(J))
PC(J)=P(J)+RHO*G*H(J)
LVALV2=0
LVALV3=1
GO TO 47
46 CONTINUE
P(1)=(PP(I)+P1(I)+RIN(I)*SINPDR-RIN(I)*SINDk*
TRHO®G*H(1))/(1.0+RIN(1)*SINDR)
P(K)=(PP(K)+P1(K)-RIN(K)*SOUTPR+RIN(K)*
1SOUTDR#RHO*GH*H(K) ) /(1.0+R1t (K ) #SOUTDR)
LIF(TE.LE.O.) GU 10 147
IF(LVALV2.EG.1.AND.LVALV3.EQ.1) GO TO 146
I1B3=1B
IF(LVALV2.EQ.1) GO TO 145
PST=1.2%P(1)-PP(J)~-P1(J)
GO TO 146
145 PST=0.0

12¢



6010
6020
6030
6040
6050
60060
6070
6080
6090
6100
6110
6120
6130
6140
6150
6100
6170
6180
6190
6200
6210
6220
6230
6240
6250
6260
6270
6280
6290
6300
6310
6320
6330
6340
6350
6360
6370
6380
6390
6400
6410
6420
o430
6440
6450
6460
6470
6480
6490
6500

ready

%

146

7
148

47

1001

IF (TB-TBS.GT.1.0) GO TO 147

P(J)=PST*EXP(-40.%(TB-TBS))+PP(J)+P1(J)

GO TO 148

P(J)=PP(J)+P1(J)

CONTINUE

PC(1)=P(I)+RHO*G¥H(I)

PC(J)=P(J)+RHO*G¥*H(J)

PC(K)=P(K)+RHO*G*H(K)

LVALV2=1

LVALV3=1

CONTINUE

RETURN

END

SUBROUTINE SKON(LOPP1,TB)

IMPLICIT REAL*3 (A-H,0-Z)

COMMON /BCHMBLK/ R,FKDA,PP,VO,A2DM2,A2DM3,A2DMY, A2DM12,A2DM13,
1A2DM14,H, RHO,G,RIN,P,PC

COMMON /CMN1/V,VP2,VP3,VP4,VP12,VP13,VP14,GP0O2,CT02,GPC2,CTC2

COMiON /CMN1T/GPCO,CTCO,GPX,CTX

COMMON /CMN2/DV,DVP2,DVP3,DVP4,DVP12,DVP13,DVP14,DGP0O2,DCTO2,
1DGPC2,DCTC2

CCMMON /CMN2T/DGPCO,DCTCO,DGPX,DCTX

COMMON /SK/ TAU,PO,P1

COMMON /VFLT/VFLOW,VFLIN

DIMENSION R(24),FKDA(24),PP(24),V(24),V0(24),H(24),DV(24),
1VFLOW(24),VFLIN(18),RIN(18),PC(24),P(24)

DIMENSION TAU(24),PO(24),P1(24)

DIMENSION GPO2(24),GPC2(24),GPCO(48),GPX(1,24),CT02(k),CTC2(L),
1CTCO(4),CTX(1,4),DIF02(10),DIFC2(10),DIFCO(10),DIFX(10),CPH(24),
2LC02(6),LcC2(6),LCCO(H),LCX(1,6),CSATO2(24),CSATC2(24 ),DGPO2(24),
3DGPC2(24),DGPCO(48) ,DGPX(1,24),AX(1)

DIMENSION DCTO2(4),DCTC2(4),DCTCO(4),DCTX(1,H4),MET02(Y),METC2(H)

IF (LOPP1.EQ.0) GO TO 100

DO 9 N=1,24

1F (TAU(N).LT.1.D-02) GO TO 9

VMAX=VO(N)+.224*TAU(N)

IF (V(N).GT.VMAX) GG TO 8

GO TO 9

WRITE (6,1001) TB,N,V(N),VMAX

FORMAT (' TB,N,V(N),VMAX=',F10.4,16,2F10.4,"....V TOO BIG.STCP.')

STOP

CONTINUE ‘

P1(1)=P0O(1)-ALOG(1.0-(V(1)-VO(1))/(.224*TAU(1)))/FKDA(1)

P1(2)=P0O(2)-ALOG(1.0-(V(2)-V0(2))/(.224%TAU(2)))/FKDA(2)

P1(4)=PO(U4)-ALOG(1.0-(V(4)-vO(U))/(.22u*TAU(Y4)))/FKDA(L)

P1(11)=P0O(11)-ALOG(1.0-(V(11)-v0(11))/(.224%TAU(11)))/FKDA(11)

P1(12)=P0(12)-ALOG(1.0-(V(12)-V0(12))/(.224*TAU(12)))/FKDA(12)

P1(14)=PO(14)-ALOG(1.0-(V(14)~VO(14))/(.224%TAU(14)))/FKDA(14)

DO 10 N=19,24 ,

P1(N)=PO(N)-ALOG(1.0~(V(N)-VO(N))/(.22U*¥TAU(N)))/FKDA(N)



6510
6520
6530
o540
6550
6500
0570
65b0
0590
6000
0610
6520
6630
6640
6650
6600
bo10
0650
6690
2703C
0710C
020
6750
o740
6750
bfo0
o710
6760
6790
6802
6810
0520
6350
o840
6850
0860
0670
0ob0
6690
690V
6410
6920
0950
o940
6950
6960
0970
6950
6990
7000

ready

10

15

20

100

110

W

101

102

127

CONTINUE

P1(3)=FKDA(3)*¥(V(3)-v0(3))

P1(13)=FKDA(13)*(V(13)-v0(13))

DO 15 N=5,10

P1(N)=FKDA(N)*(V(N)-VO(N))

CONTLNUE

DO 20 N=15,18

P1(N)=FKDA(N)#*(V(N)-VO(N))

CONTINUE

RETURN

CUNTLNUE

DO 110 N=1,24

P1(N)=FKDA(N)*(V(N)-VO(N))

CONTINUE

RETURN

END

SUBROUTINE BCDRIV(LOPGS)

IMPL1C1T REAL*3 (A-H,0-Z)

ReAL*s LAmBOZ2,LAMEC2,LAMBCO,LAMBX,LCO2,LCCZ,LCCO,LCK,ME102, METC2
Heh ADDINT ThlS ROUTINA 10 BMAIN,RuMOVE Thi SECOND DIM. SLATERENT

AD ReEPLACE 11 wlth THE ONE AN Beiln CONTALNLING THesr QUALTALLES

DIMeiSION GPOZ(24),GPC2(24),GPCU(UG),GPX(1,24),CT0z(L),Cilz2{H),
1Creo(d),CTX(1,4),01F02(10),DIFC2(10),DLFCO(10),DIFX(10),CPH(24),
zLCu2(0),LcC2(0),LCCO(6) ,LCX(1,6),CSATO2(24),C3ATC2(24 ) ,DGPUZ(24),
3DGPC2(24),DGPCU(US),DGPX(1,24),AX(1)

D1HENSTIUN VFLIN(10),VFLOW(24),DV(24),V(24)

DIMENSLUN DC102(4),DCTC2(4),DCTCC(H),DCTX(T,4),METO2(Y4),1EIC2(Y4)
DIMENSICON CTLO2(1y), CTLC2(18),CTLCO(16),CILXx(1,18)

COMMON /bCONLY/LCO2,LCC2,LCCO,LCX

COmMON /BC/LAMBOZ ,LAMBC2 ,LAMBCO,LAMBX ,A02,ACZ,ACO, £X ,hENAT,DIFOZ,
1D1FC2,D1KCO,D1FX,CPH, CSATO2 ,C3ATC2, METO2 , METC2

COMMON /CMN1/V,VP2,VP3,VPL,VP12,VP13,VP14,GP0O2,CT02,6PC2,0T1C2
CuMmON /CMN1T/GPCO,LTCO,GPX,CTX

COMEBUN /CMNZ2/DV,DVP2,DVPS,DVPL,DVP12,DVP13,DVP 14, baru2,DCLu2,
1LGPC2,DCIC2

COMHCN /ClN2T/DGPCO,DCTCO,DGPX,DCTX

COritiON /BCOVER/CTLOZ,CTLCZ,CTLCO, CTLX

CUMMON /VFL1/VFLOUW,VFLIN

DU 101 N=1,0

CILOZ (N+4)=LCO2(N)

CTLC2(N+4)=LCC2(N)

CTLCO(N+4)=LCCU(N)

CTLX(1,N+4)=LCX(1,N)

CONTINUE

DU 102 N=1,4

CTLO2 (N+14)=CTO2(N)

CILC2(N+14)=CTC2(N)

CILCO(N+14)=CTCO(N)

CTLX(1,N+14)=CTX(1,N)

CONTINUE



7010
7020C
T050C
7040C
7050C
1060C
7070
7050
7060
1100
7110
7120
71120
7140
‘1150
7100
770
710
‘1190
1200
7210
1220
12390
7240
7250
7260
1270
7264
1290
1300
1310
7520
1530
‘{340
1553
7300
1570
71500
7390
T400
7410
7420
450
{440
7450
7400
7470
T460
7490
1500

reaay

GO TO (1,2,3,4,5),LOPGS

LOPGS = 1.vev... 02,C2
LOPGS = 2..vu... v2,C2,X
LOPGS = 3eeeene X
LOPGS = U4...... ©02,C1,Co
LOPGS = 5...... 02,C2,C0,X%
1 C4LL 02DRIV(LOPGS)

DO 10 N=1,4

201
202

203
204
10

401
402

1¢ (CTO2(N).LE.0.0) GO TO 201

DCTOZ (1) =-DIF0Z (N+6) *(CT0O2(N)-LAMEO2#*G P02 (h+14))-HET02( )
GO Tu 202
DCTOZ(N)=-DIFO2(N+06)#(CTO2(N)~-LAMBO2*GP02 (in+14))

CUNTLInU®

1F (CLC2(N).L£.0.0) GO 10 203
DCTC2(N)==-DI1rC2(N+0)*(CIC2(N)-LAMBC2*GPC2 v+ 14) )+riTC2(N)
GO TO 204
DCTC2(N)==DIFC2(N+b)*(CTC2(N)-LAMBC2*GPC2 (N+14))

CONTINUE

CONT1NUE

GU 1O 500

CALL U2DR1V(LOPGS)

CALL XDRIV(LOPGS)

DU 11 K=1,4

1f (CTC2(N).LE.0.0) GO TO 301
DCTO2(N)==D1r02(N+0)*(CTO2(N)~LAMBU2*GPOZ (I+14) )-METO2(N)
GO 1u 302
DCTO2(N)=-DIF02(N+6)*(CI02(N)-LAMBO2#*GP0O2(N+14))

CONTINUE

IF (CTC2(N).LE.0.0) GO 'TO 303
DCTC2(N)==DLrC2(N+0) ® (CTC2(N)~-LAMBC2#GPC2 (N+14) )+i81C2(N)
GO 10 304

3 DCIC2(N)=-DIFC2(N+06)*(CIC2(N)-LANMBC2*GPC2(Li+14))

CUNTLINUE

DCYX(1,N)=-DIrX( N+6)#(CTX(1,N)-LAMBX*GPX(1,N+14))
CONTINUE

GO 10 600

CALL XDRIV(LOPGS)

DO 12 N=1,4

DCTX(1,N)=-DIFX( N+6)*(CTX(1,N)-LAMBX*¥GPX(1,N+14))
CONI1NUE

GO 10 600

CALL O2DRIV(LOPGS)

DU 13 N=1,4

1F (Cro2(N).LE.0.0) GO TO 401
DCT02(N)=-DIFU2(N+0) ¥ (CTO2(N)-LAMBOZ2*GPO2 (H+14) )~METO2(N)
GO 10 Y402
DCTOZ(N)=-D1F02(N+6)*(CTO2(N)-LAMBO2*GPO2 (N+14))

CONTLINUE

1¥ (CTC2(N).LE.0.0) GO TO 403
DCIC2(N)=-D1FC2(N+6)#(CTC2(N)-LAMBC2#GPC2(N+14) )+METC2(N)

