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(ABSTRACT)

The objectives of this research are the prediction of the thermodynamic be-
havior of a multi-stage intercooled reciprocating compressor and its progressive loss
of performance due to leakage. A theoretical model is developed to simulate the
thermodynamics of the compressor system and the lubricating condition and wear
of the piston ring pack for a multi-stage intercooled reciprocating compressor. A first
law of thermodynamics approach is used to determine the thermodynamic properties
of the gas inside the cylinders, the intercoolers and the inlet and discharge manifold.
The compressor valves are modeled as single degree-of-freedom, spring-mass-
damper systems. The flows through the valves are calculated based on the steady
flow equations for equivélent orifices. The lubricating condition of the piston ring
pack are determined on the basis of hydrodynamic lubrication theory. The wear of
the piston rings is assumed to occur when the hydrodynamic oil film between the
piston ring and cylinder bore breaks down.

Based on the theoretical model, a computer program is developed. This pro-
gram is tested on an ingersoll-Rand Model 242, two stage aircooled reciprocating air
compressor. The comparison of the experimental values of the pressure variations

in the first cylinder with the value predicted by the computer program shows a rea-



sonable match. The computer program pfedicts the pressure, temperature and mass
flow rates for each cylinder and the intercooler. Also predicted is the wear rate of
each piston ring. The progressive loss in the compressor mass discharge, and hence
the loss in its performance, is determined by calculating the leakage losses several
times, updating the leakage area each time based on the wear rate of the piston
rings. The result shows a drop of about 15 percent in the discharge rate of the Model

242 compressor after 8000 hours of running time.
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1.0 Introduction

The major cause of loss in performance of a reciprocating compressor, other
than the catastrophic failures of the compressor components, is the leakage of the
compressed gas. This leakage results in a drop in the compressor discharge rate at
a certain delivery pressure. The main leakage path for the compressed gas in the
cylinders is through the piston ring pack. One of the purposes of a piston ring in a
reciprocating compressor is to seal the high pressure gas in the cylinders. However,
due to wear of the piston rings, a leakage path is formed and the area of this leakage
path increases progressively with time, causing the compressor performance to drop.
The leakage continues until a point is reached where the performance of the
compressor is no longer satisfactory from the point of delivery of a specified mass
per unit time of a gas at a specified pressure.

The rate of wear of the piston rings depends on the lubricating conditions be-
tween the piston rings and the cylinder bore, which in turn, depend on the kinematics
of the piston cylinder assembly and the thermodynamics of the reciprocating
compressor system. This study is an effort to develop a theoretical model for the

thermodynamics of the compressor system and the lubricating conditions and the
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wear of the piston ring pack, and to develbp a computer program to implement the
model. The major objective of this research is to use the computer program to pre-
dict the pressure and temperature behavior of the cylinders and the intercoolers for
a compressor cycle such that one is able to predict the loss in performance of the
reciprocating compressor system in time.

An extensive survey of available literature was done, as a first step, in the
areas of reciprocating compressor simulation and simulation of the lubricating con-
dition in the piston ring pack. Chapter 1 consists of brief descriptions of some of the
studies done by researchers in the fields of reciprocating compressor simulation and
other relevant areas.

A Theoretical model for the simulation of the compressor system
thermodynamics and the piston ring lubricating condition was developed taking in to
consideration the results of the literature survey. In this theoretical model, dis-
placement, velocity and the acceleration of the pistons are determined from the
kinematic equations for a slider-crank mechanism. The side thrust applied by the
piston on the cylinder surface, due to action of the connecting rod is determined us-
ing the concept of dynamically equivalent masses for the connecting rod.
Thermodynamic states, such as pressures and temperatures in the compressor sys-
tem, are determined by assuming the cylinders, the intercoolers, and the inlet and
discharge chambers as control volumes. Energy balances for each control volume
are performed by equating the work with the heat and mass transfer across their
boundaries. The energy balance for each control volume results in a first order dif-
ferential equation in terms of the control volume temperature. This equation is
solved for the temperature and then, the pressure is calculated from the ideal gas
equation. Flow rates across the compressor valves are determined by using

steady-state flow equations for an equivalent orifice. Vertical deflection of the valves
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under the action of gas pressure is determined by using the equation of motion for
an equivalent single degree of freedom spring-mass-damper system.

A Lubrication model for the piston ring pack is developed assuming a
hydrodynamic lubrication regime between the piston rings and the cylinder bore. The
piston ring face profile is assumed to be an off centered parabola. This parabolic
shape of the piston ring face provides a converging wedge which causes the forma-
tion of a hydrodynamic oil film between the piston rings and the cylinder bore. The
hydrodynamic oil pressure and the minimum oil film thickness is calculated for each
piston ring using the Reynolds equation for hydrodynamic lubrication and the half
Sommerfield boundary condition. Wear is assumed to occur when the minimum oil
film thickness falls below the lower limit for fluid film lubrication (LLFL). Archard’s
equation with a constant wear coefficient is used to obtain the wear rate for each
piston ring. A new value of leakage area after a certain period is calculated assuming
a constant rate of wear for that period.

Based on the theoretical model, a computer program is developed. This
computer program consists of a Preprocessor, a Processor and a Postprocessor. The
Preprocessor creates an input file for the Processor, the main simulation program.
In the Processor, the differential equations for Control volume temperatures, control
volume masses, compressor valve deflections and the minimum oil film thicknesses
between the piston rings and the cylinder bore are solved by using the fourth order,
fixed step Runge-Kutta scheme with Gill’s constants. The results obtained from the
Processor are presented in a graphical form through the Postprocessor.

The computer program is tested on an Ingersoll Rand Model 242, two-stage
air-cooled reciprocating compressor. Several runs of the computer program are
performed to determine the progressive loss of performance of the reciprocating

compressor.
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2.0 Literature Review

2.1 Computer Simulation

Costagliola [1] in 1950 proposed a fairly complete analytical model for a single
stage reciprocating compressor. He used the perfect gas laws to predict the
pressure-volume relationship inside the cylinder. He assumed the discharge process
to be isentropic. The suction process was described on the basis of the first law of
thermodynamics. Flow through the valve ports was assumed one dimensional with
a constant discharge coefficient. The suction and discharge valves were modeled as
single degree of freedom spring-mass systems. Flow forces on the valves were
considered to be due to the drag of the gas flowing around the valve body and the
pressure in the discharge and suction chambers was assumed to be constant.
Costagliola eventually derived two first order differential equations for the pressure
variation in the cylinder and two second order differential equations for the dynamics
of the valves. These equations were solved numerically for the compressor cycle.

The analytical results were then compared with the experimental results. On the

Literature Review 4



basis of comparison Costagliola concluded that the performance of a reciprocating
compressor with spring loaded valves can be analyzed successfully using the pro-
posed model

The calculations involved in the model proposed by Costagliola were sortedi-
ous to perform manually that the model had little use as a practical design procedure
at that time. With the increased availabilty of digital computers during the sixties,
high speed computations became possible.

MacLaren and Kerr [2] in 1970 used essentially the same model proposed by
Costagliola for their study. However they used indices of re-expansion and com-
pression instead of the ratio of specific heat used by Costagliola [1] in his model. The
empirical coefficients for valves e.g. the coefficient of discharge, coefficient of pres-
sure drag, coefficient of restitution and coefficient of oil stiction were determined ex-
perimentally. A detailed comparison of analytical and experimental results of the
valve displacemenfs and valve pressure differences was performed for a single-
stage-single-acting water-cooled air compressor. Maclaren and Kerr claimed that
the displacement of the valve and the pressure difference across it were calculated
with sufficient accuracy using the model.

Wambsganss, Coates, and Cohen [3] in 1967 performed simulations of their
compressor model using both analog and digital computers. The compression and
expansion process in their study was treated as polytropic to account for the heat
transfer and friction losses in the cylinder. The valve flow coefficient to account for
flow losses in the valves was obtained experimentally. The motion of the valve was
represented as a superposition of the free vibration mode of the valve. An empirical
relationship for the equivalent flow force on the valve face was obtained exper-
imentally as a function of valve displacement and pressure drop across the valve to

avoid the difficulties involved in obtaining a purely mathematical description. The
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simulation results were compared with experimentally determined values for a one
quarter HP, 3600 RPM hermetically sealed, single-stage compressor. According to
Wambsganss, Coates and Cohen the correlation of the results proved in general to
be quiet good.

Benson and Ucer [4] in 1971 developed a model which could examine the op-
erating characterstics of reciprocating compressors as an integral system. Prior to
this work most of the researchers neglected the dynamics of the intake and delivery
system and assumed the suction and discharge manifold pressure to remain constant
during the whole cyc>le. Benson and Ucer’s compressor system consisted of the fol-

lowing seven components.
1. Intake tank

Intake pipe

Suction valve
Compressor cylinder
Discharge valve

Delivery pipe

S L T R

Nozzle at the end of delivery pipe

According to Benson and Ucer, The normal delivery system for a reciprocating
compressor consists of a receiver and a stop valve, but for simplification of the anal-
ysis, the receiver and the stop valve in the delivery system were replaced by a noz-
zle. The model assumed homentropic flow in the intake and delivery systems. Heat
transfer through the cylinder wall was neglected. Wave action which is caused due
to inertia of gas in an unsteady flow process was included for the intake and delivery
systems. A series of experiments were carried out on a small single stage
reciprocating compressor and the results were compared with the analytical model.

Based on these results the authors concluded that a single stage reciprocating
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compressor may be represented by a model which allows for the ‘wave action in the
intake and delivery systems, the inertia of the valves and a constant pressure flow
through the valve passage and accurate predictions of the pressure fluctuations in the
intake and delivery systems and valve movements can be made using the model.

During the late sixties and early seventies a number of research and devel-
opment studies were carried out in the compressor industry in order to gain better
understanding of compressor system operation and to improve performance. Un-
fortunately, there was a strong tendency towards witholding information acquired
from industrial research and development programs. Investigators were reluctant to
publish or share even the most general knowledge. However, this tendency began
to change due to the greater awareness that there are some general technical prob-
lems in this area which are faced by the entire industry and that this can only be
solved by sharing the results of their individual efforts. To encourage this philosophy
and to provide a mechanism for sharing individual research and development results,
the first Compressor Technology Conference was organized at Purdue University in
1972 [5]. The Purdue Compressor Technology Conferences continue to be held
biannually. These conferences have contributed towards the development of tech-
nology for positive displacement compressors. Most of papers presented in these
conferences are available in published form as Proceedings of the Purdue
Compressor Technology Conference.

The Ray W. Herrick Laboratory of the school of Mechanical Engineering at
Purdue University is one of the centers of research and development for analysis of
positive displacement compressors. Herrick Laboratory had a longstanding involve-
ment with the simulation of the positive displacement compressors. Wambsganss
and Cohen [2] developed their simulation model at the Purdue University. A number

of other researchers affiliated with the laboratory had valuable contributions in this
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area. In 1972, the Ray W. Herrick Laboratory published a set of notes [6] which were
intended actually for an introductory course on computer simulation. These notes
were based primarily on the work of Wambsganss, Cohen, and Payne. The notes also
included some of the experiences and work by other researchers at the lab. These
notes contain a detailed treatment of the thermodynamic process in the cylinder,
modeling of valve action and details of experiments which were necessary to deter-
mine the values of empirical constants. These are the effective flow area and effec-
tive force area of the valves as a function of the valve displacements and the natural
frequencies and modes of the valve reeds. The numerical solution technique for the
differential equations involved in the model was discussed in detail in these notes.

in 1974, an additional set of notes [7] were published by the Ray W. Herrick
lab as an extension to the 1972 notes. This extension included the analysis of the
effects of additional design variables on compressor operation and performance.
Some of these are effect of suction-discharge manifold pressure variation and the
effect of valve stop depth on the valve stress. These notes also described an ana-
lytical method to determine the effective flow and force areas of the valve. The first
law of thermodynamics treatment of the compression process was discussed in detail
in these notes. A chapter was also devoted to a more exact analysis of the
thermodynamic process which utilized real gas relationships instead of perfect gas
laws.

Karll [8] in 1972 described the cylinder process on the basis of first law of
thermodynamics instead of the frequently used polytropic relations with an empirical
exponent. The polytropic relation does not describe the conditions during the open
valve periods with reasonable accuracy. In this mode!l the cylinder was treated as
an enclosed mass of fluid to which heat and work are added. The suction process

was modeled as the mixing of the incoming mass and the original mass. The mass
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which enters into the cylinder was assumed to have the same internal energy as that
of the gas in the suction chamber while its pressure was equal to the pressure in the
cylinder. To determine the properties of the gas after mixing, the volume of the in-
coming mass in the cylinder was calculated. The volume and internal energy of the
original mass in the cylinder was then calculated. These values were then used to
calculate internal energy and specific volume of the mixture which gave the new
pressure and temperature in the cylinder. Karll claimed that this approach gives a
better approximations of the cylinder process than the polytropic relation because it
also covers the suction and discharge process.

Squarer and Kothman [9] in 1972 proposed a simplified model for compressor
simulation. Instead of modeling the dynamics of the valves exactly, they made the

following assumptions regarding the valve actions during the compressor cycle.

1. The discharge valve opens when the pressure in the cylinder> exceeds the dis-

charge pressure by a fixed amount.

2. The suction valve opens when the suction pressure exceeds the cylinder pres-

sure by certain fixed value.

3. The discharge valve remains fully open until a certain angle angle after the top

dead center position of the piston.

4. Once the suction valve opens, it remain fully open until a fixed angle is reached

after the bottom dead center.

Squarer and Kothman deduced the above values from the available exper-

imental evidence. They used the first law of thermodynamics for an open system and
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2.3 Ring-Bore Lubrication and Wear

A number of experimental and theoretical studies in the field of piston ring-
cylinder bore lubrication and wear have been published for reciprocating internal
combustion engines. Because of the similarity of piston ring and cylinder bore lu-
brication and wear mechanisms, the ideas of these investigations can be applied to
the reciprocating compressors directly.

Ting and Mayer [17,18] in 1974 developed a comprehensive model for piston
ring lubrication and cylinder bore wear abnalysis for a reciprocating Internal Com-
bustion engine. Ting and Mayer assumed the lubrication regime between the ring
and the cylinder liner to be hydrodynamic throughout the compressor cycie. The
Reynolds equation for hydrodynamic lubrication was used to determine the pressure
distribution and the minimum oil film thickness between the rings and the cylinder
bore. The wear was assumed to occur when the minimum oil film thickness falls
below a certain permissible value defined by the lower limit for fluid film lubrication
(LLFL). The magnitude of wear was calculated by using the Archard’s equation.
Detailed comparison between model resuits and results determined by experiments
were performed for several B-cylinder truck engines by the authofs. Based on the
comparison, Ting and Mayer concluded that the cylinder-bore wear pattern for a
reciprocating engine can be predicted analytically by considering the hydrodynamic
lubrication of the piston rings, gas blowby through the ring pack, piston ring elastic
characterstics, the lower limit of film lubrication, piston side thrust force and
Archard’s wear relation. According to Ting and Mayer, since the method developed

by them is general, it can also be applied to a reciprocating compressor
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CYLINDER NO. 2

Figure 2. Kinematics of a Two Stage Reciprocating Compressor
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V= vc+—z—02xp (3.13)

D%, (3.14)

3.2 Piston Side Thrust Force

The force F; which the piston exerts on the cylinder wall due to the action of
the connecting rod can be calculated by using the concept of dynamically equivalent
masses. According to Mabie and Reinholtz [23], “Any rigid link in plane motion,
having a mass M and a moment of inertia I, may be represented by an equivalent
system of two point masses such that the inertia of the two masses is kinetically
equivalent to inertia of the link.” This concept of Mabie and Reinholtz is applied to the
connecting rod to simplify the force analysis.

Fig. 3 shows a rigid link with dynamically equivalent masses M, and M,. The

values of the equivalent masses are given by Mabie and Reinholitz as follows:

/s

My =M= (3.15)
/2
My=M =7 (3.16)

Where /, and /, are related to the mass and moment of inertia of the link by the

following expression.
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Ioly = 7\’4— (3.17)

Usually, one of the distances /, or /, is arbitrarily chosen and the other quanti-
ties are calculated using the above expressions. According to Mabie and Reinholtz,
in the case of connecting rod, usual practice is to place one of the equivalent masses
on the wrist-pin bearing. The location of the other mass is then determined from the
equations. Because of the shape of the connecting rod, its center of gravity usually
is very near the crank-pin bearing. Hence, the second equivalent mass can be placed
on the crank-pin bearing without great error. The magnitude of the equivalent

masses can then be calculated as follows.

L

cg
M, =MconL_co'; (3.18)
Lcon - ch
My =Mcon L. (3.19)

To balance the inertia effect of mass M, a counter weight is usually attached
to the crank. Due to this counter weight no force acts on the mechanism due to the
equivalent mass M,. Fig. 4 shows a reciprocating compressor mechanism with
equivalent point masses, counter weight and the forces acting on the mechanism.
The weights of the piston and connecting rod are neglected due to comparatively
large gas forces and inertia forces on the mechanisms.

The forces acting on the wrist-pin bearing are as follows:

1. Gas force due to the cylinder pressure,
T 2
P,= e Dp (3.20)
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Figure 4. Reciprocating Compressor Mechanism with Forces
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2. Inertia force due to piston mass,

Fp=Mza, (3.2l1)
3. Inertia force due to equivalent connecting rod mass M,,

Fi=Ma, (3.22)

From the equilibrium of forces on the wrist-pin bearing the foilowing two

equations are obtained.
Fr—F.onsing =0 (3.23)
Po—Fy—F —Feopcosp =0 (3.24)

From these two equations, the following expression for the piston side thrust

Force is obtained.

Fr=(P—-F,—F)tan¢ (3.25)
Where,
=1 LCF .
¢ =sin ( sin 6) (3.26)
LCOH
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3.3 Compressor System Thermodynamics

The thermodynamic process taking place in a cylinder of a reciprocating

compressor essentially consists of the following three parts.
1. Suction and mixing of incoming gas with the cylinder gas.

2. Compression and re-expansion of the cylinder gas due to movement of piston

from TDC to BDC.
3. Discharge of the compressed gas.

For the intercoolers and the suction and discharge chambers, the com-
pression and re-expansion of the gas due to increase or decrease of volume will not
occur.

The compressor thermodynamics may be modeled by assuming that the
change of state of the gas foilows the polytropic law. The polytropic relationship for

a gas is given by the expression.

p
’;)T = Constant (3.27)

The value of n in the above expression accounts for the combined effect of
heat transfer, friction work, deviation of gas properties from ideal behaviour and other
effects. The polytropic approach is a simplified approach to analyze the complex
processes taking place inside the cylinder of a reciprocating compressor. The

adoption of polytropic approach for computer implementation is easier and consumes
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less computer resources than others. But, the two main problems associated with

this approach are:

1. The value of the polytropic index n is an unknown and its value can only be ob-
tained through trial and error by comparing the resuits obtained from the model
with the experimental results. Hence, this approach may not be used to predict

the pressure-volume relationship for a compressor in the development stage.

2. The polytropic equation is valid-only for a constant mass system or a steady flow
system. Hence, the polytropic equation can not take into account the effect of
suction and mixing of of the inlet gas and the discharge of the gas from the cyl-

inder.

Also, through polytropic approach, using an average value of n a reasonable
correlation of the pressure-volume relationship in the cylinder can be obtained, but
the values of temperature and specific volumes predicted by this model can be in
considerable error.

A more general approach to the modeling of the thermodynamic process in a
compressor system is through the application of the first law of thermodynamics. in
this approach the cylinder, the intercooler and the inlet and discharge chambers are
treated as control volumes. Heat, work, and mass transfer is assumed to occur
across the surfaces of these volumes. The energy balance for these control volumes
gives equations in terms of the gas properties. Although this method is more in-
volved analytically, it gives a better approximation of the actual process. Also, the
method does not require any prior knowledge of the pressure-volume behaviour of

the compressor system as is the case for the polytropic approach. In the present
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study this second approach is used. A description of the first law of thermodynami*cs

approach is given below.

3.3.1 First Law of Thermodynamics for a Control Volume

Fig. 5 shows a control volume with heat, work, and mass transfer across its
surface. Wylen and Sonntag [24] made the following assumptions to derive the first

law of thermodynamics equation for a control volume.

1. The properties of the gas inside the control volume is uniform throughout at any

instant of time.

2. The properties of the gas entering or leaving the control volume is uniform at any

instant of time.

Based on the above assumptions, the following expression for the first law in the form

of a rate equation is obtained.

2 2
. ) v; . . v .
ch + zmi(ei + '_é— + gZ,-) = Ecv + Zme(ee + -2i + gze) + ch (3-28)

The sign convention for the terms in Eq. (3.28) are as follows.
m, is positive for mass flow into the control volume.

m, is positive for mass flow out of the control volume.

Q.. is positive for heat flow into the control volume.

W., is positive for work flow out of the control volume.
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Figure 5. Control Volume with Mass, Work and Heat Transfer
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The terms -% and gZ représents the kinetic and potential energies of the inlet
and outlet streams respectively. E_, is the total energy in the control volume and is

given as follows.
Eoy=Ug + (KE)cv + (PE)¢y (3.29)

Where (KE),, and (PE),, are the kinetic and potential energies of the control

volumes respectively.

In this model two additional assumptions are made in order to simplify the

analysis. These are,

1. The kinetic and potential energy of the gas streams and the gas inside the control

volume are negligible.
2. ldeal gas laws are applicable.

Taking into account the first assumption, Eqg. (3.28) reduces to,

Qey + Znh,-e, =U,, + Zmeee + W, (3.30)

Now, for an ideal gas, the following relationships hold.

p

o =RT

e=C,T

u=C,T (3.31)
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Therefore, in Eq. (3.30)

Uy = Moty = M C, T, (3.32)
The expression for U,, is obtained by differentiating U,, as follows.
UCV = MCVCCVTCV + TCVCCVMCV (333)

Using the values of e, e, and U, in Eq. (3.30), the following equation is ob-

tained.

Qe + Zrh,-cpr, =M,C,Tey + Te,C M, + Zn‘vecprcv + W, (3.34)

In the following sections, the terms in Eq. (3.34) are described and methods for

their determination are presented.

3.3.1.1 Work of Compression

The work done on the gas due to movement of the control volume boundary

is given in the rate form as follows.

Wg = pcvvcv (3.35)
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While most of the work due to the movement of piston in a reciprocating
compressor is converted into W,, some of it is dissipated in the form of heat to over-
come the friction between the piston and the cylinder. This dissipated heat can either
increase the temperature of the cylinder wall or it may increase the internal energy
of gas in the cylinder. To account for this effect Hamiiton [7] included a frictional work

term in the expression for work.
W, = Wg + Work in overcoming frict_ion
or,
Wey = pe Vo + | Frvpl (3.36)
Hamilton related the friction force F, with the cylinder pressure p., as follows.
Fr=BPqy (3.37)

Where B, is a constant and can be obtained through experiments.

Another way to determine the friction force is to relate the force to the piston

side thrust force.

Where K, is the coefficient of friction for the cylinder wall and piston and can

be obtained from available literature or through experimentation.
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3.3.1.2 Instantaneous Heat Transfer

The most common cooling media for compressors are air and water. The
air-cooled compressor usually have fins on the outer surfaces of the cylinder blocks.
The heat transfer from the outer surface occurs due to natural convection by the
ambient air. The fins increases the surface area, hence, improving the heat transfer.
The water-cooled compressors have jacketed cylinder blocks with a steady flow of
cooling water. The cooling occurs through forced convection to the cooling medium.

The intercoolers in an air-cooled compressor usually consists of finned tubes
through which hot gases from the cylinder passes. Air is blown across the tube
bundle from a fan to cool the gas before entering the next stage. The tubes are
generally curved, but the curvature is large compared to their diameters. The tubes
can, therefore be approximated as straight. The water-cooled intercoolers usuaily
have a configuration similar to a double pipe heat exchanger. The cooling water
flows steadily through the shell and takes out heat from the hot gas through forced
convection,

The instantaneous heat transfer from the cylinders and the intercoolers de-
pends on the temperature of the gas inside the control volume, the temperature of the

cooling medium, the overall heat transfer coefficient and the heat transfer area.

Quy = U,AAT (3.39)

The overall heat transfer coefficient, U, depends on the following three heat

transfer processes.

1. Convection from the gas to the inside surface of the wall.

2. Conduction through the wall.

Theoretical Development of The Model 35



3. Convection from the outside wall surface to ambient.

Generally, the resistance to heat transfer offered by the wall is negligible
compared to the other two resistances. Hence, only the convection terms are con-
sidered in this model.

The overall heat coefficient based on the outside area A,of the heat transfer

surface therefore, is given as follows:

U, = ——LT (3.40)

AH,

[

1
H T

To determine the valiies of H, and H,, the correlations available in the literature
are used. A description of the correlations used in this model for the cylinders and

the intercoolers are given below.

Cylinder Heat Transfer Coefficient.:Adair, Qvale and Pearson [15] developed a cor-
relation to determine the heat transfer coefficient between the cylinder gas and the
cylinder wall on the basis of a variable equivalent diameter D, and swirl velocity of

gas inside the cylinder w,. The correlation is given as,

Nugy, = 0.053(Recy,)°‘8(p,-g)°'6 (3.41)

The dimensionless numbers Nu,, Re., and Pr, are determined from the ex-

pressions given below.

HA'De

Nucy/ = Kg
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(3.42)

Where, the equivalent diameter D, is given by the following expression

2

6n( 2 )x,
D, = 5 (3.43)
7Dx, + 2n( )
and, the swirl velocity w, is given as,
©g = 20[1.04 + cos(26)] L<o< —321‘—
3 = (3.44)
= w[1.04 4+ cos(20)] - < 0 < -2—

Where 6 is measured from the top dead center.

For an air-cooled compressor the heat transfer from the outside surface of the
cylinder to the ambient occurs due to natural convection. Al-Arabi and Khamis [25]
developed a correlation for natural convection from the outer surface of an inclined
cylinder. This correlation can be applied to the cylinder block of the compressor.

The correlation is give below in a non dimensional form.
Nug,, = [0.47 + 0.11( sin /**)(Grp) " *(Gr Pr,)>™! (3.45)
The non-dimensional quantities are given as follows.
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H oLcyl

NUcy, = Ka

2
Pagﬂa(rs - Ta)DgyI

GrD = 2
Ua
2
pagﬂa(Ts - Ta)L:cayl
GI‘L = 2
Ha
C
pr,=—2t2 (3.46)
Ka

For a water-cooled air compressor, the heat transfer from the outer surface
of the cylinder block occurs due to flow of water over the cylinder block. Sieder-Tate
[25] carrelation for turbulent flow in a pipe with an equivalent hydraulic diameter is

used to determine the heat transfer coefficient. The corré|ation is given below.

0.14

Nty = 0.027(Re)*(Pr )" - ) (3.47)
Where,
HoDH
Nu_, =
cyl KW
R _ PuwVwPy

ecyi - Ky

Cowht
Pr, = —’;:’—“’ (3.48)

w

and, the hydraulic diameter, D,,is given as,
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Dy = D,y — Dey (3.49)

Where DJ,,, is the inside diameter of the cylinder jacket.

Intercooler heat transfer coefficient: To determine the heat transfer coefficient for

the inside surface, the Sieder-Tate correlation [25] for turbulent flow in a pipe is used

in the model.
0.14 )
u
Nug, = 0.027(Rec,,)°‘8(Pr9)°'33( u—i ) (3.50)
Where,
N HiDt
Ugyp=—
cir Kg
ngth
Reg, = T
Con
pHg
Pr,= (3.51)
g Kq

The Zukauskus correlation [25] for flow across a tube bundle is used to de-
termine the heat transfer coefficient for the outside surface of the air-cooled

intercooler tube. The correlation is given as,

0.25
Pr,
Nug, = 0.51 (Rec,,)o's(Pra)°'36< P—r: ) (3.52)

Where,
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Nug, = K,
Re,,, = Pa::Dz
Pry= C;Z—i:a
Prg= Eﬁﬁ:_s

(3.53)

For water-cooled air compressors, the heat transfer coefficient for the outside

surface of the intercooler tube is obtained by the Sieder Tate correlation for turbulent

heat transfer in a pipe.

Nug, = 0.027(R eclr)O.B(Pr w)0-33( Bs

Where,
H,Dy
Nug, = ;W
PuwVuwln
Reclr='w,4—w
by = oty
w KW

and, the hydraulic diameter, D,,is given as,

Dy=DJ¢, — D,
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Where DJ,, is the inside diameter of the intercooler shell.
With expressions for all the terms in Eq. (3.34) now available, the first law of
thermodynamics equation in terms of the gas properties can now be obtained by

combining Eg. (3.34), (3.36) and (3.39).

UvoAT + zmiCpTi = Mchvch + chCchv + ZmeCpch + pcvvcv + l Fpr!

(3.57)

This equation can be rearranged in terms of temperature T, as follows,

. 1 . . . .
ch = UvoAT + ZmiCpTi - Cchvch - Zmecprcv - pcvvcv - IFpr l
. Cchv

(3.58)

The above equation is a first order differential equation in terms of the tem-

perature, T, for a control volume.

3.3.1.3 Continuity Equation for a Control Volume

The continuity equation or the equation for conservation of mass for the con-

trol volume is given as,

M., + Zme - Zn‘a,. =0 (3.59)
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Eq. (3.59) is used to determine the mass M, and rate of change of mass M.,
inside a control volume.
This differential equation is solved numerically for the mass in the control

volume M,,

3.3.2 Thermodynamic Equations for a Cylinder

Forthe cylinder of the reciprocating compressor, mass flows into and out of
the system through the suction valve, through the discharge valve and through the
piston ring pack. Given below are the differential equations for the first law of

thermodynamics and the continuity equation for a cylinder.

. 1 ) . . )
Tey = UoAAT + zmSVCPTi —CMey Ty — § My CoTeyr — PeyVeyr — | Fprl
CVM cyl

(3.60)

M.y, + g, — Mg, — =0 (3.61)

Eqg. (3.60) is solved for the instantaneous temperature inside the cylinder. The
value U, is obtained from equations (3.40), (3.41) and (3.45). Eq. (3.61) is solved for
the instantaneous mass in the cylinder. The instantaneous pressure is then obtained

from the ideal gas equation as follows,

Pey1 = PeyRTey (3.62)
Where,
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Mcy!
Pey1 = Vey (3.63)

3.3.3 Thermodynamic Equations for Intercoolers

For intercoolers of the reciprocating compressors, as there is no change in the
volume, the work and friction term in the thermodynamic equation drops out. The
mass flows into the intercooler through the discharge valves of the cylinders up-
stream to it, and out of the intercooler through the suction valves of the cylinders
downstream to it. Eq. (3.64) and Eq. {(3.65) are the equations for the first law of

thermodynamics and the continuity for the intercooler.

TCIF = UOAOAT + mdeij - CVMCII'TCII' - mSVCpTc,,. (3.64)
CMcir

Mclr + stv - Zmdv =0 (3.65)

Eqg. (3.64) is solved for the instantaneous temperature inside the intercooler.
The value U, is obtained from equations (3.40), (3.50} and (3.52). Eq. (3.65) is solved
for the instantaneous mass in the cylinder. The instantaneous pressure is then ob-

tained from the ideal gas equation as follows,

Peir = PR Terr (3.66)

Where,
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Pcir = Vor (3.67)

3.3.4 Thermodynamic Equations for Inlet and Discharge Chambers

For the inlet and discharge chambers, there is no change in the voilume.
Hence, there is no work and friction term in the thermodynamic equation. Also, the
heat transfer through the chamber walls is neglected in this model.

Mass flows into and out of the inlet chamber through the inlet orifice and through the

suction valves of the cylinders in the first stage. For the discharge chamber, the
mass flows into the chamber through the discharge valves of the cylinders in the last
stage and the discharge orifice. The first law of thermodynamics and the equation
of continuity for the inlet and discharge chambers are given below. A

For inlet chamber,

1 . . .
Tich = m [mincpTa — CMichTsen — stvCpTich:l (3.68)
Mich + Mip — stv =0 (3.69)

Eq. (3.68) is solved for the instantaneous temperature inside the inlet chamber.
Eq. (3.69) is solved for the instantaneous mass in the chamber. The instantaneous

pressure is then obtained from the ideal gas equation as follows,
Pich = pichRgTich (3.70)
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Where,

M.
Picn ="y (3.71)
ich
For discharge chamber,

. 1 ) . .

Tdch = CM [zmdepTcyI + Cdechdch - mouthTdch:I (3-72)
vi¥ideh

Mdch + Zmdv - rhout =0 (3-73)

Eq. (3.72) is solved for the instantaneous temperature inside the outlet cham-
ber. Eq. (3.73) is solved for the instantaneous mass in the chamber. The instanta-

neous pressure is then obtained from the ideal gas equation as follows,

Pach = pdchRgTdch (8.74)
Where,
Macn
pdch = V_c (3.75)
ach
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Since, it is not the purpose of this study to predict the valve displacement
function accurately, the suction and discharge valves are assumed to vibrate as a
single-degree-of-freedom spring-mass-damper system.

Fig. 6 shows a typical finger type reed valve and an equivalent spring-mass-
damper system. The differential equation of motion for the equivalent system is given
by the equation of motion for a damped-forced vibration of a single degree of freedom

system as follows.
Meqy + Ceqy' + Keqy = Fv —PL (379)

Where PL is the pre load on the valve.
The finger type reed valves are similar in shape to a cantilever beam with
distributed mass. Harris [26] gave the following expression for the equivalent mass

and equivalent stiffness of a cantilever beam with distributed mass only.

Meg = 0.243M, (3.80)
and,
3E,/
Keg=—%" (3.81)
Ly

The force F, acts on the face of the valve and it depends on the pressure dif-
ference across the valve. According to Soedel [6], this force can be expressed as a
function of pressure difference Ap across the valve and the effective force area A; of

the valve.

F,= A:Ap (3.82)
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3.6 Leakage Through Piston Ring Pack

The purpose of the piston ring in a lubricated reciprocating compressors is
two fold. The ring prevents the leakage of the cylinder gas and prevents the ingress
of excessive lubricating oil into the compression chamber. On the basis of its func-
tion, piston rings can be classified into two basic types, compression rings and oil
control rings. The purpose of the compression ring is essentially to seal the cylinder
gas. However it also prevents oil leakage into the compression chamber. The func-
tion of the oil control rings is to provide adequate lubrication for the compression ring
and to prevent excessive flow of oil.

