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SULMARY

Part I of this Report describes a method for designing the blades of
a highly loaded two-stage turbine on the basais of certain design paraneters
derived from en efficient turbine of lower loading. Port II presents the
test performances neasured with the original and new bledes when tested in
both single-stage and two-stege configurations. 4 full end detailed
presentation of the experinental work is gaven to illustrate the problenms
in instrumentation and in interpretation of test necsurements which were
encountercd,

The new blades give an improvenent in the efficiency of the first
stege, but the performance of the second stage renains unchonged and an
analysis of blade section velocity distributions gives addational proof of

the shortconings of an essentially empirical design approach.

'Replaces N.0.T.E. Ro274 = A.R.C. 2478
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1.0 Introduction

The aerodynamic design of a turbine stage to meet a specified duty
comprises two fairly distinet phases.

Firstly a1t 1s necessary to select the vector diagram which will offer
the optimum efficiency characteristic for the duty in question in the light
of such restrictions on blade speed, blade temperature, turbine size and
exhaust swirl as may be relevant.

Secondly the designer must prescribe a practicable blade geometry
which will ensure fthat the above optimum performence is realised.

In the course of past turbine development and research, test data has
emerged which has provided a basis for various broad correlations between
turbine efficilency and the form of the vector diagram. Some of these
(e.2.; Reference 1) rest upon approximate correlations of profile and secon-
dary losses for a wide range of turbine blades. Others are provided more
directly by contour plots of efficiency (derived from test data) expressed

{ i
ag a function only of turbine stage loadingigggggj and stage velocity coef-
vou

ficient (Va/u).

t/hilst 1t 1s believed that such correlations can provide an adeguate
gvide tc the selection of an cptimum vector diagram, experience suggests
that the turbine efficiency for a particular vector diagram may still vary
by a few points in efficiency dependent upon the detailed form of blade
geometry (profile and pitching) selected by the designer. It is considered
that such variations in efficiency are due, at least in part, to the inabi-
lity of past design methods to provids the optimum blade geometry.

The reasons for this are partly historical. Until recent times, the
blades i1n many gas turbines were designed using sections which were pre-
scribed by three or more circular arcs following established steam turbine
practice. 4s & result the blade forms did not follow any closely ordered
sequance in terms of say,; profile and camber line form, as has becn the case
in axial compressor design. A variety of sample design rules have been and
st1ll are used to set limits to physical features such as the blade back
curvature and the passage width distribution along the inter-blade channel,
but these have not always been successful in preventing the occasicnal
digappointing turbine elficiency. This 13 not really surprising as such
rules cannot prowperly define the complete blade profile and as a rcsult the
final shape can depend to a large extent upon the experience and judgement
of the draughtsman concerned. Furthermore it is easy to appreciate that an
cptimum blade design 1s likely to require a more definite correlation
between blade shape and azerodynamic loading.

In this situation the guitc different approach of designing blades to
provide specified surface pressure distributions 18 receiving an increasing
amount of attention and 1s giving encouraging results. However the latter
approach requires an exiensive design effort which may well be beyond the
resources of many organisations and there is therefore a continuing interest
1n the application of simpler methods which may be satisfactory for many
applications.
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In simrle terms the problem 1s to identify those features of a blade
design whaich play the dominant part in controliing blade losses and to then
prescribe these featurcs in the form of design parameters.

Part I of {this Report describes a method used at K.G.T.B. some ysars
ago to redesign the blading of a highly loaded turbine on the basis of cer-
tain design parameters derived from a more efficient turbine of lower
loading.

Part II presents the test performance measured with the original
'datumn' and new blades when tested in botih single-stage and two-stage con-
figuraticns.

Part I - The blade design

2.0 Background

The tuvrbine which forms the subject of this investigation is a two-

- AN
stage machine having an overzll loading {35223? of 6.5 for the twe stages.
2

s
¥
. v

This value is not over-severe bv current aircraft turbine design standards,
but 1n this case the stage conditions are rendered more arducus due to the
high fles per unit annulus area yielding Va/u values which are certainly
above average. An additional difficulty is that the exit ewirl from the
second-stage is restricted so that the reaction at rotor root is zero.

When tested under cold flow conditions, the original blading for this
turbine gave an expansion efficiency of approximately 87 per cent at the
design point spesed and pressure ratioc, and, for the close tip clearance con-
ditions which were operative, this efficicncy wre about 1 per cent less than
that which might have besn anticipated from the mean diameter vector
diagram. It should be noted that the blading for this turbine was designed
using pltch/chord ratic rules derived from cascade correlations and with
blade profiles constructed from circular arcs.

Durang the development of the above turbinre a secoad turbine was
deaigned to provide the same power cutput with a larger diameter and reduced
axial velocity. When lested at the same rotational speed and pressure
ratio as the original datum turbine this larger unit gave an efficiency of
89.5 per cent i.e., an i1ncrcase in efficiency of 2% per cent. Tue to the
larger diameter and consequently greater mean blade speed, the turbine

\
loading (255?2} wag only 5.9 in comparison with the origanal 6.5, but when

run at reduced speed to increase the loading 1o the latter value, the larger
turtine still showed a superiority in efficiency of the order of 2 per cent.

The anmulus forms of thesc two turbines are compared in Figure 1 which
also lists the major aerodynamic stage design parameters.
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In contrast to the circular arc blades of the original 'datum' design,
the large "reference' turbine used aerofoil blade sections constructed from
prescribed thiclmess distributions set on parabolic (P40) camber lines, and
the rotor blades were set at relatively closer pitch/chord ratios.

Taking the view that ihe supcrior performance of the larger turbine
was unlikely to be due soiely to the relatavely modest change in stage vec-
tors it was thought that a contributory factor towards 1vs higher efficiency
might be the desigr philosophy underlying 1ts aercefoil hlade design.
Aceording y ths blades for the smaller turbine were redesigned to incor-
poratc the principle features of the aerofoil blading.

As this investigation was concerned primarily with securing an aero-
dynaric equivalence between the blades of the large turbine and those to be
designed for the small furbine, no attempt was made to satisfy any specafic
hlade stress requirements as at wass consildered that the first essential was
to discever whether any improvemert in aerodynamic performance could be
obtalned.

3.0 The desisn apnroach

The design detalis are discussed in the following sections.

3.1 The datum design

The design vector angles for the turbine blace rows are listed in
Table I for root and tip reference diameters, and the leading dimensiona
of the datum blade design are shown in Table II,
TABLE I

Vector angles

Stags 1
" Stater Rotor
! Refercnce diameter (in.) 21.00 27.45 21.00 27.45
]
| Gas inlet angle {deg.) 0 O 47.30 18.00 i
i Gas outlet angle  (deg.) 63,50 56.85 50, 51 54.95
li - — - - - “ > + - - - -
ik Stage 2
. Stator Rotor
A - - ¢ - Tttt - Dot . L T
i
; Reference diameter (in.) 19.525 28.525 19.925 28.525
| Gas inlet angle (deg.) 18.40 13.10 37.40 -1.10

Gas outlet angle (deg.) 56.55 46.68

5.50 46.20

. P
* - -4<
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TABLE IT

Tetails of datum blade design

H
i
i

= -
H
1

“Reference diameter (in.)

:EBlade number

+Pitch (s) 1n.
EChord (c) 1n.
" Axial chord (eg) in.
;;Throat (o) 1n.
‘Maximum thickness (tp) 1n.

»Prailing edge thickness(tg)

4 < —mme e ma -

* Reference diameter (in.)
,:Blade number

"Piteh

+ Chord

ngx1al chord

l:Throat

%Maxlmum thickness

:

: Trailing edge thickness

in.
in.
in.
in.
in.

in.

St
21,00

1.12
1.68
1.36
0. 500
0.346
0.032

Averags rotor tip clearance

5t

19.925

0.948
1.48
1.27
0.522
0.286
0.032

| Average rotor tip clearance

Stage 1

i
- - o 4
Palte!

7.45 "

1.04
1.34
1,06
0.538.,
0.163:
0.032};

10 e me enein,
L fn

]

i

'
i
T
z

i

1,445,
1,70 b
1.35 ?
0,938}
0097+

ator Rot?r
27.45 21.00 2
59 83
1.46 0.795
1.88 1.40
1.56 1.38
0.798 0.466
0.330 C.311
0.032 0.032
= 0.030 in.
Stage 2
ator _ RBotor
28.525 19.925 28.525i
66 62
1.358 1.010
1.76 1.63
1,63 * 1.61
0.936 0.767
0.315 0.216
0.032 ¢.032

= 00020 in-

0.032¢
ti

T

I
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As mentioned earltier these blades were congtructed in the conventional
manner using clroular arcs. The profiles were requircd to have low curve-
ture on the suction surface between the throat and trailing edge, and the
channels beiween adjacent blades were made smooihly convergent up to the
throat plane. The blade itch/chord retios were selected on the basis of
general (prlmarlly cascade) loss correlations.

3.2 Tha new desimn

The following parzmeters were selected to provide the means for
translating the blade design of the large reference turbine into the
requirements of the smeller turbine.

1. Blade loading
2. Profile shape
3. Thzckness/pitch ratio

3.3 Blade locading

The Zweifel loading coefficient for a blade in cascade in terms of
the piteh s, axial chord ¢y and flow angles o, and «, is cxpressed as

% = 28fcy (tan o, + tan ay) cos® a,

Thig expresses the tangential 1ift force experienced by the blade section
in incompressible flow a8 a proportion of the exat dynamic head. Thus for
a given form of pressure distridbution ¥4 provides a rough measure of the
dirfusion imposed upon the bLlade surface beoundary layer.

