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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

EXPERIMENTAL INVESTIGATION OF A HIGH SUBSONIC MACH NUMBER
TURBINE HAVING A 40-BLADE ROTOR WITH ZERO
SUCTION-SURFACE DIFFUSION

By William J. Nusbaum, Charles A. Wasserbauer, and
Cavour H. Hauser

SUMMARY

An experimental turbine was designed for a high weight flow per unit
frontal area, a high specific work output, a relative critical velocity
ratio of 0.82 at the rotor hub inlet, and zero rotor blade suction-surface
diffusion. At the equivalent design blade speed and work output, the
brake internal efficiency based on the actual over-all total-pressure
ratio was 0.899. This value is 0.028 greater than the efficiency of a
turbine with the same velocity diagrams and approximately the same solidity
but with high rotor blade suction-surface diffusion.

The calculated value of the ratio of effective rotor blade momentum
thickness to mean camber length of 0.0103 is in very good agreement with
the values previously obtained for transonic turbines having the same
average total surface diffusion parameter. This value is much smaller
than that obtained from a turbine having the same velocity diagrams but
with high rotor blade suction-surface diffusion. These results indicate
that low suction-surface diffusion is essential for minimum over-all losses
through a turbine-rotor blade row.

INTRODUCTION

A research program is in progress at the NACA Lewis laboratory to
establish values of design parameters that will result in a turbine with
high efficiency, high mass flow per unit frontal area, and high specific
work output per stage. In order to achieve these goals a value of solidity
for the rotor blade row should be selected that will give minimum over-all
rotor losses. A decrease in solidity has the advantage of a reduction in
the sum of blade and end-wall surface areas where the boundary layer is
produced. However, as the solidity of a blade row is decreased, there is
an increase in blade loading with a resultant increase in momentum loss
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per unit surface area (ref. 1). For low-reaction blade rows an increase
in blade loading results in increased values of the total blade surface
diffusion parameter, which is equal to the sum of the suction- and
pressure-surface diffusion parameters. (The diffusion parameter is de-
fined in the following section, SYMBOLS.) This added diffusion may occur
on either the suction or pressure surfaces. Therefore, in order to
establish values of design parameters that will result in minimum over-all
blade loss, it is necessary to establish the variation of over-all blade
loss with solidity, pressure-surface diffusion, and suction-surface
diffusion.

The variation of rotor blade boundary-layer womentum-thickness param-
eter Qtot/z with diffusion parameter for five transonic turbine designs

is presented in reference 2. These turbines, designed for high work out-
put, have a relative inlet critical velocity ratio of unity at the hub of
the rotor.

In order to obtain additional information on the effect of solidity
and blade surface diffusion on over-all blade loss, a program was initi-
ated to obtain the over-all performance of a series of high subsonic Mach
number turbines having high weight flow per unit frontal area and high
specific work output. All the turbine configurations of this series have
the same velocity diagrams. The rotor hub inlet relative critical velocity
ratio is 0.82. The same stator was used throughout the investigation.
The rotors have the same value of radial tip clearance (0.030 in.). The
apparatus, instrumentation, and test procedure were the same for all the
turbines of the series. The only parameters that were allowed to vary
were the rotor blade solidity and the surface velocity distribution on
the rotor blades which determine the value of blade surface diffusion.

The design and over-all performance of the first turbine of the series
are presented in reference 3. The rotor of this turbine, hereinafter
referred to as configuration I, had 58 blades with relatively low diffusion
on the blade surfaces.

The over-all performance of the second of this series of high sub-
sonic Mach number turbines, hereinafter referred to as configuration II,
is presented in reference 4. The rotor of this turbine had 40 blades with
a considerably higher value of suction-surface diffusion than that of
configuration I.

The subject investigation evaluates the over-all performance of con-
figuration IIT, which has 40 rotor blades and therefore approximately the
same solidity as configuration II but with zero diffusion on the rotor
blade suction surface. The results of the performance investigation at
equivalent design conditions are also evaluated in terms of the ratio of
effective rotor blade momentum thickness to mean camber length etot/z

9L9¥
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and are compared with the values for the five transonic turbine rotors of
reference 2 and with the values for the rotors of configurations I and IT
(refs. 3 and 4).

