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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 

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 Force. 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.
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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, 
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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 
Analog Computers(I) 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
(2) Transport: Regulation and Exchange.v J 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 the models. From the table, it can be seen 

that existing models of the circulatory system can be



TABLE I
U n

•H nJ
s C
0) M4 o
■P CO O a 'ti

o U) ti o
c0 •H o n 9 O O 'ti

•rd a ti to •H 0) u cu •M H 0)
M-l O 3 o CO •rd > 0) C 'o iO *rl 0) •rd <4-1 •rd a a u-t CO 1 u 0) 0) 4-> 5

4J co 4J o > 3 a> to o ti P4 ti T3 a l-l 4J to
/-X Cti CO c 4J o CO ti 3 o ti to

CO u CO co >4 X) CO 0) n •rd n 4-> 0) ^d CO ti. ti ti
s^/ 9 <v 0) CO ni CO ti. O co to 4J
0) H <u U CO co a •rd 0) •rd 0) > 00 ti to s
4J 0) H a X 4J nJ a > C T) CO rd ni C o
CO S ^1 £ •H 3 0 o U-l ja 3 ♦rd 1 0) ti M-l O ti O r-
Q Pn O 4J o o rO EH o u nJ Ij P4 P^ H O H O <1-

pressure;affects blood volume and 
No heart included

MODEL AUTHOR

(3) Beneken 63 1 2 1 X X X Presented only
(4- Noordergraaf •7) 62- x

63
0 113 0 X X X Ventricular and arterial pulses, 
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stroke volume and work rate under 
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Attinger(16) 68 x 14 49 0 X X Ventricular and arterial pulses 
and flows

n (17)Boyers 72 4 4 1 X X X g-stress of 1 g ; change of blood 
volume and some feedback as it
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Constant blood flow.

Saidel^22^ 72 0 0 2 X Sinusoidal breathing with and 
without obstructive lung disease

This Model 78 4 12 6
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divided into three distinct categories:

1. Those models containing a pumping heart - these
r 23) are all analog in nature and include Dick and Rideout, v

M , (4-7) n , (10-12) u (14) , n (15)Noordergraaj, J Beneken, J Hwang, J and Croston. j 

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^^^

(17)and that of Boyers. J 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 
of Saidel, Grodins,^^^ and Emery. ^0) Qf these only

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 



7

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^4) 

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. Gessnerv J proposed 

the differential relationship;
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IX = Kn(l+aP+bP2+cP3) (1) V=blood volume 
Qr U

K , a, b, c = o’ ’ ’
constants

where P = P-P.Ave
P. = mean transmural blood pressure Ave r
P = instantaneous transmural blood pressure 

Another form proposed, by Attinger,^^^ was

r = a(P-b)c+d (for low pressures) (2)

r = tlogP+g (for high pressures) 

where r = vessel radius

P = transmural blood pressure

a, b, c, 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 
Copep6)

T = Ttps-pv’+aCps2-pd>b(ps-p^ (3>

where P$ = systolic arterial pressure

P^ = diastolic arterial pressure

Pv = Veneous pressure 

a,b = constants of the aortic pressure value curve 

Ts = duration of systole

T, = duration of diastole
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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
(27) heart beat and only to the aorta. More recently, Gaaschv 

proposed the relationship
r> k kvP = be

where P = transmural pressure

V = end-diastolic ventricular volume

b,k  = constants

for an end-diastolic pressure-volume relationship in the
(28) ventricle, but as pointed out by Glantz, J 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 is 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 

©2 and CC^ 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 is. 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 
629)Runge-Kutta method starting procedure. 7 It consists of 

84 coupled,nonlinear, simultaneous, differential equations 

in its present form (including the transport of and CC^ 

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 II

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 leg

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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TYPES OF MODEL ELEMENTS

FIGURE 5 
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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

v19 * 0 lf P20>P19’ valve open (5)

v19 = ^20 — P19’ va:1-ve closed

where v,o is the volumetric flow rate of blood from chamber ± y
19 into 20, with pressures P^g and Pzq 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 is 

checked. If it is positive, calculation continues, if it 

is negative, the flow is set equal to zero and the valve 

is closed.

The conservation of blood volume in each chamber is 

expressed as;

in out dV 
v -v = dt (6)
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where V is the chamber volume and vin(vout) is the volume­

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

Part A
The Navier-Stokes Equation^^-*  for incompressible flow 

can be written

p|^+piTxMvf2 = -tP-p^+T^. (7)

where = ^Xr" (8)

and ? = velocity of blood flow (cm/sec)

p = density of blood

<[> = potential term

P = blood pressure
f-*.  = viscous force per unit volume of blood

Assuming the circulation and viscous terms
(f^sc-piTxr) can be written as fv2, where £ 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
(31)number),k J the axial component of blood flow becomes

z p 9 (■ 2 2 2-, 3— 3 <|> t rn'ieatl aTtrx+ry+rz) " ■3r(>arTvz (9)

The vessel sections are assumed to change size uniformly, 

so that

8rx
3z

dr
(10)
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dr dr dP 9Z p Z d d) , Z f i i ■spyt "2" dz "d"z"pdz" frz (-11)

Gravitational forces (or equivalently, centrifugal forces) 

are the only body forces, so

4> = gz (12)

where g is the z component of the acceleration (gravita­

tional and/or centrifugal), and p is assumed constant 

(incompressible blood) . The derivative is approximated 

as a ratio of finite difference -r- for the model elementsAZ
of length Az. Assuming that the vessel segment is of 
uniform cross section, inlet and outlet velocities 

are equal; 
r = r 
Z1 Z2

and Equation 11 becomes

9rz 2(pAz)yy- = (P1+pgh1)-(P2+pgh2)+Rrz+R’rZ

2 2where fr = Rr +R’r z z z

and P|(P2-^ = Pressure of the blood at inlet (outlet)

r (r ) = rate of the blood entering (exiting) 
Z1 z2

vessel

^11^2'*  = height above the heart (chosen as h=0) along 

the direction of z at inlet (outlet)

Az = vessel length

(13)

(14)
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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 
(32) ventricles and the arteries at the peak of systole. J 

Throughout the rest of the circulatory system, it is small -
2 the turbulence term, R’r , is therefore dropped for the 

rest of the model segments.

An additional assumption,

9rz (pAz)?^=0, (16)

is made for chambers outside the ventricles and arteries.

This assumption is justifiable since the change of flow 

rate outside these chambers is 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:

(P1+pgh1)-(P2+pgh2) = R1rz (17)

where

R^ = flow resistance in the segment connecting 

chambers 1 and 2

r2 = velocity out of chamber 1 (cm/sec)
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Within the program, the velocity, r , is expressed 

in terms of the volumetric rate of flow, v. This is 

related to v by

Arz - 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

and

dV
dt

in out = v -v (19)

N M
where vin = V j out2 v. and v = Vj (20)

i=l 1 i=l 3

volumetric flow rate into (out of) the

chamber through segment i (j)

V = blood volume of the chamber

Part B

The assumption is 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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^ar = 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)

Rvr= resistance of the vessel wall to transverse 

motion

R = resistive parameter

v = rate of change of the vessel volume with respect 

to time

ar = average transverse acceleration of the vessel wall 

and surrounding tissue

An additional assumption of instantaneous equilibrium 

was made by giving

P = P’+ P +1^ (22)

for the transverse motion, , 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 Rvr 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;

v dV 
dt (24)

where V = the chamber blood volume in ml.

Equations 14 and 17-24 are adapted for each model 
2 

chamber as just described in terms of and (A
dt 

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.

these, and are calculated. A fourth order 
dt

integration technique with a Runge-Kutta starting 

From

Haming 

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 m the literature. j 
Bergel*"38)  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 is 

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-Vo = t (l-e’k(P-Pob (25)

where Pg, Vg 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 t 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. Si, 

of the vessel remains fixed in vivo and hence V is
2 expressed as ird Jt/4. For atrial data reported in terms of 

diameter, d, a spherical geometry is assumed so that V is 

expressed as ir d .

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 t) is demonstrated. 

In this figure the three distinct pressure-volume curves 

for three subjects become one curve when plotted as 

normalized volume, (V-Vq)/t, versus P. In this instance 

the circulatory element is the arterial system of the leg 

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

This dependence on associated tissue volume is also evident
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DIAMETER PRESSURE 
RELATIONSHIPS IN THE UNEXPOSED 

FEMORAL 
Data from

I) Po = 7rnm-Hg 
do = .64cm 
de = .4857cm 
k = .125/mm-Hg

2) Po = 7 mm-Hg 
do = .52 cm 
cc-- .857cm 
k = .125/mm-Hg

VEIN (DOG)
Morris

0
T IO n---------------- 1-----------—i----------------- 1----------------- 1

20 30 40 50 60

PRESSURE (mm Hg)

FIGURE 6



28

TRANSMURAL PRESSURE (mmHg)
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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
r 37) because the sizes were not reported in the paperv ' 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, t, proportional to the tissue volume of the element.
f 39)The literature^ 1 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
(33) scaling which is revealed here. In particular, Dahnv 1



30

DOG I
42-

38 -
DOG 2

36 -

34 -

30-

10 DEC 
a 13 DEC

• 7 MAR
o 12 MAR

Po = Omm-Hg 
do = 35 mm 
oc= 121 03 mm 
k= .243/mm-Hg

Po = Omm-Hg 
do = 31 mrn. 
oc= 9411 mm 
k a .243/m rn"Hg

CHANGE IN LEFT ATRIAL END DIASTOLIC 
PRESSURE (mm Hg)

ATRIAL FUNCTION DURING
VOLUME LOADING 
Data from Payne

------- n----- !--------1---------- !----- j-----------!------- j-------p,
4 8 I2 I6 20 24 28 32 36

LE
FT

 AT
R

IA
L E

N
D

 DI
AS

TO
LI

C
 DIA

M
ET

ER
 (m

m
)

FIGURE 0



31

DERIVED COMPLIANCE CURVE OF HUMAN 
ARTERIAL CHAMBER

AR
TE

RI
AL

 V
OL

UM
E 

(m
l)

FIGURE 9



32

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 Pq, Vq 

and t appropriate to each element of the model. Pq was 

assigned as the average pressure in an element and Vq as 

average blood volume from general anatomical data. The 

value of tissue volume, t, 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 
r

R = ^4 (26)
r

with X*  a constant. Assuming cylindrical vessel geometry 

leads to

R = X (27)
V 

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 is 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

a V1 - 2(P A z)^-(^) = (P1+pgh1).(P2 + pgh2)+R1v1+R*v^  (28)

where

Vi = Ar = volumetric flow rate between ventricular 1 z 
chamber

^1^2^ = ventricular (arterial) pressure

^1^2-^ = height above the center of the heart of 
the ventricular (arterial) chamber

R1 = Rl/Al (29)
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RJ - Ri/A-L (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. In addition, 

for the duration of execution of this model,

dVi
V1 " Ht (31)

where = ventricular volume in ml

In this model, it is assumed that h^ = simulating a 

prone subject, giving

d?V1 ,v dV, 7L144 = PrP2+Ri>+Ri^ C32)
dt

where L-^ = pAz/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:

P2~P3 = R2v2 *- 33)

where Rz =

v2 = ^2r2 = volumetric fl°w rate between arterial 

and final chambers

h2 = hj = 0

P2^P3^ = 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.
7d^V? ~ dV?

L2-¥- = P2 + P2-P2+R2-Hf 
dt

(34)

K T Mwhere L =

= external pressure

?2 = compliance pressure, Figure 9, (equation and 

constants given in Appendix 1)

= pressure in the arteries

R.2 = resistance to the transverse motion of the 

arterial wall

Finally, conservation of blood mass (Equation 6) gives

and

dVi
V1 = "dT

dV7
v2 = TT

dV1 dV2
V3 = "dF""dF

(35)

(36)

(37)

Equations 32 through 37 are coupled, nonlinear 

differential equations to be solved by a Runga-Kutta 

integration procedure. The following are needed as input:

Pj(t) = ventricular pressure simulated as shown 

in Figure 12 (equation and constants are 

given in Appendix 1).

v^(t=0) = initial volume of ventricle, from Guyton
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V2(t=0) = initial volume of atrium, from 
Guyton/48^

Rj = average systemic resistance calculated from 
known average flow rate (Guyton)C4^ and the 

assumption Pj=O (this is approximately the 

pressure in the right atrium at the end of 

the systemic circuit).

^2^2) = derived arterial compliance, Figure 9 

(equation and constants given in Appendix 1).

Using these resulting equations and input data, the 

parameters in the model (R^, R|, R2, Lj, l^) 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.

v i 2L.--- =■ = PC--PC- .+R1V.-R. v.1 dt2 1 1 1 1 X (38)

where v. = flow out of ventricle = i rate of change of

ventricular volume.

PCi = Pi+Pghi-

R^ = resistance of blood to longitudinal motion of 

ventricle wall.

= volume of ventricle.

P^ = pressure in chamber.

pgh^ = hydrostatic pressure.

R! = turbulence constant, i
= inertia of blood exiting ventricle.

b. Atrial valve open, ventricular valve closed.

dV
Ri-dF PCi-pCi-l (39)
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where = resistance of blood flow into ventricle.

dvi
—= rate of change of ventricular volume.

PCi = Pi+pghi.

P^ = pressure in chamber.

pgh^ = 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

P^pgh-CP-l + pgh^p = (41)

for the equation of blood flow between chambers.

. dV.P’ +P. -P- = RIH — iii i dt 

is the equation of transverse motion of blood and surrounding 

tissue for atrial, aortic, and ventricular chambers where

Here P^ = pressure in chamber.

pgh^ = hydrostatic pressure.

R^l = resistance to flow between chambers.
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v. i,v. = volumetric flow between chambers, i-1 ’ i
dvi

= rate of change of volume of chamber.

R'?"n = resistance to transverse motion of i
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 . Carbon dioxide is carried in u2
the blood as dissolved in the plasma, combined with water 

to form HCO^, and bound to the hemoglobin molecules within 

red blood cells. These will be lumped into a single 

concentration of carbon dioxide per unit volume of whole 

blood (Crn ). These concentrations may be represented in 
lu2

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 

a simple conversion factor of 22.41 relating

these two units for normal body temperature and pressure.

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.k J 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

ANg = [Cv]in-[Cv]out-D(P-P)

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

alveoli (in mmHg) adjacent to capillary chambers

[Cv]in ([Cv]out) = transfer rate of gas into (out of) 

chamber by blood flow (p moles/sec)

D = the diffusion coefficient in p moles/sec-mmHg

Ng = 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:

qAS 
£ (43)
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Conservation of mass of gas in vessel chambers

d Na = C,nvin-Couvouf-D (P-P) 

dt

FIGURE 14
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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.

The tissue chambers have an associated metabolic rate 

(M) for oxygen and carbon dioxide. The tissue chamber 

equations are therefore;

dN
= D(P-P)+M dt (44)

where = number of moles of gas in the tissue element

in

M = metabolic rate of appearance of ©2 or CC^

in p 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 oxygen, 

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 HCO^), the gas concentration of 

whole blood will be expressed differently. In addition, 

O2 concentration, CC^ 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 O2 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 bound to 

the hemoglobin. The number of moles of O2 dissolved in 

the plasma is directly proportional to the partial pressure 

of C>2 and the volume of plasma. This can be expressed in 

terms of the hematocrit, H, as follows:

^Plasma = (45)

1 plasmawhere Nnr 
u2

H =

number of moles of in the plasma
V. RBChematocrit = ---

plasma VRBC

V-n-on = volume of red blood cells

V , = volume of plasmaplasma r
Po = partial pressure of O2

an = solubility factor (related to the Bunsen U2
solubility coefficient in Appendix III).

volume of whole blood VRBC+Vplasma
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The number of moles of 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 bound to the hemoglobin in 

each chamber is expressed in terms of the saturation of

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

hemoglobin, Sn . This is the fraction of total O? saturation 
u2

of hemoglobin. Since 100% saturated blood contains .201 

(46)

in a chamber of blood volume V 

(47)

and for the

(48)

(49)

8.98 moles C^/ml blood

C0u2

N0u2

S0 u2

becomes for ,

concentration of C^,

This gives for the total number of moles of O2 in each

fraction of total O2 saturation of hemoglobin

a02^1 H)PO2+SO2e

where ^hemog-*- obin= number of moles of 07 bound to hemoglobin
O2 z

chamber, Nn , u2

Equation 42
dP07 dPC07

= kO2

N hemoglobin = 
u2 U2
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9S0?

where a = an (l-H)V+gVxp-^- (50)
2 °2

9SO?
b V (51)

C02
and

KO2 = [Co/lln"[Co2V10Ut"D(Po2'Po2)‘Co2^ C52’

(42) The expression to be used for Sn is the one by Gomezv J U2
(see Appendix 2). In the process of this calculation, an 

equation relating pH to the partial pressure of ©2 and 
CC>2 was necessary and the one used by Kelman^^) an(j West (44) 

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

of the calculated and measured S„ for two extreme Pm 
u2 lu2

values as a function of Pn .u2
For CO2, the total number of moles of CO2 in blood is 

written in terms of the concentration of CO2 which is a 

function of Pn and Prn . Figure 16 shows the comparison u2 cu2
of the calculated and measured concentration of CO2 in

volumes % for two extreme Pn values as a function of u2
P^q . The equation used to compute the concentration of 

CO2 is adapted from Kelman^^) anj West. (^4) (See Appendix 2).

where c
3Cco7
—- V dp

U2

For CO2, equation 42 becomes 
dP07 dPco7 

cV+d-dF = kco2 (53)

(54)
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and 
tz r r*  1 n r /-I i OU t /-i dV f r c.KC02 ~ [CC02V^ ■[CC02V^ "CCO2dt t56)

Equations 49 and 53 are solved simultaneously, yeilding 

dpo7 dKo7-bKco7
V ■ ad-bc t”)

iPC07 aKC07'cK07
- ad-bc I58)

These are solved simultaneously with the saturation function 

of 02, the concentration of C02, 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 1. From initial values of the 

partial pressures in all the model chambers, the concentrations 

of 02 and C02 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 dPco2

used to calculate and —jf-’ ^ourt^ order Hamming

predictor-corrector integration algorithm is used with a 

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 O2. 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

Clnv-C0Utv = D(P-P) (59)

and

C v-C v = +M (60)

where M = the metabolic rate of disappearance of or 

appearance of CC^ 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,!, is the figure 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. and CC^ 

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 II

Partial Pressures of Oxygen (mmHg)

Gordon^?) Guyton
Model 

(Steady State)

Model 
(passive 
breathing)

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)

Gordon^?) (49) Guyton'1
Model 

(Steady State)

Model 
(passive 
breathing)

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 Pn (Prn ) as u2 uu2 
45 mmHg (37.7 mmHg) and the difference between expired 

and average alveolar Pn (P„n ) as 16 mmHg (13 mm Hg). 
u2 lu2

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 alveoli 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 CC^ 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 CC^. 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 CC^ 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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TIME (sec) 
Partial pressures in selected model chambers with constant 

blood flow in response to sinusoidal alveolar variations.
FIGURE 21
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equilibrium. In short, more gas molecules flow out than 

in and thus a longer time is required to reach the lower 

values of partial pressure.

Finally, the sinusoidal fluctuation in the partial 

pressures of the alveoli are damped dramatically as the 

blood moves from one chamber to the next as shown in 

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

mixing in the model. In 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 

C>2 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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mm Hg

104 -

TIME (sec)
PC02

mm Hg

Partial pressures in selected model chambers with pulsatile 
blood flow and constant alveolar pressures.

FIGURE 23
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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 due to the greater diffusion 
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 ©2 

and CO2 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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Partial pressures of Carbon Dioxide in selected model chambers during passive breathing

FIGURE 25
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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, external body 

forces, arbitrary breathing maneuvers and gas concentration 

changes.

75
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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 

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.
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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

dV (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:

-jTT- = v. -v . dt in out d-2)
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n

i=l

where v.m

out v

•S I- i=l i

dpo dKom-bKom 
u2 _ 2 u2

dt m (ad-cb)

dPco2 dKco2"bKco2
dt m (ad-cb)

3S°2 
where a = a+g'-^p— 

°2

9S0?
b = 3Pco2

3^co7
3PO2 Co2 Y

3^co2
d = dPrn • pco9'y+sco7'Y LU “

dVKO2 = (Cv) in-(Cv) "Cm"dF

where (Cv)dn = \ (CCFL)T
i=l

(1-3)

d-4)

where (CCFL)j = Vj if Vj >_ 0

C v I -i
if Vj

i
0
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and (Cv)out = ? (CCFL)„
i=l ui

c0.v0. if v0. 0
where (CCFL) = 1 1 1

1 Vo. i£ VO. < 0

r = q • v. plco2 co2 t rco2

n, 1 1-zn 1 n~3 p moles=*  = 1-339 x 10 (ml) • (mmHg)

B = 8.98 P moles/ml

Y = 1 nn F moles
(ml)(mmHg)

The subscripts are defined in Table III.



TABLE III

Number of Number of
Chamber Connecting Connecting Connecting Connecting
Number links in links out Chamber Number "in" Chamber Number "iout"

m n 8 I. I, Ir Iz- I., 0, 0o 0o 0, 0,. 0o 0-,1 2 3 4 5 6 7 1 2 3 4 5 6 7
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

oo 
o
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Segment Equations

For all segments except 3 and 13,

MRivi = Pi+Pghi" (Pj + PShj)

where

M = in M / in

1 i 11 11
5 4 1 2 17 21
6 4 2 3 18 22
7 4 3 4 19 23
8 4 4 - 20 24
94 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,

M
7

dV. __ i 
dt

(Pi + pghp - (pi + 1 + Pghi + 1) -RiV-Rivf

(NOTE: = used in Chapter III)

Tissue Equations (same for all four tissue chambers)

dt do2(po?"xo?po7)"mo7
u L L L L
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dt DCO2(PCO2-XCO2PCO2)+MCO2

dpco—= Drr.(Prn-XrnPrn) dt CO CO CO CO

dP
= D (P -X P ) dt xv x x xv

Compliance Equation

V-V
Presently P^ = Pg + l/k In (1 - 224V-*

for chambers 1, 2, 4, 11, 12, 14, 19, 20, 21, 22, 23, 24

and P| = kCV-Vg) for chambers 3, 5, 6, 7, 8, 9, 10, 13, 

15, 16, 17, 18.



Segment 
No. (i)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

5 in
6 in
7 in
8 in
9 in

10 in
11 in
15 in
16 in
17 in
18 in

83

,mmHg , 
‘ml/sec'

.148 X is calculated from initial values of R and V

.00963 in the program using

.0024 o
0. = R-V
.294 9
.294
.294
.294

SEG. NC1. MZmHg .
Snl/sec''

R’ 
, mmHg

R
, mmHg . 
'‘ml/sec''(i)

' 2
(ml/sec)

.294

.294 2 - -7 0.

.033 3 1667. 3.0x10 0.

.019 4 - — .0136

.012 12 - 0.
0. 13 333. 1.5x10 0.
1.31 14 — — .068
.24

1.11
.9
.327
.12
.553
.45
.327
.0608
.588
.588
.588
.588
.588
.588

7.19
9.60
1.76
8.12
6.62
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Forcing Function Used in Simplified Model (Chapter III)

FF = [A/.0219+c"b]

where
•85(.t-tn) ? ,85(t-tn) 4A= [---- ------------------—0-]4

b . 749.(^)8/a8

where a = pulse duration = 0.4 seconds

tp = starting time of the pulse = -.057 seconds

Forcing Function Used in the Complete Model

FF = cre

where a = amplitude of the pulse
A = 1/2 (t-tp-a/2)4/a2

a = (a/4)2

a = pulse duration

tg = starting time of the pulse

(sec)
a 

(sec) (mmHg)

Rt Atrium . 26 .35 5.0

Rt Ventricle .43 .53 20.0

Lt Atrium .26 .35 15.0

Lt Ventricle .43 .53 110.0

t reset after 0 a time of 1/B where g = pulse rate = 70/sec



85

PC02 
mmHg)

po 
(mmHg)

pco 
(mmHg) (p moles/mmHg)

Dc0
(p moles/mmHg)

45.0
45.0

i 45.0
45.0

| 40.2
140.2 104. 40.0 4.96 99.3
40.2 104. 40.0 4.96 99.3
\40.2 104. 40.0 4.96 99.3
40.2 104. 40.0 4.96 99.3
40.2 104. 40.0 4.96 99.3
40.3 104. 40.0 4.96 99.3
40.3
40.3
40.3
45.0 36.8 50.2 6.44 3.17
45.0 36.8 50.2 35.2 17.3
45.0 36.8 50.2 7.63 3.75
45.0 36.8 50.2 9.38 4.62
45.0
45.0
45.0
45.0
45.0
45.0



TABLE IV
Constants and Initial Values

Chamber k P* T P0 V V0 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

86
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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:

CO2+H2O H2CO3

H2CO3 —H++HCOj

H++HbO2^ HHb++O2

CO2+HbO2^ HbCO2+O2

(2-1)

(2-2)

(2-3)

(2-4)

These reactions indicate that Carbon Dioxide can be found 

in the blood in four states: dissolved, or combined to 

form H2CO3, HCO^, or HbCO2. Reaction 2-2 goes so far to 

the right, however, that only a trace of H2CO3 remains and 

essentially all of the Carbon Dioxide can be found in one 

of three remaining states; normally 7% dissolved, 10%
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HzCOj, and 60-90% EbCC^) • ^9) The uptake of total 

COz in all forms by whole blood is found experimentally 
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 ©2 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 O2 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 CO2. Since all of these reactions are reversible, 

the CO2 dissociation is dependent in turn on pH and ©2 

concentration in the blood. One could write Cn (Pn Prn , u2 2’ 2
pH). These functional dependences are incorporated into 

the equation used to calculate ©2 and CO2 concentrations 

within the model.

pH is related to P-. and Prn in the following manner. 
u2 lu2 

From Reaction 202,

[Hh [HC03] = K' (2-5)
[H2CO3]
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and reaction 2-1

[H?O]-[CO?]
Ih2co3J = K" t2-6’

follows
[H+] [HCO‘]

ICO2J - K t2-7’

assuming the concentration of water to be constant. 

