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RESEARCH MEMORANDUM

EFFECT OF HIGH ROT(R PRESSURE-SURFACE DIFFUSION ON
PERFORMANCE OF A TRANSONIC TURBINE

By James W. Miser, Warner L. Stewart, and Daniel E. Monroe

SUMMARY

A transonic turbine designed for high diffusion on the rotor pres-
sure surface and. low diffusion on the suction surface was investigsted
experimentally. The performance results of the turbine show that the
total~pressure-ratio adiabatic efficiency of the turbine was 0.869 at
design specific work and design speed. A comparilison of the subject
twrbine with the most efficient transonic twrbine in the present series
of investigations showed that the subject turbine, with a 36-percent
reduction in solidity, had an efficlency almost as high.

The performance results of six transonic-turbine configurations in-
vestigated thus far revealed that the specific blede loss can be corre-
lated better by the sum of the suction-swrface and pressure-surface
diffusion parameters than by the suction-swface diffusion parameter
alone. As the sum of the two diffusion parameters lncreases, the specific
blade loss increases almost llnearly. However, considering -the relstively
small smount of data on high rotor-inlet relative Mach number turbines,
1t cannot be assumed that this type of correlation is completely valid.
Nevertheless, the investigations to date do point out that pressure-
suwrfece diffusion, as well as suction~-surface diffusion, is an important
design consideration.

INTRODUCTION

High rotor-inlet relative Mach number turbines, hereinafter called
high Mach number turbines, are particulerly important in aircraft Jet-
engine design because they have higher specific work, higher weight flow
per unit frontal area, and possibly fewer stages than more conservative
turbines (ref. 1). However, in order to utilize these advantages to a
greeter extent, the efficiencies of high Mach number turbines must be
comparseble with those of more conservative design.
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Two characteristics of high Mach number turbines which make the job
of obtalning high efficiencies rather difflcult are low reaction across
the rotor and high blsde loasding. For the case of low reaction, indl-
cated by approximetely equal inlet and outlet relative wvelocities, higher
blade loading results in higher diffusion (deceleration) on the rotor-
blade surface. In order to obtain low solidities the loading per blade
must be high, which results in high diffusion.

The. effects of rotor suctlon-swface diffusion on the performance of
four different transonic tuwrbines, which were designed for rotor-hub in-
let relative Mach numbers of about 1.0, are dlscussed 1n references 2 to
5. For these turbines, it was found that the loss per blade increased
markedly with an increase in suction-surface diffusion. Therefpre, it
is evident that high efflciencies of high Mach number turbines will only
be obtained with low diffusion on the suction surface.

With the restrictions of low reaction, high blade loading, and low
suction-surface diffusion, a fairly high diffusion must then occur on the
pressure surface. dJust how high the pressure-surface diffusion should be
to minimize the sum of the losses resulting from diffusion and the viscous
losses resulting from high solidity (or large wetted area) is not known.
Therefore, in order to study the effect of high pressure-surface diffusion
on the performence of high Mach number turbines, s transonic-turbine rotor
was designed for as high a pressure-surface diffusion as possible with-
out choking the rotor below design weight flow.

The over-all pérformance of the subject turbine and a comparison of
its design-point performance with those of cther transonic turbines on
the basis of diffusion parameters are presented herein. Also, the re-
sults of. a survey downstream of the rotor and a discusslon of the effect
of high pressure-surface diffusion on the location of regions of low
local efficiency are given,

TURBINE DESIGN
Design Requirements

The following design requirements for the l4-inch cold-air turbine
investigated are nominally the same as those for the reference turbines
(see table I):

Equivalent specific work output, Ah'/@cr, Btu/lb e+ e s e . . s . 23.03
Equivalent welght flow, ewa/Tor/8, 1b/sec . v v ¢ v ¢ « « « « & « 11.95
Eq_ui‘"a.len’t tip Speed., U-t/’\/ ecr, ft/Bec e e @ & ® o o % o @ 8 o o @ 597
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The work output of 23.03 Btu per pound is slightly higher than that for
any of the turbines of references 2 to 6, as wlll be discussed in the
section Design Velocity Diagrams.

The symbols used in this report are defined in appendix A. Tt
should be noted that the symbols differ slightly from those used in ref-
erences 2 to 5, because the symbols were changed to conform with a stand-
ard symbol listing in reference 7.

