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ABSTRACT

An existing code for calculating axial turbine performance

using multiple stream surfaces was modified and made to run

on the equivalent of an HP-1000 computer system. Calculations

were made for the geometry of a 485 horsepower dual-discharge

air-drive turbine for both on and off-design conditions. The

results were compared with available data obtained at off-

design speeds. Agreement of the flow rate and horsepower to

within 5% was obtained.
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I. INTRODUCTION

A. DESCRIPTION OF THE TRANSONIC COMPRESSOR TEST RIG

The Transonic Compressor Test Rig at the Turbopropulsion

Laboratory (TPL) of the Naval Postgraduate School is shown

schematically in Fig. 1 and consists of the following major

components:

1. Air drive turbine.

2. Air supply system.

3. Associated piping including throttling valves at the

turbine and compressor inlets.

4. Test compressor.

The drive turbine is a dual-flow axial air turbine with

50% reaction. The geometry is given in Table 1. The profile

shapes of the turbine rotor and of the stator blades are

identical and the blades are of constant section along the

radius as shown in Fig. 2. The stator has 31 blades while

the rotor has 32 (to avoid resonant excitation from wake inter-

ference). The two parallel stages of the turbine are designed

for the following output and total inlet conditions:

Pressure Ratio: 2.8

Total Inlet Temperature: 640°R

Flow rate: 10.85 LBM/SEC

Horsepower: 485 HP
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The compressor presently under test is a transonic single

stage, axial flow compressor. It is instrumented for measure-

ments of torque, mass flow rate, stagnation temperatures and

pressures, case and hub wall pressures, and for unsteady

pressure measurements in the flow field and at the walls.

The Air Supply System incorporates an electric motor-

driven multi-stage axial flow compressor manufactured by

Allis-Chalmers. It can presently supply up to 12 lbs/sec of

air at 3 atmospheres, at temperatures between 560 0 R and 660*R.

The compressor is rated at 1250 HP and has a controlled

variable speed drive.

B. STATEMENT OF THE TASK

The Transonic Compressor Test Rig was designed to pro-

vide the means for obtaining experimental data in fundamental

compressor phenomena. Following the present experiments, an

experiment to investigate the onset of supersonic unstalled

blade flutter is planned which would involve replacing at

least the present compressor rotor by a rotating cascade of

flat-plate blades. Such a rotor would not be able to produce

the pressure ratios required to pump the required flow rates

through the system. Therefore, it has been proposed, that

a turbocharger compressor be fitted in series with the

rotating cascade to provide the required flow through it.

The turbocharger would also be driven using air from the

Allis-Charmers air supply system.

14



In order to evaluate the feasability of the turbocharger

installation, it is necessary to determine the mass flow rate

required by the drive turbine to drive the test compressor

at a given power and speed. The remaining air to drive the

turbocharger turbine is then known and the selection of a

commercially available turbocharger suitable for this

application can be made.

Thus, the performance of the air drive turbine must be

known over the complete speed range. Of particular impor-

tance, are the required mass flow rates for given values of

horsepower. The problem, therefore, is to obtain the turbine

performance map for all pressure ratios and speeds.
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II. APPROACH

A. BACKGROUND

A search of the most recent literature revealed a number

of analytical methods for the calculation of turbine off-

design performance. The majority of these used in a finite

element approach but little information on the relative suc-

cess of these methods in practice was available. Two alternate

methods, both used at the Turbopropulsion Laboratory, were

those of M. H. Vavra and E. Macchi. Each was examined in

detail.

The method of Vavra, given in Ref. [1] is a one-dimen-

sional (meanline) approach using mathematical modelling and

experimental data to express flow angles and losses. It is

primarily a method to design turbine blading but may also be

used to predict turbine performance for a given set of gas

inlet and operating conditions when the blading geometries

are specified. It is assumed that the axial velocity is

constant along the blading from hub to tip. Vavra states

that this assumtion is reasonable for blading in which the

tip-to-hub ratio is equal to or less than 1.15. The ratio

is 1.312 and 1.424 for the drive turbine stator and rotor

blading respectively. It was thought therefore, that the

method of Macchi might yield more accurate predictions.
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Macchi's method is given in Ref. [2]. The method, imple-

mented by Macchi in a computer program written for the IBM 360,

was an extension of the work done by R. Eckert [Ref. 3] and

R. Harrison [Ref. 4]. Eckert wrote a program, following a

simplified three-dimensional analysis, which could be used to

predict the performance of a single-stage axial flow turbine.

Harrison improved the program by modifying the analysis to

take into account streamline curvature. Both programs were

based on the three-dimensional method developed by Vavra in

Ref. [5]. Macchi's principle improvements to the program were

to introduce the choice of various methods to calculate gas

outlet angles and loss coefficients. Two methods of calcula-

ting gas outlet angles are included; those of Ainley and

Mathieson [Ref. 6] and Traupel [Ref. 7]. Five methods for

calculating the loss coefficients can be selected; those due

to Ainley and Mathieson [Ref. 6], Dunham and Came [Ref. 8],

Balje [Ref. 9], Lonherr and Carter [Ref. 10] and Traupel

[Ref. 7].

Macchi's computer program, as documented in Ref. ]2], was

selected for performance predictions of the drive turbine.

It should be noted that no card deck of the program was avail-

able, and no results of using the program were available

other than those included in Ref. [2].

B. ANALYSIS

The method requires the following assumptions;

1. There are an infinite number of blades in each blade

row so that blades downstream do not affect upstream conditions.
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2. The flow is axisymmetric at locations where the

equation of motion is solved.

3. The flow is steady and adiabatic. Thus, the total

enthalpy through the stator remains constant along a stream-

line and the relative total enthalpy through the rotor remains

constant along a streamline.

4. All equations are solved at between blade row loca-

tions. Increases in entropy occur in the blade row upstream

of the stations where equations are solved and the entropy

change along a streamline between blade rows is zero.

5. The boundary layers on the turbine casing are not

accounted for.

The method of solution is as follows:

1. Assume initial radial positions of the streamlines.

2. Obtain the axial velocity distribution by solving

the equation of motion at the stator outlet. The velocity

distribution into the stator is assumed to be axial, and

uniform

3. Obtain stator loss coefficients.

4. Check overall continuity and adjust the inlet Mach

number as necessary.

S. Check the between-streamline continuity, and adjust

streamline radial positions as necessary.

6. Repeat this process for the rotor.

7. Re-cycle all the above calculations, accounting for

streamline curvature, and repeat until convergence is reached.

18



C. METHOD OF SOLUTION

The computer code written by Macchi was originally run

on the IBM 360 computer. The program consisted of a deck of

over 2000 program cards plus over 60 data cards. Since the

deck could not be located, it was necessary to re-type the

program from the listing in Macchi's paper. However, since

the IBM 360 computer was soon to be replaced in the period

in which the work was to be carried out, an alternate

computer was sought.

The HP-1000 series mini-computer located at TPL was

selected for two reasons. First, the machine used FORTRAN

as did Macchi's program. Secondly, it would be a benefit

to TPL to have the program immediately available on the

laboratory computer.

The first steps were to analyze Macchi's program, in

detail, and then to run it using his example input/output.

In analyzing the program it became obvious that the computer

program listing given in Ref. 2, was not the one used to

obtain the listed output. Numerous discrepancies were found

in the listing, some of which would have prevented the pro-

gram from running; others would have caused incorrect results

to be obtained. A listing of these discrepancies is con-

tained in Appendix E. When the program was understood and

flow-charted, it was keyed-in at the HP-1000 computer ter-

minal. However, modifications were required to accomodate

19



the program within the mini-computer disc-based operating

system.

D. MODIFICATION TO THE COMPUTER CODE

Since there was no card reader, variable input data such

as turbine speed had to be entered using data or specification

statements. This contributed in part to the most difficult

problem, that of program size. The HP-1000 mini-computer uses

a disc with a storage capability of 19.5 mega-bytes. However,

the machine memory is only 124 K Bytes, of which only 29 K

Bytes is available to a programmer. Also, the available

memory is divided up, or partitioned into two 18 K and one

11 K partitions, so that no single program can exceed 18 K.

It was estimated that Macchi's program was over 100 K. So

it was clear that the program would have to be modified if

it were to run on the mini-computer.

The first modification was to remove all subroutines

from the program that were not actually used. It will be

recalled that Macchi's program contained five methods for

calculating loss coefficients and two methods for calculating

gas outlet angles. It was decided that only the Traupel

method of calculating loss coefficients would be retained.

Traupel was selected for two reasons. Firstly, it was the

method used by Macchi in his example calculations and there-

fore the modifed program should still reproduce Macchi's

results. Secondly, the method of Traupel is widely respected.

20



The method of calculating gas outlet angles was totally

changed. Neither Ainley and Mathieson [Ref. 61 nor Traupel

[Ref. 7] was used. Both methods required prohibitively

large sections of computer code. The method selected was

that of Vavra [Ref. 1].

Use of Vavra's method greatly simplified the program

because this method predicts gas outlet angles independently

of the inlet Mach number. Macchi's approach was to use

Traupel's method which is dependent on the Mach number of

the flow into the blade.

The above simplifications reduced the program size from

2257 lines to less than 1800 lines. However, this was still

too large and the program could not be loaded without over-

flowing the memory.

The solution to the problem was found in program

segmentation. In this process, the computer code is divided

into a main program and several segments. Each segment is

a "piece" of the original program. The segments are indi-

vidually compiled and loaded. However, the segments are

placed into memory only as they are needed to execute the

overall program. Thus, a very large program can be made

to run in the available 18 K partition. Since the present

program was not originally intended for a mini-computer,

segmentation was not straight forward. The method finally

arrived at is detailed in Appendix C. Basically, the main

21



program consists of all the subroutines, while the three

other segments contain coding which enables program flow to

proceed in a logical manner.

Successfully segmented, the program was run using Macchi's

input. An output was obtained which agreed almost exactly

with Macchi's results. All output quantities were within 1%

of Macchi's quantities. The differences were, in all proba-

bility, due to the different method of calculating gas outlet

angles.

After verifying Macchi's program, the drive turbine geo-

metry was input and the program was run for a given set of

operating conditions. The results are discussed in the follow-

ing section. Note: The "verification" of Macchi's program

amounted to verifying that the computer code now loaded into

the HP-1000, was indeed Macchi's code. It was not known

whether Macchi's output data were a good or bad prediction

of performance since they were not compared with test results.

22



III. RESULTS OF AXIAL TURBINE PREDICTIONS

A. USING BOTH COMPLETE AND MODIFIED PROGRAMS

The drive turbine geometry was input and the following

solution flow path was selected:

1. Stator and rotor loss coefficients were functions of

pressure ratio.

2. The blockage factor, E*, used in the equation of con-

tinuity was equal to the total loss coefficient.

Four operating points were selected to test the validity

of the program. Three were off-design points at which measured

data were available and the fourth was the design point itself.

Table II contains details of the selected test points for

Run 1.

The program variables were then changed and the following

new solution flow path was selected:

1. Stator and rotor loss coefficients were those calcu-

lated by Traupel's method.

2. The blockage factor, &*, was equal to the profile loss

coefficient.

After reviewing the results of Runs 1 and 2, a further

modification was made to the program. The original program

contained a subroutine which checked between-streamline con-

tinuity. If the total mass flow rate at the stator and rotor

exits was not evenly divided between the five streamlines,

23



the radial positions of the streamlines were adjusted and all

steps were recalculated using the new streamline positions.

Hence, for Run 3, a subroutine was removed and the main pro-

gram was modified so that between-streamline continuity was

not examined.

B. COMPARISON WITH MEASURED DATA

The results of Run 1, 2, and 3 are tabulated in Table III.

Run 1 showed predictions of mass flow rate which departed about

6% from the measured data. However, the horsepower predictions

were off by as much as 16.17%. Furthermore, the computer pro-

gram was unable to reach a solution for the design point.

Run 2 produced worse results as is evident from the table.

Again, the program was unable to converge to a solution at

the design point.

Run 3 produced more acceptable data. Additionally, con-

vergence to a solution was noticeably faster and a solution

was obtained at the design point. Because of this, the method

used in Run 3 was used to map the drive turbine performance.

The computer program used to obtain the results of Run 3 is

described in detail in Appendix A and is listed in Appendix G.

The results of Run 3 are shown plotted in Figures 3 through 8.

To obtain the plots in Figures 3 and 6, a value of the

total inlet temperature was approximated by the method of

Vavra as contained in Ref. [141. It was assumed that the

static turbine discharge temperature should not be less than
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45*F (505 0 R). This corresponds to the approximate temperature

at which condensation of moisture in the air, assuming 100% re-

lative humidity, will occur. The inlet temperature was given by

Total Inlet Temperature =Static Outlet Temperature
1 - ns11 -(1T ) ¥-l11

where the total-static turbine efficiency was assumed

to be 81%, and dT' was the total to static pressure ratio. The

total inlet temperature corresponding to each pressure ratio

is given in Table IV.

The computer output corresponding to each point on Figures

3 through 8 is contained in Appendix F. Only one side of the

dual flow turbine was analyzed, thus, the resulting printed

values of horsepower, referred horsepower, moment, referred

moment, flow rate and referred flow rate must be doubled to

obtain the actual turbine characteristics which have been

plotted in Figures 3 through 8.
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IV. DI CUSSION

The agreement of both the predicted flow rate and the horse-

power ubtained in Run 3 with turbine test data was encouraging.

It is to be noted however, that this agreement was obtained

using a procedure which was conceptually incorrect. In Runs

1 and 2, between-streamline continuity was checked and the

streamlines were adjusted as necessary. In Run 3, between-

streamline continuity was not checked, and as a result, the

mass flow ratebetween streamlines was not precisely 25% of

the total flow rate. It is noted however, that the deviations

were less than 10.0% and while the radial positions of the

streamlines varied by 10.%, the differences between predicted

and measured output horsepower decreased from 24% to 4.5%.

Since the enthalpy change on each streamline was computed

using Euler's turbine equation, the total horsepower obtained

by integration is sensitive to the streamline radial positions.

On the other hand, the calculation of the overall mass flow

rate is primarily a function of the blade throat openings and

inlet conditions of the flow. Consequently, -in relaxing the

requirement for between-streamline continuity, the output

horsepower was changed significantly, while the overall

flowrate was not.
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Using this procedure, which preserves overall continuity,

a performance map for the turbine was produced (Fig. 3-8)

which agreed well with the off-design performance measurements

made at lower speeds (Table III). It is noted however, that

the inability of the program in its original form to predict

the measured turbine performance is not explained, and both

the program itself and the data input for the geometry should

be closely re-examined.

The difficulty in obtaining convergence to a solution at

some operating points above the pressure ratio of 2.0 is

likely to be the result of choking occurring on one or more

of the streamlines. This was suspected but not fully explored.

Finally, although the program was eventually made to run on

the mini-computer, the time required to put the program into its

final form was excessive since the original program was not

written with segmentation in mind. When the segmented pro-

gram was completed, only one operating point per run could he

obtained. Thus, excessive time was spent compiling and loading

the program. The execution time for the program averaged 2

minutes at the lower pressure ratios and up to 30 minutes at

the higher ones. This would be unacceptable if many points

were to be examined.
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V. CONCLUSIONS

The program for calculating the performance of a single

stage axial turbine reported by Macchi was revised, corrected

and segmented and made to run on the Laboratory mini-computer.

When applied to the geometry of the air-drive turbine of the

compressor test rig, selecting specific options for the repre-

sentation of loss coefficients, the revised program failed to

converge when design-point test conditions where input. Also,

the computed horsepower was in error by as much as 24% when

the program predictions were compared with specific test data

obtained from the rig at off-design (lower speed) conditions.

The revised program did however closely reproduce the results

given by Macchi in his original report for a specific turbine

geometry.

When the requirement that the computed stream surfaces

be such that they divided the flow exactly into equal 25%

increments was removed, the program converged satisfactorily

for design point conditions and gave agreement with test data

to within 5% in flow rate and horesepower at off-design

conditions.

The complete performance map for the air drive turbine

was obtained with the program following this revision. Based

on the favorable comparison with data so far obtained, the

map is likely to describe the pcr lrmance to better than a 10%

uncertainty. This is considered to be satisfactory for
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sizing the turbocharger for the proposed compressor rig

modification.

The following recommendations are made concerning further

application or development of the computer program:

1. The failure of the program to converge before the

final revision was made should be analysed closely,

and the final revision removed if possible.

2. The geometrical input for the air drive turbine (which

was taken from drawings) should be reexamined and the

physical dimensions of the blade rows themselves should

be measured.

3. Consideration should be given to putting the corrected

original version of the program onto the IBM 370 com-

puter so that, when successfully operating, a turbine

map can be calculated with a single load.
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TABLE I

TURBINE GEOMETRY

(see Figure 2; Dimensions in inches)

STATOR:

Hub Radius 2.764

Mean Radius 3.196-

Tip Radius 3.627

Blade Chord 1.003

Blade-Suction Side Radius of Curvature 2.8065

Maximum Blade Thickness .2252

T.E. Projected Thickness .03

T.E. Normal Thickness .0186

ROTOR:

Hub Radius 2.693

Mean Radius 3.265

Tip Radius 3.837

Blade Chord 1.003

BladeSuction Side Radius of Curvature 2.8065

Maximum Blade Thickness .2252

T.E. Projected Thickness .03

T.E. Normal Thickness .0186

Tip Clearance .01(estimated)
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TABLE II

MEASURED/DESIGN DATA USED TO VERIFY THE PROGRAM

POINT RP T T p MLBM)HPPOINT RPM TIN (R)TOUT (R)PTO (PSI)P.R. MSEBH"

1 18310 579.2 550.8 23.56 1.602 5.542 110.1

2 15Z00 557.4 517.8 20.43 1.390 4.698 63.27

3 21300 578.9 506.8 27.13 1.846 7.033 172.0

4* 30500 640.0 --- 41.16 2.8 10.85 485

*Design Point
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TABLE III

COMPARISON OF PREDICTED TURBINE PERFORMANCE

VS MEASURED PERFORMANCE

RUN I
FLOWRATE HORSEPOWER

POINT PREDICT. MEAS. %DIFF. PREDICT. MEAS %DIFF.

1 5.88 5.542 6.09 99.5 110.1 9.63

2 4.74 4.698 0.89 52.5 63.27 16.17

3 7.04 7.033 0.009 163.64 172.0 4.86

4 N.C. 10.85 --- N.C. 485 ---

RUN 2

1 6.06 5.542 9.35 90.92 110.1 17.4

2 4.90 4.698 4.29 49.76 63.27 21s35

3 7.30 7.033 3.80 130.76 172.0 23.97

4 N.C. 10.85 --- N.C. 485 ---

RUN 3

1 5.82 5.542 5.01 113.12 110.1 2.74

2 4.66 4.698 0.81 61.96 63.27 2.09

3 7.04 7.033 0.10 179.68 172.0 4.47

4 10.40 10.85 4.15 444.18 485 8.42

NC: Computer program would not converge to a solution after
a large number of iterations.
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TABLE IV

VALUES OF ASSUMED TOTAL INLET TEMPEPATURE FOR EACH

PRESSURE RATIO GIVEN IN FIGS. 3, 5, 6, AND 7

PRESSURE RATIO TOTAL INLET TEMPERATURE (OR)

1.4 545.5

1.6 562.6

1.8 577.3

2.0 591.0

2.2 603.6

2.4 615.3

2.6 626.1

2.8 636.6
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APPENDIX: A

DESCRIPTION OF THE COMPUTER PROGRAM

A-I. INTRODUCTION

To enable the program to run on the laboratory computer,

the program was divided into 4 parts; a main program and 3

segments. A detailed discussion of program segmentation on

the HP-1000 computer series is contained in Appendix C. In

the description which follows, the program is treated as if

it were one large program with many subroutines.

The description follows the individual steps from

start to finish in the analysis. A program flowchart is

given in Figure A-1 and the FORTRAN symbols used in the

program are listed in Tables A-I to A-IX.

A-2. DESCRIPTION

A-2.1 Input Data

TLere are 4 basic categories of input data; tur-

bine geometry, operating conditions, special data and pro-

gram control parameters. Since there was no card reader

input device on the computer, all data were entered using

either data or specification statements. Explanations of

the turbine geometry, operating conditions, special data

and program control parameters are found in Table A-I through

A-V. The nomenclature for the blading is given in Figure

A-2.
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A-2.2 Initial Geometric Calculations

The first calculation performed is to establish

the 5 streamline locations at the stator inlet (station 0).

The streamlines are initially positioned such that there are

equal areas (25% of the total flow area) between them. Next,

blade heights of the stator and rotor are calculated using

the hub and tip radii of each blade. Blade spacings for the

stator and rotor are computed at 3 streamlines; hub, mean

and tip. The blade spacing on the mean streamline for the

stator is given by

27r Rm (A-)

where S = Blade spacing
Z = Number of stator blades

s

Rm = Mean stator radius

A-2.3 Calculation of Gas Outlet Angles

Subroutine VAVRA calculates gas outlet angles

for both stator and rotor. The method is that of M.H. Vavra

[Ref. 1]. The equation programmed in the subroutine is

cL0. cos ( s
C.&41 5 10 A-2)

where c = Gas outlet angle

a = Throat opening

S = Blade spacing

te = Projected trailing edge thickness

This method is much simpler than that used by Macchi since
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there is no variation in outlet angle with Mach number (for

sub-sonic conditions). Therefore, once calculated, the stator

and rotor ex4 t angles remain unchanged. Subroutine VAVRA

computes exit angles for the hub, mean and tip streamlines.

The outlet angles at streamlines two and four are computed

later in the subroutines STATR and ROTO2.

