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1. 0 INTRODUCTION

The U.S. Air Force Materials Laboratory, in its continuing effort

to control support costs for engine replacement hardware, undertook

the task to define the data base and technology necessary to implement

a retirement-for-cause program. A major part of the initial objec-

tives of retirement-for-cause was to define useful disk life remaining

after a crack had been identified. This objective requires that a
predictable and repeatable process be found to identify crack initia-
tion and predict crack growth after initiation of the crack. Large

economic returns are foreseen if identifiable disk life exists after

discovery of a crack. Procedures needed to make retirement-for-cause

a viable approach for the Air Force fleet indicate defining a crack

analysis model and a switched data base to which the model can be

applied.

To meet these objectives, the Garrett Turbine Engine Company

(then called AiResearch) entered into this contract with the

Materials Laboratory whereby the large data base existing from com-

muter airline use of the Garrett TPE331/T76 engine could be analyzed

with widely available analytical models (including models the USAF

contracted with Garrett to develop) to establish retirement-for-cause

principles.

The Model TPE331/T76 turboprop propulsion engines have been in

production for about 13 years. To date, over 6000 engines are in com-

mercial flight service as power plants for commuter airlines, execu-

tive aircraft, crop dusters, and helicopters (TSE331). The military
version, T76, is the power plant in the North American Rockwell OV10A,

used by the Navy, Marine Corps, and Air Force.

The power section of this engine, shown in Figure 1-1, consists

of two centrifugal compressor stages and three axial turbine stages.

Early development testing with the conventional continuous rim turbine

21-3640 (22)
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wheels resulted in the identification of multiple rim cracks after

numerous engine start-stop cycles. These rim cracks are shown in Fig-

ures 1-2 through 1-5. To minimize the high transient compressive

stress at the rim, a continuous slot was introduced between the blades

at the rim. The slot was terminated by a circular hole. Figure 1-6

shows three turbine stages, one of which has the slots and holes. A

rivet was inserted into each hole to minimize bypass gas leakage.

This concept was patented by Garrett and has proven to substantially

increase the crack-free LCF life of the rim. Furthermore, crack-

propagation life has been considerably extended.

Nonetheless, rim cracks still occur with these turbine wheels

after moderate field usage. Figure 1-7 is the forward face of the

second-stage turbine wheel with arrows pointing to cracks at the rim

holes. The tolerance of disk structural integrity to these cracks has

been demonstrated by their routinely observed presence when disks are

retired from field service.

The rim-crack problem for the first two turbine stages is recog-
nized to be the result of low-cycle-fatigue. Field service usage has

substantiated that a portion of the usable disk life exists well after

crack initiation. Analytical methods applied to this problem prior to

this program predicted acceptable disk life to be beyond the service

life limitations now imposed. The program described herein was to

achieve the following objectives:

o Rigorously quantify the local rim three-dimensional stress

field, both transient and steady-state, resulting from the

imposed centrifugal and thermal fields.

o Analytically predict rim-crack initiation and propagation

rates considering combined LCF and creep damage.

21-3640(22)
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Figure 1-2. Model TPE331 Solid-Ri, Turbine Wheel With Typical
Rim-Crack Locations.
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Figure 1-3. Model TPE331 Solid-Rim Turbine Wheel Rim Cracks.
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Figure 1-4. Model TPE331 Solid-Rim Turbine Wheel Rim Cracks.
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Figure 1-5. Model TPE331 Solid-Rim Turbine Wheel Rim Cracks.
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Figure 1-6. Model TPE331 Turbine Disks With and Without Rim Holes/Slots.
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Figure 1-7. Forward Face of Model T76 Second-Stage Turbine Wheel
Part 868272, Serial No. 7-13488-3673, Showing Location
and Rework of Rivet-Hole Cracks (Arrows).
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o Verify analytical predictions with disks retired from field

usage for which cycle, mission profile, and temperature his-

tories are known.

o Refine analytical correlations and establish a pragmatic

design procedure.

o As a future option, further verify analytical predictions of

disk life by imposing additional cycles on selected disks
beyond the maximum cycles to which disks have operated.

The generalized benefits to be achieved from this effort:

o Quantified prediction of turbine disk usable-life potential
for Model TPE331/T76 turboprop engines from which attendant

service life increase and ancillary economic return can be

realized.

o Predictive design methodology that can be rigorously applied

to future generation turbine disk designs and by which dam-

age tolerance can be reliably predicted.

21-3640(22)
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2.0 SUMMARY AND RECOMMENDATIONS

2.1 Summary

At the initiation of this program, it was believed that the vari-

ation of light-off temperature would have a major impact on the
scatter of the fatigue crack initiation of the subject turbine wheel.
For this reason, a great deal of effort was expended to determine the

thermal boundary conditions to be used in this analysis. The result

of this work concluded that light-off temperature variations had a

minor effect on the actual variations in stress level. The primary

stress variation driver was whether or not the engine was started for
the first time of the day when the metal temperatures were ambient, or

whether the engine was restarted after a delay of approximately 15

minutes.

A survey of commuter users determined how the damage from these

two different starts accumulated to cause fatigue damage.

A test program was initiated to determine the low-cycle-fatigue

and crack-propagation characteristics of the material for specimens

taken from actual cast wheels. This test program consisted of smooth-
bar-fatigue tests and center panel crack-propagation tests.

A three-dimensional stress and thermal analysis was made for the

turbine for both steady-state and transient conditions. This analysis

was the basis for all fatigue and crack-propagation calculations.

* A crack-propagation analysis was made using a progam called

*"BIGIF.w The results of this analysis gave the life remaining In the

wheel, given an initial crack size. However, definition of crack

initiation became the major drawback in the correlation of crack data

from field service wheels and analysis.

21-3640 (22)
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Garrett does utilize TPE331 turbine disks in the manner desired

under retirement-for-cause. However, no intermediate inspection is

scheduled between crack initiation and crack rework or wheel removal.

Therefore, in order to verify the analytical crack-propagation

results, a program measuring the sizes and location of cracks in

wheels retired from field service was conducted. The program measured

the cracks at designated locations around the rivet hole. This was

accomplished by cracking open each slot of each wheel and recording

the crack depth and length. This data provided information on crack

sizes in wheels for which cyclic history was known.

Many cracks were measured on wheels destructively examined for

this program. The key problem encountered was the inability to separ-

ate crack initiation from crack propagation. Ideally if the crack

initiation point were known for the cracks examined, a correlation

between actual and analytical results could be obtained. With this

correlation, analytical procedures and limits could be refined to a

point of increased confidence in crack-propagation prediction.

Lacking the qualitative information on crack initiation needed

for a straightforward correlation of the crack propagation, a number

of approaches were made to statistically determine the initiation

cycles and crack size.

These approaches to determine crack initiation statistic&'ly are

presented in this report, but the results are inconclusive. The field

wheel cracks can be bounded by the analysis, so while the data does not

dispute the analysis, the large scatter does not allow identification

or removal of errors in analysis or basic assumptions. In this

regard, Garrett was unable to define the procedures needed *o estab-

lish retirement-for-cause (RFC).

21-3640(22)
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Garrett attempted to experimentally define the critical crack

size and to allow an extension of the allowable number of cycles on

the TPE331/T76 wheel. A whirlpit test of two wheels was undertaken.

One wheel failed in a region of no interest to this program, and the

other ran for another 7500 cycles without breaking. These results

lead Garrett to the following recommendations.

2.2 Recommendations

The USAF has been successful in developing RFC principles for

extremely fine-grained materials. The course-grained materials used

by Garrett for integrally bladed turbine wheels cannot apply these

same principles. In order to establish RFC principles applicable with

coarse-grained materials, Garrett recommends that the following steps

be taken, singly or in groups:

(a) Apply the existing models and methodology to an accelerated

endurance test (or simulated engine cycle test) where both the

crack initiation and propagation phases were covered by mul-

tiple inspections that included measurement of crack size.

(b) Apply the existing models and methodology to a whirlpit test

with multiple inspections covering crack initiation and propa-
gation phases. The test specimens must be a specifically

designed wheel to avoid unwanted failure at other locations.

Data from either, or both, of these steps could be used to estab-

" lish RFC principles for other than fine-grained materials.

21-3640 (22)
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3.0 TECHNICAL DISCUSSION

3.1 Component Selection

The second-stage turbine wheel for the Model TPE331/T76 was

selected as the component to study for this hot-section durability

analysis for the following reasons:

o This turbine wheel represents a component from an engine

that has seen experience in both commercial and military.

service. To date, about 13-million fleet hours have been

accrued in commercial service alone.

o One of the life-limiting factors in restricting the life of

these turbines to 4240 hours or 4900 cycles in commercial

service has been the high-temperature, low-cycle-fatigue

cracking in the holes at the rim of the disk. These holes

were designed to reduce stresses due to thermal gradients

encountered during engine start.

o The turbine configuration is well defined with a long his-

tory of operation under several definable mission profiles

for both commercial and military operations.

o The uprated versions of the Model TPE331 are used on popular

aircraft such as the Cessna Conquest. The present produc-

tion rate is about 60 engines per month and is increasing

to meet a projected delivery totaling 5500 engines by the

end of 1982.

o The selected turbine wheel is an integral one-piece vacuum

investment casting of IN100. The one-piece casting has been

developed to minimize turbine costs.

21-3640(22)
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The time-dependent thermal analysis of the second-stage turbine

disk was conducted for a representative service cycle, as shown in

Figure 3-1, comprising engine light-off and acceleration to ground-

idle, acceleration to maximum takeoff power, and the cycle duration

from takeoff through landing, engine shutdown, and thermal soakback.

