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AERODYNAMIC. STUDY OF A TURBINE DESIGNED FOR A SMALL LOW-COST TURBOFAN -ENGINE
by Milton G. Kofskey and . William J. Nusbaum.

" .'Lewis Research Center
. Cleveland, Ohio

ABSTRACT
A 20.32 centimeter (8.00 in.) mean diameter two-stage turbine was exper-
imentallyfiﬁvestigated over a range of speeds from O to 110 percent of equiv-

alent qeéign speed and over a range of pressure ratios from 2.2 to 4.2. The:

'prinéipél‘results-indicated that the performance level was substantially-
' higher;than-that-assumed in the design. As part of the program to reduce

.ﬁanufacturinglcosts, the first stage blading was. reduced.in thickness for

ease in.coining. Tests of the modified blades.indicated that the aerodynamic

- performance of a stator or rotor blade with a 1arge7amount of reaction was

. ,effected very little by a significant change of the pressure surface.

IN’FRODUCTION -

The NASA is éurrentiylstﬁdyiﬁg‘the gasAtﬁrbiﬁe engine as a replacement
for the piston engine in lightﬁgigcraftf . A comparison of .these two types of
engine shows thé gés turbine engine to.bé Qery éﬁtractive because of its
smaller size and weight. However!_aé-shownAin Reference l; the high produc-
tion gost~of-current gas -turbine engines greatly restricts their use.

Studies have_béen.made of-ﬁethquffor aéhieving,a sizable reduction in

manufacturing costs of these.eﬁgidgs (iéf;_l)a One approach'to'the problem.

involved the tradeoff of enginelperformance:for values of design parameters

which are conducive to a low cost engine. This approach limits the design
operating temperature to a level compatible with low cost materials: The

pressure ‘ratio is limited. to-a value which will permit a reduction in- tip



bspeeds, stress -levels, énd the number of stages. A second apéroach.used in
“the study was concerned.with désign‘simplificétions(and low cost fabrication
techniques._ A detailed investigation was made of techniqués for fabrication
of.10w-cost,compressor-and.furbiné-rotors; The results of .this phase of the
study indicated that'a,stamping process, using coined blade .profiles, might -
have -the best potential for low»cpst,and'reliébility.

A detailed -design study (ref. 1) was made of a.low cost turbofan engine
incorporating a low temperature, low preésﬁre ratio cyclé. This engine is.
designed to operate at cruise conditions of Mach 0.65 at an altitude of 7626
meters (25 000 ft). It has a cruise turbine inlet temperature of 980 K
(1760° R), a pressure ratio of 6 and a bypass ratio of 2.5. These.conditions
would give 4890 NéwtonS‘(lloo 1bs) of takeoff thrust. The turbine for this

- engine would operate at an inlet total ?teSsure-of 28.5 N/cm2 abs (41.4 psia),
an inlet total- to'éxit—static-preSsqre.raﬁio of 4.3 and a rotative speed of
28-000'rpm.‘ |

As.partjof.the overall céspjféductionxpfbgram, the turbine component.
suitable for this éﬁplication was‘designéd3énd;fabricated. lIt,was a t&o—

.stageg 20.32—¢entimeter (8.00 in.)_mggn diametér,:axial flowlturbine. The-
design,values_permitted operation -at modérétg-temperaturéllevels and pressure
fatios. Aé a result, there‘was a reduction in rotor blade speed, stress
levels, and number of sfages from'thoéé,used-in“presenﬁ_day.engines;‘ Use of
~ﬁoderate tgmperatures could-fécili;ate the use of.ldw—cost fabrication tech-
niqueS'as:well as low~-cost materials, The subject tqrbine was fabricatgd
wifh'conventional bléde'profiles and~méqhining methods. An experimental,'
cold ‘air investigation was made to determine the aerodynamic performance of

both first-stage and twofétage'coﬁfigurations. The results of this investi-



gation are reported»in-Reference 2.