The loading coefficients which were evaluated for the large rcference
turbine blades at the root and tip stations are compared with corrosponding
values for the datum design an thne following table.

- w . R - m— - "
. i U S G PR - - . T )

Blade loading coefficients

) Datum Reference k
‘» Turbine Turbine i
Root Tip Root Tip

i

18t Stator 0.655 0.855 0.530 0.81 -

. 1st Rotor 1.07 1.14 0.910 0.93 -
. 2nd Stator 0.88 0.97 0.85 1.23

1

. 2nd Rotor 1.30 1.03 1.05 0.92 |

- .o . - - e e e e e - e vt o - —
v 2 - ~ ol th - 2 v e
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Zweifel's original cascade work suggested that a loading coefficient of 0.8
was the optimum value but other test data derived frem turbine test rigs has
shown that the optimum mean lozding coefficient for a given blade row may lie
betwecn G.7 and 1.10,

4 comparason of the loading factors showed that the major differences
between the two designs concernsd the rotor blade rows, the loading of the
datum turbine being higher for both stages. The mean diameter values for
the first stator rows were very similar and the average loading Tor the
second stator row of the datum blades was slightly below that of the refe-
rence turbine. In the light of this comparison 1t was decided to limnt
the scope of the redesign to thc rotor blades only. The method employed
for eech section was to combine the loading coefficlent of the corresponding
soction of the rcfercence turbine blade with the local vector angles of the
datum turbine. In this way the appropriate values of pitch/axial chord for
the root and tip sections of each rotor blade row were established.

3.4 Profile ghape

The thicknoss distributions of the reference turbine are shown in
Figure 2 and these werc adopted for tho new roter blades. The parabolic
(P40) camber line was also reteined, the coxber angles being modified to
suit the datum vectors. TWhereas the detun blading had been designed with
approximately zero inecidence at all sections the new blzdes were required
to incorporate the same local incidences as the reference turbine, namely,

- - . e - e - . — - . Al en e w o e i
{

Rotor 2 N

Incidence (deg.) +9.0 -4.0 +4.5 -6.0 |

- *:

L] i

Root T1 ' Root Tip

H - . - R S " et 1 W e ' h ';i
e

i

|

H

3.5 Profile thickness

It 18 now well established that turbine efficiency is sensitive to
the thickness of the blade trailing edges, and various analyses of this
effect indicate that the ratio trailing edge thlckness/blade pitch is the
significant paramoter against which loss in efficiency may be correlated.
For this reason the an/s)values of the refercnce blade sections were used
to define the thickness of the new biades in preference to the mors con-
ventional maximum thlckness/chord ratio. However it was found that the
resulting dblade geometry at the root of the second-stage rotor gave a chan-
nel throat upstream of the trailing edge. This was alleviated by reducing
the originally caleculeted value of (tp/e) from 13.5 to 11.2 per cent.

3.6 Design summary

The above paragraphs indicate the main considerations which entered
into the design of the new blades, particulars of which are listed in
Table III.



TABLE TII

Details of new rotor blade design

Stage 1 rotor Stage 2 rotor ;
! Refercnce diameter in. 21,00 27.45 19.925 28.525
: Blade number 101 73 ‘
‘. Pitch in.  0.654 0.854  0.858  1.226"
il Chord in, 1,44 1,26 1.64  1.67
i Axial chord irn. 1.34 1.06 1.60 : 1.34
| Throat in.  0.397  0.439  0.660  0.764
| Maximum thickness . 0.227 ' 0.1016: 0.183  0.066 ,
| Trailing edge thickness 1in. 0.027 0.024 0.022 0.016 '
2 Average rotor tip clearance in. | 0.038 0.014 .

%
i
1

P - B T I L R - - - — 4 - r— [T [ .
- - [ o - pra- O - -t

The blade profiles at each station were finalised by an iterative
graphical procedure whereby the strgzer angle was varied with the aim of
malkking the total throat arezs of the new bladas egual to those of the datum
blades. In the event this aim was not exactly realised, the throat area of
the new first-stage blades being approximately 1 poer cent higher and that
for the new second steze biades 1 per cent lower than an the datum blade
design. However these variations should have little affect on stage
efficiency,; the differcnces in relative outlet angle being less than half a
degree, and we can therefore relate changes in efficiency to the effect of
profile shape.

For record purposes the ordinates which define the root and tip
sections of the datum and new blade dzsigns are recorded in Appendix II.

Part IT - Experimental inveatigation

4.0 Backeround

The experimental evidence regording turbine efficiencies vhich is
referred te in Part I and which triggered off this investigation was
acquired in the course of engine devclopment testing. This early work was
confined to & very restricted renge of turbine operating conditions and
accordingly it was decided that in addition to testing the new blade design
the nperformance of the original (datum) blading should be examined in some
detail.
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The test programme comprised four test series in which first the
original blades and then the new blades were tesied in holh two-stage and
single-stage configurations, A brief descraption of this test work is
given, and the test results are presented and discussed in the following
sections.

5.0 The test facility

The general layout of turbine and the associated ducting 1s illustra-
ted in Figure 3. Air at about 13000 was supvlied from plant compressors
and pas.ed via an I.S.A, flow nozzle to & plenum chamber (collector box) and
thence to the turbine., At exit from the turbine blades the air passed
through a parallel annulus and then exhausted to atmosphere via the exhaust
cona, Jot pipe, and silencer ducting. The turbine rig was originally
designed for both cold and hot running and the complete unit consisted of
an engine combustion system followed by the turbine, For the work under
review there was no requirement for hot running so the burners and flame
tubes were removed from the combustion space and replaced by a sheet metal
bell mouth entry section and a parallel annulus upstream of the nozzle
blades (see Figure 4). In this medified arrangement air from tho entry
volute suffered an abrupt expansion into the combustion space and 1t was
considered that the subsequent acceleration through the-amnular bell mouth
would be sufficient to give uwniform conditions at the turbine entry.

Figure 4 also shov's the distributions of total pressurc and axial
velocity measured at the turbine inlet scction at three circumferential
stations and although total pressure is reasonsbly uniform it 1s evident
that there 1s some variation in axial velocity in both the radial and cir-
cumferentaal dircections, It was decided to accept these conditions for ihe
present tast work with the reservation that the sensativaty of turbine por-
formance to variations in inlet velocity daistributions should be investiga-
ted at a later date.

The power from the turbine vas absorbed by & Heenan and Froude Q1gh
speed vater brake with a maximum capacity of 10,000 h.p. at 10,000 rovymin.

6.0 Instrumentation

6.1 s1r mass flov

Air flow measurement was by a 20 in. diameter I1I.5.A. nozzle situated
in the 34 in. inlet duct (see Figure 1), Prior to the turbine tests a
check calibration of this neasuring system wvas made by replacing the turbine
r1g with & long length of ducting in which an orifice plate was installed
to the regquirements of BS.1042. For the conditions of the test the nominal
tolorances for both nozzle and orafice were assessed as ¥1 per cent.,  How-
ever 1t was encouragang to find that the agreement beticen these two dis-
similar meters was vory much closer, the maximun difference being 0.1 per
cent, (n this evidonce the nominal constant for the I.S5.A. nozzle wasg
accepted for the cvaluation of mess flow during the test seraes.
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6.2 Turbine air pressurcs

The positions for tho measurement of total and static aar pressures
in end around tho tuc-stage turbine are illustrated in Figare 5,

Turbine entry (plane CC). Inlet total pressure (P,) was nmeasured
using threc, five-point Kiel rakes, In addition eight static pressure tap-
pangs (P1o and pli§ were provided st both the outer and inner annuius walls,

1st_stator oxit (plane DD). Static pressurc toppings were provided
into the space between stator end rotor belos the anmulus wall (p,;) and on

the outer wall (on)° In locating the tappings on the outer wall a range
of circumferuntial positions reletive to the stator trailing edges was
covered,

1st rctor exit (plane BE). Eight pressurc teppings were provided in
the ouler annulus wall (Pao) and three in the spece between the rotor disc

and the sccond stator diagram (p,,). The lattcr tappings were connected
via lengths of hypodermic tubing which were sct into channels in the leading
edge of three sccond-stage stetor blades.

2nd stator cxit (plene FF), Four static tappings in the outer ammulus
vall (p.,).

Turbine exat (plane GG), Ain array of wall static teppings in both
outer end inner walls (p,  and p, ;) were locatud epproximetely 2 in. dowm-

strean of the rotor blades in the parallel exit measuring section.

Two forms of totel pressure (P, ) mcasurcnent were adopied in this
gsection.

(a) Three Kiel rakces cech with five poinig set at centres of egual
arca.
(b) Three cylindricel instrumonts carrying pitot end yew tappings

at five redinl stations., Those instruments were remotely
controlled and recuired to be yawed for cach indivadual pres-
sure reading.

6.3 Turbine air temperaturecs

Air temper-ture at turbine inlet (Tl) was measured using threc thermo-
couples 1n stagnation shields set in the eniry volute, in which the tempera-
ture was uniform. The tomperature at turbine oxit was measured at two
planes JJ in the exit neasuring section by 23 instrunents set at vorying
radial positions.

