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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 nlnnnlnn and nnal\lem mudpllnna_ The material nresented 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-throttie, 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 th¢ transient - its duration and rate of change. A rigorous developmentreqpires that
nonstationary miass, force, and energy terms in the governing performance equations b¢ considered.
The quasi-steady assumption may not be appropriate if flight and propulsionrsystem parameters
change sulfficiently rapidly. Changes in aircraft and engine geometrical shape due to timg-variant
aerothermal loafls may also need to be considered with the flight condifion changes.

The practice of fetermining aircraft performance involves the determination of thrust minus drag (Fex)
through the medsurement of aircraft acceleration and use of the ‘quasi-steady assumpti:Ln for aircraft
vehicle aerodyr}mics and propulsion system thrust. It is important to realize in this conngection that

"thrust” includeg engine net thrust (“standard” net thrust agdefined in AIR1703) and propulsion system

' A review of AIR1703 is a prerequisite to reading this doacument since the present results and recommendations are based
on evaluating the|effects of time-variant deviationsin.the steady-state relationship established in AIR1703. AIR1703, which
was issued in Noyember 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” errof 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 throttie
engine transient effects on test data.

Typically, maneuvering flight methods encompass:

a. Level flight ach
b. Climbs and desgents

c. Push-overs and pull-ups

d. Wind-up turns gnd wind-down turns

To recover the steT'iy drag polar from measurements obtained during time-variant test g
rates of flight maneuvers are limited as required to avoid departure from’quasi-steady cq

to minimize

onditions, the
nditions. 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. Prospectivel
improvements in dgta accuracy and in the efficiency of flight data acquisition can be ma

, significant
e if transient

effects can be bettgr accounted. A further technology advance.could be made if reliable yvariable-

throttle methods colild be developed.

Ground-based techpiques (i.e., engine sweep testing) for calibrating engine steady perfc
transient conditiong have been demonstrated in an effort aimed at reducing facility air-on
accomplished through the use of controlled engine power lever transients, high-responss
instrumentation, and calibrated engine cycle medels. Technology developments, togethe
advance in instrumentation, fast data acquisition, and processing technologies, are dete

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
determined that wotk would be warranted in view of the interest expressed in the subjeci
was proposed that a subcommiijttee, E-33E, be established to define guidelines for the d
in-flight, time-variant thrust (i.e., net thrust and throttle-dependent forces) in order to ena

rmance during
time. This is

»]
b

r with the
'minants and

domain and

. Therefore, it
termination of
ie the

ns. The

evaluation of aircraft drag.and engine performance during time-variant operating conditig
proposal was endorsed by the Propulsion Division of SAE. The first meeting took place i

May 1986

under the chairmangship of Mr. E. C. Rooney, representing the Naval Air Systems Commpnd, 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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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-thermat-performance- mustbeaccounted—The term"unsteady” in
AIR1703 is used synonymously with transient engine operation.

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

b. Aircraft:

Steady-State:
Quasi-Steady:

Dynamic:

Unsteady:

This report reviews|the major aspects of processes that must be considered for the dete
flight time-variant thrust-Since thrust and drag are first-order interrelations, the concept

introduced into the report, but only as required to understand aircraft thrust-draq polar resolutions. The

Fixed attitude and flight conditions with no time-variant changes in g
performance.

Operation where time-variant changes in aircraft performance are s
to assume steady-state operation atthe specified time.

Variable maneuver and/or flight conditions where time-variant chang

time-variant aircraft operation and not “transient" as used for engine
operation.

