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INTRODUCTION

AIR1703 (Reference 1.1)" reviews the principles of thrust/drag accounting for wing-mounted and buried

propulsion installations, and discusses thrust-method options, calibration techniques, and data
ammcmnn test planning and analysis guidelines. The material presented is circa 1980's state-of-the-

art Essentlally, AIR1703 is Ilmlted to fhght operations and associated ground calibrations in steady-
state conditions: mainly fixed-throttle, level flight. As such, discussion of alternative flight techniques
involving changes with time is purposely limited, it being assumed that the methods developed may be
applied using the "quasi-steady" assumption (i.e., that time-variant conditions can be determined using
steady-state analyses). The uncertainty cons:deratlons of AIR1678 (Reference 1.2)" are also
consistent with the steady-state approach.

With time-variant flight conditions and either fixed- or variable-throttle engine operation, deviations of
several percent from fundamental steady-state concepts and assumptions can occur, depending upon
the nature of the transient - its duration and rate of change. A rigorous development requires that
nonstationary mass, force, and energy terms in the governing performance equations be considered.
The quasi-steady assumption may not be appropriate if flight and propulsion system parameters
change sulfficiently rapidly. Changes in aircraft and engine geometrical shape due to time-variant
aerothermal loads may also need to be considered with the flight condition changes.

The practice of determining aircraft performance involves the determination of thrust minus drag (Fex)
through the measurement of aircraft acceleration and use of the quasi-steady assumption for aircraft
vehicle aerodynamics and propulsion system thrust. It is important to realize in this connection that
"thrust” includes engine net thrust (“standard” net thrust as defined in AIR1703) and propulsion system

' A review of AIR1703 is a prerequisite to reading this document since the present results and recommendations are based
on evaluating the effects of time-variant deviations in the steady-state relationship established in AIR1703. AIR1703, which
was issued in November 1985, provides engineering information for use as a reference and for guiding efforts to determine
steady-state in-flight propulsion system thrust for fixed and variable sweep-wing aircraft employing turbofan or turbojet
engines.The companion report, AIR1678, provides a methodology for estimating the “measurement” error involved in the
ground calibration, flight, and posttest phases of the process.
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INTRODUCTION (Continued)

throttle-dependent terms appropriate to the air intake spillage drag and afterbody jet interference force.
Engine calibrations from the ground-level test stand and altitude test facility are utilized to evaluate
"modified" net thrust as defined in AIR1703. The results of wind tunnel tests on intake and afterbody
models are utilized to evaluate the throttle-dependent force terms. In maneuvering flight, the test data
are obtained with higher response instrumentation to correct for time-dependent changes in flight
condition. To date, flight tests have been conducted almost exclusively with fixed throttle to minimize
engine transient effects on test data.

Typically, maneuvering flight methods encompass:

a. Level flight accelerations and decelerations
b. Climbs and descents

c. Push-overs and pull-ups

d. Wind-up turns and wind-down turns

To recover the steady drag polar from measurements obtained during time-variant test conditions, the
rates of flight maneuvers are limited as required to avoid departure from quasi-steady conditions. The
extent to which the quasi-steady assumption contributes to the data scatter and the limits to which the
maneuvers must be maintained to yield acceptable results is far from clear. Prospectively, significant
improvements in data accuracy and in the efficiency of flight data acquisition can be made if transient
effects can be better accounted. A further technology advance could be made if reliable variable-
throttle methods could be developed.

Ground-based techniques (i.e., engine sweep testing) for calibrating engine steady performance during
transient conditions have been demonstrated in an effort aimed at reducing facility air-on time. This is
accomplished through the use of controlled engine power lever transients, high-response
instrumentation, and calibrated engine cycle models. Technology developments, together with the
advance in instrumentation, fast data acquisition, and processing technologies, are determinants and
provide incentive and impetus for an effort aimed at achieving these aims in flight testing.

The E-33 Committee debated the extension of its charter into the time-dependent thrust domain and
determined that work would be warranted in view of the interest expressed in the subject. Therefore, it
was proposed that a subcommittee, E-33E, be established to define guidelines for the determination of
in-flight, time-variant thrust (i.e., net thrust and throttle-dependent forces) in order to enable the
evaluation of aircraft drag and engine performance during time-variant operating conditions. The
proposal was endorsed by the Propulsion Division of SAE. The first meeting took place in May 1986
under the chairmanship of Mr. E. C. Rooney, representing the Naval Air Systems Command, and this
report documents the subcommittee's findings from the ensuing years.

Reference terms used in this report (and consistent with AIR1703) to describe engine and aircraft
operating conditions are as follows:
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INTRODUCTION (Continued)

a. Engine:

Steady-State:  Fixed throttle and fixed flight conditions with no time-variant changes in engine
aerodynamic and thermal performance.

Quasi-Steady: Operation where time-variant changes in engine aerodynamic and thermal
performance are sufficiently slow to assume steady-state operating conditions at
specified time.

Transient: Variable throttle and/or flight conditions where time-variant changes in engine
aerodynamic or thermal performance must be accounted. The term "unsteady" in
AIR1703 is used synonymously with transient engine operation.

Dynamic: Refers to engine high-frequency aerodynamic characteristics associated with
combustor/augmentor instabilities and component highly turbulent/separated
flows. Engine dynamic considerations are not included in this report.

b. Aircraft:

Steady-State: Fixed attitude and flight conditions with no time-variant changes in aircraft
performance.

Quasi-Steady: Operation where time-variant changes in aircraft performance are sufficiently slow
to assume steady-state operation at the specified time.

Dynamic: Variable maneuver and/or flight conditions where time-variant changes in aircraft
performance must be accounted. Note, the term “"dynamic" is used to describe
time-variant aircraft operation and not “transient" as used for engine time-variant
operation.

Unsteady: Refers to high-frequency aerodynamic flow-field characteristics associated with
separated flows and boundary-layer flow interactions. Unsteady flow-field
characteristics are not included in this report.

This report reviews the major aspects of processes that must be considered for the determination of in-
flight time-variant thrust. Since thrust and drag are first-order interrelations, the concept of drag is
introduced into the report, but only as required to understand aircraft thrust-drag polar resolutions. The
report is organized into seven major sections (absent the Introduction and Reference sections and the
Appendices) comprising the following topics:
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INTRODUCTION (Continued)

a. Scope (Section 1): Presents the goal of the E-33E Subcommittee effort, outlines the specific
objectives of the report, and documents limitations with respect to conclusions and
recommendations.

b. Time-Dependent Thrust Considerations (Section 3): Discusses the theoretical basis and first-order
considerations for determining time-dependent thrust. A review of force and drag accounting
increments is provided. Results based on time-dependent analyses, wave propagation
considerations, and test operational experience are used to estimate aircraft and engine
operational limits for application of quasi-steady thrust determination methodologies.

c. In-Flight Thrust Methods (Section 4): Reviews individual methods available for the determination of
time-dependent in-flight thrust and identifies the merits and limitations of each method.

d. Test Facilities (Section 5): Reviews the use of ground-level test stands and altitude test facilities to
quantify engine time-dependent operational performance, including the use of wind tunnels, aircraft
installed facilities, and aircraft to support final integration of airframe and engine performance.

e. Test Data Acquisition (Section 6): Describes the instrumentation and measurement systems
necessary for obtaining data under time-variant test conditions. Measurement considerations that
are unique to ground facilities and flight environment are identified. The data processing of both
ground and flight information are presented, and typical measurement uncertainties of thrust-
related parameters are listed.

f. Flight Testing (Section 7): Describes the procedures and use of ground and flight test programs to
isolate and correct errors and improve confidence in test results including:

(1) The equations and methodology used for aircraft performance measurement (lift, drag, thrust,
and excess thrust) and maneuvers employed in the evaluation of these elements for time-
dependent aircraft operating conditions,

(2) Data consistency checks and validation of test data that are accomplished to enhance
confidence in the vehicle thrust measurements,

(3) Evaluation of the validity of the quasi-steady assumption for fixed-throttle engine operation,
and '

(4) Validation procedures for time-variant thrust measurement (variable-throttle engine operation).
g. Guidelines for Time-Dependent Thrust Determination (Section 8): Summarizes ground and flight

test planning considerations for test techniques, instrumentation, and data analysis required to
assess time-variant in-flight thrust.
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FOREWORD

Industry and government agencies concerned with aircraft flight performance evaluation recognize a
need to improve technology and methods for the assessment of thrust during aircraft maneuvers and
transient engine operation. Building on the in-flight steady-state thrust and uncertainty work of the E-33
Committee, published in AIR1703 and AIR1678, the E-33 Committee undertook to determine whether
an information report on time-dependent thrust methods and associated uncertainty was warranted.