In the secondiphase of the'turbine'componentAstudy, fabrication cost-.
reduction techniqoes-were investigated.r_The first stage conventional -blading
was-modified,to~achieve an airfoil shape easily fabricated by a stamping or.
coining process. This modification involved a.change of the blade. pressure
surface to give near uniform.blade thickness from leading to trailing edge.
This change resulted in,thin blades with the maximum thickness equal to the
leading edge diameter. Both the suction'éurface.and'the throat  remained .un-
changed. " The first stage.was tested with the modified stator and rotor:
blades.in order to determine their effect on turbine performance. Results of
this investigationAare'reported.io Reference ?.v

Tﬁe objectives of this paper-are'twofold; The first'objective is to .re~
view the principal results'obtained.from'the;eiperimental study'of.the refer-
ence two-stage‘turbine. The second objective .is to show the effects-on_first

'stage performance of reducing the‘stator and rotor blade thickness in.the
_‘manner,described-above. These'effects.are.shownfby-a comparison of first.
stage performance,results as obtaiﬁed—wlth the design blades (Ref. 2) and the
thin blades (Ref: 3).
SYMBOLS
A area, cmz;'in.2 |
D pressure-surface diffusion,parameter;.

(Blade inlet Felative veloc1ty)

(Minimum blade surface relative velocity)
D_. suction-surface diffusion parameter

(Maxlmum blade surface relatlve velocity)

(Blade- outlet relatlve veloc1ty)



Ah-

2

dimensional constant, S1 =:1.0; 32.174 ft/sec

specific work, J/g; Btu/lb

mechanical equivalent of -heat,. 778;2‘ftflb/B£u

turbine speed, rpm

pressure, N/cm?2 abs; psia

(Bladeloutiet velocity)2 - (Blade inlet velocity)z'

reaction, 2.
(Blade outlet velocity)”’

absolute temperature, K; °R

blade velocity, m/sec; ft/sec

absolute gas velocity, m/sec; ft/sec

ideal jet speed corresponding to total—lto.static—pressure,ratio across-
tdrbine, m/sec; ft/sec: |

relative gas velocity, m/seq;'f;/seéi

mass floﬁ,'kg/sec; lb/sec'

ratio.of specific heats

o _ o o _ *
ratio.of inlet total~pres$ure;;p U.Sf-standard'sea—level pressure, pi/p

. function of  y used in relating parameters to those using air inlet con-.

ditions at U:S. standard sea-level conditions, (0.740/y) -

[ (.Y + l) /Z]Y/ (Y_l)'

- static efficiency (based on inlet total- to exit-static pressure ratio)

total efficiency (based on inlet total-.to éxit-totalApressﬁre,ratio)
squared r?tio:of critical velocity at.turbine inlet to critical velocity
“at U.S. standard sea-level air, (V /V* )2
S “er' Ter
work-speed parameter, Ui/gJ Ah.

blade=jet .speed ratio, Um/Vj

- torque, N-m;\ft;lb

turbine speed, rad/sec



Subscripts:
cr condition cprresponding.to Mach number of unity
eq. ' equivalent .

“'m- : mean radius.

T u- tangential component
1. station at turbine inlet (Fig. 2)
2 station at first—stage:statorvexit (Fig. 2) .
3 = -station .at first-stage rotor exit.(Fig. 2)
4 ‘ station at second-stage stator exit (Fig. 2)
-5 station at,second—stagevrotor,éxit (Fig. 2)

Superscripts:
' absolute total state
- U.s. stapdard sea—level<cpnditiohév(temperatureféqual'to 288.15 K
(518.67Q R), pressure.equal:té_lo.lS N/cmz!(l4.70 psia)) -
DESCRIPTION. OF TURBINE. - '

As stated.in_the INTRODUCTION,“thé 20;$2-céﬁtimeter“(S.O—in;) meaﬁ di- -
'aﬁeﬁer-two—stage turbine Wasadesigned;as a ¢o@p6hent:for a. low éoéﬁkturbofan
engine, Table I presents;ﬁhe.pertinent,aeSign‘requirementS'for'this turbine,
An overall work-speed parameter A of 0,331-indi¢ates'a conservative design,
.which should:resultminmgoodvaefodynamiC,Performanéé;' A,turbinéﬁinlet temper-

ature of:977;78 Kv(l?60?.R) aqd.a:rotor—bladé.speedv(meah,seétion).of 297.91
>meters.pér:seconé (977.38 .ft/sec) should not:creétenany serious stress problems.
4 Design”Vélocity'Diagrams: |