Refers to high-frequency aerodynamic flow-field characteristics assg

characteristics are not included in this report.

ircraft

ifficiently slow

jes in aircraft

performance must be accounted. Note, the term “dynamic" is used fo describe

time-variant

hciated with

separated flows and boundary-layer flow interactions. Unsteady flow-field

rmination of in-

pf drag is

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.

necessary for ohtaining data under time-variant test conditions.. Measurement considgrations 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 ¢f 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 equatigns and methodology used foraircraft performance measurement (liff, drag, thrust,
and excess|thrust) and maneuvers émployed in the evaluation of these elements for time-
dependent aircraft operating conditions,

(2) Data consi:Tency checks and validation of test data that are accomplished to enhance
confidence |n the vehicle thrust measurements,

(3) Evaluation ¢f 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 informatjon which
reviewed flight marneuvers and addressed from fundamental principles the question|of ehgine
time-dependent thrust and propulsion system throttle-dependent force terms. The subcgmmittee
determined that this information, organized into a generally-available document, would provide a
source of knowledge for engineers. Accordingly, AIR5020 was prepared. Significant co%Lments 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 contributeg many hours
of work in the compilation of the report is provided on the following page.
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1.

1.1

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 ob,
a. To examing
assumption
b. To determir
net thrust ai
and develof
c. To report tir
and ground
d. To present {
determinatic
e.
appropriate
Limitations:

lectives-of-this-document-are:

aircraft and engine operating conditions under which the quasi-steady thrust

is valid.

e the extent to which time-dependent (nonstationary) force accounting for engine
d propulsion system throttle-dependent terms is required, consistent with existing
ying thrust-minus-drag techniques.

ne-dependent thrust methodologies and measurement techniques uged for flight
testing.

he results of a data review of state-of-the-art methodology appropriate to the

bn of aircraft-installed thrust during quasi-steady and dynamic maneuvers.

To provide guidelines for validating and improving time-dependent thrust determ

to a specific program.

This document addresses definitions of thrust, force, and drag from test principles

possible) bas
swept wing ai
nozzle positi

nation as

(when

pd on steady practices as defined in AIR1703. It is limited to fixed-wir
craft employing turbojet or turbofan engines with nonvectoring or fix

g and variable
d vectored

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 methodglogies.
Conclusions and yecommendations are valid only where criteria and data for a sp

ific program
ta understood.

or application|have been identified and measurement uncertainty aspects of the dz

It is anticipated that this document will be updated periodically as new developments in ground
and flight testing occur.
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The following publications form a part of this document to the extent specified herein. The latest
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this document, however, supersedes applicable laws and regulations unless a specific exemption
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2.1.3 (Continued):
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2.1.5 (Continued):
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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 Speciti t-
divergent nozzle expansion
cvwv Compressor variable vane setting deg deg
D Drag force Ibf N
Dars Airpraft system drag at full-scale operating conditions Ibf N
Dreror Airgraft system reference drag at full-scale operating reference  Ibf N
conditions
dt Deyivative with respect to time s s
E Enprgy ft-Ibf m-N
EPR Engine pressure ratio - -
f() Fupction of argument within () - -
F Fofce or absolute stream force Ibf N
FPA Flight path accelerometer - -
Fex Exgess thrust (i.e., thrust minus drag) Ibf N
F/IAP Idgal gross thrust parameter, "pressure area" formulation - -
FIWAT Idgal 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 Ovwerall net thrust between Stations, 0 and 00 (Figure 2) Ibf N
Fr:l Mddified net thrust Ibf N
Fijint Intfinsic net thrust between, Stations 1 and 9 (Figure 2) Ibf N
Fr Ram drag and free-stream’momentum Ibt N
FRL Fuselage referenceline - -
FS Full scale - -
Fr Trynnion thrust Ibf N
Fvv Fan variable.vane setting deg deg
g Gravitation cohstant ft/s* m/s2
H Altjtude ft m
Hz Fréquency 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 Pu Iapse rate with aircraft attitude = dPw/dy deg',1 deg'.1

P_ Fre a |D"né N/md

P Stattic pressure Ibf/it N/m?

