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SECTION I

INTRODUCTION AND SUMMARY

The Exploratory Development Poogram reported herein was performed

by the AiResearch Manufacturing Company of Arizona, A Division of The

Garrett Corporation. The objective of the program was to provide the
advancements in technology required to improve the performance, weight,

and volume of a small auxiliary power unit accessory drive system to
the extent that this type of system would become practical for use on

advanced fighter, attack, and light cargo aircraft. Since the object-
tive was technological advancement, the resulting power system was not

directed toward any one specific aircraft but was designed to be

adaptable to a variety of future envelopes and requirements and, there-
fore, included a high degree of flexibility.

The major program goals were:

(a) APU

APU size = 10-in. diam x 24-in. length

Cycle pressure ratio 11:1

Bleed pressure ratio = 6:1
J Equivalent shaft horsepower = 300 at 130OF sea level

Output shaft horsepower = 160

Turbine inlet temperature = 2200*F

Specific fuel consumption = 0.51

(b) System

Weight = 200 lb (including APU, gearbox, start system)

TBO = 2500 hr

(c) Maximum Technological Flexibility

1



I

Tho progreim consisted of three phases:

(a) System preliminary design

(b) Component development

(C) System demonstration 3
The results of an Auxiliary Power System study, completed by the U

AiResearch Manufacturing Company and reported under AFAPL-TR-67-135,

formed a basis for the initial work accomplished in the Preliminary

Design Phase. Approximately 184 APU cycle and configuration analyses 3
were completed, including variable geometry, multispool, and recuper-

ated versions. Potential candidates were narrowed to four nonrecuper- j
ated systems of which 12 variations were considered:

(a) Single shaft - Integral bleed/gearbox

(b) Single shaft - Load compressor/gearbox

(c) Free turbine - Integral bleed/gearbox

(d) Free turbine - Load compressor/gearbox

The system selected for the Exploratory Development Program was

the single-shaft integral bleed APU, which offered the maximum poten-

tial for technological advancement while fulfilling the requirements

set forth in the Statement of Work including maximum flexibility (Fig-

ure 1). The APU design characteristics at the maximum bleed condi-

tions are shown in Figure 2 and the performance parameters at the maxi-

mum shaft power condition in Figure 3.

The component technology goals arid demonstrated test results are

demonstrated in Section II, with technology advancements that are com-

pared to the 1968 state of the art. The results of the final Build 5

demonstrator unit performance testing are discussed in Section IV.

2
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The dovlaoped tachnology is diroctly relevalnt to A wide varie.ty 1
of applciition. N Maijo tachnology advenememtnLa have beon made in the

followinqj componottt I

(4) Axial compressor

(b) Contrifuqal compressor

(c) 2200QF uncooled combustor I

(d) Radial turbine

(e) 20,000 rpm torqtie converter I

The existing APU has the capability, with additional development, I
of beinq configured to provide all shaet power as well as conversion

to a freo-turbine version. The centrifugal compressor and radial tur-

bine can be used either separately or together and are readily scaled

to provid(e a bWsis for various possible high-performance applications.

6



SECTION I1

PROGRAM GOALS

The overall goal of this program was to advance the state of the

j art of small auxiliary power systems (APS). The program was centered

about the design and technological development of a typical auxiliary

power system for an advanced fighter aircraft, based on the recommen-

dations of AFAPL-TR-67-135. The final system was to be a technologi-

cal development vehicle capable of demonstrating the component and APU

performance requirements with technology adaptable to a wide variety

of future aircraft applications.I
1. SYSTEM REQUIREMENTS

The reference auxiliary power system upon which this advanced

technology program was based consisted of a gas turbine power unit and

integral accessory gearbox. The aircraft electrical generators and

hydraulic pumps, which are normally mounted on one of the main air-
craft engines, were mounted on this gearbox. The auxiliary power sys-

tem was designed to be mounted separately from the main engine in the

aircraft but was to be capable of being engine-driven by a power take-

off shaft. On the ground, the auxiliary power unit would supply shaft

j power to the gearbox for checkout of aircraft systems, for aircraft

standby power requirements, and for starting the main engine. Bleed-
air would be supplied by the APU during ground operation for an air-

cycle aircraft air conditioning system. The APU was also required to

provide emergency in-flight start power.

The power requirements for the preliminary design phase of this

effort are shown on Table I for each of the operating modes. The

system-sizing condition occurs at ground check, when there is an elec-

trical load of 22 kva plus simultaneous bleed-flow of 55 lb/min at

130*F, sea-level ambient conditions. Sizing at this time provides

7
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compatibility with the engine start requirements (20 sec at 59*F, sea-

level temperature and at altitude), as well as with emergency auxili-

ary power requirements. The equivalent shaft horsepowers shown on

Table I are for the cycle assumptions and are shown for the listed

requirements only. The additional power required for the surge bleed

j during shaft-power-only modes or excess bleed pressure is not included.

j The design ambient conditions were 130*F at sea level. The orig-

inal design objectives for the APU and gearbox components are:

I (a) APU cycle pressure ratio, 11:1

(b) APU bleed-air pressure ratio, 6:1

(c) APU bleed-flow, 55 lb/min

(d) Turbine inlet temperature, 2200°F

I (e) Fuel flow, 100 lb/hr

(f) Torque converter weight, 5 lb

(g) APU basic size, 10-in. diam x 24-in. length

(h) Total system weight including APU, gearbox, and APU start-

system, 180 lb

Prior to the final hardware design, the goals of the program were

revised from those given on Table I to include a maximum system weight

of 200 lb and a minimum power rating of 300 eshp at 130oF ambient tem-

perature. This represents the growth potential of the unit within the

original APU envelope limitations of a 10-in. diam by 24-in. length.

Establishment of the system duty cycle is critical to component

design, since it determines the operating time at maximum load and

temperature. The duty cycle (Table II) was based on the mission, the

9
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Operating time in each of the operating modes, and the assumed 2500-hr

I TBO, with assumptions regarding the number of APU and main-engine

starts per mission. Table I indicates the duration of each of the

b various operating sequences with which the auxiliary power system is

associated. On this basis, a total of 910 aircraft missions was

.• assumed, based on an average standby time of 2.25 hr/mission, and the

total number of APU starts was assumed to be 1500. From these data,
the turbine inlet temperature as a function of time was established

(Table II) and the maximum life fraction computed (Section III).

I The assumed engine-starting drag torques of 590 and -651F are

given in Figure 4. Included is an approximate starter torque curve

required to obtain an engine start within 20 sec at 59 0 F.

I The program objective was to provide technological advancement

applicable to an on-board auxiliary power system for equipment check-
out, environmental control, and engine starting for fighter, attack,

and light cargo aircraft. The demonstrator power system was not
directed toward any specific aircraft but rather was designed to pro-

vide technology applicable to an advanced high-performance power unit

with maximum attention to technological flexibility in related and

similar systems. Component performance parameters, existing at the

start of the program (1968), are compared with the goals of the pro-

gram and the results of the testing (Table III). The corrected flows

are included for comparison between APU-size and test-rig size compo-

nents. The APU design goal of a 10-in. diam was maintained, but the

addition of the case flanges increased the envelope to 11.5 in.

11



-NIP

NOTE S
1. Polar moment of inertia at starter

500_ _ drive including accessories, but 2500 excluding starter z 11.02 slug-ft
2. Light-off will occur 8 sec after

reaching 488 rpm starter drive-
speed

3. Starter torque must be maintained
400 for 15 sec minimum

-TORQUE OUTPUT FROM TORQUE CONVERTER
TO OBTAIN A 20-SEC START AT 59°F

300
AM1IEN- -P--STARTER
TM -5°CUTOUT

SPEED j
H 200 or __ _ _ _ _

-100

£0

-100

-200 0I000 2000 3000 4000 5000
STARTER DRIVE SPEED, RPM

Figure 4. Main Engine Starting Characteristics.
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2. SYSTEM OPTIMIZATION

Thirty-seven candid ite systems were considered for this applica-

tion, but most of these were eliminated early in the evaluation

because of complexity, size, and weight. The potential candidates
were reduced to four that. appeared to have merit (Figures 5 through 8).
A preliminary design analysis was then conducted to select the APS con-

figuration most capable of satisfying the requirements set forth in

the Statement of Work.

Variable inlet guide vanes (VIGVs) for all the candidate systems

were required to not only obtain a better match of the compressors

under various operating conditions (to keep the size of the APU to a

minimum) but also to minimize the fuel consumption at the standby oper-

ating condition. In all APU configurations, VIGVs for both the first-

stage (axial) and the second-stage (radial) compressors were included
(Table IV) to aid in the evaluation of the prototype unit.

For the integral bleed systems (I and III), VIGVs for the first-

stage compressor are required for efficient engine operation over the

bleed-flow range. For the bleed-air to be extracted at a 6:1 pressure

ratio from a higher cycle pressure ratio APU, the second-stage (radial)

impeller was notched to enable the bleed-flow to be split off at a

lower pressure ratio (Figure 9). The flow ranqe requirement varies

from no-flow to 55 lb/min, but due to the interstage bleed-flow extrac-

tion configuration, some bleed-air must always be oxaracted to prevent

surge in the radial impeller. The justification for including VIGVs

at the APU compressor stages for Systems II and IV would be to increase

the operating efficiency under certain conditions. VIGVs would be

required for the load compressors to modulate the flow and to minimize

the load when no bleed-air was required.
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For a free-turbine engire that is required to produce shaft power
only from the free-turbine (System IV), modulating the fuel flow

(resulting in the modulation of the gas generator speed and burner tem-

perature) results in an efficient method of supplying varying amounts
of power to the free-turbine. For a main engine start, 3 kva of power

at constant frequency must be furnished by the gas generator. A

constant-speed drive or a variable-speed, constant-frequency system is
required if the gas generator speed is allowed to vary according to

the required shaft power load from the free-turbine. The alternate

solution to this problem would be to maintain a constant gas generator
speed and modulate compressor VIGVs and a diverter valve. (This valve
would divert the gas generator exhaust from the free-turbine to the

atmiosphere at low shaft power loads.) A detailed analysis would be

required to choose between the variable and constant gas generator

speed configurations, but for purposes of comparing the four candidate
systems, the constant-speed gas generator configuration was chosen.

For conventional engines that furnish bleed-air at the engine

cycle pressure, the excess bleed-air could be diverted into the turbine
to convert it into shaft power. However, for the APU of this program,

the bleed-air is at a pressure considerably lower than the engine-

cycle pressure and, therefore, cannot be profitably used in the tur-
bine to generate power. Hence, no variable turbine nozzles are recom-

mended in the first stage of any of these engines. Variable turbine

nozzles are required for the free-turbine of the integral-bleed free-
turbine engine (System III) because of the power shift from the gas
generazor turbine (during bleed-power modes) to the free-turbine (dur-

ing shaft power modes). To enable the APU to operate as efficiently

as possible and maintain a constant gas generator speed (maintain a
constant 3-kva generator speed and bleed pressure), a modulating gas
diverter valve would be required in addition to the compressor and

turbine VIGVs.
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The APS performant'e requirements used in the performance analyses
have been given on Table I. All four APU configurations were analyzed
to determine size, fuel flow, and operating characteristics at design-

point, which was the electrical checkout mode on a 13 0 *F day, provided
the required shaft power would also be available for an engine start.
The load-compressor APUs (Systems II and IV) would not have any diffi-
culty in meeting this requirement, since the maximum power needed at

checkout is greater than at engine starting. However, for the integral-

bleed units, the available shaft power for engine starting was mar-
ginal, and the APUs were analyzed for both checkout and starting modes.

To form a basis for the performance studies, the design-point
cycle parameters were estimated (Table V). The compressor and turbine

efficie,-.jies, combustor efficiency, pressure losses, leakage, cooling,

j and accessory and drag horsepowers were estimated from previous experi-

ence and the literature.

Based upon these design-point cycle parameters, the four systems
were evaluated. The APU size, system weight, and fuel flow at the

design-point were determined. Each system was diagramed, and the rela-
tive control simplicity, cost, and maintainability were estimated. A

j comparison of the final evalu ion is shown on Table VI. For these
comparisons, each system was des.c-rd to function in all required oper-J ating modes. An analysis of all pir: 3 atri: and drag-power losses was
conducted for each of the candidate syster3,, in order to perform real-
istic system comparisons. The data (Table VI) show that System I is

the optimum selection.

Although System I was selected as the reference design for the
program, the component technology development is directly applicable
to any of the other three systems. The notched radial impeller of the
selected system can easily be recontoured to become a conventional

radial impeller for a pure shaft power APU or an APU with bleed-air
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TABLE V

CYCLE ASSUMPTIONS FOR DESIGN-POINT PERFORMANCE CALCULATIONS

I II 11 IV

Parameter Single-Shaft Free-Turbine

"Integral- Load- Integral- Load-
Bleed Compressor Bleed Compressor

Pressure Drop, AP/P

Inlet 0.01 0.01 0.01 0.01

Between C1 and C2 0.015 0.015 0.015 0.015

Compressor 0.01 0.01 0.01 0.01

Burn or 0.04 0.04 0.04 0.04

Turbine Diffuser 0.01 0.01 0.04 0.04

II. Cooling Flow, Wc/Wa 0.06 0.06 0.06 0.06

III. Burner Efficiency 0.98 0.98 0.98 0.98

IV. Leakage, WI/Wa, C2 Discharge 0.01 0.01 0.01 0.01

V. Burner Exit Temperature, *F 2200 2200 2200 2200

VI. Cycle Pressure Ratio, Burner 111 111 1l11 11:1
Inlet to Ambient

VII. Bleed-Air Valve AP/P 0.03 0.03 0.03 0.03

VIII. Compressor P.R./,'.

First Stage 1.833/0,826 1.833/0.817 1.833/0.826 1.833/0.817

Second Stage 3 3.460./0.810 6.217/0.781 3.460/0.810 6.217/0.781

Third Stace 3 1.778/0.827 - 1.778/0.827 -

IX. Turbine 11

First Stage - - 0.87 0.87 I
Second Stage (Power Turbine) - - 0.84 0.84

Over all 0.87 0.87

X. Accessory and Drag Power Losses

Gas G,!nerator - - 4.9 4.9

Power Turbine 13.6 22.8 9.7 18.8

XI. Loa,, Coýjnpressor Pressure Ratio

1-ressure Ratio 6.32/0.7785 6.32/0.7785

Horsepower Required for 55 lb/min 163 163

XII. Ambient Conditions

Pressure, Sea Level Static, psia 14,696 14,696 14,696 14.696

Temperature, 'F 130 130 130 130

'OTE* :

1. 130'F, sea level, standard day

2. ,•-utul flow p:,ths o•d design speed to be hosed on 89,000 rpm

,. stojcompressor is assumed to he the bled px)rtion of the notched impeller, and the

third-,t,,qv is the power portion.

A34722
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extraction at the cycle pressure. The axial turbine may become the

power turbine in a free-turbine version of the APU. The torque con-

verter is acceptable to a variety of applications.

An off-design performance analysis of the four auxiliary power

systems was conducted to further verify the selection of System I.

Optimum variable geometry settings were obtained from parametric stud-
ies. The fuel consumption for the design-point is included on Table

VII and is compared to standby fuel flows on 1300 and 59 0 F days. For

the 59 0 F day, standby fuel flows are included for 80-percent of the 55 J
lb/min requirement (44 lb/min) for comparison, since this is more

nearly the actual requirement. Fuel flows at the standby condition

are more significant because of the length of time in th' operating

mode. The fuel flows at all other conditions are then relatively

insignificant, especially the engine-starting conditions.

Performance estimates for engine-starting (sea level and 20,000 3
ft) and emergency power (40,000 ft) were made for each of the four
candidate systems (Table VIII). System III is the only configuration

that did not meet the required power in all modes, indicating that if

System III were chosen as the optimum, the engine starting requirement
would size the engine. All shaft powers are the result of parametric

studies that determined the optimum variable geometry settings. The

integral bleed systems (I and III) require a minimum of expended bleed-

air to avoid surge in both the axial and radial compressor stages.

The required power for System III (Table VIII) is based on the

actual peak shaft power required to start the engine within the 20-sec

time limit. For System I, the required power includes the torque

transmission and efficiency characteristics of the torque converter.

System II required-power includes those losses and characteristics

associated with the torque converter, as well as the power drag of the

load compressor. For System IV, the load compressor drag is added to

the required shaft power of System III.
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3, SYS'TENM DEMONSM'VA'I'1 ON UNIXT

The tiocooud tiysitem compred an intoqrwM bloode A1PU withi on

accossory gearbox (HyaLtsm I, Fiqure 5), :'hoe APU wa# mountod oti, antd

driven directly into, the gearbox, whioh provide% tit mountingi and

power tranmislon to a 40-kva Aircraft ny~tum qan 'ator, a 1-kv,%

standby gonerAtor, and two hydraulic pumps. rhe pumps andt lartle tIon-

orator could be driven by the APU or the main enq.-no, 'Tho API) ropro-

sented a unit daaigned for 2500 hr between overh~ulo. During thita

overhaul life, rhe APU would bo started 1500 timewt, and the APU woild

activate the main elmqina 910 timea.

A program goal was to demonstrate the production of power in all

the modoi listed on Table I, The electrical checkout and standby moden

are combinations of bleed-air and shaft power and were to be duainon-

strated by absorption of electrical energy into a load bank and then

dumping the bleed air. In the hydraulic checkout mode, shaft power

absorption would be demonstrated by dissipating the pressurized

hydraulic fluid into a sump. The engine starting mode was to be dvmon-

strated by accolerating a flywheel sized to approximate tho combina-

tion of engine inertia and drag torque through the starter cutout speed.

However, due to a reduction Ini the power goal during the course of the

program, the engine starting demonstration was deleted.

The torque converter operation was to be developed and proven on

test rig prior to installation in the demonstration system. As an

additional contract item, a clutch and lockup device was to be devel-

oped for the torque converter. This device was to increase the ir"tio

of output shaft. speed to input shaft speed from 0.9 to 1.0 and then

positively lock the shafts together. The entire sequence was to take

place while maximum shaft power was being transmitted.
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The tchnoloqy development vahicle was configured ad a compact,

lightweight, mingle-ahaft integral-bload auxiliary power aystom. It

comprinn V\ItIVo for both compressor stag@a, a reverve-flow annular

coibuator, and a two-stage turbine section. Bleed-air in extracted

from a notch on the radial impeller wheel, Tha fuel pump, starter,

3-kv4 gonerator, PMG (permanent magnet generator) for ignition and con-

trol power genaration, and a lube pump Are mounted on the APU section

of the gearbox, J
Tho gearbox deaign consists essentially of two separate gear,

tr,.ins couplod by a torque converter, The first in coupled to the APU

shaft and vontainR the APU starter motor shaft, accessories, and torque

converter drive, The other gear train is coupled to the main engine

input and drivos the hydraulic pumps, a lube pump, and the VSCF genera-

tor. 'T'ha main engine drive is coupled to the torque converter output

through an overrunning clutch mechanism, thus starting the main engine

with APU shaft power but not allowing the main engine to drive the APU,

When the engine speed exceeds the torque converter outpmt speed, the

cl'tch will overrun. At this point, the APU may continue to operate or

may be shut down, since it no longer furnishes power to the engine or

accessories. With the main engine decoupled, the APU will be capable

of driving the main engine accessories at a speed corresponding to

engine- idle.
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4. SYSTEM AND COMPONENT PERFORMANCE

The justification for selecting System I (Figure 5), the integral-

bleed single-shaft APU system, was presented in the previous section.

The selected system was designed as a demonstrator unit, with emphasis

1 on component development, performance, technological flexibility, and
the interchangeability of the gearbox sections rather than on a flight-

k weight system.

The fuel component and system design-point parameters are given

on Table IX. The estimated performance of the APU is depicted in Fig-

ures 10 and 11 as a function of bleed-flow rate. Parametric studies

I showed that very little, if any, advantage could be realized from the

the VIGVs for the centrifugal compressor; hence, all data are shown

3 for the centrifugal compressor VIGVs set at 0 deg. Some efficiency

gain is theoretically possible at low bleed-flow rates, but this would

* be mostly negated by the efficiency loss associated with leakage around

the ends of the variable guide vanes.

I Design-point parametric studies were completed early in the study

phase to enable the designers to conduct simple trade-off analyses.

J Several cycle variables were investigated to determine their influence

in specific fuel consumption and specific power: cooling and leakage

rates; inlet, combustor, and turbine exit pressure drop; and compres-

sor, combustor, and turbine efficiencies. The results are presented

in the form of carpet plots in Figures 12 through 21 and are summarized

on Table X. Note that if the design cooling-flow schedule is used

(Note b, Table X), the sfc does not change, but the specific power

increases 11.25 percent per 100*F burner temperature.
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TABLE IX

APS DESIGN POINT PARAMETERS

Physical speed, rpm 81,800

Ambient temperature, IF 130

Inlet pressure loss, AP/P 0.01

Axial Compressor corrected flow, lb/sec 3.667

Pressure ratio 1.837

Efficiency, T-T 0.826

interstage duct pressure loss, AP/P 0.015

Centrifugal bleed compressor corrected flow, lb/sec 0.48

Pressure ratio 3.5

Efficiency, T-T 0.75

Bleed valve pressure loss, AP/P 0.03

Centrifugal power compressor corrected flow, lb/sec 1.78

Pressure ratio 6.38

Efficiency, T-T 0.82

Leakage, AW/W 0.005

Turbine cooling flow, AW/W 0.06

Burner pressure loss, AP/P 0.05

Efficiency 0.98

Discharge temperature, OF 2200

Turbine inlet corrected flow, lb/sec 0.447

Efficiency, T-S at diffuser exit 0.87

Accessory and drag loss, hp 13.6

Cycle pressure ratio 11.4:1

Bleed-air pressure ratio 6:1

Bleed-flow rate, lb/min 55

Torque converter weight, lb 5

APU diameter, in. 10

APU length, in. 24

APS weight, including start system, lb 180

APU eshp 300

Fuel consumption, lb/hr 120
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Carpet plots are constructed so that the vertical grid lines are

usud to interpolate between the main lines of each of the two param-

ot•rs on the qrids. This method of data presentation allows the user

to interpolate either of the independent variables with a higher deyree

of accuracy. There is a carpet plot grid for each of three burner tem-

peratures, and the grids are spaced so that data may be interpolated

between the grids.

Any sfc carpet plot may be used to determine the effect on sfc of

a shanqe of pressure ratio, burner temperature, the particular influ-

ence parameter in question, or a combination of all three. For example

(Fiqure 12), for the sfc of a cooled 2200OF turbine to equal that of an

uncooled turbine at 1800 0 F with a total leakage fraction of 0.01, the

totalt leakage and cooling fraction will be 0.07 at 11:1 pressure ratio.

T'hos leakage and cooling fractions are approximately those expected,

whichA, indicates that no sfc advantage is to be gained by the higher

turbine inlet temperatures. However, according to Figure 12, the rela-

tiv\,e specific power at 1800 0 F burner temperature and 0.01 leakage is

0.508, and at 2200 0 F burner temperature and 0.07 leakage, it is 0.900.

F:rom ahese relative specific power ratios, a 72-percent increase in

specific power is indicated for the higher temperature burner.

In most cases, the influence of an increase or decrease of a

qiven cycle parameter will allow engineering judgment to refine the

desiqn. For example (Figure 12), by assuming the design-point pres-

sure ratio of 11:1 and burner temperature of 2200 0 F, a cooling-flow

fraction of 6 percent gives a relative sfc of 1.2. An increase of

this parameter to 10 percent increases the sfc to 1.35. The fuel con-

sumption of a machine designed for 10-percent cooling-flow would,

therefcre, be 112.5 percent of that designed for 6-percent cooling-

flow.
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In many cases, one variable is dependent upon the value of

another, and the net effect must be obtained by comrn)-ing the two

influence coefficients. That is, a design-point Vc, r temperaturej increase (tending to decrease sfc) must be accom -... :d by an increase

in cooling flow (tending to increase sfc). The calculated decrease

and increase must Le multiplied together to determine the net effect.

Other examples of trade-off include decreasing compressor efficiency

and increasing turbine efficiency as a result of increasing the cycle

pressure ratio.

I

i

I
I

I
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SECTION III

COMPRESSOR DESIGN AND DEVELOPMENT

The compressor section comprises an axial first stage and a

radial second stage. Bleed-air is extracted from a notch in the

second-stage impeller. This arrangement is referred to as a split-

flow radial compressor or a notch bleed system.

Cycle analysis (from estimated maps for each compressor, based on

test data for similar compressors) showed that VIGVs may have been re-

quired for each stage to achieve the off-design goal of maximum shaft

power and for compressor matching at part-speed. Later testing showed
that the second-stage VIGVs were riot necessary.

All compressor development work was conducted with scaled-up com-

ponents, as the small size of the APU components prevented the inclu-

sion of an adequate quantity of instrumentation. Also, the probe

sizes become large, relative to the height of the annular passage,

invalidating the assumption of a "point" measurement.

Scaling test results to any other geometrically similar size is

j based upon similarity of tip speed and the premise that inlet flow

velocity remains the same. For the -3 axial compressor, the design

j inlet flow rate of the reference rig was 6.147 times that of the APU-

size compressor. Since the flow rate is proportional to the flow area

at the same average velocity, the reference rig compressor scale was

made proportional to the square root of the flow ratio, or 2.479 times

as large. The tip velocity (and all other wheel velocitips in tho

flow path) is maintained by decreasing the rpm to 1/2.479 (40.33 per-

cent) of the APU-size component. The compressor performance maps,

thus derived, are scaled by the corrected flow ratio, with the Ores-

sure ratio and efficiency remaining the same.

When scaling from an optimum large compressor to a smaller size,

three main factors can contribute to pressure and efficiency losses:

Preceding page blank 49



(a) Clearance Effects - Generally, clearance is difficult to

scale. As compressors become smaller with correspondingly

smaller blade heights both axially and radially, the clear-

ance to blade-height ratio increases with an accomp tnxing

drop in performance.

(b) Reynolds Number Effects - The Reynolds number decr u-ses with

reduced size. This can cause an increase in the friction

losses of the compressor if a lower limit of Reynolds number

is violated.

(c) Manufacturing Effects - The effect of manufacturing limita-

tions on the performance of small compressors is subtle but

important. As blades become smaller, a point is reached

where it becomes impractical or impossible to scale toler-

ances. Similarly, blade thicknesses cannot be scaled indefi-

nitely. The requirements for resistance to erosion and

vibratory stresses usually define a minimum thickness that

is independent of compressor size. The size of the tooling

to fabricate compressor blades has a practical limit, so

that tool deflection and breakage can be controlled. For

small compressors, there is a relative increase in the thick-

ness of the Llades near the fillets that adversely affects

the performance. The relative surface smoothness cannot be

maintained, thus contributing to increased friction losses.

The combination of tlese factors can cause large adverse effects

on the performance of components scaled to a smaller size. Therefore,

the reference compressor rigs were made large enough to enable accur-

ate aerodynamic measurements and to keep the adverse effects of scaling

to a minimum. In an effort to eliminate as many of the losses as pos-4

sible, the reference rig blade thickness, fillets, surface smoothness,

and clearances were all scaled from the APU-size design. Estimates of

pressure and efficiency degradation were applied to the reference rig

tests results, to approximate losses by scaling to the small size.

50
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1. AXIAL COM4PRESSOR STAGE

1.1 Aerynamic Design and Development

The design requirements of the low-pressure stage were:

(a) Stage pressure ratio 1.837

(b) Corrected flow 3.66

(c) Total-to-total efficiency 0.826

From these, the following rotor characteristics evolved:

(a) Rotor tip speed (corrected, ft/sec) 1590

(b) Inlet hub-tip ratio 0.5

(c) Rotor tip solidity* 1.2

(d) Hub solidity* 2.53

(e) Number of rotor blades 15.0

(f) Rotor aspect ratio (blade height/chord) 0.87

Two rotor configurations were evaluated on the size (3.1.66-in.

tip diam) test rig. The first, designated -1, was a research compres-

sor designed for a 1400-ft/sec corrected tip speed. The second design

(-2) was a restaggered version of the -1 rotor blade. A stagger in-

crease was made to acconr.,odate higher air angles coincident with the

1590-ft/sec tip-speed required for the design pressure.

Testing the inlet guide vane design was accomplished with the -2

axial rotor configuration. The guide vanes were intended to match the

compressors at part-speed and at varying bleed flows. The scale rig

test results for both configurations are summarized as follows:

(a) Test 1 - The first test was performed using the -1 rotor

design. Figure 22 shows a map of rotor performance. The

*Solidity = (chord) x (number of blades/2rR)
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-1 rotor obtained approximately 1 percent higher efficiency

than predicted, but the surge margin at higher operating

speeds was lower. Tip clearances was 0.3 percent of chord.

(b) Test 2 - This was a stage test performed with both the

stator and the rotor. The rotor tip clearance was opened

slightly to allow overspeed operation. The results (Figure

23) again indicate reduced surge margin. It was theorized

that stall margin loss could be blade isolation caused by

small clearances during the first two tests. Another possi-

bility was blade untwist in the tip region. Both effects

were investigated in subsequent tests.

(c) Test 3 - The -2 rotor efficiency and stall margin were lower

than predicted at APU design speed (Figure 24). The instru-

j rmentation included capacitance probes at the leading and

trailing edges to measure blade untwist. Data indicated a

blade untwist of 0.6 deg, compared to an analytical estimate

of 1.1 deg. The flow change associated with this incidence

change is approximately 33 percent of the measured range

loss, but this is considered a secondary effect. Rotor

clearance was 0.6 percent of chord.
I

(d) Test 4 - A fourth test was conducted to determine the

effects of increased tip clearance on the -2 rotor surge

margin. Tip clearance was opened to approximately 1.3 per-

cent of the chord at APU design speed. The efficiency and

pressure ratio decreased with no beneficial change in surge

margin (Figure 25).

(e) Test 5 - Following the fourth test, the higher efficiency

suggested scaling the -1 rotor design for use in the initial

APU testing. As a result, Test 5 was performed on the -1

rotor to establish the streamline location at the rotor

leading and trailing edges necessary to match the APU flow

conditions. Tip clearances were increased to 1.6 percent
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of chord as in the -2 rotor; the results (Figure 26)

indicated a reduction of efficiency with no beneficial

change in surge margin.

(f) Test 6 - The sixth test was conducted to determine the

j effects of variable inlet guide vanes on the -2 rotor per-

formance. Data were recorded for vane settings of 10 deg

open (flow turned opposite to rotor rotation), zero deg

I (axial), and 10-, 20-, and 30-deg closed, for seven speed

lines from 20 to 93.78 percent corrected speed. Figure 27

shows a typical constant-speed map for these inlet guide

vane settings.

Normalized inlet guide vane data are compared in Figure 28 with

assumed theoretical performance during initial cycle studies. The

peak efficiency for each speed line withouL inlet guide vanes was

used as the basis for normalizing the peak efficiency at-various inlet

guide vane settings and speed lines. With the exception of the 90-

and 94-percent speeds at normalized flows greater than 1.0, the trend

of the data approaches thAt of the assumed APU efficiency reference

line. Analysis of the high-speed, high-flow data indicates that this

deviation is caused by stator choking.

The selection of the initial APU axial compressor configuration

was based upon data obtained from the axial compressor tests. The

higher efficiency of the -1 over the -2 dicLated its use. The -1

rotor shroud contour was modified frorma the inlet to the second-stage

inlet guidc vane leading edge to match the flow conditions between the

axial and centrifugal compressor at the APU design-point conditions.

A.nalysis of the rig test data led to the conclusion that the

severel'i reduced surge margin was caused by the low rotor aspect

ratio. Based on this and the low efficiency achieved by the -2 con-

fhjuration at the APU design-point, a third-stage design (-3) for the

I ,w- ores sure compressor was initiated with a higher aspect ratio.
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Figure 28. Axial Compressor Stage VIGV Effects.
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The fuolluwoin -3 rotor oImA ctariatica tvolvodi

(a) otour tip rilid (uoo ctod, ft/upo) 1590

(u) Rotor tip molidity 11W37

W4) Numlhor' of rotor bIlados 24

(0) tRutur ApoOVt rdtiu 126

Tho rotor was sualed from a NASA design A portion approxi-

mately 3 porount) of tho tip w\u romov,.d to aclhievo thu correct flow

at thu APU dusign spoed. Vie aspect ratio was altorod to maintain a

minimum chord lonyth of 0.8 in. for manufacturing accuracy. The

design-point vector diagrams for the rotor are shown in Figure 29 and

tho diagraims for the stator in Figure 30,

The stator system design for the -3 rotor (Figure 31) incorporated
Sa swept stator followed by a aectilinear stator. The tandem stator

concept evolved from two considerationsi

(a) uDuo to the high stator hub Mach number# a conventional stator

would suffer unusually high losses, "Swoeping" the blade

would ruduco the loss, since the loss is proportional to the

Macl" number normal to vane leading edge.

(b) The sweep effect on the hub wall boundary layer was advan-

tageous. Sweeping the blade rearward from hub to tip with

approximately constant cross-span loading caused a static

pressure gradient on the vane that decreased radially out-

ward. This pressure gradient provided a driving force on

the hub wall boundary layer, causing it to migrate across the

vane away from the hub. This would provide a hub wall with

reduced boundary layer at the rectilinear stator inlet.

*Elevated numbers refer to List of References following Section XI.
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ROTOR LEADING E)DGE
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0 0
69.2 mt tt4% ,B ,. 541.4 19

UTIP 1685.7 fps UHUB 853 fps
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ROTOR TRAILING EDGE

,Vm2 f, 672.8 fps

Vr 40fs AB 51.2

4SAS 53.92 w /V ABS 1075.1 fps

SABS = 683 fps
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UTIP 1620 fps UHUB = 988.4

TIP MUB

Figure 29. Axial (-3) Comxpressor Stage.
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SWEPT STATOR INLET

fp- = 1152.6 fps
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i Figure 30. Axial (-3) Compressor Stage.
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Four tests were conducted with this configuration in the reference

size as summarized below:

(a) Test 7 - This test included the entire -3 stage from the

inlet to the high-pressure compressor inlet station. (The

inlet guide vanes were not available for this or subsequent

tests.) The range from choke to surge flow (Figure 32)

exceeded the design estimate by 1 percent, while the peak

adiabatic efficiency at design-corrected speed and work-

input conditions was 0.84, compared to the APU-size design

estimate of 0.826. Corrected-flow at the design work input

was 2 percent below the estimated value. Instrumentation at

the high-pressure-compressor-inlet station indicated that a

separated flow region existing in the lower 20 percent of the

passage (Figure 33). An average residual swirl angle of 5

percent was measured.