Rearranging

-log[H+] = logK+log([HCO"]/[C02]) (2-8)

or
pH = pK+log[HC03] (2-9)

[co2]

Since the dissolved C02 is proportional to the partial 

pressure of C02> P^q equation 2-9 becomes

[HCO‘]
pH = pK+log - p < (2-10)

C02

This relationship is plotted as shown in Figure 26a as 

isobars.
lu2

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 HCO^ 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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(«•), «M/|

b)

c)

The concentration of HCO" versus pH 3
r . FIGURE 26
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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 HCOj 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 bound to the hemo­

globin. These relationships can be expressed mathematically 

as

pH = m[HCO"]+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 CC^, 

hemoglobin concentration, and oxygen saturation of hemo- 
(43) globin. This relationship as approximated by Kelmank J 

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 is 

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

dx due to a concentration difference dC.
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(2-12)

where S is independent of concentration assuming the

diffusion molecules are very similar to the molecules

uniform concentration gradient in the capillary wall is

the rate of gas flow in or out of the blood isassumed,

(2-13)

£ = thickness of capillary wall.

of the partial pressuresThis can be written in terms

in the vessel wall by introducing the coefficient a

as

(2-14)

the partial pressures of gas in the

is defined as the ratio of concen-

within the tissue.tration to partial pressure

equilibrium at the wall faces,Assuming instantaneous

it follows that (see Figure 27)

(2-15)

dn
dt

dn
dt

where C w

-aP ) 
w2

through which diffusion occurs. This equation applies to

the blood-alveoli and blood-tissue interface. If a

P are
W1

where P and
w2

capillary walls and a

P = Pa w-jl

dn  AcdCdt "Abdx

si lljw1 w2

) = concentration of gas in capillary wall

-AS, n—n—(aP£ v w-^

2(Cwl
adjacent to the blood (alveoli or tissue)
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or vessel wall blood
tissue

Diffusion of gasses through vessel walls.

FIGURE 27
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P = P (2-16)a w2 

and

dn = aASj-p _p -j = D(-p _p . (2-17)
dt £ k a tr v a v J

where P^ and ?a are the partial pressure of gas in the blood 

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

D = (2-18)

is the diffusion coefficient used in our model. 

Part C

The Bunsen solubility coefficient, 3, is defined as 

follows

8 = ^4 C2"19)
s

where V = 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,

P V = nRT 0 0 o (2-21)

where Pq = 760 mmHg

T = 273 K o
n = number of moles of gas occupying a volume Vo

Substituting into Equation

ePo
RT o

n
Vs (2-22)

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

per volume of solvent, Equation 2-22 becomes

Thus a

BP _Op RT o
= C =

gPo
RT o

aP (2-23)

(2-24)



APPENDIX 3

This appendix consists of the empirical Oxygen 

saturation curve, Carbon Dioxide dissociation curve, and

their derivatives with respect to Pn and Prn . Note that 
u2 lu2

definitions of symbols carry throughout this appendix.

Oxyhemoglobin Saturation,

S = °2 1+V

2 3where U = .925V+2.8V +30V

V = CP0u2
C = 5.727xl0"3z+4.273x10

z = exp[(pH-7.4)•1.812]

and pH = 7.59+y-.2741 In Prn /20.0 
lu2

where y = .045i(l-Sri )u2

Sn and u2
pH are dependent on another and are calculated

with Pq > cu2 as inputs by the two step iterative procedure

given below;

set y = 0.0 

calculate pH

96
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calculate Sn
u2 

recalculate y 

calculate pH 

calculate SnU2

Concentration of Carbon Dioxide Crri 
lu2

C = S . PLC02 dC02 C02

where Srn = (1-H)«C +H-d,-CC(J2 P 1 p

H = hematocrit = .45

Cp = 0.0307-(1+Y*)

Y' = exp[2.3961-pH-14.7162]

dl = d2+^d3’d2^ ' ('1'S02'1

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

3 Sq2
dPO^

8S°2 , AiC

apo2 (1+V)2+A2

A2 = .045A3

A3 = Al'P0 ’ (-010377)‘z
2A1 = .925+5.6V+90V
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Rate of change of the Oxy-Hemoglobin Saturation 3Sq
Function with Respect to the Partial Pressure u2
of Carbon Dioxide, 3Pm

9SO2 -A3*.2741  1
3PCO2 (1+V)2+A3-.045 PC02

Rate of Change of the Concentration of 3Crr) 
Carbon Dioxide with Respect to the" u2
partial Pressure of Oxygen, 9Pn

u2

9Cco2 9Sco2
■5P^" " PC02

where 9^CO2
= (l-HjC^+Hd-Cp+Hd^

°2

C^ = .0307Y*

Y = 2.396-6’'Y*

d' = d’.Cd’-dpci-So^^-d^c-s^)

d^ = -.2913b'

d^ = -,2275b'

b' -.045
dSo2

u2
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aCco2
3PCO2

Rate of Change of the Concentration of 
Carbon Dioxide with Respect to the" 
Partial Pressure of Carbon Dioxide

pco2
acco7 9Sco?

Q +____ ~L
C02 9PCO2

where Sc02

9Pco2 (l-HJCp+H-^.Cp+H.d^Cp

Cp = .0307f

f = 2.3961-Y’-b

dl d2+^3"a'2^1"SO2') " t-d3"d2^)9P 
3S 
u2
C02

d2 = -.29135" 

d3 = .2275b

b =
3S°2

-.OASg^ -. 2741/Prr)
9PCO2 C02



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 1.0. 

Subroutines of BMAIN

BDRIVS--calculates flows, derivatives of volumes, 

and controls the leg valve. 

RESIST--calculates resistance of all segments.
2 Options available are LOPR=neg makes R = k/(V +V).

This is to model non-Newtonian flow in the capillaries 

if desired. Not presently in use.

LOPR = 0 makes R = constant
2 LOPR = pos. makes R = d/V in accordance with

the Poiseuille-Hagen law.

PHEART--Calculates the forcing function of the heart. 

PCHART--calculates pressures and valve dispositions 

within the heart.

100
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The order of calculation within the program.

Figure 27
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SKON--calculates compliance pressures. Options 

available are LOPP1 = 0 means compliance constant. 

LOPP1 / 0 makes compliance a function of volume. 

(See Appendix 1)

NAMING AND RUNGE--calculates advancement of all 

independent variables in time.

Calling structure:

BMAIN

PHEART RESIST SKON BDRIVS HAMING RUNGE

SKON PCHART

BCG--program of gas exchange with constant blood flow

BCG--(Same as BMAIN)

Subroutines of BCG

BCDRIV--calculates derivatives of tissue concen­

trations. Options are;

LOPGS = 1 execute for only the gases ©2 and 

C02
LOPGS = 2 execute for only the gases ©2, 

and X

LOPGS = 3 execute for only the gases X 

LOPGS = 4 execute for only the gases ©2, 

and CO
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LOPGS = 5 execute for all the gases

CO, and X where X is one or more gases that do 

not bind to hemoglobin
O2DRIV--calculates the , ^COz) and ^PCO for all  

dt dt dt

chambers. (■ is not calculated if LOPGS.LT.4).

(is notfor all chambers

all chambers.GFLTST--calculates K 
u2

SATUR-- calculates S„U2
dS
__U2 
dPc02

dx XDRIV--calculates the -tt- dt
3, or 5)
/S°2 

2

dCCO2

dPc02

called unless LOPGS = 2

and Krn for 
lu2

CC0 d^co
lu2, and

dP0U2

FLTEST--determines the direction of flow and (Cv)in
and (Cv)out for each chamber

Calling Structure

BCC

BCDRIV Subroutines 
of 

BMAIN

O2DRIV 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.

MAIN--controls the execution of the blood program 

(BCMAIN) and lung program (LMAIN) so that they may 

be executed with different time steps and durations. 

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

BCMAIN LMAIN BLCONV LBCONV
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10C SUbROUTlNii MAIN
20 INTEGEH HAWING, OPT1, OPT2, FBOPT
30 IMPLICIT REAL*o  (A-H.O-Z)
40 HEALTH LA1-1BO2 , LAHBC2, LAMBCO, LAMBX, LC02 , LCC2 , LCuO, LCX, METO2, MC.TC2
50 & , N, h'rt
DO DIMENSION H(24),FKDA(24),PP(24),V(21|),VO(24),h(24),DV(2H) , 
70 1VEL0W(24),VFLlN(1b),R1N(18),PC(24),P(2M)
60 DIMENSION ECTB(oo),DFCTB(d6),t’CTSB(86,4),DFCTSB(b6,3),TEB(oO) 
90 DIMENSION GP02(24),GPC2(24),GPC0(4ti),GPX(1,24),CT02(4),CTC2(4), 
100 1CTC0(4) ,C'iX(1,4) ,DIFb2(10) ,DIFC2(10) ,D1FCO( 10) ,D1FX(10),CPh(24),
110 2LC02(6) ,LCC2(o) ,LCCO(u) ,LCX(1 , o),CSAT02(24), CSA'iC2(24 ) ,DGPu2(24) ,
120 3DGPC2(24),DGPCU(4D),DGPX(1,24),AX(1)
130 DIMENSION DCTO2(4),DC1C2(4),DCTC0(4),DCTX(1,4),1^102(4),hL102(4) 
140C THIS DIMENSION STATEMENT IS ONLY LN B?iAlN
150 DIMENSION TE(b2), FCT(62), ECTS(62,4), DFCT(62), urCTS(62,j) 
160 COMMON C(12,4), DC(12,4), CT(12), Cv»(12), DCh(12), DCv.uP(12),
170 & F(12), G, GS, NG, DNT(12), NW(12), DNW(12),PhD(12), PLS,
IbO A DPbS, PELALV(6), DPELAL(6), PELDA, DPELLA, FELIX, DPilLTX ,
190 & PG(6), DPG(6), PGAb, DPGAB, PPL, DPS(6), DPS2,
200 & S(4), T, DT, 1N(12), TOTN(12),VHD(12), Vo, VLUNG,
210 & SCT(12), l?(12), HDT
220 CGMi-iOn /nhl/KiTlb
230 COrihON /LiCiV 'it,Tr<AXB
240 COiLr-Ui.' /LMN/ KNT
250 COMMON /CMN1/V,VP2,VP3,VP4,VP12,VP13,VP14,GPO2,01'02,
2o0 A-GPC2,CTC2 
270 COrtMOii /Chw1T/GPC0,CTC0,GPX,CTX 
2b0 COMMON /ChLP/DV,DVP2,DVF3,DVP4,DVP12,DVP13,DVP14,DGPu2,DoT02, 
290 1DGPC2,DCTC2 
300 Common /CnN2T/DGPC0,DCIC0,DGPX,DCTX
310 COMMON /bLKI/ N(12,3), VTX, VALV(o), PALV(b), Sv.(l2), VSFri
320 CuEnON /bLK2/ DN(12,3), DVTX, DVALV(6), DPALV(o), DbV.(12),
330 eQOIVALEwCo (V,FC1B,FCTSB),(DV,DFCTB,DFCTSB)
340 & ,(N(1), FCT(1), FCTS(1) ), (Dn(1), lPC1(1), bl01:.:(1 j )
350C FCTb(v=24,VP=o,C=24,CT=4)
360 HEAD (5,2) KNTTST,CONV,H1C
370 2 FORMAT (x5,2E10.3)
300 CALL BCEAlN(LDU?iMY)
3y0 CALL LMAIN(LDUMMY)
400 CALL LbCONV(RTC)
410 IF (KNTTST.LT.0) GO TO 100
420 10 CALL BCMN1 (LDUMi-iY)
430 CALL LLCGNV(CoNV)
440 CALL LnNI(LDUMMY)
450 CALL LBCONV(RIC)
4o0 20 CONTINUE
4/0 IE (T-TB.LT.1.E-U4) GO TO 35
460 IF (KNTB.GT.3) CALL BCMN3(LDUMMY)
490 IF (KNTb.LE.3) CALL BCMN2(LDUMMY)
500 30 CALL BLCOKV(CONV)

ready
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510 IF (IB-T.LT.1.E-04) 30 TO 45
520 35 CONTINUE
5jO IF (KNT.GT.3) CALL LMN3(LDUMMY)
540 IF (KNT.LE.3) CALL LMN2(LDUMMY)
550 40 CALL LBCONV(RTC)
560 45 IF (TB-TMAXB) 20,50,50
570 50 CONTINUE
560 CALL LMN4(LDUMMY)
590 100 CONTINUE
600C REVERSE ORDER OF CALL BCMN AND LMN'S AND ADJUST KNTIST
6IOC STATEMENTS FOR NEG. KNTTST.
620 STOP
630 END
640 SUBROUTINE LBCONV(RTC)
650 IMPLICIT REAL*d  (A-H,O-Z)
660 REAL*S  LAME02,LAI1BC0,LAMBX,LC02,LCC2,LCCO,LCX,METO2,MtTC2
670 & ,N, NU
06O COMMON /AVE/ PPAVE
690 COMMON /BLK1/ N(12,3), VTX, VALV(6), PALV(6), Sn(12), VSPR
700 COMMON C(12,q), DC(12,4), CT(12), CW(12), DCN(12), DCNDP(12),
710 & F(12), G, GS, NG, DNT(12), NW(12), DNW(12), P(12), PBS,
720 & DPBS, PELALVCo), DPELAL(6), PELDA, DPELDA, PELTX, DPELTX,
7j0 & PG(b), DPG(b), PGAB, DPGAB, PPL, DPS(6), LPS2,
740 & S(4), T, DT, TN(12), T0TN(12), V(12), VD, VLUNu,
750 & SQT(12), DP(12), HOT
760 COMMON /BCMBLK/ R,FKDA,PP,VO,A2DM2,A2DM3,A2DM4,ABDwIB,A2DM13,
770 1A2DM14,h,RHO,GHOLD,RIN,PHOLD,PC
760 COMMON /BC0NLY/LC02.LCC2,LCCO,LCX
790 DIMENSION R(24),FKDA(24),PP(24),V0(24),H(24),DV(24),
BOO 1VFL0N(24),VFLlN(1b),R1K(16) ,PC(24)
610 DIMENSION LC02(6),LCC2(6),LCCO(o),LCX(6)
620 DIMENSION PH0LD(24)
630C WARNING...THIS DIM IS IN THIS SUBROUTINE ONLY
640 DO 10 1=1,b
650 LCO2(1)=C(1+6,1)*KTC
bbO LCC2(l)=C(I+b,2)^610
670 PP(l+4)=PALV(l)-7bO.
680 10 CONTINUE
09O PPAVE=PPL+(PG(3)+PG(4))/2.-760.
900 RETURN
910 END
920 SUBROUTINE BLCONV(CONV)
930 IMPLICIT REALES (A-H,O-Z)
940 REAL*6  LAMBO2,LAMEC2,LAMBCO,LAMBX,LC02,LCC2,LCCO,LCX,METO2,METC2
950 COMMON /CMN1/V,VP2,V?3,VP4,VP12,VP13,VP14,GP02,CTO2,GPC2,CTC2
960 common /cmnit/gpco,ctco,gpx,ctx
970 COMMON /BC/LAMBO2,LAMBC2,LAMBCO,LAMBX,A02,AC2,AC0,AX,HEMAT,D1F02,
960 1D1FC2,DLFCO,DIFX,CPH,CSAT02,CSATC2,METO2,METC2
990 COMMON /BC0NLY/LC02,LCC2,LCCO,LCX
1000 COMMON /BLK12/ DIFF(6,3)

ready



1010 
1020 
1030 
1040 
1050 
ICoO 
1070 
WoO 
1090 
1100 
1110

ready 

*

10 
20 
30 
40 
50 
dO 
70 
00 
90 
100 
110 
120 
130 
140 
150 
160 
170 
loO 
190 
200 
210 
220 
230 
240 
250 
2o0 
270 
260 
290 
300

ready
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DIMENSION V(24),METO2(4),M£TC2(4)
DIMENSION GP02(24),GPC2(24),GPCO(48),GPX(1,24),CT02(4),CTC2(4 ), 
1CTC0(4),CTX(1,4),D1FO2(1O),D1FC2(1O),D1FCO(1O),D1FX(10),CPH(24), 
2LC02(o),LCC2(6),LCC0(6),LCX(1,6),CSAT02(24),CSATC2(24 ),DGPO2(24), 
3DGPC2(24),DGPCO(48),DGPX(1,24),AX(1)
DO 10 N=1,6
D1FF(N,1)=DIFO2(N)*(LCO2(N)-LAMBO2*GPO2(N+4))*CUNV
D1FF(N,2)=D1FC2(N)* (LCC2(N)-LAMBC2kGPC2(N+4))»CONV

10 CONTINUE
RETURN
EnD

SUBROUTINE LMA1N(LDUMMY)
INTEGER BASING, 0PT1, 0PT2, FBOPT
IMPLICIT REAL*o(  A-H, O-Z )
RiiAL*o  N, Nk
REAL*4  A, B, k, TIN, TEX, Y1, Y2, FRCP, VMAX, VM1N, PDAG,

i FCTN, FCTN2, Y3, Y4, TB, PB, PDIN, PDuX, G1, G2, G3, G4,
& Pl'XG, PTX1N, PTXEX, PCALC, CTCALC, VLD1F, PHOT, ASUS, PV,
& REb, PPLC, ASUS1 , AkSUM, AkSUpil , HTOl, '10, 12, TTtJ'l 
DIMENSION Tb(o2), FCT(62), FCTS(62,4), DFCT(62), DFC1S(62,3) , 
& PRC1(12,4), ASUM(4), PV(12), RES(12), PPLC(j), PSAVE(b)
DIMENSION ASUMK4)
COMMON /LMN/ KNT
COMMON /BLK1/ N(12,3), VTX, VALV(6), PALV(6), Sk(12), V8PR
COMMON /BLK2/ DN(12,3), OVTX, DVALV(6), DPALV(6), D3k(12), DVSPR
COMMON /BLKu/ B(6,12), FS(12), RA(12), RB(12), k(12), DIM
COMMON /BLK4/ TIN, TEX, PDIN, TB, Y1, Y2, Y3, X4, P1X1N, PTXEX,

& PDEX, PDAG, PTXG, TO, 12, PB, FCTbT, FSPRo, 1'1 EST
COMMON /BLK5/ A(T,8)
COMMON /BLK// PCALC(12), CTCALC(12), VLD1F
COMMON /BLK6/ PHI, GF, GR, GT, GO, HP, PIE, ANG1, ANG2, Pni1, PH12
COMMON /BLK10/ PGAV, DPGAV, PGAVb, DPGAVB
COMMON /BLK11/ PTX, DPTX, PD, DPD, G1, 02, G3, 04, FBOPT
COMInON /BLK 12/ DIFF(6,3)
COMMON C(12,4), DC(12,4), CT(12), CW(12), DCvMlZ), DCWDP(12),

& F(12), G, GS, NG, DNT(12), Nk(12), DNk(12), P(12), PBS,
& DPBS, PELALV(6), DPELAL(6), PELDA, DPELDA, PELTX, DPELTX,
& PG(o), DPG(6), PGAB, DPGAB, PPL, DPS(b), DPS2,
& S(4), T, DT, TN(12), T0TN(12), V(12), VD, VLUoG,
& SQT(12), DP(12), hDT
EQUIVALENCE (N(1), FCT(l), FCTS(1) ), (DN(1), DFCT(1), DFCTS(I) )
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310 DATA PIE, HP / 3.141592654 DO, 1.57079632/ DO /
320 REMIND 12
330 UNSTAb = 0.
340 NF = 62
350 NG = 3
3b0 TO = 0.
370 DO 50 K= 1,4
3ti0 DO 50 0= 1 ,NF
390 IF ( K - 4 ) 49, 50, 50
400 49 DFCTS(J,K) = 0.
410 50 FCTS(J,K) =0.
420 READ(5,2008) 0PT2, KPR1NT
430 2008 F0HMAT(214)
440 READ(5,2000) T, DT, TMAX, TIN, TEX, INT, UPT1, Tt-iP, TriPS
450 2000 FORMAT ( DIO.5, DIO.8, DIO.5, 2F10.5, 213, 2D6.1 )
460 DIM = DT
4/0 1NTS = INT
4d0 READ(5,2003) PPL, PDEX, PTXEX, RG, VD, Y1, Y2
490 READ(5,2004) PTXG, DPTXG,
500 & PDAG, DPDAG, VTX, VMAX, FCTN
510 READ(5,2001) VM1N, FCTn2, Y3, Y4, TB, Pb
520 2001 FORMAT ( 7F1O.4 )
530 2003 FORMAT ( 5D10.4, 2F10.4 )
540 2004 FORMAT ( F10.4, DIO.4, F10.4, 2D10.4, 2F10.4 )
550 READ(5,2010) V
5oO READ(5,2010) ( P(J), 0= 1,12 )
570 READ(5,2002) ( ( PRCT(1,J), I = 1, 12 ), J = 1, 4 )
580 2002 FORMAT ( OF10.4 )
590 READ(5,2001) ( ( b(l,J), 1=1,7), 0= 2,12 )
600 READ(5,2001) A
610 DO 5 1=1,8
620 A(4,l) = A(4,l) - .1D-0
630 A(j,l) = A(3,D + .W-d
640 5 A(6,l) = A(1 ,1) * HP
650 2005 FORMAT ( 3D10.O, 13 )
660 READ(5,2006) (h'(J), 0 = 1,12)
670 READ(5,2009) (FS(O), 0=1,12), F(1)
680 2006 FORMAT ( bEIO.j )
690 READ(5,2005) PH11, PHI2, GF, FBOPT
700 2010 FORMAT ( 6D10.4 )
710 2009 FORMAT ( 7D10.4 )
720 WR1TE(6,2OO7)
730 200/ FORMAT(1H1)
740 kRITE(6,4001) T,DT,TIN,TEX,INT,OPT1,TMP,IMPS,PPL,PDEX,PTXEX,RG,
750 & (0,0 = 1 ,6) ,VD,Y1,Y2,PTXG,(V(0),0 = 1,6),(0,0=1,12),(P(0),0 = 1,12),
760 (0,0 = 1 , 12) ,(0,(PRCl(l,0),I=1,12) ,0 = 1 ,4), (0,0 = 1 ,7),
7/0 & ((B(1,O),1=1,7),0=2,12),(0,0=1,7),A,
780 & (k(0), 0=2,12), PH11, PHI2, GF, Y3, Y4, TB, VMAX, FCTN,
790 & VM1N, FCTN2
800 4001 FORMATdH , 10X, 'T' ,8X, 'DT*  ,7X, ’TIN’ ,7X, 'TEX’ ,7X, 'iNT' ,7X, '0PT1 ' ,

ready



810 & 6X,'TMP'.TX,'TUPS',6X,'PPL1,6X,'PDEX ',5X,'PTXEX',bX,'fiG',//,
820 & bX, 2E10.3, 2(F7.3,3a),2(2X,15,dX),
830 & 6(F7.3,3X),///,9X,'VD',bX,'Y1',dX,'Y2',7X,'PTXG',7X,
840 & b('V(',11,')',oX),//,6X,10(F7.3,3X),///,bX,12('P(',12,')',5X),
830 & //,oX,12(F7.3,3X),///,2X,'PRCT',3X,12(12,bx),//,4(3X,11,2X,
8b0 & 12(F7.5,3X),//),/,5X,'B',8X,7(11,9X),//,3X,'(12)',4X,Y(F7.3,
870 & 3X),//,3X,'(23)*, IIX,7(F7.3,3X),//,3X,'(24)',4X,7(FY.3,3X),//,
8b0 & 3X,'(35)' ,4X,7(F'7.3,3X),//,3X,'(46)',4X,7(F7.3,3X),//,3X,'(3/)
890 & ',Y(F7.3,3X),//,3X,'(4d)',4X,7(FY•3,3X),//,3X,'(59)’,4X,7(F7.3
900 & 3X),//,2X,' (610)' ,4X,7(F7.3,3X),//,2X,' (bl 1)' ,4X,7 (F7.3,3X),
910 & //,2X,'(b12)',4X,7(FY.3,3X),///,7X,7('A(',11,')',bX),//,c(5X,
920 & 7(Fo.4,2X),//) ,/,7X, 'W12' ,8X,' W23' ,8X,' V.24' ,dX, 'V.35' ,bX,' ' ,
930 & dX,'h3Y' ,0X, 'VWO' ,bX, 'W59' ,7X,'IwlO' ,7X,'(til 1' ,7X,' V.612’,//,
940 & 5X.11(E10.4,IX),///,7X,'PHI1’,7X,'PH12',,7X,'GE',oX,'Y3',8X,
950 & 'Y4',bX,'Tb',6X,*VHAX',bX,'FCTN',6X,'VMIN',bX,'FCTN2'//
960 & 5X,FY.3,3X,F7.3,3X,F7.2,7(3X,FY.4),/// )
970 51 CONTINUE
9dO DO 55 1 = 1,4 
990 55 S(l) = 0.0
1000 TMAX1 = TMAX + DT / 2. 
1010 G = TMP k RG 
1020 GS = TriPS * RG
1030 31 = 0.84791 / ( G*G  )
1040 G2 = 0.018015 / G
1050 G3 = 47.067/ G
1060 G4 = 1 ./ G
10/0 Phil = Phil * PIE / 180.
1080 PH12 = PHI2 * PIE / IbO.
IDyOC 
1100 CALL PGRAV ( PBS, PGAB, PG, DPBS, DPGAB, DPG )
1110 PTX = PTXG * GT
1120 PD = PDAG * GD
1130C 
1140
1150C
IloO
1170C
11 CO
1190 
1200C 
1210 
1220
1230 
1240C 
1250 
12o0
12/OC 
12b0 
1290 
1300