P Tothl pressure ot N/m?

q Free-stream dynamic pressure bt N/m®

R Gas constant ft-Ibflbm-R Jkg K

rad Radglian rad rad

RN Reynolds number - -

pm Reyolution per minute adin”' min™'

s Suiface/reference area or ft” m°
pregision/random error : -

s Segond s s

SGTM Sinplified gross thrust method - -

SLM Simplified linear model - -

SNTM Simplified net thrust method - -

SPS Samples per second s’ s’

SVM Stale 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 Velbcity or flight speed ft/s mis

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

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

W Cofrected mass flow rate slug/s slug/s

wB Biepd flow rate lbm/h kg/s

WCL3 Compressor bleed:cooling flow Ibrrvh kg/s

WF Fuegl mass flow rate ibm/h kg/s

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

Wer Afterbumeriuel mass flow rate lbm/h kg/s

X AX| | distance or ft m
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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 - -
R Intake pressure recovery = Po/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
Och Exhaust deg deg
Ocrr Effective exhaust nozzle vector angle based on force vectors deg deg
0 Axial gauge force on a body or streamtube surface Ibt 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) e force on pylon surface within bypass streamtube Ibf N
1 Longitudinal thrust inclination angle deg deg
v Aircraft atfitude = ( of + p?)'* deg deg
7} Aircraft atfitude 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 - -
b Summatign - -
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TABLE 1C - Subscripts

0,1,2,etc.

AB
AC
act
aft
AMB
AVG
C
calc
con
cv
eff

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 Wac, gives F* *%, or effective flow area
Exhaust

EXH Ld'
-di

flex-col
FPA
FRL
fwd

9

H

id

int

INL

J

L

/H

M
max, M
min,MI
OP
ref, RE
R/H
RN
STD

t

t/c
TRIM
WL

§ N<X

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 ot 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

3.1.1

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 :

possible aerodynamic and propulsion system configurations makes it impractical4q
single rigoro
requirements| details of the aerodynamic/ propulsion configuration, and resources
development program. However, the chosen methodology should address the follo

tual and
b specify a

accounting system. The accounting methodology should be tailored to the

of each
wing

characteristics: (1) consistency, (2) visibility given to the perfformance-of the elemepts of the

airplane systgm, (3) selection of realistic reference conditions, and (4) suitability ar
for tracking the integrated propulsion/airframe performance throughout the aircraft

program.

Basic Equations: As developed in AIR1703, the breakout of forces, definition of
reference cpnditions applicable to the fully integrated propulsion configuration wh

d consistency
development

lerms, and
ere the effects

of the inlet gnd exhaust nozzle can be determined:separately and combined linearly are

repeated hgrein (see Section 2.2 of AIR1703 for<additional discussion and Refer

ence 3.1 for

handling of plternate aerodynamic and propulsion configurations). Considering gn aircraft in
level flight, 'E\e simplified force equation appfied in the flight direction for dynamid aircraft
conditions takes the form:
Fex =Fipr —DaArFs (Eq.1)
where:
Fex = Imbalance (total force) between the engine thrust and aircraft drag forges 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 = Al = ] iti

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,
AFn. = [External force increment between full-scale reference and any given|operating
ondition due to the inlet (see Figure 2.7 in AIR1703).
AFexn = [External force increment between full-scale reference and any given|operating
ondition due to the exhaust system (see Figure 2.8 in AIR1703).
AFmam = [External control surface trim force increment associated)with operating the
ropulsion system at other than the chosen propulsion system refergnce conditions.
3.1.3 Airframe System Drag Force: The derivation of Dars accounts for the nonthrottle-dependent

differences

where:

Drer

ADi

ADgxn

n the drag polar between the aerodynamic model reference conditios
scale operating conditions, as follows:

External airframe drag-atthe aerodynamic model reference conditior
the reference full-scale Reynolds number and complete full-scale airframe
configuration.
Nonthrottie-dependent external force increment between the aerodynamic model

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

refererice conditions and the chosen full-scale reference operating conditions due
fo-the exhaust system (see Figure 2.8 in AIR1703).

s and the full-

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

s adjusted to

ADtam

Nonthrottle-dependent external force increment between the full-scale reference

condition and any given operating condition due to control surface changes for trim.

