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FOREWORD

This final report describes computer program development effort con—
— ducted by personnel of the General Electric Company, Aircraft Eztgine Group,

Cincinnati, Ohio, under Contract F33615—75—C—2073, Project 3066, with the Air
Force Aero Propulsion Laboratory, Wright—Patterson Air Force Base, Ohio.
Dr. Kervyn D. Mach (AFAPL/TBC) was the Air Force Project Engineer.

The work reported herein was performed during the period 1 November 1975
to 30 November 1977. The report was released by the authors in December
1977.

The General Electric Program Manager was A.L. Meyer, the Technical
Program Manager was J.S. Keith; the Principal Investigator was R.R. Wysong,
who compiled this report. Authors of the sections of the report which
describe the various program modules are as follows:

R.R. Wysong — Preliminary Flowpath Design, Blade Design, Blade
Stacking

T.C. Prince — Axisysunetric Analysis

D.T. Lenahan — Interstage Gas Temperature Profiles, Blade Heat Flux
Potential, Cooling Flow Rate Prediction

R.D. Caney and
J.S. Keith — Airfoil Pressure Distribution

W.E. Miller and
D.H. Landis — Airfoil Properties, Airfoil Stress, Mission Life

L.J. Kues — Integrated Data Base 
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1.0 INTRODUCTION

Modern turbine engine design has evolved into an extremely complex
science. Aerodynamic, heat transfer, and structural analyses are continually
being developed, refined, ar~d integrated into comprehensive component and
engine design systems. As the analyses have advanced, they generally become
more detailed and extensive; therefore, in the interest of productivity they
have been programmed for solution by digital computer.

Individual, batch—type computer programs for each facet of the analysis
yield a tremendous saving in human labor, but they still require someone to
prepare the data, punch the input cards, interpret the output, and repeat the
process for the next program. The actual computation may require a few
seconds or minutes while the human labor is measured in hours or days and the
possibility of an error being introduced is always present.

The time sharing and data handling facilities available on modern com-
puter systems provide the capability to greatly reduce or even eliminate the
labor involved in generating the information necessary for final design
decisions, thereby freeing the engineer to do what he was hired to do: to
make decisions. Sophisticated data storage and retrieval systems exist which
will handle the transfer of data from one program to another. Interactive
programming via a time sharing terminal enables the user to monitor the
results of each step, change the input if he wishes, and guide the computa-
tion through the sequence of steps appropriate to the problem. The potential
improvement in productivity is tremendous.

The purpose of the Turbine Design System (hereafter referred to as TDS)
i.s to provide a system for the interactive design and performance evaluation
of aircraft engine turbines. The system is oriented toward preliminary
design and offers “quick look” calculations of flowpath configuration, design
point and off—design point performance analyses of this configuration, blade
and vane airfoil contour design, blade—to—blade flovfield analysis, inter-
mediate blade section interpolation, heat transfer analysis to the point of
identifying the coolant system technology level required for each blade row,
and stress analysis and mission life capability for each blade row. A central,
unifying feature of the system is the Integrated Data Base, a sophisticated
data storage and retreival facility which can maintain the pertinent informa-
tion on either a day—to—day or archival basis. Special support software has
been developed to enhance input and output data file manipulation. The
system is modularized to permit the user to deal with one functional aspect
of the design process at a time.

Figure 1 shows the overall TDS module structure. This report describes
the analytical and, where necessary, the numerical methods employed in each
of the modules. A User’s Manual devoted to the detailed execution of the
system modules is a companion volume to this report.
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2.0 PRELIMINARY FLOWPATH DESIGN

2.]. INTRODUCTION

The FLOPTH module includes flowpath design, pitchline vector diagram,
and solidity calculations. There are three major calculation subroutines:
FLPTE provides the means for proportioning and sizing the elementary flowpath
of a turbine; TPA calculates pitchline vector diagrams for making a pre-
liminary assessment of the performance characteristics of the flowpath ;
SOLDTY calculates the number of blades and vanes in each stage based on
vector diagram results and input solidity criteria. A function subprogram
entitled CPX, working in conjunction with an interpolation routine, provides
specific heat data for a broad range of thermodynamic conditions to satisfy
the needs of the major routines. Printed and plotted output is available at
appropriate points in the program to provide a review of the results. The
organization of the module permits user—governed iteration to achieve a
favorable configuration. This module is an extension of the methods of
Reference 1.

2.2 FLOWPATH DESIGN

The proportioning and sizing of the elementary flowpath is performed by
the FLPTH routine. The notion of “elementary” in this context is that the
resultant flowpath is simply, a “stick” model of a real machine; this is borne
out in the plot which is associated with this routine. The endwalls are
piecewise networks of cylindrical and conical surfaces; the blade rows appear
as liie segments at leading and trailing edges. Program capacity accommodates
a turbine of up to ten full stages or of nine full stages plus an outlet
guide vane row.

Some preliminary calculations are necessary to get the routine started.
First, a gas constant for the flowing medium is calculated as

RCA + FAR • RGFRG — l+FAR (1)

where: RCA — 53.347602 ft lb/lb/°R — gas constant for air

RGF • 55.087694 ft lb/lb/°R — gas constant for JP4 fuel

FAR — fuel/air ratio
FAR — 0 means dry air is the flowing medium.

The work extraction for each stage , in terms of total enthalpy drop per
pound of flowing medium, is calculated from total work extraction and energy

3 
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split input data. The pitchline reaction for each stage is converted to a
f raction using the input percent values . Reaction, as used herein, is de-
fined as

/ \ Y .~!
(p \~

1 -t -1-
\~T0RXP • 1 — (2)

I \ Y
(P

1—I-———

where: P1 — vane exit static pressure
PT0 — vane inlet total pressure

— blade exit static pressure

The ratio of specific heats, y, is calculated for the turbine inlet and
for each stage exit using total temperatures and work extractions. In each
instance, specific heat is first obtained as

C~ • f (TT) (3)

where f(TT) denotes an interpolation process using the CPX routine (discussed
in Section 2.5). Then

C
— 

RGCp — 

788.16

where RG is the gas constant of equation (1).

~~~~~~~ The flowpath calculations begin by calculating the annulus area at the
turbine exit plane. First , an exit total temperature is calculated as

EST
~~D 

- TT~ 
- c~, ~rv

where: TT0 — total inlet temperature of final stage
ES — desired work extraction of final stage

C,,, — average specific heat of the final stage ‘
I

17 — a teat factor

T1~~ — vector diagram exit total t~~perature

The test factor takes cognizance of the fact that a turbine stage
designed to a given vector diagram will not yield the full work extraction
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implied by that vector diagram. This discrepancy occurs because of losses
which occur in the real machine that are unaccountable lit the mathematical
model. Three—dimensional effects such as secondary flows are the chief cul-
prits. The test factor array is preset internally to unity but can be al-
tered, stage by stage, by user input.

An exit absolute Mach number is calculated from input values of desired
exit axial Mach number and swirl, i.e.

XMA — (6)
~~ r

where F is the absolute value of the swirl angle. Exit total pressure is
calculated from turbine inlet total pressure and overall total pressur. ratio
input data. Exit weight flow is calculated by summing the input values of
turbine inlet weight flow and coolant flows injected into the mainstream. A
flow function of the form

W5TVD 
- ~ IA (7)

P~~A ~~RG 1 1 y+l
+ t1 (]~1,L)

2 j
is manipulated to yield the area A associated with ~Q4A. Finally, the exit
plane annulus area is calculated as

A
— F 

(8)

The outer radius of the exit plane is set by using the input maximum
diameter, i.e.

R - 
DTMAX (9)

o 2

The inner radius R1 of the exit plane is calculated using R0 and ~~~
The pitchline radius R1, is calculated as the average of R0 and RI.

Exit plane conditions are completed by calculating the exit static
temperature

T — 

TT~~ (10)X

the exit axial velocity

2— ~~F YSRG TX (11)
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1

and the exit static pressure

~1~
/( T~

— 
~TX 1 T (12)

The axial location of the exit plane is arbitrarily set at an initial
value of 100 inches.

The calculation of station radii and axial positions now takes place by
working forward from the exit plane. The inner, outer , and pitchline radii
and axial positions are stored in doubly subscripted arrays. The first
subscript denotes stage, and the second subscript denotes station within a
stage. Station designation within a stage is as follows:

Station 1 — vane inlet

Station 2 — vane exit

Station 3 — blade inlet
Station 4 — blade exit

Thus, for example, RO (-3,2) defines the outer radius of the third stage vane
exit station.

In working forward from one station to the next, say from the i~
1
~

station to the (i_l)th station, the forward axial position is calculated as

Hizi_l — 
~i 

— 

AR (13)

where: Hi — the height of the aft station

AR — an aspect ratio associated with the region being bridged.

The forward endwall radii are calculated using the form

H
iR

i 1  
— R~ 

— 
~~~~~

— tan WS (14)

~~~~~~ where VS is a wall slope associated with the region being bridged.

The aspect ratios and inner and outer wall slopes for blades, vanes,
intrablade gaps and intrastage spaces are specified by input. Default values
are def ined in the User ’s Manual. Figures 2 and 3 show a typical stage and
the associated wall slope and aspect ratio relationships.
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If an outlet guide vane is to be incorporated, the guide vane exit plane
becomes the turbine exit. The total temperature for this plane is the same
as calculated by equation (5) since no work extraction occurs in the guide
vane. The overall total pressure ratio stipulated in the input is assumed to
encompass the guide vane. The exit axial Mach number and exit angle from the
guide vane are specified by input items OCVE]QI and OGVEXA, respectively.
Using these data, the exit annulus area is calculated in a similar manner as
described above.

The total pressure loss of the outlet guide vane is specified by OCVLOS
which is defined as

p - P
OCVLOS — T TX (15)

T

where: — total pressure at exit of the last stage
P — static pressure at exit of the last stage

~TX 
— total pressure at exit of the guide vane

The exit total pressure is

~TX 
— (16)

where: PTO — turbine inlet total pressure (input)

PRTT — overall turbine total pressure ratio (input)

The total pressure at exit of the last stage when an outlet guide vane
is present, is

P
— TX (17)T

/ \ y— 1 I
l—OGVLOS ~~

_ (  T

The outlet guide vane station axial position and endvall radii are
calculated as indicated by equations (13) and (14). Input data for wall
slopes and aspect ratio are entered with a subscript equal to NSTG+1, where

— NSTG is the number of full stages.

When all station axial positions and radii have been calculated , atten—
tion is given to the inlet plane. First , the annulu. area is calculated from
inlet plane radii. Then, using input values of inlet weight flow, total
temperature, and total pressure, a flow function of the form

.
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]0i0 (18)
P,.,.,A ~ RG r -

~ y+l
I I 2(y—l)
1 + i~! (XMO)2

is manipulated and solved by iteration to yield the inlet Mach number, XMO.
Inlet static temperature, static pressure, and axial velocity are then cal-
culated by the usual isentropic forms.

The radii and axial positions calculated thus far define the loci of the
four stations, 1 thru 4, of each stage. These “stations” are radial lines
with constant axial position values and serve to describe the extremities of
the blade rows. Ho’~ever , most blades and vanes have tapered axial projec-
tions so that leading and trailing edge envelopes do not lie on radial lines.
Because of this taper and because the endwalls can be conical, the radii
associated with leading and trailing edges are generally different from the
“station” radii; hence the annulus areas will differ also. Therefore, the
module makes a distinction between “station radii” and “vector diagram
radii.”

The vector diagram radii are calculated by taking cognizance of the
station loci, the endwall slopes, and blade and vane tapers. The taper data
are embodied in the input variable BAXWR (blade axial width ratio) and VAXWR
(vane axial width ratio). These variables are both defined as the ratio of
tip axial width to root axial width. Default values are preset as defined in
the User ’s Manual , but these can be overridden by input entries. The radii
thus calculated are used in the vector diagram calculations and are passed on
to the ATREC module for its deliberations. Figure 4 depicts a typical situa-
tion.

At this point in the program, the entire flovpath is plotted. The
stations appear as radial line segments and the blades are shown as axial
projections with straight leading and trailing edge envelopes. An option to
print a stage—by—stage summary is offered to the user. The diameters shown in
this summary are “station diameters.” The vector diagram summary whtch is
available later in the program shows the “vector diagram diameters.” Following
the summary, an option to repeat the flovpath calculation is offeted . The
user can elect to continue as is, and have the program proceed with vector
diagram calculations, or to repeat the flowpath calculation with modified
input entered at the terminal.

2.3 VECTOR DIAGRAM CALCULATIONS

The TPA routine is used to calculate pitchline vector diagrams on a
stage—by—stage basis . This simplified analysis provides a qualitative assess-
ment of the performance of the flowpath configuration developed in FLPTH.
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r y
The calculation procedure iterates total to static pressure ratio until the
calculated energy extraction is virtually identical to the desired energy
extraction stipulated by the input energy split. Vector diagram radii and
other prior calculation data are cousnunicated to TPA by means of labeled
COMMON statements. Figure 5 shows a typical vector diagram, and Figure 6
illustrates the typical thermodynamic processes occurring in a turbine stage.
Frequent reference to these two figures will help clarify the following
calculation procedure which is carried out for each stage.

Using the specific heat ratios for stage inlet and stage exit planes,
average specific heat values are calculated for across the vane processes,
vane exi t p lane processes and across the blade processes. In what follows,
only the single symbol y will be shown with the understanding that the appro-
priate average value is used in the actual coding. The subscripts used are
consistent with Figures 5 and 6 within a stage, i.e.

o - vane inlet
1 — vane exit or blade inlet

lÀ — blade inlet (uniquely)
‘4

2 — blade exit
T — stagnation value

The procedure begins with an initial estimate of stage total—to—static
pressure ratio in the form

PTS - 1 - 

~~ 
T T2) (19)

where the constant, .76, is an experience factor. A stage energy loop which
iterates on PTS now comaences.

Vane exi t stat ic pressure:

~
l 

- ~~~~~~~ ~ l - - (
~

) ~~~ 
[1 

- R~
]
~ 

(20)

j where R is pitchliae reaction (input).

j  Vane exit static temperature:

T1 
— TTO ~1 

— ‘
~N [

~ ~
(
~

) . v ]~ (21)
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where 
~N 

— vane efficiency (input or 0.97 default).

Vane exi t densi ty:

l44 P
— RG~~~T 

(22)
1

Vane exit weight flow:

— WF
0 

+ 
WG DWCV (23)

where: WF — current stage inlet flow
0

WG is turbine inlet flow

DWGV — vane coolant flow added to mainstream in terms of percent WG
(input or 0. default)

Blade inlet axial velocity:

WF
cz — 1 (24)

1A

where AlA — annulus area based on blade inlet radii.

Blade inlet absolute velocity:

C1 - [2g jc~ 
(TTO 

— T
1

) (25) 
t

Blade inlet absolute flow angle:

U
1 

— tan ’ (czlA) (26)

Blade inlet absolute tangential velocity :

— C1 sin a1 
(27)

Blade inlet RCU:

4 
RCU1 — (28)
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where RplA — blade inlet pitchline radius.

Blade inlet wheel speed :

RP1A
12 (29)

it RPMwhere w — —
~~~~~—— (30)

and RPM = shaft rotational speed (input).

Temperature equivalent of rothalpy:

RCU ~
RTT — TTO 

- g (31)

Blade inlet relative total temperature:

U
2

TT1P - RTT + 2g j  
(32)

Blade inlet relative total pressure:

~1.TTIP ‘$‘~ 1

~TlP — ~l T
1 

(33)

Blade inlet relative velocity:

— v’2g J C~ (TT1P 
— T

1
) (34 )

Blade exit static pressure:

~TO (35)
P - —

2 PTS

Blade exit static temperature:

T2 
- TT1P - 

~B [‘ ~ ) ]
~ 

(36)

~~~~~ where li
E 

is blade efficiency (input or .95 default).
~

, Blade exit vector diagram total temperature: I
— 

ES (37)
TT2~~ 

- TTO 
- 

C~, TF

ie

- ~~ ‘4’

_ _ _ _ _   

~~~~~ TJ~~11T “a.~~~~~~~T~ 
- 

a . -  - -  ~~~~~~~~~~~~~~~~~~~~~~a.,_~_~~~a. ‘~~
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where ES — desired stage work extraction (input)

TF — test factor (input or 1.0 default)

Blade exit absolute velocity:

C2 — /2g J C~ (TT2~~ 
T2) (38)

Blade exit density:
l44 P

— RG ’ T ~

Blade exit weight flow:

~~2 
— 

~~l 
+ WG • D ~~~ (40)

where ~JF1, comes from equation (23)

DWGB — blade coolant flow added to mainstream in terms of percent WG
(input or 0. default)

— Blade exit axial velocity:

— A (41)
2

where A
2 is annulus area based on blade exit radii.

Blade exit absolute angle:

/cz \
a2 — tan —l ~~~_i

) 
(42)

Blade exit wheel speed:

-
; — 

R

) where L~,,2 is pitch ilne radius from FLPTR .

- t Blade exit relative total temperature:
— 

U
2

TT2P — R_.~ + 2g j
2
c~ 

(44)
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Blade exit relative total pressure :

/ -

f ~~~~ ‘~ y—l
~T2P — 

T~ ) (45)

Blade inlet relative velocity :

V
2 

— 12g 3 C~, (TT2P — T
2
) (46)

Blade exit relative flow angle:

—1B2 — — tan (47)

where the sign suits the convention of Figure 5.

Blade exit relative tangential velocity :

V
2 

sin 82 (48)

Blade exit absolute tangential velocity

CU2 — 
~~2 

+ U2 (49)

If CU2 is a negative value, a2 is set negative to match the convention
of Figure 5.

Blade exit RCU :
R.~2 CU2

Vector diagram implied energy extraction:

EVD — j~ 
(RCU

1 
— RCU

2
) (51)

The calculated energy extraction is, therefore:

ESC — TF EVD (52)

where TF is the test factor (input or 1.0 default).

The calculated energy extraction, ESC, is compared with the desir.d
energy extraction, ES. If the difference is equal to or less than .00001% of
ES, the stage energy loop terminates; otherwise, the loop is repeated with a
new value of total to static pressure ratio calculated as

which reflects th. idea that if calculated energy extraction is too low, the
pressure ratio needs to be increased. Experience with th. routine for a

A 

PTS (new) — PTS (old) • (53)
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variety of cases has shown that the stage energy loop converges in the range
of six to eleven iterations.

A variation in this procedure is necessary for the final stage. Having
both reaction and exit swirl as input items overspecifies the situation.
Therefore, the input reaction for the final stage is treated as a “first
guess” for an iteration process. Upon convergence of the stage energy loop
with this input reaction, the exit angle a2 of equation (42) is compared with
the specified exit swirl angle, SWRLF. If a2 is within ±0.1 degree of SWRLF,
complete convergence is assumed and summary calculations commence. If a2
does not meet this criterion, the reaction is adjusted and the stage energy
loop is repeated. A coarse reaction adjustment of 1/2 percent is used if °2
differs from SWRLF by more than 0.3 degree; otherwise, the adjustment is 1/4
percent. The adjustment is positive, i.e., the reaction is increased, if a~
is more positive than SWRLF. Figure 7 depicts the process. This nested loop
convergence scheme involves only simple algebraic calculations and, hence,
executes rapidly. SWRLF and RXP are reset to the converged values for
summary printout and output file processing.

When the stage energy iteration is complete, inlet conditions to the
next stage (if there is one) are calculated and the above procedure is applied
to the new stage.

When all stages have been calculated , an option to obtain a detailed
vector diagram printout is offered. This printout has three pages per stage
plus a final page for an overall stmmary. In general, only pitchline values
appear; there are a few items, however, which show both root and pitch values.
These root values are calculated on the basis of free vortex flow, i.e. by
assuming that work extraction , axial velocities, and RCU are constant radi—
ally. For completeness, some auxiliary parameters are calculated. The more

• obvious of these, such as Mach numbers and turning angles, will not be shown
here. The less obvious are defined for reference.

At vane inlet stations , the variables printed are those used in the
vector diagram calculations. At vane exit stations , the variables printed
are recalculated to reflect any annulus area differences between vane exit
and blade inlet. During vector diagram calculations, blade inlet values were
used to assure correct blade energy extraction results. Variables affected
are axial velocity, absolute angle and RCU. Using free vortex assumptions,
a reference root reaction is calculated at blade inlet stations in the form

1 —U PRXR — 
‘ ‘2 (54)
(R R\ 2 2

~rj 
sin UIR + cos UIR

I where: R.g — root radius

B. — pitch radiusp
aiR — root exit angle calculated fro m
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- tan 1 [(
~
) tan 

-

where a1~, is pitebline exit angle .

A variety of stage summary parameters are calculated and printed .

Stage inlet flow function :

~~~~ p
0 

(56)
TO

Stage speed parameter:

— 
‘
~PM 

(57)
/c

Stage energy parameter :

EST — ES 
(58)T~~

Stage exit flow function:

- X 
TT2VD (59)

x 
~T2

Stage pitchline loading:

PCHLDC — gJ ’ ES (60)
2U p

where is average pitchline wheel speed.

Stage root loading:

HUBLDG — g j E ~~ (61)

where UR is average root wheel speed.

Stage flow coefficient:
cz2CZ0u — j r— (62)

2
Stage wheel speed parameter:

ii
— two — -~~~~— (63)

-a. - .~ 

-
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where V0 is stage isentropic velocity calculated from

V — 2gJ C TTO [1 
— (:~) ] (64)

Stage total—total efficiency: =

— 
ES 

- (65)
T /I ~~Y

C Tp TO \PTO

Stage total—to—statfc efficiency: 
-

ES
Ti — - (66)
s r / \ i 1

T 
(P 2 \C T h L

~~
TO ) 

-Stage horsepower :
J WF •ESHP — 550 

(67)

Stage torque: 
—

J • WF • ES • R
TORQ — 

p (68)
12 U

p

where is average blade pitchline radius.

The vector diagram printout concludes with a summary page which includes
parameters calculated in a similar fashion as above for overall turbine
results. The pitchline vector diagrams are now plotted stage—by—stage.

• Annotations for these plots are MACH numbers. The wheel speed vectors are
annotated with equivalent MACH numbers for consistency’s sake.

repeat the calculations is offered. If the repeat option is elected, program
control returns to the very beginning of the module and terminal input is

r requested. When the input has been entered and read , the program recalculates
the case , starting with the flowpath routine FLPTH. If the continue option
is elected , the SOLDTY routine is executed.

- ~~~~~~~~~ This concludes the TPA routine. An option to continue as is or to
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2.4 SOLIDITY CALCULATIONS

The SOLDTY routine provides a calculation of the number of vanes and
blades to be used in the blade rows of the turbine described by the flowpath.
The solidity criteria to be used in establishi ng these numbers are input by
the user in one of two ways. The first way is to specify incompressible

— Zveifel factors for each vane and blade row. The second way is to enter
tables of throat—to—width ratios versus turning angles, where the turning
angle data encompass broad enough ranges to permit interpolation at inter-
nally calculated values. Blading flow coefficients associated with the
tabular input approach may also be input by the user.

These two ways of specifying solidity criteria can be intermixed, i.e.,
both can appear in the input for a given case. Thus Zweifel parameters can
be specified for one or more blade rows, and tabular data can be specified
for the other blade rows. The Zveifel number arrays, ZWIV for vanes and ZWIB
for blades, are preset internally to an arbitrary large number prior to
reading the input file so that user intent can be interpreted properly. The
input data of either form are supplemented by angles, radii, and axial sta-
tion data calculated in the FLPTH and TPA routines.

Where the incompressible Zweifel parameter , ZWIV, is specif ied, the
number of vanes in the row is calculated as

f/h \
8n R cos a II  ~~ P cos a tan a — sin ap1 lL~h /  

1 o 1
(69)

AW • ZWIV • (l+~~~
)

where:

— vane exit pitchline radius
a — vane inlet angle
a1 — vane exit angle
AW — vane axial width

— vane inlet annulus height
j h1 — vane exit annulus height

When the incompressible Zweifel parameter, ZWIB, is specified, the
number of blades in the row is calculated as

N
3 

— 

8w R 2 ~~ 82 cos 82 tan 81 
- sin 8

2] 
(70)

A W • Z W I B • l + r.~

2:

a . -  -- a-- ‘
~~
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where:

— blade exit pitchline radius

— blade inlet relative angle

82 = blade exit relative angle

hlA — blade inlet annulus height
= blade exit annulus height

Figure 8 shows the sign conventions used for angles in all SOLDTY cal-
culations.

The following derivation shows how the tabular values of throat—to—width
ratio and turning angle are used. Throat size is estimated from vector
diagram data as

THR — P cosaI~~ (7 1)
CFV

where: P — the tangential spacing (pitch) of the blades
a — the bladerow exit angle
n — the blading efficiency
CFV — the blading flow coefficient

The tangential spacing, or pitch, is

. (72)

where: D diameter
N - number of blades

Dividing equation (71) by axial width AW, combining the result with (72)
and rearranging yield s a general form for the number of blades as —

itD cos a T~E

CFV •AW ~~

Equation (73) is particularized for vanes and for blades in the program.
Pitchline diameter and axial width come from FLPTH results. Exit angles a1
or 82 come from TPA results. Blading efficiency and flow coefficient are
input items. Turning angles t~a or 88 are calculated from TPA results and
used to interpolate the tabular input data, as indicated in Figure 9, to get

~~~~~ the throat—to—axial width ratio.

Whenever the number of vanes, My, or number of blades, N3, is an odd
number , the program automatically increases the result by one to get an even
number. The final step is to calculate the Zveifel parameter for the blade
row. Thus, no matter which style of input is used , the printed output has
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Typical Blade Row

Figure 8. Conventions Used for Zweifel Calculations.
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B~~B (1), BThB (2)

BTAB (3) , 3ThB (4)

Throat
a ad- • — —

Axial Width 

I BTAB (5), BTAB (6)

BlAB (7), BlAB (8)

Interpolate at

Calculated ~~

A8 (or M) )
~~ rypical Correlation Curve

STAB, VTAB entries chosen so as to cover a broad range of
turning angle

Figure 9 BTAB VTAB Input
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Zweifel parameter values which are consistent with the number of blades or
vanes shown.

For reference in preparing input or evaluating output, the Zveifel
parameter definitions are

1/h \~
4 cos a I (—1 l cos a tan a — sin a

l i ~~h i  1 o 1 I
_ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

i PZWIV -

and I h~ 

~AW

4 cos B I j —  cos 82 tan Bi 
— sin 8 , ~2 L\ lÀ! 2 (p  \ (75)ZWIB - 

1 + 

~~where , again, the sign conventions of Figure 8 are involved.

A brief , stage—by—stage printout sunsuarizes the input and output per-
tinent to the SOLDTY routine.

2.5 THERMODYNAMIC PROP ERTIES

The flowing medium is assumed to be either dry air or the result of
combustion involving dry air and JP—4 fuel. The desired fuel/air ratio is
represented by an input variable, FAR. FAR is preset internally to zero,
thereby implying dry air as the medium. User input overrides this value.
The gas constant RG is calculated as shown by equation (1). The equivalence
ratio EQR is calculated as

EQR — FAR (76)STOICH

where STOICH is the stoichiometric fuel/air ratio.

The flowing medium is treated as a perfect gas whose specific heat is a
function of absolute temperature (Rankine scale) and equivalence ratio. A
function subroutine CPX is used to provide specific heat tables for dry air
and combustion products. The fuel/air ratio and equivalence ratio are com-
municated to this routine through labeled C~ IMON since they are held constantthroughout the FLOPTH calculations. Thus, temperature is the only argument
needed when calling this routine for a specific heat value. Specific heat
ratio is then calculated from the gas constant and interpolated specific heat
as indicated in equations (1), (3), and (4).

The CPX tables, each having nine entries, are embodied in DATA state-
ments. The temperature table ranges from 3000 R to 4000° R. There are five
tables of specific heat values corresponding to these temperatures . These

— 
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five tables represent equivalence ratios of 0., .25, .5, .75 and 1. When
fuel/air ratio is zero, only a single interpolation is required to obtain the
desired specific heat. When fuel/air ratio is greater than zero, a double
interpolation for temperature and equivalence ratio is required. The CPX
routine sets up the appropriate interpolation data ; the actual interpolation
calculation is performed in a function subprogram entitled RINT. This inter-
polation procedure is covered in some detail in Section 4.0, the BLDDES
module discussion.

The specific heat data tabulated in CPX have been gleaned from the
results of a combustion products calculation of JP—4 burned in air having the
following constituents:

02 
— 20.9495%

N2 
— 78.0881%

A — .9324%

CO2 — .0300%

The gas constants are:

air, RCA = 53.347602 ft lb/lb/°R
JP4 , RGF = 55.087694 ft lb/lb/°R

The stoichioinetric fuel/air ratio is:

STOICH — .06775149

The background calculations for CPX followed the methods of Reference 2.

I
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3.0 AXISYMMETRIC ANALYSIS

3.1 INTRODUCTION

The quasi two—dimensional fluid dynamic equations for axisymmetric,
inviscid steady flow are solved by the ATREC (Axial Turbine Radial Equilib—
rium and Continuity) module. The assumption is made that the radial velocity
components can be neglected in the radial momentum equation. This approxi-
mation permits the overall organization of the program to be like that of a
one—dimensional calculation, and it permits choking effects to be included.
For axial turbines, this method provides a rapid analysis of turbine design
and off—design performance with detailed vector diagram information for each
blade row as a function of radius.

3.2 NOMEN CLATURE

A One—dimensional flow area

C Velocity
Cf Flow coefficient

C~, Specific heat at constant pressure

F Blade Force

h Static enthalpy
H Total enthalpy

I Rothalpy
m Meridional distance

H Mach number
NDo Sum of throat dimensions

p Static pressure

P Total Pressure
r Radius

R Gas constant
s Entropy
Shth Station to th roat height ratio
T Temperature

w Mass flow rate
W Velocity in coordinate system rotating with blades

8 Flow angle

29 
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y Specific heat ratio

Ii Efficiency

p Density

~ 
Reduced stream function

w Angular velocity

Subscripts

c Due to coolant
e Exit

H Hub
i Isentropic or inlet

j Axial station index
p Poly tropic
r Measured in rotating coordinate system
s Station

t Throat

T Tip, or adiabatic based on stagnation conditions
u Tangential (peripheral) component

z Axial component

3.3 THE MOMENTUM EQUATION

The momentum equation will be applied outside blade rows, where the
approximations of axisymmetric, inviscid, steady flow without force fields
are adequate f or engineering purposes. Then

p
~~
.v
~~
+ v p - o  - (77)

f r ame, and p is pressure.

