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ANALYTICAL PROCEDURE AND COMPUTER PROGRAM FOR DETERMINING
THE OFF-DESIGN PERFORMANCE OF AXIAL FLOW TURBINES

by E. E. Flagg
General Electric Company

1.0 SUMMARY

A method of analyzing the off-design performance of multi-stage axial-flow
turbines is presented with appropriate analytical procedures and computer techni-
ques. Use of the method is demonstrated by calculating a performance map on a
turbine design of known performance provided by NASA Lewis Research Center,

The analysis is applicable to turbines having any number of stages up through
eight (8).. It allows for a change in mean-section radius between blade rows, and
includes provisions for radial variation in loss and flow conditions. The radial
variation in loss and flow conditions is calculated at up to six (6) radial posi-
tions at the radial center of fixed area sectors. Each sector is a quasi-one-
dimensional element and the radial centers are joined utilizing simple radial
equilibrium at the stator exit and the rotor exit. Semi-perfect gas properties
are assumed with variable specific heat at constant pressure and variable specific
heat ratio. Gas properties may be input, and in addition, provision is made to
incorporate gas properties as a function of temperature. Geometry may be input as
passage distributed area or vector flow angle. Two optiomns to incorporate loss
are provided in an expansion kinetic energy coefficient-inlet recovery coefficient
method, and a total pressure loss coefficient method. The analysis is applicable
from zero (0) speed to high speed, and the work done may be negative to the maximum
work condition limited by discharge annulus area choking.

A complete listing of the computer program written in Fortran IV language is
included with a discussion of all numerical techniques used in the analysis, a
detailed logic flow diagram for the program, and a symbol list equivalencing the
analysis equation variables to the Fortran variables., The computer programvwas

demonstrated by calculating the performance map of a turbine of known performance.



Loss definition parameters and optimum incidence angle were selected to produce a
calculated performance map with 94 percent peak rating efficiency at 120 percent
design equivalent rotor speed. Blade row flow coefficients were selected to pro-
duce an equivalent flow function reduction with speed at high over-all rating total

pressure ratios, This map is presented along with sample input and output.

2.0 INTRODUCTION

Investigations of advanced air breathing propulsion engines have indicated
the need for wide thrust modulating capability with minimum SFC over a broad range
of subsonic and supersonic flight conditions. This capability will allow mission
cruise operation at reduced power settings and, by virtue of increased maximum thrus
will reduce the number of size of engines required.

Current propulsion systems are limited by their inherent inability to ade-
quately adjust the engine cycle to the desired thrust level while maintaining
minimum SFC. Propulsion systems with variable geometry, however, can obtain the
desired cycle flexibility through variation in the basic aerodynamics of the engine.
Turbine stator area variation appears to offer very good potential. With the abilit
to vary turbine stator area, it is possible to adjust the cycle pressure ratio, air
flow and/or turbine inlet temperature to approach more optimum conditions. The
achievement of optimum aerodynamic design of the turbine will depend upon a know-
ledge of the change in overall and internal performance as a function of the re-
quirement~variations. Therefore, a turbine performaﬁce prediction method is needed
to assess the penalties associated with off-design performance and evolve design
modifications to minimize these penalties.

The General Electric Company has initiated and developed a number of computer
programs for predicting the off~-design performance of multi-stage axial flow turbinc
The Large Steam Turbine Department, the Gas Turbine Department, and the Flight Pro-
pulsion Division have contributed to the present state-of-the-art in turbine off-
design performance prediction. Programs have been written and successfully operatec
on the IBM 701, 650, 704, 7090, and 7094 computers as well as the GE 625 computer.
Programs have been written in machine language, SOAP, in CAGE (Compiler and Assembl;
Program, General Electric), in Fortran II and Fortran IV language as modified by
General Electric computer operational technigues. This program takes maximum advan

tage of the knowledge and experience previously acquired to develop an analytical



method and tool using a sophisticated and complex computer program system to advance
turbine technology for future airbreathing propulsion systems as well as other gas

turbine systems.

3.0 DEVELOPMENT OF ANALYSIS PROCEDURE

3.1 Objective - The turbine is one of the principal components of the air-

craft jet engine. In the case of most turbomachinery, the turbine is designed
for a single operating condition (one discrete speed, pressure ratio, etc.)

called the '"design point'". When operating at this design point condition, the
turbine (with its fixed dimensions, blade angles, number of stages, etc.,) will
deliver the design point performance specifications (power, efficiency, etc.).

The aero-thermodynamicist predicts the turbiné's design point characteris-
tics by computing overall performance (weight flow, efficiency, work output,
etc.) as well as more detailed interstage performance characteristics (velocity
diagram guantities, state conditions, flow angles, etc.).

Within an aircraft jet engine, however, the turbine is required to perform
at many conditions other than 'design point'. 1Its performance can be varied by
adjusting the speed and/or pressure ratio, variable geometry stators, and other
parameters. Under these different running conditions, the turbine is said to be
operating "off-design'. To completely predict the turbine's characteristics,
the aero-thermodynamic designer must not only compute the single design-point per-
formance but also the off-design performance over a wide range of operating
conditions. The off-design performance is computed by varying one parameter (at
a time) and repeating the same overall and interstage calculations used for the
design. Each off-design point is plotted, thus generating a complete off-design
predicted performance map. In addition to the overall performance characteristics
in terms of equivalent work, equivalent weight flow parameter, equivalent speed,
pressure ratio and efficiency, the aero-thermodynamicist is also interested in
interstage blading performance in terms of incidence angles, Mach numbers, diffu-
sion parameters, reaction and leaving swirl. Since each calculation is basically
a repetition of the others, the turbine off-design computation is ideally suited

for solution on a high-speed, digital computer.



3.2 Assumptiens

3.2.1 Proportional Area Distribution. - For a pitchline type analysis, or

a one (1) sector analysis, all of the flow must pass through a given area and there
is no further assumption of flow per area necessary. When the quasi-one-dimensional
procedure is extended to six (6) quasi-one-dimensional sectors, a decision must be
made to perform the analysis and calculation on either a flow-stream-tube basis or
an area basis.

In calculating the performance of turbines away from the design point, the
flow-stream-tubes will shift radially and adjust because of momentum, energy, con-
tinuity and equilibrium conditions in each of the flow-stream-tubes. In addition,
the radial distribution of static pressure between each of the flow-stream-tubes
will adjust to maintain equilibrium. Thus, the flow per unit area is not neces-
sarily a constant with radius as shown in Figure 1.

If the decision is to use flow-stream-tubes as the basic calculation techni-
que, an iterative procedure must be employed to adjust the area required to pass
the flow in each stream-tube, General Electric experience with stream-tube procedure
was_that many difficult problems must be circumvented in the vicinity of Mach one
or choked flow condition in addition to the normal problems associated with itera-
tion on continuity, momentum and energy. One example is if a high initial value
of static pressure (or low axial velocity) is used to start the iteration, a large
area is required to pass the flow of the outermost stream-tubes, and the flow in
the inner stream-tube requires an area at smaller diameters than the root flowpath.
For low radius-ratio turbines, negative diameters may be indicated by the iteration
procedure which is an impossibility. Another example is if a low initial value of
static pressure (or high axial velocity) is used to start the iteration, for a
given total energy or total temperature level, a negative static temperature may be
indicated by the iteration procedure. An alternate technique is to base the basic
calculation on a proportional area basis.

If proportional area distribution is used throughout the turbine, it can be
seen in Figure 1 that a different quantity of flow may enter the upstream cross-
section area as will leave the downstream cross-section because of the flow that
enters and leaves the conic surface area between the calculation statioms. Since
the equations of motion as applied to turbomachinery are, strictly speaking, valid
along axissymmetric stream-tubes, the assumption of fixed proportional area sectors

introduces a small error in the momentum equation and the energy equation. To test



the assumption of fixed area sectors, three test cases were calculated as five (5)
one-dimensional sectors as shown in Figure 2.

One test case had equal sector heights at the stator exit station and the
rotor exit station. @Qne case had a latge stator tip sector (small stator root
sector), and the rotor exit had equal heights. Thus streamlines enter the rotor
at a lower radius and leave at a higher radius, and the tip sector has high weight
flow and the root sector has low weight flow. The -alternate test case had a large
stator root sector height (small stator tip sector height), streamlines enter the
rotor at a high radius, leave at a lower radius, the tip sector has lower weight
flow; and the root sector has higher weight flow. The stator angles were adjusted
as a function of radius to Simulate a free vortex design distribution. An impor-
tant result of these three test cases is shown in Figure 3. As the stator sectors
were adjusted radially 2% in station height (+ 10% in tip and root sector height),
no change was observed in the energy function Ah/T as stage pressure ratio was
varied.

In order to evaluate the procedure for a non-free vortex design distribution,
two additional test cases were completed with the stator pitchline flow angle held
constant as the sectors were adjusted radially. The result shown in Figure &4 was
a change in work output. A 2% shift in station height (+10% in tip and root
sector height) produced a 2% change in energy function Ah/T as stage pressure
ratio was varied. From the manmer the calculation was performed, the test cases

were for a very non-free-vortex type distribution.

3.2,2 Radial Height Center. - Once the framework is set up on area sectors,

it must be determined whether to calculate at the area centers of the proportional
area sectors, at the root mean square diameter of the area sectors, or at the
radial height center of the area sectors.

The use of equal area centers has long been a practice of installing instru-
mentation. It is based on an approximation to equal flow tubes, Therefore, an
approximation to a mass flow weighted condition is an area weighted condition
which is a simple average of data taken at equal area centers. In many flow
situations the radial distribution of flow per unit area is a significant variable,
particularly at the turbine stator exit and generally true in compressors, Since
the mass flow is calculated in each of the six (6) area sectors, the difference

between area centers or centers of equal station height should be small and only



a matter of convenience in setting up the calculation procedure. The diameter of
the calculation sector areas used as the radial height center are:
for i = 1

= % E -
Dpl,k Dr, + .5 * PCNH, * (o, - Dr,)

for i = 2, 3, 4, 5, 6

= e N X X -
Dpy 4 = DPyyx (.5 * PCNH,_, + .5 * PCNH,) * (Dt - Dr,)

1

3.2.3 Radial Variation Method. - Several methods are available to obtain a

quasi-one-dimensional solution to the turbine interstage flow conditions. The
primary consideration of this program was to get an analytical expression to be
iterated and integrated and avoid step-by-step calculations in radius with numeri-
cal integration methods. The most simple procedure is to assume a simple one-
dimensional compressible flow in each of the sectovs. That is to say that all
total conditions as well as static conditions and velocities are constant throughou
the sector. Then the sectors can be joined radially utilizing simple radial
equilibrium to determine the radial pressure distribution at the sector centers,
Many test data reduction systems have used this procedure, If ultimate objectives
were to reduce test data with one-dimensional flow assumed in each sector, in
order to determine the test loss definition parameters, then the off-design pre-
diction procedure should be a compatible method. The error involved will tend to
be smaller as the number of sectors is increased from ome (1) to six (6). In
addition, many times the actual test results are significantly different from the
predicted performance due to deviation angle differences-or flow coefficient dif-
ferences due to local separation or tip-clearance boundary-layer interaction or
secondary-flow boundary-layer centrifugation.

An extension to one-dimensional area segments are free-vortex area segments.
Tt is then assumed that total pressure, total temperature and axial velocity are
constant throughout each area sector, and the static conditions and tangential
component of veloeity vary as a free vortex. The six (6) radial sectors are then
joined utilizing simple radial equilibrium. For a free-vortex turbine design, (of
which there are many), the off-design performance result at the design operation
condition is identical to the design case.

A third method which was evaluated was previously applied to a compressor
analysis. A radial derivative form of the dynamics relations was obtained as a

function of known geometry and the axial component of Mach number. This non-linear




fﬁnction was then calculated at three (3) radial positions and curve fitcas a
polynomial in radius. The radial derivative fopm of the dynamics relations was .
then known as a polynomial’ in radius and integrated in closed form to yield the
radial distribution in static pressure. In addition, the energy equation and
geometry provide a relationship between static pressure, total pressure, Mach
number and axial component of Mach number such that at the selected axial com-
ponent of Mach number, and geometry, the energy equation would yield a static
pressure which is different from the static pressure that satisfies the momentum
equation. The Mach number was then adjusted to find a static pressure that was
common to both. The result was an analytic continuously varying total pressure
profile, total temperature profile and velocity profile.

It was assumed that total pressure, total temperature and axial velocity are
constant throughout each area sector; and for energy and momentum considerations,
the static conditions and tangential velocity vary as a free-vortex. The six (6)

radial area sectors are then joined utilizing simple radial equilibrium.

dPs _ fl Vu2
dr g T
3.2.4 Continuity-Integration. - In conjunction with a radial distribution~af

total temperature and total pressure to satisfy the energy and momentum conditions,
the integrated total flow in each of the segments must add up to the total flow.
Again the primary consideration is to get an analytic expression, avoid step-by~
step numerical integration methods, and be compatible with the energy and momentum
equations. The most simple procedure is to assume a simple one-dimensional com-
pressible flow in each of the sectors. Then the specific mass flow calculated at
the center of each of the sectors is considered to be constant throughout each of
the sectors.

An extension to the simple one-dimensiomnal area segments is free-vortex area
segments. Although the axial component of velocity is constant, the density varies
with radius, and the continuity integration with radius is %onger than the simple
one~dimensional flow in each sector.

A third system evaluated was used in conjunction with the curve fit of the
dynanics equations with radius. The continuity equation was derived as a
function of axial Mach number, Mach number and radius. The integrand was evaluated

at three radial locations and curve fit as a polynomial in radius. The flow in




any sector was then analytically determined as a function of an estimated axial
Mach number, and the total flow of all the sectors determined. It was the purpose
of the continuity convergence procedure to estimate the axial Mach number level,
determine the radial distribution with the dynamics curve fit, satisfy the energy
equafion, integrate the mass flow with a continuity curve fit, then adjust the
initial axial Mach number and repeat until the mass flow error is less than some
tolerance.

It was assumed that total pressure, total temperature and axial veloofty are
constant throughout each area sector; and for continuity considerations, the
specific mass flow was considered to be constant throughout each of the sectors,
even though the dynamics was assumed to be free vortex in each radial segment.
This small error introduced in continuity is often ignored even when applied to
the entire flowpath. It is normally smaller than the uncertainty of the boundary
layer displacement thickness, and the streamtube slope and curvature effects on
flow distributions., When applied to the sectors of the flowpath, the error is
reduced. '

3.2.5 Loss Definition., - In the development of an analysis procedure for

the off-design performance of an axial flow turbine, the loss assumption method
is usually associated with the aero-thermodynamicists' experience and the test
evidence to support the loss method. The objective of the various loss definition
methods is to provide for a loss in total pressure as normalized By some suitable
normalizing procedure which correlates well with the experimental evidence.

The use of blade row energy efficiency coefficient for the expansion process

has long been a standard practice of turbine designers.

By definition,

Stator -

dls _ Actual exit kinetic energy
Theoretical exit kinetic energy

2
_ Ho - h1 _ (Vl) /2Ho

Ho - hy, 1 - hy, /Ho

(Vl)2/2Ho
T - (ps; /Pt )

-1

(See Figure 1 for station designation)



In a similar manner, the efficiency of the blade profiles for the expansion

process in a rotating row is defined as:

Rotor -

rf(R Relative exit kinetic energy
Theoretical exit relative kinetic energy

2
_ HrlA - h2 _ (R2) /2Hr1A
Hr,, - h2i 1 - hzi/Hrl

A

2
(RZ) /ZHr]_A

il
- Y
1 (Psz/Ptrla)

(NOTE: The above values are a function of radial sector and

held constant during off-design cdlculation.)

The incidence loss definition can be handled in several different manners.
One such method employs an inlet total pressure recovery factor specified as an

analytic function of incidence angle, defined by:

Stator =~
g -1
_ | Pto, L= y-1,. 2
/QSR—(PSO) 7oo-1 (Z)Mo
—.
Rotor - r -1
I P TS A S I
/'7 RR Ps 7 2 Ma

(NOTE: The above values are a function of radial sector.)

In some instances it has been assumed that for off-incidence angle calculations,
the flow velocity is composed of two components of velocity; one component in the
direction of the inlet angle at the design condition and another component which
is normal to the inlet angle at the design condition. It is then further assumed

that the velocity component oriented at the design condition passes through the



turbine at the design loss level, and some fraction of the component of velocity
normal to the design condition is lost. This type of design assumption leads to
a definition of inlet recovery factor which is proportional to the cosine of the

incidence angle raised to an exponent.

Stator -
‘ ]exp
= %
,YZSR /YZSROpt COS(IS)

Rotor -

//(?RR = wRRopt * [cos(I&;} exp

From theoretical assumptions, if all the component of velocity normal to the
design condition is lost, the exponent should be 2.
In conjunction Wwith the expansion coefficients and the inlet recovery fac-

tor, & stage test factor has sometimes been employed in turbine design practice.

Stage Test Factor -

_ Output energy
Vector diagram energy

TF

The stage test factor has been used to represent the non-uniform work extraction
due to blade end effects, or the average stage total enthalpy drop as compared
with the pitchline vector diagram total enthalpy drop.

Extensive volumes of turbine aerodynamic cascade test results from transonic
cascade wind tunmnels have not appeared in the open literature. Significant dif-
ferences still exist between British wind tunnel data, Australian wind tummnel data
and the United States NASA wind tunnel results. The largest set of information
in the United States has appeared in NACA TN 3802 "Investigation of a Related
Series of Turbine Blade Profiles in Cascade' by Dunavant and Erwin, This data is
presented in terms of a wake drag coefficient which is the total pressure loss as
normalized by the upstream dynamic pressure. At high reaction conditions, a large
difference between the low entering velocity on which the coefficients are based
and the high leaving velocity causes high drag and lift coefficients; but the ratio

of 1ift divided by drag is relatively unaffected.
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Perhaps a more convenient loss coefficient method is the loss in total

pressure as normalized by the theoretical downstream dynamic pressure:

- _ Pt loss
O Theoretical exit dynamic pressure

Stator =~
- . Pto - Pt
Was = ——— =
Si Pto - Ps]
Rotor -
- - Ptrle - Ptr)
PtrlA - PSZ

This type of loss coefficient incorporates the expansion loss as well as the off-

incidence angle loss and as such is described as an analytic function of off~-incidence

position.
Stator - for positive incidence
2 3 4
- _ - Is Is Is
Bgi = Ogope [LH MG ) FAGT ) +AGGET )
range range range
Stator - for negative incidence
2 3 4
- - Is Is Is
®gi = wsopt L+ A4(Is Jo+ AS(Is )+ A6(Is )
range range range
Rotor -~ for positive incidence
[ 2 3 4
- _ Ir Ir Ir
Py T wRopt L+ Bl(Ir ) + BZ(Ir ) E3(Ir )
| range range range |
Rotor - for negative incidence
- - 2 . 3 L\4
®p; = w@opt 1+ B4( In o+ BS( Ic )T+ B6( Ir )
T Ir Ir
range range range
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3,2.6 Choked Flow - In order to evaluate the choked flow criteria, and’

perform the radial equilibrium calculation and continuity integration, six test

cases were thoroughly analyzed. A list of the example test cases follows:

Test Case 1. - Small stator area, equal sector height.

Test Case 2. - Small stator area, free vortex stator sector angle, large
stator tip sector height (small stator root sector height).

Test Case 3. - Small stator area, free vortex stator sector angle, large
stator root sector height (small stator tip sector height).

Test Case 4. - Small stator area, constant stator sector angle, large
stator tip sector height (small stator root sector height).

Test Case 5. - Small stator area, constant stator sector angle, large
stator root sector height (small stator tip sector height).

Test Case 6. - Large stator area, equal sector height.

Shown in Figure 5 are the results of the flow calculation in each sector as a
function of the sector pressure ratio for Test Case 1. The solid lines indicate
the flow through the respective sectors with two branches in the supersonic region:
one branch for choked flow at the critical value, and the other branch for a
supersonic flow decrease. The dashed lines indicate the radial distribution of
sector pitchline pressure ratio. The continuity integration was carried out along
the dashed lines.

Shown in Figure 6 are the results of the continuity integration across the
five sectors using two different assumptions as compared with the simple one-
dimensional flow procedure. For the simple one-dimensional flow calculation, the
maximum flow through the selected test case was Wg = 190.11 #/sec at a station
pitchline pressure ratio of Pty/Psy = 1.89. This condition was a reference for
comparison of the five-sector calculation methods.

For the first calculation method, it was assumed that the respective sec-
tors reached a critical flow value which was then held constant as the sector
pressure ratio increased, and the flow angle was over-expanded to increase the
area. When the station pitchline pressure ratio was 1.89, the pitch sector was
slightly critical at (Pto/Psl)3’l’\/l.89, the root sector was over-critical at
(PtO/PSl)l,l = 2,26, and the tip sector had not reached critical at a value of
(Pto/Ps1)s5,1

when the station pitchline pressure ratio was at a critical value, the integrated

1.60. The integrated flow at this condition was 190.1 #/sec. Thus,

12



flow using the constant flow with an over-expanded area method was 0.007% higher
than the simple one-dimensional flow calculation. The maximum flow was not
reached until the tip sector was critical. For this point the station pitchline
pressure ratio and pitchline sector pressure ratio was critical at (PtO/Psl)3’1=
2.1, and the the root sector was well over critical at (PtO/Psl)1 L = 2,7. The
integrated flow at this maximum flow condition was 191.02. #/sec which was 0.48%
higher than the simple one-dimensional flow calculation.

In an alternate calculation method, it was assumed that the respective sec-
tor flows decreased as the sector pressure ratio exceeded the critical value.

When the station pitchline pressure ratio was 1.6, the root sector reached the
critical value. As the station pitchline pressure ratio is increased to 1.89,

the root and root-pitch sector flows are decreasing whereas the pitch, tip-pitch,
and tip sector flowa are increasing. The integrated flow at this condition was
189.15 #/sec which was .51% lower than the simple one-dimensional flow calculation.
The maximum flow was calculated at a condition before the tip sector was critical
where the decrease in flows in the root, root-pitch, and pitch sectors offset

the increase in flows of the tip-pitch, and tip sectors. This maximum value was
189.3 #/sec which was .43% lower than the simple one-dimensional calculation.

In comparing the two calculation methods at the stator exit station, the
maximum flows as calculated from either method are + 0.5% from a simple one-
dimensional flow method. Thus, proof of validity of a calculation procedure
based on test evidence of measured flow will be difficult. The unknown flow
coefficient could be in error by 1/2% to offset the difference in calculation
.methods.

Shown in Figure 7 and Figure 8 are the rotor eéxit flow calculations for
Test Case 1. Shown in Figure 7 are the results of.the rotor flow calculation in
each sector as a function of the sector relative inlet total pressure to static
pressure ratio. The solid lines indicate the flow through the respective sectors.
Only one branch is shown because for the example selected the stator chokes first
and limits the flow. The dashed lines indicate the radial distribution of sec-
tor pitchline pressure ratio. Figure 8 indicates the total stage flow as a
function of stage inlet total pressure to static pressure ratio. To test the
effect of the assumption of fixed area sectors on the continuity integration, the
three test cases as previously indicated in Figure 2 were evaluated from a flow
continuity viewpoint. Results similar to Figures 5 through 8 were obtained, how-
ever, no appreciable effect was observed on the stator station weight flow or

the stage weight flow.
13



The selected method for station choke determination was that sectors with
pressure ratio greater than the pitchline sector pressure ratio have supersonic
flow decrease up to the maximum pitchline sector flow function. Thereafter the
pitch sector and sectors with pressure ratio greater than the pitch sector have
a constant flow function with effective area increase. Subscnic sectors have a
weight flow increase after the pitch sector pressure ratio for maximum pitch sec-
tor flow function up to local sector maximum flow function. Because of the sector
efficiency ternlq?s ornq r, the maximum flow function occurs at a pressure ratio
slightly less than the sonic pressure ratio.