Before printing the input data, the program

calculates the mean throat opening for the stator and for the

rotor. The ten equally spaced radii and corresponding throat

openings (part of the input geometry) are fitted with a fourth

order Chebyschev polynomial. A throat opening corresponding

to the mean radius is thus obtained. In the present appli-

cation of the program to the drive turbine, the mean throat

opening was obtained from the design drawing of the blading

shown in Figure 2. It was assumed that the throat opening

varied linearly with radial position and hence the throat

openings at other radii could be calculated. The resulting

throat openings are shown in the computer output under the

heading of "Input Prints". The design values of the stator

and rotor throat areas were obtained from the original

design notes of M.H. Vavra.

A-2.4 Calculation of the FlowRate

Subroutine CHAN is called to calculate the mass

flow rate entering the stator. The equations used are as

follows:
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T (A- 3)

+ r-I M.V c= 4 C* (A-4)

.I - - i- oa

= /(A-6)

T p- RuBUj (A- 7)prr [R ,OAV-7

OAV (A-B8)

r? -1 . (A-9)

mref is the reference (din ensionless) flowrate

and is used to check overall continuity later in the program.

A-2.5 Solution of the Equation of Motion for the Stator

Subroutine STATR is called to solve the equation

of motion for the stator outlet conditions. The equation of

motion which is programmed is as follows:

-l I - 2 Tf N o (--, "
Y,

__ r_ -Co (KZ
C, Cos', LL L 0-

Ci ~ci IO20 Yv1WaH eb
CL I t '  dGi' 1  (A-10)
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where C1  c J (a constant to convert H, the enthalpy
from BTU FT2)

m TO sec

SAxial velocity at a streamline
VeC 3) Axial velocity at mean streamline

- =Streamline radius
X1 R r Mean streamline radius

dSC4 C, I-H Cos-a,r, YaV 11
I- CJ co% I-) _ jcOC, L L - c (-

- Stator loss coefficient
(which is initially assigned an
estimated value)

The derivation of this form of the equation of motion is

given in Appendix B. However, at this stage of the analysis,

the streamline curvature is assumed to be zero. Therefore,

the equation of motion becomes:

L~C a 
(A-ll)

The equation of motion is solved when the value

of Y at each streamline satisfies the equation. The solu-1

tion is to first put the equation in the form:

1 00L Y~ (A-12)

where I(X) consists of ths right hand side of equation (A-11).

Integrating equation (A-12) yields;
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iY

=I- , (A - 13)

where Znc
2 is the constant of integration when x = 1 and Y

1. With these boundary conditions Eq. (A-13) gives
I

-- (A-14)

using Eq. (A-14) in Eq. (A-13),

-_ S, rx)c ZxI-LcA) X, (A-is)

which becomes

Y X1 (xldY (A-16)

Taking the inverse natural log and the square root of both

sides

Y, (A-17)

Equation (A-17) is the form of the equation of motion solved

in subroutine STATR. Solution of the equation gives five

values of Y and thus the value of the axial velocity at1

each of the five streamlines. Initially, the value of Y

is taken to be 1 and the value of ds* is taken to be zero.
T.

In succeeding iterations, the calculated value of Y is used
1

to obtain a new value of ds*-- L o obaina ne vale o Y~r--,and so on.
1

After calculating five values of Y , the stator

exit conditions are calculated at each streamline from the

geometry of the velocity diagram. The convention for positive
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and negative angles and velocities is defined in Figure A-3.

The required relations are the following:

V", V"(A-18)

V.j1 = V.., ITAIt, (A-19)

V, I V Ow / Cos C9 I (A-20)

MV, - Va,, 11A R / 9 L ]  (A-21)

where L is the axial distance between stations and AR is the

change in radial position of the streamline. Vr , the radial

component of velocity, is taken to be zero at this stage in

the calculation.

T, I(A-22)
(A-23)

TI~ Fr To - TJ

I-. (A-24)

PR- P / P T-o (A-25)

TO TO J(A-26)

M, V 1 C- R" (A-27)

After the above quantities have been calculated at each

streamline, subroutine STATR returns to the main program.
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A-2.6 Calculation of the Stator Loss Coefficients

The calculation of the stator loss coefficients

at each streamline is accomplished by subroutine ALOSI.

The method of solution to obtain these loss co-

efficients is that formulated by Traupel[Ref. 7]. In

Traupel's method, the value of the total loss coefficient is

given by
= * (A-28)

total profile wall remaining

The calculation of Etotal requires 9 subroutines. Figure A-4

describes the connection between the subroutines and subroutine

ALOSI.

The first step is to obtain the value of the

total profile loss coefficient, p. p is defined by Traupel

to be

ft, X n,(A-29)

where Epo = initial value of the profile loss coefficient

xm = mach number correction factor

xr = trailing edge thickness correction factor

Em = loss coefficient due to mixing losses and separa-

tion losses

Ef = loss coefficient due to fan losses

The total profile loss coefficient is calculated

in the following manner. First, data for initial profile loss

(&p ) as a function of gas outlet angle (a,) for various values

of gas inlet angle (ac) is read from an array (Fig. A-5).
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This is done by subroutine TRAUl and functions XPO and YC.

The values of po are contained in two arrays XPOl (S, 8) and

XPO2 (6, 8). This is because the data shown plotted in Fig.

A-5 has been divided into two sets. One set is for values

of a, between 40' and 800. The other is for values of a,

between 800 and 1700. The FORTRAN symbols for the two ranges

of values of a, are ALFOl(I) and ALFO2(I) respectively. The

FORTRAN symbol for the gas inlet angle is ALF1 (J) once the

data pints selected from the plot are entered, fifth and sixth

degree polynomials respectively are fitted through the data

points. The value of Epo can then be determined for given

values of a, and a0 .

The mach number correction, Xm is obtained from

Fig. T-5. Subroutine CSIM calculates the value of Xm using

straight line approximations of the plot.

Subroutine CID calculates the remaining terms in

the expression for E . These are Xs , Em' f* They are ob-

tained from the data in Fig. A-6 using the linear interpolation.

The abscissa of the curves for Xs and m is either f or 1-f

where f is defined as

t $SIN0< (A-30)

where 6 - normal trailing edge thickness.

t - blade spacing.

a, - gas outlet angle.

The loss coefficient due to wall friction, w'

is calculated using

so



PO P (A-31)

where t - blade maximum thickness

z = blade height

This equation is programmed in subroutine CSIW.

The value of ER is obtained using subroutine CSIR.

R is defined by Traupel to be an all-inclusive loss coeffi-

cient which accounts for any remaining losses not previously

defined. It is written as

PRO (A-32)
CRO is an initial value of ER which depends on the value of

, where * is given by

U (A-33)

in which v, = true velocity of gas

v - blade speed

A plot of ERO vs 0 is shown in Fig. A-7. The correction XL

is a function of s/2 where

s = chord length

Z = blade height

and is obtained using the data in the lower half of Fig. A-7.

The total stator loss coefficient is computed

for 3 streamlines; those at the hub, mean and tip.

The loss coefficients at streamlines 2 and 4 are

obtained by linear interpolation.
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A refinement to the stator loss coefficient may

be applied depending on the input value of one program control

parameter. The following 3 variations of Es are available:

L -_t] I

fS IL T (A-34)

(A-35)

and I[i4.- -

r.--, I(A-36)

where - loss coefficient calculated using the method of
0

Traupel

(A-37)

The values of the program control paramenter

required to select between options are given in Table A-V.
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Before returning to the main program, subroutine

ALOS1 calculates a value of * which is a blockage factor to

be used in the equation of continuity. There are three ways

to define *; they are as follows:

10 (A-38)

(A-39)

P (A-40)

A-2.7 Solution of the Continuity Equation After Re-

turning to the Main Program

The overall continuity at the stator exit is

checked. Subroutine FLOWR performs this task. The flow chart

for FLOWR is given in Fig. A-8. In FLOWR the mass flowrate

required by continuity is checked against the calculated mass

flow rate. If the calculated flow rate does not agree with

that required by continuity, adjustments are made to the axial

velocity and/or the inlet Mach number, as will be explained.

The mass flow required by continuity is

• " REF

E GLDRs- A i~m(A-41)

where mRF reference mass flow-rate as computed in subroutine

CHAN
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Z = # of stator blades

Am = mean stator throat opening

R = mean stator radiusm

The mass flow rate at each streamline com-

puted in this subroutine is

M LC Pr Lr A C3) (A-42

where Z is an area reduction coefficient defined by

H -'z =
H +f (A-43)

Z gives the percentage of flow area between the blades over-

which it is permissable to assume a uniform velocity. The

boundary layer on both sides of the flow limits the available

flow area ani the backage facotr, Z. accounts for this.

Equation A-43, Z is seen to be afunctionof the energy para-

meter H*** and . is the value of the loss coefficient

returned from subroutine ALOSI. The energy parameter is

defined as
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H*** = 63 _ Energy thickness

61 Displacement thickness (A44)

H*** can be written as

01 34
I I + X E + E

H*** 1S6 nr+lI 7re% +i 9rA+I ~ nJ
+ + A + 3 + 4I

)- M+1 3rn+l 6"rhtl 7 1 mrr in I

(A-45)

where:
m = .15

X = -(P - y- for unchoked flow
PTO

Y-1

X l-[p yfor choked flow
E CRIT

and y

PCRIT I [ y-=y

The derivation of Z and H*** os given in Appendix B.

The expression for 0, the flow function,

for unchoked flow is

/ (A-46)

and for choked flow is

__ -i__.1 _

L * -+1 (A-47)
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After calculating for each streamline, the flow

rate is integrated from hub to tiD and the resulting value is

compared with mreqd" If the two values of flow rate agree to

within a specified tolerance (see Table A-IV) continuity is

considered to be satisfied. Then, after calculating the total

percentage of mass flow between adjacent streamlines, sub-

routine FLOWR returns to the main program.

If the flow rates are not within tolerance the

program checks to see if the actual mass flow is to high. If

it is to high, the value of the axial velocity is lowered

proportionally to the difference between the actual and

required flow rates.

If the actual flow rate is too low, the procedure

is more complicated. First, the flow is checked to determine

whether choking has occurred. Streamlines one and five are

checked. If the flow is in fact choked at those streamlines,

the inlet Mach number is lowered and the program loops back

to recompute the reference mass flow rate and repeat the

complete procedure.

If the flow is not choked, the axial velocity is

raised proportionally to the difference between actual and

required flow rates and subroutine FLOWR returns to the main

program.

A-2.8 Calculation of the Rotor Inlet Conditions

Continuity having been satisfied through the

stator, the rotor relative inlet conditions are calculated.

In subroutine ROTOl, the following expressions are used:
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- joa. (A-48)

R to-Toi. (A-49)

W '. - (L/
(A-SO)

V d, (A- S3)

CoS (6 1 (A-5sz)

T, Aj TV -w,)"

TTE= +w, (A-S4)

0 qE 
(A- S5)
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= .(A-56)

Where TTE , PTE and H E are equivalent temperature, pressure

and enthalpy respectively.

A-2.9 Calculation of the Rotor Exit Conditions

Calculation of the rotor exit properties follows

the same procedure as was used to compute the stator exit

properties. The process is outlined here with notable

differences explained. Subroutine ROT02 calculates the

rotor exit properties. A flowchart of ROTOZ is given in

Fig. A-9.

The first step in ROTO2 is to solve the equation

of motion for each streamline. The equation of motion in

terms of relative quantities is

- L

__ __ __ _ CeC S 1 O1NE S~'a

- a a~+ 4-V~ c4Xi

t 2. V L. Va58CI - Ya 1.S (A-57)
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At this point in the calculation, streamline curvature is

neglected. Hence, Eq. (A-57) reduces to

dqato (A-5i simila Y;. dor to1 Eq A1 Hne h

UrLl? Z r MCOSI 3 .IJL - _ _ _ _ _ _ _

Ya VoL Y.7-Va

CDCOS g_ caie rHCO
Ya2c~,j 'i'X. (A-58)

The derivation of Eq. (A-57) is contained in Appendix B.
Equation (A-SS) is similar in form to Eq. (A-10). Hence, the
method of solution is identical to that employed by subroutine

STATR. However, after solving the equation, the value of Y
2at each streamline is examined to determine whether or not it

falls into the range .2<Y <2.0. Values of Y greater than2 2
2.0 are set equal to 2.0 while those less than .2 are set
equal to .2. Successive values of Y at each streamline are

2compared, and when the values of successive iterations are
within a specified tolerance (see Table A-IV), the iteration

ends. The values of Y are used to calculate the rotor exit
2

conditions using the following equations:

I a Va. a(C3) Vd a (A-59)
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Cos a (A- 60)

TR. TV. - C L____
(A-61)

T ; , T T r: - V / z

R € T ¢I? (A -62)

V 'A = a V O, T'A .O(A-63)

(A-64)

Tas : TrT T .,-

(A-65)

TTi (A-66)

Subroutine ROT02, then returns to the main pro-

gram.

After calculating the rotor outlet conditions,

the rotor loss coefficients are computed. Subroutine ALOS2
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calculates the rotor loss coefficients following the process

used in subroutine ALOS1 for the stator losses. The principle

exception is that a tip clearance loss is also calculated and

added to the total loss coefficient. The tip clearance loss

coefficient is obtained from subroutine ALEAK which uses a

straight line approximation to the curve shown in Fig. A-10.

Subroutine ALOS2 also computes values of E* and one of the

three refinements to ER'

Subroutine FLOWR is called to check continuity

at the rotor exit. If continuity is satisfied, the program

continues. If not, the same procedure is followed as pre-

viously explained for the stator outlet (Fig. A-l).

A-2.10 Accounting for Streamline Curvature

All calculations to this point have neglected

streamline curvature and assumed that the streamlines remain

fixed through the stator and rotor (Fig. A-11). The radial

shift in a streamline between stator inlet and rotor outlet

can be written as

AR = RserrTO - RoToR (A-67)

JkiMUa OUTLET

This is the net radial shift in a streamline between stations

'0' (stator inlet) and '2' (rotor outlet). It is shown in

Section 16.4 of Ref. [5] that the radial shift in a streamline

between the stator and the rotor (station 1) can be written

as
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OTL-TJLT OUTLET

The angle between the meridional velocity Vm and the axial

velocity V1 is X. The radial velocity Vr can be expressed as

(A-69)

and from Fig. 16(1) of Ref.[5], it follows that

TrL L (A-70)

Using Eq. (A-68) in Eq. (A-67),

VF _ (A-71)
aw

where = Average streamline slope

Also, from using Eq. (A-68)

.2L_
CoS X (A-72)

Rearranging;

L 2  (A-73)
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The remaining term used in the calculation of streamline cur-

vature (Section 16-4 of Ref. [5]) is

6R

LT

where K is the so called curvature factor. It usually has

a value between 4 and 6 and in the program its value is taken

to be 5. Having calculated cosX, AR and 6R, the program

repeats the solution process. However, the only quantity

which is unchanged is the reference mass flow rate mref" In

subroutine STATR the equation of motion is solved, this time

accounting for streamline curvature. The same is true in

subroutine ROTO2.

The flow path of the program is identical to the

section which did not account for streamline curvature. 
Next,

the program computes an average pressure ratio at the rotor

outlet using the expression

Pro ),. STReRMLME '1

3S.L.

(A-74)

If this pressure ratio is within a specified tolerance to

the actual pressure ratio (which is input data) the program

63



proceeds to the final stage of the calculations. If not, the

inlet mach number is adjusted by an amount which depends on

the difference between the calculated and specified pressure

ratios. If the calculated pressure ratio is too high, the

Mach number is lowered using

M = M - Pressure Ratio Difference (A-75)

o o 18

If the computed pressure ratio is too low, the Mach number

is raised using

= M + Pressure Ratio Difference (A-76)0 M18

In both cases, the program loops back to subroutine CHAN and

proceeds to compute a new reference mass flow rate based on

the new value of the inlet Mach number. The entire process

is then repeated until the pressure ratios agree within the

specified tolerance.

A-2.11 Final Calculations

Stator and rotor outlet conditions not previously

calculated are computed as follows:

V2 (A-78)

Cos o(
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2. a + (A-79)

cp (A-81)

= F
Fl-- P T__,, -I (A-83)Ta-

ROTOR XITO

ROO EXT' (A- 85)
RELATIVE MACH #R T2
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L TJO 
(A- 86)

-Fro -T1 -
(A-87)7T. - TT- s

7T- -- 'F- .Tis(A-88)

Stator Blade TTO -T,
Efficiency = O- T,, (A-89)

Rotor Blade TTE - (A90
Efficiency (A-90)7-ro - T.2

r" W ,s TIAI. (A-91)

TTo -T2 ,s

Head Coefficient 2 c C- o-T2. (A-92)

U
2

Blade-Jet Ratio = [Head Coefficient] (A-93)

Stator Exit (A-94)

Relative Mach #
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The turbine horsepower is obtained by integration.

The Ah term at each streamline is weighted by the percentage

of mass flow at that streamline. The product is then inte-

grated from hub to tip and result, AE, is used in the tur-

bine horsepower equation

S"O (A-95)

The moment is calculated using

(A-96)

Referred horsepower, moment, mass flowand RPM are calculated

using

I-.P,
H.P e (A-97)

M REF - (A-98)

PREF (A-99)

RPMPM REF - R (A-100)
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where T,o

The values of the total-static efficiency, total-

total efficiency, total-static pressure ratio, total-total

pressure ratio, head coefficient, blade/jet ratio, r* and

inlet mach number are then averaged.

With all calculations completed, the results are

printed under the heading "STATOR SOLUTION", "ROTOR SOLUTION",

and "OVERALL TURBINE CHARACTERISTICS".
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TABLE A-I

TURBINE GEOMETRIC INPUT DATA (STATOR)
(see Figure A-2; Dimensions in inches)

FORTRAN SYMBOL DESCRIPTION

ZS Number of blades

RS(1) Hub radius at stator outlet

RS(3) Mean radius at stator outlet

RS(5) Tip radius at stator outlet

C Blade chord (mean)

CI Blade chord (hub)

CO Blade chord (tip)

E Blade curvature (mean)

EI Blade curvature (hub)

EO Blade curvature (tip)

T Maximum blade thickness (mean)

TI Maximum blade thickness (hub)

TO Maximum blade thickness (tip)

TE Projected T.E. thickness (mean)

TEI Projected T.E. thickness (hub)

TEO Projected T.E. thickness (tip)

TN Normal T.E. thickness (mean)

TNI Normal T.E. thickness (hub)

TNO Normal T.E. thickness (tip)

A1(l-10) Ten values of throat diameter at
10 equally spaced radii
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FORTRAN SYMBOL DESCRIPTION

AL Blade camber line length (mean)

ALI Blade camber line length (hub)

ALO Blade camber line length (tip)

RC(l) Hub radius at stator inlet

RC(3) Mean radius at stator inlet

RC(5) Tip radius at stator inlet
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TABLE A-II

TURBINE GEOMETRIC INPUT DATA (ROTOR)
(see Figure A-Z; Dimensions in inches)

FORTRAN SYMBOL DESCRIPTION

ZR Number of blades

RR(1) Hub radius

RR(3) Mean radius

RR(5) Tip radius

CR Blade chord (mean)

CIR Blade chord (hub)

COR Blade chord (tip)

ER Blade curvature (mean)

EIR Blade curvature (hub)

EOR Blade curvature (tip)

TR Maximum blade thickness (mean)

TIR Maximum blade thickness (hub)

TOR Max:zum blade thickness (tip)

TER Projected T.E. thickness (mean)

TEIR Projected T.E. thickness (hub)

TEOR Projected T.E. thickness (tip)

TNR Normal T.E. thickness (mean)

TNIR Normal T.E. thickness (hub)

TNOR Normal T.E. thickness (tip)

TIPC Tip clearance
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FORTRAN SYMBOL DESCRIPTION

A2(1-10) 10 values of throat diameter at
10 equally spaced radii

ALR Blade camber line length (mean)

ALIR Blade camber line length (hub)

ALOR Blade camber line length (tip)

CV Axial distance between stations

CK Curvature Factor
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TABLE A-Ill

TURBINE OPERATING CONDITIONS (INPUT DATA)

FORTRAN SYMBOL DESCRIPTION

AMC Assumed inlet Mach number
Assumed stator exeit Mach number

AMS (absolute)
Assumed stator exit Mach number

AMR (relative)

PTO Total inlet pressure (P TO)

TTO Total inlet temperature (T TO)

PR Total-static pressure ratio

RPM Operating speed (RPM)

VAI(3) Assumed axial velocity in stator

VA2(3) Assumed axial velocity in rotor
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TABLE A-IV

SPECIAL INPUT DATA

FORTRAN SYMBOL DESCRIPTION

TOL 1 Toler mce for convergence of
equation of continuity

TOL 2 Tolerance for between-S.L.
continuity (not used)

TOL 3 Tolerance in pressure ratio
convergence

TOL 4 Tolerance in equation of motion
convergence
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TABLE A-V

PROGRAM CONTROL PARAMETERS

FORTRAN SYMBOL POSSIBLE VALUE EFFECT/MEANING

Prints results in sub-
IND I routines STATR, nLOWK,

ROTO2

1 No printing in the above

ICL 1 Rotor is shrouded

1 Rotor not shrouded

ICOZ I 0

6 = E (Y Pressure Ratio)

8E E

ICON = .5§TOTAL

2 - PROFILE

3 ETOTAL
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TABLE A-VI

FORTRAN SYMBOLS IN THE MAIN PROGRAM

FORTRAN SYMBOLS DESCRIPTION

BESP * x-1 . 8)I21Yl

0I Stator throat opening (hub)

00 Stator throat opening (tip)

OIR Rotor throat opening (hub)

OOR Rotor throat opening (ti;.