57 CONTINUE

CALL PMAX ( FRCP, VrilN, PG, PBS, GT, GD, PGAB, 
.& FCTN2, VTX, VD, PPL, VA )

CALL PMAX ( FRCP, VMAX, PG, PBS, GT, GD, PGAB, 
& FCTN, VTX, VD, PPL, VA )

FRCP = FRC2 ( VA, VTX, PD, PTX )

IF ( ABS( VM1N ). LT. 0.0001 ) GO TO 57

PTXEXS = PTX1N
PDEXS = PD1N

IF ( TIN. LE. 0. ) CALL SUB3( V )
VSPR = V(1)
DO 60 J = 1,6

ready
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1310 K = J+b
1320 PSAVh(J) = P(J)
1330 PALV(J) = P(K)
1340 60 VALV(J) = V(K)
1350 PPLC(I) = PPL + PG(1)
1360 PPLC(2) = PPL + PG(j)
13/0 PPLC(3) = PPL + PG(5)
13o0 WRl'lL (6,99b) GR, PPL, PPLC(2), VLUNG, VTX, VD, VALV
1390 996 FORMATdH .MX.'GR', 6X, 'PPL’, 7X, 'PPLAVG', 6X, ’VLUNG’, oX,
1400 4 'vrx', yx, 'vo', ux, ’valv, //,
1410 & IX, F5.1, IX, 2F12.6, 9F11.7, /// )
1420 VLD1F = VLUNG - VIX - VD
143OC
1440C IF ( FBOPT. EQ. 11 ) CALL PChK( VMIN, VMAX, FRCP, FCIN,
1450C & FCIN2, VLD1F, PGAB )
14bOC IF ( FBOPT. EQ. 10 ) CALL FCHK( T, FSPR, DT )
147OC
1460 TOTN(I) = P(1)*V(1)/GS
1490 Ck(1) = 31.d * DEXP( O.OIti * ( P(1) -760. ) / GS) / GS
1500 Nk(1) = CkCD^'Vd)
1510 Tn(1) = IUTN(1)-NW(1)
1520 DO 70 1=1, NG
1530 Nd,l) = TN(1) * PRCT(1,I)
1540 70 C(1,l) = N(1,l) / V(1)
1550 PV(1) = P(1) * V(1) / ( T0TN(1) * GS)
15o0 DO bO 0=2,12
15/0 TOTN(J) = P(J)*V(J)/G
15o0 Cw(J) = G3 * DEXP( G2 * (P(J)-760.) )
1590 NW(J) =CW(J)*V(J)
1600 TN(J) = TOTN(J)-Nw(J)
1o10 PV(J) = P(J) * V(J) / ( TOTN(J) * G )
1D20 Du 60 1=1, NG
1630 N(J,1) = TN(J)*PRCT(J,1)
1640 60 C(J,1) = N(J,1)/V(J)
IodO 3011 FuRi-lAT( //,1H ,4(5X, 6(E17.11), //) )
1b60 DO 15bO I = 1,NG
1670 1560 ASUMI(I) = 0.
l6d0 AkSUMI = 0.
1b90 DO 1565 0= 1,12
1700 AfcvSUMI = AWSUM1 + NW(J)
1710 DO 1565 1= 1,NG
1720 1565 ASUI-il(I) = ASUMI(l) + N(J,I)
1730 HDT =: DT/4 •
1740 CALL FLOh ( 1, 2 )
1/50 CALL FLOW ( 2, 3 )
17 oO CALL FLOW ( 2, 4 )
17/0 CALL FLOW ( 3, 5 )
17o0 CALL FLOW ( 4, 6 )
1790 CALL FLOW ( 3, 7 )
1600 CALL FLOW ( 4, 8 )

ready

*
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1610 CALL FLOW ( 5, 9 )
1620 CALL FLOW ( b, 10
1630 CALL FLOW ( 5, 11
1o40 CALL FLOW ( b, 12
1650 90 KNT = 0.
IbuO DO 100 K = 1, NF
1o?0 FCTS(K,4) = FCT(K)
IboO 100 TE(K) = 0.
1090 WRITE(6,2007)
1900 RETURN
1910 ENTRY LMNI(LDUMMY)
19200
193OC $44 RUNGE-KUTTA INTEGRATION SECTION $$$
19400
1950 M = 1
I960 110 CALL DERIVSC 0PT1, 1, PSAVE )
19)0 1E( T. LT. 1.0-6 ) GO 10 151
19dO 111 IF( Ii. EQ. 5 ) GO TO 130
1990 120 CALL RUNGE( NF, FCT, DECT, T, DT, M, HOT )
2000 DTM = HOT * 2.
2010 CALL PAKilS2( VA )
2020 Pi = M + 1
2030 GO TO 110
2040 130 KNT = KNT + 1
2050 i-1 = 1
20o0 K = 4 - KNT
20/0 HOT = DT/2.
2030 IF( K. EQ. 1 ) GO TO 150
2090 DO 140 J= 1,NF
2100 FCTS(J,K) = FCT(J)
2110 140 DFCTS(J,K) = DFCT(J)
2120 150 DO 155 J= 2,12
21j0 155 FS(J) = F(J)
2140 DO 154 JPS = 2,6
2150 154 PSAVE(JPS) = P(JPS)
21o0 1NT = 1NTS
2170C IF ( I. LT. .15 ) 1NT = INTS / 10
2160 IF ( 1NT. EQ. 0 ) 1NT = 1
2190 152 IF ( KNT/INT * 1NT .NE. KNT ) GO TO 190
2200 151 CONTINUE
2210 CALL SUB2( ASUM, ASUM1, AWSUM, AWSUM1, RES, PV, RTOT, PPLC )
2220 IF( KPR1NT. NE. 1 ) GO TO 153
2230 WRITE(b,3006) KNT
2240 wRlTE(6,3OOO) T, VTX, DVTX, VD, VSPR, DVSPR
2250 WHlTE(b,3001) ((N(J,I), J=1,12), (DN(J ,1) ,J = 1 ,12), (C(J,I),J = 1 ,12),
22o0 & (DC(J,I),J=1,6),1=1,NG )
2270 WR1TE(6,3002) NW, DNW, CW, (DCW(J),J=1,6) , (PCALC(J),J = 1,u) ,
22o0 & P, DP, VALV, DVALV, F, DCWDP
2290 WRITE(6, 1) PELALV, S, PELDA, PELTX, PTX,
2300 & PD, PG, PGAB, PPL, PPLC, VLUNG, RTOT, ASUP1( 1), ASUM(2), AUSUFi

ready
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23W WRIIE(6,3009) DNT, CTCALC
2520 153 CONTINUE
2330 WH1TE(12,31OO) T, VSPR, PPL, PPLC, RTOT, VLUNG, V1X, VD,
2340 i PTX, PD, VALV, PELALV, PELTX, rELDA
2350 3100 FORMAT( 1OE14.7 )
2560 WR1TE(12,31OO) P, F, RES, RA, NW, CW, CT,
2370 4 ( (N(J,I),J = 1,12), (C(J,I),J=1,12), 1 = 1,NG )
2300 3000 FORMATC IB , 4X, 'T=', 6E13.6 )
2390 j001 FURMAT( IB , 3( 2( 6E13.6,/), ) 6E13.6 )
2400 3002 FORMAT( IB, 7( 2( 6E13-6, /) ), 2( 12E10.4, /) )
2410 3009 FORMATC IB , 2( /, 5X, oE13.b ) )
2420 300b FORMATC IX, 'KNT = ', lb )
2430 1 FORMATC IB , 10E13.6 )
2440 1FC T. LT. I.D-o ) GO TO 111
2450 190 CONTINUE
2460 RETURN
2470 ENTRY LMN2CLDUM1-.Y)
24d0 IF ( KNT. LT. 3 ) GO TO 120
2490 IFC0PT2. LI. 1 ) GO TO 1000
2500C
2510C CALL NAMING PREDICTOR OR CORRECTOR $$$
2520C
2530 TTESTO = TTEST
2540 DIM = BDT « 2.
2550 MTEST = HAblNGK NF, FCTS, DFCTS, T, DT, IE )
25o0 500 MTEST = BAM1NGC NF, FCTS, DFCTS, T, DT, TE )
2570 CALL PARMS2C VA )
2500 IF ( T. GT. TIN - .001 ) PDEX = PDEXS
2590 IF C I. GT. TIN - .001 ) PTXEX = PTXEXS
2o00 CALL DERIVSC 0PT1, MTEST, PSAVE )
2o10 IF( MTEST. EQ. 1 ) GO TO 500
2620 KNT = KNT + 1
2ud0 DO 50o J= 2,12
2640 506 FS(J) = F(J)
2650 FSPRS = FS(2)
2o60 DO 501 JPS = 2, 6
2670 501 PSAVE(JPS) = PCJPS)
2boO IF ( P(9). LT. 050.0. OR . P(9). GT. 850.0 ) GO TO 502
2u90 IF ( P(4). LT. 050.0. OR . PC4). GT. 850.0 ) GO TO 502
2700 GO TO 503
2710 502 EnD FILE 12
2720 UNSTAB = 10.
27 aO KPR1NT = 1
2740 GO TO 510
2750 503 CONTINUE
2760 INT = InTS
2770C IF ( T. GT. TO. AND. T. LT. TO + .15 ) INT = INTS / 10
27o0C IF ( T. GT. T2. AND. T. LT. T2 + .15 ) INT = INTS / 10
2790 IF ( INT. EQ. 0 ) INT = 1
2000 IF (KNT.LT.1000) GO TO 600

ready
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2810 505 IF ( KNT/INT * 1NT . NE. KNT ) GO TO 600
2820 510 CONTINUE
2830 CALL SUB2( ASUM, ASUM1, AWSUM, AkSUMI, RES, PV, RTOT, PPLC )
2840 IF( KPR1NT. NE. 1 ) GO TO 515
2850 WRITE(6,3006) KNT
2oo0 NRlTE(6,3000) T, VTX, DVTX, VD, VSPR, DVSPR
2870 WRITE(6,3001) ((N(J,I),J=1,12), (DN(J,1) ,J = 1 ,12), (C(J,1),J = 1,12),
2880 & (DC(J,I),J=1,o),1=1,NG )
2890 WRITE(b,3002) NW, DNk, CW, (DCW(J),J=1,6), (PCALC(J),J = 1,o) ,
2900 & P, DP, VALV, DVALV, F, DCWDP
2910 WRITE(6, 1) PELALV, S, PELDA, PELTX, PTX,
2920 & PD, PG, PGAb, PPL, PPLC, VLUNG, RTOT, ASUrt(1), ASUM(2), AhSUrt
2930 WRlTE(b,3009) DNT, CTCALC
2940 1F( UNSTAB. GT. 5. ) STOP 2
2950 515 CONTINUE
2960 WK1TE(12,31OO) T, VSPR, PPL, PPLC, RTOT, VLUNG, V1X, VD,
29/0 <1 PTX, PD, VALV, PELALV, PELTX, PELDA
2900 WRITE(12,3100) P, F, RES, RA, NW, Ch, CT,
2990 & ( (N(J,I),J=1,12), (C(J,I),J=1,12), 1=1,NG )
3000 oOO CONTINUE
3010 625 CONTINUE
3020 T'lESTO = TTEST
3030 RETURN
3040 ENTRY LMN3(LDUMMY)
3050 IF ( T - TMAX1 ) 500, 1000, 1000
3060 1000 CONTINUE
30/0 RETURN
3080 Entry LMN4(LDUMPiY)
3090 T = 0.0
3100 WR1IE(12,31OO) (T,1=1,10)
3110 END FILE 12
3120 WRITE (6,9999) T
3130 9999 FORMAT (' LUNG PROGRAM HAS ENDED AT TIME=',F10.5)
3140 RETURN
3150 END

ready
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10 SUBROUTINE DOMAIN(LDUMMY)
20 INTEGER HAM1NG
30 IMPLICIT KEAL*d  (A-H,O-Z)
40 REAL»o LAMB02,LAMBC2,LAMBCO,LAMBX,LC02,LCC2,LOCO,LOX,METO2,METC2
50 COMMON /BCM/ TB.TMAXB
60 ' COMMON /BCMBLK/ R,FKDA,PP,VO,A2DM2,A2DM3,A2DM4,A2DM12,A2DM3,
70 1A2DM14,H,RHO,G,RIn,P,PC
80 COMMON /RP/ RP3,RP13
90 COMl’-iON /SK/ TAU,P0,P1
100 COMMON /CMN1/V,VP2,VP3,VP4,VP12,VP13,VP14,GPO2,CTO2,GPC2,CTC2 .
110 COMMON /CMN1T/GPC0,CTC0,GPX,CTX
120 COMMON /CMN2/DV,DVP2,DVP3,DVP4,DVP12,DVP13,DVP14,bGPU2,DCTU2,
130 1DGPC2,DCTC2
140 COMMON /CilN2T/DGPC0,DCIC0,DGPX,DCTX
150 COMMON /A1/LVALV2,LVALV3,LVLV12,LVLV13,LVLV23,
160 1PST2,PST12,TtiS2,lbS1
170 COMMON /KNT/KNTB
180 COMMON /PriT/KTB,KTUEL
190 COMMON /VFLT/VELOW.VFLIN
200 COMMON /BC/LAMBCi , LAMBC2, LAMBCO, LAPjBX, A02 , AC2 , ACO, AX, hEMAT, DlFu2 ,
210 101FC2,D1FC0,D1FX,CPH,CSAT02,CSATC2,METO2,METC2
220 COMMON /BC0NLX/LC02,LCC2,LCC0,LCX
230 EQUIVALENCE (V , FCTtJ, FCTSB) , (DV .DFCTB,DFCTSB)
240 DIMENSION R(24),FKDA(24),PP(24),V(24),V0(24),h(24),DV(24),
250 1VEL0W(24) ,VFLlli(1b), RIN (Io) ,PC(24) ,P(24)
260 DIMENSION RK(24),R1NK(18)
270 DIMENSION '1AU(24) ,P0(24) ,P1 (24)
280 DIMENSION FCTB(ob),DFCTB(86),FCTSB(86,4),DFCTSb(86,3),TEB(db)
290 DIMENSION GP02(24),GPC2(24),GPC0(4d),GPX(1,24),CT02(4),CTC2(4),
300 1CTC0(4) ,CTX(1 ,4) ,DIFO2(10) ,D1FC2( 10) ,D1FCO( 10) ,DIb'X( 10) ,0211(24),
310 2LCO2(6),LCC2(6),LCC0(6),LCX(1,6),CSAT02(24),CSATC2(24 ),DGP02(24),
320 3DGPC2(24),DGPC0(4d),DGPX(1,24),AX(1)
330 DIMENSION DCTO2(4),DCTC2(4),DCTCO(4),DCTX(1,4),METL2(4),ME1C2(4) 
340C THIS DIMENSION STATEMENT IS ONLY IN BMAIN
350C FCTB(V=24,VP=b,C=24,CT=4)
360C ADD 2o LOCATIONS FOR EAC NEW GAS TRANSPORTED*.  THIS PROGRAM IS 
37OC PRESENTLY SET UP FOR 24 CHAMBERS AND 1 GAS..NFE=NC+6+NG(NC+4)=5b 
36OC ^EXCEPT FOR CO, WHICH REQUIRES TWICE AS MANY LOCATIONS (2*20=56).
390 NFB=d6
400 DO 50 K=1,4
410 DO 50 0=1,NFB
420 IF (K-4) 49,50,50
430 49 DFCTSB(J,K)=O
440 50 FCTSB(J,K)=O
450 READ(5,W10) (R(N) ,N=1 ,24), (FKDA(N) ,N = 1 ,24), (PP(N) ,N = 1,24)
460 READ(5,1010) (TAU(N),N=1,24), (PO(N),N = 1,24)
4/0 1010 FORMAT(6(E8.1,IX))
460 READ(5,1020) (V(N),N=1,24),(VO(N),N=1,24),A2DM2,A2DM3,A2DM4,A2DM12
490 1,A2DM13,A2DM14
500 1020 FORMAT(8(F8.3,1X))

ready
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510 READ(5,W5O) (B(N) ,N=1,24) ,RHO,G
520 1030 FOKMAT(2(12(F5.1,1X)/),i?'3.1,F5.1)
530 READ(5,1040) (RIN(N),N=5,11),(RIN(N),N=15,Io),VP2,VP3,VP4,VP12,
540 1VP13.VP14
550 1040 FORMAT(YE9.1/4E9.1/6E9.1)
500 READ (5,201) GP02,GPC2,GPCO,GPX
570 201 FORMAT (0E9.2/oE9.2/OE9.2)
500 READ(5,201) LAMBO2, LAMBC2,LAMBCO, LAI4BX, A02, AC2 , AGO, AX, CT02, CTC2, 
590 1CTC0.CTX
oOOC CT STAND FOR THE PARTIAL PRESSOR IN THE TISSUE, NUT THE CONG.
010 READ(5,203) LC02,LCC2,LCCO,LCX
620 READ (5,204) DIFC2,DIFC2,D1FC0,DIFX
630 READ (5,205) hETO2,METC2
640 204 FORMAT (oE9.2/2E9.2)
650 203 FORMAT (6E9.2)
660 205 FORMAT (4E9.2)
b/'O READ(5,1050) DTB.TmAXB
ObO 1050 FORMAT (Fd.1,1X,Fo.1)
690 READ (5,1200) KN1P,LOPPR,LOPP1,LOPR,LOPGS
700 1200 FORMAT (12, IX,11,IX,11,12,12)
7IOC LUPPR=1 IF RUNGE IS TO BE PRINTED,LOPPH=O IF NOT 
7200 KNTP TELLS HOw OFTEN (NO. OF TIME STEPS) TO PRInT 
730C L0PP1 CONTROLES LIN(O) OR NONLINEAR COMPLIANCE 
740C SEE SUB RESIST FOR EXPLA1NATI0N OF LOPR 
750C SEE SUB BCDR1VS FUR EXPLAINATION OF LUPGS
YoO hRlTE(o,2010)
770 2010 FORMAT(1 OX,12H(INPUT DATA)/)
760 WHITE (6,2001) DTB.TMAXB
790 2001 FORMAT(1 OH DTB,TMAXB,5X,2Fd.4)
600 WrilTE(6,2040) (RIN(N),N=1,Id)
610 2040 FuRMATdOH RIN(N) ,5X,b(E10.3,2X)/15X,8(E10.3,2X)/15X,2(E10.3,
620 12X)/)
6^0 WR1TE(6,2O2O) R,FKDA,PP
040 2020 FUKMATdOH H(N) ,5X,6(E10.3,2X)Z2(15X,o(E10.3,2X) /)///
650 110H FKDA(N) ,5X,6(E10.3,2X)/2(15X,b(£10.3,2X)/)///
860 210H PP(N) ,5X,o(E10.3,2X)/2(15X,8(E10.3,2X)/)///)
870 WHITE(6,2021) TAU.PO
8o0 2021 FORMATdOH TAU(N) ,5X,b(E10.3,2X)/2(15X,8(E10.3,2X)/)///
690 110H PO(N) ,5X,8(E10.3,2X)/2(15X,8(E10.3,2X)/)///)
900 WR1TE(6,2O3O) V,VO,A2DM2,A2DM3,A2DM4,A2DM12,A2DM13,A2DM14
910 2030 FORMATdOH V(N) ,5X,6(Fd. 3,2X)/2(15X,b(Fd. 3,2X)/)/// 
920 110H VO(N) ,5X,d(F8.3,2X)/2(15X,8(Fo.3,2X)/)///
930 210H A2DM ,5X,o(F6.3,2X)///)
940 WRITE (6,2031) H
950 2031 FORMAT (10H H(N) ,5X,8£12.3/2(15X,6E12.3/)///)
960 WRITE (6,2032) RHO,G
970 2032 FORMAT C RHO,G = ’,2F8.3)
980 WRITE (6,2033) VP2,VP3,VP4,VP12,VP13,VP14
990 2033 FORMAT (• VP ' ,6E12.3///)
1000 WRITE (6,2041) KNTP,LOPPR,L0PP1,LOPR,LOPGS
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1010 2041 FORMAT (’ OPTIONS ',5X,12,IX,12,IX,12,IX,12,IX,12)
1020 WRITE (6,208) GP02,GPC2,GPCO,GPX
1030 208 FORMAT (15H GP02,C2,C0,PX ,8(E10.3,2X)/14(15X,8E12.3/))
10400 WARNING...FORMAT MUST BE CHANGED IF NGX.GT.1
1050 WRITE (6,209) LAMB02,LAMBC2,LAMBC0,LAMBX,A02,AC2,AGO,AX
1060 209 FORMAT (' LAMB,A...02,02,00,X ’,/,15X.8E12.3/)
1070 WRITE (6,210) CT02,CTC2,CTCO,CTX
1080 210 FORMAT (' CT02,C2,C0,X ',/,2(15X,8E12.3/))
1090 WRITE (6,211) LC02,LCC2,LOCO,LOX
1100 211 FORMAT (' LC02,C2,C0,X ',/4(15X,6E12.3/))
1110 WRITE (6,212) DIF02,DIFC2,DIFCO,DIFX
1120 212 FORMAT (' DIF02,02,CO,X ',/,4(10E11.3/))
1130 WRITE (6,216) MET02,METC2
1140 216 FORMAT (' METO2.METC2 *, 4E12.3,WX,4E12.3)
1150 RETURN
1160 ENTRY BCMN1(LDUMMY)
1170 WRITE(6,2050)
1180 2050 FORMAT(1OX,13H(OUTPUT DATA)/)
1190 WRITE (6,3002) PP,LC02,LCC2
1200 SUMV1=O
1210 DO 444 N=1,24
1220 444 SUMVI=SUMVI+V(N)
1230 TB=O
1240 KNTB=O
1250 MTEST=0
1260 R1N(4)=.O136
1270 R1N(14)=.O68
1280 RP3=3.E-O7
1290 RP13=1.5E-06
1300 HEMAT=.45
13100 INITIAL VALUES FOR PHEART SET HERE 
1320 PST01=.26
1330 PST02=.43
1340 PST03=.26
1350 PSTO4=.43
1360 PSDUR1=.35
1370 PSDUR2=.53
1380 PSDUR3=.35
1390 PSDUR4=.53
1400 PSAMP1=5.
1410 PSAMP2=20.
1420 PSAMP3=15.
1430 PSAMP4=110.
1440 PSKT=70
1450 CALL CHEART(PSDUR1,PSAMP1,PSRT,Z1,PSEND1,PSTON1,PSTO1)
1460 CALL 0HEART(PSDUR2,PSAMP2,PSRT,Z2,PSEND2,PST0N2,PST02)
1470 CALL CHEART(PSDUH3,PSAMP3,PSRT,Z3,PSEND3,PSTON3,PSTO3)
1480 CALL CHEART(PSDUR4,PSAMP4,PSRT,Z4,PSEND4,PSTON4,PSTO4)
14900
1500 CALL PHEART(PSDUR1.PSAMP1,PSRT,TB,PP(2),PST01,Z1,PSEND1,PST0N1)