6.4 Single-gtage instrumentation

For tests of the single-stage configurations a modified outlet
neasuring saction was fabricated whach could be inserted into the aspace
formerly occupied by the sccond stage blading.  This arrangement is illus-
treted an Figure 6 ond the measuring positions are indicated. The wall
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static pressure tappinzs in the plane GG were used in the agsessment of tur-
bine performance. Other wall static tappings were located at two dowvm-
stream stations, F, and F,, but these were not used in the present investi-
gations.

Total pressure was measured using three five-point Kiel rakes and for
some tests the cylindrical instruments from the two-stage tests were also
adapted. These were of limited use as the radial positions of their samp-
ling points no longer conformed to equal area gtations for the reduced
anmulus heaght.

6.5 Traversing

At an early stage in the test work 1t became apparent that the stan-
dard of yaw angle measurement obtainable using the cylindrical instrunents
vas of indafferent accuracy and accordingly a remote conirolled itraverse
gear was ingtalled with an arrovnead pitot yavmeter. This was mounted in
place of one of the cylindrical instruments and provided detailed mewsure-
ments of pressure and flow angle.

T.0 Test results

7.1 Series 1

The test performance for the datum blading was measured at four non-
dimensional speeds, and characteristics of efficiency, flow and outlet swirl
sre plotted in Faigures 7, 8 and O.

The efficiency values of Figure 7 were derived in the following way:

AT
AT!?

where AT 18 the temperature drov equivalent of the work output, calculated
from measurenents of brake torgue, rev/hln and air mass {low; and AT!' is

the 1sentropic temperature drop corresponding to the mecasured inlel tempera-
ture and total head pressure ratio. The pressure ratic was based on the
measured inlet total pressure and on an outlet total pressure calculated from
average swirl angle, static pressure and mass flow.

The reason for preferring this 'continuity' pressure to a directly
meagured values is evident from consideration of Figure 10 where efficiency
characteristics calculated using the measurcd exit total pressures are shown.

It will be observed that for the design speed curve the cfficiency
values calculated using arithmetic mean values for the exit total pressure
have been subdivided in respoect of the two types of inmstrument used for
measurament, Superficially, it would appear that the cylindrical rakes
record higher pressures than do the Kiel rakes, and aslso the rising form

£ 1
of the;’ug— = 263) efficiency characteristic at pressure ratios above 2.8

W,
appears susplcious.
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The individual oullct total pressure messurements for tuo test points

local dymamic head
nean dymamic head

are shown in Figure 11 1n the form end 1t is clear that

at any radius there is considerable scatter in total pressure. It 185 also
evident thet a relatively small change in turbine pressure ratio causes a
considorable change in the exit pressure distribution. This change in
relative pressure at a fixed circumferontial posaition was furthor examined
by comparing the mid-annulus measureuents of a single instrument with the
calculated average values for a range of turbine operating condilioms,

Figure 12a shows the cyclic variation in local pressure and 1t is cvident
that the anplitude of pressure variation is sagnificant —hen expresscd as

a change in turbane eificiency. In an ettempt to 1dentify the source of
this pressure variation & simple ncan diamcter analysis was carried out to
assess the circumferential movement at the measuring plane of a wake from a
second-stage stator blade. The result of this calculation is shown in
Fagure 12b as a plot of circunferentiel movement ageinst turbine pressure
ratr0. The minimum pressures in I'igurc 12a occur at turbine pressurc ratios
of 2,02 and 2.8 and this corresponds to a calculated circumferential movement
of 1.10 inchcs.  Thas agrees very closely wath the 1,153 in. patch of the
gecond-stage stators at mean diamefer and gives convancing support to the
view that the non-uniformity of total pressure measured av turbine exat ais
due to the presence of stator blade wakes in the exit flow,

The carcumferentisl positions for the six total pressure rakes had
been selected to provide some varistion with respect to the second-stage
gtator blades. Thus a very rudimentery piich-wise traverse was available
with respect to the fixed blades 2s shown in Fisure 13a. T.1s shows thes
two of the circumferentiel positions were duplicated and it was theught that
a weighting of the pressure measurements to account for this should be
examined, lMean exit pressures were accordingly recelulated as showm in
Migure 13b but the effect on the efficiency characteristic was marginal.

It was concluded that any average total pressure deduced from the
direct measurements would be open tc suspicron and, although total pressures
wvere recorded for this and the following test serizs, interest wras concen-
trated on those efficiency values which were derived by using calculated
exit total pressure.

During the course of the testing, the torque weighing system was fre-
quently checked and precved to be satisfactory. Figure 13c provides a com-
parison between the efficiency choracteristic derived from the brake recadings
and that deduced from the measured temperature drop. Up to a pressure ratio
of 2.9 the comparison is very satisfactory with the brazke values approxi-
mately 4 per cent lower. AS the pressure rebio 1s increased above 2.9 the
gas velocity in the exit section increasses vapidly and it is probable that
the discrepancy between thermocouple and brake efficiencies i1s due to imper-
fect temperature recovery by the exit thernocouples,

Alter ine charscteristics shoum in Figures 7 to 10 for the datum
bladinz wrere obtained, the test work was abruptly terminated by the fatigue
failure of the second-stage rotor blades vhich were made of aluminzun,

The turbine wag then straipped and rebuilt as a2 single-stage unit for
the tests of Series 2.
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7.2 Series 2

The test characteristics for the singlz-stage assembly of the origi-
nel 'datum' blading arc shown in Figurcs 14 to 17 for four spceds including
/
the design valuo| %E = 263)amnd a 10 por cent overspeed.  The outlet
\VT
measuring sccticn vas smaller then for the Scries 1 tests and three new Kiel
rokos were fabted to provide equol arco samples, In addation, for the
carly tests of Serics 2 the cylindrical probous were a2lso included.  Although
each could provaide only four sompling points due to the reducced height of
the cnnalus they did amprove the cirecumforential coverage and provided some
suirl meessuremont.

The results obtoined with this instrumentation are shom i Figure 17
znd were cven more scattered than for Series 1, Heturelly, the cffects of
variation in outlet pirrossurce upon efficiency werc groater duc to the exit
dynamic heed now representing a much greator proportion of the total pros-
surc drop cver the turbanc. In addition the total pressurce observed with
the cylindricol probes appearced to exceed that from the Kiel instruments at
2l conditions. An attompt wos mode to exemine this phononenon by trans-
posang tvo instruments., This scomed to confirm thet the cylindrical probe
gave a higher reeding then the Xiel rako, but as the radial positions of
measurcment wverc difterent for the twe typoes of instrumont and in viow of
the difficulty of obtzining precisely repcatable flow conditions in tho rig
this check was not conclusive.

Thesc dafficultics rcgarding the meesurcment of cutlot total preossurce
cneouraged roliance, as in Series 1, on a continuity asscessment of prossure.
Houever, at design point condztions, the exat swarl from the single-stoge
unit vas 25 Lo 307 and so the cclculeted pressure, cnd hence cfficicncy,
was critically dependent on the valuc of swarl angle, Instead of tho
cylindrical probus, an accurate traversing pitot yawmeler wos uscd. By
using the locations formerly cccupied by the cylindricol probes it was pos-
gible to demonstrate o satisfactory circumfercontial dasvribution of swirl
angle (110) at any radius., On this evidence, for this and subscquent test
work, the swvirl mecsuramcnts obtoined from radisl traverses at a single cir-
cuaferential stotion werc usced for the eveluation of cxat total pressurse and
hconice efficirency.

The planc of mecsurcment of outlet tetel pressurc was only half a
blade chord downstream of the rotor blade, so to asscss the importance of
2x1al spacing & chock test was nede with the total pressurce instrumentation
moved approximctely four blade chords further downstrezm of the rotor
blades. The effect of this was to reduce the differcnce an the total
pressurcs rccorded by the Kiel and cylindracal vrobes, but the level of
the resulteni cfficiency vias about 1 to 2 per ccat lower than that bascd
on the Kiel mexsurcnents at the upstrerm wnstrumentation plane.

One conclusicn from these investigations concornang outlet pressurc
measurcnont was that the menn value based on Kiel probes clese to the rotor
wag an tolerable agrecament with the prussuce asscssed by continuaty.
However the variaticas which wore obtainable by chonges in cither the
number, typc, or position of the instruments were such as to render any
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direct measurement open to suspicion. For this reason, although the outlet
total pressures were still measured i1n the fursther work of Series 3 and 4 and
are recorded i1n the tables of results, the crifical assessments of stage
efficiency were based on exat total pressures celculated by continuity.

T3 Series 3

Following the sangle-stage tests of Series 2 the turbine was stripped
and rebuilt with the new rotor blades as a two-stage unit. The test
arrangemen.s were zamilar to those of Series 1 except that the cylindiacal
probes alt turbine sxat were dispensed with and an additional traverse peint
was provided in the leading edge plane of the second-stage stators,

Test work was restricted to two speeds and the performance charac-
terastics are shown in Figures 18 to 20.

At the design speed and a pressure ratio of approximately 2.9, inter-
stage traverses for total pressure, static pressure, flow angle and total
tenperature were garried out, The secondé-stage stators were inclined et an
angle of about 10° from the radial and as the traverse probe was located
between the blades 1t was necessary for the probe also to be inclined from
the radial direcvion,

A five-hole instrument was used, the head of which carried a central
pitot hole with fwvo pairs of yaw holes, Thig instrument was calibrated in
e tunnel by balencing the yaw pressures in the plane normal to the stem of
the instrument, and correlating the pressure difference measured at the
other yaw holes with the anzle betwzen the flow and the instrument.

