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ABSTRACT -
J

THe continuous empha;is placed, on obtainirng higher
w;rk outputs from Gas Turbines has led to the design of
turbine blades having\iarge tu;ning angles: |

As part of a research prdégram co-sponsored by the .
Nationdl Resqaéch'Council and Pratt and Whitney of Canadz
Ltd., this work examined‘the.aerodynamig behaviour of the .
root §ection’of the highly curved turbine'blade under
investigation. \

An intermittant blow-dowh winé tunnel was used to
test a two.dimensional cascade of high turning angle turbiné
blades. The tunnel wég_modéfied to alloy improved flow
control at the: desired operating conditions. -

A computerized scheme was developed’whereby the two
dinfnsignal‘popehtial flow‘soluti;ns cou}d be obtained by
merely specifying the qasdade geometry and inlet flow. This
allowed the direct comparison of theoretical and experimenta¥
blade surface preséure distributions. ' The effect of overall:

pressure ratio on the variation of exit-gas angle and total
) «

head loss coefficient was also investigated experimentally.
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NOMENCLATURE .

« -

Description Units
exit flow area " inches2
blade chord ~ inches
drag coeffic¢ient —
curvature of streamline inches ™!

on orthogonal (inverse
of radius)

pressure¢e surface curvature inches'l
) |
suction surface curvature inches
diameter of body causing wake inches
diamet;r of first tube inches
diamctor of second tube inches
error ’ ] p:s.1.
length of first tube inches
length of second tube inches
Mach _number ——
distance along an ortho-
gonal measured from the ’
suction surface
orthogonal length inches
static pressure ‘ p.S.i.
difference between initial
apd fiqal pressures p.s.i.
outlet dynamic head T
blade pitch inches
pressure rise time - ’ seconds
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Arabic Symbols ' Description Units .
0 — .
N \AU' velocity . f.pss. ' |
u . velocity .in wake f.p.s. 3
“Vy volume pof first tube inches> ’ - ;
vV, volume of second tube inches3 N
vertical coordinate inches

distance downstream ' .
Greek Symbols

« stagger angle degrees "
B 1n1e} gas angle degrees . A
8 mixing length/wake thickness inches™! :
. ... !l
. . 4
8% displacement thickness inches
699 boundary laver thickness. inches
) 4
R
by total pressure loss L ‘
" coefficient
. : \ i
' Subscripts i
1 inlet section IR '
2 outlet section .
s suction surface . ; . k

P . " pressure surface “ ?
o ® stagnation
i
mid . midstream ‘ — .
press . pressure surface i
atm, a atmosphere .

m ) transducer

0 N -



&

~ CHAPTER 1
INTRODUCTION
I

Due to the com lexity and three dimensional character
, p - b)

of the flow between gas turbine blades having high turning
‘ sade: ]

4 .
angles, various simplifications have been adopted in- the

.

quest for accurate design data. Primarily, ;hé flow across,

-
-

individual blade sections has been treated as two dimensional
} ' ) ' . o ¢
flow in which a rectilinear blade cascade is used with the

appropriate inlét and-outlet flow conditions. Because of
i :
.the limitations involved in the theorctical models of such

flow, experimenﬁél invéstigafions,have bcen;adqpted as the
primary‘source of blade de?ign data. Referépcg {1} points
out that ''the use of two-dimensionally deri;éd'flow char-
aéteristics".;uﬂhaé generally been sétisgactory=for*cqn§crva-
tive units'. “Althpugh such three dimensional effects as
radial pressure gradients can not be invcstigatéd; a great‘
"t deal of'important basic inforfiition on blade surface préssure

; y loss coefficients and, to a lesser

. . .
.extent, bladc surfate boundary layers can be derived-

. . ® # .
" Early experimental cascadégresults were quite sensi-

5

tivé to ihdividual tunnel design and opefatioh (1] making

reproduction, of results difficult. Hence, onc of the major

L3y

aims of this thesis was to improve the operating character-

= <
.
.

.

~

istics of the existing cascade wind tunnel to permit reproduce-

-

-t




7?
ible results to be obtained at high pressure ratios. Chapter
3 presents the tunnel modifications and results achieved.

In an effort to achieve greater work output per stage,
. <\ e
the turbine designer has continued to increase the axial

- o -+
~r

flow véIocity, ﬁressure ratio; total turning angle and blade

speed. All of ‘these changes have resulted in supersonic flow

patches on the blade surfaces. The ‘turbine blade profile

-

unde}zinvestigation in this work is shown in Figure 1. It is

“referred to ag the‘Stagger angle (a in Figure 1) and was - |,

]

the root section of a turbine blade currently being investigated

. 'JHHET\Q“LEIREES research program cosponsored by the National

Research Council\gﬁa'?ratt‘and Whitneg# of Canada Ltd. For

hlgher than critical pressure ratios,\fie|obtain a high sub- *

.sonic inlet condltlon while the disc ge becomes supersonic

in the expan51on process just downstream of the exit plane

(see Figure 29). This is a '"low loss' condition because
generally 6oundary layers are suhjectéd to decfeasipg-pressures
on thé suction surface of the blade. The blade's high turning
angle also results in a proflle Wthh 15 structurally stlff

and allows area for coolant flow passages. e

~

Five quantities ba51ca11y determine the aerodynamic

-

behaviour of a cascade with ideal flow. ©One of these is blade
shape expressed in te{ms of thickness distribution’and camber.
(see Figure 1).‘ Another quantity is the orientation of the

b]édes_with respect to the cascade principal axis. This is .

AN

’
~

approximately 24° for the cascade testédd. The third quantity

! .
is the solidity (¢ = c/s) which in our case was about 2.1.
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+ " 3

The geometry of the cascade of blad s“is defined with theée
three quantities. Finally, the direction of air flow (é in
Figure 1) and Mach number must be known upstream of the cas-
cade. Theorptiéal{y, éll details of the flow of an ideal
inviscid fluid can be determined from these data.

Besides the objective just mentioned, this thesis
had two other pr}mary goals. The first was to test a two:
dimensional cascade of turbine blades with the.profile as

\

illustrated to obtain the following inforymation for a range of

exit Mach numbers and-inlet gas angles:

(1) pressure and suction surface static pressure .dis-
L
tributions, .
. L4
(i1) average passage exit flow angles,
(iii)" total cascade loss coefficients.

dhaptgrs S and 6 present the e§perimoﬁtal resuits and dis:
cussions. . ’ -

This'da;a will assist in determining tHhe acceptability
of such high Egﬁping angle blades with'reggrds tP possible
boundary layer separation due to adverse pressufe éradients.
Since this blade is likely to be used on the gas compressor
turbine, it is important to know the;exit‘flow aﬁglg and
a§ailab1elf10w cnengyefor design of the next turbine stage.

The last }hesis objective was the development of a -
computer program iQ specify the flow.passage quasi-orthogonals
(see References {Zf and [3] for explanation) required for

input to the existing potential flow streamline curvature

program (developed by Malhotra (3]). The téchnique employed

-



- 5
anpd the accuracy achicved are discussed in Chapter 7. The
streamline curvature program was modified slightly to cal-
blade 1ift fofdg and to present theoretical pressure

; AN
4 . . . .
and Maelfl number information in both tabular and graphical

culate the
form. The graphical presentation in particular allows direct
comparison with experimental results. These are also shown

“

in Append li.{}‘-\'l .
The:thesis objectives are summarized as follows:
(1) the improvement of the wind tunnel operating
éharacéeristics . -
(2) the testing of the spfcified turbine blade profile
(3) the development of a computer program which éonstrgcts

and specifies the potential flow orthogonal grid.



CHAPTER 2 ‘ -
/ LITERATURE SURVEY

: The rapid rate of gro&%h and development of the gas
turbine industry in recent years has been brought QQSUt mos t
significantly because of two factors: 2

(1) metalluréical advances have allowed the use of high
temperatures in the opérating parts of the turbine
leadiﬁg to a cooled turbine blade.

(ii) the accumulated knowledge in aerodynamics and thermo-’
dynhmics has made possible the acsign'of more efficient

] compressors and turbines.

The present dayv concept of a gas turhine syvstem was first

b .
patented in 1884 by John Parsons of England [(J4]. At this
time and until the 1920's turbines were designed assuming one
dimensional ﬁlbw through the blade phssagcs. However, the
nced for higher axial flow compressor efficiencies led to
the development of two dimensional tlow theories. ELarly

FJ
\theoretical models considered cach blade as an isotated 4ir-

.
foil and congequently, actual design work relied heavily oﬁ
the rcgults of twé dimensional cascade testing [3]. As
mentioned in Chapter 1, these results were very sensitive to
the specific tunnel used making correlations of isolated

P . : . . .
data very difficult. T[he problems experiecnced were primarily

Jue to failure to obtain truce two dimensional flow. I'n t?c

.
™~

o
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late 1940's, British experimentors Carter and Howeil were
among the first to make effec;ive use of early éascade .
fnvestigaéions.

Recently tﬁe use of effective tunnel boundary layer
control {i.e., suction, blowing, etc...) has resulted in more
consistent test data which shows better correlation with
theoretical re§u1;s. This is primarily due to to the minimization )
of boundazz layer induced secohdary flow effects. However,

. .
most of the available cascade test data has been obtained at

*

A

low speeds (Mach numbers of 0.3 are usual) and this is of
questionable value when higher velocity chéracteriétics are
required [1). Since this thesis presents high subsonic and®
low supersonic cascade results, the data présented is”
considered to be a'contribution to turbine design.

The first turbine blade profile results from the blow-
down wind tunnel used in this thesis were obtained by Stannard
[2],‘ He demonstrated that flow in the tunnel exit plane was
sufficiently two dimensional for the cascade results obtained
to be meaningful. Stannard continued to investigate the high
turning ahgle blades shown in Reference‘[Z] and demonstrated
the effects of variations of angle of attack and pressure ~
ratio on the blade's surface pressure distributions. Due to
tunnel limitations, he was able to get good flow control for
long time spans (]2 seconds or more) only at pressure ratios
of approximately 2.0 and bélow; Thus, there existed a need

to extend the tunnel operating time and improve its stability

Ay




for high pressure ratios. References [2], [S5], [6] were used
as guideslin attempts.to do this. Reference [6] also dis-
cusses error analysis of effects induced by moisture and
turbulence in the cascade inlet flow.

Reference [7] presents severdal two dimensional cas-

8

cade test results from the National Gas Turbine Establishment
in Britain and discusses ‘the various generalized plotting
techniques. These plotting thhniqﬁes require the selection
of a design paint for each set of flow conditions. Howell [8]
arbitrarily defines the design point as that where the fluid
deflection is 0.8 times the stailing‘value of deflection, The
latter is defined as the point where the loss coefficient is,
tﬁﬁce that of minimum loss. Lichtfuss and Starken 19] examined
the effect and position of expansioﬂ and shock waves ln‘the
throat region. )

A thorough review of the available Tow speed exit
angle data and ﬁmcoretical predictions is. found in Reference
[1]. Thg&ﬁgggg;oﬂ the nced for high Mach numbor tcstinﬁhbeforo
acccptéh%c models for the determination of exit flow devia- "]
tion can be formulated.

The theorctical prediction of flow of a viscous
fluid through a cascade is highly complex and, as vet, canpot
he determined in its generalized quﬁ (1], In most cases,
the effects of viscosity are concentrated at the blade surtaces
and the problem can be treated using boundary laver theory.
The work of Stannard [2] and Le FJII [10] arc examples of

improvements to the basic potential flow solution by including
- , N i #“'#""‘



boundary layer cffects. Oufsidc a narrow rcgion near the bhlade
surfaces, the flow is. practically irrotational and potential
flow calculations have been shown to providé useful informa-
tion regarding the flow in a blade passage despite completely
ignoring visccsity. Even when thick boundary layers or
separation exists, potential flow derived preésure‘distribu—v
tions are indespensﬁpie for boundary..layer calculations. For

these reasons, two dimensional flow solutions are probably

the most important single theoreticak>tool with which to

‘2

analyze cascade flow (1. - .

-

Reference [5] is a good examplie of recent attempts
at combining potentigl flow theory, viscous flow effects and
empirical results. Both References (1], [3] provide an
extensive survey of the existing planc potential flow theory
and available mothods.\ These reviews indicato‘?ﬂht the
availablc.design theory, although not simple, 1s uscablé
and has established a firm undorstandiné of the idecal (low
through two dimensional cascade blade scections.

The streamline curvature technique selected tor use
in this thcsis,.is a development of methods dating back ro~
the 1950's |1}, This method is slightly inaccurate under
transonic conditions but has the advantage of berny inespensive
and qg}ck in operation [2]. It can hc‘classifiod as a
“dirbcé“ imstecad of “inverse" potential flow technique,
Reference {1} includes a complete dissertation on this point.
The method was programmed for use on the cbmputor by Malhotra

L

[5] and several improvements were incorporated bv Stannard [2].

3 ¥



' CHAPTER 3
THE CASCADE WIND TUNNEL

3.1 General Description

-

As discussed in Reference [2], an intermittent "blow-
down'" system was designed primarily to avoid the higher
. § :

capital and running costs associated with a continuous flow

i)

tunfiel. Reference [11], for example, cites how a reduction in
power requirements of greater than 905 is accomplished when a
blow-down instead of a continuous flow tunnel is used. Since

a deta{lod description of the cascade wind tunnel and related

)
equipment is included in Reference [2]}, only a brief outline

P

will be givén here. An overall view of the test equipment is
shown in Figure 2.
A large V-twin oil free compressor compresses atmeospheric

air to approximately 110 p.s.i.g. This air is delivered

at a rate of 500 S.C.¥.M. through a water cooled uftor-cod'cr,

-

and an air drier to four cylindrical storage vessels.  These

vessels provide a storage capacity of 1080 cu. tt, Originally,
one 4% diameter pipe with two control valves caonnected the
reservoirs to the tunnel. The first valve is an air actuated
butterfly valve for primarv on-oft control of the air flow.

The second_is a variable position ball valve, also arr actuated.

A« outlined in section 3(iii), several modifications were

‘

10



Figure 2 Overall View of the Test Equipment
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.

o
considered necessary in order to .obtain the maximum utilization

of the tunnel. The position of the ball valve during a
discharée is controlled by an automatic feedback controller
which compares the measured plenum pressuré with the 'set
point"‘pressurc. T@is latter quantity is manually set to the
desired plenum pressure before a run. The controller is
equipped with proportional, integrating and derivative feed-
back loops, ali of which are described in detail in Reference
[2). Since the controf‘systém only adjusts the ball valve
pos&tion wvhen plenum pressure fluctuations of about 0.7 p.s.i.
N

occur, good flow centrol at pressure ratios below 1.3 is
difficult to attnini"This is especjally true at large exit
areas where it was freoquently necessary to make several rung,
to extract the necessarv flow information with proper accuracy.
Since the plenum pressure stabilaty was cx%ré&elv sensitive
to variations 1n initi1al control setting, Lonsidornh}o patiecace
was required to attain acceptable standards.

Fipure 3 is a shetch of the original tunncel lavout
including relevant dimensions.  The cascade angle of attack

15 varied by rotatine the calxl»rjtod turntable on which the
blade cascade i~ mounted.  Reference [ dcsc}xhv< several

of the modifications made to permit turbine blades to bo.
tested.  Inttially the tunnel was used at lower prcs<u;c ratios
to test compressor blade cn%cadch' Hence, Stannard [}
reinforced and improved nanv of the compenent parts.  The
result was that the tunnel could withstand the greater operat-

ing loads experienced when used at pressure ratios suirtable
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14 5.

: for turbine blade testing with exhaust to atmosphere.

-
[

\3.2 Required Improvements for New Testing .

N

After extension of tests to pressure ratios grcntef
- r

»

than 2.0, it was decided that the cascade winJ‘tunnel, as
described above and in Reference (2], required several altera-

tions for the following reasons: ) ; ct

(a) . Running times for high plenum to exit prcssu}o‘Yatlos

were too short (in the order of 7 - 10 seconds) to allow a’

sufficient number of measurcments to be made using the exist-

. ing scanivalve equipment. )

{(h) At pressure ratios greater than 2.0, control of the

plenum pressure was difficult and flow conditions were not

casily reproduccable. - .
(¢) Vibrations induced during a tunnel discharge wore
s
trnnqmﬁktcd to the force - balance pressure transducer
) A .

-

mountcd above the plenum. This resulted incundesirable *'porsel

~ ©

in the transducer output.,
e P
(d) An insuftficrent number of brass blades to be tested

were avartlable to 1l the whole ot the exat apea at the'

I

required pirtch and inlet pas angle.

. \./. ) . \
() Fhe total temperafure vartation Jduring g discharge
was ;xquirc& for boundarvy laver caleulation,
¢ -

(1) Centrol of the main shut-otf valie was rvequired ar

-

. - -
the test section location for ¢ale of gperation,

<3



T

¢

»

-

t

15

3.3  Tunnel Alterations ) : .
% . .

The tunnel running time was improved by making several

modifications. ~The first reduced the leakage problem. As

can be seen in- Flgure 9 additional 1/2" bélts,were inspalléd
next to the fixed and slldlng 51de walls. These -bolts are

capablc of holding down the tunnel top aloﬁe and, -thus, effect-

o

ively reduced the side leakage. Following this, the turn- )

: - . 9 .
table top was reinforced by a 3/4" stainless steel plate
- v

Thls prevented leakage. which was occurr1ng over the top of
the blade holder. Probgyaoldqr brackets and O-ring probe

scals werce included on the plate as can be seen in Figure 4.

*

The sccond problem concerned the control valve and

its non-lincar characteristics at the cktrgme end of its travel.

-

After a lengthy .test period, it was deccided that no comblnatlon

S

-of control Settlngs would resnle in an acceptaple and repro-

R
duccable plenum pressure vquat1on during a discharge. The

electronics of thd fecedback control spstom'was thoroughly

tested and found to be in good'coﬁditiop. sIt was %inully deter-
mi;¢d that the problem was the result of the characteristics

of the main loxboro cqntrol valve itself. It can be sc¢en

in Refeyence [2] that atrvalve openings above 90%, the plenunm

pressure becomes extremely sensitive to changes in valve

,

J;..

position. 1nce valve openings this large were rcuULxed to

=

give the desired prossufc ratios, the controller valve svstem
was unstable, continually overshooting and, undershooting the

set point pressure.  Thus, it was necessary to shift the

valve operating condition to a less sensitive part of its

. . N
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) Figure 4 Test Section Instrumentation and Blades
. - -



4 17
travel - to say 50-90%5. To do this, and still maintain the-
desired plenum pressure, a 2" ‘by-pass piping system was
installed around the control valve as shown in Figure 5. The
butterfly valve which was installed in the.bv-pass allowed
control of the’amount of by-pass and was completely closed
when pressure ratios lower than 2.0 were required. Figure 6
shows a typical plenum pressure variation .before the by-pass -

i’ 3

was installed. Also shown is a similar run using the bv-pass
with its buttérfly "'memory valve' set to the'9/16 open position.
This variation of plenum pressure was considered satisfactory.
[t should be noted that the test rig is generally a high sub-
soni¢ and low supersonic dischargc‘apparatus and hence good
pressurce control below an exit Mach number of about 0.45 Ls
bevond the capability of the pfcsent cquipment. .

Problem (¢) was solved by mounting the pressure trans-
ducer such that rubber separated it from the tunncel. A
Tvgon hose was used in place of the cexisting 1/2'" steel prpe
for th¢ pressure connection.

The fourth problem nequired the installation of 1/2"
stainless steel side ramps on the inside surfaces of tho'moving
side ramps (sce igure 7 5. Plastic I)O(IV' il 10}"h115,.<PK)Otllvd

. -
in to permit a gradual contraction fram the plenum. ~ This
-
considerably reduced the number od blades required.  the
remaining blades used at the cascade's outer odge were those
tested in Retference |21, staveered such that the mintmum area
between any two blades was the <same as that hetween  the blgdes

under tnvestication, 'hiis coriteria bhas dirfficult
A\l
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to satisfy as, due to the diffgring blade shapes, the minimum
area was not always at the trailing edge. Thus, instead of
attempting surface to surface measurements éo position the
blades, a computer program was written to plot the surface
of the blades being tested beside the filler blade surfaces
rotated thfough various angles (see®™Figure 8). The minimum
length between the different blade surfaces was measured and
the correct angle selected. "The positionéaof the filler
blades relative to each other were determined in a similar
fashion. Aluminum,templates, as in Reference {2], were made
and used to ensure the correct stagger angle. .

A half cylinder total temperature probe was constructed
using the specifications recommended in Referen&e.[lZ]. The
temperature sensor was a éopper-cénstantan thermocouple and
an ice bath was employed as the réference temperature. The
probe was inserted through ‘an O-ring seal into the ceﬂter of
the plenum region (see Figu}e 9). Temperature-time variations
during a discharge are shown in Figure 10.

Finally a switch was installed at the test secticn
which by-passed the main control valve switch, thus transferr-
ing control to the test section locatiéq. This greatly |

-

simplified onec-man testing proccdures.

g
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CHAPTER 4

: INSTRUMENTATION AND
EXPERIMENTAL METHODS

4.1 Transient Flow Instrumentation

The principal objection to the use of blow-down
wind tunnels is the fact that steadv flow conditions, during
which time-meaningful measurements can be made, are available
for a relatively short time span. In the tunnel used for
this investigation acceptable flow conditions lasted for a
maximum of 15-20 seconds for pressure ratios above 2.5 (at
moderate angles of attack). The N.AE. five foor wind tunnel
deﬂcrihcd in Reference [11] provides run times of-about 20
seconds. llence, instrumentation on such tunnels must be
capable of high response rates to allow rapid measurements.
References [2], [13] discuss several of the possih&o methods
of obtaining experimental data under these conditions. The
technique selected was the use of a motor‘drivon sciqnlng
valve (trade name Séuni-vulvc) alternately connecting several
pressure ports to one.central transducer.  \dvantages of such
a svstem include low cost, reduced cnlihr&tion requirements
and a fast re<bon<o time duce to the low volume of the trans-
ducer and the internal passapes. Readvy availability was
another factor in its sclection.

lhe following sections ot this chapter describe the
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instrumentation and ancillary equipment. -
3

’ | I

4.2 Pressure Measurement

The upstream plenum static pressure was continually
measured using a force balance type pressure transducer*
mounted on the"tunnel.top. Its operating cﬁaracteristic5
are outlined in Reference [2] and Figure 9 shows its location.
For exit flow measurements, a diaphragm type pressure trans-
ducer** was used, mounted Enside a Scani-valve*** chamber
(a discussion of differéﬁt pressure meésuring systeqs is
given in Refgrence [2}). The scaniyalve transducer was
calibrated using bottled Nitrogen aﬁd h‘Wallace an@ Tiernan-
gauge**** 35 a standard. The'calibration curve is shown in
Figure 11. The plénum pressure transducer was.calibrated
"on site" using the Scani-valve whiéh“had previously been
calibrated and air pressures as supplied by the shop air-
system through a reducing valve. Figure 12 shows its calibra-
tion curve. Electrical outputs from both transducers were

recorded on a two pen chart recorder***** manufactured by the

* Foxboro E11AH serics ‘absolute pressure transmitter
* & Druck PDCR-22-Scani-valve Inc., San Diego, California.
KAx Model type 8393 Scani-valve, Scani-valve Inc.

ARA Type FA 145

AXxxK Rikadenki two pén recorder, model #B28L
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Rikadenki Corporation. 'This allowed the continuous monitor-,

ing of upstream plenum pressure as well as the& variable

0 I

. - . ' ' {
of interest (€ither thermocouple or Scani-valve outputs).
Thus a time history of the flow during a discharge was

recorded.

»

Q@

4.3, Blade Instrumentation

The main emphasis of the.wind tunnel testing was

B

f
plaged on obtaining the static pressure distribution on the
- -

two surfaces bounding a cascade flow passage. Thus, both

o«

the pressure and suction surfaces for one '‘passage were instru-

v

°mented as in Reference [2}. Figure 13 shows the two blades

L

~

to be instrumented placed in the aluminum cascade holder.

N LY

Stainless steel ,tubing .035 inches 0.D. was epoxied into
° "

cacﬁ slot énd extended approximately one inch beyond the blade's
upper edge. Before ic.ép§xy s6lidified, .020 inch holes in
the tubé‘walis WGré'lined up with cach static pres§ure port
"(also .020 inches in diamctef).' The epoxy ‘was later polished
with eméry paper to reproduce éhe original surfaéﬁ finish

and contour .as nedrly as possible so.as not to interfere with
’ <

.flow through neighbouring passages. This technique allowed

& R\ . *
pressure transmission from a blade surface porf to the tubing

outside the blade and eventual connection by a short length’

Gf ty¥gon tubing to a scani-valve port (sce-Vigure 4).

As discussed in Reference [2), the rise‘tipe of such

a system could place an upper limit on the speed at which the

~ scang-valve éou;d accurately read pregsures. Using the formulae

A .
A . % . -
Y N %
43 . . “



Turbine Blades to be Instrumented

Figure 13



taken from Reference [14]

1
= . 2 2
t = gp;aITE;TT {V1 * V,(c+3c+3) + 3 Vm(c+1) } (1)

s e
where
AP(ZPf+ e)

-7
and a = 2.47x10"7 log{—r———ms—r}  (2)
o e(Py & Pg)

LS

the rise time to 99.5% of tﬁe final pressure is approximately
19'7 seéonds. In this equa%ion, we have reduced our pressure
communication system to thefequivalenﬁ‘oﬁgtwo'tubes. Since
the full scale response of the'twovgén recorder takes 1/6
second, the pressure rise time was_gzt a critical factor.

Prior‘to‘testing, a computer model developed by Pratt
and Whitney Aircraft of anada Ltd. had predicted an interest-
ing suction peak near the leading edge on the suction surface.
‘The theoretical analysis assisted us in selecting the pbsﬁyiggs
of the static taps in this area. Due to the suction sunf:ce's°~
high curvature, the shéll dimensions of the model and the
necessity of having the static holes perpendicular to the
blade surface, it was physically impossible to locate the
static taps any closer than shown in #igufe 1.

