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By Cavour H. Hauser and William J. Nusbaum

SUMMARY

As part of a program to establish limits for the aerodynamic design
parameters of the turbine component for advanced supersonic aircraft, a
number of experimental turbines are currently being investigated. The
cold-air turbine investigated herein was designed for a high weight flow
per unit frontal area, a high specific work output, and a rotor hub inlet
relative critical velocity ratio of 0.82.

The performance of the turbine was determined over a range of oper-
ating conditions. At the equivalent design blade speed and work output,
the brake internal efficiency based on the actual total-pressure ratio
was 0.875, which is almost as high as those obtained in conservatively
designed turbines. In running the turbine at the point of limiting blade
loading for the rotor and equivalent design blade speed, the efficiency
dropped 0.05 from that obtained at the design point. This increase in
loss was apparently caused by the shock waves and attendant boundary-
layer losses on the portion of the rotor blade suction surface downstream
of the channel exit. The calculated ratio of effective rotor blade mo-
mentum thickness to mean camber length of 0.0104 at the design operating
point agrees reasonably well with the results of previous work on other

turbines.

INTRODUCTION

The turbine component suitable for use in the power plant of an
advanced supersonic aircraft should have a high specific work output per
stage and high mass flow per unit frontal area. These requirements
necessitate the use of high relative Mach numbers at the rotor entrance
and low hub-tip radius ratios without a sizeable reduction in turbine
efficiency from that obtainable with more conservative designs.

As part of a program to establish values of design parameters that
will result in high efficiencies in turbines for the previously described
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application, a number of experimental turbine design configurations have
been and are currently being investigated at the NACA Lewis laboratory.
In reference 1, for example, a turbine designed for conservative veloci-
ties through the blade rows is shown to have a design-point efficiency
of 0.89. This turbine was designed for a hub-tip radius ratio of 0.60, @
giving a relatively high value of weight flow per unit frontal area. The
rotor hub inlet critical velocity ratio was only 0.6, however, thus lim-

iting the work output to relatively low values.

Efficiencies as high as 0.87 may be obtained in turbines designed
for much higher velocity levels, as shown in references 2 to 4. These
turbines were designed for a rotor hub inlet relative critical velocity
ratio of 1.0 and a hub-tip radius ratio of 0.70. Thus, while the work
output of this turbine is considerably higher than the conservatively
designed turbine of reference 1, the efficiency is slightly lower and the
weight-flow capacity is reduced.

In consideration of these results it was believed that high effi-
ciency could be obtained in a single-stage turbine with a rotor hub inlet
relative critical velocity ratio of about 0.8. This increase in inlet
relative critical velocity ratio over that in reference 1 results in an
increase in specific work output for a given rotative speed. If a hub-
tip radius ratio of 0.60 is used, the weight flow per unit frontal area
is about the same as that for the turbine of reference 1. Thus, with a )
high weight flow per unit frontal area and a high efficiency at high
specific work output, the proposed turbine should be particularly well
suited for use in the power plant of an advanced supersonic aircraft.

The present investigation presents the aerodynamic blade design
method and the performance characteristics of the first of a series of
turbines designed according to the previously stated specifications.

In the present rotor blade design, the diffusion of the suction-
surface velocity is held to comparatively conservative limits. Phe
suction-surface diffusion parameter is held to zero at the hub and is
small at other radii. In the design of the rotor blade passage, radial
equilibrium of the flow was maintained by assuming a free-vortex condi-
tion along radial elements through the mean streamlines. The quasi-
three-dimensional design procedure used for the stator blades is pre-
sented herein.

The turbine performance was obtained over a range of speed from 60
to 110 percent of design rotative speed and actual total-pressure ratios
from 1.3 to the limiting-loading condition (about 2.2). The inlet tem- .
perature and pressure were nominally 80° F and 24.6 pounds per square
inch absolute, respectively.
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TURBINE DESIGN

Requirements

It was desired to design a turbine having high weight flow per unit
frontal area and high work output while at the same time maintaining good

aerodynamic blading efficiency.

The cold-air turbine used in this investigation is 14 inches in di-
ameter and has a constant hub-tip radius ratio of 0.60. The over-all de-
sign requirements, which were chosen for application of the turbine in
the power plant of an advanced supersonic aircraft, are as follows:

Equivalent specific work output, Ah'/@.., Btu/lb . 20.60
Equivalent weight flow, wen/@../d, 1b/sec . . 16.10
g 20

Equivalent blade tip speed, YN Phfaec 2 g s

(A1l symbols are defined in appendix Ad)

Velocity Diagrams

The design velocity diagrams at the free-stream stations 1, 3, and
5 were determined on the basis of the following assumptions:

(1) Free-vortex flow
(2) Simplified radial equilibrium

(3) Stator over-all total-pressure ratio pé/pi of 0.98

(4) Over-all adiabatic efficiency design value of 0.90

her with those calculated for stations 2

These velocity diagrams toget
or and rotor,

and 4 (just upstream of the blade trailing edge in the stat
respectively) are presented in figure 1.

