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FOREWORD

(U) This Final Technical Report (Contractor's Reference No. PWA-4291) was prepared by
Pratt & Whitney Aircraft Division of United Aircraft Corporation, East Hartford, Connecticut,
as the sixth and final Report under United States Air Force Contract F33615-68-C-! 208,
Project No. 3066, Task No. 306606. This report was submitted by the Contractor on I Novem-
ber 1971. and covers the Contract period from I January 1968 to I November 1971.

(U) The data presented in the Interim Technical Reports (AFAPL-TR-69-92. Volumes I
through V) are considered by the Contractor to be accurate and final.

(U) The Air Force Program Monitor is Mr. Wayne Tall, TBC, Air Force Aero Propulsion
Laboratory. Wright-Patterson Air Force Base, Ohio 45433.

(U) This report contains no Classified information extracted from other Classified documents.

(U) This technical report has been reviewed and is accepted.

'E. Cliffd Simpson/
Direct', Turbine Engine Division
Air Force Aero Propulsion Laboratory
Wright-Patterson Air Force Base, Ohio, 45433.
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UNCLASSIFIED

UNCLASSIFIED ABSTRACT

(U) An exploratory research program was conducted to dev-
elop turbine aerodynamic methods and design procedures for
efficient high work, low pressure turbines. This program con-
sisted of various phases, including analyses of promising in-
creased loading concepts, and experimental cascade testing to
verify and extend the turbine aerodynamic techniques and de-
sign procedures. Based on these findings, a two-stage turbine
was designed and evaluated in a rotating cold flow rig in order
to demonstrate the effectiveness of the techniques.

(U) The results of the efforts leading to the design and evalua-
tion of the demonstrator turbine have been reported in detail
in previously published Interim Technical Reports (AFAPL-
TR-69-92, Volumes I through 5). This final Technical report
(AFAPL-TR-69-92, Volume 6) summarizes that work and pre-
sents in its entirety the design and results of the investigation
of the demonstrator turbine builds.

(The reverse of this page is blank)
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SECTION I

INTRODUCTION

(U) The design analysis and optimization of aircraft jet engines has always involved a trade
between increasing turbine efficiency and reducing turbine size and weight. The bypass tur-
bofan engine has become an attractive propulsion system for future multi-mission aircraft.
The specific fuel consumption of bypass engines generally decreases w 'reasing bypass
ratio, and it is, therefore, essential to achieve advances in bypass flow. i .ever, increased
bypass ratios require increased fan power supplied by the low pressure turbine. The objec-
"t.ve, then, is to increase fan-drive turbine power, or loading, while maintaining or improving
the turbine aerodynamic efficiency.

(U) The turbine designer is constrained by certain unique requirements when designing fan-
drive turbines. The rotational speed of the low pressure turbine must be limited in order that
the fan tip Mach number does not exceed thM limit for reasonable losses. This problem be-
comes more critical as the bypass ratio and fan diameter increase. Applying conventional
aerodynamics, when faced with a limiting rotational speed, the designer usually increases
the diameter of the low pressure turbine stages or increases the number of stages in order to
obtain more work and still maintain turbine efficiency. Conversely, the reduction of turbine
diameter or solidity results in a lighter turbine, but with a sacrifice in efficiency due to losses
associated with increased loading. Considerable gains can be realized by an engine if the size
and weight reduction can be made with no loss in efficiency. Furthermore, because of the
time required between the evolution of new concepts and engine production, turbine tech-
nology must be improved so that the desired level of turbofan engine performance can be
achieved for aircraft which will be operational in the 1975-1980 time period.

(U) The objective of the work done under this Contract was to analyze and test concepts
which would increase the low pressure turbine loading and maintain or increase current tur-
bine efficiency levels. The goals of this program were to develop turbine aerodynamic tech-
niques and design procedures for efficient, high work, low pressure turbines by means of ana-
lytical studies and cascade testing, and to demonstrate the effectiveness of the techniques by
designing and testing a two-stage turbine that met or exceeded the Contract stage-work and
efficiency goals.

(U) The program was conducted in four phases. Phase I defined the basic turbine design, and
promising increased loading concepts were analyzed. Phases II and III consisted of cascade
te,,ting to verify and extend the turbine aerodynamic techniques and design procedures for
hiah loading levels. Phase IV subjected the aerodynamic techniques and design procedures
to a two-stage rotating rig test. An investigation of end wall configurations was also made
as part of an add-on to the Contract.

(U) The results of the work performed in the first three phases of the Contract were reported
in detail in the Interim Technical Reports (References I through 5) and are briefly summarized
in Section H of this report. In this Final Technical Report, a description of the Phase IV de-
monstrator turbine design, and the results of the turbine rotating rig test and data analysis are
presented.
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SECTION II

BACKGROUND

I. INTRODUCTION

(U) The results of the first three Phases of this Contract have been reported in detail in Ref-
erences I through 5. The pertinent results of this work will be summarized in this Section,
mainly for convenience but also as verification that the data presented in the referenced
Interim Technical Reports are considered to be accurate and final.

2. DISCUSSION

(U) The first Phase effort was directed toward defining a turbine design with the highest
resistance to boundary layer separation, and to select boundary layer control techniques that
are best suited for extending the loading limits of the basic design.

(U) The turbine design parameters which were defined in the Contract are those shown in
Table I. Based on these parameters, a parametric study was made where variations in work
distribution, levels of reaction, solidity and flow path were considered. The inlet and exit
conditions were those which represented current engine cycles. The flowpath assumed a fixed
inlet as would normally be the case for a real engine, sized to close-couple with a high pressure
turbine. A constant inside diameter was chosen in order to provide the greatest possible blade
speeds. The exit was sized for reasonable exit guide vane diffusion.

TABLE I

TURBINE DESIGN PARAMETERS

Number of Stages 2
Average Load Coefficient, CL 2.2

First Blade Tip Wheel Speed 1000 FPS
First Blade Inlet Hub-Tip Diameter Ratio < 0.8

Average Turbine Gas Inlet Angle 65'
Exit Swift Angle - without Exit Guide Vane < 20r

- with Exit Guide Vane oA

Turbine Inlet Temperature 1450OF

Airflow > 50 lb/sec

Overall Efficiency 91%
Life 10,000 hrs

Increae Work Level Over Free Vortex Design Capability > 50%
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(U) Figure I shows the predicted turbine efficiency where the exit area, reaction level and
stage work split were varied. Mean diameter static pressure reactibn was vaned from 25 to 55
percent, while the work split was evaluated at 50, 55 and 60 percent to the first stage. For
Mte range of exit areas investigated, the variation in efficiency was fairly insensitive. The exit
area chosen was defined by the exit Mach number which had to be held to a value acceptable

* for afterburner operation (see Figure 2), and by exit guide vane considerations (see Figure 3)
where excessive swirl would present large exit guide vane losses. Based on these considerations.
the exit area was fixed at 264 inches2 .

(U) Reaction levels were studied at levels of 25, 30 and 45 percent for the mean diameter of
the first-stage, and 25, 40 and 55 percent for the second stage. Based on the calculations of in-
let and exit conditions, the spanwise inlet and exit Mach number distributions were determined
at these various reaction levels and are shown in Figures 4 through 8. The highest reaction was
eliminated from consideration due to the high exit Mach number which would result in a large
exit guide vane turning requirement, high solidity and the possibility of choked root in the
exit guide vane, ail of which would increase the exit guide vane turning losses.
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Figure I Turbine Parametric Study
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Figure 8 Variation of Exit Guide Vane Turning Angle and Inlet Mach Number With
Span at Various Reaction L.vels

(U) Solidity was considered next, and three levels were considered at the medium reaction
level and four solidities at the low reaction level. Preliminary airfoils were designed based on
airfoil surface pressure distribution, loading coefficient. pressure rise coefficient and maximum
surface Mach number. Due to the high loading, the turbine had a higher-than-normal surface
Mach number and lower-than-normal airfoil convergence, especially at the roxt section. This
was predominant for the low reaction levels, which would lead to large shock losses. A very
low suction surface pressure appeared near the leading edge. and almost a continuous
deceleration over the entire length of the airfoil. This resulted also in a high pressure rise
coefficient for the low reaction designs and led to the elimination of the low reaction from
further consideration. This, therefore, narrowed the study to the 50/50 stage work distribution
and the medium reaction level arrived at by elimination of the high reaction configurations
which had an impractical exit guide vane design, and low reaction configurations which had
potentially a high loss blade root airfoil section.

(U) Detailed airfoil designs were now undertaken, with detailed studies of airfoil surface
pressure distributions, suction surface radius of curvature, passage convergence, and airfoil
cross-sections. The goal was to design for the h 'iest resistance to flow separation. Two-
dimensional preliminary airfoil boundary layer caiLulations to evaluate boundary layer
characteristics of each airfoil were made to assist in selecting the practical lower solidity limit.
Two types of boundary layer calculations were made. The first assumed no transition
and the calculation continued until either laminar separation was indicated, or the end of the
airfoil was reached. The criterion for separation was a drag coefficient of 0.001 or less. The
second method assumed transition to turbulent flow at the first minimum on suction side
pressure distribution. However, these calculations do not take into account the three-dimen-
sional flow phenomena which cause separation in the suction surface corners prior to separa-
tion on the airfoil contour. Therefore, a drag coefficient of 0.002 was used as the cut-off
point. Using this criterion (Ref. 1), the normal solidity was chosen for preliminary cascade
evaluations.
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(U) A boundary layer control literature survey was conducted of possible boundary layer
control methods that would be effective for reducing secondary flow. Secondary flow losses
are tefined as 'all losses not accounted for by thL. skin-friction losses on the airfliis and

annlustil walls. The botindary layer c:ontrol ,ii'thods c:onsidered had to he applicable to high

aspec't ratio, uncooled tu~rbines with no \1%riial fluid source or sink available, feasible to
Snlanuf ,acture and of acceptabl¢l structwala integrity. The¢ ranking of th:; methods selected was

grouped into two classes. depending on whether secparation occurred or if large Lorner losses
occurred without sep,.r;ailoln. Trhis ranking is shown inl "Table 11.

TABLE 11

CAT.(ORIZATION OF BOUNDARY LAYER CONTROL METHODS

Unseparated corner Boundary Layer

9 Local Recontouring at Root and Tip
* End Wall Contouring at Root and Tip
* Local Uncambering at Root and Tip

Separated Corner Boundary Layer

* End Wall Contouring
* Local Uncambering
* Comer Slots
* Fillets

(U) The second Phase of the total program was to determine the location and severity of
losses due to airfoil and/or corner boundary layer separation. This was accoripLished by
fabricating and testing a part-annular cascade !or each of the baseline .iirfoils shown in Figures
9 and 10. A photograph W' ! typical annular cascade assembly is showi i Figure i1. with
a cross-sectional view ,,. rigure 12. Inlet guide vanes were us.d to turn the flow to the
desired inlet angle. Ii. .x'•re made behind the inlet guide vane to assure that the angle
requirements wer, - al airfoil in each cascade had root. ican and tip surface
static pressure taps is.; it traverses were made to measure exit angle and flow losses.
and define regions of sepai., i. if any. Boundary laver blec,,;k at the entrance to the cas-
"cade were used to give a two-dimensional flow chara, . ristic. Flow visualization of airfoil
and endwalls was also made on each airfoil.

(U) Each cascade was tested at the design Reynolds number, design incidence, and at thret
Mach numbers around the design point. The objectives of these tests were met by measuring
all important aerodynamic properties at cascade inlet and exit planes, by reconstruction of the
entire exit plane loss da.tribution and exit flow pattern, by measurements of airfoil surface
static pressure distributions at thr-'e radial locations and by flow visualization of airfoils and
endwalls. A summary of the design point loss distribution is shown in Figure 13. The per-
formance of the bas•line airfoils was very similar: no -'orner boundary layer separation was
observed in any of the baseline cascades.

C S

i UNCLASSIFIED



UNCLASSIFIED

S0.90B
1-1.4"6 IN. R TIPT DEFINING SECTION G43

110 11.41 IN. R TIP SECTION H44

1102 f

0.281 .- IN. R 10.86 IN. R FILLET SECTION EE

S10.30 IN. R
--T--- , DEFINING TIP 10.46 IN. R % TIP SECTION DD

SECTION G-G
S9.72 IN. R TIP FILLETIN. R#

TSECTION E-E

9.619 IN. R DEFINING V. TIP -0.194

SECTION D.D IN. 9.4725 IN. R MEAN SECTION CC

8.938 
IN. R

0.221 .- DEFINING MEAN SECTION C-C V-
I,

848m1 N R 'ROOT
8.257 IN. R DEFINING %/ ROOT SECTION 6
SECTION 8.8

-- =7.725IN. R ROOT FILLET 7. f I% qftoZ. __ET
-- f SECTION A-A -i; SECT10%~

- 0 .76 5 - 7.575 IN. R 0.832 . RAQOT SECTION PP

DEFINING ROOT SECTION F.F

(a) FIRST STAGE VANE Wb) SECOND STAGE VANE

Figure 9 Turbine Test Airfoil Elevations

0.543 o.so5 -- •-

10.81 IN. R DEFINING TIP SI1965 IN R DEFINING TIP
--- T~ SECTION G-G T SECTION G-G

10.57 10.35 IN. R TIP FILLET 11.76 11,50 IN. R TIP FILLET

IN.R SECTION E-E IN. R SECTION E-E

9.9919 IN. R DEFINING Y. TIP
SECTIN 0.010.1388 IN. R DEFINING ';, TIP

SECTION 1-0 SECTION 0-D

00O58- .,- . .- 0.081 ,-ý

9.1738 IN. DEFINING MEAN
SECTION C-C 9.7125 IN. R DEFINING MEAN

'[ SECTION C.C

8.3556 IN. R DEFINING '%. ROOT
SECTION 8-8 8.5863 IN. R DEFINING % ROOT

S..... 7.690 IN. R. ROOT FILLET SECTION B-6

SECTION A-A 7.71 IN. R ROOT FILLET

7.5375 IN. R DEFNING ROOT ___ SECTION A-A
0591 SECTION F-F 0.657 -.. - 7.46 IN. R DEFINING ROOT

SECTION F-F
(al FIRST STAGE BLADE (b) SECOND STAGE BLADE

Figure 10 Turbine Test Airfoil Elevations

P-AG No. 10

UNCLASSIFIED



UNCLASSIFIED

Figure I I First-Stage Blade Cascade Assembly With Static Pressure Connections
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Figure 13 Loss Coefficient Versus Percent Span - Baseline Airfoils

(U) In ordcr to compare the midspan losses with thuse measured in the annular cascade.
and to verify the accuracy of the two-dimensional prediction procedue, plane cascade tests
of the mean sections of each airfoil were also made. These, in addition to root sections of
the second vane and blade, were tested in tne facility shown in Figure 14. A typical plane
cascade pack is shown in Figure 15. During these tests both the inlet and exit pressures were
independently controlled, as well as the inlet temperature level, allowing correct simulation
of inlet and exit Mach number and Reynolds number. A comparison of the resulting measured
losses is shown in Table Ill. The midspan section loss coefficients for the first vane. first blade.
second vane and second blade measured in the plane cascade were consistent with the mean
values measured in the annular segment cascade.

(U) The second vane was selected for investigating various boundary layer control tech-
niques. Because the comer boundary layer remained attached. only the first group of boun-
dary layer control methods was applicable. These methods were intended to minimize se-
condary flow losses at the root and tip regions. The principal techniques selected were: ( I)
local recontouring of the airfoil, (2) local recambering of the airfoil, and (3) endwall con-
touring.

(U) The second vane was recontoured as indicated in Figures 16 and 17. Th.• suriace static
pressure gradient at the leading edge portion was reduced in order to decrease the loading
toward the airfoil leading edge, while keeping the overall loading constant. These changes
were intended to delay the onset of strong secondary flow in the upstream portion ot the
channel, and thereby to reduce the total accumulation of secondary flows near the airfoil
suction cornm.rs.
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TABLE Ilh

MEASURED PLANE CASCADE LOSS COMPARISON
WITH MEASURED MIDSPAN ANNULAR CASCADE LOSS
AND PREDICTED LOSS AT DESIGN REYNOLDS NUMBERS

Loss Coefficient Loss Coefficient
Measured. 1.-0 Predicted, 1-02

Fully

Exit Turbulent
Midspan Mach Plane Annular Global Boundary
Section Number Cascade C(>scade Correlation Layer

First Vane 0.852 0.025 0.017 0.031 0.031
0.023*

First Blade 0.788 0.025 0.027 0.036 0.049

Second Vane 0.870 0.024 0.021 0.036 0.034
0.028*

Second Blade 0.904 0.023 0.028 0.030 0.040

";th inlet turbulence screen

. , * ** a.*

VA am. -N

Figure 16 Serond-Stage Vane Baseline Airfoil Recontouring, Root Section Static
Pressure Redistribution
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Figure 17 SecuamW-Umcp Vane Baseline Airfoil Recontouring, Tip Section Static
Pf-mmre Redzatrbutin

(U) A locally recambered second vane was also evaluated where the tip exit angle was reduced
(closed 50) while the root was increased (opened 50). These were then faired into the 25
and 75 percent span sections. These changes are shown in Figures 18 and 19. Such changes
were believed to have a tendency to reduce the root overturning and tip underturning. Tip
loading was increased, but the increase in passage convergence shifted the loading toward the
trailing edge. This reduces the pressure difference between suction and pressure sides of the
channel at the forward end and will tend to delay the onset of strong secondary flow.

VU

AXIA OSUAK P"inainin
aMMDOs AXIAL HM - S

Figure 18 Second-Stage Vane Root Section Recambefing
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Figure 1 9 Second-Stag Vane Tip Section Recambering

(U) Endwali contouring was another method which held promise of reducing the local airoil
loading, and therefore the s,.-condary flow losses. without causing any' appreciable disturbance
to the flow at the other sections of the airfoil. The goal was to achieve a reduction in
strength of the secondary flow field in order to reduce the tangential pressure difference near
the endwali. Two computer programs were used to design the wall contours. The first calculated
the pressure distribution around an airfoil of the desired profile on a c~ylindrical surface. Thit
program allows stream tube height variations. but cannot account for radial pressure gradients.
The second program performs axisymmetric intrablade calculations. The requieme it" were Such
that the contour must decrease the local airfoil loading, and not cause flow separation on the end-
walls. 'Me best contour was analyzed to be one with a sinusoidal inlet and exit wall height dis-
tribution, with leading and trailing edges intersecting at inflection. points as shown in Figure 20.

(U) The spanwise profile loss distributions are shown in Figure 21! for the various treatments.
For the recontoured airfoil, there was a slightly lower loss at both the inside and outside dia-
meter walls. with only a slight change to overall loss. Exit angles were almost identical to baseline
values (see Figure 22) with some increase in undertuming at the tip section. No separation wzs
indicated in the flow visualization tests.

(U) Endwall contouring indicated a negligible increase in loss level at the root section and a large
increase in loss coefficients at the tip section when compared to the baseline results. The exit angle
measurements indicated a large undertuming at the root and tip sections.

MU The recambered -irfoil root loss measurements showed a signif' cant reduction, with only
a slight increase at the tip, when compared with baseline values. The angle measurements
indicated attached flow and only a slight un,•erturning from the design values. The ,oot section
had a slightly increased underturning frorr baseline design with no separation indicated by flow
visualization. A summary of the integrated losses for the various endwali treatments is shown
in Table IV.
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Figure 22 Comparison of Baseline Exit Flow Angles With Those of Va.-ious Bounda ry
Layer Control Methods

TABLE IV

INTEGRATED AVERAGE PROFILE COEFFICIENTS
SECOND VANE CASCADE

Loss Coefficient 1-l2

Midspan Midspan
Mach No. Overall To 1. D. To O. D.

Baseline 0.860 0.0349 0.0353 0.0345

Recontoured Airfoil 0.863 0.0336 0.0338 0.0334

End Wall Contoured 0.843 0.0428 0.0374 0.0482

Recambered Airfoil 0.t;0 0.03 29 0.0286 0.0372

PUO.18
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(U) Based on these results, the recambering at the root and tip appeared to have the best promise
of reducing the endwall losses. Additional geometric variations of the recambered design were
next investigated. These changes are shown in Figure 23. The results of this evaluation are
summarized in Table V. The performance o" Recambering Design A agreed well with th.-.t of
the first recambered design. It had a slightly increased root section loss coefficient and a decreased
mean-to-tip section value. The overall loss had a slight increase compared to the first recambenng
and midspan losses were close to the baseline airfoil value!.. Recambering Design B showed a
peak loss almost identical to the baseline measurements at the root even though the root
exit angle was increased by approximately 8.50. Integrated root-to-midspan loss was about the
same as for the baseline airfoil. and the |nidspan-to-tip loss was slightly lower thain the baseline,

even though the tip exit angle was increased by IO. Recambering Design C had the root exit
angle increased by 13.5' and the tip by 15', The losses at the root for this desig.n were the
largest for all the recambered dc.igns and this is also true for the overall losses. All measured
angles agreed well with the design. with some mthicriurning indicated at the tip for recambt-ring
Design A. as was the case for the baseline dcw:;. I his was not ob.rs,'d tor Recambenng
Design B and C. In general, the exit flow angles behaved in a predk ,"ic manner. indicatinv'
that such local uncambering can be a potentially useful technique tkr improving the cnir:,-c
flow conditions in the following row. In most case% the midspan losses increased A ith increas-
ing amount of midspan overcambering applied to ihe cascades to riaintaun const t c,'rail
work for each design.

* I

Figure 23 Second-Stage Vane Recambering Design Comparison

P^641 wO. 19

UNCLASSIFIED

J I



UNCLASSIFIED

TABLE V

COMPARISON OF LOSS COEFFICIENTS FOR SECOND VANE
RECAMBERING CORRECTED TO DESIGN POINT

Mach Number = 0.869, Zero Incidencv.

Measured Loss Coefficient. 1-€2

Airloil Midspan.-to-Root Midspan-to-Tip Overall

Baseline 0.035 0.035 0.035

First Recambering 0.029 0.038 0.033

Recambering Design A 0.036 0.035 0.036

Recambering Design B 0.031 0.033 0.032

Recambering Design C 0.044 M 0.034 0.038

(U) Off-design perfbrmance of the baseline and three of the four recainihred designs was
also evaluated in the :nnular s.gment cascade. The initial goal was to tcst at ±100 of incidence
but, due to the pioblems with the inlet design. only 60 could be attained in the negative direction.
Results of these tests are shown in Table VI. The first recambering dc gn had an increase in
loss at the root for the +100 incidence, and about the same level for -(I- incidence. Little
change was noted in the tip section for this design. The overall loss %as larger for the +10'
incidence, and slightly larger for the -6' incidence.

TABLE VI

SECOND VANE RECAMBERING LOSS COEFFICIENTS

CORRECTED TO DESIGN POINT MACH NO. = 0.861)

Midspan-to-Root Midspan-to-Tip Over:l

Incidence.
Degrees +10 0 -6 +10 0 -6 +10 0 41

Baseline 0.039 0.035 0.029 0.035 0.035 0.029 0.038 0.035 0.02(

First Re-
cambenng 0.047 0.029 0.03 1 0.040 0.038 0.042 0.043 0.033 0.036

Recamberinu
Design A 0.043 0.036 0.034 0.051 0.035 0.031 0.048 0.036 0.033

Recam bering
Design B - 0.031 - 0.033 - - 0.032 -

Recambering
Design C 0.038 0.044 0.038 0.042 C.034 0.035 0.040 0.038 0.036

P-e= No 20
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IU) Recatrrertng )•e•isn A had a large loss in the root section at +100 incidence and no dif-
teintce at -0' incidence whci compared to baseline valuv.i For +100 of incidence, the loss
was mu•lh larger in the tup region than baseline. aind only slightly larger at the 4)o level. The
oeralil loss was greater at +I 0' inacid.iace and less lthi baseli e at -6' incidence.