Stator Deazign

For the subject turbine and the turbine of reference 6, a slightly
different stator was used from the one for the turblnes of references 2
to 5. The stator was designed for & decrease in trailing-edge thickness
from 0.030 inch to 0.010 inch by removal of metal along the suction
surface downstream of the throat. As mentloned in reference 6, the
decrease in trailing-edge thickness Improved the observed design-point
efficlency by 0.6 of a point. Therefore, the stator with the thinner
trailing edge was used for the subJect investigatilon.

Design Velocity Dlagrams

The subject turbine rotor was designed for & slightly different
velocity diagram (fig. 1) at stations 5 and 6 from that of the transonic
turbines of references 2, 4, 5, and 6 because of a decrease in blockage
at the rotor trailing edge. For the reference turbine rotors, a trailing-
edge blockage corresponding to 29 blades with 0.050-inch-thick trailing
edges was used. In order to have used this same blockage for the sub-
Ject turbine rotor of 25 blades, the trailing edge would have been un-
necessarily thick; therefore, & trailing-edge thickness of 0.030 inch
was used. .

The reduction in trailing-edge blockage for the seme exit whirl as
used for the rotors of references 2, 4, 5, and 6 would have reduced the
relative veloclty Jjust inside the traillng edge. Thus, at the hub the
outlet relative velocity would have been lower than the inlet relative
velocity, and a slight negative reaction would have occurred. Also, zero
diffusion on the suction surface would have been impossible. For these
reasons, the exit whirl was increased to provide hub inlet and outlet
relative Mach numbers equal to 1.0. This increase In exit whirl changed
the design equivalent specific work of the subject turbine to 23.03 Btu
per pound as compared with 22.61 Btu per pound for the turbines of ref-
erences 2, 4, 5, and 6.

The assumptions used in reference 2 were used to obtain the velocity
diagrams:
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(1) Free vortex flow out of the stator and downstream of the rotor

(2) Simple radisl equilibrium throughout the rotor and out of the
stator

(3) Total pressure at stator exit equal to 0.97 of stator-inlet
total pressure

(4) Over-all adiabatic efficiency of 0.88 based on total pressure to
obtaln the turbilne-outlet total state and veloclty dizgram at-
station 6.

Rotor-Blade Desilgn

The rotor-blade design procedure 1s the same as that used in refer-
ence 2 with the followling exceptions: .

(1) A linear variation in static pressure was assumed to exist along
each orthogomal 1o from blade to blade (fig. 2). For the turbines of
references 2 and 3, 4 linear variation in velocity was assumed across the
length between the blade surfaces s - t at each axial position. For
the .turbines ofreferences 4 to 6, a linear variation in statlc pressure
was assumed across the length s - t.

(2) The weight. flow crossing the orthogonal surfaces at particular
axlal stations was determined rather than the welght flow crossing planes
perpendicular to the axis of rotation, as In references 2 to 6. The
welght flow w was calculated from the equation

Ty IO
=n pW di, dr ' (1)
rh 0]

(3) For each blade sectlon at each axial station, the angle used in
determining the midchsnnel velocity distribution waes the average of the
angles Bg and BPp {see fig. 2} between lines parallel to the axis of
rotation and the suction and pressure surfaces at either end of the
orthogonal. This angle Bg,, was found to be more representative of the
average flow angle for the particular welght-flow calculatlon employed
in this case than the mean camber angle Oc used in the weight-flow
calculation of references 2 to 6. . .

(4) For the welght-flow calculation for each trisl configuration of
the subJject turbine rotor, a zero suction-surface diffusion parameter Dg
wag orlginally assumed for the mean section. A mean suction-surface
velocity distribution was selected to conform with this Dg. In refer-
ences 2 to 6 a midchannel veloclty distribution was assumed at the hub
section.
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(5) A curvometer, described in appendix B, was used for measuring
curvatures along the surfaces of the blade ilnstesd of the radometer de-
scribed in reference 8 and used in references 2 to 6.