The preésure taps on the pressure gurfacc were evenly
spaced because theorectical pressure variations were sméoth
and shoﬁ%d no major points of interest. As discussed in .
Reference &3], the brocedure employed was to allow odd scani-

valve ports to be open to atmosphere, thus allowing differ-

entiation between similar pressure readings.
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Generally, stati¢ pressure measurements were accepted
only if the corresponding plenum ﬁressure was not more than
2% away from the‘deéigna;ed ""set point'" pressure. Reference
[2] shows a typical recorder output obtained during a run.

Finally it should be noted that the blades received
did not all have identical profiles. Aftef milling the
blades to the desired height, the two with slightly diffefent
profiles were p}aced at the outer edges of the cascade, far
from the instrumented passage. The comparison of the two
profiles was obtained using 'an optical c&mparator and 1is

éhown in Figure' 14, ‘ -

4.4 Upstream and Downstream Total
Pressure Measutrements

~

Although the plenum statéc pressure history Qas
recorded during a run, it differed slightly.from the total
__pressure upstream of the blades. Hence.a total head probe
(as shown in Reference [2]) was positioned about one chord
length upstream of the instrumented cascade flow passage.

/

The probe was connected to two scani-valve ports so that the

. total pressure could be checked twice. As the gas inlet angle
was varied, the probe was rotated to maintain a parallel aligﬁ-
ment with the flow direction. The dimensions of this probe,
are such that a yaw angle of 7° degrees }s required before
significént error in total pressure(peasufement is experienced
[15].

When determining the inlet boundary layers on the top
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-surface of the tunnel the total head probe and traversing
mechanism used in Reference [2] was installed approximately
one chord length upstream of the cascade. The prob; head and
tunnel wall were made part of an electrical circuit so that
the illumination of a light bulb indicated contact of the
probe with the surface. This technique, along with the use
of a micrometer drive on the traversing mechanism, allowed
considerable accuracy in probe positioning. The boundary
layer profiles obtained were corrected for both displace-
ment error ;nd total head error within two probe diameters
of the wall as explained in Reference [16].

Exit total pressures were measured in one of three ways
depending on the discharge Mach number Initially, exit plane
traverses were prcformed in a similar fashion to that described
in Reference [2]. The total head probe was located at an
axiaf distance of about 1.4c downstream of the trailing edge
as shown in Figure 15. This is approximately 3.0c measured
parallel to the flat backed portion of the blade. At the
lower range of Mach numbers tested, it was difficult to detect
changes in total head which would indicate the presencé of a
wake. However,vat the higher Mach numbers, the wakes were
‘cleaﬁly visible in the recorder traces, though not large.
This is not surprising, as we would expect the velocity .
deficit to increase with the Mach number at a specific location

downstream of the trailing edge. Reference [17] gives the

following formula:

* Mach number dctermined with inlet total pressure
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c.d
__D_)l/z . . (3)

Ul « (5%
for a two-dimensional wake. Hence, as u_ increases, a
specifiec velocity deficit, u,, appears further downstfeam.
Reference [17] also explains that the "streﬂgth" of the wake
decrqases.downstream as can be seen from the above equation.
Since the lower velocity wakes were considered negli-
gibie at the probe location, total pressures were measured
using a subsonic Kiel probe for exit Mach numbers of 0.43
and 0.78. Due to the Kiel probe's relative insensitivity
to yaw, meaningful pressure measurements could be obtained
without high accuracy in probe alignment. The probe's‘size

was comparable to that of a flow passage, so it was also

-positioned about 1.4c axially downgtream\of the trailing edge
to avoid changing the exit flow cgnditions.
For an exit Mach number of 0.95, the wake was still
significant but the total head probe de#cribed previously was
employed as the Kiel probe is not recommended fér use beyond
the critical Mach number of the probe (approximately 0.7).
Effects of a wake started to become evident at super-
sonic discharge Mach numbers. Hence, for hoth exit Mach
nuﬁkers of 1,06 and 1.29 the total head traverses were used
to gét an average outlet total pressure. Traverses obtained
under these conditions are shown in Figures 27 and 28, The
total hecad measurements for a Mach number of 1.29 include a

slight correction as specified by the Rayleigh Pitot Tube

Equation.
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For incompressible flow waKke traverses, Reference
[1] gives a loss estimation technique using the experimental
values of wake momentum deficit thickness and form factor.
However, they continue to state that a,high Ma¢h number flow
technique is currently unavailable as the magnitude of the
compressibility cffcct on. the above two quantities is unknown.
Reference [1] concludes by remarking that compressible flow
total pressure loss coofficicnté are still determined primarily
through experimentation.

- ﬁ.

4.5 EXit Angle Measurcment

One of the basic requirements of thc-tcsting was the
determination of the gas exit angle for various exit Mach
numbers ana inlet gas angles. Since part of the testing
included supersonic exit f{low, the cobra tvpe yvaw probe
used‘in Reference {21 was not acceptable. Although a conical
probe was considered most d?sirah]c for this tvpe of flow,
complications‘in both its manufacturce and support in the
tunnel exit plance prohibited its use. Instead, an cquilateral
triangular wedge vaw probe was designed as shown in Figure 1o,
The pressure ports wcrg inspected under an optical microscope
and found to be tree from mnchinihg burr~ Jand were acceptably

\
perpendicular to the wedge's surfaces.  The probe was cali-
brated in a vernier angle positioner using the air jet as
described in Reference [2). The probe holder had a position-
O

. + . .
ing accuracy of - .1 . During later tests it was found that

adjustments this small would result 1n measurable pressure
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variations. The calibration graph is shown in Figure .18.
Whi}e calibrating, it was not .difficult to ensure

o [ 4 v

that the yaw probe holder was perpendicular to the direction
of air fiow. ?ﬁis was not true on the tunnel top however.
A line!was?scribed on the turntable upper surface and the
probe holder was aligned-by eye with this-each time exit angle
measurements were made. Also a level was used to ensure that
the holder was horizontal. However, it was desired to establish
the magnitude of the error introduced through removing and
repositioning the holder. To do this, the exit angle was
measurcd for ‘one set of flow conditions, the, holder removed
and then re-attached. The measurement was repeated and
compared to that read previously. From this tést, the con-
‘clusion was drawn that positioning could be responsible for
an crror 6f as much as 0.3°. Thus, direct numerical compari-
sons between different flow conditions are not especially
reliable. Instead, t%c trend that is. followed with variation
of exit M ; number and inlet angle should be observed.

Sinte the wedge probe was of considerable size when
compared to the tlow passaéc vidth, it was decided to take
the eoxit angle measurements at a distance of 1 3/3" or about
1.5¢ downstream of the trailing edge (seevFigurc 18). This
would also negate the effects of the exit pfanc expansion
fan and associated oblique shock wave patterns. Due to the
probe's size, variations in exit gas angle across a flow
passage could not be investigated and the values given are, ’

thus, averagce exit angles.
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The experimental technique is described as follows.

~

The left and right hand ‘wedge surface ports were galternately
connected to scani-valve ports. During a‘dischargc, the

two pressures™were rcad in sﬁ&cession and latcr‘comparedl
Small adjustments were @adé in the angular position of the
probe until the two pre;sures weré approximately equal. The

exit angle was then read off the instrument's vernicr Co :

o

v

scale and appropriate corrections applied.

~ ~

It is important to recognize that a nulling technique,
[N N »

. . N
as described above, was necessary as calibration was performed
' Al

in low subsonic flow (about 80 f.p.s.) while testing was

(I .
primarily in high subsonic and low supersonic. flow. The
calibration curve was useful, however, to determine the
1 ‘ o
approximate extent to which the probe should be rotated between

)

readings.

~

&

1i
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CHAPTER 5

EXPERIMENTAL RESULTS

v :
: The following figures present the experimental
results in a graphical form. '
Figure 10 showed the total temperature-time profile

measured in the plenum chamber. The 7.7 square inch exit

arpa_corfespOnds_approximgtely to that of the turbine blade

, !

cascade. Both ‘curves were obtained at pressure ratios
of abproxiﬁﬁtely\Z;i;' The température variation was redbired
-for later béundq%g 1ayer1ca1cu1a£ions. ' : R
Figure 19 showé the tunnel imlet boundary layer
profile non-dimensionalized for the same exit areas“as shown .
5invFigure 10,| Thg meésurements vere cérried out'sn the
top wall of the tunnel apbroximatelf)one chord upstream of
the cascade. Bégn&ary layer displacement thicknéss and
other relevant quantiéies are- listed on the.graph.
Figur®s 20, 21, 22, 23 and 24 illustrate the. 'static
pressure“distribution on the instrumented blade surfaces fof
a rangé of inlet gas dngles and pressure‘}qtios (or Mach*®
nﬁmbeqs). As the variatiénlpf totaltpressure upsgream of
fhe cascade‘was determined, duripg each run 911 the'surface\
pressures have bheen non~diﬁensigqalized by dividing b& the
.inpstantaneous total pressure: Sévéﬁ inlet angles were tested
;nq, of %hese, 700, 67.50, 64° and Séo are plotted. Appendix 111

. -
v

43 o
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shows the results of tests with 69°, 66° and 62° inlet
angles. It should be noted that flow control was excellent
at all pressure ratios tested except at a ratio of 1.14

M # 0.43). This pressure ratio .is considered beyond

exit
the nomial limits of tunnel operation and the results are
"presented to show trends only, not specific numerical results.

‘In all of the graphs coincideht data points are
marked by a white staf on the suction surface and @ black
star on the pressure suréaCe. Different inlet angles are
denoted by the same symbols on all plots.

i

Figure 25 illustrates the variation in exit gas angle
with exit plane Mach number for a range of inlet angles.

The data points marked by stars ihdicate coincident points,
The measurement accuracy of tpe gas angle.is approximately
"1 0.3 degrees as indicated by the error bar.

The total head loss coefficient (¢N2) has been plotted
against exit Mach number for various angles of attack in
Figure 26. {n this thesis, the total head loss coefficient
is defined as follows: ‘

oy E%l;igg.. L (4)

ouT

which can be shown to reduce to

I;O - pO .
oyt = —1—2% (9.72 x 107%) (s)
‘ MExtT

when P, is measured in psia.
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I'igures 27 and <8 show the total pressure profiles down-
strcam of the trailing edge for exit Mach numhers of 1.05

and 1.29, The average total pressure was calculated in

these cases and used in Figure 26, As in the pressure

distribution plots, inlet angles of 62.00, 66.0° and 69.0°

were also tested.
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CHAPTER ©

- . DISCUSSION OF.RESULTS

6.1 Boundary Laver Profile

A

A fifth order polynomial was fitted by a least

"squares technique to the data of Figure 10 so that the total
temperature could be detefmined at any time.during a run.
This information was used in the determination of flow
velocity for the boundary laver profiles shown in Figure 19.
Modelling the boundary laver with a 1/7 power law equation,
displacement thickness of .0025 and .0578 inches were'
determined for tho'two exit areas. It was originally
Consxhcred that boundary laver blowing would result in
constderably botter.gwo~dimchsionulity of flow upstrecam of
the cascade. lHowever, upon caleculationof the displacement
thichness, the removal of the bounaury layver was dceemed
unnecessary as pressure moasuremcﬁts verce made at the mean
blade height, well removed from the fegiqn of boundarv laver

effects. Thus, two dimensional flow was assumed over all

of the passage.

6.2 Pressure Distributions -

- Initially the pressurc distribution plots will be
examined to distingursh various trends developing as the

two independent variables, inlet gas angle and preésufe ratio,

56
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arc‘&aried. Comparisons between the experimental results
. gnq those predicted by"the stycamline curvature technique:
will be discussed in Chapter 7. A ' -
Firstly it should bé noted that the pressure sur-
féce distribution is practically fndependent of inlet angle
except in the leading edge regiqn” Here, the increase of
inlet angle causes the flow to impinge moré hirectly onto
the surface and consequently results in greater static
pressuyes. As the pressure rqtio increases, the effqﬁt becomes
less pronbunced. As exp?cteg the suction surface sﬁows thé :1
noppositevirenq with the degree of suction incrcasing with,
inlet angle. This éffect germerally becomes more pronounced
as the pressure ratio js increased, It is ipterésting to
note that for an'isblated acrofoil the opposite situation
occurs [19].° It shbuld be pointed out that the extrgme
éuction peak inigially predicted is indeed present but 1s an
effecét very localized to the suction surface legding edge
region. Although the large amount of suction would have the
beneficiﬁj effeét of increasing the total tangential force
on the bladé, the extremely adverse pressure gradient which
immediqtely~follows could cause boundary layer separation.
This possibly explains the extensive region of low pressure
over the mid-chord posit?%n of the suction surface. At the i
lower angles of attack, the ;uction peak diminished, finally
becoming non-cxistent at 58°. In fact, at the higher pressure
ratids, the first suction surface pressure tap registered a

considerably higher pressure than the corresponding pressure
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surtace measurement. lthis, of course, would result in a
reduction of the li1tt offered by this blade section.
2 HPiaure 2 al~o shows the development of a lump near

the trailing edee of beth surfaces as the pressure-ratio

increases., This effect becomes most visible as the Mach

number in the exi1t plane becomes supersonic and a consider-

b v

able flow expansion process follows the throat. This cffect
b

was 1llustrated.in Reterence [2] when testing was cagried

out on turbine blades having high _ turning angle. However

.~

the blades examined in Reference illﬁab not exhibit the 1ouw

pressures ovor.fhc central  portion of the suction surtace

which was observed during theirtests. Although this feature

appears to make the new blades more desirable, other aspects

of blade performance should be i1ncluded betfore one can

arrive at a final conclusion. .
. Finally, attention should be drawn to the apparent

decrease  an suction measured by o the first thice taps on

the suction surface as the exit Mach number rose from 0.96

. N b -
to 1.06 with the blade at an angle of attack of 70.0%. Fhis

!
unusual feature is possibly duce to a separated boundarvy laver

fat M = 0.96) re-attachine as the momentum of the incoming

AT

frurd s 1ncreased.,

6.3 Ex1t Cas Angele

The correct determination of exit tlow anmgle presents
A
a problem because the arr is not discharged at the angle of

the blade mean line at the trarling cedge but 1nstead at sonme

¢
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deviation from }t./ Since flow deflection is a measure

of the guidance capacity of the.passaée, one can expect
that cascade geometry will be an influential factor. In
addition, variations of inlet Mach number can also affect
the exit angle because of the associated changes in blade
circulation, boundary layer development and compressibility
effects [1].

Figure 25 shows a distinct trend of decreasing exit
gas angle as the discharge Mach:number rises for all anéles
of attack tested. This is not surprising when one considers
that as the momentum of the flow increases, it would follow
the blade shape to a lesser extent. At an exit Mach number
of 0.43 the data points are widely spaced and there is some
incansistency when compared to the resylts obtained at higher
pressurc ratios. As discussed previously, tunnel control
at ‘such low pressure ratios is difficult and, hence, this
data showed a large scatter. Perhaps these low Mach.number
results can best be used- in -demonstrating the effect of inlet
angle variation.

Another irreguldrity wortﬁ.noting is the increase
in exit gas angle, for a 70° angle of attack, when the Mach
number varied from 1.06 to 1.29. This is contrary to the

k&ecreasing trend scen ‘for other inlet angles. To investigate
the cause of this unusual result,. a detailed total pressure
traverse was performed for the specified flow conditions.

As illustrated in Figure 28 , the wake structure is more

pronounéed at a 70° angle of attack. This suggests that less



boundary laver separation has occurred than for the other
inlet angles tested. In those cases, the greater extent
‘of separation has led to more mixing of the exit plane flow
/

and hence less distinct Efkos. As a result the ffow near
the trailing edges is "blown out'" and does not follow the
passage contours well. On the other hand, for an inlet

y

angle of 700, the boundary laver appears to stay attached
to the blade surfaces over a greater distance. Therefore,
the flow is directed more to follow the surface contour,
and the gas exit angle does nof decrcase!

Reference [1) presents the effect of inlet Mach
number and incidence angle variation on pas ex1t angle.
Although it is emphasized that these results are for low
speed flow (MKXIT < 0.0), it is interesting to comparc them
with the results of this investigation. The only data we |
have which could be considered low speed is that obtained
at an exit Mach number of 0.43. YReflerence [1] points out
that for cascades of high solidity (the present gnschdo has
a verv high soltidity - approximately 2, 1) the discharge angle
is predicted to change tittle with inlet angle variation,
This ts where our roéults differ considerably from theirs.
Thev predict that for soliditiecs above about 1.0, the change
of oxit unglo'<hould be less than 10% of the corresponding
inlet angle variation. The results presented here exhibrt
a change of about 20%. This difference is probably due to
the tact that Reference [1) s presenting the results of

compressor blade testing and, thus, the blade turning angles
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arc far less than.that of our turbine blade profile. The
only correlation in this respect is seen at higher exit plane
Mach numbers. )l

‘Reference (2] also illﬁstrates'that the effect -of
Mach number variation on the exit gas anéle is smalf/ﬁp to
the 1imitiné value of the inlet Mach number. Then a large
decrease in deviation is shown as Mach wave fbrmation within
the flow passage becomes significant. This may be part of
the explanation of the guddcn drop in exit angle between
exit Mach numbers of 1.06 and 1.29.

Finally, Reference [18] predicts that the exit angle
should increase with inlet gas angle. This is approximately what
is observed in Figure 25.

In all of the discussions up to this point, perfect
inlet angle control was assumed. As indicated in Reference .
[1] thé skewed nature of the moving side ramps leads to some
inlet angle variation ACTOss a section upstream pf the cascade.
The modifications discussed carlier appear to hayve decrcased
the variation {rom the original 29 mecasured in Reference (2]
to approximately 1° measured for the current arrangement.
Thus, a further improvement to the accuracy of the results
was accomplished.

Several times durinh the exit-;ﬁglc test, a f{low N
visualization technjquc was uséd-to check the validity of
the prdbe measurements. A mixture of fine alumiphm powder

and SAE 20 grade oil was painted onto the lower surface of the

blade holder downstream.of the blades. After a very short

L]
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run time, a distinct pattern emerged on the surface and the
approximate exit angle was,measured. Although outlet éngle
could not be deteymined to an acﬁpracy of better than f.So,
this technique generally verified the mo?g-accurate yaw -

probe results.

6.4 Total Head Loss Coefficient

Cascade losses may be primarily the result of boundary
layer growth on the suction and pressure surfaces of the
'blédes [1]. These surface boundary layers combine at the"
blade’'s trailing edge to produce wakes as shown in Figure 31.
As a Tresult, a local deficit in total pressure 1is created

and-a mass averaged total pressure loss is determined in the

o

section wake. As discussed earlier, when the wake was
significant at the downstream measurement location, the tofal
pressure variation across a blade spacing is considered when
determining the total head loss coefficient.

Figure 26 illustrates the variation of total head )
loss coefficient for ' a range of exit Mach numbers and inlet
gas angles. As expected, measured losses increased with
exit Mach number until- the exit plane flow is approximately
sonic.. This trend is predictéd in“References [18} and
a sudden increase ‘in losses .1s observed when approaching the
limiting inlet Mach number. This is due primarily to the
first appearance of supersonic flow patches on the blade w

surface and the possible development of shock waves (see ,

ﬁeferences [9] and [17] for a detailed discussion on shock
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wave cffects in cascade flow). However at the highest
supersonic exit conditions, the loss coefficient decreases
abruptly becoming less than all previous values except

those at the lowest pressure ratio. The thecorectical model
presented in Réfcrenco [1} predicts a similar drop in losses
for supersonic exit flow. They show a considerable decrease
commencing at an exit Mach number of about 1.75, which is
above the range currently attainable by our experimental
rig. The cascade losses associated with boundary laver
induced shocks is discussed in Reference [18].

Initially, the data collected at an exit Mach number
of 0.78 was the result of tests conducted using a Kiel probe.
These results are outlined with a box in Figure 26 . This
data did not correlate well with the remainder of the experi-
mental results, apd hence, was considered suspect. Since
the use of a Kiel probe is not recommended for such high flow
velocities the data was cheched by traversing a total heud'
probe across the exit flow as described carlicr. The new
results fell censiderably below those obtained with the
miniature Kicl probe and were more consistent with the rest
of the data. This ts an oxcclleht illustration of the
importancé of correct instrumentation in high speed gas

- Fl

measurements particularly as one approaches the critical

Mach number based on the geometry of the probe.

F]



CHAPTER 7

THE COMPUTER MODEL

The two dimensional potential flow in a cascade
passage has been modelled using the streamline curvature

technique described in References [2], [3] and [20].

7.1 The Quasi-Orthogonal Grid

Initialiy, a system of quasi-orthogonal lines were
determined which intersected every streamline at 90° between
the flow boundaries exactly once. Since the exact location
of the streamline would not be established at this stage,
it should be emphasized that the network obtained is only
a.grid for the computational scheme. Later refinements can
establish both the strecamline and equipotential lines more
atcurately. The problem that this thesis investigated
concerned. the pressure and velocity distribution on the
blade surfaces, which, by definition, arc indeed true strcam-
liﬁcs. The accuracy attained was considered acccgtable.'

The orthogonals are then divided into an arbitrary
number of equal widths. Reference [2] showed that nine
portions gave good accuracy without unduly complicating the
computation. An elementary stream-tube system, as shown in
Figure 32, was defined by drawing smooth curves between _

corresponding positioits on each orthogonal. The designer is
X .

Y 67

L.
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free to select any number of orthogonals and may-choose to

locate most where the curvature is changing rapidly.

7.2 The Streamline Curvature Method

The basic assumptions implicit in this method are
~as follows:

The flow is considered:
(1) , inviscid but compressible
(ii) steady
(iii) to have negligible radial velocity
(iv) two dimensional .
(v) isentropic

(vi) to have its mid-passage line defined as a streamline.

From<manipulation of the continuiéy and momentum
equations describini the flow across any orthogonal and
the momentum equation for flow along a streamline, the
velocity variation across the passage may be dctermined.
By assuming that the strcamline curvature varied in a line;r
fashion along each orthogonal (Stannard [2] found that this
gave the most consistent results), the velocity variation
expressed in terms of Fhe mid-channel velocity, and the

pressure and suction surface curvature can be written as

follows [2]:

No 2 (CpieCgM)” \
v Ty (60T T H (6)
= € ] ”
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Th;n by iterating, using Vmid as the variable, one can
converge to a total mass flow equal to that allowed by chok-
ing sr some other design inlet mass flow. The computer
program u§ed in Refqrences [2] and [3] was used in this
thesis with modifications to calculate 1ift force per inch
blade depth and to displax surface static pressure and . ;
Mach number distributions graphically. ‘ ' /
Stannard {2] made several improvements to the original//
technique formulated by Malhotra [3]. He extended the cal-
culations to the 1e;ding edge region by assuming the inlet
stagnation streamline to be a straight line focussed on the
center of the leading edge curvature. With this extensiow/
the orthagonal lines can be drawn from the highly curvedy<
portion of the leading edgé to this streamline. An add;fional
improyemef was his analysis of choked flow in the exif.plane.
The. velocity distrigution along an orthogonal is expréséed .
in terms of the pressure surface velocity (assuming/iincar
variation of curvaturc) as:

N \ \2
[—2(Cp ' +Cg'-2Cg" = - (Cp'-Cg") =) (7)
(o] . -~

——————— = c - .
VpRESS : °

The calculation is sfarted by assuming that the flow on the
pressure surface is just choked. The assumption bf linear
variation of curvature across the throat results in some
error in mass flow calculation, but Stannard [2] demonstrated
that good correlation with experimental data is still

obtained.
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Although~imporvant viscous effects are ignoreqyin
ghis technigquey, it is shown in Reference [2] that the extended
computational method is good enough for design purﬁoses.
The program's small size and short running time make it S
ideal for an iterative design procedure. The poténtiél
roQ‘solutionAmay be used to determine the boundary conditions

for a more detailed analysis of viscous and secondary flow

effgcts.

7.3 The Computer Model ) ’

The modified streamline curvature program requires o

the following input to determine the two dimensional potential

.
- >
¢

flow solﬁtion:

(i) | the lo;atioq of each orthogonal . y
-~ (ii) the curvatures of the blade surfaces at the ends of”v
eqch\brthogonal o
‘(iii)«tﬁe ]engfh of cach Q%thogonal.
\‘ 3 In References [2],“[3] the 6rthogonal grid was
o constructed by hghd u;ing‘drafting"methods. The techﬁique -
used was baslcally as fol]oqi Thg perpendlcular was drawn
&

from the dcslrcd quasj - orthogonal start point on the suction

2 ~r
burface (p01nt a in Fiqux 33) Then a p01nt on the pressurc

+

surface was belectcd which appeared close to belng on the

same orthogonal (polnt b in F1Lur%\ggyka Thc perpendlcular

[N

was- then drawn from the eelected pressure burface point and
) extcndgd to intersect with the perpendicular from. the juction

surface. 'Sugcessive approximations were made of the pressure
. ' . S 1

A -
N ©e, ‘_’ " «
, . .
: -
~ . )

i’
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.

surface point location until the intersectidn point of
the two perpendiculars was‘equidis%ant from the blade sur-
faces. This fixed the iécation of point b on the same »
orthogonal as point a; The procedure was continued until a
sufficient locus of mid points, c, were determined to allow
a curve to be fitted to the aéproximate mid-passage stream-
line. Then the same technique was repeated using the original
start point and our newly defined curve as a “pressure surface".
This determined the quarter passage streamline. As before
this fixes c on the same orthogonal as ; and b. Similarly
the midstreamline is used as a '"suction surface' when deter-
mining the 3/4 passage .streamline:

Obviously this procedure can be continued until a
sﬁfficient number of orthogonal points are determinegd to
allow the fitting of a chrve. Since, in the case of a tuPbinc
péssage, the ortﬁogonals are élose to being straight lines
over most &f.the blade surfacé (the. leading eodges exeeptcé), .
fitting a curve to pass th}ough the three points is pyobably
quite accuratc: The problem is solved when the lengths of .
the orfhogonals and the curvatures at theNr end points have
héen determined.