These diagrams show that, because of the relatively low radius ratio
(0.60) and because of the free-vortex design, & rather wide variation
occurs in the flow conditions from hub to tip in both the stator and
rotor. For example, the critical velocity ratio V/aér at the stator

) varies from a supersonic value (1.146) at the hub to
The air-turning angle through the rotor
at the hub to 41.2°0 at the tip section. The

exit (station 3
0.775 at the tip section.
Bz - By varies from 95°

relative inlet-air angle Pz varies from 54.80 at the hub to -9.4° at
the tip. » Thus, there is considerable twist required in the rotor blade
from hub to tip sections.
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At the hub of the rotor, the relative inlet critical velocity ratio
2
(W/al,.)s is 0.824, and the free-stream value at the exit (W/al.)s is

0.888, indicating a slight positive reaction across the rotor (fig. 1(a)).

The energy loss caused by the whirl component of the absolute ve-
locity at the rotor exit (station 5), mass-averaged over the blade
height, amounts to 0.8 percent of the design work output.

Velocity diagrams at stations 2 and 4, just upstream of the stator
and rotor blade trailing edges, respectively, were calculated in a manner
similar to that described in reference 2. Between stations 2 and 3 in
the stator and also between stations 4 and S in the rotor it was assumed
that no change occurred in the tangential velocity component. A stator-
outlet to -inlet total-pressure ratio pé/pi of 0.99 was assumed, and

zero pressure loss was assumed between stations 4 and S5 in the rotor.
Thus, the velocity diagrams at stations 2 and 4 can be determined on the
basis of continuity and trailing-edge blockage factors, which can be
calculated from the number of blades, the flow angle downstream of the
trailing edge, and the trailing-edge thickness for each blade row.

The relative velocities at the rotor exit (station 4) approach the
limiting-loading condition quite closely. The maximum attainable relative
tangential velocity component Wﬁ/agr for a blade with a straight suc-

tion surface downstream of the throat and with a given exit flow angle
(measured from the tangential direction) is given in figure 3 of refer-
ence 5. Although the rotor blades were designed with some curvature
downstream of the throat, a close approximation of the limiting-loading
condition is obtained by using the relative flow angle B, in reading
this figure. This process indicates that at the design condition the
tip section of the rotor blade is at the limiting-loading condition,
while the mean and hub sections approach this condition closely. Also,
the relatively high blockage causes the rotor to be choked at station 4,
with critical velocity ratios ranging from 0.996 at the hub to 1.094 at
the tip section (figs. 1(a) and (c), respectively).

Stator Blade Design

In the design of stator blades, obtaining minimum blade viscous
losses is desired. For a given blade height, this can be accomplished
by optimizing the solidity and the number of blades using the procedure
of reference 6 as outlined in the next section.

It was assumed that simplified radial equilibrium exists along radial
elements at each axial station through the blade passage. The total-
pressure drop between stations 1 and 2 is assumed to occur linearly in
the axial direction.

8005
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Procedure. - In general, the three-dimensional blade design procedure
of references 2 and 7 was used in designing the stator blades. The desigr
procedure is outlined herein, however, because there are some differences
between the method used for the subject stator blades and those of the
references:

(1) The solidity at the mean blade section was selected using the
criteria of reference 8 which are shown by reference 6 to give values
close to the optimum solidity. As shown in reference 6, the effect of
varying the number of blades on the blade viscous loss is almost negli-
gible in the range of the optimum number of blades; therefore, considering
the trailing-edge blockage required, the number of blades was selected to
be slightly less than the optimum number indicated in the reference. The
axial chord at the mean blade section was then estimated from the solidity
and an estimated value of the blade-chord angle Y°.

(2) In an attempt to obtain constant blade loading from the hub to
the tip blade sections, the axial chords at the hub, mean, and tip radial
stations were calculated by the method presented in appendix B.

(3) A blade shape was first approximated as follows:

(a) For the hub, mean, and tip radial stations, a straight
suction surface was drawn from the throat to the trailing edge at
angles Q% p, %2 m and a2 4 respectively. The procedure for

2

calculating these angles is presented in appendix C.

(b) The first approximate profiles were then laid out so that
the larger portion of the turning takes place near the blade
leading edges where the flow has low momentum. Positions of ve-
locity potential lines and midchannel streamlines were estimated.

(4) At each section a suction-surface velocity equal to the blade-
outlet velocity was assumed along the entire length of the suction sur-
face, and the pressure-surface velocity distributions were then calculated

by the simplified stream-filament method found in reference 9.