IW) Tle lo.sses with reamb;.l ring Design C were slightly low.i at +I 0' and 4)O incidonce at
the root, greter at +1 1' incidence level and the sa1me at -6'( incidience at the tip section.
Overall, the positive incidence n l'• was slightly higher and the neg'ative incidence lower than
the ,jselinkw values.

(11) Angle measurements were in close agreei•ent witlh predlicte.d value%. No separation on
the ,uuu foils was indicated by flow visualization. In general, the reý•,Its of the Phase III of"
design evaluation indicated an increase in loss coefficient with positive incidence and a dc-
crease in loss coefficient with negative incidence ~ia the tested airfoils. None of the airfoils
were sensitive to angle of atlack. and the flow patterns did not change significantly with in-
cidence. These results, therefore, verified that the de.sien procedure used was sound.

(0I The next Phase of the program was to design the Itwo-stage (le'nlonstrator turbine.
This Phase IV etffrt will he d0:scribed in Sections III and IV of !?=as report.

(The reverse of this page is blank)
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SECTION III

TURBINE RIG DESIGN AND TURBINE RIG FABRICATION 4TASKS IVa AND b)

I. RFP OBJECTIVE

(U) Using the design procedures established in Phase IIl, design and fabricate a two-stage
turbine that met the RFP performance objectives.

2. TASK OBJECTIVE

(U) The available turbine design system, as modified by the experimental results of Phase 11
and Phase Ill were used to design a turbine having the characteristics summarized in Table
I. The turbine flowpath was defined by calculating inlet and exit flow areas and selecting
reasonable inner- and outer-wall divergence angles based on experience. Using the results of
previous Phases of this program, the reaction levels and spanwise work distributions were
selected. Velocity diagrams were generated for each vane and blade by the Streamline Ana-
lysis Deck. Airfoil contours were defined for at least five radial stations making use of the
Pressure Distribution Boundary Layer Program, and Airfoil I)csign Program. The airfoil sec-
tions were used to define airfoil center of gravity, principal stresses, gas bending loads, cen-
"trifugal loads and total stresses. The Airfoil Fairing Programs were applied to define vane
and blade coordinates. The final turbine layout and detailed drawings were then completed.
Careful consideration was given to such characteristics of the resulting turbine as strength,
weight, life, maintainability, cost, low cycle fatigue and high frequency fatigue.

(U) Upon receiving approval of the turbine design by the Air Force Contracting Officer. the
turbine parts and necessary modifications to the turbine rig were fabricated, inspected and
assembled. Instrumentation designed for the selected flowpath were fabricated and installed.

3. INTRODUCTION

(U) Upon onmpletion of the plane and annular cascade evaluations of the prelimninary tPhase
I) airfoils and the design and off-design tests of the various boundary layer control techniques
(Phases ii and Ill). the two-stage demonstrator turbine was designed incorporating aerody
namic features shown to be beneficial from cascade testing. This section includes a de.wrip-
tion of the design and fabrication of the demonstrator turbine.

4. DESIGN

(UI The basic turbine design •'ollowed the preliminary design described in Reference I. The
final flowpath was modified slightly from the Phase I version in order to increase the inlet
Mach number to 0.35 from 0.29. The higher inlet Mach number is more consistent with high
pmssure turbine exit conditions and thus represents a more realistic engine design. The tur-
bine stage t it Mach number remain, relatively unchanged at 0.457. Again. this level is con-
sistent with engine design procedures where the turbine discharge Mach number is set at a

",e1,,o. 23
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low enough level to allow a margin tor rematching of the engine for developmnent Pufpowes

by modifying the jet nozzle area. A moderate Mach number level is also beneficial for an

afterburning engine since a low Mach number is required for burning and a moderate turbine

discharge Mach number enables the use of a short and light-weight diffuser between the tur-

bine and afterburner. Figure 24 illustrates the turbine elevation that was used in the aero-

dynamic design. Figure 25 shows the turbine flowpath, depicting the structural components

ol the test rig.

110 -23I"," RAOIL411SCHP*

Illie

. 0 to PII0"

vAP.4L..

40 10 -0 9 0 .. 20 .10 .40 Sig .60 .1.0 J4 -too90

AXIAL OUSTAMiE - INCHES

Figure 24 Turbine Elevation Final Flowpath

-J:

Figure 25 Cross-Section of Test Riag
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(U) Analysis of the results ol the casade testing performed in Phases !i and Ill indicattdthat reducing the wi~rk at the endwalls by uncambering the airfoils can increase turbine ef-

ficiency. This increase in efficiency results from lower secondary flow losses ceated by un-
cambering the airfoil endwall regions. The final turbine design had the airfoil endwall angles
opened by approximateiy 4', which appeared to be close to optimum in the cascade testing.

(U) An equal stage-work split was chosen in order that relatively unf•orm vane and blade
Mach numbers and stage pressure ratios could be achieved. This work split also provides
greater work potential than a turbine wili the last Atage imiore high, oided. An additional
benefit of an equal stage-work distibution. as opposed to say 45 percent in the first-%tage
and 55 percent in the second-stage, is tIe reduced level of gas turning required by thie exit
guide vane. Blade mean statiic pressure reaction levels of 40 percent were selected for both
stages, based on the Phase I design study.

(U) The turbine velocity triangles were defined tim,;• the three deagn parameters, namely
radial work profile, stage-work split and reaction level, along with a radial loss profile which
was incorporated in the Turbine Streamline Computer Prog'am. The final first- and second-
stage radial work distribution is shown in Figure 26. The reaction levels are shown for each
stage in Figures 27 and 28. The radial loss profile was determined by summing the airfoil
penalties for the profile losses. trailing edge losses and the endwall losses for each airfoil.
The profile and endloss distributions for each airfoil are shown in Figure 24 where the inte-
grated lovs values are also tabulated. The resulting velocity diagrams for this turbine (Table
VIi) are listed in Table VIII.

I _____

Figure 26 Stage Work Versus Percent Span. First- and Second-Stage Blade
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Figure 27 First-Stag Mlade Reac.'tion Versus, PeLiel.I Span

! 2 &3-4-

0"0 20 40 wO so 'I

PENCENT PAN

Figure 28 Second-Stage Blade Reaction Versus Percent Span
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FIRST BLADE 0.0347 0.0309 0.0667/TOA
- bECOND VANEE 0.0346 00243 0.0589 LOW

KINETIC
ENERGY
DECREMENT.

-. -. PROFILE
LOSS

Fiur 29 40 60 so 100

Figue 29 Profile and End Wall Losses From the Streamline Calculation of The Final
Turbine Design.

TABLE VII

TURBINE AERODYNAMIC DESIGN PARAMETERS

Number of Stages
Average Load Coefficient. CL 2.2
First Blade Tip Wheel Speed 1000 fps
First Blade Inlet Hub-Tip Ratio 0.75
Exit Swirl Angle At Exit Guide Vaine 00

Turbine Inlet Temperature 1450 0F
Airflow 67 7 lbs/se
Turbine Work 134.5 Btu/lb
Average Stage Work Parameter. A1h/T 0.0352
Meani Velocity Ratio 0.478
Rim Velocity Ratio 0.389
Turbine Pressure Ratio 3.723
Average Stage Pre%sure Ratio 1.930
Inlet Flow Parameter 0.1937
Inlet Axial Mach Number 0.35
Exit Axial Mach Number 0.457
Rotor Speed 10.680 rpm
Exit Swirl From Last Blade 30.7o

PG O27 NN60AWW AP 11 WERITOA
D6CL.AB6SP~U APIU 13 YAPS.
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TABLE VIII

VECTOR DIAGRAM SUMMARY

Stage I Stage 2
Radial Station Root Mean Tip Root Mean Tip

RO (Vane Inletl 7.940 8.936 9.820 7.712 9.383 10.912

R, (VaneExit) 7.900 8.988 10.13 7.625 9.511 11.31

R 1.9 (Blade Inlet) 7,815 8.029 10.390 7.575 9.547 11.59

R2 (Blade Exit1 7.785 9.279 10.629 7.520 9.693 11.815

U, Wheel Speed 726.0 865.0 94)1.0 701.0 903.0 1101.0

Ah 61.07 69.45 62.34 57.54 69.72 66.73

Vel. Ratio 0415 0.464 0.561 0.413 0.484 0.602

0,02. 1.24 48.68 46.68 61.42

a, 2 1.t0 DO .0 35 -0 25.63 27.04

0". qI :1 , 107.69 A,154

X4 4544 N) 15 3 2.5 4701 74.3

S 31 • "• " 2'" 4" 13 30.09 26.93

OP '*2 "° !tP t 8p%8 J ,4.62 102.9 78.84

a. q4I'• " ,,t " •6'15 59.37 M6.15

Riacti)n r 0~ 4: - 0Q() 0.382/ 0.479! 0.601;'
Ps 1) 31) 0-44111 0 4#) 0.311 0.401 0.509

(PiP 1.50. I . 1.350 1.597 1.490 1.372

OP.,P "p, 1.403 1.4:6 1.4-5 1.343 1.460 1.591

ICL)v 0.95t) 0.850 0.1757 0.948 0.854 0.910

(CL)s .).835 0.994 1.010 0.839 0.925 0.934

Mm U 8INLET 0.549 0.453 0317 0.732 0.486 0.315

(m R P FXIT 0.903 0.866 0.806 0.960 0.910 0.898

(m A V INLET 0.395 0.358 0.371 0.591 0.458 0.389

(MA)V EXIT 0.857 0.831 0.737 1.011 0.910 0.770

c 1x / 863.0/ 638.0/ 520.0/ 1064.0/ 647.0/ 53S.0/
CX3 910.0 717.0 743.0 1136.0 797.0 721.0

,PAQ. No. 28
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(U) Cascade testing indicated that the normal solidity airfoils performed more efficiently
than those of the medium solidity design. Based on the loss data and on the exit gas angle
distributions reported previously (Ref. 5). it can be concluded normal solidity designs
are sufficiently superior to tP: medium solidity designs, when conq,,ied under annular seg-
ment cascade conditions, to justify their choice in the final turbine design. Furthermore, a
deviation criterion which has been successfully used on other turbine designs was used to
assure that a correct flow parameter and reaction level was attained. I hree degrees ot negative
incidence was designed into the airfoils with the exception of the endwall region, since cas-

cade testing indicated that Jverturning may occur. Figures 30. 31 and 32 show the design

gas and imetal inlet angles. and tihe gas angles which would result from using measured cascade
losses for the first blade, second vane and second blade. The outside diameter endwall metal
angles of the first bMade. second vane andsi,'nitm blade were designedwijh 70 no.ptive inrcid-
ence (relative to the design gas angle) to insure that sominelegative incidence should still exist

if cascade-type end losses were achieved. The second blade root was designed with 30 of positive

incidence so that channel convergence could be increased from 0.5 to 5.0 percent. This results

in an airfoil with a better pressure distribution and with improved separation resistance. The

final airfoil geometry is tabulated in Tables IX and X. The details of the final airfoil designs.

including the profiles and their pertinent parameters, the airfoil pressure distributions conver-
gence ratios, diffusion factors and stress values are presented in Appendices I through IV.

GAS ANGLE(DESIGN LOSSES)
GAS ANGLE(CASCAOE LOSSE4
FOIL INLET ANGLE

410 60

50

-z .o 2

'-C
00

7.6 8.0 8.4 8.8 9.2 9.6 1410 10.4 10.8

RADIUS "-INCHES

Figure .30 First-Stage Blade Inlet Angle Versus Radius
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Figure 31 Second-Stage V~ar~e Inlet Angle Versus R~adius
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Figure 32 Second-Stage Blade Inlet Gas Angle Versus Radius
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TABLE IX

STAGE ONE AIRFOIL GEOMETRY

Radial Station Root Mean Tip

Vane Defining Radius 7.90 9.015 10.13

No. of Vanes 66

Axial Chord 0.918 1.005 1.092

Taper Ratio 4bK/by) 0.840

SAspect Ratio (Libr ) 2.04

Foil Weight 0.0889

Gap Chord 0.819 0.854 0.883

(llub/Tip Ratio) Average 0.704

Average Length (L) 2.055

Cb4.9 60.5 90.0

a (Gaging Angle/ * 35.08/35.7 26.98/26.93 26.7/26.05

0- Camber ( i80 -a * *) 79.4 92.57 63.95

Gas Bending Stress 0 3900 15.000

Material

Material Density lb/in3  0.297

Uncooled Metal Temperature "F

UNCASSIF31
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TABLE IX (Cont'd)

STAGE ONE AIRFOIL GEOMETRY

Radial Station Root Mean Tip

Blade Defining Radius 7.78 9.1975 10.615

No. of Blades 106.

Axial Chord 0.7,17 0.0hl1 0.6456

Taper Ratio I hl4/b It 0.900

Aspect Ratio I L/hb 3.950

Foil and Shroud - Weight 0.0633

Gap Chord 0.643 0.N00 0.975

(flub/Tip Ratio) Average 0.742

Average Length (L) 2.702

'¾ 50.1 42.6 60.5

• (Gaging Angle)/1, * 32.97i31.97 26.3.25.95 27.05/28.88

- Camber (180 - * -¾ 1 ) 97.93 111.45 90.62

P/A Stress 12.400 7600 2900

Gas Bending (Until 1cd) 292 00 6500 0

Shroud Misalign Stress 1500 I 700 3700

Material

Material Density lb/inj 0.286

Uncooled Metal Temperature °F

,.,eE t4. 32
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TABLE X 1

STAGE TWO AIRFOIL GEOMETRY

Radial Station Root Mean Tip

Vane Defining Radius 7.63 9.465 11.3

No. ot Vanes 72

Axial Chord 0.998 1.057 1.116

Taper Ratio (bR/bT) 0.895

Aspect Ratio (L/bT) 3.29

Foil Weight 0.1481

Gap Chord 0.667 0.781 0.884

(Hub/Tip Ratio) Average 0.690

Average Length (L) 3.4421

46.0 44.2 60.75

a, (Gaging Angle)/et' 36.03/35.49 25.95/25.49 26.85/26.85

,- Camber (180 -t-a Oil) 97.61 110.31 92.4

Gas Bending Stress 0 5,500 24.400

Material

Material Density Ib/in3 0.297

Uncooled Metal Temperature OF

PAS wo. 33
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TABLE X (Cont'd)

STAGE TWO PIRII 'II. GEOMETRY

Radial Station Root Mean Tip

Blade Defining Radius 7.515 9.655 11.795

No. of Blades 118

Axial Chord 0.788 0.694 0.600

Taper Ratio (bT/bR) 0.762

Aspect Ratio (L/bR) 5.43

Foil and Shroud Weight 0.0727

Gap Chord 0.508 0.741 1.047

(Hub/Tip Ratio) Average 0.643

Average Length (L) 4.161

01 * 58.3 44.0 71.6

02 (Gaging Angle)/, 2 * 43.6/42.08 30.31/30.22 26.72126.72

S-Camber ( 80 - 01t 02 *) 79.62 105.78 81.68

P/A Stress 17,000 11.100 3100

Gas Bending (Untilted) 52,800 13,100 0

Shroud Misalign Stress 2000 2300 5100

Material

Material Density lb/in3  0.286

Uncooled Metal Temperature *F

P^ea to. 34
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5. PREDICTION OF THE OVERALL TURBINE EFFICIENCY

(U) The prediction process by which the overall efficiency was obtained consisted of three
major steps: a Meanline Deck Calculation. a Streamline Deck Calculation and an Exit Guide
Vane Loss Calculation. Each of these procedures will be described below.

Meanline Deck Calculation

(U) Initial calculations were made using the Turbine Off-Design Meanline Computer Program
which provided the necessary input information to insure that the best possible estimate of
turbine efficiency was obtained from the Turbine Streamline Analysis Computer Program.

(U) The Turbine Off-Design Deck is such that the spanwise integrated value of profile los
could be specified for each row. The local profide losses, from which these integrated values
were calculated were determined at five radial locations from considerations of pressure dis-
tribution. boundary layer friction (fully turbulent), form drag and wake mixing. This method
of calculation takes all cascade geometric properties (e.g. solidity and trailing-edge thickness)
and flow properties (e.g. Mach number, Reynolds number and flow angle) into proper account.
The integrated end-los for each airfoil row was iteratively calculated using an empirical end-
loss correlation. This ,.orrelation, w,'ich is based on engine data, predicts the combined ef-
fects of channel cross-flow, cavity recirculation and some leakage airflows. Leakage flow
around the rotor tip shroud was calculated using an updated Egli calcuiation. This method
was modified based on the results of labyrinth seal tests conducted by the Contractor.

Streamline Analysis

(U) The spanwise distribution of profile loss coefficient was determined as in the meanline
calculations. The integrated end-loss coefficients and rotor tip shroud leakage efficiencies
were taken directly from the meanline calculation results. The end-losses were distributed in
the spanwise direction using empirical correlations.

(U) The output of this analysis was a total-to-total efficiency based on mass-averaged total
pressures and temperatures. The inlet station for this efficiency was between the inlet guide
vane and ru'st-stage vane and the exit station was between the second-stage rotor and the
exit guide vane. This efficiency corresponds to what will be measured in the rig and must be
decreased by the inclusion of a theoretical exit guide vane penalty. The method of comput-
ing the exit guide vane loss will be discussed in the following paragraph.

Exit Guide Vane (EGV) Selection

A. Geometry

(U) An analytical model of an EGV was established which is theoretically capable of remov-
ing the swirl distribution present in the turbine rig exit measuring plane (designated EGV inlet
plane). Since this EGV must be able to accept any distribution of inlet Mach number and

PACW@o. 35
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inlet swirl angle, it was impractical to do a detailed analysis of each combination. For this
reason, the EGV was examined for feasibility under its nominal operating conditions. which
are listed below:

Root 280 0.70
Mean 330 0.49
Tip 240 0.43

(U) Based on existing EGV designs, a maximum thickness of 0.70 inch was selected as being
sufficient to allow oil lines to be passed radially through the airfoil. In order to keep the
maximum thickness to actual chord ratio less than 15 percent; an axial chord of 4.6 inches
was chosen. For simplicity, this axial chord was kept at a constant spanwise value. The pitch
was varied, by varying the number of vanes, until a reasonable spatwise loss level distribution
was obtained, but not without due regard-being given to choking margin. With these con-
straints imposed, the number of airfoils turned out to be sixteen. Figure 33 summarizes the
resulting pertinent EGV geometric parameters.

(U) An examination of this EGV, under nominal operating conditions, reveals that:

I. The airfoils are thin (< 15 percent thick).

2. The approach Mach numbers are subcritical, thus avoiding the possibility of transonic
drag rise.

3. The Reynolds number is greater than critical (> 2.5 x 105) and because of the turbine
upstream the free stream will be very turbulent ("- 4 percent). These two factors com-
bine to all but completely exclude the possibility of any laminar separation.

Items one, two and three allow the analysis of Reference (6) to be used.

4. The airfoils are thick enough to accommodate oil lines.

5. The airfoils have sufficient overall choking margin, as is shown in Figure 34. Even though
the EGV has local root choking, the major portion of the span has a large choking margin.
Therefore, were the EGV actually placed in this nominal flow field, the fluid would
undergo a readjustment which would alleviate this situation. The choking margin study
was done using a Pratt & Whitney Compressor Cascade Deck which, incidentally, agrees
well in loss level with the NASA method at low values of diffusion factor, but predicts
a much slower increase of loss with diffusion factor.

This information, which defines the EGV in a global sense, shows that the nominal EGV
could be made into a functional piece of hardware.

PA.. Wo. 36
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Figure 33 Pertinent Exit Guide Vane Geometry
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B. Interpretation and Extension of the-NASA Compressor Cascade Loss System

(U) This section of the report is only meant to serve as an outline of tle develorment of the
pertinent equations. For ttbe sake el' completeness, detailed discussion,, of the dcrivations of
many of the following equations are included in the appendix at tihe end of this report.

(U) Usirg the geometry shown in Figure 33, and by following the method of :alculation
given in k[lcrence (6), kithl some minor modifications, the loss issoc'iated with the EGOV and
its effect on iurbine efficiency will be determined.

The compressible diffusion factor, DO. is defined as

-~5 VJ ]2o (1)

on page 203 of Reference (6). This is the parameter that NASA chose to correlate their data.
Using the equation developed in Appendix V(a). M, and therefore V,/Vi may be determined
since

2 j~j2

M (1+ 2V i

V M (I+--•-M-
2

for an adiabatic cascade. Furthermore, using the information given in Appendix V(b) and
Figure 33, the solidity ratio (a) can be determined. Finally. because V, = 0,

AV V = sin

V. V,

With this information, the diffusion factor defined by Equation (I ) can he evaluated.

(U) The next task is to determine the profile-loss coefficient

Zp = function (Di). (2)

The method by which this is accomplished is explained in Appendix V(c).

Having Zp, it is desirable to change this to a stagnation pressure-loss coefficient (p,, /po)

P P_

2Z. o cos2 p f• 2 1 (3)L 2,
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The above expression is derived in detail in Appendix V(d).

(U) The stagnation pressure loss given by Equation (3) only accounts for the profile loss. In
Appendix V(e) a method for accounting for the end-wall loss is derived and the result is that

API A 1

P"

or, by substituting the expression for (Ap,,/p )p given by Equation (3) we further find that

p Z C AR1) (4)
p2 k-

(U) Finally, the measured turbine efficiency must be debited by this stagnation pressure loss.
To this end, Appendix V(f) contains the derivation of the following equation

k-I

k7 PR -1
(5)

k-I
MEASURED k-k-! k

PR(1.tipo

where-APO is given by Equation (4). This is the final working form of the equation whose
P0

use will be described in the following section.

C. Application of the Modified NASA Loss System to the Contract EGV

'&P(U) Figure 35 shows the results of calculating * ' . for the root, mean. and tip section.
PC

using Equation (4) which was develnped in the previous section. This figure shows that the
"root and tip sections are relatively insensitive to 0, and M, variations. The mean section. al-
though insensitive to M, changes, is very sensitive to 0, variations and is therefore, the section
that is most likely to fail.

A mass-averaged total pressure loss •--L may be defined by

APO ~ Ap0( 2rpVrdr f . 2 rp Vrdr (6)P. vl t rr P.
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(U) Assuming that the flow is uniform (i.e. pV is not a function of radius) leaving the exit
guide vane, Equation (6) reduces to

S Avg 0)P

or,

• rm h ="f - rdr,
PU BVS tr P

or finally.

Ap, = Apor (7d

SP -v r P- rm

Introducing a dummy variable

"r - r.

which has the proper'ies.

dr
h

0(r,) =0

0(r) = 1

Using 0. Equation (7) may be rewritten as

Pf ( -- de.