To address this issue, Subcommittee E-33E was formed in 1986 with Mr. Eugene C. Rooney appointed
as chairman and Mr. Darrel Williams appointed as vice chairman. In addition, members representing a
cross section of industry and government concerned with flight performance evaluation were selected
to serve on this subcommittee.

The E-33E Subcommittee, in its proceedings, produced a considerable body of information which
reviewed flight maneuvers and addressed from fundamental principles the question of engine
time-dependent thrust and propulsion system throttle-dependent force terms. The subcommittee
determined that this information, organized into a generally-available document, would provide a
source of knowledge for engineers. Accordingly, AIR5020 was prepared. Significant comments and
opinions obtained from wide circulation of the report in the U.S. and Europe have been taken into
consideration. A list of the individuals and their sponsoring organizations who contributed many hours
of work in the compilation of the report is provided on the following page.
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1. SCOPE:

The purpose and intent of Subcommittee E-33E’s effort, the reporting objectives, and the limitations
inherent in the reported findings and recommendations are reviewed since these factors are the
basis of the information contained in this document.

SAE E-33E Subcommittee was formed to assess the level of industry experience that exists in the
area of thrust determination during aircraft time-variant operating conditions. A prime objective was
to provide a center for gathering expertise and to be a forum for the exchange of ideas and
viewpoints. The committee recognized that a practice for the rigorous treatment of time-dependent
thrust did not exist and that several critical aspects of its accounting would need to be investigated.

The specific objectives of this document are:

a. To examine aircraft and engine operating conditions under which the quasi-steady thrust
assumption is valid.

b. To determine the extent to which time-dependent (nonstationary) force accounting for engine
net thrust and propulsion system throttle-dependent terms is required, consistent with existing
and developing thrust-minus-drag techniques.

c. To report time-dependent thrust methodologies and measurement techniques used for flight
and ground testing.

d. To present the results of a data review of state-of-the-art methodology appropriate to the
determination of aircraft-installed thrust during quasi-steady and dynamic maneuvers.

e. To provide guidelines for validating and improving time-dependent thrust determination as
appropriate to a specific program.

1.1 Limitations:

This document addresses definitions of thrust, force, and drag from test principles (when
possible) based on steady practices as defined in AIR1703. It is limited to fixed-wing and variable
swept wing aircraft employing turbojet or turbofan engines with nonvectoring or fixed vectored
nozzle position but not with time-variant vectoring terms. It is not the purpose of this document to
detail onboard high-response data systems or develop new in-flight thrust methodologies.
Conclusions and recommendations are valid only where criteria and data for a specific program
or application have been identified and measurement uncertainty aspects of the data understood.
It is anticipated that this document will be updated periodically as new developments in ground
and flight testing occur.
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2.2 Symbols:
TABLE 1A - Roman
Description Units U.S. Common Units  Si Units
A Area ft° m*
a Acceleration ft/s* m/s*
A/B Afterburner or Augmentor - -
B Bias or Systematic error - -
BAA Body axis accelerometer - -
Co Discharge coefficient or drag coefficient - -
Ci Flow coefficient - -
Ca Gross thrust coefficient - -
CL Lift coefficient - -
Cv Specific thrust coefficient based on ideal flexible convergent-
divergent nozzle expansion
cvwv Compressor variable vane setting deg deg
D Drag force Ibf N
Dars Aircraft system drag at full-scale operating conditions Ibf N
Dreror Aircraft system reference drag at full-scale operating reference  Ibf N
conditions
dt Derivative with respect to time s s
E Energy ft-1bf m-N
EPR Engine pressure ratio - -
f() Function of argument within () - -
F Force or absolute stream force Ibf N
FPA Flight path accelerometer - -
Fex Excess thrust (i.e., thrust minus drag) Ibf N
F/IAP Ideal gross thrust parameter, "pressure area" formulation - -
FIWAT Ideal gross thrust parameter, “flow temperature” formulation - -
Fa Gross thrust and gauge stream force Ibf N
Fier Installed propulsive force Ibf N
Fm Measured test stand force Ibf N
Fn Net thrust between Stations 0 and 9 for single-stream engine Ibf N
(Figure 2)
F'N Overall net thrust between Stations 0 and 00 (Figure 2) Ibf N
Fr:l Modified net thrust Ibf N
Fnjint Intrinsic net thrust between Stations 1 and 9 (Figure 2) Ibf N
Fr Ram drag and free-stream momentum Ibt N
FRL Fuselage reference line - -
FS Full scale - -
Fr Trunnion thrust Ibf N
Fvv Fan variable vane setting deg deg
g Gravitation constant ft/s* m/s2
H Altitude ft m
Hz Frequency s’ s
IRT Intermediate rated thrust Ibf N
k Thousand - -
KE Kinetic energy ft/tbf m-N
L Aircraft lift force or Ibt N
length ft m
Lx Distance from aircraft nose to engine face ft m
LPC Low pressure compressor - -
M Mach number - -
m Mass slug kg
MAX Maximum afterburner thrust Ibf N
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TABLE 1A (Continued)

Description Units U.S. Common Units __ Si Units

N Engine rotor speed pm rpm

NC Corrected rotor speed Pm Pm

NPR Nozzle pressure ratio - -

Nx Aircraft longitudinal acceleration g g

Ny Aircraft lateral acceleration g g

N Aircraft normal acceleration g g

PE Potential energy ft/ibf m-N

PLA Power lever angle deg deg

PLF Power for level flight Ibf N

Ps Specific excess power (Equation 43) ft/'s m/sZ

P, Percent change in Py lapse rate with aircraft attitude = dPw/dy deg"1 deg’

P. Free-stream static pressure It/ N/m*

P Static pressure bt/ N/m?

Py Total pressure ot N/m*

q Free-stream dynamic pressure bt N/m®

R Gas constant ft-Ibfibm-R J/kg K

rad Radian rad rad

RN Reynolds number - -

pm Revolution per minute min’' min™'

s Surface/reference area or ft* m°
precision/random error - -

s Second s s

SGTM Simplified gross thrust method - -

SLM Simplified linear model - -

SNTM Simplified net thrust method - -

SPS Samples per second s’ s’

SVM State variable model - -

Ti Total temperature ‘R °K

t Time s s

U Measurement uncertainty at 95% confidence level - -

u Axial velocity ft/s m/s

v Velocity or flight speed ft/s mis

v Specific volume (slug/ft®)’ (slug/t’y’

w Mass flow rate or slug/s kg/s
aircraft weight Ibm N

W Corrected mass flow rate slug/s slug/s

wB Bieed flow rate Ibm/h kg/s

WCL3 Compressor bleed cooling flow Ibrrvh kg/s

WF Fuel mass flow rate ibm/h kg/s

WFA/B Augmentor fuel flow rate Ibm/h kg/s

Whar Afterburner fuel mass flow rate lbm/h kg/s

X Axial distance or ft m
flight path longitudinal axis - -

V4 Flight path normal axis - -
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TABLE 1B - Greek

o Angle of attack or deg deg
nozzle force vertical vector angle deg deg
o Angle of attack change rate deg/s deg/s
¥ Specific heat ratio = C,/C, - -
or aircraft flight path angle deg deg
S Nondimensional pressure = P/Pst, stp - -
A Parameter incremental change - -
MR Intake pressure recovery = Pp/Pyo - -
Bett Nozzle effective yaw angle deg deg
B Angle of sideslip deg deg
0 Nondimensional temperature = T/Ts(, stp or - -
aircraft pitch attitude deg deg
Ocr Exhaust nozzle flap metal angle deg deg
Ocrr Effective exhaust nozzle vector angle based on force vectors deg deg
¢ Axial gauge force on a body or streamtube surface Ibf N
Dpost Axial gauge force on post exit streamtube between Stations 9 and 00 (Figure 2) Ibf N
dpre Axial gauge force on pre-entry streamtube between engine Stations 0 and 1 Ibf N
Figure 2
Opyion ;(Axigal gau)ge force on pylon surface within bypass streamtube Ibf N
1 Longitudinal thrust inclination angle deg deg
v Aircraft attitude = ( of + p?)'* deg deg
7} Aircraft attitude change rate deg/s deg/s
® Angular frequency rad/s rad/s
at Partial with respect to time s s
A Wing sweep angle deg deg
p Density slugrt’ kg/m3
G Standard deviation - -
z Summation - -
Documents

