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COLD-AIR PERFORMANCE OF A 12.766-CENTIMETER-TIP-DIAMETER

AXIAL-FLOW COOLED TURBINE

Il - EFFECT OF AIR EJECTION ON TURBINE PERFORMANCE

by Jeffrey E. Haas and Milton G. Kofskey

Lewis Research Center and
U.S. Army Air Mobility RED Laboratory

SUMMARY

As part of a technology program to determine the aerodynamic penalties incurred
when coolant air is ejected from the blade surfaces of small turbines, an air cooled
version of a 12, 766-centimeter-tip-diameter, single-stage, axial-flow turbine was
designed, built, and tested to determine the performance over a range of speed, pres-
sure ratio, and air ejection rate,

The turbine design point was based on driving a 10-to-1 pressure ratio compressor
at a rotative speed of 70 000 rpm. The turbine inlet temperature was 1478 K. The
compressor drive turbine was designed for near optimum work factor and solidity.

The stator and rotor blading was designed to provide sufficient room for internal cool-
ing passages. Holes through the stator blade suction surface and slots in the trailing
edge of both the stator and rotor blades were provided to allow for the discharge of air
from these locations to simulate coolant flow ejection. A primary-to-air ejection tem-
perature ratio of about 1 was maintained.

The results of this investigation indicated a total efficiency of 82.5 percent at
equivalent design speed and design specific work. This efficiency was obtained with
the air ejection holes and slots plugged. The air ejection holes were then unplugged.
At equivalent design values of speed and total pressure ratio and with air ejection rates
of 3. 3 percent of turbine mass flow for the stator and 3. 6 percent for the rotor, the
primary and thermodynamic efficiencies were 83,7 percent and 78. 5 percent, respec-
tively,

Tests were also conducted where the stator and rotor ejection flow rates were in-
dependently varied from 0 to about 10 percent of the turbine mass flow. At equivalent
design values of speed and total pressure ratio, there was an approximate 0. 2 percent
decrease in thermodynamic efficiency with each percent increase in stator ejection
flow rate. When the rotor ejection flow was varied, a decrease in thermodynamic effi-
ciency of approximately 0, 6 percent per percent ejection flow rate occurred.



INTRODUCTION

Engine performance in terms of specific fuel consumption and specific power or
thrust for the small gas turbine engine in the 1-kilogram-per-second mass flow rate
and 225- to 375-kilowatt class has not kept pace with that achieved in larger engines.
This results from the fact that, as engine size is reduced, it becomes increasingly
difficult to maintain geometric similarity with larger engines. That is, such parame-
ters as tip clearance ratio (based on percent of blade height), aspect ratio, and trailing
edge blockage must change from established values for larger engines.

To achieve high specific work in a gas turbine engine requires a high compressor
pressure ratio and high turbine inlet temperature. A high compressor pressure ratio,
together with the small mass flow, results in a turbine design with a small annulus
area and thus a small blade height. High turbine inlet temperature (above 1300 K)
necessitates the use of internal air cooling, which in turn imposes minimum require-
ments on stator and rotor blade chord lengths and thicknesses to provide adequate
space for internal cooling passages and to maintain structural integrity. The longer
chord lengths and smaller blade heights result in a low aspect ratio design.

Reference 1 indicates that a low aspect ratio design results in an efficiency penalty
due to increased secondary flow losses. Because of the small blade height, the second~
ary flow fields encompass a significantly greater portion of the airflow channel than for
a larger aspect ratio design and can extend out to the airfoil midspan region, resulting
in higher overall losses, Tip clearance losses are more severe because a tip clear-
ance of 1,0 to 1.5 percent of the blade height as commonly achieved in larger engines
cannot always be achieved in small turbines from mechanical considerations., Also,
minimum manufacturing tolerances become a larger percentage of the blade profile
dimensions as the size of the blading is reduced. Together, these effects reduce the
level of efficiency in small turbines by as much as five points compared with a large
turbine of comparable loading, Mach number, and turning angle,

As part of the small turbine technology program at the Lewis Research Center, a
two-phase program was initiated in the 1-kilogram-per-second mass flow rate and 225-
to 375-kilowatt class to determine (1) the baseline level of efficiency achievable and (2)
the aerodynamic penalties incurred when air is ejected from the blade surfaces to sim-
ulate the discharge of cooling air. This program includes both axial- and radial-flow
turbines. These turbines were designed for an inlet temperature of 1478 K to drive a
two-stage, 10-to-1 pressure ratio compressor with a mass flow of 0. 952-kilogram-
per-second at a rotative speed of 70 000 rpm. Reference 2 contains detailed aero-
dynamic design information for this compressor. The single-stage axial turbine de-
signed for this application has a 12, 766-centimeter-tip diameter, and near optimum
work factor and solidity.
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For the purpose of determining the level of achievable aerodynamic performance,
a solid blade configuration was selected with the minimum tip clearance and the mini-
mum allowable leading and trailing edge thicknesses from a manufacturing standpoint
of solid blades. The resulting design had blade numbers of 56 and 59 for the stator
and rotor, respectively. The aspect ratio for both the stator and rotor was one. Ref-
erence 3 presents the design and experimental investigation of the solid blade turbine.
A total efficiency of 83. 2 percent was obtained for the solid blade configuration at both
equivalent design values of speed and total pressure ratio and at equivalent values of
speed and work factor. This was about 2 percentage points less than design.

To study the aerodynamic penalties incurred with air ejection from the blade sur-
faces of turbines in this size class, the stator and rotor blading from the solid blade
configuration was redesigned. The chord lengths and blade thicknesses were doubled
over that of the solid blade configuration to allow sufficient space for internal cooling
passages. Holes through the stator blade suction surface and slots in the trailing edge
of both the stator and rotor blades were provided to allow for the discharge of air to
simulate cooling flow ejection.