- - - Lamb’s form of the momentum equation is obtained by vector identity :

v[~ ] - x (V x 
~ ) - (78) -

~~~~ where p is density, ~ is velocity in the absolute (stationary) reference

L 

: 
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Using the thermodynamic relationship

dh—Td s +~~~ (79)

where h is enthalpy, T is temperature, s is entropy, and the defin ition of
the stagnation enthalpy H is

H h + r (80)

the momentum equation (78) is rewritten as

VII — C x (V x C) + TVs (81)

(th is is Crocco’s Theorem.)

In view of axisymmetry , the tangential (peripheral) component of equa-
tion (81) gives

~~~~~ — 0 (82)

in the free spaces between blade rows. In a meridional plane which includes
the radial and axial direction, in is the projection of a streamline. The
tangential velocity is denoted by C~ and radius by r. In equation (82),
radial velocities are not neglected .

) By neglecting radial velocities in the radial component of equation (81),
the radial equilibrium equation Is obtained:

-
~I

‘ C ’  C
(83)ar L2 J  r a r  u ar ar

where C~ is the axial velocity component.

This equation is restricted to axial turbosachines. Generally the error
due to omitting radial velocity from equation (83) is negligible when flow—
path slopes are less than 10°. Even if the error is significant , it at f.cts
only the radial distribution of vector diagrams withou t invalidating the
entire calculation.
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Equation (83) is a form which is suitable for solution when the required
distribution of Cu is known. This is true when equation (82) can be applied
across a free space or in the design mode, where the required distribution of
tangential forces is known.

In the off—design mode, equation (83) is rewritten in terms of velocity
components relative to the blading. Defining

I — H — w rC~ (84 )

W - C - wr
U U

— C~ (85)

we obtain

2
(W sin B) + 2 w W sin B + T — — 0 (86)

a r 2  r ar ar

Equation (83) or (86) is solved as an ordinary differential equation by
trapezoidal integration. aH/ar or ar/ar is calculated using streamline posi-
tions from the previous, iteration. Also, the entropy gradient, as/ar, and
sin B — W~/W in equation (86) are assumed to be the same as previously calcu-
lated.

An iteration loop including the momentum, continuity, and energy equa-
tions is repeated until continuity is satisfied.

The axial component of the momentum equation is not solved directly. It
is used to analyze the results to find the axial blade force components. The
blade force for free spaces should turn out to be zero, and may be used as a
check on the accuracy of the calculation.

3.4 THE ENERGY EQUATION

The Euler turbine equation, which follows from Newton’s law and the
definition of power, states that for adiabatic flow along a streamline past
blading moving with angular velocity w,

a(rC~) (87)

I 

i ; w  3m 

1’
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or, using equations (82) and (84),

(88)

Equation (88) is employed by taking the current value of stream function
(calculated by continuity) and finding the value of I at the same stream
function at the previous radial line of calculation. This value is modified
by the introduction of coolant.

Static enthalpy is determined by

2 2  2
(89)

which follows from definitions (80), (84), and (85).

Enthalpy and temperature are related by

C 
~~~~~~~~~~~ (90)pa m am

and specific heat at constant pressure C~ is given by

C~~
_
~~~~ R (91)

where y is the ratio of specific heats and R is the gas “constant” of the
fluid (universal gas constant divided by molecular weight).

In order to evaluate density p, we assume a semiperfect gas

pi ’
~~j 

(92)

From equations (79) and (90) through (92), the density derivative satisfies

.
~~~~ ln (pE) — ~~~~~~~ ln T — (93)

F Equation (93) can be integrated exactly in the case of a perfect gas. The
integration is a satisfactory approximation for a semiperfect gas. Integrai —
ing along a streamline from station i—i to station 1~

a- ir- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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e ~~~ (94)

The gas constant R can change only by the introduction of coolant. If
were evaluated at the log mean of Ti_i and Tj, equation (94) would conform to
the trapezoidal integration rule. In practice this requirement is relaxed
so that rj  is evaluated at a temperature between T1_1 and Tj or is given a
priori. The evaluation of sj will be discussed in the section on loss assess-
ment. Temperature Tj_1 is reduced and density Pj—l increased by the ratio of
stagnation enthalpies when coolant is added.

Perfect gas relationships are used only to relate density, enthalpy , and
entropy to inlet total temperature and pressure and to display local total
pressure and temperature . These local total temperatures and pressures are
not strictly correct, except in the case of a perfect gas, and are not
employed in the internal analysis, which is accurate for a semiperfect gas.

3.5 LOSS ASSESSMENT

Defining relative total enthalpy as

2 2
Hr

_ l
~
I:W

~~ (95)

in accordance with usual turbine analysis practice , a calculation station
eff iciency is def ined as

1-f
— (96)

l~[~ri 1
X
~

where 
~ri 

is the effective total pressure which would exist in the rotating
frame of reference if the flow were isentropic from the previous cakulation
station. Using, for this purpose only, the approximation h — CpT and equa—
tions (79), (91) , and (92)

r H
r

in
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with all quantities evaluated at j where not otherwise specified. Since the
entropy change associated with coolant introduction is determined by a more
detailed analysis than is possible in the present situation, an additional
term is provided to specify total pressure loss for coolant introduction:

+ _ l n [l -~~~] (98)

L fl J C

Two options are provided to determine the station (blade row) efficiency
i~~~. The first alternative gives the designer more control over the results
but does not attemp t to predict the effect of design variables on efficiency.
The second alternative is intended to predict the effect of vector diagram
variations on efficiency.

User specification of n~, the first alternative, gives a moderately rea-sonable trend of loss against Mach number. Typical values of are 0.99,
0.97, and 0.95 for blade inlet, stator exit, and rotor exit stations , respec-
tively.

In order to predict efficiency, the second alternative, the dependence
of n5 on blade row flow coefficient and deflection must be correlated. A
correlation which predicts efficiency of most turbine stages within ±1%
follows:

n — 1 *ETAS (J); at blade row inlet

— 1 
— *ETAS (J)

~ (rC~J~ 41] . + + 1

~ V z

at blade row exit with ~ (rCu) being the change in rCu across the blade row
and ~u being the average of inlet and exit relative tangential velocity . C~
is an adjustable coefficient for which the value .054 is suitable if the only
losses to be assessed are of the form (99).

Under the assumption of syimsetrical biading, the correlation (99) is
equivalent to a correlation of the stage efficiency against stage work load-
ing ~H/(2~

2r2) and stage flow coefficient C11(ur) .  For modern stages of high
flow, (99) predicts significantly better efficiency than older pub lished
correlations. No consistent Mach number effect is evident for stages de—
signed for the appropriate operating conditions, and this simple correlation
is effective over the full range of Mach nwaber for which suitable data were
available. 

—- -~~--—~--- a- - - • -~-~~~~ - ~~ -- 
___ _;  --- — -rn— ~~~~~ a ~~~~~~~~~~~~~



~~
‘ ‘  

,r 

~~~~~~~~~ -rr~ r ’~’~r’a’ - a— a’-- - ~~~~~~~~~~~~~~~~~~~~~ 
- - - — a.,-- - - ~~~~ ---- -a---a- - - a • — --- a-

Some caution is required when emp loying the corre lation f or unusual
operating conditions. Under extreme conditions the predicted blade row
efficiency may be low enough to prevent the calculation from continuing.
This is most likely to happen when an unexpected or unusual vector diagram is
required.

At blade row inlets, an off—incidence loss may be assessed in the of f—
design mode by calculating the cosine of the difference between design and
actual inlet angles raised to a power. This fraction of the relative kinetic
energy is passed on to the next calculation station. The remainder is con-
verted into entropy ; thus, static temperature will increase while static
pressure remains constant. A power of 0 assesses no additional loss, while a
power of 2 is most widely accepted and corresponds to a loss of the kinetic
energy associated with the component of velocity normal to the design inlet
velocity vector. The off—incidence correlation is unrealistic if it predicts
a station eff iciency less than 0.5, in which case an effective efficiency of
0.5 is used. In the design mode, the design inlet angle is, by definition,
the actual incidence angle, so there is no off—incidence loss. The design
angle is saved for possible later use.

At the rotor exit , a test factor may be applied which is the ratio of
effective work output to vector diagram work output. Enthalpy , temperature,
and entropy are adjusted accordingly. When a nonunity test factor is
emp loyed , the Euler turbine equation and the continuity equation are not
satisfied , so that it is preferable to account for as much of the loss as
possible in n5 instead of test factor.

3.6 CONTINUITY

The total flow across a calculation station must be the known sum of the
flow across the previous station and the added cooling flow:

2ii 

r T ” 
p C~ rdr — w (100)

integrating f rom tip radius to hub radius , with w being the required mass
flow. Density p is determined by equation (94). In the design mode and at
free stations, axial velocity Cz is found directly from equation (83).

In the off—design mode at blade row exit stations, relative velocity W
is found by equation (86). The relative flow angle 8 must be found by a con—
tinuity analysis between the given throat flow area and the exit station. A
flow model is assumed in which flow is isentropic from the previous station
to the throat . Throat pressure is assumed equal to the pressure at sonic
velocity or the exit pressure, whichever is higher. The loss assessed
according to equation (98) occurs between the throat and exit.
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While this model is too simple to give fully satisfactory results in all
cases, it has proved better than other known practical models. It works well
when the exit to throat height ratio is close to unity.

According to equation (79), with dp — 0 according to the model, using
equation (90), the temperature increases from the throat to the exit by a
ratio

e ______  
1

C.,. H
H l — - - ~r h
h -

by equation (97), where the additional loss for coolant flow injection in
(98) is applied ahead of the thr~q~. Relative velocity W decreases between
throat and exit by the factor r~~’ . By continuity, for subsonic flow the
model requires an increase in one—dimensional flow area between throat and
exit:

r 
H 1  

(101)

_ _

S L b

When the exit pressure is less than isentropic sonic pressure, an addi-
tional area increase is required to pass the flow set in the throat. De-
fining an isentropic or ideal Mach number:

M
i
2 

- 

~~~ 
(

~~r

_ 

~ + 1 

(102)

when Mi > 1, instead of equation (101), we use

-
f

• r 7\v-l 2
2+(~—l) M~

2

fl5 M~ + 

- 
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If y does not change, use of equation (103) holds the flow rate constant as
pressure drops below sonic pressure. Use of the one—dimensional supersonic
area function is an approximation valid only for low supersonic Mach numbers
since it ignores shocks. Thus the use of a perfect gas relationship is
adequate f or this purpose.

The effective flow area at the throat is the sum of the individual
passage throat dimension NDo times a flow coefficient Cf times the stream
tube height. At the exit, an area 2wr times stream tube height is available.
Assuming that the stream tube height ratio is the same as the station to
throat height ratio Shth, the flow angle is

C ND A
— 2i~r Shth (104)

with the sign of B given a priori. In the off—design mode, this permits the
calculation

C~ — W cos 8 (105)

W — W si.n B

In the design mode, the calculation is inverted to obtain ND0 (assuming Cf—I)
which is a required result of the design calculation.

The calculated vector diagram will not satisfy equation (100) in the
unchoked case until the proper tip velocity has been found. The internal
stream function which must be found to permit calculation along streamlines
(~ — constant) i~ calculated :

r’p C  rdr
*(r) — 

t
r 

Z (106)

_
~~~~~~~~~~~~~~~~~~~~~~~ 

C~ is required to be positive, so that

- ‘ 0<* (r)~~~l

is always true regardless of the error in the temporary solution. This defini-
tion prevents difficulty with atreamwise interpolation. A reasonable estimate
of streamline position is obtained even when the velocities are far from

- 
— 

correct.
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When using equation (83) with subsonic axial velocity or equation (86)
with Mj < 1 at at least one radius, the error in equation (100) is taken to
be a function of the tip velocity. This is termed the unchoked case. The
secant method is used to find the tip velocity for the next iteration. This
estimate is required to be positive (large enough to avoid numeric underf low)
and no larger than may be required to detect choke. Also, the first two
iterations must be different. Iterations are performed until the relative
error in equation (100) is less than 10—5. Fever than 20 iterations are
required.

In the choked case , using equation (86) with Mi > 1 at all radii , equa-
tion (103) is relied upon to give the proper flow. Since same of the inforina—
tion required to solve equation (86) is taken from the previous iteration,
the calculation must be repeated until the relative change in flow is below
iO— 5. Continuity may not be satisfied to this accuracy , but application of
the tight tolerance is required to insure repeatability of results. This may
require four iterations.

Stations are assumed initially to be unchoked. If, while trying to
solve equation (100), it is found that Mi > 1 at all radii bu t not enough
flow is passed , a choke—finding iteration is initiated. The tip velocity is
adjusted so that the smallest value of Mj is 1. This is done exactly if the
smallest Mi should turn out to occur at the tip , which is the reason for
starting at the tip and integrating inwards. The absolute Mach number is
usually smallest at the tip. The station calculation is iterated as in the
choked case, but the error in equation (100) now is taken to be a function of
the tip velocity at the upstream controlling station. The controlling
station is the last choked station or the first calculation station. A
secant calculation is performed to find the new tip velocity at the control-
ling station, and the calculations at all stations from controlling to
choking station are repeated. This is by far the most time—consuming func-
tion of the ATREC program , as it involves an additional level of iteration.

When a choke point has been found , the calculation must proceed through
the last station before the decision can be made to make the new choked sta—
tion become the new controlling station. If a downstream station is choked
or a required operating point has been passed, the work just completed to
f ind a choke point must be discarded , and the station rever ts to the unchoked
mode.

This completes the aualysis of the basic function of the ATREC program.
The general scheme is that the radial momentum equation ties the field var—
iables together in a cross—stream direction. The energy equation supplies
the streamwise relationships. Continuity is satisfied at each station in
turn by a one—parameter iteration. Each iteration gives an improved estimate
of streamline positions required in the momentum and energy equations, so
that when the continuity equation is satisfied, all relationships are
satisfied.
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3.7 EFFICIENCY

Calculation of eff iciency for a fluid flow system with varying gas pro-
perties and injection of a somewhat dissimilar fluid is a controversial sub-
ject. In the following analysis the view is taken that an efficiency calcula-
tion must be based on all the fluid which is involved in the system. This
implies that effective inlet enthalpy and pressure must be calculated for a
hypothetical combination of the mainstream flow and the cooling flow which
will be added before the exit station at which efficiency is calculated.
Stage efficiency is based on the flow which passes through the stage exit
station. Overall stage efficiency is based on mass averaged properties.
Likewise, overall turbine efficiency is based on mass average properties for
all the flow which is involved.

Polytropic efficiency is def ined as

~~~~~~ 
- 

(107)

where dHj is the total enthalpy change which would be obtained in an
isentropic process with the same total pressures. Using equations (79) and
(92),

fl h u il + f ~~— (108)

where P is total pressure , which is f ound by the perfect gas equations (92)
and

~ (
~
) (109)

In order to use finite differences, equation (108) is approximated by

Ti — 1 + e 
— 

(110) ç
R l n ~~- —

where i and e refer to inlet and exit conditions. This formula is exact in
the case of constant total temperature and R or f or a perfet gas. When flow

- ‘ ~~
- is added, entropy which has been generated between the inlet station and the

dilution station must be corrected so that the prior losses are not charged

~~~~~~ to the cooling flow.
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Strictly speaking, overall efficiency should be derived by using mass
average total enthalpy in equation (102). This requires some form of total
temperature weighting as well as mass averaging to determine the overall
entropies and pressures to be used in equation (110). In practice , some
simplification is Justified since n is usually about 0.9, in which case the
error in is only 0.1 times the e?ror in the calculation of Pds/RdP. Since
the properties of the calculated flow are not affected by the calculation of
Tip, the most critical requirement is that must be calculated in a way
sufficiently consistent to permit evaluation of design variations.

We chose to use mass—averaged entropy in equation (110). This requires
a consistent method for averaging pressure. The appropriate averaged pres-
sure must be higher than a mixed pressure, since entropy must increase in a
mixing process.

Clearly , the mass—averaged total enthalpy is

~.1

H —  J H d *  (111)

0

It is consistent with the other approximations which have been made to use
constant specific heat in the averaging.

Consider a hypothetical process in which the local thermodynamic variables
are changed to the average values. There is an entropy change by equation
(79).

~~~
_ _

~
._ ln li _ ln! (112)R y-l H P

As a mess averaged entropy is to be used in equation (110), the mass average
of t~s must be zero , giving

1n~~~- J’1n P d *+_ ~~ [inii _ 
f i n H d* ]  (113)

The somewhat surprising inequality in P > ln P d 
~ 
holds.

This must be taken as a reminder tha t P is intendeu ~~ reflect available
energy of the unmixed streams of the flow , not the pressure which would be
the result of mixing the streams together. It should be noted that the “mix-
ing” calculations employed in some published programs of a similar nature can
easily violate the second law of thermodynamics , giving erroneous efficiencies.

____ .-— 
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Equation (113) is applied to the mainstream flow. Before efficiency is
calculated , the appropriate cooling flow source pressures must be included in
the average. Since this is treated as a mixing process, the terms based on
enthalpy difference can be omitted.

Adiabatic efficiency based on stagnation inlet and exit conditions is
calculated from polytropic efficiency using perfect gas relationships:

~~1:i
flp

— — 

1:! 
(114)

r1~
L”i

It is most appropriate to use the y evaluated at exit conditions since it
refers to the properties of all the streams of flow mixed together. The
perfect gas definition of ~T based on total temperature would be much less
accurate than the present method of calculation in the case of varying
specific heats. If 8e — sj, rip and ‘1T will be unity , while other methods
will satisfy this requi-rement only for perfect gas.

3.8 COOLANT FLOW INJECTION

Cooling flow is introduced on surfaces where it is subject to mixing in
secondary flows. Its influence cannot be restricted in terms of two—dimen-
sional streamline analysis. Since the ATREC program is most concerned with
correct prediction of the one—dimensional performance of the turbine, one
source of coolant for each axial calculation station is sufficient. The
coolant is assumed to mix uniformly by mass with the main flow.

Since calculation of entropy associated with cooling flow mixing depends -

on knowledge of local flow conditions, it is outside the scope of a quick—
look calculation. If the effect of coolant on the total pressure is known,
the program will accept this efficiency as input. The most important effects

t 
of coolant addition are the effects on enthalpy and flow rate, which can be
handled correctly. The points where the influence of coolant addition is
considered are indicated in the analysis.

Blade forces are not usually considered part of the aerodynamic design
requirements but are needed for mechanical design. The tangential forces or

4

3.9 BLADE FORCES

torque are directly related to the work output and can be calculated
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accurately. Axial forces can be calculated adequately by applying the axial
component of the momentum equation, which was not required in the aerodynamic
analysis. Little of the information required to calculate radial aerodynamic
for ce is availab le in this analysis , but these forces may not be significant
in an axial turbine. Viscous forces are neglected as they are an order of
magnitude less than the total force.

Blade forces are determined from the momentum integral equation. A
control volume is drawn bounded by station j—l and j and the hub and tip flow
paths. Applying Green ’s theorem to equation (77), with V ’ (p~~~) — 0, attribu-
ting unbalanced forces to the force exerted on the blading,

- _
~~~~~~~~~~~~ 

(p + ~ 
.) d~ (115)

Equation (115) is differentiated with respect to radius on the station j face
in order to obtain an approximate distribution of force. The differential
force is viewed as the force on a slice of blade between conical surfaces
extending from station j—l to station j. The slice thickness is chosen to
vary in an appropriate way. For tangential force , the flows on the upstream
and downstream faces are made equal. If cooling flow addition is significant ,
this could be inaccurate. For axial force, the slice thickness is propor-
tional to blade height.

Tangential force per unit blade height is given by

- - 2irp C [(r C)~ 
- (r C

~
)j_i] (116)

Torque is obtained by multiplying equation (116) by r and power by multiply-
ing again by w. In view of equation (87), rotor torque can be calculated
equally well from total enthalpy H.

Calculation of axial blade force is somewhat controversial. There is
not much uncertainty in the calculation of total axial force , which is more
important than the detailed distribution of force. When the flowpath is not
cylindrical, pressure on the hub and tip walls contributes to the momentum
balance. To be strictly correct, the force calculation should follow stream
tubes through the blade row , but the questionable additional accuracy to be

• obtained does not justify the effort.

On the upstream face , both flu id momentum and pressure enter the control
volume :
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— f (p + p C 2 ) 2it rdr (117)
rTi_l

Similarly , on the downstream face :

r
HJ 2—J (p + p C )  2iirdr (118)

rTj

On the tip flow path a trapezoidal integration gives

ii 2 2
FZT ~ 

(r
Tj 

— rTJ.l) ~~Tj 
+ 

~T J 1~ 
(119)

and on the hub f lowpath

FZH 
— 

~~ 
(r ft~

_1 — r
HJ
) 

~~HJ 
•
~
• 

~Hj—l~ 
(120)

The unbalanced resultant is ascribed to blade force:

F — F  +F +F +F (121)z zj—l zj zT zH

An approximation to the axial force distribution is obtained by differenti-
ating equations (117) and (118), and dividing (119) and (120) proportionately:

dF F Fz z T +  zH
i r r Tj rliJ

+2 
~~~~ rHJ 

(~ + ~ C~)~_1 rj_1 (122

—2’~ (p + p C~)~ rj
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where the calculation is done on segments of equal proportional height, ac,t
on true stream tubes. The total axial force comes out the same as if stream
tubes were used. The local and, to a smaller extent, the total axial force
are affected by the neglect of radial velocity in equation (83), so that the
result of equation (122) is not fully consistent. On the other hand, the
numerical accuracy of the axial force prediction is well within the capabil-
ity of experimental verification. This prediction is for the force on the
blading only. The forces on disc, shrouds, seals, etc. must be accounted for
separately.

3.10 UNITS

The ATREC program is written to permit change of systems of units by
changing the conversion factors , which can be done in the input data set.
The following discussion refers to the customary engineering units for which
preset conversion factors are contained in the program. The units for input
and output are given in the description of input and output variables.
Equivalent internal variables may have different units and will be discussed
in the order in which they appear in the analysis.

Internal enthalpy, equation (80), is in units consistent with the ex-
ternal units of ve locity,  which are feet per second. To obtain external
enthalpy, divide by the constant, GJ 25036 lb f t2/Btu sec2. Internal
temperature is GJ times external tempera ture , with external temperature in
degrees Rankine . Thus entropy , which is an internal variable , is in Btu/lbm°
R.

Angular velocity w is true angular velocity divided by the constant FT
12 inches/foot. Thus u is in ft/in.—sec , so that r Cu can be kept in the
external units in.—ft/sec.

Internal gas constant R, equation (91), is in the same units as entropy
(Btu/lbm ° R). Multiplying by the factor CC/C.! gives external RG in ft/° R.
Density p, equation (92), is in pound mass per cubit foot, and pressure p is
in pound force per square inch , requiring the conversion factor GC*FT**2,
where CC — 32.17405 ft/sec2.

In equation (100), flow rate w is in pound mass per second , requiring a
conversion factor F T 2 .

Metric (SI) units can be used by setting the constants C.!, PT, and CC
- • to l.

3.11 CORRECTION TO STANDARD CONDITIONS

The parameters EQN, WEQ , and DKEQ are intended to indicate the speed
(rev/am ), weight flow , and work output (Btu/lb ) which would be required to
give equivalent performance at NACA standard inlet conditions . These are

- - - --- - -~~~~- - .  - : ‘
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14.696 psia , 518.70 R, molecular weight 29.0 , and specific heat ratio 1.4.
The definitions are:

WEQ - w c W
6

DHEQ -

RPMEQN - —

ENS
£

/ 2

ENS — 0. 7395945 for y • 1.4

v 2
0 — cr

VCRS

Standard sonic velocity squared VCRS — 1,038,600 ft2/sec2

P6 — PSTD

PSTD — 14.696 psia

IL
_

_
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4.0 INTERSTAGE GAS TEMPERATURE PROFILES

4.1 INTRODUCTION

The GASPRO module calculates tu rbine interstage gas temperature profiles.
From inputs of combustor exit fuel/air ratios or stage exit gas temperature
profiles, successive downstream radial temperature profiles are calculated at
each vane row and blade row inlet. An energy balance is performed on the gas
stream to account for coolant air addition and rotor work extraction.
Cooling air is uniformly distributed radially. Maximum peak profiles are
diluted using airfoil (vane and blade) cooling flcws only. Dilution of the
average prof iles is accompl ished by using all inç~ut cooling flows.

Calculations are usually initiated at the combuator exit with fuel/air
ratio profiles as input. The calculation methodology allows for additional
burning through the first—stage vane, thus it is possible (though not likely)
that the first—stage blade inlet temperatures may be higher than vane inlet
temperatures. Calculations may begin at any stage inlet by inputing
temperature profiles in the place of fuel/air ratio profiles. There is a
maximum of 11 radial calculation stations. There is also a maximum of 10
stages.

4.2 TECHNICAL BACKGROUND

To conduct a detailed heat transfer analysis of a complete turbine, it
is necessary that the local gas temperatures throughout the turbine be known.
An underestimate of the gas temperatures will result in reduced lives of the
components; an overestimate of the gas temperature will result in over—
designing the components. A design that is too conservative will result in
an increased life cycle cost because of increased development and hardware
cost along with increased fuel consumption. The fuel consumption will in—
crease since the pressure losses associated with introduction and mixing of
the cooling air with the gas stream will be higher. Thus, it becomes neces—

( 
sary that the gas temperatures throughout the turbine be predicted as closely
as possible. To accomplish this, tne GASPRO module was developed.

4.3 PROGRAM OUTLINE

The program starts with an input of the cycle average first—stage rotor
inlet average temperature. To this temperature is added the design turbine
inlet temperature margin, DTDM. This represents any variation in the
design point turbine inlet temperature due to engine deterioration, engine—
to-engin. variation, and tolerance stackup. With the combustor inlet temper—
ature and combustion efficiency, the turbine inlet average fuel/air ratio can
be defined. This fuel/air ratio ii then used to define the vane inlet
fuel/air ratio by taking the vane cooling air out of the hot ga. mixture.

- ::- i:ii ;~~~
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With this increased fuel/air ratio, an average vane inlet temperature is
defined. The vane inlet average fuel/air ratio is also used, along with the
combustor exit fuel/air ratio normalized profile, to define the starting
radial temperature profile. Two profiles are used —- the maximum peak and the
average profiles. The maximum peak profile represents the profile of the highest
possible fuel/air ratios that might be expected to be seen in the engine. This
profile is generally used for the design of stationary components. The average
profile represents the locus of all possible circumferentially averaged profiles.
This profile is generally used for rotating turbine components. The reason for
using the circumferentially averaged profile is that the rotor in essence
experiences such a profile as it rotates .

The program conducts both a mass and energy balance at each calculation
station. Cooling air dilution is accounted for along with rotor work extraction.
It is assumed that band and shroud cooling air along with any leakage never
penetrates to the vane midspan. Thus, none of this cooling air is used in the
dilution of the maximum peak temperature profile.

At the exit of each turb ine stage, the average profile can be flattened
out to reflect a radial mixing due to secondary flow associated with the
blade row.

The major work done by the GASPRO program is accomplished in three sub-
routines. HPVANE calculates fuel/air ratios and the resultant temperature
rises. The fuel/air ratios are diluted with vane cooling air and new tempera-
tures are calculated . Subroutine BLADE, using an energy balance on the gas
stream, accounts for rotor work extraction and dilution by blade cooling air.
Subroutine VANE, also using an energy balance, accounts for dilution of the
gas stream by vane cooling air.

Enthalpy is calculated by interpolation of tabular data generated using
the methods of Reference 3. Interpolations are made for fuel/air ratio and
temperature . Function UGAS was developed to accomplish this and is explained
in Section 4.8. Combustor temperature rise is calculated by tabular data
obtained from Re ference 4. Interpolations are made for fuel/air ratio and
combustor inlet temperatura. Variations due to pressure are neglected, and
data is used for a pressure of ten atmospheres . Function COMBTR was de-
veloped to accomplish this and is explained in detail in Section 4.7.

4.4 SUBROUTINE HPVANE

fuel/air ratio required to produce the desired design average turbine inlet
temperature . This is accomplished using the “false position” method of zero

— finding with function COMBTR (combustor temperature rise interpolating rou-
tine) providing the temperature rise for an estimated fuel/air ratio . The

- -
~~~~~~~~~~~~~~~ The first computations performed in subroutine HPVANE determine the

method of false position obtains a new e.timate of the independent variable
by linear interpolation of two previous estimates .

48

I

- - a.- -- ~4 - a.- a . a .a._- . — a. — -

- - — - a . —  ----a. - - — -_ a.~~~~~~~ - - —-a.~~~
_. -a -— -~~~~ 

, 



f

_a. 

- -

~~~~ 

a. -’

The input to function COMBTR is PA, T, and ETAC, where :

FA — fuel/air ratio for which combustion temperature rise is desired

T — combustor inlet temperature, 0 F

ETAC — combustion efficiency.

From the average rotor inlet fuel/air ratio , the average vane inlet
(coabus tor exit) fuel/air ratio is calculated by removing the first—stage
nozzle cooling and leakage air dilution. At the nozzle inlet , the fuel/air
ratio is

FAAV - 
FA41AV (l—VCT)

(1 — WCT . FA41AV ) (123)

I where:

FAAV — average vane inlet fuel/air ratio at the first—stage nozzle

VA4IAV — stage—one rotor inlet fuel/air ratio

WCT — WCV(l) + WCBND(l) (124)

WCV(l) — first—stage vane airfoil coolant airflow expressed as fraction of
vane inlet gas flow

WCBND(l) first—stage band and leakage airflow expressed as fraction
of vane inlet gas flow

Function COMBTR is used at this point to calculate the average vane inlet
temperature from the calculated average fuel/air ratio and combustor inlet
temperature , T3.

With the input maximom peak fuel/air ratio profile , as normalized by
the overall fuel/air ratio, the radial maximum peak fuel/air ratio distri-
bution can be defined :

PA4OPK(I) — FAPK(I) . FUV (125)

where:

FAPK(I) — ratio of the local maximum peak fuel/air ratio to the average
- - -- - fuel/air ratio at nozzle inlet

~~~~~~~~~
, 
)  FA4OPX(I) — local maximum peak fuel/air ratio at each radial calculation

- 
~~~~~

- point at no izle inlet

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



The maximum peak fuel/a ir ratio represents the locus of the maximum fuel/air
ratios that might be encountered by any location .

With the input of the ratio of the locus of circumferentially averaged
profiles to the average fuel/air ratio , then the radial average fuel/ai r
ratio profile can be defined as

FA4OLOP(I) — FALOP(I) • FAAV (126)

where :

FALOP(I) — ratio of the locus of circumferentially averaged fuel/air
ratio profiles to the average fuel/air ratio at nozzle inlet

FA4OLOP(I) — fuel/air ratio profile at nozzle inlet that represents the
locus of all possible circumferentially integrated radial
profiles.

The gas stream maximum peak total temperature profile, T4OPK(I), and the
average total temperature profile, T4OLOP(I) , are then calculated by means of
the function COMBTR with inputs -of combustor inlet temperature, combustor
eff iciency , and the respective fuel/air ratios.

The vane cooling air is divided up among the stream tubes that are con-
sistent with the calculation stations. The cooling air is added to the gas
stream, and the diluted fuel/air ratio at the nozzle exit is evaluated:

FA4 1PK(I) — FA4OPK(I)
(1 + WCV(l) . (1 — FA4OPK(I))J (127)

which yields the maximum peak fuel/air ratio profile downstream of the first—
stage nozzle . Similarly, the average fuel/air ratio downstream of the first—
stage nozzle is calculated:

FA41LOP(I) FA4OLOP(I)
Cl + WCV(1) . (1 + FA4OLOP(I)}J (128)

Once again, these profiles are input with tne combustor inlet tempera—
ture and combustion efficiency into function COMBTR to produce the blade in—
let maximum peak temperatures , T4 1PK(I) , and average absolute total tempera—

Finally, the blade inlet total temperature profIle as “seen” by the
rotor (referred to as relative) is calculated:

~~~~ ture, T41LOP(I), profiles.