(5) By using the velocity distribution of step (4), the circulation
around each section was calculated by numerical integration of the line
integral of the surface velocity around the blade. The blade suction
surface was then modified until the circulation satisfied the relation

I =s(Vy 1 - Vy,z) (1)

(6) The midchannel streamline velocity distribution at the hub was
adjusted to give a smooth variation in velocity from the entrance te, bhe
exit of the channel. This velocity distribution was then used to re-
calculate surface velocities.
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(7) The surface velocities obtained in step (6) were used to recal-
culate and check the circulation around the hub section as in step (5).
A check was also made to see that the value of the diffusion parameter
on the suction surface DS did not exceed an assigned value of 0.25.

(8) Velocity potential lines were relocated in order to satisfy
irrotationality of the flow. The position of the mean streamline was
calculated so that equal amounts of gas would pass on either side as
discussed in appendix B of reference 9.

(9) By using the method given in appendix B of reference 7 and the
mean-streamline velocity distribution at the hub from step (6), the blade
shape was analyzed to obtain the mean-streamline velocity distribution
at the mean and tip sections that must exist in order to satisfy
simplified-radial-equilibrium conditions.

(10) The mean-streamline velocity distributions obtained in step (9)
were then used to recompute the surface velocities at the mean and tip
sections.

(11) With the surface velocities determined at the three blade sec-
tions, the weight flow was calculated at each axial station using the
method given in appendix B of reference 7.

(12) If the results of step (11) indicated that the blade would not
pass the design weight flow, then either the blade shape was changed or
a different velocity distribution was assumed at the hub section. Steps
(6) to (11) were then repeated.

(13) Steps (7) and (8), which apply to the hub section, were repeated
for the mean and tip sections.

(14) Finally, using the calculated mean streamline positions at the
mean and tip sections, steps (9) to (12) were repeated until a final
satisfactory blade was evolved.

The resulting stator blade-section profiles obtained in these steps
are shown in figure 2. The coordinates of each of these blade sections
are given in table I(a). Figure 3 is a photograph of half the stator
casing with the blades in place.

In order to obtain the final blade shape, the stator 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.

8005
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The blade sections as designed with the previously described method
actually described the profiles of the cylindrical cross sections of the
blade. The method used for obtaining coordinates for flat templates from
the design blade sections is discussed in appendix C of reference 7.

Discussion. - As stated previously and as shown in figure 2, the
a<ial chord of the stator varies considerably from hub to tip, the chord
at the hub being only about one-third of that at the tip. Thirty stator
blades were used having values of solidity of 1.3, 1.5, and 1.6 for the
hub, mean, and tip sections, respectively. In an attempt to obtain con-
stant blade loading over the blade height, the method of appendix B holds
constant the degree to which the design blade loading at each radial
station approaches an "ideal" blade loading for which the exit static pres-
sure is effective over the entire blade suction surface while the inlet
total pressure is effective over the pressure surface.

The design velocity distributions on the mean streamline and the
blade surfaces at the hub, mean, and tip sections are shown in figure 4.
If the areas enclosed by the velocity-distribution curves on the suction
and pressure surfaces at each of the three radial stations were similar
in shape, the pressure- and suction-surface diffusion parameters would be
nearly equal at the three stations. However, the final velocity distribu-
tions obtained do not satisfy this criterion. The velocity on the pres-
sure surface is less than the inlet value for about 60 percent of the
surface length at the tip section, whereas the flow accelerates from the
leading edge at the hub. As a result, the diffusion on the suction sur-
faces increases markedly from the tip to the hub section in order to
obtain the required turning of the flow for the chosen solidity at each
radius. The suction-surface diffusion parameters at the hub, mean, and
tip sections are 0.26, 0.18, and 0.10, respectively (table II). These
values are considered satisfactory. In order to obtain more nearly
constant diffusion over the blade height, however, there should be less
radial taper in the chord length from the tip to the hub sections.

Rotor Blade Design

Procedure. - A three-dimensional design procedure was used in ob-
taining the rotor blade profiles. The total-pressure drop between sta-
tions 3 and 4 was assumed to be linear in the axial direction. The
general procedure used in designing the two-dimensional blade profiles
at each radial station is that given in reference 10. The method requires
boundary conditions consisting of one streamline with the velocity distri-
bution on that streamline. The blade passage surfaces are then derived
through a step-by-step calculation process for obtaining an arbitrary
number of stream filaments, each carrying a specified portion of the
total mass flow. The channel boundary (blade surfaces) is the final two
outermost streamlines, which will carry the total blade passage mass

flow.
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The rotor blade design procedure is given in the following steps:

(1) The blade chord at the mean section was chosen aribibrariiy .. dfihe
number of blades was then determined by applying the criterion of refer-
ence 8 (using a coefficient of aerodynamic loading of 0.80) at the blade
mean section.

(2) The weight-flow function f(w) was computed for the hub, mean,
and tip sections from the velocity diagram calculations of stations 3
and 4. At each radius, a linear variation in this function was assumed
in the axial direction between these stations.

(3) At the hub station a suction surface was arbitrarily assigned to
give the required total turning. About 8° of turning was assumed both
upstream and downstream of the guided channel. The velocity distribution
was then assigned on this surface to give zero diffusion.