(b) Test 8 - This was a test of the rotor and swept stator only.

The data revealed that the performance characteristics for

the rotor and swept stator were very close to design intent

at the design-corrected speed and work input. A large wake

was measured in the upper 10 percent of the passage and was

probably caused by either an excessive stator angle of attack

or accumulation of the boundary layer that flows across the

stator span from hub to shroud. Comparison of these data

wiLh Lhe full-stage data showed that a large loss occurred

in the lower 10 percent of the rectilinear stator. Review

of the results of Tests 7 and 8 resulted in the decision

not to make any major changes in the current stage design.

(c) Test 9 - As the data points (represented by squares in

Figure 33 from Test 7), the relative air angle and absolute

Mach number did not coincide with the design intent, especi-

ally at the hub region. As an interim fix to improve the

APU operation, a screen was sized and placed in the core
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of the annular flow passage 9.45 in. upstream from the

centrifugal compressor inducer (Figure 31). The solidity

and annular dimensions were based on Morgan's test data[2]

(T/S) (2.0 - T/S) = 0.30

where:

T = wire thickness

S = center-to-center spacing

Corresponding to this, the dynamic loss coefficient was

AP/(I/2pV2 ) = 0.4

where:

AP = screen pressure loss, lb/ft 2

P = mass density, slug/ft 3

V = velocity, ft/sec

from Figure 5 of Reference 2. Test 9 on the reference rig

showed that the addition of the screen added approximately

2-percent pressure loss and eliminated the flow separation

at the hub region. The shroud velocity was raised to design

intent. However, the cross-passage, relative air-angle dis-

tribution remained similar to that without the screen.

(d) Test 10 - This test evaluated the effect of a boundary-layer

fence on the swept stator. (The screen was installed down-

stream.) The objective was to force the cross-span flow of

the boundary layer to be dumped at mid-stream rather than

accumulating in the shroud region. However, no change in

cross-passage pressure profile was observed.

Compressor performance measurements in the APU were kept to a
minimum to minimize the detrimental effects of the instrumentation on

APU •rformance. The measured performance of Builds 1, 2, and 3 indi-

tihat thQ efficiency 1levels of the -1 compressor were considerably
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less than anticipated. Operation of the APU at its design-corrected

speed was not possible, due to insufficient axial compressor flow range

at the design-corrected speed.

In Build 4, which utilized the -3 configuration, the low-pressure

compressor exhibited considerably better performance than the previous
builds with the -1 configuration. The improved flow range, which was
exhibited by the reference-size stage, was evident. However, the data
from the Build 5 tests did not reflect this performance improvement.
Due to minimal instrumentation, the problem was nct able to be ade-
quately diagnosed.

1.2 Mechanical Wheel Design Analysis

The 1590-ft/sec tip speed of the first-stage axial compressor

allows a choice of materials for added strength. The selection was a

titanium alloy (6AI-4V). While this material exhibits more than ade-
quate strength for the application, it was chosen because of its rela-

tively light weight, which allows a maximum first-bending critical

speed.

1.2.1 Stress and Life Analyses

The calculated tangential and radial stresses in the rotor are:

(a) Maximum tangential stress, ksi 63,300

(b) Maximum radial stress, ksi 43,000

(c) Average tangential stress, ksi 21,700

The burst speed and its margin of safety are determined by the

following calculations:

NB = NOp (0I08 175,000 rpm
avg!



where:

N = Burst speed

N = Operating speed

ault = Material ultimate strength

o = Average stressavg

Margin of Safety (Min-Burst Speed) - (Design Speed) - 114%
(Design Speed)

Figure 34 shows the calculated tangential stress distribution in

the rotor.

The maximum material temperature is estimated as less than 200 0 F.

Thetmaterial strength at this temperature is more than sufficient to

maintain adequate burst margin and stress-rupture life. For forged

titanium (6A1-4V) , the ultimate tensile strength required for 125-

percent speed at 200OF is 80 ksi. The typical material ultimate

strength is 145 ksi, and the stress rupture-life attains 710,000 hr.

1.2.2 Blade Vibration Analysis

Figure 35 is a Campbell Interference Diagram showing computed

blade frequencies and possible sources of excitation. Possible prob-

lem areas could result from interference between the blade first-

natur~l frequency and a 3-rev excitation source. (These l-, 2-, and

3-rev excitation sources generally result from aerodynamic distortions

in the gas flow.) Although no other regions of interference are

apparent, analytical predictions of the higher blade frequencies are

difficult, and it is possible that other interference regions do exist.
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Figure 34, Tangential Stross Distribution of UTCP305
Axial CoMpressor.
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2.. RADIAL COMPRESO8R STAUE

2.1 boradnAmic Dosin and Development

Tho split-flow radial compressor is a new Qoncept. To tost thle

feasibility and to partially map the oharacteriatios of this Gompros-

sori, Gl pressure ratio centrifugal compressor whe~l was notchod

(Figure 36) and tested. Both stages used the APU diffuser designs

(vaneless in the bleeod diffuser and awond-staqe radial-axial tandem

vanus the the centrifugal stage) . Testing was limited due to meohan-

ical difficulties, but some useful data were obtained (Figure 37).

When the through-flow resistance was held constant and the bleed

flow downstream resiatance increased (similar to APU operation), the

flow rate pressure ratio and efficiency on the through-flow side

decreased slightly (Figure 37) from Point a to A (a bypass ratio of

0.247) to wide-open bleed conditions at Point B (a bypass ratio of

0,487). With the blood valve wide open, the through-flow speed line

was mapped by varying the flow from surge Point C (bypass ratio of

0.552) to choke conditions at Point D (bypass ratio of 0.432). In

this instance, the blied-flow and pressure ratio decreased sligi .,ly,

with an accompanying increase in efficiency. Mechanical difficulties

with the rig prevented the acquisition of a full map. The sizing of

the notch was based on an analysis of data taken from the split-flow

impeller tests. The vector diagrams for the centrifugal wheel are

shown in Figure 38.
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Figure 36. Reference Centrifugal Compressor.
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NOTA: Corrected-speed is 102 per-ent of APU design
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Figure 31. Reference Notched Impeller Test Results:.
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tip .. tip
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Figure 38. Centrifugal Compressor Vector Triangles.
of inducer Leading Edge.
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2.1.1 Rotor Aerodynamic Design

A preliminary analysis indicated that a scale of an existing

AiResearch 6:1 pressure ratio stage with a cutback leading edge

would allow passage of the design-point flow. However, rig tests

proved otherwise, and the APU scale radial compressor incorporated a

recontoured shroud that increased the flow 10 percent.

2.1.2 Through-flow Diffuser Design

Due to size limitations in the radial direction, a two-stage

(radial-axial) diffuser design was required. The first-stage (radial)

diffuser employed current design diffusion rates with somewhat less

static pressure recovery than normal. The remaining diffusion was

accomplished with an axial cascade. The vector diagrams for the

diffuser are shown in Figure 39.

A 27-vane radial diffuser design was selected to achieve the

maximum static pressure rise without severely limiting the surge

margin.

2.1.3 Bleed Passage Diffuser Design

Due to the large variation in impeller bleed exit air angle from

the design bleed condition to minimum bypass ratio and the high

absolute exit Mach number, a vaneless diffuser design was chosen.

This alleviated the incidence angle variation that would occur on a

vaned diffuser.

2.1.4 Rig Tests

The design flow and pressure ratio were achieved on the through-

flow side, but the efficiency was 3.5 percentage points low. On the
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DIFFUSER LEADING EDGE
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Oabs 71.43

> V = 1357.6 fps

Figure 39. Centrifugal Compressor Vector Triangles
of Diffuser Leading Edge.
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bleed side, the maximum flow was approximately 3 percent low, the

maximum pressure ratio and the maximum efficiency were 15 and 17 per-

cent, respectively, lower than design. This was apparently due to

a choking condition, with associated high losses in the vaneless space

bleed-diffuser.

The overall requirements of the compressor stage at design-point

operation required that each portion of the APU centrifugal compressor

be designed for the following stage conditions:

Bleed-Flow Through-Plow
Portion Portion

Total pressure ratio 3.440 6.39

Corrected flow, lb/sec 0.7618 1.4818

Total-to-total efficiency 0.75 0.8218

For these design requirements, the following impeller (19 blades)

geometry evolved:

Tip diameter, in.

j Bleed flow side 4.765
Engine flow side 6.337

J Inducer tip diameter, in. 3.942

Inducer hub diameter, in. 1.704

Blade width at tip, in.

Bleed flow side 0.070

Engine flow side 0.129

Impeller exit

Absolute flow angle 67.78
(engine flow), deg

Blade angle, deg

Blade flow side 58.75

Engine flow side 35.00
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Now-

(a) Test 7 - This test was on the unnotched wheel to measure

impeller exit flow conditions at the design-corrected flow

and speed. These measured quantities were used to establish

loss, deviation, and blockage. The impeller notch was then

designed to the analytical model.

(b) Test 9 - This test was an evaluation of the unnotched rotor,

with the 27-vane radial di- user installed. The favorable

efficiency and flow range characteristics of this configura-

tion established the selection of this through-flow diffuser

design (Figure 40).

(c) Test 10 - This test was an evaluation of the inlet guide

vanes and the impeller and diffuser from Test 9. Results

were inconclusive, due to failure of the diffuser vanes.

(d) Test llb - A repeat of Test 7 with the impeller trailing

edges cut to print. A gain of approximately 1 efficiency-

point was realized at dein speed and flow.

(e) Test 13 - This was .' :Af < 1t? split-flow compressor

similar to that deslijed ficr the APU. (The shroud was not

recontoured to pass tne additional 10-percent flow required

by the APU.) A minimum bypass ratio (BPR) of 0.25 was

achieved. A through-flow efficiency of 0.782 at the design

pressure ratio of 6.39 was measured and compared to the

design goal of 0.8218. The peak bleed-port efficiency at

design speed was 0.58 compared to the design goal of 0.75.

This poor recovery was attributed to a strong flow separa-

tion in the vaneless diffuser space. Failure of the flow

splitter caused early termination of this test.
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2.1.5 Engine Performance

Following is a summary of the radial compressor performance from

APU Builds 1 and 2:

(a) The bypass ratio at which stall occurred was approximately

0.33 rather than 0.25, as determined from the reference rig

teats.

(b) The bleed pressure ratio was lower than design. This was

attributed to a high-pressure loss in the vaneless diffuser.

(c) The APU pressure ratio was lower than expected. This was j
attributed to either an oversized turbine nozzle, blockage

of the radial compressor by the variable inlet guide vanes,

excessive turbine nozzle bypass air (calculated as cooling

airflow), or a choked diffuser for the through-flow portion.

(d) The second-stage VIGVs were not required. (Variations of

guide-vane position did not improve the performance.)

(e) The maximum bleed-flow obtainable decreased as APU speed was

increased above approximately 90 percent of the design-

corrected speed. This occurred with no throttling of the

bleed port.

In an effort to overcome these deficiencies, the following changes

were incorporated into Build 3:

(a) The second-stage VIGVs were eliminated.

(b) The bleed diffuser forward wall was recontoured to increase

the diffuser width.
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(c) 1Tho h igh -pri esure comprannor rt~4ial diffugr pAMAwq width

was increased about 5 porent, And tho ooprouur whool

blade height was incteased 0.025 in,

These modifications resultod in marked improvamotmt in tho 14udal

compressor performance, but the ble1d-flow rdta still oxhibitad a

drop-off at about the same corrected 9poed.

In Build 4 (the first build utilizing the -3 low-presaure com-

pressor stage) , the bleed passage was again roontoirad to increano

the vaneless diffuser passage width, The radial whael was also modi-

fied at the bleed exit to decruase running clearance.

Serious difficulties were encountered with the radial compreoaor

in Build 4 testing. Above approximately 67,000 rpm, the through-flow

compressor efficiency dropped sharply. At 77,000 rpm, the total-to-

total efficiency was approximately 0.58,

Two possibilities existed: (1) A flow separation existed in the

j hub region of the interstage duct, and (2) There was poor distribution

of flow within the impeller. The flow separation (distortion) could

cause high incidence lorses in the inducer region, while the over-

sized bleed discharge diffuser could cause the impaired flow.

Based on discussions concerning the above points, two changes

were made for Build 5:

(a) A screen was designed to remove the separated-flow condition

at the hub and improve the inducer incidence angles.

(b) The bleed diffuser passage was recontoured to the configura-

tion used in Build 3.
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The combination of changes improved the radial compresssor
performance sufficiently to allow self-sustaining operation at 93-
percent corrected APU speed. Both sides of the high-pressure cumpres-
sor were approximately three efficiency percentage points below the
peak values measured on Build 3 and the reference scale rig.

2.2 Mechanical Wheel Design Analysis

The high tip speed (2260 ft/sec) and temperature (700 0 F) require-
ments of the radial compressor resulted in the selection of 6A1-25Ni-
4Zr-2Mo titanium as the wheel material. Unlike the axial compressor,
the high-pressure ratio of the second stage resulted in operating tem-
peratures sufficiently high to cause creep; therefore, the higher
rupture strength alloy was chosen.

2.2.1 Stress and Life Analyses

The calculated tangential and radial stresses for the impeller
are:

(a) Maximum tangential stress, psi 85,340

(b) Maximum radial stress, psi 74,750

(c) Average tangential stress, psi 38,350

The burst speed and its margin of safety are determined by the

following calculations:

SN (08 132,000 rpmNB = Navg
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where:

N = Burst speed

N = Operating speed
OP

ault = Material ultimate strength

y = Average stress
avg

Margin of Safety (Min-Burst Speed) - (Design Speed) - 61%
(Design Speed)

Figure 41 shows the tangential stress distribution in the impel-

ler. Figure 42 presents the detailed temperature distribution for

the analysis. Tensile strength properties of the alloy are shown in

FigUre 43.

In general, AiResearch designs criteria limit creep to 0.20 per-

cent over the design life of an impeller. Based on an elastic stress

analysis and the maximum operating temperatures for a 130*F day

(Figure 42), the GTCP305 radial impeller would reach this allowable

limit at a local region in the disk bore after 2500 hr. This estimate

is conservative in two ways:

(a) The 2500-hr engine duty cycle contains only about 500 hr of

operation at a high ambient temperature condition.

(b) The elastic assumption allows no creep-relaxation, as could

occur. Therefore, because of the conservative nature of the

estimate, creep is not expected to be a design problem over

the 2500-hr duty-cycle life of the engine.
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Axial deflections (Figure 44) and radial daelactions (Figure 45)

are shown at various points along the blade shroud line, during an

engine start and at steady-state conditions.

2.2.2 Blade Vibration Analysis

Blade resonant frequencies for the radial compreasor were experi-

mentally determined by salt-pattern tests on a shake table. Figure 46
shows these frequencies (without centrifugal stiffening effects),

possible sources of excitation (due to aerodynamic distortions in the

gas flow), and the 19-rev source created by the 19 first-stage stators.

Although possible regions of interference are noted, no conclu-

sions regarding the strength of the source can be ascertained. This

information can be determined only by strain-gauge tests on an engine.

2.3 Structural Design Analysis

To ensure that the performance goals of the GTCP305 would be

successfully attained, the structures influencing the aerodynamics

were necessarily optimized. This required that the bleed diffuser

Spassage width, the blade tip-flow splitter clearance, and the blade

tip-shroud clearance be precisely controlled or, at least, a config-

uration derived that could be optimized during early runs of the engine.

These criteria dictated that the design allow the flexibility of

axially locating the bleed passage walls; the assembly shown in Figure

47 fulfills this requirement. The flow splitter was axially located

by shims at A, to eliminate discontinuities in the diffuser passage at

Point B. The shroud was then bolted to the bleed-air plenum with Bolt

C, and this assembly machined to a specific contour, as specified by a

deflection analysis. The assembly was then bolted to the diffuser

structure at D. The operating axial position of ti-i assembly was then

determined by shims at E.
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Figure 46. Centrikuryal Compressor Interference Diagram.
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Throughout this design, the use of shims at strategic locations

virtually eliminated tolerance stacking and created a system that is

amenable to optimization.

To establish the limitations for the necessary dimensional analy-
sis, a deflection study of the structures was completed, and the

results combined with predicted rotor deflections. This analysis was

accomplished with an AiResearch digital computer program for thin-

walled shells. Predicted steady-state thermal and pressure loads are

shown in Figures 48 and 49, respectively.

Predicted stress levels were low, making the design very conser-

vative relative to the high strength INCO 718 used throughout the

assembly (Figure 50). This material is justified, however, since it

minimizes the design effect of stresses, leaving greater flexibility

for the control of deflections. The shroud is the only part of the

assembly cut from a dissimilar material--titanium--because the low

coefficient of expansion permitted better deflection control.

Minimum blade-tip clearance occurs at the second critical speed

during shutdown when the rotor and the structures are still at steady-

state temperatures. The radial shroud clearance allows for an esti-
mated 0.0075-in. excursion of the shaft, when passing this critical

speed.

Predicted steady-state deflections of the shroud and flow split-

ter are shown in Figure 51.
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JlNOTION IV

e00MIlUgT'I'ION AYAT1Ml I INIO NI) A IND VELIOPMIE'.NT

The Urend towArd di *ri:' higher power jas turbinies, operating

Ats h.ig1 tiAbilin inlet tolpe rat tare with low airflow, pj'oem inoreeksinq

Jam!na lon tho i•inbuation ly1t,\. Usually thoso requiremlnts Are
moot oasily ot iafiad by a singe-can combustor with one atomizer,
but unless the omhmustor oan be located on the turbine shaft (enter-
line at the rear of thw engine, a plenuim to aocoimodate the can must

be added to the engine outline, causing asymmetry of the engine com-

proesor cuas so that the combustor inlet airflow is distorted. As a

reault, the development of an alternate combustor type (an annular

combuutor) was undertaken.

The major technical problems associated with annular combustor

development occur when the engine through-flow is low, which poses

two problemst

(a) It has the largest surface area for a given volume, thereby

compounding the well-cooling problem.

(b) The fuel flow requirement of the multiple injectors is

reduced to the point of introducing manufacturing, flow

tolerance, and contamination problems associated with small

flow passages.

Therefore, the objective was to develop a reverse-flow annular

combustor for an advanced-technology low-flow gas turbine. An addi-

tional constraint imposed upon the system was a specified turbine

inlet temperature spread factor well below state of the art values

for annular combustors at a relatively low (3 percent) pressure drop

and a volumetric heat release rate of 30 x 106 Btu/hr-ft3
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1. D9ESIGN OBJECTIVES

The preliminary design objectives established for the combustion

system are listed below:

(a) The maximum engine diameter of 10 in., the maximum airflow

velocity into the combustor plenum, and the minimum turbine

diameter determined the maximum combustor size.

(b) Peak turbine inlet temperature was to be 23000 at 2200*F

average inlet temperature, which translates into a tempera-

ture spread factor (TSF) of 0.074. This indicated a sub-

stantial improvement in the state of the art for annular

combustor temperature distribution at high exit temperatures.

(c) Design combustor pressure drop was to be from 3 to 5 percent

of inlet total pressure. This further complicated the tem-

perature spread requirement, since increased pressure drop

is beneficial to dilution zone mixing.

(d) The initial combustor was designed for a heat intensity of
5 x 106 Btu/hr/ft 3/atm, which represented an increase over

production reverse-flow annular combustors. Increased heat

intensity also compounded the temperature distribution

problem.

(e) A maximum metal temperature goal of 1600 0 F was set for the

initial design.

(f) A minimum efficiency of 99 percent at the design-point and

80 percent for the combustor was established at altitude

starting conditions.
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(g) A design goal of a 1000*F controlled-temperature rise at
light-off was established to minimize thermal shock in the

turbine components. This corresponds to a fuel-air ratio

of approximately 0.014.

i (h) An altitude start capability to 40,000 ft was specified.

J 2. COMPONENT SELECTIONS

2.1 Combustor

Selection of the combustor-type for the GTCP305 was governed

primarily by the engine envelope limitations. The short overall

length of the engine precluded use of a straight-cylindrical, single-

can, or straight-through annular combustor, while a radial first-stage

turbine and component arrangement eliminated the possibility of a can-

type combustor on the engine shaft centerline. The layout of the

engine restricted the combustor to the annular volume around the tur-

bine stages, resulting in a short overall length. Therefore, an

annular reverse-flow combustor was selected primarily, because swirl
in the dilution zone could be utilized to increase the effective

mixing length, thereby improving the temperature distribution at the
turbine inlet without contributing to increased engine length.

I
2.2 Fuel Injection System

A low-pressure fuel injection system was selected for maximum

reliability and maintainability. The low-pressure system was least

sensitive to fuel contamination and could utilize the least complicated
fuel pump and control components.

I'
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Seven double-venturi pneumatic injectors, using combustor pressure

drop to atomize the fuel, were designed. The double-venturi was to

increase the throat velocity above that induced by combustor pressure
drop. The increased throat velocity resulted in improved atomization

through higher relative velocity difference, hence higher shearing

stress between the fuel and air.

2.3 Ignition System

A high-energy, low-voltage, capacitor-discharge ignition unit

was chosen as the best compromise between ignition capability and sys-

tem size and weight. The high energy (4 joule stored) was required

for satisfactory light-off at altitude with a small-volume combustion

chamber. The low-voltage system was chosen from a minimum weight,

maximum reliability standpoint. Such a system requires minimum shield-

ing on the ignition unit and cable to avoid electromagnetic interfer-

ence problems. A single shunted-surface gap, low-voltage igniter is

required for the system.

3. PNEUMATIC INJECTOR DESIGNS

3.1 Combustor

The pneumatic atomizing combustor was sized for a corrected

airflow of 0.292 lb/sec at the maximum bleed design-point. The fuel

flow at this operating point was 163.5 lb/hr. The design heat-release

33
rate was 5 x 106 Btu/hr-ft -atm, which determined the cornbustor volume

of 95 in. 3 . The design efficiency was 98 percent at a total pressure

drop of 4 percent, with a minimum efficiency of 80 percent at maximum

combustor loading during acceleration; estimated combustor loading

during a start cycle is shown in Figure 52. The exit axial Mach num-

ber of the combustor was 0.045.

102



I

NOTES:

W = Combustor airflow, lb/sec

P = Combustor inlet air pressure, atm

T = Combustor inlet air temperature, OR

Ae = Combustor liner cross section area, ft 2

D = Combustor liner channel height, ft
e

1.0
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S0.8

LA0.
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z
H 0.4
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0. o20 40 60 8'0 1,00
ENGINE SPEED, %

Figure 52. Combustor Loading During Start Cycle
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The combustor was designed so that the airflow distribution

(Figure 53) would provide a near stoichiometric mixture in the primary

zone. Seventeen percent of the combustor airflow passed through the

pneumatic fuel injectors for atomization and premixing, The remaining

primary air (16 percent of the total airflow) was introduced through

slot.- in the end plate of the combustor and directed along the inner

surface of the combustor walls. This flow pattern, with the flow

directed by the fuel injectors, was intended to establish a strong

primary zone recirculation pattern. The remaining 67 percent of the

airflow passed around the end of the combustor into the annulus

between the combustor and the turbine shroud. This diluted air entered

the combustor in 28 evenly spaced orifices near the discharge end. A j
single-sided dilution-zone design allowed all of the diluting air to

flow over the entire outer surface of the liner to provide cooling.

Because of the low airflow and the relatively large surface area

involved, a porous metal material (poroplate), with an internal cer-

amic zirconium oxide coating, was chosen for the combustor to eliminate

the need for film cooling. The purpose of the nonporous ceramic was

to insulate the parent metal from the hot gases and to protect the

liner from oxidation. Nickel base alloy, L-605, was chosen as the

parent material, and a flame spray process for application of the

ceramic was established that gave a nominal 0.04 ceramic thickness in

an allowable range of 0.02 to 0.06 in. The airflow that would normally

have been used for cooling was, therefore, made available to the

dilution zone for improved mixing.

3.2 Fuel Injector

Seven pneumatic fuel injectors were utilized to inject the fuel

into the combustion chamber. A cross section of the fuel injector is

shown in Figure 54. The convergent-divergent nozzle, where the fuel

was injected, was designed to utilize high velocity at the throat for
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Figure 54. Pneumatic Injector Assembly.
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the most efficient fuel atomization. To increase the throat velocity

above that induced by the 4-percent pressure drop across the burner,

additional air was introduced into the fuel nozzle system through an

orifice at the discharge of the convergent-divergent nozzle, effec-

tively lowering the discharge pressure of the nozzle and thereby

increasing the throat velocity. The air and fuel mixture was then
diffused before striking a diverter cup to prevent coalescing the fuel

on the cup. The diverter cup was used to direct the fuel-air mixture
tangentially in the combustor annulus to obtain complete circumferen-

tial distribution.

3.3 Testail

Two test rigs were designed for the program:

(a) Fuel Injector - The test rig for measuring fuel-injector
diffuser efficiency is shown in Figure 55. The schematic of

the test section (Figure 54) shows the location of static
pressure taps. Additional instrumentation consisted of a

total pressure probe mounted on a traversing mechanism
capable of moving radially and axially (Figure 55).

(b) Combustor - A combustor test rig was designed to provide
inlet air conditions simulating those in the engine by using
actual engine hardware where possible. A rotating probe
measured the combustor discharge pressure and temperature.

The probe established both circumferential and lateral vari-
ations in the discharge profile. Additional instrumentation

recorded inlet and exit pressures and temperatures and

could also be used to determine overall pressure drop and

combustion efficiency. Temperature-indicating paint defined
the combustor metal temperature profile.
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Figure 55. Fuel Injector Test Fixture.
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4. PNEUMATIC INJECTOR COMBUSTION SYSTEM DEVELOPMENT

4.1 Fuel Injector

Testing in the fuel injector test rig was conducted with the end

cup deflector removed to allow access to the internal passages. These

tests were in addition to the normal flow calibrations run on the

nozzle stand. The following development problems were identified and

resolved on the injector rig:

(a) Initial oressure traverses indicated that the injector stem
was not concentric with the inner venturi, so that a signif-

icant difference in static precaure depression was observed

between two probe positions 180 deg apart. This problem

was corrected by redesign, incorporating three fins to main-

tain concentricity.I
(b) Several end-cup modifications were made and tested to deter-

mine an optimum compromise between adequate airflow for

atomization and satisfactory circumferential distribution

of the mixture.

(c) A 25-percent loss in total pressure was measured at the

throat of the outer venturi, resulting in lower-than-design

diffuser efficiency. The loss was attributed to swirl

j induced in the inlet chamber of the nozzle. Figures 56 and

57 show typical pressure traverses taken on the injector rig.
I

(d) The initial configuration of the injector discharge ports
created a surface tension problem that resulted in fuel adher-

ing to the centerbody, rather than being injected into the

airstream. This was overcome by a redesign that allowed the

injector centerbody to be fabricated with discharge ports
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consisting of sections of capillary tubing protruding slightly

above the centerbody surface and brazed to it. Use of the

tubing also resulted in closer tolerance on the discharge

port diameters for better flow matching. A typical flow

calibration of a pneumatic injector is shown in Figure 58.

An additional injector problem, which was identified in the combus-

tion rig rather than in the fuel injector rig, concerned flow-matching

multiple injectors on a manifold. The system was initially designed

to incorporate 20 psi check-valves in the fuel injector housings, both I
as a means of filling the manifold prior to ignition (thereby ensuring

satisfactory temperature distribution during acceleration) and of pro-
viding some back pressure to the fuel control to improve fuel metering

characteristics. The valves were plagued by contamination problems

and reseating malfunctions as a result of the installation technique
and were subsequently replaced by "visco-jet" flow restrictors to

minimize head effects. The new restrictors resulted in a fuel system
pressure increase over the entire engine operating range.

4.2 Combustor

4.2.1 Ignition Studies

Preliminary rig tests indicated that the combustion system was

atomization-limited at light-off. A series of combustor modifications

was tested in an attempt to improve the ignition capability, but only

igniter penetration proved to have any significant effect on ignition.

Some improvement was attained, but required-to-light, fuel-air ratio

remained quite high (Figure 59).

The requirement for matching the fuel flows from individual

injectors on the manifold, to ensure satisfactory temperature distri-

bution, was compounding the ignition problem by decreasing the fuel

i
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LEGEND:
1. First test - standard configuration
2. Igniter penetration test
3. Blocked dome tabs either side of igniter
4. Longer, wider dome tabs; valved fuel manifold; start air

manifold
5. Removed dome tabs; valved fuel manifold; modified start

air
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Figure 59. Ignition Test Results.
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flow through the two lowest nozzles (positioned on either side of the

igniter A reduced local fuel-air ratio accompanied the reduced flow

from the ignition nozzles and, therefore, a higher overall fuel flow

was required to deliver an ignitable mixture to the plug. As a result,

a new igniter location immediately adjacent to one fuel injector was

chosen.

A single-pressure atomizer was installed in the combustor to

improve ignition capability, but resultant poor temperature distribu-

tion immediately after light-off and instability encountered during

the transition from the start nozzle to the seven pneumatic nozzles

I: rendered the system impractical.

4.2.2 Temperature Spread Reduction

Initial rig tests showed the TSF in excess of 0.8. The tempera-

ture spread factor is defined as the maximum gas temperature minus the

average gas temperature divided by the combustor temperature rise,

TSF Tmax T avg
Tavg Tin

and is generally measured at the turbine nozzle inlet. The excessive

spread was traced to a combination of fuel maldistribution due to wide

manufacturing tolerances on the fuel injectors and to an over-rich

primary zone, requiring a portion of the dilution air to complete the

combustion process. Several chamber modifications, allowing increased

primary zone airflow, were made and tested until a configuration was

obtained that exhibited good temperature distribution without deteri-

oration in ignition capability or lean stability.
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The configuration incorporated air admission holes in the dome,

equally spaced with respect to the fuel injectors (Figure 60); the TSF

was 0.16. A typical circumferential temperature distribution plot is J
shown in Figure 61. The low-temperature area at the 150-deg circum-

ferential position resulted from an oversized dome-cooling tab that j
was required to maintain the correct open area distribution, when the

igniter location was moved closer to the fuel injector nearest that

point. The change resulted in asymmetry of the combustor at that cir- 1
cumferential position.

4.2.3 Efficiency and Lean Stability

Combustion efficiency of the initial combustor configuration was

95 percent at the design-point and dropped below 90 percent with

decreasing combustor temperature rise. The low efficiency was attrib-

uted to an over-rich condition in the primary zone, resulting from too

little airflow through the injector venturis. The increased primary

zone airflow modifications that improved temperature distribution also

increased combustion efficiency to 99+ percent at the design-point and

above 93 percent, over a range of fuel-air ratios from 0.008 to 0.20.

Lean blowout fuel-air ratio at design conditions for the original,

design was 0.004; this value was increased to 0.005 for the increased

primary airflow modification. Lean blowout occurred at combustion

efficiencies of slightly less than 40 percent.

4.2.4 Pressure Loss

Combustor total pressure drop at design-corrected airflow and

1050OF combustor temperature rise for the original design was greater

than 7 percent of combustor inlet total pressure compared with a design

goal of 3 percent and initial design sizing of 4 percent. The high

loss was attributed to too little primary zone open area, resulting

116



AIR 7AI)NT,";STON7~ HOT PS

Iv

Figure 60. ConibustOr.

117



7. :

M .I

Iicc i 'ii 10LBH

tý2 W/A 0.279 LBSE; 7!
3. P. 150 PSIA

-'4 T 60O

I 'ý5. AP =4.5% P.

'6. AT~v 100*

8. TSF 0 .159*

CIA ---

4-.$ I

00 I *G VO? 300

PNI AD S/ 0L 1 t

FIue 1 Cobso Teprtr Ditibto . '

118



from lower-than-anticipated flow coefficients for the injector venturis.

The increased primary zone airflow modification reduced the loss to

4.5 percent of inlet total pressure. Corresponding isothermal pressure
loss reduction was 2.5 percent from an initial value of 6.5 percent
down to 4 percent of inlet total.

4.2.5 Combustor Durability

During the development phase, several endurance and combustor

metal temperature tests were conducted at rated combustor temperature

rise or higher. The first Thermindex paint test results indicated that

j the ceramic-coating cooling concept was effective on most inner and

outer liners, except at local areas near the fuel injector bosses C.i
the outer liner, a3 shown in Figure 62.

Attempts to accumulate endurance time on the combustor config-

uration with increased primary air identified a durability problem
with the fuel injector deflector cups. The tabs supporting the cups

failed, due to overtemperature, and allowed the cup to separate from
the injector venturi housing. The overtemperature condition was

the result of a flame-front reposition that accompanied the primary
zone airflow modification. The problem was solved by a cup redesign
incorporating integral air cooling of the cup supports. An additional

safety feature of the design was that the cup was supported so that
failure of the outside support surface material would not result in

separation of the cup from the venturi housing.

Evaluation of the combustor performance with the newly designed

venturi housings showed a deterioration in TSF from 0.16 to 0.21 and
a pressure loss increase to 5.7 percent of inlet total pressure. The

new end-cup design had increased the back pressure on the venturi,
resulting in throttled injector diffuser performance and a correspond-

ing decrease in venturi through-flow.
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Figure 62. Combustor.
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As a result of the durability problems with the pneumatic

injectors and because of the limited ignition capability of the sys-

tem, development emphasis was shifted to a backup system incorporating

pressure atomizers. The backup system was even more attractive since

the potential benefits of a low-pressure fuel system had already been

compromised as a result of a back pressure device to overcome head

effects.