ready
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1510 CALL PHEART(PSDUR2 , PSAMP2, PSRT,TB, PP (3), PST02, Z2, PSEND2 , PSTUt<2) 
1520 CALL PHEART(PSDUH3,PSAMP3,PSRT,Tb,PP(12),PbTU3,Z3,PSEND3,PSTON3) 
1530 CALL PHEART(PSDUR4,PSA11P4,PSRT,TB,PP(13),PST04,24,PSEND4,PSTON4) 
1540 2 CONTINUE
1550C
1500 CALL CRES(LOPR,HK,R1NK)
1570 CALL RESIST(LUPH,RK,R11MK)
15B0C THE FOLLOWING SETS PC FOR THE HEART. IF ANY VALVE IS OPEN,INITIAL 
159OC CONDITIONS SHOULD GIVE THE CONNECTED CHAMBERS THE SAME
16000 INITIAL PRESSURE FOR NON-INERTIAL FLUID
1o10 CALL SK0N(L0PP1,Tb)
1o20 P(2)=PP(2)+P1(2)
10dO P(3)=PP(3)+PK3)
1640 P(4)=PP(4)+P1(4)
1650 P(12)=PP(12)+P1(12)
looO P(13)=PP(1 j)+PK13)
1670 P(14)=PP(14)+P1(14)
luoO CALL BDRlVS(LuPP1,0,TB)
1090 CALL BCDRIV(LOPGS)
1 /OOC
1710 IF (L0PP1.EQ.2) GO TO 99d
1720C
1730 DO 60 K=1,NFB
1740 FUTSB(K,4)=FCTB(K)
1/50 60 TEB(K)=O
T/bO 65 M=1
177OC THE LAST VARIABLE IN RUNGE IS DUMMY
17o0 6b CALL RUNGE (NFB,FCTB,DFCTB,TB,DTB,M,DUM)
1790 CALL PHEART(PSDUR1.PSAMP1,PSRT,TB,PP(2),PST01,21,PSEND1,PST0N1) 
1600 CALL PHEARI(PSDUR2,PSAMP2,PSRT,TB,PP(3),PST02,22,PSEND2,PBT0N2)
1o10 CALL PHEART(PSDUR3,PSAMP3,PSRT,TB,PP(12),PST03,23,PSEND3,PbTONj) 
1020 CALL PHEART(PSDUR4,PSAMP4,PSRT,TB,PP(13),PST04,24,PSEND4,PST0N4) 
1030 22 CONTINUE
1o40C SEE ABOVE
WdO CALL RESIST(LOPR,RK,RINK)
IooO CALL BDR1VS(LGPP1,0,TB)
1b/0 CALL BCDRIV(LOPGS)
1600 13 CONTINUE
Io90 M=M+1
1900 IF (M-5) 66,67,67
1910 67 KNTB=KNTB+1
1920 SUMV=O
1930 DO 155 N = 1,24
1940 155 SUMV=SUMV+V(N)
1950 DELV=SUMV-SUMVI
I960 DO 156 N=1,24
1970 156 IF (V(N)j 157,156,158
1980 157 WRITE (6,3009) N,V(N)
1990 3009 FORMAT (' CnAMbER NO. ',12,' HAS A NEG VOLUME = ',E12.b) 
2000 158 CONTINUE

ready
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20IOC THE FOLLOWING IS A PRINT OPTION
2020 IF (KNTH/KNTP*KNTP.EQ.KNTB)  GO TO 998
2030 68 CONTINUE
20*40  RETURN
2050 ENTRY BCMN2(LDUMMY)
20o0 IF (KNTH-5) 70,72,72
2070 70 K= 14-KNTB
20d0 DO 71 J=1,NFB
20^0 FCTSB(J,K)=FCTB(J)
2100 71 DFCTSB(J,K)=DFCTb(J)
2110 GO TO o5
2120 72 CONTINUE
2130 hTEST=HAMNG1(NFb,FCTSB,DFCTSB,TB,DTB,TEB)
2140 89 CONTINUE
2150 90 >HESI=HAMING(NFB,FCTSB,DFCTSB,TB,DTB,TEB)
2160 IF(MTEST.EQ.I) GO TO 32
2T/0 CALL PHEAfiKPSDURI ,PSAl-iP1 ,PSRT,TB,PP(2) ,PSTO1 ,Z1 ,PSEND1,PoTONI ) 
2100 CALL PHEART(PSDUR2,PSAMP2,PSRT,TB,PP(3),PSTO2,Z2,PSEND2,PSTON2)
2190 CALL PHEART (PSDUR3 , PSAMP3, PSRT, TB, PP (12) ,PSTOD, Z3 , PSEND3, PSl‘ON3)
2200 CALL PHEART(PSDUR4,PSAMP4,PSRT,TB,PP(13),PST04,Z4,PSEND4,PSI) 
2210 32 continue
2220C SEE ABOVE
2230 CALL RESIST(LOPR,RK,RINK)
2240 CALL BDH1VS(LOPP1,MTEST,TB)
2250 CALL BCDRIV(LOPGS)
22o0 IF (MTEST.EQ.1) GO TO 09
2270 SUMV=0
2200 DO 555 N=1,24
2290 555 SUmV=SUMV+V(N)
2300 DELV=SUMV-SUMVI
2310 DO 550 N=1,24
2320 556 IF (V(N)) 557,550,558
2330 557 WRITE (o,3002) N,V(N) 
2340 558 CONTINUE
2350 KnTB=KNTB+1 
23oOC THIS IS THE PLACE TO TEST RESULTS TO SEE IF YOU WISH TO CONTINUE 
2370 IF (KNTB.LT.1000) GO TO 91
2380 IF (KNTB/KNTP<KNTP.EQ.KNTB) GO TO 999
2390 91 CONTINUE
2400 RETURN
2410 ENTRY BCMN3(LDUMMY)
2420 IF (TB-TMAXB) 90, 100,100
2430 998 CONTINUE
2440 WRITE (4,3000) KNTB,KNTP,TB,DTB,LOPPR,LOPP1,L0PR,L0PGS,PP(2), 
2450 1PP(3),PP(12),PP(13),LVALV2,LVALV3,LVLV12,LVLV13,LVLV23
2460 WRITE (4,3002) VP2,VP3,VP4,VP12,VP1o,VP14,DVP2,DVP3,DVP4,DVP12, 
24/0 1DVP1d,DVP14
2480 WRITE (4,3002) P,V,DV,VFLOW
2490 WRITE (4,3002) VFL1N,R1N,R
2500 WRITE (6,3000) KNTB,KNTP,TB,DTB,LOPPR,LOPP1,LOPR,LOPGS,PP(2),
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2510 1PP(3),PP(12),PP(15),LVALV2,LVALV3,LVLV12,LVLV13,LVLV23
2520 wKHE (6,3002) VP2, VP3, VP4, VP12 , VP13, VP14 ,DVP2 ,DVP3 ,DVP4 ,DVP12,
2530 1DVP13.DVP14
2540 WHITE (6,3002) P,V,DV,VFLOW
2550 WRITE (6,3002) VFLIN,RIN,R
25oO WRITE (o,3002) GP02,GPC2,CSAT02,CPH,DGP02,DGPC2
2570 WHITE (o,3002) CT02,DCT02,CTC2,DCTC2
2580 WHITE (4,3002) GP02,GPC2,CSATO2,CPH.DGPO2,DGPC2
2590 WRITE (4,3002) CTO2,DCT02,CTC2,DCTC2
2600 3000 FORMAT (IX,216,2F10.4,416,4F10.4,513)
2610 3002 FORMAT (1X,12F10.4)
26200
2630 IF (L0PP1.EQ.2) GO TO 100
26400
2650 GO TO 6ti
2660 999 continue
2d70 write (4,3000) KNTB,KNTP,TB,DTB,LOPPR,LOPP1,LCPH,LOPGS,PP(2),
2660 1PP(3),PP(12),PP(1j),LVALV2,LVALV3,LVLV12,LVLV13>LVLV23
2690 WRITE (4,3002) VP2,VP3,VP4,VP12,VP 13,VP14,DVP2,DVP3,DVP4,UVP12,
2700 1DVP13.DVP14
2710 WHITE (4,3002) P,V,DV,VFLOW
2720 WHITE (4,3002) VFL1N,R1N,R
2/30 WHITE (6,3000) KNlb,KMP,TB,DTB,LOPPH,LOPP1 ,LUPH,LOPGS,PP(2),
2740 1PP(3),PP(12),PP(13),LVALV2,LVALV3,LVLV12,LVLV13,LVLV23
2750 WRITE (6,3002) VP2,VP3,VP4,VP12,VP13,VP14,DVP2,bVP3,DVP4,bVP12,
27o0 1DVP13,DVP14
2770 WRITE (6,3002) P,V,DV,VFLOW
2760 WHITE (6,3002) VFLIN,H1N,R
2790 WHITE (6,3002) GP02,GPC2,CSATO2,CPH,DGPO2,DGPC2
2800 WRITE (6,3002) CTO2,DCTU2,CTC2,DCTC2
2810 WHITE (4,3002) GP02,GPC2,CSAT02,CPH,DGP02,DGPC2
2620 WRITE (4,3002) CTO2,DCT02,CTC2,DCTC2
2o30 GO IO 91
2640 100 CONTINUE
2850 WRITE (6,9999) TB
2860 9999 FORMAT (' ...BLOOD PROGRAM HAS ENDED AT T1ME=',F10.5)
2o70 RETURN
2b6o end
2890 SUBROUTINE BDRIVS (L0PP1,MTEST,TB)
2900 IMPLICIT REALfto (A-H,O-Z)
29IOC NEW FOR ABMNRC
2920 COMMON /RP/RP3.RP13
2930C
2940 COMMON /BCMBLK/ R,FKDA,PP,VO,A2DM2,A2DM3,A2DM4,A2DM12,A2DM13,
2950 1A2DM14,H,RHO,G,H1N,P,PC
2960 COMMON /CMN1/V,VP2,VP3,VP4,VP12,VP13,VP14,GPO2,CTU2,GPC2,CTC2
2970 COMMON /Cr4NlT/GPC0,CTC0,GPX,CTX
2980 COMMON /CMN2/DV,DVP2,DVP 3,DVP4,DVP12,DVP13,DVP 14,DGP02,DCT02,
2990 1DGPC2,DCTC2
3000 COMMON /CMN2T/DGPC0,DCTC0,DGPX,DCTX
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3010 COMMON /Al/LVALV2,LVALV3,LVLV12,LVLV13,LVLV23,PSI2,PST12,TBS2,TbS12
3020 COMMON /SK/ TAU,P0,P1
3030 COMMON /VFLT/Vf'LOVl,VFLIN
3040 DIMENSION R(24),FKDA(24),PP(24),V(24),V0(24),H(24),DV(24) ,
3050 1VFL0W(24),VFLlN(1ti),RIN(1ti),PC(24),P(24)
3060 DIMENSION TAU(24),P0(24),P1(24)
3070 DIMENSION GP02(24),GPC2(24),GPC0(4ti),GPX(1,24),CT02(4),CTC2(4) ,
30ti0 1CTC0(4),CTX(1,4),D1FO2(10),DIFC2(10),DIFCO(10),D1FX(10),CPH(24),
3090 2LC02(6),LCC2(b),LCC0(6),LCX(1,6),CSAT02(24),CSATC2(24 ),DGPO2(24) ,
3100 3DGPC2(24),DGPCU(4b),DGPX(1,24),AX(1)
3110 DIMENSION DC102(4) ,DCTC2(4) ,DCTC0(4) ,DCTX(1 ,4) ,i'ib'102(4) ,MbfC2(4)
3120 CALL SKON(LOPP1,1B)
3130 P(1)=PP(1)+P1(1)
3140 DO 10 N=5,11
3150 10 P(N)=PP(N)+P1(N)
3100 DO 12 N=15,24
3170 12 P(N)=PP(N)+P1(N)
3100 DO 20 N=1,24
3190 20 PC(N)=P(N)+RhOfcG*H(N)
3200 CALL PCriART(2,LVALV2,LVALV3,MTEST,PST2,lBS2,Tb)
3210 CALL PCtiART (12 , LVLV12 ,LVLV 13, MTEST, PST12, Tb.b12 , lb)
3220 VFL0k(1)=(PC(1)-PC(2))/R(1)
3230 IF (LVALV2) 113,111,112
3240 111 VFL0k(2)=(PC(2)-PC(3))/R(2)
32d0 Gu 10 120
32o0 112 VFLOW(2)=0
3270 GU TO 120
32o0 113 WHITE (6,1113)
3290 1113 FORMAT ('LVALV2 IS NEG .. NOT POSSIBLE*)
3jOO 120 IF (LVALV3) 123,121,122
3310 121 VFLOW(3)=-VP3
3320 DVP3=(-PC(3)+PC(4)+RP3*VP3**2-R1N(3)*VP3) s,A2DM3
33dO DV(3)=VP3
3340 GO TO 130
335'0 122 VFLOw(3)=0
3joO VP3=0.0
3370 DVP3=0.0
3360 DV(3)=VFLOW(2)
3390 GO TO 130
3400 123 WRITE (6,1123)
3410 1123 FORMAT ('LVALV3 IS NEG .. NOT POSSIBLE')
3420 130 VFLGW(4)=0
3430 DO 13 N=5,11
3440 VFL1N(N)=(PC(4)-PC(N))/RIN(N)
3450 VFL0W(N)=(PC(N)-PC(11))/R(N)
3460 13 VFLOW(4)=VFLOW(4)+VFLIN(N)
34 (OC THE FOLOr.ING IS A CORRECTION TO THE ZERO CALC. LN THE DO FOR
34dOC VFLOW(II) ABOVE
3490 VFL0W(11)=(PC(11)-PC(12))/R(11)
3500 IF (LVLV12) 133,131,132
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3510 131 VFL0W(12)=(PC(12)-PC(13))/R(12)
3520 GO TO 140
3530 132 VFLO^(12)=0
3540 GO TO 140
3550 133 WRITE (6,1133)
35o0 1133 FORMAT ('LVLV12 IS NEG .. NOT POSSIBLE*)
35/0 140 IF (LVLV13) 143,141,142
3560 141 VFLOW(13)=-VP13
3590 DVP13 = (-PC(13)+PO(l4)4-RP13*VP13**2-RIN(13) i
3600 DV(13)=VP13
3610 GO TO 150
3620 142 VFL0'w(13)=0
3630 VP13=0.0
3640 DVP13=0.0
3ob0 DV(13)=VFL0W(12)
3oo0 GO 10 150
3670 143 WRITE (o,1143)
3oo0 1143 FORMAT ('LVLVVj IS NEG .. NOT POSSIBLE*)
3690 150 VFL0W(14)=0
3700 DO 14 N=15,16

VFL1N(N)=(PO(14)-PC(N))/RIN(N)3710
3720 VFL0W(N)=(PC(N)-PC(N+4))/R(N)
3730 14 VFLUW(14)=VFLOW(14)+VFLIN(N)
3/40C THE FOLLOWING TESTS VALVE 23
3750 IF (MTEST.EQ.1) GO TO 153
37oO IF (PC(1b)-PC(23)) 152,151,151

VFLOw(ly)=(PC(19)-PC(23))/R(19)37/0 151
37o0 LVLV2o=O
3790 GO 1'0 160
3600 152 VFLOW(19)=0
3o10 LVLV23=1
3620 GO TO 160
36300 VALVE TEST FHOM LAST BDR1VS EXECUTED IS USED
3640 153 IF (LVLV23) 154,155,15b
3o50 154 WRITE (6,1144)
3oo0 1144 FORMAT ('LVLV23 IS NEG .. NOT POSSIBLE*)
3u70 155 VFLOW(19)=(PC(19)-PC(23))/R(19)
3do0 GO TO 157
3690 156 VFL0W(1y)=0
3900 157 CONTINUE
3910 160 VFLOW(20)=(PC(20)-PC(24))/R(20)
3920 VFL0W(21)=(PC(21)-PC(1))/R(21)
3930 VFLuW(22)=(PC(22)-PC(1))/R(22)
3940 VFLOV;(23) = (PC(23)-PC(24))/R(23)
3950 VFL0W(24)=(PC(24)-PC(2))/R(24)
3930 DV(1)=VFL0W(22)+VFL0W(21)-VFL0W(1)
3970 DV(2)=VFLOW(24)+VFLOW(1)-VFLOW(2)
3960 DV(4)=VFLCW(3)-VFLOW(4)
3990 223 CONTINUE
400U DO 15 N=5,10
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4010 15 DV(N)=VFL1N(n)-VFL0W(N)
4020 DV(11)=VFLlN(l1)+VFL0h(5)+VFL0W(6)+VFL0W(7)+VFL0W(b)+VFL0h(9)+
4030 1VFL0W(10)-VFL0k(11)
4040 DV(12)=VFLOV;(11 )-VFLOW(12)
4050 DV(l4)=VFLOM(13)-VFLOhl(l4)
4060 233 CONTINUE
4070 DV(15)=VFLIN(15)-VFLOW(15)
4060 DV(1o)=VFLIN(1b)-VFLOU(l6)
4090 DV(17)=VFLIN(1/)-VFL0W(17)
4100 DV(1b)=VFLIN(1b)-VFLOk(1b)
4110 DV(19)=VFLOt;(15)-VFLOW(19)
4120 DV(20)=VFLOk'(1b)-VFLOW(2O)
41^0 DV(21)=VFL0h(17)-VFL0Vj(21)
4140 DV(22)=VFLOW(1b)-VFLOW(22)
4150 DV(23)=VFLO;u(19)-VFLOW(23)
4160 DV(24)=VFL0k(23)+VFL0w(20)-VFL0W(24)
4U0 RETURN
4160 END
4190 SUBROUTINE RESIST(LOPR,RK,RINK)
4200 IMPLICIT REAL"6 (A-H,O-Z)
4210 COMMON /BCMBLK/ R, FKDA,PP,VO,A2DM2,A2DM3,A2DP14,A2DM12,A2DM13,
4220 1A2DM14,H,RHO,G,K1N,P,PC
4230 COMMON /CMN1/V,VP2,VP3,VP4,VP12,VP13,VPl4,GPu2,Clu2,GPC2,Cl'C2
4240 COMMON /CMNT1/GPCO,CTCU,GPX,CTX
4250 COMMON /CMN2/dV,DVP2,DVP3,DVP4,DVP12,DVP13,DVP14,DGP02,DUTo2,
4260 1DGPC2,DCTC2
4270 COMMON /CMN2T/DGPC0,DCTC0,DGPX,DCTX
4260 COMMON /VFLT/VFLOW,VFL1N
4290 DIMENSION R(24),FKDA(24),PP(24),V(24),V0(24),h(24),DV(24) ,
4300 1VFL0'N(24) ,VFLIN(18) ,RIN(18) ,PC(24) ,P(24)
4310 dimension rk(24),rink(16)
4320 DIMENSION GPC2(24),GPC2(24),GPC0(46),GPX(1,24),CTO2(4),CIC2(4), 
4DjO 1CTC0(4),CTX(1,4),D1FO2(10),D1FC2(10),DIFCO(10),DIFX(10),CPd(24), 
4340 2LC02(6),LCC2(6),LCC0(6),LCX(1,6),CSAT02(24),CSATC2(24 ),DGP02(24),
4350 3DGPC2(24),DGPC0(4b),DGPX(1,24),AX(1)
4360C LOPR=i\EG MEANS R=K/V**2+K/V  
437OC LOPR=O MEANS R=CONSI=HK 
436OC LOPR=POS MEANS R=HK/V*»2  WHERE INPUT R IS USED FOR KK 
4390 IF (LOPR) 1,2,3 
4400 1 WRITE (6,2000)
4410 2000 FORMAT (’ LOPR IS NEG, NOT POSSIBLE YET') 
4420C THIS WILL EVENTUALLY INCLUDE RESISTANCES OF THE TYPE R=K/Vteit2i-K/V 
4430 RETURN 
4440 2 CONTINUE
4450C THIS WILL LEAVE R UNCHANGED FROM THE GIVEN VALUES (l.E. h=CONST) 
44oO RETURN
4470 3 CONTINUE
4460 R(1)=RK(1)/(V(1)*V(1))
4490 DO 41 N=4,11
4500 41 R(N)=RK(N)/(V(N)»V(N))
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4510 DO 42 N=14,24
4520 42 R(N)=RK(N)/(V(N)*V(N))
4530 DO 32 N=5,11
4540 32 RIN(N) =R1NK(N)/(V (4 )*1/(4))
4550 DO 33 N=15,16

