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I«.   «U^LCMINTANY NOTli . . .        j j j 
Part I of this report documents the analysis, design, and rig 
tests conducted in Phases I and II. Part II reports the enr 
gine work and sea-level tests completed in Phase III. Parts 
IIIA and IIIB document the altitude tests conducted in Phase IV 

n.  RIV «ONM (CamUm— M **—»• »la» II MTMM» m* H*»llr if MM* I »**> 
Engine performance 
Variable geometry 
Variable-cycle engine 
Gas turbine 

Turbofan 
Turbine modulation 
Variable turbine stator 
Installed engine performance 

¥hS 
Mjmncr (e»*ii*u» m nw—»» i*» II i»<fvr m* i*f>inr »r *>•** *>i»*~) .    . , 
s program was conducted to determine the impact of variable 

?eometry compressor, turbine, and exhaust-nozzle components on 
urbofan engine performance.    An AiKesearch Model TFE731-2 

Turbofan Engine was modified to incorporate production-type 
variable-geometry hardware and tested to determine the effects 
of turbine modulation at both sea-level static and simulated 
high-altitude flight conditions at subsonic and supersonic 
flight Mach numbers.    The program was conducted in four 
discrete  Phases which consialied oft r^ 
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Phase I»     Design of variable-geometry aerodynamic components 
and actuation mechanisms,  and aerothermodynamic analyses of 
variable-cycle engino performance 
Phase II:    Fabrication or modification of hardware and rig 
testing of the  low-pressure   (LP)   compressor and combustor 
Phase HI:    Engine tests conducted at  sea-level static condi- 
tlons,   over a range of variable-geometry settings with two 
different sizes of fixed fan and primary exhaust nozzles 
Phase IV:     Design and fabrication of a remotely variable 
exhaust-nozzle system and engine test support equipment,  re- 
build and reinstrumentation of the engine,   and engine per- 
formance testing throughout a wide range of altitudes,   flight 
Mach numbers,   and ambient temperatures at the USAF Arnold 
Engineering Development center   (AEDC) 
Significant conclusions based on the overall results of the 
program arc: 
(1) Minimal change in base-line engine performance resulted 

from the introduction of variable geometry components. 
(2) LP turbine variable geometry was effective in increasing 

LP compressor surge margin at all rotor speeds.    When 
compared to a fixed-cycle engine  in a multimiasion air- 
craft,   this  surge margin increase will provide addi- 
tional   (a)   inlet distortion tolerance,   and   (b)   available 
thrust and/or  improve SEC  under  virtually all  flight  con- 
ditions.     Another potential benefit of this variable 
surge margin control  is the ability to inexpensively 
compensate   for  unexpected stability problems  frequently 
encountered  in new flight  installations. 

(3) The  variable LP turbine and primary exhaust-nozzle area 
allowed control of the turbine work  splits,  which 
resulted  in  independent control of rotor speeds and tur- 
bine temperature,    increased thrust  is  thereby provided 
at  flight conditions where a  single  limit   (speed or  tem- 
perature)   would be encountered  in a  fixed-cycle engine. 

(4) The ability to modulate  net  thrust while maintaining a 
constant  engine inlet airflow and a constant operating 
point on the LP compressor was  demonstrated.    This will 
reduce  inlet  spillage drag and exhaust-system drag  losses 
during  cruise. 

(5) Bleed-effects testing confirmed the ability of variable- 
geometry  modulation to recover  part of the net thrust 
loss due to bleed-air extraction.    Airframe concepts that 
use  large bleed quantities   (jet   flap,   etc.)  may become 
more practical with a variable-cycle engine. 

(6) High mechanical reliability was  shown for the variable- 
geometry components. 

The TFE731,   modified to include variable geometry,   proved to 
be an inexpensive,.effective vehicle   for development of 
vanable-cyclo engino concepts. 
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4.4.7 Increaaed Climb Thrust and Airflow 

4.4.7.1 Objective 

At typical climb conditions, the engine referred LP rotor 

■peed is below its design-point value. Therefore, by speeding up 

the LP rotor with the use of variable geometry, the engine inlet 

airflow and net thrust may be increased. Increased airflow may 

also be beneficial to engine inlet matching for some applications 

because, for a fixed inlet sized for a Mach-2-plus design point, 

spillage drag losses may be significant under typical .climb con- 

ditions. 

The objective of this series of tests was to demonstrate that 

the net thrust and airflow of the TFE731 Engine may be increased 

at Mach 0.6> 20,000 feet, standard atmosphere with the use of 

variable geometry that tend«) to increase the LP rotor speed or 

the engine airflow at a constant LP rotor speed. 

4.4.7.2 Results 

The test results are presented in Figures 532 through 540. 

Table 64 lists the parameters presented in these curves. Over- 

all results corrected to a constant turbine inlet temperature of 

1760oF are summarized for comr.-rinon in Table 65. 

The test results indicate that a combination of 110 percent 

LP turbine nozzle area, 110-square-inch primary exhaust-nozzle 

area, and minus 5 degrees LP compressor IGV setting increased the 

LP rotor speed by 3.9 percent, the total-airflow by 4.9 percent, 

and the net thrust by 7.2 percent. The specific fuel consumption 

was decreased by approximately 0.6 percent. 
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TABLE 64.   INCREASED CLIMB THRUST AMD AIRFLOW, 
MACH 0.6,   20,000 FEET,  STANDARD ATM 

[Figur« No. Parameters Presented 

532 Thrust specific fuel consumption versus net    1 
thrust 

533 Net thrust versus turbine inlet total temperaturd 

534 LP rotor speed versus turbine inlet total 
temperature 

535 Total airflow versus turbine inlet total 
temperature 

536 Bypass ratio versus turbine inlet total 
temperature 

1  537 
LP compressor inlet airflow versus turbine 
inlet total temperature 

1  538 Bypass airflow versus turbine inlet total 
temperature 

539 Fan tip pressure ratio versus total fan 
referred inlet airflow 

|  540 Fan hub pressure ratio versus total fan 
referred inlet airflow 
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All of the Improvement Is attributed to the use of the 

increased primary exhaust-nozzle area and increased LP turbine 

nozzle area, since the minus-5-degree LP compressor IGV setting 

did not, by itself, improve the performance. This may be seen 

by comparing line one of Table 65 with line four for a 191- 

square-inch fan nozzle area and line two with line three for a 

210-square-inch fan nozzle area. The test data indicates that 

the minus-5-degree IGV angle tended to increase the LP compressor 

airflow slightly, but the LP compressor efficiency was reduced by 

approximately 0.5 percent, which caused the LP rotor speed to 

decrease to a level where the LP compressor airflow was the same 

as that with the zero-degree IGV position. 

The use of a fan exhaust-nozzle area increase from 191 square 

inches to 210 square inches caused the LP rotor speed to increase 

by 1.6 percent, the total airflow to increase by 4.2 percent, 

and the net thrust to increase by 0.4 percent when the LP com- 

pressor IGV angle was zero degrees.  When the LP compressor IGV 

angle was set at minus 5 degrees, the corresponding changes were 

a 1.2-percent increase in LP rotor speed, a 3.8-percent increase 

in total airflow, and a 0.5-percent decrease in net thrust. 

Little change in net thrust occurred with the increased fan noz- 

zle area because the total airflow and bypass ratio improvements 

were offset by reduced fan tip and hub efficiencies.  The tested 

operating points superimposed on the analytical model fan map in 

Figures 539 and 540 support an expected decrease in fan tip and 

hub efficiencies with the increased fin nozzle area. 

The trend of ir.creased LP rotor speed, airflow, and net 

thrust with increases in primary exhaust-nozzle area and LP tur- 

bine nozzle area are in agreement with the results of the exhaust 

nozzle and turbine nozzle rematching tests discussed in Para- 

graphs 4.4.4 and 4.4.5.  An analysis of the component performance 

contained in 4.4.4 and 4.4.5 explains why these trends occur. 
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4.4.8 Blaed Effects 

The bleed effects tests were conducted to confirm pre- 

dictions that part of the performance loss duo to the effects of 

bleed-air extraction may be restored by the use of variable ge- 

ometry. Testing was conducted at the following four operating 

conditions to determine their Influence on engine performance: 

(a) 40,000 feet. Mach 0.8, standard atmosphere 

(b) 50,000 feet. Mach 0.8, standard atmosphere 

(c) 50,000 fevt,  Mach 1.2, standard atmosphere 

(d) 20,000 feet. Mach 0.6, standard atmosphere 

The engine was initially operated as a fixed-cycle engine— 

first with the LP compressor surge bleed valve closed, and then 

with the surge bleed valve in the open position.  With the bleed 

valve maintained in the open position, different elements of 

variable geometry or combinations of variable geometry were 

changed to determine their effects on engine performance. 

Testing was conducted at an approximately constant turbine inlet 

temperature. All data was corrected for any observed variation 

from a constant value. 

Since all of the variable-geometry changes resulted in 

changes in bleed flow, a dashed line has been drawn on the per- 

formance curves connecting the zero bleed point and the base-line 

bleed point.  All data was then corrected to the base-line bleed 

flow with use of the slope of the dashed line so that the 

variable-geometry effects could be evaluated at the constant 

bleed-airflow rate.  The discussion that follows is organized by 

operating condition.  It is succeeded by a discussion of overall 

results of all four operating conditions. 
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4.4.8.1 40tOOP Feet, Mach 0.8 

The results of the bleed testing at 40/000 feet. Mach 0.8, 

standard atmosphere are presented in Figures 541 through 554. 

The parameters presented in these curves are listed in Table 66. 

All parameters have been corrected to a turbine inlet tempera- 

ture of 1805eF. Tht« component operating points have been super- 

imposed on the component maps used in the variable-cycle 

analytical model to help explain trends obtained. These maps 

are presented in Figures 555 through 559. Table 67 lists the 

maps presented. 

After the engine was run in a nominal configuration with 

the bleed valve closed, the bleed valve was opened in order to 

obtain a base-line point. The opening of the valve bled off 

approximately 11 percent of the primary engine flow. The re- 

sults of opening the valve were to decrease the LP rotor speed by 

approximately 810 rpm (4.2 percent), to reduce the net thrust by 

115 pounds (15.9 percent), and with the exception of the fan  hub, 

to move the compressor operating points away from their peak 

efficiency islands. After the bleed valve was opened, the LP 

turbine nozzle area was reduced to 90 percent in an effort to 

shift the LP compressor to an operating point nearer the peak 

efficiency island. It can be seen from Figure 557 that this was 

successfully accomplished and the HP compressor was also matched 

to a more efficient operating point. However, the engine net 

thrust was reduced. This was because of the sharp decrease in LP 

turbine efficiency as the LP turbine nozzle area was reduced be- 

low the nominal value (see Paragraph 4.4.5.1). 

The next geometry change consisted of increasing tho pri- 

mary exhaust-nozzle area to 105 square inches while maintaining 

the turbine nozzle area at 90 percent. The increased primary 

exhaust-nozzle area resulted in an increase of 519 rpm in LP 

rotor speed (2.8 percent) and an increase of 21 pounds in net 

thrust (3.5 percent).  The fan and compressors all remained on 

769 

>•««• 



  - .•_____—'J. 

T^flLfc «0.     BLEED Eir'FECTS,   40,000 FEET, 
NACH  0.8,   STANDARD ATM 

Figure No. Parameters Presented 

541 Turbine inlet temperature versus LP bleed flow 

542 Thrust specific fuel consumption versus LP bleed 
flow 

543 Net thrust versus LP bleed flow 

544 Fuel flow versus LP bleed flow 

545 Interturbine temperature versus LP bleed flow 

546 LP rotor speed versus LP bleed flow 

547 HP rotor speed versus LP bleed flow 

548 Engine total airflow versus LP bleed flow 

549 Fan tip pressure ratio versus LP bleed flow 

550 Fan hub pressure ratio versus LP bleed flow 

551 Cycle pressure ratio versus LP bleed flow 

552 Bypass ratio versus LP bleed flow 

553 Engine pressure ratio versus LP bleed flow 

554 LP compressor inlet airflow versus LP bleed 
flow 

TABLE 67.     COMPONENT OPERATING POINTS, 
40,000  FEETf   MACH  0.8,   STANDARD ATM 

Figure No. Component Maps 

555 Fan Tip Map 

556 Fan Hub Map 

557 LP Compressor Map 

558 HP Compressor Map 

559 HP Turbine Map 
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VARIABLE-CYCLE TFE731 ENGINE SERIAL NO. 7399-2 

a 

o 
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w 

Figure  557. 

14 16 18 20 22 24 26 

LPC  REFERRED INLET AIRFLOW,   WA22K22  -  LBM/SEC 

Component Operating Points  at Mach 0.8,   40,000  Feet, 
Superimposed on LP Compressor Map. 
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VARIABLE-CYCLE TFE731 ENGINE SERIAL 
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Figure 558. 

2 3 4 5 6 7 

HPC REFERRED AIRFLOW,   WA24K24 - LBN/SEC 

Component Operating Points at Mach 0.8,   40,000 Feet, 
Superimposed on HP Compressor Map. 
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■ 

«••entially the same efficiency islands as those obtained with 

the previous geometry settings (see Figures 555 through 559). 

After Increasing the primary exhaust-nozzle area, the LP 

compressor IGV's were changed to minus 5 degrees. This resulted 

In an Increase In net thrust of 8 pounds (1.3 percent). The 

minus-5-degree LP compressor operating points are shown In Fig- 

ure 357 and indicate an Increase in airflow and a slight decrease 

In efficiency.  Although these points are plotted on a nominal 

IGV map, the test data confirms the general order of magnitude 

of decrease in efficiency Indicated on this map. 

Following the setting of the IGV's to minus 5 degrees, the 

LP turbin«» nozzle area was returned to its nominal value, and 

a net thrust Increase of 13 pounds (2.1 percent) resulted.  Re- 

turning the LP turbine r.ügle area to the nominal value re- 

matched both the LP and the HP compressors away from their peak 

efficiency Islands, while the fan performance was not signifi- 

cantly affected. The Increase in LP turbine efficiency gained 

by returning to the nominal LP turbine nozzle area more than off- 

set the compressor losses to produce the gain in net thrust. 

This configuration (A18 = 191 square Inches, AS = 105 square 

Inches, A42 « 100 percent, and a -5-degree IGV angle) produced 

the maximum net thrust while extracting bleed airflow at this 

flight condition.  This net thrust of 647 pcundu represents a 

6.1-percent Increase over the initial bleed concition and a re- 

covery of 32 percent of the net thrust loss due to the bleed- 

air extraction. 

The final configuration entailed an Increase In the LP tur- 

bine nozzle area to 110 percent. This resulted In further match- 

ing the LP and the HP compressors away from their peak efficien- 

cies, while the rate of turbine efficiency Increase declined to 

the extent that the LP turbine efficiency increase was not suf- 

ficient to offset the compressor losses. The net thrust de- 

creased by 9 pounds (-1.4 percent).  A summary of the bleed test 

effects at 40,000 feet. Mach 0.8 is presented In Table 68. 
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4.4.(1.2 50#000 Feetf Mach 0.8 

The results of the bleed testing at 50,000 feet, Mach 0.8, 

standard atmosphere, are presented in Figures 560 through 573. 

The parameters presented in these curves are listed in Table 69. 

All parameters have been corrected to a turbine inlet tempera- 

ture of 1805oF. 

The results of the bleed testing at 50,000 feet, Mach 0.8, 

show essentially the same trends as those evidenced at 40,000 

feet. Mach 0.8.  There was, however, one anomaly noted. When 

the primary exhaust-nozzle area was increased to 105 square 

inches, the data showed a slight decrease in net thrust and, when 

the IGV's were changed to minus 5 degrees, there was an increase 

in net thrust that was larger than expected.  This result was not 

found at the three other bleed test flight conditions. At those 

conditions, an increase in primary exhaust-nozzle area produced 

significant net thrust increases, while changing the IGV's to 

minus 5 degrees produced only slight increases or, in one case, 

a slight decrease in net thrust.  Because of those conflicting 

results, it is believed that the slight thrust decrease noted 

with increased primär, exhaust-nozzle area at 50,000 feet. Mach 

0.8, may be in error. 

