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ABSTRACT

Testing of a Lysholm helical scréw expander having a rotor
diameter of 5.12 inches and an expansion ratio of 5.3 was
performed with simulated geothermal fluid at an inlet pressure of
120 psia., The inlet quality; engine speed and pressure ratio
were independently varied to produce a three-dimensional data
matrix of 104 data points. Statistical curve fitting methods
were adapted to produce equations for mass flow rate and power
output in terms of the three variables associated with the data
matrix. These explicit equations >ﬁere combined with a steam
table subroutine to produce a computer model for prediction of
mass flow rate, power, efficiency and exhaust quality at a given

set of operating conditions.

The predictive ability observed during validation of the
model is adaquate for use in modeling of hybrid geothermal energy
conversion systems. Mass flow rates were predicted to within
2.7% of the measured values. For most conditions, predictions of
power were within 3.3% of the measured 'values. Predictions of
efficiency reflected the combined errors in prediction of power
and mass flow rate. Efficiency predictions were in error by as
much as 5% of the measured values. The predictions for exhaust

quality were within 0.4% of the measured values.

Isentropic engine efficiencies of over 43% were measured
during thé tests. An observed peak in efficiency represented an
optimum pressure raﬁio and a trade-off between lower leakage
fractions at high speeds and 1low inlet qualities, increasing
frictional 1losses at high speeds, and increasing fluid and power

‘densities at low qualities.
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INTRODUCTION 1
Introduction

One of the main problems facing the development of
geothermal energy resources 1is the quality of the fluid at the
wellhead. Only a few of the developed geothermalv fields,
including the geysers in Northern California, have dry steanm
suitable for direct use in conventional steam turbines[1]. At
these wunique sites the only treatment required before the steam
is directed to the turbines is the removal of solid debris and-
particul ates. At other 1locations, the 1low quality of the
resource at the wellhead is destructive to bladed steam turbines
and requires some sort of system to condition the steam or

transfer the energy to another medium.

Techniques used with low quality wells include separation of
the liquid phase from the steam, flashing of the steam to a lower
pressure and higher quality before separation and the use of a
binary cycle with a more thermodynamically suitable working fluid
such as isobutane., All of these methods involve a loss of some
of the available energy in the steam at the wellhead. Flashing
the steam 1increases 1its entropy and decreases the available
energy. There is also a substantial amount of energy lost in the
liquid phase discarded at the separator. In. the binary cycle,
there is an increase in entropy intrinsycaily associated with the

complexity of such a system. Heat transfer across a non-zero
temperature difference and flow 1losses decrease the available
energy. These 1losses of available energy and the cost involved
in these complex conventional systems are the prime motivations
for developing engines to handle total two-phase flow from the
wellhead,

The most promising of the total flow machines is the Lysholm
engine or helical screw expander[Figure 1]. The Lysholm machine
consists of a pair of parallei rotors with meshing helical lobes
which, with their'casing. form compression/expansion chambers.
This configuration was patented in Sweden by Alf Lysholm in
1934f2]; The design has found its main use as a heavy duty air

compressor for field |use. Its attributes in this application
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include ruggedness and reliability. The use of Lysholm's design
as an engine has been suggested in seﬁeraluapplicationS‘including
use in' geothermal energy conversion. In 1973, R._ Sprankle
patented the use of the Lysholm engine with wells having a
quality of less than 15%[3]. Testing of the Lysholm engine has
since been conducted by Sprankle, by the Lawrence. Livermore
Laboratory[4], and currently by the Department of Mechanical
Engineering at U.C. Berkeley(5].

In use as an engine, the Lysholm machine accepts pressurized
fluid into the chambers as they are formed by the 1lobes of the
meshing rotors. The chambers then expand as they move down the
mesh line, extracting energy from the fluid. The fluid is
exhausted when the chamber reaches the end of the rotor. The
theoretical volumetric expansion ratio is determined by engine
geometry. Expansion ratios of up to around 5 are considered
practical[G].v The pressure distribution through the engine is
dependent on the expansion process., The pressure in the exhaust
line, however, is dependent on the characteristics of the other
parts of the system. Thus, the pressure in a chamber just before
it opens to the exhaust port is not necessarily the same as that
in the exhaust line. If the pressure in the chamber is less than
the exhaust pressure, power is required to exhaust the fluid, If
the chamber pressure is higher than the exhaust pressure, there
is an expansion of fluid without work done on the engine. The
power output and efficiency are thus heavily dependent on the

exhaust pressure imposed on the engine.

The expansion process occuring in each chamber is very
efficient, There 1is, however, a 1large amount of leakage
inherently present in the configuration. The leakage can be
divided into two main catagories., There is leakage from chamber
to chamber between the rotors and casing and through a "blowhole"
formed by the imperfect meshing of the rotors. There is also
leakage through the mesh line into the exhausting chambers. The
main inefficiency 1in the .engine 1is due +to the isenthalpic
expansion during leakage. Because leakage fraction is dependent

on engine speed and steam quality, efficiency and power output
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are dependent on these parameters as well as on pressure rapio.

The Lysholm engine has been proposed for use in a hybrid-
system with conventional steam turbines. In this hybrid . system,
the total flow from the wellhead 1is expanded in the Lysholm
engine, exhausting at some intermediate pressure, The fluid is
then directed to a separator where the liquid phase is discarded,
The steam phaSe is then expanded in conventional impulse turbines
exhausting at subatmospheric pressures. The turbine exhaust must

then be condensed and pumped to atmospheric pressure.

This hybrid system represents a trade-off betw2en the
advantages of the total-flow concept  and the = practical
limitations considered when operating with large préssure drops.
Because the Lysholm engine efficiency drops off at higher
pressure ratios, more than one stage would be required to utilize
the pressure drop available at most sites. Much of the fluid
flashes to vapor during the Lysholm expansion process, resulting
in an increase in volume of the fluid. Since the Lysholm engine
is a positive displacement device, increasad volumetric flow
requiresv larger engines. The size and cost of larger engines
required by the increased volume for each sucessive stage would
be prohibitive. A conventional steam turbine is thus being
considered for the bottom stage of a hybrid cycle, Such a system

is currently being tested and evaluated at U.C. Berkeley.

To best demonstrate the feasibility of a hybrid system, the
maximun power from the system for a given resource must be
obtained. Optimization of the hybrid system performance requires
detailed knowledge of the operating characteristics of all the
system components, especially the Lysholm engine, Because the
flow through the turbine nozzles is choked, the interstage
pressure is dependent on the total mass flow rate through the
Lysholm, the Lysholﬁ exhaust quality and the'"characteristics“ of
the separator. Of course, the  system performance 1is also
dependent on the power output and efficiency of the Lysholm
engine.' Unfortunately, the least well known of the components of

the system 1is the Lysholm engine. It is the purpose of this
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investigation to define the Lysholm engine ' operating
characteristics and develop a model which can be used in the
prediction of the optimum operating conditions for the hybrid

system,

Several types of engine model are possible. A model based
on conventional dimensionless parameters,‘ a simulation modei
considering the physical processes inside the engine and a "black
box" empirical model were all considered. To limit the scope of
this project to a manageable level, because sufficient knowledge
about the engines physical processes and important dimensionless
parameters is lacking and because the empirical model is easiest
to implement, the empirical model was chosen for initial use in

the hybrid system optimization.

To obtain the data required for construction of the model, a
program of engine testing in an operating domain including the
range expected to be used in the hybrid system had to be
undertaken. Data control methods had to be developed to allow
the taking of test data with operating conditions controlled to a
discrete matrix suitable for the empirical curve fit. A computer
program was required to manage “the huge task of organizing,
storing and reducing data for approximately 100 data points. As
a part of this computer program, a steam table subroutine had to

be developed for evaluation of thermodynamic properties.

Once a complete set of data is obtained, curve fitting
methods in several parameters can be applied to obtain algebraic
expressions for system performance in terms of operating
conditions, Expressions must be obtained for power, efficiency,
mass flow rate and exhaust quality in terms of pressure ‘ratio,
inlet quality and engine speed for the maximum obtainable inlet
pressure of 120 psia. These expressions must then be converted
to the form of a computer code subroutine for implementation in
the hybrid model. - ‘

The model should be tested for validity by predicting
performance under a new set of operating conditions, thsn testing

the engine under these <conditions. Points within the current
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data matrix can be predicted to test the interpolative action of
the model, Points outside the test data matrix can be predicted

to determine the extrapolative range of the model.
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System Description

The Lysholm engine being tested at U.”. Berkeley is setfﬁub”‘
to allow powar generation  in simulation of conditions at a
geothermal sitel[Figure 2]. Conversion to hybrid operation
requires no modifications to the system. Instrumentation of the
system allows determination of performance parameters and safe

operation of the engine.

Saturated steam at approximately 120 psia is drawn from ths
campus heating system and directed to the Lysholm inlet. The
steam supply is also used to heat pressurized industrial water in
an eight pass shell and tube type heat exchanger. The flow rates
of both water and steam are controlled by pneumatic control
valves. Almost any quality of steam can be produced by the
mixture of the two flows. The water is injected into the steam
just before the engine inlet. An injector allowing the wuse of
variable nozzle size has recently been installed to allow

investigation of the effects of different hold-up ratios.

The Lysholm engine is mounted with the rotor axes horizontal
and the inlet and exhaust lines pointed downward. Life support
systems for the engine include an‘ 0il supply system for the
journal bearings, an air seal and a water seal, An adjustable
load on the engine 1is provided by an eddy current dynamometer
(brake) powered by a DC power supply. The shaft power from the
engine 1is transmitted to the brake by a 3 to 1 reduction Gilmer
belt,

The exhaust from the engine is directed through piping to a
shell and tube type condenser. The condensed fluid is pumped
from the condenser by a centrifugal pump. Subatmospheric exhaust
pressures can be maintained by the pump and a steam powered air
ejector system used to remove non-condensible gases from the

condenser,

When the Lysholm engine is used as the first stage of the
hybrid system, 1its exhaust 1is directed to a New Zealand type

centrifugal separator. The liquid phase is discarded from the
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separator, The resulting steam 1is directed to two impulse
turbines which form the second stage of the hybrid system. The

exhaust from the turbines is directed to the condenser.’

The Lysholm power system is fully instrumented to provide
performance data for the Lysholm engine, to monitor the health of
the system and to help in controlling the system, The primary
instrunentation allows determination of operating conditions and
calculation of performance parameters for the engine, A
calorimeter on the steam supply line allows determination of the
steam enthalpy. A thermocouple on the pressurized, heated .water
line allows an accurate estimate of the hot water enthalpy. The
flow rates of water and steam are determined by measubing the
differential pressure across square edged orifice plates with
flange taps. A second, interchangeable, orifice plate for the
water line was recently designed and manufactured. This plate.
having a smaller orifice, allows more precise measurement of the
low water flow rates in high quality mixtures, A thermocouple
measures the saturation temperature of the ;team at the engine
inlet to fix the state of the simulated geothermal fluid. A
thermocouple in the exhaust line measures the saturation
temperatures of the exhausting fluid. This allows determination

of the exit state for ideal isentropic expansion in the engine.

The power produced by the engine is measured by the
combination of a tachometer and torque sensor, The tachometer
consists of a 60-tooth gear on the brake shaft and a magnetic
pickup. The torque sensor uses resistance wire strain gages on
the shaft with rotary transformers to transmit signals to and
from the shaft.

All the primary instrumentation is connected to an Autodata
Nine located in the control room{Figure 31.  The thermocouples
and power measurement devices send electrical signalsbto the
control room. The flow measurement signals are transmitted
pneunatically. The Autodata scans all channels simultaneously,
allowing quick accurate measurement and recording of all data

when the desired operating conditions are reached. Other data



SYSTEM DESCRIPTION 8

scanned and recorded by the - Autodata during Lysholm engine
testing include the o0il return temperature, the supply steam line
temperature, the condensate flow rate, the cooling water flow

rate and the cooling water temperature.

Other remote instrumentation located on the control
panel{Figure 3] helps to monitor the system. Pressure gages
allow monitoring of the inlet énd exhaust conditions independent
of the Autodata, Other redundant analog gages indicate flow rate
and ratio, engine speed and brake torque. Gages also exist for
the monitéring of o0il supply pressure, control air supply
pressure, air ejector control air pressure and condensate pump

pressure,

Calibration of the primary instruments was maintained to
insure the accuracy of the data,. The installation of a new
signal filter before the current series of tests necessitated
recalibration of the flow meters. A correlation between weighea
mass flow rates and the flow signals was developed for both flow
meters. The detalils of these correlations and the calibration
constants are listed in the Appendix., The tachometer and torque
meter ware both checked to insure that earlier calibrations were
still valid and that no corrections to the signals Qere'required.
The thermocouples were checked and replaced whenever errant

readings were observed.




TESTING LIMITATIONS AND REQUIREMENTS 9
Testing Limitations and Requirements

Engine testing was required over a wide range of operating
conditions, including‘the conditions expected for usé- in the
hybrid system. The limiting conditions for engine operation are
determined by the steam supply, the capacity of the exhaust
piping, the capacity of the condensate pump and safety

considerations.

The campus heating éystem maintains a steam pressure of
approximately 125 psia. This pressure varies with the heating
load on the system and can drop as low as 120 psia. The pressure
which can be maintained at the engine inlet varies with and is
somewhat 1lower than the supply pressure, The highest inlet
pressure which could be consistently maintained from day to day

was 120 psia.

Exhaust pressures were limited by choking of the flow in the
exhaust piping. The minimum exhaust pressure varied with mass
flow rate and thus with engine speed and 1inlet quality. This
pressure was, in some cases, above atmospheric. 1In the middle of
this series of engine tests, the exhaust piping was modified to
provide less flow resistance between the engine and separator
during staging. This change increased the tortuousness of the
exhaust flow path for the Lysholm engine opartating alone,
increasing the minimum exhaust pressure. At the same time, a new
technique' was initiated to reduce exhaust pressures. By closing
the separator drain and letting "the exhaust flow in parallel
through the separator and separator bypass, the floﬁ area can be
increased and exhaust pressures reduced. This technique allows
approximately the same minimum exhaust préssure as before the

piping change.

Another limitation on the testing rahge is the capacity. of
the condensate pump. The maximum total flow rate which can be
handled by the pump is about 2.3 lbm/sec. Engine testing at high
speeds and low qualities is made difficult by flooding of the

condenser when this 1limit is exceeded.
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Because the campus heating steam has a quality of
approximately 99% at the main supply valve, inlet conditions are
limited to 99% Quality at 120 psia. The inlet quality can be
varied from pure hot water to approximately 99% quality by

adjusting the mixture ratio of water and steam.

The engine speed has been limited to 9000 RPM. This is the
highest speed with which the research group at Berkeley has
experience. The main concern about going to higher speed has
been the reliability of the Gilmer belt. The power/speed
specification of the belt is being exceeded at 9000 RPM.'-Failure
of the Gilmer belt would result in runaway of .the engine wuntil
the steam supply could be shut-off, The engine will be tested at
higher speed, but only after a tension test has been performed on
the Gilmer belt and after all essential testing has been done on

the engine.

The goal of hybrid system testing 1is to achievé max imum
power . and maximum efficiency from the syétem. Maximum power is
attained at the highest possible system inlet pressure. Also, it
has been noted in previous tests that maximum efficiency for
Lysholm engine 1is attained at the highest inlet pressures. For
these reasons and to limit the number of tests required for the
model, the series of tests this report is concerned with were all

run with the maximum inlet pressure of 120 psia.

The range of testing of the hybrid system is expected to
include the full range of inlet qualities to  simulate all
possible wellhead conditions. OnlyAthe operating conditions at
higher speeds will‘be examined, as it has been shown .that engine
efficiency 1is higher at higher speeds due to decreased leakage

fraction.

Because the flow through the turbine nozzles is choked, the
interstage pressures(including the Lysholm exhaust pressure) are
dependent only on the mass flow rate through the turbines and the
characteristics of the separator. It has been shown that the

limited nozzle area in the turbines and the tortuous piping
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between the Lysholm and the separator will result in Lysholm
exhaust pressures greater than 10 psig. Testing of the engine
included exhaust pressures above 10 psig as well“vas lowar

pressures to locate efficiency peaks.
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Data Matrix

Engine testing was performed at the maximum consistently
attainable inlet pressure of 120 psia including speeds'from 4500
RPM to 9000 RPM, inlet qualities from 0.17 to 0.93 and over a
range of exhaust pressures from the lowest attainable to over 35
psia. The data points obtained formed a three dimensional matrix
in speed, inlet quality and exhaust pressure. Obtaining test
data in matrix form facilitated correlation of the data and
allowed empirical relations for performance parameters to be

obtained.

The matrix consists of sets of data points obtained at each
of the four speeds: 4500, 6000, 7500 and 9000 RPM. Subsets of
data points were taken at each of 5 inlet qualities for.each of
the four speeds. Water/steam flow ratios of 0/1, 1/1, 2/1, 3/1
and 5/1 corresponding to inlet qualities of 0.99, 0.50, 0.33,
0.25 and 0.17, respectively, were used. Each of these 20 subsets
of data points consisted of tests run with _identical conditions
except for varyihg exhaust pressure. Thus, a subset of data
points with varying exhaust pressure was obtained for each

combination of speed and inlet quality.

An attempt was made to obtain the same set of exhaust
pressures for each combination of speed and inlet quality. Tnis
was only partially successful for two reasons. First, the
limitations on exhaust pressure due to the exhaust piping allowed
much lower exhaust pressures for some combinations of speed and
inlet quality. Second, system controlb problems made the
attaining of high exhaust pressures very difficult, To save
time, some data from preliminary hybrid system tests with
uncontrolled exhaust pressures was used to fill in the subsets

of data points.

The construction of this data matrix was important in
correlating the data. It allows the examination of variations in
performénce parameters with one variable while the others are

held constant. The degradation of the data matrix due to
inconsistent exhaust pressures limits these correlations to some
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extent.

More importantly, a matrix makes model construction by curve
fitting in three variables possible, Empirical relationships can
be obtained by conventional curve fitting techniques betwzen a
given performance parameter and one vafiable’ with the other
variables held constant. The coefficients from these curve fits
can then be plotted against another variable. An expression for
the coefficients in terms of this second variable 1is also
obtained by curve fitting. This process can be repeated for
other variables to obtain an expression for a given performance
parameter in all variables. The degradation of the data matrix
reduces the flexibility of this model construction method,
Though the method is still workable, the exhaust pressure must be

the first variable considered.
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Testing Procedures

Testing procedures to improve consistency of data included a
prescribed engine warm-up period and checks for residualvreadings
on the flow meters. Data acceptance criteria were followed to
insure the quality of the data matrix,. In-lab data. control
calculation methods were developed to aid in evaluating the data.
Actual control of the engine was achieved by varying the engine

load, the exhaust pressure, the flow rate and the flow ratio.

During start-up, steam is first run through the system to
warm the lines (refer to engine start-up check list in the
Appendix). At some time during this warm-up, the steam is shut
off to 1insure that the flow meters go to zero., The meters were
also checked for zeroes at shutdown. A persistent problem during
testing was a residual reading on the steam flow meter upon
shutdown. It 1is thought that non-condensible gases(air) were
building up in the low side seal pot.. This caused a lowering of
the water 1level in this seal pot during téSting. resulting in a
level differential of several inches between the seal pots and a
residual reading of 5-10% of fulllscale. Because the flow rate
is proportiocnal to the square root of the pressure drop across
the orifice plate, ¢this residual translates into only a 1-2%
error under normal operating conditions. It was, however,
decided to bleed steam frpm the top of the seal pots to eliminate
this problem, Though the bleeding of steam did no doubt
eliminate the build-up of non-condensible gases, it caused
another problem. The steam bleeding through the low side seal
pot was superheated due to the pressure drop across the orifice
plate. This supefheated steam did not allow normal condensation,
causing a fluctuation in the water level in the seal pot. The

residual reading from this fluctuation was even more severe than

_the original residual from the non-condensible gases. The

problem was finally solved by the manufacture of water cooling
jackets for the 1lines between the orifice plates and the seal
pots. This cooled the bleeding steam to the point where enough

would condense to maintain a level in the seal pots.
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Other procedures to insure data consistency included an
engine warm-up specification and consistent air and water seal
operation., The 0il return temperature from the engine was always
allowed to reach 140 OF before data was taken. The oil pressure,
adjusted by manipuatiion of a bypass valve, was always maintained
at approximately 9 psig. _ An air seal pressure of 40 psig was
maintained, The operation of the water seal depended 6n testing.
éonditions. If only pure steam was'used to produce an inlet
quality of 99%, the water seal was Operated.v If any hotw water
was mixeg with the steam to produce other qualities, the water

seals were turned off.

Control of operating conditions .for the engine was
accomplished by varying the 1load, flow rate, flow ratio, and
exhaust pressure. Since flow rate, flow ratio' and exhaust
pressure are dependent on other operating conditions, automatic
control of these variables was required. Load on the engine is

independent of other variables, allowing manual control.

Varying the 1load on the engine was accomplished by varying
the current applied to the eddy current brake. Increasing the
load increased the inlet pressure while decreasing the speed. If
uncontrolled, the exhaust pressure also increased with an

increase in load.

