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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 systen.

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

13
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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 1lbs/sec of
air at 3 atmospheres, at temperatures between 560°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.

15
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IT. 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. 77.

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.

17
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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. 1Increases in entropy occur in the blade row upstream
of the stations where equations are solved and the éntropy
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.

5. 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
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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. PFirst, 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
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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
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The method of calculating gas outlet angles was totally
changed. Neither Ainley and Mathieson [Ref. 6] 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
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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.
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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, £*, 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 feor
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 1loss
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,
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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 flowrate 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. [14]. It was assumed that the

static turbine discharge temperature should not be less than
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45°F (505°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
Static Outlet Temperature

L - ongll =)

Total Inlet Temperature =
where Ng» the total-static turbine efficiency was assumed
to be 81%, and GT,wms 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. DISCUSSION

The agreement of both the predicted flow rateand the horse-
power uvbtained in Run 3 with turbine test data was encouraging.
It is to be noted however, that this agreement was obtained
using 2 procedure which was conceptually incorrect. 1In 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

flow rate 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 be
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 pecr: »rmance 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 1

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
Blade.'Suction 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 1II

MEASURED/DESIGN DATA USED TO VERIEY THE PROGRAM
POINT — RPM Ty xyToyr (r)P10 (PSI)P.R. M(SER) H.P.
1 18310 579.2  550.8 23.56  1.602  5.542 110.1
2 15200 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 21.35
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
a large number of iterations.
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TABLE 1V

VALUES OF ASSUMED TOTAL INLET TEMPERATURE FOR EACH
PRESSURE RATIO. GIVEN IN FIGS. 3, 5, 6, AND 7

PRESSURE RATIO TOTAL INLET TEMPERATURE (°R)

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-1. 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

There 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

S = 2% Rm (A-1)
[
where S = Blade spacing
ZS = Number of stator blades
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

-1 Q&
- Q’_'_Lf te (,_cos (T)
o = Cod 3 S 30 (A-2)
where @ = Gas outlet angle
2 = 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 aumber (for
sub-sonic conditions). Therefore, once calculated, the stator
and rotor ex’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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Tro

T-= ]
|+ Xlom,? (A-3)
v- J9.7mT (a0
P
P-= s (A-5)
] + -T—;T'Mo
0= P/rT (8-6)
2 %

A= T [RﬂP - Rm,s] (A-7)
m = PAYV (A-8)
‘ m
™M Res = 5 _[ RTze (A-9)

ﬁref is the reference (di&tzsionless) 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:

MRS - —cos?d | (K 2rm (R ) - ( 4 e (Sr)” ) ,

o X L* 4Lt
dAsS¥* | _ 2 a2, |
ax. ATeNX o T X SN
\ Cos?!  H cos .
¢ clos 2t oil;(‘ | € Hco: L oo ds,

YiVal o d% Yi Vai d¥y  (a-10)
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where C. = aac \T (a constant to convert H, the enthalpy
from BTU T0 FTZ)
LM sec

- \A»(Iﬂ
Wﬂ - \ - Axial velocity at a streamline
VQL(.s) Axial velocity at mean streamline

)( - R~(Iﬂ - Streamline radius
! Rm Mean streamline radilis -
a
dS* Ol VQA‘ I = CT.H :/OG'S':“I
X, ~ d¥x | - X Va,
CiHeos® (1-¢) J

g = 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:

d (‘Ln ‘12) - ooty 2 a2 C Cosﬁ*
: - - 2ATAn A, - SIN'oG, + ===t
d X dX. Xi 7ﬂ:VQ3'
L] .M
- L R [ cos’otr | dg*
X, YAV, | X (A-11)

The equation of motion is solved when the value
of Yl at each streamline satisfies the equation. The solu-
tion is to first put the equation in the form:

d(nY?)
d X = I ()

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

(A-12)

Integrating equation (A-12) yields;
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X

v@-,,Y.1= j T dX +Inc? (A-13)

¥o

where 2nc? is the constant of integration when x = 1 and Yi=

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

Imc? = - g IOOdX, (A-14)
X0
using Eq. (A-14) in Eq. (A-13),

X i
J’mY.2= g I(x)dxl-iILX)Ole (A-15)

Xo

which becomes X

v[/hY‘a= g‘ T(x) dX, (A-16)

Taking the inverse natural log and the square root of both
X

sides L g I 0)dX
* J,
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 Y1 and thus the value of the axial velocity at
each of the five streamlines. Initially, the value of Yl
is taken to be 1 and the value of %%: is taken to be zero.
In succeeding iterations, the calculsted value of Y1 is used
to obtain a new value of g;?, and so on.