3.2,7 Effective Area Relatidnship - The basic calculation procedure is

based on the flow continuity calculation stations placed between the blade rows
at the trailing edge. TFor subsonic pressure ratios, the effective flow angle

is held constant at the input radial distribution, or the effective flow angle

is calculated from the passage area with a flow coefficient applied to the throat
and an annulus area change between the throat station and the exit station. The
equation relationship between the passage area and the effective angle is:

Stators:

-1
G = * # TT * ﬁ’ 1
11,k cos (ndosi,k Cfsi,k) (Se/Sth)k Dpli,k ?7Si,k

-

Rotors:

-1 W
= % * % 7
Bzi,k cos (ndori’k Cfri,k) _(Re/Rth)k IT Dpz]._,k ﬁ,47ri,k;

po |
n* do * Cf * hth = TL * Dp * h * cos{*v/rl
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Thus with the use of a flow coefficient and a velocity coefficient, it
is assumed that the flow is isentropic to the throat, and the expansion loss
occurs between the throat and the exit. There is no provision for an annulus
blockage.

3.2,8 Semi-Perfect Gas - The equations of motion, as utilized in the pro-~

gram, are based on a constant molecular weight. The energy absorbed does not
account for any heat released due to composition change. Thus the gas constant
RG is not a function of temperature or pressure. Provision is made to input
the gas constant, or an option is provided to calculate the gas constant for

mixtures of air, JP4 fuel and water vapor.
RG = 53.35045 + (.658 * Fyiy + 32.433 * Waiy) //(1. + Fair + Waiyp)

Thus for Fyiy = 0. and Wiy = 0., the standard value for dry air is obtained.
The specific heat at constant pressure for a mixture of products of com-

bustion of JP4 fuel in air can be determined as féldows
Cpg = (Cpa + Cpf * Foir + Cpw * Wy5.0) // (L. + Fair + Waip)

A polynomial curve fit versus temperature is provided for the specific heats

as shown in the following table.
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T(°R)

100

200

300

400

500

600

700

800

900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2600
2800
3000
3200
3400
3600
3800
4000

Cpa

Curve
Value Fit
.2392 . 2404
.2392 .2391
.2392 .2385
.2393 .2386
.2396 .2393
L2403 .2405
L2416 L2421
L2434 L2442
.2458 .2465
. 2486 L2491
.2516 .2518
.2547 L2547
.2579 .2577
.2611 .2606
L2642 .2636
L2671 .2665
.2698 .2693
.2725 .2720
.2750 .2746
L2773 L2771
.279% .279%
.2813 .2815
.2831 .2835
.2848 .2853
.2878 .2885
.2905 .2912
.2929 .2934
.2950 .2952
.2969 .2967
.2986 .2982
.3001 .2996
.3015 .3009

Value

.3873
.4330
L4728
.5064
.5344
.5591
.5819
.6031
.6230
6422
.6608
.6791
.6969
.7142
.7313
. 7480
. 7640
.7790
.7937
.8077
.8211
.8459
.8678
.8867

16

Cof

Curve

Fit

.3877
4334
4722
.5054
.5341
.5596
.5825
.6035
6234
L6424
.6608
.6788
.6966
.7140
L7311
L7477
.7638
.7793
L7941
.8081
8214
.8457
8674
.8869

Cpw

Curve
Value Fit
4421 L4418
L4439 L4439
L4473 4477
L4527 L4529
.4592 .4593
L4667 .4666
L4448 L4745
.4833 .4829
.4920 .4918
.5008 .5008
.5099 .5101
.5191 .519%
.5285 .5288
.5380 .5382
.5476 .5476
.5570 .5569
.5663 .5661
.5754 .5752
.5843 .5842
.5929 .5929
.6013 .6014
.6172 L6173
.6318 .6317
.6450 .6450



Curve
T(°R) Value _Fit
4200 .3029 .3023
4400 .3041 .3038
4600 .3052 .3052
4800 .3063 .3066
5000 .3072 .3078
5200 .3081 .3088
5400 .3090 .3095
5600 .3098 .3099
5800 .3106 .3102
6000 .3114 .3106
6200 .3121 .3115
6400 .3128 .3136
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The specific heat ratio for the mixture can be determined as follows:

yg = (Cpg/Cpg - RG))

3,2.9 Conservation of Angular Momentum. - The basic calculation for the

equations of momentum, continuity and energy are performed at the stator exit
station and the rotor exit station. The calculation at the following rotor
inlet station and stator inlet station is primarily to find the incidence angle
and inlet Mach number for the loss calculation. Because of a possible shift

in sector pitchline diameter due to the flow path slope between the blade row
exit and the following blade row inlet, the tangential compoment of velocity

is adjusted inversely proportional to diameter to comserve angular momentum.

Vula = Vul * Dp1/Dpia
Vugp = Vup * Dpy/Dp2a
3.2.10 Continuity Adjustment. - The axial component of velocity is adjusted

for the annulus area change and density change between the blade row exit and
the following blade row inlet as well as any weight flow injected between the
stations. The continuity adjustment is the only allowance made for the injected
weight flow. There is no provision for injection losses, temperature depression
due to mixing, or energy extraction of the injected weight flow.

Vzp = Vz1 ¥ /gl//glA %® Al/AlA * RngA/Rng

= * % %
Vz,, = Vz, 52//22A A2/A2A 4 ngzA/ng2

3.2.11 Conservation of Relative Total Conditions. - As the gas flows from

the rotor inlet to the rotor exit station, there may be a radial shift in pitch-
line diameter, and in the relative coordinate system an additional work term
appears due to the radial outflow or inflow. From the energy equation, the
relative total temperature is adjusted proportional to the difference in wheel

speed squared.
Ttr, = Ttr,, + [(Uz)z - (U )ﬂ(ZgJCp )
2 1A 1A 1A
The relative total pressure is isentropically adjusted for the relative total

temperature change. y1A

1A - 1
= * 4 .
Ptr, = Ptr,, (Ttrz/TtrlA)

Thus, there is no loss associated with the relative total pressure change across

the rotor due to radial flow shifts.
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&3.2.12 Profile Averaging - In order to provide an index of stage performance

with a radial profile of total temperature and total pressure, stage exit average
conditions P and T are determined based on a weighted average enthalpy and entropy
from the radial sectors. The next stage inlet conditions may be taken as uniform
at the average value, the radial sector profiles may be used, or a third option

"smooths" the total pressure profile

which keeps the total temperature profile and
may be used. The next stage stator entrance loss is calculated from the previous
swirl angle profile in all cases.

The average total temperature at each stage exit is determined by a mass

weighted average of each sector total temperature.

- T zmgi) T:(i)
t N
t pitch M Ttpitch

The average total pressure at each stage exit is determined from a mass

weighted average entropy of each sector.

- (power)
= 3
Pt Ptpitch T

where

. , ) T ' .
Power =E£“—£l—) % Qn fE.(L + zl Z m(i) . —t() _2 mbil) . Qn Tt (1)
M Ptpitch Y- M TtpitCh Ttpitch

For the third option which keeps the total temperature profile and "smooths

the total pressure profile, the pressure profile is obtained by setting the sec-

tor entropy equal to the average entropy.
2
- .77l

4.0 PREPARATION OF COMPUTER PROGRAM

4.1 Objective - The digital computer has provided a valuable engineering

analysis tool to determine the internal and overall performance of axial flow

turbines. The specific objectives of Task II of this program are to prepare a
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digital computer program to be written in.Fortran IV computer language com-
patible with the Lewis Research Center IBM directly coupled 7094-44 computer.
The analysis equations, flow charts of the subroutines, and a listing of the
Fortran IV source program statements are included in this report as Appendices
1, 2, and 3.

4,2 Computer Program Organization - The analysis equations, flow charts of

the program, and a listing of the Fortran IV statements are presented in Appen-
dices 1, 2, and 3. The program has been written as twenty-three (23) subroutines
called in sequence by a main control program. The functions of the various sub-
routines are as follows:

NTCP - Main Calling Program

This routine controls the flow of the program calling the input routine, com-
puting stations, and output routines as needed. It increments the stage number
and tests for the last stage of the turbine. When it finds the end of the turbine
it calls for overall performance output and interstage performance output, tests
for axial Mach number limit, pressure ratio increment, previous choke, modifies
the proper upstream pressure ratio and resets the stage number, blade row number,
etc., to start over.

INIT - Initialization

The initialization routine calls the input routine, tests the stage loss indicator
to store stage one (1) loss input data in fdllowing stages, sets up sector height,
pitch diameter, annulus area, wheel speed, tests for angle input, converts angles
to radians, and sets the index registers and forks.

INPUT - Read Input

The INPUT routine reads in basic input and stage input by '"NAMELIST'". Stage input
is assigned to its proper location by comparison against the dummy word, BLANKS,
to see if the element is input.

STAOL - Station 0-1 (See Figure 1 for station designation.)

This routine performs the calculations associated with the first stator entrance
loss and establishes the turbine weight flow. FLOWl is called for each sector flow.

FLOWL - Flow 1

The FLOWL routine calculates the flow in a stator exit sector. It is called by STAO1
or STAl (depending on whether this is the first stage or not). Supprsonic weight
flow decrease for supercritical sectors up to pitch sector critical pressure ratio
and constant supersonic weight flow function with cosalE correction after the

pitch sector is critical are handled in this routine.
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L0SS1 - Loss 1

The LOSS1 routine computes stator efficiency from stator loss coefficient as a
quadratic polynomial function of stator incidence angle.

R ~ Gas Constant

A number of thermodynamic subroutines are called by those routines already des-
¢ribed: Subrdutirde R is a simple routine fotr the gas constant, for the products
of: combustion of JP4 fuel, and/or water vapor in standard air.

GAMMA - Specific Heat Ratio

A simple routine for the specific heat ratio, for the products of combustion of
JP4 fuel, and/or water vapor in standard air.

CPA - Constant Pressure Specific Heat, Air

A simple seventh order polynomial curve fit of specific heat at constant pressure
for air at low pressures., Limits (100 < °R < 6400).

CPF - Constant Pressure Specific Heat, Fuel

A simple seventh order polynomial curve fit of specific heat at constant pres-
sure for burned JP4 fuel. Limits (400 < °R < 3000),

CPW - Constant Pressure Specific Heat, Water - A simple seventh order poly-

nomial curve fit of specific heat at constant pressure for water vapor at low
pressures. Limits (400 & °R < 3000),
PRATIO - Pressure Ratio

A routine to find the subsonic pressure ratio consistent with a flow function per
unit area. A successive iteration technique is employed to solve the transcen-~
dental equation within a tolerance 'Prtol".

CHECK - Error Check

A routine to test the sense lights and set Prever = .True. if a light was on.

STALA - Station 1A

Routine STAlA computes the inlet flow conditions relative to the rotor and deter~
mines the rotor inlet recovery as a function of rotor incidence angle. The
tangential component of velocity is adjusted to conserve angular momentum and the
axial momentum of velocity is adjusted for weight flow change, area change and
density change from STAl.

STA2 - Station 2

This routine performs the rotor exit flow continuity integration, corrects total
conditions for diameter change and checks for a choking condition. The check is
performed by calling the LOOP subroutine. If no choke exists and the calculation

is not on a choke iteration, the program proceeds to the next stage. If the wanted
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flow is greater than the critical flow, the return from LOOP transfers control .
back to the main program to perform the necessary iteration.

FLOW2 - Flow 2

A routine similar to FLOWl to calculate the flow in a rotor exit sector for STA2.

1.0SS2 - Loss 2

A routine similar to LOSS1 to compute rotor efficiency from rotor loss coefficient
as a quadratic polynomial function of rotor incidence angle.

LOOP - Lodp Iteration

Because of the complex logic for iteration to obtain the exact choke point and
reducing the interval when a multiple choke occurs, a separate routine has been
established to handle the bookkeeping. Routine LOOP is called from the rotor
exit stations and the following stator exit stations. Eight possible conditions
may arise during the calculation: (1) underflow, (2) no choke, (3) initial choke
detection, (4) choke iteration now sub-critical, (5) choke iteration super-criti-
cal again, (6) multiple choke, (7) choke iteration complete, (8) supersonic.,

STA2A - Station 2A

This routine computes the inlet flow conditions to all stators after the first

and computes stator inlet recovery as a function of stator incidence angle. Stage
exit average conditions Tt and Pt are determined based on an average weighted
entropy. Three options for an entrance profile are available. Conservation of
angular momentum and continuity are similar to STAIA,

STAl - Station 1l

For other than‘the first stator, this routine is used to compute stator exit flow
continuity and check for a choking condition. Operation is similar to STA2.

OVRALL - Overall Performance

A routine to compute overall performance output and some key hub and casing values.

INSTG ~ Interstage Performance

A routine to compute each blade row interstage performance output. For three sec-
tors or less, hub and casing values are also computed based on free-vortex
distribution.

WOUT ~ Write-out

A routine to write out the interstage performance data from INSTG.

DIAGT - Diagnostic

A routine to diagnose some key parameters when an error in encountered.

PHIM - Phi Maximum

A routine to find the pressure ratio at the maximum flow function per unit area.
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4.3 Input - The NAME heading card and TITLE heading card are transmitted

as a BCD record by the general 1/0 statement:

READ (i,n)list

where i=5
n = Format number

list = 60 character alphameric field

The two heading cards are read for each case.

The stage input is read in via:
NAMELIST/DATAIN/

which is referenced by a READ statement. The input data must meet the specifi-
cations of the NAMELIST statement format.

One block of memory to hold one stage of data is set to the dummy word,
BLANKS, before each stage is read. FEach stage is headed by ¢ DATAIN, starting
in column (2). After each stage is read in, the elements are compared against
BLANKS to see if the element is input. If the element is BLANKS, the element is
set to 0.0 for input printout. If the element is not BLANKS, the proper number
stage value is set to the element via an EQUIVALENCE system. Data input in a
previous case remains in memory for succeeding change cases until it is altered
with a new input element.

4.3.1 Options

A. Type Case - Two type input cases are available.
1.0
0.0

Basic input case, Stgch

il

Change type case, Stgch
If an input error occurs in a basic type case, change type cases will be skipped
until the next basic type case is reached.

B. Gas Properties - The gas constant RG and the specific heat ratio GAMG may be

input or calculated by the program. RG is tested to set the fork yF.

C. Flow Area - Geometry may be input as a passage distributed area or the vector

flow angle. SDEA (1) of stage 1 is tested for the stator and RDEA (1) of stage 1

is tested for the rotor.
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D. Loss Method - Two options to incorporate loss are provided in an expansion

kinetic energy coefficient-inlet recovery coefficient method, and a total pres-
sure loss coefficient method. STPLC (1) of stage 1 is tested for the stator and
RTPLC (1) of stage 1 is tested for the rotor.

E. Stage Loss Indicator - An indicator SLI is tested to store stage one (1)

efficiency, recovery, flow coefficient, and test factor in following stages if

they are to be constant throughout the turbine.

F. Profile Averaging - A fork PAF is tested to set the next stage inlet value as

follows:
0 - uniform average profile

1 - use exit leaving profile

2 - smooth pressure profile
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4.3.2 TInput Sheet.

START ALL INPUT CARDS

NAME

TITLE

$DATAIN STAGE= ’
STGCH= ’
TTIN= sPTIN=
PTPSs= +DELC=
STG= s SECT=
RG= s PAF =
RPM= 2 VCTD=

PCNH= ’
5TA. O STA. 1

GAMG=
DR=

v/
—
It
> W e »

RWG=

TURBINE COMPUTER PROGRAM
STANDARD OPTION
INPUT SHEET

IN COLUMN 2

sWAIR= sFAIR=
sDELL= s DELA=
yEXPN= s EXPP=
sSLI s AACS=
+sENDJOB= s ENDSTG=

INLET RADIAL PROFILE

° b4 9 4

AXTIAL STATIONS
STA.1A STA. 2 STA. 2A

> e @ e
. W w e
. b 0w e
- w e

STATOR RADIAL DISTRIBUTIONS

ROOT Pl

sDIA=
SDEA=
SREC=
SETA=
SCF=
SPA=
SESTH=

D Y IR Y I

TCH TIP (FOR THREE SECTORS)

T IR BV I T
[ AT T R e
A T TR IR SR A
v W W e e e

ROTOR RADIAL DISTRIBUTIONS

ROOT PI

RDIA=
RDEA=
RREC=
RETA=
RCF=
RPA=
RTF=
RERTH=

[P R R I

ENDJOB= ’
ENDSTG= $

TCH TIP (FOR THREE SECTORS)

[PV IR T R I )
v w W e v w
P A R Y
PR I I

ENDJOB=1.0 IF LAST CASE
ENDSTG=1.0 IF LAST STAGE
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TURBINE COMPUTER PROGRAM
LLOSS COEFFICIENT OPTION

USE THIS SHEET TO SUPPLEMENT NORMAL STAGE INPUT SHEET

START ALL INPUT CARDS IN COLUMN 2
REPLACE SREC AND SETA CARDS WITH FOLLOWING 9 CARDS

ROOT PITCH TIP (FOR THREE SECTORS)

STPLC=
SINR=
SINMX=
SCPs=
SCPC=
SCPQ=
SCNS=
SCNC=
SCNQ=

R I A L R R TR P SR )
N I R Y SRR I

R I L RV I RV ST )
I I TR R R R S )
"I Y L Y IR B JEY TRV

REPLACE RREC AND RETA CARDS WITH FOLLOWING 9 CARDS

ROOT PITCH TIP {FOR THREE SECTORS)

RTPLC=
RINR=
RINMX=
RCPS=
RCPC=
RCPQ=
RCNS=
RCNC=
RCNQ=

C R I IR TR TR SRRy
A IR BT Y N R Y TRV SR
N R Y Y I U BRIy
D I T T Y SRRV R
W e W W Y W
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4.3.3 - Input Nomenclature

NAME @ 60 character name and date card

TITLE @ 60 character title card

$DATAIN NAMELIST name
STAGE Stage idéntification number
STGCH Stage change (l-basic; .0-change case)
TTIN Inlet. total temperature (°R)
PTIN Inlet total pressure (psia)
WAIR Water/air ratio¥*
(Omit with RG & GAMG input)
FAIR Fuel/air ratio*
PTPsS Starting pitchline pressure ratio (Ptg/Psy).
DELC Increment to first blade row choke
DELL Increment from first to last blade row choke
DELA Increment to annulus choke
STG Number of stages( 8 maximum )
SECT Number of sectors ( 6 maximum )
EXPN Cosine exponent, negative incidence
EXPP Cosine exponent, positive incidence
RG Gas constant, ( ft.-1bs./1b.°R )
PAF Profile averaging fork (0-uniform; l-profile; 2-smooth pressure)
SLI Stage loss indicator (0O-stage data input; 1-all stages egual)
ANCS Annulus area choke stop
RPM Speed (rpm)
vCaTD Vector diagram interstage output
ENDJOB End of job
ENDSTG End of stages for this case
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PCNH

GAMG
DR
DT

RWG

SDIA
SDEA
SREC
SETA
SCF
SPA

SESTH

RDIA
RDEA
RREC
RETA
RCF
RPA
RTF

RERTH

ENDUOB

ENDSTG

Percent station height distribution

Specific heat ratio (yg)

Diamet

Diamet

Ratio

Stator

Stator

Stator

Stator

Stator

Stator

Stator

Rotor

Rotor

Rotor

Rotor

Rotor

Rotor

Rotor

Rotor

End of

End of

er root (in.)
er tip (in.)

of flow to inlet flow

design inlet angle (Qo) (°referen¢e from axial)
design exit angle (@1) (°reference from axial)
recovery coefficient Cﬂs%pt)
efficiency coefficient (1s)
flow coefficient (Cfs)

passage area per unit height (n"do",in.2/in.)

exit stator throat height ratio.

design inlet angle (BlA) (°reference from axial)
design exit angle (B2) (°reference from axial)
recovery coefficient, CQrgx)Q

efficiency coefficient (f|r)

flow coefficient (Cfr)

passage area per unit height (n"do",in.z/in.)
test factor

exit rotor throat height ratio.

job.

stages for this case.
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STPLC Stator optimum total pressure loss coefficient
SINR Stator incidence range

SINMX  sStator incidence maximum value

SCPS Stator coefficient positive square term
SCPC Stator coefficient positive cubic term
SCP@ Stator coefficient positive quartic term
SCNS Stator coefficient negative square term
SCNC Stator coefficient negative cubic term
SCNQ Stator coefficient negative quartic term

RTPLC Rotor optimum total pressure loss coefficient
RINR Rotor incidence range

RINMX Rotor incidence maximum value

RCPS Rotor coefficient positive square term
RCPC Rotor coefficient positive cubic term
RCPQ Rotor coefficient positive quartic term.
RCNS Rotor vcoefficient negative square term
RCNC Rotor coefficient negative cubic term
RCNQ Rotor coefficient negative quartic term.
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4.4 Overall Performance Qutput. The results of each case of data are precede

by a listing of the input used for that case. For a change type case in which mos
of the input data is a carry-over from the previous basic input case, only the-ing
for that case is printed. Carry-over input from the previous basic input appears
as zero. The output is headed with a program title and two lines of NAME and TITI
identification which were entered with the input. The output will be listed as

fixed-point decimal with each line identified at the left. There will be as many
columns of output as there are stages computed. The turbine overall values are i1

vidually identified at the bottom of the stage answers.

4.4,1 - Overall Performance Nomenclature

TURBINE COMPUTER PROGRAM

NAME

TITLE

CASE I« SUBCASE IS
STAGE PERFORMANCE
STAGE 1 STAGE 2 STAGE 3 STAGE 4

TT7 O Stage inlet total temperature (°R).

PT O Stage inlet total pressure (psia)

WG O Stage inlet weight flow (1lbs/sec.)
DEL H Stage energy output (BTU/1bs)
WRT /P Stage corrected weight flow function

DH/T Stage energy function

N/RT Stage corrected speed

ETA TT Stage total to total efficiency
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ETA TS
ETA AT
PTO/PS1
PTO/PT2
PTO/PS2
PTR1A/PS2
TT2/TTO
TTR1/TTO
PS 1

TTR 1

PTR 1

TT 2

PT 2
UP/VI
UR/VI
PSI P
PsI R
RX P

RX R
ALPHA O
I STATOR
BETA 1A
I ROTOR
ALPHA 2

DBETA R

Stage total to static efficiency

Stage total to axial total efficiency

Stage stator pitchline pressure ratio

Stage total pitchline pressure ratio

Stage total-static pitchline pressure ratio

Stage rotor pitchline pressure ratio

Stage total pitchline temperature ratio

Stage rotor inlet pitchline relative total temperature ratio
Rotor inlet pitchline pressure (psia)

Rotor inlet pitchline relative total temperature (°R)

Rotor inlet pitchline relative total pressure (psia)

Stage exit pitchline static pressure (psia)
Stage exit pitchline total temperature (°R)
Stage exit pitchline total pressure (psia)
Pitchline wheel speed to isentropic velocity ratio.
Root wheel speed to isentropic velocity ratio
Pitchline kinetic energy loading parameter
Root kinetic energy loading parameter
Pitchline reaction ratio

Root reaction ratio

Stator inlet gas angle

Stator inlet incidence angle

Rotor inlet gas angle

Rotor inlet incidence angle

Stage leaving swirl angle

Rotor root turning angle
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M1

M1 RT

MR 1A
MR1A RT
MR 2

MR2 TIP
E/TH CR
N/RTH CR

WRTHCRE/D

Psl P
PSI R
DEL H
WRT /P
N/RT
DELH/T
PTO/PT2
PTO/PS2
PT/PAT2
ETA T7
ETA TS
ETA TAT
WNE/60D
N/RTH CR

E/TH CR

Stator exit pitchline Mach number

Stator exit root Mach number

Rotor inlet pitchline‘relative Mach number

Rotor inlet root relative Mach number

Rotor exit pitchline relative Mach number

Rotor exit tip relative Mach number

Stage equivalent emergy, corrected to standard inlet :critical velo
Stage equivalent speed, corrected to standard inlet critical veloci

Stage equivalent flow, corrected to standard inlet critical velocit

OVRALL PERFORMANCE
Overall pitchline kinetic energy loading parameter
Overall root kinetic energy loading parameter
Overall energy output (BTU/1b.)
Inlet corrected weight flow function

Inlet corrected speed

Overall energy function

Overall total pressure ratio

Overall total static pressure ratio

Overall total to axial total pressure ratio
Overall total to total efficiency

Overall total to static efficiency

Overall total to axial total efficiency
Inlet equivalent flow speed parameter

Inlet equivalent speed

Overall equivalent energy
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4,5 Interstage Performance Qutput. The interstage performance output is

obtained when VCTD = 1.0. Because of the large volume of output, it is not generally
recommended when DELC, DELL, and DELA are non-zero in the course of generating an en-
tire turbine map. It is generally useful for obtaining detailed output at specific
operating points. One page of output is obtained for each blade row in the turbine.
Detailed radial distribution of vector diagram conditions as well as state properties
and loading as expressed by incompressible forms of Zweifel parameter and pressure

coefficient normalized by exit conditions.