At this test condition, the maximum net thrust increase 

over that of the base bleed point was 26 pounds (7.2 percent), 

which represents a recovery of 42 percent of the net thrust loss 

due to the bleed-air extraction. 

During thcj bleed testing at 50,000 feet. Mach 0.8, an LP 

compressor IGV setting of minus 10 degrees and a fan exhaust 

nozzle area of 200 square inches were also tested.  Neither of 

these configurations improved engine performance.  A summary of 

the results of the 50,000 feet, Mach 0.8 bleed testing is pre- 

sented in Table 70 . 
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II 

TABLE 69.  BLEED EFFECTS, 50,000 FEET, 
MACH 0.8, STANDARD ATM 

1 Figure No. Parameters-Presented            1 

560 Turbine inlet temperature versus LP bleed flow 

561 Thrust specific fuel consumption versus LP 
bleed flow 

562 Ne1: thrust versus LP bleed flow 

1    563 Fuel flow versus LP bleed flow 

1    564 Interturbine temperature versus LP bleed flow 

565 LP rotor speed versus LP bleed flow 

566 HP rotor speed versus LP bleed flow 

I    567 Engine total airflow versus LP bleed flow 

568 Fan tip pressure ratio versus LP bleed flow 

1    569 Fan hub pressure ratio versus LP bleed flow 

570 Cycle pressure ratio versus LP bleed flow    j 

|    571 Bypass ratio versus IP bleed flow 

572 Engine pressure ratio versus LP bleed flow 

I    573 LP compressor inlet airflow versus LP bleed 
flow                                    j 
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4.4.8.3 50«OOP Feet, Mach 1.2 

The results of the bleed testing at 50,000 feet, Mach 1.2, 

standard atmosphere, are presented in Figures 574 through 587. 

The parameters presented in the curves are listed in Table 71. 

All parameters have been corrected to a turbine inlet temperature 

of 1805oF. 

The results of the bleed testing at 50,000 feet. Mach 1.2, 

show the same general trends exhibited at the previous conditions 

discussed.  During the 50,000 feet, Mach 1.2 testing, the max- 

imum net thrust increase over that of the base bleed point was 27 

pounds (7.3 percent), which represents a recovery of 47 percent 

of the net thrust lost due to the LP compressor bleed. 

During the bleed testing at this flight condition, the 

effect of an LP turbine nozzle area of 105 percent was deter- 

mined. This LP turbine nozzle area did produce a small net 

thrust increase and is near the maximum A42 value that will 

produce a net thrust increase. From the net thrust increase, 

it can be seen that, at 105 percent A42, the increase in turbine 

efficiency still offsets the loss in compressor efficiency, but 

at 110 percent LP turbine nozzle area the compressor efficiency 

loss more than offsets the LP turbine efficiency increase. As 

discussed earlier in Paragraph 4.4.8.1, use of a 110-percent LP 

turbine nozzle area reduces net thrust due to the losses in 

compressor efficiency. 

A summary of the 50,000-feet, Mach 1.2 bleed testing is 

presented in Table 72. 
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TABLE 71.  BLEED EFFECTS, 50,000 FEET, 
MACH 1.2, STANDARD ATM 

1 Figur« No. Parameters Presented 

|   574 Turbine inlet temperature versus LP bleed flow 

1   575 
Thrust specific fuel consumption versus LP 
bleed flow 

576 Net thrust versus LP bleed flow 

!    577 Fuel flow versus LP bleed flow 

578 Interturbine temperature versus LP bleed flow  | 

579 LP rotor speed versus LP bleed flow 

580 HP rotor speed versus LP bleed flow 

|    581 Engine total airflow versus LP bleed flow 

1    582 Fan tip pressure ratio versus LP bleed flow 

1    583 Fan hub pressure ratio versus LP bleed flow 

1    584 Cycle pressure ratio versus LP bleed flow 

585 Bypass ratio versus LP bleed flow 

1    586 Engine pressure ratio versus LP bleed flow 
1 

587 LP compressor inlet airflow versus LP bleed 
flow 
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4.4. r , i^jQOO  Feet, Mach 0.6 

: i>. results of tha bloc.d testing at 20,000 feet, Mach 0.6, 

standard atmosphers, ai.^ presented In Figures 588 through 601. 

The parameters prejt n*-.ed in these curves are listed In Table 73. 

All parameters have been corrected to a turbine Inlet tempera- 

ture of 1S05*F. 

The results of tbn  bleed testing at 20,000 feet. Mach 0.6 

show the same ge.v    ".ends as those determined at the other 

test conditions. During the 20,000 feet, Mach 0.6 testing, the 

maximum net thrust increase over that of the base bleed point was 

66 pounds (5.5 percent), which represents a recovery of 28 percent 

of the thrust loss due to the LP bleed. 

In order to determine if additional performance gains could 

be realized by increasing the primary exhaust-nozzle area beyond 

105 square Inches, an area of 110 square inches was tested.  The 

increased primary exhaust-nozzle area resulted in further 

improved engine performance; however, the rate of ^ain from 105 

to 110 square inches was less than that shown for the change from 

95 to 105 square inches.  In increasing the area from 95 square 

inches to 105 square inches, the net thrust was increased by 33 

pounds.  The rate of change was 3.3 pounds per square inch of 

area increase.  Enlarging the primary exhaust-nozzle area from 

105 to 110 square inches resulted in a net thrust increase of 

11 pounds.  This rate of change was 2.2 pounds per square inch 

increase in area. 

A summary of the 20,000-feet, Mach 0.6 bleed testing is 

presented in Table 74. 
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TABIJE 73. BLEED EFFECTS, 20,000 FEET, 
MACH 0.6, STANDARD ATM 

Figure No. Parameters Presented 

588 

589 

590 

591 

592 

593 

594 

595 

596 

597 

598 

599 

600 

6ol 

Turbine Inlet teirperature versus LP bleed flow 

Thrust specific fuel consumption versus LP 
bleed flow 

Net thrust versus LP bleed flow 

Fuel flow versus LP bleed flow 

Interturbine temperature versus LP bleed flow 

LP rotor speed versus LP bleed flow 

HP rotor speed versus LP bleed flow 

Engine total airflow versus LP bleed flow 

Fan tip pressure ratio versus LP bleed flow 

Fan hub pressure ratio versus LP bleed flow 

Cycle pressure ratio versus LP bleed flow 

Bypass ratio versus LP bleed flow 

Engine pressure ratio versus LP bleed flow 

LP compressor inlet airflow versus LP bleed 
flow 
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4.4.8.5 Ovrall Results of Bleed Effects Testing 

The bleed effects tests confirmed that variable-geometry 

modulation can be used to regain part of the performance loss 

due to bleed extraction. The overall results of these tests, 

summarized in Table 75, show that 28 to 47 percent of the net 

thrust loss due to bleed-air extraction was recovered by the use 

of variable-geometry modulation. 

The LP turbine nozzle area was used to rematch the LP 

compressor to a more efficient operating point; however, losses 

in LP turbine efficiency associated with reduced LP turbine 

nozzle area counteracted the compressor gains.  Possibly, this 

result could be changed by a turbine optimized for performance 

under maximum bleed-air extraction conditions. 

Primary exhaust-nozzle area modulation was used to increase 

the LP rotor speed, which produced gains in net v.hrust. A nega- 

tive preswirl setting of the LP compressor inlet guide vanes was 

used for minor gains by increasing the LP compressor airflow at 

a given rotor speed. However, no significant gains are available 

from this element of variable geometry because decreased LP com- 

pressor efficiency offsets the effect of increased LP compressor 

airflow. 
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195-13 

4.4.9    Low-Speed Airflow 

4.4.9.1 Objective 

Low-speed-airflow tests were conducted at 50,000 feet, 
Mach 0.5,  standard atmosphere to accumulate test data, particu- 
larly airflow data,  to correlate with the data accrued at 
higher flight Mach numbers at 50,000 feet and to use for future 
updates of the engine analytical model. 

4.4.9.2 Results 

The test results are presented in Figures 602 through 617. 
The parameters presented in these curves are listed in Table 76. 
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TABLE 76.  LOW-SPEED AIRFLOW, 50,000 FEET, 
MACH 0.5, STANDARD ATM 

Figure Uo. Parameters Presented 

602 Thrust specific fuel consumption versus net 
thrust 

603 Interturbine temperature versus net thrust 

604 «et thrust versus LP rotor speed 

605 Fuel flow versus LP rotor speed 

606 Interturbine temperature versus LP rotor speed 

607 HP rotor speed versus LP rotor speed 

608 Engine total airflow versus LP rotor speed 

609 Fan tip pressure ratio versus LP rotor speed 

610 Fan hub pressure ratio versus LP rotor speed 

611 Cycle pressure ratio versus LP rotor speed 

612 Bypass ratio versus LP rotor speed 

613 Engine pressure ratio versus LP rotor speed 

614 Combined nozzle thrust coefficient versus 
LP rotor speed 

615 Primarv nozzle flow coefficient versus 
LP rotor speed 

616 Fan nozzle flow coefficient versus LP 
rotor speed 

617 Turbine inlet temperature versus inter- 
turbine temperature 
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4.4.10 High Altitude 

4.4.10.1 Objective 

The original objective of this test series was to accumu- 

late test data at 65/000 feet. Mach 0.6, standard atmosphere, 

with nominal geometry settings for use in updating the engine 

analytical model.  However, this objective was expanded to 

include testing at 65,000 feet at Mach 0.5 and at 70,000 and 

75,000 feet to accumulate data for a potential USAF application 

of the TFE73a Engine. 

4.4.10.2 65,000 Feet, Mach 0.6 

The results of the testing at 65,000 feet. Mach 0.6, stan- 

dard atmosphere are presented in Figures 618 through 633.  The 

parameters presented in these curves are listed in Table 77. 

The engine was tested with nominal geometry settings except for 

the LP turbine nozzle area.  The LP turbine nozzle area was 

increased to 105 percent of nominal area to increase the LP surge 

margin because previous testing had indicated inadequate surge 

margin at low power settings at this operating condition with 

the nominal LP turbine nozzle area. 

4.4.10.3 Special High-Altitude Test 

The objective of the special high-altitude test was to 

determine the maximum altitude capability of a fixed-cycle 

TFE731 Engine in the 65,000- to 75,000-foot region, and to 

measure the engine performance at these altitudes.  The test 

plan was to operate the engine at Mach 0.5 at 65,000, 70,000, 

and 75,000 feet, standard atmosphere, at interturbine tempera- 

tures of 1300, 1400, and 1500oF, with an LP turbine nozzle area 

as close to nominal as possible.  The test was conducted with a 

fan exhaust-nozzle area of 19 5 zquare inches and a primary 

exhaust-nozzle area of 105 square inches. 
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TAaLE  77.     HIGH-ALTITUDE flXED-GEOMETRV 
65,000 FEET,    lACIl 0.6, 
STANDARD ATfi 

Figure No. Parameters Presented 

618 Thrust specific fuel consumption versus net 
thrust                                   | 

619 Interturbine temperature versus net thrust    1 

1    620 Net thrust versus LP rotor speed             j 

621 Fuel flow versus LP rotor speed 

622 Interturbine temperature versus LP rotor speed 

623 HP rotor speed versus LP rotor speed          ä 

624 Engine total airflow versus LP rotor speed 

625 Fan tip pressure ratio versus LP rotor speed 

626 Fan hub pressure ratio versus LP rotor speed 

I    627 Cycle pressure ratio versus LP rotor speed    | 

1    628 Bypass ratio versus LP rotor speed           | 

629 Engine pressure ratio versus LP rotor speed   | 

630 Combined nozzle thrust coefficient versus LP 
rotor speed 

631 Primary nozzle flow coefficient versus LP 
rotor speed 

632 Fan nozzle flow coefficient versus LP rotor 
speed 

633 Turbine inlet temperature versus inter-       I 
turbine temperature 

i 1 

864 



3 z 
u. 

Sfe 
3 

X 
I- 

LU 

■p 
0) 
0) • 

Cv, ■U 
Ü) 

o 3 
o P 
o,c % C-« 
in 
vo +J 

0 
Ik •-* 

U5 
• in 

O 3 
w 

Ä u 
Ü 0 
to > 
•i 
A-i 

c 
■P 0 
fl •H 

■p 
& 

*J § 
0) to 

c 
0 0 
0) u 
a 
i H 
^ ei 
0 3 
X fa 

•H 
fa u 

•rH 
0) H-l 

'O ■H 
3 u 
■U 0) 
■H Gi 
4J W 
.H 
< -P 

1 tn 
Ä 3 
o> ^ 

•H ^« 
HM Li 

00 

0) 
u 
3 
cn 

•H 
fa 

dai/(UH/i/\iai) - QOJS 'NOiidwnsNoo nand oidioads isnaHi 

865 



■n 
Q) 
0) 

Ct. 

o 
o 
o 
* 

in 
vo • 

>J 
* V, 

\o 3 
• »^ 

ox 
H 

JC 
U P 
(TJ 0) •-» r-r *-» 

■P w 
(0 0 

w 
>1H 
M 0) 
■p> 
<D 
£ 0) 
0 M 
a) 3 
o ^J 
i m 

r3 ^ 
0) 0) 
X a 

•H e 
PM (U 

E-" 
0) 

TJ 0) 
J c 

+J •H 
•H^J 
4J u 
■H 3 
< 4J 

M 
•—• 0) 
C7>4J 
•H c 
*—• M 

VD 

0) 
M 
3 
CP 

•H 

«o - Hzn '3aniva3diAi3i 3Nisuruu3j.Ni 

866 



4J 
(ü 
Q) 

O 
O 
O 

in 

vD 

x: 
o 
nJ 
S f 

•o 
■P i) 
fl 0) 

a 
>iW 
U 
4J M 
0) 0 
E -P 
O 0 
<U 05 
Ü 

1 & 
■o J 
<u 
X m 

•H 3 
fe (0 

^ 
0) (U 
-o > 
3 
4J p 
•H en 
■P 3 
iH M 
<-c: 

i H 
4-t 
en 4" 

•H 0) 
E 55 

• 
o 
CM 
vD 

0) 
U 
3 
C^ 

■ri 
(U 

•091      'Oil      '09t •05!      '0M      'Oil      'Oil 
dan - asNd 'isnuHi IBN 

•on •wi '06 

867 



Q) 
(1) 
iM 

O 
O 
O 

» 
in 

o 
x: 
u 
m 
S 
■P 'O 

>i a 

e o 
o +J 
0) o 

0) 
X 

•H 

a« 

0) a 
(0 

s > 

4J o 

si'-* 

0) 
U 
D 
Cn 

•H 

•Oil      '091      '0S1 
«H/Wai - CBdAA 'AAOId land 

868 



0) 
(U 
b 

o 
o   • 
o »o 

to 

• o 
O 4J 

o 
J5 OS 
u 

■P (0 
«J 3 

01 
>iU 
U 0) 
■M > 

6 0) 
O M 
(U 3 
Ü -P 

I 19 
•o U 
0) a> 
X a 

■H e 
CM QJ 

EH 
0) 

TJ (1) 
a c 
4J •H 
•H XI 

u 
rH    3 
< 4J 

I   U 
xi <o 
CP+J 

•H c 
33 H 

CM 

vD 

M 
3 
CP 

CM 

*0012   •0902 '0202 '096t 'Of«! '0061 '0X1    '0201  00^1 

Uo - uzti '3yniv«3dW3i aNisumuBiNi 

869 

_i_. 



*l 

i \ 

\ 
i 
< 

z 
5 z 
Ui 

N 

\ 
\ 

\ 

\ 

UJ 

UJ 

■ 
p 

i • \ 
V 

o 

UJ 
-1 
m 

i  
  

  
 i
  
  
  

 i 
H

-A
L

T
IT

U
D

E
 

F
IX

E
D

-G
E

O
M

E
T

R
' 

FE
E

T.
 M

A
C

H
 0

.6
, 

S
T

A
N

D
A

R
D

 

A
ED

C
 P

ER
FO

R
M

A
N

C
E 

D
A

TA
 

A
ll

  
 -

   
II
S
 S

O
 I

N
. 

