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SECTION 1.0

SUMMARY

The study of the attenuation of low frequency noise by turbines was
the purpose of this NASA Lewis Research Center Program (NAS3-19435). The
program objectives were to experimeintally determine the acoustic trans-
mission loss through aircraft-engine-type turbines as a fuunction of the
acoustic wave frequency; and to compare the results with an existing theory
in order to assess the validity of the theory,

The blade-row attenuation data were obtained from acoustic tests on
typical high pressure and iow pressure turbines run over z full range of
turbine speeds and pressure ratios. A siren was used to simulate combustor
noise.

The transmission loss spectrum determined from the turbine tests fell
into three weli~-defined regions from 0 to 3500 Hz, A mid-frequency region
extends from Z00 to 1200 Hz, where the attenuation remains relatively
constant, The attenuation on either side increases rapidly, suggesting a
bathtub shape. The very low frequency region, below 100 Hz, couid be
controlled by the effect of propagation through the varying-area blade
passages which carry an accelerating flow. The increase in atteruation for
frequencies above 1500 Hz is attributed to the physical blockage presented
by the turbine blades as the wavelength approaches the blade size. The
bathtub floor region apparently is controlled by the mechanism used in the
actuator disk theory. This reglon spans the frequencies of primary interest
for combustor noise.

Salient results from this investigation on both high and low pressure
turbaines showed that for the bathtub floor:

° The blade-row attenuation increases with pressurc ratio until
choking occurs. After choking, the attenuation remains virtualiy
constant for that given stage.

. The effect of turbine speed on attenuation is insignificant for
any given turbine.

. The inlet temperature effect is not discernible if flow triangles
are maintained constant.

] The addition of downstream stages increases the attenuation, but
by a smaller amount than predicted by isolated blade-row theory.

A clearer understanding of source-noise components will be achieved
from the information gained on this program, which will enable better
prediction of the combustor noise transmitted through the turbines to the
farfield,



SECTION 2.0

! INTRODUCTION

The acousiic characteristicas of combustion noige for advanced, low
{ polinting combustors are now being determined. Other resesrchers are
{

conducting source~noise investigations as evident in References 1 through 5.
In order to apply this acoustic information to real engine noise estimates,
it is necessary to know how much of the combustion noise is transmitted
through the turbine. FExternal engine mecasurements include a combination of
source and transmission effects. The need for understanding what happens
to combustor noise as it passes through the turbine is an easential part of
source-noise research., This program fills that need and the results are
added to the growing data bank of information available for updating core
nolse prediction theories and improving engine noise estimates.

This final report documents the woik performad by the General Electric
Company for the NASA-Lewis Research Ce:aier on Contract NAS3-19435, "A Pro-
gram for Measuring the Noise Transf:. Functions Through Aircraft Engine
Turbines",

The objectives of this experimental program were to obtai. data on the
acoustic transmission loss through alrcraft-engine-type turbines zs a func~
tion of the acoustic wave frequency, and to compare these data with theory
in order to assess the valldity of the theory.

The theoretical prediction routine /(Reference 6) for low frequency
noise attenuation through blade rows was employed to conduct a parametric
evaluation of the aero-acoustic parameters which showed the largest influence
on the attenuation, and to obtain levels for comparison with data generated
by two turbine test series.

Acoustic tests were conducted on a high pressure turbine (single~
stage) to investigate effects of different inlet temperatures and of blade-
row choking on the attenuation,

A second series of tests was conducted on a low pressure turbine, tested as
a three-stage machine and then as a single-stage alone to investigate the
effects of additional stages and of blade~row choking on the attenuation.

Comparison of the test results with the predicted attenuations served
to determine the accuracy of the existing theory and its limitations.



SECTION 3.0

DESCRIPTION OF TESTS

3.1 DEFINITION/SELECTION OF CONFIGURATIONS

The acoustic tests performed under this contract to meet the program
objectives were defined as shown in the flow chart of Figure 1. Selection
of reopresentative turbines was made based on the availability and applica-
bility of existing vehicle hardware to fulfill the program objectives.

3.1,1 High Pressure Turbine

The NASA core high pressure turbine was sclected for this program
based on its capability of being operated at different inlet temperatures.
This single=-stage core turbine is typical of the present-day high pressure
turbine (HPT) technology. A cross section of the NASA core turbine is
illustrated in Figure 2. The hardware used was model=size with a 50.8 cm
rotor=-tip diameter.

3.1.2 low Pressure Turbine

The selection of che Highly Loaded Fan Turbine (HLFT-IVA) was based on
the turbine's capability of being operated as both a single= and three-
stage machine. Thils low pressure turbine (LPT) is a highly loaded design
with a large number of blades in all three stages. It is part of an ongoing
rescarch and development program at General Electric and, as such, represents
advanced technology in fan turbine design., Figure 3 showrs a cross section
of the three-stage bulld. Removal of the last two stages and replacement
of the exhaust inner and outer casings yield the single~stage build {1llus-
trated in Figure 4,

3.2 TEST FACILITY

3.2,1 Warm Air Turbine Facility

Testing of the high and low pressure turbine vehicles was conducted in
the General Eleci¥ric Company's warm air turbine facility (see Figure 5)
located at the Alrcraft Engine Group's plant in Evendale, Ohio. This
facility can accommodate turbine configurations ranging from a minimum hub
diameter of 35.6 cm up to a maximum tip diameter of 81.3 cm with operatienal
capabilities up to 11,185 kW at 15,000 rpm.

Alr can be supplied to the turbine at conditions up to 36.29 kg/sec,
866 K and 1034.1 kN/m2 absolutes This air is delivere. from the Central Air
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Supply System of the Component Test Complex, consisting of an arrangement
of five multistage centrifugal compressors driven by synchronous motors
through speed-increasing gears. Staging these compressors ia series or
parallel, or using them a~ exhaustors provides the various modes of opera-
tion normally required fo: turbine testing. The compressor discharge air
can be directed through various auxiliary systems, providing air that 1is
filtered to 10-micron particle size, dried to minus 2.5 K dewpoint, heated
indirectly with steam to 450 K, or heated indirectiy with natural gas to
866 K, depending on turbin: requirements. The tests conducted urder this
NASA program were run at cowditions of 275,8 an® 389.5 kN/m2 absolute inlet
total pressure, and at inlet tcamperatures ranging from 422 to 783 K, which
are well within the normal operaiing ranges of the facility.

After leaving the air heater, the air passes through a porous metal
filter, a flow-astraightening section, and a circular-arc venturi before
entering the cell inlet piping system, The circular-arc venturi provides
an accurate measurement of the inlet alrflow rate. Prior to entering the
vehicle inlet, the air passes through a 45.7 cm hydraulically actuated
butterfly valve used for emergency shutoff, and then an inlet plenum which
contains flow~-straightening screens and egg crates which were specially
designed to smooth out flow disturbances and provide a uniform stream to
the test vehicle. The inlet plenum bolts directly to the vehicle forward
frame, and is located on a wheeled dolly for rapld removal to access the
vehicle inlet.

Air enters the first-stage nozzle through a convergent bellmouth sec-
tion., Turbine discharge ailr leaves through a constant annular passage and
expands into a discharge plenum designed to provide a uniform circumfer-
ential pressure distribution. As the air exits the vehicle it is discharged
into a large exhaust scroll., A 1.067 meter exhaust pipe leaves the exhaust
scroll and ducts the discharge air back to the vacuum header in the Central
Air Supply System,

The generated turbine horsepower is extracted by means of a high speed
waterbrake coupled to the turbine shaft by flexible couplings and a short
spool piece. This waterbrake design provides excellent speed stability
throughout the entire turbine operating map.

For protection against overspeed and excessive temperature or vibra-
tion, a two-level trip system is used. The Level 1 trip is signaled by an
overspeed. The Level 2 trip is signaled by excessive bearing temperatures
or vibrations, or critical support system temperatures or pressures., The
turbine facility control console is located in the Test Cell Control Room.
All necessary controls, and critical turbine or facility-monitoring instru-
mentation, are strategically located to enable two-operator manned control
of the entire test facility, This feature is a direct result of the
utilization of analog closed-loop control circuits for setting and main-
taiiiang «ll prime turbine variables., Turbine parameters of irlet tempera-
ture, inlet pressure, speed and discharge pressure can all be maintained
automatically at preset values. The rotor net thrust, which represents the
axlal load on the shaft due to static pressure change across the rotating



[

blade rows, is maintained within a specified range by controlling the air
pressure in a thrust balance cavity. The cavity is enslaved within the
bearing cartridge.

4

3.2,2 Siren Noise Source

An air-chopper siren pictured in Figure 6 was used in this program as
the low frequency noise source simulating combustor noise. The range of
frequencies for this investigation was from 70 to 3500 Hz. The siren con-
sisted of a source of high pressure air, an electrically driven rotor
(which interrupts the air flow at the frequency of the sound desired), and
ports in a stator through which the air escapes. The siren was adapted to
the warm air factlity as shown in Figure 7,

The source of air was one of the air lines (620.5 kN/mz) in the test
cell which connected to the siren chamber through a 5.1 cm inlet. The
pressure in the siren chamber was controlled by the upatream header pres-
sure valves., To prevent rotor instability and excessive deflections a
maximum AP of 137.9 kN/m across the rotor was maintained for the tests.
The acoustic output of the siren is a function of the chamber pressure, and
this maximum AP produced siren tone levels of sufficient magnitude to
determine the acoustic transmission loss through the turbine.

The rotor was driven by a 3,728 kW dc motor equipped with a synchro=
nous drive speed control. A rotor disk with 20 slots was used to generate
tones (a combination of fundamentals and harmonics) over the desired range
of frequencies from 70 to 3500 Hz.

The aluminum stator consisted of a single disk with one slot matching
the rotor slots., The stator exhausted into a 6.7 em output port which was
connected to a large transition section by a flexible coupling. The tran-
sition section, resembling a large exponential horn, was used to duct the
siren tones into the facility plenum with a minimum of transmission loss.

An estimate of 10 dB transmission loss through the transition section
was made, assuming a maximum siren output SPL of 160 dB at the siren exit.
Measurements of the siren source level showed the peak SPL to be around 170
dB, while SPL measurements from Kulites located at the turbine inlet ranged
from 138 to 165 dB,

The acoustic signal leaving the siren exhaust port traveled through
the elbow shaped transition section which formed a continuous path with the
inlet plenum access duct. The signal passed through the access duct, which
connects radially with the facility irnlet plenum upstream of the flow-
straightening screens and egg crates, before reaching the bellmouth inlet
of the test turbine.

The siren system was remotely controlled during the tests and was
operated unchoked to give a cleaner signal and avoild excessive flow losses.
Siren flow was less than 0.454 kg/sec and the chamber supply pressure was
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maintained slightly higher (v17.2 kN/m?) than the facility plenuz pressure
to ensure no reverse flow through the siren during esach test.

3.3 TURBINE HARDWARE
3.3.1 High Pressure Turbine .

The NASA core high pressure turbine vehicle is a model-size (scale
factor ~0,67) turbine with a 50.8 cm rotor tip diameter capable of running
at elevated temperatures., This turbine was used extensively in the NASA-
Lewis cooling flow program NAS3-16732, The acoustic tests conducted under
the low frequency noise program used the solid vane, solid blade configu~
ration of the turbine with no cooling flows. The single-stage high pres-
sure turbine consists of a 36-vaned stator and a rotor containing 64 blades.
Other design characteristics are provided in Table 1, with details of the
pitch-line blading in Table 2., The turbine inlet area is 575.39 cm? at
the measuring plane. The turbine discharge is a straight annular section
with an area of 562.48 cm? at the measuring plane.

EL

3.3.2 Low Pressure Turbine

The HLFT-1IVA low pressure turbine vehicle can be run as either a
single~-stage or tbree-stage machine. The turbine 18 highly loaded across
the first two stages and contains a large number of blades in all stages.
The blade numbers and other salient design characteristics are shown in
Table 3, Pitch-line blade design details are given in Table 4.

The low pressure turbine three-stage build, shown in Figure 3, con~-
sists of a set of 116 preswirl vanes with radial trailing edges which
orient the flow into the first-stage stator at about a 25° angle to simu~
late the conditions at the exit of a HP turbine. The average annulue area
at the inlet measuring plane is 593,58 cm?. The turbine discharge area is
2387.24 cm? in the constant annular section, which 1is essentially the same
as at the exit from the third-stage rotor.

When the LP turbine is run as a single-stage, the last two stages are
removed and both inner and outer exhaust casings are replaced with differ-
ent casings, which form a smooth transition from first-stage rotor exit to
turbine vehicle discharge. The exhaust annulus 18 straigit and has an area
of 1206.52 cm? at the measuring planes. The rotor exit area for the single-
stage is 1043.55 cm?, which represents a 15% area contraction from the
measurement plane to rotor exit plane. Figure 4 shows a schematic of the
single~stage build, illustrating the inlet exhaust areas.

12



Table 1. High Pressure Turbine Design Characteristics,

(NASA Core Turbine).

Wt, Flow Function, E%E

JAH
ading, :U:

Pressure Ratio (Total)
Speed, N//T
Stator Vanes
Rotor Blades
Radius Ratio

Tip Diameter (Scage Exit), (cm)

Table 2. High Pressure Turbine Design Detsils (Pitchline),

(NASA Core Turbine).

® Stator Vane:
Stagger Angle (deg)
Chord (cm)
Blade~-to-Blade Pitch (cm)
Camber Angle (deg)

® Rotor Blade
Stagger Angle (deg)
Chord (cm)
Blade~to-Blade Pitch (cm)
Camber (deg)

e Blade-Row Axial Spacing (cm)

e TIlow Area at Acoustic Measuring Sections

Inlet Area (cm?)
Exit Area (cm2)

0,81

1.66

1.83

362
36
64
0.85
50.8

44.61
5.35
4,10

67.2

24
3.86
2,31

89.6

1.31

575.39
562,48

13
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Table 3. Low Pressure Turbine Design Characteristics,
(Highly Loaded Fan Turbine, HLFT-IVA).

Wt. Flow Function, !%i

Loading, ‘QA%
A |
p
Pressure Ratio (Total)
Speed, N/ VT
Stator Vancs

Rotor Blades

Radius Ratlo

S

3.52

1.73
100
206
0.811

Tip Diameter (Stage Exit)(cm) 63.55

Stage
2

3.12

1.81
144
190
0.735
69,08

fw

1.60

1,41

140

160

0.663
73,18

Overall

1,57

2,70

4,72
204



Table 4. Low Pressure Turbine Design Details (Pitch Line),
(Highly Loaded Fan Turbine, HLFT-IVA).

Stage
1 2 3
o Stator Vane
Stagger Angle 31.5° 25  17.5°
Chord (cm) 3.25 2.26 2,51
Blade-to-Blade Pitch (cm) 2.40 1.29 1.36
Camber Aﬂgl‘ 89, 8* 110, 4 99, 8
Tmax/A%1al Chord (Pct) 14,06 9,17 7.63
e Rotor Blade
Stagger Angle 16° 14° 13*
Chord (cm) 1.44 1.64 1.72
Blade~to~Blade Pitch (cm) 0.88 0.99 1.19
Camber Angle 112,5° 110,3° 83.6°
Tmax/Axial Chord (Pct) 11.10 12,04 9,91
e Blade-Row Axial Spacing
Vane-Blade Spacing (cm) 0.74 0.86 0.81
Blade~Vane Spacing (cm) 0.84 0.91
e Flow Arca at Acoustic
Measuring Sections
3-ftage Rig
Inlet Area (cm2) 593,58
Ixit Area (cm2) 2387.24

1-Stage Rig
lilet Area (cm2) 593,58
Exit Area (cm2) 1206, 52




3.2.3 Turbine Frames

The turbine vehicles are supported by forward and aft frame assemblies
(see Fiqures 2 through 4) which mount directly into the air turbine facility.
The forward frame assembly consists of a 10-strut frame and outer and inner
flowpath casings., Each of the 10 struts contains leading-edge instrumen~-
tation elements, Five struts contain five total pressure elements, and
five struts contain five total temperature elements located at centers of
five equal annular areus., The photograph in Figure 8 shows the first~stage
stator of the low pressure turbine mounted to the forward frame during
buildup of the vehicle,

The aft frame assembly consists of a l2-strut frame, and outer and
inner flowpath casings. Thy aft frame mounts directly to the facility i
discharge plenum. Figure 9 is a photograph of the first-stage rotor and i
last two stages of the low pressure turbine mounted to thi aft frame sec-
tion,

3.4 TEST MATRICES

The acoustic tests of the component turbines werc conducted over
ranges of conditions with previously mapped aerodynamic performance. The
tests consisted of a minimum of 15 test points (combinations of pressure
ratios and speeds) which were set on each turbine buili. 1In addition, a g
suificient number of points were repeated in order to establish the date e
repeatability. :

F3

The inlet absolute total pressure for the high pressure turbine tests
wae maintained at 389,5 kN/m while the inlet total temperature was set at
450 K for the cold inlet test and 783 K for the hot inlet test, The tests
were conducted at four turbine pressure ratios ranging from 1.6 to 3,03 and
at four speeds ranging from 70 to 1.0% of design speed. Table 5 shows the
conditiors tested along with repeat points,

The low pressure turbine was run in both three-stage and single-stage
configurations, The .nlet conditions for both runs were maintained con-
stant at 275.8 kN/m? and 422 K. The three-stage build of the low pressure
turbine was tested over a range of turbine pressure ratios from 2.0 to 5.2
and at five spceds ranging from 50 to 110% of design speed. The single~-
stage build was tested over the same range of turbine speeds but at four :
turbine pressure ratios ranging from 1.6 to 2,5. The test conditions and i
repeat points for both builds are shown in Table 6,

bt

The siren was operated over a range of seven speeds to establish the
test frequency matrix of 21 tones from 70 to 3500 Hz, (which was the range
of the luw frequency noise investigation for this program), The matrix
consisted of fundamentals, second and third harmonics as shown in Table 7.
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Table 5. High Pressure Turbine Test Matrix,
(NASA Core Turbine)

® Design Speed, N/VT = 362

e Flow Function, WT/P = 0.81

e Inlet Absolute Total Pressure, Ppg = 389.5 klllnz

Cold Inlet Test Hot Inlet Test
Trg = 450 K Tyg = 783 K
Pyo/Ps2 P10/Ps2

ZN//T rpm 1.9 2.14 2.49 2.68 3.03 rpm 1.9 2.14 2.49 2.68 3.03

70 5380 X X X X - 7100 X X X x -

96 620 x (X x X - 9130 X X X x -
100 7690 X ® - X 10146 X X x - X
10 8460 x (X X - X 11160 - X X - x

O-— Repeat Point

AT
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Table 6, Low Pressure Turbine Test Matrix,
(HLFT-1VA).

® Design Speed, N/VT = 204

e Flow Function, WT/P = 1,57

e Inlet Total Pressure Ppp = 275.8 kN/m2

e Inlet Total Temperature, Trg = 422 K

Pressure Ratio (Ppg/Pg2)

% Design  Speed Single-Stage Build Three-Stage Build
Speed (l‘pm) l.6 1.9 202 2.5 2.0 300 400 5.2

30 2100 X - - - X - - -
70 2940 X X X - X X X -
90 o x  x ® x x ® x x
100 2o x ® @® ® x x x ®
110 4615 X X X X x ® x x
O- Repeat Point
Table 7. Siren Tonal Frequencies.
Fundamental 2nd 3rd
Siren Siren  Frequency Harmonic Harmonic
Setting rpm (Hz) (Hz) (Hz)
1 250 83 167 250
2 375 125 250 375
3 900 300 600 900
4 1200 400 800 1200
5 2250 750 1500 2250
6 3000 1000 2000 3000
7 3525 1175 2350 3525



Test points were established by adjusting the turbine discharge pres-
sure to get the proper turbine pressurc ratio, Ppo/Pgy while holding the
inlet conditions constant. The pover alsorbed by the water brake was
adjusted by varying water flow rate to maintain the required turbine speed.
When a puint was set, the siren was set to give the desired frequency and
90 seconds of acoustic data were recorded on magnetic tape. At least seven
tape recordings at different frequencies were taken at each test condition
along with a digital reading of the aerodynamic vehicle and facility data
prior to setting the next condition.

3.5 DATA ACQUISITION SYSTEM

The aerodynamic and acoustic instrumentation used in the tests of both
the high pressure and low pressure turbines formed the first component in
the data acquisition system established for this program.

The aerodynamic instrumentation was minimal in both series of tests,
with only that necessary to establish the validity of the test condition
when compared with existing aerodynamic performance results.

3.5.1 Acoustic Instrumentation

The acoustic instrumentation for these tests consisted of redundant
pairs of Kulite pressure transducers positioned upstream and downstream of
the turbine blade rows (see Figures 10 through 12). The attenuation across
the blade rows was determined from the difference in SPL measurements from
the upstream and downstream transducers,

The Kulite transducer is essentially a Wheatstone bridge strein gage
mounted on a pressure sensitive diaphragm., A direct current power supply
(batteries) excites one side of the bridge as illustrated in Figure 13.
The output 1s taken across the other side. The electrical output signal
varies in proportion to the diaphragm pressure fluctuations. A known back
pressure is applied to the back of the transducer diaphragm through the
back pressure ctube., The output signal can then be calibrated for the known
power supply voltage and applied back pressure. The calibration is in
terms of millivolts output per volt of power supply per psi increase in
pressure on the diaphragm. During the test, the back pressure tube is
referenced to the test vehicle section pressure to prevent over-pressuriz-
ing the Kulite diaphragm and to maintain zero b.as.

The upstream instrumentation consisted of four water-cooled Kulite
transducers like the one shown in Figure 14, These were paired in two
gsets, Each set was mounted in the same axial plage on the outer casing
just forward of the first stage stator and aligned axially with a 2.54 cm
spacing between Kulites to permit correlation analysis of the axially
propagating signals., The Kulite pairs were displaced circumferentially
approximately 180° apart in both turbines,
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Figure 13, Kulite Pressure Transducer Schematic,
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The downstream instrumentation for the high pressure turbine was com-
posed of two water~cooled sound-geparation probes (Reference 7). Each
probe contained two Kulites separated by 2,54 cm spacing. Figure 15 shows
a photograph of one of the probes while Figure 16 is an X-ray of the probe
showing the Kulite installation and cooling passages., The probes were
designed to run either pointing into the low pressure turbine or away from
the flow (high pressure turbine). A wind tunnel test verified that the
only effect was a slight increase in the noise floor for the latter con-
figuration,

For the low pressure turbine tests, in addition to the probes, a pair
of flush-mounted wall Kulites were installed In the outer exhaust casing to
serve as a check and backup to the exhaust probes, The spacing and orien-
tation was the same as for the upsatream Kulite sensors.

Figure 17 18 a schematic showing the acoustic instrumentation locations
for the high pressure turbine test. Note that the upstream and downstream
circumferential locations are at different angular posltions, Similarly,
the locations of the acoustic sensors for the low pressure turbine test on
the single and three-stage turbine builds are identified in Figure 18,
which 18 a circumferential rolled-out view of the turbine vehicle with the
zero degree mark corresponding to vehicle top center. For the low pressure
turbine tests the upstream and downstream sensors were aligned circumfer-
entially,

3.5.2 Acoustilc Recording System

The Kulice signals measured in the vehicle in the test cell were
amplified prior to being transmitted to the recording equipment to ensure
proper signal strength., A schematic illustrating the general setup of the
acoustlc data acquisition system for this program is shown in Figure 19.
All the data were recorded on magnetic tape using a Sangamo Sabre IV 28~
channel recorder having a dynamic range of 48 dB and a flat frequency
response to 40-kHz., The data acquisition and recording system for these
acoustic tests was set up in the ac mode to record the fluctuating pressure
measurements between 110 and 160 dB from the Kulite sensors. An end-to-end
phase check calibration was made of the entire system while in the de mode,
which accounted for individugl component sensitivites and responses (i.e.,
transducer, amplifier, tape r8corder, and leadout cables). This ensured
accurate recorded levels when the system was operated in the ac mode during
a data run,

An on-line calibration of the Kulite systems was performed frequently
during the course of the tests to determine changes in transducer sensi-
tivity at operating temperature, and to maximize the use of the tape recorder
dynamic range,

On-line data acquisition was :onducted for a select number of upstream

and downstream Kulite pairs during the high pressure turbine tests, using
an EMR 1510 spectrum analyzer coupled with an X-Y plotter. This permitted
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on=linc evaluation of a limited -omple of results over the range of condi~
tions teated. Further sophistication was intrveoduced with the use of a
digital Fourier transform analyzer (TDA 53P) for on~line analysis during
the lov pressure turbine tests, This cnabled immediate decermination of
the turbine transfer function from a greater pumber of Kulite pairs, and
also provided inercased dynamic range (70 dB). The Increased dynamice range
protccted against encountering the electronic noise floor {f the recorded
siren signal downstream of the rurbine was beiow the turbine broadband, and
required correlation techniques (sound-separation) to separate the acous:de
signal from the turbulence.

3.6 DATA REDUCTION TECHNIQUES

3.6,1 Description of Techniques

The noise sources to be utilized in determining the blade-~row attenu=-
ation during the performance of this program included: (1) upstream=
generated siren tones and, (2) facility-generated broadband noise.

The primary method of analysis of discrete tones 18 generally through
narrosband autospectral analysis, However, the pressure gignal recorded on
acoustic sensors in any flow environment includes not only the pressure
perturbations assoclated with sound, but also those associated with the
flow turbulence. Frequently, the flow turbulence, or "pscudosound’. will
mask the existing noise levels, both broadband and discrete frequency. The
face that the turbulence and the acoustic signal propagate with markedly
different velocities can be vsed to separate the two signal components.
This technique has been successfully developed at General Electric and is
termed "sound-separxation."

At times, it became necessary to distinguish not only between the
turbulence and the acoustic pressures, but also between the acoustin pres-
sures assoclated with the different noise sources. For example, the noise
measurements downstream of the turbine will include the attenuated siren
signal, the turbine~generated noise, and the facility noise., Distinction
between the various sources can be achieved through the use of coherence
analysis,

The data reduction methods employed to mcet the objectives of this
program made extensive use of the above correlation analysis techuiques.
Coherence was used in det.rmiiing the blade-row attenuation of the siren
frequencies, Cross-correlation (sound-separation) was cmployed to deter=-
mine the composition of upstream broadband noise in order to assess the
feasibility of employing facility-generated noise as a vehicle for the
noise transmission work.,
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. Spectral Analysis Techniques

Narrowband spectral analysis conslsts of inveatigating a small s«gment
of the acoustlc energy using a constant bandwidth filter (for example, a
bandwidth of 10 Hz for 0= to 5000-~Hz, using an analog specctral analyzer).
The Digieal Fourdier Transform Analyzer permits much finer resoclution, which
translates into improved signal-to-noise ratio for tones. Hence, the
analysis here initially consisted of using high resolution narrowband
spectra which employed bandwidths ranging from 1.0 Hz to 2,5 Hz depending
on the frequency range (2000~ to 5000-Hz). Corresponding sampling times
ranged from 20 to 10 seconds., The results from this method proved useful
in significantly improving the signal-to-noise ratio of the upstream and
downstream signals, Much of the high pressure turbine results were obtained
from these high resolution narrowband spectra.

o Correlation Analysis Techniques

While spectral analysis consistas of examination of a signal content in
the frequency domain, correlation analysis may well be thought of as an
analogous inspection in the time domain, Correlation is used to establish
the amount of similarity or coherence between two signals. These tachniques
of analysis provide the following information:

1. Determination of the amount of the received random signal that is
coherent with any given noise source (Coherence Analysie).

2. Measurement of propagation-time-delay characteristics of a signal
trausmission (Cross-~Correlation Analysis).

The first of these analysis techniques, coherence analysis, was used
in the direct computation of the siren tone attenuation. The usual method
of obtaining any transfer function amplitude as a function of the frequency
i8 to divide the output power spectrum by the input power spectrum for the
frequency range of interest. Wowever, in this case, the turbine will add
noise to the output power spectrum and thus bias the transfer function if
computed by the normal means. Instead, an alternatlve approach uses the
cross-3pectrum between the input and output to reject that portion of the
output power spectrum that is not related to the input. The desired trans-
fer function then is obtained as:

H(t) = G(in minus out)/G(in.) (1)

where H(f) is the transfer function amplitude versus frequency, G(in minus
out) is the cross-spectrum amplitude, and G (in) is the input power spec-
trum. This method does not use the entire output power spectrum, only that
part of the output that is coherent with the input.

The second technique, cross—-correlation analysis, is used to separate

the acoustic and the turbulence spectra. In cross-correlations, one signal
is compared with a time-delayed second signal to determine the amount of
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sinilarity between the two signals. For a stationary signal, the cross-
correlation function can be defined as:
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°
vwhere Ryy is the cross-correlation function

T is the integrating (averaging) time g
gx and gy are the signals

T is the time delay or shift

The results are displayed in the form of a graph of the similarity between
the two signals as & function of the time delay (T) between them, For
example, Figure 20 displays the cross-correlation between two closely
spaced sensors located in a flow. The cross-correlation function displays
two peaks, The first is a signal propagating at tiie sound speed relative
to the flow and corresponds, of course, to the scourtic perturbations. The
second peak is a signal being convected by the flow and corresponds to the
turbulence. Used in conjunction with the power spectrum measured by the ,
sensors, the cross-correlation technique makes it possible to separate out 8
the acoustic and turbulence spectra. ¢

Similarly, by cross-correlating the signals from a reference, say an
inlet Kulite, and a downstream Kulite, the amount of upstream nois« propa~
gating through the turbine may be extracted from the downstream signal,
This approuvach will fail if the structure~-transmitted or turhine-generated
broadband noise dominates the transmitted facility noise levels by a large
margin (in excess of 10 dB).

i

Instead of cross=-correlating two different signals, it is possible to
compare a single signal with itself. This 1is termed autocorrelation, and
the Fourier transform of the autocorrelation function yilelds the power
spectral density of the signal., The autocorrelation process permits the
detection of periodic signals in the presence of random noise simply because,
by definition, a periodic signal repeats every time period (Tp), while a
random signal loses all resemblance to itself once it 1s time-shifted.
Hence, the autocorrelation function for a periodic signal is itself peri-
odic and, for a random signal, decays quickly to zero when a finite time
delay is imposed. Carrying this concept a little further, repeated averag-
ing of the data should then enhance the signal-to-noise ratio for tones.

Virtually all of the data reduction on both the high and low pressure
component turbine tests employed the spectral and correlation analysis
techniques available on the digital Fourier transform analyzer. The results
from one complemented those of the other, and together, provided a powerful :
tool in the analysis of the data, ;
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3.6,2 Implementation of Techniques
® High Resolution Narrowband Spectra

Figures 21 and 22 show high resolution narrowbands with 1-Hz bandwidths
for an upstream Kulite (K4) and a downstream Kulite (K7), respectively.
The plots are for the high pressure turbine design point and show clearly
distinguishable siren tones (fundamental and second, third, and fourth har-
monics) in both upstream and downstream signals. These results are typical
of both cold and hot design point conditions. More sample apectra can bhe
found in Appendix D. Good signal-to-noise was obtained over a majority of
the test points at design and off-design speeds using this method. However,
some off-design conditions presented other problems (i.e., increased broad-
band levels) which reduced the signal-to-noise ratio and masked the down-
stream toneg, necessitating the use of other techniques to obtain discerni-
ble tones downstream, The averaging process mentioned earlier proved
cumbersome to implement and required a large number of samples to signifi-
cantly improve the signal-to-noise ratio., In the end, coherence analysis
provided the most satisfactory results.

° Coherence Spectral Analysis

Figure 23 gives the autospectrum for an upstream signal (Kulite 4)
along with the coherent part of a downstream signal (Kulite 7). The trans-
mission loss 1s the difference between the two tone levels. Note that a
larger bandwidth (8 Hz) is employed here than for the high resolution
narrowband spectra of Figures 21 and 22 (1 Hz). However, the tones measured
with both the narrowband and coherence analysis techniques were the same.

Coherence analysis was used in conjunction with the high resolution
narrowband spectra method for obtaining the attenuations for he high
pressu-e turbine. The results were very encouraging and consequently this
method was used exclusively for low pressure turbine data reduction. Typical
gpectra for the low pressure turbine can be found in Appendix D.

° Cross=Correlation Analysis

Part of the required attenuation analysis on this program was to see
if the facility noise generated upstream of the turbine and present in the
1/3-octave band broadband noise spectra could be exploited to determine the
transfer function through the turbine.

Obviously, it is first necessary to determine the level of contribu=-
tion by the upstream facility~-generated noise to the overall signal recorded
by the upstream sensors, The other contributors of relevance here include
the turbine (noise) and the flow turbulence. The facility noise and flow
turbulence propagate downstream and will produce positive time-delay peaks
in a cross=correlogram between a pair of upstream sensors. For the same
sensor pair, the turbine-generated noise propagates in the opposite direction
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and will produce a peak at s negative time delay. The relative magnitudes
of the three peaks will indicate the corresponding contributions by the
threce "sources" to the upstream broadband signal.

The high pressure turbine point (100% N/VT, Ppo/Pgy = 2,14) was
selected for the initial evaluation. A low siren speed (250 rpm) reading
, was used with the data high-pass filtered above 1000 Hz to obtain essen-
] tially broadband noise free of contamination by the siren tones. The
: crosg-correlogram for the two upstream Kulite pair Kl and K2 was obtained
} over a t1 msec time interval as shown in Figure 24. The 1000 Hz filter
resulted in the periodic undulations at the 1 millisecond time period,
However, clearly visible are the three peaks of concern here.

The acoustic signal time delay 71}, corresponds to peaks (a) and (b).
The largest peak, (a), is at a negative 7 and is attributed to the turbine
generated broadband noise traveling upstream. Peak (b) is at a positive T,
indicating an acoustic signal resulting from some upstream disturbance,
most probably related to the facility piping and butterfly confrol valve.