This report presents the design and experimental investigation of the aerodynamic
performance of the air cooled configuration. The experimental investigation was con-
ducted in two parts. In the first phase of the testing, all of the air ejection holes were
plugged and the aerodynamic performance was obtained over a range of speed from
0 to 110 percent of equivalent design speed and over a range of total to static pressure
ratio from 1.42 to 5.04. In the second phase of the testing the air ejection holes were
unplugged and the aerodynamic performance was obtained for various stator and rotor
air ejection rates at equivalent design speed only over a range of total to static pres-
sure ratio from 1.6 to 4.0. In these tests a primary-to-air ejection temperature ratio
of about 1 was maintained. In addition, a reference report was used to predict the tur-
bine performance at the design value of primary-to-coolant total temperature ratio of
2.4. The investigations were conducted at turbine inlet total conditions of approxi-
mately 8. 27 newtons per square centimeter and 310 K.

Performance results are presented in terms of equivalent mass flow, equivalent
work, equivalent torque, efficiency, and rotor exit flow angle. Also included are the
variation of efficiency with stator and rotor air ejection rates.

SYMBOLS

A area, cm2

Ah' total specific work, J/g



N rotative speed, rpm

P absolute pressure, N/ cm?

R gas constant, J/(kg)(XK)

Ry blade reaction, (Wg - Wg) 2 Ah'

T radius

T absolute temperature, K

U blade velocity, m/sec

A absolute gas velocity, m/sec

AV, change in absolute tangential velocity, m/sec

w relative gas velocity, m/sec

w mass flow, kg/sec

v coolant fraction, ratio of air ejection flow to primary flow

o absolute gas flow angle measured from axial direction, deg

B relative gas flow angle measured from axial direction, deg

v ratio of specific heats

0 ratio of inlet total pressure to U.S. standard sea-level pressure, p'l/p*

€ function of vy used in relating parameters to those using air inlet conditions at
U.S. standard sea-level conditions, (0.740/y)[ty + 1)/2] v/ty-1)

7 efficiency based on total-pressure ratio

n1, local efficiency (based on local conditions at rotor exit)

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

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

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

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

ecr squared ratio of critical velocity at turbine inlet temperature to critical velocity
at U.S. standard sea-level temperature, (V, ./ Vzr)2

T torque, N-m

w turbine speed, rad/sec



Subscripts:

c coolant

cr condition corresponding to Mach number of unity
eq equivalent

id ideal

p primary

plugged plugged turbine

r rotor

s stator

T total

t rotor tip

u tangential component

1 station at turbine inlet (fig. 6)

2 station at stator exit (fig. 6)

3 station at rotor exit (fig. 6)

4 station downstream of rotor exit (fig. 6)

Superscripts:
! absolute total state

* U.S. standard sea-level conditions (temperature, 288, 15 K; pressure,
10,13 N/ cmz)

COOLED TURBINE DESIGN

The turbine used in this experimental investigation was designed to drive a two-
stage, 10-to-1 pressure ratio compressor with a mass flow of 0. 952 kilogram per sec-
ond and a rotative speed of 70 000 rpm. The design turbine inlet temperature was
1478 K. A list of both the engine design conditions and the equivalent design conditions
for this turbine are presented in table I, As discussed in the INTRODUCTION, this
turbine was designed for near optimum work factor and solidity. To provide sufficient
room for internal coolant air passages in the stator and rotor profiles, the chord
lengths and blade thicknesses were twice that of the solid blade configuration (ref. 3).
Since the same blade heights and solidities were maintained between the two configura-
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tions, the aspect ratio and blade number of this coolable blade turbine were half those
of the solid blade turbine of reference 3.

The air cooled turbine had a design primary efficiency of 85 percent (assuming no
stator or rotor coolant air ejection) which was the same as the design efficiency of the
solid blade turbine., This results from the fact that the blading for the air cooled ver-
sion was scaled from the solid blade configuration.

The turbine was designed with both the stator and rotor blading being untwisted and
untapered. The untwisted, untapered design was a compromise to facilitate fabrication
of the blade with internal coolant passages. The solid blade turbine was also designed
with untwisted and untapered blading,

Selecting an untwisted design can produce an efficiency penalty due to less than
optimum rotor incidence, reaction, and radial distribution of specific work compared
to a conventional free-vortex (twisted) design. The off-design performance computer
program of reference 4 was used to investigate these effects. The results of this pro-
gram indicated that there would be less than a half point penalty in efficiency by select-
ing an untwisted design.

The rotor inlet mean camber angle was a constant 40, 5°, Thus the design rotor
incidence angles were 16, 20, 7. 70, and -6, 1° at the hub, mean, and tip, respectively.
The design values of rotor reaction RX were 0, 335, 0,440, and 0, 512 at the hub,
mean, and tip, respectively.

A rotor blade tip clearance of 0. 25 millimeter was selected as being the minimum
limit for turbines of this size due to mechanical considerations as a result of engine
transient conditions. For this turbine, this clearance amounted to 2.4 percent of the
blade height., The tip clearance was obtained by use of a recess in the outer casing
above the rotor blade tips. In this way, the rotor blade height could be maintained at
the full stator passage height. Reference 5 indicated that a recessed casing would re-
duce the tip clearance losses for a rotor of near impulse design. Even though the sub-
ject turbine was not an impulse design, experience indicated that this type of tip clear-
ance configuration would reduce the tip clearance losses.

The number and location of coolant air ejection holes required were selected as
being typical of air cooled turbines. A primary-to-coolant flow temperature ratio of
2.4 was selected. For the stator, a single row of film coolant ejection holes located
about 15 percent of the suction surface length downstream of the leading edge were
used in addition to trailing edge coolant ejection slots. Calculations indicated that
75 percent of the stator coolant air would be ejected from the trailing edge slots and
25 percent ejected from the row of film cooling holes. For the rotor, only trailing
edge coolant ejection slots were used. Figure 1 shows the stator and rotor blade pro-
files and the location of the coolant holes and slots,

Table II compares some physical parameters of the air cooled turbine to the



solid blade turbine. The air cooled configuration had an aspect ratio of 0. 50 compared
to an aspect ratio of one for the solid blade turbine., The solidities of 1.60 and 1.68
for the stator and rotor, respectively, were nearly the same as the solid blade config-
uration, There were 28 stator blades and 30 rotor blades compared to 56 stator blades
and 59 rotor blades for the solid blade turbine.

Figure 2 shows the velocity diagrams as calculated at the hub, mean and tip diam-~
eters, It can be seen that the stator discharge angle was a constant 74, 2° and the rotor
relative discharge angle was a constant -61. 9° from hub to tip.