12°



129

7510 GO TO U404
7520 403 DCICz(N)=-DIFC2(N+6)*(CTC2(N)-LAMBC2¥GPC2(N+14))
7530 404 CONTINUE

7540 DCTCU(N)=-D1FCO(N+b)*(CLCO(N)-LAMBCO*GPCO(N+14))

7550 13 CONTINUE

1550 GO TO 200

1510 5 CONTINUE

7560 CALL 02DRIV(LOPGS)

1590 CALL XDRIV(LOPGS)

7600 DO 14 N=1,4

7610 1F (CT02(N).LE.0.0) GO TO 701

(020 DCTO2 (W) =-D1rKO2 (N+0)*¥(CTO2(N)-LAMBOZ*GPOZ (N+14) )~1akTU2 (N)
7030 Gu TO 702

Told0 701 DCTOZ2(N)=-DLIrO2{N+6)*(CTVU2(N)-LAMBO2*GPO2(N+14))
7650 (02 CUNIINUE

1000 1F (CrC2(Nn).LE.O.C) GO TO 703
o070 DCIC2(N)=-D1rC2{(N+0)*¥(CLC2(N)-LAMBC2*GPC2 (N+14) ) +ikTC2 (1)
Toby GO IO (04 '

1690 703 DCIC2(N)=-D1FC2(N+b6)*(CIC2(N)-LAMBC2%GPC2(N+14))
7100 (04 CUNTINUE

1110 DCTCU(N) =-D1KCO(N+6) *(CTCO(N)-LAMBCONGPCO(N+14))
1729 DCEX(1,N)=-D1¥X( N+6)*(CTX(1,N)-LAMBX*GPX(1,N+14))
T(30 14 CONTINUE

7743 500 CONTINU=

150 DO 501 w=1,6

7700 LCOZ(N)=CTILO2 (N+it)

7149 LCC2(N)=CIlLC2(N+4)

T(60 LCCO(N)=CTLCU(N+4)

7190 LCX(1,N)=CTLX(1,N+4)

7000 501 CONTINUE

1810 DO 502 N=1,4

1820 CI0o2(N)=CTLO2(N+14)

7350 CIC2(N)=CTLC2{(N+14)

1o40 CICO(N)=CILCO(N+1U)

7850 CrX(1,N)=CILX(1,N+14)

7600 502 CONTLINUE

7610 RETURN

T80 END

7690 SUBROUTINE O2DRIV(LOPGS)

‘1900 16iPLICIT REAL¥o (A-H,C-2)

7410 REAL*3 LArBu2,LAMEC2,LAMBCO,LAMBX,LCO2,LCC2,LCCU,LCK,METV2, METC2
7920 DIMENSION CTLO2(1&), CTLC2(18),CTLCO(1d),CTLX(1,10)

7950 DIMENSIUN GPO2(24),GPC2(24),GPCO(LS),GPX(1,24),C1C2(4),CTC2(4),
7940 1CTCO(4),CTX(1,4),D1F02(10),DIFC2(10),DIFCO(10),biFX(10),CPH(24),
7950 2LC02(6),LcC2(6),LCCO(B) ,LLCX(1,6),CSAT02(24),CSATC2(24 ),DGPOZ(24),
7900 3DGPC2(24),DGPCO(YS) ,DGPX(1,24),AX(1)

7910 DIMENSION VELIN(18),VELOW(24),DV(24),v(24)

7940 DIMENSION $S(2),8(2,2),EK02(24),EKC2(24),EKCO(24),C02(24),

7990 1Cc2(24),CC0(24) ,HUSp(24)

8000 D1MENSIUN DCTO2(4),DCTC2(H4),DCTCO(Y),DCTX(1,4),8e102(4),HETC2(4)

ready



5010
6020
8050
o040
8050
8000
6070
8080
b0Y0
b109
4110
8120
5130
5149
5159
8160
170
8180
0190
8200
6210

©220C

0230
B240
8250
6200
6210
82690
8290
8500
8310
b3e0
8350
6540
8559
8300
8310
8500
85990
6409
8410
suz0
ol50
8440
6450
vlio0
8470
olsd
8490
6500

ready

*

170
DIMENSIUN SCRIPA(Z24),SCRIPB(24),SCRIPC(24),3CRIPD(24),DENVA(2U)
COMMON /VFLT/VFLOW,VIFLIN
COMMON /BCOVER/CTLOZ2,CILC2,CTLCO, CTLX
CoMMON /BC/LAMEOZ ,LAMBC2,LAMECO,LAMBX,A02,AC2,ACO, AX, HEMAT ,DIFC2,
1D1FC2,D1FCO,D1FX,CPH, CSATO2,CSATC2, METO2 ,METC2
COMMON /Cein1/V,VP2,VP3,VPH,VP12,VP15,VP14,GP02,Clue,GPC2,CLL2
COMMON /CMN1T/GPCO,CTCO,GPX,CTX
COMMON /Cwin2/DV,DVP2,DVP3,DVPY,DVP12,DVP13,DVP 14, DGPO2,DCIV2,
1DGPC2,DCIC2
COmMUN /CHMN2T/DGPCO,DCICO,DGPX,DCTX
ALPHA=1.3%9e-0%

BETA=5.93

GAMMA=1.00

DU 12 N=1,24

P02=GPU2(N)

PC2=GPC2(R)

CALL SALUR(PUZ,PC2,HEMAT,SS,S,S1,PHT)
CPH(N)=PH1

CSATU2(N)=S5(1)

CSATC2(N)=35(2)

1F (LOPGS.LT.4) GO TO 11

AC2=.050( bY THE PROGRAN SATUR

11

12

50

Melviwits=1.0

DGPCO(N+24 ) =ACO*piMriMIi*S 1% GPCO(N)/A02

HiaoP (N ) =HeMA'T # MM ¥ S 1#GPCO(N)
CCO(H)=(1.-hemAT ) ¥ACCH*GPCO(RN ) +HEMAT ¥GPCO (N+24 )

CONT1ivUE

SCR1PA(L) =ALPHA+BETA%S(1,1)

SCRIPB(N)=BelA=3(1,2)

SCRIPC(N)=5(2,1)*PC2¥GAMMA
SCRIPD(N)=S(2,2)*PC2*GAMMMA+SS(2) *GAMIMA
CO2(N)=ALPHA*PO2+5S(1)*BETA

CC2(N)=8S8(2) *GAMA=PC2

CONTLNUE

CALL GFLIST(CILO2,DV,LEMBO2,DIF02,C02,GP02,EK0Z)

CALL GFLTSI(CrLce,DV,LAMBC2,D1FC2,CC2,GPC2,EKC2)

CALL GrLIST(CTILCO,DV,LAMECO,DIFCO,CCO,GPCY, KKLO)

DG 50 N=1,24

DENOM(N) =(SCRIPA(N)*SCRIPD(N)-SCRIPC(N)*SCRIPE(N))*V(N)
DGPG2Z2 (K) =(SCRIPD(N) *EK02(N)-SCRIPB(N) #¥EKC2 (N ) ) /DEx0M(N)
DGPCZ2(N)=(SCRLPA(N)=EKC2(N)-SCRIPC(N)*£K02 (1)) /DENOM(N)
1¥ (LOPGS.LT.4) GO TO 50

DGPCO(N) = (EKCU(I) /(ACO*V (N))~-HMSP(N)) /(1. +LetAT)
CONTINUE

RETURN

EkD

SUBROUT INE XDRIV(LOPGS)

IMPLICIT HREAL*s (A-H,0-Z)

REAL®s LAMBO2,LAMBC2,LAMBCO,LAMBX,LC02,LCCz,LCCO,LCX, MEYU2 ,METC2
DIMENSION GPO2(24),GPC2(24),GPCO(Y48),GPX(1,24),CT02(4),CTC2(4),



13

8510 1CICO(4),CcrXx(1,4),DIF02(10),DIFC2(10),DIFCO(10),DIFX(10),CPH(24),
b520 2LC02(6),Lcc2(6),LCCco(o),LCX(1,6),CSAT02(24),CSATC2(2Y4 ),DGP02(24),
0550 3DGPC2(24),DGPCO(4y) ,DGPX(1,24),AX (1)

8540 DIMENSION C1L02(18), CILC2(1s),CTLCO(18),CTLX(1,148)

8550 DIMENSION VFLIN(18),VFLOW(24),DV(24),V(24),C(24)

8560 DiMENSION DCTO2(4),DCTC2(4),DCICO(H),DCTX(1,4),METO2(4),METC2(Y)
8570 DIMENSION EKX1(1,24)

©550 COMMON /VFLT/VFLOW,VFLIN

8550 CUMMON /BCOVER/CTLO2,CTLC2,CTLCO, CTLX

8600 COMMON /BC/LAMBU2 ,LAMEC2 ,LAMBCO,LAMEX , A02,AC2, ACU, £X, HENAT , DIFU2,
5010 1D1FCZ,DLrCu,D1rX, CPH, C3AT02,CSATC2 , METO2 , METC2

vozd COMeON /Cmn1/V,VP2,VPX,VPY,VP12,VP135,VP14,5P02,C102,GPC2, ciCe
8630 COMMON /CMn11/GPC0O,CICO,GPX,CTX

3040 COMMON /Cwi2/0V,DVP2,DVP3,DVPY,DVP12,DVP15,DVP 14, DGPUZ, DCTUZ,
8H50 1DGPC2,DCTC2

¢000 CCMMUN  /CiiN2'1 /DGPCO,DCTCO,DGPX,DCTX

Bo'f0 DU 1 N=1,c4

b080 C(i)=ax(1)*GrX(1,N)

50640 CaLL GrLyST(CILX,DV,LAMBX,DIFX,C,GPX,EKX1)

67100 DUPX(1,N)=ELXT(1,N)/(AX(1)*V(N))

8710 1 CUNTLINUE

620 RETURW

8750 END

5740 SUEROUTLINE SATUR (P02,PC02,HEMAT,SS,S,S1,PH)

b(50 I1vIPLICIY AEAL*S (A-H,0-2)

b7o0 DIMENSLON 35(2),5(2,2)

o719 ¥=0.0

3100 1TPCC2=1.00

8799 DO 2 N=1,2

8300 1r (PCUZ.G£.0.001) GO TO 1

0010 TPCOZ2=PL02

8520 PCU2=0.001

0830 1 PH=7.59+Y-0.2T41%ALOG(PC02/20.0)

8349 Z=bXP((PH-7.4)*1.812)

8850 C=5.12TE~3%Z+4,2(3L-3

8000 V=C*pPO2

8370 1F (V.GY.1.0E-11) GO TC 11

8330 V=0.0

Boyd 11 CONTINUE

6500 U=0.G25%V+2.8*V*V430, 0%V #y %y

5910 S1=0/(1+U)

8920 2 Y=0.045%(1.0-31)

8930 S3(1)=51

5940 Az(.925+5,6*V+y0*y#y)

8950 Aa=A*PO2¥(.010377)%Z

8900 A2=AA%® 045

8970 S11=8%C/((1.+4U)*(1.4U)+A2)

8960 S5(1,1)=811

8990 S12=-AA% . 2741/((1.+4U)*(1.+U)+AA¥ ,045) /PCO2

9009 S(1,2)=312

rezay



1°7

9010C

9020 DOX=0.59+0.2915%(7.4-PH)

9030 DR=0.664+0.2275*(7.4=PH)

9040 DDD=DOX+(DR-DOX)*(1.0-51)

3050 YY=EXP(2.3901%PH-14.7162)

3000 CP=0.0307 *(1.0+YY)

9070 S3(2)=(1.0-HeHAL) *CP+HEMAT#DDD*CP

5050C

5090 DPHO2=-.045%311 .
9100 DDR=-.2275%DPh02

5110 DDOX=-.2913*DPh02

y129 DOLD=DDUX+(DDR-DDOX)*(1.-51)+(DR-DOX)*(-S11)

4150 DYIYC2=2.390%LPHO2 *YY

Y140 DCP=.0507*(+DYY02)