TTB(I) — T41LOP(I) TTB41(I) (129) (
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where:

TTB41(I) — ratio of relative to absolute gas temperatures supplied from
the ATRE C module

4.5 SUBROUTINE BLADE

From user—supplied blade coolant temperatures and design average blade
inlet temperature, the corresponding enthalpies are calculated using function
HGAS. Function UGAS interpolates enthalpy data from Reference 3 for tempera-
ture and fuel/air ratio. The average blade exit enthalpy is calculated by
first removing rotor work extraction, then accounting for cooling air dilu-
tion. The rotor work extraction profile is specified by first normalizing the
enthalpy drop profile, DR (I) , by the rotor inlet absolute gas temperature ,
TTS, both supplied by the ATREC module:

DHOT (I) — DH (I)/TTS (130)

This ratio is then multiplied by the radial temperature profile at the
blade row inlet to give the radial work extraction distribution. This
work extraction is then subtracted from the rotor inlet enthalpy bef ore
being diluted with the coolant air. The maximum peak profile is diluted
with only the blade cooling air while the average profile is diluted with all
the chargable coolant air. For the maximum peak temperature profile the
rotor exit enthalpy is:

HOUTPK - HINPK — DHOT(I) . TINPK(I) + WCBLD . HCBLD (131)
1 + WCBLID

where :

RINPK — local profile value of rotor inlet enthalpy , based on rotor
inlet maximum peak gas temperature (Btu/lb)

TINPK(I) — rotor inlet maximum peak radial gas temperature profile (R°)

WCBLD — rotor blade cooling air flow expressed as a fraction of rotor
inlet gas flow

HCBLD — enthalpy of the rotor cooling air (Btu/lb) .

The average temperature profile at the rotor exit is similarly evalu-
ated except for handling the cooling air. All the cooling air is added
into the gas stream. The rotor exit average enthalpy equation is

HOUTLOP — 
HINLOP - DBOT(I) TINLOP(I) + WC1~~ HCT

(1 + WCT) (132)

-
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where:

HINLOP — local profile value of rotor inlet enthalpy based on the rotor
inlet average prof ile (Btu/ lb)

TINLOP(I) — rotor inlet average profile gas temperature, (° R)

WCT — total of the vane band , WCBND, the rotor shroud and
leakage cooling air , WCSRL , and the blade cooling air , WCBLD
all of which are expressed as a fraction of rotor inlet
gas flow

HCT — Weighted average enthalpy of the individual enthalpies of
WCBND , WCSHL , and WCBLD which thus makes it consistent
with WCT (Btu/lb)~

The rotor exit maximum peak temperature profile, TOUTPK(I), and the
average temperature profile, TOUTLOP(I) , are now evaluated by means
of the function TGAS. Function TGAS is a zero—finding routine (false posi—
tion method) which uses function HGAS to recursively estimate the temperature
corresponding to the input enthalpy HOUTPK or HOUTLOP (see Section 4.9):

TOUTPK(I) — TGAS(F, HOUTPK) (133)

TOUTLOP( I) - TGAS(F , HOUTLOP) (134) t

A correction factor on the average temperature profile is introduced
at this point . This correction factor is designed to allow the average pro-
file to be flattened out so as to reflect radial mixing of the hot midspan
gases with the cooler endwall gases:

BETA TOUTLOP (I) - TAVcorr
TOUTLOP (I) - TAV (135)

~~~~~~~ uncor

where O<BETA-cl

A typical example of this correction is presented in Figure 10. A 3ETA value
of 0 results in a flat radial temperature prof ile and a temperature equal
to the average blade exit temperature. A BETA value of 1.0 leaves the pro-
files unaltered . If modif ying the average temperature profile re-
sul ts in a maximum peak temperature less than the average temperature , at any
particular radial location, the maximum peak temperature is set equal to the
average temperature. This would most likely occur near the end wall.

The final phase of this subroutine consists of defining the rotor exit
fuel/air ratio. This is accomplished by simply mixing in the blade and
shroud cooling air:

— 
FAAV1 (i36)AAVO

~~ 
I + WCB • (1 + FAAV~~)
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where:

PAAV — fuel/air ratio at the rotor inlet
in

WCB — blade and shroud cooling and leakage air expressed as a fraction
of rotor inlet gas flow .

4.6 SUBROUTINE VANE

Subroutine VANE performs an energy balance on the gas stream to account
for cooling air dilution in any vane row other than the first. Vane inlet
temperature profiles and the vane airfoil cooling temperature are input to
function HCAS to calculate the corresponding enthalpies. Then, applying con-
tinuity and f irst law, the exit enthalpy profiles are calculated.

For the maximum peak enthalpy

HINPK — HGAS(F, TINPK (I)) (137)

and for the average prof ile

HINLOP — HGAS(F , TINLOP(I) ) (138)

where TINPK(I) is the maximum peak vane inlet gas temperature and TINLOP(I)
is the average vane inlet gas temperature.

The average vane inlet gas stream enthalpy , HAV , is similarly def ined
using the average vane inlet gas temperature. The eA~ha1py of the vane cool—
ing air is also evaluated by using its cooling temperature before any convec-
tion temperature rise is added. The maximum peak and average enthalpy pro-
files can now be defined by performing an energy balance. The maximum peak
vane exit enthalpy profile is

HOUTPK - HINPK . + WCV HCV (139)

and average vane exit enthalpy profile is

HOUTLOP - HINLOP WCV • HCV (140)

where:

WCV — vane cooling air expressed as fraction of vane inlet
— 

gas stream weight flow

HCV — enthalpy of the vane cooling air.

The corresponding temperature profile is evaluated with function

- Sr 
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TGAS. The average vane exit temperature is defined by using the average inlet
enthalpy and diluting it with both the vane and band cooling air.

where:
(RAy 4 + WCT . HCT)

HAV — 
Ln (141)out l + W C T

WCT — sum of vane, band , and leakage airf low expressed as a fraction of
vane inlet gas f low

HCT — weighted average enthalpy of the vane, band , and leakage airflow
(Btu/lb)

The average vane exit fuel/air ratio is diluted using the vane, band ,
and leakage airf lows

FAAV
FAAVO t  - 1 + WCT (1 + FAAV~~) 

(142)

where FAAVin — average fuel/air ratio at vane inlet.

The average gas stream temperature is defined with the average vane
exit enthalpy level, HAy , and function TGAS.

The rotor blade inlet relative gas temperature is defined from the ratio
of the blade inlet relative gas tempera ture to the correspond ing
absolute gas temperature. The product of this ratio and the rotor ir.let
average absolute temperature profile, TOUTLOP( I ) ,  will then yield the rela-
tive gas temperature profile.

4.7 FUNCTION COMBTR

This function interpolates ad iabatic combustor temperature rise data
from Reference 4 for fuel/air ratio and combustor inlet temperature. Tabular
data is used for combustor inlet temperatures of 540 F, 1040° F , and 1540° F,
and for fuel/air ratios from 0 to 0.135 (twice stoichiometr~c) in increments
of 0.005. Interpolation is made first for fuel/air ratio at the three tabu-
lar inlet temperatures. This interpolation uses a five—point Lagrangian
interpolating polynomial:

• ~T[f/a 0 + P(hf/ a)J — 
(P2—l)P(P—2) AT_2 — 

(P. l)(P)(P2 4)

(P2—l) (P2—4) (P-I-l)P(P2—4)
0

~~ P2—l Po+2)+ 24 ~T2

where: P is the fraction of the interpolated value between tabular points.
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This results in three values of adiabatic temperature rise correspond—
ing to the tabular inlet temperature points. These three values are then
used in a three—point Lagrangian interpolating polynomial to interpolate for
combustor Inlet temperature:

AT [T
3 
+ PT(AT

3
) ]  PT(PT—l) AT

1 
+ (l—PT

2)AT + 
PT(PT+l) AT

1
0 - 

(144)

The combustor exit temperature is calculated using the interpolated
value of adiabatic temperature rise, and input values for inlet temperature
and combus tor eff iciency:

- T
3 
+ ~ AT (145)

4.8 FUNCTION HGAS

Function HGAS interpolates tabular enthalpy data generated from Refer-
ence 3 for temperature and fuel/air ratio. Tabular data is used for fuel/
air ratios from zero to stoichiometric in increments of 0.01, and for tem-
peratures from 640° F to 4040° F in increments of 100° F. Interpolation is
first made for temperature at the three nearest tabular fuel/air ratios using
a five—point Lagrangian interpolating polynomial. Then interpolation is made
between these three points for fuel/air ratio using a three—point Lagrangian
polynomial.

4.9 FUNCTION TGAS

TGAS calculates the temperature which corresponds to an input enthalpy .
This is accomplished using the method of false position. Two initial esti—
mates are made for the temperature (10000 R, 5000° R) ,  then a third estimate
is calculated by Lnear interpolation of the enthalpies corresponding to these
temperatures. The input enthalpy is “trapped” between the new estimate and
one of the previous estimates and the third estimate is discarded. A new
estimate is obtained by linear interpolation of the enthalpies. This process
continues until the enthalpy corresponding- to the current temperature esti-
mate is within 0.01% of the input enthalpy.
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5.0 BLADE DESIGN

5.1 GENERAL

The Blade Design module, BLDDES, provides the means for designing the
basic root, pitch, and tip sections of each blade row. These three sections
form the major geometric definition of the external airfoil contours for each
blade row. The output from this module is used as input to the intermediate
section interpolation module, BLDSTK, and the blade—to—blade flow field
analysis module, CASC. These basic sections can lie on either cylindrical or
conical meridional stream surfaces. The airfoil shape can be derived analy-
tically through specif ication of parametric input variables or can be de-
scribed directly by inputing digitized coordinate data.

The following sections describe the analytical methods employed in the
blade design procedure. The routines discussed in Sections 5.2 and 5.3 are
adaptations of methods found in Reference 5.

5.2 INTERPOLATION

The interpola tion technique employed herein is that due to Lagrange, who
first published the method in ~795. The basic formulation arises from the
fact that, for a polynomial f(X) of degree “n,” the divided differences of
order (n + 1) are zero, ic ,

f(X , X1, X2 X , X) — 0 (146)

To expand (146), ow.. recalls that the arguments X0, 
~~ 

X~ represent
points at which functional values f(X0), f (F 1) f(X n) are known, and X
represents the point at which interpolation is desireo. Then equation (146)
can be manipulated to the useful form
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Two observations are in order . First , note that in the coefficient for
a given argument (e.g. X1), the numerator is devoid of a factor (X —

etc. Second, note that the denominator for a given argument (e.g. Xl) never
has a factor (Xj — X1) which would be tantamount to dividing by zero.

A function subprogram entitled RINT (Routine for Interpolation) has
been written to perform the calculation indicated by equation 147. The form
which is coded in RINT is

N
N II (X — x3)/ (~ — X 1)

f(X) = f(X
1
) (148)

I—]. Ti (X1 
— X~)

J—1
J#I

The associated FORTRAN statement needed to get an interpolated value is

Y — RINT (X , Y, X, N) (149)

where N is the number of X , Y pairs being supplied , X is the X—value at which
interpolation is desired , and V is the interpolated value. Subscripts I and
3 start at 1 since FORTRAN abhors zero subscripts. The numerator of equation
148 consists of a product of all differences divided by the difference which
must be excluded in keeping with the first observation stated above. The
denominator consists of a product of all differences except the one where
I — 3, in keeping with the second observation. In the event that ! is equal
to one of the supplied X values, the corresponding Y value is returned as Y.
When N — 2 , the formulation yields a linear interpolation. The routine RINT
is used in other modules besides BLDDES.

5.3 SIMULTANEOUS EQUATIONS

There are several instances In BLDDES where sets of U? tO five linear
simultaneous equations require solution. Rather than use a coemonly avail-
able library routine which is generalized for a large set of equations and
thereby incurs an unnecessarily large program storage reçuirement, a small
subroutine entitled SIMZQN has been provided . The technique used is a
Gauss—Jordan reduction with maximum pivot strategy. In this method, each
pass at reduc t ion is made with the pivot element of largest absolute magni-
tude which is not in a row or column of a previously used pivot element.
Input to the routine consists of an augmented matrix, i.e., the original
coefficient matrix with right—hand side appended . The routine COEFB sets
up the augmented matrix . Comaunication from the calling routine through
COEFB to SIMEQN is handled by labeled coemon , viz :

COt’Q1ON /SOLN/ A (6,6), COF (5) (150)
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where A is the augmented matrix and COF is the solution vector. The calling
statement has the form

CALL COEFB (X , Y, EPS) (151)

where X, Y is a set of five coordinate pairs and EPS is the minimum magni-
tude allowable for a pivot element. EPS is set at 1.0 E — 10. If a pivot
element is found to be smaller than this, the matrix is assumed to be sin-
gular or nearly singular , and a zero value is returned for the determinant.

5.4 SIMULTANEOUS FUNCTION SOLUTION

There are several instances in ~LDDES where two homogeneous functions
must be solved simultaneously to yield an X, Y pair which is common to the
two functions. The technique employed is that accorded to Newton and Raphson.

Assuming that one has two functions, Fl (X , Y) — 0 and P2 (X , Y) — 0
and that ~~e objective is to find an X, Y pair that satisfies both functions
simultaneously, the procedure is as follows. A set of “starting values” is
identif ied , i.e., (Xi’, ii’), and checked for possible satisfaction by the
inequality

sun — [Fl 2 (X
1
’, Yr

’) + F22 (X~ ’~ Y~’)) < TOLERANCE (152)

where the tolerance is a small number. If the starting values do not satisfy
-the criterion of equati3n (152), successive corrections are calculated iter-
atively as

~~~~~ - X
” -DX

(153)

- Y~~-DY

where “n” denotes the nth iteration and

Fl~~~~ -P2~~~~DX — 
D 

(154)

and

DY (155)
DS - - - - -- k
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In equations (154) and (155), the denominator D is the determinant of
the Jacobian of the partial derivatives, i.e.,

~Fl ~F2 aFi ~F2D — 
~~~~~~ 

— 
~~~~~ (156)

Experience with the f unctions used in BLDDES has shown that convergence
is achieved with four or five iterations at most. Note that all of the
special functions discussed in the following sections are defined in homo—
geneous f orm, i.e., with right—hand side equal to zero, for use In the
Newton—Raphson solution.

5.5 GENERAL CONIC FUNCTION

One of the special functions used In BLDDES is the general conic defined
as

F(X , Y) X2 + f
1
X ~

- f
2
Y2 + f

3
Y + f

4 
XY + f

5 
— 0 ( 157)

The slope of the tangent at any point is

~~ - 2 X - f
1 
- f

4
Y

— - 

2f
2

Y + f
3 
+ f~X 

(158)

The slope of the normal at any point is

~~~~~ 
2 f 2Y + f 3 + f 4Y

~F 2X + f
1 
+ f y  (159)

Given a set of f ive X, Y pairs, the coeff icients F1 through F5 arej obtained through use of the COEFB and SIMEQN routines to solve five simul—
taneous equations of the form:

t f1X1 + f 2Y1
2 + f 3Y1 + f4 X111 + f5 —

(160)

f 1X5 + f 2Y 5
2 + f 3Y 5 + f4 X5Y5 + f5 — —
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The discussion thu s far has been genera l in nature . The following
sections cover the specific applications of these ideas in the BLDDES module .

5.6 TRAILING EDGE ATTACHMENT

The STE link of BLDDES establishes the precise tangent points to which
the trailing edge configuration is fitted. The suction surface coordinate
arrays (XS, YS) , and the pressure surface coord inate arrays , (XP , YP), are
used as is the trailing edge thickness , TE. Figure 11 should help to clarify
the procedure.

The final point of the suction surface, XS(NS), YS (NS) , is used as the
suction side tangent point . Angle DSPR is calculated as perpendicular to the
f inal suction side segment extending from point NS—l to NS. A distance equal
to one—half of the trailing edge thickness is stepped off along angle DSP~ tolocate the trailing edge center point, XC, YC. Angle DSPC is calculeted as
perpendicular to the final pressure side segment extending from point NP—i to
NP. A distance of one—half of the trailing edge thickness is stepped off
f rom point XC , YC along angle DSPC. The terminus of this step is defined as
the calculated pressure side tangent point.

The last five points of the input pressure surface, NP—4 through NP, are
used in a general conic func tion curve f it to yield coeff icients Cll through
C15. Associated with these coefficients is a function PTF which , having the
form shown in equation (157), represents the fitted portion of the surface.
Points NP—4 through NP—i also become the first four points in a set of aux—
iliary arrays, XPF, YPF. The fifth point of these auxiliary arrays is the
calculated pressure side tangent point. DSPA is the mean orientation angle
for the trailing edge wedge.

The calculated pressure side tangent ‘oint is tested for how well it
f i ts  the pressure side by substitut ing it into the function PTF. The result
of this substitution is called PCHK. A perfect f i t  would yield a zero value
for PCHK ; in general , the result is small but non—zero. If the trailing edge
thickness, TE, is not compatible with the surface coordinate data, the PCH1(
value is large . The absolute magnitude of PCHK is compared against a preset
tolerance, TOLER (1). If PCHI( exceeds thIs tolerance, the tnird and four th

— points of the auxiliary arrays, XPF , YPF, are adjusted by interpolation in an
attempt to get a smooth curve through all five points. If PCHI( is equal to
or less than this tolerance , XPP ana YPF are used as is.

The throat calculation is now performed as described in the next section .
Then a diagnostic plot is presented showing the suction side points NS—4
through NS and the auxiliary arrays, XPF, YPF. Figure 12 shows a typical STE -
plot which serves as a visual guide to whether or not the edge thickness and
contour are acceptable. An optional diagnostic printout lists the pertinent
variables associated with the tangent point and throat calculations. A
repeat option provides an opportunity to rerun the STE calculations wi th a
different trailing edge thickness. When the user is satisL .ad with the
results and elects to continue as is, the input pressure side points NP—4

t 

through NP are replaced by the auxiliary XPF, YPF arrays.
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5.7 THROAT CALCULATION

The calculated pressure side tangent point and the blade spacing van —
able, PSPACE, are used to calculate the corresponding point on an adjacent
blade section. This corresponding point is identified as ENXT, YNXT. The
throat is defined as the minimum distance from point XNXT, YNXT to the suc-
tion surface of the original blade section. Figure 13 illustrates the calcu-
lation procedure.

First, the suction surface coord inates XS, YS are searched to find which
point in the list is nearest XNXT, YNXT. This point, the two preceding it,
and the two succeeding it are used as the five points for a general conic
curve f it resulting in the f unction

THS (X, Y) - X2 + C31X + C32Y
2 
+ C33Y + C34XY + C35 (161)

THS represents the portion of the suction surface in the vicinity of the
throat. Then, following the method of equation (159), the slope of a normal
to TilS is

ATU(X , Y) — 

2 2
’
~ 

C33 + 
~~ (162)

The two—point slope formula for a straight line through XNXT, YNXT with
slope ATH is

YNX T—Y-A TU (XNXT-X) (163)

Combining equation (162) and (163) resul ts in

THF(x, Y) — C41X2 + C42X + C~3Y
2 + C44Y + C45XY + C46 (164)

where: C41 — C34
C42 — 2 YNXT + C33 — C34 XNXT

C43 — —Cy~
C44 — C34 YNXT — C31 — 2C32 XNXT
C45 — 2C3 2— 2
C46 — C3] YNXT — C33 ENXT 

(

Functions THS and THY are solved simultaneously, using the Newton—
Raphson procedure , giv ing the point XTH , YTh as the suction sur face throat

-: locus. Finally , the throat is calculated as the distance between XTH , YTH
and XNXT , YNXT.
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5.3 LEADING EDGE ATTACHMENT

Leading edge attachment calculations are performed by the SLE routine.
This routine is called only when the variable LEDGE is unity, i.e. when user
input coordinates exclude the leading edge contour and the program is ex-
pected to provide the contour. The configuration provided is, in general , an
ellipse. The data required are the pressure and suction coordinates, the
locus of the leading edge highlight plane , the inclination angle of the
ellipse major axis, and the ratio of major to minor axis lengths. The coding
is such that if the axis ratio is unity , a circular contour is obtained.

The iteration scheme holds the axis ratio fixed while adjusting the
size , position , and inclination angle of the ellipse until triple tangency is
achieved. “Tr iple tangency” means the resultant contour is tangent to the
suction and pressure surfaces and is acceptably close to being tangent to the
leading edge highlight plane.

The first three points of the suction side are rotated through the angle
EPSI into working arrays XSR , YSR.  Similarly , the first three points of the
pressure side are rotated into XPR, YPR arrays. The working frame for the
iterative calculations is thus one in which the ellipse major axis is hori-
zontal as shown in Figure 14. Figure 15 provides a reference for the follow-
ing remarks.

The arrays XSR, YSR and XPR, YPR are used sequentially in a three—point
curve fit procedure to calculate the slope angle at the first point of each
array. Thesc angles are AS1 and APi for the suction side and pressure side,
respectively. These angles are used as boundary conditions for the ellipse
positioning by inferring them to be tangent angles of the contour. The dis-
tance DYS from the first suction side point to the symmetry axis is related
to the ellipse size and the angle AS1 by

DYS — 
BE 

(165)
~E

2 S TASI + 1.0

where: BE — the semi—minor axis length
E — the major—to-minor axis ratio
TAS1 — the tangent of angle AS1.

Similarly, the distan~e DYP from the first pressure side point to the

~~~~~ sy~~etry axis is

DY? 
+ 1.0 

(166)
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where TAP1 is the tangent of angle APi.

The sum of the distances DYS and DY? is

DYS + DYP — YSR(l) — YPR(l) (167)

The semi—minor axis length BE is calculated by manipulating equations
(165) through (167). Then the semi—major axis length AE is calculated by

A E — E  • BE (168)

The location of the ellipse center point X0, YO is calculated as
follows:

XO — XSR(l) + E2 TAS1 ;DYS (169)

Y0 — YSR(l) — DYS (170)

The angle ALFA is the complement of EPSI, i.e.

ALFA — 90 — EPSI (171)

and represents the inclination of the leading edge highlight plane in the
rotated working frame. Assume that there is an auxiliary line parallel to
the highlight plane, i.e. inclined at angle ALFA, and that this line is tan-
gent to the ellipse contour. The symmetry axis intersects this line at point
IA, YA. This point lies at a d istance AO to the left of the ellipse center
point, XC, Y0. If EPS] is zero, AO is equal to AE and point IA, YA is that
the point where the symmetry axis pierces the contour. For the general case
where EPSI is not zero, the distance AC . is calculated as

AO — 
BE • TALES + 1.0 (172)TALE

where TALF is the tangent of angle ALFA.

Then IA, ‘IA are

( XA XO - A0
(173)

‘IA - YO
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Point IA, ‘IA is rotated back to the input frame of reference as point
XXA, YKA. Then

DXX XKA XK (174)

where XX is the locus of. the highlight plane.

Thus , DXX is the measure of how near the contour is to being tangent to
the highlight plane. If the magnitude of DXK is less than , or equa l to , the
preset tolerance TOLER (2) ,  the iteration ends. The default value I or the
tolerance is 5.0 x lO~~ and may be overridden by user input . If the toler-
ance is not met , the XSR, YSR and XPR, YPR arrays are adjusted and the pro-
cedure is repeated , starting with the calculations of AS1 and APi.

The iteration end s where the DXX tolerance check is satisfied . Experi-
ence to date has shown convergence occurring in three to five iterations.
The simple algebraic relationships execute rapidly.

The next step is to calculate six points on both the suction side and
pressure side of the ellipse contour. In both cases, the first point is
where the symmetry axis pierces the ellipse contour . If EPSI is zero , the
first  poin t is also the highlight point . Otherwise, the points are distrib-
uted so that the first four points are symmetric about the maj or axis . The
fourth point is the highlight point . The routine is coded to accommodate the
fact that the highlight point is on the suction side when EPSI is positive
and is on the pressure sid e when EPSI is negative. Points five and six are
not symmetrical: they lie between point four and the f i rs t  points of the
XSR , YSR and XPR , YPR arrays .

A diagnostic plot is now presented for user review. The plot arrays
have twelve points for both suction and pressure sides and lie in the input
frame of reference. These arrays include the ellipse contour points, the
iteratively adjusted XSR , YSR and XPR , YPR arrays , and additional points for
the original input coordinate data. Rash marks show the resultant tangent
point locations, and a vertical line shows the highlight plane location. An
optional diagnostic printout is available. A repeat option is also available
and , if taken , affords the user an opportunity tc alter the E, EPSI , or
TOLER (2) values . Figure 16 shows a sample SLE diagnostic plot .

5.9 BLADE SECTION GENERATOR

The foregoing discussions have inferred the availability of coordinate
arrays which describe the suction and pressure surfaces of a blade section.
It was seen that this description extends from leading edge tangent point to
trailing edge tangent point for each surface, leaving the edge configura—

these arrays can be established. The first way is by direct user input when
the data are acquired by digitizing an available engineering drawing of the
section. The second way is to engage the services of a BLDDES link called

~ 

4 

tions to be supplied by module calculations. There are two ways in which

BECEN , which provides the means for automatically generating these arrays
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Figure 16. Typical SLE Diagnostic Plot .
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using parametric input supplied by the user in lieu of the digitzed data.
The techniques used in BSGEN are the subject of this section.

The input items utilized by BSGEN include a stream surface definition in
Xerms of leading and trailing edge axial positions and radii, the vector
diagram gas angles , an incidence angle , the number of blades in the blade row
to which the section being developed belongs , and a set of parameters which
influence the configuration which is generated analytically.

The meridional stream surfaces used in TDS are generally conical and
occasionally cylindrical. No other shape is treated . The vector diagram
angles entered by the user are always cylindrical angles with a sign conven—
t ion as shown in Figure 5 of Section 2. The analytical formulation of BSGEN
is such that the resultant section is always generated with the pressure side
uppermost. Furthermore , the analytical frame of reference ~.s a normalized ,
two—d imensional one. Suff ice  it to say ,  then, that the coding takes all of
these things into consideration and calculates the correct angles for use in
the generation scheme.

The normalized frame of reference extends from X — 0 to X 1.0, -as I -~

shown in Figure 17. The coordinates thus calculated are compatible with the 
-

normalized stream surface coordinate style of input for the CASC module (see
Section 7.0 herein and Section 9.0 in the User’s Manual). The normalization
is such that a layout of .  adjacent airfoil sections would look like a two—
dimensional rectilinear cascade with corresponding points having a constant
pitch spacing, PSPACE , everywhere. This spacing is calculated as

PSPACE — NBLDS • XNF (175)

where: NBLDS — the number of blades
XNF the normalizing factor .

The normalizing factor is calculated as

F ~~(ZM—ZL) 2 
+ ($}l—Iu.) 2 

+ ~~(ZT_ zM) 2 + (RT—RN)2 (176)
1/2 (RN + RL) 1/2 (RN + RT)

where: ZL — the leading edge axial position
ZT — the trailing edge axial position
ZN — the ar ithmetic average of ZL and ZT
RL - the leading edge radius
RT a the trailing edge radius
RN — the arithmetic average of RL and RT.

As mentioned previously, the ~ and 62 angles of Figure 17 are either
cylindrical or meridional angles with proper algebraic signs as required.
The dimensional input variables, TE and ThA~0~, are appropriately normalized.
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To reemphasize these points, it is noted that the user inputs dimensional
quantities for TE and TMA~0C, and cylindrical gas angles with vector diagram
sign conventions, and the program takes care of reformulating the data for
the BSGEN calculation procedure. Finally, it should be noted that , in all
that follows, the variable PICH is synonymous with PSPACE of Equation (175),
and the variable AXW, shown for consistency, is everywhere equal to unity.

The procedure involves calculation of a meanline derived from a fourth—
order polynomial and a thickness distribution derived from a fifth—order
polynomial. The coefficients of these polynomials are governed by input
parameters which offer  selective controls on meaniine stagger angle , meanline
curvature distribution, thickness distribution, lead ing edge bluntness,
trailing edge wedge angle , and position of maximum thickness. The thickness
equation evolves from a conforma l transformation of an ellipse into a syui—
metric airfoil to which is added the specified trailing edge thickness. The
thickness is then added perpendicularly to the meanline.

The tangent angle at the meanline leading edge is calculated from the
inputs for inlet gas angle and incidence angle. The tangent angle at the
meanline trailing edge is the result of an iteration procedure which essen—
tially bends the back end of the blade section until the calculated throat
matches the desired throat size. This iteration can be bypassed, in which
case the meanline trailing edge tangent angle is set equal to the input exit
gas angle.

Figure 17 shows the X ,Y coordinate system and associated angles used in
the BSGEN calculations. The mear.line polynomial is

Y — A + A1X + A2X
2 
+ A3X

3 
+ A

4
X
4 ( 177)

A0 is eliminated by setting the leading edge of the meanline at X — 0.
Two more boundary conditions are provided by stipulating the slopes at each
end of the meanline, viz.

— tan (~~ — 61
) — tan 61* at X — 0 (178)

— tan 82* at X — 1 ~l79)

The stagger angle 8~ is control.ed by the input parameter SF, thestagger fac tor , which is def ined as

tan B2
*_ tan 8~

SF — tan — tan 81* 
(180)
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SF has the effect of controlling the distribution of “curvature”,
d2Y/dX2; smeller SF increase s curvatur e at the leading edge and decreases
curvature at the trailing edge. In order to control the relationship of
leading and trailing edge curvatures to midchord curvature, one more con—
dition is introduced:

— C
3 f ~~~~ 

82*, SF) 
at X — 1 (181)

dX

where f(81*, 82*, SF) is determined from the special case

d3Y
—i — 0 at X 1 (C3 — 1 implied) (182)
dX

The reason for the choice of C3 and f in Equation (181) is that the
meanline is nearly parabolic (exactly parabolic when C3 — 1, SF — 1). Thus,
normal trailing edge curvature is obtained when the meanline is parabolic at
the trailing edge as specified by (182).