The most common piston rings for the reciprocating compressors are the split
type circular rings. The free diameters of the rings are made larger than the cylinder
bore diameter. When these rings are placed in the cylinder, they exert a radial
pressure due to their spring action and thus assist in the sealing operation.

An ideal piston ring should be a perfect seal for the compressed gas and it
should not allow any leakage through it. However, in most practical applications, the

cylinder gas may leak through the following three possibie paths:

1. Through the ring edge gap
2. Through the gap between the ring side face and lower edge of groove.

3. Through the peripheral area between ring and cylinder bore.

Fig. 8 shows these three possible leakage path.

According to Ruddy, Dowson and Economou [27], if the piston ring is per-
forming properly, the edge gap would be the primary leakage path. In practice,
however, the axial movement of the ring in its groove can greatly increase the ef-

fective leakage area. Munro [28] performed experiments on a reciprocating internal
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combustion engine to determine the leakage or blowby through the piéton ring pack.
He expressed the total leakage area as a function of the edge gap area. Based on the
experimental results, he concluded that the top ring total leakage area is at least 3
times that of the edge gap area.

The ring edge gap increases progressively with wear of the ring surface. This
increase in the gap results in the leakage of the cylinder gas. The pressure loss
causes a loss in compressor performance. To predict this loss of performance, the
wear rate of the piston rings for the complete compressor cycle is required. The next
éections deals with the piston ring - cylinder bore wear analysis.

A comprehensive analysis of lubricated wear of the piston ringpack and the
cylinder bore was performed by Ting and Mayer [17] for a reciprocating internal
combustion engine. According to Ting and Mayer, their analysis can also be applied
to a reciprocating compressor. |n the present study a similar approach is used to
predict the lubricated wear of the piston rings in a reciprocating compressor.

Wear of the piston rings and the cylinder bore occurs due to the metal to metal
contact of their surfaces. If an oil film is present between the surfaces, this contact
is prevented. The thickness of the oil film, however, depends on the equilibrium of
forces acting on the ring surfaces. These forces determine the amount of radial de-
formation of the piston rings. The radial deformation of the piston ring determines the
thickness of the oil film between the ring and the cylinder bore. When this value falls
below the lower limit for fiuid film lubrication (LLFL) the oil film between the ring and
the cylinder bore breaks down and metal to metal contact occurs. This causes wear
of the piston ring and the cylinder bore. The value of LLFL depends on the material
and surface finish of the piston ring and cylinder bore and the concentration and size

of contaminations in the oil and the gas.
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The force acting on the outside surface of the piston ring is due to the
hydrodynamic pressure of the oil film. The forces on the inside surface of the piston
rings are due to the pressure of the gas behind the ring and due to the pressure ex-
erted by the piston ring due to its spring action. Ting and Mayer [17] modeled the
action of piston ring under these loads as a thin walled cylinder with internal and
external pressures. This approach was used by them with some success in the pre-
diction of the behavior of the piston ring performance.

Using the thin-walled cylinder approach, the radial deformation of the ring
;Jnder the hydrodynamic pressure py , the gas pressure p, and the uniform ring
pressure due to its spring action p,, as used by Ting and Mayer, is given by the fol-

lowing expression:

_ (pu—pg = PR?
EQ

c (3.86)

The gas pressure p, behind the piston rings depends on the contact of the
piston ring with the leading or the trailing edge of the groove. Hence, during the up-
ward stroke, the pressure behind the piston ring will approximately be equal to p, as
shown in Fig. 9. And it will be equal to p, on the downward stroke of the piston.

The uniform radial pressure due to spring tension p, depends on the edge gap
of the ring in its free state. Fig. 10 shows a piston ring in its free state with relevant
dimensions. When the piston ring is inserted into the cylinder, the ring exerts a radial
pressure on the cylinder surface. Swift [29] developed a relationship between this
radial tension and the free ring gap as follows.

LrgE/ly

pr= (3.87)
' nR:
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The hydrodynamic film pressure p,, depends on the geometry of the ring face,
the relative velocity of the piston ring in relation to the cylinder bore, the pressure
boundary conditions, and the lubricant type.

In the following section, a detailed treatment of the theoretical development-

for the mean hydrodynamic film pressure is presented.

3.6.1 Mean Hydrodynamic Oil Film Pressure

After running for a considerable time, the initially flat face of the rings are worn
to form a barrel shape. Due to this shape a converging-diverging wedge is formed
between the piston ring face and the cylinder bore. The relative motion between the
piston and cylinder causes an oil film to be formed which acts as a seal for the com-
pression chamber gas and also prevent metal to metal contact and hence wear of the
piston ring and cylinder bore.

In order to determine the exact shape of the ring profile, Wakuri, Soejima, and
Taniguchi [30], performed an experiment on a 4-Stroke, internal combustion engine.
The investigators used a couple of square faced compression ring made of cast iron.
After running the engine at full load for 200 hours at 2000 RPM, they measured the
worn ring profile. They found that both the compression rings formed a symmetric
parabolic profile. Wakuri, Soejima and Taniguchi, hence, used a symmetric parabolic
profile in their analysis. Ting and Mayer [17] , however, used a generally off-centered
parabola to account for any asymmetry in the worn ring profile.

The piston ring profile, A, in this model is assumed to be an off-centered
parabola. Fig. 11 shows a worn ring with relevant dimensions. The expression for

h is given as follows.
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h=c+6,( = )2 (3.88)

The basic assumptions made by Ting and Mayer for the analysis of the lubri-

cating conditions between the piston ring and the cylinder bore are as follows.

1. The oil film between the piston rings and the cylinder bore is sufficient for the

hydrodynamic equations to be valid.
2. The regime of lubrication is hydrodynamic throughout the cycle.

3. The problem can be treated as one dimensional because of circumferential sym-

metry.

For the hydrodynamic regime of lubrication, the oil film pressure is given by

the simplified Reynolds equation [17] as follows.
d (3 9P\ _ ¢, 9h dh
o (h Ix )— Buv, ax T 12u it (3.89)

Where p; is the oil film pressure at a particular position along the x-axis.

In order to solve the above differential equation, half-Sommerfield type of
pressure boundary condition is used. According to half-Sommerfield condition the
hydrodynamic pressure in the divergent portion of the ring wedge remain constant.

The pressure boundary condition for the haif-Sommerfield condition for piston
upward stroke and downward stroke are given below.

For piston upward stroke,

P =p at x=—b
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P =p, at x=0 (3.90)

For piston upward stroke,

©
I
>
')
~
x
I
o

p=p; at Xx=a (3.91)

For a ring pack with two compression rings, p, is the cylinder gas pressure
and p, is the inter-ring chamber pressure for the upper ring. For the lower com-
pression ring p, is the inter-ring chamber pressure and p, is the crank case pressure,
which is approximately equal to the ambient pressure.

Ting solved equation (3.89) by introducing the following non-dimensional vari-

ables.

» >
I I
~|o ~[x

[vs)
Il
~|e
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6u,R,wlL

" (3.92)
(o]

Substituting these non-dimensional variables in equation (3.89), the following

expression is obtained.

d (39 = dH , _dH
X (H X )——AuU X +au—dT (3.93)
But,
GH _ _d_ 2y _dC _ ¢
=77 (C+yX)="72=C (3.94)

Hence, the above equation can be written as,

A (13PN agp 9 L e
X (H dx)-——AyU dx+ouC (3.95)
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Integrating the above equation with respect to X once,

dPy =X i X 1
X ——Aqu;a—+auC;3—+J e (3.96)

Again, integrating equation (3.96), the expression for the hydrodynamic film

pressure P, is obtained as follows.

— 2 .
Pr=—ARD | y—2—= dX + oi¢ | —E—— dx +y | —L 5 dx +K
(C+yX7) (C+yX%) (C+yX%)
(3.97)

or,
P;= —ARUl, + 6GCl, + JIy + K (3.98)

Where J and K are the constants of integration.

The integrals /., /, and /, are evaluated as follows.

X 1 1 —1 /Y
I, = + tan (X —) 3.99
" ocic+yxy) € /oy c (3.99)

1

= - ———
4y(C + yX?)?

(3.100)

p=—% X 3 tanq(X«/—y—) (3.101)
4c(C+yx3*  8C® (C+yx>)  8Cci/cy ¢
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The constants of integration J and K are obtained by applying the pressure
boundary conditions given in equations (3.90) and (3.91). Since. the boundary condi-
tions for piston upward and downward motions are different, the expression for
hydrodynamic film pressure for the upward and downward strokes of the piston
would be different too.

In the following section the expression for the mean hydrodynamic oil film
pressure is developed for the piston upward stroke. The expression for piston
downward stroke can be developed similarly.

The pressure bouhdary conditions for the piston upward stroke are given in

equations (3.90) . In non-dimensicnal form the boundary conditions are as follows.

P=P, ., X=0 (3.102)

Applying the above boundary conditions, the constants of integration J and K

for the piston upward stroke are obtained as follows.

- B ouC 1 1
(P1—P2)“A#U['—__2+A:l+ 25 |: 22 2:|
S 2C(C +yB9) (C++8B%) C
12 2BC22 438 _ /3_ tan“(a %)
8C (C+yB%) (C+yB%) Cy
(3.103)
where,

A=——1———tan“1(8. /—”—)
2C./Cy C
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and,

GEC"

K=P,+
2 4)/(';2

(3.104)
Now, the mean hydrodynamic pressure, P, of the oil film is obtained by inte-
grating the expression for P, in equation (3.98) across the ring face and then dividing

it by the ring axial width L as follows,

Pm 1 ° pr P2
Py= =1 D‘—D Pe dx + P, a] (3.105)
or,
o]
-8

After integration, the following expression is obtained for mean hydrodynamic

pressure for piston upward movement.

AT [T) |- 2EC B
Py= AuU[ ZCJ—_ ————tan (B )] 2 [ZC(C +y82) +A:|

1 1 1
+d| — —— )= (B ) +KB  (3.107)
[BC’(C+}’82 C) 802 o | c }

The expression for mean hydrodynamic pressure for the downward stroke

can be developed similarly by applying the appropriate pressure boundary condi-

tions.
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3.6.2 Minimum Oil Film Thickness

Eq. (3.86) gives the minimum oil film thickness in terms of the mean
hydrodynamic pressure, py, the gas pressure behind the piston ring, p,, and the radial
pressure exerted by the ring due to its spring action, p,. In dimensionless form this

expression can be written as follows.

(Py — Py~ P,)
c——¥ 9 (3.108)
E
Where,
_ EtS
E=—"C (3.109)
PRy

Now, combining equation (3.87), equation (3.107) and equation (3.108) a first
order differential equation in terms of dimensionless minimum oil film thickness C is

obtained as follows.

=3 -7 B. /L€ . -1 C 2 Tl
EC —Auu[ 5 \Jotan (B,/ 7 )]—i—(P1 BP,)C* — I,

on BC 1 /¢ _1( Y ) Mgl
- — 5/ tan (B /= |+B+—F]
4y l: 2(C + ’sz) 2 I C Hc

Where,

HA=(P1—P2)CQ-—AﬁUI:2(C+VB) \/—ta (B\/——g)} (3.111)
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HB=—;-(1_ nysz) \/?:7 tan™ (5\/—) (3.112)

28C 38 3 .y [
= (C+y52)2 + (C+y82) + \/E; tan (B 'E) (3.113)
2
M, = [——(c fsz) —1:] (3.114)

For the piston downward stroke, a similar treatment gives the following first

order differential equation in term of C

_ — AA

EC3—A'ﬁU|:-g—1/ tan "(A X )] =478
Ol AC 1 /C _1( y )

- — /5 tan A /= |+A+
4y [ 2C+yA%) 2V 7 ¢

Where,

— C -
AA=(P2—P1)C2——A;4U[E(C':—M—+%-, /< tan 1(A, /%)} (3.116)

¢ =

(3.115)

]

1 C 3A 1 Y

Ag=—1{1- + tan (A —) (3.117
BTy ( C + yA? ) JCy 9 )

2AC 3A 3 _1< [ )
= + + tan { A /=< (3.118)

C+yA%?  (C+yAD)  Jor c
C2

Ap=| —=——1 3.119
° [(C+VA2)2 ] @119
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The differential equations (3.110) and (3.115) can be solved numerically for the

minimum oil film thickness ¢, using the Runge-Kutta method.

3.6.3 Piston Ring Wear

When the minimum oil film thickness, c, falls below the LLFL (Lower Limit for
Fluid film Lubrication), the oil film breaks down and metal to metal contact between
the piston ring and the cylinder bore occurs. This contact results into the wear of the
surfaces. According to the Archards law of Adhesive Wear [31], ” the amount of wear
between two sliding surfaces is directly proportional to the sliding distance and the
load, and inversely proportional to the hardness of the softer surface which is being
worn out.” This law is based on unidirectional sliding of the surfaces in contact, but
according to Stowers and Rabinowicz [31], it can be applied for predicting the amount
of wear under alternating sliding contact. Mathematically, Archard’s law can be ex-

pressed as follows.

PuXw
Hr

Oy =Ky (3.120)
Where &k, is the is called the coefficient of wear. Its value depends on a
number of factors. The major factors which affects the wear coefficient are the lu-
bricating condition, type of lubricants, and the compatibilty of the metal surfaces in
sliding contact. Tables showing the wear coefficients for different combination of

metals and environments are given by Holm, Archard, Hirst and Rabinowicz [31].
In the expression for wear depth, d,, the term p, is the load pressure. This

load pressure consists of the gas pressure behind the ring, p,, the pressure exerted
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by the ring due to its spring action, p,, and the pressure due to the side thrust exerted
by the piston on the cylinder, p;. Hence the load pressure on the piston ring is the

sum of all these pressures:

Pw=Pg+ P, +pr (3.121)

The wear rate for the whole cycle can be calculated by adding the wear
caused by metal to metal contact at points where the minimum oil film thickness ¢

falls below the LLFL.

3.6.4 Piston Ring Leakage Area

Due to wearing of the outer surface, the edge gap of the piston ring increases.
This increased edge gap provides a path for the leakage of the cylinder gas through
the piston ring pack. This leakage results in the reduction of the compressor per-
formance. To determine the amount of leakage and hence, the loss of performance
of the compressor after a certain amount of time, the new ring edge gap is calculated.
This is obtained by assuming a constant rate of wear throughout that period. The
amount of wear for that period, A,, is then used to determine the ring edge gap as
follows.

Fig. 12 shows a worn ring inside a cylinder. The ring edge gap /, is given as,

Iy =24, (3.122)

The value of the new ring edge gap /; is used to determine the leakage area

for the piston ring.
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Figure 12, Change in Piston Ring Edge Gap After Wear
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4.0 Verification of Theoretical Model

The theoretical model presented in Chapter 3 is used to develop a computer
program. This program performs simulations of the kinematic, dynamic, and
thermodynamic processes involved in the reciprocating compressors. It also per-
forms simulation of the suction and discharge valve deflections and the lubrication
conditions between the piston rings and the cylinder bore. A brief description of the

computer program is given below.

4.1 Outline of the Computer Program

The computer program is written for a compressor system with the following

arrangement.

1. The compressor system consists of a maximum of five cylinders and a maximum

of five stages of compression.
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2. The cylinders can be arranged in parallel or in series.

3. An intercooler is provided between each compressor stage.

4. The compressors are either air-cooled or watercooled. The intercoolers in an
air-cooled compressor consists of finned tubes across which air is blown from a
fan. The water-cooled compressors consists of jacketed cylinders and double-

pipe heat exchangers as intercoolers.

5. The compressor system has an inlet and a discharge manifold.

6. Constant pressures are maintained upstream of the suction manifold and down-

stream of the discharge manifold.

7. Each cylinder has two identical compression rings.

The computer simulation program is written in three parts. The first part is the
Preprocessor which manipulates the input data and creates an input file. The
Processor is the main simulation program. The Processor performs the main com-
putations based on the theory developed in Chapter 3. The postprocessor invokes
the graphics routine to create graphs of the output data. A description of the Pre-

processor, Processor and the Postprocessor follows:
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411 Preprocessor;

The Preprocessor creates an input data file for Processor, the main simulation
program. The Preprocessor displays a menu on the screen and based on the option

selected from the menu, the control is transferred to one of the following subroutines:
1. Subroutine ENTER

2. Subroutine SHOW

3. Subroutine SAVE

4. Subroutine GET

5. Subroutine EDIT

The input data for the simulation program in entered interactively through the
subroutine ENTER. The input data can be displayed on the screen through subroutine
SHOW. The subroutine SAVE writes the input data in a formatted file. The data in an
existing input file can be recalled through the subroutine GET. Subroutine EDIT is
used to change the data in an existing input data file. For ease of manipulation the
input data for the reciprocating compressor is entered and edited in the form of

groups as follows:

1. Compressor system data.

2. Cylinder data.

3. Suction and discharge valve data.
4. Intercooler data.
5

Piston ring data.
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6. Convergence criteria for simulation.

The input data file for the Processor can also be created in a batch mode using

the format described in appendix A.

4.1.2 Processor

The Processor is the main simulation program. This program computes
pressure, temperature, gas mass and other control volume properties at each time
step for the cylinders, the intercoolers and the inlet and discharge manifolds. The
program also calculates the suction and discharge valve deflection, mass flow rate
of gas through the valves and the lubricating condition between the piston rings and
cylinder bores for each time step.

A flow chart showing the structure of the main program is given in Fig. 13.
The input data in the main program, is read from the input file through the subroutine
GET. The subroutine COMP is called to perform simulation of the compressor cycles
until the desired convergence is reached. The results returned by the subroutine
COMP are saved in a formatted output file for postprocessing. This is done by sub-

routine SAVE.

In the next sections, the subroutines is the Processor are described briefly.

4.1.2.1 Subroutine COMP

This subroutine is called by the main program to carry out the compressor

simulation based on the theory developed in chapter 3. Fig. 14 shows the flow chart
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PROGRAM PROCESSOR

( START )

SUBROUTINE GET |
THIS SUBROUTINE READS|
INECESSARY INPUT DATA
FROM THE INPUT FILE

SUBROUTINE COMP

$ SUBROUTINE PERFORMS
COMPUTER SIMULATION FOR
THE COMPRESSOR CYCLE

SUBROUTINE SAVE

[THIS SUBROUTINE SAVES
T8 IN AN OUTPUT
FOR POSTPROCESSING

( STOP )

Figure 13. Flow Chart for the Program MAIN
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AND CYLINDER BORE

SUBROUTINE CDYNA

[THIS SUBROUTINE CALCULATES THE
[TOTAL SIDE FORCE ACTING ON THE
[PISTON RINGS AT THE CONTACT.

I COUNTER FOR NMBER OF STEPS

N8 TOTAL NO. OF STEPS PER CYCLE

PAV  AVERAGE PRESSURE IN CYL #! FOR THE CYCLE
PTOL TOLERANCE FOR PRESSURE CONVERGENCE

TAV AVERAGE TEMP IN CYL #1 FOR THE CYCLE
TTOL TOLERANCE FOR TEMPERATURE

RETURN

Figure 14. Flow Chart for the Subroutine COMP
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for this subroutine. At the beginning of this subroutine the initial values for the con-
trol volume properties, the valve displacements and the piston ring - cylinder bore
minimum oil film thickness are set. The required variables are calculated for each
time step in a Do Loop for a complete compressor cycle. Subroutine RKG1 is calied
within the Do Loop to solve the differential equations involved in the simulation.
Subroutine RKG1 returns the values of the control volume properties, the valve de-
flections and the minimum oil film thickness for the current time steps. Subroutine
FLOW is then called to update the values of flow rate across the valves based on the
current values of control volume pressures, temperatures and suction and discharge
valve deflections. Subroutine CDYNA is then called to calculate the total contact
pressure on the piston rings. The minimum oil film thickness between the piston
rings and the cylinder bores are compared with the lower limit of fluid film lubrication
(LLFL). If the minimum oil film thickness is lower than the LLFL, the amount of wear
for the current time step is calculated using Eq. (3.120). This value is added to the
amount of wear for the previous step to get the cumulative wear for the cycle. At the
end of each compressor cycle, the average values of pressure and temperature in the
first cylinder during the current cycle are compared with the respective values for the
previous cycle. If the differences in both the average pressures and temperatures
are less than or equal to the desired tolerances, convergence is considered to be
reached and results are returned to the main program. Otherwise, the whole process

is repeated again until the maximum number of cycles for iteration is reached.

4.1.2.2 Subroutine RKG1

This subroutine is called by the subroutine COMP to solve the differential

equations for control volume temperatures and masses, suction and discharge valve
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deflections and minimum oil film thickness between piston rings and cylinder bores.
Fig. 15 shows a flow chart of the subroutine RKG1. This subroutine uses the four step
Runge-Kutta numerical integration scheme with Gills constants [32]. The subroutine
RKG1 updates the current value of time for the four step integration. It then calls the
subroutines PRESS, VALVE, FLOW and FLMTHK to calculate the derivatives of the
independent variables of the differential equations. The independent variables of the
differential equations involved in the compressor simulation are the temperature and
mass of the control volumes, the vaive deflections and the minimum oil film thickness
between piston ring and cylinder bore. Using the values of derivatives obtained from
these subroutines, the values of the independent variables for the current time step
are updated. At the end of the four step process, the final values of the independent

variables for the current time step are determined and returned to the subroutine

COMP.

4.1.2.3 Subroutine PRESS

This subroutine is called by the subroutine RKG1 to calculate the derivatives
of the control volume temperatures. Fig. 16 shows a flow chart of the subroutine
PRESS. The current values of piston displacement, velocity and accelerations and
the rate of change of cylinder volumes are first calculated using Eq. (3.4), (3.10), (3.11)
and (3.14) respectively by this subroutine. The subroutine HTRAIR or the subroutine
HTRWAT, is then called depending on whether the compressor is air-cooled or
water-cooled, to determine the instantaneous heat transfer from the cylinders and the
intercoolers. The time derivative of temperatures inside the cylinders, the
intercoolers and the inlet and discharge manifolds are then calculated using Egq.

(3.60), (3.64), (3.68) and (3.72) respectively.
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RETURN

Figure 15. Flow Chart for the Subroutine RKG1
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@BROUTINE PR@
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Figure 16. Flow Chart for the Subroutine PRESS
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4.1.2.4 Subroutine VALVE

This Subroutine is called by Subroutine RKG1 to calculate the first and second
derivatives of suction and discharge valve displacements Fig. 17 shows the flow chart
of the subroutine VALVE. The subroutine VALVE first determines the total force act-
ing on the valves by adding net pressure force acting on the valves to the valve pre-
load. It then computes the first and second derivatives of the valve displacements
according to the appropriate boundary conditions. This subroutine uses Eq. (3.79),
which is the differential equation of motion of a single degree of freedom spring-

mass-damper system to calculate the time derivatives of valve displacement.

4.1.2.5 Subroutine FL_OW

This subroutine called by the subroutine RKG1 calculates the rate of change
of mass in the control volumes. Fig. 18 shows a flow chart of the subroutine FLOW.
The flow area of the valves are determined from the suction and discharge valve de-
flections using Eq. (3.85). The direction of flow is then determined by comparing the
pressures across each valve. The subroutine also checks whether the flow is choked
or unchoked by comparing the pressure ratio across the valves with the critical
pressure ratio given in Eq. (3.78). Using the flow area and the pressure ratios, the
subroutine FLOW calculates the mass flow rates across the valves using Eq. {3.76).
The rate of change of mass is calculated by the mass flow balance for the cylinders,
the intercoolers, the inlet and discharge manifolds from Eq. (3.61), (3.65), (3.69) and

{(3.73) respectively for the current time step.
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DETERMINE THE POSITION OF
THE VALVES AND INTRODUCE

APPROPRIATE BOUNDARY
CONDITIONS IF THE VALVE
HITS THE SEAT OR THE STOP

COMPUTE THE VELOCITY AND
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(i‘RETURN j>

Figure 17. Flow Chart for the Subroutine VALVE
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( RETURN )

Figure 18. Flow Chart for the Subroutine FLOW
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4.1.2.6 Subroutine FLMTHK

This subroutine is called by the subroutine RKG1 to calculate the rate of
change of minimum oil film thickness between the piston rings and the cylinder
bores. Fig. 19 shows the flow chart of the subroutine FLMTHK. At the beginning of
the subroutine, all the variables associated with the film thickness calculations are
changed into non-dimensional form as given in Eq. (3.92). The subroutine then de-
termines whether the piston is in upward or downward motion of its travel by check-
ing the direction of piston velocity. The rate of change ;)f minimum oil film thickness
is calculated using separate first order differential equations for the piston upward

and the downward stroke using Eq. (3.110) and (3.115) respectively.

4.1.2.7 Subroutine HTRAIR

This subroutine is called by the subroutine PRESS to calculate the instanta-
neous heat transfer from the cylinders and the intercoolers for an air-cooled
compressor. Fig. 20 shows a flow chart of the subroutine HTRAIR. At the start of the
subroutine, the thermophysical properties of the cooling air and cylinder gas are de-
termined. The subroutine then calculates the inside and outside heat transfer coeffi-
cients for the cylinder heat transfer surfaces using Eq. (3.41) and (3.45) respectively.
The overall heat transfer coefficient is calculated based on the outside surface area
of the heat transfer surface using Eq. (3.40). The instantaneous cylinder heat transfer
is calculated using the overall heat transfer coefficient and the temperature of the
cylinder gas and the cooling air using Eq. (3.39). The same procedure is repeated to

determine the heat transfer from the intercooler control volumes. Eq. (3.56) and Eq.
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Figure 19. Flow Chart for the Subroutine FLMTHK
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Figure 20. Flow Chart for the Subroutine HTRAIR
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(3.52) are used to calculate the inside and outside heat transfer coefficient for the

intercooler heat transfer surfaces.

4.1.2.8 Subroutine HTRWAT

This subroutine is called by the subroutine PRESS to calculate the instanta-
neous heat transfer from the cylinders and the intercoolers for a water-cooled
compressor. Fig. 21 shows a flow chart of the subroutine HTRWAT. At the start of the
subroutine, the thermophysical properties of the cooling water and cylinder gas are
determined. The subroutine then calculates the inside and outside heat transfer co-
efficients for the cylinder heat transfer surfaces using Eq. (3.41) and (3.47) respec-
tively. The overall heat transfer coefficient is calculated based on the outside surface
area of the heat transfer surface using Eq. (3.40). The instantaneous cylinder heat
transfer is calculated using the overall heat transfer coefficient and the temperature
of the cylinder gas and the cooling air using Eq. (3.39). The same procedure is re-
peated to determine the heat transfer from the intercooler control velumes. Egq. (3.50)
and Eq. (3.54) are used to calculate the inside and outside heat transfer coefficient for

the intercooler heat transfer surfaces.

4.1.2.9 Subroutine CDYNA

This subroutine is called by the subroutine COMP to calculate the contact
pressure between the piston rings and the cylinder bore. Fig. 22 shows the flow chart
of the subroutine CDYNA. The gas force acting on the piston due to cylinder pressure

and the inertia force due to piston mass and the connecting rod mass are calculated
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4.2 Application of the Computer Program.

The computer program described in the previous section was tested on an
ingersoll Rand Mode! 242 two-stage air-cooled reciprocating air compressor. An in-
put file with all the physical parameters of the compressor and the fixed
thermodynamic parameters was created using the Preprocessor computer program.
The tolerance for convergence was set at 0.1 psi and 0.1 degrees F for the average
pressure and the average temperature in the first cylinder respectively. Calculations
for the variables involved in the simulation was performed 500 times for each
compressor cycle. Simulation was allowed to continue for a maximum of 15
compressor cycles. The computer program was run several times to determine the
gradual loss in performance of the reciprocating compressor. 1n the following section
the results obtained from the simulation is presented in graphical form. Discussions

on some of the important points are also performed.
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5.0 Results and Discussions

The results obtained from the simulation are presented as four sets of graphs
showing the pressures, the temperatures, the mass flow rates, and the minimum oil
film thicknesses between the piston rings and the cylinder bore. All of these graphs
are discussed briefly as follows.

Fig. 23 and 24 shows the pressure-volume diagrams for cylinder 1 and cylinder
2 respectively. Fig. 25 shows the composite pressure-volume diagram for both the
cylinders. In Fig. 23 and 24, the effect of stiffness of the suction and discharge valves
can be seen by a trough at the start of the suction and a peak at the start of the dis-
charge. The overlap in the pressure-volume diagrams for cylinder 1 and cylinder 2
in Fig. 25 indicates the drop of pressure in the intercooler.

Fig. 26 and 27 are the pressure-crank angle diagram for cylinders 1 and 2 re-
spectively. Fig. 28 shows the variation of pressure in the intercooler with respect to
the crank angle for cylinder 1. The dotted lines in the figures shows the average
pressures for the cycle. From Fig. 26 and 27 it can be observed that the maximum
variation in pressure occurs near the top dead center. It can also be observed that

the maximum pressure in the cylinder occurs at some small angle before the top
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dead center and the minimum value of pressure occurs slightly after top dead center.
The pressure-crank angle diagram for the intercooler clearly shows that the pressure
inside the intercooler varies significantly with time. The variation in this case is about
15 psi. This is a significant amount of variation which profoundly affects the pres-
sures and mass flow rates in the compressor system. Fig. 28 also shows that the
maximum variation in the intercooler pressure occurs when the valves are open.

Fig. 29 and Fig. 30 shows the temperature variation in cylinders 1 and 2 re-
spectively with respect to their crank anglie. Fig. 31 shows the temperature-crank
angle diagram for the intercooler. The dotted line in the figures shows the average
temperatures for the cycle. The temperature-crank angle diagrams are very similar
to the respective pressure-crank angle diagrams. This is due to the fact that the
temperature and pressure are related to each other by the ideal gas equation. How-
ever, the effect of heat removal in the intercooler from the air can be noted by the fact
that the rise in temperature in the second cylinder is not as much as the rise in
pressure.

Fig. 32, and Fig. 33 are the mass flow diagram for the suction and discharge
valve of the first cylinder respectively. Fig. 34 and 35 shows the mass flows for the
suction and discharge valves of the second cylinder respectively. The dotted lines
in the figures shows average flow rates for the cycle. The mass flow rates are plotted
against the respective crank angles. A comparison of the mass flow diagrams for
suction valves of the cylinders to the discharge valves of the cylinders shows that the
instantaneous mass flow rates through the suction valves are generally lower than
the the instantaneous mass flow rates for the discharge valves. While the period
during which the valves are open is higher for the suction valves as compared to the

discharge valves. Another very important observation is the difference in average
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mass flow rate for the suction valve of the first cylinder and the discharge valve of the
second cylinder. This difference is due to the leakage through the piston rings.

Fig. 36 and Fig. 37 shows the minimum oil film thickness between the upper
and lower compression rings for cylinder 1 with respect to the crank angle. Fig. 38
and 39 shows the minimum oil film thickness diagram for the second cylinder. It can
be noted that for all the piston rings, the minimum oil film thicknesses are lower near
the top and the bottom dead centers. This is due to the fact that the mean
hydrodynamic pressure of the oil film between the piston ring and the cylinder bore
is lower at the TDC and the BDC because of lower relative velocity. Another impor-
tant observation is the generally lower film thicknesses for the second cylinder as
compared to the first cylinder. This can be expiained on the basis of the fact that the
pressures in the second cylinder are higher as compared to the first cylinder. The
minimum oil film thickness diagrams aiso shows the lower limit for fluid film lubri-
cation (LLFL). A contact betwéen the piston ring and the cylinder bore is assumed
to occur at the regions where the minimum oil film thickness falls below the LLFL.

Fig. 40 shows the drop in average discharge rate of the reciprocating
compressor with time. The drop shows almost a linear trend. Fig. 40 also shows the

drop in the the discharge rate as a percent of the original discharge rate.

5.1 Comparison with Experimental Data

THe results obtained from the computer simulation for the pressure variation
in the cylinder 1 with respect to the crank angle is compared with the experimental

data obtained by Spagnuolo [35] from the first cylinder of the same compressor. A
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computer program was written to plot the simulation and the experimental pressure
on a single graph. Fig. 41 shows the comparison of the two pressure diagrams. The
comparison shows a very good match when the suction and the discharge valves are
closed. But the match is not so good for the regions where the suction or discharge
valve is open. This may be caused due to due to the simplified model for valve dis-
placements. In the simulation model, the valves are treated as single degree of
freedom spring-mass-damper systems.

As there was no experimental data available for pressures in the second cyl-
inder and the intercooler and the temperatures in the cylinders and the intercooler,
no comparison was possible for the above mentioned variables. However, since the
temperature in the cylinder are related to the pressure through the ideal gas

equation, the simulation can be expected to predict the temperatures reasonably

close to the actual values.
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6.0 Conclusions and Recommendations

In this chapter, conclusions drawn from the resuits of the computer simulation
of the reciprocating compressor and their comparison with experimental data will be
presented. Recommendations for further research will be given based on the con-

clusions.

6.1 Conclusions

As stated in Chapter 1, the main objective of this research is to simulate the
thermodynamic processes and wear of the piston rings for a multi-stage intercooled
reciprocating compressor so that the progressive loss of performance of the
compressor due to piston ring leakage may be predicted. This simulation can further
be used to study the effects of change of the variables to the performance of the cyl-

inder. The principal conclusions drawn from this research are listed below:
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1. The use of the first law of thermodynamics to model the thermodynamic proc-

esses involved in a reciprocating compressor proved to be effective.

2. The pressure predicted by the simulation program for the low pressure cylinder
shows good comparison with the experimentally determined pressure. The
comparison, however, is not very good at the regions where one of the valves
are open. This suggests that the single degree of freedom approach is too simple

to handle motion of the valves accurately.

3. Since the predicted pressure in the low pressure cylinder matches well with the
experimental results, the pressures in the other cylinder and the intercooler is
expected to be reasonably close to the actual values. This, however, has to be

checked by actual comparison.

4. Prediction of temperatures in the cylinders and the intercoolers is possible using
the first law of thermodynamics. The temperatures predicted by the computer
simulation also are expected to reasonably represent the actual values since the
pressures and temperatures are related to each other by the ideal gas law. Ex-
perimental measurements, however, have to be performed to check the validity

of the above statement.