(U) A plot of . ( versus 0 is shown in Figure 35. A comparison of the midspan
P. rm )

value (0.0076) with the value obtained from a trapezoidal rule integration (0.0080) shows
that the mean section gives an accurate estimate of the mass-averaged total pressure loss. Be-
cause of this, and since the mean section is the only one at all sensitive to changing flow con-
ditions, it is recommended that the loss calculation only be done at the m.dspan section.
Furthermore, Figure 36, which is a plot of the results derived from applying Equation (5) to
the mean EGV section, shows that relatively large changes in EGV inlet conditions will have
a small effect on efficiency, so that their accurate knowledge is not imperative.
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Figure 35 Root, Mean and Tip Exit Guide Vane Total Pressure LAoSses

(U) Figure 36 is used by knowing the EGV midspan M, and Aito obtain the ratio of the ad-
justed demonstrated overall total-to-total turbine efliciency to the denionstrated overall total-
to-total turbine efficienc~y, q/q MFASURED' F or example, based on the conditions shown be-'
fore for the mean sect~on (0 33 , M1 = 0.49), T1' MEASUR'ED would equal about 0.995, hence
thie measured efficiency would be redl I by about one-half of one poinit.
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EGV Conclusions

* (U) The loss calculation presented herein should be used to determine the exit guide

vane losses.

" (U) The EGV, although never designed in detail, was shown to be realistic and practical.
Furthermore, the method of loss evaluaition presented in Reference (6) is shown to be'
applicable to the EGV in its predicted environment.

"* (UW The loss calculation should be done at the mean radius, only. as the mean section
yields an answer that is an accurate representation of the integrated spanwise average
loss (See Figure 35).

* (U) The graphical results obtained from doing the mean radius calculation are shown in
Figure 36. As shown in this figure, the ratio of the adjusted demonstrated overall total-
to-total efficiency to the demonstrated overall total-to-total efficiency is shown versus
the mean radius EGV approach Mach number for a variety of mean radius approach swirl
angles.

Prediction

(C) The result of the calculation described in this section was a predicted turbine efficiency
of 90.7 percent and an exit guide vane penalty of 0.5 percent based on the calculated second
blade mean exit absolute Mach number and exit swirl angle of 0.51 and 34.5 degrees, respectively.
These calculations were made at the design pressure ratio and velocity ratio which will be set.
when operating in the cold flow test rig. Since the end-loss correlation was believed to be
conservative, based on the results of applying this correlation to other turbine designs, there
is confidence that this turbine will meet the efficiency goal, (91 perceni . of the Contract.

6. FABRICATION

(U) A two-stage turbine was designed to demonstrate performance improvements that can
be realized from the application of boundary layer control techniques investigated during
Phases I! and III of the Contract. This turbine was fabricated and a schematic drawing of the
initial build was shown in Figure 25. The turbine was of rig-type mechanical construction.
designed to accurately measure low pressure turbine efficiency. It used rig-type inlet turbine
and exhaust cases, rotor shafting and instrumentation.

(U) There were a total of four builds during the course of the Contract, including the Add-
on. These test configurations are shown in Figures 37, 38 and 39. Build I was the basic con-
figuration. Build Ii had the root cavity volumes decreased by filler rings. The platforms re-
mained the same as for Build I. Builds III and IV were a repeat of Builds I! and i, respectively,
with the platforms cut off to the airfoil fillets.
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Figure 37 Test Configuration Build I - Basic Configuration

V* I !fie me' i Do 1 - Fillers Installed, Build III - Platforms Removed
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Figure 39 Test Configuration Build IV - Platforms Removed and No Filler

(U) The details of the Build I hardware are presented in the following photographs. Airfoils
were machined from stainless steel and are shown in Figures 40 and 41. The inlet guide vane
was designed to simulate exit conditions from a high pressure turbine. Assembly of the inlet
guide vane case is shown in Figures 42 and 43. The first vane assembly is shown in Figures
44 and 45. The first blade rotor front view is shown in Figure 46, the rear view in Figure 47
and the installed rotor in Figure 48. The second vane assembly is presented in Figures 49 and
50. A close-up view of the Kiel heads on the second vane to show details of the thermocouples
and total pressure taps is shown in Figures 51 and 52. The second blade rotor assembly is
presented in Figures 53 and 54.

(U) The amount of cut-back on the platforms of the airfoils is shown in the following photo-
graphs, as tested in Budds III and IV. The first vane is shown in Figures 55 and 56. The
leading edge view of the vane shows the installation of the trip wires which were necessary to
assure that engine-type turbulence levels were attained during the performance calibration.
Figures 57 and 58 show the amount of platform cut-back on the first rotor. Second vane
cut-back and tripwire installation is shown in Figures 59 and 60. Finally, similar photographs
of the second blade are presented in Figures 61 and 62.

(U) The inspection measurements of the various build assemblies are shown in Figures 63
through 66.

(U) The location and amount of instrumentation is shown in Figure 67. This instrumenta-
tion was common to all builds of the turbine rig with some modification of static prezure
taps around the cavity fillers.
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*Figure 40 Build No. 1, Close-up View of Rig Airfoils Showing Vane Trip Wires
(XPN 18909)

Figure 41 Build No. 1, awoe-Up View of Rig Airfoils Showing Blade Trip Wires
(XPN 18910)
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*Figure 44 Build I, Full Rear View of First Nozzle Assembly (XPN-l 8 126)

FIkzr 45 Budld 1, Fuil Front View of Fwst Nozzle Assembly (XPN-l 8 127)
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Figure 46 Build 1, Full Front View of First Rotor Assembly (XPN-l 8905)

Figur 47 Budd 1. Full Rear View of First Rotor Assembly (XPN-1 8906)1
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Figure 48 Build 1, Full Rear View of Rig With First Rotor Installed (XPN-l 8622)

Figure 49 Budld 1, Full Front View of Second Assmbly (XPN-l 8129)
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7 7

Figure 50 Build 1, Full Rear View of Second Nozzle Assembly (XPN-181 28)

Figure 51 Build 1, Close-Up View of Second-Stage Vane Leading Edge Temperature Kiel
Heads (XPN- 18911I
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Figure 52 Build 1, Close-Up View of Second-Stage Vane Leading Edge Pressure Kiel Heads
(XPN-1 8912)

Figre53 Build 1, Full Front View of Second Rotor Assembly (XPN-l 8907)
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Figure 54 Build 1, Full Rear View of Second Rotor Assembly (XPN-l 8908)

Figure 55 Build IV Showing Leading Edge of The First Nozzle Vane Assembly. Nozzle
Vanes Have Section Wall Trip Wires Installed (XPN.23438)
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Figure 56 Build IV, First Nozzle Vanes, Trailing Edge Showing Cut-Back Inside Diameter
Platforms (XPN-2341 9)

Figure 57 Build IV, First Rotor, Leading Edge Showing Cut-Back Inside Diameter Plat-
forms and Tripwires (XPN-234 17)
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Figure 58 Build IV, First Rotor, Trailing Edge Showing Cut-Back Inside Diameter Platforms

(XPN-234 18)

Figure 59 Build IV, Second Nozzle Vanes, Leading Edge Showing Cut-Back Inside
Diameter Platforms and Tripwires (XPN-23421)
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*.Figure 60 Build IV, Second Nozzle Vanes, Trailing Edge Showing Cut-Back Inside Diam Ieter
Platforms (XPN-23423)

FIgure 61 bkid IV, &actOn Rotor, Lecading Edge Showing cut-Back Inside Diameter Plat-
f~ms e Tripwim (MP-2341 6)
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Figure 62 Build IV, Second Rotor, Trailing Edge Showing Cut-Back Inside Diameter Plat-

forms (XPN-2341 5)
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SECTION IV

DEMONSTRATOR TURBINE PERFORMANCE

I. RFP OBJECTIVE

(U) Determine the performance of the demonstrator turbine and demonstrate the turbine
performance goals and the accuracy of the design procedures.

2. TASK OBJECTIVE

(U) The two-stage demonstrator turbine will be installed in the test rig and tested over a
range of operating conditions, including the design point, in order to establish a complete
performance map. Inlet, inter-stage, and exit data will be obtained from fixed and traversing
instrumentation. The spanwise variation in efficiency, blade exit angles and reaction will be
determined for both stages. Mass-averaged values for these parameters and the overall turbine
efficiency will be computed for each operating condition. Performance maps will be plotted
for each stage, and for the complete turbine. Test results will be used to verify the design
system predictions.

The rotating rig test results will be used to demonstrate that this turbine has at least 50 per-
cent higher work level than an equivalent free-vortex machine which operates at the same ef-
ficiency.

3. BUILD I BASELINE TESTS OF THE DEMONSTRATOR TURBINE

(a) Design Point Operation

(U) The baseline testing of the initial build of the two-stage demonstrator turbine was ac-
complished in Build 1. During this test, as well as for the following builds, fixed rake and
traverse data were obtained at the inlet, inter-stage and exit stations of the turbine at design
and off-design operating conditions. A torquemeter was also used to measure the shaft work:
however, the measured differences between thermocouple and shaft work varied from build
to build to such an extent that the credibility of the torque-meter measurements was question-
able.Therefore, the efficiencies based on thermocouple data will be used in this report. A
summary of data for this build is shown in Table XI.

(U) Installation of the turbine into the test stand is shown in Figure 68. The inspection mea-
surements of this build were reported in Section Ili. The tip clearances for the first and second
stages were monitored using proximity pickups which indicated 0.021 and 0.0 17 inch running
clearances, respectively. The location and type of instrumentation was presented in Section

I!1.
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TABLE Xi

COMPARISON OF DESIGN AND BUILD I TURBINE RIG DATA

Design Rig

Total Pressure Ratio 3.723 3.72
Speed Parameter 244. 245.
Rim Velocity Ratio 0.389 0.395
Turbine Inlet Temperature 1910 0 R -800 0 R
Turbine Inlet Flow Parameter 0.1937 0.1914

Overall Efficiency 90.65% 92.1%
First-Stage Efficiency 09.52% 92.2%)
Second-Stage Efficiency 90.12% 90.0%

First-Stage Reaction (P.) - Root 37.0% 29.0%
First-Stage Reaction (Ps) - Tip 46.0% 36.7%
Second-Stage Reaction (P.) - Root 31.1% 37.4%,
Second-Stige Reaction (P.) - Tip 50.9% 44.3%

First-Stage Vane Effective Gaging Area 54.225 in' 53.94 in2

First-Stage Blade Effective Gaging Area 71.178 in2  72,.42 in2

Second-Stage Vane Effective Gaging Area 96.178 in2  96.23 in2

Second-Stage Blade Effective Gaging Area 128.40 in2  127.01 in2

Figure 68 High Work Low Pressure Turbine Rig Mounted in X-212 Stand Collector
(Rear View) X-3646
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(U) As noted previously, preswirl vanes were used for this turbine rig to produce the design
inlet angle into the first vane. This inlet angle is shown in Figure 09 with a comparison to the
design value, and indicates that the preswirl vanes had produced an excess in negative incidence
of approximately 7°. This change in incidence is believed to have a negligible effect on tur-
bine efficiency and it did not warrant a redesign and fabrication of a new inlet guide vane.

(C) The overall thermocouple efficiency was measured to be 92.1 percent with the first- and
second-stage efficiencies being 92.2 and 90.0 percent, respectively. The stage efficiencies were
calculated using total temperature kielhead probes on the second vane leading edge, and a
total pressure calculated from the measured blade static pressure and absolute exit angle.
The use of a calculated total inter-stage pressure was found necessary due to extensive data
scatter from the total pressure kielheads. The resulting stage efficiencies are shown in their
respective spanwise efficiency profiles in Figures 70 through 72. From these data, it is seen
that the difference in stage efficiency levels is due to the presence of endlosses in the second
stage, the midspan efficiency for each stage being approximately the same.

(C) The spanwise stage exit angles are presented in Figures 73 and 74. The measured flow
capacity was low by 1.2 percent relative to design value, and was accompanied by first-stage
root and tip reaction 8 percent below design levels. Approximately 4 percent of the reaction
change is due to the flow area deviations from design nominal, but does not explain the lower
flow capacity. The remainder of the reaction change and the low flow capacity seem to be
the result of an effective vane area reduction of 1.8 percent. The measured second-stage re-
actions indicate a flow shift toward the root compared to the predicted design flow.

100 
BUILD I
BUILD 2

"----BUILD 3
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Figure 69 High Work Low Pressure Turbine - Build 1, Inlet Angle Versus Percent Span
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t £REA-WEIGHTED? 17 92.1%
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Figue 70 High Work Low Pressure Turbine - Build 1, Efficiency Versus Percent Span
@ 3.72 Pressure Ratio, 245 Speed Parameter

7.0.90 10 0 0 0 6 0

U.
'U

o.8

0.8

0 0 2 0 4 O o 7 o g 0

~- 08PERCENT SPAN

Rp 1 Hg okLwPesr ubn -Bid1 is-tg fiinyVm

COPEICENTISAL



CONFIDENTIAL

1.00 - - -- I
AREA-WEIGHTED EFFICIENCY - 90.%

>. 0.95 _ _

U1

2

wo

U.0 0 -0 2 ' 0 0 7 o

PECNTSA

70.7

0 10 2 0 40500 709 0

* -~0-DESGN

201

0 t0 20 30 40 so 60 70 so 9 0

PERCENT SPAN

Figure 73 High Work Low Pressure Turbine - Build I, First-Stage Absolute Exit Angle
Versus Percent Span
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Figure 74 High Work Low Pressure Turbine - Build 1, Second-Stage Absolute Exit Angle
Versus Percent Span

(b) Off-Design Operation

(C) The off-design variation of the Build I overall efficiency with total pressure ratio and speed
parameter are shown in Figures 75 and 76. These figures indicate that the turbine does not
respond significantly to increases in total pressure ratio above the design pressure ratio of 3.72,
whereas the speed parameter has a fairly strong effect on efficiency over the entire test speed
range. From the spanwise efficiency curves of Figures 77 and 78, it is observed that the changes
in efficiency with total pressure ratio occur primarily in the root area, whereas the changes in
efficiency with speed parameter occur across the entire span. These variations in overall ef-
ficiency are found to originate in the second stage by noting in Figures 79 and 80 that the
first-stage efficiency is essentially constant with changes in pressure ratio and speed parameter,
while the second-stage efficiency reflects the same characteristics as the overall efficiency of
Figure 75. The effect of total pressure ratio and speed parameter on the second-stage span-
wise efficiency can be seen in Figures 81 and 82.

(C) The off-design variation of the turbine flow capacity is shown in Figure 83, which indicates
that the turbine was essentially choked throughout most of the test program. The stage re-
actions are shown in Figures 84 and 85. By combining the flow parameter with the speed para-
meter and plotting against a work parameter defined as the specific turbine work divided by
the inlet temperature, efficiency islands can be formed as shown in Figure 86. This plot in-
dicates that little efficiency gain could be made above 92.4 percent with the present turbine
through changes in total pressure ratio and speed parameter in excess of 4.2 and 265, respec-
tively.
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figure 75 High Work Low Pressure Turbine.- Build 1, Overall Efficiency Versus Pressure
Ratio
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Figure 76 High Work Low Pressure Turbine - Build 1, Overall Efficiency Versus Speed
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Figure 77 High Work Low Pressure Turbine - Build 1, Efficiency Versus Percent Span
@3.72 Pressure Ratio
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Figure 78 High Wokk Low Pressure Turbine - Budld 1, Efficiency Versus Percent SpanA
@ 245 Speed Parameter
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Figure 79 High Work Low Pressure Turbine - Build 1, First-Stage Efficiency Versus
Total Pressure Ratio
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Figure 80 High Work Low Pressure Turbine - Build 1, Second-Stage Efficiency Versus
Total Pressure Ratio
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Figure 82 High Work Low Pressure Turbine - Build 1, Second-Stage Efficiency Versus
Percent Span @ 3.72 Pressure Ratio
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4. EVALUATION OF MODIFICATIONS TO THE BASELINE DEMONSTRATOR TURBINE

(C) Modifications were made in the root endwall regions in order to determine the effect of
the local geometry on endwall losses. Three sm tinuatic modifications were made. These are
referred to as Builds 2. 3 and 4, which were shown as sketchv.s in Section Ill. In Build 2.
solid rings of material were added to the hub diameter cavities in order to reduce the volume
of these cavities. Build 3 retained these cavity fillers, but the root leading and trailing edge
plaitforms were cut back to the airfoil fillet radius. In Build 4, the cavity filler rings were re-
moved and the effect of large cavities with cut-back platforms was evaluated. The test re-
suits of each of these builds at design point operation arc compared with Build I in Table Xll.
The off-design overall and stage efficiency data for Builds 2. 3 and 4 are shown in Figures
87 through 95. These results reflect the same trend as for Build I. Composite plots of the
overall efficiency at design total pressure ratio and speed parameter are shown in Figures 96
and 97; composite plots of the stage absolute exii angles are shown in Figures 98 and 99).

(C) As indicated in Table XII, it is seen that when the root tiller rings were installed, the
overall efficiency decreased 0.4 percent relative to Build 1. The stage etficiencies show this
decrease to occur in the second stage only. By comparing the spanwise efficiency curves of
the overall and stage efficiencies, (Figures 100, 101, and 102), it appears that the efficiency
change is due to a complete spanwise shift rather than a local change in efficiency at the
root. This can be seen more clearly in Figure 103 which shows tl|:,• an adjustment of the
Build 2 second-stage spanwise efficiency to the Build I efficiency leve'l results in the same
efficiency profile. It is concluded that the addition of the root cavity f.llcr rings, did not affect
the performance of the turbine. The change inefficiency represents an unexplained baseline
shift, possibly due to a combination of sonic slight change in the turbine rig when it %as
reassembled, and experimental measurement accuracy. The performance potentialof root
cavity filler blocks is dependent on their effectiveness in minimizing mainstream flow injec-
tion through a reduction in cavity volume without producing a substantial increase in viscous
drag on the disk. It is evident from the above performance results that although the :.':me
was reduced to the minimum for avoiding mechanical interference, this reduction was not
sufficient to measurably reduce ingestion. It can therefore be concluded that. given the
restriction of minimum clearance to avoid mechanical interference, the addition of root cavity
fillers have no significant effect on turbine performance.
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TABLE XII

PERFORMAN('I, (MPARISON OF BUILDS 1, II, 11I AND IV

P1,,ild I Build 11 Build IIl Build IV

Configuration
i.D. Solid Rings 1o. yes. yes. no.
Cutback Platforms no. no. yes. yes.

PT0o/PT 3 3.723 3.723 3.723 3.723
N/ 245. 245. 245. 245.
FP5 0.1914 0.1914 0.1914 0.1914

flov T/C 92.1% 91.7% 91.0%7 90.9%

7ov Torque 90.8% 92.2% 90.6% 90.8%

92.2% 92.2% 91.2% 91.2%

1/, 90.0% 89.2% 88.9% 88.7%

aiov T/C -0.4% -1.1% -1.2%

0.94

0.92 -

0.90

SPEED PARAMETER
LUG 0 245

"-. 6223

0.86

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

TOTAL PRESSURE RATIO

Figure 87 High Work Low Pressure Turbine - Build 11; Efficiency Versus Total Pressure
Ratio
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Figure 88 High Work Low Pressure Turbine - Build 11, First-Stage Efficiency Versus
Total Pressure Ratio
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Figure 94 High Work Low Pressure Turbine - Build IV, First-Stage Efficiency Versus
Total Pressure Ratio
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(C) After the airfoil root platforms were cut off in Build 3, the overall turbine efficiency was
found to decrease to 91.0 percent with the first- and second-stage efficiencies being 91.2 and
88.9 percent, respectively. The loss in overall and stage efficiencies relative to Build I can be
seen in Figures 100, 101 and 102 to occur in the root area of each stage. Build I is being
used as the baseline test for Build 3 since the use of Build 2 would indicate a lmss of only
0.3 percent in the second-stage efficiency when the spanwise efficiency profiles indicate ap-
proximately a 1 percent loss. The latter loss is in agreement with the measured efficiency
change of Build 3 relative to Build I. Therefore, the absence of root airfoil platform exten-
sions increases the circulation and exchange of air in the root cavities with the mainstream
flow whichresults in a 0.7 percent loss in overall efficiency with a 1.0 and 1.1 percent penalty
in the first- and second-stages, respectively, The above loss in turbine efficiency of approxi-
mately I percent in each stage is caused by an increase in mainstream airflow ingested into
the root cavities. There, it looses some of its kinetic energy and re-enters the flowpath pos-
sibly causing additional losses in the following blade or vane row. An analytical expression
has been derived (see Appendix VIII) which estimates the amount of flow ingestion, and its
effect on the performance, by assuming that the entire loss comes from the total dissipation
of kinetic energy in the root cavities. By using the part annular cascade data to set the row
losses in the referenced equation, the calculated increase in ingested airflow to produce the
measured I percent decrease in stage efficiencies is approximately I percent of mainstream
flow per cavity. This magnitude represents a maximum since any loss attributable to the low
energy air re-entering the flowpath would have the effect of reducing the calculated change
in ingested mainstream flow.

(C) For Build 4, the cavity filler rings were removed and the overall turbine efficiency was
measured to be 90.9 percent, the first- and second-stage efficiencies being 9 1.1 and 88.7 per-
cent, respectively. These efficiencies are essentially the same magnitude as for Build 3. The
spanwise efficiency curves of, Figures 100, 10 1 and 102 also indicate that shifts in the root
efficiency did not occur upon removal of the filler rings. It is worthwhile to point out that
the removal of the filler blocks in Build 4 is a more meaningful test than was their addition in
Build 2. In Build 2, the airfoil platforms may have been restricting the ingestion of main-
stream flow into the cavities to the point where the addition of the blocks had a negligible
effect. In Build 4, however, the platforms were not present and the effect of removing the
blocks should have been maximized. Since no change resulted from the removal of the blocks,
it can be concluded that the root filler rings have no measurable effect on turbine efficiency.

5. SUMMARY OF RESULTS

(a) Build I

0 (C) The two-stage turbine demonstrator efficiency is 92.1 percent at the design point
total pressure ratio and rim velocity ratio of 3.723 and 0.40, respectively.

0 (C) The first-and second-stage efficiencies were measured at 92.2 and 90.0 percent,
respectively, at the design point pressure ratio and velocity ratio.
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* (C) The design stage reactions were not realized in this turbine. The measured first-and
second-stage root and tip static pressure reactions are 29.0 and 36.7 percent and 37.4
and 44.3 percent, respectively, compared to the design reactions of 37.0 and 46 percent
and 31.1 and 50.9 percent.

* (C) The flow capacity was lower than design by 1.2 percent.

(b) Build 2

" (C) The Build 2 overall thermocouple efficiency is 91.7 percent at the design point
total pressure ratio and velocity ratio. Running tip clearances were the same as for
Build 1.

"* (C) The first- and second-stage efficiencies are 92.2 and 89.2 percent at the design point
total pressure ratio and velocity ratio, respectively.

O (C) The installation of the root filler blocks had no appreciable effect on turbine stage ef-
ficiency. The airfoil platform overlap minimized their effectiveness.

(c) Build 3

* (C) The Build 3 overall thermocouple efficiency is 91.0 percent at the design point
total pressure ratio and velocity ratio. The running tip clearance was the same as for
Builds I and 2.

* (C) The ruist-and second-stage efficiencies are 91.2 and 88.9 percent, respectively, at
design point operation.

* (C). The change in overall efficiency of 0.7 percent is due to the loss in stage root
efficiency caused by the platform cutbacks in each stage.

(d) Build 4

* (C) The Build 4 overall thermocouple efficiency is 90.9 percent at the design point
total pressure ratio and velocity ratio. The running tip clearance was the same as for the
previous three builds.