The engine-start transient from a residually hot engine is known to be

much more benign to the turbine disk rim than from an isothermally

ambient temperature engine with respect to low-cycle fatigue. Hence,

thermal analysis was conducted for the two initial temperature condi-

tions, where the hot-engine start will correspond to disk temperatures
resulting 15 minutes after the previous shutdown. These results were

used for correlation of damage severity of hot and cold-engine starts with

field engines.

Treatment of the variation in light-off peak temperature will use

the spectral distribution of measured temperatures shown in Fig-
ure 3-2, as well as data obtained primarily for this program from

flight tests.

3.2 Engine Start and Service Information

3.2.1 Engine Service Definition

in order to obtain as much data as possible on engine flight

conditions and start histories, a two-fold program was pursued. The

first step was to record the interstage turbine temperature and speed

as a function of time on an in-service aircraft with TPE331 engines.

The second step was to send questionnaires to the commercial users of

this engine, asking such questions as:

o Duration of flight

o Which engine starts first

o What power source is used to start the engine

o Altitude spectrum

21-3640(22)
3-2

9 .,,4



01,

- A'
CA tit

"4

E-.1

E- 4 __ __41

14-
Prz4

>44
EAS

A ~ 4

21-3640(22

21-34(2



70- -

MAX. LIMIT
11490C
2100OF

W00C
(16520F)
TYPICAL

50- -

Ic40- -

0

10~

aw 700 Boo 9* 00010010 10

Figure ~ ~ ~S 3-. SatHitrSnte MelnI icrf tror

Engie, eril N. SO001e aur 93t aur

1974.~O

21360(2
3-40 S



735

o Duration of taxi

o Take-off and cruise

o Outside ambient conditions.

3.2.2 Engine Start Peak Temperature Variations

To date, peak light-off temperatures for over 1000 engine starts

have been recorded during a year of service on the Garrett Merlin and

Metro aircraft. This data has been tabulated and is shown in

Table 3-1. Some interesting and possible significant results that can

be seen from this data are: the Merlin aircraft has a peak light-off

temperature about 506C (1220F) colder than the Metro aircraft; for

both the Metro and Merlin, the left-hand engine is hotter by about 300

to 40*C (86* to 1040F) than the right-hand engine; and a battery start

is generally about 600C (1400F) hotter than an APU start. This infor-

mation was used in establishing the correlation between predicted

crack initiation and the actual crack history of an engine with known

service histories.

3.2.3 Engine Start Transient Test Data

Another aspect of the data acquisition program is the recording

of start temperatures for the Merlin and Metro aircraft as a function

of time. This data provided the engine gas temperatures as a function

of time and was input to the transient thermal analysis. Data from

nine engine starts were recorded for both left and right engines. A

sample of this data is shown in Figures 3-3 and 3-4. From this data,

it is possible to obtain a range of times required for the engine to

reach peak temperature. Comparing the peak temperature of these

limited number of starts with the large number of starts (as described

in the preceding paragraph) gave statistical significance to the data

obtained for the transient study.

21-3640(22)
_3-5

;;. .. . .. .... . .. .. -.



TABLE 3-1. PEAK LIGHT-OFF TEMPERATURES OF MERLIN AND METRO AIRCRAFT.

METRO rU ONLY

ine Start Average Pea Low St. Dev.

L/K APU 1018.7 1095. 905. 31.98

L/E BATT 1048.2 1127. 990. 34.48

R/H APU 976.3 1085. 910. 30.97

R/H BATT i1046.6 1097. 991. 26.22

L&R (2) Apu 997.7 1095. 905. 37.94

L&R (2) SATT 1047.7 1127. 990. 31.89

L/E ALL 1025.9 1127. 905. 34.92

E/i ALL 985.9 1097. 910. 38.77

ALL 1007.4 1127. 905. 41.79

MERLN "V ONLY

zngine start Average Peak Low St. Dev.
S C *C 'C

L/ APU 964.5 1085. 890. 28.06

L/H BATT 1036.3 1090. 950. 32.65
I

R/H APO 930.9 1050. 870. 30.07

3/H BATT 1004.7 1060. 910 37.34

L&R (2) APU 947.8 1085. 870. 33.56

L&R (2) BATT 1021.3 1090. 910 38.19

L/H ALL 976.2 1090. 890 39.20

R/H ALL 942.1 1060. 870 40.96

ALL ALL 959.4 1090. 870. 43.53

METRO 11 AM MERLIN IV

inqilne Start Average Peak Low St. Dev.

L&R (4) APU 971.4 109 . 070. 43.33

L&R 4)l ATT 1035.4 1127. 910. 37 .2 1982.7 1127. 870. 48.96

21-3640(22)
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3.3 Engine Service Information

3.3.1 Commuter Survey Forms

A reproduction of the commuter survey that was sent to various

airlines is shown in Table 3-2.

3.3.2 Customer Survey Results )
Customer survey forms for three different airlines have been

received. A total of six aircraft were monitored for one week. The
significant results are summarized as follows:

o Typical time at take-off is 2 to 3 minutes with a minimum of

1 minute and a maximum of 3 minutes.

o All replies had a time at climb power of 10 minutes.

o All altitudes at cruise were 3658 to 4572 m (12,000 to

15,000 fee)

o Between 85 percent and 100 percent of the starts were made

with APU's.

o All airlines reported that at least 3 minutes of ground-idle

power was held before take-off power was initiated.

o A small number of times (0 to 8 percent), the left-hand

engine was shutdown for loading passengers, while the right

engine remained at idle.

3.4 Thermal Analysis

* This section describes the analysis to develop thermal boundary

conditions to be used in a three-dimensional thermal analysis of the
second-stage turbine wheel for the TPE331-3U. Boundary conditions

were calculated for three engine conditions - maximum power, cruise,

21-3640(22)3-9 "
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TABLE 3-2. COMMUTER AIRLINE QUESTIONNAIRE.

COMMUTER AIRLINE QUESTIONNAIRE
FOR

TURBINE WHEEL DURABILITY PROGRAM

I Select a sample of aircraft from your fleet. (We would prefer

data on all your aircraft but not wanting to impose more than

absolutely necessary a sampling of your fleet can serve our pur-

poses.)

Fleet Size Sample Size

1 to 3 aircraft 1 aircraft

4 to 8 aircraft 2 aircraft
9 or more aircraft 3 aircraft

I Choose, from operating records for each aircraft in the sample, a
recent week during which the aircraft experienced a normal oper-

ating schedule. The same week need not be chosen for all air-

craft.

III Please answer the following 17 questions regarding aircraft and

engine operation during the chosen week.

Aircraft data

1. Data is for week beginning
Date

2 Aircraft model

3. Aircraft serial no.

4. No. departures

5. No. aircraft hours logged

21-3640 (22)
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TABLE 3-2. COMMUTER AIRLINE QUESTIONNAIRE (COND).

R.H. L.H
6. Engine S/N

7. Engine hours at
beginning of week

8. Engine hours logged
during week

9. Engine cycles at
beginning of week

10. Cycles logged
during week

11. No. engine starts
for ground checks,
moving A/C, etc.
not logged as cycles

12. No. engine starts,
including (11) above
which were made
within 30 minutes
of the previous
shutdown _

14. On approximately what percentage of landings L.H.

engine was shut down and R.H. engine kept running dur-

ing discharge and boarding of passengers

15. If only L.H. engine was shut down (question 14 above)

what was typical number of minutes of each shutdown

16. On approximately what percentage of landings was

one engine only (L.H.4R.H. used as an APU during
circle one

ground operation (other than while discharging or

boarding passengers per (14) above))
17. What was typical time of such operation (16) above:

minutes.

21-3640(22)
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TABLE 3-2. COMMUTER AIRLINE QUESTIONNAIRE (COND).

IV Please answer the following 5 questions based on your normal

operating procedures (not necessarily on the above sample weeks).

1. Which engine is normally started first R.H__L.H.

2. What power source is used for 1st engine starts indi-

cated in (1) above)?

Auxiliary power unit % of starts

Aircraft batteries % of starts
Auxiliary batteries % of starts

3. What power source is used for starting the second

engine?

Auxiliary power unit % of starts

Aircraft batteries % of starts

Auxiliary battereis % of starts

Cross generator % of starts

4. On what percent of landings is "full" reverse used?

5. How are cycles counted?

1. By actual number of engine starts

2. By number of A/C flights

3. By number of A/C flights followed by engine

shutdown

4. Other (describe)

21-3640 (22)
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TABLE 3-2. COMMUTER AIRLINE QUESTIONNAIRE (COND).

VI ROUTE STRUCTURE:

Please provide the following information for typical flights

over your regularly scheduled routes. Use one sheet for each leg.

Route No. Leg No. _

From: To:
(city) (city)

Number of times flown per week:

1. Engine ground operation prior to take-off:

(a) Is engine shutdown after previous landing?

L.H. R.H______on
yes or no yes or no

(b) Time at ground idle:

L.H. min. R.H. -min.
(c) Taxi time:

L.H. _min. R.H. -min.

2. Normal in-flight engine operation:

ITT RPM TIME
(a) Take-off 0C, m min.
(b) Climb _C m min.
(c) Cruise 0C m main.
(d) Descent 0C m min.
(e) Cruise Altitude' ft.

3. Normal engine operation after landing:

(a) Taxi time: L.H. min. R.H. min.

(b) Ground idle time: L.H. min. R.H. mim.