4.3 System Performance

A total of 38 combustion rig development tests were conducted on

the system. When the pneumatic injector approach was abandoned, the

following performance levels had been achieved:

(a) Isothermal pressure - 5 percent with cooled deflectors
loss, AP/PT - 4 percent with uncooled deflectors

(b) Design-point TSF - 0.21, cooled deflectors

- 0.16, uncooled deflectors

(c) Start cycle TSF - Figure 63

(d) Ignition fuel-air - 0.03 min at sea level, 50 percent N
ratio

(e) Lean blowout fuel-air - 0.005 at design inlet conditions
j ratio

(f) Efficiency - 97 percent, cooled deflectorsI- 99+ percent, uncooled deflectors
- 40 percent, incipient blowout

The overall system was tested at a maximum heat release rate of 5.2 X

106 Btu/hr-ft 3-atm.
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5. PRESSURE INJECTOR COMBUSTION SYSTEM DESIGN

5.1 Combustor

Two pressure injector combustor configurations were designed for

the backup system. Both incorporated a lengthened, increased channel

height (1.25 in.) combustor with 12 equally spaced Simplex atomizers

j inserted radially through the turbine plenum. The atomizers were

oriented to spray in the direction of the inlet air swirl and back

toward the combustor dome. In addition, the atomizers were placed so

every other nozzle was sized for satisfactory spray quality at igni-

tion. The ceramic-coating cooling concept and the combustor-turbine

nozzle interface seal configuration were carried over from the pneu-

matic injector design.

Both configurations were sized at the maximum bleed-design-point

for 4-percent pressure drop. Liner OD was 9.65 in.; injector pitch

diameter was 9.25 in., and nozzle spacing ratio (pitch diameter nozzle

spacing divided by channel height) was 1.93. Single-sided inner liner

air entry was retained, and the combustor length was increased from

3.875 to 4.89 in.

The increased length and channel height resulted in a volume

increase from 95 to 144 in. 3 and a corresponding design heat-release

rate reduction from 5 x 106 to 3.3 x 106 Btu/hr-ft 3-atm. The volume

increase was made possible by the removal of the pneumatic injector

venturi housings from the combustor base-plate; no increase in turbine

plenum size was required.

The basic difference between the two pressure-atomizing configura-

tions was in the primary zone flame-stabilizing mechanism. The first

configuration, P/N 25549, employed a single-recirculation primary

zone with a film-cooled dome. The cooling air is introduced to
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strengthen the recirculation. All other airflow is introduced through

the inner liner to utilize its cooling potential over the maximum com-

bustor surface area. This configuration, with its flow area distribu-

tion, is shown in Figure 64. The lip at the mean diameter of the dome

was added to allow butt-welding without jeopardizing the ceramic

coating.

The second configuration, P/N 25687, incorporated a toroidal

recirulation primary zone established by tangential louvers in the com-

bustor dome. The dome air was injected tangentially to strengthen the
natural recirculation established by the inlet air swirl. All remain-
ing airflow was again adimitted through the inner liner (Figure 65).

5.2 Fuel Injector

The fuel injection system was built into a six-primary, six-

secondary nozzle system to ensure adequate ignition capability. The
primary nozzles were sized for a minimum pressure differential of 25

psi at light-off, while the secondary nozzles were sized to pass the
total required fuel flow without necessitating a fuel pump change.

These constraints resulted in primary and secondary atomizer flow
requirements of 6.7 and 15 lb/hr, respectively, at 100 psid. A com-

promise 6.8- and 16-lb/hr system was selected because of hardware

availability. The system was set up so a flow divider would allow
more even matching of the primary and secondary nozzle flows at the

design-point.

Mechanical constraints imposed upon the fuel injectors included

minimum radial protrusion above the turbine plenum, a common primary

and secondary housing, a mounting configuration to allow a pitch
diiameter of 9.25 in., and a fabrication technique to minimize coking

at high combustor inlet temperatures. The injection angle of 32 deg
below horizontal was required to obtain the optimum fuel distribution
at the specified pitch diameter, with a standard fuel atomizer tip

having a spray angle of 75 deg.
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A ftol nogale oross section ia shown in Pigure 66. A double-tube

vouuHm btLae assemlly procedure was adopted to minimize fuel coking.

A combustor tesa rig was designed to accommodate the pressure-

atomising conbuUstion system. The rig layout and instrumentation were

similar to the pneumatic in3jctor combustor test rig.

6, PRESSURE ATOMIZING COMBUSTION SYSTEM DEVELOPMENT

6.1 Syte evelopmont

F 'abrication difficulties were experienced with the first pressure
atomiaoer combustor configuration becausa the L-605 Poroplate could not

be formed to the Qontour of the inner liner without tensile failure of

the metal fibers. The first inner liner was, therefore, fabricated
from shoat atoak, Initial combustion rig tests indicated a bonding

problem, between the Rockide coating and the nonporous sheet metal
inner liner, that was solved by fabricating the cvlindrical section of

the inner liner from more ductile N-155 Poroplate and by using sheet

metal for the transition section.

Ignition characteristics and temperature distribution were eval-
uated on P/N 25549 with a 4-primary, 8-secondary and a 6-primary, 6-

secondary fuel injection system. Although ignition capability of the

4, 8 system was superior to the 6, 6 system, the temperature distribu-

tion on primary nozzles was significantly worse. Therefore, the 6, 6

system was selected for development tests. A fuel injector spray

S angle, with a centerline of 25 deg from tangential rotated back toward

the combustor dome, was determined to give the optimum combination of
ignition capability and temperature distribution. A flow divider with

a cracking pressure of 75 psi was selected as the best available com-

promise between matching the primary and secondary fuel flows at the
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design-point and maintaining sufficient fuel flow for acceleration and

cold-day operation, without exceeding the fuel pump capability. A

flow calibration of the fuel injection system is shown in Figcure 67.

Axial locations of the combustor orifices had been fixed from

pneumatic system development tests and proved satisfactory for the

pressure-atomizing system. The number of orifices was changed to 24

to maintain symmetry with the number of fuel injectors.

The toroidal recirculation combustor, P/N 26587, was also evalu-

ated for ignition capability and temperature distribution. Test

results indicated that ignition was slightly improved, but the temper-

ature spread was significantly worse. Therefore, development emphasis

was placed on P/N 25549, and no further effort was expended on PIN

25687.

After development test results had defined injection angle and

flow divider characteristics for P/N 25549, additional testing veri-

fied that combustor durability and altitude ignition at 25,000 ft were

satisfactory. With the exception of one local hot spot on the inner

liner transition section at 1700 0 F, the combustor wall temperatures

were at or below the 1600OF maximum design-goal. A total of 13 devel-

opment tests were conducted on the pressure-atomizing combustion
system.

6.2 System Performance

The system was developed to the following levels of performance:

4 (a) Isothermal pressure - 3.6 percent
loss, AP/PT

12
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(b) Top'rature vi.read - 0,11 on rig at 1200*F AT (Figures
factor 68 and 69)

- 0.15 on engine at no-load (Figure
68)

- 0,18 on rig at 118 percent of
design AT and 2200OF discharge term-
perature. (Figures 70 and 71)

- 0.38 on primaries only (Figures 72
and 73)

(c) Sea-level ignition - 0.025 at sea level 25 percent N
fuel-air ratio - 0.063 at sea level 13 percent N

(Figure 74)

(d) Sea-level, lean- - 0.008 at design inlet conditions
blowout fuel-air
ratio

(e) 25,000-ft altitude - 0.062 at 25 percent N (Figure 75)
ignition fuel-air
ratio

(f) Efficiency - 97 percent at 75 percent of design
AT

--99 percent at design AT
- 99+ percent at 118 percent of

design AT

(g) Durability - Tested at 250OF above design AT
- Heat release rate = 4 x ln Btu/

hr-ft 3 -atm (Figure 76)

The performance data show that for the pressure-atomizing combus-
tion system, only lean stability is inferior to the pneumatic atomiz-

ing system.
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NOTES:

1. Combustor inlet temperature 90'F

2. Combustor inlet pressuire 5 psig

3. Fuel JP-5
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Figure 74. Sea-Level Ignition Characteristi'-s.
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Fiq±ure 76. Combustor,
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Thth bav•e doeiqn philosophy of the turbine loction waN to dater-
m1nPe the siamallst con figura tion that would exh~ibit an accepable level
of Offigie"Ov and would require a mwinimum Qooling airflaw rtae.

Turbine analyses wore onducted using three basic turbine wheel

arraneiments for both the single-shaft and the s'eo-turbino APU con-,
fiuation*, The sm~allest onfiguation was for a tw-atage axial
turbine, The high-pressure ratio across the firs -ta.g4e whool dio-

tated a vry high Mach numcbor within the turbine b1adinq. The pre-
di•ted effioaency of this type of power loading was less than that for

a radial turbine wheel of similar loading,

A three-stage axial wheel turbine section was analyaod, with the

frttwo stages replacing the high-work first-stag. of the two-stqag
axial configuration, The efficiency of this general design was much

better than that of the two-stage axial wheel, but the Over'all length

is greater, which could cause the overall length of the APU to exceed

the design goal,

Turblne configurations consisting of a radial inflow first stage

and ono or two axial stages proved to be thw most efficient. The

higher efficiency radial-inflow stage replaces either the high-work

single-axlal or the first two stages. Therefore, a radial first stage

and an axial second stage formed the basis for the reference design.

Turbine analyses were conducted for two basio shaft speeds--

80,860 and 89,000 rpm. The higher speed is more desirable for best

aerodynamic efficiency and minimum size, but the lower speed gives a
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lowoar stress, The analyses assumed that the tip clearance was 0.015

in. and the turbine exit diffuser recovery factor* was 0.50.

Designing the APU for maximum power required an 8 percent increase
in turbine flowpath dimensions to accommodate the increased flow and
power at the final design speed of 81,800 rpm. The stress levels in
the turbine rotating components would not be exceeded since the final
rotating speed was lower than the original design speed of 89,000 rpm.

The design-point work split between the first (radial) and the
second (axial) stage was established at 2:1. The radial turbine was
sited for a corrected flow of 0.474 lb/seo (with cooling) and the axial
stage for 1.736 lb/sec. The efficiency goals for the two turbines
were 89.7 percent (total-to-total) for the radial stage and 80 percent
(inlet total-to-diffuser exit static) for the axial stage and a calcu-
lated combined efficiency of 86 percent. The calculated-or rig test
efficiencies for the radial turbine do not include the effects of cool-

ing. The effect of cooling air is handled as a leakage to the ambient
atmosphere in overall engine performance.

Table XI summarizes the aerodynamic goals of the turbine section.
The radial turbine vector diagrams (Figures 77 and 78) and the axial
turbine vector diagrams (Figure 79) were used to determine these goals.

1. RADIAL STAGE

In the design of a radial turbine, certain aerodynamic trade-offs
are required because of thermal and mechanical considerations. The
maximum number of blades and splitters is determined by disk stresses,

boundary layer losses, and manufacturing capabilities. The minimum

*Diffuser recovery factor is defined as the ratio of the static
pressure recovery through the diffuser to the velocity head pressure
at the turbine exit.
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TABLE XI
I

TURBINE AERODYNAMIC DESIGN GOALS

Parameters Radial Axial
P eTurbine Turbine

T OR 2659.7 1967.9Tin,

T' OR 2006.1 1660.4

i Hin, Btu/lb 712.89 508.19

%Hut, Btu/lb 519.95 421.32

I (Pin/P ) 4.167 2.275

Wve6/, lb/sec 0.447* 1.736

N//e, rpm 36,123.9 41,996.2

6H/8 37.62 44.6

e 5.128 3.794

6 10.503 2.470

n T-T 89.66 91.72

T- 86.43 86.38T-S

N, rpm 81,800 81,800

N 65.5 195.6
s

SCooling flow, WC/W 1  0.06 0

- •*Cooling flow not included.

143



Ns = 65.5 Fv -- 0.9296 UT = 2190 FT/SEC

NOZZLE EXIT R = 3.1599 IN. 19 VANES

- 2659.70R V/A = 1.008 V /A'Tc=25 7RVAr x Cr=
At = 2273.58 74.210 0.274
Acr FT/SEC V u/Acr = 0.970

ROTOR TIP R 3.0679 IN. W/Act = 0.3063

T =2659.7 0 R
T" = 2332.6 0 R v/A' 1.03 7.210

2 cr
AT = 327.10 74.090 V /A"
A' = 2273.58 U/Ac'r 0 x .r

cr 2  c 0.963 0.285

"A = 2129.20 Vu/A' 1  0.999 ACrt2  FT/SEC cr' w W/A0
SU Cr =0.036

W/A' r 0.2Q7 jcr[

ROTOR EXIT HUB R 1.2500 IN.

Tj = 1986.42 0 R 03 55 .2 0 W1

T= 2040.0oR

A' 1964.83 f <
A 3 Vx/Acr W/A 0.556

A -l 1991.16 0.334

U/A' 0.454
crV u/A~r 0

Fiaure 77. Radial Turbine Vector Diagram.
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MEAN LINE R = 1.75 IN.

Tj = 1986.42°R

=2091.87R = -62.5 DEG

•cr 3 = 1964.83
wAcr -62.25 W/A"r 0.700, W 2.163

Vf/A' 0.334 DE
or

U/A' - 0.636
or.I0

,-V/A'r = 0

II

ROTOR EXIT TIP R - 2.183 IN.

Tj = 1986.42-R = 67.6 DEG, 2.591

T" = 2150.58*R O w

3
A', = 1964.93
A"'-3  = 2044.40 W/Acr 0.827

or3 V /A = 0.334 / -
Ir f/A'r

V/Acr= 0.793

V /A' -0

w= 36,123.9 RPM

p "rT-T " 4.167

Figure 78. Radial Turbine Vector Diagrams, Rotor Exits.
II
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number of blades is generally determined by aerodynamic blade loading,

which increases as the number of blades decreases. Current practice
has been to design radial turbines with as many blades and splitters

as practical from a mechanical viewpoint. This allows the blade load-
ing to be reduced to the point where separation of the flow from the

suction surface of the blade will not occur. However, the analytical
techniques available do not permit a clear definition of the efficiency

penalty incurred by decreasing the number of blades.

Stress analysis of the radial turbine in the GTCP305 has indi-

cated that the turbine life could be improved with fewer blades. A
3 three-dimensional, finite difference, analytical technique was devel-

oped to determine the effect of blade number on turbine efficiency.

The reference radial turbine was analyzed, and the conclusion was that

the number of blades and splitters could be reduced from 10 to 8 each.
with approximately two to three points decrease in efficiency. To

I determine the possible efficiency penalty, the splitters were removed

from the reference turbine wheel and tested. This reduced the effi-
ciency 1.7-percentage points instead of the predicted 2 to 3.

3 The radial turbine was designed for a work output of 193 Btu/ilb,
with a total-to-total pressure ratio across the stage of 4.167. The
wheel was designed with 20 blades (10 full + 10 splitters) and a tip

speed of 2190 ft/sec. The vector diagrams for this stage were deter-
mined for a mean-line rotor reaction ratio (ratio of exit to inlet

j absolute velocities at mean line) of 1.808 and the following design

considerations:

(a) A rotor exit hub diameter for the flow passage of 2.50 in.

(b) A stator-to-rotor radial clearance of 0.092 in.

(c) An 8-in. OD on the turbine nozzle vane assembly.
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(d) The rotor was sized to pass 3 percent more flow than the

stator, to allow for the cooling flow through the rotor

itself.

(e) The specific speed of the radial turbine was 65.5 (rpm-ft 3 / 4 )/sec/2
sec , which places the turbine in the high-efficiency

range.

The radial turbine nozzle is an uncooled, 19-blade design. The

aerodynamic vane shape was determined to satisfy the vector diagram
requirements and to fit between an inner radius of 3.16 in. and an

outer radius of 3.95 in. The trailing edge of the vane has a 0.030-
in. thickness (0.015 rad), which is a practical minimum for high-

temperature materials.

2. AXIAL STAGE

2.1 Preliminary Design

Following the design-point selection, an investigation was made
to determine the lowest exit axial velocity compatible with the follow-

ing mechanical design limitations:

(a) Blade Centrifugal Stress - A value of 60,000 psi is consid-
ered a reasonable upper limit for cast materials. (The
initial selection of the vector diagram produced a stress

level of 61,668.9 psi and a life of 36,163 hr, based on the

material properties of IN 713LC.)

(b) Rotor Blade Tip Radius - To maintain an overall package
maximum diameter of 10 in. and provide space for the annular

combustor and containment ring, the rotor blade tip radius

had to be kept within acceptable limits.
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(c) Manufacturing Consideration - The blading selection from the
velocity diagrams should be such that construction will give
predictable results.

Based on the above considerations at the axial rotor exit, the

critical velocity ratio of Vx/Acr = 0.45 was chosen as the best com-
promise. This also fixed the rotor exit blade tip radius at Rtip =

2.7187 in., since the rotor exit hub radius had originally been chosen
at R = 1.473 in. This choice-of rotor exit hub radius was basedhub
on a stage work coefficient of X = 2 at the hub.

2.2 Exhaust Diffuser

The selection of a rotor exit critical velocity ratio, V x/Ac =

0.45, placed on the exhaust diffuser the recovery of this exit kinetic
energy before the final "dump" to the atmosphere. To achiev3 this

LI goal, the design of the exhaust diffuser was based on a combination of
experiences from other AiResearch units and current available litera-
ture. In-house experience has indicated the diffuser shroud recovers

proportionately more static pressure than the hub, where the ratio of

hub to shroud recovery is on the order of 2:3.

2.3 Stage Efficiency and Off-Design Performance

After completion of the detailed stage design, the anticipated

stage efficiency was computed, and the stage off-design performance,
maps were generated. During the initial analysis, the attainable
stage efficiency was determined by a parametric study aiming at the

optimum geometry for this design and was achieved by accounting for

the profile losses and the end wall effects.
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3. AERODYNAMIC DEVELOPMENT

3.1 Two-Stage Testing

To determine the overall and stage performance of the GTCP305

turbine section, a cold-air test rig was designed and fabricated.

Incorporated into this basic rig was the GTCP305 radial and axial tur- -
bine with the same rear bearing as used in the engine.

The most significant feature was the high-speed operition. The

design engine speeH was 81,800 rpm, corresponding to a corrected

design speed of 36,124 rpm. The cold-air mapping test required speeds I
to 60,000 rpm. Multiple gearboxes were necessary and any available

torquemeters for verification of turbine temperature drop were

excluded. The difficulty of high-speed operation was aptly demon-

strated early in the test, when the 2:1 gearbox, purchased primarily J
for this test program, failed because of a faulty coupling. However,

this particular problem of the test rig was overcome, and valid data

were obtained.

From Test 1, low speed test data were obtained to allow an evalu-

ation of the mechanical integrity of the test rig with minimum risk.

The APU-size turbine section (Figure 80) was used as the test specimen.

The test configuration clearances for the radial stage were 0.021 in.

axial and 0.014 in. radial. The axial-stage radial and the back

shroud clearances were both 0.076 in. Testing was completed through

115-percent speed.

The design-point efficiency was exceeded by 0.5 points while the

design flow of W/r 6 = 0.4604 was exceeded by 18 percent. The reasons

for the excessive flow were:
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I

JAA.

Figure 80. Scalloped Radial Wheel and Axial Turbine Assembly.
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(a) The nozzle "b" width was increased by 6.1 percent in the

cold air test rig, to ensure the correct rotor flow since

the cooling scheme was not duplicated in the test rig.

(b) The nozzle flow coefficient was 0.995 rather than the 0.95
assumed in the design calculations; this is equivalent to

opening the nozzle by 4.5 percent.

(c) The nozzles were designed first in the axial plane and then

transformed to the radial plane. During this transforma-
tion, the throat was inadvertently opened 5 percent.

(d) The variation in the ratio of specific heats between the

engine operating temperature and the cold air rig was equiv-
alent to opening the nozzle 1.7 percent.

The results of these effects can account for 17.3 percent ot tne

flow discrepancy. The remaining 0.7 percent could be either an

accounting error or the result of leakage past the nozzle along the
end plate. For the nozzle "b" width, an opening of only 0.002 in.

could account for 0.7 percent flow. In fact, during Test 1, when the
downstream pressure was reduced to increase the turbine pressure ratio,

the large diameter adaptor at the discharge had enough of a cross- J
pressure differential tc induce a bending moment in the radial turbine

front shroud sufficiently large to warrant a modification of the rig

to include tension ties between the front shroud (P/N 21532) and the

exhaust adaptor (P/N 21520).

Figures 81 through 86 present the overall results of Test 2 from

80 through 115 percent of corrected design speed (N/VT - 36,124 rpm).

Operation at higher speeds was abandoned due to the appearance of a

predicted critical frequency of the test rig at 120-percent speed.
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An analysis of the interstage data indicated that, due to the

higher-than-design flow rate, the design-pressure ratio across the

radial stage was not achieved; therefore, the remaining interstage

data were not reduced. However, the radial survey data at several

points of interest were reduced to aid in isolating possible stage

interactiorn effects. Figure 87 presents the survey results at the
discharge of the radial turbine at a constant pressure ratio of

PRTT - 3.9 across the radial stage for 90- through 110-percent cor-

rected design speed. From these data, the primary problem with the

radial stage seemed to be the accumulation of low energy fluid near

the shroud (tipper 40 percent of the blade height), possibly caused by

the strong centrifugal field created in the rotor. This effect and

the normal tip leakage result in an efficiency profile for the radial

turbine (Figure 87). The design efficiency at zero clearance and at

a normal operatinq clearance of 0.015 in. is superimposed for compari-

song. The results of the radial survey for the overall two-stage tur-

bine is presented in Figure 88.

3.2 Radial-StageTesting

Following the completion of the two-stage test, the radial wheel

was removed from the turbine rig and the fully back-shrouded wheel

was installed in its place. The axial stator and rotor were removed,

and a dummy stator was installed to provide the required hub contour

at the discharge of the radial stage. With a nozzle throat area of

1.5956 in.2 and a rotor throat area of 4.3 in. 2, a performance map

from 80- to 120-percent design speed was generated for a range of pres-

sure ratios at a clearance of 0.015 in. both radially and axially.

The back shroud clearance was a nominal 0.032 in.

The overall performance maps are presented in Figures 89 through

94 for the operating range of this test. Figure 95 is a carpet plot

presentation of the measured mean exit swirl angle as a function of

percent corrected-speed and '.otal-to-total pressure ratio for the mean
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|tation at tho di horyo of the raal atayo. Wept tor the fl•.w

thm peafrmanuo of thia ttaye fullows design obj•hhoves with roapaut

to e3fficiency ataied.

The statio prossurh ala1y the shroud of the radial tur ibiney

akred to the designO in FO'igure 06, showing good agreement botween

the design and test repults. The aboanee of any sudden static pro*-
sure changes iv evident for all but the very high overall prossure
ratioe.

F'iguroa 97 through 100 present the result* ot the radial survey
taken at the exit of tho rotor near the design rsaure ratio at 80-
through 10-paroent turbine corrected speed, The radial variation of

efficiency (Figura 97) is the most significant reault of the tost,

There is an obvious performance deficiency in the upper 50 percent of

the blade height that, if recovered, could improve the overall turbine

efficiency by 2.5 points. However, a detailed analysis of this rotor

operating at these design-point conditions revealed very high auction,

f surface relative Mach numbers existing in a very strong centrifugal
field. These high-Mach-number levels exist in the tip region where
shroud clearance is an important factor. There are no available in-
house data on the effects of shroud clearance on the performance of a

radial in-flow tv ine. Until recently, the available data( 3 ] report

enough scitter to make it questionable. NASA has recently tested a

lightly loaded radial turbine to determine the effects of clearance on

turbine performance. If these results can be relied upon for highly
loaded turbines, the performance of the GTCP305 radial turbine is

about three points below attainable efficiency level and is in approxi-

mate agreement with the 2.5-points deficiency noted above.

In an effort to determine the affect of a more highly loaded

radial turbine wheel, the contractor built and tested a wheel based

on the GTCP305 radial turbine wheel with the splitters removed. The

advantages of a more highly loaded turbine wheel are mainly mechanical,
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i.e., they require less cooling, are less susceptible to cracking due

to greater allowable thickness, have lower centrifugal stresses at the

blade roots and hub, and are easier and cheaper to manufacture. The

adiabatic total-to-total efficiency for the 10-bladed wheel was approx-

imately 1.8-percentage points less than that for the 20-bladed wheel

throughout the flow range.

3.3 Axial-Stage Performance

When the radial and axial turbines were tested tcgether as a two-

stage turbine, sufficient instrumentation was provided to determine

the individual performance of each stage with reasonable accuracy.

Reliable instrumentation, capable of opera.ting over a wide range of

flow conditions, determined the performance of the individual stage as

accurately as possible. However, stage interaction effects were pres-

ent, creating an unknown amount of conservative error in the axial

stage. These data were used to estimate the performance of the axial

stage.

The performance of this turbine is represented in Figures 101

through 105 for efficiency as a function of pressure ratio at constant

speed. Figure 106 shows the turbine corrected-flow as a function of

pressure ratio for all speeds.

3.4 Predicted Radial Stage Off-Design Performance

Following the successful completion of the two-stage and the

J single-stage radial tests, the experimental data from the radial tur-

bine test were computer-processed with the off-design performance pre-

diction program. Experimental results were matched with the computer

program by varying the stator and rotor loss coefficients and the

power factors on rotor incidence. This analysis, at the design speed,

is presented in Figure 107, which compares the analytical prediction

with the experimental results. The stator viscous loss (which includes

the vaneless space), the rotor incidence loss, the rotor viscous loss,
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and finally the rotor exit kinetic energy loss are prmno oo that
the roldtive imotapncti of each may We seen in torms of ovoroll tue-,

bine perfomance. At low-pressure ratios, the 'Ito Iona i,

negative rotor incidence# while at the hig..ur. rAtioa the pro.

dominatoe los is the rotor exit kinatio energy.

The advantage of matching the mathamatical modol of tur~ne

I performance to test data is that ,hanges in geometry can Ie quickly

evaluated. In addition, the computer model can bw used to extrapolate

the turbine operating character•itics to both higher and lower opera-
ting speeds. However, experience has shown that turbines of poor per-

formance are difficult to match with the computer model and, therefore,

the extrapolated results are lees accurate,

The velocity vector diagram that resulted trom the test data
match at the reference design prassure ratio and speed is shown in

Figure 108. The interesting feature of this vector diagram is that

the clip factor (\'u/U) is 0.89, while the ideal Stanniz slip fa-tor

(l.-2./Z, where Z = number of blades) for this impeller is 0.9, indi-

cating rotor operation at almost shockless entry. This is in contrast

to the original design slip factor of 1.04.

4. MECHANICAL DESIGN AND DEVELOPMENT

4.1 Uncooled Turbine Nozzle

An uncooled nozzle configuration was selected to conserve the use

of cooling airflow. (The cooled nozzles were considered the backup

configuration.)

1a Two high-temperature materials were tested in a cascade test rig

to choose a material capable of operation at temperatures to 2400 0F.

Vane shapes were fabricated from silicon nitride and a suicide-coated

columbiuxn alloy (WC-3015). Silicon nitride was chosen as it appeared
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to be the most promising ceramic and would require no coating. The

remaining problem was the assembly of the vanes into a nozzle box.

WC-3015 was selected as the best columbium alloy available, from the

standpoint of oxidation resistance. The silicon nitride vanes were

diamond-ground from a slip-cast plate, and the columbium vanes were

Smachined from a forged plate.

Both sets of vanes were subjected to combustion gases at 2400IF

for 8 hr in the test rig (Figure, 109) and visually inspected for cor-

rosion. Following the endurance run, the vanes were subjected to a

minimum of 100 thermal cycles from ambient to 2400OF in approximately

15-sec half-cycles. A system of pneumatically actuated valves con-

trolled the air and fuel flows so that the temperature profile simu-

lated that of an actual engine start, plus a 2001F increase to allow

for temperature variation. The test summary is presented in Table

XII.

Based on the results of the tests, the WC-3015 Columbium Alloy

was chosen. Although the coating was damaged in some areas, there was

only slight oxidation of the base metal, and the vanes could have con-

tinued in the test rig considerably longer. To avoid possible fabri-

cation problems, the nozzle was made as an assembly of vanes and side

plates bolted together. Machining was accomplished by modifying exist-

ing super alloy techniques without requirements for exotic tooling or

processes.

p esThe engine operation of the nozzle was less than satisfactory,

due to assembly and design techniques rather than failure of the alloy.

Apparently the low expansion of columbium, compared to the A-286 iron-

base alloy used for the bolts and many other parts of the nozzle assem-

bly, allowed leakage between the vanes and side plates, severely reduc-

ing the turbine efficiency.
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Provisions for future design should compensate for, this difference

in expansion to minimize the potential leak paths. A two-piece,

machined, and bolted nozzle proved feasible by the successful opera-

tion of the Inconel 713LC nozzle assembly in the final demonstration

run.

4.2 Structural Heat-Transfer Analysis

4.2.1 Cooled Radial Turbine Nozzles

While the primary radial turbine nozzle design is an uncooled

columbium alloy, a conventionally cooled, nickel-base alloy design has

been analyzed as a backup. The need for such a secondary design was

prompted by the fact that columbium has not been used extensively in a

turbine application; fabrication, thermal shock, and/or corrosion tprob-

lems could preclude its use.

External boundary conditions and aerodynamic shape dictate cool-

ing requixements for the radial turbine nozzle (Figure 110). The

level of main-stream gas temperature requires cooling over the entire

vane. High surface velocities, relative to the pressure surface,

require significantly more cooling on the suction surface. The nozzle

trailing edge requires extensive cooling and is too thin for internal

cooling passages.

The nozzle design shown in Figure Ill is expected to achieve

overall vane cooling and overcome the difficulties mentioned above.

To achieve the desired cooling-flow split between suction and pressure

surface, cooling gas for each side is independently metered through

the insert-bolt caps. The desired internal cooling has been accom-

plished by adjusting the insert-to-vane-wall spacing. These flows

join at the rear of the vane cavity to supply cooling air for the

film-cooled trailing edge.
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Figure 111. Cooled Turbine Nozzle Configuration.
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In addition to accomplishing the suction- to pressure-side flow

split in a simple way, the design also has another desirable featuret

the pressure drop is regulated at a point other than the vane film-

cooling slot. Regulating through a film-cooling slot is difficult,

because a realistic slot width (0.020 in.) results in excessive cool-
I

ant flow to-obtain a reasonable drop of 5 to 10 psi. In this design,

a relatively large pressure drop is taken across the metering caps,
ensuring a relatively invariant film-cooling flow at all times.

For a 2400OF hot spot, the cooling flow rate is dictated by the

amount required f&k ttailing edge film-cooling. It is 4-percent of

the turbine through-flow (2.115 lbm/sec) for this design (0.020-in.

slot width). Steady-state temperatures are shown in Figure 112. One

disadvantage of the design is the high flow rate required for trailing-

edge cooling; this leads to overcooling the vane pressure surface near

the exit of the film-cooling slot. Transient temperature and stress

analyses results on the vane for the engine-start condition are shown

in Figure 113a. Maximum temperature difference in the vane is shown

in Figure 113b. The resulting maximum stress occurs at approximately

7 sec (Figure 113c). For the maximum stress of 90,000 psi, a minimum

low-cycle fatigue life of 105 cycles is predicted; however, a severe

stress concentration created by the film-cooling slot and an increased

stress range created by stress reversals at engine shutdown will

undoubtedly reduce the predicted cycle-life.

Barring corrosion and oxidation, the primary causes of any blade

failure, the blade should have sufficient life to withstand the duty-

cycle goal of 2500 hr and 1500 starts.

4.2.2 Nozzle Support Structure and Radial Turbine Shroud

The assembled radial nozzle support structure and radial turbine

shroud are shown in Figure 114. This configuration, which will accept

either the uncooled or cooled vanes, has uncooled columbium nozzle
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Figure 113. Cooled Turbine Nozzle Transient Temperatures.
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vanes (used in the APU configuration), with the surrounding structure
being fabricated from Hastalloy X, Inco 713LC, and Inconel 718.

While the columbium alloy can withstand temperatures above 2000OF

without cooling, the nickel-base alloys must be cooled to levels of

1900OF or less. Coolant flow paths and rates are shown in Figure 114.

To limit conduction into the structure, contact between the nickel-

base alloys and the columbium bands was minimized by making local con-

tact instead of continuous rings wherever possible. Where continuous

rings were required to provide seals, impingement cooling was used.

Boundary conditions on the nozzle bands are essentially an aver-

age of those on the vane suction and pressure surfaces (Figure 110).

External boundary conditions on the radial turbine shroud are illus-

trated in Figure 114. Because of the severe shroud boundary conditions,

impingement cooling has been selected as the cooling scheme.

Average metal temperatures predicted for a 2400OF hot spot are

shown in Figure 115. Circumferential conduction, to regions outside

of the hot spot, was not considered.

As shown in Figure 115, the nozzle band temperatures are consid-

erably higher than the surrounding structure. To allow the bands to

grow (relative to their support structure), the bolt hole in the sup-

port structure is actually a slot that allows radial movement of the

bolt and bands.

To minimize compressive loading on the nozzle vane as it heats

and begins to expand, a spring (Figure 114 under the bolt lock nut)

has been designed to hold the structure together. During operation,

pressure forces hold the structure intact. This allows a relatively

light load on the vane and should significantly decrease compressive

nozzle stresses, whereas the nozzle is held rigidly between bands in

the conventional structural design.
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One major disadvantage of this configuration is that metal-to-

metal contact is relied upon to provide seals. With high-pressure

drops found at several points in the structure (60 to 80 psi), small

clearances created by tolerances or warping will allow large quanti-

ties of leakage--most likely, cooling air that will not cause cata-

strophic failure but will penalize engine performance.