Full document details: SAE AIR5020A

Document Sharing Hub


http://www.avadocuments.com/doc/sae-air5020a
http://www.avadocuments.com/doc/sae-air5020a

SAE

AIR5020A

Page 18 of 161

TABLE 1C - Subscripts

0,1,2,etc.
AB
AC
act
aft
AMB
AVG
C
calc
con
cv
eff

EXH
flex-con-di
FPA
FRL

fwd

9

H

id

int

INL

J

L

/H

M

max, MAX
min,MIN
OP

ref, REF
R/H

RN

STD

t

t/c

TRIM
WL

§ N<X

Station designations (see Figure 1)
Afterbody (i.e., nozzle/afterbody drag)
Aircraft

Actual value (distinguished from "ideal")
Aft facing position

Ambient

Average

Corrected

Calculated

Convergent ideal nozzle

Control volume

Effective value of V at exit from a con-di nozzle which, when multiplied
by Waa, gives F* 2%, or effective flow area
Exhaust

Flexible convergent-divergent ideal nozzle
Flight path acceleration

Fuselage reference line

Forward facing position

Gas

High-pressure engine spool

Ideal value (distinguished from “actual”)
Intemnal

Inlet

Jet exhaust

Low-pressure engine spool

Left-hand engine

Measured

Maximum

Minimum

Operating condition

Reference value or conditions
Right-hand engine

Reynolds number

Standard (temperature or pressure)
Total conditions

Time constant

Aircraft trim related

Wing fength

Flight path longitudinal axis

Flight path lateral axis

Flight path normal axis

Free-stream
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3. TIME-DEPENDENT THRUST CONSIDERATIONS:

The theoretical basis and first-order considerations for determining time-dependent thrust are
reviewed in this section. Force accounting development and application are presented, one-
dimensional time-dependent analyses results are evaluated, and practical considerations and
operational experience for determination of time-dependent thrust are provided.

3.1 Thrust/Drag Accounting:

Accurate prediction of air vehicle performance, tracking, and evaluation of the elements of
performance and correlation between prediction and flight measurements requires definition of a
thrust-drag accounting or "bookkeeping" system which clearly defines the treatment of all the
aerodynamic and propulsion-related forces acting on the system. The variety of actual and
possible aerodynamic and propulsion system configurations makes it impractical to specify a
single rigorous accounting system. The accounting methodology should be tailored to the
requirements, details of the aerodynamic/ propulsion configuration, and resources of each
development program. However, the chosen methodology should address the following
characteristics: (1) consistency, (2) visibility given to the perfformance of the elements of the
airplane system, (3) selection of realistic reference conditions, and (4) suitability and consistency
for tracking the integrated propulsion/airframe performance throughout the aircraft development
program.

3.1.1 Basic Equations: As developed in AIR1703, the breakout of forces, definition of terms, and
reference conditions applicable to the fully integrated propulsion configuration where the effects
of the inlet and exhaust nozzle can be determined separately and combined linearly are
repeated herein (see Section 2.2 of AIR1703 for additional discussion and Reference 3.1 for
handling of alternate aerodynamic and propulsion configurations). Considering an aircraft in
level flight, the simplified force equation applied in the flight direction for dynamic aircraft
conditions takes the form:

Fex =Fipr —DaArFs (Eq.1)
where:
Fex = Imbalance (total force) between the engine thrust and aircraft drag forces in the light
direction at given aircraft and engine operating conditions.
Fier = Installed net propulsive force that is obtained from net thrust, with adjustment for
deviations from full-scale operating reference conditions.
Dars = Airframe system drag force at full-scale operating conditions.

Additional forces are included in the Fipe (Thrust) and Dags (Drag) terms to account for defined
or chosen reference full-scale operating conditions and excursions from the full-scale operating
conditions. These additional forces are discussed in the following subsections.
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3.1.2 Installed Net Propuisive Force: The installed propulsive force is defined to be equal to the
installed net thrust at the full-scale reference conditions, and accounts for all propulsive forces
acting on the aircraft. For excursions from the full-scale reference conditions, incremental
forces must be considered. These throttle-dependent forces are included as adjustments to
develop the installed propuisive force:

FipF =Fn — A - AFexH — AFray (Ea.2)
where:
FN = Modified net thrust, accounting for installation effects of inlet internal performance
bleed air extractions, and shaft power extractions.
AFn. = External force increment between full-scale reference and any given operating

condition due to the inlet (see Figure 2.7 in AIR1703).
AFexqn = External force increment between full-scale reference and any given operating
condition due to the exhaust system (see Figure 2.8 in AIR1703).
External control surface trim force increment associated with operating the
propulsion system at other than the chosen propulsion system reference conditions.

AF1rm

3.1.3 Airframe System Drag Force: The derivation of Dars accounts for the nonthrottle-dependent
differences in the drag polar between the aerodynamic model reference conditions and the fuli-

scale operating conditions, as follows:

Dars =DReF +AD|NL + ADgxH + ADTRiM + ADRN (Eq.3)

where:

Drer = External airframe drag at the aerodynamic model reference conditions adjusted to
the reference full-scale Reynolds number and complete full-scale airframe
configuration.

ADy. = Nonthrottle-dependent external force increment between the aerodynamic model
reference conditions and the chosen full-scale reference operating conditions due
to the inlet (see Figure 2.7 in AIR1703). '

ADgxy = Nonthrottle-dependent external force increment between the aerodynamic model
reference conditions and the chosen full-scale reference operating conditions due
to the exhaust system (see Figure 2.8 in AIR1703).

ADmim = Nonthrottle-dependent external force increment between the full-scale reference
condition and any given operating condition due to control surface changes for trim.

ADry = External force increment associated with Reynolds number differences (skin friction

drag) between the fuil-scale reference conditions and any given flight operating
condition.
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3.1.4 Force Accounting Development and Application: The preceding breakout of force increments is
not all-inclusive, but is representative of the kinds of items that must be included. Additional
items such as drag increments due to inlet and exhaust secondary airflows may be required for
a particular aerodynamic/propulsion configuration. Separate tests and/or analytic calculations
are required to develop the information required to support the chosen force accounting
system. Generally, wind tunnel tests are conducted to determine the incremental drag forces
attributable to the inlet and afterbody geometry, inlet mass flow ratio, nozzle pressure ratio, and
control surface effects on vehicle trim. The applicability of these force increments, derived
under steady-state conditions, to time-variant aircraft and engine operating conditions is
discussed in 3.2 through 3.5.

3.2 Propuision System Net Thrust:

The basic premise used to establish the steady-state in-flight thrust methodology in

SAE AIR1703, "In-Flight Thrust Determination,” was to define a propulsion system thrust and
associated aircraft drag with the thrust axis paraliel to the flight path so thrust and drag are equal
in level, nonaccelerating flight. The steady-state installed propulsive force provided in AIR1703 is
defined by Equation 2. The terms AF ., AFexn, AFtam [Equation 2)] are referred to as aircraft

throttle-dependent forces, and F,; as the propulsion system modified net thrust. Ideally, the

determination of time-variant propulsive force would expand on the basic methodology developed
for steady-state in-flight thrust by the algebraic addition of the time-dependent force terms to the
steady-state definition. initially, it was intended to utilize the generalized three-dimensional
equations of motion, including energy transfer, for a propulsion system during an aircraft
maneuver and, through linearization, to quantify the magnitude of the time-dependent forces
acting on the propulsion system (refer to Appendix A regarding these initial efforts). However,
after conducting a literature survey (References 3.2 through 3.5) and completing discussions with
industry and university personnel, it was determined that the development of the general
equations was beyond the scope and resources of the committee. Instead, the approach by the
committee was to use one-dimensional, time-dependent analyses to quantify the relative effect of
time-variant maneuvers and throttle movement on the magnitude of propulsion system net thrust,
and to use wave propagation and volumetric time considerations to quantify the relative effect of
time-variant effects on throttle-dependent forces and aircraft performance.