Flow noise is apparent at peak (c), which 18 at a positive 1, corre-
sponding to the mean flow velocity.

{ These results show that the major contributor to the upstream broad-
! band noise at frequenices great':s than 1000 Hz is, in fact, the turbine.
The facility generated broadband signal is also present but has a much
smaller influence on the overall noise. The 1/3-octave band spectral
analysis of the upstream broadband signal was therefore discontinued since
the corresponding blade~row attenuation calculations are meaningless.

The spectra below 1000 Hz were also examined. The results at the
design point for the cold and hot inlet tesis of the high pressure turbine
|are illustrated in Figure 25a and b, The shape of the upstream spectra
show a general increase in SPL with frequency up to 500 Hz, After that,
the spectra drop sharply to 1500 Hz. The content of the upstream spectra
of Figure 25 consists of turbine noise with facility and flow nolse mixed
in, The exact relationship between the three is not known,

The downstream spectra show a parallel increase in 5PL up to about 400
Hz that is approximately 5 to 10 dB lower than the upstream signal, Above
400 Hz the spectra continue to climb, indicative of turbine-generated noise
at those frequencies,

It appears that both the upstream and downstream broadband spectra are
dominated by turbine-generated noise., While there is also facility noise
content, it cannot be separated out and used for transfer function analysis.
S For this reason, no further analysis was conducted using the broadband
4 portion of the spect a.
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3.7 DATA PROCESSING

The acoustic sensors were either inmersed in the flow (probe Kulites)
or exposed to it through a very short connecting parsage (wall Kulites).
Hence, the frequency response was essentially flat and no corrections were
required as would be the case for wave-guide probe measurements. However
in one instance, an upstream sensor had to be replaced by s Kullte mounted
on a shorter bolt which created a small cavity thus altering the frequency
response of the Kulite, The frequency response at ambient temperature was
determined using a standard wave tube and is shown in Figure 26. A solid
line is faired through the discrete data points. The resulting response
curve was then shifted to a higher frequency to compensate for thae higher
mean cavity temperature during the turbine test. The frequency was shifted
according to the ratio of the acoustic velocity in the cavity, tlat is

393
frest ™ fcoldV'fﬁ'é’

where 288° K was the ambient temperature and 393° K was the mean cavity
temperature during the test, This frequency response correction was applied
to sensor K2 during the low pressure turbine tests.

The levels for the 3-stage turbine test had to be raised 5 dB to com~
pensate for changes in the Kulite excitation voltages during the test. The
initial calibrations had used 12 volts, while the voltage, which was moni-~
tored during the test, was subsequently found to be about 6.7 volts.

Hence, the correction required was 20 log (12/6.7) ¢ 5 dB.

In order to allow direct comparison of the blade~row attenuations from

all four test series, the data were corrected to a PWL basis. Using

Blokhintsev's results (see, for example, Bekotske,K,; Reference 6), the
acoustic intensity flux vector can be written:

Taly o +T o i+

->
p,p and ¢ are used in the conventional sense, where V is the absolute
flow velocity and ep the unit vector normal to the acoustic wave frout,
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We are interested primarily in the axial component, hence
Ix.‘fo;x

2 . )
= e+ Voep)e oy + V) iy

2
e gz»(l + M cos 8)(cos 6 + M cos ¢)

where 6 and ¢ are the angles made by the acoustic wave front and the flow
with the axial direction. M is the flow Mach number., The flow at the
measuring planes is near axial and if a plane wave assumption is used here,

2 .
- B2 2
IX Y (L +M)

The plane wave assunption also permits the acoustic power to be computed

from a measurement at any point of the cross~section, Using a consistent

set of reference pressure (p,) and agecifie impedance (p.cy). the acoustic

power level (PWL) referenced to 10-13 Watts is given by: E

n c
PWL = SPL + 20 log (1 + M) + 10 log (—-b‘?*g‘l) + 10 log A + 9.9
T

P
or PWL = SPL + 20 log (1 + M) + 10 log (—59— -,E-‘?-) + 10 log A + 9.9
B [¢]

where SPL = sound pressure level re 2 x 107> N/m?
Ps, Ts = gtatic pressure and temperature at the measuring station
Po, To = ambient (standard day) pressure and temperature
A = cross-sectional area in m?.
The measured attenuations and the computed transmission loss on a PWL

basis are provided in Appendices A and B, Averaged conditions at the tur-
bine inlet and exit planes were used in the PWL computations.
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SECTION 4.

ANALYS1S

4.1 THEORETICAL CONSIDERATIONS

A primary concern of the program was to check the theory used to
analytically predict the attenuation of low frequency combustor noise as it
propagates through the high and low pressure turbines.

The attenuation of combustor-generated noise by an engine turbine has
been modeled approximately by several investigators. A rigorous analysis
of the attenuation phenomenon was first performed by Bekofske (Reference 6)
for subsonic relative flow. This analysis was extended under NASA funding
(Reference 8) to include the case vhere there is subsonic relative flow at
the inlet of a blade row but supersonic at the discharge side.

4.1.1 Description of Theoretical Prediction Method

The analysis examines the transmission and attenuation of sound waves
through a turbine row on the basis that Loth the pitch and chord length of
the turbine row are small compared to the wavelengths of interest here. In
this limic, the turbine row may be modelled as an actuator disk which
creates an abrupt discontinuity of the flow on either side of it.

The actuator disk model (Reference 8) employed uses a concept borroved
from propeller theory and applied to a blade row within an annular passage.
Radial flow is assumed to be negligible, thus reducing the problem to one
of two dimensions (the cascade plane).

The problem formulation follows closely an unpublished theory by Dr,
R. Mani of Gencral Electric's Research and Development Center for the
discharge reflection coefficient from a blade row at low frequencies, A
sound wave which impinges on the upstream side of a blade row will lead to
a reflected wave on the upstream side and a transmitted wave and a vor-
ticity wave on the downstream side of the blade row. The equations neces-
sary to solve for the unknown wave amplitude coefficients are obtained by
requiring continuity of mass flow and energy and, depending on whether the
Mach number is subsonic or supersonic at the discharge of the blade row,
either applying the Kutta condition at the trailing edge of the blade row,
or applying the choking condition to the blade row.

The extended theory accounts for supersonic relative flow at the
discharge of a blade row., Such a choked condition occurs typically in
single-stage, high-pressure turbines and highly loaded fan turbines at high
power settings.
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Details of the complete amalysis may be found in Reference 8.

b, 1.2 _w_’_utr‘c Stud!

A study to determine the pertinent parameters which influence the
attenuation across the turbine blade rows was conducted using the analyti-
cal method described above, The full ranges of conditions on both the HP
and LP turbines were investigated, covering subsonic and supersonic regions
of turbine operation., Predicted levels of blade-row attenuation were
obtained for each turbine to compare with experimental results from the
component teusts,

Results of the blade-row attenuation study are shown in Figure 27 and
Figure 28. Figure 27 provides the predicted attenuation at zero incidence
for the single-stage high pressure turbinc as a function of the turbine
pressurc ratio for both subsonic &nd supersonic cases. Changing the cor-
rected turbine wpeed (N/VT) from /0% to 100% of the design value yields
less than 0,5 dB change in the predicted attenuation. Hence the turbine
spced appears to be a secondary parameter. The predicted attenuation
however increases slightly with pressure ratio.

Figure 27 also provides the individual contributions of the stator
and the rotating blade row. The blade=row attenuation due to the nozzle
remains virtually unchanged over the mapped region. This is probably due
to the fact that the nozzle pressure ratio is largely invariant in this
turbine, increasing, for example, from 1,43 to 1.51 when the turbine pres-
sure ratio is changed from 1.9 to 3.3 at 100% N/VT. The turbine pressure
ratio variation is largely accomplished by increase of the rotor pressure
ratio and the change in turbine attenuation is correspondingly due to
change in the rotor attenuation,

Results for the low pressure turbine are shown in Figure 28. Again.
the predicted attenuation increases with the turbine pressure ratio --- for
all three stages. The pressure dependency becomes even cleares when the
analytical prediction program is exercised over a wide pressure ratio
range. The results for blade-row pressure ratios of 1.1 to 1.8 are shown
in Figure 29 for all the nozzles and rotors from four turbines. The same
predictions are shown in Figure 30 on a per stage (nozzle 4 rotor) basis.
The data trend strongly suggests use of a (AT/T) or similar work extraction
parameter, vhere

-1
%T- =1-@a/e) Y (3)

P, = total-to-star - pressure ratio

¥ = ratio of speciric heats
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The term (AT/T) is the ideal work extraction nondimensionalized by the
inlet enthalpy and was found to be a significant turbine noise generation
parameter (Reference 9).

The predictions of Figure 27-30 are valid for any inlet temperature as
long as N/V/T 18 constant, as this preserves the Mach numbers and flow
angles. However, the inlet temperature would have an effect on the wave
number, which must be determined solely from test data. The analyeis uses
an actuator disk assumption and, therefore, cannot account for either
frequency or wave number phenomena,

The results of the parametric study are summarized below.

1. The attenuation for both HP and LP turbines shows a definite
increasing trend with increasing turbine pressuve ratio
(Pro/Pg2).

2. Speed is predicted to have only a small effect, if any, on
attenuation.

3. Attenuation levels for the HP single-stage turbine are predicted
at 8 to 9 dB over the pressure-ratio range.

4, The LP turbine attenuations for the single-stage are predicted at
6 to 8 dB, with the 3-stage build levels ranging from 13 to 19 dB
over the test matrix,
These results are based on plane wave assumptions with zero incidence and
provide a basis for comparison with the results of the acoustic tests.

4,2 EXPERIMENTAL RESULTS

4.2.1 Overview

The data from the two series for the high pressure and low pressure
turbines exhibited many similar characteristics, such as increased down-
stream turbine broadband noise and the presence of duct phenomena, as
discussed in Section 4.2.2, The increased broadband noise levels at some
of the off-design conditions presented some signal-to-noise ratio diffi-
culties which were overcome, by a large measure, through the usc of coher-
ence analysis, The presence of characteristic duct phenomena, such as
higher order modes and resonances, was evident in both sets of data, which
resulted in data scatter. Averaging the readings at the same frequencies
from the circumferentially displaced instrumentation sets was helpful in
reducing the scatter. Further averaging over a range of frequenciles proved
to be even more effective in minimizing the influence of the scatter and
enhanced the identification of data trends. This double averaging tech-
nique was employed in evaluating the results.
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The acoustic power level was computed using a plane wave assumption
because of the large wave lengths involved.

4.2,2 Discussion of the Data Characteristics

° Masking of Tones by Turbine Broadband Noise

The data from both the high preasure and low pressure turbine tests
were affected in varying degrees by insufficient signal-to-noise ratio at
some off-design points (see Appendix D). The insufficient signal~-to-noise
ratio was a8 consequence of increased downstream broadband levels at off~
design conditions. This resulted in a masking of the siren tone at very
low frequencies (below 200 Hz) and at the higher frequency end (above 2000
Hz) for both turbines, but was primarily evident in the high pressure
turbine. Observations on the high pressure turbine data indicated signi-
ficant increases (5 to 8 dB) in broadband levels of the downstream spectra
during off-design operation, when compared to similar readings taken during
the cold test, This 1s illustrated by the bar charts in Figure 31.

Low broadband levels at the design and near-design operating condi-
tions in Figures 3la and 3lc indicate smoother turbine operation in this
optimum running region, as would be expected, while extreme conditions show
an increase in broadband noise,

General Electric's experience with the high frequency (>3500 Hz) noise
generation (Reference 10) indicates that, in general, turbine noise in-
creases with pressure ratio, However, when the flow incidence increases
beyond a certain range (-8° to +2°), there is a large increase in sound
generation which can override the general trend with pressure ratio and
speed, as occurs, for example, at extreme off-design conditions. The
trends indicated by Figure 31d suggest that the signal recorded by the
Kulites 1is turbine broadband noise, and not pseudoscund due to turbulence.
It is evident from a review of the results presented in these figures that
the downstream brozdband levels for the hot test are considerably higher
than those for the cold test, especially for the extreme off-design condi-
tions. In particular, for the hot inlet results, these off-design broad-
band levels are 8 to 9 dB higher than design-point levels. This caused
some problems in distinguishing the siren tones at the downstream locatioms,
particularly the second and third harmonics using the high resolution
narrowband spectra,

This problem was largely eliminated through the use of coherence
analysis, which was facilitated by the dual sets of acoustic sensors posi~
tioned upstream and downstream of the turbine. Over 85% of the tones were
made distinguishable in the hot inlet test of the high pressure turbine,
which had the lowest signal-to-noise ratio, while the low pressure data
were essentially free from the "tone masking' as a result of using this
analysis technique.
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o Duct Phenomena

A second characteristic of rhese tests was the presence of duct pheno-
mena. Higher order modes and resonances upstream and downstream were
apparent in the measurements taken on both the high and low pressure turbines
and resulted in considerable data scatter.

The effect of the higher order modes on the upstream measurements is
typified in Figure 32, which shows, for the high pressure turbine, a spectral
comparison of the SPL's from all four inlet Kulites obtained at the siren
fundamental tones. Good agreement was obtained at frequencies below 300 Hz
for all Kulites, but differences of 10 dB or more were apparent between
pairs of circumferentially displaced Kulites above that frequency. The
difference in levels is apparently due to a spinning mode sweeping the
annulus in a helical path to produce a pattern of standing waves. This
circumferential wave argument is substantiated by the fact that the cut-on
frequency for the higher order modes of the turbine geometry is about 300
Hz, and that a simultaneous wave trace of the inlet Kulites shows a large
phase difference between the two circumferential locations (see Figure 33),

A single spatial measurement is sufficient with zero incidence plane
waves, However, because of the geometry through which the eiren tone was
induced, there was no way to predict the exact wave shape without extensive
measurements., Therefore, the plane wave assumption was the best estimate,
Instead, the instrumentation was positioned axially and circumferentially
to identify the type of waves present as seen in Figure 33. To account fur
the effect of the circumferential modes (in Figure 32) the SPL's from at
least two and as many as four of the upstream Kulites at near diametrically
opposite locations were averaged,

~ There was no evidence of similar spinning wave structure downstream in
the“high pressure turbine. Figure 34 illustrates the good SPL comparison
of the dual element Kulite probes for the high pressure turbine.

The frequencies of interest for combustor noise are such that higher
order radial modes should not be a factor. Therefore, it should not matter
at what radial immersion the measurements are made. The low pressure
turbine contained two wall mounted Kulites downstream as well as the two
Kulite probes. Tabular comparisons of a downstream wall Kulite (K5) with
one of the Kulites (K9) on one of the probes is presented in Appendix C.
Most of these comparisons show differences of 0 to 6 dB but some differencec
are greater., The results are difficult to explain particularly at the
lower frequencies where higher order modes would not be expected in this
geometry. Averaging was used to make use of all the data and to reduce the
resulting scatter.
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4.2,3 Data Analysis

To minimize the data scatter and reduce the effect of apparent raso-
nances in all cases, an average SPL of the downstream sensors was uscd (as
many as four Kulites from downstream probes on the high pressure turbine;
average of wall and probe Kulites, where they existed, for the low pressure
turbines), The blade~row attenuation over the frequency range of Interest
was then determined by the diffirence in the average SPL's calculated
upstream and downstream of the turbine.
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® Bilobed Attenuation Spectras

Some of the inherent scatter present when just one pair of upstream
and downstream Kulites were used was reduced by this averaging procedure.
Such an averaged comparison using all four sets of sensors is provided in
Figure 35a for the cold HP turbine test at the design point. A bilobed
attenuation spectrum is indicated from the resulting distribution. Greater
than 20 dB attenuation is shown at frequencies below 200 Hz, dropping to
approximately 10 dB from 250 through 20LJ Hz, with minimum levels of € to 8
dB occurring at 250 Hz and 1175 Hz, respectively, and a small peak at 1400
Hz. An increase in the attenuation (up to 15 dB) above 2000 Hz is observed.

The averaged attenuation spectrum for the hot test at design point ic
shown in Figure 35b. The resulting distribution once again suggests a bi-
lobed attenuation spectrum. The overall levels appear to be the same as
for the cold test. In fact, the hot and cold transmission loss data can be
collapsed by shifting the frequency scale by the square root of the inlet
temperature, as is shown in Figure 36, that is, by compensating for the
change in acoustic velocity,

The bilobed discribution is now clearly visible, and a line can be
faired through the data points as shown in Figure 36, The attenuation for
this bilobed average trend line gives minima of 7 and 8 dB at 200 and 800
Hz, respectively. Near 83, 400, and 3000 Hz, the attenuation increases to
around 15 dB.

The data from the 1= and 3-stage builds of the lcw pressure turbine
tests exhibited many of the same characteristics as had been apparent in
the high pressure test results (i.e., large data scatter, presence of
higher order circumferential modes, and the suggestion of a bilobed digtxi~
bution of th: attenuation spectra). Figure 37 shows the attenuation at the
design speed for the 3-stage build at pressure ratio of 3.0, while Figure
38 illustrates typical single-stage attenuation spectra at design speed and
a PTg/Pgy of 1,6, Both figures illustrate the general clustering of the
data around a bilobed distribution similar to the high pressure turbine
results. Using the curve fit and comparing the attenuation peak in the mid
frequency region, it appears that the 3 stage build exhibits a lower peak
frequency (200 Hz) than does the single stage build (v400 Hz). This shift
is well within the range of data scatter encountered and hence no particu-
lar significance is attached to it.
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Attempts at computer curve fitting the data required grouping of fre-
quencies within & 1/3 octave band before similar curve fits could be con-
structed. However, no consistent trends could be obtained using this
method (sce Figure 39), other than the fact that the aspeed effect was
minimal, It was concluded that the bilobed shape was not a true low fre-
quency nolse attenuvatlon spectrum, but it included the effecrs of higher
order modes and other effects that may be unique to the te i f{.cllity and
hardware, Pursuing this point, the Irequency corresponding v "he first
apinning mode cut-on for this facility was computed, The phasc plots show
a strong wave sweeping around nearly circumferentially at these [frequencics,
(sce Figure 33), The analysis indicates that the high blade-row incidence
would result in a large jump in transmission loms. Hence the mid-lobe could
be a manifestation of modal cut-on,

° Bathtub Spectral Shape

Preliminary theoretical work (conducted under NAS3-20027) aimed at
explaining the mechanisms of the various levels ¢f attenuation achieved in
this program has suggested possible explanation for the increased attenu=-
ation at the low (<100 Hz) and high (>1500 Hz to 3500 Hz) frequencies
termed the "bathtub" spectral shape.

The attenuation spectrum was divided into three regions as shown in
Figure 40: very low frequencies (below 100 Hz), midfrequencies (200 to 1200
Hz), and high frequencies (ahove 1500 Hz). In essence, the attenuation
mechanism assumed in the actuator-disk analysis is fully valid only for the
mid-frequency region., It could be hypothesized that there are other mecha-
nisms involved which dominate the low and high frequency ends and increase
the transmission loss over that predicted by the actuator-disk model. For
example, the propagation through curved passages carrying an accelerating
flow could provide such an increase at the lowest frequencies. This mecha-
nism is being investigated under Contract NAS3-20027. At the high frequency
end, the attenuation could increase due to the physical blockage imposed by
the turbine airfoils because the perturbation wavelengths are approaching
the airfoil dimensions. This effect 1is also being pursued under Contract
NAS3-20027. The ret result is a bathtub shaped spectrum, the floor of
which corresponds to the actuator-~-disk analysis model predictions based on
the theory discussed in Reference 6, Coincidentally, the floor spans the
major frequencies of interest for combustor noise.

A closer lock at the midfrequency region of the transmission spectrum
(Figure 40) shows that it contains primarily the attenuation based on the
siren fundamentals which exhibited the least amount of scatter. An average
attenuation was obtained within the midfrequency region for each test
condition which compared favorably with the actuator disk analysis. The
attenuation, which constituted the floor of the bathtub spectra, was deter~
mined by computing the average over this limited frequency range of all
attenuation values within the region. The double averaging technique was
found to be very beneficial in reducing the overall impact of higher order
modes, resonances, and other duct phenomena. The term "double averaging"
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refers to the fact that first the upstream SPLs are averaged at each siren
frequency and the PWL computed, the process repeated for the downstream
scnsors and the downstream PWL sultracted from the upstream PWL to obtain
the attenuation at that given frequency. The double averaging results when
these values for the attenuation as a function of frequency are averaged
over the mid frequency range (100 to 1200 Hz) to obtain the bathtub floor.

4.2.4 Discussion of Results

This section concentrates on the attenuation results obtained from the
floor of the bathtub spectrum obtained by using the double averaging method
described in the previous section.

] Low Pressure Turbine

The average attenuation results for the single-stage LP turbine are
illustrated in Figure 41. The attenuation increases with a rise in turbine
pressure ratio up to a point (Ppg/Pgy, o = 2.0) corresponding to choked
conditions in the stator. After choking, the attenuation levels off to
around 7 to 8 dB with further increases in pressure ratio. This effect is
the same for all speeds tested but the reason for this is, as yet, unknowm.
From the tight clustering of data at all speeds, the effect of turbine
speed appears to be insignificant,

The 3-stage results shown in Figure 42 clearly indicate a direct rela-
tionship between attenuation and pressure ratio., The first stage chokes at
a turbine pressure ratio of about 4, but the attenuation increases beyond
this, possibly because the other two stages remained unchoked. There is a
larger amount of data scatter present in the average attenuations shown in
Figure 42, than occurred with the single-stage. Still, no consistent trend

"with turbine speed is discernible.,

Compariscn of the 1- and 3~-stage results in Figure 43 illustrates the
effect of adding the second and third stages downstream of the first-stage.
The single-stage attenuations are plotted at the l-stage rotor exit pres~
sure ratio corresponding to the 3-stage operating points. The 3-stage
turbine gives an additional 3.5 dB attenuation over the l-stage build,
until the latter chokes, The added attenuation then increases with pres~
sure ratio to 6 dB at the turbine design pressure ratio.

The results of the low pressure turbine tests to determine the effect
of additional downstream stages and choking on the blade-row atteuuation of
low frequency noise can be summarized as follows:

1. For the l-stage build, the attenuation increases with increasing

turbine pressure ratio (Prqg/Pgy,2) until choking occurs, then
levels cff and remains constant at about 7 to 8 dB.

66



et o R IO o s s el st - Bye

20
| I
e 1=-Stage HLFT-IVA
O 110% N/VT e Pgo = 275.8 kN/m?
18 O 100% N/V/T e Tpo = 422 K
E D 90% N/VT
§ QO 170% N/WT
X O s0% N/V/T
]
§ 10 Average Choked
g Stator Condition
8 l | ©
& > T 0
5
0
1.0 1,5 2.0 2,5 3.0 3.5 4,0
Turbine Pressure Ratio, Ppqg/Pgy g
Figure 41, Effect of Turbine Pressure Ratio on Attenuation of Single-Stage

Low Pressure Turbine (HLFT-IVA),

67




89

) | |
® 3-Stage HLFT-IVA
® Py, = 275.8 KN/m?
15 0
) o Typ = 422 K
g ————‘—__,%%——” ()
§: 10 —_—= T @
+ ]
3 e 0 110% NAT
3 O 100% N/J/T
- O 90% N/JT
> O 70% N/NT
O s50% N//T
0
2.0 2.5 3.0 3.5 4.0 4.5 5.0

Turbine Pressure Ratio, PTO’pSZ

Figure 42, Effect of Turbine Pressure Ratio on Attenuation of Three-Stage Low Pressure
Turbine (HLFT-IVA).




o HLFT-IVA
o P = 275.8 kN/m?
To

® Ty = 422 K

Average l-Stage Turbine Prossure Ratio, P_ /P

TO" " 81.2
1.54 1,03 2.12 2,22
- T l
-
E 1
g T. 3 - Stage HLFT-IVA /
g /
u
§ |
3 10 Choked
3 I _// Region
- / f )
8
n
)
° 5
~{
[~
l1-Stage HLFT~Iva
(4]
1.0 2,0 3.0 4,0 5.0 6,0

3-Stage Turbine Pregsure Ratio, PTO/PS2

Figure 43, Attenuation Comparison of Low Pressure Turbine Results
from 1- and 3-Stage Tests,

69




TEHBRE L S ot s

2, The effect of turbine speed on attenustion appears insignificant.

3. The effect of additional downstream stages increases thes turbine
attenuation from 3.5 to 4.0 dB over the unchoked single-stage
results; and from 4.5 to 6.0 dB after choking of the first stage
occurs,

] High Pressure Turbine

Resulta from the high pressure turbine data analysis are shown in
Figure 44 for the "cold"” test. A trend of attenuation increasing with
pressure ratio is apparent with a leveling off after choking occurs, simi-
lar to the LPT l~stage results. No consistent trend with turbine speed was
evident.

The hot test results (Figure 45) obtained in like mauner showed a
general increase in attenuation with the same leveling off after choking
conditions were reached. The data scatter for the hot test was greater
than that for the cold. However, comparison of the hot and cold data in
Figure 46 showed the hot data to be lower by less than 1 dB than the cold
data for the range of pressure ratios tested when N/vT was maintained con-
stant, This slight decrease may suggest that attenuation decreases with
increasing inlet temperature, although the difference ic well within the
limits of the data scatter. It should be noted that constant N/VT means
that the flow Mach numbers and velocity triangles were kept the same for
the two tests.

The results of the high pressure turbine tests to determine the effect
of inlet temperature and choking on the low frequency noise transmitted
through the turbine are aummarized as follows: -

1. Attenuation increases with turbine pressure ratio in the same
manner as the LP turbine results,

2. Choking limited the attenuation level to 9 to 10 dB on the HP
turbine.

3., The effect of turbine speed was not significant.

4, Inlet temperature effects on attenuation were in the order of
1 dB which is well within the limits of data scatter.

Figure 47 provides a comparison of the HP turbine results with those
of the single stage LP turbine. The attenuation increases with pressure
ratio for both cases until choking occurs, However, the HP turbine, because
of its design, chokes initially at the rotor (most turbines choke at the
nozzle first) and chokes at a higher pressure ratio than does the LP tur-
bine first stage. A higher asymptotic attenuation is therefore achieved
for the HP turbine. Apparently, it is not necessary that full-span choking
occur, only that the relative Mach number reach sonic conditions somewhere.
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In both casas, this occurred at the hub first. A full set of aerodynamic
data is provided in Appendices A and B,

Finally, a statement on the physical meaning of the measured attenua-
tions is in order. The A that is actually sought im the insertion loss,
that is the reduction in the sound radiated to the farfield. It can he
argued that since the upstream measurcacnts include the incident and ro-
flected energy, the attenuation values derived arc about 0 to 3 dB greater
than the so called transfer function or insertion loss, Then, the effect
of higher circumferential modes must be considered. The phase plots show
significant spinning wave content cutting=-on above 300 Hz. At the point of
cut-on, a mode is spinning almost circumferentially and at about 90° to the
axial direction, Consequently, the subsequent impact on the blade rows
occurs at a very high incidence anglc. But high incidence on approaching
the turbine blades results in a complete reflection of the acoustic energy.
Higher order modes are therefore characterized by a sudden increase in the
measured attenuation - the exact value being a function of the energy split
between the plane wave and higher order circumferential modes. Proceeding
away from the cut-on point, the higher crder modes assume a more axial
orientation and the incidence on the blade rov decreases,

The definition of the bathtub floor as the average of the attenuatione
for frequencies between 100 (or 200) and 1200 Hz along with the earlier
sensor pair averaging helps to mitigate some of the spinning wave problems.
However, if the combustor noise energy in an engine configuration remaina
in the form of a plane wave, attenuations measured in this program will be
greater than the true insertion loss by:

1. 0 to 3 dB due to the combined incident and reflected wave measure-—
ments.

2. 1 to 2 dB due to spinning wave cut-on (an estimate based on the
300 to 400 Hz lobe in the attenuation spectra).

4.3 COMPARISON OF DATA WITH THEORY

4.3.1 Predicted and Experimental Comparisons

The predicted attenuations are compared with the data as a function
of the pressure ratio at constant speed in Figures 48 through 50, In each
case, the predictions are for a zero incidence acoustic wave, where the
incidence angle is given by (flow angle - blade angle); (see Figure 57, Appen-
dix A), It has previously been demonstrated that the predicted attenuation
per stage is almost constant for about+10° incidence (Reference 8), The results
for the high pressure turbine are shown if Figure 48. The order of magnitudc
would appear to be in reasonable agreement, However, the data are about 2 dBb
lower than the predicted 8 to 9 dB attenuation in most incidences, The
comparisons are for a single speed, but, as has been noted earlier, the
turbine speed hae little effect on the attenuation, Hence, the results
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shown here are rapresentative of the entive operating range. The analysis
does not distinguish between the hot and cold tests since N//f. and there-~
fore the rlow triangles were maintained constant, and because the actuator
disk assumption results in a loss of the wave number dependency.

The results of the comparison for the single stage build of the low
pressure turbine are shown in Figure 49. Initially, at low pressure ratios,
the data are 2 to 3 dB below the predictions. As the pressure ratio is
increased, the measured sttenuations increase at a faster rate than the
predictions till the onset of choking. As was observed earlier, the measured
attenuations remained virtually conatant for pressure ratios higher than
required for choking. However, the actuator disk analysis actually indi-
cates a reduction in the blade row attenuation for pressure ratios greater
than required for choking. The net result is than beyond Py = 2,5, the
measured data are higher than the prediction iine, the greatest difference
being about 2 dB. It is not clear how choking limits the observed attenu~
ation. Perhaps it is the preserce of a shock, or the change of impedance
due to a shock, or the associste pressure discontinuity. This is under
investigation under NAS3-20027. Choking implies a limitation of the flow
rate and this is taken into consideration in the analysis. Both Figures 48
and 49 show the predicted attenuation levelling off and decreasing for
choked turbine operation., The fact that the measured attenuation does not
drop correspondingly could be a consequence of the fact that the choked
condition does not extend acrosas the full span.

The results of the comparison for the 3 stage turbine are shown in
Figure 50, Also shown are the attenuations for the three individual stages
(rather than the six blade rows). The predicted insertion loss for this
low pressure turbine varies from 13 to 19 dB for the pressure ratio range
investigated (2 to 5.2), The measured data lie 6 to 7 dB below the pre-
dicted line. But, as was explained in Section 4.2.4, the actual turbine
insertion loss is 1 to 5 dB less than the measured transmission loss given
by the data points. Therefore, summing the isolated blade row losses to
arrive at the overall turbine loss resultus in at least 7 dB, and perhaps up
te 12 dB over-prediction of the insertion loss due to the 3 stage turbine,
On the other hand, comparison with the single stage results (Figure 48 and
49) show a much smaller discrepancy. This suggests that the net attenuation
due to several blade rows in sequence will not be the straight sum of the
attenuations due to individual blade rows, but rather a much smaller number
due to a multi-staging effect., Physically, it can be argued that the
reflected wave at each Interaction other than that at the first blade row
will not be lost, as is assumed in the isolated blade row analysis, but
rather will be largely re-directed in the downstream direction after inter-
action with an upstream blade row, These multiple interactions will result
in a reinforced transmitted wavo and a3 lower overall attenuation. Investi-
gation of this multi-staging effect is being conducted under Contract
NAS3-20027.
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4.3.2 Evaluation of Acoustic Correlating Parameters

An investigation was conducted to identify the best correlating param=-
eters for the measured attenuation data. Such correlating parameters would
be of obvious value in formulating an empirical prediction method for low
frequency noise transmission through turbine blade rows. Salient results
from the study are shown in Figures 51 through 56, The performance data
used in the correlations can be found in Appendices A and B. The termi~
nology used to define the turbine flow triangles is shown ir Figure 57
(Appendix A).

Previous experience with the Actuator Disk r-alysis (Reference 8) and
combustor noise correlations (Reference 10) sugy .ed that the parameters
of interest would be blade row incidence, turning angle, relative Mach
number, pressure ratio, and turbine work extraction. For example, the
analysis indicated that the blade row attenuation would increase markedly
if the acoustic wave incidence angle varied beyond say *10°., As noted
above, the incidence angle is defined as (flow angle - blade angle), As a
first estimate, the blade angle can be taken as the flow angle at design point,
If it can be assumed that the acoustic wave convects with the flow, then
turbine off-design operating points could result in large attenuations due to
increasing incidence, Data for the single stage low pressure turhine are
plotted against the rotor incidence angle in Figurc 51a, The data separate
out along the different speed lines and therefore the incidence angle was
rejected as a correlator,

The same data set is shown plotted as a function of the rotor turning
angle in Tigure 51lb. Th~ve i1s obviously no correlation. However, wher
plotted against the tip relative Mach number exiting from the rotor, a jood
collapse results, as shown in Figure 5lc., The resulting curve is similar
to vhat obtained using the stage pressure ratio (Figure 41). The attenu-
ation increases with the Mach number to about 0.85 and then levels off.
This Mach number (0.85) corresponds to the onset of choking for the stage -
which occurs initially at the stator hub. The fact that attenuation leval-
ing off is controlled by the stator hub choke is illustrated by Figure 52.
The pressure ratio normalized by the pressure ratio when choking occurs
(Ppo/Pg2) /Pro/Pg2) grator Hub Choke 18 not as good a correlating parameter
as the rotor tip relative Mach number though, since the choking pressure
ratio is a function of the turbine speed while neither the data nor the
analysis indicate a speed dependency.