The blade surface velocities at the hub, mean, and tip diameters, as calculated
from the computer program of reference 6, are shown in figure 3 for the stator and
rotor. The figure shows that there was no large diffusion predicted for any of the
three blade sections,

Figure 4(a) is a photograph of the stator assembly and figure 4(b) is a photograph
of the rotor assembly. These photographs show some of the design features of the air
cooled turbine blading,

APPARATUS, INSTRUMENTATION, AND TEST PROCEDURE

The apparatus used in this investigation consisted of the subject turbine, an air-
brake dynamometer used to absorb and measure the power output of the turbine, an
inlet and exhaust piping system including flow controls, and appropriate instrumenta-
tion, A schematic of the experimental equipment is shown in figure 5. A cross-
sectional view of the turbine giving the instrument measuring station locations is
shown in figure 6.

Instrumentation at the turbine inlet (station 1) measured static pressure and total
temperature. Static pressures were obtained from eight taps with four on the inner
wall and four on the outer wall. The inner and outer taps were located opposite each
other at 90° intervals around the circumference at a distance approximately two axial
chord lengths upstream of the stator. The temperature was measured with three ther-
mocouple rakes, each containing three thermocouples at the area center radii of three
equal annular areas.

At station 3, approximately three axial chord lengths downstream of the rotor, the
static pressure, total pressure, total temperature, and flow angle were measured.
The static pressure was measured with eight taps with four each on the inner and outer
walls., These inner and outer wall taps were located opposite each other at 90° inter-
vals around the circumference. A survey probe was used for measurement of total
pressure, total temperature, and flow angle, Figure 7 shows the probe and actuator
equipment and also shows a closeup of the probe sensing elements,



There were four total temperature rakes, each containing three thermocouples at
the area center radii of three equal annular areas, at station 4 located about 15.7 cen-
timeters downstream from the rotor exit. Temperatures from these rakes were used
to calculate turbine efficiency. This efficiency was used to check the turbine efficiency
as calculated from torque, speed, and mass flow measurements, The efficiency based
on torque is presented in this report.

The rotational speed of the turbine was measured with an electronic counter in
conjunction with a magnetic pickup and a shaft-mounted gear., The primary mass flow
was measured with a calibrated critical flow nozzle, An airbrake dynamometer ab-
sorbed the power output of the turbine. The torque load was measured with a commer-
cial strain-gage load cell.

The stator and rotor air ejection flows were supplied from the laboratory pressur-
ized air system. Both flows were controlled and measured separately. The stator
ejection air entered a circumferential plenum over the stator blades, passed into the
blades through holes in the blade tips, and then was ejected through the row of holes
and trailing edge slots. The rotor ejection air was fed through the casing downstream
of the rotor into a hollow rotor disk, through holes in the rotor blade bases and was
discharged through the trailing edge slots, Measurement of the stator and rotor air
ejection flows was made with calibrated mass flowmeters, which operated on a prin-
ciple similar to that used in hot-wire anomometry. Measurements of the air ejection
static pressure and total temperature were made just upstream of where the air ejec-
tion lines were fed into the turbine housing,

In order to obtain aerodynamic performance, friction torque was added to dyna-
mometer torque. The friction torque from the bearings, seal, and coupling windage
was obtained by driving the rotor and shaft over the range of speeds covered in this in-
vestigation, In order to eliminate disk windage and blade pumping and churning losses
from the friction torque, the turbine cavity was evacuated to a pressure of approxi-
mately 0. 013 newton per square centimeter. A friction torque value of 0. 185 newton-
meter was obtained at equivalent design rotative speed. This value of friction torque
corresponded to 4. 0 percent of the torque obtained at equivalent design rotative speed
and pressure ratio.

Data were obtained at nominal inlet total flow conditions of 310 K and 8. 27 newtons
per square centimeter. Turbine inlet total pressure p’1 was calculated from static
pressure, primary-air mass flow, the known annulus area, and the total temperature

by the following equation:
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Rotor exit total pressure py was similarly calculated by using static pressure, tur-
bine exit flow angle, annulus area, and total temperature, and the total mass flow
(primary plus ejection air), as follows:

v/ v-1)

! = 1,1 2R(’Y - 1) ( Vo) .
P = Pg
2 2 A cos oz3

The rotor exit total temperature ’I"3 was derived from the inlet temperature and the
enthalpy drop based on torque, mass flow, and speed. The outlet flow angle 0g Was
the absolute flow angle measured from the axial direction at the mean radius.

When ejection air is used, two efficiencies are defined: primary efficiency 7
and thermodynamic efficiency ny,. In equation form,

p
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Primary efficiency relates the total power output of the primary and ejection air to the
ideal power of only the primary flow., The thermodynamic efficiency takes into account
the ideal energy of the ejection air., The ideal energy of the stator ejection air is
based on the ratio of the inlet total pressure of the stator ejection air (as calculated
from measurements of mass flow, flow area, total temperature, and static pressure)
to the rotor exit total pressure. Likewise, the ideal energy of the rotor ejection air

is based on the ratio of the inlet total pressure of the rotor ejection air to the rotor
exit total pressure.



RESULTS AND DISCUSSION

Performance results are presented for a 12, 766-centimeter-tip-diameter, single-
stage, axial-flow turbine with rotor and stator blade air ejection to simulate coolant
flow ejection. Performance tests were made with air as the working fluid at inlet total
conditions of approximately 8. 27 newtons per square centimeter and 310 K,

The discussion of the performance results will be divided into two sections, The
first section will discuss the turbine performance obtained with the surface ejection
holes and slots plugged flush with the surface. The results for this part of the investi~
gation shall be referred to as the "plugged" turbine results. The second section will
discuss the performance when the ejection holes were unplugged and air ejected from
the stator and rotor to simulate coolant ejection at various flow rates. Results for
this part of the investigation shall be referred to as the ''cooled'' turbine results,

Performance with Ejection Holes Plugged

Mass flow. - Figure 8 shows the variation of equivalent mass flow with total- to
static~pressure ratio. An equivalent mass flow of 0. 275 kilogram per second was ob-
tained at equivalent design values of speed and total- to static~pressure ratio (3. 16).
This mass flow was 11, 8 percent larger than the design value of 0, 246 kilogram per
second. Measurements indicated that the stator throat area was about 11, 5 percent
larger than that required to pass design primary mass flow, This anomaly was due to
a fabrication error in the blade setting angle, Fabrication errors of this nature are
common in small turbomachinery designs. This 11, 5 percent larger stator throat area
corresponded to a difference in the mean throat dimension of about 0.051 centimeter or
about 2. 5° in blade setting angle.

