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~~~ in September , 1976, AiResearch Manufacturing Company of
Arizona initiated a program for the United States Air Force
Aero Propulsion Laboratory to hot-rig test TFE73I—3 Axial
Laminated Turbine Rotors and ver i fy  their heat—transfer per—
forina nce and mechanical integrity. The testing was to be con-
duc ted in the AiResearch High Temperature Turbine Test
Facili ty,  and three major tests were planned — a heat—transfer.
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perfor mance test, an accelerated stress—rupture test, and a
thermal cyclic test . This interim report describes the
progress to date on the Hot-Riq Program, just prior to the
redirection in accordance with contract ~nodi ficat ion, P00003.
This redirection concludes the Hot-Rig activities . The
redirected test program will test one of the laminated turbine
wheels directly in the Model 1131-1 Advanced Gas Generator.
Also , a small lar~ina ted ax ial turbine rotor suitable for
cruise missile app lication will be designed during this
program.
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Vershure , Jr. of AiResearch was technically responsible for the
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SU~~ARY

In September , 197 6, AiResearch Manufacturing Company of
Arizona ini tiated a program for the United States Air Force Aero
Propulsion Laboratory to hot—rig test TFE731-3 Axial Laminated

Turbine Rotors and verify their heat-transfer performance and
mechanical integrity . The turbine rotors are being fabricated

on the AFML Laminated Wheel Fabrication Development Program

(Contract F33615—75—C-52l1). The testing was to be conducted in
the AiResearch High Temperature Turbine Test Facility , and three

major tests were planned - a heat—transfer performance test, an
accelerated stress—rupture test, and a thermal cyclic test. This

interim report describes the progress to date on the Hot-Rig

Program , just prior to the redirection in accordance with

con t ra ct mod i f i ca t i on , P00003.  In summary , the fol lowing major
tasks were completed :

1) H e a t — t r a n s f e r  ca lcula t ions  and predictions were
completed to allow correlat ion of ri g test per-
formance to the design.

2) A h o t — r i g  test plan matrix was established

3) Stress and l i f e  analyses were completed to assess
the mechanical integrity in a hot dynamic environ-

ment. The stress rupture , based on a two—percent

creep design curve at a rig inlet temperature of

2000°F, was calculated to be 700 hours.

4) Advanced inst rumentat ion of the turbine rotating
teRt rig was undertaken to allow measurement of
pertinent temperatures , pressures, and airflows.

ix
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5) Rota t ing r ig and f ac i l i ty  modificat ions were under—
taken to adapt to the planned test series and to add

a radiat ion pyrometer blade metal temperature measure-
ment capability in the dynamic test.

H 6) An in-process airflow check was performed on four
Waspaloy laminated wheel blanks. Two of the wheel

blanks are considered acceptable and are currently

being finish machined.

The redirection concludes the Hot—Rig activities. The

redirected test program will test one of the laminated turbine

wheels directly in the Model 1131—1 Advanced Gas Generator.

Also , a small laminated axial turbine rotor suitable for cruise
missi le  application wi l l  be designed during this program .
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SECTION I

IN TRODUCTI ON

This document is submitted by the AiResearch ~1anufacturing

Company of Arizona , a division of The Garrett Corporation , and

presents the Interjn Technical Report (DI—S—359lA) on “The Small

Laminated Axial Turbine Hot-Rig Test Program” , being conducted

for the USAF Aero Propulsion Laboratory, Wright—Patterson Air

Force Base , Ohio. The Program is authorized under Air Force

Systems Command Contract No. F33615—76—C—2176 , Project No. 3066.

This interim report summarizes the axial turbine hot-rig design

analysis and rig modification activity , which covers the period

from September 15, 1976 to February 28, 1978.

• The original objective of this program was to verify the

heat—transfer performance and mechanical integrit~j of the lamin-

ated turbine wheel in a hot dynamic environment, and correlate

the results with design predictions.

The testing was to be conducted in the AiResearch Company-

Sponsored High-Temperature Turbine Test Facility , which was

specifically developed to permit evaluation of cooled components

for gas turbine engines. This facility , the advanced instrumen—

tation , and associated equipment are described in Appendix A.