0 (C) The first-and second-stage efficiencies are 91.2 and 88.7 percent, respectively.

* (C) The removal of the root filler pieces has no appreciable effect on turbine efficiency.
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SECTION V

ADDITIONAL TESTS TO EVALUATE LOW SOLIDITY AIRFOILS

I. OBJECTIVE
I

(U) The objective of this add-on task was to evaluate the aerodynamic performance of the
low solidity airfoils designed for the same velocity triangles as the baseline airfoils of Task
lib. The performance of the first vane, first blade and second vane low solidity airfoils
will be reported in this Section. Also, the performance of all the airfoils of the naiinal,
medium and low solidities will be compared in concluding summary.

2. TASK OBJECTIVE

(U) Lach of the three low solidity airfoils was evaluated in an annular segment cas, e
exactly as in Task lib (Reference 3). The data has been analyzed and the task objectives
were met by the following steps:

41 Measurement of all important aerodynamic properties at the cascade exit plane.

* Reconstnrction of the entire exit plane total pressure loss distribution.

* Reconstruction of the entire exit plane flow angle distribution.

0 Measurement of airfoil surface static pressure distributions at root, mean, and tip
sections.

* Careful analysis of all data and visual clues.

3. AIRFOIL SECTION DESIGN

(U) The medium-reaction, low solidity airfoils were designed to the same turbine velocity
diagrams as the normal solidity airfoils. These diagrams were presented in Reference 1.
A summary of the pertinent design values, the airfoil elevations, gaging distribution, airfoil
sections and predicted surface pressure distributions for each of the three low !olidity air-
foils is presented in Appendix VI. The fabrication coordinates of each airfoil, including the
airfoil angles, airfoil areas, axial chords and uncovered turnings, are presented in A\ppendix
VII.

4. TEST FACILITY DESIGN

(U) The test section design for each of the three low solidity airfoils is identical to the
medium solidity cascades described in References 4 and 5. Each test cascade was fabricated
by replacing tK' eight medium solidity airfoils by seven of the low solidity airfoils. New,
smooth inner and outer end walls were also fabricated for each cascade. The inlet guide
vanes are the same as those used in the final test of the medium solidity airfoils reported in
References 4 and 5.
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(U) Static pressure instrumentation was installed in order to determine the static pressure
distributions on the airfoil surfaces and over both the test airfoil inlet and exit end walls.
The static pressure instrumentation on the airfoils was located at the mean section, and at
sections 0.1 inch from the outer and inner end walls, as shown for the medium solidity
airfoils in Reference 4. The axial chord locations of the pressure taps of the low solidity
airfoils are listed in Tables XIII through XV. Again, great care was taken to preserve the
contour and smoothness of the suction side of each instrumented airfoil. To this end, all
hypodermic tube leads were placed in grooves on the pressure side, and pressure tap holes
were then drilled into these tubes frnm the suction surface as shown in Reference 4. In
each low solidity cascade the instrumenticd airfoil was located next to the airfoil at the
center of the cascade. The endwall static pressure taps were located in the exit plane of the
inlet guide vanes and 0.1 inch axially downstream from the test airfoils. There were three
static taps on each inlet endwall and thirteen taps on each exit endwall as shown in Reference
4. Due to the change in solidity, the exit static pressure taps are not aligned witia the air-
foils as they were in the medium solidity cascades.

(U) Four inlet static pressure taps and four total temperature probes were located before
and after the inlet plenum screen. Four pressure taps, located in the exit plenum, measured
the exit static pressure. A study of these plenum configurations showed the static pressures
were equal to the total pressures; therefore, the static taps were used for the plenum total
pressure readings. One of these inlet plenum total pressure measurements after the screen
was used as the upstream total pressure reference of the traversing probe. This permitted
making a differential loss measurement free of error due to inlet pressure fluctuations.

(U) The axial location of the exit traverse plane, the traversing mechanism, the annular
sector traversed, and the percent of span of the total pressure loss and flow direction traverse
prc'be measurements were identical to those of the medium -olhdity cascades. No traverses
were made of the inlet plane in the low solidity tests, since the inlet guide vanes had been
tested previously as part of the medium solidity test program.

(U) The traversing probe used to measure the exit total pressure and flow direction was a
modified, extended tip, yaw angle - seeking cobra probe. This probe has low blockage,
operates well at high Mach numbers and is ideally suited for the traversing mechanisms used
in this rig. The modification to the standard cobra probe sho%%n in Reference 4 gives the
probe zero pitch angle error over a range of 90-to-I 10 degrees. Hence. in the low solidity
tests it was unnecessary to measure the exit flow pitch angle or make any corrections to the
cobra probe total pressure measurements duc ti pitch angle error.

(U) The results of the annular cascade tests on the nominal and medium solidity airfoils
strongly indicated that a laminar boundary layer might be present over a large portion of
these airfoil suction surfaces, presumably because of the cascade Tigs low inlet turbulence.
The very low profile losses due to the low skin friction of the laminar boundary layer or the
high !m, due to laminar boundary separation are, however, uncharacteristic of airfoil
perfr-,mce in operating turbines. In operating turbines, boundary layers are generally
full. wuflalent, except at very low Reynolds numbers. To promote the turbulent boundary
layer in the low solidity cascade tests, trip wires of 0.005 inch diameter were placed at the
20 percent axial chord location from root-to-tip on each airfoil.
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TABLE XIII

AIRFOIL STATIC PRESSURE I'4Sth!ENTATION
LO% SOUDITv

* Fir~t-St.*t ,%,m

Section Airfoil Side i rt, II X X/bx

Root Saction
Section 0.0• 0.056
A-A 0.12 0.165

0.211 0.273
0.324 0.419
0.37Q 0.490
0.462 0.598
0.546 0.707
0.630 0.816

Pressure 0.440 0.569
0.212 0.274

Suction
Mean 0.084 0.100
Section 0.251 0.299
C-C 0.335 0.400

0.419 0.500

0.482 0.575
0.564 0.673
0.634 0.757

0.685 0.818

Pressure 0.514 0.614

Tip Suction
Section 0.255 0.280
G-G 0.500 0.549

0.555 0.609
0.615 0.675

0.685 0.751
0.732 0.794
0.792 0.870

Pressure 0.674 0.740

0.289 0.317

NOTE: Tip Section taps arc actually located parallel to wall on section J-J.
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TABLE XIV

AIRFOIL STATIC PRESSURE INSTRUMENTATION

LOW SOLIDITY

First-Stage Blade

Axial Length
Section Airfoil Side From L.E.. X X/bx

Root Suction
Section 0.080 0.134
A-A 0.280 0.470

0.405 0.681
0.458 0.769

Suction
Mean 0.060 0.105
Section 0.1.50 0.264
C-C 0.270 0.475

0.360 0.033
0.419 0.737

Tip Suction
Section 0.108 0.201
G-G 0.215 O.JO

0.323 0.600
0.377 0.700
0.430 0.800

NOTE: Tip section taps are actually located parallel to wall on section J-J.
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TABLE XV

AIRFOIL STATIC PRESSURE INSTRUMENTATION
LOW SOLIDITY

"Second-Stage Vane

Axial Length
Section Airfoil Side From L.E., X X/bx

Root Suction 0.083 0.098
Section 0.167 0.200
A-A 0.250 0.300

0.334 0.401
0.404 0.480
0.510 0.613
0.585 0.703
0.668 0.800

Pressure 0.540 0.642
0.180 0.214

Mean Suction 0.088 0.100
Section 0.176 0.200
C-C 0.264 0.300

* 0.371 0.421
0.440 0.500
0.5-9 0.600
0.616 0.700
0.705 0.800

Pressure 0.565 0.641
0.179 0.203

Ti p Suction 0.056 0.060
Section 0.388 0.4 17
Gr• 0.509 0.547

0.589 0.633
0.640 0.688
0.686 0.737

Prcssure 0.655 0.704

NOTE: O.D. taps are actually located parallel to wall on section J-J.
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.4 5. DISCUSSION

(U) The testhig and analysis of the data on the medium-reaction, low-solidity first vane,
first blade and second vane has been completed.

(U) For each of the low solidity cascades data were taken at the design Mach number and
design Reynolds number. For the first and second vane cascades data were also taken at
Mach numbers 0.1 ab)ve and below the design Mach number at the design Reynolds num-
ber. For the first b9idd data were taken at a Mach number 0. 1 below the design Mach num-
ber and at the design Reynolds number.

(U) The inlet guide vanes were evaluated as part of the medium solidity test program at
similar design Mach number and Reynolds number conditions as in the low solidity tests.
It was therefore assumed that the inlet guide vane AP0 /P0 losses and exit air angles would
also be similar in the corresponding low solidity test. These pressure losses and air angles
were reported in References 4 and 5.

(U) The plots of the important aerodynamic quantities based on thb inlet and exit plane
measurements for the first vane, first blade and second vane at the test conditions nearest
the design conditions are shown in Figures 104 through i 33. These plots are presented in
the order that they will be subsequently discussed.

(U) The first vane airfoil cascade total pressure loss contours (Figure 104), spanwise total
pressure loss plot Figure 105) and spanwise loss coefficient (I _02 ) plot (Figure 106) indi-
cate that the cascade is operating with low Ioises in the midspan area and with high localized
loss areas at the endwalls. This performance is typical of an airfoil operating with atteached
boundary layers and strong endwall secondary flows. The integrated overall loss coefficient
for this airfoil is 0.069 and the midspan loss coefficient is 0.037. The midspan loss coefficient
predicted by boundary layer calculation is 0.028.

(U) The first vane gas angle contours (Figure 107) and spanwise plots (Figure 108) show
close agreement with the design angles over the midspan and typical under- and over-turning
at the endwalls due to secondary flow. Neither these angle plots nor the flow coefficient
plot (Figure 109) give any evidence of flow separation.

(U) The first vane spanwise exit Mach number plot (Figure 110) indicates fairly good agree-
ment with design values over the span.

(U) The surface static pressure distributions for the root. mean and tip section (Figures I 1!.
112 and 113) indicate that the airfoil surface pressures are lower than predicted over the
first forty percent of axial chord. This may account for the higher than predicted profile
losses of this airfoil.

(U) The first blade airfoil total pressure loss contours (Figure 114), ýpanwise total pressure
loss plot (Figure I 15) and spanwise loss coefficient (I - e2 ) plot (Figure 116) indicate that
the cascade is operating with high losses in the midspan area, a high localized loss area at the
tip and a very high loss area at the root. The integrated overall loss coefficient for this airfoil
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is 0. 167 and the mnidspan km oss o The boundary layer calculation predicted
that there would be a sepratsm m .MLaWmm ude at 9% percent of the axial chord
and, hence, no loss could be coapWW em'binady lay"r theory.
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(U) The first blade gas angle contours (Figure 117) and spanwise plots (Figure 118) show
good agreement with design values in the midspan area. In the area of the tip, the gas angles
are as much as four degrees above the design values due to a typical secondary flow. From
the root to about 30 percent of the span there appears to be a separated flow as well as a
secondary flow causing gas angles from three-to-four degrees higher than the design values.
The presence of separated flow at the root is also shown by the low values of the flow coeffi-
cient at the root shown in the flow coefficient plot (Figure 119).

(U) The first blade spanwise exit Mach number plot (Figure 120) indicates fairly good agree-

ment with the design values from the midspan to the tip and very low values from 30 percent

span to the root due to the separation.

(U) The surface static pressure distributions for the root, mean and tip'sections (Figures

121, 122 and 123) indicate that the root is unloaded relative to the design values, that the
mean is operating near design and that the tip is loaded more heavily than design., A similar
conclusion can be reached from an examination of the Mach number plot. There is evidently

a large shift in the flow from the root to the tip due to the separation.

(U) The second vane airfoil cascade total pressure loss contours (Figure 124), spanwise total

pressure loss plot (Figure 125) and spanwise loss coefficient (i - 0) plot (Figure 126) indicate
that the cascade is operating with high losses in the midspan area, a higher localized loss area
"at the root and a very high loss area at the tip. The integrated overall loss coefficient for this
airfoil is 0.143 and the midspan loss coefficient is 0.055. The midspan loss coefficient pre-
dicted by boundary layer calculation is 0.039.

(U) The second vane gas angle contours (Figure 127) and the spanwise plot (Figure 1 28)
show good agreement with the design values at the midspan, deviations of up to 3 degrees at
the root due to secondary flow, and deviations of up to 4 degrees at the tip due to the com-
bined effects of the separated and secondary flows. The flow coefficient plot (Figure 129)
also indicates the presence of a separated region at the tip.

(U) The second vane spanwise exit Mach number plot (Figure 130) indicates good agreement
with the design values from the root-to-mean sections and lower than the design Mach numbers
from the mean-to-tip sections. Again, the low Mach numbers can be attributed to the serara-
tion.

(U) The surface static pressure distributions for the root, mean and tip sections (Figures
131, 132 and 133) indicate that the root is unloaded relative to the design prediction and
that the mean and tip sections are operating near the design predictions. It should be noted
here that the pressure distribution computation used to make the design predictions is basic-
ally a subsonic calculation. Hence, the prediction of transonic pressures in the root section
may be incorrect.
(U) It is likely that the poor performance of the second vane tip section can be explained

by the positive incidence from about 80-to-i0O percent of the span. The inlet guide vane
performance is shown in Reference 5.
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Figure 130 Spanwise Exit Mach Number Distribution, Second Vane, Low Solidity. Mid-
span Exit Mach No. =0.870

~0.9 -

0.8

.3 01 - -

40.4

0.

0 20 40 60 80 100
PERCENT OF AXIAL CHORD

Figur 131 Static-to-Total Pressure Ratio Vensus Percent Axial Chord, Second Vane, Low
Solidity, Root Section

Pa0Etoo. I10

UNCLASSIFIED



'UNCLASSIFIED

dc 0 0

Z .7

us 0

0.

0.3

PERCENT OF AXIAL CHORD

Figure 132 Static-to-Total Pressure Ratio Versus Perce~nt Axial Chord, Second Vane, Low

* Solidity, Mean Section

0.5

0.

1;0.3 -.

PERCWNOF AXIAL CORDI

Figure 133 Static-to-Total Pressure Ratio Versus Percent Axial Chord, Second Vane, Low
Solidity, Tip Section

PA09NO. I4

UNCLASSIFIED



UNCLASSIFIED

(U) A complete summary of the loss coefficient data taken on the low solidity airfoils for I
the various midspan Mach numbers and design Reynolds numbers is shown in Table XVI.

lie data indicates that exit Mach number usually has only a small effect on the overall per-
formance of these airfoils. However, the first vane appears to be separated at the lower Mach
number with a consequent doubling of the loss. In another program the first blade was
tested without the 0.005 inch trip wire installed at 20 percent of the axial chord. A com-
parison of the overall losses shown in Table XVI indicate no performance change occurred
due to the trip wire in these tests. The midspan loss coefficients do change, but there is no
consistent performance trend.

6. SUMMARY

(U) A comparison of the performance of the normal, medium and low solidity airfoils is
presented in this section.

(U) The results of the low solidity annular segment cascade tests are directly comparable to
the results of the normal and medium solidity tests reported in rJference 5. This summary
comparison is presented in Table XVII. The midspan test value presented in the table is a
local value. The root-to-mean, mean-to-tip and overall test average% are the flow-weighted
values computed in every instance from nineteen traverses. For completeness, the results of
plane cascade tests reported in Reference 5 have been included in Table XVII. A study of
the overall loss coefficients presented in Table XVII shows that the normal solidity airfoils
have the best aerodynamic performance.

(U) A .omparison of design parameters for all three solidities, such as pitch-to-chord ratio,
load coefficient or AP/Q, generally considered to be helpful in determining if an airfoil de-
sign will have acceptable performance, can be found in Reference 1, Section I1, Table If.
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TABLE XVII

SUMMARY OF DESIGN POINT I -0' LOSS ('OF.FI(iENTS FOR

NORMAL, MEDIUM AND LOW SOLIDITY AIRFOILS

Midspan Exit Predicted For Fully Root-To-Mean Mean-To-Tip
Mach No. a Test 'T'urbulent Boundary Average Average Overall Av
Reynolds No. Layer Test Test Teat

Normal Solidity 0.854 0.017 0.031 0.029 0.035 0.034
SVane 

4.38 x 105 0.0230 0.0320

0.025*_

Medium Solidity 0.854 0.031 0.035 0.051 0.050 0.0st

First Vane 4.38 x 103

Low Solidity 0.854 0.037 0.028 0.057 0.083 0.069

Fwa Vane 4.38 x 105

Normal Solidity 0.780 0.0266 0.049 0.0368 00433 0.040

First Blade 2.26 x I05 0.025"

Solidity 0.780 0.114 0.043 0.200 0.125 0.159

Blad. 2.26I OS

LowSolidity 0.780 0.092 Separated 0.170 0.163 0.167

1110d4 2.26 x I10 at 96% X/bx

Solidity 0.869 0.021 0.034 0.0275 0.0325 0.030

Vane 2.95 x i0S 0.028e 0.0340
0.02400

So""d 0.869 0.123 0.034 0.085 0.214 0.157

Vane 2.95 x 10o

LowVSoldidty 0.869 0.055 0.039 0.054 0.256 0.143

Vane 2.95 x tOS

Solidity 0.904 0.028 0.040 0.0322 0.0438 0.038

10ad6 I.$2 x IOS 0.0230*

Solidity 0.904 0.033 0.046 0.042 0.092 0.070
Oaks I.S2 x 105

swht rSaga Inatil~e
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SECTION VI i

CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS

(U) As part of a continuous effort to improve gas turbine engine technology, an exploratory
research program was conducted to develop turbine aerodynamic methods and design proce-
dures for efficient, high-work low pressure turbines.

(C) The turbine design parameters were chosen for the demonstrator vehicle and these were
defined in the Contract (Table 1, Section 11). Figure 134 indicates the program goal in terms
of efficiency and work level. This figure indicates the free vortex turbine experience efficiency
band and work levels at the onset of this program. The goal established for this program was
to maintain the peak efficiency attained with turbines of free vortex design while increasing
the work level at constant wheel speed by more than 50 percent.

3BUILD1"l

TEST AT DESIGN 000

PRESSURE RATIO

2

W -REIE VORTEX
TURBINE EXPERIENCE

A -

87

0.38 0.42 0.46 0.50 0.54 0.58 0.62 0.LB

MEAN VELOCITY RATIO VR

Figure 134 Program Objective - Build 1, Test at Design Prfeumm Ratio
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(U) To attain this goal, the initial guidelines were set as follows:

* Utilize sound aerodynamics.

* Develop aerodynamics in cascade tests.

* Develop the capability to synthesize these cascade aerodynamic data into the required
turbine.

(U) The program was conducted in such a manner as to define a turbine design with the
highest resistance to boundary layer separation. The important items learned from this pro-
gram are:

0 The work level can be increased by more than 50 percent over free vortex designs.

0 There is no substitute for good aerodynamic contouring.

* Profile losses can be predicted from boundary layer parameters.

& Profile losses are only a part of the total loss.

* Transonic pressure distribution calculations must be used.

0 A sound design can be made with radial work variations.

(C) Figure 134 shows that the efficiency goal was exceeded at the required work level, indi-
cating that a sound design procedure was used.

2. RECOMMENDATIONS

(U) It is recommended that additional effort to further advance low pressure turbine tech-
nology be made in the following areas:

* Redesign the second stage of the demonstrator turbine in order to decrease the endwall
losses measured in the present design. Data from this program indicates that the second-
stage efficiency can be increased.

* Consider a turbine redesign at lower solidities to establish the upper limit of airfoil
loading where a separation-free design cannot be realized.
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Figure 13S First-Stage Vane Elevation (Inot Dimensions)
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LE. RADIUS .030 T.E. RADIUS 0.0100
FOIL INLET ANIGLE 64.90 FOIL EXIT ANGLE 35.70
L.E. WEDGE ANGLE 25.03 T. E. WEDGE ANGLE 5.99
UNCOVERED TURN 11.64 GAGING AN4GLE 35.08
NUMBER OF FOILS 66 DIAMETER NOT 15.800
PITCH4 HOT 0.7521 GAGING HOT 0.4322
AXIAL WIDTH 0.9180 METAL AREA 0.0388
RAO. REF. POINT X 0.4268 RAD. REF. POINTY 0.4477
C.G. POINT X 064268 C.C. POINT Y 0.4477

Figure 136 Section F-F, First Vane Root, Cylindrical

Figure 137 Section F-F, First Vane Root. Planar
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L.E. RADIUS 0326 T.E. RADIUS 0.0100
FOIL INLET ANGLE 56.80 FOIL EXIT ANGLE 29.67

LE. WEDGE ANGLE 25609 T.E. WEDGE AN4GLE 6.22

UNCOVERED TURN 16.00 GAGING ANGLE 29.06
NUMBER OF FOILS 66 DIAMETER HOT 16.916

PITCH HO0T 0.8052 GAGING HOT 0.3907
AXIAL WIDTH 0.9615 METAL AREA 0.1286
R AO, REF. POINT X 0.A268 RAO. REF. POINT Y 04477I C.G. POINTi X A367 CC-. POINT Y bO

Figure 138 Section B-B., First Vane KA Root, Cylindrical

Figure 139 Section 8-8, First Vaine V4s Root. Phnin

P*Aw "0. 119
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UNCLASSIFIED

LE. RADIUIS .0350 T.E. RADIUS 0.0100
FOIL INLET ANGLE BOAS FOIL EXIT ANGLE 26.96
LE. WEDGE ANGLE 25.09 T.E. WEDGE ANGLE 6.48
UNCOVERED TURN 19.81 GAGING ANGLE 26.98
NUMBER OF FOILS 66 DIAMETER HOT 18.030
PITCH HO0T 0.8582 GAGING HOT 0.3984
AXIAL WIDTH 1.0050 METAL AREA 0.1535
RAO. REF. POINT X 0.4268 RAD. RE F. POINT Y 0.4477
C.G. POINT X 0.4482 C.G. POINT Y 0.5219

535/

Figure 140 Section C-C, First Vane Mean, Cylindrical

Figure 141 Section C-C, first Vane Mean, Planar

P~a mo. 120
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UNCLASSIFIED

LE. RADIUS .0m7 T.E. RADIUS 0.0100

FOIL INLET ANGLE 69.51 FOIL EXIT ANGLE 2603

LE. WEDGE ANGLE 24.96 T.E. WEDGE ANGLE 7.21

UNCOVERED TURN 14.31 GAGING ANGLE 25.46

NUMUE R OF FOILS so DIAMETER HOT 19.14S

PITCH HOT 0.9113 GAGING HOT 0.3916

AXIAL WIDTH 1.A48S METAL AREA, 0.16S74

RAD. REF. POINT X 0.4268 RAO. REF. POINT Y 0.4477

*C.G. POINT XC 0A575 COG. POINT Y 0.6500

Figure 142 Section D-D, First Vane 1/4Tip, Cylindrical

Figwur 143 Section D-D, First Vane V* Tip, Plana

eeo.121
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UNCLASSIFIED

LA. RADIUS 0.0600 T.E. RAr 0.0100
FOIL INLET ANGLE 90.00 FAL I, LE 26.08
L. E. WEI24E ANGLE 2&.00 T.E. W LE 7.95
UNCOVERED TURN 16.56 GAGIL .- ;LL. 26.70
NUMBER OF FOILS es DIAMETER HOT VIM'~
PITCH HOT 0.964 GAGING HOT 0.4333
AXIAL IDITH 1.0620 METAL AREA 01706
RAO. REF. POIN4T X 0.4268 RAO. REF. POINTY 014477
C.G. POINT X 0.4621 C.G. POINT Y 0.4109

Figure 144 Section G-G, First Vane Tip, Cylindrical

Figure 145 Section G-G, First Vane Tip. Planar

PAwe too. 122
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2= NOTI 916;;S ANI AT ta MUNO alOG

ISA =%YL fAKgO0P STAWARAA DAW
T's
0, - 63.9LWIC.