21-3640 (22)
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and ground idle. The boundary conditions at these steady-state

points, along with knowledge of engine operating characteristics, were

used for transient scaling of the boundary conditions for engine

starts, engine accels from ground idle to maximum power, etc.

Throughout the analysis, pressure and temperature boundary condi-

tions as well as velocity distributions along the blade were used.

This information was supplied by the Aero/Thermo Components Group for

maximum power, cruise and idle conditions and is summarized in Appen-

dix A. The analysis consisted of determining the engine secondary

flows at steady-state, calculation of the corresponding steady-state

thermal boundary conditions, and scaling of the steady-state values to

find the transient thermal boundary conditions.

Transient scaling is usually done strictly from maximum power

conditions. However, for this analysis, estimates of engine condi-

tions (main gas flow path pressures and temperatures) at cruise and

idle were also used. It should be emphasized that the engine condi-

tions at cruise and idle were estimates and not the result of detailed

calculations as were done at maximum power.

The steady-stage heat-transfer coefficients and gas temperatures

are shown in Tables 3-3 through 3-9. The ratio of transient heat-

transfer coefficients and gas temperatures to their appropriate

steady-state values are listed in Tables 3-10 through 3-12.

3.4.1 Secondary Flow Analysis

The first step in the analysis was to develop a model of the

engine to determine the secondary flows in the vicinity of the second-

stage disk. A computer program was used to carry out the analysis.

The program solves for steady-state pressureh and flow distribution in

a network of cavities connected by flow resistances. The cavities and

resistances used in the analysis are given in Appendix B.

21-3640(22)
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TABLE 3-6. SECOND-STAGE DISK HEAT TRANSFER COEFFICIENTS.

J/Hr CM 2 C/(BTU/Hr Ft2 OF)

FORWARD FACE

MAXIMUM
POWER CRUISE IDLE

R
cm./in.

4.06/1.60 217/106. 143/70.
4.19/1.65 237/116. 155/76. 90/44.
4.45/1.75 258/126. 170/83. 98/48.
4.70/1.85 272/133. 180/88. 104/51.
4.95/1.95 288/141. 192/94. 110/54.
5.21/2.05 301/147. 200/98. 114/56.
5.46/2.15 321/157. 215/105. 125/61.
5.72/2.25 358/175. 237/116. 137/67.
5.97/2.35 382/187. 253/124. 145/71.
6.22/2.45 395/193. 260/127. 149/73.
6.48/2.55 401/196. 266/130. 151/74.
6.73/2.65 407/199. 268/131. 153/75.
6.99/2.75 411/201. 270/132. 155/76.
7.24/2.85 415/203. 272/133. 155/76.
7.49/2.95 419/205. 274/134.

AFT FACE

4.06/1.60 70/34. 51/25. 39/19.
4.19/1.65 92/45. 65/32. 43/21.
4.45/1.75 144/56. 80/39. 47/23.
4.70/1.85 131/64. 90/44. 49/24.
4.95/1.95 147/72. 100/49. 51/25.
5.21/2.05 164/80. 112/55. 55/27.
5.46/2.15 180/88. 123/60. 57/28.
5.72/2.25 196/96. 131/64. 61/30.
5.97/2.35 213/104. 143/70. 63/31.
6.22/2.45 231/113. 155/76. 67/33.
6.48/2.55 253/124. 172/84. 74/36.
6.73/2.65 284/139. 190/93. 80/39.
6.99/2.75 '319/156. 217/106. 92/45.
7.24/2.85 / 386/189. 264/129. 139/68.
7.49/2.95 / 421/206. 311/152. 186/91.

21-3640(22)
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TABLE 3-7. SECOND STAGE DISK ADIABATIC WALL TEMPERATURES (OF).

MAXIMCRUISEi , F~~~OWER atS ZL

R FWD AFT FWD AFT FWD AFT
1.6 1013. 1265. 909. 1213. 783.
1.7 1015. 909. 626.
1.8 1018. 909. 620.
1.9 1021. 910. 616.
2.0 1024. 911. 613.
2.1 1026. 913. 610.
2.2 1029. 916. 606.
2.3 1033. 927. 604.
2.4 1038. 935. 604.
2.5 1044. 942. 606.
2.6 1051. 951. 609.
2.7 1060. 962. 613.
2.8 1070 974. 619.
2.9 1082. 974. 625.

21-3640(22)
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TABLE 3-8. SECOND STAGE DISK BORE HEAT TRANSFER
COEFFICIENTS J/HR, CM2 OC (BTU/HR, FT2 OF)

Maximum Power Cruise Idle

X

0.1 253.5 (124.0) 179.9 (88.0) 101.4 (49.6)

0.2 122.9 ( 60.1) 87.3 (42.7) 49.1 (24.0)

0.3 80.1 ( 39.2) 56.8 (27.8) 32.1 (15.!'

0.5 46.8 ( 22.9) 33.3 (16.3) 18.9 ( 9.2)

0.7 32.8 ( 16.0) 23.3 (11.4) 13.1 ( 6.4)

1.0 22.5 ( 11.0) 15.9 ( 7.8) 9.0 ( 4.4)

1.2 18.6 ( 9.1) 13.3 (6.5) 7.4 ( 3.6)

1.4 15.7 ( 7.7) 11.2 (5.5) 6.3 ( 3.1)

X = 0.69 Corresponds to the Stacking Axis*
Gas Temperatures (OC (OF)

MP 372 (702")

Cruise 326 (620")

Idle 198 (3890) ,, *STj6CKING AXIS

FWD AFT

21-3640(22)
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TABLE 3-10. HEAT TRANSFER COEFFICIENT RATIOS.

COLD START

RIVET HOLES DISK FACE
TIME PLATFORM SLOT SLOT BORE
(SEC) & BLADES FWD AFT FWD AFT FWD AFT

0 0 0 0 0 0 0 0 0
3.2 .0056 .197 .210 .019 .032 .012 .005 .009
6.4 .026 .287 .315 .061 .089 .045 .026 .034
12.8 .049 .334 .420 .096 .134 .075 .044 .057
16.0 .064 .358 .498 .115 .160 .093 .054 .072
19.2 .081 .381 .551 .137 .186 .112 .066 .087
22.4 .099 .404 .584 .159 .213 .133 .081 .104
25.6 .13 .443 .612 .200 .259 .172 .113 .137
28.8 .16 .467 .643 .227 .289 .198 .133 .160
32.0 .25 .547 .760 .326 .396 .295 .212 .248
35.2 .35 .625 .758 .429 .492 .399 .324 .347
38.4 .33 .625 .665 .429 .483 .399 .349 .347

TABLE 3-11. HEAT TRANSFER COEFFICIENT RATIOS.

HOT START

0 0 .124 0 .004 0 0 0 .001
2.7 .000 .207 .209 .022 .036 .014 .006 .010
5.3 .021 .270 .320 .051 .077 .037 .019 .028

10.6 .055 .342 .482 .111 .144 .081 .045 .062
13. .070 .365 .526 .122 .170 .099 .057 .077
16. .093 .396 .575 .151 .204 .126 .076 .099
19. .11 .419 .599 .175 .232 .148 .093 .117
21. .14 .451 .631 .209 .269 .180 .119 .145
24. .18 .490 .707 .255 .321 .225 .151 .184
27. .35 .616 .848 .417 .490 .387 .291 .335
29. .46 .706 .759 .545 .595 .518 .460 .465
32. .35 .642 .666 .454 .505 2424 .380 .371
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TABLE 3-12 • TRANSIENT HEAT TRANSFER COEFFICIENT GROUND IDLE
TO MAXIMUM POWER ACCELERATION.

RIVET ]KLES DISK FACE
TIM PLATFORM SLOT SLOT BORE
(SEC) & BLADES FWD AFT FWD AFT FWD AFT

0. .367 .651 .666 .466 .552 .402 .396 .384
1. .477 .715 .795 .558 .642 .501 .471 .479
2. .641 .811 .878 .703 .816 .661 .632 .639
3. .771 .840 .932 .812 .856 .785 .761 .765
3.5 .926 .849 .859 .922 .883 .939 .948 .933
6. .927 .951 .795 .963 1.935 .980 1.09 .977
8. .998 1.050 .954 1.012 1.027 1.02 1.07 1.022
10.5 1.017 1.050 1.021 1.012 1.036 1.02 1.03 1.022
14. 1,026 1,050 1.052 1,012 1.055 1.02 1,02 1.022

TABLE 3-13. TRANSIENT TEMPERATURE RATIOS (OF/OF).

GROUND IDLE TO MAXIMUM
COLD START HOT START POWER ACCELERATIOg

TIME Tcd t4 TIME Tcd Tt4  TIME Tcd Tt4(SEC) RATIO RATIO (SEC) RATIO RATIO (SEC) RATIO RATIO

0. .147 .324 0. .150 .494 0. .559 .697
3.2 .165 .560 2.7 .170 .520 1.0 .637 .888
6.4 .205 .611 5.3 .195 .674 3.0 .848 .979

12.8 .235 .762 10.6 .240 .899 3.5 .957 .939
16.0 .250 .897 13.3 .260 .144 6.0 .986 .697
19.2 .270 .964 16.0 .285 .980 8.0 1.014 .854

* 22.4 .290 .981 18.6 .305 .980 10.5 1.014 .967
25.6 .325 .956 21.3 .335 .980 14.0 1.014 1.024
28.8 .350 .973 23.9 .380 1.061
32.0 .440 1.065 26.6 .520 1.120
35.2 .530 .947 29.3 .565 .862
38.4 .530 .788 31.9 .550 .773
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3.4.2 Steady State Boundary Condition Analysis

Heat-transfer coefficients and gas temperatures on the blades

were calculated using a Garrett computer program. The program input

consists of velocity distributions along the blade at several radial

stations, as well as upstream pressure and temperature. The program

calculates leading edge heat-transfer coefficients using a correlation

for a cylinder in a cross flow. The remainder of the blade is treated

as a flat plate in turbulent flow. Heat-transfer coefficients and gas

temperatures on the platform were calculated by linearly interpolating

the values at the hub from suction surface to pressure surface on

adjacent blades. Since the adiabatic wall temperature on the platform

showed so little variation, a constant value was used at each power

setting in the thermal analysis. These values are given in Table 3-4.
The platform heat-tranfer coefficients and the blade heat-transfer

coefficients and adiabatic wall temperatures are shown in Tables 3-3,

3-4, and 3-5 respectively. Figure 3-5 shows the wheel geometry.