For convenience, new coefficients are def ined as:

(1 + SF) A2B1 
— 
tan Bi* 

— tan 82* 
(183)

(1 + SF) A3
B2 — 

tan Bi* — tan 82*

and

( 1+ SF) A
4B3 

— tan 81* — tan 82* 
t_85)

With these definitions and boundary conditions, tne meanline coefficients
become

C
:
‘ B1 — (1 — 3SF) + 3SF — 3 (186)

32 — C 3 (3SF — l)— 5SF+3 (187)

C.
33 —?(l— 3SF)+ 2S 7 —1  (188)
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— The thickness distribution is developed from a circular cylinder which
gives a continuous slope around the leading edge. The factors which must be
controlled are:

1. Maximum thickness, ThA3OC

2. Trailing edge thickness, TE 
-

3. Leading edge bluntness, TI

4. Location of maximum thickness, C1

5. Trailing edge included angle, 62

Expanding the thickness distribution of the cylinder linearly and
separating the resulting elliptical shape about the major axis is accomp-
lished by the following equation:

T R _ Th
~ 9 T h  /

~~
(l - C) +

~~~~~ w O < C < l  (189)

This half—thickness relationship provides control on the first two items
of the list. Let C(X) be a fifth—order polynomial whose coefficients are
evaluated using the last three control factors and two additional constraints.
Thus

c (I) - 2X (TI + A1X + A2X
2 
+ A3X

3 
+ A4X

4) (190)

where TI, the bluntness factor , is related to leading edge radius of cur-
vature. Figure 18 shows how the elliptical half—thickness distribution is
applied using the ~ function. The boundary condition on r~ are:

~~— O  a t x — 0  (191)

C — i  a t l— l s i n c e T h —  a t X — l  (192)— 1/2 at X — C1, the point of maximum thickness (193)

The derivative of the half—thickness with respect to X is

— 
TMAXX—TE 1 — 2~ 

(194)
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Figure 18. Blade Generator Half-Thickness Transformation (BSGEN) .
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This derivative must be finite except at X — 0, thus

atX l (195)

The Taylor Series expansion for C at X — 1 is

C — 1 + (X 1)2 d
2 

+ ~ (X — i)~ (196)

In order to control the trailing edge included angle

at X l  (197)

where C2 is specified by input. Then

C 1 C 2 
(X — l)

2
+ (198)

From equations (189) and (198)

AXW•TU - —
_ _ _ _ _ _ _  — IC (l — C) (1 —X )/E +  (199)

Taking the derivative with respect to distance along the meanline,
Z/cos82*, the trailing edge included angle is found to be

— 2 tan 1[ç (mA~~~
_ 
TE) 82*] 

(200)

Use of the foregoing relations leads to the following equations for the
coefficients of equation (190). The matrix is solved using the SIME0!~
routine discussed in Section 5.3.

A + A + A + A - 1/2 — TI (201)

A1C1 +

2

~~C~~ + A:Cl
3 + A~C1

4 
- 1/4 — C1 TI (202)

j  2k1 + 3k2 + 4A3 + 5A4 — — TI (203)

+ 6A2 + 12k
3 
+ 20 A4 

— — c2 
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(204)
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The meanline trailing edge angle 82* is initially set equal to the exit
gas angle 82. If CF is entered as zero, this angle is preserved but no throat
calculation is performed. If CF is greater than zero, an iteration procedure
is used to find the minimum distance from the trailing edge pressure side
coordinate to the suction side of the next blade , resulting in the throat,
Tiffi, as

THR — CF • P1CM • cos 82 (205)

A diagnostic plot of the pressure side and suction side coordinate is
presented at the conclusion of the calculations. In this plot, the pressure
side is uppermost for vane sections while the suction side is uppermost for
rotor blade sections. An optional diagnostic printout is available, and an
option to repeat the BSGEN calculations with revised input is available.
The conventions defined for input apply to terminal entries. Electing to con—
tinue as—is causes program control to return to the main link for the next
step.

5.10 UPPER/LOWER SURFACE ORGANIZATION

Surface coordinates come about in one of two ways: as input data
digitized from a drawing of the section or as output from the blade section
generator. Furthermore, the digitized input data may describe only the
surface proper from leading edge tangent point to trailing edge tangent point
(LEDGE — 1 mode) , or they may include the leading edte configuration (LEDG E —

2 mode) . In the LEDGE — 1 mode , the program supplies the leading edge con-
figuration via the SLE link. Use of the blade generator is automatically a
LEDGE — 1 mode of operation. SLE provides the precise tangent points and
ellipse size and orientation data for defining the leading edge. In all cases,
the precise tangent points for attaching the traIling edge shape are calculated
in the STE link. Finally, no matter what scale size and blad e orientation are
used in the input, all internal calculations are carried out in normalized form
and , beyond the blade generator step , the suction surface is uppermost.

Whatever mode is used, the ULSRF routine organizes the data into two sets
of coordinates. The “upper ” or suctic-n side extends from the leading edge
point (where the meanline pierces the leading edge contour) to the trailing
edge point (where the meanline pierces the trailing edge contour). The “lower”
or pressure side is defined by arrays having the same initial and final
points as the upper arrays. A diagnostic printout lists these arrays, and a
diagnostic plot of the section thus organized is available. Figure 19
indicates the results of this organization. Internal counters a:e employed
to keep track of which pairs are the tangent points.

The diagnostic plot of ULSRP is the first opportunity the user has of
• seeing the completely assemoled blade section. Therefore, an option is

offered to restart the case from the very beginning with terminal input or to
terminate the case with no output file so as to have additional time to
consider what possibl , changes might be made. Electing to continu e as is
coemits the blade sectior to tne f inal calculation steps.
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Figure 19. Upper-Lower Surface Delineation (ULSRF).
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5.11 CASC INPUT

The CSCIN routine utilizes the upper/lower coordinate arrays from ULSRF
and meridional stream surface data to develop specially formulated arrays
which can be written on the BLDDES output file for subsequent input to the
CASC module.

The coordinate arrays are normalized stream surface values with the
suction side uppermost. CASC is always run with this orientation for both
blade and vane sections because, f or the highly cambered airfo il sections
which are comson in turbine blading, a more favorable calculation grid is
achieved. Furthermore, CASC input requires that the trailing edge be left
open. Therefore, the CASC coordinate arrays are merely subsets of the ULSRF
array and extend from the leading edge point where the meanline pierces the
contour to the trailing edge tangent points of each surface. There are at
most 31 coordinate pairs for each surface. Surface tangent angles at each
coordinate point are calculated by a flexible beam analogy routine. Figure
20 illustrates the results. Note that the origin has been shifted to the
leading edge highlight plane.

The next order of business is to calculate the meridional stream surface
description tables. There are three tables containing 13 corresponding
entries. The first table, ZN, is axial position; the second table, RN, is
radius; the third table, HM, is stream tube thickness. The ZN and RN values
are best described by simply referring to Figure 21, which shows the arrange-
ment for a typical conical section. The surface is composed of a cylindrical
segment, a parabolic curve Into the leading edge point, a segment through the
blade proper , a parabol ic trailer curve, and a terminating cylindrical seg-
ment. Points 5 and 6 are repeated to delineate the leading edge point;
points 8 and 9 are repeated to delineate the trailing edge point.

The stream tube thickness at the leading edge point, }L~U..E, is set to
unity. The stream tube thickness at the trailIng edge, HM’IE, is an input
item obtained from the ATREC module results. ATREC provides an HMR array
which represents the ratio of stream function values for each streamline
calculated therein. The blade preprocessor module, BDP1~EP, selects the
appropriate value for HMTE from this array when setting up the input file for
BLDDES. Using these leadIng and trailing edge values and the RN values, the
HN table is calculated so as to give a smooth stream tube area distribution.
The progression is es follows.

ZM(l) — ZLE — 2 • (ZTE — ZLE) (206)

- 

- 

where: ZLE — the leading edge axial position (input or 0 default)
ZTE — the trailing edge axIal position (input).
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Figure 20. Output Coordinates for CASC (CSCIN).
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Figure 21. Output Stream Surface for CASC (CSCIN) .
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ZM(6) — ZLE (207)

ZM(8) — ZTE (208)

ZN(13 — ZTE + 2 • (ZTE — ZLE) (209)

RN(l) — RLE — (RTE — RLE) (210)

where: RLE the lead ing edge rad ius (input)
RTE — the trailing edge radius (input).

RM(6) — RLE (211)

RM(8) — RTE (212)

RN(l3J — RTE + (RTE — RLE) (213)

1111(6) — I11ILE — 1.0 (214)

HM(8) — 1*ITE (215)
HNLE • RLE + 1*~TE • RTE

HM(fl — RLE + RTE (216)

For the surface ahead of the section

NM(I) — HMLEeRLE/RM(I) I — 1,2 5 (217)

For the surface behind the section

1114(I) — uwrE.RTE/R14(I) I — 9 , 13 (218)

There are several individual variables required by CASC whose values are
set from the ZN table. These are ZUP, Zi, Z2, and ZDOWN which are set to 711
(1), ZN (6), ZN (8), and ZN (15), respectively. Values of 724 and RN which
have not been mentioned specifically in the foregoing equations are calcu—
lated with appropria te constants to yield the cylindrical—parabolic shape
desired.

- 
- The final function of the CSCIN outine is to convert the non—CASC data

to dimensional form for the remaining portion of the BLDD!S module. The
conversion is a straightforward interpolation procedure which changes the
normalized X,Y data to Z,RO coordinates. There are no diagnostic p~.ote orprintouts in the CSCIN routine.
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5.12 SECTION PROPERTIES

The section properties routine, SECPRO, calculates the cross—sectional
area and center of gravity location for the solid blade section. If the user
has requested a rotation of the section by including the variable ROTATE in
the input, the rotation calculations are performed herein. SECPRO utilizes
the upper and lower surface coordinate arrays which have been established by
the ULSRF routine and which have been converted to dimensional form by the
CSCIN routine. These data are used to partition the section into 54 subdi-
visions as shown in Figure 22. The area and center of gravity are calculated
for each subdivision. These results are then susuned to determine these
characteristics for the entire section.

Thus

AREA —~~~~ A1 (219)

~~~~~

XCCI~~ (220)

~~~~~

— 
1 

AREA (221)

where: Ai — area of a subdivisior.

Xi — X—location of the CC of a subdivision

Yj — Y—locatiôn of the CC of a sub~ivis1on

AREA total cross—section area

XcGI, YCCI • location of the CC of the total cross section
with respect to tr.e origin of the input data.

A diagnostic plot is avaiia~le which shows the cross section, the CC
location, and the throat location (as calc~latec in STE).
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Figure 22. SubdiviElon for Section Property Calcuiations (SECPRO).
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5.13 STANDARDIZED NUMBERING

The STNDPT link is used to calculate the final output coordinates which
serve as the standardized definition of the section. The blade sections
processed through the BLDDES module become the basic defining sections whIch
are subsequently used by the BLD STK module in interpolating for add itional ,
intermediate blade sections for more complete definition of a blade row.
Hence, this standard ization provides a logical and orderly arrangement for
eventual point—to—point interpolation.

The standardized numbering scheme is shown in Figure 23. There are 64
unique coordinate locations plus a 65th which repeats point 1 for complete
closure. These coordinates are oriented with respect to the stacking point
selected by the user via ISTK and STKPT input variables. Numbering begins at
the leading edge point and proceeds around the suction surface to tI’e trail-
ing edge and then along the pressure surface. This sequence holds for both
vane and blade sections. Special points are as follows:

1 Leading edge point where meanline pierces the contour
7 Suction side leading edge-tangent point -

11 Suction side point at 12% of axial width
25 Suction side point at 96% of axial width
28 Suction side trailing edge tangent point
33 Trailing edge point where meanline pierces the contour
38 Pressure side trailing edge tangent ?oint
41 Pressure side point at 96% of axial width
55 Pressure side point at 12% of axial width
59 Pressure side leading edge tangent point

The points from l2Z axial width to 96% axial wtdth are equally distri-
buted and lie directly opposite each other in the tangenti~.1 direction. The
12% and 96% values quoted above are nominal. The program will adjust these
as necessary to avoid overlapping the edge contour regions.

The routine makes use of the upper and .i.ower su:face lists and special
coordinate point counters generated in the ULSRF routine. Leading edge
points are redistributed so that the leading edge highlight point is:

• Point 4 if EPSI is greater than zero
Point 1 if EPSI is equal to zero
Point 62 if EPSI is less than zero

where EPSI, the leading edge Inclination angle, is as measured in the current
• suction—side—up orientation. The surface points are redistributed using the

Lagrange interpolation routine RINT, discussed in Section 5.2. The trailing
edge points are tne same as those calculated in ULSRF; they ire merely re-
numbered to suit the STNDPT schmee. The final calculation involves a trans-
lation of coordinates such that the orig in for the output data is :he user—
selected stacking point. Tie location of the center of gravity with respect
to this origin is also calculated and identified as XCC, YCG.
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Figure 23. Standard Numbering - Output Coordinates (STNDPT).
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The final coordinates which are written on the output file are identi-
fied as ZF, ftP, and TP arrays of- 65 values each. • These constitute a three—
dimensional Z, R, e representation of the blade section and serve as input to
the BLDSTK module. The origin of the data is where the stacking - axis - in—
tersects the turbine centerline Z—axis. ZP and RE are specified hr inches;
TF is in radians. Furthermore, the TF values are specified with respect to
the stacking axis, which is arbitrarily assumed to be at 90 degrees (x/2
radians). The reason for this arbitrary reference is that the resulting TY
values are all positive numbers and present a neat tabular appearance when
the output file is listed. The usual X Y  forms can be obtained from

X — Z F  (222)

V — RE • (f — TF) 
- 

• (223)

A diagnostic plot is presented showing three adjacent èections in cas-
cade orientation. A cross is plotted on the middle section to show the
location of the stacking point. If the section is cylindrical, the pitch
spacing of the plot is correct. If the section is conical, the spacing is
correct at the trailing edge only. There is no diagnostic printout.

5.14 THICKNESS AND BLOCKAGE 
-

The BLOKG link provides calculations of thickness, blockage, blockage
derivative, and meanline slope for up to 20 user—selected positions on the
blade section. These kinds of data are, in general, necessary as inputs for
an azisyisnetric flow field analysis which 4tilizes calculation stations
inside blade rows. This link is optional and is only executed when the user
includes the variables SLICE and NSLICE or NSLPCT in the input list:

Using the standardized coordinate arrays developed in STNDPT, a group of
interpolation tables is establish~d. Each table has 20 values and covers the
blade section from leading edge highlight point to trailing edge highlight
point. These tables include axial position measured from leading edge high-
light, tangential thickness, upper and lower surface coordinates, meanline
coordinates, and tangential blockage. Blockage is deiined as

BLKC - TKIIPICH 
- . (224)

where: TKI — tangential thickness
PICH • tangential blad e spacing .

A table of blockage derivative , DLAM, which represe”ts the :ate of change of
BLKG with respect to axial distance, is calculated using tne general conic
and tangent slope formulations discussed in Section 5.5. The tangential
thickness table is scanned for the aaxitzam thickness end its location.
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After these preliminaries, the user input is interpreted as the fraction
of axial width at which interpolated data is desired . The interpolations are
made using RINT routine discussed in Section 5.2. The interpolated data are
stored in COMMON for eventual printing as page three of the five-page sumsary
printed at the conclusion of the module.

A diagnostic printout is available to list the tables used for intar—
polation , and a diagnostic plot is available to show the blade section sur-
face and meanline Inferred by these tables.

5.15 SUMMARY PRINTOUT

PRINTR is the final link called in BLDDES and provides a •~~~ary print-
out of results associated with the current blade section. If BLOKC data have
been calculated, there are five pages of s~~~ary; otherwise, there are four
pages.

As mentioned earlier , the internal calculatio ns of BLDDES are carried
out with the data scaled to 1X size and with the blade section oriented with
the suction side up. For this final pr intout, the input data are rescaled to
their original SCALIN size and , if appropriate , revamped to pressure—side—up
orientation .

Page 1 of the sumsary gives leading and trailing edge configuration
data, general items such as axial width, chord, etc., and stacking point
data.

Page 2 contains the input coordinates along with a note on scale size.
These are either the digitized input data or the output from the blade gen-
erator, depending on how the module has been run.

Page 3 shows the thickness and blockage data at the user—selected
slices.

Page 4 lists the standardized output coordinates with respect to the
stacking point along with & note on scale size and stack point option used .

Page 5 lists the CASC input data as generated by the CSCIN li*.
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6.0 BLADE STACKING

6.1 INTRODUCTION

The BLDSTK module performs several tasks associated with a coaplete
spanvise definition of the blade row which is currently being processed. The
first task is to provide a set of eleven sections via an interpolation of the
basic design sections created by the BLDDES module. The second task is to
provide, on an optional basis, plots of the individual interpolated sect~.onsand/or a stack plot of all eleven sections. The third task is to assemble an
optional sumeary printout of the major geometric ~.haracteristics of the
interpolated sections. The fourth task is to offer an optional three—view
display of the blade oriented at user—selected angles. The final ta3k ~s to
write two output files to be used as input for subsequent modules.

6,2 THE INTERPOLATION PROCEDURE

The output file from BLDDES used as input to the BLDSTK module is pre-
sumed to have at least one version each of root , pitch , and tip design sec-
tions. On—line terminal queries permit the user to specify a case identifier
of up to 40 characters and the level of Interpolation desired . A level of 2
means that only root ~nd tip sections will be used and the resultant inter—
polation is linear. A level of 3 means root, pitch, and tip sections will be
used in a parabolic interpolation. A third on—line query then permits the
user to specify which versions of design sections are to oe used . BLDSTK
reads the appropriate data sets anc stores this input in readiness for the
interpolation calculations.

The input design sections may be all conical, all cylindrical, or a mix
of these. The coordinate data are embodie~ ..n three arrAys identifie~I as RF,
ZF, and TF, each having 65 values. The first 64 are unique points: the 65th
point is a repeat of point 1. These daca are measured with respect to the
stacking axis as established by the user when executing the BLDDES module.
Additional input items include the bladerow type, the number of blades, and
two reference radii, RREF, which identify the radial extremities of ~he blade—
row. The smaller of these reference radii defines the zero percent span
height while the larger defines the 100 percent span height. Using these
radii, an internal table of eleven values of radial position is calculated.
These eleven values, extending from zero to 100% span height i~ increments of
10%, are the positions at which fnterpolated sectIons are calculated . Hence,

• all interpolated sec~ions are cylindrical with the following exceptions. If
the root section is conical, tne first interpolated section will also Se coni-
cal. Similarly, if the tip section is conical, the eleventh interpolated
section will be conical (see Figure 24).

• The interç~olation is point—to—point for 65 locations o~ esen section,utilizing the standardized numbering system of BLDDES. The Interpolation
routine is the Lagrange method diocussed in Section 5.2. The coordinate
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Figure 24. Interpolated Section Arrangement (BLDSTX).
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output for each interpolated section consists of three arrays of 65 values
each. These are : RI, radius ; ZF , axial position ; TF , angle in radians . The
data are measured with respect to a stacking axis which is arbitrarily as-
sumed to be oriented at 90° (w/2 radians). To render these coordiaates into
X,Y—type coordinates, use the following relationships:

X(I) • ZF(I) (225)

Y(I) — RF(I) . [ir/2 — TF (I)]  (226)

where I extends from 1 through 65. The resultant airfoil would have its
pressure side uppermost for a vane section and its suction side uppermost for
a blade section. This orientation is borne out in the plots.

There are additional items calculated for each section for inclusion in
the sumeary printout and on the output file. These include radius at the
stacking point, cross—sectional area, chord , axial width , stagger angle, and
maximum tangential thickness.

Two output files are written. One contains a copy of all of the design
section input data sets obtained from the BLDDES module plus a separate data
set for each of the eleven interpolated sections. This file becomes the inp’~tf tie to the C&SC module. The second file contains a single data set of items
extracted in appropr iate fashion for input to the airfoil properties module ,
AFPROP , discussed in Section 10.

6.3 BL&DE DISPLAY

A~ the conclusion of the blace stacking functions, an on—line query
of fers the user an option to utilize the DISPLA portion of this module in
obtaining spanvise views (plots) of the stacken blade or vane at arbitrary,
user—defined orientations . A given set of input results in three plots,
each of which has a fixed viewpoint as shown in Figure 25. This input con-
sists of three angles which serve to reorient the blade within the viewing
space. The first plot is a view of the blade when looking radially inward
along the original stacking axis. The second plot is the view vhc n looking
from the left along a line normal to the original stacking axis. The third
plot is the view when looking along a. line parallel cc the centerl ine of the
machine. The default option on this third view is from forward of the blade
looking aft. A fourth item of input, SCN, can be entered as +1.0 to obtain
the third view as from aft looking forward. The “viewing space” encompasses
only the blade; the axes tre remote.

When the option to run th~ DISPLA portion is invoked, an initial sat of
thre. views is plotted with all ar1gles zero and SGN equal to —1.3. The
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program pauses after each view is plotted to afford an opportunity for making
a hard copy. The screen is cleared automatically at continuation. At the
conclusion of a set, all anglea are reset to zero and SGN is set to —1 .0;
then a terminal query offers the user an option to repeat the new input or to
stop. Each plot is labeled to show what input was used.

The internal input data are the RF, ZF, TF arrays for the eleven see—
tions. When all angles PHI, PSI, and THT are zero , the blade is viewed in
its stacked position. Any angle not specified in the request for input is
zero. The transformation used to reorient the data for viewing is adapted
from Reference 6 and consists of a 3 x 3 matrix whose elements are as
follows :

A(l ,l) — cos (TNT ) cos (PSI)
A(l ,2) — cos (PSI) sin (TNT ) sin (PSI) sin (PSI) cos (PHI)
A(l ,3) — sin (TNT) cos (PHI) . cos (PSI) + sin (PHI sin (PSI)

A(2 ,l) — sin (PSI) cos (THT )
A(2 ,2) — sin (TNT) sin (PHI) sin (PSI) + cos (PHI) cos (PSI)
A(2 ,3) sin (THT ) cos (PHI) ‘ sin (PSI) — sin (PHI) cos (PSI)
A(3 ,l) — — sin (TNT )
A(3 ,2) — cos (TNT) sin (PHI)

A(3 ,3) — cos (TNT) • cos (PHI)

Then, through selective use of these elements, each “view” consists o’~65 X, Y plot coordinates for each of the eleven sections. Thus, View 1
(radially inward) is calculated as

r 1 rA(l ,l) A(l ,2) A( 1,3 ) I  I x1
Ix o l I I
I I — I I (227)

LY0J LA(2 ,1) A (2,2j A(2,3)J Y1

~~zIJ

where: X , Y — plot coordinates

X1 — ZF
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View 2 (from left side) is calculated as

xol A( 1,l) A( l ,2) A(l ,3) X1

I — (228)

z0j A(3 ,l) A(3,2) A(3 ,3)

ZI

where: X , Z — plot coordinates
• 0  0

X1, Y1, Z1 are as in equation (227)

View 3 is calcula ted as

A(2 ,l) A (2 ,2) A(2 ,3)]
• I (229)

A(3 ,l) A(3 ,2) A(3,3) 
] 

Y1

ZI

where: Y , — plot coord inates

X1, Y~, Z1 are as before.

~~~~~~~ The Y0 coordinates are multiplied by the variable SGN. SGN is —l .~) bydefault to yield a view which is “forward looking aft.” If S~N is entered as+1.0, the view is “aft looking forward.”
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7 • 0 AIRFOIL PRESSURE DISTRIBUTI01~

7.1 INTRODUCTION

The distribution of pressure (or Mach number) on the surface of the
airfoil is the basic ingredient in the evaluation of the blade section per-
formance and in the prediction of the blade heat transfer rates.

The CASC method (Cascade Analysis by Streamline Curvature), described
herein, provides a relatively accurate prediction of these pressure dietri—
butions, with few grid points (less than 200) for quick—look evaluations.

The streamline curvature (SLC) method employed in CASC has not been
discussed significantly in the literature. Nevertheless, the method is a
very natural one. For example, engineers rely on one—dimensional compressi-
ble flow relationships for first—order solutions of ducted flows. The SLC
approach is similar except that a number of confluent streamtuties with some-
what different properties are added together to obtain the total flow in the
passage. Each streamtube is handled in much the same way as is the one
streamtube in the one—dimensional problem.

As described in the following sections, the CASC method includes “type—
dependent differencing” to account for subsonic and supersonic flow regimes,
enforcement of “repeating” boundary conditions outside of the “covered”
blade—to—blade passage, and a direct matrix solution for reliable convergence.
The governing equations of motion include centrifugal and Coriolis force
terms, and , hence, they apply to radial or mixed axial and radial impellers
as well as to purely axial cascades.

The blade—to—blade solution is very much dependent upon the radius and
lamina thickness variation through the blade row, and these values are
obtained from the ATREC meridional plane analysis of Section 3.0.

7.2 METHOD SELECTION

Known methods for solving transonic flow fields may be divided into two
categories: time—dependent and iterative. Time—dependent s~ethods have
achieved much popularity because both the subsonic and supersonic portions of
the flow field, in most cases, are solved by the same algorithm. Thus, with
a rather simple calculating procedure a difficult mathematical problem is
resolved. In the iterative method, however, the calculation formula must
reflect the mathematical nature of the equation, and a switch (depending upon
the Mach number) to the appropriate formula is required at ea.~h calculation
point. It is in this way that the different physical characteristics of the
subsonic and supersonic regions come into play.

Although there are many variations, the itecative method considered here
solves the equation for the unknown fluid dynamic property at e&ch of the net
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points by: (1) utilizing a linear approximation to this equation; and
(2) solving the resulting system of equations simultaneously. Because of the
linear approximation, this process is repeated several times (usually between
3 and 10) before convergence is obtained.

In contrast to solving the field simultaneously, time—dependent methods
compute the wave motion of a disturbance as it travels from one part of the
flow field to the other. A steady—state result is obtained only after all
wave reflections have dissipated to a relatively small level. Although the
time—dependent method of updating the flow properties can be likened to an
iteration process, clearly the most rapid solution will be obtained when the
flow field variables are all corrected simultaneously and when this correc-
tion is not limited by (computationally ) slow wave transits. Therefore, as a
rapid analysis tool, the iterative method is most attractive.

Of the many different representations of the fluid dynamic equations,
the number which can be solved by the iterative method across the transonic
region are, perhaps, limited. Here the simplest and most general forms of
the equations are chosen, namely, those which apply along streamlines (~ti —

constant lines) and those which apply along lines which are orthogonal to the
streamlines (F~ — constant lines).

Across the streamlines, the continuity and momentum equations are:

Continuity:

• . (
~ Constant) (230)

Momentum: (in a rotating coordinate system, see Section 7.12)

1 av2 
— _v2c — 

T 
-~~~~ + (2wVr + V2 

sin B) sin • (
~ — Const)

(231)

Along the streamlines the energy and momentum equations are:

~~~~~~~~~ Momentum:

— 0 (‘1! — Constant) (232)

~~ergy:

— 0 (Y — Constant) (233)

— - where:

1 H-rwCu
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and the independent variables s and n are the distances measured along and
across the streamlines in the transformed coordinate system; • is the stream
surface slope in the meridional plane.

The solution method is an extension of the standard streamline curvature
method. It may be briefly described as follows: First, an approximate grid
of streamlines and orthogonal lines is assumed (refer to Figure 26); second,
the curvature of the streamlines at each of the grid points is evaluated;
third, the momentum equation is integrated along a line normal to the stream-
lines to obtain velocity, and the continuity equation is integrated to deter-
mine the “correct” streamline positions (for the assumed curvature field).

& These are indicated by the “x” in Figure 26. Fourth, an adjustment (6n) is
computed by considering (1) the difference between the computed and assumed
streamline positions and (2) the effect of the implied curvature modification
in the integrated momentum equation. Finally, the streamlines are reposi-
tioned by the 6n values.

Because the movement of any one grid point alters the velocity at nearby
points through a change in curvature, it is highly desirable to account for
these interrelating point adjustments simultaneously. The utilization of a
simultaneous solution procedure, employed here, is not part of the classical
streamline curvature method (References 7, 8, 9). In comparison, the classi—
cal method yields calculation times which are very slow, especially for a
closely spaced calculation grid. In concept, the set of simultaneous equa—
tions for the normal streamline adjustments is formulated from the finite
difference equivalent of the following equation:

~~ 6n) + (l—M 2~ a2(6n) 
— F (234 )

~~ 
(PV) as2

where:

6n — Required streamline adjustment in the normal direction

‘V — Stream function

a • Curvilinear distance along a given streamline

M • Mach number

— pV • Flow per unit area

• F — Driving (or error) function derived from toe solution to the
integral continuity and normal momentum equatioi~s

This equation is derived in Section 7.11 for the aDecial case of i•en-
tropic two—dimsnsional planar flow. (These limiting assumptions are utilized
only to maintain simplicity of ~.1lustrat ion; they are not part of the com—
puter program.) From a mathematical point of view, the above equation is
similar to the small perturbatiot for. of the velocity potential equation

• employed by *arman and Cole (Reference 10).
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1. Assume a Crude Grid

2. Evaluate curvature
— —

— —
—

— -~~~~~~

3. Ir~tograte the Cross—Stream •~~~~ —I,

Momentum Equation and the ‘•“•.“
~ ~~

• “ ‘
Continuity Equation to Determine ~~~~—
the “Correct” Streamline Positions. — ——

I p

— .

4. Solve the Matrix Equation for
6n and Move the Grid Points.

Figure 26. Solution Technique .

- 
- 

-~~ 100

__________________________________________________________________________________
- -

- - - _ _ _ _ _ _  _ _ _  - .-
—~~~~~~ 

—-.

~~

- --• - -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_

~~~~~~~~~~~~~~~~~~~~~~

_ 
-
- - - . - — - - - - - -



r ~~~~~~~~~~~~~~~~~~ 
—~~~~~~-“~~~~~~~ — -

~ — — - .— - — - -—- ~~r —.---~~~.~~~~~~~~~~ ---~~ ~~ - — ~~~ - 
— - - -

I

2 2
14 + (l—M2) 14 — 0 (235)
ay ax

c< 1, Ma a

In either case, it is possible to numerically solve the equations for either
subsonic flow or supersonic flow by changing the finite difference star from
a subsonic representation to a supersonic representation as illustrated in
Figure 27. Notice that the supersonic representation includes no points
downstream of the cross—stream line, reflecting the physical reality that
disturbances downstream will not be felt upstream. The type dependent finite
difference representation is directly related to the coefficient (l—M 2),
and, because this coefficient is zero at unity Mach number, the switch from
one star to the other is performed smoothly.