After calculating five values of Yl, 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:

an = VQ.-: (3)' Y'

(A-18)
Va, = Va, - Tan &, (A-19)
V, = Va, /cosm (A-20)
Ve, = -Va,.[AR/-?L] (A-21)

where L is the axial distance between stations and AR is the
change in radial position of the streamline. vr1’ the radial
component of velocity, is taken to be zero at this stage in

the calculation.

Vi = ‘ivla* Vka

v (A-22)
T = Teo - ‘
23; TCP (A-ZS)
T-hs = TTD - TTO-TI
I £ (A-24)
PR.= P / Pro ' (A-25)
Ti -1
- —l3
Pl Pro [ T}o:] (A-26)
M, = Vi /_F(S,_RT (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 ALOS1.

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

€ =g + £ + £ (A-28)
total profile wall remaining

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

total
describes the connection between the subroutines and subroutine
ALOSI.

The first step is to obtain the value of the
total profile loss coefficient, gp. Ep is defined by Traupel

to be

§? = fPoXng ¥ f"‘ * gﬁ (A-29)

where Epo = jinitial value of the profile loss coefficient

X, = mach number correction factor
Xg = trailing edge thickness correction factor
5m = 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
(Epo) as a function of gas outlet angle (a,) for various values

of gas inlet angle (a,) 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 Epo are contained in two arrays XPOl (5, 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 80°. The other is for values of «,
between 80° and 170°. The FORTRAN symbols for the two ranges
of values of a; are ALFO1(I) and ALFO2(I) respectively. The
FORTRAN symbol for the gas inlet angle is ALFl1l (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 gpo can then be determined for given
values of a; and a,.

The mach number c;rrection, Xm is obtained from
Fig. £-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 Ep. These are XS, Em’ Ef- They are ob-

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

The abscissa of the curves for XS and Em is either f or 1-f

where f is defined as g

= | -
'F t sINA, (A-30)

where § = normal trailing edge thickness.
t = blade spacing.
a; = gas outlet angle.
The loss coefficient due to wall friction, Ew’

is calculated using
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fw = fpo'x'r L singd (A-31)

where t - blade maximum thickness
2 = blade height

This equation is programmed in subroutine CSIW.

The value of ER is obtained using subroutine CSIR.

ER is defined by Traupel to be an all-inclusive loss coeffi-
cient which accounts for any remaining losses not previously

defined. 1t is written as

Jta = Xo fao (A-32)

£RO is an initial value of ER which depends on the value of

¢, where ¢ is given by

Vi SING,
q> - U (A-33)

in which v; = true velocity of gas
v = blade speed
A plot of ERO vs ¢ is shown in Fig.vA-7. The correction X
is a function of s/% where
s = chord length
£ = 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:

R
[+ £

r

ftm | T

w o
"

| L
r_
P I
Pro J (A-34)
t
fs - fc (A-35)
and -l
r
| + ro I
I+ fole*
§ = I
?
—_— _ I (A-36)
5#
where go = loss coefficient calculated using the method of
Traupel ¥-I
‘4

* l (9)°
/3 ‘ * % (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

ALOS]1 calculates a value of £* which is a blockage factor to

be used in the equation of continuity. There are

to define &*; they are as follows:

§% = .
f - 1t
§*= §P

three ways

(A-38)

(A-39)

(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. 1In FLOWR the mass flow rate

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

The mass flow required by continuity

n& ¢ M refF
REQD ~
EES"\n\ Fiw\

where MpEE © reference mass flowrate as computed

CHAN
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to the axial
explained.