(4) The coordinates and the velocity distribution for the pressure
surface of the blade hub section were determined by applying the method
of reference 10 in a series of four steps across the guided-channel por-
tion of the blade. The method used assumes a vortex-type variation of
streamline curvature along the equipotential lines. The curvatures of
the streamlines were determined by using the curvometer described in
appendix B of reference 4.

(5) The two surfaces of the channel designed in steps (3) and (4)
were faired to leading- and trailing-edge circles having radii of 0.010
and 0.015 inch, respectively.

(6) The velocities on the blade surfaces were also computed using
the Cirect stream-filament method of reference 9.

(7) The circulation I around the blade was determined from a
graphical integration of the velocities calculated in step (6). The
value obtained was compared with that computed by the relation

I = s(Wy,3 - Wy,4) (2)

The suction surface of the blade was then modified and steps (4) to (6)
repeated until equation (2) and the condition of zero suction-surface
diffusion were satisfied.

(8) Using the mean streamline at the hub station and the calculated
velocity on this streamline, the shape of the blade profiles and the ve-
locity distribution for the mean streamlines at the mean and tip radial
stations were calculated using the free-vortex relations along radial
elements. The method used is presented in appendix D.

800S
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(9) The procedure followed in steps (3) to (7) in designing the hub
blade section was essentially repeated for the design of the blade mean
and tip sections. The blade shapes were obtained by constructing the
new streamlines in both directions from the mean streamlines calculated
in step (8).

(10) Finally, at each axial station through the guided passage and
in planes perpendicular to the turbine axis, the total weight flow was
integrated by the equation

i lo
W = Dp pW di dr (3)

T 0

In this calculation a linear variation in static pressure was assumed to
exist across the passage in a tangential direction from the suction to

the pressure surfaces at each station. This method of calculating the
weight flow is the same as that described in reference 3. Where the error
in the integrated weight flow was found to be greater than 1 percent of
the design value at any station, alteration of the profiles was required.

The resulting blade-section profiles obtained from these steps are
shown in figure 2, and the coordinates are given in table I(b). A photo-
graph of the rotor is shown in figure 5.

In order to obtain the final blade shape, the profiles for the hub,
mean, and tip sections were stacked so that the trailing edge of each
section was tangent to a radial plane and the centroid of each section
lay in a common radial-axial plane.

Discussion. - Fifty-eight blades were used in the rotor. The design
mean-streamline and blade surface velocity distributions for the hub,
mean, and tip sections of the rotor blade are shown in figure 6. The
design requirement of low suction-surface diffusion has been well satis-

fied with diffusion parameters D; equal to O, 0.06, and 0.1z at the

hub, mean, and tip sections, respectively (table II). In order to obtain
the required over-all blade loading with these low suction-surface dif-
fusion parameters, slightly larger values of diffusion on the blade pres-
sure surface are required. The pressure-surface diffusion parameters

Dp are 0.27, 0.12, and 0.06 at the hub, mean, and tip sections of the
rotor blade, respectively (table II). These values are conservative as

compared with some of the values for the transonic turbines presented in
ficurel9iof refierence 4.

In the blade design method used, it is difficult to assign specific
values for the blade surface diffusion parameters over the blade height.
Once the blade profile and the velocity distribution at the hub section
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have been calculated, the blade profiles and velocities at the mean and
tip sections can be determined. However, experience has shown that for
reasonably assigned boundary conditions the method gives satisfactory
blade profiles and diffusion parameters after several trial calculations.

APPARATUS AND PROCEDURE

The experimental equipment used in the present investigation is
basically the same as that described in reference 1. Figure 2. Of ref-
erence 1 is a photograph of the turbine installation with the upper hail
of the casing removed. A schematic cross section of the installation
showing the various instrumentation stations used herein is presented in
figure 7. The stator blades were machined from mild steel, the rotor
blades from aluminum alloy, and all were hand-finished. The radial tip
clearance of the rotor was 0.030 inch.

Instrumentation

The total conditions in the plenum chamber (station O) were deter-

mined by four stagnation-pressure probes and four stagnation thermocouples.

The inlet static pressure was measured by averaging the readings from iz
taps, six on the inner and six on the outer wall of the annulus about 1
inch upstream of the stator blade leading edges (station l). The outlet
static pressure was measured in a similar manner using 12 taps at station
5, about 1.9 inches downstream of the rotor blade trailing edges. At
stations 1 and 5 the static taps were equally spaced around the annulus
in planes perpendicular to the turbine axis. The exit stagnation tem-
perature was obtained by averaging the readings from four stagnation
thermocouples located in the 18-inch-diameter exhaust duct (station 6),
where only small gradients in temperature exist. Heat-transfer calcula-
tions show a negligible change in temperature between stations 51andy 6.