The blade surface velocity distributions for the hub, meen, and tip
sectlons are shown in figure 3. The maximum suction-surface critical
velocity ratios at the hub, mean, and tip sectlions are 1.050, 1.072, and
1.090, respectively. These result in guctlion-surface diffusion parasmeters
Dg, defined as the difference between the maximum blade surface relative
velocity and the hlade outlet relative veloclity divided by the maximum
blade surface relative velocity, equal to.0.048, 0.049, and 0.028 at the
hub, mean, and tip, respectively. The minimm critical veloecity ratios
at the pressure surfece are 0.381, 0.384, and 0.339, resulting in
pressure-surface diffusion parameters Dp, defined as the difference
between the blade 1lnlet relative velocity and the minimum blade surface
relative veloclity divided by the blade inlet relative velocity, equal to
0.619, 0.487, 0.434 at the hub, mean, and tip sections, respectively.

The rotor consists of 25 blades with solidities at the hub, niean,

-and tip sections of 2.16, 1.82, and 1.65, respectively.

The rotor-blade coordinates are given in table IT, and s sketch of
the stator- and rotor-blade passages and profiles is shown in figure 4.
A photogreph of the 25-blade transonic-turbine rotor assembly is glven
In figure 5.

APPARATUS, INSTRUMENTATION, AND PROCEDURE

The apparatus, instrumentatlon, and methods of calculating the per-
formance parasmeters are the game as those described in reference 2. A
disgrammatic sketch of the cold-alr turbine test rig is shown in figure 6.

Test runs were made at constant speeds of 60, 80, 90, 100, 110, 120,
and 130 percent design speed. For each speed, the total-pressure ratio
was varied from epproximately l.4 to the maximum pressure ratio obtain-
able. Turbine inlet conditions were maintained constant at nominsl values
of 145° F and 32 inches of mercury absolute.

RESULTPS AND DISCUSSION
Performance Results
The over-all performance of the sublect transonic turbine is pre-

sented by the performance msps in figure 7. In thls figure the equiva-
lent specific work Ah'/@cr is shown as & function of the welght-flow -

speed parameter ewN/S for the various percentages of design speed.
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Figure 7(a) presents the over-all performance based on the total-pressure
ratio pé/pé and the total-pressure-ratlo adiabatic efficiency 14.

Figure 7(b) presents the over-all performance based on the rating total-
pressure ratio pé/pé x and the rating total-pressure-ratio adiabatlc
2

efficiency mny« The over-all performance based on the rating total-

pressure ratio is Inclnded because jet-engine turbines are usually rated
in this manner. However, a better evaluation of the turbine serodynamic
performance can be made by basing the results on the total-pressure ratlo

Pc',/pé .

From figure 7(a) it can be seen that the efficiency at deslgn work
and design speed is 0.869, and the maximum efficiency is-slso 0.863. A

comparigson of design-point efficiencles in figures 7(a) and (b) indicates
that the efflciency based on the total-pressgure ratio pé/pé is 1.9

percentage points higher than that based on the rating total-pressure

ratio pé/pé <" This occurs as a result of the slight negative exit whirl
s A

designed into the rotor (see. fig. 1).

At deslign point; the subject turbime is almost as efficlent—as the
most efficlent turbine (ref. 6) in the present program of transonic- -
turblne investigation. The latter has an efficlency at design work and
speed of 0.872 and s maximum efficiency of 0,878, as shown in figure 8
by the performance mep of the turbine of reference 6. These two tran-
sonlc turbines have rotors designed for nearly zero suction-surface
diffusion parameters; therefore, they provide a good means of studying
the change in specific blade loss with an lncrease in pressure-surface
diffusion parameter.- - S e R

The subject turblne rotor has a 62-percent-higher pressure-surface
diffusion parameter 'Dp than that of reference 6 (see fig. 9 and table

I). This large increase 1n DP resulted in a large increase in the loss

per blade, but a reduction in solidity of 36 percent Just sbout offset
the increased loss per blade. This approximate balance of losses in-
dicates that there 1s a possibillty of reducing turbine weight by de-
creasing the solidity and increasing the pressure-surface diffusion
wlithout any penalty in efflciency. However, for the present series of
transonic turblnes investigated, the rotor-blade hub solidity of 2.16
for the subJject turbine is the minimum that can be used without chok-
ing the rotor at less than design weight flow regardless of the dif-
fusion possible on the suction and pressure surfaces. The weight=flow
restriction results from the large veloclty gradients near the blade
throat, which are caused by the large spacing between the blades.

3715
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Specific Blade Loss

A plot of specific blade loss L eagainst the suction-surface dif-
fusion parameter D 1s shown in figure 10. This figure Includes a

curve presented In reference 5 for the turbines of references 2 to 5 and
the two points for the subject turbine and the turbine of reference 6.