is

(A-41)

in subroutine




{9
1

# of stator blades

>
[}

mean stator throat opening

~
]

mean stator radius

The mass flow rate at each streamline com-

puted in this subroutine is

m = Pre Tre ALD 2 @

AC
T PT'D T‘ro A(g) (A'42)
where Z is an area reduction coefficient defined by
}4 L X ¥ I
Z = ¥ -
H™ -+ § (A-43)

Z gives the percentage of flow area hetween 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 anl the backage facotr, Z. accounts for this.
Equation A-43, Z is seen to be afunction of the energy para-
meter H*** and £*. £* is the value of the loss coefficient

returned from subroutine ALOS1. The energy parameter is

defined as
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Energy thickness

83
Xk = 2 = -
H 51 Displacement thickness (A-44)
H*** can be written as
r a 3 "I-
| | X
. . XE_ Xe . Xe . Xe
Haan < Xe-f 3m+i Sm+l Tm+| Ime+| HmﬂJ
- p
2 3 Y
| I
Xe-! m+ 3m+l Smti Tmt Im+1 |
L. (A-45)
where:
m= ,15
X = 1_(P )lli for unchoked flow
B Pro” |
TO
Y-t
X, = 1-[Pcpyq] Y for choked flow
and ) Y
= [ LY
Perit = ¥+l

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

The expression for ¢, the flow function,

for unchoked flow is

¢

(J_X)(P TP\

= A [\ Pro) [P ) T (A-46)
and for choked flow is |
-1
@ o2 2
TH T+l (A-47)
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After calculating for each streamline, the flow
rate is integrated from hub to tip and the resulting value is
compared with areqd' 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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V= Y
ng = w }2 STATOR,
12 R RoTOR
W\MJ| ol V.Mq - U
B = TRN-‘ _ﬂ“_“:'_.
Va,
W= Ve
cos /3.
\A/I = \/KT + \h/;a
<
T - ( T, + W, )
TE -~ Y Y
12 ﬂc J-Cf»+_( L& "Lh
‘Qﬂc.J.CF>
U
Pre = P, [_7%5__] =i
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He = (Tre)(-z")

Where TTE’ PTE and HE are equivalent temperature, pressure

(A-56)

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 ROTO2 calculates the
rotor exit properties. A flowchart of ROTOZ is given in
Fig. A-9.

The first step in ROTOZ is to solve the equat:on

of motion for each streamline. The equation of motion in

2, (4R’
"COSQ(QQ 2K i:_ L l("a)

terms of relative quantities is

d (dnY,") i
d¥z

AJ—*" lTAN ﬂa iﬁ‘ 2 s'waﬁa - lfum C°$,52 SN 53.

dX d¥Xa ) Xa Yt Va’l
_ 2UnmUa cos?Ba + C cosaﬁ.z . olHe
Ya* Vo> Yo' Va, dXa
' _ CiHe cos?B ols; (A-57)

Yo' Ve, PTH
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At this poiat in the calculation, streamline curvature is

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

dnYa) . dé. 2
dxa T AT Ky B

HUmcosﬁa.Sw\@z _ _2QUm Uy cos” Ba

Y.l va-‘:. Ya_l \/a,z,_ *
Cicos?Br  ofHe + |- C He o580 | dS,
Yo' Ve, dXz Y.* Va2 A%y
(A-58)

The derivation of Eq. (A-57) is contained in Appendix B.
Equation (A-55) 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 Yz
at each streamline is examined to determine whether or not it
falls into the range .2<Y2<2.0. Values of Y2 greater than
2.0 are set equal to 2.0 while those less than .2 are set
equal to .2. Successive values of Y2 at each streamline are
compared, and when the values of successive iterations are
within a specified tolerance (see Table A-IV), the iteration
ends. The values of Y2 are used to calculate the rotor exit
conditions using the following equations:

\/a,,:l = Va,a (3) Y-l

(A-59)
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Cosﬁa (A-60)
W, (- Va,,_)'D -CL
: 2 (A-61)
2
TD, = TTE - Wa
523.: \TC? (A-62)

<
&
0
|
o~
*
3
d
N
Y

(A-63)
Wi, V. + U
2 & (A-64)
Tas = Trg = _Tre- Ta
- (A-65)
| - §
X
T
Py = Ppp |—le
& TE TTE. (A-66)

Subroutine ROTOZ, 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 £* 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-1).