The free-stream. velocity diagramé:were computed.to?meet?the design fe+

-quirements_and‘are.based;on:the“following:assﬁmptions;

(1) Free vortex flow
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(2) A 57 to 433pérceﬂt'work sblit between:the first‘andﬁsecond‘stages,

giving respective vaiuésAof work*speed'paraﬁeter; A, of 0.582 and-
0.771 | |

(3) Respective.losses.in.total»pressure;thrOughzthe first- and second-

4stage statorsAof,A.Ouand.S.O:percent.of.étage}inlet.pressure,

(4) Firstestage,Asecond;stage,4anditwo—stage‘total efficiency values of

0.870, 0.871, and .0.880; respectively -

The free-stream velocity diagrams.andasgation1n6menclature4are shown  in
EFigurefl. The  amount of turning. and-the magnitudeuof:&elocities:throughout .....
the turbine indicate .a conservative design. .The turning at-the mean diameter .
is_91;29 énd¢62;89:for:the‘firstr;aﬁd,second+stage;r§£ors, respectively._ All
;free-stréam;velocitieslare_subsonic, with‘near.sonicuconditionsnexisting at .
Ctﬁe exit ofgboth~étators atgthe.huﬁz Tﬁere?is<anminérease;iﬁ?relative ve-

iocity‘;hrough.béchﬁrotérs,_iqdicating:someupositive“reaction,that increases
Hfrom.hubvtO":ip...Valuesuéf réactiOnﬁare,presehted.inﬂTableaII along with
othéruae;odynamic parameteré. |
| Blade-bescfiption

_ The;selecfidn of,blade;number Wasrbasea}on.the4results of optimum
solidify studies (Ref. 4) .and by.the axial space allocated.to the turbine by
vthe gnginé:design.",The.firste:and’second;étage:statortaSsembiies contain 35
and .43 Blades,1res§ecﬁiVelj,,with mean”section,bléde,chords'of 2.616 and
2.182Lcentimeter$.(1@030fand 0.859liﬁ.).‘AValues‘of}solidity,at.the meah sec-
tions,aré“l.ﬁﬁ and..1l.47.. The firstrstagé sﬁétor“blade,rOWthas a constant-
blade;heightﬁof13.363;tentimeteps;(i;324,in});ﬂthe second-stage stator blade
height;inéreases(froma3;945.centimeters4(1f553.in.) at the inlet-to
‘4.483:centimeters4(1,765vin;)‘at:ghe exit.- Both first- and»second-stage

blade rows have-.a .constant .mean diameter.:o0f:20.32 centimeters (8.0 in.).
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The»schemati¢.of the £urbine (Fig. 2). shows the flow. passage-through the tur=
bine with the;bladipg'arrangement,:'Thelrofof assembly shown . in Figure 3 in-v
>é1udes-42.and'AA bladés in.thezfirst and second stages, respeetively, giving
values of solidity at the mean section.of .1.71 -and.1.66. .The inner and outer
walls of the flow passage .diverge .equally at both blade rows (Fig. 2) giving
average rotor blade heights of 3:658 and:4.801 centimeters (1.44 and 1.89 in.).
The tip clearance for the first-stage rotor is 0.030 centimeter (0.012 in.).
The 0.038 centimeter (0.015 in.) tip.clearance:fqr:the second-stage rotor is
provided'by a recess in .the .outer .wall, thereby reducing leakage flow. "These
values.of tip clearance are 0.8 percent .of the .respective-annulus heights.
..TEST_FACILITY 
The -apparatus .used .in the .performance.evaluation.of .the subject turbine
is :shown in Figure 4. In,additionito.the.turbiné:thetapﬁaratquConsisted~of
a3c;adled'dynamometerctoaabsorblthéfpower:oﬁtpﬁt;of,the;turbine;while con--
trolliﬁg.the speed and an iniettand.exhags;:piping.syétem:with:flow.controls;
iHigh-pressure dry air was"suppliédﬂfrpm“the”iaboratory air system. The air-
ypassed-throughfavfiltef,”a wéight.flowumeasuring;station"(a:flat-plate ori-
fice), a'reﬁotely,coqt;olled:préséure—regulating”valve,.an.inlet plehum, and -
- .into the turﬁine...After.passing.thrqugh the turbine, .the air was. exhausted
through,a.systemﬂof piping.and:a‘remotelyuoperatednval§e:intoqthe laboratory
exhaust,éystem.. The.prgsSure”contfqlﬂvalve;upstream.from the turbine regu-
lated the turbine—inlét.pressure.4’With‘a_given:iniet.préssﬁre, phe remotely
controllédrvalvé.inwthe.loﬁvpressuré exhaust“line.was”uéedvto ﬁaintain the
. desirgd.preséure ratio.aérosslthe,turbine.wSOVérall.performance of the two-
stage .tﬁrbine was .based..on. méasurements_.,of_. speed.,- .torque, ~and mass flow
together with,inletfand.exit:flow,conditions.“.These‘ihcluded'temperature and .