The locatlion of the point for the subject turbine obviously mekes it
necessary to plot L on a different basis in order to obtain correlation.
In view of the fact that pressure-surface diffusion is alsc a contributor
t0 the rotor-blade loss, & plot of L against the sum of the pressure-
and suction-surface diffusion parameters Dp + Dg 1is glven in figure 11.
This figure gives a better correlation of the specific blade loss for all
six turbine configurations and indicates that the specific blade loss

mey increase as the sum of the two surface diffusion parameters increases.
Whether or not Dg and Dp should be added on a par with each other is

debatable. Nevertheless, figure 11 shows that adding D, and DP di-

rectly glves good correlation. Although 1t is believed that the suction-
surface diffusion is of greater importance because of the higher velocity
level and the boundary-lsyer bulld-up prlor to the polnt where dif-
fusion begins, pressure-surface diffusion is also suffilciently im-
portant that it should be consldered in the rotor design.

It should be noted that the values of specific blade loss for the
subject turbine and the turbine of reference 6 £all below the curve drawn
in figure 11.  The reason for the lower specific blade loss for these
turbines 1s that the efficlency with the stator used was slightly higher
then that with the stator used for the turbines of references 2 to 5
(see Stator Design). The specific blade loss for the turbine of refer-
ence 4 is 0.0469 and for the turbine of reference 6 is 0.0448, which
represents s decrease in specific blade loss of 0.0020. It is assumed
that approximately the same reduction in specific blade loss for the
subject turbine resulted from using the modified stator. The data
points (fig. 11) for the turbines of references 4 and 6 and for the
subject turbine indicate that for each stator there is a curve that
could be drawn similar to the one shown.

Survey Results

Detalled radial and circumferentiasl surveys of total temperature
and total pressure were made downstream of the turbine rotor with the
turbine set at design speed and design work. The results of these
surveys are shown in figure 12 as contours of local adisbatic efficiency
Ny. The efficilencies below 0.825 occupy a s0lid band across the blade

passage just sbove the mean section, and the radlal width of the band is
approximately 20 percent of the blade height. This loss region is sig-
nificant, because the surveys behind other transonic—turbine rotors show
e gradual decrease In local adlabatic efficlency from hub to mean and a
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more rapld decrease in efficiency near the +ip (see ref. 5). This high
loss region can be seen better 1n figure 13, which showe the radial vari-
ation of maximum and minimum local adiabatic efficiency. "

Blade-Element ILoss ‘Characteristics

In order to study further the loss characteristics of the subject
turbine, the rotor-blade-element loss parameter wg cos Be/d was calcu-

lated from the -survey results, as in reference 9. The relative total-
pressure loss coefflclient- Wg based on the measured outlet dynamic
pressure is defined by
_  Dp§-pg
g Sl (2)
FPigure 14 is a copy of figure 7 in reference 9 (with the symbols of— -

this report), which gives the blade-element loss parameter at the hub,
mean, end tip sectlons as a function of the suctlon-surface diffusion
parameter DS for the turbines of references 2 to 5. Also in this figure -

are the values of the loss parameter for each blade section of the subject
turbine. The points for the hub and tlp of the subject turblne are close
to the curves for the reference turbines, but the point for the mean 1s
conslderably above the curve. The locations of the points for the subject
turbine with respect to the curves probably result from the difference in
the paths taken by the low-momentum fluids resulting from pressure-surface
diffusion and those resulting from suctlon-surface diffusion.

In order to—understand the difference between the effects of suction-
surface and pressure-surface diffusion, it is necessary to conslder the
forces acting on the boundary layer in the reglons where the diffusions
occur. Suction-surface diffuslon usually cccurs along the last half of
the blade where the whirl velocity is less than the blade speed; there-
fore, the centrifugal force exceeds the static-pressure force, and the
low-momentum fluids in the suction-surface boundary layer would move toward
the tip. Pressure-surface diffusion usually occurs along the flrst half
of the blade where the whirl veloclty 1s greater than the wheel speed.
Therefore, the static-pressure force exceeds the centrifugal force, and
the low-momentum fluids in the pressure-~surface boundary layer would move
toward the hub during thelr travel over the flrst half of the blede. But,
when the pressure force on the boundary layer reverses ltself over the
last half of the blade, the low-momentum fluids move back toward the tip.
It is also possible that some of the low-momentum fluids moving toward the -
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hub along the first helf of the blede reach the hub boundsry layer, cross
over to the suction surface as part of the hub boundery leyer because of
the cross-channel pressure gradlent, and then move along, or separate from,
the suction surface (see ref. 10). Certainly these boundary-layer flows
occur, but the extent to which “they could affect turbine performence is
different for each turbine, depending on the smount of pressure-surface
diffusgsion and the reglon in which the diffusion occurs.