One difficulty which arises when the flow outside of the blade row
becomes supersonic is that matrix relaxation techniques, coimnoaly used for
transonic flow, fail. Figure 28 is the typical grid downstream of a blade
row. The points B and B represent the same point relative to the blade row.
In supersonic flow the iteration scheme must proceed from upstream to down-
stream points. There is no way to relax the matrix equations at A and B such
that they are in the correct order because B is downstream of A, and B
is upstream of A. For this reason a direct matrix solution is used.

In sumeary , the f eatures which make the streamtube curvature method an
efficient analysis tool are:

• No additional complexities arise for a rotating blade row.

• The intrinsic grid facilitates a subsonic/supersonic type dependent
finite difference representation for transonic flow.

• Rapid convergence is obtained through the use of an implicit cor-
rection equation.

• The inclusion of blade surface curvatures in the algorithm gives an
accurate solution even with a coarse grid.

7.3 CALCULATION OUTLINE

- 
-. 

The operations performed by the CASC program may be outlined as follows:

1. Define an approximate grid of streamlines and orthogonals.

- - 2. Compute the streamline angles, curvatures, and curvilinear dis—
tances.
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Figure 27. Finite Difference Stars for Subsonic
and Supersonic Flow.
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3. Compute the orthogonal line angles and move the grid points along
the streamlines to obtain orthogonality.

4. Adjust downstream pressure or flow rate as required.

5. Integrate along each orthogonal the momentum and continuity equa-
tions [Equations (230) and (231)1.

6. Set up the matrix equation for the streamline correction, 5n.

7. Solve the matrix equation.

8. Modify the streamline positions by ôn.

9. Determine whether the streamline positions are within final toler-
ance. If not, return to Step 2. Otherwise continue to Step 10.

10. Calculate and print the output quantities; then return to Step 1
for the next case, if any.

The first step includes reading the input for the blade description,
meridional plane definition, aerodynamic data and grid definition. The
program then develops a grid of approximately uniformly spaced streamlines
and orthogonals.

The second step is to determine the angles and curvatures of the stream—
lines at each grid point. For the subsonic portions of the flow field, this
is performed by fitting a ‘~centered” parabola in a coordInate system which is
locally rotated for each interval. The locally rotated coordinate system
removes the restriction that requires the slope to be small. Por grid points
which are located in a supersonic region, a “backward” parabolic fit is
employed.

In the third step, the orthogonality of the grid points is checked and
points are moved along the streamline as required to achieve normal inter-
sections between the two sets of lines. Also, the normal distance, a, is
computed for each gr id point as measured from the lower boundary of the
orthogonal.

Step 4 is the modification of the flow rate or the adjustment of the

~~~~~~ downstrea. pressure. If the cascade is choked, the program finds the maximum
flow that will pass at the choked station. The flow is reset to the new
value and the boundary conditions are set to keep the same upstream flow
angle and downstream pressure. If the cascade is not choked, the program
will attempt to adjust the downstream pr easure such that the suction surface
trailing edge pressure is equal to the pressur , surface trailing edge pres-
sure.

-
. Step 5 is the solution of tne flow field equations. The momentum .qi~a—

tion , derived in the next sect ion, ii integrated across the streamlines to

104

________________________________________________ - -- - -



_ _ _ _ _ _ _ _ _ _ _ _ _ _  — ------- -~~~~~~~~ -

r

give the velocities. The velocity, total temperature, and total pressure
then allow determination of the density at each grid point , and the inverse
product of density and velocity is integrated to find flow area.

A2 — A1 
— 

(236)

In the “uncovered”~ portion of the flow field , the integration is carried
out along an “extended” orthogonal which spans the distance between the
upstream (or downstream) pressure boundary and the blade surface. (See
Figure 29. Note that an extended orthogonal will cross the same streamlines
several times.) From the pressure boundary condition, the momentum and
continuity equations can be integrated directly; no iteration is required.

On the other hand , in the “covered” por tion of the blade passage the
pressure level is not known as a boundary condition. Instead, the velocity
(or pressure) level is chosen by iteration so that the area across the pass-
age computed from Equation (236) agrees with the geometric area. When the
program detects that an orthogonal is “choked”, i.e., can not pass the re-
quired flow, the iteration process proceeds until the maximum flow possible
passes across that orthogonal. The fact that the orthogonal choked is noted
by the program and is used later.

In steps 6 and 7, the proper adjustment of the streamline positions 1..
determined, and iii Step 8, the grid points are moved in the normal direction
by this computed adjustment.

7.4 CALCULATION GRID SYST~~

The blade—to—blade plane, in which the equations of motion are solved,
is obtained by rotating a streamline (as depicted in the meridional plane)
about the axis of the machine. This streamline cuts the blade and defines
the two—dimensional blade section which is to be analyzed. The coordinates
of the blade section are 0 (radians) for the tangential direction and n
(length units) for the meridional direction. Because these two coordinates
have different units, they are inappropriate for plotting the section a~id fordetermining the intrinsic (orthogonal) blade—to—blade calculation grid.
Consequently, the CASC program utilizes transformed m ,0 coordinates where
m is a transformed meridional dimension and has units of radians. It is
recomeended that these or normalized m ,0 coordinates be used for blade
layouts and for defining the input to CASC.

In the m’,e plan. the b ade turning angles are properly depicted and the
equations of motion for a nonrotating blade row are the sEae as the equations
for planar flow with X,Y coordinates. This is demonstrated in Section 7.13.

- - The CASC calculation grid is co&posed of streamlines and orthogonals.
The orthogonals are identified by F~l (or Xli ) which increase it increments of —

I”
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D - Downstream Pressure Boundary D

X (Transformed Meridional Distance)

Figure 29. Illustration of CASC Computational Grid and Orthogonal
Boundary Conditions.
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1 from the first orthogonal upstream to the last orthogonal downstream. The
streamlines are identified by F~2 (or X12) which increase from the streamline
coincident with the suction surface to the streamline coincident with the
pressure surface.

At different steps in the calculation it is necessary for the points to
be arranged in different ways. In the normal view, indicated in Figure 29,
the points are arranged by streamlines. But for the orthogonalization step
and for the solution to governing equa tions, the points are arranged along
extended orthogonal lines. One such line, shown in Figure 29, begins on the
blade surface and ends on a pressure boundary. This procedure simplifies the
enforcement of the passage—to—passage repeating conditions.

7.5 CURVATURE, ANGLE AND DISTANCE ALONG STREAMLINES

7.5.1 Beam Fit for Angles and Curvilinear Distance

The second step in the calculation procedure outlined in Section 7.3 is
the determination of the streamline curva ture, angle , and cumulative curvi-
linear length at each grid point. An accurate and rapid method for accom—
plishing this is to fit a draftsman’s spline or , equivalently, to use the
formulas which apply to a beam loaded at discrete points. The classical
relation appl icable here is that the moment, M, varies linearly, or:

d y  — — bx (237)

The numeric procedure used in the CASC program utilizes locally rotated
cubic polynomials between each grid point and is described in Reference 11.
The BEAM subroutine described in that reference is used to fit all of the
streamlines and to compute the angle and curvilinear distances of the grid
points.

7.5.2 Streamline Curvature

To be consistent with the physical character of the flow, two differen t
formulas for evaluating curvature are needed. Specifically, when the flow is
subsonic at some point m, the curvature may be determined by fitting a curve
through points which are both upstream and downstream of point in. But when
the flow is supersonic, the streamline curvature at m ca rnot be influenced by
points downstream. Therefore, the curve f±t car. include only points in, m-~.,m—2, m—3 etc .

For simplicity, a three—ooint parabolic fit is used for bot.~ subsonicand supersonic points. A centrai. three—point fit is used below Mac~ number
0.95, and a backward Three—point fit is used above Mach number 1.05. To
avoid a possible difficulty because of the discontinuity in curvature at
unity Mach number , a linear veight~ng of both formulas i. used in the Mach
number range of 0.95 to 1.G5.
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In earlier versions of the CASC program, curvature in the subsonic
portions of the flow f ield was obtained by the beam f it described in Section
7.5.1. However, the current three—point formula significantly reduces the
bandwidth of the matrix streamline correction equation of Section 7.8, and
the resultant loss of accuracy is found to be negligible.

7.5.3 Streamline End Conditions

The boundary condition on the streamline ends is either (1) angle bound-
ary condition (for near axial flow), or (2) curvature boundary condition
(otherwise). For the typical CASC grid illustrated in Figure 29, the bound-
ary condition utilized on the ends of the streamlines is that the curvature
is set equal to that of a uniform circumferential annular flow. The angle of
the upstream and downstream streamlines is then determined through the flow
field solution by the pressure level imposed on the pressure boundaries
(regions A and D in Figure 29). However, when either the upstream or down-
stream streamlines become aligned with the axial direction (as is discussed
in Section 7.7.1), the length of the pressure boundary reduces to zero. For
this situation, the angle boundary condition is then applied directly to the
streamlines.

Either of these boundary conditions is calculated from the known flow
rate and the known angular momentum:

r~~6 h p V — k
1 

(238)

r C u r  (V + w r)— k
2 

(239)

The values k
1 

and k2 are determined from the user ’s Input aerodynamic pro-
perties and/or from the adjusted flow rate and downstream pressure levels
determir~ed in Step 4 (see Section 7.3). The boundary condition formulas are
derived below.

The tangential relative velocity and meridional relative velocity can be
found at any axial location from equations (238) and (239), the energy
equation, and the meridional plane lemm a thickness (h). Then the streamline
angle is

tan~~ ~~ (240)

The streamline curvature is calculated from equations (238) and (239) using
the definition of 5~ in equation (240). First express ~~ as:

t 

ki

L 

V (241)a rAOhp
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where:

— flow rate

h — streamtube height

— pitch in radians.

From equation (239) and the definition of Vu,

Vu Cu — ur (242)

where w — angular velocity , Equation (239) can be rewritten

Vu — - ur (243)

Substituting equa tions (241) and (243) into equation (240) yields :

tan B — (~~~ 
— ur) 

hr~8p (244)

Differentiating equation (244) with respect to arc distance s~ we obtain:

Sec2 8
~ 

- (k2 + wr2) AO ph + I + 

~~~wr2 
ar] (245)

Then from the definition of curvature, written as:

c - ~~~as

and the differential relationship:

a a
— — cos Ø —
as in

where B is the angle betw~en the meridional direction and the s direction,
the exp!ession for curvature is

C cos3 B
~ 

(k2+wr2) ~!~‘ [~~~
- !

~~~ + + k2+ir
2 (246)

By using equations (238) and (2~9), this smmp1if~— ’s to
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C — _ COS
2

Bm 
sin B

~ 
[i.~k + 1 . + 

~~

_

~~

• P1 (247)

7.5.4 Stagnation Point End Condition

Even though there is no grid point at the leading edge stagnation point,
the location of this point must be known to get an accurate curvature for the
first point upstream of the leading edge. It is a requirement in the CASC
program that the leading edge be rounded and that a complete numerical de-
scription of the leading edge shape be supplied. At the stagnation point,
the streamlines are required to turn a 900 corner. Two coincident stagnation
streamlines are employed . One turns up and goes over the body; the other
turns down and goes below. The location of the stagnation point is found
iteratively. As shown on Figure 30, the point is moved along the contour so
that the intersection angle with the body surface is 90°. The streamline
angle at the stagnation point is found by utilizing the beam fit.

7.5.5 Airfoil Surface Curvatures

For grid points that lie on the airfoil surface, the curvatures are
calculated from the input boundary coordinate pairs and angles. The proper
interval is found and a cubic interpolation is used to find the curvature at
the grid point.

The curvature at the trailing edge point is calculated as if it were not
on the blade surface. The resulting curvature best represents the physical
realities of the flow at a blunt trailing edge.

7.6 POSITIONING THE ORTHOGONALS

The cross—stream momentum and continuity equations are written in a
direction normal to the streamlines. Hence, oef ore these equations are
appl ied , it is necessary to move the grid points along the streamlines to
obtain orthogonality. This is easily accomplished as follows (refer to
Figure 31). In each region a boundary streamline is chosen as a “control”
streamline. Along this line a uniform spacing between orthogonals is chosen.
To correct the nonor thogonal it~!, the points on each orthogonal are f irst
fitted with a spline (using the procedure of Section 7.5.1) to obtain the
angles •2~ 

The angle deviation from the streamline normals is then irte—
grated with respect to the cross—stream distance n, from the control stream—
line to the point in question, to obtain the relative movement D5. The
point, are then moved to the new positions along the streamline. The coor—
dinates , $j angles, curvatures, and cumulative s—distances are modified as
appropriate . The constant of integratIon , ADS, positions the orthogonal
on a control streamline so that a refe ence position is maintained.
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7 • 7 INT~~RATI0N OF CONTINUITY AND M0MEN1~JM EQUATIONS

In this section the numerical procedure for integrating the full non—
isentropic and variable energy form of the equations of motion is developed.
Only a portion of this comprehensive derivation is required; however, for
completeness, the formulation for general flow properties is retained.

The basic equations of the CASC program are:

Momentum:

~~ 
- —V C + sin B sin $ + 

~~

.— - .
~

— + 2rwV sin •
(231)

Continuity:

aA — (230)pV

Equation (230) is the Crocco form of the momentum equation containing the
variables I and S (rothalpy and entropy) and including effects of a rotating
coordinate system. The entropy term can be modified for greater engineering
convenience by defining

-

~~~~ P
1

Q _ e R 
jri (248)
T1

where P’ is the relative total pressure and P.j~ is the ideal relative totalpressur~:

P+i - 
p~ [(I + 

f 
r~ 0

2)/(11 + ~ r
2 w2)]~~

’ 
(249)

— Subscript 1 refers to the upstream reference condition. The resulting momen-
tum equation is:

1 
— V2 (-C + sin Bin sin $) + IL + T Ra].n Q + 2rw V s±n •2 a n  2 an an

(250)

The above momentum equation is integrated by partd. First we rewrite
equation (250) as:

4 dV2 -4  v
2 (—2C + sin B~ sin 4) du +dI + TMlnQ + 2rw V sin $dn

(251)

The formula for integrating by parts is: -

dv — — .! du ~ ~ d(u v) (252)u 
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By comparing equation (252) with equation (251), it follows that

~~~ — 
4 

V2 (253)

— (2C — sin B..~ sin $) dn (254)

and

1 d(uv) — dl + T R d in Q — 2rw V sin + dn (255)

Since the streamline curvature, streamline angle, and meridional plane angle
are assumed to be known, equation (254) can be integrated from the first to
the kth streamline to obtain

/ (2C — sin 8~ sin •) dn (256)

Equation (255) is then integrated to yield an expression for the product
of u and the velocity squared.

4 Uk — 4 Uk+l Vk~l 
- 

/ 

u(dI + TRd in Q - 2rwV sin $ dn)
k+l (257)

Equation (257) represents the integration across one stream tube bounded
by streamlines k and k+l. The integration is performed from the top toward
the bottom because , frequently, the velocity is known on the top boundary
since the blades are oriented suction surface up. The finite difference form
of equation (257) employed in the computer program is:

Uk ~k 
- Uk+l Vk~l 

- %[~kuk+l [2(1k - ‘k+l~ 
+ (TkR K + Tk+l Rk+l)

(ln 
~k~~k+l~ 

- 20r(Vk ~~~~~‘ k + Vk+l ~~~~~ k+1)~~k 
— nk+A )J

(258)

- 
- 

This numerical expression is solved by a successive approximation p ocsdure
to update the right—hand side until the coWuted fractional velocity change
(on each streamline) is less than 4.0 x l0~~,

The numerical integration of tne momentum equation, then, is a two—step

— 
4 

process. The first step is the integr::ion of ecuation (256) The second

-~~~ -~
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step is the integration of equation (257). In equation (256), the integral
of curvature is evaluated by fitting a second—order polynominal in each
interval. (The second derivative of that polynomial is established by a
least square fit to the nearby points.) Implied in the integration is the
fact that total temperature and total pressure are known as a function of the
streamline index k and, hence, as a function of the cross—stream distance n.
This is in slight contradiction to the streamwise momentum and energy equa-
tions, equations (232), since total properties are correctly related only to
the cumulative flow rate (* — W). However, this slight error is automati-
cally corrected in the later stages of the iteration when the assumed stream—
line positions are effectively coincident with the true streamlines.

As noted above, the integra tion starts from the top boundary and proceeds
down. The velocity can be found on the pressure boundary by simultaneously
satisfying one—dimensional continuity and conservation of angular momentum.
If the pressure boundary is on the lower end of the orthogonal, the velocity
on the upper end is iterated on until the lover velocity is matched . For
internal channels, this outer boundary velocity is found iteratively as will
be discussed below.

Following the momentum equation, the continuity equation is integrated
by the algorithm:

w -w
- 

k (259a)

The average value of mass flow per unit area, in the denominator of equation
(259a) , may be approximated two ways:

— 4 [~pv~~ + (QV)
k+l] 

(259b) I

A
— [Pv k (Pv)k+l] 

2 (259c)

If the variation of (pV) between streamlines is small, then the two expres-
sions give similar results. Although equation (259b) is somewhat faster to
compute, equation (259c) has been found more reliable for some special cases.
Consequently, an approximation to equation (259c) is employed in the computer
code.

If the cumulative cross—stream areas are being computed for an internal
station, it is required that the last area, AN, equal the geometric area of
the passage at that location. To accomplish this, tne value of velocity
VN used as an initial condition in the momentum integration is varied.
Figure 32 shows a typical varia:ion of AN with VN. ~bvious1y , there are two
solutions, one f or the subsonic branch and another for the supersonic branch.
The subsonic branch is used exc .pt when a throa t is detecteø in the Internal
region which is not at the trai lng edge. The indicator SSDF is then used to
select the branch for the remaining internal stations.
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A third possibility is that the geometric passage area is below the
minimum computed area, AN . In this case, the f low is said to be choked , and
the flow is adjusted so that the minimum calculated area will be exactly
equal to the geometric area.

7.7.1 Near Axial Flows

As the inlet or exit flow angle approaches zero, the grid as shown inFigure 29 becomes intractable because the extent of the pressure boundary
becomes small and the orthogonals which originate on the blade do not go
ups tream . When this situation occurs the grid is changed to that indicated
in Figure 33. The orthogonals end and begin on the stagnation streamline atthe same axial location. The boundary conditions on the ends of the orthog-
onal are:

1. The spacing between the end points is one transformed pitch.

2. The velocity at each station end must be equal.

A slight error is introduced by this grid arrangemen t as the or thogonals
are not actually normal to the streamlines; this error is proportional to the
cosine of the angle of nonorthogonality.

7.7.2 Wakes from Blunt Trailing Edges

Because it is much easier to obtain a valid numerical solution if the
flow streamlines are smooth and the curvatures are not excessive, a “dead”
region is allowed to exist behind a trailing edge which has thickness. As
shown in Figure 34, the thickness of the dead region is gradually reduced to
zero as one proceeds downstream. The derivative, db/ds , has a nominal value
of 0.1.

To include the wake displacement effect, the wake area is added to the
right—hand side of equation (259a) if a channel boundary streamline is
crossed. In this way the cumulative streamtube flow area includes the wake
displacements. No correction is required in the momentum equation because
pressure continuity 15 always enforced across a slip lir.e.

7.8 STREAMLINE CORRECTION EQUATION

7.8.1 General Formulation

In the CASC calculation procedure, we start with an estimate of ~hastreamline positions, that is, a set of x0, Yo~ For the second iteration
cycle, xc~ Yo will be the coordinates determined by the~ first iteratiot, andso forth. These assumed streamlint coordinates are used ~o compute the
cumulative width of the stream tubes (n0), curvature, velocity, and den.ityand, then, a second set of cumulative stream tt~be widths (nx). This isillustrated in the following listings :
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Figure 33. Grid for Axial Flows. 
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Given Operation Compute

x , y0 Streamline curve fitting C0
x , y0 Orthogonal line curve fitting no, A0
C0, n0 Momentum equation V0
V Energy , entropy, and equation of state p~,
p0, V0 Continuity equation Axi T

~x

If nx equals n0, the solution is converged. If 
~x 

does not equal n0, then j
the streamline positions must be adjusted so that the difference between nx
and n0 is reduced. The amount by which the streamlines are to be adjusted is
denoted by 6n , the equations for which are formulated in the present section.

The calculation formulas up to this point have utilized the full non-
linear equations of motion. Now we employ an approximate set of linearized
equations which will provide for the computation of on and, through repeated
application, bring the discrepancy (n~ 

— n0) to some small negligible value.
The final converged flow field solution, of course, will be the solution to
the nonlinear equations [i.e., equations (230) through (233)1.

The continuity equation for one stream tube may be expressed as

k+l

Wk+l - W~ - J pVdA E <pV > k + 1/2 ~~k+l 
- A.~ (260)

where:

A —f rhdn

<PV>k+l/2 average flow per unit area for the stream tube bounded by
the k and k+l streamlines

h — stream tube -height

r — radius

For two adjacen t stream tubes:

_ _ _  
1

I 
W~~1 

— Wk 
— 

~~~>k + 1/2 
(261)

j I Ak 
— Ak_i 

— 
1 (262)

- Wk_l ~~~>k - 1/2
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The previous two equations are subtracted to obtain the second difference forA, defined as:

- Ak+i. — Ak 
— 

Ak — Ak—i 
(263)8 V - Wk+l - Wk Wk 

-

— _~~__ — _.L_ 
(264 )6 V <PV>k + 1/2 cpV 

k — 1/2

Variables A, p, and V (i.e., those without subscripts) will be used in thissection to represent the “corrected” (or true solution) values. Thus, equa-
tion (264) represents the “correct” solution.

An equivalent expression can be written to represent the continuity
equation which was used to predict the x—subscripted areas from the veloci-
ties and densities associated with the assumed streamlines. That is:

x — 1 
— 

_ l (265)8 V c p V 0
> 
k + 1/2 ~~V >  

k — 1/2

Eq uations (264) and (265) are now substituted into the following identity :

8
2
1A A0) + 

82Ax — 
8
2A 82(A,rAn) (266)

8W 8W 8W - 8W

to obtain~

(A—Ac,) 
— f i  — 

1 
+ [ 1 

_ 1
6W L<pV>

k + 1/2 <p V >  k + 112J L <PV>k — 1/2 <PoVo>k — 1/2]
82(A~—A0)— 6k (267a)

The difference between the “correct” value ann the value associated with
the assumed streamlines is denoted by 6 ( ). In particular:

OA - A-&~
- - On - n-n

0
6V - V-v

0r~i 1 
_ _ _ _— 
<p0V0

>

OC — C—C0
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Then equation (267a) can be rewritten:

8
26A 

— ~(_.
i__ ) + ~

(._i_) — 82 (A*—Ao ) (267b )6W k + 1/2 \PV k — 1/2 6W

This equation represents a difference correction form of the continuity
equation.

To eliminate the pV terms in equation (267b), the momentum equation is
introduced. In regions where the rotationality is zero, the momentum equa-
tion is:

-v —Cdn (268)

As illustra ted in Figure 35, the outer boundary of the field i~ denoted as
the Nt)~ streamline. Integration of equation (268) from the kt~

I to the Nth
streamline yields: N

lflVN 
— lflV

k — — J  Cdn (269 )

For the assumed curvatures, C , the momentum equation is:

lnV N 
- lnV

k -J C d n  (270)
k

Equation (269) is subtracted from Equation (270), and it is assumed that the
lengths of the orthogonals from k to N are not appreciably different.

N

~~~~~~~ in (f- ) — in ( f )  — 
f 

(C—Co)dn (271)
° k  N k

Since V — V0 + OV we use:

in (f) - in (i + ~~~~ (~! <<

as a first—order linear approximation, and equation (271) can be written as - -

follows:

— (
~~~N / 

OC dn (272)
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Figure 35. Streamline Subscript Notation and Point NLmbering.
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Equation (272) is the difference correction form of the momentum equation.

For any given streamline the flow is isentropic, and it can be shown
that:

d 
(
~~

) 
— — A~

— f (273)

where B
2 

l—M
2. A discrete linear approximation to equation (273) is:

—6 (LI _ L~_. \
\~VJ k+l/2 \p 0V0 / k+1/ 2 ~

V / k+l/2

~ 
(
~~ vO) k+l,2 t 

(~~~
)
~ 

+ 
(
~~~
)k+lI 

(274a)

—6 
(
~~~
)k_1,2 

— + (~~~ o )k_l/2 Ll (F)k + (~ x ) }  (274b)

Equa tion (274b) is subtracted fr om equation (274a ), and equation (2 72 ) ,  with
index k appropriately modified, is substituted into the result. This yields

the following expression for the pV—terms in the continuity difference cor-

rection equation:

\PV/k+i/2 \PVJk_l/2 2 \Po’~
o/ k+l/2

t f  6C c~n +  2J OC dn + 2(~F)]
k k (275)

— +(
~~
v0)k_1/21 1~ 

OC d~ + 2f OC dn + 2(e) I
Rearranging the above and substituting a numerical approximation for the

H integral terms gives:

124

- — —~~~~~- --  — - -  -----—-—--—- -- - - — -—  - - -  - _______
-- -~~~~~~~~~~~~~~~~~~~~~~~~ -- -~~~~—-- — —~~~~~~~~~ --~ a—- - -~~~~



_
~(~~ ) , 

+ — —1/4 [(
~~~

v0)k+l,2 ~~~~~~~~~~~~~

~ 
(~~v~)~_1,2 

(nk_nk_1)(OCk+OCk_1 ]

(276)

+ [(#
~
v
~~+l,2 

- (8
2

) J[rf 
dii

The second term on the right hand side is generally small and can be
neglected. For convenience, the first term is approximated as follows:

_
~(~~ ) , 

+ 6(
~~)k_l/2 

— BkO C
k (277)

where:

— 1/4 [(
~~ vO)k+l,2 

(nk+1—nk) + (~~~~) (nk.nk_l)J (278a)

ISCk — 
Wk+1:Wk l  

(OCk+i+OCk) + ( k ~~ (OCk+OCk_ 1) (278b )

Substituting equation (277) into (267b) yields:

62(6A) 
— B6

~k 
— 8 A0) (279)

Equation (279) is the desired correction equation. The coefficient B is
based on the flow properties calculated from the asaumed curvatures. They
are known quantities . The unknown quantities are OA and OC. Each of t~esemust be expressed in terms of On.
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Since OA — rh On, the first term in equation (279) can be written

82(OA) 
— 

rk+l hk+l Onk+l — 
rkhkOn.

~ — 

r
kh.KOnk — 

rk4h.X_lOnk_l (280)
8W Wk+i 

- Vk Wk 
-

The second term is composed of terms like :

D2 (On k)
D a

where s is the curvilinear distance measured along the kth streamline.

The curvature correction for any streamline is obtained by a LaGrange
interpolation formula. The form of the expression is:

D2(6n) — C2 On2 + C3 On~ + G4 On4 + C5 On
5 

(282)

where the numbering scheme is shown in Figure 35. For a field point in the
subsonic region:

— o (283a)

C
3 (s4—S3

)(S
5
—S3
) 

(283b)

C4 (S
5
—S4~~S4—S3 

(~B3c)

C
5 

— (sS)(ss) 
(283d )

And for a supersonic point:

C2 — (S
4—S2

)(S
3—S2
) 

(284a )

C3 (S
4
S;)(5

3 S2) 
(284b)

F & C4 — (284c )

~~~ 
C5 

— 0 (284d)

~--1
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With equations (280), (281), and (282) Substituted into equation (279),there results a set of equations for the variables 6nj k where i is an orthog-onal line index and k is the streamline index. These equations, togetherwith the boundary condition equations presented below, form a solvable set oflinear simultaneous equations.

7.8.2 ~pstream and Downstream Streamline Boundaries

Two situations arise at the upstream and downstream boundaries dependingon whether or not the flow is near axial. Normally the curvature of the
streamline is predefined by the boundary conditIons. This eliminates any
curvature connections in equation (282). Equation (279) then reduces to

8
2(6A) 

— 
82(A~—A0) (285)

whose solution is

OA — As — A  (286)

When the flow is near axial , an angle boundary c.,nditlon is employed . The
correction at the boundary is

Oni 6n~.i.i — 88 
~287)

where 88 is the angle error in the previous iteration and As is the stream—vise grid spacing .

7.8.3 Body Surface Points

The correction equation for the grid points on a body contour is tri-
vial . The streamlines are already correctly positioned so;

On — 0 (288)

- I

for each such point.
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7.8.4 Pressure Boundary

The techniques of Section 7.8.1 can also be applied to obtain the cor-
rection equation for the Nth streamline. This development will be just
briefly outlined here. Let k — N and assume equation (261) is replaced by
zero. Then equation (263) will be replaced by

8A ______

8W 
— 
Wk 

— Wk l  
(289)

and equation (267b) , the continuity correction equation, becomes :

+ ~(i_~ — 8(Ax A0) (290)
8W \PV!k l/2 Ak

Again f ollowing the previous section for the evaluation of the second term of
equation (290) results in

- I 1
’

~~~~ 
‘t 1 OC dn + 2 (~~!\ 1 -

8W 2 \~ o
Vo/k_l,2. ) ~

‘Jo/N J 8W
k-i

or approximately

(291)

— 

— n~~ ] )( oC~( + OCk_l) 
+ 

(.~x 1 —8W V J 4 ~V0 1kj 8W
°° k—l/2

Remember that k is the index of the streamline along the pressure boundary.
Generally, no correction is made to the velocity on this boundary, so

I av \
I — I  — 0

and the correction equation reduces to:

AOA 
— BN (OCN + OCN_ 1) — 

8(Ax Ao) (292)

I -

- 
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where

8N 
- 

~ 
(~~~

vO)k l,2 
(n1~ -

66A r
k
h.K Ofl~ + rk_l hk~i 

Onk_l
8W — -.

7.9 MATRIX SOLUTION PROCEDURE

Iterative methods have been used previously to obtain the solution of
the matrix of equa t ions which arise from the numerical representation of the
correction equations. When the flow becomes supersonic downstream of the
blade row, the standard iterative methods fail as mentioned in Section 7.2.

Therefore, a group of subroutines termed the Crout Factorl.zation — 3lock
Diagonal system (hereafter referred to as CFBD) have been developed to pro-
vide an economical and reliable solution of the sets of equations.

The irregular structure of the nonzero elements of the matrix requires
relatively complicated organization to obtain an efficient and accurate solu-
tion. Furthermore, in transonic flow regimes the finite—difference equations
are unsymeetric. For those regimes where iterative methods are suitable, the
use of direct methods eliminates the uncertainties of choice of overrelaxa—
tion parameters. With proper organization and use of random disc storage
capabilities, direct methods are efficient in solving the linear systems
produced in the CASC analysis.

Tne efficiency of a direct solution scheme is related to the bandwidth
of the matrix. Unfortunately, the relationships between the grid points
which are required to enforce the cascade repeating condition along the
stagnation streamlines lead to large bandwidths. Consequently, for the
matrix solution a different numbering system is used which orders the points
by increaaing meridional distance. This has resulted in reducing the band-
widths by a factor of two in some cases.

The CFBD system operates on the region of the matrix which is slightly
larger than the region of nonzero elements. A square subregion of the matrix
is read into core, factored, and then returned to disc. In an example in-
volving 238 unknowns, such a subregion varies from 14 x 14 to 35 x 35. In
contrast, a comeercially available system (the LEQT lB routine of the Inter-
national Mathematical and Statistical Ubraries, Incorporated , 1974) requires
a core storage of 53 x 238 for the same example and does not take advantage
of the fact that the bandwidth varies.

The upper and lower profiles of the block diagonal matrix are m dc—
- - p.r.dent. CFBD establishes the ~-orking subregions so as to accomeodate both

- -
~~~
Q. upper and lower profiles with minimal increase in the number of arithmetic

operations to be performed .
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7.10 STREAMLINE ADJUSTMENT

To adjust the streamline position, the coordinates are moved in the
normal direction by the computed On ’s.