A
l 
  
  
- 

  
IK

 S
O
 I

N
. 

A
42

  
 -
  

II
S
 P

ER
C

EN
T 

16
V 

  
- 

  1
 D

EG
R

EE
S 

V 
\ 

< 
E 
< 
> 

i 
■ 

>• ee 
IM 

V 

8 
UJ ee 
& 3 

— 0fi x; t    0 

3 

1 l_ 1_ 

8 

i 

§ 

0) 

lu 

o 
o 
o « 

& 

** x-o 
r u a> 

id a) o S  Ou 
• 

1 
>< CO 

(0  H 
0 ^ >14J 

fit 
1 

u 5 
0) 

• _J E 04 

g ^ 0 J 
0) O ü m 

UJ 1   3 
UJ -o w 
05 X 0) • AC ■H > 

§ O b 
K •D mm 
O 0  0) 
rt •a a) 

5 
3 a 
4J CO 

i rH   O 

1  o 
J3 « 
CP 

äS 
S 
ut 

n 
CM 
vD 

• 0) o 
3 S 

fa 

• 
S 

'0082    '0842    '09^    'OhtZ    '02^    •00t2    '0B9Z    '0992    •QlflZ    '0292    -009^" 

(^OIX) WdU - HN 'a33dS UOIOU dH 

870 



■n 
0) 
0) 

o 
o 
o 
in 
VD   • •o 

• 0) 

. a 
O CO 

s: u 
u o 
SS 
id o« 

^^ 
M (0 
4J 3 
0)  (0 
E 
O 
(U 
Ü 

u 
0) 
> 

o T3 
0) 
X M-l 

•H U 

(U 
T3 H 
9 Id 

•H  O 
*J H 

<  (U 
i d 

•H   C 
x u 

vX) 

(U 
U 
3 
cn 

■H 

0*01       8*6 9*6       tr6       2'6      0*6       9*8       9*9       h*9 
oas/wai - QZVM 'won JUIV nvioi 3NION3 

871 



JJ 
0) 
0) 

o 
o 
o 

«   • 
in TJ 
V0   (1) 

. a 

O M 
O 

u o 
s 
•p 

(0 
>i3 

+J u 
0) a) 
e > o 

09*1     95*1     Wl Qhl     Wi'l     Oti'I     KM     2C'I 
zosid 'oiivu aanssabd dii NVJ 

82*1     KM     KM 

o 
•H 

0) a 
•H 0) 

0)  (0 
•o to 
3 

a. 
< 

i 

•H   fl 
BJ fe 

in 
CM 
vD 

0) 
M 
3 
CP 

Cl4 

872 



OS'I     8tt't gft'l      hh'l     Zti'I     Oti'l     KM     9C'l 

ZDZZd 'OI1VU 3«nSS3Bd SOH NVd 

873 



tt) 
0) 
CM 

O 
O 
o 
in 
VD   • 

•O 
. 0) 

vo a> 
• a 

o w 

u 
S 

M 
0 
•P 
o 
<& 

■p 

u 
p 
0) (0 
E H 
o 
o 

I 
TJ 
0) 
X 

•H 
EM 

0) 
TD 
3 
P 
•rt 
P 

< 
I 

> 

O 
H 
P 
(0 
OS 

0) 
M 
3 
m 
en 
(U 
M 
04 

0) 

t^ u 
•n >, 
33 U 

0) 
M 
3 

•rl 

zdoesd 'oiivu aanssaHd BIDAD 

874 



1 

I 

i 
/ 

O r    ' 
z > 
-1 03 
< yT 
oc / 
u / 

Vi / 
Ul f 
Z ^A 
C3 yk ) 
Z 7 
UJ / 
^ / n A 
^ / 
u / 
u. 

/ 1- 
iii / L_ >.< 

o 
> 

^ ^5 
UJ 
-J 
m cy 

/i s < 

9! < 1 
< j QM tu              1 

Jl            1 

5 UJ   .     a                  s          1 

> 
ujl 

O
R

M
A

N
C

 
5 

S
Q
 

IN
. 

S 
S

O
 

IN
. 

S 
P

E
R

C
E

N
 

D
E

G
R

E
E

S
 *             1 

> 
Ul                    I 

§< ^              i 0 
t^     SSSSciS 

^Ui 
I". 

*■    »      H      II      « ^            1 
Ul J            1 

— 0 - 

58   0 
in 
(0 

iiil 

Si 

i 

s 

.1 
o 

d E 
a. 
oc 

- 0 
UJ 
UJ 

8s 

oc 
a. 

.. 10 

■p 
a) 

o 
o 
o 
in 

o 

nl • 

0) 
4J 0) 
m a 
w 

>i 
u u 
+J 0 
0 -P 
6 0 
0 (U 
0) 
ü a* 

1 J 
•o 
Q) CO 
3 
(0 
M 
0) 

♦ > 

0) 
■o 0 
3-H 

■P P 
•H nj 
P (* 
r-i 
< (0 

1 w 
X! (0 w a 
•H >, 
33 CQ 

00 
CM 

(U 

3 

•H 

Q'C  S-C  fi'C  £'6 et     re    ec 
uda 'oiiva ssvdAa 

6*2       0*2       ^'2       9^ 

875 



q 
CM 

\ 
d < z ^ro 
-J ^ 
< \ 
oc \ 
% \ 
UJ V z fo 
o H z 
III \ 

w \ r* \ 
UJ 
u. f 

i 

V 
\ Ul V 

Ü Co: o 
5 ig A 
Ui 
-1 

2 2 1 \ 
CD 
< s 

111    .      s                       s 

< 
> 

5«!     "         & 

_||  fssss 
3 _        9 ui ui ui O 

a 
* 
> 
ec 
in 

o 
1-2     £ 5»S oS 
•jh-     fc »   •  «   » . 
rfUJ        U 

s 

IS 

1     1 

J 

i 
• 

s 

oc 
I 

.i ~ o 
111 
UJ 

9s 

§i "• o 
oc 
0. 

0*2      BM       9*1 fl        S'l        SM       IT!       CM 
ZO£d 'OllVd 3anSS3Ud 3NION3 

l'\ \'\ O'l 

4J 
0) 
0) 
b 
o 
o o 
m   • 
vo-o 

0) 
« 0) 

vo a 
• w 

o 
M o 

>i to 
M 3 

0) 
S 
o 
(U 
Ü 

I 
T3 -P 
01 « 
X (* 

•H 
cn a» 

M 
TJ (0 
3 

■P 
•H 
4J 0« 
H 
<  0) 

I  c 

tTCP 
•H C 

OM 

0) 
M 
3 
tT> 

876 



Ul z 
5 

CO 

> 
Ü 
LU 
_J 
CO 
< 
E 
< 
> 

  

D 

    

€ io 

p 
\ 

_>< \ 

tic o\o 

1 
D

-G
E

O
M

 
S

TA
N

D
A

 

< 
2 

1 tAc 
3 tu a                  = 

X(0 

R
FO

R
M

A
N

C
E 

II
S
 S

Q
 I

N
. 

II
S
 S

Q
 I

N
. 

II
S
 P

ER
C

EN
T 

0 
D

EG
R

EE
S 

a 
• 
> m 
Ui > e u 
Ul 

^»- 
.        V                           K 

k   ■    I    «    •   . 
rfUJ 
?Ui zu. 

u 

Ig 0 

18 
i 

1 1 

J 

J 

§ 

• 

8 

—  a. 
cc 

g2. 
- Q 

UJ 
UJ 

o § - o 
cc 
a. 

Q) 
. 0) 

0) CO 
(U 
Cn H 

0 o -u 
O 0 
o « 
in on 

^D 

u 
S 

w 
D 
W 
M 
a) 
> 

(0 

c 
0) 

•H 
o 

•H 

■J)  ft) 
(1) 0 
e u o 
ft)  4J 

3 

ft) £ 
X EH 

•H 
Cn 0) 

.H 
0) N 

TJ N 
3 S +J 21 

•H 
■P T» 
rH    Q) 
<    C 

t^e 
•H o 
B U 

o 
n 

0) 
n 
a 
en 

•H 

00*1     66*0     86*0     £6*0     96*0     S6*0     WO     C6'0     26*0     16*0     OecT 
N3SI9J0 'iN3IOIddaOO ISOUHl 31ZZON OBNiaiAlOO 

877 



G( ) o 
N 

O 1 z 1 
-1 i 2 
< 
oc 
III 
M 

UJ 
7" 

i O P 
UJ i 
t- w i r*. i 
UJ \ 
u. 2 
UJ ->< 

i 

I 
-1 \ 
O 
> 

1 
D

-G
E

O
M

E
T 

S
T

A
N

D
A

R
I 

i                  ■» 
o\o 

UJ 
_i 
en 

; 
< 

•     5 
i \ £\ 

< !3 Q 

> 

1 
IT

U
D

E
 

F
IX

E
 

M
A

C
H
 
n

n
 

R
FO

R
M

A
N

C
E 

0 
II
S
 S

Q
 I

N
. 

II
S
 S

Q
 I

N
. 

II
S
 P

ER
C

EN
T 

0 
D

EG
R

EE
S 

i 

K 
UI 

\ 

s 
UI 

!> * ■   i   ■   i ^ 

TU Xu A
ED

C
 

A
ll

 
A

l 
A

42
 

IG
V

 
IN

LE
1 

— 2 c 
ig \    0 

} 

S I 

i 

s 

7 
o 

a E 
OL 
OC 

I 
# 

- a 
UJ 
UJ 

8s 

O 
OC 
a. 

4J -O 
0) 0) 
0) (U 
Cn a 

w 
O 
o »^ o 0 

* ■p 
in 0 
& cm 

* Cn 
vO J 

O m 
3 

Ä (0 
u M 
Itt 0) 
S> 
■p P 
(0 C 

0) 
>i-H 
U u 
A-) •rl 
0) IW 
g»w 
0 0) 
0) 0 
Ü u 
TI ? 
0) 0 
X -i 
•H fa 
PM 

0) 
a) .-( 
•o N 
3 N 
-P 0 
•H S5 
-U 
rH >i 
<: U 

i (0 
x: E 
CP-H 

•H v< 
a a* 

• 
rH 
n 
VD 

0) 
U 
3 
cr 

■H 
fa 

00*1      66*0     86*0     £6*0     960     S6'0     WO     C6'0     26*0      160     06*0 

803 'iN3IOI.Hd300 MOU 31ZZON AUVWIdd 

878 



tm 

86*0     tB'O     96-0     S6'0      WO     €6*0     26*0 
8103 iNBIOIddiOO MOId 31ZZON NVd 

379 



•oo»e •09Ce 'OXZ    'OKZ   'OWZ '0022 '0912    '0212 •0902 'ONE 'OOO^ 

Uo - AAZXH '3yniva3dW3i laiNi BNieum 

880 



195-15 

The engine was successfully tested at Mach 0.5, 65,000 feet 

at all three desired interturbine temperature levels, with an 

LP turbine nozzle area of 105 percent.  One LP compressor surge 

was experienced during a deceleration from an interturbine tem- 

perature of approximately 1400oF to a temperature of 1300oF, 

causing the operator to shut down the engine. After restarting 

the engine and re-establishing cell conditions, surge-free opera- 

tion was maintained at 1300oF. 

While attempting to set conditions for 70,000 feet, Mach 0.5, 

with the interturbine temperature set at approximately 1400oF and 

the LP turbine nozzle area set at 105 percent, another LP 

compressor surge was experienced. The LP compressor surge bleed 

valve was opened and the engine recovered. After several 

unsuccessful attempts to operate surge-free at Mach 0.5, /0,000 

feet, with 110 percent LP turbine nozzle area, the flight Mach 

number was increased to 0.6. Successful operation was experi- 

enced at this condition at interturbine temperatures of approxi- 

mately 1500 and 1400oF, but the LP compressor surged during the 

deceleration to 1300oF. The surge bleed valve was opened and the 

engine again recovered. 

The LP turbine nozzle area was increased to 115 percent and 

the operating condition was set at 7 5,000 feet. Mach 0.7.  With 

the surge bleed valve closed, an LP compressor surge was expe- 

rienced at this condition and the operator shut down the engine. 

After restarting the engine and resetting cell conditions, the 

engine was subsequently operated successfully at Mach 0.83 at 

75,000 feet at an interturbine temperature of approximately 

1500oF.  Attempts to obtain surge-free operation at 1400oF were 

unsuccessful. 

Selected performance parameters from the surge-free oper- 

ating points demonstrated during the special high-altitude test 

are presented in Table 78. Tested operating points from this 

special test and the originally scheduled test at 65,000 feet. 
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195-16 

Mach 0.6 are superimposed on the analytical model LP compressor 

map presented in Figure 634.  Extrapolation of the surge-free 

operating points at 70»000 and 75,000 feet indicates that the LP 

compressor should surge at the power settings where it was exper- 

ienced. 

A review of the parameters presented in Table 78 and Fig- 

ure 634 indicated that the LP compressor surge margin is reduced 

by the drastic decrease in both LP and UP rotor speeds with in- 

creased altitude.  Therefore, the surge margin at high altitudes 

can be improved by the use of increased LP turbine nozzle area 

to increase the HP rotor speed.  Variable IGV's could also be 

used to increase the LP compressor surge margin, but with a re- 

sulting decrease in primary stream airflow. 

The test results suggest an application for a variable- 

cycle engine.  The application would require maximum potential 

performance at both low and high altitudes, with surge-free 

operation at both. The variable LP turbine nozzle area could 

be set close to the nominal value at sea level to maintain HP 

rotor speed within limits and could be opened at high altitudes 

to increase HP rotor speed to improve the engine performance and 

LP compressor surge margin.  Variable LP compressor geomeLij 

might also be employed in conjunction with variable LP turbine 

nozzle area modulation for extremely high altitudes. 
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VARIABLE-CYCLE TFE731  ENGINE SERIAL NO. 7399-2 
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Figure 634. High-Altitude-Tested Surge-Free Operating 
Points Superimposed on LP Compressor Map 
Showing Decrease in Surge Margin with 
Increase in Altitude. 
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4.4.11    Surge Margin Check 

4.4.11.1 Purpose 

The surge margin check was conducted to confirm the surge 
lines previously established from the results of the LP compres- 
sor rig tests.     Since  several test series of this program in- 
volved an evaluati jn of the effect of variable-geometry compo- 
nents on LP compressor surge margin»   it was considered necessary 
to confirm that the  surge  lines of the LP compressor operating  in 
the engine environment were in agreement with those measured on 
the rig. 

4.4.11.2 Method 

The test involved a surge check at two referred speeds at 

zero degrees IGV and first-stage stator angles and at one re- 

ferred speed at 30 degrees IGV and 10 degrees first-stage stator 

angles. The test was conducted at Mach 1.6 at 50,000 feet, 

standard atmosphere. 

The technique used to establish accurate surge points was to 

start with an LP turbine nozzle area that would maintain the LP 

compressor operating point well away from surge and then, while 

holding the LP rotor speed constant, to reduce the LP turbine 

nozzle area in small steps until a surge was detected. Steady- 

state data was recorded after stabilization following each step 

change in LP turbine nozzle area. After a surge was detected, 

the LP compressor surge bleed valve was opened to move the oper- 

ating point out of surge.  The LP turbine nozzle area was then 

increased by approximately 1 percent, the surge bleed valve was 

closed, and following stabilization, steady-state data was re- 

corded at this condition. 
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The surge detection system consisted of a pressure probe and 

transducer installed at the exit of the HP compressor and at the 

exit of the fan stator, which were monitored on strip recorders. 

Tho following parameters were recorded:  P13, PS3, P24, NL, NH, 

and T42.  A diagram of this system and the surge bleed valve is 

shown in Figure 335 of Paragraph 4.2. 