The rotor throat area was also found to be about 9.0 percent larger than design.
The stator- to rotor-throat area ratio was calculated to be 2.6 percent higher than the
design value. This area and area ratio mismatch resulted in the turbine operating with
different velocity diagrams than design. This difference in velocity diagrams will be
discussed in further detail in the section Turbine efficiency.

Figure 9 shows the variation of turbine total pressure ratio with turbine inlet-
total- to exit-static-pressure ratio for lines of constant speed. This figure was in-
cluded in the report as a reference curve for the reader,

Equivalent forque. - Figure 10 shows the variation of equivalent torque with total-
to static-pressure ratio for lines of constant speed. An equivalent torque value of
4. 96 newton-meter was obtained at equivalent design values of speed and total- to
static-pressure ratio. This was about 6, 9 percent larger than design. The percentage
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increase in torque was not as large as the percentage increase in mass flow. This
means that the change in tangential momentum across the rotor was less than design.
Therefore, the turbine total efficiency was less than the design value. The torque
curves show that limiting loading was not reached even though pressure ratios consid-
erably higher than design were obtained.

Rotor exit flow angle, - Figure 11 shows the variation of rotor exit flow angle as

a function of pressure ratio for lines of constant equivalent speed. The flow angles
were measured at the mean radius and from the axial direction. Negative angles indi-
cate a positive contribution to specific work. At equivalent design values of speed and
total- to static-pressure ratio, the mean-radius exit flow angle was about 0°, The ve-
locity diagrams of figure 2 show that the turbine was designed for a mean-radius exit
flow angle of -17, 5°. This difference will be discussed in the next section.

Radial survey results. - Figure 12 shows experimental data and calculated results
from a rotor exit radial survey conducted at equivalent design speed and near design

total pressure ratio. This survey was conducted at one circumferential position ap-
proximately 1. 8 centimeters downstream of the rotor. Levels of total pressure (fig.
12(a)) were adjusted to provide agreement with the measured turbine mass flow,

Levels of total temperature (fig, 12(b)) were adjusted to correspond to the average
work calculated from torque, speed, and mass flow. A linear variation in static pres-
sure between the hub and tip values was assumed. Figure 12 shows large radial varia-
tions in the experimental data and calculated results,

The interpretation placed on these survey results must be qualified based on the
experimental results of reference 7. In this reference investigation, radial and cir-
cumferential surveys were made downstream of a single-stage turbine rotor. The ex-
perimental results indicated large radial and circumferantial gradients in the total
temperature and total pressure measurements, The circumferential gradients were
attributed to circumferential gradients introduced by the stator. The radial gradients
are caused by both the stator and rotor. Since the rotor exit radial survey for the sub-
ject turbine was conducted at only one circumferential location, the stator-induced cir-
cumferential variations in the flow conditions were not accounted for, Therefore, dis-
cussion of figure 12 will consider only the trends in the flow conditions as they existed
at that one circumferential location.

These trends can be summarized as follows: A region of low total pressure (fig,
12(a)), total temperature (fig. 12(b)) and efficiency (fig. 12(c)) existed at the hub and
extended to near the midspan, This region was believed to be caused by large loss ac-
cumulations at the stator hub which persisted through the rotor, The radial variation
in rotor exit absolute flow angle (fig. 12(d)) showed a large region of low turning near
the rotor midspan as compared to the hub and tip in the region of high efficiency. The
variation in rotor exit relative flow angle (fig. 12(e)) also showed a region of flow
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underturning near the rotor midspan, in conjunction with flow overturning near the end-
walls, The measured rotor blade exit mean camber angle for the subject rotor is also
shown in figure 12(e). The observed variations in absolute and relative flow angles can
be explained with the following rotor secondary flow model. In this rotor secondary
flow model, the relatively high efficient free stream flow sets up blade-to-blade static
pressure gradients which overwhelm the blade-to-blade static pressure gradients set
up by the lower momentum flow near the end walls, This results in vortices which
cause flow overturning near the end walls and flow underturning in the midspan region,
The presence of these rotor vortices was reported in reference 8,

Figure 13 shows the velocity diagrams at the hub, mean, and tip as calculated
from the experimental results at equivalent design speed and near design total pressure
ratio. As with figure 12, the discussion of the experimental velocity diagrams must be
qualified because the diagrams are valid only for the circumferential location where
the radial rotor exit survey was made. For the velocity diagram calculations, a stator
total pressure loss of 5 percent was assumed. These experimental diagrams were
compared to the design velocity diagrams of figure 2. The experimental rotor inci-
dence angles were 14, 00, 2. 80, and -14. 6% at the hub, mean, and tip, respectively,
compared to design values of 16, 20, 7. 70, and -6.1°. The experimental values of
rotor reaction RX were 0,372, 0,234, 0, 588 at the hub, mean, and tip, respectively,
compared to design values of 0.335, 0,440, and 0, 512, The large deviation in the re-
action at the mean section from the design value might be due to overexpansion of the
stator core flow, which in turn would cause a reduced level of reaction across the
rotor,

Turbine efficiency. - An experimental turbine performance map for the plugged
turbine is shown in figure 14. This map shows equivalent specific work output
Ah'/ ecr as a function of the mass flow-speed parameter eww/6 for the various
equivalent speeds investigated. Lines of constant pressure ratio and efficiency are
superimposed, Figure 14(a) shows the performance of the turbine based on total con-
ditions across the turbine. A total efficiency of 82,5 percent was obtained at equiva-~
lent design values of speed and specific work, A total efficiency of 82, 8 percent was
obtained at equivalent design values of speed and total pressure ratio,

Over the range of pressure ratio and speeds investigated, the total efficiency var-
ied from 55 percent near the 30 percent speed line to 84 percent at the 110 percent
speed line, Figure 14(b) shows the performance map based on inlet-total- to exit-
static-pressure ratio, At the condition corresponding to equivalent design values of
speed and specific work, the static efficiency was about 72, 5 percent. Since the total
efficiency was 82, 5 percent for this same operating point, there was 10, 0 percentage
points in efficiency due to rotor exit kinetic energy.