Torque was measured with a commercial springless dynamometer scale.
Air flow was measured with a submerged flat-plate orifice installed in
the 24-inch inlet duct to conform with the specifications in reference 11.
An electronic events-per-unit-time meter was used to measure the turbine
rotative speed. Absolute rotor-exit flow angles were measured with a
total-pressure claw probe mounted in a self-alining actuator about 1.9
inches downstream of the rotor. Measurements of the flow angle were
transmitted to an X-Y recorder and plotted against the radial distance
traversed by the probe.

800S
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Experimental Procedure and Calculations

Over-all performance data were taken at nominal values of total-
pressure ratio pi/pé from 1.3 to the maximum obtainable, while the
wheel speed was varied from 60 to 110 percent of equivalent design speed
in 5-percent intervals (approx. 7,200 to 135250 rpm). The absolute inlet
pressure was set at 50 inches of mercury (24.6 lb/sq in. atie), and the
temperature was about 80° F.

The turbine is rated on the basis of two different calculated over-
all total-pressure ratios. The axial total-pressure ratio is based on
the rotor-exit total pressure p; -; which is the sum of the static pres-

)\J

sure plus the dynamic pressure corresponding to the axial component of

the exit velocity VX 5¢ The actual total-pressure ratio is based on the
)

rotor-exit total pressure pé, which is the sum of the static pressure

plus the dynamic pressure corresponding to the absolute velocity at sta-

tion 5) V5-

At the inlet and outlet of the turbine the total pressure is calcu-
lated from continuity considerations. Using measured values of weight
flow, inlet static pressure and total temperature, and annulus area, the
inlet total pressure may be obtained from the following equation, which
is a rearranged form of equation (2) of reference 12:

r-1 r-1 22

_L.Ti_ 2veg E.i 4 | o o E:_'L =ik | (4)
P1Aan,1 W= TJEN Ay P

The outlet rating total pressure is calculated from the following
equation, which is a rearranged form of equation (3) of reference 12:

oN1/2

' B -1 7

T
: ' Y;l <P52x> L
wa/T Pe p
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The outlet absolute total pressure is calculated from

1
i 2ve (Ps

pSAan,S COs CLS 7 (Y = l)R p_S

b
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|
H
+
T2
Ul U=
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I
=

The turbine efficiency was calculated by taking the ratio of the
actual work output obtained from measurements of weight flow, torque, and
turbine rotative speed to the ideal enthalpy drop calculated from the
measured inlet temperature and the ratio of inlet to outlet total pres-
sure as obtained from the total pressures calculated in equations (4) to

(6).

RESULTS AND DISCUSSION

The over-all performance map for the subject turbine based on the
actual total-pressure ratio is presented in figure 8(a). The equivalent
specific work Ah'/OCr is plotted against the weight-flow - mean-blade-

speed parameter eWUm/6 with the actual total-pressure ratio pi/pé,

percent equivalent design blade speed, and the brake internal rating
efficiency as parameters. At equivalent design specific work output and -
equivalent design blade speed, the brake internal efficiency is 0 .875,

and the weight flow is about 0.9 percent less than the design value. The

work output at the point of limiting blade loading and design blade speed

is 21.4 Btu per pound which is 4 percent greater than the design value.

A maximum efficiency of 0.883 occurs at equivalent design blade speed and

at a value of specific work output about 4 percent less than design. The
efficiency is greater than 0.87 over a large portion of the performance

map.

The turbine over-all performance map based on the axial total-
pressure ratio is presented in figure 8(b). The brake internal rating
efficiency at equivalent design blade speed and work output ilz (01181749,
indicating that about 1/2 point in turbine efficiency was lost in the
whirl velocity component energy downstream of the rotor. This loss in
available work is comparable to the predicted energy loss of 0.8 percent.

The variation of the static pressure on the annulus walls downstream
of the stator and rotor blades (stations 3 and 5) with the actual over-
all total-pressure ratio at equivalent design blade speed is presented
in figure 9(a). An average of hub and tip values of static pressure s
downstream of the rotor is used because the two values are very nearly
equal. The variation in weight flow is shown in figure 9(b). This
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figure indicates that the rotor blades become choked at a pressure ratio
of about 2.1. At total-pressure ratios greater than this, the static
pressures at station 3 remain constant. A comparison of the static pres-
sures at the exit of the stator hub with those at the rotor exit indicates
a slight static-pressure rise across the rotor blades at the hub even at
the point of design work output, although the design velocity diagrams
require a static-pressure drop across the rotor hubi. « Thishdifference be-
tween the measured and the design condition may be partly due to inaccurate
measurements of the static pressure at the hub exit of the stator blades.
The supersonic velocities in this region may exist in a pattern such that
the measured pressures are not typical of the average flow conditions.

The rapid decrease in the pressure downstream of the rotor at total-
pressure ratios greater than 2.2 indicates the supersonic expansion that
precedes limiting blade loading.

The performance map based on the axial total-pressure ratio (fig.
8(b)) indicates that the efficiency drops off rapidly as limiting blade
loading is approached in the rotor at design blade speed. The supersonic
velocities and the attendant shock losses on the downstream portion of
the rotor blade suction surface apparently cause high losses. The rating
efficiency drops 5 points from 0.87 to 0.82 as the pressure ratio is in-
creased from the condition of design work output to the point of maximum

blade loading.