4.2.3 Shroud Stress Analysis

Stress analysis of the impingement-cooled radial turbine shroud,

designed to operate at a maximum turbine inlet temperature of 1900 0 F,

was conducted for the following operating conditions:

(a) Steady state at 1900OF and maximum bleed pressures

(b) Transient maximum thermal gradient

The Inco 713 shroud analyzed has a maximum steady-state metal

temperature of 1750*F, with 1 percent impingement cooling. This pro-

duces a minimum creep life (0.1 percent) of less than 1000 hr. Maxi-

mum stresses are due to thermal gradients, occur 8.9 sec after light-

off, and yield an average low-cycle fatigue life of less than 5000

cycles. In an attempt to control blade tip-shroud clearance, the

shroud was designed to compensate for the adverse axial growths of the

supporting structure. This was accomplished with a double-walled

shroud. A cool outer shroud and its supporting structure grows aft,

while the hot inner shroud grows forward, resulting in a net shroud

axial motion very near zero. This condition allows the flexibility

necessary to closely control the blade tip-shroud clearances existing

during steady-state operation.

Several locations around the shroud (Figure 116) are analyzed for

maximum steady-state pressure stresses (Table XII), maximum steady-

state combined pressure and thermal stresses (Table XIII), and maximum

transient thermal stresses (Table XIV).
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TABLE XIII

EFFECTIVE TURBINE SHROUD STRESSES DUE TO
STEADY-STATE PRESSURES

On Stress, Temperature, 0.1 Percent Creep,
Figure 92 psi OF min hr

1 30,400 1384 600

2 32,000 1360 900

3 41,900 1005 105

4 46,800 1005

5 30,500 1.025

6 2,280 1155

7 2,750 1200

8 5,390 1230

9 6,025 1245

10 6,630 1279

11 5,050 1270

12 5,600 1273

13 3,020 1563 105

14 5,070 1750 850

15 170 1700 105

200



TABLE XIV

EFFECTIVE TURBINE SHROUD STRESSES DUE TO STEADY-STATE
PRESSURE AND TEMPERATURE

On Stress, Temperature, Minimum 0.2 Percent
Figure 92 psi OF Yield Strength, psi

1 68,750 1384 95,000

2 63,290 1360 95,200

3 34,740 1005

4 51,290 1005

I 5 27,600 1025

6 41,760 1155

7 7,690 1200

S8 9,079 1230

9 6,600 1245

1 0 8,740 1279

1 11 5,050 1270

12 49,100 1273 95,500

13 11,900 1563 80,000

14 17,920 1750 47,500

I 15 9,900 1700 54,000

I

I
1

201



4.3 Radial Turbine Wheel

4.3.1 Design Considerations

To achieve the desired limit of performance and efficiency, the

GTCP305 was designed to operate at turbine inlet temperatures and tip

speeds that represent a substantial increase in the state of the art

for small auxiliary power units. The duty-cycle life goal of 2500 hr,

with turbine inlet temperatures to 2200 0F, makes the high-temperature,

cast, nickel-base alloys a desirable choice because of the good stress-

rupture properties. However, the operating tip speed of 2190 ft/sec

demands higher tensile strength (found in the forged nickel-base

alloys) to achieve adequate burst margin.

For these reasons, an alloy recently developed for the U.S. Air

Force by the Universal Cyclops Company (AF2-lDA) was chosen. Test

specimen from this alloy showed tensile strengths superior to the

strongest wrought materials available, with stress-rupture strength

equivalent to the cast alloys.

Although the projected material properties for AF2-1DA are excel-

lent, the high temperature and speed-operating regime of the GTCP305

requires cooling the radial turbine, to maintain an adequate burst

margin and stress-rupture life. Several cooling methods were consid-

ered, with the two schemes (Figure 117) receiving primary considera-

tion.

As the design of the wheel progressed aerodynamic efficiency and

performance requirements dictated an increase in wheel size (Figure

118). The resulting analysis reflected a significant increase in

stress, resulting in values that were considered limiting without the

added stress concentration of internal cooling passages. In addition

to this limitation, data published by United Aircraft of Canada on a

similar internally cooled wheel showed a serious degradation in
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aerodynamic performance, due to cooling air being ejected at the blade

tips. For these and other reasons, film-cooling was chosen as the

primary cooling scheme for the radial turbine wheel.

4.3.2 Heat-Transfer Analyis

The film-cooling technique appears to be a natural method of

cooling the radial turbine wheels. With this method, cooling flow is

injected at a point on the wheel where cooling requirements are most

stringent and flows in the direction of mainstream gas, with cooling
efficiency diminishing as the cooling requirements lessen. This cool

film of air also serves to insulate the turbine disk from the hot

I gases. The additional heat conduction from the blades decreases

blade metal temperatures. This cooling scheme eliminates internal

cooling passages, which are costly and difficult to locate accurately,

thus significantly simplifying the design.

At the present, no proven state of the art--analytical or empiri-

cal correlations--in film-cooling radial turbine wheels is available

for general design use. The studies reported in the literature on this

method have resulted in the prediction of average (not local) heat-

transfer effects and the measurement of temperatures in applications,

which cannot be readily applied to the high-speed, high-temperature

SI GTCP305 radial turbine engine.

I The feasibility of the technique was demonstrated in a film-

cooling test of the turbine wheel for the AiResearch Model GTCP85-98CK

Gas Turbine Engine. This turbine wheel has a 9.75-in. diam (compared

to the 6.136-in. diam GTCP305 wheel), normally operates at 1600 ft/sec

(compared to 2190 ft/sec for the GTCP305 wheel), was not as highly

I loaded as the GTCP305 wheel, and was of a different design. Tempera-

ture reductions to 150*F in the radial turbine wheel were observed for

I cooling flows to 3 percent of the turbine flow (Figure 119).
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Proven analytical techniques did not exist, and the engine design

would not permit tests on the radial wheel itself. Therefore, the

design of the APU film-cooling system was completed, using the GTCP85

test data, on a conservative 6-percent flow rate. Also, an uncooled

wheel model (Figure 120) was chosen fcr the life analysis, to ensure

conservative results.

4.3.3 Stress Analyses

Stresses and deflections due to rotation (Figures 121 through 123

and Table XV) are combined with those of temperature for Figure 124

and Table XVI. The thermal effects are based on a typical operating

point in the duty cycle (1900 0 F) but are representative of all oper-

ating conditions, since the thermal gradients do not change signifi-

Scantly. All stresses shown were computed on an elastic basis (i.e.,

no stress relaxation due to creep effects was considered)..

AiResearch experience with turbine wheels has shown that burst

speed can be correlated with the average tangential stress of the

wheel. Based on the GTCP305 radial turbine average tangential stress

of 80,450 psi and an assumed minimum material strength of 137.5 ksi

at an average disk temperature of 1400OF (2200 0 F inlet), the minimum

burst speed of the wheel is estimated as 17-percent above the operating

I speed of 81,800 rpm. Although this is below the normal Aifesearch

production design standard of 25 percent, film cooling should result

j in a lower average disk temperature than that of the conservative

thermal model, without considering the effect of cooling.

Transient temperatures and stresses have also been estimated on

the basis of the assumed engine start characteristic shown in Figure

I 125. Two critical locations of these elastically computed transient

stresses (Figure 126) are important in estimating the wheel low-cycle

fatigue life.
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TABLE XV

TRANSIENT TURBINE SHROUD THERMAL EFFECTIVE STRESSES
(8.9 SEC AFTER LIGHT-OFF)

On Stress, Temperature, Typical Life
Figure 116 psi OF Cycles

1 270 80 104

2 180 8o

3 150 85

4 620

5 835 Ir 1°4

6 77,980 168 4600

7 14,830 315 i0

8 3,880 340

9 7,740 405

10 2,673

S11 140

12 62,720

13 9,230 945

14 28,500 126

15 21,430 950 10 4

2.I

213
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TABLE XVI

RADIAL TURBINE WHEEL CENTRIFUGAL DEFLECTIONS

Location Radial Axial*
Point Deflection, Deflection,

R, in. Z, in. in. in.

1 0.175 -0.675 0.00089 0.0000

2 2.800 -0.200 0.00452 -0.00068

3 3.068 0.000 0.00459 -0.00094

4 3.068 0.275 0.00462 -0.00094

5 2.900 0.310 0.00452 -0.00093

6 2.700 0.375 0.00422 -0.00100

7 2.400 0.625 0.00350 -0,00139

8 2.183 1.570 0.00229 -0.00228

9 2.183 2.100 0.00180 -0.00237

10 1.000 2.965 0.00074 -0.00427

11 0.680 2.965 0.00084 -0.00417

*Point 1 is the location of zero axial reference.
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4.3.4 Stress-Rupture Life Analysis

Component failure in the stress-rupture mode results from a com-

bination of stress and time-at-temperature operation. Generally in
turbine wheels, this combination is most severe in the turbine blade

inlet region where temperatures are the highest.

When all factors influencing stress are considered, computation

of an absolute value for stress-rupture life becomes complicated.

Stresses are influenced not only by rotational forces, but by temper-

ature gradients, blade tolerance, and stacking. Also, in the case of
the almost fully shrouded GTCP305 radial turbine, additional forces

are imposed on the blade by the turbine disk. A further oomplication

is the creep that, over a period of time, diminishes the effects of

j ]the thermal and bending stresses.

The design procedure established it AiResearch for determining
stress-rupture life in turbine blades is based on an average stress

at a critical radius, with a 20-percent increase to account for toler-

I ance and stacking effects. However, this procedure was for applica-

tion to blade stresses that are relatively unaffected by disk effects,
Sas in the case of axial wheels and most partially shrouded radial tur-

bines. Because stresses in the critical blade region of the GTCP305
f radial turbine are influenced by disk stresses, a more conservative

approach has been taken to estimate minimum stress-rupture life. Local
values of stress have been used with a 20-percent increase to account

for tolerance and stacking effects. AiRosearch design procedure also

callsfor factors of safety applied to computed metal temperature,

to account for variation in turbine inlet temperature, inaccuracies in

the computation, and on material stress-rupture strength (minimum

strength values are assumed to be three standard deviations below
average values).I
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Based on this proced',190s a blade stress-rupture estimate watt made
using the strees diatribut-on shown in Figure 124 and the duty oyuol
on Table XVII. Stress-rupture life throughout tho blade in shown in

Figure 127, in terms of total, life fraction, Thle effoot of each apetu'
ating point at the oritioal looation is shown on Table XVII.

For a given duty oyclt, life fraotion is defined as

Life frasQtio~l%

wh ~ri;

,LmoI rqur•od aporating timt ot point i in the tlty oyolo

\ife urtress-rupture life at point i in tle duty oQVI6

The eooiprooal of the life fraotion indioates thle peroent of duty-

cyole life attainable, On this basis, tile minimum life pr'edioted is

approximately 400 hr of duty-oycla lite, As previously stated, thiG

analysis is conservative, since it is based on ail unoooled wheel,. aM

the stress relief due to oreep has not been taken into aoUnt.

Because stresses and temperatures in thle disk are signifioantly

high, the critical rupture point in the wheel could not be safely

assumed to occur in the blades henoe, an estimate of creep-ruptur,

life in the disk was necessary, Computation of rupture life in the

disk bore region is meaningless it based on elastically computed

stresses, as in the blade, Creep effects play a significant role in

allowing stress redistribution in the disk and must be considered for

a meaningful analysis. Therefore, the rupture life estimate for the

disk was made on the basis of a creep analysis.
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The analysis was based on nominal creep data from test bars

supplied by the manufacturer (Figure 128). Rupture apparently occurred

at 0.50-percent creep. No safety factors were added to the computed

stresses or temperatures. The results of this analysis (which included

the turbine blade) indicate the point of failure will be the disk bore

(Figure 129). The effect of the cycle point on the bore is tabulated

in Table XVIII.

Figure 129 shows that the blade entry and exducer sections reveal

only 0.10-percent creep, whereas the results based on an elastic stress

analysis (Figure 127 and Table XVII) showed the entry region as the

most critical. These conflicting results arise from the fact that the

creep analysis allows redistribution of bending stresses in the entry

region; thus, local maximum stresses are relieved. Stresses in the

exducer are primarily tensile, resulting from centrifugal loading, and

do not relax. In an elastic analysis, no allowance is made for relaxa-

tion, and life predictions are based on local values. While the creep

solution may more closely approximate reality, it does not represent a

conservative approach to estimating minimum life and has not been veri-

fied sufficiently at AiResearch by experiment to be used as a design

tool.

4.3.5 Low-Cycle Fatigue

Repetitive cycling of stresses above the yield strength, in a

) local region of a material, can result in a low-cycle fatigue failure.

The cyclic centrifugal and thermal stresses imposed on certain compo-

nents of a gas turbine engine, during start and shutdown, are often

sufficient to cause low-cycle fatigue failure.

Based on the transient start characteristics shown in Figure 125

and the assumption that AF2-1DA has a low-cycle fatigue strength

equivalent to Waspaloy, the bore fatigue life is estimated as 3350

cycles (Figure 130).
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TABLE XVIII

RMXIMUM RADIAL TURBINE WHEEL IFE FRACTION SUMmATION

MaxT , T4 Lifehr or, Fraction

36 1950 0.225

72 1925 0.360

119 1900 0.305

226 1820 0.121

2040 1862 2.443

5 2120 0.673

3 2050 0.122

5 2200 2.430

2506 6.679
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Generally, radial turbine cracks appear first in the disk saddle

area or, as in the GTCP85, at the intersection of the blade exducer

and hub, according to AiResearch experience. There are two probable

reasons: (a) the engine shutdown transients cause local stresses to

reverse, thus increasing the stress range (estimated 30 to 50 percent),

and (b) stress concentration factors, not accounted for in the elastic

stress analysis, increase stress levels. Accurate analytical fatigue-

life predictions are quite difficult for these areas. Thus, regular

inspections of the wheel should be made.

4.4 AF2-1DA Radial Turbine Wheel Material

Stress and design analyses revealed high levels of internal

stress on the wheel, particularly in the center hub portion where

high tensile strength is required to prevent wheel burst. A survey

showed that AF2-1DA, developed by Universal Cyclops under Air Force

contract, was the only material commercially available with adequate

elevated temperature and stress-rupture properties for a 2200OF burner.

The material was obtained from Universal Cyclops and forged by Wyman

Gordon, Grafton, Mass.

In hot-rolling the material for extrusion billets, Universal

Cyclops found that the can, used to clad the billet to prevent oxi-

dation, did not reduce as much as expected. This left the billets

undersized and required rework of the forging dies. These billets

were used for forging development and evaluation pieces, and a second

heat of bar was ordered for the forged wheel.

When forging operations were conducted on the evaluation billets,

numerous surface bursts necessitated extensive grinding after each of

the five forging operations scheduled. From the forging tensile data,

(Tables XIX and XX), the strength, and in particular the elongation

in the test bars, was quite low. The experimental heat-treat cycles

are included on Table XXI. Metallography showed large carbide

2Z6
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TABLE XIX

INFLUENCE OF DUTY CYCLE ON RADIAL TURBINE DISC BORE CREEP

Turbine Inlet Time, Creep,
Tcmperature, hr

1950 36 0.122

1925 72 0.145

1900 119 0.155

1820 226 0.155

1862 2040 0.176

2120 1 0.206

1 2050 3 0.216

1 2200 1 0.300

2 0.387

1 3 0.464

4 0.534

1 5 0.598

I
I
I

I
I
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agglomerations in the material, accounting for the low strengths and

ductilities at both room and elevated temperatures. In addition,

lower strengths were shown in tensile bars tested by Universal Cyclops

in the transverse direction in the billet, when compared to the longi-

tudinal direction. A change in billet stock ',eat level resulted in

better forgings and the accompanying properties, as reflected in

Tables XIX and XX. Metallography showed a reduction in the carbide

agglomeration size but the material still did not have an optimum

dispersion. This is particularly demonstrated in the forging that was

salt-quenched during heat treat, as the cracks uncovered by machining

were found not only in notched areas', where quench-cracks could be

expected, but also following carbide chains in areas where there was

no severe notch (Figure 131). These properties were still not high

enough for the wheel design and the "cookie-cutter" forging technique

(a pancake forging large enough for several turbine wheel blanks) was

proposed, as the technique offers a high degree of cold work and

worked well with some previous Wyman Gordon Astroloy forgings.

During the initial period of work on the "cookie-cutter" forging,

Universal Cyclops and AiResearch conducted independent studies on heat-

treat cycles. The studies showed:

(a) The solution treating cycle required close regulation. Too

high a temperature and too long a time can result in poor

properties as the incomplete solution treatment.

(b) A three-step cycle is preferable to a four-step cycle, i.e.,

the 1600OF age immediately succeeding the 1400 0 F age reduces

strength.

(c) There does appear to be a definite mass effect, probably

related to cooling rate from the solution treating temper-

ature.
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Figre 31,TypcalAF2-lDA Forging Cracks.
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-- CURVE BASED ON AFML-TR-69-25 DATA

---- CURVE BASED SOLELY ON FORGING IN AF'ML-TR-69-25

O SMOOTH BARS FROM COOKIE CUTTER

o NOTCI'ED BARS FROM COOKIE CUTTER

O AFML-TR-69-25 FORGING NOTCH RADIAL BAR DATA

A AFML-TR-69-25 FORGING NOTCH TANGETNTIAL BAR DATA

200 . .

100 . ..

I~~~P 0 •c•++
~40

E-4

C',osED-D., ',.

20 - TA RANI_

37 39 41 43 45 47 4' 51

LARSEN-MILLER PARAMETER, (T + 460) (20 4 LOG T)

Figure 134. AF2-1DA Stress-Rupture Curve From
AFML-TR-69-25, With AiResearch Data.
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1400 16 Still Air

C .1752 Cirulating Air

1600 24 Still Air

1800 a

1400 16*

2175 2 Circulating Air

1600 16 Still Air
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1400 16 ir
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1950 8 Circulating Air

1400 16 Still Air

2225 2 Circulart ing Air
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TABLE XXIV

COMPARISON OF
AF2-1DA PUBLISHED, COOKIE-CUTTER, AND

ASTROLOY STRESS-RUPTURE DATA

Hours to Rupture

Material 1400OF 1800OF
85 ksi 20 ksi

Universal Cyclops Data 235 110

Cookie-Cutter "Average" 120 75

Astroloy 50.7 23.6

2A8
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The work completed indicates that the material does show promise,

and additional exploration and development of the forging and heat-

treat cycles should successfully increase the tensile properties of

AF2-1DA, with stress-rupture properties equivalent to those published

in AFML-TR-69-25.

4.5 Axial Turbine Wheel

Although the 1935 ft/sec tip-speed of the second-stage axial

turbine is normally a limiting condition for cast materials, the tem-

perature drop through the radial wheel is sufficient to allow the

use of a cast-metal base alloy. Inconel 713LC was chosen, because it

exhibits a good combination of tensile and stress-rupture strength,

is economical, and is readily available.

Aspects of the design summarized in this report are (a) elastic

stresses and deflections (centrifugal and combined centrifugal and

thermal), (b) blade stress-rupture and disk creep, (c) low-cycle

fatigue, and (d) blade vibration.

4.5.1 Elastic Stresses and DeflectionsI
Turbine disk elastic stress distributions, resulting from rotation

only, are shown in Figure 135. Blade and pedestal elastic stresses are

illustrated in Figurw 136a. Area distribution and estimated metal

temperatures are shown in Figures 136b and c, respectively. Equivalent

stress distribution for combined thermal and centrifugal effects in

the disk is in Figure 137.

Burst margin of the cast Inconel 713LC wheel is estimated as 23

percent above normal operating speed. Calculations were based on a

3-o minimum material ultimate strength of 94,100 psi and a burst fac-

I tor of 0.90. This is slightly below the normal design standard of 25

percent.

2
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Mechanical and thermal growth values are listed below:

(a) Mechanical growth (radial):

Di k 0.0018

Platform 0.0003

Blade 0.0019

0.0040 in.

(b) Thermal growth (radial)

Disk 0.0114
Platform 0.0024

Blade 0.0121

0.0259 in.

Total growth 0.0299 in. (thermal and mechanical)

Mechanical growth is based on a wheel speed of 81,800 rpm. Thermal

growth is based on wheel temperatures resulting from an inlet of

22000P to the radial turbine.

4.5.2 Turbine Life

Creep-rupture life estimates have been made, assuming the turbine

operates over the duty cycle shown on Table XXV.

Life estimateq for the blade and pedestal, using production

design criteria, show a minimum life of 100,000 hr over the duty cycle.

A disk creep analysis showed less than 0,05-percent creep after 2506

hr of duty-cycle operation,

243



TABLE XXV

RADIAL TURBINE DUTY CYCLE

Radial Required
Turbine Inlet Operating Total Time,
Temperature, Time, %

oF hr

1950 36 1.44

1925 72 2.87

1900 119 4.75

1820 226 9.02

1862 2040 81.40

2120 5 0.20

2050 3 0.12

2200 5 0.20

TOTALS 2506 100.00

4.5.3 Low-Cycle Fatigue

The axial turbine wheel is subjected to low-cycle fatigue as a
result of engine-start and shutdown transients. Transient stress
estimates during an engine-start are based on the start characteristic
in Figure 138. Resulting temperature and stress of the wheel are
shown in Figure 139.

Although the nominal stress at the bottom of a rivet hole is much
less than that ¢f the disk bore, concentration factors, resulting from
the presence of the hole, increase rim stress to a value exceeding
bore stress. Because of the relatively large angular hole spacings
(approximately 17 deg), the stress concentration at the bottom of the
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rivet hole may be as high as 5.0, causing a local maximum stress of 300

ksi. This stress could result in a minimum low-cycle fatigue-life of

200 cycles. However, the basis for determining stress concentration

factors around rivet holes was not well substantiated with engine hard-

ware.

Altering the fuel schedule to start the engine over a longer

period of time (30 to 40 sec) should allow thermal gradients to induce

compressive stress in the rim, before tensile stress caused by rota-

tion reaches peak value. Reducing the number of blades would also

increase fatigue life.

4.5.4 Blade Vibration

AiResearch design criteria, for a normal production design, limit

centrifugal blade stress to allow a vibratory stress level of ±10,000

J psi. However, the optimum aerodynamic design resulted in stresses

that violated this design (Figure 140). Because the primary purpose

of the GTCP305 is thc demonstration of power, no corrective measures
are planned for the present time. It is possible that exciting forces

in the engine will not be strong enough to generate significant vibra-

tory stresses in the blade. If engine operation reveals vibratory

fatigue problems, blade frequencies could be changed by shortening

blade height or redesigning the blade.

While nothing short of engine testing is sufficient to determine

the pressure and magnitude of exciting forces, salt-pattern tests have

been made to determine blade resonant frequencies. An interference

diagram, constructed from these results, is shown in Figure 141. Areas

of blade resonance at operating speed are possible due to first- and

second-shaft speed harmonics and the six second-stage turbine diffuser

struts.
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SECTION VI

TORQUE CONVERTER

. 1DESIGN GOALS

1.1 Program Goals

The original design goal of the Advanced APU Torque Converter

was for a stall capacity of 280 hp at an input speed of 20,000 rpm.

( tour shapes and blade profiles for the impeller, turbine, and

,.actor were designed to achieve a stall torque ratio of 2.2 and a

peak efficiency of 0.80. As a follow-on program, a lockup device was

developed that clutched in the impeller and turbine, eliminating the

inefficiency of the torque converter.

Sy There are three main functions of the Advanced Auxiliary Power

System that requires power to be tz..ismitted by the torque converter.

For a typical mission, the operation modes would be in the sequence

listed below, and the transition from one to the other will be at

APU governed-speed:

(a) Checkout - The torque converter is filled with oil to trans-

J mit power to either a 22-kva generator or two hydraulic

pumps. The checkout of individual hydraulic and electrical

systems requires 35 to 39 hp from the APU without the lockup

feature and lasts about 30 min.

(b) Standby - The APU jupplies 55 lb/min bleed-air for environ-

mental control and powers a 3-kva generator. The torque

converter is drained and, thus, acts as a disengaged clutch

to prevent the auxiliary equipment from being driven. The

time of the standby mode operation may vary from a few min-

utes to 8 hr.
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(c) Engine Starting - The torque converter is drained, stopping

the output shaft. The main engine is then coupled to this

shaft, and the torque converter is filled, initiating a main-

engine start.

1.2 Lockup Device

A torque converter lockup device was an additional work item

under the contract. It was designed, built, and tested as an integral

part of the torque converter, to provide a method of changing the mode

of power transmission from the torque converter (with a speed differ-

ential and a power loss) to no-speed differential (and consequently,

no power loss) while under load. The lockup device was demonstrated

on the torque converter test rig in the following manner:

(a) The load was sufficient to maintain a speed ratio just below

0.9 at start of demonstration cycle.

(b) The load was decreased until the actuation speed ratio of

0.9 was reached.

(c) The clutch was actuated by oil pressure to bring the turbine

speed to the impeller speed under constant load.

(d) The lockup device was engaged.

(e) Power absorption was increased to 280 shp.

(f) The above procedure was performed 10 times.
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2. DESIGN ANALYSES

2.1 Torque Converter Design

Five basic torque converter element arrangements were considered

during the preliminary design phase. The configuration selected was

a variable reactor vane torque converter with a fill-And-drain system

for coupling and decoupling the power train, This design allows the

APU to operate independently from the engine-driven pumps and gener-

ators. When filled, torque is transmitted to the engine shaft or,

when this shaft is uncoupled, constant-speed power is transiritted to

the gearbox components. An overrunning clutch was prcovided at the

torque converter output shaft to prevent the main engine from driviig

the torque converter turbine. Separate oil pumps were utilized for

the APU and gearbox, and oil. cooling was accomplished by a separate

unit.

Contour shapes and blade profiles were defined for the impeller,

turbine, and reactor to achieve the design-stall torque ratio peak

efficiency. The high rotational speed and geometrical constraints of

the torque converter prevented direct scaling of any existing design.

f The preliminary geometry was determined by using da.ta from a i:hree-

element torque converter designed by Jandasek4. Data corrections

were made for the differences in size and speed of the two torque

convarters. The density of the MIL-L-7808 oil used in the gearbox is

the same as that of the torque converter.

Jandasek showed that the parameters affecting performance were

primarily functions of speed ratio and impeller exit angle. Detailed

analysis indicated that an impeller exit angle of 105 aeg was desirable

for best perforWance, and a gear ratio of 3.7 butween the torque con-

verter output shaft and the load was necessary for engine-starting

reiuirerments. Having established these conditions, the performance

was pr(.icted, using the Jandasek data (Figure 142).
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An analysis of the velocity triangles along the design path

showed that the desired design-point speed ratio was 0.7, The entrance

angles to the components for various speed ratios are shown in Figure

143. The following design-point parameters evolved from the prelimin-

ary analysis:

(a) Input speed 20,000 rpm

(b) Maximum power input 280 hp

(c) Impeller exit angle 105 deg

(d) Torus diameter 3.74 in.

(e) Stall torque ratio 2.24

(f) Speed ratio 0.7

(g) Peak efficiency 0.80

(h) Gear ratio 3.7

2.1.1' Geometrical Shape

The meridional shape of the torque converter was determined,

using a torus diameter of 3.74 in. The hub contour was chosen as a

circular arc, to provide a smooth surface and reduce manufacturing

problems. The shroud contour was determined so that the flow area

throughout the circuit was approximately constant. The optimum toroi-

dal flow area (based on the torus diameter) was made equal to 23

percent of the projected flow, as indicated by Jandasek. The reactor

chord length at the design-point was selected as 0.6 in. at the mean

radius. The torque converter was later elongated by 0.065 in. in the

axial direction to accommodate the variable reactor position at off-

design conditions. The final meridional shape is shown in Figure 144.

Extensive use of existing AiResearch aerodynamic computer programs was

made in performing the design analysis.
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2.1.2 Velocity Triangles

An existing computer program generated the meridional velocity

profiles throughout each element at various streamlines. The exit- I
flow angle was considered constant for each element. The corresponding

leading-edge flow angles and subsequent velocity triangles (inlet and

exit flow) were then established at the hub, shroud, and 50-percent

streamline, as shown in Figures 145 through 147 for the impeller, tur-
bine, and reactor, respectively.

2.1.3 Calculation of Blade Shapes

The final blade shapes for the impeller and turbine were based on

the assumption that along any straight-line element connecting the hub

and shroud, tan ý/R is a constant. Jandasek used this approach in the

design of the torque converter. He also assumed that the A(RCu)

through each element was divided into an equal number of increments

and then calculated the blade angle at the design path (mean-line)

from this value of RCu. The blade angle was calculated at the hub

and shroud, using tan B/R = the constant along a straight-line element
passing through the design-point and approximately normal to the mean-

flow direction.

The Jandasek approach was modified slightly by neglecting the

assumption that the A(RCu) could be divided into equal increments

along the design path, as this assumption does not generally yield a

satisfactory loading in the turbomachinery circuit. The procedure

utilized the results obtained for the 50-percent streamline from an

existing AiResearch computer program. Straight-line elements were

dtawi, from the hub to the shroud through the mean streamline. The

Beta-distribution on ,,;he 50-percent streamline was used to calculate

tan 8/R at the intersections of the straight-line elements with this

mean path. Then invoking the assumption of constant tan 6/R, the
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blade angle distributions along the hub and shroud were obtained. The
blade loadings for these new $-distributions were checked on the com-
puter and were satisfactory. The corresponding X-Y coordinates along
the hub and shroud were then determined.

The vanes of the reactor are used to accelerate the flow from the
turbine exit to the pump entrance and provide for torque multiplica-
tion. A computer program, which calculates the velocities and stream-
line paths for a cascade of blades, was used to determine a satisfac-
tory vane shape. The blade shape at the 50-percent streamline was
adjusted until a reasonable vane loading was obtained. Then the vane
shapes at the hub and shroud were determined by scaling the mean blade
shape by the ratio of the chord lengths and adjusting the inlet angles.
The resulting profiles were stacked about their centers of gravity by
another program, which also provided the necessary information to
manufacture the vanes.

2.1.4 Final Impeller Design

There are 25 impeller blades. A greater number would have
resulted in high friction losses, and less would not allow the impeller
to absorb sufficient torque. The blade thickness was chosen as 0.030
in. throughout the blade, principally for ease of manufacturing.

2.1.5 Final Turbine Design

Twenty-nine blades were selected for the turbine. To facilitate
manufacturing, the blade thickness was chosen as a constant 0.030 in.

2.1.6 Final Reactor Design

Twelve vanes were required in the reactor to accelerate the flow.
The exit angle of the reactor vane at the design-point was 22 deg.
The variable angl reactor vane was designed to have starting
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capabilities at altitude, where the maximum input horsepower is

limited. The capacity of the torque converter could be increased by

increasing the reactor exit angle. Anticipated reactor vane rota-

tion is from 5 to 27 deg. A mechanical stop is provided at 34.5 deg

to prevent interference of the vane trailing edge with the pump blade

leading edge. The effect of the varying reactor exit angle is shown

in Figure 148.

2.1.7 Fabrication

The most comnlex parts to fabricate in the torque converter are

the impeller, turbine, and reactor, because of subjection to possible

cavitation damage. These parts are fabricated from Type 347 corrosion-

resistant steel. The shafts and the sprag-type overrunning clutch

housing are made of Type AISI 4340 chrome-moly steel. The special

heat-treatment for these give a Rockwell "C" scale hardness of 54-50.

The links on the four master pivot reactor vanes contain hardened

pins that slide in the slotted inner shaft. The slots in this shaft

are surface treated to reduce friction. AL11 of the antifriction bear-

ings are aircraft Grade 5. The internal seals are a carbon-face

pressure-balanced type that rub against hardened Type 430 stainless

steel rotors that are flat within three helium light-bands.

The main torque converter support housing is machined from 6061

Aluminum bar stock, heat-treated to a T-6 (hardened) condition.

The gears are fabricated from AMS6260 forgings. Each gear is

finished-ground, and the teeth are case-hardened by the carburizing

process. The core hardness is Rockwell "C" 33-43.
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The torque converter weighed approximately 8 lb, including the

input and output gears and utilized an overrunning reactor clutch for

optimum performance at the higher speed ratios. The torque converter

assembly is shown in Figure 149, and the impeller and turbine are

shown in Figure 150. A fixed-blade reactor (Figure 151) was fabricated

to obtain baseline performance for the variable reactor (Figure 152).

2.2 Lockup Elements

The essential elements of the lockup torque converter (Figures
I 153 and 154) are the torque converter, disk clutch, a positive engage-

ment mechanism that utilizes a dental clutch, and a control system.

The disk clutch is in parallel with the dental clutch. When the disk

clutch has synchronized the turbine and impeller, the dental clutch

I engagement is initiated and positively engages the load to the prime

mover. After the splines have been engaged, continuous oil pressure

is supplied to overcome the return-sprinc, force, and power transmission

is limited only by the strength of the shafts and splines.

I The sequence of operation is in the following six stages:

I (a) When the impeller is at 100-percent speed and the turbine

is at rest, only lubricating oil is in the torque converter,

and the disk clutch and dental clutch actuating pistons are

held in a neutral position by spring force, since there is

no actuating oil pressure on the pistons.

(b) When the turbine is at 90-percent speed, the 90-percent

speed switch actuates. If the disk clutch arming switch is

closed, the three-way valve solenoid is actuated, allowing

oil pressure on the disk clutch piston to engage the clutch.

The piston oil pressure increases from 0 to 100 percent in

J a few seconds, the actual time depending upon the accumula-

tor displaced volume, orifice size, and supply oil pressure.
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Figure 151. Torque Con~verter F'ixed Reactor.
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(Q) When avn••ronitation is achieved, the dental clutch is J
actuated by closing an on-off switch that energizes a three-
way' olenoid valve, allowing the piston to tie actuated by

oil preosure, The resultant force starts shifting the helix

to the right (Figure 154), compressing the return spring.

(d) The driven spline is displaced to the right the same amount

aS tho helix, until the driven spline butts against the driv-I

ing spline.

(o) As the helix is moved farther to the right by the oil pres-
sure acting on the piston, the driven spline is rotated by

the helix tauth.

(f) When the teeth of the driven spline are in line with the

slots of the drive spline, the driven spline preload spring

forces the driven spline into engagement with the drive

spline.

The estimated performance curves for the lockup torque converter
are shown in Figure 155. These curves summarize the results of a para-

metric study that predicted the size of the clutch and the number of
rubbing surfaces for a 3-in. accumulator. Note that the clutch may
have from, four to eight rubbing surfaces, depending upon the driving

horsepower available. The oil was supplied at presE~ures from 100 to

150 psig, depending upon the setting of the lube svstem pressure relief

valve.