The steam flow rate was maintained at a given setpoint by a
pneumatic PI-type controller, Incfeasing the mass flow rate
increased both speed and inlet pressure as well as uncontrolled

exhaust pressure.

The flow ratio.: the ratio between water and steam flow
rates, was maintained by a pneumatic PI-type controller working
in conjunction with the steam flow controller., Because the
controller uses the wuncorrected flow rate signals, the
controller setpoint corrosponds to different flow ratios at
different flow levels, This means that adjustment of the

setpoint for changing conditions was necessary.
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The domain of testing included water flow rates Eéhging from
less than 0.5 1bm/sec to almost 2 lbm/sec. Precise control of
flow is difficult over so wide a range. The valve used, being
big enough to handle the large flow rates, cannot precisely
control the flow at low flow rates. This‘rgsulted not only 'in a
direct decrease in precision of control, but also in a lack of
stability of the control system with the usual gain settings. At
low flow ratios(1/1), the control gains had to be changed,
sacrificing response time to achieve stability. This further

increased-the difficulty in achieving precise low flow ratios.

Exhaust pressure was controlled with a pneumatic PI-type
controller actuating a steam valve on an air ejector. The air
ejector removes non-condensible gases from the condenser.,
Decreasing exhaust pressure increases speed and decreases inlet

pressure,

For high exhaust pressures the controller is not wusable.
Some exhaust pressures higher than those obtained when the air
ejector 1s shut off are required for the model. To obtain these
pressures, the exhaust flow must be manually controlled by
adjusting the separator bypass valve. This is a slow process
which 1limited the number of data points taken at high exhaust

pressure,

Data acceptance criteria were applied to the inlet pressure,
the exhaust pressure, the engine speed and the flow ratioc or
inlet quality. An attempt was made to obtain three consecutive
scans for each data point. The data for each scan had to meet
the acceptance crite}ia. The scans were éveraged to produce the
data used for each point. The practice of obtaining three scans
originated in earlier tests when there was much noise in the flow
signals. Three scansk were then required to average out the
noise, Currently, obtaining three scans simply serves to
demonstrate that steady state conditions have been reached.

Inlet pressure was monitored as the saturation temperature,

The resolution of the temperature measurement was 1 OF. 341 OF,
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corresponding to 119.6 psia, was used as the target temperature.
The acceptance range for a given scan was plus or minus ‘1 ©OF,
This corresponded to a pressure range of from 118.0 to 121.2
psia. In practice, control was fairly easy and the data was
usually well within these bounds. In particular, the standard
deviation of the inlet pressure for the current series of tests

was 0.7 psi.

Exhaust pressure was accepted according to the same
standards as inlet pressure. This meant an allowable variation
in temperature of plus or minus 1 ©F, For the pressure range

encountered, an error of 1 OF corrosponds to about 0.3 psia.

The acceptance criteria for a single scan of speed was plus
or minus 50 RPM. After averaging scans, the result was usually
well within this criteria. Table 1 lists the mean of the scan
averages, the standard deviation and the high and low scan

average for both speed and inlet quality.

The acceptance criterion for inlet quality or enthalpy was
less rigorous. The main lindicator of inlet quality was an
indirect one, the flow ratio. 1In addition, even the flow ratio
had to be calculated wusing the flow calibration constants. A
data control program for flow ratio was developed and assigned as
a user mode function on an HP-U41C programmable calculator. This
program can be found in the Appendix. Since inlet quality and
enthalpy are also dependent on the water and steam enthalpies, a
data. control program for inlet enthalpy was also developed for
days when the enthalpies deviated from their usual values. The
general data acceptance criterion for a single scan was plus or
minus 0.05 in flow ratio, For reasons discussed 1in the
description of the experimental system.‘ the lower water flow

rates associated with higher qualities were both harder -to

" control and to measure, In addition, inlet quality and inlet

enthalpy are both more heavily dependent on flow ratio for higher
inlet qualities. The data control for lower qualities was thus
much better than for higher qualities. Of course, for the runs

with pure steam having a quality of 99%, control of quality
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presented no problem.
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PERFORMANCE MEASURES AND CALCULATIONS 19
Performance Measures and Calculations

Important performance measures for the Lysholm engine
include power output and efficiency. Exhaust quality and total
mass flow rate are parameters also needed for optimization of the
hybrid system.  The description of engine perfofmance in
dimensionless terms requires the calculation of other parameters
including specific size and specific speed. Calculation of most
of these parameters requires knowledge of the state and
properties of the steam at the inlet and exhaust. In practice,
steam table interpolation is required.A Manual data reduction
involving the many required calculations on the large number of
data points taken would have comprised an almost uhmanageable
task. The manual calculationg are both tedious and impossible to
perform without error, Steam table interpolation is particularly
prone to innaccuracy and error. The organization and storage of
raw data is also a difficult task to perform manually.. To handle
these tasks, FORTRAN computer codesvwere -developed. The codes
were run on a PDP-11/60 minicomputer using the RSX-11M operating
system. As a part of the codes, a steam table subroutine was
constructed and tested, Listings of programs described in this

section can be found in the Appendix.

The raw data necessary for all calculations are the
uncorrected flow signals, the hot water and calorimeter
temperatures, the inlet and exhaust temperatures, and the speed
and torque signals. Other information requiring storage for each
data point include the run number, the run date, the barometric
pressure, a comment code, and a calibration code specifying the
appropriate flow calibration constants for determination of the

flow rates.

The data values from all scans were averaged for each run,
prior to storage in the computer. The raw data entered and
stored is in the same form as the output from the Autodata, For
the Autodata channel usage and output format, refer to the

Appendix.,
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The computer code utilizes a direct access file for datsa
storage. Each numbered record 1line in the file holds the raw
data for a single point. The data are organized into a three
dimensional matrix corresponding to the matrix used for data
acquisition., The dimensions of the matrix are flow ratio, speed
and exhaust pressure. When accepting data, the computer prompts
for a 3-digit code which explicitly specifies the position along
each of the three axes of the matrix. The three digits are then
converted into a one dimensional array element number

corresponding to the number of a record line in the file.

When reduction or output of data is desired, a point or set
of points can be obtained wusing the same 3-digit code.
Organization of data in this manner makes the program very
versatile in the creation of data files for plotting or analysis.
Two versions of the program were used to produce different types
of reduced output,. One program produces output files with .
headers and peripheral information such as run number and run
date. The other program produces output files in a bare form

suitable for use as source files for plotting routines,

Another impqrtant feature of the computer codes is a steam
table subroutine linked to the main program for determination of
steam states. The subroutine is essentially a look-up table with
logarithmic interpolation routines for determination of
properties inside a skeleton of steam data points. Steam data
was obtained from the 1967 ASME Steam Tables[7]. The current
range of the table includes the region inside the vapor dome
extending out to 70 OF superheat. ‘The upper and lower pressure
limits are 0.95 psia and 153 psia, respectively. The table was
originally designed to accept an input state specified by
pressure or temperature and one other property including specific
volume, enthalpy, entropy 'or quality. A state specified by
pressure and temperature is allowed in the superheated region,
The capability for specification of state by specific volume and
entropy was later appended for future use in simulation mbdeling.

The state specifying properties are passed as arguments to the
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subroutine, The properties used in the state specification are
labeled by the use of logziecal variables passed through a common .
statement. The output properties are passed as arguments to the

main program,

Parameters calculated by the prograﬁ are inlet and exhaust
pressure, pressure ratio, total mass flow rate, iniet enthalpy,
inlet quality, power, efficiency, leakageirate, exhaust quality,
specific size and specific speed., Other dimensionless parameters
potentially useful in modeling include leaksge .ratio, power

specific size, powar specific speed and specific power.

The 1individual mass flow rates are calculated using
calibration constants peculiar to the calibration period and
orifice plates used for a given run. The total flow rate 1is

simply the sum of the hot water and steam flow rates;

The 1inlet enthalpy is obtained from the mass flow rates and
the enthalpies of the hot water and steam, The hot water
enthalpy 1is estimated wusing the expression for an idealized
incompressible fluid with constant specific heat[8].

hp = hy = ¢p(Tp = T1) + v(P2 = Py)
Since the specific volume(v) is very small, the enthalpy can be
accurately estimated by taking T = Tgat. Then:
hy = he(Ty) [Steam Table Calll
Where: hy is the hot water enthalpy
he is the enthalpy of a saturated liquid

Ty is the water temperature

The steam enthalpy 1s measured by flashing the steam to
atmospheric pressure in a calorimeter. The state of the
thrbttled steam is defined by the calorimeter temperature and
atmospheric pressure, The enthalpy is assumed constant for the
throttling process in the calorimeter. The steam enthalpy is
then given by: A

hg = hg = h(Tg, Patm) - [Steam Table Call] .
Where: hs is the steam enthalpy
he is the enthalpy of the throttled stean

Te is the calorimeter temperature
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Patm 1s the atmospheric pressure.
The inlet enthalpy is then given by:
hq = (myhy + mghg) /7 (my + mg)
Wnere: hq is the inlet enthalpy
my is the hot water flow rate

Mg is the steam flow rate

The inlet state 1is defined by the inlet enthalpy and-
temperature, The properties at the inlet are determined using

the steam table:

x1 = x(Tq, hy) [Steam Table Call]
s1 = s(Ty, hq)  [Steam Table Calll
vy = v(Tq, hq) [Steam Table Calll

Where: x7 is the inlet quality
51 is the inlet entropy
vy is the inlet specific volume

T1 is the inlet temperature

Inlet pressure, exhaustepressure and pressure ratio are also
obtained using the steam table:
Py = P(Ty) [(Steam Table Calll
Po = P(T) [Steam Table Call]
PRESSURE RATIO = Pq / P>
Where: Py is the inlet pressure

Pp is the exhaust pressure

The leakage rate from the inlet chamber is determined' by
subtracting the theoretical mass flow rate, assuming no leakage,
from the total mass flow rate. The theoretical flow rate is a
function of engine geometry, engine speed and inlet density.
Gardner-Denver, the manufacturer of the engine. has stated that
the intake volume 1is 13.8 cubic inches per revolution(9]. The
theoretical volume flow rate is then given by:

Ve = V3N
Wnere: Vg is the volume flow rate
Vi is the intake volume per revolution

N is the engine speed
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The leakage rate from the intake chamber while the inlet is
still open is then:
mp = mg - (Vg / vy)
Where: m] is the leakage rate
my is the total flow rate

Power 1is calculated as the product of torque and speed.
Determination of efficiency, specific speed and specific size
require calculation of the isentropic enthalpy drop; which
represents the energy available from the steam for a given
pressure drop. Insentropic expansion of the steam implies a

reversible adiabatic process.

The isentropic enthalpy drop can be determined from the
inlet state and the exhaust temperature or pressure. The inlet
entropy is used to fix the isentropic exhaust state,

hos = h(T2, 84) {Steam Table Call]
dhs = hy - hpg
Where: hpg is the exhaust enthalpy for isentropic expansion
T2 1s the exhaust temperature

dhg is the isentropic enthalpy drop

The isentropic efficiency is then given as:
EFFICIENCY= POWER / (mtdhg)

The exhaust state can not be determined directly from the
available data. The exhaust state can, however, be approximated
by assuming an adiabatic engine. The exhaust enthalpy 1is then
determined through conservation of energy:

hp = hqy - POWER
The exhaust quality, as well as other exhaust properties, can
then be estimated using the steam table: _
x2 = x(T2, h2) ([Steam Table Call]

The specific 'speed (ng) and specific size(dg) are
traditionally calculated as: _
ng = (N(mgvpg)1/2) / dng3/t
dg = (Ddhgl/8) / (mgvpg)1/2
Where: N is the engine speed [RPM]
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mt is the total mass flow rate [lbm/sec]

vos 1s the isentropic exhaust volume [cubic ft/lbm] -
dhg is the isentropic enthalpy drop [ft-1bf/1lbm] .

D is the rotor diameter [ft]

The specific speed and specific size as calculated have
units of RPM(1lbm-ft/1bf)3/4/sec1/2 and (1bf/(1bm-ft/sec2))1/4,
respectively. These parameters can be made unitless by
multiplication by unit constants:

Ns = ng(7.751E-3(rad-min/rev-sec) (1bf/ (1bn-ft/sec2)3/4)

Dg = dg(2.382((1bm-ft/secd)/1bf)1/4)

There are six dimensional variables currently being

considered in dimensional analysis:

Power

Total Mass Flow Rate

Isentropic Enthalpy Drop(Head)

Engine Speed

Engine Size(Rotor Diameter)

Isentropic Exhaust Volume
These six dimensional variables are described by three
fundamental dimensions: mass, length and timé. The Buckingham-Pi
Theorem[10] states that there are then 6 - 3 = 3 independent
dimensionless groupings of the dimensional variables. Along with
efficiency, the Specific speed and specific size comprise one set

of 3 independent dimensionless groups.

Other possible dimensionless‘groups include:
the specific power
PR = (POWER)(vpg) / (N3D5)
the dimensionless head
H* = dhg /7 (N2D2)
the dimensionless flow
F* = (mgvog) /7 (ND3)
the specific momentum
M* = POWER / (NDmydhg1/2)

Also, it has been suggested that for power devices, the power

*

specific speed(Nsp) and power specific size(Dgp) may be
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useful[11]:
Nsp = N((POWER)(v25))1/2 / dng5/4
Dsp = dhg?/2 / ((POWER)(vpg) (N2))1/5

These additional dimensionless groups are not independent of the
first three mentioned. They can be simply derived from proper
combinations of any other three indepehdent groups. It should be
noted that an entirely new seﬁ of dimensionless groups.could be .
obtained by ‘substituting thé inlet specific voluné for the

isentropic exhaust specific volume.
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Modeling

Three types of model were considered to describe the
performance of the Lysholm engine. A model describing the engine
in terms of dimensionless parameters was attempted. It was hoped
that a dimensionless model, through similarity, could reduce the
number of parameters needed to describe the operating conditions
of the engine and fill in the areas of the performance map for
which data were not obtained. A simple model with three>
dimensionless parameters could not, however, consistently
describe engine performance. It appears that another, as yet
unused, dimensional parameter producing an additional independent
dimensionless group is needed to describe engine performance. A
fifth dimensionless group, relating to leakage area, would also
be required to extend predictions to scaléd—up engines. Another
type of model 1is a computer simulation., Computer simulation
would attempt to model the physical processes occurring inside
the engine, This approach has both the most promise for
immediately extending results to scaled-up engines and the most
potential for assisting in design improvements. Computer
simulation would, however, ba a difficult open-ended project
beyond the scope of this investigation. The’model finally chosen
uses a simple empirical "black box" approach. This approach
directly relates tﬂe performance parameters of the engine to the
operating conditions through purely empirical relations obtained
by curve fitting. This approach'is easiest to impliment and use,
It is, however, of limited use in improving the engine deéign or

extending results to scaled-up engines.

The attempt at dimensionless modeling involved a three
dimensional plot of efficiency, specific speed and Specific size.
The plot included an earlier matrix of data points having

constant exhaust pressure and varying inlet bressure. When the

current data matrix of points with constant inlet pressure and

varying exhaust pressure was added, inconsistencies resulted in
the plot. Points with the same combination of specific size and
specific speed had very different efficiencies. In particular,

higher absolute inlet and exhaust pressures resulted in much
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higher efficiencies than similar points with lower pressures.
This indicated that there is a fourth independent dimensionless

parameter needed to describe engine performance.

The Buckingham-Pi  theorem{10] states that another
independent dimensionless group requires another dimensional
parameter describing the engine operating condition. It is not

clear at this time what the additional parameter is.

One possibility is the inlet specific - volume, Currently,
the isentropic exhaust specific volume and the isentropic
enthalpy drop are the only two dimensiohal parameters used fér
the dimensionless grouping which describe the state of the
working fluid. These two parameters alone are not enough to
define explicitly the condition of the steam at any point in the
engine. In addition, the choice of the exhaust volume for use in
the dimensionless groups may have been an unfortunate one. This
choice 1is based on the traditional apprpaéh resulting from the
greater importance of the exhaust state in turbine
performance[12]. 1In turbines, the nature of the exhaust velocity
triangles 1is determined by the exhaust specific volume. These
velocity triangles directly affect the efficiency of a turbine by
defining the magnitude of the leaving losses, In impulse type
turbines, the 1inlet velocity triangle is also determined by the
exhaust specific volume. It is not <clear, however, that the
exhaust state 1is as important in a positve displacement machine
such as the Lysholm engine. In many ways, the Lysholm engine is
similar to a reciprocating type engine for which inlet density is

very important.

One approach to dimensionél analysis might be to add the
inlet specific volume, or another inlet property as a dimensional
parameter to specify the inlet state, One more independent
dimensionless group could then be obtained for correlation of the
data.

The discovery of - a fourth dimensionless group to

characterize the performance of the Lysholm engine would still be
inadequate to extend results to other Lysholm engines of

\
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different size. Perfqrmance of the engine is heavily dependent
on the leakage occuring in the engine. The leakage is dependent
on the 1leakage area defined by the engine clearances. Relative
leakage areas will wundoubtedly vary in engines of different
sizes. A fifth dimensionless parameter involving the engine
geometry will be required to predict performance of scaled-up
engines. One such possible parameter is described bbealje[12J
as the ratio of tip clearance to rotor diameter, The tip
clearance would then become an additional dimensional parameter
used to describe the operating condition of the engine. . Testing
of at least one other engine would be required to characterize

performance in terms of a dimensionless group involving leakage.

Another problem with dimensional analysis is that
determination of the operating condition in terms of specific
size and specific speed requires knowedge of one of the dependent
dimensional parameters as tested. The exhaust pressure is
controlled ‘automatically, "as is the- flow ratio. Several
approaches to the fixing of the other properties are possible,
In one approach, the mass flow rate is fixed. The load is then
used to control either the inlet pressuré or the speed., In this
case, the dependent parameters needed to define specific speed
and specific size are isentropic enthalpy drop, defined by the
inlet pressure, or speed. The method actually used involves
adjusting both the mass flow rate and load to fix speed and inlet
pressure, In this case, total mass flow rate becomes a dependent
variable needed for specific speed and specific size. It is thus

difficult to produce a data matrix in specific size and specific

- speed. Such a data matrix is almost essential in determining

relationships between dimensionless groups for a computer model,

The dependent variables needed for the dimensionless
parameters also complicate the combination of the Lysholm model
with models of other components in optimization of a hybrid
system. The solutions are not as explicit, requiring iterations

to match components.,
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A simulation model would be an attempt to explain the engine
performance in terms of the physical processes occurring inside
the engine. One promising approach would follow the state of the
steam in the chambers as they expand down the mesh line. The
idealized isentropic expansion of the fluid in the chambers, the
leakage from chamber to chamber and into the exhaust, the
acceleration of the fluid as it moves into the “engine, and the
frictional heating of fluid resulting from drag are among the
processes to be considered. The rotation of the rotors and
expansion of the chambers 1is simulated incrementally. The
effects of all processes involving the fluid in a given chamber
at the end of the increment are combined using the principles of
conservation of mass and energy to fix the resulting state of the
fluid. This becomes the initial condition for the next
increment., A stable simulation;rstarting with some arbitrary set
ofvintermediate chamber conditions, would reach some set of
equilibriun intermediate chamber condit;pns after the model has
run for a time., The exhaust state is thus predicted, allowing
detérminapion of the exhaust enthalpy and exhaust quality. The
enthalpy change and any heat transfer from the engine could be
combined to predict the power extracted from the engine. The
mass flow rate, predicted from simulation of the inlet, could

then be used to predict efficiency.

The  simualtion model could predict improvements in
performance resulting from design changes affecting the engine
processes wiihout further testing. This model could also be
applied immediately in simulation of larger engines, predicting

the effects of scale,

Unfortunately, a simulation model as described is beyond the
scope of this investigation. The constuction'of this model would
be a very difficult and extensive task. Since not all leakége in
the engine is choked flow, closed form solutions for the state in
any given chamber are not possible. Another problem with the
simulation approach is the difficulty in obtaining information

about the physical processes and the geometry inside the engine.
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Instrunenting all the internal processes is not possible at this
time, This 1lack of information results in many freé pafameters
in the engine description. Free parameters are those which are
uncertéin and must be adjusted to fit the performance data. The
predictive value of the model is inversely proportional to the

number of free parameters.

The model finally chosen uses a simple empirical "black box"
approach. This type of model, like the dimensional model, is
based on the performance data obtained. Knowledge of the
processes involved 1is wused only to determine the form of the
relationships between the operating characteristics and
performance parameters. The black box appraoch expresses each of
the performance parameters in terms of all of the operating

conditions through empirical relationships.

The predictive ability of this model 1in extrapolation is
very limited. The ability of the empirical model to predict the

effects of scaling is also very poor,

This approach 1s, however, relatively easy to implement.
Also, the resulting wmodel 1is easy to use in hybrid system

optimization.
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Test Results

Engine testing to fill the desired data matrix produced 104
data points having an inlet pressure of 120 psia. The data were
reduced using the computer codes developed for this project.
Trends in mass flow rate, power, efficiency and exhaust quality
were examined. As expected, mass flow rate increased with engine
speed and decreased with increasing exhaust quality. The flow
rate did not vary much with exhaust pressure, dropping off only
slightly at high exhaust pressures. Power increased with
pressure ratio, approaching an asymptote at very high pressure
ratios. The power also increased with speed, 1leveling off
slightly at the highest speed. Efficiency data reflected the
combined effects of power and mass flow rate, A peak was
observed ih efficiency with varying pressure ratio. The

efficiency also appeared to approach a peak with increasing

.engine speed and decreasing inlet quality. The exhaust quality

was most heavily dependent on inlet quality and independent of
speed. The variation in exhaust quality with pressure ratio was

dependent on the inlet quality.