9150 S(2,1)=(1.-heriAT) *DCP+HEMAT*DDDD ¥ CP+HEMAT *DDDO*DCP
Y100 DYC2=~.045%512

9170 DPHCZ2=DYC2-.2741/PCO2

9130 DDRC2=-.2275%pPHC2

4190 DDCXC2=~.2913%DPHC2

$200 DUDDC2=DDOXC2+(DDRC2-DDOXC2) *¥(1.-51)-(DR-DOX) #3512
210 DYYC2=2.390 1#YYXDPHC2

3220 DCPC2=.0301*nYYC2

Y250 S(2,2)=(1-Hemt'l) *DCPC2+HEMAT #*DDDDC2 *CP+HEMAT #LDD=VUCPC2
y240 1r (TPCO2.GE.0.001) GU 10 3

9250 PCO2=TPLOZ

9260 3 CUNTLNUE

9210 RizLURN

G200 BND

$5290 SUBROUTINE GFLISL(CT,VP,LAMBDA,D,C,GP,EK)

y300 IMPLIC1Y REAL*c (A-H,0-%)

9310 ReiL=d LArBDA

4320 DIMENSION VFLOW(24),VFLIN(18),C(24),CCFL(24),CCFLIN(18),VP(24),
Y350 1e6(24),D(10),Cr(138),GP(24)

9340 COntON /VFLT/VELUAN,VFLIN

Y550 COMON /CFLT/CCEL, CCFLIN

9300 CALL FLTEST(1,2,1,1,0)

9310 CCHL(2)=C(2)*VrLOW(2)

9500 CCrL(3)=C(3)*VFLOW(3)

9390 CCrL(4)=0.0

4400 DO 11 N=5,11

9410 1=N

9420 CALL FLTEST(i+24,1,4,1+24,C)

9430 11 CCrL{(4)=CCFL(4)+CCrLIN(N)

9440 Du 12 N=5,10

54590 1=N

G4p0 12 CALL rLTEST(1,11,I,1,C)

Y0 CALL FLTEST(11,12,11,11,C)

9410 CCRL(12)=C(12)*VFLOW(12)

9490 CCFL(13)=C(13)*WFLOW(15)

$500 Ceri(14)=0.0

ready



9510 DO 15 N=15,10

9520 1=N

9550 CALL FLTESI(L+24,1,14,1+24,C)

Y540 13 CCrL{14)=CCFL(14)+CCFLIN(N)

4550 DO 14 N=15,20

4500 1=N

9570 14 CALL FLTEST(I,I+4,1,I,C)

4500 CALL FLTESI(21,1,21,21,C)

9590 CALLFLTEST(22,1,22,22,C)

95090 CALL FLYEST(zs3,24,23,25,C)

9610 CALL rLIES1(24,2,24,24,C)

4020 BK(1) =CCFL(21)+CCFL(22)-CCFL(1)~-C(1)%vP(1)
9530 EK(2) =CCFL(1)+CCFL(2u4)-CCFL(2)-C(2)=Vp(2)
9540 EK(3) =CCFL(2)-CCPL(3)-C(3)*VP(3)

Y059 EX(4) =CCFL(3)-CCFL(4)-C(4)*VpP(u)

90b50 DO 100 N=b5,10

9670 100 EK(N)=CCFLIN(N)-CCFL(N)-C(N)*VP(N)+D(N-4)*(CL(N)-LAMBDA®GP(N))
gob0 EX(11)=CCrL(5)+CCFL(0)+CCFL{T)+CCFL(8)+CCFL(y)+CCFL{10)+CCFLIN(TT)
4640 1-CCrL(11)-C(11)*vP(11) '

5700 EK(12)=CCFL(11)-CCrL(12)-C(12)*VP(12)

9(10 EK(15)=CCFL(12)~CCFL(13)-C(13)%VP(1%)

G (20 EK(14)=CCrL(15)~CCFL(14)-vP(14)*C(14)

9730 DO 112 N=215,10

9740 112 EK(N)=CCFLIN(N)-CCFL(N)-VP(N)*C(N)+D(N-3)*(C1(N)-LAMECA*GP(N))
4750 DO 115 t=1y,25
9700 113 EK{(N)=CCFL(N-4)~CCPL(N)~-VP(N)*C(N)

§7(90 EK(24)=CCrL(23)+CCKFL(20)-CCrL(24)-vP(24)*C(2k)
9700 DO 131 W=1,24

9790 If (DAb>(eK(N)).GT.1.0E-13) GO TO 150

$300 EK(N)=0.0

9810 150 CUNLiwnUE
9820 151 CONTINUE

9350 ReTURN

9840 END

9350 SULROUT1INE FLTeST(11,1N,1P,1V,C)
9660 1MPLICLYT ReAL%®s (A&-H,0-2)
Y570 DImENSIGN FL(42),C{24),cc(u2)
9500 COMMoN /VFLL/FL

9840 COMtON /CEFLT/CC

9909 IF(FL(IT1)) 1,1,2

9910 1 CC(Lv)= C(IN)*FL(I1)

9920 RETURN

y930 2 CC(IV)= C(1P)*FL(11)

G940 RETURN

9950 END

ready
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10 SUBROUTINE DERIVS( OPT1, MTEST, PSAVE )

20 1MPLICIT REAL*o0( A-H, 0-Z )

30 REAL®3 N, Nw

40 REAL*Y4 G1, G2, G3, G4

50 INTEGER OPT1, FBOPT

00 D1ENSION X(o), Z(o), ALPHA(b), BETA(6), PS(v), DbCw(12),

70 1 DDNW(12), PSAVE(12)

80 COMMON /BLK1/ N(12,3), VIX, VALV(6), PALV(b), Sk(12), VSPR

90 COMMON /BLK2/ DiN(12,3), DVIX, DVALV(6), DPALV(6), DSW(12), LVSPK
100 COMMON /BLX10/ PGAV, DPGAV, PGAVB, DPGAVE

110 COMMON /ELK11/ P1X, DPTX, PD, DPD, G1, G2, G3, Gu, FLOPT

120 Cukit:ON C(12,4), bC(12,4), CT(12), Cw(12), DCwW(12), DCUDP(12),
150 1 ¥(12), G, GS, NG, DNT(12), Nw(12), DuW(12), P(12), Pb3,
140 2 DPBS, PELALV(6), DPELAL(6), PELDA, DPELDA, PELTX, DPILIX,
150 3 PG(b), DPG(o), PGAE, DPGAB, PPL, DPS(d), LPSZ,

160 4 S(4), T, DT, TN(12), TOTN(12), V(12), VD, VLUNG,

170 5 SQT(12), bP(12), HLT

160 DATA TTTS / -1.0 DO /

190C

200 TIT = T .

210 1F ( OPT1. EQ. 10. AND. TTT. EQ. TITS ) GO 10 10

220C .

230 5 KSPR = F(2)

240 I¥ ( MTEST. EQ. 1 ) CALL FORCE ( TTT, FSPR, D1 )

250 IF ( BTEST. NE. 1 . AND . FBOPT. GE. Y ) CALL FORCE ( I1T, KSPk,
200 & LT )

270C

260 GO TO 15

290 10 COnT1INUZ

500 DPTA = 0.

510 DPD = 0.

520 15 CUNTINUE

350 TITS = 177

340 PELTX = PeLAST ( 0, 7, VIX )

550 DPuLTX = PeLAST (-1, 7, VIX )

300 PELDA = PrLAST ( 0, ¢, VD )

570 DPELDA = PELAST (-1, &, VD )

360 DO 201 =1, o

390 1DUMY = 1 :

400 PuLALV(I) = PELAST ( 0, IDUMY, VALV(1) )

410 20 DPELAL(1) = PzLAST (-1, 1DUMY, VALV(I) )

yzocC .

430 IF ( OPT1. NE. O ) CALL PGRAV ( PBS, PGAB, PG, DPES, DPGAB, DPG )
440C

450 DPS2 = DPIX -~ DPD + DPGAB + DPGAVB - DPGAV

460 DU = DPTX + DPBS - DPGAV

470 DUM2 = PIX + PBS - PGAV

450 DG 30 1= 1, b

490 DPS(1) = DUM + DPG(I)

500 30 PS(1) = DUM2 + PG(1)
rcady

*
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510C

529 CALL AIRWAY ( DN, DDCW )

530C

540 DO 50 J= 2, b

550 DCWDP(J) = G1 # DEXP( G2 * ( P(J) - 760. ) )

500 DP(J)= DNI(J) ¥ G / ( V(J) *= ( 1.- G # DCwDP(J) ) )

510 DP(J) = ( P(J) - PSAVE(J) ) / DT

550 DCw(J) = DCWDP(J) = DP(J)

549 Divvi(Jd)= V(J) » DCu(J)

600 50 D3w(J) = DNW(J) - DDCW(J)

610 DNT(1) =

620 IF ( b(a) ) 60, 70, &0

530 60 DO 0% I= 1, WG

640 UN(1,1) = = F(2) # ( C(2,1I) + HDL #* DC(2,I) ) + >(1)

650 55 DNT(1) = Da1(1) + DN(1,1)

660 DUMY = -F(2) * ( CW(2) + HDT * DCw(2) )

970 GO 10 90

oo0 70 DO Y5 4= 1, NG

690 75 Dn(1,1) = 0.

100 DumY = 0.

710 GO 10 90

120 00 DO ¥5 1= 1,NG

150 Din(1,1) = -C(1,I) * F(2) + S(I)

40 85 DNT(1) = DN1(1) + DN(1,1)

159 DUNY = =F(2) * Ch(2)

769 90 DVSPR = LNT(1) /7 ( P(1) / GS - CW(1) )

({0 Dha(1) = DVSPR * Ck(1)

700 DoW(1) = paw(1) - Du.iY

790 DO 100 1= 1, HG

600 100 DC(1,1) = ( DN(1,I) - DVSPR * C(1,1) ) / V(1)

810C '

320 CALL MOLES( F(T7),DwI(7),NG,HDT,C,DC,DN,DDNW(f),Cit,DDCW, 3,7 )
830 CALL MOLES( F(&),DnT(o),NG,HDT,C,DC,DN,DDNH(L),CW,DDCW, 4,3 )
340 CALL MCLES( F(Y),DwI(9),8G,HDT,C,DC,DN,DDNW(Y ), Cw,DLCY,5,9 )
850 CALL tOLES( F(10),DnT(10),NG,HDT,C,DC,DN,DDNL(10),CW,DDCW,b,10 )
6b0 CALL MOLES( F(11),bNT(11),NG,HDY,C,DC,Dn,DuNu(11),CH,DDCW,5,11 )
870 CALL tULES( ¥(12),DNI(12),NG,HDT,C,DC,DN,DDONW(12),Ck,DDCW,b,12 )
§50C

899 DU 250 J =17, 12

500 CT(J) = 0.

910 DU 250 1= 1, KRG

§20 250 CT(J) = CT(J) + C(J,I)

950 ALPHAT = 0.

949 bkl = 0.