4.4.11.3 Results 

The results of the surge margin testing are presented in 

Figures 635 through 638.  The parameters presented in these 

figures are listed in Table 79. 

TABLE 79.  SURGE MARGIN CHECK, 50,000 FEET, 
MACH 1.6, STANDARD ATM 

Figure No. Parameters Presented                                 ! 

|   635 Referred LP Rotor Speed Versus LP Turbine                  | 
Nozzle Area 

636 LP Compress jr Referred  Inlet Airflow Versus LP        1 
Turbine Nozzle Area 

637 LP Compreisor Pressure Ratio Versus LP Turbine 
Nozzle Area 

'   638 LP Compressor Pressure Ratio Versus Referred 
Inlet Airflow                                                                                  { 

The overall results of this testing are presented in Figure 

638 in terms of LP compressor pressure ratio versus referred in- 

let airflow.  This figure shows the rig surge lines for inlc-t- 

guide vane (IGV) angles of zero and 30 degrees a^d referred 

speed lines of 70 percent for 30 degrees IGV angle and 70 and 

80 percent for zero degrees IGV angle, superimposed on a plot of 

the test data. 

The comparison of the AiResearch rig and AEDC engine surge 

points at the same referred speeds, presented in Table 80, indi- 

cates agreement of the two sets of data within a tolerance of 

plus or minus 2.5 percent.  This is considered to be within the 

limits of engine-to-engine variation and repeatability and, there- 

fore, represents good agreement. 
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4.4.12 High-Mach-Number Capability 

4.4.12.1 Purpose 

The main purpose of the High-Mach-Number test series was to 

demonstrate the ability of variable compressor and turbine geom- 

etry to extend the TFE731 Engine operating envelope to Mach 2.2 

at 50,000 feet, MIL-STD-210 cold atmosphere. 

The LP compressor inlet guide vanes were set at 30 degrees 

and the fi»"-'-stage stators were set at 10 degrees to obtain suf- 

ficient LP  .upressor surge margin so that the LP turbine nozzles 

could be i  ulated through the 90- to 110-percent area range. 

Two different combinations of fan and primary exhaust-nozzle 

areas were tested in order to accumulate exhaust-nozzle perform- 

ance data at high nozzle pressure ratios. 

The measurement of overall engine performance at this opera- 

ting condition was not an important objective because Mach 2.2 

represents an unrealistic condition for an unaugmented turbofan 

engine. 

4.4.12.2 Results 

The results of the 50,000 feet, Mach 2.2, MIL-STD-210 cold 

atmosphere testing are presented in Figures 639 through 654.  The 

parameters presented in these curves are listed in Table 81.  The 

overall test results at the above flight condition at a constant 

calculated HP turbine inlet temperature of 1540oF are summarized 

in Table 82.  This table presents LP rotor speed, HP rotor speed, 

net thrust, specific tuel consumption, and LP compressor surge 

margin. 
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TABLE 81.  HIGH-MACH-NUNBER CAPABILITY, 50,000 FEET, 
MACH 2.2, MIL-STD-210 COLD ATM 

j Figure No. Parameters Presented 

1    639 j Thrust specific fuel consumption versus net 
thrust                                    j 

f    640 Turbine inlet temperature versus LP turbine 
nozzle area 

1    641 Net thrust versus LP turbine nozzle «ue& 

1    642 
Fuel flow versus LP turbine nozzle area       ä 

i     643 Interturbine temperature versus LP turbine    j 
nozzle area 

644 LP rotor speed versus LP turbine nozzle area   1 

1    645 HP rotor speed versus LP turbine nozzle area   j 

1    646 Engine total airflow versus LP turbine nozzle 
area 

j    647 Fan tip pressure ratio versus LP turbine 
nozzle area                                j 

|    648 Fan hub nrossure ratio versus LP turbine nozzle 
area                                    1 

1    649 Cycle pressure ratio versus LP turbine nozzle 
area 

650 Bypass ratio versus LP turbine nozzle area    | 

651 Engine pressure ratio versus LP turbine nozzle 
area 

1 

i    652 Combined nozzle thrust coefficient versus LP 
turbine nozzle area                        j 

653 Primary nozzle flow coefficient versus LP     | 
turbine nozzle area                        | 

654 Fan nozzle flow coefficient versus LP turbine 
nozzle area 

893 
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The data in Table 82 show« that variable LP turbine nozzles 

are still effective in controlling LP compressor surge margin at 

this extreme flight condition. The sensitivity of the surge mar- 

gin change with LP turbine nozzle area modulation was of the 

order of 0.62 to 0.68 percent change in surge margin for each 

percent change in LP turbine nozzle area. This compares to a 

sensitivity of 0.74 to 1.08 for flight flach numbers from 0.8 to 

1.6 at 50,000 feet, standard atmosphere. 

The surge margin data shown in Paragraph 4.4.11 indicates 

that changing the inlet guide vanes from zero to 30 degrees 

increases the LP compressor surge margin by approximately 17.5 

percent at a referred speed of 70 percent. This referred speed 

is representative of those tested at the Mach-2.2 condition.  The 

test-derived surge margins presented in Table 82 confirm that 

the range of turbine nozzle area modulation would have been 

severely restricted if the 30-degree IGV setting had not been 

used.  The data also indicated that the surge margin at 100 per- 

cent LP turbine nozzle area would also have been insufficient if 

use of IGV and first-stage stator settings of zero degrees had 

been attempted. 

Although the variable-geometry changes at this test condi- 

tion showed some significant effects, percentagewise, on net 

thrust and specific fuel consumption, these results are con- 

sidered to be academic for an unaugmented turbofan engine at 

this condition.  Therefore, the results are presented for the 

record but are not discussed further. 
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4.4.13 Sea-Level Static Post-Test Calibration 

The objective of the sea-level post-test calibration was to 

determine the extent of engine performance deterioration that 

occurred during the altitude test. 

The post-test calibration was conducted on June 18, 1974, at 

a simulated altitude of 5000 feet and an engine inlet temperature 

of 590F. These are the conditions that were simulated during the 

pretest sea-level cell correlation. All the variable-geometry 

settings were set to the same values used in the pretest sea- 

level static, standard atmosphere calibration. The post-test 

calibration was conducted prior to the Mach-2.2 test and the 

high-altitude test.  Comparisons of the pretest and post-test 

AEDC sea-level results are presented in Figures 655 through 669. 

The parameters presented in these curves are listed in Table 83. 

A summary comparison of selected parameters is presented 

for a constant net thrust of 3300 pounds in Table 84. The data 

presented in Table 84 indicates that, at a constant net thrust of 

3300 pounds, the SFC had increased by 1.2 percent and the inter- 

turbine temperature by 2 30F. These two parameters and the 

others presented in Table 84 indicate that there was minimal per- 

formance deterioration during the test. 
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TABLE  8 3.      SEA-LEVEL STATIC,   STANDAUD ATM POST-TEST 
CALIBRATION PERFORMANCE CURVES 

1 Figure No. Paranet«rs Presented 

1    655 Referred thrust specific fuel consumption versus 
referred net thrust 

1    656 Referred interturbine temperature versus referred 
net thrust 

1    657 Referred net thrust versus referred LP rotor 
speed 

1    658 Referred fuel flow versus referred LP rotor speed 

1    659 Referred interturbine temperature versus referred 
LP rotor speed 

660 Referred HP rotor speed versus referred LP rotor 
speed 

661 Referred engine total airflow versus referred LP 
rotor speed                                 j 

662 Fan tip pressure ratio versus referred LP rotor 
speed 

1    663 Fan hub pressure ratio versus referred LP rotor  j 
speed 

664 Cycle pressure ratio versus referred LP rotor 
speed 

665 Engine pressure ratio versus referred LP rotor   j 
speed 

666 Bypass ratio versus referred LP rotor speed 

667 Combined nozzle thrust coefficient versus 
referred LP rotor speed 

668 Primary nozzle flow coefficient versus referred 
LP rotor speed 

669 Fan nozzle flow coefficient versus referred LP   | 
rotor speed 
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4.4.14    Exhaust-Nozzle Performance Analysis 

4.4.14.1 Purpose 

A comparison of the measured performance of the TFE731 

variable-cycle engine with nominal geometry settings and a 

fixed-cycle TFE731-2 engine, previously tested at IJASA-LeRC, 

at the TFE731~2 design point of 40,000 feet, Mach 0.8, standard 

atmosphere is presented in 4.4.3. This comparison indicated 

lower performance for the variable-cycle engine due to lower 

thrust coeffici«nts for the variable exhaust nozzles. Refer to 

4.4.3 for the technical discussion leading to this conclusion. 

The results of the performance analysis of the variable 

exhaust-nozzle component data accumulated during the AEDC 

altitude test are presented in the following paragraphs. This 

analysis is presented to explain the cause of the lower variable 

exhaust-nozzle system performance, as well as to define possible 

changes in design to improve the variable-nozzle performance. 

4.4.14.2 Design Approach 

The variable-area exhaust-nozzle system, described in 

4.1.2, was designed for the AiResearch TFE7 31 variable-cycle 

turbofan engine to provide independent and continuously variable 

fan and primary exhaust-nozzle areas. 

4.4.14.3 Predicted Exhaust-Hozzle Performance Characteristics 

Since no test data was available for this variable exhaust- 

nozzle configuration, estimates were made for use in the 

variable-cycle engine analytical model.  The general approach 

used in making these estimates was as follows. 

930 



The static performance of the variable-geometry exhaust 

nozzles was predicted with the use o; existing nozzle data cor- 

relations, with the assumption that there are no interactions be- 

tween the primary and the fan exhaust-nozzle flows. The throat 

thrust for both nozzles is not significantly influenced by the 

local environment. Hence, only the primary plug thrust and the 

fan plug thrust are sensitive to changes in the local flow field, 

The primary nozzle plug thrust is altered in the lower pressure 

ratio ranges, where its contribution to overall thrust is small. 

Hence, it was assumed that the primary nozzle performance is un- 

changed due to the presence of the bypass flow. 

The predicted performance for the isolated primary nozzle 

is presented in Figure 670. The primary nozzle thrust coeffi- 

cient is defined as: 

CFG8 = IÜT 

where:   FG8 = actual primary exhaust nozzle gross thrust, Ibf 

FG8I = ideal primary exhaust nozzle gross thrust, Ibf 

This equation may be expanded into the following form, which is 

more useful for exhaust nozzle performance prediction and analy- 

sis: 

bi V8E + L g rca  ,-— „ ^ ■ (PS8E) A8El  - (PSO) A8E 
CFG8 = ^2. 

W£i V8ISEN 
g 

where:   CFG8  = primary exhaust-nozzle thrust coefficient, 
dimensionless 

CS8   = primary nozzle vacuum thrust coefficient, 
dimensionless 

WG8   = primary exhaust-nozzle flow rate, Ibm/sec 

2 
g = gravitational constant,   Ibm-ft/lbf-sec 
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V8E   ■ primary stream velocity at nozzle (plug) 
exit, ft/aoc 

PS8E  • static pressure at nozzle (plug) exit, psia 

AQE   ■ projected flow area at nozzle (plug) exit, 
square inch 

PSO   = ambient pressure, psia 

V8ISEN = isantropic velocity for full expansion of 
primary stream to ambient pressure, ft/sec 

The primary nozzle vacuum thrust coefficient, CS8, wnich is 

defined as the ratio of actual-to-ideal momentum plus PA forces, 

is a function of the throat Reynolds number, the equivalent 

hydraulic diameter, the plug angle, 9, the design Prandtl-Meyer 

angle, and the plug truncation ratio. Refer to Figure 671 

for clarification of nozzle plug angle, truncation ratio, aud 

location of exit Station E for a typical truncated plug nozzle. 

The predicted performance for the fan exhaust nozzle ir. 

presented in Figure 672.  The fan nozzle thrust coefficient 

is defined as: 

^r^io   FG18 
CFG18 = FGlSI 

where:   FG18 = actual fan exhaust nozzle gross thrust, Ibf 

FG18I = ideal fan exhaust nozzle gross thrust, Ibf 

The following expanded form of this equation is a more conven- 

ient expression for exhaust-nozzle performance analysis: 

18E 

CS13 
CFG18 = 

(WA18) V18T + (PS18T) A18T 
9 

+ /   (PS)dAs - (PSO) A18E 
18T 

(WA18) V18ISEN 
g 
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, / dAS 

TRUNCATION RATIO = L PLUG/L 

Figure o71. Identification of Typical Plug 
Nozzle Parameters. 
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where:        CFG18        - fan nozzle thrust coefficient,  dimensionless 

CS18 fan nozzle vacuum thrust coefficient, 
dimensionless 

WA18    = fan nozzle flow rate, Ibm/sec 

VIST    ■ fan nozzle flow velocity at nozzle 
throat, ft/sec 

PS18T   ■ static pressure at fan nozzle throat, psia 

A18T    ■ fan nozzle throat flow area, square inches 

A18E    = projected flow area at fan plug exit, square 
inches 

V18ISEN = isentropic v/elocity for full expansion of 
fan nozzle stream to ambient pressure 

dAs differential change in fan plug projected 

surface area, square inches 

The fan nozzle thrust can be partitioned into two convenient 

coefficients. The first of these is the fan nozzle throat thrust 

coefficient, which is defined as; 

CS18 
CFGT18 « 

WA18 VIST + (PS18T)(A18T) - (PSO) A18T 

(WAi8) V18ISEN 
g  ' 

The second coefficient is the fan plug thrust coefficient, 

defined as: 

CFPLUG = 

18E 
f        (PS - PSO) dAs 
.8T 

(WA18) V18ISEN 
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This partitioning is particularly convenient when consider- 

ing interaction between the primary and the fan nozzle flow 

streams. CFGT18 is unaffected by the interaction; hence, CFPLUG 

can be determined for each data point and compared with the 

predicted values to pinpoint the deficiency in nozzle perform- 

ance.  The predicted throat and plug thrust coefficients are 

presented in Figure 67 3. 

4.4.14.4 Comparison of Predicted and Measured Fan Plug Thrust 

Coefficients 

The fan plug static pressures were measured for each data 

point throughout the AEDC program.  Selected data points were 

used to compare the predicted plug thrast coefficients with the 

integrated values.  The static pressure distribution for each 

selected point, shown in Figures 674 through 677, was numer- 

ically integrated with use of a second-order piecewise-curve-fit 

routine and then divided by the fan nozzle ideal thrust to gen- 

erate the measured fan plug thrust coefficients.  Comparison 

of these coefficients to the predicted values, presented in 

Figure 678, shows that the measured fan plug thrust is signifi- 

cantly below the predicted values. 

The lower plug thrust is attributed to two effects. First, 

the fan plug has a gradually increasing included angle, which 

causes the fan flow to expand more on the plug outside surface 

than it would for a constant angle conical plug.  This moves the 

recompression and/or shock system downstream and lowers the 

resultant integral prep^ure-area force.  Secondly, the pres- 

ence of a high-velofLty core jet lowers the pressure downstream 

of the recompression system, which weakens it and moves it still 

farther aft.  This problem could be alleviated by recontouring 

the plug and scheduling the throat angle as illustrated in 

Figure 67 9.  Such a system should have improved performance 

throughout the entire operating range of the AEDC program. 
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•TRANSLATING  COWL 

AXIAL  TRANSLATION 

RECONTOURED  FAN 
NOZZLE PLUG 

VARIABLE  PRIMARY 
TRANSLATING  PLUG 

IRIS  TYPE COWL RADIAL  CHANGE AS  REQUIRED 
TO  OBTAIN  DESIRED  THROAT 
AREA AT A  PARTICULAR AXIAL 
POSITION 

Figure 679.     Nozzle Configuration for  Improving 
Variable-Fan Nozzle Performance. 
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4.4.14.5 Comparison of Combined Variable-Nozzle Thrust 

Coefficients with NASA-LeRC Data on Fixed Reference 

Nozzles 

A comparison of the variable-nozzle system used in the AEDC 

testing of TFE731 Variable-Cycle Engine Serial No. 7399-2 and the 

reference fixed-nozzle system used in the NASA-LeRC testing of 

TFE731-2 Engine Serial No. 7306-2 previously presented in 4.4.3 

is repeated in Figure 680 for convenience to the reader.  A 

comparison of the combined exhaust-nozzle thrust coefficients of 

the two nozzle systems at 40,000 feet, Mach 0.8, standard atmos- 

phere, also presented in 4.4.3, is repeated in Figure 681.  The 

combined nozzle thrust coefficient, CFGISEN, is defined as: 

FG 
CFGISEN = jjpTj 7~rrK  

SS« V8ISEN + £2ii V18ISEN 

where  FG = total measured gross thrust, Ibf. Other terms have 

been defined in Paragraph 4.4.14.3. 