The test results are tabulated in Tables 2a-2e. 1Included in
the listing is a specification of the operating conditions for
each data point and the calculated performance parameters., Also
listed are the run date, run number, calibration code, barometric

pressure and comment code, A listing of the meanings of the

.comment codes is presented in Table 3.

Mass flow rate for all data points is plotted in Figures
Ja-le, The most important trend apparent in these plots 1is the

lack of variation in mass flow rate with pressure ratio,

Mass flow rate can be divided into two parts, the
theoretical flow rate and the leakage rate. -Both_of these flow
rates are determined entirely at the inlét. The theoretical flow
rate, the flow rate with no leakage, is dependent entirely on the
volume Sf the inlet chamber upon closing, the speed and the inlet

quality. It is independent of exhaust pressure. The leakage
rate, the difference between the total flow rate and the
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theoretical flow rate, is the amount of fluid leaking out of the
inlet while the inlet is open. Since the theoretical flow rate
is entirely independent of exhaust pressure, any variation in
total flow rate with exhaust pressure is reflected in the leakage

flow rate,

The variation in leakage rate with exhaust pressure is thus
minimal. The total flow rate and leakage rate are constant at
higher pressure ratios. There is only a slight drop off at lower

pressure ratios,

There are two leakage mechanisms operating in  the engine.
One 1involves leakage from chamber to chamber around the edges of
the lobes, or through a blowhole which exists where the rotor
seal 1lines meet at the mesh line. This blowhole forms a zig-zag
path from chamber to chamber down the mesh 1line. Tbe second
leakage  mechanism is leakage from gach chamber Vinto the
exhausting chambers through the meshline. The engine geometry is
such that across the mesh line from each expanding chamber 1is a
chamber open to the exhaust and having a pressure equal to the
exhaust pressure, 3ince the chamber pressures are over twice the
exhaust pressure down much of the mesh 1line, leakage to the
exhaust 1is often choked flow, and thus~independent”of exhaust

pressure.

Both leakage mechanisms could be operating in the inlet
chamber while it 1is open. The invariance of the leakage flow
with exhaust pressure at high pressure ratios suggests that the
leakage out - of the inlet 1is all choked flow at lower exhaust
pressures, This implies that either the dominant leakage
mechanism in the inlet chamber is leakage through the mesh line
into the exhaust or that the pressure difference between the
inlet and the next chamber . is sufficient to result in choked
flow. Tests show that pressure in the chambers located near the
inlet 'varies with exhaust pressure, indicating that leakage from
chamber to chamber is a significant mechanism. Thus, it appears
that the pressure difference between the inlet and next chamber

is sufficient to cause choked flow. For steam, a pressure ratio
\
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of approximately 2/1 1is required for choked flow. A pressure
ratio of 2/1 between the first two chambers would be responsible

for a large fraction of the torque and power generated.

The average 1leakage flow rate for a given speed and inlet
quality is plotted versus speed in Figure 5a. There is a sharp
increase in leakage flow rate as the quality decreases to zero,
This can be attributed to the higher density of the leaking fluid
at low qualities. For lower inlet qualities, the 1leakage rate
decreases at higher speeds. This may be due to the need to
accelerate the liquid up tovthe speeds at which the chambers
travel down the mesh 1line and at which the liquid eventually
travels around the casing. Characteristic velocities for the
fluid and 1lobes are presented in Figure 6. At the inlet, the
liquid can not leak through the blowhole or -around the edges of
the rotors until it has been accelerated up to the speed of the
rotors. This theory is supported by results from earlier tests
showing a slight decrease in efficiency when a smaller water
nozzle, producing higher water velocities, was used. The effect
of speed decreases to nil at saturated inlet conditions. As the
steam velocity at the inlet is already on the order of magnitude
of the rotor velocities, vapor leakage is independent of engine

speed.

Though the leakage raﬁe increases with decreasing inlet
quality, the theoretical flow rate also increases with decreasing
inlet quality. The leakage fraction actually decreases with
decreasing inlet quality as well as with increasing speed.
Figure 5b 1is a plot of average leakage fraction versus inlet
quality. These trends will be important in the later discussion

of efficiency trends.

Power versus pressure ratio 1s plotted in Figures 7a-T7d.
While the power outputs for different speeds falilﬁinto distinet
groups, there appears to be no significant variation in power
with inlet quality. This implies that the pressure distribution
on the rotors inside the engine is independént of inlet quality.

The pressure distribution is dependent on the overall nature of
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the expansion process,

The Lysholm engine expansion process can be modeled by the
combination of two processes. The fluid which remains Vinside a
given chamber as it expands down the mesh line can be considered
to be undergoing an isentropic expansion. It is this process
which results in work being done by the fluid on the rotors and
the power output from the engine. - The second process is the
leakage rate from the chambers into the neighboring chambers or
into the exhaust. This process can be considered to be a pure
isenthalpic throttling process contributing nothing to the power

output of the engine.

The pressure variation during an isentropic expansion can be
described by the polytropic equation(8]:
PvD = constant

For an ideal gas undergoing an isentropic process, n is the ratio

of specific heats. For an isentropic process on steam inside the

vapor dome, the polytropic exponent has no such intrinsic

meaning. This exponent is, however, still usefull in describing

the expansion process. K will be used to represent the

polytropic exponent for a general isentropic process,

It would be helpful in this analysis to be able to examine
the value of K during an expansion process characteristic of the
Lysholm engine for varying inlet qualities. The steam table
subroutine developed for use in data reduction was used for this
purpose. An isentropic expansidn from 120 psia to 14.7 psia was
considered over a range of inlet qualities from O to 1. The
value of K for this process was determined by the equation

K = 1n(P1/P2) / 1n(vp/vq)
Since K does vary slightly with pressure, this represents only an
effective K for the whole process. This is a good approximation
to the value of K for any peint in ihe process. A plot of
effective K versus inlet quality is presented in Figure 8. . There
is only: a modest increase in K with inlet quality for the range
of inlet gqualities considered in the tests(0.17 - 1.00). This

implies that for the same volume change applied by the chambers
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during expansion, there is a slightly greater pressure drop

during expansion for higher inlet qualities,

Leakage would tend tov decrease the pressure drop during
expansion by equalizing the chamber pressures, The leakage
fraction 1is the pertinent paramenter to consider because it
represents the amount of leakage relative to the amount of fluid
in a chanmber. The 1leakage fraction and thus the pressure
equalization is greater for higher inlet qualities. The small
variations in K and in 1leakage appear to negate each other
producing a power output effectively independent of inlet
quality.

Although power appears to be independent of inlet quality,
utilization of the total flow from the wellhead is still
desirable. Examination of mass flow rate datalTable 2] reveals
that for a given speed, increasing inlet quality decreases the
required mass flow rate of steam., Thus, for a given speed and
pressure ratio, decreasing inlet quality reduces the amount of
steam required to produce the same amount of power. In addition,
the expansion of the water phase in the engine makes more steam

available for use by the second stage of a hybrid systém.

The power increase with speed is due to the increased mass
flow rate. This trend starts to level off by 9000 RPM with a
peak probably occurring at higher speeds, This leveling off is
due to the losses associéted with drag, required acceleration of
the fluid and bearing friction.

The power increases with pressure ratio from an output of
zero at some mimimum pressure ratio required to turn the engine
Wwith no load. The power appears to reach a maximum value at very
high pressure ratios. This asymptotic behaivior can be explained
by examining the effects of exhaust pressure on 1leakage and on

the power required to expel fluid from the engine.

Ideal 1isentropic expansion would be independent of the back
pressure. The pressure in a chamber just before it opens to the

exhaust would not be affected by the exhaust pressure. When this

A
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last chamber is opened, the pressure must equalize to the exhaust
pressure, High back pressures result in fluid rushing back into
the exhausting chamber, creating an adverse pressure differential
across the last set of lobes. This adverse pressure differential
decreases net torque and power, As ‘the back pressure is
decreased, the adverse pressure differential decreases resulting
in more net power, As exhaust pressure decreases below final
chamber pressure, a favorable pressure difference across the
exhausting rotor lobe continues to increase power output, When
leakage 1is considered, the pressures are equalized somewhat but
the same general effects result in the observed increase in power

with pressure ratio.

At higher pressure ratios the leakage throughout the engine
becomes choked flow, freezing the pressure distribution inside
the engine, Further reduction of exhaust pressure can only
increase the pressure differential across the final lobe to
increase power., This effect becomes minimal at higher "pressure
ratios as the pressure difference incﬁéases more slowly for
increasing pressure ratio. The power thus approaches an

asymptote at very high pressure ratios.

Engine efficiency 1is plotted versus pressure ratio in
Figures 9a~9d. The efficiency results reflect the individual
effects of the variations in flow rate and power. The
propagation of errors in measurement of power and mass flow rate
can also be seen in the scatter of the efficiency data. For any
given speed and inlet quality, the efficiency increases with
pressure ratio from the minimum'pressure ratio required to turn
the engine with no load. At low speeds and high inlet qualities,
the rising part of the curve 1s not covered by the data taken.
It is obvious, however, that the efficiency of a real engine must
approach zero as the pressure ratio goes to zero because of
frictional losses. As mass flow rate is relatively independent
of exhaust pressure, variation of efficiency with pressure ratio
reflects the effects of variations in power. The rising part of
the efficiency curve reflects the reduction in back pressufe with

increasing pressure ratio, After reaching a peak, the efficiency
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drops off at higher pressure ratios. Though the declining part
of the curve is out of the testing range for low inlet qualities
and high speeds, the efficiency is leveling off even for these
conditions. The decrease in efficiency is due to the asymptotic
behaiQior of the power at high pressure ratios. The leveling off
of power with increasing pressure ratios is accompanied by a
continued increase in 1isentropic enthalpy drop, resulting in

decreased efficiency.

Variations in efficiency with inlet quality are due entirely
to variations in leakage fraction and isentropic enthalpy drop.
As the leakage fraction decreases with decreasing inlet quality,
the efficiency increases, This effect seems to be in effect down
to very low inlet qualities where the efficiency begins to level
off. The reason for the leveiing off can be explained by the
sharply increasing fluid density at low inlet qualities. At high
qualities, the increase in fluid density with decreasing quality
is accompanied by a roughly equivalent decrease in 'isentopic
enthalpy drop{Figure 10a]. This results in a relatively constant
amount of power available to the engine. At low qualities, a
sharp increase in fluid density and mass flow rate is accompanied
by only a modest decrease in isentropic enthalpy drop. The power
available per volume of fluid at the inlet rises sharply at low
inlet qualities with no %corresponding increase in power
output{Figure 10b]. This results in decreasing efficiency at

very low exhaust qualities.

An increase in efficiency with engine speed is observed at
all 1inlet qualities, This can be attributed to the decreased
leakage fraction at high speeds, A leveling off of the

~efficiency at speeds approaching 9000 RPM 1is caused by the

increased frictional losses and the increased power required to

" accelerate the fluid through the engine.

Plots of exhaust quality versus pressure ratio are presented
in Figure 11. Exhaust quality does not vary much from the inlet
quality and is thus most dependent on inlet quality. There is

very little variation in exhaust quality with speed. The exhaust
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quality increases with pressure ratio at lower inlet qualities
while decreasing at an  inlet quality of 0,99. These .- trends
reflect the change in quality during an isentropic expansion as
seen in a T-3 diagram[Figure 12]. For low qualities, the quality
increases during an isentropic expansion. For higher qualities,

the same isentopic expansion results in a decrease in quality.
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Curve Fitting

An empirical engine model was created by applying
statistical curve fitting techniques to the test data.
Methodology was developed for wusing such traditional curve
fitting methods to obtain expressions in three or more variables;
The equation forms considered were limited to.transformations of
the 1linear -equation vy =‘ a + bx and the parabolic equation.
Explicit expressions for power and mass flow rate in terms of
preésure- ratio, 1inlet quality and engine speed at an inlet
pressure of 120 psia were obtained. The model was completed by
combining the predictions for mass flow rate and power with a

Ssteam table to produce predictions for efficiency and exhaust

-quality.

There 18 an extremely large number of equation forms which
can be used to fit experimental data. In order to limit the time
involved in the modeling process, the types of ‘equation -
considered for use in modeling were limited. An attempt was made
to employ only transformations of the linear equation y = a +
bx{13, 14)}. These include:
the expotential equation,

y = aebX
the logarithmic equation,

y = a+ b 1n(x)
the power equation,
y = axb
the hyperbola forced through a point(xq, y1),
y = ((x = x1) / (a + bx)) + yj
and the parabolic equation forced through a point(xy, y1),
y = (y1 - axq) + (a - bxq)x + bx2

The regression coefficients for these equations were

" determined wusing the method of least squares. To reduce the

chance of error and the time involved in this extensive task, a
programable calculator was employed, A statistics software pack
in the form of a ROM was used with an HP-41C. A peripheral
printer was used to record and check the data entries.
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Because of the degradation of the data matrix in the
variation of exhaust pressure, pressure ratio had to Qe the first
variable ‘considered in the curve fitting process. Since
different values of exhaust pressure were obtained for each
combination of speéd and inlet quality, there arevnot sufficient
groups of data with consistent pressure ratio to allow other

variables to be considered first.

Mass flow rate reaches an asymptote at high pressure ratio
for any combination of speed and inlet quality. 1In addition, the
mass flow rate has a theortical value associated with no leakage
flow at a pressure ratio of one, A hyperbola forced through this
point can thus be uged to describe the variation in mass flow
rate with pressure ratio. The important quality of the hyperbola
in this application is that it approaches an asymptote in y for
large values of x. The transformed equation: ’ '

(PR =1) /(m - mg) = a + b(PR)
was used to obtain equations of the form: -
m = ((PR =1) / (a+b(PR)) + my
Where: PR is the pressure ratio
m is the mass flow rate(lbm/sec)
Here, m¢ is the theoretical mass flow rate given by
mg = (ViN) / (vf + vegxq)
Where: Vi is the theoretical intake volume(ft3-min/rev—sec)
N is the engine speed(RPM)
vy is the specific volume of saturated liquid(120 psia)
Vg is the specific volume difference across the
vapor dome(120 psia)
x1 is the inlet quality

The other term in the équation represents the leakage rate.
The leakage ratf goes to zero as the pressure ratio decreases to
one and reaches an asymptote of 1/b as the pressure ratio becomes

large.

A transformation involving 1n(PR) instead of PR-1 was
attempted because 1t appeared to have more physical meaning.

This approach did not produce a good correlation and was
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abandoned

The coefficients a and b could now be related £o the speed
and inlet quality by additional 1évels of  curve fitting, In
general, it was found that the quality of the curve fit improved
if the variables with which there is the most variation in the
dependent quantity are considered first. Once the constraint to
use pressure ratio first had been followed, this criteria was
used to select the order of the fits. Since the leakage flow
rate varies more with quality than with speed, the coefficients a

and b were next related to the inlet quality for a given speed.

The coefficient b was found to vary 1linearly with inlet

quality:
b = ap + bpxj

This is in agreement with the theory that the leakage rate varies
with the density of the leaking fluid. The reciprocal of the
leakage flow asymptote (1/b) varies linearly with the inlet
quality while the specific volume or reciprocal of inlet density
also varies linearly with inlet quality. The coefficient a also
varies linearly with inlet quality: ’

a = ag +:bgxy

Finally, the coefficients ay, bz, ap and by were related to
speed by the equations:
aa = aagaexp(baalN)
bg = apg + bpaN.
ap
by

aabéxp(babN)
app + bppN

Power also appears to reach an asymptote with increasing
pressure ratio. In addition, power must pass through zero at
some minimum pressure ratio required to turn the engine with no
load. A hyperbolic equation forced through this point could then
be used to describe the variation in power with pressure ratio.
The poiht where the curve crosses the pressure ratio axis was
originally estimated wusing the x intercepts obtained»from an
attempt to fit the power data to a 1logarithmic equation, The

logarithmic equation did not level off fast enough in pressure

\



O

CURVE FITTING | y2

‘ratio and was rejected. The x-intercepts were later adjusted to

improve the fit, The power variation with pressure ratio was
thus described by equations of the form:

Power = (PR - PRy) / (a + b(PR))
Where: PR is the minimum pressure ratio required

to turn the engine at a given speed

Since there appears to be no significant variation-of power
with inlet quality, only one more step was required in the curve
fitting process for power. The coefficients a, b and PR7 were
related to the speed by the equations:

a = ag + bgN
b = ap + bpN + ch2
PR1 = exp(bgN)

The parabolic variation 1in b with speed confirms that the
power reaches a peak as the speed increases. The reciprocal of
asymptotic power(1/b) bottoms out at the peak in power with

speed.

.The correlation of the final version of ¢the model was
substantially improved by a subtle variation on the technique
described. After coefficients associated with the first level of
curve fitting were obtained, the coefficient a was related to the
other variables as usual. Now, however, values of a were
generated by the curve fit for a given speed and inlet quality.
The original data were then used -to force new curves through
these values of a, obtaining new values of the coefficient b,
Expressions for b in terms of the other variables were then
obtained as before, This method could be used at all but the

last level of the curve fit.

The forecing technique reduced the effect of errant sets of
coefficients, a and b, having self-negating but significant
variations from the rest of the "coefficients, These sets of
coeeficients may héve best ' fit the particular set of data but
wreakedr havoc on subsequent curve fits, Values for  the
coefficients wused in the final version of the model can be found
in Table 4,
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Attempts were made to obtain an explicit relationship. for
efficiency in terms of pressure ratio, inlet quality and sbeed.
Since efficiency peaked with pressure ratio, a polynomial of at
least second order would be required. Parabolic and cubic
equations were tried with little succesé. ‘Higher order equations
produced good fits for a given set of data but went wild outside
the 1limits of the data and resulted in poor correlations at the
next levels of the curve fit, A satisfactory model for
efficiency was finaliy obtained by combining the predictions for

mass flow rate and power with a steam table,

Exhaust quality was easy to model directly. However, it is
possible to model the exhaust quality using the same approach as
with efficiency. This approach was taken to reduce the

complexity of the model,

The engine model was converted into the form of a Fortran-1IV
subroutine, This subroutine must be linked with the steam table
developed for use in data reduction. Coefficients for the model
are stored as block data. The input variables for the model as
well as the predicted performance parameters are passed to and
from the subroutine as arguments. A listing of the subroutine is

presented in the Appendix,

This subroutine was used to predict engine performance over
a range of pressure ratios and for speeds and inlet ‘qualities
corresponding to the target values used in engine testing. These
predictions were graphed for comparison with data points using an
X-Y plotter, driven by the GDA plotting routine. The plotter was
implemented by the PDP=11/60 minicomputer used for data

reduction, These plots are presented as Figures 13-16.
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Model Validation

The Lysholm engine model was validated by.vpredicting
performance under new operating conditions and testing the engine
under these conditions. The operating conditions Aselected for
prediction and testing included varied and untested inlet
qualitiesA and speeds, witﬁ both. subatmospheric and above
atmospheric exhaust pressures. As a part of the validation, the
model was used to predict the operatingv conditions for maximum
efficiency. The engine was then tested under these conditions.
The model performed adequately; predicting performance with
expected accuracy. Mass f;ow rate, power and exhaust quality
were all predicted very well by the model. The efficiency
predictions included the c¢ombined errors in prediction of mass
flow rate and power. Efficiency predictions were somewhat
disappointing, but not critical to the major intended use of the

model in hybrid system optimization.

The first day of model validation involved operating points
having an inlet gquality of 0.20. The model was used to predict
the pressure ratio for maximum efficiency at this inlet quality
and speeds of 7500 and 9000 RPM. Predictions were also made for
an inlet quality of 0.20, a pressure ratio of 6.0 and speeds of
4500, 6000 and 7500 RPM. The engine was tested under these

conditions.

The first day of validation also included runs under
conditions predicted to have the maximum engine efficiency. The
engine model was employed by a searching routine to find the
conditions resulting in the maximum efficiency. This routine is
listed in the Appendix. Operating conditions for a maxihum
efficiency of 43.3% were predicted to be:

INLET QUALITY = 0.24
SPEED = 8400 RPM
PRESSURE RATIO = 6.0

The engine was tested under these conditions.

The second day of testing included operating conditions

chosen to thoroughly exercise the model by covering a range of
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qualities, speeds and pressure ratios. Inlet qualities ranging
from 0.18 to 0.99 were included with speeds of from 5000 to 9003
RPM and exhaust pressures of from 12 to 23 psia. The models
interpolative ability was tested by choosing operating conditions
between data matrix conditions. For some points, all three
operating conditions were off matrix. Unfortunately, the
extrapolative abilities of the model could not be easily tested.
Inlet qualities of much 1less than 0,17 are difficult to use
because of limitations on the total flow rate imposed by ﬁhe
condensate pump. The full range of attainable pressure ratios
has already been covered by the data matrix. Only enginé speed
can be increased outside the data matrix range. Testing at
higher speeds was not performed at this time to avoid endangering

the engine,.