§50 DO 300 J =7, 12

go0 K=Jd -0

g70 DCwDP(J) = G1 # DEXP( G2 * ( P(J) - 760. ) )

980 X(K) = G * DCaDP(J)

990 2(£) = 1. = X(K)

1000 DisY = P(J) + DPELAL(K) = VALV(K) * Z(X) - G = Ct(J)

ready



1310 ALPHA(K) = ( DNI(J) * G - DPS(K) % V(J) * Z(£) ) / DuiY

1020 bri1£{K) = DPeLTX # VALV(K) * Z(K) / DuY

1030 ALPdAT = LLPHAT + ALPHA(K)

1040 BETAT = BETAT + BETA(K)

1050 300 CONTINUE

1060 bVTX = ( ALPHAT * DPELDA + DPS2 ) / ( DPELTX + DPrLDA * ( 1.-
1070 1 bETAT ) )

1060 DO 400 J= 7, 12

1092 K=Jd-o0

1100 DVALV(K) = ALPHA(K) + BETA(K) # DVTX

1110 DP(Jd) = ( DNLI(J)#*G -~ ( P(J) - G#CW(J) )#*DVALV(K) ) / ( V(J)“L(K) )
1120 DPALV(K) = LP(J)

1130 DSw(J) = DCwbP(J) * DP(J) # V(J) + CW(J) * DVALV(K) - Duiw(Jd)

1140 400 CONTLINUE
1150 1001 FURMAT( 3X,F5.3, 3Xx, F12.3, 3X, F12.0,

1100 1 5%, F12.7, 2( 3%, E10.4 ) )

1170 1000 ReTUkw

1160 BiND

1150 SUBROUTINE PLRMSZ( VA )

1200 REAL¥0 N, Wi

1210 Reil*d4 PCALC, CYCALC, VLDIF, G1, G2, G3, G4

1220 1viPLICIT REAL#S( A-H, 0-Z )

1250 INTEGER FBOPT

1240 DimknsION DELP(b), Xx(5), B(5), KNT2(5), KFACI(S)

1250 COmmON /BLK1/ n(12,3), VIX, VALV(b), PALV(6), sw(12), VoPR
1200 COMmMON /ELK2/ DR(12,3), DVIX, DVALV(6), DRALV(6), b3w(12), DISFk
1270 CommiON /BLKO/ A(5,5), FG(D), FI(6), SQU(b), 3G¢l(o)

1250 COmeiON /ELK{/ PCALC(12), CTCALC(12), VLDI#

1290 CuMHON /ELK13/ PGAV, DPGAV, PGAVE, DPGAVSB

1300 CuMiiOn /LLK11/ PIX, DPTX, PD, DPD, G1, G2, G3, G4, FBOPT
1510 CurimUN C(12,4), bC(12,4), Cr(i2), Cu(12), DCwW(12), DCwLe(12),
1520 1 F(12), G, GS, NG, DNT(12), NW(12), Daw(1z), P(12), PB3,
1530 2 LPBS, PELALV(6), DPELAL(6), PsLDA, DPELDA, PuL1X, DPeLls,
1540 3 PG(o), DeG(v), PGAE, DPGAB, PPL, DPS(v), vPs2,

1550 4 s(4), 1, o1, tn(12), 10TN(12), V(12), Vb, VLUG,

1500 5 SQI(12), pep(12), Hor

1510 DATA EPS / 1.0D-% /

1300 VLUNG = VA

1390 V(1) = VSPR

1400 DG 25 J=7,12

1410 K= J-6

1420 P(J) = PALV(K)

1430 V(J) = VALV(K)

1440 25 VLUNG = VLUNG+V(J)

1450 (1) = 0.

1460 DU (5 1= 1,NG

1470 c(1,1) = m(1 1) /7 V(1)

1460 75 TN(1) = TN(1) + N(1,I)

1490 CT(1) = P(1) / GS - Cw(1)

1500 DG 90 J=7,12

ready
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1510 Cv(Jd) = G3 * DeXP( G2 ¥#(P(J)-760.) )

1520 pewpp(Jd) = G1 * bexP( G2 * ( P(J) - 760. ) )
1530 Cl(J) = P(J) / G - CW(J)
1540 TN(d) = 0.

1550 DO o5 1= 1,NG

1550 C(J,1) = N(J,I)/V(J)

1570 85 Tn(d) = Tn(J) + N(J,I)

1540 CT(J) = P(J) 7/ G - Ck(J)
1590 ° 90 CONTLINUE

1600 DG 100 J= 2,b

1610 Cw(Jd) = G3 » DEXP( G2 *(P(J)-760.) )
1620 DCwbr(J) = G1 = pEXP( G2 ¥ ( P(J) - T060. ) )
1650 CI(J) = P(J) /7 G - Cw(J)
1640 In(J) = 0.

1650 DU 100 1= 1,Nd

1600 TN(J) = In(d) + N(J,1)

1070 100 C(J,4) = H(J,L) /7 Vv(J)

1060 PeL = PIX + PBS - PeL1X - PGAV
1690 VD = VLUNG - VIX - VLDLF
1{0v PO 130 J= 1,5

1710 FACI(J) = .6

1120 ANTz(J) = 0

1750 DO 130 1= 1,5

1740 150 A(1,d) = 0.

1750 DU 210 £nY = 1, 50

1760 IF ( ANT. EG. 1 ) GO 10 155
17(0 CuLL FLOW ( 1, 2 )

1'fo0 CALL rLOW ( 2, % )

1790 CaLL FLOW ( 2, 4 )

1600 CALL FLOW ( 3, 5 )

1810 CALL FLOw ( 4, b )

1020 155 CONTINUE

1650 CALL FLOW ( 3, 7 )

1640 CALL FLUW ( 4, 8 )

10590 CALL FLOW (5, 4 )

1000 CALL FLCW ( o, 10 )

1010 CALL FLUw ( 5, 11 )

100U CALL FLOW ( b, 12 )

1690 DO 160 J= 2,0

1900 FO(J) = 0.

1410 ri1(J) = 0.

1920 SQO(J) = 0.

1930 SQI(J) = 0.

1540 160 CI(J) = P(J) / G - CW(J)
1450 CLLL SUB1 ( 1, 2 )

1900 CALL SUB1 ( 2, 3 )

1910 CALL suB1 ( 2, 4 )

1950 CALL SUB1 ( 5, 5 )

1990 CALL SUB1 ( 4, b6 )

2000 CALL SUE1 ( 3, 7 )

ready



2010

2020

20350

2040

2050

2060

2070

2030

2090

2100

2110

2120

2150 200
2140

2150

2100

2170 203
2180

2190 1234
2200

2210

2220

2230

2240

2250

2260 204
2210

2260

2290 205
2300

2310 2006
2320

2530

2340

2350 210
2360

2370 215
2380C
2390 1111
2400

2410

2420 220
2430

24490

2450

2460 230
2470

2480 235
2450

2500

ready
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CALL SUB1 ( 4, 8 )
CALL SUB1 ( 5, 9 )
CALL SUB1 ( o, 10 )
CALL SuB1 ( 5, 11 )
CALL SUB1 ( 6, 12 )
SB =

DO 200 J= 2,6

=J -1

KNTa(K) KNT2(K) + 1
A(K,K) = =( SQI(J) + ( G4 - DCWDP(J) ) * FO(J) + CT(J) * 3Q0(J) )
IF( DABS( A(X,K) ). .1D-12 ) A(K,K) = -.1D-12
B(K) = -F1(J) + cr(J) * FO(J)
SB = SB + DABS( B(K) )
CALL BaPM ( 4, X, B )
Sbpy = 0.
DO 203 K= 1,5
SDP = SDP + ABS( X(K) )
IF ( KNT. GT. 25) WRITE(6,1234) T,SB,(P(J),d=2,0)
FORMAT ( 1X, F5.3,1X,1PE9.2, 5(1X,F9.5))
IF ( SB. LT. EPS ) GO 10 215
DO 210 J= 2,6
K = J=1
IF ( KNT2(K). EQ. 1 ) GO TO 206
1F ( DELP(J). £Q. O.. OR. X(K). EQ. 0. ) GO TO 206
1F ( DELP(J) / %(K) ) 205, 205, 204
IF ( KNT2(X). LT. 3 ) GO TO 206
FACT(K) =
GO TO 206
FACT(K) = 0.6
KNT2(K) =
X(K) = FACT(K) * X(K)
DELP(J) = X(K)
P(J) = P(J) + DELP(J)
CW(J) = G3 * DEXP( G2 *(P(J)-760.) )
DCWDP(J) = G1 * DEXP( G2 * ( P(J) - 760. ) )
STOP 1234
CONTINUE
WRITE(6,1111) KNT, SB
FORMAT(1X,'KNT, SB = ', I5, E14.3 )
DO 220 J= 1,12
NW(J) = Cw(J) * V(J)
TOTN(J) = TN(J) + NW(J)
DO 230 J= 2,6
CW(J) = G3 * DEXP( G2 *(P(J)-760.) )
CTCALC(J) = CT(J)
PCALC(J) = TOTN(J) * G / V(J)
DO 23% d= 1,12
CT(J) = TOTN(J) / V(J)
RETURN
END
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10 SUBROUTINE PGRAV ( PBS, PGAB, PG, DPBS, DPGAB, DPG )
20 IMPLICIT REAL#3( A-H, 0-Z )

30 DIMENSION PG(6), DPG(6)

40 COMMON /BLK8/ PHI, GF, GR, GT, GD, HP, PIE, ANG1, ANG2, PHIV1, PHI2
50 COMMON /BLK10/ PGAV, DPGAV, PGAVB, DPGAVB

60 GR = 1. + GF

70 PHI = PRHI2

80 COSPHI = DCOS( PHI )

90 SINPHI = DSIN( PH1 )

100 GD = GR * COSPHI

110 GT = GR * DCOS( PHI - .2618 )

120 GCON = GR #* 0.73557 / 2.

130 H = 8.67 * COSPHL

140 PBS = 760.

150 PGAB = GCON * 8.% DCOS( 2.%PHI ) + 2. * GR * SINPHI
100 PG(1) = GCON * (13.0 - H )

170 PG(2) = GCON * (13.0 - H )

130 PG(3) = GCON * 13.0

190 PG(Y4) = GCON * 1%.0

200 PG(5) = GCON * ( 135.0 + H )

210 PG(6) = GCON * ( 13.0 + H )

220 DPBS = 0.

230 DPGAB = 0.

240 DPG(1) = O

250 DPG(2) = O

260 DPG(3) = 0O

270 DPG(4) = 0.

280 DPG(5) = 0.

290 DPG(6) = O.

300 PGAVB = GCON * 13.% ( 1. + COSPHI )

310 DPGAVB = O.

320 SPG = 0.

330 SDPG = 0.

340 DO 10 J=1,6

350 SPG = SPG + PG(J)

360 10 SDPG = SDPG + DPG(J)

370 PGAV = SPG / 6.

380 DPGAV = SDPG / 6.

390 WR1TE(6,98)

400 98 FORMAT( //, ' PGRAV SUBROUTINE ',//,

410 1 ' PGAV, DPGAV, PGAVB, DPGAVB, PGAB, DPGAE',/,
420 2 ‘* PG, / , DPG', /)

430 WRITE(6,99) PGAV, DPGAV, PGAVB, DPGAVB, PGAb, DPGAB, PG, DPG
440 99 FORMAT(1X,6E12.5)

450 WRITE(6,96)

460 96 FORMAT( /, 1X, ' GR, PHI, COSPHI, GD, GT, H', /)
470 WRITE(6,99) GR, PHI, COSPHI, GD, GT, H

480 101 CONTINUE

450 RETURN

500 END

ready
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510 FUNCTION PELAST ( KTEST, I, V)
520 REAL%3 V, HP, PELAST

530 COMMON /BLKS5/ A(7,8)

540 DATA HP / 1.570796327 DO /

550 IF (V- A(2,1) ) 1,1,2

560 1 VDIF = A(2,1) - A(4,1)

570 GO T0 3

580 2 VDIF = A(3,I) - A(2,I1)

590 3 IF ( KTEST ) 5,4,4

600 4 DUM = HP % ( V - A(2,1I) ) / VDIF
610 DTAN = DSIN(DUM) / DCOS(DUM)

620 PELAST = VDIF # DTAN / A(6,I) + A(5,1)
650 RETURN

640C

650 5 PELAST = 1./ ( A(1,I) * ( DCOS( HP * ( V-A(2,1) ) / VDIF ) )%*2 )
660 RETURN

670 END

680 SUBROUTINE FLOW ( 1, J )

690 IMPLICIT REAL*3( A-H, 0-Z )

700 REAL*3 NW

110 REAL*Y4 B, W

720 COMMON /BLK3/ B(8,12), FS(12), RA(12), RB(12), W(12), DIM
730 COMMON C(12,4), DC(12,4), CT(12), CW(12), DCw(12), DCWDP(12),
740 1 F(12), G, GS, NG, DNT(12), NW(12), DNwW(12), P(12), PBS,
750 2 DPBS, PELALV(6), DPELAL(6), PELDA, DPELDA, PELTX, DPELTX,
769 3 PG(6), DPG(o), PGAB, DPGAB, PPL, DPS(6), DPS2,

770 4 S(4), T, DI, TN(12), TOTN(12), V(12), VD, VLUNG,

780 5 SQT(12), DP(12), HDT

790C

800 PDIF = (1) - P(J)

810 IF ( 2-1 ) 1,2,2

820 1K=1J

830 1F ( J. EQ. 5. OR. J. EQ. 6 ) K =J + 2

b40 DELP = ( P(I) + P(J) )/2. - P(K)

550 VAVG = ( V(1) + V(K) ) /7 2.

860 RA(J) = ( B(1,J) + B(2,J) # DELP ) /7 ( 1. + B(3,J) * VAVG )
870 RB(J) = ( B(4,J) + B(5,J) * DELP + B(6,Jd) ¥ (2, ¥ PPL - DELP ) ) /
880 1 (1. + B(7,J) * VAVG )

890 GO TO 3

900 2 RA(J) = B(1,d)

910 RB(J) = B(4,J)

920 3 SIGN = 1. .