— x~ — C On sin 
~~ 

(293)

— y~ + Cv On cos 8m (294)

The streamline angles , 8m’ are those found from the curve fits of See—
tion 7.5.1. The superscript p is the iteration sequence number, and Cv is a
convergence factor.

When the flow is near axial , equation (294) becomes

yP+l — y~ + C On (295)

and x is assumed to remain unchanged .

The new values of x and y then form the basis for the next iteration or
for the solution which is printed out. The next step in the procedure is to
again compute the curvatures and from these compute the velocities and flow
balance errors.

The preceding sections have described the procedures utilized in the
CASC module. The following sections are supplementary. The streamline
curvature correction equation concept, the basic blade—to—blade equations
of motion, and the chosen coordinate frame are detailed in Sections 7.11
through 7.13. The CASC nomenclature is summarized in Section 7.14.

7.11 SECOND—ORDER STREAMLINE CURVATURE EQUATIONS FOR ISENTROPIC PLANAR FLOW

In this section the second—order equation which describes the shape of
the streamline is derived, An orthogonal system is chosen. The variable n
is a measure of the distance across the streamlines and a is the distance
along a streamline. The partial differential operator & indicates that the
direction of differentiation is normal to the streamline. The operator D
indicates that the direction of differentiation is along a streamline. The
basic equations are:

Continuity:

an — a~ (2%)
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Crocco Form of Normal

Momentum Equation for — -CV (297)
Irrotational Flow:

where:

V — velocity

p — density

C streamline curvature —
as

s — streamwise coord inate

n — cross—stream coordinate

Bm — streamline angle measured from the meridional direction

Equa tion (296) is differen tiatea as follows:

~~ __ i  (298)
~P pV

a 2n 1 Ii 1 av an- - + 
~ avJ ~~ liT (299)

Equation (298) is substituted into equation (299) and the result rearranged :

2 iLa... + ( 1 + V k_ ) I  ~~ — 0 (300)
a ’v2 (pV) 2 ~ ~ av i v an

Now equation (297) is substituted into equation (300) :

— 
2 (1 + ! is.

) C — 0 (301)
(pV) a

Equation (301) is the desired second—order equation f2r n, where the
curvature is analogous to a derivative of the form (D n/Ds ). Since the
flow is isentropic, the coefficient in parentheses may be expressed as fol—
lows:

1 + !(.~ ) — l — M
2 

(302)
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thus, the equation reduces to:

2 2
a n  

— 
l—M C — 0 (303)

(pV)

Clearly, the elliptic and hyperbol ic nature of the equa tion is evident
when the Mach number is less than and greater than unity, respectively.

Equa tion (301) is now written in the following abbreviated form:

2
— B C  — 0 (304)

where:

B —  
1 ( i + !.~.a)

(pV)
2 \ P ~V

The equation in its present form cannot be applied directly to obtain a
solution for n because of the difficulty of relating the radius of curvature
to the second streamwise derivative of n. Instead, it is used to calculate
the streamline adjustments (in the cross—stream direction) for an assumed
streamline pattern.

To illustra te, we consider an assumed set of streamlines which pass
through the small circles in the following sketch.

Points CalculatedOrthogonal ~~~~~~~~~~~~~~~~~~~~~ /_ bY the Flow Balance

Assumed Points

~~~~~~~~~~~ By a curve—fitting process, the values of streamline angle and curva-
tu re, C0, are determined. (The circle points are also orthogonalized. That
is , they are moved along the streamlines so that the “orthogonal lines” are
truly normal to the given streamlines.) Equations (296) and (297) are
integrated along the orthogonal lines , assuming that the value of C0 is
valid, and from this “flow balance” the x—positiona of the streamline are
determined. We have then satisfied :he following equation:
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2a n
— B C  — 0 (305)

The “o” subscript denotes values related to the assumed streamline positions
and curvatures. The “x” subscript refers to the streamline position as
calculated by the continuity equation. The true solution to equation (304)
is sought; “true solution values” are unsubscripted.

Equation (305) is subtracted from equation (304). The result is:
2: 2 a n

( a n  — Z + B ( — C + C )  — o
a,

The adjustment to be made in streamline position is On — n—n0. Hence ,
the above can be written:

22 a (n —n )
2 + B (— C + C0)  — x ~ (306)

a~

Finally, we note that:

— c +  c0 —~~~~~~~~~~~~_ ~_2. (307 )

D(8 — Bo)

~~
— I ~~~

— (On) 1 — 
D2(On)

Ds

~~ 
._ ____

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

,

So the differential equation becomes :

2 2a (en) + B D (~‘~) — F (308)
a, Ds
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where:

i-N2B — (pV)2

F -

7.12 DERIVATION OF MOMENTUM EQUATION FOR ROTATING COORDINATE SYST~ 1

For a frame of reference rotating with constant angular velocity ~~
‘

about the z—axis, Newton’s secend law of motion gives, for a frictionless
fluid, - +

— 
2~ + 2 x + VP 0 (309)

This equation together with the law of conservation of energy:

T V S  _ V h
e

_
~~~

VP (310)

the vector identity:

— .

~~~ 
— V ~

. vV — V~:
2 

— x (Vx~) (311)

and the definition of rothalpy:
2 2 2

I h + L. - ~ .L.. (note U — — 0 (312)e 2 2 for a stationary
blade)

results in:

x (V x ~
) — 2w x - VI - TVS ~3l3)

for a steady flow. The components in cylindrical coordinate directions Cr,
- - t I  z, 0) are as follows:

r direction
v0 -(V e + - + ~z (f ~ 

2wV0 - .1 - 
t3l4)
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0 direction

3 V 
(~
!z~ .~Yi) _ Vr (!

~. + .~!fi. - 2wVr 
ax 

- 
T as

z rae az ~r ar rae rae rae

(315)

z direction

-~~ (i~z - .~~L\ — v — 
T~~S (316)r~ ar az / e 

~ra0 az / a~ az

To obtain a set of intrinsic equations in the blade—to—blade plane, the
following coordinate transforms are introduced . First, in the meridional
plane the distance m is defined as the distance along a projected streamline.
p is defined as the distance perpendicular to the projected streamline. The
a, r, 0 and m, p, 0 differential distances are then related by:

a a a
~ r + cos ~ (317a)

— cos 
~~ f — sin • (3l7b)

where $ is the inclination of the stream surface of revolution as measured ~nthe meridional plane. However, variations perpendicular to the stream sur-
faces are assumed to be small and are neglected. Thus by assumption:

— 0 (3l7c)ap

It then follows that:

— cos $ •

~~

— (3l7d)

1+ • sin ~ •

~~

— (317e)

New velocity componen ts are also defined :

V — s i n $ V + C o $ $ V  
~311f) 
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V~ — cos $ V
r 

— sin $ V~ — 0 (3l7g)

Introducing equations (3l7d) through (3l7g) into equations (314), (315), and
(316), after first premultiplying equation (314) by sin $ and premultiplying
equa tion (316) by cos $ and summing, results in:

~~ I’ ~~~ — 
1 a(rvp) 

— 2 iA sin +1 = 
~~~~

— — T (318)m t r  30 r 3m I r30 r38

3(rV)~~ — .~~ . f l  + 2 w s i n $ J = ~~ — T .~~ (319)

These equations represent the two—dimensional momentum equations in the
blade—to—blade m,O plane. The intrinsic form is obtained by introducing a
second transformation which rotates and aligns the coordinates in the blade—
to—blade plane with the velocity vector. A distance s is defined to be in
the direction of the velocity vector which is at an angle Sm from the merid-
ional direction. The distance n is measured perpendicular to s. We choose
a and n to be in the same units as 0 (radians). Thus, the differential
distances are rela ted by:

F cos 8~ + sin 8m (320a)

• —sin 8m + ~~ 1 .L. (320b )

• sin 8m + COS ~~ (321a)

— cos 5,~ ~~ }— — sin 5m ~ (32lb)

The total velocity component, V5 is defined:

V5 — V cos B~ + V8 sin Sm (322a)

O — Vm sin 5a + V0 cos Sm (322b)

~~~~~~~~~~~~~

_ Substituting equations (32la), (321b), (322a), and (322b) into equation
(318) and (319) yields:

.! — T — o (322)
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~ ~~2 
- V2 !~m + (2rwV + V2 sin Sm) sin $ + - T

(323)

Within the blade row, I is constant and the streamline curvature is
defined:

C (324)as

Thus, the final equations are expressed:

.~~ }i - -V2 C + (2rwV + V 2 
sin Sm) sin $ — T

as
— - 0as

7.13 CONFORMAL BLADE—TO-BLADE PLANE COORDINATES

CASC utilizes an intrinisic coordinate system where the grid is
composed of streamlines and normals to streamlines. Specifically the
Crocco momentum equation is integrated normal to the streamline direction.
Therefore, it is most convenient to work in a coordinate frame where the
st reamwise grid lines depict the proper flow angles. The tangent of the
local f low angle is given by

tan Sm • — 
V15Dt (325)

where rDO and Thu are incremental distances over which a particle travels
in time Dt. To eliminate the appearance of the coefficient r in the
above equation we may define a new variable

dm — (326)

so that the ratio of distances is simply:

VO Dt 
(327)Vm Dt
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More generally, we may choose

r*dX — dm (328a)

dY — r* dO (328b)

where X and Y are transformed meridional and tangential coordinates.
is either an arbitrarily chosen reference radius or the inverse of the
m , 0 normalizing factor as presented in Section 9.4.1 of the User’s
Manual.

Thus, when the blade section is plotted in X, ‘1 (or m , 0) coordinates:

• The blade surface angles are correct (i.e., the blade shape is not
distorted , but is locally scaled), and

• The blade pitch is the same from leading edge to traIling edge.

An advantage of the X, Y coordinate frame is that, for a vane, the
equations of motion are the same as for a rectilinear cascade. Hence, when
the 3—D vane section is viewed in this coordinate frame, the engineer’s 2-D
aerodynamic experience/intuition is applicable. To illustrate this latter
point we consider equation (318) of the previous section. For constant
rothalpy and entropy the equation, after multiplying by r , reduces to:

3(rV )
1 a 

— 
3~r e) 

— 2rw sin ~ (329)
r 38

It can be rewritten as:

h 1ph 
ph V~ ] — f- (~j- ph vol — 2rw sir. $ (330)

Now define the stream function, 4+:

phVm (331a)

—phVo (331b )

4 

Introduction of equation (331) into (330) gives

F ~~ 
+ 

[~~~

_ !. — 2 r w sin • (332)
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This is the stream function equation in the m,0 coordinate system for blade—
to—blade flow.

When the independent variables are transformed through use of equations
(328a) and (328b), Equa tion (332) becomes

fr (i~ .
~

) + fj Ui; ~
) — 2 

( )

2 

w sin • (333)

For a vane, the right hand side is zero, and in this case the above equation
are identical to the 2—D stream function equation for a rectilinear geometry
with a lamina thickness variation. Thus, the transforma tions in equations
(328a) and (328b) determine the equivalent 2—D blade configuration.

7.14 NOMENCLATURE

Symbols

A Flow area measured normal to the streamline

b Wake thickness

Bj, B2 Coefficients in the streamline correction equation

C Curvature, — — d8m/da

Cu Absolute tangential velocity

Cv Convergence factor

G Curvature influence coefficients

h Streaintube height normal to meridional plane streamline ; lamina
thickness

he Static enthalpy

H Total absolute enthalpy

I Rothalpy

k Streamline number

k2 Angular momentum constant

m Curvilinear meridional plane distance

Transformed meridional distance, radians

N Mach number
-

-
~~~~~

-
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a Cross—stream distance, radians

p Perpendicular distance

P Static pressure

P1 Total pressure

Q Total pressure ra tio, PT/PT
i d i

r Rad ius

R Gas constant

s Streamwise distance , rad ians

S Entropy

t Time

T Temperature

u Axial component of velocity/integration by parts variable

U Wheel speed (wxr)

v Normal component of velocity/integration by parts variable

V Relative velocity

V Flow rate

z Axial distance

B Streamline angle

l_142

6 Difference between correct value and assumed value

~0 Blade pi tch in radians

0 Tangential coordinate, radians
• 

Orthogonal index

— p Density

Stream function

Angular velocity
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Superscripts

p Iteration counter

Subscripts
- 

u Tangential direction

a Meridional direction

o Assumed location

x Calculation location

—— 
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8 • 0 BLADE HEAT LOAD CALCULATION

8.1 INTRODUCTION

The HTCOEF module calculates the turbine blade row heat load. This heat
load must be known if the blade row average metal temperature is to be defined
for various cooling air flow rates. This calculation is accomplished with
inputs of geometry and gas stream boundary conditions. The heat load includes
not only that due to forced convection, but also combustor and nonluminous gas
radiation.

The heat load is evaluated by defining the radiation heat flux and
the local heat transfer coefficient around the inidspan airfoil surface.
The heat transfer coefficient distribution is made up of three parts : (1)
the leading edge which is evaluated by using a cyclinder in cross—flow lami-
nar heat transfer coefficient analysis , (2) the pressure side which is
evaluated with either a laminar or turbulent flat plate analysis, and (3)
the suction side which is also evaluated with either a laminar or turbulent
flat plate analysis. There is an option to correct any of the above
analyses with an input correction factor if this is considered necessary .

The raciation , which is made up of combustor dome radiation and non—
luminous gas radiation, is usually restricted to the first—stage nozzle but
the nonluminous heat flt~x can be evaluated at any stage. The input consists
of the view factor and beam length of the combustor and the local flowpath ,
along with the gas properties and combustor inlet temperature.

8.2 TECHNICAL BACKGROUND

In an air—cooled turbine, it is imperative that a detailed thermal
analysis of the hot turbine components be performed. The prime purpose of
the analysis is calcula te the local metal tempera tures so tha t the mechanical
life of the components can be calculated . If too much cooling air is used ,
an excessive penalty associated with using compressor extraction air is
incurred. If too little cooling air is used , metal temperatures become
excessive and the mechanical life objectives are not met. Thus , it is
necessary that the correct cooling air flow rate be established to meet the hot
component l ife objectives. The required cooling airflow rate is determined by
the heat load. The heat load is propor tional to not only the difference between
gas temperature and wall temperature but also the gas side heat transfer coefficient
and surface area. The gas temperature is calculated in the GASPRO module, and
the metal temperature of the hot components is estimated by the mechanical designer
to meet the life objectives. The surface area is physically available from the
FLOPTH and CASC outputs. This leaves only the average heat transfer coefficient
to be determined. This module was developed to calculate the heat transfer co-
efficient. Another heat load source on the first—stage vane comes from the hot
gas radiation. This radiation heat load is ca1~ulated in the program. Also
available from the program are detailed heat transfer coefficient and radiation
heat flux distributions for detailed analysis.
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8.3 PROGRAZ4 OUTLINE

The program consists of taking var ious inputs from previous modules and
then calculating the heat transfer coefficient and radiation distribution
around the airfoil. The program is broken down into four major components:
the leading edge heat transfer coefficient calculation; the suction and
pressure side heat transfer calculation ; the radia tion hea t flux calcula tion ;
and the gas property evaluation subroutine.

The leading edge heat transfer calculation procedure consists of calcu-
lating the cylinder in cross—flow heat transfer coefficients. A correction
based on approach Reynolds number and turbulence intensity can be made if
desired . The input consists of the upstream approach gas conditions, wall
temperature , and ai rfoil leading edge radius of curvature . The upstream gas
conditions include gas tempera ture , fuel air ra tio , gas presauke, and Mach
number (or velocity). The heat transfer coefficient distribution at the
leading edge is calculated at 19 equally spaced locations encompassing 160°
around the leading edge.

The suction and pressure side heat transfer calculation procedure con-
sists of calculating either a laminar or turbulent heat transfer coefficient
along both surfaces. The input required for the heat transfer calculation
consists of gas temperature, total pressure, Mach number (or velocity) dis-
tribution, average and maximum wall temperature, fuel air ratio, and surface
distance from the leading edge stagnation point. The heat transfer coefficients
are calculated at the location at which the local surface distance is defined.
A correction factor distribution can be applied, if the user desires , for the
laminar and turbulent heat transfer coefficients depending on the turbulence ,
acceleration , or surface curvature. The surface heat transfer coefficient
distribution is then integrated over the complete surface to determine the
heat load per inch of blade height.

The radiation heat load is calculated in the RAD1 subroutine by first
evaluating the coinbustor radiation heat flux and then adding it to the
nonluminous gas radiation in the vane channel. The required input for corn—
bustor rad iation consists of combustor exit fue l air ratio , view factor, beam
length, and combustor inlet air temperature. The required input for the

• nonluminous gas radiation consists of gas stream total temperature and pres-
sure; Mach number, view factor, beam length distributions, and averag, wall
temperature. The local radiation heat flux distribution is integrated over
the surface to determine the radiation heat load per inch of bltde height. The
radiation heat flux is then added to the convective heat flux to give a total
heat load per inch of blade height . The total heat load is the value that
viii be used in the WCPLOW module to establish the coolant flcw versus bulk metal
temperature matrix.
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All gas properties and boundary layer film properties are evaluated in
the SUBCA L subroutine, The SUBCAL subroutine Is called at numerous points in
the main calculation program and in the RAD 1 subroutine to define gas properties
for the heat transfer calculations. The properties consist of Prandtl number,
viscosity, conductivity, and molecular weight. All the properties are defined
as a func tion of tempera ture , presssure , and equivalence ratio.

8.4 LEADING EDGE BEAT TRANSFER CALCULATION

The leading edge heat transfer coeficient distribution calculation
procedure consists of analyzing the airfoil leading edge as a cylinder—
in—cross—flow. A laminar boundary layer flow analysis is used to define the
local heat transfer coefficient distribution .

hcyl — l.l4(k
*

/D) (Re
d
)°5 (Pr

*
)°41l — (4X

5~
/1rD)31

where :

— Conductivity of the leading edge boundary layer gas based on the
average of gas and wall temperature (B tu/hr f t ‘F)

Re
d Leading edge Reynolds number based on upstream velocity,

and effec tive leading kinematic velocity of the boundary layer
gases which is based on the average of the wall and upstream gas
temperatures.

Pr
~ 

— Prandtl number of the boundary layer gas based on the
average of the wall and upstream gas temperatures .

Distance from the leading edge stagnation point to point ofp calculation ( f t) .

D — Effective leading edge diameter (ft) or diameter of a

~~~~~~~~ cylinder that would represent the airfoil leading edge
over approximately a 120° sector as shown in Figure 36.

To accomplish the calculation, it is first necessary to define the
quantities that go into the heat transfer coefficient calculation

The upstream velocity is defined as:

Vi — XMI(GAM(GAS)(C2/XNVX)~ TS~
112 (~~ )
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~~~~~~~~ ctive Leading Edge Diameter
(Best Fit of Circle at Leading Edge

60° Over 60° Sector on Either Side of
Stagnation Poin t)

Figure 36. Effective Leading Edge Diameter for Heat Transfer
- Calculation.
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where:

XMl — Upstream Mach number

GAM — Ratio of specific heats based on the upstream static
temperature and fuel air ratio

GAS — Gravitational constant g (32.17 ft/sec
2
)

C2 Universal gas constant (1545 ft—lb/mole ‘F)

XMWX — Molecular weight of gas based on upstream static
temperature and fuel air ratio

TS — Upstream static temperature based on upstream total
temperature and Mach number (° R)

In those cases where the velocity is input , the Mach number and static
temperature are evaluated in an iterative process until the difference in
the static temperature between iterations is less than a degree.

In the Reynolds number calculation , the density in terms of lb/ft3 is
def ined as:

RO PSC I~’1WX 
. 144 (336)

PSC — Upstream static pressure (psia)

CTRF — Lead ing edge reference temperature (°R) (average between leading
edge wall temperature and upstream total temperature)

The viscosity,  VSMX , and Prand lt number , PRMX , are based on the refer-
ence temperature also. The Reynolds number then is defined as:

REN (J) — 
RO.V1’D .300 (337)

b The leading edge heat transfer coefficient calculation is repeated for a
second wall temperature which represents the maximum wall temperature that

• j- can be expected . The second wall temperature is also used in recalculating
the reference temperature CTRF.

The leading edge heat transfer coefficient can be increased depending on
the application, turbulence intensity, roughness, or for any other reason.
The correction factor built into the program is a function of the leading

• edge Reynolds number . The corrected heat transfer coefficient is:
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CHC1(L) — hcylsCFl~REN(j)
CF2 (338)

where CF1 and CF2 are empirical correlation coefficients that define the
correction to the qylinder in cross—flow calculation procedure. If a fixed
correction factor, CF1, is desired, then:

CF2 — 0 (339)

8.5 PRESSURE AND SUCTION SIDE HEAT TRANSFER CALCULATION

The pressure side and suction side heat transfer calculation procedure
dif fers only in the notation f or the variables. Two calculation procedures
are available, on either side , a laminar flat plate analysis and a turbulent
flat plate analysis. The equation used for both is:

— 
CI.XKM • RENO~~~

1 
• PRNX 1”3 (340

X(I

where:

CI — Empirical coefficient (0.332 for laminar flow and 0.0296 for
turbulen t flow

XIQ1 — Conductivity of the boundary layer gas based on local refer-
ence temperature and static pressure (Btu/hr—ft— ° F)

X(I) — Distance from the leading edge stagnation point (inches)

RENO — Local Reynolds number where the characteristic dimension
is X (I ) ,  the velocity is the local free stream value and
the kinematic viscosity is based on the local reference tem-
perature.

IOU — Empirical correlation exponent on RENO (0.5 for laminar
flow and 0.8 for turbulent flow)

PR)O( ° Local Prandtl number of the boundary layer gas based on local
reference temperature

The local reference temperature is defined as:

TREF(K) — O.5[TW(N)J + 460 + TSF(I) +

0.22 ~~~~
1/XNE 

~TlR — TSF(I)~ (341)
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where :

TSF(I) — Local free stream static temperature (°R)

TW(N) — Wall temperature for which there are two values: the average
and maximum expected values (°P)

XNE — Emperical coeff icient (2 for laminar flow and 3 for
turbulent flow)

T1R — Free stream total temperature (°R)

Once the turbulent or laminar heat transfer coefficients are calculated ,
they can be correc ted by means of a fac tor , CFA(I) ,  which is the ratio of the
corrected to the uncorrected flat plate heat transfer coefficient. The
corrected heat transfer coefficient distribution CORN (I,N ) ,  is then inte-
grated fr om lead ing edge to trailing edge by means of a point—by—point linear
integration using the trapezoidal rule and a do loop process.

AVGH — AVGN + fCORNI (I—l) + C0RN1(l)\ I X(I) — X(I—l)\
2 144 / (342)

where :

AVGH — In tegral evaluated up to X ( I— l )

COREl — Corrected heat transfer coefficient evaluated at both (I) and
(I—i) locations

X — Distance from stagnation point along surface evaluated at (I)
and (1—1) locations.

The first step in the integration uses the stagnation value of the heat
transfer coefficient:

AVGH — CHC1(~) + CORII1(I) X(I) 3432 144 (

where CHC1(I) is the stagnation point heat transfer coefficient after it has
been corrected. AVGB is used in equation (342) to define the integral . The
suction side integral and pressure side integral are summed to give the total
integral, AVGHL for laminar flow and AVGHT for turbulent flow.

~~~~~~~ 8.6 RAD1 SUBROUTINE

The RAD1 subroutine calculates the radiation heat f lux to the surface of
a vane or blade from the nonluminous gas mixture of high temperature product
of combustion. The radiation to the first stage vane can be broken down into

148

— 
-~~ - - ——-- — —5--



— ~~~~~~~~ - - ~~~~-~~~~~~- — - - -

two components: the combustor radiation from the flame core, which is sig—
nificantly higher than the combustor exit maximum peak gas temperature; and
the gas radiat ion to the vane surface in the channels between the vanes . The
gas radiation will occur between any gas and the surface but only becomes
significant when the gas temperature exceeds 3000° F.

The first step in defining the gas radiation from the combustor is to
define the average gas temperature:

18400 — 0.60(T3 — 200)TOIB — T3 
CP (1 + 1/(0.06817 ERCB]) -

where:

T3 — Combustor inlet air temperature (‘F)

CP — Average specific heat of the products of combustion in raising
the temperature from T3 to combustor exit temperature, T1R

ERCB — Average equivalence ratio of the combustion gases

The average combustor equivalence ratio, ERCB, is calculated from the
combustor exit maximum peak equivalence ratio , ER , by:

ERCB — ER + 0.25(1 — ER) (345)

With the combustor temperature, the combustor gas ernissivity can be defined:

(-ATh /EKCB BLD/l2 (39000)E M S— l - E X P 1 1 5  346

where:

BLD — Coabustor average gas beam length at the vane leading edge (inches)

ATM — Gas pressure in the combustor (atmosphere)

The radiation heat load at the vane leading edge is:

RSTG — • • (o.l7lE—8 TCMB4 (347)
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where VFD is the view fac t~or of the combustor as seen from the vane leading
edge.

The nonluminous gas radiation in the vane passage due tu the hot gases
between the vanes must also be evaluated. The nonliminous gas radiation
calculation is similar to the combustor radiation:

EMX(I) — 1—  EI~P (_ATh 
/~ O.06817.BLA[l2(39000)\ (348)
ITSF(I) + 46O)~~’ /

where:

BLA — Local beam length of the gas which is defined from the blade
spacing and flowpath height (inches)

TSF(I) — Local gas stream static pressure (°F)

The local nonluminous gas radiation ir thus defined as:

QGAS — ~ fX(I) • (O.fll E—8 ) . [TSF(I) + 46OJ~ (349)

The combustor dome radiation, RSTG , and passage free stream nonluminous
radiation , QGAS, are thus used to define the total gas radiation heat flux
to the surface of the vane :

RTOT(I) — RSTG . VFA(I) + QGAS [1 — VFA(I) ]  (350)

where VFA(I) is the local view factor of the combustor gases at each point
on the vane surface. When the combustor can no longer be seen from the
point at which the heat flux is calculated on the vane surface , the view
factor VFA(I) is zero.

The radiation distribution around the vane surface is now integrated to
define the total radiation heat flux to the vane surface:

AVGQ — AVCQ + 

(

RT0T(I_1) + RTOT(I)) (_k ) ) (351)

where X(I) is the surface distance from the stagnation point. The pressure
surface is integrated to give AVGQP, and the suction side is integrated

• to give AVCQS. The first element of the integration on either side of the
- : stagnation point is defined as:

AV (RSTG + RTOT( 1)\ (~~~ \ -— 
2 / \144 / (352)
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and this is the first value in the integration for both side of the vane
that goes into equation (351). The total vane radiation for each inch of
blade height is:

AVGQ - AVCQS + AVGQP (353)

The dimension on the radiation heat load is Btu/ft2. The equivalent
heat transfer coefficient is now defined from the radiation heat load and the
difference between the total gas stream temperature and the maximum wall
temperature. The total of the integrated laminar heat transfer and inte—
grated equivalent radiation heat transfer is:

AVGHL — AVGHL + AVGQ/ (Tl — TW(l)J (354) -

and the total of the turbulent heat transfer and the integrated equivalent
radiation heat transfer is:

AVG}IT - AVG}IT + AVGQ[Tl - TW(l)] (355)

with the units of Btu/hr—ft
2 

— ‘F/inch of blade height.

8.7 SUBCAL SUBROUTINE

In the main program and subroutine RAD1 , there are several places where the
thermodynamic gas properties must be defined in order to calculate the heat
transfer. These properties are the Prandtl. number PRMX, viscosity, VS~V(,
conductivity, XXM, and molecular weigh t XM~X. These properties are then used
to define all other properties including specific heat, CP, and the ratio of
specif ic heats, GAL

1001 (856)VSMX

and

1
— 

1 — l.9851(CP • XMWX)
(357)
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The thermodynamic properties are defined for air and for the products of
combustion of a stoichiometric fuel air ratio mixture. The properties are
defined by means of a fourth—order least squares fit baseline temperature
function that represents the analytical thermodynamic property information of
Reference 12. The Prandtl number, viscosity, and conductivity were least
squares fit over a temperature range from 540° R to 5040° R and the molecular
weight over a 9000 R — 5040 0 R temperature range. The equation for the
Prandtl number of air is:

FUNPA(T) = 0,69854 + 0.18615(lci4)T — 0.l4933(l0
7)T 2

(358)
+ O.46435(l0

11)T3 — O.52452(l0~~
5)T4

and the Prandtl number of the products of combustion of a stoichiometric
fuel—air ratio mixture is:

FUNPS(T) = 0.73511 — 0,42786(1O
6)T — 0.l6305(l0 7)T2

1 15 4 
(359)

+ 0.70836(10 1 )T3 — 0.96944(10 )T

The Prandtl number of any other fuel-air ratio mixture can be defined by
interpolating between FUNPA(T) and FUNPS(T). The interpolation was set up to
match the analytical model at an equivalence ratio of 0.5. The Prandtl
number is thus:

PRNX — FUNPA + ER°’3446 
(FUNPS — FUNPA ) (360)

where ER is the equivalence ratio of the products of combustion mixture.