The test rig APU had sufficient power to utilize eight rubbing
surfaces at 150-psig oil supply pressure. To minimize the power
requirement for the APU, four rubbing surfaces at 125-psig oil pres-

sure were recommended.

2
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NOTES:
1. 100% speed 17,922 rpm
2. Accumulator volume 3.0 in. 2

3. Clutch area 3.885 in. 2

4. Piston area 7.45 in. 2

5. Orifice diameter = 0.03125 in.

300

CLUTCH AND TORQUE

CONVERTER TOTAL HP1  EIHIUNSRAE

150 PSIG OIL SUPPLY
3.06 SEC to SYNC.
(RECOMMENDED FOR

0 TEST RIG)

CLUTCH AND TORQUEICONVERTER TOTAL HP OUTr
0____ FOUR RUB SURFACES125 PSIG OIL SUPPLYI--9.19 SEC TO SYNC.

(RECOMMENDED FORI. GTCP305)

CONSTANT SHAFT LOAD, HP OUT
1 1 0 0 "

.TORQUE CONVERTER, HP OUT

1 0 . ....... .
0.9 0.95 1.00

I SPEED RATIO

Figure 155. Estimated Performance Lockup Torque Converter.
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The difference between the horsepower-in and -out curves was

calculated, using the total efficiency curve of the torque converter-

clutch system obtained by multiplying the clutch, gear train, bearing,

and torque converter efficiencies together (Figure 156).

if the ratio of accumulator volume to orifice area remains con-

stant, the piston pressure schedule remains constant. The pressure

rise increases as the accumulator volume decreases, or the orificeI

area increases, or the time from initiation increases.

3. DEVELOPMENT I
Three sets of turbine and impeller hardware were used throughout

the development program, designated numbers 601, 602, and 603. Tests

1 through 7 were run with the 601 hardware, and Tests 8 through 12

were run with the 602 hardware. The turbine of the 602 hardware was

cut back after several fatigue cracks were discovered at the exit.

Tests 13 through 15 were run, using the modified 602 hardware. From

Test 16 on, the 603 hardware was used. This hardware has the same

hydrodynamic blade shapes, but the blade thickness on both the turbine

and impeller was increased from 0.032 to 0.040 in. Also, the material

for the 603 hardware was changed from CRES 347 to 17-4-PH for the

housing and 17-7-PH for the blades.

Through Test 15, only two reactor shafts were used. One was the

variable reactor of the original hydrodynamic design, and the other was

the fixed reactor with a two-dimensional, 22-deg exit-angle blade with

coordinates taken from the mean-streamline blade coordinates of the

variable reactor.

Three additional fixed reactors were later fabricated to the same

blade shape as the variable reactor with exit angles of 14, 22, and 30

deg (nominal). The variation in exit angle was obtained by rotating
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Figure 156. Estimated Lockup Torque Converter Efficiency.
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the tooling about the blade-stacking axis. These three reactors were

used with the 603 impeller and turbine hardware, from Test 16 on.

From Test 1 through 16, all output torques were calculated from
the rate of speed change, as determined from the slope of the Uime-

speed trace. After Test 16, a Lebow Torque Meter was installed on the
output side of the torque converter, thereby measuring both input and
output torque. Therefore, the results of Tests 17, 18, and 19 are

considered the most accurate.

The following paragraphs describe tho tests as they were con-

ducted.

3.1 Tests 1, 2, 3

These tests were run with the fixed reactor and 12,000-rpm input

speed to determine the mechanical integrity without danger of failure

at high speed. The test results were as follows:

(a) Performance Data - Performance data were not taken.

(b) Cooling System - The cooling system exhibited an adequate
safety margin.

(c) Operating Charge Pressure - The operating charge pressure
varied from 18 to 31 psia. The oil flow for cooling and the
charge pressure were not independent (a higher charge pres-

sure resulted in a correspondingly higher through-flow).
Therefore, a flow circuit redesign was necessary.

(d) Mechanical Integrity - There was no evidence of mechanical

failure.
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(e) Fill-and-Drain System - A total of 115 start cycles were

made by filling the torque converter with oil and acceler-

ating a flywheel to the cutout speed (3750 rpm). The torque

converter was then drained and the procedure repeated. The

fill-time varied from 1 to 3 sec and the drain-time from

0.5 to 1.0 sec.

3.2 Tests 4, 5, 6

These tests utilized the fixed reactor, and the input speed was

changed to 20,000 rpm. The test results were as follows:

S(a) Performance Evaluation - Parasitic losses were determined

so that gearing, bearing, and windage losses could be con-

sidered when reducing the performance data. Some data were

recorded, but disassembly revealed that several turbine

blades had cracked and broken off. Thus, 'he data were sus-

pect and were not used.

I (b) Cooling System - The cooling system proved to be adequate.

I (c) Operating Charge Pressure - The operating charge pressure

varied from 20 to 155 psia. The oil through-flow (cooling

flow) could not yet be adjusted and maintained independently

of charge pressure.

(d) Mechanical Integrity - Several turbine blades were broken at

the trailing edges. Apparently, a combination of bad braz-

ing and vibration caused the failures. A new impeller and
turbine were made and their natural frequencies of vibration

Iwere determined by a shake table, with vibration pickups

attached to the blades. A preliminary interference diagram

was constructed to include all possible impulse forces that

might have caused the failure. For Test 5, the old hardware

2
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was re-installed to get vibrational traces without risking

any new parts. Vibrational traces were recorded on a tape

recorder and analyzed to determine the prominent excitation

frequencies. Analysis revealed that the exciting frequen-

cies were coming from the gears between the torque converter 1

and the dynamometer. Knowing these exciting frequencies, an

interference diagram could be constructed to indicate the I
critical speeds.

The new hardware was installed for 12,000 rpm running (Test

6). The unit was run quickly from stall to high-speed

ratio and then shut down. Transient data were recorded on

a multichannel oscillograph recording.

The final results of this test are shown in Figure 157. The

circled areas indicate critical vibrational regions, where

hazardous conditions may exist if the torque converter were

operated at these critical speeds.

(e) Fill-and-Drain System - No fill and drain tests were

conducted.

3.3 Test 7

The torque converter was run at 12,000 rpm with the variable

reactor. The test results were as follows:

(a) Performance Evaluation - The variable reactor configuration

showed more than a 10-percent reduction in torque ratio than

the theoretical performance, and the fixed reactor perform-

ance gave results close to the theoretical. Reducing the

reactor angle reduced the capacity with a small reduction in

torque ratio.
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(b) Cooling System - The cooling system was adequate.

(c) Operating Charge Pressure - Charge pressures were varied

from 50 to 400 psia. Changes in capacity were noted. Higher

charge pressures yielded higher capacities. The charge !
pressure was varied independently from cooling flow.

(d) Mechanical Integrity - Upon disassembly, the blades of the

turbine were inspected in detail. There was no evidence of
fatigue cracks or wear. J

3.4 Test 8

This test utilized the fixed reactor at 12,000 rpm input speed.

The test results are as follows:

(a) Performance Evaluation - The efficiency was slightly better
and the torque ratio was slightly less than the theoretical.

The power input capacity was lower than the variable reactor,

a factor attributable to the inefficiencies of the flow

around the variable reactor blades it the vane-end openings.

(b) Cooling System - The cooling system was adequate.

(c) Operating Charge Pressure - The operating charge pressure
was 200 psi.

(d) Mechanical Integrity - All parts functioned well.

3.5 Test 9 (Steady State)

The torque converter was assembled with the fixed reactor and
operated at 20,000 rpm. Steady-state data were taken at high-speed

ratios and various charge pressures. The results (Figure 158) of the
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Figure 158. Steady-State Torque Converter Performance.
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test show that charge-pressure variations have little or no influence

on capacity or efficiency at high-speed ratios. Steady-state data at

low-speed ratios were not obtained, due to the inability of the test

rig to dissipate the rejected heat.

3.6 Test 10 (Acceleration)

The acceleration tests were run at arbitrary charge pressures set

during steady-state conditions, prior to start initiation. Some

selected results of these tests show that for the first few seconds

after the start of the test run, the torque converter pumped the oil

through the unit at a rate sufficient to keep the inlet pressure low.

During this time, the torque converter capacity was low, resulting in

a variable-fill type of test.

3.7 Test 11 (Acceleration)

The results of the Test 10 acceleration tests indicated excessive

cooling flows through the unit. In an effort to reduce this flow and
provide a faster fil>-time, the inlet flow control valve was removed

and two exit lines (9 and 2 gpm, respectively) were inserted in paral-

lel with the relief valve. At approximately 0.5 speed ratio, the 9-

gpm line was shut off t. decrease the oil through-flow.

The results of Test 11 showed that, if the oil flow rate is

decreased as the speed ratio increases, a higher efficiency will

result. To obtain the best efficiency, the cooling-oil flow rate

should be proportional to the heat-rejection rate.

3.8 Test 12 (Stea_4y State)

Test 12 was intended to expand the steady-state information

obtained from Test 9 to lower speed ratios. Vibrational amplitude

experienced during steady-state operation at lower speed ratios pre-

cluded further testing.
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3.9 Test 13 (Acceleration)

Test 13 was performed only as a check-run after the replacement

of a bearing in the test rig gearbox.

3.10 Test 14 (Acceleration)

The oil flow passages within the torque converter were redesigned

to approximate the ideal flow schedule (discussed under Test 11). The

flow restriction devices external to the toraue converter on the out-

let side are eliminated, and the oil ports in the hollow turbine shaft

are sized orifices. This allows high oil flows at the low-speed

ratios, caused by the high exit turbine pressures, and low oil flows

at the high-speed ratios, caused by the low turbine exit pressures and

the centrifugal force of the oil at the orifice.

The test results at 100-psig charge pressure are compared with
I those of Test 10 in Figure 159.

3.11 Test 15 (Acceleration)

Test 15 was performed to evaluate the effect of flow control ori-

fice size on performance (Figure 160).

Since previous testing had shown that the variable reactor blade

design gave lower performance, due to leakage around the ends of the

blades and the fixed reactor blading was neither twisted nor tapered,

three new units were fabricated for further testin.g. The first was

a 22-deg reactor that had the same blade shape as the variable reactor.

Two other units with exit angles of 14 and 26 deg were fabricated.
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Figure 159. Coimparison of Torque Converter Tests 10 and 14
at 100 psig Charge Pressure.
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Tho w=xtm ppowor absorption o1f the torque converter•, as tested,
ii npprnxim•toly 330 hp at 20,000 rpm, To more nearly match the

torque reqtuired to start the main engine and to match the power avail-

able from thob radboard APU, several methods were considered.

(.) Reduction of the reactor blade ancile

(1) Altering the flow area of the impeller and turbine J
by chanclinq the torus core contour

(c) Scaling down the existing design

(d) Chancling number of blades and/or angles

(M) Reduction of the torque converter speed

The selected approach to match the APU output capability was to

reduce the desiqn speed from 20,000 to 17,922 rpm.

3.12 Test 16

The torque converter was assembled with the 14-deg reactor and

the new impeller and turbine. The maximum horsepower absorbed by this

torque-converter build during these tests was 270, compared to 330

from tests usincg the 22-deg reactor.

3.13 Tests 17, 18, 19

Tests 17, 18, and 19 were similar to Test 16, except that the

22-, 14-, and 30-deg reactors, respectively, were installed. Figure

161 shows the torque ratio, and the capacity factor is shown in Figure

162. Curves of the average test results are compared to the theoreti-

cal performance. The efficiency may be obtained as the product of the

toirqc.,t ratio and speed ratio.
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SECTION VII

CONTROL SYSTEM

!
1. AUTOMATIC CONTROL SYSTEMS DESIGNS

An automatic control system, suitable as a production unit for

the APU and gearbox systems, has the basic functions of governing speed,

preventing compressor surge, scheduling compressor inlet guide vane

position, providing overspeed and overtemperature protection, and sched-

uling other switching functions relative to APU starting and various

system operating modes. These functions are integrated into a complete

automatic system as a part of the overall APU and gearbox assembly,

with certain command signal inputs, to permit these components to per-

form in the various operating modes required.

* An overall control system diagram is shown in Figure 163. This

diagram depicts the single-shaft, integral-bleed APU system with the

addition of control subsystems applicable to the other candidates con-

sidered in Section 11.2. Each of the subsystems is identified by

separate drawings, which are included to show system details. Each

drawing contains a logic diagram in addition to the schematic presenta-

tion of system components. The logic portion represents the electron-

ics of the control system.

I 1.1 Speed Control Systems

The single-shaft speed-control system and the free-turbine gas

generator speed-control system incorporate a closed-loop turbine inlet

temperature scheduling control. Figure 164 illustrates a typical elec-

tronic control system for controlling the APU from start to governed-

speed.

P
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The control system senses engine speed (NT) [gas generator speed

in the case of the free-turbine (NGG)), compressor inlet temperature

(T2), and turbine inlet temperature (T 4 ). Directly sensing the tur-

bine inlet temperature is being considered so that performance and
engine life can be optimized. The input goes to an electronic compo-

nent, which generates a desired schedule of corrected turbine inlet
temperature (T4 /6) as a function of physical speed. A speed signal is

fed into another circuit, and a nominal value of torque motor current
is generated as a function of speed. The generated T4 is compared to

that actually measured. The resulting error is an input to the

proportional-plus-rate control. The output of this control is added
to or subtracted from the nominal. The desired current value is

thereby achieved and sent to the torque motor in the metering valve.
This approach will more effectively permit droop-control during accel-
eration. If the output of the proportional control is subtracted from

a fixed maximum limit of torque motor current, the droop would be

excessively large throughout the low end of the acceleration speed

regime.

The rate feature is added to compensate for the inherently slow
response of the temperature-sensing device at low mass flows. The

rate current senses the rate of change of the turbine inlet temperature

and prevents temperature overshoots .ring start until the temperature

sensing device can function with adequat: r"snonse, to fulfill the

needs of the system.

At 95-percent speed, the switching system cuts out the closed-

loop temperature-scheduling control and switches in the electronic
proportional-plus-integral governed-speed control that functions from

a speed-error signal. At the same time, the 95-percent switching func-
tion turns on the minimum fuel circuit, thus preventing lean-fuel blow-

out in the combustor.
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F~or at froo-tu.'bJ~in varsion# the previously douciribad oparatioii

applmii o the gas qanorator speet control only. There 114 a uyatom
rquiremant to drive A 3-kVA eI,0Otrigal qdoerator from tho gaa qonior
ArtO eadrboX, and.d the fquency output of thO 3 kva h1as to be h•ld
within close toelrances during aoll qga g•net•r•o, yovanod-apoed oper-
ation. The normal mode, therefore, of allowing f.ee-turbino gad gener-

ator speed to float, to control power turbine mpeed, is nout allowable.
Restrictions imposed on the overall seytem woight permit only a onord-

tor which produces 400-oycle ac power directly. The froo-turbiine

power aection speed control is disoussed with the operation of a •a•s
diverting valve.

The signal that in generated by the electronic acceleration con-
trol, or the electronic-governing Gontrol, goes to an *leotromeohanioal

devine known as a torque motor (flapper-type) that positions a metering

valve. This metering valve, in conjunction with a constant differon-
tial pressure valve, allows correct fuel flow to the combustor nozzle
system.

ruel flows to the metering valve through the hydromiechanical por-

tion of the subsystem from the aircraft fuel system and passes through
the APU fuel inle% filter. From the filter, it flows through the jet-
boost pump, which has been included in the system to prevent cavitation
at the inlet of the gear pump. A high-speed gear pump is used to help
reduce gearbox weight. Fuel flows into this pump and is delivered at
high pressure to the metering valve section. An ultimate relief valve
is used to prevent overpressurizing the fuel system. The differential
pressure valve maintains a constant AP across the metering valve, so
that the metered fuel is a function of the valve area only and is not
influenced by system inlet fuel and compressor discharge pressure
changes or fuel pressure changes caused by plugged fuel nozzles.

29
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In the mytmonlhoematically illustrated, a constant pressure
regulator is nooded to got correct sla'vo-valve operation over the

range of pump discharge pressures*

Fuel leaving the meterin'g section flows through the pressurizing
valve that back-pressures the metering valve servo during the low
pump-discharge pressure regime (low pump-speed) of the acceleration
mode and through the fuel shut-off solenoid to the combustor nozzles.
The fuel droin valve is added to the system to drain the fuel manifold
on shutdown. In annular combustor engines where the manifold is
wrapped around the turbine plenum, draining the manifold on shutdown
to prevent fuel varnishing and coking is desirable..

1.2 Speed Switohing Control and DC Power Suppiy

F~igure 165 shows the schematic representation of the speed-

switching control and the do power supply. AC power coming from the
3-kva generator is fed into the do power supply, which has to rectify
and regulate the desired do levels for the various electronic control
circuits and the electronic speed switch.

This electronic speed switch receives a signal from the APU
monopole pickup and transmits signals to various APU peripheral equip-
ment at the desired speed level over the entire operating speed range
of the engine.

1.3 APU Overtemperature Control System

Figure 166 illustrates the bleed/shaft power trade-off with the
shaft priority overtemperature protection s~stem for the APU. The

system incorporates a variable and a fixed upper-temperature limit
that is not a function of ambient temperature.
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Single-Shaft Version.

301.



If the turbine inlet temperature reaches this upper limit

(variable during acceleration and fixed during governed-speed opera-

tion), the APU will be shut down by the fail-safe system. The cockpit

contains a battle-short command switch that overrides these shutdown

features. This system is applicable to both the single-shaft and free-

turbine versions.

If an overload causes an APU overtemperature condition, the

trade-off system throttles the bleed-air delivered, in order to main-

tain a safe turbine temperature while retaining the required shaft

load.

This sytem uses thermocouple rakes or a fluidic temperature

sensor at the turbine discharge (T 5 ) or turbine inlet (T 4 ). The

sensed T 5 (or T4 ) signal is compared to a reference, and the error

is an input to a proportional-plus-integral control, which sends the

desired signal to the bleed-air throttling device. In the integral-

bleed version, this is a load-control valve that is a servo-operated,

pneumatically powered butterfly. This is used as a tight shut-off

valve, when no bleed air is demanded from the APU. When bleed-air is

demanded, the load control valve opens wide and remains in that posi-

tion unless the overtemperature set-point is exceeded. When the load-

control valve torque motor receives an overtemperature signal from the

system, the valve servo-system bleeds the actuator until the tempera-

ture error disappears. The bleed load is thus reduced sufficiently to

lower the T 5 temperature below the set-point. If the aircraft system

demands more bleed-air, causing the engine to once again go overtem-

perature, or if more shaft load is added with the same effect, the

valve will throttle to a more closed position. This type of operation

will continue with increased load until the maximum shaft load level

is reached. If a full-bleed shock load is suddenly applied to the APU,

the valve will close rapidly.
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K
If the T5 exhaust gas signal is lost completely, due to a failure

of the sensing circuit, the signal-loss detector will activate the

fail-safe circuit "nd shut down the APU. A battle-short command signal

will ovLrride this shutdown feature.

1.4 Surge Control System

Figure 167 shows the APU acceleration surge control system for

the single-shaft and free-turbine versions and the on-speed surge pre-

vention syistem for both the single-shaft and free-turbine, integral-

bleed machines.

The APJ surge protection on acceleration will be accomplished by

utilizing & spring-loaded open surge valve and modulating the VIGVs.

This system requires sensing speed and compressor inlet temper-

ature and sending signals to an electronic control, which generates an

inlet guide vane (IGV) position signal as a function of corrected

speed. An angular position-measuring device, such as a rotary
variable-differential transducer, would measure the actual IGV posi-

tion and allow the use of a closed-loop system with the position as

the closed-loop variable.

On APU shutdown, the first-stage IGVs will go to the full-closed

spring-loaded position. On start-up, the vanes will remain in this

position until approximately 45-percent corrected speed. At this
point, a signal is given to begin modulating the IGVs through the

generated schedule toward the full-open position. The IGVs will be
in the full-open position by 95-percent speed and will be modulated

toward a closed position, as the bleed-flow rate is decreased.I
I

If on-speed surge protection for the integral bleed machines is

needed, it will be accomplished by incorporating a boost venturi air-

flow sensor in the bleed-airflow ducting located downstream from the
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surge-valve tee but upstream from the load-control valve. This minimum

bleed-flow system restricts the bleed-flow drop to a set value, during

on-speed conditions. If the bleed flow is suddenly reduced, the flow

sensor reacts to this and, at a predetermined level, opens the surge

valve. The surge valve is a servo-operated, pneumatically actuated

butterfly valve. It would provide a minimum leakage shutoff during

other than low bleed-flow conditions, during on-speed operation.

1.5 Load Compressor Systems

In order to have a trade-off system with shaft priority for APU

overtemperature protection while using a load compressor, some method,

other than throttling, is necessary to regulate the bleed-flow. Throt-

tling limits the range of flows from 75 to 90 percent of the maximum

to avoid surge. Variable inlet or diffuser guide vanes may be used

advantageously to modulate the flow. The variable vanes may be closed

almost completely, the opening depending upon the airflow required for

cooling. Variable diffuser guide vanes have the advantage of modu-

lating the flow with a relatively constant pressure ratio. The vari-

able swirl angle would be insignificant, since there is no need for a

constant exit velocity vector profile.

Figure 168 shows the single-shaft or free-turbine load compressor

control systems. The surge system, for preventing on-speed surge from

a load compressor to supply bleed-air, would use the technique of

sensing a sudden drop in the delivered bleed-pressure as an indication

of imminent surge. The LP-transducer would sense the pressure drop

across the orifice and send a signal to the function generator. When

the differential voltage signal, which is proportional to the delta-

pressure signal, reaches predetermined trip-level, the control sends a
signal to the surge valve, causing a wide-open position. Simultane-

ously, a signal to the inlet guide vanes is received, causing them to

close.
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The load compressor trade-off overtemperature system is almost

identical to that of the integral-bleed. The difference is that the

output of the proportional-plus-integral control goes to the guide

vane torque motor instead of the load-control valve torque motor.

Systems utilizing a clutch to separate the load compressor from

the APU output shaft in lieu of guide vanes were investigated, and it

was established that a trade-off system with shaft priority for over-

temperature would also be required. The guide vane system would still

be necessary.

During APU starting, the load compressor guide vanes would be

J in a spring-loaded, full-closed position. The surge valve would be

spring-loaded to the open position and would close when a bleed-air

I command was received from the cockpit. The load compressor system

would also have to incorporate a bleed-air shut-off valve.

I 1.6 Gas-Diverting Valve System

I Figure 169 shows the gas-diverting valve control system applicable

only to a free-turbine APU. Because the requirement for a tight fre-

quency band on the output of the 3-kva electrical generator driven by

the gas generator eliminates the normal floating-gas-generator-speed

I approach to power turbine speed control, the gas-diverting valve is

added to the system to dissipate the excess gas from the constant-speed

S gas generator at low power-turbine demand. In 'his system, the power

turbine speed is sensed and compared to its s-eed z.eference. The gen-

I erated error signal is the input to a proportional-plus-integral con-

trol which positions the gas-diverting valve. The correct amount of

flow from the gas generator is routed through the power turbine to

I maintain the proper speed. The excess gas is diverted into the APU

tail pipe.

I
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A gas generator speed-override system is added as a soft coupling
control for mode transitioning. Very rapid closure of the diverting-

valve caused by a system check-out command or a main-engine-start com-

mand would result in a drastic droop of gas generator speed. This

droop is brought about by imposing a sudden large back-pressure

against the gas generator. In order to avoid speed droop, which is
not allowable because of the 3-kva electrical generator requirements,

the override system is necessary. If the gas generator speed drops

below a certain value (i.e., 96 percent), the override prevents the
gas-diverting valve from closing and holds its position fixed until

the gas generator speed comes back to nominal value. The system logic
would send a coopling command to the override network that would warn

the system of a need for mode transitioning. This coupling command

would then activate the override.

During APU starting, the gas-diverting valve would be biased
to the full-open position. The failure mode would be spring-loaded in

the closed position, which corresponds to the main-engine starting
mode. Because of its proximity to the high-temperature engine plenum, J
the gas-diverter valve configuration would have to use bellows and

pistons instead of diaphragms.

1.7 Variable Geometry Control System

Figure 170 shows the schematic of the variable geometry actuation

control system. This control concerns variable compressor geometry

(diffuser or IGV) or variable turbine nozzles. The Oetails of opera-

tion and function of these control components and their interrelating

effeots have not been included, since the degree of vaiiable geometry

in the single-shaft APL system will be confined to two stages of IGV

in the compressor. The drawing, however, includes a control system

component schematic and logic diagrams representative of an all-
variable system.
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1.8 oil Hydraullic System

The final APU design incorporate& a hydraulic start symtam. The
hydraulic motor receives high-prosoure hydraulic fluid from An atMnu-

lator, A manually openad, electrically closed valve initiatea the
APU-start. This system includoe a manually operated amorgn•y pummp
that may be used to re•narge the system if it bleada down while idle.
At the termination of starter assist, a speod-sansitive swit•ch acti-
vates the hydraulic shut-off valve circuit. The accumulator is

refilled from the 3000-puig aircraft system,

'he engine decoupler actuator system works in conjunction with

the low-pressure gearbox-driven lube pump, A three-way solenoid,

spring-loaded to the vent position when do-enorgiaed, ports the o-tl

j to the shaft coupler. When the solenoid is eanrqiid, the coupler ia
decoupled, thus the couplXd position is fail-safe,

The torque converter control system was designed for a till-and-

I drain torque converter with a modulated liquid oil level and/or vari-

able reactor vanes to vary its capaqity. As shown in Figur• 171, thQ
liquid level ir sensed, giving a capacity indication, ThVe temperature

at the turbine inlet (T4 ) or exit (T5 ) will be used to control the
Lorque converter capacity, so that the engine cannot be lugged down

I when a large load requirement tends to overload the engine.

S 2. APS DEMONSTRATOR CONTROL SYSTEM

The demonstrator APS utiliaed a predominantly manual control
systL. comprised of modified existing hardware (Figure 172). This was
necessary due to the experimental nature of Lhe APS and t'le lack of
accurate performance predictions.

I
II
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Tho vantrol syete•tIi ionpri•au oth&es subaystoimati 4 tiois QmA,@ i•
durgo and blood (no• matit) •ontroh and tnh@ 010atron10 Qntrl, Tie
comonent* gopriksing Uudeea *sbystVtim and the operat-lon of the system
ae aummue dnparioed ilt the foll'owing paragraph*%

J.1.1-rua" cn rol odrn trt ietmlUl oto ff

The fuel control obnsists of uli oopoll ailtr dso ried brieSly as

(a) Fql ump - Constant diepoaema~nt gear-typas IinQludas
4ytue rohef valve to prevent overprod essure

(W) F,01 Filter - oeorty M'icron, full flowo

(Q) Fue -Soenodhling Valve - Oeter fuel flow to the fuel no laes

during Aaelortion. When used in an auatlmtc con~trol
aystam', fuel is Mretered in proportion to compressor dia-

charge presure or APU airflow, ac ording to a predetermilned
f el-air ratio during start. Direct m~anual control of fuel
flow# obtained by regulating oell air pressure, was used to
actuate the valve in place of com~pressor discharge presure
for the demonstrator APU,

Wc) NohAnical Governor - P'lyball-type droop governor to mTain-
tain steady-state within a 3-peraent. speed increment.

(a) ruel Solenoid Shutoff Valve - Opens for light-off and closes
to shut down the APU,

(f) Fuel Solenoid Enrichmernt Valve - Opens at 95-percent governed-
speed, creating a new fuel schedule line,
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2.1.2 Pneumatic System

The pneumatic system comprises the surge and bleed control compo.-

nents:

(a) Low-Pressure Surge Control Valve - For automatic operation,

a flow sensor sensing total low-pressure bleed-flow would

modulate the surge valve to maintain a minimum bleed to keep

.1 the APU compressor out of surge. Since specific surge line

data were not available, the surge valve was operated manu-

. ally, simulating the flow sensor signal from test cell air
pressure. The valve normally remained full-open and was

modulated only at 100-percent APU speed to reduce bleed-flow.

A solenoid in this line opened the surge valve automatically

on APU shutdown through the breadboard electronic control.

(b) Load-Control Valve - This unit was designed to modulate bleed-
flow at 100-percent APU speed to maintain a constant exhaust

gas temperature. A thermostat in the tail pipe was designed

to bleed-off the valve actuation pressure and close the load

valve when the thermostat set-point was exceeded. However,

j during testing of the APU, the thermostat was not connected,

keeping the load valve closed. The low-pressure surge valve

I was used to modulate bleed flow.

I 2.1.2 Breadboard Electronic Control

The following portions of the electronic control were utilized:

(a) Variable Light-off Speed Potentiometer - This potentiometer

adjustment was used to vary the opening of the fuel solenoid

to the selected light-off speed.
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(b) Ignition Circuit - The ignition unit on and off actuation
could be initiated manually or at a preselected speed and
could be de-activated at 95-percent APU speed.

(c) PMG Speed Circuit - This circuit was used to indicate APU
speed. It also contained 35-, 95-, and 110-percent (over- I
speed shutdown) speed switch-points. The 35- and 95-percent I
switch function was normally overridden..

(d) Emergency Overspeed - This was a 110-percent overspeed I
circuit connec'ed to a monopole speed sensor, sensing speed

from the APU shaft. j

(e) Starter Control - The ATM inlet valve was opened by depress-
ing the start button. Operation was always in the manual

mode, and the starter cutout button closed the valve.

(f) Enrichment Solenoid - Manual operation permitted this sole-

noid to be opened for operation on the fuel control governor.

(g) Guide Vane Controls - The first- and second-stage guide
vanes were positioned by a manually operated electric motor
drive.

Overtemperature Protection - The electronic control con-
tained an overtemperature shutdown circuit actuated by

exiaust gas thermocouples.

(i) Power Supply - A 24-vdc cell power supply was used to power
the breadboard electronic control.
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2.2 Control System Operation

The desired light-off speed was selected and the light-off speed

potentiometer adjusted to that setting. The light-off fuel flow was

selected by an adjustment of the corresponding fuel control air pres-

sure (simulated compressor discharge pressure). The guide vanes were

adjusted to the desired settings.

The ATM inlet valve was then opened and the ATM inlet pressure

increased until the APU reached light-off speed. The unit was then

accelerated to the desired speed by manually varying fuel flow, ATM

inlet pressure, surge control valve position, and guide vane position.

The manual fuel control system (Figure 173) allowed adjustment of

the fuel control at any speed. The operation of the fuel system is

dependent upon the estimated characteristics of the components (Figure

174) and the mariner in which they are used as a system. The nominal

pump output is always higher than would ever be required. The excess

flow is bypassed by the acceleration-scheduling valve as a function

of the control air pressure (supplied from a manually controlled,

pressure-regulating valve from the test cell air system). This manual

method enabled the APU to be run at any speed on the required-to-run

line, provided the maximum tail-pipe temperature was not exceeded.

For an automatic control system, as the APU approached governed-

speed, the enrichment solenoid valve was opened by a speed switch.

The actual delivered limit was reached when the fuel enrichment was

activated. As the speed increased, the APU operation entered the

droop-governor operating regime, and the governor assumed control.

The manually operated demonstration unit was similar, except that no

load was reached under manual control before the enrichment valve was

opened.
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SECTION VIII

APU DESIGN ANALYSIS

The optimum APU design (used as a test vehicle for technological

advancement) was the result of an iterative process directed toward

optimizing engine components through a detailed analysis involving

thermal, relative displacement, stress, dynamic, test data, and

dimensional considerations. The design of the compressor and turbine

wheels and their surrounding structure has been discussed in previous

sections.

1l . THERMAL ANALYSIS OF ROTATING GROUP

The steady-state temperature distribution for the rotating group

is shown on Figure 175. These temperatures were computed for a turbine

inlet temperature of 2200 0 F, with cooling flow distributed as follows:

(a) Film-cooling flow (8500F) on the radial turbine equivalent

to 5 percent of the turbine through-flow.

(b) Two percent cooling (8500F) supplied to the radial turbine

wheel Lack shroud.

S(c) One-half percent (8500F) supplied to buffer the seals between

the turbine stages.I
Temperatures, compared with the preliminary calculations, have

Sincreased in the coupling between the turbine stages approximately

1500F, due to an assumed 2000F increase in air temperature used to buf-

I fer the seals. This design assumption, with the change to a hollow-

wheel turbine design, caused disk temperatures to rise by approximately

I 500F under the blade exducer but did not significantly affect the disk

integrity. Reduction of the radial turbine back shroud outer radius
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and the resultant removal of cooling in the immediate blade-tip area

caused temperatures to increase in the test area.

2. RELATIVE DISPLACEMENT ANALYSES

Relative axial and radial displacement analyses were conducted for

engine start-up, steady-state operation, and shutdown. Figure 176

depicts the qualitative relative axial displacement of the seal rotor

and housing during an engine cycle.

3. ROTATING GROUP DYNAMIC ANALYSIS

The compressor and turbine rotors are coupled with the central

tie-bolt to form a series of masses that respond as an integral assem-

bly. In a turbine engine, this sy3tem is supported by bearings, which

in turn are supported at ezigine mount-points through static structure.

The bearings and supporting structure add elements of flexibility to

the systems.

The flexibly mounted rotating group represents a system capable

of several distinct modes of vibration. The most important are:

(a) The linear mode (cylindrical), corresponding to linear dis-

placement of the mass center in a direction perpendicular to

the shaft

tý) The angular mode (conical), corresponding to an angular dis-

placement of the rotor body with respect to the shaft axis

(c) The bending mode, corresponding to a bending displacement

along the shaft
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The spring-mass model, representing the rotor group system, and

the results of the dynamic analysis are shown in Figure 177. Spring

rates K1 and K2 represent the stiffness of the bearings and bearing

support structure. In addition, the compressor and turbine end bear-

ings are hydraulically mounted (spring rate varies with speed). Spring

rates K3 , K5, K 7, and K8 represent the tie-bolt flexibility.