pressure data at'station .l (Fig. 2), with pressure.and flow.angle at station 5.



The tip static.pressurezvariationNthrough'the.tufbine,~as.reported in Ref. 2,
-was-determined ;by measurements .taken at-stations 1, 2, 3, 4; and 5. For the
'first—stage investigation the seéond;égage:was reﬁoved;and appropriate -fair-
ing pieces were4inserted.to:insure;émooth.fiow:on;theiinnertand“outer_walls.
The firSt—stage,performance:was.thenldetermined;fromﬁmeasurements taken at
1§tatioﬁ3‘l;and'3,‘the:instfumentation at:station.3:5eing'identical to that
at étéﬁion:5:fo;.thentwo-stageaturbine.-.A.mqreicoﬁplete description of the
apparatus,.instrumentation,aandgprocedurercan,be;fdund in Reference 2.
| .. .RESULTS .AND DISCUSSION

TheAexperimental.results.of.the.turbine»programuwill:beapresented in two
. sections. First“the_experimental:performancéQOf;the:two,stagéfturﬁine will
'be‘diseussed-inaterms;of;efficiency:andﬂmass4f10w.; Thisﬁwill.ﬁe:followed by
a discussion.of:the”éffect:ofua reductién;iﬁ“blade*thickness.on‘the perform-
 ance'of the first.stage.of,the subjeét two.stagéaturbine.,

Two.Stagé_Pgrfprmance:

.Turbinewtotai‘efficiengy is.préééhtédfiﬁ;Figﬁrqu.as;a'pefformance map. -
The map.consists:ofgeﬁuivalgnt,spécifig,work, Ah/aér,.as.a.functibn of the .
mass-flow-speed parameter, .cwin/§ : forﬂthe:variousfequivaleﬁt1speeds investi-
gated. .Lines,of.constantypreSSureara£io:and3effiﬁiency contours are super-
imposed. The. figure. shows that”a:tbtalzefficiency»value;oanbout 0.93 was
.obtained at equivalent design .speed and,pressﬁrevratiow..This-is;significantly
higher than.the design.value .of 0;88:assumédiin,the design.'iThe-figuré also
shows,thatlthenefficiencyAVafied;from 0.60:near”30;percent,design’speed to
abOut:0;93:at:lOO;percent‘desigﬁ.speed;::Tﬁeavertical:speed,lines;indicate.thatA
.the‘turbine‘wasuchdked bverAmost‘of‘the:range.6f1pressureiratios investigated.

Performance.of.the.firstgstage,aé,reportedlin.RéferenceiZ'was 0.93 at



equivalent design speed aﬁdApressureztatio;- This value was also signifi--
cantly higher than the 0.870 assumed-in-the design.
Pe:formance-of'fhe‘seqond:stage under two-stage'operation,was estimated.

by-the‘use.of first- and two-stage performance and'the_first stage‘rotor-exit
tip static pressure.at desigg pressure:ratio.. The results indicated that,
at equivalent design speed and pfessure.ratio, a total efficiency of 0.91 was.
obtained for the second stage. This value was four poiﬁts higher than the
design value of 0.870. At design point operation,.the work split was 58 per-
‘cent‘for-the first stage.and 42 percent for.the second_stage; This -work split
- compares -closely with the 57 to 43,pércent work split selected . in the design.