This technique is extremely tediousVand time consuming
when pcrformed by hand particularly when it can be seen that
for cach change’in geometry the proceduyre must be repecated,

-

The blades under investigation in this thesis were -

drawn at 20 times scale and the orthogonals constructed by
‘ <> . )

hand. To determine the three pgints for one orthogonal took

)
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several hours, and it was soon recognized that a full grid .
would require two days of work. Even if two parémeter§,
stich as blade pitch or stagger angle were varied, the method

would become tedious,.

)

¥,

The seconéaproblem of a manual grid constructibn’
was in the determinatibn of blade surface curvature. Ref-
erence [2] describes how the curvatures were determined
using a boom compass on a'large scale drawing. Thi; method
is sensitive to both the accuracy of drafting curve fitting
and especially to the positioning of the compass when small
curvatures are to be determined. Once again, this techniqué

L)

is quite time consuming. ‘
Hence it was gecided to write a computer program
which would accurately determine blade surfdce curvatures
and orthogonal'iocations and lengths. The required input -to
the program are the Qlade pi;ch and coordinates and the other
variables as discussed in a detailed user's manual in ‘
Appendix II1. The designer receives the following output for
the main flow passage and the Highly curved regions at the
leading edges : )
(1) the location of the orthogonal start and cnd points
on each bldde surface.
(ii) the curvatures of the blade suf{pces\at each end
of the orthogonal. _ ) )
(iii) the orthogonal length. .
(iv) a.plotter output which shows the blade under investi-
gation and the o;thogOnal grids for the main paft of

~

®
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~
the passage and one complete leading edge.

Some of the more important aspects of the program

will now be discussed. Initially the matrix of blade

. A

surface co-ordinates was orthogonalized and a least squares
fit of the data performed. A subroutine selected the poly-

nomial order based on the criteria outlined in Appendix IV.

. A detailed print out of the method of polynomial selection

may be obtained By using the program presented in Appendix V.

After several discussions with Dr. P. C. Chakravarti [22],

it was decided that a transformation.technique using a linear

curvature variation across the region between the two poly-

nomials was much too complicated. It was then decided to use
a computerized search which performed the same task as that

originally done manually.lgjf should be remarked that this

q“—

- 3 * X h.’
technique will not always give sati??ﬂetqu results for

-

unusual shapes such as when the two curves have extremely
different curvatures. However', for any .practical blade
shape the method works well.  ‘The optimum polynomial is fitted

for each streamline as the technique locates them. AFinally;

e — .

polynomials arg'also fitted to the orthogonal points for
length determindtion. '

th only was thp computer progrﬂm more accurate,
especially in curvétuyg doterminatipns,than the manual méthod,
but its speed anfd relatively low cost allowed ﬂ%é.analys{s
of many cascade andyblade geqmetries iq a fraction of the
original timé‘reguifgd. This ul%imately pcrmit; tqe desigﬁcn

. , |

{

Lo | )
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>

to rapidly comparc the two dimerisional potential‘floQ solu-
tion for many proposed blade arrangements.

fhe orthogonal-generation program developed in
this thesis was used to produce the flow paésage data of
the blade profile being investigated. Later this informa-

tion was input into the streamline-curvature program to

determine the theoretical pressure distribution shown in

*

Figures 20-24. &

7.4 Comparison of Theoretical and Experimental
Blade Surface Pressure Distributions

Initiall} the potential flow solutions for the‘design
inlet angle of 67.5° were obtained ffom the streaélinei
curvature program. However, Figure 35 shows that for this
inlet gecometry, the 1en§th of several orﬁhogonals drawn
from the suction surface to the 1e§ding'edge stagnation
streamline was less than that of fhe throat at the blade!'s
trailing edée. Onc would therefore expect the gas flow to
cHoke on this orthogdnal (for su}ficicntly high pressure ratio)
énd the passage to contain supersonic {low. It i% likely |
that the flow would return to subsonic within the passage; by
means of internal shock. ~

Before decidiég if this is an accurate prediction Bf
the actual results,:it'is important to consider”séveral'facts:
Firstly, this result can not be verified along the whole
passage using the streamline curvature technique as it
general ly outputs the subsonic solution.- Also, 'the program -

-

does mot include predictions of the cffect of disconﬂinuities

v
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-~ t

due -‘to shock formation. As discussed in Reference\{Z] the

leading edge stagnation streamline is not exactly a straight

¢ 3

line but curved somgwhat, thus inducing a different angle of
attack (and hence different orthogonal lengths). It should
also be recognized that the positioning of the blades is not

perfect and real orthogonal lengths are difficult to specify

to better than * 5% (this was also the approximate difference
between the width of-the geometric throat at the trailing
edge and the shortest orthogonal)., Finally, boundary layer °

growth along ‘the passage boundaries could still result in

choking at the trailing edge due to a reduction in effective
flow area. Because of thesg facts, the results obtained at

the desigh angle’of atfack brobably do not accurately m&d@l the
acgual physical situﬁfion. Hence it was decided to compare

the theoretical and experimengﬁd presstire distrﬁbétigps obtaiﬁed

at a gas inlet angle of 64.0%.7 1In this case, the shortest

orthogonal originéted at the trailing edge and there was no
“doubt that‘choking would ‘occur there first.-

As seen in Figures 20-24 the theoretical curve, for an

@ - N H
inlet gas angle of 940 is comparcd with the experimental

data. 'The general shape of the curves is similar to that

'

obtained experimentally especially at the lower pressure ratios.
(note the ekccllenc.fik for a pressure ratio of 1.14 where a

greatly expanded ordinate scale was used).

2

The first major discrepancy between the predicted and

actual régults occurs near, the leading edge on the stiction
. 1

surface where a substantial pressure peak is predicted at

all pressure ratios. ' Thi$ peak was actUally.fouﬁd to be much

-

x t )
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less pronounced during experimentatioﬁ. The adverse pressure .
gradient may have been too extreme for the boundary layer to
negotiate and it consequently separated before attaining the
predicted higher préssures. The pokentjal flow solution was,
of course, incapable of preéicting such viscous effects as
boundary layer phenomenon. Fdllowing tﬁis, it dppears that
the boundary layer réattached and thgn separated again at an
axial position of about 30% of the qhord.~ This is a'likely
explanation of the unpredicted low pressures experienced at
mid chord on the suction surface. g

- - <

- Observations of the conditions on the pressure surface
supported Fhese exp}anations. Immédiatély following the two
regions of proposed separation on the suction surface, similar
drops in pressure occurred on the pfessure surface. When
- 5

separation occurred, the effective passage flow arca decreased,

resulting in flow acceleration. Hence, until the suction

»

surface boundary layer reattaches,‘the pressure experienced
on the other sﬁdé of ghe-passage would be correspondingly
lower than that of the ﬁassagc,flowing full, (as assumed in
potential flow modgfs). : M

-

A further di%greﬁancy 1s obs%rvcd near the thrbat |
’whoré'séparafipn again.mﬁy have been responsible for reduced
préssurcs. The pressure distribution oh the flat backed-
portion of the suction surface was obtained using the results

of the expansion wave system shown in Figure 29, -~

Figures 41la, 41b show the theoretical pressure
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distributions at the leading edge for a range of pressure
rﬁtios. Although no experimental pressures were found at
these locations, the theoretical analysis of flow in this
region is important to f;lly understand the effects éhat
appear downstream (separation especially), The strange
results shown in ‘these two figures are fully explained in
Appendig VII, where several changes to the Streamline

curvature program are suggested.

3
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CHAPTER 8
CONCLUSIONS

The experimental results and theoretical analysis
presented in this thesis allow the following general
conclusions to be drawn: °

(a) . improvements made to the cascade wind tunnél permit
the collection of §fproduceab1e flow data at plenum to

-

atmosphere pressure ratios as high’'as 2.9.

(b) the orthogonal generation computer program developed

< .
in this work successfully gives rapid and accurate results

for use in potential flow calculations.

(c) - at low pressﬁre ratios, the gtreamline curvature
program, as. modified in Reference [2]}, gives results which
correlate well W1th experlm;ntal values. However, for
transonic ‘and supersopic‘exit flows, boundary layer separa-
tion is believed to h;ve occurred on tﬂe suction surface
of the speéiffﬁd blade, resuiting in an unpredicted rapid
pressﬁre drop. This feature may be considered unacceptable
on the gas turbine blade under investigation.

In support of conclusion (a), Flgure 6 shbows this
improvement in plenum pressure var1atlon due to the by pass
installation. Further improvement was also accomplished by

flow area reduction when the 1/2 inch side ramps Werg

installed. Tﬁe addition also resulted in the reduction of

80 v
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mean flow deviation upstream of the cascade to epproximately

o

17 off the tunnel axis.

The orthogonal generation program, shown in Appendix
IT gave the desired output on punched cards. The punch
format was so specified as to allow'direct interfacing with
the streamline curvature program used in Reference [2].
Various blade configurations with different inlet gas angles
may now be analyzed in a small fraction of the original
téme required to manually construct theypotential flow grid.
The bladé surface pressure and Mach number distributions are
now displayed in both tabular and graphical form (see
Figures 542,43 in Appendix VI).

Figures 20-24 compare the theoretical and experimental
results for an angle of attack yef 64°. As indicated by the
included error bars, the data is sufficiently accur;te to
allow the formulation of conclusi;ns as’to the effect of
boundary layer separation.

In summary, the overall conclusion may be made that
modelling of high speed flow between turbine blades having
large turning angles is only approximately by poténtial flow
‘théories. However, the computerized technique of orthogonal
production and curvaturé determination makes possible an

extremely quick preliminary énalysis of two-dimensional flow

properties.
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+ APPENDIX I -
_ERROR ANALTSIS
‘ ) o
Effect- of Varying Pol on MIN During a Run |
Assumptions: (1) no dA
(2) no'friction N
(3) no dT,
(4) no gas injection ’
Thus, generally '
. e
ame J 2(1+YMZ)(1+YEI Mz)f dw
M 1-M VA \
and l ’ ‘ . >
dPo 2 .dw ‘ -
2% = -yM (TT)B
Since, (%} = (%¥ , we obtain:

2 d b 2(1eyMh) (10558 M)

(
% s YME(ME-1)

it

(8)

.

However, for M is 6lpse to 1.0 (two are found in this

region); the influence coefficient approaches infinity and'

the equation is not useable. )

Thus we pefform\the following analysis for M close

.
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to 1.0. , - i , NN .
— . a. T e .
Analvsis for M Close to 1.0 ! RN
As before: ‘ _ P
- \ 1 -\12 2 .;.- yiﬁl 2- dw
2 av = 20ew?) Xt v (§F :
M° “. A
Integrating we obtain for M close to 1.0
M aamaagh S
[Qn M 'l\\l]M = 1 n WA / 4 R ,
1 C ‘ Wy '
Also " ~
dp
- 0 2 dw
-2 = . awy . -
I’O L M W g . e
POZ ) : W
in P/ = - yNT en vy / )
. A
Pol . "1 - ) .
. W ' W . J
« : \2 - 2 ' \
and since 2n WA / = 2n vy /‘
Wy Wy, )

, ‘
and for M = .96; 2n M™ = 0 we obtain

>
| MZ , Iop
2 1 1 ‘, _ 1 1 =]

_‘\1 / R [, X, -1 - —— [Ql] ]0]

N C2(1#y) (152 yMT P

ll ~ ‘ 1
A
. . 3 : = I - !
now we suhstltutq Pozm IOl d PO‘ .

and with M = M =".96; we solve for M, and obtain &M .z M-M,



~

. 86

I
-

v

We therefore obtain the following information for

typical values of d Po experienced during an acceptable run:

¢
“~

AN

\p°1 Mo Design p @P)  (dM. @M.

P exit Mihlet 0 0 in exit
atm o psia psi ’ .
273 1.29 696 40.2 0.80 0o 0
2,03 - 1.06 .696 29.9 0.40 0 } .010
1.81  0.96  -.693 26.6 0.29 0.026 0100
1.41 078,602 22,0 0.27  0.060 .02
1.14  0.44 .392 16.8 0.07 0.016 .005

* Tor supersonic exit flow the inlet Mach numﬂer
stavs {ixed for small variations in ?Ol.



* <~ APPENDIX II

QUASTI-ORTHOGONAL PROGRAM
USER'S MANUAL

. The following user's manual will outline the purpose
" of each subroutine and the variables that must be input to
the maiﬁ program. A flow chart is included to further
explain the calculation sequence. '
The proéram starts by readihg ‘in the coordinates of
the‘blade under investigation'and the pitch between adjacent
bladeg. NexXt, the matrix pf coordinates is orthogonalized
and .a smogoth polynomial fitted to the data by a least squares
technique. It is important to remark at this point ghat the
McMaster library program LESQ is not recommended as it wa:a
found to frcqucnpiy become ill-conditioned due to matrix:
representations in the computer.‘_Instcad the library program
ORLSQ.was used which orthogonaiizes the data beforcufittihg
a curve. Using the polynomial réprescntatioﬁ of the blade
surfaces (which a subroutinc automatically selects) and the
input prthogqpalﬁstart po;nt,,thc‘Techniquo described in
Chapter 7 is carried out. The orthogonals fi;ted to second
o§dcr polyngmials and their lengths cvalculated by a siméle
Simpson's, rule numerical integration. Finally, the blade
surface curvatures at the orthogonal gturt and end points

g

are ¢alculated. The same procedure is cafrried out 'using a

¢« 7
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P o - ™~
. 0 . hd -
finer grid near the pressure and suction su;fﬁse\leadlng

™,

edges. Theé}btation of the quasi-orthogonals, their tengths
. * ‘-._\

and the blade surface curvhtures are réceived as punched
output from the program. This can be fed directly:into the
streamline curvature program to allow quick potential flow

solutions.

-~ ¢
U

To permit easy verification of the computer ortho-
gonal results, various computer pLthing routines have been

included in thelprogran. This gives the hesigner a visual -
presentation of the quasi-orthogonal grid constructed in the
regions of interest: the main passage and the areas of ¢
high flow turning near the suction and pressure surface
lcading edges. A computer plot of the turbine blade is also-
presented.

Due to limitatians on the size of the computer plots
available, certain limits should be observed when inputting
blade data. Of éourse, if a computer plot is not desired,
the various calls to plotter routine can be removed, and any ot
reasonab;e blade data can be input. The only major restricttrons
arc that the data must describe the blade in a concave-down
position and the specified quasi-orthogonal start points

-

must be on the lower surface. Figures 35, 36, 37, 38.

\;how the piotter output. Polynomiai }cprcscntstions were
used for all strecamlines and quasi-orthogonals plotted except
the orthogonals extending from the prcs!ﬁre surface leading

edge. Insteéd, straight lines are drawn (although a second

order polvnomial was used in the length calculations) since

-

e 4
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-‘a second order fit to these points yielded poor results.

If a plotted ouiput %f désiéed then” the coordinates
must be scaled to fit- inside the limits shown in Figure 39
for a pitch.of 0.6 ¢ or lesé: Far larger pitches, the

limits s in Figuré kX must be observed. The program
-automatically scales all input'data for plotting, provided the data
is wholly in the first quadrant and the minimum x-value is apprbximatgly

zero (data scaled back for output).

The following is a list of subroutine§ and their descriptions:

Subroutine Name Description

A . . .
MAIN - main controlling subroutine

«- controls number of repetitioni_of the
'quasi-orthogonal ?eneration technique
(in QUASI) bas'ed on‘the number of
spaces (NUS) ihto which the passage

will be divided.

- plots orthogonals and prints and

punches out required information.

4

LOOP - calls QUASI éor cach orthogonal
- fits curves to Anh plots out stream-
lines - '
- organizes polyﬁomial cocfficients for

input to QUASI ’

:QUASI , - main orthogonal gencration subroutine

- procedure same as that done manually

\

<



.

BLADE

MARG

ADD

LENGIH

CURV

LEADS

>

draws leading edge stagnation

streanmline
P .

plots out blgde undgr investigation

-

as specififd by input coordinates

+

~draws margins for all piots and

»

scales data

checks to ensure that the inter-

section point of the perpendiculars

a s

drawn from each surface is within the

passage range

-~

fits a polynomial to the data trans-

ferred into the subroutine and then

plots the polynomial .

-.rotates the input data’to'ensurc that
‘the polynomial .fit to the quasi

orthogonals is a smooth function
. <

- calculates a polynomial’'s iongth

between limits XMAX and XMIN.

. ]
- calculates the curvature of a poly-

nomial (at the desired X-location) defined

by the coefficients transferrcd intthe

argument list

- since the suction surface lecading cdge

points do not describe a function, they

]

i

w2
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- are rotated through 90° and then fit
to a polynomial,

- start point curvatures are calculated,

LEADP ' - The pressure surface 1eading edge ‘and
main portion of the suction surface
aré rotated through 1&00. This is
so that the surface from which the
orthogonals start is the lower of the

two.

CFIT . - automatically fits a smooth polynomial
of ordey 18 or less to the transferred

7 coordinates [uses ORLSQ).
‘ . »

Y1 . - function subroutine which calculates
the functlonal value of a polynom1a1

at the 9pec1fled location.

DY1 : - function subroutine for first deriva-

tive calculation,

DY?2 ' - function subroutine for second deriva-
tive calculation. ’,
SCALE . scales all required output to orlglnal dlmen51ons

It should be noted that although ORLSQ 1is usually

far better than LESQ,‘ORLSQ will not fit a curve of order

ﬁ-l (where N = K.of data points input). Hence, if a poly-

nomial of order N-1 is desired, LESQ is used instecad (i.e.,

in LENGTH) . | ‘ " L
The input variables to which numcrical values must’
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/ be assigned are listed-as follows. The numbers in brackets

-

are recommended values to be used if the designer does not

wish to change the ptogram accuracies.

-

Variable

1.

{9
.

Name

NUM

ANGI

XC

YC

NS, NP

/ = =2 X
@] @' @]
(95 to —

X(pb,1,2

NIS

NIP

-

. Units or Value
Description Recommended

numbgy of orthogonals desired (< 40) .

length of main passage plo%
desired. inches (17
inlet sgas angle - ' . radians
X-coordin;te of leading ,edge

circle. ) . it s
y-coordinate ‘of leading edge

circle. . . : -

number of coprdinates used

to describe each blade surface ----

order of polynomials to be plotted .

to model streamlines in the main : (6,3,3)

blade range, suction surface

e )
ﬁleadlng edge and pressure surface

.~

leading edge.

orthogonal start point x-coordinates ----
number of suction surface points

to be fit to a polynoﬁiul (< N) ,.-~--
number of pressure surface points

»

to be fit to a polynomial (< N) T
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11. NUS - number of streamtubes dréwQ\ ) (4)
(must'be a perfect square,
i.e., 4, 16, 64,...)
12. LN ‘ . - maximum number. of guesses in
the subroutine QUASI (<400) J:
13. XSUC(I), suction surface coordinates \ R
YSUC(IY :
14, XPR(I),- p}essure §urface c¢oordinates .-
'YPR(I) : ,
15. NO, NI - variable dimensions for sub-
Joutines , (20,40)
‘16.  NUMS - number of points used to re- (> 10)
g present the suction surface
leading edge -
17. ZKK - lcngfh of suction surface lead- inches (12)
ingxcdge plot desired |
18, KO - number of orthogonals starting e,
from suction surface leading cdge
19, NUMP - number of points used to represent (> o)
‘ ‘the pregsure surface leading edge
20. KOO - number of orthogonnés starting ‘ R
from pressure surfaéc lcading '
cdge
21. ZK2 - length of pressure‘surfacc inches (10)
‘ leading edge plot desired
22. PITCH - pitch between blades . scaled to data
25, YPRM . Ma:}mum yv-value of pressure sur-  ----

’

face leading edge points read in
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24. NFP . number of points omitted at beginn-

ing of pressure surface for

polynomial fit

2
25. XLS(I),- suction surface leading edge
YLS(I) coordinates
26, YK(P) - suction surface leading edge

¥

orthogonal start points - y-co-
ordinates

27. XLP(I),

pressure surface leading edge

YLP(I) coordinates

28. XK(P) - pressure surface leading .edge
. orthogonal gtart points - Xx-co-
A ordinates’
29. DX1, - intervals between ﬁoints where
DX2, polynomial characteristics
DX3. are evaluﬁted

™

30. ERROR1,

acceptable errors for poly-

.» ERROR3 nomial fits

.31. TER1,.

. w"’acdcptable total errors for poly-
TER 3 nomial fits -

32. CIS1,..., acceptable slope change between

CIS3 intgrvals DX .
33. TMIN, - allowable m;ximum and minimum
TMAX flow turning angle
34, W1(I),
w2(1), weights of data points in ORLSQ

7

{a

w3(1),

94

- -- -

- -t

X (max) -X{(min)
50

.01Xxc

degrees .
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PROCRAP TSTC INPUT.OUTPUT, PUNCII, TAPES= INPUT, TAPES=OUTPUT, TAPE?=PUNC AT

11D AT
. MAL

A . ‘ : . AT
ST 3333 S F e 23S AT S S TR i FH et E AR HEF S R Bt i 2 o St d e Pt S R 51 |
MAT

THIS IS THE ORTHOCOVAL GENERATION PROGRAIl FOR THE POTENTIAL FLOW MAT
SOLUTION” 190%
MAI

P P S AP S S IHE M A S SRS S S g R ERananeyeasueey Mol
7 HAL

- Mal

.a R MAT
. MAT

BLADFE DATA MUST BE WHOLLY IN QUANDRANT | WITH THE LEADIKG EDGE T
LOCATED AT X=0.7 MAI

" : 3Ly |

* $1,91

NUM IS THE NIRBER OF AT BLADE RANICGE ORTHOGONAL START ,POIII:‘I‘S. MAL
ZK IS THE LENCTI OF THE PLOT DESIRED FOR THE [IAI DLADE RANGE. AL
ANGI IS AIIE INLET GAS ANGLE IN IADIANS, HAL

XC AND YC ARE THE COORDINATES OF TI'® LEADING EDGE CIRCLE CENTER. MAT
IS AMD NP ARE THE NUIBER OF DATA POINTS TO BRE READ IN TO LODEL THE I3l
SUCT.ION AND PRESSURE SURFACES RUSPECTIVELY, Mal
MCH.NC2,MNC3 ARE THE CRDER OF THE POLYVOTIINALS TO BE PLOTTED FOR TII MAI

TIAIR BLADE RANCE,THE SUCTION SURFACE LEADING EDGE AND THE PRESSUR MAT

SURFACE LLADING EDGE RESPECTIVELY. HAl
NFP IS THE/NUIMBER OF POINTS SKIPPED FOR THE POLY FIT TO THE PRESSU [AI

SURFACE TIATN BLABE RANGE. tal
DIMNENSION IK(20), WK(100), W(20), BA(20) MAT
DITENS 101, XLPC20) , YLP(20) . XK(Z0) MATT
DITELS 1O GX(40), GY(40), XSUCP(40), YSUCP(40), XPRP(40), YPRP(40) NAT
DIEEIION ¥1S(20), YLS(20) . ' NAT
PINENS 10N XPR(40), YPR(<0), ¥SUC(40), YSUC(40), A(242), BS(20), BP MAI
1(20) . T AT
DIHENS 10N 3X(40) - AT

DINERSION YR(2Q) ’ Tl
COITMON HE(40,20) , YE(40,20), YP(2D) , X(40.20,3),Y(40,20,83),C(50,50) A TIAI
IA(20,20),0B(20,20), BC2OY IR ML, 1O, T2, BZ(2)  NUS, NULL, BMIA, BIAK, TTHE, HAL

CTHAKL G HE2, NC3, WH(<0) , U2¢4D) , 30 40) , ERNRORY, ENPOR2, ERRORT, TERT, TE I
SH2,TERS, CISTE,CIS2, CIS3, DXL, DX2, K3, 5CALL, YDIF, ICR, SCALS FIAT
mrreee r,p, oK 1Al
READ (5, 1) NOIL 2K ATIGE 50, VE, RS, Ne Be T, HC2L TS, HEP Hal
FOMPIAT (15,4110.4,215,21) AL
. 15

HEXT READ 10 THE X VALUES FOR THE ORTHOGONAL START POINTS. AT
' 1881

READ (5.2) CL,0(P,1,2),P=1,NUID AN
FORMAT ¢ I35, F10.4) 1591
> A - TAtL

NIS AND IHP ARE ITE NUNBER OF POINTS USED TO FIT A POLY TO THE MAT
SUCT O AND PRESSURE SURFACES RESPRCTIVILY. . MAL
HUS 1S TR HUOBER OF SPACES 1T THE OQTHOCONHAL GRID, A
LH 18 THE-HUIBER OF 1IERATIONS TTHROUGH TIHE CENTER POINT LOCATION PNE
PRQCLBURL, . ' PN
) P

REUAD (5,3 IS, HIe, LUS, LY i
FOIMAT (3 15) R ° 11591
- I

MNsUn AND LSUC ARE TIC PATA POINTR FOR THE SUCTION SURFACE. ToNAL
THE W8 QRS THT VEIENTS APPLIED 1O TIHE VARIOUS DATA POINTS. 389
SUCFION AND TLNSURL SURFACE VALURS SHOULD BE RZAD IN ORDER OF IRC i\l
RLAS TG 30 VALUL. 1Y ]
- Ml

READ (5,4) GISUCCD ,WSBC D, VeCD (121,10 11N
FOILINT €15, 3110, 4% . . AL
[18¥+

APIL AHD YPR OARDS 11 DATA POLHTS oR IIE PRUSSURE SURFACE. AT
I ANY DLGet oF TG BLADE ‘Wi WaIGUT THE SUCTION SURFFACE VALUES 111
THE SO Ao HHL PRESSURL SULFACE VALULS, My
389 ¢

READ (5.5 (I XPROD) VVPRODY L 15T, ED) ) MAS
FORIAT 15, 2F 10,0 . o AL
MAL

10
20
Zo
£9
50
60
70
89
o0

100
110
120
130
140
“§150
160
170
120
190
200
210
a2
L3890
240
250
2060
70
L2890
290
3Co
310
320
230
C490
350
360
370
cen
290
{00
210
<20
430
440
4350
400
70
480
490
500
310
G20
330
G40
550
I
570
580
590
GO0
010

L3440 BN

(41
620
650
660
070
(1%}
600
TOH
THO

Lt Tt
at

T
vi0
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NO AND NI ARE JUST VARIABLE DIMNENSIQUS WIICH NHEED NOT BE CHANGED
UNLEGS AN EXTRENELY LARGE NUIIBER OF DATA POINTS ARE TO BE USED.