The effective rotor blade momentum thickness was calculated with the
method presented in reference 13. In order to compare the value of the
ratio of effective rotor blade momentum thickness to mean camber length
5£ot/l for the subject turbine with the values for the six transonic tur-

bines presented in reference 13, a slight correction for Reynolds number
was made using equation (5) of reference 6. The Reynolds number for the
six transonic turbines was used as the reference value. The resulting

value of etot/l of 0.0104, when plotted with the average design total

diffusion parameter of 0.21 as shown in figure 10, agrees reasonably well
with the data for the six transonic turbines.

SUMMARY OF RESULTS

The design and performance of a turbine having high weight flow per
unit frontal area and high specific work output are presented. The sub-
ject turbine had a high relative inlet blade Mach number at the rotor hub
and was designed for low diffusion on both the suction and pressure sur-
faces of the rotor blades. The following results were obtained over a

range of operating conditions:

1. The brake internal efficiency based on the actual total-pressure
ratio at the equivalent design blade speed and specific work output was
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0.875, which is almost as high as that obtained for conservatively de-
signed turbines. The efficiency based on the axial total-pressure ratio
at this point was 0.870.

2. By running the turbine at the point of limiting rotor blade
loading and equivalent design blade speed, a work output 4 percent greater
than the design value was obtained, but the over-all efficiency was 0.05
lower than at the design point. This increase in loss was apparently
caused by the shock waves and attendant boundary-layer losses on the por-
tion of the rotor blade suction surface downstream of the channel exit.

3. The calculated value of the ratio of effective rotor blade momen-
tum thickness to mean camber length of 0.0104 agrees reasonably well with
the values previously obtained for transonic turbines.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohie, July 27, 1956
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APPENDIX A

SYMBOLS
annular area, sq ft
critical velocity of sound, ft/sec
chord length, ft

specific heat at constant pressure, Btu/lb-oR

pressure-surface diffusion parameter,

plade inlet relative velocity - minimum blade surface relative velocity
blade inlet relative velocity

suction-surface diffusion parameter,

maximum blade surface relative velocity - blade outlet relative velocity

maximum blade surface relative velocity
sum of suction- and pressure-surface diffusion parameters, Dp + DS

. W o
weight-flow parameter, ————m, ft
& P S ZchpT"

acceleration due to gravity, 32.17 ft/sec2
specific work output, Btu/lb

mechanical equivalent of heat, 778.2 ft-1b/Btu
proportionality factor in eq. (B1)

length of mean camber line, ft

distance from suction to pressure surface along a line in a
tangential direction, ft

number of rotor blades

number of stator blades

absolute pressure, lb/sq £k
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R gas constant, 53.35 ft-1b/(1b)(°R)

T radius, ft

s blade spacing, ft

ik absolute temperature, °R

t trailing-edge thickness, ft

U blade velocity, ft/sec

v absolute gas velocity, ft/sec

W relative gas velocity, ft/sec

W weight flow, lb/sec

o absolute gas-flow angle measured from axial direction

B relative gas-flow angle measured from axial direction

ir circulation, sq ft/sec

37 ratio of specific heats

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

o) ratio of inlet-air total pressure to NACA standard sea-level

pressure of 2116 1b/sq ft, pl/p*

P .Y.—'
T+1 =
4 A
€ function of v, r C
Y r*
*_
a1\’ .
2
— -
n 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 pressure, both defined as sum of static pressure and pres-
sure corresponding to gas velocity)
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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 pressure, both defined as sum of static pressure and pres-
sure corresponding to axial component of velocity)

squared ratio of critical velocity at turbine inlet to critical

velocity at NACA standard sea-level temperature (a' /d* )2
CE AT

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

gas density, lb/cu g \

Subscripts:

h

hub

mean

any radius

1P

total

tangential

axial

station in plenum chamber (see fig. 7)
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

station in 18-inch-diameter exhaust duct (see fig. 7)
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Superscripts:
* NACA standard conditions
! stagnation state

relative stagnation state

NACA RM E56G25
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APPENDIX B

CALCULATION OF STATOR AXTIAL CHORD TO APPROXIMATE CONSTANT
BLADE LOADING OVER BLADE HEIGHT

In order to reduce the blade surface boundary-layer losses by re-
ducing the blade surface area and still control the diffusion on the
blade surfaces, an attempt was made to design the stator with constant
blade loading over the blade height. In order to approximate the rela-
tive values of axial chord length at hub, mean, and tip sections, a
blade-loading criterion similar to that developed in reference 8 was
used. It was desired to hold constant the ratio of the design blade
loading to that obtained when the exit static pressure p, 1is effective
over the entire blade suction surface while the inlet total pressure is
effective over the pressure surface. Thus, in the momentum equation for

the stator
pVx Vu Sx o
<p'a' ) i (a' =Kl - L Tals (B1)
SIED v g pEacr,Z

the proportionality factor K is held constant over the blade height.
The ratio of the axial chord at any radius can then be related to that at
the mean section by the equation

pVy Vi
*s placy actr,
aGr B

1 - p2zr
C:X r pl'
2= (B2)
“x,m s <_EX§_> (Vﬁ >
m 1ot t
p'a a
cr/a m \ °T/2. m
D
g L
P