Four TFL731-3 Laminated Turbine Wheels were to be bailed to

the test program from the AFML Laminated Wheel Fabrication

Development Program (Contract F336l5—75—C-52ll). Two Waspaloy

wheels were to be used in th~ airflow and component testing , and

i.~ the heat-transfer performance test in the high—temperature
rotating rig. Two Astroloy wheels were to be used in the life

tests, which are the accelerated stress rupture , and the thermal

cycling tests in the hot r ig .
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In summary, the three major tests planned were:

1) A hea t - t ransfer  performance test to determine turbine
blade and disk metal temperatures of the Waspaloy
wheel over a range of turbine inlet  temperatures ,
cooling a i r f low rates , and a i r f low temperature con-
ditions.

2) An accelerated s t ress—rupture  test of about 10 hours
durat ion at s teady—state  conditions , using the
Astroloy wheel , and testing to the limit of the
rotors predicted two-percent creep l i fe .

3) A thermal cyclic test to be conducted with the second

Astroloy wheel. The thermal cycle will be accom-

plished by varying the mainstream gas temperature

and periodically inspecting the rotor every 10

cycles, up to a total of 50 thermal cycles.

The following sections describe the progress to date on the
Hot—Rig Test Program. This concludes the planned Hot-Rig Test

activity to the point where the contract modification, P00003 ,

redirected the effort to a small laminated axial turbine design

and test program. The redirected test program will test the

TFL731 laminated turbine wheel directly in an advanced gas

genera tor en gine environmen t, in place of the hot-rig testing.

2
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SECTION II

DESIGN MIALYSIS

1. HEAT—TRANSFER PERFORMANCE PREDICTIONS

The expected metal temperature levels for the laminated

Waspaloy turbine blade and disk were predicted based on the test

conditions selected for the hot-rig and the test data obtained

from the airflow bench testing of the turbine blades. In 1974,

a Company—sponsored , high— temperature rotating rig was tested

with the TFE731—3 high-pressure turbine rotor. The test results

from this test became the basis for the planned hot-rig test

with the 731 Laminated Turbine Rotor.

a. TFC731-3 Test Data Comparison

The Company-sponsored high-temperature rotating rig at

AiResearch was utilized to test the first—stage turbine blades

of the TFC731-3 . During these tests, the rig was operated to an

inlet temperature of 2057°F, an inlet pressure of 119.5 psia , a

main flow of 18.4 ib/sec , a speed of 3O ,2~~ rpm , and a power

level of 1378 hp. A total of fourteen test points was obtained .

For each point, all pertinent parameters were measured , including

a radiation pyrome ter metal temperature scan of all the blades

on the rotor. A schematic of the test section is shown in
Figure 1, including the instrumentation and pyrometer installa-
tion . Figure 2 shows a typical set of data. These results were

considered in establishing heat-transfer performance predictions

for the laminated turbine blade.

b. Heat—Transfer Verification Test

The overall object ive of this program is to ver ify the
heat—transfer performance of the laminated turbine wheel in

a hot, dynamic env ironment; and to corre late the results with

-
~ 3
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Figure 1. Test Section Schematic for TFE73I-3.
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Figure 2. Typical Test Results from TFE731-3.
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design predict ions.  To accomplish this objective , the or iginal  FT
in ten t  was to test the wheel in the AiResearch high-temperature  1~~

ro ta t ing  r i g ,  w i th  s u f f i c i e n t  ins t rumentat ion to establish a
corre la t ion between measured versus predicted temperatures.
However , wi th  the redirect ion of the program , the wheel w i l l  be

• tested in the Model 1131-1 Advanced Gas Generator . Bulk metal
temperatures only wi l l  be measured wi th  pyrometers.  Therefore ,
the objective wi l l  be to verif y the h e a t — t r a n s f e r  performance as
related to bulk metal effectiveness , and to demonstrate the

• mechanical integrity and durability of the wheel.