O Stator throat opening ",mean)

OR Rotor throat opening (mean)

ANG2I Stator gas outlet angle (hub)

AING20 Stator gas outlet angle (tip)

BETAI Rotor gas outlet angle (hub)

BETAZ Rotor gas outlet angle (tip)

G Gray. constant, 32.174 FT.LBM• LBF.sec 2

CJ 778.16 FT.LBF/BTU

EXP1 Y/7 - 1

EXP2 y-I/y

ERRE Gas constant, 53.3459 FT.LBF

EMME Molecular mass, 28.970 LBM/LB MOLE

GAM y, Ratio of specific heats

ETAT Total-total efficiency

ETAI Total-static efficiency

ETAS Stator blade efficiency
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FORTRAN SYMBOL DESCRIPTION

ETAR Rotor blade efficiency

RSTAR Theoretical degree of reaction

ALOS Head coefficient

BLAJE Blade/jet ratio

DR1 Radial shift of steamlines

AMWI Stator exit relative Mach Number

AMSI Stator exit absolute Mach Number

AMV2 Rotor exit absolute Mach Number

AMR2 Rotor exit relative Mach Number

DELH A

HP Horsepower

AMOM Moment

THETA e

DELTA 6

HPI Referred H.P.

AMOMI Referred moment

RPM1 Referred RPM

WLBM1 Referred mass flow rate

ETA5 Average total-static efficiency

BETA6 Average total-total - "ssure ratio

ETA6 Average total-t. i '-"iciency

AKIS5 Average head coefficient

RSTAR5 Average theoretical degree of reaction
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TABLE A-VII

FORTRAN SYMBOLS IN SUBROUTINE CHAN

FORTRAN SYMBOLS DESCRIPTION

TTO TTO, total temp. at station

AMC Inlet Mach number

PTO PTO' total pressure at station

RC (I) Streamline radii at station

WLBM M, required mass flow, pAV

TC Static temperature

VC Velocity

PC Static pressure

RHO p, density of air

WCHAN MREF' reference mass flow

WPERO % of M at each streamline
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TABLE A-VIII

FORTRAN SYMBOL S I N SJBROUTI NE STATR

FORTRAN SYMBOL DE SCRI PTION

ALFAl Stator gas outlet angle

Ratio ot streamline radius/ meanradius

AMS Mach Number at station 1

T Static temperature

P Static pressure

Vl Absolute velocity

VAI Axial velocity

Ratio of axial velocity to mean
axial velocity

S Entropy

DSDX Entropy gradient between streamlines

VUl Tangential velocity

PRAT (Total-static pressure ratio) -

TIIS TIlis
da

DALF a

RSF Mean stator radius

DELR RStator in - Rrotor out

ZETAPS §p

ZETAS §s

VRI Radial velocity

79



TABLE A-IX

FORTRAN SYMBOLS IN SUBROUTINE TRAU2

FORTRAN SYMBOL DESCRIPTION

CSIP Xp, correction to

R § po initial profile loss coefficient

ANG1 Gas outlet angle

ANG2 Gas inlet angle

R1 Xm, Mach No. correction

R3 §R' remaining loss coefficient

loss coetticient due to wall
R2 § friction

RPRO §P, total profile loss coefficient

CL Rotor tip clearance

YCL Tip clearance loss coefficient

RTOT Total loss coefficient

T Blade spacing

DEZ Normal trailing edge thickness

HM Blade height

CSID X trailing edge thickness
61 ,correction factor

PSID §f, loss coefficient due to fan
losses

PSIF m' ,loss coefficient due to mixing
and separation.

UM Tip speed
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TABLE A-X

FORTRAN SYMBOLS IN SUBROUTINE FLOWR

FORTRAN SYMBOL DESCRIPTION

PRATCR Critical pressure ratio

PHICR DCRIT' critical flow function

HSTAR H***, energy parameter

XI Z, area reduction coefficient

PHI 0, flow function (unchoked flow)

ARAT Streamline throat DIA/mean throat DIA

SUM 1,2,3,4 Successive values of theflow integral

AS Mean stator throat diameter

AR Mean rotor throat diameter

WREQ M required to satisfy continuity

WSUM M calculated

WPER % of M at each streamline
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TABLE A-XI

FORTRAN SYMBOLS IN aJBROUTINE ROTOI

FORTRAN SYMBOL DESCRIPTION

OMEG. w, wheel speed (RAD/sec)

U w-Rstator mean
Rrotor mean

U2 "stator mean
WUl Wpi see figure A-3

BETAl $1, see figure A-3

W1 WI, see figure A-3

TTE Equivalent temperature

PTE Equivalent pressure

HE Equivalent enthalpy

ZETAR rotor loss coefficient

ZETAPR §p, rotor profile loss coefficient

DHEDX Enthalpy gradient between streamlines

DSDX Entropy gradient between streamlin3



TABLE A-XII

FORTRAN SYMBOLS IN SUBROUTINE ROT02

FORTRAN SYMBOL DESCRIPTION

BETA2 $2, see figure A-3
T d8

DBETDX between adjacent streamlines

VA2 Va2, axial velocity

W2 W 2 , see figure A-3

CL Axial distance between stations

WR2 Radial component of velocity

WU2 WU2 , see figure A-3

VU2 VU2, see figure A-3

AIMR Relative Mach No. at rotor exit

T2 T2

T2S T 2S

P2 P 2

PRAT2 [Total-static pressure ratio]-
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ALs CAMBER LINE LENGTH
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0 a THROAT DIAMETER
E a CURVATURE RADIUS
S a SPACING
T a MAXIMUM THICKNESS

TE a TRAILING EDGE THICKNESS PROJECTED IN
PERIPHERAL DIRECTION

TIN TRAILING EDGE THICKNESS, NORMALTO FLOW
DIRECTION

FIGURE A-2: BLADE NOMENCLATURE
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APPENDIX: B

DERIVATION OF EQUATIONS USED IN THE PROGRAM

B-I. EQUATION OF MOTION FOR RELATIVE FLOW:

The equation of motion for relative flow Ref. [5] is

H - X (v X ' + 2 TVS
(B-i)

Using cylindrical coordinates, the terms of EQN (B-i) may be

expressed as follows:

- P + - Pr z 7 (B-2)

Wr

r WoAA. Wo. Wr

-r D - " C' -.

+ -I - r ______L i
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L O L L r9

i__ 
- - -L- -1 

2

W, LW WW>L&,2C VV r)

(B-4)
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TVS T L.-S + L
(B-6)

Combining equations (B-I) through (B-6) the terms in (B-2)
can be written as:

IWA iHo- {L 2k WAJLS - L f - J

(B-7)

(B-8)

vv vv C ~c -SVV

@r- - 4-.eA - (B9

(B-9)
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Since the flow has been assumed to be axisymmetric, all deri-
vatives with respect to 0 are zero. Thus, Equations (B-7),
(B-8) and (B-9) reduce to, respectively:

0 r (B-10)

a r r

_ _ _ + T . (B-1)

%/x-W4 (W 0A, ; VV k
rr

Wu.__ 4-

J WJJT 2L
)r (B-12)

Equation (B-10) may be written as

I _- -C' J. Jr) WV-

We.. 'Ar cL (B-13)

Substituting into equation (B-11),

He Wu,-w I-/ 'Mr /r
- -

c r 

W 
e. 

9

W1. W Wi.Jr T PF
a Irwc' (B-14)
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Multiplying equation (B-9) by Wr and Equation (B-14) by Wa

results in

~ v~t- a (rW 3Lvw- N

WO.Wr vv-+ a U W . -Wr - (B-S)r r

and

WO_ AAr k -JU aW

WO WV- ;Z . . cUWA,Wr i- Wa. T

(B-16)

Adding these two equations yields

F0 - (B-17)

Since the flow has been assumed to be adiabatic, the total

relative enthalpy, H is constant along a streamline. Thus,

0H. + .,)H&
H, r (B-18)

and re-arranging,

SHR. Wr HP,
, A,

(B-19)

From equation (B-19), eq. (B-17) can be written as

as Wr ;S (B-20)
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Substituting Eq.s (B-19) and (B-20) into equation (B-15) gives

VVr H it WA. VV aYVA,) w

WO, WOL,(B-21)

-Wa
Multiplying Equation (B-21) by W- ayields

H -. Wa. (,VVw) w Wr 4

rr

Wa - WU 7- (B-22)

This expression is identical to equation (B-21) and is the

equation which must be solved. It must be put into a form

which can be solved by the computer. Re-writing equation

(B-22) given that

~Cwi~ ;L r W' X 2V CW

yields -z W0, . 2WIA,

-e.T ~-~r (B-23)

The relative enthalpy can be written

.(B-24)
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The equivalent enthalpy, defined in ref. [1] is

He- ,+- + -
(B-25)

Hence, the relative enthalpy can be written as

H(B-26)

Also, the turbine outlet static temperature can be written

as
NE _ aW

T-- = f2cp
C? (B-27)

Sabstituting Eq. (B-26) and Eq. (B-27) into Eq. (B-23) and

applying Eq. (B-21) to the rotor exit, gives

O cH U2. 7.2H

Wa~ 1 SaL
(B-28)

Given the relationships: 2.
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and T, Pt

Equation (B-28) can be written as

_ - Coe >1 + -

U & ++

CrrL i C r (B-29)

and substituting r2 = into equation (B-29)

gives
__ ____ _____- .a -__

... r; (" WA.-) ;__ Hre

LCEwA ;r2. (-0
rm

Multiplying Eq. (B-30) by (;2') results in the dimension-
w2
a

less form of Equation (B-29):

102



W-a \AI. VVcLX

;cx W ALoa W " Jp 4,.

+4 W(rBr-W3-LWV

Introducing the non-dimensional quantities

y 12 wo,(B-32)

(B-33)

S (B-34)

C'
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Equation (B-31) is written as

a y ThS Yourt er - s _ _ _ _ _ Y
x C) x Y an

=~ He- 4- U r , . Q146

. W, 4

wo ~OL

J - (B-35)

The fourth term of Eq. (B-35) is

;y A ~ ______yK
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also, 
- p

a~xCos= C)

and __ ~) 
2 Y TN2 _____

Therefore, equation (B-35) can be written

yI + 1-NY \ Y, +WL, C o ;% V Y

Y 2- __ _ T - ___rA

;I ~w ~ H . Z U n IL + H sY a iw

(B-36)

Multiplying Eq. (B-36) by ( 2 ) and observing that

(+ TN I Y
C OS2-S

)16 os m s2co
y- "N + W" _ K _ _ _

NA -c-Y - o J

Ll (B- 37)
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To account for streamline curvature the following terms are

introduced:

J

(B-38)

where X, the angle between the axial and radial components of

velocity at a point, is approximated as the average value be-

tween two stations.

Also,

K - W Ir

(B-39)

where 6r is the streamline shift throught the rotor defined

as 6r = rROTOR - rROTOR

OUTLET INLET (B-40)

Substituting Eqs. (B-38) and (B-39) into (B-37) yields

- T , INaX w .,,y
TANW~r~Y .2W~ SIN qrim cs

w2UrnUAo + C,,. y3 de E.2 yco s

(B-41)
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To obtain a dimensionless equation, the term

CI =OJ

is introduced into Eq. (B-41) giving

w .,OS 20 yKd L S",y

copue program.J CO5

-2 QA TIO OF MOT1N FOR ABOLTuFO

VM-x Wet, xY ,T

CCO0H- C, HE r-y( Z

W~os oI2 Y2 C)CW DSI

(B-42)

Equation (B-42) is the form of equation of motion used in the

computer program.

B-2. EQUATION OF MOTION FOR ABSOLUTE FLOW

The equation of motion for absolute flow

vuv~~ v v -T VS
(B-43)
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Differs from the equation of motion for relative flow

7 H w (W + T)) +TVS
(B-44)

only by the term x2tw which is the Coroiolis acceleration.

To obtain the programmed form of the equation of motion for

the stator, the previous derivation is followed, but with

U = 0, HE becomes H, W becomes V, and 8 becomes a.

B-3 THE AREA RESTRICTION FACTOR Z

The condition at the outlet of a blade row with boundary

layers on both sides of the flow channel is shown in Fig. B-1.

The flow is considered to be turbulent within the boundary

layer while, outside the layer, the velocity of the flow is

the theoretical velocity. Assuming a power-law velocity pro-

file, the velocity may be written,

Temsfort(B-45)

The mass flow rate exiting the blade row can be expressed as

e'rH V7-N COS S +
- L Co5COS CA 4

0 (B-46)

where .th and Vth represent the ideal conditions for an

isentropic expansion through the blade row to the discharge
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pressure Pd, which is assumed to be constant across the blade

spacing. The discharge angle of the flow leaving the blade

row is closely approximated by the expression [Ref. 11

L Co B-47)

Inserting Eq. (B- 47) into (B- 46) and reducing yields

(B-48)

Assuming a perfect gas

p-T Hro -. TT- -- rR)
-P ___ _ Tr 0o_.T,oTrH' )

D-efining _ (B-49)

PA
Y S PTO(B-50O)

Equation (B- 49) can be written

t- - 2 (B-51)

(B-52)
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Using the displacement thickness given by

(B-53)

the mass flow rate can be written as

P TH V -rH(B-54)

The loss coefficient, expressed in terms of average kinetic

energy lost is

E

(B-55)

where E is the actual kinetic energy of the flow, given by

0 (B-56)

Substituting Eq. (B-51) into (B-56) gives

(B-57)
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The energy thickness is written as

o .- x+- e

(B-58)
The loss coefficient can therefore be written as

i (B-59)

The area restriction factor Z, is the fraction of the flow

area through which the uniform theoretical velocity would

produce the actual flow rate, thus

(B-60)

Defining the energy parameter (a form factor) as

(B-61)

using Equations (B-59) and (B-61), Eq. (B-60) becomes

H -I

(B-62)

where p is the profile loss coefficient.
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B-4. THE ENERGY PARAMETER, H***

In Equations (B-53) and (B-58) the denominator of the

integrand is expanded using the binomial theorem, so that

2 k 1= I + 7r 2 1 0
) I Y I +- E 4 F_ 2 *+(B-63)

The integral of Equation (B-58) is now written as

X 2m~ 
E 7t

0

)(e 3 VAE/ 4/I (B-64)

which, on integration becomes

I_ a XE 3

oI- 'E 2'n Tin -N 7mai @+t

+ _ _+ (B-65)

Therefore, Equation (B-58) becomes.

F 24- - •( Y r. - - -( +

1(B-66)
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which can be written as

+ -4 Y ~- - + +AE- y 41 SM+ 7m +1
XE 't- 4- 'A F-__ __ +I 

-A+

' 1 1h4I I1 +i

(B-67)
In a similar manner,

++ 4-,-
L10\+- 3mii 6,+( 71 *

(B-68)
Substituting Eq. (B-67) and Eq. (B-68) into Eq. (B-61), the

equation for H*** used in the computer program is obtained:

F-I 'e(E 3 i I

H - 4- + 2 -- '

(B-69)
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FIGURE B-i: BOUNDARY LAYER EFFECTS AT THE EXIT
OF A BLADE ROW
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APPENDIX: C

PROGRAM SEGMENTATION ON THE HP-1000

Segmentation allows large programs to be run on the

HP-1000. The program is divided by the programmer into a

main program and several segments, which are stored on the

disc. Each segment and the main program are then compiled

and loaded. When the program is executed, the main program

and its segments are called into memory individually, and

only as they are needed for execution. In this manner, a

program can run in a partition which is smaller than that

program's total size.

When the main program has performed all executable state-

ments, the first segment is called into memory by an EXEC

call. The system then loads that segment from the disc into

a memory block following the end of the main program. The

process is illustrated in Figure C-1. Note; the main program

plus the largest segment may not together exceed 29 k. Once

a segment is in memory it can call another segment.

When executing, any segment can call any subroutine which

is attached to the main program. It was this feature which

allowed the present program to be run. All subroutines were

placed within the main program. In fact, the main program

consisted of nineteen subroutines and functions. A segment

may not return to the main program. Communication of data
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between the main program and the segments is accomplished

through a common block.

The four segments of the present program are ",MAIN",

"SHORT", "PART 2" and "PART 3". The manner in which control

is passed from the main program to the first segment and from

the first segment to the second is as follows:

BLOCK DATA

END

PROGRAM THESS

DIMENSION INAM (3)

DATA INAM /2HSH, 2HOR, 2HT /

CALL EXEC (8, INAM)

END

PROGRAM SHORT (5)

DIMENSION INAM (3)

DIMENSION NAME (3)

DATA INAM /2HSH, 2HOR, 2HT /

DATA NAME /2HPA, 2HRT, 2H2 /

CALL EXEC (8, NAME)
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END

PROGRAM PART 2 (5)

DIMENSION NAME (3)

DIMENSION NAMR (3)

DATA NAME /2HPA, 2HRT, 2HZ /

DATA NKMR /2HPA, 2HRT, 2H3 /

CALL EXEC (8, NAMR)

END

PROGRAM PART 3 (5)

DIMENSION NAME (3)

DIMENSION NAMR (3)

DATA NAME /2HPA, 2HRT, 2H2 /

DATA NAMR /2HPA, 2HRT, 2H3 /

END

The "(S)" after the program name indicates that it is a

program segment. Note the manner in which the program name

is put into a data statement using the Hollerith notation.
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SEGMENT 1 SEGMENT
SEGMENT OVERLAY

1 AREA

MAIN MAIN
PROGRAM PROGRAM

AREA

I--PARTITION
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DISC MEMORY
SYSTEM
TABLES

LOGICAL MEMORY

FIGURE C-i: PROGRAM SEGMENTATION-ILLUSTRATION OF THE MAIN
PROGRAM CALLING A SEGMENT INTO LOGICAL MEMORY
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APPENDIX: D

RUNNING THE COMPUTER PROGRAM

If the reader is unfamiliar with the HP-1000 Computer

System, references [11] and [12] should be consulted before

attempting to run the program.

D-1. DATA INPUT

Using the editor, input the following data into segment

"SHORT".

1. Turbine operating conditions: referring to Table

A-III, type in appropriate data in lines 66 through 69 and

74 through 78.

2. Special input data/program control parameters:

referring to Tables A-IV and A-V, type in appropriate data

in lines 83 through 98.

3. Turbine geometry: referring to Tables A-1 and

A-If, type in data for stator and rotor in lines 103 through

186.

D-2 COMPILING THE PROGRAM

1. To compile the main program type:

:RU,FTN4,MAIN::25,-,-

2. Compile the first segment:

:RU,FTN4,SHORT::25,-,-
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3. Compile the second segment:

:RU,FTN4,PART2::25,-,-

4. Compile the final segment:

:RU,FTN4PART3::25,-,-

D-3. LOADING THE PROGRAM

Type

: RU, LOADR

Tap return key

Will display

LOADR:

Type

OP,LB

Will display

LOADR:

Type

:RE,%MAIN::25

Will display

LOADR:

Type

:RE,%SHORT::25

Will display

LOADR:

Type

:RE,%PART2::25

Will display
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LOADR:

Type

:RE,%PART3::25

Will display

LOADR:

Type

:END

After the end statement, the loader will display that the

program is ready for execution.

D-4 RUNNING THE PROGRAM

Type

: RUN, THESS

The program will be executed and no further action by

the operator is required. The computed pressure ratio of

each iteration of the outer loop of the program is displayed

on the screen as it is calculated. The operator therefore

has some idea where in the iteration process the computer

program is executing.
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APPENDIX: E

DISCREPANCIES IN MACCHI'S PROGRAM

1. Main program, lines 21 and 22; the value of ICL has

not yet been read.

2. Main program, lines 163-166; the Traupel method of

calculating gas outlet angles does not take the Mach number

into consideration. However, in lines 163-164, the program

is attempting to draw a parabola through points which repre-

sent outlet angle as a function of Mach number.

3. Main program line 281; the calling of subroutine

SLINE is questionable. Parameters are transferred to that

subroutine, but many of them have not yet been defined

(HE, DHEDX, WPERZ, DSDXl). These undefined variables will

be set equal to zero by the IBM 360 and 370 computers. Thus,

in line 10 of subroutine SLINE, the value of DWDX will be

zero and in line 17, division by zero will occur and the

execution of the program should cease.

4. Subroutine ROTORI lines 22 and 26; the stator radii

are used in the calculation whereas the rotor radii should

be used.

S. Subroutine ASOSI, line 107; the correct Fortran code

is

ZETAPS(I) .5 * ZETAS(I)
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6. Subroutine ALOS2, line 121; the correct Fortran code

is

ZETAPR(I) = .5 * ZETAPRCI)

7. Subroutine ALOS2, lines 123-126; the stator radii are

used in the calculation whereas the rotor radii should be used.