Dtot
A‘hl

SYMBOLS
turbine tip frontal area, sq ft
critical velocity of sound, ft/sec
pressure-surface diffusion parameter,

Blade-inlet relative velocity -Min. blade surface relative velocity
Blade-inlet relative velocity

suction-surface diffusion parameter,

Max. blade surface relative velocity - Blade~outlet relative velocity
Max. blade surface relative velocity

sum of suction- and pressure-surface diffusion parameters, Dp + Dg
specific work output, Btu/lb

length of mean camber line, ft

absolute pressure, 1b/sq ft

radius, ft

blade velocity, ft/sec

absolute gas velocity, ft/sec

relative gas velocity, ft/sec

weight flow, 1b/sec

relative gas-flow angle measured from axial direction, deg
ratio of specific heats

blade-chord angle, angle between blade chord and axial direction,
deg

ratio of inlet air total pressure to NACA standard sea-level pres-
sure, p:/p*
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brake internal efficiency, defined as ratio of turbine work (based
on torque, weight flow, and speed measurements) to ideal work

(based on inlet total temperature and inlet and outlet total

pressures, both defined as sum of static pressure end pressure
corresponding to gas velocity)

brake internal rating efficiency, defined as ratio of turbine work
(based on torque, weight flow, and speed measurements) to ideal
work (based on inlet total temperature and inlet and outlet total
pressures, both defined as sum of static pressure and pressure
corresponding to axial component of velocity)

squared ratio of critical velocity at turbine inlet to critical

: *
velocity at NACA standard sea-level temperature, (aér,l/acr)

2

effective rotor blade momentum thickness based on turbine over-all
performance, ft

Subscripts:

h

m

hub

mean

tip

tangential

axial

station upstream of stator

station at trailing edge of stator

station at free-stream condition between stator and rotor
station at trailing edge of rotor

station downstream of rotor

9L9%
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Superscripts:
& NACA standard condition
; stagnation state

relative stagnation state

TURBINE DESIGN
Design Requirements

The design requirements of the subject turbine, which are the same
as those for all the turbines of this series, are included herein for
convenience:

Equivalent specific work output, sh'/@.p., Btu/lb . . . . . . . . . 20.60
Equivalent specific weight flow, ew/@.r/8Af, (1b/sec)/sq £t . . . 15.06

Equivalent blade tip speed, Up/V®,., ft/sec . . . . . . . . . . . . 720

The velocity diagrams for the subject turbine and configuration IT
are identical and are shown in figure 1. Configuration I has the same
free-stream velocity diagrams but has a slightly different velocity in
the plane of the trailing edge (station 4) because of a small difference
in blockage.

The rotor of the subject turbine was designed with the same number
of blades and approximately the same solidity as that of configuration II
but with zero diffusion on the suction surface. It was assumed that simpli-

fied radial equilibrium exists along radial elements through the midchannel
streamline at each axial station through the blade passage. The total-
pressure drop between stations 3 and 4 was assumed to occur linearly in

the axial direction.

Procedure

In general, the three-dimensional blade design procedure of reference
5 was used. The following steps summarize this procedure:

(1) A blade shape was first approximated.

(a) For the hub, mean, and tip radial stations a straight suction
surface was drawn from the throat to the trailing edge at

angles Bé,h’ B4,m’ and B4,t’ respectively.
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(b) At each radial station a straight suction surface from the
leading edge to the potential line at the channel inlet was
drawn at an angle equal to or slightly less than the flow
inlet angle Bz.

(¢) The channel was then drawn such that a reasonable blade
shape resulted.

(2) In order to obtain a reasonable hub midchannel velocity distri-
bution as a first trial, a constant velocity equal to the blade-
outlet velocity was assumed on the suction surface within the
guided channel, and the method of appendix B of reference 5 was
applied.

(3) By using the midchannel velocity distribution at the hub and the
radial equilibrium relation of appendix B of reference 5, the blade
shape was analyzed to obtain the midchannel and surface velocity
distributions at the hub, mean, and tip sections.

(4) With the blade surface velocities determined at the three
sections, the weight flow was calculated at each axial station
using the method given in reference 6.

(5) If the results of step (4) indicated that the blade would not
pass the design weight flow at any axial station, the midchannel
velocity distribution at the hub was altered, and steps (3) and (4)
were repeated until the calculated value of weight flow was within
1 percent of the design value.

(6) If there was an appreciable amount of suction-surface diffusion
at any section, the blade shape was altered, a new midchannel ve-
locity distribution was assumed, and steps (3) to (5) were repeated
until a final satisfactory blade was evolved.