For the subject turbire, 1t is belleved that = large amount of the
low-momentum £luids resulting from high pressure-surface diffusion moves
from the pressure surface to the suctlon surface as previously outlined,
then is centrifuged outwerd to be measured as & logs near the mean gec-
tion, as shown in figure 12. This high-loss reglon near the mean sectlon
is also evident from the value of the loss parameter for the mean section,
which 1s considerably above the curve for the reference turbines shown
in figure 14. Becaupe pressure-surface and suction-surface diffusions
result in different types of radiel shifts of low-momentum £lulde, it is
evident that, in general, correlation of the blade-element loss parameter
wlth the design diffusion of e section is not feasible for three-
dimensional blades of the type used in the transonic turbines investigated.

SUMMARY OF RESULTS

A transonic turbine which was designed for spproximately zero dif-
fuslon on the suction surface and high diffusion on the pressure surface
hes been investigated experimentelly. The significant results are as
Pollows: ' .

1. At deslgn equivalent specific work and speed, the total-pressure-
ratio adigbatic efficiency was approximetely 0.869.

2. Comparison of the subject turbine with another transonic turbine
having almost the same velocity dlagrams and suction-surface diffusion
peremeter showed that the subject turbine lost only 0.3 of a percenteage
polnt in efflclency with an increase In the pressure-surface diffusion
parsmeter of 62 percent.

CONCLUSION
The experimental results of five transonlc turbilnes investigated

thus far showed that specific blade loss increasses slmost linearly with
the sum of the suctlon-surfasce and pressure-surface diffusion parameters.
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However, on the basis of the relatively small amount of data on high-
veloclty turblnes, this correlation cannot be assumed completely valid.
Nevertheless, the Tesults to date point out that the pressure-surface

diffuslon, as well as the suction-surface diffusion, 1s an important
deslgn conslderation.

Lewis Flight Propulsion Lebordtéry - e m e -

National Advisory Committee for Aeronautics
Cleveland, Ohlo, August 30, 1955

3775 |
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APPENDIX A

SYMBOLS
The following symbols are used in this report:

pressure-surface diffusion parameter,

blade inlet relative veloeclty -~ minimm blade surface relative veloclty

Dg

blade inlet relative velocity

suction-surface diffusion parameter,

maximum blade surface relative velocity - blade outlet relative veloclty

Ah!

E <« o o w

2

™

maximum blade surface relative velocity

specific work output, Btu/lb
L1-1¢
m

orthogonal length, £t

specific blade loss,

rotative speed, rpm

number of blades

absolute pressure, 1lb/sq ft

radius, £t

blade spacling, £t

blade thickness in tangentlal direction, £t
blade velocity, £t/sec

absolute gas velocity, ft/sec

relative gas velocity, ft/sec

weight flow, 1b/sec

relative gas-flow angle measured from axlal directlon, deg

ratlio of specific heats
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b ratio of inlet-air total pressure to NACA standerd sea-level pres-
sure, pé/p*

[ +
(r+l r-1
x| 5=
e izl
" =
-1
(=)
2
a d

yt local adiabatic effilciency based on total-state measurements from
surveys downstream of rotor -

Mg adlabatlc efficlency, ratio of turbine work based on torque, weight
flow, and speed messurements to ideal work based on inlet total
temperature, and inlet and cutlet total pressure, both deflined &s
sum of static pressure plus pressure corresponding to gas velocliy

My rating adiabatlic efficiency, same as 1y except outlet total pres-
sure 1s defined as sum of static pressure plus pressure corre-
sponding to axlsel component of gas velocity

ecr squared ratio of critical velocity at turbine inlet to critical

# 32
velocity at NACA standard sea-level temperature, (Vcr,O/Vcr)

p gas density, 1b/cu £t

c solidity, ratio of blade chord to blade pitch

¢ angle measured from axis of rotation, deg

56 relative pressure loss coefficient based on measured outlet dynesmic

Pz - Dg
pressure, —p—m—
Pg - Pg

Subscripts:

av average

c canber

er conditions at Mach number of 1.0

h hub
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m mean
P pressure surface
8 suction surface
t +ip

u tangential

X axial

0 station upstream of stator (see fig. 1)

1 station at throat of stator passage

2 station at outlet of stator Jjust upstream of trﬁiling edge
3 station at free-stresm condition betbtween stator and rotor

4 station at throat of rotor passage . .