Prior to discussing a methodology for estimating the magnitude of time-dependent influences on
propulsion system net thrust, it is necessary to introduce a consistent station numbering system
to define flow path locations ahead, within and aft of the propulsion system. Figure 1 presents a
summary of the station numbering system used in this report. The designations in Figure 1 are
consistent with SAE ARP755A and AS681C (References 3.6 and 3.7, respectively).

To identify the impact of transient operation on steady-state net thrust, consider the simple
nacelle shown in Figure 2.
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FIGURE 2 - Force Components for Simple Nacelle
3.2 (Continued):

The concept of steady-state net thrust is derived by the hypothesis of a slip surface so that drag
can be equated to a momentum defect at a station far downstream (Sta. 00) and thrust may be
equated to the momentum of the propulsive system exhaust stream at a station far downstream
(Sta. 00) of the nozzle exit station (Sta. 9), less the momentum of the internal flow at a station far
upstream (Sta. 0) of the engine inlet (Sta. 1). The overall modified net thrust of a single-stream
propulsion system operating under steady-state conditions can therefore be represented by the
expression:

Fn = WgVo - WoVo (Eq.4)
The difference in Sta. 00 and Sta. 0 momentum is also equivalent of the sum of the forces Opres

Fnint, and ¢pos: exerted on the streamtube bounding the flow between these two stations (Refer to
Figure 2), or
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3.2 (Continued):

FK' =¢pre +FNjnt + ¢ post (Eq5)

dpre and dpost are the forces acting on the slip surface between Stations 0 and 1 and Stations 9
and 00, respectively. Fy, i is the intrinsic net force exerted between the engine inlet and exit
stations.

The propulsion system modified net thrust used in Equation 2 is obtained by accounting et as a
"drag" term, thereby avoiding the difficulty of evaluating ¢pest. With the exclusion of dpost,
propulsion system modified net thrust is:

F,:‘ =¢pre +FN,int (qu)

Under actual test conditions, both ¢, and Fy, it are time-variant, and Equation 4 for modified net
thrust is given by:

Fr(t) = WoVgo — WoV, + % JopVav (Eq.62)

The time-dependency results from aircraft power and/or flight changes and corresponding
changes in environmental conditions that contribute to the storage or depletion of momentum
within the propulsion system control volume. In the next sections, a means to estimate the effect
of time-variant operation on propulsion net thrust is presented.

3.2.1 Inlet Streamtube Force: To estimate the time dependency of the inlet streamtube force, ¢pre,
(and thereby inlet ram drag) the one-dimensional, time-dependent equations for the
conservation of mass and momentum, are solved for the propulsion nacelle shown in Figure 2.
The one-dimensional, time-dependent equations for the conservation of mass and momentum
from Sta. O to Sta. 1 are (Reference 3.8):

dpA  dpuA
Mass —+——=0 Eq.7
ot ox (Ea.7)
2
Momentum IpuA + JA(pu” +P)] = Piaé +fA (Eq.8)

ot ox i)

In the momentum Equation 8, f’ is a "lumped" forcing term that represents viscous forces,
gravity, and/or other forcing terms as appropriate for the particular application. Equations 7 and
8 are written in "weak" conservation law form with source/sink terms on the right-hand side of
the equation. The advantage of the "weak" form is that supersonic flows can be solved
numerically, and embedded shock/expansion waves can form and decay automatically without
special interface discontinuity treatments. Now, by substituting
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3.2.1 (Continued):

W =puA andf = Pgé-

fA .
o ™ + (Eq.8a)

Equations 7 and 8 can be respectively expressed as:

dpA
d(Wu+PA
R €310

By making a first-order assumption that W and pA vary linearly from the free-stream (Sta. 0) to
the inlet (Sta. 1) gives:

d(psAy) | dlpoAg)  W1-Wp _
o T & T osax 0 (Eq.11)

Then the time-variant force between Stations 1 and 0 (i.e. ¢p(t) Figure 2) can be expressed
by:

aw, ﬂ’-) (Eq.12)

Opre (1) = [F1(t) - Fo ()] = (P1A{ + Wyuy) - (PoAg + W0U0)+0-5AX(T+ p

Ordinarily, the amount of error incurred from the linearity assumption will vary according to the
amount of nonlinearity in W and pA between Sta. 0 and Sta. 1, although it is theoretically
possible to have small or even zero errors for highly nonlinear functions. The error, however,
will always be zero if W and pA are both linear.

The first two terms in Equation 12 are the steady-state force values at Sta. 1 and Sta. 0,
respectively, at a specified time. The third term in Equation 12 is the time-dependency force
term. The computer listing for the one-dimensional, time-dependent equations is provided in
Appendix B.

Documents

Document Sharing Hub

Full document details: SAE AIR5020A


http://www.avadocuments.com/doc/sae-air5020a
http://www.avadocuments.com/doc/sae-air5020a

SAE AIR5020A Page 25 of 161

3.2.2 Intrinsic Net Thrust: The intrinsic net thrust (and thereby the gross thrust) delivered by a gas
turbine engine transiently passing through a given power setting differs from that produced
under steady-state conditions at the same power setting. For transient rates produced by flight
condition or power lever transients, the principal causes of this difference are transient inertia
and thermal effects. As the power lever is advanced from a low to a high setting as shown in
Figure 3A, the engine parameters (rotor speed, thrust) increase with some time lag. As shown
in Figure 3A, key performance parameters reach a near-equilibrium condition in less than a
minute; however, temperatures throughout the engine (Figure 3B) take longer to adjust. The
engine gas temperatures adjust quickly to changes in flow conditions. Metal temperatures in
heavy components take longer. The actual time periods required for these adjustments vary as
a function of flight condition and rate of energy input change. Therefore, engine flow path and
engine metal temperatures differ during transient operation, causing a different distribution of
energy throughout the engine.

Principal energy input sources are engine fuel flow and the enthalpy of the inlet airstream. For
power transients, both sources change because the engine accelerates as a result of increased
fuel flow. For flight condition transients with fixed power lever setting, the enthalpy of the inlet
air changes, and only the fuel flow rate is changed to accommodate the modified inlet
conditions.

For a typical power lever change from a low to a high power setting, the energy added to the
engine must be sufficient to:

Provide the basic steady-state required-to-run energy at the instantaneous operating point.
Accelerate the rotors by overcoming rotor inertia.

Make up for transient energy losses through heat transfer to the metal parts.

Make up for additional transient compressor work required during the acceleration because
of higher backpressure on the compressor.

Make up for changed efficiencies because of transient tip and seal clearance changes.
Make up for component operating condition changes because of transient scheduling of
engine variable geometry (jet nozzle, compressor vanes, and bleeds).

g. Make up for operating changes because of bleeds, power extraction, and inlet recovery.

oo op

"o

For operation at steady-state conditions, the energy input (fuel flow) is required only for the first
item. The remaining five energy items are transient effects.

Flight condition changes produce the same physical effects as shown in Figure 3, but usually to
a much lesser degree because the maximum rate of energy input change is much less from
flight maneuvers.

Two methods can be employed to account for transient effects: transient effects may be treated
by either avoidance or compensation. In avoidance, flight and power maneuvers are restricted
to rates which hold the effects to insignificant magnitudes. In compensation, engine transient
simulation techniques are applied to correct for the effects. Nonlinear aerothermodynamic
engine transient models are comprehensive representations of engine components which
include transient energy terms (refer to 4.2). As such, an engine transient model which has
been "trimmed" to experimental ground test data can be used to estimate the time-dependent
force terms for engine intrinsic net thrust.
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Normalized Transfer Engine Parameters
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FIGURE 3A - Key Performance Parameters
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FIGURE 3B - Key Turbine Temperatures
FIGURE 3 - Behavior of Key Performance Parameters
and Temperatures During a Rapid Throttle
Transient for a Typical Turbine Engine at M = 1.0 at 36,000 ft
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3.2.3 AQuasi-Steady Limits: A tactical aircraft configuration (Figure 4) with a 20,000-Ibf thrust class
engine was used to quantify the effect of aircraft maneuvers on time-variant modified net thrust.
Two flight maneuvers were considered in quantifying the effects of flight transients on
propulsion system forces:

Case 1: An aircraft acceleration from Mach 0.8 to 1.8 at fixed altitude of 30,000 ft and fixed
engine throttle at maximum power (Figure 5A).