The rotor tip Mach number correlation of Figure 5lc is repeated for
the high pressure turbine data in Figures 53a and b and for the 3 stage low
pressure turbine data in 53c., The correlation for cold inlet high pressure
turbine is similar in that an increasing trend with Mach ~umber is seen
till choking occurs. It is interesting to note that for the high pressure
turbine, choking occurs in the rotor first. It would appear that a choked
condition anywhere in a stage will limit the attenuation for that particu-
lar stage. There is too much scatter in the hot inlet high pressure tur-
bine data to draw any conclusions beyond that of Figure 53a.
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In the case of the 3 stage turbine, thes~ is a choice of three rotor
Mach numbers against which duta cen be correlated. Figure 53c provides the
correlations for the lst and 3rd stage rotors. The open symbols show the
measured attenuations plotted as a function of tip relative Mach number at
cxit from the 3rd stage rotor, and the solid symbols as a function of the
conditions at exit from the lst stage rotor. There is very little to
choose between the two, both providing a fair data collapse. It is clear,
though, that the equation of the correlating line is a function of the
blade row under consideration. 'That is, it is difficult to obtain a uni-
versal prediction using the rotor relative Mach number as the correlating
parameter. From a study of Figures 5lc and 52a, b and c, the only hope is
the use of the lst stage values.

An obvious corollary to the rotor Mach number 1s the stator exit Mach
number. Figure 54 shows the single stage low pressure turbine data set
plotted as a function of the exit Mach number at hub, pitch, and tip,
respectively. All three stations produce eimilar plots: the data separate
out along the speed lines. It is obvious that the correlation of Figure
51c 1is much better in achieving data collapse.

The turbine energy extraction was reviewed in the form of the turbine
total temperature drop normalized by standard day temperature. Plots of
the AT/Tgp versus AdB are presented in Figure 55a through 55c¢ for the 3-
stage and single-stage LP turbines and the cold inlet HP turbine, respec~-
tively. Again, the similarity with the pressure ratio correlations for
these turbines 1s apparent but the data scatter is greater.

The turbine~loading parameter was eliminated as a correlating param-
eter, since the attenuation results obviously indicate that wheel speed is
not a factor, and the work-extraction dependency is available either from
the pressure ratio or AT plots.

The choice of a correlating parameter would appear to be between the
pressure ratio, temperature drop, or rotor relative Mach number. The first
two are readily avallable and therefore preferable. At the same time, the
role played by choking must be kept in mind.

All three data sets of Figure 55 are shown on a single plot as a
function of (AT/Tgrp) in Figure 56, The solid line in the figure is a fit
through the 3 stage turbine data and the slope is roughly 20 log (AT/Tg7p).
The data for the single stage builds lie somewhat above (1 to 2 dB) this
l1ine as a consequence possibly of the higher exhaust swirl relative to the
rotor. The analysis indicates the greater this relative flow swirl angle,
the larger the attenuation. The corresponding values for the 3 stage and
the two single stage buills are 45.9°, 60.1° and 60.8°.

Figure 56 also illustrates the fact that the work extraction is a
better determinant of low frequency noise attenuation through turbines than
is the number of stages as a single stage operating at a corresponding
point can provide as much attenuation as a 3 stage turbine. This has been
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appliad to the unified line core (combustor) noise prediction method
evolved by General Electric (Reference 7). The method has been validated
by data from turbojet, turboshaft, and turbofan engines tested by General
Electric, Rolls Royce, Pratt and Whitney, Boeing, CGarrvett AiResearch and
Allison. This method has been proposed to the S.E A2l subcommittee as a
standard,
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SECTION 5.0

CONCLUSIONS

5.1 BATHTUB SPECTRUM

The transmission loss spectrum determined from the turbine tests {¢ll
.nto three well-defined regions from 0 to 350C Hz., A midfrequency region
extends from 200 to 1200 Hz and the attenuation remains relatively constant
here. The attenuation on either side increases rapidly, suggesting a
bathtub shape, The very low frequency raegion, below 100 Hz, could be
controlled by the effect of propagation through the varying-area blade
passagen which carry an accelerating flow, The increase in attenuation for
frequencies above 1500 Hz is attributed tc the physical blockage presented
by the turbine blades as the wavelength is approaching the blade size., The
floor region apparently is controlled by the mechanism used in the actuator
disk theory. This region spans the frequencies of primary interest for
combustor noise,

5.2 SUMMARY OF DATA COMPARISONS FOR THE SPECTRUM FLOOR

The results of the blade row attenuation investigation on the high and
low pressure turbines ylelded the following conclusions based on average
attenuations for frequencies between 100 and 1200 Hz:

1. Attenuation increases vith turbine pressure ratio until the
blade=row (stator or rotor) chokes. After choking, the atten-
uation remains virtually constant for that given stage.

2. There 18 no significant effect of turbine speed on attenuation
for any given turbine.

3. The effect of inlet temperature 1s not readily discernible if
flow triangles are maintained constant.

4, The addition of downstream stages increases the attenuation,

but by a much smaller order of magnitude than predicted by iso-
lated blade~row theory,

5.3 SIGNIFICANCE OF FINDINGS

These conclusions clarify the regions of the attenuation spectra which
directly apply to the existing prediction theory as being between 200 and
1200 Hz. Used within this range, the single-stage theory agrees well with
the experimental results., A multistaging effect is evident from the
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overprediction of the turbine attenuation vor the 3-stage LP turbine, This
multistaging effect 18 being investigated under NASA Contract NAS3-20027,
along with a new theory that will account for the increased attenuation at
the two ends of the floor,

A meliminary review of the aerodynamic performance paramoters shows
that pr . ure ratio and temperature drop {work extraction) arce the bust
cors-oit .w for empirical prediction-model) use, while rotor exit tip relative
Macl ...mber appedrs to be another possible correlator. The attenuation
varie:, roughly, as 20 log (AT).

The measured attenuations are thought to be anywhere from 1 to 5 dr
greater than the corresponding inseriion losses for the turbines tested.
The discrepancy is due in part to the simultaneous presence (and measurement)
of the refiected and incident wave upstream of the turbine, and in part to
the cut-on of spinning waves at frequencies above 300 Hz,
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SECTION 6.0
SYMBOLS AND NOMENCLATURE
Symbol Descriptivn Units
A -  Annuius Area | cm?
¢ - Acoustic Velocity m/sec
D - Diameter cm
dB - Decibel
£ - Frequency Hz
g - Gravitational Constant m/sec?
8xs 8y - Input Signals
o G(In) - Input Power Spectrum

G(In-Out) - Cross=-Spectrum Amplitude
H - Total Enthalpy
H(f) - Transfer Function Amplitude
HP - High Pressure
HPT - High Pressure Turbine

| Hz - Hertz: cycles/second
i - Rotor Incidence Angle Relative to Flow deg
J - Joule's Constant
K - Kulite Pressure Transducer
LP - Low Pressure
LPT - Low Pressure Turbine
M - Mach Number
M2rt - Tip Relative Mach number at Rotor Exit
n - Number
N - Turbine Speed rpm




i

Symbol
N/VT

1/3 OBSPL

SPL

Tstp

31

A

Description

Speed Mnction

One=~Third Octave Band Sound Pressure
Level

Acoustic Perturbation
Total=-to-Static Pressure Ratio
Specific Shaft Power

Sound Power Level, dB re: 10”13 vatts
Radius

Cross~Correlation Function

Sound Pressure Level, dB re: 0,00002
N/m2

Temperature

Standard Day Temperature

Integrating Time

time

Time Period

Maximum Thickness

Mean Flow Velocity

Wheel Speed at Pitch Line
Flow Velocity

Weight Flow

Weight Flow Corrected to Turbine Inlet

Conditions, WVT/T,/(P/P,)
Rotor Relative Exit Flow Angle
Delta: Change or difference

Rotor Turning Angle

Units

rpm/VT

kN/m2

Btu/1bm (kJ/kg)
dB

cm

518.7° R
(288.2 K)

sec

gec

cm

m/sec
m/sec
m/sec

kg/sec

kg/sec

deg

deg

9l




% Symbol Description Units
| Y - Ratio of Specific Heats
_ é 0 - Density Kg/m3
g T - Time Delay sec.
0 - Acoustic Wave Propagation Angle deg.

Subscripts

h - Hub
] - Pitch
r - Relative
t - Tip
T - Total Conditions
S - Static Conditions
o - Standard Atmospheric Conditions
0 - Turbine Inlet Measuring Station
1.0 - Stator Exit Station
1.2 - Rotor Exit Station
! 2.0 - Turbine Exit Mzasuring Station
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APPENDIX A - LOW PRESSURE TURBINE AERO AND ACOUSTIC RESULTS

Appendix A contains tabulations of the blade-row attenuations for all
test conditions over the range of frequencies explored for both the 1~ and
3-stage builds of the low pressure turbine. The aerodynamic performance
results are also presented along with turbine flow diagrams which include
interstage and intrastage data. The vector diagram nomenclature is described
in Figure 57.
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6

e Sign Convention for Positive Flow aAngles

Absolute wheel
Yelocity Velocity

Absolute Flow
Angle

- =T
Absolute Flow Angle

Relutive Absolute Velocity

Velocity

Relative Flow
Angle

Velocity

wheel
Velocity

Rotor

Figure 57. Vector Diagram Nomenclature.
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2237 1937 1637

Blade-Row Attenuation, AdB, (HLFT-IVA, 1-5tage Build,
2537

Low Pressure Turbine) (Continued).

90% N//iTg, Tro = 422 K, Ppg = 275.8 kN/m*

Table 8.
C,

1000

Test Point No,
1175
2nd Harmonic, Hz

0500082

7625756
4 et i

2664696

0050028

01&06231
vt o=f oed O3 i O

110
328
600
800
1500
2000
2350
3rd Harmonic, Hz

i3
I
v

3.9
97

00000

6.8

6.9

7.0

165
492
900
1200
2250
3000
3525
100
1200

|

AdB
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2229

0000000

07891480

Blade-Row Attenuation, AdB, (HLFT-IVA, 1-Stage Build,

Low Pressure Turhine) (Coutinued).
704 N/VTrg, Tpo ~ 422 K, Ppg = 275.8 kN/mz

fable 8.
d.

750
1000
110
328
600
800
1500
2000
2350
3rd Harmonic, Hz
165
492
900
1200
2250
3000
3525
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Test Point No.
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Table B. Blade-Row Attenuation, AdB, (HLFT~IVA, l-Stage Build,
Low Pressure Turbine) (Concluded).

o, 50% N/VTpg, Tpg = 422 K, Ppg = 275.8 kN/m*

Test Point No, 1621
Fund, Freq., Hz ASPL  APUWL
55 22,5 17.4
164 23,0 17.9
300 13.0 7.9
400 9.5 4.4
750 2.5 0
1000 3.5 0
1175 7.2 2.2
2nd Harmonic, Hz
110 6.5 1.4
328 9.0 3.9
600 16.5 11.4
800. 9.5 4,4
1500 3.5 0
2000 10.8 5.6
2350 26,2 21,2
3rd Harmonic, fiu
165 8.0 2.9
492 9.5 4.4
900 9.0 3.9
1200 10,2 5.2
2250 18.5 13.4
3000 19.5 1l4.4
3525 22.5 17.4
| 100
AdB " 5.0

1200
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Table 9.

Aerodynamic Performance Parameters, 1-Stage Low Pressure Turbine.

2
. Ppo = 275.8 kN/m~ (40 psia), Too = 422 X (760° R)

Pro/Ps2 | Pro/Ps1.2
Test ,ﬁggu;f Rotir Wy Corr. | Wy Corr. 10 |pgpiw, |Psu/¥2
/VT | Point | Prg/P12 | Plape Exit (1bm/sec) | (kg/sec) Tsrp (Btu/1bm)| (kJ/kg)
110§ 2546 | 1.916 | 2.479 3.26 45.77 20.76 3825 | 26.59 | 61.8
' 2246 1.806 | 2.182 2.43 45.41 20.60 3791 | 24.87 57.8
1946 1.660 | 1.884 2.00 45.26 20.53 3814 | 21.310 | 49.1
1646 1.468 | 1.586 1.63 42.99 19.50 3458 | 16.13 § 32.5
106 | 2542 1.872 | 2.476 3.53 45.59 20.68 3467 | 25.80 | 60.0
2542R | 1.876 | 2.478 3.54 45.80 | 20.77 3468 | 25.70 | 59.8
2242 | 1.774 | 2.181 2.49 45.38 20.58 3459 | 24.12 56.3
2242R | 1.779 | 2.181 2.48 45.69 20.72 3473 | 23.86 | 55.5
1942 1.640 | 1.884 2.01 45.49 20.63 464 | 20.76 | 48.3
1942R | 1.640 | 1.884 2.02 45.26 20.53 3556 | 21.06 | 49.0
1642 1.468 | 1.586 1.64 43.71 19.83 3458 | 16.13 | 37.5
90 | 2537 1.834 | 2.478 3.46 45.79 20.77 313 | 246.41 | 56.8
2237 1.740 | 2.180 2.56 45.47 20.62 3111 | 22.86 | 53.2
2237R | 1.742 | 2.182 2.6 45.59 20.68 3127 | 22.82 | 53.1
1937 1.618 | 1.884 2.04 45.34 20.57 3124 | 20.23 | 47.1
1637 1.452 1 1.586 1.64 44.27 20.08 3126 | 15.73 36.6
70| 2229 1.662 | 2.181 3.14 45.49 20.63 2626 | 19.50 | 45.4
1929 1.560 | 1.884 2.10 %5.53 20.65 2644 | 17.74 | 41.3
1629 1.408 | 1.585 1.68 45.18 20.49 2418 | 14.10 | 32.8
50| 1621 1.358 | 1.584 1.71 45.22 20.51 1738 | 11.72 27.3




Table 10(a). HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 110% Speed.

T0T

POINT NU, 2546 110x SPEED
STATOR 1 HUB PITCH TP

INLET  EXIV iNLEY  EXIY INLEY  EXIT
VELOCITY : (M/SEC) 208, 39a, 298, 307, 208, 3aS,
FLOW ANGLF : (DEGREES) 20, 63, 20, 63, 20, 62,
STATIC PRESSURY 3 (Ky/MT2) 229.7 132.4 229,7 186,9 229,7 1S59,0
TOVAL TEMP, : (DEG, KELVIN) 423, az23. az23, a23, 23, 23,
STATIC TrwpP, : (DEG, XELVINY 4302, 347, ag2, 356, 402, 3oa,
MACH NUMBER H 0,519 1,057 5,519 0,972 0.518 0,908
ROTOR 1 HUB PITCH

INLET  FXXY TNLEY  €ExXtY INLEY  EXIT
PELATIVE VFL, : (M/SEC) 279, a1s, 239, 407, 210, 401,
REL, FLOW ANGLF 7 (DFGREES) s4, Se. St. 60, q6, 63,
STATIC PRFSSURF :  (Xn/MD2) 132,40 81.5S 136.9 87,8 159.0 90,1
TOYAL TEwp, : (DFG. KELVIN) 423, 35S, az23, 352, 423, 349,
STATIC TFMP, ;s (DEG, XELVIN) 347, 306. 356. 312. 364, 314,
REL., MACH NO. ; e,7a5 1,191 0,627 1,160 0,587 1,136
WHFEL VELOCITY H (~/SEC) 125, 12S. 137, 139, 150, 154,
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POTNY MO, 2246
STATOR 1

VELDCITY
FLOW ANGLE
STATIC PRESSURE
TOTAL TEWP,
STATIC TEmP,

MACH NUMRER
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURE
"YOTAL TEwp,
STATIC TFNP,
REL, MACH NO

WHFEL VELOCITY

Table 10(a).

e

-

L1J

a

3

-

A1)

(M/SEC)
(+FGREES)
(KN/¥D2)

(DEG, KELVIN)

(DEG_ KELVIN)

(M/SEC)
(DFGREES)
(KN/MD2)

(DEG, KELVINY

(DEG, KELVIN)

(M/SEC)

HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 110% Speed (Continued).

HUHB
INLEY  EXIT
208, 38y,

20, 63,
230,0  138.4
423, 423,
a02, 3S51.
0,517 1.022

HUB
INLET EXIT
268, 318,

sS4, S8.
1384 122,2
a3, 365,
351, 341,
0,713 0,861
125, 125,

PITCH
INLET  EXTV
208, 357,

20, 63,
230.0 152,5
a2s, 423,
a02, 360,
0,517 0,941

PITCH
INLET  EXIT
229, 317,

50, 61,
152,5 125,4
a23, 363,

" 360, 343,
0,600 0,856
137, 139,

1102 SPFED
1IP
INLET  EXIV
208, 336,
20, 62,
230.0 168,1
az3. az23,
a02, 367,
0,517 0,875

INLET
201,
as,
16a.1
a23,
367, .
0.522
150,

EXIY
316,
oa,
126,9
362,
3aa,
0.853

154,
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Table 10(a).

POTINT KO, 194de

STATOR 1

- VELOCITY

FLNDW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TeEwmP,

MACH NUMBRER

ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURE
TOTAL TEMP,
STATIC TFmP,
REL. , MACH NO,

WHEEL VELOCITY

< e .. -e

1] - A 1)

HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 110% Speed (Continued).

(M/SEC)
(DFGREES)
(XN/MD2)

(DEG, KELVIN)

(DEG, KELVIN)

(v/SEC)
(DFGREES)
(KN/MT2)

(DEG, KELVIN)

(DE6G, KELVIN)

(M/SEC)

HUB
INLET  EXIT®
206, 365,
20, 63.
230,9 148,11 .
a3, 423,
402, 357.
0,512 0,966
HUB

INLET  EXIT
2s1, 291.
53, 58,
148,1  135.8
423, 369,
357, 351,
0,662 0,778
125, 12S.

PITCH
INLEY EXIV

29%6. 3ag,

20, 63,
230.9 161,5
a2s3, a23,
492, 366,
0.512 0,890

PITCH
INLEY EXIY
21a, 292,

a9, 61,
161.5 138,2
a23, 308,
366, 352,
0,556 0,778
137, 139,

1102 SPEED
1P
INLET  EXIT
206. 320,
20, 62,
230.9 172,6
a3, 23,
402, 372,
0,511 0,829
TIpP
INLEY  EXIY
187. 293,
a3, 6a,
172.6 139,48
823, 367,
372, 353,
0,482 0,780
150, 154,
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Table 10(a). HLFT-IVA 1-Stage LP Turbine Flow Disgrams, 110% Speed (Concluded).

A T T S b S e b s B oy IR o YRS B A 55

POINT N, 16de 1102 SPEED
STATOR 1 HUR PITCH e
INLET  EXIT INLET  EXIY INLET  EX(T
VELOCTITY H (M/SEC) 186, 295, 186. 275, 186. 259,
FLOW ANGLE H (DEGREES) 20, 64, 20, 63, L. 62,
STATIC PRESSURE 3  (XnN/Mm2) 238,8  186.1 238.,8 196,3 238,88 20a.e
TOYAL TEMP, : (DEG, KELVIN) - 423, 423, az2s3, 423, a23. a3,
STATIC TFmP, ; (DEG, KELVIN) 406, 380, a%e, 386, 406, 390,
MACH NUMBER H 0,460 0,756 0,860 0,700 0,459 0,658
ROYOR 1 HUB PITCH TP
INLET  EXIT INLET  EXIT INLET  EXIY
RELATIVE VEL. : (M/SEC) 184, 221, 155. 226, 13z, 231,
REL, FLOW ANGLE H (DFGREES) S0, 58, 42, 61, 34, 65,
STATIC PRESSURE 3§  (KN/MmR) 186,1  175.9 . 1%6.3 176.6 208.6 176,8
T0TAL TEMP, : (DEG, KELVIN) 423, 3184, 423, 383, 423, 383,
STATIC TEMP, ; (DEG. KELVIN) 380, 37S. 386, 376, 390, 376,
REL, MACH NO, H 0,570 0,570 0,393 0,583 0.336 0,595
WHFEL VELNCITY : (»/SEC)H 125, 125. 137, 139, 150, 154,
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Table 10(b).

POINT NO, 2542
STATOR 1

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEMmP,
STATIC TEwmP,

MACH NUMBER
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TemP,
REL, MACH NGO,

WHEEL VELOCITY

L

-

..

“e - e -e -0 “«s

«e

(M/SEC)
(DFGREES)
(KNsMu2)

(DEG, KELVIN)
(DEG, KELVIN)

- (M/SEC)

(CEGREES)

(Kn/Mn2)
(DEG, KELVIN)
(DEG, KELVIN)

(M/SEC)H

HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 100% Speed.

HUR
INLET  EXIT
209, ato,

20, 63.
229,6 123.5
423, 423,
402, 340,
0,520 1,112

HUB
INLET  EXIV
304, a27,

SS. Seé.
123,5 77.5
g23, 358.
340, 303.
0,820 1,232
113, 114,

PITCH
TNLET  EXITV
209, 3183,

20, 63,
229,6 138,4
a23,  az3.
a02, 351,
0,520 1,022

PITCH
IMLET  EXIT
263, ate,

Sa, s9,
138,84 88,7
a23, 354,
351, 309,
0,695 1.192
125, 127,

1002 SPEED
e
INLEY  EXIT
209, 360,
20, 62,
229.6 151,0
423, az23,
402. 359,
0,519 0,939

INLET
234,
49,
151,.0
a23.
359,
0,612

137,

EXIT

a09,
63,
87,4
352,
312,
1.162
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Table 10(b).

POINT NO, 2247

-STATOR

VEILOCTTY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TFmP,

MACH NUMBER

ROTOR 1

RELATIVE vFL,
REL, FLOW ANGLF
STATIC PRISSURF
TOTAL TEMmp,
STATTIC TewmP,
REL, MACH NO,

WHFEL VELRCITY

L 1]

e

L 1)

e

(/SECH
(DEGREES)
(KN/7Mu2)

(DEG. KELVIN)
(DEG. KELVIN)

(m/SEC)Y
(DPFGREES)
(KN/Mn2)

(DEG, KELVIN)

(DEG., KELVIM)

(#7SEC)Y

HUR
INLET  FXIT
209, 419,

20, 63,
229.6 123.5
123, azs,
ag2, 340,
0,520 1,112

HUB
INLET  EXIT
304, 363,

SS. 58,
123,5 102,6
423, 363,

. 340,  32e.
0,820 1,007
113, 114,

-

HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 100% Speed (Continucd).

PITCH
INLEY (238)
209, 383,

2, 63,
229.6 138,4
a23, a23,
a02, 351,
0.520 1,022

PITCH
INLET  EXIT
263, 357,

Sa, 61,
138,84 107,8

a3, 361,
351, 330,
0,695 0,986
12s, 127,

1002 SPEED
TP
INLEY  EXIY
209, 360,
20, 62,
22%.6 151,0
qz3. az23,
a02, 359,
0,519 0,999
TIP
INLEY  EXIY
23a, 353,
a9, 64,
151,0 110,86
423, 3S8,
358, 332,
0,612 0,970
137. 140,
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Table 10(b).

POINT NO, 1942
STATOR ¢

VELOCITY

FLOW ANGLE
STATIC PRFSSURE
TOTAL TEwmp,
STATIC TFMmP,

MACH NUMBER
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRFSSURF
TOTAL TEwmp,
STATIC TfFwP,
REL, MACH NO,

WHEEL VELOCITY

“..

[
14

L1)

(M/SEC)H
(DFGREES)
(KN/M2)y

(DEG,. KELVIM)
(DEG, KELVIN)

(M/7SEC)H
(OFGREESR)
(KN/MB2)Y

(DEG, KELVIN)
(DEG, KELVIN)

- (my/SEC)

HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 100% Speed (Continued).

HUB
INLET  EXTIT
208, 383,
20, 63,
230,0 138.4
a3, 423,
aoe, 351,
0,517 1,022

HUB
INLEY  EXIT
2718, 301,
SS. 58,
138, 4 132.9
423, 371.
3s1, 348,
0,737 0,806
113, 114,

PITCH
INLET  EXIV
208,  357.

20, 63,
230.0  152,5
823, @23,
a02, 360,
0.517 0,941

PITCH
INLEY EXIT
239, 300,

52, 61,
152.5 135,2
a23. 369,
360, 350,
0,625 0,801

125, 127,

1002 SPggDd
TP
INLEY EXIY
208, 336,
20. 62,
230,0 f16a,1
az23. 423,
402, 367,
0,517 0.875

INLEY
2it.
av.
164.1
423,
367,
0,547
137,

EXIT
299,
a,
136,8
368,
351,
0,797

140,
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Table 10(b).

POTINT NO, 1642
STATOR 1|

VELOCITY

FLOW ANGLE
STATIC PRESSURE
10TAL TEMP,
STATIC TEWMP,

MACH NUMRER
ROTOR Y

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURE
TNTAL TEWMP,
STATIC Tenp,
REL, MACH NO,

WHEEL VELDCITY

L 1)

-e

-

«e

e

(»/SEC)
(DFEGREES)
(Kn/Mn2)

(DEG_. KELVIN)
(DEG, KELVIN)

(m/SEC)H
(CFGREES)
(ny/Mn2)

(DEG, KELVIN)

(DEG, KELVIN)

(M/SEC)

HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 100% Speed (Concluded).

1002 SPEED

HUB
THNLETY EXIV
195, 322.

e 64,
35,0 17t.6
623, 223,
aoa, 372.
0,4RS 0,835

HUB
INLET ExIV
219, 242.
S3, se,
1716 165.7
a23, 382.
372, 369,
0.565 0,628
113, - tia,

PIYICH
INLEY EXIV
195, 301,

20, 63,
235,0 183,
323, az23.
404, 3/8,
0.485 0,772

PITCH
INLEY EXIY
187, 244,

aa, 61,
183,1 167,2
423, 181,
}70. 371,
0.a877 0,633
12s, 127,

TP
INLEY  EXIY
19S. 282,

20, 62,
235.0 192,6
a23, az23,
aoa, 38a,
0,883 0,720

1P
INLET  EXIT
162. 28¢,
a2, 6S,
192.6 168,0
423, 380,
384, 37,
0,812 0,640
137. 140,
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Table

POINY MO, 2537
STATOR 1

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL IEMQ,
STATIC TEMP,

MACH NUMRER
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEMP,
STATIC TEMP,
REL., MACH N0,

WHEEL VELOCITY

“e A1) a4 e L 1]

..

«e

-

-

10{(c).

(M/SEC)
(DEGREFS)
(Kkn/svn2)

(DEG, KELVINY

(DEG, KELVIN)

(M/SEC)Y
(DFGREES)
(KN/¥12)y

(DEG, KELyIN)

(DEG. KELVIN)

(:/7SEC)

HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 90% Speed,

HUB
INLEY  EXIT
209, 431,
2, 62,
229.,6 112.7
423, 423,
402, 332.
0,520 1,181

INLET
333,
56,
112,7
a23,
332,
0,909

102,

EXIT
a3o0,
5S.
76.7
361,
303.
1,242

103,

PITCH
TWNLEY EXIT
209, 802,

20, 62,
229,6 128,1
az23, 423,
a0z, 343,
0.520 1,084

PITCH
INLEY  EXIT
290. ai7,

S6. 59,
128,1 8a,6
23, 358,
343, 3110,
0,775 1,195
113, 114,

Q0% SPEED
TP
INLEY  EXIY
209, 378,
20, 62,
€29.6 141,2
423, 423,
a02. 353,
0,519 1,005
e
INLET  EXIT
261, 408,
S2. 63,
1a1,2 87,8
a23, 356,
353, 312,
0,689 1,160
123, 126,
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Table 10(c).

PATHT MO, 2237
STATOR 1

VELOCITY

FLOW ANGLF
STATIC PRESSURF
TOTAL TEMP,
STATIC TewmP,

MACH NUMBFR
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PREFSSURF
TATAL TEMP,
STATIC TFwP,
REL. MACH NO,

WHFEL VELNCITyY

1]

(M/SED)
(DEGREES)
(Kn/vn2)

(DEG, KELVIN)
(DEG, KELVIN)

(M/SEC)H
(DEGREES)
(Kn/VT2)

(DFG, KELVIN)
(DEG, KELVIN)

(M/S5EC)

HUs

INLEY
209,
20,
229,6
az23,
492,

0,520

HuB

INLEY
333,
56,
112,7
823,
332,
0,909

102,

EXIT
43v.
62.
112.7
423,
332.
1,181

EXIT
367,
58,
101,5
366.
326,
1,018
103,

PIICH
THLET EXIT
299, aol,

2. 62,
229,6 128,11
azs, 823,
a02. 343,
0,520 1.084

PITCH
INLETY ExyIy
290, 359,

Se. 61,
128,19 1078
az3, 363,
343, 331,
0,775 0,990
113, 114,

HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 90% Speed (Comtinued).

90% SPEED
TIP

INLEY  EXIT
209, 378,
20, 62,
229.6 181,.2
a23. 423,
802, 353,
0,519 1.005

INLEY
261,
S2.
181,¢
q823.
353,
0.689

123,

EXITY
353,
oa,
$10,6
361,
332,
0,970
126,
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Table 10(c).

POTINT RU, 1937
STATOR 1

VELDCITY
FLOW ANGLE
STATIC PRESSURF
TOTAL TEwP, |
STATIC TEwP,

MACH NUMBER
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURF
TOTAL TEwmp,
STATIC TEmP,
REL, MACH NO,

WHFEL VELNCITY

a8

-

°

«e

<

L1)

w6

]

HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 90% Speed (Comtinued).

{M/SEC)
(DFGREES)
(knsvT2)

(DEG. KELVIN)

(DEG, KELVIN)

(M/SEC)
(DEGREES)
(KN/MTR)

(DEG, KELVIN)
(DEG. KELVIN)

{(wsSECH

HUB

INLET X!
208, 399,
20, 63.
229,6 129.8
a23,  a23,
ag2,  3aa,
0.519 1,073
HUB
INLET  EXTT
302,  303.
s6, 58,
129.8  131,8
223, 373,
344, 349,
0.809  0.Rf11
102, 103,

PIVCH
INLET EXIT
208, 372,

2, 63,
229.6 184,48
a23, ea23,
492, 355,
9,519 0,986

PITCH
INLEY  EXIT
262, 300,

55. et,
144,48 135,6
423, 372.
35S, 351,
0.691 ¢©,802
113, 118,

90X SPEED
e

INLET  EXTT
208, 350,
20, 62,
22%,6 156,56
az23. a3,
402, 303,
0,519 0,917

INLETY
234.
51.
156,.6
823,
363,
0,610
123,

Exty

299,
oa,
137,7
370,
3%2.
0.795

126,

T T T
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Table 10(c).

POIRT NO, 1637

STATOR 1

VELOCITY

FLOR ANGLF
STATIC PRESSURF
TOTAL TEwp,
STATIC TewmP,

MACH NUMRER
ROTOR 1

RELATIVE vFL,
REL, FLOR ANGLFE
STATYIC PRESSURF
TOTAL TEMP,
STATIC TFwp,
REL ., MACH NO,

WHFEL VELQCITY

-

.o

-8

L 1]

e L

“e

(m/SEC)H
(OFGRFES)
(KN /MDY

(DEG, KELVIN)

IDEG, KELVIN)

(v/SEC)Y
(DFGREES)
(KN/MR2)

(GEG, KELYIN)

(CEG, KELVIN)

. {®/SECH

HUB
INLFY

195,
20,
235.¢
423,
aoa,
0,485
HUB
INLET
228,
S5,
171,.6
423,
372,
0,588

102,

EXITY
322.
64,
171,.6
423,
372.
0,235

ExIV
237,
S8.
170.4
385.
373.
n.,614

103,

PITCH
THLET  EXIY
195, 301,

P 63,
235,0 183,.3%
423, a23,
ava, 37a,
0,485 0,772

PITCH
INLEY EXIT
19%. 239,

S1, 61.
183,11 172,2
a23, 384,
378, 373,
0.501 0,618
113, 118,

HLFT-IVA 1-Stage LP Turbine Flow Disgrams, 90% Speed (Comcluded).

Q0¥ SPEED

INLET
195.
20,
235.0
a23.
404,

0.,4=85

INLEY
172.
86,
192,.6
423.
384,
0,436

123.

EXIY
282,
62,
192.6
az3,
38a,

0,720

L) Ld

EXIY
240,
o4,
1732
383,
37a,
0,620

126,
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Table 10(d).

PNILTY NO, 2229
STATOR 1

VELOCITY
FLOW ANGLE
STATIC PRESSURE
TOTAL TEMp,
STATIC TEwP,

MACH NUMBER
ROTOR 1

RELATIVE VFL,
REL, FLOW ANGLE
STATIC PRESSURE
TOVAL TEwvp,
STATIC TewmP,
REL, MACH Nn,

WHEEL VELQCITy

e

H

-
| 4

H

?

.
[ 4

H

(»/SEC)
(DFGREF3)
(Kn/VnR)

(DEG, KELVIN)

(DEG, KFLVIN)

(M/SEC)
(DEGREES)
(kn/V2)

(DEG, &ELVIN)
(DEG, XELVINY

(M/7SEC)H

Hug
INLEY  EXTT
209, a8s,
20, SS.
229,6 85,0
823, ‘423,
an2, 307.
0,520 1,382

#us
INLET  EXIT
405, a1s,

Ss, Sé.
85,0  85.0
423, 3.
307, 313.
1,185 1,172
79, 80,

HLFT-IVA 1-Stage LP Turbine Flow Disgrams, 70% Speed.

PITCH
TNLEY (238
209, asa,

20, 61,
226,6 100,6
az23, e23,
492, 321,
0,520 1,264

PITCH
TNLEY  EXITY
358, 396,

58, 60,
190.6 93,5
23, 368,
321. 321,
6,985 1,113

8s. 89,

702 SPEED
Tip
INLETY  EX]IY
209, a28,
20. 61,
229.6 1143
e2s3, Py,
802. 333,
0.519 1,170
YIP
INLEY  EXIY
33t. 384,
Sé. oa,
114,3 98,2
423, 366,
333. 323,
0,89 1,070
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Table 10(d). HLFT-IVA 1-Stage LP Turbine Flow Diagrams, 70% Speed (Contimued).