Data acceptance criteria used for validation testing were
the same as those used for the data matrix. Actually, only the
inlet pressure was really critical in validation as the model was

based on a single inlet pressure of 120 psia.

The results of the model validation are presented in Table
5. The model performed very well in predicting the_performance
of the Lysholm engine. Some parameters were predicted with
better accuracy than others. The predictions for exhaust quality

were excellent. Measured exhaust qualities were all within 0.4%
of the predicted values. Predictions for mass flow rate were

also quite good. Measured mass flow rates were all within 2.7%
of the predicted values. The mean of the percentage errors in
prediction of mass flow rate was 0.4% with a standard deviation
of 1.6%. '

Predictions of power were generally good with the exception
of two points having an inlet quality of 99%, The power
predictions for these two data points were 2kW higher than the
measured values. All other‘ predictions of power were within
1.1kW and 3.3% of the tested performance. The mean and standard
deviation of the errors are 0.8% and 2.8%, respectively. When

the points having an inlet quality of 0.99 are not considered,
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the mean and standard deviation are 0.01% and 2.0%, respectively.
The large errors in prediction of power at inlet qualities of 99%
may indicate that power is not absolutely independent of inlet

quality as assumed by the model.

Predictions of efficiency suffered from the -combination of
errors in prediction of power and mass flow rate. Some
predictions for efficiency differed from the measured values by
as much as 2.1% absolute and 5.2% of the tested value., In
general, the efficiency predictions were mediocre with'a mean and
standard deviation of errors expessed as  percentage of tested

value of 0.8% and 2.9%, respectively.

The main use of the model will be in the optimization af the
hybrid system. This optimization only requires prediction of the
mass flow rate, exhaust quality and power. The efficiency of the
Lysholm engine alone 1is not required. The lack of accuracy in
efficiency prediction is thus not critical and should not hamper
the appiication of the model.

The attempt to locate the efficiency peak using the model
was only partially successful. Testing of the engine at the
predicted peak conditions - showed an efficiency of over 42.1%.
This is somewhat lower than the 43,3% predicted. Other operating
conditions in the same region, tested during the model validation
and during the completion of the data matrix, produced
efficiencies of over 43%. These variations are within the range
of obseved experimental error and repeatability. For an analysis

of the experimental errors, refer to the Appendix,

The combination of the flatness of the efficiency peak and
the experimental error make it very difficult to locate the exact
optimum operating point. The model appears to be able to locate
only the region of highest efficiency. Because of the flatness
and broadness of the peak, this is all that is required of or can
be expécted from the model.
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Conclusions and Recommendatiops

The empirical Lysholm engine model desdribed in this'report
is adequate for use in modeling of hybrid geotheémal energy
conversion systems, Test results obtained for the construction
of the model indicate that the engine has promise for geothermal
application. The major loss mechanism, fluid leakage, has been
analyzed and quantitatively evaluated. Further investigation,
including the development -of more sophisticated models coulg

predict the effectiveness of design changes in arresting leakage.

Significant improvements in engine efficiency should be possible

with such improvements in design .and with scaling-up of the

engine.

Modeling of hybrid systems including the Lysholm engine
requires prediction of engine power, mass flow rate and exhaust
quality for a given pressure ratio, inlet quality, speed . and
inlet pressure, These important parameters are predicted
accurately for an inlet pressure of 120 psia by an engine model
derived from current test data. The model is currently
implemented in the form of a FORTRAN-IV subroutine. This
subroutine can be linked to models of a separator and turbines to
form a computer model of the hybrid system currently under test

at U.C. Berkeley.

The models for mass flow rate and power are explicit
equations in terms of the engine operating conditions. Though
the exhaust quality is currently derived from the mass flow rate,
power and. tabulated steam data; a similar explicit expression for
exhaust quality is easily obtainable. These explicit equations
could be used  to form an analytical system model as an

alternative to the computer simulation.

The Lysholm engine model can predict efficiency with only
modest accuracy. The model was only able to locate the general
range of operating conditions for maximum efficiency. Isentropic
efficiencies of over 43% were observed in this region. The broad
peak in efficiency represents an optimum pressure ratio and a

trade-off between the minimization of leakage fraction at high
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speeds and low inlet qualities, shérply increasing fluid and
power densities at low inlet qualities and increased minor losses

such as friction and drag associated with high speeds. .

Since leakage fractions on the order of 50% are observed
under typical operating conditions, the most productive route for
increasing engine performance involves design changes to reduce
leakage. Reducing the rotor tip clearances or simply scaling up
the engine to reduce relative leakage area are ¢two promising
approaches. Further investigation into the nature of the leakage

flows is needed to determine the most productive design changes,

More sophisticated models can quantitatively predict
increases in performance involved with design changes.
Traditional models based on similarity laws can immediately
extend prediction to geometricly similar engines,  The
application of such traditional models involving dimensionless
parameters is more difficult for positive displacement machines
such as the Lysholm engine. The need to define the state of the
working fluid throughout the engine increases the number of
dimensionless parameters required. Testing of other engines may
be necessary to extend the predictive ability of dimensionless

models to scaled-up engines or to engines with design changes.

A simulation model has the potential to immediately predict
the effects of design changes and scaling up of the engine. New
engine designs could be tested cheaply and quickly using a
simulation model. Such a model could significantly shorten the
time required to develop practical Lysholm expanders for
geothermal application, Because of this large potential payoff,
the development of a simulation model should be pursued
concurrently with efforts at traditional ‘modeling involving

similarity laws.
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TABLE 1 - DATA EVAILUATION (Based on dats after scan‘averaginq)
DATA CONTROL TARGET MAXIMUM|] MINIMUM MEAN | STANDAERD
. DEVIATION
INLET PRESSURE = 120 PSIA 121.2 118.0 119.8 0.7
PSIA PSIA PSIA PSIA
SPEED = 4500 RPM Lshsg LuLsgé Ls07 22
RPi RPM RPM RPN
SPEED = 6000 RPN 6040 5962 6010 23
RPM RPM RPM RPM
SPEED = 7500 RPM 7539 . 7457 7501 26
RPM RPM RPM RPM
SPEED = 9000 RPN 90135 8566 8997 20
RPM RPM RPM RPN
INLET QUALITY = 0.99n 0.994 0.990 0.992 .| 0.001
INLET QUALITY = 0.590 0.504 0.LRA n.Lkasg n.005%
INLET QUALITY = 0.333 0.337 0.330 n0.332 0.0013
INLET QUALITY = 0.250 0.252 0.247 0.2u49 0.001
INLET QUALITY = 0.167 0.169 0.154 0.167 0.002
FLOW RATIO = O 0 0 0 0
(Water/Steam)
FLOW RATIO = 1 1.04 0.95 1.00 0.02
FLOW RATIO = 2 2.02 1.96 2.00 0.02
FLOW RATIO = 3 3.05 2.97 3.00 0.02
FLOW RATIO = 5 5.05 L.96 .99 0.0L
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TABLE 2a - LYSHOLM ENGINE TEST RESULTS

RUN#

340
335
331
5009
S001
325
326
336
332
5010
5015

5002

DAIE

6/30/81
7/ 7781
7/ 7781
7/ 2/81
7/ 1/81
6/ 2/81
4720781

. 6/30/81
6/30/81
7/ 2/81
7/ 1/81
6/ 2/81
8/26/81

4/20/81

CUMMENT INLET

16
16
16
16

16

16
16
16
16

EXH
FRESS PRESS
[PSIA]
119.6 9.1
119.6 10,0
119.6 11.1
119.6 13,0
119.6 14,7
121.2 21.2
121.2 32,5
119.6 10,0
119.6 11.1
11906 13.0
119.6 14,7
120.4 22.0
120,4 24.3
119.6 35.4

PRESS
RaA1I0

13,08
12.01
10.81
9417
8.13
9,72

3.72

12,01

10.81
¥.17
8.13
.48
4,95

3,38

SFEED

LRFMI

4508,
4482,
4475,
4519,
45i2,
4533,
4533,
6021,
6035,
6019,
6011,
6034,
5965,

6003,

FLUW
RATE
Li.kM/
SEC)
0.461
0.452
0.450
0+460
0,460
0450
0.449
0.514
0.517
0.510
0511
0.513
0.508

0.517

O

INLET
ENTHL
CBTU/
SEC]
1183.6
1182.7
1182.7
1183.6
1i82.7
1183%.2
1183.6
1183.2
1183.2
1183.6
1182,2
1183.2
1184.9

13162.7

EFF

27.6

29.0

29.9

29495

28.8

28.9

28,0
31.7
32.8
33.2
32,7
32.0
32,2

28.6

POWER FLOW SFEC
RATIO SFEED

LKWl

0,00
0.00
0.00
0.00
0.00
0,00
0.00
0,00
0,00
0.00
0.00
0400
0.00

0.00

2,23
3.49
3.45
3.32

3.27

T 3.16

3.10

3.22

SPEC
SIZE

2,03
2,12
2421
2.31
2.41
2.73
412

1.99

R

LEAK

RATE

LLBM/
SEC]

-0.300

0.292
0.289
0.298
0.298
0.2%0
0.284
0.298
0.301
0.294
0.295
0.295
0,293

0.301

INLET
QuAL

0.992
0.991
0.991
0.992
0.991
0.992
0992
0.992
0,992
0,992
0,991
0.992
0.994

0.991

EXIT
QUAL

0,992
0.988
0.987
0.988
0,988
0.988
0.989
0.984
0,982
0.982
0.982
0.984
0.986

0.988

0$
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TABLE 2b - LYSHOLM ENGINE TEST RESULTS
RUN# UATE COMMENT INLET EXH FRESS  SPEED
i FPRESS PRESS RATIO
LrSIAD LRFM)
353 7/17/81 1 119.6 11.1 10.81 7511,
332 7/ 2/81 16 119.6 12.8 9.36 7521,
333 7/ 1/81 16 119.6 14,7 8.13 7499,
483 12/ 4s81 1 119.6 15.3 7.82 74466,
5031 10/ 6/81 1 121.2 24.1 9,03 7492,
S017 8/28/861 1 119.6 26.4 4,54 7524,
5011 8/21/81 1 118.,0 34.2 3,45 7538,
9004 4/?0/81 1 119.6 34.86 3.43 7501,
5003 4/20/81 1 121.2 37.9 3.20 7461,
328 6730781 16 119.6 11.1 10.81 8992,
338 7/ 2/81 16 119.6 13.0 9.17 9016,
334 7/ 1/81 16 119.6 14.7 8.13 9021,
264 12/.0/80 ¢ 118.,0 15.0 7.87 9033;
5032 10/ 4/81 ;. 119.6 25.4 4,70 9017,
5018 8/28/81 1 118.0 28.8 4,10 8Y88.
5005 1 119.6 37.9 3.16 9014,

4/20/81

O

FLOW
RATE
Ul_kM/
SEC]
0,560
0.558
0.561
0.560
0.5%4
0,595
0.544
0,559
0.564
0.606
0.612
0,606

0.614

0.592

0.604

INLET
ENTHL
LETU/
SECI
1184,2
1183,2
1181.7
1184.6
1184.2
1184,2
1184,2
1182.7
1182.7
1182,7
1182,2
1181.7
1183,2
1183.7
1184,2

1182.7

EFF

34.2

3H.2

35.1

36.7

34.9

33.9

31.3

27.8

2647

36.9

36.7

LKWl

34.4

33.4

31.5

24 36
22,6
16.9
15.4
14.1
40,0
az.e
35.6
34.4
25,9
22.4

13.0

FOWER FLOW  SFEC

RATIO SKFEED

0,00 4,36
0.00 4,27
0.00 4,22
0,00 4,05
0,00 4,10
0.00 4.16
0.00 4,18
0.00 4,18
0,00 5,56
0.00 %.45
0,00 5.34
0,00  5.40
0.00 -5.11
0.00 5,10

0.00 5.28

SFEC
SiZk

LEAK
kATt
LLEM/
SECT
0.290
0.288
0,291
0,293
0.282
0,286

0.277

0,290 -

0.293
0.283
0.288
0.282
0.294
0.278
0,274

0.281

INLET
auaL

0.993
0.992
0.990
0.994
0.99%
0.993
0.993
0.991
0.991
0.991
0.991
0.950
0.992
0.992
0.993
0.991

O

EXIT
QUAL

0.980
0.978
0.977
0.978
0.981
0.983
0.987
0.989
0.990
0.974
0.975
0.975
0.979
0.981
0.984

0.993

15
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TABLE 2c - LYSHOLM ENGINE TES‘T RESULTS

RUN#

407
352
359
400
430
406
357
3s8
399
410
355
404
298
431

5021

405

- 299

432

bATE

9/711/81
7/15/81
7/17/81
9/711/81
107 2/861
9s711/81
7717781
7/17/81
9/711/81
9/11/81
7/17/81
9/11/81
4/14/81
10/ 2/81
9/714/81
9/14/81
9/711/81
9/711/81
4/714/81
107 2/81
107 6/81
¥/714/81

9714/81

COMMENT

12

13

12

13

1%

12

12

12

INLET EXH

FRESS

PRESS FPRESS RATIO

CPsIAl

119,6 10,8

11.04

121.2 :i§z§:> 9,49

119.6 14.4

119.6 15.3

120.7 24.8

119.6 11.1

8.30

7.82

4.86

10.81

119.6 (13.0 ) Q.17

119.6 14.4
119.6 15.3
119.6 24,2
118.0 {{3.0
119.6 14.7
121.2 15,3
120.1 24,5
119.6° 25,4
121.2 27.8
119.6(:E§z§)
119.6 14.7
119.6 15,3
119.6 24.8
119.6 26.8
120.4  28.3

119.6 29.8

8430
7.82
4,94
9,05
8.13
7092
4,90
4,70
4,36
9,17
8.13
7.82

4,82

4,01

SPEED

LRPMI

4521,
w77,
6020,
5989,
H997.
S962.
7457,
7522,

7497,

7539..

7491,
7478,
8981,
9600.
9011,
9035,
8990,
4993,

8Y86.,

FLOW
RATE
CLERM/
SEC]
0.785
0.790
0.789
0.785
0.781
0.866
0.84¢
0.864
0.880
0.864
0.930
0.947
0.+900
0.948
0.935

0.941

INLET
ENTHL
CRTU/
SECI
746.6
744.4
743,64
743 .8
744.6
74741
7534
744.,9
740.9
738.4
751.8
7496
7495
747.6
742.8
746.1
- 749.1

749.9

T 75646

746.7

744.3

746.4

744,33

EFF

31.7

33.6
33.4
32,9
36.4
37,4
38,0
37.4
38.6
39,9
40,8
39.9
39,1
37.6
39.2
41,4
41,8
41,2
39.4
35,9
37,0

36.6

FOWER FLOW SFEC
RAT10 SFEED

LKW1

24,4
236
22,9
22.1
16,9
30.5
29.2

28.4

2745

21.9
33.8
33,9
32.5
24.6

22.6

23.0

21.9

1.00
1.02
1.02

1.01

1.04
0.98
0.99

0.99

J.84
3.76
3,69
3.65
3,50
H.31
H.14
S.11
5.14
4.90
6470
6.68

6,61

. 6.43

6.38
6433
B.45
8.33
8.28

8.05

SFEC
SIZE

LEAK
RATE
CLEM/
SEC
0,462
0,458
0,463
0,459
0,452
0.439
0.424
0.434
0,445
0,430
0,410
0,412
0,409
0,407
0,394
0,397
0,388
0.388
0,401
0,382
0,367
0,379

0.381

INLET
GQuaAL

0.495
0,491
0.491
0,491
0.492
0.495
0,502
0.493
0.488
0.486
0.501
0.498
0,497
0.496
0.490
0.493
0.498
0.498
0.506
0,495
0.492

0.494

()

EXIT
QUAL

0,542
0.559
0,561
0.551
0.546
0,533
0,558
0,552
0,552
0,541
0,537
0,537
0.554
0,551
0,558
0.540
0.538
0.538

0.935

2s
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TABLE 29 - LYSHOLM ENGINE TEST RESULTS

RUN#* DATE COMMENT INLET EXH FRESS  SPEED

: PRESS FRESS KATLO

LPSIAl LRFM]J

382 9/ 2/81 12 119.6 13,2 9,04 4532,

380‘ 9/ 2/81 12 121,2 K;2T7//)8.24 4509,

389 9/ 2/81 1 118.8 15.1 7.84 4518,

461 11/720/81 1 120.1 20.8 H.78 4472,

423 9r22/81 1 119.6 24.4 4,90 4505,

484 12/.4/81 1 120.1 30.2 3.98 4491,

411 9718781 12 119.6 (13,0 9.23 5983,

364 8721781 127 119.6 14.7 8,13 6024,

388 9/ 2/81 1 119.6 15.3 7,82 64033,

, 462 11720781 1 120.1 20¢4 G.89 6024,
- 424 $/722/81 - 1 118.% 24.7 4,80 6007,
482 12/ 4/81 1 120.1 29.8 4,03 6040,

381 9/ 2/861 12 120.1 14,7 8,17 7494,

368 B/26/7861 17 v119.6> 15.6 7.67 7523,

- 4464 11/720/81 1 119.6 20.0 $e97 7522,
425 v/722/81 1 119.6 24,2 4,94 7496,

0012 8721781 1 119.6 33.1 d.61 7519,

- 387 9/ 2/81 1 119.6 15.5 7.71 9006.
463 11/720/81 1 119.6 20,3 Y90 9015,

426 Y/722/81 1 119.6 24.% 4.88 9017,

- 5013 8/21/81 1 119.6 36.0 3.32 8966,

FLOW
RATE
LLEM/
SEC
1,069
1,073
1,065
1,062
1,056
1,040
1.201
1,170
1.186
1.183
1.166
10157
1,303
1,286

1,309

O

INLET

ENTHL

LBru/
SEC]
606.0
602.6
603.9
602.8
404,95
604.5
603.3
604,4
604.1
603.1
403.2
60641
603,9
607.8
&03.2
603.6
H96.8
605.7
604.6
603.8

606.9

33.2

34.8
34,3
35.9
36,9
3%.4
3845
39.4
38,7
39.9
39.2
38.7
41.3

42.1

41,2

38.1
41.8
43,1
39,9

29.2

FOWER FLOW  SFEC
KRAT10 SHFEED

LKWl

23,2
21.6
22.6
18.9
17.9
15.7
27.8
27.9
28.4
24.0
21.6

18.8

31.3

32.3
29.1
2540
17.7
35.8
32.1
26.2

14.1

24,00
2.00
2,01
2.00
2,01

1.97

4,83
4,74
4,74
4,53
a.52
4,47
6.80
6463
6465
6.44
6.37

6433

8.69

8.58
8.49
8.30
8.32

10.80

10,97

10.42

10.32

SFEC
SIZE

2.28
2:.46
1.71
1.81
1.83
2.03

2.18

1.92
2:06
2,33

1.68

LEAK

RATE

LLEM/
SEC

0.592

0.58%
0,579
0.562
0.564
0531
0.546
0.539
0.534

0.517

- 04504

0.498
0.509
0,487
0,424
0.466
0.464
0.442

0.403

INLED
QUAL

0.334
0,330
0,333
0.331
0,333
0,332
0.331
0.333
0.332
0.331
0,332
0.334
0.332
0.337
0.331
0.332
0.324
0.334

0.333

0,332

0.335

O

£EX1T
QuAL

0.4

n
N

0.416
0.415
0.404
0.400
0.392
0.418
0.414
0.412
0.403%
0.397
0.3%4
0.413

0.414

10,402

0,397
0.3861
0,412
0,402
0.397

0.3%1

£s
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TABLE 2e - LYSHOLM ENGINE TEST RESULTS

RUN#

458

481

376
459
427
5019
383

460

DATE

y/18/81
11/16/81
11/16/81
12/ a/81
9/18/81
11/16/81
9/22/81
12/ 4s81
8/31/81
11/16/81
9/22/81
9/ a/81
9/ 2781
11/16/81

9/22/61

9/ 4/81

COMMENT INLET

14

PRESS

118.0
119.6
119.6
119.6
119.6
119.6
119.6
119.6
119.6
119.6
119.6
119.6
119.6
121.2
119.6
120.1

EXH

FRESS

FRESS RAT10
LFS1Ald

15.3
20.1
24,5
30.4
15,1
20.8
24,2
29.8
16,9
20,4
24,7
28,6
17,5
20.8
25,1

31.4

6.82

H.83

4.76

3.82

SPEED

LRFM1]

4478,

4502,

4513,

4506,

6018,

6028,
6024,
S985.
7532,
7462,
7440,
7504,
8977,
8968,
8985,

8y81.