Case 2: An aircraft climb from 20,000 ft to 40,000 ft at fixed Mach number of 0.8 and fixed
engine throttle at maximum power (Figure 6A).

Equation 12 was used to quantify the inlet streamtube volumetric dynamics between Sta. 0 and
Sta. 2. In making the inlet streamtube calculation, inlet losses were determined using
MIL-E-5007D paragraph 3.2.1, and a distance of one aircraft length (50 ft) was used to define
the region of uniform flow upstream of the inlet.

Engine

EH A

Sta)

FIGURE 4 - Airplane Schematic lllustrating Inlet, Engine, and Exhaust Nozzle Stations
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3.2.3 (Continued):

A low-bypass turbofan engine transient simulation model validated with test data and which
accounts for the energy effects listed in 3.2.2 was used to evaluate the engine volumetric and
thermal dynamics between Stations 2 and 9. The engine transient model incorporated a fan
speed control algorithm so that for fixed-throttle operation, engine fuel flow varied to maintain
an inlet temperature versus fan speed schedule. An engine using an engine pressure ratio
control algorithm would give a different time-variant result, but the magnitude of the transient
terms is expected to be of the same order. The magnitude of the fixed-throttle engine time-
variant effects was determined by evaluating engine gross thrust for both transient operation
and steady-state operation at the same flight condition at a specified time.

For the max aircraft acceleration depicted in Figure 5B, the increase in uncertainty in net thrust
is on the order of -1% and is aimost entirely the result of the engine thermal effects (as
discussed in 3.2.2) on gross thrust. The maximum ram drag difference for this case is on the
order of +1/4%. For the more representative case of tactical aircraft (Figure 5C), increase in
uncertainty in net thrust is reduced to about -1/2%. For the max aircraft climb depicted in
Figure 6B, the increase in uncertainty in net thrust is on the order of +1% and, as in the case of
the acceleration, is the result of engine thermal response to varying inlet conditions. For the
case representative of current tactical aircraft (Figure 6C), the increase in uncertainty in net
thrust is reduced to about +1/2%.

From the results on Figures 5 and 6, time-variant corrections to inlet ram drag are minimal for
aircraft limiting climb and acceleration flight test maneuvers, but in-flight thrust methods based
on steady-state engine calibrations could be in error by 0.5 to 1.0%. Selection of in-flight thrust
methods to minimize engine thermal effects is discussed in Section 4.

Although no evaluations were made for a comparable deceleration and descent scenario, it is
expected that the magnitude of the time-variant corrections to net thrust would be the same
order as for the acceleration and climb scenarios.

3.3 Quasi-Steady Limits for Aircraft Dynamic Maneuvers:

As stated in the preface of AIR1703, in-flight thrust, or the determination thereof, is not an end
unto itself, but rather is a piece of information which, when combined with other air vehicle energy
state properties through a well-defined force accounting system (see Reference 3.1), yields the
total air vehicle system drag. Typically, it is desirable to compare drag inferred from measured
thrust with drag predictions from sub-scale tests and/or other steady-state sources. Thus, one
must consider when it is proper to compare thrust-inferred drag with the predicted, steady-state,
longitudinal air vehicle performance database. This becomes all the more necessary when one is
considering transient engine/aircraft maneuvers rather than steady or quasi-steady conditions as
in AIR1703.
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3.3.1 Aircraft Performance: In an attempt to ascertain what magnitude of transient is sufficient to
affect or render inappropriate the steady-state aerodynamic characteristics of an air vehicle, the
time scale of the event must be considered. The critical time interval during which a maneuver
would affect the aircraft aerodynamics is considered to be that required for the vehicle to pass a
fixed point in space. In the present context, the transients of interest are changes in altitude,
velocity (speed), and attitude. An acceptable error in the vehicle drag solely due to the transient
event is assumed to be 0.5%. The threshold measurable performance affecting criteria that
could result in a 0.5% drag error are: (1) A 0.5% change in static pressure due to an altitude
change; (2) A 0.5% change in dynamic pressure resulting from an acceleration or deceleration,
and (3) An attitude change rate that causes a 0.5% vehicle drag error. The acceptable attitude
uncertainty is a function of both the vehicle and the test condition. It is on the order of 0.05 deg
for a high-performance vehicle with low wing loading at cruise attitude (and less than 0.02 deg
for a high-speed transport). It is believed that the effects of these transients on the aircraft
aerodynamic performance characteristics would not be noticeable, but more rapid transients
would begin to invalidate the use of the time-independent aerodynamic characteristics, thus the
quasi-steady limit is defined.

The first of the above cases, static pressure change, is trivial and may be ignored: the
maximum rate of change of pressure with altitude is 0.0047% per foot. Therefore, a 0.5%
pressure change over the length of a vehicle is possible only if the altitude of the nose and tail
are separated by more than 100 ft. Consequently, this criteria could be met only by an airplane
with length greater than 100 ft, and then only when in a very steep climb or dive.

In trying to determine whether an aircraft acceleration results in a 0.5% uncertainty in dynamic
pressure, one assumes that in the time interval it takes for the nose and the tail of an airplane
to pass a common point in space, the velocity of the airplane has changed such that the
dynamic pressure at the two velocities differs by 0.5%. At any given Mach number the
acceleration is a function of the airplane excess thrust-to-weight ratio, the airplane length, and
the temperature. The critical threshold values of the excess thrust-to-weight ratio and the
airplane length as a function of the nominal Mach number are presented in Figure 7A for two
ambient temperature conditions.

There is a possibility of exceeding the limiting quasi-steady acceleration criteria in the subsonic
speed range with some present-day aircraft. For example, assume a 50-ft-long (Lac), high-
performance vehicle operating at standard day sea-level conditions, and at maximum power
that airplane has an excess thrust (or thrust-minus-drag), Fex, that is 70% of its weight (Fex/Wac
= 0.70). Using Figure 7A, it is seen that that airplane can match the quasi-steady limiting criteria
(Fex x Lac/Wac = 0.70 x 50 = 35 ft). However, observing Figure 7A, it is seen that the limiting
criteria rapidly increase with Mach number (and the available Fex decreases), so there is
virtually no chance of an airplane matching these criteria in the transonic speed range. This is
particularly fortunate because the change in drag coefficient with Mach number is not too
significant in the subsonic range, but becomes quite significant transonically. Thus, there does
not seem to be a problem in confusing a pure dynamic pressure effect with a Mach number
effect. Also, at any given Mach number the magnitude of the excess thrust, Fey, is proportional
to the ambient pressure, so Fex/Wac decreases as altitude is increased. Consequently, it
appears that most velocity transients (within reason at the lower altitudes in the subsonic speed
regime) will not invalidate the procedure of treating accelerating flight data in a quasi-steady
manner.
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3.3.1 (Continued):

It may be shown that the error in drag due to the uncertainty in angle of attack, «, is a direct
function of the lift at any given attitude. If an aircraft is varying angle of attack, it is changing its
lift and drag as a function of that pitch rate. The critical pitch rate is determined as follows:
because of the rotation of an aircraft about its center of gravity during an attitude change, each
point on the aircraft has a velocity normal to the flight path that is proportional to the longitudinal
distance from the center of gravity. Consequently, each part of the vehicle is at a local angle of
attack that is proportional to its longitudinal position, and the uncertainty in the vehicle angle of
attack can be determined as the arc-tangent of the average differential velocity over the length
of the lifting surface ratioed to the flight velocity. The critical pitch rate is defined when that
angle (in radians), multiplied by the aircraft lift exceeds 0.5% of the vehicle drag. It is thus
possible to determine the acceptable threshold rotation (attitude change) rate as a function of
the vehicle velocity, lift-to-drag ratio, and lifting surface length for a given drag error (0.5% in
this case) as is presented in Figure 7B. A simple example shows that these change rates may
easily be exceeded in maneuvers: Consider the above case at 0.6 Mach number, sea-level
standard day with the 50-ft-long airplane (assume the wing length to be 25 ft) cruising at a lift-
to-drag ratio of eight (e.g., Cp = 0.0250 and C, = 0.200). Using Figure 7B, it is seen that

& x Lw = 48 ft-deg/s, and, therefore, a pitch rate of (48 ft-deg/s)/(25 ft) = 1.92 deg/s is
sufficient to exceed the threshold criteria limit. In addition, it has long been known in the
dynamic stability (flying qualities) field that there are real effects on lift, pitching moment, and
elevator effectiveness during rapid pitch transients (e.g., see Reference 3.2). These facts,
coupled with the fact that during an attitude transient the control surfaces are, by definition, not
at a position for trimmed flight (though the effect of the displacement of the longitudinal control
can be corrected) mean that the aircraft performance data acquired during attitude changes
very well may differ from the steady-state database, except for during very mild changes on the
order of those indicated in Figure 7B.