5. The modeling of the heat transfer from the intercooler is very difficult due to the
fact that the flow rate of air through the intercooler varies considerably. This af-
fects the mode of heat transfer. The mode of heat transfer from the air to the in-
side surface of the intercooler may be either natural convection or forced
convection or a combination of both depending on the flow rate of air. In this

model, the air is assumed to flow through the intercooler tubes with an average
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flow rate throughout the cycle. This simplification was necessary to avoid the
complexities involved. However, since the accurate representation of heat
transfer from the intercooler is very important, the simplifying assumption may

affect the results.

The shape of the minimum oil film thickness curve suggests that the oil film
thicknesses are considerably iower near the top dead center and the bottom dead
center. This means that the possibility of piston ring wear near the TDC and the

BDC is higher as compared to the mid stroke.

On the average, the oil film thicknesses for the high pressure cylinder are lower
than the low pressure cylinder. This suggests possibility of higher rate of wear

for the high pressure cylinder.

The simulation program can predict the leakage through the piston ring pack.
This is evident from the difference between the average mass flow rate from the

suction valve of the low pressure cylinder and the discharge valve of the high

pressure cylinder.
The drop in discharge rate of compressor with time shows an almost linear trend.

There are, however, many problems involved in the prediction of piston ring

wear and the progressive drop in compressor performance due to piston ring

leakage. One of the main problems is the determination of the exact face profile of

the piston rings. This can only be determined by experimental measurements of the

worn rings. Since the effect of the ring face profile on the minimum oil film thickness
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is considerable, an accurate knowledge of the piston ring face profile is vefy impor-
tant.

The other factor which complicates the situation is the value of the wear co-
efficient between the piston ring and cylinder bore. Although, tables showing the
values of coefficient of wear for several combinations of surfaces and environments
are available, they could be very different from the actual system. The accurate
knowledge of the LLFL (Lower Limit for Fluid film Lubrication) is also very important,
since it determines whether or not wear will occur.

“All the above factors make it very difficult to predict the amount of wear and
in turn the leakage through the piston rings. The computer program developed for
this research incorporates all the equations necessary for the prediction of the wear
rate reasonably close to the actual values, if the values of the above mentioned vari-

ables are known accurately.

6.2 Recommendations

There is much room for improvement in the compressor model developed for
this study, and further research can be performed to make the model more accurate.

Some of the possible areas for further studies are listed below:
1. Incorporation of variable crank shaft speed in the model.

2. Experimental study of the pressure and temperature variation in the cylinders and

the intercoolers.
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3. Inclusion of more accurate model for valve motion.

4. Study of the instantaneous heat transfer from the intercoolers.

5. Study of back flow through the valves.

6. Experimental study of the piston ring wear.

7. Experimental study of leakage through the piston ring pack.

8. Resolution of the question concerning the accurate modeling of the elastic in-

plane performance of the piston rings.

if the above-mentioned points are adequately addressed, then the model de-
veloped in this study can be used to simulate the actual behavior of the reciprocating

compressor system more accurately.
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INPUT DATA FILE

RECORD No. 1: ICTYPE,ICOOL,NCYL,NSTAGE,PINITT,PFINAL, TAMB

INPUT FORMAT: 4(3X,12),3X,3(2X,F12.5)

ICTYPE -1f 1, compressor is air-cooled.
If 2, compressor is water-cooled.
ICOOL - If 1, Series cooling arrangement.
if 2, Paralle! cooling arrangement.
(leave blank if the compressor is air-cooled)
NCYL - No. of cylinders in the compressor system.
NSTAGE - No. of stages of compression.
PINITT - Inlet gas pressure (psig)
PFINAL - Discharge gas pressure (psig)
TAMB - Inlet gas temperature (degrees F)

RECORD No. 2: TCOOL,OMEGA,RR,SS,CMASS

INPUT FORMAT:  5(2X,F12.5)

TCOOL - Inlet temperature of cooling medium (degrees F)

OMEGA - Angular velocity of crank shaft (rad/sec)
RR - Crank shaft radius (in.)

SS - Length of connecting rod (in.)

CMASS - Equivalent point mass of crank shaft (Ibm)

The next three records, i.e., Record 3, Record 4, and Record 5 are repeated for
each cylinder such that all the three records are completed for the first cylinder and

then for the next cylinders.

RECORD No. 3: DIA,CDIA,CLEN,SCDIA,CWFLOW
INPUT FORMAT: 5(2X,F12.5)

DIA - Inside diameter of cylinder (in.)
CDIA - Outside diameter of cylinder block (in.)
CLEN - Length of cylinder block (in.)
SCDIA - inside dia of water jacket (in.)
(leave blank if the compressor is air-cooled)
CWFLOW - cooling water flow rate (lbm/sec)
(leave blank if the compressor is air-cooled)

RECORD No. 4¢ CRANKA,CYLANG,PMASS,CLRNCE,CFEFF

INPUT FORMAT:  5(2X,F12.5)
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CRANKA - Crank angle for individual cylinder (degrees)
CYLANG - Cylinder block angle for individual cylinder (degrees)
PMASS - Piston mass (lbm)
CLRNCE - Clearance volume for cylinder (% of displacement vol.)
CFEFF - Efficiency of cyl block fins (%)

(leave blank if the compressor is water-cooled)

RECORD No. 5: ISER,ICYSTG,PCL,FACY,BACY
INPUT FORMAT:  2(2X,13),5X,E16.7,2(3X,F12.5)

ISER - sequence no. of cylinder in series cooling
(leave blank if the compressor is air-cooled)
ICYSTG  Stage no. in which the cylinder belongs
PCL - Piston clearance (in.)
FACY - Total fin area for cylinder block (sqg.in.)
(leave blank if the compressor is water-cooled)
BACY - Total fin base area for cylinder block (sq.in.)
(leave blank if the compressor is water-cooled)

The next two records, i.e., Record 6 and Record 7 are repeated twice for each
cylinders such that both the records are completed first for the suction valve of the
cylinder and then the discharge valve of the same cylinder.

RECORD No. 6: EQM,EQK,PER

INPUT FORMAT:  3(2X,F12.5)

EQM - Equivalent mass of compressor valves (ibm)
EQK - Equivalent stiffness of compressor valves (Ibf/in.)
PER - Perimeter of valve port (in.)

RECORD No. 7: ZETA,PRLO,PAR
INPUT FORMAT:  3(2X,F14.7)
ZETA - Damping ratio of valves

PRLO - Preload on the valves (lbf)
PAR - Port area of the valves (sq.in.)

The next two records, i.e. Record 8 and Record 9 are repeated for each
intercooler such that both the records are completed for the first intercooler then for
the next intercoolers.

RECORD No. 8: TDIA,TTHK,TLEN,SIDIAWFLOW

Appendix A. DESCRIPTION OF INPUT AND OUTPUT DATA FILES 126



INPUT FORMAT:  5(2X,F12.5)

TDIA - Inside diameter of intercooler tubes (in.)
TTHK - Thickness of intercooler tubes (in.)
TLEN - Length of intercooler tubes (in.)
SIDIA - Inside dia of intercooler shell {in.)
(leave blank if the compressor is air-cooled)
WFLOW - Flow rate of cooling water through intercooler (Ibm/sec)
(leave blank if the compressor is air-cooled)

RECORD No. 9: ISER,NTUBES,FAIC,BAIC,AVEL

INPUT FORMAT:  2(2X,13),4(3X,F12.5)

ISER - Sequence no. of intercooler in series cooling
NTUBES - No. of intercooler tubes
FAIC - Total intercooler fin area (sq.in.)

(leave blank if the compressor is water-cooled)
BAIC - Total intercooler fin base area {sq.in.)

(leave blank if the compressor is water-cooled)
AVEL - Velocity of air across intercooler tubes (in./sec)

(leave blank if the compressor is water-cooled)

The next two records, i.e. Record 10 and Record 11 are repeated for each
cylinder such that both records are completed for the first cylinder and then for the
next cylinders.

RECORD No.10: RTHK,FRGAP,RDIS
INPUT FORMAT: 3(2X,F12.5)

RTHK - Piston ring thickness (in.)

FRGAP - Piston ring edge gap in free state (in.)

RDIS - Center to center distance b/w piston rings (in.)

RECORD No.11: RLAW,RUAW,RLEO,RGAP
INPUT FORMAT: 4(2X,F12.5)

RLAW - Lower axial width for parabolic profile of ring face (in.)

RUAW - Upper axial width for parabolic profile of ring face (in.)

RLEO - Maximum lower edge offset for parabolic profile of the
ring face (in.)

RGAP - Piston ring edge gap in constraint (in.)

RECORD No.12: RMEL,RHARD,RLLFLWCOFF
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INPUT FORMAT:  4(2X,E16.7)
RMEL - Modulus of elasticity of piston ring material (Ibf/sq.in.)
RHARD - Hardness of piston ring material
RLLFL - Lower limit for fluid film lubrication (in.)
WCOFF - Coefficient of wear b/w piston ring and cylinder bore.
RECORD No.13: NS,ITMAX,PRCONV,TECONV
INPUT FORMAT: 2(5X,14),2(5X,F10.5)
NS - No. of steps per cycle for simulation
ITMAX - Maximum no. of compressor cycle for convergence

PRCONV - Tolerance for pressure convergence in cyl no. 1 (psi)
TECONV - Tolerance for temp. convergence in cyl. no. 1 (degrees F)

OUTPUT DATA FILE

RECORD No. 1: NCYL,NSTAGE,NS,RLLFL

FORMAT : 3(5X,14),5X,E14.7
NCYL - No. of Cylinders in the compressor system
NSTAGE - No. of stages of compression
NS - No. of steps per cycle for iteration

RLLFL - Lower limit for fluid film lubrication (in.)

The next card, i.e., Record 2 is repeated for each cylinder

RECORD No. 2: ICYSTG,CRANKA,CYLANG
FORMAT 1 5X,12,2(5X,F12.5)

ICYSTG - Stage no. in which the cylinder belongs.
CRANKA - Crank angle for the cylinder (radians)
CYLANG - Cylinder Block angle (radians)

The next card, i.e., Record 3 is repeated first for each cylinder and then for
each intercooler.

RECORD No. 3: PAVR,TAVR

FORMAT 1 2(5X,F12.5)
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PAVR - Average pressure In cylinders and intercoolers (psia)
TAVR - Average temp. in cylinders and intercoolers (degrees R)

The next card, i.e., Record 4 is repeated twice for each cylinder. It is repeated
twice for the first cylinder and then for the next cylinders. For each cylinder, first the
card gives value of GMRAVR for the suction valve and then for the discharge valve.
The variable WDEP for the upper ring is given first for each cylinder.

RECORD No. 4: GMRAVR,WDEP
FORMAT 1 2(5X,E14.7)
GMRAVR - Average mass flow rate through the valves (lbm/sec)

WDEP - Wear rate of piston rings (in./compressor cycle)

The next three records, i.e., Record 5, Record 6, and Record 7 are repeated in

the form of group for each time step. The no. of time step is given in Record 1 as
IINS”.

Record S is repeated first for each cylinder and then for each intercooler.

RECORD No. 5:  V,P,T

FORMAT : 3(5X,F12.5)
\ - Instantaneous volume in cyl and intercoolers (cu.in.)
P - Instantaneous pressure in cyl and intercoolers (psia)
T - Instantaneous temp in cy!l and intercoolers (degrees R)

Record 6 is repeated for each compressor valve. This card gives value of
GMR first for the suction valve and then for the discharge valve for each cylinder.

RECORD No. 6: GMR
FORMAT : 5X,E14.7

GMR - Instantaneous mass flow rate through the valves (lbm/sec)
Record 7 is repeated for each cylinder.

RECORD No. 7: FTHM1,FTHM2

FORMAT  : 2(5X,E14.7)
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FTHM1 - Min oil film thickness for first ring of cyl (in.)
FTHM2 - Min oil film thickness for second ring of cyl (in.)

Appendix A. DESCRIPTION OF INPUT AND OUTPUT DATA FILES 130



Appendix B. COMPUTER PROGRAM LISTINGS

Appendix B. COMPUTER PROGRAM LISTINGS 131



¥ IHHEHHEHIRSHHEHHHEEEHHH0:: INPUT BLOCK

B.1 PREPROCESSOR

%
COMMON/INPUTL1/ PINITT,PFINAL,TAMB,NSTAGE,NCYL,0MEGA,RR,SS,CMASS

1 ,TCOOL,ICTYPE,ICOOL,ISER(9)

COMMON/INPUT2/ DIA(5),PCL{5),CLRNCE(5),CRANKA(5),CYLANG(5)

1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)

2 CHFLOW(5),ICYSTG(5)

COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10)},PAR(10),PER(10)
COMMON/INPUTG/ TDIA(4),TTHK(4),TLEN(4),NTUBES(4),NFLON(4)},SIDIA(G)
1 ,FAIC(4),BAIC(4),FIEFF(4),AVEL(%])

COMMON/INPUTS/ RTHK(53),RLAN(5),RUAN(5),RLEO(5),RGAP(5]),FRGAP(5)

1 ,RDIS(5),RMEL ,RHARD RLLFL,NCOFF

COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX

%

% IHHBEHEHEHEEEEHEEHHEHHOHHOEEHHBEHBEHEEHHHOHEEBRHHEHOBEEEIEOHOOE IO

20

30

40

50

100

CALL INITT(10)
CALL ANMODE
CALL LOGO
NCYL=0

CALL MENU(ICH)

IF(NCYL.EQ.0.AND.(ICH.GE.3)) GO TO 100
GO TO (10,20,30,40,50),ICH
CALL ENTER
G0 TO 1
LL GET
GO TO 1
LL EDIT
60 TO0 1
CALL SAVE
GO TO 1
CALL SHOW
GO TO 1
CALL NOMODL
G0 TO 1

END

¥ IOBEIIIHIITIIIIIEIIIEI I I HIHIIOEIFHIIEIEII I I I IIEIEIIIEI I I IEH I IIIEINIFHIE N

SUBROUTINE LOGO

¥ IOIHOBEENROEEEGEEHOEEHREHENHOEAOOMEHHONEEIEIOEHOEGEHEOEEOEEIEEEREK I

10

WRITE(%,10)
FORMAT( /7777 5
+ 3%, 1,7,
1 23%, ' 1575
2 23%,' | MULTI-STAGE 1t575
3 23%X,'l RECIPROCATING COMPRESSOR 1'575
4 23%, ¢ | SIMULATION PROGRAM 1575
5 23X, | (PREPROCESSOR} |57,
6 23%,'| 1's57>
7 23%,'1 TARIQ NADEEM 1575
8 23%, '} MECHANICAL ENGINEERING 1'57»
9 23X, | VIRGINIA TECH 1'5/»
+ 23%, ' | 1*577)

CALL TINPUT(IOP)
CALL NEWPAG
CALL ANMODE

RETURN
END

3* IBHOBHHHHOOHBRNEHEOOHHEHRHMHHBAOEEEHHEHEGHHEHBHHBHOEEHOEERHEEHEEEEEE

SUBROUTINE MENU(ICH}
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* IHHRHHPHHHEHHENHEHBHHEHHHHHHEOHHHHHRHEHEHHHBHHEHBHBHBEHHEHEHHHDHEHEEHEHE
10 CALL NEWPAG

CALL ANMODE

WRITE(%,20)
20 FORMAT(//,*' MAIN MENU:',//,

! ENTER A NEW MODEL FROM KEYBOARD',/,
RECALL AN EXISTING MODEL FROM DISK',/,
EDIT CURRENT MODEL',/»
SAVE CURRENT MODEL TO DISK',/,
SHOW CURRENT MODEL',/,
EXIT',//>
* INDICATE MENU CHOICE >> ')

READ(%,%,END=10,ERR=10) ICH
IF(ICH.LT.1.0R.ICH.GT.6) 6O TO 10
IF(ICH.EQ.6) CALL FINITT(0,0)

~NOUM P WN -
CVIHWN -

RETURN
END

3% IHEHHEHEOHOENEHREHNEEHHNOHHHNHOBENHODEHGHNHBOBHHOHEHHEHHHNEHOIHOHHEEEEE
SUBROUTINE NOMODL

LR s s T
CALL NEWPAG
WRITE(%,10)

10 FORMAT(//,' THERE IS NO CURRENT MODEL.',/,
1 ' THE OPTION SELECTED IS INVALID.',/,
2 ' USE OPTIONS 1 OR 2 TO REALIZE A CURRENT MODEL.',///,
3 50X,' PRESS RETURN TO CONTINUE')
CALL TINPUT(IOP)

RETURN
END

% IHHHHEEHHOORNEEEHEEEBHEEOGHEEOEE NN I IR
SUBROUTINE ENTER

COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE,NCYL,0OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(5],PCL(5),CLRNCE(5),CRANKA(E),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)
2 >CHAFLOW{5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10},PER(10)
COMMON/INPUTSG/ TDIA(G),TTHK(4),TLEN(4),NTUBES(4),NFLON(%),SIDIA(G]
1 ,FAIC(4),BAIC(4},FIEFF(4),AVEL(4)
COMMON/INPUTS/ RTHK{(5),RLAW(5),RUAK(5),RLEO(5),RGAP(5]},FREAP(5)
1 ,RDIS(5),RMEL ,RHARD ,RLLFL ;HCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX
3 JIIINFININIINIIENHIFIIEIIII NI NN II NI NI NI I I
5 CALL NEWPAG
CALL ANMODE

WRITE(%,10)
10 FORMAT(//,' SUB MENU ENTER:',//,
' ENTER COMPRESSOR SYSTEM DATA',/,
ENTER CYLINDER DATA',/,
ENTER COMPRESSOR VALVE DATA',/,»
ENTER INTERCOOLER DATA',/,
ENTER PISTON RING DATA',/,
ENTER CONVERGENCE CRITERIA',/,
RETURN TO MAIN MENU',//,

' INDICATE MENU CHOICE >> ')
READ(%,%,END=5,ERR=5) IENT
IF(IENT.LT.1.0R.IENT.GT.7) GO TO 5
IF(IENT.EQ.7) RETURN
60TO (100,300,400,500,600,800),IENT

ONTUNMHWMP -
NOmLH W
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100

101

120
121

130
131

140
141

150
151

160
16l

170
171

180
181

190
191

195
196

197
198

135
136

200
201

205
210
215

220

300

251

WRITE(%,101)

FORMAT( ' ENTER INITIAL PRESSURE (PSIG) AT 1ST STAGE >> ')
READ(3%,%,END=100,ERR=100) PINITT

WRITE(%,121)

FORMAT(' ENTER FINAL OUTPUT PRESSURE (PSIG) AT LAST STAGE >> ')
READ( %,%,END=120,ERR=120) PFINAL

WRITE(%,131)

FORMAT(' ENTER THE INLET TEMPERATURE, DEG F >> ')
READ(%,%,END=130,ERR=130) TAMB

WRITE(%,141)

FORMAT( " HOW MANY STAGES ARE THERE [.LT.5]1 ? >> ')

READ( %,%,END=140,ERR=140) NSTAGE

IF(NSTAGE.GT.5) GO TO 140

WRITE(%,151)

FORMAT(' HOW MANY CYLINDERS ARE THERE [.LT.51 7 >> ')
READ(3%,%,END=150,ERR=150) NCYL

IF(NCYL.GT.5) G0 TO 150

WRITE(%,161)

FORMAT( ' ENTER THE ROTATIONAL SPEED OF THE CRANK, RAD/S >> ')
READ(%,%,END=160,ERR=160) OMEGA

WRITE(%,171)

FORMAT( ' ENTER THE CRANK RADIUS, IN >> ')
READ(%,%,END=170,ERR=170) RR

WRITE(%,181)

FORMAT{' ENTER THE CONNECTING ROD LENGTH, IN >> ‘')

READ( %,%,END=180,ERR=180) SS

WRITE(%,191)

FORMAT(' ENTER CON. ROD EQUIVALENT MASS AT THE WRIST-PIN BEARING',

1 ', LBS>>'}
READ(%,%,END=190,ERR=190) CMASS
WRITE(%,196)
FORMAT( ' ENTER TYPE OF COMPRESSOR COOLING >>'
1 ,/>' (AIRCOOLED=1 , WATERCOOLED=2)')
READ(%,%,END=195,ERR=195) ICTYPE
IF (ICTYPE .EQ. 1) THEN
WRITE(%,198)
FORMAT(' ENTER THE COOLING AIR TEMPERATURE, DEG F >> ')
READ(%,%,END=197,ERR=197) TCOOL
ELSE
WRITE(%,136)
FORMAT(' ENTER THE COOLING WATER INLET TEMPERATURE, DEG F >> ')
READ(%,%,END=135,ERR=135) TCOOL
WRITE(%,201)
FORMAT(' ENTER COOLING WATER FLOW ARRANGEMENT FOR COMPRESSQOR >>'
1 ,/,' (SERIES=1 , PARALLEL=2)')
READ(%,%,END=200,ERR=200) ICOOL
IF(ICOOL .EQ. 1) THEN
DO 220 I=1,NCYL+NSTAGE-1
IF(I .LE. NCYL) HRITE(%,210) I
IF(I .GT. NCYL) WRITE(%,215}) I-NCYL
FORMAT(' ENTER SEQUENCE NO OF CYL %',I2,' IN SERIES COOLING')
FORMAT(' ENTER SEQUENCE NO OF INTERCOOLER #',I2,
1 ' IN SERIES COOLING')
READ(%,%,END=205,ERR=205)ISER(I)
CONTINUE
ENDIF
ENDIF
GOT0 5

DO 251 I=1,5
ICYSTG(I)=0
DIA(I)=0.

CONTINUE

DO 260 I=1,NCYL

CALL NEWPAG
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305
306

310
311

320
321

330
331

340
341

350
351

360
361

370
371
372
373
374
375

377
378

380
381

385
386

260

391
392

390

400

CALL ANMODE
HRITE(%,306) I
FORMAT(* ENTER THE DIA IN INCHES FOR CYLINDER ‘',I2,' >> ')
READ(3%,%,END=305,ERR=305) DIA(I)
WRITE(%,311) I
FORMAT(' ENTER PISTON CLEARANCE IN INCHES FOR CYLINDER ',I2,'>> ')
READ(%,%,END=310,ERR=310) PCL(I)
WRITE(%,321) I
FORMAT( ' ENTER THE 7 CLEARANCE VOLUME FOR CYL *,I2,' >> '}
READ( % ,%,END=320,ERR=320) CLRNCE(I)
WRITE(%,331) I
FORMAT(* ENTER THE CRANKSHAFT ANGLE (DEGREES) FOR CYL ',I2,' >> ')
READ(3%,%,END=330,ERR=330) CRANKA(I)
IF(ABS(CRANKA(I)).GT.3.2) CRANKA(I)=CRANKAI(I )%*3,141593/180.
WRITE(%,341) I
FORMAT(' ENTER THE BLOCK CYLINDER ANGLE (DEGREES) FOR',
1 'CYL ',I2,' >> ')
READ(,%,END=340,ERR=340) CYLANG(I)
IF(ABS(CYLANG(I}).GT.3.2) CYLANG(I)=CYLANG(I )*3,141593/180.
WRITE(%,351) I
FORMAT(' ENTER THE PISTON MASS (LBS) FOR CYLINDER ',I2,' >> '}
READ( % ,%,END=350,ERR=350) PMASS(I) -
WRITE(%,361) I
FORMAT(' ENTER OUTER DIA (INCHES) FOR CYLINDER BLOCK ',I2,'>> ')
READ(3,%,END=360,ERR=360) CDIA(I)
WRITE(%,371) I
FORMAT(' ENTER LENGTH IN INCHES FOR CYLINDER BLOCK',I2,' >> ')
READ(%,%,END=370,ERR=370) CLEN(I)
IF(ICTYPE .EQ. 1) THEN

WRITE(%,373) I

FORMAT(' ENTER FIN AREA (SQ. IN.) FOR CYLINDER BLOCK',I2,' >> ')

READ(%,%,END=372,ERR=372) FACY(I)

WRITE(%,375) I

FORMAT( ' ENTER FIN BASE AREA (SQ. IN.) FOR CYLINDER BLOCK'
1 ,I2,' >> ')

READ( %,%,END=374,ERR=374) BACY(I)

WRITE(%,378) 1

FORMAT(' ENTER FIN EFFICIENCY (Z) FOR CYLINDER BLOCK®
1 ,I2,' >> ')

READ(3,%,END=377,ERR=377) CFEFF(I)
ELSE

WRITE(%,381) 1

FORMAT( ' ENTER INSIDE DIA OF WATER JACKET FOR CYLINDER BLOCK '
1 ,I2,' >> ')

READ(%,%,END=380,ERR=380) SCDIA(I)

IF(ICOOL .EQ. 1 .AND. I .6T7. 1 ) THEN

CHFLOW(I J=CHFLOW(I-1)

ELSE

WRITE(%,386) 1

FORMAT(' ENTER COOLING WATER FLOW (LBS/SEC) FOR CYLINDER BLOCK '
1 ,12,' >> ')

READ(3%,%,END=385,ERR=385) CRFLOW(I)

ENDIF
ENDIF
CONTINUE
DO 390 I=1,NCYL
NRITE(%,392) I
FORMAT(' IN WHICH STAGE DOES CYL ',I2,' OPERATE 7 >> ')}
READ(%,%,END=391,ERR=3913} ICYSTG(I)
CONTINUE

GOTO 5

I=0

DO 480 J=1,2%NCYL
IJ = (J-1)/2
CALL NEWPAG

CALL ANMODE
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401

402

405
406

410
411

%20
421

430
431

440
441

450
451

500
510
511

520
521

530
531

540

550
551

560
561

565
566

570
571

575
576

580
581

IF(IJ .EQ. J/2) THEN
I=I+1
WRITE(%,401) I
FORMAT(//,* ENTER SUCTION VALVE DIMENSIONS FOR CYLINDER#',I2,//)
ELSE
NRITE(%,402) I
FORMAT(//,' ENTER DISCHARGE VALVE DIMENSIONS FOR CYLINDER#',I2,//)
ENDIF
NRITE(%,406) I
FORMAT(' ENTER VALVE EQUIV MASS (LBS) FOR CYL ',I2,'>> ')
READ(%,%,END=405,ERR=405) EQM(J)}
WRITE(%,411) I
FORMAT( ' ENTER VALVE EQUIV STIFFNESS (LBS/IN.) FOR CYL',I2,'>> '}
READ(%,%,END=410,ERR=410) EQK(J)
KRITE(%*,621) I
FORMAT(' ENTER VALVE DAMPING RATIO FOR CYL',I2,'>>')
READ(%,%,END=420,ERR=420) ZETA(J)
WRITE(%,431) I
FORMAT{' ENTER VALVE PRE-LOAD (LBS) FOR CYL',I2,'>> ')}
READ( %*,%,END=430,ERR=430) PRLO(J)
WRITE(%,6441) I
FORMAT(*' ENTER VALVE PORT AREA (SQ IN.) FOR CYL',I2,' >> ')
READ{3%,%,END=440,ERR=G40) PAR(J)
WRITE(%,451) I
FORMAT( ' ENTER VALVE PERIMETER (IN.) FOR CYL',I2,' >> ')
READ( % ,%,END=450,ERR=450) PER(J)
CONTINUE
6070 5

DO 490 I=1,NSTAGE-1
CALL NEWPAG

CALL ANMODE
WRITE(%,511) I

- FORMAT(' ENTER ‘THE TUBE DIA (IN.) FOR INTERCOOLER ',I2,' >>')

READ(3%,%,END=510,ERR=510} TDIA(I)

WRITE(%,521) I

FORMAT(' ENTER TUBE THICKNESS (IN.) FOR INTERCOOLER ',I2,' >>')
READ(%,%,END=520,ERR=520) TTHK(I)

WRITE(%,531) I

FORMAT(* ENTER TUBE LENGTH (IN.) FOR INTERCOCLER *‘,I2,' >>')
READ(%,%,END=530,ERR=530) TLEN(I)

WRITE(%,541) I

FORMAT(' ENTER NO. OF TUBES FOR INTERCOOLER ',I2,' >>')
READ(%,%,END=540,ERR=5¢0) NTUBES(I)

IF(ICTYPE .EQ. 1) THEN

WRITE(%,551) I

FORMAT(' ENTER FIN AREA (SQ. IN.)FOR INTERCOOLER ',I2,' >>')
READ(*,%,END=550,ERR=550) FAIC(I)

WRITE(%,561) I

FORMAT(' ENTER FIN BASE AREA (SQ. IN.) FOR INTERCOOLER ',I2,"' >>')
READ{(%,%,END=560,ERR=560) BAIC(I)

WRITE(%,566) I

FORMAT(' ENTER FIN EFFICIENCY (Z) FOR INTERCOOLER ',I2,' >>')
READ{(%,%,END=565,ERR=565) FIEFF(I)

HWRITE(%,571) I

FORMAT(' ENTER AIR VELOCITY OVER TUBES FOR INTERCOOLER ',I2,' >>')
READ(3%,%,END=570,ERR=570) AVEL(I)

ELSE

WRITE(%,576) I

FORMAT(*® ENTER INSIDE DIA OF WATER JACKET FOR INTERCOOLER ',I2)
READ(%,%,END=575,ERR=575) SIDIA(I)

IF(ICOOL .EQ. 1 )} THEN

WFLOW(I )=CHFLOW(1)

ELSE

WRITE(%,581) I

FORMAT(' ENTER COOLING WATER FLOW (LBS/S) OVER INTERCOOLER ',I2)
READ( % ,%,END=580,ERR=580) WFLOW(I)
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%90
600
610
611
620

621

630
631

640
641

650
651

655
656

660
661

590
670
671

680
681
690
691

700
701

800
801

810
81l

820
821

830
831

ENDIF

ENDIF

CONTINUE
GOTO 5

DO 590 I=1,NCYL

CALL NEWPAG

CALL ANMODE

HRITE(%,611) I

FORMAT(' ENTER PISTON RING THICKNESS(IN.) FOR CYL ',I2,' >> ')
READ(,%,END=610,ERR=610) RTHK(I)

WRITE(%,621) I

FORMAT(*' ENTER PARABOLIC RING LOWER AXIAL WIDTH (IN.)
1 FOR CYLINDER ',I2,' >>')

READ(%,%,END=620,ERR=620) RLAW(I)

WRITE(%,631) I

FORMAT(' ENTER PARABOLIC RING UPPER AXIAL WIDTH (IN.)

1 FOR CYLINDER ',I2,' >>')

READ(%,%,END=630,ERR=630) RUAW(I)

HWRITE(%,641) I

FORMAT( ' ENTER MAXIMUM RING LOWER EDGE OFFSET (IN.)
1" FOR CYLINDER ',I2,' >>')

READ(%,%,END=640,ERR=640) RLEO(I)

WRITE(%,651) 1

FORMAT(' ENTER INITIAL RING EDGE GAP(IN.) FOR CYL. ',IZ,' >>')
READ(%,%,END=650,ERR=650) RGAP(I)

WRITE(%,656) 1

FORMAT( ' ENTER FREE RING EDGE GAP(IN.) FOR CYL. ',I2,' >>')
READ(%,%,END=655,ERR=655) FRGAP(I)

HWRITE(%,661) I

FORMAT(' ENTER DISTANCE BETWEEN PISTON RINGS (IN.)