8. Subroutine ANGAIN, line 14; the correct Fortran code

is

AO = ATAN(I. -XCL/H*CH*COS(ANGI)/COS(ANG2)*

TAN(ANG2) + XCL/H*CL*COS(ANGI)/COS(ANG2)*

TAN (ANGI)

Note: Since reference [2] was published, Professor Macchi's

program has been further developed by Professor Macchi under

private sponsorship [Ref. 13]. The new code however, is not

generally available.
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APPENDIX F

COMPUTER OUTPUT
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A.MAIN T=000l04 1S OlN CROO025 IJSTNG 00147 E'LKS R-0000

000i F'TN4;L
1J002 Bl.OCK DATA
o003 COUONAA/'Ai7 BL EX
0004 7nmN(tR"OLIia
000s flIMUN/Tfl !rOLi,TnL',TO.L3,rOL4
0006 f-6MMON/TR'i/TRA5
0007 rflrUN/rAS/flP,(AM.FMMFERHF FXPi EXP2 VTC;?,VIS3
Q0$k s-qfl'oN/flfl/I ifR Ir17, IINC, T A I, Tc,*1AN;I CON
0009 C1I UN /M AC/ TN

u 0 1 ffrmmON/AlJS;/XCL
fin12 trflMMONC/r.J G 91
0013 Cllr0MN/VA~i/Rdi0),RS..D2 Rc;Ot 1r)lRSOL!,4,ASP(J,RSF0 RRFO ARFO,
1014 *RR(iob Rkal 2 R~OL vROLb4,,r.CV,(uJ.(),DALF(iSiDBEt(i0),
001.5 *A:,F Mi20
00t6 C0.mMMUN/QAR2/B6(20) 7R ZS,ARF.rA?(20) PR,AMR,VUI(iO)
o001/ C'MMON/VAR3/PrE(10o ,R~i.RS:VRRS T2(1U)

0018 C0MMON/VAR4/BRi FtR; 3 R ,RR3,R JA(0
g019 UIMON/VARS/l'RAiie;A' RINCI(10) , AlF1(t0),BETAti(ifl),ZETAi(iO),
0020 *V,'(l0).Al.FA22(i)hITl422(10)
60151 C0MMON4/VARh/PT2(l0) TT2(i1),PT(0),DEI.H(iO),ALFA?(10),VU2(iO),
002) 2 *WR2(i0), 1?S(iO) T21-AU0))
0023 ('MO/)R/T S FA()EATSTIi)EA~OTRi)
0024 *R,,,r(R(t0 tAK!S(t10) 0-TR(I0)
0025 (-C)MMQ)N/VA0S/DR1(i0 .AMWtiO) A4V2(iO) RFFT(i0) P94T11(10) At1R2(
0026 *1,3),YS(ta) Xi(i0),AA.A±(0) ?F7TAPS(iOLAPRt(tfl.YR(i()) X2110)
0027 CD)MMON/VAReP/ZEIAR(t0. ZETAP14(i0) ,AS(iO),AR(10 S(t1(i0),61I2(10),
0029 *,;1(io0),Dxi(l0) Wli ( 0) HE(iO)
0029 CnlMMUN/VARiq/Wt1j0q) DHEx~ifl),DSDX2(i10) 9Ti(iO),RI2C1o),
0030 *Rti(0),RT4(i0).R(i6).SRlin) SR2(l0)
0031 Cf0lMON/VARii/YO(tD.:f)AA(i0) ' rii0) P9AT2(iO),WPER2(t8)p
003 ~ *DWDX(i0, TIT' S(10) POAT3(i0) 93c(10) ,ALAUl))
003, MfQ/A1/FAE~0 .P.LOO(4.0),7FTAS(i0),ZETARi(20),
0034 *ZzTAR3(20) ZETARS(210 Rl(20),M1(2O),Ttf)(20)
0035 06rMtON /VA13/STt(20) fRR(20),RP(2O) At2O) RINC(20),DR(iO),

003 XI4ETo(1) 'STALXI(1Oj.4REA2(10),VRli6)-
OOP OMMON/V4.Pi4/WL4M PPATS OMEG

0039 COtiI"1N/AA/ALFAM({) V±M 1) TTflRPMt RS(i0) 91,TNTlH DCI,Ti.(i0),
00339 !Pt(10) Tn) TFI ALI %F4P XX AA 2AMSI (10,s rNC T-ALS.TNO,
0040 *flA37ECJ 11(l0) 6iI 6r6 1,j 6- A-4(tI At FAX(,T fnPt'A:A0 Amt
0041 r~~io~4./Ir~0.~E~(6,i1O1fWtit) TtF(l ),up(io),
0042 *SLR INIR H'R DZ,ClR TIPC.SZ TNR CR SOR TNOR CflR Al-TR,ALR ALOR
0043 *P2.dO ),W'l,-dO) ,Wl({0),TEIRTER rE6R,D1TR,D1OR,bETA7,DETAI,ANA,
0044 *TTR-7 )RTOR STALI(10) p p

004S (OMAONARFN/EE
0046 COMMOt'/TRA/XPOt(S,e);,XP02(6 9) Al.Ft(B) AlFOl(S),Al..Fn2(6),
0047 *Y(I0) Yi(iO) Q(6),RX(30) .RYflWIR(30),lZ(6),Ci(4,9),C2(4,8)
0049 DAiA Al-Fi/ W is,6, 0p40. ,50. ,60 ./
0)049 DArA ALFOI/ 40.,50.,60.,h S0C/
0050 DATA ALF02/ 80. 90 to00 1i26.190 170/
051 DATA xpt OS 0,:646S;.OA0,'042b,.Q 24,
0052 :03,t4i.0~,0330, .032.3,
0053 *.049S,,0380,0312,.0296,.1).85,
0054 .047bO,,.05.O9,.0267,.02S0,
0055 .0440,.O.:33S,.0273,.O24S,.0225,
0056 *.0420,.031-. O--4,.QOS,.01F33,
0057 *.0420, .0300;.0 ,A3, :0181,. 0152,
008 8.42,00,.?l;01s,15
0659 DATA XPO2/ .0424,.0l422,.04;30 .0402,.Ol3.3.0000,
0060 8 l'0.ZiR.2 00,0000,
0061 *.0283,.nn80.0?.7%;.020,.1)i43,.01000)
0062 *.02so , 0246, 024?,.0208, .0070 ) 000,o
0063 *.2S.2b.23.06,0l0.0D
0064 It .01q3,fn17q. .154, 0106,,0t00,,0000,
0065S 05,.t6 00; f00-f1,.00
0066 Oi2 .01'5 f09. 071. .0000 - 20. 0000/
00ODTWV1,13 PFM 1A/.(I4i300 14an 24 28 97 1.4/
0069 DATA GJE~,XER/2i479i,.l:87 ~49
0069 END
0070 PROGRAM THESS
0071 C
0072 C
0073 DIMENSION INAM(3)
0074 COMMO1N/ARA/RA17 BLFX
00U75 i'(IMM(N/CUtR /CISLI I )-
(1076 e0MflMON/Tflh/TQL I, T11I., TOL3, C)L4
0077 OMNTSRS
007 O~f !ntmi,N/;A/r~p GAMF.F LRF.F~ql VX-.T-,PVTcl0
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00f79 fti1mmoN/c7/CORIC7,INCA,TCLIAN,TCON
coso . f OMfON/M '/TN
,jnlgj CftMIN/IW.J/ND,INZ,IWR
0082 Gt1.MON/AklI ,/XCL
fl 093 CO0,mMON1CS,1'T ,0
0084 rnflh(N/U.W t/ikC(1.0 ) . R-l-D2 . Rsn!lD RFOI.D4 ASFO R;FOR)PFO ARFO,

0086 *AciFAMI R,3.D, C1(2i00 A (n B (.)

0087 COlMUN/VR/b6(207R ZS ARF 1;:(29 ) PR,AMR,VUJ,(i0)

0089 rIUMM.iN/VAk4/IRt,bR2.R R3,HkI. ,R~)i;RR VAP(i,0)
a090 (OMUN/IJAF~/PRA11( i~l .INLI(,0),ALI-Ali(10) ,8ElAii(tfl),ZETAi(10),
0091 kV(0,IA if FTA22(t0)

0094 1'0 M (/ )iA7/TT1SUli, .FTAT(l),ETAT(S),FTAT(i0),E7AS(iO),ETAR(10),
0fl9s *V.SrAR(,O) AKJS(,0)-PSTR(i0)
0096 ulmmnN/VAA/1U01t AMWJ(i0).AMV2(10) IFTFT(i0) !'ATtT(i())
009/ *AMR2(iO),YS;(i0),Xt(

4
fl,AREAfli0) ,ZETAPS(1 0),WPEoitO0,YR(16),

0098 *X?(i0)
0099 COMMUIN/VAR9/ZEIAR(iO) .ZETAPR(il),AS(iO) ?AR(i0),Sti(10),SI2(i0),
0100 *st(10),DqxiRX(l0) wf1(t) HE(t0)

910;2 *R13(J.0),RJ4(tJ) R"rt.) SRI(in$DAR2(10)
O013 r n M GN / VA R 1/ Y D i( 1 ), A 1.0 .R 0 ) P R AT 2( t0?P R ( 10
a104 *DWIGX(i0),T1i5(±U, PRAT3.10) '()LA()
0105 I~lflMUN/VARi2/1 EAtH(),DLLRdfl) WPEkO(10 ),ZITAS(iO),ZETARi(20),
106o *7F.TR3(P9) ZETARS (0)12DA0 TO()0107 CMMON/VARi&-/bTi(2q) IRR20O) R?(230) A2(2n) 'qINC(20),DR(l.0),
al108 eFF r ((10) F-,TA LI I( t0 ) , R FA2(nlV16)
01019 CflMMON/VA~t 4/WI bM PRATS GMEG
0110 CrIMMON/Ae.i/Al-FAi(fl),Vili0.TTnl.HPM RS(fl),SITNT H D,CITi(i(1),
0111 KP .(±0),Tn TEI ALI Fi XX .A~r10AMSi~i... TN rN TrAL SO TNO,
0112 SCo TE~O UUO ?) £11 60,v~ D E-6 60 NCV21 Al-FAYP T tn A AM
OilA COON 'AL2-/BtTA2t1i'),,ETAI(tl),8ETAO(1.f) W2tlb) TTF(i;) u2(io),
0±14 *qTR INIR HP DZCIR T PC Sz TNRCR SOP TflR COR 411- Ag R AL OR
OtisI P(0)'i({0),Wi, i) T R
0116 *TTR.TP(,TOR SIAL1(10)
11i17 ffMAONARF/REE
0oil8 CnMMON/TRA/XPOi(S,8),XP2(6 ) ALFtCB)A'.FOI(S) ALFfl2(b),

0120 DATA N4AM /24914,2140R,214T/
0t21 TRAS-t
0122 xx~t.2s
0123 CAI-L EXEC(S,INAM).
0124 END
0125 C
01,26 qLIBROUTINE CHAN(TTO AMC PTO,RC,WLBM,.CHAN,WPERO)
0127 DIMENSION RC(i0),WPkRO(10)
0128 CfMMON/(-A-,/CP,GAM E-MMFERtCF,EXPi,EXP2,VIS2,VIS3
0129 CDMMON/C~c;'CJ GQQi
0130 TrTT/(I.+(h*-"1)/2.*AMC*AMC)
0131 VC=SgQRT(rAM*ERRE*C*TC,)*AMC
u132 Pr-PT0/(i,+(GAM-1. )*AMC**2/2. )**EXPi
013s RHO=PC/ERRE/TC
0134 AREA-3. 14i6*(RC(5)**2-RC(I)S*2,
Q13S bJLMRHO*AREA*VC
0136 WIHAN=WMLBM/(PTO*SQRT(G/ERRE/TTO))
0137 WPERO(1)=0.
OJ38 WPERO(2)-.25
0139 WPERO(3)-.5
0140 WPERO(4)-.75
0141 WPERO(S)u1.0
0142 RETURN
0143 END
0144 C
014S SUBROUTINE STATR (AIFAi X YTn PTO AM T P Vt VAi Ti S12 Y,S,DSDX,
0146 xVU1 PRAT TITS SS DA- R 6t.~.,K F~c, S.RiR
0147 *7FvT DR RtAS ANk Ns VRI)

0141 *S.12(10) Yi00) DSDX~fl) Vu in ;~AT(±16 t0,F(0 S~(io)
0158 *DAL -DX(16l),'AlIF(10) ALFA1(50 DAI F(i() AMR(i(I) DAiFDX(i101'DEI R?
0151 x~o) ZETA8(10),ETA(1Q) ZETAFPShfl)1,R(IOS 7ETA(10),DR(10) ,V41(i0)

OtH ~crfAN/1A/CP,GA1 FhM0 ERkE,EXPt,EXP2,Q1S2,VIS3
0 t 3 fi~mrj/(,'-9CGt

01S4 r0MMON/IW1/iN6,INZ,IWR
01c~5 C8w0.0
0156 C9=0.0
01 S7 QI-2.*CTGC
01~ tS 2=IVAt (3)?/(01*TTO)
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01S9 1)0' 303 I~i 5
0150 T,--( k(I- Pl;) 3nO 'ni 302

01b3 3P 'FASt)i , 7TA()(~ I )-Ri)/c;-S-I *(7ZE14P3)-ZETAPS(±)

0164 G-1 TO 303
o±6s 301 7FIAS(l)=7FTA(3)

0167 CO10 3113
0±68 30? 7FAS()=7FTA3)((R(T)-R/(R/(q5-;-S3))(7TA()-7TA(3))

0179 7FTAPS( T )ZETAFS(3)+( (R(1)-RS;3)/(RS5-RrS3) )*(2ETAP5(S.)-ZETAPS(3))
0±71 303 CONTINUE
0±72 DO 30S !at S
0173 FTA(1) .i.-tETAS(I)
0174 H=I-1
0±75 N=1+i
0±76 IF(I1) 307 307 309
01.77 307 fAFDX()-(ALFAi(2)-ALFA1(±) )/(X(2)-X(i))
0178 Cr) TO 31S
J179 309 TF(I-b) 3i± 3513 31".,
0180 311 PALFDX ( )=. *((&FA(N)-ALFAi(I))/(X(N)-X())+(ALFA()-A..FA±(M))/
0181 *(X(I)-X(M)))
0182 GO 10 31±i
0±83 l13 DAI.FDX(S)=(Al-FAi(5)-ALFAi(4) )/(X(S)-X(4))
0184 3±5 TANI=-2.*TAN(ALFAt(I))
0±65 PROD=TANl*DAl-FDX(1)
0186 SINSQ=-2,*STN(ALFAl(I))**2/X(I)
O±07 S11(1 )=PROD+SINSQ
0188 3Q05 CONTINUE
0189 304 DO) 332 Jai S
0±90 TF(J-1) 70A 30630
019± 306 IF(NS-1) 30 31

6
,310o

0192 317 DO 309 1-i1,
0±93 SS(I)0.
0194 308 q12(I)S411(l)
0195 CIO TO 318
0±96 310 DO0312 1.1 5
0197 AA=L2*y( I )*2/CO9CAL.FAt(I))**2
0±98 AB=(i.-AA)/(1.-AA/FTA(I))
0±99 3±2 S(I)=ALQG(AB)
0200 314 DSDX( ±)=(S(2)-S(I ) )/(X(2)-X(1))
0201 D5DX(2)=0.5*(DSDX(i )+(S(3)-5R(2"))/(X(3)-X(2)))
0202DDX)=*((()()/((-X))(()(2/(()X))
0203 DS8A(4)=.5*( (S(S)-5(4) )/(X(S)-X(4) )+(S(4)-S(3) )/(XC4)-X(3)))
0204 DSDX(S)-(S(5)-S(4) )/(X(S)-X(4))
0205 DO) 316 1=1 S
0206 IF(N8-i) 319 321 321
0207 319 SS(l)-(i .-COiCALOA1(I))**2/(C2*Y(I)**2))*DSDX(I)
0208 fGO TO 316
0209 321. SS(1)-((-COS(ALFA1(I))**2/(C2*Y(I)**2))+SIN(AL.FAi(I))**2+CO5S(AL
0210 *FAi(I))**?*(CL**2+(PR(I)/2. 0)**2)/CL**2)*DSDX(I)+COS(ALFA±Il) )**2*
0211 *CK*2. gRSF*DELR(I)/CL**2
0212 31h S12(I)=SS(I)*SI±(I)
0213 3±8 SUMI=(SI?(±)+912(2))*(X(2)-X(i))/4.
0214 5UM2-(SI?(?)+SI2(3) )*(X(3)-X(2) )/4.
0215 SUM3-(512(3)+S12(4))*(X(4)-X(3))/4.
0216 SUJM4-(ST?(4)+SI2(5))*(X(S)-X(4))/4,
0217 pEJ2=-SUM2
0218 FNI-5UMl-SUMi
0219 F3SUM3
0220 FN4aSUM3+SUM4
0221 Y(2)-EXP(EN2)
0222 Y(i)-EXPCEMI)-
0223 Y(4)-EXP(EN3)
0224 Y(3)zi.0
0225 Y(S)-EXP(EN4)
0226 IF(IND-±) 33? 323 323
0227 321 IF(J-1) 324,3N4,3iQ
0228 320 IF(J-3) 322,324,322
0229 3?7 TF(J-S) 332 324,332
0230 324 WRTTE(6 326$
0231 326 FORMAT 1/57H SLINE CS C9 ITERAT1ON I'ALFA I'T)gDX I'TOTAL
0232 *Y)
0233 DO 330 1=1,5
0234 328 FORMAT (14 F4.2 F4.2,19 Fi? 4 F9. Sj9j4 2FB.4)
0235 3301 WR17E(6 326) 1,8CA1) WS 2 I,Y(),A.FAi(l)
0;)36 332 rrONTINUt,
0237 DO :s34=T-1 S

WIIR VAI(I,=V I )*Y(l)
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0239 V I

0242 Vt )=(FZIIRT(LVi (I D*4JII V I( I)*VRi(I))

024S P( 1)=iTO*(TttS(I)/TTfl) **EXPt
0246 33 PRA1(i)=PtI)/PT0
0."4 / 336 DO AF,2 1=1 S
0248 A(1-,i)V1(f)/SQRT(AM*ERR -G*T(I))
(J249 352 CoiNTINUE
0250 31;6 RETURN
0251i END
02S2 C
0:253 SUPROUTINF RQTOi ('Jtl%.VAI RPM IJ bFTAi HF TTE PTI: Xl PT3..Wi WUi,
0?54 *Xt RS,7FTARZETAPR.RR DHED.H~X IIJ- tRP3Fi~~
0255 *7FiA~,,RS.S3.Rc;. ,PF1O,9TALT r Ffwt, A6~
02S6 flhl* NS1ON Ulit') VAie) Ll(S) ri.TAi(4) HF(S); TIF(5) PTE(S),

02S8 *7FTAP14(l) R1(5) DHFbX(5; pDlX() S(S) LJ?(S;ZETA(5),
0259 *Vgti(5).F4AU0),E.Tf(),STALI(';),8iNC(sj
0260 COMMOWSS5/CJ GQ
0261 CflMMN/tCAS/CP'A MEERXiE2vl2vs
0262 rr)MMUN/ IW I/l~ r. 1E46 10XP2, '2VIS
0263 C=2.*3?.i74*776.i64CP
0264 OMEG=RPh*3.i4l6/3O.
026S DO 520 T-i 5
0266 t(I)=OmEG*AS(I)/i2.
0267 I12(I)=UI(T)*RR(1)/RS(I)
02.68 w~iJ(I)=VUt(t)-U(I)
0269 FtI1Ai(I)=ATAN4(WUi(T )/VAi1U))
0270 Wi (I )=VAi.(T)/CCS(PFTAI (I))
0271 Wt(I)=SP3T(VR1(l)*VRt(I)+W (T)*Wi.(I))
0272 TTF( 1)=Ti.(I)+Wi(T )*)K2/C+(U2( T)*2-U(I)**2)/C
0273 PTF(I )=P1i )*(ITE(I)/Ti(l) )E*EXPi
0274 HF(l)-TTE(T)*.24
027S TF(3S(I)-RSX) 'A2 S14 S16
0276 512 ZETAR(I)=ZE.TA(I)4 RS(f)-RSI )/(RS3-RSi)*(7ETA(3)-ZETA(1))
0.271 GO TO SIB
0278 S14 7FE'VAR t )-7ZET M3)
0279 GO TO S18
0280 ln6 ZFTAR(T)=ETA3)+I~)-RS3/(RSS-RS3)*ZETA(S-ZFTA(3)
0281 Si8 7ETAPVE(T)=ZETAR(I)/2..9
0282 S20 CONTINUE
0283 iXi)()-i)/X(-X()
43284 DSDX(2)3) .S*(DSDX(i)+(S(3-S(2))/(X2(3)-X2(2)))

0286 DSDX(*S)=(5(S)-S(4) )/(X2(5)-X2(4))
0287 PSDX(4>= .5S(DS1Xt)+(S(4)-(3))/(X2(4)-X2(3)))
0288 DHEDX(1)(H(2)-F(1))/(X2("I-X2(i))
0289 DHEDX(2)=.S*(DHFDX( i)+(HE(3)-HE(2))/(X2(3)-X2(2)))
0?90 DHEDX(3)=0.S*( (HE(3)-HE(2))/(X2(3)-X2(2))+(HEC4)-H4E(3))/
0291 V (X2(4)-X?(3)))
0292 fHEIX()(HE(S)-HF(4) )/CX2(5)-X2(4))
0293 IHDX(4 =0 .S*(DHEDX( )(HE(4)-HE(3))/(X2(4)-X2(3)))
0294 522 CONTINUE
0295 RETURN
0;!96 END
0297 C
0298 SUVRROUTTINF ROT02 PFTA2,HE.1HDX DSDXi DRfX2 VAP WIW2 V112 V2l
0299 K%2 U,YR 7ETAR Rli R12,R13,0I4LRt AP qR A SATT0,PTt,T2,P2..PRAT2
0300 T,INISS,0y~f k!?F, DFi-. CL C'DR R HRO Rlil !4RSNS WR2)
03 0, tTMENS1ON REWA(5'HF(55 DFD*(S,SDX((S)DS*(),VA2(5),
0302 SWUZtb) W2(s) VU2(5s V2(si Xp(,5) I(b) YR(5;) ZFTAR(S)

0304 *AA(S) ARC() TIE(S PT4)T
0305 wD~4~(4) ~FT~(p AR5D4EX(t),EFTA(S),DELR(S),RISt)

0306 DS)R.)R25
0307 C-OMM(lN/TflL/TfLI ,TOL2,TOL3,TOL4
0308 cflmmON/C~s/eJ, Gqt
0309 C0MMUN/GAS/CP G4M FMMF ERRE,FXPi,EXP2,V182,VIS3
0.310 COMMN/IWT/lN6,L0,*IWR'
0311 INDSO0
0312 INDSi-O
0313 C=.GC
0314 (~2/VA2(3)**2
031S DO 274 J-1 5
03t46 TF(k(X) - R2A) 270 271 273
0317 20 iA2( )=R T ZS (4R -RR)/RR-R3)D4T(I).