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=Ramee = R RoTOR (A-67)
INLET 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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| - R
R = R STATOR — o R STRTOR RoroR
S ou-.-o\_g-r 2 INLET OUTLET

(A-68)

The angle between the meridional velocity Vm and the axial

velocity %_ is . The radial velocity Vr can be expressed as

Vi = Vo Tav A
and from Fig. 16(1) of Ref.[5], it follows that

- AR
TRN )\ = QL

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

v V. AR

= = Va

R QL

where ég% = Average streamline slope

Also, from using Eq. (A-68)

\ L L
cos =
4 BR* +@LY?
Rearranging;
2
L
CoS A = " 3
L (55
o

b

(A-69)

(A-70)

(A-71)

(A-72)

(A-73)




The remaining term used in the calculation of streamline cur-

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

S8R
Kiz

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 cosi, AR and SR, the program
repeats the solution process. However, the only quantity
which is unchanged is the reference mass flow rate ﬁref' 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

Pa - Pa + I P2
Pro Pro /STREAMLINE Y Pro | <.
' -2
Pro Pro Pro
S;n S.L. ng.
. J
(A-74)

1f this pressure ratio is within a specified tolerance to

the actual pressure ratio (which is input data) the program
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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 presshre
ratios. If the calculated pressure ratio is too high, the

Mach number is lowered using

_ _ Pressure Ratio Difference .
My = M, 18 (A-75)

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

is raised using

- Pressure Ratio Difference _
Mo = Mo * 13 (A-76)

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:

X 3

[
>
[4

A-77
Va, ( )

\/a,-;_
\/z = - (A-78)
CosS K 5
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Vy = ‘{ V.: * Wf:a.

AL&» = UV.MA "Ua V.u-a.
Qe 7
ng_ = Tro - & k
Cp
T
Y-
Pra=  Pa [ Tra J |
Ta
£
F%ﬂ = TD' 71ro ™
T,
o
‘T;ls = 17ro F;' r
Pro
ROTOR EXIT . Wy

RELATIVE MACH #

|

(A-

(A-

(A-

(A-

(A-

(A-

(A-
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7}0 "TTHS
iz - /TO" 1—7.1,
T-S T
TO"_T}‘S
Stator Blade T1o - T,
Efficienc =
y T‘;‘o‘- T"s
g:;c')r.Blade i TTE ‘T.‘L
iciency
T;o':rﬁls
» —
r = lus = Ta.s
T;o“7}us

Head Coefficient = 2 9e T (TTO -T2|$\

L)Z

-1
Blade-Jet Ratio = [Head Coefficient]

Stator Exit VVI
Relative Mach # I

“ T Rac,Tn
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(A-87)

(A-88)

(A-89)

(A-90)

(A-91)

(A-92)

(A-93)
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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, Ah, is used in the tur-

bine horsepower equation
Ak:)— m

5§50 (A-95)

HP =
The moment is calculated using

(H.P.)(550)

V) (A-96)

M =

Referred horsepower, moment, mass flowand RPM are calculated

using

H.P.
'REF e § (A-97)

L
o
!

M REF = T. (A-98)
' m e
Mer = (A-99)

(A-100)
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where -r:o

Pro
14,7

oN
]

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; Dimenslons 1in inches)

% FORTRAN SYMBOL DESCRIPTION
| YA 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)
Cco Blade chord (tip)
E Blade curvature (mean)
EI Blade curvature (hub)
EO Blade curvature (tip)
T Maximum blade thickness (mean)
L TI Maximum blade thickness (hub)
. TO Maximum blade thickness (tip)
! TE Projected T.E. thickness (mean)
i TEI Projected T.E. thickness (hub)
TEO Projected T.E. thickness (tip)
TN Normal T.E. thickness (mean)
i TNI Normal T.E. thickness (hub)
! TNO Normal T.E. thickness (tip)
f A1(1-10) 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(1) 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-2Z; 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:aum 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)