430 IF( PDIF + W(J) * FS(J) / DTM. LT. 0. ) SIGN = =1,

940 DUMY =( RA(J) + W(J) / DTM )*¥2 4+ 4, ¥ SIGN % RE(J) *

950 1 ( PDIF + W(J) ¥ ¥S(J) / DTM )

960 IF ( DUMY. Gg. .0 ) GO TO 11

§70 WRITE (6,12) T, I, J, DUMY, RA(J), RB(J), PDIF, FS(J), SIGN
980 12 FORMAT(2X, 'SQRT FAILURE IN FLOW, T, I, J, DUMY, RA, RB,
990 & PDIF, FS(J), SIGN =',/,2X, F10.5, 213, 5E12.4, F5.1 )
1000 STOP 13

ready



1010
1020
1030
1040
1050C
1060
1070
1080
1040
1100
1110
1120
1130
1140
1150
1160
1170
1160
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290

. ready

10
20
30
40
50
00
70
80
90
100
110
120
130
140
150C
160

ready

11

5

10
11

15

16
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SQT(J) = DSQRT( DUMY )
IF ( .1D-12 ~ ABS(PDIF) ) 6, 5, 5

F(J) = 0.
RETURN
F(J) = ( -RA(J) - W(J) / DTM + SQT(J) ) /7 ( 2. * RB(J) * SIGN )

RETURN

END

SUBROUTINE MOLES( F, DNT, NG, HDT, C, DC, DN, DDNW, CW, DCW, J, K)
IMPLICIT REAL*S( A-H, 0-Z ) .
DIMENSION C(12,4), DC(12,4), CW(12), DCW(12), DN(12,4)

- COMtiOk /BLK12/ DIFK(6,3)

DNT = O.

IFC F ) 5, 10, 15

DO 6 I= 1, NG

DN(K,I) = F ¥ C(K,I)-DIFF(K-6,I)

DNT = DNT + DN(K,I)

DDNW = F * Cw(K)

ReTURN

DO 11 I= 1, NG

DN(K,1) = 0.-DIFF(K-6,I)
DDNW = 0.

RETURN

DO 16 1I= 1, NG :
DN(K,I) = F ¥ ( C(J,1) + HDT * DC(J,1) )-DIFF(K-6,1)

DNT = DNT + DN(K,I)

DDNW = F * ( CW(J) + HDT * DCW(J) )
RETURN

END

SUBROUTINE FORCE ( T, FSPR, DT )
REAL*3 T, PTX, PD, DPTX, DPD, PHI, GF, GR, GT, GD, HP, PIE,

1

ANG1, ANG2, PHIY, PHI2, FSPR, FSPRS, FCT, DT

INTEGER FBOPT
DIMENSION AA(8,2)
COMMON /BLK4/ TIN, TEX, PDIN, TB, Y1, Y2, ¥3, Y4, PIXIN, PTXEX,

1

PDEX, PDAG, PTXG, TO, T2, PB, FCT, FSPRS, TTEST

COMMON /BLK8/ Pnl, GF, GR, GT, GD, HP, PIE, ANG1, ANG2, PHI1, PHI2
COMMON /BLK11/ PTX, DPTX, PD, DPD, G1, G2, G3, G4, FEOPT

&
&

&

DATA TO, TTEST, TBRTH, ITST, CONST, NFRC / 3% 0.0, 1, 1., 0 /,

AA / .39, 4., .50, .25, .11, .30, 2.1, 3.,
J43, 4., .23, .25, .36, .15, 1.5, 3. /

DATA A, B, C, ALP, BET, GAM, DEL, EPS / .40, .60, 114.0, .25,

80., 110., 1., 2. /, FMX / 1.0 /

IF ( NFRC. EQ. 1 ) GO TO 105



170
180
180
200
210
220
230
240
250
260
270
250
290
500
310
320
350
" 340
359
360
310
360
390
400
410
420
4350
4490
450
460
440
450
g0
500
510
520
550
540
550
560
570
580
590
500
610
020
630
640
650
060

1

1

IF ( T. LT. TI&3T - .0001 ) GO TO 5
1 ( 1TST. EQ. 3 ) LTST =1

1F( 1TSY. EQ. ¥FBOPT ) NFRC = 1

1F ( NFRC. EQ. 1 ) GO TO 100

ITST = I'IST + 1

E1 = ABS( PTXIN - PTXEX ) / PB

B3 = ABS ( PDIN - PDEX ) / PB

ASQRT = I % 1ib

TES = TB
E1S = B1
bo 1 J= 1,50

1F ( LuST. Q. 2 ) DPTX = ( PTXIN + B1S ~ PTXEX ) *¥ Y1 / ( 1.-

EXP( -¥1 « ( TIN - TeP ) )} )

IF ( 1PST. BQ. 5 ) DPTX = Y2 # ( PTXIN + B1S -~ PIaEX) / ( 1.-

DExpP( -Y2 # ( TeX - TEBP ) ) )

142

TP = ABS( DPlXx ) # ASQR1 / SQRT( B1#B1 + ASQR1 * DPIX*DPTX )

ASQR = TEP * uBp
DUMY = SQRT( 1.- ASQR / ASQR1 )
ETX = B1 - B1 * DUumY

LF ( ABS( ETX - E1S ). LT. 0.001 ) GO TO 2

B1S = BTX

Tps = TbP

BDA = B3 -~ E3 * DUMY
C1 = PIXkX - ETX

C2 = PIXIN + bIXx

Cs = Pvex - BDA

C4 = PDIN + BDA

EA1 BTX / A>GR

BA3 = BDA / ASQR
PUXDM = PUXIN + BIX
PDD+ = PDIN + bDA

1 ( LTST -3 Yo, 1, 7
P1nZ
PI1N5 = ( PDLY - PLEX ) / (
TIEST = T1eEsST + TN

I H

T0 = 10 + TBKIH
T1 = TO + TP

T2 = 10 + Tln

T35 = T2 + ToP
TBRTH = TeX + TIN
10 = 10 - ,0001
TP = T1 - .0001
TI2P = 12 - 0001
T3P = 13 - 0001
GO TO ¢

1F ( FBOPT. LI. 10 ) GO TO 71
T3P = 12P

T3 = 12
TBP ='0.
PTXDM = PTXIN

( PIXDM -~ PTXEX ) / ( 1.- DEXP( -Y1 * ( TIN - 1BP )
1.~ EXP( =Y3 % ( Tin - TP ) )

)

)

)



147

670 PODM = PDIN

600 PEX2 = 1./ (.455% ( 1.-EXP( -1.95 # TEX ) ) + .335% ( 1. -

690 & EXP( -.1 ® TEX¥*2 ) ) + ,21% ( 1.- EXP( -.11% TEX¥¥3Y) ) )
700 PEX3 = ( PDDM - PDisX ) * PEX2

710 PEX2 = ( PTXDM - PTXEX ) #* PrX2

120 WRITE (6,1221) PEX2,PEXS,PTXDM,PDDH

730 1221 FORMAT( 1X, 'PEX2, PEX3 =', 4E15.4 )

740 GO TO 72

750 71 PEXz = ( PLXDM - PTXEX ) / ( 1.- DEXP( -Y2 % ( T&X - TIBP ) ) )
160 PEX3 = ( PbbLM - PDEX ) / ( 1.- DExP( -Y4 % ( TEX - 1TBP ) ) ).
(10 72 TTEST = TIESL + TEx

160 $ CONT1NUA

190C

800 5 CONTINOUE

310 IF ( NFRC. EG. 1) GO TO 100

620 1F ( 'f. GE. 15P ) GO TO 75

830 IF ( T. Gk. 12P ) GO TO %0

840 IF ( T. GE. 112 ) 30 TC 25

¥50C

ob0C INSPIRATION: PARY 1

870C

860 TDIF = 1 - TO

090 TSGR = 1DLF * TDLF

900 D1 = SQRL( 1. - 1SQR / ASGR1 )

910 DUm = TDLF / ( D1 * ASGQR1 )

420 PIX = PIXEX - B1 + B1 # D1 + PTIXG * GI
450 Drlx = -pl1 * DUN

g40 Pv = PUEX - B3 + B3 # D1 + PDAG ¥ GD
450 DPD = -B3 * DUM

950 RelURN

g70C

YoOC INSPIRATION: PART 2

999C

1000 25 D1 = EXP( -¥Y1 # (T - T1 ) )

1010 D> = EXP( =¥3 * (1 - 11 ) )

1020 PIX = C1 + PINZ * ( 1.- D1 ) + PTXG * GT
1050 DPIX = PIN2 * Y1 % DI

1040 PO = C3 + PINY * ( 1.~ D3 ) + PDAG * @D
1050 DPD = PIN3 * Y3 % Dx

1060 RisTURN

1070C .

1000C EXPIRATION: PAR1 1

109uC ,

1100 50 IF ( FbOPT. EQ. 10 ) GU TO 200

1110 1D1¥ = T - 12

1120 “TSWR = TDLF # TD1F

1130 D1 = SQRT( 1.- TSWR / ASQR1 )

1140 DUM = TDIF / ( D1 % ASQR1 )

1150 PYX = PTXIN + B1 - B1 * D1 + PTXG * GT
1100 DPTX = B1 * DUM

ready

*
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1170 PD = PDIN + B3 - E3 % D1 + PDAG * GD

1160 DPD = b3 * DUM

1130 RETGRN

123.C

1210C EXPLRATION: PART 2

1220C

1250 75 1F ( FBOPT. EQ. 10 ) GO TO 200

1240 D1 = EXP( =Y2 *# (T - 13 ) )

1250 D3 = EXP( =Y# = (T - i3 ) )

P PIX = PLXDl - PEX2 * ( 1.- D1 ) + PTXG % GT

1270 DPIX = -PuX2 % Y2 ¥ D1

1250 PD = PDDI - PEX3 * ( 1.- D3 ) + PDAG * 4D

1240 DPD = -PEX3 = Y4 = D3

1500 RETURN

1510C

1520 100 CONTINUE

1550 I ( T. LT. 11eST - .0001) GO TO 105

1540 Tw = TTest

1550 FLEsST = TreSl + TeX

1369 COR = A % (1. - EXP( —-ALP * EXP( EPS * ALUG( TeX ) ) ) ) +
1510 & b * (1. - EXP( -BET * TEX ) ) +

1560 & C * IeX * BXP( -GAr ¥ EXP( DEL * ALOG( Tex ) ) )
1590 PTXD1F = ( PIXtX - PTXin ) / COR

1400 PODIF = ( pDeX - PDIN ) / COR

1410C

1420 * 105 CUNTINUE

1430 TL = 1 - 1IN

1440 ALNT = ALOG( TT )

1450 TeP3M= EXP( ( EPS -1. ) * ALNT )

1400 TEP3 = mXP( EP3 * ALNT )

1440 TOEL = BXP( DsL % ALNT )

1400 EXP1 = EXP( -ALP # [pgpS )

1490 EXPz = EXP( -Bwl = 1T )

1500 BAPY = EXP( -GAM * TpEL )

1510 FCT = A * ( 1.- EXP1 ) + B # ( 1.- EXP2 ) + C « I'l » EXP>
1520 DFCT = A * ALP * EP3 * TEPSM * EXP1 + B ¥ Bul ¥ pXp2 +
1520 & C * ExP> * ( 1.- DEL * GAM = IDEL )