1600AXIAL TANtGENTIAL
TONQUS LOAD LOAD

ItN01l811PGL 1.FIS (1.81S OIL

AIJIFOIL M2S 34 U i 22A?

D IAPHRNAGM 0 1304 0

TOIAL 205 4&1 22.4?

4000

DIAPHRAGM LOAD-

0 20 40 60 s0 100
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Figure 146 First-Stage Vane Gas Bending Stress versus Percent Span'

4C
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NOT ACTUAL FLOW AREA 56,309 IN
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PIP0 0.7

xIB

as _____

GA'

A P/0

0.0C
M2

1.5

IA :ý/o 0.39"

1.1X 1.7

1.1

A/ G1.20. -

Figure 148 First-Stage Vane, Root Section j
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t02

0.6__ _ _

M2 - 0.851
AP/O - 0.348

"MMAX. ~

0.4

0.20

A/AG 1.4

0002040.6 0.9 ?.0

Figure 149 First-Stage Vane, V4 Root Section

MAen mo. 125

UNCLASSIFIED



UNCLASSIFIED

0.a

P/P0

0.6

0.1

0.4

A PIG

0.2

0.0
M2

M 0.832

APIo - 0.322

M MAX =1.0115

A/AG IA~______

0.0 0.2 OA4 0.6 0.8 0

x's

Figure IS0 First-Stage Vane, Mean Section
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01-

PIP0

0.6

OA

OAPI

0.2

0.0 __ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _I

M 2

ml .0.339

M2 - 0.79

JP/O - 0.316

MMAX'-0.960

A/A 0 1.4

0.0 0.2 0.0604 .

Figure IS5I First-Stage Vane, 1/4 Tip Section
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0.80

Apia - 0338

MMAX -0.908

OAR

OA

M2

to000. . 0.6 0.8 1.0

WeS

Figure 152 First-Stage Vane, Tip Section
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UNCLASSIFIED

FOIL WEIGHT 0.0523 LB/FOIL
SHROUD WEIGHT 0.0110 LB/FOIL
TOTAL WEIGHT 0.0633 LB/FOIL
NO. OF FOILS 106
p 0.286 LB/IN

3

WEIGHT (ALL FOILS)' 6.710 LBS

S10 .6 1 5 D E F IN IN G T IP
SECTION G-G

10.395 10.175 SECTION E-E

TIP FILLET

9.90625 DEFINING %,TIP

SECTION 0-0

* 0.0326

9.1975 DEFINING MEAN

SECTION C-C

8A8875 DEFINING %, ROOT

SECTION 6

ROOT FILLET

I 7.78 DEFINING ROOT
7.827 0.717. SECTION F-F

Figure 153 First-Stage Blade Elevation

PAu No. 129
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UNCLASSIFI ED

LE. RADIUS 0.0200 T.E. RADIUS 0.0100
FOIL INLET ANGLE 50.06 FOIL EXIT ANGLE 31.99

ILE. WEDGE ANIGLE I 20.08 T.E. WEDGE ANGLE 4.96
UNCOVERED TURN 16.55 GAGING ANGLE 3197
NUMBER OF FOILS 106 DIAMETER HOT 15.660
PITCH HOT 0.4612 GAGING HOT 0.2510
AXIAL WIDTH 0.7176 METAL AREA 0.0687
RAO. REF. POINT X .03464 RAD. REF. POINT Y 0.2510
C.G. POINT X .03464 C.G. POINT Y 0.2610

Figure 154 Section F-F, First Blade Root. Cylindrical

Figure 155 Section F-F, First Blade Root, Planar
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UNCLASSIFIED

LE: RADIUS 0.0200 T.E. RADIUS 0.0100
FOIL INLET ANGLE 43.17 FOIL EXIT ANGLE 28.33
L.E. WEDGE ANGLE 17.56 T.E. WEDGE ANGLE 4.97
UNCOVERED TURN 16.78 GAGING ANGLE 27.16
NUMBER OF FOILS 106 DIAMETER NOT 16.977
PITCH HOT 0.5082 GAGING HOT 0.22970
AXIAL WIDTH 0.6996 METAL AREA 0.0701
RAD. REF. POINT X 0.3464 RAD. REF. POINT Y 0.2610-
C.G. POINT X 0.3447 C.G. POINT Y 0.2905

Figure 156 Section B-B, First Blade 1/4 Root, Cylindrical

Figure 157 Section B-B, First Blade V4 Root. Planar

AOtO131
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I UNCLASSIFIED

L.E. RADIUS 0.0200 T.E. RADIUS U.0100
FOIL INLET ANGLE 42.57 FOIL EXIT ANGLE 25.96
LE. WEDGE ANGLE 16.05 T.E. WEDGE ANGLE 4.97
UNCOVERED TURN W6.3 GAGING ANGLE 2IL30
NUMBER OF FOILS 106 DIAMETER HOT 19.39
PITCH HOT 0.5452 GAGING HOT 0.2416
AXIAL WIDTH 0.6816 .METAL AREA 0.0710
RAD. REF. POINT X 0.3464 RAD. REF. POINT Y 0.2610
C.G. POINT X 0.3524 C.G. POINT Y 0.3200

Figure 158 Section C-C, First Blade Mean, Cylindrical

Figure 159 Section C-C. Fint Blade Mew. Nowu

PAN.13 2
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UNCLASSIFIED,

LE . RADIUS 0.0200 T.E. RADIUS 000

FOIL INLET ANGLE 80.49 FOIL EXIT ANGLE 28.89

LE. WEDGE ANGLE 15.03 T.E. WEDGE ANGLE 7.99

UNCOVERED TURN 14.94 GAGING ANGLE 27.65

NUMBER OF FOILS 106 DIAMETER NOT 21.230

PITCH4 HOT 0.6292 GAGING NOT 0a2920

AXIAL WIDTH 0.6466 METAL AREA 0.0566

RAD. REF. POINT X 0.3464 RAD. REF. POINT Y 0.2610

C. G. POINT X 0.3765 C.G. POINT Y 0.3790

Figure 160 Section G-G, First Blade Tip, Cylindrical

Figure 161 Section G-G, Fitst Blade Tip, Planar

P&..wo. 133
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UNCLASSIFIED

L.E. RADIUS 0.0200 T.E. RADIUS 0.0100
FOIL INLET ANGLE 4456 FOIL EXIT ANGLE 26.13
L.E. WEDGE ANGLE 15.05 T.E. WEDGE ANGLE 6.47
UNCOVERED TURN 14.07 GAGING ANGLE 25.55
NUMBER OF FOILS 106 DIAMETER HOT 19.813
PITCH HO0T 0.5872 GAGING HOT 0.2533
AXIAL WIDTH 0.6636 METAL AREA 0.0660
RAO. RIEF. POINT X 0.3464 RAO. REF. POINT Y 21
C.G. POINT X 0.3590 C.G. POINT Y 0.3495

Figure 162 Section D-D. First Blade 1/4 Tip. Cylindrical

Figure 163 Section D-D, First Blade 'I.Tip, Planar

Pam "o. 134
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HOT ACTUAL FLOW ARtE A 72602 414

SM +12
4C
La +10
4C

I z8

C6 +4
<.*-CLO SE +2 OPEN

! I I I I I
6 -4 2 +2 +4 46

DEGREES / 2 ROTATION

-4

-6

-12

14 L

Figure 164 First-Stage Blade Flow Area VersusRotation

1.00

U)
UA 0.0,#-OTATION_-

W 0.8C

S0.60 L--JJ
1- -.40PRETWIST IS POSITIVE

COUN WERCLOCKWISE

* tO.20

0 10 20 30 40 50 60 70 so 90 100
PERCENT LENGTH

Figure 165 First-Stage Blade Pretwist Versus Percent Length
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CNITION: SEA LEVEL TAKE-OFF STANDARD DAY
AAU~tSTED TO RIG CONDITIONS

TT 350 R

40 ~Wo - 63.9 LBI/SE .C

RPM - 7061.

p. .2116 LB/IN
3 ,

NOTE: ALL STRESSES ACTING Ar
FOIL LEADING EDGE EXCEPT
NET BENDING STRESS WHICH4

30 -IS CONVEX.

TORQUE - 231.7 IN-LS/FOIL
GAS AXIAL LOAD - 19.64 LB/FOIL

SENDINGTANGENTIAL LOAD - 25.19 LB/FOIL

BENDINNMEN

PERCENTI SPAN

PA NC. O3

UNCLASSIFIED
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&P'O - 0.350

0.8-

PIP0

0.A- . ___ ___

0.41 _____ _______ _______ _______ ______

X/8

0.6 ~- _ _ _ _______

0.4

lipI ......... -...-

0.2______ _

1.4

VAGA 1.2

.00.0 0.2 0. .60A .

Filpiie 167 First-Stage Blade, Root Section

waw.137
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i.0

0.6 
_ _ _

0.4

APMO

0.0 
_ __ _

0 _ _ __ _ _ __ _ _ M2 _ _ _

1.5

0.0 050
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UNCLASSIFIED

1.0 r------- - -- _ _ _ - _ _ _ _ _ _ _ _ _

0.8

,06

0.40...
XIs

0.6

0.4

"a P/i

0.2

0.01
M2

1.8

M - 0.463
M. - 0.966

AP/0 - 0.317
MMAX 1.055

A/AG 1.4

1.0
0.0 0!2 0.4 0.6 0.8 1.0

X/s

Figure 169 First-Stage Blade, Mean Section
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UNCLASSIFIED
1.0

08

P/P0

0.4 ------_________ _______ _______ _______

x/8

0.6 _ _____ _

'I P/0

0.2

M2

2.0 _______

- 0.350

- 0.818

1.60 - .- 4

AlMAX

I A

1.2

1.0 _______ _______ ______ ______

0.0 0.2 OA 0.6.81.

Wes

Figure 170 First-Stage Blade, 1/4 Tip Sec.tion
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1.0_______ ______ _

PIP0

0.6______

0.41
x/B

0.6

0.2

2.8 - 0.279

Aim 2 . 0.8m

MMAX~ 1.026

AIAG 1.8

1.0 _______ _______ ______

0.0 0.2 04 0.6 0.8 1.0

*~xim

Figure 171 Fiui1-V ,Dskacrip Sec-tin

MTe reverse of this pape is blank.)
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UNCLASSIFIED

FOIL WEIGHT 0.1481 LB/FOIL

NO. OF FOILS 72

DENSITY p 0.297 LB/IN
3

MHOT DIMENSIONS) - TOTAL WEIGHT IALL FOILS1 10.666 LBS

11.30 DEFINING TIP
SECTION G-G

0.9.67 10.689 SECTION E'E

S~T

•10.3825 DEFINING 1/4 TIP

i• ~0.0490 -- m SECTION D-D

i " T
9.465 DEFINING MEAN

SECTION C-C

T
8.5475 DEFINING /. ROOT

!i1~ "SECTION 8-9

7.89 SECTION A-A

7.6902 T

7.63 DEFINING ROOT
SECTION F-F

Figure 172 Second-Stage Vane Elevation (Hot Dimensions?
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UNCLASSIFIED

LE. RADIUS 0.0200 TiE. RADIUS 0.0100
FOIL INLET ANGLE 46.89 FOIL EXIT ANGLE 36.50
L.E. WEDGE ANGLE 16.04 T.E. WEDGE ANGLE 4.98
UNCOVERED TURN 14.30 GAGING ANGLE 36.03
NUMBER OF FOILS 72 DIAMETER HOT 1&.260
PITCH HOT 0.6658 GAGING HOT 0.3917
AXIAL WIDTH 0.99m METAL AREA 0.1018
RAO. REF. POINT X 0.4700 RAO. REF. POINTYV 0.370
C.G. POINT X 0.4700 C.G. POINT Y 0.3703

Figure 173 Section F-F, Second Vane Root, Cylindrical

Figure 174 Section F-F, Second Vane Root, Planar

P.O.144
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UNCLASSIFIED

LA. RAODtJ 00200 L.E. RADIUS 0.0100

FOIL INLET ANGLE- 37.95 FOIL EXIT ANGLE 23.15
LIE. WEDGE ANGLE 17.38 TIE. WEDGE ANGLE 6.91
UNCOVERED TURN 1432 GAGING ANGLE 28.49
NUMBER OF FOILS 72 DIAMETER NOT 17.005
PITCH NOT 0.7469 GAGING HOT 0.3558
AXIAL VIDTH 1.0275 METAL AREA 0.1363
RAD. REF. POINT X 0.4700 RAD.REF.POINT Y 0.3703

*C.G. POINT X 0.4766 C.G. POINT Y 0.4218

Figure 175 Section B-B, Second Vane '/4 Root, Cylindrical

Figur 176 Section B-11, Second Vane V4 Root, Planar

PU4.14S

UNCLASSIFIED
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4 UNCLASSIFIED'

I.E. RADIUS 0.0200 T.E. RADIUS 0.0100
FOIL INLET ANGLE 44.21 FOIL EXIT ANGLE 25.50
L.E. WEDGE ANGLE 19.96 T.E. WEDGE ANGLE 6.94

UNCOVERED TURN 16.63 GAGING ANGLE 25.95
NUMBER OF FOILS 72 DIAMETER HO4T 18.930
PITCH 0.2260 GAGING HO 1 0.3614

AXIAL WIDTH . 1.0570 METAL AHEA 0,1590

SAO. REF. POINT X 0.4700 RAD. REF. POINT V 0.3703

C.G. POINT X 0.4955 P.G. POINT Y 0.4212

Figure 177 Section C-C, Second Vane Mean, Cylindrical

Figure 178 Section C-C, Second Vane Mean, Planar

PASN.146
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UNCLASSIFIED

L.E. RADIUS 0.0200 T.E. RADIUS 0.0100
FOOL INLET ANGLE 61.68 FOIL EXIT ANGLE 24.01
L.E. WEDGE ANGLE 20.01 T.E. WEDGE ANGLE am
UNCOVERED TURN 14.02 GAGING ANGLE 24.88
NUMBER OF FOILS 72 DIAMETER HOT 20.765
PI TCH NOT 0.9060 GAGING NOT 0.3306
AXIAL WIDTH 1.0888 METAL AREA 0.1566
RAO. REF. POINT X 0.4700 RAD. REF. POINT Y 3.3703
C.G. POINT X 0.6035 C.G. POINT Y 0.3910

Figure 179 Section D-D. Second Vane 1/4 Tip. Cylindrical

Figure 180 Section D-D, Second Vane V4 Tip, Planaw

t PA NO.147
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UNCLASSIFIED

L.E. RADIUS 0.0200 T.E. RADIUS 0.0100
FOIL INLET ANGLE 00.70 FOIL EXIT ANGLE 26*6
L.E. WEDGE ANGLE 20.06 T.E. WEDGE ANGLE S.98
UNCOVERED TURN 13.60 GAGING ANGLE 2625
NUMBER OF FOILS 72 DIAMETER HOT 22.600PITCH HOT 0.9661 GAGING HOT 0.4454
AXIAL WIDTH 1.1160 METAL AREA 0.1525
HAD. REF. POINT X 0.4700 RAD. REF. POINT Y 0.3703
C.G. POINT X 0.5141 C.G. POINT Y 0.3551

Figure 181 Section G-G, Second Vane Tip, Cylindrical

Figure 182 Section G-G, Second Vane Tip, Planar

P~sto 148
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w& 114

H4OT ACTUAL FLOW AREA -96.102114
+12

w+8

+4 +4

CLOSE +2 - OPEN

46 .4 .2 -2 +4 +6

DEGREES -2 ROTATION
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-10

-12
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* 16

Figure 183 Second-Stage Vane Flow Area Versus Rotation
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108

0.7

0.4.5

0.6

0.4

""0.

1.4

1.4

00020.4 0.6 0.8 1.0

X/8

Figure 185 Second-Stage Vane, Root Section
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0.6

0.1

0.4

A KI -----

0.2

0.0
m 2

A/AG1.

1.01
0.0 0.2 O . I .

XIS

Figure 186 Second-Stage Vane, '/4 Root Section

9AU@151

UNCLASSIFIED



UNCLASSIFIED

iC

I 0 4

X/s

0.2

1.01

A'A0 1

0.0 0.2 0.A 0.6 0.8 1.0

X/8

Figurc 18~7 Second-Stage Vane, Mean Section
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1.0

Ml 0.38 t

02 M M2 , 0.843

"-P/0 0.375
M MAX 1.072

PIPo

0.

0.6

0.4.

0.2

0.0
M2

A/AG 1.4

0.0 0.2 0.4 0 A6 to1.

X/B

Figur, 188 Second-Stage Vane, 1/4 Tip Section
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PIP 0  

P0 .6

0.4

0.6

0.0

0.2

A/A0 1.

0.0 0.2 0.4 0.60. 1.0

Figure 189 Second-Stage Vane. Tip Section
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UNCLASSIFIED

IHOT DIMENSIONSI

S0A647ýi

it511"7R DEFINING TIP

SECTION G-G
' 11.583

NO OF FOILS 118 .
FOIL DENSITY 0.286 L81IN 3  

11.378"R TIP FILLET
FOIL WEIGHT 0.064 LO/FOIL SECTION E-E
SHROUD WEIGHT 00087 15FOIL
TOTAL FOIL WEIGHT 0.0127 La/FOIL
WEIGHT IALL FOILSI 8.5786'LBS

10.725"R DEFINING '. TIP
SECTION D-0

9.655"R DEFINING MEAN
SECTION C-C

it

8.585"R DEFINING i ROOT
SECTION 8-8

775"R ROOD FILLET

"07874 - SECTION A-A

7.515"R DEFINING ROOT"J SECTION F-F

Figure 190 Second-Stap: Blade Elevation (Htot D)imensions)
Ut

i • ,•o155
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UNCLASSIFIED

LE. RADIUS.01 75 T.E RADIUS .1
FOIL INLET ANGLE 56.25 FOIL EXIT ANGLE 42.11
L-E. WEDGE ANGLE 15.10 T.E. WEDGE ANGLE 5.50
UNCOVERED TURN 16.79 GAGING ANGLE 43.60
NUMBER OF FOILS 118 DIAME TER HOT 15.030

PITCH HOT 0.A002 GAGING HOT 0.2760
AXIAL WIDTH 0.7880 METAL AREA 0.0607 -
RAO. REF. POINT X 0.36415 RAD. REF. POINTY 0.1620O
C.G. POINT X 0.3846 C. G. POINT Y 0.1620

Figure 191 Section F-F. Second Blade Root, Cylindrical

0000"

Figure 192 Section F-F. Second Blade Root. Planar
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LAE. RADIUS 6.0170 T.E. RADIUS 0.0100
FOIL INLET ANGLE 45.29 F-OIL EXIT ANGLE 34.32
LE. WEDGE ANGLE 20L02 T.E. WEDGE ANGLE 5.97
UNCOVERED TURN 18.1 GAGING ANGLE 311,74
NUSER OF FOOLS 118 DIAMETER NOT 1717(0)
PITCH HOT M4671 GAGING HO0T O36SS
AXIAL. WIDTH 0.7410 METAL AREA GI'
PAD. REF. POINT X O.3U5 HAD. REF. POINT Y 00; 1
C.O. POINT X 0.3749 CQ G. POINT Y O

Figure 193 Section B-B. SeconJ Blade 'aRoot. C% lindnical

*Figure 194 Section B-B. Second Blade 'As Root, Planar
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L.E. RADIU~S 0,0165 T.E. RADIUS 0.0100

FOIL INLET ANGLE 43*6 FOIL EXIT ANGLE 30.23

LE. WkOGE ANGLE 20.03 T.E. WEOGE ANGLE 5.91
UNCOVERED TURN 15.75 GAGING ANGLE 30.31
NUMBER OF FOILS 116 DIAMETER HOT 19.310
PITCH HOT 0.5141 GAGING HOT 0.2595
AXIAL WIDTH 0.6940 METAL AREA 0.0543
RAO. REF. POINT X 0.384 RAD. REF. OINT V 0.1620
C. G. POINT X 0.3)36 C. G. POINT Y 0.2260

Figure 195 Section C-C. Second Blade Mean. Cylindrical

Figurfe 19 Sgction CC. SeeMOd W1ade Mean. Planar
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L.E. RADIUS 0.0160 T.E. RADIUS 0.0100
FOIL INLET ANGLE 52.62 FOIL EXIT ANGLE 26.95
L.E. WEDGE ANGLE 20.15 TE WEDGE ANGLE 5.98
UNCOVERED TURN 15.27 CAGING ANGLE 26.66
NUMBER OF FOILS 118 DIAMETER HOT 21 4A0
PITCH HOT 0.5711 GAGING HOT 0.2562
AXIAL WIDTH 0.6470 METAL AREA 0.0600
RAD. REF. POINT X 0.3845 RAD. REF. POINT Y 0.1620
C.A. POINT X 0.4121 C.G. POINT Y 0.2580

Figure 197 Section D-D. Second Blade ¼4 Tip. Cylindricll

Figure 198 Section D-D, Second Blade %/. Tip. Plamw

PAGENO. 159
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4

L.E. RADIUS 0.0155 T.E. RADIUS 0.0100
FOIL INLET ANGLE 71.60 FOIL EXIT ANGLE 26&73
L.E. WEDGE ANGLE 20.00 T.E. WEDGE ANGLE S 98
UNCOVERED TURN 14.62 GAGING ANGLE 26.72
NUMBER OF FOILS 118 DIAMETER HOT 23.59
PITCH HOT 0.6281 GAGING HOT 0.2824
AXIAL WIDTH 0.6000 METAL AREA 0.0462
RAO.REF. POINT•X 0.3846 RAO. REF. POINT Y .0.1620
C.G. POINT X 0.4141 C.G. POINT Y 0.2900

Figure 199 Section G-G. Second Blade Tip, Cylindrical

Figure 200 Section G-G. Second Blade Tip, Planar
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OT ACTUAL FLOW AREA * 130.972

+ 12

+8

+6

CLOSE .2 -/ OPEN
1 .I I I * I I I

4 -4 2 .2 +4 .6

DEGREES .2 ROTATION

1 -4

-10

-12

Figure 201 Second-Stage. Blade. Flow Area Versus Rotation
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11 . '- _2__

ti- - ROTATION

di 
PRE1WIST IS POSITIVE

S0.. ... . COUNTE R-CLOCKWNISE

0 10 20 30 40 50 60 70 80 90 100

PERCENT LENGTH

.I02 Second-Stage Blade. Pretwist Versus Percent Length
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CONDITION- SEA LEVEL TAKE-OFF STANDARD
DAY ADJt$STEE' TU RIG CONDITIONS

0T TS oJI&OR &
WG 63.9 L6 'SEC

RPM 7061.

0 0.286 1RIN

NOTE AL L STRESSES ACTiNG AT
_________ _______ FOIL LEADING EDGE EXCEPT

NET BENDING STRESS

so _____-_ _ WICH .S CONVEX.