Ccv Axial distance between stations

CK Curvature Factor
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TABLE A-III

TURBINE OPERATING CONDITIONS (INPUT DATA)

FORTRAN SYMBOL

DESCRIPTION

AMC Assumed inlet Mach number
Assumed stator exelt Mach number
AMS (absolute)
Assumed stator exit Mach number
AMR (relative)
PTO Total inlet pressure (PTO)
TTO Total inlet temperature (TTO)
PR Total-static pressure ratio
RPM Operating speed (RPM)
VA1(3) Assumed axial velocity in stator
VA2(3) Assumed axial velocity in rotor
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FORTRAN SYMBOL

TABLE A-1IV

SPECIAL INPUT DATA

DESCRIPTION

Toler aice for convergence of

TOL 1 equation of continuity

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

TOL 3 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 1 routines STATR, FLOWR,
ROTO2
1 No printing in the above
ICL 1 Rotor is shrouded
1 Rotor not shrouded
1coz 1 £ =&
6 £ = £ (Y Pressure Ratio)
8 £ = bpais
ICON 1 £ = ’S§TOTAL
2 £ = EpROFILE
3 ¢ = ErorAL
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FORTRAN SYMBOLS

FORTRAN SYMBOLS IN THE MAIN PROGRAM

TABLE A-VI

DESCRIPTION

BESP B* = [1 + L= -(.8) 12 |
0l Stator throat opening (hub)

00 Stator throat opening (tip)

OIR Rotor throat opening (hub)

O0R Rotor throat opening (tip |
0 Stator throat opening {mean)

OR Rotor throat opening (mean)

ANG2I Stator gas outlet angle (hub)
ANG20 Stator gas outlet angle (tip)
BETAI Rotor gas outlet angle (hub)

BETAZ Rotor gas outlet angle (tip)

G Grav. constant, 32.174 E%?%%%t’
CJ 778.16 FT.LBF/BTU

EXP1 Y/y -1

EXP2 Y-z,

ERRE Gas constant, 53.3459 rpeor
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

AMW1 Stator exit relative Mach Number
AMS1 Stator exit absolute Mach Number
AMV2 Rotor exit absolute Mach Number
AMR2 Rotor exit relative Mach Number
DELH A

HP Horsepower

AMOM Moment

THETA 8

DELTA §

HP1 Referred H.P.

AMOM1 Referred moment

RPM1 Referred RPM

WLBM1 Referred mass flow rate

ETAS Average total-static efficiency
BETA®6 Average total-total ~ ~ssure ratio
ETA6 Average total-t- ,1 _*“-iciency
AKISS Average head coefficient

RSTARS 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 f#
WLBM ﬁ, 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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FORTRAN SYMBOL

TABLE A-VIII

FORTRAN SYMBOLS IN SUBROUTINE STATR

DE SCRIPTION

ALFAl Stator gas outlet angle
X Rati1io of streamline radius/ mean
radius
AMS Mach Number at station 1
T Static temperature
P Static pressure
V1 Absolute velocity
VAl Axial velocity
Y Ratio of axial velocity to mean
axial velocity
S Entropy
DSDX Entropy gradient between streamlines
vul Tangential velocity
PRAT (Total-static pressure ratio)'1
T1IS TlIs
da
DALF I
RSF Mean stator radius
DELR ARStator in - Rrotor out
ZETAPS §
p
ZETAS §
S
VR1 Radial velocity
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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 Ne, correction

R3 §R’ remaining loss coefficient

R2 §W’ %2iztggitf1c1ent due to wall
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

R R

PSID §f’ ig:;egoeff1c1ent due to fan
PSIF §m’ ;gzss:ggfgtigint due to m1x1ng
uM Tip speed
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TABLE A-X

FORTRAN SYMBOLS IN SUBROUTINE FLOWR

FORTRAN SYMBOL

DESCRIPTION

PRATCR Critical pressure ratio

PHICR QCRIT’ critical flow function

HSTAR H***  energy parameter

X1 Z, area reduction coefficient

PHI ¢, flow function (unchoked flow)