The resulting blade-section profiles obtained from these steps are
shown in figure 2, and the coordinates are given in table I.

In order to obtain the final blade shape the blade profiles for the
hub, mean, and tip sections were stacked so that the midpoints of the
potential lines across the channel exits at the three sections were on a
radial line. A photograph of the rotor is shown in figure 3.

Comparison of Subject Turbine with Configurations I and IT
The design midchannel and blade surface velocity distributions for

the hub, mean, and tip sections as obtained from the previous procedure
are shown in figure 4. The number of blades and the values of the surface

«
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diffusion parameters and solidity for the three configurations are given
in table II. Very low values of suction-surface diffusion have been ob-
tained with diffusion parameters Dg equal to 0.02, 0.07, and 0.03 at

the hub, mean, and tip sections, respectively. Thus, the subject turbine
has an average value of rotor blade suction-surface diffusion equal to
0.04, which is much lower than the value of 0.24 for the rotor of con-
figuration II and is considered negligible in this report. On the pressure
surface, however, the subject turbine has an average value of 0.42 as com-
pared with a value of 0.15 for the rotor of configuration II. The re-
sulting average value of the total diffusion parameter is 0.46 as compared
with a value of 0.39 for the rotor of configuration II.

In order to obtain low suction-surface diffusion it is generally
necessary to design the blades with a long, thin profile downstream of
the midchord position. A comparison of the blade profile of the subject
turbine with that of configuration II (ref. 4) shows that the subject
turbine rotor blades are considerably thinner, particularly near the blade
trailing edge. This may be undesirable from a mechanical design standpoint
in an actual turbine.

The solidities (based on blade chord) at the hub, mean, and tip
sections of the subject turbine rotor are 1.9, 1.7, and 1.6, respectively.
The turbine rotor of configuration II has solidities at the hub, mean,
and tip sections of 2.1, 1.8, and 1.8, respectively. Thus, the subject
turbine rotor has a slightly lower value of solidity, a slightly higher
value of total diffusion, and a much lower value of suction-surface dif-
fusion than the turbine rotor of configuration II.

A comparison of the subject 40-blade turbine rotor with the 58-blade
rotor of configuration I shows that the average values of suction-surface
diffusion for the two rotors are nearly equal. The rotor of configuration
I has a pressure-surface diffusion parameter equal to 0.15 as compared
with the much larger value of 0.42 for the subject turbine rotor. As a
result, the value of the total diffusion parameter for the subject turbine
roEor (0.46) is much larger than the value for the rotor of configuration
1-(0.28).

-

APPARATUS, INSTRUMENTATION, AND TEST PROCEDURE

For the subject turbine the apparatus, instrumentation, and test
procedure are the same as those described in reference 3. The over-all
performance data were taken at nominal values of total-pressure ratio
pi/pé from 1.3 to the maximum obtainable (about 2.3), while the wheel

speed was varied in 5-percent intervals from 60 to 110 percent of equiv-
alent design speed. The absolute inlet total pressure was set at 50
inches of mercury (24.6 1b/sq in. abs), and the inlet total temperature
was about 70° F.
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RESULTS AND DISCUSSION
Comparison of Over-all Performance of Subject Turbine
with That of Configurations I and II

The over-all performance map for the subject turbine, based on the
actual over-all total-pressure ratio pi/pé, is presented in figure 5(a).

The equivalent specific work Ah'/@cr is plotted against the weight flow -
mean blade speed parameter awUﬁ/G with the actual over-all total-pressure

ratio, percent design blade speed, and the brake internal efficlency as
parameters. The maximum efficiency, which is also the efficiency at the
point of equivalent design specific work and blade speed, is 0.899. This
value is 0.028 greater than the efficiency for configuration II at design
point and 0.024 greater than the efficiency for configuration I at the
same point. Efficiencies of 0.89 or greater are obtained over a large
range of operating conditions around design point for total-pressure ratios
greater than 1.8 and the percent equivalent design speed greater than (0)4218) -
The efficiency is greater than 0.87 over a large portion of the map.