The first, second, and third critical speed points (Figure 177)

represent the linear, angular, and first bending modes of vibration,

respectively. The rotor system has been designed to operate between

the second and third critical speeds with a 70-1b compressor bearing-

load and a 20-lb turbine bearing-load. The bearing loads at critical

speed points are unrealistically high, as damping is not included in

the analysis. The squeeze-film action at the bearings sufficiently

damps the rotor vibration at the critical speeds and at operating

speed for smooth running.

4. ROTATING GROUP TIE-BOLT

The rotating group of the APU is formed by the coupled turbine

and compressor rotor sections locked together with a central tie-bolt,

which is designed to maintain rotor group integrity, i.e., prevent

separation at the curvic coupling joints throughout the life of the

engine. The factors which tend to cause separation at the curvic cou-

pling are:

(a) Dynamic unbalance of the rotor

(b) Differential thermal expansion of the rotor and tie-bolt

(both transient and steady-state)

(c) Poisson's contraction of the disk due to tangential and

radial disk stresses
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(d) Pressure forces on the face of the rotor disks and blading

(e) Transmission of transient and steady-state torque through

curvic couplings

Tie-bolt preload is normally selected in the following manner:

(a) The worst combination of transient and steady-state condi-

tions is determined from the separating factors listed above,

(b) The preload is selected so that a minimu.a margin of 20-

percent load exists above the maximum separating load.

(c) With the preload selected, the tie-bolt stress range is

defined by the following criteria:

(1) Tie-bolt stress range must not exceed the low-cycle

fatigue strength of the material for the engine

design-life.

(2) The steady-state stress at various operating conditions

must not result in a relaxation of tie-bolt load exceed-

ing 5 percent over the full design-life.

(3) The maximum steady-state stress in the tie-bolt under

any condition must not exceed 80 percent of the ulti-

mate tensile strength of the material.

During the desi`gn phase, two engine configurations were investi-

gated. One has a central hole in the radial turbine wheel, with the

tie-bolt running the length of the engine (Figure 178). The second

configuration has a solid radial turbine wheel with two tie-bolts

inertially welded to the wheel (Figure 179).
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The configurations discussed in the following paragraph were

analyzed according to the above design criteria. Although the test

strengths of the welds exceeded the maximum design requirement, the

engine was ultimately designed using a tie-bolt and curvic coupling,

since this is a proven method with a high reliability. For the single-

bolt design, an initial load of 12,000 lb is expected to maintain rotor

integrity while meeting the design requirements.

4.1 Hollow Radial Turbine Tie-Bolt Configuration

Limiting values for the hollow radial turbine tie-bolt config-

uration are:

(a) Low-cycle fatigue strength for 1500 cycles at 1200 0 F, 150,000

psi stress range (Figure 180)

(b) Initial steady-state tie-bolt load, resulting in 5.0-percent

load relaxation, 8900 lb

(c) Eighty percent of ultimate tensile strength (based on Inconel

718 specification minimums), 148,000 psi at room temperature,

116,000 psi at 12001F

The ultimate strength requirement at room temperature is the

limiting value and sets the initial bolt load at 12,000 lb for the

0.322- to 0.325-in.-diam bolt. The resulting steady-state operating

load for this initial value is estimated as 8100 lb and the maximum

sfrr-sS range as 148,000 psi. For a 12,000-1b preload, a separating

mornr"nt d'uring the second critical speed of 8.0 times the steady-state

operating moment (based on rotating group cg eccentricities of 0.0005

i-. ) 1:ar probably he tolerated. The calculated tie-bolt load relaxa-

"ion ch.aractcristics arc shown in Figure 181.
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Steady-state thermal expansion values were based on the calculated

temperature distribution (Figure 178). Since the effect of film cool-

ing on radial turbine disk temperature has not been determined experi-

mentally nor has there been a computation technique designed, no cool-
ing was included in computing the temperatures. Effects of cooling

air on the coupling between the turbine stages and the axial turbine
wheel have also been omitted. These elements will probably reduce the

steady-state operating load by a 15-percent maximum.

4.2 Solid Radial Turbine Tie-Bolt Configuration

The analyses revealed two problem areas in the solid radial tur-

bine tie-bolt configuration, both with the turbine end of the tie-bolt.

The first problem (Figure 182) is that when a cold-engine start is

made, the axial turbine and coupling heat much more rapidly than the

tie-bdlt. Thermal expansion of these components, while the bolt is
cool, increases the tie-bolt stress. Assuming the worst-case, when the

turbine and coupling reach steady-state before the tie-bolt makes any

response, the initial tie-bolt stress would be increased by 261,000

psi (based on elastic calculation). This stress increase, combined
with the decrease from initial stress at steady-state, gives a bolt-

stress range of 295,000 psi, as compared to a 1500-cycle fatigue

strength of 150,000 psi for Inconel 718.

In reality, the stress-range would not reach this maximum value

because the tie-bolt will react thermally to a small degrce, while

the turbine and coupling are responding. However, the stress range

will probably not be less than 150,000 psi, since this would require

the tie-bolt to react at least half as fast as the rotor components.

This will not happen if the thermal response shown in Figure 182 is
correct. A second factor that would increase the fatigue-life is that

all enaine starts will not be made from a cold condition. The number
of cold-engine starts is, however, not defined, so the analysis must

be based on the conservative assumption that all starts will be cold.
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The second turbine end tie-bolt problem is load relaxation. The

maximum allowable initial load for 5-percent load relaxation is 8775

lb. With this, the resulting steady-state operating load is 6000 lb

or enough to resist 6.0 times the steady-state bending moment (based

on rotating group cg eccentricities of 0.0005 in.). It is doubtful

if this load would maintain rotor integrity. (The stress required to

produce 5-percent load relaxation was based on the tie-bolt tempera-

tures shown in Figure 178,because the majority of operating time occurs

at turbine inlet temperatures around 1900'F.) Relaxation characteris-

tics of both turbine and compressor end tie-bolts are shown in Figure

183.

5. BEARING SYSTEM

5.1 APU Main Shaft

A three-bearing mounting system was used for the APU main shaft,

with a ball and roller bearing ,:ombination at the compressor end and

a single roller bearing at the turbine end. This type of mounting was

used instead of the simpler two-bearing system, because high dynamic

loads at the compressor end caused by shaft imbalance would have

resulted in very short ball-bearing life.

All three bearings are 104-size (20-mm bore, 43-mm OD, and 12-mm

wide) and at 82,000 rpm operate at 1.64 x 10 6DN. At this high speed,

cooling the bearing is extremely critical; therefore, the lubrication

system was designed to provide oil-fluw first to the bearing ID to

cool the inner race and then radially outward through holes in the

bearing inner rings to lubricate the bearings.

The bearing system functioned reliably throughout the program,

with no catastrophic failures. Two problems were noted: the lubrica-

tion of the turbine end roller bearing was inadequate in early test

unit builds, and the compressor-end bearings ran excessively hot. The
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I

lubrication of the turbine-end bearing was improved by more accurately

locating the oil jet.

High bearing temperatures at the compressor end have not yet been

resolved. Apparently, they were due to lubricant being churned by

the slinger between the two bearings and by an excessively high face

seal load. The slinger was removed in Build 5, and the face seal load

reduced. Although compressor bearing temperatures decreased, further

- reductions will be necessary. Further test evaluation of variation

effects in lubricant flow rate and increased bearing cavity drainage

* was expected to result in reduced bearing temperatures.

Prior to Build 5, a bearing test rig (Figure 184) was designed

and built to verify that the changes incorporated into the hardware,

subsequent to Build 4 testing, would result in a lower compressor

bearing temperature. Figure 185 compares the results of the rig test-

ing to that of Build 4. A significant decrease in bearing temperature

- is shown.

1 5.2 Accessory Drive Gearbox

I The bearings in the accessory drive gearbox were designed to

achieve a B1 fatigue life of 2000 hr at maximum speed and load.

The operating speeds of most of the bearings were well within

normal gearbox ranges. The high-speed pinion bearings, however, are
I required to run at a main-shaft speed of 82,000 rpm. This is equiva-

lent to 1.64 x 10 6 DN in the 1904-size (20-mm bore, 37-mm OD, 9-mm

I wide) bearings used. As on the main shaft, cooling the high-speed

pinion bearings was extremely critical. Adequate bearing cooling and

J lubrication was provided by a positive impingement jet on each bear-

ing combined with oil jetted into the shaft ID. The adequacy of this

I system was proven by reliable operation of these bearings in the test

unit.
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Figure 184. Bearing Test Rig.
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6. SEALS

6.1 Compressor Bearing Cavity

The pressure, speed, and temperature requirements for the compres-

sor section of the GTCP305 fell within the realm of a rotating carbon

face seal.

The long-life requirement of 3000 hr necessitated a light seal

face load (5 to 8 psi),; hence, a narrow carbon nose was designed to

minimize the spring load (0.66 to 1.17 lb).

The secondary sealing member was made from a nonelastomeric mate-

rial (Teflon), to reduce the hysteresis and to provide compatibility

with all lubricating oils at elevated temperature. The antirotation

device and seal case were designed for simple construction techniques

and low cost (Figure 186).

A Bellows seal was used in the first three builds. During the

fourth build, the spring-load in a new secondary sealing-member vendor

seal was too high, causing excessive power losses and bearing cavity

heating. For the fifth build, the spring-load was changed to give a

1.9-lb face load.

During initial Build 5 engine runs, the carbon ring hung up on

the antirotation tang of the seal case. The seal was removed and

replaced with a conventional face seal, as in Build 4, but with a

reduced face load.

6.2 Rotating Knife Labyrinth Seals

The labyrinth seals performed well, but developed minimum prob-

lems with knife wear and/or the abradable material.
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6.3 Turbine Bearing Cavity

For the existing GTCP305 Engine, the bellows-type rubbing face

seal has proven adequate. The response of the bellows to pressure
could have been improved to reduce carbon nose wear. In future ver-

sions of the engine, the bellows-type seal could be replaced with a

gas film face seal (Figure 187). This type would require some devel-

opment work but would provide the advantages of increased tolerance

to temperature, misalignment, and minimum wear.
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SECTION IX

GEARBOX DEVELOPMENT

1. GENERAL DESIGNI
Figure 188 shows the installation of the accessories and the

gearbox design, which consists of two separate gearboxes coupled by a

torque converter. The first (APU gearbox) is coupled to the APU shaft
and contains the APU starter motor shaft, accessories, and the torque

converter drive. The second (ADS gearbox) is coupled to the main

engine input and drives the hydraulic pumps, the lube pump, and the

VSCF generator. The main-engine drive is coupled to the torque con-

verter output through an overrunning clutch, which starts the main

engine with APU shaft power but does not allow the main engine to

drive the APU. When the engine speed exceeds the torque point, the

APU may continue to operate or may be shut down, if not required for

-another purpose, since it no longer furnishes power to the engine or

accessories. With the main engine decoupled, the APU would be capable

of driving the main engine accessories at a speed corresponding to

engine-idle. The gearing schematic and the APS component design data
are illustrated on Table XXVI and Figure 189.

The APS gearbox was designed to provide an operational service-
life of 30,000 hr with 5000 hr between overhauls. The design provided

gears that incorporated the latest developments in precision aircraft

gear-tooth design, such as a 25-deg pressure angle for increased load-

carrying capability, but omitted weight reducing refinements in the

shafts, webs, and rims.
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TABLE XXVI

COMPONENT DESIGN DATA

APU Drive Engine Drive Design,
Comment Nominal, Nominal, shp

rpm rpm

1. APU 81,820 -- 280

2. Main Engine Input 4,915 8,200 246

3. VSCF 10,998 17,650 124

4. Hydarulic Pumps 3,609 6,000 55
(two eac h)

5. Generator, 3 kva 11,974 -- 5

6. APJ Starter 12,000 (400 in.-lb max
(50%) torque at stall)

7. Lube Pump, APU Side 6,502 -- 4

B. Lube Pump, Engine 3,609 6 4
Side

9. Torque Converter In 17,922 195 max

10. Torque Converter Out 17,922 580 ft-lb
at stall

11. PMG 40,040 1 1
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The material selected for the gears was AISI 9310 per AMS6260.

The gear and spline teeth were carburized to provide a minimum surface

hardness of Rockwell C-60 and the bearing journals and abutment faces

of Rockwell C-57. The gear-tooth profiles were finish-ground to

obtain the required precision in tooth profile and surface finish for

the breadboard APS gearbox. No special processing was required for

the raw material. For the engine gearbox, forgings and CEVM 9310 per

AMS 6265 were specified for certain highly loaded gears, to maintain

the load capability with lightweight gears.

Rolling element bearings were selected, and shaft and housing

fits established. The initial design objective was for a B1 fatigue

life of 2000 hr at maximum speed and load of the prototype APS.

Therefore, the bearing lives should significantly exceed the over-

haul life of 5000 hr under the actual load and speed conditions that

the unit would experience. To ensure a minimum cost gearbox, commen-

surate with the demands of the demonstration unit, bearings from

AiResearch stock will be utilized, resulting in a lower actual B1

fatigue-life.

With the exception of the APU high-speed drive pinion, all bear-

ings in the gearbox were within normal operating speed ranges. The

pinion bearings must be capable of operation at speeds to 84,320 rpm

(1.64 x .06 DN). At this speed, special precautions, such as with oil

jcts impinging onto the shaft as well as the bearing, were taken to

cool the bearings. Prototype cooling provisions may include pressure

lets from inside the shaft.

2. LUBRICATION SYSTEM

Lubrication of the gearbox (Figure 190) was accomplished with a

Gerotor pump on each side of the torque converter. All bearings were

pressure-lubricated, and the heavily loaded gear meshes were lubri-

cated from oil jets. Lightly loaded aear meshes were splash-and-mist
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lbicated, The gearboxes waro cooled by the lubricating oil pumpad
through extarnal cooi.ers.

i 3. ACCESSORIES

The gearbox accessories included those requtred for the APtU and

the main engine. The accessories discussed in this section do not

include the APU fuel pump and PMG, since these items arc part of the

conbustion and control systems. These accessories include the VSCF

generator and the variable displacement hydraulic pumps on the main

engine side of the gearbox, and the 3-kva ac generator and APU

hydraulic starter motor on the APU side.

3.1 Standby Generator

This was a small ac generator being developed by the Bendix

Corporation for the F-14 Aircraft. The ac rating is 5 kva, 120/208 v,

from 0.75-lagging to unity power factor at 400 Hz and a speed of

12,000 rpm. Twenty-eight amperes of do power is available at 28 v.

These ratings are higher than required, but the generator is repre-
sentative of the state of the art in small generators, and some weight

and size savings may be expected from lower capacity units. The gen-

erator weighs 12.75 lb.

The generator mounts onto the gearbox with a quick disconnect

flange and is driven from a spline connection in the center of the

flange. Lubrication and cooling is obtained from the gearbox lube

system, through mating ports in the gearbox and the generator mount-

ing pads. The ac voltage output must be regulated for use in thrn air-

craft system by an external voltage regulator, and the frequency is

a function of the speed.

P
I
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'This is a General Electric VSCF (variable speed, constant fre-
quency) generator. The generator system (including the converter/

control unit) is rated at 75-kva intermittent and 60-kva continuous

power at a upeed range of 10,000 to 20,000 rpm.

The VSCF generator was mounted on the gearbox with a quick-

disconnect flange and driven by a splined shaft. It contains its own

sump, pump and forced lubrication and cooling system, However, for a

prototype APS, the oil can be supplied from, and returned to, the

gearbox through mating ports in the mounting pad. For the demonstra-

tion APS, the VSCF oil supply was contained in a separate closed'-loop

system to enable heat-rejection rates to be measured.

3.3 Hydraulic Pumps

TWO Vickers variable-displacement hydraulic pumps now in produc-

tion for the A-7A and A-7D Aircraft were used. The pumps have a max-

imum displacement of 1.15 in. 3/rev and the rated continuous speed is

5650 rpm. They contain an integral pressure control system that con-

trols the outlet pressure from 2975 ±25 psi at full-flow to 3075 ±25

psi at zero-flow. Although the pump weight is 13.29 lb, it is a pro-

duction pump, and some weight reduction could be expected from an

advanced design for a prototype APS.

3.4 Starter Motor

The starter motor to be used on the demonstration APS was to be

a 0.367-in. 3 /rev hydraulic motor. This p ijticular motor is used on

production engines and has a weight of 5,5 lb, which can probably be

reduced for a prototype APS. Also, the preliminary starting analyses

showed that a slightly larger motor may give better results with no
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lubricated. The gearboxes were cooled by the lubricating oil pumped

through external coolers.

3. ACCESSORIES

The gearbox accessories included those required for the APU and
the main engine. The accessories discussed in this section do not
include the APU fuel pump and PMG, since these items are part of the

combustion and control systems. These accessories include the VSCF

generator and the variable displacement hydraulic pumps on the main

engine side of the gearbox, and the 3-kva ac generator and APU
hydraulic starter motor on the APU side.

3.1 Standby Generator

This was a small ac generator being developed by the Bendix

SCorporation for the F-14 Aircraft. The ac rating is 5 kva, 120/208 v,
from 0.75-lagging to u.inity power factor at 400 Hz and a speed of

12,000 rpm. Twenty-eight amperes of dc power is available at 28 v.
I These ratings are higher than required, but the generator is repre-

sentative of the state of the art in small generators, and some weight

and size savings may be expected from lower capacity units. The gen-

erator weighs 12.75 lb.

The generator mounts onto the gearbox with a quick disconnect

flange and is driven from a spline connection in the center of the

flange. Lubrication and cooling is obtained from the gearbox lube
system, through mating ports in the gearbox and the generator mount-

ing pads. The ac voltage output must be regulated for use in the air-
craft system by an external voltage regulator, and the frequency is

a function of the speed.
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3.2 Main Engine Generator

This is a General Electric VSCF (variable speed, constant fre-

quency) generator. The generator system (including the converter/

control unit) is rated at 75-kva intermittent and 60-kva continuous

power at a speed range of 10,000 to 20,000 rpm.

The VSCF generator was mounted on the gearbox with a quick-

disconnect flange and driven by a splined shaft. It contains its own

sump, pump and forced lubrication and cool ing system. However, for a
prototype APS, the oil can be supplied from, and returned to, the

gearbox through mating ports in the mounting pad. For the demonstra-

tion APS, the VSCF oil supply was contained in a separate closed-loop

system to enable heat-rejection rates to be measured.

3.3 Hydraulic Pumps

Two Vickers variable-displacement hydraulic pumps now in produc-

tion for the A-7A and A-7D Aircraft were used. The pumps have a max-

imum displacement of 1.15 in. 3 /rev and the rated continuous speed is

5650 rpm. They contain an integral pressure control system that con-

trols the outlet pressure from 2975 ±25 psi at full-Llow to 3075 ±25

psi at zero-flow. Although the pump weight is 13.29 lb, it is a pro-
duction pump, and some weight reduction could be expected from an

advanced design for a prototype APS.

3.4 Starter Motor

The starter motor to be used on the demonstration APS was to be.3
a 0.367-in. /rev hydraulic motor. This particular motor is used on

production engines and has a weight of 5.5 1b, which can probably be

reduced for a prototype APS. Also, the preliminary starting analyses

showed tbit a slightly larger motor may give better results with no
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lubricated. The gearboxes were cooled by the lubricating oil pumped

through external coolers.

3. ACCESSORIES

]The gearbox accessories included those required for the APU and

the main engine. The accessories discussed in this section do not

include the APU fuel pump and PMG, since these items are part of the

combustion and control systems. These accessories include the VSCF

generator and the variable displacement hydraulic pumps on the main

I engine side of the gearbox, and the 3-kva ac generator and APU

hydraulic starter motor on the APU side.I
3.1 Standby Generator

This was a small ac generator being developed by the Bendix

Corporation for the F-14 Aircraft. The ac rating is 5 kva, 120/208 v,
from 0.75-lagging to unity power factor at 400 Hz and a speed of

12,000 rpm. Twenty-eight amperes of dc power is available at 28 v.

These ratings are higher than required, but the generator is repre-

sentative of the state of the art in small generators, and some weight

I and size savings may be expected from lower capacity units. The gen-

erator weighs 12.75 lb.

The generator mounts onto the gearbox with a quick disconnect

flange and is driven from a spline connection in the center of the

flange. Lubrication and cooling is obtained from the gearbox lube
system, through mating ports in the gearbox and the generator mount-

ing pads. rhe ac voltage output must be regulated for use in the air-

craft system by an external voltage regulator, and the frequency is

a function of the speed.
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3.2 Main Engine Generator

This is a General Electric VSCF (variable speed, constant fre-

quency) generator. The generator system (including the converter/

control unit) is rated at 75-kva intermittent and 60-kva continuous

power at a speed range of 10,000 to 20,000 rpm.

The VSCF generator was mounted on the gearbox with a quick-

disconnect flange and driven by a splined shaft. It contains its own

sump, pump and forced lubrication and cooling system. However, for a

prototype APS, the oil can be supplied from, and returned to, the

gearbox through mating ports in the mounting pad. For the demonstra-

tion APS, the VSCF oil supply was contained in a separate closed-loop

system to enable heat-rejection rates to be measured.

3.3 Hydraulic Pumps

Two Vickers variable-displacement hydraulic pumps now in produc-

tion for the A-7A and A-7D Aircraft were used. The pumps have a max-
3

imum displacement of 1.15 in. /rev and the rated continuous speed is

5650 rpm. They contain an integral pressure control system that con-

trols the outlet pressure from 2975 ±25 psi at full-flow to 3075 ±25

psi at zero-flow. Although the pump weight is 13.29 lb, it is a pro-

duction pump, and some weight reduction could be expected from an

advanced design for a prototype APS.

3.4 Starter Motor

The starter motor to be used on the demonstration APS was to be

a 0.367-in. 3/rev hydraulic motor. This particular motor is used on

production engines and has a weight of 5.5 lb, which can probably be

reduced for a prototype APS. Also, the preliminary starting analyses

showed that a slightly larger motor may give better results with no
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I significant weight increase. For the demonstration unit, the

hydraulic starter motor was replaced by an air turbine motor

(AiResearch Model ATMS0). This allowed motoring to high speeds and
i provided additional torque for the APU to full speed.

I lI3I5
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SECTION X

I APU TEST HISTORY

i The APU was tested through five builds. This section describes

these builds, teardown inspections, reworks, and performance. The APS

i gearbox and accessories (less the 60-kva generator) are shown in Fig-

ure 191, the APU in Figure 192, and the Build 5 APS on the test stand

I in Figure 193.

I 1. BUILD 1

Build 1 (Figure 194, with exceptions noted on Table XXVII) was

motored to 30 percent to determine the drag torque, check the mechani-

cal integrity of the APU, determine burner in-flows, surge bleed-flow

I requirements, and optimum setting of the inlet guide vanes to the

axial (first-stage) compressor. No usable aerodynamic data were

recorded, and the APU %:as torn down to incorporate light-off configu-

ration components.

I 2. BUILD 2

-I 2.1 Configuration

Further changes from Build 1 were:

. .(a) To obtain higher performance, the clearances were reduced to

the following design values:

(1) Axial compressor - 0.0145 to 0.018 in.

I (2) Radial compressor - 0.029 to 0.0336

(3) Radial turbine - 0.014 to 0.018 (axial at tip)

(4) Radial turbine - 0.0115 to 0.0185 (radial at exducer)

(5) Axial turbine - 0.015 to 0.018

367 Preceding page blank
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Figure 193. APS Test Setup
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TABLE XXVII

EXCEPTIONS TO GTCP305 ASSEMBLY P/N 380977-1, REV. A, BUILD 1

Part Number Part Substituted RemarkInto Build I

976505 PAP216102 R/W for interference

976521 PAP216105 R/W to match contour

j 976523 PAP220357 Incorporates thrust measurement

976693 PAP216106 Notch for thrust ring antirota-
tion

S976542 PAP216101 Reloaates bleed plenum

976563 PAP216104 12-point nut

976511 PAP220352 Opened radial clearance
(P/N 976511-2 inducer cutback)

SKP25159 P/N 976536

976533 PAP216107 Open ID to clear rotor

3

I

I
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(b) The turbine plenum and tail-pipe assembiy was replaced with a

new part to the TIT thermocouple instrumentation ports and

rematched to the structural assembly.

(c) To prevent thermal binding of the squeeze-film hydraulic

mount asseribly, the axial end clearance was increased from

0.0005 to 0.002-0.003 in.

(d) The rotor balance was improved over the previous build from

0.00025- to 0.00018-in. cg eccentricity, in obtaining a better

balance on the radial impeller.

(e) The compressor end roller bearing was replaced. The previous

bearing had some scratches and marks on the separator, caused

by the assembly tool for the shaft nut. This tool has sub-

sequently been reworked.

(f) The radial turbine stator assembly was modified slightly to

provide a more consistent and repeatable preload on the bolt-

leaf-spring assembly. The modification centered each leaf-

spring over the bolts with a single preloading bolt for each

leaf-spring assembly instead of two bolts. This provided the

required repeatability, after carefully determining the pre-

loading of each bolt by measuring and recording the deflection

with a dial gauge indicator.

(g) The oil drainage from the turbine bearing seal cavity was

modified slightly to improve the drainage around the squeeze-

film mount. However, a short run at low speeds indicated

the squeeze-film may have been affected since a high vibra-

tion at 1/rev was apparent. The APU was partially disas-

sembled to change the assembly back to the original config-

uration. The repeat test indicated the vibration at I/rev

was again low and satisfactory for engine testing.
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j TABLE XXVII

EXCEPTIONS TO GTCP305 ASSEMBLY P/N 380977-1, REV. A, BUILD 1

Part Number Part Substituted
Into Build 1

976505 PAP216102 R/W for interference

1 976521 PAP216105 R/W to match contour

976523 PAP220357 Incorporates thrust measurement

976693 PAP216106 Notch for thrust ring antirota-
tion

S976542 PAP216101 Reloaates bleed plenum

1 976563 PAP216104 12-point nut

976511 PAP220352 Opened radial clearance
SSKP25159 P/N 976536 (P/N 976511-2 inducer cutback)

976533 PAP216107 Open ID to clear rotor

3
I
I
3
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(b) The turbine plenum and tail-pipe assembly was replaced with a

new part to the TIT thermocouple instrumentation ports and

rematched to the structural assembly.

(c) To prevent thermal binding of the squeeze-film hydraulic

mount assembly, the axial end clearance was increased from

0.0005 to 0.002-0.003 in.

(d) The rotor balance was improved over the previous build from

0.00025- to 0.00018-in. cg eccentricity, in obtaining a better

balance on the radial impeller.

(e) The compressor end roller bearing was replaced. The previous

bearing had some scratches and marks on the separator, caused

by the assembly tool for the shaft nut. This tool has sub-

sequently been reworked.

(f) The radial turbine stator assembly was modified slightly to

provide a more consistent and repeatable preload on the bolt-

leaf-spring assembly. The modification centered each leaf-

spring over the bolts with a single preloading bolt for each

leaf-spring assembly instead of two bolts. This provided the

required repeatability, after carefully determining the pre-

loading of each bolt by measuring and recording the deflection

with a dial gauge indicator.

(g) The oil drainage from the turbine bearing seal cavity was

modified slightly to improve the drainage around the squeeze-

film mount. However, a short run at low speeds indicated

the squeeze-film may have been affected since a high vibra-

tion at 1/rev was apparent. The APU was partially disas-

sembled to change the assembly back to the original config-

uration. The repeat test indicated the vibration at l/rev

was again low and satisfactory for engine testing.
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2.2 Testing

Sixty-three data scans (pressure, temperature, acceleration,

clearance, rpm, and flow data at a constant speed) were taken from tests

of Builds 1 and 2 for a total running time of 14 hr 44 min. Performance

J data were obtained for variations of inlet guide vane settings, bleed-

airflow rates, and high-pressure surge bleed-flow rates. Test data

from Scans 57, 59, and 61 are shown on Table XXVIII. The series of

tests determined that high pressure surge bleed was not required.

Testing was terminated when a high vibration was observed at low speeds.

In addition to audible indications of stall and surge, the

reduced performance data indicated the following:

(a) The bypass ratio (BPR) at which stall occurred was approxi-

mately 0.33, rather than 0.25, as determined from the ref-

erence rig tests.

(b) The bleed-pressure ratio was lower than design.

(c) The APU cycle pressure ratio was lower than expected.

(d) The turbine cooling airflow was approximately 20 percent of

the radial compressor through-flow, compared to the design

flow rate of 6 percent.

(e) The VIGVs for the radial compressor did not give the APU a

performance advantage.

2.3 Teardown Inspection

The APU was disassembled on April 17, 1971. Following is a sum-

mary of observations in order of teardown sequence:
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TABLE XXVIII

GTCP3OS LIGHT~-OFF TESTS, BUILD 2A, TEST 2, RUJN 46, SCANS 56-63 4/14/71

SCA4 NUI'IREW n7.oo 59.flo 61.00

RCT PHYS SPEED) 90'.14 92941 94,31

IGVi 0K(-; CL9)SEL) 31..00 28.00 30.00

IGV2 f)LhiQ CLOSED 0.00 0.00 0.000

AAIAL **PCT C3RR SPEECO 88.33 89.50 90.85

*CO~iPR * CootR FLO".9 Lp4/SEC 2.b26 2.558 2.436

(Cl) * TOTAL P64ESS 4.ATIO 1.389 1.436 1.434

**EFFICIEN~CY 9646 .674 . 636

RAD CuMiPRLSSOk COti PCT SPEED) 96*707 99.314 100.414

**COkR FLOiN, LR/SEC .645 .528 9464

HLLEL) * STAGE P/P 1.397 2.433 2.623

RADIAL * 40TnQ~ P/P .4.219 3.096 3.165

COmPk * LFFICIEtiCY9 STAGE .210 o604 *652

((;2) * LFFICIF4'CY# ROTOR .831 *795 *801

**pO(T0, EX~IT 'a~CH NO 1.052 0959 91

**COHR FLOit L4-/SEC 1.408 19392 1.374

ENG~INE * STAGE P/P 4.470 49371 4.448

kALU1AL * HOrOk P/P 3.951 4.092 49145

CCP 0 yF`FCIE':.iCY9 STAGE .6,87 o t54 .636

(C3) * EFFICIE'JCY* kOTQA of619 .618 .600
0*rdOTOR EXIT MUACH N~O l.761 1.815 1.823

L4LEEL) **LH/MIN (CON TO INL) 449.534 42.215 36o813

PuT* ýiok (.(C2)/w(C3)) 0459 *379 *.137

**p(pOkT)/p(AMiA) 1.911 39494 3.761

HI PR SUR6E FLO"9 Li'1/SEC U,6000 00000 .0.000

**CO;lPR L)I5CH TEMPe F 64n*08'4 6P66 724.121

* CALC f3U~t TE-iPs F 1633.851 16489598 1694.520

* TSF 83ASED UN AdOVJE .116 .120 .123

* AVE .'EAS HURN To F 148Z*163 1520.321 1562o317

* TSF iIASE0 ON AHOVE *318 $291 9300

SUJR4ER 0 ,AA iEA~S a3Uw'j T. F 1743*465 17.4,46 1813.883

*CALC TU~b 114 To F 14.5i*868 14A5*S74 1531.519

*FULL FLO49 Lpi/HR 7,+9000 74e.000 75.000

EF FICIE,'*JCY .997 0948 1.000

*FLJEL/AIR RATIO .015 0015 .015

**ý,RSSURE RATIO .941 .940 .940

**COmP FLO- AT NOZZLE .497 .497 .497

* .OZZLE P/P DISCHG 5,758 5.900 5.993

l ~(COOL)1W (C3) .192 .196 4 17It

*COWR FL14~ AT WHEEL .604 o608 .593

TURtilNE # RCT CORR SPt. AT '8HL 1079236 108.6p1 108.998

"* ,4HEEL P14ESS/P DISCH p.595 50726 50834

"* EFF 'AT WHEEL *743 .741 *756

"* tAEES TL)To F 9S7981 "963.$'13 1000.019

"* TOY AASIEf ON ATm P4P 96b,976 'J70,75b 10199562
**TUJNaI'qE HONSEPOWEQ 32'*.7bl 334,938 362*9ft4

*#APU CALC SHP -107.053 _111,5A4 -103.201

* c6LEE') HP (HHP) 9d*716 A$7.A46 799338

PEROi-4- 0 aIRU E-JUIV' HP (ENP) evej *337 -R3.87$ -23.863

**APU CYCLE P/P 69117 6.275 bt.3?8
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(a) The turbine bearing carrier (P/N 976521) had rotated
approximately 20 deg opposite the direction of rotat:ion.

This rotation sheared the hydraulic mount oil supply tube

integral with P/N 976564.

(b) A slight tip rub occurred between the axial turbine wheel

(P/N 976515) and the shroud (P/N 976553). Both parts were

reusable.

(c) All labyrinth seal running surfaces were deeply grooved,

requiring replacement.

(d) Fretting occurred on curvic coupling teeth between the

radial turbine wheel (P/N 976513) and interstage coupling

(P/N 976514).

(e) The radial turbine wheel rubbed the shroud (P/N 976548) , pro-

ducing a hole in one area at the knee.

(f) The radial compressor wheel lost portions of two adjacent

blades in the inducer region. Blade pieces were lodged in

the bleed diffuser.

(g) The bleed-flow splitter (P/N 976540) was rubbed, by radial

excursion of the compressor wheel, on its inner edge and

rubbed slightly on its aft surface by the tip of the com-

pressor wheel. Radial cracks at the inner edge were caused

by fatigue.

(h) Second-stage inlet guide vanes were rubbed by the compressor

wheel hub and coupling (P/N 976510) along the inner ends.

(i) Axial compressor had a slight tip rub at the leading edge.
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(j) On the first-stage variable inlet guide vane (P/N 976526),

the fixed leading edgi- were cracked at the hub. Polishing

the failure surface caused by vibration during APU operation

precluded identification of the failure mode.

(k) The tie-bolt (P/N 364822) length increased by 0.012 in.