A note of caution should be added to the above discussion about attitude transients. For the
example given, a pitch rate of 1.92 deg/s would not invalidate the quasi-steady assumption or
use of the steady-state database. Taking this a step further, the effects of a transient rate of 4-5
deg/s probably would be hard to detect in the data, considering all of the other uncertainties,
but the effects of a pitch rate of 20 or 30 deg/s in all probability would be quite noticeable. Thus,
considerable discretion must be used when deriving aerodynamic performance from in-flight
thrust measurements obtained during attitude transients greater than those presented in

Figure 7B.
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3.3.1 (Continued):

There is one other flight transient, or effect resulting from a flight transient that should be
avoided in performance flight testing. That involves obtaining performance flight test data,
particularly in the transonic speed range, shortly after a significant change in vehicle surface
temperature has occurred. If such a change results in wing surface heat transfer other than
would be present at "temperature soaked" conditions, the state of the boundary layer would be
changed from the steady-state case which could result in a displacement of the wing terminal
normal shock-wave position, particularly on a vehicle with a supercritical wing. That, in turn,
would affect the wing and air vehicle lift, drag, and pitching moment (uncorrected for
longitudinal control repositioning). This problem could occur, for example, if an airplane had
been temperature soaked at supersonic conditions and data were acquired as the airplane
underwent a rapid deceleration to and through the transonic speed regime.

3.3.2 Installed Engine Net Thrust: The installation of an engine into an air vehicle and the transient
operation of that air vehicle or engine has several effects on engine performance. Principal
among these are the changes in the engine inlet properties that are a function of the air vehicle
altitude, attitude, Mach number, and the engine corrected mass flow (or corrected speed).
Additionally, the effect of the changing local nozzle exit ambient pressure with the above
variables also must be considered. However, this effect is a problem only for unchoked,
underexpanded nozzle cases where the net propulsive force is a function of the local nozzle
pressure ratio. For situations with a choked throat and fully expanded divergent nozzle, knowing
the internal engine pressures and the free-stream static pressure is sufficient to determine the
net thrust in a bookkeeping system as described in AIR1703. For the unchoked nozzle,
assuming that the local nozzie exit static pressure is measured, the effect of a transient (aircraft
or engine) on that pressure is known.

The most significant effect of an aircraft or engine speed transient on the engine inlet flow
properties is that on the spatially averaged engine face total pressure, Py,. Coupled with the
average Py, value are the effects of the changing spatial total pressure distortion and bulk inlet
swirl (which affects engines without inlet guide vanes). The rate of temperature change with
altitude and/or Mach number is quite slow, well within the quasi-steady-state limits, and thus is
not discussed herein. More rapid temperature transits resulting from gun firings or an aircraft-
launched rocket exhaust are of such an isolated nature that they, too, are excluded from the
discussion.

It is generally (intuitively) believed (though not rigorously proven) that engine net thrust is
insensitive to the high-frequency (greater than a few percent of engine speed) spatial total
pressure recovery and distortion variations to which the engine stability is quite sensitive. Thus,
for frequencies on the order of a few Hertz, the "steady-state” values of distortion (usually as
defined in subscale wind tunnel tests) are appropriate for defining the distortion for
consideration in net thrust calculation. However, the effect of this distortion on engine re-match
and performance often is poorly defined; consequently, the effects of the distortion usually are
not considered in the net thrust calculation, with a resulting increase in uncertainty. Similarly,
the effects of swirl on net thrust traditionally are not measured or accounted, and usually the
magnitude of the swirl is not even defined in the inlet model wind tunnel tests.
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3.3.2 (Continued):

The rate of change of the mass-averaged Py, with any of the independent variables is a function
of the specific air vehicle being considered. However, total pressure variations on the order of
0.5% per angle of attack or sideslip degree and 5% for an idle to maximum engine speed
(airflow) change are possible. The effects of Mach number on total-pressure recovery usually
are small at subsonic conditions and could only become a factor during rapid accelerations at
supersonic Mach numbers where oblique and normal shock losses are significant. Thus, any
Mach number effects would be quite configuration-dependent. Also, the effects of altitude
change on total pressure are quite small (see 3.3.1) and not included here. Figure 8 is
presented to illustrate the acceptable (0.5% uncertainty) magnitude of attitude change rate on
net thrust, assuming that net thrust is directly proportional to P,. For example referring to
Figure 8, a flight Mach number of 0.9 at sea-level gives an attitude rate parameter value of 500.
Appling this value to an aircraft with an L, (distance from nose to engine inlet) of 50 ft at a Py,
lapse rate with attitude of 0.5% per deg (P,), results in a suggested attitude change rate limit of
20 deg/s for the determination of engine inlet pressure. In general, the quasi-steady limit for
attitude changes is on the order of 10 deg/s for modern aircraft at lower subsonic Mach
numbers and increases proportionally with Mach number. A similar plot could be prepared for
the effect of engine corrected weight flow (speed) change. The critical length would be the inlet
duct length, Mach number would be replaced with corrected airflow W,, and lapse rate, dP/dv,
replaced with dP/dW.. However, because of the reduced length and lapse rate, the aliowable
transient rates are proportionally larger and the problem becomes insignificant.

it should be noted that the above discussion on the effect of engine inlet flow properties on net
thrust is pertinent to those cases where net thrust is being determined by a method that
assumes knowledge of engine inlet Py, and its spatial distortion. If, for example, gross thrust is
being determined from nozzle pressure/temperature/area measurements it is insensitive to
engine inlet Py variations. A rematch of an engine from its calibration because of inlet distortion
can affect the gross thrust calibration, but this is believed to be a second-order effect and is
usually handled by independently measuring the core and bypass flow properties. The effects
of inlet swirl (but not the swirl itself) will be reflected by the nozzle instrumentation. Both the Py,
and swirl effects can be significant if either the engine airflow or gross thrust is determined as a
function of corrected engine speed.
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FIGURE 8 - Acceptable Attitude Change Rates for Determination of Engine Inlet Pressure
3.4 Quasi-Steady Engine Transient Limits for Throttle-Dependent Aerodynamic Forces:

The throttle-dependent forces (inlet spillage and nozzle-afterbody drag) that are considered a
part of the net propulsive force can be on the order of 5 to 10% of the aircraft drag. The effects of
an aircraft transient on these forces are considered to be negligible because these forces vary
only slightly with Mach number and are generally insensitive to aircraft attitude. Thus, the effects
of an aircraft transient could amount, at most, to only a few tenths of a percent.

A possible error in the throttie-dependent forces could result from an engine transient because of
the time lag due to the wave propagation time from the engine to the affected surfaces.
Considering the inlet spillage drag resuiting from an engine airflow (speed) change, it may be
shown as in 3.2 with the effect of airflow change on Py, that the effect is insignificant. The effects
on afterbody drag due to nozzle pressure ratic changes are even less because of the natural
proximity of the afterbody to the exit plane. The effects of nozzle position for a variable nozzle
geometry engine are not considered herein because it is assumed that all of the data are time
correlated and the nozzle position is known as a function of time. The effects of an engine
transient on aircraft trim are not considered because those effects would be evident in the aircraft
acceleration, pitch rate, and/or elevator position and would be thus accounted.
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3.5 Summary:

Force accounting procedures for time-dependent aircraft motion and engine thrust operating
conditions parallel those developed for steady-state aircraft maneuvers with fixed-throttle engine
operation. Within the operational guidelines defined for quasi-steady-state flight testing, the
element of installed net propulsive force and airframe system drag that make up aircraft excess
thrust are applicable to time-dependent aircraft operating conditions providing that the time-
dependent force and drag values are used in the evaluation. As for steady-state, the accounting
methodology for time-dependent aircraft motion must be tailored to the requirements, program
resources, and details of the aerodynamic and propulsion configuration being evaluated. The
chosen methodology should, from the time-dependency standpoint, address the characteristics of
consistency, visibility given to the performance elements of the airplane system, selection of
reference conditions, and suitability and consistency for tracking the integrated propuilsion and

airframe performance throughout the aircraft development program.