READ (5,6) IO, NI

- FORMAT (213 . .

NUMS AND NUIMP ARE TIIE NUIIBER OF POINTS USED TO MNODEL TIE SUCTION
AllD PRESSURE SUTRWACE LEADING EDGES RESPECTIVELY.

ZIZ AND ZKZ ARE THE LENGTI'S OF THE PLOTS FOR THE SUCTION AND PLS
SURE SURFACE LEADING EDCE3 RESPECTIVELY.

K0 AND KOO -ARE TIE [UMBER OF ORTIICCONILS TO BE DRAWN FOR THE SUCTI
ANlD PRESSURE SURFACE LEADING EDCGES RESPECTIVELY

-PITCHO IS THE CASCADE PITCIL

" READ «5,10) (FLPCD ,YLPCD) ,U3(I), I= l JLTUIR)

YPRII IS TIE TIAXIIIUII Y-VALUE USED TO IAOD&L THE PRESSURE SURFACE
LEADIRC EDGE. '

READ (5,7) NW»5, ZI3K, KO, NUIlP, I’OO VA A P!TCH YPIUI
IFORMIAT (Io.l 10.4,815,8F10.4) * .

HXLS AND YLS AR.C -TIE COORDINATES OF THE SUCTION SURFACE LEADII:G EDG

READ™(5,8) (JLS(D),YLS(D), V2( 1), 1= 1/TVIS)
FORMAT (3F10.4) ,

YK ARE THE Y-VALUES OF TIE ONTHOMONAL START POINTS FOR THE
SUCTION SURFAGE LEADING EDGE ‘

READ (5,9) (YK(P),P=1,KO0)

FORMAT (F10.4) ' . :

> -

MLP AND YLP ARE THE COORDINAIES OF TilE PRESSURE SURFACE LEADING ED

<

FOMMIAT (”1‘10 %)

¥

¥K ARE THE START POINTS FOR TIE PRESSURE SURFACE LEADING EDGE
READ (5,11) (XK(P),P=1,K00) ) '

'FOIUIAT (F10.4)

'I'lIE bi,S ARE IN’I’ERVALo AT wHICH CALCUL’YI‘IOY IS PERFOIRMED IN CFIT

READ (5, 12) DI, DX2, DHO
FORMAT (3F10.4)

THE ERROR,S ARE THE PEIRCIISSIBLE ERROR ALLOWED 1N CFIT FOR THE POLY
THE TER,S ARE THE PERMISSIBLE TOTAL ERRORS ALLOVED IN CFIT.

READ (5, 13) ERRON,TER!, ERROR2, TER2 , ERROR3, TER3
FOIWAT (6F10.4) : .

THE CI5,8 ARE TIUE PERMISSIBLE CIANGES IN SLOPE ALLOWED BETWEEYN
DATA POINTS CALCULATED Ii{ CFIT N

READ (5,14) CISt,CIS2,CIS3 . -
FOIMAT (3F10.4) : '

.
Y,

AREMES OF TIE TOTAL” TURMING ANGLE 1N TOC BLADE

TMAX AID THIN ARE L

” »
“ Al

~

TO SPECIFY T7IE POLVIOMINAL ORDLDS FOR TIE TWO SUNFACES( INSTEAD OF
LETTING CFIT SELECT I'T) L, READ IN 1S AID,_ 1T RESPECTIVLY LQUAL. TU
OTHERWISE SET THEN-TQ ZERO. ‘e T ’

RCAD (3.16)- 1S,1T

FORMAT (21I%) .

VBITE (6.,17) .

FOIGIAT ( pM, URSCALLD 1HDPUT DATAX,///)

VRUTE (6, 1) NIS,HIP, NUS, LH

FORUAT (l'\,‘r]() N . “

VRITL (6,19) ANGI,NC. YO, NS, NP, TG, HC2, MC3
FOIMAT  GIM.BF10.4,513,)

MHAI 730
HATI 760
1Al 770
MAI 7ED
MAI 790
Mal £90
MAL 810
MAL 820
MAl 320
MAI 840
HAl 830
MAI 869
HAl 870
MAI £80
MAL 890
HAT 9200
HAI 010
HAL 920
1AL 939
MALI 940
PIN] 930
M1 960
MAI 970
HAL 229
MAI 090

. MAl10©9

lIAT1010

1AT 1020

MAT1020
1A11040
MAT1050
HAI1060
HA 11070
MAT10890
HAI1090
MAII100O
MATIL10
MATIIZO
MAITIZO
MAT1140
MAI115D
HAT 1160
MAT117O
MAT1169
MAI1190
MA11200
MAL1210
MAT 1220
MAI 1230

HAT 1240

HAT 1230
MAT 1260
MATIZTO
MAI 1230
AT 1290
MAL 1300
[IAT1310
1HY11320
MAT13230
MAT 1340
AT 1330
MAT 1660
HAL1I370O
MALID BO
MAT12
AL 1-10“)
MAT 1410
FHAT 1420
MAL 1‘13’
18N I P
IVAY I A
I 14‘6()
AL 1470
SRR 0 TAHY



[
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29

30

31

99

VRITE (6,20) LFFP,PITCI, NULS, RUIR, 120, KOO, YPIN!I

FORINT € 13, 15, F10. 4,45, °10.4,7)

VRITE (6,21) CISL1,CI82,C180

FORNAT (132,77 CIS 157, [ 10, @, a2 CIS82=,F10.4,% CIS3:=x,F10.4,///)
GCALI= 1. 1/C ADS(SUCHS) =XSUC( 1))

YMI=APROD

DO 22 N=2,uP

1 CYPROID . GT. \'m‘t) cO0 TO 22 '

YHITI=YPRCID

CONT UK

YMAM=YSUC( D)

DO 28 H=2L NS

IF (YSUCCID ,LT.YTIA3D GO TO 24

YIAN2 YSUCID

COIFY IHUE

YMNAN= YIXSCAL L ) .
YMIN= YT {N:aSCALT . :
YDIFPz0.0 ¢

SCALZ2=1.0 R oo
YMAMP=YIIAY i

YHINP=YMIN i
IF (YNAXP.LT.0.983. AlD. YIIINP.GT. 0.07) GO TO'26
SCALZ= . O/ (YTIAXNP-YTIIHP)

YHINP=YIIPSCALR

YDIFP=YIHINP-0.075

YIIAYP = YHAYD:SCALS-YD IFP .
YHINP=YIIINP-YDIFP -
GO 10 25

DO 27 1=1,N1S

XSUCP( 1) =ESUCC ) =SCALL2SCAL2

YSUCP( D =YSUC( D S(.ALI {SCAL2-YDIFP

CONTILUE

DO 28 I=1,H1pP

XUORP (1) =PI 1) SCAL1::8CAL2
YPRP (D) = YPR( D) » SCALIZSCAL2-YDIFP

CONTINUE

NOT=<0

CALL BLADE (NPRP, YPRP,ISUCP, YSUCP, NOT, 1P, NS)

YHIAY=YPRENEP+ 1)

NOP= T IP+DFP -

NEPP=LFPia2

DO 29 I=HFPP, LOP

JF (YPROD LLT.YIIAXY GO TO 29

YHAN=YPIC])

LCOHT LN
L YMIN=YSUCC 1)

DO 20 1=2,NIS - . :
IF (YSUCCIDY . CT.YMID G0 TO 3¢

YRLE= YSUCC DD '

CONTINUE .

YMIN= YT “SCALL

YHAY: YIIAN-SCALL T

YDIF=YIHH=-0, 4

YHAM: YI\M=-YDIF : . '
RG= 1, 25-P LITCIP:SCAL1 ~

1C1R=0

II" (YIZAK.LT.R) €0 TO 382 - >
TER=TGRE L - .

YHAX- YA (L, 1) +0.03036 -

REG- 1. 25=-PUTCIP:SCALL/C 1, 120 1CID

GO 10 O .
SUALS= .01, 12 ICIY

DO 23 P=1,HUM X

HOPL L 2y s OUP, 1, 2)5 SCARD) " SCALL

COHT UL :

WRITE (6,34)

JFORMAT (137, 3:UNSCALLD r-‘-ucﬂo:x SUACE VALUES®, 77

VRITE, (6,23 (CUCCD ,YSUCOD) , 1=21,13)

FORMAT (11,2010, & 7Y

VRYIL (6,20)

FORINT (1M, -URSCALLD PRUSSYRL SUNFACE VALUESK, 770

YRYE (6, 37) PROCD YPROD L 131, 5D

I'ORIZT (1:(.‘:1“10.4./) -

VRETE (6,88)

&

MAL1490
HAT 1509
MALIG O
MALLIGOD
HALLS0D
HAT 1520
MAT1S50
TN 1560
MALISTO
1AL 1589
MATI1590
HAT1600
MALIGLO
MALLI620
MAI1G20
MAT1640
HAT1650
MAL1GGO
HAILLG670
AT 168D
MAF169D
MAI17C0
1aAl11710
MALLZ29
HAT1729D
MAL174D
MALI?50
MAL11760
1§89 Skards)
MALLITSD
MAILITOO
HATI1E00
MAT1810
1IA11820
MAT1E30
MAL1IC4D
HATIESO
MAIIEOH0
HATIS?0
MAL 1880
HAT1890
HAT1900
MA11910
HAT1930 -
MAT1930
MALLO4O
MAT193D
HAT1960
MAI19TO
MAI1980
HAT 1990
MAICZO00
MAIZO10
MALZ020
MAIZ2030
MAT2040
HAIZ2030
HATZ060
IALI207T0
MAT2039
FAI2090
MAIZ2 109
MAIZLLO
TAIZI20
MAIZISO
HAIZE40
HAIZ2 150
MIZ2160
HAIZLTO
NI
NI
HAIZ2200
SHAIZZ2 10
HAI2220
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P .
FORNAT ( LI{, *"UNSCALED SUCTION. SUNFACE LEADING EDCE VALUES®,/ /) MATIR230
VRITE €6,39) (ILS{I),YLS(D) ,1=1,HUIDS) IINLI22<¢0
FOLIAT (1X,Z2F10.4) ”A122‘)0
VRITE (6,40) MAIZ220G
FORMAT ¢ 1X,=:UNSCALLD I’m‘SSUIL SURFAGE LEADING EDGE VALUES%, /) HA!""?O
MIUUTE (6,41 (XLPCD,YLPCD, I=1,NUIIP) | . IAI228O
FORMAT (1X,2F10.4) N 1A 12200
VRITE (6,42) ICR . HAID300
FORIAT (13X, =:1CR=:,15,/) MAI2310°
DO 44 1=1,N5 HATI2220
MSUCCD) = (HNSUC( 1) *SCAL1) :SCALJ . MAIZ233D
, YSUCC D) =(YSUC( 1) *SCAL1-YDIF) =:SCAL3 . MALI2340
IF (ICLEQ.O)Y GO TO <4 T HAIZ2RS0
LO 43 J=1,1CR HAI2260
YSUC( D =YSUC{ D) +0.02636/( 1. 1:2(J~1)) IL*\IQ()?O(
43 CONTINUR TINI 236D
ad CONTINURE “. MAIZ2390
DO 46 I=1,NP . . IIAIZ400
¥PROD = (NP D SCAL LY SCALS TAI2410
YPROD)=(YPR( D) :SCAL1-YDIF) =SCAL3 H TIIAI 2420
1F (ICR.EQ.0) GO TO <6 , : IAIZ230
PO <5 J=1,ICR [AI26eD
YPROI)=YPR(1)+0.03636/( 1. t:a(J~1)) PALDASO
<3 COUTINUE HAI2460
46 CONTINUE FIAI2470
DO 48 I=1,NUNS ' MAI2480
XLS(D)=(HNLS 1) SCALI)"‘SGALG MAI2490
YIS = ( YLS( D »SCALI—YDIF):SCALS TIAI2300
IF (ICR.LQ.O)Y GO TO 48 ILAI"olO
BO 47 J=1,1ICIk B : 9 3Y Fodete]
YLS(I)=YLS(1)+0.03636/(1. 1 e (J=-1)) HAIQ""
- [ ¥rg CONTINUE . . MALIL340
(3] CONTINUE - HALI2550
DO 50 1=1,HUlY * PMAIZS60
XLPC1)=(XLPC D) *SCALL) »SCALJ3 MALIZ237?0
YLPCD) = (YLPCI)"SCALLI-YDIF) *SCALS FIALI253D
- I (ICR.I.QG.0Y GO IO 50 TIAIZS90
DO 49 J=1,ICR MAIZG00
YLPCD) -YLPC D) +0. 03625701, 1.a:(J-DF : HAIZO 10
a9 CONTINUE a;:‘\ MAI2620
50 CONTIIIUR . . ~ HAI26O
Do 52 1%1,K0 . ‘ MAJS640
YHCD =(YIIC DL SCALL- YD SCAL R * LY 20650
I CICR. 1Q.0) GO T 53 . * TIAIZ600
DO 51 J=1+ ICQ , . MAIZ6CO
YR =YE(I)+0.03636/C 1. ¥(J-~- 1)) MAIZ6ED
a1 CONTINUR . IHAIZ690
[y CONTIITUFE, . . MAIZ2TOO0
DO 53 =14 KOO MAI2T 10,
XECDH =R SCAL1Y:SCALS HALIZT2D
03 cConrtinis . MAIZ?3O
DHI=(DX1TSCALL)Y SCAL3 ¥ HAIR740
P22 (DN2=SCALL) " SCALS MAI2TS0
DXO=(DN3: SCALL)Y: SCALS » TIAI2TO0
O V0 SCAL D " SRALY H\_l:"'TO
YCLOYC SCALI=-YDIF): SCALS . MAT2700
PITCH=(PITCH"SCALTY SCALD HALR?O0
YPIRN ez (CYPIRIE SCALL-YDIEF) : SCALS HAT12800°
ERRORI= (LRRORL GCALL) Y SCALG MALIZ3 O
LRROLA2= (I'RROR2 SCAL D = SCALS HAIZG20
RRORS= CLRRORT -SCALD) * SCAL3 B 112880
TERE=CPIRLE SCALLD) = SCALS . . . MAIZONO
AUR2= CTIR2YySCAL D ~SCALS A L2850
TFERS=CTERGY SCAL DY SCALDS INI2E6H0
I CICR. 1 Q.0 GO TO 4§35 . M\IZETOo
Do 54 J-1, ICR . HAT 280
YC=YE+.03630701, 1t~ (J=-1)) HALTLSO0
YPRM=YPIULI+ Q. 036306701, LACI- 1)) N IINIZ2900
o4 CONry e . . A HAIZ910
33 YOCC-YCrP I TCH v l - MAIZOZ0
P7C 1) = YCC=-TAHCAIGT)Y 1C * 5\ . 12080
BAC) = LHCATICT) IINI2940
LOVRECE (6,56) SEALL, YD RCALD, VDI, ICI . MNIZOG0
36 FORTINT (UL ASCALY= s R 10,0, xDH'=~<.I"lO.‘2-.2':3(1.11.()::.I-‘lO.‘:-.x YDIV=>,1"1 MAI20GO

AN
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10. 4, X ICR=3, 13, /) -
VRITE (6,57) ) )
FOINUAT ( 1X,~SCALLD VALUES,::///) - . T

VIUTE (6.58)
FORIAT ( 1X,: ormmco.uu, START POINT '(-V.\LbﬁSa: 7
VRITE (6.59) (M(P,1,2),P=1,HNUMD

FORIAT (1X,F10.4///7) \

VRITE (6,600 : ‘
FORMAT ¢ 1X,* sucnou SURFACE VALUES:#, //)

VILLTE (6,61> (1SUCCD), YSUCCI),VICD), 171, [i5)
FORIAT ( 1“.31‘10. 4,7) ]

VILITE (6,62)

FOIMIAT ¢ 1¥,::PRESSURT SURFACE VALUES:t,//)

VRITE (6.63) (PR(D ,YPR(D),1=1,HP)

FORMAT « 1%, 2F10.4, /) .

WRITE 6,64) - . -

FORMAT ( 13, #SCALED SUCTION SURFACT LEADING EDGE VALUES*,.//)
WRITE (6,63) (.".LS”) YLS(I), 1= 1, [UES)

FOR.IAT € 1X,2F10. 4

VRITE (G, 66)

FORMAT ( 1X.:'SCACED PRESSURE SURFACE LEADING EDGE VALUESH, /)
VAITE (6,67) CLP(1),YLP(1),1=1,HUMP)

FORIAT (1,..21'10 2)

VRITE (6,68) PITCH, }C YG YI’PJI

FORMAT ( 13, =PITCH=: 4, % XC=x,F10.&,% YC=x,F10.4,%YPRM==, F']
VRITE (6, 6‘9) DX1,
Fony
VRITK (6,7 rfu’om TER, ERNOR2. TER2, KREORS , TERS

-

FlO 4.» DH2=:%,F10.4,% DR3=%,F10.4)

FORMAT (13X, =ERQSRI=:=,I"10 4-, ®* TERI=x I'lO dyk LRROIL. ,F10.4,% TER2

1, F 10y <, 3¢ anms“ F10.4,% TER3=: rxo.m
LJL=1
D=1 N .o

NE=ND+ITUS . -
NF'= (IID+NE) 72

LJ=1
Li= |

LHI=1

NON=3 N . .
CALL PMARG (ZID 2

CALL HEGPEN (37

CALL ARRNV (7.9,5.0,6.5 12,s>

CALL ARROW ( 14.78,2.36.15.4,.06,3)

CALL ABRROV (£.0,1. 1\4-“)\).... lu.())
CALYL LLTIFER (10,.153,63.,4.4,0.9, 10HFLOW ILLED
CALL LETTER (9,.13,2953.,14.62,2. 16,9IIDISCILARCGE)
CALL LETTER (12,.853,0.,9.0, 1.1, I2ZHFLOW- PASSAGE)

CALL LLTTER (21,.15,0.,.8.0,4.084,21QAUAS I-ORTIOCONAL GRID)
CALL LETTIR (16,. lu.O. y 2.4, 08,46, 16IIPRESSURE  SUTIFACE)

CALL LLTTER (15,,15,0.,

CALL LLTTER (12,. ,

CALL LETTER ¢21¥, '

HlH=xsycen

MMAX=HSUCCHIS) ¢

.38,3.00, ISHSUCTION SURFACE)
.0,6.8, IZHLEADING I'DGE)
6,6. SS.QIhbTA(xN}\IION STREAMNLINE)

£5,0.
.15,0.

. -—CJ:J..".‘JO

HOW Vi MA POLY FOR THE SUCTION SURFACE,

VE FIT I LOVEST ORDER POLY THAT 1S ACCL?TADLE FOR THE SUCTION SU

IF ISV 1) GO 70 71

CALL, GITET (Hl‘a‘,).’SUC.YSUC,H!S.LH.LH(,N[))
GO "FO {3

no ¢ I=1,HiS

AD=YICh

CONTTHUL

READ 1N TEE DESIRED POLY ,ORDER FOR 'T1IE SUCTION SURFACE.

AD (5,73) IS

FORMAT (13)

CALL. ORLSQ CSUC, YSUC, W, NIS, IS, LIS 16XQ, BA, IRV
TS IS .

b e 121000

BCD =BACIIS=1+1)

CONFILUE

MAIZ297O
MAI20CD
MAI2990
IHAIZ00D
HAIS3010
HAIZO2D
MAISOS

IIA138040

. NATZ030

HAIB060
HATIS070
MAIZ08D
MAIC090
HAIB 100
IAIZ 110
MAIB 12D .
MAIZ 130
IIAI3 140
FAL3 150
HAI 160
MAIB 170
IAI3 18D
IAI3 190
IIAIQ200
IIAI3210
MAIS220
MAI323
TIAI3Z40
IIAI3250
IL’\IS"GO
HAI327
PL’\’32
MAIS
“.\!""00
IIA13310
MAIB32
HAI32Co
MAI3340
TINIBE30
MAI3G60
MAI3370
HIAIG3EY
IAIGE90
MAIS400
TINIC410
PIALIB 420
PMAL13430
NI 440
MAI3430
MAIS460
MAISET
IIAI3 480
MAISSO0
FMAISG00
MAISS 10
IIAFR320
HATSS30
HALI3G <Y
LINT3350
IATIS560
HAI3G70
HAIBSGO
HAISG00
HAIS60D
MA36110
EINICOI0 |
PINIBGU0
MAI35-20
MANISO6S0
IVI3OG60
HAIBOTO
HANISO80
[N RITY]
HALUTCO
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49
90

91

on
93

=

STORY TH."'. SFLECTED POLY CRDEN.
IF (HHS.GT.9), GO0 TO 26

CALL Al)l) (ISVL, VSUC, IS, X, 1S, SOAK, LI, LD
B ¢ P XN Birdrd
CALL ADD (NSUG,YSUC, IS, SO, 1C T, ITIAK, LI, LD

Icn=nIs
IMs=7ISr L

NO 78 I=1,105
SCH=Ren
C()NTH’.’UI-I

DO Y9 I=1,HNUN
KNOCD =N, 1,2)
CONTILULE

FIND TIE (.U.IVI\TU",I‘ AT TIF Q()‘/ST“JIT POINT.

CALJ. CURV (X, 03, 1HIG, UD, PS8, Nk, LT, LID
TRIT" (6,80)
FORINT 1X,3:AAMID, L) COEFFICIENTSw///)

STeRY THE POLY COREFICILNTS.
bBO 82 L=1,I3
AACHD, LY =DBS¢1)
VRITE (6,81) AACLD,L)
FORMAT (1, Et3.6,)
COuTIHNUE
Do €3 1:1,NIP

Gl =X ’Il( I+0FP)
CY( D) =YPR( I+NFPY+PITCH
CONTINUR ’
ES=CHOLY
RAN=GHO)
FINX=GXIP)

BJAY A POLY T'OR THE PRESSURR SWUACE.

FILD THE BEST. POLY FIT TO 'w PRESSURE SURFACE.

IF CIT.17.1) GO 10 84

CALL CUIT (NIP,CY%, GY, P, LU, LI, N5
GO TO 00

READ (5,83) HIP

FORINT (13) s

DO £5 I=1,HIP .
WCH=VICD

CONTTHUL

CALL ORLSY (HNPR,YPR, VW, HIP NP, VK, S 1659, DA, IRRRY)

IR 1P
DO &7 Ist,

BCD=BALP=141)

CONTILUE .

STeAN THE SELLETED POLY ORDER.

1F (IP.GT.9) GO TO £9

CALL ADD (GX,GY,HIP, ¥IITH, P, STAK, LI,
CO TO 90

CALL ARD (CX,GY,NIP,XITIN, HC T, A, LA, LID

HIXCRUSE D) - TP

HEP =111+ )

YR (6,91)

FPORIAT (UL BBOHE, LY COBFPICINNTS i, 2)

STORL L POLY COLFICILNTS.
PO 0B Loy, mpe .
BirC1)=1(1)

BBCHE, 1) =BPL)

WRTIE (6,92) BBGIS, L)

TORUAT (B, E15.6,7)

CONTIIUR

R,

RRING L,

VIRTTE €6, 03) KO D) KOS+ ()

FOIRWINT LN, -MXCD) =, 13, LI 0IUSH) = ¢, 13, 2)

PHIVST VE DO CLHE IVETD BULADD RANECHD ANALYSITS.,
CALYL 2TV CHING LI, SIS s LY, HC, YCe, LA L, B

.

102

HAIST 10
HAIST2O
INI3TC0

HALGTC0

IAILTED

A 13760

IAI3770
HAIZS?E)
A 3700
IAI2ENY
Iicaio

HAI"Q"O
MA 13320
[IA 13840
HAICZ30O
[IN13E60
1AIC870
MAIBEEBD
HAIZGO0
11713900
1AIS910
IHALIS020
MHAI3030
MAICO4D
HAIJ950
IAI39690
MAIZO70
MAIZOSO
MAI3990
MNA1<000
HAI<O10
MYI<020
IIA1<029D
MAT4049
HATZ030
MAI4C6O
MALI4070
INILC8D
MAI4000
AL 1CD
MAI4110
MALI4 120
Iinl4 1380
MAIL1€O
MALGISD
1M\ 14160
MATI4 170
MATS1ED
MALA100
HA14.200
MAI4210
MAIS220
TIA L2330
Mi1en20
MAI 135

MATL 260
HAL1S270
MATC280
MAT4290
HATLL300
SRS DRI
HAL4320
[RY B 1414
HALC SO
MATIL 330
M\I<360
MATAOTO
HALL3ED
12390
HALS 00
AL Y0
”\l‘x‘....\)
IR EE-4 71

 WOH,HOT, LILL LI, I2IY N L4940

NI 5 R
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- \
1, PRMAX, XSUC, IS, PITCH)
LJL=0
CALL PLOT (20.,0.01,-3)
LHI=0
NUIN=I0
MD=1 .

HE=[UD+IUS
NF= CHD+NE) 72

NEYT VI DO THE SUCTION SURFACH II"'\x)IN(‘ EBGE ANALYS

1.

