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geometry compressor, turbine, and ¢xhaust-nozzle components on
urbofan engine performance. An Aikesearch Model TFE731-2
Turbofan Engine was modified to incorporate production-t¥¥e
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MMPY CLASUIPICATION OF TuiS PAGLen Dets Bntered)
Phase 1: Design of variable-geometry aerodynamic components
and actuation mechanisms, and aerothermodynamic analyses of
variable-cycle enginue performance
Phase II: Fabrication or modification of hardware and rig
testing of the low-pressure (LP) compressor and combustor
Phase 1II: Engine tests conducted at sea-level static condi-

ons, 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 are:

(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 multimission air-
craft, this surge margin increase will provide addi-
tional (a) inlet distortion tolerance, and (b) available
thrust and/or improve SFC 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 mcdulation 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-
geomctry components.

The TFE731, modified to include variable geometry, proved to

be an inexpensive, cffective vehicle for development of
variable-cycle enagine concepts,
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4.4.7 Increased Climb Thrust and Airflow

4.4.7.1 Objective

At typical climb conditions, the engine referred LP rotor
speed 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 heneficial to engine inlet matching for some applications
because, for a fixed inlet sized for a Mach-2-plus design point,
spillage drag losses may Le 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 geomctry that %Giids 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
1760°F are summarized for comrcrison in Table 65.

The test results indicate that a combination of 110 percent
LP turbine nozzle area, ll0-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 AND AIRFLOW,
MACH 0.6, 20,000 FEET, STANDARD ATM

[Piguro No. Parameters Presented

532 Thrust specific fue. consumption versus net
thrust

533 Net thrust versus turbine inlet total temperaturﬁ

534 LP rotor speed versus turbine inlet total
temperature

S35 Total airflow versus turbine inlet total
temperature

536 Bypass ratio versus turbine inlet total
temperature

537 LP compressor inlet airflow versus turbine
inlet total temperature

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 si.ightly, 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 l.2-percent increase in LP rotor speed, a 3.8-percent increase
in total airflow, and a 0.5-percent decrease in ne* 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 fain 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 Bleed Effects

The b'.eed effects tests were conducted to confirm pre-
dictions that part of the performance loss due 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 fect, Mach 1.2, standard atmosphere
(d) 20,000 feet, Mach 0.6, standard atmosphere

The engine was initially operated as a fixed-cycle enygine--
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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‘.4.8.1 40,000 Feet' Mach 008

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 1805°F. The component operating points have been super-
imposed on the com:zonent 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 ll 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 operatiing points away from their peak
efficiency islands. After the LbLleed valve was opened, the LP
turbine nozzle area was reduced to 90 percent in an effor’. 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. IHowever, 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 the 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
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T.0LE 5. BLEED EFFECTS, 40,000 FEET,
MACH 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 25 compressor inlet airflow versus LP bleed
ow

TABLE 67. COMPONENT OPERATING POINTS,
40,000 FEET, 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. 7398-2

737

Superimposed on LP Compressor Map.

28

BLEED EFFECTS
40,000 FEET, MACH 0.8, STANDARD ATM
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Figure 557. Component Operating Points at Mach 0.8, 40,000 Feet,
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VARIABLE-CYCLE TFE731 ENGINE SERIAL NO. 7399-2

3.2 BLEED EFFECTS
40,000 FEET, MACH 0.8, STANDARD ATM
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Figure 558. Component Operating Points at Mach 0.8, 40,000 Feet,
Superimposed on HP Compressor Map.
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essentially 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 operatiny 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.

Follcwing the setting of the IGV's to minus 5 degrees, the
LP turbine 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...:le 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 (Al8 = 191 square inches, A8 = 105 square
inches, A42 = 100 percent, and a -5-degree IGV angle) produced
the maximum net thrust while extracting bleed ¢irflow at this
flight condition. This net thrust of 647 pcund: represents a
6.l-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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4.4.6.2 50,000 Feet, 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 theee curves are listed in Table 69.
All parameters have been corrected to a turbine inlet tempera-
ture of 1805°F.