POINT MD, 1929 702 SPEEL
STATOR 1 huH PIICH TP
INLET  EXIV IMLEY  EXIT INLEY  EXIY
VELOCITY : (:/SEC) 209, aae, 299, e, 209, 393,
FLON ANGLF :  (DFGREES) 20, o1, D, 62, 20, 67,
STATIC PRFSSURF 3 (XN/MT2) 229,6 103.7 229.6 119,.3 229.6  13g2,t
TOTAL TEwP, ; (DEG, KELVIN) @23, 823, a23, a23, 23, 425,
STAYIC TFrP, : (DEG, WELVIN) 402, 32a, 502, 337, a02. LY
MACH NUMRER : 0,520 1,282 0.520 1,138 0.519 1,05%
ROTOR 1 HUB PITCH L § {4
INLEY  EXIT TWEY  EXIT INLEY  EXIT
REL ATIVE VEL, (M/SEC) 309, 313, 326. 306, 2917. 300,
REL, FLOW ANGLE (DEGREES) S&, 58. S8, 61, S6. 6.
STATIC PRESSURE (Xn/%D2) 103,7 128,4 119,3  133,7 132.8 13/,¢
TOTAL TEMP, (DEG, KELVINY 423, 379, a23, 377, a23. - 37,
STATIC TEmP, : (DEG. KFLVIN) 324, 349, 337. 352, 347, 353,
REL, MACH NG, : 1,017 9,A39 0,878 0,816 0,79  0,80¢
WHFEL VELDCITY H {m/SECY 79, 80, 88, 8%, 9s. 9
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Table 10(d). HLFT-IVA 1-Stage LP Turbine Flow L. igrams, 70% Speed (Concluded).

13 ¢

PNTMYT RO, 1629 70% SPFED
STATOR 1 HUB PITCH e
INLET  EXI? INLET  EXTT INLET  EXIT
VELDCITY : (M/SEC) 206, 36S. 2%, 341, 206, 320,
FLOW ANGLE ¢  (DFGRFES) 20, 63. 20, 63, 20, 62,
STATIC PRFSSURE 3 (KN/MB2) 230,.9  148.1 230.9 161,5 230,9 172,65
107z TEMP, 3 (DEG, XKELVIN) a3, 423, az3, 423, 823, a3,
STATIC TEMP, s (DEG, KELVIN) @02, 357. a0, 366, a02. 372,
MACH NUMRER ; 0,512 9.966 0.512 0,890 0,511 0.829
ROTOR 1 HUB PITCH Tre
~ INLET  EXIT INLEY  EXIT INLET  EXTY
RELATIVE vEL, : (»/SEC) 289, 260, 25a, 257, 28, 255,
REL, FLOW AWGLF H (UFGRFES) 59, sa. S7. 61, S3. oa,
STATIC PRESSURF 5  (KM/Mn2) 1281 161,0 161,55  1ea.6 172.6 1669
TOTAL TEMmP, ;7 (DEG, KELVINM)  a23, 388, azs, 386, .23, 385,
STATIC TEwP, : (DFG, KELVIN) 357, 369, 366, 370, 372. 371,
REL, MACH NI, H 6,760 0,675 0,659 0,670 0,587 0,663
WHEEL VFLOCITY : (#/SFC) 79, a0, 88, 89, 96, 9,
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Table
POTINTY KO, 162
STATOR 1
VELOCITY H
FLOw ANGLF v

STATIL PRESSURE
TOTA: TEMmpP,
STATYIL TFwmP,_

MACH NUMBER

ROTO®

RELATIVE VEL.

REL, FLOW ANGLF

STATIC PRESSURY
TOTAL TEmp,
STATIC TeEmP.
REL, MACH NO,

WHEE. VELDCITY

b 1

-

a8

.-

-

.

10(e).

(m/SEC)
(DEGREES)
(KN/MB23

(DFG, KELYIN-

(DEG, KELVIN:

(M/7SEC)
(DEGREES)
{(KN/ZVR2Y

(DEG, KELVINY

(DFEG, KFLVIN)

(v/SECH

HUIB
TNLFT Exvi
209, n13.

20. 63.
2296 122.7
a>s a3
402, 339.
0.52¢ 1.12%

HUS
INLET  FXTT
184, AR

S SA,
iz2.2 157.%
423, 394,
339, 369.
0.95¢ 0,706

57. 57.

PITCH
TLFT FXTS
209, 385,

y. 63,
29,6 137.>
ar3 a33
802, 350,
0.52¢ 1.02°

PYTCH
INLET  FXTT
317, 26S.,

60, 61,
137.2 162,5
823, 393,
350 .- 371 -
0,835  0.ARH

63. LL

HLFT-IVA 1-Stage LP Turbine Flow Disgrome, 50% Sneed,

coy SPEg"

ne
INLETY FXY.
209, 362,
20, 62,
226.- 149 ¢

823, a3,

anp S
0,52r  0.9%°F
1B &5
INLET  EXTT
290 . 260,
S8. 6a,
149.¢ 166, "
agz%. 39y.
35R. 372.
0.76% 0.7
49 70,



Table 11, Blade-Row Attenuation, AdB, (HL?T-IVA, 3-Stage Build,
Low Pressure Turbine).

a.  110% N/Vigg, Tro = 422 K, Pgp = 275.8 kN/m’

Test Point No. 5246 4046 3046 2046
Fund, Freq., Hz ASPL  APWL ASPL  APWL ASPL  APWL ASPL  APWL
83 - - 2400 1‘009 - - 2005 1104
100 - - - - 13.0 3.9 - -
125 29.0 19.9 20.0 10.9 23.5 14.4 - -
164 - - - - - - 17.5 8.4
300 26,0 16.9 22.0 12.9 15.0 5.9 22.0 12.9
400 21,0 11.9 26.5 17.4 17,5 8.4 17.0 7.9
750 23,0 13.9 19,5 10.4 19,0 9.9 17.0 7.9
1000 25,0 15.9 12,0 2.9 10.5 1.4 5.0
1175 21.8 12.6 23.2 14,2 20.8 11.6 20.8 11,6
2nd Harmonic, Hz
167 - - 2695 1704 - - 1300 309
200 - - - - 12.5 3.4 - -
250 19,0 2.9 19.5 10.4 17.0 7.9 - -
328 - - - - - - 20.5 11.4
600 24,5 15.4 19.5 10.4 20,0 10.9 24,5 15.4
800 26.5 17.4 23.5 14.4 23.0 13.9 21.0 11.9
1500 25,5 16, 33.5 24.4 21,5 12.4 19,5 10.4
2000 31.2 22,2 28.2 19.2 25,2 16,2 25.8 16.6
2350 28,8 19,6 26,2 17.2 32.8 23.6 28,2 19,2
3rd Harmonic, Hz
250 - - 18-5 9-4 - - 800 0
"~ 300 - - - - 12,5 3.4 - -
375 2400 1409 2100 1109 1700 7-9 - -
492 - - - - - - 12.5 3.4
900 25,0 15.9 21,5 12.4 20,5 11.4 15.5 6.4
1200 30.2 21.2 25.2 1le6.2 20.8 11.6 16.8 7.6
2250 31.5 22,4 29,0 19.9 30.0 20.9 25,5 16.4
3000 30.5 21.4 23.5 14.4 22,5 13.4 19.0 9.9
3525 31.5 22.4 36.5 27.4 23.5 14.4 28.5 19.4
__| 100
AdB = 15.5 12.2 8.4 7.8
1200

117




Table 11. Blade~Row Attenuation, AdB, (HLFT-IVA, 3-Stage Build,
Low Pressure Turbine) (Continued).
b, 100% N/Vigg, Tro = 422 K, Pyo = 275.8 kN/m®
Test Point No. 5242 4042 3042 2042
{
i Fund. Freq., Hz ASPL  APWL ASPL  APWL ASPL  APWL ASPL  APWL
32 28.5 19.2 25,5 1l16.2 27.0 17.7 - -
65 - - - - - - 3001 2008
83 2305 14'2 2300 1307 17&5 8-2 - -
125 - - 27.5 18.2 25.0 15.7 15.5 6.2
160 29»5 2002 - - N - - -
300 18.5 8.2 21.5 12.2 16.5 7.2 20.5 11.2
400 20.0 10.7 22,5 13.2 15.0 5.7 15.0 5.7
750 18.5 9,2 17.5 8.2 17.5 8,2 15.5 6.2
1000 21.5 12,2 13.53 4,2 11..0 1.7 3.5 0
1175 23.3  14.0 24,8 15.5 21.3 12.0 15.8 6.5
2nd Harmonic, Hz
64 16.7 7.4 17.0 7.7 19,0 9,7 - -
130 - - - - - - 15.0 5.7
167 23.0 13'7 2500 1507 21.6 1203 - had
250 - - 23,0 13.7 - - 18.5 9,2
320 1“05 5.2 - - 23.5 1-"02 - -
600 25,5 16.2 19.5 10.2 18.5 9,2 19.5 10.2
800 24,5 15.2 25.0 15.7 23.0 13.7 18.5 9,2
1500 23,5 14,2 26,5 17.2 24,0 14,7 20.0 10.7
2000 43,5 34,2 36.3 27.0 28.6 18.7 26,3 17.0
! 2350 36.8 27.5 22,3 13.0 31.8 22,7 28.3 19.0
! 3rd Harmonic, Hz
i 96 18.5 9,2 5.5 0 13.0 3.7 - -
: 195 - - - - - - 15.6 6.3
250 21,5 12,2 19.5 10.2 21.0 11.7 - -
375 - - 18.0 8.7 - - 15.5 6.2
480 23.0 13,7 - - 19.0 9,7 - -
900 18.0 8.7 19.5 10.2 19.5 10.2 15.0 5.7
1200 21.3 12.0 18.8 9,5 19.8 10.5 16.8 7.5
2250 33.5 24.2 26.5 17.2 25,5 16.2 27.8 18.5
3000 35.0 25,7 28.5 19.2 21.0 11.7 24,0 14.7
3525 32.5 23,2 27.5 18.2 29,5 20.2 24,5 15.2
__| 100
AdB - 12.3 11,0 10.1 6.8
1200

118




Table 11. Blade-Row Actenuation, AdB, (HLFT-IVA, 3-Stage Build,
Low Pressure Turbine) (Continued).

c.  90% N/VTgy Tro = 422 K, Ppo = 275.8 kN/m?

Test Point No. 5237 4037 3037 2037

Fund. Freq., Hz ASPL  APWL ASPL  APWL ASPL  APWL ASPL  APWL
70 - - 25.0 15.9 26,5 17.4 -
- - 1505

83 23.0 13.9 - - 6.2
125 16.0 6.9 20.0 10.9 - - 11.5 2.2
164 - - - - 30.5 21.4 - -
300 25.5 16.4 19.5 10.4 15.5 6.4 21.5 12.2
400 23.5 14,4 22,5 13.4 15.0 5.9 14.0 4.7
750 18.0 8.9 17.0 7.9 14.5 5.4 12,5 3.2
1000 23.0 13.9 10,0 0.9 11.5 2.4 7.0 0
1175 21.8 12.6 22,2 13,? 19.2 10.2 15.2 6.0
2nd Harmonic, Hz '
140 - - 2305 1404 25.0 1509 - -
167 26.0 16-9 - - - - 19.5 10.2
250 2100 11.9 1805 904 - - 11-5 202
328 - - - - 20.5 1l1.4 - -
600 32,0 22.9 16.5 7.4 20.5 11.4 15.0 5.7
800 21.5 12,4 24.5 15.4 26.0 14.9 15.5 6.2
1500 33.5 24.4 27.5 18.4 20.0 10.9 17.5 8.2
2000 36.8 27.6 37.2 28,2 24,8 15.6 26,2 17.0
2350 30.2 21,2 24,8 15.6 30.8 21.6 29.2 20,0
3rd Harmonic, Hz
210 - - 13.5 404 1400 409 - -
250 2100 1109 - - - - 12.5 302
375 23.0 13.9 18.0 8.9 - - 15.0 5.7
492 - - - - 19.5 10.4 - -
900 20.0 10.9 22.5 13.4 18.0 8.9 19.5 0.2
1200 26.8 17.6 l6.2 7.2 20.2 11.2 20.8 11.4
2250 35.0 25.9 28.5 19.4 31.0 21.9 21.5 12.2
3000 30.5 21.4 27.5 18.4 25.5 16.4 28.5 19.2
3525 31.0 21.9 31.5 22.4 29.5 20.4 22,5 18.2
__] 100
AdB - 13.7 9.8 10.8 5.9
1200

119
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Table 11. Blade~-Row Attenuation, AdB, (HLFT-IVA, 3-Stage Build,
Low Pressure Turbine) (Continued).
d.  70% N/VEgo, Tpo = 422 K, Pyg = 275.8 kN/m®
( Test Point No. 4029 3029 2029
i Fund. Freq., Hz ASPL  APWL ASPL,  APWL ASPL  APWL
83 23.5 14.4 26,0 16.9 19.0 9.7
125 19.5 10,4 - - 13,5 4,2
164 - - 4200’ 3209 - jad
i 300 17.0 7.9 20.9  10.9 18.0 8.7
| 400 20.5 11.4 14,5 15.4 19.0 9.7
| 750 16.0 6.9 13.0 3.9 i8.0 8.7
§ 1000 17.5 8.4 8.0 0 12.0 2.7
| 1175 19.8 10.6 16.2 7.2 15.8 6.4
' 2nd Harmonic, Hz
167 32.5 23.4 19.0 9.9 17.5 8.2
250 1705 804 - - 1’!~5 502
328 - - 17:5 804 - -
600 19,5 10.4 16.5 7.4 11.5 2.2
800 19.5 10,4 28.0 18.9 20.0 10.7
1500 29.5 20.4 24,0 14.9 19.0 9.7
2000 26,8 17.6 24,2 15.2 30.8 21.4
2350 23.8 14.6 15.2 6.2 22,2 13.0
3rd Harmonic, Hz
250 18.5 9.4 16.0 6.9 10.5 1.2
375 19.0 9.9 - - 16.5 7.2
492 - - 15.5 6.4 - -
900 14.5 5.4 16.5 7.4 10.0 0.7
i 1200 18.8 9.6 14.8 5.6 27.8 18.4
2250 31.5 22.4 31.5 22.4 22,0 12.7
3000 34,5 25,4 31.5 22.4 30.5 21.2
3525 25.5 16.4 11.5 2.4 24,0 14.7
_| 100
AdB = 10.2 10.1 6.7
1200

120




Table 11, Blade-Row Attenuation, AdB, (HLFT-IVA, 3-Stage Build,
Low Pressure Turbine) (Continued).

e 507 N/VTmg, Tro = 422 K, Pgo = 275.8 kN/n

Test Point No,

Fund. Freq., Hz
70
155
300
400
750
1000
1175

2nd Harmonic, Hz
140
310
600
800
1500
2000
2350

3rd Harmonic, Hz
210
465
900
1200
2250
3000
3525

_{ 100
AdB -
1200
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Table 12, Aerodynamic Performance Paramecers, 3-Stage Low Pressure Turbina.

Pro = 275.8 kN/n® (40 psia), Tpg = 422 K (760° R)

°
» Pro/Psa
4N | Test Measur, | W2 Corr | Wa Corr T1o_| Psu(Btu)| Psuf(kJ
Point PTQIPTZ Plane | (1bm/sec) | (kg/sec) Tgrp | W2 \1bm/]l Wy \kg
110} 5246 4.812 5.162 45.70 206 73 3826 55.92 130.1
4046 3.743 3.962 45.76 20. .6 3830 48.04 111.7
3046 2,866 2,981 45.29 20.54 381l 38.74 90.1
3046R 2,864 2,982 45.26 20.%3 3810 38.82 90.3
2046 1.959 1.980 43.24 19.¢1 3817 21.84 50.8
100 | 5242 4,816 5.168 45.87 20.81 3487 55.72 129.6
5242R 4.818 5,171 45,84 20.79 3480 55.73 129.6
4042 3.780 3.964 45.88 20.81 3496 48,56 113.0
3042 2,865 2,981 45.73 20.74 3492 39.55 92.0
2042 1.952 1,980 44,62 20.24 3472 23.35 54.3
90 | 5237 4.816 5,172 45,89 20.82 3140 54.70 127.2
4037 3.786 3.966 45.93 20,83 3124 48.10 111.9
3037 2,873 2,983 45,91 20.82 3148 39.8 92.6
2037 1.953 1.980 44.93 20.38 3049 25,57 55.5
70 | 402¢ 3.897 3.964 45.99 20.86 2454 44.21 102.8
3029 2.918 2.980 45.94 20,84 2453 37.44 87.1
3029R 2,901 2.982 45.89 20.82 2434 37.52 87.3
2029 1.958 1.986 46,34 21.02 2380 26,37 61.3
50 | 3021 2.926 2,986 45.83 20.79 1754 31.92 74,2

122
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Table 13(a).

POINY NO, S2de

STATOR 1

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEwmP,
STATIC TEMP,

MACH NUMRER

ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURE
TOTAL TEmP,
STATIC TEwmP,
REL, MACH NO,

WHEEL VELQCITY

-

we

..

-

L 1)

L)

“e

<¢

A1)

(M/SEC)
(DFGREES)
(KN/MI2)

(DEG, XELVYIN)

(DEG, KELVIN)

(¥/SEC)
(DEGREES)
(Kn/¥nz)y

(DEG. KELVIN)

(DEG, XELVIN)

(»/SEC)

HUB

INLET
207,
20,
230,43
423,
ae2,

0,515

HUB
- INLET

260,
53,
1435
423,
354,
0,686

125,

EXIT
374.
63.
183,5
a23.
354,

0,992

EXIT
303,
S8,

*123.9

368,
3a7,.
0,813
125.

&

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 110% Speed.

PITCH
INLET  EXTT
297, 349,
20, 63,
230,84 157.3
a23, az23,
a02, 363,
0,515 0,914

PITCH
INLET  EXIT
221, 302,
50, o1.
157.3 132,.6
423, 366,
363. 348,
8,577  0.811
137, 139,

1102
Tie
INLETY
207,
20,
230,48
823,

" ap2.

0,518
TP

INLET
194,

aa,
168,6
823,
370,
0,501

150.

SPEED

EXIT
328,
62,
168 6
423,
370,

0,850

EXTY
303,
oa,
133,9
364,
349,
0,811
1%a,
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Table 13(a).

POINT MO, S2le

STATOK 2

VELOCITY

FLOW ANGLF
STATIC PRFSSURF
TOTAL TEwmp,
STATIC TEwmP,

MACH NUMBFR

RLTOR 2

RELATIVE VEL,
REL. FLOW ANGLF
STATIC PRESSURF
TOTAL TEMP,
STATIC TFMP,
REL. MACK NO,

WHFEL VEINCIT™

e

e

-9

£ 1)

-e

“we

R

el g

s

.

-

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 110% Speed (Contimued).

(M/SEC)
(OFGRFES)
(KN/MT2)Y)

(DEG, KELVINY

(DEG, KFLVIN)

(M/SEC)Y
(DFGREES)
(kpn/MT2y

(DEG, KELVIN)

(DEG, KELVINMY

(m/7SEC

INLFY
198,
az,
130,.2
366,
347,

0,529

INLET
239,
s2,
80,9
366,
306,
0,675

126,

EXtY

3n8.,
64,
80,9

366.

306.

0,992

EXIT

277,
S6.
72.8

316.

Q9&,

0,807

123,

PITCH
INLEY  EXIV
183. 313,
a3, 63,
132.6 92.5
366. 366.
348, 318,
0,488 0,877

PITICH
INLE:  EXIT
187, 280,

as, 59,
9.5 14,2
366. 31§,
318. 301,
0,521 0.807
134, 1a2s,

1107 SFEED

INLEY
te8.
aa,
138,2
366.
352,
0.445

INLEY
153,
33,
101.3%
366.
326.
0,421

164,

EXIY

287,

o1,
103,32
3be,
32e,

0,792

EXI
264,
65,
Ta, 7
31e.
303,
0,81¢

16%,
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Table 13(a).

POINT NO, S24s
STATOR 3

VELOCITY

FLOW ANGLF
STATIC PRESSURE
TOTAL TEMP,
STATIC TFwF,

MACH NUMRFR
ROTOR 3

RELATIVE VEL,
REL, FLOR ANGLE
STATIC PRESSURE
07aL TEMP,
STATIC TewmP,
REL, MACH NO,

WHFEL VELOCITY

«e A 1] “e

. e we

e

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 110% Speed (Continued).

(v/SEC)
(DEGREES)
fKN/Mna)

(DEG,_, XELVIN)

(DEG. KELVIN)

{m/SEC)Y
(DFSREES)
(KN/ME2)

(DEG, KELVIN)
(DEG, KELVIN)

(/SEC)

HUR

INLET  EXIT
181, 265,
37, 57.
72,2 55.9
314, 314,
298, 279,
0,521 0,792
INLET  EXTIY
177, 189,
37, a0,
55.9 - 53.9
314, 288,
279, 278,
0,526 0,565
119, 118,

PITCH
INLEY  EXIV
16S, 232,
3s, S6.

74,2 62,2
3la, 314,
301, 268,

0.873 0,680

PITCH

INLET  EXIV
133, 202,
19, a6,

62,2  53.9
314, 288,
28a, 27,

0,390 0,603
187,

137,

110X SPEET
TIP
INLET  EXIY
143, 209,
39, 59,
7.7 66,3
314, 31a,
304, 293,
0,806 0,610
e
INLEY  EXIT
104, 211,
1. 6,
6643 $3,9
314, 283,
293, 217,
0,302 0,633
17S. 177,
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Table 13(a).

POTNT NO, 4046
STATNR 1

VELOCITY
FLNOY ANGLF
STATIC PRESSURE
TOTAL TEMP,
STATIC TEMP,

MACH NUMBFR
ROTOR 1

PELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEwmP,
STATIC TEwP,
REL, MACH Nd.

KHEEL VELRCITY

L)

L)

.

-0

.e

-«

-

L1

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 110% Speed (Coutimued).

{(»/3¢C)
(DEGREES)
(KN/M12)

(DEG, KELVIM)

(DEG,_, KELVYIN)

{M/SEC)
(DFGREES)
(kn/sVT2)Y

(DEG, KELVIN)

(DFG, XELVIN)

(»/7SEC)H

HUB
INLET  EXIT
206, 365,
20, 63,
230.,9  1ae,1
823, a23,
ag2, 357.
0,512 0,966
HUB
INLET  EXIV
251, 28S.,
S3, S8,
1481  135.8
az3, 369.
357, 351,
0,662 0,778
125, 125.

PITCH
THLEY X1y
2%, Ay,
20, 63,
230,9 161,5
az23, 423,
a02, 366,
0.512 0.890

PITCH
TNLETY EXIT
21a, 292,
a9, 61,
161.5 138,2
423, 368,
366, 352,
0.556 0,778
137, 139,

INLEY
187.
a3,
172.6
423.
372,
0,482
150,

1103 SPEED
TiP
INLEY  EXIT
206, 320,
20, 62,
230,9 172.6
423, a23,
a02. 372,
0.511 0,829

EXTTY
293,
oa,
1392
367,
353,
0.780

15a,
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Table 13(a).

POINT NO, 4086

STATOR 2

VELOCITY

FLOW ANGLE
STATIC PRFSSURF
TOTAL TEMP,
STATIC TEmP,

MACH NUMBER

ROTOR 2

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURE
TOTAL TEMmp,
STATIC TFMmP,
REL, MACK NO,

WHEEL VELoCITY

L] L 2] L - .

..

"

L 1]

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 1107 Speed (Coatimued).

(M/SEC)
(DFGREES)
(XN/MD2)

(DEG, KELVIN)
(DEG, KELVIM)

(M/SEC)
(DFGREES)
(Knsva2)

(DEG, XELVINY
(DEG, KELVIN)

(n/7SEC)

HUB
INLETY  EXIT
188, 321.
al, o4,
136,1 92.1
368, k{.1. 08
3st, 317,
0,499 0,901
HUB
INLET  EXIT
213, 242.
S22, Sé6.
92,1 8%,.9
368, 3ea,
n7, 312,
0,594 0,683
124, 123.

PITCH
IRLET  EXIT
17%, 289,

82, 63,
138,2 103,1
368, 308,
352. 327,
0.860 0,798

P1TCH
INLET  EXIY
166, 248,

42, 59,
103,1 86,9
368, 328,
327. 313,
0,455 0,700
134, 145,

110 SPEED
e
INLET  EXIV
159. 265,
a3, 61,
183,5 111,1
368, 368,
356, 333,
0.820 0,728
ne
INLET  EXIT
135. 255,
29. 66,
111.1 67,1
368, 322,
333,  31a,
0.367 0,718
168, 168,



821

Table 13(a).

POTHT KO, Q0ae

STAaTOR 3

VELOCITY
FLNw ANGLF
STATIC PRESSURF
TOTAL TEwWP,
STATIC TFwP,

MACH NUMBRER

ROYOR 3

RELATIVF VEL.
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEMP,
STATIC TEwP,
REL, MACH NGO,

WHFEL VEIDCIYY

L g

L1)

L 1]

e

L2

L 1]

A 1]

HLFT-IVA 3-Stage LP Turbine Flow Disgrams, 110% Speed (Contimwed).

(M/SEC)
(DEGREES)
(kn/Mu2)

(DEG, KELVIN)
(DEG, KELVIN)

(M/SEC)
(DEGREES)
(kysMD2)

(DEG, XELVIN)
(DEG, KELVIN)

{»rSEC)

HUB

INLETY
150,
32,
86,0
323,
32,
0,421

HUB

INLETY
1a1,
33,
70 6
323,
298,
0,407

119,

EXti
228,
Se,
70,6
323,
298,
0,659

EXIY
157,
a.
6R,a
303,
296,
0,454

t:8,

PITCH
TNLETY  EXIT
138, 199,

29, 56,
86,9 76,1
323, 323,
313, 304,
0.387 0,568

PITCH
INLET  EXIT
110, 170,

9. 86,

76,1 6a,5
323, 3oa,
30a, 296,
0.312 0,490
147, 1a7,

1102 SPEED
TP
INLEY EXIY
7. 181,
33. 59,
89,8 79,6
323, 323,
317. 307,
0,327 6,513
TP
INLETY  EXIY
92. 181,
“13. 62,
79.6 68,6
323%. 301,
307, 2%,
0,201 0,524
175, 177,
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Table 13(a).

PIINT NO, 3046

STATQOR |

VELNCITY

FLOW AMGLE
STATIC PRESSURE
TOVAL TEwP,
STATIC TEwP,

MACH RUMRBRER

ROTOR 1

RELATIVE VEL.
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEmp,
STATIC TEWP,
REL, MACH NO,

WHEEL VELRCYITyY

-«

L 1]

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 110% Speed (Comtimmed).

(m/SEC)
(DFGRFES)
(XKN/sMn2)

(DEG. KELVIMN)
(DEG. KFLVIN)

(»/SEC)
(CFGREES)
(Kn/Mn2)

(DEG, KELVIN)
(DEG, XKELVIMN)

(»7SEC)

HUR
INLET  EXIT
02, 3a6.
2, (Y.
232.5 159.0
a3, a23.
ao03, 364,
6,501 0,904
HUB
INLET  EXIT
232, 269,
52, S8,
159,0 148,2
a23, 374,
364, k31
0,605 0,710
125, 125.

PITCH
INLET  EXTTV
202, 322,
20, 63,
232,5 171,6
a23,  e23,
a3, 372,
0.501 0,835
PITCH
IMEY  EXIT
1972, 211,
48, 61,
171.6 150,0
a23, 373,
372, 359,
0.508 0.v35
137, 139,

3122 SPEED
e
IMLEY  EXIY
202. 303,
20, 62,
232,5 163 .9
A23. 823,
803, 38,
0,501 0,778

INLEY
172.
a1,

. 181,49

423,
378,
0,839

150,

EXIY

213,
o8,
150,08
372,
361,
0,720

154,
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Table 13(a). HLFT-IVA 3-Stage LP Tr.rbine Flow Diagrass, 110% Speed (Continued).

POINT NU, 304e

STATAR 2

VELOCITY

FLOW ANGLE
STATIC PRFSSURE
TOTAL TEwP,

STATIC TEMP,

‘MACH NUMRER

ROTOR 2

RELATIVF VEL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TENP,
STATIC TFMP,
REL, MACH NO,

WHEEL VELNCITY

«a’s

..

b L]

]

.t

L1}

(M/SEC)H
(DFGREES)
(Kny/4212)

(DEG, KELVIN)

(DEG, KELVIN)

(M/SEC)
(DFGRFES)
(KN/Mn2)

(DEG, KELVIN)

(DEG. KELVIN)

(»/SEQ)

B & st

Hys
INLET EXIT
168, 285,

38, 5.
148,6 110,48
373, 373,
359, 333,
0,400 0,778

HUB
INLET  EXTT
177, 205,

so, S6.
110,4  104d,.6
373, 337,
333, 329,
0,482 0,564
124, 123,

PITCH
INLEY  EXIY
155. 256,

39, 63,
150,0 120,1
3713, 373,
359, 341,
0,407 0,692

PITCH
INLET  EXIT
136, 214,

37. 59,
120,1 105,1
373. 336,
341, 329,
0.367 0,589
144, 1as,

1102 SPEED
1P
INLET  EXIY
1a2. 23s,
40, 61,
1S3.6 127.1
373, 373,
363, 34¢6,
0,370 0,630
e
INLET EXIT
‘1124 22a,
2t. 67,
127.1 104,9
373. 33s,
346, 330,
0,299 0,618
164, 168,
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Table 13(2).

POINT RO, 3046

STATOR 3

VELOCITY
FLOW ANGLE
STATIC PRESSURE
TOTAL TEmp,
STATIC TEMP,

MACH NUMBER

ROTOR 3

RELATIVE VEL.
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEwWp,
STATIC TEMP,
REL, MACH NO,

WHEEL VELOCITY

- L1} ' -8 0 -

Kt

« - -/ «/!

e

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 110% Speed (Continued).

(M/SEC)
(DEGREES)
(KN/Mn2)

~(DEG, KELVINY
(DEG, KELVIN)

(»/SEC)
(DEGREES)
(KnsVT2)

(DEG, KELyINY

(DEG. KELVIN)

(r78¢C)

HUB
INLET EXIT
1€, 192,
24, SR,
104,9 94,5
336, 336,
329, 318,
0.328 0,536
HUB
INLET  EXIT
108, 129,
25. at.
90,5 87.7
336, 321,
318, 316,
0,302 0,363
119, 118,

PITCH
INLET  EXTT
111, 167,

20. S6.
195.1 95,1
336,  336.
329, 322,
0,305 0,862

PITCH

INLET  EXTT
92.  1ae,
-6, a7,
95,1 88,2

336, 323,

322, 317,

0,253 0,391

147. 187,

1102 SPEED
Tie
INLET  EXIT
92, 153,
2a. 59,
107.1 98,0
336. 336,
332.  32a,
0,250 0,823
TIe
INLET  EXIT
89. 155,
=31, 63,
98.0 88,5
336. 322,
32a, 318,
0,208 0,832
175. 177,
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Table 13(a).

POTMT NO. 2046

STATOR |

VELOCTITY

FLOW ANGLF

STATIC PRESSURF

TOTAL TEMP,
STATIC TFMP,

MACH NUMBRER
ROTOR §

RELATIVE vEL,

REL, FLOW ANGLF

STATIC PRESSURFE

TOTAL TEmp,
STATIC Tewp,
REL, MACH NQO,

WHFEL VELNCITY

-e

-«

14

-e

e

L 1)

-

-

-

L 1)

-

L]

(M/7SEC)
(DFGREES)
(Kn/7MB2)

(DFG, KgLVIN)

(DEG.'kELVIN)

(v/SEC)
(DFGREES)
(Kn/Mn2y

(DEG, KELVIN)

(DEG. KELVIN)

(»/SEC)Y

INLEY

176,

6,436

INLEY
165,
a8,
196 .8
a3,
386,
0,418

125,

HU8
ExXIY

275,
64,
196,.8
423,
386.
0,699
HUB
EXIT
204,
1
186.5
388,
381.
0,521

12%.

PITCH
INLET  EXIT
i%, 256,

20, 63,
242,2 206,1!
423, az23,
a0\, 391,
0.436 0,648

PITCH
INLET  EXIT
139, 210,

39, o1,
2)6.1 187,0
423, 388,
391, 381,
0,389 0,537
137, 139,

11

INLET
176,
20,
282,2
az3,
408,

0,436

INLET
119,
30.
213.5
a3,
394,
0,298

150,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 110% Speed (Continued).

02 SPEED
e
EX1Y
241,
62,
213,5
a23,
394,
0,606
TIP
(2941
21s,
65,
187,0
387,
182,
0,550
154,
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Table 13(a).

POINT LU, 204¢

STATOR 2

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEmp,
STATIC TFMP,

MACH NUMRER
ROTOR 2

RELATIVE vVEL,
REL, FLOW ANGLFE
STATIC PRESSURF
TOTAL TEmp,
STATIC TFMmP,
REL, MACH NO,

WHEEL VELNCITyY

L)

L]

-’

L ]

-

-’

L1J

e

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 110% Speed (Continued).

(m/SEC)
(DEGREES)
(KN/MB2)

(DEG, KELVIN)
(DEG, KELVIN)

(M/SECD)
(DFGREES)
(KN/MD2)

(DEG, KELVIN)

(DEG, KELVIN)

(#/8EC)

HUB
INLEY EXIT
112, 204,

eS. 66,
1873 159.4
387, 387.
381, 367.
0,285 0,533

HUB
INLET  EXIT
102, 139,

38, Sé.
159,.4 152.7
387, 366.
367, 363,
0,265 0,363
124, 123,

PITCH
INLET  EXTY
108, - 18a,

2s. 63,
187,0 165,9
387, 387,
381, 371,
0.266 0,877

PITCH

INLET  EXITV
82. 151,
12. 59,

165,9 153,0

387, 367,

371, 364,

0,212 0,395
144, 145,

110% SPEED
1P
INLET  EXIT
93, 170,
25. 61,
189.6 170,3
87, 387,
383, 373,
0,237 0,438
1P
INLET  EXIT
79.  1ea,
13, 69,
170.8  152,8
387, 367,
373, 365,
0,203 0,829
16a, 168,

S s TN s
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Table 13(a).