O

FLOW
RATE
LLBM/
SECI
1,330
1.301
1,293
1,279
1,505
1,464
1,457
1,440
1,606
1,630
1.601

1.896

1.758

1.765
1.770

1.742

INLET

ENTHL

LETU/
SEC
531.4
531.4
531.6
31,9
5293
5314
532,2
531,2
533,3

$30.0

531.3

531,72
§31.7
'532,2
529.6

832.8

EFF

35,2

36,2
35,7
37.4
38,9
40,2
41,3
40,0
39.7
42,5
41,4

38.3

41,2

425
39.7

34,6

FOWER FLUOW SFEC
RATIO SFEED

LKW

22.7
19.8
17.2
15.4
28.4
24.2
22,6
18.7

29.7

28.8

24,6
20.4
32.9
31.2
25.6

19.0

3,00
3'00

2.99

3,09

3.00

2.99

3,00
2,99
3,02
2,98
3.01

2.97

Y.38
8.09
7473
7.66
7.58
10.27
10.13
999
P.99
12.79
12,55

12,62

12,50

SHEC
SIZE

1.79
2,00

24195

2.18
1.469
1.80
1.94
2.04
1.64
1.74
1.485

2.01

LEAK
RATE
LLEM/
St
0.711
0,668
0,659
0647
0,650

0.617

0.61%

0.598
0.556
0.574
0,552
0.942
0.498
0.488
0.497

0,480

INLET
QuUAL

04249
0.250
0.250
0,247
0.250
0,250
0.249
0,252
0.248
0,249
0.250
0250
0,249
0,247

0.251

EX1T
QuUAL

0.344

0.334

0.327

0.319
0.340
0.331
0.326
0.318
0.340
0.329
0.324
0.320
0,337
0.331
0,323

0.319

©S
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TABLE 2f - LYSHOLM ENGINE TEST RESULTS

RUN#

414
466
469
476
475
as7
470
477
474
471
478
473
472

479

LATE

9/18/81

11/2%5/81

12/ 3/81

12/ 3/81

12/ 3/81
11/25/81
12/ 3/81
12/ a/81
12/ 3/81
12/ 3/81
12/ as81
12/ 3/81
12/ 3/81

12/ 4/81

FRESS

PRESS RATL10

CUMMENT INLET EXH
FRESS
LFS1AJ
1 118.5 16,9
1 119.6 20.4
1 120.4 23.6
1 119.6 29.8
1 119.6 18,8
1 121.2 21,4
1 119.6 25.4
1 120.7 28,3
1 119.6 20.8
1 120.1 25,1
1 120.1 28.8
1 119.6 22.4
1 119.6 25.4
1 120.1 30,2

6436
9.65
4.70
4.27
975
4.78
4,17

9.34

4.70

3.98

SFEED

LREM]

4495,
4499,
4541,
4456,
H987.
6000,
6036,
6028,
7492,
7481,
7936,
8993,

8971,

8983,

FLOW
KATE
LLkM/
SECJ
1.814
1.785
1.773
1,734
1.998
2.006
1.968
1.963
2,200
2,166
2+174

24359

N

2,35

O

INLET
ENTHL
LBIU/
SEC
457,9
456.6
457,6
458,7
458, 4
457.6
459,64
459 .2

459.2

459 .8

459.4
459 .8
460.9

459 .4

EFF

3645
36,3
37,7
40,1
41,7
40,7
40,4
38,7
43,4
41,0
7.9
42,0
39,7

34.5

FOWER FLOW SPEC

LKW

16.%
27.0
24,5
21.4
18.9

29.3

24,1

20.3
29,0
2543
19.3

RATIO SPEED

H.03 7.28
5.04 7.11
5.0% 7.08
5.04 6.88
5.0t 10.03
S.01 996
$.00 ?.89
4.98 9.84
4,98 13.06
4,98 12.84

4,96 12,97

4.96 16417
4,91 16,03
4,96 16.16

SFEC
SIZE

2.09
1.65

1.73

1.93
1.63
1.76
1.84
1.61
1.69

1.79

LEAK
RATE
LLEM/
StcCld
0.884
0.834
0.811
0.805
0.747
0.722
0.717
0,694
0.643
0.408
0.601
0.497

0509

0.490

INLET
QUAL

0.166
0.164
0,165
0.167
0,166
0.164

0.168

0,167

0.167
0.168
0.167
0.168
0.169

0.167

EX1T
aual

0,268
0.259
0,254
0.244
0.262
0.257
0,252
0,248
0,209
0.253
0.247
0.257

0.254

04246

29
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TABLE 3 - DATA TABLE CODES

Comment Codes

0 -
1 -

O o ~1 O o= W
§

0.252 in, Diameter(Small) Water Nozzle Used
Karl Brown's Data (1981-2)

Repeated Run, Seal Pot Error

Repeated Run, Off-Matrix

Repeated Run, Inconsistent Data

Rep=ated Run, R2peatability Check

Seal Pot Error Corrected For

Water Temperature Estimated

Sunzrheated Inlet Conditions

Ralph Berger's Data (1930)

Calibration Codes

1 -

5 _

3 -

Pre-Signal Filter(before 3/32)
Large Water Orifice Plate{after 3/80)
Small Water Orifice Plate(after 3/80)

Note: Run numbers in the 5000's are staging runs,
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TABLE 4 - COEFFICIENTS FOR LYSHOLM ENGINE MODEL

1) Mass Flow

- 8gga

aa

8phg
bba

8ab
bab

8pp
bbb
Vy
Ve
Vfg

11) Power

Rate

L]

-5.403E-2
3.638E-4

-4.031
3.375E-4

2069“E-1
1.968E‘u

3.685
-2.050E-4

1.331E-4
1.789E-2
3.710

6.093E-2
-90934E-6

6.651E-2
-9.590E-6
5.113E-10

1.144E-4

ft3-m1n/rev-sec
rt3/1bm (@ 120 psia)
££3/1bm (8 120 psia)

Note: Coefficlents are expressed in FORTRAN scientific
notation. The mantissa precedes the E and the
exponent follows 1it.
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TABLE Sa - MODEL VALIDATION, TEST RESULTS(PREDICTED/MEASURED)

é!ﬁ‘ Day 1(2/24/82) Measured Inlet Pressures = 120 4+ 0.5 psia
OPERATING CONDITIONS FLOW POWER EFFI - EXHAUST
INLET ENGINE PKESSURE RATE CIENCY QUALITY
QUALITY SPEED RATIO
| ' LBM/SEC kW PERCENT|
1.755 30.9 43.3 0.321
0.238, 8443 RPM, 5.97
(Predicted Optimum) 1.803 30.7 42.0 0'321 »
1.759 30.7 43,3 0.320
0.237, 8431 RPM, 5.92
(Predicted Optimum) B
1.808 30.7 L2.1 0.321
1.556/ | 19.7 35.6 0.291
0.200, 4499 RPM, 5.92
: 1.556 19.8 35.9 0.291
_ 1.734 24,3 39.3 0.290
~ 0.200, 6043 RPM, 5.97 d
(@ 1.759 ah.u| /8.9 0.290
1.910 28.5 L2.5 0.287
0.199, 7539 RPM, 5.86 .
1.951 27.7 0.4 0.288
1.894/ | 26.6 42.6 0.284
0.200, 7504 RPM, 5.27
1.925 27.2 43,0 0.284
2.090 30.4 L2.5 0.28
0.198, 9004 RPM, 5.64 '
2.116 29.4 Lo.6 0.286
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TABLE 5b - MODEL VALIDATION, TEST RESULTS(PREDICTED/MEASURED)

Day 2 (3/5/82) Measured Inlet Pressures =

120 + 0.5 psia

OPERATING CONDITIONS FLOW POWER EFFI- | EXHAUST
INLET ENGINE PRESSURE RATE CIENCY| QUALITY
QUALITY SPEED  RATIO
LEM/SEC KW PERCENT
1.171 35.2 Lo.s 0.470
0.398, 8045 RPM, 8.81
1.173 3.1 39.1 ///6f;71
/1 P
1.127 25.2 33.1 7| 0.42b
0.334, 4995 RPM, 9.75 | |
110 25.3| .33.8 0.423
1,127,/ 24.0 0.417
0.333, 5015 RPM, 8.18 e
= 1.109, 24.4 0.416
0.334, 6997 RPM, 8.64
0.285, 8034 RPM, 7,67
' 0.182, 7015 RPM, 6.82
!
|
L
| ' !
§ | 1.339/ | 34.3
[ 0.332’ 8011 RPM' 8013 H
! ' 1.346 34.7
’ |
0.57 3.2 37.1 0.97
0.994, 8003 RPM, 8.12 4 ;
| 0.563. / 32.0 35.4 0.980
' 0-576/ 36.9 7 | 35,7,/ | 0.97
0.994, 8011 RPM, 10.65 o S/
0.565] / 35.1| /3.8 0.981
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- FIGUKE 1b -~ LYSHOLM ENGINE DATA(Reference 9)

Theoretical Inlet Volume

Expansion Ratio

Hydrostatic Pressure Tests to

Maximum Inlet Pressure_

Maximum Inlet Temperature

Rotor Diameter

Rotor Length ‘

Maximum Recommended Male Rofor Shaft Speed

Minimum Exhaust Pressure

0.00798 ftB/rev
5.3/1

500 psig

250 psia

500 °F

5.120 in.

6.519 1in.

9000 RPM

4 psia
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FIGURE 2 - LYSHOLM ENGINE/HYBRID SYSTEM SCHEMATIC
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FIGURE 3. - LYSHOLM ENGINE CONTROI PANEL LAYOUT
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LYSHOLM ENGINE STARTING PROCEDURE

Turn On Controle

1)
2)
3)
L)
5)

6)

Plug in power
Turn on control air supply
Bleed control sir regulators \
Turn on Autudata
Check control settings:
a) set flow controls: to: manual
b) set flow controls to zero
c) set vacuum control to 2zero vac.
d) set torque filter to minimum value
e) set brake controls to zero

Turn on brake power

Check engine condition

7)
8)

9)
10)
11)
12)

1 13)
14)

15)

16)

Disconnect Jacking motor

Check o0il system:
a) check tank level
b) check leakage return cans
c) open oiltank vent
d) open leakase return line
e) open oil bypass

Turn' on main air supply
open seal alr supply valve
Bleed dp regulators
Close water seal valve-
Check seal drain valves( oll return closed, drain open)
Open maln water valve
€lose engine ports;
a) 1inlet and exhaust closed
b) Dbypass open
Check steam path:
a) open separator valves or separator bypass
b) close turbine inlet valves
c) close #2 turbine exhaust port

d) open steam supply bypass to condenser
e) open #1 turbine exhaust port



O

17) Turn on air ejector:
a) open line to condenser B
b) open cooling water valve i turn )
-c) crack steam supply valve
d) Dbleed ejector control-line ' . 77 oo
e) open ejector control valve to bulld pressure
f) open stem supply valve

18) Clear condensate path:
a) turn on condensate control air
b) open two valves on condensate line
c) close regulator bypass
d) open orifice bypass
e) open weigh tank drain and/or bypass

Turn On Steam System

19) Open steam supply:
a) open main steam valve
b) open steam line drain
c) open calorimiter 3/4 turn
d) crack engine steam supply valve to warm lines

e) close steam line dralmn. -~ o=l 2w iee oo LU
f) open engine steam supply valve

20) Turn on steam dp:
a) open one side
b) close bypass
c) open other slide
21) Tufn on condensor cooling water:
a) open opén weigh tank drain
b) open main water valve
c) set control valve
22) Turn on condensate pump(check lubrication)
23) Start steam flow at 25% to warm lines

2L4) sStop flow; if flow does not read zero, bleed dps and seal pots)

Engine Start

25) Oven engine portst
a) open exhaust port
b) close bypass
c) open inlet port
26) Set seal alr pressure(40 psig)
27) Set seal water flow(dry steam operation)
28) Turn on oll pump

29) Set oil pressure (10 psig) \
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30)

31)

32)
33)
34)
35)
36)
37)
38)

3

Set steam flow to 25%, turn over engine, load if necessary

to keep speed below 3000 rpm.

Turn on water system:

a) turn on water pump

b) open trap on heat exchanger line
c) open heat exchanger steam valve
d) close trap on heat exchanger line

Open water dp( see step 20 for procedure)

Bleed water dp if flow does not read zero -

Start a very low water flow

Allow water temperature to. reach 336°F
Allow oil temperature to reach 140°F
Record in log+-"date, engilne. run’#s

Bring engine to operating conditions

e



‘o

AUTO DATA CHANNEL ASSIGNMENTS

AND PRIMARY INSTRUMENTATION

SCHEMATIC
.«;Tlf&m:;lE WATER TORQUE CELL/
ORIFIC ORIF IcE ¢ -UP
PLATE PLATE MACNETIC PicK
FREQUENCY
TO VOLTAGE
CONVERTER
TORRUE
SIGNAL
ConNpITIONING/
DISPLAY
OIFFERENTIAL| |DIEFERENTIAL
PRESSURE PRESSURE.
TRANSDUCER | [TRANSDUCER
PNEUMATIC PYEUNATIC |
SGQUARE SQUARE
RooT RooT |
CONVERTER | |¢coNVERTER
PRESsuNE PRESS URE
T0 VOLTAGE | | To WLTALE
CONVERTER| | COMVERTER
1 SIGNAL ot
CONDITIONING / '
THERMO(OUPLES { | ELECTRONIC

COLD JUNCTION

039
038
037

| 036

035

L o3k

033
032
031
030

029
028
027
026
025
024
023
022
021

: 020

019.

018
017
016
015
014
013
012
011
010

009

: 008

007

006

005
ook
003
002
001
000

WESTINGHOUSE TURBINES

Calorimeter °F
Steam SupplyOP

Water SupplyoF
o

#2 RPM - 1lv =
#2 Pield iv =
#1 Field iv =
#2 Power - 1v =
#1 Power iv =
Cooling ipct
Condensate 1pct
#2 Chest psi
#1 Chest psi
Condensate °F
‘Cooling out °F ]
Cooling In °p
#2 Exhaust °F
#2 chest  °F
#2 Line p
#1 Exhaust °F
#1 Chest  °F
#1 Line °p
Calorimeter °F
LYSHOIM ENGINE
Seal Air psi
0il Supply psi
Front Seal psi
Rear Seal psi
RPM v =
Torque - 1v =
Water Flow 1v =
Steam Flow 1v =

Exhaust F
Inlet °p
Separator ?P '
0i1 Return: 6F

1K rpm

1 amp

1 amp

10 kw )

10 kw

10 1bv/sec
.8 1b/sec

.2 psi

10K rpm
iK in-lb'
1 1b/sec
.1 1b/sec
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ERROR ANALYSIS (For a typical point - Inlet Pressure = 120 psia,
Inlet Quality = 0.33, Speed = 7500 RPM, Pressure
Ratio = 8.0) C

Note: All errors () based on a confidence 1eve1 of 95%

dQ/dx - Determined by variation] Q

of parameters using Flow | Power | EffI="TEXhaust

the data reduction ‘
Rate clency {Quality
computer code 1bm/sec KW g ,

Channel § . . :
Inlet Temperature - OF : o o | 0.23 0
Nominal Value - 341,
Channel 6 o | | o |
B L o B o C
a}éagstFTemperature F | 0 10 18 30.33 0.0007
Nominal Value - 2113. e S IR A ¢
Channel 7 o : :
Water Temperature - “F : s .
o= 1 OF 0 0 | 0.08 | 0,0007
Nominal Value - 342, ' v ’

[
Channel 9
Calorimeter Temperature-oF - N
o=1°F 0 . 0 v Q.OZ 0.0002

Nominal Value -~ 282,

x | Channel 10

Steam Flow Rate - Volts .10 0 ' 8.0 6.0
Nominal Value - 4,30

Channel 11 ' " o RN
Wateg glow Rate - Volts. .1 0.90 1 o | 10.0. ' 0.20
T = : .

Nominal Value - O. 930

Channel 12 - ‘ : .

Torque - Volts : 0 | 90 - 110 0
o= 0.003V L ' L '
Nominal Value - 0.7340

Channel 13 : ' oo SR
Speed - Volts Nominal- 0 bo | - 50 0
o= 0.004V Value - 0.75 ' B

°‘.=-V ,Z((aa/ax;)’(a-;)’) 50.012; :.0.3_1,: 0.86 0.0046)

o /&  (Percent) - | 0.9 1.0 2.2 1.1

Nominal Q 11.303 | 30.9 38,8 | 0.412
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CAenarvltriiter VM Calesoluteoms
D Fped Velecity

MASS  FlLow RATE

m

l{z: CDEN5/TV)(FLOW AREA) ’T(NOZ?LE RAP/”/;:
i VT (551/-/,(0)(/7)(0 25»0 <’2’"‘/f«‘>
V= m (/5’./ #/,éé‘»ﬂ. ) ' p bé%//zr )
, /za,w.

@ Aleam Z7f7x_ﬂ> VM

_ »m
v p (LysHoemt INLET PM?T AR/’A)
V= [ 1245/ fr>

(0.2 ulu//r ')(2 '

v= » (270 ft/%«) p = 027 lmfpe Qfﬂ)

B Lt B Viteity (Tepeaitel) | mate fioto,

V, = (roTamional sPEED)( ADTOR ¢ IRCumMFERENCE)

Vy = N (277' CRoToR nAmu;)) o
s W Gromegl( i)
Vo= /V<7'25A/0'21{/t-m%/m-".wj

'@ Lot Viloeity (W} LME/%&:

V4 = (ROTATIONAL sfsfp)(ﬂﬂwn LENéTHD/(wnAmemm)

o = W (85220 /C3207360) ) (1 YTl
N (1o2x072 #‘M/M-M) |

VA:

fople = 3200

FV Aaz;
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./.«i{f‘w(a/ym Lt pr~ Snle

L) ale. 0? ﬂlx‘/ﬂyyz P4 &V‘Lﬁ"L_

L afte Aezeclical
§/30/81 ¢
7/1/ 81 ?
7/2/81 ?
7/7/¢1 | ~157
7/9/81  ~20%

Wrm

md T TS

e g Ao A U=, e AL
/M/,/&/é Aoz ol AaKe ,//'on? (18 rten )
—%" é&xv(/&/l g /t/z/r&al&-—(— ZOE . 1l Kag

/uéa/w/»ocq,{ /L@a@ &/C ' Mm,

Ay AKe —zmme Correction  —2Aonted
e Ao IS, e y
%’VWW & To V‘w}‘/g%

oC é//véu_p( //Z(* Uttt sy O atll

14 (&fwaf.rQ = @A/’a"%)[}/(ﬂ)z + (’V’% 7>2
A, 100 %,

/3 T Twctionel Aepiduel = O.15
””}Al 100, = %4( —Beate W /?&a/éé/»y
= 4.03
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DATA CONTROL PROGRAMS
LYSHOLM ENGINE TESTING
HP - Licv

. RS4= 6.182

; R55= -8, 86¢

: RS6= 0.854

ﬁ RS7= B.07%

: RS§= 8.186

; R59= -0.612

P ReB= 8,475

j Ré1=  1856.658
RE2= 1.645

, RE3= -44, 006

PRP *FRAT1O"

@i¢LBL “FRATIO"

82 F57 @3
83 GT0 81
84 RCL 56
85 »

86 RCL 57
87 +

88 GT0 82

89¢LBL 81
16 RCL 58
1=
12 RCL 59
13 +

14¢1BL @2
15 ¥OY
16 RCL 54
17 *

{8 RCL 35
19 +

e s

21 END

PRE “HCRTRL®

BIeLBL “HCRTRL®
82 ST0 85
83 RIK
84 STO 84
85 RIN
85 STO 62 -
87 RIN
ag ST0 81
89 R{L 85
1@ FS? 83
11 670 81
12 RCL 96
13 =
14 RCL 57
15 +
16 GTG 82

17¢LBL 81
18 RCL 38
19 »
28 RCL 55
clo+

224LBL 82
23 STG 86
24 RCL 84
25 RCL 54
2 %

27 RCL 55
28 +

23 §70 82
38 RCL 03
31 RL 60
3%

33 RCL 6!
34+

35 RCL 82
36+

37 RCL &
38 RCL 62
30 %

48 RCL 63
4+

42 RCL 8@
43 »

44 +
45 RCL 8%

46 RCL 82

47+

48 7

4% END

11



\

T Elor— SRalis W (FRATIO) HF-4IcV.