The viscosity is calculated in a similar way . The temperature function
for the viscosity of air is:

FUNVA(T) — O.ll39O(lO~~) + O.70l05( 10 4 )T — 0.15266(1c17)T2

+ O.2534O(lO~~
1)T3 — C,1592l(lO 15)T4 (361)

and the temperature function for the viscosity of the products of combustion
of the stoicmetric fuel air ratio mixture is:

+ O.27452(l0~~
1)T3 — 0.189O9(lO~~

5)T4 (362)

The viscosity of any intermediate equivalence ratio, ER , is thus defined

• 
~~~~~~~~ FUNVS(T) — 0.6l999(lO

2
) + o.72l77(lO 4)T — O.1558(1O

7)T2

VS
~~~~ 

- FUNVA + ER°5 8
~

27 (~~ NVS - FUNVA) (363) 1 -
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The molecular weight of the gas is calculated in a similar way. The
temperature function for the molecular weight of the air is:

FUNMA(T) — 0.28932(10
2
) + 0.767l6(lO

4)T — O.59348(lO 7)T2

—10 3 —14 4 (364) 
-+ 0.18457(10 )T — 0.19865(10 )T

and the temperature fun ction for the molecular weight of the products of
combustion of a stoichmetric fuel air ratio mixture is:

FUNM S(T) — 0.28871(10
2
) + 0.25752( lO

3)T — O.22072(lO 6)T2

+ 0.76797(lO 1°)T3 — O.93792(lO 14
)r
4 (365)

The molecular weight of the products of combustion mixture at any
intermediate equivalence ratio, ER, is thus def ined as:

XMWX — FUNMA + ER
1 5726 ( FUNMS — FUNMA ) (366)

The conductivity of the gas is more diff icul t  to define since it is a
function of both temperature and pressure. Becausø’ of this, the gas conduc— -

tivity temperature function is defined at 20 and 40 atmospheres for an air
mixture and for the products of combustion of a stoichmetric fuel air ratio
mixture. At the 20—atmosphere pressure, the temperature function for the air
mi xture ia

FUNA2 (T) — 0.78796 (lO
2
) + 0.ll8O6(10 4)T + O.66529(lO 8)T 2

— O.25488 (lC
11)T3 + 0.3l634(lO45)T4 (367)

and the temperature fi~nctiofi for the products of combustion of the stoich—
metric fuel air ratio mixture is:

FUNS2(T) — 0.il783(l0-~~) — O.47667(l0 5)T + 0.25557(l0 7)T2

11 3 14 4 (368)
- — O.98023(l0 )T + 0.12889(10 )T

At the 40 atmosphere pressure conditions, the temperature function for the
conductivity-of the air mixture is:

FUN4A(T) — O.62l13(lO
_2
) + 0.15922(lO 4)T + O.33309(lO 8)T 2

- 

— O.l478(lO U)T3 + O.l9744(10~~
5)T4 (369)

and the corresponding temperature function for the products of combustion of
the stoichaetric fuel air ratio mixture is:

PUN~S (T) — O.90l98(lO 2) + O.26335(lO 5)T + 0.18949(lO 7)T2

— 0.74l92(l0~~~~~~)T3 + 0.98676 (10
15)T4 (370)

~~~
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The conductivity of the products of combustion of a gas mixture at any
intermediate equivalence ratio , ER , for the 20—atmosphere pressure gas is:

XKM2 — FUNA2 + ER1 °512 (FUNS2 — FUNSA) (371)

and the conductivity at any intermediate equivalence ratio for the 40—atmos-
phere pressure gas is:

XKN4 — FUN4A + ER~~
1163 (FUN4 S — FUN4A) (372)

The conductivity of the 20— and 40—atmosphere pressure mixtures are used
to define the conductivity at any other pressure. If the pressure is below
20 atmospheres:

XKM — XKM2 + (Am_ 2
o) (XKM4 — XKN2) (373

but if the pressure is above 20 atmospheres:

~‘ 20~0.658961(101 — XKM2 + ~
AT~~ 

~ 

(10014 — XKM2) (374)

The dimension on the conductivity is Btu/hr—ft— °F and the dimension on
the viscosity is lb/hr—ft. 
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9.0 COOLING FLOW RATE PREDICTION

9.1 INTRODUCTION

The WCFLOW module defines the cooling airflow. The cooling airflow is
presented not as a single value but , ra ther , as a matrix of cooling airf lows
and corresponding average metal temperatures. This approach is necessary
since the mission objectives, in terms of life cycle costs and bulk metal
temperature, can not be defined at this point in the Turbine Design System.

The WCFLOW cooling airflow estimation module uses the output of HTCOEF,
which defines the blade row heat load. The output from FLOPTH and CASC
are also used to define the heat transfer surface area.

Several different heat transfer technology levels can be used when
defining the cooling airflow/bulk temperature matrix. This allows a complete
life tycle cost analysis to be made early in the preliminary design of the
turbi3e.

9.2 TECHNICAL BACKGROUND

High performance jet engines having turbine inlet temperatures which
exceed allowable metal temperatures by 500° to 1000° F require a detailed
thermal analysis of the turbine. The engine performance is sensitive to
coolan t airf lows requ ired to cool componen ts down to levels which yield the
desired hardware life. A compromise between meeting engine performance and
hardware life must be made. The tradeoff is difficult and time consuming by
conventional methods . Although over—simplified parametric curves may be
generated to help define the required cooling airflow for a particular appli—
cation, a reasonable answer is not achievable until af ter a detailed design
has been made. Thus, the need for a program to calculate the cooling airflow to -

a blade was identified. WCFLOW uses the heat load on the blade along with
the cooling air temperature to calculate the bulk metal temperature.

The bulk metal temperature of the blade cross section is evaluated by
first specifying the heat transfer technology level of the cooling system -

being considered along with thy quantity of film that will cover the surface
of the airfoil. There are five technology levels to choose from:

1. Simple Convection — e.g., radial hole , single pass.

2. Production Convection — e.g., serpentine passages with turbulence
promoters for heat transfer augmentation, and possible single row
impingement at the leading edge.

— - 3. Advanced Convection — e.g., impingement baffle . with a configura—
tion of multiple rows of small cooling j ets.

- - 
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4. Production Convection with Film — e .g . ,  internal cooling geometry
the same as (2 ) above but with some of the flow ejected on the
airfoil surface for film cooling.

5. Advanced Convection with Film - e.g., internal cooling geometry
the same as (3) above but with some of the coolant flow ejected
on the airflow.

An intermediate film technology level between local film coverage and full
film coverage can be accounted for using an additional input . More than one
heat transfer technology level can be considered if there is some question as
to which to use.

9.3 PROGRAM OUTLINE

The program starts with the definition of the inlet conditions for which
the turbine is being designed. The relative blade row inlet “design to”
temperature TI. is listed along with the five heat transfer technology levels.
The designer then chooses one technology level to be evaluated . The average
heat load which was calculated in HTCOEF is listed for the designer’s reference.
This value can be used or changed . The wall conductivity and thickness are
input by the designer after which the blade cross—sectional bulk metal temprature ,
cooling effec tiveness , flow area , and average film effectiveness are presented
for each cooling flow rate. This process can be repeated for any other heat
transfer technology level.

The programming code is accomplished by treating the blade ts a heat
exchanger and then defining the overall conductance of the blade. The air-
flow through the blade, along with the inlet temperature , can be used to
establish the cooling airf low exit temperature and, hence, total heat flux to
the blade. With the heat flux and wall thickness, the average bulk metal 

-

t emperature is calculated. Subroutine SIMPLE calculates the bulk metal temperature
of a blade without film, and subroutine CONVEC calculates the bulk metal
temperature of a film/convection design. The required cooling airflow area
in the blade cross section is also calculated using the input value of cooling

* air pressure and blade row inlet gas stream relative total pressure. This
cooling airflow area is then subtracted from the blade cross—sectional area
to determine the metal cross—sectional area that is available to handle the
mechanical loads.

- ‘ The bulk cooling effectiveness and average film cooling effectiveness
are also printed as a reference when comparing with other designs.
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9.4 OVERALL CONDUCTANCE CALCULATION

The calculation procedure starts with the definition of all the
necessary peripheral information. This information is then used to calculate
the bulk cooling effectiveness.

The calculations start with evaluation of the conductivity of the
metal , the vail thickness, and the surface area to give the conduction
resistance of the blade wall:

12 • DELTXDXKA — COND . (XLSS + XLPS) (RTIP — RHUB) (375)

where:

COND Average conductivity of the metal in (Btu/hr—ft— ° F)

XLSS • Suction side length of the airfoil from the leading edge
stagnation point along the surface to the trailing edge (in.)

XLPS a Pressure side length of the airfo il from the lead ing edge stagnation
point along surface to the trailing edge (in.)

RTIP Radius of the tip section of the airfoil, defined at the airfoil
trailing edge (in. )

RHUB — Radius of the hub section of the airfoil , defined at the airfoil
trailing edge (in. )

DELTX Average wall thickness from the outside surface to the closest
edge of the cooling circuit (in.)

The heat load on the outside surface of the blade is defined by the input
HEAT FLUX/INCH OF AIRFOIL HEIGHT and the blade height.

HGAGCA — HGAGIN • (RTIP - RHUB) (376)

The cooling air side boundary conditions are calculated first by taking the
input coolant air temperature and defining the properties of the air.
These properties include specific beat, CPC, and ratio of specific heats,
CAN:

cPC — 0.2323 + 3.0333 1O~~ T~PI CH (377)
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and~

CAll — 1.410 — 5.666 x 105 TCPICH (378)

where TCPICH is the cooling air temperature (° F) at the airfoil midspan
before any convection cooling temperature rise has been added. The average
isentropic Mach number in the cooling passage is calculated by:

( (GAN-l

~~GAM

COOl-MO — SQRT (CAM — 1) 
- 1 (379)

where:

P~PICH — Input cooling air pressure (psia) at the airfoil midspan
before any losses are incurred in cool ing

P1 — Gas stream relative total pressure at the blade row inlet
midspan location (psia)

The cooling airflow WCWC(I) is input as a percent of turbine inlet
f low WCAS which is the f i rs t  stage nozzle inlet gas flow . The product of
specific heat and cooling airflow to each blade is then defined as:

WCPCBD(I) — 
~~~~~~~~~~~~~~~ 

(380)

where:

IJC(I) — WCWG(I) 
. WCAS (381)

which is the coolant flow to the blade row (lb/sec).

FLOAT (NBLDS) — Number of airfoils in the blade row in floating point
mode.

The cooling air heat load is defined by the product of the coolant side
average heat transfer coefficient and the effective cooling surface area.
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HCAC(I) — CAPK • [3600 . WCPCBD(I)) FINN (382)

where CAPK is a generalized parameter that defines the cooling technology:

CAPK

Simple Convection -0.6
(radial hole)

Production Convection 0.8
(serpentine cast impingement hole , turbulence
promoter)

Advanced Convection 1.0
(impingement baffle, fabricated cooling circuit
with small impingement holes)

FINN is the parameter that takes into account the f in effec tiveness of ribs
that might exist in the blade.

FINN — 2.5 TAME (PARAM) 
(383)

where

PABAM — 3 • DELTX • SQRT 
(6

— . 
HGAS 

DELTX ) 
(384)

and where HCAS is the average gas side heat transfer coefficient , defined
by:

EGAS — ~~~ 
~~~ 4) (385)

With equations (375), (376), and (382), the overall conductance, UA,
can be defined:

-
- 
. 

UA(I) a 
1 

1 
1 (386)

- - 

~~~~~~~~ 
+ D10CA + 

HC&C (I))

-

~~~~~~ 
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The overall conductance can be used to define the heat flux on a plain
convection cooling system or convection/film cooling system.

9.5 SUBROUTINE SIMPLE

This subroutine calculates the bulk metal temperature for an airfoil
cooling system that has no fi lm.

CAPY — EXP 
(

uAc
) 

(387)

where:

UAC — Overall conductance (Btu/hr—° F)

WCPC — Prod uct of airfoil coolant flow and specif ic hea t (Btu/sec ° F)

This defines the heat exchanger effectiveness which is then used to
calculate the cooling air temperature leaving the airfoil, TCO.

TCO — Ti — (Ti 
_ TCPICH

) 
(388)

where Ti is the relative gas temperature at the inlet to the blade row and
is defined by taking the highest value of the radial temperature profile.

The average cooling air temperature is then used to def ine tne specif ic
heat, CPCN :

CPCN — 0.2323 + 3.0333 • l0~~ TCA (389)

- - where :

TCA - TCO + TCPICH (390)

F The total heat flux to the airfoil, CAPQUE, is thus calculated by using
the specific heat , the weight flow per airfoil, and the cooling air temperature
rise:

CAPQUE - 3600 • e WCPC • (TCO — TCPICH) (391)
C?
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The specific heat is corrected to reflect the average coolan t temperature
rather than the inlet temperature.

The total heat flux is now used in conjunction with the gas temperature
Ti, the gas side heat transfer, and conduction factors to yield a bulk metal
temperature, BULXT:

— Ti - CAPQUE 
(HG~GCA + 

DXXA FINN
) (392)

This bulk metal temperature can be used to determine the mechanical
lif e of the turbine component being considered.

9.6 SUBROUTINE CONVEC

This subroutine calculates the bulk metal temperature for an airfoil
cooling scheme which incorporates film cooling. Two film cooling technologies
are input into the program which represent General Electric Company experience.
The lower film effectiveness technology represents local film injection
such as at the leading edge and the suction and pressure gill locations .
The higher technology level represents the average film effectiveness that
might be achieved in a full—coverage film cooling design. It is assumed
that 40 percent of the cooling air is used for film in the lower film
technology design and 70 percent in the higher technology design. Any
other film cooling technology level can be accommodated by use of PCTDIF.
This represents the percentage difference between local film cooling tech-
nology flow rate and full—coverage f ilm flow rate. Thus, the fraction of
the cooling air used for film cooling is:

WCFWC — 0.4 + PCTDIF • 0.3 (393)

The fraction of the gas stream flow that is then used for film is
defined as WCFWG :

WCFWG — WCFWC (394)

where WCWG1 is the blade row cooling airflow expressed as a percentage
of the turbine inlet gas flow.

The film cooling correlation parameter CAP? is defined as:

— 
420 • WGF~~ • PICH • [COS (BErAfl + COS (BETA2)1 (395- 

- (XLSS + XLPS)
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where:

BETA1 — Blade row inlet relative flow angle measured from the axial
direction (degrees)

BETA2 — Blade row exit relative flow angle measured from the axial
direction (degrees)

PICH — Blade—to—blade midspan spacing (inches)

A linear interpolation function of two film curves (ETALO and ETAHI)
is used to determine the average film effectiveness for both local film injec-
tion and full—coverage film injection. The average film effectiveness for
the design in question can then be calculated with the use of PCTDIF.

FLMETA - ETALO + PCTDIF • (ETAMI — ETALO) (396)

The heat exchanger effectiveness can now be calculated by:

CAPY — (1 — PLMETA) • EXP (36oo
U
~
c
wC?C) (397)

The average f ilm temperature, TFILM , can be calculated with the use of equations
(396) and (397):

FIMETA . TCPICH + CAPY • TiTFILM 398FLMETA + CAPY

This film temperature, along with the average film effectiveness, gas
stream temperature, and inlet cooling air temperature, is used to calculate
the cooling air temperature leaving the blade:

TCO • Ti — (Tl
— TFIUI) (399)

~~~~~~~~~ Once again, equations (389) and (390) are used to calculate the average
specific heat CPCN of the cooling air in the blade. Equation (391) is then
used to determine the total heat load CAPQUE to the blade, and the blade cross
section bulk metal temperature is evaluated:

BULI(T - TFIth - CAPQUE 
(~~~GCA + 

DXKA . FINN
) 

(400)
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The blade cross—section bulk metal temperature can be used to determine the
mechanical life of the turbine component being considered.

9.7 OUTPUT DEFINITION

Besides the blade cross section bulk metal temperature, other parameters
are calculated which are either used in the calculation of the mechanical life
or listed as reference information. The blade cross section bulk cooling
effectiveness is defined for each cooling airflow rate:

ETABLK(I) — 
~~ 
: 

~~~~~~~~ 
(401)

This is used in comparing one design to another at different coolant
and gas stream temperature conditions. The blade cross: section area that is
required for coolant airflow and hence is not available to handle blade
mechanical loads is defined as ACMIN(I):

AcMIN(I) — 2 . WCBLD(I ) SQRT [53.35 . (TCPICH + 460] (402)PCPICH ff

where ff is the isen-tropic flow function and is defined as:

ff • COOLMO . SQRT (CAN . 32.17)
GAll 1 \ (GAM+l)/2 (GAll—i) (403)

2 
. COOLMO2

)

The cooling air isentropic Mach number COOl-MO is calculated using equation (379),
and the ratio of specific heats CAM is calculated by equation (378). The
blad! row inlet relative gas pressure and blade midspan relative cooling
air pressure are used to determine the isentropic Mach number , The isentropic
flow area is doubled to give ACMIN(I), which is the required flow area to
circulate the air through the blade while cooling it.

The film cooling effectiveness for a convection/film cooled design is
also printed for reference so that a comparison with experience can be
made.
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10.0 AIRFOIL PROPERTIES

10.1 INTRODUCTION

The AFPROP module calculates the section properties of an airfoil cross
section with cooling hole passages. Specifically, this program will take
the coordinate points which describe the airfoil contour and calculate the
cross sectional area, the minimum moment of inertia, the maximum moment of
inertia, the location of the centroid , and the angle from the axial direction
to the minimum moment of inertia axis. If the shapes of the interior cooling
passages have not been previously defined , circular or rectangular passages
can be added during program execution.

10.2 AIRFOIL CONTOUR DEFINITI ON

The airfoil contour is described in a clockwise manner by up to one
hundred pairs of X and Y values. The last pair of X and Y values must repre—
sent the same point as the first pair of X and Y values. X and Y are taken
to be positive in the axial and tangential directions, respectively.

10.3 COOLING PASSAGE DEFINITION

Like the outer airfoil contour, the contour of each cooling passage is
described by pairs of X and Y coordinates. These coordinates, however, must
be given in a counterclockwise manner and must be limited in number to twenty—
five or less. The last pair of X and ‘1 values must be a repetition of the
first pair. Any airfoil may have as many as ten cooling passages.

If the user so wishes , circular or rectangular cooling passages can be
added by the program. To add a circular passage , the X and Y coordinates of
the passage center are specified along with the radius of the passage. The
AFPROP module will then determine twenty—five equally spaced coordinate pairs
describing the passage in a counterclockwise manner.

To add a rectangular passage , the X and Y coord inates of the passage
center are specif ied along with the length and width of the passage as well
as the angle between the X axis and the orientation axis of the rectangle.

~~~~~ Figure 37 shows this geometry. The AFPROP module will then determine the
coordinate pairs of the four corners.

10.4 AREA, CENTROID, AND MOMENT OF INERTIA CALCULATIONS

Once the contour of the airfoil section has been defined in terms of X
and Y coordinate pairs, the section properties are calculated. As is shown

: in Figure 38, a trapezoidal element is the building block of these calculations.
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Figure 37. Rectangular Cooling Passage.
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Figure 38. Basic Trapezoidal Element .

The cross—sectional area is:

N
A E  Ai 

(404)
i—l

— The center of gravity is at:

N

E Ai Xi 
(405)

i—l
-

4 

A

N
- 

y —  E Ai Yi 
(406)
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The moments of inertia about the centroidaj. axial and tangential axesare:

‘A.A — 
i i  ~~~~ 

— A~~~ (407)

- E 1YY — AX (408)
i—i i

The product of inertia is:

N
‘AT E (409)

i—i Xy
i

The angle, in rad ians, from the axial axis to the least moment ofinertia axis is:

a - 1 

F 

+ tan~~ (IT: 

IAT~~~~

}  
(410)

The leas t momen t of iner tia is:

I — I  +1 I — Im m .  AA TT + AA TT
2 2 CO G a

— sin (a) (411)

10.5 DETERMINING THE STRESS CALCULATION POiNTS

This module will determine the location of three points on the airfoilouter contour at which stresses will be calculated by the ASTRES module.Figure 39 shows these points on a typical airfoil section with its principalaxes .

Point 1 is thtt point near the trailing edge which is the farthest fromthe least moment of inertia axis . Point 2 is that point on the suction cur—face which is the farthest from the least moment of inertia axis. Point 3 is
that point near the leading edge which is the faz~thest from the least momentof inertia axis.
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Figure 39. Stress Calculation Points.
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11.0 AIRFOIL STRESS

11.1 INTRODU CTION

The ASTRES module calculates the stress present in the airfoil section
of a turbine blade or vane. If a blade is being analyzed, the user specifies
the allowable stress at the root, pitch, and break point, and the program
will calculate the required airfoil areas at these locations. Capability
exists to account for the presence of a tip shroud. If a vane is being
analyzed, the user will input the boundary conditions, and the module will
calculate the stress due to the gas load. This program will also make pre-
liminary calculations as to the amount of vane ballooning.

At the time that the ASTRES module is executed , the actual operating
temperature of the blade or vane is not known . Thus it is not possible to
accurately know the value of the elastic modulus, since it decreases with
temperature. The elastic modulus, in turn, controls the magnitude of def 1cc—
tions which then vary with temperature; thus, this module will not calculate
deflections. Instead , values of strain will be calculated at the tempera-
tures for which material proper ties are given.

11.2 BLADE STRESS CALCULATIONS

If the airfoil being analyzed is a turbine blade, a calculation of the
centrifugal stress will be made. The input file to the module contains the
user—specified values of the stress at the root , pitch , and break point. If
a tip shroud is to be used, the input file will contain its weight as well as
the radius of its center of gravity.

The radius of the break point is found by moving radially inward from
the tip, with the cross—sectional area remaining constant, until reaching the
radius at which the centrifugal stress is equal to the specified value.
Between the break point and the pitch, the cross—sectional area varies
linearly. The pitch area is calculated so that the stress at the pitch is
equal to the specified value. Between the pitch and the root, the airfoil

— cross—sectional area varies linearly. The area of the root is .~a1culated so
that the centrifugal stress at the root is equal to the specified value.

11.3 VANE BENDING STRESS CALCULATIONS

The stress experienced by a turbine vane is primarily due to the gas
load on that vane. This odule will make an approximate calculation of this
stress in the following manner.

The APPROP odule calculated the section properties for the pitch see—
tion of the vane. For a bending analysis, however, the section properties

• 

I 
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must be known all along the length of the vane. These properties will be
approximated by scaling the pitch section properties.

‘min.i — 1min.~ 
(Ti/Tp)

3 (Ci/C~ ) (412)

where: Ti — maximum thickness at the ith section

C~ — chord at the ith section

‘max.1 ‘max.~ 
(Ci/C~ ) 3 (Tj /T~ ) (413)

Aj — A.? (Cj/C~) (Tj/T~) (414)

The aerodynamic portion of TDS determined the gas loading as components
in the axial and tangential directions. A bending analysis is performed
separately for each of these directions. The moments of inertia are trans-
formed to moments of inertia about the axial and tangential axes. Between
each of the radial spanvise locations is modeled a beam having properties
equal to the average of the properties at each of its ends. The gas loading
is also averaged along this beam. Ten beams constitute the entire vane the
ends of which can have any boundary conditions desired. These ten beams and
their respective loads undergo a f inite element analysis which results
in a listing of the external forces on each member. Following this is a
table of the radial stress at each of the three contour points at each of the
eleven spanvise locations.

11.4 VANE BALLOONING CALCULATIONS

In preparation for the vane ballooning time calculations of the MISLIF
module , the ASTRES module calculates the elastic deformation as well as the

• effective stress at the center of the panel experiencing the ballooning.
Since the actual temperature of the panel is not yet known, the deflection
will be calculated at each temperature for which material properties have
been supplied. The panel is modeled as a plate, fixed on all four sides,
with a uniform pressure on its surface. The length of the panel is equal
to the span of the vane while the width is input by the user along with the
pressure difference and panel thickness.
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12.0 MISSION LIFE

12.1 INTRODUCTION

The MISLIF module calculates the life of a turbine airfoil subjected to
a specific mission. The heart of the module is a relatively simple rupture
damage, but to execute this calculation, much conditioning of the data
supplied by other modules must be done. The module also performs several
auxiliary calculations such as vibratory allowable stresses and vane bal-
looning.

12.2 DEFINITIONS

Life is synonomous with stress rupture life. It is expressed in hours of
mission operation.

Damage or rup ture damage is time on mission leg divided by rupture life at
mission leg conditions. Damage multiplied by 100 is the percent life used
per mission leg. Damage is also used to mean accumulated damage.

Mission Leg is a steady—state operating condition that is present during some
portion of an aircraft flight (e.g., takeoff, climb , etc.).

Accumulated Damage is the value that results from summing the damage for each
mission leg.

Stress is the physical load per unit area as seen by microscopic elements of
material.

Pseudostress is the stress that would result in a part if no yielding of the
material could occur. Below the material’s yield point, pseudostress and
stress are identical .

12.3 MISSION RUPTURE LIFE CALCULATIONS

MISLIF is dimensioned to do a damage calculation for

• 11 airfoil locations

• 6 different cooling flow values

• 7 different cooling technology levels

or 462 values of damage. If more than one mission leg is involved, the
damage accumulated for each leg by technology level , cooling flow, and loca-
tion is

1- 

- 
- 
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Accumulated Damage — Damage on Leg (415)
# Legs

This is based on Miner’s Rule of Damage Accumulation. To perform damage
calculations, one needs:

• Temperature

• Stress

• Length of time on leg

12.4 T~~(PERATURE SCALING

From the heat transfer modules, the following are known :

• Gas temperature distributions

• Corresponding T3 and T4

• Zeta factor for use on vanes

• Pitch section metal temperatures

ZETA — 
TGas 

_ T
Avg (416)

Peak Avg

where: Teas — actual gas temperature

TAvg — average gas temperature

TPeak — peak gas temperature

If ZETA — 1.0, the gas peak temperature profile is chosen to be
the actual gas temperature profile.

If ZETA . 0, the gas average temperature profile is chosen to be
the actual gas temperature profile.

Solving equation (416) for the actual gas temperature profile yields:

T

~~

5 — T
*vg 

+ ZETA LTp k  — TAvg~ (417)

The gas profile temperature effec tiveness is calculated to be:
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~GP — 
T - T for a vane (418)

4 3

and: T - T
— 

— T
TB for a blade (419)GP T4

where TTB is the blade row inlet relative gas temperature.

The WCFLOW module determined the average bulk metal temperature at the
pitch , TBULKP . The pitch metal temperature effectiveness is:

T - TGas BULKP
~M 

— 
T — T  

(420)
— Gas 3

This value is assumed to remain constant along the span of the airfoil.
With these calculations accomplished, the module can now calculate metal
tempera tures for any mission leg , cooling flow , technology level, or airfoil
section :

TG — T
4 

— 

~GP [T
4 

— T
3

] (421)

TB l k  — T
~~ 5 

— 

~M (T~ 
— T3) (422)

If the a i r foi l  is uncooled , the metal temperature is the same as the gas
temperature.

12.5 STRESS SCALING

The ASTRES module calculated stresses in an airfoil only for the design
point of the turbine. If the mission profile consists of operating points at
other than the design point, the stresses at these points must be scaled from
the known values. The stresses in a vane are scaled by the ratio of turbine
inlet total pressures, while the stresses in a blade are scaled by the ratio
of the shaft speeds squared.

These stresses can be increased , by an amount specified by the user, so
as to allow f or a factor of safety.
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Airfoil Type Factor

Vanes 1.0

Uncooled Blades 1.0

Simple Blade Cooling 1.1
(No Film)

Highly Cooled Blades 1.3

12.6 THE YIELD SUBROUTINE

The stress which was determined above could be above the yield point of
the material and therefore unsuitable for rupture calculations on vanes.
This subroutine is provided to handle this situation.

A stress—strain curve can be approximated on a log—log plot by two
straight lines:

a — E c elastic range (423)

= c ~ N plastic range (424)

With two plastic points known, the constants in equation (424) can be deter-
mined. The intercept of these two lines is the proportional limit. If the
stress in the vane is above the proportional limit, the strain is solved for
in equation (423) and substituted into (424).

12.7 DAMAGE AND RUPTURE LIFE CALCULATIONS

For given values of stress and temperature, the module calculates the
corresponding Larson—Miller parameter based upon the data in the material
data file. The life on any given mission leg is then determined. The life
of the airfoil undergoing a number of mission legs is equal to the duration
of the mission divided by the sum of the fractions of life used on each
mission leg.

12.8 BLADE ALLOWABLE VIBRATORY STRESSES

For a turbine blade, MISLIF will calcula te the amount of vibratory
L stress permissible in the airfoil. This calculation is carried out at the 

-

root as well as the spanwise location with the lowest life. The mean stress

~~~~ is considered to be equal to the centrifugal stress. From the material data
f ile, the corresponding values of the single—amplitude alternating stress are
determined. If the mean stress is greater than the highest value in the data
file, the allowable vibratory stress is set equal to zero.
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12.9 VAN E BALLOONING ANALYSIS - -

Cooled turbine vanes are pressure vessels. If a thin—wall panel gets
too large, it may creep and bulge under the influence of pressure. This
phenomenon is called ballooning.

Under the influence of internal pressure, an elastic deformation , 6e’
occurs at the center of the panel along with an elastic strain, Ce, and a
stress, a. This analysis makes the assumption that the shape of the dc-
flection does not change as inelastic deformation takes place. If is the
plastic deflection, then :

6 6
— -

~~~~~ (425)

The elastic strain and elastic deflection are readily determined by
plate theory . Thus if cp, as a function of time , can be determined , the
plastic deflection will be known. Test data have shown that if pressure is
applied to the panel, the stress at the center of the panel will not remain
constant but will decrease slightly with time as the panel deforms plastically.
With the creep data from the material data file, the module can determine how
long it takes for the panel to reach a certain amount of plastic deformation -

at any given temperature.

- 
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13.0 INTEGRATED DATA BASE

13.1 INTRODUCTION 
-

This section serves to explain the purpose and usages of the integrated
data base system set up for use with the CDC 6600. A look at the glossary of
terms in Section 13.8 may prove helpful. The integrated data base (IDE) is a
vehicle for storage and communication of data from many disciplines and many
activities on a common ground using a common language. The purpose is to aid
the exchange of information used in the design, development, and production of
jet engines.

Informa tion normally communica ted by paper , which has mul tidiscipline or
multiple user application , may be stored and communicated within the data base.
Users from all disciplines and functions, with a need—to—know, may access the
data from the base.

13.2 DATA BASE STRUCTURE

The IDE is actually a set of three indexed sequential files. The CDC
Record Manager was found to be sophisticated with a flexible structure and
flexible data content. The first of the three files contains the list of valid
10—character keys. A set of keys, arranged in a string of six levels, establishes
a category or structure under which data can be stored. A blank is a valid key
at any level. An abbreviated, yet still unique, numeric key string is generated
from the longer alphanumeric string. This string points to a location on the
second file which contains the names of the data sets associated with each key
structure and their starting locations on the third file where the actual data
values are stored.

13.3 DATA BASE FUNCTIONS

The current functions available to the general user are the abilities to
store data onto the data base and to retrieve it after it has been stored. A
third function, which necessarily precedes the other two , is the initialization
of the data base i tself .

Data are stored on the data base as a NAMELIST set. This convention is
compatible with many present computer programs, especially in the scientific
area . Data within the namelist set is identified by variable name . The

A 

variables may be scalar or d imensioned . Typing of variables is done according
to the FORTRAN convention (I—N are integer, others are real) with the exception
that Q—variablea are alphanumeric (comments , etc.) .