1 FOR CYLINDER °',I2,' >>')
READ(%,%,END=660,ERR=660) RDIS(I)
CONTINUE

WRITE(%,671)

FORMAT(* ENTER YOUNGS MODULUS OF ELASTICITY FOR PISTON RING

1 MATERIAL >>')

READ(%,%,END=670,ERR=670) RMEL

WRITE(%,681)

FORMAT(' ENTER HARDNESS FOR PISTON RING MATERIAL >>')
READ(3,%,END=680,ERR=680) RHARD

WRITE(%,691)

FORMAT( " ENTER LOWER LIMIT FOR FLUID FILM LUBRICATION B/W RING AND
1 CYL BORE >>')

READ( %,%,END=690,ERR=690) RLLFL

WRITE(%,701)

FORMAT(' ENTER WEAR COEFFICIENT BETWEEN PISTON RING AND CYLINDER
1 BORE >>')

READ(%,%,END=700,ERR=700) WCOFF

GOTO 5

WRITE(%,801)

FORMAT(' << THE CONVERGENCE CRITERIA IS BASED ON THE AVERAGE',

1 ' VALUES OF PRESSURE',/," AND TEMPERATURE IN THE FIRST',

2 ' CYLINDER FOR A COMPLETE CYCLE.',/,' IF THE DIFFERENCE',
3 ' B/WH THESE YALUES FOR SUCCESSIVE COMPRESSOR CYCLES',/,' IS’
% ' LESS THAN THE TOLERANCES, CONVERGENCE IS CONSIDERED TO BE',
5 ' REACHED >>')

WRITE(%,811)

FORMAT(' ENTER THE TOLERANCE FOR PRESSURE CONVERGENCE >>')
READ(3%,%,END=810,ERR=810) PRCONV

WRITE(%,821)

FORMAT{ ' ENTER THE TOLERANCE FOR TEMPERATURE CONVERGENCE >>')
READ(#%,%,END=820,ERR=820) TECONV

HRITE(%,831)

FORMAT(' ENTER NUMBER OF TIME STEPS PER CYCLE FOR ITERATION >>',/,
1 ' << SHOULD BE B/W "100" AND "500" >>'}
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READ(,%,END=830,ERR=830) NS
840  WRITE(%,841)
841  FORMAT(' ENTER MAXIMUM NO OF COMPRESSOR CYCLES FOR ITERATION >>*,/
1l ,' < IF CONVERGENCE IS NOT REACHED THE PROGRAM STOPS '
2 > "AUTOMATICALLY AFTER',/,' THIS ITERATION>')
READ(%,%,END=840,ERR=840) ITMAX
6070 5

END
% IHHHHBEHEEBRHHERHHEOHEHHHEBHHHHHHHHHHHEHOHH0HHEHHENNHHHEHHHEHEHEEHOEE
SUBROUTINE SAVE

* IBHHHBHHHHHERHEREERHHOHOHE INPUT BLOCK 3H6B080HEHEHHEEEHEHOHHHOHIINOE
COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE ,NCYL ,OMEGA,RR,SS,CMASS
1l ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(S5),PCL(5),CLRNCE(5),CRANKA(5),CYLANGI(5)
1 ,PMASS(5),CDIA(5)},CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)
2 >CHFLOW(5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10)},PER(10)
COMMON/INPUTSG/ TDIA(G),TTHK(4),TLEN(G),NTUBES(4),HFLON(4),SIDIA(G)
1 ,FAIC(4),BAIC(%),FIEFF(4),AVEL(4)
COMMON/INPUTS/ RTHK(5),RLAWH(5),RUAN(S),RLEC(5),RGAP(5]),FRGAP(5}
1 ,RDIS(5),RMEL,RHARD,RLLFL,NCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX
B L L LV IV VIV LUV IV VI VN T VTSV IV IV IV SVIVEVEVEV VI EVIVEVIVEVEVEVIVI SV EVEVEVVIVIVIVEVIVE FIVEVIVIvE VIS v oe ey
CHARACTER*40 FINAM
LOGICAL LEXST

CALL NERWPAG

CALL ANMODE

5 WRITE(%,10)

10 FORMAT( ' ENTER THE NAME OF THE FILE INTO WHICH THIS MODEL',/»
1 ' IS TO BE SAVED >> ')

READ(%,20,END=5,ERR=5) FINAM
20 FORMAT(A)
INQUIRE(FILE=FINAM,EXIST=LEXST)
IF(LEXST) 60 TO 400
OPEN(UNIT=20,FILE=FINAM,STATUS="'NEN' ACCESS="'SEQUENTIAL',
1  FORM='FORMATTED')

WRITE(20,100) ICTYPE,ICOOL,NCYL,NSTAGE ,PINITT,PFINAL,TAMB
WRITE(20,110) TCOOL ,OMEGA,RR,SS,CMASS

100  FORMAT(4{(3X,I2),3X,3(2X,F12.5))

110 FORMAT{5{2X,Fl2.5))
DO 120 I=1,NCYL
HWRITE(20,125) DIA(I),CDIA(I),CLEN(I),SCDIA(I),CHFLOW(I)
WRITE{20,130) CRANKA(I),CYLANG(I),PMASS(I),CLRNCE(I),CFEFF(I)
WRITE(20,140) ISER(I),ICYSTG(I),PCL{I},FACY(I),BACY(I)

120 CONTINUE

1256  FORMAT{5(2X,Fl12.5))

130 FORMAT(5(2X,F12.5))

140 FORMAT(2(2X,I3),5X,E16.7,2(3X,F12.5))

DO 150 I=1,2%NCYL
HWRITE(20,160) EQM(I),EQKII),PER(I)
WRITE(20,170) ZETA(I),PRLO(I),PAR(I)
150 CONTINUE
160  FORMAT(3(2X,Fl4.7))
170  FORMAT(3(2X,F14.7))

DO 180 I=1,NSTAGE-1
WRITE(20,190) TDIA(I),TTHK(IJ},TLEN(I),SIDIACI},NFLOWN(I)
WRITE(20,200) ISER(I+NCYL),NTUBES(I),FAIC(I),BAIC(I),AVEL(I)
1 HFIEFF(I)
180  CONTINUE
190 FORMAT(5(2X,Fl2.5))
200  FORMAT(2(2X,I33},4(3X,F12.5))
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DO 210 I=1,NCYL
NRITE(20,220) RTHK(I},FRGAP(I),RDIS(I)
KRITE(20,230) RLAW(I),RUANII},RLEO(I),RGAP(I)
210  CONTINUE
220 FORMAT(3(2X,F12.5))
230 FORMAT(4(2X,F12.5))
WRITE(20,250) RMEL,RHARD,RLLFL,HWCOFF
250 FORMAT(4(2X,E16.7))
WRITE(20,260) NS,ITMAX,PRCONV,TECONV
260 FORMAT(2(5X,I4),2(5X,F10.5))
WRITE(%,300) FINAM
300 FORMAT(' MODEL WRITTEN IN ‘,A)
CLOSE(UNIT=20)
CALL TINPUT{IOP)
RETURN

%00 KRITE(%,410)
410  FORMAT{(' FILE ALREADY EXISTS. DO YOU WANT TO OVERWRITE <Y OR N>
1 > 1)
CALL TINPUT(IOP)
IF(IOP.EQ.78.0R.IOP.EQ.110) GO TO 5
OPEN{UNIT=20,FILE=FINAM,STATUS="'0OLD"',ACCESS="SEQUENTIAL',
1 FORM='FORMATTED')
WRITE( 20,5003 ICTYPE,ICOOL,NCYL,NSTAGE,PINITT,PFINAL,TAMB
WRITE(20,510) TCOOL ,OMEGA,RR,SS,CMASS
500 FORMAT(4(3X,I2),3X,3(2X,F12.5))
510 FORMAT(5(2X,F12.5))
DO 520 I=1,NCYL
WRITE(20,525) DIA(I),CDIA(I),CLEN(I),SCDIA(I),CHFLOR(T)
WRITE(20,530) CRANKA(I),CYLANG(I),PMASS(I),CLRNCE(I),CFEFF(I)
WRITE(20,540) ISER(I),ICYSTG(I),PCL(I),FACY(I)},BACY(I)
520 CONTINUE
525  FORMAT(5(2X,F12.5))
530 FORMAT(5(2X,F12.5))
540 FORMAT(2(2X,I3),5X,E16.7,2(3X,F12.5))

DO 550 XI=1,2xNCYL
WRITE(20,560) EQM(I),EQK(I),PER(I)
HWRITE(20,570) ZETA(I},PRLO(I),PAR(I)
550  CONTINUE
560 FORMAT(3(2X,F12.5))
570  FORMAT(3(2X,F14.7))

DO 580 I=1,NSTAGE-1
KRITE(20,590) TDIA(I),TTHK(I),TLEN(I),SIDIA(I)},HFLON(I)
WRITE(20,600) ISER(I+NCYL),NTUBES(I),FAIC(I),BAIC(I),AVEL(I)
1 HFIEFF(I)
580  CONTINUE
590 FORMAT(5(2X,F12.5))
600 FORMAT(2(2X,13),4(3X,F12.5))
DO 610 I=1,NCYL
WRITE(20,620) RTHK(I),FRGAP(I),RDIS(I)
WRITE(20,630) RLAWM(I),RUAN(I),RLEO(I),RGAP(I)
610  CONTINUE
620  FORMAT(3(2X,Fl12.5))
630  FORMAT(4(2X,F12.5))
HRITE(20,650) RMEL,RHARD,RLLFL,NCOFF
650 FORMAT(4(2X,E16.7))
WRITE(20,660) NS,ITMAX,PRCONV,TECONV
660 FORMAT(2(5X,I4)},2(5X,F10.5))
WRITE(%,300) FINAM
CLOSE(UNIT=20)
CALL TINPUT(IOP)

RETURN

END
R 2 g s e T s e e 2
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' SUBROUTINE GET

# IBHBHHHHHOHEHEHEHOHOEt INPUT BLOCK  H860H6EEHEHEEHOHHEHNHOHEHOHHO

COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE,NCYL,OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)

COMMON/INPUT2/ DIA(5),PCL(5),CLRNCE(5),CRANKA(5),CYLANG(5)

1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)

2 ,CHWFLOW(5),ICYSTG(5)

COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10),PER(10)
COMMON/INPUT4/ TDIA(%),TTHK(G),TLEN(%),NTUBES(%),NFLOWN(%),SIDIA(G)
1 ,FAIC(4)},BAIC(4),FIEFF(4),AVEL(4)

COMMON/INPUTS5/ RTHK(5),RLAH(5),RUAW(5),RLED(5),RGAP(5),FRGAP(5)
1 ,RDIS(5),RMEL ,RHARD,RLLFL,HCOFF

COMMON/INPUT6/ PRCONV,TECONVY,NS,ITMAX

% IFHHEEHEOEEEEHREOEHBHHEEHHHENEHEIHHO0EEHBEHNHNNNHHEEEHBOBNHOEEHHIEOEE

100
110

120
125
130
140

150
160
170

180
190
200

210
220
230
250
260

300

CHARACTER*G0 FINAM
LOGICAL LEXST

CALL NEWPAG

CALL ANMODE

KRITE(%,10)

FORMAT( ' ENTER THE NAME OF THE FILE CONTAINING THE MODEL >> ')
READ(%,20,END=5,ERR=5) FINAM

FORMAT(A)

INQUIRE( FILE=FINAM,EXIST=LEXST)

IF(.NOT.LEXST) GO TO 400
OPEN(UNIT=20,FILE=FINAM,STATUS='0LD"' ,ACCESS="'SEQUENTIAL',

1 FORM="'FORMATTED ')
READ(20,100) ICTYPE,ICOOL,NCYL,NSTAGE,PINITT,PFINAL,TAMB
READ(20,110) TCOOL,0OMEGA,RR,SS,CMASS
FORMAT(4(3X,12),3X,3(2X,F12.5))

FORMAT(5(2X,F12.5))

DO 120 I=1,NCYL
READ(20,125) DIA(I),CDIA(I),CLEN(I),SCDIA(I),CHFLON(I)
READ(20,130) CRANKA(I),CYLANG(I),PMASS(I),CLRNCE(I),CFEFF(I)
READ(20,140) ISER(I),ICYSTG(I),PCL(I),FACY(I),BACY(I)
CONTINUE

FORMAT(5(2X,F12.5})
FORMAT(5(2X,F12.5)})
FORMAT(2(2X,I3),5%,E16.7,2(3X,F12.5))

DO 150 I=1,23%NCYL
READ(20,160) EQM(I),EQK(I),PER(I)
READ(20,170) ZETA(I),PRLO(I),PAR(I)
CONTINUE
FORMAT(3(2X,F12.5))
FORMAT(312X,F14.7))

DO 180 I=1,NSTAGE-1
READ(20,190) TDIA(I),TTHK(I),TLEN(I),SIDIA{I),NFLON(I)
READ(20,200) ISER(I+NCYL),NTUBES(I),FAIC(I),BAIC(I),AVEL(I)
1 LFIEFF(I)
CONTINUE
FORMAT(5(2X,F12.5))
FORMAT(2(2X,13),4(3X,F12.5))
DO 210 I=1,NCYL
READ(20,220) RTHK(I),FRGAP(I},RDIS(I)
READ(20,230) RLAW(I),RUAW(I),RLEO(I),RGAP(I)
CONTINUE
FORMAT(3(2X,F12.5))
FORMAT(4(2X,F12.5))
READ{20,250) RMEL,RHARD,RLLFL ,WCOFF
FORMAT(4(2X,E16.7))
READ(20,260) NS,ITMAX,PRCONV,TECONV
FORMAT(2(5X,14),2(5X,F10.5))
WRITE(%,300) FINAM
FORMAT(' MODEL RECOVERED FROM ',A}
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CLOSE(UNIT=20)
CALL TINPUT(IOP)
RETURN

400  WRITE(%,500)

500 FORMAT( ' FILE NOT FOUND ! DO YOU WANT TO TRY AGAIN ? <Y OR N> >>
1 ‘)
CALL TINPUT(IOP)
IF(IOP.EQ.89.0R.IOP.EQ.121) GO TO 5

RETURN
END
¥ IHHHHEHEHHEEREBHNHEHEHHNHHHHHEEHHBHEBEHEHHREHHEHBHEHHHHHRHAEEEHHRNHGBEEE
SUBROUTINE SHOW

COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE,NCYL,0OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(5),PCL{5),CLRNCE(5),CRANKA(5),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)
2 >CHFLOW(5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10),PER(10)
COMMON/INPUT4/ TDIA(4),TTHK(4),TLEN(4),NTUBES(4)},NFLON(&),SIDIA(&)
1 ,FAIC(4),BAIC(4),FIEFF(%),AVEL(4]
" COMMON/INPUTS/ RTHK(5),RLAK(5),RUAH(5),RLEO(5),RGAP(5),FRGAP(5)
1 ,RDIS(5),RMEL,RHARDRLLFL,WNCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX
Rt e e L s T s L s
CALL NEWPAG
CALL ANMODE
IF(ICTYPE .EQ. 1) THEN
WRITE(%,5) NSTAGE,NCYL
5 FORMAT(/,2X,12,' STAGE, ',I2,' CYLINDER AIR COOLED ‘',
1 'RECIPROCATING AIR COMPRESSOR’,/)
ELSE
WRITE(%,10) NSTAGE,NCYL
10 FORMAT(/,2X,12,' STAGE, ',I2,' CYLINDER WATER COOLED ',
1 '‘RECIPROCATING AIR COMPRESSOR')
IF(ICOOL .EQ. 1) THEN
WRITE(%,%)' WITH SERIES COOLING OF CYLINDERS AND INTERCOOLERS!!'

ELSE

WRITE(%,%)’ WITH PARALLEL COOLING OF CYLINDERS AND INTERCOOLERS!!®
ENDIF

ENDIF

WRITE(%,20) PINITT,PFINAL,TAMB,OMEGA,RR,SS,CMASS

20 FORMAT(/,' INLET PRESSURE - '>F8.3,"' PSIG',/,

1 ' DISCHARGE PRESSURE - '>F8.3,'PSIG',/>»

2 ' INLET GAS TEMPERATURE - '>F8.3,'DEG F',/,
3 ' CRANK SPEED - ',F8.3,' RAD/S',/,
G ' CRANK RADIUS - '>F8.3,' IN',/>

5 ' CONNECTING ROD LENGTH - '>F8.3,"' IN',/»

6 ' CON. ROD CONC. MASS - ',F8.3,"' LBS')

IF(ICTYPE .EQ. 1) THEN
WRITE(%,30) TCOOL

30 FORMAT( ' COOLING AIR TEMP. - '»F8.3,'DEG F',/)
ELSE
WRITE(%,35) TCOOL

35 FORMAT{(' COOLING WATER TEMP. - '>F8.3,'DEG F',/)
ENDIF
HWRITE(3%,%)

WRITE{%,%) ' ARRANGEMENT OF CYLINDERS IN STAGES::'
WRITE(%,50) (I,I=1,NCYL)

50 FORMAT(' CYLINDER #% '»515)
WRITE(%,51) (ICYSTG(I),I=1,NCYL)
51 FORMAT( * STAGE # '»515)
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53

55

56

60

63

67

70

73

75

80

82

N W

IF(ICTYPE .EQ. 2 .AND. ICOOL .EQ. 1) THEN

WRITE(%,%)

WRITE(%*,%) * SEQUENCE OF CYLINDERS AND INTERCOOLERS FOR COOLING!'
WRITE(%,53) (I,I=1,NCYL)

FORMAT(' CYLINDER # ' »515)
WRITE(%,54) (ISER(I),I=1,NCYL)
FORMAT( * SEQUENCE % '»515)

WRITE(%,55) (I,I=1,NSTAGE-1)

FORMAT(/,"' INTERCOOLER % ',4I5)
WRITE(%,56) (ISER(I+NCYL),I=1,NSTAGE-1)
FORMAT(' SEQUENCE & '»4I5)

ENDIF

CALL TINPUT(IOP)

D0 70 I = 1,NCYL
Al=CRANKA(I )%57.29578
A2=CYLANG(I)%57.29578

CALL NEWPAG

CALL ANMODE

WRITE(%,60) I,DIA(I),PCL(I),CLRNCE(I),Al,A2,PMASS(I)

1 »CDIA(I),CLEN(I)

FORMAT(//,' CONFIGURATTION OF THE PISTON AND CYLINDER %:',I2,//,
1 ' DIA OF CYLINDER - '>F8.3," IN.',/»

2 ' PISTON CLEARANCE - '>F8.3," IN.",/,

3 ' CYLINDER CLEARANCE - '2F8.3,' X '/

G ' CRANK ANGLE - ',F8.3,' DEGREES',/»
5 ' CYLINDER ANGLE - ',F8.3,"' DEGREES',/,
6 ' PISTON MASS - '>F8.3,' LBS',/,

7 ' CYL. BLOCK DIA. - '",F8.3,' IN',/>»

8 ' CYL. BLOCK LENGTH - '>F8.3," IN')

IF(ICTYPE .EQ. 1) THEN
HRITE(%,63) FACY(I),BACY(I),CFEFF(I)

FORMAT( ' CYL BLOCK FIN AREA - '»F8.3,' SQ, IN."',/>
' CYL BLOCK FIN BASE AREA - ',F8.3,' SQ. IN.',/»
' CYL BLOCK FIN EFFICIENCY- ',F8.3,"' Z ')
ELSE
HRITE(%,67} SCDIA(X),CHFLOW(I)
FORMAT( ' WATER JACKET DIA - '»F8.3,' IN',/>
1 ' COOLING HATER FLOW - ',F8.3,' LBS/SEC')
ENDIF
CALL TINPUT(IOP)
CONTINUE
I=0
DO 82 J = 1,2%NCYL
IJ=(J-1)/2
CALL NEWPAG
CALL ANMODE
IF(IJ .EQ. J/72) THEN
I=I+1

WRITE(%,73) I

FORMAT(//,' SUCTION VALVE CONFIGURATION FOR CYLINDER ',I2,' >>')
ELSE

WRITE(%,75) I

FORMAT(//,' DISCHARGE VALVE CONFIGURATION FOR CYLINDER ',I2,' >>')
ENDIF

WRITE(%,80) EQM(J),EQKIJ),ZETA{J),PRLO(J)sPAR(J),PER(J)

FORMAT(//, ' EQUIV MASS OF VALVE - ',F8.3,' LBS',/,

1 ' EQUIY STIFF OF VALVE - '»F8.3,"' LBS/IN."'5/>
2 ' DAMPING RATIO FOR VALVE - ',F8.3,/,
3 ' VALVE PRE LOAD - ',F8.3,"' LBS',/,
4 ' VALVE PORT AREA - '»F8.3,' SQ.IN',/,
5 ' VALVE PORT PERIMETER - '>F8.3,' IN',/)

CALL TINPUT(IOP)

CONTINUE
DO 90 I = 1,NSTAGE-1
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CALL NEWPAG
CALL ANMODE
WRITE(%,85) I,TDIA(I),TTHK(I),TLEN(I),NTUBES(I)
85 FORMAT(//,' CONFIGURATION OF THE INTERCOOLER %:',I2,//,

1 ' TUBE DIAMETER ~ ',F8.3,' IN.',/»
2 ' TUBE THICKNESS - '>F8.3,"' IN.',/»
3 ' TUBE LENGTH - '5>F8.3,"' IN.',/,
4 ‘ NO OF TUBES - '53X%,12)

IF(ICTYPE .EQ. 1) THEN
WRITE(%,93) FAIC(I),BAIC(I),FIEFF(IJ},AVEL(I)

93 FORMAT( ' INTERCOOL FIN AREA - '»F8.3,' SQ. IN.',/,
1 ' INTERCOOL FIN BASE AREA - ',F8.3,' Sq. IN.',/,
2 ' INTERCOOL FIN EFFICIENCY- ',F8.3,' Z ‘s
3 ' AIR VEL. OVER INTERCOOL - ‘',F8.3,' IN./SEC')
ELSE
WRITE(%,95) SIDIA(I),NFLOW(I)
95 FORMAT( ' DIA OF WATER JACKET - '>F8.3," IN.',/»
1 ' FLOW OF COOLING WATER - ',F8.3,' LBS/SEC')
ENDIF

CALL TINPUT(IOP)
90 CONTINUE

DO 102 I = 1,NCYL
CALL NEWPAG

CALL ANMODE
WRITE(%,100) I,RTHK(I),RLAA(I),RUAN(I)},RLEOQ(I),RGAP(I),FRGAP(I)
1 >RDIS(I)
100 FORMAT(//,' CONFIGURATTION OF THE RINGPACK FOR CYL. %#:',I2,//,
1 ' RING THICKNESS - '>F8.3,"' IN."',/»
2 ' RING LOWER AXIAL WIDTH - ',F8.3,' IN.',/,
3 ' RING UPPER AXIAL WIDTH - ‘,F8.3,' IN.',/»
G ' MAX. RING LOWR. EDGE OFF- *,F8.3,' IN.',/,»
5 ' INIT. RING EDGE GAP - '>F8.3,"' IN.',/»
6 ' FREE RING EDGE GAP - '>F8.3,"' IN.',/>»
7 ' DISTANCE B/W RINGS - '>F8.3,' IN.',/)}

CALL TINPUT(IOP)
102  CONTINUE
CALL NEWPAG
CALL ANMODE
WRITE(%,105) RMEL,RHARD,RLLFL,HCOFF
105  FORMAT(//,' CONFIGURATTION OF PISTON RINGS:',//,

1 ' MOD OF ELAS FOR RING MATERIAL - ',E14.5,' LBS/SQ IN',/,
2 ' HARDNESS FOR RING MATERIAL - '>E14.5,' ">/
3 ' LOWR LIMIT FOR FILM LUBRIC. - '>E14.5," IN ‘s/>
G ' KEAR COEFFICIENT - ',E14.5," ')

CALL TINPUT(IOP)

CALL NEWPAG
CALL ANMODE
WRITE(%,110) PRCONV,TECONV,NS,ITMAX
110 FORMAT(//,' CRITERIA FOR CONVERGENCE:',//,

1 ' TOLERANCE FOR PRESSURE CONV. - '5>F10.5,"' PSI',/,
2 ' TOLERANCE FOR TEMPERATURE CONV. - ',F10.5,' DEG F',/,»
3 ' NUMBER OF STEPS PER CYCLE = '»5%,1I45/,

4 ' MAX NO OF CYCLES FOR CONVERGENCE- ',7X,I3)

CALL TINPUT(IOP)

RETURN

END

¥ IHEEOEEHHEIHOHORHEOH0AHECOHOEHABEHBEBHHEEHHHHEREEHEEEHEEENEEDEEENEEE

SUBROUTINE EDIT

% IHHOHEEHEHEHBEEROREEHOOH¢ TNPUT BLOCK 3866606666000063066 336060606
COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE,NCYL,0MEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(5),PCL(5),CLRNCE(5),CRANKA(E),CYLANG(5)
1 ,PMASS(5),CDIA(5)},CLEN(5),SCDIA(5),FACY(5]),BACY(5),CFEFF(5)
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1

1

»CHNFLOW(5),ICYSTG(5)

COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10),PER(10)

COMMON/INPUTG/ TDIA(S),TTHK(G),TLEN(%),NTUBES(4),NFLON(4),SIDIA(%)
»FAIC(4),BAIC(4),FIEFF(4),AVEL(4)

COMMON/INPUTS/ RTHK(5),RLAH(5),RUAW(5),RLEQ(5),RGAP(5),FRGAP(5)
sRDIS{5),RMEL ,RHARD ,RLLFL ,HCOFF

COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX

% IHHHHHHHEOEHOHEEHOEHEEHHOBHHGHBHHBHHBOHOENEHHHHOEEHHHEHHEERHHOEHEEEEE

1

5

1000

1001

10
11

20
21

30
31

40
41

OGNV PWN M

SWN X OVDONONP WM

CALL NEWPAG
CALL ANMODE
HWRITE(%,5)
FORMAT(//,' SUB MENU EDIT:',//,
EDIT COMPRESSOR SYSTEM DATA',/,
EDIT CYLINDER DATA',/,
EDIT COMPRESSOR VALVE DATA',/,
EDIT INTERCOOLER DATA',/,
EDIT PISTON RING DATA',/,
CHANGE COVERGENCE CRITERIA',/,
RETURN TO MAIN MENU',//,
INDICATE MENU CHOICE >> ')
READ(%,%,END=1,ERR=1) IEDT
IF(IEDT.LT.1.0R.IEDT.GT.7) 60 TO 1
IF(IEDT.EQ.7) RETURN
GOTO (1000,2000,3000,4000,5000,6000),IEDT

NOUMPLWN

CALL NEWPAG
CALL ANMODE
WRITE(%,1001)
FORMAT(' EDIT MENU (COMPRESSOR SYSTEM DATA):',//,
' 1 CHANGE INITIAL PRESSURE',/,
2 CHANGE FINAL PRESSURE',/,
3 CHANGE INLET GAS TEMPERATURE',/,
% CHANGE NUMBER OF STAGES',/,
5 CHANGE NUMBER OF CYLINDERS',/»
6 CHANGE CRANK ROTATIONAL SPEED',/,
7 CHANGE CRANK RADIUS',/,
8 CHANGE CONNECTING ROD LENGTH',/,
9 CHANGE CONNECTING ROD CONC. MASS',/,
10 CHANGE COOLING MEDIUM INLET TEMP. (AIR/HWATER)',/,
11 CHANGE COOLING TYPE (AIR TO/FROM WATERCOOLED) ',/
12 CHANGE COOLING ARRANGE (SERIES TO/FROM PARALL)',/,
13 RETURN TO SUB MENU EDIT',/,
' INDICATE MENU CHOICE >> ')
READ(%,%,END=1000,ERR=1000) ICSD
IF(ICSD.LT.1.0R.ICSD.GT.13) GO TO 1000
IF(ICSD.ER.13) GO TO 1
CALL NEWPAG
CALL ANMODE
G070 (10,20,30,40,50,60,70,80,90,100,110,120),ICSD

WRITE(%,11) PINITT
FORMAT( * CURRENT INTIAL PRESSURE IS ',F10.2,' PSIG',/,

1 ENTER NEW VALUE >> ')

READ(%,%,END=10,ERR=10) PINITT
GO TO 1000
WRITE(%,21) PFINAL
FORMAT( * CURRENT FINAL PRESSURE IS ',F10.2,' PSIG',/,

1 ENTER NEW VALUE >> ')

READ(%,%,END=20,ERR=20) PFINAL
60 TO 1000
WRITE(%,31) TAMB
FORMAT{' THE CURRENT INLET GAS TEMP. IS ',Fé.2,' DEG F',/»

1 ‘ ENTER THE NEW TEMPERATURE >> ')

READ(%,%,END=30,ERR=30) TAMB
60 TO 1000
WRITE(%,41) NSTAGE
FORMAT(' THERE ARE ',I2,' STAGES. NEW NMBER 7 >> ')
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READ( ,%,END=G0,ERR=40) NSTAGE
GO TO 1000
50 HWRITE(%,51) NCYL
51 FORMAT(' THERE ARE ',I2,' CYLINDERS. NEW NUMBER ? >> ')
READ(%,%,END=50,ERR=50) NCYL
GO TO 1000
60 WRITE(%,61) OMEGA
61 FORMAT{' THE CURRENT ROTATION SPEED IS ',F10.2,' RAD/S',/,
1 ' ENTER THE NEW SPEED >> ')
READ( % ,%,END=60,ERR=60) OMEGA
60 TO 1000
70 HWRITE(%,71) RR
71 FORMAT(' THE CURRENT CRANK RADIUS IS ',F10.3,' INCHES',/,
1 ' ENTER THE NEW RADIUS >> ')
READ(3%,%,END=70,ERR=70) RR
GO TO 1000
80 WRITE(%,81) SS

81 FORMAT(' THE CURRENT CONNECTING ROD LENGTH IS ',F10.3,' INCHES*,/,

1 ' ENTER THE NEW LENGTH >> ')
READ(%,%,END=80,ERR=80) SS
GO TO 1000
20 WRITE(#%,91) CMASS
91 FORMAT(' THE CURRENT EQUIV CON ROD MASS IS ',Fl10.2,' LBS',/,
1 ' ENTER THE NEW MASS >> ')
READ(%,%,END=90,ERR=90} CMASS
60 TO 1000
100 HWRITE(%,101) TCOOL
101  FORMAT(' THE CURRENT INLET COOLING AIR/WATER TEMP IS ',F10.2,
1l ' DEG F',/,' ENTER THE NEW TEMP. >> ')
READ( % ,%,END=100,ERR=100) TCOOL
GO TO 1000
110 IF(ICTYPE .EQ. 1) THEN
KRITE(%,%) ' THE CURRENT CONFIGURATION IS AIRCOOLED *
ELSE
WRITE(%,%) ' THE CURRENT CONFIGURATION IS WATERCOOLED'
ENDIF
112 WRITE{%*,%) ' ENTER THE NEW CONFIGURATION (AIR=1 , WATER=2)'
READ(%,%,END=112,ERR=112) ICTYPE
IF(ICTYPE .EQ. 1) THEN
KRITE(%,115)
115 FORMAT(' ENTER THE SPECIFICATIONS OF AIRCOOLED CYLINDER :',
1 /,' FROM RESPECTIVE "EDIT" MENUS')
ELSE
WRITE(%,117)
117 FORMAT(' ENTER THE SPECIFICATIONS OF WATERCOOLED CYLINDER :',
1 /,' FROM RESPECTIVE “EDIT"™ MENUS')
ENDIF
CALL TINPUT(IOP)
G0 TO 1000
120 IF(ICOOL .ER. 1) THEN
WRITE(%,%) ' THE CURRENT ARRANGEMENT IS SERIES '
ELSE
WRITE(%,%) ' THE CURRENT ARRANGEMENT IS PARALLEL'
ENDIF
122  WRITE(%,%) ' ENTER THE NEW ARRANGEMENT (SERIES=1 , PARALLEL=2)'
READ(%,%,END=122,ERR=122) ICOOL
IF(ICOOL .EQ. 1) THEN
WRITE(%,125)
125  FORMAT(' ENTER THE SEQUENCE OF CYLINDERS AND INTERCOOLERS',
1 ' FOR COOLING WATER FLOW',/,'FROM RESPECTIVE "EDIT" MENUS')
ELSE
WRITE(%,127)
127 FORMAT{(' ENTER INDIVIDUAL FLOW RATES OF COOLING WATER THROUGH',
1 ' CYLINDERS & INTERCOOLERS',/,‘FROM RESPECTIVE “EDIT" MENUS'}
ENDIF
CALL TINPUT{(IOP)
GO TO 1000
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2000 CALL NEWPAG
CALL ANMODE
WRITE(%,2001)

2001 FORMAT(' EDIT MENU (CYLINDER DATA):',//,

1 CHANGE CYLINDER DIAMETERS',/,

2 CHANGE PISTON CLEARANCE',/,

3 CHANGE CYLINDER 7 CLEARANCES',/,

G CHANGE CYLINDER CRANK ANGLES',/,

5 CHANGE CYLINDER BLOCK ANGLES',/,

6 CHANGE PISTON MASS',/,

7 CHANGE CYLINDER OUTSIDE DIA',/,

8 CHANGE CYLINDER BLOCK LENGTH',/,

9 CHANGE INSIDE DIA OF WATER JACKET (WATERCOOLED)',/,

10 CHANGE COOLING WATER FLOW RATE (WATERCOOLED)',/,

11 CHANGE SEQUENCE OF CYL FOR COCLING (WATERCOOLED)',/,

12 CHANGE FIN AREA OF CYL BLOCK (AIRCOOLED)',/,

13 CHANGE FIN BASE AREA OF CYL BLOCK (AIRCOOLED)',/,

14 CHANGE EFFICIENCY OF CYL BLOCK FINS (AIRCOOLED)',/,
15 CHANGE MAPPING OF STAGES TO CYLINDERS',/,

16 RETURN TO SUB MENU EDIT',/» -
INDICATE MENU CHOICE >> ')
READ(3%,%,END=2000,ERR=2000) ICYD
IF(ICYD.LT.1.0R.ICYD.GT.16) GO TO 2000
IF(ICYD.EQ.16) GO TO 1
CALL NEWPAG
CALL ANMODE
G0TO (200,210,220,230,240,250,260,270,280,290,2800,2810,2820,2830

1 ,2900), ICYD

NP UNKH X ODONTWMPUWNM

200 KWRITE(%,201) (I,DIA(I),I=1,NCYL)
201 FORMAT(' THE CURRENT CONFUGURATION IS :',/,
1 5(:,' CYLINDER # ',I2,' - DIAMETER - ‘,F10.4,' INCHES',/))
203  WRITE(%,202)
202  FORMAT(/,* DIAMETER FOR WHICH CYLINDER IS TO BE CHANGED 7 >> ')
READ(%,%,END=203,ERR=203) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 203
205  KWRITE(*,204)
204  FORMAT(' ENTER THE NEW DIAMETER IN INCHES >> ')
READ(%,%,END=205,ERR=205) DIA(JCYL)
60 TO 2000
210 KWRITE(%,211) (I,PCL(I),I=1,NCYL)
211 FORMAT(' THE CURRENT CONFUGURATION IS :',/,
1 B(:,"' CYLINDER # ',I2,' -PISTON CLRNCE - ',F10.5,' INCHES',/))
213  WRITE(%,212)
212 FORMAT(/,"' CLEARANCE FOR WHICH CYLINDER IS TO BE CHANGED 7 >> ')
READ(%,%,END=213,ERR=213) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 213
215  WRITE(%,214)
214  FORMAT(' ENTER THE NEW CLEARANCE IN INCHES >> ')
READ(%,%,END=215,ERR=215) PCL(JCYL)
GO TO 2000
220 HRITE(%,221) (I,CLRNCE(I),I=1,NCYL)
221 FORMAT(' THE CURRENT CONFUGURATION IS :‘,/,
1 5(:,' CYLINDER # ',I2,' - Z CL. VOL. - ',F10.4,/))
223  HKRITE(%,222)
222 FORMAT(/,"' CLRNCE VOL. FOR WHICH CYLINDER IS TO BE CHANGED 7 >> ')
READ(%,%,END=223,ERR=223) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 223
225  HRITE(%,224)
224  FORMAT(' ENTER THE NEW 7 CLEARANCE VOLUME>> ')
READ( %,%,END=225,ERR=225) CLRNCE{(JCYL)
60 TO 2000
230 KRITE(%,231) (I,CRANKA(I)}/.0174533,I=1,NCYL)
231  FORMAT(' THE CURRENT CONFUGURATION IS :',/,
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233
232

235
234

240
241

243
262

265

250
251

253
252

255

260
261

263
262

265
264

270
271

273
272

275
274

280
281

283
282

285
284

1 5(:,' CYLINDER % ',I2,' - CRANK ANGLE - ',F10.%4,' DEGREES',/))
WRITE(%,232)

FORMAT(/,' CRANK ANGLE FOR WHICH CYLINDER IS TO BE CHANGED ? >> ')
READ( % ,%,END=233,ERR=233) JCYL

IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 233

KRITE(%,234)

FORMAT( ' ENTER THE NEW CRANK ANGLE IN DEGREES >> ')
READ(3,%,END=235,ERR=235) CRANKA{JCYL)
IF(ABS{CRANKA(JCYL)).GT.3.2) CRANKA(JCYL )=CRANKA(JCYL )%,0174533