1540 PTX = PIXu * G + PIXIN + PTXDIF # FCT

1550 PU = PLAG # Go + PDIN + PDDIF * FCT

1500 DPTX= D¥CT % PIXDIF

1510 DPD = D¥CT * PDDlK

1560 RETURN

1590 200 COwTlwUE

1600 TDIF = T - 12

1610 TT = 1DiF - 2.10

1020 PIX = 455 & ( 1.~ £XP( ~-1.95 % TDIF ) ) + .3355 #* ( V.- EXP( -.1 ¥
1630 & TD1F*%2 ) )

1640 DPLX = .o0725 * EXP ( -1.95 # TDIF ) + .007 * TDIr » bXP (-.1
1050 & # TDIF*TDLF )

1600 Ir (1T) 90,990,585

ready

#*
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1670 65 PTX = PTX + .20 * ( 1. - EXP(-.11 * TT¥**3 ) )
1050 DPTD = DPTX + .0065 * TT¥TT % EXP(~.11 * TTw«3 )
1690 90 PU = PDDm -PEXY * PIX + PDAG ¥ GD

1/0v PTX = PIADM - PeX2 * PTX + PTXG * GT

1710 DPD = -DP1Xx * PrX3

1120 DPIX = -Pix2 * DPTX

1150C IF(T.Ge.1.55) WR1TE(6,1222) T, PTX, DPTX, $D, DPD
1740 RETURN

1{50 1222 FCRMAT(1X, 'T, PTX, DPTX, PD, DPD =' ,¥5.2, b¥{.2, £10.2, Fi.2,
1700 & £10.2 )

1110 END

1700 SUBHOUTINE ALRWAY ( DN, DDCW )

17490 IMPLICIT REAL*6( A-H, G-Z )

1800 REAL*3 N

1610 DItensSioN x(5), pbCw(1z), FI(6,4), FO(B), a(5,5), Fik(o), E(5),
1820 1 Du(12,4)

1430 CoMmun C(12,4), pc(12,4), CI(12), Cw(12), blw(1z), DCwDP(1c),
1040 i £(12), G, GS, nG, DNT(12), Nw(12), DHw(12), p(1z), PES,
1650 2 DPES, PrLALV(6), DPELAL(6), PELDA, DPiLDA, PELTX, DPuLIX,
1000 3 Pu(6), DPu(o), PGAB, DPGAB, PPL, DP3(b), 0PS2,

100 4 s(4), 1, Di, Tn(12), TOTN(12), V(12), VD, VLUNG,

1800 5 sQr(12), pep(12), ot

1890 DO 10 J= 1,3/

1500 10 Flw(J) = 0.

1910 b0 20 J= 2,0

1920 DNT(J) = 0.

19390 DU 20 1=1,NG

1940 20 F1(J,I) = 0.

1950 1 F(2) ) 50, 50, 40

1960 30 FO(2) = -K(2)

1970 S0 10 50

1980 40 DO 45 1= 1, MG
1yy0 b5 F1(2,I) = F(2) » C(1,1)

2000 Flw(2) = F(2) * Cw(1)

2010 50 DU 80 J= 3,0

2020 K3 = J-1

2030 K = d=3 :

2040 W (J. EQ. 3 ) K= 1

2050 K2 = K + 1

2060 I¥( ¥(J) ) 60, ©0, (0

2070 60 FUO(J) = -F(J)

2030 A(K,K3) = -r(Jd)

2099 DO 65 1= 1, NG

2100 65 FI(K2,I) = F1(X2,1) - F(J) ¥ C(J,1)
2110 F1W(K2) = FIW(K2) -~ F(J) # CW(J)
2120 GO TO 30

2130 70 FU(K2) = FO(K2) + F(J)

2140 4(K3,K) = F(J)

2150 DO 75 1= 1, NG

2160 715 Fi(J,1) = F(J) * C(K2,1)
ready

*
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2170 F1Ww(Jd) = F(J) * Cw(K2)
2100 30 CONTINUE
2190 170 DO 250 J= 7,12

2200 K = J-4
2210 1IF ( J. GE. 11 ) K= J-6
2220 Ir( F(J) ) 210, 250, 220

2230 210 DO 215 1= 1, Wa

2240 215 FI(K,I) = F1(K,I) - F(J) #* C(J,I)
2250 FIW(K) = #1W(K) - F(J) * CW(J)
2260 40 10 230

22(0 220 FO(K) = FO(K) + ¥(J)

2200 23D CONTINUE

2290 350 DU 350 K= 1, 5

2300 360 A(K,K) = -( V(K+1) / HDT + FO(K+1) )

2310 DO %00 1= 1, MG

2320 DO 370 K= 2, b

2330 370 B(K-1) = ( C(K,I) * FO(K) - FI(X,1) ) / HDT
2340 3003 FORMAT ( /, 1H , 5(1X, 5E1z2.0, U4X, E12.6, //) )
2350 CALL BAPM( A, X, B )

2300 P00 375 Jd= 2, o

2370 DC(J,1) = X(J-1)

2330 DN(J,1) = DC(J,1) * V(J)

2390 575 DnE(J) = DNT(J) + DN(J,I)
2400 5004 FORMAT(5X, 5815.5 )
2410 3580 CONTINUE

2420 DO 390 J= 2, 6

2430 390 B(K-1) = ( Cw(K) * FO(K) - FIW(K) ) / BHDT

2440 CLLL BAPM( A, X, B )

2450 DU 400 J= 2, o

2460 400 DDCW(L) = X(K-1)

2u70 RETURN

2480 END

2490 SUBROUT1NE PMAX ( FRCP, VMAX, PG, PBS, GT, GD, PGaAb,

25020 1 Fclw, VTX, VD, PPL, VA )

2510 REAL*3 PG, Pps, GI, GD, PGAV, DPGAV, PGAVB, DPGAVL, FCTST,
2529 ] V, VIx, VD, VDM, VTXii, PeLAST, PGAB, PPL, VA, FSPRS
2550 REAL*S DP1(0),DUkYS

2540 DIMENSION pG(0), AC?), B(7), C(7), XP(7), D2LE(7), FACT(7),
2550 1 £NT2(1)

2560 COMMON /BLKY/ TIN, TEX, PDIN, TB, Y1, Y2, Y5, Y4, PTXIN, PIXEX,
2510 1 PDEX, PDAG, PTXG, TO, T2, PB, FCIST, FSPRS, TIkST
2500 CUMrFON /BLKS/ AA(T,8)

2590 COMHON /BLK10/ PGAV, DPGAV, PGAVB, DPGAVE

2000C

2610 VLG = FRCP + ViAX - VA

2620 PPLM = PPL

2630 XP(T7) = PPLM

2640 po 25 J=1,b

2650 xP(J) = VLG / o.

2050 C(J) = PG(J) - PBS

ready



2010 25
2680

2099

2700

2710 35
2720C
2750

274

2129

21ud

2(f0

27a0

2790

2500

2810

2020

2850

2040

2050

2800

20710 50
2000

20690
2500C
2410
2920C
2930

2940

2950 55
2950C
2910

2930

2990

50090

3010 204
5020

3020

$040 205
50990

3050 200
3070

5000

5090 209
3100

5110 60
3120

3130 {0
3140 1000
3150

3100

ready
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CONTINUE
C(1) = VLG
DO 35 J
FACI(J)
KNT2(J)

Si
SAW = 0.

DO 50 J= 1,6

JDUKY = J

V = XP(J)

B(J) = ( PeLAST( v, JDUMY, V ) + XP(7) + C(J) )
A(J) = PELASI( ~1, JDU&Y, V)

Sb = SB + AB3( B(J) )
SV = SV + ap(Jd)
SA = SA + 1./ &£(J)

SAW = SAK + b(J) / AQJ)
CONT LU

B(7) = ( sV - (7))

SB = SB + ABS( B(7) )

IF ( sB. LT. 0.01 ) GO TO 1035

B(7) = ( B(r) - SAW ) / SA
DU 55 J= 1,0
B(J) = =( B(J) + B(T) ) / A(J)

DO 60 J= 1,7

IF ( KNT2(J). EQ. 1 ) GO TO 2006

1¢ ( DeLB(J). eQ. O.. CGR. B(J). EQ. 0. } Gu 10 200
1F ( Daib(Jd) 7 B(J) ) 205, 205, 204

IF ( KNte(Jd). LY. 5 ) GO TO 200

FACI(J) = 1.0

GO T0 206

FACI(J) = 0.5

KNTZ2(Jd) = 0.0

E(J) = FACI(J) * B(J)

DulB(J) = B(J)

F (J. Q. 7 ) GO TO 60

DUMY = ABS( DELE(J) )

1r ( DUMY. GI. 0.2 ) DELB(J) = 0.2 ¥ DUMY / DiELE(J)
xP(J) = XP(J) + DELE(J)

bLO 70 J= 1,0

IF ( XP(J). G&. AA(3,d) ) XP(J) = AA(3,d) - .01
CONTLNUE

WRITE(6,98) XP

WRITe£(6,99) KNT, SB
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3170 99 FORMAT( 5X, 'KNT =',I5, 5X, 'SB =', E10.3 )
3100 9o FURMAT(5X, 9E11.4 )

3150C

3200 STOP 3

3210C

3220 1005 CONTINUE

3230 111 FORMAT( 5X, 7E15.8 )

3240 PPLM = XP(7)

3250 C(1) = PbS + PTXG #* GT - PGAV - PPLM
3250 C(2) = PB3 + PDAG ¥ GD - PGAVB - PPLM - PGAB
3270 C(3) = FCIN

3200 C(4) = VLU + .00y

3290 ADUMY = AA(5,/7) - .001

3309 ADUM2 = AA(H,7) + .001

3310 ADUM3 = AA(3,8) - .001

3320 ADUMM = AA(4,8) + .001

5350 VIXE = VIX + .5 *® UmMAX

3540 1 ( VIxM. GE. ADUMY ) VTIXM = ADUMI
5350 1¥ ( VIXm. Le. ADUMZ ) VIXM = ADUM2
33500 Vb = C(4) - VIXL

3570 1 ( VDs - ADUM3 ) 1205, 1201, 1201
3200 1201 VDM = ADUMY

3390 GU TU 1209

3400 1205 1F ( VD4 - ADUME ) 1206, 1206, 1210
3410 1200 VDM = ADudd4d
3420 1204 VIAM = C(4) - VDM

3430 IF ( VIAM. Lv. ALULM2. Oit . VIXM. GT. ADUX1 ) Gu TO 2001
5440 1210 CUNT1NUE

3450C

3400 DO 2000 £NT = 1,50

3470 VIXMN = VIXM + ( C(3) * ( PELAST( O, 8, VDM ) - C(2) ) -
3460 1 PELAST( O, 'f, VIXM ) + C(1) ) / ( C(5) » PELAST( -1, o, Vid )
3440 2 4+ PELAST( -1, 7, VIXM ) )

3500 VDM = C(4) - Viain _

3510 Ir( ( Viksae. LE. ADUM2. OR. VIXMN. GE. ADUM1 ). LHD .
3520 1 ( VDM. Le. ADURN. OR. VDM. GE. ADUM3 ) ) GO 10 2001
3530 I ( Abs( VIXMN - VIXM ). LT. 0.0005 ) GO 10 2005

5540 VIXl4 = VIXMN

3550 2000 CONTINUE

3560C

35710 2001 WRITE(6,101) VDM, VTX
3560 101 FORMAT(//5X, '#ssks#%® YpM = ' F10,5, ' VIX = ',r10.5,

5590 1 'Onk OF ThE ABOVE Is TO LARGE, CHECK A(7,8) AND FCIN')
3600 STOP U

3610 2005 CUNTLINUE

3620 WRITE(0,9Y) Kl

3640 VIXM = VIXMN

3040 DUM1 = PELAST( 0, 7, VIXM )

3650 DUMZ = PELAST( 0, 4, VDM )
3060 DUsis = PELAST( 0, 7, VIX )
ready

*®



5070
36460
3640
3700
3710
3720
3730
3T40
3750
5700
37170
3780
3(9V
5000
3010
3020
3630
5040
3050
38690
3070
33060
384%0
3900
3910
3520
59350
3440
3950
3960
3970
3900
3990
4300
4010
4029
4050
4040
40590
4000
4010
4000
4090
4100
4110
4120
4130
4149
4150
4100

ready
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489

97
997

7711

7112

901
30

LA = UREN \ O R

14¢

DUMY = PELAST( 0, 8, VD )
CTXM = 1./ PaLAST( -1, 7, VIXM )
CDAM = 1./ PuLAST( -1, 8, VDM )