4.5.1 - Interstage Performance Nomenclature.

TURBINE COMPUTER PROGRAM

NAME

TITLE
CASE I« SUBCASE IS

INTER-STAGE PERFORMANCE

STA O STATOR INLET

DIAM 0 Diameter (in)
TT © Total Temperature (°R)
pr 0 Total Pressure (psia)
ALPHA O  Absolute Angle (°)
I STATOR Inaidence Anglte (°)
v 0 Velocity (ft/sec)

vU 0 Tangential Velocity (ft/sec)
vz 0 Axial Velocity (ft/sec)

78 O Static Temperature (°R)
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PsS 0O

DENS O

STA 1

DIAM 1

ALPHA 1

DEL A

vZ 1

TS 1

PS 1

DENS 1

ZWI INC

cP s

Static Pressure (psia)
Static Density (lb/ft3)

Mach Number

STATOR EXIT

Turning Angle (°)

Zweifel Parameter, Incompressible

Pressure Coefficient, Incompressible
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TURBINE COMPUTER PROGRAM
NAME

TITLE
CASE [+ SUBCASE IS

INTER-STAGE PERFORMANCE

STA 1A ROTOR INLET
DIAM 1A

PTR 1A Relative Total Pressure (psia)

TTR 1A Relative Total Temperature (°R)
BETA 1A  Relative Angle (°)
I ROTOR Incidence Angle (°)

R 1A Relative Velocity (ft/sec)
RU 1A Relative Tangential Velocity (ft/sec)

U 1A Wheel Velocity (ft/sec)

STA 2 ROTOR EXIT
PIAM 2
BETA 2

DBETA Turning Angle (°)

RU 2

MR 2 Relative Mach Number
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RX

DELH

PSI P

ETA TT

ETA
ETA

ZWI

CcP

PT

TT

vu

ALPHA

MF

vZ

TS

PS

DENS

TS

AT

INC

2A

2A

2A

2A

2A

2A

2A

2A

2A

2A

2A

Reaction

Energy (BTU/1b)

Energy Loading Parameter

Efficiency Total - Total
Total - Static

Total - Axial Total

Axial Mach Number
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4.6 Techniques

4.6.1 PRATIO - The subroutine PRATIO determines the pressure ratio which
is consistent with a flow function per unit area. Since the relationship is a
transcendental function of Mach number, a successive iteration is employed.

From the compressible flow properties:

—r
27 -1

Pt/Ps = (1. + 1—— M) (1)

and

WVTt/Pty = M \yg/R \[Tt/Ts (Pe/ps)t (2)

solving (1) for M and substituting into (2)

\/ y -1 22y
w\Te/pe, = \2g//R (r-1.) \(pt/ps) T Pe/Ps) 7 ®t/ps) 7 (3)
or
1
' - .zt
WATE/Pt, \®/28) [(-D)/] = £0n = J(Pt/Ps) 7 - @e/es) 7 (%)
Therefore:

The function of Mach number calculated from the fight side of Equation (4)
minus the function of Mach number calculated from the left side of Equation (4)
approaches zero error as Pt/Ps approaches the correct answer.

An upper limit is set at the critical value and a lower limit is set at
unity. An average value is selected and Equation (4) is computed. If the error
in the function is positive, Pt/Ps trial is too large, the upper limit is reduced
to the previous trial value, a new average value is selected and Equation (4)
is recomputed. If the error in the function is negative, Pt/Ps trial is too small,
the lower limit is increased to the previous trial value, a new average value is
selected and Equation (4) is recomputed. The iteration is complete when pressure

ratio error Pt/Ps - Pt/Ps is less than tolerance Prtol.

previous trial
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4.6.2 TPHIM - The subroutine PHIM determines the pressure ratio at which

the flow function is a maximum including the efficiency of expansion ¢ or

R This critical pressure ratio is then used for the supersonic overexpan-
sion criteria.
From the definitions:

" v2/2gJCpTt

s 1 - (/%)

The flow function per unit area becomes

y=-1
WVTE/REA = V@) 7 /G- VA - 1/¢>/[¢] a - - we))

with a substitution of variables.

Let

x=MNa - 1/9)

the derivative of flow function with respect to X evaluated at zero yields

X=-B - V B2 - 4AC /2A

where

¢ = M
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4.6.3 Station Continuity - The continuity of weight flow at a stator exit

station and a rotor exit station is handled by a summation of sector flows. A
starting value of the pitch sector pressure ratio is the one-dimensional value
obtained from subroutine PRATIO. Simple radial equilibrium is then used to
determine the pitchline pressure ratio of the adjacent sectors until the hub and
tip sector weight flows are complete, The calculated total weight flow is com-
pared with the desired weight flow and the error in weight flow is compared with
a weight flow tolerance. The iteration to reduce the error to less than the
tolerance is handled similar to PRATIO. A lower limit is set at unity and an
upper limit is computed on each pass to produce critical flow in the low pressure

ratio sector, based on the radial pressure gradient of the previous pass:

Pt/Ps pitchline upper limit _ Pt/Ps previous pitchline
Pt/Ps critical Pt/Ps previous limiting sector

An average value is selected for the pitch sector pressure ratio and the total
weight flow from all the sectors is computed. If the error in weight flow is
positive, Pt/Ps trial is too large, the upper limit is reduced to the previous
trial value, a new average value is selected and the total weight flow from all
the sectors is recomputed. If the error in the weight flow is negative, Pt/Ps
trial is too small, the lower limit is increased to the previous trial value,

a new average value is selected and the total weight flow is recomputed. The
iteration is complete when the error in weight flow lweight flow calculated -
weight flow wanted| is less than tolerance Wtol.

4.6.4 TForks and Indicators

A. PRPC - Indicator for pressure ratio at pitchline, critical. Initialized
at 0.0 in INIT, set at 1.0 in FLOWl or FLOW2 when pitch sector first exceeds
critical and is reset to critical, set at 2.0 in FLOW1l or FLOW2 after critical.
Reset by STAL or STA2 to 0.0 when pitch sector pressure ratio is less than
critical. Main program saves PRPC in CS(K) or CR(K) and resets PRPC on next
calculation.

B. PREVER - Logical constant for previous error. Set .FALSE. at beginning of
MAIN program. Set to .TRUE. by CHECK when a sense light is on. Set to .TRUE.

by subroutines at known errors. Tested by MAIN to end case calculation.
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C. MFSTOP - Axial Mach number limit set in STA2A at Mf2A pitchline/AACS. Thus,
when AACS < 1.0, calculation can be stopped before annulus area choke is reached.
D. JUMP - Fork set by LOOP to indicate whether subecritical path or supercritical
path. Set at 0 in LOOP for no-choke or choke iteration complete. Set at 1 in
LOOP for choke iteration. Tested in the MAIN program to go to next calculation
station or go by on choke iteration.

E. LOPIN - Fork set in MAIN program at entry to each calculation station to
indicate previous calculation was previous upstream station (LOPIN = 0), or a
downstream station on a choke iteration (LOPIN = 1). Tested by STAl and STA2 to
bypass initial starting pressure ratio calculation and continuity iteration on
station where choke previously occurred.

F. SCRIT - Indicator set by FLOWl or FLOW2 that station critical flow has been
reached when the last sector exceeds critical. Initialized to 0.0 at beginning
of STAO1, STA2, and STAl on each entry. Tested by LOOP for subcritical or super-
critical branch.

G. PIRN - Indicator that a negative sector pressure ratio has been reached due
to the inlet total pressure profile and the exit static pressure profile.

H. WTOL - Weight flow error tolerance used in STA2 and STAl. When the change
in pressure ratio produces a pressure ratio error which is less than a pressure
ratio tolerance PRTOL, howewver, the weight flow error is still larger than the
weight flow tolerance WIOL, a choked condition is assumed and a choke iteration
is started.

I. RHOTOL -~ Density error tolerance used in STALA and STA2A to correct axial
velocity.

J. PRTOL - Pressure ratio tolerance used in PRATIO iteration and STA2 and STAl
continuity iteration. Tested by LOOP for accuracy of choke point calculation.

K. TRLOOP - Switch for an output trace of the LOOP iteration. The calculation

station writes:

Wgtz,Wgtzc,Wgz(i = i,Isect),Pt/Psz(i = 1,Isect)
(2 is replaced by 1 for station 1)
Then LOOP writes:
IBRC,LBRC, TSORR, KN, LSTG, IPC, ISS, ICHOKE, JUMP, LBRCS, ISORRS, LSTGS

SPTPS, Pty/Ps, ,DELPR, DELL, SCRIT, LOPC
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LSTG - Last stage completed.

. LBRC - Last blade row completed.

IBRC - Index of present blade row counter.

ICHOKE - Iteration on choke (0 - no choke).

. ISORR - Stator or rotor index (1 - stator, 2 - rotor).

PTOPSI(IP,K) - Computed memory location of pitchline pressure ratio. Since

PTRS2 follows PTOPI1 in memory order, the rotor pressure ratio can be obtained by

an index on the stator pressure.

S.

TRDIAG - Switch for an output trace of an intermediate calculation diagnostic.

T
U
Vv

. SC - Stator choke indicator. Set equal 1. when first stator is critical flow.
. RC - Not used.
.__DELPR - Pressure ratio increment. Set to DELC by INIT, set to DELL by MAIN

program after first stator has critical flow, set to DELL by LOOP when choke

iteration is complete and DELA on last rotor. On initial choke detection and

choke iteration:

DELPR

1/2 DELPR

On multiple choke:

W

DELPR 1/4 DELPR

. PASS - Indicator that one calculation has been completed. Tested by LOOP

to reduce pressure ratio by DELPR = DELC if initial pressure ratio is over

critical.

X.

IPC - Indicator for previous choke completed. Set by LOOP equal to IBRC on

choke iteration completion. Tested by LOOP to determine multiple choke. Reset

to zero by LOOP on multiple choke detection at reduced pressure ratio.

LOPC - LOOP counter,

Y.
Z

. ISS - Indicator for super-sonic pressure ratios. Set by LOOP to IBRC on

choke iteration completion. Tested LOOP to find upstream station after flow is

choked.

4.7 Program Operation - The program was written in FORTRAN IV primarily

for the IBM 7090/7094 IBSYS operating system - version 12. The system and the
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object program do not exceed the capacity of core storage so that an "Overlay"
is not required and no special tape units are called.

4,7.1 Tape Unit Assignment

A. Normal operation - no source.

Logical IBSYS
Unit Name Function
01 SYSUT1 System Utility Unit 1
02 SYSUT2 System Utility Unit 2
03 SYSUT3 System Utility Unit 3
04 SYSUT4 System Utility Unit 4
05 SYSIN1 System Input Unit
06 SYsoul System Output Unit
SYSLB1 ISBYS system and library

B. Compiler Operation - source, deck.

Above units and additional

07 SYSPP1 System Peripheral Punch

4.7.2 Loader Deck Names - The deck names were selected as four or less

alphameric characters, rather.than use the six characters subroutine name.
Since the identification punched by the compiler in Column 73-80 is the first
four characters of the deck name, identification symbols were stripped from
FLOWl, FLOW2, STAOLl, STAlA, and STA2A in the object deck when the subroutine

name was used.

5.0 ANALYSIS OF NASA REFERENCE TURBINE

In order to demonstrate the use of the computer program the turbine
performance map was calculated for the design of Reference 2. The turbine

geometry as provided by Lewis Research Center are shown in the following table.
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NASA REFERENCE TWO-STAGE TURBINE

TTIN = 700°R

NAI—Ej = 60 — 120 percent design (N = 5041 rpm)

PTIN = 34.9 in. Hg

STG = 2

SECT =5

RG = 53.3

PCNH = .2, .2, .2, .2, .2

STAGE 1

GAMG 1 = 1.40, 1.40, 1.40, 1.40, 1.40

DR 1 = 19.110, 19.110, 18.969, 18.406,
18,265

DT 1 = 28.000, 28.000, 28.141, 28.704
28.845

RWG 1 =1., 1., 1., 1., 1.

SDIA 1 = .0, .0, .0, .0, .0

SDEA 1 = --cmmmmc e e e

SREC 1 =

SETA 1 =

SCF 1 =

SPA 1 = 22.140, 26.035, 30.135, 34.19%,

38.499

SESTH 1 = 1.00

RDIA 1 = 58.6, 52.9, 46.1, 38.2, 28.9

RDEA 1 = c-vcecmmrme e cmece e e

RREC 1 =

RETA 1 =

RCF 1 =

RIF 1 =

RPA 1 = 33.408, 36.352, 38.976, 41.280,
43,008

RERTH 1 = 1.01

STAGE 2

GAMG 2 = 1.40, 1.40, 1.40, 1.40, 1.40

DR 2 = 18.265, 17.814, 17.673, 17.110,
17.110

DT 2 = 28.845, 29.296, 29.437, 30.000,
30,000

RWG 2 = 1., 1., 1., 1., 1.

SDIA 2 = 33.0, 30.4, 28.2, 26.3, 24.6

SDEA 2 = =-emmmmmmmem e emn

SREC 2 =

SETA 2 =

SCF 2 =

SPA 2 = 30.420, 36.855, 43.485, 50,765,

58.240

SESTH 2 = 1.01

RDIA 2 = 44.6, 34.9, 24.1, 12.6, 1.3

RDEA 2 = =-e-m--ommmmmmcmeemmccaan

RREC 2 =

RETA 2 =

RCF 2 =

RTF 2 =

RPA 2 = 43.350, 48.150, 52.350, 55.750,

58.550
RERTH 2 = 1.01
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A parametric variation.of loss definition parameters and corrected speed waé com-
pleted to establish the flow and efficiency characteristics to produce 92.5 percent
overall rating efficiency at 100 percent design speed at a rating pressure ratio
of 2.60. By comparison of calculated results with the known performance data it
was observed that peak efficiency was calculated near 110 percent design speed
whereas the test data peaked at 120 percent design speed. The drop-off in peak
efficiency with speed was calculated to be less than the test data.

In order to obtain a better match with the test data it was assumed that
optimum incidence angle occurred at the design value -8°. 1In addition, the cosine
exponent for off-incidence angle recovery factor was increased from 2.0 to 3.0 to
better match the drop-off in peak efficiency with speed, and a decreasing flow
coefficient with blade row number was assumed to produce a reduction equivalent
flow with speed.

5.1 . Input Sheets - Shown in Appendix 4 are the input sheets for NASA

Reference Two-Stage Turbine., The input deck is listed in Appendix 6.

5.2 Qutput. Listing - Shown in Appendix 5 are the output listing near the

design point for NASA Reference Two-Stage Turbine.

5.3 Results ~ Shown in Figures 10 and 9 are the performance maps for NASA
Reference Two-Stage Turbine in terms of equivalent weight-flow versus overall
rating total-pressure ratio for lines of equivalent speed, and equivalent shaft
work versus equivalent weight-flow-speed parameter with contours of rating pres-
sure ratio, equivalent speed and rating efficienmcy. A table of variation of
significant parameters along the peak efficiency ridge is given in the following

table:

7N/ VOcr design 60 80 100 120

WNE/60§ 1470.7 2361.1 3142.1 3804.3
Ah/6cr 8.14 15.65 24.69 33.08
Pto/Pat, 1.298 1.671 2.308 3.192
" tat .915 .923 .935 942
Ir, 10.09 10.37 8.23 1.92
Is, -2.01 .83 .13 -6.33
Ir, -11.72 - 5.2 -.73 .06
& o -25.48 -17.61 -9.3 -.25
ME, 9 .15 .23 .34 49
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It can be seen that the efficiency peak occurs at 120 percent design speed.
The drop-off in peak efficiency with speed characteristics is similar to the
test data.

An evaluation of significant parameters along a constant 100 percent

speed line with varying pressure ratio is given in the following table:

%N/ Ocr design 100

WNE/604 2684 .4 3142.1 3198.3
Ah/@cr 11.21 24,69 34,28
Pto/Pat, 1.523 2.308 3.597
Mtat .801 .935 .899
I, -9.36 8.23 11.01
Is,, -33,88 .13 7.59
Ir,, -41,96 -.73 13.89
a2 -46,22 -9.30 18.64
Mf, 5 .19 .34 .58

The drop-off in efficiency with pressure ratio is similar to the test data,
however, at positive incidence angles the calculated result was lower in effi-

ciency than the reported test data.

6.0 REFERENCES

1. Dunavant, J. and Erwin, J.: Investigation of a Related Series of Turbine
Blade Profiles in Cascade. NACA Tech Note 3802, 1956,

2. Schum, H., Petrash, D. and Nunamaker, R.: Experimental Investigation of
Two-Stage Air-Cooled Turbine Suitable For Flight at Mach 2.5. NASA Tech
Memo X148, 1959.

3. Wu,C.H.: General Theory of Three-Dimensional Flow in Subsonic and Super-
sonic Turbomachines of Axial, Radial, and Mixed Flow Types. NACA Tech
Note 2604, 1952.

4. Zweifel, 0.: The Spacing of Turbo-Machine Blading Especially With Large
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Ann

cf
Cp
Dp
Dr
Dt
FF
FF/A
FAIA

2 4 H T o0

n do
Prtol
Pre
Ps
Pt
Ptp
Ptr

Ptrmo

rpm
Rx
Sh

Scrit

7.0 NOMENCLATURE FOR ANALYSIS

Coefficient of polynomial

Annulus area (inz)

Coefficient of polynomial

Flow coefficient

Specific heat at constant pressure (ft/°R)
Diameter, pitch (in)

Diameter, root (in)

Diameter, tipv(in)

2.1/

Flow function (in' T 2/sec)
Flow function per unit area (Tl/z/sec)
Fuel/air ratio

Gravity constant (ft/secz)
Sector height (in)

Incidence angle (°)
Mechanical equivalent of heat (ft 1b/BTU)
Mach Number

Axial Mach Number

Passage distributed area (in)
Pressure ratio tolerance
Pressure ratio error

Static pressure (psia)

Total pressure (psia)

Total pressure profile (psia)
Total pressure ratio

Previous total pressure ratio
Ratio

Ratio

Relative velocity (ft/sec)
Gas constant (ft/°R)

Speed (rev/min)

Reaction

Station height (in)

Station critical
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TF - Test factor

Ta - Average temperature (°R)
Ts - Static temperature (°R)
Tt - Total temperature (°R)
[§] - Wheel velocity (ft/sec)
\ - Velocity (ft/sec)
Wair - Water/air ratio
Wg - Weight flow (lb/sec)
Wgt - Total weight flow (1b/sec)
Wr - Flow ratio

- Array

- Array

- Zweifel parameter

- Absolute flow angle (°reference from axial)
- Alpha fork

- Relative flow angle (°reference from axial)
- Beta fork

- Specific heat ratio

- Gamma fork

- Incremental change

- Standard pressure correction

- Differential operator

Standard gamma correction

- Efficiency

- Standard temperature correction

- Circle circumference/diameter

- Density error

Yo amemo g g g e

Static density (1b/ft3)

cr

o

-
1

Density tolerance

f“r\
1]
)

@ - Temperature ratio

W - Loading parameter

w - Total pressure loss coefficient
% - Percent
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SUBSCRIPTS

0
1
1A
2
2A

at

cr

crit

Station designation
Station designation
Station designation
Station designation
Station designation
Axial total

Calculated

Cubic coefficient
Critical

Critical

Critical

Effective

Hub

Sector counter
Isentropic

Inlet

Incompressible
Pitchline sector
Number of sectors
Isentropic

Index counter (general)
Stage counter

Number of stages

Index counter (general)
Multiplier

Maximum negative limit
Maximum positive limit
Overall

Pitchline

Quartic coefficient
Root

Rotor

Relative

Range
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rr - Rotor recovery

s - Static

s - Stator

s - Stage

s - Square coeffictent
sl - Standard sea level
ST - Stator recovery

t - Total

t - Tip

th - Throat

tr - Trial

u - Tangential component
vd - Vector diagram

z - Axial component
SUPERSCRIPTS

° - Degrees

* - Blade angle
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FIGURE 1
FLOW-STREAM-TUBE VERSUS PROPORTIONAL AREA
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FIGURE 2
THREE TEST CASES
ERROR EVALUATION FOR PROPORTIONAL AREA SECTORS

a.) Equal
Sectors

b.) Large
Stator
Tip Sector

c.) Large
Stator
Root Sector
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FIGURE 3
MOMENTUM AND ENERGY TRANSPORT APPROXIMATION
FREE VORTEX STATOR ANGLE DISTRIBUTION
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PITCH SECTOR TURBINE WORK FUNCTION - Ah/T
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" FIGURE 4
MOMENTUM AND ENERGY TRANSPORT APPROXIMATION
CONSTANT STATOR ANGLE
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1b/sec

STATOR SECTOR WEIGHT FLOW
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FIGURE 5
TEST CASE 1.
STATOR SECTOR WEIGHT FLOW VERSUS SECTOR PRESSURE RATIO
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1b/sec

STATOR STATION WEIGHT FLOW

FIGURE 6
TEST CASE 1.

STATOR STATION WEIGHT FLOW VERSUS STATOR PRESSURE RATIO
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1b/sec

ROTOR SECTOR WEIGHT FLOW

52

48

44

40

36

32

28

24

20

16

12

1.

ROTOR SECTOR WEIGHT

/

/7
-~ / / /

// , -
/ 7
,/
o ’

/

FIGURE 7
TEST CASE 1.
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STAGE TOTAL WEIGHT FLOW 1b’sec

200

190

180

170

160

150

140

130

120

110

100

FIGURE 8
TEST CASE 1.
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FIGURE 9
NASA TWO STAGE TURBINE
EQUIVALENT ENERGY VERSUS EQUIVALENT FLOW-SPEED PARAMETER
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FIGURE 10
NASA TWO-STAGE TURBINE
EQUIVALENT FLOW VERSUS RATING PRESSURE RATIO
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APPENDIX 1A.

NTCP - MAIN CALLING PROGRAM
NTCP Main Program

Turn off sense lights

Set standard values

<

WAIR =
FAIR =
PTPS =
DELC =
DELL =
DELA =
EXPN =
EXPP =
EXPRE =
RG =
PAF =
SLI =
AACS =
SECT =
VCTD =
WTOL =
RHOTOL =
PRTOL =
PCNH(1) =
GAM(1,1) =
RWG(1,1) =
ETAS(1,1) =
ALPHAL(1,1) =
ETAR(1,1) =
BETA2(1,1) =
TRDIAG =
TRLOOP =

o O
N

o O O O O O O o o o o o

.E10-4
.E10-4
.E10-6

O O O O O O F O+ M = P O = P O O O O NN O o O - O O

© o o o o 0o 0o © ©
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Set

32.17405
778.161

(]
i

AJ

case number to zero

Program return for next case

1.