TORQUE 206.7 IN-LBFOIL
AXIAL LOAD 13.87 LB I`-OIL
TANGENTIAL LOAD 21.56 LB! FOIL

I- GAS
(A BENDIN,

20

CENTRFUGA SHROUD
MISALIGNMENT

SHROUD

PERCENT SPAN

Figure 203 Second-Stage Blade Stre%s
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0.7
* M =0.688

m2- 0.980

PMOaP/O 0.397

m MMAX 1 .270

0.6

0.3

0.6

0.4-

0.2 2

A/AG 1.1

0.81.

Figure 204 Second-Stage, Blade. Root Section
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0.6 091

0.4 034

0.4

A P/0

0.2

M2

1.0
OAo 0.2 0.4 0.6 0.6 .

X/S

Figure 206 Second-Stage Blade, Mean Section
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0.8 _ _

0.60

0. 0.347____

AP/O -0.361

M MAX 1.111

XIS

0.6

0.4 _____ _

0.2

0.0

1A

1.2

000.2 0. s0. .

Figure 207 Second-Stage Blade, V4 Tip Section
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APPENDIX V

* EXIT GUIDE VANE CALCULATIONS

A. THE DETERMINATION OF THE EGV EXIT MACH NUMBER

(U) From the equat-on of conservation of mass, mii. rin1 we find that

p.V.,Acos30. = p1VA~cos(

(U) using the gas law, p p RT, and noting that 0,0, the above equation becomes

A. Vj A,~ -V
T. T.i Aco3

V(U) From the definition of Mach number, M = - we find that

-.A M. A cosl31
VT:'VIT?

(U) Using the steady-f low energy equation,

T 2

and the isentropic relationship,
k

(.T)I*

and by nioting for an adiabatic cascade, T.. T01 we find that

M.I MA. ., M+ MA, cosp,

(U) Setting P.. p. 1 which increases the exit density, thereby decreasing the exit velocity and
oonucquentty inicreasing diffusion, yields, finally,

AG @.169
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A i ' M 2

M= M-• cos • 4 $] M;

(U) For subsonic flow, M. can be determined iteratively by setting a first guess at M equal to
zero and by using the above equation and the method of successive substitutions.

8. THE RELATIONSHIP BETWEEN THE ACTUAL CHORD AND THE AXAL CHORD
FOR A CIRCULAR ARC AIRFOIL WITH AXIAL OUTFLOW

(U) ,The geometry necessary to solve the problem is shown in :he following figure:

R RCOS S3

INFLOW R

'OUTFLOW

b - RSIN~i

PAG, NO. 170
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I4
(U) b is found, from the Pythagorian theorem, to be

RI (1 cosli.)2 + R2 sin2 0, R 1(11 2 cos 0, + cos2 
9,1 + sin2

-2R
2 (I rosj 0d, therefore,

(U) Since b,= R sin 0,, it follows thtij

b z 2 '

b ~+ Cos 0.

(U) This derivation is based on the assumptions that no incidence or deviation exist.

C., CURVE FIT OF ZPVERSUS D

(U) Figure 149 (a), page 205 of Reference (6) gives compressor cascade loss (Z) versus diffusion
factor (Of). A simple, but accurate, fit for this data turns out to be three (3) linear segments.
The end points for the three lines are,

0) 0.00M

0.4) 0.010

Z (0.6) =0.020

~U) The qeneral form of the equation ýs,

(u) The necsearv cow, - =t *)Howonq table:

00125 0 < D<0.4

00500 0.4 <OD 0.6

~ o171
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0. THE CALCULATION OF THE TOTAL PRESSuRE PROFILE LOSS, (Ap.IP.),.
FROM THE PROFILE-LOSS PAAETE, ZP

(U) Z~ is defined as

2

2) COs Pi

which for axial outflow, reduces to

Zo 2 acos2 P,

or

U,2 prZ cos2 
P

where P0 oi-Poep (AP0

- - 01 -Poep P01  'p., P

U P, i p 1  1 Pi pi

PO,

(U) Using the steady-flow energy equation,

Tl It -1
1 1+ - M2

2

and the isentropic relationship,

P i r k -

sPAGe mo. 172
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we find that, after some rearrangement,

k

1+ k 1 k-I

(U) Substituting the expression for Zp, determined before, we finally find that
k

k-Ik
k i

1 + M2~

p. (2
o p0  ---___

PP

E. INCLUSION OF THE END WALL LOSSES

(U} The total loss may be looked upon as the sum of the profile and end losses, such that

(Apo.N +O(L. 7
P U LPo A SIFl

(U) Which may be rewritten as

P . Po0 ,.___

P. 1Po
(U) Since the cascade is lightly loaded, we may assume that little channel crosflow will occur

on the end walls ah~d, to a good degree of accuracy, the loss mechanisms may be assumed
the same on the end wells as on the average of the airfoil surfaces. This is the same as saying
that the end wall-lowBto-profile-loss ratio is the some as the wetted-wall-surface-area-to-air,

foill-surface-area-ratio. It follows then, that

,.ec No. 173•!
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"Po., A.011 2Tbz 1 1
- l a - = -- = 8( p. 2hb hb AR

(U) Therefore,

P. P p IA

F. EGV Ap./p. AS A STAGNATION EFFICIENCY PENALTY

(U) For the purposes of this Appendix, only, define the turbine first vane inlet as station one (1),
the turbine second blade exit as station two (2), and the EGV exit as station three (3). The
i.'erall efficiency is

&To

VTT-T k--I

k

"1-pol

(U) The total pressure ratio in the denominator may be rearranged into a more useful form

p03 P02 P03 )0 PPo,1 Pot P02 Pat P.

p p - p p
2 - is the EGV total pressure loss.where- Po Po02 Po,

(U) Thes total pressures are defined as mass-averaged values, at their respective axial locations.

PAas wo. 174
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(U) Therfore. AT0

T0

"T-Tk I k -I

Lk

(U) The efficiency which will be measured in the test stand, 7T.T MEASURED's

AT.

To
17T-T MEASUJRED k - i

(U) Combining the expressions for 1'T.T and 'T1TT MEASURED we find,
k-I

( It I

where at the design point the pressure ratio is set at the design value so that the above ex-
pression may be evaluated for various A p./p0 's. Finally then,

k-1
k

71 TPR -

'.TTMEASURED k-I
k- I k

(The reverse of this page is blank.)
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T lOW(r R DEFINING TIP SECTION G-G

996'R - -9.72" R TIP FILLET SECTION E-E

9.619W R DEFINING ~4TIP SECTION 0-0

O.22i ~ ~ 8.93mI 65R DEFINING MEANOO SECTION C-8

8.257 R DEFINING MEAN SECTION CC0

-=7.725" R ROOT FILLET SECTION A-A

7.7"RDEFINING ROOT SECTION F-F

ELEVATION AND SECTION LOCATION

Figure 209 Medium Reaction, Low Solidity, First-Stage Vane
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#0

&40

9 10 1

Flow S b Low Soliity, Firnt-Stage Vane - Gaging Distinbution
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"a OFOPOILS 4
DIAMETER - NOT 1.5
PITC14 - NOT 6.S104
GAGING - HOT 0.44W4
AXIAL WIDTH 0.7w.
METAL AREA 0.0534 IN.2

STACKING POINT JN NL' Z~

GAS EXIT ANGLE Le

LES. 5AI* 0.03
FOIL INLET ANGLE 64.16
GAS INLET ANGLE 64.10 8 5O

Figure 211 Medium Reaction, Low Solidity, First-Stage Vane, Root (F-F) Section

1.0

0.9 E I-.4

0.8

0.7

PIPT

0.6

0.6

0.3
0.0 0.2 0.4 0.6 0.8 1.0

AIRFOIL SURFACE PRESSURE DISTRIBUTION

Figure 212 Medium Reaction, Low Solidity, First-Stage Vane Root
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NO, Of POILS IS
DIAMETER .SU
PITCH - HOT 1.08r,
GAGING - 10; 0.45116"
AXIAL WIDTH 0.6013"
MWETAL AREA 0. 1102 IN.2 T..ADU006

GAG0ING ANGLE 24.70P
FIOIL EXIT ANGLE 24.e

// -fOPIN GAS Er1TANGLE 2460
XC - 0.3027 Y - 0.5739-

L.E. RADIUS .3W
FOIL INLET ANGLE 61.70 e 250
GAS INLET ANGLE 61.70

NIL 1.10

Figure 213 Medium Reaction, Low Solidity, First-stage Vane /4Root (B-B) Section

1.0

0.8.89

0.

0.4
0.0 0.2 0.4 0.6 0.8 1.0

AIRFOIL SURFACE PRIESSURE DISTRISU fION

Figure 214 Medium Reaction, Low Solidity, First-Stage Vane Y4 Root
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NO. OF FOILS 43
DIAMETER - HOT 17,871 a
PITC?' - HOT 1.16W
GAGING - HOT 0.4607"
AXIAL WIDTH 0.8375"
METAL AREA 0.1328 IN.

2  
T.E. RADIUS 0.o1r'

GAGING ANGLE 22.f
FOIL EXIT ANGLE 22.1

STACKING POINT GAS EXIT ANGLE zte

X -. 3927 Y - 0.5738

LL RA•IUS 0." A 0W.o0
FOIL INLET ANGLE W6.52
GAS INLET ANGLE SW.5° . B2 7.0

r" 1&12e°

HIL 1.21141

Figure 215 Medium Reaction, Low Solidity, First-Stage Vane Mean (C-C)Section

1.0

0.9

0.8.83N SPIQDEs -0.449

PlPT 0.7 !

0.6

0.5

0.4
0.0 0.2 0.4 0.6 0.8 1.0

AIRFOIL SURFACE PRESSURE DISTRIBUTION

Figure 216 Medium Reaction, Low Solidity, First-Stage Vane Mean
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NO. OF FOILS 46
DIAMETER - HOT 10.241
PITCH-HNOT 1.2W.

AXIAL WIOT64 0 .874"
METAL AREA 0.1601 IN.

T.E. RADIUS 0.01(r
GAGING ANGLE 2.6

STCIG ON FOIL EXIT ANGLE 20.4e
GAS EXIT ANGLE 20.4?*

K 0.3W27 Y-0.573S

POOnL INLIET ANGLE 50.3"
GASM"ANG? We~t * 17.291

&Figure 217 Medium Reaction, Low Solidity, First-Stage Vane 1/4 Tip (D-D) Section

0.0

0.8

0.7 _____________ _

0.6_______

0.4 -j ,--

0.0 0.2 0.4 0.6 0.8 1.0

* AIRFOIL SURFACE PRESSURE DISTRIBUTION

Figure 218 Medium Reaction, Low Solidity, F-irst-Stage Vane V4 Tip
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I.E. RADIUS 
0.910

GAXITGANGLE
No. Of FOILS 48 FOIL EI NL

DIAMETER - O . .GASGEING 
ANGLE .2

PI~'-HOT 
1 

GAS2XT AGL

GAGING - HOT 0.43 2

AXIAL WIDTH 19¶24 IN.
METAL AREA 0

STACKING POINT

X -0.3927 Y O .5736

25.0'*

LE. RADIUS 0.4"H/L 
1.39

FOIL INLET ANGLE 15

GaS INLET ANGLE 81.66

FiguIre 219 Medium Reaction, Low Solidity, ~rtSaeVn i GG eto

IV0

0,9

0.0 
.

0.0 0.2AIRFOIL SURFACE PRESSURE DISTRIBUTION

Figlie 220 Medium Reaction, Low Solidity, First.Stage Vane Tip
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10,81 R DEFINING TIP SECTION G-G

10.35" R TIP F ILLE T SECTION E-E

9,9919" R DEFINING Y. TIP SECTION D-D

0.058*' 9.1738" R DEFINING MEAN SECTION C-C

8.355&' R DEFINING AROOT SECTION S-B

7.WI ROOT FILLET SECTION A-A.

0.9~ 7.5375' R DEFINING ROOT SECTION F-F

ELEVATION AND SECTION LOCATION

Figure 221 Medium Reaction, Low Solidity, First-Stage Blade

0.32

0.30 --

Q 0.28

026

0.2

0.22-

7 9 10 11
RADIUS -INCHES

Figure 222 Medium Reaction, Low Solidity, First-Stage BMade - Gagins Distribution
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42

SHlL 0.426

STCKING POINT

LLE RASMUS 0.02r
POIL INLET ANGLE 27.36
GaS oft" ANGLE SY."

NIX Of #40ILS so
DIAMETER - HOT1'15,01
PITCH - HlOT 0.5k26w T.E. RADIUS 0.010"
GAGING - HlOT 0.22454" GAGING ANGLE 25.25*
AXIAL WIDTH 0.5114" MIlL EXIT ANGLE 24.66
METAL AREA 0.07078 IN.2  GAS EXIT AN4GLE 2&6e

Figure 223 Medium Reaction, Low Solidity, First-Stage Blade Root (F-F) Section

0.9J

0.8 1

1PPT 0.7

0.6 ______

0.5

0.4
0.0 0.2 0.4 0.6 0.3 1.0

AIff. 31L SURFACE PRESSURE DISTRIBUTION

Figure 224 Medium Reaction, Low Solidity, First-Stage Blade Root
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T' , " AD.I
G AGIN ANGE2t

N/L OASIS

L .E. RADIUS 0.0210FI XI NL 4"*

.9 GAS INLET ANGLE 3R.70-

STACKING POINT

M~ OF PORSIS

GDINGA-Nf &'i

DIAMTEK -NOT171

AXIAL ISDTK4 0.511V
MIETAL AREA 0.0642 ON.

2

Figure 225 Medium Reaction, Low Solidity, First-Stage Blade 1/4 Root (B1-B) Section
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Figure 226 Medium Reaction, Low Solidity, First-Stage Blade V4 Root
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LU. RADIUS SAW
POOL INLET ANGLE U 94
GaS INLE ANGLE =1.S

STACKING POINT T.'E. RADIUS I~

X 0.29W3 Y -0.31137 GAGING ANGLE 2A
FOIL EXIT ANGLE 2uAe
GASI EXIT ANGLE 211me

NO.O or L felt -0
09AMIETER - HOT 16.3474"
NYTC:. - HOT 0.64w,5

"GaIN - HOT 0.2984W
AXIAL WIDTH 0.5611
METAL AREA 0.0601156 IN.?

Figure 227 Medium Reaction, Low Solidity, First-Stage Blade Mean (C-C) Section
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AIRFOIL SURFACE PRESSURE DISTRIBUTION

Figure 228 Medium Reaction, Low Solidity, First-Stage Blade Mean
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r
LE. RADIIIS 0.020" HI
FOIL INLET ANGLE 36 8"
GAS INLET ANGLE IS?9

STACKING POINT37

NO. OF FOILS 90
DIAMETER - HOT 19.155"
PITCH - HOT GASS
"GGina - NeOT m T.E. RADIUS 0.81v"
AXIAL WAOTH 1*583 2 GAGING ANGLE A 24.31"
METAL AREA 0.0664 IN. FOIL EXIT ANGLE 24.4

GAS EXIT ANGLE 24.66e

Figure 229 Medium Reaction, Low Solidity, First-Stage Blade 1/4 Tip (D-D) Section
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AIRFOIL SURFACE PRESSURE DISTRIBUTION

Figure 230 Medium Reaction, Low Sofidity, First-Stage Blade Yg rip 1
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LE. RADIUS 0.02tr
FOIL INLET ANGLE 46.3 /L
GAS INLET ANGLE 46.n 1.1

ST~IN OITT.E. RADIUS SA0W

'FGAS EXITANGLE 2I

PITCH - FO .57
GAGING - NOT 0.3068"
AXIAL WIDTH 0.636
METAL AREA 0.062v IN.2

Figure 231 Medium Reaction, Low Solidity, FirstStgBldTi(G) Seton
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Figure 232 Medium Reation, Low Solidity, First-Stage Blade Tip
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~ ~.rcsIiIAW' DEFINI4G TIP SECTION G-G

1086"TIP FILLET SECTION E-E

10.4588" DEFININGX' TIP SECTION 0-0

0. 1941*

9.4725" DEFINING MEAN SECTION C-C

8.4863" DEFINING 1~ROOT SECTION 9-6

:j:.6- OOT FILLET SECTION A-A-4 7.60"DEFINING ROOT SECTION F-F

ELEVATION AND SECTION LOCATION

*Figure 233 Medium Reaction, Low Solidity, Second-Stage Vane
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* RADIUS-INCHES

Figure 234: Medium Reaction, Low Solidity, Second-Stage Vane - Gaging Distribution
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ND.OF POILS a
DIAMETER - NOT 1pb.U.

"P1CM - NOT 0.01

GAGING - HOT 0.23m,
AXIAL MOT"1 0.133"

METAL AREA 0.0114111111.
2

TýEý. RADIUS 0.010"

STACKING POINT GAGING ANGLE 20.00

X -0.4439 Y -0.4101 /FOIL EXIT ANGLE 30.574
GAS EXIT ANGLE 30S5?*

20.6'
L.E. RADIUS 0.020-
FOIL INLET ANGLE 37.2e
GAS INLET ANGLE 372e NIL 0.631S

Figure 235 Medium Reaction, Low Solidity, Second-Stage Vane Root (F-F) Section
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AIRFOIL SURFACE PRESSURE DISTRIBUTION

Figure 236 Medium Reaction, Low Solidity, Second-Stage Vane Root
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NO. OF FOOLS 42I
DIAMETER - HOT 1E.9721
PITCH - HOT 0.11W,
GAGING - "OT 0.3914" T.E. RADIUS 0o101
AXIAL WIDTH 0.66 GAGING ANGLE 27.07
METAL AREA 0.1047 IN.

2  FOILEXITANGLE 27.1X

GAS EXIT ANGLE 27.167°

STACKING 2 MINT um R Roo ( S io,

X 0.41497 - 0.4410 20.0o

0.82

L.E. RADIUS 0.0225" rFOIL INLET AN;GLE " 42.1°
Ga" INLET ANGLE 4X.10 H/L 0.61126

Figure 237 Medium Reaction, Low Solidity, Second-Stage Vane ¼/ Root (B-8) Section

0.9

0. M EXITý0.92 '

0.7A P/O DEs-0.467
P/PT

0.5
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0.3
0.0 0.2 0.4 0.6 0.8 1.0

AIRFOIL SURFACE PRESSURE DISTRIBUTION

Figure 238 Medium Reaction, Low Solidity, Second-Stage Vane V' Root
i
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DIAMETER - NOT WOW4

PITCH - JIOT 10I

GAGING - HOT 0.4019"
AXIAL WIDTH GUI"81
METAL AREA 0.1209 IN.2

T.E. RADIUS 8.01v"STACKING POINT GAIL AGE 4

GAS EIT .NGLE 24.75

FOIL INLE ANGLE 80.5

GAS INLET ANGLE 60.5

Figure 239 Medium Reaction, Low Solidity, Second-Stage Vane Mean (C-C) Section
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AIRFOIL SURFACE PRESSURE DISTRIBUTION

Figure 240 Medium Reaction, Low Solidity, Second-Stage Vane Mean
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ko. Cr FOlLS 62

DIAN nER - HOT 20.I•t7"
PITCH - HOT 1.06599 T.E. RADIUS 0.01f"
GAGING - 0O" o.,2I GAG.NGANGLE HT72"
AXIAL WIDTH 0.9006" FOIL EXIT ANGLE 23.6e
METAL AREA 0.1300 IN.2  GAS EXIT ANGLE 23.e

STACKING POINT ET

X - 0.41436 Y - 0.44106 6.50

L.E. RAOIUS 0.027r" 15.20P
FOIL INLET ANGLE S7.4° 0

GAS INLET ANGLE 5740 HIL 1.013

Figure 241 Medium Reaction, Low Solidity, Second-Stage Vane 1/4 Tip (D-D) Section
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AIRFOIL SURFACE PRESSURE DISTRIBUTION

Figure 242 Medium Reaction, Low Solidity, Second-Stage Vane % Tip
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NO. OF FOILS a2

DIAMETER - HOT 22.99"

PITCH - HOT 1.i6.V
GAGING - HOT 0.4463"

AXIAL WIDTH 0.93"

METAL AREA 0.147 IN.
2

STACKING POINT
T.E. RADIUS 081w,

X - 0.41436 Y -0.4i10 GAGING ANGLE 213P
FOIL EXII ANGLE 22.67*

GAS EXIT ANGLE 22.57"

LU. RADIUS 6.030 I. 20.?