The data presented in Figure 681 indicates that the com- 

bined nozzle thrust coefficients of the variable nozzles were 

approximately 2 percent lower than those of the fixed reference 

nozzles.  This accounts for approximately 4 percent lower net 

thrust of the variable-cycle engine at the fixed-cycle engine 

aerodynamic design condition because the gross-to-net thrust 

ratio is approximately 2:1 at this condition.  Figure 681 

includes, in addition, variable-nozzle daLa points corrected for 

the lower fan nozzle plug performance.  These adjusted com- 

bined thrust coefficients indicate that, if the fan nozzle plug 

performance were improved by the change in design of the frji 

nozzle as illustrated ir» Figure 679, the performance of the 

variable nozzles would be equal to that of the reference fixed 

nozzles used in the NASA-LeRC testing. 
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STA  236.32 

STA 268.05 

STA 283.72 

STA  299.32 

VARIABLE-CYCLE  TFE731 
ENGINE S/N   7399-2 

PRIMARY  AIRFLOW 

FIXED-CYCLE  TFE731-2 
ENGINE S/N  7 306-2 

Figure 680.    Comparison of  Exhaust Nozzle Systems of 
Variable- and Fixed-Cycle Engines. 
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4.4.14.6 Overall Variable-Area Lxhaust-Hozzla Data Correlrttlon 

Exhaust-nozzle component performance in terms of combined 

nozzle thrust coefficients, CFGISEN, primary exhaust-nozzlu flow 

coefficients» CD8, and fan nozzle flow coefficients, CD18, are 

presented for individual teac conditions throughout Section 4.4 

of this report as an aid in analyzing the overall engine perfor- 

mance test resul*"-<.  For purposes of record, the nozzle data 

from this test for the particular exhaust-nozzle area combination 

where a significant amount of data was accumulated is presented 

versus exhaust-nozzle pressure ratios in Figures 682 through 68 5. 

A median line has been drawn through the data on these figures 

and a+l percent tolerance band has been shown for reference. 

The parameters presented in these curves are listed in Table 85. 

TABLE 85.  EXHAUST-NOZZLE PERFORMANCE 

Figure No. Parameters  Presented 
682 

683 

684 

685 

Primary Nozzle Flow Coefficient Versus Primary 
Nozzle Pressure Ratio 

Combined Nozzle Thrust Coefficient Versus Pri- 
mary Nozzle Pressure Ratio 

F.in Nozzle Flow Coefficient Versus Fan Nozzle 
Pressure Ratio 

Combined Nozzle Thrust Coefficient Versus Fan 
Nozzle Pressure Ratio 

The data presented in these figures fall within an accepta- 

ble tolerance band, and, except for fan nozzle flow coefficients 

exhibit expected trends.  The fan nozzle flow coefficient correla- 

tion (see Figure 684) shows two trends that were not  expected. 

These anomalies are: (a) flow coefficients are not constant above 

the choking pressure ratio of approximately 2:1 as would be 

expected, and (b) the flow coefficients become greater than 1.0. 

Possible causes for these trends are thermal and pressure growuh 

of the nozzle material and leakage through the s.Mding seal on 

the outer fan duct.  Both of these effects tend to increase the 

effective nozzle flow area.  Therefore, in addition to the 

design changes discussed in 4.4.14.4, the nozzle performance 

would probably be enhanced by an improved fan outer duct seal. 
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4.4.15    Variable-Cycle Engine Analytical Model 

Early in the AEDC  testing it was recognized that,   although 
the February 1974 Variable-Cycle TFE731 Engine Analytical Model 
gave reasonable predictions of engine performance at sea-level 
static conditions,   its predictions were generally optimistic at 
altitude conditons.     In fact,   its predictions at 40,000  feet. 
Mach 0.8,  standard atmosphere were approximately  3 percent better 
on specific fuel consumption at a given net thrust than the 
value? demonstrated on a fixed-geometry engine in a previous 
test at UASA-LeRC.     Relative to the variable-cycle engine data 
at  40,000 feet.  Mach 0.8,   the analytical model was approximately 
7 percent optimistic on specific fuel consumption.     Similar dis- 
crepancies were found at other flight conditons—for example,  in 
the  exhaust-nozzle rematching tests at 50,000  feet. 

The Cdiponent maps requiring revision to correct the above 
performance predictions were,   primarily,   the exhaust-nozzle 
thrust coefficient»,  and the  fan map performance characteristics, 
especially at high referred speeds.    The fan map changes were 
necessary to bring the analytical model more in line with the 
performance levels previously demo'istrated at NASA-LeRC.    The 
exhaust-nozzle thrust coefficient changes were necessary to 
account for the difference   (appr jxiirately  4 percent)   in specific 
fuel consumption between the UASA-LeRC aid AEDC test data. 

A second problem with the  original model was  that it cal- 
culated an incorrect trend of performance parameters as a func- 
tion  of  the LP  turbine nozzle  c.rea as discusfd in 4.4.5.     It 
had been analytically predicted that the LP turbine  efficiency 
would decrease as the LP turbine nozzle area was varied in 
either the open or the closed direction from the nominal value 
and the LP turbine maps  in the model reflected this predicted 
trend.    The test data,  however,  indicates that LP turbine effi- 
ciency did not fall off as predicted when the  turbine area was 
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Increased from the nominal value. The data also indicated a 

more rapid decrease than predicted in LP turbine efficiency as 

the turbine nozzle area was reduced below the nominal value. A 

comparison of the LP turbine efficiency trend predicted by the 

February 1974 model with the tested trend is presented in Figure 

686. 

A third problem was encountered with the February 1974 

model—namely, it did not correctly predict the magnitude of an 

observed decrease of IIP rotor speed for altitudes above 50,000 

feet or the decrease in LP compressor surge margin at high alti- 

tudes. The data indicated that at altitudes aoo"3 50,000 feet, 

the Reynolds numoer corrections required revision to correctly 

reflect the tested trends. 

Other changes necessary included adjustment of the component 

maps to agree with the results of the flow-path measurements. 

For example, I? compressor maps for IGV angles of zero and 30 

degrees were tubulated in the February 1974 analytical model. 

For other IGV angles, the program interpolated between or 

extrapolated beyond these maps. Test data indicated that these 

interpolations and extrapolations were not adequate.  Maps for 

IGV angles of 15 and minus 10 degrees should be added to the 

program.  The burner map needed to be revised to reflect tested 

burner efficiencies, and the relationship of measured inter- 

turbine temperature to the thermodynamic average value needed 

to be correlated and inserted into the program.  These are some 

examples of revisions required for the analytical model and do 

not represent a complete list. 

Some revisions to the February 1974 analytical model have 

been made to rt^lect the above analysis. These changes are 

preliminary and have been accomplished within the limitations 

of the schedule for the final report. Further refinements are 

needed to make the model better fit the data under all condi- 

tions.  However, this model, identified as the August 1974 
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model, appears to fit the test results better under most condi- 

tions than the February 1974 model. A comparison of various 

performance parameters predicted by both analytical models with 

corresponding tested values for the 40,000-foot, Mach 0.8 

design point is presented in Figures 687 through 698.  The 

parameters presented in these figures are listed in Table 86. 

A comparison of the February 1974 and August 1974 model pre- 

dicted thrust and SFC with the tested values for other flight 

conditions at one LP rotor speed is presented in Table 87. 

TABLE 86.  ANALYTICAL MODEL COMPARISONS, AERODYNAMIC 
DESIGN POINT, 40,000 FEET, flACH 0.8, 
STANDARD ATM. 

Figure No. Parameter Presented 

687 

68o 

689 

69Ü 

691 

692 

693 

694 

695 

696 

697 

698 

Thrust specific fuel consumption versus net thrust 

Intorturbine temperature versus net thrust 

Net thrust versus LP rotor speed 

Fuel flow versus LP rotor speed 

Interturbine temperature versus LP rotor speed 

HP rotor speed versus LP rotor speed 

Cycle pressure ratio versus LP rotor speed 

Engine total airflow versus LP rotor speed 

Fan tip pressure ratio versus LP rotor speed 

Engine pressure ratio versus LP rotor speed 

Fan hub pressure ratio versus LP rotor speed 

Bypass ratio versus LP rotor speed 
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plant through the Mach 2.2 raglma. Tho then-current 

level of variable geometry incorporated in the LP 

compressor and turbine was shown by analysis to be 

a valuable tool in rematching the LP compressor, 

providing for adequate component stability through- 

out the operating range.  LP-spool modulation was 

predicted to be required above Mach 1.8 in order to 

provide adequate surge margin while incurring no 

siqnificant performance penalty. 

(d)  The Phase I study program indicated the desirability 

of having particular component flexibility associated 

with a specific off-design condition.  For example, 

the current level of variable geometry in conjunction 

with a variable fan nozzle provides for a predicted 

12-percent reduction in TSFC at 30 percent maximum 

power at a sea-level static condition.  The predicted 

advantages of LP rotor modulation for specific fuel 

consumption are maximized at a low-power, low-air- 

speed condition typical of loiter, and diminish as 

engine power and aircraft speed are increased. 

However, as noted above, it was predicted that 

variable geometry provides an effective means of 

furnishing the required surge margin at high flight 

speeds. 

1.2 Phase II, Fabrication and Rig Tests 

The Phase II variable-cycle engine activities, including the 

fabrication and rig testing of three compressor configurations, 

fabrication and rig testing of the variable-cycle engine combustor, 

fabrication and instrumentation of ail the variable-cycle engine 

components, and design and fabrication of all of the test support 

equipment for the variable-cycle engine performance test, were 

successfully completed on schedule.  The following conclusions 

were drawn from the Phase II activities: 
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(a) There were no assembly problems, and the operation 

of the variable-geometry compressor was trouble-free 

throughout the tig tests. Therefore, the variable 

geometry compressor was considered to represent a 

good mechanical design. 

(b) The variable-geometry compressor rig tests were both 

mechanically and aerodynamically successful.  The 

compressor rig test showed that the variable inlet 

guide vanes and first-stage stator vanes accomplished 

the intended variability in compressor performance. 

The expected improvements in surge margin and ef- 

ficiency were met or exceeded.  The increase in 

surge margin was shown by analysis to be adequate 

for surge-free operation at Mach 2.2 at an altitude 

of 40,000 feet. 

(c) The combustor rig tests showed that the combustor met 

or exceeded design objectives and was useable, as de- 

signed, in the variable-cycle engine. 

1.3 Phase III, Engine Modification and Sea-Level Test 

The following conclusions were derived both from the result;» 

of 56 hours and 50 minutes of variable-cycle TFE731 Engine testing 

conducted in Phoenix from July 21 to November 29, 1972, and from 

the results of calculations made with the analytical model that 

was developed to simulate the variable-cycle engine: 

(a)  The variable and fixed-geometry components designed 

and fabricated i.i Phases I and II experienced no 

mechanical problems throughout the sea-level per- 

formance testing.  Upon completion of the tests, the 

engine was disassembled and thoroughly inspected. 

The inspection showed no hardware discrepancies.  This 

phase of the program proved the feasibility of using 
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developed, production-type hardware to build and 

test a variable-cycle engine. 

(b) The performance penalty In TSPC and Interturblne 

temperature due to Incorporating the variable com- 

pressor and turbine geometry at their nominal 

settings Is approximately a 1-percent TSPC Increase 

and a negligible Increase In Interturblne tempera- 

ture at a constant thrust. 

(c) The combined effects of Increased fan exhaust nozzle 

area. Increased bypass ratio, and more efficient LP 

compressor surge protection afforded by the variable 

IGV and interturblne temperature were shown to 

decrease the TSFC up to 10 percent relative to that 

obtained with nominal settings and base-line exhaust 

nozzles. The 10-percent reduction in TSFC occurred 

at 1200 pounds of net thrust, which is approximately 

34 percent of maximum available net thrust. 

(d) The tested fan exhaust-nozzle area increase of 11.5 

percent relative to the base-line nozzles demon- 

strated an effective method of controlling the fan 

operating line and bypass ratio with minor rematching 

of the LP compressor. 

(e) The tested primary nozzle area increase of 7.6 per- 

cent relative to the base-line nozzles demonstrated 

a method of increasing takeoff thrust by approximately 

5 percent at sea-level static, standard-day condi- 

tions, at a constant interturblne temperature.  In 

addition, the primary exhaust nozzle area variation 

demonstrated a method of modulating the LP rotor 

speed. 

(f) Setting the variable IGV and first-stage stator on 

the LP compressor in a positive preswirl direction 
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of plun 30 degrees and plus 10 degrees, respectively, 

provided an effective method of significantly in- 

creasing the LP compressor surge margin. For example, 

at 50 percent LP compressor referred speed, the surge 

margin was increased from essentially zero to 23 per- 

cent.  This increased surge margin would permit 

surge-free operation of augmented versions of the 

variable-cycle TFE731 Engine to flight speeds beyond 

Mach 2.2. 

(g)  The negativ^ preswirl testing at an IGV setting of 

minus 5 degrees on the LP compressor did .. "«t show an 

increase in net thrust at a constant HP turbine 

inlet temperature. Furthermore, testing at a minus 

10-degree IGV setting resulted in a loss in net 

thrust at a constant HP turbine inlet temperature. 

(h)  Effective rematching of the gas generator components 

was attained by the modulation of LP turbine nozzle 

area.  The results of the testing indicated 

that LP turbine nozzle area variation is very effec- 

tive in modulating HP rotor speed and in controlling 

the LP compressor surge margin at a constant LP 

rotor speed. At constant HP turbine inlet tempera- 

ture, variation in interturbine temperature increased 

net thrust with little penalty in TSFC. 

(i)  The range of LP turbine nozzle area variations was 

shown to be limited by the LP compressor surge mar- 

gin requirements, HP turbine inlet temperature 

limits, and HP rotor speed limits. 

(j)  The analytical model represented a good simulation 

of the variable-cycle TFE731 Engine in the nominal 

configuration at sea-level static conditions. Var- 

iable fan nozzle area, primary nozzle area, and LP 
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compressor geometry were also closely simul.   ed. 
Further work was required to Improve  the  simu. atlon 
of the effects of LP  turbine nozzle area variation. 

I 

(k)  The variable LP turbine nozzle effects on engine 

performance were the same at sea-level static 

conditions with the three nozzle configurations 

and the nominal and minus 5-degree IGV settings. 

The effects of LP turbine nozzle arpa modulation 

were similar in trend but different in magnitude 

for the 30-degree IGV setting because of the 

change in LP compressor characteristics. 

1.4 Phase IV» Additional Hardware Design and Fabrication, 

Engine Modification, and Altitude Test 

The following conclusions were drawn from the Phase IV 

activities: 

(a) The agreement in measured performance of the 

variable-cycle TFE731 Engine between AEDC and 

AiResearch sea-level static, pretest calibrations 

on all parameters compared at a constant net thrust 

of 3300 pounds was within 1.6 percent. 