13.4 SECUR ITY FOR THE DATA BASE

Two passwords are assigned to each namelist as it is stored on the base .
Knowledge of the READ password allows a user to access the data for a namelist .
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Knowledge ot both the READ and WRITE passwords allows a user to edit data for
a namelist or add data to the data base. Normally, unsen~itive data wouldbe passworded rather loosely; for example, the passwords for namelists for
a component, or perhaps an entire engine, could be the same.

The presence of data and its READ password are disseminated on a need—
to—know basis. The WRITE password is an item of information which is not
disseminated.

13.5 BATCH FUNCTION S

Three operations can be performed in the batch mode. They ar~ theinitialization of the data base files, along with the loading of the master
keys; the transfer of data from a buffer file to the 1DB; and the retrieval
from the IDE to a buffer  file.

13.5.1 Initialization of the Data Base

Initialization consists of establishing the three data base files as
indexed sequential with the proper file descriptions and loading the master
keys onto the f irst  file. The initialization for all three files is only run
once. However, if new keys are added to the master list, the key file can be
reinitialized and reloaded without disturbing the other two files.

Following are the control card setup to run the initialization and a
listing of the key—tree file.
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— COMMAND— FETCH,INITCC.LJKUES

COMMAND— EDITOR

YOU HAV E AN EXISTING EDI~ FI LE
EDIT. INITCC

I OO=1DS,T20.1050,CM1 25000.SrcSA. P750587.KUES.X3153
.11 O=ATTAcH. INI rDB. INW HS ~ID=P75O5R7.
I 2O= I~EQUEST,DO,*PF.
1 30=REQUEST.DI ,*PF.
I 4o=PEQUEsr,D2,*pF.
1 70=ATTACH.STAPE5.TDSKEYS.ID=LJKUES.
I 8O COPYBF (STAPE5 ..~APE.5)
1 90=REW IND(TAPE5)
220 R~L( 60000)23O JN I TDB .
25O=CATALQG,DO,DBFILS.CY~ I ,RP=365.
260=CATALOG,Dl .DBFILSi CY~2 ,RP=365.270=CATITALOG, D2 .DBF ILS, CY~ 3 .RP=365.27Iz*EOR
272=*EOF
273 *EOF

COMMAND— BATCH. INITCC.IP1~UT,HERE

COMMAND—

-
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1 ETCH,ThSKEYS .LJKUE S

• .EDIT, 1DSKEYS

1 000= $K
10 1 0= KEYA (O01 )=”HPTUIB
1 020= KEYA (003)=”LPTURB il ,

1 030= KEYA (005)=” is ,
1040= KEYA (007)=”FLOP14 ii ,

1 050= KEYA (0O9)=~VANEO I iS ,

1 060= KEYA (OII)= ”VANECQ a ,
1 070= KEYACO I3)= 1 VANEO3 ii ,

1080= KEYA (015)=1 VANEO4 1,
090= KEYA (017)=”VANEO5
1100= KEYA (0I-9 =15VANEOS a ,
.1.110= KEYA(02I)= u’VANEO7 ii

,

1120= KEYA (023)=~’VANEC81130= KEYA (025)=”VANEO9 d~~

11 40= KEYA (027)=”VANEIO il ,

1150= KEYA (029)=5BLADOI Li ,

1 1 60= KEYA (031)=”BLADCQ ii
,

1170= KEYA (033)=”BLAI)03 as ,

1180= KEYA (035)=”BLADO4 a
,

1190= KEYA (037)=~’BLAD(Y1 200= KEYA (039)=’5BLADO6
12 10= KEYA (04I)=”BLADO7 Li ,
1 220= KEYA (043)=”BLADO~ 

ii
,

1 230= KEYA (045)=158LAD09
240= KEYA (047)=”BLADIO ii ,

1250= KEYA (049)=” U
,

1 260= KEYA (05u=~DSEC0I
1 270= KEyA (O53 =~DSEC 2 

a ,
1 280= KEYA (055)&’DSECO3 Ii ,

1 290= KEYA (057)=”ISECOI as ,
1 300= KEYA (059)&’ISECO2 as ,
1310= KEYA (061 )=”ISECO3
1 320= KEY A (063)= 5ISECOI 5

,

1 330= KEYA (065)=”ISEC(b a,
1 340= KEYA (O67)— 1 1SEC06 II ,

1 350= KEYA (069)=”ISECO7 a ,
1 360= KEYA (071 )=LSISECOR
1 370— KEYA (073)—9SECW a. ,• 1 380= KEYA (075)=’ISECIO

4 
- - 1 390— KEYA (077)—9SECIIs ~1,

1 400— KEYA (019)— 5STAOI Ir 141 0. KEYA (081 )— 5STAOI2 U
,

1 420= KEYA (083)— ’STAOI3 5 ,

1 430= KEYA (085)—5STAOI4 5
,

1 440— KEYA (087)&’5TA021

~~~~~~~
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$ 450. KEYA (089)SMSTAO22
$ 460. KEYA (09 1 )=MS1A023
1470= KEYACO93)= ”STAO24
I 480= KEY AC 095)=”STAO3I ‘5

,

1 490= KEYA (097)=”STAO32
1 500= KEYA (099)=”51A033

- 1510= KEYA ( 101 )= 515TA034 Li
,

1 520= KEYA (103)=”STAO4I a ,
1530= KEYA (105)= ”STAO42
1540= KEYA (I07)=55TA043
1 550= KEYA (109)=5STAO44 Ii

,

1.560= KEYA (1 .1l )= USTAO5I
1 570= KEYA (J13)= 5STAO52 LI ,

1580= KEYA (115)= ’STA053
1 590= KEYA (1I7)= ”STAOS4
1 600= KEYA (J19)= ”51A06I ii

•

1 610= KEYA (121)= ”STAO62
1620= KEYA (123)=11STA063 iS~~

1 630= KEYA (125)=”STAO64
1 640= KEYA (127)= 5SfAO7l
1650= KEYA (129)= ”SfA072
1 660= KEYA (131 )=51S1A073
1 670= KEYA (133)=”STAO74 -U ,

1 680= KEYA (135)= ”STAOBI, H ,

1690= KEYA (137)=”5TA082
1 7.00= KEYA (I39)= 15STA083
1710= KEYA (141 )=51STA084 ii ,

1 720= KEYA (I43)= ”STAOcIi as
,

730= KEYA (145)=”5TA092 II ,

1 740= KEyA (147)=’1srAoc3 a’ ,
1 750= KEYA (149)=51STA094
1760= KEYA (151)= ”STAIOl ii ,

1770= KEYA (153)=”STAIO2
1 780= KEYA (I55)=~ SFA I 03 ii ,

1 790= KEYA (l57 =”SrAI 0~ 
H,

IBOO= KEYA (159)=”
1810= KEYA (l6 1)= 5VERS (~-
1 820= KEYA (163)=a’VERS(2
1 830= KEYA(l65)~~ VERS03
1 840= KEYA(167)=’VERSO4
1850= 1(EYA (169) 5VERSO5 as ,
1 860= KEYA (17 1)= ”VERSQS
1870= KEYA (173)= 5 VERSO7
1 880= KEYA (I75)=MVERS (~ 

as ,
1 890= KEYA (177)=”VERSO9 a’ ,

1900= KEYA (179)=5VERS 1O Is ,

1 910= KEYAC I8I )= a’VERS.l l as ,
(9 20= KEYA (183)=’VERS I2 a’,
1 930= KEYA ($85)~~ VER SI 3 a’,
1940= KEYA (I87)~~ VEPSI4

_______ ~~~~:IIIEIII~~~~~~~ :~~~ _ _ _ _
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1 960s KEYA (19I )—~VERS I6 a ,
1970= KEYA (193)SaVERSI7 a ,
1980* KEYA (I95)~~VERSI8
1990* KEYA (197)&SVERSI9
2000* KEYM)-99)=~VERS20 

a ,
2010— KEYA (20I )—~VERS32020* KEYA(203)&’VER,22 U,
2030* KEVA (205)&VERS23 a ,
2040* KEYA(207)aIIVERS24 a ,
2050* KEYA (209)= ’VERS~~ 

a ,
2060* KEYA (211)MVERS26
2070* KEYAL2I3)s’VERS27 a ,
2080* KEYA (215)=’VER528 a ,
2090— KEYA (217)&’VERS2,) a,
2100* KEYA (219)&IVERS3O a ,
2.110* KEYA (22I)=”VERS3~ 

a ,
2120= KEYA (223)=~’VERS32 

U,
2130* KEYA(225)&’VERS33
2)40* KEYA(227)&’VERS3~ 

a ,
2150= KEYA(229)&’VERS35 1$,

2)60= KEYA (23 1 )=”VERS36 a,
2) 70— KEYA (233)aMVERS31 a,
2180* KEYA(235)m1 VERS3R IS ,
2)90= KEYA(237)&’VERSY II ,
22.00* KEYAc239)=aVERS4O
22)0— KEyakc24l )_ISVERS4I
2-220* KEYA(243)~aVERS42 41,

2230= KEyA (245)NISVERS43 II ,

2240* KEYA(247) 1VERS44 a,
2250* KEyA(249).ISVERS4S a ,
2260* KEYA (25l)a”VERS4~ 

aS ,
2270— KEYA (253)~~VERS47 

II ,
2280— KEyA (255)=MVERS4~ 

II ,

2290= KEYA (257)*~VERS49 
II ,

2300= KEYA (259)~~VERS5) 
a ,

23)0— KEYA (261)— MVERS51
2320* KEYA(263)*MVERSS2 a ,
2330= KEYA (265) ”VERS53 a ,
2340= KEyA (267)_ ISVERS54 a,
2350= KEYA(269)—~VERS55 

11,
2360= KEYA (271 )&SVERS56 II ,

2370* KEYA (273) 1’VERS57
2380— KEYA(275)_aVEP558 a,
2390- KEYA(2.17)=MVERS5) a ,
2400— KEYA(279)_a.VERSoO a ,
24)0— KEyA (28l)=~’VERS6e 

a,
2420- KEyA (283)=aVERS62 a,

2430* KEYA(285)—MVERS63 a ,
2440= KEYA (287) mVERS64 a ,
2450— KEYM289)=~VER565 

a,
2460— KEYA(291)— MVERS66 IS,
2410— KEYA(293)—~VERS67 

a ,
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2480= KEYA(295)=aVERS~~ IS,
2490- KEYA(297)—MVERS69 N,
25t)0— KEYA (299)—”VERS~)2510- KEYA (30I)=~VERS7i a ,
2520= KEYA (303 =NVERS72
2530— KEYA (305)=MVERS73
2540- KEYA(307)=HVERS74 a~
2550* KEYA (309)=UVERS75 IS,
2560= KEYA ( 3 11) = 1 VERS b 4*,

2570= KEYA(3 13)= ”VERS 77 IS,
2580= KEYA(3 l 5)=aV ERS~~2590= KEYA (3I7)=1VERS79 IS,
2600— KEYA(3 19)= 1V ERSBO
2610- KEYA (321)=”VERS8I
2620 KEYA (323)=”VERS82 II ~~
2630= KEYA(325 i=45V ERS83
2640= KEYA (327)&’VERSa. 1S

•
2650= KEYA(329)= 4*V ERS85 II ,

2M0= KEYA (331)= ”VERS&~2670- KEYA (333)=h’VERS87 IS,

2680= KEYA (335)— MVERS8B II ,

2690= KEyA (337)=avERs89
2700= KEYA(339)= 4*V ERS~~27) 0= KEYA(34 ) ) = 4*V ERS9I IS,

2720= KEYA (343)=”VERS92 IS~~

2130* KEYA(345)=ISVERS93 IS ,

2740- KEYA(347)=1 VERS94 II ,
2750* KEYA (349) 1VERS93 ii ,

2760= KEYA(35 1)= 4*VERS96 II ,

2 770= KEYA(353)Z ISVERS91 IS,
2780— KEyA(355)= aVERS9B II ,

2790= KEYA(357)= MVERS9? II ,

2800= KEYA (359)=M II
•

2810= KEYA (361)=~ 
a,

2820- KEYA (363)=1’
2830= KEYA(365)=” II ,

2840= KEYA (367)=~’ 
IS ,

2850= KEYA(369)=1’ N,
2860- KEYA (371 )_a a~
2870= KEYA(373)_a a ,
2880- KEYA (375)—1 41,
2890- KEysc3.77)aa a,
2900- JcEysc379)_a
2910= KEYS (381)=M N,

2920- S
~~~ il, 292)
‘
~~~

‘ 
~~

. 2922 *EOF
2923a*E0t
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13.5.2 Data Storage

Two steps are involved in the transfer of data frau a co~~utsr program tothe integrated data base. The first step is to write the data to be transferred
onto a perinfile. The second step is to move the data frau the peruf ii. onto the
1DB.

The functions which provide the capability of preparing data file, for
input to the data base and transferring those files to the data base are
WRITNA and STORE, respectively.

WR ITNA

This subprogram generates an image of a user’s NAMELIST on a p.rmf ii.
which is compatible with the input routines for the data base. The data file
is also NANELIST readable.

STORE

The execution of a STORE ~job performs the actual transfer of a data file
which has been prepared from a call to WRITNA to the data base. The store
control card setup and instruction file are prepared through a series of
questions and answers in the on—line program called BATCH. Following are the
setup and a sample instruction file. For an explanation of the BATCH program,
see Section 13.6.1. An explanation of the variables in the instruction file
follows the RETRIEVE example.
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BATCH- STORE

COMMANO— ATTACH .TAPElD.KE~YDATA

PF CYCLE NO. — 00$
COMMAND- EDITO1~
...EDIT.TAPEI 0.5

100— KEYS_ MLPTURBa ISVA NEOIa 4* a
.1) 0— $TESTNA
$ 20— DIA l— 1O*li RNAI —33.3 QNA I— TMOUTE R ’ INA2—2 INA3= 2*11
1 30= RNA2=6. 7. 9. 1 M 4 4
$40- S
150— KEYS— MLPTURB” VANEO241 4*MN

160= STESTNA INAI=4 5 6 .77 88 99
1 70= QNA l—~~ ECOND- I~AP’E.LlST — TAPEIO1’ RNAI II. 12. 3. 14.
180= $

t t&MAND.- ATTACH .BAT .BATIb

Pt CYCLE NO. 001
COMMAND— UAT

KEY STRUCtURE? LP~URB

FUNCTION COMPLETE.
FUNCTION DESIRED?BATCH

JOBID.PROGRAM NO. INANE? TDS.P750587,KUES

RETRIE~E/SrORE? StORE

FILE NAMEICYCLE NO.? KEYDATA.l

NAMELIST - TESINA KEY STRUCTURE —LPTURB .VANEOI . .
00/SKIP/SlOP? 00

READ. WRITE PASSWORDS .AL ~F- NAME? VEIL, TOWER .TESTOI

NAMELIST — TESNA KEY STRUCTURE •
LPTURB ,VAt4EO2 , ,
00/SKIP/STOP? 00

READ’NR ITE PASSW0RDS,ALT— NA~~ ? VEU ,QINQER ,TESTO3
END 0 DAT A FILE.

FUNCTION COMPLETE.
FUNCTION OESIRED?UONE

Sn,
.754 CP SEcO~~S ~~ECUTIUN TIME

‘.4

~~

. I

~ 

.
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13.5.3 Data Retrieval

As in the case of storage , two steps are involved in the retrieval of
data. The first step is to transfer the data from the 1DB to a perufile. The
second is to read the data off the permfile onto a computer program. The
functions which provide these capabilit ies ar e R ETRIEVE and READNA, respectively.

RETRIEVE

The execution of a RETRIEVE job performs the actual transfer of data from
the 1DB to a permf ii.. This file is NAMELIST readable. The control card setup
and instr uction file are prepared through a series of questions and answers in
the on—line program BATCH. Below are the control setup and a sample instruction
file.

READNA

This subprogram reads the data from the permfile created by RETRIEVE into
the NAMELIST variables of the user’s computer program.

4 I
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BATCH-RETRIEVE

COMMAND— ATTACH .BAT ’BAT I6

PF CYCLE NO. = 00)
COMMAND— BAT

KEY STR UCTURE? HP I1 JRB ,VA PI E OI ,,VERSO4

FUNCTION DESI RED? BA TCH

JOBID.PAOGRAM NO. ,NAME? TDS~P150587,KUES

RETRIEV E/STORE? RETRIE~€

FILE NA ME,CYCLE NO.? RETOUT,I

NAMELIST NAME ,READ PA SSPO RD,ALf-NAME?TESTO I .VELL

NANELIST NAMEIREAD PA SSWORD.ALT—NAME?TESTO3,VELL,TESTA I

rIAMELIST NAME,READ PASSmRD,ALT—NAME?DONE

FUNCTION COMPLETE.
FUNCTION DES•IRED?DONE

SrOp
.105 CP SECONDS EXEC UTION TI ME

186
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Namelist “KEYNL” Definition

KEYS - 6-word array in which the 10-character keys are defined
(correspo nding to the 6 key levels for the data base).
Define s the key structure for the NA MELIST to be stored/
retrieved.

NLNAME - The name of the namelist to be stored/retrieved.

IPWR - Th. read password for the namelist to be stored/retrieved .
IPWW - The write password for the namelist to be stored.

NSUB - Sequentia l occurrence on the buffer file of the “NLNAME”
NAMELIST which is to be stored on the data base.

NEWMAN - Alternate NAMELIST NAME
- Store-name used on 1DB
- Retrieve-name used on buffe r f ile

IPRIIff - If input is sero, no printout of the data stored/retrieved
will be generated
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13.6 0W—LINE FUNCTIOIIS

There are two on—line programs. The first , called BATCH, is used to build
the control card and instruction files, discussed in Section 13.4 , to be used
in storing data to or retrieving data from the 1DB. The second program , called
COIItAJID, allows the user direct access to the 1DB for querying and editing.

13.6.1 BATCH

When using the on—line BATCH program to build a retrieval setups file ,
only the program itself must be attached. In the case of a store , both the
program and the namelist key and data file created by the user ’s calls to
WRITNA must be attached . The following pages contain examples of both uses of
the program.

I
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STORE

tA PE8 is the out put file created by the on-line BATCH program.

EDIT.TAPE8 .5

L.A

1 00*1Db ,T20.1050,CUI 2s000.SrcSA. P 150587,KUES
.11 O ATTACH, DO. DSFILS CY— ’ .
I 20=ATfACH,Dl .DBFILS .CY=2.
I 30—ATfACH,D2.DBFIL~ ~~y=3.I 40-ATTACH .STORDB. STORHS.
1 50—ATrACH,5TAP,0,KEY1)ATA ICY— I.
16O cOPYBF (STAPIO,TAPE1O
I7OaRBIIND(TAPE1 0)
180* STURDB.
190**EIJR
200= SKEYNL
2) 0— KEYS (l)—lOHLPTU~B ,$OHVANEO I ,IOH ,IOH
220= KEYS(5)—IOH .1011
230* NLNAME— 7HrEsrNA ,NSUB— I,
240— IPWR—6HVELL ,1R~W—6HTOWER ,NEWNAM= 7HTESFOI ‘
250* $
260— $KEYNL
270* KEYS (I )—IOHLP11JPB .1OHVANEO2 .1011 .IOH
280— KEYS (5)—IOH ,IOH
290— NLNAME—7HT E STNA • NSUB= 2.
3f)O. IPW R—6HVELL .IPNN =6HRIP IOER ,NEWNAM=7HTESFO3 •3)0— 5

cOMMAND— BATCH.TAPE8.INRJT,HERF.
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RETRIEVE

TA PE8 is the output file created by the on-line BATCH program.

COMMAND — EDITOR

. .EDIT .TAPE8 .S

..L.A

I O0—TDS ~T2O, 1050 .CMI 25000, STCSA. P7505R7 ,KUES
.1 10-ATTACH .D0.DBF ILS,C Y=I.
120=ATTACH.Dl .DBFILS,CY 2.
I 30—ATTACH .D2 .DBF ILS .CY=3.
I 40-ATTACH .RE FROB. RETRHS.
I50=REQUEsT,TApElO,*~~ .I60-REI1~DB.I 7.0—CATALOO,TAPEIO.RETOUT ,CY= I .IIP=30.
I 80=*EOR
190- SKEYNL
200= KEYS (l)=IOHHP11JPB .IOHVANEOI eIOH .IOHVERSO4
210= KEYS(5)—)OH .IOH
220= NLNAME=7HTESTO1 • IPWR— 6HVELL .NEVINAMa7H
230= S
240* SKEYNL
250- KEYS(I)— IOHHPTUI8 ,IOHVANF.0l ,IOH .IOIIVERSO4
260* KEYS(5)— I0 H .IOH
270- NLNAME*7HT!~ST03 •IPWR 6HVELL ,NF~WNAM 7HfESTA I
280= S

..B

COMMAND— BATCH.TAPEB.INPJT,HERE

190
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13.6.2 COMMAND

In order to run the on—line COMMAND program, the three data base files
must be attached along with the program itself. The following pages contain
explanations and examples of the functions available. The EDIT functions
precede the QUERY functions which are followed by three utility functions.
For all EDIT functions both the read and write passwords must be known. Only
the read password need be known to perform the QUERY functions.

A special response that is used across most functions is the word END.
It is used to move to a higher level question within a function or to leave
a function entirely. Its usage is included in the examples.

COMMAND- ATTACH.DO,DBFILS,CY— 1

COMMAND— ATrACH .DI,DBFILS ‘CY—2

COMMAND— -ATTACH,D2.DBFIL~ .CY 3

COMMAND— FILE (DO,~ O—IS,BS=32O)

COMMAND— FILE (DI.r0—IS,BFS—384)

COMMAND— FILE (D2,t 0—IS,B S=384)

COMMAND— AT fACH,CMD, CNDHS

PF CYCLE NO. — 003
COMMAND— CMD

KEY STIIUC11JRE? HPTUPB ,VANEOI ,,VEsISO4



-----—- - -

ADD NA performs the EDIT function of adding a namelist , with reaü and
write passwords , to a given key structure.

FUN CT I ON DES IRED?ADD NA

NAMEL IST,READ .WRITE PASSt4ORDS? TESTOI .VELL .TOWEI~
VAR IABL E,DIMENSION? INTI,8

DATA? 8I,82,83,84,S5,86B7,88,

VARIABLE .DIMENSION? REAL,I

DA fA ? 1 00.5,

VARIABLE,DIMEN5ION? OCWR.3

DATA? FURBINE DESIGN TEST VARIABLE

VARIABLE ,DI MEN5ION? END

NAMEL IST,READ.WRITE PASSWORDS? FESTO2.SEPT.l 977

VARIABLE.DIMENS ION? I NT2 .1

DATA? 5.

VAR IABLE .DI MENS ION? REAL .l 0

DATA? I •2.3.4.5 .6.7,8.9,$ O.

VARIABL E.DIMENSION? Q2Ii I

DATA? LURBINE

VARIABLE .DIMENSION? END

$AMELIST,READ,WRITE PASSWORDS? TE5103,VELL,RINGER

~~~~ VARIABLE,DIMENS ION? Q31,4

DAtA ? SANE READ PASSWORD NEW WPITE PASSWORD.

VARIABLE 1DIMENSION? END

NAMELIST,READ.WRITE PAS9~IORDS? END

FUNCTION COMPLETE.

192
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ADD VA performs the EDIT f unction of adding a variable to an existing
namelist.

FUNC TION DE SIRED?AflD VA

NAMELI$T,READ,WRITE PASSWORDS? TESTOI ,VELL.TOWER

VAR1ABLE~DIMENs ION? 02,4

DATA? CHAR ACTER VARIABLE ADDED iHRU ADD VA

VARIABLE,DIMENSION? bND

NAMELIsT,READ,WRJTE PASS~
(0RDS? END

FUNCTION COMPLETE.

RIP VA performs the EDIT function of deleting a variable from a namelist
and replacing it with a new variable with the same or different name and
dimension.

FUNCTION DESIRED?REP VA

NANELIST.READ.WRITE PASSWORDS? TESTOI ,VELL ,TOWER

VARIABL E TO BE DELE tED? INT2

~ARIABLE,DIMENSION TO BE INSERtED? INT22,5

DATA? 10.20,30.

DATA? 40,50,

FUNC t ION COMPLETE.

~~~~ 
.- .V -
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DEL NA performs the EDIT function of deleting a na.elist, with read and
write passwords, from a given key structure.

FUN CTION DESIRED?DEL NA

NAMEL1ST,RE*D .WR ITE PASSWORDS? TESTO3.VELL .RIPIOER

FUNCTION COMPLETE .
FUN CTION DESIR ED ?LI ST

READ PA SSWORD? VELL

NAMEL ISTS

TESTO1

FUNCTION COMPLETE.

DEL VA performs the EDIT function of deleting a var iable from an existing
nameliat.

FUNCTION DESIRED?1)EL VA

NAMELJST,READ,rRITE PAS~ I ORDS? FE S TO2 .SEP T, I9 7 I

VARIABL E TO BE DELETED? REAL

VARIABL E TO BE DELETED? END

FUNCTION COMPLETE.
FUNCTION DESIRED?LIST N

NAMELIST NAME,PEAD PASSWORD? FEb f02. SEPT

NANELI ST — TESTO2

INT2 — I —
021 — I —

FUNCTION COMPLETE .
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N!WPAS performs the EDIT function of changing either or -both passwords of
a given naaslist.

FUNCTI ON DESIRED?NEWPAS

NANELIST,CUQRENT READ .WRI TE PASSWORDS? TESTOI .VELL.TOWER

NEW READ.WR ITE PASSWORDS? VELL.BRIDOE

NAMELIST,CIJRRENT READ,WPI TE PASSWORDS? END

FUNCTION COMPLETE.

LIST performs the QUERY function of listing all nainelist names f or a
given key structure and read password.

FUNC tION DESIRED?LIST

READ PA SSWORD? VELL

NAMELISTS

fESTO I
-; LESTO3

FUNCTION COMPLFTF.

~~~~
- 

- 
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LIST N performs the QUERY function of listing the structure (variable
names and dimensions) of a given namelist under a given key structure and
read password.

FUNCTION DES IR ED?L IS T N

NAMELIST NAME .READ PASSWORD? TESTOI.VELL

NANELIST — TESTO)

INtl — 8 —
REAL — 1 —
QCHAR - 3—
02 - 4 —

FUNCTION COMPLETE.

SCAN performs the QUERY function of listing all namelist names and their
structures for a given key structure and read password.

FUNCTION DES IRED?SCAN

1~EAO PASSWORD? VEL1..

NAMEL I ST — TESTOI

INT l — 8 —
REAL — I —

OCHAR — 3 -
02 — 4 —

NAMEL I ST — FESTO3

031 — 4 —

FUNCTION COMPLETE .

-I-
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SCAN N performs the Q(~~Y function of lisetag th. str ucture and data
contents of a given nans list under a gtv.n key str ucture m d  rea d pssswor d.
SCAN N also can be used to list the structu re and contents of ons variable
of a naaeltst. Examples of both uses are •honn .

FUNCTION DESIRED?SCAN N

N AN ELIST NAME,READ PASSC~D,VARjA$LE NAME? TES 102.SEPT

NAMEL I ST — TESTO2

INT2 — I —
5,

REAL — 10—
I .00000E+0O, 2.00000E+0O, 3.00000E+oo, 4.00000E.O0, 5.00000E,00.6.00000E+00 . 7.00000E’ 00. 8.00000E.O0 . 9.fl0000E+0O. I .00000E.OI,
021 — I - .

TURBI NE

FUNCTION COMPLETE .
FUNCTION DESIRE1~?SCAN N

NAMELI~ T NAME .READ PASS~~RD . VARI ABL E -NAME? TESTO2.SEPT.Q21

NAMEL IST — TESTO2

021 — I —

TURBINE

FUNCTI ON COMPLETE.

KEYS causes the user ’s current key st r ucture to be displayed.

FUN CTI O N DESIRED ?KEY S

** CURRENT KEY STRUCTURE **
HPTURB • VANEO I • • VERSO4

FUNCTION COMPLETE.
- V

• 
~~-
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I
CATALOG causes all vslid kiy. for a requested level to be displayed. To

exit fr om thi s function, resp ond-i to KEY LEVEL ?

FUNCTION DESIRED?CATLO G

KEY LE V EL? 2

* VALID KEYS ARE—

FLOPTH • VAN EOI • VANEO2 , VANEO3 • VANEO4 • VANEO5VANEO6 • VANEO7 • VANEOR , VANEO9 , VANE IO • BLADO)
BLADO2 • BLADO3 • BLADO4 • BLADO5 • BLADO6 • BLADO7
BLA DO8 • BLADO9 , BLAD IO

KEY LEVEL? I

* VALID KEYS ARE—

HPTURB • LPI1JRB

KEY LEVEL ? —1

FUNCTI ON COMPLETE.

DONE, when entered at the FUNCTION leve l, te rminates the program.

FUNCTION DESIRED?DONE

PROGRAM SlOP.
EXIT

.430 CP SECONDS ~~ECUTIaN tIME

V 
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13.7 LIMITATIONS

Some current program limits are :

1. Namelist names — 7 characters

2. Passwords — 7 characters

3. Variable names — 7 characters

4. Maximum dimension- of a variable being added on—line — 450 words

5. Maximum number of variables in one NAMELIST set in a batch
store — 25

6. Maximum size of all data for one NAMELIST set in a batch store —

948 words

13.8 GLOSSARY

For the nonprogrameing user, this list should help clarify some of the
frequently used terms in this section.

DATA BASE — A structured collection of information on a computer
• storage device.

MANAGEMENT SYSTEM — The software which governs transactions with
the data base.

APPLICATION PROGRAMS — Specialized user—generated software which
utilizes the functions provided in the management system.

KEY TREE — A logical hierarchy defining the placement of data on
the data base.

MASTER CATALOG — A catalog within the data base which contains the
entire set of keys available at all levels of the key tree .

KEY — A word or abbreviation of up to 10 characters identifying a
logical location within a level of the key tree.

KEY STRUCTURE — A combination of keys which locates a data set on
the key tree.

• DATA SET — An organized collection of data which is generally related
by its applicability to some problem or process .

NAIIELIST — A co only used facility to identify a data set .

FUNCTION — A specific operation on a data set.
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V 14.0 CONCLUSIONS

The foregoing sections of this volume have dealt with the calculation
procedures employed in the major modules of the Turbine Design System. They
provide a record of the level of effort which is involved in a preliminary
design phase of a turbine design project. Furthermore, they provide insights
to the system user in understanding and interpreting the results at each step
along the way.

It should be clear that the modular arrangement of the system provides
the flexibility necessary for the iterative interactions which are natural
characteristics of the design process involving multi—discipline require-
ments and decisions. Having this calculation system in a computer time-
sharing environment and coupling it with the input/output data handling
features provided, results in a potential for increased engineering produc-
tivity and an opportunity f or greater in—depth penetration on a new design
before having to comait to a final detailed design phase.
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