The heat-transfer coefficients and gas temperatures on the disk

faces were calculated using a program whose input consisted of disk

geometry, wheel speed, estimated metal temperatures, and the pressure

and temperatures of the gas where it first contacts the disk. Heat-
transfer coefficients and adiabatic wall temperatures adjacent to the

disk are given in Tables 3-6 and 3-7, respectively.

Heat-transfer coefficients in the disk bore were calculated by

treating the bore as an annular tube. The flow rate through the bore
was determined in the secondary flow analysis. The gas temperature in

the bore was the compressor discharge temperature. The heat-transfer

coefficients and gas temperatures are listed in Table 3-8.

The flow distribution in the region of the rim-rivet hole and slot

was much more difficult to analyze than any other area on the wheel.

This is due, in part, to the fact that pressures are known far away

21-3640 (22)
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Figure 3-5. Blade and Disk Geometry.
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from the region (in the cavity adjacent to the disk 
and in the main gas

flow path) but variations inside the rivet hole are unknown. The

following procedure was used to estimate the flow distribution.

Please refer to Figure 3-6 for a schematic diagram.

p -DISK

BOUNDARY,,
LAYER

Figure 3-6. Schematic Diagram of Disk.

The pressure, Pc' in the cavity adjacent to the disk is known as a

function of radius from the program DSKFLO. Since the boundary layer

cannot support a pressure gradient normal to the wheel, Pc is approx-

imately equal to Pa The rivet hole is small enough that the pressure
should not vary substantially across it. For this reason, the pres-

sure, Ph' in the rivet hole was assumed to be the same as the cavity

pressure, Pc, evaluated at the centerline of the rivet hole. The

static pressure in the gas path at the blade hub is known as a function
of axial position. The flow rate across the slot was calculated using

the pressure ratio and treating the slot as an orifice. Beat-transfer

21-3640(22)
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coefficients were calculated using Figure 6-24 of Reference 1. The

mass flow rate through the rivet hole is the same as the mass flow rate

in the slot. The rivet hole was treated as a tube with known through

flow to calculate the heat-transfer coefficients. The values calcu-

lated in this manner assume a stationary tube. The augmentation of

the heat-transfer coefficient due to rotation was accounted for using

Reference 2. In the forward-rivet hole, the augmentation varied from

approximately 225 percent at idle to 320 percent at maximum power. In

the aft-rivet hole, the corresponding values were 150 percent and

245 percent. The gas temperatures in the rim-rivet hole and slots on

the forward face of the disk were the adiabatic wall temperatures pre-

dicted earlier at the corresponding radius. The secondary flow analy-

sis showed that air from the main gas flow patL was ingested on the aft

side of the disk so the gas temperature at the blade hub was used for

the aft slot and rivet hole. Engine tests conducted in January and

February of 1981 showed the original temperature predictions to be

somewhat low. The final predictions were corrected to reflect the

results of these tests. Heat-transfer coefficients and gas tempera-

tures in the rivet hole and slot are shown in Table 3-9.

3.4.3 Transient Boundary Condition Scaling

The transient boundary was scaled from the steady-state values

as described below. The basic heat-transfer coefficient correlation

was used to express the ratio of the value at some time varying state 1

to a normalizing state o. In this analysis, subscript o represents

maximum power conditions. For example, on the blades away from the

leading edge, the ratio of Nusselt numbers can be expressed as:

1 gays, William, and London, A.L.1 Commact Heat Exchangers, p 1191 2nd
Edition.

2Metzger, D.E.; SA-8610-MR, Match 27, 1972, 'Literature Summary and
Design Recommendations -- Friction and Heat-Transfer in Rotating
Passages",
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Nu - C Re 1
8 Pr "6

___ Pr)

Nuo  - C Re1
8 Pr 1

6

Fluid properties can be expressed as a function of absolute temper-

ature as follows:

Conductivity: K = T
Viscosity: A c T 75

Density: P ( P/T

For the temperature range of interest, the Prandtl number can be

considered to be a constant. The Reynolds number can be written

Re = ALc
/A

where A is mass flow rate

Lc is a characteristic length and is constant for a
given geometry.

A is a flow area which is constant for a given

geometry.

Substituting this information in eq. (1) and solving for the

ratio of heat transfer coefficient yields:

(2)

Reference 5 shows that the flow rate is proportional to engine speed

raised to a power. If the mass flow rate and speed are' known at two
different conditions, the exponent can be calculated f 1om:

5Hale, Pat, 22-0101, March 24, 1977, 'Transient Variation of Boundary
Conditions in Thermal Analysesm.
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&a "(Na) C
-- b "( 3 )

If "a" represents conditions at ground idle and "b" represents condi-

tions at maximum power, the exponent, c, for this engine is approxi-

mated as 2.2 between these conditions only. The ratio of heat-

transfer coefficients becomes:

This same procedure was followed at other positions on the wheel to

obtain the expressions given in Appendix C. For those correlations

which were presented in graphical form in the original reference,

curve fits were developed so that the scaling could be done. Note that

the temperature used for the scaling should be the compressor dis-
charge temperature for the bore, the forward slot and rivet hole, and

the forward face of the disk. The interstage turbine temperature

(ITT) should be used for the platform, blades, aft rivet hole and

slot, and the aft face of the disk.

In order to complete the scaling process, some information about

engine operation is required. Engine speed and temperature were

recorded as a function of time for several engine starts. This data
was normalized by setting the maximum value of ITT equal to one and

setting the time required to reach maximum temperature equal to one.

Normalized curves were plotted and then divided into two groups, cold

starts and hot starts. A cold start occurs when the engine metal

4 " temperatures are approximately the same as ambient air prior to the
start. A hot start occurs when the engine metal temperatures are

* greater than ambient prior to the start. Definite trends could be

observed from the normalized plots. The cold starts exhibit a gradual
increase in ITT with a short plateau immediately preceeding a hot
spike. The hot starts reach the plateau temperature sooner and have a

longer plateau prior to the spike than the cold starts. After

21-3640(22)
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comparing the data from several starts, the average hot- and cold-

start cycles shown in Figure 3-7 and 3-8 were developed.

All engine data that was received was scaled and the resulting

ratios of transient heat-transfer coefficients and gas temperatures

divided by the corresponding values at maximum power are summarized in

Tables 3-10 and 3-13.

3.4.4 Transient Thermal Results

The boundary conditions described previously were applied to a

thermal model and the temperatures were calculated for the key tran-

sient conditions. These temperatures were used to predict transient

thermal stresses later. The temperatures are shown in Figures 3-8a

through 3-8g.

3.5 Stress Analysis

The stress analysis of the turbine wheel was accomplished using

Garrett Program IS03DQ. This is an isoparametric finite element,
three-dimensional stress analysis program developed under a contract

from the Air Force Propulsion Laboratory (Contract No. F33615-75-C-

2012).

The three-dimensional, finite-element model of the turbine rotor

is shown in Figures 3-9, 3-10, and 3-11. As may be seen in the model

plots, the blade appears to overhang - hang over the edge of the plat-

form. This is done to aid in the modeling and allow the blade to be

input as a single unit. The stress program allows the blade to be

tied to and restrained by the platform on the other side of the slot.

The model is a wedge taken out of the wheel that is equal to 1/40th of

a wheel wi., symmetrical boundary conditions on the side of the wedge.
This is an acceptable mathematical representative of the actual wheel

due to the symmetry of the thermal profile.

21-3640(22)
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Figure 3-9. Isometric View of Stress Model.
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Figure 3-10. Meridional View of Stress Model.
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Figure 3-11. Axial View of Stress Model.
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The first step in the stress analysis was to apply rotational

loads to the model at room temperature and save the deflections and

stresses. Then the thermal analyses were done at various key times in

the transient cycle. These stresses were also saved and added to the

mechanical stresses due to rotation. The key stress analyses pre-

sented were reduced to those times that had the highest compressive
and tensile stresses and are summarized below: j

o Start with cold engine, 210C (700F)

o Start with warm engine, 1210C (2500F)
o Take-off power with cold start at 180 seconds

o Take-off power with warm start at 180 seconds

o Take-off power with cold start at 500 seconds

o Take-off power with warm start at 500 seconds

o Landing

The peak stresses for each of the above conditions are summarized

in Table 3-14.

The isopleths for each of these cases are shown in Figures 3-12

through 3-21.

The results of these transient analyses are then used to predict

the crack initiation and propagation for a typical commuter aircraft.

3.6 Material Mechanical Properties

3.6.1 LC Procedure for Material Properties

The specimens were taken from production wheels, P/N 868272-1,

which represent several master heats and casting lots. Howmet

(Austenal LaPorte), ships to Garrett a half wheel with each lot of

castings. A group of these half-wheels were obtained for this

program. Table 3-15 is a listing of the half-wheels used with their

master heat numbers and casting dates.