ARAT Streamline throat DIA/mean throat DIA

SUM 1,2,3,4

successive values of the
flow 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 SUBROUTINE ROTO1

FORTRAN SYMBOL DESCRIPTION
OMEG. w, wheel speed (RAD/sec)
U w*R

stator mean

RI'OtOI‘ mean

Uz R
stator mean
WUl unl see figure A-3
BETA1l B, see figure A-3
Wl Wi, see figure A-3
TTE Equivalent temperature
PTE Equivaient pressure
HE Equivalent enthalpy
ZETAR - §p Totor loss coefficient
ZETAPR §p’ rotor profile loss coefficient
DHEDX Enthalpy gradient between streamlines
DSDX Eantropy gradient between streamlinas




TABLE A-XII

FORTRAN SYMBOLS IN SUBROUTINE ROTO2

FORTRAN SYMBOL

DESCRIPTION

BETA2 8,, see figure A-3

DBETDX %% between adjacent streamlines
VA2 Vaz’ axial velocity

W2 W2, see figure A-3

CL Axial distance between stations
WR2 Radial component of velocity
Wu2 Wuz , see figure A-3

vuz2 Vuz, see figure A-3

AMR Relative Mach No.at rotor exit
T2 T2

T2S Tzs

P2 P,

PRAT2 [Total-static pressure ratio]-1
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L INPUT DATA AND APPROXIMATIONS I

L CALCULATE OUTLET ANGLES —l

{

=
r COMPUTEI N 1

SOLVE EQUATION OF MOTION AND COMPUTE
STATOR EXIT PROPERTIES

, | COMPUTE STATOR LOSS COEFFICIENTS j
CONT.
ADJUST M, SAT.
?
YES

I COMPUTE FOTOR INLET CONDITIONS ]

SOLVE EQUATION QOF MOTION AND
COMPUTE POTOR EXIT PROPERTIES

ADJUST M,

CALCULATE STREAMLINF
CUPVATURE AND SLOFE

r

RE-CYCLE ALL OF THE ABOVE
ACCOUNTING FOR STREAMLINE CURVATURE

ADJUST M,

YES
L PRINT RESULTS ]

‘ END

FIGURE A-1: PROGRAM FLOWCHART
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CURVATURE RADIUS
SPACING
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FIGURE A-2:

PERIPHERAL DIRECTION

TRAILING EDGE THICKNESS, NORMALTO FLOW
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BLADE NOMENCLATURE
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MAIN PROGRAM

v

FIGURE A-4: iNTERCONNECTION OF THE

TRAU1
L |
CHBFT XPO
l
YC
ALOS1
L

1
TRAUZ

1

1 1 1
CSIM CID CSIW

L A
CSIR XPO

ALOS2
|

1
TRAU2

1 1 1
CSIM CID CSIwW

I 1 I
CSIR XPO ALEAK

TRAUPEL METHOD
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CALCULATE ROTOR OUTLET ANGLES
FOR STREAMLINES 2 AND 4

CALCULATE .j_f. POR EACH STREAMLINE

DO FOR EACH S.L.

A A SOLVE THE EQUATION OF MOTION
AT THE ROTOR EXIT (STATION 2)

CALCULATE ROTOR EXIT CONDITIONS

¥ m

FIGURE A-9: SUBROUTINE ROTO2 FLOWCHART
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APPENDIX: B

DERIVATION OF EQUATIONS USED IN THE PROGRAM

B-1. EQUATION OF MOTION FOR RELATIVE FLOW:
The equation of motion for relative flow Ref. [5] is
~—— —— -—
VHg = W X (VXW +aW) + TVS
(B-1)
Using cylindrical coordinates, the terms of EQN (B-1) may be

expressed as follows:

. Le OHR  9HR - JHg
VHe = roe T ¥z ter or (B-2)

Lo 2 Ly

r r

Je 0% s

rVV&L VVZ, VV}

o |2Wr _ 3Wa| (2| a(rwa)_ oW
oz o r or 26

r 96 32 RS
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WX (ZXW) =
o x ir
W Wa Wr