2.4 Teardown Failure Analysis

Review of APU operating conditions and metallurgical investiga-

tion of components revealed that the APU failure was initiated by

fatigue in the radial compressor, followed by the tensile failure of

two adjacent inducer blades. Fatigue cracks were initiated at some

time during the test, due to a combination of the following environ-

ments:

(a) Stall and surge encountered during aerodynamic and perform-

ance testing

(b) A high frequency resonance at part-speed excited by the
second-stage inlet guide vanes (15/rev)

Either of these conditions would produce areas of high vibratory

stress near the blade hub where the fatigue cracks originated. The

remaining failures observed during APU teardown were secondary to

blade fatigue and were due to the resulting high unbalance in the

rotating group and to low oil pressure.

3. BUILD 3

3.1 Configuration

The third APU build was initiated in April and incorporated the

following changes derived from the performance and teardown data of
Build 2:
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(a) The second-stage variable inlet guide vanos wera rumoved.

(b) The bleed diffuser forward wall was recontourud to increase

the diffuser width.

(c) The high-pressure compressor radial diffuser passage width

was increased about 4 1/2 percent, and the compressor wheel

blade height increased 15 percent.

(d) The radial turbine nozzle area was reduced by 13 percent.

(e) The combustor incorporated high-pressure atomization nozzles

and improved sealing at the turbine nozzle interface to pre-
vent leakage of compressor discharge air.

3.2 Testing

Prior to light-off, the APU was motored at various speeds to

ensure mechanical integrity. Although the maximum average burner exit

temperature was predicted as 1900*F at self-sustaining operation, the
maximum average temperature reached 2044OF (Table XXIX, Scan 82). The

temperature spread factors for Scans 82 and 83 were 0.146 and 0.159,

respectively. Maximum self-sustaining speed was 84.1-percent corrected-
speed (86.4-percent actual speed) with the BPR reduced to 0.404 (Scan
83) from 0.532 (Scan 82). The calculated APU bleed horsepower was
86.9 and 77.1 for Scans 82 and 83, respectively. Since the shaft

horsepower was zero, these power levels are also the eshp (equivalent

shaft horsepower). Table XXIX shows some selected Build 3 performance

data. There were some problems associated with leakage at the turbine
nozzles, causing the calculated cooling flow, flow function, and turbine

efficiency to be erroneous.

I
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'rAUIL XX IX

SE~1'-SUST1AINING R~UNS# GTCP30S B, UILD) 3, rr~ST 2, # /24/7 1

$CAN 14JtJ41ER AZOVfl 63.00
PC? PW'YS SPEED eA.40i 066.3?
P4Vs saK~n w~pm 6910600. 7fhloea.2
INILET TE40,oEG F 47.56 966.44
CORR qDEED, QPM 6?339#00 6'482A919
ISVI Mow.' CLOSED 0.00 0900
!GVI rlt%4 CLnSED ('00o 0.000

AXIAL **PCY C044 SPEEfl A2032 64.14
C *P CORR FL')ji L~4.SECc PSA 20542

(Cl) # ?"14L P,412SS '44T10 101 11
**0.FFICTENCY 1*734 0121%

CnOt4PESSOO INYST14 JCT 0,00 1.000 1,000o

RAI~ Co'pwRESSOR CnI4 PCT SPEED 93091 95.fl-2
"*CORR FLm LAISEC *ALRC .471

RLEEO * STAGE 2.*0 1.41w" 2.2151

04 *4 0 PWRO 0,00 3*0 209,3
COM0q * E 7jC~tCY. SA(W 041% 0601

(C2) 0 EF~lsly ROT114 OA61 e~
**RITOR EXIT MACH N~O 1.11k 97

**COPP~ Fl.fl-s LA#4SEC 1.287 10427

!'40INE * STA6! 0.00 4.993 50353
RADIAL 0 ROTOR 0/0 5.529 6.106

COMPR * EFFICY~NCYq STAGE .78P *70AS
iC)) 0 EFFICIE:NCY* ROTOR~ .814S 4

**ROTO)R FAYT MACH Nn~ .984 1.010

RLEED *OL8/MIN' 470701 41.042
PORT * BPR (W(C2/W(C3) 0529 o404

**P(POQT),'P(AM'4) 14866 3*023
**COM0P I)1SCH TFP4P* F Sq2o441 619.418B
*AIR MASS PLOWvLi3/SEC 1*211 10350
"* AVE 4FAS, BUR'4 To F 2043*679 19409889
"* TSF BkSEfl ON~ ABOVE *146 0159

AURNER * MAX MFAS RURN To F 2255*72R 2.150.1'43
0 FUEL FLO'4, LS/HR 99.000 103.000
0 EFFICIENCY *784 *090
0 FUEL/AIR RATIO .030 0027
*.PRESStRE RATIO .959 o957
**CORR FLO4 AT NOZZLE 0339 *361
"* NOZZLF R/P nISCHA 60314 6s.RB
"* W(COOL)/4(C3) 938.34s

TURPINE * PCT CORP SPO 870157 90.912
"* EFFICIE.NCY 10079 19014
"* MEAS TnT. F 1108.531 1053.839
**TURRIN! HORSEPOWER 358*749 399.037
**APU C4LC SHP 0.000 00000
* BLEED) WP (SHP) 86.871 77,096

ODERFORM4. 0 APU ECOUIV HP (ES'40) 86.871 77.086
*OAPU CYCLE P/P 6.584 7o190
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The third build was motored for 3 hr 15 min. It was started

five times and run hot for 1 hr 45 min. Nineteen data scans were

recorded. Cumulative running ne through Build 3 was 25 hr 29 min,

of which 6 hr 38 min were with APU light-off. Twenty-eight starts were

accummulated through Build 3.

3.3 Tear__ wn Inspection

Teardown inspection of Build 3 was completed during May 1971.

Following is a summary observations in order of teardown sequence:

(a) The radial turbine wheel rubbed the shroud (P/N 976548) in a

1-in.2 area near the knee.

(b) The nickel graphite seal running material in P/N 976633 was

broken out of the larger diameter seal but intact in the

smaller diameter seal.

(c) The bleed-airflow splitter (P/N 976540) had a number of

radially oriented cracks at the inner edge.

(d) The combustor liner (P/N SKP25549) (interium configuration)

showed evidence of thermal distress, particularly on the

j inner liner transition.

(e) The turbine roller bearing was heat-discolored, due to heat
I soak-back after shutdown.

4. BUILD 4

4.1 Configuration

The fourth build was initiated in June 1971 and incorporated the

following major changes in the APU hardware (Figure 195):
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(a) A new axial compressor rotor (-3 design) was incorporated.

(b) A new two-stage axial compressor stator vane assembly, with

a swept first-stage and rectilinear second stage, was

installed.

(c) A recontoured splitter (P/N 976540) and diffuser (P/N 976539)

were incorporated.

(d) The high-temperature columbium turbine nozzle assembly P/N

3600316) was incorporated.

(e) Felt-metal abradable material was used on the P/N 976633

Interstage Seal Carrier.

(f) An antirotation feature was installed on the P/N 976651 Tur-

bine Bearing Carrier.

(q) The exhaust housing assembly (P/N) 976560) was detuned to

eliminate undesirable frequency responses.

(h) The second-stage inlet guide vanes were omitted, as in the

previous build.

(i) The radial compressor wheel (P/N 976511-3, S/N 102) from

Build 3 was re-used.

(M The bleed diffuser cross-sectional area was increased by

shiftinq the forward wall and bleed plenum forward 0.070 in.

and recontouring the knee. Enlarged passages were machined

through the deswirl vanes to assure that no downstream flow

limitation would occur.

(k) Total and static pressure instrumentation was installed

near the rotor notch to measure rotor performance.
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The APU was installed in the test cell with the following system

hardware:

(a) APU gearbox

(b) Accessory gearbox

(c) Torque converter

J (d) Hydraulic pumps (2)

(e) VSCF generator

J (f) 5-kva generator

Provisions were made for loading the hydraulic pumps to 15 gpm

and 3000 psi and the VSCF generator to 22 kva. A separately driven

20-gpm, 300-psi oil pump was provided for torque converter charging.

An adapter was installed on the APU gearbox at the starter pad to

mount an air turbine motor (ATM 80) for motoring and starting the APU.

4.2 Testing

The first motoring run was conducted on July 17, 1971. Twelve

light-offs were made to check the APU performance and to attempt to

make the APU self-sustaining. Efforts to attain these conditions were

j hampered by excessive thrust-bearing temperature (in the compressor

bearing cavity) and a requirement to limit turLine inlet temperature

to 2000 0 F.

The fourth build was motored for 3 nr 34 min. The APU was

started 12 times and run hot for 1 hr 17 min. Twenty-six data scans

were recorded, and representative data for Scans 108 and 109 are shown

on Table XXX. Self-sustaining operation was not achieved. Analyses

of the test data indicated a high leakage flow past the turbine noz-

zles and the possibility of nozzle-arca increase, necessitated by vane

distortion. The Build 4 first-stage nozzle consisted of individual
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TABLE XXX

HOT RUNS, GTCP305, BUILD 4, 7,/26/71

SCAN N'll,ýER 10800 109.00
PCT PHYS SPEEf 69,34 90,09
PHYS q-3EýO. QW4 16721.•6 73699,60
INLET TEMP,0EG F P6934 96,19
CORR SPEED, WPM 55283.08 71182,17

15V1 DEGR CLOSED 0.00 0.00
IGV2 nEGJ CLOSED 0.00 0.00

AXIAL 4*PCT CoR SPEED 67.58 87,02
ComPR * CORR FLO'A, LR/SEC 1.839 3.071

(Cl) * TOTAL DRESS PATIO 1t232 1,666
**EFFICIENCY o699 m796

COMPRESSOR INTTq DIUCTP/P 1.000 1,000
RAO COMPRESSOR COQR PCT SPEEn 77,478 95.112

**CORR FLO49 LR/SEC .753 e756
ALEED # STAGE P/P 1.155 1.277

RADIAL 0 ROTO P/P 2.756 3.458
COMP * EFFICTENCY, STAGE ,143 ,i53

(C2) * EFFIC!ENCY, ROTO4 0.000 .896
**ROTOR EXTT HACH NO 1.291 1.506
**CORR rLO49 LA/SEC .804 1.261

ENGINE * STAGE 0/0 3.050 3o337
QAOIAL * ROTOR P/P 3.202 4*,25
COMPR * EFFIC.IE'jCY9 STAGE .765 s543

(C3) * EFFICIE.4CY9 QOTOQ .804 o762
**R OTOR EXIT MACH NO .827 1.000

QLEEn **LA/MTN 49.728 630729
PORT * APR (d(CP)/W(C3)) ,937 0599

**PCPO9T)/0(A4•4) 1,423 2.127
**COMPQ nI;CH TEMP. F 4P2,04A 693,885
*AIR MASS FLOWL4/sEC .802 .991
"* CALC RIJReI TE'P, F 1502.736 2320.n78
"* TSF RASE;) ON AROVE 9342 -,094
"* AVE 4FAS BURN T9 F 15890064 18b64*96
" TSF RAIED ON AgOvE 9241 .259

AUPNER * MAX .EAS iUR,J To F 187P,384 2167,A39
"* FUEL FLOd, Lt4/R 449000 96,500
"* EFFICIENCY ,979 s994
"* FUEL/AIR RATIO ,01? .o27
*epRESSURE RATIO ,954 ,957

**CORR FL0' AT NOZZLE e463 .463
"* NOZZLE P/P. DISCHG 3,579 5.424
"* O(C00L)/4(C3) .073 o429

TiJPRINE 0 PCT COR4 SP) 80,725 880117
"* EFFICIENCY 1,07O4 .501
"* MEAS TnT. F 931.426 9510379
_*TURRTNE HORSEPOWF4 196o943 1009.974
**APU CALC SHP 26.19S 477.918
* OLEED HP (RHO) 62 516 153.129

PERFORM, * APU E0!JIj' HP (ESHO) 880711 631.047
**APU CYCLE P/P 3,759 50059
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nozzle vanes clamped between relatively thin end plates and restrained

by a light spring-load through bolts. The high leakage and flow dis-

tortion at the inducer of the centrifugal stage would not permit self-

sustaining operation at the rated maximum turbine inlet temperature.

Cumulative running time for all builds was 29 hr 3 min, of which

7 hr 55 min were with APU light-off. Forty cumulative starts were

made through Build 4.

4.3 Teardown Inspection

Teardown inspection was completed July 30, 1971. Following is a

summary of the observations:

(a) The track of one knife edge of the P/N 976572 Seal was not

running in the abradable material. An axial stack check
revealed the seal was improperly assembled.

(b) The P/N 3600314 Bolts showed discoloration at the cooling

j air inlet of the P/N 3600317 Sleeves.

(c) Medium rub was evident in the area near the knee of the P/N

3600310 Turbine Shroud.

(d) The P/N 976513 Radial Turbine Wheel had rub indications on

all blades near the knee area, also on all blades at theg tip of the forward face. Tips showed oxidation and/or

erosion.

(e) Slight fretting was evident on the radial compressor jurvic

teeth (P/N 976551).

(f) The P/N 3600930 Seal ran with a portion of the carbon face

over the relief groove of the seal rotor (P/N 3600955).

387



I

(g) The bearing seat of the P/N 3600933 Bearing Carrier had

indications of heavy fretting.

(h) The P/N 3600934 Thrust Bearing was discolored on the aft

side.

(i) A very light rub was evident between the splitter (P/N

976540) and the wheel (P/N 976511).

(j) All labyrinth seal hardware was in excellent condition.

5. BUILD 5

5.1 Co2figui ation

The final Build 5 (Figure 196) incorporated the following design

change improvements:

(a) The compressor bearing carrier (P/N 3601151) was redesigned

to provide increased oil drainage capacity and positive

retention of the carbon seal.

Ob) Compressor inlet seal. (P/N 3630930) was redesigned with

reduced face load and seal rotor (P/N 976508).

(c) The oil slinger, between the roller and ball bearing, was

replaced with a cylindrical spacer.

(d) The flow path contour between the axial-stage stator dis-

charge and the radial compressor inlet was modified. A

screen (P/N 3601771) was installed in the same area to

improve the flow distribution as an interim fix.

(e) The bleed diffusion passage was the same as the original

Build 3 configuration.

(f) The flow splitter (P/N 976540) inside diameter was increased

0.054 in., resulting in a thicker edge which maintained the
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yiý .itjlht sp: .i.ntj-0A lOVd utfih Uol tin. Th~ o I itth loAkiv A, nA f ow ,Ii

turtion At tho A nduo of t~ho CotfjuIo f'ujciX. wouL1,110L I)fitt, hwT-

SU~tdinlillq cPOVIALCU inAt thW rtetAd mximlim turbinoi inhIOL

Cumulativo rnminq t~iwt for ekll builtid was )9 1-,1 3 min of whiuhl

7 hr 55 min wtero with AVU li(.ht-oft f Forty ouumlaitvo bit.4rth wo~½

mado throuuh liuild 4.

I 1 tvirdown I~~io

ToardoWn i n-Spactjon WAt4 QCmpon 3td July 30, 1971, Followi ng 0i aI ullulay of tho obovationla

W () Tho track~ of oneU )"nlifU t~q ~eOf the P/N 97657ý SoiAl wa.9 lot

runi~nj -in the abraidabi o mateuriAl. An a,\1 al qtd),, chuck~I reovoalud tihu sual waa improperly asonmbled,

(b) Th.e P/N 3600314 Boltsi showud di~iooloraLionj Lt thetz Qcool Lu

j air inlet of tho P/N 3600317 Sluoves,

(c) Modium rub was evident in thle area near the knuwe of thle P/N

I 3600310 Turbineu Shroud.

(d) Tho P/NJ 9 7651.3 Radial Turbinso Wheel had rub idlt ion i o
all bladeos neoar theu knee area, also onl all hladuet at thle

tip of thle forwarO, face. Tips wshowod oxidation and /nr

(e) Sli'jht frettingq was avidont onl thea radial conip)rasor curviq

teeth (P/N 976551) .

I (C)The P/,N 3600930 Seal ran with a portion of the carbon face

ovor tile relief yroove of theu seal rotor (PI/N 3600955)
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(qj) j'Vh ~ nt htji'w or. t~ho P/Nj 360033$ Drintj CdiriaIL had1

(it) Th P/N 30iU94 'Vhu,,Qv Ueritn wai diolua (i the 4kft

(i) A vory l.ight, rWi was ovidchmt, b~twotu tho *plit ta (P/N
976540) 41lL0 V-h10 whoo1 (PIN 976511)

Mj All 1±4h)yrinth aual hlir41wwu'u w~ae Iz excllent con~dit.ion.

5, itUILU 5

Thae fin~1 Bui~ld .i (iqu.ro 196) inopordtod the fulloWinci dasiqn
ChaniqJ im~pVO\'Unints

(ta) Tho c'omnpresaoi i oetrirnj carrior (P/N 3601751) was rodeiqned

toJ prOVIOe inurt)ast.)C oil dr~1.inale3 capacity and positive
170LOnt in Of tho Qiarbonj Suat

(1h) Comiprtoý,sor iin1ot soal (P/N 3600940) was redesignod with
rL(udCQod face load and seal rotor (P/N 976508).

(v) Tho oil slinger# betwoon the roller -and ball boaring, was

replaced with ai cylindriciil spacer.

(d) 'r1ho flow path Qontour between the axial-stage stator dis-

chargo and tht-- radial c-omnprossor inlet was mod~ified. A

scr'een (P/N 3601771) was installed in the same area to

improve the fluw distribution as an interim fix. -

(e) The blead diffusiont passacle was the same as the original

Build 3 COnfiq~Ur~ltion.

(fi) The flow splitter (P/N 976540) inside diametor was increased

0.054 in., resulting in a thicker edge which maintained the

388
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bI

I
ori.,.jinal aorodynamic contour . The edge was finished to a

Sfull radius.

u() The radial compressor wheel (P/N 3600967) was modified to

provide increased inducer blade thickness.

(h) The radial turbine nozzle was modified ) minimize leakage.

N'ozzle vanes were integral with one side plate, and inter-

mediate side plates were eliminated. A redundant nozzle-

bolting configuration was used. Nine of the 19 bolts were

designed to operate in thermal transients without spring-

preload, and the remainder were preloaded with springs

identical to those of previous builds. The spring preloaded

bolts contained 10 springs each and provided a total clamping

load equivalent to previous builds. All turbine nozzle and

J wheel cooling passages were eliminated.

(i) The turbine bearing carbon seal was antirotated.

5.2 Instrumentation

I Aerodynamic and mechanical safety instrumentation, used in

Build 5, is shown schematically in Figure 197. The instrumentation

i (similar to that used in previous builds) is described in the follow-

ing paragraphs.

5.2.1 Aerodynamic Instrumentation

Aerodynamic instrumentation is comprised of the following five

components:

I (a) First-Stage Compressor controls the following characteristics.

I (1) Inlet Temperature (Items 300 through 307) - Four pairs

of thermocouples, attached to inlet screen at four 90-

I deg locations

1 391
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ii

(2) Inlet Air Flow (Items 115 through 118 and 224) - One

total pressure (KIEL) probe and four shroud wall static-

pressure taps ahead of inlet guide vanes and calibrated

1 for flow measurement prior to APU assembly

(3) Discharge Temperature and Pressure (items 216 through

224 and 400 through 408) - Three element total-

temperature an4 total-pressure rakes located at recti-

linear stator discharge

I (b) Interstage Duct distributes the static pressure through the

following taps:

(1) Shroud Static Pressure Taps (Items 170 through 180) - For

j distribution at 45-deg circumferential position from

rectilinear stator trailing edge to radial compressor

J notch

(2) Hub Static Pressure Taps (Items 181 through 185) - For

distribution at 45-deg iircumferential position from

rectilinear stator trailing edge to radial compressor

I inlet.

I (c) Bleed is controlled by thermocouples, a discharge duct, and

to specific flow measurements:

1 (1) Bleed Plenum Temperature (Items 429 through 432) - Four

thermocouples at 90-deg spacing in low velocity plenum

(2) Discharge Duct Total Pressure (Item 249) - One lab total-

I pressure probe in slave discharge duct ahead of load

control and surge valve

I
I
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(3) Flow Measurement - Lab orifice P1 = Item 153, P2 = Item

54, Temperature = Item 334

(d) Compressor Discharge is controlled by the following pressures:

(1) Rotor Static Pressure (Items 146 through 149) - Four

aft wall static taps at 90-deg spacing

(2) Stage Total Pressure (Items 228 through 235) - Four

dual-element, total-pressure rakes at approximately 90-

deg spacing (midway between pairs of axial diffuser

vanes)

(3) Stage Total Temperature (Item 412 through 415) - Four

single-element, total-temperature rakes at approximately

90-deg spacing (midway between pairs of axial diffuser

vanes)

(4) Stage Static Pressure (Items 160 through 163) - Four

static taps in outer wall at 90-deg spacing

(e) Turbine elements are governed by the following factors:

(1) Fuel Flow - By lab rotometer

(2) Turbine Inlet Temperature (Items 601 through 623) -

Twenty-three platinum thermocouples of 10-percent

rhodium-aspirated at 15-deg spacing, in measure tempera-

ture at combustor discharge pitch streamline.

(3) Axial Turbine Stator Shroud Static Pressure (Items 100

through 103) - Four shroud static taps at 90-deg spacing

stator discharge
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(4) Axial Turbine Rotor Exit Shroud Static Pressure (Items

104 through 107) - Four shroud static taps at 90-deg

spacing rotor discharge

(5) Turbine Exit Temperature (Items 420 through 427) - Four

idual-element total-temperature rakes of 90-deg spacing
in lab tail pipe.

1 5.2.2 Mechanical Safety Instrumentation

The mechanical safety instrumentation involves the following four

parameters and the precise characteristics of each.

(a) Oil Pressure:

(1) Compressor Oil Jet Pressure (Item 150) - Measured at APU

i fitting

(2) Turbine Oil Jet Pressure (Item 136) - Measured at APU

* fitting

(b) Bearing Temperature:

(1) Compressor Roller Bearing Outer Race (Item 333) -
Mounted in bearing carrier touching outer race forward

i edge

(2) Thrust Bearing Outer Race (Items 309 and 339) - Welded

to forward edge and race OD near aft edge

I (3) Tubine Roller Bearing Outer Race (item 308) - Mounted

in bearing carrier touching outer race aft t1ge

I
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(c) APU Vibration:

(1) APU/Gearbox Interface (Items 402 and 403) - Two

accelerometers mounted on gearbox adjacent to APU mount-

ing flange, 0- and 90-deg positions

(2) Turbine Exhaust Duct - Two accelerometers mounted on

strut support ring, 0- and 90-deg positions

(d) Surge Warning Detection:

(1) First-Stage Compressor High-Response Thermocouple (Item

341) - Near shroud ahead of Stage 1 rotor

(2) Second-Stage Compressor High-Response Thermocouple (Item

340) - Near shroud ahead of Stage 2 rotor..

5.3 Testing

The APU was installed on the system demonstration stand on

January 3, 1972. Mechanical check runs, motoring for light-off data,

and self-sustaining running were completed on January 28, 1972. Build

5 accumulated 8 hr 40 min of rotating time, of which 3 hr 36 min was

hot running; 36 digital data scans were recorded. Total cumulative

rotating time on all APU builds was 37 hr 43 min of which 11 hr 31

min were 1,)t operation; 162 data scans were recorded. To provide an

adequate stress margin for the Build 5 APU with the backup Astroloy

turbine wheel, turbine inlet temperatures were limited to a maximum

of 2000 0 F rather than design inlet temperature of 2200 0 F. Th( corre-

sponding performance goal for the demonstration test was 162 eshp.

The APU was first motored for mechanical integrity, then to obtain

optimum light-off parameters and optimum variable IGV settings. The set--

tiny that gave sufficient surge margin, commensurate with maximum shaft
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power at speeds w 05 percent, wm4 +15 e (olomod) At a llwOpon

bleed-valve position.

The starting sequence waas manually co|ltrollad to 9•-r•eeni% #ped,

where control automatically reverted to thli yovaerur, pi•or t,) gtart

initiation, the axial compresor VICGVM wro, •ulod to 40 dogi, Vh1
ignition was turned )n, the bleed-air valve kqa openod, and t•he hiqh-

pressure surge valve was opened. The high-preasuva turyo volvo wag

required, since the normal bleed valve wau not l•ryg aouqjh to parl

enough bleed-air to keep the axial compressor out of surejo durt.i low-

speed operation. An automatic -ontrol would nonmnally sequence tho

first-stage IGVs closed to reduce or elimlnoto the. rquirmont of

surge bleed: however, for the test bed engine, a consaervative ma1ual

control approach was followed to ensure a safo, cuol stlt. An '

turbine motor was utilized to motor and start. the APU in order to pro-

vide a maximum of experimental flexibility with a minimum of riak to

Sthe APU.

Table XXXI zihows s.lected performan(.1 datA from tho final Build

1 5 APU per formanco tosting. Scan 147 data vihow z~n oiquivad nt Mhlft

ho;sepower of 162.7 at the corrected conditions correaponding to a

J 130 0 F sea-level day. The performance goal at these Qonditions was 162

eshp. Analysis of the data shows ,he axial compressor aIficioncy was

I significantly lowex than predicted and the cantrifugal c.ompressor effi-

ciency slicjhtly lower than predicted. Althoucih the build incorporated

a significant amount of intrstage instrument-ition for this uize ongine,

insufficient valid data were available for any final conclusions on

APU compressor performance. Turbine efficiency was slightly higher

I than predicted, and the data showed evidence ot first-stagc turbine

nozzle erosion or leakage around the combustor llp seal, resulting in

an effectivc area (flow) reduction. The comibustor temperature spread

factor was higher than predicted and appeared to increase as testing

Sprogressed, an indication that the lip seal at the outlet of the com-

bustor had developed leakage that resulted in a temperature higher than

i normal.
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Figure 207. Axial Compressor Blade Stacking.
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Figure 218. Centrifugal compressor Ref. Fig"e 207.
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.7530 2.1500 ./345 2.7/40 3. 350 o .970 1.6785 .9751
.6060 2.2490 .1 7d& 2. 7.'64 /. 460 1. 960 1.6139 1.0076
.4A90 2.3550 .1706 2.79,,(o /.590 1.958 1.5494 1.0409
.3%0 2.4820 .//.4 z 2.8242 . 774 I. 958 1.4526 1.0925
,3070 2.6200 .i5=8 Z.8965 5 . 937 1.958 1.3880 1.1280
.2480 2.7770 ,/465 Z.90638 L2911 1.1853
.21o0 2.9:580 /435 2.9435 1. LOW 1.2411
.2040 3.0850 .13 75 3.0000 1.0652 1.3229
.2030 33.16,0 .i320 3.07/1 .9361 1.4109

.i3O0 3.0990 .8392 1.4818

.1285 3.1685 .742. 1.5579
.6456 1.6403
.5717 1.7094
.491S 1.7837
.4263 1.S5OM

FOR- -2 FAO-2- 3 4 -4 FOe - 4 -4 .3995' 1.9402
.2996 2.02D4

.2S18 2.0917

.2039 2.1 M

.1619 2.2521

.1257 2.3323

.0981 2.4036
.0718 2-.4838
.0504 2.56 SW
.0349 2.6353

.0215 2.7156

.0119 2.7957

.0060 2.8671

.0020 2.9473
.0002 .02.7S
.0000 3.0809
.0000 3.M9
.0000 3.09U3
.0000 0.0000

-FOP -4-OKILY

,Oe -/ see L ea 8 754 9
OP-R 5se L 6 8 74 903

OeR -3 SE L 68 7569 Figure 219. ('entrifugal Compre Or.
O -4 SEE L (577(4a7j7 V
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R x *300 R a1.5200

SUCIO PRSSRESUCTION PRESSURE

SIDE SIDE SI DE SIDE

z S. z Ys vs.z

00000 0.0000 0.000 00000 0.0000 ~ uo 000
0.0375 0e0000 U0.0000037 0.0000uuuo007
0.0700 0.0000000 0.0700 0.00Q00 oU0 . 0.0700
0.1500 0.000u 0.0000u 0.1500 0.0000 o0.0000050
0.2175 0.00000 0.0000 0.2175 0.0000u 0.0000 0.2175

0.3000 0.00000 .0000 0.3000 0.0000 0.0000 0.3000
0.3525 0.0000 0.0000 0.3525 60o000U 0.0 U U 0.3525
0.5000 I 00000u v.0000 0.5000 0.0000 0.0000 0.5000
0.6500ou~

0.7725 6o uou s75s2001130 75

0.9000 0.0000 .0000o 0.9000 0.2408 0.0874 0.9000f1.0350 s0.000 0.0000 1.0350 0.1704 0.0391 1.0350
1.1500 0.00000 0.U 0 a IJ 1.1500 0.0975 -0.0267 If 1500
1.2000 0.0 00o 0.0000 1.2000 0.0628 -0.0626 1.2000
1.2500 0.0000 0.0000 1.2500 0.0250 -0.1027 1,2500

1.3500 -0.0212 -0.1944 163500 -0.0563 -0.1927 1.3500
lo4600 -0.1179 -0#2897 1.4600 -0.1707 -0.3066 1&4600
1:6000 -0.2681 -0.4311 1.6000 -0.3483 -0.4713 1.6000
1 710.0 -0.4114 -uo562U 107100 0051A4 :Os6255 1.71C0

108000 -0.5410 -0.6935 1.8000 -0.6688 .O7787 Is 80CO

1.9000 -0.7120 -0#0646 1.19000 -0.8700 .09791 1,9000
1.9750 -098663 -100155 1.9750 -1.0498 1 .1573 1.9750
2.0500 -1.0503 -1. '1922 2.0500 -1.2616 -1 .3661 2.0500f2:1000 -1.1922 -l.3285 2.1000 -1.4222 -1.5344 2.1000

Preceding page blank
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TABLE U BLADE COORDIPNATES

'L' SECTION *Lo SECTION fL' SECTION

R a 1#7400 R 1 1o8500 R z 1.9600

SUCTION PRESSURE SUCTION PRESSURE SUCTION PR
SIDE SIDE SIDE SIDE SIDE

z YS YP z YS yp z Ys

00 0.0000 .0.0000 00000 0o0000 0.0o00 000000, 0"0000
75 0,0000 0o00uQ2 0.0375 0.0000 0O.000 0.0375 0oO000
00 0.o000L Ou.0O 000700 uQQO0u Q.uuu 0o0700 Oo0.0 0
00 ooo 000 0.000 01500 (a00000 uoo000 0.1500 J o.000
75 0.0000 0.0000 0.2175 0.0000 0.0000 0.2175 0.0000

O0 Oo0.000 Q*QUQ" 093000 Oo0s00 . u0.o0 0.3000 0.3991
25 00000 .U0000 0.3525 003840 041826 0.3525 003950
00 003616 0.1700 0.5000 0.3694 0.1962 0.5000 0o3768
00 0.3342 0.1772 0.6500 0.3410 0o2033 0.6500 03464
25 0o2963 0.1670 0.7725 0.3015 0.1900 0.7725 003076

00 0o2433 0.1339 0.9000 0.2463 0.1539 0.9000 0.2512
so 0.1655 0o0751 1*0350. 0o1658 0o0902 1.0350 0.1677
00 0.0829 -0.0017 101500 0o07b8 0,0075 101500 0.0763
00 0.0432 -0s0414 lo2000 0.0365 -0.0365 1#2000 0.0293
00 00000 -0.0889 1.2500 -0"0102 -0.0857 1,2500 -0s0178

o0 0.0935 -0.1921 1.3500 -0o1132 -001943 1*3500 -0.1303
CO -0o2241 -0*3229 1.4600 -0.2511 -0,3310 1o4600 -0.2754
00 -0.4256 -0.5140 1.6000 "0.4623 -0.5373 1o,000 -0o4967
C0 -0.6137. -0.b953 1o.100 "0.6%99 -067322 1o7100 -0,7033

"CO -0o7883 -0.8717 1o8000 -0.8444 -0.9216 108000 -nAQ69

"0o -10168 -1.1038 1.9000 -1.0838 -1,171' 1.9000 JoO0Q(
"50 -1"2176 -1,3137 1.09750 Oo0oo 0.0000 1o9750 0.o000
00 0000- o Ooooo 2.0500 0.0oo0Q QoIU0U 2o0500 0.0000
0 00000 .000U* 201000 0o0000 *ofOuo 2sIJO0 0o0Ou0



ORDWNATE S

IL' SECTION IL' SECTION

R - lo9600 R a 2.0700

SURE SUCTION PRESSURE SUCTION PRESSURE

SIDE SIDE SIDE SIDE ,SIDE

yP z Ys YP Z Ys YP Z

00U0 040000 00 00000 0.0000 0.0000 0.0000 0.0000

0000 000375 0.0000 0.0000 0.0375 (.0000 0.0000 0.0375

1 0.0700 0.0 u000 f 0Q0 0.0700 0.000o OOOOW 0o0700

o00 001500 U.a000 .O Oua 0.1500 0.0o00O O.0 0.1500

000 0.2175 0.0000 0*o0so "o2175 0.4170 0.2170 0.2175

000 003000 0.3991 :?04.5 0*3000 094076 0o2266 003000

p826 0a3525 0.3950 0 q3 5 2 5  0.4017 0&2338 003525

962 0#5000 093768 0,5000 0.3839 0.2496 0.5000

?033 0.6500 0.344 0.6500 0.3556 0.2543 0a6500

0.7725 0.3076 001725 0.3162 0.2379 0.7725

539 0o9000 0o2512 0.1759 0.9000 092584 0.1913 0.9000

902 1.0350 0.1677 0&103b 1.0350 0.1709 0.1157 1@0350

075 1.1500 0.0763 0.0151 115C0 0.0752 0.0215 1l1500

365 1e2000 0.0293 -0.0293 1.2000 0.266 "0.0266 1.2000

857 1.2500 *0.0178 -0.0822 102500 j0.0265 -0&0792 1.2500

943 1.3500 -0#1303 -0.1957 1.3500 -0.1445 -0.2000 1.3500

310 l14600 -0.2754 -0.3419 1.4600 -0.2969 -0.3553 1.4600

373 1.o6 C00 -0@4967 -0.5629 1,6000 "0o5282 .9.5914 1.6000

325 1.7100 -0.7033 -c.7730 1.7100 0o0000 0.0000 1o110

216 108000 -0#8969 -0.9744 1.8000 0o0000 010000 1.8000

714 1,9000 J.000u 0.UUQU 1.9000 Q.OO UU u.0000 1.9000
u0u 1,9750 0.0oO0 UoOOO0 1.9750 00000 o'.00UO 1.9750
0U 2s0500 090000 0o0000 2.0500 090000 Q 0.UUUU 2.0500

000 2.1000 0O000U 00.0UC 2.1000 00000 ouoOO 2.1000

Figure 221. Radia

At. -. -- - .I * - o s~



-. .. . . .. .. .. -l . .. . T. . .. ...... ...- . . .. I| .. . -l . . . .