(b) A comparison of the measured performance of the 

variable-cycle TFE731 Engine with nominal geometry 

settings and a fixed-cycle TFE731-2 Engine, pre- 

viously tested at NASA-LeRC, at the TFE731-2 design 

point of 40,000 feet, Mach 0.8, standard atmosphere, 

indicated lower performance for the variable-cycle 

engine due to lower thrust coefficients for the 

variable exhaust nozzles.  Ho base-line performance 

loss was attributed to the variable turbine and 

compressor; and when corrected for differences in 

nozzle thrust coefficients, the performance of the 

two engines agreed within 1 percent. 
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(c) Analysis of the measured exhaust-nozzle component data 

Indicated that the lower performance of the variable 

exhaust nozzles at the 40,000-foot, Mach-0.8 design 

point Is due to a lower than predicted integrated 

pressure area force on the fan exhaust-nozzle after- 

body.  Analysis Indicates that the variable exhaust 

nozzles could be redesigned to obtain exhaust-nozzle 

thrust coefficients similar to those of the TFE731-2 

fixed-reference exhaust nozzles. 

(d) The results of the exhaust nozzle rematching flexi- 

bility tests indicated that the main effect of fan 

nozzle area is to position the operating line on the 

fan map.  The main effect of primary exhaust-nozzle 

area is to determine the LP rotor speed at a given 

turbine inlet temperature. 

(d)  A near-optimum fan exhaust-nozzle area is one that 

positions the fan operating line through the center 

of the efficiency islands.  This area is essentially 

constant once the fan nozzle becomes choked.  Below 

choking, which occurs at reduced flight Mach numbers, 

the fan exhaust-nozzle area should be increased for 

optimum performance. 

(f)  For optimum performance, the primary exhaust-nozzle 

area should be increased to increase LP rotor speed, 

when the LP rotor referred speed is below 100 per- 

cent.  Up to t  percent increase in net thrust at a 

constant turbine inlet temperature was demonstrated 

for a 10-percent increase in primary exhaust-nozzle 

area. 
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(g)  The variable-area LP turbine nozzle was effective in 

controlling the power split between the HP and LP tur- 

bines, in controlling the IIP rotor speed, and in 

gaining LP compressor surge margin without any penalty 

in engine performance. 

(h) The ability to modulate net thrust while maintaining 

a constant engine inlet airflow and a constant oper- 

ating point on the LP compressor was demonstrated at 

two flight conditions, with two LP rotor speeds and 

two fan exhaust-nozzle areas at one of the operating 

conditions. Approximately 2 0 percent net thrust mod- 

ulation was demonstrated at each combination. 

(i)  Increases of approximately 5 percent in airflow and 

7 percent in climb net thrust, at a constant turbine 

inlet temperature, were demonstrated at Mach 0.6, 

20,000 feet, standard atmosphere by the use of a com- 

bination of increased primary exhaust nozzle area and 

increased LP turbine nozzle area. 

(j)  The bleed effects testing confirmed the ability to 

recover part of the net thrust loss due to bleed-air 

extraction by the use of variable geometry.  From 28 

to 47 percent of the net thrust loss due to bleed- 

air extraction was recovered at the four test condi- 

tions. 

(k)  The results of the high-altitude testing demonstrated 

the effectiveness of LP turbine nozzle modulation on 

LP compressor surge margin control.  The surge-free 

altitude at an interturbine temperature of 1500oF was 
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increased from 65,000 to 75,000 feet by an increase of 

approximately 10 percent in LP turbine nozzle area. 

(1)  The results of the surge margin check verified the 

AiResearch rig-tested LP compressor surge lines 

within a tolerance of +2.5 percent. 

(m)  The engine operated satisfactorily at Mach 2.2,  50,000 

feet, MIL-STD-210 Cold Atmosphere, and the effective- 

ness of LP turbine nozzle area modulation on the LP 

compressor surge margin at this operating condition 

was de ionstrated. 

(n) A comparison of the AEDC pre- and post-test calibra- 

tions at a constant net thrust indicated that the 

specific fuel consumption on the post-test calibration 

had increased by 1.2 percent and the interturbine tem- 

perature had increased by 230F, relative to those 

measured on the pretest calibration. 

(o)  Comparisons of tested performance with predictions by 

the February 1974 analytical model indicated that 

performance predictions were satisfactory at sea-level 

static, but were generally optimistic at altitude 

conditions. Analysis of the test data indicated a 

need to revise certain component maps and Reynolds 

number corrections. 

(p)  The variable LP compressor, LP turbino and exhaust 

nozzles experienced no mechanical difficulties 

throughout the expanded flight envelope testing, 

and provided a convenient means of adjusting the 

engine cycle conditions and acquiring test data. 
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Upon completion of the 94.22 hours of Phase IV testing, 

74.5 hours of which were conducted at the AEDC test 

facility, the engine was completely disassembled and 

inspected.  No mechanical discrepancies were observed, 

which confirmed the Integrity of the variable geometry 

components employed in the test and the basic Model 

TFE731-2 Engine as well. 

1.5 Overall Program Results 

The overall program results verified the general perfor- 

mance effects predicted for variable-geometry modulation in the 

LP compressor, LP turbine, fan exhaust nozzle, and primary 

exhaust nozzle of a two-spool turbofan engine.  These demon- 

strated benefits offer potential performance improvements 

(References 10 and 11) to the following problem areas in 

future multimission aircraft at off-design conditions: 

o   Inlet spillage and exhaust system drag losses. 

o   Compressor surge margin control. 

o   Airframe bleed-air extraction effects on engine 

performance. 

o   Performance at engine rotor speed or turbine 

temperature limits. 

Reference 10.  Davenport, W. R., and G. J. Dixon, "The Garrett- 
AiResearch Variable-Cycle TFE731 Turbofan Engine," SAE Paper 
No. 730918, October 1973. 

Reference 11.  Stephenson, D. W., W. R. Davenport, and 
R. F. Topping, "Altitude Evaluation of a Variable-Cycle Turbofan 
Engine," SAE Paper No. 740806, October 1974. 
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2.        RECOMMENDATIONS 

Based on the  results of this program,   the  following activi- 

ties are recommended as  logical steps for further investigation 

of the advantages of variable-cycle engine'': 

(a) analytical  study of variable nompressor,   turbine and 

exhaust-nozzle geometry in eng nes representative of 

those required for current and  tuture generation 

multimission aircraft,  including preparation of off- 

design computer analytical models and mission analyses 

to evaluate  their advantages in terms of installed 

performance and aircraft performance. 

(b) Design,   build,   rig test,  analytical study,  and 

engine  test of a variable-area HP  turbine. 

(c) Design,   build,   and test of variable geometry control 

and actuation systems for variable-cycle engines 

that meet the  requirements of advanced,   high- 

performance engines. 

(d) Investigation of differences between analytically 

predicted and engine-test derived oifects of turbine 

nozzle  area variation on turbine efficiency. 
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APPENDIX A 

DATA-REDUCTION EQUATIONS 

General methods and equations employed to compute the 

steady-state parameters presented in the TFE731 Variable-Cycle 

Engine final report are given below. When applicable, arithmetic 

averages of the pressures and indicated temperatures were used. 

SPECIFIC HEATS 

The specific heat at constant pressure (CP) was computed 

from the empirical equation: 

CP = 
Uj^ + bjT + c1T

2) + f(a2 + b2T + c2T
2) 

1 + f 
(1) 

where f is the fuel-air ratio; a,, b,, and c, are constants based 

on the specific heats of the constituents of air; and a^* b-, and 

C2 are the constants based on a fuel hydrogen-carbon ratio of 

0.16 and the specific heats of water vapor, oxygen, and carbon 

dioxide.  The equation was derived for the two temperature ranges 

shown below: 

j Temperature 
Range, 0R al bl C.l a2 b2 C2 

400 t,> 1700 0.2318 0.1040 
x IO-4 

0.7166 
x 10"8 

0.2655 3.7265 
x 10-4 

-6.6353 1 
x 10-8 | 

1701 to 4500 0.2214 0.3521 
x 10-4 

-0.3776 
x 10-8 

0.3397 2.7182 
x 10-4 

-2.9044 | 
x 10-8 | 
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RATIO OF SPECIFIC HEATS 

The ratio of specific heats  (y) of air was calculated from 

the expression: 

Y   = 
CP 

CP   -  ^ *-*       J 
(2) 

For a fuel-air mixture,   the gas constant was expressed as 

53.342  -t-  55.121f 
1 + f 

(3) 

TOTAL TEMPERATURE 

Total temperatures were obtained by applying  a recovery 

ratio  (RRjJ—a function of  stream Mach number and probe geometry- 

to the indicated temperature  in the following relationship: 

T     = n 
Tind 

RR n 
(4) 

where n denotes the station number. 

The venturi inlet thermocouples (TOO) were mounted on the 

grid upstream of the venturi, and the engine inlet thermocouples 

(T2P) were mounted on a grid in the test cell plenum chamber up- 

stream of the engine inlet.  The fan inlet temperature (T2) was 

assumed to be equal to the engine inlet temperature (T2P). 

The following recovery ratios were used in the calculation 

of total temperatures at the indicated instrumentation stations: 
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MACH  NUMBER 

H 1  ■! ■■' ' " m.wm;w -n^r*  

i   Station RR      { 
1 00, 2P, 3 1.00      ] 

22 0.9985 

24 0.9988 

1     42 0.9975 

I      7 0.9984 

13 0.9981    | 

17 0.9988 

Mach number was obtained from the equation; 

M [(A)V -1 Y- 
(5) 

VELOCITY 

Velocity was determined from the relation; 

'2HRT  [1.(^)V] (6) 

GAS FLOW 

Airflow at Station In (venturi throat) was calculated from 

the following equation for critical venturi flow (critical flow 

was established for all testing above idle power)   as  follows; 

WA1J3 =   (POO) (A1N) (CFlbM /-|-\ 

.   Hi 

ITO ̂ T 
(7) 
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For windmill and idle power,  where the venturi was unchoked,  air- 
flow was calculated with use of the relation: 

FT 
WAIN •V ili 

(PSIN) (A1N) (CF1N) V* -  (B^)^ 
R(Y-l) 

(8) 
y-i 

^(PorK 
where CFIA  is an empirically determined flow coefficient based on 

the venturi wall curvature, area ratio, and boundary-layer devel- 

opment.  The flow coefficient was evaluated and expressed as a 

function of Mach number (MIN) and venturi throat Reynolds number 

(RelN) ns follows: 

CF1N - 0.9861 + 0.0012 log REIN - 0.055 (1 - MIN) 

Airflow at Sta on  2.2 (LP compressor inlet) was calculated 

from the following equation: 

WA22 -v, 2yq        (PS22)(AE22) Vi - (W) Hi Y 

R(Y-l) 

^(li^ 
(9) 

For all testing except for the special high-altitude test, 

air or gas flows at other stations were obtained by adding or 

subtracting from the venturi and Station 2.2 measured airflows as 

follows: 

WA2 = WAIN 

WA13 = WA2 - WA22 

WA24 = WA22 - WLl - WBLP 

WA3 = WA24 - WTC1 - WTC2 

WG4 = WA3 + WFE 

WG42 = WG4 + WTC1 

WG7 = WG42 + WTC2 

WA18 = WA13 + WBLP 
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where the parasitic flow rates were determined as follows 

(values of parasitic flow constants supplied by AiResearch) : 

WL1 - 0.0011 WA22 

WTC1 - 0.011 WA24 

WTC2 - 0.020 WA24 

LP compressor discharge bleed flow (WBLP) was calculated 

from the following critical flow relationship: 

Y+l 

WBLP» (PBLP) (AEBLP)(^—■)      \/ R"T24 <10) 

where PBLP ■ P24(l - DELPB) and DELPB is an AiResearch empiri- 

cally determined total pressure relationship: 

DELPB = 0.1142236 IWBLP/T24/518.7/(PBLP/14.696)]       (11) 

For the special high-altitude test, the HP turbine inlet 

flow rate was calculated by iteration to satisfy the HP turbine 

choked flow equation: 

Y+l       

WG4 = P4X (AE4) (^ 7VFIT     yJ^vMm (12) 

A value of AE4 = 14.343 square inches empirically determined 

from prior testing was used in this equation.  The other flow 

rates were then determined by use of the previously defined 

relationships. 

CALCULATED TOTAL PRESSURES 

The total pressures at several stations were determined by 

application of AiResearch empirically determined pressure-loss 

relationships as follows: 
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LP Compressor Discharge 

The LP compressor discharge total pressure was determined 

as  follows: 

P23X =• P24(l  + DP24) 

where      DP24 - 0.2875 X 10 -3 fWA24^     N/T24/518.7 (WA24) —PU/U.6M 

(13) 

HP Compressor Discharge 

The HP compressor discharge total pressure was determined 

by iteration of the fallowing relationship: 

P3X = 
PS3 

f xyT3/518.7 
1 - 0.001649 pA3)v pj&/14.g^ (14) 

HP Turbine Inlet 

The HP turbine inlet total pressure was obtained as  follows: 

where 

P4X = P3X(1 - DP3) 

DP3 = 0.4424 x lO" 

(15) 

I.   n^n   ,   T4X\/WA3/T3/518.7\2 

^6.027 + TT/^ P3X/14.6^6   / 

HP Turbine Discharge 

The HP turbine discharge  total pressure was determined as 

follows: 
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where 

P41X ■ P42(l + DP24) 

DP42 - 0.2262 x 10"3 

(16) 

WG42/T42/518.7 
P42Ä4.^6 

LP Turbine Discharge 

The LP turbine discharge total pressure was calculated by 

the following relationship: 

■ P7(l + DP7) (17) 

where 

ENTHALPY 

i)P7 = 0.12415 X 10 -4 WG7N/T7/518.7 

Enthalpy at all stations where the necessary temperature and 

fuel-flow measurements were available was obtained by integration 

of the empirical specific heat formula; 

H =  [  CPdT 

400° 
(18) 

Enthalpy at all other stations was calculated with use of the 

method of conservation of energy, with the assumption of no heat 

transfer. 

HIGH-PRESSURE TURBINE INLET ENTHALPY 

The enthalpy at Station 4 was obtained as a function of pri- 

mary nozzle inlet temperature and compressor work from the follow- 

ing equation: 
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H4X7W ' (H7)WG7 - H3 (WTC1 ■»• WTC2) 

(Fan \   /LPG \   /HFC \   / LP \   / HP \ 
VWork/ ♦ Iwork/ + \Work / •«• ILOSS/ •»• VLOBB/ 

where 

VGA 

fan work - WA13 (H13 - H2) + WA22 (H22 - H2) 

LPC work ■ WA22 (H23 - H22) 

HPC work - WA24 (H3 - H24) 

(19) 

LPLOSS and HPLOSS are AiResearch-supplied LP and IIP rotor bearing 

and seal losses. 

TURBINE INLET TEMPERATURE 

The calculated turbine inlet temperature T4X7W was obtained 

from an iteration of the equation: 

T4X7W 

CPdT = H4XTW 

400 
/ (20) 

COMPONENT EFFICIENCIES 

Fan Hub 

The fan hub adiabatic efficiency •ras determined from the 

relationship: 

H22.    - H2 
ETAHÜB =  H^

3!nH2 
(21) 
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Fan Tip 

The fan tip adiabatic efficiency was determined from the 

following: 

H22<aon - H2 isen 
ETATIP ■  HiJ» - H2 (22) 

Overall Fan 

The overall fan adiabatic efficiency was calculated as 

follows: 

ETAFAN WA22   (H22isen " H2)   + WA13   (H13i sen - H2) 

V7A22    (H22   -  H2)   + WA13   (H13   -  H2) 
(23) 

LP Compressor 

The  LP compressor adiabatic efficiency was determined  from 

the relationship: 

H23. - H22 
ETALPC = HIT- HM (24) 

HP Compressor 

The HP compressor adiabatic efficiency was determined from 

the following: 

H3.    - H24 
ETAHPC =    H3 - H24 (25) 
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COMBUSTOR 

The combustor efficiency waj calculated from the equation: 

ETABX 
(H17)WA18 +   (H7)WG7 if (H24)WL1 - (H2)WA2 

(LHV) WFE 

DHWOC - WFE 59.62 
TF 

CPdT 

540« (26) 

(LHV) WFE 

where LHV is the lower heating value of the fuel and the quantity 

59.62 (Btu/lbm fuel) accounts for the differences between the 

enthalpy of carbon dioxide and water vapor formed during combus- 

tion and enthalpy of the oxygen removed from the air by their 

formation in the temperature range from 400oR (base of the en- 

thalpy equation) to 540oR (reference temperature for determina- 

tion of LHV). 