Althqugh.tﬁe experimental tests indicated tha; the turbine was perform-
ing significantly better than design, ic_does not.necessarily follow that the
same .turbine performance would be obtéined.in the actual.engine.  Factors:
sﬁch'as-nonuniform'inlet conditions .of pressure and temperature, increased:
jieakage;.and‘increased'tip clgaranéebwouidzreducevthe performance.to a vaiue:
_somewhat closer to .the desigp.vaige. fﬁe'iﬁlet éondi;ioné to:the turbine,
fér the:reported-investigatioﬁ, wére optimum for minimum lqsses. There was -
" no .leakage around the first-stage s;atof, and'the=second—stége;stator had a
labyrinth seal to minimize leakage. Iniadditioni_the_recessed'césing with
'jﬁinimum-tip clearance.also contributed to minimizing the losses. |

- Figure 6 shOWS‘thé vafiatioﬁ of mass. flow with_tu;bine inlét'tqtal to
éxit total~greséure.ratio.for 1inés-pf constant ~equivalent speed. The tur-
bine @hokes~at~a~pressuré ratio. of -about 2.6 ét 30.percent design speeduénd'
‘at a pressure ratio of,ébout\3.1-at 110 pércent gf desigq'speed. The equiva-
lent‘ﬁass“flow was-2:004-kiiograms>per segond_(4;418'lb/sec) at -equivalent de-

sign.speed;andﬂpreséﬁré;ratio.(3;765)3%:Thié*ﬁéSS:flOWEisﬁégéﬁE‘6f§§betcent.
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higher than the design value of 1,989.kilograms‘per.second¥(4;385 1b/sec).
Effect.Qf.a,Reduction:in.Bléde Thickness .on Performance
As .was mentioned in the .INTRODUCTION, engine costs. could:.be:reduced if
the'tﬁrbine blades were coined. fhe.coining.process-would bé,simplified if
the blades-wereéof-nearuuniformtthickness{from:lEading.to.trailing edge.
The first stage blading of the two stage turbine was modified to give near
uniform blade1thickneSS“fromrleading.tontrailingcedgeaand,tests-were made to
determine-.the effect of this"unusual:bladeushape;on-pérformance;=<The'modi—
fication- of the blade,profileuwasvaccomplished.by:changing;theupressurevsur—
face with: the: leading edge-diameter.being-used-as the-value-of maximum thick-
ness-(Fig. 7). This method:was .considered satisfactqry since:the throat
~ dimensions:would :be unchanged. . Figure 7,sh§ws,the.comparisonvof the stator
and roﬁﬁr_blade profiles and.flow passages at..the mean.section for both the
original ‘and.thin blade configurations.. Lt .can. be.seen.that there was a
. -substantial reduction. in. thickness .in .the .region.of one third of the chérd
length“ésumeasurgdufroﬁ,theginlet..:inspection;ofmthe'stator.fléw passages,
AuFiguré,7(a);,shows”that there .was .no .abrupt .change;in.flow .area and that the
flow:paésage.widthfwas.cqnverging;satisféctorily@-.Figure:7(b) shows - the
rotor. .blade profiles.and .flow. passages. 'The.channel:width:formed by the fhin
blade profiles..is..seen..to diverge..and .then .converge. . .This could. cause an un-
favorable..velocity .gradient: with .increased loss.
. Figure 8 shows the. stator.and.rotor:.blade .surface .velocities for both
. the .original . and'.the .thin.blade.configurations. ,Theasurféce velocities were -
'.determinedmby the..computer.program described in Reference 5. . The program
obtains .a.. transonic..flow .solution. on..a.blade<to=blade surface:of a turboma—

chine. The transonic .solution.is .obtained by-a.velocity-gradient method,
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-using information obtained'ftoh;a finite-difference.stream~function solution
" at a reduced weight flow. Figure ‘8(a) shows the -blade surface velocities for
both stator éonfigurations for the hub, mean, and tip.sections. The velocity
levels on,bothisuctién and pressure -surfaces were lower for the thin blade-
configuration. This was primarily a result of the larger passage area with
the exception of the throat or minimum area. The figure also indicates.that:
the suctipn surface diffusion was the same .for both blades and that the pres-.
sure surface diffusion was higher for.the thin blade;profile.