If
1f
Set

2.

1f

Set previous error to ''false."
CALL INIT
Set point number to zero
Test for previous error "true."
error occurred, GO TO 1.
no error occurred
C8¢I) = 0. for I = 1,8
CR(I) = O.
PASS = Q.
Set PRPC to CS(KN)
CALL STAO1l
Set CS(KN) to PRPC
Test for SCRIT 1., set DELPR to DELL
Test for previous error, GO TO 40.
CALL STAlA
Test for previous error, GO TO 40.
LOPIN = O
JuMP =0
Set PRPC = CR(KN)
CALL STA2
Set CR (Ki{) = PRPC

Test for previous error, GO TO 40,
Test Mp, root ‘\;1.0 - MF, (1,@

MF2 root)» 1.0
Skip to end of case (24)

MF, root{ 1.0

Test JUMP

JUMP 1.0

i

Skip to set index registers (20)
JuMP = ).0
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6.

If

If

If

If

If

1a.

I1f

11.

If

12.

If

13.

If

If

14,

If

CALL STA 2A
Test for previous error, GO TO 40.

Test for last stage

KSTG > KN
Increase stage number

LOPIN = 0.0

JUMP = 0.0
set PRPC = CS(KN)
CALL STAl
set CS(KN) = PRPC

Test for previous error, GO TO 40.

Test JUMP

JUMP = 0.0
GO TO CALL STA 1A (3)
JUMP = 1.0
Skip to set index registers (20)
KN = KSTIG
CALL OVRALL
Test VCTD
VCTD 7 0.0

Calculate interstage vector diagrams

CALL INTER
VCID = 0.0
PASS = 1.0
Test TRDIAG
TRDIAG > 0.0
CALL DIAG
TRDIAG = 0.0
Test MFSTOP [1. - MFSTO%
MFSTOP » 1.0
Skip to end of case (24)
MFSTOP ¢ 1.0
Test DELC
DELC = 0.0
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If

If

If

16.

If

If

17.

If

18.

19.

20.

If

21.

If

If

22,

If

If

Skip to end of case (24)

Test DELL

Skip to test for choke

Test DELPR

DELC > 0.0

DELL = 0.0

(17)
DELL > 0.0

DELPR 0.0

Skip to end of case (24)

DELPR > 0.0

Skip to increase CASE number (18)

Test CHOKE

Increase CASE Number

Increase proper P/P

Pto/Ps1(IP,JL) = Pto/Ps1(IP,JL) + DELPR

Set index registers

THOKE = 0.0

JL = (ISORR-1) * 8 + LSTG

LOPIN = 1
KN = LSTG
IBRC = LBRC
IPC = 0O
Test for first stage
first stage, KN =1
Test for stator or retor
stator, ISORR =1
GO TO CALL STAO01 (2)
rotor, ISORR = 2
GO TO CALL STA2 4)
All other stages, KN > 1
Test for stator or rotor
Stator, ISORR = 1
GO TO CALL STAl (8)
Rotor, ISORR = 2
GO TO CALL STA2 4)
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40. Write previous case has error,
Test for MFSTOPZ 2., GO TO next case (24)
GO TO next point (18)

24. Test for last case

If not last case, ENDJOB # 1.
GO TO next case (1)

If last case ENDJOBZ 1.
GO TO CALL EXIT

23. CALL EXIT.
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APPENDIX 1B.

INIT - INITIALIZATION

Subroutine Init

The purpose of subroutine INIT is to check for input errors, skip
change cases if the basic case has an input error, test stage loss indicator
to gtore stage ome (1) data in fédllowing stages, test for equal sectors, set-
up sector héight, sector pitch diameter, sector annulus area, pitchline wheel
speed, define pitchline index, test for angle input to calculate exit angleé

in radians, inlet angle in radians, and initialize index registers and forks.

3. CALL INPUT
Increase case number counter

Test for change case

If change type case, STGCH = 0.0

4, Set error fork = 1

If basic input case, STGCH = 1.0

5. Test for input error

If error occurred, L=1

6. Wtite tape 6, case number has an error
Test for change case

If basic input case, STGCH = 1.0
Read in next case (3).

If change type case, STGCH = 0.0
Increase error fork to 2.
Read in Hext case (3).

If no error occurred, L=2

8. Test error fork - 2

If error fork = 2
Read in next case (3).

If error fork = 1,

no error
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9. Set sector and stage counters
ISECT = SECT + .0001

KSTG = STG + .0001

Initialize index registers

LePC =
CHOKE =
ICHOKE =
ISORR =
KN | =
LSTG =
IBRC =
LBRC =
DELPR = DELC
SC =
RC =
PRPC =
I1PC =
ISS =
PTRN =

= e = e OO O

o O O ©O O O
. P

Test stage loss indicator, normally zero.
If SLI = 1.0,

store stage 1 parameters in following stages
11. i = 1, ISECT; k = 1, KSTG
MRS; x =MNRS;

NS = Msi,1
Cfsi,k = Cfs,

i,1

IqRRi)k =’nRRi,l
MRy = MRy 1
CfRi,k = CfRi,].

TFRi, & = TFRi 1
12. End of i loop, k loop

13. Test PCNH - 1.0
If PCNH = 1.0

14, i = 1,ISECT
PCNH; = 1./SECT
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15. End of i loop
If PCNH € 1.,

use input values

16. Set up twice station height

k = 1, KSTG
Shg = Dty - Drog
Shy = Dty -~ Dryy
Shia = Dtyjax - Dripx
Shy = Dty - Dryg
Shpp = Dtaak - Draak
Set up sector height
i = 1, ISECT
hoi,k .5 PCNHi *% Shg
hli,k .5 PCNHi * Sh1
hlAi,k .5 PCNHi * Shj,
hoi, Kk .57 PCNHi * Shy
h2Ai,k = .5 PCNHi * Shg,
Test for root sector (i ~ 1)
Root sector values, i=1
20. DPOi,k = DrOk + hOl,k
Dpii,k = Drik +hyy g
Dpiai,k = DPriak + biai,k
Dppi,xk = Drak + hZi,k
Dpoai,k = Droak + haalsk
Amngp, = (TT/144.) * Dpoi,k * hoi,k
Amnjj = (TT/144.) * Dpyj k * hyj k
Annjpaj k= (TT/144.) * Dpiai,k* hiAi,k
Anngj ) = (TT/144.) * Dpj k * hy;
Ann2Ai,k = (TT/144.) * DpZAi,k* hZAi,k
UlAi,k = TT % DplAi,k * rpm/720.
U2i,k = TI * Dpp; o * rpm/720.

go to end of i loop

If not root sector, iy 1
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21. Test for more than one sector, ISECT - 1

If more than one sector

17. Dpoj,k = DPoi-1,k * hoi-1,k + hoi k
Dpyi,k = DP1i-1,k + h1i-1 k + Byj i
DPias,k = DPP1Ai-1,k + Miai-1,k * B1ai,k
Dp2i,k = Dp2i-1,k + h2i-1,k + hpy i
Dpoai,k = DP2ai-1,k + h2ai-1,k + bops g

Amngj = (TL/144.) =% Dp; j * hOi,k
Amngy g = (TI/144.) % Dp; \ * hyy o
AnnlAi,k = (TI/144.) * Dp]._,k * hlAi,k
AnnZi,k = (T1/144.) * Dpi,k * h2i,k
Anngyg i = (TT/144.) % Dpy 0 ¥ hyps g
UlAi,k =TT * DplAi,k * rpm/720.
UZi,k =TT * DPZi,k * rpm/720.

18. End of i loop

19. End of k loop
Set test for odd or even number of sectors
IT = ISECT - 2 * (ISECT/2)

Test IT
If even number of sectors, IT =0
22. IP = ISECT/2
If odd number of sectors, IT=1
23, IP = (ISECT + 1)/2

Test for stator exit angle input
If angle not input, "SDEA (1,1) = 0.0
Set stator angle fork

25. SDEAF = 0.0
Calculate stator exit angle
i = 1,ISECT,
k = 1,KSTG

= % . * *
cos Qpqp = mdoy CfSi,w/(h/hths)k TT % Doy p V' g4,k
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-1 1/ 2
g g = tan 10 (cos ali,k) / cos ali,k

b

26, End of i loop, k loop

If stator angle input, SDEA(1,1) # 0.0
27. i = 1,ISECT;
k = 1,KSTG
0
= *
%k = %1,k TI/180.

cos ali,k = cos(ali,k)

28. End of i loop, k loop
Test for rotor exit angle input
If angle not input, RDEA(1,1) = 0.0

Set rotor angle fork

29. RDEAF = 0.0
Calculate rotor exit angle
i = 1,ISECT;
k = 1,KSTG

cos Ppj j *= mndogy i ¥ CfR]-,k/(h/hthR)k *TT* Deys i *—\/—'V_(/R;I:

-1 7l
BZi,k = tan .J&. - (cos BZi,k) //cos BZi,k

30. End of i loop, k loop

1f rotor angle input, RDEA(1,1) # 0.0
32. i = 1,ISECT;
k = 1,KSTG

(o]
= *
BZi,k BZi,k TT/180.

cos 62i,k = cos(ﬁzi,k)

33. End of i loop, k loop

34, i = 1,ISECT;
k = 1,KSTG
Stator inlet conditions

PTPi,k = PTIN
PTO, = PTIN

Sk
TTO, = TTIN

i,k
PTO/PS1, = PTPS

i,k
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o
= *
aOi,k a01,k TT/180.
Rotor inlet angle
o
= *
Bli,k Bli,k T1/180.
35. End i loop, k loop
Test RG
If RG not input, RG = 0.0
36. CALL R(PTIN,TTIN,FAIR,WAIR,RG)
Set gamma fork
GAMF = 0.0
If RG is input, RG # 0.0
Set gamma fork
37. GAMF = 1.0
38. Test for previous error
If error occurred, J =1,
39. Read in next case (3)
If no error occurred, J = 2.

40. RETURN
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APPENDIX 1C

INPUT - READ INPUT

SUBROUTINE INPUT

The purpose of subroutine INPUT is to read in basic input, stage input,
assign stage input to its proper location and check for change case input.
One block of memory to hold one stage of data is set to BLANKS before each
stage is read. After each stage is read, the elements are compared against
BLANKS to see if the element is input. If the element is BLANKS the element
is set to 0.0 for input printout. If the element is not BLANKS, the proper

number stage value is set to the element.

Set up X-array i=6,
k = 8,
1= 37

i

Y-array (i = 6;)
1 = 37
where i - number of sector

k - number of stages

1 - number of elements in list

Set X(i =1, k=1, 1 = 1) equivalent to Yi k (Common array)
2
Y(i =1, 1 = 1) equivalent to Yo (Input list)

Read the heading cards every time,
10 Read first card, assign to NAME
20 Read second card, assign to TITLE

Set write counter to O

30 i=1,6 ;
1=1,37
25 Y, ., = BLANKS
i,1

Read file of stage data
40 Set counter for number of stages :
50 Set counter for number of sectors
Compare stage data against BLANKS

60 i =



I1f Y = BLANKS
Set Y, = 0,

GO0 TO end of loop (80)
If Y # BLANKS
Set X. =Y,

80 End of i loop, 1 loop.
Relocate values
90 (h/hths)k = h/hths

100 (h/hthg)y h/hthg

110 Test for stage one
If stage one (K=1)
120 Write basic input data

Increase write counter

All stages
130 Write stage input data
140 Test for loss option
1f loss option type case (Bg 1s input)
150 Write loss option input data.
160 Increase write counter

Test write counter to restore printer
If the write counter is even (AM = 0)
200 Restore printer
If the write counter is odd (AM = 1)
210 Test for last stage
If not last stage, go to read next stage (30)
170 If last stage,
RETURN.
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APPENDIX 1D

STAO1 - STATION O0-1

SUBROUTINE STAOlL

The purpose of subroutine STAOl is to establish the first stator exit
flow which is then used as the basis for all stations. Start at pitchline,
calculate in to root thenm out to tip. Set Pto = PTIN for first estimate
and calculate the stator flow for each sector at station 1. Adjust flows
for cooling air injection between stations O and 1. Find inlet Mach num-
ber and incidence angle loss at station 0. Since loss may vary with sector

number, adjust Pt and get new flow at station 1 for final result.

Set i to pitchline value
Set Ai to -1
Set flow counter

Initialize Wgtqx = 0.0
Test gamma fork (yF)
If gamma not input, ¥yF = 0.0
Starting value of average temperature for y;
2. Ta,k = .95 % TtoIP,k
CALL GAMMA(Ptol,l’ Ta1k, FAIR, WAIR, 71k)
If gamma input, ¥F = 1,0
3. CALL FLOWl (i)
Test previous error
If error GO TO (26)
Wegtik = Wgtip + Wepj)x
Test for tip sector
If not tip sector, ISECT » 1
4. Index 1 by Al

Test for lower than root sector

If lower than root, i=0

6 Al =1
i=1IP + AL

If not lower than root, i>» 0

Find index for dp/dr
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22. L=1-a
Psli,k = Psll,k + FLOAT (Ai) * dP/drll,k * (hli,k + hll’k) /2.
Pto/Ps1i,k = Ptoi,k/Psyy i

Test (Pto/Ps1i,k-1.)

If PtO/Psli’k <1l
27. Set PtO/Psli’k = 1.0
PTRN = -~1.

GO TO CALL FLOW1 (3)
If tip sector i = ISECT
Calculate STAO for incidence correction.
5. Test flow counter
If incidence correction has been completed,
JW = 2
GO TO end of calculation (18)

If incidence correction is not complete,

JW =20
16. Test gamma fork
If gamma not input, 4F = 0
7. yOk = 7lk
Wgtly = Wgtlk/nglk
i= IP
Wg0y | = W0,  /Rwgl,
= * * *
FF/AOi,k WgOi’k TtOi’k//k(l44. Ptoi,k AnnOi’k)
19. Set counter to improve gamma based on root sector average temperature.

i=1

8. CALL PRATIO(FF/A RG, PRTOL, Ptg/Ps

0i,k’ 70,k’ Oi,k)
PSOi,k = PtOi’K/(Pto/PSOi,k)
yok - 1.
- 70k
TtO/TSOi,k = (PtO/PSOi,k)
Tsoi,k = TtOi,k/ (Teo/Tsg4, k)

74



9, Test gamma fork

If gamma not input, 7F = 0.0
= k
10. Tag = -5 % (Tto; 3 + Tsg; )
CALL GAMMA (Pt Ta FAIR WAIR )
(Peoy 15 Tagy s Yok

Test counter to improve gamma

If j=1
11. j=3+1

GO TO CALL PRATIO (8) once to improve gamme
If repeat from CALL PRATIO, j=2
12. CPgy = RG * 74, /(rpi = 1) *J

i = 1,ISECT
Weo; i = W1 i /Rvery
PTONO = Pt |
= % * *
FF/AOi,k Wgoi’k Ttoi,k/(144' Ptoi,k Annoi’k

Test i
If i = IP,

GO TO 28
If i # IP

Pso; 1 = PSorp,k
PtO/PSOi’k = Ptpi,k/Psoi,k
Y0k ~ 1,
= 70
28. TtO/Tsoi)k = (PtO/Psoi’k) k
TSOi,k = Ttoi,k/(Tto/TSO)]_’k

13.

= - \
Voi , k V-2 ¥ g *¥J % Cpg * (Ttoi’k Tsoi’k)

= * * * 1
Asg; | = Vyg * 8 ¥ RG * Tsgy
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- _ *
ST & = %01,k ~ Y04,k
Test SIi,k
If SI is negative
24, EXPS = EXPN
If SI is positive
20. EXPS = EXPP
21.
Y0k
y0K-1 2 EXPS Y0k-1-
= X o *
Pto/Psg; | = |1+ ﬂRSi’k MMg; ) cos (SIi’k)
= *
Ptoi,k PSOi,k (PtO/PS_O)
= *
Wgoi,k Wgoi,k Ptoi’k/PtOMO
= * *
/%01,k L44. * Psg; 1 /(RG * Tsgy 1)
Vui,k = Voi,k % sin aoi,k
= *
ngi,k ngi,k Ptoi,k/PtoMO
= %*
Vzoi,k Voi,k cos aoi,k
14. End of incidence loss correction loop
Wgtlk = 0.
i=1IP
AL = -1
Set flow counter = 2
15. GO TO CALL FLOW1 3
18. End of calculation
Test for trace of loop
If TRLOOP = 1.
Write Wgto, Wgo, Ptg/Psqg, Wety, Wgl, Pto/Psl.
Test for previous error
If error occurred, j=1
25. CALL DIAGT 1
If no error occurred, j=2
26. RETURN.

Mo; 1 = Voi,k/A%05, K

b
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APPENDIX 1E

FLOWL - FLOW 1

SUBROUTINE FLOW1

The purpose of subroutine FLOWLl is to calculate stator exit flow in

a sector with two loss branches and supersonic weight flow decrease for

supercritical sectors up to pitch sector critical pressure ratio. Sub-

critical sectors have weight flow increase after pitch sector critidal

pressure ratio up to local sector critical pressure ratio. Super-critical

sectors have cos QIE correction for constant supersonic weight flow func-

tion after the pitch sector is critical; sub-critical sectors have cos OIE
correction after local sector critical. When the pitch sector first exceeds
the critical pressure ratio, PRPC is set = 1.0, the pitchline pressure ratio
is reset to the critical value, PRPC is reset = 2.0, and flow is calculated
exactly at the critical pitchline pressure ratio. When the lowest pressure
ratio sector exceeds the critical pressure ratio, SCRIT is set = 1.0 as an
indicator that maximum flow has been reached.

71k based on TAlg = .95 Ttop j has been set up by STAOL.
o T2

Compute isentropic stator temperature ratio

ylk - 1.
7. P11,k = (Pto/Psq). 71k
. s i,k
Test ¢ for loss coefficient input
If loss input, STPLC # 0.0
1. CALL LOSs1
If efficiency input, STPLC = 0.0

Compute exit temperature

= * - * -
2. Tsli’k s,k [1. ’qsi’k (1. 1./&511’1{;}

Test for pitch sector

If pitch sector i=71P

3. Test for gamma input

If gamma not input, ¥F = 0.0

4, Ta1k = 'S(TtOIP,k + TSlIP,k)
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CALL GAMMA (Ptorp ., Ta; \ FAIR,WAIR,7,,)

If gamma input, ¥F = 1.0
Compute critical pressure ratio
; —2lk
= 71k - L
5. Pto/Pslck (71k + 1.)/2.

Specific heat at constant pressure
= * - *
Cpyy = RC 7lk/[(7lk 1) ;J
All sectors

Exit velocity
= * o *k J * * - !
6. Vli,k W/Z. g *J*Cpyy (Ttoi,k Tsli,k)

Exit pressure

Psli,k = Ptoi,l?/(Pto/Psl)i,k

Exit density
= 144 * *
( Sli,] 1 - Psli"%{G Ts]‘i,]

Test for critical pressure ratio
If greater than critical

8. Test for pitech sector

If pitch sector i=1IP
9. Test PRPC

If previous non-critical, PRPC = 0.0
10. Set PRPC = 1.0

= *
PtO/PslIP,k Pto/Psicy (1. + Prtol)
go back to repeat from start ¢li K ¢h)
b4
If not pitch sector, i# IP
21. Test for pressure ratio less than pitchline pressure ratio

If pressure ratio is less than the pitchline pressure ratio or the pitchline

is super-critical

22. Test for I=1or
I = ISECT

1f I=1or
I = ISECT,

set SCRIT = 1.

Pitch supercritical or sector pressure ratio less than pitchline.

11. Pleg = O * 1.)/2.
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= * o %k J % %* * - !
Vies  =V2. ¥ g *J % Cpy ¥ Teo, Msi, i * Ol 1')/¢1ck

2
= * - * -
Tsics i = T€0; x [?. Wlsi’k (1. 1./¢1C;ﬂ
€ Slci,k = 144, * Pt()i’%/(Pt()/Psl,;k * Tslci,k * RG)
Welcs i ={51er, i * Vieg, i * Amnly j ¥ cos 0p, o

We1i,k = WBley k

effective stator exit angle

= * *

13. cos alEi,k ngi,'7/(€sli,k Vli,k Annli,k) .
-1 71

14. a = . - ¢

4 1E; tan {/1 (cos alEi,k) cos alEi,k j

Skip to last block (16).
If pressure ratio is greater than pitchline pressure ratio
12. Test for pitchline pressure ratio critical
If pitchline critical, PRPC = 2.

Flow is calculated from constant flow function
: . = . %
24, ngi,k FFSl,k Ptoi,ls/_‘/ Ttoi,k

Go to get effective angle (13)

If pressure ratio is less than critical or supersonic flow decrease

15.
= * % %
ngi,k fsli,k vli,k Anni,k cos ali,k

cos C1E. = cos Ql
i i

sk )k

alEi,k = Ot].i,k

= *. [ '
FFSi,k ngi,k Ttoi,k/PtOi,k

Last block
= * si
16. v""li,k Vli,k SLn(OtlEi,k)

2.
dp/dry 4 = (2./144.) * Osg g * W1y 77/ * Dpyy o)

= *
Vzli,k Vli,k cos alEi,k

Test for 1 & ISECT

79



If 1 < ISECT,
GO TO CALL CHECK (17)

If I = ISECT
Test for PRPC = 1.

If PRPC = 1.,
Set PRPC = 2,

17. CALL CHECK
If error occurred, CALL DIAGT
20. RETURN
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APPENDIX 1F

LOSS1 - Loss 1

SUBROUTINE L0SS1(I,K,EX)

where I - sector number
K - stage number
EX - (y -~ D/y

The purpose of subroutine LOSS1 is to set Msr = 1.0 and calculate Ms from
a quadratic polynominal

—LPt f @& . , 1s)

Pt0 - Psl optimum

For positive incidence angle, the polynominal is followed up to Qsmp, then

a linear multiplier is used for higher incidence angles. For negative inci-
dence angle, the polynominal is followed down to (smn, then a linear multiplier

is used for lower incidence angles.

A

(Dea
= (Ctsmn_- ozg)s \+// (Csmp - OQ)s

s (st =~ O0)s (sr - Oo)s
- (0o - ag)s 0 + (Qo - Qg)s
(asr~- Qo) s (Osr- Qo)s

[ |
X
o g
W=
1] ]
o

st T
Test Si,k

If negative, go to calculation negative quadratic (5)

If positive, go to calculation positive quadratic (2)
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If zero

1. w01 = ‘Bsi,k
Go to calculation Ms (9)
2, AS = Al, (square coeff.)
ik
Ac = A2, (cubic coeff.)
i,k
AQ = A3, (quartic coeff.)
i,k

Test (Qsmp - Oto)i K i.e. E?smp - Olo*) - (Co - ao*ﬂ
}
If negative
om _
3. s Isi’k/otsmpi’k

(asmp - Qo*)j Kk
- Q%) .
(asr - Qo )1,k

AR =

Go to Calculation 301
If zero

4. dm
@ds

= 1.0

AR = (Osmp - ao*)iLk
- Olo*).
(asr - Qo )1,k

Go to calculation @01 (8)

Negative Quadratic

AS = A4i K (square coeff.)
b
Ac = A5, (cubic coeff.)
i,k
AQ = A6, (quartic coeff.)
i,k
Test (Qo - Ofsmn)i K i.e. (o - Go*) - (Qsmn - ao*ﬂ
s
If negative
6 om _ Isi,k
‘ @®s (0smn - ao*)i,k

AR = (smn - Oto*)i lJ(ozsr - ozo*)i K
P 3

If positive,go to (4)

8. @oq = (Bsi,k E + (AR)Z{AS + AR * (AC + AR * AQ} * (‘J’:j_‘;_‘)
1 lzlk - 1.