- =
AsN  -¢€l, (FR) (:,( 0,
Ol LBLT FRATIV
o2 F5103
03 610 Ol
204 ReL .56
753 *
| o¢ ReL .57
e |07 v
s | 08 610 02
09 LBL O]
K 10 ReL 58
2‘2 1/ X
: 2 KL 59
12 +
14 LBL 02
15 X £
—~ | /6 /?cié'#
@ |/7 X
B /8 RCEL 55
19 +
20 /
2/ END
SF ©3 5099 .
- ' 2.0/ 6
CF 03 2,094
- /-621
l
|
E
@

D

CRE% Qer0204  (557(23))

- Rbs -0.0059 (BsT(2,2))
RS54 . €538 (3w (2))
- RS57 ©.0756 . (Bw(2))
- R58  ©O-7867 " (sw(z)

"5y -0.0122

(3w ()

O3 Bed 2 0.375 Iader Cifenn (

Clrnn = 0.800 286l Oaigfure {

FR . —> 04919 V
Y. 7035 v

FR —
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iﬁ

E

2.08F 50 SHEETS 5 SQUARE
42.382 100 SHEETS 5 SQUARE

4
|3
4 2
PR RN

2.389 200 SHEETS 5 SQUAR

'l'.
A
~arin

FTWOWWYW WU aww AN MNN NN S-S -~~~ ~~03 U000 oo
Q%wummtwm\g¢®‘mW{ww\bﬁ%wa{wpgg%ww§w¢WN~

4/

“UNSE
AN -6 );(H(_S ) (x<y7)
LBLTHENTRL |
s5T0 W “ 6 RCL 08
N 47 F
5T0 1D 48 /
v 49 END
S5To 0% »
Vo
sT0 07 R&Y 0.1021y 55T (2,3))
Rer 1/ R 55 -0.0059 Bs7°(2,3))
Fs 7200 R 56 0. 85 38 SW (2))
Gre o/ R 57 0. 0756 CBw (20
ALl 56 R 58 0.186/ (5w (2>)
* R 59 -0.0122 (6w (3
RCL 57 R 06 mw  Lkr/_ =]
+ R DO CHO7 ,
Gro o2 1 08 s [eam/sEc]
LBL O » o9 CHO7
AL 58 R 10 CH IO
X R 11 CH I
BlL 59 A 60 o.47s.  [Brd/iom r]
# R 61 l1050.05 [Bru/eem]
LBL 07 R 62 l.o4s Caru/ipmer]
5T0 06 363 - 44, L Erufrmm]
RLL 1O
RlL 54
X
RiL 55
7L.
STo 0%
BRLL o% T
ReL 60 -HC (UseR)
* v XEQ HINTRL
<L 13 ‘0_~ o [8 / ]
+ af/yl/én— e, 2 TUu/L 3
KL él / )
X
RLL 07 .
seLer Tlage |
X — 0.375 Zaln Dl
Rl ¢3 > 0-800 Wolew Trffece
~* B
RcL ¢
X
+
RELOG ]
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HEETS 5 SQUARE
HEETS 5 SQUARE
HEETS 5 SQUARE

Tt W ( Hevad)

SF 03

CF O3

240.0 ™
282.0 YA
4.24¢ T L
2.295 He =7 755,342 -
224.0 ™
2850 T
2477 YA
Y, He  — c21002 v
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SUBRULT LRE

SUBKUUTINE MODCQUALLy SFEEDs FRATIUs FLOWNs EFFs QUALZS

1 FOWER: FMIND ‘

VERSTUN #/s 2/716/82

SUEBROUTTINE USES EMFIRICAL RELATIONS 10 LETERMINE FERFORMANCE
OF LYSHOLM ENGINE FOR A GIVEN SET OF OFPERATING CONLILTIOUNS
COMMON /COEFF/ F(li)s F(O)» FM(2)

COMMUN ZLLOGIN/Z TLe FL» HL» SL» Viis XLs SFRHY

LOGICAL TLs Fl.» HLs» SL» ULy XL» SPRHI

DETERMINE MASS FLOW RATE

AA = F (1) % EXF(F(2) % SPEED)

RA F(3) + F(4) X SFEED

Ak = F(59) X EXF(F(&) %X SFEEL)

BE = F(7) + F{(B) ¥ SFEED

f

A = AA + RA X WUALL
E = A + BR X QUAL1
C = (F(Y) X SFEELD /7 (F(10) + F(11) % QUALL)

FLOW = (FRATIO - 1.0)/¢A + R X FRATIO) + C
LETERMINE POWER

A = F(1) 4+ F(2) % SFEED

B = F(3) + F(4) % SFEED + F(%) % SFEEDXX2,0
C EXF(F (&) %X SFEED)

FUWER = (FRATIO = C) 7/ (A + B X FRATIO)
LIMIT FUWER 10 REALISTIC VALUES FOR FLOTTLING
IF (FOWER T+ 0.0) PUWER = 0.0 -

F (FOWER «GT1e 75.0) FUWER = 0.0

DETERMINE INLET STATE

Fl = 120.0

FL » TRUE .,

XL = JTRUE,

CALL STMIRL(Tis Fles Hly S1s Visy QUALL» SHIL)
F2 = F1 / FRATIO

AVDID DIVISION RY Z2ERO A1 FRATIO = 1

LF (FRATIO +GT. 1.0) GO TO 100

EFF = 0.0

GU Q200

CONTINUE A

VETERMINE ISENTROFIC EXHAUST STaATE

FL = JTRUE. '

SL = JTRUE, ,

COLL STMIBRL(T2Sy F2s H28» Sis UZ8s X228y SH2S)
CALCULATE EFFICIENCY

VELTAH = Hi - HZ2§

EFF = 100 % FOWER % 0.9480 / (FLUW % DELTAM)
CONTINUE '
VETERMINE ADIARATIC EXHAUST STATE(ASSUMING NU LOSSES)
HZ2 = H1 - FOWER % 0.9480 / FLOW

DETERMINE EXIT S1ATE

FL = +TRUE.

HL = JiIRUE.,

CALL STHMTERL(T2s F2y H2y 825 U2s QUALZYy SH)
T0 PRESERVE CONTINUITY UF EXHAUST QUALLIY FLOT, SEYT QUALY 10
1.0 IF EXHAUST 18 SUPERHEATED

il

i}



‘@

L CSPRHTY QUAL2 = 1.0

LETERMINE MINIMUM ATTAINARLE EXHAUST FPRESSURE FOR

FLOW RATE

FMIN = FMCL) % EXFOPMOZ) X FLOW)
RETURN

END

BLOCK NatlnH
BLOCK LATA
CORFFICIENTS FOR EMFIRICAL LYSHOLM ENGINE MUODEL

CUMMON /Z7COEFF/Z FC(11)s F(O)y FUCZ)
DATA F/ -59.,403E-2» 3.638BE-4y -4.,031y 3.3705E~4>

1 2.694E-1y 1.,968E~4y 3.685y =2.000E-4s
2 1,331E-4y 1.789E-2, 3.710/

Lala P/ 6,093E-2y —-%.934E-6

1 6+651E-2y =9 0Y0k-65 H.118E-10,

2 1.144E-4/

nata PR/ 7500y 4,500E-17

BN

THI.

16

Mass
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SUBRUUTINE

SUBROUTINE STRITEL(Ty F» Hy S Uy Xy SH) .
CALCULATES THE FPROFERTIES OF STEAM AT A GIVEN STATE
COMMUN ZLDGIN/ TSy PLSy HLS» SLSy VLSy XILSs SFRHTS
COMMUN /5T0aTas TSATCZ Yy FSATC27) s VUET 27y VGT(27)

1 USUIFT (27 HETA(27) s HGY(27) s HSURT(27)s SFT(27)»
s SGT(27)y SSUFTCZ/)y ISURTICLE7)

LOGICAL TARLES, STATES, SFRHTS, TLS» FLS» HLS» SLS» VLS, XLS
INITIALTZE SUFERHEAT LUGICAL VARLAKLE |
SFRH1G = FALSE .

SET FPIVOT FARAMETER ARKAY SIZE

N =27 |

-CONTINUE

DETERMINE FIVOT FARAMETER

I ¢ FLS ) GO TO 20

I+ ¢ TLs » GO 7O 30

F ¢ VLS ) GO TO 2000

ST1ATES = JFALSE. :

CONT{ INUE

IF STATE HAS NOUT REEN FROFERLY SFPECIFIENs TYFE *814TE NOT-
FROFERLY SFECIFIED® AND STOF EXECUTION '

TYFE 16
FORMAT (1Hy ‘STATE NOT FROFEKLY SFECIFIED)
STOF

CONTINUE , -

CALL BUUNLICF, FSATs TAKLES, Iy N)
CHECK fHAT THE $1ATE I8 IN THE TABLE RANGE

IF ¢ TAELES ) GO T0 2%

CONTINUE

IF OU1T OF TAELE RANGEs (YFE "OUT OF STEAM TAELE RANGE® AN
STOF EXECUTIUN

TYFE 23X

FORMAT (1Hs ‘0UT OF STEAM TARLE RANGE’)

STOF ‘

CONT INUE

FRAC = YLOG(F» FSAT(I)sy FSAT(I+1))

CHECK FOR IMFLICIT SPECIFICATION OF SUFERHHEAT CONLITIONS (T
IF ¢ 1LY ) SFRHIS = ,(RUE., '

I ¢ 1L ) GO TO 40

GO (O 3%

CONTINUE

CALL EOUNDCT» TSATy TAKLESs Xr N)

CHECK THAT THE STATE IS IN THE TABLE RANGE ANR FXll SUBROUTINE 1

IF ¢ TABLES ) GO 10 32
GO TO &

CONTINUE

FRAC = YLUGCTy TSATCTYy 1SAT(I+1))
CONTENUE

CONTINUE |
DETERMINE SATURATED VAFOR FROFERTIES FOR DECISION ON SUFERHEAT
HG = ZLOG(FRACs HGTC(I)s HBT(I+1))

SG = 2LOG(FRACY SGT(1)s SGICI+1))
UG = ZLOGCFRACS VGTCIYy UBT(I+1))

I H
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120

200

I3
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b
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8|
73}
(@]

270

18

GO 10 SUFERHEAT SECTTUN IF IMPLICILITLY SPECIFIEN
IF ¢ SFRHTS ) GO 10 %00

DETERMINE SATURATED LIQUID FRUPERTIES

HF = ZLOG(FRACy HFETC(I)s HFT(141))

SF = ZLOGCFRAGs SFTCI)y SFTI+1))

UF = ZLOG(FRADy VETCL)y VFTCI+1))

CALCULATE QUALITY FROM SECOND INFUT VUARLIAGRILE
IF ¢ XLS ) GU 10 90 ‘ '

IF ¢ HLS ) GO 10 100

IF ¢ 5L ) GO 70 110

IF ¢ VLS ) GO 10 120

GO 10 10

CONTINUE ‘

IF ¢ HLS (0ORe VLS JUOR. SLS) GO TO 10

GO TO 200 :

CONTINUE

IF ¢ SLS .OR. VLS ) GO TO 10

CHECK FOR SUFERHEAT CONDITIONS

IF ¢ H .GT. HG ) GO 10 490

X = YLINC(Hy HEs HG)

GO TO 200

CONTINUE

VLS ) 6O 10 10

IF ¢ 8 .GT. SG)Y GO 10 490

X = YLIN(Ss Sk SG)

GO 10 200

CONTINUE

VU GT. VG ) GO TU 490

X = YLIN(V, Uy VG)

CONTINUE

CHECK FOR NEGATIVE QUALITY INLICATING SURCOOLED CONDITIONS
1F ¢ X JLE. =0.00005 ) GO 10 220 e
GO TO 230

COUNTINUE

ITYFE 229

FORMAT (iHr “NELGATIVE QUALITY INDICATES SURCOOLEN CONLITIONS-OWT

1 0F TABLE KRANGE’)

CONT INUE
IF (X +1LEe 1.0003) GO TO 240
GO 10 10

CONTINUE
CALCULATE UNKNUWN FRUFERTIES

F C PLS ) GO TO 250

Fo= ZLOGCFRACY FSAT(L)y FSATC(I+1))
CONTINUE '

F ¢ ILS ) GO 10 260

T = Z2LOGCERACY TSAT(L)y TSATC(I+1))
CONTLINUE

1F ¢ HLS ) GO TO 270

H = ZILIN(Xs HF» HG)

LUNT INUE .

1F ¢ SLS ) GO TO 280

S = 2LIN(Xs SFs SG)

CONTINUE

1F ¢ VLs ) G0 10 290



2%0

450

495

[ A1
(]
<

C
600

610

660
66

670
(W

700

710

Vo= ZLINOXy VEs VUG)

CUNTLRUE

GU 10 730
CUNT INUE
IFCFLE ) GO
GO TO 200
CONTENUE

10 4%5%

SFRHTS = J1TRUE.

CONTINUE

LDETERMINEG FROFERTLILIES AT 70
T8UR = 2L06(FRAT, TSURT(L)

HSUF
SSUF
VSUF

LI I

ZLOGCEFRALy HEURFTCL) s
ZLOGCFRACY SSUFT(L)
ZLOGIFRALY VSUFTCL)

TSATG = ZLUG(FRAC, T5AT(1)y

It ¢ TLS ) GO

IF ¢ HLS ) GO
1F ¢ sLs ) GO
1IF ¢ vLg ) 6o
GO T0 10

CALCULATE SUFERHEAT

CONTINUE

1F ¢ HLS- JUR.
SHE = YLINC(T,
GO 10 4650
CONTINUE

1 € LS JUH.
SHE = YLINC(H>
GO TO 690

© CONTINUE

IF ¢ VLS ) GU
SHE = YLIN(S,
GO 10 650
CON'T INUE

SHE = YLIN(V,
CONTINUE

IF (SHF LLE.
GO TO 470
CONTINUE

TYFE 665

FORMAT (1Hy ‘NEGATIVE SUFERHEAT INDICATES P
1 SFECIFIED SURBCOOLEL

CONTINUE

CALCULATE UNKNUWN FRUOFERTIES

=0,00003) GO

T 600
T 610
TO 620
0 630

FRACTYON

NEGREES SUFERHEAT

TEURTL+1) )
HOURT(I+1))
SEUPTCI+1))
VSUFTCI+1))
1T8ATCI+1))

FROM SECOND

SLS JOR. VLS ) GO T0 10

T8ATGY TSUF)

VLS ) GO 10 10

HGs HSUEF)

1010
SGr SGUK)

VGy VUSUK)

T 660

CONDITIONS?)

SH = SHF X (TSURI1(1)Y — 18AT(1))

IF ¢ ILS ) 60
T = ZLIN(SHF,
CONTENUE

1K ¢ HLS ) GO
M o= ZLINCSHF,
CONTLNUE

IF ¢ sls > GO
§ = ZLIN(SHF
CONTLNUE

1 ULy ) 60

ao700
TSA1Gy TSUR)

10 710
HG» HEUF)

720
BGy SHUF)D

T4 740

INFUT VARIARLE

19

ILLEGALY
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810

&§20

2000

3 0
s
<

1000

I B o]

Vo= ZLINCOSHE s Vi VUSUED

CONTINUE

O 10 Yuo

CUNTLINUE

1F (HLS) GO 10 810

1F (SLY)Y GU T4 820

I (ULS) GO TO 830

GO 10 10

CONTINUE :

Cabl TSFR{Ty Hs FRAC, HGT» HEUFT» SHELs SHEZ,
GO 10 Y00

CONTINUE

CALL TSHFR{T» S FRAC, SiGTs SSUFTy SHFE1s SHE2»
GO 10 900

CONTINUE

CALL T8FROY» Uy FRAUY VGTy VSUFTs SHEL1s SHEZy
CONTINUE

'F (HLS) 6O 14 %10 v
CALL LINT(Hy FRACs SHE1y SHFEZ2y HGT» HEURT: M)
CONTINUE

IF (SLE) GO 10 920 _

CALL LINT(Sy FRAC» SHF1s SHEZ2y SGTs SSUFTe M)
CONTINUE

LF (VLS) Gu 10 930

CALL DINT(Vy FRACy SHFELy SHEZS VGTe VSUFTy ™M)
CONTINUE ‘

o= 2LOGCHRACY FSAT(MY s FSEAT(M+1))

GO TO %350

20

M)

M)

M) .

CONTINUE

CALL QUAL(VS»)
GO 10 1

CONTINUE
INITTIALIZE LOGICAL INFUT SFECIFIYERS FUR SUBSEQUENT Cal.lS
TLS = .FALSE.
FLS = JFALSE.
HLS = JFALSE,
SLY = JFALSE,
VLS = JFALSE.
xLS = JFALSE.
RETURN

ENL

BLOCK DAtTA

BLOUK DATA

STEAM UATA» ENGLISH UNLIYTS (REFERENCE 1967 ASHME STEAM TARLES)
COMMON /STDATAZ 1SATLZ)s FSAT(A7)y UFT(27)y VGT(L7 )y

1 VSURT (27 HETCE7)s HGTC27) s HSUFT(27)09 SETC27)y

2 SGTCE7)s BSUPT(27)y THUFT(Z27)

LATA TSAT/ 100405 110.0s 120,05 130.0y 140,00, 150,00,

1 160,0y 170,0y 180.0r 190,09 20040y 210.0y 22040y

2 230409 24040y 250409 26040y 270,09 UB0O.0s LP0.09 300407
K $10,0r 820,0y 330,05 340.0» 350.,0s 360.0/

UATA FSAT/ 0.94924y 1.2750y 106927y 202250 2.
1 4.7414y 0.99d6y 7.9110y 9.3405 11,5906y

BRPZ, 3,7184,
1446123



-

188,23, 198,33y 208.4Y%, 218,59, 218,76y 238.95,

321.8y 332.3/

ATA HGT/Z 110%.1y 1109,3s 11138.6y 1117.8» 1122.0, 1126.1
1130.2y 1134.2y 1138.%2y 1142.1» 1146.09 1149.7»
1193.4y 1197,1y 116046y 11640 1167449 1170.69
117648y 1179,7y 1182.59y 1185.2y 1187.7» 1190.1>
11v4.4/

>
>

023139 0.2473%y 0.2631 0.2787y 042940y 00,3091
00,3241y 03388y 00,3533 0.3677y 0.3819r 00,3960,
0, 4098y 0,4236y 00,4372, 0.4508r 0.4640r 044772y
00,4902y 0,5032y 0.,9161/ '

e
>

18487 1.829% 1.8111y 1.7934y 1.7764» 1.7600>
1.7442y 1,7290y 1.7142y 1.7000s 1.68B62y 1.6729y
1.6473y 1.63%1y 1,6232, 1.61165 1.,6003r 1,089
1.59678/7

f'.ll-‘ga’}urﬁH:f.bbif'il—‘-*:.bu‘f-.:!—“-"_’bbu'f':
> T
hrg

21

A% 2000

2 17186y 200779y 24,968y 29,8285y 55.4207s 41.8U6

3 57,5950 87,009 77,687y 89.643% 104,040 117,99

4 , 134,404, 193,010/

DaTa UFT/ 0.01613 001617y 0016205 0.016425y 0,016295 001654
1 0.01640y 0,0164%s 0,018%51y 0.018657s 0.,01664r O.01671

2 0.,018678y 0.0168%y 0.016935 0.01701s 0,01709» 001718,

3 0017269 0,01736y 0,0174%s 0,01755y 001764y 0017767

4 0,01787y 0.01799s (.01811/

UATA VGT/ 350445 26%9.3% 203,269 157,33 123.005 97,075

1 ST Sy 62,06 HOLE2Ny 40,957 33,6389y ZL7.81léy 23,148y

e 19,381y 16,321 13,819y 11,762y 10,060y 86439 7.46038y
3 6, 4658 H5,6260r 4.9138y 4.3069r 3.7878» 3.3418y 2,Y0734/
LDATA HET/ 67,999y 77.98y 8797y 97.96y 107.95y 117.95»

1 127,96y 137,97+ 148,00y 158,045 168.09 178,10,

249,17y 259,45 269,79 280,09 290,45 300.8r 311.3»

b4

1192.%»

SET/ 0,129%y 00,1472y 0.1646 0.1817y 0.1985y 0.21%0»

GG/ 1.9825, 1.,9%977y 1,9339 1.9112y 1.88Y5y 1.854686,

1.6999y
15784

VSURT/ 494.6y 298,36y 228.1%y 176,32y 137.645 108.48)
Bo.27y 69,19y 959,94y 45,597y 37,405y 30.902y 25,702
21,507y 18,104y 15,323, 13.03%Yy 11,151y 9.581s 8,271

3 o170y 6,241y S.4%4y 4,783y 4,210 3.7174, 33,2932/

DATA HSUFT/ 1136.6y 1141.0 1145.35 1149.7» 1154.0» 1108

1 1162,%5r 1166485 1170.9y 1175.1, 1179.2s 1183.34,
2 1191.2 11951y 1198.9y 1202,7y 1206.45 1210.0y
3 1217,0y 1220.4, 1223.7, 1226.9y 1229,9y 1232.9,
LATA SSUFT/ 2,0356y 2,0101y 1,9857) 1.9623y 1,999y 1.98
1 1,8982, 1.878%, 1.8597s 1.8416s 1.8243s 1.8076y
2 107761y 1,76125 1,7469y 1.7331y 1.71975 147067+
3 1,681y 1.6703y 1.6589y 1.6478r 1.6370y 1.626%)
DATA TSUFI/ 170.0y 180.0r 190.0r 200,05 210,05 220,09

1 230,00 240,05 250.0s 260,01 270.0r 280,05 290,075
2 300,07 310,05 320,0r 330,05 340,05 350,05 360.0y
3 570,01 380,0s 390.0s 400,0r 410,0r 420,05 430,07

ENI

SURROUTINE
SUBRKUUTINE TSPFRCITy Qs FRACTs Gr SUFy SHETIs SHETZs J)

COMMUN /STUATAZ TSATLY)s FOATCR7)y UFTR27)y VGETIZY)
1 VSUFT(27)y HFI1C27)Yy HETCZ7)» HSUFT (270 SF1TL7 )

vy

11873,
1213%.60»
1235.8/
14y

1.7916
1,6942,
1.6163/
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100

oo
o O

10
20
30

40
550

10
20
30

IIMENS LU
NT = 27
BU 100 J

LT L7y
N (270

= 1 NT

SHURT L)
SUF (27

y ASURT(27)

SHET(L7)s QB5H(ZY)

SHET (D) = (11 = 18ATC) 7/ CISUPT(I) = 1881 (J)>)
1TCye GOJ)y BUFCIID

WSH(J) =
CONTINUE
CALL REU
FRACT

SHE 11

SHE 1 2

KETURN
ENLI

HooH

SURROUT L

ZLINCSHE

UNLD Qs @

SHET D
SHET Cd+1)

NE

SHy TARBLESs Js NT)
YLOG(Ry QSHCd) s WSH(J+1))

SUBROUTINE LINT(QLUs FRACLY

HIMENSTO
il = 2L
Qo2 = 2L
Qo o= ZLU
RETURN
END

SUBROUTL

SURROUTT
DIMENSLO
LOGLUAL
NEM = Nk
no 20 1k
IF ¢ kB .
GO 10 30
1F ¢ k
CONTINUE
BTARLE =
GO TGO =50
RiAkLE =
RETURN
ENIi

N GRC27),
IN(SHFIDI1,
INCSHELIZ
GCOFRACL,

NE

NE RULINLG
NORTONE)
BTARLE
-1

= 19 NEM
GE. RBIT(IR

SUPLC27)
GLIKLD »
GLO(RKL$1)
Qui, QU2)

Ey BTy BT

1) 6O TO

SHFEL1, SHFLZs

SUFNCKDD )
y SUFL(RI+1))

ARLE, 1By "NR)

10

LE. BTOIB + 1)) GU 10 40

+HALSE,

HRUE,

SUBRKOUTINE

SUBKOUTINE KBUUNLCEs K1y HBTAELE, IEy NK)

PIMENSTO
LOGICAL

NEM = NE
NO 20 1R
IF (K L
GO TO 30
IF (B .G
CONTINUE
ETALLE =
GO TO 40
BTABLE =

NOBTONB).
BTAELE

- 1

= 1s NEM
ke BICIH)
Es BTOIR
+FALSE,

+ TRUE .