103

HAT4450
HATI4460
HAI<4YO
1A14480
MAL4490
MAI4500
MALS510
HAL<320
14539
MAT4 540

CALL IIM)/(‘C.M../\N(,I VAKIGIUTS 10, MG, VLS, T, TP, L0, N1, RO, XS, L HA L4530

10, LJL.BP, GD L UE, BT LU, L, l’li(,‘l Yx(,...:U(I.I”H Ls)
CALL PLOT (20.,0.01,-3)
HUL2 160

LI~ 0

LJL=0O

LI-0 ¢

UGN DR e
Hn=1- x .
HE=HD+IUS N

HEF=CRD+HED) 72

FIIALLY WE DO 1N PRLGSBIU SURFACK LEADING EDGE
CALL, LEADZ (LUNP 00, 21, KLY, YLD, HE, X5UC, YSLE, NP8, LJ, 2.6, YC,

O, NI HON, TTOT, LI, LU NI P UTCH, YPIUL TS, NS, )
Call, PLOT (220.,0.01,-3)
CALL. PLOT (20.,0,01,999) ~
sTop
LD

AMALYSIES.

14360
MAI4570
HAT4380
MAI4390
MAI4G00
14610
HAT4620
HA14639
HAI4540
CIN14650
IN14660
14670

LJL,BP, TINI268D

AL ()‘) O

MAT4T00 ]

MAL&?10
NAT4720
IHA14730

e - s
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ROTE CTINT ULES 18 JUST TOR FIE PLOT AUD A POLY 1S UIT 10 DETERING

LU LATOIR 0L
1T CAY. L. 00 L ORVAYYLET. 0. 1) GO 'T0 20

SUBROUTINE TININ (HK,LH, RIS, XPS, LJ, 1C, YCC, LIL, BP (IO N, ROW, KO, LI, TIAX
LLIL, RMAX, RITIAK, MsSUC, NS, PITCID MAT
DIMEESTION RE(20), REY(20), IK(20) . D3(20), XSUC(CO) Hal
DINENSTON XEX(SD), YREM(L9), MNC40), TEX(ZD), BD(49), BPCL2Q) MAL
COMHNON HE(20.00)  YE(4D.20) , YP(DD),32(40,29,8),Y(£0,.20,3),C(50,50) ,A 1Al
EAC20.20) . BBC29,20) , BC2O) L IR 111, 10, T2, BZ02) JIUS, HuTL BIH KL BIIANLTTH I, T1Al
STMANL G, 162, 163, W1040) , V2¢20) , L3 49) , BIRCONL, ERRGAZ, LIRS, TERL, TE 1Al
SR2,TERSCIST, CIS2,C153, D1, DE2, UHS, SCALL, YDIF, ICR,HCALS Al
INTEGER P HAl
IH:0 RV
11=1 It
. MAlL

FIRST DIVIDE TUE PASSAGE IN TUO PARTS. . HAI
CALL 1.0 (IIC LU, IX, 1ILI0S, 08, L, 32C, YCC, LIL, 1O, NI, ol ROT, LT, LI, ILV]
LAY, DIMA K, HSUC, IS, PITCID MAI
HUS 1= CHUS)Y 0. 51 MAI
HAIL

NOV DIVIDE TIS PASSAGE INTO TIE SPECIFIED NUNMBER OF PARTS. HAL
PO 1 IN=1,NUSI . MAL
CALL 1.COP (FIC LN, LI, 11,105, ¥ps, LJ, XC, YCC, LJL, IO, NI, 0N, NOT, LIIT, LH, HAI
TIRTIAY, RGMAYK, BISUC, BS, PITCHD HAI
COITINUE Hal
D=1 HAl
HE=HD+NUS ' MAIL
RO 2 Iz NUM MAI
NXCD): SOL, 1, 2) . MAT
CONTIHUE 5 At
=I5 - ) HAL
IF (LI.EQ.0) GO TO O TIAT
¢ - MAl

CALCULATE “I1% GURVATURE AT TIE FIN\L PRESSURE SURFACE QO POINT. MAl
CALL CURV (L4, 8P, LD, K, 208, UL, LU LID HAT
GO 10 & MAL
HS=IrS) " Hal
HSHEIS+ 1 HAl
DO 4 IKIK=1,E3501 HAT
BSCKIKD = DS, KIK) : .- AT
CONTIHUE AT
CALL CURV (384, BS,HS, b, 3353, NI, LUT, LD MAI
NHU=1Us~1 . N , MAI
HUN= H{HU=-1 IRy
I (LHLEO.OY GO TO o - MAT
1T (LHILEQ.0) CD TO 26 . MAl
¢o To B . . . ML
VRITE €(6,7) ) " MAIL
FORNAT (111, 1X, " PRESSURE SURFACE LLADINC FDEE, RESULTS¥) MAL
VRITE €O, 1) MAIT
CO 10 11 MAI
VIR (6,9 Hal
FORNAT (1311, 134,21V BLADE RANCE RESULTS®, /) MAT
WIVITE (6, 10) MAL
FORIIALY (lx,‘+++++++++++++++f¥+++++++++++++++++¢++++++++++++++++$,/ ”A]
. MAI
CVIIFE (6. 1) » AL
FORNAT (4. 00 HO.* 2, ~START P ¥, 3%, *START PT Yis, 84, aSTART T € M\
1, SN D T e, SILRND PEY 30, BiD PEOC s YRUGHLLICTHT R /) AL
DO 23 P11, HULL HAl
MAT

MEX AND YEX ARE FHE POLNIR O THE QO. © HMAl
MENCD 2P, 1D H MAIT
YERCIY =YD, 10D ~ IR
PO 13 F11=2, 10 Al
FOXCITD MNP, LD IRy
YEMOITD = YE(P,TED) 1A%
couTInuL TIAL
IFCLILEN. 0 GO TO 1D P
AY-ABSOYITC D) BIRY!
AYY=ARS(YUCHED) MAL
i o HIAL

FOR SLOPIS HEARL 07 JUST ROAW A STRAIGCITY LINS ACROSS THE PASSIAGE. A

tinl
PV
1AV

10

20
I’
ar

<0
50
60
O
89
- 00
100
110
129
130
1€0
150
160
170
189
100
239
210
229
H4S
240
259
260
270
2290
200
200
310
3290
S30
HR
350
360
G770
3890
390
<09
%10
420
40
440
400
3060
470
489
490
500
510
530

ey
Jar

540
530
960
)y

G809
50
60V
610
60
630
(104 Y]
6030
660
GO
637
690
T0)
ra i
vi0

T80



105

3
IF (YPC€1).CT.0.) CO TO 14 . MAL 74D
KO XENC D Ml 23590
NHANE XEXCIIU) HAL 260
GO TO 16 : : AT 7720
14 ST - XEXCTHY) 1AL 789
R I CHEPH (S D) . AT 790
cO 10 16 ‘ ' MHAT £09
o . MAL 810
C MIUIN AUD TN ARE CALCULATED IH CASE IT 15 DESIRED TO PLOT A POLY MNAI 820
c FOR Tl PRENSURE sunmu: L.E. ORTUOCOHALS AL €230
15 MIANE RIAN-MEXCHT 1 HAL €40
SMIH= RUAN=SE4( 1) %0, 5 M1 e350
cO TO 17 1Al £60
I MHAI 870
C PLOT Q0.8. AT €80
16 CALL ADD (XL}{.YE'( NNU, LITH, NUH, MHAR, LHI, LU) , MAT €90
GO 10 23 , AL 909
c . IAT 910
c ROTATE TIE CALCULATED VALUES BACK 'ro THE ORIGINAL ORIENTATION. AL 920
17 DO 18 K= 1L —— I 939
BEXCD) = RYCERER(K) +0.5 AT 940
REV( 1D = RN YO ;. HAI 950
18 CONTINUE , JMAL 960
DO 19 K=1.nuUn . MATI 970 -
CALYL PLFLU (REX(K ,REY(K) , REXC(I+1) , IEY(IH+ 1)) I\ 989 \\
19 c.om‘mu‘r AT 900 X\
GO TO, "a . 11A11000 \
29 DO 21 M= 1,INU M\I1010 .
TEHCD EHE "c +0.9 . MAT102D
21 com"mrg . AT 1GS0
U NI W . 1AL 13&0
CALL PLTLI CUEXCD ,YEXCD ,TEZCI+1) ,YEXCT#1)) MALIOS
o2 CONTITUR . MA11060
o YIAME YIUCHIU) MAL1070
YMINz YEXCD " MAL1IO8D
' MAL1090
C CALCULATE THE Q9 LENGTILS. . MAIT109,
. CALL LENGTH (YIN, YDAX, IGI, XEX, YEX, DIS, H1) MAI1110
DHCP) =RIR INI1129
I (LILTQ.0Y GO TO 25 MAT1139
CALL SCALE (P, UE,DD) i MAI11€0
LRUITE (6,24) P,N(P,1,2),Y(P,1,2),C( x.}).)(l’.l”-:,'.?.).Y(P,HE.Q).C(m-:.l" INJ1159
1) ,Dhpep) ’ 1100 ’
24 FORIAT (43, 15,8, 110, 4, 2%, F10. 4,21, 1 10.4,2X, F10.4,2X,F10.4,2X,F10. [L\{1170
14,2, F10.4,7) ‘ MALLICD
25 CONTINUT, j ' MALI 190
IF (LILLA.OY GO TO 34 i MAEIZOO
cO TO 37 HALIZI0
24 VRITE (6,87 ) MATI220 .
o FORMAT (1111, 134, *SUCTION SURFACE LEADING EBCE RESULTS*, /) . MAL1230
VLT (6, 10) MALIZSO
VILTE (6, 2D HALIZ250
20 LORMAT (53, Q0 HO.», 33, -START PT Y*, s'(.mmm' PT 33, OX, ¥START P Cx [1M 1260
, 10X, - 1nup BT ¥ 2 8105 LUD PT X6, 8K, 9EUD PT Cx, 3%, HLENCTHY, 7/ mu::?gq
[ MALIZE.
© ROTATE ‘THE CALCULATED VALUES BACK ‘1O THE ORIGINAL ORILNTATION, A 11290
DO &t P o LUt fl'\ll'lt)d
MM RN YOP, 1,2) HALIC
YEMOD =XV, 1, MAT IS :‘n
DO 207 111=2, (U - HAL11320
KEHCLTD = RWIY-YECR, 11D VL0
YEMCLLD -300pP, 111D MATISTO
29 '(I()N I ugk MATIB6O
MM NENCHEWD : MHATISTO
SHAN MO D . MA 11389
« : MALISCO
« SINCE THE ORITIOGONALS DASILY DUSCRINES A FUNCTION , WE DON,T HAVE MAL1200
{ THEST THUIE 10 GLT TR LENG S HERG, . TESRES 1
CALL LITGEIL ORI I L0, vl JEX DI D 1MA1J<20
pHCP) =NIs : -~ MAI123t
CALEL ADD UM YEX, HLU, S, HU, LA, UL LID RO
YA NS T 1111450 .
AW PR * ' HAT L 60 M
NP, R YP, L, AT 14T :
. S ¢
|
. ot 4
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31
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37
38

29

a
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R(P,NE,2) =RMAK-Y(P, HE.2) MAT 1280
Y(l 1.2)=Y, HaAI 1490
Y(P.:”:.L‘ “(JJ MAI 1500
. MA11510
¥RITE THE RELEVANT INFORMATION. MAY 1520
CALIL SCALE (P,HNE,DD) MAT 1530
VRVITE (6,L0) P, Y(P,1,2),:(P,1,2),C(1,P),Y(P,IIE,2) ,(P,HE,2) ,C(IE,P MAI154D
D ,DD(P) TIAT 155D
FORUIAT (44X, 15,83¥,F10.4,2%,F10.4, 2K, F10.4,2X,FF10.4,2},F10.4,2¥,F10. lIA11560
14,2, 1F10.4,7) MAT 157Q
CONTINUE MATI 1SGO
o 3838 P=1,HUT! “MAT150Q
VRITE (7,32) C(HE,P),C(1,P), D')(P) Yp,t1,2),Y(P,NE, 2) HAT 1600
FORIAT (LF10.4) MATIOILO
CONTIHNUL MAIL1O2D
GO 10 <0 . MAT1630
DO "\’) P 1. HUM . MALEI640O
Xp, 2)EINM-XP, 2) MAT1630
p{§ I’ lc S 2~ NNIAK=3( P, “C.-.-) - MAT 16060
YOP, 1, 2)=RRIAY-Y(P, 1,2) . MM 10670
YOP O HE. 2 - IMUIAK-Y(P,[E,2) MAL10GSO
CALL SCALE (PJ.RE.PBPD) MAI 1690
VRITE (6,33) PLIUP I, YR, NG, 2, COL ) JXCP, 1,2, 5P, 1,2) ,CORELY MALIT0D
D.,.PrheP) MMIY10

FORPAT (44X, 15,3, F10.4,2X,F10.4,2K,F10.4,2X,1110.4,2X,[F10.4,2X,F1Q. lial172
10,21 L,F10.4,7) MALLT30
CONTINUE ~ MALLIT4O
MALITS0
PUNCIH OUT THE IMFORUATION REQUIRED FOR INPUT TO THE STREAMLIKE CUR MAILITGO
ATURE PROGRAT. MALLIT??O
DO 39 P=1,1HUN MAL 1780
VRITI (7.:!-‘)) CUNE, ) ,C(1,P) ,DD(P) , X(P, 1,2), (P, HE, 2) MAL1I7T90
FORUAT (9F10.4) _ NMATLEOO
CHrrnur PALLIELO
NELTURN . MAT1862D
Efth \ AT 1630

s .

e A
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SUBROUTINE 1.00P C(FIC, LN, K, 11,1018, XPS, L, XC, YCC, LJL, N0, N1 EON, KOT, L 1.00 10
TIL L LIL AN, RREAY, 358UC, TS, P ITCID L.OO 20
DHEUS 108 Y1040, YFI(20), LK(20), G7e(<d), NSUC(4O) LOO 20
PINENSTON 5F(+10,20), YF(£0,29), {E40), ‘:x-‘x-'(fm L.O0 <40
COILION X1C40, 207, YE(£D,20)  YP(20) ,X(40,20,3) ,¥(0.20,3) ,C(50,£0), A LOO 50
TAC20,20),BBSD,20) B2 IDL T, 10, 182, B2(2)  NUS, HUL BI N, BN, l"mr LOO 6O
DTHAM LG, ME2, 163, V1(40) , U201, L.3(40) , ERRONI , ERROR2 . LRROKS, TERT, TF LOO 70
CRZLVTERS, G151, C1S2, G153, DX, Dh2, DiS, SCALL, YOIF, LCI, SCALS .00 &
e e LOO 90
INTEGER P, DK, F . LOO 100
< LOO 110

SET UP ‘HIE PASSACE CCUNTER. "LOD 120
INTER:BUS/ (2 -5 11D 1.00 15
JE I+ CHUTER) s Qe ) = 1) L0O0 140
PO 31 UD=1.J, IHIER LOD 150
NL= D+ INTER LOO 160
Bl*= CHIV+HDY /2 LOOD 170
132 1D LOO 189
P> HICHE) LOO 190
VRITE (6.2) NE.NF,ND Y OLCO 200
FORMAT (1}, ~HR= <1, 18,2 HF= 2,13, NDz%, [3,//7) LOO 210
WVRITE (6,3) I3,1P LOO 220
FORGIAT (13, lis=, 16, 13, o1IP=:, 15, ) LOO 220
: LOO 240

CALL T{E MAIN CENTER POINT LOCATOR SUBROUTINE, ~ 1.OO 230
DO 5 P=1,LUll .00 260
CALL OUAST (LS. NP, P, KD, NE,UF, LN, 5SS, s, L), XC, YCC,LJL, IO, NI, KON, IO LOO 270
£r, LHL, LI, 58UG, HS, P ITCHD v Loo 22
. 4 LOO 290

STORE LOCATION OF ORTIIOGONAL END POINTS AND IID STREANLINE POISTS LOO 00
LOO 210

DzID LO0 320
ESHR LOO o2
I=[r LoD 520
IF CIN.NE.OY GO TO 4 LOO &30
YHR CADS(VSUC(HS) ~NSUS( 1)) )21, 067 1.0O 2060
I CGUP, IR, 2) JLTSED GO to < LOO 370
1p=p-y ( LOO 289
GO TO 6 LOO 290
LOO <00

STOVE THE LHD POINTS(ON TIE PIESSUW SURFACD . LCO 410
NECP, 1D - NP L, ) > LOO <20
YECE, 1) - YO, Lol &) LOO <30
| LCO <20
STORE TIHE IHD-STREATLINE POINTS , LOO 450
MECP, T =MOP, LR, D) LOO <60
YECP, 1I) YOP, HE,2) LoD &7
coNTINUD LoD 420
Co 10 7 LOD 490
Hut= 17 LOO 500
B0 9 Pe1LHUN - 1.0Q 510
NEFCD) S XL, ID LOD 520
VEF(P) = YFCP, LD 100 530
VRIS (6,3 2R YRR OP) — ROD H40
TOWINT LN, NER(P) = 10,4, 6%, sYFFCP = 7, F10.4, /) LO0 550
Col Lo 1 5060
@ o

SULIGT TR ORDER FOR FHE STREANLIND POLY IREPIESENTATIONS. 1.OD 50
 (LUL.HG.O) GO TO 11 LOO 590
T EE.O)Y GO TO 10 LOO 60D
1=y J - - , LOD 610
GO 10 128 . OO 6220
Ne-nco LOO 630
Co o 12 LOO 60
HC= M LOO 650
U0 (LH.LO.OY GO T 13 LOO 606G
IrrLro. o 0 to 1Y LOO ¢¢O
DO 13 PogL LUl LOO 68D
MUTOP) MEPCL) . LOO 6900
YUICP) -YII(DP) LOD 70O
COYCPILUL LOO T10
PRI 10O T2
NI MU F(OUD LOO ToO

»

i e BN e
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29
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RIS K=Y
SOV TRIING A CHUD
PO 16 PeLLHITE

YELCP)Y =ML FECP)
YLD - RN -VFECP)
VRITE (6,19) XTI, YFI(P) >

FORMIAT C13,F10.4,2i,F10.4,7)

CONTIHUE

GO TO &1t

no 19 p=1,nuyll ‘
MELODP) = (RIE-YTF(P)) +0.9

YETCP)Y =XF(P) +0, 27

VIITE (6,13 HFHP) YT I(P)

FORMAT ( ln.l 10. '....n.I‘lO “’)

COUTIHUE

rPp-Hull-t

— ———,

THE STREANLINES ARE KOT DRAVH BY A CURVE HERE AS TIEY ARE

ARILY REPRTSENTABLE BY A’FUNCTION. i
bo 20 P=1,PP .
CALL PLTIL N (KT ICP) . YF l(l’) JIHFICP+ D) ,YFI(P+1))
CeUTIHIUL
nitt= INUTt

FIT A CURVE TO THE lIID—nTR.,&NLlTIE POINTS.
CALL, CFIT (I XNPF, YT, 10, LI LT HE)

IF (LILEN. Oy GO TO 202

IF (LUL.TQ.0) GO TO O

I (1N.CT.9) GO To 23

DRAY A POLY FOR THE MIDSTREANLINES O THE PLOT.
CALL, ADD CF, YR HUML X, O, iGN, LU LD

GO 10 0

CALL ADD CXFI,YFI,ITUTL ML, TG, JOIAK, LU, LD

STORE THE HID-STREATLINE ONDUER,
O - 10

-to-1

[2=ro-2

NP0+ 1 ¢

po 26 1I-=1,HUN

GYYC(IID) = YUCRFFORDY)

VRITE (6,253 NEFCKD L CYY(KD

TORILAT (1M, GO =35, F10.4,50YY( 1) =2, 1710, <, = I LOOPx, )

COuwrinuL

STOR THE MID-STRECAMNLINE POLY CORFFICILNTS.
VRITE (6,07
FORIAT ¢ 1. BB(RE, L) COEFFICILHTS £,
PO 20 L1, 0L
BLOHF, 1) = RO _
VIEEE (6.20) BBOHE,L)
FORU'AT (13, BBOHE,L) = ", L13.6,7)
CONFINVE
-1+
I cup.ra. o To 82 ,
IS - FUCHED +1

PYCHANGE POLY COLUFICITNTS.
DO TO L1178 .
AACLTD L) - BBERE, 1)

CON T HIDE

COX UL ’
RETURN .

LD

i
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HOT NG

LGO 740
LOO 7350
LOO 760
LOO 770
LOO 780
LOO 790
1.00 €00
LOO 810
LOO £20
LOO £30
LGO £40
LOO 830
LOO £60
LOD 870
LOO €T

LOO £20
LOO 900
LOO 910
LOD 920
1.00 930
LOO 940
LOO 959
LOO. 960
L00 970
10D 980
LCO 990
.00 1000
LOD1010
1001020
LGO10TO
L0O010<0
LOOT050
1.001060
LOO107TO
L001C80
1.001090
L.0O1 100
LOO1110
LOOT129
LO011S

1001140
LOO1130
LOO1160
LOO11T0
LUO11LD
1001190
1001200
LO01210
LC01220

1.001230

1.0012:0
LOO1250
L.O012GO
LOOI2T

1.GO1260
LOO 200
LOO1IS00
1.0013 10
Looi1250

L()Ox'z::o
LOO 1340
LOO1350
LOD1266
1901370
001280
LOO1CYO
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SUBROUTINE QUAST (NS, !, P,HD,NE,NF, LI, IMS, PS8, LJ,NC.YEC, LJL, [i0, ITY, «QuA

.

10
::::::_:'_‘:‘.:,“‘i::::::::'::::::::::::-‘:::::::::::'—':::::-’=‘=======::=====

110N, HOT, LI LI, NSUC, NS, PITCID OUA 29
DINEHSION THETACZ0) . ALFA(ZS0), 11(29), DI(2O, 7Z(4£0,20,83), R(20), R QUA 20
HI20) . A(D42), NSUC(40) ' QUA <0
COIDION ME(<0,20), YE(L0,20) ,YP(20), M(40,294583),Y(40,20,3) ,C(50,50) ., A QUA 50
TAZ0, 20y, B(20,20) ,\B(20) , IBLL i1, FI0. 112, BZ(2) , TUS HUIL BN, BIAN, TIHH, QUA 60
MANLNC L, BC2, TIC3, V200, W2(4D) , V3 <0y, ERRORL, ERION2 . LRRONRS, TCRE,TE QUA 7O
n2, rEns,Ccisy, CIS2, €153 ,D:41,bX2, DX3 ,/5CALL, YDIF, ICR,S5CAL3 - QUA &0
REAL 1 . QUuA 90
INTEGRR P . QUA 100
INTESER DLE,F QUA~110
JJ=0 QUA 120
13:=0 . QUA 130
JJJ=0 : QUA 140
132%=0 QUA (1350
Q:1. . . QUA 160
ca=1. ) QUA 170
MEROP,ED, 2) . . QUA 189
, CUA 190

Y VALUE AT STARJ POINT . QUA 200
MRIN=IS+H] . QUA 210
p0=13 - QUA 22
Mt=10-1 QUA 22
M2:=}0-2 QUA 240
PRI=TO+ L : QuA 250
DO 1 L=1,M38 QUA 260
BUL) = AAHD, L) - QUA 270
CONTINUR - ' QUA 280
QUA 290

Y(P,ND,2)=YI1(TH) Qua 400
. QUA 310

SLOPE AT START POIHY i QU 320
’ Qua 20

YPCHD) =DYL T . QUA 3<0
QUA 230

ANGLL OF CURVE AT START POINT . QUK 60
. . QUA 370

THALT A D) = ATAHC YPCTID)Y) ’ QUA 389
U\ 200

ALGLE O PERPENDICULAR AT START PPOILT QUA 400
QUN 410

ALUACHI 23, 1A159.°2 . ~ABSCTIG 1 AT QU 220
1IF (YPOHD) LGT.0) GO TO 2 QUAT 480
cO T 3 QUA 440
ALFACHD) =-ALFACHD) QUN <50
. . QUA <60

SLOPE OF PERPEMDICULAR AT START POINT QUA 47
. ' QUA <80

PICHYY = TAHCALFACHD)) - . QUA <90
po v 1=1,LH . . . OUA 500
ro=me oA 510
HTERIOES! QUA 620
M= 1n-2 g oU\ 130
I EN T QUA 54O
90 Al P .- oUN 550
Do & LELL I QUA 560
BOLY DBOUE, L) : . . X Uy 370
COM i L ouy 580
1 LUl 1) €60 TO 5 - oL - OUA SuO
CHOP KL, e, DLy ouA GO0
THENCD, HELD) e CUA 610
1 (LI NE.5) GO 1O 10 - QUA 6220
I QUL D GO TO 10 o QUA 630
P HE D)L CT.RPSY GO Lo 1o . QUA 640
WS YLONRS) . QU 650
DD -VPS-DELEXPR)INPS . QU 06D
BCX DYLOES) . ouA 670
M TS AR DEIIE ER DL FHE B AR R 4 - - M o1 {A W 1))
DO o 1-a, e . QUA 690
IHENEIN g . OUA TQO
COninue . . U 710
. QU TLO

15 L 5 1 THES SEGIUNT BRInEr ({0 AND XPS IAS 0T BEEN DRAWY YET.  QUy 720



-

Yo N aang

QOQw

=y

03 e

[ X9l X odiad

ooOv

GO0

13

110

IF (LJ.HNE. 1) GO TO 7

YI=YICXD -
TIM:=NI+0.9

XPS8S:=3Ps$+0.9

CALL PLTLU (TTX,.YI, XPSS, YPS)

Y VALUE AT GULSSED PRESSURE POINT - )

[.J=0
IF CG(P,NE,.2).LT.XI) GO TO 8
GO To 10
BV =BZCD
B(2)=DZ2(2) * i
DO 9 K=8,1IIP
BCIO =0
CONTINUE .
IF LJI, =1, TIE SEGIENT FRO!l XC AT ANGC! HAS HOT BEEN DRAWN YET.
IF (LJL.KNE. 1) GO TO 10
ZTH~ 212 HSUC(HS)Y-YSUC(1))/1.03
ZY=YI(ZTO
N2ATH+0.9 |
YPCC=XC+0.9 !
CALL PLTLH (TT¥,ZY, XPCC, YCC)
LJL=0
Y(P,HE,2)=Y1(TD

SLOPE VALUE AT GUESSED PRESSURE SURFACE POINT

YP(HNE)=DY1(T2D

THNETACHE) =ATANCYP(NE) )

ALTACNE) =3, 1415972, ~ABS(THETA(HE) )

Ir (VP(HE).GT.0.) GO TO 11

o 10 12

ALFACHE) ==ALTACHE) .
MCHED) s TAHCALTACNE))

- NOW INTERSECTION POINT 1S CALCULATED

QUA: 740
Qua 730
QUA 760
QUA 770
Qua 70
QUA 790
QUA 200
Qua 819
QUA E20
QUA &30
QUA 240
QilA 830
QuUA 860
QUA £70
QuA £80
QUA £90
QuUA 900
QUA 010
QUA 9290
QUA 920
QUA 940
QuUA 950
Qua 260
QUA ©70
' QuUA 989
QUA 990
QUA1000
QUA1010
QUAIO2D
QUA1030
QUA10<0O
QUALOSO
QUAL060
QUA1070
QUALCSD
QUAL109D
QUA1100
QUAL1IIO
QUAL1IZ20

P LRE,2)=(Y(P,HD,2)-Y(P,HNE,2) =-IICHD) =X(P, D, 2)+IHE) #X(P,NE, 2)9 /(I QUAL130

TCHD) ~HCnm) .
YCP,RP,2)=Y(P D, 2 +TICHD) 2 X(PL,IIF, 2)-X(P, 1D, 2))

ROV T LENGTHS OF TIIE LINES TO THE INTERSECTEON POINTS ARE CAL-
CULALID
DIHCHD) =SQRTCCRCP  HD, 2 =P HE, 200 20+ (Y(PLND, 2 -Y(P,NF,2))x2))

DI{HID=SQRT( (I P,HE, 2) =P HE, 232, +(Y(P,NE, 2)=Y(P,IIF,2))xx2.) *

7 IS THE CRROR FUNCTION

ZCP,ND,2)Y=(DIPY=-DICHEY ) #¢(DI(TE))

17:%.1,\(1”* HD, )

I (DN .CT.PITCHL ONLDECND) .CT.PITCID GO TO M
IF (ZZ.GT.0.001) GO TO 14

JIF (1.OE. 1Y GD TO 13 A
IF MO, NE,2) 0T, LGOI (P HE, D) LLT.- 1) GO TO 14
CO.TO <0 .