POINT NQ, 204¢
STATOR 3

VELOCITY

FLOW ANGLF
STATIC PRESSURF
TOTAL TEWMP,
STATIC TEMP,

MACH NUMBER
ROTOR 3

RELATIVE VL,
QEL.-FLOW ANGLE
STATIC PRESSURF
TOTAL TEwmP,
STATIC TEMP,
REL, MACH NO,

WHEEL VELOCITY

-

L1]

-e

“s

-

-8

-

-e

(m/SEC)
(DEGREES)
(KN/MR2)Y

(DEG, KELVIN)

(DEG, KFLvIN)

(M/SEC)H
(DEGREES)
(Kn/Mn2y

LOFEG, KELVIN)

(DEG, KELVIN)

(m/S8EC)H

U8
INLEY

75,
-7,
1545
367,
364,
0,19%
HUB
INLET

65,

-7,
142.4
367,
359,
0,170

11,

EXIT
129,
60,
142 .4
367.
1S9,

0.339

EXTIT
96.
a3,

138,2

361,

357.

0,252

116,

PITCH
TNLET EXIT
177, 110,
=13, Sé.
153,0 145,1
367. 367,
364, 361,
0,200 0,289
PITCHK
THLET EXIT
83, 88,
43, a7,
145,.1 140,3
367, 366,
361, 361,
0,218 0.23¢
147, 147,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 110% Speed (Concluded).

1102 SPFED

INLEY
60:
=16.
153.6
367.
366,

0,15%

INLET
101,
59,
146 .8
367,
362,
0.264

17S.

EX1Y

106,
S9,
196,8
367,
362,
0,277

EXITY
93,
60,

182,0

369,

363,

0,242

177,
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POINT 0. $242

- STATOR 1

VELOCITY

FLOW AMGLE

STATIC PRESSURE

TOTAL TEmP,
STATIC TEwmP,

MACH NUMBER

ROTOR 1§

RELATIVE VEL,
REL, FLOW ANGL

Table 13(b).

«°! e ., W 1)

-9

F

STATIC PRESSURE H

TOTAL TEMP,
STATIC TEWP,
REL, MACH N0,

WHEEL SELNCITY

«|¥

we

(»2/SEC)H
(DEGREES)
(KN/MD2)

(DEG, KELyIM)
(DEG, KELVIN)

(M/SEC)H
(DFGREES)
(XN/MD2)

(DEG, KELviN)
(DEG, KELVIN)

(v/78EC)

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed.

HUB

INLEY  EXIT
208, 396,

20, 63,
229.7 131.5
a23, 423,
qo2, 346,
0,519 1,063
INLET  EXIT
299, 317,
55, 58,
131,5  123.5
423, 36,
346, 343,
0,774 0,857
113, 114,

PITCH
INLEY  EXIT
208, 369,
20, 63,
229,7 186,1
a23, 423,
492, 356,
0,519 0,977

PITCH
INLET  EXIT

. 250,  31a,
53, o1,
16,1 127,2
423,  3ee,
356, 344,
0.656 0,848
125, 127,

100X SPEED
1IP
INLEY EXIY
208, 347,
20. 62,
229.7 158,1
q23. 423,
ao02. 304,
9,518 0,908
e
INLEY  EXTY
221, 313,
a8, o4,
158.1 129,1
a23, 364,
364, 345,
0.,57¢ 0,842
137, 140,
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Table 13(b).

POINY NO, S2u)

STATNR 2

VELOCITY

FLOW ANGLE
STATIC PRESSURF
TOTAL TEMp,
STATIC TEmP,

MACH NUMARFR

ROTOR 2

RELATIVE vEL,
REL, FLDOW ANGLF
STATIC PRESSURF
TOTAL TEwMP,
STATIC TgwmP,
REL. MACH NO,

WHEEL VELOCITY

-e

we

-

[
¥

;

-e

(M/SEC)
(CFGREES)
(Kn/sNn2)y

(DEG, KELVIN)

(DEG, XELVIN)

(m/SEC)H
(DFGREES)
(Kp/Mn2)

(DEG, KELVIN)

(DEG. KELVIN)

(»/SEC)

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed (Continued).

HUB
INLFY  EXIY
219, 367.
as, 63,
123.5 74.3
366, 366.
343, 299,
0,589 1,058
HUB
INLET  FXIT
266, 290,
54, Sé.
74,3 68,9
366, 317,
299, 296,
0.765 0.R43
113, 112,

PITCH
INLEY EXIT
203, 330,

a7, 63,
127,2 86,6
366, 366,
344, 312,
0,544 0,932

PITCH
INLEYT  EXIT
212. 289,

49, ‘59,

86,6 71.3
366, 315,
312, 298,
0,595 0,839
131, 132,

1002 SPEED
TP
INLET  EXIT
187. 302,
as, 61,
133,.5 95,8
366. 306,
349, 321,
0,298 0,841

.INLET
175.
40,

95.8
366,
321.

0,485

149,

EXIT
291,
6S,
72,2
312,
e99,
0.84a1

152,
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Table 13(b).

POINTY NO, S242

STATOR 3

VFLOCITY

FLOW ANGLF
STATIC PRESSURE
TOTAL TEmP,
STATIC TFWMP,

MACH NUMBER

-

ROTOR 3

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURE
TOTAL TEmp,
STATI. TEwWP,
REL, MACH NO,

WHEEL VELOCTTyY

(o]

..

e

e

-

-8

o8

(M/SEL)
(DFGREES)
(KN/M2)

(DEG, KELVIN)

(DEG, KELVIN)

(~/SEC)H
{DEGRFES)
(KnsMn2)y

(DFG. KELVIN)

(DEG,. KELVIN)

(+ 7SEC)

HUB
INLET

200,
a1,
68,3

315,

295,

0,579

HUB

INLEY

188,
a0,
54,5

315,

278,

0.562

108,

EXtY
271,
57.
54.5
31S.
278,

0,809

EXIY
191,
ao,
53.4
289,
278,
0,569

107,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed (Continued).

PITCH
INLET EXLV
181, 236,

39, 56.

71.3 61,0
315, 31S,
298, 287,
0,522 0,695

PITCH
INLEY EXIT
142, 203,

26, as,
61,0 53.5
315, 283,
287, 217,
0.416 0,608
13a, 13a,

1002 SPEED
18 (o
INLET  EXIT
158, 213,
aa, 59,
75.3 65,2
315. 315,
302, 292,
0,453 0,620
e
INLET  EXIT
107, 211,
12. 61,
65,2 53,5
315,  28a,
292, 2771,
0,512 0,629
159, 161,
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Table 13(b).

POTNTY N}, 404

STATOK 1

VELOCITY

FLOW ANGLF
STATIC PRFSSURF
TOTAL TEwmp,
STATIC TEwmP,

MACH NUMRER

ROTOR 1

RELATIVE VFL,
REL, FLOW ANGLE
STATTC PRESSURE
TOTAL TEMp,
STATIC TFMP,
REL, MACH NO,

WHEFL VELOCITY

L 1) “e - b1}

..

*e

L1

»e

»e

(m/SEC)H
(DEGREES)
(KN/Mn12)

(DEG. KELVIN)
(DEG, KFLVIN)

(~/SEC)
(OFGREFS)
(KN/Mn2)

(DEG. KELVIN)

(DEG, KELVIN)

(»/8EC)

HUB
INLETY

208,
20,
229.9
823,
402,

0,518

FXTT
387,
63,
136.3
a23.
349,

1,034

HuBd

INLET
281,
5S.
136,.3
a3,
349
0,748

"3.

EXIT
3¢05.
S8,
129.5
370.
347,
0,820

114,

PITCH
INLEY EXIY
298, 361,

20, 63,
229,9 150,5
423, ;23.
402, 359,
0,518 0,952

PITCH
INLETY EXIT
242, 304,

52. 61,
150.5 132.8
823, 368,
359, 348,
0.6348 0.814a
125, 127,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed (Contimued).

100X SPEED

INLEY
208,
20,
229,.9
a23.
402.

0,517

INLETY
21a,
a8,
162,48
823,
366,
0.556
137.

EXIY

339,

62,
162,48
az23,
366,

0,885

EXTY
303,
oa,
13a8,6
367,
349,
0.810

140,
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Table 13(b).

POINT MO, a0gp

STATDR 2

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEwmP,
STATIC TFmP,

MACH NUMRER

ROTOR 2

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL Tewmp,
STATIC TEmP,
REL, MACH N{,

WHEEl VELRCITY

L 1] «/!K .o L1}

e «e L1] L 1] b 1] e

e

(»/SEC)
(DFGREES)
(KN/Vu2)

(DEG, KELVIN)
(DEG, KELVIN)

(M/SEC)H
(DFGREES)
(Kn/vn2)

(DEG, KELVIN)

(DEG. KELVIN)

(v/SECHY

HUB
INLEY

208,
aa,
129,5
368,
3a7,
0,557
HUB
TNLET
234,
sa,
87.4
368,
313,
0,658

FXIT
334,
64,
87.48
368,
313,
0,943

FXIY
249,

S6.

8a,2

326.
3t2.
0,703

112,

PITCH
INLET  EXIT
i93, 301,
ae, 63,
132,8 98,8
368, 368,
348, 323,
0.514  0.834
PITCH
INLET  EXIT
185,  2s2,
a7, s9,
98,8 85,8
368, 324,
323, 313,
0.510 0,733
131, 132,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed (Continued).

1002 SPEED
e
INLET  EXIV
178. 275,
a7. o1,
138,9 107,2
368, 368,
353, 331,
0.a71 0,755

INLEY
152.
36.
107,.2
368.
331,
9,313

149,

EXIY
257,
66,
86,2
322,
313,
0,724

15¢,
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Table 13(b).

POTHT NO, 4042

STATQR 3

VELOCTITY

FLOW AMGLE
STATIC PRFSSURE
TOTAL TEMP,
STATIC TEMP,

MACH NUMBER

ROTCR 3

RELATIVE vFL,
REL, FLOW ANGLF

STAYIC PRESSURE

TOTAL TEwP,

STATIC TEMP,
REL, MACH NO,

WHFEL VELOCITY

-e

[ 1] e

L 1)

e

a4

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed (Continued).

(M/7SEC)H
(DFGREES)
(Xn/Nu2)

(DEG, KELVIN)

(DEG, KELVIN)

(M/SEC)
(DEGREES)
(KN /M2y

(DEG,. KELVIN)
(DEG. KELVIN)

(»/SEC)

INLET
162,
36,
84,0
324,
311,

0,456

INLEY
129,
36,
70,5
324,
298,
0,430

108,

EXIT

230,

Se.

70.5
324,
298,

0,665

EXIT

157.
at.
69,2

304,

297.

0,452

ic7.

PITCH
TRLEY  EXTY
118, 201,

3a, Sé.
85.8 76,2
32a, 324,
313, 304,
0,817 0,573

PITCH
INLET  EXIT
11a, 170,

16, q6,
76,2 69,2
324, 304,
30a, 297,
0,324 0.49
134, 13a,

1002 SPEED

INLEY
128,
39,
89.0
32s,
316.
0,357

INLEY
96,
olly
79.8

32a,

308,

0,256

159,

EXIY

182,
59,
79,8

324,

308,

0,516

Ex1Y

179,
62,
69,3

301,

297,

0,518

161,

L1 9 ——
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Table 13(b). HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed (Coatinued).

POINT NO, 3042
STATOR 1

VELOCITY
FLNW ANGLE
STATIC PRESSURE
TOTAL TEMp,
STATIC TEwP,

MACH NUMBFR
ROTOR 1

RELATIVE VEL.
REL, FLOW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TEMP,
REL, MACH NO.

WHFEL VELNCITY

L)

L1

«e

L]

as

as

-e

(»/SEC)
(DFGREES)
(KN /M2y

(DEG, XKELVIN)
- (DEG, KELVIN)

(;ISEC)
(DFGREES)
(Kkn/Mm2)

(DEG. KELVIM)

(DEG, KELVIN)

(»/SEC)H

HUB
INLET  EXIT
206, 36S.
20, 63.
230,9 taa,t
a23, a23,
ag2, 357,
0,512 0,966
HUB
INLET  EXTT
261, 281,
55, se,
188,1 142.6
223, 374,
357, 356.
0,685 0,746
113, 114,

PLIICH
INLET  EXIT
206,  3a1.

D, 63,
230.9  161.5
423, 423,
802, 366,
0,512 0,890 ‘

PITCH"
INLET XTIV
22ea, 282,

S51. 61,
161,5 145,3
a23. 373,
366, 357,
0,561 0,745
t12s, 127,

100X SPEED
TP
INLEY EXIT
206. 320,
20, 62,
230.9 172,6
823, 423,
q02. 372,
0,511 0,829
e
INLEY  EXIY
197, 282,
a6, oa,
172.6  186,6
823, 372,
372. 358,
0,507 0,785
137, 140,
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Table 13(b).

POTNT NO, 3047
STATOR 2

VELOCITY
FLOW ANGLE
STATIC PRESSURE
TOTAL TEWP,
STATIC TEWP,

MACH NUMBER
ROYOR 4

RELATIVE VEL,
REL, FLUW ANGLF
STATIC PRESSURE
TOTAL Tgwmp,
STATIC TeMmP,
REL, MACH NG,

WHFEL VELOCITY

e

L 13

R

e

b ]

(M/SEC)
(DEGREES)
(kN/VT2)

(DEG, KELVIN)
(DEG, KELVIN)

.(n/§EC)
(DFGREES)
(Kn/MnQ)

(DEG, KELVIM)
(DEG, KELVIN)

(»/SEC)

ki el

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed (Contimued).

HUB
INLET  EXTT
186, 295,
a2, 6S.
182,8  106,6
373, 373,
356, 330,
0,491 0,810
HUB
INLETY Fu1T
195, 211,
s2, Sé.
106,6 103.3
3713, 337,
330, 328,
0.535 0,581
113, 112,

PITCH
TRLEY EXIY
172, 265,

a3, 63,
185,3 116,06
373, 373,
357. 338,
0,855 0,719

PITCH
TNLEY EXIY
153, 218,

2. Se,
116,6 10a,0
373, 337,
338, 329,
0.a812 0,601
131, 132,

100% SPEED
.TIP
INLEY  EXIT
1508, aa3,
aS, ot,
150,6 1240
373%. 373,

" 361, 3aa,
0.816 0,653
TP
INLEY EXYY
124. aes,
29. 66,
123,0 10a,2
373, 335,
384, 329,
0,333 0,639
149, 152,



eyl

Table 13(b).

POINT N, 304
STATOR 3

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEmP,
STATIC TEwmpP,

MCH NUMRER
ROTOR 3

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEMP,
STATIC TEWP,
REL ., MACH MDD,

WHFEL VELQOCITY

L 1 J

«»

L 1

a8

(M/SEC)
(DEGREES)
(KN/Nr2)y

(DEG, KELVIN)
(DEG, KXELVIN)

(M/SEC)H
(DFGREES)
(KN/Vn2)

(PEG, KELVIM)

(DEG . KELVIN)

(¢ 3EC)

INLET
128,
30,
103,3
336,
328,
0,352

INLFY
116,
31,
30,2
336,
317,
0,323

108,

ExIt

195,
Se8.
90.2

336.

317,

0,544

EXIT

130,
a1.
88,3

321.

316.

0,364

107,

PITCH
TRLET  EXIV
119, 169,

27, S6.
10a,0 95,0
336, 336,
3é9, 322,
0.3é8 0.470

PITCH

TNLEY EXIY
93, 182,
a, a7,
95,0 88,5
336, 322,
322. 317,
0,256 0,396
13a, 134,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed (Comtinued).

1002 SPEED

IMZY
100,
32.
106.,6
336,
331,
0.27a

INLEY
82.
=21.
98,0
336,
324,
0,225

159,

Fxyy

15a,
59,
98,9

336,

32a,
0,827

EXIT

151,
63,
88,6

320,

7z,

0,823

161,
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Table 13(b).

PITNT NG, 2042
STATOR 1

VEICZCITY

Lhw ANGLF
STATIC PRESSURE
mnraL Temp,
STATIC TFmP,

MACH NUMRER
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURE
TOYAL TEMP,
STATIC TFwP,
REL . MACH NOQ,

HHFFL VELNCITY

<«

a

-«

L ]
L 4

..

(»/SEC)
(DFGREES)
(Kn/MR2)Y

(DEG, KELVIN)

(DEG. KELVIN)

(MISFC)
(DEGREES)
(KN/MT2)

(DEG, KELVIN)

(DEG, KELVIN)

(M/SED)

HUB
INLEY Fxty
186, 295.
20, 64,
238.8 186,1
423, az23,
406, 380.
0,460 8,756

HUB8
INLEY EXTY
193, 218,
s2, se.
186,1 179.5
az23, 387,
380, 377.
0,492 0,562

113, 114,

A 3 ¢

PITCH
INLEY  EXIY
186, 27%S,.

20, 63,
238,.8 19,3
q23, 823,
a0e, 386,
0,856 0,700

PITCH
INLET  EXIY
164, 222,

46, 61,
196,3 180,5
az23, 386,
386, 378,
0.314 0,572

125,

127,

HIFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed (Continued).

100% SPFED
TP
INLET  EXIT

186. 259,
20, 62,
238.8  208,5
a23, 423,
a06. 390,
0,459 0,654
TIe
INLET  EXTTV
181, 226,
39, 65,
208,5 180.8
823. 385,
390, 378,
0.356 0,580
137, 140,
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Table 13(b).

POINT NO_, 204D
STATOR 2

VELOCITY

FLOW ANGLF
STATIC PRFSSURE
TOTAL TEMP,
STATIC TEmP,

MACH NUMBER
ROTOR 2

RELATIVE VEL,
LEL, FLOW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TemP,
PEL.lMACH ND),

WHEEL VELCCITY

aoOn

e

as

L 1]

L 1)

(M/SEC)
(DFGREES)
(KN/MD2)

(DEG, KELVIN)
(DEG, KELVYIN)

(v/SEC)
(DFGREES)
(KnsNB2)

(DEG, KELVIM)
(DEG, KELVIN)

(MsSEC)

HUB
INLEY EXIT

129, 218,

34, 66,
1800 152.4
386, 386.
378, 363,
0,331 0,570

HuUB
TNLETY EXIT
12t 148,

as, Se.
1%:,.4 147 .4
386, 363.
363, 359,
0,317 0,389

113, 112,

PITCH
INLGT EXIT
120, 196,

3a, 63,
180,5 159,.6
386, 386,
378, 367,
0,308 0,510

PITCH

INLEY  EXIT
95, 159,
27, 59,
159,& 147,5

386, 364,

367, 361,
0.266 0,418
131, 132,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed (Continued).

1002 SPEED
TIP
INLEY EXIT
109, 180,
3S. o1,
183,9 164,6
386. 386,
380. 370,
0,278 0,867
TIP
INLEY  EXIY
81. 169,
Se 68,
164,6 1473
386, 363,
370, 361,
0,209 0,485
149, 152,
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Table 13(b). HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 100% Speed {Concluded).

PIINT MO, 204

STATOR 3

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TFmP,

MACH NUMBFR

ROTOR 3

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEMP,
STATIC TEmP,
REL, MACH NOD,

WHEEL VELOCIT™

-

w.

L1]

-

*
[ 4

-

e

(m/SEC)
(CEGREES)
(KN/M2)

(DEG. KELVIN)

(DEG, KELVIN)

T

(#/SEC)
(DEGREES)
(Kn/svn2)

(DEG. KELVIN)

(DEG, KELVIN)

(»7SECH

HUB
INLEY  FXIT
79, 136,
B, S9.
148,84 136,8
363, 363.
361, 354,
0,207 0,360
HUB
INLET  EXIT
69, 93,
8, a1,
136,8  133.6
363, 356,
354, 353,
0,181 0,247
108, 107,

PITCH
INLET  EXIT
78, 18,
3. 56,
147,5  139,9
363, 363,
le1, 357,
6.205 0,309
PITCH
INLET  EXIT
7s. %,
<30, az,
139,9  134,9
363, 361,
357,  3Se,
0.196 0,248
t3a, 134,

100% SPEED
TP
INLET  EXIT
61, 1",
a, S9,
188,6 131,7
363. 363,
362, 357,
0,158 0,290

INLET
86.
«S0,
181.7
363,
357,
.326

159,

EXIT
103,
62,
135,9
361,
357,
0,270

161,
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Table 13(c). HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed.

POTNT NO, K237

STATOK 1

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOYAL TEMp,
STATIC TFMP,

MACH NUMRER

ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURE
TOTAL TFMp,
STATIC TEmMP,
REL, MACH NO,

WHEEL VELOCITY

“«e

L 1]

L 1]

e

A 1)

LT3

b 1]

“e

(m/SEC)
(DEGREES)
(KN/MD2)

(DEG, KELyIN)

(DEC, KFLVIN)

(m/SEC)
(DscREés)
(Kn/Mu2)

(DEG, KELVIN) °

(DEG. KELYIMN)

(M/SEQ)Y

INLET
299,
20,
229.6
423,
402,

0,520

INLET
324,
6,
118,0
423,
336,
0,878

102,

Hug

HUB

by

FXIT
uct,
62.
118,0
423,
336.

1,147

284
329.
S8,

118,0

369,

339,
0,85%

103.

PITCH
IMET  EXIT
299, 393,
20, 62.
229,6  133,1
az23, 423,
402, 347,
0,520 1,053
PITCH
INLET  EXTIT
282, 324,
1 61,
133,11  122,6
423, 367,
347, 342,
0,789 0,878
113, 14,

Q0% SPEED

INLEY
209,
204
229,.6
423.
aoe.

6,519

INLEY
253,
52,
145,9
a3,
356,
0,661

tes.

EXIT
369,
62,
145,9
423,
356,

0.977

EXIT
321,
ea,
125,2
306,
3a3,
0,867

126,
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Table 13(c). HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Continued).

POTHT NO, S$237

STATNR 2

VELOCTITY

FLOW ANGLF
STATIC PRESSURF
TOTAL TEwmp,
STATIC TEMP,

MACH NUMRER

ROTOR 2

RELATIVE vEL,
REL, FLOW ANGLF
STATIC PRFSSURE
TOTAL TeEwmp,
STATIC TFwP,
REL, MACH ND,

WHFEL VELOCITY

we

A 1]

~e

-

-y

.
r

-
14

-

“a

(M/SECH
(DEGRFES)
(KN/MB2)

(VEG, KELVIN)

(DEG. KELVIN)

(m/SEC)
(DFGREES)
(Kn/Mu2)

(DEG, KELVIN)

(DEG. KELVIN)

(»/SEC)

HUR
INLFT EXTT
239, 380,

48, 63.
118,90 70.4
367, 367,
339, 296.
0,645 1,102
INLEY EXIT
288, 301,

56, S6.

70,4 67.3
367, 319,
296, 294,
0,833 0,878
102, 101,

PITCH
INLEYT  EXITY
2en, 342,

50, 62,
122.6 83,0
367, 367,
342, 309,
0,595 0,969

PITCH
INLET  EXIT
233, i,

52, s9,

83,0 70,5
307, 318,
309, 297,
0,656 0,863
118, 119,

90% SPEED
Te

INLEY EXTY
204, 312,
52. 61,
129.8 92,6
367, 367,
347, 319,
0,547 0,871

INLEY  EXIT
194, 29s,
a4, 65,
92.6 71,8
367. 310,
319, 299,
0,539 0,855
134, 137,



6v1

Table 13(c).

POTINT NO, S237

STATOR 3

VELOCITY

FLOW ANGLE
STAYIC PRESSURE
TOTAL TEwmp,
STATIC TFwmP,

MACH NUMRER

ROTOR 3

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEMP,
STATIC TewmP,
REL, MACH NO,

WHFEL VELOUITY

we L] - .. . 8

e «e e

-

(u/SEC)
(DFGREES)
(Kn/MT2)

(DEG, KELVIN)

(DEG, KELVYIN)

(M/SEC)
(DFGREFS)
(KN/Mn2)

(DEG, KELVIN)

(DEG, KELVINY

(m/7SEC)

HUB
INLEY

17,
a3,
66,9

318,

29a,

0,633

HUB

INLET
198,
42,
S5.5
318,
280,
0.592

97

2841
27a.
Sé.
" 55.5
318,
280,

0,818

EXTT
193,
ao.
55.1
294,
282,
0,574

97,

PITCH
INLET  EXIT
1%, 239,

a3, Se,.

70,5 62,0
318, 318,
297, 289,
0.569 0,701

PITCH
INLEY  EXIT
150, 204,

30, 46,

62,0 55,2
318. 292,
28¢e, 281,
0,440 0,609
120, 121,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Continued).

R

90X SPEED

INLEY
173.
a8,
7S5.0
318,
303.

0,496

INLET

- 113,

19.

66,2
318,
29S.
0,328

143,

EXIT
213,
S9,
66,2
318,
a9s,

0,620

EXIT
208,
60,
55,3
288,
281,
0,619

185,



0¢t

POTHT NO,

STATOR 1

Table 13(c).

403y

VELOCITY

FLAW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TewmpP,

MACH NUMBRER

ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURE
TOTAL TEMP,
STATIC TEWP,
REL, MACH NO,

WHEEL VELNOCITy

«e

-

<

..

a[s

-e

e

(M/7SEC)
(DEGREES)
(kKr/Mu2)

(DEG, KELyIN)

(DEG, KELVIN)

(m/SE0)
(DEGREES)
(KM/MT2)

(DEG, KELVIN)

(DEG, KELVIN)

{(n/SEC)

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Continued).

HUB
INLET  Fx1V
209, 417,
2, 62,
229,6 119.6
423, az3,
age, 337.
0,520 1,136
INLET  EXIT
321, 324,
56, 58.
119,6 120.4
423, 370,
337, 341,
6,867 0,879
102, 103,

PITCH
INLEY  EXTT
209, 390,
20, 62.
229,6 134,8
az23, 423,
a02, 3a8,
0,520 1,043

PITCH
INLET  FXYT
279, 320,

Ss. 61,
134,8 124,9
423, 368,
348, 3aa,
0.740 0.864
113, 114,

QUX SPEED
TIP
INLEY  EX]IT
209, 306,
20, 62,
229.6 147.5
423, q23,
q02. 357,
0,519 0,968

INLEY
250,
St.
147,5
az23.
357.
0.656

123,

EXIT
317,
6a,
127.5
366,
335,
0,855

126,

Jubidhas
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Table 13(c).

POINT NO, 4037

STATOR 2

VELOCITY

FLOW ANGLF
STATIC PRESSURE
TOTAL TEmp,
STATIC TEwP,

MACH NUMBER

ROTOE 2

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURF
TOTAL TEMP,
STATIC TEMP,
REL, MACH NO,

WHEEL VELNDCITY

-0

-e

-

.
[ 4

(M/SEC)
(DFGREES)
(Kn/Ma2)

- (DEG, KELVIN)

(DFG. KELVIN)

(»7SEC)H
(DFGREES)
(KN/¥n2)

{DEG, KELyIN)
(DEG, KELyIN)

(v/7SEC)

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Continued).

HUR
INLET  EXIT
234, 356,
a8, 63,
120,4 79.0
368, 368,
3a1, 306,
0,631 1,017
HUR
INLFY FXIT
264, 261.
Seé, Sé.
79,0 79.8
368, 326,
306, 308,
0,753 0,743
to2, 101,

PITCH
INLET  EXIY
217, 320,

49, 63,
124,.9 ¥t.0
368, 368,
348, 317,
0.582 0,896

PITCH
INLET  EXIT
213,  2e2,-

51, 59,

9.9 82.0
368, 324,
317, 310,
0,592 0,744
18, 119,

902 SPEED
TIpP

INLETY EXIY
200, 292,
Sti. 61,
132.0 100,0
368, 308,
3a8, 326,
0,535 0,807

INLEY
176
q2.
100,0
368.
326.
0,483

134,

EXIT
263,
65,
82,9
322,
3,
0.7a5
137,
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Table 13(c).

POINT NO, 4037

STATOR 3

VELOCITY
FLOW ANGLF
STATIC PRESSURE
TOTAL TEwP,
STATIC TEMP,

MACH NUMBER

ROTOR 3

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEWP,
STATIC TewP,
REL, MACH NO,

WHEEL VELOCITY

-«

L 1]

L 1]

e

-

(M/SEC)
(DFGREES)
(Kn/Mu2)

(DEG, KELVIN)

(DEG, KELVIN)

(»/SEC)
(DFGREFS)
(KN/M2)

(DEG, KELVIN)

(DEG, KELVYIN)Y

{M/SECD)

e 1 TR

HUB
INLET

180,
al,
79.3

324,

308,

0,512

HUB

INLEY

162,

40,
68,0

324,

296

0,470

97

EXIT
237,
s7.
68,0
324.
296,

0,687

EXIY
160,
a1,
67.6
304,
297,
0.a63

97.

PITCH
THLETY EXIY
te04. 207,

ao, 56,

82,0 73,8
-32a, 324,
310, 303,
0,865 0.592

PITCH
INLEY EX1Y
123, i7a,

24, 4%, .
73,8 67,6
32a, 304,
303, 2%,
0.351 0,502
120, 121,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Contimued).

902 SPEED

INLEY
144,
as.
85,6
324a.
314,

0,404

INLEY
93,
9.

77,5
32a,
307.

6,265

143,

EXITY

186,
59,
7.5

3ea,

307,

0,529

EXIV
180,
02,
67,6
301,
2%,
0.522

1as,
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Table 13(c).

POTMT NO, 3037

STATOR 1

VELOCITY

FLNW ANGLF
STATIC PRESSURF
TOTAL TEwp,
STATIC TemP,

MACH NUMRER

RATOR 1

RELATIVE VvEL,
REL, FLCW ANGLE
STATIC PRESSURF
TOTAL Tewmp,
STATIC TEmP,
REL, MACH NO,

WHEEL VELGCITyY

.. .. «s ww | ws

L)

“.e

< e L 1] L 1)

(m/SEC)

(0 “GREES)
{(Kn/sva2)y
(DEG, KELVIN)
(DEG, KELVIN)

(M/SEC)
(DEGREES)
(KN/¥u2)

(DEG, KELVIN)

(DES, KELVIN)

(m/SEC)

HUB
INLEY

208,
' 20,
230,0
823,
age,
0,517
nUB
INLEY
287,
56,
138,4

a3,

(234

3813,
63.
138,.4

4923,
3St.
1,022

EXEY
289,
S8,
140.0
376,
354,
0,766

103.

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Contimued).

PITCH
INLET  EXIT
208, 357,

20, 63,
230,0 152,5
223, 423,
a%2,  3e0,
0.517 0.981

PITCH
INLET  EXIT
239, 287,

Sqa. o1,
152,5 143,43
n23,  37a,
360, 356,
0.651 0.761
113, 114,

90% SPEED
TP
INLET  EXIYV
208. 336,
2. 62,
230.0 16a,1
a23.  &23,
a02, 367,
0.517 C.875

INLETY
221,
S0.
164,1
823.
367.
0,573
123.

EXIY
28s,
ea,
185,3
373,
357,
0,756

126,
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Table 13(c).

POINT MO, 3037

STATAR 2

VELOCITY

FLOW AMGLE
STATIC PRESSURE
TOTAL TEMmP,
STATIC TEwP,

MACH NUMRER
ROTOR 2
RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURF
TOTAL TEMP,
STATIC TEwmP,
REL. MACH NO,

WHEEL VELOCITY

-
[ 4

.

-

(M/SEC)
(DEGREES)
(KN/MT2)

(DEG, KELVIN)

(DEG, KELVIN)

(M/SEC)
(DFGREES)
(KN/MD2)

(DEG. KELVIN)

(DEG. XELVIN)

(»/SEC)

o

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Coutimued).

o
HuUB
INLET  EXIV
200, 295,
as, 6S.
139.9 07,7
374, 374,
354, 334,
0,530 0,810
HisR
INLET  EXIT
205, 208,
sa, 56.
107,7  107.1
374, 301,
331, 332,
0,560 0,569
102, 101,

PITCH
INLEY EXTITY
186, 26%,

a7, 63,
143,48 118,0
37a, 378,
356, 339,
0,892 0,719

PITCH
TNLEY EXIVY
162, 213,

6. 59,
116.0 108,2
374, 39y,
339, 333,
0.a37 9,584
118, 119,

902 SPEED
e
INLEY  EXIY
172, 2a3,
a9, 61,
19,8 125,3
374, 37a,
359, 345,
o.nsé 0,652
TIe
INLET  EXIT
132. 218,
3S. 66,
125.3 108.8
374, 339,
345, 333,
0,353 0,597
13a, 137,

i e MRS A s AN

%
T



Table 13(c). HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Continued).

90X SPEED

POINT NO, 3637

STATOR 3 PITCH

INLEY Exty TNLEY EX1Y INLEY EXITY
VELOCITY : (M/SEC) 131, 189, 122, 16a, 104, 189,
FLOW ANGLE ¢  (DFGREES) 3a, 58, 31. Sé. 37. 59,
STATIC PRESSURF 3  (KN/MnD2) 107,.0 95,0 108,2 100,3 110.8 103.,2
TOTAL TEmP, 3 (DEG. KELvIM) 3a1, 341, 321, 3a1, 3a1, a1,
STATIC TEwNP, s (DEG, KELVIM) 332, 323, 333, 327. 33S. 329,
MACH NUMBER ; 0,359 0,523 0.332 0.a53 0,281 0,409
ROTOR 3 PITCH T1P

INLET  FXIT INLET  EXIT INLET  EXIY
RELATIVE vFL, : (M/SEC) 116, 125, 9. 136, 76. 186,
REL, FLOW ANGLF 3  (DFGRFES) 3a, a1, 10, a7, -13, o3,
STATIC PRESSURE 3  (KN/MD2) 95,6 94,3 100,3 9,4 103.2 9a,5
TOTAL TEwP, ; (DEG, KELvVIN) 341, 327, 341, 327, 3a1, 325,
STATIC TEwmP, ; (DFG, KELVIN) 323, 322. 327, 322, 329. 323,
REL, MACH NO, ; 0,322 0,336 . 0,250 0,378 0,208 0,403

E WHEEL VELOCITY : (M/SEC)Y 97, 97. 120, 121, 183, 185,
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Table 13(c).