Vu
4 = constant
G/ T
== = constant
Hen/y
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Substituting these relations into equation (B2) gives

(£> 5 o 2w
1
Cxr AP r Py (83)

Having set the chord at the mean blade section, the chord lengths at the
hub and tip sections are calculated from equation (B3).
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APPENDIX C

CALCULATION OF STATOR-EXIT ANGLE a5

The angle w«p at the stator trailing edge was calculated using the

following assumptions:

(1) No change in the tangential component of velocity occurs between
stations 2 and 3.

(2) The trailing edge lies in a radial plane.
(3) Axisymmetric flow exists.

(4) The conditions of simplified radial equilibrium are satisfied
at skatiens 2 and 3.

(5) Free-vortex flow exits from hub to tip at station 3.

(6) A total-pressure ratio pi/py of 0.99 is assumed.

From assumptions (1) and (5), the tangential critical velocity ratio
(Vu/a(':r)2 at station 2 was determined at each radius from the design

velocity diagrams. However, in order to satisfy the requirements of
both simplified radial equilibrium and continuity, an iterative proce-
dure had to be used to find the absolute velocity Vs, and the angle a5.
With an assumed value of oo at the hub section, values of ap were
found at eight other equally spaced radial stations by numerical integra-
tion of the following equation, which expresses the condition of simpli-
fied radial equilibrium (eq. (B3), ref. 7):
Sz
sin“a
2L S5
V sin o it
U.,].’l 2,1' 2l h (Cl)

sin mz,h Vu,r

For these calculated values of angle and velocity, the weight flow w
was calculated from the equation

t
B (P ( & ——a—J i i
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The final distribution of a, was obtained through an iterative

process such that the weight flow calculated in equaticn (C2) agreed with
the design value within one-tenth of 1 percent.
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APPENDIX D

CALCULATION OF MEAN STREAMLINES IN ROTOR BLADE PASSAGE
SATISFYING FREE-VORTEX CONDITIONS

With a given blade profile at the hub radial station and an assumed
velocity distribution on the mean streamline at that station, the mean
streamlines and corresponding velocity distributions were calculated at
the mean and tip stations in a manner such that free-vortex conditions
were satisfied along radial elements.

Using values of the blade speed (U/aér)B r and the tangential
J
critical velocity ratio (Vu/aér)3 r from the velocity diagrams, the
J

ratio of relative critical velocity to absolute critical velocity was
calculated at each radial station from the relation

a" = V
) 2@, [ @] e
cr/3,r cr/3,r Ger 3,r er/ 3, r

With the assumed values of critical velocity ratio (W/al.), and flow
angle B, at each of 1l axial stations at the hub, the following proce-

dure was used:

(1) The axial and tangential components of critical velocity ratio
at each axial station on the hub mean streamline were calculated with

the following relations:

W W agr

<a' ) . (a" ) (a' ) (DZ)
cr/h cr/n \"cr/3,n
W.

(—‘f = (—V sin By, (D3)
gcrfn Scr/h
W
—— (—‘,’— cos By (D4)
aCI‘ h aCZIf' h

V. W.

(&) -() - () (59)
a al a
i “H EAS
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(2) Then, at the mean and tip stations along radial lines at each
of the axial stations through the rotor, the tangential and axial compo- -
nents of the critical velocity ratio along the mean streamlines were
calculated from the free-vortex relations

V. r v
u h u
<_a' > =T (r) e
cr/ v cr/h
Wy Vu U
al ~\at “\a! o
cr/r Ccr/r c3 S,r
W W
X X
(al ) = (a: ) (DB)
cr/, cr/y
(3) The critical velocity ratios and flow angles on the mean stream-

lines relative to the rotor were determined at the mean and tip radial
stations at each of the 11 axial stations from the following relations:

800S
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TABLE I. - BLADE-SECTION COORDINATES