The quantity DHWOC is the energy removed from the engine 

oil by the auxiliary water-oil heat exchanger, calculated as 

follows: 

DHWOC = WWOC X CP(TWOCO - TWOCI) (27) 

HP  Turbine 

The HP turbine efficiency was determined as follows: 

ETAHPT   = H4   -  H41 
H4   -  H41 (28) 

isen 

LP Turbine 

The LP turbine efficiency was calculated as follows; 
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THRUST 

Jet Thrust 

Jet thrust was calculated from the following expression: 

FGS = FS + 
<&) 

VI + AlODC (PS1 - PSO) (30) 

where AlODC is the effective labyrinth air seal area and PSl 

PSO.5. 

Net Thrust 

Net thrust was calculated by the use of the following 

equation: 

ENS = FGS -(¥) vo (31) 

where VO is calculated from the relation: 

VO = V^T (" - T°) 

and TO = 
T2  

 ET 
/PINF\ Y 
VPSO / 

(32) 

where PINF is the free-stream stagnation pressure. 
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Isentroplc Thrust 

Isentroplc thrust was calculated from the equation: 

PGISEN - h^\  V8ISEN  + hh±l\  V18ISEN        (33) 

where isentroplc exit velocity was determined from the relation: 

VISEN  = ^2qJ (H - HSi8en) (34) 

and HS-   is obtained from an isentroplc expansion from the isen 
exhaust-nozzle total pressure to the ambient pressure (PSO). 

NOZZLE THRUST COEFFICIENT 

The exhaust-nozzle thrust coefficient was defined as the 

ratio of measured jet thrust to calculated ideal thrust as 

follows: 

CPGISEN =  : 

EGISEN (35) 

INLET AND TEST CELL AMBIENT PRESSURE CORRECTION 

Since the test cell pressure could not always be maintained 

at the desired altitude pressure, a correction to the measured 

values of jet and net thrust was applied if the data were ob- 

tained at operating conditions that satisfied the following: 

a. The actual exhaust-nozzle pressure ratios P7/PS0 and 

P17/PS0 were greater than the critical pressure 

ratio and 

b. The desired exhaust-nozzle pressure ratios P7/PS0M and 

P17/PS0M were greater than the critical pressure ratio 

where 
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PSOM - P2 (E|2) (36) 
desired 

It was also necessary to apply a correction to engine air- 

flow, fuel flow, jet thrust, and net thrust because of alight 

deviations of actual inlet setting pressure from the desired 

pressure corresponding to the desired Mach number.  No attempt 

was made to correct for off-temperature conditions.  The ad- 

justed engine airflow and fuel flow were then obtained from 

WA2 
WA2D DELTA2A 

WFE  (LHV/LHV,. - ) 
WFED =  T&rxm     refJ (37) DELTA2A 

where DELTA2A is defined as the ratio of the actual engine inlet 

total pressure to the desired engine inlet total pressure 

corresponding to the desired flight condition (P2/P2J    .). ausired 
The term LHV/LHV f is the ratio of the actual to tne specified 

(18,400 Btu/lbm) lower heating value of the fuel. 

The adjusted jet thrust is obtained from 

FGS + (PSO - POM)A8 + (PSO - P0M)A18       ,33« 
DELTA2A 

The adjusted net thrust is obtained from the following: 

FNSD = FGSD - fl!?£i£|vOD (39) 

where VOD is based on the static temperature determined from the 

isentropic pressure ratio for the desired Mach number and the 

measured engine inlet temperature (T2). 
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SPECIFIC FUEL CONSUMPTION 

The engine specific fuel consumption was calculated as 

follows: 

SPCD WFED 
FNSD (40) 

REYNOLDS NUMBER INDEX 

Reynolds number index was obtained from the relationship: 

6 REI 
0 /F (41) 

where 

and 

♦ = 

e = 

718.2 
3/2 

e 
T2  + 199.5 

T2 
51077 
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APPENDIX B 

DATA UNCERTAINTY CALCULATIONS 

The following pages contain the equations and calculations 

for the data uncertainty analysis presented in 4.2.5.3.    The 

equations are presented in  the  following order:    net  thrust, 

fuel flow,  and specific fuel consumption.     Bach flight condition 

is  then presented with the parameters in the  same order as 

presented in the equations.     Flight conditions presented are: 

sea-level static;   40,000  feet.  Mach 0.8;   65,000 feet.  Mach 0.62; 

and 50,000  feet.  Mach 1.6. 

Following the uncertainty calculations, the uncertainties 

of the measured parameters as determined by Arnold Engineering 

Development Center,   Tullahoma,   Tennessee,   are presented. 
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DATA UNCERTAINTY EQUATIONS 

I.    Hat Thrust 

(jmo)2 . -J^ [(3^  „.)' . (Ifjp aPoo)2 ♦ (%& *TOO)' . 
(FNSD) 

{a2 <n)2 • (HBI "«»l2 * (SS*-'"0)2 ♦(rSSl"'05)2] (MS2 

II.      PtMl  PlOW 

/dwrmr .      i   , 
^SFB"/ (HPED) 2 [(T5P W)2 + (^ WP^)2 + «SS4M05)2] 

.    8p«ci«ic Pu«l Con«u^)tion 

(J8PCDI2 . „^ [(IfJCD aps)
2 + (|8PCD Svoof +(||rCO  4TOo)

2 + 

(SKCD) 

(*W 8T2)2 * (wail "S05)2 + (»ÄM0)2 + (tfwi «PTO5)2 + 

(ifSa m) * { 3SPCD 
\-W 0'1'r''   T ^^ZT 6TPUEL 'PUEL f] 
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11111   '    ,l " • "     -^" •- -    fm.r-.,mu .,     , l.,.^,.   .-  ■i|i  in m   .   mm,--        .11    ,,    ,   in   .^. 

SEA-LEVEL STATIC DATA POINT 17-48 

(JjjjgB)    .  i y   [(29.425 x 0.4)2 ♦   (13.015 x 0.4)2 ♦   (1.247 x 2.3)2 ♦   (1.23 x 2.3)2 

(3412.9) (rg) (p00) (T00) (Ti) 

*  (5.076 x 0.5S)2 ♦  (93.94 x 0.4)2 ♦  (53.146 x 0.5)2J 
(P805) (PSO) (PT05) 

AFUBD - 46.04 lb«, uncertainty - +1.39% 

(Jjg^)2 .  i j   [(17.211 x  0.6)2 ♦   (0.906 x 2.3)2 ♦   (16.963 x 0.5)2] 
(1703.6) (MF) Krvzi? (,,T05, 

4WPED - 13.52 iWhr,  uncertainty - +0.79» 

(^W^)2 .  i    f(0.00421 x 0.4)2 +   (0.00185 x 0.4)2 ♦   (0.00016 x 2.3): 

?"' ! (0.49195)a   L ,„, (p00) (Too) (PS) 

+   (0.00017 x 2.3)2 +   (0.00072 x 0.55)2 +   (0.01299 x 0.4)2 +   (0.01264 x 0.5) 
(T2) (PS05) (PSO) (PT05) 

+   (0.00497 x 0.6)     +   (0.00026 x  2 

(WF) (IF0EL) 
»'] 

ASFCD ■ 0.00895, uncertainty - +1.82% 
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»pp«— ■'"" ■-■■"— HUI       W   "       "    '    '"   '»'■■   l""1     •■■■'■"  Hi".»i' .IT-TT^-H   pilllpTHi.ii...^^., .,■,.,,. ,„1, 

40,000  FT,   MACH   0.8  DATA  POINT  5-23 

(rogfa0)    '  ' 1   [(J-'»1  x  l)2  ♦   «.767 x 0.4)2 ♦   (0.531 x 2,3)2  ♦   (0.542  x  2.3) 
(821.6) (fS) (p00) (T00) (T2) 

♦   (1.444 x 0.55)2 +   (3.291 x 2.0)2 ♦   (7.174 x 0.5)2j 
(PS05) (PSO) (M05) 

APtlSD - 8.91 Iba,  uncertainty - +1.08» 

(filFED0)   ' —"—I [(6,95 x 0,9)2 + ,0*39 x 2'3)2 + (7,10 x 0-5,2J 
(697.4) (wn (TpuEL1 '*"*** (PT05) 

6WFED - 7.25« uncertainty - +1.04% 

(^SFCD)    .  1      [(0.00414 x  I)2  +   (0.0049 x 0.4)2 +   (0.00055 x  2.3)2 

VSFCD   ' #n  0*007»*    L   (0.84887) (FS) (POO) (TOO) 

♦   (0.00056 x 2.3)2 +   (0.00149 x  0.55)Z +   (0.00339 x 2.0)'  +   (0.01616 x 0.5)' 
(T2) (PS05) (PSO) (PT05) 

+   (0.00849 X 0.9)'  +   (0.00044 x  2 
(WF) (TFUEL) 

■"'] 

tsrCD -  0.01398 (lbm/hr)/lbf, uncertainty - +1.65» 
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65,000 FT,   MACH  0.62  DATA POINT  14-46 

/AfHiD)2 m        1 [(4.o9 x I)2 ♦   (0.769 x 0.4)2 ♦   (0.096 x a.3)2 ♦   (0.089 x 2.3): 

KT*MD ' (176.S)3   L      (rB). (POO) (TOO) (T2) 

♦   (0.341 x 0.6)2 ♦   (5.190 x 0.75)2 ♦   (4.571 x 0.5)2 

(PS05) (MO) «MO») 

AFN8D - 6.11 \o», unc«rt«inty - »3.48% 

(«FED-/ 
-i w     f(-1.62 x 0.9)2 +   (0.05 x 2.3)2 +   (1.54 x 0.5)2] 

<TFOEI1
, (157.2) W) 

AWED - 1.652 Ib^/hr,  uncertainty - +1.05% 

(PT05) 

/AgCD\2 . 1 f(0.02118 x  I)2 +   (0.00386 x 0.4)2 +   (0.00049 x 2.3)' 
V8PCD   ' (0.89137)2 (FS) (P00) (TOO) 

+   (0.00044 x 2.3)2 +   (0.00174 x 0.6)2 +   (0.02549 x 0.75)' 

(T2) (PS05) (PSO) 

+   (0.03291 x 0 
(PT05) 

,5)2 ♦   (0.00899 x 0.9)2 +  (0.00047 x 2.3) 

(WF) ^FUEL» 

ASFCO - 0.0340   (lbn/hr)/lbf,  uncertainty - +3.02« 
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^-imipupi^tipwuwiiiiwuwuii.» «mmt ■■p» » .iimi ...i-   ... ' ■'■■"—'''^—»"i 

50,000 FT,   MACH  1.6  DATA POINT 13-41 

(rSP)2" ' i[<3-98 x 1)2 * (17-33 x 0,4)2 * (l'41 x 2,3)2 * (1'4X * 2,3)2 
(374.0) (rs) (POO) (TOO) (T2) 

♦   (2.6 x 0.35)2 +  (6.0 x 0.6)2 +   (34.16      0.5)2 

(PSOS) (PSO) (PT05) 

APNSD - 19.76 lb«,  uncertainty - +5.28% 

/AMTED)2 m  1      r(5>76 x 0.9)2 +   (0.31 x 2.3)2 +   (5.78 x 0.5)2J 
\MPED   / ,„,  ^,2    L   (572.4) (WP) <TFOEL» 

;PT05) 

AWFBD - 5.98 Ibm/hr,  uncertainty - +1.04% 

(Ifg^)    - l^ ;   [(0.01661 x I)2 +   (0.06762 x 0.4)2 +   (0.00595 x 2.3): 

(1.5303) (FS) (P00) (TOO) 

+   (0.00558 x 2.3)2 +   (0.01085 x 0.35)2 +   (0.02401 x 0.6)2 +   iO.17098 x 0.   )2 

(T2) (PS05) (PSO) (PT05) 

+   (0.01540 x 0.9)' +   (0.00082 x 2 

(MP) (TpuEL) 
•3)2' 

ASFCD - 0.09532   (lbm/hr)/lbf,   uncertainty - +6.23% 
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Engineering Symbol 

A»I/AND 

A4.2 

\ 

ABB 

Aie 

AE18 

AlB.l...I3 

Alt 

BPR 

CD1B 

C£8 

CflB 

F 
ram 

Fg. 

Fgl9 

Fgl9' 

Fn/Wl 

HPext 

LHV 

"n 

NF 

ABBREVIATIONS AND SYMBOLS 

PARTS I AND II 

Units Description 

dimensionlesB LP Turbine Nozzle Ai oa Ratio, Actual/ 
Design Value 

percent LP Turbine Nozzle Area 

percent Effective LP Turbine Nozzle Area 

sq in. Primary Exhaust-Nozzle Area 

■q in. Primary Exhaust-Nozzle Effective Area 

sq in. Fan Exhaust-Nozzle Area 

sq in. Bypass Exhaust-Nozzle Throat Effective Area 

sq in. Pan Nozzle Afterbody 

feet Pressure Altitude 

dlmensionless Engine Bypass Ratio 

dlmensionless primary Nozzle Flow coefficient 

dlmensionless Bypass Nozzle Flow coefficient 

dlmensionless Primary Nozzle Thrust coefficient 

dlmensionless Bypass Nozzle Thrust coefficient 

Ibf Ram Drag 

Ibf Ideal Gross Thrust 

Ibf Bypas.3 stream cross Thrust 

Ibf Bypass stream ideal cross Thrust 

Ibf Net Thrust in pounds 

Ibf/lbm/sec Engine specific Thrust 

Ibf cross Thrust 

horsepower customer HP Power Extraction 

Btu/lbm Fuel Lower Heating Value 

tUmensionless Flight Mach Number 

rpn Fan compressor Rotor speed 

percent Fan Rotor Speed Referred to station 2 

rpm HP Rotor Speed 

(continued) 
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ABBMVZATIOHS AMD SYMBOLS   (CONTD) 

PARTS  I AMD  II 

Knginaarlng syabol 

»L 

"L"'t2 
NL//1,^n/ »'"L/71^!5 ««sign 
NL//'^I/(l,L/'/ 
p
anb 

Pb2.2 

Pb3 

PLA 

rS3 

PS3/Pt2 

PS18.1...10 

Pt2.3/Pt2.2 

Pt3/Pt2.4 

Pt4/Pt4.1 
Pt4.2/Pt5 

rt7 

Pt7/PMib 

Pt7/Pt2 
PtlVPtl2 
Ptl7 

ptl7/pamb 

RNI 

RHP 

'aab 

t4.2'<Je«ign 

Unit» 

pcroant 

percent 

rp« 

rpn 

percent 

percent 

lb«/in2 

lbf/in2 

lbf/in2 

degree 

lbf/in2 

dimensionlete 

lbf/in2 

lbf/in2 

dimeneionleea 

dinenaionlese 

dinenaionleea 

dinen«ionless 

lbf/in2 

dimensionlesa 

dimensionless 

dlmensionless 

lbf/in2 

dimensionlesa 

dioensionless 

horsepower 

•R 

oeacrlption 

HP Rotor Speed Referred to station 2 

HPC Rotor speed Referred to station 2.4 

KPT Rotor Speed Referred to station 4 

LP Rotor Speed 

LP Rotor Spaed Referred to station 2 

LPC Rotor Speed Referred to Station 2.2 

LPT Rotor Speed Referred to Station 4.2 

Free-Stream Static Pressure 

LPC Discharge Bleed Flow Total Pressure 

HPC Discharge Bleed Flow Total Pressure 

Power Lever Angle 

Burner Plenum Static Pressure 

cycle Preaaure Ratio 

Fan Nozzle Afterbody Static 

Engine inlet Total pressure 

LPC pressure Ratio 

HPC Pressure Ratio 

HPT Expansion Ratio 

LPT Expanaion Ratio 

Primary Exhaust Flow Total Preaaure 

primary Nozsle pressure Ratio 

Engine preaaure Ratio 

Fan Tip Preaaure Ratio 

Bypass Exhaust Flow Total preaaure 

Bypass Nozzle pressure Ratio 

Engine inlet Reynolds Number index 

Shaft power Extraction 

Free-Stream Static Temperature used in 
Computation of Flight Mach Number 

(Continued) 
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ABBWrVIATIOMS AND SYMBOLS   (CQMTD) 

PARTS  I AMD  ZI 

■nfiiwarinq Syabol 

tire 

Ttx 

Tt4.2 

Tt7 

tl7 
rtb2.2 

rtb3 

'to 

v18 

"x^/'ta 

w2.2/,t2.2/'6t2.2 

W2.4/Bü^/6t2.4 

W4.2/'t4.2'6t4.2 

"17 

"24 

^22 
wb22/'wa2.2 

wf« 

"ft 

unlti 

itm/hx/lbt 

•R 

•R 

•R 

•R 

•R 

•R 

•R 

•R 

ft/MO 

ft/a«o 

dln«nflionl«ai! 