By using this instrument it was possible to measure air flow angles
in the tangentisl and radial directions.

T.4 Series 4

For the [inal tests of this sequence the second-staze was removed to
rermit a test of the first-stage blades as 1n Serzes 2.  Performance
characseristics are shown in Figures 21 to 23 for che three speeds whiach
were examined.

T.5 Fresentotion of resultis

In addition to the characteristic performance curves, representataive
teat information 18 recorded in Appendix ITII,  “here values for inter-blade
rov statlc pressures are quoted, these are the arithmetic mean values for
each location. Tigure 24 1llustrates the circumferential distrabutions of
the 1ndividual readings for the 'design peint' of each series, It may be
observed that the interstage outer wall statics show marked caircumferential
variation. This improves for the single-stage tests so it 1s probable that
the variation in pressure wes due to the presence of the second-stage
stators.
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5.0 Discussion

8.1 Comparison of test efficiencies

The tesl performences for the datum ané new blading are compared in
Figure 25 where the efficicneres for boih two-stege and single-staze

2]

I oy r_‘
asgemblies are plotied against the loading parameter &g&géi). At the
w2

-
gingle-stage design conditions 12k592 = 3.8), the change in rotor blade
\

design gives a rise in efficiency from 86.5 per cent to 89 per cent., This
wmprovenent, 2.5 per cent, is not maintainzd for the two-stage assemblies
where the change in efficiency is from 86.5 to 88 per cent. Indeed, the
above figures suggest that the change in blade design of the second-stage
has no eflect on the efficiency of that stage,

To examine these effects in greater devail the flow conditions were
analysed on the besis of stator blade loss coefficients assessed by the
methods of Heferemce 1, and the resultant rofor blade loss coefficients are
showmn 1t the followinz table,

Pressure loss Coefiicienis

Datun Few“_ i Esﬁlmgtg_g
18t stage stator 0.06 0.06 0.06
' rotor 0.22 0.16 0.20
2nd stage stator 0.13 0.13 0.13 f

rotor 0.12 0.12 0.10

It will bhe observed that only cne estimate of loss 18 guoted for each
blade row. This is becouse the nethod of assessment is insensative to the
changes in pltch/chord ratio of the present investigation.

The firures for the first-stage rotor indicate that the loss of the
datun blade 1s 10 per cent higher than the estimated velue, this being
equivalent to approxinately 0.C per cent in efficiency, The amprovement in
stage efficiency of 2.5 per cent obtained with the new blades 1s seen to be
equivalent to a reduction in rotor loss coefficient of 27 per cent.

As mentioned previcusly, the second-stage efficiency deduced from the
two-stage resulis 1s not affected by the change in blade design and the
blade 1loss coefficients therefore remain the same,
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8.2 Comparison of flow characteristics

Comparison of the flo7 characteristics presented in Fipures 8, 15, 19
and 22 shows that for both datum and nev blade designs, the choking flows
for the two-stage turbines are less then those for the single-stage turbines.
By analysis of axial pressure dastributions through the blade rows 1t can be
shovm that the chokiug plane for the two-stage turbines is located in the
low pressure stator blades and the reduction in £lov relstrve to the single-
gstages 1s therefore logical. It 1s more daifficult to understand tie
increase in chokang flov of aprroximately 0.5 per cent between the new and
datum two-sta e assemblies when clearly they both incorporate the sane
choking blade row. The only explanation would seem to be that the improve-
ment in first-stage efficiency obtained with the nev first-staze rotor blades
must provide more uniform flow conditions to the low pressure stator blades,
thereby inprovaing the flov coelficient of the stator blade reow.

Comparison of the single-stage flow characteristics indiciies thet
e2lthough the floirs for detum and newr bladis are similar at low stage pres-
sure ratio, the choking flow with the new blades exceeds that for the datum
blades by enproximeiely 1.0 per cant. This i1s accountable to the dafference
in robor blade row throat ares reported in Section 3.6 as in these single-
stage turbines the choking plaae is located in the rotor blade row and not,
as 18 more usual, in the stator row,

8.3 Traverse data

During the testing of the single-stege assenblios, radial traverse
neasurenents of pressure and flov angle were made at turbine exit and typi-
cal distributions ol axial velocity, total pressure, and swirl angle for
both the datum and new blades are showm in Fagure 26, At the time of these
tests 1t was not possible to provide weans for eircumferential uovement of
the traverse instrument and the values in Pigure 25 were obtained by simple
radial travaerses.

Using these traverse measurements the [lov ansles relative to the
rotor blades were calcvlated and the radial distrivuilions of relative angle
are compared in Figure 26 with the original design an;les and with angles
estinated by tha method of .elfercnce 1. It is evident that the latter
estimatos give reasonebla approxiuations to toe mean flow angles. The
origiasl design angles wvere linked wath the asswiptions of free vortex flow
and uniform axial velocity, but it is evident that the axisl wvelocity is far
from uniform., . To assess the signilicance of rotor exit angle a rediel
eguilaibrium assessment of the flow conditions within the blading vas made
uging the estimated valves of xotor outlet sngle [or the new blades, The
regultant axial veloecily dasiribution is showa in Figure 26 and although 1t
differs considerably from the measured value it gives e partial explanabion

4

for the goeneral slope of the measured ax:al velocaiy distrabution.

The results of traverses av many other wost conditionsg are illuse
trated in the botton direrrams in Fisure 26, Thesc show the mean relative
outlet angles calculuted from fraverse measuresents plotted against the
relabtive outlet Iiach number. The streight lines sre intcerpolations betveeon
valuzs estimated for llach numbers 0.5 and 1.0 followainz the mothods of
neference 1. The test figpures confirm the estimeted trend of increasing
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angle wrth Iiach number and gencrally provide safisfactory cerflirmation of
the methods currenily uscd for tho asscssment of the relative outlet flow
angl: from o turbine blado cow.

8.4 Interstage messurcments

a8 mentioned in Scebdion 7.3 en attempt was made to measure interstage
conditicns in the course of the tests on the two-stape build of the new
blading. Traverscs for pressure, angle and tomperature vere made using an
arrow head patot yavw probe and a shiclded thermocouple which werc cach
traversed at o position midway betucen the leading cdges of adjacont second-
stage robor blades. The five-hole pitot yaw probe was czlibrated to gaive
total pressuce, static pressure cnd radial flow angle, in addition to the
circumferontial flow angle, and the traverse results are shown in Figure 27,
The upper row of rosults wers obtained with the two-stage burld, and the
lo7er row sre for the single-stage build with the traversce gear mounted in
the 'interstage! positicn,

Due to the proxim:ty of the traverse probe to the scecond rov stator
bladcs aad the relatively closce patch of the latteor it vas inevitable that
some 1nterference cffect vould be cncounterod. This is 1llustrated an the
plot of stotic pressure vhicn wndicates o signzficant difference zn level
betreon the measuromonts with the probe unecor the =valls cof the annulus and
the wall stetic values. This may be contrasted with the tolerable agree-
ment betucen these forus of acasuroment obtained wnath the single-stage test.,
The low stcotae pressures of the first treverse are no doubt accountable to
the blocknge cffcet of the traverse iastrunent in relation to tho stabor
blades, It wos found that to obtain reasoncble azreemont betweon mean
ax2al velocity (based on mass flov end annulus arca) and velocity calculated
from trcverse pressures 1t wos necessary to corrcet the traverse values of
static pressurc up to the level indaceted by the wall measurcaonts. Dospirte
this, 1t 15 of interest to nofc that the radizal variation of slatic prossure
wndicated by the traverse 1s in agreement with tho dafforence bebireen the
inner and outer vall moastroments. To this oxtont the troverse result
corrcporates the 'inverse' prossure gradient* indicated by the woll statics,
a phenomencn which has been reported for other tio-stage turbines. In
addicion to the static pressure 'anversion' the interstage treverses roveal
radiel variotions in toizal pressurc, total temporature and radial flow angle
which ars greaser then thosc observed in the single-stage test. It will be
obsorved that the stage pressure rotio for the single-stage troverse is
srtgnificeatly arcater than thal for the tuo-star~ae tost. This failurc to
reproduce the axact stage loading wes attributeble in pert $o the setting-up

% sthere p, was taken
1

as the mean of the wall stasic pressurss, Duc to the daffcrence in form of
the radial distraibutions of static pressure, the truc mean cxpansion ratio
for the singlc-stege test would hove been high oven if the nomanal sctting-
up conditicns had been satisfied axactly.

condaition vhich was aimed at, nocmely a smmiler valuve of

*ﬂ;'tﬂ

#With swirling flow In an annulus it is customary to expect & radial gradlent of static pressure
such that pgrat Increases with radlus. An !inverse! gradient would seem to indicate strong

outward compcnents of redizcl flow.
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Fortunately the single-stage traverse d-ta at this 'interstage' posi«
tion wes found to be in tolersble agroenent with other iraverses taken in the
normal instrumentation plane for single-stage testing and these results,
which cover a range of s.age operating conditions, indicated that the radial
variations of [low conditions did not chenge signifacantly for a moderate
range of stagze pressure ratios., It 13 thersfore not unreasonable to com-
pare the radial distributions shown in Figure 27 for the two-stage and
single-stase builds,

Axial velocity profiles and radiel distributions of stage temperature
drop were computed and are shown in Figure 28, If end effects are 1gnored
it 18 seen that tne axaal velocity for the two-stage build tends to reduce
from tip to root, 1.e., In reverse direction fc that of the single-stage.
This change in distributaon is confirmed by the curves for staze temperature
drop, the iwo-staze buirld showing a significant reduction in lLemperature
drop from tip to root in comarison with the single-stage version.