33 R1N(N)=R1NK(N)/(V(14)»V(14))4560
45/00 THIS CALCULATES NEW VALUES OF R AND RIN USING R = RK/Vj‘Jt2
45o0 RETURN
4590 ENTRY CRES(LOPR,RK,RINK)
4600 IF (LOPR.LE.O) GO TO 20
4610 RK(1)=R(1)*V(1)*V(1)
4o20 DO io N=4,11
4630 16 RK(N)=R(N)*V(N)*V(N)
4640 DO 19 N=14,24
4650 19 RK(N)=R(N)»V(N)’»V(N)
4660 DO 16 14=5,11
4670 16 RINK(N)=R1N(N)»V(4)*V(4)
40dO DO 17 N=15,16
46^0 17 R1NK(N)=R1N(N)*V(14)*V(14)
4/00 20 CONTINUE
4/10 RETURN
4/20 END
4/oO SUBROUTINE PHEART(PSDUR,PSAMP,PSRT,TB,FF,PSTO,Z,PSEND,PSTON)
4/40 IMPLICIT REAL*6  (A-H,O-Z)
4/50 CUMl'lON /AVE/ PPAVE
4/00 IF (TB.LT.PSTO) GO TO 1
47/0 PSTON=PSIO
4/O0 PSTU=PST0+60./PSRT
4/90 Z=bO./PSRl-PSDUK
4o00 PSEND=PSTU-Z
4610 GO TO 2
4o20 1 IF(Td.LT.PSEND) GO TO 2
4630 FF=PPAVE
4640 RarUHN
4650 2 continue
4bo0 SlGMA=(PSDUR/4.)**2
46/0 A=-(TB-PST0N-PSDUK/2. )’tii4/(2. * (SIGMA) **2)
4660 FF=PSAMP*EXP(A)+PPAVE
4690 102 CONTINUE
4^00 RETURN
4910 ENTRY CHEART(PSDUR,PSAMP,PSRT,Z,PSEND,PSTON,PSTOj
4920 PSTUN=PSTO-60./PSRT
4930 Z=60./PSHT-PSDUR
4940 PSEND=PSTO-Z
4950 RETURN
49o0 END
4970 SUBROUTINE PCHART(I,LVALV2,LVALV3,MTEST,PST,TBS,TB)
4960 IMPLICIT REAL*6  (A-H.O-Z)
49y0 COMMON /BCMBLK/ R,FKDA,PP,VO,A2DM2,A2DM3,A2DM4,A2DM12,A2DM13,
5000
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5010 COMMON /CMN1/V,VP2,VP3,VP4,VP12,VP13,VP14,GPO2,CTu2,GPC2,CTC2
5020 COMi-iON /CMM'17GPCO,CTCO,GPX,CTX
5030 COMMON /CMN2/DV,DVP2,DVP3,DVP4,DVP12,DVP13,OVP111,DGPO2,DCTU2,
5040 WGPC2,DCTC2
5050 COMMON /CMN2T/DGPC0,DCTC0,DGPX,DCTX
5050 COMMON /KNT/KN1B
5070 COMMON /SK/ TAU,P0,P1
5050 COMMON /VPLT/VFLOW,VFLIN
5090 DIMENSION H(24),FKDA(24),PP(24),V(24),VO(24),h(24),DV(24) ,
5100 1VFLOV;(24) ,VFL1N(1O) ,R1N(1O) ,PC(24) ,P(24) ,VP(14)
51 IOC hARNlNG... TrilS SUBROUTINE HAS A DIFFERENT C1MENS1UN..VP(14 ) ADDED
5120 DIMENSION TAU(24),P0(24),P1(24)
5130 DIMENSION GPOE(24),GPC2(24),GPC0(46),GPX(1,24),CTo2(4),CTC2(4),
5140 1CTCU(4),C1X(1,4),D1FO2(1O),DIFC2(10),D1FCU(1O),DIFX(10),CPri(24),
5150 2LC02(6),LCC2(b),LCCO(b),LCX(1,6),CSAT02(24),CSA1C2(24 ),bGP02(24) ,
bl60 3DGPC2(24),DGPCo(4b),DGPX(1,24),AX(1)
5170 DIMENSION DCT02(4),DCTC2(4),DCTC0(4),DCTX(1,4),meT02(4),MliC2(4)
51b0 VP(3)=VP3
5190 VP(1^)=VP13
5200 IF (1-2) 1,2,3
5210 1 NRITE (6,111)
52^0 111 FORMAT('SUBROUTINE PCHART HAS BEEN CALLED LN ERROR')
52^0 RETURN
5240 2 S1NUR=1/R(1 )<-1/R(24)
5250 SINPDR=PC(1)/R(1)+PC(24)/R(24)
52o0 SOUTDR= 1/KlN(5)+1/RIN(6)+1/RIN(7)+1/RlN(b)+1/RlN(9)+1/
5270 1RIN(1O)4-1/RIN(11)
5280 SOUTPR=PC(5)/R1N(5)+PC(6)/RIN(6)+PC(7)/R1N(/)+PC(o)/fiIN(o)+
5290 1PC(9)/R1N(9)+PC(1O)/R1N(1O)+PC(11)/RIN(11)
5b00 GO TO 10
5310 3 S1NDR=1/R(11)
5320 SINPDR=PC(11)/R(11)
5330 SOUTDR= 1/RIN(15)+1/RIN(1b)+1/R1N(17)+1/R1N(1o)
5340 SOUTPR=PC(15)/RlN(15)+PC(l6)/RIN(l6)+PC(17)/RlN(17)+PC(1u)/KiN(1u)
5350 10 J=I+1
5360 K.=I+2
5370 IF (TB.LT.0.00.OR.TB.GT.0.05) GO TO 201
5380 V.RITE (6,1000) TB,MTEST,PC(1) ,PC(J) ,PC(K)
5390 1,PP(I),PP(J),PP(K),P1(I),PI(I),PI(K),KIN(I),RIN(J),R1N(K),
5400 2h(l),H(J),h(K),S1NPDR,S1NDR,VP(J),SOUTDR,SOUTPR,KHO,G
5410 1000 FORMAT (' TB.MfEST,PC(2,3,4)= ',Fl0.4,12,3F10.4
5420 1,/,1X,12F10.4,/,1X,12F10.4)
5430 201 CONTINUE
5440 IF (TB.LE.O.O) GO TO 33
5450 IF (MTEST.EQ.1) GO TO 9
5460 IF (LVALVj.EQ.I) GO TO 310
5470 VALTSJ=-VP(J)
5480 GO TO 320
5490 310 VALTSJ=PC(J)-PC(K)
5500 320 CONTINUE
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5510 lb"1 (PC(l)-PC(J) .LT.0.0.AND.VALTSJ.LT.0.0) GO TO 46
5520 IP (PC(I)-PC(J).LT.O.O) GO TO 21
5530 lb’ (VALTSJ.LT.0.0) GO TO 33
5540 GO TO 11
5550 9 IE (LVALV2.NE.0.AND.LVALV3.NE.0) GO TO 46
5560 IF (LVALV2.NE.0) GO TO 21
5570 IF (LVALV3.NE.0) GO TO 33
55o0 11 CONTINUE
5590 WRITE (b,1O35) TB,I,J,K
5600 1035 FORMAT (' BOTH VALVES ARE OPEN...NOT WORKING NOW...,
5610 1Tti,l,J,K=,F20.5,314)
5620 STOP
5630 21 P(1)=(PP(1)+P1(1)-R1N(I)*SINPDR+RIN(1)*SINDH»
5640 1 RHO*G llH(I))/(1 .U+RIN(1)*SINDR)
5650 P(J)=PP(J)+P1(J)-RIN(J)*(-VP(J))
5660 P(K)=(P?(K)+P1(K)+RIN(K)*(-VP(J))
5670 1-R1N (K) *RhO*G  --ri (K) kSoUTDR+RIN (K) *SOUTPR ) / (1 .0+RIN (K) *
5oo0 2S0UTDR)
5690 PC(l)=P(i)+RHO*G*H(l)
5700 PC(J)=P(J)+RHO*G*H(J)
5710 PC(K)=P(K)+RriU’iG«H(K)
5720 LVALV2=1
5730 LVALV3=0
5740 GO TO 47
5750 33 P(K) = (PP(K)+P1(K)-RIN(K)*SOUTPR+R1N(K)> ‘
57o0 1SOUTDRxRriO*G iiH(K))/(1 .0+R1N(K)-tSOUTDR)
5770 PC(K)=P(K)+RI10*G*H(K)
5760 P(I)=(PP(I)+P1(1)+R1N(1)*S1NPDR-R1N(I)*
5790 1RHO*G*H(I)*SINDR+(RIN(I)/(R(1)+R1N(J)))*(PP(J)+
5o00 2P1 (J )+RHO*G i<h( J )-RHO*G*H(I )))/(1.0+
5610 3R1N(1)*SINDR+RIN(1)/(H(I)+R1N(J)))
5620 POCDzPCD+RHO’G^Hd)
5630 P(J)=R(l)/(RiN(J)+R(l))*(P1(J)+RIN(J)/R(I)*PC(l)+
5640 1PP(J)-RlN(J)/R(l)*RH0*G*-h(J))
5650 PC(J)=P(J)+RHOfiG«H(J)
5600 LVALV2=0
5670 LVALV3=1
5o60 GO TO 47
5690 46 CONTINUE
5900 P(I)=(PP(I)+P1(I)+RIN(I)*SINPDR-RIN(I)«SINDR*
5910 1RHO»G»H(I))/(1.0+RIN(1)<SINDR)
5920 P(K)=(PP(K)+P1(K)-RIN(K)*S0UTPR+RIN(K)«
5930 1S0UTDRxRhO<GliH(K))/(1 .O+RlN(K)i‘SOUTDR)
5940 1F(TB.LE.O.) GO TO 14?
5950 IF(LVALV2.EQ.1.AND.LVALV3.EQ.1) GO TO 146
5960 IBS=TB
5970 IF(LVALV2.EQ.1) GO TO 145
5960 PST=1.2*P(I)-PP(J)-P1(J)
5990 GO TO 146
6000 145 PSTzO.O

ready



6010 
6020 
6030 
6040 
6050 
6060 
6070 
6080 
6090 
6100 
6110 
6120 
6130 
6140 
6150 
61 DO 
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 
6430 
6440 
6450 
6460 
6470 
6480 
6490 
6500
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146 IF (TB-TBS.GT.1.0) GO TO 147
P(J)=PST*EXP(-40.*(TB-TBS))+PP(J)+P1(J)
GO TO 148

147 P(J)=PP(J)+P1(J)
148 CONTINUE

PC(I)=P(I)+RHO*G*H(I)
PC(J)=P(J)+RHO*G iiH(J)
PC(K)=P(K)+RHO*G*H(K)
LVALV2=1
LVALV3=1

47 CONTINUE
RETURN
END
SUBROUTINE SK0N(L0PP1,TB)
IMPLICIT REAL*8  (A-H.O-Z)
COMMON /BCMBLK/ R,FKDA,PP,VO,A2DM2,A2DM3,A2DM4,A2DM12,A2DM13, 
1A2DM14,H,RHO,G,RIN,P,PC
COMMON /CMN1/V,VP2,VP3,VP4,VP12,VP13,VP14,GP02,CT02,GPC2,CTC2 
COMMON /CPilM 1T/GPCO, CTCO, GPX, CTX
COMMON /CMN2/DV,DVP2,DVP3,DVP4,DVP12,DVP13,DVP14,DGP02,DCT02, 
1DGPC2,DCTC2
C0PU10N /CMN2T/DGPC0,DCTCO,DGPX,DCTX
COMMON /SK/ TAU,P0,P1
COMl^ON /VFLT/VFLOW.VFLIN
DIMENSION R(24),FKDA(24) ,PP(24),V(24),V0(24),H(24),DV(24) , 
1VFL0W(24),VFLIN(18),R1N(18),PC(24),P(24)
DIMENSION TAU(24),P0(24),P1(24)
DIMENSION GP02(24),GPC2(24),GPC0(48),GPX(1,24),CTO2(4),CTC2(4), 
1CTC0(4),CTX(1,4),DIF02(10),DIFC2(10),DIFCO(10),DIFX(10),CPH(24), 
2LC02(6),LCC2(6),LCCu(6),LCX(1,6),CSAT02(24),CSATC2(24 ),DGP02(24), 
3DGPC2(24),DGPC0(48),DGPX(1,24),AX(1)
DIMENSION DCT02(4),DCTC2(4),DCTCO(4),DCTX(1,4),MET02(4),ME1C2(4).
IF (L0PP1.EQ.0) GO TO 100
DO 9 N = 1 ,24
IF (TAU(N).LT.1.D-02) GO TO 9
VMAX=V0(N)+.224*TAU(N)
IF (V(N).GT.VMAX) GO TO 8
GO TO 9

8 WRITE (6,1001) TB,N,V(N),VMAX
1001 FORMAT (’ TB,N,V(N),VMAX=',F10.4,l6,2F10.4,'....V TOO BIG.STOP.') 

STOP
9 CONTINUE
P1(1)=P0(1)-AL0G(1.0-(V(1)-V0(1))/(.224*TAU(1)))/FKDA(1)
P1(2)=PO(2)-AL0G(1.0-(V(2)-V0(2))/(.224*TAU(2)))/FKDA(2)  
P1(4)=PO(4)-ALOG(1.O-(V(4)-VO(4))/(.224*TAU(4)))/FKDA(4)
PI(11)=P0(11)-ALOG(1.0-(V(11)-V0(11))/(.224»TAU(11)))/FKDA(11) 
PI(12)=P0(12)-AL0G(1,0-(V(12)-V0(12))/(,224*TAU(  12)))/FKDA( 12) 
P1(14)=PO(14)-ALOG(1.O-(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))/(.224*TAU(N)))/FKDA(N)



1 ?7

6510 10 CONTINUE
6520 P1(3)=^DA(3)*(V(3)-VO(3))
6530 P1(13)=b"*KDA(13)*(V(13)-VO(13))
6540 DO 15 N=5,W
6550 P1(N)=FKDA(N)i«(V(N)-V0(N))
65uO 15 CONTINUE
6570 DO 20 N=15,1b
6560 P1(N)=FKDA(N)*(V(N)-V0(N))
6590 20 CONTINUE
6dOO RETURN
oo10 100 CONTINUE
6o20 DO 110 N = 1 ,24
6630 P1(N)=FKDA(N)*(V(N)-V0(N))
6640 110 CONTINUE
6650 RETURN
6660 END
0070 SUBROUTINE BCDRIV(LOPGS)
6660 IMPLICIT REAL»3 (A-H,O-Z)
6690 REAL*6  LAMB02 , LAMBC2, LAMBCO, LAMBX, LC02, LCC2, LCCO, LCX , hL'102 , HETC2 
67OOC WHEN ADD1NT This ROUTINE TO BMAIN,REMOVE TtlE SECOND DIM. S'lATEMENT 
6710C AND REPLACE 1'1 ulTh THE ONE IN BMA1N CONTAINING THilSE OuANTA'liES
6/20 DIMENSION GPJ2(24),GPC2(24),GPCO(46),GPX(1,24),CTO2(4),C1C2(4), 
6730 1CTC0(4),CTX(1,4),DIF02(10),DIFC2(10),D1FCO(1O),DIFX(10),CPH(24) ,
0/40 2LCO2(6),LCC2(6),LCC0(6),LCX(1,6),CSAT02(24),CSATC2(24 ),DGP02(24),
6750 3DGPC2(24),DGPCo(43),DGPX(1,24),AX(1)
6/60 DIMENSION VFL1N(16),VFL0W(24),DV(24),V(24)
6770 DIMENSION DCTO2(4),DCTC2(4),DCTC0(4),DCTX(1,4),MET02(4),MEIC2(4)
6700 DIMENSION CTL02(16), CTLC2(1d),CTLC0(16),CTLX(1,Id)
6790 COMMON /BC0NLY/LC02,LCC2,LCCO,LCX
6803 COMMON /BC/LAMB02,LAMBC2,LAMBCO,LAMBX,A02,AC2,ACO, ,hEMAT,DIF02,
6610 1D1FC2,D1FCO,D1FX,CPH,CSAT02,CSATC2,MET02,METC2
6620 COMMON /OMNI/V,VP2,VP3,VP4,VP 12,VP13,VP14,GP02,CT02,GPC2,CIC2
68jO Common /CKN1T/GPC0,CTC0,GPX,CTX
6840 COMMON /CMN2/DV,DVP2,DVP3,DVP4,DVP12,DVP13,DVP14,DGP02,DC1u2,
6850 1DGPC2,DCTC2
6860 COMi-IGN /CMN2T/DGPC0,DCTC0,DGPX,DCTX
687O COmMON /BC0VER/CTL02,CTLC2,CTLC0,CTLX
DObO COMMON /VFL'l/VFLOW.VFLIN
6690 DO 101 N = 1 ,0
6900 CTL02(N+4)=LC02(N)
6^10 CTLC2(N+4)=LCC2(N)
6920 CTLC0(N+4)=LCC0(N)
6930 CTLX(1,N+4)=LCX(1,N)
6940 101 CONTINUE
6950 DO 102 N=1,4
6960 CTL02(N+14)=CT02(N)
6970 CILC2(N+14)=CTC2(N)
6960 CTLCO(N+14)=CTCO(N)
6990 CTLX(1,N+14)=CTX(1,N)
7000 102 CONTINUE

ready
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12°
7010 GO TO (1 ,2,3,4,5),LOPGS
7020C LOPGS = 1 02,02
7O3OC LOPGS = 2 U2,C2,X
70400 LOPGS = 3 X
7O5OC LOPGS = 4 02,01,00
YObOC LOPGS = 5 02,02,00,X
7070 1 CALL 02DRIV(L0PGS)
7000 DO 10 N=1,4
7090 IP (CTO2(1M) .LE.O.O) GO TO 201
7100 DCT02 (i'i) =-DlF02 (l'i+6) * (CT02 (N) -LAME02*GP02  (N+14 )) -MET02 (N)

*

7110 GO TO 202
7120 201 DCT02(N)=-DlE02(N+6)*(CT02(N)-LAMB02«GP02(i\  + 14))
7130 202 CUNTImUc.
7140 IF (CTC2(N).LE.O.O) GO TO 203
7150 DCTC2 (N) =-DlFC2 (N+o) - (0'102 (N) -LAMBC2*GPC2  (h+14)) +f-iETG2 (N)
7160 GO TO 204
7170 203 DCTC2(N)=-DlFC2(N+b)i«(CTC2(N)-LAMBC2*GPC2(N+14))
71o0 204 CONTINUE
7190 10 CONTINUE
7200 GO TO 600
7210 2 CALL O2DR1V(LOPGS)
7220 CALL XDRIV(LOPGS)
7230 DO 11 N=1,4
7240 IF (CT02(N).LE.O.O) GO TO 301
7250 DCT02 (N) =-DLF02 ( N+d) * (CT02 (N)-LAMB02»GP02 (N+14)) -F1ET02 (N)
7260 GO TO 302
7270 301 DCT02(N)=-DIF02(N+6)*( 0T02(N)-LAMB02 ^GPOP(N+14))
7260 302 CONTINUE
7290 IF (CTC2(N).LE.O.O) GO TO 303
7300 DCTC2 (N) =-DlFC2 (N+o) * (CTC2 (N) -LAMBC2*GPC2  (N+14) )+i-iETC2 (N)
7310 GO TO 304
7320 303 DCTC2(N)=-DIFC2(N+d)*(CTC2(N)-LAKB02*GPC2(N+l4))
7330 304 CONTINUE
7340 DCTX(1,N)=-D1FX( N+6)*(CTX( 1,N)-LAHBX*GPX( 1,N+14))
7350 11 CONTINUE
73o0 GO 1'0 600
7370 3 CALL XDRIV(LOPGS)
73oO DO 12 N=1,4
7390 DCTX(1,N)=-D1FX( N+6)*(CTX(1,N)-LAMBX*GPX(1 ,N+14))
7400 12 CONTINUE
7410 GO TO 600
7420 4 CALL 02DR1V(LOPGS)
7430 Du 13 N=1,4
7440 IF (CT02(N).LE.O.O) GO TO 401
7450 DCT02(N)=-DIF02(N+o)* (CT02(N)-LAMB02«GP02(N+14))-METO2(N)
7460 GO 10 402
7470 401 DCT02 (N ) =-DlF02 (N+6 ) >• ( CT02 (N )-LAMB02 *GP02  (N+14))
74o0 402 CONTINUE
7490 IF (CTC2(N).LE.O.O) GO TO 403
7500 DCTC2(N)=-DlFC2(N+6)*( CTC2(N)-LAMBC2*GPC2(N+14))+I4ETC2 (N)

ready



7510 GO TO 404
7520 403 DCTC2(N)=-DIb'C2(N+6)*(CTC2(N)-LAMBC2*GPC2(N+14))
7530 404 CONTINUE
7540 DCTCO(N)=-DlECO(N+b)*( CTCO(N)-LAMBCO*GPCO (N+14))
7550 13 CONTINUE
7560 GO TO bOO
7570 5 CONTINUE
7580 CALL 02DRIV(L0PGS)
7590 CALL XDRIV(LOPGS)
7600 DO 14 N=1,4
7610 IE (CTO2(N).LE.0.0) GO TO 701
7o20 DCT02(N)=-DlE02(N+o)*(CT02(N)-LAhB02*GP02(N+l4))-HETU2(N)
7o30 Gu TO 702
7o40 701 DCT02(N)=-D1EO2(N+6)*( CT02(N)-LAMBO2*G  P02(N+14))
76^0 702 CONTINUE
76oO IF (CTC2(N).LE.0.0) GO TO 703
7d7O DCTC2(N)=-DlFC2(N+b)*(CTC2(N)-LAMBC2*GPC2(N+14))+MKfC2(N)
76bu GO TO /04
7690 703 DCTC2 (N) =-DlFC2 (N+b) * (CTC2 (N)-LAMBC2ltGPC2 (N+14))
7/00 704 CONTINUE
7/10 DCTCu(N)=-DlFCO(N+6)«(CTCO(N)-LAMBCOkGPCO(N+l4))
7/20 DCTX(1,N)=-DlbX( N+6)«(CTX(1,N)-LAMBX’GPX(1,N+14))
7730 14 CONTINUE
7/40 bOO CONTINUE
7/DO DO 501 N=1,6
77o0 LC02(N)=CTL02(N+4)
7//0 LCC2(N)=C'lLC2(N+4)
7/60 LCCO(N)=CTLCO(N+4)
7/90 LCX(1 ,N)=CTLX(1,N+4)
7oOO 501 CONTINUE
/810 DO 502 N=1,4
7620 CT02(N)=CTL02(N+14)
7830 CTC2(N)=CTLC2(N+14)
7o40 CTCO(N)=CTLCO(N+14)
7850 CTX(1,N)=CTLX(1,N+14)
7860 502 CONTINUE
7o/0 RETURN
7880 END
7890 SUBROUTINE O2DR1V(LOPGS)
7900 IMPLICIT REAL*o  (A-H,C-Z)
7910 REAL*8  LAt-.B02 , LAMBC2, LAMBCO, LAMBX, LC02 , LCC2 , LCCO, LCX, METU2, METC2
7920 DIMENSION CTL02(1b), CTLC2(1b),CTLC0(16),CTLX(1,Io)
7930 DIMENSION GPO2(24),GPC2(24),GPCO(4ti),GPX(1,24),CTO2(4),CTC2(4),
7940 1CTCO(4) ,CTX(1 ,4) ,DlF02d0),DIFC2(10) ,DIFC0(10) ,DIFX(10) ,CPH(24) ,
7950 2LCO2(6),LCC2(6),LCC0(6),LCX(1,6),CSAT02(24),CSATC2(24 ),DGP02(24),
79o0 3DGPC2(24),DGPCO(48),DGPX(1,24),AX(1)
79/0 DIMENSION VFLIN(16),VELON(24),DV(24),V(24)
7960 DIMENSION SS(2) ,8(2,2),EK02(24),EKC2(24),EKCO(24),CO2(24),
79yO 1CC2(24) ,CC0(24) ,H14SP(24)
8000 DIMENSION DCTO2 (4) , DCTC2 (4), DCTCO (4 ), DCTX (1,4), ME1U2 (4 ), l-it l C2 (4)

ready



8010 DIMENSION SCHIPA(24),SCRIPB(24),SCRIPC(24),SCRIPD(24),DENOm(24)
6020 COMMON /VFLT/VELON,VELIN
6050 COMMON /bC0VER/CTL02,CTLC2,CTLC0,CTLX
6040 COMMON /bC/LAMEO2,LAMBC2,LAMBCO,LAMBX,A02,AC2,ACO,AX,HEMAT,D1FC2,
6050 W1FC2,D1FC0,D1FX,CPH,CSAT02,CSATC2,METO2,METC2
6060 COMMON /CMNVV,VP2,VP3,VP4,VP12,VP15,VPl4,GP02,CIO<i,GPC2,ClC2
80/0 COMMON /CMN1T/GPC0,CTC0,GPX,CTX
6080 COMMON /CMN2/DV, DVP2, DVP3, DVP4 , DVP 12 , DVP13, DVP14 , DGP02 , DC'l02 ,
6090 WGPC2,DCIC2
6100 COMMON /CMN2T/DGPC0,DCTC0,DGPX,DCTX
8110 ALPHA=1.339t-O3
0120 BE,rA=8.93
6130 GAt-i;-lA=1.00
0140 DO 12 N = 1 ,24
6150 P02=GP02(N)
8160 PC2=GPC2(N)
8170 CALL SA1UR(PO2,PC2,HEMAT,SS,S,S1,PH1)
6160 CPH(N)=PH1
0190 C8A'102(N)=SS(1)
6200 CSA'l'C2(i\)=SS(2)
6210 IF (LOPGS.LT.4) GO TO 11
O220C AC2=.030/’ bi THE PROGRAM SATOR
6230 MellG^iMzI .0
8240 DGPC0(N+24)=AC0*Pu ‘iMiTMl'l«S1*  GPC0(N)/A02
8250 Hi-iSP (N )= HEMAT *MMMMMM«S  1 *GPC0  (N)
62o0 CC0(N) = (1 .-hEMAT)«ACG*GPC0(l\ ,)+HEMAT*GPC0(N+24)
6270 11 CONTINUE
8200 bCrilPA(li)=ALPHA+BETA»S(1 ,1)
8290 SCRIPB(N)=BlTA”S(1,2)
8300 SCR1PC(N)=S(2,1)*PC2»GAMMA
8310 SCR1PD(N)=S(2,2)*PC2*GAMMA+SS (2)«GAMMA
6320 C02(N)=ALPHA*P02+SS(1)*BETA
8330 CC2(N)=SS(2)’fGA?lMA«PC2
8340 12 CONTINUE
8350 CALL GFLTST(CTL02,DV,LAMB02,DIF02,C02,GP02,EK02)
83o0 CALL GFLTST(CTLG2,DV,LAMbC2,DLFC2,CC2,GPC2,EKC2)
8370 CALL GFLTST(CTLCO,DV,LAMBCO,DIFCO,CCO,GPCO,EKCO)
83o0 Du 50 N=1,24
8390 DENOM(N)=(SCHIPA(N)*SCRIPD(N)-SCRIPC(N)*SCR1PB(N)) XV(N)
8400 DGP02(N)=(SCK1PD(N)*EK02(N)-SCR1PB(N)«EKC2(N))/DEN0 m(N)
8410 DGPC2(N)=(SCR1PA(N)«EKC2(N)-SCRIPC(N)*EKO2(N))/DENOM(N)
8420 IF (LOPGS.LT.4) GO TO 50
o430 DGPCO(N)=(EKCO(k)/(ACO^V(N))-HMSP(N))/(1.+HEMAT)
8440 50 CONTINUE
8450 RETURN
0460 END
8470 SUBROUTINE XDRIV(LOPGS)
6480 IMPLICIT REALES (A-H,O-Z)
8490 REAL* 8 LAMB02,LAMBC2,LAMBCO,LAMBX,LC02,LCC2,LCCO,LCX,MET02,METC2
6500 DIMENSION GP02(24),GPC2(24),GPC0(48),GPX(1,24),CT02(4),CTC2(4),