i'ti ro 2q4
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0319 27t IhE1A2(1)=EBETA2(3)
(1710 r'l U3 74
(1321 273 T'RTA ( 1)=BTA2(3)+((I)-R3)/(RR-RR3)*F4ET(5)
0j322 2 74 (l)NINI E

f'124 D HETDX ')T(A2 (-ETA2 (4 ) )X2 (5)-X2 (4))
10325 DO L81) 1=2,4
0.126 M=1-1
0327 =i
o0328 280 Df!TDX'I)=.5*((BFTA2(N)-I4ETA2(!))/(X?(N)-X2(I) )+(RETA2(I)-9ETA2
0329 * im ) J/ (J ) -X2,(M))
ii330 nn i0 1-i S
01331 200 TANi= - .*fAN(BElA2(I))
u372 Pk0D=TANl*1F4ETDX(T)
0333 F.r~=-,*tN(4ElA(Tl **2/X2(1)
0334 Rll(I)=RlD+3jN+DqT)~(I)

033S SR2(I)=-.*i(3)*t( )FTA(ET?)*)TN2/(A?(3)*/(V*YR 1)*2))
0337 YnLD(1)=YR(T)
0338 AA(1)=(VA?"(3)*YR(T)/rnfS(14FTA?(I) ))**2/(fl4HFAI))
0339 RT3(I)=(C*OS(ETA(T))**2/( (V.A2(3)*YR(l) )**2))*DHEDX(I)
0340 TF (1NDSI-i) i0,250,250
0341 10 CONTINUF
0342 2P. IF(IND-i. 201 8- "38'
0343 282 wRITE(b,t2M)(li(f) T=1 5)
0344 1?1 FORMA1(/21H CQNSTANf INiEGRAND 1-5, SF6.5)
0-44S WRITE (6 JP2)
0346 122 FnRMAI(/ dk SLINE INDSi GRAD S INT2 INT3 INT4 INT
0347 *f VAL)
0348 20% DO 20 3=1,13
0349 DO 30 T=1 5
0390 AA(l) =AAU )*(YR(I)/YOLD(I) )**2
0351 ANIJM=1.-AA(t)
0352 AnEN=1.-AA(I)/(1..-ZFTAR(I))
0353 AR=ANUM/ADEN
0354 TF (AB) 130,1.30,30
0l355 130 TNDSIl
0356 (1O10 i0
03S7 30 SR(I)=ALOr,(ANUM/ADEN)
0358 DSDX2(Ji)=(SR(2)-SR(i))/(X2(2)-X2(i))
0359 DSDX?(2)=0 .5:(DSDX2(i)+(SR(3)-5R(2))/(X?(3,)-X2(2)))
0360 DSDX2 (3)=9.S*( (SR(3)-SR(2))/(X2(3)-X2(.) )+(SR(4)-RR(3))/
0361 *(X2(4)-X2(3f)
0362 DS PX2(S)=(SR(5)-SR(4) )/(X2(5)-X2(4))
0363 DS X2(4)=0.5*(DSDX2(S)+(SR(4)-SR(3) )/(X2(4)-X2(3)))
0364 DO 40 I=1.5s

0366 SR2(I)=SR
7
3(I)*(YOLO(I)/YR(l) )**2

0367 RI2(1)=S3R ( T)-SR2(I)
0368 R13(1)=R13(1)*(YOLD(I)/YR(l) )**2
0369 IF(NS-i) -31.32 32
0370 31 RJ4(1)=DSDX2(Ii-(flc;DXi-(1)+DSDX2-(I) )*Ci*HE( 1)
0371 X (C08(E1FTA2M)f/Y'R(I))**Z
0372 C~O 10 40
0373 32 R14C1)--(DDX()+lSDX2(l))wC*HE(i)*(fls(BETA2(t) )/YR(I))**?
0374 RI5(I)=(OS3DX1(I)+DSDX2(l))*('-TN(BETA2(T))**2,COS(4(FTA2(l))**2
037S X*( (CL**?+&flR(1)/2.0)**2)/CL**2) )-C0S(FRETA2(1))**2*(2.*CK*RRF*t
0376 *1)ELR (l))/Cl-**2
Q377 R14(1 )-RT4( I)+RIS(I)
0379 40 RT(I)=RI(I)+RI2(1)+fRI3(1)+RI4(I)
0379 S!1IMI=(RI (1)+R1(2) )*(x2(2)-X2(1) )/4.

0381 SlIM3(RJ(3,)+RI(4) )*(X?(4)-X2(3) )/4.
0362 SIJM4(R7(4)+RI(S))*(X2-(S)-X2(4))/4.
0383 FNl--(SIIM2-SUMi)
036R4 FN2=-SUM2
0385 FN4=SUM3
0386 FN5=SUfI3+8UM4
0387 D0 SO T-t S
03R8 50 YnLD(I)=yA(I)
0399 YR(i)=FXP(ENl)
0390 YR(2)=EXP(EN2)
0391 YR(3)-i.0
0392 YR(4)-FXP(IEN4)
0393 YR(S)-FXP(ENS)
0.394 NCOUNT=0
0395 DO 1001t TaiS
0396 tF(YR(l), ,T.2.0) YR(T)02.0
0397 TFtYRIW.IT.O.2) YR(T)w0.2
Q39P ifl01 r(lNTINIIF
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039Q DO jj10 T=i,5
0400 T~c;T=ABF;.YflI D(I)-YR(T))
011 Tr(TE5r-T0rI4) i10,±iO,ii9
0402 111 n~fUT=~UN+
04 il3 TFINCULI4T-q) l19,1.40,119
0404 119 TF(IND-i ) 30) 120 120
11411S 1,30 TF(J-3 An,6,86
0406 H0 TF( 3:6) 9n 100 90
114n7 90 T-(9) t.Ai)6 06, 160
11469 10 Oft 0~ 60 1 = i
0)410 1;31 FllQMAl (T4,17,FiO 5 SF8.4)
0411 60 WRIT'E (6,t23 ,TND~t ,DSDX(I),RI2(),Rr3(I),RT4(D),RI(I),YRUl
0412 20 CONTINUE
0413 140 ron 70 1=1 5
11441 V' I =YR fl1*VA2(3)
041S W24(1)=VA?(T)/LUOS(BETA2(I))

0417 W.( I)=S11T W?( I ) *W2( I ) +WR2( T)*WR2(I)
0418 70 T? (I =T1'F( )-W2(I )~*Y./(O0.24*C)
04J9 TF(1NDSI- ) 251,149,149
0420 2S1 TNDSi=INDS1+l
0421 DO"0 =
0422 MR 1=W2( )/SQR1 (rAM*ERREEC*T2(I))
0423 250 CONTINUE
L'424 149 DO0 190a=1 s
0425 W02(1)=VAU )*TAN(EETA2()
0426 VJ2 (I )11JP( I )+U( I)
0427 T2S(1)=TTE(l)-(TTE(I)-T2(I))/(1 -ZETAR(I))
0428 P?(I)=PTFU[)E(T2S(I)/TTE(I))**(GAM/(GAM-1.))
0429 PRAT2(1 )P2(1)/PTE(l)
0430 190 CONTINUE
0431 150 RETURN
0432 END
0433 C
0434 SUBROUTINE i-LOWR(PRAT ZETAP X WT PTE! PTn,TTE,TTO,AS;,ZS,RS,AR,ZR,
0435 *RR MWC)-ANVA WPER rfl6E ULFIA hR TIP6 A
0436 DIAkNSION PRMf(iO. 7FTAO(0 (i 6),X WWi.O),PTi(10),TTE(i0),
0437 *VA(1O),WPFR(t0) E( ),A(1O) ,A(li0)
04393 COMMON/CUR/COSLIIO)
0439 COMMiJN/TOI./TOLi , Ol-2,TOL3,TOL4
0440 rOMM(1NIMAC'/IN
0441 rOMMON/GAS/fCP GAM EMME,ERRE,EXPi,EXP2,VIS2,UIS3
0442 COMMON/CsS;/CJ C,Q1
0443 COMMON/AFIA/r4Ab7 BLEX
0444 COMMON/IWX/IND,INZIWR
0445 TN-20
0446 r=BLEX
0447 A(3)=8( i)+B(2)*R(3)+B(3)*R(3)**2+B(4)*R(3)**3+B(5)*R(3)**4
0448 Fi=i./(r+..)
0449 F2=1./(l.*C~1l
04SJ .F3-./(s.*r~i.)
04S51=.(7*~.
04S2 F5=./(9.*C+1.)

0454 PRATCR-(?,/(GAM+i.))**(GAM/(GAM-i.))
04S5 PHICRa(2./(CAM+1.))**(±./(GAMi.))*SQRT(2.*GAi/(CAM+1.))
04r,6 Do) 420' I=i,s
0457 TF (PRArr.R-PRAT(r)) 400 402 402
0458 400 XE-1.-PRAT(I)**((GAM-t.5/GAA)
0459 GO 10 404
0460 402 XF=i ,-PRATCR**( (GAM-i. )/GAM)
046 1 404 XF2X E**2
0462 XF3-XE**3
0463 XE4-XE**4
0464 XFINV-i ./(XF-1.)
0465 HNIIM-XFNV+F2.XE*F3+XF2*F4+XF3*F5+XE-4*F6
0466 HnEN=XETNV+Fi+XE*F2+XE2*F3+XE3*F4+XE4*FS
0467 HS1 AP-HNUM/HI)EN
0468 YT-(HSTAR-i.)/(HSTAR-i.+ZETAP(I))
0469 IF (P)RATCR-PRAT(I)) 406 408 408
0470i 406 PHI.5ORT(2.*GAM/(GAM-1.i*(POAT(I)**(2./CAM)-PRAT(I)**
0471 *((GAM+.)/GAM)))
0472 00 TO 410
0473 408 PHT-PHICR
0474 410 A(l)=B(1 )+E(2)*R(I).8(3)*R(T)**2.B(4)*R(I)**3+B(5)*R(I)**4

0 475 ARATA(T)/A(3)
047h TF(M-P) 405,412,41S

u,478 414 ARAi=AR6T+?w*3. (4i6ER(5)1TPl/(7AR*FR.(XC-)-X(4)))
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11 47Q 41S TP(IND-t) 4PO,4iA.4t6
u48n 41, WI.TTE( 41 0 XI PkT IARAT
0481 A I FflRMI ( lcwH X~ FA 4t(6H PHTI'. 41 7H, n ARAT'.,FA.4)
0482 42t) Wi (fP(PTF I)/P'16)/cflRfT T F T )/T)* R TSXIAPHI* ASL(I

10484 qJM2(W r ()+WI (3) )X:X(3)-X (2) )/2.
0i48S cqJgM14(W T 4 )+Wl( (5) ) *( X( 5)-X( 4) ) /2.
0 4P7 WISl hSi IM i+ql I2+SIJO1;+StIM4
04SR TFtM-i) 4' 8 426 42R
3 4f9 42 A W R F UWC. H A/ iA S * Is *R
n490 DIr=A4S(,4REQ-W9iM)
0491 GO TO 43A1
11492 428 WREO=WCHAN/(AR*TR*RR)
049 3 D I FF -AW R r - WS U M
0494 43n TAL=T0L1XU-RFQ
0495 IF (D1FF-TAt.) 432,432,434
04916 432 VA(3)-VA(3)
U497 CODk-20.
0498 GO TO 442
0499 434 IF(WSUM-WRFJQ) 436,432,438
asno 436 CONTINIJF
0501 TF(PRAT(1).LT,PRATrR.AND.PRAT(5),LT.PRATCR) GO TO 470
05;02 VA(3=VA(3)*(i.00+)IFF/WREQ*i.01)
0503 GO TO 44?
0504 439 VA(3)=V)A(3)*(1.O0-DIFF/UREQ*i.Oi)
0505 44P? WPFR(l)0O.
OS06 WPFR(2)=qUMi/WSUM
0507 WPER(3)-(SIJM1+SUMP)/WSUM
0508 WPFR C4)=(SUM1i+SUM24FtJM3)/USUM
11509 WPER(S)=I.O
Osl0 TF(IND-i) 450 423 423

OS12 422 FORMA1(/?0H FLOW T4TFflAAND i- Fh.S
0513 WRIIE(6,4P4) SUMit5I:M2; SUM3 SOMAW U
0514 424 FORMAI(/i.5H SUMS 1-4 W,3UM SFi.5)
0515 WRITE (A' 440) WSLIM,Wkrl,VA(O)
05±6 4401 FQRLMAI(3 H REF FL1WSCtMPUTFD-RFQUIRED,AX VAL,?FiO.4,FiO.2)
0907 WRITE (h 444) WCHAN,WLBM
0518 444 FOOMA1(/i,,H REF FLOW RATE CH~ANNEL-SQUARE INCHFS,F8.S,i8H FLOW RATE
0519 *-I RM/SEC,FR.5)
0520 WRITE (6,446) M
0521 446 FORMAT (/30H4 STIREAMLINF FLOW FRACTI ONS M-12)
0522 WRITE (A 448) X(2),WPER(2),X(3),hhPER(3S,X(4),WPER(4)
0S23 448 FORMAl (6610.4)
0524 GO 10 450
0525 470 INut
0526 450 RETURN
0527 END
0529 C
0529 SUBROUTINE SLINE (RR,X,DLDX,WPR,WPERi,HF,U,DHEDX,S,DSDXI,
0530 *ARF RRF F~i FC2ZCODF M,E4)
0531 DIM4.NST6N'RA~lO )(Ct6) DWI)X(in) WI(iO),WPER2(iO),WPER1(iO),HE(16),

0533 COMMON/TOil/TOLl. T01_2 TOL3,10L4
0534 COMMON/IWI/IND,tN.;I4R
0535 47-0
0536 SAVE-RR(3)
0S37 CODE-i.
05.39 DO 700 1-1,4
0539 J1'1l
0540 700 DWDX(1)-(WPER2(J)-WPER2(I) )/(X(3)-X(l))
05;41 N0O
0542 DO 720 1-2,4
0543 K1i+1
0544 JaT-i
054S TF (ABS(WPFR2(I)-WPFRi(I))-T0L2) 716,716,702
P546 702 IF (WPERP(T)-WPERt(T)) 704 71h 708
0547 704 XN=X(I)4h4PER1(l)-WPER2C1) /DW6X(J)
05)48 IF(M-i) 706 t712 1706
0549 706 Si,=(HE(K)-H (1) /(X(K)-X(I))
0550 DFL-2.*(SI.-DHEDX(I) )/(X(K)-X(I))
0551 DHEDX(I)=1,HEDPX(1)+p)F1 (XN-X(I))
0552 HE.( I)-HE( T)+nHEDX(TI)*(XN-X(I))
0553 S1=(S(K)-F(l))/(X(K)-X(l))
0554 DEL-2.*(SI.-DSDX1(I))/(X(K)-X(r))

0556 S I =S( I +PSDX1(ID*(XN-X(T))
0557 GO 10 71?
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0559 7F (M-1) 7in,712,710

0961 DFL=2.*0HF)XC )-SI )/(X(T)-X(J))
uS62 DHFIX1,)=DHFZDXuI)+OFI (XN-X(I))
0963 IIF(=-F( T)+DHEDXU.n.,(XN-X(I))
0564 j /((I)-(

0566 PSDXi ( I )=n50YX( I)+)FI.K(SN-X( I)
OS67 S(I)=S( t,+D9DXi(I)*(XN-X(I))
0'368 712 RR ( 1)=XN*IAVE
0569 GO TO 718
03-70 716 N=N+i
05.71 IF (N-3) 710,730 720
0572 718 i(I)=U(T)*XN/X(Ii
0573 720 CONTINUE
0574 DO 722 17W,05;75 722 X(I)=RR(I)/RR(3)
0576 FCI=RR(3)/SAJE
01;77 FC2=FCi**2
0578 RRF=RR(3)
t)579 ARF=8( 1 )+8k(2)*RRF+8(3)*RRF**2+B(4)*RRF**3+4(5)*RRF**4
0580 !F(IND-i) 732 721 721
0581 721 IF (M-i) 729 132, 29
05,82 729 WIRTE (6, 724$
0583 724 F ORMAl 0/47H SLINE XNEW HENEW DHEDX S-NEW DSDXi)
0584 n0 728 1=1,5
0585 776 FORMAT (14 F9.4 F9.2 F9.496 F9 P95)
o058s 728 WRITE (6 7 6) I,X(I),HE(il$DFhbX(i),.5(T),DSDX1II)
0587 COD TO 73
o1588 730 CODE=40.
0589 732 RETURN
0590 END
0591 C
0592 SUFIROUTTNE Al-OSi(ZETAS ZETAPS)
,1593 DIMENSION 7ETAS(10. .7EtAPS(10)
0594 COMMO'N/Al i/ALFAi(bOI.V1(i0).TTn,RPM RS(iOfl TN H DC Ti(i0),
n595 *Pt(t0) TO TFI ALI V4FPP XX Ahr,0 ,AMStin) S TN C T 4L SO TNO'

*0596 *rO T .OUd0) oi bil 11o' rDSl 620 AN(?I ALFAX " f I 'P*O AL.0AM
OS098 *SI.-R INIR HR DZ CIR TIPC SZ TNR,CR StIR TNOR COR 41TR AIR ALOR
0599 *P2({1) ,W?i(i),WldO.) ,T IRITFR,TE6R,D~IR,DiOR,bETAZFiETAT,-ANA,
0600 TTIR 1R,TC1R,9TALI(i9)
00 t rCOMMUN/CAS/t:P,GAM EM,ERkE,EXPt,EXPZ,VTS2,VIS3
0603 QQMMON/TWlIN6,fNZ,IWR
0604 COMMON/AUS/XCL
0605 COM"IN/ARE/REE
0606 CtMfON/COZ/ICOR,ICOZ,IINC,IAI,ICL,IAN,ICON
0607 COMMON/ARA/BA17,BLEX.
0608 COIIMON/TRS/TRAS
0609 D0 6001 MACC-I S,2
0610 TRA1=90 .-Al-FA1lMACC)*S7.29S78
0411 TRA2=IJI(MACC)*.3048
0612 TRA3-TTO/i.8
0613 TRA4-RPM*3.14iS9/30.*RS(MACC)/t2.*.3048
0614 IF(MACC-3) 6002 6003 6004
0615 6002 CALL TRAtl? (TRA4 911'TRA2 TPA3 EMME,GAM,SI,TNI,H,D,TRAS,CI,TRA4,
0616 *0 ,TRib TRA7,TRAA,T4A9,ZEtAS(MACC))
0617 GO 111 6401
06i9 6003 CALL TRAIJ2 (IRAi 90 TRA2 TRA 7 FMME,GAM,S,TN, H,D,TRAS,C ,TRA4,
0619 *0.,TR26 TRA7,TRA6,TA49,ZEtA. MACC))
0620 GO 70 660o1
0b21 6004*CALL TRAIIP (TRAI 90 TRA2 TRAI EMME,GAM,S0,TNO,H,D,TRAS,C0,TRA4,
0622 *0 TR36 TRA7,TRA47TkA9,ZEtA5(MACC))
0623 6001 CO6frINUt
n624 TF(ICOZ.I.T.5) GO TO 2026
0625 DO 2027 MACC~i >s 2
0626 XY=ZETAS(M.ACC)/(i .-7ETAS(MACC))
0627 ZFTAS(MACC)-(((1.+XY)/(1.+XY*Pi(MACC)/PTO), **Expp-i.)/
06P9 *((PTO/P1tMfACC))**FXP' -1,)
0629 IF( ICQ7 FQ.p4Z~rASMACC)=u(.+XY)/1.XY*PESP))*EXP2-1.)/
(h30 *(1./BESO**EXP2-1.)
0631 20127 CONTINUE
0632 2026 CONTINUE
0633 IF(1CON.NF.3) GO TO 31
0 634 30 DO 32 1-t S 2
0635 3? ZFTAPS(T);ffTAS(I)
01636 31 TF(LCON.NF.2) GO TO 33
0637 TF(ICOR.FQ.4) ZFTAP1R(i)-TR16

Ti:(TCOR.Fn.4) 7FTAPl;13)=TR2A



0639 XF(ICOR.EQ.4) ZETAPS(5.)=TR36
0640 33 CONF[NUE
0641 TF(1CON.NE.i) GO TO 34
0642 1-0 35 I=i,7, 2
0643 3!; 7FTAPS(I)=., *ZETAS(I)
0644 34 CONTINUE.
064S 011 66 K~i,s
06~46 66 CONTINUE
0647 RETURN
0648 END
0649 C
06S0 qIJFROUTINE AI..S2(ZFTAR ZFTAPR)
0651 DTMfiNSION ZETAPS(10),70TAS(10) 7FTAPR~in),ZFTARcIO)0652 COMMOIN/AI.t/AL.FA1I O)V1(10'T6,WP T (o)6 ITH f) CITiO)
0653 *Pi(1O),TO TFI.MLT3., THPM Rxtf),5TNrT LOT
061;4 *rCoTO( bil 6in Di610 ~o t-A: Ptr),Al 0U.AM o