GO TO 2000
WRITE(%,241) (I,CYLANG(I)/.0174533,I=1,NCYL)
FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 B(:,' CYLINDER & ',I2,' - CYLINDER BLOCK ANGLE - ',F10.4,
2 ' DEBS',/))
WRITE(%,242)

FORMAT(/,*' BLOCK ANGLE FOR WHICH CYLINDER IS TO BE CHANGED ? >> ')
READ(%,%,END=243,ERR=243) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 243
NRITE(%,264)
FORMAT{ ' ENTER THE NEW BLOCK ANGLE IN DEGREES >> ')
READ(%,%,END=245,ERR=245) CYLANG(JCYL)
IF(ABS(CYLANG(JCYL)).GT.3.2) CYLANG(JCYL)=CYLANG(JCYL )%*.0174533
GO TO 2000
WRITE(%,251) (I,PMASS(I),I=1,NCYL)
FORMAT( * THE CURRENT CONFUGURATION IS :',/,
1 5(:,"' CYLINDER # ',I2,' -PISTON MASS - ',F10.5,' LBS ',/))
HRITE(%,252)
FORMAT(/,' MASS FOR WHICH PISTON IS TO BE CHANGED ? >> ')
READ(%,%,END=253,ERR=253) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) 60 TO 253
WRITE(%,254)
FORMAT{ * ENTER THE NEW PISTON MASS IN LBS >> ')
READ(3%,%,END=255,ERR=255) PMASS(JCYL)
GO TO 2000 -
HRITE(%,261) (I,CDIA{I),I=1,NCYL)
FORMAT(' THE CURRENT CONFUGURATION IS :',/,
1 5t:," CYLINDER # ',I2,' - BLOCK DIA - ',F10.4,' INCHES',/))
HRITE(%,262)
FORMAT(/,' DIAMETER FOR WHICH CYLINDER IS TO BE CHANGED ? >> ')
READ(%,%,END=263,ERR=263) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL)} GO TO 263
HWRITE(%,264)
FORMAT( ' ENTER THE NEW DIAMETER IN INCHES >> ')
READ(3%,%,END=225,ERR=225) CDIA(JCYL)
60 TO 2000
WRITE(%,271) (I,CLEN(I),I=1,NCYL)
FORMAT(* THE CURRENT CONFUGURATION IS :',/,

1 5{(:," CYLINDER & ',I2,' - BLOCK LENGTH - ',F10.4,' INCHES'
2 s/ )}
NRITE(%,272)

FORMAT(/,' LENGTH FOR WHICH CYLINDER IS TO BE CHANGED ? >> ')
READ(3%,%,END=273 ,ERR=273) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 273
WRITE(%,274)
FORMAT( ' ENTER THE NEW BLOCK LENGTH IN INCHES >> ')
READ(%,%,END=275,ERR=275) CLEN(JCYL)
GO TO 2000
HRITE(%,281) (I,SCDIA(I),I=1,NCYL)
FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 5(:,' CYLINDER % ',I2,' - JACKET DIA - ',F10.4,"' INCHES'
2 s/7))
WRITE(%,282)

FORMAT(/,"' JACKET DIA FOR WHICH CYLINDER IS TO BE CHANGED ? >> ')
READ(3,%,END=283,ERR=283) JCYL

IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 283

WRITE(%,284)

FORMAT(' ENTER THE NEW JACKET DIA IN INCHES >> ')
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290
291

293
292

295
2%

2800
2803
2802
2801

2805
2806

2804
2810
2811

2813
2812

2815
2814

2820
2821

2823
2822

2825
2824

2830
2831
2833
2832

2835
2834

2900
2903
2902

2901

READ(%,%,END=285,ERR=285) SCDIA(JCYL)

G0 TO 2000
WRITE(#%,291) (I,CHFLOW(I),I=1,NCYL)
FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 B(:,' CYLINDER % ',I2,' - FLOW RATE - ',F10.4,' LBS/SES'
2 »/))
WRITE(%,292)

FORMAT(/,' FLOW RATE FOR WHICH CYLINDER IS TO BE CHANGED ? >> ')
READ(%,%,END=293,ERR=293) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 293
WRITE(%,294)
FORMAT{ * ENTER THE NEW FLOW RATE IN LBS/SEC >> ')
READ(%,%,END=295,ERR=295) CWFLOW(JCYL)
60 TO 2000
WRITE(%,2803)
FORMAT(' THE CURRENT SEQUENCE FOR COOLING OF CYLINDERS IS:',/)
WRITE(%,2802) (I,I=1,NCYL)
FORMAT(' CYLINDER # ', 5I5)
HRITE(%,2801) (ISER(I),I=1,NCYL)
FORMAT(' SEQUENCE % ', 515)
DO 2804 I=1,NCYL
WRITE(%,2806) I B
FORMAT(* ENTER NEW SEQUENCE NO. FOR CYLINDER # ',I2,' >> ')
READ(%,%,END=2805,ERR=2805) ISER(I)
CONTINUE
GO TO 2000
WRITE(%,2811) (I,FACY(I},I=1,NCYL)
FORMAT(* THE CURRENT CONFUGURATION IS :',/,

1 B(:,' CYLINDER & ',I2,' - FIN AREA - ',F10.4,' SQ. IN.'
2 s7))
WRITE(%,2812)

FORMAT(/,' AREA FOR WHICH CYLINDER IS TO BE CHANGED ? >> ')
READ(%,%,END=2813,ERR=2813) JCYL
-IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 2813

KRITE(%,2814)

FORMAT( ' ENTER THE NEW FIN AREA IN SQ. IN.>> ')
READ{%,%,END=2815,ERR=2815) FACY(JCYL)

GO TO 2000
WRITE(%,2821) (I,BACY(I),I=1,NCYL)
FORMAT( ' THE CURRENT CONFUGURATION IS :',/,

1 5(:,' CYLINDER % ',I2,' - FIN BASE AREA - ',F10.4,' SQ. IN.'
2 2/7))
HWRITE(%,2822)

FORMAT{(/,' AREA FOR WHICH CYLINDER IS TO BE CHANGED ? >> ')
READ(%,%,END=2823 ,ERR=2823) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) 60 TO 2823

WRITE(%,2824)

FORMAT(* ENTER THE NEW FIN BASE AREA IN SR. IN.>> ')
READ(*,%,END=2825,ERR=2825) BACY{JCYL)

60 TO 2000

WRITE(%,2831) (I,CFEFF{I),I=1,NCYL)

FORMAT(® THE CURRENT CONFUGURATION IS :',/,
1 5(:,"' CYLINDER # ',I2,' - FIN EFFICIENCY- ',F10.4,' Z ',/))
HWRITE(%,2832)

FORMAT(/,' EFFICIENCY FOR WHICH CYLINDER IS TO BE CHANGED ? >> ')
READ(*,%,END=2833,ERR=2833) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL]} GO TO 2833

WRITE(%,2834)

FORMAT( ' ENTER THE NEW FIN EFFICIENCY IN Z >> ')
READ(3,%,END=2835,ERR=2835} CFEFF(JCYL)

60 TO 2000

HWRITE(%,2903)

FORMAT(* THE CURRENT MAPPING OF STAGES TO CYLINDERS IS:',/)
WRITE(%,2902) (I,I=1,NCYL)

FORMAT(' CYLINDER # ', BI5)

WRITE(%,2901) (ICYSTG(I),I=1,NCYL)

FORMAT( ' STAGE # ', 5Ib)
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2905
2906

2904

3000

3001

3010
3011

300
301

303
302

305
304

310
311
313
312

315
314

320
321
323
322

325
324

330
331

DO 2904 I=1,NCYL

WRITE(%,2906) I

FORMAT(' IN WHICH STAGE DOES CYL ',I2,' OPERATE ? >> ')
READ(%,%,END=2905,ERR=2905) ICYSTG(I)

CONTINUE

O~NCOUNPWMN

1

60 TO 2000

CALL NEWPAG

CALL ANMODE

WRITE(%,3001)

FORMAT(' EDIT MENU (COMPRESSOR VALVE DATA):',//,
CHANGE EQUIV MASS OF VALVE',/,
CHANGE EQUIV STIFF. OF VALVE',/,

CHANGE DAMPING RATIO FOR VALVE ',/,
CHANGE VALVE PRE LOAD',/,

CHANGE PORT AREA OF THE VALVE',/,
CHANGE PERIMETER OF THE VALVE PORT',/,
RETURN TO SUB MENU EDIT',/,»

INDICATE MENU CHOICE >> ')
READ(%,%,END=3000,ERR=3000) IVLD

IF(IVLD .LT. 1 .OR. IVLD .GT. 7) GO TO 3000
IF(IVLD .EQ. 7) GO TO 1

CALL NEWPAG

CALL ANMODE

WRITE(%,3011)

FORMAT(//,' EDIT DIMENSIONS OF SUCTION OR DISCHARGE VALVES??',
/5" (SUCTION=1 , DISCHARGE=2)',//)
READ(%,%,END=3010,ERPR=3010) IVALVE

IF(IVALVE .EQ. 1) K=1

IF(IVALVE .EQ. 2) K=0

GOTO (300,310,320,330,340,350), IVLD

~NonpwWP -

WRITE(%,301) {(X,EQM(2%I-K),I=1,NCYL)
FORMAT(' THE CURRENT CONFUGURATION IS :',/,
B(:,' CYLINDER % ',I2,' - EQ. MASS - ',F10.4,' LBS',/))
WRITE(%,302)
FORMAT(/,' VALVE MASS FOR WHICH CYLINDER IS TO BE CHANGED ? >> ')
READ(%,%,END=303,ERR=303) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 303
HRITE(%,304%)
FORMAT(' ENTER THE NEW EQUIV. MASS IN LBS >> ')
READ(%,%,END=305,ERR=305) EQM(2%JCYL-K)
GO TO 3000
HRITE(%,311) (I,EQK(2%I-K),I=1,NCYL)
FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 B(:,' CYLINDER # ',I2,' -EQ. STIFF - ',F10.5,' LBS/IN.',/))

WRITE(%,312)

FORMAT(/,' VALVE STIFF. FOR WHICH CYL. IS TO BE CHANGED 7 >> ')
READ(%,%,END=313,ERR=313) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) 60 TO 313
WRITE(%,314)

FORMAT(' ENTER THE NEW EQUIV STIFF. IN LBS/IN. >> ')
READ(%,%,END=215,ERR=215) EQK(2%JCYL-K)

GO TO 3000

HWRITE(%,321) (I,ZETA(2%I-K),I=1,NCYL)

FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 5(:>"' CYLINDER % ',I2,' - DAMP. RATIO - ',F10.4,/))

WRITE(%,322)
FORMAT(/,' VALVE DAMPING FOR WHICH CYL IS TO BE CHANGED ? >> ')
READ(%,%,END=323,ERR=323) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL}) GO TO 323
WRITE(%,324)
FORMAT(' ENTER THE NEW DAMPING RATIO >> ')
READ(%,%,END=325,ERR=325) ZETA(2%JCYL-K)
GO TO 3000
WRITE(%,331) (I,PRLO(2%I-K),I=1,NCYL)
FORMAT(' THE CURRENT CONFUGURATION IS :',/»
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333
332

335
334

340
341
343
342

345

350
351

353
352

355
354

%000

1 6(1,' CYLINDER & ',I2,' - PRE LOAD - ',F10.4,' LBS',/))
WRITE(%,332)
FORMAT(/,' VALVE PRE LOAD FOR WHICH CYL. IS TO BE CHANGED ? >> ')
READ(%,%,END=333,ERR=333) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) 60 TO 333
WRITE(%,334)
FORMAT(' ENTER THE NEW VALVE PRE LOAD IN iBS>> ')
READ(#%,%,END=335,ERR=335}) PRLO(2%JCYL-K)
G0 TO 3000
KRITE(%,341) (I,PAR(2%I-K),I=1,NCYL)
FORMAT(* THE CURRENT CONFUGURATION.IS :',/,
1 5(:,' CYLINDER & ',I2,' - PORT AREA - ',F10.4,' SQ. IN.',/))
WRITE(%,342)
FORMAT(/,' PORT AREA FOR WHICH CYL. IS TO BE CHANGED ? >> ')
READ(,%,END=343,ERR=343) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 343
WRITE(%,344G)
FORMAT(' ENTER THE NEW VALUE OF PORT AREA IN SQ. IN.>> *)}
READ(%,%,END=345,ERR=345) PAR(2*JCYL-K)
GO TO 3000
WRITE(%,351) (I,PER(2%I-K),I=1,NCYL)
FORMAT(* THE CURRENT CONFUGURATION IS :',/,
1 5(:," CYLINDER % ',I2,' -PERIMETER - ',F10.5,' INCHES',/))
WRITE(%,352)
FORMAT(/,' VALVE PERIM FOR WHICH CYL. IS TO BE CHANGED 7 >> ')
READ( %,%,END=353,ERR=353) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 353
WRITE(%,354)
FORMAT(' ENTER THE NEW VALUE OF PERIMETER IN INCHES >> ')
READ(%,%,END=355,ERR=355) PER(2*JCYL-K)
GO TO 3000

CALL NEWPAG
CALL ANMODE
WRITE(3%,4001)

4001 FORMAT(' EDIT MENU (INTERCOOLER DATA):',//,

400
401

403
402

405
404

CHANGE INTERCOOLER TUBE DIA',/,

CHANGE INTERCOOLER TUBE THICKNESS',/,

CHANGE LENGTH OF INTERCOOLER TUBE',/,

CHANGE NO. OF INTERCOOLER TUBES',/»

CHANGE MASS FLOW OF COOLING WATER (WATERCOOLED)',/,
CHANGE DIA OF JACKET (MWATERCOOLED)',/,

‘97> CHANGE FIN AREA FOR INTERCOOLER (AIRCOOLED)',/,
CHANGE FIN BASE AREA FOR INTERCOOLER (AIRCOOLED)',/,

VONOONPLPWN

11 CHANGE AIR VELOCITY ACROSS TUBES (AIRCOOLED)',/,
12 RETURN TO SUB MENU EDIT',/,
INDICATE MENU CHOICE >> ')
READ( %,%,END=4000,ERR=4000) INCD
IF(INCD.LT.1.0R.INCD.6T.12) 6O TO 4000
IF(INCD.EQR.12) 60 TO 1
CALL NEWPAG
CALL ANMODE
GOTO (400,410,420,430,440,450,460,470,480,4800,490), INCD

WRhHXVONOOUBTP,PWPD M

WRITE(%,401) (I,TDIA(I),I=1,NSTAGE-1)

FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 4(:,' INTERCOOL.% ',I2,' - DIAMETER - ',F10.4,"' INCHES',/))
WRITE(%,402)

FORMAT(/,' DIAMETER FOR WHICH INTERCOOL IS TO BE CHANGED ? >> ')
READ( %,%,END=403 ,ERR=403) JCYL

IF(JCYL.LT.1.0R.JCYL.GT.NSTAGE-1) GO TC 403

HRITE(%,40%)

FORMAT(' ENTER THE NEW DIAMETER IN INCHES >> ')

READ( %,%,END=405,ERR=405) TDIA(JCYL)
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GO TO 4000

410 HWRITE(%,411) (I,TTHK(I),I=1,NSTAGE-1)

411 FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 4(:,' INTERCOOL® ',I2,' -TUBE THICKNESS- ',F10.5,' INCHES',/))

413  HWRITE(%,412)

412 FORMAT(/,* THICKNESS FOR WHICH INTERCOOL IS TO BE CHANGED ? >> ')
READ(%,%,END=413 ,ERR=413) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NSTAGE-1) GO TO 413

415 HWRITE(*,414)

%l4  FORMAT(' ENTER THE NEW THICKNESS IN INCHES >> ')

READ( %,%,END=415,ERR=415) TTHK(JCYL)
GO TO 4000

420  WRITE(%,421) (I,TLEN(I),I=1,NSTAGE-1)

421  FORMAT{' THE CURRENT CONFUGURATION IS :',/,

1 4(:,* INTERCOOL® ',I2,' - LENGTH ~ ‘',F10.4,' INCHES',/))

423  HWRITE(%,422)

%22  FORMAT(/,' LENGTH FOR WHICH INTERCOOL IS TO BE CHANGED ? >> ')
READ( % ,3%,END=6423,ERR=G23) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NSTAGE~-1) 60 TO 423

425  WRITE(%,426G)

424  FORMAT(' ENTER THE NER LENGTH IN INCHES >> ')
READ{%,%,END=425,ERR=G25) TLEN(JCYL)

60 TO 4000

430 HWRITE(%,431) (I,NTUBES(I),I=1,NSTAGE-1)

431  FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 4&(:,' INTERCOOL® *',I2,' - NO. OF TUBES - ',I2,/))

433  WRITE(%,432)

432 FORMAT(/,' NO. FOR WHICH INTERCOOL IS TO BE CHANGED ? >> ')
READ(%,%,END=6G33,ERR=G33) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NSTAGE-1) GO TO 433

435 HRITE(%,434)

%34  FORMAT(' ENTER THE NEW NO. OF TUBES >> ')
READ(%,%,END=435,ERR=435) NTUBES(JCYL)

60 TO 4000

440  WRITE(%*,641) (I,KFLOWN(I),I=1,NSTAGE-1)

%%l  FORMAT(' THE CURRENT CONFUGURATION IS :',/»

1 4(:,' INTERCOOL® ',I2,' - HWATER FLOM - ',Fl1l0.4,' LBS/S‘,/))

443  HWRITE(%,442)

442 FORMAT(/,' FLOW RATE FOR WHICH INTERCOOL IS TO BE CHANGED ? >> ')
READ(%,%,END=443 ,ERR=443) JCYL
IF(JCYL.LT.1.0R.JCYL.EGT.NSTAGE-1) 60 TO 443

445  WRITE(%,444)

444  FORMAT(' ENTER THE NEW VALUE OF WATER FLOW IN LBS/S >> ')
READ( 3% ,%,END=6G45,ERR=445) WFLOW(JCYL)

60 TO 4000

450 WRITE(%,451) (I,SIDIA(I),I=1,NSTAGE-1)

451 FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 4l:,"' INTERCOOL® ',I2,' - JACKET DIA - *',Fl10.4,' IN.',/))

453  WRITE(%,452)

452 FORMAT(/,' DIA FOR WHICH INTERCOOL IS TO BE CHANGED ? >> ')
READ(,%,END=453,ERR=453) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NSTAGE-1) 60 TO 453

455  KWRITE(%,454%)

454  FORMAT(' ENTER THE NEW VALUE OF JACKET DIA IN INCHES>> ')
READ(%,%,END=455,ERR=455) SIDIA(JCYL)

GO TO 4000

460 HWRITE(%,463)

4963  FORMAT(' THE CURRENT SEQUENCE FOR COOLING OF INTERCOOLERS 1S:',/)
HRITE(%,462) (I,I=1,NSTAGE-1)

462  FORMAT(' INTERCOOLER # ‘', 4I5)

WRITE(%,461) (ISER(I+NCYL),I=1,NSTAGE-1)

461 FORMAT(' SEQUENCE & ', 4I5)

DO 464 I=1,NSTAGE-1

465 KRITE(%,466) 1

466 FORMAT(' ENTER NEW SEQUENCE NO. FOR INTERCOOLER & ',I2,' >> ')
READ(3,%,END=465,ERR=465) ISER(I+NCYL)

464  CONTINUE
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470
471

472

475
474

480
481
483
482

485
484

%800
4801
4803
4802

4805
4804

490
491
493
492

495
494

5000

5001

GO TO 4000
WRITE(%,471) (I,FAIC(I),I=1,NSTAGE~1)
FORMAT(® THE CURRENT CONFUGURATION IS :1',/>»
1l &(:,' INTERCOOL® ',I2,' - FIN AREA - ',F10.4,' SQ. IN.',/))
WRITE(%,472)
FORMAT(/,' AREA FOR WHICH INTERCOOLER IS TO BE CHANGED ? >> ')
READ(%,%,END=473,ERR=473) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NSTAGE~1) GO TO 473
WRITE(%,474%)
FORMAT(*® ENTER THE NEW VALUE OF FIN AREA IN SQ. IN. >> *)
READ( %,%,END=475,ERR=475) FAIC(JCYL)
G0 TO 4000
HWRITE(%,481) (I,BAIC(I),I=1,NSTAGE-1)
FORMAT( ' THE CURRENT CONFUGURATION IS :',/,
1 4&(:,' INTERCOOL® ',I2,' - FIN BASE AREA - °*,Fl10.4,' SQ.IN.',/))
WRITE(%,482)
FORMAT(/,' AREA FOR WHICH INTERCOOLER IS TO BE CHANGED ? >> ')
READ( %,%,END=483,ERR=483) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NSTAGE-1) GO TO 483
HRITE(%,484)
FORMAT(® ENTER THE NEW VALUE OF FIN BASE AREA IN SQ. IN.>> ')
READ(%,%,END=485,ERR=485) BAIC(JCYL)
60 7O 4000
HRITE(%,4801) (I,FIEFF{I)},I=1,NSTAGE-1)
FORMAT{ ' THE CURRENT CONFUGURATION IS :',/,
1 4(:," INTERCOOL® ',I2,' - FIN EFFICIENCY- ',F10.4»,' 7Z *',/))
WRITE(%,4802)
FORMAT(/,' EFFIC FOR WHICH INTERCOOLER IS TO BE CHANGED ? >> ')
READ(%,%,END=4803 ,ERR=4803) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NSTAGE-1) 60 TO 4803
WRITE(%,4804)
FORMAT( ' ENTER THE NEW VALUE OF FIN EFFICIENCY (Z)}>> ')
READ( %,%,END=4805,ERR=4805) FIEFF(JCYL)
GO0 TO 4000
WRITE(%,491) (I,AVEL(I),I=1,NSTAGE-1)
FORMAT(' THE CURRENT CONFUGURATION IS :',/,
1 4(:,' INTERCOOL® ',I2,' - AIR VELOCITY - ',F1l0.4,"' IN./SEC',/))
NRITE(%,492)
FORMAT(/,' VELOCITY FOR WHICH INTERCOOLER IS TO BE CHANGED ? >> ')
READ( %,%,END=493,ERR=G93) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NSTAGE-1) GO TO 493
WRITE(%,494)
FORMAT( * ENTER THE NEW VALUE OF AIR VELOCITY IN IN./SEC>> ')
READ(%,%,END=6G95,ERR=495) AVEL(JCYL)
60 TO 4000

CALL NEWPAG
CALL ANMODE
HRITE(%,5001)
FORMAT(' EDIT MENU (PISTON RING DATA):',//,

' CHANGE RING THICKNESS®,/»
CHANGE RING LOWER AXIAL WIDTH',/,
CHANGE RING UPPER AXIAL WIDTH',/,
CHANGE MAXIMUM RING LOWER EDGE OFFSET',/,
CHANGE INITIAL RING EDGE GAP',/,
CHANGE FREE RING EDGE GAP',/,
CHANGE DISTANCE BETWEEN PISTON RINGS',/,
CHANGE MODULUS OF ELASTICITY FOR RING MATERIAL'’,/,
CHANGE VALUE OF HARDNESS FORRING MATERIAL',/,
10 CHANGE LOWR LIMIT FOR FILM LUBRICATION',/,
11 CHANGE VALUE OF WEAR COEFFICIENT',/,
12 RETURN TO SUB MENU EDIT',/»

' INDICATE MENU CHOICE >> *)
READ( %,%,END=5000,ERR=5000) IPRD
IF(IPRD.LT.1.0R.IPRD.GT.12) 60 TO 5000
IF(IPRD.EQ.12) 60 TO 1
CALL NEWPAG

VONCURNPH WM -

WNH XN PWN M
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CALL ANMODE
G0TO (500,510,520,530,540,550,560,570,580,590,600), IPRD

500 WRITE(%*,501) (I,RTHK(I),I=1,NCYL)

501  FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 5(:,' CYLINDER & ',I2,' - RING THK. - ',F10.4,' INCHES',/))

503 HWRITE(%,502)

502 FORMAT(/,' RING THICKNESS FOR WHICH CYL. IS TO BE CHANGED ? >> ')
READ{ *,%,END=503,ERR=503) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 503

505 HWRITE(%,504)

504  FORMAT(' ENTER THE NEW THICKNESS IN INCHES >> °*)

READ( %,%,END=505,ERR=505) RTHK(JCYL)
GO TO 5000

510 KWRITE(%,511) (I,RLAW(I},I=1,NCYL)

511  FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1l b5(:,' CYLINDER # ',I2,' -LOWER AXIAL WIDTH - ',F10.5,
2 ' INCHES',/))

513  HKWRITE(%,512)

512 FORMAT(/,* VALUE FOR WHICH CYL. IS TO BE CHANGED ? >> ')
READ( %,%,END=513,ERR=513) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 513

515 NWRITE(¥%,514)

514  FORMAT(' ENTER THE NEW RING LOWER AXIAL WIDTH IN INCHES >> ')
READ( %,%,END=515,ERR=515) RLAW(JCYL)

60 TO 5000

520 HWRITE(3%,521) (I,RUAR(I),I=1,NCYL)

521 FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 5(:,' CYLINDER # ',I2,' ~ UPPER AXIAL WIDTH - ',F10.4,
2 ' INCHES', /1)

523  WRITE(%,522)

522  FORMAT(/,' VALUE FOR WHICH CYL. IS TO BE CHANGED ? >> '}
READ( %,%,END=523,ERR=523) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 523

525 WRITE(%,524)

524  FORMAT(' ENTER THE NEW RING UPPER AXIAL WIDTH >> ')

READ( %,%,END=525,ERR=525) RUAW(JCYL)
TO 5000

530 HWRITE(%,531) (I,RLEO(I),I=1,NCYL)

531  FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 5(:,"' CYLINDER & ',I2,' - MAX LOMER EDGE OFFSET - ',F10.4,
2 ' INCHES'»/))

533  WRITE(%,532)

532 FORMAT(/,' VALUE FOR HWHICH CYL. IS TO BE CHANGED ? >> ')
READ( %,%,END=533,ERR=533) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 533

535  HWRITE(%,534)

534  FORMAT(' ENTER THE NEW RING MAX LOWER EDGE OFFSET IN INCHES >> ')
READ(%,%,END=535,ERR=535} RLEO(JCYL)

60 TO 5000

540 WRITE{%,541} (I,RGAP{I),X=1,NCYL)

541 FORMAT(' THE CURRENT CONFUGURATION IS :',/,

1 5(:,"' CYLINDER & ',I2,' - INIT. RING GAP - ',F10.4,
2 ' INCHES'»/))

543  HWRITE(%,562)

542  FORMAT(/,' VALUE FOR WHICH CYL. IS TO BE CHANGED ? >> ')
READ(%,%,END=543,ERR=543) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 543

545  WRITE(%,564)

544  FORMAT(' ENTER THE NEW INITIAL RING EDGE GAP IN INCHES >> ')
READ( %,%,END=545,ERR=545) RGAP(JCYL)

GO0 TO 5000

550 WRITE(%,551) (I,FRGAP(I),I=1,NCYL)

551  FORMAT(' THE CURRENT CONFUGURATION IS :',/»

1 5(:,' CYLINDER % ',I2,' - FREE RING GAP - ',F10.4,
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2 ' INCHES',/))

553 WRITE(%,552)

852 FORMAT(/,' VALUE FOR WHICH CYL. IS TO BE CHANGED ? >> ')
READ(,%,END=553,ERR=553 ) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL]) GO TO 553

855 NWRITE(%,554)

554  FORMAT(' ENTER THE NEW FREE RING GAP IN INCHES >> ')
READ( % ,%,END=555,ERR=555) FRGAP(JCYL)

GO TO 5000

560 KWRITE(%,561) (I,RDIS(I),I=1,NCYL)

561 FORMAT(' THE CURRENT CONFUGURATION IS :*,/,

1 5(:,*' CYLINDER & ',I2,' -RING RELATIVE DIST.- ',F10.5,
2 * INCHES',/)}

563  HWRITE(%,562)

562 FORMAT(/,' VALUE FOR WHICH CYL. IS TO BE CHANGED ? >> ')
READ(%,%,END=563,ERR=563) JCYL
IF(JCYL.LT.1.0R.JCYL.GT.NCYL) GO TO 563

565 MWRITE(%,56%)

564  FORMAT(' ENTER THE NEW RELAIVE DISTANCE B/W RINGS IN INCHES >> *)
READ(%,%,END=565,ERR=565) RDIS(JCYL)

GO TO 5000
570 HWRITE(%,571) RMEL
571  FORMAT(' THE CURRENT MODULUS OF ELASTICITY IS ‘',El4.5,'LB/SQ IN.'
1 ,/5 ' ENTER THE NEW VALUE >> ')
" READ(3%,%,END=570,ERR=570) RMEL

60 TO 5000
580 WRITE(%,581) RHARD
581 FORMAT(' THE CURRENT VALUE OF HARDNESS IS ',F10.3,°' '

1 ,/> ' ENTER THE NEW VALUE >> ¢}
READ(3%,%,END=580,ERR=580) RHARD
G0 TO 5000
590 WRITE(%,591) RLLFL
591  FORMAT(* THE CURRENT VALUE OF "LLFL" IS ',El4.5,' IN '
1,7/, * ENTER THE NEW VALUE >> ')
READ(%,%,END=590,ERR=590) RLLFL
60 TO 5000
600 WRITE(%,601) WCOFF
601 FORMAT(' THE CURRENT VALUE OF KEAR COEFF. IS ',El4.5
1l ,/> ' ENTER THE NEW VALUE >> ')
READ( % ,%,END=600,ERR=600) RCOFF
G0 TO 5000

6000 CALL NEWPAG
CALL ANMODE
HRITE(%,6001)
6001 FORMAT(®' EDIT MENU (CONVERGENCE CRITERIA):',//,
' 1 CHANGE TOLERANCE FOR PRESSURE CONVERGENCE®,/,
CHANGE TOLERANCE FOR TEMPERATURE CONVERGENCE®,/»
CHANGE NO OF STEPS PER CYCLE FOR ITERATION',/,
CHANGE MAX NO OF CYCLES FOR ITERATION',/,
RETURN TO SUB MENU EDIT',/,
INDICATE MENU CHOICE >> ')
READ( %,%,END=6000,ERR=6000) ICON
IF(ICON.LT.1.0R.ICON.GT.5) 60 TO 6000
IF(ICON.EQ.5) 60 TO 1
CALL NEWPAG
CALL ANMODE
6070 (610,620,630,640), ICON

WML WM M
neun

610 WRITE(%,611) PRCONV

611 FORMAT(' THE CURRENT TOLERANCE FOR PRESSURE IS *',F10.5,' PSI'
1 ,/, ' ENTER THE NEN TOLERANCE >> ')
READ(%,%,END=610,ERR=610) PRCONVY

G0 TO 6000

620 KRITE(%,621) TECONY

621  FORMAT(' THE CURRENT TOLERANCE FOR TEMP. IS ',F10.5,"' DEG F'
1 ,/5 * ENTER THE NEW TOLERANCE >> ')
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READ( %,%,END=620,ERR=620) TECONV
60 TO 6000
630 WRITE(%*,631) NS
631 FORMAT(' THE CURRENT VALUE OF NO OF TIME STEPS PER CYCLE IS ',I4
1 ,/5 ' ENTER THE NEW VALUE >> ')
READ(%,%,END=630,ERR=630) NS
GO TO 6000
640 WRITE(%,641) ITMAX
641 FORMAT(' THE CURRENT VALUE OF MAX NO OF CYCLES FOR ITER IS ',I3
1 ,/5 ' ENTER THE NEW VALUE >> ')
READ(3,%,END=640,ERR=640) ITMAX
GO TO 6000

END
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B.2 PROCESSOR

* I ¥

% FIIE il
% INEM | | NN
% I6R I MULTI-STAGE | R
® WM | RECIPROCATING COMPRESSOR | hdaiai
*  FINE | SIMULATION PROGRAM | R
® HHHN | (PROCESSOR) | M
% IR | H I
* IR | TARIQ NADEEM [ I
I WM | MECHANICAL ENGINEERING | el
% MINI ] VIRGINIA TECH | FIH
% WIWH | | R
PR T T DT DT T I TV Vv VIV IVIVIIVIVIVIVIVIVIVIVISIV IV IVIVIVIVIVIVIVEVIVI VI GRVIVIVINI VIV ST VIV VI e e

IMPLICIT REAL*8 (A-H,0-Z)
COMMON/RDATA/ T(501,16},P(501,16),V(501,16),GMR(501,22)

1 ,6M(501,16),FTHM(501,10)
COMMON/NDATA/ NCV,NOR,NV,NEQ

% IVHOHOHHOHHHHHEHNEOO060¢ INPUT BLOCK  36666606066H66GEHEHEEOHOHEHHEHEE

COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE ,NCYL,0MEGA,RR,SS,CMASS

1 ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(5),PCL{5),CLRNCE(5),CRANKA(5),CYLANG(5)

1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)

2 ,CHFLOW(5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10),PER(10)
COMMON/INPUTG/ TDIA(4),TTHK(4),TLEN(G),NTUBES(4),NFLON(4},SIDIA(4G)

1 ,FAIC(4),BAIC(4),FIEFF(4),AVEL(4)
COMMON/INPUTS/ RTHK(5),RLAW(5),RUAN(S),RLEO(5),RGAP(5),FRGAPt5)

1 ,RDIS{5),RMEL,RHARD,RLLFL ;HCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX

% IIEHEHHOEIHHHOEEHHEEHEHEHHHHEHHOREEHOHHEEEHHHOOEHOOOHEHOOHENNENE

IGET=0
CALL GET(IGET)
IF(IGET .EQ. 1) 60 TO 100

NCV = 2%NCYL + NSTAGE + 1
NV = 2*NCYL
NOR = NV + 2¥NCYL + 2
NEQ = 2X¥NV + 2%NCV + 2%NCYL
CALL coMpP
CALL SAVE

00 END

FIIHHHEHOEEHHPERHHEEHHHHHEEHBEEHEHHEHEHHEEEEHEEHEBOERHHHENOHERHRHHOHEE

FEIHEHHHHHHEHRHHHEHEERRHINEHHHHEHBHHERERHHHUBHHEHHEHEREHEHEBRHEEEHHEHE

006 THIS SUBROUTINE READS THE INPUT DATA FOR THE SIMULATION 3666%¢

o606t FROM A FILE I

B s s T T T T T )
SUBROUTINE GET{(IGET)