ready



Ill

8510 1CTCO(4),CTX(1,H),DIF02(10),DIFC2(10),DIFCO(10),D1FX(1O),CPH(24),
8520 2LC02(6),LCC2(6),LCC0(6),LCX(1,6),CSATO2(24),CSATC2(24 ),DGP02(24),
8550 3DGPC2(24),DGPC0(43),DGPX(1,24),AX(1)
8540 DIMENSION C1LO2(18), CTLC2(1ti),CTLCO(18),CTLX(1,13)
8550 DIMENSION VFL1N(18),VFL0ti(24),DV(24),V(24),C(24)
8560 DIMENSION DCTO2(4),DCTC2(4),DCTC0(4),DCTX(1,4),METO2(4),METC2(4)
8570 DIMENSION EKXK1 ,24)
0580 COMMON /VFLT/VFLON,VFLIN
8590 COMMON /bC(5VEK/CTLO2,CTLC2,CTLCO,CTLX
8600 COMMON /bC/LAMdG2,LAhBC2,LAMBC0,LAt'iEX,A02,AC2,AC0,AX,HEMA'l ,D1FO2,
8810 1D1FC2,D1FC0,D1FX,CPU,CSAT02,CSATC2,MET02,METC2
oo20 COMMON /CMid/V,VP2,VP3,VP4,VP12,VP13,VPl4,GP02,Cru2,GPC2,ClC2
8630 COMMON /CMNl'i7GPC0,CTC0,GPX,CTX
do40 COMMON /CMN2/DV,DVP2,DVP3,DVP4,DVP12,DVP13,DVP14,DGPu2,DCTu2,
8650 1DGPC2,DCTC2
cooO COMMON /CMNP'r/DGPCO.DCICO.DGPX.DCTX
8oY0 DO 1 N=1,24
bobO C(N)=AX(1)*GPX(1,N)
8690 CALL GFLTST(CTLX,DV,LAMBX,DIFX,C,GPX,EKX1)
8/00 DGPX(1,N)=EKX1(1,N)/(AX(1)*V(N ))
8710 1 CONTINUE
6/20 RETURN
8730 END
8740 SUBROUTINE SATUR (P02,PC02,HEMAT,SS,S,S1,PH)
8/50 IMPLICIT REALM (A-H.O-Z)
6/uO DIMENSION SS(2),S(2,2)
0770 Y=0.0
8/60 TPC02=1.00
8/93 DO 2 N=1,2
8300 IF (PC02.GE.0.001) GO TO 1
oolO TPCG2=PC02
8820 PC02=0.001
6830 1 PH=7.59+Y-0.2741*ALOG(PC02/20.0)
6840 Z=EXP((PH-7.4)*1 .812)
8850 C=5.727E-3*Z+4.2/3E-3
88u0 V=C*P02
8870 IF (V.GT.1.OE-11) GO TO 11
8680 V=0.0
8oy0 11 CONTINUE
8900 U=0.925*V+2.8*V*V+30.0»V i‘V*V
6910 S1=U/(1+U)
8920 2 Y=0.045*(1 .0-81)
8930 SS(1)=S1
8940 A=( .925+5.6*V+90*V*V)
8950 AA=A*P02 ii( .010377)^2
89o0 A2=AA*.O45
8970 S11=A*C/((1.+U)*(1.+U)+A2)
8960 S(1,1)=S11
8990 S12=-AA*.2741/((1.+U)*(1.+U)+AA«.045)/PC02
9000 S(1,2)=S12

recay



1 '’2
9010C
9020 DOX=0.59+0.2913*(7.4-PH)
9030 DR=0.664+0.2275,t(7.4-PH)
9040 DDD=DOX+(DR-DOX)*(1.0-S1)
9050 YY=EXP(2.39b1*PH-14.7l62)
9060 CP=0.03J7 "(1.0+YY)
9070 SS(2) = (1.0-HiLl-lAr)*CP+HEMAT*DDD*CP
90a0C
9090 DPH02=-.045*E11
9100 DDR=-.2275*DPhO2
9110 DDOX=-.2913*DPhO2
9120 DDDD=DDUX+(DDR-DDOX)* i(1 .-SI ) + (DR-DOX)*(-S1 1)
9130 DYYG2=2.396*DPHO2»YY
9140 DCP=.O3O/*(+DYYO2)
9150 3(2,1) = (1 .-hEL«iAT)*DCP+HEMAT*DDDD )tCP+H£MATitDDDDi=DCP
9lu0 DYC2=-.045*312
9170 DPHC2=DYC2-.2741/PC02
9160 DDRC2 = -.2275i;DPHC2
9190 DDCXC2=-.29l3’iDPHC2
9200 DDDDC2=DD0XC2+(DDRC2-DD0XC2)*(1  .-31 )-(DR-D0X)i‘312
9210 DYYC2=2.3961ltYYliDPHC2
9220 DCPC2=.030/«DYYU2
9230 3(2,2) = (1 -Hhi-iAT) KDCPC2+HEMAT#DDDDC2itCP+HEiviAl,6DUD‘,DCPC2
9240 It-’ (TPCO2.GE.0.001) GO 10 3
9250 PC02=TPC02
9260 3 CUMI1NUE
9270 RElURti
92o0 END
9290 SUBROUTINE Gb’LTST(CT,VP,LAMBDA,D,C,GP,EK)
9300 IMPLICIT REAL*0  (A-H.O-Z)
9310 REAL’S LAMBDA
9320 DIMENSION VFL0k(24),VFL1N(18),C(24),CCFL(24),CUELlN(1d),VP(24),
9330 1EK(24),D(10),CT(1d),GP(24)
9340 COMi-iON /VFLT/VFLUk , VFLIIm
9350 COrtnOi'l /CFLT/CCFL,CCFL1N
93o0 CALL FLTdST(1,2,1,1,c)
9370 CCFL(2)=C(2)-VFL0W(2)
9300 CCFL(3)=C(3)<‘VFLOV.(3)
9390 CCFL(4)=0.0
9400 DO 11 N=5,11
9410 1=N
9420 CALL ELTEST(i+24,1,4,1+24,C)
9430 11 CCFL(4)=CCFL(4)+CCFLIN(N)
9440 Du 12 N=5,10
9450 1=N
94bO 12 CALL b'LTESTCl, 11,1,I,C)
9470 CALL FLTES'K 11,12,11 ,11, C)
9460 CCFL(12)=C(12)*VFL0W(12)
9490 CCFL(13)=C(13)kVFLOh'(13)
9500 CCFL(14)=O.O

ready
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9510 DO 13 N=15,1o
9520 1=N
95dO CALL FLTESI(1+24,1,14,1+24,C)
9540 13 CCFL (14) =CCf’L (14) +CCFLIN (N)
9550 DO 14 N=15,20
95t>0 1=N
9570 14 CALL FLTEST(I,1+4,I,I,C)
95o0 CALL b'LTEST(21,1 ,21 ,21 ,C)
9590 CALLFLTEST(22,1,22,22,0
9600 CALL FLTEST(2d,24,23,23,C)
9610 CALL FLIES'!(24,2,24,24,0
9620 EK(1) =CCFL(21)+CCFL(22)-CCFL(1)-C(1)*VP(1)
96^0 EK(2) =CCFL(1)+CCFL(24)-CCFL(2)-C(2)*VP(2)
9640 EK(3) =CCFL(2)-CCFL(3)-C(3)tVP(3)
yo!?0 EK(4) =CCFL(3)-CCFL(4)-C(4)>tVP(4)
9o5U DO 100 N=t>,10
9670 100 EK(N) = CCFL17j(N)-CCFL(N)-C(h)*VP(N)+D(N-4)*(CT(t4)-LAb'itiDA ’iGP(N))
9ob0 EK(11) = CCFL(5)+CCFL(6)+CCFL(7)+CCFL(8)+CCFL(y)+CCFL(10)+CCFLlL(11)
96y0 1-CCFL(11)-C(11)*VP(11)
9700 EK(12)=CCFL(11)-CCFL(12)-C(12)*VP( 12)
9/10 EK(13)=CCFL(12)-CCFL(13)-C(13)*VP(13)
9/20 EK( 14 )=CCr'L( 13)-CCFL( 14 )-VP( 14) ”C( 14)
97 JO DO 112 N=15,1o
9740 112 EK(iM)=CCFLii'i(i'l)-CCFL(N)-VP(N)*C(N)+D(N-d)" ‘i(CT(K)-LAHkDAieJP(N))
9750 DO 113 L=19,23
9760 113 EK(W)=CCFL(N-4)-CCFL(N)-VP(N)*C(N)
97/0 EK(24)=CCFL(23)+CCFL(20)-CCFL(24)-VP(24)*C(24)
97o0 DO 131 w = 1 ,24
9790 IF (DAbo(bK(h)).GT.1.0E-13) GO TO 130
9d00 EK(N)=0.0
9810 I3O CONlliMUE
9620 131 CONTINUE
96^0 HETURN
9840 END
y650 SULRUUT1NE FLTEST(11,IN,IP,IV,C)
9b6o IMPLICIT RhAL»d (A-H,O-Z)
95/0 DIMENSION FL(42),C(24),CC(42)
9bo0 COMMON /VFLT/FL
9890 COMMON /CFLT/CC
9900 IF(FL(I1)) 1,1,2
9910 1 CC(1V)= C(1N)*FL(I1)
9920 RETURN
9930 2 CC(1V)= C(1P)*FL(11)
9940 RETURN
9950 END
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10 SUBROU'IIME DERIVS( OPT1, MTEST, PSAVE )
20 IMPLICIT REAL*o(  A-H, O-Z )
30 REAL*d  N, Nki
40 HEAL*4  G1, G2, G3, G4
50 INTEGER OPT1, FEOPT
60 DlinEHSlON X(o), Z(6), ALPHA(b), BETA(6), PS(o), DDCW(12),
70 1 DDNW(12), PSAVE(12)
60 COMMON /BLK1/ N(12,3), VTX, VALV(6), PALV(6), SVJ(12), VSPR
90 COMMON /BLK2/ DN(12,3), DVTX, DVALV(6), DPALV(6), DSW(12), UVSPR
100 COMMON /BLK10/ PGAV, DPGAV, PGAVB, DPGAVB
110 COMMON /BLK11/ PTX, DPTX, PD, DPD, G1, G2, G3, G4, FEOPT
120 COMMON C(12,4), DC(12,4), CT(12), CVj(12), DCW(12), DCWDP(12),
130 1 F(12), G, GS, NG, DNT(12), NW(12), DNW(12), P(12), PBo,
140 2 DPB3, PELALV(6), DPELAL(6), PELDA, DPELDA, PELTX, DPELIX,
150 3 PG(O), DPG(o), PGAB, DPGAB, PPL, DPS(b), bPS2,
160 4 S(4), T, DT, TN(12), I0TN(12), V(12), Vb, VLUnG,
170 5 SQT(12), bP(12), HbT
160 DATA TITS / -1.0 DO /
190C
200 TTT = T
210 IF ( 0PT1. EQ. 10. AND. TTT. EQ. TTTS ) GO '10 10
220C
230 5 FSPR = F(2)
240 IF ( MTE3T. EQ. 1 ) CALL FORCE ( TTT, FSPR, DT )
250 IF ( MTEST. NE. 1 . AND . FBOPT. GE. 9 ) CALL FORCE ( ITT, FSPR,
2o0 & DT )
270C
260 GO TO 15
290 10 CONTINUE
300 DPTX = 0.
310 DPD = 0.
320 15 CONTINUE
330 TITS = TTT
340 PELTX = PELAST ( 0, 7, VTX )
350 DPELTX = PELAST (-1, 7, VTX )
3o0 PELDA = PELAST ( 0, d, VD )
3?0 DPELDA = PELAST (-1, 6, VD )
360 DO 20 I = 1, b
390 1DUMZ = 1
400 PELALV(I) = PELAST ( 0, IDUMY, VALV(l) )
410 20 DPELAL(l) = PELAST (-1, IDUMY, VALV(I) )
4200
430 IF ( 0PT1. NE. 0 ) CALL PGRAV ( PBS, PGAB, PG, DPBS, DPGAB, DPG ) 
4400
450 DPS2 = DPTX - DPD + DPGAB + DPGAVB - DPGAV
460 DUM = DPTX + DPBS - DPGAV
470 DUM2 = PTX + PBS - PGAV
460 DO 30 1= 1, b
490 DPS(l) = DUM + DPG(I)
500 30 PS(1) = DUM2 + PG(1)

ready

«



5WC
523 CALL AIRWAY ( DN, DDCW )
530C
540 DO 50 J= 2, b
550 DCWDP(J) = G1 » DEXP( G2 * ( P(J) - 760. ) )
5oO DP(J)= DNT(J) » G / ( V(J) * ( 1.- G * DCWDP(J) ) )
570 D?(J) = ( P(J) - PSAVE(J) ) / DT
560 DCW(J) = DCWLP(J) « DP(J)
590 DwW(J)= V(J) » DCW(J)
bOO 50 DSW(J) = D.NW(J) - DDCW(J)
blO DNT(1) = 0.
620 IE ( E(2) ) 60, 70, bO
b30 60 DO 65 1=1, NG
bAO DN(1,I) = - E(2) » ( C(2,I) + HDT * DC(2,I) ) + o(l)
650 55 DNT(1) = DiVi'(l) + Dl\i(1,l)
660 DUi-iY = -E(2) * ( Ch(2) + HDT * DCW(2) )
o70 GO TO 90
bbO 70 DO 75 1=1, KG
690 75 01'11(1,1) = 0.
700 DUrtY = 0.
710 GO TO 90
720 oO DO 85 1= 1,NG
730 DN(1,1) = -C(1,I) * F(2) + 3(1)
740 85 DNT(1) = DNT(1; + Di\(1,l)
750 DU^Y = -F(2) * Ch(2)
760 90 DVSPR = DKT(1) / ( P(1) / G3 - CW(1) )
7/u Dhh(1) = DVSPR * CW(1)
7oO DSW(I) = Di\h(1) - DU.-iY
790 DO 100 1=1, KG
600 100 DC(1,1) = ( DN(1,I) - DVSPR » C(1,1) ) / V(1) 
dIOC
620 CALL MOLES( F(7),DwT(7),NG,HDT,C,DC,DN,DDNW(7),CW,DDCW,5,( )
830 CALL MOLES( F(b) ,DwT(o) ,NG,HDT,C,DC ,DN,DDNh'(b) ,CW,DDCW ,4,5 )
640 CALL MCLES( F(9),DhT(9),NG,HDT,C,DC,DN,DDwh(9),CW,DDCW,5,9 )
850 CALL t-iOLES( F(10) ,DNT( 10) ,NG,HDI ,C,DC,DN ,DDhL( 10) ,CW,DDCW,b, 10
860 CALL MULES( F( 11) ,DNT( 11) ,NG,HDT,C,DC,DN ,DDNW( 11),Ch1 ,DDCW, 5,11
8/0 CALL M0LES( F( 12),DNT( 12) ,HG,HDT,C,DC,DN,DDhri( 12),Ch',DDCW,b , 12
8dOC
890 DO 250 J = 7, 12
900 CT(J) = 0.
910 DO 250 1= 1, KG
920 250 CT(J) = CT(J) + C(J,I)
930 ALPHAT = 0.
940 HETAT = 0.
950 DO 300 J = 7, 12
960 K = J - b
970 DCWDP(J) = G1 * DEXP( G2 * ( P(J) - 760. ) )
980 X(K) = G * DChDP(J)
990 Z(K) = 1. - X(K)
1000 DMY = P(J) + DPELAL(K) « VALV(K) * Z(K) - G ” CW(J)

ready



1910 ALPHA(K) = ( DN'l(J) * G - DPS(K) * V(J) * ZCK) ) / Dt-iY 
1020 blL'lA(K) = DPcILTX » VALV(K) * Z(K) / DbiY 
1030 ALPriAT = ALPHAT + ALPHA(K) 
10A0 BLTAT = BETAT + BETA(K) 
1050 300 CONTINUE 
1000 DVTX = ( ALPHAT * DPELDA + DPS2 ) / ( DPELTX + DPELDA s ( 1 
1070 1 BETAT ) )
WdO DO 400 J= 7, 12 
1090 K = J - o
1100 DVALV(K) = ALPHA(K) + BETA(K) * DVTX
1110 DP(J) = ( DN1(J)*G  - ( P(J) - G«CW(J) )*DVALV(K)  ) / ( V(J)*Z(K)  )
1120 DPALV(K) = DP(J)
1130 DS'w(J) = DCWDP(J) * DP(J) * V(J) + CW(J) * DVALV(k) - DuNv.(J) 
1140 400 CONTINUE
1150 1001 FURMAT( 3X.E5.3, 3X, F12.8, 3X, F12.d,
1100 1 3X, E12.7, 2( 3X, E10.4 ) )
1170 1000 RETUhw 
1100 END
1190 SUBROUTINE PARMS2( VA )
1200 HEALKo N, Nw
1210 REAL»4 PCALC, CTCALC, VLDIF, G1, G2, G3, G4
1220 IMPLICIT REALES( A-H, O-Z )
1230 INTEGER FBOPT
1240 DIMENSION DELP(b), X(5), B(5), KNT2(5), EACT(5)
1250 COMMON /BLKV n(12,3), VTX, VALV(b), PALV(6), Sh(12), VsPR
12o0 COMMON /BLK2/ DN(12,3), DVTX, DVALV (6), DPALV(6), DSv;(12), DVSrR
12/0 COmmOK /BLKo/ A(5,5), FO(b), FI(6), SQO(b), SQ1(6)
1200 COmmOn /LLK^/ PCALC(12), CTCALC(12), VLDlr'
1290 COMMON /ELK10/ PGAV, DPGAV, pgavb, dpgavb
1300 CuMpiOn /ELK11/ PTX, DPTX, PD, DPD, G1, G2, G3, G4, FBOPT
1310 CUbiMUN C(12,4), DC(12,4), CT(12), CW(12), DCW(12), DCV>:DP(12),
1320 1 F(12), G, GS, NG, DNT(12), NW(12), DNW(12), P(12), PBS,
1330 2 DPBS, PELALV(b), DPELAL(b), PELDA, DPELDA, PEL'IX, DPELTa,
1340 3 PG(o), DPG(b), PGAB, DPGAB, PPL, DPS(o), DPS2,
1350 4 3(4), T, DT, TN(12), 10TN(12), V(12), VD, VLUnG,
13o0 5 SQT(12), DP(12), BUT
1370 DATA EPS / 1.0D-5 /
13^0 VLUNG = VA
1390 V(1) = VSPR
1400 DO 25 J=7,12
1410 K= J-6
1420 P(J) = PALV(K)
1430 V(J) = VALV(K)
1440 25 VLUNG = VLUNG+VQ)
1450 Ti\(1) = 0.
l4bO DU 75 1= 1,NG
1470 C(1,l) = N(1,1) / V(1)
1400 75 TN(1) = TN(1) + N(1,I)
1490 CT(1) = P(1) / GS - CW(1)
1500 DO 90 J=7,12

ready



1 3

1510 Cv.'(J) = G3 * OEXP( G2 *(P(J)-7bO.)  )
1520 DCWDP(J) = G1 * D6XP( G2 ” ( P(J) - 760. ) )
1530 Cr(J) = P(J) / G - Ch(J)
1540 Ti\l(J) = 0.
1550 DO 65 1= 1,NG
1560 0(0,1) = N(J,I)/V(J)
1570 65 TN(J) = Tr<(J) + N(J,I)
15d0 CT(J) - P(J) / G - CW(J)
ibyo 90 CWmTINUE
1600 DG 100 0= 2,6
1610 CV.(J) = G3 * DEXP( G2 *(P(J)-76O.)  )
1620 DChDP(J) = G1 - DEXP( G2 6 ( P(J) - 760. ) )
16d0 C'I(J) = P(J) / G - Cw(J)
1640 Tn(J) = 0.
1650 Du 100 1= 1 ,NG
1660 1N(J) = 'l'N(J) + N(J,1)
1o70 100 0(0,1) = N(O,1) / V(0)
1 odO PPL = Pi'X + PbS - PEL1X - PGAV
1690 VD = VLUNG - V1X - VLD1F
1700 DO 130 0= 1,5
1710 FACT(O) = .6
17 20 KN12(0) = 0
17jO DO 1jO 1=1,d
1740 130 A(1,O) = 0.
1750 DU 210 KM = 1, 50
1760 IF ( KMT. EQ. 1 ) GO TO 155
17 fO ChLL FLOW (1,2)
17dO CALL FLOW (2, 3 )
1790 CALL FLOW (2,4)
loOO CALL FLOW ( 3, 5 )
1610 CALL FLOW (4,6)
1o20 155 CONTINUE
1o30 CALL FLOW ( 3, 7 )
1640 CALL FLuW (4,6)
1o50 CALL FLOW (5,9)
1060 CALL FLOW ( o, 10 )
16/0 CALL FLUW ( 5, 11 )
1 boO CALL FLOW ( d, 12 )
1690 DO 160 0= 2,6
1900 F0(0) = 0.
1910 F1(O) = 0.
1y20 SQO(O) = 0.
1930 SQI(O) = 0.
1940 160 CT(O) = P(0) / G - CW(O)
1950 CALL SUB1 (1,2)
19d0 CALL SUB1 ( 2, 3 )
1970 CALL SUB1 (2,4)
I960 CALL SUB1 ( d, 5 )
1990 CALL SUB1 (4,6)
2000 CALL SUbl (3,7)

ready
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2470
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2490
2500

ready
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CALL SUB1 (4,6)
CALL SUB1 ( 5, 9 )
CALL SUB1 ( 6, 10 )
CALL SUB1 ( 5, 11 )
CALL SUB1 ( 6, 12 )
SB = 0.
DO 200 J= 2,6
K= J - 1
KNT2(K) = KNT2(K) + 1
A(K,K) = -( SQI(J) + ( 04 - DCWDP(J) ) * FO(J) + CT(J) * SQO(J) )
IF( DABS( A(K,K) ). LT. .ID-12 ) A(K,K) = -.ID-12
B(K) = -F1(J) + CT(J) * FO(J)
SB = SB + DABS( B(K) )
CALL BAPM ( A, X, B )
SDP = 0.
DO 203 K= 1,5
SDP = SDP + ABS( X(K) )
IF ( KNT. GT. 25) kRITE(6,1234) T,SB,(P(J),J=2,6)
FORMAT ( IX, F5.3,1X,1PE9.2, 5(1X,F9.5))
IF ( SB. LT. EPS ) GO TO 215
DO 210 J= 2,6
K = J-1
IF ( KNT2(K). EQ. 1 ) GO TO 206
IF ( DELP(J). EQ. 0.. OR. X(K). EQ. 0. ) GO TO 206
IF ( DELP(J) / X(K) ) 205, 205, 204
IF ( KNT2(K). LT. 3 ) GO TO 206
FACT(K) = 1.0
GO TO 206
FACT(K) = 0.6
KNT2(K) = 0.
X(K) = FACT(K) * X(K)
DELP(J) = X(K)
P(J) = P(J) + DELP(J)
CW(J) = G3 * DEXP( G2 *(P(J)-?60.)  )
DCWDP(J) = G1 * DEXP( G2 * ( P(J) - 760. ) )
STOP 1234
CONTINUE
WRIIE(6,1111) KNT, SB
FORMAT(1X,'KNT, SB = ', 15, E14.3 )
DO 220 J= 1,12
NW(J) = Cta(J) * V(J)
TOTN(J) = TN(J) + NW(J)
DO 230 J= 2,6
CVi(J) = 03 * DEXP( G2 *(P(J)-760.)  )
CTCALC(J) = CT(J)
PCALC(J) = TOTN(J) * G / V(J)
DO 235 J= 1,12
CT(J) = TOTN(J) / V(J)
RETURN
END



139
10 SUBROUTINE PGRAV ( PBS, PGAB, PG, DPBS, DPGAB, DPG )
20 IMPLICIT REAL*8(  A-H, O-Z )
30 DIMENSION PG(b), DPG(6)
MO COMMON /BLK8/ PHI, GE, GR, GT, GD, HP, PIE, ANG1, ANG2, PHI1, PHI2
50 COMMON /BLK10/ PGAV, DPGAV, PGAVB, DPGAVB
60 GR = 1. + GF
70 PHI = PHI2
80 COSPHI = DCOS( PHI )
90 S1NPHI = DSIN( PHI )
100 GD = GR * COSPHI
110 GT = GR * DCOS( PHI - .2618 )
120 GCON = GR * 0.73557 / 2.
130 H = 8.67 * COSPHI
140 PBS - 760.
150 PGAB = GCON * 8.*  DCOS( 2.*PHI  ) + 2. * GR * S1NPHI
loO PG(1) = GCON (13.0 - H )
170 PG(2) = GCON (13.0 - H )
180 PG(3) = GCON it 13.0
190 PG(4) = GCON * 13.0
200 PG(5) = GCON * ( 13.0 + H )
210 PG(6) = GCON * ( 13.0 + H )
220 DPBS = 0.
230 DPGAB = 0.
240 DPG(1) = 0.
250 DPG(2) = 0.
260 DPG(3) = 0.
270 DPG(4) = 0.
280 DPG(5) = 0.
290 DPG(6) = 0.
300 PGAVB = GCON * 13.*  ( 1. + COSPHI )
310 DPGAVB = 0.
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, DPGAB',/,
420 2 ' PG, / , DPG', / )
430 WRITE(6,99) PGAV, DPGAV, PGAVB, DPGAVB, PGAB, DPGAB, PG, DPG
440 99 F0RMAT(1X,6E12.5)
450 WR1TE(6,96)
460 96 FORMAT( /, IX, ' GR, PHI, COSPHI, GD, GT, H', / )
470 WRITE(6,99) GR, PHI, COSPHI, GD, GT, H
480 101 CONTINUE
490 RETURN
500 END

ready

*
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FUNCTION PELAST ( KTEST, I, V )
REAL*8  V, HP, PELAST
COMMON /BLK5/ A(7,8)
DATA HP / 1.570796327 DO /
IF ( V - A(2,l) ) 1,1,2

1 VD1F = A(2,I) - A(4,I)
GO TO 3

2 VDIF = A(3,I) - A(2,I)
3 IF ( KTEST ) 5,4,4
4 DUM = HP  ( V - A(2,I) ) / VDIF 
DTAN = DSIN(DUM) / DCOS(DUM)

*

PELAST = VDIF * DTAN / A(6,I) + A(5,I) 
RETURN

5 PELAST = 1./ ( A(1,I)  ( DCOS( HP  ( V-A(2,l) ) / VDIF ) )«»2 ) 
RETURN 
END

* *

SUBROUTINE FLOW ( 1, J )
IMPLICIT REAL*8(  A-H, 0-Z )
REAL*8  NW
REAL«4 B, W
COMMON /BLK3/ B(8,12), FS(12), RA(12), RB(12), W(12), DTM
COMMON C(12,4), DC(12,4), CT(12), CW(12), DCw(12), DCWDP(12),

1 F(12), G, GS, NG, DNT(12), NW(12), DNW(12), P(12), PBS,
2 DPBS, PELALV(6), DPELAL(6), PELDA, DPELDA, PELTX, DPELTX,
3 PG(6), DPG(d), PGAB, DPGAB, PPL, DPS(6), DPS2,
4 S(4), T, DT, TN(12), T0TN(12), V(12), VD, VLUNG,
5 SQT(12), DP(12), HOT

PDIF = P(I) - P(J)
IF ( 2-1 ) 1,2,2

1 K = J
IF ( J. EQ. 5. OR. J. EQ. 6 ) K = J + 2
DELP = ( P(I) + P(J) )/2. - P(K)
VAVG = ( V(I) + V(K) ) / 2.
RA(J) = ( B(1,J) + B(2,J) * DELP ) / ( 1. + B(3,J) * VAVG )
RB(J) = ( B(4,J) + B(5,J) * DELP + B(6,J) * (2. * PPL - DELP ) ) /

1 (1. + B(7,J) * VAVG )
GO TO 3

2 RA(J) = B(1,J)
RB(J) = B(4,J)

3 SIGN = 1.
1F( PDIF + W(J) * FS(J) / DTM. LT. 6. ) SIGN = -1.
DUMY =( RA(J) + W(J) / DTM )**2  + 4. * SIGN * RB(J) *

1 ( PDIF + W(J) * FS(J) / DTM )
IF ( DUMY. GE. .0 ) GO TO 11
WRITE (6,12) T, I, J, DUMY, RA(J), RB(J), PDIF, FS(J), SIGN

12 FORMAT(2X, 'SQRT FAILURE IN FLOW, T, I, J, DUMY, RA, RB,
6 PDIF, FS(J), SIGN =',/,2X, F10.5, 213, 5E12.4, F5.1 ) 
STOP 13
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11 SQT(J) - DSQRK DUMY )

IF ( .ID-12 - ABS(PDIF) ) 6, 5, 5
5 F(J) = 0.