A test matrix was established for the rig testing with a

total of 18 test points defined to permit a significant varia-

tion in basic parameters , and to provide a data base for  con—
firrnation of prediction techniques. The test matrix is shown in

Table 1. flote that the matrix includes three turbine inlet

temperatures (1800, 1900, and 2000°F), three cooling flow rates

(1.25, 2.0, and 3.0 percent of gas flow) , and two coolant tem-

peratures (800 and 1000°F). All other parameters would remain

constant

c. Blade The rmal Analysis

The laminated turbine  blade has been analyzed for a reduced
turbine inle t  temperature of 2000°F. All other parameters
remain unchanged from the TFE731—3 design. A reevaluation was

made based on the changed external  boundary conditions , with a
turbine  in le t  temperature of 2000°F and the internal  cooling
f low conditions. Figures 3 and 4 are cross sections of the air—

foi l  showing the predicted flow splits. The critical blade
section was previously determined to be at a radius of 4.6095

inches. A two-dimensional thermal analysis was made at the

critical section to determine metal temperatures under combined

effects of convection and conduction . Figure 5 shows the

eler,ient and nodal layout of the critical section grid model.
The outside hea t—trans fe r  coef f ic ien ts  and adiabatic wall

6
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TABLE 1. TEST MATRIX FOR THE HEAT-TRANSFER VERIFICATION
TEST IN THE HIGH-TEMPERATURE TURBINE RIG.

Cooling Plow Cooling Air
Tgas (‘F) (% Wg~8) Temp (‘F)

1800 8.0 800

6.0

• 4.0

8.0 1000

6.0

4.0

1900 8.0 800

6.0

4.0

8.0 1000

6.0
I 4.0

2000 8.0 800

6.0

4.0

8.0 1000

6.0

4.0

All other paran~ ters to remain constant.
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temperatures are shown in Figures 6 and 7, respectively. The
resulting steady—state metal temperatures are shown in Figure 8.

These temperatures were then used in the stress and l i fe
analyses described below .

d. Stress and Life Analyses

1) Laminated Waspaloy-A Creep Properties - A two-

percent creep design curve for the laminated turbine
• of Waspaloy-A was developed from AiResearch test data

• and from consideration of the parent material stress-

rupture properties. This curve is shown in Figure 9.

2) Blade Stress Analysis — The steady—state stress

solution for the critical solution was computed with

the completion of the two-dimensional thermal

analysis of the blade critical section, and the

calculated radial  load and moments acting on this
section due to gas—bending loads and centrifugal

loading. This program combines thermal stresses

and mechanically generated stresses to describe a

steady—state , two—dimensional, uniaxial stress
• field. This solution for an average TIT of 2000°F

and with a 5.9 percent cooling flow is shown in
Figure 10.

In addition to the steady—state stress calculation ,
a creep analysis of the blade was also performed .

The critical section creep behavior occurs over a

finite radial length of the blade. The blade

stress distr ibution is recalculated af ter each
increment of creep strain, using the steady-state

temperature distribution . Calculated creep strains

and stress values are continued until some element

• in the blade reaches the creep—strain limit of two

percent.
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The two—percent creep l i fe  at an average TIT of
2000°F , with a 5.9 percent cooling flow , using cal-
culated metal temperature , is 700 hours. The failure

or maximum stra in location is along the suction wall
of the forward center cavity. The creep distribu-

tion at 700 hours is shown in Figure 11. The stress

distribution at 700 hours is also shown in Figure 12.
The peak steady—state tensile stress in the center—
passage divider has fallen from 96 ksi to 72 ksi,

• and the creep strain at this location is 1.6 per-

cent. The leading—edge compressive stress has

become tensile due to Strain relief during the

initial creep period , and the creep strain at
700 hours is 1.4 percent. The creep strains for
compression and tension are added algebraically
to determine a final value. In general , the high
tensile stresses along the pressure wall at mid—
chord have decreased substantially at 700 hours;

and on the suction wall, the outer-fiber stresses

have increased slightly, as shown in Figures 10 and
12.