The turbine performance is also rated by a performance map based on
the rating over-all total-pressure ratio Pi/Pé,x as presented in figure

5(b). The rating efficiency at the point of equivalent design specific
work output and blade speed is 0.891. Thus, 0.008 in turbine efficiency
was lost in the energy of the exit whirl velocity component Vu,5'

An indication of the differences in efficiency between the subject
turbine and the turbines of configurations I and II at the point of equiv-
alent design specific work and blade speed can be found by an examination
of the velocities downstream of the stator and rotor blades (stations 3
and 5). The variation of the static pressure at these stations with the
actual over-all total-pressure ratio at equivalent design blade speed is
presented in figure 6. At station 5, downstream of the rotor, the average
of hub and tip values of static pressure is presented because there is
1ittle variation in static pressure over the blade height. A static-
pressure rise occurs across the rotor hub from stations 3 to 5 for total-
pressure ratios up to about 2.16, at which point the rotor blades are

choked.

Also shown in figure 6 are the measured values of static- to inlet
total-pressure ratios at the points of equivalent design specific work
for the subject turbine, configuration I, and configuration IT. At the
points of equivalent design specific work at both stations 3 and 5, the
values of the ratio of static pressure to inlet total pressure p/pi for

the subject turbine are slightly greater than those for configurations I
and II. Since all the turbines of the series used the same stator and
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operated at the same inlet conditions, the static-pressure measurements
indicate that at the points of equivalent design specific work the rotor-
inlet tangential velocity component Vu,S is slightly less for the subject

turbine than for the turbines of configurations I and II. Figure 6 also
indicates that, at the rotor exit and at the same points of equivalent
design specific work, the ratio of static pressure to total pressure

g P5 P{
(p')5 " p pd

for the subject turbine (0.73) is slightly greater than for the turbines
of configurations I and II (0.72). Thus, the subject turbine rotor has
a slightly lower value of exit velocity Vg as well as a lower value of

the rotor-inlet tangential velocity component Vu,S' For thé same design

work output and blade speed the exit relative flow angle and thus the
amount of turning must be greater for the subject turbine rotor. In fact,
a radial survey of the flow angle at the rotor exit at the point of equiv-
alent design specific work indicates the amount of turning for the subject
turbine rotor to be about 3.0° greater than that for the rotor of con-
figuration I and about 5.0 greater than that for the rotor of configura-
tion ITI. It follows that the losses through the rotor blade row are less
for the subject turbine than for the turbines of configurations I and II.

As stated in a previous section, the subject rotor and the rotor of
configuration IT have the same value of radial tip clearance and the same
number of blades. Therefore, it is assumed that they have approximately
equal values of tip clearance losses. These two rotors differ mainly in
the amount of rotor blade average suction-surface diffusion. Thus, the
lower value of rotor blade losses for the subject turbine, as compared
with that for the turbine of configuration II, is attributed to a much
smaller value of average suction-surface diffusion.

Suction-surface diffusion usually occurs along the part of the blade
toward the trailing edge where a boundary layer has developed. The com-
bined effect of a decelerating flow and a thick boundary layer is conducive
to flow separation and the resultant blade losses. Pressure-surface dif-
fusion usually occurs along the part of the blade near the leading edge
where the boundary layer is thin (see fig. 4). Thus, there is less chance
for flow separation to occur on a blade with pressure-surface diffusion
than on one with suction-surface diffusion. Even if there is flow sepa-
ration on the pressure surface, it is very probable that the flow will
reattach to the blade surface because of the accelerating flow along the
part of the blade toward the trailing edge.

The difference in losses through the rotor blade row between the
subject turbine and the turbine of configuration I is probably caused by
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the difference in solidity. These two turbines have approximately equal
values of rotor blade suction-surface diffusion. However, the rotor of
configuration I has a considerably larger value of solidity and, therefore,
a greater rotor blade surface area over which boundary-layer losses are
developed (ref. 1).

Comparison of Rotor Blade Momentum Thickness of Subject

Turbine with That of Configurations I and II

The_ratio of effective rotor blade momentum thickness to mean camber
length etot/l for the subject turbine was calculated by the method of

reference 2. This calculated value of 0.0104 was then corrected for
Reynolds number by assuming the momentum thickness inversely proportional
to the one-fifth power of the Reynolds number and using the Reynolds num-
ber for the transonic turbines (620,000) as a reference value. The cor-
rected value of 0.0103 is plotted against the average design total dif-
fusion parameter of 0.46 in figure 7. This figure also presents the data
for the six transonic turbines of reference 2 and for the turbines of
configurations I and II. Although it has been stated that suction-surface
diffusion appears to be a more important parameter in determining blade
losses than pressure-surface diffusion, the latter is also a contributing
factor. Therefore, it is to be noted that the blade loss parameter is
plotted against the sum of the pressure- and suction-surface parameters
in figure 7. The data for the subject turbine show very good agreement
with those for the six transcnic turbines.