I CCUPVNE, D LGT. GO R(PLHP D LT =1, L ARD VXKXCP L UF,2) .GT. 1.5.0R.

l(l’.Nl.:!) Lt.~-1.Yy GO TO 1%

CALL TUST (VWU TUIT, VOVVL HE, PLES, T

I (W.GE. T oL, L'I' V ALD WYL CT T OIL WY.L LT. VY)Y GO TO [«
GO TO <0

¥ (1.1rQ. L) GO TO <0 ot

TS FOR RIGH OF SLOPE AT ORICIHAL POINT
PYP=YP(HNID

IF (PYP.LY.0.) GO TO 26 .

I cr.ra. 1 6o Tro e .
PRADUCT OF THIS MWD LAasT PRAOR FURCTION

R =70, 5D, 2 (P, 0D, D )
IV QP NT D LGP L. ORVKOP HF, D LLT. - L CAUD XEP L IR 2).CT. 1.5 00

QUALL<D
QUALLSD
QUAL160
QUALITO
QUATIOD
QUALI190
QUALZOD
QualIZ1o
QGUA1Z220
QUALI2350
QUALZ:O
QUALZS0
QUALZ60
QUAL1270
QUALITZED
QUALZOO
QUALS0)

X QUALELIO

QUALC20
th\l\-.)O
QUALC
(.‘U;\li‘.G
QUATSOO
QUAL3TO
QUALICLD
QUAIBO0
QULICO0
QUALE10
QUNTH2D)
QU0
oUALLS0
QU430
QUALCGO

LXoQUALIETR
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e, N, L LT.210) GO 10 15 - QUA1480

C N QUAT<CHD
)] FIUES LLSS THAT 0 UE HAVE STIADDLED THE DESIRED POINT QUALTHO
C \ CUALSG 1O
F (RO .CT.00) GO TO 16 OUANISAD

CALL TUST (W WU TOIT, VL LVLUHE, PSS, D) QUALISCO

IF (V.CT.T.ORVLT.VOALD WAL CTUTT. CIL WYL LT V) CO TO 15 OUAL1540

Li=1 ) OCUALIS30

GO TO 23 QUA1560

C . QUALS 7?0
c TEST T0 &k WHICH SIDX OF TIIE DESINED POINT WE ARE OH QUA158D
C 9 . PUALIS590
15 1.=1 QUAL166O
16 HE(YCP, NS, D) =VPLUR, 2N /0P IE, D-X(P, IR, 2)) QUJLO 10
XI=(Y(P NS 2 ~Y( P LD, 2 +ITCHD 2P LD, 2 = <X(PLHE2)) Z¢HCID) =D QUA1620

IF (LGP, LR, D CAIDHT VLT HOP, T, DL ORUKELCT. P, BE, 1) LAND. L. QUALGU0

11 r...< P.NE.2)) GO TD 23 . . QUAL649

17 IT (Z(P. D, 2) . LT.0.) GO 7O 19 . QUALGS0
IF (YN .CT.Y2(HD)) GO TO 20 QUAL660

C . QUALCTO
C AS TTIE SLOPE IS +17 AfID 7 IS STILL +ViE, VE INCREASE XPRE SO TIHAT Z  QUAL6SD
C VILL.DECREASE 'URTIZR 0UAI690
I QUALIT00
18 e nr.:n—"w K, 2)+0.01/Q QUAL?Z 10
1.=0 . QUAL720

LI.=0 0 LY QUA[?C

1=0 ~ QUA1?740

GO TO & QUA17T50

¢ . QUALI7GO
c SINCE BOTH 7,5 ARE -VE WITM +VE ORIGINAL SLOPE PUSH TO LEET QUA17TO
™ - QUAITCO
19 IF (YP(HES) .GT. YP(ID)) GO TO 22 QUAL17900
20 IF (JJLHE. LLALDITLTE. 0) GO TO 21 QUA1800
IF (JI L0 AND I Q. 0) 60 10 21 QUALTI0

Q=0 1:10. OUALIGZ0

o] X(PNE, =3P, NE,2)-0.017Q QUATLSO
L.-0 QUA13-+D

LL=0 QUAIESO

. K=0 QUALEH0

JJ=0 QUALST

K=t ’ QUALESD

GO T0 38 QUAICO0

22 IT (JJ.EQ. 1) 6O Ta 18 . QUALY0D
Q=0=10. QUA1910

JJ-1 QUA 1920

=0 . T QUAT930

CoO TO 18 Co. QCUN1I940

23 I (L.pR. 1) GO To 24 . QUA1950
1 (Jum 1D GO 1o 24 QUA 196D

GO 10 17 QUA19TO

o4 It (1L RQ.t) €O TO 23 CUALIOLD
Q:Qs10. . QUA19D0

C . QUAZO00
¢ VE, VL STRADDLUD ‘THE DESTRED POINT THUS TAKE THE AVERAGE OF THE LAS OUAZ010
¢ CEUTVO POBIGS C o QUARORO
23 :ﬁc«x ME, D= (NCPLHE, D) (D HE, 1)) /2, QUAZOS0
ot . QUAZOCY)
UXRRCO QUAZOGO
JJ-0 QUAZOGH

AL 0O : QUAZOTO
LL-0 CQUAZOS0
. €0 TO 38 CUAZ0YD -

[ : . euazioo
c THIS PAIT 1N FOR -\ OUICIHAL SLOPE QUAZ 110
C . CUA2 120
o6 IV (L1, G TO 20 OUNDI 30
I G PV, D LGP L3 0RICP HE, DY LLT. l...\m).::(v,m-‘.::).(:1‘. 1.5.QR.¥ CUA2{40

1P . RE,D LT~ GO T o7

M 2P b, '/.(P.;m.n

' (ERCOY .GT.0.0) 6o m 3

“CALL FESE (W LK T, 0, VO VYL RF, r....\‘ 39))]

I O 6 T O L L Ve D, WY, GT. 1 O WL LT. VW) GO TO 27
LY} ;

GO 10 05

QUAZGO
QUAZ 160
QUAL YO
CUAZI109
QUAZ 90
QUAZZ00
QUA2Z10
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36,
37

39
%0

W
>

LAY P, IHE 1) =YD, HE, 2
NIs(Y(PILE,2)=Y(P,UD,2

v (XL.GT.IAP,HE,
1ILT.Z(PLNE.Z)) GO TO U5
IF (Z(P,HD,

ZY.AND. X

112
L 4
J/ *
N - . N
» §
)Y /CHCP, HF.I)—B(P HE,2)) . -
2) +[I(NDY (P, HD, 2) —i11:¢X( P, NE, 2) ) /¢ MCND) - IH)

I.LI‘.u(P I’h,,l) 0.{.}'{1 G'I‘.“(P HE, 1) .AND. X

-

2».LT.0.) GO TO 31

IF_(YP(NE) .LT.YP(ID)) GO TO 32 e

. R(P,KE,3) =X(P,HE,2)-0.01,00 - . .

L&=0 . -
LLX=0 - ,
150 .

-G 0 88 ’ -
IF (YPCHE) .LT.YPUPD) €O TO 84 o .

IF (JJJ.BE. 1L AND.IIQLNE.Q) GO TO 33
IF (JJJ.EQ.0. AND K. EQ.0) GO TO &3

na-oa*xo
NP, IR,
JI3z0
KXK=1 .
MEO
LLX=0 . .
K=0 .

GO TO O

I (JJJ.1Q. 1) GO TO 29
C0= (010,

JJIJ=1

KK=0

CO T0 390

IF (LX.EQ.1> GO TO ¢ 6
IF (LLX.EQ, D) co TO ¢
CO TO 29

IF (. EQ. 1) Co TO 37
OD cNo.

=3P, NL.

HEPLNE, ) = (P NE,2) 42
l g
IHX=0
JJJ=0
1L.Y=0
LLI=0

1+0.01-70Q

s‘}' -

UPNE, 12,2, 7

<

SFI‘CI’ TO KEEP LAST AUD PRESENT AND PU'I'URI‘ CUESbES.

X(P, HE, 1) =X(P, HE, 2)
X(P, NE, 2) = XCP, IE, 3

X(PLHE, 1) XD HIF 2

ZCP, 1D, 1) =ZCPLHD, 2)

Y(P,IF, 1) =Y(P,[IF,2)

Y(P, I, 1) =Y(P, L, 2)

COITTHUE

RETURA

EnD,

-

. QUA2220
QUAZ2230
QUAZ2490
QUA22350
QUAZ26G0
QUA2270
s QUA223D
QUA2290
QUAZC0D
QUA2C10
QUA2320
QUA23390
QUA2340
QUAS35D
QUAR360
QUA2370
QuA2389
QUALS90
QUAR«00
QuazZ410
QUAQéﬁ
QUAR439D
QUAR4L4O
QUAR4SO
QUA2460
QUAZ470
QUA24ED
QUAZ4O0
QuaZsQo
QUA2510
QUA2320
0UA~D3O
QUA25<
QUA“""
QUAZS60
QUAZ J?O
QUAZS
QUA2590
QUA2600
QUAZ610
QUAZ620
QUA2630
QUAZ640
*QUAZ650
QUAZO60
QUAZET
QUAZ680
QUAZG90
QUAZ7CO

%
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SUBROUTINE BLADE (XPR,YPR,ISUCgYSUC,HOF, NP, NS “ DBLA 10

SSENEEEESESRECIESSSEASIIFTICSSSARTSCITBIISTITSS

DHII‘I"QIOH CH(4Q), CY(<0) o APRCHOS), YPIU(EOF), Y3SUC(NOI), XSUCG(KOF) BLA 29
DINENS 10N G‘(Y(“O) BLA 30
COILON XHE(<0,20),YE(£0,20),YP(29),M(40,20,3),%Y(40,29,3),C(50,50),A BLA <0
1A(20,20),DB(20,20).5(20), IL‘I I, XO,I:'_.’.L"('U NUS Hurt, L[HN BrIA, "IIN BLA 50
2TIHAN.ICL, LCR, IIC3. V1<), L (<0) ,33(40) , ERRONI, EIROR2, TRI’O!»S TERL, 'l'E BLA 60

3R2, ‘FER3, C1S1, C152,C153, D1, DX2,D%3.5CAL1, YDIF, ICR, SCALJ BLA 20
BLA - &9
. TIIIS SUBROUTINE PLOTS TUE SPECIFIED BLADE PROFILE. BLA 90
. BLA 100
ZK=13. . BLA 110
CALL MARG (21D . BLA 120
CALL LETTER (21,.25;0.,2.8,1.0,210TUABINE BLADE PROFILE) BLA. 120
CALL HEWPEYN (1) . BLA 140
BLA 150
VALUES ARE ADDED TO CENTER THNE PLOT. BLA 160
DO 1 I=1,HP BLA 170
. GH(D=XPR(I)+.45 BLA 1£0
CY{=YPI(1)+0.3 X BLA 190
CONTINUE . BLA 200
NN IP=NP-1 ‘ , . BLA 210
CALL KEWPEN (3) BLA 220
DO 2-I=1,NNIP - . BLA 220
CALL PLTLH (GZCI),GY(1),CH(I+1) ,CY( N-1)) . : BLA 220
COUTINUE \ BLA 250
DO 3 I=1,KS ) BLA 260
oxc = “bUC(I)+.Aa BLA 270
CY( 1) =¥UC( 1 +0.3 . BLA 2C9
CONTILUE ) BLA 290
NHIS=1S~1 . BLA 200
. BLA 210
A SERIES OF STRAIGHT LINES ARE PLOTTED. BLA 020
DO < I=1,HlHIS BLA 339
CALL PLTLN (GX(I),CY(I), CHI+1) ,GYCI+ 1)) BLA 340
CONITINUE BLA 259
CALL PLOT (14.0,0.01,-3) . BLA 360
e BLA 237
“ END \ BLA 80
! -
« SULROUTIHNE MARG CA) - AR 1O,
. MAR 20 °
T IS SUBROUTINE PLOTS HARC]NFS AND SCADES TIE DATA. MAR 80
CALL HIWPEN (9) _ AR 40
AL=A/10.+1. MARL 50
CALL PLTIN (0.10,0.10,0.852,0.20,0.00,AL,0.00,3.0) MAR 60
AlI=A~0.5 . HARL 70
CALL PLOT 10.1,0.02.3) AR 89
CALL. PLOT (0.,10.4,2) MAR 00
CALL PLOT (A, 10.4,2) ) HAR 10D
CALL PLOT (A,0. 0N MAR 110
CALL PLOT (0.1,0.02,2) MAR 120
CALL IKCHTO (0.5,0.5,:2LT, YITD , HAR 12
CALL INCHTO (AM, 10.0,XMX,YMX) MAR 140
CALL NEWPEN (3) ( ) MAR 159
CALL PLTLN (XMN, YMN, XMN, Y20 MAR 160
CALL PLTLN (XMN, YMX, XX, YIX) MAR 170
CALL PLTLN XX, YMX, XMX, YHMN) . MAR 180
CALL PLTLN (01X, YMN, XMN, YMN) MAR 199
RETYURH . Han 200
1D FIAL 210
wP

-~

PIPPRERN N | WL AR



aao

[eXe]

[

[}

G
G

~

SUBROUTINE TIST (" W, T, T'l,‘V VV,HF,P,IS, D)

DILENSION YYP(2), YYS(D)

COIMNON YI(420,20) , YE(406,20), YP(20) ,3(40,20,3) ,7(40, 29,

3)
1AC20,20),BD(20,20) ,DB(20) .rm I, %o, 112,822y, IlUS HUIT, BH
2TMAXKNCT L, [IC2, HC3, W1 (20) U242 .‘{3(40) rmmm ERROR2, 1L "0113 TERL, TE
CR2,TERS,CIS!1,CIS2,CIS3,DX1,DX2,DX3,5CALL, YDIF 1CR, SCAED
4

C(o() SO ,n
BIIAX, Tl'llﬂ

THIS SUBRGUTINE TESTS TO SEE IF THE C/\LCULA'IIID 1D POIN'I‘ IS WITHIN

DLADE RAUGE.
INTEGER P
TEXNP, HF, 2)
YYP(2Y=YL(TID)
TiIG=X(P,HF, 1) ’
YYP( 1) =Y1(TIZ0D .
1:0=1:8

" H1t=1i0-1

I12=10-2

[Irl=110+ 1

DO 1 I=1,FMM

DCD=AAWD, D . .
CCHTINUE .

- YYS(2)=Y1(TH)

YYSC1)=Y1(TXD .

=Y(P,NF,2)

WW=Y(P,lr, 1)

T=YYP(2)

TT=YYP(1)

V=YYS(2)

VV=YYS(1)

RETURN . e
END >

SUBROUTINE ADD (XL, YL, N, XN, IT, J2IAK, LB, LID

“‘====:‘"=—==_==="=""=:::"‘"“‘"::“:":":"::"—" =

DINENSION Wr#6), WK(160), BA(20), BX(20)
DINENSTON XL(40), YL(40), CX(40), GY(40), A(242)

COIMON Y1(<£0,20), YE(40,290),YP(20),{(40,20,83),¥(4£0,20,3),C(50,50) ,A

1A€20,20),BB(29,20),B(20) , 1IN0, 111, 10, I'2 , BZ( 2) , HUS, UL, BT, BMAXK, TTILH,

STHAX. MG, IIC2, 103, HI(40) , W2( £0)

3Rr2, TER3,C181,CIS82, CIS3, DX, DX2,DH3, SCALL, YDIF, ICRR,SCALS

~

» W3(4£0) , LRAONT, ERRORZ, ERROXRS, TER1, TE

TilIS SUBROGUTINE PLOTS A POLYNOIINAL FOR TilE INPUT DATA(ORDER SPECI

PO 3 I=1,MNil
WO =1.000
IF (LILEQ.0) €0 TO 2
CH(1)=NL( D) +0.,9

IF (LHI.EQ.0) GO TO 1
CYC ) =YL( )

CO IO 4 .
CYCD)=YL( D) +0.27 .
CO TO 3

GX( D =YL 1) +0.5

CYCD=YLOD

CONTINUR

I¥ (LILEA.O) GO TO 4

R XU RO,
HNAX=XNAX+0.
Co TO 5
‘JHh'“HlN+0

NHANE KiIAK+O |
Mo=11 \{
A= ) ~d .
Mi=1i- |

M-

HHN= N~ 1

)

O Q

CI (.1

QRLSQ 15 USED FOR ALL POLY ORDER LUSS TIHAN NNH-1.
OHERWISE LISQ 16 USED, =

1 QL O HNiD GO To 7

CGALL ORLSO (GX,CY, W NI, IT, \'( SICSQ, Iy, 1ERID

DO 6 =11k

LECD - DBACIRE-1+1)

CONTIHUL

GO 10 O

CALL LLSQ (A, DX, (,X CY,I1, I

CUVPLT IS A INCLID PROCIRAT USED TO PLOT POLYHONINALS.

CALL GUVELT CGUIIE, XML 0,02, 3%, 1,00
RITUR
LD ~

q

]

TS

TES
TEG
TES
TES
TES
TES
TES
TES
TES.
TES
TFS
TES
TES
TES
TES
TES
TES
TES
TES
TLCS
TES

10

20
oo
<0
30
6O
0
o
o0
109
110
120
o
140
150
160
1?0
1890
190
200
210
220

[atel

TES 28

TES
TES
TES
TEo

o440
230
260
270

280

200

200
210

10

20
30
<0
50
GO
70
60
90
100
1160
120
130
140
150
160
170
120
100
200
210
2290
230
240
230
200
Qvo
200
200
300
10
820
230
340
30
360
370
38V
390
400
<10
“aln
43
G3V
<350
<60
<oT0
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DINEHSTION XX(NI), YV(NI), A(242)

COMMNON IE(<40,20) , YE(40, 20), YPP(20),X(49,20,3), Y(40,20,3),C(50,50) ,A
1A(20,20),DB(20,20), B(20), 161, M1, 1O, 112, DZ(2) , HUS, HUIL BHIN, BMAK, 1711,
2T7IAKTICT , TIC2,1ICT, V1 (4£D) , V2 40) , W3(40) , ERI0R1, ERNONZ, CRIWORY, TERL, TE

312, TEn3,C181,C182,CI153, b1, D2, B3, 5CALL, YDIF, ICR,SCAL3
TIIS SUBROUTINE IS USED TO CALCULATE QO LENCTIS.

YVOUF)Y=SQRT( 1+(DY1(F) ) ix2,) ¥
SICR) =3y (VOCHFID +4. K0 () +WO(H-ID)
HHU=1US-1

ORLSQ CAN BE USED VHERL MLLT.(IMHU-1). -

IIACLID SUDROUTINE ORLSQ CAN BE USED VHAERE II.LT. (HNO-1).
CALL LESQ (A,B,XX, YY,IL HND)

Lo=H -

IT=11+ 1 .

Mi=1l-1

Mn2=1-2

H=(IIAX~-XIIIN) 7GO.

D=0.0

NOW A SIMNPLE SIIPSON,S RULE IUIERICAL  INTEGRATION IS USED TO EVALU

ATE THE INTEGRAL VHICH DESCRIBES TIE LENGTH OF A LIINE.
DO 1 K=1,49,2 )

RIZ=FLOAT(ID :
M= UG H+ 32T

D=D+S1 (X

CONTINUE

RETURN

E{ID

SUBROUTINE CURV (XX,SB,I,H,XPS,HI,LUI,LID

EERRS L s  -E- R N N

COrmioN XE(49,20), YE(40,20),YP(20),X(<29,20,3), Y(40, 20, 3), C(50,50 ,A
1A(29,20),DB(29,20) ,B(20), 101, 111, L0, 122, BZ(2) ,NUS, NUTI, BMIH, BXMAR, FTII
2TNAX, C1, HC2, IiC3, W1(40) , V2(40) , 1,3(4£0) , LRRORL, KIROR2, ERNORS »TERL, ']'Il:

anz, TERS, CI51, CIS2, CIS3, PX1, DX2, Di3,SCALL, YDIF, ICR, SCALJ

THIS SUBROUTINE CALCULATES THE CURVATURZ AT TIHE DESIRED POINTS ron

NOMIHAL VHOSE COEFFICIEITS ARE INPUT IH TS VARIABLE LIST.

VILITE (6, 1)

FORMAT €1}, SECOID DERIVATIVES FEVALUATED Tl CURV:, ~/)
1V B IR H 1

IT (I.KE.5) CO TO 8

IF ¢(LILEQ.O) GO TO 3

IF (LHI.EQ.0) GO TO 2 5
I (XXCIV.CT.¥PSY €O TO 3

T!EE CURW\TU!’U:‘. OF A STRAICGHT LINE IS CIVEN AS A SHALL RWNBER TO ALL
CALCULATIOIS(0 YOULD NOT WORX IN TIHE STREANLINE CURVATURE PROCRA

CCIT, 1D=0,0020

cO T0 7 .
ra=rl-1

O A

eIz PIA+ L

Hizlin~1

M22A-2

HERT= MM+ 1

DO 4 J=1,10MM

BCH =8B

COWrInuLE '
TX=XH(D

SLC IS TR SECOHUD DERIVATIVE EVALUATED AT EACH INPUT POILT.

Ste=nyL0nn

WRITE (6.5) SFEC

FORMAT (13, E18.6,7)

1011 .
IENENS

Hi=-1

H2=11-2

PO 6 1=1,I0

BOCIO =801

COLi P LnUe

CONL, D) ALSISRECO) Z(C L 4 EDYICTID Y *2 )21 .5)
COUTINUN

| VR N

f.0D

LLI

LEN
LEil
LEN
LLN
LEN
LEN
T.EN
LEN
LLI
LEU
I}'EEH
LI
LEN
LEN
LEU
LEil
LENI
LEU
LEU
LLH
LEIN
LEit
LEH
LEIH
LEH
LEHN
LEIf
LEH
LEN
LEI

CUR

CUR
cun
cun
cun
CUR
CUR
CTn
cuR
cun

"GURR

CUK
cun
cen
cun
<yl
cun
cun
CUR
CUR
CunR

cun <

CUR
cun
con
Cctn
cun

CUR ¢

cun
cun
cen
cun
Cun
cun
cun
cun
Cuir
cun
cun
cun
(4 131
crn
Crlt
CLi
cLx
(A

s,

',.
Ut
LA
Y
(1
<t
ot

o(
16
11¢
127

2
14C
15¢
169
170
129
190
200
210
220
220
24D
259
2060
270

Laled
e,

290
209
T10

Q20
230
SO
350
250
ero

o
0L

LV0
00
GO
L3}
[e1e]
DN ]
RO}
[ 1Y)
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SUBROUTINE LEALS (XC, YC,AUCT, UG NS, K0, 00LS, YIS, HOT, 1P, 10, 1T E, 1o,
1208, LI, LIL, BP LD B, W HH 1N, PIrycH, YK, IISvuC, t1sg, NS)

£56,
DD

D!I...\-HOI HLS(RO) . Yl,q([a()). M4 27,

YLR3(2Y),

ILL(20), YLL(20),

1IYH(20), HXKCZO0) . YYLU4O) . LoB(2D), FZSUC( 4“0
COMNLON 30 40,20) . YEC20,20),YP(2D), (“O.S().S).’{(CO 20,3),C(50,50),A
1AC20,20) ,BBCL2, 203, B20) , 1L, 1T, Lo, I 2,B4(2) , 1S, HUIL. BHIH, !}'L‘X}(.T‘HH

2TTIANL

SR2, TN, G161, CIGS, CIL

THIS SUBROUTINT o"l'.’.R’["J THE ANALVSIS
INTYGER P ‘
RFAN=HLS(IUNIS) + LS (NTUNS) 7 10.