3) Disk Stress Analysis - Previously conducted stress

analysis of the ful ly  bladed rotor as reported in
APAPL-TR-77-2 indicated the adequacy and margin for
use of this design in room—temperature whirlpit
testing. Installation of the rotor in a demonstrator

• engine and operation at the design speed of 29 ,692
rpm will result in increased stresses at the bore
and rim, due to thermal gradients in the disk. The

anticipated thermal gradients for a 2000°F TIT and
norma l secondary cooling of the turbine will not be
severe , and although the resulting increase in
stresses will reduce the LCF life of the componen t, 

•

its integrity for a short—term demonstration test

should not be affected . If long—term cyclic testing

- __________________
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in an engine environment is to be considered in the

fu ture , a more detailed examination of fatigue life

would be required .
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SECTION Iii

ADVANCED 1NSTRu~4ENTA’rIoN

The instrumentation of the high—temperature turbine rotat—

I f lCI  test riu was undertaken to allow measurement ot all ceoling

airfiows , pressures , and temperatures , inlet and exhaust hot qas

pressures and temperatures , tu rb ine  tip cl ea rance , m d  cri tical

static component metal temperatures. A detailed descriptien of

the instrumentation , readout devices , and data acquis i tion
equipment is included in Appendix A.

To measure the laminated turbine blade metal temperatures ,
t ’.:o me Lhods were to be utilizeth

1) Thermocouples were to be placed in grooves in the

blade surface and flame sprayed in place to obtain

a smooth aerodynamic sur face .

2) A radiation pyrometer was to be installed in the

rig to allow measurement of blade—to—blade metal

temperature variations , to determine uniformity

of cooling.

A review of the laminated turbine blade thermocouple instal-

lation was accomplished using the first APL rotor as ShoWn ~ fl

Figure 13. The following conclusions were reached :

• 1) The plasma-spray method of installation is limited

to the leading-edge and the trailing—edge reqions

(1/3 chord) of the blade .

2) The center section of the blade cannot be plasma

sprayed because the spray angle is too great to
obta in  an effective bond joint. However , it is

- 
- - •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --~~~ ~~~~~~ •

• 
_i~_•••_ ~•~~-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • 

• 
• - - -
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Figure 13. APL Turbine Rotor.
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believed possible to install calibration thermo-

couples using furnace brazing techniques. This

would provide a reference temperature to compare to

the radiation pyrometer measurement.

• 

- 
The radiation pyrometer installation was modified to cor-

rect for a bellows distortion problem noted on the previous
TFE731—3 hot rig testing . The new pyrometer installation is

shown in Figure 14. This new approach utilizes a double spher-

ical seat for locating and air sealing the probe in the two
housings , thereby eliminating the bellows assembly . Two probes

-
• of the new design were to be installed to measure the blade

suction- and pressure—side metal temperatures. The pyrometer,

as shown in Figure 15, manufactured by Vanzetti Corp., has a
higher frequency response than the previous pyrometer used in

the in i t ia l  testing (150 KHz versus 40 I~Hz). The higher fre-

quency response ensures recording of the highest blade metal

temperature during the short time period of viewing each blade .
• The Vanzet t i  pyrome ter and the associated electronic signal con-

ditioning equipment was tested successfully at AiResearch on the

STAGG Gas Generator Test Program.
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SECTION IV

FABRICATION

The turbine wheels required for the hot-rig testing will be

bailed from the A.FML Laminated Wheel Fabrication Program

(Contract F33615—75—C—5211). The first Waspaloy wheel is cur-

rently in the final machining operations and will be completed

in July 1978. The rig modifications were completed and were

primarily associated with the modification of the radiation

pyros~~ter installation. Also , various expendable instrumentation
hardware and test cell air cooling controls were modified for
the three major tests. With the redirection, the Waspaloy wheel
will be used in the AiResearch 1131—1 Advanced Gas Generator

Test.
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V

AIRFLOW TESTING

An in-process airflow check was performed on the four
Waspaloy lamina ted wheel b lanks  that  were fabricated in the
AFML Laminate Wheel Fabrication Program. At this point in the

process , the only cooling—flow circuits open are the blade tip

uischarge holes. Each of these 62 circuits was checked

individually by applying 30 in. Hg pressure to their respective

inlets on the face of the disk. It should be noted, however ,

that the flow through these circuits is metered at the tip

holes. Therefore , the flow check is significant in only three
respects:

1) It verifies that the cooling passages are open.

2) It measures ~~e flow characteristics and

repeatability of the tip discharge holes.

3) It checks for leakage from each cooling circuit

or cross flow between cooling circuits.

The results of the airflow testing are shown in Figures 16
and 17. Figure 16 presents the flow distribution of each hole.