Xbm/sec 

lbai/««c 

Urn/sac 

lW«ac 

Ibm/sao 

lbn/a«c 

ibo^/aac 

lbm/a«c 

Ibm/aec 

llWaec 

Ibn/aao 

dinanalonlaaa 

Ibn/aac 

dlnenalonlaaa 

Ibn^/hr 

Ibm/hr 

lbm/hr/lbf/ln2 

Daacrlptlon 

Thruat Spaoifio Puol conauaptlon 

Bnglna Xnlat Total Taaparatura 

HP Turbina mXat Tmparatura 

Cockpit Dlaplay Traporatuta (intarturbina 
Taaparatura) 

Prinary Exhaust plow Total Tanparatura 

Bypaaa Bxhauat Flow Total Tanparatura 

LPC Diacharga Bleed plow Total Tanparatura 

HPC Diaoharga Bleed Plow Total Tanparatura 

Free-Stream Total Tanparatura 

Primary Hotzle Exhauat velocity 

Bypaaa NOEaXa Exhauat velocity 

Bxhauat velocity Ratio (vbyptBB/vprl|||Bry) 

Total Engine Airflow 

Engine Total Airflow Referred to station 2 

Engine core Airflow 

LPC Airflow Referred to Station 2.2 

HPC Airflow Referred to Station 2.4 

HPT Gas Flow Referred to Station 4 

LPT Gas Flow Referred to Station 4.2 

Prinary Exhauat Flow 

Bypaaa Exhauat Plow Rate 

HPC inlet Flow Rate 

HPC Diacharge Bleed Flow Rate 

HPC Bleed Flow Ratio 

LPC Bleed Flow Kate 

LPC Bleed Flo« Utio 

Engine Fuel Flc- Rate 

Total Fuel Flow Rate 

Fuel Control Parameter 
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AT, ub 

ABBRIVXATIOMS AMD SYMBOLS   (CONCLUDED) 

PARTS  I AMD II 

Units Daaorlption 

d««rMs Boat-Tall Angle 

d«gre«i LPC Plr«t-Stage Stator 

dagraas LPC Inlat Guide vana 

•F Aabient Taaparatura Minus standard 
Ataoapharlo praasura 

dlaanalonlaaa  Inlet Ram Racovary 

ABBREVIATIONS 

Fan 

HPC 

HPT 

LPC 

LPT 

Fan compressor 

High Praasura conpraasor 

High Pressure Turbine 

Low pressure compressor 

LOW pressure Turbine 

ttt- /^i 

feoH Operating point 

Surge point 

-1f xioo 

at constant 
referred 
speed 

Surge manin is computed for each 
compressor using the appropriate 
flowa and pressure ratios. 
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Inglnaaring Syabol 

A42 

A8 

A8B 

AIS 

AlSB 

MM 

AlODC 

AE4 

AEBLP 

ALTD 

CDb 

C018 

CF1N 

CFOB 

CFG18 

CFGT18 

CFPLUG 

CP 

CS8 

CSI8 

DELPB 

DP 

DHWOC 

ERAM 

ETABX 

ETAFAN 

ETAHPC 

ABBREVIATIONS 

PART 

units 

psreant 

K in. 

•q in. 

•q In. 

■q in. 

•q in. 

■q in. 

■q in. 

•q in. 

feat 

diaeiuionlaaa 

dimensionleas 

dinenaionleaa 

dinenaionleaa 

dinenaionleaa 

dinenaionleaa 

dinenaionleaa 

Btxi/lbxa/'F 

dinenaionleaa 

dinenaionleaa 

decimal 
percent 

decimal 
percent 

Btu/aec 

dinenaionleaa 

percent 

percent 

percent 

AND SYMBOLS 

III 

Deacrlption 

LP Turbine Noail» Area 

Primary Exhauat Noaala Area 

Projected Flow Area at Noxale (Plug) Exit 

Fan Exhauat Noacle Area 

projected Flow Area it Fan plug Exit 

vanturi Throat Area 

Effective Area of Labyrinth Air seal 

Effective Area of Station 4 

Effective Area of Bleed valve 

Preaaure Altitude 

primary Nozzle Flow coefficient 

Bypaaa/Fan Nozzle Flow coefticlent 

venturi Flow coefficient 

primary Nozzle Thruat coefficient 

Fan Nozzle Thruat Coefficient 

Fan Nozzle Throat Thruat Coefficient 

Fan Plug Thruat coefficient 

Specific Heat at conatant Preaaure 

Primary Nozzle vacuum Thruat coefficient 

Fan Nozzle vacuum Thruat Coefficient 

Preaaure ;rop (at LP Bleed valve) 

preaaure Drop (at indicated station) 

Energy Removed from Engine Oil by Auxiliary 
water-oi? Heat Exchanger 

Ram Recovery 

combuator Efficiency 

Overall Fan Adiabatic Efficiency 

HP conpreaaor Adiabatic Efficiency 
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ABBREVIATIONS AND SYMBOLS (CONTD) 

PART III 

Bnglnaarlng syabol unit« 

ITAHPT p«ro«nt 

ITAHUB p«rc«t:t 

ETALPC percent 

ETALPT percent 

ETATXP percent 

FO lb« 

FOCNlS Ibf 

FQISEN ibf 

FGISilNXS Kit 

FN lb« 

FNSQNA2 lb«/lbm/«ec 

FS lb« 

H Btu/lbm 

LHV Btu/lbm 

MlN dlmenslonlees 

M dinenalonless 

NF rpn 

NFK2 rpw 

NH rp« 

NHK2 rpm 

NHK4 rp«n 

NHK24 rpn 

NL rpm 

NUQ rpn 

NLK22 rpn 

NLK42 rpn 

P2 lb«/in2 

P22 lb«/in2 

Deaoriptlon 

HP Turbine Efficiency 

Fwi Hub Adlabatic E««loiency 

LP conpreeaor Adiabatic Efficiency 

LP Turbine Efficiency 

Fan Tip Adiabatic B««iclency 

Oroaa Thruat 

Bypaaa/Fan Stream oroaa Thruat 

Ideal Oroaa Thru«t 

Bypaaa/Fan Stream ideal oroaa Thruat 

Nat Thruat 

Engine specific Thruat 

Meaaured Scale Force 

Enthalpy (at Indicated Station) 

Lower Heating value of Fuel 

Venturi Throat Mach Number 

Mach Number (at Station indicated) 

Fan compreaaor Rotor Spead 

Fan Rotor Speed Referred to Station 2 

HP Rotor Speed 

HP Rotor Speed Referred to Station 2 

HPT Rotor Speed Referred to Station 4 

HFC Rotor Speed Referred to station 2.4 

LP Rotor Speed 

LP Rotor speed Referred to station 2 

LPC Rotor Speed Referred to Station 2.2 

LPT Rotor Speed Referred to station 4.2 

Engine inlet Total Preaaure 

LP compreaaor inlet Total Preaaure 
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ABBREVIATIONS AMD SYMBOLS (COtTTO) 

PART III 

Bnginaarlng syabol units 

P23X lb«/in2 

P23XQ22 dlaenalonlcas 

P24 lbf/in2 

P3X lb«/in2 

P3XQ24 dinenslonleas 

P4X lbf/in2 

l^lX lbf/in2 

P4XQ41X dlnensionleas 

P42 lb«/ln2 

P5X lbf/in2 

P42QSX dinenaionleaa 

P7 lbf/in2 

P7QPS0 dlaentfionlesa 

P7Q2 dinenaionleaa 

P13 lbf/in2 

P13Q2 dimenaionless 

P17 lbf/in2 

P17QPS0 dimenaionleaa 

PBLP lbf/in2 

PSO lbf/in2 

PS1N lbf/in2 

PS22 lbf/in2 

PS3 lbf/in2 

PS3QP2 dimenaionleaa 

PS8E lbf/in2 

PS18T lbf/in2 

R ft-lbf/lbm »R 

RR dinenaionleaa 

Deacrlption 

LP coapraaeor Dlacharge Total praaaura 

LP conpraaaor pressure Ratio 

HP conpreaaor inlet Total praaaura 

HP Conpraaaor Dlacharge Total Praaaura 

HP conpraaaor pressure Ratio 

HP Turbine inlet Total praaaura 

HP Turbine Diacharge Total Praaaura 

HP Turbine Expanaion Ratio 

LP Turbine inlet Total praaaura 

LP Turbine oiacharge Total Pressure 

LP Turbine Expanaion Ratio 

Primary Exhauat Flow Total Pressure 

primary Nozzle pressure Ratio 

Engine pressure Ratio 

Fan Duct Inlet Total pressure 

Fan Tip pressure Ratio 

Bypass/pan Nozzle inlet Total pressure 

Bypass/pan Nozzle Pressure Ratio 

LP Bleed Pressure 

Free-stream Static pressure 

Venturi Throat Hall Static Pressure 

LP Compressor inlet wall Static 

Burner plenum Static Pressure 

Cycle Pressure Ratio 

Static preaaure at Nozzle (Plug) Exit 

Static preaaure at Fan Nozzle Throat 

Gas constant 

Thermocouple Recovery Ratio 
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ABBMVXATZOMS AMD SYMBOLS (COMTD) 

PART III 

■nglnMrlng syabol unit« 

Rim dlamalonlasi 

RBZ2 dlBSMlOnlMI 

TAMTk •R 

100 •R 

T2 •R 

132 •R 

T24 •R 

T3 •R 

T4X •R 

T4X7W •R 

T42R •R 

T7 •R 

T13 •R 

T17 •R 

TO •R 

TF •R 

TWOCI •R 

TWOCD •R 

VO ft/aeo 

71 tt/mw 

V8 ft/seo 

V8ZSEN ft/aeo 

V18 ft/«ec 

V18ISEN «t/aec 

vieovs iümanalonlaaa 

Daacrlptlon 

Vanturi Throat Raynolda (Unbar 

Snglna inlat Raynolda Hunbar indax 

Pra^straaa static Tanparatura uaad in 
ccavutation of Flight Mach Nunbar 

Vanturi inlat Total Tanparatura 

Engine inlat Total Tanparatura 

LP conpraaair inlat Total Tanparatura 

HP conpraaaor inlat Total Tanparatura 

HP Conpraaaor Diacharga Total Tanparatura 

HP Turbine inlet Tenperature 

HP Turbine Inlet Tenperature (Baaed on 
Measured T7 and Energy Balance Between 
conpreaaors and Turbinea) 

Kaaaured Interturbine Temperature (average) 

Primary Exhauat Flow Total Tanparatura 

Fan Duct inlat Total Tenperature 

Bypaaa/pan Exhaust Flow Total Tenperature 

Free-stream Total Tenperature 

Temperature of Fuel 

Auxiliary Oil Cooler water Inlet Tenperature 

Auxiliary oil cooler water Diacharga 
Tenperature 

Free-stream Velocity 

inlet Duct velocity 

primary Noszla Exhauat Velocity 

laentropic velocity for Full Bxpanaion 
of primai.-y stream to Ambient praaaure 

Bypaes/pan Nozzle Exhauat Velocity 

laentropic velocity for Full Expanaion 
of Fan Nozzle stream to Anbiant Praaaure 

Exhauat velocity Ratio (VbypM,/vpri|iary) 
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ABBREVIATIONS AMD SYMBOLS (CONTD) 

PART III 

Bngin««rlng Symbol unit« 

NAIM IWMO 

NA2 ibn/mmo 

WUK2 Iba/sec 

NA22 lb«/««o 

NA22ia2 lWa«o 

WA24 Ibn/aao 

NA24K24 lbw/'-«c 

MA3 Ibn/.ec 

NA18 lbn/««o 

WBLP lbn/«ec 

MTB lb*/hr 

WFEQPS3 Ibm/hr/lbf/in2 

N04 lb«/«ec 

W04K4 Ibm/sae 

H042 Ibm/aec 

HG42K42 Ibm/aao 

WG7 Ibm/aec 

MLl Ibm/aec 

WTC1 Ibm/aec 

WTC2 Ibm/sac 

Daacrlption 

vanturl Airflow 

Total Bngina Airflow 

Engina Total Airflow Rafarrad to Station 2 

Engina cora Airflow 

LPC Airflow Rafarrad to Station 2.2 

HPC Inlat Airflow 

HPC Airflow Rafarrad to station 2.4 

HPC Exit Airflow 

Fan Exhauat Flow Rate 

LP conpraaaor Bleed Flow Rate 

Engina Fuel Flow Rate 

Fuel control parameter 

HPT Inlat Gaa Flow 

HPT Gaa Flow Rafarrad to station 4 

LPT Inlat Gaa Flow 

LPT Gaa Flow Referred to station 4.2 

primary Exhauat Flow 

LPC Leakage Overboard Airflow 

LP Turbine inlet cooling Airflow 

LP Turbine Diacharge cooling Airflow 
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AaBMVZATIOMS AMD SYMBOLS (COMCLUDID) 

PART ZIZ 

Mnginmrntinq aywbol 

y 

t|EB8 

TUVF 

tlRBL 

Description 

Mtlo of Spoolfio HMta 

coaponant sfflclanoy 

Conponent Maign Efficiency 

"Mfarmo« Efficionoy "—A paraMtar uaad to 
indicata relative efficiency difference« 
rather than ubaoluta lavala, in decimal 
units; for exanple, if TIREF ■ 0.85, 
1REF -0.01 - 0.84. 

"Relative E .'«ieiency"—A paraaeter uaad to 
denote a ncitiponent efficiency relative to 
the deaign <<ff icenoy in daolaal units, or. 
When indicated> aa a percent> for exanple, 
when T) - 0.85 and 'mr  - 0.90, TIREL - 0.95. 

MOTBSi 

the use of an "S" following the thruat symbol on the plota appearing in part III 

indicates that the thruat presented waa based on the measured scale force. 

The uae of a "D" following any symbol on the plots appearing in part in indicates 

that the parameter has been referred to the desired flight condition. 

LP Compressor Surge Margin 

Ü(WA22K22/P23X022) OPERATIMG 
(WA22K22/P23XQ22) SURGE -1 X100 

NLK22 - CONSTANT 
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NEGATIVE 
PRESWIRL 

NOMINAL 
IGV ANli STATOR 

POSITIVE 
PRESWIRL 

INLET 
GUIDE 
VANES 

ROTOR 1 

FIRST- 
STAGE 
STATOR 

PRESWIRL 
OPPOSITE 
TO ROTOR 
DIRECTION 

NEGATIVE 

ZERO EXIT 
VANE ANGLE 

POSITIVE 

DIRECTION 
OF  RC.ATIJI/i 

DIRECTION 
OF  ROTATION 

NOMINAL* 
;.\   STATOR 

NOMINAL* 
STATOR 

♦NOMINAL  SIPJO*  TROu'CLI   ZERO  EXIT   AIR 
ANGLE   !%•?•   AT  PITCH  hl'JE 

PRESWIRL 
IN  DIRECTION 
OF  ROTATION 

DIRECTION 

OF  ROTATION 

NEGATIVE 

POSITIVE 

Figure 699.     Variable   IGV and  Stator  Sign 
Convention  Diagram. 
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