06CS6 *S.TR INTR HRDZ,CIRTIPC,S2.,TNrlPCR SOP THO(R LOR.Ai Tr,A A OR0657 *P2(I0),We'2(O) ,Wi(if),TR,TFRFOR,D{TR.D{OR,i4EtA7,IRE ,IApA,
0658 *TTRTNTOR RTALI(iO)
36S9 COMAON/VAR(/RC(i0) RsfltD2,RSnl-'13,RSUI0.4 ASPFO RSFO RFO ARFO0660 *RR(iO) RROLD2 RROI- D3,RROLD4,c),K,VAIu6),DALFtAQjDBEt(IO),
0661 *ASF AM~,4 (20i -
0662 tnMAflN/oAR2/H6(20) 7P ZS ARF P'(20) PR AMR
0663 COMMON/VAR3/tTE'(±05,R~l S3,ASS T2dQ)'
0664 flOMOlI/AR4/HW,bR? PR3,R±,RR3,RR5,VA2(i0)
066S COMMON/AI4A/RAi7 .FlLE
0666 COMMON/PAS/CP GAM FMMEERXiEPI2VS
0667 cnMMOJN/Cs.s/cj C Qi EEREEPEP,12vS
0668 COMM0N/TWT./IN6,fNZ,IWR
0669 CnMMUN/AUS/XCL
1670 cnM4ON/ARE/REE
0671 COMMON/COZ/!COR,ICOZ,IINCIAI,ICL,IAN,ICON
0672 COMMON/TRS/TRAS
0673 IF(ICOR.NF.4) GO TO 6O0
0674 DO 6011 NAC= 5 2
067S TRAim9O .+BEA2l4CC)*S7.29S78
0 676 TRAX:90 -BFT~i(MAMC*S7.29S780677 CTUD=PETAO(MACC)-FTA1 (MACC)
0678 IF(IINC.EQ.l.AND.CIUO.GE.O.) TRAX-90.-BETAO(MACC)*57.29578
0679 TRA2=W2(MACC)*. 3048
0680 TPA3-TTE(MACC)/i.8

868 ATRA4=U2(MACC)*.5048
6 IF(MACC-3) 6012 6013 6014

0683 6012 CALL TRAL12 (TRAf TRAX TRA2 TRAI1 EMME CAM SIR,1NIRRDASrR
0684 *TRA4 TnRC TRi6,tAA7,T4A8,YA9,TARAACC$) .NZRSCR
068S SO 16 60i4
0686 6013 CALL TRALI2 (TRAi..TRAX TRA2 TRA.- EMME SAM SZ THR,HRDR5C0687 *TRA4 TIPC TR26,TiA7,TAA,Yb- YV~AR(AC~H RDRSC
0688 GO Td 6011
0689 6014 CALL TRAU? (TRAi TRAX TRA2 TRA3 FMME CAM SOR TNORRDTASCR
0690 *TRA4 TIPC,TR36,TOA7,TA,fAA9,ttAR(A Ci)c' ,RDRSCR
0691 60±1 CONTINUE
06V2 DHimCP*TTO*(±.-(P2(3i)/PTo)*EXP2)
0693 PSI./(i,-YCL*DH1**CC/U2(3)/WU2(3))
0694 ZEZE-ZETAR (3)
0695 DO 601S MACC= s 2
0696 ZFTAR(MACC=EfA(MAC)(1.-ZEZE)*(i.-PSI*PSI)
069*/ 601S CONTINUE
0698 6010 CONTINUE
0691# JF(ICOZ.1-T.S) GO TO 2046
0700 Do 2047 MACCu1,S
0701 XY=ZfEAR(MACC)/(i.-MEAR(MACC))
0702 ZETAw(MACC)-(((i,+XY)/( £.+XY*P?(MACC)/PTE(MACC)')**EXP2-1.)/
0703 *((PTEMACC)/P2(MACC))**EXP2-1.)
0704 IF(1COZ.En.8) ZETAR(MACC)u(((i.4.XY)/(1.+XY*BESP))**FXP2-1.)/
()7013 *(t./BESP*EXP2-i.)
0706 2046 CONTINUE
0707 2047 CONTINUE
0709 IF(1CON.NF.3) GO TO 31
0709 30 DO 32 Im1,S 2
0710 32 7FTAPR(I)4ffTAR(I)
0711 31 IF(ICON.NF.2) GO TO 33
0712 IF(1cnR.FQ .4) ZE1APR (1):IRI
0713 IF(ICOR.F..4) Z TAPR(3)T_6

714 IF(ICOR.EQ.4) ZElAPR(S)=TR36
0715 33 CONTINUE G O3
0716 IF( (CON.N~i) G O3
0717?Oi l03 ot,5,2
071S 3S 7FTAPW T).S*ZhTAR(T
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0719 34 CONTINUE
0720 7FTAR(P?= 7FA~)(R'a-9)(R-R)(FA(I- A()
o72i 7ETAR(4) =ZETAR (3+R()RI/RSRI)(EA(;-EA()
0722 ZFrAP2=ZFTAP4W1)+(RR(2)-RRI)/(R3-RRi*(ZETAPP(3)-ZFIAPR(U))
0723 ZFFP()7TP()(R4-R)(R-R)(EAPS-EAR,)
0724 DO 7001 1=1,S
07217 7001 CONTINUE
0726 RETURN
fl727 END
0728 C
11729 FtuNCTiON VAVRA(TH,TE,SP)
0730 C TH=THIROAT OPENING
073i C TF=IRAIJ.Nr, EDGE THICKNESS
0732 C SP=EBLADE SPACING
07-33 ARGL=TH/SP
0734 rERM1=ATAN(SQRT(i.-<ARGI**2))/ARG1)
0735 TFRM2=TFRMI *%80. /3.14iS9
0736 TERM3= .-TFRM2/90.
0737 TF.RM4-(4.*vTF/SP)*TERM3
0738 ARG2=(l1H/SP )+TERM4
0739 VAVRA=ATAN(SQRT(1 .-(ARG2**2) )/ARG2)
0740 RETURN
0741 END
0742 C
0743 C
0744 C
074S FUNCTION XPO(ANGf,ANG2)
0746 CfMMON/TRA/XPOI(S,S) XPDP2(b,8) AI.Fi(R) ALFO1(S) ALF02(6),
0747 *YF 10) Yi(iO) Q(6) RX 30),RY(3fl;,IR(30),ZC6) ,Ci(4,8),C2(4,8)
0748 I (AN62-80.) 1,2,1
0749 1 CONTINUE
07S0 Do 4 1-1 '9
0751t 00 5 J-1 4
07S2 s Q(J):Ct(j 1)
07S3 4 Y(I) rC(AAG2,Q,3)
07S4 ('.0 TO 10
07SS 2 CONTINUE
0756 Do 6 lot 8
0757 6 V'().XpO145,))
0758 Go To 10
07539 3 CONTINUE
0760 DO 7 lo1,8
0761 DO 8 3=13
0762 8 g(j).C2(.t I)
0763 7 Y( I ) YC(A G2,G,2)
0764 10 CONTINUE
0765 DO 11 1-1 7
0766 IF(ANL'i.1.C.ALF(I).AND.AN4Gi1E.ALFi(I+i)) GO TO 100
0767 IF(ANGi.LT.ALF1(i)) GO TO 101
0768 TF(ANGi .GT.ALFi (8)) GO TO 102
0769 11 CONTINUE
0770 100 CONTINUE
0771 XPO=Y(I)+(Y(141)-Y(I) )/(ALFi(I+1)-AL-Fi(I))*(ANCi-ALF1(I))
0772 IF(ANG2.LT.40) XPO=-0.09-(0,09-(XPOI(1,1)+XPOI(1,1+1))/2. )*
0773 *(ANG2-20. )/20.
0774 RETURN
0775 101 XPO-Y(i)
0776 RETURN
0777 102 XPOUY(s)
0778 RETURN
0779 END
0790 C
0781 FIINCTION CRIM(Vt TO FMME,GAM)
0782 FRREw84R. *9. 8066/FAME
0783 AST=SQRT(2.*AM/(lAM+1 )*ERRE*TO)
0 794 AMA H-Vi/ART
0785 IF(AMACH.LE.0.8) CSIt4Ut.
0786 TF(AMACH.L.E.0.8) GO TO 1000
0797 TF(AMACH.LE.1 .1) CSTM-t.-G,22/0.3*(AMACH-0.9)
0788 IF(AMA('N.LT.1.2.ANT).AMACH.GT.i.i) CSIM'-0.78.0.1S/0.i*#AMACH4-t.t;
0;83 IF(AMACH.GT.1.Z) C81M=4.92+1,/.2(AIACH-1.2)
0790 1000 RETURN
0791 END
0792 C
0793 SUBROUTINE CID(AN'1 T DEL CSID,PSID,PSIF,M,Di)
0794 DIMENSION X(7),Y1(75 f2M7
0795 FF=1. -DEL/T/SIA(AN~d i
0796 DArA 25 ~t S. ,4S 60po.

.09 AA1Yi/,0 63.lfl1.l~l9 .,1~ 7'O, 4S
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0799 A=ANCiE~eD ./3.1.4iS
OR00 Fr0 i I=ia.,

0802 IF(A.GE.X(l) .AND.A.LF-X(I+l1) Y=+(Yi1I+1)-YI(I))/(X(I+1)-X(I))*
0803 *(A-X(l) )+Yi(I)
0804 T--(A.I.PX(t)> Z=Y2(.A)*AIX(l)
080S TI-(A.L.F-X(I).ANDU.LE.X(I+1)) Z- (Y2(I+i)-Y2(l))/(X(t+1.)-X(Ifl*

0807 1 k'ONTINUE
ri-08 IF(A.GI.X(7)) Y-1.
0809 TrA.CT.X(7)) Z1i.
08919 CSlD=i,+(Y-t,)*2.*(t.-EF)
0811 PSID=Z*4.*(i-F )*(i,-EF)
Al812 PSIF=0.029/0.09* HM*HM/DM/DM
0813 RETURN
0814 END
0815 C
09±6 FUNCTION CSTW(XPO rStP T ANC1,AH)
,1817 r3W=XP*CSIP*T*SNANdii/AH
081s RETURN
0819 END
0820 C
0821 FUNCTION CSIR(S,AH,Vi,ANGi,UM,XP)
0822 SL=S/AH
082.3 rF(SL.LF. (1.4) XL=XP*0 .b5/ .4*SI
0824 IF(SL.CT.0.4.AN).FL-.F..0.±I) X_=XP*(0.6%+0.4S/0.4*(SL-.4))
01825 TF(SL.i;T.I,8.AND.SL.A.E.t.Si) XLP*(.lifl.04/0.7K(qL-O.B))
09263 IF(SL.GT.i.S) XL=XP*(i.S+0.6/i.7/*(SL-1,S))
0827 ASC=Vi*STN(ANGt)/UM
0929 XP0=0 .025+0.Dlb~/0 .64*ASC*ASC
0829 TF(ASC.LT. .2) XROw.024
0830 IF(ASC.GT. .9S) XRD=.0475
083± CSIR=XRO*XL
0832 RETURN
0433 END
0834 C
0835 FUNCTION ALEAK(DELRFT,DM,AL,CLEALFAl)
03 Ci=l.82-0. 07SWDELPFT

0837 AL.EAK1i~i(DM+AL)*C.E/DI/AL/COS(ALFAI)
0839 RETURN
0839 END
0840
0841
0842 SllF4ROUTINF OHFT( P YRNMTAR ,RXRH)
0R43 C DESCRIPTION OF NAN ,RHR
0844 C X ARRAY OF ARSCTSSAF DIMENS~TNED RFAL*4 X(N)
0845 C Y ARRAY flF ORDINATE.S DIMFNSIONED RFALS*4 Y(N)
0846 C N NUMRFR OF SAt4PLF POINTS (INTEGFR)
0847 C A ARRAY OF lHE OIITPUTTFD POLYNOrnIAI. rOFFFICIENTS
0848 C I1FNSIONED AT I..FAST AI+?) (REAI *4)
0849 S M ORDFR OF rESIRFD APPROxIMATING PO~ymnfl9iAL
0850 C RX WORK ARRAY DIMFNSlONE) AT LEAST RFAI.*4 RX(M+2)
0951 C RH WORK ARRAY D1M'iNSIONED AT LEASI RFAL*4 RH(M43)
0852 C R INTEGER WORK ARRAY DINENSIONED AT L.EAST R(14+?
0853 C
0854 C .NOTEt DIUIDED DIFFFRFNCES AND NEWTON'S INTFRPOi..ATINC. FORMULA IS
0855 C USED FOR COMPUTING THE POLYNOMTIl. COEFFICTFNTS.
O9S6 C
0957 REAL NEXTHI
0859 TNTEGER RI RJ R(1)
0859 DIMENSION k(ii,YUi),A(t),RX(i),RN(i)
0860 MPLUSI-M,1
0861 MPIUS2-M+2
0862 PREVHG0.0
0963 C DETERMINE INDEX VECTOR FOR INITIAL REFERENCE SET
0864 Rl-
0965 R(MPLUS2)-N
08966 D=(N-1)/MPLUSI
0867 H-D
0868 DO 1 ImR,MPLUSl
0869 RCI)=H41,0
0870 1 H-kN+D
0871 2 H-1i.0
0872 C SELECT M+? REFERENCE PAIRS AND SET ALTERNATIVE DEVIATION VECTOR
0873 DO 3 11t,MPLUS2
0874 RI R(I )
08175 RX(I)-X(RI)
0876 A(I)-YCRI)
41877 Hin-H
018783 3 RH(l)zN
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0879 C; COMPUTE M~t IFADINC DIVIDED DTFFERENCES
0R80 on 4 J=14rIPLUSI,

0881 T =I -PL US4
0882 Alt=A(ti)
0893 rPHI1=RH(li)
0RF34 T=M4PLIJSj
0885 S DEN0M=RX(I)-RX(I-J~l)
03886 A',A(I)
U887 RHT=RH(T)
ORS A(ft)iAf-I)DENOM
U889 PH(11)=(RHIt-RHI)/DENOM
0)899 I1I
0891 A Ilil-
0092 RHl1 RHI
0893 1=1-1
0894 lF(I-I) 4,S,S
I0895 4 CO NTINUE
0896a c EQUAIE (M~t) THE DIFFERENCE TO ZERO 10 DETERMINE H

0891/ H=-A (MPUljT2) /RH (MP..082)
0899 C WITH H KNOWN COMBaINE THE FUNCTION AND DEVIATION DIFFERENCES
n899 DO 6 1=i MPLOJS2
0900 6 A(I) :A(fl+RH(l)*H
0901 C COMPUTE POLYNOM4IAL COEFFICIENTS
0902 Jam
0903 7 XJ=R)(J)
0904 T-J
0905 AI-A(r)
0906 SPLUSI=3+1,
3907 Do a 11=JPLUSt,MPLUSI
0908 Ali=A(Il)
0909 A(I)uA1-XJ*Ai
0910 AI-All
0911 8 T-11,
091a J J -1
30 IF(J-l) 9,7,7
0914 9CONTINUE
0915 C TE THE REFERENCE DEVIATION IS NOT INCREASING MONOTONICALLY
0916 C THEN EXIT
0917 HmAxaARS(H)
0918 IF(HMAXGT.PREVH) GO TO 29
0919 A(MPLUS2) =-HMAX
092n RETURNH
0921 C FIND .H INDEX. IMAX, AND VALUE,HIMAX, OF THE LARGEST ABSOLUTE
0922 C ERROR FOR ALL §AMPI.E POINTS
0923 29 A(MIPLUS)-HMAX
0924 P REVH-NMAX
092S 7MAXaR(l.)
092% HIMAX&N
0927 Jut
0928 RJ-R(J)
0929 DOPl' 110 NG TOl N
0930 IEIEQ.RJ$GTO1
0931 X!X(I)
0932 HI A(MPLUSI)
093 Kam
0934 12 34-HI*XI+A(K)'
0935 K=K-1
0936 IF(w -i) 112,12,12r 0937 111 HI-Y(I) G O1
0938 ABSHI-ARS(HI)

0940 HMAXnABSHI
0941 HIMAXNI -

0942 IMAXI -

0 943 GO To 110
0944 It IF(J.GE.MPLUS2) GO To 110
0945 J=J,1
0946 R-lR (J)
0947 110 CONTINUE
0948 IF THE MAXIMUM FIRROR OCJURS AT A NONRFFFRFNCE POTH XCVAyGF THIS
a949 C POINT WITH THE NFARV.5 FERENC& POINT HALJIN AN F.~*fl 0
0950 C SAME SIGN AND REPEAT
0951 IF(IMAX,EQ.R(1)) RETURN
09si DO 14 1-,* MPLY92
095S IF(IMAX.Lt.RCI)) GO TO IS
0954 14 CONTINUE
0955 I-MPLUS2:
091;6 Is NFXTHIHm
09S7 TF((I- /7*1) ME')) MFXIHI--H
39,;R IF(HlMAX*NFXHI.GF.h) GO TO 1ts

252



0959? IF(ltAX.rE.R(i)) GO TO 116
nl960 Ji=mPLUS2
0961 J-m
0962 117 R(J1)=R(J)
0963 S13J
u964 .T=3-i
0965 TF(J-l) 1i941.7,117
0966 l18 R(1) .IIAX
0967 Cfl TO 2
0968 116 .1(IMAX.LE.R(MPLU92)) GO 10 120
0969 Jis
0970 PO0 121 31=±,MPLUS2
0971 R(J)-R(J1)
0972 121 JT=.
0973 R(MPLUS2)=IMAX
0974 GO 10 2
0975 115 R(T)-IMAX
0976 GO TO 2
0977 120 R(I-1)-IMAX
0978 GO 10 2
0979 END
0990 C
099± SUBROUTINF TRAUl.
0782 COMMON/TRA/XPOI.(5,8) XPO2(h B) ALFi(S),AL-FOi(c) AIFn2(6),
0983 *Y(10),Yt(.0),Q(6),RX(3),RV(30$,IR(30) ,7(6),Cl(A?8),C2(4,9)
0984 C
098S DO 6 1-1,9
0986 00 7 JZi 5
0987 7 '(J)-XPO (3,I)
0988 DO0 8 J-1 I,
0909 B Yi.(J)-XP62(J,1)
0 990 CALL CHRFT(ALFO1 Y 5Q 3RX YIR)
099 1 CALL CI4SFT(ALF2Y'),iRRIR
0992 Do 12 321 4
0993 CI(J,I)-Q 3)
0994 12 C2(3 I)aZ(J)
099S 6 CONT HUE
0996 RETURN
0997 END-
0998 C
0999 SUBROUTINE TRAU2 (ANCi ANGO,VI,TO,EMME,GAM,T,DEZHM,DM,CSIP,S,UM,
1000 *CL RPROR2 R3 YCL,RT0TS
1001, csip-i.
i1002 R-XPO(hNGiANG0)
1003 PICSIM(Vt TO IMtIF CAM)
x004 AN ZAtAIK. 1~S/iAO,
io0s CALL CID(ANG7 T flF7 CSID PSID,PSIF,HM,DM)
1006 R2-CSiW(R,CSIO t AN627NMi
1007 R3=C.STP(S HM Vf ANG7 UM CSIP)
inns8 RPRO=9R*CStP*4i*tI0+SI0+PSID
1009 IF(CL.LF.C.) YCL-P.
1010 IF(CL.LE0O.) GO TO 1000
1011 DEL*3.14i6-(ANGO+AMCi)*3.1416/iSO.
t012 ALFinl .9708-ANGZ
1013 YCLAtLEAK(DEL DM,HM,CL,ALFI)
1014 1000 RTOT'RPRO.R2+43
1015 C
1016 RETURN
1017 END
i019 FUNCTION YC(XBAR,Q,M)
1&~19 DIMENSION Q(6)
1020 YCUo
1021 IF(XBAR.EQ .0.) YCO (1)
1022 IF(XBAR.EQ .0.) GO %O 10
1023
1024 "l
1026 1 YC YC+;(1f)$XBAR**(I-I)
1027 10 CONTINUE
1028 1000 RETURN
1029 END
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&,SHORT T=00,003 IS ON CR00025 USING 00024 RLKS R-0000

000i FTN4,L
0002 PROGRAM qHORT(S)
0003 T)IMENSION INAM(3)
0004 DIMENSION NAME(3)
o005 C
0006 C
0007 CnMMON/ARA/fPAi? BL EX
0008 0QMMUN/ClIR/COSL 10)
0009 COMMON/TOL-/TOLI ,TDL-2,TOL3,10L4
0n10 cnMMON/'TRq/TRAS
001i f7OMMOl/(AS/CP GAM FMMF ERRHF FXPI ,EXP2 VIS?,VIS3
9)012 COmMON/Cfl/C6R4( 07bIINC,IAI.,TCL,IAN~rC0N
0013 COMMON/MAC/IN
0014 'OMN/IWL'END,INZ,IWR
00i5 C.OMMON/AIS/XCL
0016 COMMINCSS/CI1 G Q1
0017 C0"MN/VAR/RU10),R5'l-D2 RSOLD.3 RSOID4 ASFO RSFO RRFO ARFO,
note *RRa(iO) RROLD2 RROI-D,RROL4,CV,C(,VA(iI),DALF'(iO$,DDEt(10),