(a) stator

R= 0.00'75-j
Hub Mean Tip

1° = 54.7° YO = 46.4° Y° = 40.0°
r/r, = 0.60 r/ry = 0.80 r/ry = 1.00

X, in. yyo in. Ve in. Yy in. vy, in. yy» in. ¥y in.
0 0.0075 |0.0075 [0.0075 | 0.0075 |0.0075 |0.0075
.10 .114 .045 -100 051 .094 <053
.20 .168 080 .174 .103 .163 -107
5510) .185 .102 <226 .143 S .154
.40 Sibs «113 .261 - 170 .270 oAbk
.50 Skl sl .280 .187 307 <221
.60 131 .100 .283 »198 <335 .241
O Sellie 084 <215 .200 <352 .254
.80 <093 .066 <255 .196 361 .260
210) 071 049 2o .183 .360 .261
1.00 .051 029 .208 .165 . 349 <255
1.10 030 011 .184 .146 2835 .246
1L k7] 0075 0075 ——— ——— ——— ————
1.20 | === | —===- .160 .125 .310 <233
FIIS= 0 | = (S .136 .103 .283 <217
elian BRI - .111 .081 .257 .198
1.490 | -==== | ----= -——— ——— -—— ———
EERE || feseee | S .086 .060 231 77
TaEe | s || ot .062 038 .205 .155
1.70 | —==== | ====- 051 017 2179 155
1.789 | ---== [ -==-- .0075 L0075 | ---- _—
1.80 | —=--= | mm==m | == | e +152 <12
T (et SRR e e .126 .091
2.00 | mm-em | === | mmmem | mmmem .100 .068
B0ER || emmin et e | e e s
2.10 | ——--= | mmmm= | mmmem | —mme- 074 .046
2.20 | —=—== | mmmm= | mmmmm | mmee- .048 <025
2Rz UNRIIN R L Ser - SR .022 .006
2.335 | —mcom | mmmem | mmem | —me-- .0075 .0075

\-R = 0.0075 \
Parallel

to axis
of
rotation
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TABLE I.

- Concluded.

(b) Rot

or

BLADE-SECTTION COORDINATES

27

Parallel
to axis
of

rotation

Hub Mean Tip
PO 18’ 72 = 15.4% ¥2 =8220F
r/r, = 0.60 r/r, = 0.80 r/r, = 1.00
04, Atk s 1| ¥y, in. y, in. yys in ¥ ine |y, in
0 0.010 0.010 0.010 0.010 0.010 0.010
.025 .010 .038 .007 .043 .002 .039
.100 073 .108 .046 123 .012 5 1Lenl
.200 .142 .198 .090 209 .025 <59
.300 -195 ST .125 269 .037 .194
.400 .236 . 340 .150 . 304 .048 .213
.500 .263 .384 .167 ST .059 .221
.600 ST .406 174 311 .070 .219
.700 .276 .408 .170 293 .076 Szl
.800 .263 .389 il 263 .080 .198
.900 «235 .349 .138 227 .079 .182
1.000 190 .289 2 .185 .073 .163
1.100 .130 .209 .079 .139 .063 .141
1.200 .057 ST .042 .089 .049 .115
1.270 .001 .044 ——— ——— ——— ———
1285 ——— ——— .007 .044 ——— ———
1291 <015 -015 -— —— ———- ———
1.300 ——— ——— ———— = .033 .086
1.320 ———- ——— .015 .015 -——- -———-
1.400 ——— -——— -——— -——— .016 .056
1.475 _—— ——— - ——— .001 .033
1.498 -——— -—— ——— -—— .015 .015
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TABLE TII.

NACA RM ES56G25

- SURFACE DIFFUSION PARAMETERS FOR

STATOR AND ROTOR BLADES

Blade Section Blade surface diffusion
parameters
Suction | Pressure | Total,
surface, | surface, Dtot
D D
= 1Y
Stator Hub 0.26 0 0.26
Mean .18 07/ $25
Tip 5 40) 29 .39
Rotor Hub 0 Q227 OL27
Mean .06 S22 yale!
Tip <12 .06 L3
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= = 0.697
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= 0.708

(a) Hub; r/rt, 0.60.

Station

Stator

2— T T —
Rotation )
L e W

ar), = 0502
erfd

— == —3

Rotor

60.0°

| -45.7° -50.6°

Eﬁ_ =0.958 772 LA T e -6.1°

(7 v agul's ’
X v

<ﬁ_acr>5 = 0.697 _,|(__> o

Zer/s
i a_‘,’_ = 0.703 v N
U cE/2 U eer/s

= 0.619 —.—) = 0.774
(ac'r‘)S (acr‘
(b) Mean; r/rt, 0.80. () Tip; v/oey 1.00.
Figure 1. - Turbine velocity diagrams.
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Flow

(a) Hub.

Flo

(b) Mean. (c) Tips

Figure 2.- Stator and rotor blade passages and profiles.
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Critical velocity ratio, V/acr,

; |
o Suction
8 / N~ surface
;‘—__-—-7
, atl /
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5 stream- A
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| surface
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Figure 4. - Design stator mean streamline and surface

velocity distributions at hub, mean, and tip sections
as function of percent over-all length.
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of axial location.
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Figure 7. - Schematic section of turbine installation showing instrumentation stations.
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Equivalent specific work output, Ah'/acr, Bbu/lb
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Figure 8. - Experimentally obtained turbine performance maps.
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Ratio of static pressure to inlet total pressure, p/p

Equivalent weight flow,

ew4jéz;76
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