It also shows the deviation from the mean value for Serial Nos.
001 and 002 wheel blanks of 0.00259 pps. Figure 17 presents the

median rank plot on normal probability distribution paper. Note

that for the Serial Nos. 001 and 002 wheel blanks, 72 percent of
the passages are within 5 percent of the mean , and 98 percent
are within 10 percent of the mean. However, Serial No. 003

exhibited a substantial improvement in flow distribution ,

having 100 percent of the holes within 3 percent of the mean.

This improvement was attributed to a modification of the bond-

ing tooling , which provided a more uniform unit load distribu-

tion across the wheel blank. This airflow distribution compares

favorably to a cast inserted blade configuration , which is

allowed +10 percent variation from the mean.
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_ _  _  _ _99.1 IN-PR oCE SS F~LO~ CHECK OF LAMINATED ROTOR

FOR THE SMALL AXIAL IJ~M 1NA TED T U R B I N E
1IOT-RI ( TEST PROGRAM (WA SPAL OY ROTORS
S E R I A L  NO. 001 , 002 , 00~, AND 0 0 4 )
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Figure 17. Flow Variation of Cooling Passage s , Median Rank Plot .
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The a i r f l o w  check of Ser ial  No . 004 wheel b lank  uncovered
a secondary leakage problem i n  t h i s  p ar t i c u l a r  p~’z-t .  Si nce the
Serial No. 004 wheel blank was bonded with the same bonding a

me thod as Serial No. 003, and the expected a i r f l o w  va r i a t i on
was no t the same , furth ei airflow testing was conducted to
isolate the problem. Note in Figure  17 the v a r i at i on  from the
mean is +12 percent to —8 percent , and the total f low por

a blade is about 10 percent h igh e r  than  previous wheel b lanks .

A test was set up w i t h  the whoci blank submerged in a

clear glass w a t er  tank as shown in  F i g ur e  18. The cooling pas—
saqes were sea led w i th  epoxy and bi ack t:apo , and each blade

passaqe was pressurized with air. The arrow indicates air

escapi uq from a p4a ttIcu ] ar laminate (No . +19) , which  is between
e.-tiTh h i  ado and dOW n S  t i- earn of the t ra i .1 ing—edge  of the blade -
Thi ~ accounts for the  ovt’rall 1 fl(’rO ~ ls0 iLl h o w  }a’O1 b151(h’

Microqr~-tphi c examinati on of a r ad i a  I y on ented slwi in this

a re.i t-evealed the se ’para t • ion ot Lami n~t t e t~o • 41’) was 1 imi ted

to an area at the rim outer d i aule t o t and i nward •tbou t 0 . 320

I nch - Th I s io I cot was j udyod ~tc~’e ptab I.e because t he s epa r.i—

t ion in the whe’t’ I. blank i s ou t si de  the t I1a ~dt ’ section

The t low chai5tctcri st • ics of t he  i uternal cool i n’j pass iqes

cannot be ~h’ t e rmi ned un t I I t he m t c h  i ni nq of t ho b 1 •tdo pro I i 10
• has been comp lot od • Th i s machi ni ~q opens t hi’ beadi  n q—e dqe

imp in~iernt’nt cavi t y qi  1 1 d i  sch5u qc b o lt ’ s and t hi’ trailing—edge

d sch .trqt’ ho Ie’s • Ihoweve t , t h i t s  p r o ]  irn i  n a ry  st - r i  os of tests

does p r o v i d e  an ea r]  y i nil t e at  ion  t h a t  t hi’ qeomi’ try of the cool—

i nq issaqes Is t-easonabl y t i xod by the process, the bond 101 uts

are ropo.-i tab t o , and there is no cloqq I ug I n the pasaaqt ’s
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APPENDIX A

• HIGH TEMPERATURE TURBINE TEST FACILITIES

AND ASSOCIATED EQUIPM ENT

This sec tion presents the facilities , advanced instrumen-

tation , and digital data acquisition and processing equipment
a which is available for the hot-rig test program.

