wo 2014/031199 A2 |[IN I 0F 0O R0 O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/031199 A2

27 February 2014 (27.02.2014) WIPO I PCT

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:
F02C 9/20 (2006.01) FO2K 3/00(2006.01)
FO01D 17/16 (2006.01)

International Application Number:
PCT/US2013/042559

International Filing Date:

24 May 2013 (24.05.2013)
Filing Language: English
Publication Language: English
Priority Data:
13/487,585 4 June 2012 (04.06.2012) US

Applicant: UNITED TECHNOLOGIES CORPORA-
TION [US/US]; One Financial Plaza, Hartford, Connectic-
ut 06101 (US).

Inventor: PARENTE, Wayne P.; 70 Willieb St., Glaston-
bury, Connecticut 06033 (US).

Agent: KOZIARZ, Matthew L.; Carlson, Gaskey &
Olds/Pratt & Whitney, c/o CPA Global, P.O. Box 52050,
Minneapolis, Minnesota 55402 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
T™M, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

(84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: PROTECTING OPERATING MARGIN OF A GAS TURBINE ENGINE

DOES
A0A/ADSS EXCEED
MIN/MAX
LINITS?

INPUT_PARAMETERS FROM AIRCRAFT
OR OTHER INSTRUMENTATION

(INCLUDING, BUT NOT LIMITED T0, THE
FOLLOWING):
-SPEED(LE., MACH NUMBER)

AOA/AOSS BEEN WITHI
DEFINED ACCEPTABLE LIMITS
ONG ENOUGH TO BE CONSIDERED,

IMPLEMENT FULLY
DISTORTED VANE
SCHEDULE

~TOTAL AR TEMPERATURE
—~ACA/AOSS
~THRUST SETTING (PLA)

DISTORTION

{ 22
20

STABLE FLIGHT
?
G.1
CALCULATE INLET o4
DISTORTION f
CALCULATE VANE CLOSURE
> NEEDED TO ENSURE
STABLE ENGINE
OPERATION PER EXAMPLE
OUTLINED IN FIGURE 4
AOA OR AOSS

(57) Abstract: A method of protecting operating margin of the gas turbine engine includes calculating an aerodynamic distortion of
air entering an inlet of a gas turbine engine that has a compressor section with variable vanes that are movable subject to a control
parameter. The control parameter is selectively moditied in response to the aerodynamic distortion.



WO 2014/031199 PCT/US2013/042559

PROTECTING OPERATING MARGIN OF A GAS TURBINE ENGINE

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT
[0001] This invention was made with government support under contract number
F33657-99-D-2051 awarded by the United States Air Force. The government has certain

rights in the invention.

BACKGROUND

[0002] This disclosure relates to a strategy for controlling operating margin of a
compressor section of a gas turbine engine.

[0003] A compressor section of a gas turbine engine is typically operated with regard
to a designed operating line over a range of compressor pressure ratios and mass airflows.
The engine is normally operated in a regime such that there is an operating margin between
the designed operating line and a maximum operating line beyond which operation of the
compressor section may become unstable with regard to stall, surge or flutter.

[0004] Typically, the designed operating line is set according to predefined
parameters that are input into a schedule that is used to control operation of the compressor
section. For instance, the compressor section may include variable vanes that are movable
subject to the schedule such that the operating margin is maintained across the operating
regime of the aircraft. A challenge, however, in setting the schedule is that the predefined
parameters are set according to the most extreme operating conditions that the engine is
expected to experience. Often compressor designers must sacrifice engine fuel economy or

component life to ensure safe operation under all these conditions.

SUMMARY
[0005] A method of protecting operating margin of a gas turbine engine according to
an exemplary aspect of the present disclosure includes calculating an aerodynamic distortion

of air entering an inlet of a gas turbine engine having a compressor section with variable
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vanes, the variable vanes being moveable subject to a control parameter, and selectively
modifying the control parameter in response to the aerodynamic distortion.