5 station at outlet of rotor Jjust upstream froﬁ trailing gdge
8 station downstream of turbine

Superscripts:

* NACA standard conditlons
¥ total state

" relative total state
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APPENDIX B

PRINCIPLE AND UFERATION OF CURVOMETER
By C. H. Hauser and W. J. Nusbaum

The curvometer shown in figure 15 1s an instrument that determines
the curvature at a polnt along an arbitrery curve. Its principle is the
pame &8 that of the radometer discussed in appendix C of reference 8,
which is based on the fact that three points define a circle.

The principal difference between the radometer and the curvometer
1s that for the radometer the three polnts are located by crossed lines
and for the curvometer the three polnts are the points of contact of
three circular disks. In both cases, however, two of the points are
flxed on & base plate containing a scale and the third point is located
on a movable arm pivoted about the fixed center point.

The scale on the radometer is graduated in degrees for measuring the
angle between the scale index line on the movable arm and a line through
the other two pointe. The measured angle must then be converted from
degrees to curvature, as discussed in reference 3. However, for the
curvometer, the scale is graduated dlrectly in curvature; therefore, the
intermediate steps of converting degrees to curvature are eliminsted.

The curvometer is used in conjunction with & drafting spline which
is alined along the curve. The two fixed contact dlsks are placed sgainst
the spline so that the center contact disk is touching the sgpline at the
point where the curvature is to be measured. Then, the movable axrm is
moved until the third contact disk is touching the spline, and the curva-
ture is read directly on the scale. Because the curvometer uses contact
disks, instead of crossed lines as in the case of the radometer, a pre-
dlction of the curvature can be made prior to actually drawing the line.
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TABIE I. - COMPARISON COF DESIGN FEATURES OF SIX

TRANSONIC-TURBINE CORFIGURATIONS

Transonic turbine

Design features Ref. 2|Ref. 3|Refs. 4 [Ref. 5 |Subject
and 6
Eguivalent specific work,
Ah'/scr’ Btu/1b : , 22.61 20.?0 22.61 | 22.61| 23.03

Equivalent weight flow, .

ew&/Gcr/E, 1b/sec

11.985| 11.85{ 11.85 | 11.95| 11.95

Equivalent tip speed,
U /N6y, £1/sec _ _ 597| 597 597 597 597

Mach number 1.28| 1.36 1.10 1.57 1.11

Mzgximum rotor-
blade surface |[Critical velocity

ratio, W/W,. 1.22{ 1.27{ 1.08 | 1.41| 1.08

Suction surface,

Average design > 0.165{ 0.306} 0.024 | 0.250| 0.042
diffusion . 8
t b i -
paremeter Tor Pressure swface,| 0,157| 0.356| 0.316 | 0.182| 0.513
P
Meen-radius solidity, o, 2.81) 2.18 2.85 2.36 1.82
Deaign velocity dlagram Ref. 2|Ref. 3|Ref, 2 |[Ref. 2|Fig. 1
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TABLE II. - ROTOR-BLADIE-SECTION COORDINATES

Hub Tia = 0.010 in.
Mean rja. = 0.018 in.
Tip rye = 0.029 in.