[QWr - QWa.-’ A [)Lrw,,) _ QWﬂ N [QV\/&. Q(T‘W-UJ]
v

2 or J r r 50 o0 22

_ U [ dWa _ 2(rWa) L (20rWw)  2Wr )|+
ot 2 ]

o o3t - v - )] -

: e — M_ ;Q_W.L'_)_ W Q\Nu.)
tr [:W r( or 26 W""(a} T oar

(B-4)

= Ly (.'Z(A)W,u,)— Le(;wu V\/r)

(B-5)
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= Tl(e —25 . /95 . . 35
TVS = T[‘" s T 255 tor 'Ta_r—] 56

Combining equations (B-1) through (B-6) the terms in (B-2)
can be written as:

L oHe - Wa | IWa _ a(rwi) |
r 26 r o6 3>
Wr . a(rwa)  Jwe T 3
(B-7)

QHK -':W an"_ ;Wm - W gw&h -
S "1 s 3r r Qe

(B-8)
IHR _ Wa | 3(rwu) 2wy
or r ar Y -
o W AW ol s
W, - Ve
l: S e ]*-QUUWM.'FT T
(B-9)
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Since the flow has been assumed to be axisymmetric, all deri-
vatives with respect to 6 are zero. Thus, Equations (Ek-7),
(B-8) and (B-9) reduce to, respectively:

. Wa a(rWM.) _ Wr QLI’WA») — 2w Wy
O = r 3% r ar (B-10)

JHr oWr d Wa W
2 Wr 37 Wr- 37 + r

a (?‘WM}
02

+ T - .____g;_ (B-11)

IHe - W W) _\ 3Wr | IWa

3r  r or o2 r
A W + _jEEL.
w+T or (B-12)
Equation (B-10) may be written as
9("\’\/&&) - = Wr ;(Y‘W..u:) -2 we W\"
92 We. or Wa, (B-13)
Substituting into equation (B-11),
QH&_ - War Wy Q(Y‘W.w) + Wr JWr _
3z r  Wa or oz
Wr 2Ve o5 WaWe 25
ar We az (B-14)
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Multiplying equation (B-9) by Wr and Equation (B-14) by Wa

results in

aHr _ WuWr _3(rWu) : SWr
Ve T5v r - e

Wa. Wr 93"\,{“‘ + 200 W W ¢ Wy T %Sr (B-15)

and

JHe __ WauWr 2(rWu) IWe

Wa

W Wp —2Ve . _ 2 (W Wr + Wa T 22—
3 2z

(B-16)

Adding these two equations yields

dHe JHr  _ S 2S
Wr ——-—ar_ + Wa. 3> = T Wr 3r +Wa, -—_Q2 517,

Since the flow has been assumed to be adiabatic, the total
relative enthalpy, HR, is constant along a streamline. Thus,

(B-18)
and re-arranging,
aHe _ _ Wr__JdHe
02 Wa, ar
(B-19)
From equation (B-19), eq. (B-17) can be written as
35 _ _ Wr s (B-20)

3xr Weu ar
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Substituting Eq.s (B-19) and (B-20) into equation (B-15) gives

We 3He _ _ Wa Wr 3GrWa) y 2Wr

Wa oFr r We. ?r ¢z
dNa W W, wW 3s
Wy == - Qu 2 r r
r or . Wa Wa. 1F o r
(B-21)
-W

Multiplying Equation (B-21) by W—i yields
R

9*4R - W 3<JTVVZ;) — W QVVP
3r r or YTyt
& W
M.N?+JWW#*T i (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

Wa AWa _ 1 _2(wa?)

eor o~ o
: 2 (Wa?) _ dWr . 2Wa 2 (rWaw)
yields -—-——-—-ar_ AWa 5> + " 5F +
JHR aS
v - L0 =
4w Waw =) 3 t QT X O 3-23)

The relative enthalpy can be written

He= h. YT eV L*- " 297 '.2’52'5"

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

2 2%
HE = l\-l + QW‘ + Uf LOJ-
i olﬂc (B-25)
Hence, the relative