Cooled-Turbine High—Temperature Test Facility

The continued emphasis on growth versions of existing engines

and better specific power and fue l conswnption for new designs
establishes the necessity of obtaining high-temperature tech-
nology compatible with advanced turbines. Thus, AiResearch has

constructed a new cooled—turbine test facility with the follow-

ing overall objectives:

o Provide the data necessary to improve or verify the

methods used for predicting vane and blade local

temperatures for a variety of turbine cooling processes.

o Provide transient temperature data to allow improve-

ment of methods of predicting vane and blade life.

o Provide a means of rapidly evaluating the effect

of variations in cooling flow rates and modifica-
• tions to vanes and blades.

o Provide a means of investigating advanced turbine

cooling concepts.

o Provide a means of investigating the suitability of

advanced manufacturing techniques and new materials

applicabbe to experimental and production blades and

vanes.
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To accomplish these objectives , two rigs are required along

• w i th  facil i t ies and energies to run them . The test fac i l i ty
layout is shown in Figure A—i , and the primary test operators
pane l is shown in Fi gure A-2. The faci l i ty  is equipped with the

• latest in instrumentation monitoring, recording , and facility

• control systems . On—line digital data acquisition wi th quick-

- look feedback to the console is provided via three CRT’s. This

on—line feedback of critical test point data assists the engin-
eers and technicians in operating the rig.

-
~~ The high-temperature cascade rig, shown in Figure A-3, is

used for detailed temperature mapping of turbine vanes and
screening tests on various cooling configurations. It is also

a 
used for preliminary development of turbine vanes. The cascade

a rig is capable of operation at 2800°F and 275 psia and is corn—
patible with testing vanes from 0.5 to 3 inches in height.

• The high-temperature turbine rotating rig, shown in
- Figures A—4 and A—5, is used to verify the heat-transfer per-

forinance and mechanical integrity of turbine rotor and shroud
designs.

A primary design approach used in both rigs was adaptabil-
• ity to a range of turbines, generally between 9 and 18 inches

in diameter , and an operating capability up to 2800°F and 250
psia. The rotating rig operating features are indicated in

Table A-l .
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TABLE A-i. ROTATING RIG FEATT RES

(a) 2800°F, 250 psia Capability

(b) 9 to 18 Inch Diameter Turbine

o CTJ1000 at Reduced Pressure

o 990 Reduced Flow Design

o 731 Engine Hardware

o Referee Turbine

Cc ) Airflow Control to

o Rotor Blades
o Rotor Disk
o Stator

o Tip Shroud
o Inner and Outer Bands

( d)  Engine Simulation - Good to Excellent

Ce) T/c and Radiation Pyrometer Data

(f) Blade—to-Shroud Clearance Measurement

In general , the measuremen ts made from test rigs will allow
predictions of part l ife and determina tion of potential problem
areas long before they show up in engine testing. The effects of

design modif ications can be determined immediately on the rigs
but not for months in the engine.

Advanced Instrumentation and Instrumentation Laboratory

The Ins trumentation Laboratory provides technical and equi p-
ment support for the entire AiResearch Phoenix Division. Some

of the services and functions it provides are summarized below.
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~ng ineer i~~j - To obtain optirnur-t information from tcsting ,

advanced instrumentation desia-ins r~.tsL be u t i l i z e d .  Where such
systems are not commercially available , specialized systems must

be developed and consLructe~. Typical of some of these special-

ized systems are : blade—to—shroud clearance measuring systems for
operat ing gas tezn7eratures up to 2100°F ; automat ic  and manual
aerodynamic surveying systems ; min i a tu r i z ed  aerothermodynamic
probes; minia tur ized  s t ra in—gauge telemetry system; min ia tur ized
high—speed rotat ing mul t ip lexer; and high-frequency-response
dynamic pressure measuring systems . Advanced instrumentat ion
capability and progress to date are indicated in Figure A-6.

Design , fabrication , and installation of instrumentation and

4 programmable process-control facilities are performed as rec~uired

by product testing to provide measurement and/or control of test ’

parame ters and test fac i l i t i e s .  Controlled energie-’ include gas
and liquid pressure, flow and temperature , speed and position.

Mechanical — The Instrumentation Laboratory incorporates
the mechanical skills and equipment needed to ensure support of
all research, development, and production activities. Tech-

nicians skilled in the use of machine tools , weld ing,  brazing ,
strain gauging, slip rings , miniaturized work requiring micro-
scopes , etc.,  provide the required services to ensure successful
programs. All special transducers for developmental testing are

• fabricated by this group . Typical of these are the rotat ing
clearance probe installations shown in Figures A-7 and A-3.