[0006] In a further non-limiting embodiment of any of the foregoing example, the
calculating of the aerodynamic distortion includes calculating the aerodynamic distortion as
a function of angle of attack of the gas turbine engine.

[0007] In a further non-limiting embodiment of any of the foregoing examples, the
calculating of the aerodynamic distortion includes calculating the aerodynamic distortion as
a function of angle of side slip of the gas turbine engine.

[0008] In a further non-limiting embodiment of any of the foregoing examples, the
calculating of the aerodynamic distortion includes calculating the aerodynamic distortion as
a function of an aircraft speed and at least one of angle of attack of the gas turbine engine
and angle of side slip of the gas turbine engine.

[0009] A further non-limiting embodiment of any of the foregoing examples
includes calculating an operating margin as a function of the aerodynamic distortion,
comparing the operating margin to a desired operating margin to determine an operating
margin difference, and modifying the control parameter in response to the operating margin
difference exceeding a predefined difference.

[0010] A further non-limiting embodiment of any of the foregoing examples
includes calculating a required change in a position of the variable vanes as a function of the
operating margin difference.

[0011] A further non-limiting embodiment of any of the foregoing examples
includes closing the variable vanes to reduce the operating margin difference.

[0012] A further non-limiting embodiment of any of the foregoing examples
includes suspending any modification of the control parameter if the aircraft is not at a stable
flight condition.

[0013] A gas turbine engine according to an exemplary aspect of the present
disclosure includes an engine inlet and a compressor section in communication with the
engine inlet. The compressor section includes variable vanes that are moveable subject to a
control parameter. A combustor section is in communication with the compressor section. A

turbine section is in communication with the combustor section. A controller is configured
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to calculate an aerodynamic distortion of air entering the engine inlet and selectively modify
the control parameter in response to the aerodynamic distortion.

[0014] In a further non-limiting embodiment of any of the foregoing examples, the
controller is configured to calculate the aerodynamic distortion as a function of angle of
attack of the gas turbine engine.

[0015] In a further non-limiting embodiment of any of the foregoing examples, the
controller is configured to calculate the aerodynamic distortion as a function of angle of side
slip of the gas turbine engine.

[0016] In a further non-limiting embodiment of any of the foregoing examples, the
controller is configured to calculate the aerodynamic distortion as a function of an aircraft
flight condition and at least one of angle of attack of the gas turbine engine and angle of side
slip of the gas turbine engine.

[0017] In a further non-limiting embodiment of any of the foregoing examples, the
controller is configured to calculate an operating margin as a function of the aerodynamic
distortion, compare the operating margin to a desired operating margin to determine an
operating margin difference, and modify the control parameter in response to the operating
margin difference exceeding a predefined difference.

[0018] In a further non-limiting embodiment of any of the foregoing examples, the
controller is configured to calculate a required change in a position of the variable vanes as a
function of the operating margin difference.

[0019] In a further non-limiting embodiment of any of the foregoing examples, the
controller is configured to suspend any modification of the control parameter in response o
a rate of change of an angle of attack of the gas turbine engine exceeding a predetermined
rate of change.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The various features and advantages of the present disclosure will become
apparent to those skilled in the art from the following detailed description. The drawings
that accompany the detailed description can be briefly described as follows.

[0021] Figure 1 shows an example method of protecting operating margin of a gas

turbine engine subject to inlet distortion generated from angle of attack or angle of sideslip.
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[0022] Figure 2 shows a gas turbine engine that has a controller that is configured to
protect operating margin of the gas turbine engine.

[0023] Figure 3 shows an example variable compressor stator assembly that can be
repositioned to maintain operational margin throughout the operational range of the
COMPIESSOr.

[0024] Figure 4 shows and example calculation of the process to protect an engine

from inlet distortion with a supplied measurement of angle of attack and angle of sideslip.