FOOL INLET ANGLE 4.940 2 &os

GAS INLET ANGLE 61.94 2
I' 13.476e

HIL 1.175

Figure 243 Medium Reaction, Low Solidity, Second-Stage Vane Tip (H-tl) Section
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Figure 244 Medium Reaction. Low Solidity, Second-Stage Vane Tip
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TABLE XVIII
FIRST STAGE VANE

Section F.F: AT R 7.57503

Percent X Y ((ircle) Y t(Crck)e
X (Top) (Bot)

.00 .0060M) .83806 82424 .78218 .82424
.01 .00765 .8446H8 84415 .78548 X8934
.02 .01530 .85074 .78845 .79825
.03 .02295 .85626 .79108 .79530
.04 .(3060 .86128 .79336 .79453
.05 .03825 .86581 .79530
.10 .07650 .88181 .79967
.15 .11475 .88803 .795I10
.20 .15300 .88576 .78179
.25 .19125 .87588 .764032
.30 .22950 .85900 .73152
.35 .26775 .83553 69635
.40 .30600 .80574 .65575
.45 .34425 .76977 .61060
.50 .38250 .72768 .56166
.55 .42075 .67938 50960
.60 .45900 .62478 .45495
.,65 .49725 .56396 .39814

.70 .53550 .49721 .33954
9.75 .57375 .42499 .27943

.80 .61200 .34787 .21806
, .85 n6t025 .26645 .R15562.90 .68850 .1I8131 .09226

.95 .72675 .09300 .02812

.98 .74970 .03869 -.01070 -.008149

.99 .75735 .02039 -.02369 -.(10973
! .00 .76500 .00, 99 -.00000 -.03670 -.O00000

LI" Center (.02973. .82424) R = .02973

TE Center (.75500, ..00000) R =.01000

(Center of Gravity (.39272. .57391)
Radial Reference (.39272. .57391)

Gaging" .44537

Nose Point (.00435, .80877)

Tail Point (.75938. -. 00900)

LE Tangency Points Top I.01127, .84755) Bottom 4.03310. .79471)
TI': Tangency Points Top (.76423. .00384) Bottom (.74639. -00510W

Inlet Angle = 67.55274
Exit Angle 26.58656 I

No. of Blade%. 48Pitch = .99157

Tolerance - -.00000
G;aging =.44537

Uncovered Turning 16.10159
Gaging Angle =, 26.68948

Area -. 09348
Axial Chord - .76500 " :

PASSe NO. 195

UNCLASSIFIED
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TABLE XIX
FIRST STAGE VANE

Section A-A AT RI 7.72500

Percent X Y (Circle) Y (Circle)
X #Top) (1ot0

.00 -.01376 :83678 .82278 .77986 .82278
.01 -.00603 .84352 .84301 .78317 .80254
.02 .00170 .84975 .78618 .79634
.03 .(0)943 .85547 .78886 .79329
.04 .01716 .86072 .79123 .79244
.05 .02489 .86551 .79327
.10 .06354 .88300 .79842
•15 .10219 .89074 .79484
.20 .14083 .88974 .78246
.25 .17948 .88073 .76164
.30 .21813 .86423 .73305
.35 .25678 .84064 .69760
.40 .29543 .81022 .65628
.4S .33408 .77317 .61003
.50 .37273 .72958 .55972
.5S .41138 .67950 .50607
.60 .45003 .62294 .44968
.65 .48868 .56008 .39104
.70 .52733 .49123 .33054
.75 .56597 .41686 .26851
.80 .60462 .33754 .20519
.85 .64327 .25383 .14079
.90 .68192 .16631 .07547
.95 .72057 - .07551 .00938
.98 .74376 '.01965 -.03060 -.02846
.99 .75149 .00082 -.04398 -.02982

1.00 .75922 -.01811 -.02008 -.05738 -.02008

LIE Center 4.01658. .82278) R = .03034
TE Center (.74922, -.02008) R = .01000

Center of Gravity (.38239. .57138)
Radial Reference (.39272. .57391)

Gaging .44737

Nose Point (-.00930. .80693)
Tail Point (.75354. -.02910)

LE Tangency Points Top (-.00245. .84641) Bottom (.02058. .79270)
TE Tangency Points Top (.75848. -.016291 Bottom 0.74056, -.02509)

Inlet Angle = 66.78992
Exit Angle = 26.16331

No. of Blades 48
fitch 1.01120

Tolernce -.00000
Gaging .44737

Uncovered Turning 15.82365
Gaging Angle - 26.25784

AM .09669
Axial Chd = .77298

PA O. 196
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TABLE XX
FIFIST STAGE VANE

Section B-B AT R 9 8.25700

Percent X Y (Circle) Y (Circle)X (Top) (Bo0)

.00 -.06257 .8341! .81962 .77278 .81962.01 -.05456 .84142 .84098 .77639 .79826

.02 -.04654 .84830 .77972 .79862

.03 -0.3853 .85474 .78278 .78827

.04 -.03052 .86075 .78555 .78716

.05 -.02250 .86633 .78801
.10 .01756 .88811 .79561• .15 .05762 .96005 .79465
.20 .09769 .90268 .78453
.25 .13775 .89641 .76513
.30 .17782 .88157 .73683
.35 .21788 .85844 .70040
.40 .25795 .82722 .65685
.45 .29801 .78807 .60728
.50 .33808 .74110 .55271
.55 .37814 .68637 .49404
.60 .41821 .62397 .43203
.65 .45827 .55419 .36729
.70 .49833 .47754 .30033.75 .53840 .39466 .23155.80 .57846 .30626 .16125.85 .61853 .21304 .0897090 .65859 .11569 .01711
.95 .69866 .01480 -.05637.98 .72270 -.04721 -. IOM83 -.09893.99 .73071 -.06810 1.1571 -. 100751.00 .73872 -.08910 -.09094 1.3061 -.09094

LE Center (-.03010, .81962) R =.03247
TE Center ( .72872, -.09094) R - .01000

Center of Gravity (.34803, .S6220)
Radial Reference (.39272, .57391)

Gang .45160

Nose Point (-.05742, .80207)
Tail Point (.73280, -. 10008)

Le Tangency Points Top (-.05124, .84426) Bottom (-.02405. .78772)TE Tangency Points Top (.73806, -.087384 Bottom ( .71992. -09570)

Inlet Angle "i 64.31708
Exit Angle = 24.64504

No. of Blades 48
Pitch = 1.08084

Tolerance = -.00000
Gaging - .45i60

Uncovered Turning ' 15.51388
Gaging Angle - 24.69737

Area- .11027
Axial Chord, .80129

PASO No. 197

UNCLASSIFIED
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TABLE XXI
FIRST STAGE VANE

Section C-C AT R "8.93800

Pemcent X Y (Circle) y (Circle)

X (Top) (bot)

.00 -.12505 .83473 .81984 .76671 .81984

.01 -.11667 .84295 .84261 .77109 .79708

.02 -.10830 .85068 .78990

.03 -.09992 .85793 .78617

.04 -.09154 .86471 .7n28 .78475

.813.78534 .78517
.05 -.08317 .87103 .795291
J10 -.04129 .89613 .79583
.15 .00058 .91107 .79583
.20 .04246 .91654 .786S5
.25 .08434 .91305 .76740

.30 .12621 .90087 .73872

.35 .16809 .88014 .70118
.40 .20996 .85085 .65565

.45 .25184 .81285 .6031i

.50 .29372 .76580 .54453

.55 .33559 .70921 .48081

.60 .37747 .64240 .41275

.65 .41935 .56517 .34104

.70 .46122 .47809 .26627

.75 .50310 .38232 .18892

.80 .54498 .27932 .10940

.85 .58685 .17049 .02803 4

.90 .62873 .05709 -.05491

.95 .67060 -.05990 -.I3918

.98 .69573 -.13147 -.19032 -.18875

.99 .70411 -.15553 -.20745 -.19124
1.00 .71248 -.17968 -.18137 -.22462 -18137

LE Center (-.03992, .81984) R .03513
"TE Center (.70248. -.18137) R .01000

Center of Gravity (.30845, .55052)
Radial Reference (.39272, .57391)

Gaging a '45071

Nose Point (-11367, .79965)
Tail Point (.70624, -.19064)

LE Tanency Points Top (-.11374. .84566) Bottom (..08180. .78567)
ITE Tangency Points Top (.71193. -.17809) Bottom (.69350. -.18578)

Inlet Angie 61.97033

Exit Angle 22.64833

No. of Blade 48

Pitcha 1. 16998

Tolerance = -.00000
Gag•ng .45071

Uncovered Turning = 16.14165
Gaging Ang&e - 22.65807

Aim.- .13286
: Axis/ C d .83753

PAOW 1o. 198
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TABLE XXII
FIRST STAGE VANE

Section D-D AT R 9.61900

Percent X Y (Circl) Y Circle
X (Top) toot)

.00 -. 18752 .83706 .82115 .76343 .8 2115

.01 -. 17879 .84570 .84529 .76825 .79701

.02 -. 17005 .85383 .77270 .78932

.03 -. 16131 .86147 .77677 .78523

.04 -.15257 .86863 .78047 .78353

.05 -.14383 .87532 .78378 .78391

.10 -.1 *15 .90230 .79448
S.5 -.05646 .91933 .79522
.20 -.01 277 .92729 .78591
25 .03092 .92668 .76669

.30 .07461 .91777, .73787
.35 .11829 .90M59 .69997
.40 .16198 .87495 .65361
.45 .20567 .84045 .59949
.50 .24936 .79633 .53834
.55 .29305 .74143 .47091
.60 .33674 .67395 .39787
.65 .38042 .59200 .31988
.70 .42411 .49530 .23752
.75 .46780 .38550 .15131
.80 .51149 .26532 .06172
.85 .55518 .13743 -.03085
.90 .59886 .00400 -. 12603
.95 .64255 -.13340 -.22353
.98 .66877 -. 21726 -.28303 -.28183
.99 .67750 -. 24542 -. 30301 -.28510

1.00 .68624 -. 27366 -.27517 -.32307 -.27517

LE Center (-.14981. .82115) R = .03772
TE Center (.67624, -. 27517) R =.01000

Center of Gravity (.27190. .53883)
Radial Reference (.39272, .57391)

Gaging .44299

Nose Point (-.18052, .79926P
Tail Point (.67964. -.284581

LE Tangency Points Top (-.17550. .84876) Bottom (-. 14OR4, .78451 1
TE Tangency Points Top ( .68579. -. 27222) Bottom ( .66708. -.279211

Inlet Angle = 61.65043
Exit Angle- 20.48513

No. of Blades 48
Pitch 1.25912

Tolerance -.00000

Gaging = .44299

Uncovered Turning 17.31866

Gaging Angle - 20.59899

Arme .16024
Axial Chord - .87376

pAO6 #0. 199

UNCLASSIFIED
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TABLE XXIII
FIRST STAGE VANE

Section E-E AT R 9.72000

ftrcent X Y (circle) Y (Circle)
X (Top) (Bot)

.00 -'19679 .83693 .82079 .76267 .82079

.01 -.18800 .84557 .84513 .76750 .79645

.02 -.1792t .85371 .77195 .78869

.03 -.17041 .86137 .77602 .78454

.04 -.16162 .86855 .77971 .78281

.05 -.15283 .87529 .78301 .78315

.10 -.10888 .90259 .79365

.,15 -.06492 .92011 .79432
* .20 -.02096 .92865 .78496

.25 .02300 .92867 .76572

.30 .06695 .92039 .73691

.35 .11091 .90380 .69900

.40 .15487 .87869 .65259

.45 .19882 .84459 .598)2

.50 .24278 .80072 .5 3689

.55 .28674 .74586 ..46900

.60 .33069 .67810 .39531

.65 .37465 .59540 .31646

.70 .41861 .49737 .23301

.75 .46256 .38565 .14549

.80 .50652 .26304 .05436

.85 .55048 .13235 -.03996
.90 .59443 -.00416 -.13711
.95 .63839 -.14483 ..23677
.98 .66477 -.23072 -.29765 -.29651
.99 .67356 -.25956 -.31811 -.29991

1.00 .68235 -.28849 -.28998 -.33866 -.28998

LE Center (-.15869, .82079) R -. 03809
TE Center (.67234, -.28998) R - .01000

Center of Gravity (.26614, .53715)

Radial Reference (.39272. .57391)

Gan .44156

Nos Point (*.18979. .79879)
Tail Point (.67570, -.29940)

LE Tarncy Points Top (-.184S7. .84874) Bottom (-.14974, .78376)
TE Tangency Points Top (.68192. -.28707) Bottom (.66317, -.29395)

Inlet Angte. 61.80563
Exit Aade 20.16326

Me. of MU.ds 48
1.27234

r , -.00000
Gav " .441.5

t.4?M .-7.3416,

Awl
ZM4?

S,.200
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TAKE XXIV

FIRST STAGE VANE

Sctial G.G ATRI 10.30000

Poraut X Y (arcse) Y
X rTop) (not)

•.00 .25000 .83233 .81430 .75547 .41430
.01 -.24090 .84054 .83977 .76"00 .73892
.02 -.23180 .84843 .76415 .78064
.03 -.22270 .85601 .76792 .77621
.04 -.21360 .86326 .77132 .77427
.05 -.20450 .B7019 .77433 .77444
.10 -.15900 .90006 .78368
.I5 -.11350 .92184 .78341
.20 -.06800 .93541 .77353
.25 -.02250 .94053 .75414
.30 .02300 .93689 .72543
.35 .06850 .9240S .68767
.40 .11400 .90143 .64120
.45 .15950 .86836 .S8642
.50 .20500 .82383 .S2377
.$S .25050 .76657 .45371
.60 .29600 .69488 .37672
.65 .34150 .60683 .29326
.70 .38700 .50162 .20385
J7S .43250 .38032 .10890
.80. .47800 .24532 .00885
.85 .52350 .09948 -.09589
.90 .56900 -.05459 -.20493
.95 .61450 -.21482 -.31792
.98 .64180 -.31324 -.38747 -.38671
.99 .65090 -.34636 -. 41093 -. 3"094

1.00 .66000 -.37963 -. 38097 -.43453 --Vo097

LIE Center (-.20979, .81430) R = .04021
TIE Center (.65000. -.38097) R =.01000

Centw of Gravity (.23032. .52714)
Radial Reference (.39272. .57391)

G49" .43382

Nose Point (-.243S6, .79247)
Tail Point (.65305, -. 39050)

LIE Tangency Points Top (-.23614, .84467) Bottom (-.20170. -77491)
TE Tangency Points Top (.65965, -.37833) Bottom ( .64068. -.30463)

inlet Angle - 63.72772
Exit Angle a 18.36435

ito. of Blades = 48
Fitch 1.34827

Tolerance , -.00000

Geooing" .43382

Uncovered Turning 17.01993
Gaging Angle8 18.76954

Ama- .19253
Clerd ..91000

PAE ,O. 201

UNCLASSIFIED
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TABLE XXV
NOFIW STAlE M.ADE

Ssss eF-F AT R 7.53750

ftmt X Y (Ciru) Y (Circd)
X (Top) (Bot)

.00 .00000 .24684 .24190 .19366 .24190

.01 .00598 .25824 .20009 .22760

.02 .01196 .26918 .20632 .22354

.03 .01794 .27971 .21237 .22194

.04 .02392 .28983 .21822 .22220

.05 .02990 .29957 .22389 .22439

.10 .05980 .34289 .24946

.Is .08970 .37825 .27052

.20 .11960 .40661 .28719

.25 .14950 .42859 .29957

.30 .17940 .44461 .30771

.35 .20930 .45493 .31165
.40 .23920 ,45969 .31143
.4A .26910 .45890 .30703
.50 .29900 .45246 .29844
I5 .32890 .44016 .28561
.60 .35880 .42162 .26847
.65 .38870 .39629 .24693
.70 .41860 .36334 .22087
75 .44850 .32168 .19013

.80 .47840 .27094 .15454

.85 .50830 .21196 .11385

.90 .53820 .14639 .06779

.95 .56810 .07591 .01601

.98 .58604 .03186 -.01798 -.00990

.99 .59202 .01694 -.02981 -.00921
1.00 .59800 .00191 -.00002 -.04191 -.00002

LE Center (.02007, .24190) R -. 02007
TEOCMet (.58794, -.00002) R -. 01006

Center of Gravity (.29568. .31137)

Radil Referemce (.29568, .31137)

c Gingk .22431

Nos Poin (.00868, .22537)
Toi rboit (.59204, -.00920)

LE Tagutcy Points Top (.00230, .2X 23) Bottom (.03312, .22664)
TE TaasnW Points Top (.59729, .00370) Bottom (.57904, -.00471)

h" An&le 38.58149
Exit Aas& - 24.76439

N. ofBbdes 90
Pitch .52622

Tolssan .00000
S- t.22431

Unc•vled Turnng8- 19.20171
C I- 25.23070

• •Aialý .07079-

A Iatcboed- .59800

Sk e NO. 202
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TABLE XXVI

Section A-A AT Rt 7.69000FISST EBLD
PtrLent X Y 4Cirde) V (Cirde)

X (Top) (hot)

.00) .00289 .25940 .25439 .20641 .25439

.01 X40884 .27060 .21277 .24013

.02 .01479 .28135 .21894 -23606

.03 . .02075 .29167 .22492 .23444.,04 .02670 .30158 .23070 .23467

.05 .03265 .31110 .23630 .23681

.10 .06241 .35328 .26143
a .15 .09217 .38746' .28193

.20 .12193 .41460 .29791

125 .15169 .43536 .30946
.30 .18145 .45018 .31665
.35 . .21122 .45931 .31954
.40 .24098 .46289 .31814
.45 .27074 .46095 .31244

.50 .30050 .45339 .30246

.35 .33026 .43997 .28816

.60 .36002 .42034 .26951

.65 .38978 .39391 .24645

.70 .41954 .35983 .21892

.75 .44930 .31711 .18682

.NO .47906 .26556 .15003

.85 .50882 .20609 .10840

.90 .53859 .14031 .06173

.95 .56835 .06983 .00981

.98 .58620 .02585 -.02398 -. 01584

.99 .59216 .03096 -.03570 -.01513

1.00 .598i1 -.00403 -.00595 -:04765 -.00595

LE Center (,02296. .25439) R = .02008
TE Center 1.58805. -.00595) R .01006

Center of Gravity (.29803. .31324)
Radial Reference (.29568. .31137)

Gaging = .22875

Nole Point 4.01149. .237921
Tail Point (.59216, -.015131

LE Tangency Points Top (.00524. .26381) Bottom 1.03592. .23906)
TE Tangency Points Top (.59740. -.002241 Bottom (.57916. -.01065)

Inlet Angle, 38.90183
Exit Angle" 24.75265

No. or Blades" 90
Pitch = .53686

Tolerance = .00000
Gaging .22875

Uncovered Turning 1 39.09236
Gaging Angle, 25.21931

Area .06932
Axial Chord .59522

sAg mo. 203
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TABLE XXVII
FIRST STAGE BLADE

Section B8 AT R - 8.35560

Pe~rcent X Y (circle) Y tCircirl

X (Top) 400t)

.00 .01550 .31316 .30800 .26023 .30t'MJ

.01 .02133 .32377 .26653 .29384

.02 .02716 .33386 .27260 .28975
.03 .03299 .34348 .27845 .28h06
.04 .03882 .35264 .28406 .28815
.05 .04465 .36136 .28945 .29004
.10 .07380 .39915 .31306
.15 .10295 .42845 .33121
.20 .13211 .45050 .34404
.25 .16126 .46608 .35171
.30 .19041 .47570 .35434
.35 .21956 .47967 .35208
.40 .24871 .47817 .34505
.45 .27786 -.47122 .33337
.50 .30702 .45875 .31718
.55 .33617 .44053 .29659
.60 .36532 .41617 .27171
.65 .39447 .38506 .24264
.70 .42362 .34635 .20949
.75 .45278 .29948 .17,238
.80 .48193 .24484 .13138
.85 .51108 .18356 .08662
.90 .54023 .11707 03816
.95 .56938 .04668 -.01390
.98 .58687 .00301 -.04682 ..03839
.99 .59270 -.01175 -.05807 -.0760

1.00 .59853 -.02659 -.02849 w.06946 -.02849

LE Center (.03560. .30800) R = .020110
TE Center (.58850. .02849) R = .01003

Center of Gravity (.30834. .32127)

Radial Reference (.29568. .31137)

Gang .. 24775

Nove Point (.02392. .29164)
Tail Point (.59260, -.03765)

LE Tangency Points Top (.01798. .31768) Bottom t.04*25.
TE Tansency Points Top (.59784. -.02482) Bottom t.5

7
964,

Inlet Angle 39.895123
Exit Angle,- 24.71229

No. of Blades- 90
FItch - .58333

Tolerance .00000
Gaging" .24775

Uncovered Turnint - 19.07593
Gaing Angle" 25.13289

Area - .06429
AxiaCord - .58303

204
CASE ,I,. 204
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TABLE XXVIII

FIRST STAGE BLADE

S1"twe C.c AT R 9.17380

Percent X Y (Circle) Y (Crcle)
X (for, (Bi0)

M3) .o3100 .37881 .37360 .32431 .37364)
.01 .03668 .38908 .33097 .35957 t

f - .04236 .39868 .33731 .-'5546 f
,,jj .04" .40767 .34333 .35367
.04 .05372 .41610 .34903 .35359
.05 .05940 .42401 .35441 .35518
.10 .08780 .45676 .37671
.15 .11620 .48020 .39170
.20 .144601 .49606 .39986
.25 ,173'X) .50538 .40166
.30 .20140 .50881 .39754
.35 .22980 .50674 .38791
.40 .25820 .49938 .37319
.45 .28660 .48677 .35373
.50 .31500 .46882 .32990
.55 .34340 .44526 .30200
.60 .37180 .41562 .27034
.65 .40020 .37916 .235201
.70 .42860 .33524 .19684
.75 .45700 .28395 .15548
.80 .48540 .22613 .11134
.85 .51380 .16299 .06463
.90 .54220 .09578 .01553
.95 .57060 .02552 -.03580
.98 .58764 -.01777 ..06760 -.05881
.99 .59332 -.03235 '.07836 -.457q!

1.00 .59900 -.04701 -.04888 -.189210 -.0489H

¶,Center (.05118, .3736() It = .02018
"enter (.58898. -.04888) R = .M1100)2

Center of Gravity (.32150, .33117)

Radial Reference (.29568. .31137)

Gaging .26941

Nose Point (.03954, .35712)
Tail Point (.59307. -.05803)

LE Tangency Points Top (.03352. .38337) Bottom (.06364. .35773)
TE Tangency Points Top (.59932. -.04526) Bottom (.58105. -.053611

Inlet Angle , 40.40195
Exit Angle - 24.68435

No. of Blade% 90
Pitch- .64045

Tolerance O.NO0O
Gaging .26941

Uncovered Turning , 19.01534
Gaging Angie = 24.87597

Ares .06094
Axial Chord - .56800

mAGoE o. 205 .
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TABLE XXIX
FIRST STAGE BLADE

Section D.D ATR 9 )NlI

Percent XY (Wirle)) Y (Circle)
X 4Tup) (Hotl)

.00 .0460S .44895 .4435; .39364 .44355

.01 .05203 .45859 .40(99 .42964
.02 .05756 .467%6 .40693 .42551
.03 .06309 .47536 .41296 .42363
.04 .06862 .48269 .41860 .42339
.05 .07415 .4A942 .42384 .42470
.10 .10180 .51564 .44425
.15 .12945 .53232 .45548
.20 .15710 .54165 .45826
.25 .18475 .54484 .45341
.30 .21240 .$4260 .44176
.35 .24005 .5" 31 .42413
.40 .26770 .52312 .40127
.45 .29535 .50603. .37386
.50 .32300 .48382 .34-'49
.55 .35066 .45604 .3077 I
.60 .37831 .42191 .26995
.65 .40596 .38049 .2:962
.70 43361 .33157 .18703
.75 .46126 .27590 .14249
.80 .48891 .21479 .09623
.85 .51656 .14960 .04846
.90 .54421 .08146 -.(00063
.95 .57186 .01119 -.05090
.98 .58845 -.03175 -.08157 .()7243
.99 .59398 -.04616 -.09187 -.07143

1.00 .59951 -.06063 -.06247 -. 10221 .016247

LE Center (.06675. .44355) R = .02025

TE Center (.58950, -.06247) R = .01001

Center of Gravity (.33674. .34107)
Radial Reference (.29568. .31137)

Gaging * .23782

Nowe Point (.05494, .42710)
Tail Point (.59358. -. 07161)

LE Tangency Points Top (.04918. .45363) IHottom (.07878. .42726)"TE Tanmncy Point% Top (.59885. -.05894) HkIttom 1.58070. (16724)

Inlet Angle - 41.69758
Exit Angle = 24.66691

No. of blades 90
Pitch .69757

Tolerance A.M000
Gaging - .28782

Uncovered Turning = 19.08(149
matging Angle - 24.36859

Area - .05834
Axial Chord 3 .55301

PAGEl #4. 206
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TABLE XXX
FIRST STAGE BLAOE I,

Section E-E AT R - 10.35000

Percent X Y (Circle) Y (Circle)
X (Top) (0ot)

.00 •05328 .47913 .47346 .42631 .47346

.01 .05875 .48811 .43244 .45963

.02 .06421 .49628 .43825 .45549

.03 .06968 .50375 .44373 .45359

.04 .07514 .51059 .44888 .45329

.05 .08061 .,1685 .45371 .45451

.10 .10793 .54112 .47293

.15 .13525 .55603 8.4392

.20 .16257 .56356 .48658
.25 .18990 .56479 .48079
.30 .21722 .56039 .46682
.35 .24454 .55072 .44559
.40 .27186 .53595 .41844
.45 .29918 .51608 .38660
.50 .32651 .49094 .35106
.55 .35383 .46015 .31256
.60 .38115 .42306 .2716.'
.65 .40847 .37905 .22872
.70 .43580 .32818 .18414
.75 .46312 .27128 .13817
.80 .49044 .20958 .09101
.85 .51776 .14426 .04284
.90 .54509 .07628 w.00619
.95 .57241 .00635 -.05596
.98 .58880 -.03634 -.08614 -.07684
.99 .59427 -.05066 -.09625 -.07579

1.00 .59973 -.06504 -.06688 -. 10637 -.06688

LE Center (.07352. .47346) R = .02023
"TE Center (.58972. -.06698) R - .01001

Center of Gravity (.343111. .34547)
Radial Reference (.29568. .31137)

Gaging - .29638

Nose point (.06119. .45742)
Tail Point (.59380, -.07601)

LIE Tangency Points Top (.05624. .483"to Or 4..m (.08516. .45691)
TE Tangency Points Top (.59908, -.063•21 F, ;tomP (.58093, -.07165)

Inlet Angle - 43.10744
Exit Angle - 24.66352

No. of Slades * 90
Pitch .,72257

Tolerance , .00000
Gaging .29638

Uncovered Turning - 18.50342
Gaging Angk 24.21622

Am .05635
Axial Chord - .54645

.AGe. No. 207
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TABLE XXXI

FIRST STAGE BLADE

Section G-G AT R - 10.81000

Peruent X Y (Circle) Y, (Cirde)
X (Top) (Dot)

.00 .06200 .51659 .51025 .47034 .5102S .