21-3640(22)
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PHOENIX ARIZONA

TABLE 3-14. TRANSIENT STRESS ANALYSIS PEAK STRESSES.
(TOP NUMBER IN EACH CASE IS Pa. BOTTOM
NUMBER IS PSI)

Equiv-
Thermal Rotational alent

Isopleth Stress, Psi Stress, Psi Stress*
Figure Case (r. 1p2 p3 Tpl p 2 rp3 e' Psi

-9,239 -134,466 -26,200 33,233 1338 5585 87,839
l, 2 a. -13,400 -195,027 -38,000 48,200 1940 8100 127,400

4 -7,977 -105,766 -21,235 33,302 1338 5585 62,072
3, b. -11,570 -153,400 -30,800 48,300 1940 8100 90,028

-8,984 -146,720 -27,268 79,634 3199 13,376 58,659
6 C. -13,030 -212,800 -39,550 115,500 4640 19,400 85,078

-10,310 -137,081 -27,165 79,630 3199 13,376 48,434
N/A d. -14,953 -198,820 -39,400 115,500 4640 19,400 70,247

-10,396 -122,692 -25,331 79,630 3199 13,376 35,110
7, 8 e. -15,078 -177,950 -36,740 115,500 4640 19,400 50,924

N/A f -11,004 -120,934 -25,635 79,634 3199 1338 32,957
-15,960 -175,400 -37,180 115,500 4640 1940 47,800

117 -10,514 -1351 81,702 3378 13,790 63,858
9, 10 g. 170 -15,250 -1960 118,500 4900 20,000 92,618

*Equivalent stress (Hincky-VonMises),
2 2

Te ((rp1-p3) 2~ (pi 2 ' 3 ) 2+ (O'pi T p2)
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TABLE 3-15. LISTING OF HALF-WHEELS.

Casting Heat Casting
S/N Code Date

J773 58-KPE 12-14-76

B988 58-JEM 2-9-76

3339 58-JTN 6-15-76

J313 58-JJP 6-22-76

J406 58-KDZ 9-10-76

J840 58-KSM 1-20-77

K039 58-KSE 6-20-77

AT10 58-K-PKB 12-20-78

N651 58-PLE 1-5-79

J845 58-KSE 1-20-77

4
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Prior to removing any specimens, the half-wheels were heat

treated at 982-996*C (1800°F-1825*F) for 4 hours, air cooled, and aged

at 871°C (1600*F) ±25*F for 12 hours, followed by air cooling.

Since the program is concerned with the initiation and propaga-

tion of cracks from the rivet holes, specimens were as close as possi-

ble to the rim area of the wheel. The wheels were sectioned as shown

in Figure 3-22. The LCF specimens were machined tested by Martest,

Inc. in Cincinnati, OH. The LCF tests were conducted at 5930C

(1100°F) in air at an R ratio of -1.0 under axial strain control at

20 cpm. To contain the crack growth within the region of interest and

to allow for negative R ratio testing (i.e., compressive mean stress),

a center cracked panel specimen was designed (Figure 3-23). Cyclic

crack growth rate tests were performed by Materials Behavior Research

Corp. of Cincinnati, OH. Tests were conducted at 593°C (1100*F) in

air at 3 R ratios: R = -1.0, -1.5, and 0.0, under load control at

0.5 Hz. Tensile tests were also conducted at room temperature, 5370C

(10000F) and 5930C (11000F) in air as part of materials verification.

Table 3-16 is a summary of the specimens and test conditions used in

the program.

3.6.2 Results of Materials Testing

In order to provide support for the empirical field data, it was

decided to generate LCF and crack growth data using standard test

specimens taken from actual unmachined wheels without any field

service. The following presents the results of the in-lab test

program.

3.6.2.1 Tensile Properties

Table 3-16 shows the room temperature tensile results from the

casting lot qualification testing done by Howmet prior to shipment of

the wheels. The specimens, taken tangentially in the hub, received

21-3640 (22)
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LCF OR CCGR

TENSILE

Figure 3-22. Sketch Showing Location of Test Specimens.
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1/2- 20A SECT A-A
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3.18 L 0.025H(1.2) (0.010) TYP
TYP 7 L038
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NOTE - RADIUS AND GAGE SECTION TO BLEND SMOOTHLY WITHOUT UNDERCUTS

- REMOVE ALL BURRS AND SHARP EDGES

- DIMENSIONS ARE IN CENTIMETERS (INCHES)

Figure 3-23. Small Center Notched Specimen for Compressive
CCGR Testing.
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TABLE 3-16. ROOM TEMPERATURE TENSILE PROPERTIES (HOWMET).

IoD. 0.2 PERCENT YS UTS % EL

MPa/Ksi MPa/Ksi

J773-KPE 710/103 752/109 5.0

H988-JEM 703/102 738/107 4.7

J339-JTN 731/106 779/113 9.4

J313-JTP 710/103 745/108 5.9

J406-KDZ 710/103 752/109 7.5

J840-KSM 710/103 731/106 3.8

J845-KSE 717/104 745/108 5.7

K039-LKL 703/102 779/113 8.5

ATIO-PKB 710/103 731/106 2.2

N651-PLE 752/109 793/115 6.2

710.2/103.0 754.3/109.4 6.0

S 14.5/ 2.1 22.1/ 3.2 --

i-3S x  671.5/ 97.4 688.8/ 99.9 1.7

EMS52466
Minimum 14/97 696/101 2.0

MDD i 704.6/102.2 763.9/110.8 6.2

x-3S x  635 / 92.1 647.4/ 93.9 1.5

21-3640 (22)
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the 9820C (18000F) 4-hour heat treatment plus aging after eloxing, but

before machining. The results show all the wheels exceeded the speci-

fication minima given in EMS52466. Table 3-17 shows the tensile

results from the current test program at room temperature, 537*C

(1000*F) and 593*C (11U0OF). The wheels received the 9820C (18000F)

4-hour heat treatment before eloxing similar to the actual wheels.

These specimens were taken from the area between the rim and the hub as

shown in Figure 3-22. The tensile properties as plotted in Figure

3-24 through 3-27 show that the tensile strength of IN 100 is constant

from RT up to 537*C (10000F) with a slight decrease at 38*C (100*F),

with a corresponding increase in ductility.

3.6.2.2 LCF Properties

The results of the LCF testing are presented in Table 3-18 and

plotted in Figures 3-28 and 3-29. The data was generated for fatigue

lives between 102 and 5.4 x 104 cycler to failure at total strain

ranges between 0.5 percent and 1.2 per'ent. A runout (1.3 x 105) was

encountered at 0.45 percent strain. There is no other LCF data for

IN 100 at 593*C (11000F). Figure 3-30 shows a comparison between

5930C (11000F) LCF Neuber and the MDD baseline at 240C (750F), 4270C

(8000F) and 648*C (12000F). This comparison indicates that the 5930C

(11000F) data is probably typical.

3.6.2.3 Cyclic Crack-Growth Rate

3.6.2.3.1 Data Reduction

The crack length versus number of cycles, a-N data, was analyzed

using a 7-point incremental polynomial method as outlined in ASTM

E647. The crack length was measured on both sides of the specimen and

the average crack length calculated. For the center crack specimens,

half the total crack length was used in calculating da/dN and AK

values. The da/dN and AK values were evaluated at the mid-point of the

21-3640(22)
3-60



665
GARRET TURUINE ENGINE COMPANY

A IVISION Of THt GANinIT COWOMATO0
PI4OHONXi AIZONA

TABLE 3-17. TENSILE TEST RESULTS (GARRETT)

SPECIMEN I.D. (1) 0.2 PERCENT YS UTS EL _RA
cii in. cm in.

RT IPE 269.0 105.9 296.9 116.9 6.0 6.3

JEN 269.5 106.1 310.9 122.4 11.0 7.8

JTN 269.5 106.1 306.3 120.6 6.6 13.9

JTP 265.9 104.7 315.7 124.3 10.6 14.3

KDZ 264.9 104.3 284.5 112.0 10.6 14.3

KSM 261.4 102.9 283.5 111.6 5.7 7.8

KSE 269.0 105.9 289.8 114.1 5.0 9.0

LKL 266.4 104.9 303.0 119.3 9.5 8.6

PKB 224.3 108.0 289.8 114.1 4.7 6.3

PLE 269.0 105.9 293.4 293.4 6.9 9.4

268.0 105.5 297.4 117.1 7.1 9.6

s x  3.5 1.36 11.4 4.5 -- --

x-3S x  257.6 101.4 263.9 103.9 2.69 3.9

(1) Tensile specimens were identified with the 3 letter heat

treat code.
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YIELD STRENGTH
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Figure 3-24. Yield Strength of IN-l00.
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ULTIMATE TENSILE

1127.4 (12) AVERAGE

S7N8A 0110)|- MINIMUM

W.5 (1K)

I; 626. (U)-

51.6(U)
0 (200) (4K) (00) (lil) (106) (1200)

93.3 204.4 31U 426.7 637.8 6I.

TEMPERATURE OC (0F)

/
Figure 3-25. Ult.imate Tensile Strength of IN-100.

21-3640 (22)
3-63

S-.. . -----!. -t- - - ~



7.0

6.0

4.0

2.0 -
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Figure 3-26. Percent Elongation of ItI-100.
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Figure 3-27. Percent a.4uction in Area of 13-100t of IN-1OG.

21-3640 (22)
3-65



TABLE 3-18. LCF DATA SUMARY.