Hub Mesn Tip
. ¢, deg
-4.5 12.5 23.5
r/r,
0.70 0.85 1.00
X, Yg» Fp- Yg» Ypsr Y Yp-
o g, 1n. in. in. in. in.
o] 0.010 0.010 0.018 0.018 0.029 ©0.029
.10 .136 .083 .169 .066 156 .039
.20 .258 174 <311 .146 .262 .096
.30 .379 .255 433 .216 .355 J43
.40 .492 . 327 .526 274 432 .186
.50 .599 .391 .603 325 495 222
.60 .696 448 .666 . 368 .542 .252
.70 . 782 .500 .T1S 404 .578 . <281
.80 .856 544 . 748 436 .802 « 304
.80 917 .583 770 462 617 .325
1.00 .962 817 77 .482. .622 . 543
1.10 .993 643 <775 497 .620 358
1.20 1.008 .666 . 763 .508 .611 . 369
1.30 1.011 679 . 743 .513 .596 «378
1.40 .997 .685 .T13 014 574 .382
1.50 969 .684 .676 .508 547 «384
1.80 .927 674 632 494 .516 380
1.70 .870 654 .583 4757 481 .372
1.738 | ==mmm | e | mmmme | e ABT | —mcma
1.80 . .802 .825 .529 A4LT Iy 357
1.844 | ~mmee | mmmem BHO5 | mmmem || | emm——
1.90 722 .585 412 . 337
2.00 .633 .533 370 .312
2.098 B4 | mmmem | |} e | ] ] mm——-
2,10 469 - . 323 .283
2.20 :lé . 395 '5 ® 273 E 251
2.30 wle . .312 ik .220 3 .217
2.40 ﬁ = 223 5 —~ 166 gid 179
2.50 8 .132 [} L1311 2 143
2.60 .038 .055 107
2.8386 045 L0046 | | | mmemm ] || e
2.662 015 015 [ Y | == | ] -
2,683 | —=-me= | c-—e 037 002 |} | e
2.70 | =mmem | cmmmm 034 .00Q .069
2,716 | === | ====a 015 L0185 | } | me—--
2.80 | mmooe | mmmeo | mmee | ceee Y .031
2.877 | mcmme | mmmem | mmmee | eemee 03¢ | .oo1
20899 | cemm | mmmee | mmeee | aaeae 015 | .015

17



(Ve/Vop)o = 0.532

Station
-——_2%

Stator

(V/V5plo = 0.291

(v/vcr)e =]

F

(WA )g = 0.95

(U/V,,)5 = 0.410

{Wy/Wop)s = 0.786

(V¥ ) = 0.281

.301

{V /) o = 0.524

(¥/¥,.)p = 1.108

'

(V/Vou)p = 0.522

(/W g = 1.000 (W) = 1.020 (W/¥yy)g = 1.080
40.4° 42.8°
13.7¢ 11.40
I
(vvacr)s = 0.750 (vx’/var)s = 0.750
(W/igi)g = 0.985 (¥Mop)s = 1.056

(0/Vep)g ™ V/Vpnlg = 0.772 (T, cr)s = L{V/Vp)g = 0.765 (U/vcr)s -
0.455

(a) Bub; r/ry, 0.70.

.0.552
(b) Mean; r/ry, 0.65.

Fj.gﬁre 1. ~ Tramsondc-turbine vezd'oitylrdiagrm.

O.e49

(V/VCI")O = 0.281

(Wy/Wgp)5 = 0.797

V/Vop)g = 0.761

(e) T1p; /vy, 1.00.
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w0
=
0
‘ \—Pressure surface Y
D
Orthogonal, 1,
; s -t 19 l
§ - Suction surface 2 I
: \ |
-— -——-\ - »
3 - Flow / - E

b, | :[ ‘
|
|

l Assumed axial positions
l/ of channel orthogonals—\[

l
|

|
I
l Parallel to axis of rotation
- -~ == 1

Figure 2. - Some of the important varisbles in design procedure.



Reletive critical veloclty ratio, W/W,y

1.2
Suctlon surface L
X _

O S —

" ‘6\ T~ ] ~1 /74
N /
\ \ P ’ /
8 \\ . /
. \ \ Midchannel ‘/ Z‘/
o /
.4 \\ ./)
; Pressure surface
20 i 1.2 1.6 2.0 .4 2.8 3.2

Axial location, in.

(a) Hub.

Flgure 3. - Deeign rotor midchanmel and surface velocity distributicns at hub, mean, and
tip sections. (Dashed lines dencte extrapalation to blade inlet and outlet velocities.)
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Relative criticel velocity ratlo, w/wcr

=

Midchannel a”’//

Pregsure surface

lz

Figure 3. - Continued. Design rotor midchannel and surface veloclty distributions at hub,
(Dashed, lines denote extrapolation to blade inlet and outlet

mean, and tip sectlans.
velocities.)

1.2 1.8 2.0
Axigl location, in.

(b) Mean.
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Relative critical velocity ratio, W/W..