Figure 8(b) shows the rotor blade.surface velocities for both.blades:
" Again -the surface velocities for the thin blade are seen to.be lower than

those.obtained for the original blade with the exception of the region near

‘and at the throat of the two blade configurations. Since the throat area
was - the same for both blades, the mass flow would therefore be the .same if
the losses remained constant. The figure indicates that the suction surface
-diffusion-was the same for both,blade‘configurations, It will also be noted
that - the pressure-surface diffusion would bevhighér—for the thin blade con-
figuration particularly at.the mean .and hub section. Table II gives the
Turbine{AerodynamiC'Parameters for both.the original.and.thin-blade profiles.
' The table shows that there was a;substantial increase in pressure surface.
diffusion whén,thezrotor blade was modified to'a;thingprofile. All other.
aerodynamic»parameters listed in the table were the same.for each configura-
‘tion with the exception of the rotor blade tip clearance. The:differehce in
'tip-cléa;ance-Was-due to fabrication. A photograph .of -both rotor blade con-.
figurations investigated is shown in Figure 9. |

Figure 10 shows the.performance results obtained with the four possible

combinations of original and thin stator and rotor blades. The figure. shows
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the variation of total efficiency with.inlét total- to exit-static pressure.
ratio -at equivalent design speed. The best performance.was obtained with the
two thin stator configurations. However, the maximum difference.in effi-
ciency between.the four cases .was not more‘'than two points at any.pressure.
ratio. At equivalent design pressure ratio, the curves for the two.thin-
stator configurations.show an efficiency.of about 0.94 as compared to about.
0.93 for the original stator .configurations. This increase in performance.
was ‘apparently due.to the thin stator.. Use of the. thin rotor had little
effect .on performance and appeared to have had an adverée effect on perform-
"ance when tested with the original stator.  The high pressure‘surfacezdiffﬁ—
sion for the“thin:bladevmay‘have-resulted-in'some7flqw separation. but the
effects .of the flow separation.were minimized.by tﬁe rapid acceleration of
pressure surface velocity to . .the trailing edge.

The ‘reason -for the improved performance with the thin stator configura-
tion is not.known at this time: Tests of both stator configurations in an
rannular cascadevmay.givegsome information-for the improved.performance.

| Values of measured mass flow for.each of.the four blade configurations
are .plotted in Figure 11. Equivalent mass flow is shown as a function of .
inlet'fotal— to exit-static pressure ratioe. Although the figure would indi-
cate large differences due to the scale used in the plot, mass flow for the,
four configurations did not.differ by more than 1.0 percent ét-any pressure
ratio. The mass flows for both original stator configurations are slightly
larger than those for the thin. This difference could be attributed.to a
larger stator throat.area in the original stator assembly as a. result of fab-_

rication.
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CONCLUDING REMARKS

This- paper has summarized the principal results obtained during the
aerodynamic inéestigation of-a two.stage turbine designed for a, K small low-
cost turbofan engine.

Althougthhe turbine performance was-about .5 points better than design,
the high.efficiency values.would not necessarily be expected in actual engiﬁe
operation. Losses due to nonuniform turbine inlet conditions, increased
interstage ledkage, and increased tip clearance.could result in efficiencies .
closer to the design values. than those obtained in this cold-air investiga-
tion.  In order to determine :the potential of the.turbine, inlet conditions,
to»thevturbine'were,pptimum'for minimum losses. There was no leakage around
the first-stage stator,.and the second-stage stator had a.labyrinth seal
with 'small radial clearance to minimize leakage. In addition, the recessed
casing with minimum tip clearance-also contributed to minimizing the losses.