V.SCa W"f gunmm, ni

as ~ ~ ~ S aat e t Ag. bft c~ I Is. . "1. 06 " a %a

1 .0 HASu NJ t. mo . L ~ tB 6 S . 4. 1141 14. 7.6 .1 1. 6 eu.g.

jo LNs LU S16.3* 5. 'm~ a o m .a 11.6 154e Ua . . .0 . 6I

LOea. e L s? 36. Wi9 al ow 34 W.3. 0.6 6.6 .L 4.1
mOM .2 3U1.8 .3 VLSI n.1, __ .1I

- I. m' 5. 33* .41. 2w!. ! mis - . -
0.4".0 Sks MI. 8i. 4a. 4. tim 6 xf O .9011. W .3 16.1 .410 L I _______

~I I,!!. nou~ ~ LJ1 ~ S U .6 "Mi 116.) 0.9 0G.4 1. o~. a
55 S4AM 6.41 34.9 uls lo n110 am11 .1 16. 16.1 41.6 U1 04.4 aSb

-- va - - -



C= -70

I-I
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w

.4YCE TO f W1 UE, Nf]2790

N4

Y6I M4 IN I MUM

0

Y =RLOIO|CYCLES TO FAILURE. N(F)

RO = 2.28227 R =-1.0
Al = -6.93313 K(T) =1,0
A2 = 1.73555 FREQUENCY =2C CPM
XO = -,174C2 TEMPERATURE =1100 F
SEE = .18045 NUMBER OF OPTS POINTS 10t
K = 3.000 SPECIMEN TYPE =PRP244001-1

Figure 3-28. Axial Strain Controlled LCF of IN-100.
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8 _

CYCLES TO FAILURE,.N(F)

MATHEMATICAL MODEL
Y = AC + AlIX + A2wABS(X - XO)
YMIN = Y - KsSEE

WHERE X = ALOG1O( NEJBER PARAMETER RANGE. KSI )
Y = ALOG1O( CYCLES TO FAILURE, N(F)

AD = 19.58481 R =-1.C
Al = -7.27 22 Y(T) =1.0
A2 = 1.03905 FREQUENCY =2C CPM
XO = 2.21219 TEMPERATURE =1100 F
SEE = .16533 NUMBER OF DATA POINTS = IC
K = 3.0CC SPECIMEN TYPE =PAP244001-1

Figure 3-29. Axial Strain Controlled LCF of IN-0O.
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Figure 3-30. Axial Strain Control LCF of IN-l00 at 1100°F[toCompared toameline
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7 data points. A modified sigmoidal fit was used to find the average

growth rate for the R = -1.0 and R - 1.5 data. For the R a 0.0 data, a

linear technique was used to determine the average growth rate because

of the limited data for R = 0.0. The curves are plotted in Figures

3-31, 3-32, and 3-33.

3.6.2.3.2 Discussion

The crack-growth rates for the three R ratios are compared in

Figure 3-34. The minor differences in the range of crack-growth

rates, 10-6 to 10-4 inch per cycle are within the expected scatter for

crack-growth testing which is usually considered a factor of 2 on

growth rate. The differences at crack-growth rates below 10-7 and

above 10-4 inches per cycle are due to differences in the curve

fitting technique used, and the scatter in the data due to the large

grain size of IN 100.

The crack-growth-rate testing did not provide an accurate

measurement of the threshold stress intensity KTH or the critical

stress intensity, K0 . Values for KTH and K0 were assumed in order to

provide the asymptotes for the sigmoidal curve fit. As the average

line approaches the asymptotes, the degree of curvature is dependent on

the amount of data at the low and high-crack-growth rates. Addition-

ally, the linear curve fit is not asymptotic and will give a different

indication of the behavior at low and high-crack rates when compared

to a sigmoidal curve fit. However, due to insufficient data for R a

0.0, a lineai curve fit was needed.

Additional scatter came from the crack fronts growing unevenly

caused by cracks growing quicker on one surface than on the opposite

surface. The alignment on the machines was checked after the first

specimen exhibited this behavior and was found to be accurate. The

cracks continued to grow unevenly despite efforts to obtain even

growth. It is conjectured that the large grain size of IN 100 and the

21-3640(22)
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Figure 3-31. Crack Growth Rate Data for IN-100.
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small size of the specimen caused the uneven growth. Relatively few

grains are contained across the width of the specimen. When the crack

started at one corner of the notch# it could grow a distance without

running into a grain boundary. Once the crack fronts became uneven,

the loading becomes uneven and the problem is accentuated. Therefore,

the threshold and final failure region of the curve should not be

taken as a true threshold or fracture toughness.

3.6.3 Conclusions of Materials Testing

1. Tensile strength is constant over the temperature range of

240C (750F) to 5930C (11000F).

2. Ductility increases slightly with temperature.

3. LCF at 1100*F is consistent with the baseline data at 75*F,

426°C (8000 F). and 648°C (12000).

4. There was no significant difference between crack growth

rates for R a 0.0, -1.0, and -1.5.

5. The large grain size of IN 100 caused considerable scatter

in the crack growth rate.

3.7 Analytical Life Prediction

3.7.1 Crack Propagation Analysis

Fracture mechanics life prediction requires calculation of crack-

tip stress intensity factors to quantify both subcritical crack growth

and the conditions for unstable fracture in complex geometries under

complex loading conditions which lead to high-stress gradients. The

NBIGIFn (Boundary-Integral-Equation-Generated-Influence-Functions)

codes have been developed and distributed to perform accurately and

inexpensively these life predictions for a wide range of two- and

three-dimensional elastic and contained plastic stress fields, and

crack and structural geometries, given that the elastic stress for the

uncracked structure is available from an independent source.
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The independent source for these elastic stresses is the three-

dimensional stress analysis. This analysis was conducted under this

program and uses the Garrett Program IS03DQ.

Three areas of interest have been analyzed. These areas are the

forward and aft corner cracks at the bottom of the rivet hole and

corner cracks in the small hole that is used as a rivet retainer.

The crack-growth rate analysis has been calculated for the maxi-

mum principle stress fields for all three crack locations. The

forward-crack growth is shown in Figure 3-35. The aft-crack growth

is shown in Figure 3-36, and the rivet-retainer crack growth is shown

in Figure 3-37.

The crack depth versus crack length for the forward aft and the
rivet-retainer hole crack locations are shown in Figures 3-38 through

3-40. This data was used to correlate crack-aspect ratio from field

examination with calculated values.

The stress-intensity factor as a function of crack depth is shown

in Figures 3-41 through 3-43 for the same crack locations.

3.7.2 Low-Cycle-Fatigue Prediction

The low-cycle-fatigue prediction for the forward and aft-rivet

hole areas are summarized in Table 3-19.

The trends observed in the data indicate that there is a large

variation in rivet-hole cracks from slot-to-slot, and from wheel-to-

wheel. A slot may have a large crack at the "A" location, and the very

next slot may have no crack' There is also no relationship between a

crack at location "A" and /a crack at any other location for any one

slot. The relationship between cracks for any slot that has cracks at

more than one location is shown in Figures 3-44 through 3-49.
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It became obvious that the cracks at the high-stress areas must

start at different locations around the peak-stress location due to

machining marks and nonhomogenous material weaknesses; therefore,

crack depth will show wide variation until the crack has achieved a

rather large size.

3.8 Turbine Wheel Crack Charcteristics from Field-Service Wheels )
For the purpose of comparing the analytically predicted crack

sizes and shapes predicted as described in Section 3.8, a program was

initiated to examine wheels that were retired from service that had

cracks in the rivet-hole area of interest. A total of 14 wheels were

examined with cyclic lives ranging from 2400 to 5600 cycles. The data

from the examination of these wheels were stored in a data bank so that

cross-correlation between different wheels and between different

rivet-hole locations could be examined.

For the purpose of identification a diagram of crack locations

and directions is shown in Figure 3-50. The raw data is from tha data

bank reproduced in Appendix D.

For the above stated reasons a series of plots, using only the

largest crack on each wheel, was plotted. These are shown in

Figures 3-51 through 3-56 for the various correlations. From this

correlation it is shown that the larqer crack occurs most predomi-

nately at the "A" and OG" locations, and the largest cracks at O"B

through OF* were always smaller than those at "Am or "G". Also as

shown in Figure 3-56, the relationship between "A" and "Go is very

close to one-to-one.

The field service wheel crack data was also used to estimate the

aspect ratios of the cracks. Again, only the largest crack from each

wheel was used to obtain these results. These are shown in Figures

3-57 through 3-62.
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3.9 Correlation of Cracked Wheels with Analytical Prediction

The crack locations are shown in Figure 3-63, and the maximum

crack for the turbine wheels in the data base as a function of equiv-

alent cycles is shown in Figures 3-64 and 3-65, forward- and aft-rivet

holes.

Also shown in Figures 3-64 and 3-65 is the analytical crack prop-

agation as a function of equivalent cycles. The cracks are assumed to

propagate from an initial size of 0.030 inch, and the propagation is

shown for the minimum, average, and maximum equivalent cycles affect-

ing the 0.030-inch crack.

The same plots are shown in Figures 3-66 and 3-67 with all of the

data points presented.

3.9.1 Isolation of Problem Areas in Data Correlation

3.9.1.1 Crack Initiation Determination

Many cracks have been measured on wheels destructively examined

for this program. The key problem encountered is the inability to

separate crack initiation from crack propagation. Ideally, if the

crack-initiation point were known for the cracks examined, a correla-

tion between actual and analytical procedures and limits could be

refined to a point of increased confidence in crack-propagation pre-

diction.