FORMAT (2%, SE12.6 )

PDIN = DUM2 - C(2)

PTXIN = DUMY - C(1)

WRITE(6,949) DUM1, PPLM, PGAV, PTXG, GT,

1 DUM2, PGAB, PDAG, GD, PGAVB

FORMAT( 2X, 'PeLiXe, PPLM, PGAV, PTXG, GT, PELDAM, PGAB, PDAG, GD,
1 PGAVB = ',/,xX%, SE12.6, / 5812.6, // ) :
WRITE( 6,97 ) PiXln, PDIN, VTXM, VDM, CliM, CDhM '
FORMAT( /7, ‘(x, 'PTXIN PDIN ‘ VIXi vom',

1 ! CTXHM CDAM',//,1X,bE15.8, //)
FORMAT( 5F10.5 )

DO 7111 J=1,0

JD = J

DUMYS = XP(J)

DP1(J) = PeLAST(0,JD,DUMYS)

CONTINUE

WRI1E (0,7712) (DP1(d),d=1,6)

FORMAT(//,1x,'PSLASY =*, BF9.3 ,//)

ReTURN

END

FUNCTION FRC2( VA, VIX, PD, PTX )

1MPLICILT ReaL»s ( C-H, O-V )

REAL*S N

COmMON /BLKS/ KA(T,b)

CuMmMON /BLK10/ PGAV, DPGAV, PGAVB, DPGAVE

CumMON C(12,4), LC(12,4), CT(12), Cw(12), DCw(1z), bCwp?(1Z),
F(12), G, GS, NG, DRT(12), ww(12), DNW(12), P(12), PES,
DPBS, PELALV(06), DPELAL(G), PELDA, DPELDA, PeLTx, DPELLX,
pG(b), DPG(6), PGAE, DPGAB, P°L, DPS(H), DPS2,
3(4), T, DT, TN(12), TOTN(12), V(12), VD, VLUaG,
sQr(12), bp(12), HDT

DIMENSION A(9), E(9), XP(9), ZPK(9), KNT2(9),

1 DeLE(9), FACT(9)

Va = 0.

bO 15 1= 2,0

VA = VA + V(1)
FRC2 = VA
XP(9) = PPL
XP(r) = VIX
xP(8) = VD

DG 30 J= 7,12

XP(J-6) = V(J)

LPK(J=-0) = P(J) - PG(J-H)

FURMAT( 5Xx, 'V,P,PG,4PK',12,'=',4E15.7 )
CONT1NUE

ZPK(7) = -PGAV + PTX + PBS

ZPK(8) = PD + PBS - PGAb - PGAVB



4170 ZP£(9) = 0.005

4100 210 FOR&AT (3X%, 9811.5 )

4140 DU 35 J= 1,9

4200 FACT(J) = .9

4210 35 KNT2(J) = O.

4220C

4230 DO 1000 KNT = 1, 100

42490 SA = 0.

4250 SAW = 0.

4250 VLURG = 0.0

420 DU 40 J= 1,6

4250 JbUmMY = J

42490 VLUNG = VLUnG + xp(J)

4500 A(J) = PeLAST( -1, JDUMY, V(J+d) )
4310 PTEST = PoLASY(1, JDUMY, V(J+6) )
432u B(J) = ( XP(Y) - 2PK(J) + PTEST )
4550 SA = 34 + 1./ &(J)

4340 SAW = SAW + B(J) 7/ A(J)

4350 902 FORMAT( 1X, 'A,B,XP1,ZPK,PEL',12,'=',5E17.10 )
4560 40 CONTINUE

4570 ACT) = PeLASY( -1, 7, VIX )

4560 A(8) = PELASI( -1, 8, VD)

4340 b(7) = ( xP(9y) - zPK(7) + PELAST( 1, 7, VIX ) )
4400 E(s) = ( xP(y) - ZPK(8) + PELASY( 1, b, VD ) )
4410 B(9) = ( VIX + VD - ZPK(Y) - VLUNG )

4420 Sk = 0

4430 DU 50 J= 1,9

4440 50 3b = Sb + Abs( b(J) )

44590 IF ( Knt. GE. 100 ) WRITE (6,98) B

4450 IF ( S8. LT1. 0.0003% ) GO TO 1001

Lyroc

L4350 B(Y) = ( B(9) - B(7) /7 a(7) - B(b) /7 A(Y) + shk ) 7/ ( 1./ &A(1)
IRINety) 1 + 1./ A(d) - 54)

4500 DO 55 J=1,8

4510 55 B(J) = -( B(J) + B(3) ) /7 AQJ)

4520C

4530 18 ( KNI, Ge. 100 ) wslTE(6,948) B

4540 po 60 J= 1,9

4550 IF ( KNT2(Jd). EG. 1 ) GO TO 206

4560 1¥ ( DeLB(J). EQ. 0.. OR. B(J). EQ. 0. ) GO TO 206
4570 1F ( DELB(J) /7 B(J) ) 205, 205, 204

4530 204 1F ( KN12(J). LT. 5 ) GO TO 200

45499 FACT(J) = 1.0

4600 GO TO 200

bo10 205 FACI(J) = 0.5

4620 KNT2(Jd) = 0.0

4530 206 B(J) = FACT(J) * B(J)

4640 DELE(J) = B(J)

4650 ¥ ( J. EQ. 9 ) GO TO 60

4060 1F ( J=7 ) 20/, 208, 208

resay



4670
4550
4690
4700
4710
4720
4750
4140
W50
4760
4770
LY RN
4790
4300
4810
4820
{g50
Lgho
4850
400
Y570
Y680
4590
4900
4910C
4420
4939
Lylo
4650
4500
4970
4969
4yyy
5000
5010
5020
5030

ready

*

207

208
209

60

70

111 FURMAT(1X, 'DELB =',5817.

1001

1

TEsST = 0.2
GO Tu 209

TEST = 0.5

DUMY = ABS( DELE(J) )
1F ( DUMY. Gf. TEST )
XP(J) = XP(J) + DELB(J)

DO 70 J= 1,6

1F ( xP(J). LE.
1 ( XP(J). uk,

V(Jd+d) = xP(J)
pel = Xp(y)

1w xe(r). Le,
1IF ( 4p(7). Gz,

VIX =z XP(7)

Ir ( xe(6). LE.
1IF ( xP(o). Gk,

VD= XP(3)

ST0pP 1000
COnTINUE

PELIX = PELASY(1, 7, VIX )

AA(H,J)
LA(3,d)

AACH,T)
IYYEWD!

AA(H,8)
AA(3,8)

)
)

)
)

)
)

DELB(J) =

XP(J)
XP(J)

XP(7)
XP(7)

XP(8)
XP(8)

151

TEST * DUMY / DELbL(J)

AA(H,J)
AA(3,Jd)

AACH,T)
AA(3,T)

AA(Y4,3) + .0002
AA(3,8) - .0002

H n

10,/7X,4E17.10,/*  XP =',5E17.10,/
,TX,8E1/.10,/74X,'V =* J6E17.10 )

99 FORMAT( 5x, 'KNT =',I3, 5X, 'SB =', E10.3 )

Yo FORMAT(5X, YE11.4 )
1000 CUNTINUE
WR1TE(5,99) KNT, Sb
WRITE(b,98) B, XP

PuLLA = PELAST(1, 6, VD )
WRI1e(0,99) KW1, Sb
FRC2 = FRC2 + VLUKG

VLUNG = FRUC2
PPL = XP(Y)
VIX = XP(7)
VD = XP(o)
RETURN

END



10
20
30
Lo
50
60
70
80
90
100
110C
120
150
140
150
100
110
160
159
209
210C
220
230
249
250
260
210
28
299
500
310
329
330
549
350
300

1
2
3
4

10
20
30
50

* %

20

70
80

3’(OU *R*x

360
390
400
410
420
430
440
4590
469
470
La0
490
509

ready

%

100
110
120
130

160

SUBROUTINE SUB1 ( I, J )

REAL®S NW

IMPLICIT REAL*3( A-H, 0-Z )

COrwiON /BLKO/ 4(5,5), FO(6), FI(6), SQO(6), SQl(e)

COMMON C(12,4), Dc(12,4), cr(12), cw(12), DCW(12), DCwbe(12),
F(12), G, GS, NG, DNI(12), Nw(12), DNW(12), P(12), PBS,
LDPbS, PELALV(6), DPELAL(6), PELDA, DPELDA, PELTX, DPELLX,
PG(6), DPG(b), PGAE, DPGAB, PPL, DPS(6), DLPS2,

s{u), T, UL, TN(12), TUIN(12), V(12), VD, VLUJG,

5 sQr(12), LeP(12), LDT

IF( J. GT. 2 ) GO TO 50

IF( K(J) ) 10, 20, 30

FO(2) = -F(2)

SQuU2) = +1./ SQ1(2)

ReETURN

FI(2) = CI(1) = ¥(2)

SQL(2)= Cr(1) / SQ1(2)

RETURN

LF( Jd. GT. o ) GO TO 100

* AIRWAYS

1r( #(J) ) 80, 70, 80

FO(J) = FUWJ) - F(J)

FI(1) = FI(I) - ¥F(J) * CT(J)

SQU(J)= SKG(J) + 1./ SQT(J)

SQIL(L)= Swi(l) + CI(Jd) 7/ sSQT(J)

ACL=1,d-1) = =r(J) = ( 1./G = DCWDP(J) ) + Cr(Jd) / 5QI(J)
A(J=1,1-1) = =C1(J) / SQT(J)

Re'TURN ‘

FI(J) = FI(J) + F(J) * CI(1)

FO(L) = FO(1) + F(J)

SQI(J) = SQI(J) + CT(I) / S@T(J)

SQO(L) = SGU(L) + 1.7 SQT(J)

A(l-1,J-1) = CT(1) / SQ1(J)

A(J=1,1-1) = F(J) * ( 1./G = DCWDP(L) ) + CiL(L1) / 5QI(J)
RieTURN

LUNG CHAMBERS ’

IF( F(J) ) 110, 120, 1350

FL(I) = FL(1) - ¥(J) * CI(J)

SCI(L) = SQI(1) + CI(I) / SQT(J)

RETURN

FO(I) = FO(1) + F(J)

SQO(1) = SGO(1) + 1./ SQT(J)

RETURN

END

SUBROUTINE SUB2( ASUM, ASUM1, AWSUM, AWSUM1, RES, PV, RTOT, PPLC )
IMPLICIT REAL¥¢( A~H, O-z )

REAL *5 N, NH :

REAL¥4 B, W, ASUM, ASUM1, AWSUM, AWSUM1, RES, PV, RIOT, PPLC
DiMENSION ASUM1(H4), ASUM(H), PV(12), RES(12), PPLC(3)



187

510 COMMON /BLK1/ N(12,3), VIX, VALV(6), PALV(®), Sw(12), V3PR
520 CumeiON /7BLXK3/ B(v,12), ¥S(12), RA(12), RE(12), W(12), DIM
530 COMMON C(12,4), DC(12,4), CT(12), Cw(12), DCw(12), DCwbr(1e),
540 ] £(12), G, GS, KG, DNI(12), Nw(12), DNW(12), P(12), PES,
550 2 DPBS, PELALV(6), DPELAL(8), PELDA, DPELDA, PELTX, DPELTX,
560 3 PG(o), DPG(0), PGAb, DPGAB, PPL, DPS(6), Dps2,

510 4 S(4), T, ur, TN(12), T0TN(12), V(12), Vb, VLUNG,

530 5 SQT(12), DP(12), HDT

540 DO 100 I = 1,NG

60U 160 ASUM(1) = -£SUMI(L)

610 AWSUm = -AW>Uami1

629 Do 170 J= 1,12

650 AWSUM = AWSUM + NW(J)

640 DU 170 1= 1,iw

650 170 ASUm(1) = ASUS(L) + N(J,1)

660 DG 100 1 = 2,1¢

670 Re3(1) = Ra(1) + RE(IL) * ABS( F(I1) )

bud 160 PV(1) = P(1) * v(I) / ( TOIN(I) *# G ) - 1.