It is clear that detailed flow 1:zasurements of this type are subject
to many qualifications due to the instrumeniatzon dilliculties which abound.
levertheless the results of the present investigztion appgear to provide
conclusive evidence that the flow conditioneg within the [first turbine stage
are 1mfluenced by the presence of a closely followiny blade rovw.

3.0 Blade surface velocibies

In the genercl introducticon to this paper mention was made of an
increasing interest in the relation between blade profile design and surface
velocity disvributzons., The simplest assessment of velocity dastribution
is provided by the strcem filement analysis and using this approach the root
and tip sections of the dasum and new rotor blades were examined, The sur-
face velocaty distribubions for two-dimensional compressible flow werc cal-
culated and sigrificant portiocas of the svction surface velocity distribu-
tions are reproduced in Pigure 29. As the analysis is basically a channel
method the valucs calculated downstresm of the throat are inevitably open to
question as they depend upon an asgumed form for the trailing edge stream-
line. Accordingly these portions of the distribucions are shown as dotted
lines, and must be taken with reserve.

In order to assess the significance of sucface velocaty distribuiions
it 18 convenient tc male use of & simple criterion for velocity gradient.
Other work has shown that for a simple triangular velocity distrabution a
wholly turbulent suction surface beoundary laycer should be free from separa-
tron provided the velocity gradient s less than 0.5, Thal is to say the
leadin; edge velocity of such o triangular distribution must be not more
than 50 per cent greator than the exit veloeaty.

Exgmination of Faigure 29 shows thet the datum design for the fairst
stage root seclzon has a lccal velocity gradient which far exceeds thisg
criterion and 1% 1s probable that the ancresse in the first-stage efficiency
obtained with the now hlades is due te the supovression of boundary laycr
separation by virouc of the marked improvement in velocaty dastribution of
the root section.
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In the second-stage blades, the calculations for the tip sections
indicate a steeper velocity gradient for the new blades, but this occurs
downstream of the blade throat where the distribuation of velocity depends
on the form assured for the trailing edge streemline, If cqnsideration is
restricted to the more accurately defined velocities within the blade channel
(upstream of the tarcat) the distributions do not suggest sny major diffe-
rence in boundary laycr behaviour and to this extent are in line with the
eff1c1ency measurenents for the second-stage blading.

It may be noted that the overall loss coeflicient is apparently
unchanged betireen datum and new designs in spite of the fact that the blade
surface area has been increased by 18 per cent in the new design.  Lorer
loadain;, would seem to have resulted i1n a reduction in boundary layer growth
{or separation) sufficient tc compensate for the greater surface area. It
seeris possible that the optimum loading factor may lie somevhere between
the values related to the ftwo desisms. It would also apnear that there s
scope for further modifrcation of both the tip profilcs, such as to increase
the loadang over the leading section of the blades, and thereby to enhance
the efficiency of the tip regions of bLoth stages,

10.0 Conclusions

1. These tests have yielded positive confirmation of a number of errors
and problems of instrumentation commonly pertaining to turbine testing.

(a) The direct measurenent of total pressure 2t exit from a tur-
bine 1s liable to error from & variety of sources.

(b) At a measuring stetion at lecst one blade chord dounsiream of
the second-stage rotor there 1s evidence of significant
maldisiribution due toc the presence of unmixed stator wakes
in the exat {low,

(¢) It is suspected that cylindrical pitot instruments are parti-
cularly unsuitable for pressure measurement dovnstream of a
moving blade row.

(a) There is some evidence that the exit swirl from a turbine is
uniform circumferzntially, but further tes. vork with suitable
instrumentation is required to substantiate this claim,

(e) Inter-rov uall static pressurcs are sensitive to thcir cir-
cumferentizl position with regpeci to fixoed blades.

2. The methods in use at H.C.T.Z. for the estimation of {low ocutlet
angles from turbine blades gre well substantiated by the agreement botueen
estimated angles and thcse deduced from the test data.

3. There is some cvidence tnat the radial flow pattern vithin & turbane
stase can be signmaficantly allected by the presence of a following stage.
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4. The efficiency of one turbine staje has been significantly improved
by & change frou circular arc blading to aerofoil blad.ng of lower pltch/
chord ratio. The insensitivity of the second-stage efficiency to a similar
dasign change emphasises the hit and mass natvre of such empirical design
methods,

5e A 2% per cent increase in first-stage efficiency is attributed 1o a
reduction in suction surface ditrfusion at the rotor blade root. Although
this improvenent was obtained using a blade of a particular aerofoil section
at e loading coeffiicient of 0,91 1t is probable thet a variety of blade
shape/loadlng combinations misht have accomplished a comparablz improvenent
in local velocity distrabution and a similar increase in stage efficiency.

6. It 1s consadered that vwhen empirical methcds arc used for the design
of blade sections the surface velocity distributicns shoculd be examined to
ascertain the diffusion grad_ents involvzed, More data a1s required, horever,
to identify critical design linits to these distributions and gradients with
better confidence; although tnre present tcsts have provided at least an
example of designs lying on the right and wrong side of such a limit,
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APPENDIX I

Notation
Specific heat of air at constant pressure
Brake load (1b) (HP = Lx moss)
Lir mass flow (1b/s)
Rotational speed (rev/min)
Turbine inlet total pressurc (an.Hg)
Turbine exit total pressure deduced by conbimuirty
Turbine exat total pressure measured directly
Well static pressures at turbine eniry
Wall static pressurcs after first row stator blades

Wall static pressures after first-stage rotor blades

Yall statac pressure after second-stage stator blades
(outer wall only)

Yall static pressures 1 exit measuring plane
Turbine inlet temnersture (%K)

Turbine exit temperature (°K)

Turbine temperature drop (°C)

Axiel velocity {ft/s)

Mean blade specd (£t/s)

Exat svirl angle (degrees)

Radial flow angle (degress)

Efficiency
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APPENDIX I

Blade profile ordinates

chordwise position from leading edge

ordinate from chord line to concave surface

1

ordinate from chord line to convex surface

Stator 1
Root (10.50 1n. radius) Tip (13.725 in. radius)
IER = 0.095 an. TER = 0.016 in. IER = 0,065 in. TER = 0.016 in.
Stagger angle 36 deg. Stagger angle 34.1 deg.
X o Vg x Jp Is

0 0.095 0.095 0 0.097 0.097
0.05 0.011 0.1875 0.05 0.012 0.190
0.10 0 0.242 0.10 0 0.2425
0.20 0.0285 0.323 0.20 0.031 0.325
0,30 0.0578 0.382 0.30 0.065 0.3838
0. 40 0.082 0.422 0. 40 0.094 0.423
0.50 0.1015 0.447 0.50 0.118 0.448
0.60 0.116 0.4585 0.60 0.137 0. 460
0.70 0.1285 0.457 0.70 0.152 0.4585
0.80 0.132 0.4415 .80 0,162 0.443
0.90 0.1338 0.413 0.90 0,168 0.417
1.00 0.131 0.372 1.00 0.1695 0.385
1,10 0.123 0.3245 1.10 0.167 0.3515
1,20 0.112 0.277 1.20 0.1595 0.316
1.30 0.097 0.227 1.30 0.148 0.278
1.40 0.076 0.176 1.40 0.132 0.240
1.50 0.050 0.1238 1.50 0.112 0.1995
1.60 0.020 0.0698 1.60 0.087 0.157
1.68 0.0175 0.0175 1.70 0.057 0.1125

1.80 0.0218 0.065

1.878 0.018 0.018
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APPENDIX IT (cont'd)

Rotor 1 (datum design)

Root {10.33 in. radius) Tip (13.862 in. radius)
LER = 0.0375 in. TER = 0.016 1in. L8R = 0.0335 in. TER = 0.016 in.

Stagger angle 10.10 deg. Stagger angle 37.5 deg.

X Ip ¥g X Yp &S

0 0.037 0.037 0 0.0336 0.0336
0.05 0.002 0.1868 0.05 0.0042 0.1292
0.1 0.036 0.2685 0.1 0.0433 0.187
0.2 0.0975 0.378 0.2 0.1007 0.2617
0.3 0.145 0.447 0.3 0.1384 0.3019
0.4 0.1805 0.492 0.4 0.1585 0.3184
0.5 0.206 0.517 0.5 0.1636 0.3112
0.6 0.2195 0.5235 0.6 0.1527 0.2844
0.7 0.225 0.5145 0.7 0.1342 0.2525
0.8 0.220 0.4878 0.8 0.1149 0.2211
0.9 0.206 0.4415% 0.9 0.0956 0.1879
1.0 0.182 0.374 1.0 0.0755 0.1543
1.1 0.147 0.297 1.1 0.0534 0.1191
1.2 0.1022 0.213 1.2 0.0302 0.0822
1.3 0.0478 0.121 1.3 0.0067 0.0436

1.4 0.019 0.019 1.343 0.0168 0.0168



X

0.05
.10
0.20
0.30
0.40
0.50
0.60
0.70
¢.80
.90
1.00
1.10
1.20
1.30
1.40
1.48

Stator 2
Root (9.96 in. radius) Ti
LER = 0,07 ain. R = 0,016 in. LE] =
Stagger angle = 31,0 deg. 5%
Ip ¥s X

0.072 0,072 0
0.0038 0.170 0.05
0.006 0.229 0.10
0.044 0. 311 0.20
0.076 0.3605 0.30
0.102 0.388 0.40
0,121 0.3955 0.50
0.1345 0.3845 0.60
0.142 0.356%5 0.70
0.144 0.320 0.80
C.1395 0.283 0.90
0.129 0.244 1.00
0.112 0,202 1,10
C.089 0.158 1.20
0.0605 0.114 1.30
0.0245 0.065 1.40
G.0175 0.0175 1.50
1,60
1.70
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APPENDIX. II (eont'd)

1.756

O j—rll

Ip
0.098
0.0145

0.029
0.060
0.0865
0.107%
0.124
0.135
C.1445
0.146
0.1475
0.142
0.1325
0.1105
0.100
©.078
0.050
0.017
0.0185

14,25 1n. radius)
TER = 0.016 an.
agger angle = 22,1 deg.