Lacking the qualitative information on crack initiation needed

for a straight-forward correction of the crack propagation, a number

of approaches have been made to statistically determine the initiation

cycles and crack size.
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The first approach was to plot the largest of all the cracks on

the forward edge of the rivet hole for each wheel, and then to pass the

predicted propagation line through these points. A curve with a least

squares fit can be passed through the data points with an initial

cracks size from 0.0762-0.1016 cm (0.030-0.040 inch). Using an ini-

tial crack size of 0.030 inch, the average number of initiation cycles

would be 147. Using an initial crack size of 0.1016 cm (0.040 inch)

the average number is 1780 cycles. The minimum calculated cycles in

initiation, as shown previously, is 430 cycles.

Another approach to back calculate the initiation from the crack

data was to pass the propagation line through each crack in the wheels

and calculate the number of cycles needed to arrive at that point

based upon an initial estimate of crack size and cycles. From this

approach it was found that the average initial crack size for the for-

ward rivet hole area (crack location "A") was 0.0508 cm (0.020 inch)

with an initiation of 1985 cycles. For the aft rivet hole area (crack

location "G"), the crack initiation was 0.0508 cm (0.020 inch) with an

initiation of 2730 cycles. For the rivet retainer area (crack loca-

tion "C"), the crack initiation was 0.0508 cm (0.020) with an initia-

tion of 2186 cycles. These are shown in Figures 3-68, 3-69, and 3-70

for the aft, forward, and rivet retainer areas, respectively. Using

this method, it was also possible to estimate the distribution of the

cracks as a function of cycles. The maximum, minimum, and average

curves are shown in Figures 3-71, 3-72, and 3-73 for the rivet

retainer, forwards, and aft areas, respectively.

While these two approaches tend to support the fact that the data

does correlate with the prediction, the results are not conclusive.
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3.10 Whirlpit Test

With the resources allocated for this program, it was not possi-

ble to run a heated whirlpit rig test to propagate cracks in wheels

retired from service. A room temperature test, however, was devised.

It was not possible to run the wheel to a speed that would duplicate

the crack-growth rate that was predicted in service. Conditions

related to bore stresses and pedestal stresses limited the speed of
the test, and if a crack occurred in the pedestal or bore, it would

propagate faster than in the rivet hole.

The test was conducted at 52,000 rpm for two wheels to

7500-cycles. The data from these tests is summarized in Table 3-20

and plotted in Figures 3-74 and 3-75. A failure occurred on the first

wheel at 6600 cycles due to a pedestal failure. The second wheel was

concluded at 7500 cycles with no failure.

The comparison of the predicted crack-growth rate with the

results from the whirlpit indicated that the results are within the

range of the material properties and tend toward the slower crack-

growth rate of that range. The material data curve used for the analy-

sis is shown in Figure 3-76 along with the material curve that would

yield the same growth rate as that which was found from the measured

data.
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TABLE 3-20. CRACK SIZES IN CYCLIC WHIRLPIT TEST.

Wheel No: 4275

Crack Size, cm (in.)

Slot No. Slot No. Slot No.
Cycles (4) (17) (38)

0 0.0254 (0.010) 0.0635 (0.025) 0.0254 (0.010)

500 0.0381 (0.015) 0.0762 (0.030) 0.0381 (0.015)
1500 0.1016 (0.040) 0.0762 (0.030) 0.0508 (0.020)

2500 0.1016 (0.040) 0.0762 (0.030) 0.0635 (0.025)

4000 0.1016 (0.040) 0.0762 (0.030) 0.0762 (0.030)

5500 0.1016 (0.040) 0.0762 (0.030) 0.0889 (0.035)

7500 0.1016 (0.040) 0.1016 (0.040) 0.0889 (0.035)

*Wheel No. 2197i
Crack Size, cm (in.)

Slot No. Slot No. Slot No.
Cycles (13) (23) (28)

0 0.1016 (0.040) 0.1016 (0.040) 0.0762 (0.030)

500 0.1016 (0.040) 0.1016 (0.040 0.0762 (0.030)

1500 0.1016 (0.040) 0.1016 (0.040) 0.0889 (0.035)
2500 0.1143 (0.045) 0.1016 (0.040) 0.1016 (0.040)

4000 0.127 (0.050) 0.1143 (0.045) 0.1143 (0.045)

5000 0.1397 (0.055) 0.1143 (0.045) 0.1143 (0.045)

/
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Figure 3-74. Crack Growth Data From Whiripit Test Wheel 2197.
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APPENDIX A

FLUID BOUNDARY CONDITIONS

MAXIMUM POWER

LOCATION P ADS Pt Rol P TtAS TtRe Tst

OIL SUMP (5) - - 16.70 770.0 - 770.0

COMP. INLET (6) 15.27 - 11.62 518.7 - 484.9

COMP. EXIT

BEFORE DESWIRL (1) 157.6 - 116.9 1140. - 1021.7

AFTER DESWIRL (7) 157.6 - 152.8 1140. - 1130.0

1ST STG STATOR IN (9) - - 143.61 2299.7 2299.7 2280.5

1ST STG TURB. IN (11) - - 98.30 2299.7 2148.4 2101.6

IST STG TURD EX (34) - - 76.94 2056.6 2147.4 2010.1

2ND STG TURB IN (22) 81.23 56.45 50.52 2056.6 1885.6 1836.3

2ND STG TURB EX (27) 44.64 52.08 42.10 1812.8 1881.6 1787.0

3RD STG TURB IN (29) - - 21.5 1812.8 1540.9 1517.7

3RD STG TURB EX (33) - - 13.7 1452.1 1547.0 1407.5

(17) 157.6 - 157.6 1140.0 - 1140.0

PRESSURES IN PSIA

TEMPERATURES IN 0 R

NUMBERS IN PARENTHESES REFER TO STATION NUMBERS IN SECONDARY FLOW

ANALYSIS. PLEASE SEE APPENDIX B.
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FLUID BOUNDARY CONDITIONS

CRUISE

LOCATION Pt AS Pt Rel P Tt ABS T Tst

OIL SUMP (5) - - 9.15 745.6 - 770.

COMP. INLET (6) 9.67 - 8.055 502.2 - 480.

COMP EXIT

BEFORE DESWIRL (1) 99.8 - 74.5 1103.8 - 1060.

AFTER DESWIRL (7) 99.8 - 96.19 1103.8 - 1060.

1ST STG STATOR IN (9) - - 90.9 2226.7 2226.7 2251.

1ST STG STATOR EX (11) - - 62.2 2226.7 2080.2 2075.

1ST STG TURB EX (34) - - 49.4 1991.3 2079.2 1985.

2ND STG TURB IN (22) 51.4 35.74 31.98 1991.3 1825.8 1714.

2ND STG TURB EX (27) 28.26 32.97 26.65 1755.3 1821.9 1766.

3RD STG TURB IN (29) - - 13.60 1755.3 1755. 1501

3RD STG TURB EX (33) - - 8.65 1406.0 1400. 1392.

)17) 99.8 - 96.19 1103.8 - 1060.

F

4/

//
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FLUID BOUNDARY CONDITIONS

IDLE

LOCATION pt ABS Pt Rl Pat Tt ABS Tt Rol T at

OIL SUMP (5) - - 16.7 - - 780.0
COMP INLET (6) - - 14.5 - - 572.7

COMP EXIT
BEFORE DESWIRL (1) - - 37.3 - - 839.7

AFTER DESWIRL (7) - - 40.98 - - 839.7

1ST STG STATOR IN (9) - - 39.2 - - 1787.0
1ST STG STATOR EX (11) 38.8 - 29.1 1777. - 1777.0

1ST STG .URB EX (34) 25.3 - 24.0 1627. - 1627.0
2ND STG TURB IN (22) 24.4 - 19.2 1627. - 1627.0
2ND STG TURD EX (27) 17.1 - 16.3 1312. - 1512.0

3RD STG TURB IN (29) 16.5 - 15.2 1512. - 1512.0
3RD STG TURB X (33) 14.75 - 14.65 1473. - 1473.0

(17) - - 40.98 - - 839.7

V
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SECOND STAGE ROTOR
AXIAL VELOCITY DISTRIBUTION

R- 2.963"

SUCTION SURFACE PRESSURE SURFACE

AXIAL CRITICAL AXIAL CRITICAL

DISTANCE MACH NUMBER DISTANCE MACH NUMBER

0.0 0.0 0.0 0.0

.03799 .482 .03799 .388 (.29)

.07598 .509 .07598 .343

.11398 .547 .11398 .341

.151968 .585 .151968 .339

.18996 .619 .18996 .338

.22795 .646 .22795 .346 (.339)

.26594 .665 .26594 .340

.30394 .673 .30344 .344

.34193 .650 (.67) .34193 .351

.37992 .651 (.67) .37992 .360

.41791 .673 .41791 .371

.45588 .675 .45588 .381

.49390 .679 .4939 .391

.53189 .683 .53189 .406

.56988 .685 .56988 .406

.60678 .685 .60678 .412

.64599 .683 .64599 .418

.68386 .675 .68386 .425

.72185 .661 .72185 .435

.75984 .655 .75984 .450

.7978 .647 .7978 .478

.8358 .642 .8358 .500

.8738 .640 .8738 .538

Axial Chord - 2.412 cm. (0.9498 in.