22

ll 2 T T
Buction surface

1 [TT—-—4-1" T~

1.0 / ///

# » /£
L
P Midchannel v
.6 — p—
\ \.T_ — -'_'_-'-!_-'__-_-""-—-;—/
A "4
Pressure surface /
1 /“____.,f -
3
' \\ T |
/
2
0 4 .B 1.2 1.6 2.0 2.4 2.8

Axigl locsation, in.
(¢) Tp.
Figure 3. - Concluded. Design rotor mldchannel and surface velocity distributions at hub,

mean, snd tip sectioms. (Dashed lines denote extrapolation o blade inlet and outlet
velocities.) |
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(2} Hub. {b) Mean, (c) Tip.
Figure 4. - 3tator- and rotor-blade passages and profiles.
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Figure 5. - Photograph of transonlc-turbine rotor.
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Flgure 6. - Diagrammatic sketch of cold-air turbine test sectiom.
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Equivalent specific work, oh'/d,., Btu/lb
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O Design equivalent Equivelent speed,
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1 I
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Weight-flow - speed parsmeter, ewN/8, (1b)(rpm)/(sec)

(a) Based on total-pressure ratio scrosa turbine.
Flgure 7. - Experimentally obtsined performence mep.
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Equivalent specific work, Ah'/6,,, Btu/lb
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26 O Design equivalent specific
r work and design speed
Equivelent speed,
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Figure 7. - Concluded. Experimentally obtained performance map.
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Equivalent specific work output, Ah'/6.p, Btu/lb

R NACA RM E55H29%

26 1 L 1 T LJ ¥ T
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and design speed 6
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Figure 8, ~ Performance map based on total-
pressure ratio for turbine of reference 6.
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Turbine
Hub
Ref. 2 \\\\\ Mean
\‘ Tip
Hub
Ref. 3 Mean
\_\. Tip
Refs. 4 ‘Hu.'b
and 6 NS Mean
\. Tip
Hub
Ref. 5 \\\\\ Mean
] Tir

. | Fub
Subject W lTﬁzan

&\\\\N Suction surface
® Pressure surface

t | I ] ! I I ] | ]
o 2 4 6 .8

Total diffusion parameter, D + Dp

Figure 9. - Sum of suction- and pressure-surface diffusion
parameters for five transonic-turbine rotors.
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Specific blade loss, L

NACA RM E55H29a

109 T T L]
Turbilne
- © Subject
O Ref. 2
¢ Ref. 3
.08+ A Ref, 4——
v Ref. 5
7 Ref. 6 }
O /
IO7 /
/
Curve drawn through
points for turbines
N of refs. 2 to 5
.05 ’////,
&~
v
004
0 .1 .2 .3 4

Suction-surface diffusion parameter, Dg

Figure 1Q0. - Effect of suction-surface diffusion
parameter on specific blade loss as determined
from design-point performance of six transonic-

turbine configurations.
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B o Subject
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i

» 05—~

Specific blade loss, L
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4*—$‘Effect of reducing stator
trailing-edge thickness

.3 4 .5 .8 .7
Total diffusion parameter, D, + Dy

Figure 11. - Effect of total diffusion parameter
on specific blade loss as determlned from
design-point performence of slx transonic-
turbine configuratlions.

31



32 L NACA RM ES5H29a

Tip

glle

EBfficiency, W;

|:| 0.925 and abové R

.90 - .925 . .. ...z
875 - .900 :
.850 - .875 .. et
.825 - ,850° : -
.800 - .825

Hub .800 and below

Figure 12. - Contours of local sdishatic efficilency from detailled surveys downstream of rotor at dealgn
operating conditions. {Portion of turbine-outlet flow annulus shown corresponds to about L% atator
passages. ) .
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Figure 13. - Variation of meximum and minimm local sdisbatic efficlency with radius reatio.
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. Blade-element loss parameter, wg cos fg

.20 T T -

Turbine T

Ref. 2
Ref. 3
Ref. 4 .
Ref. 5

.12 7

Bubject 7 /
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< L~

’( 1/ o
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<
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Suction-surface diffusion parameter, Dg

{a) Hub. (b) Mean. (e) Tip.

Figure 14, - Varlation of measured blade-element loss parameter with suction-surface
diffusion parameter at hub, mean, and tip radii for five transonic turbines.
(Curves are those shown in fig. 7 of ref. 9.)
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Figure 15. - Photograph of curvometer.
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