* - 5 = 71
(Pto/Psl)iLk (1. wol)+m¢1) k

1. {
9. 4? s, =
L TiLk _
(¢1i’k 1.) /01
RETURN
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APPENDIX 1G

R - GAS CONSTANT

Simple routine for the gas constant for the mixture of JP-4 fuel and/or

water in standard air.

SUBROUTINE  R(P,T,F,W,RX)

.658(F) + 32.433(W)
1. + (F) + W)

RX = 53,35045 +

RETURN
where P - pressure
T =~ temperature
F - fuel/air ratio
W - water/air ratio
RX - gas constant
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APPENDIX 1H.

GAMMA - SPECIFIC HEAT RATIO

Simple routine for the specific heat ratio for the mixture of JP-4 fuel

and/or water in air.

SUBROUTINE  GAMMA(P,T,F,W,GAMX)

CALL CPA(P,T,F,W,CPAX)

Test (F)

If positive

1. CALL CPF(PX,TX,FX,WX,CPFX)
GO TO 2

If negative or zero

2. Test (W)

If positive

w

. CALL CPW(P,T,F,W,CPWX)
GO TO 4

If negative or zero

4, _ CPAX + (F)(CPFX) + (W)(CPWX)
CPGX = 1.+ (F) + ()

CALL R(P,T,F,W,RX)

_ CPGX
CAMX = TPEX - (RX/778.161)
RETURN
Note: The value of RX and CPGX as calculated in this subroutine GAMG are

only used to obtain the best value of GAMX and should not get back to the main
program or station sub-programs.

The sub-programs calculate CPG based on GAMX and a constant value of RG.
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APPENDIX 1I.

CPA - CONSTANT PRESSURE SPECIFIC HEAT, AIR

Simple 7th order polynominal of specific heat at constant pressure for

air at low pressure.

SUBROUTINE  CPA(P,T,F,W,CPAX)

Test (T - 100.)

If negative

1. TX = 100.
GO TO 5

If zero or positive

2. Test (6400, - T)

If negative

3. X = 6400,
4L, GO TO 5
TX = T
5. XTl = TX/1000
XT2 = XTl % XT1
XT3 = XTl * XT2
XT4 = XT1 +* XT3
XT5 = X%l % XT4
XT6 = XT1 #% XT5
XT7 = XT1l % XT6
A0 = 2.4264907 E-O1
Al = -2.6657395 E-02
A2 = 4.6617756 E-02
A3 = ~1.3546542 E-02
A4 = -8.4500931 E-04
A5 = 1.0303393 E-03
A6 = -1.,7159795 E-04
A7 = 9.1627911 E-06

CPAX = A0 + AL(XTL) + A2(XT2) + A3(XT3) +
AL (XT4) + AS(XT5) + A6(XT6) + A7(XT7)

RETURN
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APPENDIX 1J.

CPF - CONSTANT PRESSURE SPECIFIC HEAT, FUEL

Simple 7th order polynominal of equivalent specific heat at constant

pressure for burned JP-4 fuel.

SUBROUTINE  CPF(?,T,F,W,CPFX)

Test (T - 400.)

If negative

1. TX = 400.
GO TO 5

If zero or positive

2. Test (3000. - T)

I1f negative

3. TX = 3000.
GO TO 5
4. X =T
5. XTl = TX/1000.
XT2 = XTl1 % XT1
XT3 = XT1 * XT2
XT4 = XT1 * XT3
XT5 = XT1 % XT4
XT6 = XT1 * XT5
6. XT7 = XT1 * XT6
A0 = 1.0625243 E-01
Al = 9.5291284 E-O01
A2 = -7.2605169 E-O1
A3 = 2.4481406 E-01
A4 = 5.3332162 E-02
A5 = -6,4699814 E-02
A6 = 1.7495567 E-02
A7 = -1.6029820 E-03

CPFX = A0 + AL(XTL) + A2(XT2) + A3(XT3) +
A4 (XT4) + AS(XT5) + A6(XT6) + A7(XT7)

RETURN
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APPENDIX 1K.

CPW - CONSTANT PRESSURE SPECIFIC HEAT, WATER

Simple 7th order polynominal of specific heat at constant pressure for

water vapor at low pressure,

SUBROUTINE  CPW(P,T,F,W,CPWX)

Test (T - 400.)

If negative

1. TX = 400,
GO TO 5

If zero or positive

2. Test (3000, - T)

If negative

3. TX = 3000,
GO TO 5
4. X =T
5. XTl = TX/1000.
XT2 = XT1 % XT1
XT3 = XT1 % XT2
XT5 = XT1 % XT4
XT6 = XT1 % XTS5
6. XT7 = XT1 % XT6
A0 = 4.5728850 E-01
Al = =-9.7007556 E-02
A2 = 1.6536409 E-01
A3 = ~-4.1138066 E-02
AL = -2.6979575 E~02
A5 = 2.2619243 E-02
A6 = -6.2706207 E-03
A7 = 6.2246710 E-04
CPWX = A0 + A1 (XT1) + A2(XT2) + A3(XT3) +
AL (XT4) + AS(XT5) + A6(XT6) + A7(XT7)
RETURN
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APPENDIX 1L.

PRATIO - PRESSURE RATIO

Purpose is to find a pressure ratio Prj/Pgy or Pqp,/Pgy which are con-
sistent with the respective flow functions CWJ TT/PTA)1 or W JTTg/PTRA)z'
Since the equation is trancendental, a successive iteration is employed.
PRATIO is only called by the pitchline sector to start a continuity iteration

and therefore only the sub-sonic case is of interest.

SUBROUTINE PRATIO (TFF , GAMX,RX,PTPS,PRTOL)

where TFF - flow function
GAMX -~ dpecific heat ratio
RX -~ gas constant
PTPS -~ pressure ratio

PRTOL - tolerance

GAMX
PCRIT = [(GAMX + 1.)/2.] GAMK-1.
PUP = PCRIT
PLOW = 1.0
PTRMO = 0.0
G = 32.17405
1. PTR = (PUP + PLOW)/2.0
'"EEE& - % RX  GAMX -1.
DELFM = \|(PTR) - (PTR) - TFF N 2.G GAMX 5
Test (DELFM)
If negative
2. PLOW = PR ;
GO TO 4
If positive or zero
3. PUP = PIR
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4. PRE = (PIR - PTRMO)/PTR
Test/PRE/-PRTOL
If positive

5. PTRMO = PIR
GO TO 1

If negative or zero

6. Test (PCRIT - PIR)

If negative

7. PTPS = PCRIT
GO TO v

If zero or positive

8. ‘ PTPSX = PIR
RETURN

89



APPENDIX 1M.

CHECK - CHECK SENSE LIGHTS
SUBROUTINE CHECK (J)
where J = 1 PREVER = .TRUE.
J =2 Normal return
Test sense lights I = 1,4
If light was off
1. J =2
RETURN
If light was on
2. : J=1
PREVER = .TRUE.

RETURN

90



APPENDIX 1N

STA1A - STATION 1A

SUBROUTINE STAIA

The purpose of subroutine STAlA is to determine inlet flow conditions
relative to the rotor and find incidence angle recovery on all rotor inlet
stations. Start at pitchline to obtain gas properties for the station,
caiculate in to voot then out to tip. The tangential component of absolute
velocity is adjusted for diameter change to conserve angular momentum. The
axial component of velocity is adjusted for weight flow change, area change,
and density ¢hange from STAl., The radial gradient in pressure does not

satisfy radial equilibrium, and continuity is comnserved in each sector.

Set i to pitchline value
Set A1 to -1
Set first guess of Ts = Tsl
¥ind ratio of flow change
Wr = RWGlAk/chlk
Set total station flow
WgtlAk = Wr * Wgtlk
Adjust tangential velocity
; = *
13. Vuiag g = Voig g ¥ Dpli’k/DplAi’k
Adjust flow, »
= *
Wela; o = Wr ¥ Ve, g
Starting density
~ =
( str (Sli,k
Adjust axial velocity
= Wr * * * ' *
1. VzlAi,k Wi Vzli,k €Sli,k Annli,&/(fgtr AnnlAi,k)

= - 2 1
V1A ——-\/(VulAi’k)z' + (VzlAi,k)

Test for pitch sector
If pitch sector i =1IP
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3. Test gamma fork, oF
If gamma not input, ¥F = 0.0
12. Tajp = .5 % (Ttoi,k + Tsqya)

CALL GAMMA(Ptoi’k, Tajp, FAIR,WAIR, yj,, )

If gamma input, GAMF = 1.0
4. Cp1a, = RG * 71Ak/,f—71Ak -1l ﬂ

ATs = Evli 0% - 2| /g w3 x o)
b

Tsp = Tsli,k + ATs

y1AK
. - 1.
PslAi’k = Psli,k * (1. + ATs/Tsli,k)ylAl,k

Fsm = 144, * pslAi’k/(RG * Ts)

Find density error
(De = (Ps1a —(str)/ S1A
Test ([Pe

- /)tol)
If error> tol
5. /—)str = ﬂlA

Go to calculation new VzlA

If errord tol

6. RulAi,k = VulAi,k - UlAi,k

= 2. 2. |
R]-Ai,k ‘\/(RulAi,k) + (VzlAi,k)

sinfip = R“lAi,k/RlAi,k

-1 .
BlAi,k = tan E:lnBlA/-\] 1. - sinzﬁlA]

Test T

If @or is input

7. ’erri,k= 1.0

EXPR = 0.0
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. \
= * * * T
8. MrlAi,k RlAi,kﬁw/&lAk g * RG Tsqp
Tr/Tsqp = 1. + (MrlAi,k)z * (71Ak - 1.)/2.

32, Ttria; o = Tsqp * (Tr/TslA)
2

RI; e = Plag g = g(iAi,k

Test RI,
If RI > TT/2,

Set, . RI = TT/2;
If RI < ~ TT/2,

Set RI = - TI/2
If RI is negative
9. EXPR = EXPN
If RI is positive
10. EXPR = EXPP

AL S

11. Pr/Ps1A =‘[i. + (Tr/Ts1A = 1.) ’V’eri’k * cosEXPR, (RIi,k) Y14 ~ 1.

PtrlAi,k = PslAi,k * (Pr/PslA)

Test for tip sector

If not tip sector

14, i=1i+A1
Test for root sector

If root sector

15. No=1

If i positive
Go to next sector (13)
Tip sector
16. Test for previous error
If error has occurred
17. CALL DIAGT
No error

18, RETURN

93



APPENDIX 10

STA2 - STATION 2

SUBROUTINE STA2

The purpose of subroutine STA2 is to satisfy continuity of flow and
radial equilibrium at a rotor exit station. Relative total temperature and
pressure are adjusfed for the radial change in sector diameter from rotor
inlet to rotor exit. Flow is adjusted for cooling air injection between
stations 1A and 2. The starting value of pitchline pressure ratio is obtained
from a one-dimensional flow function per unit area relationship. Incidence
angle loss in total pressure will vary with pressure ratio and sector number.

Simple radial equilibrium is used to balance the radial distribution of flow.

Set index for critical condition = 0.0
Set index for flow loop =1
Set index for pressure ratio limit = 0

WR = RWGy, /RWGys,

i = 1,ISECT
- T 2. . 2. * o %k J *
Ter2y o = Tojag ot (Uzi,k Uls,k )/(2 % g * J * Cpiyy)
71A

= * 71A - 1.
Ptrzi,k PtrlAi,k (Ttrzi’k/TtrlAi’k)

= *
1. Wgzi’k WR ngAi,k
End of 1 loop
Wgty = WR * Wgt
gty 8 1Ai,k

Set i=1IP
AL = -1
Wgtzc = 0.0

Test for choke iteration

If choke iteration, ICHOKE # O,
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G0 TO0 (3)
If not choke iteration
26.' Test loop iteration

If loop iterationm, LOPIN # O,
Go to-(3)
27. Test 9F
If gamma not input, ¥F = 0.0
= *
2. Tazk .95 Ttrzi,k

CALL GAMMA(Ptrzi,k, Tazk, FAIR, WAIR, Y2 )
If gamma input, yp = 1.0

= %o \ % *
16. FF/AZi,k Wgzi’k Ttrzi,k [ (144, 9 Ptrzi,k Annzi,k * °05621,k)

CALL PRATIO(FF/pp. s 72» RG, PRTOL, Ptr/Psy; )
b 2

3. CALL FLOW2
Test for previous error
If error occurred, Go to (22)
If no error occurred
WthCk = WthCk +'wgzi,k
L=1

Test for pressure ratio less than pitchline

If less, set L=1"
Test for tip sector

If not tip sector, i { ISECT

4. i=1+A1

Test for lower than root sector

If lower than root, i=20
5 A =1

i = 1P + Al
If not lower than root, i>o0

Find index for dp/dr
6. , 1=1i-Ai

= i % %
Pszi’k Pszl,k + FLOAT (A1) dp/drzl’k (hZi,k + h21,k)/2’

Ptr/Pszi’k = Ptrzi,k/PSZi,k

Test for pressure ratio less than unity.

If Ptr/Ps,< 1.
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19. Ptrszi’k = 1. + Prtol
GO TO CALL FLOW2 (3)

If Ptr/Psy; > 1.0
GO TO CALL FLOW2 (3)
If tip sector, i = ISECT
Test index for pressure ratio limit
If first time past, counter = 0
8. Set index for pressure ratio limit = 1

, 72k
Pro,ic = [(nk + 1-)/% 72 - L

= * * * *
Pryp = Ptropp i * Propse Pszl,k/(Ptrzl’k PSZIP’k) (1. + PRTOL)

Pr]_ow = ]..0

On pressure ratio iteration, counter > 0
9. BSet index to value plus 1.
10. Set counter for blade row
Test for choke iteration on this blade row.

If this blade row is on a choke iteration,set

PtrsZIP,k = Prup .

If Wgtzc<: Wgtoy
11. Priow = Ptr/PSZIP,k
If Wegtye > Wgty
12. Pryp = Ptr/PszIP K
J

Set flow error

13, ' WE = 1. - Wgty /Wgtye,

Increase flow loop index

Test (index - 32)

Fails to converge in 32 passes
GO TO WRITE ERROR (18)

Converges on continuity
29. Test for choke iteration on this blade row

If this blade row is on a choke iterationm,

ICHOKE = L.
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31, Set SCRIT = -WE
’ GO TO TEST TRLOOP (15)

30, Test for loop iteration

If loop iteration, LOPIN = 1,
Go to (15)

If not on loop iteration

14, Pre = (PtrSZIP,k - Ptrmo) / PtrSZIP,k
Test |Prej -~Prtol

If pressure ratio error is less than tolerance

Test |We -Wtol

If flow error is less than tolerance, GO TO TEST TRLOOP (15)
If flow error is greater than tolerance, set
SCRIT = 1.0 (23)

If pressure ratio error is greater than tolerance.

24. Ptrmo = PtrSZIP,k
Wgtzck =0.0
i=1IP
AL = -1
Test SCRIT
If SCRIT = 1.,
GO TO TEST TRLOOP (15)
I1f SCRIT = O,
28. PtrSZIP,k = ,5 % (Prup + Pryo)

Test (Ptrszi’k - Preopit)

If PtrszlP,k< Proies
set PRPC = 0.
GO TO CALL FLOW2 (3)

23. SCRIT = 1.

15. Test for TRLOOP

If TRLOOP # 0.

WRITE: Prup, Prlow, We, Prerit, j, Wgtzk, WthCk, Wgzi K? Ptrszi K
> >

If TRLOOP = 0.

25. Test for previous error
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If error has occurred
20. CALL DIAGT

If no error has occurred
21. CALL Loo?P

22. RETURN
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APPENDIX 1P

FLOW2 - FLOW 2

SUBROUTINE FLOW2

The purpose of subroutine FLOW2 is to calculate rotor exit flow in a

sector with two loss branches and supersonic weight flow decrease in super-

sonic sectors up to pitch sector critical pressure ratio. Subsonic sectors

have weight flow increase after the pitch sector critical pressure ratio up
to local sector critical pressure ratio. Supersonic sectors have cos Bog

correction for constant weight flow function after the pitch sector is

critical; subsonic sectors have cos PBog correction after local sector criti-
cal. When the pitch sector first exceeds the critical pressure ratio, PRPC
is set = 1.0, the pitchline pressure ratio is reset to the critical value,
PRPC is reset = 2.0, and flow is calculated exactly at the critical pitch-
line pressure ratio. When the last subsonic sector exceeds the critical
pressure ratio, SCRIT is set = 1.0 as an indicator that maximum flow has
been reached.

79k based on Tay, = .95 Ttr2IP K has been set up by STA2,
b

Compute isentropic rotor relative temperature ratio

2k - 1.
10. B9, . = (Ptr/Psy, ,) ~ 72K
ik i,k

Test r for loss coefficient input

If ¢ is input RTPLC > 0.0
1. CALL LOSS2
If efficiency input, RIPLC = 0.0
Compute exit temperature
2. Tszi,k = Ttrzi,k [1. -Otri’k 1. - 1°/¢2i,k%

Test for pitch sector
If pitch sector, i=1IP
3. Test for gamma input
If gamma not input, yp = 0.0
= *
4. Tag, .5 (Ttrzi’k + Tszi’k)

CALL GAMMA (Ptrp; ., Tap,, FAIR,WAIR,72k)
b

If gamma input, yp = 1.0

Compute critical pressure ratio
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72k .
! - 1.
Pr/Ps2lcrse, T [(72k + 1.)/2172k

5. :
Specific heat at constant pressure
= * -
All sectors
Relative exit velocity
= * o % J % * - 1
Rzi,k 2 kg % J % Cpyy (Ttrzi,k Tszi,k)
Exit pressure
Pszi,k = Ptrzi,k/(Ptr/Pszi,k)
Exit density
= AP *
/12i,k 144, Pszi,k/RG Tszi,k
Test for critical pressure ratio
If greater than critical
7. Test for pitch sector
If pitch sector
8. Test for previous critical pitch sector
If no previous pitch critical occurred,
PRPC = 0.0
9. PRPC = 1.0
Ptr/PSzi,k = Pr/Pszcrit K
go back to repeat from start ¢2i Kk €10)
3
29. Test for pressure ratio less than pitchline
If greater, go to supersonic flow decrease (13)
1f pressure ratio less than pitchline
18. Test for I1=1,
or I = ISECT
1f I=1
or I = ISECT,
set SCRIT = 1.
11. ¢2ck = (72k + 1.)/2 ¢2ck = (72k + 1.)/2

= % gk J K * * * - 1
chi,k 1/547 g * J * Cpyy Tt:rzi’k ri,k (¢2Ck 1.)/¢2Ck

= * - * -
TSZci,k Ttrzi,k [l. Ozfi,k (1. 1./¢2ck]
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fszci,k = 144, * Ptrzi,k/ [RG * (Pr/Psy g, ) * Tszci,k]
= % % *
Weacq k = S2ei,k ¥ R2ey o ¥ AWMz p Focos By oy
W82; 1 = WB2cj i

Skip to calc cos B,., B (14)
2E 7E

I1f pressure ratio greater than pitchline
13. Test (PRPC - 1.)
If PRPC = 2.

= F] %
24, Wepy g = FFTy g Ptrzi,kAJ Ttrzi’;

Overexpansion after supersonic flow decrease

’

S = g 3 %
14. cos Bop; y = Wazy \/(Po2y o * Ray o ¥ Annzg )

A 2]
BZEi,k = tan ET (cos SZEi,k).J/cos BZEi,k
Skip to last block (16)
If pressure ratio less than crifical, or

If supersonic flow decrease

= * * *
15. Wgzi,k /gzi,k Rzi,k Annzi’k cos Bzi,k
cos BZEi,k = cos Bzi,k

B2E; k = P2y,

= *ﬂ] \
FFri,k Wgzi,k Ttrzi,k/Ptrzi’k
Last block
= * i
16. R”Zi,k Rzi,k Sln(ﬁZEi,k)

Vu2g k= B2y 7 Vop ok
2
== % *
dp/drzi’k (2./144.) eri,k (qui,k) /(g * Dpzi’k)

= %
szi,k Rzi,k cos Bin,k

ASZi,k ="/72k"!*_§ *RG ® TSZi,k1

B 7 7
V25 x ““/szzi,k) + Gy )
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Mok = V21178925 i
Mry; oy = R2g /882y g

= *
Mfzi’k Mrzi,k cos aZEi,k

1f 1 { ISECT,
Go to text for error (17)

If PRPC = 1.,
set PRPC = 2.

17. Test for previous error
19. Error occurred, CALL DIAGT
21. No error,

RETURN
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APPENDIX 1Q

L0SS2 - LOSS 2

SUBROUTINE LOSS2

The purpose of subroutine LOSS2 is to set‘ylrr = 1.0 and calculateqlr

from a quadratic polynominal:

APt .
Ptrijp - Psy B f((Broptimum’lr)

For positive incidence angle, the polynominal is followed up to B rmp, then
a linear multiplier is used for higher incidence angles. For negative
incidence angles, the polynominal is followed down to B rmm, then a linear

multiplier is used for lower incidence angles

|
|
|
= la,?2 Ir | + Ir
® T |
|
(Brmn_- Sha’:c)r (Brmp - Bla’f)r
(Brr - Bla )r | (Brr =~ Bla )r
| -
(Bla - Bla )r
(Brr - Bla )r
EXPN =
EXPP =
q?rri,k = 1.0
Test (ir)

Incidence angle is zero

1}
€

Brap = O3 i

Incidence is positive
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AS = B1i K (square coeff.)
M
AC = B2, (cubic coeff.)
i,k
AQ = B3, (quartic coeff.)
i,k

Test (Brmp - Bla) 1i.e. (Brmp -[%1A*) - (B1a - 51A€ﬂ
Within positive limit, Go to (6)
Exceeds positive limit
= - *
3. asm/or Iri’k/(ﬁrmp Bia )i,k
= - * - *
(Brmp - BiA )i,k/ (Brr - By )i,k

Go to (%)

Incidence is negative
A8 = B4, (square coeff.)
: i,k
AC = Bsi,k (cubic coeff.)

AQ = B6i,k (quartic coeff.)

Test (BlA - Brmn) i.e. EBIA - BlA*) - (Brmn - BlA*)]

Within negative limit, Go to (6)
Exceeds negative limit

5. @m/ir = Iri,k/(ﬁrmn - BlA*)i,k

Go to (7)
Incidence angle is within quadratic limits

6. am/dr = 1.0

= (Byp - By BrE = B, L

7. ®1A-2 _‘“ri k{l + (AR) {AS + (AR) |AC + (AR) Aé@ * @m/Gr

L {’ 1. —X1Ak __
.- = - - 1.
(Perip/Ps,); o % (1. - ©14-2) +@py-2 V1A

/ﬂ-ri,k =

Test for previous error

(Bpg y = 1-)/02

RETURN

104



APPENDIX 1R

LOOP - LOOP ITERATION

SUBROUTINE LOOP

The purpose of subroutine loop is to handle all the logic for iterating

to obtain the exact choke point. Eight possible conditions may arise during

the calculation:

1.)

3.)

4.)

5.)

UNDERFLOW - For very low pitchline pressure ratios, due to the radial

variation in blade row inlet total pressure and radial variation in

blade row exit static pressure, the stator tip sector or rotor root sec~
tor pressure ratio may be less than unity, (PTRN = ~1.) LOOP sets KN = 1,
increases PR by DELPR and returns. (PATH 18-19-21)

NO CHOKE - If the station flow is less than critical (SCRIT = 0.) and this

blade row is not within an iteration, LOOP returns to the normal calcu-
lations. (PATH 1-3-5-18-19-21).
INITIAL CHOKE DETECTION - If the station flow is greater than critical

(SCRIT = 1.) when the program is not at the last blade row of an itera-
tion loop (ICHOKE # IBRC) and when no other choke has previously occurred
at this pressure ratio (IPC = 0), then all the necessary counters and
variables are saved at the last condition prior to choke detection and

an iteration loop is eéntered. The pressure ratio increment is halved,
the pressure ratio reduced by the resulting amount and a return made to
the most upstream blade row of the iteration loop. (PATH 1-3-6-8-9-~10-~
11~13-14-15-16-17-19-21).