.01 .06738 .52426 .47461 .49657
.02 .(17276 .53143 .47880 .49246
.03 .07814 .53814 .48288 .49055
.04 .08352 .54439 .4b687 .49021
.05 .08890 .55020 .49075 .49135
.10 .11580 .57333 .50807
AI5 .14270 .58764 .52064
.20 .16960 .59422 .52604
.25 .19650 .S9383 .52162
.30 .22340 .58698 .50596
.35 .25030 .57404 .A8007
.40 .27720 .$5520 .44651
.45 .30410 .53058 .40781
.50 :33100 -mOI 7 .36577
.35 .35790 .46389 .32155
.60 .38480 .421'A6 .27587
.65 .41170 .1;375 .22917
.70 .43360 .3-06.6 .18174
.75 .46550 .26307 .13379
.80 .49240 .20170 .08543
.85 .51930 .13723 .03676
•'J - .54620 .07023 -.01216

-57310 .00118 -.06126
.9,, 58 q24 -.(04106 -.09080 -.08131
.99 "11 1 -.05525 -. 10066 -.08020

1.00 .61 ." -.06951 -.07133 -. 11052 -.07133

LE Center (082(18 .510251 R = .02008
TE Center . .59000. -.07133) R = .01000
Center of Gravity ')I .35097)

Radial Reference tC; .31137)

Gaging .30683

Nose Point (.06847, 1954R
Tail Point (.59407, "

LE Tangency Points Top (.0t,564. 66. .49336)
TE Tangency Points Top (.59935. -.07613)

Inlet Angle - 46.13427
Exit Angle 24.66373

No. or Blades 90
Pitch - .75468

Tolerance - .00000
Gaging .30683

Uncovered Turning - 17.00699
Gaging Angle - 23.98976

Are= .05266
Axial Chord - .53800

PAG* mo. 208
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UNCLASSIFIED

TABLE XXXII
SECOND STAGE VANE

Section F-F AT R" 7.5000

Percent X Y (Circle) y (C tide)

X (Top) IBM0)

.00 .00000 .43107 .42615 .37900 .42616

.01 .00832 .44694 .38736 .40995

.02 .01664 .46171 .39553 .40648

.03 .02496 .47550 .40352 .40684

.04 .03328 .48840 .41130 .41120

.05 .04160 .50047 .41889

.10 .08320 .55046 .45353

•.15 .12480 .58652 .48207

.20 .16640 .61158 .S0365

.25 .20800 .62738 .51752

.30 .24960 .63502 .52314

.35 .29120 .63520 .52028

.40 .33280 .62837 .50906

.45 .37440 .61474 .48993

.50 .41600 .59436 .46358

.55 .45760 .56712 .43084

.60 .49920 .53271 .39257

.65 .54080 .49061 .34961

.70 .58240 .44008 .30270

.75 .62400 .38100 .25247

.80 .66560 .31435 .19948

.85 .70720 .24176 .14417

.90 .74880 .16478 .08691

.95 .79040 .08468 .02802

.98 .81536 .03551 .00799 -.00749

.99 .82368 .01897 -.02009 -.00986

100 .83200 .00236 -.00000 -.03225 -.00000

LE Center (.01996, .426161 R =.01996

TE Center (.82200. -.AO(Oj) R = .01000

Center of Gravity (.41436, .44106)
Radial Reference (.41436, .44106)

Gaging .37933

Nose Point (.00856. .40977)
Tail Point (.92701. .-.00866)

LE Tangency Points Top (.00228. .43543) Bottom (.03340. .41141)

TE Tangency Points Top (.83094. .00448) Bottom (.81378, -.005701

inlet Angle 37.66198
Exit Angle 30.66686

No. of Blades 62
Pitch - .76006

Tolerance = -.00000
Gaging .37933

Uncovered Turnigf 16.162"4

Gaging Angle - 29.93923

Area - .09004
Axial Chord = .8320M

paa No. 209

UNCLASSIFIED

r.1m



UNCLASSIFIED

TABLE XXXIII

Set'ion A-A AT R 7.6500

Fecs X Y (Cift.) Y (Circle)
X (Top) (fat)

.00 -.00826 .43686 .43176 .38420 .43176 *

.01 .00009 .45247 .39249 .41533

.02 .0084s .46705 .40059 .41176

.03 .01681 .48060. .40849 .41199
.04 .02516 .49345 .41620 .41622

.10 .07531 .55508 .45789

.15 .11709 .59092 .48588

.20 .15888 .61573 .50683

.25 .20067 .63120 .52000

.30 .24245 .63841 .52484

.35' .28424 .63806 .52113
.40 .32603 .63057 .50898
.45 .36781 .1618 .48883
.50 .409O 59493 .46139
.55 .45138 .56468 .42748
.60 .49317 53113 .38798
A65 .53496 .48772 .34370
.70 .57674 , z572 .29541
.75 .61353 .37502 .24376
.80 .66032 .3"" .18929
.85 .70210 .23217 .13246
.90 .74389 .15320 .07366
.95 .7KT568 .07099 .01319
.98 .81075 .020v0 -.02378 -.02327
.99 .81910 .00352 -.03621 -.02572-

3.00 .82746 -.01354 -.01586 -.04869 -.01586

LE Center (.01206, .431763 R .02033 t

TE Center (.81746. -.01586) R -.01000

Center of Gravity (.40910. .43863)
Raa lReferelce (.41436. .441061

Ga~g .38168

NoWe Point (.00032. .41517)
Tail Point (.82239. -.02456)

LE Tangency Points Top (.00586, .44136) Bottom (.02565. .416633
TE Ta"Facy Points Top (.82644. -.01146) Bottom (.80918. -.02147)

Inlet Ansle 38.12138
Exit An*gi 30.12342

No. of Blades- 62
Mbh. .77526

Tolerance" -.00000
GCioo* .38168

Uncovered Turnln- 16.19122

Gagf Angl" 29.49366

Ase- .09198 *

Axial Chaed .83573

PA ".w 210
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TABLE XXXIV
SECOND STAGE VANE

Section 3B- AT R - 8.48630

Percent X (Circle) Y (Crcle)
X ,t (sot)

.00 -.05434 4-'2, .466i06 .41826 .46606

.01 -.04578 .42569 .44841

.02 -.03721 .43292 .44424

.03 -.02865 , .43996 .44383

.04 -.02008 ,22( .44678 .44694

.05 -.01152 53353 .45339

.10 .03131 .579 "4 .48302

.15 .07413 .61339 .50633

.20 .1 1696 .63682 .52253
.25 .15978 .65098 .53093
.30 .20261 .65664 .53100
.35 .24543 .65423 .52248
.40 .28826 .64418 .50543
.45 .33108 .62646 .43019
.50 .37391 .60105 .44735
.55 .41673 .56773 .40765
.60 .45956 .52610 .36188
.65 .50239 .47547 .31087
.70 .54521 .41513 .25534
.75 .58803 .34512. .19598
.80 .63086 .26653 .13337
.85 .67368 .181("k .06m(m)
.90 .71651 .49612 .40413t)
.95 .75933 -. 3MH69 4.06940
.98 .785o3 -..*31 ) -.112414 -. 11151
.99 .79359 -. 416tb ? -12638 -. 11439

1.00 .80216 - ,4 - - 14078 -.10449

LE Center (-.03187. 46&16t a "2241
TE Center ( .79216. .. 6491 ft * 014n41

Center of Gravity c.38080. .4-----0
Radial Reference (.41436. .441060

Gaging .39137

Nose Point (-.04621. .448760
Tail Point 4 .79665, -. I, 13421

LE Tangency Points Top (-.050•8. .47W. I Bottom (-.01914, .44328)
TE Tangency Points Top .80133. ..101,501 lk,otom 1 .78359. -.10965)

Inlet #,ngle 42.28695
Exit Angle = 27.26412

No. of lades 62
Pitch = .86002

Tolerance -.00000
Gaging .39137

Uncovered Turning - 16.52136
Gaging Angle 27.06930

Ara, .10475
Axial Chord - .85650

par.om 211
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TABLE XXXV
SECUSO STAGE VARE

sectioskC-C A~l It9.47250

Percent x y (Circk) Y (Cicke)
X (TOP) (BOtO

.00 -.10868 .52464 .51547 .47084 .51547

.01 -.0"997 ,.53503 .476S6 .49643

.02 -.69106 .54502 .48210 .49160
.03 -.08225 .55461 .48744 .A9053
.0.4 -.07344 .56381 .49258 .49269
.05 -.06463 .57263 .49751
.10 -.02058 .61110 .51893
.15 .02347 .64056 .53411
.20 .06752 -.6613S -54264
.25 .11157 .67373 .54381
.30 .15562 .67781 S53711
.35' .19967 .67363 .5 2224
.40 .24372 .66111 A4M91
.45 .28777 .64009 .46790

.0.33182 .61030 .42898
.5s .37517 .$7132 .38292
.60 .41"2 .522S9 .33036
665 .46397 .46336 .27202
.70 .50802 .39299 .20859
.75 .55207 .31178 .14073
.60 .59612 .22102 .06903
.85 .64017 .12242 -.00597

90.68422 .01771 -.08333
.95 .72827 -.09163 -.16413
.98 .75470 -.15901 -.21334 -.21287
.99 .76351 *.18171 -.22990 -.21631

1.00 .77232 -.20452 -.20638 -.24654 *20638

LE Ccnter (-.08369, .51547) R -.02499
7E center ( .76232. -.20638) R =.01000

Center of Goiwity (.34749. .40907)
Radial Refurence (.41436, .44106)

Gwown .40189

Nosw Poiat (-.10230. .49879)
TadlPoint (.76640, -.21551)

L.E Tangency Points Top (-.10275. .53164) Bottom (-.07149, .49367)
7T Tangency Points Top (.7716S. -.20278) Bottom (.75351, -.21112).

Ware Angle - 50.54000
Exit An&l - 24.67797

No. oi Blades. 62
Fitck .95996

Tolerance -.00000
G~glng.40189

Unowsed Tuinft 16.3811S
CAO Asole * 24.74958

Aam .12101
AxheiChrd* .88100

PAg @am 212,
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TABLE XXXVI
SECONO STAGE VANE

Seocim DOD AT It 10.46000

Proent X Y lCircle) Y 4Cide)
X (Top) (Mot)

.00 -.16309 .59157 .57965 .53641 .57965

.01 -.15403 .60()06 .54101 .55925

.02 -.14498 .60821 .54540 .55379

.03 -.13592 .61603 .54956 .55214

.04 -.12687 .62353 .55349 .55355

.05 -. 11781 .63069 .55719
• .10 -.07254 .66161 .57195
.15 -.02726 .68436 .57997
.20 .01802 .69894 .58059
.25 .06329 .70529 .57324
.30 .10857 .70331 .55755
M35 .15385 .69281 .. 53336
.40 .19912 .67357 .50077
.45 .24440 .64530 .46010
.50 .28968 .60760 .41188
.55 .33495 .56001 .35675
.60 .38023 .50192 .29543
.65 .42551 .43265 .22865
.70 .47078 .35203 .15708
.75 .51606 .26087 .08138
.80 .56134 .16069 .00209
.85 .60661 .05324 -.08028
.90 .65189 -.05987 .. 16530
.95 .69717 -.17730 -.25260
.98 .72433 -.24940 -.30595 -.30569
.99 .73339 -.27367 -.32388 -.30979

1.00 .74244 -.29804 -.29984 -.34188 -.29984

LE Center (-.13558. .57965) R = .012751
TE Center ( .73244. -.29984) R = .01000

Center of Gravity ( .30914, .39305)
Radial Reference ( .41436. .44106)

Gaging .42673

Nose Point (-.15809, .56383)
Tail Point ( .73637. -.30903)

LE rTagency Points Top (-.15439. ,59972) Bottom (-.12518. .55418)
TE Tangency Points Top ( .74182. -.29%35) Bottom I .72353. -.30437)

Inlet Angle 57.32598
Exit Angle - 23.68411

No. of Blades = 62
Pitch - 1.06003

Tolerance , -.00000
Gaging .42673

Uncovered Turning 15.36695
Gaging Angle , 23.73858

Area - .13017
Axial Chord .90553

P,.n too. 213
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UNCLASSIFIED

TABLE XXXV1I
SECOND STAGE VANE

Section E-E AT R 10.86000

Percent X Y (CircIci Y (Circle)
X (Top) (hot)

.0o -,.18513 .61763 .60465 ,56120 .6046 5

.01 -.17597 .62564 .62559 .56561 .58372

.02 -.16682 .63332 .56975 .57802

.03 -. 15766 .64068 .57363 .57615

.04 -.14851 .64772 .57725 .57731

.05 -.1393S .65444 .58059

.10 -.09358 .68318 .59302

.15 -.04781 .70380 .59792

.20 -.00203 .71615 .59478

.25 .04374 .72009 58324

.30 .08951 .71539 .5631 !
.35 .13529 .70I84 .53443
.40 .18106 .67916 49744
.45 .22683 .64702 .45255

.50 .27261 .60509 .40036
.55 .31838 .55295 .34153

.60 .36415 .49011 27675
.65 -.40993 .41611 .20672
.70 .45570 .33103 .133208
.75 .50147 .23583 .05342
.80 .54725 .13202 .012873
.85 .59302 .02123 - 11391
.90 .61879 ..095013 .2i0 1 3
.95 .68457 -.21555 -.29184
.98 .71203 -.28950 -. 34689 -. 34670
.99 .72!19 -.31438 -.36539 -. 351 It
3.00 .73034 -. 33937 -. 34114 -.38396 -. 34114

LE Center (-.1566I. .60465) R = .02852
TE Center t ,.72034. -. 34114) R = .01000

Center of Grivity 4.29130. .38652)
Radial Reference (.41436. .441061

Gagig .43602

No." Point (-.1 8049. .58906)
Tail Point (.72422. -.35036)

LE Tangency Point% Top (-.17494. 62650) Bottom 4..14683. .57786)
TE Tangency Points Top 4 .72973. -. 337701 Bottom 1 .71139. -.34561)

Inlet Angle 59.97635
Exit Angle = 23.31807

No. of Blades 62
Pitch - 1.10057

Tolerance = .. 0 200
Gaging =.43602

Uncovered Turning 1 34.69557
Galing Angle 23.33963

Arme .13553
Aial Chord .91547
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TABLE XXXVIII
SECOND STAGE VANE

Section H-H AT R 11.41000

PXr -nt Y y ircle) Y (Circle)
X I 'pp (hotll

.00 -.21543- .65025 .63591 .59147 .63591

.01 -.20614 65777 .65758 .59584 .61424
.M2 -.1985 o6b4'¢q .59985 .60823- ~ ~ ~ 4 .13- t5h 6 :.60352 .606M7

.04 -. 07827 6 'S ' 4 .606K3 .60689

.05 -. 16898 664. .60978

.:0 -.12252 7112 .61911

.15 -.07606 73J 1 .61925
. 20 ..02961 .7410o ) .61018
.25 .01635 .41541 .59201
.30 .06331 .733'5 .56502
.35 .10976 .71599 .52961-40.t .1i5622 .6X82 2 .48627
.45 .20268 .65014 .43557
.50 .24913 .60ll51 .37813
.55 .29559 .54211I .31456
.60 .34205 .47184) .24544
.65 .38850 .39059 .17136
.70 .43496 .29898 .09284
.75 .48142 .19804 .01035
.80 .52787 .08908 -.07566
.85 .57433 -.02656 -. 16412
.90 .62079 -. 147h2 -.25677
.95 .66724 -.273o5 -. 35121
.98 .691 12 -. 351W15 -.401896 -.40887
.99 .70441 -. 37597 -.42838 -.41171

1.00 .71370 -.40200 -.40374 -.44788 -.40374

Ll- Center (-.18552. .635911 R = .02991
TE Center 1 .70370. -.40374i R - .0000

Center of (;ravity 4.26463. .37765)
Radial Reference 1.41436. .44106)

Gaging =.44578

Nowe Point €-.2111 0. .62041 )
Tail Point 4 .70748, -.41299)

LE Tangcy Points Top (-.20388. .659531 Bottom -. 17646. .60740)

TE Tangency Pointh Top ( .71312. -.40037) Bottom f .69469. -408081

Inlet Angle = 62.25150
Exit Angle 22.70245

No. of Blades = 62
Pitch= 1.15631

Tolerance - -.00000
Gaging .44578

Uncovered Turning = 13.56141
Gaging Angle = 22.67599

Area" .14634
Axial Chord .92913
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TABLE XXXlX
SECOND STAGE VANE

Sttwn& GG AT R 1 l.44500

Percent X Y W .i'cle) y (Circl)
X (Topi (hot),

.00 -. 2,1736 .652-,0 .63778 .59324 .63778

.01 -. 20806 65969 .65950 .59762 .61607

.02 -. 19876 .66690 .60164 .61003
-. 03Y -. 18946 6738) .60530 60785

.04 -. 8316 68(4 .60859 .60866

.05 -.17086 68670 .61152

.10 -. 12436 .71349 .62066
,15 -.07786 .73212 .62048
.20 -. 03136 .74219 .61100
.25 W11514 .74328 .59238
.30 .06164 .73499 .56492
.35 .10814 .71696 .52905
.44) .15464 .68885 .48530
.45 '.20114 .65037 .4.423
.50 .24764 .60128 .37647

.55 .29414 .54138 .31260

.60 .34064 .47056 .24323

.65 .38714 .38885 A16891

.70 .43364 .29682 '09015

.75 .48014 .19551 .00743
.84) .5 .'664 .08621 -.07883
.85 .57314 -. 02975 -.16824
.90 .61964 -. 15113 -.26047
.95 .66614 -.27691 -. 35520
.98 .69404 -.35412 -.41314 -.41305
.99 70334 -. 38011 -.43262 -.41792

IM0) .11264 -.40622 -.40794 -.45218 -.40794

LE Venter 1-.18736. .63778) R .03(100
It. ('nter 4 .702h4. -.407941 R W.(MI48

Cetrler of Gravity (.26284. .3"1091
Radial Reference (.41436. .44106)

Gaging. -. 44628

Nie Point (-.21304. .62227)
Tail Point 1.7064I. -.41721)

LE Tangency Pointi Top (-.20573. .66150) Bottom (-.17834. .60917)

TF Tangency Points Top (.71206. -.4)1459) Bottom (.69363. -.41228)

Inlet Angle 62.37158

Exit Angle = 22.65937

No. of Blades 62
Pitch 1.15986

Tolerance -.00000
Gaging= .44628

Uncovered Turning 13.47667
Gaging Angle = 22.62978

Aear .14717

Axial Chord .93000

j
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APPENDIX VIII

DERIVATION OF EQUATION USED IN CALCULATING
MASS FLOW INGESTION IN TURBINE ROOT CAVITIES

(U) The followi-,g analysis is offered as a method to obtain a rough estimate of the amount
of low ingested into the root cavities. The assumptions used are:

I. Constant specific heats.

2. Thlle ingested mass flow is the same at each of the four root cavities.

3. The total pressure of the ingested flow is reduced from the free stream value
to the cavity static pressure at the point of ingestion.

4. The ingested flow, upon re-entering the mainstream, has no effect -n the
turbine performance.

5. The turbine is adiabatic.

SU) The appropriate T-S dia&ram is shown inthe following figure:

P

TT
100

T0 2

(U) It follows from this diagram that the turbine efficiency is:

T.
T,

t * P8~NO.217
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AS
The dimensionless stage entropy increase,-, is:

cP

k-r

(U) Raising this expression to the @ power and rearranging yields:

A S

(U) Substituting this expression into the efficiency equation and solving for the exponctial
entropy finally reveals that:

Ck
P + 77-+ 1T)PR kI 4

(U) The stage entropy increase can be computed by summing the individual entropy increases
that occur from inlet to exit. i.e..

"SiI|P =1 C

(U) There are three basic types of terms to consider:

1) Row Losses

* Profile
0 Secondary

2) Rotor Tip Leakage
3) Parasitic Lo• . i.e., ingestion

(U) The effects of tip leakage will be taken into account by using the method ot Egli. The
ingestion loss will then be deduced from the difference of the loss computed by considering
only the row losses and rotor tip losses, and the lo-s computed from the efficiency measured
in the rig. Furthermore, !he assumptions 2. 4. and 5 will be used to compute the ingested £

mass flow rate.

PAGE F4o. 218
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(U) The row Ir-is terms arising in equation (2) are:

k-I

+ CPL + P kc CP!

- \P /2 tow IV Po28

lams

In I

to"s

I U) The leakage efficiencies appear in the vane loss forms in the above equation because the
losses duc to rotor tip leakage flow are computed by assuming that this flow expands through
the entire stage pressure ratio without doing any work, hence:

In-S = nPills + In Pk2 s

-C ,tOW tip

leakage

I Combining the precceding' equation with equation (3) and reducing the resulting equation
to a simpler form yields.

IOU leakage

4 In "~PRIS P L,) PUS ~ q 2 ,
In-in 171.29

PA432 A1o. 219
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(U) For the four cavities. the entropy increase is,4 k1

As2 In TT P" ((5):~m)rp•) I= , I P,,. °

(U) Combining equations (I1, (4) and (5) gives the result:

k-p RIS(, (I L1,) P (' 142B)

/ a p Amansr,~

I pit kg

AP,,
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Nomenclature

T - Absolute temperature

P - Absolute pressure

S - Mass specific entropy

0 - Base of the natural log system

- Turbine total-to-total efficiency

CP - Specific heat at constant pressure

k Specific heat ratio

In - Natural logarithm

Pi - Turbine total-to-total pressure ratio

*1 - Rotor leakage efficiency, the ratio of mass flow passing through the blade to

the turbine mass flow rate

71 - Ingestion efficiency, the ratio of the mass flow not ingested-into a cavity to

the turbine mass flow rate

r * Subscripts

o - Stagnation condition

I - tur'-"",' inlet plane

z Turbine exit plane
- Ideal state

Iv - First vane

oi - First blade

2v - Second vane

21 - Second blade

Is - First stage

2s - Second stage

P.AOlNo. 221
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(11) An exploratory research Program was conducted to develop turbine aerodynamic methods and design procedures
tor efficient high work. low pressure turbines.. This program consisted of various phases, including analyses of promis-
ing increased loading concepts. and exprimental cascaide testing to verify and extend the Iturbine aerodynamic tech-
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cal report IAFAPL-TR-69-92. Volume 6) summarizes that work and presents in itý entirety the design and results of
the investigativ, (f ,be demonstrator turbine builds.
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