POINTY ND, 2037
STATNR 1}

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEwP,
STATIC TFWMP,

MACH NUMRER
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLE
STAYTIC PRESSURF
TOTAL TEwP,
STATIC TemP,
REL, MACH NO,

WHEEL VELOCTITY

-

.

L 1]

-

e

HLFT-1IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Continued).

(»/SEC)
(DFGREES)
(kN/Mn2)

(DEG, XKELYIN)
(DEG. XELVIN)

(M/SEC)
(DFGREES)
(KN/Pn2)

(DEG, KELVIN)

(DEG, KELVIN)

(r2/SEC)

HUB
INLFY EXIY

186, 29%,

20, 64,
2388  186.1
azs3, 623,

a6, 380,

0,360 0,756

KUB
INLET  EXIT

2oi, 215,

5“0 Sa.
1861 183,3
az23, 3es,

380, 379,
0.519 0,552

102, 103,

PITCH
INLEY  EXIT
186. 21s,
20, 63,
238,8 19,3
a23, a23,

406, 38e,

0.8360 0,700
PITCH
INLEY EXIT

173, 218,
a9, o,
196,3 184,6
823, 388,
386, 380,

113, 118,

902 SPEED

e
INLET  EXIY

186, 259,

2, o2,
238,808 208,.S
a23. ag3,

Goo6. 390,

0,859 0,658
14 (4
INLET  EXTY
150, 221,
a3, 6S,
203,5 185,2
823, 388,
390, 381,
6,378 0,565
123, 126,

B Ro ity A e
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Table 13(c).

POYTNT NO, 2037
STATOR 2

VELOCTTY
FLOW ANGLE
STATIC PRESSURE
TOTAL TEwP,
STATIC TEWP,

MACH NUMBRER
ROTOR 2

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TEmP,
REL, MACH N©

WHFEL VELOCTTY

..

e

b4
[ 4

3
[ 4

(#/SEC)
(DEGREES)
(KN/Mu2)

(DEG, KELVIN)
(DEG. KELvVIN)

{(w/SEC)
(DFGREES)
(kN/PR2)

(DFG, KELVIN)
(DEG, KELVIN)

(»/SEC)Y

KUl
INLEY

133,
37,
183.6
388,
380,

0.3a0

HU8

INLET
124,
a8,
1591
388,
367,
0,321

102,

238
’°t1.
66.
159.1
k1.1
367,
0,551

EXIV
1a3.
Sé.
155.5
o8,
36S.
0,372

10,

PITICH
THLEY EXIT
12a, 190,

36. 63,
18a,6 166,0
388. 38a,
‘380, 371,
0,317 0,493

PITCH
INLEY EXIV
%%. 153,

32. S9,
166,0 155,7
38a, 308,
371, 365,
0,247 0,398
118, 119,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Contimued).

902 SPEED

INLEY
113.
a0,
188.1
3e08.
382.
0,208

INLEY
80,
12.

170.8

388,

373,

0,206

134,

(29484

178,
61,
170,8
388,
373,
0,451

EXIT

161,
68,
155,5
3o8,
366,
0,421

137,
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Table 13(c)

POINT NO, 2037

STATOR 3
VELOCITY H
FLOW ANGLF H

STATIC PRESSURE

“e

TOTAL TEwmp,

STATIC TEwmF,

MACH NUMRER

ROTOR 3

RELATIVE VEL,

1)

REL, FLGw ANGLF

L 1)

STATIC PRESSURE

TOTAL TEMP,

STATIC TFwmP,

-4

REL , MACH NO, H

WHEEL VELQCIVY

-h

. HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 90% Speed (Concluded).

(v/SEC)H
(DEGREES)
(KN/MD2)

(VEG, KELVIN)

(DEG, KELVIN)

(M/SEC)
(DFGREES)
(Kn/MER)

(DEG, KELVIN)
(DEG. KELVIN)

(m/SEC)H

HUB
INLET  EXIT
78, 129,
13, 59.
1561 145,.9
368, 568,
36S, 360,
0,202 0,340
HUB
INLET  EXIT
67, 87.
13, at,
145,9  143.2
368, 362,
360, 358.
6.174 0,229
97, 97,

PITCH
INLET  EXIT
76, 112,
9, Se,
155.7 148,8
368, 358,
365, 362,
0,197 0,293
PITCH
INLET  EXIT
68, 90,
-25, a7,
148,8 14a,2
368, 364,
362, 301,
0,177 0,236
120, 121,

90X SPEED
TP
INLET  EXIT
$9. 10s,
12, s9,
156,8 150,6
368, 368,
366, 363,
0.153 0,274
INLEY EXIY
76. 9,
87, 63,
150.6 185,0
368. 364,
363. 361,
0,197 0,259
133, 145,



val

Table

POTNT N}, 4029
STATOR 1t

VELOCTTY

FLOW ANGLF
STATYIC PRESSURF
TOTAL TEMP, |
STATIC TFmP,

MACH NUMBRER
ROTOR 1

RELATIVE vFL,
REL, FLOUW ANGLE
STATIC PRESSURF
TOTAL TEmP,
STATIC TewmpP,
REL. MACH NGO,

WHEEL VELOCITY

L] «s < me

as L 1) -

“«

13(d).

(M/SEC)
(DOEGREES)
(KN/¥n2)

(DEG_ "'KELVIN)

(DEG, KELVIN)

(M/SEC)
(DFGREES)
(Kn/sva2y

(DEG, KELVIN)

(DEG, KELVIN)

(M/78e0)y

. 20

INLEY
209,
229,6
423,
a02,

0,520

INLET
a4,
Sé,
85,4
423,
307,
1,142

79,

EXIT

48a,
SS.
35.4
423,
307,
1,378

EXTT
363,
58.
105,3
374,
331,
0.998

RO,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 70% Speed.

PITCH

INLETY EXIT
209, as3,
20, 61,
229,6 101,0
423, 423,
492, 322,
0,520 1,261
PITCH
INLEY EXIT
357, 349,
SA, 61,
101,0 112.3
423, 372,
322. 336,
0.980 0,955
88, 89,

70% SPEED

INLEY
209,
20,
229.6
az23,
802,
0,519

INLEY
330,
Sé.

114.8

EXTY
az27,

61,

11,8

423,
333,
1,167

EXITV
3a0,
64,
116,08
370,
333,
0,925

98,
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Table 13(d).

POINY kO, 4029

STATOR 2

VELOCITY
FLOW ANGLE
STATIC PRESSURF
TOTAL TEwp,
STATIC TEmP,

MACH NUMBER

ROTOR 2

RELATIVE VFL,
REl, FLOW ANGLF
STATIC PRESSURE
TGTIL TEMP,
STATIC TFMP,
REL, MACH NO,

WHFEL VELQCTITY

e

L 1)

L1

-8

-y

we

(v/7SED)H
(CFGREES)
(Kn/Ma2)

(DEG, KELyIN)

(DEG, KELVIN)

(»/SECH
{DFGREES)
(KN/MD2)

(DEG, KELVIN)

(DEG, KELVIN)

(M/SEC)H

HUB
THNLET

287,
52,
105,1
372,
331,
0,786
HUB
INLET
333,
S8,
63,1
372,
290,
0,974

79,

EXIT
an7.,
62.
63,1
372.
290,

1,192

EXIT
282,
57.
75.3
333,
308,
0,801

79.

PITCH
THLET EXTIT
204, 365,

54, 62,
112,3 16,2
372. 372,
336. 306,
0.718 1.042

PITCH
INLEY EX1T
276, 275,

56, S9,

76,2 78,9
372. 331,
396, 311,
0,782 0,778

92. 93,

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 70% Speed (Continued).

702 SPEED

INLEY
24S.
57.
121,14
372.
342.
0,659

INLET
23S.
St.
86.4
372,
317.
0,654

104,

2981

332,
ot,
86,4

372,

317,

0,930

EXIT
270,
6S,
80,8
329,
313,
0,763

107,
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Table 13(d).

POTNT NI, 4029

STATOR 3

VELOCITY

FLOW ANGLE
STAYIC PRESSURF
TOVAL TEmp,
STATIC TewmP,

MACH NUMBRER

ROTOR 3

REI ATIVE vFL,

REL, FLOW ANGLE

- STATIC PRFSSUpPF

TOTAL TEwmp,
STATIC TEMP,
REL, MACH Np,

WHEEL VELOCITY

..

e

L 1]

e

“e

e

L 1)

(M/SEC)
(DEGREES)
(KN/ME2)

(VEG, KELyIN)

(DEG, KFLVIN)

(m/SEC)H
(DFGREES)
(Kn/Mn2)

(DEG,_ KELVIN)

(DEG, KFLYIN)

(»/SFCH

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 70% Speed (Continued).

HUB
INLET  EXIT
215, 2a3.
a7, S7.
74,6 68.4
331, 331,
308, 304,
0,691 0,696
INLET  FXIT
182, 160,
46, a1,
68,4 69,7
331, 314,
304, 306,
0.522 0,456
76, 75.

PITCH
INLETY EXIT
19a, 21,

a7. Se,
78,9 74,4
334, 33%,
311, 309,
0,548 0,598

P1TCH
THLEY EXIT
139, 173,

3s. 46,
7a,a 69,9
33%t, 312,
309, 304,
0,395 0,495
94, 94,

70% SPEED
TIP
INLEY  EXIT
173, 186,
s3, 59,
83.5 78,2
331, 331,
316, 313,
0.383 0,524
TIP
INLET  EXIT
104, 173,
27, 61,
78.2 70,0
331, 309,
313, 305,
0,290 0,493
112, 113,
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Table 13(d). HLFT-1IVA 3-Stage LP Turbine Flow Diagrams, 70% Speed (Continued).

70% SPEED

POINTY &0, 3029

STATOR 1 HUB PITCH

INLET  EXIV INLET  EXTY INLEY  EXIT
VELOCTTY ; (»/SEC)H 209, 467, 209, 436, 209, ajo,
FLOW ANGLF H (DEGREES) 20, 60, 20, 61, 20, 62,
STATIC PRESSURF ¥  (KN/Mr2) 229.6 94,1 229,6 109,7 229,6 123,5
TOVAL TEwmp, 3 (DEG, KELVIN) 423, a3, 423, 423, 423, a3,
STATIC TEwMP, : (DEG, KELVINY 402, 316, a02, 329, a02, 3139,
MACH NUMBER ; . 0,520 1,312 0,520 1,201 0,519 1,112
ROTOR 1 HUB PITCH

INLET  EXIT INLET  EXTT INLET  EXIY
RELATIVE VEL, ; (M/SFC) 387, 331. 342, 321, 314, 31a,
REL, FLOW ANGLF 3  (DEGREES) 57, 58, Sa, 61, S6. oa,
STATIC PRESSURE & (Kn/MR2) 94,1  119.4 109,7 125.3 123,5 128,9
TovaL Tewmp, ; (DEG, KELVIN) 423, 377. n2s3, 37s. 423, 373,
STATIC TFMP, : (DFG, KELVINY 316, 343, 329, 346, 339, 348,
REL. MACH NO. ;o 1.081 0,896 0.931 0,865 0,843 0,48
WHFEL VELCCITY ; (v/SECH 79, £G. 88, 89, 96, 98,
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Table 13(d).

POTHMT N0, 3029

STATOR 2

VELOCITY

FLOW ANGLF
STATIC PRFSSURE
TOTAL TEMmP,
STATIC TFwmP,

MACH NUMBER

ROTOR 2

RELATIVE VvEL,

. REL, FLOW ANGLE

STATIC PRESSURF
TOTAL TeMp,
STATIC TEwmP,
REL, MACH NQO,

WHFEL VELDRCITY

-

L 1]

e

-e

-

-’

HLFT-1IVA 3-Stage LP Turbine Flow Diagrams, 70% Speed (Continued).

(M/SEC)H
(DFGREES)
(KN/Mn2)

(DEG, KELy_ "

(DEG, KELVIN)

(v/3EC)
(DFGREES)
(Kny/Ma2)y

(DEG, KELVIN)

(DEG, KELVIN)

(»/SEC)

HUB
INLET  EXIT
257, 326.
52, 64,
119,1 94,0
375, 37S.
342, 32%.
0,694 0,905
INLET  FXIT
253, 222
58, S6.
94,0 101.0
375, 344,
323, 332.
0,702 0,609
79, 79,

PITCH
INLET  EXIT
237, 292,

53. 63,
125,3 105,1
375, 37s.
346, 333,
0,637 0.79%

PITCH
INLEY EXIT
297, 223,

53, 59.
10S.1 103,2
37S, 343,
333, 332,
0,563 0,611

92, 93,

702 SPEED
TIp

INLEY EXIT
221. 265,
Sé. ot,
133.3 113.3
37Se. 375,
35t1. 340,
0,587 0,717

INLET

172.

47.
113,.3
37S.
330,
0,362

104,

EXFT
222,
65,
106,2
342,
333,
0,606

107,

B T A



Table 13(d).

POINT ND, 3029

STATOR 3

VELOCITY

FLOW ANGLE
STATIC PRESSURF
TOTAi TEMP,
STATIC TFMP,

MACH NUMRER

ROTOR 3

RELATIVE VEL,
REL, FLUOW ANGLE
STATIC PRFSSURE
TOTAL TEMP,
STATIC TemP,
REL, MACH NO,

WHFFL VELNCITy

e

L1)

L 1)

«e

!’

-

L ]

-

-e

e

A1)

(M/SEC)
(DEGREES)
(kN/7MD2)

(DEG, KELVIN)

(DEG, KELVIN)

(v/5tC)
(NDFGREES)
(kn/VD2)

(DEG, KELVIN)

(DEG. KELVIN)

(#/SEC)

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 70% Speed (Contimued).

HUR
INLET  EXTT
158, 196,

a3, se.
100,6 93.1
343, 343,
331, 324,
0.433 0,542

HUB
INLET  EXIT
136, 127,

a3, a1,
93,1 93,5
343, 331,
324, 326,
0.376 0,349

Te,.

75.

PITCH
TNLET  EXIT
146, 171,

a2. S6.
103,2 98,0
343, 343,
332, 329,
0.399 0,468

PITCH
INLET EXIT
104, 140,

27. 47,
98,0 93.5
343, 330,
329, 32S.
n.284 0,386
9y, 9,

70X SPEED
TIP

INLEY  EXIY
128, 153,
a7. 59,
106.8 101,0
3a3, 343,
336. 332,
0,347 0.417

INLEY
78,

14,

- 101.0

343,
332.
0,212
112.

EXTT
144,
62,
93,5
328,
326,
0,398

113,
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Table 13(d).

POINT NO, 2029
STATNR 1

VELOCITY
FLOW ANGLF
STATIC PRESSURF
TOTAL TEWP,
STATIC TFwP,

MACH NUMBER
ROTOR 1

RELATIVE vEL,
REL, FLOW ANGLE
STATIC PRFSSURE
TOTAL TEMmP,
STATIC TEmP,
REL, MACH NO,

WHFEL VELRCTITy

«s

e

-e

-

(M/SEC)
(OFGREES)
(KN/MTR)

(DEG, KELYIN)

(DEG, KELVIN)

(m/SEC)
(DFGREES)
(Kn/zMD2)

(DEG, KELVIN)

(DEG. KELVIN)

(M/SEC)

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 70% Speed (Continued).

AT T

HUB
INLET  EXIT
2ne, 3a6.
20, 64,
232,5 159.0
a23, a23.
403, 364, .
0,502 0,904
HUB
INLET EXIT
269, 246.
S8, S8.
159,0  169,.5S
423, 389,
364, 373,
0,702 0.635
79, 50,

PITCH
THLEY EXTITY
292, 322,
20, 63,
232,55 171,6
a23, 423,
493, 372,
0.502 0,835

PITCH
TNLEY  EXIT
236. 245,

56, 61,
171,6 172,6
az23, 388,
372. 374,
0,609 0,633

8a, 89,

702 SPEED
o Tre
INLET  EXIY
202, 303,
20, 62,
232.5 1819
823, a23,
803, 37a,
0,501 0,778
TIP
INLEY EXIT
211. a3,
53, ea,
18,9 1746
423, 388,
378. 375,
0,540 0,627
9. %,
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Table 13(d).

PCINT MO, 2029
STATOR 2

VELOCTTY
FLOW ANGLE
STATIC PRESSURF
TOTAL YEMmp,
STATIC TEmP,

MACH NUMRER

ROTOR 2

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURF
TOTAL TEmp,
STATIC TEwP,
REL ., MACH NOD,

WHEFL VELOCITY

we

-«

e

L 1]

.e

-

(M/7SEC)
(DFGREES)
(KN/MI2)

(DEG,_, KELYIN)

(DEG, KELVINY

(M)SEC)
(DFGREES)
(kn/7Mu2)

(DEG, KELVYIN)

(DEG., KELVIN)

Fm/sSEC)

<t

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 70% Speed (Continued).

HUB
INLET  FXIT
176, 236.
a7, 65.
169,2 149,1
388, 388,
373, 361,
0,455 0,619
HUB
INLET  FXITV
l1e4, 158,
s6, S6,
149,1 ' 150.6
188, 368,
361, 363.
0,431 0,418
79, 79,

PITCH
THLET  EXIT
165, 212,

49, 63,
172,6  157,3
388, 388,
37a, 367,
0,826 0,552

PITCH
INLET  EXIT
131, 164,

a7, s9,
157.3  151,3
388, 368,
367, 363,
0,341 0,429

92, 93,

70% SPEED
11pP
INLEY EXIY
154, 193,
St. 61,
178,09 163,0
368, 388,
377. In,
0.3%a 0,500

INLET
106.
36,
163,0
388,
371,
0,275

104,

EXIT
168,
o7,
151,6
367,
364,
0,838

107,
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Table 13(d).

POINT NG, 2029

STATOR 3

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEwp,
STATIC TEmP,

MACH NUMBER

ROTOR 3

RELATIVE vEL,
REL, FLOW ALGLF
STATIC PRESSURE
TOTAL TeEwmp,
STATIC TewmpP,
RFL o “ATH NO,

WHEEL VELDCITY

s

<

(M/SED)
(DFGREES)
(Kn/MB 2y

(DEG, KELYIN)Y
(DEG, KELVIN)

(m/SEC)
(DFGREES)
(Kn/MB2)

(DEG, KELYIN)

(DEG, KELVIN)

(m/SEC)H

HLFT-IVA 3-Stage LP Turbine Flow Diagrams, 70% Speed (Concluded).

HuB8
INLEY  FXIT
99, 140,
33, S9.
150, 142,.5
368, 368,
363, 3s8,
0,259 0,370
HUB
INLET FXIT
8a, 91,
33, at.
142,5 141,.5
368, 361,
3s8, 358,
0,221 0,238
76, 7%;

PITCH
THLET EXITY
913, 122,
3. Se,
151,3 145,9
368, 368,
363, 301,
0.243 0,321
PITCH
INLEY EXITY
67. .100.
6, a7,
185,9 14:,7
368, 3e1,
361, 358,
0,176 0,262
94, 94,

79% SPEED
. TIP
INLEY EXIT
78, 113,
-37. S9,
153.3 148,0
308, 308,
365, 262,
0,204 0,291

INLET

Sé.
-18,
188.0
368,
362,
0,151
112,

EXIV
106,
oa,
1418
359,
358,
0,279

113,
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APPENDIX B - HIGH PRESSURE TURBINE AERO AND ACOUSTIC RESULTS

Appendix B contains the blade-row attenuations for all the test con-
ditions on the high pressure turbine with cold and hot inlet temperatures.
Aerodynamic performance results from both runs are presented. The turbipre
flow diagrams including interstuge and intrastage data are also presented.

168
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Table 14,

a. 110% N/VTpg, Tro = 450 K, Ppp = 389.5 kN/m?

Test Point No,
Fund, Freq,, Hz

83
125
301
334
401
526
752

1008
1175

2nd Harmonic, Hz
167
250
602
667
803
1052
1503
2015
2350

3rd Harmonic, Hz

250

375

903

1001
1204
1578
2255

3023

3526

200

AdBly200 *

3084
ASPL

18.0
19.0
14.0

- e

15.0
22.0
11.0
15.0

*Repeat points averaged

APWL

13.4
14.4
9.4

10.4
17.4

10,

9.2

2484

ASPL

24,0
16.5
1.0
18. 0
17.0
11.0
13.0

25.0
9.0
18.0

19,0
-7. 0
9.0
6.0

13.0
11.0
2.0

7.0
2.0
4.0
0

APWL
19.4

8.0

2184%

ASPL

30.2
15.0
10.0

18.0

10.0

14,0

Blade~Row Attenuation, AdB, (NASA Core
High Pressure Turbine).

APWL

6.8

1584

ASPL APWL
18.0 13.4
10.0 S.4
9.0 4iob
23.0 18.4
9.0 4.4
19.0 14.4
16.0 11.4

4.0 0
5.0 0.4
16.0 1l1.4
19.0 14.4

‘2.0 0
12,0 7.4
6.0 1.4

1.0 0
12.0 7.4

4,0 0

3.0 0
10.0 5.4
25,0 20.4
15.0 10.4
7.2

169



Table 14, Blade~Row Attenuation, AdB, (NASA Core
High Pressure Turbine) (Continued).

? b. 100% N/VTpg, Tyg = 450 K, Pro = 389.5 kN/m?

Test Point No, 3076 2476% 2176% 1976
Fund. Freq., Hz  ASPL APWL  ASPL  APWL,  ASPL APWL  ASPL
83 25,0 20.4 25.0 20.4 27.9 23,3 17.0
125 11.0 6,4 18,5 13,9 19.5 14.9 12,0
3ol 14.0 9.4 11,5 6.9 10.4 5.8 9.0
375 - - - - - —— 14,0
401 -— -—-  17.5 12.9 13.1 8.5 -
477 17,0 12,4 - -—— —— - ——
752 18,0 13.4 24.5 19.9 10,1 5.5 10.0
1008 10.0 54 16,4 11.9 10,0 5.4 16,0
1175 11.0 6.4 25.0 20.4 9.6 5.0 15,0
2nd Harmonic, Hz
167 17.0 12,4 10.5 5.9 17.5 12.9 10.0
250 13.0 8.4 2.5 7.9 9.5 4,9 6.0
602 17.0 12.4 13.0 8.4 13.6 9.0 17.0
750 — - -—— - —— - 11.0
803 —— --- 16,5 17 = 15.5 10.9 -
955 9,0 b4 - - -—— - -
1503 l‘ao 0 3-0 0 105 0 "500
2015 18,0 13.4 18,0 13.4 14.6 10.0 11.0C
2350 12.0 7.4 17.5 12.9 5.8 1.2 8.0
3rd Harmonic, Hz
250 ~-3.0 0 3.5 0 7.1 2.5 4.0
375 21,0 16.4 16.5 11.9 15.4 10.8 17.0
903 -600 0 0.5 0 0-1 0 1.0
1126 - - - - - - 6.0
1204 - - 8.0 3.4 5.0 0.4 e
1432 5.0 0.4 - - - — -
2255 9.0 4.4 14,5 9.9 12,6 8.0 9.0
3023 28,0 23.4 17,0 12.4 6.8 2.2 1h.0
3526 9,0 4,b 17.5  12.9 5.8 1.2 19.0
! 200
; —_—
4 AdB 1200 = 8.1 9.6 5.7

*Repeat points averaged
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Table 14, Blade-Row Attenuation, AdB, (NASA Core
High Pressure Turbine) (Continued),

c. 90% N/VTrg, Tpo = 450 K, Ppo = 389.5 kN/m?

Test Point No, 2667 2469 2169% 1969
Fund., Freq., Hz  ASPL APWL  ASPL  APWL  ASPL APWL  ASPL APWIL.
83 21.0 16,4 24,0 19,4 26,5 21.9 28,0 23,4
125 19.0 14,4 23,0 18.4 23.5 18.9 13.0 8.4
301 12.0 7.4 12,0 7.4 9.5 4,9 9.0 4.4
401 - - - 16. 0 110 10 15. 5 100 9 - - —
457 15,0 10.4 - ——— - - —— ——
526 - ——— —— —— - - 9.0 4,4
752 27.0 22,4 33.0 28,4 14,5 9.9 11.0 6.4
1008 9.0 4.4 12.0 7.4 9.0 4,4 13.0 8.4
1175 8.0 3.4 21.0 16.4 15.5 10.9 17.0  12.4
2nd Harmonic, Hz
167 17,0 12,4 13.0 8.4 18.5 13.9 20,0 15,4
250 14.0 9.4 11,0 6.4 11.5 6.9 8.0 3.4
602 19,0 l4.4 16,0 11.4 l6.5 11.9 16.0 11,4
803 -~ - - - 12.0 70‘. 1700 1201‘ - hadendad
914 17.0  12.4 - -~ - ——— —— ————
1052 —— -—— —— -—— - -——— 9.0 4ob
1503 5.0 0.4 3.0 0 -3.5 0 -7.0 0
2015 15.0 10.4 13,0 8.4 14.0 9.4 22.0  17.4
2350 10.0 5.4 10,0 5.4 11.0 6.4 13.0 8.4
3rd Harmonic, Hz
250 8.0 3.4 7.0 2.4 11.5 6.9 10.0 5.4
375 17.0 12,4 16,0 11.4 18,0 13.4 12.0 7.4
903 3.0 0 1.0 0 -3.0 0 2.0 0
1204 —— -—— 3.0 0 1.5 0 -— -
1371 -10.0 0 - - - - - -
1578 —— -—— - — - -— 5.0 0.4
2255 16.0 11.4 15.0 10.4 10.5 5.9 13.0 8.4
3025 14,0 9.4 16,0 11.4 7.0 2.4 18.0 13.4
3526 11.0 6.4 22.0 17.4 8.8 4,2 18.0 13.4
200
AdB 1200 ™ 9.1 9.2 7.7 6.2

*Repeat points averaged
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Table 14. Blade-Row Attenuation, AdB, (NASA Core

d.

Test Point No.
Fund. Freq., Hz

2nd

3rd

B 11200

Ad

172

83
125
301
401
477
526
752

1008
1175

Harmonic, Hz
167
250
602
803
955
1052
1503
2015
2350

Harmonic, Hz
250
375

903

1204

1432

1578

2255

3023

3526

200

High Pressure Turbine) (Concluded),

70% N/VTpg, Tpg = 450 K, Ppg = 389.5 kN/m2

2653 2453 2153 1953
ASPL  APWL ASPL  APWL ASPL  APWL  ASPL
27.0 22,4 25,0 20.4 18,0 13.4  22.0
21.0  16.4 27,0 22,4 ===  --= 15,0
13.0 8.4 12,0 7.4 11.0 6.4  10.0
=== —=- 16,0 11,4  16.0 11.4 —
16,0 11,4 === eme eee aen e
— e = mmm eme a= 8.0
23.0 18.4 26,0 21.4  20.0 15.4  18.0
11,0 6.4 11.0 6.4 4,0 0 11,0
17.0  12.4 18,0 13.4 8.5 3.9 12,0

2.0 20.4 25,0 20.4 17.5  12.9 1
11.0 6.4

15.0 10.4 18,0 13,4 l6.0 11.4 1
- --- 12.0 7.4 12.0 7.4 —

9.0 4.4 —em e m—— e —
T T — 7.0
1,0 0 -2.,0 © -2.0 0 -3.0
17.0 12,4 20.0 15.4  13.5 8.9  27.0
1.0 6.4 11,0 11.4 2.5 0 15.0
16,0 11.4 9.0 4.4  10.0 5.4 6.0
16,0 11.4 16.0 11.4 - ——=  11.0
-4.0 0 0 0 -6.0 0 3.0
=== 9,0 4.4 0 0 -
8.0 3.4 == - P —
- eme ame e —— - £.0
8.0 3.4 11.0 6.4 5.0 0.4 1%5.0
10.0 5.4 10.0 5.4 7.0 2.4 19.0
15.0 10.4 17.0 2.4 10,0 5.4  13.0
9.2 9.3 6.1

. 18
RIGINAL PAGE
5§E POOR QUALITY

LPWL

i7.4
10.4
5.4



Table 15. Aerodynamic Performance Parameters, Cold High Pressure Turbine.

s Prp = 389.5 kN/m? (56.5 psia), Tpy = 450 K (810° K.

€Lt

Pro/Pr2

Test Measur. | Wy Corr. W, Corr. Psp/¥W2 Pgy/Wy

ZN/VT | Point Pro/Pr2 | Plane (1bm/sec) (kg/sec) | N/ #TTOI Tean {Btu/1ibm) (kJ/kg)
110 3084 2.235 3.02 34.59 15.69 6768.4 34.04 79.2
2484 2.055 2.50 34.55 15.67 6764.7 30.75 71.5

2184 1.88 2.14 34.42 15.61 6770.2" 26.90 62.6

2184 1.88 2.14 34.31 15.56 6771.8 26.95 62.7

1984 1.745 1.90 33.64 15.26 6775.0 23.40 54.6

100 3076 2.20 3.02 34.73 15.75 6156.8 32.92 76.6
2476 2.04 2.50 34.51 15.65 6159.9 3C.395 69.9

2476 2.04 2.50 34.62 15.70 6159.7 29.91 69.6

2176 1.865 2.14 34.55 15.67 6161.7 26.50 61.6

2176 1.865 2.14 34.55 15.67 6161.7 26.50 61.6

1976 1.72 1.90 33.95 15.40 6156.0 23.28 54.1

9¢ 2669 2.06 2.68 34.80 15.78 5538.6 29.93 69.6
2469 2.00 2.50 34.88 15.82 5547.9 28.79 67.0

2169 1.845 2.15 34.94 15.85 5541.1 25.66 59.7

2169 1.84 2.14 34.70 15.74 5547.0 25.76 59.9

1969 1.705 1.9C 34.10 15.47 5544.5 22.83 53.1

70 2653 1.92 2.67 35.11 15.92 4680.3 27.60 64.2
2453 1.88 2.50 35.13 15.93 5524.3 26.30 61.2

2153 1.77 2.14 35.41 16.06 4316.5 22.80 53.0

1953 1.67 1.90 34.69 15.74 4315.7 20.87 48.5
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Table 16(a).

POINT NN, 3084

STATOR 1

VELOCITY

FLNW ANGLF
STATIC PRESSURF
TOTAL TEMP,
STATIC TEMP,

MACH NUMRER

ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURF
TOTAL TEMmp,
STATIC TFuP,
REL, MACH NO,

WHEEL VELNCITYY

-4

-

-«

-

L 1]

»e

A1

A 1]

-8

-e

“«e

NASA Core

(v/SEC)
(DEGREES)
(KN/MD2)

(DEG, KFLVIN)

(DEG, KELVIN)

(v/7SEC)
(DEGREES)
(KN/Mu2)y

(DEG, KELVIN)

(DEG, KELVIN)

(#/3€0)

HP Turbine Flow Diazgrams - Cold Test, 110% Speed.

HUB
INLEY

91,
20,
377.3
aa8,
sa4,
0,215
HUB
INLET
166,
a4,
237,4
448,
396,
0,415

192,

o ey
i

EXTT
328,
69.
237.4
448,
396,

0,825

FXI17

186,
62.
127.1

367,
336.
1,053

192.

PITCH
INLET  EXIT
91, 306,
2, 68,
377,3 253,0
448, a4s,
44aq, 403,
0,215 0,762
PITCH
INLET  EXIT
140, 390,
32. 61,
253.0 129,3
448, 368,
003, 337,
0,347 1,061
209, 209,

1102 SPEED
TIP
INLEY EX1V
91, 287,
20, 67,
377.3 2658
448. a4as8,
a4a, 408,
0,218 0,711
TIP
INLEY EXIT
122, 394,
19. 60,
265,8 130,8
448, 369,
408, 338,
0,300 1,069
225. 225,
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Table 16(a).

POINT NO. 2584
STATOR 1

VEL OCTTY

FLOW ANGLE
STATIC PRESSURE
TOTAL'TEMP.
STATIC TEMWP,

MACH NUMBER
ROTOR 1

RELATIVE VEL,

REL, FLOW ANGLE

STATIC PRESSURE
TOTAL TEwmP,
STATIC TEmP,
REL, MACH ND,

WHFEL VELOCITY

(M/7SEC)H

L]

(DEGREES)

(KnN/MB2)

.

(DEG, KELVIN)

(DFG, KELVIN)

-

-8

(M/SECS
(OFEGREES)

H (Ky/MB2)

(DEG_ KELVIN)

»e

: (DEG, KELVIN)
H

H (M/5EC)H

NASA Core HP Turbine Flow Diagrams - Cold Test, 110% Speed (Continued).

HuB
INLET EXIT
90, 324.
20, 69,
377.6 21,0
448, aas,
460, 397.
0,213 0,811
HUB
INLETY EXIT
161, 335,
qa, 62.
e41,0 1S6.5
ua8 376,
397, 354,
0,403 7,891
192, 192.

PITCH
INLEY EXIT
S0, 302,
20, 68,
377.6 256.8
a4a, a4s,
ada, aoa,
0,213 0,750
PITCH
INLEY EXIT
136, 342,
31, 61,
256,48 17,7
a4a, 377,
Q04, ‘35%,
0,338 0,908
209, 209,

1102 SPEED
TIP
INLET  EXIT
%0, 283,
20. 67,
377.6 268,.9
ass, aas,
aaa, a09,
0,213 0,699
TIP
INLET  EXIT
119, 346,
17. 60,
268.9 158,6
aas, 377,
ao9, 356,
0,293 0,918
22S, ees,
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Table 16(2).