Miniaturized I n s t r ume n t a t i o n  — One of the recent research
programs at AiResearch has been to develop high-recovery , minia-
ture total—temperature and total—pressure probes. The design of

-

• this instrumentation for measuring temperature and pressure for
small turbomachinery poses certain conditions that are somewhat

more complex than for equipment of more conventional size.
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Stream blockage , which is always one of the main factors

in deciding the size and number of probes to be used at a cer—

t a m location , becomes even more important  as turbomachinery
becomes smaller.  On the other hand , it is not a simple case of
“ the smaller , the better ” because the thermocouple CT/ C) shield
bleed holes and even the sensor inlet  holes themselves are qui te
susceptible to plugging or foreign-object damage from vapors and

particles in the airstream .

41~ The T/C elements are of the Chromel-Alume l type wi th

magnesium-oxide insulat ion and stainless steel sheaths , having
outside diameters as small as 0.010 inch where needed. The T/C
element is centered within a stainless steel shield , as shown
in Figures A—9 and A—b .

An analytica l estimate of the heat—transfer errors for the

miniature T/C’s was made. Based on that estimate , an optimum

vent hole size that  would resul t  in a minimum error was chosen.
A rake consisting of five elenients with different vent—hole sizes

was made for each of two T/C wire sizes. These were used in a

4 test conducted to check the recovery factor versus Mach—number

variation with vent—hole size.

Figure A—9 shows the variation of recovery with vent-hole
size for 0.020 MgO. It can be seen that the data correlates

J favorably with the analytical results. The same results were
4 achieved (though less dramatically) for the 0.010-inch T/C as

shown in Figure A-b . Figure A—l i  shows the miniature T/C rakes ,
together wi th  a more conventional size rake consisting of three
0.125—inch elements. A high temperature radial traverse actua—

tor equipped with Plat inum Rhodium thermocouples has been
developed , as shown in Figure A—l2, to measure turbine inlet
gas temperatures and their radial prof i le  in a semi—automatic
digital system.
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Figure A-il. Comparison of Miniature Thermocouple Rake with

Conventional Rakes.
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In turbomachinery , access to the various parts to be

instrumented can be rather difficult. AiResearch in its high

temperature turbine tes t ing has had experience with this type
of ins t rumentat ion in the present TFE 73 1—3 axial  turbine instal-
lat ion . A method of i n s t a l l i n g  thermocouples in the surface of

a smal l  cooled blades and vanes has been developed . The f lush
surface installation techniques permit accurate metal tempera-

ture  measurements , and the couples do not change either the heat
t r a n s f e r  rates or pressure gradients around the blades. The
turbine rotor assembly with 0.010 MgO thermocouples installed
f lush  in the blades and disk is shown in Figures A— 13 and A 14.
Figure A-iS shows the blade thermocouple installation during the
plasma spray process. Also , an advanced rotating thermocouple

mult ip lex system has been developed as shown in Figures A—16
and A—17. This system allows a tripling of the thermocouple

readout capacity from a high speed rotating shaft including up

to 44 temperature measurements.

Experimental  Stress Testing - The AiResearch Stress
Facility was established to perform experimental stress analysis

of turbine engine components and advanced materials investiga—
tions. The test personnel are experienced in the use and appli-
cation of various types of s t ress—analys is  techniques. Two 5-

- 
- by 7-foot test beds are located side by side and allow test

‘
~~ setups to be made quickly and conveniently. The Laboratory has

the capabi l i ty  of applying loads up to 200 , 000 pounds. Views
of the Stress Laboratory facility and typical activities ~re - 

-

1-
shown in Figures  A — i S ,  A— 19 , and A — 2 0 .