CHOKE ITERATION NOW SUB~-CRITICAL - If the station flow is less than

critical (SCRIT = 0.), but this is the last blade row of an iteration
loop (ICHOKE = IBRC), then the pressure ratio increment is halved and
the pressure ratio at the start of the loop increased by the resulting
increment. The iteration then continues from the first blade row
involved. (PATH 1-2-3~5~7-16-17-19-21).

CHOKE ITERATION SUPER-CRITICAL AGAIN ~ If the station flow is greater

than critical (SCRIT = 1.), when the program is at the last blade row
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of an iteration loop (ICHOKE = IBRC), the pressure ratio increment
is halved, the pressure ratio reduced by that amount and a transfer
made to the start of the iteration loop. (PATH 1-2-3-6-13-14-15-
16~17-19-21).
6.) MULTIPLE CHOKE - If the station flow is greater than critical (SCRIT = 1.)

and a choke has occurred upstream at.this pressure ratio (IPC = 1), the
program is restored to the status before the previous iteration loop,
the pressure ratio increment is divided by four, the last pressure
ratio in use before the previous choke occurred is increased by the new
increment and, as if neither of the two chokes had occurred, the pro-
gram starts at the most upstream blade row being calculated. (PATH 1~
3-6-8-9-10-12).

7.) CHOKE ITERATION COMPLETE - If the pressure ratio increment (DELPR) is

within the iteration tolerance (TOLPR), LOOP resets the pressure ratio
increment to the input value for after a first blade row choke to the
last blade row choke (DELL), sets those variables which control how
far upstream the computation should start, and returns to normal cal-
culations. (PATH 1-2-4).

8.) SUPERSONIC

Set value for last blade row
Ij = 8 + Kstg
Increasé the blade row counter

Ibre = Ipre +1

Test for negative sector pressure ratio

If negative pressure ratio occurred,
Ptrn = -1.

Go to (18)
1. Test for choke iteration on this blade row
If choke iteration on this blade row
2. Test pressure ratio increment with tolerance
If no choke iteration on this blade row or the increment is greater than the

tolerance

3. Test for station flow critical.

4. Increment is less than tolerance-choke iteration complete.
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ICHOKE = 0
Ipc = Ibrc
Iss = Ibrc
Isorr = 2 + (Ibrc/2) * 2 - Ibrc
J1l = (Isorr - 1) * 8 + Kn

Test for next blade row = last biade row
If not last blade row, J1< 13
22, Delpr = Dell
Go to (24)
If last blade row, J1L = 1j
23. Delpr = Dela
24, Lopc = 0
Choke = 1.
Lstg = Kn

Lbre = Ibrc + 1
Go to set Jump = 0, (18)
If the station flow is sub~-critical
5. Test for choke iteration on this blade row
If no choke iteration, go to set  Jump = O, (18)
If choke iteration, sub-critical branch
Isorr = 1 for stator

Isorr = 2 for rotor

7. Delpr = Delpr/2.
Jl = (Isorr - 1) * 8 + Lstg
Pto/P51IP,J1 = Pto/P81IP,J1 + Delpr

Go to increase loop counter (16)
If the station flow is super=critical
6. Test for super-sonic increment on this blade row
If super=-sonic increment on this blade row, '
Go to set Jump = 0, (18)
If not super-sonic increment on this blade row
8. Test for choke iteration
If not choke iteration
80. WRITE Blade Row Choked
9. Test for single calculation point
If single calculation point, Go to set

Jump = 0, (18)
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If pressure ratio is incremented
10. Test for previous choke

If no previous choke occurred, save conditions just prior to the first choke.

11. Lbrcs = Lbrc
Isorrs = Isorr
J1l = (Isorr - 1) * 8 + Lstg
Sptps = PtO/P51IP,J1 ~ Delpr
Lstgs = Lstg
Sdelpr = Delpr

Go to test pass, (13)

13. Test for previous complete calculation

If PASS = 1.

14. ICHOKE = Ibrc
Delpr = .5 * Delpr

1f PASS = 0.

15. Decrease proper P/r by Delpr
J1 = (Isorr - 1) * 8 + Lstg

Pto/PSlIP,Jl = Pto/PSlIP,Jl - Delpr

Go to increase loop counter (16).

1f previous choke was occurred, - multiple choke.

12. J1l = Lstgs + (Isorrs - 1) * 8
Delnu = (Pto/P311P,J1 - Sptps) /4.
Test Delnu
If Delnu< 0.0001,
Set Delnu = Delpr/4.

Delpr = Delnu

WRITE - Two blade rows choked, new increment.
Lbrc = Lbres

Lstg = Lstgs

Pto/P81IP,J1 = Sptps + Delpr
Lopc = 10
ICHOKE = O
Ipc = 0
Iss = O
CHOKE = 0.0
Go to set Jump = 1 7
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16.
17.

18.

19.

Increase loop counter

Set Jump for choke iteration, Jump = 1

Go to (19)

Set Jump for no choke or choke iteration complete,
Jump = 0

Test (TRLOOP)

If TRLOOP is positive

20.

21.

WRITE Ibrc, Lbre, Isorr, Kn, Lstg, Ipc, Iss, ICHOKE, Jump, Lbrcs,

Isorrs, Lstgs, Sptps, Pto/Psl Delpr, Dell, Secrit, Lopc.

ip,J1’
RETURN
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APPENDIX 18

STA2A - STATION 2A

SUBROUTINE STA2A

The purpose of subroutine STA2A is to determine inlet flow conditions to
all stators after the first and find stator incidence angle recovery. Stage
exit average conditions P and T are determined based on an average weighted
entropy. The profile averaging fork (PAF) is tested to set the inlet profile
for the next stage inlet. Three profile options are available, Start at pitch-
line to obtain gas properties for the station, calculate into root then out to
tip. Absolute tangential component of velocity is adjusted for diameter change
to conserve angular momentum. Axial component of velocity is adjusted for
weight flow change, area change, and density change from STAl. The radial gradi-
ent in pressure does not satisfy radial equilibrium, and continuity is conserved

in each sector.

Set i to pitchline value
Set Al to -1

Set first guess of Tsop. = Tso,
& 2Ai,k 2i k
Find ratio of flow change Wr = RWGZAk/RWGZk

Set total station flow
WthAk = Wr * Wgt2k
[= (v, /ist,, 0.0]
[Zln(TR)WgZA/WthA = 0, 0:]

EEln(PR)WgZA/WthA = 0.@

Initialize summations

Adjust tangential velocity
= *
12. VuZAi,k Vuzi,k Dpzi,k/DPZAi,k

fstr fszi,k

We2as k= WE VB2

Starting density

Adjust flow

Adjust axial velocity
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: = X * X *
1. VzZAi,k Wr * szi,k fjszi,k * Annzi,k/qpstr AanAi,k)

_ 2. 2.1
Voas k = ‘/(VuZAj_’k) + Vzgpy )
Test for pitch sector
If pitch sector i=1P
2. Test gamma fork
If gamma not input, ¥F = 0.0
= %
3. TaZA .5 (Ttrzi,k + TSZAi,k)
CALL GAMMA(Ptrzi’k, TaZA’ FAIR,WAIR, 7 24y )
If gamma input, ¥yF = 1.0
4. Cpoay = RG * yop, / [f72Ak - 1.) * ﬂ

P 2. 2]/
ATs = {EVgi,k) - (VZAi,k):]//(z’ * gk J % CPZAk)

TSZAi,k_ = TSzi,k + ATs

72Ax
= * 7’2Ak - ]_.O
32. PSoA1,k PS2 k (1. + ATS/Tszi,k)

= %
(7S2A 144, Psoag, i/ RG * Tsp; 1)

Find density error
fe = (€SZA -€str)/(032A

{'De - (Otol)

1f error » tol,

5. ﬁstr ={0s2A

Go to Calculation new VZZA (1)

Test(

If error £ tol,

6. Slna2A = VuZAi,k/VZAi,k

- -1 / . 2. |
aZAi,k = tan ‘:31na2A’_ 1. sin a2A j}

Test for pitch sector
If pitch sector, i = 1IP.
24, Test gamma fork
If gamma not input, 7F = 0.
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25. Tas, = .5 * (Talk + Tazk)

= *
Pas, = .5 (PtOIP’k+Pt2AIP)k)

CALL GAMMA(Pas, Tas,, FAIR,WAIR, ys, )

Go to (27)
If gamma input, yF = 1.0
26. 7Sk = .5 % (711( + 72k)

= * - *
Cps, = RG 7sk/ lfysk 1.) J]
; = * * *

28. ARVDy o = (U1ay g * Vuppg g * Ugy g * Vuy; o) /(8 * D)

1
= % * *
M2Ai 1 = Vaag 1 /V72Ag ) * 8 FRG F Ty,

= *
ATt = TFR, . AhVDi’k /Cpsk

s
2.
Tt/TSZAi,k =1, + (MZAi,k) * ()’ZAk - 1.)/2.

Y 2Ak
Pt/PSZAi,k = (Tt/TSZAi’k)7ZKk - 1.

= *
PtZAl,k PsZAl,k. (Pt/PSZAl,k)

= *
MfZAi,k M2Ai,k COS(O‘ZAi,k)

Test for tip sector

If not the tip sector i # ISECT
13. i=1i+A1
Test (i)
If below root, i=0,.
14, Al = -1
i=1IP + Al

Go to next sector (12)

If tip sector is completed, i = ISECT



15. i = 1,ISECT
ISECT
.21 (Ttoag, i/ Te2a1p 1) * (B2a; 1 /WBtony)
1 =
ISECT
= (Tt ITeourp ) * (lega; o /ety
1 =
ISECT

*

= *
Tty = Ttoarp i za(TR)WgZAi,k/WthAk

- * e [Power]

Pty = Ptoarp i
where
ISECT ¥ 2A;
Wgoa i S Wg2A; WgZA
Power 2 1n(PR) *W—L-K In(TR) * i k In(TR) *
Test for last stage
If not last stage
17. TtOsy = Tt
PtOs, , | = Pty
i = 1,ISECT
29 Is =q - ap”
: ik + 1 A1,k T 70 ok 4+ 1
1f Is > TT/2,
Set Is = TI/2
1f Is < -T1/2
Set Is = -TI/2

Test u-)s

If @3s is input,

7. 4qrsi,k = 1.0

« Expsi

fl
o

Go to (117)
If s is not input
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8. Test (Is)

For negative incidence

9. ' Expsi = Expn
Go to (117)
For positive incidence
10. Expsi = Expp
117. Test passage area fork (PAF - 1.)
If ) PAF = 0.,
uniform profiles
19. Ptpi,k +1 = Ptk
Tt T2R¢ - 1
. - & ¢
pe _ Ptpl’k + 1 l:l. + (T-ém 1.) ”lrsi’k
i,k + 1 72Ak
4 -
e 2Bk - L.
G
5241,k
Teos e +1 - Tt
Go to (23)
If PAF = 1.0,
save profiles
20. Ptpi,k +1 = PtZAi,k
Tt 728k - 1.
Ptpi k + 1 []. + (T-S'E-A—'l: - l.)*'{lrsi K * c Q
Ptq, = 1, 2
i,k + 1 72Ak
Y2Ar -
Tt ) k - 1.
Tooa1,k
Go to (22)
if PAF = 2.0,
smooth pressure profile
_ Pric
21. PEPy w4+ 1 T 5 TAR
YR 1.



22. Ttoi,k +1 = TtZAi,k

23. Continue

18. Mfgtop = MfZAIP,k/AaCS

Test for previous error
If error
30. CALL DIAGT
If no error

31. RETURN
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APPENDIX 1T

STAl .~ STATION 1

SUBROUTINE STAl

The purpose of subroutine STAl is to satisfy continuity of flow and
radial equilibrium at the exit of all stators after the first. Flow is
adjusted for cooling air injection between stations 2A and 1. The starting
value of pitchline pressure ratio is obtained from a one-~dimensional flow
function per unit area relationship. Incidence angle loss in total pressure
will vary with pressure ratio and sector number. Simple radial equilibrium

is used to balance the radial distribution of flow.

Set index for flow loop = 1
Set index for critical condition = 0.0

Wr = nglk/ngzAk -1
i = 1,ISECT
We1j i = WE FWeoA; k-1

o5,k = Y245 k -1

[]

Ps0; 1 = FS241 x - 1

i,k - VALK -1
TS04,k = To241,k - 1
ik - VU245 g -1
i,k = VE2A1 k - 1
MOy k= Maask - 1

1. Wgtlk = Wr * WthAk -1
End of i loop
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Set i=1P
AL =~1
Wgtley, = 0.0
Set index for pressure ratio limit = 0.0

Test for choke iteration

If choke iteration, ICHOKE # O,
Go to (16)

If not choke iteration

17. Test loop iteration

If loop iteratiom, LOPIN # 0,
Go to (16)

If not loop iteration

18. Test 9F

If gamma not input, ¥F = 0.0

= *
Talk .95 TtoIP,k

CALL GAMMA(Ptor, \, Tay, FAIR, WAIR, yy, )

If gamma input, ¥F = 1.0
= * * * *
3. FF/Ali,k ngi,k -VFEE;I:Q /(144 , Ptoi,k Annli’k cosali’k)
CALL PRATIO(FF/AL; \, 71,, RG, Pto/Psl; i, Prtol )

16. CALL FLOW1

Test for previous error
If error, Go to (25)
If no error occurred

Wgtlck = Wgtlck + ngi,k

=1

Test for pressure ratio less than pitchline.
If pressure ratio is less than pitchline,

Set .R =i

Test for tip sector
If not tip sector, i ¢ ISECT
4, i=1i+A1

Test for lower than root sector

If lower than root, i=20



5. AL = -1

i =1IP + Al
If not lower than root, i> 0
Find index for dp/dr
6. 1 =1i~-A1

= i * *
Psli,k Psll,k + FLOAT(AL) dp/drlﬁ’k (hlp,k + hli,k)/z'

PtO/PSli,k = Ptoi,k/Psli,k

Go to CALL FLOW1 (16)
ISECT

If tip sector, i
Test index for pressure ratio limit
If first time past, counter = 0

8. Set index for pressure ratio limit =1

Y1k

I TTe - 1.
Prcrit = (711{ + 1.)/2.

Pr. = Pto/PSlIP,k * Pr rit/(Pto/Psl-Q,k) * (1. + Prtol)

up c

Prlow = 1.0

On pressure ratio interation,counter 2 0.
9. Set counter to value + 1.
10. Set counter for blade row

Test for choke iteration on this blade row.
If this blade row is on a choke iteration, set

Pto/PslIP k= Pr
s,

up
11. If Wgtle & Wgtl: Pryg, = Pro/Psj, .
12. 1If Wgtle > Wgtl: Prg, = Pto/PSlIP,k
13. We = 1, - Wgt:lk/Wgtlck

Increase flow loop index
Test (Index - 32)
Fails to converge in 32 passes
GO to WRITE ERROR (22)
29. Test for choke iteration on this blade row.

If this blade row is on a choke iteration,
ICHOKE = L
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31.

30.

If

If

14.

1f

If

If

If

27.

If

If

19.

If

20.
15.

If

If

Set SCRIT = -We
Go to test TRLOOP (15)
Test for loop iteration

loop iteration, LOPIN = 1,
Go to (15)

not on a loop iteration

Pre = (Pto/PslIP K" Ptrmo)/Pto/PslIP I
’ >

Test IPrel ~ Prtol
pressure ratio error is less than tolerance
Test 'Wel - Wtol
flow error is less than tolerance,
Go to test TRLOOP (15)
flow error is greater than tolerance,
Set Scrit = 1.0
pressure ratio error is greater than tolerance

Ptrmo = PtO/PSlIP K
3

Wgtlck = 0.0

i=1IP
AL = -1
Test Scrit
Scerit = 1.,
Go to test TRLOOP (15)
Scrit = 0,

Pto/PSlIP k=9 (Pryp + Prigy)
b

Test (Pto/PslIP,k - Prorie)
Pto/PslIP,k~<'Prcrit,
Set PRPC = 0.
Go to CALL FLOW1l (16)
Scrit = 1.0
Test for TRLOOP
TRLOOP # O
WRITE: Pryp, Prigu,We,Propie, 3, Wetyy, Wgtlck,ngi,k, Pt::o/Psli,k
TRLOOP = O
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28. Test for previous errror
If error has occurred

23. CALL DIAGT

If no error has occurred

24, CALL LOOP

25. RETURN
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APPENDIX 1U

OVRALL - OVERALL PERFORMANCE

SUBROUTINE OVRALL

The purpose of subroutine OVRALL is to calculate turbine overall perfor-
mance from Stage 1 inlet to last stage exit. Find the average overall ¥ and Cp,

ZUpZ,SUrZ,S 2h, Ahtp, Asy, Ohaty

Initialize inlet data and overall summations.

TtOs = Ttin

PtOs = Ptin
Tald = 0.
Pa0 = 0.
70 = 0.
Upzo = 0,
ur2o = 0.
Hhto = 0.
k = 1,Kstg
Test for gamma input
If gamma not input
1. < Tao =Z’Task
S, Pao =% Pas,
If gamma input
2. S yo =% 7Sy
Initialize stage summations
Ahts = 0.
AhtIs = 0.
HhsIs = 0.
HMhtIs = 0,

i =1, ISECT
Rw = WgZAi’k/WgtzAk
Ahti,k = Ahvdl,k %* TFl,k
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S
= * - ys - 1.
AhtIi,k CpSk Ttoi’k[l. (PtZAi,k/Ptpi,kJ

/(Fti,k = Ahti,kﬁﬁhtli,k <
s - 1.
AhSIi,k = CpSk * Ttoi’kE_. - (PSZAi’ Ptpi,kay

f/(tsi’k = Ahti,k/AhSIi,k
2A
2] 72A -1
= * *
Ptati,k PszAi,k E. + (72Ak _ 1/2.) (MfZAi,k) ]

]

= * _ -
Ahatli’k Cpsy Ttoi,k [1 (PtatZAi,ls/PtPi,k)

//ltati,k Ahti,l/AhatIi,k

Ahts SIRw * Aht,

k Jk

Mhtyg, =3 Rw * Ahtli,k
AhSISk =2 Rw * AhSIi,k

Ahatls, =JRw * AhatIi K
>

end of i loop
Stage output

= *
O&Osk aOIP,k 180./TT

Iss, = Isyp i * 180./TT
2

Blas), = BlAIP,k * 180./TI

= *
Irsk IrIP,k 180./TT

= *
025 QZIP,k 180./TT

Gcrk = 70k/70k + 1.) *RG * Ttosk] /[(731/)'51 + 1.) * Rsl * Tsl‘)
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- O . /
€1<= ysl/y0 | (0 + 1./2)7 k= 1./ (ys1 + 1./2)

S = Ptosk/Psl
M tts, = Lhts, /OhtTs)
M tss) = Lhtgy /Ahsys)
42tatsk = Ahtsk/AhatIsk
Wgto, = Wgtq /RWGY
wﬁ/Psk = Wgto, *W/ﬁas-k‘ /Ptos)
N/V Ty, = REMATEgs,
Mh/Tg, = Ahtg, /Ttog,
Ah/chSk = Ahtsk/gcrk
N/JEQSk = RM/" et
Wy Gcr €l = Weto, *V Ger, *€ L
Pto/Pty, = Pt()Sk/ITtk
PtO/PSZk = Ptosk/PSZIP,k
Tt2/Tt0k = i%k/TtOSk
Ttria/Tto, = TtrlAIP,k/TtOSk
. : . o

2.
Up%y = (Uiapp p + UZIP,%/E.)
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22
o= *
Ur,.k {ﬁlAl,k Dr]_Ak/DplAk + Uzl,k

Test (AhsI)
If negative or zero
14.
If positive
15.

16.

1, -
Rxpk =1, =

Root values

Upzo =§5Up2k

Ur 2o =Z 1111'2k

Ahto =S Ohtg,

<3
[l
0n
1]
=]
It

Visen ='V/2. * g *J* AhsII

k P,k

Up/Visenk UpSk/Visen

k

it

Ur/Visen Urg, /Visen

k k

ﬁ’psk =g *J* AhtSk/(Z. * Upzk)

Yrsk = g * J * Ahtg /(2. * Urzk)

* Drzk/Dpzk///ZZ}z'

1.0 (dummy isentropic velocity)

Zsk - l ZSk - l
P Pt 7Sk _ Y Sk
(Ps1rp 1 /Ptrrp, i) /1' ®s21p,1/Pto1p, 1)

Vuly = Vul

*
Dpll,k/Drlk

1,k

i
. 2
Vi, =—1/(;u1r)2 +(valy )

2.
= - * * % -3
gr = 1. E Vir /(2. % g % J % CpL * Teg) | %l’kﬂ

Lic
Pto/Psl, = (9)7TK - T, * Ptpl,k/P

to1,k

Aﬁrk = (B].Al)k + BZel)k) * lSO./H
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\
Mlsk = VlIP,k/ 'ylk * g * RG * TSlIP,k

Tsl, = Ttol,k - (Vlr)z'/(z, * g ok J ok Cplk)

Mirg, = Vir/y/y1, * g * RG * Tslp |

Vulay = Vuia; o * DplAl,k/DrlAk

2. !
Via, =‘ﬁVUlAr) + (Va1 D%

TSlAr - Ttol,k - (VlAr)2°/(2. * g% J % CplAk)

RulAr = VulAr - UlAl,k %* DrlAk/DplAl,k

Ria. =/ (Ruia )2 + (Vzyp, )2
T T 1,k

—\
RlAr/-\/7lAk * g * RG * TSlAr

Mr lAr

Tip values
= *
Vuze = VU2igper, k DszSECT,k/DtZk

\

7. 2.
Vg ’\/(Vuz )2+ (V2argper, 1)

* 3 *
Ts2p = Vuz, + [(VZISECT 7 (V2y) }/(2 8 * RG ¥ Cpyy)

Rug, = Vup, + Uorgper,k ™ thk/DPZISECT,k

_ 2. 2.1
‘“/(RUZt) + (V2216507 1)

Mry = th/ﬁzk * g ¥ RG * Tszt‘

17. end of k loop

Test for gamma input
If gamma is not input, ¥F = 0,
4. Tao =3)Tao/Kstg
Pao =2 Pao/Kstg
CALL GAMMA(Pao,Tao,FAIR,WAIR,yo )

If gamma is input, ¥F = 1;
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yo = £yo/Kstg

8. Cpo = RG(yo - l.)/(70 * J)
Initialize exit summations
AhTIO = 0
AhsIO = 0,
AhatIo = 0.
k = Kstg
i = I,ISECT
Rw = W .. [Wgt
82Al’k 8L2A)
yo - 1.
= * * | - 70
Ahtlo ZCpo TtoI,1 [l. RW(PtZAi,k/PtPi,lj
_ yo - 1,

Ahslo _Z‘ Cpo * TtOI,l %* |i - RW(PSZAi’k/Ptpi’li

o - 1.
9 Ahat =£Cp * Tt0 * E - Rw(Pat /Pt ) 7°
‘ Io ° 1,1 ) 241 k'77Pi, L

end of i loop
\}’Po

‘f/r )

g *J* AhtO/(Z. * Upzo)

g *J* Ahto/(Z. * Urzo)

WY T/Py = Wy/T/Psy
(WNE/60§)o = Wy Bcr € /51 * N/ Gcr51/60.