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 i:. primary exhaust-nozzle area produced
significant net thrust increases, while changing the IGV's to
rninus 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 primary 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 ble=sd-air extraction.

During the 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. ileither 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 Tahle 70.
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TABLE 69. BLEED EFFECTS, 50,000 FEET,
MACH 0.8, STANDARD ATM

Figure No. Parameters.Presented
560 Turbine inlet temperature versus LP bleed flow
561 Thrust specific fuel consumption versus LP

bleed flow
562 Ne: thrust versus LP bleed flow
563 Fuel flow versus LP blced flow
564 Interturhine temperature versus LP bleed flow
565 LP rotor speed versus LP bleed flow
566 HP rotor speed versus LP bleed flow
567 Engine total airflow versus LP bleed flow
568 Fan tip pressure ratio versus LP bleed flow
569 Fan hub pressure ratio versus LP bleed flow
570 Cycle pressure ratio versus LP bleed flow
571 Bypass ratio versus 1P bleed flow
572 Engine pressure ratio versus LP bleed flow
573 ?ﬁ compressor inlet airflow versus LP bleed
ow
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4.4.8.3 50,000 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 1805°F.

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 1ll0-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

Figure No.

574
575

576
577
578
579
580
581
582
583
584
585
586
587

Parameters Presented

Turbine inlet temperature versus LP bleed flow

Thrust specific fuel consumption versus LP
bleed flow

et 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.F . .N,000 Feet, Mach 0.6

v, results of the blecd testing at 20,000 feet, Mach 0.6,
standuard atmosphers, a.a precented in Figures 588 through 601.
The parameters pres¢ nted in these curves are listed in Table '73.
All parameters have been ..orrected to a turbine inlet tempera-
ture of 1G605°F.

The results of the bleed testing at 20,000 feet, Mach 0.6
show the same ge.:+.-. ~.ends &s those determined at the other
test conditions. ouring 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 gain 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
inciiee 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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D gt sy el gd

TABI.E 73. BLEED EFFECTS, 20,000 FEET,
MACH 0.6, STANDARD ATM

588
589

590
591
592
593
594
595
596
597
598
599
600
6ul

Figure No. Parameters Presented

Turbine inlet temperature versus LP bleed flow

Thrust specific fuel consumption versus LP
bleed flow

llet 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 Overall 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 vhrust. 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

Pigure lo, Parameters Presented
-ﬁm
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 Pramarv 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 65,006 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 TFE73. 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 rozzle 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
TFLE731 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 1500°F, with an LP turbine nozzle area
as close to nominal as possible. The test was conducted with a
fan exhaust-nozzle area of 19% cquare inches and a primary

exhaust-nozzle area of 105 scuare inches.
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TA3LE 77. HIGH-ALTITUDE FIXED-CEOMETRY
65,000 FEET, /IACIl 0.6,
STANDARD ATH

Figure No. Pararieters Presented

618 Thrust specific fuel consumption versus net
thrust

619 Interturbine temperature versus net thrust

620 Net thrust versus LP rotor speed

621 Fuel flow versus LP rotor speed

622 Interturbine temperature versus LP rotor speed

623 HP rotor speed versus LP rotor speed

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

627 Cycle pressure ratio versus LP rotor speed

628 Bypass ratio versus LP rotor speced

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-
turbine temperaturze
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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 1400°F to a temperature of 1300°F,
causing the operator to shut down the engine. After restarting
the engine and re-establishing cell conditions, surge-free opcra-

tion was maintained at 1300°F.