RETURN

6 F(J) = ( -RA(J) - W(J) / DTM + SQT(J) ) / ( 2.  RB(J)  SIGN ) 
RETURN

* *

END
SUBROUTINE MOLES( F, DNT, NG, HDT, C, DC, DN, DDNW, CW, DCW, J, K) 
IMPLICIT REAL*8(  A-H, 0-Z )
DIMENSION C(12,4), DC(12,4), CW(12), DCW(12), DN(12,4)
COMMON /BLK12/ DIFF(6,3) 
DNT = 0.
IF( F ) 5, 10, 15

5 DO 6 1= 1, NG
DN(K,I) = F * C(K,I)-DIFF(K-6,I)

6 DNT = DNT + DN(K,I) 
DDNW = F  CW(K) 
RETURN

*

10 DO 11 1= 1, NG
11 DN(K,I) = O.-DIFF(K-6,I) 

DDNW = 0.
RETURN

15 DO 16 1= 1, NG
DN(K,I) = F * ( C(J,I) + HDT * DC(J,1) )-DIFF(K-6,1)

16 DNT = DNT + DN(K,I)
DDNW = F * ( CW(J) + HDT * DCW(J) ) 
RETURN
END

SUBROUTINE FORCE ( T, FSPR, DT )
REAL*8  T, PTX, PD, DPTX, DPD, PHI, GF, GR, GT, GD, HP, PIE,

1 ANG1, ANG2, PHI1, PHI2, FSPR, FSPRS, FCT, DT
INTEGER FBOPT
DIMENSION AA(8,2)
COMMON /BLK4/ TIN, TEX, PDIN, TB, Y1, Y2, Y3, Y4, PTXIN, PTXEX,

1 PDEX, PDAG, PTXG, TO, T2, PB, FCT, FSPRS, TTEST
COMMON /BLK8/ PnI, GF, GR, GT, GD, HP, PIE, ANG1, ANG2, PHI1, PH12 
COMMON /BLK11/ PTX, DPTX, PD, DPD, G1, G2, G3, G4, FBOPT
DATA TO, TTEST, TBRTri, ITST, CONST, NFRC / 3M 0.0, 1, 1., 0 /,

& AA / .39, 4., .50., .25, .11, .30, 2.1, 3.,
& .43, 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
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1 -I 2
IF ( T. LT. ITEST - .0001 ) GO TO 5
IF ( ITST. EQ. 3 ) ITST = 1
1F( ITST. EQ. FBOPT ) NFRC = 1
IF ( NFRC. EQ. 1 ) GO TO 100
ITST = IIST + 1
El = AB3( PTXIN - PTXEX ) / PB
B3 = ABS ( PDIN - PDEX ) / PB
ASQftl = lb « lb
'IBS = TB
BIS = Bl
DU 1 J= 1,50
IF ( 1TS1. EQ. 2 ) DPTX = ( PTXIN + BIS - PTXEX ) * Y1 / ( 1

1 EXP( -Y1 - ( TIN - TbP ) ) )
IF ( ITST. bQ. 3 ) DPTX = Y2 * ( PTXIN + BIS - P1XEX) / ( 1.-

1 DEXP( -Y2 * ( TEX - TBP ) ) )
TBP = ABS( DPTX ) 4 ASQR1 / SQRT( B1»B1 + ASQR1 » DPTX»DPTX )
ASQR = TbP * TBP
DU14Y = SQRT( 1.- ASQR / ASQR1 )
BIX = Bl - Bl *•' DUMY
IF ( ABS( BTX -BIS ). LT. 0.001 ) GO TO 2
BIS = bTX

1 TbS - TbP
2 bDA = B3 - B3  DUMY*

Cl = PTXEX - BTX
C2 = PTXIN + BIX
C3 = PDEX - BDA
C4 = PD1N + BDA
BAI = BTX / AbQR
BA3 = BDA / ASQR
PTXDM = PTXIN + BTX
PDDM = PDIN + EDA
IF ( ITST - 3 ) 0, 7, 7

o P1N2 = ( PTXDM - PTXEX ) / ( 1.- DEXP( -Y1 * ( TIN - IBP ) ) ) 
P1N3 = ( PDDM - PDEX ) / ( 1.- EXP( -Y3 6 ( Tin - TBP ) ) )
TTEST — TTEST + TIN
TO = TO + TbRTH
T1 = TO + TCP
T2 = TO + TIN
T3 = T2 + TbP
TBfiTH — TEX + TIN
TOP = TO - .0001
TIP = T1 - .0001
T2P = T2 - .0001
T3P = 13 - .0001
GO TO 8

7 IF ( FEOPT. LT. 10 ) GO TO 71
T3P = T2P
13 = T2 
TBP = 0.
PTXDM = PTXIN



1 'I'1:
670 PDDM = PDIN
6d0 PEX2 = 1./ (.455*  ( 1.-EXP( -1.95 * TEX ) ) + .335*  ( 1. -
690 & EXP( -.1 * TEX»*2  ) ) + .21*  ( 1.- EXP( -.11*  TEX»*3)  ) )
700 PEX3 = ( PDDM - PDEX ) * PEX2
710 PEX2 = ( PTXDM - PTXEX ) * PEX2
720 WRITE (6,1221) PEX2,PEX3,PTXDM,PDDM
730 1221 FORMAT( IX, 'PEX2, PEX3 =', 4E15.4 )
740 GO TO 72
750 71 PEX2 = ( PTXDM - PTXEX ) / ( 1.- DEXP( -Y2 * ( TEX - T6P ) ) )
7oO PEX3 = ( PDDM - PDEX ) / ( 1.- DEXP( -Y4 * ( TEX - TBP ) ) ).
7(0 72 TTEST = TlESl + TEX
7oO 8 CONTINUE
790C
800 5 CONTINUE
810 IF ( NFRC. EQ. 1 ) GO TO 100
o20 IF ( I. GE. I3P ) GO TO 75
830 IF ( T. GE. T2P ) GO TO 50
840 IF ( I. GE. TIP ) GO TO 25
650C
ObOC INSPIRATION: PARI 1
870c
BuO TDIF = I - TO
o90 TEQR = TD1E « TD1F
900 DI = SQH1( 1. - 1SQR / ASQR1 )
910 DUM = TD1F / ( DI * ASQR1 )
920 PTX = PTXEX - Bl + El * DI + PTXG * GT
9d0 DP'IX = -bl ” DUM
940 PD = PDEX - B3 + B5 * DI + PDAG * GD
950 DPD = -B3 * DUM
960 RETURN
970C
9oOC INSPIRATION: PART 2
99OC
1000 25 DI = EXP( -Y1 * ( T - T1 ) )
1010 D3 = EXP( -Y3 * ( T - II ) )
1020 PTX = Cl + P1N2 * ( 1.- DI ) + PTXG * GT
IOjO DPTX = P1N2 * Y1 * DI
1040 PD = C3 + PIN3 * ( 1.- D3 ) + PDAG * GD
1090 DPD = PIN3 ” Y3 * Dj
1060 RETURN
1070C
IOoOC EXPIRATION: PARI 1
109UC f
1100 50 IF ( FbOPT. EQ. 10 ) GO TO 200
1110 TD1F = T - T2
1120 TSQH = TD1F * TD1F
1130 DI = SQRT( 1.- TSQR / ASQR1 )
1140 DUM = TDIF / ( DI * ASQR1 )
1150 PTX = PTXIN + Bl - Bl * DI + PTXG * GT
IloO DPTX = Bl * DUM

reaay



1 A <1
1170 PD = PD1N + B3 - B3 " DI + PDAG * GD
1160 
1190 
12JLC 
1210C 
1220C 
1230
1240 
1250

DPD = B3 * DUH
RETURN

EXPIRATION: PART 2

75 IF ( FbOPT. EQ. 10 ) GO
DI = EXP( -Y2 * ( T - T3
D3 = EXP( -Y4 -• ( T - 13

TO 200 
) ) 
) )

I2o<)
1270

FIX = PTXDh - PEX2 * ( 1 . 
DPTX = -PEX2 * Y2 s DI

DI ) + PTXG « GT

1260
1290
1300

PD = PDDt-i - PEX3 x ( 1.- 
DPD = -PEX3 * Y4 K D3 
RETURN

D3 ) + PDAG * GD

13WC
1^20 100 CONTINUE
1330 IE ( T. LT. 1TEST - .0001) GO TO 105
13^0 Tw = TTEbT
13d0 TlEGT = TTEST + TEX
1360 COR = A ti ( 1. - EXP( -ALP * EXP( EPS * ALOG( TEX ) ) ) ) +
13/0 & b - ( 1. - EXP( -BET * TEX ) ) +
1300 & C « TlX » EXP( -GAri « EXP( DEL * ALOG( TEX ) ) )
13^0 PTXD1F = ( PTXbX - PTX1N ) / COR
1400 PDD1F = ( PDtX - PDIIm ) / COR
1410C
1420 ' 105 continue
1430 TT = T - TN
1440 ALNT = ALOG( TT )
1450 TEPSM= EXP( ( EPS -1. ) * ALNT )
1460 TEP3 = EXP( EPS * ALNT )
14/0 TDEL = EXP( DEL * ALNT )
1460 EXP1 = EXP( -ALP 6 TEPS )
1490 EXP2 = EXP( -BET 31 TT )
1500 EXP3 = EXP( -GAM * TDEL )
IdIO FCT = A « ( 1.- EXP1 ) + B * ( 1.- EXP2 ) + C IT * EXP3
1520 DECT = A * ALP * EPS * TEPSM * EXP1 + B k BET * EXP2 +
1530 d c * eaP3 * ( 1.- DEL * GAIT * TDEL )
1540 PTX = PTXG * GT + PTXIN + PTXDIF * FCT
1550 PD = PDAG * GD + PD1N.+ PDDIF * FCT
15o0 DPTX= DECT * PTXDIF
15/0 DPD = DECT * PDD1F
15uO RETURN
1590 200 CONTINUE
1600 TD1E = T - T2
1610 TT = TDIE - 2.10
1620 PTX = .455 * ( 1.- EXP( -1.95 * TD1F ) ) + .3j5 * ( 1.- EXP( -.1 *
1630 & TDlF* fc2 ) )
1640 DPTX = .60725 * EXP ( -1.95 * TDIF ) + .06? •«' TDIE - EXP (-.1
1o50 & * TD1F*TD1F  )
I60O IF (TT) 90,90,65

ready



1b70 85 PTX = PIX + .20 * ( 1. - EXP(-.11 * TTk*3  ) )
lodO DPTD = DPTX + .066 * TT*TT  * EXP(-.11 * TT*«3  )
1690 90 PG = PDD.'i -PEX3 * PTX + PDAG 8 GD
1 /GO PTX = PTXDM - 28X2 * PTX + PTXG * GT
1710 DPD = -DPTX * PEX3
1720 DPTX = -PEX2 8 DPTX
173OC IF(T.GE.1.55) WHITE(6,1222) T, PTX, DPTX, PD, DPD
1740 RETURN
1/50 1222 FGRMATdX, 'T, PTX, DPTX, PD, DPD =' ,F5.2, b'7.2, E10.2, b'7.2,
17o0 6= E10.2 )
17/0 ENDr/oo SUBROUTINE AIRWAY ( DN, DDCW )
1790 IMPLICIT REAL*o(  A-H, C-Z )
1800 REALES NW
1810 DIMe-NSION X(5), DDCW(12), FI(6,4), F0(6), A(5,b), bTW(6), L(5)
1820 1 DN(12,4)
1830 COMMON C(12,4), DC(12,4), CT(12), CW(12), DCV.(12), DCWDP(12),
1o40 1i F(12), G, GS, NG, DNT(12), NW(12), DHW(12), P(12), PEs,

: DPES, PhLALV(6), DPELAL(6), PELDA, DPuLDA, PELTX, DP&LTX,
j PG(6), DPG(6), PGAB, DPGAB, PPL, DPS(b), DPS2,

1850 c.
lodO
lo/O L1 S(4), I, DT, TN(12), T0TN(12), V(12), VD, VLUxG,
18u0 t> SQT(12), DP(12), UDT
1890 DO 10 J= 1,3/
1900 10 F1W(J) = 0.
1910 DO 20 J= 2,o
1920 DNT(J) = 0.
1930 DO 20 1=1 ,NG
1940 20 F1(J,I) = 0.
1950 lb'( b’(2) ) 30, 50, 40
I960 30 F0(2) = -b(2)
1970 GO TO 50
1980 40 DO 45 1=1, NG
1990 45 F1(2,I) = F(2) * C(1,I)
2000 F1W(2) = b’(2) 8 Cv.(1)
2010 50 DO 80 J= 3,6
2020 K3 = J-1
2030 K = J-3
2040 IF ( J. EQ. 3 ) K= 1
2050 K2 = K + 1
2060 IF( F(J) ) 60, 80, 70

FO(J) = -F(J)2070 60
2080 A(K,K3) = -F(J)
2090 DO 65 1= 1, NG
2100 65 FI(tC2,I) = F1(K2,1) - F(J) * C(J,I)
2110 F1W(K2) = FIV.’(K2) - F(J) * CW(J)
2120 GO TO 80
2130 70 F0(K2) = FO(K2) + F(J)
2140 A(K3,K) = F(J)
2190 DO 75 I= 1, NG

F1(J,I) = F(J) 8 C(K2,I)2160 75

ready



2170
2160 60
2190 170 
2200
2210
2220
2230 210 
2240 215 
2250
2250
22/0 220 
22o0 2d0 
2290 350 
2300 360 
2310 
2320
2330 370 
2340 3003 
2350 
23o0 
2370 
2360
2390 375 
2400 3004 
2410 360 
2420
2430 390 
2440
2450
2460 400
2470 
2460 
2490 
2500 
2510 
2520 
2530
2540 
2550 
2600 
25/0 
2560 
2590 
2o00C
2610 
2620 
2630 
2640 
2650 
2o60

ready

6

1 -15
F1W(J) = F(J) * Ch(K2)
COiMTlNUE
DO 230 J= 7,12
K = J-4
IF ( J. GE. 11 ) K= J-6
IF( F(J) ) 210, 230, 220
DO 215 1= 1, NG
FI(K,I) = F1(K,I) - F(J) * C(J,I)
F1W(K) = F1W(K) - F(J) CW(J)
GO TO 230
FO(K) = FO(K) + F(J)
CONTINUE
DO 360 K= 1, 5
A(K,K) = -( V(K+1) / HDT + F0(K+1) )
DO 360 1= 1, NG
DO 370 K= 2, 6
B(K-1) = ( C(K,I) * FO(K) - FI(K,1) ) / HDT
FORMAT ( /, 1H , 5(1X, 5E12.6, 4X, E12.6, //) )
CALL BAPM( A, X, B )
DO 375 J= 2, 6
DC(J,I) = X(J-1)
DN(J,1) = DC(J,1) * V(J)
DimT(J) = DNT(J) + DN(J,I)
FORMAT(5X, 5E15.6 )
CONTINUE
DO 3yO J= 2, 6
B(K-1) = ( CW(K) « FO(K) - F1W(K) ) / HDT
CALL BAPM( A, X, B )
DO 400 J= 2, o
DDCk(K) = X(K-1)
RETURN
END
SUBROUTINE PMAX ( FRCP, VMAX, PG, PBS, GT, GD, PGflb,

1 FCT1J, VTX, VD, PPL, VA )
REAL*d  PG, PBS, GT, GD, PGAV, DPGAV, PGAVB, DPGAVb, FCTST,

1 V, VTX, VD, VDM, VTXil, PELAST, PGAB, PPL, VA, FSPRS 
REALf-d DPI (6) ,DUMYS
DIMENSION PG(6), A(7), B(7), C(7), XP(7), DELB(7), FACT(7),

1 KNT2(7)
COMMON /BLK4/ TIN, TEX, PDIN, TB, Y1, Y2, X3, Y4, PTX1N, PTXEX,

1 PDEX, PDAG, PTXG, TO, T2, PB, FCTST, FSPRS, TTEST
COMMON /BLK5/ AA(7,b)
COMMON /BLK10/ PGAV, DPGAV, PGAVB, DPGAVB

VLG = FRCP + VMAX - VA
PPLM = PPL
XP(7) = PPLM
DO 25 J=1,6
XP(J) = VLG / 6.
C(J) = PG(J) - PBS



] VI

2o70 
26tiO 
2690 
2700 
2710 
2720C 
2730 
2740 
2 7 o0 
27 oO 
2770 
27dO 
2790 
2000 
2810 
2020 
28j0 
2o40 
2o50 
2do0 
2o70 
2bo0 
2d90 
2900C 
2y10 
2920C 
2930 
2940 
2950 
293OC 
2y70 
2930 
2990 
3000 
3010 
3020 
3030 
3040 
30d0 
3080 
3070 
30o0 
3090 
3100 
3110 
3120 
3130 
3140 
3150 
31o0

25

35

50

55

204

205

20o

209

60

70
1000

CONTINUE
C(7) = VLG
DO 35 J= 1, 7
FACT(J) = .5
KNT2(J) = 0

DO 1000 KNT = 1, 30 
Sb = 0.
SV = 0.
SA = 0.
SAW = 0.
DO 50 J= 1,6 
JDUi^Y = J 
V = XP(J)
B(J) = ( PELASTl 0, JDUSY, V ) + 
A(J) = PELAS'K -1, JDUF.Y, V ) 
SB = SB + ABS( B(J) ) 
SV = SV + XP(J) 
SA = SA + 1./ A(J)
SAW = SAW + b(J) / A(J)
CONTINUE
B(7) = ( SV - C(7) ) 
SB = SB + ABS( B(7) )

IF ( SB. LT. 0.01 ) GO TO 1005

B(7> = ( t!(7) - SAW ) / SA
DO 55 J= 1,0
B(J) = -( B(J) + b(7) ) / A(J)

DO 60 J= 1,7
IF ( KNT2(J). EQ. 1 ) GO TO 206
IF ( DELB(J). e-Q. 0.. OR. B(J).
IF ( DBLb(J) / B(J) ) 205, 205,
IF ( KNT2(J). LT. 3 ) GO TO 20o
FACT(J) = 1.0
GO TO 206
FACT(J) =0.5
KNT2(J) =0.0
B(J) = FACT(J) * B(J)
DELB(J) = B(J)
IF ( J. EQ. 7 ) GO TO 60
DUM = ABS( DELB(J) )
IF ( DUMY. GT. 0.2 ) DELB(J) = 
XP(J) = XP(J) + DELE(J) 
DO 7 0 J = 1 ,6
IF ( XP(J). GE. AA(3,J) ) XP(J) 
CONTINUE
WHITE(6,98) XP
WRITE(6,99) KNT, SB

XP(7) + C(J) )

EQ. 0. ) Gu 10 20o 
204

0.2 * DUMY / DELE(J)

= AA(3,0) - .01

ready



1/13

3170 99 FORMAT( 5X, 'KNT =',I3, 5X, 'SB =', E10.3 )
31o0 96
31900
3200
32100
3220 1005
3230 111
3240
3250
3230
32Z0
32d0
3290
3300
3310
3320
3330
3340
3350
3300
33 (0
33oO 1201
3390
3400 1205
3410 120o
3420 1209

FORKAT(5X, 9E11.4 )

STOP 3

CONTINUE
FORKAT( 5X, 7E15.8 )
PPLM = XP(7)
C(1) = PBS + PTXG * GT - PGAV - PPLM
C(2) = PBS + PDAG 6 GD - PGAVB - PPLM - PGAB
C(3) = FCTN
C(4) = VLG + .005
ADUM1 = AA(3,/') - .001
ADUM2 = AA(4,7) + .001
ADUM3 = AA(3,b) - .001
ADU;-i4 = AA(4,d) + .001
Vl'XM = VTX + .5 » VMAX
IV ( VTXM. GE. ADUM1 ) VTXM = ADUM1
IF ( VTXM. Lb. ADUM2 ) VTXM = ADUM2
VDM = 0(4) - VTXh
IF ( VDM - ADUMd ) 1205, 1201, 1201
VDM - ADUM3
GO TO 1209
IF ( VDM - ADUM4 ) 1206, 1206, 1210
VDM = ADUM4
VTXM = 0(4) - VDM

3430
3440 1210
345OC
34o0

IF ( VTXM. LT. ADUM2. OH . VTXM. GT. ADUM1 ) Gu TO 2001 
CONTINUE

DO 2000 KNT =1,50
3470 VIXMN = VTXM + ( 0(3) * ( PELAST( 0, 8, VDM ) - 0(2) ) -
34ti0
34yO
3500

1 PELASK 0, 7, VTXM ) + 0(1) ) / ( C(3) ’• PELAST( -1, o, VDM )
2 + PELASK -1, 7, VTXM ) )
VDM = C(4) - Vi'AMN

3510 1F( ( VIXMN. LE. ADUM2. OH. VTXMN. GE. ADUM1 ). AND .
3520
3530
3540
3550 2000
35b0C
35?O 2001

1 ( VDM. LE. ADUM4. OH. VDM. GE. ADUM3 ) ) GO 10 2001
IF ( AbS( VTXMN - VTXM ). LT. 0.0005 ) GO TO 2005
VTXM = VTXMN
CONTINUE

WKITE(6,1O1) VDM, VTX
35d0 101 F0RMAT(//5X, '’Skfc***<*  VDM = ' ,F10,5, * VTX = 1 ,F10.5,
3590
3600
3610 2005
3620
3630
3640
3650
3660

1 'OnE OF ThE ABOVE IS TO LARGE, CHECK A(7,8) AND FCTN')
STOP 4
CONTINUE
WR1TE(6,99) KNT
VTXM = VTXMN
DUM1 = PELASK 0, 7, VTXM )
DUM2 = PELAS'K 0, 8, VDM )
DUMd = PELAS'K 0, 7, VTX )

ready



3670 
3bti0 
36yO 
3700 
3710 
3720 
3730 
3740 
3750 
31 b0 
37/0 
3760 
3/90 
3o00 
3610 
3620 
3630 
3o40 
3o50 
3660 
3670 
3660 
3690 
3900 
39W 
3920 
3930 
3940 
3950 
3960 
3970 
39oO 
3990 
4000 
4010 
4020 
40^0 
4040 
4050 
40o0 
4070 
4060 
4090 
4100 
4110 
4120 
4130 
4140 
4150 
41u0

ready

*

1/19
DUM4 = PELASTC 0, 8, VD )
CTXM = 1./ Pc-LAST ( -1, 7, VTXM )
CDAM = 1./ PcLASK -1, 8, VDM )