N/7 6cr,
N/Y/To = NA Tg,

]

N/Y Bersg,

Ah/To = Ahty/Ttin
Pto/Pty = Elin/Pthtg

Ptg/Ps2, = Ptin/PSZIP,KStg

Pto/Pat2O = Ptin/PatZAIP,Kstg
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Nty
’?ts

[0}

’Y?tato

ANh/Bcr

[

WRITE OVRALL output
RETURN

Ahto/AhtIo
Oht,/Nhst
Ahto/AhatIO

= Ahto/GCrl
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APPENDIX 1V

INSTG -~ INTERSTAGE EQUATIONS

SUBROUTINE INSTG

The purpose of subroutine INSTG is to set up for printout of interstage
output. For more than three sectors, only the sector pitchline values are
printed. For three sectors or less, the hub value and casing value are also
calculated based on a free vortex distribution in the root sector and tip sec-
tor respectively. Interstage data is relocated or calculated one stage at a

time.

k = 1,Kstg
Relocate pitchline values, convert angles to degrees.
4. i = 1,Isect
= * *
fso 144, Psoi,k/(TSOi,k RG)

A= 0oy gt OLEy g

v =V X * * !
M1 ]'i,l /'V 71] * g RG T_sli’]
i = - * +
ZlncS cos (90 2@1Ei’]) I(tanaoi’]/tanalEi,]) {J

2.
Cpg = 1. - (voi,k/vli’k)

88 = Prag o T PaEg i

rYsk - 1. YSk - 1.
= - - 7sk - 78k
Rxp 1. 1, (Psli,k/PtPi,k) 1. (Pszi,k/PtPi,k)

, 2. 2\
- *
+ p=2.%g*J%* Ahti’k/ (UlAi,l) + (Uzi,l)

Zinc, = cos(90 - ZBin’k) * (fanBlAi,k/tanBZEi,k) + {J
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2.
Cpy = 1. - (RlAi’k/Rzi’k)
- % *
5. f?z 144, Pszi,k/(Tszi’k RG)
end of 1 loop

Calculate hub values, relocate constant values.

i}

tamalr tanali,k * DplAi,k/DrlAk

Station 0 - Stator Inlet

= * .
10. Vuo, Vu()l,k Dpol, k/Drok

2. !
Vo, —'v/(Vuh) + (vZOi,k)z.

2.
Tsqy, = Ttol,k - (Voh) /(2. % g% J % Cpok)

70k
Psq, = Psol,k * (Tsoh/Tsol,k) 70k - 1.

/0soh = 144, % Psoh/(RG * Tsoh)
Op, = tan—l(Vu /Vz. )
Oh Op /Y20y

-1 *
= - *
Ish Qg - tan "(tan 0 Dpol’k/Der)

|
Asoh ='1/70k * g * RG * TSOh

Mo, = Vor/ASOh
Station 1 ~ Stator Exit.

Vup, = Vull,k * Dpll,k/Drlk

T, 2. !

2.
Tsyy, = Ttol’k (V)T kg kg% Cpyy)

Y1k

7Tk - 1.
Psy, = Psll,k * (Tslh/Tsll,k)
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/Dslh = 144. * Psy /(RG * Tsyy)
-1
OClEh = tan (Vulh/Vzlh)
Mh = Oéoh + OtlEh

ASlh = v7/1k * g % RG * Tslh

My, = Vlr/Aslh
Zincg, = cos(90 - 2015, ) *[(tanOéoh/tanozlEh) + 1,]
2.
Cpsy, = 1. - (Voh/vlh)
Station 1A - Rotor Imnlet.
= *
VUlAh VulAl,k 3 DplAl,k/DrlAk
= - *
Ruja, = Vupay, V1A1,k DrlAk/DplAl,k

-1
By, = tan (RulAh/VzlAl’k)

-1 % "
Irh = Blh - tan Ean(xlr - (tanall,k - tanBlAl,k) g DrlAk/DplAl,g

> 7. 2
Riay, = Rupp )"+ (V21A1’k)

2. 2. 2.7
ATgy = (Vll’k) - [(Vzmi’k) + (Vupp,) ]/(2. * g % J % Cpyp)

TSlAk = Tsll,k + ATsp

) 1
MrlAh = RlAh/‘J'ylAk * g * R * TS].Ah

2.
Tty/Ts1ap = 1. + (MrlAh) * (71Ak_1_)/2-

Teripy, = TSlAh/(Ttr/TslAh)
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Test Ir

If negative incidence

2. Expri = Expn
If positive incidence
7. Expri = Expp
V1A
Expri 71 = 1.
= - % *
11. Ptr/PslAh 1. + [}Ttr/TslAh) l] g rrl’k (cosIrl’k) :}

PtrlAh = Psipy * (Ptr/PslAh)

Ulap = Uiy i ™ DrlAk/bPlAl,k

Station 2 - Rotor Exit.

Vuy, = Vuzl,k * Dpzl’k/Drzk
Ruzh = Vu2h - Uzl,k * Drzk/Dpzl,k
-1
Bzh = tan (Ruzh/szl,k)

OB = Biay, T Bay

2.!

2.
th —‘V/ERuzh) + (Vle’k)

2. 2. 2. ;
ATsh = (Vzl’k) - [kvz2l,k) + (VulAh) ] //(2, * g ok J K szk)

Ts2h = ".[‘szl’k + AEszh

!
Mrzh = th/ 72k * g * RG * T82h

U2y, = Uy g * Dr2y /Dpoy o

72k
72k -
Psy, = Pszl,k(Tszh/Tszl,k) k- 1.
sk - 1. Ysk -~ 1.
Rxp = L. -||1. -~ (Psy, /Ptp. ,) 75k / |1. - (Pso, /Pt,, .) 7Sk
h p/**Pyk 2n/ 5 P1,k
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Ahty = (UlAh * VulAh + Uzh * Vuzh) * TFl,k/(g * J)

\kh = 2, % g * J *I/-Ahth/ (U]_Ah)z‘ -+ (Uzh)z]

4ltth = Ahth/Ahtll’k
/Y( tSh = Ahth/AhSIl’k
QQFath = Ahthﬁﬁhatll,k

Ziner, = cos(90 - 2Bog, ) * [}tanBlAh/tanBZEh) + 1:]
2
Cpry = 1. - (RlAh/RZh)

Vuga, = Vu2A1,k * DPZAl,k/DrZAk

—

1
2. 2,
VZAh = ‘J(VUZAh) + (VZZAl,k)

-1
Qpp, = tan (VuZAh/VZZAl,k)
2. 2. 2.
ATSZAh = (VZAl,k) - [(VZZAl,k) + (Vu2Ah) ]/(2 * gk J % CpZAk)

TSZAh = TSZAl,k + ATSZAh

7 2AK

28 -
Psypp = PSZAl,k * (1 + ATszAh/TSZAl’l)7 k - 1.

/OSZAh = 144, * PSZAh/(RG * TSZAh)

|
Mopy = V2Ah/'/;2Ak * g ¥ RG * Tsppy

MFopy, = MZAh * cospy
Calculate tip values by repeating from (10) with t replacing h and Isect replacing 1.
8. CALL Wout
9. End of k loop
RETURN
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APPENDIX 1W

WOUT - WRITE INTERSTAGE OUTPUT

SUBROUTINE WOUT

The purpose of subroutine WOUT is to write the interstage output.

Print out interstage .data.

RETURN
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APPENDIX 1X

DIAGT - DIAGNOSTIC

SUBROUTINE DIAGT

The purpose of subroutine DIAGT is to write a brief diagnostic when an
error is encountered. When TRDIAG is input positive, a diagnostic is recovered

at the end of the main program from each station.

Test M

If M=20
Go to STAO diagnostic (10). If M =1
Go to STAO diagnostic (10). If M = 2
Go to STAl diagnostic (19). If M= 3
Go to STAlA diagnostic (11). If M = 4
Go to STA2 diagnostic (12). If M =5

Go to STA2A diagnostic (13).

10. STAO diagnostic

If M=0
Go to STAl diagnostic (19)

19. STAl diagnostic

If M=0
Go to STAlA diagnostic (1l)

11. STAlA diagnostic

1f M= 0
Go to STA2 diagnostic (12)

12. STA2 diagnostic

If M=0
Go to STA2A diagnostic (13)

13. STA2A diagnostic

RETURN
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APPENDIX 1Y

PHIM - PHI MAXTMUM

SUBROUTINE PHIM

The purpose of subroutine PHIM is to determine the pressure ratio at which
the flow function is a maximum including the efficiency of expansion g or .
SUBROUTINE PHIM (EXI, ETA, TR, PR)

where Y _
EXI = function of specific heat ratio, y-1.

ETA = expansion efficiency, g4 or r.

R

isentropic temperature ratio, d.

PR = pressure ratio, @ 7~

1
A = EXI -3
B = -~ EXI + (1. - ETA)/2.
C = ETA/2.

X = (-B - JBZ - 4AC) / (24)

=

ETA/(ETA - X)
PR = (TR)EXI

RETURN
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NTCP MAIN PROGRAM

w8
B
7]
Q
[ 7]
o1
o

®

st @ D
"Set inmitial values
ICASE = 0 @ — 43 +
—® — DELC
°
CALL INIT
CALL INPUT
CALL R
ISCABE = 0 Gs)
P LNy
DELL
If <
TRUE. Prever .FALSE.
]
°

: @ St
Ie) — ] DELA
: PRPC = €S- KN = KN + 1
. CALL STA 01 LOPIN = 0 —
B CALL FLOWL
CALL GAMMA fe~d
CALL CPA CHOKE
= CALL CPF
w CALL CPW
o> CALL LOSS1 @
GALL PRATIO
CS. % Mre ISCASE + 1
CALL PRATIO 19
+ JL )
— Pto/Psl = Pto/Psl+APR /@
@) <
Set Index Forks
! LOPIN = 1
- KN = LSTG
DELPR . IERC=LBRC
ENDJOB-1. IPC = O

Loss2




LeT

START

3
CALL INPUT

| 1cAsE = 1cASE +

1]

®

WRITE error
has occurred

SDEAF = 0
cosCxl,

al

RDEAF = 0
cosf2,

2 = B2°#TT/180.
cosf2

&)

g2 i

Store Rs, sCfs
RR, R, RTF in

following stages

a0 = °*TT/180.
Bl = B1°*IT/180.

PCNH=1. /SECT

l SH, H, DP, ANN, U I




[se/sth
[Se/sth

100

Re/RthK
Re/rth

-Write basic
J=J+1

130 | <

Write stage




6€1

== ?__ @ ?

IW =1
i = TIP : Ts0 = .5(Tto+Ts0))
M= -1 CALL GAMMA
Wgty,k = 0.0

Wgo,Ptomo,FFAO,Pso,
Ro/Pso,Tto/Tso,Tso,Vo,
Tal = .95 Tto AASO,M0,ST
CALL GAMMA (yl) +

CALL LOSS1 EXPS = EXPN
Wgtl = Wgtl + Wgl T

O, ()
CALL FLOWL(4) ' (24) r_ngs%HFW
CALL GAMMA é—_—_‘}

| Pto/Pso,Pto,Mpo,Wgl,Pso,Vuo,Vzo J
14

Wgtl = 0
i = IP
Al = -1
JW = 2

1 =4 -Af
Psl, Pto/Psl

° [ ]
- |

PRATIO .
CALL
Pto/Pso,Pso,;Tto/Tso,Tso Pto/Psl = 1.0 O CREGK 2)

@ PIRN = -1

® ®

®




—

@
J®
e

T

103asI-1I
3

ﬁ 13A “‘1ap/dp ‘ImA

_ 210 “I10e0d _

- .—u_*o

_ouu. /Old » 34S

18m “o18m ‘o718
‘o181 ‘o1A ‘o1

©)

‘1 = 110§
S1
I-3as1

t4)

aas ‘1w
10800
‘18a

@

140 ‘o18d/e3d

]

T

14 TIVO

(181 + 03L)§" = 18]

|
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TCP 10551

START J

J

; S i
wm N

¥ e
] geevo |

f(Qsmp)
B ~ OR = f(asR)

ool
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vl

START

{ = IP
AL o= -1
TslA, WgtlA

B

{

l

Vul, WglA, Fstr
L4

STA 1A

OF

| mria, Tr/TsiA, TtlA, RI ]

—1¢ +
ﬁn’/z ——

RI = TI/2 |

1f
RI +°TI/2

If

RI @

EXPR=EXPP
EXPR=EXPN

1@

_
g
H
e~
g
”
=
>

\;
o
(a3
"
o
S




134l

STA 2 <::> ](E%)

1 We, J=3+1 }

[, SCRIT, Permo, 152 |

@)

Write output
Pryp, Priows Prepips WE

[ WR, Ter2, Per2, g2, Wgt2 |

i = IP
A o= -1 /M
Wgt2c = 0.0
SCRIT = -WE £
] LOPIN

Prcrit; Priows, Pry
1A
1=1i-Ai PRE

L = IBRC + 1 Ps2, Ptr/Ps2

1f
Ptr/Ps2 -

PTRMO = Ptr/Ps2
Ptr/Ps2 =

1/2(Pryp + Briow)

Ta2 = .95Ttr2
y2

[
e | o
FF/A2
CALL PRATIO
@ Prup,= Ptr/Ps2 @ Priow = Ptr/Ps2

CALL FLOW2 ' |
CALL LOSS2
CALL GAMMA




44!

Ta2 = .5(Ttr2 + Ts2)
CALL 72

G«

Fgr Ptr/Ps2ec, sz l

PLOW2

(®

R2, Ps2, 82 ]

Ptx/Ps2 -
Ptr/Ps2c

J

$2c, R2c, Ts2ec,

[ SN Wg2c, Wg2

82c

@@_9@

@)

{ cosfB2E, B2E

PREC = 1

Wg2
cosf2E
p2E, FFN

Ru2, Vu2, dp/dr2, Vz2
As2, V2, M2, Mr2, Mf2

>

[FRee - 2. |
&17




START
Mrr = 1.0
— If -+
\i'r/
o
[ ®1A2 = ]
Y
@ J
@®1A2
-
/flr

- 145

AS, AC, AQ




Delpr = Delpr/2.
Increase Pr’

L JUMP = 0 i | gwe =1 | - ‘_:/‘PA:;\:EE;w;A~ e
. _—_\r g [( 14

19 <—F > ]
'__“///;kLOOP ——— ‘ ' G
\ . R \“/:\;(D , o — .\l.‘?/ N
© ! Decrease Pr J

LWRITE Loop

e -

@)

Choke
Iteration
Complete

(80"
WRITE - Choke
has occurred

Save conditions
prior to choke

i

WRITE -Multichoke‘

has occurred i

-

Y

=

Restore conditions

saved prior to

|

i
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Delpr = De1pr/4

-

|
v
17

choke _



Lyl

i = IP
AL = -1
T, LT, LP
Ts2A,Wgt2A
(12

Vu2A, Wg2A, str l

AhVD, M2A, ATt, Tt2A, Tt/Ts2A, Pt/Ps2A, Pt2A, Mf2A

l

Vz24, V24

{_TaZA, v24

Cp2A, AXs, Ps2A, 2A l

O]

s2A

@ @

rs = 1.0
(8 Expsi = 0.

@ |

= Expp

&_“I

22




8% 1

START

[ 3, Serit, Ptrmo, Wr J

Q

Wgl,x0,Ps0,V0,Ts0,Vul,v20,M8,Wgtl J

i =1IP
Al = -1
wgtlc = 0.
Lel = 0

Wzl

—

)

[ Previrs Prup, Prioy ] N ]
{ = IP+IP

@ "
i 1 =1 - Aff
Psl,Ptg¥Ps

|

Wgtl-Wgtle
Priow = Pto/Psl

27

i, AL

Ptrmo,Wgtlc




OVRALL

. START__J

[ "Initialize
i Summations I

Initialize
Summations

L

Stage
Output

L

Root
Values

1

Tip
Values

Yo

(8

I S

| cpo, Exit Sumations _ |

N

{VUJVOverall per formance l




INSTG

CALL WOUT W

%9\
RETURN
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START

‘ WRITE

RETURN ’
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DIAGT

START

]

If M=

1

go to 1011911 12 13

i ! ‘
2'3,l+| 5

Sta O I

RETURN

152



$IBFT
CNTCP
c
c

APPENDIX 3A

£ NTCP FULIST,DECK,SOD NTCP
NTCP

NASA TURBINE PROGRAM NTCP
NTCP

REAL MFSTOP NTCP
LOGICAL PREVER NTCP
COMMON /SNTCP/GsAJ,PRPC, ICASE,PREVER MFSTOP, JUMP,LOPIN,I5CASE, NTCP

1KNyGAMF, IP,SCRIT,PTRN,ISECT,KSTGyWTOL,RHOTOL,PRTOL, TRLOOP,LSTG, NTCP
ZLBRC,IBRCy ICHOKE y ISORR,CHOKEsPTOPS1{6,8)4PTRS2(648),TRDIAGySCsRC, NTCP

3DELPR,PASS,IPC,LOPC,ISS NTCP

: NTCP
COMMON /SINPUT/ , NTCP
1PTPS,PTIN, TTIN,WAIR,FAIR,DELC,DELL ,DELA,AACS,VCTD,STG,ySECT,EXPN, NTCP
2EXPP,EXPRE,RG,RPM, PAF,SL1,STGCH,ENDJOB,NAME{10),TITLE(10), NTCP

3PCNH{6) sGAM(648) yDR{648) yDT1628)sRWG{H64B)ALPHAS(6,8) 2 ALPHAL(648) 4NTCP
4ETARS{648) sETAS{648)sCFS{6,8)9sANDO(648),BETAL(6,8)4BETA2{6,8),ETARNTCP
SR{648) 4ETAR(648) 3CFR{6,8),TFR(648)  ANDOR{648),0MEGAS(6,8),AS0(6,8)INTCP
69 ASMPO(648) yACMNO(6,8)9A1(6,8) 3A2(6,B)4A3(648)9A4(648)4A5(648)¢A6INTCP

7658) yOMEGAR{6,8)yBSIA(6,8)yBSMPIA{6,8) ,BCMNIA(6,8),B1{6+8)4B2(6,8)NTCP
BeB3(648)+B4(648),B5(548)+B6{648),SESTHI(8),RERTHI(8) NTCP
NTCP

REAL MRZ,M2 PMF2 NTCP
COMMON /SFLOW2/TS2(698)4CP2{8)4R2(648),RH0S2{6,8)+BET2E(6,8) ,RU2{6NTCP
T18)sYU2{6,8),DPDR2(648),VI2(6,8)4MR2(648),MF2{6,8),M2{6,8) NTCP
NTCP

DIMENSION CS(8),CR(8) NTCP
NTCP

NTCP

CALL SLITE(O) NTCP
WAIR=0.0 NTCP
FAIR=0.0 NTCP
PTPS=1.02 NTCP
DELC=0.0 NTYCP
DELL=0.0 NTCP
DELA=0.0 NTCP
EXPN=2.0 NTCP
EXPP=2.0 NTCP
EXPRE=0.0 NTCP
RG=0.0 NTCP
PAF=0.0 NTCP
SLI=0.0 NTCP
AACS=1.0 NTCP
SECT=1.0 NTCP
VCTD=0.0 NTCP
WIOL=1.E~04 NTCP
RHOTOL=1.E~04 NTCP
PRTOL=1.E-06 NTCP
PCNHI{1)=1.0 NTCP
GAM(1,1)=0.0 NTCP
RWG{1,1)=1.0 - NTCP
ETAS{1+1)=0.0 NTCP
ALPHAL1(151)=0.0 NTCP
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000
001
002
003
004
005
006
007
608
009
010
011
012
013
014
015
016
017
018
019
020
621
022
023
024
025
026
027
028
029
030
031
032
033
034
025
036
037
038
039
040
041
042
043
044
045
046
047
048
049
050
051



25

10
11

12
14
16

17
18

ETAR(1,1)=0.0
BETA2(1,1)=0.0
TRLOOP=0.

TRDIAG=0.0
6=32.17405
AJ=T78.161

I1CASE=0
PREVER=.FALSE.

CALL INIT

ISCASE=0

IF (PREVER) GO TO 1
DO 25 I=1,8
CS(1)=0.0

CR{I)=0.0

PASS=0

PRPC=CS{KN)

CALL STAO1

IF (PREVER) GO TO 40
IF(ICHOKE.NE.O) GO TO 3
IF{SCRIT.EQ.1.) SC=SC+1.
CALL SThia

IF (PREVER) GO TO 40
LOPIN=0

JUMP=0

PRPC=CR{KN)

CALL STA2
CRIKN)=PRPC

IF (PREVER) GO TO 40
IF {(1.-MF2{1,KN) 124,555
IF (JUMP)6,6,20

CALL STA2A

IF (PREVER) GO TO 40
IF (KN-KSTG)7,9,9
KN=KN+1

LOPIN=0

JUMP=0

PRPC=CS(KN)

CALL STAL
CS{KN)=PRPC

IF (PREVER) GO TO 40
IF {JUMP)3,3,20

CALL OVRALL

IF (VCTD)11,11,10
CALL INSTG

PASS=1.