XK K K KK

IMPLICIT REAL%8 (A-H,0-Z)
¥ IVHHEHHHOBHHHOHEOHOO0EEE INPUT BLOCK 3666363666966 I3 3 X HIOEE I IIITIIINE
COMMON/INPUTL/ PINITT,PFINAL,TAMB,NSTAGE,NCYL,0MEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(5),PCLI5),CLRNCE(5),CRANKA(5),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)
2 >CHRFLOW(5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10]},PRLO(10),PAR(10),PER(10)
COMMON/INPUTS/ TDIA(4),TTHK(4),TLEN(4),NTUBES(%),NFLON(4),SIDIA(S)
1 ,FAIC(4),BAIC(4),FIEFF(4),AVELt(&)
COMMON/INPUTS/ RTHK(5),RLAW(5),RUAN(5),RLEO(5),RGAP(5),FRGAP(5)
1 ,RDIS(5),RMEL,RHARD,RLLFL ,NCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX
# IHHEHHOHHGEONOGHBHHEEEHEHHHNHHREHNOEHHEHEHHBBHEHOEEHEHBERBEHBHBRNOOHE
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CHARACTER#5 FINAM,ERRFIL
LOGICAL LEXST
DATA FINAM/'INPUT'/,ERRFIL/'ERROR'/

INQUIRE( FILE=FINAM,EXIST=LEXST)
IF(.NOT.LEXST) GO TO 400
OPEN(UNIT=20,FILE=FINAM,STATUS='0LD ' ,ACCESS="SEQUENTIAL"',
1 FORM='FORMATTED ')
READ(20,100) ICTYPE,ICOOL,NCYL,NSTAGE,PINITT,PFINAL,TAMB
READ(20,110) TCOOL ,OMEGA;RR,SS,CMASS
100 FORMAT(4(3X,I12),3X,3(2X,F12.5))
110 FORMAT(5(2X,F12.5))
DO 120 I=1,NCYL
READ(20,125) DIA(I),CDIA(I),CLEN(I),SCDIA(I),CHFLONI(I)
READ(20,130) CRANKA{(I),CYLANG(I),PMASS(I),CLRNCE(I)},CFEFF(I)
READ(20,140) ISER(I),ICYSTG(I),PCL(I),FACY(I),BACY(I)
120 CONTINUE
125  FORMAT(5(2X,F12.5)})
130 FORMAT(5(2X,F12.5))
140  FORMAT(2(2X,I3),5X,E16.7,2(3X,F12.5))

DO 150 I=1,2%NCYL
READ(20,160) EQM(I),EQK(I),PER(I)
READ(20,170) ZETA(I),PRLO(I),PAR(I]}
150 CONTINUE
160 FORMAT(3(2X,F12.5))
170 FORMAT(3(2X,F14.7))

DO 180 I=1,NSTAGE-1
READ(20,190) TDIA(I),TTHK(I),TLEN(I),SIDIA(I),WNFLOW(I)
READ(20,200) ISER(I+NCYL),NTUBES(I),FAIC(I),BAIC(I),AVEL(I)
1 ,FIEFF(I)
180 CONTINUE
190 FORMAT{(5(2X,F12.5))
200 FORMAT(2(2X,I3),4(3X,F12.5))
DO 210 I=1,NCYL
READ(20,220) RTHK(I},FRGAP(I),RDIS(I)
READ{ 20,230) RLAW(I),RUAW(I},RLEO(I),RGAP(I)
210 CONTINUE
220 FORMAT(3(2X,Fl2.5))
230 FORMAT(4(2X,F12.5))
READ(20,250) RMEL ;RHARD;RLLFL ;NCOFF
250 FORMAT(4(2X,El16.7)})
READ(20,260) NS,ITMAX,PRCONV,TECONV
260 FORMAT(2(5X,I4),2(5X,F10.5))

CLOSE(UNIT=20)

RETURN
FEEHEEEHOEEHONOHEHRHEHHEIHHHHHNOEHHEEHHOHEHEINEHEOHEEEE
IBOHHHHEHHBLHBHBEHENOROHEEOEHREHHOHEHHNHHBHHEGHHOHHHHNHHBEHEEOOEEEEHHEOE
00000t THIS PART OF THE SUBROUTINE CREATES AN ERROR FILE IF THEM6a6e
moaee0ae INPUT FILE DOES NOT EXIST. NI
L e p s T s e s T )
0  INQUIRE(FILE=ERRFIL,EXIST=LEXST)

IF(.NOT.LEXST) 60 TO 450

OPEN(UNIT=10,FILE=ERRFIL,STATUS="0LD',ACCESS="SEQUENTIAL',

1 FORM='FORMATTED* )

WRITE(10,500)

60 TO 460
450 OPEN{UNIT=10,FILE=ERRFIL,STATUS='NENW',ACCESS='SEQUENTIAL',

1 FORM="'FORMATTED"' )
HWRITE(10,500)
460  CONTINUE
500 FORMAT(' INPUT FILE NOT FOUNDY CREATE THE INPUT FILE USING',
1 ' PREPROCESSOR.*)
CLOSE(UNIT=10)
IGET=1
RETURN

g***i*
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X X X X

*

END
FHHEHEEEHHHHHHHOHREHHHHHOHHHIHHHHHOHHHHREHUORHHOHOHEHOHEHOHOHEOEEE
 ad s g L s s S R s
00000t THIS SUBROUTINE SAVES THE RESULTS INTO AN OUTPUT FILE e
T T T

SUBROUTINE SAVE

IMPLICIT REAL%8 (A-H,0-2)
COMMON/RDATA/ T(501,16),P(501,16),V(501,16),GMR(501,22)
1 ,6M(501,16),FTHM(501,10)
COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE,NCYL ,OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(5),PCL{5),CLRNCE(5),CRANKA(5},CYLANGL5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA{5),FACY(5),BACY(5]},CFEFF(5)
2 >CHFLOW(5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10},PRLO(10),PAR(10),PER(10)
COMMON/INPUTG/ TDIA(4),TTHK(4),TLEN(4),NTUBES(4% },NFLON(4),SIDIA(G)
1 ,FAIC(4),BAIC(4),FIEFF(4)},AVEL(4)
COMMON/INPUTS/ RTHK(5),RLAWN(5),RUAN(5),RLEO(5),RGAP(5),FRGAP(5)
1 ,RDIS{5),RMEL,RHARD,RLLFL,NCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX
FHOOHEHHEOHHHOEHOEEIHHEOOHHEHEHBRBHEEHHOHEOHHEOHEOHBEHHOHHHOHGMOOHEEEE
COMMON/NDATA/ NCV,NOR,NV,NEQ
COMMON/AVER/ WDEP(10},GMRAVR(10),PAVR(9),TAVR(9)
CHARACTER»*6 FINAM,HARN
LOGICAL LEXST
DATA FINAM/'OUTPUT'/,RARN/ 'WRNING'/

INQUIRE(FILE=FINAM,EXIST=LEXST)

IF(LEXST) GO TO 500

OPEN(UNIT=30,FILE=FINAM,STATUS="NEW"',ACCESS="'SEQUENTIAL',
1 FORM='FORMATTED')

WRITE(30,100) NCYL,NSTAGE,NS,RLLFL

100 FORMAT(3(5X,I14),5%X,E14.7)

DO 110 J=1,NCYL
HWRITE{30,120) ICYSTG(J),CRANKA(J),CYLANG(J)

110 CONTINUE
120 FORMAT(5X,I2,2(5X,F12.5))

DO 130 K=1,NCYL+NSTAGE-1
WRITE(30,140) PAVR(K),TAVR(K)

130  CONTINUE

DO 150 L=1,NV
HWRITE(30,160) GMRAVR(L),NDEP(L)

150 CONTINUE
140 FORMAT(2(5X,F12.5))
160 FORMAT(2(5X,El1%.7))

DO 170 I=1,NS
D0 180 J=1,NCYL
NRITE(30,190) V(I,J),P(I,J)>T(I,J)

180 CONTINUE

DO 200 J=2X¥NCYL+2,NCV-1
HRITE(30,190) V(I,J),P(I,J},T(I,J)

200 CONTINUE

DO 210 J=1,NV
WRITE(30,220) GMR(I,J)

210 CONTINUVE

DO 230 J=1,NCYL
HRITE(30,240) FTHM(I,2%J-1),FTHMII,2%J)

230 CONTINUE

170 CONTINUE

190 FORMAT(3(5X,F12.5))
220 FORMAT(5X,El4.7)
240  FORMAT(2(5X,E14.7))

CLOSE(UNIT=30)
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RETURN
% Weoaeeet THIS PART OF THE SUBROUTINE OVER WRITES THE RESULTS ON e
* waeeneat AN EXISTING OUTPUT FILE., IT ALSO CREATES A FILE WITH A 60
% 360000t NARNING MESSAGE . IR
500 OPEN(UNIT=30,FILE=FINAM,STATUS='0LD',ACCESS="'SEQUENTIAL’,

1  FORM='FORMATTED')

HRITE(30,300) NCYL,NSTAGE ,NS,RLLFL
300 FORMAT(3(5X,I4),5X,E14.7)
DO 310 J=1,NCYL
WRITE(30,320) ICYSTG(J),CRANKA(J),CYLANG(J)
310 CONTINUE
320 FORMAT(5X,I12,2(5X,F12.5))
DO 330 K=1,NCYL+NSTAGE-1
HWRITE(30,340) PAVR(K),TAVR(K)
330 CONTINUE
DO 350 L=1,NV
WRITE(30,360) GMRAVR(L),HWDEPIL)
350 CONTINUE
340 FORMAT(2(5X,F12.5))
360 FORMAT(2(5X,E14.7))

DO 370 I=1,NS
DO 380 J=1,NCYL
HWRITE(30,410) V(I>J),P(I,J),T(I,J)
380 CONTINUVE
DO 400 J=2%NCYL+1,NCV-1
KWRITE(30,410) V(I,J)5P(I,J),T(I,J)
400 CONTINUE
DO 420 J=1,NV
WRITE(30,430) GMR(I,J)
420 CONTINUE
DO 440 J=1,NCYL
WRITE(30,450) FTHM(I,2%J-1),FTHM(I,2%J)
%40 CONTINUE
370 CONTINUVE
410 FORMAT(3(5X,F12.5))
430  FORMAT(5X,E14.7)
450 FORMAT(2(5X,E14.7))
CLOSE(UNIT=30)

INQUIRE( FILE=WARN,EXIST=LEXST)
IF(LEXST) 60 TO 600
OPEN(UNIT=15,FILE=WHARN,STATUS="'NEW"' ,ACCESS="SEQUENTIAL",
1  FORM='FORMATTED')
WRITE(15,650)
60 TO 660
600  OPENIUNIT=15,FILE=WNARN,STATUS='OLD"',ACCESS="'SEQUENTIAL"»
1  FORM='FORMATTED')
KRITE(15,650)
650 FORMAT(' OUTPUT FILE OVER WRITTEN ON AN EXISTING F
1 ' TRY TO RENAME THE EXISTING FILE BEFORE NEXT RUN

s/

e =
. P
- M
- .y

660 CLOSE(UNIT=15)
RETURN

3000 THIS SUBROUTINE SETS INITIAL VALUES FOR THE VARIABLES  336%%%

0600606606 INVOLVED IN THE SIMULATIONT AND CALLS THE SUBROUTINE FEHIEN

3¥363060660¢ TO SOLVE THE DIFFERENTIAL EQUATIONS. IT ALSO CHECKS I

1eeexx THE CONVERGENCE AFTER EVERY COMPRESSOR CYCLE NN

FEHIIEIIEN IR I I IO I I I I III I I IOOHHHGEOROHEIOE
SUBROUTINE COMP

X XK K K XK K X

IMPLICIT REAL%8 (A-H,0-Z)
PARAMETER(PI=3,141592654)
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COMMON/RDATA/ T(501,16);P(501,16),V(501,16],GMR('SOI;ZZ)
1 ,GM(501,16),FTHM(501,10)

3 IHHHHHHHEHNHEHHHECEH0:6t INPUT BLOCK  1686H6500606HHHHHOHOHE IHEHENE

COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE ,NCYL ,OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)

COMMON/INPUT2/ DIA(5),PCL(5),CLRNCE(5),CRANKA(5),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)
2 >CRFLOW(5),ICYSTG(5)

COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10),PER(10)

COMMON/INPUT4/ TDIA(G),TTHK(4),TLEN{4),NTUBES(4),NFLON(4),SIDIA(G)
1 ,FAIC(4),BAICt4),FIEFF(4),AVEL(4)

COMMON/INPUTS/ RTHK(5),RLAN(5),RUAN(5),RLEO(5),RGAP(5),FRGAP(5)
1 ,RDIS(5),RMEL,RHARD,RLLFL,NCOFF

COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX

#  IVHOHGHHREEEHECHEOORHEEEHEHBHHEBREHOHEHHEHEOEHEEHHOEOENEEOOEEIEIIEIE I IIIIE

COMMON/NDATA/ NCV,NOR,NV,NE]
COMMON/KINEM/ PDIS(5),PVEL(16),PACC(5),TICHL(4),TCHL(5)
1 ,THETA(5),RO0(16),RPRESS{5),THIN(9),THOUT(9)
COMMON/PPL/ GMRAV,TMM(22),0MT(16),VI(16),DM(16)
COMMON /PP4/ 6,61,62,AG,GC,CP,CV,FC,CPR,AVC,A(22)
1 ,QH(16)
COMMON /PP5/ DTIME,Q(62)
COMMON/AVER/ HWDEP(10),GMRAVR(10),PAVR(9},TAVR(9)
DIMENSION DPDIS(5),PPDIS(5),AY(62),DY(62),CPRESS(10)
DIMENSION GMRTOT(10),PTOT(9),TTOT(9)

CHARACTER%7 SUMMARY
LOGICAL LEXST
DATA SUMMARY/'SUMMARY '/

% w0ooeeex THIS PART OF THE SUBROUTINE DETERMINES THE CONSTANT I
% Iooeexxxx PARAMETERS FOR THE COMPRESSOR SYSTEM. AN
AVC=0.0

10

20

30

40

REALNS=FLOAT(NS)

DTIME=2.%PI/(OMEGA%REALNS)

6=1.%

6C=53.34

AG=32.2

CP=0.24

Cv=0.171

FC=0.8

Gl=2./6

62=(6+1.)/6

CPR=(2./(6+1))%%(6/(G-1.))

GMRAV=0.05

DO 10 I=1,NCYL
A(TI+2%NCYL) = RGAP(I)*PCL(I)
A(T+3%NCYL) = RGAP(II*PCL(I)

CONTINUE

A(NOR-1)=1.0

A(NOR)=1.0

DO 20 I=1,NCYL
THETA(I )= CRANKA(I)-CYLANG(I)
VI1=RR*(1.-COS(THETA(I)}))
VI2=SS%(1l.-(1.~-((RR/SS)%*%2)%( (SINITHETA(I)) )3%2))%%0.5)
VI(I)=PI*(DIA(T )3%x2)%(VII+VI2+2.%RR*¥CLRNCE(I)/100.)/4%.
PPDIS(I)=VI1+VI2

CONTINUE

DO 30 I=NCYL+1,NV

IA = I-NCYL
VI(I)=PI*DIA(IA)*PCL(IA)*RDIS(IA)

CONTINUE

DO 40 I=NV+2,NCV-1

IB = I-(NV+1l)
VI(I)=PI*(TDIA(IB )¥**2)*TLEN(IB )*NTUBES(IB)/4.

CONTINUE

VI(NV+1l) = VI(NV+2)
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VI(NCV) = VI(NCV-1)
® waaooaee THIS PART OF THE SUBROUTINE STES THE INITIAL VALUES O
* oeooat OF THE VARIABLES INVOLVED IN SIMULATION. PR
PINITT=PINITT+14.7
PFINAL=PFINAL+14.7
TAMB=TAMB +460.
TCOOL=TCOOL+460.
PFN=PFINAL/NCYL
DO 50 J=1,NCV
IF(J .LE. NCYL) THEN
P(1,J) = 0.6%J*PFN*ABS(THETA(J))/3.14159
T(1,J) = TAMB + (TAMB-460.)%P(1,J)/PINITT
ENDIF
IF(J .GT. NCYL .AND. J .LE. 2%NCYL) THEN
P(1,J) = PINITT
T(1,J) =
ENDIF
IF(J .GT. 2%NCYL) THEN
P(1l,J) = PINITT+ 0.6%(J-(2%NCYL+1))*PFN
T(1,J) = TAMB+ (TAMB-460. }*P(1,J)/PINITT
ENDIF
RO(JI=P(1,J)/(T(1,J)%GCx12.)
GM(1,J)=RO(J)*VI{J)
DM(J)=0.0
DMT(J)=0.0
50 CONTINUE
DO 60 I=1,NEQ
IF(I .LE. 2%NV ) THEN
AY(I)=0.0
ELSE IF(I .GT. 2%NV .AND. I .LE. 2%NV+NCV) THEN
AY{I)=GM(1,I-2%NV)
ELSE IF(I .GT. 2%NV+NCV .AND. I .LE. 2%(NV+NCV)) THEN
AY(I)}=TAMB+50.
ELSE IF(I .GT. 2%(NV+NCV)) THEN
AY(I)=1.0E-5
ENDIF
DY(I)=0.0
60 CONTINUE
DO 70 I=1,NCYL+NSTAGE-1
THIN(I)=TCOOL
THOUT (I }=TCOOL+10.
70 CONTINUE
DO 80 I =1,NCYL
TCHL(I)=TAMB+50.
80 CONTINUE
DO 90 I =1,NSTAGE-1
TICKHL(I)=TAMB+50.
90 CONTINUE
DO 100 J=1,NCYL
RMI=RTHK(J)%( (RLAN(J)+RUAN(J) )3x3)/12.
RPRESS(J)=FRGAP(J )*RMEL%RMI/(3.%PI%(RLAW(J)+RUAN(J) )*( {DIA(J)/2)
1 ¥%G))
EQM(J)=EQMIJ)/AG
100 CONTINUE
ITER=1
% 36006066 THIS PART OF THE SUBROUTINE REINITIALIZES SOME VARIABLESHO6HG¢
* a6 BEFORE EACH COMPRESSOR CYCLE. I
200 CONTINUE
TIME=0.0
DO 210 J=1,NV
WDEP(J)=0.0
GMRAVR(J})=0.0
GMRTOT(J)=0.0
210 CONTINUE
DO 215 K=1,NCYL+NSTAGE-1
PAVR(K)=0.0
PTOT(K)=0.0
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TAVR(K)=0.0
TTOT(K)=0.0
215  CONTINUE
GMTOT=0.0

x X X X

DO 1000 I=1,NS

CALL RKG1(TIME,AY,DY,I)

x X

DO 220 J = 1,NCV

GM(I,J) = AY(J+2%NV)

T(I,J) = AY(J+2¥NV+NCV)

RO(J) = GM(I,J)/V(I,J)

P(I,J) = RO(JI*T(I,J)*GCx12.
220 CONTINUE

DO 230 J=1,NCYL

JR1=2%NV+2X%NCV+2%J-1

FTHM(I,2%J-1) = AY(JR1)*PCL(J)

i FTHM(I,2%J) = AY(JR1+1)%PCL(J)

230 CONTINUE
%* 360606% SUBROUTINE FLOW IS CALLED TO UPDATE THE FLOW RATES.

CALL FLOW(TIME,AY,DY,I)

#* o006 AVERAGE VALUES FOR THE CYCLE ARE CALCULATED HERE.
GMTOT=GMTOT+GMR{ I ,NOR-1)
DO 235 J=1,NV
GMRTOT(J)=GMRTOT(J)+GMR(I,J)
235 CONTINUE
DO 240 K=1,NCYL+NSTAGE-1
KJ=K
IF(K .GT. NCYL) KJ=K+NCYL+¢l
PTOT(K)=PTOT(KI+P(I,KJ)
TTOT(K)=TTOT(K}+T(I,KJ)
240 CONTINUE
%* 3000606 SUBROUTINE CDYNA IS CALLED TO DETERMINE THE CONTACT

%* Iecoace PRESSURE ON THE RINGS. WEAR RATES FOR EACH PISTON RING

¥* w0o006e¢ IS THEN CALCULAED.
CALL CDYNA(CPRESS,I)
JIR=1
DO 260 J=1,NCYL
DPDIS(J)=ABS{PDIS(J)-PPDIS(J))
DO 250 K=1,2
IF(FTHM(I,JIR) .LT. RLLFL) THEN

WDEP(JIR }=HDEP(JIR)+CPRESS(JIR )*NCOFF%DPDIS(J}/(3.%RHARD)

ENDIF
JIR=JIR+1
250 CONTINUE
PPDIS(J)=PDIS(J)
260 CONTINUE

1000 CONTINUE

DO 300 KK=1,NCYL+NSTAGE-1
PAVRUKK )=PTOT (KK }/REALNS
TAVR(KK }=TTOT(KK)/REALNS
300 CONTINUE
DO 310 KK=1,NV
GMRAVR(KK )=GMRTOT (KK }/REALNS
310 CONTINUE
DPRAV=PAVR(1}-PRPR
PRPR=PAVR(1)
DTRAV=TAVR(1)-TRPR
TRPR=TAVR(1)
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GMRAV=GMTOT/REALNS

%* 000006 CONVERGENCE OF THE SIMULATION IS CHECKED HERE. ALSO THE  iaeen
* soueeee NO OF CYCLES FOR ITERATION IS COMPARED WITH ITMAX. IF THE e
%* we00oae CONVERGENCE IS REACHED OR THE MAXIMUM NO OF CYCLE FOR WG
* 00006t SIMULATION IS REACHED, A SUMMARY FILE FOR SHOWING THE M
% 360606¢ CONVERGENCE IS CREATED AND THIS SUBROUTINE RETURNS. W

IF(ITER .LT. ITMAX) THEN

IF(ABS(DPRAY) .GT. PRCONV .OR. ABS(DTRAV) .GT. TECONV) THEN
ITER=ITER+1
GO TO 200
ENDIF

ENDIF
400  INQUIRE(FILE=SUMMARY,EXIST=LEXST)

IF(LEXST) GO TO 500

OPEN(UNIT=25,FILE=SUMMARY ,STATUS="NEN' ,ACCESS="SEQUENTIAL",

1 FORM='FORMATTED'}

WRITE(25,550) DPRAV,PRCONV,DTRAV,TECONV,ITER,ITMAX

60 TO 560
500 OPEN(UNIT=25,FILE=SUMMARY,STATUS='0OLD',ACCESS="'SEQUENTIAL',

1  FORM='FORMATTED')

WRITE(25,550) DPRAY,PRCONV,DTRAV,TECONV,ITER,ITMAX
550 FORMAT( ' SUMMARY OF CONVERGENCE FOR THE RUN!!!',/,

1 FINAL DIFF. IN AVERAGE PRESS FOR CYL & 1 = ',F10.5,'PSI',/,

2 ' TOLERANCE FOR PRESSURE CONVERGENCE = ',F10.5,'PSI',/,

3 ' FINAL DIFF. IN AVERAGE TEMP FOR CYL # 1 = ',F10.5,'DEG F',/,

4 ' TOLERANCE FOR TEMPERATURE CONVERGENCE = *,F10.5,'DEG F’,/,

5 ' TOTAL NO OF CYCLES FOR ITERATION = ', 7X,13,/7,

6 ' MAXIMUM NO OF CYCLES FOR ITERATION = ', 7X,1I3)
560 CLOSE(UNIT=25)

RETURN

END
R T e T T P T s e e s ]
36 JIIEIHINIOOHHCHHEHOEHHEHEHGEEOOEHEEOHHNNEHENEHOE0OEBHEEEOEHOOEEE
* 00ex%% THIS SUBROUTINE SOLVES THE DIFFERENTIAL EQUATIONS INVOLVEDoexx
% 0000600¢ IN THE STMULATION BY USING THE 4TH ORDER, FIXED STEP I
% 3360606%% RUNGE-KUTTA SCHEME WITH GILL'S CONSTANT. IO
% IBBHHHEHOHOHH0ONNOBHHOMEENEENHOEROBREHEHHOEHHEEHEHEBONRHENREEBHE O

13

20

SUBROUTINE RKG1{TIME,AY,DY,I)

IMPLICIT REAL*8 (A-H,0-2)
COMMON/NDATA/ NCV,NOR,NV,NEQ
COMMON /PP5/ DTIME,Q(62)
DIMENSION AB(2),AY(62),DY(62)
DATA AB/0.2928932,1.707107/

H2=0.5%DTIME

CALL DERIV(TIME,AY,DY,I)

DO 13 II=1,NEQ
B=H2%DY(II)-Q(II)
AY(II)=AY(II)+B
QUII)=Q(II)+3.0%B-H2xDY(II)

CONTINUE

TIME=TIME+H2

DO 20 III=1,2
CALL DERIV(TIME,AY,DY,I)

DO 20 II=1,NEQ
B=AB(III)*(DTIMEXDY(II)-Q(II))
AY(II)=AY(II)+B
Q(II)=Q(IX)+3.0%B-AB(IIT }*DTIME*DY(II)

CONTINUE
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26

XK XK XK X XO

TIMESTIME+H2

CALL DERIV(TIME,AY,DY,I)

DO 26 II=1,NEQ
B=(DTIME*DY(II)-2.0%Q{II1))/6.0
AYU(II)=AY(II)+B
Q(II)=0.0

CONTINUE

RETURN
END

FHEEHEEEHEE R EHHEHHHEHHOHHEHHEHEHOHHOHRNHHHHHEREHEHEIHHONOOEHOHEREEE
FEH I IIHIHIHHOHEHHHORHEHONHEHHOOOHEHHEHEHGEHHHHHEHHHONHOOHEEOHEO
¥cxxxxx THIS SUBROUTINE CALLS APPROPRIATE SUBROUTINES TO CALCULATE3&x
sxx%® THE DERIVATIVES OF INDEPENDENT VARIABLES IN THE DIFF. EQNSoee
soaeexk AND RETURN THEM TO THE SUBROUTINE RKG1. 0%
FHHEEEEEOHIHHHEHHHHEEHEEHHHHOOOEEHEHHHHEHHEHHEHHENHEHHHHNOHEONEEHOE

‘SUBROUTINE DERIV(TIME,AY,DY,I)

IMPLICIT REAL*8 (A-H,0-Z)
COMMON/RDATA/ T(501,16),P(501,16),V(501,16),GMR(501,22)
1 ,6M(501,16),FTHM(501,10)

3 JH00H0HHHHHOHH6H0A6G0H00¢  INPUT BLOCK 3H66880666H86G6HEOHEHOHOOHOEE

COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE ,NCYL,OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(Y)

COMMON/INPUT2/ DIA(5),PCL(5),CLRNCE(5),CRANKA(S),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)
2 >CHFLONW(5),ICYSTG(5)

COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10),PER(10)

COMMON/INPUTG/ TDIA(%),TTHK(G),TLEN(4),NTUBES(4),NFLOW(G),SIDIA(G)
1 ,FAIC(4),BAIC(4),FIEFF(4),AVEL(4)

COMMON/INPUTS/ RTHK(5),RLAW(5),RUAN(5),RLEO(5),RGAP(5),FRGAP(5)
1 >RDIS(5),RMEL,RHARD,RLLFL,NCOFF

COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX

% IORHEEHHHOGOEOEHEHOHEEOEEEEHOHEHHEEEHHHHEERHHMBEHEHRHNEHEEHHOHOH0OE

COMMON/KINEM/ PDIS(5),PVEL{16),PACC(5),TICHL(4),TCHL(5)
1 ,THETA(5),R0(16),RPRESS(5),THIN(9),THNOUT( 9}

COMMON/NDATA/ NCV,NOR,NV,NEQ

COMMON/PPL1/ GMRAV,TMM(22),DMT(163,VI(16),DM(16)

DIMENSION AY(62),DY(62)

%* 600606¢ THE VALUE OF INSTANTANEOUS CRANK ANGLE IS UPDATED HERE IO

60

K K K K K

DO 5 J=1,NCYL
THETA(J)= OMEGAXTIME +CRANKA(J)-CYLANG(J)
CONTINUE
CALL PRESS(TIME,AY,DY,I)
CALL VALVE(TIME,AY,DY,I)
CALL FLOW(TIME,AY,DY,I)
CALL FLMTHK(TIME,AY,DY,I)
DO 60 J=1,NCV
DY(J+2%NV)=DM(J)
CONTINUE

RETURN
END

FEEEHEOEEOEEEOEGROEEEEEIIIEIIIIEEHOOEEOHEIEEE IR
FOHHBHEEEHEEENNEHBBHBHNBBEHNHEHBBHRBEEHHNHBHHEHHNEEENEEHOBEHHHHENHHHE
0600006e¢ THIS SUBROUTINE CALCULATES THE DERIVATIVES OF CONTROL IOOE
00006¢ VOLUME TEMPERATURES USING THE ENERGY BALANCE APPROACH. I
3EHHHHEEHEEEHHE0HBHNBHORHHNBEHHOOHEEOHEHOHENEHHROBRHOBEHHHENOOEEOEEOEHEE
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SUBROUTINE PRESS(TIME,AY,DY,I)

IMPLICIT REAL%8 (A-H,0-2)
COMMON/RDATA/ T(501,16),P(501,16),V(501,16),6MR(501,22)
1 ,GM(501,16),FTHM(501,10)
B IHEOHHHHOBBHHHOHHOEOHOHEE. INPUT BLOCK  166363636H6HE6 I IEEEHEIIIIEN IR
COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE ,NCYL ,OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(5),PCL(5),CLRNCE(5),CRANKA(5),CYLANG(5)
1 ,PMASS(5)},CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)
2 »CHFLOW(5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10),PER(10)
- COMMON/INPUTG/ TDIA(4),TTHK(4),TLEN(G),NTUBES(4),NFLOWN(4),SIDIA(G)
1 ,FAIC(4),BAIC(4),FIEFF(4),AVEL(&)
COMMON/INPUTS/ RTHK(5),RLAN(5),RUAN(5),RLEO(5),RGAP(5),FRGAP(5)
1 ,RDIS(5),RMEL ,RHARD ,RLLFL ,HCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX
% IEOEEEEXIOENHHHHEEHOOOHHOECHB0HHBHRHHHOHHNEHHOHHHBHHEEHONEHHEOEHEHNHOE
COMMON/NDATA/ NCV,NOR,NV,NEQ
COMMON/KINEM/ PDIS(5),PVEL(16),PACC{5),TICNL(%),TCHL(5)
1 ,THETA(5),R0(16),RPRESS(5),THIN( 9),THOUT(9)
COMMON/PP1/ GMRAV,TMM(22),DMT(16),VI(16),DM(16)
COMMON /PP4/ 6,61,62,AG,6C,CP,CV,FC,CPR,AVC,A(22)
1 ,QH(16)
DIMENSION VR(161,FF(16),AY(62),DY(62)
DATA HJ/778.26/

%* 00k DISPLACEMENT, VELOCITY AND ACCELERATION OF PISTON IS 6%
%* ¥ee0eee CALCULATED, RATE OF CHANGE OF CONTROL YOLUMES DETERMINED 3%
DO 21 J=1,NCYL
XP1=1.-COS(THETA(J))
XP2=(RR/SS )}#%2
XP3=(SIN(THETA(J]) )sex2
XP4=(1-XP2%XP3 )%%0.5
PDIS(J)=RR¥XP1+SS¥(1.-XP&4)
V(I»J)=3.14159%(DIA(J)3%%2 )%(PDIS(J]}+2.%RR¥CLRNCE(J)/100. )/4.
PVEL(J)=RR*OMEGA%(SIN(THETA(J) )+RR%SIN( 2. ¥THETA(J))/(2.%SS))
PACC(J)=RR*( (OMEGA )32 )%( COS(THETA(J)) +{(RR)¥**2)*COS(2.%
1 THETA(J})/SS)
VR{J)I=PVEL(J)*3.16159%( (DIA(J)*X%2))/4.
FF(J)=0.0
21 CONTINUE
DO 26 J=NCYL+1,NCV
ViI,J)=VIitJ)
PVEL(J)=0.0
VR(J)=0.0
FF(J)=0.0
IF( J .6T. NCYL .AND. J .LE. 2%NCYL+1l) THEN
QH(J) = 0.0
ENDIF
26 CONTINUE
QH(NCV)=0.0
DO 20 J=1,NCV
GM(I,J)=AY(J+4%NCYL)
T(I,JI=AY{J+2%NV+NCV)
RO(J)=GM(I,J)/V(I,J)
P(I,J)=RO(J)I%T{I,J)InGCx12,
20 CONTINUE
%* 060k SUBROUTINES ARE CALLED TO CALCULATE RATE OF HEAT TRANSFER e
%* xe0oae DEPENDING ON THE TYPE OF COOLING. MR
IF(ICTYPE .EQ. 1) THEN
CALL HTRANAIR(I)

ELSE

CALL HTRANWAT(I)

ENDIF
%* joooeexx THE DERIVATIVES OF CONTROL VOLUME TEMPERATURES ARE FOUND 06X
%* ;meeoaae USING THE ENERGY BALANCE HERE. IR
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D0 30 J=1,NCV
EN1=QH(J)-P{I,J)*VR(J)/(HJI%12. )-FF(JINPVEL(J)/(HI%12.)
EN2=CP*DMT(J )-CV*DM(J )*T(1,J)
DY (J+2%¥NV4NCV )=(EN1+EN2)/(CV*GM(I,J})
30 CONTINUE
RETURN
END

00t OF COMPRESSOR VALVE DEFLECTIONS.