POINT NO, 2184

STATOR i

VELOCTTY

FLOW ANGLE

STATIC PRESSURE

TOTAL TEMmP,
STATIC TEWP,

MACH NUMBER

ROTOR 1

RELATIVE VEL,

REL, FLOW ANGLE

STATIC PRESSURE

TOTAL YEWpP,
STATIT TEMP,
REL, MACH NO,

WHFFL VELNCITyY

T TR T e R e e T

-e

we

NASA Core HP Turbine Flow Diagrams - Cold Test, 110% Speed (Continued).

(M/SEC)H
(DFGRFES)
(Kn/MI2)

(DEG, KELVIN)

(DFG, KELVIN)

(m/SEC)Y
(DEGREES)
(KN/MD2)

(DEG, KELVIN)

(DEG, KELVIN)

{(#/SECH

HUB
INLET EXTY
90, 317,
20, 69,
377.6 246.0
448, a48,
444 399,
0.211 0,793
HUB
INLETY EXIT

155, 301.
43, 62,
246,0 177.1
4u8, 383,
399, 367,
0,388 0,786

192, 192,

PITCH
INLEYT  EXTV
. 296,
20, 68,
377.6 260,9
aug, aas,
aaa, 406,
0,211 0,733
PITCH
INLEY EXIY

‘31. 3<d.
30. 61,
260,9 177,7

a4as, 383,

406, 367,
0.325 0,809
299, 209,

1102 SPEED

INLET
90,
20,

377.6

aas,

aaa,

0,211

INLEY
115.
15.
273,2
4a8,
qa11.
0,283
225,

EXIV
278,
67,
273,2
aas,
a1,

0.684

EXIT
314,
60,
178,2
3ea,
367,
0,819

a2s,
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Table 16(a).

POINT NO. 1984
STATOR 1

VYELOCITY

FLOW ANGLF
SYATIC PRESSURE
TOTAL Tewmp,
STATIC TFrmP,

MACH NUMBER

ROTOR 1

RELATIVE VFL,
REL., FLOW ANGLE
STATIC PRESTURF
TOTAL TEwmp,
STATIC TewmP,
REL, MACH KO,

WHFEL VELOCITY

e

e

“e

-e

-y

-e

»e

NASA Core HP Turbine Flow Diagrams - Cold Test, 110% Speed (Concluded).

(v/SEC)Y
(DFGREES)
(KN/¥Mn2)

(DEG, KELVIN)

(DEG, KELVIN)

(m/SECT;
(DFGREES)
(KN/MEZ)

(DEG, KELVIN)

(DEG, KELVINY

(M/SED)

HUB
INLETY

87,

20,
378.3
aa8,
aga,
0.206

HUB
TNLEY
142,

a0,
256,7
448,
Lou,
0,353

192,

EXTTY
303,
69,
256.7
aas,
404,
0,752

EXIV
270,
&2,
198,.6
390,
378,
0,694

192,

PITCH
TNLEY EXITY
87, 282,
D, 68,
378.,3 270,7
aas, a4,
a4q, 409,
0.206 0.696
PITCH
INLEY EX1Y
121, 281,
26, 61,
270.7 198,8
448, 39,
q99, 378,
0,298 0,723
209, 209,

110X SPEED

INLET
87.
20,

378,3

a48.

aaa,

0.206

INLEY

. 108

10,
282.2
aas,
ata,
0,264

225,

EXITY
265,
o7,
282 .2 .
aag,
a1a,

0,650

EXIT
283,
60,
199,0
392,
378,
0,726

22s,



R

-

8.1

Bt N e e - e

Table 16(b).

POINT MO, 3076

VELOCTTY

FLNW ANGLF
STATIC PRFSSURE
TOTAL TEmP,
STATIC TFmP,

MACH NUMRER
RDTOP 1

RELATIVE VEL.
REL, FLOW ANGLF
STATIC PRESSURF
TOTAL TEwWP,
STATIC TEMP,
REL, MACH MO,

WHEEL VELQCITY

“e

e

“e

-s

-

NASA Core E™ Turbine Flow Diagrams - Cold Test, 100% Speed.

(M/SEC)
(DFGREES)
(Kn/VER)

(DEG, KELVIN?

(DEG, KELVIN)

(M/Se 0y
(DEGRFES)

(kn/VD2)

(DEG,

(DEG,

KELVIN)

KELyIN)

(VKSEC)

HUb
TNLET FX17
91, 3132.
20, 69,
377,2  234.3
4a8, a48,
gaaqa, 394,
0,216 0,837
HUB
INLET EXTT
182, 362,
49, 62,
2343 141,.7
448, 375,
394, 346,
0,457 0,971
174, 174,

PITCH
INLETY EXIT
9. 3to0,
2, 68,
377.2 250,1
naa, a48,
414, a01,
0,216 0,773
PITCH
INLET EXIY
1S4, 366,
39, 61,
250,.1 143,9
448, 375,
401, 3a7,
0,384 0,981
190, 190,

1002 SPEED
11P
INLET 1234)
91. 291,
20, 67,
377.2 263 .2
aas, 448,
qaa, ao7,
0,21S 0,721

INLEY
132.
2%.
263,2
4a8,
407,
0,326

205,

EXIY
369,
00,
185,7
378,
3a8,
0,989

205,
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Table 16(b).

POINT MO, 2476

STATOR 1

VELOCITY

FLOW ANGLE
STATIC PRFSSURF
TOVAL TEWMP,
STATIC TrmP,

MACH NUMRER

ROTOR !

RELATIVE VEL.

REL, FLOW ANGLE

STATIC PRFSSURE

TOTAL TYEMmP,
STATIC TemP,
REL, MACH NO,

WHEEL VELQCTTY

«e

-

“e

H

.
[ 4

*
’

NASA Core HP Turbine Flow Diagrams - Cold Test, 100% Speed (Continued).

(M/SEC)
(DEGREF S)
(KN/MD2)

(DEG, KELVIN)

(DEG, KFLyIM)

(m/SEC)
(DFGREES)
(Kn/sMT2)

(DEG, KFLVIMN)

(DEG. KELVIN)

(m/SECH

hUB
INLET EXIY
91, 330,
20, 69,
377.,3 236,.1
aqe, age,
a44 39S,
0,215 0,831
HUB
INLET  EXITY
180, 33¢6.
48, 62,
236,.1 156.6
a4A, 379,
395, . 3Se,
0,452 0,890
174, 174,

PITCH
TLEY FXIT
21, 308,
20, 58,
377,3 251,8
448, aqs,
424a, a0,
0.215 0.76§
PITCH
INLETY EXIT
152, 342,
39, 61,
251.8 158,3
qug, 379,
402, 356,
0,379 0,908
19¢, 190,

100%Z SPEED
TIP
INLEY EXIT
91, 289,
D, 67,
377.3 . 264 .8
qas, aas,
aaa, 407,
0,215 0,716
LB {2
INLEY  EXIT
13t, 346,
28, 60,
c6a.8 159,06
aa8, 379,
ao7, 357,
0,323 0.914
205, 205,
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Table 16(b).

-

NASA Core HP Turbine Flow Diagrams - Cold Test, 100% Speed (Continued).

POINT NO, 2176 1002 SFEED
STATOR 1 HUR PITCH TP
INLET  EXIT INLET  FEXIY INLET  FXIV
VELUCITY H (»/SECH 90, 317. %, 296, 90. 278,
FLOW ANGLF ;  (DFGREES) 20, 69, », 68, 20, o7,
STATIC PRESSURE ;3  (KN/¥n2) 377,77  246,0 377,717  260,9 377.7 273,2
TOTAL TEMP, ; (VEG. KELVIN)  waa8, aag, a4R, 448, aae, q4g,
STATIC TFuMP, i (DFG. KELVIN)  4aa, 399, aaa, a0, a84, a1y,
MACH NUMRER H 0,231 0,793 0,211 0,733 0,211 0,688
ROTOR 1 HUB PITCH L {4
INLET  EXITV INLET  EXIT INLET  EXIT
RELATIVE VEL, : (M/SEC) 168, 293, 142, 302, 122. 305,
REL, FLOW ANGLE :  (DFGREES) a7, 62, 37- o1, 24, 60,
STATIC PRESSURE 3  (Kn/sMO2) 246,0  184,1 260.9 185,0 273,2 185,66
TOTYAL TEwmp, 7 (DEG, KELVIN) 448, 187, q4sa, 387, gaa, 388,
STATIC TEMP, ; (DEG, KELVIN) 399, 371, a%, 371, 411, 37,
REL, MACK MO, H 0,418 0,760 0,351 0,283 e,300 0,792
WHEEL VELOCITY ; (1/SEC) 174, 174, 190, 190, 205, 205,
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Table 16(b).

POINRT NO, 1976

STATOR 1

VELOCITY

FLOW ANGLE
STATIC PRESSURF
TOTAL Temp,
STAYIC TFmP,

MACH NUMBER

ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL Tewmr,
STATIC TEMP,
REL, MACH NO,

WHFEL VEILNCTVY

“e

..

LI

-e

NASA Core HP Turbine Flow Diagrams - Cold Test, 100% Specd (Concluded}.

(»/SEC)H
(DFGREFS)
(KN/MT2)

(DFG, XKELVIM)

(DFG, KELVIM)

(v/SEC)
(DFGREES)
(XN/MB2)

(DEG, KELVIN)

(CFG. KELVIN)

(w7860

HUBR
INLET

CY

20,
378.3
au8,
aaa,
0.206

HUB

INLET
154,

as,
2567
4usB,

ag4a,

9,382

174,

FXIT
103,
69.
256,7
aae,
aoa,

0,752

EXIY

266,
62.
203,.7
393,
381,
0,680

174,

PITCH
TNLEY FXIY
B57. 282,
20, 6R,
378,3 270,7
A48, Q48,
ala, 409,
6.206 0,690
PITCH
INLET EXIY
130, 276.
33, o1,
270,7 204a,1
a48, 393,
a9, 381,
0,321 0,707
190, 19,

1002 SFEED

INLET
87.
20.

378.3

aas.

aaga,

0,206

INLEY
113,
20,
282,2
|48,
a14d.
0,277

205,

EXIY
26S,
67,
282,2
aag,
aia,

0,650

EXIT
2718,
60,
204,5
39a,
38y,
0,712

205
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Table 16(c).

POTINT NI, 2669

STATOR 1}

VELGCTITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TrmP,

MACH NUMBRER

ROTOR 1

RELATIVE VFL,
REL, FLOW ANGLF
STATIC PRESSURF
TOTAL TEMmp,
STATIC TewmP,
REL, MACH NN,

WHFEL VELDCITY

-

-y

-*e

(m/SED)
(DFGREES)
(Kn/7MT2)

(DEG, KELVIN)

(DEG, KELVIN)

(M/SEC)
(OFGREES)
(Kn/sVo2)

(DEG, KELVIN)

(DFG, XELVIN)

fwrSECY

“INLEY

92,
D,
377.1
au8,
aaa,

0,217

INLEY
199,
T
231.2
a48
393,
0,502

157,

ExYY
337,
69,
231,2
448,
393,

0,849

Fxlv
363.
62.
1a2.4
379.
348,
0,972

157.

PITCH
INLET EXIT
9P2. 31a,
D, o8,
377.1  247,3
aae, aasg,
q4a, aoo,
0,217 0,784
PITCH
INLET EXIY
170, 366,
as, 61,
247.3 145,3
448, 379,
440, 348,
0.424 0.979
171, 171,

NASA Core HP Turbine Flow Diagrams - Cold Test, 90% Speed.

Q0% SPEED

INLEY
92.
20,

377.1

aas,

aaa,

INLEY
146,
36,
260,6
aag,
406,
0,362

185,

EXIY
29s,
67,
260,6
aas,
a0o,

0,731

EXIY
368,
60,
1a47,.7
379,
349,
0,983

185,
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Table 16(c).

POINT NO, 2409
STATOR 1

VELOCITY

FLOW ANGLF
STATIC PREFSSURF
TOTAL TEmp,
STATIC T¥wP,

MACH NUMRER
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRFSSURF
TOTAL TEMP,
STATIC TgwmP,
REL, MACH NGO,

WHFEL VELOCITY

L 1)

«e

..

NASA Core HP Turbine Flow Diagrams - Cold Test, 90% Speed (Continued).

(v/SEC)
(DFGREES)
(KN/MD2)

(DEG, KELVIN)

(DEG, KELVIN)

(»/SEC)H
(DFGREES)
(KN/MR2)

(DEG, XELVIN)

(DEG. KELVIN)

(v/SEC)H

INLEY
92,
20,

377,2

aa8,

aa4,

0,216

INLET

196,

tx1l

334,
69,

233,.4

ags,

EXIT
3a3,
67,
154.4
382,
35S,
0,909

157.

PITCH
INLEY  EXIT
92. 31,
2, 68,
377,2 249,43
a1a, 848,
ala, 301,
0,216 0,778
PITCH
INLETY EXIT
168, 3a7,
as, 61,
249,.4 156,8
q48, L1 F
a0y, 35S.
2,418 0,921
171, 171,

902 SPEED

INLEY
92.
20,

377.2

Gas,

qaa,

0,216

INLEY
184,
36,
262.5
aas,
ao07,
0,356

18S.

EXTT
292,
67,
262,5
aas,
a07,

0,728

L {4

EXIY
350,
60,
1588
382,
3Se,
0,927

185,
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s

Table 16(c).

POTHT NO, 2169
STATNR 1

VELNCITY

FLON AKNGLE
SYATIC PRESSURF
TOTAL TEwmpP,
STATIC TewmP,

MACH NUMRER
ROTOR 1

RELATIVE VFL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEMP,
STAYIC TenP,
REL, MACH MO,

WHFEL VFLOCITY

L 13

L 1]

“6

“s

NASA Core HP Turbine Flow Diagrams - Cold Test, 90% Speed (Continued).

(»/SFC)
(DFGRFES)
(KN/Mn2)

(DEG, KELVIN)

(DEG, FELVIM)

(v/SEC)Y
(DFGRFES)
(KN/MD2)

(DEG, KTLYIN)

(DEG, KELyIN)

{3 /8EC)H

HUH
FXIT

INLET
90,
20,

377.5

aa8,

aaa,

0.213

INLEY
186,
St.
241 AR
aqB,
397,
0.466

157,

323.

69,

241,8

a4g,

397.

0,809

EX1Y

300,
62,
181,2
389,
370,
0,779

£S7,

PITCH
TRLEY EXIT
90, 361,
D, o8,
377.5 257,0
aag, aas,
gaa, a0a,
0.213 0,748
PITCH
THLEY  EXIY
158, 307,
43, 61,
257.0 182,.8
A48, 389,
a9a, 369,
0,393 0,799
171, 171,

90% SPEED

INLETY
90,
20,

377.5

a48,

a4a,

0,213

INLEY
136,
3a,
269,.6
4an,
409,
0,335

185,

EXIY
282,
67,
269,6
ass,
a09,

0,698

EXIY
31,
60,
183.9
38q,
370,
0,807

185,
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Table 16(c).

POTINT NO, 1969

STATAR 1

VEILOCITY

FLNW AMGLF
STAJ{TC PRFSSURE
TITAL TEMP,
STATIC TFVMP,

MACH NUMARER

ROTOR 1

RELATIVE VEL,
RFL., FLOW ANGLE
STATIC PRFSSURF
TOTAL VEMP,
STATIC TFMP,
REL , MACH NQO,

WHFEL VELOCTITyY

L 1]

«e

NASA Core HP Turbine Flow "iagrams - Cold Test, 90% Speed (Concluded).

(~+SEC)
(DFGREES)
(knsvn2y

(DEG, KELVIN)

(DEG. KFLVIN)

(»/SECH
(DFGREES)
(KN/Ma2)

(DEG, XFLVIM)

(DEG. KELVIN)

(M/SEC)

INLET
87,
20,
378,.3
aas,
asa,

0,206

INLET
167,
39,
256,7
agm,
ao4,
0,414

157,

EXTT
303.
69,
256.7
sae,
4a0a,

0,752

FXTT
2ot.
62.
208,.8
397,

383.

PITCh
TNLEY EXIY
87, 282,
20, 68,
378,33 270,7
418, aae,
sia, 809,
0,206 0.696
PIYCH
TNLET gXTY
141, 21,
90, 61,
?70,7 209.6
a4g, 397,
309, 383,
0,348 0,692
171, 171,

9UX SPEED

INLET
87.
%

378.3

asa,

aaq,

0,206

INLEY
121.
29.
282.2
aas,
a4,
0,297

18S.

EXIY
265,
67,
282,2
aes,
aia,

0.650

EXIT
2la,
60,
210,2
397,
383,
0,697

185,
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Table 16(d).

POTNT NO, 2651
STATOR 1

VELOCITY

FLNW ANGLE
STATIC PRFSSURF
TOTAL TEMP,
STATIC TFMP,

MACH NUMBER
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STAVIC PRFSSURF
TOTAL TEvP,
STATIC TFMP,
REt , MACH ND,

WHFEL VELOCITY

-e

-

L 1)

e

»
4

e

“e

NASA Core

(»/SEC)Y
(DFGREFS)
(KN/VMD2)

(DEG_, KELVIN)

(DEG, KELVIN)

(M/SEC)
(DFGREFS)
(KN/MR2)

(DEG, KELVIN)

(DEG, KELYIN)

{(M/SEC)

HP Turbine Flow Diagrams - Cold Test, 70% Spee.

INLET
93,
20,
376,56
448,
aaa,

0,219

INLET
237,
58,
224 1
448,
389,
0,600

122,

HUB

FXIV
336,
69,
224,19
448,
389,

0,877

HUR

FXIT
366-
62.
143,7
389,
352.
3,974

172,

SRR

PITCM
TVLET EXITY
93, 323,
20, 68,
376,9 280,7
auag, aag,
q4a, 397,
0,219 0,810

PITCH
INLEY EXIT
207, 366.
53, 61,
240,7 148.3
g448, 388,
3397, 352,
0,519 0,973
133, 133,

70% SPEED

INLET
93,
20,

376,.9

gag,

aaa,

0,219

ITWLEY
181.
as,
254,S
448,
403,
0,450

144,

EXIV

303,
67,
25a,5
aua,
103,

0,754

EXIT
366,
60,
152,0
388,
353,
0,972

144
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Table 16(d).

POTNT NO, 2453
STATOR 1

VELOCITY

FLOW ANGLE
STATIC PRFSSURF
TOTAL TEwmP,
STATIC TFMP,

MACH NUMRER
ROTOR 1

RELATIVE VFL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEmp,
STATIC TEwmP,
REL, MACH NO,

WHEEL VELOCITY

o ATREE TN TR B s e enrs o

1)

.

-e

e

(3
[4

NASA Core HP Turbine Flow Diagrams - Cold Test, 70% Speed (Contimued).

(M/SEC)
(DFGREES)
(KN/MB2)

(DEG, KELVIN)

(DEG, KELVIN)

(»/SEC)
(OFGREFS)
(KN/Mn2)y

(DEG, KELVIN)

(DEG, KELYIM)

(m/SEC)

HUB
INLET EXTT
93, 3aS.
20, 69,
376.9 22%5.4
448, q48,
444, 3190,
0.219 0,872
HUB
INLET EXIT
236, 352.
58, 62.
225.4 152.1
¢as, 391,
390, 357,
0,596 0,930
122, 122,

PITCH
INLEY  EXIY
3. 321,
20, 68,
376,9 241,S
448, 448,
f44a, 398,
0,219 0,805
PITCH
TNLEY EXtY
206, 353,
53. 61,
241,.5 156,4
ass, 390,
398, 357,
0,515 0,932
133, 133,

702 SPEED
TIP
INLET  EXIT
93, 302,
20, 67,
376.9 25S5,7
a48, aas,
aaa, a0a,
0,219 0,750
* 1§ J
INLEY EXYTY
180, 353,
a8, 60,
25S.7 1597
acs, 389,
aoa, 358,
0,346 0,933
184, 134,
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Table 16(d).

PNINT NO, 215%

STATOR 1

VFLOCITY

FLNW ANGLF
STATIC PRESSURE
TOTAL TEMP,
STATIC TrwmP,

MACH NUMBRER

ROTOR 1

RELATIVF VEL,
REL, FLOW ANGLF
STATIC PRFSSURF
TOVAL TEwp,
STATIC TEMmP,
REL, MACH NO,

WHEFL VELOQOCITY

-l

e

-e

L 1]

-

we

NASA Core HP Turbine Flow biagrams - Cold Test, 70% Speed (Contimned).

(M/SFCH
(DFGREES)
(KN/MT2)

(DEG. KELVIN)

(DEG, KELVIN)

(M/SEC)
(DFGREES)
(KN/Mn2)

(DEG. KELVIN)

(DEG, KELVIN)

(m/SEC)

HIIB
INLET  EXIT
91, 333,
20, 69,
377,2  233.9
aa8, aag,
aaa, 394,
0,216 0,839

TNLET
225.
58,

233,.9

248,
394,
6.565

ie2,

EXIT
308.
62.
179.5
396.
372.
0,798

122.

PITCH
TNLET EXIY
9. 311,
2, 68,
377.2 249.8
a4a, 448,
asa, a0y,
0.216 0.783
PITCH
TRLETY EXIV
196, 313,
53, 61,
249,.8 182,.,6
a4g, 396.
401, 372,
0.487 0,810
133, 133,

702 SPEED
TIP
INLET  EXIY
91. 292,
20, 67,
377.2 262,9
a4g, aas,
444, ao7,
0,216 0,723

INLET
171.
a7,
262,.,9
448,
407,
0,822

184,

EXIT
315,
60,
185,0
395,
372,
0,815

144,
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Table 16(d).

POINT NO, 1953
STATOR 1

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TEMP,

MACH NUMBER
ROTOR 1§

RELATIVE VEL,
REL. FLOW ANGLF
STATIC PRFSSURF
TOTAL TEMP,
STATIC TEMP,
REL, MACH NO.

WHEEL VELOCITY

- -e b1

L 14

-e

-«

L1}

NASA Core HP Turbine Flow Diagrams - Cold Test, 70% Speed (Concluded).

(m/SEC)H
(DEGREES)
(KN/¥12)

(DEG, KELVIN)
(DEG, KELVIN)

(M/SEC)
(DEGREFS)
(Knz7vn2)y

(DEG, KELVIN)

(DFG, KELVIN)

(M/SECY

HUB

INLETY Ex17
9, 7.
20, 69,
377,7  2486.0
448, 448,
444, 399,
0,211 0,793
INLET  EXIT
208, 27S.
57. 62,
206,0 202.5
w48, any.
399, 383,
0,521 0,703
122, 122.

PITCH
INLET  EXIT .
9. 296,
2, 68,
377.7 260.9
aus, 448,
a4q, 406,
0.211 0,733
PITCH
1LET EXIY
181, 282,
51, 61,
260,9 204,6
418, 401,
496, 382,
0,448 0.721

133,

70% SPFED
TIP
INLET  EXIT
90, 278,
20, o7,
377.7 273,2
aas, aa8,
qa4a, a1,
0,211 0,684
TIP
INLET  EVIT
157, 28s,
as, 60,
273.2 206.a
aag, 400,
a11, 382,
0,387 0,728
144, 144,
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Table 17. Blade-Row Attenuation, AdB, (NASA Core
High Pressure Turbine).

a. 110% N//Trg, Tpp = 783 K, Pqp = 389.5 kN/m2

f Test Point No. 3011 2411 2111
“ Fund. Freq., Hz ASPL  APWL ASPL APWL ASPL  APWL

; 83 17,0 12.2 33,0 28.2 15.5 10.7

i 125 —— - - ——— 14,0 9.2
! 150 21,0 16,2 24,0 19,2 - ———
! 300 ——— - - ——— 16,0 11,2
| 401 13.0 8.2 11.0 6.2 ——— ——
5 525 18,0 13.2 17.0 12, 15,0 10.2
3 750 21,0 16.2 13.0 8.2 —— ———
- 770 -—— —— - - 16.0 11,2
i 1000 11.0 6.2 17.0 12,2 14.0 9.2
? 1175 14,0 9.2 17.0 12.2 11.0 6.2
§ 2nd Harmonic, Hz
| 167 0 0 21.0 16,2 8.0 3.2
I 250 ——— —— - —— 11.0 6.2
l 300 4,0 0 5.0 0.2 ——— e
' 600 -— —— -—— ——— 12.0 7.2
802 18.0 13.2 16.C 11.2 —-— -
1050 6.0 1.2 9.0 4.2 15.0 10.2
4 1500 15.0 1002 300 O hatadend hatuskad
| 1539 ——— ——— e -——— 1.0 0
i 2000 10.0 5.2 15.0 10.2 17.0 12,2
: 2350 13.0 8.2 18,0 13.2 11.0 6.2
3rd Harmonic, Hz
250 10.0 5.2 11,0 6.2 4,0 0
375 - — —— —— 15.0 10.2
450 12,0 7.2 10,0 5.2 ——— —
900 —— —— — — 7.0 2.2
1204 0 0 4.0 0 - ——
1575 -15,0 0 13.0 8.2 -1.0 0
2250 2.0 0 8.0 3.2 —— -—
2309 ——— —— - — 9.0 4.2
3000 19.0 14,2 18.0 13.2 13.0 8.2
3525 22,0 17,2 32,0 27.2 18.0 13.2
200
AdB 1200 = 7.3 7.1 7.6

' 190




Table 17,

Blade~Row Attenuation, AdB, (NASA Core

High Pressure Turbine) (Continued).

b. 100% N/VTpg, Tgo = 783 K, Pyg = 385.5 kN/m?

Test Point No,
Fund. Freq., Hz

83
125
150
300
401
525
750
770

1000
1175

2nd Harmonic, Hz
167
250
300
600
802
1056
1500
1539
2000
2350

3rd Harmonic, Hz
350
375
450
900
1204
1575
2250
2309
3000
3525

200
AdB =
1200

3010

+SPL

28.0
26.0
16.0
19.0
13.0
9.0
15.0

17.0

8.0
19.C
-80 O

2.0
14,0
15.0

11.0
10.0
1.0
-29.0
6.0
20.0
26.0

12.2

3.2
14,2

9.2
10.2

6.2

5.2

- -

1.2

15.2
21.2

7.0

2410

ASPL

22,0

28.0
11.0
15.0
12.0
12.0
23.0

10.0

% -

9.0
13.0
6.0
3.0
18.0
17.0

11.0

10.0
2.0
—131 0
7.0
22.0
33.0

APWL

17.2

23.2

10.2

2110

ASPL

20.7
12.7

20.7

- oo

11.0
13.3
10.0
12.3

APWL

15.9
7.9

15.9

6.2
8.5
5.2
7.5

1910
ASPL  APWL
19.0 14.2
12,0 7.2
14.0 9.2
20.0 15.2
12.0 7.2

7.0 2.2
7.0 2.2
11.0 6.2
6.0 1.2
0 0
10.0 5.2
8.0 3.2
8.0 3.2
—'3'0 O
-16.0 0
2.0 0
12.0 7.2
19.0 14,2
5.4

191
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Table 17, Blade-Row Attenuation, AdB, (NASA Core
High Pressure Turbine) (Continued).

c. 90% N/VTrg, Tro = 783 K, Pyg = 389.5 kN/m2

Test Point No. 2691 2491 2191 1991
Fund. Freq., Hz  ASPL APWL  ASPL  APWL  A4SPL APWL ASPL,  APWL

83 - - 20,0 15.2 19.0 14.2 - -—
125 —-—— —— - — 19.0 14,2 - -
150 13.0 B.: 19.0  14.2 - ———— 16.0 11,2
300 - —— -z - 22,0 17,2 - -
401 13.0 8.2 10,0 5.2 - - 10.0 5.2
525 17,0 12,2 6.0 11.2 14.0 9,2 12.0 7.2
750 l16.0 11,2 10.0 5.2 12,0 7.2 - -
770 - -~ - - - —— - -

1000 10.0 5.2 12,0 7.2 12.0 7.2 - e
1175 15.0 10.2 22,0 17.2 24.0 19.2 - e
2nd Harmonic, Hz
167 - == 13,0 8,2 i7.0 12,2 - e
250 - - - - 13.0 8.2 -—— -
300 2.0 0 20,0 15.2 - - 6.0 1.2
600 - el - - 10.0 5.2 —— -
802 17.0  12.2 13.0 8.2 ——— ——— 1.0 6.2
1050 7.0 2,2 11.0 6,2 20,0 15.2 ~%,0 0
1500 3.0 0 8.0 3.2 5.0 0.2 —— ———
1539 -—— - - - - —— oo —
2000 13.0 8.2 19.0 14,2 21.0 16,2 —— -
2350 17.0 12,2 17.0  12.2 12.0 7.2 —~—— —
3rd Harmonic, Hz
250 - - 9,0 4,2 9.0 4,2 - e vaim
375 -—— ——— —-—— - 18.0 13.2 - -
450 10.0 5.2 12.0 7.2 —— —— 9.0 4,2
900 - - - - 20,0 15.2 e ——
1204 1.0 0 11.0 6.2 — ——— 2.0 0
1575 -13.0 0 3.0 0 5.0 0.2  -235.0 0
2250 5,0 0.2 11,0 6.2 14.0 9.2 e ———
2309 — e - - —— ——— - e
3000 12,0 7.2 13.0 8.2 19.0 14.2 —— ———
3525 21.0 16.2 23.0 18.2 27.0 22.2 - ——
200
AdB = 6.7 8.5 11.0 3.7
1200

192



-
g

e e

I ——

Test Point No,

d.

Table 17.

Blade-Row Attenuation, AdB, (NASA Core

High Pressure Turbine)(Concluded),.

70% N//Tgg, Tpg = 783 K, Ppg = 389.5 kN/m?

Fund. Freq., Hz  ASPlL

83 ——
125 ———
150 31.0
300 -
401 13.0
525 15.0
750 17.0
770 ~—

1000 10.0
1175 11.0
2nd Harmonic, Hz
167 ——
250 -
300 17.0
600 ——
802 15.0
1050 2,0
1500 6.0
1539 -
2000 1.0
2350 13.0
3rd Harmonic, Hz
250 -—
375 -
450 17.0
900 -
1204 5.0
1575 . =20,0
2250 "'1-0
2309 -
3000 4.0
3525 20.0
200
AdB =
1200

2671

APWL

2471

ASPL

16.0

1.0
11.0
14.0
15.0
13.0
11.0

15.0

25.0
13.0
6.0
3.0

12,0

18.0
12.0
-300
30.0
13.0
14.0

APWL
11.2

-

26.2
6.2
9.2

10.2
8.2
6.2

10.2

20.2
8.2
1.2
0

16.2

2171

ASPL

15.0
13.0
16.0
10.0

4.0
9.0
15.0

12.0
11.0
11.0

2.0

9.0
16.0
19.0

6.0
14.0
13.0

6.0
17.0
24,0
34'0

10.2
8.2
11.2
5.2

4.2
10.2

19.2
¢4.,0

193
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Table 18.

e Ppp = 389.5 kN/m? (56.5 psia), Tyg = 783 K (1410° R)

Aerodynamic Performance Parameters, Hot High Pressure Turbine.

P1o/PT2

Test Measur. | W2 Corr. Wy Corr. Pgy/Wo Pgu/Wy

ZN/VT | Point Pro/Pr2 | Plane (1bm/sec) | (kg/sec) | N/vTpg/Tstp | (Btu/lbm) | (kJ/kg)
110 3011 2.235 3.02 26.27 11.92 6684.2 58.86 136.9
2411 2.05 2.48 26.26 11.91 6675.7 58.93 123.1

2111 1.88 2.13 25.99 11.79 6679.7 46.84 108.9

100 3010 2.20 3.01 26.30 11.93 6160.0 57.29 133.3
2510 2.03 2,48 26.35 11.95 6163.8 51.66 120.2

2110 1.86 2.13 26.11 11.84 6167.9 46.11 107.3

1910 1.84 2.1) 25.72 11.67 6174.8 40.08 93.2

90 2691 2.055 2.67 26.41 11.98 5565.7 51.86 120.6
2491 1.995 2.49 26.14 11.86 5548.3 50.78 118.1

2191 1.83 2.13 26.20 11.88 5553.6 44.69 103.9

1991 1.70 1.89 25.64 11.63 5571.4 39.74 92.4

70 2671 1.92 2.67 26.62 12.07 4360.8 45.58 106.0
2471 1.87 2.48 26.71 12.12 4320.0 44.44 103.5

2171 1.77 2.13 26.70 12.11 4313.8 40.8% 93.7

1971 1.665 1.85 26.21 11.89 4329.9 36.28 84.4
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Table

PNTNT NU,. 3011

STATOR |

VELOCITY

FLNw ANGLF
STATIC PRESSURF
TOVAL TEmP,
STATIC TEwP,

MACH NUMRER

ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURE
YCTAL TEwmp,
STATIC TEmP,
REL, MATH NO,

WHEEL VELNCTTY

-e

K

-y

-

-9

«e

19(=2).

(»/S5ECH
(DFGREES)
(Knsvng2)

(DEG, KELVIN)
(DEG, KELVIN)

(v/SEC)
(DEGPREES)
(Kn/Mug)

(DEG, KELVIN)

(DEG. KELVIN)

(v/SEC)

HUB
INLEY

118,

20.
377.5
771,
764,
0,216

HUB

INLET
214,

aa,
238.9
771,
686,
0,413

253,

EXIT
428.
69,
238,.9
771,
686.

0,827

EXIY
S07.
62,
128.5
633,
S87,
1,055

2512,

PITCH
INLEY  EXIY
118, 399,
20, 68,
377, 253,3%
171, 771,
764, 697,
9.216 0,765

PITCH
INLEY  EXIT
181, s12,
32, o1,
25a.3  130,6
71, 640,
697, 589,
0.346 1,063

. 275, 27s,

NASA Core HP Turbine Flow Diagrams - Hot Test, 110% Speed.