0020 COMMON/AR/6(20) ZR ZS ARF R2(20) PRMViiO
0021 COMMON/VR/PTE(t0$ OriSis3,ASS,T2(i),U(10)
0022 COMMON/VAR4/FRI BRP RR3,RRI RR3 RRS IJA?0t0)
0023 COMON/VAR/RA*1(±(6) RiNCi0)"ALF~i1(iO),BETAi (±0),ZETAIi),
0024 *V?(i0. AiFA2)2(i0 BFTA22(10)
0025 COMMON/VAR6/PT,(d) TT2(iO) ,PTiUiO),DEL-H(IO),ALFA2(i0) ,VU2(iO),
0026 *WR2(10),T29(iO) TPTA(10)
0027 COMMON/IJAR7'TT16( ')"ETAT(S>,ETAT(5),ETAI(i0),ETAS(10),ETAR(10),
0028 *RSTAR'~iO) AKIS(i10) O9IR(i0)
0029 CDMMUN/VAB/DRi(105,AMW(i0) AMV(i0) FTFT(i0) PRATIT(i0) AMR2(
0030 *io) YS(in) Xi(i0),A4 cAl(t0) *.FTAPS(10$ l4PR1(ti,YR(t0) X21tO)
0031 C0MMON/VAR4/ZETAR(10) ZETAPl4(t0),AS(10i,,AR(iO),STi(1.0),AI2(10),
0032 *St(10) DsnX1(iD) Witii9) HFUO0
0033 CnMMON/VARi0/Ui(10) flE1X(1),DStX2(O),RlI(10),RI2(10),
0034 *RI3(10),Rt4(0.bRT(J6),SRi(tO) SR2(10)
0035 CnMMON/VA~ii/YOLD00) AA(10) 94(10) PRAT2(t0),WPFR2(i0),
0036 *DWDX(10) TtIS(iO).PRAf3(t0) 4S(iO) ALFACIO)
0037 CO)MON/VAR12/bE1At1in,DELWU01 ~WPElA(iO) ZETAS(10),ZETAR1(20),
0038 *7FTAR3(PO) ZETARS(Pn) R1(2 ),A (20),TiOC 0)
0039 CfMMQN/VAtl3/STi(2.) iRR(2Q) R2(20) A2(20),RINC(20),DR(iO),
0040 *r!FTO(i0. 'TALII(1) AREAa(ioi,iiRl(lb)
0041 COMMON V~AR14/WLbtM POATS OMEG

0042COMON/LI/LFAIiO)ViiQ),TOR14,S~i),STN H DC1,Ti(iQ),
0043 *Pi(i0) ,Tfl,TEI ,ALI,BESP,XX,ANG,?O,AMSt(10) ,S,TN,C,T A,0TO

0046 *SIR INIR HR 1DZ (IR T P S~ 'fkR'Cig SOR TN6R C1R Al41 AL
0047 *P2(40. ,IW?2d0) ,W1(10),Tk.IR'tE-RTE6R,DIR,DOR,4ETAZ;BETAI ;ANA,
0048 *TIRATR,T0RSTALIl0)
0049 COMAON/ARF/REE
0050 COMMON/TRA/XPOi(S,8) XPO2(6 9) ALFI(S) ALFOi(S) ALFD2(b),
0051 *Y(10) Y.1Ct0) .0(6) ,RX i30),RY 30 $,IR(3D) ,Z(6) ,Cid4,R),C2(4,8)
0052 DATA fNAMi /2HSH,2HlRT
0053 DATA NAME /2HPA,2HRT,2H2/
0054 CALL TRAUl
0055 XXinl.25
0056 h4EXm02~

0058 C
0059 C
0060 DESPu(1.4(GAM-i.)/2.*.64)**(-CAM/(GAH-1,))
0061 C
0062 C
0063 C
0064 C
0065 C ******OPERATING CONDITIONS****************
0066 PTOin38.22
0067 TTOm626.18
0068 RPMI12000.
0069 PR-2.6
0070 L
0071 C
0072 C
0073 c ******iNITIAL APPROXIMATIONS********$*****
0074 AMC.2247
007S AMO.
0076 APIRw..
0077 VAi(3)-26?.SS
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007P C,(.qo 0 C
'J 0.91 c
0082~ C x*****SPLCTAL INPUT DATA******************
0 083 TLI1= -01
0084 T0L2-.Oi
oo0 08c L3-. 01
0086 T01-4-.Oi
0087? C
0088 IND-0
01189 INZ-O
0090 TWR-0
0091 ICOR=4
0092 IAI-G
0093 C
0094 TAN=2
0095 IrL=0
0096 TINC-i
0097 ICOZ=6
0098 ICON=3
0099 C
0100 C **4*****************
0101 C
0102 C ********TL1RF4INE GEOMETRY****************
0103 At(1)-.2126
0104 AlA 3)-.~3
0106 Ai(4)=.23925
0107 AiAS)-.:?48iS
0108 AI(6)=.25705
0109 Ai(7)-,26S95
O110 Ai(S)=.2748S
0111 At(9)=.2837S
0112 AI(i0)w.2926
0113 C
0114 A2(i)=.l9t2
0t1s A2(2)-.P0305
0116 A2( 3).?t49;
0117 A2(4)=.P2685
01t9 A2(5)in.23B75
0119 A.?(6)n.,3S06S
0120 A?(7)-.?22S5

0131 A2(8) .?7449
01-1 A2(9)=.2863S

0123 A2C10)-.2993
0124 C
012S Al-i.088
0126 AI-I1.088
0127 Al-Oi.088

0129 C-1.003
0130 *CI-1.003
0131 CO01.003
0132 C
0133 E-2.806S
0134 ET-2.SO6S
0135 EO-2.8065
0136 C
0137 T.2252
0138 TIu,22S2
0139 TOin22S2
0140 C
0141 TE=.03
0142 TFI-.03
0143 TEO-.03
0144 C
0145 TN-.0186
0146 TNI=.0196
0147 TNO=.0186
0148 C
0149 ALRui.088
01s0 ALIR~i.088
0151 ALOR-1.088
0152 C
0153 CRuI.003
0154 CIR=1.003
0155 COR=1.003
0156 C
q157 F.R-2.4S
iOtqR FTRw2.4S
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015;9 FOR-2.4S
0160 C
01.61 TR=.22S2
0162 TIR-.22S2
0±63 TO)Rm.?2S2
0164 -C
016S TER=.03
0166 TbETR=.03
0167 TEOR=.03
01.68 C
0169 TNR=.0i86
WO7 TNIR=.0186
0171 TNCR=.01S6
0172 C
0103 !RC(i)=2.764
0174 RC(S)-3.627
017S C
0176 RS(1)-2 .7t4
0177 RS(S) =3.627
017 C
0179 RR(t)=2.693
0180 RR(5)=3.837

0182 C'J-.89s
0183 rK-5.0
0184 TTPC-.01
0185 ZS-31.
0186 ZR=32.
0188 C
0189 C
0190 RC(2)-SORT(RC(S)*RC:(S)/4.i3. /4.*9C(i)*RCCI))
0191 RC(3)=SRT(RC(S*C()/2..Rr(1)*RCC1)/2.)
0192 RC (4)=S RT(3 ./4 .(5;)*RC()+RC(i)*RC(1)/j.)
0193 RS( 2)=SC2RT(RS (S*RS(9)/4.+S(i )*RS(1)/4.*3.)
0194 RS(3)w(RS(l)+RS(S) )/2.
0195 R5(4)=SRT(((RS()***.7S)+((RS()**2)/4.))
0196 RP(2)-S1RT(RR(S)*RR(5)/4.+3./4 .*RR(1)*RR( 1))
IJ197 RR(3)in(RR( 1)+kfR S) )/2.
01.98 RR(4)-SQRT(RR(5)*RR(S5u3./4.+RU~)*RR1)/4.)
0199 DO 3300 1=1,10
0200 1-
0201 RI(1-Rq(i)+(A-i.)/9.*(R8(S)-RS(i))
0202 R2(I)=RRCI)+(A-1. )/9.*(RR(S)-RR(1))
0203 3300 CONTINUE
0204 OT=AI(1)
020S flO-AL(10)
0206 0IRmA2(i)
0207 (OR-A2(t0)
0;198 DO 3711 1=1,10
0209 IF(kS(3).LE.RI(1)) GO TO 3712
0210 3711 CflNTINUE
0211 3712 CONTINUE
0212 T-T-1
0213 flAI(I)+(AI(I.1)-Ai(I))*(RS(3)-Ri(I))/(RI(I+1> -R1(I))
0214 DO 3713 1-1,10
0215 TF(RR(3).LE.R2(I)) GO TO M74
0216 3713 CONTINUE
0217 3714 CONTINUE
0218 I-T-1
0219 fR-A2(I)+(A2(I+1)-A2(I))*(RR(3)-R2(I) )/(R2(I+i)-R2(I))
0220 HwRS(S)-RS(i)
0221 D=2.*RS(3)
0222 9w2.*3,14i4*RS(3)/Z9
0223 51=2.*3.14i6S *RS(il/ZS
0224 S0=2.*3.t416*RS(S)/ZS
022S SZ-2.*3.14ih*RR(3)/ZR
0226 SIR=2.*3.t416*RS~t)/ZR
0227 S0R=2.*3.14l6*RS(S)/ZR
0228 DZ*2.*RR(3)

fiJ9 HRRR(S)-RR(i)
0231 c TATOR OUTLET ANGLES DY VAVRA METHOD
0232 C
0233 ALFAIC3)-VAVRA(O TN S)
0234 ANG2I =VAVRA(Oi,TAI,SI)
0235 ANG20 -VAVRA(OO,TNO,SO)
0236 C
0237 DALF (1)=ANGP1-ALFAI (3)
0739 DoLF(3=0.
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0239 DALF (5)=ANGP2O-AL-FAi(3)
lj,240 C
0241 C ROlTOR OUTI.T ANGLES BY VAVRA METHOD
9242 C
0243 FFTA2(3)=-t.*VAVRA(lR TNR S7)

0244 RETAI =-t.*VAVkA(fl1oTN tRSIR)
0245 BETAZ =-i.*VAVRA(OOR,TNOR,SOR)
0246C
0247 C
0248 D'BET( i)=RETAI-bETA2(3)
0249 )VRET(3)=0.
0250 J)BET(5=RETA7-bETA2(3)
0251 X!(I)=RSUT)/RS(3)
02S2 10 X2(I=RR(I)/RR(3)
0253 RROLD2=RR(2)
0254 RROLD3=RR(3)
0295 RROLD4-RR(4)
0256 RSOLD2=RS(2)
027 RSOLD3=RS(3)
0259 R'OfLD4-RS(4)
02S9 R51=R8(1)
0260 RS3=RS(3)
0261 RSS-RS(S)
0262 RRi-RR(1)
0263 RR3=RR(3)
0264 RRS=RR(S)
0265 CALL CHAFT(Ri A I'.0,Bi,4T, 1 TiIRR)
0266 CALL CHRFT(R2,A2 in B2 4 TtO STI IRR)
0267AS=( )()()f)15(i*+i(4*S)+8()S()*
0268 ARF=B2( t)+B2(2)*RR(7,)+B2(3)*RR(3)**2+B2(4)*RR(3)**:i+2(S)*RR(3)**4
0269 ASFs.2526
0270 ARF=.2447
0271 RSF=RS(3)
0272 ASFO-ASF
0273 RSFO-RSF
0274 RRF=RR(3)
0275 RRFOURRF
0276 ARFO-ARF
0277 C fNPUT PRINTING
0278 C
0279 WRITE(6 671)
0280 671 FORMATdfHt,//60X,12HINSUT PRINTS//40X,SOH RI At
028 _ R2A A
0282 DO 72 1-1 10
0283 WRITE(6 7i) RiCI) Ai(I) R2(1) A?(I)
0294 73 FORMATd40X,F10 .3,10.4,iOX,F16.3,FiO.4)
0285 72 CONTINUE
0286 WRITE(6,74) ZS,7R TTPC Cv CK
0287 74 FORMA1(/4SX,2SHNMARER 6F .4TATnR BL.ADES FS F0/45X,?rNUMBFR OF ROT
0288 *nfR E4LADFS -= F8.0/45X,2SHRnTOR TIP CI.FAR4NCE a FR.4/4SX I SHAXI
0289 *AL. DISTANCE a = B2/45X,2SHCtURVATkJRE FACTOA K =,FB.2/
0290 *//SSX 16HALADING GFOM;tRY/)
0291 WPITE16,75)
0292 7S FORMAT(//30X,70N C E T TE TN
0293 * AL R /)
0294 WRITE(& 7h)r1 El TI TEI,TNT,AI,RS(I),C,E,T,TE,TN,AL,RS(3),CO,EO,
0295 *TO TEO tNfl XL6 RA(55
0296 76 FOA4MATt3AX>7Fid.4/?2X.6H5IATOR "X7F1f.4/jnx,7Fifl.4/)
0297 77 FfRMAT(.10X.7F'0 4/22~x 6HRnTnR 'X 7FI0.4/30X 7Fill4/)

0299WRIT(I. 7~CI FIRTT~ F1,NiR, LIR RR(1A,dR,ERTRoTERTNR,ALR,
0299 *RR(3) CIhR FOR ,fOR ,fFOR;TNOR ,AIOR ,RR(S$
0300 WRITE6,74i
0301 78 FORMA.1 /4,7.S2HALL DIMENSIONS INDICATED IN THIS TABLE ARE IN INCHF
0302 *9/)
0303 WRITE(b.,79:7 :ORTAT TAN iCnz ITNC ICL,TrON
0304 79 FnRMAI(////,40X , 7k(ORRiLATI6N4 SY97EM TcnRn * ;/6i~X SHIAI 'j IS/
0305 *61X 6H!AN I 5/htX,6mICOZ YS7/,61x,,SHITNC =, S/6tX,IHXCL ~,5/6
0306 *ix LHICON is)
0307 WpI1Eb;,81)P.FMMF GAM VIS?2 V193
03083 81 FORMAT(/?OX 9'iHGA4 PR6PERTfFS rP MflIFrIllAR MASS
0309 * GAMM O'TSCOSTTY (1) VISCOSITY (P)/38X 10H(RTU/LB F);32X 13
0310 *H(LOM /SEC, F-),4X,13H(L3M /SEC FT)//36XF9.3, X,FA0.3,9X,F7.3,2d15
0311 *.3/ )
0312 CALL EXEC(R,NAME)
0313 C
0314 END
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.%PAR12 T-00004 IS ON CROO025 USING 00030 E'LKS k-0000

000i l-1N4,1
1)002 PRnGRAM PART2(5)
0003 DEMENSION NAME(3)
0004 DIMI-NSTON NAMR(3)
dons5 CflMMON/AIRA/F(At7 BLEX
0006 11 lN/IR/fT1SL Ii i)
0007 rOMMCJN/T l./T0L ITffl.',TOL3, TOL4
0)008 CI irl-4N/TR q/TRAS
0009 'OrmMi~jN/AS/CPGAM FME EPRE FXPi .XP2 VTS2,VIS3
0010 COMMION/fr)f7/TCOR,I fliNC,IATICL,IANICnN
0011 ,MmMONIMA(;/TN
002 CC1MMON/IWT/IND,XNZ,IWR
0013 ( ThMON/AkJS/XCL
0014 COMMON/GS",c/CJT, Gi0
0015 r(MMON/VARi/RCNiO).RSOI.D-e Rsni-D-3RsOiD4 AcFO Rl.Fn IRFO ARFO,
0016 *RR(tO) RRflD2 RROL,ROLb4,C9,Ck,VAli( ),DALF(i0),DBEt(I0),
0017 *AF.F AMAF1 (20)
00i9 COMMON/VAP?/1P6(20) 7R ZS APF 8R2(20) PR,AMR,VUI(10)
0919 C(MrNVR/T-(~:~,-3OlO21
0020 COMhON/VAP4/T4ki BR2?&R3 kRi RQ3 RRS VAP(iC)
0021 rt 4'MN/VARS/PkAli(i6) RtNCIUiO) ,ALF~11(tO),BErAti(i0) ,ZETAi(10),
0022 *Vl(XU) AIFA22(iO) PETA22(i0)
0023 C6MMON/VAR6/T2(IAd)TT2(t0) ,PTi.(10),DFL-H(i0),ALFA3(i),VJ2 (1l),

002s i:MMCN/lAR7/1TI9(S;) BIiAT(S) )ETAT(S),ETAI(10),ETAS(i0),ETAR(10),i
0026 *RSTAR'iC) -)KIS(i0),AStR(l0)
0027 r(IM/;VA0/1R(fl~ AMWi(i0) AMV2(10) 4FTFT(100 PPATiT(ill)
flo" *AMR2(i0) ,YS(10),X (40),AREAti(1),ZETAOCt(O),WPE*1(iO),YR(16),

3030 (COMMON/VAR9/ZETAR(il) ZETAPR( 0) ,AS(iO) ,AR(100,Sli(iO),S21)
0031 *S.(l0 ,)TXi10) WTI(i0)HE( 10) ui)

0032 cfMMON/VARl0/WU1i0) D)HEUX(ifl),DSDX2(10),RII(10),R!2(i0),
0033 *R13(i0),R14(tU) ,RI166) SFi10) ,R2(iO)
0034 COMMON/VARli/YOLD(i10) A~A(10) S4(10) PRAT2(i0),WPER2!(10),
003S EI)WDXhlO0) TiIS(lo,,PRAf3(i0) 0~(10) AfFA(f0)
0036 COMM N/V4.R12/E4ETA(tfl),DELR(6) WPEliO(10) 7ETAS(10),ETARI(211),
0037 *ZPTk~R3(P0) ZETARS(20) Ri(20),A{(20),Til(M0
0038 (7OMMGN/VAQ

4
3/STi(1P) fRkV'?0) R2(20) A2(2o),RINC(20),DR(i0),

0039 *FFO(i0) cTALII10) AREAZiio$,VRl~l6
0 040 COPhrm6N/v4,R14/WLl-M P4ATS UjmFG
004k (0MMUN/Al-l/ALFAj~jn) VIIJo) TTr) RpmR(i) DCTIO,

ng41 *Pl(i0N Tr) TFI ALI ROO XX Ah~r:'flA'3S(ifl),.;, N 4LS TN
0043 *CO.W 9g({(iip fil 6iOD IM 62o A21 At-FAX TI F'tflALo AM6
0044 COAMON'AL.2/POTA2(10) FT~i(1?) ,FiFTA(A) W42tU) .Tfi(M lj?(io),I
0045 Ec;IR INIR HRDZ CIR ITfPC SZ TNR,(R SOP TN R COR AtTR ALR ALOR
0046 *P2(i0),W(,-'(10) ;W1(t0),TtIRTFR ,TE6R,DfR , DiOR , bETAZFIETAT,ANA,
0047 *TIR TRTlRSTALl(i0)
(1048 CnfMAO NARFAFE
0049 COMOGN/TRA/XPOi(S,S) XPO2(6 8) Al-Fi(e)ALFni(s5,ALF2(6),

0051 DATA NAME /2APA,2HRT,2H2/
005S2
0053 DATA NAMR/2HPA,2HRT,2H3/
0054 DO 67 1-1 5
oOSS U(l)-RPM*A.1i59/30./i2.*R6(I)
0056 DR(I)-0.
0057 DELPe(l)u0.
0059 7ETAS(T)-in.O
0059 ZETAR(l)-.iS
0060 ZETAPS(I)-0.01
0061 ZFTAPR(I)m0.05
0062 COSL(l)-1.0
0063 YS(I)-i.0
0064 67 YR(l)inl.0
0065 NY-S.
0066 750 N5-0
0067 N9-N941
0068 7750 CONTINUE
0069 100 RS(2)-RSOLD2
0070 RS(3)=RSOLD3
0071 DO 530 1-1 S
0072 530 XI(I)=RS ( T$RS(3
0073 ASFaASFO
0074 RS.F-RSFO
0075 FSIi.0
01076 q-.
0077 CALL CHAN (TTO,AMC,PTn,RC,Wl-9M,WCHAN,WPF.RO)
01178 NS=O
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0079 Si10 DO 801 K=t,15
PA8 iALL ATATre (ALFi~A Xl,TTO PT , CmC Ti Pt V.1 VAi c;Ti qT Y

01181, xT),VX Vi 1,PAT1. T1 -R S, t R -3F DF7 R, 'V eKZETAP ' R
U002 *R; ZrP1,cl 1)Q 71TA, AAW'l NB Voihi
0083 CALL ALOAZrTA5,Z2TAPSS
009R4 no 120 ! =ts
0085 PTF(I).P TO
00A6 J.20 TTF(1)=TTO
0087 ri1 F1.n'AJQPRATi 7FTAPq Xi Wi ,PTE, PTO TTF TTO A!C. 7S,RSF,ASF,
1088 *7R HI;F ,W('HAN ,JAI WPFR1,C6DF, ,91,B~S ,TiPC,ARFEA{)
U089 IFNNet.i; AM _-414-. 01
0090 IF(IN.EQI) GO ro 77S0
0091 TF(CODE-20.) 801;802,801
[11 192 ot rlN T INt iE
0093 S0 CONTINUE
03094 Fri=i.
0095 Fr2?FCI**2
00196 ARF=ARFO
0097 RRF=RROl-D3
0098 RR(2)-RROLD2
0099 RR(3)-RRF
0to0l RR(4)-RROLD4

0102 At r1(I)=Vi (I)/SQRT(CAM*ERRE*C*Ti(I))
0103 X?(I)RR(!D/RR(3)
0104 71 CONT INUE
0105 CAI-L ROTOi (VUiVAt RPH,UTFTAi HE TTF PTF X? P1 Ti W1 WUt Xj,
0106 *RS ZETAR 7FTAPR RQ 61HFDX
0107 E7 T AR4;RS1,R3iiS,EEiD0STAL-II,RINCI,V~1)
0108 rnDE=1.
0109 IMACC-0
0110 201 DO 20,0 K=1.,14
0111 CALL R0Tl* (BETA2 HE DHEDX DSD)XtDSDX2 ,VA2 WL12 W2,VtJ?) V2 X2 U2,
0112 *YR ZETAR R1t R1241 V~RZ4 Rt 5R. RAA~q TTF PTF7 T2 02-R~f2,
0113 *T2§ INT)fP Ffi 'RO DF' C DR*RR,Ri RRA,RRtNS WR
0114 CALL ALOSP(?EtARTAW~
011s IF (INDS-i) 310 320,3!10
0116 320 WR ITE (6 36) (AA(I I114)
0117 WRTTFA6.*6) (( AA(I) 7F~()VA2(I)) T-1 5)
O119 36 FflRAT(H m k HPY ~NThNFR1ATF PRINT AA 1-S,SEi2.4/,25X,iOHZETAR
0119 *i-S SEt? 4/25X,i9H VA2 1-S,5Ei2.4/)