) GO 10 1

+ 1)) GO

0

40

Gy

Sy

K1

22



S0

C

iR e
LB

-

L

METURN
END

FUNCT LUN

FUNCTLION ZLINCAs Bls R
ZLIN = Bl + A& X (B2 - Bl)
RETURN

BN

FUNCT TUN

FUNCTTION zLUOGC(Cs Lls DD

ZLOG = EXFCALUG(LL) + C % (ALOGCLZ) - ALOGCL1)Y))
RETURN

END

FUNCTL1UN

FUNCTION YLINCE, Els EZ)

YLIN = (b - EL1)/C(EZ -E1)

RETURN
ENLI

FUNCTLUN

FUNCTION YLOGCEs Rl FI2)

YLOG = (ALOGCR) = ALUGCF1) ) /7C(ALOGIF2) - ALOG(F1))
RETURN

ENLI

SUBROUT INE

SUBKUUTINE QUAL(Us Sy k)
COMMON /78TRATAZ (SATCL7)y FOATZ7)y VRN Y VGTLZY )y

1 VSUFT (7Y y HETTCL27)y HGT(27)s HSUFT (27 SFT(2Y7),
pe SGTCLY)y SSURT27)y TSURTRY)

COMMON /LOGIN/ TLSy FLSy HLSy SLS» VLSs XLSs SFRHTS
LIMENSION Q270 UMC27) »
LOGICAL TLSy FLS» HLSy SLSy VLSy XL8s SFRHTS
NT = 27

DO 100 J=1+¢NT

ROJY = YLIN(Sy SFTC(D)y SGTCI))

CONTINUE

bo 200 J=1sN7

UMOJ) = ZLINCQCD) s UFTCJ) »VGTCI))

CONTINUE

CALL RUOUNNC(V UMy TABLESs JoNT)

Y = YLOG(VsUM(J) s UM{I+1))

Fo= ZLAOGAY sHSATCIY »FEATCI41))

VLS = JFALSE,

FLS = TRUE. '

RETURN

END

23
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200
300

CURVE o F TN

FROGRAM COMPFUTES DATa6 FOR EVALUATIUN UF MO

OIMENSTON QUALLC(E) s SHEEN(4) : .

DATA QUALL /7 0.167y 0250 0,333y 0.500s5 0.9%0s 0200/
HATA SFEED 74500,0s 6000.0y 7500.0s 9000.0 /

UG $00 1 = 156 ’

nd 200 J = 14

OFEN QUITRFUYT FILE

UPEN (UNIT = 1s NAME = ‘CURVEDAT » TYPE = “NEW

1 CARRIAGE CONTROL = “LLIST7y ACCESS = ‘SEQUENTLIAL’)
FRATI0 = 1.0 : '
nog 100 K = 1,113

CALL mMODCQUALL1CI)y SPEELNGI) s PRATIO, FLOWy

1 EFFy QUALZ2s FOWERy FHMIN)

WRITE RESULTS 70 DAata FILE

WRITE (is30) QUALICL)y SFEEDCJ)y FRATIU» FLOWy

1 FOWER: EFFs QUALZy FMIN
FORMATCIH »FS5,3y T2y FS.0s Ti8r FO2s 1279 F/035r T3
1 F8.,3y T45s FBe39 104 F7:¢%9 163y F6L3)

FRATIO = FRATIO + 1.0 / 8.0
CONTINUE :

CLUSE (UNLT = 1)

CONT INUE

CONTINUE

S 08

EN

24
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100

200

300

400

500

&00

700

1000

(RIS I“ 1N
FHUGHAM SEaRUHES FUR
IN ENGINE mMUOLEL

ERERE = 0,0
EFFMI = 0.0
SHEREL = 6000

i 300 1 o= 125
wUALL = 0.0
ug @00 o=
FRAT = 5.0
ng o100 K o=

Lyl

1,21

UFERATLING FUOINY

25

FUOR MAXIMUM EFFICIENCY

CaLL moncaual.ls SFEEDs FHATs FILOWS EFEs QUALL, FOWERs FMIN)

EFFMLI = EFF
SHEENL SFEETD

QuaL 1l (AL

FRATL = PRAT

FLAOWIL = FLOW

GUAL21 = wdal.?
FUWERT = FOWER

FMINT = FMIN
CONTINUE

FE o= 120.0 / FRAT

IF CCEFF JLE. EFEMY)
1 GU Tt Yo
EFFME = kFF

SHEEL = SFEED

Qual Ly = WAkl

FRATZ FRAT

FLOWY = FLUW

AL d = wlal2
HFUWERY = PUWER

FMINZ = FMIN
CONTINUE
FRal = FRAT
CUNT INUE
QUALT = duall
CONTINUE
SFEEL = SFEED + Z00.
CUNTINUE
TYFE 400
FORMAT (TH
TYFE %00
FURMAT C1H
1YFE 600
FORMAT (1H
TYRPE F00r
FORMAT C1H
TYFE 800y
FORMATC1H
TYFE 9005
FORMAT CLH
1TYFE 1000y
FORMAT CIH
TYFE 1100,

EFFM1) G

(HE

+ 002

EFEMLly EFF
s “MAXIMUM

Guality QU
y “INLET (U
SFEEDLy S
y "OFEEL

FRATLY FRA
y ‘' FPRESSURE
HOWERLYy FO
y "FOQWER »

FLLOW1s FLO
s “MASS FLO
auat.21, Q@
y ‘EXHAUS

FMIN1Y PM

0 10 10

+URe (PR

O

M2
EFFICLENCY s
ALl
ALLIY ¢
Bk
T30
1
RATIO
WER2
T30
Wi

W RATE
UAL22
HUALLITY ' »
LN2

T30 FY.
FA.Or TA40y
T30 Fio.
Fdels T40y
1305

T30s F

LTe F

1300

Foeds

MIN) (FLOW GTe 240

UK

F4:1s 140y F4.1)

3r 140y FS.38)
Fé.0)
2y 140y FH.2)
F4.1)
1409 FO.3)

T40s F5.3)

iedy



LA

b ORASTTCLH

e TMINIMUM EXHAUS!Y

1 Fadols 140 F4.1)

GTO
L NL

FRESSURE " »

T30s

26
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FLILM T b N

FROGERAM PREDLUTYS FERFORMANCE FUR SELECTED FUINTS

USTING Mol

DEEN BT FLLE

CIFEN CUMNIT = 1y NAME = ‘CURVE LBAT s TYRRE = “NEWy

1 CARKLAGE CONTROL = “LIST sy AUUESS = “SEUUENTIAL )
WhiTe (L 1O :

FORMATOIH »7QUALL e 19y ‘SFEED s T18y “FEATIU Yy 127y “FLOW
1 Taby "FUOWER y 145y “EEF7s T34y “QUALZ2 7y 163y “FMINTD
COMTINUE

TYRE ¥e 7 ENTER INLET QUALITYs SPFEEDs FRESSURE RATIO
AaLUEFT ¥y QUALLY SHFEEUDs FRATIO

IF (SHEEW LG, 0,02 GO 10 100

CALL mOncQuat.dy SFEELD FRATLIU» FILLOW,

1 EFEy QUALZy FUOWERyY FMIN)

WhLTE RESULTS 10 DATA FILE

WHITE (1,40

FORMATCLH ¢ ¢ ‘) .

WRITE (1+50) QUALLy SFEEDs FRAT1Uy FLOWs

1 FOWERs EFEFy UalZ2s FMIN

FORMATCOIH sFO.3y 19y 3.0y T18y FSe29 1279 FOeds 136y

1 FA4dls 140y F4.1y 194y FUW3r 163 F4.1)

GO U 20

CONTINUE

CLUSE CUNET = 1)

STUR

kNI
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RAFFALl b TN ’
FRUGKAM CUMPUTES BFFECTIVE KakFFAay ISENTROPIC ENTHALEFY LRUE AnNob
LENSTTY FUOR EXENSTION bFROUM
20 Fula 10 ATMUSFHERTIL PRESSURE FUOR STARTING QUALITIES
- OF 0.0 TO 140 : '
UUTHUT F ik IS SULITABLE FOR USE AS A SUURCE FLILE FOR Gha
COMMON ZLOGLINS Ty Floe Flos Sle UVlle Xy SFRHT -
KEAL KAFFA )
LuGELial, Thoy e Hioe Sy Ve XL SERHI
UFEN RESULT FI1LE
UREN (UNLT =1y NAME = ‘KAFFAJAT 7y TYFE = “NEW
1 CARRLIAGECUONTRUL = “LISTy ALCESS = “SEQUENTIALY)
1 120.0
P2 o= 14,7
Gual.l = 0.0
iy 100 L o= 1,101
C HETERMINE STARTING STATE
FL o= s ikUE.,
XL = «TRUE.
Catl STHMIRLOCEL, Fly HLe S1y V1 GUALL, SHL)
C DETERMINE EXHAUST STATE
FL o= Ik UE,
Sl o= L TRUEL.
CaLl STMmTBELOIZy F2 HZy S1s Vize QUALZy SHD
C CUMFUTE BEFFECTIVE KAFFA(F X VEXKAFFA = CUNSTANT)
Rabkra = (aLUGORL AF2)) /7 CALUGIVZ 7 V1))
DELTAH = HIL - HZ
LHENT = 1.0 / Vi1
o WRITE 10 QUTFUT FILE
WHITE (Ls20) QUALLes KakFrary ItELITAH» DEN1
=0 FORMAT (1H ¢« F4,2y 110y F&ube (205 F7cdr 130 F944)
WAl = WAkl + 0,01
100 CUNTINUE
CLUSE CUNLIT = 1)
aTor
ENLI

Fan R e T w i s S R
L L O

¥
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10

20

30

35

45

200

210
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10

r

LYS114BTN
FROGRAM MANIFULATES AND REDUCES LYSHOLM DaTA
COMMON ZLOGIN/ Fhe FLy HLs SLs VUly Xbl» SHRHY

COMMUN AUNATAZ SUGEYe BUC3)y SETC3)y BST(3)s SLNIGS)y BUWOS)
LUGLUCAL Ty FLY MLy SLs Vls Xl SFRHT

DIMENSLON NREUNCE8S) s MUONTH(S8E) s MOAY (2BH)» MYEAR(HEY)

1 MEUAN(HRY )y MUAL (58T )y MUOHMIGSEN) s BE(GHY) »

o CHS(HE5 s CHO(EBEY s CHZ(SHED)» CHY (BB y CHI10(33%59)
k) CH11{588)y CH12(58%)s CHLA(GBY)

OFEN DAaTA STORAGE FILE :

OFEN ¢ UNTT = 1 NAME = ‘LYST.DAT s TYFE
1 ALCGESS = “DIRECT » RECORDSIZE = it
OFEN OUTHUT FILE

i

TOLL
)

o

ODFEN (UNLT = Z» NAME = ‘LTOUT.DAT’ s TYFE = ‘NEW’» }
1 CARRIAGECONTROL = “L1ST’y ACCESS = “SEQUENTIAL")
FROMEFT FUOR TASK INFUT

TYHE 10

FORMAT (1Hy ‘CHODSE OFTIONS‘y 120y ‘1 - STORE DATAY )
TYFE 20 ' ’
FORMAT (1Hy T20s ‘2 - RETRIEVE LATA7 )

TYFE 30 ,
FORMAT (1Hs T20, ‘3
TYFE 35

FURMAT (1Hy 120, ‘4
ACCEFRYT % TURT

GO TO (45 4%, 4%y 2000)s LUFT

GO 10 &

CONTINUE

GU T (500 200 200y 20000 TOFI

CONTINUE

FROMFT FUR QUTPUT METHOL

TYFE 210

FORMAY (1H» ‘CHUUSE QUTFUT METHORI s 130 ‘2 — OQUTFUT FI1LE
1 (EX118 FROGRAM) ‘) ’

TYFE 215

FORMAT (1Hs T30y 7% = TERMINAL‘)

ACCERT %» I10UY

GO 10 (2009 2305 200y 200s 230)y 10U

GO TO 200

CONT INUE

GO TO 1000

CONTINUE

FROMET FOR MATRLIX FOSITION

TYFE %y ‘ENTER Iy Jsy K

ACCERFYT %» Is Jr K

NREC = 95 % I + 19 % J 4+ K

HROMFT FOR DATA

TYFE %y ‘ENTER NRUNs MUNTHs DAYs YEARs SUANSs CALs KE» COMY
ACCEFT Xy NRUN(NREC)s MONTH{NREC)sy MDAY(NREC)s MYEAR(NKEC)

REDUCE DATA AND OUTFUT RESULTS )

EXLT FROGKAM’)

{

1 MSCAN(NREC) » MCAL(NREC) » BF(NREC)» MCOMINREC)
TYFE % “ENTER UHSs CHé6y CHZ7s CHY’
ACCEFT ¥y CHS(NREC)» CHOC(NREC)» CHZ(NREC)» CHY (NRE(C)

TYPE ¥y “ENTER CH1G» CHile CH12, CH13’
ALCERT oy CHIONREC) s CHIL(NREC)s CHIZINREC)»CHI3(NKEC)
LUNTINUE

29



100G
G

1020
i

1900

1910

191%
1917

1030

1160
«

1500
C

30
WHITE I1daTa Y0 FILE
WRITE (1,7 NREG) NRUNONREC) s MONTHOMREC) » MOAY (NREC)»

1 MYEARCNREC) » MEBCANCNREC) » MCAL (NREC) s BF{NREL)»

2 MUUMCNREC) » UHOU(NREC) y CHEC(NREC) y CHZ(NREC)Y s UHY(NREC) »
& CHLOCNREC) y CHLIL(NREC) » CHLZ(NREC) s CHIS(NREC)

CTU N ISR

CONTINUE

FROUMET FOR MATIX BELEMENTS

TYFE % “EMTER 118Ts ILSTe JISTy JLSTy K1S1s KLST

ACCEFRT % 1187, ILETs JISTy JLSTs K157, KLSI

G0 TO (Sy 1050y 10X20)y LORT

CONTINUE

WITE HEADING TO RESULTS TARLE

WRITE (I0UTs 1900) . ‘ ) :

FORMAT (1H » “RUN®E natE COMMENT INLET EXH FRESS  SFEED
1 FLOW INLET EFF FOWER FLOW SFEC SFEC LEAKN ’
2 INLET  EXIT)

WRITE (IQWUTy 1910)

FORMAT (1H » 125 ‘FRESS FRESS RATIO | RATE
1 ENTHIL RAT10 SFEEDY SIlZk  RATE

2 uaAaL auaL )
WRITE CLUOUT, 1919) :
FORMAT CIH s (2%s 7 LHS1Al LREMY  LLBM/  LBTU/.

1 LRW LLRM/7 )

WRITE (10UTs 1%17)

FORMAT (1H ¢ 125, ¢ skEC SEC]
1 SELL) '

WRITE (10UTs %) 7 ‘
CONTINUE
L 1955 I
o 1954 J
ng 1933 K K181« KLST

NREC = 9% L+ 1Y x J 4+ K

FEAL uaTa FROM FILE

REAL (1 7 NRED) NRUNCNREC)y MUONTH(NREC)s MUIAY(NREC)»

LIS ILST
JIST e JLET

nonn

>*

1 MYEAR(NREC)Y»y MSCAN(NREC) s MUAL (NREC)y BF(NREC),
2 MCOMONREC) y CHH(NREC) » CHO(NREC)s CH7(NREC)y CHY(NREC) S
3 CHIOCNREC)y CHI1(NREC)» CHI12(NREC) s CHi3(NRED)

IF (NRUNCNREC) EQ. 0) GO TO 1950

GO TO (G9y 1160y 1500)s TUPT

CONTINUE

WHITE DAaTa 10 UGUTFUT FILE

WRITE (10UT» 1200) NRUNCNREC)Y s MONTH(NREC)» MUAY (NREC) »

1 MYEAR(NREC) y MBCANINREC) ¢ MUCAL(NREC) s BF(NREC)»

2 MCOMONREL) s CHS(NREC) » CHO(NREC)y CHZ(NREC)» CH?(NREC) )
S CHIO(NREC)» CHI1(NREC)y CHLI2(NREC)» CH13(NREC)

FORMAT C(1H » T4y 22Xy 12 /79 12y /779 12y 2Xy I1ls X5 Il

1 2Xr FSu2y 2Xe 110s 2X» FSels 22Xy FOols 2Xy FUJ1y

o 2Xy FOuly 2X» FS439 2Xs FSe39 2X5 Fbed4r 2Xy Fb.4)
GO 0 1950 :

CONTINUE

REDUCE LYSHUOLLM UATA :

TRANSLATE AUTODATA REANINGS 10 DATA

12 = CHLINREC)
T3 = CH&INREL)



O

31
(W= CHFONRED)
TCAL = UHY (NREC)
MEC = MUAL (MREC)
STFLOW = Q.1 % S8T(MUY % CHLO(NREC) + RS (ML)
IF (CHIL(NREGY LEe ©.03 GO TU 1400
WELUW = SLWI{MC) % CHI1(NKEC) + RW{NMD)
GO TD 1700

1600 WFLOW = 0.0
1700 CUNTINUE

TORA = 10060 % CHIZONRED)
SFEED = 10000 X CHLI3(NREC)

i DETERMINE TUTAL FLOW RAIE
TFLOW = STFLOW + WHFLOW
[ VETERMINE STEAM ENTHALFY

FCAL = 0.491 X BF(NREC)

TL = +TRUE .

FL o= JTRUE.

Call. STMIBL(TCAL s FCAL, HCALy SCaks VCAL» XCAL» SHCALD

C LETERMINE WATER ENTHALFEY ASSUMING SATURATED CONLLTLIUNS
XW = 0,0 '
TL = +TRUE.

XL o TRUE

CALL STMTEL(TWy FWs HWs Sy UWs XUy SHW)
C CALCULATE INLET ENTHALFY

HZz = (HUuAL * STFLUOW 4+ HW ¥ WHLOW) / TFLUW
o DETERMINE INLET FROPERTIES

1 = +TRUE.

HL = TRUE.

CALL STMTELOVZs B2y HZ2y &2 V2y X2y SHZ)

C FIX ISENTROFIC EXHAUST STaTE .
CoBAL =gl :
G DETERMINE ISENTROFIC EXHAUST FROFERTIES

TL = JIRUE.
5L = JTRUE,
CALL STMIBL(T3y F3S, H3S» 838 VU3Ss X35y SHIS)

G CALCULATE ISENTROFIC ENTHALFY LROF
DELTAH = HZ -H3S
» COLCULATE MEASUREL FOWER
DFOWER = TORQA x SFEER ¥ 1,1832E-5
C CORRECT FOR RBELT LOSSES AND FARASLITIC LOALS
FOWER = DFOWER + SPEED % 0,00012 - 04155
G CALCULATE EFFICIENCY C(FERCENT)
EFF = 100 ¥ FOWER % 0.9480 / ( TFLOW X UELTAH )
C CALCULATE SFECIFIC SPEED
881 = ( TFLUW % V35 ) X% 0.9 % SFEED 7/  DELTAH X 778 ) ¥%X 0.7
C CALCULATE SHECLIFIC SIZb '

It = 00,4267
Sui~= 1 ¥ ¢ BELTAH % 778 ) XX 0.2% /  (FLOW X V3S ) XX 0.%

C CALCULATE FRESSURE RATIO :
C IMFLICT ASSUMFTION: AlLL EXHAUST STATES ARE INSINE THE VAFOR DOME
- FRAT = P2/ F38
C CAaLCULATE FLOW RATIO
FRAT = WHLOW / STFLOW
G CALUULATE LEARKAGE FLOW RATE

RLEAK = THLOW - SFEED X 1.331E-4 / V2
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STHTELOIS FSrHS» 52y USy XSy SHE)
CH = P&/P3S

CaALCULATE EXHAUST ENTHALRPY (ASSUMINGlNU LUSSES)

H3 = H2

DETERMI
TL = o
HL = 1

e l\.'