Ya

0.098
0.190
0.2365
0.309
0.361
0,398
0.422
0.4318
0.430
0.417
0.3895
0.353
0.3145
0.275
0.235
0.192
0.1498
0.1045
0.058
0.0185
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Rotor 2 (datum design)

Root (9.835 in. radius) Tip (14.41 in. radius)
LER = 0.037% in. TER = 0.016 in. LER = 0.025 in. TER = 0.016 1in.
Stagger angle = 9.5 deg. Stagger angle = 37.2 deg.
x Ip Ys x Yp Vs
0 0.038 0.038 0 0.022 0.022
0.05 0.0025 0.114 - 0.05 0.0115 0.082
0.10 0.0285 0.169 0.10 0.042 0.121
0.20 0.0745 G.252 0.20 0.0885 0.177
0. 30 0.112 G.312 0.30 0.1205 0.215
0.40 0.143 0.354 0.40 0.139 0.236
0.50 0.1655 0.381 0.50 0.1458 0.2425
0.60 0.182 0.395 0. 60 0.143 0.236
0.70 0.1925 0.366 0.70 0.1378 0.226
0.80 0.1965 0.384 0.80 0.131 0.2135
0.90 0.1935 0.361 0. 90 0.123 0.200
1.0 0.185 0.331 1.0 0.113 0.184
1.1 0.170 0.2975 1.1. 0.101 0.167
1.2 0.148 0.258 1.2 0.088 0.149
1.3 0.120 0.2138 1.3 0.073 0.128
1.4 0.083 0.162 1.4 0.0565 0.1065
1.5 0.044 0.106 1.5 0.038 0.082
1.6 0.0035 0.0438 1.6 0.0185 0.0565

1.625 0.017 C.017 1.70 0.012 0.012



- 31 -
APPENDIZX II (cont'd)

Rotor 1 (new design)

Root {10.43 in. radius) T1ip (13.72 1n. radivs)
LER = 0.018 in. TER = 0.014 1in. LER = 0.008 in. TFR = 0,012 in.
Stagger angle = 17.9 deg. Stagger angle = 32.8 deg.

X Jp s X Jp Ia
0 0.0455 0.0455 0 0.011 0.011
0.05 0.003 0.175 0.05 0.0265 0.1095
0.1 0.022 0.2405 0.1 0.065 0.1665
0.2 0.0855 0,325 0.2 0.138 0.242
0.3 0.139 0.378 0.3 0.1855 0.289
0.4 0.1765 0.4145 0.4 0.2125 0.312
0.5 0.199 0.428 0.5 0.225 0.3195
0.6 0.212 0.4245 0.6 0.223 0.3095
0.7 0,219 0.4170 0.7 0.2125 0.288
0.8 0.2158 0.377 0.8 0.1925 0.257
0.9 0. 200 0.338 0.9 0.163 0.217
1.0 0.177 0.293 1.0 0.126 0.170
1.1 0.145 0.240 1.1 0.0795 0.117
1.2 0.107 0. 1805 1.2 0.029 0.0605
1.3 0.0622 0.1160 1.265 0.0125 0.0125
1.4 0.0115 0.0490

1.438 0.0145 0.,0145
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APPENDIX IT (cont'd)

Rotor 2 (new de31gn)

Root {9.92 in. radius) Tip {14.31 in. radzus)
LER = 0.015 in. TER = 0,011 in. LER = 0.005 in. TER = 0.008 in.
Stagger angle = 12.9 deg. Stagger angle = 36.8 deg.
x Jp ys x Ip Ys

0 0.0178 0.0178 0 0.005 0.005

0.05 0.0069 0.1235 0.05 0.0218 0.0598
0.1 0.0295 0. 1745 0.10 0.493 0.0980
C.2 0.0790 0.2477 0.2 0.0663 0.1538
0.3 0.1185 0.2985 0.3 0.1315 0.1935
C.4 0.1479 0.3312 0.4 0.1560 0.2208
0.5 0.1685 0. 3505 0.5 0.1713 0.2378
0.6 0.1797 0.3567 0.6 ©.1793 0.2453
0.7 0.1873 0.3503 C. 7 0.1835 C.2463
0.8 0.1895 0.3345 0.8 0.1810 0.2390
0.9 0.1850 0.3128 0.¢ 0.1748 0.2255
1.0 0.1752 0.2850 1.0 0.1640 0.2095
1.1 0.1603 0.2528 1.1 0.1490 0.1895
1,2 0.1405 0.2155 1.2 0.1300 0.1643
1.3 0.1143 0.1743 1.3 0.1088 0.1373
1.4 0.0835 0.1313 1.4 0.0848 0.10¢5
1.5 0.0490 0.0845 1.5 0.0548 0.0765
1.6 0.0100 0.0360 1.6 0.0215 0.0405

1.637 0.0113 0.0113 1.67 0.008 0.008
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APPENDIX 111
Test data ~ Series |

- AT e .. " g . . - - - -

E M L T 5 Py Do M1 Poo Poi Pxe Pxy Pyo Psy, Pop Psc Psp Psg; P5e P51 PSeale a5
T T T Rt T =l S T o T LTI e ems S gems el s g eesme 0 S e Oelrn DT, T LA T A L s
2575 b').69 617 386.8 357.6 43.33 Lo.20 40.52 33,78 32.33 30.23 .96 29,61 3044 30.53 30,76 30.69  30.84 29.49 29.54 30.6 - 6.9
2517 50,45 795 3834 350,0 Lé.4h 42,87 3.5 34,65 32,73 30,13 Ja.us 29,45 30,52 30.60 31.03 .08 3.6 2.3, 29.42 30. 7% 5.7 ‘
2584 59.42 1126 384.2 33,7 52,55  47.97  LB.4E  36.86 3393 30,13 33.4 2.2, 3030 30.73 337 .57 31.68 2.6 2.1 30.96 8.47
2534 ©5.92 138,  384.8 0,1 57.57  52.36 52.93 39,04 35,33 30.34 3%.56 39,05 30.48 30,99 3. N7 32.28 28.73 28.82 .22 14,05

257 L50 17hL 385.8 336.0 6. 21 58,30 58.96 42,5 37.83 3.9 'y 36.5 28,82 3I0.49 .27 32.37 32,57 3B 28.33 28.37 3.59 17.2
&1 83,65 236  386.6 332,90 72.4 65.67 66.42 46,9 §1.36 32.66 39.3 28,85 3,0 .63 32,97 33,73 % 27.96 27.82 32.28 21 .45
2579 93.65 258,  387.5 328,2 80.29 73.40 19 51.9 L5.66 35.02 ¢ hL2.9 2.47 Wbk Zo.22 33.94 a7 36,39 27.58 2743 7 33,20 25,28
3956 49.83 600  386.6 3hg.2 47.04 L3.59 4h.00  35.68 .15 30.66 32,35 29.32 30.68 30.55 30,58 30.50 .  30.67 29.06 28.91 30.59 ~23.9
3933 56.36 816 3.l 5.2 51.53 47.43 47.9 37.3 35.41 30,7 33.2 24 30.51 30.76 30,87 30,78 30.90 28,76 28,72 30.57 ~15.77
3937 €3.4h4 1066 393.2 3394 56.79 52.08 52,64  39.47 37,06 30.84 3435 28.87 30,53 30.83 3.1 30.89 3.0 28,52 28,55 30.86 ~10.23

2942 €3.84 1267 396.3 336.4 €1 .26 56.07 56.88 .6 l 38.38 30.88 35.35 28.85 30,56 30,56 .22 .11 31.56 28.29 28ul 30.91 = T3
2933 7:.60 1487  395.2 3334 66,02 60.32 60.99 Lhao0 40.85 .49 P 36,75 28.8 30,54 30,66 .37 . 2.0 28,10 28.25 31.43 ol
2,950 82.37 1797 4,00,0 328.8 72.77 66.49 67.21 48,05 Lh.22 3. ' 36,95 28.72 30.44 30.86 .97 32,67 L 33.08 27.59 27.9 l 3.2 b.7
39hi Sh.55 2519 Lo1.9 322.3 83.96 76.6; 77.5 54.97 50.48 . 43.28 29.2%5 30,86 .57 33,17 33,3 33,77 26,86 272 3211 12.92
3919  103.0 26, 398.7 6.7 90,85 82.92 83.89 59.59 o84 35.81 L6.5, 30,26 a7 32.2 3,13 3.0 26.15 26.74 26.8 ’ 32,9 15.82