090 PV(1) = P(1) » V(1) / ( TOIN(1) *¥ GS) - 1.

700 RR1 = Res(o) + Re3(10) * ReS(12) / ( RES(10) + fes3(12) )
710 RL1 = RE3(5) + RES( 9) * ReS(11) / ( Red3( 9) + RES(11) )
120 HR = RES(Y4) + RES( 8) #* RR1 / ( KeS( 8) + RR1 )
750 RL = Res(3) + ReS( 7) * RLA / ( ReES( 7) + RL1 )
149 RIUT = Re3(2) + RR * RL 7/ ( RR + RL )

(59 PPLL(1) = PPL + PG(1)

760 PPLC(2) = PPL + PG(%)

110 PPLC(5) = PPL + Pu(5)

700 RETURN

790 ERD

500 SUBROUTINE SUB3( V )

olu RELL*S V

620 DliNSION V{12)

b30 V(7) = 1.0350110

340 V(o) = V(7)

05J V(9) = v.yd2(¢

300 V(10) = V(9)

6190 V(11) = 0.88Ts73

600 V(12) = V(11)

09V RE1URN

§00 END

ready



13

20

30

40

50

60

70

80

90

100
110
120
130
140
150
160
173
160
190
200
210
22U
230
240
250
200
270
200
240
300
310
320
350
340
350
300
309
500
390
400
410
420
453
440
450
460
470
450
490
500

ready

11

22

SUBROUTINE BAPM( &, X, B )
19PLICIT REAL*s( A-H, L, M, 0-Z )
DIvENSION A(5,5), X(5), B(5), D(5), L(5), G(5)

D(1) = A(1,2) /7 A(1,1)
L(1) = A(1,3) /7 ACT, 1)
G(1) = B(1) / a(1,1)

o= A(2,2) - A(2,1) * D(1)
D(2) = -A(2,1) = L(1) / M
L{2) = a(2,4) / I
G(2) = ( B(2) - a(2,1) = G(1)Y ) 7
Z = -A(5,1) = b(1)
i = A(3,5) - Z % D(2) - A(3,1) ¥ L(1)

Hon

p(3) = -2 % L(2) / ¢
L(3) = a4(5,5) / W
G(3) = ( B(3) - 2 % G(2) - A(3,1) *# G(1) ) / ™

Z = -A(4,2) = D(2)

Moo= A(H,4) - 2 % D(3) - A(4,2) ® L(2)

D(4) = -2 % L(3) / K

G(4) = ( B(4) - 2 #* a(3) - A(4,2) ¥G(2) ) / &
Z = -A(5,3) = D(3)

M= A(b,5) - 2 % D(Y) - A(5,3) ¥ L(3)

x(5) = ( B(5) -z * G(B) - A(5,3) = G(3) ) / i
X(4) = G4) - D) = x(5)

XK(3) = G(5) - D(3) = X(4) - L(3) # X(5)

X(2) = G(2) - b(2) * X(5) - L(2) * X(4)

K(1) = G(1) = D(1) * x(2) - L(1) = X(3)

RETURN

END

SUBROUTINE RUNGE( M, Y, F, X, H, M, HDT )
1tPLICIT REAL*8(A-H, C-%)

DIMENSION PHI(100), SAVEY(100), Y(N), F(N)
GO 10 (1,2,3,4), m

DO 11 J= 1,N

SAVEY(J)= Y(J)

PHI(J)= ¥(J)

Y(J)= SAVEY(J) + O.5%H*F(J)

X= X + 0.5%4

RETURN

DO 22 J= 1,N

PHI(J)= PHI(J) + 2.0%¥F(J)

Y(J)= SAVEY(J) + 0.5%H*F(J)

HDT = H/2.
RETURN

DO 33 Jd= 1,N
Prl(J)= Pr1(J)
Y(J)= SAVEY(J)
X= X + 0.5%H
RETURN

DO 44 J= 1,N
Y(J)= SAVEY(J) + (PRI(J) + F(J))*H/6.0

-+

2.0%F(J)
HAF(J)

+ +

154



510 HDT = H/4.

520 RETURN

530 END

540 FUNCTION HAMING( N, Y, F, X, H, TE )
559 1niPLIC1T REAL*3(A-H, 0-1)

500 INTEGER HAMING

570 LOGICAL PReD

500 D1MENSICN YPReD(100), TE(N), Y(N,4), F(N,3)
599 DAIA PReD / .IRUE. /

60V IF (.NOT.PRED) GO T0 4

b10C  ..... PREDICIUR SxCT1ON OF HAMING .....
020U DU 1 J= 1,N

550 1 YPRED(J)= Y(J b) + Ci¥#( 2.% ( F(J, 1) + F(J,53) ) - F(Jd,2) )
640 bo 2z (£5= 1,4

650 £= 5 = &5

560 M1 = K - 1

670 DO 2 J= 1,N

089 Y(Jd,K)= ¥(J,KH1)

090 2 IF (£.LY1.4) F(J,K)= F(J,KH1)

7090 LG 3 J=1,N

710 3 Y(J,1)= YPRED(J) + C2 * TE(J)

720 X= X+ H

730 PRED= .FALSE.

149 hAMING= 1

150 RETURN

700C  ..... COKRECTOR SECTION OF HAMING .....
179 4 DO 5 J= 1,N

760 Y(J,1) = ( 9.% ¥(J,2) - Y(J,U4) + Ch #* ( F(J,1) + 2.% r(J,2) -
790 1 ¥(Jd,s) ) ) / S,

600 TE(J)= €5 * (Y(J,1) - YPRED(J))

510 5 1(J,1) = ¥Y(J,1) - TEW)

020 PRED= .IRUS.

b30 EAsLuG = 2

c40 RETURN

050C

660C THIS SECT1ON CALCULATES COnSTANTS USED IN HAMING Anb wldT BeE CALLED
870C ONLY OLCk EEFORE THE ABOVE SECTION 1S USED. 1T wEeD NOI B CALLED
300C AGAIN UNLESS THE INTEGRATION STEP 1S CHANGED.

890C

909 ENTRY HAMNG1( N, Y, F, X, H, 1TE )
910 Cl = U.®#H / 3.

y20 c2 = 112./ y.

930 Ch = 5.% H

Y40 €5 = 9./ 121.

9590 HAMING = 0

G50 R&ETURN

970 END

reaay



THE FOLLOWING ARE THk DATA FILES:

0010# 1

ready

*

10#0. 1436+
20#0.2988+
30#1.100E+
40i0.552E+
50#1.000k+
00#1.020k+
10 B+
b0 -0.k+
g0 e+
100# 35
110#
1201
130
1404
1504
160+
10
180+
1904945,
200#11.7
210#105.2
220 0.00
2390

240

2508#1.0 730
200#0.500E+
270r5.0008+
200+ 1.0k+
290 4.00E+01
300 9.7/£+01
310 4.00E+01
520 4.502+01
330 U4.02E+01
340 4.50E+01
550

560

570

500

(e}

00U EOOG

.

cCooCcocCo

\CRN e
[ AN VR
g .

-3

-—
R

ready

*

1.0E-06

.Yo5k-02
0.294E+
0.900E+
0.2455+
1.000E+
1.000E+
-4 B+
-0. B+

b+

b

3
0
0
0.
0
0

OCOoOUCCOOCOoOOo

n oo
QoW

3
N
0

40.
1.y
0.0

1607.0

0.55¢E+
1.700E+
+0.008+
4,00E+01
9.71E+01
4,00LE+01
4.50E+01
§,028+401
4,.50E+01

1.4934E+04

0024+
0353E+
“27E+
055E+
300+
552k+
4. b+
-4,
b+
0.0
647.0
14%.0
0.0
0.0
10.0
125.0
202.9
211.2
125.
250,
211.0
000.

0.
0.
0.
0.
a.

0.5088+
o0.120k+
-03. 3L+
4.008+01
Y.31E+01
4.00E+01
4 .50E+01
4 ,05E401
4, 50E+01

0.000E+
0.01YE+
0.120E+
0.092E+
0.001E+
0.5528+
-4 E+
-4 B+
E+
ou47.0
573.0
143.0
18.0
0.0
10.0
290.6
102.24
262.7
205,
70.
275,
00.0

0.586E+
6.020E+
+ 1.0E+
4 ,00E+01
§.351E+01
4 .00E+01
4 .50E+01
L4, 35E+01
4.5068+01

0.294E+ 0.2y4E+
0.012E+ 0.000E+
0.555E+ 0.450E+
1.000E+ 1.000E+
0.150E+ 0.025id+
0.552E+ 0.952bk+
~0.E+ -0.b+
Y4, 5+ ST
B+ B+
0.0 0.0
0.0 ol4.0
322.0 56.0
0.0 0.0
0.0 ¢0.0
10.0 10.0
2%.70 25.10
125.0 (.Y
o24.1 09.b
1.7 1.7
125. 50
625.0 70.0
333, 0.0
0.5686E+ 0.550E+
+0.00E+ ~83.3c+

9.7TE+01 G.T/E+01
9.31E+401 9.51£+01
4,00E+01 4.00E+01
4,02E+01 4.02E+01
4.05E+01 4.05£+401
I 50E+01 4.50k+01

0.294E+
1.309kE+
0.327E+
1.C00E+
1.000E+
0.552E+
-0, e+

foR

E+

{ . 190E+

Y.T(E+01
4. 00E+01
4 ,00E+01
4 . G2E+01
§.506+01
4 .50E+01

0.294Ek+

0.2408+

LJOULE+

1.000E+

1.000E+

0.55¢E+
~0.b5+
B+

Y.77E+01
4.00E+01
4. 00E+01
4.02E+01
§.50k+01
4.50E+01



157
390
00
410
420
450
440 1.00E+00 1.00E+00 1.04E-06 2.57E-05
450 36.5E+00 30.08+00 5$0.8E+00 35.8E+00 5.028+401 5.02E+01 b.0ck+01 5.02b+01
4560
470 1.048+02 1.04E+02 1.04E+02 1.04E+02 1.04E+02 1.0U4p+02
450 40.02+00 40.0c+00 40.0K+00 40.0E+00 40.084+00 40.0E+00
4490
500
510 4.90E+00 Y4.66E+00 4.90E+00 4.95E+00 U4.96E+00 L.906E+00 o.4UE+00 35.2E+00
520 1.03E+00 G.52E+00
530 Y9.38+00 99.58+400 99,3E+00 Y9.3E+00 99.3E+00 99.5+00 =.1/E+00 17.5E+00
540 5.(5E+00 Y.02E+00
550
500
570
560
5390 20.0E400 1.158402 24.4E+00 %0.0E+00
509 10.5400 YU.084+93 19.5E+400 24,0400
210 v.01 23.0
620#10 1 1 1.1

ready

#

10 50 1

<0 0.0 .0100 20.00 2.030 3.000 10 0 310. 2yu.
30 1vs3.2 00.0 u.0 62.30 0.95 2.00 2.0
4y b.2117 0.0 00.0 .0 1.2 0.00 1.060
50 8.0 1.00 2.00 2.00 .10 0.

60 10.0 0.020 §3.025 0.025 0.050 0.us0

70 .52 0.52 0.35 0.33 0.27 0.27

80 760.0 100.0 {00.0 160.0 760.0 0.0

90 [(v0.0 760.0 760.0 760.0 760.0 160.0

1004 .2094 . 1459 . 1459 . 1459 L1459 .80y

1104 L1459 . 1459 U5y . 145y L1459 . 1459

1204 .00 L0561 L0561 L0501 .0561 .0501

1304 L0961 .U561 L0501 L0551 L0501 L0561

1403 L1902 JYou L1980 L1980 (980 L1900

ready

*



1504k . 7950
100

170

160. 0.009
190 0.300
200 0.500
210 0.275
220 0.275
230 2.0580
240 2.030
250 0.750
260 0.750
270 0.700
280 0.700
290 0.040
300 0.046
310 0.046
320 0.045
330 0.040
340 0.046
350 -0.140
5360 -0.1MQ
370

360
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