988 FORMAT(2X, 5E12.6 )
PDIN = DUM2 - C(2)
PTX1N = DUM1 - C(1)
WR1TE(6,989)" DUM1, PPLM, PGAV, PTXG, GT,

1 DUM2, PGAB, PDAG, GD, PGAVB
989 FORMAT/ 2X, 'PELTXM, PPLM, PGAV, PTXG, GT, PELDAM, PGAB, PDAG, GD

1 PGAVB = ' ,/,3X, 5E12.6, / 5E12.8, // )
WRITE/ 6,97 ) PIXIE, PDIN, VTXM, VDM, CTXM, CDAM

97 FORMAT/ //, 7X, 'PTXIN PDIN VTXM VDM'
1 ' CTXM CDAM',//,1X,6E15.6, //)

997 FORMAT/ 5F10.5 )
DO 7/11 J=1,6
JD = J
DUMYS = XP/J)
DPI/J) = PELA8T(0,JD,DUMYS)

7711 CONTINUE
WRITE (6,7/12) (DP1/J),J=1,6)

7712 FORMAT///,IX,'RECAST =', 6F9.3 ,//)
RETURN
END
FUNCTION FRC2( VA, VTX, PD, PTX )
IMPLICIT HEAL-6 ( C-H, 0-V )
REAL-’o NW
COMMON /BLK5/ AA(7,8)
COMMON /BLK10/ PGAV, DPGAV, PGAVB, DPGAVB
COMMON C(12,4), bC(12,4), CT(12), CW(12) , DCW/12), DCWD2/12),

1 F/12), G, GS, NG, DNT/12), NW/12), DNW/12), P/12), PES,
2 DPBS, PELALV/6), DPELAL/6), PELDA, DPELDA, PELTX, DPELTX,
3 PG/6), DPG/6), PGAE, DPGAB, PPL, DPS/6), DPS2,
4 8(4), T, DT, TN/12), TOTN/12), V/12), VD, VLUnG,
5 SQT/12), DP/12), HDT
DIMENSION A/9), b(9), XP/9), ZPK/9), KNT2/9),

1 DELB/9), FACT/9)
VA = 0.
DO 15 1= 2,6

15 VA = VA + V/I)
FRC2 = VA
XP/9) = PPL
XP/7) = VTX
XP/8) = VD
Du 30 J= 7,12
XP/J-6) = V/J)
ZPK/J-b) = P/J) - PG/J-6)

901 FORMAT/ 5X, 'V,P,PG,ZPK',12,'=',4E15.7 )
30 CONTINUE

ZPK/7) = -PGAV + PTX + PBS
ZPK/6) = PD + PBS - PGAB - PGAVB



4170 ZPK(9) = 0.005
UloO 230 b'UHaAT (3X, 9E11.5 )
4190 DO 35 J= 1,9
4200 FACT(J) = .5
4210 35 KNT2(J) = 0.
4220C
4230 DO 1000 KNT = 1, 100
4240 SA = 0.
4250 SAW = 0.
4230 VLUKG =0.0
4270 DO 40 J= 1,6
4200 ODUM = J
4290 VLUNG = VLUhu + XP(J)
4300 A(J) = PSLAS'K -1, JDUMY, V(J+6) )
4310 PTEST = PELAS'l'd, JDUXY, V(J+6) )
432U B(J) = ( XP(y) - ZPK(J) + PTEST )
43jO SA = SA + 1./ A(J)
4340 SAW = SAW + E(J) / A(J)
4350 902 FOKMAT( IX, ' A ,B, XP1, ZPK, PEL*  , 12, ' = ' , 5E1'(. 10 )

reday

4360 40 CONTINUE
4370 A(7) = PELAST( -1, 7, VIX )
43dO A(ti) = PELASK -1, 8, VD )
4390 B(7) = ( XP(9) - ZPK(7) + PELAST( 1, 7, VTX ) )
4400 B(o) = ( XP(y) - ZPK(8) + PELASK 1, 6, VD ) )
4410 b(9) = ( VTX + VD - ZPK(9) - VLUNG )
4420 Sb = 0.
4430 DU 50 J= 1,9
4440 50 Sb = Sb + AbS( b(J) )
4450 IF ( KNT. GE. 100 ) WHITE (6,98) B
44b0 IF ( SB. LT. 0.0003 ) GO TO 1001
4470C
4430 B(9) = ( fa(9) - B(7) / A(7) - B(b) / A(ti) + aAk ) / ( 1./ h(J)
4490 1 + 1./ A(d) - SA )
4500 DO 55 J = 1 ,8
4510 55 B(J) = -( L(J) + B(9) ) / A(J)
4520C
4530 IF ( KNT. GE. 100 ) WrtlTE(6,98) B
4540 DO 60 J= 1,9
4550 IF ( KNT2(J). EQ. 1 ) GO TO 206
4560 IF ( DELB(J). EQ. 0.. OH. B(J). EQ. 0. ) GO TO 206
4570 IF ( DELB(J) / b(J) ) 205, 205, 204
4560 204 IF ( KNT2(J). LT. 3 ) GO TO 206
4590 FACT(J) =1.0
4600 GO TO 206
4o10 205 FACT(J) =0.5
4020 KNT2(J) = 0.0
4630 206 B(J) = FACT(J) * B(J)
4640 DELB(J) = B(J)
4650 IF ( J. EQ. 9 ) GO TO 60
4o60 IF ( J-7 ) 201, 208, 206



1 51

4670 207 TEST =0.2
46o0 GO TO 209
46y0 208 TEST =0.5
4/00 209 DUwY = ABS( DELB(J) )
4710 IF ( DUMY. GT. TEST ) DELB(J) = TEST * DUisY / DELb(J)
4720 60 XP(J) = XP(J) + DELB(J)
4730 DO 70 J= 1,6
4/40 IF ( XP(J). LE. AA(4,J) ) XP(J) = AA(4,J)
4750 IF ( XP(J). GE. AA(3,J) ) XP(J) = AA(3,J)
47o0 70 V(J+b) = XP(J)
47/0 PPL = XP(y)
4/bO IF ( XP(/). LE. AA(4,7) ) XP(7) = AA(4,7)
4?y0 IF ( XP(7). GE. AA(3,7) ) XP(7) = AA(3,7)
4600 VTX = XP(7)
4610 IF ( XP(o). LE. AA(4,8) ) XP(8) = AA(4,8) + .0002
4820 IF ( XP(o). GE. AA(3,8) ) XP(8) = AA(3,8) - .0002
4860 VD= XP(8)
4040 111 FUhMAT(1X,'DELB =' ,5E1/.10,/7X,4E17.10,/' XP =',5E17
4850 1 ,7X,4E1/.10,/4X,'V =‘,6Er/.1O )
48o0 99 FOKMAT( 5X, 'KNT =',I3, 5X, 'SB =', E10.3 )
48/0 9o FORFiAT(5X, 9E11.4 )
4080 1000 CONTINUE
4890 NRITE(6,99) iCNT, Sb
4900 WRlIE(6,y8) b, XP
49100
4920 STOP 1000
4930 1001 CONTINUE

ready

4y4O PELTX = PELASTd , 7, VTX )
4950 PELLA = PELASTd , 8, VD )
49oO UKriE(o,99) KNT, Sb
49/0 FRC2 = FHC2 + VLUNG
4yo0 VLUNG = FRC2
4990 PPL = XP(9)
5000 VTX = XP(7)
5010 VD = XP(o)
5020 RE1URN
5030 END



1r.?
10 SUBROUTINE SUB1 ( I, J )
20 REAL*d  NW

*

30 IMPLICIT REAL*S(  A-H, O-Z )
40 COMwON /BLKo/ A(5,5), EO(6), FI(6), SQ0(6), SQl(b)
50 COMMON C(12,n), DC(12,n), CT(12), CW(12), DCW(12), DCWDP(12),
60 1 P(12), G, GS, KG, DNT(12), Nw(12), DNW(12), P(12), PBS,
70 2 DPBS, PELALV(6), DPELAL(b), PELDA, DPELDA, PELTX, DPEL1X,
80 3 PG(6), DPG(6), PGAB, DPGAB, PPL, DPS(6), DPS2,
90 4 S(4), T, LT, TN(12), TUTN(12), V(12), VD, VLUKG,
100 5 SQT(12), LP(12), LOT
HOC
120 IF( J. GT. 2 ) GO TO 50
130 IF( F(J) ) 10, 20, 30
1U0 10 F0(2) = -F(2)
150 SQ0(2) = +1./ SQT(2)
IGO 20 RETURN
170 30 FI(2) = CT(1) * F(2)
160 SQI(2)= CT(1) / SQT(2)
190 RETURN
200 50 IF( J. GT. o ) GO TO 100
210C AIRWAYS
220 1F( F(J) ) 60, 70, 80
230 60 Fu(J) = FU(J) - F(J)
240 FI(1) = FI(I) - F(J) * CT(J)
250 SQO(J)= SGO(J) + 1./ SQT(J)
260 SQI(l)= SQI(1) + CT(J) / SQT(J)
2/0 A(I-1,J-1) = -F(J) ” ( 1./G - DCWDP(J) ) + CT(J) / SQT(J)
200 A(J-1,I-1) = -CT(J) / SQT(J)
290 70 RETURN
300 60 FI(J) = FI(J) + F(J) * CT(I)
310 FO(1) = FO(1) + F(J)
320 SQI(J) = SQ1(J) + CT(I) / SQT(J)
330 SQO(l) = SQO(I) + 1./ SQT(J)
340 A(1-1,J-1) - CT(1) / SGT(J)
350 A(J-1,1-1) = F(J) * ( 1./G - DCWDP(I) ) + CT(l) / SQT(J)
360 RETURN
37OC *** LUNG CHAMBERS
360 100 IF( F(J) ) 110, 120, 130
390 110 F1(I) = FI(1) - F(J) * CT(J)
400 SQI(l) = SG1(1) + CT(I) / SC1T(J)
410 120 RETURN
420 130 FO(I) = FO(I) + F(J)
430 SQO(l) = SQO(l) + 1./ SQT(J)
440 RETURN
450 END
460 SUBROUTINE SUB2( ASUM, ASUM1, AWSUM, AWSUM1, RES, PV, RTOT, PPLC )
470 IMPLICIT REALES( A-H, O-Z )
4o0 REAL *0  N, NW
490 REAL«4 B, W, ASUM, ASUM1, AWSUM, AWSUM1, RES, PV, RTOT, PPLC
500 DIMENSION ASUM1(4), ASUM(4), PV(12), RES(12), PPLC(3)

ready
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510 COMMON /BLKV N(12,3), VTX, VALV(6), PALV(6), 5^(12), V5Pfl
520 Common /bLK3/ B(O,12), b'S(12), KA(12), RB(12), 1.(12), DIM
530 COMMON 0(12,4), DC(12,4), CT(12), CN(12), DCN(12), DC^DP(I^), 
540 1 F(12), G, GS, NG, DNT(12), NW(12), DNW(12), P(12), PBS,
550 2 DPBS, PELALV(6), DPELAL(6), PELDA, DPELDA, PELIX, DPELTX,
5bO 3 PG(6), 0PG(6), PGAb, DPGAB, PPL, DPS(o), DPS2,
5Y0 4 S(4), T, LT, TN(12), T0TN(12), V(12), VD, VLUNG,
560 5 SQT(12), DP(12), HOT
590 DO loO I = 1,NG
bOO 160 ASUM(l) = -ASUMI(l) 
610 AUSUm = -AWbUnl
620 DO 170 J= 1,12
630 ANSUM = AWSUM + NW(J)
640 DO 170 1= 1,wG
650 170 ASUM(l) = ASUr.(l) + N(J,I)
660 DO 160 1 = 2,12
670 Rc,S(l) = RA(1) + RB(1) * ABS( F(l) )
660 160 PV(1) = P(l) -;i 7(1) / ( TOTN(I) * G ) - 1.
690 PV(1) = P(1) - V(1) / ( TOTN(I) * GS) - 1.
700 RR1 = RES(o) + Re.3(10) * RES(12) / ( RES(IO) + RES(12)
710 RL1 = RES(5) + RES( 9) * RES(11) / ( Rc.S( 9) + RES(11)
720 HR = RES(4) + HES( 6) * RR1 / ( RES( 6) + RR1 )
730 RL = KEb(3) + RES( 7) * RL1 / ( RES( 7) + RL1 )
740 KTOT = RaS(2) + HR * RL / ( RR + RL )
(50‘ PPLC(I) = PPL + PG(1)
760 PPLC(2) = PPL + PG(3)
7/0 PPLC(3) = PPL + PG(5)
7o0 RE1UHN
790 END
600 SUBROUTINE SUB3( V )
olu REAL*6  V
620 DIMENSION V(12)
630 V(7) = I.OjOllo
640 V(b) = V(7)
u50 V(9) = 0.93276
6o0 V(10) = V(9)
610 V(11) = 0.667373
6u0 V(12) = V(11)
u90 RETURN
900 END 

ready
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10 SUBROUTINE BAPM( A, X, B )
20 IMPLICIT REAL*6(  A-H, L, M, O-Z )
30 DIMENSION A(5,5), X(5), B(5), D(5), L(5), G(5)
40 D(1) = A(1,2) / A(1,1)
50 L(1) = A(1,3) / A(1,1)
60 G(1) = B(1) / A(1,1)
70 14 = A(2,2) - A(2,1) * D(1)
60 D(2) = -A(2,1) • L(1) / M
90 L(2) = A(2,4) / h
100 0(2) = ( 13(2) - A(2,1) * 0(1) ) / M
110 'L = -A(o,1) ” D(1)
120 14 = A(3,3) - L » D(2) - A(3,1) * L(1)
130 D(3) = -z * L(2) / i-i
140 L (3) = A (3,5) / t’i
150 G(3) = ( B(3) - Z * G(2) - A(3,1) * G(1)
160 Z = -A(4,2) D(2)
1/0 M = A(4,4) - Z D(3) - A(4,2) 6 L(2)
1 dO D(4) = -Z # L(3) / H
lyO G(4) - ( E(4) - Z « G(3) - A(4,2) G(2)
200 Z = -A(5,3) * D(3)
210 14 = A(5,5) - Z D(4) - A(5,3) * L(3)
220 X(5) = ( b(5) - Z * G(4) - A(5,3) G(3)
230 X(4) = G(4) - D(M) « X(5)
240 X(3) = G(d) - D(3) X(4) - L(3) * X(5)
250 X(2) = G(2) - D(2) '-i X(j) - L(2) * X(4)
260 X(1) = G(1) - D(1) » X(2) - L(1) « X(3)
2/0 RETURN
2b0 END
290 SUBROUTINE RUnGE( N, Y, F, X, H, M, HDT )
300 IMPLICIT REAL*d(A-H,  O-Z)
310 DIMENSION PHI(IOO), SAVEY(IOO), Y(N), F(N)
320 GO TO (1,2,3,4), M
330 1 DO 11 J= 1,N
340 SAVEY(J)= Y(J)
350 PH1(J)= E(J)
3oO 11 Y(J)= SAVEl(J) + 0.5*H*F(J)
3/0 X= X + 0.5»ri
3oO RETURN
3yO 2 DO 22 J= 1,N
400 PHI(J)= PH1(J) + 2.0*F(J)
410 22 Y(J)= SAVeY(J) + O.S^H^tXJ)
420 HDT = H/2.
430 RETURN
440 3 DO 33 J= 1 ,N
450 PH1(J)= Phl(J) + 2.O»F(J)
460 33 Y(J)= SAVEY(J) + H-‘F(J)
470 X= X + 0.5*H
4b0 RETURN
490 4 DO 44 J= 1,N
500 44 Y(J)= SAVEY(J) + (PH1(J) + F(J))»H/6.0

ready
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510 HOT = H/4.
520 RETURN
530 END
540 FUNCTION HAM1NG( N, Y, F, X, H, TE )
550 implicit real*o(a-h, o-z)
5o0 INTEGER HAVING
570 LOGICAL PRlD
5o0 DIMENSION YPRED(IOO), TE(N), Y(N,4), F(N,3)
590 DATA PRED / .TRUE. /
bOO IF (.NOT.PHED) GO TO 4
blOC  PRlDICIuR SaCTlON OF NAMING 
02j DO 1 J= 1,N
03O 1 YPRED(J)= Y(J,4) + C1«( 2.*  ( F(J,1) + F(J,3) ) - F(J,2) )
640 DO 2 K5= 1,3
650 K= 5 - K5
660 KM1 = K - 1
670 DO 2 J= 1,N
660 Y(J,K)= Y(J,KM1)
090 2 IF (K.LT.4) F(J,K)= F(J,KM1)
700 DO d 0=1,N
710 3 Y(J,D= YPRED(J) + C2 * TE(J)
720 X= X+ H
730 PRED= .FALSE.
740 hAI-ilNG= 1
750 RETURN
7o0C  CORRECTOR SECTION OF NAMING 
7(0 4 DO 5 J= 1 ,N
760 Y(J,1) = ( 9.*  Y(J,2) - Y(J,4) + C4 « ( F(J,1) + 2.« F(J,2) -
790 1 F(J,j) ) ) / 6.
oOO TE(J)= C5 " (Y(J,D - YPRED(J))
610 5 Y(J,1) = Y(J,1) - TE(J)
o20 PRED= .TRUE.
630 HAMInG = 2
o40 RETURN
6500
860C THIS SECTION CALCULATES CONSTANTS USED IN NAMING Ar.D r-UST HE CALLED
870C ONLY ONCE BEFORE THE ABOVE SECTION IS USED. IT NEED NOT BE CALLED 
80OC AGAIN UNLESS THE INTEGRATION STEP IS CHANGED.
890C
900 ENTRY HAMNGK N, Y, F, X, H, TE )
910 Cl = 4.*  H / 3.
920 C2 = 112./ 9.
930 C4 = 3.*  H
940 C5 = 9./ 121.
950 HAM1NG = 0
960 RETURN
970 END 

reaay
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TH6 FOLLOWING ARE THE DATA FILES:

0010// 1 1.0E-06 1.934E+04

ready

350
360
370
3o0

13/A0.14OE+ . 9o3E-02 . 0024E+ 0 .000E+ 0 .294E+ 0 .294E+ 0 .291IE+ 0 .294E+
20*0.2 94E+ 0 .294E+ 0 .033E+ 0 .019E+ 0 .012E+ 0 .000E+ 1 .309E+ 0 .240E+
30*1.1 00E+ 0 .900E+ 0 -327E+ 0 . 120E+ 0 .553E+ 0 .450E+ 0 .327E+ . 060bE+
40*0.5D2E+  0 .243E+ 0 .O55E+ 0 .092E+ 1 .000E+ 1 .000E+ 1 .OOOE+ 1 .000E+
50*1.000E+  1 .000E+ 0 .36OE+ 0 .061E+ 0 .150E+ 0 .023E<- 1 .000E+ 1 .UOOE+
o0*1  .000E+ 1 .000E+ 0 .552E+ 0 .552E+ 0 .552E+ 0 .D52E+ 0 .552E+ 0 .552E+
70 E+ -4 .E+ -4.E+ -4.E+ -0. E+ -0.E+ -0. E+ -0.E+
bO -0 . E+ -0. E+ -4. E+ -4.E+ -4. E+ -4.E+ E+ E+
90 E+ E+ E+ E+ E+ E+ E+ E+
100* 350.0 373.0 0.0 647.0 0.0 0.0 0.0 0.0
110* 0.0 0.0 647.0 373.0 0.0 644.0 0.0 0.0
120* 0.0 0.0 143.0 143.0 322.0 36.0 143.0 143.0
130* 4.0 0.0 0.0 16.0 0.0 0.0 0.0 0.0
140* 0.0 0.0 o.O 0.0 0.0 dO.O 0.0 0.0
150* 0.0 0.0 10.0 10.0 10.0 10.0 7.0 4.0
100* 94'1.0 03.39 125.0 290.6 23.70 23.70 23.70 23.70
170* 2a.70 23.70 202.9 102.24 125.0 //b.9 55.20 56.20
100* 125.2 20.00 277 .2 262.7 624.1 o9.b 37o.3 37 0.0
190*945. 40. 125. 265. 11.7 11.7 11.7 11.7
200*11 .7 11.7 256. 70. 125. 750. 35.2 30.2
210*105.2 0.0 277.0 276. 625.0 70.0 377.0 37 o.
220 0 .00 1 607.0 003. 00.0 333. 0. 0
230
240
250*1  . 0 .730
260*0. 5dOE+ 0.5bdE+ 0.563E+ 0.586E+ 0.5d8E+ 0.580E+ /. 190E+
2/0*9. o00£+ 1.7bOE+ 6.120E+ 6.620E+
200+ 1 . 0E+ +0.00E+ ■63.3E+ +■ 1.0E+ +0.00E+ -■63.3E+
290 4. 00E+01 4.00E+01 4.00E+01 4.00E+01 9.77E+01 9.77E+O1 9.77E+O1 9.77E+O1
300 9. 7/E+01 9.77E+O1 9.31E+01 9.31E+01 9.31E+O1 9.31E+01 4.00E+01 4.00E+01
310 4. 00E+01 4.00E+01 4.00E+01 4.00E+01 4.00E+01 4.00E+01 4.00E+01 4.00E+01
320 4. 50E+01 4.50E+01 4.50E+01 4.50E+01 4.02E+01 4.02E+01 4.02E+01 4.02E+01
330 4. 02E+01 4.02E+01 4.O3E+OI 4.03E+01 4.O3E+O1 4.O3E+O1 4.50E+01 4.50E+01
340 4. 50E+01 4.50E+01 4.50E+01 4.50E+01 4.50E+01 4.50E+01 4.50E+01 4.50E+01

ready
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390
400
410
420
430
440 1.00E+00 1.00E+00 I.OOE-Oo 2.57E-O5
450 36.0E+OO 3o.OE+00 36.8E+OO 36.8E+OO 5.02E+01 5.02E+01 5.0^E+01 5.02E+01
460
470 1 .04E+02 1 .04E+02 1 .04E+02 1.04E+02 1.04E+02 1.04e.+02
460 40.0E+00 40.0E+00 40.0E+00 40.0E+00 40.0E+00 40.0E+00
490
500
510 4.96E+00 4.96E+OO 4.9oE+00 4.96E+00 4.96E+OO 4.96E+00 6.44E+00 33-2E+00
520 7.63E+00 9.36E+OO
530 99.3E+OO 99.3E-+OO 99.3E+OO 99.3E+OO 99.3E+OO 99.3E+OO S-lfE+OO U.3E+00
540 3.75E+00 4.o2E+00
550
5bO
570
5oO
590 20.6E+00 1.13E+O2 24.4E+00 30.0E+00
oO'J 1D.5E+00 90.08+00 19.58+00 24.08+00
510 0.01 20.0
620//10 1 1 1.1

ready

ready

it

10 50 1
20 0.0 .0100 20.00 2.000 3.000 10 0 310. 298.
30 75^.2 00.0 0.0 62.36 0.95 2.00 2.00
40 6.2117 0.0 00.0 .0 1.2 O.oO 1.00
50 0.0 1.00 2.00 2.00 .10 6.
60 10.0 0.050 0.025 0.025 0.050 0.U50
70 .52 0.52 0.3b 0.38 0.27 0.27
80 760.0 760.0 7o0.0 760.0 760.0 7o0.0
90 ZoO.O 760.0 760.0 760.0 760.0 760.0
100// .2094 .1459 .1459 .1459 .1459 .1459
110// .1459 .1459 .1459 .1459 .1459 .1459
120// .0004 .0561 .0561 .0561 .0561 .0561
130// .0561 .0561 . 0561 .0561 .0561 .0561
140;/ .7902 • 79oO .7980 .7980 .7930 .7980

*
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150// .7980 .7980 .7980 .7980 .7980 .7980
luO
170
160. 0.009 0.0 0.0 0.160 0. 0.0
190 0.300 0.0 0.790 0.
200 0.300 0.0 0.790 0.
210 0.275 -0.006 1.0 2.250 -0.006 2.0
220 0.275 -0.006 1.0 2.250 -0.006 2.0
230 2.080 -0.05 1.0 4.380 -0.05 3.0
240 2.080 -0.05 1.0 4.380 -0.05 3.0
250 0.730 -0.05 1.0 1.970 -0.05 3.0
260 0.730 -0.05 1.0 1.970 -0.05 3.0
270 0.700 -0.05 1.0 1.780 -0.05 3.0
280 0.700 -0.05 1.0 1.780 -0.05 3.0
290 0.046 0.44 1.90 0.070 3.50
300 0.04b 0.44 1.90 0.070 3.50
310 0.04b 0.44 1.90 0.070 3.50
320 0.046 0.44 1.90 0.070 3.50
330 0.046 0.44 1.90 0.070 3.50
340 0.046 0.44 1.90 0.070 3.50
350 -0.140 1.4 4.38 0.50 8.00
360 -0.140 1.0 2.45 0.30 -6.00
370
380
390
400
410-90 .0 90.0 0.00 5

ready

*
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