321 1. 256 4Loe.7 5.7 98.26 89.77 90.70  £4.16 58.97 39.47 50,3, 31.68 3t.89 33.07 35.00 34.93 37.26 26,32 26,12 33.87 19,6
2927 122 322 Lok 1.6 104,86 95.66 96,76  £8.56 63.04 .71 53.6 32,7 32,84 .0 36414 36.08  38.53 26.16 25.63 |, 35.07 22

3924 125.07 34,55  Lo2 1.2 110.35 100,71 101,88 72.01 67.54 a7 56.4% .96 33,85 3547 37.43 37.43 40,17 26.25 25.43 36.20 23.77
B459 49,70 5th 0 393.5 34641 L7.32 43,32 Lha8 3643 %479 .o 32.5, 29.73 3.3 .39 31.32 31.03 3172 25.53 29.14 ‘ EIINT ~32.12
LLsh 57.93 T 38,2 337.5 52.79 L5845 46,93  38.48 36,26 31 0 33,66 29.33 .27 .02 3.0 30.99 3.22 2.10 28.52 3.0 ~24.35
Lea, (2,73 %8 397.7 2 57.09 52,42 52,95 4047 38 .47 346 29.49 30.95 3.0 3.0 3.3 31.26 28,69 28.58 30.98 -18.55
Ledy 70.37 1183 398.3 334.9 63.12 57.7h 58,37  43.20 4,0.50 31 .82 35.96 29.07 .02 .27 3.hh .46 31.80 28,32 28.26 3. ~13.,55
k600 80.26 1538  399.5  327.2 L3 6531 66.06  47.97  L4.65 32,69 38.55  29.03 31,06 30,87 .73 .66 3247 27.92 28.09 .45~ 7.67
1603 89.22 1857  400.8 321.2 79.55 72.61 3.4 52,98 ki .95 3.20 .60 29.27 31,07 31,0 31.84 32,30 335.43 27.5, 27.8 3.87 3.9
heoh  98.33 a4 n8.2 8.8 7.3 7.28  57.07 52,96  36.00 L2 29,67 .03 3t.59 3262 33.57 .39 2749 24k 2.6 5.7
Lo  107.8 2565  L03.5 ha.z2 95.92 87.57 88.57  63.63 59.09 39.56 49,34 .07 32,08 32.15 33.58 .32 35.89 26.41 26.53 33.00 12.2
5243 60.65 o2 390.2 339.6 55.4k 50.94 1.6 39.72 3TH 31.57 33.8 29.32 31.62 31.55 .40 .35 3.33 28.85 28.40 .21 ~25.7
£253 6.l 127 4O 336.7 62.76 57.55 58.17  L3.39 40.97 32.17 35.86 29,12 31.58 30.98 3.0 31.26 3 .51 28.25 28.05 Rk ~21.53

5,2 7718 1257 395 3274 68.97 63,11 63.82  L6.90 L, 05 32.92 37.55 29.27 .23 .47 .47 31.82 32.06 27.98 27.93 3,30 ~15.46
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| SPPENDIX JIT (cuattd)
Test_data - Series 1 (contt'd)

it - - ' il - - — - - - - - LI Mot - - s e m——— e e = - - - - - - - -
et TSI, S i e e T2 - e R - = P L e ey L o - “ ;

ks
i

Py P30t Py Pho Pgg Pog P5c Pep Pog P50 P51 Pscale

+
—|.}
-
1
1
'
T
i
1
1
1
i
]
L]
1

Irun LY
'
-
t
i
-
+
'
L}

3o 5243 - 86,75 1607 k0.7 ;.7 77.5 70.88 .6 523k | 48.99 4.8 4065 29,50 332 M.23 51,97 3223 3284 27.33 46 .52
132 5263 97.65 1948  4oO,2 3 1 872 79,68 80.65 58,66 Sheol 37.85 b5.07 30.25 5.6 .0 3z.11 32.89 .06 27.08 .34 32,22

N33 5% 101,03 208 L2  H23 ;90,2 82.5 B3u 60,71 56481 39.08 « L46.52 3048 3. .2 3246 352 3%.59 26,83 2232 32,37
i

27 543 105,92 223  395.6 305 95.02  85.88  86.63 6343  59.07 . Lok LB.AL 31,05 %.36 R.53 0 32,55 33,75 35.22 26,57 26,92 32,60

{1, 35 5253 11240, 24607 40.7 356 100,02 9146 92.49  67.23 - 6296  L3.03 . 5145 32,29  H.82 3244 3330 3L86 . 3649 26.25 26.56  33.7

I.,..--mnl' Shas . PARIAarmom awd
'

N Ot

}; 3% 5258 122.% /6 4o2,2 3.7 109.06 9.7  100.85 3.5 €a,66 47.00 56,11 34.84 3.7 33.85 3.8, 3643 @ 38.25 5.7 25,92 .27

e el —-._...4’.--.—..- —= mrn e e sl o cma s o i
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APPENDIL 111 (cont'd)
Test _date ~ Serics 2

Ay Ty T T T e S R BT A S SRaama R e T e T 5 R T oo, = O Sl S
, N M L T 5 P, Pio By, Pao Py P30 P34 Foa PsB Pse Psp ; Pep P50 P51 PScale a5
R T T e T T N Bt Rt s TTE el S Tt ket om0 DT es S I L
.1 3863 37.23 . 263 386,8  364.3 Bah 3575 35.96 - 30,9 2.9 28.63  28..48 30,03 3015  30.09 30,7 29,9 28,71  28.83 29,97 7.95
. 2 38 In b 37 3854 358.7 Lo,02 : 37.16 3746 3.3 25.98 28.43 28,31 30.18 30.35 30.32 30,34 30,44 28.51 28.69 30,12 . 13.0 ,'
T3 3865 U591 438  386.3  355.5 42,60 3930  39.58 3241 30,08 28,28  28.18 3035 30,77 30.81 307 ', 3037 2835 28,55 30,42 18,1
. b 3885 47.83 467 388.6  355.9 43.91 40,36 40,67 32,09  30.21 28,16 28,08 3048  3.06  31.08  30.9h ; 30,54  28.26  2B.4T7 30,58 w02 !
' 5 3865 5220 598 3684 351.3 4.4 b2,77 W32 328, 3051 28,02  27.78 Csm nm na s 30,8 2843 2832 3.0 ' 25 '.
6 4692 387k An 3925 3695  39.66  37ah 3739 31.93 3095 29.%5 28,9 3060 308 30.81 30,76 30.41 2.7 .35 .60 =52 ‘
7 W7 4366 B3 3909 36.6 42,20 39,2 , W52 320 3.0 29,00 28.7 30,77 30,96 30.83  3.00 30,69 2,03  29.21  30.73 WLy
] 8 4659 58,11 b2t 386.1 352.5 bh,2p Lo.89 .2y 32.8; 3.4 28.59 28y 30.8 3 .00 30.94 .08, 30.72 28,66 28,93 . 30,76 10,62 !
P9 LS8 5,60 489 376.9  3M.3 4630 k256 k291 33.67  3.59 28.50 282 b R3B 3. 353 N.22 269 .02 , .08 12,8 |
, 10 4659 85 ST 385 M7 L8.7%  hh.63  45.00  3habh 32,02 28,3t 28,32 A N N8 .8 NSk MBS 28,88  31.32 15.85
;1 N6® LS @3 M B0 508 LGks  MGB B2 2de Bag a8 N5 320 2 3220 RS AN AW RE 195 |
s 12 458 61,33 - 720 3.5 34 53.3 L8.61 494 3637  3B.22 28,00 27.99 3.47 32,26 320 3277 3242 28.21  28.67  31.98 2,7 [
13 4592 66,27 82 38.6 3297 5129 5222 5268 38,59 .92 2085 2076 32.22 33,28 33,53  33.92 3343 2841 28,63 3275 - 2.0
IR TN 67.55 902  387.3  333.8 59.04 53.78 ' 54.27  39.44 35.7h 27,35 21.0 32,55  33.51 33.70 33,82 % 3340 27.56 28.03 3277 . &3 *
15 522 38.40 207 3834 36741 3,39 3702 325 3.8 3075 29,25 28,6 30.69  30.79 30,82 30,58 ! 30,32 29.2, 2919 30.56 © -15. f
16 527 4545 328 . 388.5  357.9 43.05 3993 L0235 3278 .3 28.87 28,45 30,66 30,96  30.97  30.93 . 30.53  28.87  29.03  30.83 - 3,8
' 17 5163 50,29 438 3889  351.7 46.20 k2,60 42,95  33.56  3.75 28,50 28,25 30,85 3,06  31.0.  3.19 : 30.82 28,57  28.87 : 30.81 : k7 "
18, 5202 53,86 509 3879 3.4 48,31 W2 W48t 34,26 32,11 28.20 28,05 30,99  3.25 3.2 343 307 283 287 30.97 %5
119 S8 5839 627 389.3 3.8 51,65 4737  A7.80 3543 331 27.93 2791 .43 .6 3,72 3.9 3.76 28,08 2858 335 o+ 15.8 )
:, 20 5145 6060 676 388 M09 53,30 M85 9.9 646 - 3BM 2778 27.78 Mot 386 397 2@ sk 2295 A9 mk T 182
' 5153 64,80 75, 389.4 3375 56,67  51.86  52.36  38.4 35.35 2756 21,55 3.89 3246 3247 3255 32 2.8 2840 3212 . 22,85
2  S5I8 6759 843 388.8 3350 59.19 5445 5466 30.81 36,58 274k 27,38 3231 3298 343 3322 333 2L 283k 32.5 © 25.08
:'as ‘5133 7046 915 389.7 3329 6.5 5635  56.88  L1.36 391 2.4k 278 3290 3.68 33,76 3.0 | W26 2n72 2833 35,09 27'°5=I
‘24, 5155 7256 970 387.6  328,2 63.6 5797  58.5  L2,85  38.87 26,9k  26.40 32.8 33.69  33.9 35,26 * 3.3 2715 2.3 3345 29,25
v 5, 563 7.8 1097  38LE 3253 6847 6auk G266 U568 W63 207 25,87 35.85  35.08  35.27  35.83: 35.62 27,1 206 A2 | 32,65
265 5163  83.61 1225 3884 3229 A7 66.66 673 , 48.9 bls.6 27,2k 25.33 35.65 - 36.43 3.2 37.5 ; 37.2 27.08  27.4 35.80  35.05
Yo7 i 5607 48.76 365  375.8 3 .4 h.a8 Lo.82 a7 32.8 3.6 28,08 | 27.63 30.14 30.L5 30.45 30k 29.53 28.08 28.27 30.16 - 7-25;
: 28 5619  56.32 527 3.9 3315 493 U5.27  45.66 34,58 32.3 .45 2.3 o4 0.6 30.62  30.78, 30.58 27,58  27.98  30.38 - 7 |
,' afaE 5602 62,73 667 3733 3240 Shet2 49058 h9.97  36.86 a6 26.93 T 27.00 3.00 .03 3.08  3.53 % .56 2747  27.79  30.85 1h-75.;
: ;'.oE 5613 67.00 769 377.0 323.0 57.88 53.0 53.52  39.28 36.16 26.70 , 26,70 .49 .65 31.68 32.00 , 32.ln 26.86 27.65 .35 ‘ 19.43
31 ' 5613 1217 893 3.0 320 62.49 5718 571.72 4243 38.80 26.54 26.3 32.66 32.88 3.7 32.58’ ; 33.31  2%.75 27.5 32.28 ' 25,18 '
32 ' ' | 3999 27.06 276 3849 35.8