0121 T1 IAL FLOWR(PRAT2.7.ETAPR X2 Wi PTE,PTn TTE TTO ASF ZS,RSF,ARF,
0122 *ZR,RRF,2,WCHAN,VA2,WPFRk,C6DFJLeM,42,AR, T±PC,ARFA )
0123
0124 IF(IN E5 1) AMCTAMC- 1.
012S iF(IN.E( .1) GO TO 77
0128 200 CONTINUE
0127 130 CONTINUE
0128 IMACC=IMACC+i
0129 IF(IMACC.CE.10) GO TO 220
0130 4322 FnRMAT( 120H LOOP IN SLIME ROT//SEi0.3)
0131 IF(CODE-40.) 201,220,201
0132 5000 CONTINUE
0133 220 DO 22t I=1 S
0134 DFLR(I)=RS IV-(RC(I)+RR(I)j/2.
0135 l)R(I)-RC(T)-RR(I)
0136 221 COSL(I)-SQRT(CV*CV/(DR(U)**2+CV*CV))
0137 NSI1
0138 890 DO 881 1(21,15
0139 CALL ALOqi( ZETASZFTAPS)
0140 CALL STATR (ALFA4 X1 TTO PTO AMSTi Pi Vi VA 1 tI. T~,Y
0141 *DSDX1 Viii ,PRATt tfS ' SS,bALF!R5FDEtR,V,eK, ,TAP,RR, 3,
0142 *R9S ZHTAS DR,ZbtAi,ABNSVai)
0143 D6160 I=(,S
0144 PTF(I)inPTO
0145 860 TTF(I)-TTO
0146 CALL FLOWR(PPATi 7ETAPS X1 OITt PTE PTO TTE TTfl A'SF 7S RSF,ASF,
0147 *ZRRSF i wrHAN W~ 41EICD LMB1ifCAF-~
0149 rF INi.1)' Atll-Akt-.01
0149 TF(IN EQ.t) GO TO 7750
0150 IF(CODF-20.) 881,822,881
0151 81. CONTINUE
01S2 622 CONTINUE
0153 861 CAI.L ROTOi (VUIA PM U PFTAt.HE. TTF.PTF X? ,Pi Ti W1. Wilt X1,
0154 *RS 7ETAR,7PTAPR RR b6HP *.o1 t At U2 O8F'CAR1 'R6 43 tO2
0155 *Z7tAR R6 R61 RL 41s"'76,STA -I. Me.VR1;
015S6 CODE-i. ' ''R B Ttl
0157 894 DO 896 '(110
ni159 CALL ALLIS?2 (ZETAR,7FTAPP)
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0159 ('ALL ROTOl (?ETA?,HF D)HlDXTncpni IDSflXI vA;3 WI' 147 V112 vp X- U-2
f) 160 .. YR Z7F-TARZT.. T 7A 4 ~T4, R rFPI 4 9h tfF Pt t Pis
0161 %T2 IND(qrDRFT IR J R.C;V,('K~D!?RR,NRi,RR3,RR4,Ns7;WR -)
0162 7FdINDS-4l ) 091d 320 R 19
0163 89t ( Al L lL 01J R P R 1' TA PR X 2,W T .TF PTn TT TTO ASF,.S,RSF,ARF,ZR,
O164 *pk 2,WlIHA,VA2 6FiR? ('6eDE,'J.PP.2R~ICAE

0166 TF(IN.Ef),1.) GO TO 7790
0167 TF(CODF-20.) 89h,897,896
Q168 99o Cr)NTIN)F
0169 *897 CONTINUE
0WO 226 DO 227 I=i S
0171 ?27 PRAT3(I)=PfO/P2(I)
at72 TND=0
0173 PRATS=(PPAT3(1)+2.*(PRAT3(2)+PPAT3(3)+PRAT3(4) )+PRAT3(S))/9.
01.74 WRTTE(i.?6q) PRATS
U17S 265 FORMAT(iX C(OMPUTED PRESSURE RATI0=',F6.3)
W16 DIFF=ARW-PRAT5)
0177 TAL=1OL3*PR
0178 IF(TAL-DIFF) 920,910,910
0109 910 NiISo
OtBo G~O TO 223
0191 920 CONTINUE
0182 714 YF(PR-I'RATS) 712,7t2,7i4
0183 7'1? AmrWAMC-DIFF/18.
Ql1R4 GO TO 750
0185 71A AMC=AMC+DIFF/18.*
0186 GO TO 750
0187 223 CONTINUE
0188 CL.L EXEC(B,NAMR)
0189 END
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&PART3 T=00004 IS ON CRO002S UISING 0(0042 PLKS R~0ooo
0001 FTN4 Lp0002 P11GRAM PART3(5)
0003 TDtrmENSIflN NAME(3)
0004 £:IM(-NS~TON NAMR(3)
000s C0Mm!N/A/HAt7 BLEX
0006 CflMMU(N/CIR/ffSLIJ.05
0007 rPmt ON/IflI /TDLiTnll ,TOL3,TDL4
0008 COMMUN/TV;/TRAS
3009 COMMUN/CAS/CP CAM1 FM-iF ERRF FXPI EXP2 VTS2,VIS3
0010 CtMM)N/rDz/ic6R,I6OZ7,iNC,IAI,ltL,IANICON
0011 rOMMON/MAC/TN
0012 COMMON/IWI/TND,INZ,IWR
00t3 COMMON/AlUS/XCL
0014 C~lvmf4O/CSS-/CJ G fQ1
DOIS cnMMCN/VAR/R6t) RqOLD? RqOl.D2. RSC3I4 0ASPO RSFfl R FO ARFO,006 *RR~t&1) RROLD26(RROL-,RRL4CKVi-hDAFt D
0017 *ASF,AMd,Bit(20i ODvC~A(.),AFt~,Bt1)
001.8 f.flmt*3N/VAR2/E6(20) 7R 7S ARF B?(20) PR,AMR,VUi(iO)
0019 cflMnON/JAN3/PTE(i.fl,R3l.S,F,0iTMO)
0020 [CMO/.A/R1BR2 SRS3RRi RR3,RRS.JA:?(tO)
0021 COMMON/VAR5/PRAi(1?) kiNCIiO) ,ALFAii(iO) ,BETAti(i0),ZETAI(iO),
0022 A v ( i0),AF22(1.0),k-T22-(io)
0023 C0MMfW~.VARb/PT2(i6) TT2(10),PTi(i0),DEL-H(iO),ALFA2 (O),VU2(i0),

002S COMMON/AR7/TTI~r,) nTAT(),ETATS,ETAI(i,ETASu0,ETAR(I0,
0026 *RSTAR(i0).AKIS(i0) STR(18)
0027 U1MMON/VARS/DRi(1.0iAMWi(iO),AMV(10)BFTTQ0).PRATiT(i )6)0028 *AMR2(iO) ,YS(iO) ,Xi(i0) ,ARFAI( 10) ,ZETAP;(10) ,WPE~i1i0)..YRC16)
0029 *X2(io)
0630 COMMON/VAR9/ZETAR(i0) ZETAPR(i0),AS(I0),AP(10),SIi(iO),SI2(iO),
0031 *qi(t9),DSDX (i0) Wit(10) *HEC1D)
003:2 rOMMflN/VAP~t1/Wui~10) DbL X(I.0),DSDX2(1.0),Rii)RZi
0033 *R13(10),RT4110),RtC16) SRi(i 0) '5R2(i0) ,t(O R21)

*0034 rnfMMON/VARi/Y(JLD(0, PA(i0) '7~(iO) PRAT;'i)WE2i)
0035 *DWDX(10) TiIS(i0).PRA3(iO) .41'(t0) 4)F' '0
0036 r-OMMO)N/V4Ri2/BETA.1,ER(4o' WPEIOO(inI ZETAS(in),ZETARi(20),
0037 *7.FTAR3C20) ZETARS('0) ,R1(2f),A (20),T1.0(l0)
0038 rOMMON/%IAR{3/;STi(20),tRR(20) R2(20) A2(?0),RINC(?0),DRCi0),
0039 *RF.Tn(i) STAII(.f ARFA2c10$,VRi (16)
0040 COnMMON/vAR14WLBrn POATS omEG.
0041 COMMON/ALi/ALF-A1{f) VMO1.) TTO RPM RS(O ),SI,TNT H.D,CI,TI(10),
0042 *'P1(0),TO TEI ALI BF.4P XX Ak4r"''AMSF10, S TN C T .AL SO TNO
0043 *CO TEOU({0) EIlt-'ilbjAe Al..FAX Tf T'PfnAL.OAM6
0044 COMMONi$L2.'8 -TA2(t0)Bii) RETAIC TO(1fW2tib) .TfE(1b),U2(10),
004S *SIR INIR HR DZ CIR TIOC SZTNRCR SOR TNflR CC) A Ir. ALR ALOR
0 046 *P?(iO),WeI(iO)WldO) ,TtIRPTER,TE6R,DITR,DiOR,b'TAZDETAI,ANA,3047 *TTR TR,TOR,STAL1I0I)
0048 COMAON/ARF/REE
0049 COMMON/TRA/XPO1(S,8),XPO2CA,8) ALFI(S) Al-FOi(5),ALFO2(6) ,o00 *Y1O0),Yl(1Q),Q(6) RX(30),-RY(30i,lR(30),Z(6),Ct(4A,8),C, (4,S)
0051 DATA NAME /2HPA,24RT,2H2/
0052
0053 DATA NAMR/2HPA,2HRT,2H3/
0054
0055 999 FnRMAT(iHI)
0056 WRITE(6,999)
0057 WRITE(6,401)
0059 401 FORMAT(///27X,' SET PAGE RPM TOTAL/STATIC INLET
0059 *TOTAL INLET TOTAL')
0060 WRITE(6,402)
0061 402 FORMAT( 27X 67HNIIMPER NUMBER PRESSURE RATIO PRESSU
0062 *RE TFMPERATURE)

0074 407 FORMAT(X, S0914 IE 7SITION R)/) OENN

0077 411 F'RMAT(27X,IH(IN),F1,14. F)4,iS.2/

4061 401 =,
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0079 P9ATl(I)=t./P9ATi(I)
nnsa A~LFA II( I -AlI (AT(T*57. 3
0081f 171TA I ( I) =TFTAt ( I)*57. 3
0l082 Al-FA?(T' =Ar(,NtVU2(T)'VA2(I))
0 683 V:3( I -k42l( I ) /(OS ( AiFA,? (I ))

008b FEFTA22(1)= 8ETA2(I)*c57.3

0089 PT2(1)-P,- (T EK(IT2U)/T2(l) )**EXPi
0fl90 PTt(I) PF (I*(TT'Ti( T) )**EXPt
lJo91 T:319( )=TT0*(VI2(1I)/PTO)**FXP7
01092 T75S(I)=TTF T).*P2(T)/PTE(!))**EXP2
0093 TTlS(I )=TTOE(PT2( I)/PTO)**EXP2
0094 AFTAT(t)=PT0/PT2(T)
009S ITAT(I)=(TTf-1TT2(T) )/(T1O-TTY(I))
0096 ETAI(I)=(TTC(-TT2(I))/(TTO)-T2 T9(I))

0098 FTARU!=(TT(i)-r: (T))/,TTE(l)-T2S(I))
0099 RSTAR(r)-(TIIS(I)-T?2TS~l, )/(TTO-T2TS(I))
01.00 AKT;( I)=2.*G*CJ*rP*(TTO-T218(9C1 3 I**
0101 PS1k(I)=S,;nRrfETAR( I))
0102 DRl(I)=RC(I)-RS(I)
0103 AMW(I=W(/SLIRT((AMER*C*T1(I))
0104 Ailf I( I )=V i( I ) / S Q~lT( r MKEER RE *C* T i( I) )
0105 AMV2(I)=V2(T)/QRT(CAM*EHRF~r*T2(I))
0106 AMR2(I)=W2 (t)/SWR(AM*ERRE*G*T2-(I))
0107 TFTET( I)=PTF(1)/P2(I)
0108 PIRATfT(I)=PTO/PTl(l)
0109 408 WRTTE(6 409) 1 RS(1),Xi(I),DRI(I),AREAi.(I),YS(I),FTAS(l),ZETAI(I),
01.10 *ZETAPS(i) WPERM()
0111PL Q( 10) =6 .
0112 Do) 240 1-1,4
O113 L=1+1.
0114 240 JOFLH(iO)=DELH(10)+.5*(WPER2(L)-WPER2(I) )*(DELH(L)4DELH(I))
0115 HP=DELI4(i0)*C3*Wl.BRM/S5O.
011l6 AMIIM=HP *Gl;0 ./OMEG
0117 THETA=SQRT(TTO/518.4)
0ti8 DELTA-PTOII14,7
0119 HPi-HP/(THETA*DELTA)
0120 AM~hi=AMOM/iDEkTA

fl2RPMi= PMTHT
ou'A WibMl=Wl-Bh*THETA/DELTA

0123 FTAS(ETAI(1)+ETAI(5;)+2.3.*(F.TAI(2)+EAT()FTAT(4)) )/8.
0124 8ETA6=(BETAT(I)+9FTAT(5)+2,.,x(PTAT(2)44FTAT(3)4F1FTAT(4)) )/5*
01.25 FTA6-(ETAT(1)iETAT(S)+2.*(FTAT(?)+FTAT(3)+ETAT(4)) )/9.
0126 AKIS5=(AXTS(i)+AKIS9(S)e2.*(AK18(2)+AKT8(34)+AKIS(4) 3)/9.
01.27 RSTARS-(RSTAR(1)+RSTAR(5)+2 .*(RSIAR (2)+RSTAR(3)+RSTAR(4) ))/8.
0128 409 FLRMAT(iX 14 F12. 3,FIO.-.1,F9.4,F9.4,F1.1.4,F11.4,Fi4.4,F13.4,F14.4)
0129 41 FORMTE(6,422)2HBSL VELOCITY (FPS),27X,23HRELATIVE VELOCITY

012 43FORMAT(IX,6HSTREAM 2X,2(SOH AXIAL RADIAL TANGENTIAL OVER
0133 ~*AL.L )74W

0034 WRITE(6,413)
0135 WRITE(6 414)
0136 414 FnRMATiiX,6H LINE 2(SOHCOMPONENT COMPONENT COMPONENT VE
0137 *LOCITY ) ,814VELJCITY//)
01.383 00 41S I-i S
0139 41.5 WRITE(6,411,) IVAi(I),VRICI),Vii(1) ,Vi(I),VA1(I),VRi(I),ktil(X),WI(

0141 416 FOAMAT(IS 2X,2(F8.2,3F12.2,6X),F8.2)
0142 WRITE(6,418)
0143 418 FORMAT(///7X ii3H MACH NUMBER FLOW ANGLE
0144 * TEMPERATURE PRESSURE PRESSURE)
0145 WRITE(6,419)
0146 419 FORhAT( 7X li3H (DEC)
0147 *(DEfd. R) (PSI) RATIO I
0148 WRITE(6,492)
O149 49P FORMAT( 7H STREAM)
0150 IWRITE(& 420)
0151 420 FORMAI(NH LINE ,2(24H ABSOLUTE RELATIVF ),2(24H TOTAL
0152 * STATIC ),24H TOT/TOT TOT/STA /
0153 DO 422 lot S
01b4 422 WRIWF(6,4261 AMSI(T) AMW(),ALFAi(),BETAi(),TTO,Ti(I),PTI(I)
0155 * Pi(l) ?'RATiTU() PRATiIQ)
0156 421 OORMAThI4,IX,2Fld.2,4X,2F10.2,4X,2Fi0.2,4X,2F10.3.,4X,FII .4,FiO.4)
0157 URITE(6,999)

0158 WRIF(6,40i)
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0159 WRITE(6,402)
0160 14R ITF(16 40,')
0161 452 FORMAi(/,57X,2iH ROTOR IFXTT Fli.UTION///)
0162 IS=2
0163 WRI1F(6,409) J,1S,RPM,PR,PTO,TTO
0164 WIHITE(6,4S2)
016S WRITh%(6,406)
0166 WRITE(6 407)
0167 nil 423 f=t S
0±6s 423 WRIflF(6.404)T RR(I) X2(I) ,DR(I) ,AREA2(I) ,YR(I) ,ETAR(I),ZETAR(I),
0169 *ZETAPR(I) [WPtAZ(I)
0±70 WRI1FA6,4f2)
017t WRITE(6,4i3)
0172 WRITE(6 414)
0173 DO 4 4 t-l S
0174 424 WRITE(6,414)I,VA2(I) ,WR2(I) ,V112(I) ,V2(I),VA2(I) ,WR2(l) ,WIJ2 (I),W2(I
017S *) U2(I)
0176 WAITE(6,4iS)
0177 WRITE(6,4i9)
0109 WRITE(6,492)
0179 WRITE(6 420)
0±90 DO 425 fzj S
0181 425 WRITE(6 421) 1 AMV2U(I,AMR2(I) ALFA22(T),BETA22(I)?TT2l),T2(l),
0182 *PT2(I) 02(1), bETAT(I),PRAT3(I$
0183 WRITE(9,49i)
0194 491 FORMAT(///)
0185 WRITE(6 426)
0186 426 FORMAIC(H STREAM, 4tH EQUIVALENT EQU1IVALENT E8111V/STATIC)
0187 427 FORMAT(7H LINE , 3PH TF.NPFRATIJRE INLET PRESSURE)
0188 42R FORMAT( 7X, 38H PRFSSURE RATIO)
0199 429 FORMAT( 7X , 22H (DEG. R) (PSI)
0190 WRITE(6,427)
0191 WRITE(6,428)
0192 WRITE(6 429)
0193 1)0 430 i-l S
0194 430 WRITE(6 43 )I,TTE(I) PTE(I) BETET(I)
0195 431 FnRMAT(t4 F1,.2,FlS.A,F11.Ii
0196 WRITE(6,909
0197 WRITE(6,401)
0199 WRITE(6,402)
0199 WRITE(6,403)
0200 IS.3
0201 WRITE(6,40S) 1,1S,RPM,PR,PTO,TTO
n202 WRITE(6,44t)
0203 441 FnRMAT(/4SX,3iHOVERALL TURBINE CHARACTERISTICS///)
0,104 WRITE(6 442)
0205 442 FORMAM(02H STREAM PRESSURE RATIO EFFICIENCY
0206 * HEAD BLADE/JET THEORETICAL
0207 WRITE(6 443)
02:08 443 FORMAT(402H LINF TOT /STA TOT/TOT IOT/?TA TOT/TOT
0209 * COEFFICIENT SPEFD RATIO DEGREE OJF REACTION/
02 10 DO 444 1=1 s
0211 BLAJF-i./St6RT(AKIS(I))
0212 444 WRITE(6,44S) 1,PRAT3(I),BETAT(I),ETAI(I),ETAT(I),AXIS(I),BL-AJE,RST
0213 *AR(l)
02t4 44S FORMAT(IS,F14.4,F1I .4,Fli.4,F13.4,FI,2.4,FIS.4,F16.4)
021s WRITE 6,446)
0216 446 FDPMAT'(///S7X 24HMASS AVERAGFD QUATITIS//)
0217 447 FORMAT(5X,3AeI'ORSF POWER -,Fifl.2,3X,4H(H ))
0218 44R FORMAT(S2X,13HMOMSNT =Fi0,2,3X,7H(FT-LB))
02319 449 FnRMAT(q2X,13HFLOW RATE =,FI.2,3X,SH(I.8/SEC)//)
0220 461 FPRMAT(43X,"HREFFRRED RPM -F1 0.2)
0221 467 FnRMAT(43X,HREFFRRFD HORSE POWER -FiO.2,3X,4H(HP))
0222 463 FORMA (43X,22HREFFRRFD MOMENT w,Ftfl ?3X 7H(FT-VD))
0223 464 nORMAT(43X,22 REFFRRFD FLOW RATE u.Fil 2 3X R4(LB/ EC)//)
0224 465 FORMAl(4AX,2l;HUTAl/9TATIC FFFTrIFNC'. -,Fi6'.4i
0 22S 466 FnRMAT(40X,2S-HTOTAI./TOTAL EFFTrIENCY= FIG 4)

-0226 467 FORMAl(36X,?9HTOTA /-TATIC POF'SURF. RATfO -,F10.4)
0227 468 FDRMAT(.116X,29HTOTAl./TnTAL PREF1SURE RATIO inFtO.4//)
0228 4h? FflPmAI(4X,3IHHFAD cnFFFICIFNT -FiR .4)
0229 471 FfRMAT(34X,3tHTHrflRF7ICAL OVfRF.F OF REACTION-,Fi. .4)
0230 472 FORMAT(34X,31H14L4DF/TFT SPEEP RATIO -Fin.4)
0231 473 FORMAT(34X 31HMACH NUMBER AT STATION 0 *,FiO.4)
0212 WRIT (6,443) HP

0233 WRITE(6,48 AO
0234 WRITfr6,449) WLbM
023S W ITE(6,4ht) RPHI
0236 WPIIE(6,462) HPt
02337 6LTE(6 463) AMOMI

027p WlTTF(h6,4) W I iMi 26



OP19 '4RT E(6,4bS) ETAS
02~40 wRl F..(6,466) FTA6
G'4t -. 7(,e7 RATS
u242 I4RITE(6 4o8) L4E'A6
W2 4 3 WR~TT(6 , 4 60Q) AK.[SS
02 44 fil HFb=i./qRT(AKIcS)
024S WRITE(b 47,' ELA.TIS
0246 WRTTE(6,47i) RSTARS
fl'47 WRITE(/i.473) AMC
0248 rF(INZ-i) '100,930,930

9i4 30l TF(Nli-1) 400,400,40
0250 400 CONTINUE

2 1 END
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