A comparison between the efficiencies of the solid blade configuration (ref, 3) and
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the plugged turbine configuration should give an indication of the effect of reduced as-
pect ratio, In order to obtain a valid basis for comparison, the anomalies in the
stator- to rotor-throat-area ratios for both configurations were accounted for. Exper-
imentally, there was a 0.7 percentage point difference between the two configurations. l
In reference 3, it was reported that the solid blade configuration had a stator- to rotor-
throat-area ratio that was 5, 5 percent smaller than design. As indicated in refer-
ence 3, opening the stator throat area would shift the efficiency contours on the perfor-
mance map in the direction of decreased speed. This shift would amount to an increase
of about 1 percentage point at equivalent design values of speed and pressure ratio and,
therefore, an efficiency of about 84 percent was projected for the solid blade configu-
ration,

For the plugged turbine the stator throat area would have to be closed to obtain the
design stator- to rotor-throat-area ratio. The computer program of reference 4 pro-
jected a decrease in efficiency of about half a percentage point by closing the stator
throat area. This is equivalent to the efficiency contours on the performance 'map
shifting in the direction of increased speed. This shift would amount to a decrease of
about half a percentage point at equivalent design values of speed and pressure ratio
and, therefore, an efficiency of about 82 percent was projected for the plugged turbine
configuration, This was 2 percentage points less than the projected efficiency for the
solid blade turbine of reference 3.

The performance estimation method of reference 9 was used to determine what the
predicted difference would be between the two configurations, This method calculates
an overall efficiency based on the values of profile loss, secondary loss, tip clearance
loss, and trailing edge loss in the stator and rotor. This method predicted an efficien-
cy difference of about 2 percentage points. The major cause of this difference was at-
tributed to an increased secondary flow loss for the plugged turbine because of the de-
creased aspect ratio.

Performance with Air Ejection

The turbine aerodynamic performance with air ejection was obtained with three
modes of stator air ejection, Initially, the air was ejected from both the stator film
cooling holes and trailing edge slots (Mode I). Next, the trailing edge slots were
plugged and air was ejected from only the row of film cooling holes (Mode II), Finally,
the film cooling holes were plugged and air was ejected from only the trailing edge
slots (Mode III). In all three modes, air was also ejected from the trailing edge slots
in the rotor., For the following discussion the three modes of stator air ejection will
be referred to by their mode numbers.

For each mode, data were first obtained over a range of total- to static-pressure
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ratio from about 1.6 to 4. 0 at equivalent design speed with the stator and rotor ejection
air total pressure equal to the turbine inlet total pressure. Then, at equivalent design
speed and design total pressure ratio, the stator or rotor ejection rate was held con-
stant and the ejection rate through the other blade row was varied over a range from
zero to about 10 percent of the primary air flow, In all of the above tests, the data
were obtained at a primary-to-ejection air temperature ratio of about 1. 1,

Mass flow. - Figure 15 shows the variation of equivalent primary mass flow with
total- to static-pressure ratio at equivalent design speed for Mode I, Supplying the
stator and rotor ejection air at a pressure equal to the turbine inlet total pressure re-
sulted in a stator ejection air fraction Y of 0,033 and a rotor ejection air fraction Yy
of 0.036, The figure shows that with a constant 3, 3 percent stator ejection air flow,
the primary air flow was smaller than that obtained for the plugged turbine case., At
design pressure ratio (3. 16), the difference in primary mass flow between the plugged
turbine and Mode I was 4. 1 percent, This difference between the primary flow reduc-
tion (4. 1 percent) and the amount stator air ejection (3. 3 percent) will be discussed in
detail in a following section,

Turbine efficiency, - Figure 16 shows the variation of primary and thermodynamic
efficiency with total pressure ratio at equivalent design speed for Mode I. The stator
and rotor ejection air fractions were maintained constant at 0. 033 and 0. 036, respec-
tively. At design total pressure ratio, the primary efficiency was 83.7 percent and
the thermodynamic efficiency was 78,5 percent. Thus, the primary efficiency was
0.9 percentage points greater, and the thermodynamic efficiency 4. 3 percentage points
less than the total efficiency of 82, 8 obtained for the plugged turbine.

Figure 17 shows the variation in efficiency with air ejection rate at equivalent de-
sign speed and design total pressure ratio for Mode I, Figure 17(a) shows the variation
in efficiency with stator air ejection rate when the rotor air ejection rate was main-
tained at a constant 3.6 percent, Figure 17(b) shows the variation in efficiency with
rotor air ejection rate when the stator air ejection rate was maintained at a constant
3.3 percent, Figure 17(a) shows an approximate 0.9 percent increase in primary effi-
ciency and an approximately 0. 2 percent decrease in thermodynamic efficiency with
each percent increase in stator air ejection rate.

Figure 17(b) shows an approximate 0, 5 percent increase in primary efficiency with
each percent increase in rotor air ejection rate. As mentioned in reference 10, this
variation in primary efficiency is an indication of the net torque increase contributed
to the rotor by air ejection. The net torque is affected by two factors, A positive con~
tribution to torque results from jet-reaction work being done by the rotor ejection air
as the flow exits from the trailing edge. However, some torque is absorbed in pumping
the rotor ejection air up to blade speed. If the jet reaction power is greater than the
pumping power, a net increase in torque, and primary efficiency will result, For this
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turbine, a net increase in torque existed over the entire range of rotor air ejection
rates investigated.

The variation in thermodynamic efficiency in figure 17(b) was an approximate
0.6 percent decrease in efficiency with each percent increase in rotor air ejection
rate, This rate of decrease was triple that of figure 17(a), indicating that the rotor
ejection air was far less efficient than the stator ejection air.