110X SPEED

INLEY
118.
20,
377.,5
171,
764,

0,215

INLEY
157.
18,
267.1
771,
706,
0,299

7.

EXTT
37s,
o7,
267.1
m,
706,

0,713

EXIV
S17,
60,
132,2
64y,
592,
1.071

297,
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Table 19(a).

POINT MO, 241
STATCGR 1

VELOCITY
FLNDW ANGLEF
STATIC PRFSSURE
TOTAL TEMP,
STATIC TEMP,

MACH NUMRER
POTOR 1§

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURF
YOTAL TEmP,
STATIC TEwMmP,
REL, MACH NN,

BHEFL VEILOTITY

e

we

.o

-

e

’

-
»

?

-
»

uy

(»/SFCH
(DFGREFS)
(KN/MD2)

(DPEG, KELVINY

(DEG, KELYIN)

(v/SEC)H
(DFGREES)
{KnsMvn2)y

(OEG, KELVIN)

(DEG, XFLVINY

EvsSEC)Y

e T e S T S L S T Y

HUB
TNLET  FXIT
118, 423,

20, 69,
377.7  262,1
7%, 7,
764, 68e,
0,215 0,815

HUB
INLET  ExIT
209, aag,

ay, 62.
242,1 157.5
771, 653,
683, 618,
6,403 0,R3a
253, 253,

e

I e A e

PITCH
THLEY EXIV
118, 394,
20, 68,
377,.7 257 .4
LA DS 1,
764, 699,
0,215 0,754

PITCH
INLET  FXTT
177, a4as,
3. tey,
257.4 1S8,.6
T, 654,
699, 618,
0337 0,912
27s, 27s,

NASA Core HP Turbine Flow Diagrams - Hot Test, 110% Speed (Continued).

110X SPEED
117
INLET  EXIY
118, 370,
20, o7,
377.,7 2069.8
M. 1,
764, T08,
2,213 0,703
e
INLET  EXTY
154, ass,
14, 60,
269.8  159.5
1.  6Se,
708, 620,
0,293 0,922
297, 297,
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POTNT NO,

STATOR 1

Table 19(a).

2111

VELDC]TY

FLOW ANGLE

STATIC PRFSSURF

TNTAL TEMmP,
STATIC TEMP,

MACH NUMRER

ROTOR 1§

RELATIVE VEL,

REL, FLOW ANGLF

STATIC PRESSURE

TOTAL 1EvP,
STATIC TeEmP,
REL, MACH NN,

WHFEL VELNCITY

-

e

-y

TR 1 = o AIC AN

NASA Core HP Turbine Flow Diagrams - Hot Test, 110% Speed (Concluded).

(»/SEC)
(OFGRFES)
(kn/VOR)

(DEG. KELVIMN)

(DFG, KELYIN)

(m/SED)
(DFGREES)
(kN/Mn2)

(DEG, KELyIM)

(DEG. XELVIN)

{«/SEC)

HUB
INLEY

116,

%,
378,0
77,
764,
0,221

Hye
INLET
197,

ar,
2498
771,
693,
6,378

253,

FXIV
ato,
69,
2a9.8
77t
693,

0,786

EXTT
386,
62,
183,0
667,
642,
6,769

29%.

PIICH
THLEY  ExIV
16, 382,

d, o8,
378,0 26a,3
m, 771,
764, 704,
0,211 0,728

PITCH
THLEY  EXITY
167, 399,

28. 61,
268,3 183,5
773, tol,
T0s, 682,
9,318 0,754
15, 27s,

1102 SPEED
Ve
INLEY EXIT
116, 358,
20, 67,
378,0 276,3
71, m,
704, 712,
0,210 0,679
LB (4
INLEY EXIT
187, e03,
13, 60,
276,3 1839
771, 669,
7i2. o83,
0,279 0,801
297, 297,
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Table 19(b).

POIMT MO, 3010

STATCR 1

VELOCITY

FLMn ANGLF
STATIC PRESSURE
TOYAL TEMP,
STATIC TFmP,

MACH NUMRER

ROTOR 1

RELATIVE VEL,
PEL, FLOW AMGLF
STATIC PRESSURF
TOTAL TEMP,
STATIC TfEvpP,
REL , “MaCw NO,

AHFEL VELCCITY

e

we

(»/SEC)
(DEGREE S)
Xy /M2y

(OEG, KELVIN)

(DEG, XELVIM)

(v»/SECH
(DEGRFES)
(Kn/sru2y

(DFG, XFLvIN)

{DEG, KELYTIN)

i+ s3ECY

Hy®g
TELET

19,
20,
377.4

771,

HUB
INLET

236,
a8,
235,9
71,
684,

0,455

2z

FxIv
43a,
69,
235.9
771,
68a,

0,838

FXI7
524,
62,
1272.8
b&2,
%81,
1094

20,

NASA Core HP Turbine Flow Diagrams - EOt Test, 100% Speed.

PYICH
TRLEY Ex1Y
119, a0g,

20, 68,
377.4 251,06
77, 171,
Tea, 6%,
0.217 0,775

PITCH
INLET EXI
199, S2e,

39, 61,
251.6 125.7
77y, €a3,
6Ss, S8a,
0,381 1.297

25o.

%o,

1002 SPERD
LB 14
INLEY EXlY
119, 380,
20. o7,
317,42 20a.,5
771 1,
To4. 70a,
0,216 0,723
TP
INLET  EXIY
171, 528,
2e, 60,
26485 128,90
171, eas,
To4, S8s,
6.325 1,100
279, 2o,
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Table 19(b).

PIOINT NO, 2410 °

STATOR |}

VELGCITY

FLOW ANGLF
STATIC PRESSURF
JOTAL TEMP,
STATIC TewP,

MACH NUMRER
ROTOR 1§

RELATIVE vFL,
REL, FLOW ANGLF
STATIC PRESSURE
TOYAL TEMP,
STATIC TEMP,
REL . MACH KO,

WHFEL VELOCITY

«e

..

«[

-

“®

<

as

~e

-
[4

.e

gz e e g RO SR

NASA Core HP Turbine Flow Diagrams - Hot Test, 100% Speed (Continued).

(»/SFC)H
(DFGREFS)
(KN/Mu2)

(DEG. KELVIN)

(DEG,. KELVIN)

(M/SEC)
(DEGREFS)
(KN/Mu2)

(DEG, KELVIN)

(DEG., KELVIN)

{(M/SECD)

HuB
INLET EXIT
118, 428,

20, 09,
377.5 ¢39,.5
171, .
Ted, 687,
0,216 0,825

HUB
INLEY  EXIT
230, aaa,

q8, 62,
239, 157,.3
771, 658,
687, 618,
0,443 0,901
230, 230,

PITCH
INLEY EXIT
118, 399,

20, 68,
377,55 255,0
17, 1,
Toa, 697,
0.216 0,763

PITCH
IRLEY EXIY
19a,  asi1,

38. 61,
255,0 159,0
M, 658,
697, 619,
0.371 0,916
250, 250,

i00% SPEED

T1P
INLEY  EXIT
118, 374,
20, o7,
377.5 267,6 )
771, 1,
7ea, . 706,
0,218 0,712

e
INLEYT  EXIT
167, - 856,
26, 60,
267,6 160,a
171, 639,
70e, 620,
0,317 0,924
270, a70,
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Table 19(b).

POINTY NO, 2110
STATOR 1

VELOCITY

FLOW ANGLF
STATIC PRESSURF
107AL TEMP,
STATIC TEmP,

MACH NUMBER
ROTOR 1

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURE
TOTAL TEwP,
STATIC TEMP,
REL, MACH NO,

WHFEL VELOCITY

«s

1]

]

s

-

e

-»

NASA Core HP Turbine Flow Diagrams - Hot Test, 100% Speed (Continued).

(m/StEC)H
(DEGREES)
(kN/Mn2)

(DEG, KELVIN)

(DFG. KELVIN)

(#/SEC)
(DFGREES)
(Kn /M2y

(DEG, KELVIN)

(DEG, KELVIN)

(%/SFC)

HuUa

INLET  EXTT
17, n16.
20, 69,
377.8 246.1
71, 171,
764,  691.
0.213 0,801
INLET  EXIT
219, 389,
a7, 62.
2061  182.6
771, 669,
691, 642,
0,421 0.774
230, 230.

PITCH
INLET  EXTT
117, 388,

20, 68,
377.8 260.9
71, 171,
7ea, 702,
n,213 0,781

PITCH
INLET  EXIT
18s, aoo0,

36, 61,
260,9 183.S
771. 670,
702, 642,
0,353 0,797
250, 250,

1002 SPEED
. 11P
INLET  EXIY
117, 364,
20, 67,
377.8 273,2
771. 71,
704, 709,
0,212 0,691
TP
INLEY EXIY
160, q03,
2a, 60,
273,2 1842
1T, 6T,
709, 647,
0,302 0,806
270, 270,



102

Table 19(b).

BOINY =0, 1919

STATOR 1

VELOCITY

FLOW ANGLF
STATIC PRESSURF
TOTAL TEMmP,
STATIC TEmP,

MACH NUMREFR
ROTOR i

RELATIVE VEL,
REL, FLOW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TFMP,
REL, MACH NO,

WHFEL VELOCITY

e AT A AL By R

« “y . « L1 A 1]

“e

-0

-

NASA Core WP Turbine Flow Diagrams - Hot Test, 100% Speed (Concluded).

(M/SEC)
(DFGREES)
(KN/Mu2)

(DEG, KELVIN)

(DEG, KELVIN)

(M/SEC)H
(DFGREES)
(KN/MD2)

(DEG, KELVIN)

(DEG, KELVIN)

(M/7SEC)H

HuB
TNLET

114,
2,
378.4
171,
765,

0,208

HuB

INLEY
2901,
as,
256,.8
7,
6c3,
0,385

230,

EXTT
397.
69,
256,8
771.
698,

0,760

EXIT
351,
62,
2G2,.8
680,
659,
0,690

230,

PITCH
INLETY EXIT
1la, 370,
20, 68,
378.4 270,77
771, 771,
765, 708,
0,208 0,703

P1TCH
INLET EXITV
170, 36S,
33, 61,
270,7 203,4
171, 681,
708, 659,
0,323 U.717
250, 250,

100% SPEED

INLET
114a.
20,
3768,3
771,
76S,
0,207

INLET
148,
20.
282,2
771,
71Se.
0,279

270,

EX1y
3a7,
67,
282,2
171,
71S.
0,657

TIF

EXIV
308,
60,
203,7
81,
659,
0,722
270,
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Table 19(c).

POTNT N0, 2691

STATOR 1

VELOCITY

FLOW ANGLF
STATIC PRESSURE
TOYAL TEMP,
STATIC TFMP,

MACH NUMBFR

ROTOR 1§

RELATIVE VEL,
REL, FLUW ANGLF

STATIC PRESSURF

. YOTAL TYEwmp,

STATIC TEWMP,
REL, MACH NO,

WHFEL VELOCITY

-«

-e

H

e

-

“e

{(m/SEC)H
(DEGREES)
(KnsMn2)

(DEG, KELVIN)

(DEG, KFLVIN)

(M/SEC)
(DEGREES)
(KN/7Mn2)

(DEG, KELVIN)

(DEG, KELVIN)

{v/SECH

Ty

INLET
120,
2.
377.3
771,
764,

6,218

TNLEY
259,
s2.
232,5
771,
682,
0,501

207,

ExITY
440,
69.
232.5
771,
682,
0,852

EXIV
a7s.
62.
144,0
658,

607,

0,972

207,

NASA Core HP Turbine Flow Diagrams - Hot Test, 90% Speed.

P1TCH
INLEY EXIY
120, 410,
20, 68,
377.3 24R.u
77, 771,
76a, 693,
0,218 0,788

PITChH
INLET  EXIV
221, 479,
45, 61,
248,48 146,8
771, 657,
€93, 608,
0.424 0,979
22S, 225,

Q0% SPEED

INLEY
tea,
20.
377.3
.
764,

0,217

INLEY
189,
36,
261.6
71,
702,
0,361

243,

EXTY
385,
o7,
261,6
71,
702,
0.734

EXIT
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Table 19(c).

POINT NO, 2491

STATNR 1

VELOCITY

FLOW ANGLE
STATIC PRFSSURE
TOTAL TEmFP,
STATIC TEMP,

MACH HUMRER
ROTOR 1

RELATIVE VEL.
REL, FLOW ANGLF
STATIC PRESSURE
TOTAL TEMP,
STATIC TEmP,
REI , MACH NO,

WHFEL VELOQCITY

“e

-

«e

“e

“e

-

“e

e

NASA Core HP Turbine Flow Diagrams - Hot Test, 90% Speed (Continued).

(v/SECH
(DFGREES)
(KN/M2)

(DEG, KELVIN)

(DEG, KELVIN)

(m/SEC)
(DEGREES)
(KN/NMuZ)

(DEG, KELVIN)

(DEG, KELVIN)

(m/SEC)

-

HUB

INLET
119,
20,
3773
m,
764,

0,218

INLEY
256,
Se.
234.3
771,
683,
0,495

207,

Ex1y
437.
69,
234,3
T71.
683,

0,845

EXIT
451,
62.
1548
662,
618,
0,915

207,

PITCH
INLEY EXIV
119, 407,
20, 68,
377.7 250,1
7, 771,
76a, 694,
0,218 0,781

PITCH
INLETY (298]
218, 457,
4a, 61,
250,.1 157,2
774, 662,
69a, 61R,
0,418 0,927
22s, 22S,

90% SPEED

INLEY
119,
20,
377.3
771,
764,
0.217

INLET
187.
36.
263,2
771,
703,
0,356

243,

EXITY

382,
67,
203,2
m,
703,
0,729

EXIY
aeo,
60,
1591
662,
619,
0,933
2a3,
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Table 19(c). NASA Core HP Turbine Flow Diagrams - Hot Test, 90% Speed (Contiaued).

POTIMT NO, 2194

STATOR |

VELOCITY

FLOW ANGLF
STATIC PRESSURE
TOTAL TEwmp,
STATIC TemP,

MACH NUMRER

ROTOR 1§

RELATIVE VEL,
REL, FLOW ANGLF
STATIC PRESSURE
TOTAL TEWP,
STATIC TFmP,
REL , MACH NO,

WHFFL VELDCITY

weo

e

«e

“e

e

-

(M/SEC)H
(DFGYEFS)
(kN/Mu2)y

(DEG, KELVIN)

(DEG, KELVIN)

(M/SEQ)
(PEGREES)
(Kusvngy

(DFG, KFLVIN)

(DEG, KELVIN)

{(msSEC)H

INLEY
118,
29,
377,.7
771,
Ted,

0,218

INLET
242,
s1,
2a3,0
771,
689,
0,465

207,

£xIv

422.
69,
243,0
T71.
689,

0,812

EXIT
394,
62,
182.1
674,
643,
06,784

207,

PITCH
INLET Ex1t
118, 393,

D, 68,
377,7 258,1
77, 771,
704, 699,
0,214 0,751

PITCH
INLETY EXIY
29s, 403,

a3, 61,
258, 1 183,06
. 674,
699, 643,
0,392 0,803
22S. 225,

Q0% SPEED

INLET
118¢
20,
377.7
71,
764,

0.,213%

INLEY
176,
33,
27046
771,
708,
0,334

243,

EXTY
369,
67.
27¢ .6
17,
708,

0,70t

TIP

EXIY
208,
.60.
18a,7
e7a,
6a3,
0.811

2a3,
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Table 19(c).

POINT M0, 1994

STATOR 1

VELOCTTY

FLOW ANGLE
STATIC PRESSURF
TOTAL TEwmP,
STATIC TemP,

MACH NUMBER

ROTOR 1

RELATIVE VFL,
REL, FLOW ANGLF
STATIC PRESSURE
TOTAL TEwP,
STATIC TFw~P,
REL, MACH NO,

WHEFEL VELOCITY

NASA Core HP Turbine Flow Diagrams - Hot Test, 90% Speed (Concluded).

..

-

.

«e

e

s

(m/SeCH
(DEGREES)
(Knsvn2)y

(DEG, KELVIN)

(DEG, KELVIN)

(»/SEC)
(DFSREES)
(KN/M12)

(DEG, KELVIN)

(DEG, XELVIN)

(m/SEC)

INLEY
114,
Zo.
378,.4a
171,
765,

0,208

INLET
218,
a9,
2568
71,
698,
0,816

207,

HUB
Extiy

397.
69,
256.8
771.
655,
0,760
HUB
FX17
34S.
62.
208.1
686,
664,
0,676

207.

PITCH
INLET EXIT
ila, 370,

20, 68,
378,4 270,48
771, 771,
76S, 7.8,
0,208 0,703

PITCH
INLEY EXITY
185, 358,

40, 61,
270,38 208,9
771, 686,
708, 664,
0.350 0,701
225, 22s,

902 SPEED
TIP
INLETY EXIT
114, 3a7,
20, 67,
378.4 282,2
171. 1,
76S. 715,
0,207 0,657
vie
INLET  EXIY
159, 361,
29, 60,
282,2 209,5
771, 686,
715, 66a,
0,299 0,707
2as3, 243
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Table

POINT NO,

2671

STATOR 1

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEwmP,
STATIC TEMP,

MACH MNUMRFR
ROTOR 1

RELATIVE VvFL,
REL, FLNOW ANGLF
STATIC PRESSURE
TOTAL TEMP,
STATIC TEMP,
REL, MACH NO,

WHEEL VELOCITY

L 1) e - ..

-

L]

e

-«

19(d).

(v/SEC)
(DEGREFS)
(KN/MB2)

(DEG, KELVIN)

(DEG, KELVIN)

(M/8EC)
(DFGREES)
(KN/MD2)

(DEG, KELVIN)
(DEG, KELVIN)

(M/SEC)

HUB
INLEY

121,
20,
377,0
171,
Ted,
0,220
HUB
INLEY
309,
S8,
225.,5
771,
676,
0,600

161,

EXTY
453,
69,
225,.5
171,
676,
0,879

EXIT
a8s8,
62,
141.4
673,
609,
0,998

161,

CRN TS A

-~ —

s RS S G Ry

PITCH
TNLEY  EXIT
121, a2z,
290, 68,
377,0 24a2,1
171, 771,
7o8, €89,
0.220 0.812

PITCH
INLEY  EXIT
269, 488,
33, 61,
242,1 146,1
771, 672,
689, 611,
0,518 0,995
175, 175,

NASA Core HP Turbine Flow Diagrams - Hot Test, 70% Speed.

702 SPEED
1P
INLET  EXTY
121, 3%,
20, 67,
377.0  255.7
m. M,
763, 698,
0,219 0,757
1§
INLET  EXIY
235,  a87,
as. 60,
255.7 149.9
M. 612,
698, 613,
0.450 0,923
189, 189,

i
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Table 19(d).

POTNT KO, 2474

STATOR 1

VELOCTITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEwMp,

STATIC TewP,

MACH NUMRER

ROTOR 1

RELATIVE VEL,

REL., FLOW ANGLE
STATIC PRESSURE
TOTAL TEMP,
STATIC TEMP,
RE(. MACH NO,

WHEEL VELOCITY

L] . «.

-y

s

(M/SEC)
(DEGREES)
(Kn/vn2)

(DEG, KELyIN)

(DEG, KELVIN)

(M/SEC)Y
(DEGREES)
(Kn/Mn2)y

(DEG, KELVIN)
(DEG, KELVIN)

(MISEC)H

NASA Core HP Turbine Flow Diagrams - Hot Test, 70% Speed (Continued).

HUB
INLET  FXIT
121, asi,

20, 69.
3771 226.5
771, 71,
Te4, 677,
0,220 0,876

HUB
INLET  EXIT
307, u61.

S8, 62.
226.,5 153,1
171, 677.
677, 621.
6.596 0,933
161, 161,

PITCH
INLET EXIT
121, a2,

0. o8,
377.1 82,9
171, 771,
764, 689,
0,220 0,809

P1YCH
INLEY €X17
268, 863,

53, 61,
242,.9 157,3
771, 676,
689, 622,
0,516 0,936
178, 17s,

70X SPEED
e
INLET  EXIT
121. 395,
20, 67,
377,.1 256,6
171, 171,
Tea, 699,
0.219 0,758
TP
INLET  EXIT
23a. a6a,
as. 60,
256,6 160,6
771, 675,
699,  e23,
0,437 0,937
189, 189,
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Table 19(d).

POINT NO, 217
STATOR

VELOCITY

FLOW ANGLE
STATIC PRESSURE
TOTAL TEwP,
STATIC TFMP,

MACH NUMBRER
ROTOR 1

RELATIVE vEL,
REL, FLOW ANGLE
STATIC PRESSURF
TOTAL TEMP,

. STATIC TewpP,
REL, MACH NO,

WHEEL VELGCITY

-t

-

e

(v/SEC)
(DFGREES)
(KN/M2)

(DEG, KELVIN)
(DEG. KELVIN)

(M/SECH
(DFGREES)
(KN/Mucly

(DEG, KELVIN)

(DEG, KELVIN)

{(m/SEC)

INLET
119,
20,
3774
m,
764,

0,217

INLEY
290,
58,
236,2
171,
684,
0.561

161,

ExI
ala,
69.
236.2
171,
684,
0,838

EXIT
197.
62.
183,9
687,
649,
0,786

161,

PITCH
INLEY  EXIT
119, a0a,
20, 68,
377.8 251,9
7. m,
Toa, 696,
0,217 0,775

PIICH
INLET FXITY
253, 803,

52. 61,
251,9 186,7
771, 686,
6%, 689,
9,18 0,799
175, 178,

NASA Core HP Turbine Flow Diagrams - Hot Test, 70% Speed (Continued).

70X SPEED
TIP
INLEY  EXIY
119, 380,
20, 67,
377,48 264,9
771. 1,
7Tea., 708,
0,216 0,723
TIP
INLET  EXIT
220, 907,
a7. 60,
26,9 189,0
771, 686,
70a, 6489
0,419 0,805
189, 189,
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Table 19(d).

POINY NO, 197}

STATOR 1}

VELOCITY

FLOW ANGLF
STATIC PRESSURF
TOvAL TEMP,
STATIC TFMP,

MACH NUMRER

ROTOR 1

RELATIVE VFL,
REL, FLOW ANGLF
STATIC PRESSURE
TOTAL TEVP,
STATIC TEMP,
REL, MACH MO,

WHEEL VELOCITy

..

~

-

NASA Core HP Turbine Flow Diagrams -

(M/SEC)
(DEGREES)
(KN/MT2)

(DEG, KELVINY

(DEG, KELVIN)

(m/SEC)
(DEGREES)
(KN/Mn2)

(DEG, KELVIN)
(DEG, KELVIN)

(%/SEC)

INLEY
17,
20,

*377.8
771,
764,

0,213

INLEY
273,
57.
2461
71,
691,
0,525

161,

EXIV
a1é6.
69.
286,.1
771,
691.

0,801

EXIT
364, .
62.
201.8
693,
663,
0,713

161,

Hot Test, 70% Speed (Coacluded).

PITCH
INLEY  EXIV
117, 388,

z0, 68,
377.8 260,9
771, 771,
764, 702,
0,213 0,741

PITCH
INLEYT  EXIT
237, 373,

S1, 61,
260,9 203,9
171, 693,
702, 663,
0,852 0,730
175, 17S.

e PR, “ﬁ%lzu,.ﬁgmq i %t_\j

702 SPFED

INLET
117,
20,
377.8
771,
764,
0,212

INLEY
206.
as.
273,.2
171,
709,
0,390

186.

eXIT -
3oa,

67,
273,2
m,
709,

0,691

e

EXIY
376,
60,
205,7
692,
663,
0,737
189,
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% APPENDIX C - COMPARISON OF DOWNSTREAM WALL AND PROBE
KULITE MEASUREMENTS
Appendix C contains comparisons of the wall and probe Kulite measure~
( 1 mente downstream of the 3-stage low pressure turhine.
{

B s e et
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Table 20. Three-Stage Low Pressure Turbine, Point 3042,

Downstream SPL

Fund. Freq., Wall Probe

He K5 K9 SPL

0 83 115 113 114

f 160 126 126 126

b 300 144 134 139

if 400 150 130 150
i 750 143 136 139.5

i 1,000 139 141 140
i 1,175 136 123 129.5

2nd Harmonic —_—

Hz K5 K9 SPL

167 (103) (105) 104
320 127 110 118.5

600 128 122 125

800 118 124 121

1,500 120 126 123

2,000 125 115 120

2,350 123 119 121

Table 21. Three~-Stage Low Pressure Turbine, Point 4042,

i Downstream SPL

; Fund. Freq., Wall Probe o
g Hz K5 K9 SPL
3 83 118 114 116
g 125 129 117 123
300 141 127 134

400 147 138 142.5

750 140 141 140.5
1,000 139 141 140

1,175 120 129 124.5
2nd Harmonic, .
Hz K5 K9 SPL
167 106 104 105

250 127 118 122.5
600 122 122 122

800 117 118 117.5
1,500 119 125 122

2,000 112 113 112.5
2,350 126 114 120

( ) Broadband Level

211
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APPENDIX D - TYPICAL HIGH RESOLUTION NARROWBAND SPECTR: AND
TYPICAL COHERENCE SPECTRA

Appendix D contains typical high resolution narrowband spactra from
cold inlet and hot inlet high pressure turbine tests and typical coherence
spectra from l-stage and 3-stage low pressure turbine tests.

212
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Sound Pressure Level, dB

Sound Pressure Level, dB

o High Pressure Turbine

e Siren = 375 RPM

o Inlet Temperature = 450° K
e Inlet Pressure = 389.6 kN/m2
o P =21 § NAT = 100%

R
Fundamantal
an Upstream

150
130
110p u i
90
70 ] /] [ § [ 1 1 1

1 j
0 200 400 600 800 1000
Frequency, Hz

150 Fundamental‘ Dovpstream

2nd
e

WAWMWMWMW

7C 1 ] —d 1 1 ") L ] 2 §
200 400 600 800 1000
Frequency, Hz

Figure 58, Typical High Resolution Narrowband Spectra

(Cold Inlet HPT),
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¢ iHigh Pressure Turbine

e Siren = 900 RPM

e Inlet Temperature = 450° K
e Inlet Pressure = 389.6 kN/m2

o P, =21 4 N/VT = 90%

Ugltrclm
Fundamental

170 r
% o
= 150 - 2nd
® .
& 130 b - 3rd
g W f m «4th
% 110
7
&

70 1 ] [ I} ] [l 'l 1 [l g
(+] 400 800 1200 1600 2000
Frequency, Hz
Downstream

160 -
% 5 « Fundamental
~ 140 :
g Y 2nd 3rd
3 ’ P bkth
g 120
a I
5 100 b
“ ad
5 8o }
(3 1 1 A i i 1 Jd 1 I R |

0 400 800 1200 1600 2000
Frequency, Hz

Figure 59, Typical High Resolution Narrowband Spectra

{Cold Inlet HPT),



e High Pressure Turbine

e Siren = 3525 RPM

e Inlet Temperatu~e = 450° K
e Inlet Pressure = 389.6 kN/m2

o P, =24 N/VT = 100%

Upstream
% 160 < Fundamental
> ()
. My
o 120 F
b e
7
9 100 P
& I
T aof
°
w0 [ [ [l } [ A 1 1 1 ]
: 4] 1000 2000 3000 4000 5000
' Frequency, Hz
Downstream
g 1501 ’/,Fundamental
- i 3rd
g 130 - 2nd /
5 T
0 W
¥ 110}
(/)]
0n e
0
& oof
g 5
Vo} 70 [ [ 1 [ ] [ 1 1 1 [
0 1000 2000 3000 4000 5000
Frequency, Hz
Figure 60, Typical High Resolution Narrowband Spectra

(Cold Inlet HPT),
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® High Pressure Turbine

e Siren = 2250 RPM

e Inlet Temperature = 783° K

o Inlet Pressurs = 389.6 kN/m"

ot i i

U et

® Pp =21 NNV = 100% g
3
Ups tream ;
160 [ ?
% ’,,Fundamental
-
140
% A
-
o 120
5
7]
3 100
& -
% 8o Jy
n ) L N 1 I ) 1 A 1 J ‘/
0 1000 2000 3000 4000 5000 B
Frequency, Hz
1/Rev Tones Downstream
@ 160 r Fundamental
T L
- (23
E 140 | ‘//‘“"d
3 h . rd
g 120 me«.m
% ol
¥ w0
& p
-]
g 80 |
o
(%] ] 1 1 1 [ 1 1 1 | /]
o 1000 2000 3000 4000 5000

Frequency, Hz

Figure 61, Typical High Resolution Narrowband Spectra
(Hot Inlet HPT),
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® High Pressure Turbine

® Siren = 2250 RPM

® Inlet Temperature = 783° K
e Inlet Pressure = 389.6 kN/m°
eP =26 § NAT = 70%

R
Upstream
160 [ o Fundamental
3 B 2nd
- P
! A
K] . 4th
g 120
2 I WJL""%»M
)
5 100 B
‘ -
5 eof
7] L 1 1 1 [ 1 [ i ] []
0 1000 2000 3000 4000 5000
Fregquency, Hz

Downstream
g 160 - Fundamental
iy / » %" 1one Masked by
$ 140 Broadband Noise
3 -
§ 120f
7 L
]
0
& 100f
lv -
3 8ol
n [l q [} [] { 1 1 1 1 ]

0] 1000 2000 3000 4000 5000
Frequency, Hz
Figure 62, Typical High Resolution Narrowband Spectra

(Hot Inlet HPT),
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e et A 5 et

i e High Pressure Turbine
i e Siren = 3000 RPM
‘ o Inlet Temperature = 783° K
e Inlet Pressure = 389,06 kN/m2
o Py = 2.1 N/VT = 100%
Ug.tream
8 150
. < Fundamental
?
» 130
3 L
o
5 110
I
0 o
o
& oo}
E 70 [l 1 2 [ [ 1 } (] 1 ]
0 1000 2000 3000 4000 5000
Frequency, Hz
% Downstream
. 150'/1/Rev Tones
E B ‘,/Fundamintal
g 130f ’/und J3ra
w -
5 110pF
]
® e
&
o %or
]
: d
° .
(751 ?o t 1 [ | 4 A 1 I 1 ]
0 1000 2000 3000 4000 5000
Frequency, Hz
Figure 63, Typical High Resolution Narrowband Spectra

(Hot Inlet HPT),
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o High Pressure Turbine
e Siren = 3000 RPM

e Inlet Temperature = 783° K

L2 ]
e Inlet Pressure = 389,6 kN/m”
o P, =21 NAT = 110%

Upstream
3 160 <— Fundamental
-
¥ 140
3
g 120 p
@ .
7]
£ 1w0p
‘u o
:  sof
“n 1 [l 4 ' I3 [ [ _ 1 . |
0 1000 2000 3000 4000 5000
Frequency, Hz
% Downsgtream
- 170
i Tones Masked by
> i Fund. :Broadband Noise
3 150 - i/ i ———
g 2nd Ird
2 10 M Lo
0 WAl iomayseg g aipiah ids
& L
Lo} 110 ] 1 1 i 1 1 1 1 i _}
3 0 1000 2000 3000 4000 5000
0 Frequency, Hz

Figure O6h. Typical High Resolution Narrowband Spectra
(Hot Inlet HPT).
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Sound Pressure Level, dB

Sound Pressure Level, 6B

® lLow Pressure ‘lurbine - Single Stage
e Inlet Temperature = 422° K

e Inlet Pressure = 275.8 kN/m2

Siren = 165 RPM

Ppo= 2.2 § NAT = 100%

5

*— Fundamental

Upstream

(N
J\!thXAKVNzﬂﬁﬂb‘pﬁfkﬁﬁﬁ”‘ﬁmuvu

100 ~Wﬁ. :' "
i L]
8ok Downstream Coherent Spectrum
) L 1 A | i /) —t 1 J
0 100 200 300 410 500

Frequency, Hz

Siren = 1200 RPM
1.6 3 NAT = 120%

i

*— Fund,

800 1200 1600 2000
Frequency, Hz

Figure 05, Typical Coherence Spectra (1-Stage LPT),




Sound Pressure Level, dB

Sound Pressure Level, dB

165

145

\25

105

85

® Low Pressure Turbine - Three Stage
® lnlet Temperature = 422° K

e Inlet Pressure = 275,8 kN/m2

® Py = 3.0 § NNT = 50%

Siren = 1200 RPM

" ’,Fundamental

A D
I\WNLJ‘ M,}\

1
400 800 1200
Frequency, Hz

Siren = 3525 RPM

< Fund,

2nd
~

Upstream

'd

< Downstream

by,
Ww’ g

i 1 ] i L 1 i J

(V]

1000 2000 3000 4000 5000
Frequency, Hz

Figure 66. Typical Coherence Spectra (3-Stage LPT).
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® Low Preasure Turbine - Three Stage
® Inlet Temperature = 422° K

e Inlet Pressure = 275,8 kN/mB

o Py =52 j NAT = 100%

Siren = 1200 RPM

@ ~ Fundamontal
- A 2nd
0 145 3rd
§ ’/ Upstream
g 125
: iy
@
105 \ (| Downatream
g ‘In W}ﬂm W /”'J‘L\!‘" .“;/ Coherent Spectrum
‘- TR NLYY W/‘ ny
@ L i d i L 4
o 400 800 1200 1600 2000
Frequency, Hz
Siren = 2250 RPM
165 Fund.
g8 [ rd 2nd
- 3rd
E 145 Upstream
3
o 125 i
g I '% i ]
g 105 'V\ \v ‘l "= Downs tream
ul \ "‘,‘ l
=} J, »
1 J
O 1000 2000 3000 4000 5000

Frequency, Hz

Figure 67. Typical Coherence Spectra (3-Stage LPT),
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