While attempting to set conditions for 70,000 feet, Mach 0.5,
with the interturbine temperature set at approximately 1400°F 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 1400°F, but the LP compressor surged during the
deceleration to 1300°F. 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 75,000 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
1500°F. Attempts to obtain surge-free operation at 1400°F 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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Mach 0.6 are superimposed on the analytical model LP compressor
map presented in Figure 634. CLCxtrapolation 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 IP 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 lIP rotor speed to improve the engine performance and
LP compressor surge margin. Variable LP compressor geomelr,
might also be employed in conjunction with variable LP turbine
nozzle area modulation for extremely high altitudes.
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LPC PRESSURE RATIO, P23XxQ22

‘/ARIABLE-CYCLE TFE731 ENGINE SERIAL NO. 7399-2

6.0 T T T |
HIGH-ALTITUDE
FIXED-GEOMETRY, STANDARD ATM
S.5 I~ MACH
ALTITUDE  _NO. Al Al AR
O #5000 08 196 106 106
O ss,000 0.5 186 106 105
5.0 <000 0s 1965 108 1
476,000 on 195 106 16
GV = 0 DEGREES
4.5 INLET RECOVERY = MIL-E-50088
N ‘
4.0 4 ‘x‘k"‘
T42R = 1400°F ’4,’/‘ \'/
" " " * /
3.5 - 4 i
T42R = 1500°F
3.0
2.5 —.0 =
&
44
‘.'..-. "REF-
2:0 = REF=-0.02 -4
1ﬂﬂ%110t
90% 95%
1.5 I
[T [
PCNLK22 = 70%
1.0 | |
U112 14 16 18 20 2i2 24 26 28
LLPC REFERRED INLET AIRFLOW, WA22K22 - LBM/SEC
Figure 634. High-Altitude-Tested Surge-Free Operating

Points Superimposed on LP Compressor Map
Showing Decrease in Surge Margin with

Increase in Altitude.



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 evaluation 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 rigqg.
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 atmcsphere.

The technijue 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.
Thz 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 r Referred Inlet Airflow Versus LP

Turbine No:zle Area

637 LP Compres sor 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 versuvs referred in-
let airflow. This figure shows the rig surge lines for inlet
guide vane (IGV) angles of zero and 30 degrees a.d referred
speed lines of 70 percent for 30 degrees ICGV angle and 70 and
80 percent for zero degrees IGV angle, superimpnsed 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 lligh-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 fir-"-stage stators were set at 10 degrees to obtain suf-
ficient LP .upressor surge margin so that the LP turbine nozzles
could be 1 ulated through the 90- to ll0-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 81l. The
overall test results at the above flight condition at a constant
calculated HP turbine inlet temperature of 1540°F are summarized
in Table 82. This table presents LP rotor speed, HP rotor speed,
net thrust, specific fuel consumption, and LP compressor surge

margin.
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TABLE 81l.

HIGH-MACH-NUMBER CAPABILITY, 50,000 FEET,
MACH 2.2, MIL-STD-210 COLD ATM

Figure No.

639

640

641
642
643

644
645
646

647

648

649

650
651

652

653

654

Parameters Presented

Thrust specific fuel consumption versus net
thrust

Turbine inlet temperature versus LP turbine
nozzle area

Net thrust versus LP turbine nozzle area
Fuel flow versus LP turbine nozzle area

Interturbine temperature versus LP turbine
nozzle area

LP rotor speed versus LP turbine nozzle area
HP rotor speed versus LP turbine nozzle area

Engine total airflow versus LP turbine nozzle
area

Fan tip pressure ratio versus LP turbine
nozzle area

Fan hub nrmnssure ratio versus LP turbine nozzle
area

Cycle pressure ratio versus LP turbine nozzle
area

Bypass ratio versus LP turbine nozzle area

Engine pressure ratio versus LP turbine nozzle
area

Combined nozzle thrust coefficient versus LP
turbine nozzle area

Primary nozzle flow coefficient versus LP
turbine nozzle area

Fan nozzle flow coefficient versus LP turbine
nozzle area
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