Performance Comparison of the Three Stator Air Ejection Modes

Figure 18(a), (b), and (c) presents the variations of stator ejection air fraction,
equivalent primary flow, and equivalent total flow as a function of the ratio of stator
ejection air total pressure to the turbine inlet total pressure P, /p' for the three
modes of stator air ejection, These results were obtained at eqmvalent design speed
and design stage total pressure ratio with a constant 3. 6 percent rotor ejection air.

Figure 18(a) shows that stator ejection air fraction increased with pressure ratio
for all three modes. At a pressure ratio of one, approximately 77 percent of the total
ejection air was ejected from the trailing edge slots (Mode II) and 23 percent was
ejected from the film cooling holes (Mode II). As mentioned in the section COOLED
TURBINE DESIGN, the design split was 75 percent for the trailing edge slots and
25 percent for the film cooling holes. The dashed curve in figure 18(a) indicates the
sum of the Mode II and Mode III flows. Ideally, there should be no discrepancy be-
tween this dashed curve and Mode 1. However, a difference did exist, If the filler
material used in the trailing edge slots for the Mode II tests was not completely re-
moved prior to the Mode III tests, such a discrepancy could arise. A film thickness of
only 13 micrometers would reduce the trailing edge slot flow area by about 10 percent,
Thus, it is highly probable that the trailing edge slot flow for Mode III was lower than
for Mode 1. However, this should not affect the qualitative conclusions derived from
this data.,

Figure 18(b) shows a trend of decreasing equivalent primary flow for all three
modes as the pressure ratio increased. Furthermore, at a given pressure ratio, the
primary flow was lowest for Mode I and highest for Mode III. This reduction in pri-
mary flow was caused by blockage associated with the ejected flow. The greater the
ejected flow, the greater the blockage.

Figure 18(c) shows the trend of equivalent total flow for all three modes with pres-
sure ratio. Equivalent total flow is defined as the sum of the actual primary flow and
the stator ejection airflow corrected from the turbine inlet total conditions to standard
sea~level conditions,

Total flow at a given pressure ratio was highest with Mode III and lowest for
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Mode II. The range between the highest and lowest flow was only about 1 percent of
total flow, Total flow for Mode II appeared to be constant with increasing pressure
ratio, while Modes I and III showed a very slight decrease followed by a small increase,
Total flow for Modes I and II was lower than that for the plugged turbine. At a pres-
sure ratio between 1, 8 and 1.9, the Mode I total flow equalled that of the plugged tur-
bine,

One possible explanation for these trends may be found from the continuity equa-
tion, At sonic conditions a minimum area is required to pass a given mass flow, At
less than sonic conditions, the area required to pass the given mass flow is larger.
Therefore, at low pressure ratios the pV of the ejected flow must be lower than that
of the primary flow, so that the area required to pass the ejected flow was larger than
the area required to pass the same amount of mass flow at the primary mass flow valve
of pV. Thus, the percentage reduction in primary flow was greater than the ejection
air fraction, As pressure ratio increased, the pV of the ejected flow increased, thus
reducing the difference in pV between the two flow rates, K pV of the ejected flow
becomes high enough, the percentage reduction in primary mass flow can equal or be
less than the ejection air fraction, Over the range of pressure ratio tested, the total
flow for Modes I and II did not attain the plugged turbine value, This occurred since
the pV of the air being ejected from the film cooling holes was not high enough to
allow for the ejection air fraction to equal or be greater than the percentage decrease
in the primary mass flow,

Figure 19 presents the variations in equivalent torque and mean-radius, average
change in tangential momentum across the rotor as a function of pressure ratio, As
with the previous figure, these results were obtained at equivalent design speed and
design stage pressure ratio with a constant 3.6 percent rotor ejection air. Figure
19(a) shows that the torque for Modes I and III increased with pressure ratio, The
torque for Mode I was lower than for Mode III. The two curves were similar with an
almost constant difference between them. This constant difference appeared to be the
result of a constant loss in torque associated with Mode II,

The change in mean-radius, average tangential momentum AVu, shown in figure
19(b), was calculated from the total flow and torque. The difference in AV, between
the plugged turbine and Modes I and IIT decreased as pressure ratio increased, The
AVu for Mode III equalled that of the plugged turbine at a pressure ratio of about 1. 9.
On the other hand, the difference in AV, between the plugged turbine and Mode II re-
mained relatively constant with pressure ratio. It was noted that summing the differ~
ences in AVu between the plugged turbine and Modes II and III approximately equalled
the difference in AV, between the plugged turbine and Mode 1. A hypothesis for the
internal flow that results in these trends is as follows. At a pressure ratio of one, the
level of AV, for all three modes was lower than that of the plugged turbine, The
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lower AV, for Mode Il was unexpected, since reference 11 found that trailing edge
ejection fills in the stator wakes, thereby reducing the losses. Therefore, the de-
crease in AVu for Mode I must result from a decrease in the total flow compared to
the plugged turbine. The lower total flow results in the rotor reaction being different
between the plugged turbine and Mode III. This in turn causes a difference in the ve-
locity diagrams, and therefore a lower AV, As the pressure ratio increased for
Mode ITI, the kinetic energy of the total flow at the stator exit increased, thereby in-
creasing the rotor inlet relative total pressure., This caused an increase in the rotor
inlet and rotor exit tangential velocity, and thus, the AV, increased. On the other
hand, since there was a constant difference in AVu between the plugged turbine and
Mode II, there appeared to be no benefit derived from an increase in kinetic energy of
the flow ejected from the film cooling holes.

When the trends associated with Modes II and Il were combined, they tended to
equal the results obtained for Mode I, This indicates there was no interacting effect
between Modes I and III, It was also concluded that there was only a small effect on
the torque level caused by the 3, 6 percent rotor ejection air. I the rotor ejection air
had significantly affected the torque (and thus AV), the sum of the differences in
AV, between the plugged turbine and Modes II and III would not have been close to the
difference in AVu between the plugged turbine and Mode 1.