R~ NUIIS-

III‘ T THE VIOLL CONRDINATS (85T I8
SGRVACE LEADING EDCE TG RAPRES

DO 2 I71,NUis

eI, 1, 2=YKC

VALVES ARY ALSO ADDED O 10 TIIE
NXLESS(D) =RLSCD ~0.9

SHLLOD =YLSC D
YLECD = Ri=-1Ls D
TLSS(I)=YLS(+0.27

rcr, I(,'.Z.I 3. W1020) .'\:'3("6) ‘J(“\)) IDIHY ORI.LIUKOTL.IR"O'“) TCRL, T
53, D, DX2, 0K, 8 C\Ll YbIr,

ICIL, $CALS

ol TIE GUCTION SURFACE LEADIN

TWISTED 90 DEGRWLS SO THAT THE S
SENRTABLE BY A FUNCTION.

'

e U’Q DATA TO CENTIN THE PLOT.

v
VRITE (6,1) HLLOD ,YLLCT) ’
FORMNAT (13, s:XLLCD =, F10. 4,5 YLL(D) =24, F10.4,7) .
CONTIRUL ! . <
BMAY AND DI ARE CALCULATED DASED O THE HIPUT DATA,
BHAM~HLLOD + 0 ALSOYLLORUIZ) -1LLC 1) ) ) /3.
BINTHa HLLOHUNS) = CABRSCHULCHUNLS) ~HLL( 1)) 73,
VRITE (6,3) B'NX B
FOIUAT 13, BTN  F10.4, 2Bl , F10.4,7)

- GALL ARG (2.00
Do < 1=1,KK
CALL, PLTLE
CONTINUIL
CALL ARROV (3.5,22.4,4,4,08.83

’
i

(ELSSOD , YLGS (1), HLSS

CALL L¥ITER (10, .15,07.,4
CALL LETTER .33,
1 GRID)

CALYL, LY
CALL l IHIE
1)

PSR = TP
[o=nre
=1+ ]
H--re-1
[2=rp-2

BUvILES

(37, 0. J ISUCTION
CIGHSUSTION

R €13, 3.
1 . (1,.,"“ KADIHG

8%, 015,00,

-

TIH. LEADING EDGY STAGNATION STRUEAMLINE IS
Ben=pZin
DY) - B2l
no 4 L- 38,101
Bl -0.
CNLTENUL,
7I-=.075)

O SUCHSY - HsSUC( ) ) /1,00

o IYSYICALD 0. 20
I (7711050 60 10 7
IV (ZY. LT.0.7) GO T 3
TS 0701 (U - LU 1D 1. 05
I (ZTH.GT.5.473) G0 T0 6
co To o
20 470,01 CISUCCHS) =18 UCC 1)) 21,03
GO 0 G

CReyG

MAY-Z1H80.9

YCE-LG 0.7 eP 10T
[ R O (0 DIV P ON l.()i)’)) co o 10
YOI LOIE0.0 1 (OIS LERS) = SUCC1)))Y 2 1,00)

A

YCCsVICHGE
Go A9

V) HO,

e

SCI+ 1), YLES(I+1))

[OILOV TILET)

SUIACE LEADING EDCE ¢-0
3

SURTACE)
LBGE STAGHATION STREADNLI

< :
oW CALECULATED AND PLOTT

K

LEA
LEA

LIZa
LEA

LEA

—
4
—
.

. 1y .~ -
b Ak iwtiel
SRR el

>$>>>i>>>

Ry

s

St Gmat Somq bt b eyl an Sunt St Pt St
. Pl 14

e

-

Y

. .
Pt et gt e 2my
DR 5

P S
P e
PO ]

RN

.

enex
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200
300
810
320
$20

N
LYAN

3350
o060
ov0
38D
590
409
410
<20
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430
<00
a7

180
490
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‘G110

529
530
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530
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0630
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6vO
6ED
690
T00
T10
Ta0
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LC=1CR+0.9
CALL PLTLI (XZY,7ZY,I.CC, ¥YCQ)
. _\’\ / s
A POLY IS FIT TO THE LEADIKRC EDGE SUCTION SURFACE.
CALL CFIT (NS, (II..YLL L, LU, LU, ID)
VRITE (6, 11) NULIS, ML
I'OBRMAT (lu.'x‘Uf""' L 16,3 [1=:5,15,72)
HXC 1) =1L
HILL=1I0+ 1
IRINCI NN
Tit=1iL-1
Fi2=111~2
PMO=111, '

TIE COEFFICIENTS ARE INITIALIZED.
BO 13 I=1,ILL

AACY, DY =BCT)

BsSBCD =B

VRETE (6, 12) 1,BCD)

FORPAT C(1X, 15,E18.6,7)

COUT UK

DO 15 I=1,HUNS

YYLO D =YICALLCTD))

VRITE (0, 14) SILLOD) \YYILLC]
FORIIAT (13 #XLLCD) =2, F 1O,

CONT UK

) .
CrYYL( D) =2 F10.4,7)

THE _CURVATURY 15 CALCULATT ') AT EACH Q0 §T\T POINT.
CALL CuRryv (7 l L, BSBL L ED, 3PS, B LHLL LD

THE CCREFFICIITTS ARE INH[\L(',’.F,U. =
BUCHE, D (RGO PPRNHS, 111502, - ALIGT (Y PTG
BLCHE, 2) o= TANCS. 1215972, <ALGT)
ho 17 K=3,HMP

Do, K =0, .
LVRITE (6,10) HEJIL DBOCHE, D
FORMAT (1},215,10183.6,7)
COmrrue

LJ~0

LJ.-0

DRI L.

THE HATLN CALCULATION PROCEDURE 18 RETURNED TO.

CALL HATH (H'(.- \)(). PLL, KPS, LT, 5 YC, LJL, B, RO, WL HON, BOT, LI, LI, 1A
XL PRIAY, NS00, LS, PIICED

RTURH

LID

LCA
LEA
LIA
LA
LEA
LEA
LEA
LEA
LEA
LEA
LEEA
LEA
LLCA
LEA
LEA
LEA
LA
LLA
LEA
LEA
LIA
LEA
LLA
LLA
LEA
LEA

740
759
760
270
7ED
790
£00
010
C20
£20
840
8350
£60
870
39
£90
209
010
e290
9350
©<0
050
960
970
080
990

LEATOOO
LEALIO1O
LEATORO
LEA1030
LTALCD)
LLALIOOO
LLA1060
LLA1070
LTUA1080
LTA1090
LLEALLIQO
Ll'..\l 110

L.

138
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SUBROUTINE LEADP (NUNP, 100,712, MLP, YLD, HE, HSUC, YSUC, XPS,LJ, ¥C,YC, L. LEA 10 ’

S Bl N g R L T T
LRS- E N S - i - i - - A - B R R

1JL, TP, N0, L, U, TOT, LI LI, 33K, P I'ECIL, YPIUL {1ES, HIS, NS) s LEA 29
DINSHSTON HLPP(20), YLPP(20), HSUK(4D), IISUC(HD , YSUK(4O), YSUC(H LKA 8O
1D LEA <0

DII’.. NSTON BP(NIY, HKC40), wy(20Y, DS(20), TK(20), XLP(HO), YLP(NO) LEA- 50O
1, Z2MLP(<0)Y, ZYLP(40), /" 3UCL0)Y, ZYSU(CLO), U( 40), WK(100), BAC20) LEA 60
COLIMION ME(4D,20) .YR(40,20),YP(20),M(40,29,83) ,Y(20,20,2),C(50,50) ,A LEA 7O
1AC20.20),00020,20), BC20) [T, 11,120, 112, U"(") NUS HULL BHLN, BIAY, TMIN, LEA . 89
ZTHIAX, 'Cl.l’ZG'..’.TZCﬂ.Wl("O) U"( 0),V3(40) .L.UIOIH ERRORZ, LANONR3, TLRL,TE LEA 90

CR2LTIENRG,CIG L ‘CISQ. CiS3, DM, DX2,DH3,SCALL, YDIF, ICIY, SCALS - LEA 100
LEA 110
TIIS PART STARTS THE ANALYS IS FOR TIIE PRESSURE SURFI‘CE LEADING LDG LEA 120
INTEGER P LEA 13
1= R~ 1 : ) LEA 140
CALY. IIARG (21D LFA 150
CALL LETTE ll (16,.23,0.,1.0,1.23, IGIHPRESSURE SURFACL) LEA 16D
CALL LETTER (21,.25, 0. , .9.) ,SL.SUHILEADING EDGE Q-0 CRID) LEA 170
CALL LbvTIZR €15,.15,0.,8.5,2.5, 1SHSUCTICH SUIUTACE) LEA 189
CALL LLTTER (29,.15,0.,1,2,0. S.S‘)lli’n;';SSURE GURFACE LEADING EDGE) LEA 100
CALL ARROW ¢.0,2 \) l %“,3.5,3) LEA 200
CALL LLTIER ( 10 6" ,1.0,2.2, 10IFLOY ITILED - LEA 210
LEA 22
YPRIT 1S MOVED UP TO THE OTHER SIDE O Tii PASSAGE. . LEA 2020
YPIROZIEYPRIHPITCH LEA 240
RO EYPRIDIFYPRMNIZ 1000, LEA 230
RIAK=20. S ARS(HSUC(LS) =Xsuci 1)) LEA 299
o 1 P- 1 OO0 LEA ”"O
HOp . 1.2) =RMA-HIRDP) LTA 239
CONTINUL LEA 290
LEA 309
HERE THE VIIDLE l’lOlTBD IHPUT VALUES ARE TWISTED 180 DEGRELS. LEA 010
RO 2 1=-1,H1IS LEA Q00
WI1)=1,0 < LEA 2290
YSURC D =RUAK=ISUCOD LEA U400
'SUILCT) = RRTIAK=Y “)UL( 1) ' ) LA 350
Z3SUCTY =¥sUuc D +0. LEA 360
ZYSUCH =Ysyec D . LEA OV
CONTILUL N ‘ LEA 3889
DO 3 I=1,N118 N LA 890
| § O VA “U( D JGT..0.0R.ZYSU( D LLT. .4753) GD 70 3 LEA 400
1P (75U 1) 6T, 1,00, 00, 2280 ( l) LT..3) GO TO 4 LLA <10
IF (ZYsUucl+ 1) .GT. .4 O ZYVsuc LT 478) €0 10 LEAN 220
CALL" PIUELIE ¢ ZR8UC D ,ZYsucl) .'/,}ZhU( 1+1),2YSUCI+1)) LEA 430
CONTINUE LEA 440
P:O=PHIS a LEA 430
FICCTiE) = TS N LEA €060
Mi=TI0-1 . LA 470
H2=110-2 LA <50
=110+ ) LEY <%0

. LA G000
A POLY IS FIT TO TS SUCTION SUIFACE VALUES ONCE TIEY ARE ROTATED  LEA 510

-

=1

PRCOLESCROCE THAT THE THE SALIE POLY ORDER IS USED AS VWAS 1IN THD F LYA §20
PART OF TUE PROGRAIT FOR THL SUCTION SUIUSACE) . LA G300
GALL ONLSQ (MSUK, YSUK, W, TG, TH S, VK, 5165Q, BA, TERY LEA G40
HCO) = HIS LEA 500
Bno < N1l LEA 50()
DO =BACIRI-JKE L) LLA 7O
CONEIUL LEA 5(}
PO o 121, 5sPC LI 6590
VYCD EYLnsuicny)y o LA 6CO
VR (6,5) JSURCD ,WYCD) LA 610
FORIAT (UL anSUC D =0, P IOV S YSURKC DY =, 1710 . 42, 7) LA 620
CONLINHULR LEA 630
LEA G20
THE POLY COLIFICILITS ARE ROV STOR™D. LY 6350
po ¢ -1, 1A 600
I HH S D DR HE D LA 670
CONITInE L'y 65O
RO 6 1=, HUNP LEA 690
YLPC D =YD+ 1UICH LEA Y00
NLPPO D = IRIVECIRTC D) - LAY T
YEPDCD - U= YLPoD LN T2
ZRLPCD =ML +0.5 LEN T80

s
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ZYLPCD=YLR( D .
SONTIHUE ‘ 7 .
BIMIH=SLPP CHUIP) ~(ADBS ( XLPPCHUIIP) ~HLPPC 1))) #3. .

BIAVEYLPP (1) +C ADS{ELPICNULER)Y = LPPC 1) )) /3,
WRITE €6,9) BUAX, BHIN
FORUIAT (12, Bil\lEa, 10, 45aniII=, F10.4,/)
DO 10 I=1,KK
CALL PLTLH (ZXLP(D ,ZYLPCD ,ZVLPC1F1) , ZYLPC I+1))
CONTIIUE
LrugE

NOV A BESTSFIT POLY IS FOUND FOR ITTE PRESSURE SURFACE LEADING EDGE
ND= 1 . ;

CALL CFIT CHULP, XLPP, YLPP,IILH, LU, LI, ND) ;

HLP= L 1 ’ j

I 1) = 1ILIE i

Lo .

M=o~ )

[zl 0-2 ;

MH=10+1 p

THE COPFFICILNTS ARE ST0OR%ED. °

BO 12 I=1,1LP

AACT, D=BCDD . i

BSCH=BCD :
LVRITE (6, 11) IELEOJHLP, AACT, D ‘ ‘

FORMNT (1R, Tii= 2, 15,00 107 ir, 16, TLP= ¢, 15,3 AAQL, D= 3, 18.6,.)
COUTILUL '

D=1

DO 14 I:1,N0HP

VYD = YHCHLPRCH ) .

VRITE (6, 13) XLPPCD (WYCD |

FORUAT (1X,“MLPPCII= 3,F10.4, YLPP(I)= ,F10.4,.)

CONTIIUE ) |

{

TNE CURVATURE 1S FOURD AT FIE QO STANT POINTS. |

CALL CURV (XLPP, LS, NLIUL KE, XPS, T, LI, LID ‘

VE DWTURM TO THE MAIN CALCULATION SUBROUTINE.
CALL AN (DG 400, NLY, MPs, LJ, HC, YC, LJL, B, HO, N, HON, HOT, LT, LI, A
13, RRMAN, XSUE, L, PUICD

RETUIT b

1HD !

LEA
LIA
LEA
LEA
LEA
LEA
LEA
LEA
LEA
LEA
LEA
LEA
LEA
LEA
LEA
ELA
LIEA
LEA
LEA
LEA
LEA
LA
LEA
LEA
LLERA
LEA

70
750
700
770
7E0
790
£090
810
820
830
820
TS0
60
870
a9
390
09
010
020
o0
0%0
050
6l
oT0
289
290

LEA100D
LEALIO D
LEAI020
LEALOSO
LEAL04O
LIATOSO
LIEAL1060
LEALOTO
LEAICSO
LEA1090O
LEALL00
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SUBROUTINE CFIT (H,CX,CY, I, LI, LIL, IF)

SR TS ASIm TS ZaNE IS ISSSSoSosSmSES=RsSz==Co=

atk TOLY SELECTION SURBROUTIHHE

] .
THE FOLLOWING PROCRAIl 1S USED TO EXAIINE THE BEST POLYROMINAL FIT
FOR TIIE COOTWINATES SPECIFIED

POLYNOMIAL DEGREE
NUIBER OF DATA POINTS

X 3 INCREMENT
DY1 FIRST DERIVATIVE

s

SLOPE Il DEGREE

ClltD = CHANGYE IN VALULE OF SLOPE DETWVEEN LAST TVO I)ATA POINTS
CHNS(I) = SLOPE OF SLOPE CURVE USING LAST TWO DATA POINTS

CSsS(1) = CHANGE IH VALUE OF SLOPE OF SLOPE CURVE BETWEEN LAST TVO
DATA POINTS ’
ATECHDY = THE NULL OYPOTHESIS ERROR*:2 FOQ POLY ONDER M

DATE(ID = TIE PERCENT BECRZEASE OF TilE NULL HYPOTHESIS ERPOR:#:2
SIHCE THE LAST POLY ORDER

DIMENSION ¥D(200), L40), YD(<£O), YY(£0), YIP(40), S(200), APD(20
10), K(50), GH(<0), GY(40), CIKZ00), PR(<40), ZEROR(20), ZEROI(20),
2XINDC<0)

DIMNENSION TE(20), ATE(29), DATE(20), BIDB(20), F(<£0)

DINENSICH W(40), WK(100), BA(ZD)Y, A(242), FY(50), BATE(20), PL(<0)
COMNOIl XE(40,20) ,YE{40,20) \'P("')),“(“O.QO 3),¥(4£0,20,3),C(30,50) , A
TAC20,20),023(20,20) ,B(20), IIII I, rno,1:2,nZ2), NU‘E,NUH.IH‘IIN.BI‘L‘G(.'"lll‘l
2THAK G, N2, TIC3, W1(4D) , !.’2("0) ‘3("0) I"Ul()xll ERIoR2, ERRORZ, TERL, TE
3R2,IER3,C181,C182,C 1S3, l)‘{l D&, D‘(’i.oCALl YDIF, ICI, SCALS

VRLITE (6,1) lI

FORIAT (11X, =NOW THE BEST POL‘I FIT FOR STREANLINE NO.:x=, I8,% IS FOUN
1Dz, 7) .

IF (LH.EN T AN LRILEQ. 1) CO TO &

FIRST THE CORRECT ALLOVADLIY ERIRONS ARE SELECTED.

IF (LILEQ. T AUD.LHI.ER.O) GO TO O
TR=TERS

LRROR= LIINOR3

CIS=CISy . -
DK< DI3

Doy 2 I=1,N1

( l)=\.8( 1)

CONTINUE

GO To 7 :

TRR=TERIL

L lll.Oll FRROR1

Cl1S-CIs!

DX-DX1 .

THE VEITGUTS FOR THE STREANLINE POINTS ARE THE SANE AS A WEIGHT OX
THE BLADE SURTACE.
Dl . .
DO 4 1-0, 4
WD) =W 13)
COUTIHUL
co 10 7
TLR=TER2
FEROOR-IRRORZ
CES=CIs2
NR-DR2
PO 6 I=1,1
Ven-uect)
CONFINUL
Conriue

TIE WUHOER OF INTERVALS AT WHICIH THE FUNGTION 1S TO BE LVALUATED A
IETLIILLD.

HUITY - CABSCGRC 1) =GR 1) /DY
NULSe - 1 ——-

CFl1

Crl
Crl
Crl
Cri
CKrl
CFlI
CF1
CFI
CFl1
CFl1
Cri
CF1
CPFI
Cri
CI'l
Crl
Crl
CF1
CF1
cri
CF1
CFI
CF1i
CFI
CF1
Cr1l
Cr1
Cr1
CF1
CF1

Crl.

Cril
cri
Crl
Cril
Cri
Cr1
CF1
Cr1
Cr1
Cri
cri
Cr'l1
CF1
Crl
Crl
Cri
Cr1
crl
Crl
Crl
cri
Cr1
Cr1
CFI
Cri
Crl

. CF1

Crr1
Cr1
Cr1
Crl
Crl
Crl
Crl
CF1
crr
Gl
cri

- CF1

cril
crl

10

20
80
<0
GO
60
70
30
0
100
110
120
120
120
150
160
170
1090
100
200
210
220
230
2490
230
£60
270
289
290
300
310
3820
330
3<0
350
360
Hrde)

2 X8
o8

390
<00
€10
<20
<30
40
<50
460
470
<o
490
500
Glo
520
G530
540
5560
560
570
.'nl)
90
[414)
610
64)4
(G4
640
6350
660
070
((Fo39]
690
TOO
T10
TL0

vi0

P
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READ DATA AND CALCULATE POLYNOIHAt. AFPICIENTS

DO 50 ICOUNT=1,

THE T\ VARIABL I.o M’\C JUST COUNTERS TO INDICATE THE ACCEPTABILITY O

F A SPECIFIC POLYNOIIHAL ORDER
IF ( ICOUNT. Q. HUTS) GO TO 53
MA1=0

HAZ=0

TA3=0

MAG=0

HAG=0

DO 9 I=1,u

IF (1.GT.15) GO TO 8

B =0.000 .
XIDCD=GHOD

YDC D) =CY( D

CORTINUE

M= ICOUNT+ |

VRITE (6,10) M

N
FOMMAT ( 13, “THE ACCEPTABILITY OF POLY ORDER%, 18,% 1S DETERMINEDYX,/
1)

INITIALIZATION.
TECGD=0.0
ATEID=0.0
DATE(ID=20.0

HO=11

zIIr1
MIZPM-1 ° . *
H2=11-2
IF (ILEQ.NUT3) GO TO 12

ORLSN IS USED EXCEPT LWHERE ILEQ. N-1.
CALL ORLSQ (XID, YD, W, N, 1L WK, SIGSQ, BA, IEIUD
Do 11 LL=1,IM

BOLL) =BAUIN-LL+ 1)

conTinoe

CO T 13

CALL LESQ (A, B, XID, YD, {L1ID

CALCULATE HNEY Y(YP) AND ERIOR(E)

Z72FLOATUID

VW= FLOATCID

ARR=Z7-W0- 1. )
BO 14 1=1,N

TIEXIDOD

YIP 1S THE CALCULATED ORDINATE VALUE.
YIPCD=YICTX
ECD=¢YIPCEY-YDCD))

TH PERCENTAGE LRROR IS CALCULATED.
PECD=(YIPCD=YDOD))V100.0-YIPC D

TEOD CABSCABS(LECD ) +#1300ID

CONL DK

O 15 1 1,10

1 CABRSC(LC1)) €T, LRROIY GO 10 17
CONTIiuE

InE=1 N

\nll T (6,16)

'L'HRT()'I‘AI. ERROR FOIY TIllS POLYHOMIHAL ORDER IS CALCULATED,
! -

N

()'ltl\'l U THE ABSOLUTE DNROR 1S VITHIN SPRCIFIED LINITSW)

GO - 19

L]
ATE 1S TIR NULL NYPOTIESIS BRRORN.
VILETL €6, 1D

FLORINT (3, THE ARSOLUTE FRIOR 1S TO0 LARGE )

I CARRL L. 0. GO 'T0
ALOD = CLECID) 0 2, 2 (2 = LW=1,)
1 CIECD L GETERD €O 10 22
M2

VRITE (6,20

121

CrlL 7<0
CrFl 730
CFI 769
CI'l1 770
"CF1 78D
CF1 7¢0
CKF1l £99
CFl ©10
CFI 820
CFrl1 830
Crl 840
Crl £50
CFI £60
Cl'l 870
CF1 geo
Crl &90
CFI 900
CrlI 919
CFl 92

CFl1 93¢
CFI 9<0
Cr'l 950
CFl1 ¢60
CF1 970
Cr1 929
CF1 990
CFI11009
CF11010
Criiea)n
CF11030
CF11040
CF11050
CF11060
CFI11070
CrI10380
CF11090
CFI1100
CFIt1L11o
CIFI112o
CFI11:30
CFi1140
CF111GO
CFI11160
CFI11VO
Cr11189
CFI1190
CIFI1Z00
CF1i210
Cr11220
CF11230
CFI1240
Cr11250
CF11260
Criiavo
Crriza

Ci'112090
Cl'I11500
Cttig10
CPI130

CF11320

CirIiga«eo
CFIINL0
CFI113860
CPLE3vo

CCF 1186

Cl'I1500
Clrl1400
Ciltetro
Crl1a2o
CFI11430
C'I14%0
CI'11e50

Crr1<on -

CrII4vo
i
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21 FOILIAT € [, THE TOTAL ABSOLUTE-ERROT IS WITHIN SPLCIFIED LIIITS#) CREL<D0
GO TO 2% rL1<oo

o0 VRITE (6,23) . / ’ CFI1500
23 FORMAT (2, wTHE TOTAL AB§QLUTE LEIGROR IS TOO LARGEX) CFI13510
24 IF QLTA2) 6O TO 27 : . CFI152D
¢ ‘L . CFII520
C CFI1549
C BATE IS TIE DECREAGE 1IN ATE SINCE TIIE LAST POLY ONDER. CFI1550
C DATE IS THE PERCENTAGH DUCREASE IN ATE SINCE TIHE LAST POLY ORDER. CFI1560
C DATE AND BATE CAN DT READ OUT I DESINED ) CFL157?
IF CAIQLLEN.0.) GO TO 25 CFIISED
DATECID =ATECH- 1) ~ATEC D CFI1590
DATECID = CCATE(I- D =ATE(ID Y Z/CATECH- 1) )) 100 CFI1609

c CFI1610
C DEFINFE NEW X AND COIPUTE Y.DY! AND S CFI1620
C CFI163

25 Fcn=o. . CFI1640
DO 26 J=2,11 CFI1630

F(I =F(J-1)+2.2FLOAT(J-1) CF11660

C ~ . CrI11670
c THE BID VALUES ARE THE SECOND DERIVATIVE COEFFICIENTS. CF11689
BIB(JT- D =B(J+ 1 uFCD CFI11699

pale CONTINUE ) CF117090
v DO O I=1,NUIY Cr'11710
=1-1 CFl1vC

XDC D) =DH2FLOAT( IO CF11720
H=XDCD CF11240

c i CF11750
c [OW Y VALUES ARE CALCULATED VITH A STIALLER DX FI12760
c CF11?70
SCD = (ATAN(DY1(TI) )= 189.0/3. 14159 *CFI11700