Based on one-dimensional time-dependent flow equations and wave propagation considerations,
quasi-steady assumptions should be applicable to determine net thrust for fixed throttle
climb/descent and accel/decel aircraft maneuvers. For current tactical aircraft operating in the
transonic and supersonic flight regimes, the magnitude of the time-dependent force terms on
modified net thrust was determined to be of the order of 1% or less. For variable engine throttle
operations, however, the magnitudes of the engine thrust time-dependent force terms can be
significantly different than the corresponding steady-state value, (depending on the throttle rate
change and the flight condition), and requires a calibrated engine transient simulation model to

quantify the engine thrust levels.

Using aircraft threshold considerations enables one to estimate the effects of aircraft time-variant
operation on in-flight thrust. For example, a change in throttle position will strongly affect engine
thrust-level but have a lesser effect on aircraft throttle-dependent parameters. A change in
aircraft altitude and Mach number will strongly affect the aircraft aerodynamic parameters but
have a lesser effect on the engine thrust. Specific aircraft threshold transient values are
extremely configuration and flight condition dependent, but by evaluating aircraft rate changes on
flight performance, nominal threshold transient rates for deviations of less than 1% on in-flight

thrust data have been estimated (Table 2).

TABLE 2 - Aircraft QQasi-Steady Threshold Limits (Fixed Throttle)

Speed Regime  Speed Regime  Speed Regime

Type Maneuver Subsonic Transonic Supersonic
Quasi Steady-State
» Accel/Decel Fex'Wac > 0.5 NA NA
« Climb/Descent NA NA NA
Dynamic
e Pitch Rate (deg/s) 1-3 2-5 5-10
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3.5 (Continued):

The effects of these same transients on the engine performance and the effect of engine
transients on the aircraft throttle-dependent drag or engine ambient conditions are not presented
because they have significantly higher threshold rates than those given for aircraft performance
and are not critical to in-flight thrust data evaluation.

4. IN-FLIGHT THRUST METHODS:

The fundamental concepts discussed in Section 3 require the determination of modified net thrust,
Fy. This chapter discusses methods used for the determination of Fy during transient operation for
either fixed- or variable-throttle maneuvers. This is accomplished by reviewing the transient engine
considerations and how they apply to various thrust calculation techniques. Gas path methods,
transient engine simulations, and engine independent techniques are discussed, as well as the
validation and calibration procedures. Examples of the application to flight test data are shown,
along with the benefits and limitation of each method of thrust determination.

41 Gas Path Methods:

Gas path methods of in-flight thrust determination as discussed in AIR1703 are techniques which
use measured flow properties throughout the engine to determine nozzle gross thrust and inlet
ram drag. The procedures used {o make these caicuiations are correiations based on steady-
state data from ground and altitude test facilities. Application of these steady-state correlations to
flight testing has generally been successful for fixed-throttle operation at quasi-steady and
dynamic aircraft flight conditions (see Section 7).

For variable throttle or rapidly changing flight conditions, the uncertainty with gas path methods
can increase significantly. This is caused by the implicit steady-state assumptions contained in
the stabilized test data used to develop the correlations. The additional time-variant factors that
must be considered are the transient energy terms, transient component performance changes,
and instrumentation lags in the measurement system.

411 F/WT and F/AP Methods: Figure 9 illustrates the most commonly used gas path methods for
a mixed flow afterburning turbofan. The F/AP method uses nozzle throat area (Asg), nozzle
pressure (Pyg), and gross thrust coefficient (Cg) to determine gross thrust. Nozzle throat area is
measured directly, nozzle inlet pressure is calculated from measurement of turbine discharge
pressure, and Cg is obtained from a correlation of nozzle pressure ratio and throat area.

The F/WJT method uses nozzle gas flow (W), nozzle throat temperature (Tg), and nozzle
velocity coefficient (Cv) to determine gross thrust. Nozzle iniet temperature is determined from
an energy balance using engine inlet temperature and fuel flow; nozzle gas flow is derived from
engine inlet airflow, fuel flow, and bleed extraction; and Cv is obtained from a correlation of
nozzle pressure ratio and area ratio.
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411

41.2

(Continued):

Both of these techniques require the determination of engine inlet airflow for the calculation of
ram drag. This airflow is usually obtained from a fan or compressor map as a function of rotor
speed, pressure ratio, and variable vane position. Inlet distortion effects on airflow have been

found to be negligible for steady-state operation, but may be more significant for time-variant

distortion.

The selection of which gas path method to use should be based on the specific type of testing,
since some methods are more sensitive to transient errors. For example, with variable nozzle
turbofan engines, the F/W T method may have better steady-state uncertainty than the F/AP
method, but may have worse uncertainty for throttle transients. This is caused by the
temperature calculation using an energy balance that does not include the transient rotor
acceleration and heat-transfer terms. The F/AP method is insensitive to these transient effects
because both the pressure and area are measured directly and are not based on energy
balance assumptions. This is true even considering that the measurement of absolute area may
have reduced accuracy since the measurement in the change in nozzle area typically provides
a better indication of transient thrust than that obtained using the steady-state energy balance
assumption (refer to 6.2.4 for a disscussuon of factors affecting nozzle area measurement).
For best overall uncertainty, a combined technique can be developed which uses the F/W {/T
method to evaluate the stabilized end points, and the F/AP method to define the transient
characteristic.

The steady-state gas path methods have been successfully used for quasi-steady maneuvers
such as aircraft accelerations and dynamic maneuvers such as wind-up turns and push-
over/pull-ups. Even during maximum afterburner accelerations, this has resulted in acceptable
thrust calcuiation uncertainty for validation of the aircraft drag polar. Less success has been
achieved using the steady-state gas path methods during variable throttle transients. Section 7
contains examples of the relative accuracy for the different types of gas path methods during
transients.

Tailpipe Method: A specialized version of the F/AP method called the simplified gross thrust
method (SGTM) has been developed to compute engine gross and net thrust in real time over
the entire aircraft operating flight envelope. This has been developed and evaluated
successfully for a variety of variable exhaust turbojet and turbofan fighter engines, including the
J85, F100, and F404 engines (References 4.1 through 4.3).

For the determination of gross thrust, the SGTM requires a measurement or determination of
free-stream static pressure, P_, and gas path pressure measurement at three locations in the
engine afterburner duct as shown in Figure 10 for the F404 engine application. The three
afterburner measurements are turbine discharge pressure (Pisss), flameholder exit static
pressure (Psg), and exhaust nozzle inlet static pressure (Psy). The SGTM can have an
additional benefit since engine degradation and inlet distortion are a second-order effect on
gross thrust determination because all engine measurements are downstream of the rotating
machinery. The second-order effect would be the effect of engine degradation and inlet
distortion on the calibration coefficients used for the thrust determination.
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FIGURE 10A - F404 Engine Station and Sensor Locations
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FIGURE 10B - Location of Engine Pressure Rakes Utilized by the SGTM

FIGURE 10 - Real-Time Thrust Method Engine Instrumentation System

Documents

Document Sharing Hub

Full document details: SAE AIR5020A


http://www.avadocuments.com/doc/sae-air5020a
http://www.avadocuments.com/doc/sae-air5020a

SAE AIR5020A Page 42 of 161

4.1.2 (Continued):

The SGTM provides gross thrust based on a one-dimensional analysis of the flow in the engine
afterburner and exhaust nozzle. Figure 11 shows a block diagram of the algorithm. The
algorithm provides analysis of the flow in the afterburner duct from the turbine exit to the
exhaust nozzle exit. It determines first the total pressure at the afterburner entrance, (Py) and
then at the exhaust nozzle entrance (Py;). The exhaust nozzle throat area (As) is also computed.
Gross thrust is then computed from the calculated value of P;; and Ag and measured nozzie
static pressure. This method is a specialized version of the F/AP method, but utilizing a
calculated rather than measured nozzle area. A detailed derivation of the SGTM equations is
presented in Reference 4.4.
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FIGURE 11 - Flow Chart of the SGTM
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4.1.2 (Continued):

An expanded version of the SGTM has been developed to calculate net thrust (SNTM) (Reference
4.3). This algorithm was developed for real-time vehicle performance determination and uses the
simplified approach demonstrated with the SGTM. Inlet mass flow is determined by calculating
mass flow rate at the afterburner entrance using flow parameters determined in the SGTM gross
thrust algorithm and the turbine discharge total temperature measured by existing engine
instrumentation. This mass flow rate is used to compute the inlet mass flow rate after accounting
for compressor bleed air extraction and fuel mass addition using an empirical model calibrated
using altitude facility test data. Ram drag is computed using this airflow and the vehicle's
measured true velocity. Because the mass flow is calculated in the engine afterburner section
where the gas flow is well-mixed, inlet flow distortion effects are minimized.