DETAILED DESCRIPTION

[0025] Figure 1 illustrates an example method 20 of protecting operating margin of a
gas turbine engine. The operating strategy represented by the method 20 can provide
increased operating range of a gas turbine engine, improved fuel efficiency and
improvement in engine component life.

[0026] As shown, the method 20 generally includes a calculation step 22 and a
modification step 24. The calculation step 22 includes calculating an aerodynamic distortion
of air entering an inlet of the gas turbine engine, which has a compressor section with
variable vanes that are movable subject to a control parameter. Example calculation steps
22a are also shown. The modification step 24 includes selectively modifying the control
parameter in response to the aerodynamic distortion.

[0027] As an example, the calculating of the aerodynamic distortion includes
calculating the aerodynamic distortion as a function of at least one of angle of attack of the
gas turbine engine and angle of side slip of the gas turbine engine. Inlet distortion increases
in magnitude as an aircraft increases angles of attack (AOA) or sideslip (AOSS), and the
airflow separates off the aircraft or engine inlet. If not accounted for in a compressor design,
inlet distortion can cause a potentially damaging aerodynamic break-down of the
compressor, known as an engine surge. Typical engine controls do not have an indication of
the distortion level in real time, and typical compressor vane schedules are therefore set to
provide protection against the maximum level of distortion possible.

[0028] As an aircraft maneuvers, the angle of attack and the angle of side slip can
change relatively rapidly and thus cause aerodynamic distortions in the airflow entering into

the inlet of the gas turbine engine. Such aerodynamic distortions can vary from expected
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predefined values of aerodynamic distortion and thus change an operating margin between a
designed operating line and a maximum operating line of the compressor section.

[0029] For example, the aerodynamic distortion is calculated as a function of aircraft
flight condition (Mach number, altitude, etc.) and angle of attack or angle of side slip. Data
representing the aircraft speed and angles of attack or side slip can be provided by an aircraft
main controller such that aerodynamic distortion is calculated in real-time or near real time.
The given calculated aerodynamic distortion is then used to calculate an operating margin.
The operating margin is then compared to a desired operating margin to determine an
operating margin difference. If the operating margin difference exceeds a desired operating
margin difference, the control parameter of the variable vanes can be modified to reduce the
operating margin difference. For example, the variable vanes are moved to a more closed
position (see movement M in Figure 3) to reduce the operating margin difference and reduce
instability (represented at S).

[0030] To modify the control parameter in response to the aerodynamic distortion, a
required change in position of the variable vanes is calculated. For example, the method 20
may include using a table of vane position or angle as a function of change of operating
margin. Based upon the table, the variable vanes are moved to a vane position that reduces
the operating margin difference. Thus, the strategy employed in the method 20 protects the
operating margin to ensure that the engine operates more efficiently and under conditions
that improve compressor component life.

[0031] Depending upon the type of aircraft, the aircraft may perform maneuvers that
result in a high rate of change of the angle of attack or angle of side slip. Under such
circumstances it may be undesirable to modify the control parameter and thus move the
variable vanes from a previously scheduled position. Thus, in a further example, any
modification of the control parameter can be suspended in response to the rate of change of
the angle of attack or the angle of side slip exceeding a predetermined threshold rate of
change. In this regard, the method 20 may further utilize a stabilization parameter that
ensures that the control parameter is not modified in the event that the aircraft could be
performing extreme maneuvers.

[0032] Figure 2 schematically illustrates a gas turbine engine 30 that is configured to

utilize the method 20. In this example, the gas turbine engine 30 generally includes a fan
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section 32, a compressor section 34 in communication with the fan section 32, a combustor
section 36 in communication with the compressor section 34 and a turbine section 38 in
communication with the combustor section 36. The fan section 32, the compressor section
34, the combustor 36 and the turbine section 38 are generally arranged along an engine
central axis A.