E lectr ical  s t ra in  gauges are used on a regular  basis , and
the Laboratory is equipped w i t h  a d ig i t a l  da ta -acqu i s it ion  system .
Thi s system can :;i qnal con d i t ion , sc~mn p r i n t , and punch a tape
for computer input for strain gauges , load cells , pressure trans-
ducers , pos i t ion  indica tors , and many other types of instrumen—

tation . It allows many d.lta points to be monitored quic}~ly and

a 43 
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Figure A-JO . Stress Laboratory Facility.
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Figure A- 19 . Mechanical—Integrity Inspection .
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t t1t ’~~(~ fl) et  hIa h a -b~ , ~~C !  ~iho t eL ’ 1 a t ~~~ t ~c dn C l  s e a -t i e  models Pht ~~ bt ’ t e - ~ ; t - t ’a - i  .

f l t  i t  t i t ’ (‘O~ 1 t I O L I S  S UC h  ~1S St e S S C e~ t t a - I V e  uSt~d under  modt ’r~t te

ten [C t’ra-t t U r &’S , w h i  i t ’  St reSSco~l t Al 1—Temp is used ~t t  eleva ted
t e?rn }aer J  tures aJ f l d/  t’ r Ct’!) tami na t ed  atmospheres •

- - Dynamic measurements of test parameters are performed with
- 

- oscillographs , magnetic tape recorders , s t r ip  chart  recorders ,
X—Y plotters , oscilloscopes , real—time analyzers , and special

- 
- scopes. Fourier analyses are conducted on strain, sound , and

other s ignals .  A typical analog recording area is shown in
Fi gure A-2 1.

Digital Data Acquisition and Processing

AiResearch mainta ins  a wide selection of digital data—
acquis i t ion  systems for servic ing all of the test f ac i l i t i e s,
remote sites , and f l i g h t  tests . These systems are classified

into three categories:

o Punched paper tape output

a ~1agnetic tape output

o Complete calculated and plotted data

A staff of qualified programmers , engineers, and technicians is

available to operate and maintain these systems. Two fully corn-
puterized data-acquisition systems are provided . One of these

systems consists of a Systems Engineering Laboratories Model

810A . This un i t  is mounted in a trailer , along with its pen —

pheral .  equ ipment ,  making i t  a fully mobile system. It is used

to service the remote test f ac i l i t i e s  and testing at other facil-
ities where digital capabilities are required and not otherwise

available. The system has the capability of data acquisition

at a rate of 200 samples per second . This data can be con—

verted into engineering units and displayed on a 1~SR35 teletype

- 
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Fig ure A-fl. . Analoq Recordinq Facility .
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~~~~~~~~~ Alarm capabilities Cor u’ to 16 parameters are possible 1

i~~~~~ t ea-1 j~~~~t 1 f l l C  conditions . The hardware and software of the sys— 7

tern a~ t t ’  tull y compatible with the central computerized data- I I

a-icquisition system . This interchangeability permits maximum 
~

t l c x ib i l ~~tv , economy , and rapid turnaround of data .

The computer ized data—acquisition system , as shown in
F~~iure A—22 , services all of the Laboratory facilities. l t  con— 

~ 
j

sists t ’f a ~yster!s Engineer ing  Laborator ies  Model SlOB computer t -
~~

‘-.~‘th 32 .0 0 0  words of memroy . I ts  peripheral equipment consists
a 400—card--per—minute card reader , 600-iine—per—minute a

t’r!:ltLer , Gould 5000 p r in t e r—plo t t e r , ASR33 teletype, eight  CRT ’s , -7 -

t - :~~’ t ’t ’ nagnet ic  tape recorders, two disc storage units (one
movable head and one f ixed head) , and f ive remote, portable -

rau~ tiplexers. The multiplexers can be located anywhere within 
-

‘he facilities where required . Communication between the corn— -

puter and its remote multiplexers is achieved through a networia-
(-I t  coaxial cables used as serial  transmission lin)-s.  Where

tb~ es are not possible, art i n f r a r ed  l ink is used . -~

Simultaneous data is acquired at the rate of 200 samples ~
-

. -

per second from any of four multiplexer test locations. With a

speci al equipment ,  sarr.p ling rates may go as high as 250 ,000 -

samoles per second . Data is recorded on magnetic tape for -

pe rmanent  storage . On—line data output coupled with quick—loo}- -

capabilities of selected performance calculations is available. 
-

This  data is displayed at the test s i te  by means of CRT systems . -

A typical CRT display is shown in Figure A—23. Complete data - -
~

logging in engineering units , performance calculations , and 
-

plots are available within seconds of test completion. 
- 

-
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Figure A— 23. Typical CRT Data Display Units.
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