-Test results have ‘also indicated that the aérodynamic,performancezof a
stator or rotor blade with a large amouﬁt,of.reaction is affected very little
by4atsignifi§aﬁt,chénge'of.the pressure. surface. This change resulted in.a
50 percent reduction in maximum blade thickness for the.turbine investigated.
Teéts.have7shown that the first stage performance of the subject two-stage-
turbine was- actually improved when the.stator blade thickness was decreased.
by approximately 50 percent. The reason for the.improved.performance is not.
known at this time. Detailed surveys of both stator configurations in an-
annular cascade may- supply.some.reasons for the apparent increase in perform-

ance.
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TABLE I. - TURBINE DESIGN REQUIREMENTS

For operation with fuel mixture:

1
Inlet total;temperature, T3, K ; R .

Inlet total pressure,
Mass - flow, w, kg/sec; lg/s
Turbine rotative speed, N, rpm

"Rotor ‘blade speed.(mean sectlon), m/sec, ft/sec
Total— to static-pressure.ratio, p /P3 or 5°
Total- to total-pressure. ratlo, p1 3 or 5
Blade-jet .speed ratio, v
Work-speed parameter, A

Total to static efficiency, ng,
Total to total efflciency, n
Specific work, Ah, Joules/gram, Btu/lb

N/cm abs; psia

Adir equlvalent

Mass -flow, .ewv0 /6 kg/sec; 1b/sec - _
Specific work, Ahle ,» joules/gram; Btu/lb
Tarque, Tc/8 Newton-meter, ftrlb
Rotative speed, N/vV8.,, rpm

Rotor blade speed (mean section), m/sec; ft/sec.

Total— to static-pressure ratio, (pl/p3 or 5)

Total— ‘to total-pressure ratio, (pl/p3 or 5)
Blade-jet speed ratio, v
Work-speed parameter, A,

hydrpgéﬁ/cagbon;=

.0.167

First-stage.

977.78; 1760
28.544; 41,40

2.99436.60

28 000 -
© 297.91; 977.38
2.238
1.975-

0.466
0.582

0.747

0.870
152 77; 65.63

1.989; 4.385

45.8343 19.690

.56.727; 41.840

15336
163.17; 535.33

2.298-

2.018
0.466
Q;582

Two-stage-

977.78; 1760

28.544; 41.40

2.99436.60 -

28 000

297.91; 977.38
4,312

3.551

0.360"

0.331

0.780 -

0.880

268.02; 115.14

1.989; 4.385.

80.407; 34.542

99.521; 73.403"

- 15 336

163.17; 535.33
4,640

3.765
0.360
0.331-



TABLE II. - TURBINE AERODYNAMIC_PARAMETERS

8See section SYMBOLS for definition.

Based on average blade height and mean chord.

Turbine Blade Section Blade-surface Blade Blade’ Solidity | Reaction | Aspect | Number Tip
blading row diffusion parameter | turning, chord, . (a) ratio of clearance,
(a) deg " cm; in. (b) blades cm; in.,
Suction Pressure
surface, | surface,
Ds Dp
Original | Stator | Tip 1.232 1.241 68.7 | 2.946; 1.160 | 1.39 0.873 1.29 35 | eemmmmmmm-
profile: - Mean 1.233 1.309 65.0 2.616; 1.030 '1.43 .900
. Hub 1.284 1.032 61.5 | 2.400; 0.945 1.35 .927
Rotor Tip 1.302 1.892 63.9 | 2.654; 1.045 1.50 0.855 1.39 42 "0,030; 0,012
' Mean 1.180 2.176 91.2 2.606; 1.026 | 1.71 .778
" Hub 1.213 2.267 111.0 2.758; 1.086 2.18 .512
Thin Stator | Tip 1.232 5.635 68.7 2.946; 1.160 1.39 0.873 1.29 35 | —mmmmmme——e
profile | . Mean 1.233 5.531 65.0 2.616; 1.030 '1.43 .900
: - Hub 1.284 5.742 61.5 2.400; 0.945 1.35 .927
Rotor Tip 1.302 .4.223 63.9 2.654; 1.045 1.50 0.855 1.39 42 0.025; 0.010
Mean 1.180 6.108 91.2 2.606; 1.026 1.71 .778
) Hub 1.213 8.675 111.0 2.758; 1.086 2.18 .512
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Sta;ion V7V, = 0. 249 _ (VWVep) = 0.289
51.4° 2.6
68.7° . 65. 0°
(W), = 0.919 V/Vey), = 0.788
W/We), = 0.557 W) = 0.3
WAV, = 0.438 W), = 0.525
2 — ’ .
3L P %10
. 61.6°
W)y W/Wgy), - 0.842
W/Vep), = 0.463
W/ V), = 0.4%6 W), = 0.56
3 :
a2.1°
61.6° By 55, 9
(W), = 0.9% W), = 0.832
W/Wep), = 0.675 W/Weg), = 0.506
Uy, = 0.440 W), = 0.566
4 —
1.1 5,40
2.8
(W/ W), = 0.762 (W/W¢,)_ = 0.846
) . 5 .
> W/l = 0.577 (V/Vep), = 0.576
UV, = 0.452
5