Mj* 0.429

Mo*- 0.623

Critical Velocity 584.55 m/sec (1917.8 ft/sec)

MACH NUMBERS IN PARENTHESES WERE USED TO SMOOTH OUT THE VELOCITY
DISTRIBUTIONS

MAX IMUM POWER
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SECOND STAGE ROTOR

AXIAL VELOCITY DISTRIBUTION

R= 3.263"

SUCTION SURFACE PRESSURE SURFACE

AXIAL CRITICAL AXIAL CRITICAL
DISTANCE MACH NUMBER DISTANCE MACH NUMBER

0.0 0 0.0 0.0 0.0
.03397 .04 .452 .03397 .212
.06794 .08 .476 .06794 .229
.1019 .12 .526 .1019 .2399
.1359 .16 .562 .1359 .249
.1699 .20 .601 .1699 .258
.2038 .24 .625 .2038 .266
.2378 .28 .610 (.64) .2378 .275
.2178 .32 .620 (.65) .2178 .284
.3057 .36 .658 .3057 .302
.3396 .40 .669 .3396 .306
.3737 .44 .684 .3737 .328
.4076 .48 .701 .4076 .334
.4416 .52 .702 (.72) .4416 .349
.4756 .56 .733 .47"56 .378
.4856 .60 .740 .4856 .387
.5435 .64 .744 .5435 .408
.5775 .68 .735 .5775 .430
.6115 .72 •740 (.74) .6115 .464
.6454 .76 .717 (.72) .6454 .478
.6794 .80 .709 .6794 .503
.7134 .84 .710 .7134 .529
.7813 .92 .703 (.708) .7813 .558
.7813 .96 .707 .7813 .592

Axial Chord a 2.157 cm. (0.8493 in.

Mi* - 0.346

M* - 0.689

Critical Velocity 586.37 m/sec (1923.8 ft/sec)

MACH NUMBERS IN PARANTHESES WERE USED TO SMOOTH OUT THE VELOCITY
DISTRIBUTIONS.

MAXIMlUM POWER
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TPE 331-3U DURABILITY STUDY
SECOND STAGE ROTOR

AXIAL VELOCITY DISTRIBUTION
R- 3.563'

SUCTION SURFACE PRESSURE SURFACE

AXIAL CRITICAL AXIAL CRITICAL
DISTANCE MACH NUMBER DISTANCE MACH NUMBER

0.0 0.0 0.0 .30
.02999 (.42) .02999 .143
.05998 .514 .05998 .188
.08998 .566 .08998 .201
.1.997 .601 .11997 .220
.1500 .627 .1500 .235
.1800 .644 .1800 .250
.2099 .655 .2099 .263
.2399 .668 .2399 .277
.2699 .683 .2699 .290
.2999 .701 .2999 .314
.3299 .728 .3299 .321
.3599 .744 .3599 .338
.3899 .761 .3899 .356
.4199 .773 .4199 .377

* .4499 .780 .4499 .400
,4799 .781 .4799 .426
.5100 .773 .5100 .454
.5399 .779 (.77) .5399 .484
.5699 .758 .5699 .516
.5998 .753 .5998 .550
.6300 .750 .6300 .587
.6600 .751 .6600 .625
.6898 .760 .6898 .666

.75 .75

Axial Chord - 1.904 cm. (0.7498 in.

MN1 * 0.299

M* 0.743

Critical Velocity 588.84 m/sec (1931.9 ft/sec)

MACH NUMBERS IN PARENTHESES WERE USED TO SMOOTH OUT THE VELOCITY
DISTRIBUTIONS. *

MAXIMUM POWERJ.J
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TPE 331-3U DURABILITY STUDY

SECOND STAGE ROTOR

AXIAL VELOCITY DISTRIBUTION

Rm 3.863

SUCTION SURFACE PRESSURE SURFACE

AXIAL CRITICAL AXIAL CRITICAL
DISTANCE MACH NUMBER DISTANCE MACH NUMBER

0.0 0.0 0.0 0.0
.05212 .651 (.43) .02583 .183
.07748 .609 (.53) .05212 .191
.1033 .645 .07748 .223
.1291 .658 .1033 .2295
.1549 .673 .1291 .244
.1808 .691 .1549 .267
.2066 .709 .1808 .272
.2324 .715 (.735) .2066 .285
.2583 .751 .2324 .2999
.2841 .770 .2583 .326
.3099 .786 .2841 .345
.3357 .798 .3099 .367
.3616 .806 .3357 .891
.3874 .820 (.806) .3616 .417
.4132 .806 .3874 .432
.4390 .802 .4132 .464
.4649 .799 .4390 .500
.4907 .803 .4649 .555 (.53)
.5165 .795 .4907 .577
.5423 .795 .5165 .634 (.61)
.5682 .744 .5423 .655 (.68)
.5940 .808 .5682 .708
.6456 .79 .5940 .727

.79

Axial Chord - 1.640 cm (0.6456 in.)

1M4* 1 0.300

M* - 0. 791

Critical Velocity - 591.92 m/sec
(1942.0 ft/sec)

MACH NUMBERS IN PARENTHESES WERE USED TO SMOOTH OUT THE VELOCITY
DISTRIBUTIONS.

MAXIMUM POWER
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THE FLOW RESISTACS USED IN THE SECONDARY FLOW MODEL AT CRUISE
AND IDLE ARE THE SAME AS FOR NAXZ?= POWER EXCEPT THAT SEVERAL
CORRECTED FLOW TABLES WERE CHANGED TO PUPING RESISTANCES AS SHKWN

P* PUNPING PESISTANCE INPUT 0*

OfetSTAWCE fttf oIyUS I RADIUS RADIUS SLIP SPEED TENP.
LOCATION I t VACTOR low Ole

1 7 1. 1.400 40150 .3600 40060. 1060. 0050 .400
1e 7 10o 1.400 2.950 - 03750 40060. 1012. 0o00 .030
to I t6o 16990 2.600 .3750 40060. 1100. .120 .080

41 7 21. 1.550 2.900 .3750 41060. 1313. .075 .000
?4 7 .. 7 . 1.550 2. 00 --. 4000- 40060.- 1000. .060 0080
26 7 26. 1.5O 2.900 .3750 40060 1015* sOTS .060
30 7 s2. 1.400 2.900 .3750 4C060. 846. .060 .060
34 7 20.- .-2.600 2.950 - .3750 40060. 1160. .060 .030

CRUISE

so DUMPING RESISTanCE INPUT **

QESISTANCE CIDE RADIUS 1 RAOIUS RADIUS SLIP SPEED Tf"P.
L3CATIO 1 2 FACTOR Rpm DES F

1 7 1. 1.400 4.150 .3600 27125. 3*00 000 0400
10 7 to 1.400 2 O950 .3900 2712s 10129 00 0 .090
is 7 160 losso 2000 .3530 27125o 11600 o 0 . 00
to 7 21. l .so 2.900 .3500 27125. 1313o 0075 060
24 1 27. 16950 2.900 .3800 21125s 1§000 oOL0 A00
26 7 24. &a50 10900 1060 2?71250 1015. .07S .000
s0 1 32. 1.400 20900 .1630 27129 *48. .000 .090
34 1 20. 0.o 000 2..90 .300 ZI75.._ 1160. .00 090

IDLE
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BOUNMRY.-(NDITIONS FO1 SECONDARY FLOW

HAX POWER

CaVTYV '~csvj*P-- yeqpc &y.j9----1 1l',;01 T40T ,
CAVTY DOCSlCO I00C

II 1.1'0 24930
I 15 , . 1'000 ,0C0)

7 15'.'nooQo 001
1,3 at3 I ll,) 1'?0.53C0O

'7 1 7 c ~0 I
2? 47.10010 13??.00000---.

I? 13,67000 94?.5:3C00

CRUISE

*0 AFRO INPUT 9*
CAVITY PEO59RE TE4PERATURE

1 74.54000 600.00000
5 9.15000 310,00000
6 8005500 20.00000
7 96.19000 600.000000
9 90.90010 1791.00000

11 62.20000 1615.00000
17 96,19000 600.00000
22 31.98000 1354.00000
27 26.65000 1306.00000
20 13.60000 1041.00000
33 8.65000 932.00000
34 40.40000 1525.00000

- IDLE

** AC') 0kPUT **
CAVITY P0ESSURE TEMPEDATURZ

1 37,30000 37?,?0Q. 3
5 16.?0000 310.00000
6 145U000 112,70030
7 4096000 379,7000
9 39*20000 132?.00(000

11 29.10000 1317.00030
17 40.9803 3?9,?OC000
22 19.20000 1170000
27 16.30000 1052.000 029 15.20000 1052,03Co¢

33 14,65000 1013#03030C . . 34 24*O00000 1167.000000
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APPENDIX C

SUMMARY OF HEAT TRANSFER COEFFICIENT RATIOS
PLATFORM

WHERE: N is wheel speed
T is ITT (Absolut6 Scale)
Subscript 1 is transient value
Subscript 2 is baseline value

RIVET HOLES

(hl0.25(X+Z+l) (T)-0.625 
N)0.36X (L)0.73

WHERE, The first two terms arise from rotation of the rivet
hole about the engine centerline and the second two
terms arise from varying engine conditions.

Forward face T is Tcd

Aft Face T is ITT

VALUES OF Z VALUES OF X

Engine Speed FWD AFT FWD AFT

0 - 96% 1.27 1.29 1.85 1.22
96 - 100% 11.20 9.96 0.98 1.92

SLOTS

) o-(_) 0.3875Z(

WHERE: Z is given above
Forward Face T is Tcd
Aft Face T is ITT

21-3640 (22)
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DISK FACES

(!)(e 2.4(Ti) -0.4
WHERE: Forward Face T is Tcd

Aft Face T is ITT

BORE

(h) = () 1.94 Tj) 0.4

WHERE: T is Tcd
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