IF (LLHE. 1) GO TO 23 > CFI1790

CH(D) =0, 000 CI'11800

GO TO 20 ' CFl1810

c : . . CFl18Z0
C NOYU TIE CHANCE IN SLOPE IS CALCULATED BETWEEN THE LAST TWO DATA CF1G20
C POINTS . CI11849
C ' Cr11830
o8 CHD=8(D-S(I-1 CFi 1860
C Cr11820
C- HOV THLL SLCOND DERIVATIVE IS CALCULAIED ' CF11850
C s Cr11£90
20 1F (ILEQ.2) GO TO 30 . CFI1900D
IF (1.GE.ID GO TO 80 ) : e CPI1o10

o CP119L0
C PRCD  ADE THE SECOND DERIVATIVE COUFFICIENTS LISTED 1N RUVERSE Cl'11930
C OWDLR FOR IHPUT TO THE HACLTIY SUBPROCIWAI NPOLY . Cr11940
C CF11930
PROCD =NEB(IE- 1) Criioeo

co CONTINUE CFi1970
DO 81 I=1,NUNY CFI110869

IF (CHCDLLE.CIS) €O T0 33 CFl1990

31 CONTINUE CF 12000
VRITED (6,3:2) CF12010

an FORIAT (1Y, «TIE CHANGE IN SLOPE IS HOT 10 LARGEX) Crizono
MAQ- | N Cr12030

GO TO 35 CF12040

o . CE 12030
C HOW THE ZLERQS OF THE SECOUD DERIVATIVE ARE DETEWIINED . CF120060
C . CF12070
U3 VRITE (6.3 . CrIZ080
T FORIIVE (130 :5THE CHAKGE 1M SLOPE IS TOO JHCIH) CI'[12090
43 I UL GO To ¢2 Crizioy
CALL RPOLY (PR, N2, ZLRON, ZEROE, FATL) CUi2110

¢ . Crinao
C FOIRDICATS THAT BPOLVGFUNCTIOUED PROPLALY, A T INDICATES TINT 1T CI'I2I30
¢ pIb KOT ¥ . CoCrIa)
A N CUi121359
EMAME DD o Crinico

BN 2IDCD) S CI'I21¢o

I (LI LA 1) GO TD 36 . CriIngn

DTN MADCH) Crinivo

BN XNEPCOD . crinnon

26 PO U J-1,02 crioeio
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IF (ZEROICJ) . EQ.0.) GO TO 37
GO TO 33 )

IF (ZERORCD) . CT.BIAK G0 TO 38
I (ZERORCJY . LT.EUID €O TO 38
1Az

CONTIHNUE

IF €I1A4.EN.3) €O TO <0

JRITE (6, 89)

CFORNAT (134, TUERE ARE KO ZEROS TO TUHE SECOID DERIVATIVE ‘hl’l[“’l THE

1 BLADE RALGE:S)
HAG=
GO TOo 20
VRITE (6,<41)

FORNAT (lu. TTHERE ARE ZERGS TO TIE SHCOND DERIVATIVE WITIHIN THE BL

TADE RANGE)
HAS-O
GO TO <3

COMPUTTE TIE TOTAL TURNING ANGLE

[A4= ]

I (LI EQ.0.0WN. LH.EQ.0) GO TO 46
TTA=0.0

NH=HUITY~1

DO <4 I=1,NI

APDID) - SCTF D=5 T)
JATA-TTARAPDCTD)

CONTILHIUN

I CITAVLUETHIND €O TO <6
I TGP TN GO TO 46
VRITE (6,43)

FORIMT (L3, <THS TOTAL TUMIING ’\NCL"-I

t./7777)

Mo -1 ' 2

GO 10 <8

I CLEHLEQ. 0.0 L. Q. o) (.,0 T0 48
VRIre (G, 4

FORFNT (13, TR TOTAT CTURIING ALGLY

150, 4777) ,
AT+ #HAD FTIAG+TIAG

INCLH. Q0.0 LI 1. 0) GO TO 49
I YCHALFQ.B) CO 10 G
0 To 50

I oot e GO 10 Gt

COYTIHUR

GO T0 51

VBRI (6,52 11,1

FORDAT CHL 0 SIREVILINTG NOe-, 13,0« WILL BE MOBELLED BY POLY OUDLR., 1

18, /»7227)
CO o 55
VR (6,045

PORMNT CLHEL, 12 HO POLYIONEHAL 0RDEN .
T Ur HHE PARA 1O I ACCURNCY SPLUIRTFD BY LK

@) .
RUTURN
)

COULD PPROpPERLY
S SALSSS

N

1S WITIHIN THE SPECIFILD RANCER

L SPLCIFITD RANGE

-

F

CFI22z6
CFIQZSO
Criz2zao
CrI2239
Crraaeno
Cri2zvo
criacen
CFIZZo0
CIElC00
Cricsio
CFI2320
Cri2ason
Crlcs<o
CFI12350
CrIZ360
CrI2370
CFI2C89
CIrI2C90
CF!"“OO
CrIla10
CFI2420
Cr12409
CriZada
CIFI2050
CFIZ2460
CPI““?O
CI l'\ﬁ (v

.CI‘I”-"‘)()

CFI2300
CFI2310
CFrI2320
Cr L.u\l\)
C( Il\f" -

CF l..\){)l)
CrIt360

CFI2370
CrIR3en
CI'i2svo
CIIZ009
Crito1o
CIr12620
Criz2agdo
CHI12610
CFIZ2050
CEFI126060
CFI2670
CHI1S¢ti0
CH 12800
CFIavoo
CI'I12? 10
CFIZYRD
CIFIDTI0
CEIaT00
CFIDTSO
CHiI2von
CHI2e70

>

4
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1}

SUBROUTINE SCALE (P,HNE,DD) . . : sca

DIIESION DD<O) . , ' sca
COMIION 13:(40,20), Yrstqo,cm.Ym:o).::mo.za.m,vmo.zo 3),C(50,50),A-S8CA
TACZD,20) . BB(2D, 20 (B(ROY MG I, 1D, 112, BA(D) , NUS, TTUIT, DI, rmx.'mm “CA
OTMANL LG C2 LGS W40 L UW2(4D) , VB 40) r:mmm ERRORZ,LRNOR3, TERL, TT, SC

OR2,IERS. (:131 cx:;::. G153, DX1, DN2. DY, ‘»CALI YDIF, ICR, SCALS cx\
c . » scA
c s SUBRCUTINE SCALES ALL THE DATA BACK TO THE ORIGINAL INPUT SCA:
C SCALLE. . S
C s SGi
v INTIGER P ‘ SC
C(1.P)=(CC1,P):"SCAL1L) :SCALS SEA
C(NE, D) 2 (G(NE, ) SCAL1) ::SCAL3 sca
1‘1)(1’) DD(P) /(SCALI3SCALD) SCA
(P, 1, 2)=(P, 1,2 /(SCALISSCALD) p scA
NP, HE, 2) =14 P, BE, 2) /(SCAL1::8CALD) . sca
DO 1 [=1t,1GRH SCA
Y(P, 1.2)=Y(P, 1.2)-0.03506/(1. re(1=1)) SCA
YCP, LR, 2X=Y(P, HE, 2) - o 036367C 1. 1:ue( 1-1)) sca
1 CONTINUE SCA
Y(P, 1,2)=(Y(P, 1.2)/SCALC+‘.’DIF)/SCALI . Sca
YCPANE, 2)= (Y(P HE, 2 78CALSFYDIF)Y /GCALTY ScA
RETURN SCA
END . . ScA
~ . L4 ’
FUNCTIOY YI (2 . Yi¢
c §‘t:\*:::=='z::=”:"

CO"I"()! RECL0,20),YE(40,20) , YP(20) , X(40,20,0),¥(£0,20,3),C(50,50) . A YI(
TACZ0,20) ,BBCLD, 202, BO20) , INL, T, 1D, f’.’.’.])?(.’!) HUS, HUIL BRI, BMANLCTIN, Yi(
SHNM,TICL,ICS, NCH, W40 , L2020, L3 <C0) , ERIORT, LIURON2, LRRORY TLIL,TE Y (

SIL,ITNG, CIsS 1, G152, CING, D‘l DX2, DH3,8CALL, YDIF, ICR, 8CALS Yi(
¢ Yi¢(
C THIS FUNCTION SUBROUTINE CALCULATRS THY FUNCTIONAL VALUE AT 7. Yi(

Yi=LIn 2 - Y1(
bp 1 J=1,M ) . “YI¢
Yi=(Y1+DOIR=-J0) V7 Yi(
1 CWITINUE Yi(
YI=I( 1) +Y1 Y1(
RLTURN Y1
LD , . CYIC
1 4
I'UNCTION DY (4 - DY
¢ B I N |

CONYON HL(40,20) , YE(40,20) , YP(20) , H(£0,20,3) . ¥(«10,20,83) ,C(50,50), 4, DY'L
TACZ20,20) ,B3020,20) , B2 IR T OV LS, DG, IIUS, UL BoUi BIAK, TIHEH, DY
SHMVL TGV LC2, HCS, WHEAO) V200, L3CI0) , LRIDRL, T llll()ll._ LERORS, TERL, T DY

SH L, TEIG, IS, CIS2, €153, DL, DN2. D3, SCALL, YDIF, TG, SCALD DY1
C bYL
: THIS FUNCETON SUBROUTINE CALGULATES THE VALUE OF THE UIRST DERIVAT DY
PY1:TGALC0) DD Dyt

10 (H0. LYY GO 710 2 . DY

DO L J-1,In Dyl

. PY1- (DY 1+FLONTCL0-J) “BOIRM=0)) - 7 - DY1

1 CONTILTE hv)
2 DYDY L] (D) N Y1
1L TURSH DVl

1.5:D D1

~

10
20

(e
~

40
50
60
70
80
o0
100
110
120
120
140
150
160
170
19
190
200
210
220
it

240

10

20
‘30
<0
5o
6O
70
69
90
100
110
120
130
140
b

1Q

20
30
<0
50
o0
VYO
oo
20
100
110

130
140
160
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FUNCTION DY2 (7)) °

COMIOI Y40, 20) , YI(4D

125,

bDYZ2

0),YP(Ll0),M(40,20,3),Y(40,892,8) ,C(50,50) . A DY

1ACZO,20) ,B5C20,20) (BO2O L INLI, 10, 12,5700  HUS, UL BHMIN, BiLKLTHIN, BY2
STHNLG G, TIC2, HC3, W1 C4D) , VR 020) , V3C20) , RIONT, ERRORS, ENRORSG I LRLLTE DY2
CRZ, TERS, CIS1, CLG2, €SS, DY, DR, DI, SCALL YD, TGN, SCALS Dya

THIS FUNCTMON SU

Y B
JALIN O IR A1 0]
BO 1 =0, il
ALIEFLOATCD
BCD=AI*BCI+1)
COnrTun
DY2-DYI(Z)
NEPUR
LD

DYz

WUTIHHE CALCYLATLS Tiks VALUZ OF TIE SLCCRD DERIVA DY2

nye

bya

PYZ

e

Lo pY2

N ! ) byd
’ DY
. DY

DYQ

10

20
3Q

<9

50
60
<O
£0.
©0
1CO
110
120
10
1€0
130
160

< a
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APPENDIX III

REMAINDER OF EXPERIMENTAL DATA

3
/
Remainder of Pressure
Drop Coefficient .Data
2 2
INLET GAS ANGLE Y 5‘ N
m = .43 m= .74
62.0° .049 - .194
66.0° .042 T .195
69.0° ) .032 216




PRESSURE DISTRIBUTION DATA NOT GRAPHED

<

134

po}/Patm ="1.29
My 1T ¥ 2.73
Pressure Location % P_/P
Port Axial Chord > 9 .
8=62° 8=66° 8=69°

P, 4.8 773 . 785 .787
P, V11,6 ‘ .787 .792 .787
Py 18.6 .757 | .766 .758
P, 25.6 .796 795 ié792
P 33.9 .796 .800 .802
Pe 48.7 .666 .663 ~.656
P, 61.3 1 .639 . 640 646
Py o732 743 741 .748
Pg 81.8 . 05 . 641 .639
S 3.1 .746 | - .641 .580
S, 6.8. - .698 .578 .521
Sy 10.2 . U712 641 .616
Sy 1.0 | .TNQL 646 .631
Se 40.4 465 457 466
S 68.5 | .564/ .557 557
57' 74.2 552 .579 .582
Sg . 84.5 467 465 .464




PRESSURE DISTRIBUTION DATA_NOT GRAPHED

135

pol/vatm = 2.03 )
Mgypp = 1.06
Pressure Location % p /P
Port " Axial Chord S0
8=62° B=66 8=69°
A
P 4.8 745 .772 .786
P, 11.6 792 .783 791
P, 18.6 .781 778 772
P, 25.6 762 .764 .652
P 33.9 774 .778 777
P 48.7 | 722 .723 722
P, 61.73 .684 . 686 .690
Pg 73.2 .705 .709 .702
Py 81.8 .654 .656 .652
Sy 3.1 743 .687 .553
S, 6.8 .680 .579 .516
Sy 10.2 .702 .625 .586
Sy 14.0 .679 632 622
Se . 40.4 440 . 441 442
S 68.5 .549 .546 .545
s, 74.2 .567 .564 .560
Sg 84.5 .506 .499 482




PRESSURE

DISTRIBUTION DATA NOT GRAPIHED

' 136

pol/Patm = 1.81
Meypp = 0 -96 q
Pressure |. Location % P /P

Port Axial Chord > 0%

8=62° 8=66° 8=69°
P\ 4.8 .750 775 .784
P, 11.6 774 .783 .782
Py 18.6 . 785 784 .782
Py 25.6 776 . 768 773
P 33.9 .780 .780 783
Pe 48.7 743 747 743
P, 61.3 .710 724 727
Py 73,2 .726 .725 .724
Py 81.8 ,.678 673 . 668
s, 3.1 743 634 .544
s, 6.8 .689 .602 535
Sy 10.2 .699 .630 589
Sy 14.0 ° 681 . .645 .634
S 40.4 458 .456 463
S¢ 68,5 .567 .565 .564
s, 74.2 .582 .580 .575
Sq 84.5 577 - .573 572




PRESSURE _DISTRIBUTION DATA NOT_GRAPHED

137

- o
} Pol/}’m.m = 1.50 '
Mpxpp 5 078
NI_’_;;}ssurc . i,oc.at'ion o 'PS/PO ‘
Port Axial Chord 1
RS 8=62° 8=66° 8=68.5°
Py 4.8 782 ‘:806 827
P, 11.6 T .805 813 - 823
P, L, 18.6 .805 .812 .820
Py 25.6 .796 800 .808
’ bs 33.9 .802 809 .818
Py 48.7 791 .795 .805
P 61.3 762 770 777
Pg 73.2 766 L7067 .774
Py 81.8 727 727 773
S, . 3.1 753 .616 .601
s, " 6.8 .708 616 .608 -
Sq 0.2 715 637 . 634
Sy o 14.0 .707 .668 671
sgif; . 40.4 .539 .544 553
Se 68.°5 671 636 . 642
s, 74.2 657 .653 .699.
Sg 84.5 .664 .659 664

-~a ;&.‘ Ciemr =

W



PRESSURE DISTRIBUTON DATA NOT GRAPHLD

138

pol/pat = 1.14
Mpy 1T T .43
Pressure | ~Location % . P /P

Port Axial Chord > 9

B 8=62° 8=66° 8=69°
lef 4.8 926 L9041 .947
P, 11.6 L931 L9358 . 934
Py 18.6 .930 .933 .934
P 25.6 930 934 .932
P 33.9 933 .936 .943
‘pﬁ . ‘43.7' .930 .931 .947
P, 61.3 .920 L 924 " 948
Py ; 73.2 - 919 L9022 .958
Py 81.8 L9006 - 9006 043
S 3.1 .891 855 .826

L s, “ 6.8 .882 .854 .837
Sy 10,2 .878 .857 .844
S, 14.0 .876 .863 .857
és 40.4 .820 .824 .826
Sq . 68.5 865 865 862
s, 74.2 .850 .875 .870
Sg 84.5 £ 879 .877 .874
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APPENDIX TV

POLYNOMIAL SELECTION CRITERIA

. 5

After unsuccessful attempts at fitting several
R ’ !

overlapping polynomials to the sct of blade surface data
points (it was difficult te ensure a' smooth change of slope ’
between the curves), it was decided to usc one polynomial
for the whole range. However, it was found that theﬂuse Af
high order polynomiél fits was not usually écceptable due
to "ripples" between data podnts caused by g cﬁaﬁge in sign
of the function's second derivative. Also the calculation
pf the higher order cocfficients sometimes leq to i%l-
conditionod Hermitian matrices‘which é;g not'properly ) . >
represented in the computer (tends to "blow up" as‘numbcrs
greater than 1012 ;re encountered). This 1s especially

true for LESQ. The library program ORLSQ allows higher

order selection before the above problems become serious.

It is unfortunate that high orders are not hsab]eﬂas Refcfenée .
[24]} states that "Although no completely genordl,rule can

\bz given it is frequently desirable to.conduct polynomial

fits using "an order™ 1/2 to 3/4 that of the number of points.
to be fitted". Thus a 15th order would originally have secemed
desirable.

Due to the above limitations the following five

general criteria were used in polynomial sclection:-



-

140

- .

¢ - /‘ :t , L b N
(1) the absolutc error at any calculated point must
l

\

-‘be-le§s thdan a specified value
‘i(Z) . the sum of-all of the absolute errors must be

/" less than a specified amount . . )

(3)' the "null'hxpéihesis" var&gble,eas defined in

. Reference [23], should change by only a '"small" amount when
the polynomialtorder_is increased by one
(ﬁ)‘ no real‘zéfos to E%e polynomial's second derivative
shouid~e§}stuwith}n the blade range. Imaginary. zeros very
close to the real plane also should be avoided as these may
cause ripples to appear in the polynomial o
(S)‘-'thé change in slope'betwcen two consecutive inter- 1 o

polatca,polynOmial points should be less than a specified amount,
For polynomial fits to "“streamlines' within the flow passage,

an additional consfgaint was that the total turning angle - . " e
of the "streamline" shpuld be between those of the passage

boundgries. The subroutine CFIT uses these criteria in the

v )

selection of the polynomial order.

»
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APPENDIX VII . S .
DISCUSSION OF LEADING EDGE THEORETICAL RESULTS

Figures 4la and 41b demonstrate "a fundamental -

limitation .to the streamline curvature technique when

- "

used in regions where a very high change in curvature’
occurs along an orthogonal. In any_gas stream, the
maximum possible wplpéity is a function of the total

temperature as follows:

Umax = ‘/ZCpTQ‘ ‘ TIO)‘

‘'where Cp = 5peéific heat.at constant pressure

PE

<o

TO = gas stream's total temperature.

¢

Examinatioh‘of equation (6) (page 69) will show
that“whep Csfl>> Cé“or when Cp'\>> CS' (c;rvaturé differ-
eqées of lo,inl-% or more), the calculation techﬁiqﬁe'will
('yiéld excessively high velocities causing calculated local
stat{c temperaturés'ta be less phan absolute zcro. 'Fhis.~
imposéiﬁle resﬁlf'prevents the détermfnatgon‘of a locatl

speed of sound and a pfgg?gmmihg‘mode'error results.

In Ehe derivation of equation (6), a linear variation

of curvature across thé.chanﬁel wds‘assumcdl*tfhis‘approx%'

mation diverges. considerably from reality in regions of

high curvature change. This fact is easily seen when one
y - ‘
3 -
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T ‘ reallzes that the potentaal flow technlque predicts extreme

L

supersonlc patches on each 51de of the leadlng edge aA

L

1rnear varlatlon of curvature across the channel would

result in a large portlon'of the inlet being supersonlc. -
- . Besides being an unrealfstic prediction of tHe"flow charac-

&

teristics, correct 1n1et mass flows cannot be obtained as .

this parameter reaches a maximum &t sonlc veloc1t1es

R M - ’

To, allow the streamllne curvature technlque to .

\
- £

) predlct a ve10c1ty dlstrlbutaon requlres abandonlng the
S assumptlon of 11near variation of cﬁrvaturecalong;an a ‘
. N
orthogonal Instead some kind of power functron is e
* requlred which wouId y1e1d the hlghest rate of curvature e o

change close to* the°most ‘curved surface. Th1s would .allew

o

' : ' hlghly sﬁpersonlc patchesnln the reglons of high curvature:
wh11e malntaln}ng the subsonlc ve1001t1es over most of the
channel width necessary to obtain the correct “mass - flow.

Two possible equations expressing this relationship are:

C c v cC' -¢C NLX L e -

- . = + . - ! —_— . . , .

R e TR €

R S +(C'-C ")"{si'n[(N ) i ‘(123 '
: P s 7 ' N"Z SRR .

r . B . R I -
B . N
. o »

-;' ‘ ' 'where xﬁwould be a fﬁnctaon of the ratio of _the -

» «

orthogonal end p01nt CUrvatures and would be of the
£ p .

. . follow1ng form.}' S R :‘-1,_ o C e
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T0
00)
. xI
’ 1.01~--: = WIS
! . '
] L +
) .
-~ 1
. .
]
\
, L ‘ ; .
. 0 . 1.0 ) p/Cs . -
. e The veloc1ty for equat1on (11), for example _can -be shown
. to be expressed by the relatlon ‘
- ' _cryX+l
{ o (C-C, ')1/" RS L Ct ¥]
, . (C_':C )17x X+]1 - s’ - -
. .':‘ 'V = e p s . ot - . } (13)

From this point the calculation procedure w0uld follow
that outlrned in, Reference (2)

-

Although the above techn1que will allow the genera«'
thn.Qf potentxal flow results, it is llkely to be purely.
an academlc exerc1se ‘as several 1nherent assumptlons become’
lnvalld near the 1ead1ng edge Slnce the radius of curva-,'
| . | : ture 15 now of the same order of’ magnltude as the boundary
| h layer thlckness V1scous effects are probably 1mportant
lo expect the boundary layer to accelerate from the leadlng
edge stagnatlon point (where'it has zeroﬁveloCLty) to super—
sonlc Speeds in a dlstance of 1ess than 1% of the ax1al
chord would be unreasonable Thus, the assumptlon that on'

each orthogonal the flow Varlables may be treated as 1nde-

pendent of UPStTeam condltlons 1s ObVlOUSly 1nv311d



discussed previousiy.

flou calgulatlon

15 )

RS

Figure 41a shows. the potential flow pressure Qapia-

-tion with overall pressure ratio for an axial location -of

0.14% chord, At this pbsition *a'curvéthrc of approxi-

matelyﬁS.O inches'x alloued thc program to produce results,

. N
however, unTeallstlc. At p01nts nearer the leadlng edge,
. e

'hlgher curvaturcs praduce programming mode errors as

]
1

ﬁigure 41b ;hows'thatfyhe curvatures were so high
for the pressure $u{fa;e leéding édgé that sqluéioné éouyd‘
be obtained aiionly three positions for the lowest overall
pyeésure ra%ié tested. ’

To use the rosults of the- orthogonal gencratlon
program near the leadln edge, requ1ros a more sophlstlcated
streamlinc curvature technique in whi;h viscous flow boun-

dary la)er effccts are’ 1nc1udod Also the effett of upéﬁream

condxtlons will havc to be CODSIdCled in cach orthogonal

Vo

e

]



TURBINE:

APPENDIX VIITT ]
BLADE PROFILE AND COORDEINATES

~1

wi

O
-
(00)
©
ﬂf
L g
<
()
<t o
O
O
g)
o
N
[4
o S S
X- COORDINATE C
0] 2 4 .6 8 10
A N
- X-COORDINATE "Y-SUCTION SURFACE Y -PRESSURE SURFACE
0.0000 0.5243 O 0.5243
0.0105 0.5655 0.5070
0.0210 0.5970 0.5049
0.0315 0.6255 , . 0.5090
0.0420 0. 06503 S 0.5173
0.0525 0.67206 . 0.5258§
0.1050 0.7616 10,5023
6.1575 0.8281 0.5928
0.2100 0.8806 0.6172
.0.2620 0.9187 S 0.6350
0.3150 0.9128 0.6483 - -
0.3635 0.9553 - 0.6551 : N
0.4200 0.9581 : 0.6562 .
0.1725. 0.9515 0.6515 -
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~“.‘$‘;.¢*
N\, e e
X-COQORDINATE Y-SUCT!O@ SURFACL Y- PRESSURLE SURFACE
. §_
0.5250 - 0.9352 0.6408
0.57"3 0.9083 0.6235
0. 0300 0.8398 0.5093
0.06825 .8 }180 0.5670
0.7350 0.7309 0.52706
0.7875 0.6d05 0.17853
0.8100 0.5652 0.4181
0.8925§ 0.4532 0.3452
0.9150 0.3301 0.2575
0.0a"s 0.2224 0.1542
1.0200 0.1518 0.09006
1.0395 - 0.1282 0.0886
1.0500 0.1018 0.1018
<
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APPENDIX IN

DIRECTIONS: FOR FUTURE RESEARCH

These are thrbe principal areas for future research

in this field.

14

(a) Three Dimensional Effcpts
The existing cascade wind tuﬁﬁel may be used to
qxamine the effect of secondary flow:induccd by the inlet
boundary layer. The larger three dimensional test rig
. “

currently under construction will also provide additional

information on the-effects of radial pressure gradients.

[y

(b) The Strecamline Curvature Program

The existing program should be expanded to allow

the potential flow solution for three dimensional passages.

Py

(c) The Orthogonal Genc¢ration Program

The speed of the scarch technique employed in this -
program may possibly be increased bv the soléction of a
Newton-Raphson minimization approﬂcﬁ. The scction of, the
.progrnm in subroutine QUASI labelled [A] could hé altered
as follows: the equation for the longth‘of the perpendicular
from the pressure surface can be equutéd to that originating
at the suction surface. The difference between the two can

be minimized using.a Newton-Raphson approach, with the

N

159 : .



M

100

pressure surtace location as the iterating variable, until
aqcopt;z‘lhlc accuracy has.hocn :1tt:1inpd. For-flow problems
requiring a more accurate potential {low grid, an increase
in the number of orthogonal dot’ining,points to ongvht (.7,
number of spaces, NMS, = 10) could be investigated. This
would likelv require higher order polynomial fits close to

s

the leading.cdge stagnation streamline.
s

-l