Calibration coefficients for a particular engine are determined using data obtained during altitude
and sea-level-thrust facility tests. The coefficients correct for the effects of internal friction, mass
transfer (leakages), three-dimensional effects, and the effect of the simplifying assumptions used
in the theory. Calibration coefficients obtained through calibration of an individual engine can
typically be used for all engines of the same model (Reference 4.3) with only a second-order
decrease in accuracy because of engine-to-engine variations (engine-to-engine variance is
reflected in the measured tailpipe pressures). The uncertainty of the SGMT was determined during
altitude tacility testing to +1.8% (20) which resuited in a net thrust uncertainty of +2.7% (Reference

4.3).

The real-time thrust method described above was developed for quasi-steady-state applications.
Its unique approach of evaluating only augmentor flow and its simplistic instrumentation
requirements encourage further evaluation for dynamic applications. Section 7 contains examples
of the real-time thrust method during throttle transients.

4.2 Engine Transient Simulations:

Transient engine characteristics can be modeled using modern computing techniques (References
3.7 and 4.5). These models are usually created to support the engine development process for
prediction of transient engine operation, analysis of operability problems, and control system design.
These models can also be used for determination of in-flight thrust during transient operation.

Two types of transient simulations are in general use. The most accurate is the nonlinear
aerothermodynamic model. This is a comprehensive, high-fidelity representation of the engine which
models the aerodynamic and thermodynamic components. The second type is the simplified model
which is usually developed for real-time applications. This type is considerably faster and less
expensive to execute, but may have increased uncertainty due to the less rigorous component
representations. Both of these models have been used for the evaluation of in-flight thrust during
engine throttle transients.

The simplified models are further divided into three methods. The piecewise linear (state-variable)
method is the only known real-time application for calculating in-flight thrust, and is discussed further
in 4.2.2. The transfer function and torque extraction methods are two other types of simplified real-
time models employed to locate errors in engine control logic prior to incorporation into control
hardware. All three of these simplified methods use a steady-state model as the starting point of the
transient mode operation.
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421 Aerothermodynamic Model: The nonlinear aerodynamic model is a comprehensive
representation of the engine components (Reference 4.6). This includes the thermodynamic
representation, heat transfer, volume dynamics, thermal clearance effects, turbine cooling air
variation, and control sensor lags. The basic analytical model utilizes steady-state component
maps and cycle analysis methods for calculating performance at each operating point. For
transient operation, the additional calculations are as follows:

a. Rotor acceleration is determined by evaluating the torque output of each turbine relative to
the torque requirement of the fan or compressor.

b. Heat-transfer calculations are performed in each engine component to accurately model the
engine metal and gas temperatures, and the resultant transient engine match.

c. The dynamics of the major engine component volumes are incorporated to represent the
time rates of change of pressure, temperature, and mass within each component.

d. Thermal clearance effects are modeled to represent the transient blade tip and seal
clearance changes due to differential expansion of rotors and cases, resulting in changes in
component efficiency and flow capacity.

e. Turbine cooling flow variation during transients is modeled by accounting for the effects of
temperature on the flow capacity of the cooling passages.

f. Control sensor lags and actuator dynamics are included in the model to properly simulate
their response to true gas temperatures, pressures, and geometry, and the resultant control
system actions.

Figures 12 and 13 show typical examples of the calculation flow paths for steady-state and
transient models, respectively. As indicated, the cycle analysis flow paths are similar with the
addition of the "dynamics" representation for the transient model.

4.2.2 Simplified Linear Model: The second type of transient model commonly used is the simplified
linear model. This type of model is usually developed for real-time applications such as flight
simulators, but can also be used for transient in-flight thrust determination. This model consists
of a simplified linear representation of the engine rather than the comprehensive representation
of each component as in the nonlinear aerothermodynamic model. This results in less complex
computer code, making it capable of real-time execution, but usually at the expense of
increased uncertainty.

The piecewise linear model (or "state variable" model) consists of empirical relationships
between engine parameters such as fuel flow versus rotor speed, and can be considered as a
sophisticated "table look-up" procedure. In order to achieve acceptable accuracy, a matrix of
partial derivatives is used to define sensitivities of all pertinent parameters to changing
conditions during an engine transient.
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422 (Continued):

For in-flight thrust, measured engine parameters such as rotor speeds and fuel flow can be
used to drive the model. The model then determines through its partial derivative matrix the
resulting effect on engine performance parameters such as airflow, temperatures, and pressure
ratios. Thrust can then be calculated from the conventional gross thrust and ram drag
equations.

Although simplified linear models have not had widespread use for in-flight thrust determination,
they have been developed for many engine designs in support of other applications such as
flight simulators, control benches, or "iron birds”. These same models can be used for in-flight
thrust determination if properly validated through comparison to engine test data or nonlinear
aerothermodynamic models.

4.2.3 Model Validation: Validation of the transient model fidelity is accomplished through comparison
to engine data from ground, altitude facility, and flight testing. This comparison is evaluated
during steady-state and transient operation, and refinements are made to the model as
necessary to match the measured rotor speeds, gas path temperatures and pressures, and
performance. For example, realistic modeling of the heat sink distribution is necessary to
simulate the proper engine match and correctly position the transient operating point. This
validation process is conducted at selected points throughout the flight envelope for various
throttle transients. Figure 14 compares an engine transient for IRT to Idle to IRT at 35,000-ft
altitude, 0.8 M. Good agreement can be noted, thereby validating the modeling techniques.

Engine transient models can be calibrated in Altitude Test Facilities with the results that flight
and propulsion system transients planned for flight tests can be reproduced to 1 to 2% of gross
thrust during throttle transients (Reference 4.7). Figure 15A shows an example of transient
math model validation for gross thrust where validation refers to the measure of the model
fidelity to represents the engine hardware performance. Figure 15B shows an example of
transient math model validation after refinement where refinement refers to the process of
updating engine component maps and thermal and mechanical time constants with Altitude
Test Facility test data.

4.2.4 Application of Transient Models for In-Flight Thrust: Once the fidelity of the transient model is
assured, it can be used to evaluate transient in-flight thrust by forcing the simulation to run to
the measured engine parameters such as fuel flow, variable geometry, and flight conditions
(References 4.8 and 4.9). Figure 16 shows the results of an in-flight thrust analysis for an idle to
military power transient at 40K ft, 0.5 M. The traces for afterburner inlet pressure (P) and
corrected fan speed (Nsc) show excellent agreement between the transient simulation and the
test data. Since Py reflects nozzle pressure ratio and Ny reflects total engine airflow, this
provides confidence that the calculated thrust is correct. Also shown on this figure is a
comparison between the transient simulation thrust and the quasi-steady F/W JT gas path
method. As expected, the gas path method results in an erroneously high thrust value due to
not properly accounting for the transient terms. For this 5-s throttle transient, the transient thrust
error is up to +8%. An additional feature of the transient model is the ability to calculate
parameters which are not normally measured such as Ty, as shown on Figure 16.
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FIGURE 14 - Validation of Transient Modeling Terms Through Comparison to Test Data
(IRT to Idle to IRT Throttle Snap at 35 Kft/0.8 M)
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