(U Ve, = 0,603

(a) HUB. (b) MEAN.

Figure 1. - Design free-stream velocity diagrams.
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w/ Cl'3

V/V,. ), =0.450
v/ cr3

(U/Vcr)3 = 0.675

(V/Vp) = 0.734
W/We), = 0.504 4

UV, =0.691
{ Cf4

4.9

5.3
(W), = 0,939

V), = 0.575

U/l = 0.754

(c) TIP.



E-6850

r STATION 3

| STATIC PRESSURE
\ STATION 4
| | STATIC PRESSURE
(R
STATION 2 1! STATION5
STATIC PRESSURE~ ' ! STATIC PRESSURE
L\ ) (HUBAND TIP)
i} 1 TOTAL PRESSURE
STATION 1 | 1| TOTAL TEMPERATURE
TOTAL TEMPERATUREY 1 | FLOW ANGLE>
STATIC PRESSURE | | 1 P
(HUB AND TIP)~ LA
]

}
\
)
\
1
1
|‘
!

ez Y

'\ \\\\\\\\ ,\\\\\\

\\\\2-4-5

LABYRINTH SEAL™
Figure 2. - Schematic of turbine.

c-1 -310

Figure 3. - Turbine rotors.



E-6850

EQUIVALENT SPECIFIC WORK
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EQUIVALENT SPECIFIC WORK, Ah/@, Jig

Figure 4. - Turbine test apparatus.

— —— TOTAL EFFICIENCY, ny
®  EQUIVALENT DESIGN SPEED AND PRESSURE RATIO

EQUIVALENT INLET TOTAL-
TO EXIT-TOTAL PRESSURE
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P

4.2
: 1
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DESIGN SPEED_ £~ ~/— 32
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sl Lgs
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8 12 16 20 24 28 3.2 36x103

EQUIVALENT MASS FLOW-SPEED PARAMETER,
eww!d, KG RAD/SEC2

L | I | l |
20 3.0 40 50 60 7ox0?

EQUIVALENT MASS FLOW-SPEED PARAMETER,
€WN/b, LB RPM/SEC

Figure 5. - Overall turbine performance map of two-stage turbine.
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EQUIVALENT MASS FLOW,

ewyB,/6, LBISEC
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og 2 DESIGN SPEED
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R %_L 00
sup = o 200 ="
= s “-DESIGN
B | | | | | POINT
= v 19
44 3 2.0 2.4 %8 T3 3.6 40 4.4

 EQUIVALENT INLET-TOTAL TO EXIT-TOTAL PRESSURE
RATIO, (p}/P5),q

Figure 6. - Variation of mass flow with total pressure ratio and speed for
two-stage turbine.

ORIGINAL BLADE PROFILE
— ——— MODIFIED PRESSURE SURFACE

(a) STATOR BLADE.

(b) ROTOR BLADE.

Figure 7. - First stage mean section profile and flow passage.
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Figure 8. - Design blade surface velocities for blade profiles
investigated.
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Figure 8. - Concluded.
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. ~DESIGN BLADE
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Figure 9. - Rotor blade configurations investigated.
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Figure 10. - Variation of total efficiency at
equivalent design speed for first-stage
operation.
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Figure 11. - Variation of equivalent mass flow at equivalent de-
sign speed for first-stage operation.
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