Comparison of Thermodynamic Efficiency Levels Between

Large and Small Aspect Ratio Turbines

A comparison was made of the percentage decreases in thermodynamic efficiency
between the subject turbine and the turbine of reference 10 to provide an indication of
the relation between air ejection losses and turbine aspect ratio. The reference 10
turbine had a blade height of about 10, 2 centimeters and a rotor aspect ratio of 1,75.
In this reference investigation, the stator and rotor air ejection fractions were 0.0512
and 0, 0638, respectively. The thermodynamic efficiency was 0. 874 and the efficiency
for the solid (uncooled) blading was 0,923, As was mentioned previously, the thermo-
dynamic and plugged turbine efficiencies for the subject turbine were 0.785 and 0, 828,
respectively. Thus, the efficiencies for the reference 10 turbine were about 9, 0 per-
centage points higher than the respective efficiencies for the subject turbine,

Figure 20 shows the percentage decrease in thermodynamic efficiency from the
uncooled turbine efficiency for the subject and reference 10 turbines, These percent-
age decreases are based on a 1 percent total air ejection fraction. Since the refer-
ence 10 turbine had only trailing edge ejection from both the stator and rotor, the
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Mode IIT case for the subject turbine would provide the best comparison. Figure 20
shows that the percentage decrease in thermodynamic efficiency was 0, 64 for Mode III
and 0. 46 for the reference 10 turbine, Thus, not only was the level of thermodynamic
efficiency higher for the reference 10 turbine, but also the loss associated with the
ejection air was lower, This could indicate that the additional losses associated with
low aspect ratio turbines also compound the loss effects due to the stator and rotor

ejection air,

Performance Prediction at Actual Primary-to-Coolant Total Temperature Ratio

The performance results presented in this report were obtained at a primary-to-
coolant total temperature ratio near one, The analytical method of reference 12 was
used to predict the stator and rotor coolant mass flow fractions and the primary and
thermodynamic efficiencies that would exist at a primary-to-coolant total temperature
ratio of 2,4. This represents the actual engine temperature ratio. This method as-
sumes that the performance is modeled if the coolant-to-primary momentum ratio is
maintained constant between the engine operating case and the reduced temperature
ratio case. Specifically, for the subject turbine, the rotor blade coolant to rotor inlet
absolute momentum ratio was assumed constant. The absolute momentum ratio is
maintained constant if the coolant to rotor inlet absolute total pressure ratio is con-
stant,

Figure 21 shows the results that would be obtained at a temperature ratio of 2, 4.
In this case, the stator and rotor coolant fractions would be 5. 2 percent and 7. 2 per-
cent, respectively. In addition, the primary and thermodynamic efficiencies would be
82, 2 percent and 78, 5 percent, respectively, Thus, the primary efficiency would de-
crease and the thermodynamic efficiency would remain the same compared to the re-
duced temperature ratio results,

Comparison of Solid and Cooled Blade Turbine Performance

Table I lists some of the performance parameters for the four different turbine
configurations tested in this small turbine program, As was stated in the INTRODUC-
TION, the purpose of this test program was to study the aerodynamic penalty incurred
when air is ejected from the stator and rotor blade surfaces., Table HI shows that
there was an approximate 5 percentage point decrease in thermodynamic efficiency
from the solid blade configuration of reference 3 to the cooled blade configuration with
stator and rotor ejection air flows. The actual difference was 6 percentage points when

18



corrections are made for the stator-rotor throat area ratio anomalies mentioned ear-
lier. Of this difference about 2 percentage points were attributed to the reduced aspect
ratio, and about 4 percentage points were attributed to the aerodynamic penalties in-
curred with the stator and rotor air ejection flow,

CONCLUDING REMARKS

The experimental results obtained from this investigation indicated that the effi-
ciency levels associated with low aspect ratio, cooled turbines are low, Future low
aspect ratio turbine designs should perhaps consider the use of contoured stator end-
walls and nonfree vortex velocity diagrams to help reduce the effect of secondary flow
losses. In addition, if stator cooling air is required, the air should be ejected only
from the trailing edge, if possible, to reduce the losses associated with cooling air
ejection,

SUMMARY OF RESULTS

An experimental investigation was conducted on a 12, 766-centimeter-tip-diameter,
single-stage, axial-flow turbine over a range of speed and pressure ratio. The pur-
pose of this investigation was to study the aerodynamic penalties incurred with air in-
jection from the blade surfaces to simulate the effect of cooling air discharge. This
turbine was the air cooled version of a compressor drive turbine designed for a 10-to-1
pressure ratio compressor., The design turbine inlet temperature was 1478 K. The
turbine was designed for near optimum work factor and solidity, The stator and rotor
blading was designed to allow for internal cooling passages. Holes through the stator
blade suction surface and trailing edge slots in both the stator and rotor blades allowed
for the discharge of air to simulate the effect of cooling air ejection, A primary-to-
air ejection temperature ratio of about 1 was maintained.

The experimental investigation of this configuration was conducted in iwo parts.

In the first part all of the air ejection holes were plugged. In the second part the air
ejection holes were unplugged and the performance was obtained for various stator and
rotor air ejection rates.

The results of this investigation can be summarized in the following sections,
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Air Ejection Holes Plugged

1. A total efficiency of 82, 5 percent was obtained at equivalent design values of
-speed and specific work., At equivalent design values of speed and total pressure ratio
the total efficiency was 82, 8 percent.

2. The total efficiency for this configuration was 2 percentage points less than the
total efficiency for the solid blade configuration of reference 3. The difference was at-
tributed primarily to an increased secondary flow loss for the cooled blade configura-
tion due to a smaller aspect ratio.

3. The stator-rotor throat area ratio was 2, 8 percent larger than design. A tur-
bine off-design performance computer program predicted that this mismatch would
cause an efficiency penalty of about half a percentage point.

Air Ejection Holes Open

1. At equivalent design values of speed and total pressure ratio and with 3. 3 per-
cent stator and 3. 6 percent rotor air ejection rates, the primary and thermodynamic
efficiencies were 83,7 percent and 78. 5 percent, respectively.