5637 9%.33 1354 3820 312.6 g2.q4 4.9, TS5 5534 50.62 27.54 25.06 37.b4 . 39.12 33.35 39.56

H g ’ 1 t X L 1 Lo T O R RN SIS NSO, By
ey TTL T s B w5 e e s i e ——— T e e et e B R S el
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APPENDIX III (eonttd)

Tegt data [ Serles 3

T FO T i LV PR L e I - eyt -

el
-
-
-ty
-
r
-
-
-
-y

’ N u L 7 15 Py Po P Poy Poy P30 P3g Byo Psa P Psc Psp Peg Py Ps;  Pseale
& - TEITIZ RrL oL L .t - e e L - o Tu e mm k- S S TR IR R N PR R Sl T L - B R T - )
1 L687 5.65 50 400.5 351.6 52,98 48.77 495  38.88 - 32,08 33.36 29,61 30,85 30.77 30.86 30,99 3.6 28.9 28.79 30,82
:- 2 L4654 .91 08 Lo.3 327 58.96 54.22 54.97 .68 - 32.6 3% .66 29,7 30,92 30.83 30,95 3.26 31.34 28.53 28.57 30.95
: 3 h655j 72.45 1288 ez 335.5 5.2, 59.62 60.69 ' 44.75 - 33.46 35.85 29.92 30.87 40 ' .34 2 .83 32.01 28.26 28.45 .25
k4655 83.17 1662  403.8 . 328.1 .03 ' 67.67 68.64  L9.L5 - 34.88  38.55 30,27 30.73 30.90  3t.67  32.07 32,76 27.81 28.15 .62
"5 hes5  90Mhk 1936 4LOS.A 3239 80.k3 .57  Th.67 53.18 - 36,92  LO.B3 3045 30,77 3.0 .85 3255 3334 204 2,77 N.93
"6 4663  97.27 2205 4067  319.8 86.18 .72 79.98 56,36 - 39.06  h3.35 30,60 3.28 M.A5 0 323 3338 %.03 0 26,96 . 27.35 32,27

7 b667  105.43 2510 4o7.2 5.5 93,58 85.55 86.86  61.45 - .98 L6.6 3.6 3.5 32a 35.27 3.6 35.14 26.41 26.76 32,8
Y8 w7 11.69  am kB4 M25 1 98.99 9047 91496 64.80 - W22 b2 3255 .86 3272 a1 358 3643 26.03 26,3 3343

9 5233 56.23 597  387.4 h3.9  s2k2 4839 18.82  39.14 37.45% 32,58 331 30,03 .33 .45 .27 3.5 3.2 29.39 28.91 .72
10 5284 65.18 885  398.2 351.5 59.25 sh.32 54.85  42.35 - 33.35 .67 30.03 .37 .20 31.35 3.5 R.52 28.8 28.59 .33
11 555 ' 63.25 1072 . 407.2 2.6 63.15 57.97 58,68  43.98 41.53% 3340 35.48 29.63 30 30,6 30.77 .03 . 3.4k 28.15 28.08 30.99
:: 12 5362 i 83.19 1529 = 0.5 35 .8 75.08 68.69 * 69.652 50.65 47.43%  35.9 39.06 30.23 At .3 5.5 2.3 Ja.52 27.56 27.81 3.8
: 13 5389 89,77 1TI0 6.7 330.8 .32 .37 75.4n 54.38 50.85* 3.9 I 42 30.65 .08 .27 3.8, 32,46 33.25 27.22 27.65 X.B82
; 1 5325 1027k 2156 ° 4064 5T 9 .70 83.94 85.77 6.1 - h2.77 | L6.16 31.83 3.6 3.8 32,69 35.39 34.85 27.00 27.49 J2.80
115 5H0 106.9 ‘ 2297 L08.3 o} 55.59 87412 - €4.55 - 43.93 L37.70 32.19 k. NI 3.58 32.83 33.76 35.25 26.47 27.00 33.13
5:' 16 530 114.59 2514 . 399.3 302.4 101,54 92.54 93.36  67.49 &h.47% 46,78 50,75 33..3 R 32.15 33.16 34.35 35.87 26,71 . 26,8 33.36
: 55,55 35.73 32.97 33.56 3%.5 35.99 37.36 25,78 26.2, .62

-3 -1 T T bam w na B T, PR TN T TSR |

1 17 S5 126,23 287 . 398.8 2968 11135 10,34 102,68 74,23 7.0 5,38

R T Y ORI P b e S R

*one tapping only
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12
13
th

16
17
18

19

e e tiodater

361
Léz7
Leys
Leu7
4655
L4647
5T
5217
5197
5202
5228
5a12
5z2
5294
5726
5720
5708
5732
5nb

M

bk.37
5142
57413
62.11
65.60
68,50
53.035
56.91
63,21
68.60
69,52
.27
76.00
81.54
55.62
€t .73
67.73
73.49
79.92

L

PRSI

353
497
633
55
843
916
501
€8
736
g72
925
105
¢ 1098
122
521
666
8d,
934
1030

380

381 .2
381.6
381.8
382,0
382.6
382.8
397.4
84,7
387.8
396.1
389.1
388.5
Loo 3
387

389.1
388.3
388

388.5

—

1

- —

L4217
46,20
50.12
53.81

56.50
58.88
L7.8,
51.00
55.10
59.57
60.91

&h.47
67.47
T .56
L9. 7L
54.32
59.06
63.75
69.54

Pio

Piy

Pao

e BB em e A mMenie bR b o =

39.25
L2.56
46.05
L5.32
50,68
53.81

43.8

LE.B3
50.41
54.49
55.87
59.03
6.73
65.41

Ls.6L
49.67
53495
58.12

63.52

32.88
.o

35.35
36.68
37.80
38.88
34.57
35.62
37.90
39.58
40,05
4e.27
44,03
46,34
35.55
37.38
39.66
L2.18

bs.éj

g

Py

APPENDIX 11 {contid)

Test data < Series L

28.81 i 27.83
28,681  27.48
28,63  27.26
28.61 27.07
28.67  27.7
28,44 27.L2

28.45 27.07
28.12 26.62
28.39 26,62
28.L4 26.30
28.21 25.50
28.711 2763
28.43 27.28
28,25  26.95
28.1 6'; 26.53
2840 25,90

30.4

30.88
a8
347
.77
32,10
30.75
30.92
.51

32.:

31.84
32.57
32,94
335.61

30,75
.83
32,33
32.79
33.09
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AN EXPERIMEMI' IN TURBINE BLADE PROFILE DESIGH

Part I of this Report describes a method for deslgning the blades
of highly loaded two-stage turbine on the basis of certain design para-
meters derived from an efficlent turbine of lower leoading, Part Il pre-
sents the test performances measured with the original and new blades when
tested in both single-stage and two-stage configurations. A full and
detalled presentation of the experimental work is given to 1llustrate the
preblems In instrumentation and {n interpretation of test measurements
which were encountered.

The new blades give an improvement in the efficlency of the first
stage, but the performance of the second stage remalns unchanged and an
analysis of blade secticn velocity distributicns gives additional proof of
the shortcomings of an essentlally empirical design approach.
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