[0033] As is known, air is received into the engine 30 for compression in the
compressor section 34 followed by combustion in the combustor 36 and expansion in the
turbine section 38. The turbine section 38 is coupled to the compressor section 34 and the
fan section 32 to drive the operation thereof. As can be appreciated, the engine 30 shown in
Figure 2 is depicted schematically for the purposes of this description. It is to understood,
however, that the illustrated gas turbine engine 30 configuration can vary and this disclosure
will benefit other gas turbine engine configurations as well.

[0034] The compressor section 34 includes at least one stage 34a of variable
compressor vanes 40 and rotatable compressor blades 42. The variable compressor vanes 40
are in communication with a controller 44 for controlling the operation thereof with regard
to angular position, as shown in Figure 3. The controller 44 is configured with hardware,
such as a microprocessor, software or both for carrying out the actions of the method 20
described herein.

[0035] In operation, the gas turbine engine 30 receives an airflow 46 into the engine
30 through an inlet 48. The controller 44 is configured to calculate an aerodynamic
distortion of the airflow 46 entering the engine inlet 48 and selectively modify the control
parameter, as described above with regard to the method 20, in response to the aerodynamic
distortion.

[0036] Figure 4 shows a graph of compressor vane position versus a power setting
parameter (e.g., corrected compressor rotation speed) to illustrate an example
implementation of the method 20 in an exemplary engine. In the graph, line 80 represents a
vane position schedule based on the most extreme operating conditions that an engine is
expected to experience, including a most extreme inlet distortion. Line 90 represents a
baseline vane position schedule without regard to inlet distortion. Generally, a vertically
lower position in the graph provides better fuel economy and component life. Thus, a control

strategy that utilizes the most extreme operating conditions for vane scheduling sacrifices
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fuel economy and component life. The idealized baseline vane position schedule of line 90
represents a best case and thus a maximum possible improvement.

[0037] Points 92, 94 and 96 in the graph represent calculated vane positions
according to the method 20 disclosed herein for three different flight conditions, as shown in
the Table below. Row H in the Table represents the vane position based on the line 80, and
row G represents an adjusted vane position based on the method 20 described herein. At row
I, the lesser vane position of the vane positions of rows G and H is selected. For Flight
Condition 1, the calculated vane position falls between lines 80 and 90, thus yielding a
marginal improvement in fuel economy and component life compared to the line 80. For
Flight Condition 2, the calculated vane position is on line 80, and thus there is no
improvement. For Flight Condition 3, the calculated vane position is on line 90, and thus

there is a maximum improvement.
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[0038] Table 1: Example Calculation of Vane Position
. Flight Flight Flight
Calculatlo_n of YVorst Ca_se Level of Calculation Method| Condition | Condition [Condition
Distortion Possible i 12 ]
1 2" 3
Calculate Distortion Level at Given
Flight Condition and Current Table Read 4 10 1
AOANAQOSS:
Buffer for AOA/AOSS Inaccuracy Constant 1 1 1
and System Lag:
Calculated from the
Current Vane Position
and the worst case
Buffer to Protect Againsta Rapid |Inlet Distortion 4 3 3
AOA or AOSS Change: Obtainable if there
was an extremely
rapid Increase in AOA
or AOSS.
Required Level of Protection The Summation of 9 14 5
Needed: Rows A, B,and C
Units of Protection Provided by Base Schedule 5 7 7
Base Schedule: Calculations
Shorifall- Row D - Row E (Can 4 - o
not be less than zero)
Conversion of Stability Margin
Shortfall into Additional Degrees of |Table Read 6 (Degs) 10.5 (Degs) 0 (Degs)
Vane Closure:
Vane Schedule Designed to
Protect Worst Case Inlet Distortion
or Other Limitations (Such as Table Read 8.75 (Degs)| 10 (Degs) 10 (Degs)
Flutter Boundaries):
Modified Vane Schedule (Relative |The lesserof Rows G
to Base Schedule): and H 6 (Degs) 10 (Degs) 0 (Degs)
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[0039] Although a combination of features is shown in the illustrated examples, not
all of them need to be combined to realize the benefits of various embodiments of this
disclosure. In other words, a system designed according to an embodiment of this disclosure
will not necessarily include all of the features shown in any one of the Figures or all of the
portions schematically shown in the Figures. Moreover, selected features of one example
embodiment may be combined with selected features of other example embodiments.