2. At equivalent design values of speed and total pressure ratio and with a constant
3. 6 percent rotor ejection rate, there was an approximate 0. 2 percent decrease in
thermodynamic efficiency with each percent increase in stator ejection rate. When the
stator ejection rate was maintained at a constant 3. 3 percent, there was an approxi-
mate 0.6 percent decrease in thermodynamic efficiency with each percent increase in
rotor ejection rate,

3. The difference in thermodynamic efficiency between the cooled blade configura-
tion with stator and rotor ejection air and the solid blade configuration of reference 3
was approximately 6 percentage points. Of this difference about 2 percentage points
were attributed to the reduced aspect ratio, and about 4 percentage points were attrib-
uted to the aerodynamic penalties incurred with the stator and rotor air ejection.

Lewis Research Center,
National Aeronautics and Space Administration,
and
U.S. Army Air Mobility R&D Laboratory,
Cleveland, Ohio, May 18, 1977,
505-04.
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TABLE 1. - TURBINE DESIGN CONDITIONS

Parameter Engine | Equivalent
Turbine inlet temperature, T',, K 1478 288, 2
Turbine inlet pressure, p, N/cm2 91.2 10.1
Mass flow rate, w, kg/sec 0.952 0.246
Rotative speed, N, rpm 70 000 31 460
Specific work, Ah', J/g 307.3 62,1
Torque, 7, N-m 39,91 4.64
Power, kW 293 15
Inlet- to exit~total-pressure ratio, p'l/p'3 2. 57 2.77
Inlet-total- to exit-static-pressure ratio, p'l/p3 2,92 3.16
Total efficiency, 7 ¢ 0.85 0.85
Work factor, AVu/U 1. 67 1.67

TABLE II. - COMPARISON OF TURBINE PHYSICAL PARAMETERS

Parameter Stator Rotor Stator Rotor
Cooled configuration | Solid blade configuration
(ref. 3)
Actual chord, cm 2,102 2,102 1,051 1,051
Axial chord, cm 1. 607 2,062 0.721 0.968
Leading edge radius, cm 0.152 0.081 0.051 0.028
Trailing edge radius, cm| 0,030 0.036 0.010 0.013
Radius
Hub 5,331 5,331 5.331 5.331
Mean 5, 857 5, 857 5, 857 5. 857
Tip 6,383 6,383 6.383 6.383
Blade height, cm 1,051 1.051 1.051 1.051
Solidity 1. 60 1.71 1.60 1.68
Aspect ratio 0. 50 0, 50 1.00 1.00
Number of blades 28 30 56 59
Radius ratio 0. 835 0, 835 0. 835 0. 835




TABLE M. - COMPARISON OF SOLID AND COOLED BLADE TURBINE PERFORMANCE

Turbine Pressure | Equivalent | Equivalent| Coolant rate Efficiency
ratio, torque, primary . X
p'l /p'3 N-m flow, Stator | Rotor Primary Thermodynamic
kg/sec Experi- | Cor- | Experi- | Cor-
mental jrected | mental | rected
1 - Design for solid 2.1 4,64 0.246 |-——— |-—- 0.850 10.850 | 0.850 0. 850
and cooled blade
configurations
2 - Solid blade 4.27 .231 | ———- |-—=-—- . 832 . 840 . 832 . 840
(ref, 3)
3 ~ Cooled blade 5.06 R R e N . 828 . 823 . 828 . 823
(coolant holes
plugged)
4 - Cooled blade 4,93 .263 [0.033 [0.036 . 837 . 832 .785 .780
(coolant holes
open) Y
JUN .
F 'i"” Flow
; —0.064 cm
46°
0.064 cm—,
\[ 0.025¢cm
7 0.025cm
—0.038-cm diameter holes - 17 holes _\/
Tip / located on suction surface { Tip
4 el e
] bl
g 1 [
S & 0.9 1.051 i
° " cm cm i
g P 1.051 0.851 H
° 0l cm cm i
o | | 1!
° ! I
b L il
° LL ) ho_
Hub {a) Stator, ) Rotor, Hub

Figure 1. - Arrangement of stator and rotor blade coolant air holes, and slots.
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Hub Mean Tip

Station

1, Stator entrance
2, Stator exit
3, Rotor exit

0.764

Radius (cm) at -

Station 1 533 5. 86 6.38
Station 2 5.33 5.86 6.38
Station 3 5.33 5,86 6. 38
ap, deg 142 74.2 14.2
By, deg 56.7 4.2 344
a3, deg -23.3 -17.5 -11.6
B3, deg -61.9 -61.9 -61.9
Figure 2. - Design velocity diagrams.
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Figure 3. - Design blade surface velocity distributions at hub, mean, and tip.
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{a) Stator assembly.

[
e

{) Rotor assembly.
Figure 4. - Turbine test hardwere,
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Figure 7. - Probe and actuator equipment used for rotor exit radial surveys.
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Figure 8. - Variation of mass flow with pressure ratio and speed for plugged turbine.
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Figure 9. - Variation of total pressure ratio with total to static pressure ratio for plugged
turbine.
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Figure 10. - Variation of torque with pressure ratio and speed for plugged turbine.
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Figure 11, - Variation of rotor exit flow angle with pressure ratio and speed for plugged
turbine.
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Figure 13. - Velocity diagrams as calculated from experimental results for plugged turbine.
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Figure 14. - Overall total performance map for plugged turbine.
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§ 8 ® Plugged turbine (fig. 8)
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Figure 15. - Variation of mass flow with pressure ratio at
100 percent equivalent design speed.
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Figure 17. - Variation of primary and thermodynamic efficiency
with ejection air. Data at 100 percent equivalent design speed
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flow and equivalent total flow with stator ejection air total
pressure for three modes of film cooling ejection and trailing
edge ejection. Data at 100 percent equivalent design speed
and design total pressure ratio,
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Figure 19. - Variation of equivalent torque and absolute tan-
gential velocity with stator ejection air total pressure for
three modes of film cooling ejection and trailing edge
ejection. Data of 100 percent equivalent design speed and
design total pressure ratio.
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Figure 20. - Comparison of percentage decreases in thermodynamic efficiency Ratio of primary to coolant inlet
between subject turbine and turbine of reference 10. 1z
total temperature, Tpch

®) Turbine efficiency.

Figure 21. - Prediction of coolant
mass flow fractions and turbine
efficiency at primary to coofant
temperature ratio of 2.4 from
experimental results and at tem-
perature ratio of 1. 08.
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