°LI SECTION ILI SECTION

R 2.0700 R *1800

SUCTION PREýSURE SUCTION PRESSURE
SIDE 1SIDE SIDE SIDE.

z YS VP z YS VP.

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0375 00000O .U00QO 0o0375 010000 0OUUUQ
0.0700 0o0000 0400OW 0.0700 0.0000 0.0000
0o1500 0.0000 0.0000 0.1500 0o4332 0.2349
0.2175 0.4170 0o2170 0o2175 0.4255 0.2427!! ,
0.3000 0.4076 0.2266 0o3000 0.4156 0.2548
0q 352 5  0.4017 0.2338 0.3525 0.4095 0.2610
0.5000 0.3839 0.2496 0.5000 0O3902 0.2769
0.6500 0.3556 0.2543 0.6500 0.3630 0.2794
0.7725 1 0.3162 0.2379 0.7725 0.3216 0.2603

0.9000 0.2584 0.1913 0.9000 0,2634 092103
1*0350 0.1709 041157 1.0350 0.1749 0.1271
1.1500 0.0752 0.0215 1.1500 0.075§ 0.0259
1.2000 0.0266 -0.0266 1.2000 0.0258 -0.025b
1.2500 -0.0265 -0.0792 1.2500 -0.0298 -0.0816

1.3500 -0.1445 -0#2000 1.3500 -0.1544 -0a2085
1o4600 -0.2969 -0@3553 1.4600 0.0000 0.0000
1.6000 -0.5282 -9.5914 1.6000 0.0000 0.0000
1.7100 0.00O0 0.0000 10o100 0,0000 I 0.0000
1, 0000 0.0000 0I00 0 1,8000 0.0000. ! 0.0000

1.09000 UOUoO Q 0 i.Uo1o000 0,0000 0.0000
1.9750 0.0000 0*O000 1.9750 0.00000 0.00O0
2.0500 0.0000 QaUUOO 2.0500 0.0000 0.0000
2o1000 o00000 0.uo00 2o1000 U0.000 060000

Figure 221. Radial Turbine, Coordinates for Fig5;11.
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j .1

Z= CI 7 =017 a027
ji. I

, I 0, 7 [o27

J SUCTI ON P R;7 1ULE SUCT ION u RSUR SUC T N PF
SIDE S IDE S IDE SIDE SIDE

X I X p Y Xp Y _ 
IV_ XF

.00932 2.5±oo -0.0932 2,5100 F,-1000 2,2325 -0,1000 2,2325 0,1040 2,0250 *00,0890 2,5604 -0.0890 2,5604 0,0941 2,3116 '0,0941 2,3116 0,0966 2,1237 -0,(0.0864 2,5886 -0.0864' 2.58e 0,0909 2,3536 -0.0909 2,3536 0,0925 2,1762 ; OsC0,0836 2,6167 -0.0836 2,6167 0,0878 2,3956 .0 0078 2,3956 0,0885 2,2286 -0,C
0,0807 2.6449 -0.0807 2,6449 0.0845 2,4376 -0,0845 2,4376 0,0845 2,2811 *0.C

0.0779 2.6731 -0.0779 2,6731 0,0813 2,4796 -0,0813 2,4796 0,0805 2,3335 C0O0.0749 2,7013 -0,0749 2,7013 0,0780 2,5217 .0,0780 2,5217 0,0766 2,3860 '0@0
0,0712 2,7295 -0. 0712 2,7295 0,0746 2,5637 -0,0746 2,5637 0,0726 2,4384 0.0
0.0681 2.7577 =0.0681 2,7577 0,0712 296057 -0,0712 2,6057 0,0687 2,4909 -0,0
0,0650 2.7859 -0.0650 2,7859 0,0675 2,6477 -0.0675 2,6477 010647 2,5433 '0,0

0,0619 2.8141 :0.0619 2,8141 0,0637 2,6897 -0,0637 2,6897 0,0606 2,5958 .0I 0,0584 2.8423 -0.0584 2,8423 0.0598 2,7317 -0,0598 2,7317 0,0567 2,6483 m.
040548 2,8705 -0.0548 2,8705 0.0557' 2#7738 ,0,0557 2,7738 0,0527' 2,7007 0#
0,0513 2,8987 -0,0513 2,8987 0.0516 2,8158 -0,0516 2,8158 0,0487 2,7532 .0,

I 0,0468 2.9269 -0.0468 2,9269 0,0473 2,8578 -0,0473 2,8578 0,0447 2,8056 -0,

0,0429 2,9551 -0.0429 2,9551 0,0431 2,8991 -C,0431 2,8998 0,0406 2.8581 -0,0S[ 0388 2,9833 -0.0388 2,9833 0,0385 2,9418 °0,0385 2,9418 0,0366 2.9105 90,0:
0,0343 3.0115 -0,0343 3,0115 0,0340 2o9839 -0.0340 2,9839 0,0327 2,9630 -0,0:0,0Q296 3,0397 -0,0296 3,0397 0,0294 3,0259 -0,0294 3,0259 0,0288 3,0154 '0,020,023•. 3.0800 -0,0230 3,0800 0,0220 3,0950 0.#0220 3,0950 0,0229 3,1000 0,'02



*TABL E I BLADE COORDIN/
Zi 27 z0..3000 Z=015

Zu',2~ SIESIDE SIDE SIDE SIDE

X p yp ___ a yp X.8 8s y p -a

2,0250 -0,1040 2,0250 0.1012 1,925C -0.1012 1,9250 0.0980 1.7250 -0 0970 1.7250 0.120(
2,1237 -0,0966 2,1237 0,0952 2,0193 -0,0952 2,0193 0,0915 1,8059 -0,0906 1,8059 0,110(
2,1762 -0,0925 2,1762 0,0913 2,.0711 -0,0913 2,0711 0,.0882 1,8457 -0,0872 1,8457 0,106!
2,2286 .0,0885 2,2286 0,0872 2,1228 -0.0872 2,1228 0,0849 1,8854 .0,0839 1,8855 0,102;
2.2811 -0 0845 2.2811 0 .08 31 2,1746 -0.0831. 2,1746 0,.0815 1,9252 -0,0804 1.9252 a .0999

2,3335 *.0 ,0 805 2,3335 0.0788 2,2263 .0,0788 2,2263 0,0783 149649 vo,0772 1.9650 0,0970
2,3860 .0,0766 2,3860 0,0748 2,2781 -0.0748 2,2781 0,0748 2,0047 o0,0737 2,0047 0,0942
2,4384 .0,0726 2,4384 0,t0 7 03 2,3299 -0,0703 2,3299 0 , 0712 2go444 -0,0701 2,0445 0.091.8
2,4909 1 0 , 6 87 2,4909 0,0663 2,38161 -0,0663 213816 0.0679 2,0842 *0,0667 2,0842 a,0.08 ;3
2,5433 .0*,0847 2,5433 0.0621. 2,4334 -0.0621 2,4334 0,0641 9,1240 -0,0630 2.1240 0,0871

j5958 -0,0606 2,5958 0,0577 2,,4852 0.00577 2.4852 0.0606 2,1637 -0,0594 2,1638 0,0849
,6483 m0,0567 2,6483 *0-0530 2,5369 -0,0530 2,5369 0,0568 2o2035 -0,0556 2,2035 0,0828
,7007 '0,0527 2,7007 0 .0 489; 2,58871 -0.04891 2,5887 0,0529 212432 -0,0517 2,2433 0,0808
.7532 .0,0487 2,7532 0.0441 2,640 5 -0,0441 2,6405 0,0492 2,283a -0,0480 2,2630 0,0788
.8056 *0,0447 2,8056 0,0400 2,6922 w0,0400 2,6922 0,0453 203228 -0,0440 2,3228 0,0769

,858j -0,0406 2,8581 010355 2.7440 -0.0355 2g7440 0,0416 2,3625 -0,0403 2,3625 0.0749
.9W0 e0,0366 2.9105 0,0320 2,7958 -0,0320 2,7958 0.0377 2,4023 .0,0364 2,4023 0,0730
.9630 -0,0327: 2,9630 0,0281 2,8475 -0.0281 2,8475 0,0338 2g4420 .0,0324 2.4420 0.0712
.0154 -0,0288 3,0154 0,0250 2,8993 -0,0250 2,8993 0,0308 2,4818 -0,0294 2,4818 0,0693
,1000 -0,0229 3,1000 0,0207 2.9950 -.00207 2,9950 0,0257 2,5500 -0,0243 2,5500 0,0665

o L 
O 0 1

* S S
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BLADE COORDINATES
___ __ __ 42 __ _ _ __ _ _ 110350

SUCTION- USR SUCTION 6 SUC'TION PRESSURESIDE SIDE SIDE Ma SID SIDE

x x

980 I.,7250 u-Q,0970 1,7250 011200 1,5209ý .01Q600 1,5245 0.1970 1,396C 0,0375 1,4098
915 1.8059 -0,0906 1,8059 0,1100 1,6070 -0,0462 1,6201 0.1931 1,4793 0.0551 1,490982 Is,8457 -0,0872 1,8457 04s065 1,6568 .00411 1,#6597 0,1919 1.5216 0.0633 1,5323
49 1#8854 *0,0839 1,8855 0,1029 1,6965 .0,0359 1,699? 0,1908 1,5638 0,0714 115738
15 119252 -0,0804 1,9252 0.0999 1,7362 Q0,0314 1,7388 0,1901 1.6060 0,0791. 1,6153 1

83 1,964'9 :0,:0771 1.9650 0#0970 1,7759 O0,'269 1,7784 0,1899 1,6482 0,0863 1,656848 2,0047' *,737 2,0047 0,0942 1,8156 -0,0226 1,8179 0-1897 1,6903 0,0935 1,6984 C12 2,0444 -Q,0701 2,0445 0*0918 1,8553 -0,0186 1,8575 0,1902 1.7324 0,1000 117399 079 2,0842 -0,0667 2,0842 0.08;3 1,8950 .0,0145 1,8971 0,1906 1,7745 0,1066 1,7815 041 2,1240 -0,0630, 2,1240 0.0871 1,9347 .0,0108 1.9367 0,1914 1,8166 0,1128 1,8232 0

06 2,1637 -0,0594 2,1638 0,0849 1,9744 .0,0070 1,9762 0,1924 1.8586 0,1188 1,8648 068 2,2035 -0,0556 2,2035 0,0828 2,0141 o0,0034 2,0158 0.1935 1,90107 0,1246 1,9064 029 2,2432 '0,0517 2,2433 0,0808 2,0538 0,0002 2,0554 0,1951 1,9427 0,1301 1,9481 092 2,2830 -0,0480 2,2830 0,0785 2.0935 -0.0038 2,0950 0,1966 1,9847 0.1355 1.9898 03 203228 -010440 2,3228 Q0,069 2,1332 0,0073 2,1346 0,1985 2.0267 0,1406 2s0315- 0

6 203625 -0,0463 2,3625 0,0749 2,1729 0,0108 2,1742 0,2004 2.0687 0*,1457 2,0732 0,7 2g4023 '0.0364 2,4023 040730 2,2126 0.0142 2,2038 0,2024 2,1106 0,1507 2,1150 048 2,4420 -0,0324 2,4420 0,0712 2,2521 0,0176 2*2534 0,2045 2,1526 0,1556 2,1967 018 2o4818 -0,0294 2,4818 0,0693 2,2920 0.0211 2.2929 0,2067 2:J946 0,1604 2.1984 0,7 2o5500 -0,0243 2,5500 0,0665 203561 0.0265 2.3569 0,2090 2,2365 0,1651 2,2402 0.

- S



- 110350 Z . -o

ION P RESSURE SUCTION Fý gU- RESSURE UTO
____ IDE s I SIDE S=P SIDE SIDEH

1,3964 0,0375 I.,4098 0,2709 1,2?989 0,1318 1,3203 0,2917 1,2953 0,1240 1,3219 0.4
1.4793 0,0551 114909 0,2826 144009 0,1512 1,4211 0,3017 1,3941 0,1450 1,41900,
1,5216 0,0633 1,5323 0.2864 1,4446 0,1608 1.4639 0,3055 1,4379 0,1550 1,4618 t,
1,5638 0.0714 1,5738 0,2894 1,4884 0,1711 1,5065 0.3091 1,4817 0,1651 1,5046 ,
1.6060 0.0791 1,6153 0,2924 1,5322 0,1813 1,5492 0,3116 1,5258 0,1764 1,5472 ,

1,6482 0,0863 1,6568 0,2952 1,5760 0,1919 1,5919 0,3148 1,5697 0,1870 1,5900 o.5
1,6903 0,0935 1,6984 0,2984 1,6198 0,2019 1,6346 0,3177 1,6136 0,1979 1,63271 0.,5
1.7324 0.1000 j,7399 0,3012 1,6636 0,2124 1,67)3 0,3203 1,6576 0,2090 1,6753 1045
1.74 0.1066 1,7815 0.3049 1,7073 0,2221 1,7201 0.3227 1,7017 0,2204 1,7179 Qjo
1,8166 0,1128 1,8232 0,3083 1.7511 0,2319 1,7628 0.3251 1,7457 0,2317 1,7605 0,5:

1.886 0.1188 1,8648 0,3124 1,7947 0,2411 1,8057 0,3278 1,7897 0,2427 1,8032 065t
1.9007 0.1246 1,9064 0.3±66 1,8384 0.2503 1,8486 0,.3308 1,8336 0,2535 1,8459 o*5ý
1,9427 0,1301 1,9481 0,3212 1,8819 0,2589 1,8915 0,3344 1,8775 0,2637 1,8887 0.6c
1.9847 0.1355 1,9898 0,326± 1,9254 0,2674 1,9345 0l,3384 1,9213 0,2735 1,93'16 061
2.0267 0,1406 2s0315 0,3313 1,9689 0.2754 1,9775 0,3427 1,9650 0,2829 1,9745 ,6

2,0687 0*,1457 2,0732 0,3373 2,0123 0,2828 2,0206 0,3474 240087 062920 2,0175 ;06
2,1t06 0,1507 2,1150 0.3427 2,0557 0,2907 2$0637 0,3526 2,0523 030605 2,0605 0,65
2,1526 0,1556 2,1567 043490 2,0990 0,2976 2,1069 0,3588 2,0957 0,3081 2,1037 0.66

N ,960.1604 2,1984 0:3556 2,1423 0,3044 2,1501 0,3656 2,1390 0,3150 2,1471 0,67
36 ,61220 .682,1856 0,3115 2,1933 0,3722 2,1824 0,3222 2,1903 0.69

I.



II I

31.4600 Zn'1,[F4S SUCTION PRESSMR C D IO
SIDE SIDE S IDE SIDE SESIDE

-y - -E

240 Iva 219 10,4657 141635 0,2943 1,218? 0,6679 1,0011 0,5094 1,0905 0,8488 0,8540
450 1,4190 10,4891 1,2627 0.5326 1,5126 0,7140 1,1102 0,5787 1,1863 0,9073 0,9435
5$0 1,4618 j0t5O0o 1.3061 0.350,1 :,5559 0:7333 141545 0,6066 1,2258 0,9348 0,9841

651 1,572046052106 ,53 0,3678 1,5992 0,7527 1119$8 0,8344 1,265'4 0,9620 .110240
76 ,4205 101,992 0.3857 1,4424 0,7727 1,2428 0,166 1,5055 0,9900 1,0649

870 1,9900 0,5315 1,4447 0.4035 1,4856 0,792? 112867 0,6889 1,3451 110086 1,1052
979 1,6327 10,5420 1,4903 0,4213 1:5288 0,8131 1,3304 0,7156 1.3853 110462 1,1450
090 1,6753 0,$52Y 1,5358 0,4390 1,5720 0,0335 1,3742 0,7425 1,4254 1,0744 1,1849
204 1,7179 '0,5633 1,5813 0,4567 1,6153 0,8543 1,417,6 0,7688 1,4657 1,1031 1,12244
317 1.7605 005737 1,6269 0,4746 1,6585 0,8750 1,461'2 0,7953 1,5061 1,1317 1,2640

427 1,8032 0,5841 1,6725 0,4926 1,7016 0,8964 1,5043 0,8211 I,5467 14J609 143031
535 1,0459 0,5944 1,7181 0,5106 1,7448 0,9177 1,5475, 0,8470 1,5874 1,1901 1,3422
637 1,888 0,6049 1,7636 0.5284 1,7880 0,9396 1,5904 0,8722 1,6283 1,2198 1,3809
755 1,95*16 0,6±58 1,8090 0.5458 1.8314 0,9615 l1,633 0,8976 1,6693 1,2495 1,41196
829 1.9745 0,6275 1,8542 0,5625 1,8749 0,9837 1,6760 0,9225 1,7104 1,2795 1,4580

920 2,0175 C .6396 1.8992 0,5787 1,9187 1,0060 1,7186 0,9474 1,7516 1,3096 1,4963
005 2,0605 0,6520 1,9442 0,5946 1,9625 1,0291 1,7608 0,9716 1,7932 1,3405 1,5340
081 2,%1037 0,6649 1,9890 0.6100 2t0065 1,0523 1,8050 0,9955 1,$350 1,5715 1.5716
150 2,1471 0,6783 2,0336 o,6249 2,0506 1,0762 ±,8447 1,0188 1,8770 1,4032 1,6086
222 2,1903 0,6925 2,0780 0,6393 2,0949 1,1005 1,8864 1,0419 1,9192 1,4351  1,6454

F igi

-- - - -...... "" I - -Iia I



F I

11,9000 Zs 1.1000

- S- " "'•Si''SDE SI1,E
4 p - - Y p pt r~r~ r r r- -- '-- ~ ~

011 0,5941,903 0,8488 0,8540 0,697? -0s9617 1,021 0,6386 0s,8937 0,8078
02 0,5787 1,1863 0,9073 0,9439 0,7754 p,,O546 10932 0093 0,9813 08575

J5 0,6066 1,2258 0,9348 0,9841 0 ,4107 1,0885 J11292 0,'7432 1,0237 0,8828
988 0,6344 1,26504 0,9620 1,0248 a0,462 1,1223 1,1648 0,7773 14,0663 0,9078
428 0.6616 1,3053 0,9900 1,0649 0,8s10 1•156, 1,2011 0,810, ,1 083 0,9336

67 0,6889 1,3451 100178 1,1052 i0,910 1,1910 1,2373 0,8442 1,1504 0,9592
04 0,7156 1,3853 1,0462 161450 009503 1,2257 1,2739 0,8771 1,1921 0,9854

42 0,7425 1,4254 1,0744 1,1849 0,9849 1,2603 1,3104 0,9102 1,2339 1,0115
7,6 D07688 1,4657 ,s1031 l,2244 1,0189 1•2953 1,3473 0,9428 1,2753 1,0380
12 0,7953 1,5061 1t,317 1,2640 1,0531 1,3302 1,3841 0,9754 1%3168 1,0645

43 00211 1,5467 1,1609 1,3031 1,0866 1,3657 1,4214 1,0075 1,3579 1,0916
75 0,8470 1,5874 1,1901 1,3422 1,1202 1,4011 1,4589 ;*0392 1,3986 1,1190
Q4 0,8722 1,6283 102198 1,3809 1,1531 1,4369 1,4964 1,0710 1,4395 1,1463
33 0,8976 1,6693 1,2495 1,4196 1,1864 1,4727 1,5341 1,1025 1.4801 1,ý1740
60 0,9225 1,7104 1,2795 1,458 1,2191 1,5089 1,5721 1,s1336 1*5204 1,2021

86 0,9474 1,7516 103096 1,4963 1,2517 1,5451 1,61M0 1,1646 15,606 1,2302
08 0,9716 1,7932 1,3405 1,5340 1,2837 1,5819 1,6488 1,1948 1,6002 1,2591
30 0,9955 1,0350 1,3715 1,5716 1,3154 1.6189 166877 1t2247 1,6396 1,2884
47 1,0188 1,8770 1,4032 l,6086 1,3465 1,6564 1,7271 1,2539 1,6785 1,3183
64 1,0419 1.9192 1,4351 1,6454 1,3773 1,69411 1,7668 1,2829 1,7172 1,3485

Figure 222. Radial Turbine, Coordinates for ý. e 208.
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---TABLE -TAB L E_ ]
HunB CONT OUTUINa"r0I

fIrI I-- P.I
O, .MI CONTOUR (,1D I AS

Ki kil- A

I,.10P0 1,2•Q• 0,1'*10 2,1A00 O,v,'d.•5 ?.Yt'Q ,,*,'

10 I, OO 0114 0-10,01 1, 10141 ,-

&I.0P I , Z8' 0,0904 2,•933S 0. A t W3

1,9050 1,3 4L 0,0194 2,4120 •6 , .
114127~/ 0IP549 4,,RO 224

1 5,1650 1,786 0,094 24'269 39 2;;-A )4II

1167Sn 1,494, OA 21300 ("" , $Z

0,3 1,7.8JA 040169 216430 .6

0.1850 13,791 0,0162 2,6579 ' /"0)"'a'34

. ,46 1,7 00,03 2, 72i7~93 0,0108 2,7±65 V. /, • 2./7,•

j ,571.83m 0,014S 2,7459 40 0,.074 ZVe* ,/6•

j0,8 379 0,0084 2,7751 1

0,3628 1,8965 0,0034 2,8338 /I 0,3360 ,9235 0,0023 2,8629 -1

0.3106 1.9550 0,0015 2,8922
0,216 1.09843 0.0009 2.916 -72

0 4274 1 8.086 O, 00065 2,97408 1K

0 *421 2,0429 0,0002 P,9700 Q
0.2228 2.0722 0,000± 3,0093 .0,64 2.16000 2 9 0

0.2039 2.1015 0,0000 3,0386 4,
I 0,1862 2.1308 -0.0000 3,9000

I

I Figure 223. Radial Turbine, Coordinates for Figure 209.
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5TACKING AXISBAC.I

\"YRU CCNIAL
\%URFACE

PLAT ROI-RM

R5 RB 8050/ BASIC
=19- TRUE CONICAL

B0I A
REF 

B1bIc

ALL AROUND BLAbEj
AT PLATPORM

Figure 224. Axial Turbine.I
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IZ \- ca00Q

_z -.1 -ý -* - z -s Am r
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S44
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Figure 226. Torque Converter, impeller.
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FOR 
.TABLE.T-

CONST
PURPOSESri SECTION Rim 1.4130 R2=1.4730 R31.5_771 R4:-.1 913 R =I.7 05 4W 1029, 4004 8049' 14o28' __ _ 19,

r LER BASIC .0143 .OI3 .0i2•. .0118li
TER BASIC .0.103 .0101 .0099 .0097 .0094

'-0.30564 -0.13435 -0.30200 -0.11739 -0.29534 -0.08773 -0.28443 -0.05505 -0.26975 -0.01627-0.27804 -0.10769 -0.27431 -0.09318 -0.26580 -0.06775 -0.25350 -8.03974 -0.23817 -0.00653-0.24748 -0.08463 -0.24338 -0.07244 -0.23422 -0.05095 -0.22117 -0.02730 -0.20389 0.00057-0.21441 -0.06574 -0.21025 -0.05557 -0.20095 -0.03763 -0.18774 -0.01788 -0.17314 0.00498* -0.17974 -0.05006 -0.17571 -0.34181 -0.16662 -0.02717 -0.15363 -0.01106 -0.14015 0.00703-0.14385 -0.03704 -0.14013 -0.03070 -0.13158. -0.01937 -0.11916 -0.00689 -0.10710 0.00663-0.10699 -0.02704 -0.10375 -0.02253 -0.09603 -0.01437 -0.08450 -0.00537 -0.07417 0.00382-0.06943 -0.02004 -0.06682 -0.01727 -".06018 -0.01214 -0.04935 -0.00646 t-0.04153 -0.00138-0.03137 -0.01588 -0.02955 -0.01482 -0.02427 -0.01265 -0.01543 -0.01021 -0.00937 -0.009010.00711 -0.01433 0.00794 -0.01500 0.01150 -0.01584 0.01846 -0.01670 0.02208 -0.019150.045(' -0.015.5 0.04537 -0.01801 0,C4h93 -0.02177 0.05 10 -0.02585 0.05263 -0.031710.08415 -0.01988 0.08251 -0.0238b 0.08180 -0.03043 0.08405 -0.03759 0.08208 -0.046620.12242 -0.02667 0.11926 -0.03225 0!1094 -0.04160 0.11532 -0.05182 0.11025 -0.063800.16036 -0.01593 0.15548 -0.04311 0.14916 -0.05523 0.14527 -0.06849 0.13690 -0.08318iT 0.19702 -0.04864 0.19047 -0.05704 0.18128 -0.07129 0.17422 -0.08687 0.16265 -0.103700.23258 -0.06417 0.22426 -0.0736ti 0.21203 -0.08979 0.20161 -0.10745 0.18670 -0.126110.26689 -0.08229 0.25669 -0.09275 0.24125 -0.11057 0.22730 -0.13008 0.20898 -0.150260.29914 -0.10349 0.28717 -0.11461 0.26868 -0.13360 0.21,38 -0.15438 0.22994 -0.175490.32891 -0.12768 0.31531 -0.13917 0.29404 -0.15882 0.27368 -0.18032 0.24920 -0.202001 0.35467 -0.15559 0.34006 -0.16685 0.31709 -0.18609 0.29483 -0.20718 0.26817 -0.22861
0.35826 -0.15777 0.34355 -0.16907 0.32044 -0.18838 0.29790 -0.20950 0.27110 -0.23103'0.36194 -0.15839 0.34718 -0.16975 0.323v5 -0.1891b 0.30120 -0.21042 0.27431 -0.232100.36561 -0.15768 0.35081 -0.16912 0.32732 -0.18866 0.30461 -0.21017 0.27770 -0.231990.36880 -0.15574 0.35399 -0.16726 0.33069 -0.18694 0.30773 -0.20876 0.28084 -0.230740.37111 -0.15281 0.35632 -0.16441 0.33305 -0.18423 0.31018 -0.20638 0.28336 -0.228480.37225 -0.14925 0.35751 -0.16092 0.33432 -0.18086 0.31167 -0.20331 0.28496 -0.225510.36977 -0.14098 0.3552t -0.15271 0.33229 -0.17278 0.31012 -0.19476 0.28375 -0.217000,33772 10.10416 0.32219 -0.11277 0.29751 -0.12741 0.27346 -0.14342 0.24661 -0.159480.10550 -0.06768 0.2890t -0.07321 0.26259 -0.08248 0.23664 -0.09261 0.20896 -0.102620.27,52 -0.03948 0.26077 -0.04193 0.23210 -0.04585 0.20370 -0.05009 0.L7423 -0.05400

0.24977 -0.01314 0 ?3068 -0.01249 0.19967 -0.01103 0.16869 -0.00937 0.13705 -0.007170.21162 0.01856 0.19489 0.01813 0.16798 0.01773 0.14148 0.01734 0.11405 0.017350.16981 0.04540 0.15559 0.04424 0.13303 0.04255 0.11131 0.04075 0.08838 0.03921
0.12507 0.06699 0.11345 0.06543 0.09540 0.06303 0.07861 0.06046 0.00044 0.058030.07012 0.08283 0.06909 0.08[20 0.05557 0.07866 0.04372 0.07594 0.03048 .0.073370.02961 0.09248 0.02317 0.091t3 0.01413 0.08908 0.00717 0.0&688 -0.001ou 0.08493

-0.01963 0.09515 -0.02359 0.09450 -0.02630 0.093o7 -0.03052 0.09281 -0.03374 0.04245-0.06865 0.09077 -0.07027 0.09117 -0.07094 0.09217 -0.06873 0.09330 -0.06709 0.09539-0.11628 0.07871 -0.11582 0.08058 -0.11287 0.08412 -0.10666 0.08804 -0.10050 0.09354-0.16117 0.05876 -0.15895 0.0t248 -0.15295 0.06924 -0.14335 0.07669 -0.13323 0.08652-0.20171 0.03111 -0.19814 0.0369q -0.18983 0.04751 -0.17766 0.05910 -0.16438 0.07405-0.23578 -0.00494 -0.23169 0.00397 -0.22243 0.01975 -0.20932 0.0"3710 -0. L9420 0.05839-0.26805 -0.04255 -0.26356 -0.03U0,2 -0.2.J67 -0.00960 -0.23979 0.01352 -0.22320 0.04112-0.29878 -0.08127 -0.29401 -0.00o28 -0.283j9 -0.03995 -0.26936 -0.01100 -0.2 U64 0.02293-0.3296l -0.11932 -0,32443 -0.10148 -0.31345 -0.0702b -0.29845 -0.03589. -0.27955 0.00403-0.33157 -0.12465 -0.32665 -0.10o42 -0.31644 -0.07543 -0.30207 ,-0.04020 -0.28367 0.00005-0.33142 -0.12969 -0.32085 -0.11123 -0.31680 -0.08085 -0.30329 -0.04517 -0.28568 -0.0037)-0.32951 -0.13437 -0.32535 -0.11581 -0.31483 -0.08592 -0.30229 -0.05021 -0.28562 -0.008t6-0.32609 -0.13807 -0.32234 -0.1147 -0.31092 -0.08969 -0.29927 -0.g54jj -0.28351 -0.01306
-0.32160 -0.14034 -0.31821 -0.12203 -0.30i79 -0.09146 -0.29478 -0.05t84 -0.27974 -O,0J116' -0.31660 -0.14089 -0.11348 -0.12290 -0.30038 -0.09091 -b.28965 -0.05719 -0.27501 -0.01738-

L 
, . ,- . . . . - " ...

LERC -0.31T5Z -0.2•Q09 -0.3,34Z -0.10939 -0.30434 -0.077,5 - 0. 9141 -0.04542 -o.?74(4 -o.00o606

E C 0.381 -0.14784 +0.347Z5 -0.15935 t0.3243( -0.17903 40.3oZi9 -0.20058 +0.Z7573 -0.2ZZ45T
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_ _ _ ...... -C (ONST
PURPOSES

:2.37K.3 R1.-i?.490Z 1 2.(04G R i3:-i.67OO R14-2.7187 ai: 2 i.7787
C 5 s"55 05i,48' 59"0s" 13-5 (0°Oa"-'

0095 0091 0085 .0081 .0076 .00-71

0082 .008C .0077 .00'7G .0075 .0074
.... -x... ..W .... r"" .......Y . ... x ... X- ..

166 0.20250 -0.15730 0.22047 -0,14489 0.235711 -0.13866 0.24321 -0.13443 0.24823 -0.12,007 0.25462

16 0.18022 -0.139'.O O.1,29 -0.[2IR4 0.2084'1 -0.12405 0.21506 -0.12087 0.21959 -3.11685 0.22530

906 0.15741 -0.12005 0.17003 -0.11277* 0.18120ý1 -0.10937 0.18698 -0.10720 0.19099 -0.10446 0.19599

845 0,13403 -0.10170 0.14438 -0.09669 O.15405 . -0.0946! 0.15898 -0.09343 0.16243 -0.09192 0.16670

826 0.11024 -0.08356 0.11901 -0,0O070 M. 126881 -0.07988 0.13099 -0.07967 0.13386 -0.07937 0.13741

857 0.08608 -0.06352 0.09316 -.O.Oz0 7 0.099t0, -0.06514 0.10299 -0.06572 0.10539 -0.06642 0.10834

980 0.06121 -0.04883 0.056832 -0.045'4, 0.07208 -0.05057 0.07491 -0.05173 0.07695 -0.05315 0.07946

189 0.03573 -0.03243 0.04'-01Z -r.034,.5 0.04440 -0.03,07 0.04680 -0I037 4 0.04857 -0.03957 0.05074

453 0.00985 -0.01fi42 0.011'9 0.01661 -0.02176 0.01S61 -0.02370 0.02012 -0.02610 0.02098

228 -0.01625 -O.0O100 -0.0-399 -0. u5;'2 -0.01135 -0.00766 -0.0090b -0.00979 -0.00833 -0.01241 -0.00668

873 -0.04277 0.01426 -0.C4141 0.C0935 -0.03943 0.00634 -0.03801 0.00400 -0.03681 0.00113 -0.03335

469 -0.06950 0.02)24 -0.068S9 0.02365 -0.06746 0.02040 -0.06627 0.01794 -0.00521 0.01493 -0.06391

127 -0.09641 0.044-0 -0.09648 0.03843 .0.09354 0.03468 -0.09454 0.03187 -0.09358 0.02841 -0.09242

718 -0.12329 0.05)9L -0.12403 0.05277 -0.12358: 0.04874 -0.12279 0.04577 -0.12195 0.04211 -0.12094

289 -0.14991 0.07478 -0.15t13 0.06692 -0.15153 0.06252 -0.15108 0.05931 -0.15047 0.05535 -0.14976

851 -0.17675 0.08)62 -0.178t7 000126 -0.17925 0.07671 -0.1789S, 0.07344 -0.17849 0.06939 -0.17794

346 -0.20375 0.10394 -0.20)07 0.09S:8 -0.20696 0.09052 -0.20682 0.08721 -0.20641 0.08309 -0.20599

839 -0.23061 0.11839 -0.2334- 0.10930 -0.23476 0.10451 -0.23484 0.10114 -0.23459 0.09693 -0.23438

313 -0.25779 0.13267 -0.2609o 0.12342 -0.26267 0.11867 -0.26299 0.11540 -0.26292 0.11125 -0.26296

788 -0.28540 0.14695 -0.28904 0.13746 -0.29109 0.13267 -0.291)5 0.12941 -0.29155 0.12523 -0.29173

04 -0.28785 0.14898 -0.29148 0. P16 -0.29350 0.13451 -0.29395 0.13120 -0.29394 0.12696 -0.29411
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