X XK X X X

SUBROUTINE VALVE(TIME,AY,DY,I)

IMPLICIT REAL*8 (A-H,0-Z)
COMMON/RDATA/ T(501,16),P(501,16),Y(501,16),GMR(501,22)
1 ,GM(501,16),FTHM(501,10)

FFIENIOHHHHHHOOHHOHHHEONEHEHEHEOEHHHEHEEHHONHHOHHHBEHOBHHEHHHHHHHE
FEHIIERIINN NI HH I IIIOHIIIHIHOHEEEHNEOOEIIOHIHHREHOHHOHNE
#0600e6% THIS SUBROUTINE DETERMINES THE FIRST AND SECOND DERIVATIVESex

IR

FHOEOEHHEHOOEEHHNEHOOOOHEEROEHONHEHOEEHNHHBHEHOHBEEEHOENHHHHHHEHEOEt

* IGHHEREHOHEOHO0HHH0000606¢ INPUT BLOCK  3866608EHHE0HEE0HOHHHHEGEHENNN
COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE,NCYL,OMEGA,RR,SS,CMASS

1 ,TCOOL,ICTYPE,ICOOL,ISER(9)

COMMON/INPUT2/ DIA(5),PCL(5),CLRNCE(5),CRANKA(5),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)
2 >CHFLOW(5),ICYSTG(5)

COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10),PER(10)
COMMON/INPUTG/ TDIA(G),TTHK(4),TLEN(4),NTUBES(4),NFLON(G),SIDIA(G)

1 ,FAIC(4),BAIC(4),FIEFF(4),AVEL(4)

COMMON/INPUTS/ RTHK(5),RLAW(5),RUAN(5),RLEQ(5),RGAP(5),FRGAP(5)

1 ,RDIS(5),RMEL,RHARD,RLLFL,NCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX

¥ IEHHGOOOHEOEHEEOEEIHGHONNOEEEIOE I IEEIHOHHEEOHOEHOOHHHHEHONNOHOOHEEE

COMMON/NDATA/ NCV,NOR,;NV,NEQ
DIMENSION F(10),AY(62),DY(62)
DATA YS/0.2/,CRES/0.0/

%* joa%xk THE NET VERTICAL FORCE ON VALVES ARE CALCULATED HERE.
DO 10 J=1,NCYL
F(2%J-1)=PAR(2%J-1)%(P{I,ICYSTG(JI+NV}-P(I1,J))-PRLO(2%J-1)
F(2%J)=PAR( 2%J)%(P(X,J)-P(I,ICYSTG(J)I+NV+11})-PRLO(2%J))
10 CONTINUE
% eea06a¢ THE DERIVATIVES OF VALVE DEFLECTION BASED ON THE EQUATION
% 66e6x% OF MOTION FOR SINGLE-DEGREE OF SYSTEM IS CALCULATED HERE.
DO 20 K=1,NV
IF(AY(K) .LT. 0.) THEN
AY(K)=0.
AY(K#+NV)=-CRES*AY(K+NV)
ENDIF
IF(AY(K) .GT. YS) THEN
AY{K)=YS
AY(K+NV )=~CRES*AY(K+NV)
ENDIF
CEQ=2,%ZETA(K )*( EQK(K )*EGQM(K } )%x0.5
DY(K)=AY(K+NV)
DY(K+NV)=(F{K)/EQM(K ) )-(AY (K+NV )*CEQ/EQM(K))
1 =(AY(K)*EQK(K)/EQM(K)}
20 CONTINUE
RETURN

END

36006x% THIS SUBROUTINE DETERMINES THE MASS FLOW RATES ACROSS THE
eexxx VALVES AND THE ORIFICES.

X K XK K XK

SUBROUTINE FLOW(TIME,AY,DY,I)
IMPLICIT REAL%8 (A-H,0-Z)
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COMMON/RDATA/ T(501,16),P(501,16),V(501,16),GMR(501,22)
1 ,GM(501,16),FTHM(501,10)

# IHHHHEHHHHHEEHHEOHHEHHOEE. INPUT BLOCK 368HEEHOHOHEEHEHEHHEEONHOHE
COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE,NCYL,OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(5),PCL(5),CLRNCE(5),CRANKA(5),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY(5),CFEFF(5)
2 ;CHFLOW(5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO{10),PAR(10),PER(10)
COMMON/INPUT4G/ TDIA(4),TTHK(G},TLEN(4),NTUBES(4%),WFLOW(4),SIDIA(G)
1 ,FAIC(4),BAIC(4),FIEFF(%),AVEL(4)
COMMON/INPUTS/ RTHK(5),RLAN(5),RUAN(5),RLEO(5),RGAP(5),FRGAP(5)
1 ,RDIS(5),RMEL;RHARD,RLLFL ,HCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX

% IHEHHHHHEHHHHHNHOBHREHNEHHRHHHHHNHHEEEHEEHEOEHHHHEHHHHHEHHEHHOHHEHE
COMMON/NDATA/ NCV,NOR,NV,NEQ
COMMON /PP4/ G,61,62,AG,GC,CP,CV,FC,CPR,AVC,A(22)
1 ,QH(16)
COMMON/PP1/ GMRAV,TMM(22),DMT(16),VI(16),DM(16)
DIMENSION PU(22),TUL22),PUD(22),TUD(22),PR1(22]),AY(62)
1 ,DY(62),GMIN(6),GMOUT(6),GMTO(6),GMTI(6)

%* joeeecee THE FLOW AREA FOR THE VALVES IS CALCULATED HERE. 0
KNv=1
DO 5 J=1,NCYL
DO 3 K=1,2
A(KNV) = PER(J)*AY(KNV)
IF(A(KNV) .LT. 0.) THEN
A(KNV)=0.
ENDIF
IFCA(KNV) .GT. PAR(J)) THEN
A(KNV)= PAR(J)
ENDIF
KNV=KNV+1
CONTINUE
CONTINUE
sooeexxx THE PRESSURES AND TEMPERATURES UPSTREAM AND DOWNSTREAM
xee0exx OF EACH VALVES AND OPENINGS ARE CHECKED AND THE PRESSURE
aexxx% RATIOS ARE CALCULATED IN THIS PART
DO 10 K=1,NCYL
PUD(2%K-1)=P{I,ICYSTG(K)+2%NCYL)
TUD(2¥K~-1)=T(I,ICYSTG(K)+2%NCYL)
PUD(2%K )=P{I,ICYSTG(K ) +1+2%NCYL)
TUD( 23K )=T(I,ICYSTG(K)I+1+2¥NCYL)
PUD(K+2%NCYL )=P(I,K+NCYL)
TUD(K+2X¥NCYL )=T(I,K+NCYL)
PUD(K+33%NCYL )=PINITT
TUD(K+3%NCYL }=TAMB
10 CONTINUE
PUD(NOR~1)=PINITT
TUD(NOR-1)=TAMB
PUD(NOR }=PFINAL
TUD(NOR)=TAMB

iii

DO 20 J=1,NCYL

Jl=2%J-1

J2=2%J

J3=J+2%¥NCYL

JG=J+3X¥NCYL

IF(P(I,J) .GT. PUD(J1)) THEN
PR1(J1)=PUD(J1)/P(I,J)
PUCJ1)=-P(I,J)
TUCJ1)=T(I,J)
A(J1)=AVC

ELSE
PR1(J1)=P(I,J)/PUD(J1)
PULJ1)=PUD(JL)
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TU(J1)2TUD(J1)

ENDIF

IF(P{I,J) .6T. PUD(J2)) THEN
PR1(J2)=PUDLJR)/P(I,J)
PU(J2)=P(I,J)
TU(J2)=T(I,J)

ELSE
PR1(J2)=P(1,J)/PUD(J2)
PU(J2)=~PUD1J2)
TU(J2)=TUD(J2)
A(J2)=AVC

ENDIF

IF(P(I,J) .GT. PUD(J3)) THEN
PR1(J3)=PUD(J3)/P(I,J)
PU(J3)=P(I,J)
TU(J3)=T(I,Jd)

ELSE
PR1(J3)=P(I,J)/PUD(J3)
PU(J3)=-PUD(J3)

TULJ3 }=TUD{J3)

ENDIF

IF(PUD(J3) .6T. PUD{J4)) THEN
PR1(J%)=PUD(J4)/PUDLJ3)
PU(J4)=PUD(J3)
TU(J%)=TUD(J3)

ELSE
PR1(J%)=PUD(J3)/PUD(JG)
PU(J%)=-PUDLJ4)
TU(J4)=TUD(JG)

ENDIF

20 CONTINUE

%* eenaex THE DIRECTION OF FLOR FORE EACH VALVES AND OPENINGS ARE I
%* 00006 CHECKED HERE. ¥

IF(PUD(NOR-1)} .GT. P(I,2%NCYL+1)) THEN

PR1(NOR-1)=P{I,2*NCYL+1)/PUD(NOR-1)

PU(NOR-1)=PUD(NOR-1)

TU{NOR-1)=TUD(NOR-1)

ELSE

PR1(NOR-1)}=PUD({NOR-1)/P(I,2%NCYL+1}

PUCNOR-1)=-P(I,2%NCYL+1)

TU(NOR-1)=T{I,2%NCYL+1)

ENDIF

IF(PUD(NOR) .GT. P{I,NCV)) THEN

PR1{NOR)=P(I,NCV}/PUD{NOR}

PU(NOR )=-PUD{NOR )

TU{NOR )=TUD(NOR )

ELSE

PRL(NOR)=PUD(NOR }/P(I,NCY)

PU(NOR )=P(I,NCV)

TU(NOR J=T(I,NCV)

ENDIF

% eeeeo6e% FLOW RATES ACROSS THE VALVES AND THE OPENINGS ARE CALCULATED
%* 300006 HERE AND CHOKING CONDITION IS ALSO CHECKED. N
DO 40 J=1,NOR
IF(PR1(J) .LT. CPR) THEN
PR1{J)=CPR
ENDIF
ROOT1={2.%G%AG/{ (6-1. }*GCXTU(J) ) )*%0.5
ROOT2=(PR1(J)3¥%G1-PR1(J)%x%G2 )%%0.5
GMR(I,J)=FCxA(J)*PU(J)*ROOT1%RO0T2
TMM(J)I=GMR(I,J}*TU(J)
40 CONTINUE

% }eoeeae THE RATE OF CHANGE OF MASS FOR EACH CONTROL VOLWE IS

I
#* joee0e0€ CALCULATED HERE. 6%
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DO 100 J=]1,NSTAGE+1
GMIN(J)=0.0
GMOUT(J)=0.0
GMTO(J)=0.0
GMTI(J)=0.0
100 CONTINUE
DO 200 K=1,NCYL
GMOUT(ICYSTG(K) )= GMOUT(ICYSTG(K))I+GMR(I,2%K-1)
GMIN(ICYSTG(K)+1)=GMIN(ICYSTG(K }+1}+6MR(I ,2%K)
GMTO(ICYSTG(K) )= GMTO(ICYSTG(K ) )+TMM(2%K-1)
GMTI(ICYSTG(K)I+1)=GMTI(ICYSTG(K }+1)+TMM(2%K)
200 CONTINUE
GMIN{1)=GMR(I,NOR-1)
GMOUT (NSTAGE +1 )=GMR{ I ,NOR)
GMTI(1)=TMM(NOR-1)
GMTO(NSTAGE +1 )=TMM(NOR )
DO 500 K=1,NCY
IF(K .LE. NCYL) THEN
DMK )=GMR(I,2%K-1)-GMR{ I ,2%K)-GMR{I,K+2%NCYL)
DMT (K )=TMM(2%K-1 )-TMM( 22K )-TMM(K+2%NCYL )
ENDIF
IF(K .GT. NCYL .AND. K .LE. 2¥NCYL) THEN
DM(K )=GMRI(I,K+NCYL )-GMR( I ,K+2%NCYL)
DMT(K)=TMM(K+NCYL )-TMM(K+2*¥NCYL )
ENDIF
IF(K .GT. 2*NCYL) THEN
DM{K }=GMIN(K-23%NCYL )-GMOUT (K-2%NCYL )
DMT (K )=GMTI(K-2%NCYL )-GMTO(K-2*%NCYL )
ENDIF
500 CONTINUE

RETURN

END
St S L e e
B T L L T T g L e Tt
0000t THIS SUBROUTINE CALCULATES THE HEAT TRANSFER FROM CYLINDERS
Joceexx AND INTERCOOLERS FOR AN AIR-COOLED COMPRESSOR. 3%
FEHEHEOHEHOOEREEHHEHHEOOHEOHHEREEHEHHEHHEHHOHHESHEEEHEEEHOOOHOOOOEHEENE

SUBROUTINE HTRANAIR(I)

X K K X XK

IMPLICIT REAL%8 (A-H,0-Z)
PARAMETER(PI=3.141592654)
COMMON/RDATA/ T(501,16),P(501,16),Y(501,16),GMR(501,22)
1 ,GM(501,16),FTHM(501,10)
% INBHHHHBEHHEEE0OHO0606 TNPUT BLOCK  3666666666EEOEEEIHOEEKIEIIIIIEN
COMMON/INPUTL/ PINITT,PFINAL,TAMB,NSTAGE,;NCYL ,0MEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(5),PCL{5),CLRNCE(5),CRANKA(5),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY{(5),CFEFF(5)
2 >CHFLOW(5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10),PAR(10),PER(10)
COMMON/INPUTG/ TDIA(G),TTHK(%),TLEN(G),NTUBES(%),NFLOR(%),SIDIA(%)
1 ,FAIC(4),BAIC(4),FIEFF(4),AVEL(4)
COMMON/INPUTS/ RTHK(5),RLAW(5),RUAN(5),RLEO(5),RGAP(5),FRGAP(5)
1 ,RDIS(5),RMEL,RHARD,RLLFL ,WCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX
¥ IOBBPEEEHEOHECO00HBEHNBHEHNENHEEEHOEOHOHOENEOOOHEEIGOHEEIEEEEEEIIICIIENE
COMMON/NDATA/ NCV,NOR,NV,NEQ
COMMON/PP1/ GMRAV,TMM(22),DMT(16),VI(16),DM(16)
COMMON /PP4/ 6,61,62,AG,GC,CP,CV,FC,CPR,AVC,A(22)
1 ,QH(16)
COMMON/KINEM/ PDIS(5),PVEL(16),PACC(5),TICHL(4),TCHL(5)
1 ,THETA(5),R0(16),RPRESS(5),THIN(93,THOUT(9)

* Ie6006¢ THERMOPHYSICAL PROPERTIES FOR THE COOLING MEDIUM ARE I
% oot DETERMINED HERE. IR
TKAMB=5.%(TCOOL~460.-32.)/9. +273.
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GVAMB=4.0201+(7.4582E~1 )%TKAMB~(5.7171E -4 )%( TKAMB )2
1 #(2.9928E-7)%( TKAMB }%¥%3 ~(6.2526E-11 )%(TKAMB )%¢4
GVAMB=GVAMB¥5.60185E-9
TAU=1./TKAMB
TCAMB=0Q.632%( (TKAMB )3#%0.5)/(1.+245.%TAUX( 10, )¥x(-12,.%TAU))
TCAMB=TCAMBX5.5995E-8
PRAMB =CP*GVAMB/TCAMB
CEXP = 1./TCOOL
ROAMB = PINITT/(TCOOL#*GCx%12.)

DO 100 J=1,NCYL

%* oeeeat THERMOPHYSICAL PROPERTIES FOR THE GAS IN THE CYLINDERS
% 60606 ARE DETERMINED HERE.
TKEL=5.%(T(I,J)-460.-32.)/9. +273.
GVIS=4.0201+(7.4582E-1 )*TKEL-(5.7171E~4 )%( TKEL )3x2
1 +(2.9928E-7)%(TKEL )%%3 -(6.2526E-11)%(TKEL )34
GVIS=GVISx*5.60185E-9
TAU=1./TKEL
TCOND=0.632%( (TKEL }#*%0.5)/(1.+265.%TAU%(10. )%%(-12.%TAU))
TCOND=TCOND*5,5995E -8

%* ja0ooet THE HEAT TRANSFER RATE FOR THE CYLINDERS ARE DETERMINED
* Jooee0xx HERE BASED ON THE CORRELATIONS. )
EQDIA=1.5%PI*(DIA(J)3%2)%PDIS{J)/(PIXDIA{J)*PDIS(J)
1 +0.5%PI*(DIA(J))*x2,)
IF(THETA(J) .GT. 0.5%PI .AND. THETA(J]} .LT. 1.5%PI) THEN
SVEL=2.%OMEGA%(1.06+C0S(2.%THETA(J))}) )
ELSE
SVEL=OMEGA%(1.06+COS(2.%THETA(J)))
ENDIF
RENUM=RO(J)*( ( EQDIA )3%%2 )%SVEL/( 2.%GVIS)
PRNUM=GVIS*CP/TCOND
SNUM=0.053%{ (RENUM)%%0 .8 )%( (PRNUM}*%0.6)
HTCFI=SNUMXTCOND/EQDIA
HTARI=PIXPDIS(J)%DIA(J)+0.5%PI%(DIA(J))¥*x2

GRNUM=AGXCEXP%*{ { ROAMB )32 )%( ABS( TCHL(J)-TCOOL ) )/ (GYAMB )%%2
GRNUML =GRNURM%( CLEN( J ) )33
GRNUMD=GRNUM*{ CDIA(J) )3%x3
SNUML=(0.647+0.11%( (ABSISIN(CYLANG(J)]))%x%0.8) )%
1 (({GRNUMLXPRAMB )%%0.33 )/(GRNUMD )%l .5
HTCFO=SNUML*TCAMB/CLEN(J)
HTARO=PIXCDIA(J)*CLEN(J)
TCEFF = ((HTARO-BACY(J)) +(CFEFF(J)/100. )*FACY(J))/HTARO
OVHCOF=1./((1./(TCEFF*HTCFQ)}) + (HTARO/(HTARI*HTCFI)))
QH(J )=OVHCOF*HTARO*( TCOOL-T(I,J))
TCHL(J)=T(I,J) + QH(J)/(HTCFI*HTARI)
100 CONTINUE

DO 200 J=2%NCYL+2,NCV-1

* 306066%% THERMOPHYSICAL PROPERTIES FOR THE GAS IN THE INTERCOOLERS 6k

% 000k ARE DETERMINED HERE.
JCHT = J - (2%NCYL +1)
DO 150 K=1,2
IF(K .EQ. 1) THEN
TKEL=5.%{ TICHL(JCHT )-460.~32. )/9, +273.
ELSE
BVISH=GVIS
PRNUMW=PRNUM
TKEL=5.%(T(I,J)-460,-32.)/79. +273.
ENDIF
GVIS=4.0201+(7.4582E-1 }*TKEL-(5.7171E-4 )%( TKEL )%x%2
1 +{2.9928E-7)%(TKEL )*%3 -(6.2524E-11 1%( TKEL )¥x4
GYIS=GVIS*5,60185E~9
TAU=1./TKEL

Appendix B. COMPUTER PROGRAM LISTINGS

IO

170



150

TCOND=0.632%( (TKEL )%%0.5)/(1, +245. %TAUR(10, Jx(-12.%TAU) }
TCOND=TCOND*5,5995E -8

PRNUM=GVIS*CP/TCOND

CONTINUVE

% ¥000ee¢ THE HEAT TRANSFER RATE FOR THE INTERCOOLERS ARE DETERMINEDMee%
¥* ooaoeee HERE BASED ON THE CORRELATIONS. IR

200

X K K K XK

FAREA= PI*((TDIA(JCHT))%21/4.
VEL=GMRAV/(FAREA®RO( J )*NTUBES(JCHT))
RENUM=RO( J )*TDIA(JCHT )%VEL/GVIS
SNUM=0.023%( (RENUM )2¢0 . 8 }%( { PRNUM )30 . 3 )% ( GVIS/GVISH )3x0 . 14
HTCFI=SNUM*TCOND/TDIA(JCHT)
IF (HTCFI .EQ. 0.) THEN
HTCFI = 1.E-20
ENDIF
HTARI=NTUBES(JCHT )*PI*TDIA({ JCHT J*TLEN( JCHT)
RENUM=ROAMB*( TDIA(JCHT ) + 2.%TTHK(JCHT ) )I*AVEL(JCHT )/GVAMB
SNURM=0. 263 ( (RENUM )%x0 . 6 ) %( { PRAMB )30 . 36 )% ( PRAMB/PRNUMH )30 , 25
HTCFO=SNUM*TCAMB/TDIA(JCHT)
IF(HTCFO .EQ. 0.) THEN
QH(J)=0.0
ELSE
HTARO=NTUBES(JCHT )}%PI*( TDIA(JCHT )J+2.¥TTHK(JCHT ) )*TLEN{ JCHT )
TIEFF = ((HTARO-BAIC(JCHT)) +(FIEFF(JCHT}/100. )%FAIC(JCHT })/HTARO
OVHCOF=1./((1./(TIEFF*HTCFO}) + (HTARO/(HTARIHTCFI)))
QH(J )=0VHCOF*HTARO*( TCOOL-T(I,J))
TICHL(JCHT)=T(I,J) + QH(J)/(HTCFI*HTARI)
ENDIF
CONTINUE

RETURN
END

FENIIRIFHIIIOIEIIIENN I IIIHOEHOOIHEOEEEEEHIOEER OO
FEXHIIIIIIIIIIIIIHHOOIHOEEHEEE X IHENEOOOEEHOHEHIHEOEOHEENOHEEHEEE
*%00060% THIS SUBROUTINE CALCULATES THE HEAT TRANSFER FROM CYLINDERSoex
3%30066%% AND INTERCOOLERS FOR AN WATER-COOLED COMPRESSORS 06
306EHEHBEHHOOEHHEHOEEHHEHHEHEHONOBHOEHOBHHEOOHHEEENEHEEHHEONOHHOREE

SUBROUTINE HTRANWAT(I)

IMPLICIT REAL*8 (A-H,0-Z)

PARAMETER(PI=3.141592654)

COMMON/RDATA/ T(501,16),P{501,16),Y(501,16),GMR(501,22)
1 ,6M{501,16),FTHM(501,10)

3% IHHHHEHHBO0OEHHHHHOOHHO66¢ INPUT BLOCK #688600606606HHE0HHHHEOOOEEEEE

COMMON/INPUT1/ PINITT,PFINAL,TAMB,NSTAGE,NCYL,OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)

COMMON/INPUT2/ DIA(5),PCL(5),CLRNCE(5},CRANKA(5),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5},BACY(5),CFEFF(5)
2 >CHFLOW(5),ICYSTG(5)

COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10),PRLO(10)},PAR(10),PER(10)

COMMON/INPUTG/ TDIA(4%),TTHK(%),TLEN(4),NTUBES(4%),NFLON(%),SIDIA(S)
1 ,FAIC(4),BAIC(4),FIEFF(4),AVEL(4%)

COMMON/INPUTSE/ RTHK(5),RLAWN(5),RUAN(S),RLED(5),RGAP(5),FRGAP(5]
1 ,RDIS(5),RMEL,RHARD ,RLLFL ;HCOFF

COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX

% IHEEHHEHHHOHO0HBEHRHOHHHHOEHOEEHOOHEEEHCEHHHHEHOENBHBEHHBHNHEBHEEEONOEE

COMMON/NDATA/ NCV,NOR,NV,NEQ

COMMON/PP1/ GMRAY,TMM(22),DMT(16),VI(16),DM(16)

COMMON /PP4/ G,61,62,AG,GC,CP,CV,FC,CPR,AVC,A(22)

1 ,QH(16)

COMMON/KINEM/ PDIS(5),PVEL(16),PACC(5),TICHL(4),TCHL(5)
1 ,THETA(5),R0(16),RPRESS(5),THIN(9),THOUT(9)

DIMENSION WCPD(6),RVISD(6),NCOND(6),TEMDI(6)

DATA KWCPD/1.0074,0.9988,0.998,0.9994,1.0023,1.007/

DATA WVISD/120.45E-5,67.64E-5,43.95E-5,31.62E-5,23.84E~-5,18.95E-5/
DATA HWCOND/0.319,0.345,0.363,0.376,0.386,0.393/

DATA TEMD/492.,528.,564%.,600.,636.,672./
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DATA NRO/62.4/

DO 100 J=1,NCYL

#* 000066t THERMOPHYSICAL PROPERTIES FOR THE COOLING MEDIUM ARE
% 30000t DETERMINED HERE.

50

TAVH = (THIN(J)+THOUT(J))/2.
DO 50 K=1,5
IF(TAVH .GT. TEMD(K) .AND. TAVW .LT. TEMD(K+1}) THEN
WCP=HCPD(K ) +{ TEMD(K+1)-TAVH)}*(HCPD(K+1)-HCPD(K))/
(TEMD(K+1)-TEMD(K))
HVIS=WVISD(K)}+(TEMD(K+1)-TAVH )% (WVISD(K+1)-HVISD(K))/
(TEMD(K+1)-TEMD(K))
HWVIS=HVIS*HWRO/12.
HCON=KHCOND(K )+ (TEMD(K+1)-TAVH )3 ( HCOND(K+1 )-HCOND(K} }/
(TEMD(K+1)-TEMD(K))
WCON=WCON/(3600.%12. )
ENDIF
CONTINUE

%* 3960606 THERMOPHYSICAL PROPERTIES FOR THE GAS IN THE CYLINDERS
% 006k ARE DETERMINED HERE.

TKEL=5.%(T(I,J)-460.-32.)/9. +273.
GVIS=4.0201+(7.4582E-1)%TKEL~(5.7171E-4 )*( TKEL )62
+(2.9928E-7)%( TKEL )3%3 -(6.2524E-11 )%{ TKEL )%x4
GYIS=GVISx5.60185E-9

TAU=1./TKEL

TCOND=0.632%{ (TKEL )%%0.5)/(1.+265.%TAUX(10. )3x(-12.%TAU))
TCOND=TCOND%*5.5995E-8

%* 30690006% THE HEAT TRANSFER RATE FOR THE CYLINDERS ARE DETERMINED
% 3000666 HERE BASED ON THE CORRELATIONS.

100

IF(THETA(J) .GT. 0.5%PI .AND. THETA(J) .LT. 1.5%PI) THEN
SVEL=2 . %OMEGAX(1.04+COS(2.%THETA(J)))
ELSE
SVEL=OMEGAX*(1.04+C0S(2.%THETA(J)))

ENDIF
EQDIA=1.5%PI%(DIA(J)%%2)%PDIS(J)/(PIXDIA(JI*PDISIJ)
+0.5%PI*(DIA(J))%%2.)
RENUM=RO(J )%( (EQDIA )32 )%SVEL/(2.%GVIS)
PRNUM=GYIS*CP/TCOND
SNUM=0.0533%( { RENUM )30 .8 )%( ( PRNUM )%%0.6)
HTCFI=SNUMXTCOND/EQDIA
HTARI=PI*PDIS(J)*DIA(J)+0.5%PI*(DIA(J) )2
EQDCJ= SCDIA(J)-CDIA(J)
NVEL = 4.%CHFLOW(J)/(NROXPI*(SCDIA(J)%%2-CDIA(J)¥x2))
PRNUM=NCPX*WNVIS/WCON
RENUM=KROXEQDCJXWVEL/WVIS
SNUM=0, 027%( RENUM*%0 , 8 }3( PRNUM¢%(0 .33 )
HTCFO=SNUMXWCON/EQDCJ

IF(HTCFO .EQ. 0.) THEN
QH(J)=0.0

ELSE
HTARO=PIXCDIA(J)I*CLEN(J)
OVHCOF=1./({1./HTCFO) + (HTARO/(HTARIX*HTCFI)}))
CCLMTD=( THIN(J)-THOUT(J} )/LOGI (TRIN(J)-T(I,J) )}/

1 (THOUT(J)-T(I,J)))

QH(J )=0VHCOF*HTARO»*CCLMTD
TCHL(J)I=T(I,J) + QH(J)/(HTCFI*HTARI)
THOUT(J )=THIN(J)~-QH{ J )/ (CHFLOW(J )%HCP )
ENDIF
CONTINUE

DO 200 J=2%NCYL+2,NCV-1
JCHT = J - (2¥NCYL +1)
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% 3006 THERMOPHYSICAL PROPERTIES FOR THE COOLING MEDIUM ARE I
* 066066% DETERMINED HERE. i)
TAVH = (TWIN(JCHT+NCYL }+TROUT(JCHT4NCYL))/2.
DG 70 K=1,5
IF(TAVA .6T. TEMD(K) .AND. TAVW .LT. TEMD(K+1)) THEN
WCP=HCPD(K )+(TEMD(K+1)-TAVH )%(HCPD(K+1)-KCPD(K) )/
1 (TEMD(K+1)-TEMD(K))
WVIS=RVISDIK)+(TEMD(K+1}-TAVH )®{NVISD(K+1 }-KVISD(K))/
1 (TEMD(K+1)-TEMD(K))
WVIS=WYIS*HWRO/12.
HCON=WCOND(K ) +( TEMD(K+1}-TAVH )% ( HCOND(K+1 )-NCOND(K) )/
1 (TEMD(K+1)-TEMD(K))
WCON=WCON/(3600.%12.)
ENDIF
70 CONTINUE

%* 30630066% THERMOPHYSICAL PROPERTIES FOR THE GAS IN THE INTERCOOLERS 6%
%* oo ARE DETERMINED HERE. N
DO 150 K=1,2
IF(K .EQ. 1) THEN
TKEL=5.%{ TICNL(JCHT )-460.-32.)/9. +273.
ELSE
GVISH=GVIS
PRNUMH=PRNUM
TKEL=5.%(T(I,J)-460.-32.)/9. +273.
ENDIF
GVIS=4.0201+{7.4582E-1)*TKEL-(5.7171E-% )*( TKEL )2
1 +(2.9928E-7)%(TKEL )%%3 -(6.2524E~11)#( TKEL )%}
GVIS=GVIS*5.60185E-9
TAU=1./TKEL
TCOND=0.632%( ( TKEL 13%0.5)/(1. +2G5.%TAUX( 10. )3*x%(-12.%TAU))
TCOND=TCOND*5.5995E-8
PRNUM=GVIS*CP/TCOND
150 CONTINUE

* ;oeeoaex THE HEAT TRANSFER RATE FOR THE INTERCOOLERS ARE DETERMINED3 %
%* meoexxx HERE BASED ON THE CORRELATIONS. 66
FAREA= PI*((TDIA(JCHT))*»2)/6.
VEL=GMRAV/( FAREAXRO({ J )%¥NTUBES(JCHT ) )
RENUM=RO(J )*TDIA(JCHT )JXVEL/GVIS
SNUM=0.027%( ( RENUM )30, 8 )3%( (PRNUM }%#%0 .33 )% (GVIS/GVISH )%%0. 14
HTCFI=SNUMXTCOND/TDIA(JCHT)
HTARI=NTUBES(JCHT )*PI%TDIA( JCHT )*TLEN(JCHT)
EQDIJ = SIDIA(JCHT )-(TDIA(JCHT )+2.%TTHK(JCHT)})
WVEL = 4. %WFLOW(JCHT )/7{KROXPI*(SIDIA(JCHT )%%2
1 ~(TDIA(JCHT)+2.%TTHK(JCHT ) )3%2))
PRNUM=WCP*WVIS/HCON
RENUM=KROXEQDIJ¥HVEL/WVIS
SNUM=0.027%( RENUM¥®X0 . 8 )3%( PRNURM60 . 33 )
HTCFO=SNUMXWCON/EQDIJ
IF(HTCFO .EQ. O0.) THEN
QH(J)=0.0
ELSE
HTARO=NTUBES(JCHT }*PI%*( TDIA(JCHT }+2.%TTHK(JCHT ) }*TLEN(JCHT )
OVHCOF=1./({1./7HTCFO) + (HTARO/(HTARI*HTCFI)))
CILMTD=( TWIN(JCHT+NCYL )~-THOUT (JCHT+NCYL ) )/LOG( { THIN(JCHT+NCYL)
1 -T(I,J))/(TROUT(JCHT+NCYL)-T(I,J))})
QH(J)=0VHCOF*HTAROXCILMTD
TICHL(JCHT)=T(I,J} + QH(J)/(HTCFI*HTARI)
THOUT{ JCHT+NCYL J=TWIN(JCHT+NCYL )-QH{ J )/ ( HFLOW{ JCHT )3NCP )
ENDIF
200 CONTINUE

DO 300 J=1,NCYL+NSTAGE-1
IF(ISER(J) .EQ. 1) THEN
THWIN(J)=TCOOL
ELSE
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DO 250 K=1,NCYL+NSTAGE-~1
IF(ISER(K) .EQ. ISER(J)-1) THEN
THIN(J)=THOUT(K)

ENDIF
250 CONTINUVE
ENDIF
300 CONTINUE
RETURN
- END

FHHHOHHHHERHOEHHEHHOEHHHOHHHEHONHODHEEHEHHEHORHEHEHEEORHHOCEEEEE

FHHHHHEEHOHHHHHENGHEHEOBENEHNEHHHHBHEEOHEOHOEEHBOEHEHHHOOHEIOHOOEHEEE

006060t THIS SUBROUTINE CALCULATES THE DERIVATIVES OF MINIMUM OIL e

363066% FILM THICKNESSES B/W PISTON RINGS AND CYLINDER BORE N

FFIIIIIIIOIIIEHEENNIIIIHHHOHHHEHOHEROOEEEHNHOHHEOEHEEHOOHEEEHEE
SUBROUTINE FLMTHK(TIME,AY,DY,I)

X XK K XK XK

IMPLICIT REAL*8 (A-H,0-2)
PARAMETER(PI=3.141592654)
COMMON/RDATA/ T(501,16),P(501,16),Y(501,16),6GMR(501,22)
1 ,GM(501,16),FTHM(501,10)
¥ IHHHOOHHEEHEHHHOOEOO006E INPUT BLOCK 1686666666660
COMMON/INPUTY/ PINITT,PFINAL,TAMB,NSTAGE,NCYL,OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9)
COMMON/INPUT2/ DIA(5),PCL{5),CLRNCE(5),CRANKA(5),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5),FACY(5),BACY{5),CFEFF(5)
2 >CHFLOW(5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK{10),ZETA(10),PRLO(10),PAR(10),PER(10)
COMMON/INPUTG/ TDIA(4),TTHK(4),TLEN(4),NTUBES(4),NFLOR(4),SIDIA(4)
1 ,FAIC(4),BAIC(4),FIEFF(4),AVEL(4)
COMMON/INPUTS/ RTHK(5),RLANW(5),RUAN(5),RLEO(5),RGAP(5),FRGAP(5)
1 ,RDIS(5),RMEL,RHARD ,RLLFL ,NCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX
% IHHHHOOHHHHEHEHHEHEENHEEEHHHNOHHOOHEHEHEHHORHEHHEHEHREEHEEHHRRGRHONNHE
COMMON/NDATA/ NCV,;NOR,NV,NEQ
COMMON/KINEM/ PDIS(5),PVEL(16),PACC(5),TICHL(4),TCHL(5)
1 ,THETA(5),R0(16),RPRESS(5),THIN{ 9),THOUT(9)
DIMENSION AY(62),DY(62),0VIS(10)
DATA YUO/1.51E-6/

JINC=1
DO 100 J=1,NCYL

% oeaaee THIS VARIABLES IN THE CALCULATIONS ARE NON-DIMENSIONALIZED e
RAW=RLAN(J)+RUAN(J)
DRLAW=RLAW(J }/RAHN
DRUAW=RUAN(J )/RAN
RFP=(RLEO(J)/PCL(J})/(DRLAN)*%0 .5
RBN=6 . ¥VUOXRR*OMEGAXRAW/(PINITT#*(PCL(J) }3%x%2)
OVIS(J)=VU0
DOVIS=0VIS(J)/VUO
DPVEL=PVEL(J)/{ RR*OMEGA )
SQN=12. %VUOXOMEGAX ( RAK 33632/ ( PINITT*PCL( J )36%2 )
DRMEL=RMEL*RTHK(J)*PCL(J)/(PINITT®( (DIA(J)/2. )%x%2)})

%* joooaoae THE MINIMUM OIL FILM THICKNESS FOR THE UPPER AND LOWER RINGS**
% seee0ee ARE CALCULATED FOR EACH CYLINDER HERE. L
DO 50 K=1,2
JR=23¥NV+2¥NCV+JINC
IFI(K .EQ. 1) THEN
P1=P(I,J)/14.7
P2=P(I,J#NCYL}/14.7
ELSE
P1=P(I,J+NCYL)/14.7
P2=PINITT/14.7
ENDIF
IF(AY(JR) .LT. 1.E-20) AY(JR)=1.E-20
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50
100

xOK K K K

ROOT1=(AY(JR)/RFP )¥#x0 .5
ROOT2=(AY(JR )*RFP )%%0.5
IF (ROOT1 .EQ. 0.) THEN
TANUP = PI/2.