A comparison of the subject turbine with the turbine of configuration
IT shows that the subject turbine has a smaller value of the loss param-
eter etot/z even though the value of the total surface diffusion param-

eter for the subject turbine is slightly larger. As stated previously,
this difference in blade loss is attributed to a much smaller value of
average suction-surface diffusion for the subject turbine rotor as com-
pared with the value for the rotor of configuration II. A similar effect
of suction-surface diffusion on blade loss was obtained in the investiga-
tion of the transonic turbines (ref. 7).

The value of the loss parameter for the subject turbine rotor is
approximately equal to that for the turbine rotor of configuration I.
These two rotors have nearly equal values of suction-surface diffusion
but differ considerably in solidity and total diffusion. However, the
effect of solidity is minimized in the calculation of the loss parameter
gtot/l (ref. 2). Apparently, this loss parameter is not affected greatly

by changes in the values of pressure-surface diffusion if the resulting
values of total surface diffusion are within the limits represented by
these two rotors.

99
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SUMMARY OF RESULTS

The over-all performance of a high subsonic Mach number turbine with
comparatively low solidity and zero suction-surface diffusion is presented.
The results of the investigation are cowmpared with previously obtained
results for transonic turbines and for turbines that have the same velocity
diagrams but different values of rotor blade suction-surface diffusion.

The brake internal efficiency based on the actual total-pressure
ratio at the equivalent design blade speed and specific work output was
0.899. This value is 0.028 greater than that obtained from a turbine
having the same velocity diagrams and approximately the same solidity but
with high rotor blade suction-surface diffusion; it is also 0.024 greater
than the design-point efficiency obtained from a turbine having the same
velocity diagrams and approximately the same value of suction-surface
diffusion but having a larger value of solidity. The efficiency based on
the rating total-pressure ratio at equivalent design blade speed and
specific work output was 0.891.

The calculated value of the ratio of effective rotor blade momentum
thickness to mean camber length of 0.0103 is in very good agreement with
the values previously obtained for transonic turbines. This value is much
smaller than that obtained from a turbine having the same velocity diagrams
and approximately the same solidity but with a larger value of rotor blade
suction-surface diffusion. It is approximately equal to that obtained
from a turbine having the same velocity diagrams and about equal values
of suction-surface diffusion but having a larger value of solidity.

These results indicate that low suction-surface diffusion is desirable
for minimum over-all losses through a turbine rotor blade row. However,
in order to obtain low suction-surface diffusion it is generally necessary
to design the blades with a long, thin profile downstream of the midchord
position, which may be undesirable from a mechanical design standpoint in
an actual turbine.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, October 24, 1957
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TABLE I. - ROTOR BLADE-SECTION COORDINATES
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TABLE II. - COMPARISON OF ROTOR DESIGN PARAMETERS FOR SUBJECT TURBINE

WITH THOSE FOR TURBINES OF REFERENCES 3 AND 4

Turbine Section Rotor blade surface diffusion parameter
Suction | Pressure | Total, | Solidity | Number of
surface, | surface, Dtot blades

Dg Dp
Configuration | Hub 0.00 Q27 Q.27 2.8 58
it Mean .06 012 ALz 282
(ref. 3) Tip 12 .06 w18 2.0
Average .06 <15 Al
Configuration | Hub Q.51 0.25 0.56 2lel: 40
IT Mean Sl 07 <34 1.8
(ref. 4) Tip .15 .13 .28 1.8
Average el 15 <39
Configuration | Hub 0.02 0.59 0.61 Il5T. 40
ARILIE Mean <07 <50 «58 L5
(subject) Tip 03 .16 .19 1.6
Average .04 .42 .46
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e S 3
Rotation k
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-40.2°
o 2 -6.1°
|-10.2
W W
—r—) = 0.888 ——)_ = 1.03
<a°")5 x\ - 0.697 (a")5 Vx) . o0.697
adr /s adr/s
v v
= 0.708 = 0.701
a)s EEL
U U U
——) = 0.464 —] = 0.613 —) =0.774
(%r)s (at':r)S (ﬂér)s
(a) Hub; r/ry, 0.60. (b) Mean; r/ry, 0.80. (¢) T1p; r/ry, 1.00.

Figure 1. - Velocity diagrams for subject turbine (same as those of configuration II (ref.
AN
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