[0040] The preceding description is exemplary rather than limiting in nature.
Variations and modifications to the disclosed examples may become apparent to those
skilled in the art that do not necessarily depart from the essence of this disclosure. The
scope of legal protection given to this disclosure can only be determined by studying the

following claims.
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CLAIMS
What is claimed is:
L. A method of protecting operating margin of a gas turbine engine, the method
comprising:
calculating an aerodynamic distortion of air entering an inlet of a gas turbine engine
having a compressor section with variable vanes, the variable vanes being moveable subject
to a control parameter; and

selectively modifying the control parameter in response to the aerodynamic distortion.

2. The method as recited in claim 1, wherein the calculating of the aerodynamic
distortion includes calculating the aerodynamic distortion as a function of angle of attack of

the gas turbine engine.

3. The method as recited in claim 1, wherein the calculating of the aerodynamic
distortion includes calculating the aerodynamic distortion as a function of angle of side slip of

the gas turbine engine.

4. The method as recited in claim 1, wherein the calculating of the aerodynamic
distortion includes calculating the acrodynamic distortion as a function of an aircraft speed
and at least one of angle of attack of the gas turbine engine and angle of side slip of the gas

turbine engine.
5. The method as recited in claim 1, further comprising calculating an operating margin
as a function of the aerodynamic distortion, comparing the operating margin to a desired

operating margin to determine an operating margin difference, and modifying the control

parameter in response to the operating margin difference exceeding a predefined difference.

0. The method as recited in claim 5, including calculating a required change in a position

of the variable vanes as a function of the operating margin difference.

10

SUBSTITUTE SHEET (RULE 26)



WO 2014/031199 PCT/US2013/042559

7. The method as recited in claim 6, including closing the vatiable vanes to reduce the

operating margin difference.

3. The method as recited in claim 1, further comprising suspending any modification of

the control parameter if the aircraft is not at a stable flight condition.

11
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9. A gas turbine engine comprising:

an engine inlet;

a compressor section in communication with the engine inlet, the compressor section
including variable vanes that are moveable subject to a control parameter;

a combustor section in communication with the compressor section;

a turbine section in communication with the combustor section; and

a controller configured to calculate an aerodynamic distortion of air entering the
engine inlet and selectively modify the control parameter in response to the aerodynamic

distortion.

10.  The engine as recited in claim 9, wherein the controller is configured to calculate the

aerodynamic distortion as a function of angle of attack of the gas turbine engine.

11.  The engine as recited in claim 9, wherein the controller is configured to calculate the

aerodynamic distortion as a function of angle of side slip of the gas turbine engine.

12. The engine as recited in claim 9, wherein the controller is configured to calculate the
aerodynamic distortion as a function of an aircraft flight condition and at least one of angle of

attack of the gas turbine engine and angle of side slip of the gas turbine engine.

13. The engine as recited in claim 9, wherein the controller is configured to calculate an
operating margin as a function of the aerodynamic distortion, compare the operating margin
to a desired operating margin to determine an operating margin difference, and modify the
control parameter in response to the operating margin difference exceeding a predefined

difference.

14.  The engine as recited in claim 13, wherein the controller is configured to calculate a
required change in a position of the variable vanes as a function of the operating margin

difference.

12
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15.  The engine as recited in claim 9, wherein the controller is configured to suspend any
modification of the control parameter in response to a rate of change of an angle of attack of

the gas turbine engine exceeding a predetermined rate of change.

13
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