TANDN = PI/2.

ELSE
TANUP=ATAN(DRUAK/ROOT1)

TANDN=ATAN( DRLAK/ROOT1)

ENDIF

CBUP=AY ( JR ) +RFP*( DRUAN )32

CADN=AY(JR)+RFP*(DRLAN )#x2

BAR=RBN*DOVIS*DPVEL

SIG=SQN*DOVIS/(4.%RFP}

IF(PVEL(J) .LT. 0) THEN
DELTUP=( 2.%DRUAW*AY(JR)/(CBUP )¥*x2 )+3 . ¥*DRUAK/CBUP +3 . *TANUP/R0O0T2
UP1={ DRMEL*(AY(JR) )3x3 )-BAR%( DRUAW*ROOT1%TANUP )/2.
+((AY(JR) )%%2 )%{ P1-DRUANXP2 )

UP2=((P1-P2)%(AY(JR))¥*%2 - BAR*(DRUAWXAY(JR)/(2.%CBUP) + ROOT1x
TANUP/2. ) )/DELTUP

UP3=(1.-AY(JR}/CBUP )/RFP + 3%DRUAWXTANUP/ROOT2
DUP1=-DRUAWXAY(JR)/(2.%CBUP) - ROOT1%TANUP/2. + DRUAM
DUP2=((AY(JR))*%2/CBUP-1. )/DELTUP

DUP3=(1.-AY(JR)/CBUP)/RFP + 3, *DRUAWXTANUP/ROOT2
DY(JR}=(UP1-UP2%UP3 }/(SIG*( DUP1+DUP2%DUP3))

ELSE
DELTDN=(2.%DRLAW®AY{JR)/(CADN )#%2)+3 . ¥DRLAW/CADN+3 . ¥TANDN/ROOT2
DN1=(DRMEL%*(AY(JR) )#%3 }+BAR%( DRLAN®ROOT1*TANDN /2.
DN2=((P2-P1)%*{AY(JR) )*x%2 + BAR¥*(DRLAWXAY(JR)/(2.%CADN) + ROOT1x
TANDN/2. ) )/DELTDN
DN3={1.-AY(JR)/CADN)/RFP + 3%DRLAMXTANDN/ROOT2
DDN1=-DRLAM*AY(JR)/(2.%CADN) - ROOT1*TANDN/2. + DRLAW
DDN2=( (AY(JR ) )3x%2/( (CADN)%2)-1. )/DELTDN
DDN3=(1.-AY(JR)/ZCADN)/RFP ¢+ 3.%DRLAWXTANDN/ROOT2
DY (JR )=({ DN1-DN2%DN3 }/(SIG»( DDN1+DDN2*DDN3 ) )

ENDIF

FTHM( T, JINC)=AY(JR)*PCL(J)

JINC=JINC+1
CONTINUVE
CONTINUE

RETURN

END
FIIIIIBHHEHOHHIHHHHHEEHEHHHEEERRNOHEHHNHEHOBHNHHINEHERERHORBEHEHEE
P I I I I NI IEN I F I I I I I I FIE I I IO I I NI I I I I II I I
000t THIS SUBROUTINE CALCULATES THE TOTAL CONTACT PRESSURE B/W ¢
300006¢ THE PISTON RINGS AND THE CYLINDER BORE. M
S T s T e

SUBROUTINE CDYNA(CPRESS,I)

IMPLICIT REAL%8 (A-H,0-2Z)
PARAMETER(PI=3.141592654)
COMMON/RDATA/ T(501,16),P(501,16),V(501,16),6MR(501,22)
1 ,6M(501,16),FTHM(501,10)

IBHHEEHHEHHHOHOAH00000006t INPUT BLOCK 3868686H0H066H0H8H8H00H0HHOHEHEE
COMMON/INPUTL/ PINITT,PFINAL,TAMB,NSTAGE,NCYL ,OMEGA,RR,SS,CMASS
1 ,TCOOL,ICTYPE,ICOOL,ISER(9]}
COMMON/INPUT2/ DIA(5),PCL{5),CLRNCE(5),CRANKA(5),CYLANG(5)
1 ,PMASS(5),CDIA(5),CLEN(5),SCDIA(5)},FACY(5),BACY(5),CFEFF{5)
2 >CHFLONW(5),ICYSTG(5)
COMMON/INPUT3/ EQM(10),EQK(10),ZETA(10)},PRLO(10),PAR(10),PER(10)
COMMON/INPUTG/ TDIA(G),TTHK(G),TLEN(%),NTUBES(4),RFLON(%),SIDIA(G)
1 ,FAIC(4),BAIC(4),FIEFF(4),AVEL{4)
COMMON/INPUTS/ RTHK(5),RLAN(5),RUAH(5),RLEO(5),RGAP(5),FRGAP(5)
1 ,RDIS(5),RMEL,RHARD,RLLFL ,NCOFF
COMMON/INPUT6/ PRCONV,TECONV,NS,ITMAX

3% IBOOHOEEHOEHOHOHBHOGEEOREEEEEINEEHHOOBEOHEHHEORHEOEOHBHOOEEEROLEOOEE

COMMON/KINEM/ PDIS(5),PVEL(16),PACC(5),TICHL(4),TCKL(5)
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1 ,THETA(5),R0(16),RPRESS(5),THIN(9),THNOUT(9)
DIMENSION CPRESS(10)

DO 50 J=1,NCYL

PHI= ASIN((RR/SS)®SIN(THETA(J)))
GFORCE=PI*P(I,J)*{DIA(J) }xx2

FINRP= PMASS{J)®PACC(J)

FINRC= CMASS*PACC(J)

TFORCE={ GFORCE-FINRP-FINRC )}*¥TAN(PHI )
TPRESS=ABS(TFORCE )/(3.%(RLAW(J )J+RUAKR(J ) )%PI*DIA(J))

IF(PVEL(J) .LT. 0.) THEN
CPRESS(2%J-1)=P(I,J)+TPRESS+RPRESS(J)
CPRESS(2%J)=P{I,J+NCYL )}+TPRESS+RPRESS(J)

ELSE
CPRESS(2%J-1)=P(I,J+NCYL }+TPRESS+RPRESS(J)
CPRESS(2%J)=PINITT+TPRESS+RPRESS(J)

ENDIF

50 CONTINUE

RETURN
END
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10

20
30
40

50

B.3 POSTPROCESSOR

COMMON/RDATA/ T(501,16),P(501,16),V(501,16),GMR(501,22)
1 ,FTHM(501,10),NDEP(10),GMRAVR(10),PAVR(9),TAVR( 9)
2 >CRANKA(5),CYLANG(5),RLLFL

COMMON/NDATA/ NCYL ,NSTAGE ;NS,ICYSTG(5)

CALL INITT(10)
CALL ANMODE
CALL LOGO
CALL GET

CALL ANMODE
CALL MENU(ICH)

60 TO (20,30,40,50),ICH
CALL SHOPR

G0 TO 10

CALL SHOTMP

GO TO 10

CALL SHOMASS

GO TO 10

CALL SHOTHK

GO0 TO 10

END

¥# IHOBHEHHHREBHECEHOKGHHEHHEHHEROHEEOEOHOEEHOHOEHEHHREBEOEREHHBHBHOEOHEE

10

SUBROUTINE LOGO

WRITE(%,10)
FORMAT(////7 >
* 23X, LY
1 23%5" | 1575
2 23%,'1 MULTI-STAGE 1'57/5
3 23X,'|l RECIPROCATING COMPRESSOR 157>
4 23%,'1 SIMULATION PROGRAM 1'575
6 23%,' | { POSTPROCESSOR ) 1's/7s
] 23X, | |4575
7 23%,° | TARIQ NADEEM 1'57s
8 23X, | MECHANICAL ENGINEERING 157>
9 23%,' | VIRGINIA TECH 1'575
* 23X, 1 {*,/73
CALL TINPUT(IOP)

RETURN

END

¥ IVEBEHHEHHHEOBMO0HHHBH0HHHCHBH0BHOEHHOEHEMNHENEHEEHEOHMEEHENEEORHNEEE

10

20

SUBROUTINE MENU(LICH)

CALL NEWPAG

CALL ANMODE

WRITE(%,20)

FORMAT(//,' MAIN MENU:',//,

' SHOW PRESSURE DIAGRAMS',/,

SHOW TEMPERATURE DIAGRAMS',/,

SHOW MASS FLOW FROM THE CYLINDERS®' ,/,

SHOW MINIMUM OIL FILM THICKNESS DIAGRAMS',/,
EXIT'>//>

<<INDICATE MENU CHOICE >> ')

TP WN M
MPWN

READ(3,%,END=10,ERR=10) ICH
IF(ICH.LT.1.0R.ICH.GT.5) GO TO 10
IF(ICH.EQ.5) CALL FINITT(0,0)
RETURN

END

% IFHHOEEHEHHEHE0HE0HHOHEEHEHOHRORHOBHEHOEHEORENERHEBHHNHHGHOREHNDOOOEEE

SUBROUTINE GET
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COMMON/RDATA/ T(501,16),P(501,16),Y(501,16),6MR{50),22)
1 ,FTHM(501,10),WDEP(10),GMRAVR(10),PAVR(9),TAVR(9}
2 >CRANKA(5),CYLANG(5),RLLFL

COMMON/NDATA/ NCYL ;NSTAGE ,NS,ICYSTG(5)

CHARACTER*G0 FINAM

LOGICAL LEXST

CALL NEWPAG
CALL ANMODE
10 WRITE(%,20)
20 FORMAT(' ENTER THE NAME OF THE FILE CONTAINING THE MODEL >> ')
READ(%,30,END=10,ERR=10) FINAM
30 FORMAT(A)
INQUIRE (FILE=FINAM,EXIST=LEXST)
IFU.NOT.LEXST) GO TO 400
OPEN(UNIT=30,FILE=FINAM,STATUS='0OLD"' ,ACCESS="'SEQUENTIAL',
1 FORM='FORMATTED')
READ(30,100) NCYL,NSTAGE ,NS,RLLFL
100 FORMAT(3(5X,I4),5X,E14.7)

DO 110 J=1,NCYL
READ(30,120) ICYSTG(J),CRANKA(JI,CYLANG(J)
110 CONTINUE
120 FORMAT(5X,12,2(5%,F12.5))
DO 130 K=1,NCYL+NSTAGE-1
READ(30,140) PAVRI(K),TAVR(K)
130 CONTINUE
DO 150 L=1,2¥NCYL
READ(30,160) GMRAVR(L),HWDEP(L)
150 CONTINUE
140 FORMAT(2(5X,F12.5))
160 FORMAT(2(5X,E14.7))
DO 170 I=1,NS
DO 180 J=1,NCYL
READ(30,190) V(I,J),P(I,J4),T(IsJ)
180 CONTINUE
DO 200 J=23%NCYL+2,2¥NCYL+NSTAGE
READ(30,190) V(I,J),P{(I,J),T(I,J)
200 CONTINUE
DO 210 J=1,2%NCYL
READ(30,220) GMR(I,J)
210 CONTINUE
DO 230 J=1,NCYL
READ(30,260) FTHM(I,2%J-1),FTHM(I,2%J)
230 CONTINUE
170 CONTINUE
190 FORMAT(3(5X,F12.5})
220 FORMAT(5X,E14.7)
240 FORMAT(2(5X,E14.7))
WRITE(%,300) FINAM
300 FORMAT(' MODEL RECOVERED FROM ',A)
CLOSE(UNIT=30)
RETURN

400 HWRITE(%,500)
500 FORMAT(' FILE NOT FOUND ! DO YOU WANT TO TRY AGAIN ? <Y OR N> >>
1 ")
CALL TINPUT(IOP)
IF(IOP.EQ.89.0R.IOP.EQ.121) GO TO 10
RETURN
END
ER St s T I e 2
SUBROUTINE SHOPR
c
COMMON/RDATA/ T(501,16),P(501,16),V(501,16),6MR(501,22)
1 ,FTHM(501,10),KRDEP(10),GMRAVR(10),PAVR(9),TAVR(9)
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40

50

100
110

120

2 ,CRANKA(S5),CYLANG(5),RLLFL

COMMON/NDATA/ NCYL,NSTAGE,NS,ICYSTG(5)

DIMENSION XAV(3),YAV(3),XT(3),YT(3},XX(501),YY(501),XXV(502)

1 ,YYP(502)

DIMENSION KLABEL(13),MLABEL(19),LLABEL(21),NLABEL(21)

1 ,ILABEL(33),JLABEL(26),IILABEL(30),JJLABEL(14)

DATA LLABEL/ 80,45,86,32,68,73,65,71,82,65,77,32,70,79,82,32,67,
1 89,76,32,35/

DATA NLABEL/ 67,79,77,80,79,83,73,84,69,32,80,45,86,32,68,73,65,
1 71,82,65,77/

DATA ILABEL/ 80,45,84,72,69,84,65,32,68,73,65,71,82,65,77,32,70,
1 79,82,32,73,78,84,69,82,67,79,79,76,69,82,32,35/

DATA IILABEL/ 80,45,84,72,69,84,65,32,68,73,65,71,82,65,77,32,70,
1l 79,82,32,67,89,76,73,78,68,69,82,32,35/

DATA JLABEL/ 65,78,71,76,69,32,70,82,79,77,32,84,68,67,32,70,79,
1 82,32,67,89,76,32,35,32,49/

DATA JJLABEL/ 65,78,71,76,69,32,70,82,79,77,32,84,68,67/

DATA KLABEL/ 80,82,69,83,83,85,82,69,32,80,83,73,65/

DATA MLABEL/ 67,89,76,73,78,68,69,82,32,86,79,76,32,32,67,85,32,
1 73,78/

DATA XT(13,YT(1)/2%2./

DATA XAV(1),YAV(1)/2%2./

XX({1)=FLOAT(NS)
YY(1)=FLOAT(NS)
XXV(1)=FLOAT(NS+1)
YYP(1)=FLOAT(NS+1)

CALL NEWPAG

CALL ANMODE

HWRITE(%,50)

FORMAT(' SUB MENU FOR PRESSURE DIAGRAMS:',//,

PV DIAGRAMS FOR INDIVIDUAL CYLINDERS',/,
P-THETA DIAGRAMS FOR INDIVIDUAL CYLINDERS',/,
COMPOSITE PV DIAGRAM FOR CYLINDERS',/,
P-THETA DIAGRAMS FOR INTERCOOLERS',/,

RETURN TO MAIN MENU',/,

<<SELECT MENU CHOICE>>')

o pPpUN -
nmbHwNE

READ(%,%,END=40,ERR=40) NP

IF(NP .LT. 1 .OR. NP .6T. 5) GO TO 40
IF(NP .EQ. 5) RETURN

G0 TO (100,150,200,400),NP

WRITE(%,110)

FORMAT(' ENTER CYLINDER NO. FOR WHICH PV DIAGRAM IS TO',

1 ' BE DRAWN >77')
READ(%,%,END=100,ERR=100) NN
CALL BINITT

DO 120 J=1,NsS
XXV(J+1)=V(J,NN)
YYP(J+1)=P(J,NN)
CONTINUE
XXV(NS+2)=XXV(2)
YYP(NS+2)=YYP(2)}
CALL NEWPAGS
CALL CHECK(XXV,YYP)
CALL DSPLAY(XXV,YYP)
CALL MOVABS(150,720)
CALL HLABEL(21,LLABEL)
CALL MOVABS(400,720)
CALL ANCHO(NN+48)
CALL MOVABS(50,625)
CALL VLABEL(13,KLABEL)
CALL MOVABS(385,30)
CALL HLABEL(19,MLABEL)
CALL MOVABS(0,0)
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150
160

170

200

220
210
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CALL TINPUT(IOP)
CALL HARDCOPY
GO TO 40

WRITE(%,160)

FORMAT(' ENTER THE CYLINDER NO. FOR WHICH P-THETA DIAGRAM',

1 ' IS TO BE DRANN>>??')
READ( %,%,END=150,ERR=150) NN
XAV(2)=0.0
YAV(2)=PAVR(NN)

XAV(3)=6400.
YAV(3)=PAVR(NN)
AINC=0.0

JST=( (CRANKA(NN)-CYLANG{NN))%180./3.14159)*NS/360.

IST=ABS(JST)
IF(JST .GT. 0) IST=NS-JST
DO 170 J=1,NS
XX(J+1)=AINC
YY{J+1)=P{IST+1,NN)
AINC=AINC+360./NS
IST=IST+)
IF(IST .EQ. NS) IST=0
CONTINUE
CALL NEWPAG
CALL BINITT
CALL CHECK(XX,YY)
CALL DSPLAY(XX,YY)
CALL LINE(1)
CALL CPLOT(XAV,YAV)
CALL MOVABS(150,720)
CALL HLABEL(30,IILABEL)
CALL MOVABS(505,720)
CALL ANCHO(NN+48)
CALL MOVABS(50,625)
CALL VLABEL(13,KLABEL)
CALL MOVABS(385,30)
CALL HLABEL(14,JJLABEL)
CALL MOVABS(0,0)
CALL TINPUT(IOP)
CALL HARDCOPY
60 TO 40

CALL BINITT
XT(23=0.
YT(2)=0.
XT(3)=0.
YT(3)=0.

DO 210 I=1,NCYL

DO 220 J=1,NS

IF(XT(3) .LT. VtJ,I)) XT(3)=ViJ,I)
IF(YT(3) .LT. P(J,I)) YT(3)=P(J,I)

CONTINUE

CONTINUE
CALL NEWPAG
CALL CHECK(XT,YT)
XT(3)=0.
YT(3)=0.
CALL DSPLAY(XT,YT)
CALL MOVABS(150,720)
CALL HLABEL(21,NLABEL)
CALL MOVABS(50,625)}
CALL VLABEL(13,KLABEL)
CALL MOVABS(385,30)
CALL HLABEL(19,MLABEL)
DO 230 I=1,NCYL
DO 240 J=1,NS
KXVIJ+1)=V(J,1)

180



240

230

400
410

420

% IIIOIOOEHBEOHEOOG0HMEHMEOOHHBHBNE0HEEOENNOOHOHOEEHOOEEOEEONREEEE

YYP(J+1)=P(J,I1)
CONTINUE
XKXVINS+2)=XXV(2)
YYP(NS+2)=YYP(2)
CALL CPLOT(XXV,YYP)
CONTINUVE
CALL MOVABS(0,0)
CALL TINPUT(IOP)
CALL HARDCOPY
GO TO 40

WRITE(%,410)

FORMAT(* ENTER INTERCOOLER NO. FOR WHICH P-THETA DIAGRAM',
1 ' IS TO BE DRAWN>>??')
READ( %,%,END=400,ERR=G00) NN
XAV(2)=0.0
YAV(2)=PAVRINN+NCYL)
XAV(3)=400.

YAV(3 )=PAVR(NN+NCYL )
AINC=0.0
JST=((CRANKA(1)-CYLANG(1))%180./3.14159)%NS/360.
IST=ABS(JST)

IF(JST .6T. 0) IST=NS-JST
DO 420 J=1,NS

XX (J+1)=AINC

YY(J+1)=P(IST+1,NN+2%NCYL+1)

AINC=AINC+360./NS

IST=IST+1

IFC(IST .EQ. NS) IST=0
CONTINUE

CALL NEWPAG

CALL BINITT

CALL CHECK(XX,YY)

CALL DSPLAY(XX,YY)

CALL LINE(1)

CALL CPLOT(XAV,YAV)

CALL MOVABS(150,720)

CALL HLABEL(33,ILABEL)

CALL MOVABS(545,720)

CALL ANCHO(NN+48)

CALL MOVABS(50,625)

CALL VLABEL(13,KLABEL)

CALL MOVABS(385,30)

CALL HLABEL(26,JLABEL)

CALL MOVABS(0,0)

CALL TINPUT(IOP)

CALL HARDCOPY

60 TO 40

END
SUBROUTINE SHOTMP

COMMON/RDATA/ T(501,16),P(501,16),V¥(501,16),GMR(501,22)

1 ,FTHM(501,10),RDEP(10),6MRAVR(10),PAVR{ 9),TAVR( 9]}

2 >CRANKA(5),CYLANG(5),RLLFL

COMMON/NDATA/ NCYL ,NSTAGE ,NS,ICYSTG(5)

DIMENSION XAV(3),YAV(3),XX(501),YY(501)

DIMENSION KLABEL(11),MLABEL(26),LLABEL(30},ILABEL(33),JLABEL(14)
DATA LLABEL/ 84,45,84,72,69,8%,65,32,68,73,65,71,82,65,77,

1 32,70,79,82,32,67,89,76,73,78,68,69,82,32,35/

DATA ILABEL/ 84,45,84,72,69,84,65,32,68,73,65,71,82,65,77,32,70,
1 79,82,32,73,78,84,69,82,67,79,79,76,69,82,32,35/

DATA JLABEL/ 65,78,71,76,69,32,70,82,79,77,32,84,68,67/

DATA KLABEL/ 84,69,77,80,46,32,68,69,71,32,70/

DATA MLABEL/ 65,78,71,76,69,32;70,82,79,77,32,84,68,67,32,70,79,
1 82,32,67,89,76,32,35,32,49/
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DATA XAV(1),YAV(1)/2%2./

XX(1)=FLOAT{NS)

YY(1)=FLOAT(NS)
40 CALL NEWPAG

CALL ANMODE

WRITE(%,50)
50 FORMAT(' SUB MENU FOR TEMPERATURE DIAGRAMS:',//,
' 1 T-THETA DIAGRAMS FOR INDIVIDUAL CYLINDERS',/»
' 2 T-THETA DIAGRAMS FOR INTERCOOLERS',/,
' 3 RETURN TO MAIN MENU‘',/,
' <<SELECT MENU CHOICE>>')
READ(%,%,END=490,ERR=40) NT
IF(NT .LT. 1 .OR. NT .GT. 3) GO TO 40
IF(NT .EQ. 3) RETURN
60 TO (100,200),NT

MWW=

100 KWRITE(*,110)
110 FORMAT(' ENTER CYLINDER NO. FOR WHICH T-THETA DIAGRAM',
1 ' IS TO BE DRAWN>>?7')
READ(%,%,END=100,ERR=100) NN
XAV(2)=0.0
YAV(2)=TAVR(NN)-460.
XAV(3)=400.
YAV(3)=TAVR(NN)-460.
AINC=0.0
JST=( (CRANKA(NN)~-CYLANG(NN))%*180./3.14159)%NS/360.
IST=ABS(JST)
IF(JST .GT. 0) IST=NS-JST
DO 120 J=1,NS
XX(J+1)=AINC
YY(J+1)=T(IST+1,NN)-460.
AINC=AINC+360./NS
IST=IST+1
IF(IST .EQ. NS) IST=0
120 CONTINUE

CALL BINITT

CALL CHECK(XX,YY)
CALL DSPLAY(XX,YY)
CALL LINE(1)

CALL CPLOT(XAV,YAV)
CALL MOVABS(150,720)
CALL HLABEL(30,LLABEL)
CALL MOVABS(510,720)
CALL ANCHO(NN+48)

CALL MOVABS(50,615)
CALL VLABEL(11,KLABEL)
CALL MOVABS(385,30)
CALL HLABEL(14,JLABEL)
CALL MOVABS(0,0)

CALL TINPUT(IOP)

CALL HARDCOPY

60 TO 40

200 HWRITE(%,210)
210 FORMAT(*® ENTER INTERCOOLER NO. FOR WHICH T-THETA DIAGRAM®,
1 * IS TO BE DRAWN>>?7')
READ(3%,%,END=200,ERR=200) NN
XAV(2)=0.0
YAV(2)=TAVRINN+NCYL)-460.
XAV(3)=400.
YAV(3)=TAVRINN+NCYL )-460.
AINC=0.0
JST=( (CRANKA(1}-CYLANG(1))%180./3.14159 )*NS/360.
IST=ABS(JST)
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220

3% IHOEOH6000E0DEH0OMEEHHOHOHOHHENNNHEHHEHOOOEHOHHOEODEEOBEHEEEEEEE

100
101

110
111

IF(JST .6T. 0) IST=NS-JST
DO 220 J=1,NS
XX(J+1)=AINC
YY(J+1)=TOIST+1,NN+2Z#NCYL+1)-460.
AINC=AINC+360./NS
IST=IST+1
IF(IST .EQ. NS) IST=0
CONTINUE
CALL NEWPAG
CALL BINITT
CALL CHECK(XX,YY)
CALL DSPLAY(XX,YY)
CALL LINE(1)
CALL CPLOT(XAV,YAV)
CALL MOVABS(150,720)
CALL HLABEL(33,ILABEL)
CALL MOVABS(540,720)
CALL ANCHO(RNN+48)
CALL MOVABS{50,615)
CALL VLABEL(11l,KLABEL)
CALL MOVABS(385,30)
CALL HLABEL(26,MLABEL)
CALL MOVABS(0,0)
CALL TINPUT(IOP)
CALL HARDCOPY
60 TO 40

END
SUBROUTINE SHOMASS

COMMON/RDATA/ T(501,16),P(501,16),V(501,16),GMR(501,22)
1 ,FTHM(501,10),WDEP(10),GMRAYR(10),PAVR( 9),TAVR( 9]

2 >CRANKA(5),CYLANG(5),RLLFL

COMMON/NDATAZ NCYL ,NSTAGE ,NS,ICYSTG(5)

DIMENSION XX(501),YY(501),XT(3),YT(3),XAV(3),YAV(3)
DIMENSION KLABEL(18),MLABEL(14),ILABEL(36),JLABEL(38)

DATA ILABEL/ 70,76,79,87,32,84,72,82,79,85,71,72,32,83,85,67,84,

1 73,79,78,32,86,65,76,86,69,32,79,70,32,67,89,76,32,32,35/

DATA JLABEL/ 70,76,79,87,32,84,72,82,79,85,71,72,32,68,73,83,67,
1 72,65,82,71,69,32,86,65,76,86,69,32,79,70,32,67,89,76,32,32,35/
DATA KLABEL/ 70,76,79,87,32,82,65,8%,69,32,32,76,66,83,47,83,69,

1 67/

DATA MLABEL/ 65,78,71,76,69,32,70,82,79,77,32,84,68,67/
DATA XT(1)/2./,YT(1)/2.7

DATA XAV(1)/2./,YAV(1)/2./7

XX(1)=FLOAT(NS)
YY(1)=FLOAT(NS)
CALL NEWPAG
CALL ANMODE

WRITE(%,101)

FORMAT(' ENTER CYLINDER NO. FOR WHICH MASS FLOW DIAGRAM',

1 ' IS TO BE DRARN>>??')

READ(%,%,END=100,ERR=100) NN

WRITE(%,111)

FORMAT(' MASS FLOW THROUGH SUCTION OR DISCHARGE VALVE??',/,
1 ' (SUCTION=1 , DISCHARGE=2)!!1')

READ(%,%,END=110,ERR=110) IV

AINC=0.0

JST=( (CRANKA(NN)~CYLANG(NN) )%180./3.14159 )J*NS/360.
IST=ABS(JST)

IF(JST .6T. 0) IST=NS-JST

II=2%NN-2+1IV

DO 120 J=1,NS
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120

¥ IO IEHIOOOOIIOHBOHOOHEOHNE0OHEOHGEOMHHNOOEEHEHOOEHOBOOBEOHOHOEE

100
110

120
130

XX(J+1)=AINC
YY(J+1)=GMR{IST+1,1I)
AINC=AINC+360./NS
IST=IST+1
IF(IST .EQ. NS) IST=0
CONTINUE
XAV(2)=0.0
YAV(2)=GMRAVR(II)
XAV(3)=400.
YAV(3)=GMRAVR(II)
CALL NEWPAG
CALL BINITT .
CALL CHECK{XX,YY)
CALL DSPLAY(XX,YY)
CALL LINE(1)
CALL CPLOT(XAV,YAV)
CALL MOVABS(150,720)
IF(IV .EQ. 1) CALL HLABEL(36,ILABEL)
IF(IV .EQ. 2) CALL HLABEL(38,JLABEL)
CALL MOVABS(580,720)
CALL ANCHO(NN+48)
CALL MOVABS(30,650)
CALL VLABEL(18,KLABEL)
CALL MOVABS(420,30)
CALL HLABEL(14,MLABEL)
CALL TINPUT(IOP)
CALL MOVABS(0,0)
CALL HARDCOPY

END

SUBROUTINE SHOTHK

COMMON/RDATA/ T(501,16),P(501,16),V(501,16),GMR(501,22)

1 ,FTHM(501,10),NDEP(10),GMRAVR(10),PAVR(9),TAVR(9)

2 >CRANKA(5),CYLANG(5),RLLFL

COMMON/NDATA/ NCYL,NSTAGE,NS,ICYSTG(5)

DIMENSION XX(501),YY{501),XT(3),YT(3)

DIMENSION KLABEL(15),MLABEL(14),LLABEL(36),NLABEL(36)

DATA LLABEL/ 77,73,78,32,70,73,76,77,32,84,72,75,32,70,79,82,32,
1 85,80,80,69,82,32,82,73,78,71,32,79,70,32,67,89,76,32,35/

DATA NLABEL/ 77,73,78,32,70,73,76,77,32,84,72,75,32,70,79,82,32,
1 76,79,87,69,82,32,82,73,78,71,32,79,70,32,67,89,76,32,35/

DATA KLABEL/ 77,73,78,32,70,76,77,32,84,72,75,32,32,73,78/

DATA MLABEL/ 65,78,71,76,69,32,70,82,79,77,32,84,68,67/

DATA XT(1)/2./7,YTt1)/2./7

XX(1)=FLOAT(NS)

YY(1)=FLOAT(NS)

WRITE(%,110)

FORMAT(® ENTER CYLINDER NO. FOR WHICH OIL-FILM THICKNESS',
1 * DIAGRAM IS TO BE DRAWN>>?7')

READ(%,%,END=100,ERR=100) NN

HWRITE(%,130)

FORMAT(®" FILM THICKNESS DIAGRAM FOR UPPER OR LOWER RING??‘,
1 /,' (UPPER=1 , LOWER=2) ?7')

READ(%,%,END=100,ERR=100) IR

IFC(IR .LT. 1 .OR. IR .6T. 2) 60 TO 120

NNR=2%NN+IR-2
XT(2)=0.
YT(2)=RLLFL
XT(3)=4600.
YT(3)=RLLFL
DO 140 J=1,NS
IF(YT(2) .GT. FTHM(J,NNR)) YT(2)=FTHM(J,NNR)
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IF(YT(3) .LT. FTHM{J,NNR)) YT(3)=FTHM(J,NNR)
140  CONTINUE
CALL NEWPAG
CALL BINITT
CALL CHECKI(XT,YT)
YT(2)=RLLFL
YT(3)=RLLFL
CALL LINE(1)
CALL DSPLAY(XT,YT)
AINC=0.0
JST=( {CRANKA(NN)-CYLANG(NN) }%180./3.14159 )#NS/360.
IST=ABS(JST)
IF(JST .GT. 0) IST=NS-JST
DO 150 J=1,NS
XX(J+1)=AINC
YY(J+1)=FTHMIIST+1,NNR)
AINC=AINC+360./NS
IST=IST+l
IF(IST .EQ. NS) IST=0
150 CONTINUE
CALL LINE(O)
CALL CPLOT(XX,YY)
CALL MOVABS(150,720)
IF(IR .EQ. 1) CALL HLABEL(36,LLABEL)
IF(IR .EQ. 2) CALL HLABEL(36,NLABEL)
CALL MOVABS(570,720)
CALL ANCHO(NN+48)
CALL MOVABS(40,600)
CALL VLABEL(15,KLABEL)
CALL MOVABS(450,30)
CALL HLABEL(14,MLABEL)
CALL MOVABS(0,0)
CALL TINPUT(IOP)
CALL HARDCOPY

RETURN
END
* IHHEHHEERHEHHHHHE0EHEHHHHEHHOHBNEEHEBHEHOHHHBEHOHEEORHHEHEHONOHEOH

SUBROUTINE HARDCOPY
CHARACTER%1 REPLY

HWRITE(%,100)
100 FORMAT(' DO YOU WANT A HARDCOPY OF THIS GRAPH?? << Y OR N >>*)
READ(%,200) REPLY
200  FORMAT(A)
IF(REPLY .EQ. 'Y') THEN
CALL PLSAVE
ENDIF
CALL NEWPAG
CALL PLSAVE

RETURN
END
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