ME F
RUE
RUE .

UWER X0,

XU s1ar

2480/ TFL-UW
=)

CAalLl STMTRL(TS, F3y H3y 53y Vir X3y SH3D
WRITE RESULTS (0 0OU
WRITE (IOUTs 192005
MYEAR(NREC) s MUDM(NREC) ¢ P2y P35Sy FPRATy SFEEL
TFLOWs H2»

1
2
K
FORMAT
1

2
32

X:) y
(1H
22Xy
F4,
DXy

X3

TRUT FILE
NRUNCNREC) s MUNTHCONREC) » MUAY(NREC) »

EFEs FUOWERs FRATY 551y SL1y RILEAKY

y L4y 22Xy 12y /7y I2s /%y L2e 2X9 The 2X» FS.1v

F4.1y 2
1y 2Xs F

Xy FOuo29 22X FUOs 22Xy FOu 3y 22Xy FoH 1l 2X»
Gl 2Xe F4.2y 2Xy FOWZy 22Xy FAldy 2Xs FOe3s

Fiadds 2Xy F5438)

WRKLITE (TOUTs %) ¢
COMTTNUE

CONTINU
CONTINY
CONT INU
GO TO (

GO TO %
CONTINU

CLOsE CUNTT

CLOSE (
ST
BN

SURRQOUTY

E
E
F

S 2000 9o

E

UNTI

INE

= 1)
= W)

/7

Se H)e IOUT

SUBROUTINE STHMTELC(Ty F» Hy S» Uy Xy SH)

caLcuLa

s

THE FROF

COMMUN Z1LLOGLIN/ TLSy
COMMUN /S1LATAZ TSATLLZ) s FSATZY7)s VET1(27)s VUGBT(27)
USUPT(27)

1
2
LUG1CAL

SET FIVOY

N =27

86T

CONTINUE

LVETERMINE

(27)y 58

TAKLES, STA
FAKAMETER
FIVOT FAR

1F C FLS ) GO TO 20
IF ¢ (LS ) 60 TO 30

1F. ¢ VIS

STATES

TYFE 16
FORMAT

) GO 10 20

CONTINUE v
1F STATE HAS NOUOT REEN FROFERLY SFECIFIEDs TYFE *STATE NOT-
FROPERLY SPECTEFIED®

CIHy

CGTATE

ERTIES OF STEAM AT A GLVEN STATE

FLSy HLS» SL.8y VULLSs XLSy SFRHTS
HET (27 HETC27) s HEUPT(27)s SET(27)
UPTC27)Yy TSURPT(27)
TESy SPRHTS, 1LSs FLS» HLSy SLS, ULEs XIS
ARRAY S1ZE '

AMETER

00

ANI' STOF EXECUTION

NOT FROFERLY SFECIFIEN’)
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G1up

CONT INUE
UALL BOUNLICFs FSATs TARLESs I, N)

CHEGK THAT THE STATE T8 IN THE TAEBLE KANGE

IF ¢ TAELES ) GO 10 2%

COMTINUL , ,

F OUT OF TAELE RANGEs TYFE “0UT UF STEAM TAELE KANGE® AN

STOF EXECUTIUN : ‘

TYFE 23

FORMAT (1Hs “0OUT OF STEAM TARLE KANGE ‘)

STOF

CONTLINUE

FRAC = YLOG(Fs FSATCI)y FSAT(I+1))

CHECK FOR IMPFLICIT SFECIFICATION OF SUFERHHEAT CONLITIONSCT AN
IF ( (LS ) SPRHIS = . 1KUE, : :
IF ¢ (LS ) GO TO 40

GO0 3%

CONTLNUE

CALL BUUND(Ts TSATs TABLES, (5 N)

CHECK THAT (HE STATE 18 IN THE TABLE KANGE AN EXUT SUBKOUTINE |
IF ¢ TAERLES ) GO YU A2

GO TO 22

CUNTINUE :

FRAC = YLUGCTs TSAT(I)» TSAT(I+1))

COMTINUE

CONTINUE

UETERMINE SATUKATED VAFUOK FROFERTIES FOR DECISIUN ON SUFERHEAT

HG = ZLOGERACY HEBT(L)y HGT(I+1))

GG = ZLUGCFRAC, SGT(L)» SGTCI+1))

VG = ZLUOGCERACs VGT(T)s VGT(I+1))

G0 10 SUFERHEAT SECTION 1F IMFLICYYILY SFECIFIED
1F O SFRHTS ) GO TO 5900

VETERMINE SATURATED LIQUIL FROFERTIES

HE = LOGFRALs HETCL)y HET(L141))

SF = 2L0GCFRACY SFT(I) s SFICL+1))

VF = ZLUG(FRALY VET(LYs UFT(I+1))

CALUCULATE QUALITY FROUM SECUOND INFUT VARIAERLE
IF ¢ XLS ) 6o 70 20

IF ¢ HLS )Y GO 10 100

IF ¢ sis ) G0 70 110

IF ¢ VLS ) Gu 10 120

GO 10 10

CONTINUE

1F ¢ HLS JOR. VLS JOR. SLS) GO 10 10
GO 70200

CONTINUE

IF ¢ sLs +OR. VLS ) GO TO 10

CHECK FOR SUFERHEAT COUNDITIONS

IF ¢ H .GT. HG ) GO T0 490

X = YLIN(H» HFs H)

GO TQ 200

CONTINUE

1IF ¢ VLS ) GO 0 10

IF ¢ % 6T, 5G) GO TO 490

X o= YLINCSs SEy 56G)
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GO 70 200
132G LUNT ENUE
F ¢V W61, VG ) GO TD 490
X = YLINCU, Uby UGB)

200 CONT LMUE,
i CHECK FUR NEGATIVE GUALITY INDICATING SUBCOOLED CONLITIONS
IF (X LEe =0.00005 ) GU 10 220 ‘
GO0 TO 230
320 COUNTINUE
TYPE 20%
205 FORMAT (1Hs ‘NEGATIVE QUALITY INDICATES SUBCOULEL CONNITIONS-0U
1 OF TABLE KANGE’)
230 CONTINUE

1IF (X JLE. 1,005 GO 10 240
GO TO 190

240 CUNTINUE
C CALCULATE URKNOWN FROFERTIES

IF ¢ FLS ) GU TO 250

Fo= ZLUGCFRALs FSATC(I)y FSAT(L141))
250 CONTINUE :

ko C LS ) GO TO 260

T o= ZLUGC(FRACy TSAT(ID s TS8AT(I+1))
25860 CONTINLUE

I ¢ HLS ) GO TO 270

H = ZLINCXy HFy HG)
270 CONTINUE

IF € 8L ) GO 10 280

8 = LLINCX» SFy S06)
280 CONTINUE

F ¢ VLS ) GO 10 2v0
Vo= ZLIN(Xy UFs UG)

290 CONTINUE
GO 10U 750

490 CONTINUE
IF C PLS ) GO TO 495
GO 10 800

455 CONTINUE
SFRHT1S = L TRUE.,

SO0 CONTINUE

C DETERMLINE FRUOFERTIIES AT 70 LEGREES SUFERHEAT
TSUF = Z2LUGCFRACs TSUFTCLYy TSURPT(I+1))
HSUF = ZLOG(FRACY HSUFIT{I)s HSUFT(L+1))
SSUF = ZLOG(FRACy SSUFT(I)y SSUPTCI+1))
USUF = ZLOGCFRACY VSUFT(I)s VSURT(14+1))

1T5ATG = ZLOG(FRACYy 1SATCL)y (SAT(I+L))
1IF ¢ 7Lg ) GU TO 600
IF ¢ HLS ) 60 TO 610
IF { BLS ) GO TD 620
)

IF ( VLS GO TO 630

GO T0 10 : ‘
C - CALCULATE SUFERHEAT FRAUTION FROM SECOND INFUT VARIARLE
HQ0 CONTINUE

1F ¢ HLS LOR. 5LS 0R. VLS ) GO 10 10
SHF = YLINCIy TSATG» TSUF)
GO 10 620
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A0 CUNTINLE :
FC 5L JURe VIS ) GU TO 10

SHE = YLINC(Hy HGy HSUF)

™ GO 10 650

M‘Q Ca20 CONT L MUE
o vLs » 60 10 10
oHE = YLIN(Ss SG» SHUFD
GO 7O 650

630 CUNTINUE
SHE = YLINC(V, Ulsy VSUR)

650 CUONT LNUE
1F (SHF JLE. =0.0000%) GO 10 660
GO TO 670

- 640 CONTINUE

TYPE 660

665 FORMAT (1Hs ‘NEGATIVE SUFERHEAT 1INLHICATES F AND T ILLEGALY
1 SFECTFIEN SURCUOLED CUNLITIONS')

670 CONTINUE ’

C CALCULATE UNKNUWN FROFERTIES

HH = SHF X (TSUFTC(I) = 18ATCL))
IF ¢ TLY 3 GO 10 700 :
T = ZLINCSHF» 1S5ATG TSUR)
700 CONTINUE
IF ¢ HLS ) GO 10 710
H = ZLINCSHEy HBG» HSUED
/10 CONTINUE
1F ¢ SLS ) 60 10 720
S = ZLIN(SHFy SG» SSUF)
720 CONTINUE
@ ¢ VLS ) GO TO 730 .

Vo= ZLINCSHE UGy VUSUF)

730 CONTLNUE
60 10 Y50
800 CONTINUE

IF (HLLS)Y GO TO 810
IF (5LS) GO T4 820
1F cuLs) 60 10 830
GO 10 10
810 - CONTINUE
CALL TSFROTy Hy FRACY HGTy HSUPTy SHELs SHEZs M)
GO 10 Y00
820 CONTINUE :
CALL TSFR(T» Ss FRAC» SGTy SSUFTy SHF1s SHFZ2y M)

GU 1u 900

830 CONTINUE
CALL TSPR(T» Vs FRAC» VGETe VSURTy SHF1» SHEZ2» M)
200 CONTINUE ‘

IF (HLS)Y GO 10 210

CALL DINT(Hs FRAC, SHF1s SHF2» HGT» HSUFTs M)
710 CONTINUE

1F (8LS) GO TO0 920 :

CALL DINT(Sy FRACy SHF1s SHFZ2s SGT» SSUFTs M)
Y20 CONTINUE :

IF (ULS) Gu il 930

CALL DINT(V» FRAL: SHELy SHFEZ2: VGITs VSUFT, M)
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A0 LONT INUE
o= ZLUGCFRAL s FSATMY»y PSATIM+1))
GO 10 950

2000 CONTLNUE
CALL QUAL (VS k)
GO oMo 1

PLHO CONT INUE

£ INITIALIZE LOGICAL INFUT SFECIFIERS FUR SURSEQUENT CALLS
TLS = JFALSE.
FLS = +FALSE.
HLS = JFALSE.
SLS = FALSE.
VLS = LFALSE,
XLS = JFALSE .

T

SFEHTS = JFALSE.,

1000 RETURN
END

&

» BLOCK LATA

C
BLOUK IIATA

» STEAM DntTas ENGLISH UNITS (KEFERENCE 1967 GSHME STEAM TARLES)
CUMMON /STDATA/Z TSAT(2L7) s FPSAT(27)Ys VUFT(27)y UGT(27)
1 VSUFTCZ?7) s HETC(R27)y HGT(27)y HSUFT(27)y SFIC(27)5
2 SGIC7)y SSURT(R27)y TSURT(27)

LATA TSAT/Z 10040y 1100y 120,05 130,0y 140,00y 1%0.05

160405 170,09 1800y 190,09 200.0s 210.0r 220,05

:;'-\5(.)005' :'3"4()0()7 ::;'LOOOV 260007 27(’@09 :..'80«()9 ::?9()009 30000’

4 310.0y 32040y 33005 $40.05 350,09y 360.0/

IATA FSAT/ 0.94924y 1.2750s 169275 22230y 2,8892y 3.7184,
4.7414y 5H.,992869 75100y 9,340y 11,526y 14123,
17:186s 200779y 24,968y 29.82%9y 35,427y 41.8%6y 49,200,
974330y 67,005 77,667 89,643y 103,045y 117,992
154,404y 153.010/

VETL/ 0,016139 0.01617y 0.01620y 0.0162%y 0.01629y 0,01634,
0.,01640r 0.0164%y 0.016%1y 0. 01657y 0.01664y . Qid/71s
0+.01678y 0.0168% 0.01693r 0.,01701s 0017098 0, 01718,
0.,01726y 0.01734y 0.0174%y 0 OL75%y 0.,01766y 0017760
0.01787y 0.0i799y 001811/ ~

VGT/ 350.4y 265,39y 203,26y 197:33s 123,009 97.07,
7729y 62,06 S0.225y 40,9597 33,4689y 27,816y 24,148,
194381y 1643215 13.819y 11,762y 10,0609 86439y /.,4603,
6448658y 55,6260y 4.91588r 4.3069y 3.7878y 3.3418, 2.9%73%/

HET/ 67.99%s 77:98y B7.97y 97.96y 107,95y 117959y
12796y 137.979 148,00y 158,04y 168.09s 178:1%,
188,23y 198.33y 208,45y 21859 228.76r 238,94,
249,17y 29944y 26947y 2800y 2904y 300.8y 311,53y
321.8y 332.3/ ~ '

HGT/ 1105.1s 1109.3y 1113.6 1117.8y 1122,0y 11261
1130.2y 1134.2y 1138.2y 1142.1y 1146.0s 1149.7y
119344y 115741y 116046y 1164.05 116749 117046 1173.8,
117648y 117947y 11825 1185.2y 1187.7y 1190415 1192,3,
1iY¥4.4/

SE1/ 0.129%e 04,1472y 041646y 0.18175 0 198%s 021590,
0+2313y 0,2473y 00,2681y O 27875 02940y 00,3091,
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Q32481 08888y 0,8533y 00,3677 0.3819 0.3960y
(04098 O.42386y 00,4372y 0.,4506y 04640 0.4772y
0,4902» 00,5052y 0.9161/
S5T/ 1.9828y 1.9G77y 1.933%y 1.,91125 1,88%5y 1.8686y
1.8487 18295 1.8111y 1.79345 1,7764s 1.7600y
Te7442y 1,7290y 1,714 1.7000s 1.6862y 1.6729y 1.,6999y
1.6473y 1.6351y 1.6232, 1.6116 1.60038y 10892 13784,
1.96787 - ' '
VEUFT/ 3946y 29836 228,155 176432y 137.64y 108,48,
BO.27y 69,19 585,94y 45,5979 37405 30.902y 25,702,
21,907y 18,104y 15,323y 13,039y 11,151, 9.581y 8271
71702 642415 L4434y 4,783y 42105 371749 32932/
HSUFT/ 1136465 1141,0y 1145.3y 1149.7y 1154,0y 1158.2,
"1182.:5y 116648y 11709y 11751y 1179.,2y 13183.3, 1187.3,
1121 .2y 1195.1y 1198.9y 1202.7» 120644y 1210,0s 1213.6+
1217.0y 122044y 1223.75 1226.9y 1229.9y 1232.9s 12358/
SSUFT/ 2.03%6 2.0101y 1.9857» 1.9623r 19399y 1.9816,
1.8982s 1.,8785y 1.8597y 1.8416: 1.8243%y 1.8076y 1.7916»
1.7761y 147612y 1.746%9y 1.7431y 1.7197 L7087y 1.6942,
1,6821y 1.6703y 1.6589y 1.6478y 1.6370y 1.6260y 1.6163/
TSUFI1/ 170,00y 180.0y 1920.0y 200,05 21005 220.0,
230,0s 240,05 250.,0y 260.0 270,05 28005 290.0y
00,0y 310,05y 320,07 330:05 340,05 350,05y 360,09
270.0y 380,05 390,05 400.0s 410,05 420,05 430.0/

BLOUK Datn

BRLLOCK DaTaA
CALTERATION CONSTANTS FOR FLUOW METERS
COMMUN /Chatas SC(3)» RC(3)r SBTC(3)y BBI(3)y SLUW(3)y BUW(3)

ata
DATA
LATA
naTa
IAaTaA
LATA
END

S5C/ 0.84664y 0.8664ry 08664/
KC/ 0.07075 0.0707s 0.,0707/
8817 1.0y 1.0214y 1.0214/
EST/ 0.0y —0.005%y 00059/
SLW/ 1.0, 0.8538y 0.18617/
EW/ 0.0y 0.0756» -0.0122/

SUBRRULTINE

SUBROUTINE T8FROTTy Qy FRACTy Gy SUFs SHIETIs SHFETZy J)
COMMON /STUATA/ TSAT(27)y FSAT(27)s VFT1(27)y VGT(27)

1

‘)

VSUFT(27)y HFTC(L7)» HGTR27)s HSUPT(27) s SET(Z2Y/)
SGTC27)s SHUFTC27)s (TSURT(L2Y7)

DIMENSTION G(Z27)s SUF(27)y SHFT(R27)s (RSH(ZY)

NT =

27

no 100 4 = 19 NT

SHET Y = (TT —- TSAT(L)) 7/ CISUPT(J) - TSAT(J))
WSHOJ) = Z2LINCSHFTC(J)» G(J)y SUFCII)

CONTINUE

LAkl

FRACT
SHFT1

HEOUND (Q» QSHe TARLESe Jr N1
= YLOG(Es QSHOJ)» QSH(J+1))
= SHFT(J)

SHETZ = SHET(J+1)
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SURROUTINE

SURROLETINE DINT(GDy FRACLDy SHED1s SHEDZy GUe SUFDy KD

LDIMENSION GDC27)s SURNCR7D

QAhl = ZLINCSHEOL» GDCORYD) s SUFTCRIND ) -
QU2 = ZLINCSHFDZs GDORD41)y SUFDIKIDEL))
QD = ZLOGOFRADD, Qils UL2)

RETURN

END

SURROULIT INE
SUBRUUTEINE ROUND(Be RTy» BTARBLEs 1Rs NR)

DHIMENSTION R (NR)
l.OGICAL ETARLE

. NBM = NK - 1

L 20 1k = 1, NBEM

IF ¢k +GE. BIC(IR)Y GO 10O 10

GO 10O 30 .

IF ¢ B +LE. BTC(IR + 1)) GO TO 40
CONTINUE

ETARLE = .FAlLSE.

G0 TO 30

B1ABLE = TRUE,

RETURN

END

SURKUUT INE

SUBROUTINE RROUNDCRs BTy BITABLEs 1ERs NR)
DIMENSION BTO(NE)D

LOG1CAL RTARLE

NEM = NR - 1

ng @0 IR = 1y NEM

IF (B +LE. BTC(IR)) GO 10 10

GO 10 30

IF (B .GE, BI1C(IR + 1)) GO 10 40
CONTINUE.

BTARLE = ,FALSE,

GO TO 80

BTARLE = IRUE,

RETURN

ENL

FUNCT1UN

FUNCTION ZLUINCAs KHls RIZ)
ZILIN = RB1 + A ¥ (R2 - R1)
RETURN

END

FUNCTTON

38
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FUNLDTION ZL.06<CCy D1y D2

ZLOG = EXFCALOG(DTL) + © % (ALOGANZL)Y — ALAOGLTNL)))
HETURN '

EnLi

FUNLCT 10N

FUNCTION YLINCGEs Els EZ)
YLIN = (E - E1)/CE2 ~E1)
RETURN

END

FUNUTLON

FUNCTLIUN YLUGCFs Fils F2) :
YLOG = (ALOGCF) — ALOG(F1))/C(ALOG(FZ)~ ALOGCRL))
RETURN

LN

SUEBROUT INE.

SUERROUTINE QUAL{VsSs )

COMMON /STRATAS 1SATC27)s FSAT(27)y VET(27)s VGTC27)
1 USUFTC27) s HET (270 HGTC(27)y HSURT(27)y SET(27)
p SGTL27)y SSUFT(27)y TSURT(L7) (
COMMON ZLUGIN/ L8y FLSs HLS, SLSy VLSy XLS» SFRHIS
DIMENSTON QC27)s UM{ZY7)

LoGLial fTLSs FLSy HLS» SLSy VLS, XLBs SFRHIS

NT = &7

U 100 J=1sNT

QCd)Y = YLIN(Sy SFT(d)y E6GT(J))

CONTINUE :

LU 200 J=1LsNI »

UMCD) = ZLINCEOD) »VETCD) 2 VGT () )

CONTINUE

CALL BOUNLI(VsUMs TABLESy JyNT)

Y YLOGCV UM (D) »UM(J+1))

H ZLUGCYsFSAT (D) »FEAT(JH1))

VLG = ol’ALSto

FLS = JTRUE.

RETURN

END

it ou
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