IF {TRDIAGI13+13412
CALL DIAGT(O)

IF (1.-MFSTOP)24:24,14
IF {DELC)24424415

IF (DELL)L1T5 17516
IF(DELPR) 244244518

IF (CHOKE)24,184 24
ISCASE=ISCASE+1
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NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NYCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP

NTCP

NTCP
NTCP
NTCP
NTCP
NTCP

052
053
054
055
056
057
058
059
060
061
062
063
064
065
066
067
068
069
070
071
072
073
074
075
076
077
078
079
080
c81
082
083
084
085
086
087
088
089
090
091
092
093
094
095
096
097
098
099
100
101
102
103
104



19

20

21
22
40
24

106

JL={ ISORR~-1)1=8+LSTG
IF{SC.EQ.1.) DELPR=DELL
PTOPSI{IP,JL)=PTOPS1I(IP,JL)+DELPR
LOPIN=1

KN=LSTG

IBRC=LBRC

IPC=0

IF (KN-1)21,21,22

IF (ISORR=11)24+244

IF {ISORR-1)8,+8y4
WRITE(6,106)

IFf (ENDJOB-1.)1,23,23
CALL EXIT

FORMAT(//3X65HTHE PREVIOUS CASE HAS BEEN

1~ CHECK DUMP.)
STOP
END

155

TERMINATED DUE TO ERRORS

NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP
NTCP

105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121



APPENDIX 3B

$IBFTC INIT FULIST,DECK,S0D INIT 000
CINIT INIT 001
c SUBROUTINE FOR INITIALIZATION OF INPUT DATA INIT 002
SUBROUTINE INIT INIT 003
c INIT 004
REAL MFSTOP INIT 005
LOGICAL PREVER INIT 006
COMMON /SNTCP/GoAJsPRPC, ICASE s PREVER;MFSTOP, JUMP,LOPIN,ISCASE, INIT 007

IKNyGAMF  IP,SCRIT,PTRNs ISECT;KSTGsWTOL,RHOTOL ,PRTOL, TRLOOPLSTGy INIT 008
2LBRC . IBRC s ICHOKE  ISORR CHOKE PTOPS1(:6,8) 3PTRS2(6,8) s TRDIAG,SC,RC, INIT 009
3DELPR,PASS; IPC,L0OPC, 1SS INIT 010

¢ INIT 011
COMMON /SINIT/H1(648),H2(06+8),DP0(6,8)¢DP1{6;8),DPLA{648),DP2(6,8)INIT 012
1,DP2A(6+8) s CSALF1{648) 3ALF1{6,8)}+sCSBET2(648)3BET2(6,8) ,RADSD{6,8),INIT 013

2RADRD{698B) s ANNL{6:8);ANN2(648) sANN2AL6,8) s ANNLA(6,8),ULA{658]), INIT 014
3U21658) s ANNO(65;8),PTO(6,8),TTO{648),ALPHAOL6,8)PTP16,8) INIT 015
c ' INIT 016
COMMON /SINPUT/ INIT 017
1PTPS,PTINyTTINSWAIR,FAIR,DELCyDELL ;DELA,AACS,VCTD,;STG, SECT,EXPN, INIT 018
ZEXPP s EXPREZRGyRPM; PAF,;SLI,STGCH,ENDJOBNAME(10),TITLE(10), INIT 019

IPCNHI6) s GAM{6,8) yDR{6+8) sDT(658) sRWG(658) yALPHAS(6,8), ALPHAL(658)5INIT 020
4ETARS(698),ETAS{648)sCFS(65,8);ANDO(6,8) ,BETAL{6,8),BETA2(6,8),ETARINIT 021
SR{6y8) sETAR{64B);CFR{648) TFR{6,8) ;ANDOR{698) sOMEGAS{658),A5S0(6,8) INIT 022
6, ASMPO(6358) s ACMNO{638) sAL{658)A206:8),A3(658)9A%4(65,8),A5(65,8);A6(INIT 023
7658) ;OMEGAR{6:8) 4BSIA(56,8) ;BSMPIA({6:8) ;BCMNIA{6:8),B116,8),B216,8)INIT 024

85B3(63B)sB4(6,8)B5(648),B6{6:B)sSESTHI{8)RERTHI(8) INIT 025

C INIT 026
DIMENSION H1A{6,8) ,HO{6,8) ,H2A(6,:8) INIT 027

C INIT 028
C READ INPUT DATA, CHECK FDR ERRORS, INIT 029
C SKIP CHANGBE CASES IF BASIC CASE HAS AN ERROR INIT 030
3 CALL INPUT INIT 031
ICASE=ICASE+L INIT 032
IF{STGCH)5: 544 INIT 033

4 IK=1 INIT 034

5 CALL CHECK{L) INIT 035

GO T0(6,48)5L INIT 036

6 WRITE{6,100)ICASE INIT 037
[F(STGCH)3,3,7 INIT 038

7 IK=2 INIT 039

G0 70 3 INIT 040

8 IF (1IK-219,:3,3 INIT 041

C INITIALIZE INDEX REGISTERS AND FORKS INIT 042
9 ISECT=SECT+.0001 INIT 043
KS5TG= ST6+.0001 INIT 044
LOPC=0 INIT 045
CHOKE=0. INIT 046
ICHOKE=0 INIT 047
ISORR=1 INIT 048

KN=1 INIT 049
LST6=1 INIT 050
IBRC=1 INIT 051
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11

12

13
14
15

16

21

LBRC=1
DELPR=DELC
5€=0.0
RC=0.0
PRPC=0.0
iPC=g0
I5S=0
PTRN=0.0
TEST STAGE LOSS INDICATOR
[FISLIN13,13,11
00 12 I=1,ISECT
B0 12 J=1,KSTG
ETARS{1,J)=ETARS(I,1)}
ETAS({I,J)=ETAS(I,1)
CFS({1+4J)=CFS(I,1)
ETARR{I,J)=ETARR({I,1)
ETAR(TILJI=ETAR(I,1)
CFR{I4J}=CFR{I,1)
TFR{I,J)=TFR(I,1)}
CONTINUE
TEST FOR EQUAL SECTORS
IF(PCNH{1)-1.016,14,14
D0 15 I=1,ISECT
PCNH{I) = 1./5ECT
SET UP SECTOR HEIGHT, PITCH DIAMETER, ANNULUS AREA,
PITCHLINE WHEEL SPEED
B0 19 K=1,4KSTG
SHO=DT{1,K)}-DR{1,K}
SH1I=DT(2,K)=DR{2,K}
SH1A=DT(3,K})-DR(3,K)
SHZ=DT(4,K}-DR{4,K)
SH2A=DT(5,K})-DR{5,K)
DO 18 I=1,ISECT
HO(I,K)=.5%PCNH{I)=SHO
HI(1,K}=.5#PCNH{I)*SH1
HIA{I,K)=.52PCNH{I)=SHIA
H2({1,K)=.5#«PCNH{I)=SH2
HZA(I,K)=.5#PCNH{I)#SH2A
IF{1-1})20420,17
DPO{TI+K}=DR{1,K}+ HO{1,K}
DPL{I+K}=DR{2,4K)+ HI1{I,K])
DP1A{I,K}=DR(3,K)+ H1A(I,K)
DP2{14K)=DR(4,K}+ H2{1,.K)}
BP2ALITI,K)=DRI{5,K}+ H2A{I,K)

60 10 21

DPO(I,K)= HO(I-1,K)+ HO(I,K)}+DPO{I-1,K)
DP1(I,K)= HIi{I-1,K}+ HI{IK)+DP1{I-1,K)
DPLALIZK)= HIA{I-1,4K)+ H1A{I,K}+DP1lA(I-1,K)
DP2(I,K}= H2{I-1,K)+ H2{I,K)+DP2{1-1,K)
DP2A{I4K)= HZA{I-1,K)+ H2A{1,K) +DP2A(I-1,K)

ANNCG{I,K)=.02182+DPO(I,K})#HO{I,K)
ANNI(I,K)=,02182«DP1{1,K)#H1(I,K)
ANNIA(I,K}=DPI1A(T,K)*#HIA(I,K)*,.02182
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INIT
INIT
INIT
INIT
INIY
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INTIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIY
INIT
INIT
INIT
INIY
INIT
INIT
INIT
INIT
INIT
INIT

052
053
054
055
056
057
058
059
060
061
062
063
064
065
066
067
068
069
070
071
072
073
074
075
076
017
ors
079
080
081
082
083
084
085
086
087
o8s
089
090
091
092
093
094
095
096
097
098
099
100
101
102
103
104




ANNZ LI KI=,02182=%DP21 1 K}#H2{IsK)
ANNZALI,K}3=.02182#DP2A(TK)#H2A(I,K)
ULlA(I¢K)= 3.14159#DPLA(I K)#RPM/ 720,
U2§TeKl= 3,14159#DP2(1,K)*RPM/T20.
18 CONTINUE
19 CONTINUE
DEFINE PITCHLINE INDEX
IT=ISECT-2={ISECT/2)
IF(17122,22:23
22 IP=1SECT/2
GO 1O 24
23 IP={ISECT=+1}/2
CALCULATE INLET AND EXIT ANGLES IN RADIANS
IF [ALPHAL(1,11325,25,27
5 S5DEAF=0.
DO 26 K=14K376
DO 26 I=1,ISECT
CSALFL{I oK =ANDDIT KI#CFS{I K}/ (SESTHI(K}#3,14159#DP1{I,K}*
1SQRY(ETAS{I K} )
26 ALFl(IyK):ATANZ(SQRT€10~CSALF1(IgK)*CSALFl(ng))yCSALFl(IvK))
G0 TO 31
27 DO 28 K=1,KSTG
DO 28 I=1.1SECT
ALFIEI K= ALPHALI(I,K}#2#.017453
28 CSALF1(I K)=COS{ALFL{IsK))
31 IF (BETA211,1)129,29532
29 RDEAF=0,
DO 30 K=1,K35TG
DO 30 I=1,ISECT
CSBET2€ZVK)=ANDDR€EyK)*CFRﬁng!/(RERTHI(K)*3.14159*DP2(19K)*
SGRT{ETAR{IK) 1}
30 BET2(I,KI=ATANZL SQRTE{1.-CSBET2{1,K}*CSBET2{T1oK))CSBET2{1,K)}
G0 TO 34
32 DO 33 K=1.KSTG
DO 33 I=1sISECT
BETZ2(I.K}= BETAZ2I1,K}#.017453
33 CSBET2{iyK}=COSIBET2{IyK}}
34 DO 35 K=1,KSTG
0D 35 I=1,1SECT
PYPII,K)=PTIN
PTO(I,K}=PTIN
TTOLI,K¥I=TTIN
ALPHAQLI:K}=0,0
PTOPSL{I,KI=PTPS
RADSD{IKI=ALPHAS{I,K)*.,017453
35 RADRD{I,K}=BETAI(I,K}*,017453
IFIRG)I36,36,37
36 CALL R{PTIN;TTIN,FAIR:WAIR,RG}
GAMF=0,0
GO TO 38
37 GAMF=1.0
38 CALL CHECK({J}
GO TO {39540,

NN
&

ot
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INITY
INIT
INEY
INETY
INIT
INTT
INITY
INIT
INIT
INIY
INTIT
INIT
INTY
INITY
INEY
INIT
INIT
INKT
INIY
INIT
INITY
INIT
INIT
INTY
INIT
INIY
INIT
INTY
INIT
INIT
INIT
INIT
INYY
INIT
INET
INIT
INEY
INIY
INET
INEY
INKY
INEY
INIY
INITY
INIT
INIT
INIY
INTY
INIY
INIT
INTY
INIT
INIY

10%
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
133
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
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39
40
i00

GO YO 3

RETURN

FORMAT (28X, 6HCASE
END

I5,13H HAS AN ERROR)
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INIT
INIT
INIT

CINIT
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APPENDIX 3C

PIRFTL INPY FULIST,DECK,SDD INPT
CEINPUY INPT
SUBROUTINE INPUT INPT

T I T T T e e L st e Lt i
C INPT
REAL MFSTOP INPT
LOGICAL PREVER INPY
COMMON /JSNTCP/Gy,AJsPRPCy ICASE(PREVER,MFSTOP,, JUMP,LOPIN,ISCASE, INPT
IKNyGAMF, IP, SCRIT,PTRNy ISECTyKSTE WTOL,RHOTOL,PRTOL,TRLOGP,LSTG, INPT
2LBRC, IBRC, ICHOKE s ISORR CHOKE PTOPS1{698) oPTRS2{6,8) 3 TRDIAGySCsRLy INPT
3DFLPRyPASS,, IPC,LOPC,ISS INPT

c INPT
COMMON /SINPUTY INPT
IPTPSsPTIN, TTIN,WAIR,FAIR,DELC,DELLyDELAZ;AACSVCTD,STGySECT EXPNy INPY
FEXPPEXPREGRGyRPMyPAF SLI(STGCH,ENDIOB,NAME{1I0), TITLELLC ), INPY
SPCNF{6) 9yGAM{698) ySR{IG:8)9ST1608) 4 SKG{6:8) yALPHAS (6,89 ALPHAL(68)» INPT
KETARS{698) s TTASI 6,8 4CFS{H,RYANDO{G6sB)sRETAL{6,8)BETAZ{6,8),ETARINPT
SRI6,8) yETAR{6y8) ,CFRIG:8) s TFRI6;BI ;ANDOR{698) sOMEGAS(6,8) 3 AS0{6,8) INPT
O,ASMpﬂiéyB)yACMNO(épB)pAl(&ggl9A2(6y83yﬂ3(6,8§gA4@6w83vASfva)yAﬁ(INPT
76,8) ,0MEGAR{ 63,81 ,BSIA{6,8) ;BSMP1A{6:8) ;BCMNIA{6,:8)yR1{6:8),B2(648}INPT
8v53{§983984(698)935(698)986(698)vSESTHX(BDoRERTHI(83 INPT

C INPT
DIMENSION X{658537),Y{6937} INPT

c \ ' INPT
EQUIVALENCE (X{1,1:11+sGAMI1,1)}50Y¥{1:,1),GAMGI1}) INPY

C INPT
COMMON GAMGi(6);DRI6)sDT{6) RWG{6)SDIA{E6} sSDEALG) ySREC{H),SETAL{G]) 5 INPY
1SCFU{6),SPA{S)sRDIA{6),ROEA(6) sRRECIS)JRETA(6) yRCF{6) »RTF{6)RPALE)INPT
2,STPLCIG) ySINRISG)SINMP (613 SINMN{6) ,SCPS{61,SCPCI6),SCPQI6] 5 SCNSIGINPT

3} ,SCNCL6),SCNQIBE)RTPLCTI 6 yRINR{S) yRINMP{6) ,RINMNIG) yRCPS( 6} RCPCLINPY

463, REPQLGY s RENSTS6Y oRCNC (6}, RUNG{ 6 INPT

G INPY
NAMELIST/DATAINS PTPS,PTIN, TTIN,WAIR FAIR DELCyDELLDELAAACS,VCTDINPY
1sSTGeSECT s STAGE EXPNEXPPEXPRE RGsRPMyPAF ,SLIcENDSTG, ENDJOB o PCNH, INPT
2GAMG DRy DT RWG s SDIA;SDEA,SRECs SETAYSCFoSPA;RDIARDEALRREC,RETAyRCFINPT
3,RTFyRPA,STPLCSINR;SINMP s SIMMN;SCPS,SCPCoSCPRoSCNS; SCNC,SCNQ,RTPLINPY
4CgRINR,RINMP  RINMNRCPS;RCPC,RCPQyRCNSsRCNCsRONQ s SESTH,RERTH INPT
SWTOL sRHOTOL s PRTOLy TRLOOP , TRDIAG,STGCH INPY

C INPY
DATA BLANKS/66666666/ INPY

C INPY
C INPY
£ READ THE HEADING CARDS EVERY TIME ENTRY IS MADE _ INPY
10 KREAD{(S.6669) INAME(I)},I=1,10) INPY

20 REAU{B,6669) {(TITLE{I),1=1,10) INPT
J=0 INPY

30 BO 25 L=1437 INPY

BO 25 I=1s6 INPY

25 Y{IsL)=BLANKS INPT
SESTH=BLANKS INPT
RERTH=BLANKS INPT
READ(S5,DATAIN) INPT
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01«
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1
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02!
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021
ozt



71
80

90

95
96
100

io5
110
120

130

140
150

160
180
190
200
210
170
6669
6670

6671

K=STAGE+.0001 INPT
ISECT=SECT+.0001 INPT
DO 80 L=1,37 INPT
DO BO I=1,6 INPY
IF {(Y{I,L}.NE.BLANKS) GO TO 71 INPT
Y{i,L)=0.0 INPT
GO TO 80 INPT
X{IsKeL)=Y(I,4L) INPT
CONT INUE INPT
IF{SESTH.EQ.BLANKS) GO TO 95 INPT
SESTHI{K)=SESTH INPT
GO TO 96 INPT
SESTH=0. INPT
IF(RERTH.EQ.BLANKS) GO TO 105 INPT
RERTHI(K)=RERTH INPT
GO TO 110 INPT
RERTH=Q0, INPT
IF {K-1)120,120,130 INPT
WRITE{6,66TOINAME,TITLE, TTINSPTIN,WAIR,FAIR,PTPS,DELC,DELL ;DELA, INPT
L1STGySECTSEXPN,EXPPsRGyPAF,SLIAACS,RPM,VCTD,EXPRE,,ENDSTG,ENDJOB, INPT
1 PCNH INPT
J=J+1 INPT
WRITE(6+46671) KyGAMG, DRy DTyRWGy SDIA,SDEA,SREC,SETA,SCF,SPA, INPT
1SESTH, INPT
1RDIAJRDEASRRECRETALRCF,RTF,RPA,RERTH INPT
IF (OMEGAS(1,K))160,160,150 INPT
WRITE{6366T72)STPLLC,SINR,SINMP, SINMN,SCPS,SCPCySCPQ,SCNS,SCNC,SCNQy INPT
IRTPLCSRINRyRINMP,RINMNSRCPSyRCPCIRCPQyRCNS,RCNC,RCNQ INPT
J=J+1 INPT
AM= J-2%(J/72) INPT
IF({AM)200,210,200 INPT
WRITE{6,6673) INPT
IF {ENDSTG-1.)30,1704170 INPT
RETURN INPT
FORMAT{10AS6) INPT
FORMAT (1H1,24X,24HTURBINE COMPUTER PROGRAM/6X,10A6/7/6X,10A672X, INPT

17H*DATAIN/2X7TH TTIN=F10.3,1X,7H PTIN=F10.341X,6H WAIR=F10.3,1X, INPT
Z5HFAIR=F10.3/2XyTH PTPS=F10.3,1Xs7H DELC=F10.3,1Xy6H DELL=F10.3,INPT
31X45HDELA=F10.3/2X,TH STG=F10.391Xs7H SECT=F10.351X,6H EXPN=F10INPT
%4391 Xs SHEXPP=F10.,3/2X,TH RG=F10+3,1X,7H PAF=F10.3,1X,6H SLI=INPT
5F10.3,1%y SHAACS=F10.3/2X,7H RPM=F10.391Xy7TH VCTD=F10,3,1X,6HEXPINPT

ORE=F10.3/2Xy THENDSTG=F10.3,1X, THENDJOB=F10.3,1X/25X,21HINLET RADIAINPT
7L PROFILES/2X5HPCNH=6{FB.3,42X})/1H1) INPT

FORMAT (28X, 15HSTANDARD OPTION/3X,6HSTAGE=13,21X,14HAXIAL STATIONS/INPT
110Xy 6HSTA, 04X,6HSTA. 14X6HSTAL1A4X,6HSTA. 23X, 7THSTA. 2A/ : INPT
33X96H GAMG=6(FB.342X}/3X,6H DR=6(FB8.3,2X)/3X,6H DT=6(F8.3,2X)/INPT
33Xs6H RWG=6{F8.342X1/722X,2THSTATOR RADIAL DISTRIBUTIONS/ INPT
411Xy 4HROOT 45Xy SHPITCH, 6X,3HTIP,8X4 19H{FOR THREE SECTORS)/ INPT

53Xs6H SDIA=6(FBa392X)/3Xs6H SDEA=6{(FB.3,42X)/3Xs36H SREC=6{FB8,3,2X)/INPT
53Xs0H SETA=6(FB.3,2X)/3X,6H SCF=6(FB8.3,2X)7/3X,6H SPA=6{F8.3,2X)/INPT
73Xy 6HSESTH=F8.3//23X,26HROTOR RADIAL DISTRIBUTIONS/ INPT
83Xs6H RDIA=6(FB.3,2X}1/3X,6H RDEA=6(F8.3,2X)/3Xy6H RREC=6(F8.3,2X)/INPT
I3Xe6H RETA=6(FB84.3,2X)/3Xy6H RCF=6(F8.3,2X)/3X,6H RTF=6(F8,3,2X)/INPT
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13Xy6H RPA=6{F8.3,2X}/3X;6HRERTH=1F8.3/)
6672 FORMAT(/25X;23HLOSS COEFFICIENT OPTIDN/ZZXy27HSTATDR RADIAL
1BUTIONS/

23X, 6HSTPLC=6{FB.3,2X)/3Xs6H SINR=6{FB.3,2X}/3X;6HSINMP=6(F8.
33X, 6HSINMN=61F8.342X)/3X6H SCPS=6{FB8.3;2X)/3X;6H SCPL=6(FB,
43X,6H SCPQ=6{FB8.3,2X)/3Xs6H SCNS=6({FB8.3,2X)/3Xy6H SCNC=6(F8.

53Xy6H SCNQ=6{F8.3,2X)/023X,26HROTOR RADIAL DISTRIBUTIONS/

63X 6HRTPLLC=6{FB8.35,2X)/3X,6H RINR=6{F8.3,2X}/3X,6HRINMP=6{F8B.
73X, 6HRINMN=56(F8.3,2X}/3X6H RCPS=6{FB.3,2X}/3Xy6H RCPC=6IF8B,
83X,6H RCPQ=6{F8.3,2X)/3Xs6H RCNS=6(FB8.3,2X)/3X,6H RCNC=6(F8.

93%;6H RCNQ=61F8.3,2X))
6673 FORMAT (1H1)
END
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INPT
DISTRIINPT
INPT
332X}/ INPT
392X/ INPT
3,2X3I/INPT
INPT
332X ) /INPT
352X )/ INPT
392X}/ INPTY
INPTY
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APPENDIX 3D

$IRFTC STOL FULIST,DECK,S5DD STC1
CSTAOL STO1
c ESTABLISH FIRST STATOR EXIT FLOW, ADJUST FLOWS FOR COCLING © STOo1
c ~ AIR INJECTIOM BETWEEN STATIONS O AND 1., FIND INLET STO1
C MACH NUMBER AND INCIDENCE ANGLE LOSS AT STATION 0, STo1
L ADJUST PT, GET NEW FLOW AT STATION 1 FOR FINAL RESULT. ST01
SUBROUTINE STACL 5TC1

C ST01
REAL MFSTOP 5T01
LOGICAL PREVER ST01
COMMON /SNTCP/GyAJPRPC, ICASE; PREVER,MFSTOP, JUMP,LOPIN,ISCASFE, ST01

L KyGAMF,IP,SCRIT,PTRNyISECTyKSTG,WTOL,RHOTOL,,PRTOL,TRLODOP,LS5TG, STO1
ZLBRCLIBRT, ICHOKE , ISORRyCHOKE,PTOPS1(6,8),PTRS2(6,8) TRDIAG,SC,RCy STOL
3DELPRyPASS, IPC,LOPC,ISS ' STO1

< ' ST01
COMMON /SINIT/HI(6458),H2{6,8)sDP0{6+8),DP1{6,81,DPLAL6,8),DP2{6,8)S5T01
LsDP2A{6,8),CSALF1{6+:8),ALF116,8),CSBET2(6,B):BET2(6,8) ,RADSD(6,8),5T01
ZRADRD{6,48) s ANNLI(6:B) sANNZ{6,8) ANNZA(6:8) yANNIA(6+8),U1ALH,8]), ST01
3U2(65B) s ANNCL6:8)sPTO(6,8),TTO{6,8),ALPHAQ(6,8),PTP{6,8) STo1

c 57101
COMMON /SINPUT/ ST01
IPTPS,PTINSTTINyWAIR,FAIR,DELC(DELL DELA,AACS,VCTDSTG,SECT,EXPN, STQ1
ZEXPPYEXPREZRGyRPM, PAF,SLI,STGCH,ENDJOBNAMELLIQ) . TITLE{1D) STol

(o}

[T

(o]

58

3PCNH(6) s GAMI 6,81 yDR{6:8) sDT{6498) yRHUG{6:8) sALPHAS{658) s ALPHAL 6,81 ,5T01
A4ETARS{6,8) ,ETAS{6,8),CFS{648),ANDO{648),BRETAL(6,8)BETA2{6,8),ETARSTOL
SR{698)9ETAR{698)sCFR{698) s TFR{64:8) jANDOR{6,8) yOMEGAS {68} ,ASD(6,8)5TC1

SoASMPC{6+8) yACMNOI698)yAL{6,8)242(658):A3(6:8B)yA4(6,8)0A5(6,85,A6{5701
76598) s0OMEGAR{ 6,8} ,BSTA{6,8) ,BSMPIA{6,8) BCHMNIA{S6,8}),B1(6,8),82{6,8)5T01
59B3{698)9R4(5:8)+9B5(6+8)+B616+8),SESTHI(8),RERTHI(8} ST01
ST01

REAL MO STO1

COMMON /SSTAOL/CPCI(B), PS50{6+8),V0{6,8),7501{6,5701

1B)oVUD(658)yVZIO(648),RHOSO(6,+819PS1{648),W6TL(8),TAL(8}),8w61{6,8), STOL
2 OPDR1I{6:8Y9SI(648) 5 CPLIB),PHI1(648).,TS1{6,8),Vi{6,8)5T01
33RHOSL{638B g ALFLIE{6+8)yVULIE4819VZ1(6:8),M016,8) ST01
STO1

DIMENSTION WGTC{8},TAGIB) WGOI6,8)sTTOTSC(6,8),PTOPSO{6,:8),FFAD{6,8ST01

11,AAS0{6458) ST01
STO1

STO1

SCRIT=0.0 STO1

[=1P STO01

ID=~-1 ST01

AGTL{K)=0.0 STO1

JW=1 5701

IF{GAMF12Z ,2 3 $T01

TAL{KI=.25#TTO({1P,.K} $T41

CALL GAMMA(PTIN,TAl(K)aFAIRyWAIRgGAM(ZvK)) ST01

CALL FLOW1(I) ST01

iF {PREVER} GO TO 26 STO1

HETIKI=WGTIIKI+WGL{IK) STO1

TEST FOR TIP SECTOR STO01
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090¢C
031
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004
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01C
011
012
013