ADgn

External force increment associated with Reynolds number differences (skin friction

drag) between the fuil-scale reference conditions and any given flight operating
condition.


https://saenorm.com/api/?name=3426af3d69b728d43fa8f22954df923f

SAE

AIR5020A

Page 21 of 161

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 prgmise used to establish the steady-state in-flight thrust methodology‘in

SAE AIR1703, "In-Flight Thrust Determination,” was to define a propulsion system
associated aifcraft drag with the thrust axis parallel to the flight path so thrust'and
in level, nonagcelerating flight. The steady-state installed propulsive force provided

thrust and
irag are equal
in AIR1703 is

defined by Equation 2. The terms AF ., AFexn, AFtaim [EqQuation 2)] are referred tojas aircraft

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

ally, the

determination of time-variant propulsive force would expand.on‘the basic methodology developed

for steady-st
steady-state definition. initially, it was intended to utilize the generalized three-dime
equations of motion, including energy transfer, for a propulsion system during an

maneuver and, through linearization, to quantify the:magnitude of the time-depend

e in-flight thrust by the algebraic addition of the time-dependent force terms to the

nsional
ircraft
nt forces

acting on the propulsion system (refer to Appendix-A regarding these initial efforts), However,

after conductipg a literature survey (References 3.2 through 3.5) and completing d

scussions with

industry and yniversity personnel, it was determined that the development of the géneral
equations wag beyond the scope and resources of the committee. Instead, the apgroach by the
committee was to use one-dimensional, time-dependent analyses to quantify the relative effect of

time-variant
and to use wgve propagation and volumetric time considerations to quantify the rel
time-variant effects on throttle-dependent forces and aircraft performance.

Prior to discugsing a methodology for estimating the magnitude of time-dependent

aneuvers and throttle movement on the magnitude of propulsion system net thrust,

tive effect of

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
summary of the station numbering system used in this report. The designations in

1 presents a
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 1 - Station Numbering System
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Nacelle Slip Surface Between
Internal and Externial
Flows
r—— ’i—’-’ T —
Wovo _-.i _¢pre _ . FGg -onstg—w V
0 1 9 00 "o
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 4t a station far
upstream (Sta.|0) of the engine inlet (Sta. 1). The overall modified net thrust of a single-stream
propulsion sysfem operating under steady-state conditions can therefore be represented by the
expression:
Fn = WgVgo - WoVo (Eq.4)

The difference in Sta. 00 and Sta. 0 momentum is also equivalent of the sum of the

Fu.nt, @and ¢pest €xerted on the streamtube bounding the flow between these two stati
Figure 2), or

forces ¢pre,
ons (Refer to
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3.2

3.2.1

(Continued):

FK' =¢pre +FNjnt + ¢ post

(Eq.5)

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:

Under actual
thrust is given

The time-dep
changes in e
within the pro

Inlet Stream
(and thereb;
conservatio

bndency results from aircraft power and/or flight changes and corresy

bulsion system control volume. In the next sections, a means to estin
of time-variant operation on propulsion net thrust is presented.

b

/ inlet ram drag) the one-dimensional, time-dependent equations forihe

n 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 an

from Sta. 0 o Sta. 1 are (Reference 3.8):

F,:‘ =0¢pre +FN,int

by:

Fr(t) = WgVoo — Wo Vo + % JopVay

vironmental conditions that contribute to.the’ storage or depletion of n

(Eq.6)

test conditions, both ¢ps and Fy, i are time-variant, and Equation 4 fgr modified net

(Eq.6a)

yonding
homentum
ate the effect

tube Force: To estimate the time dependency of the inlet streamtu

dpA  dpuA
Mass —+——=0
ot ox
2
Momentum dpuA + J[A(pu” +P)] = PQA +fA
at ox ox

force, Ppre,

d momentum

(Eq.7)

(Eq.8)

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):
oF JA
W =puA and—=P—+f'A )
pun an ot ax * (Eq.8a)
Equations 7 and 8 can be respectively expressed as:
A oW _
o + X 0 (Eq.9)
W , d(Wu+PA) _ oF (Eq.10)

dat ox ~oX

By making a first-order assumption that W and pA vary linearly from the free-strgam (Sta. 0) to

the inlet (Sta. 1) gives:

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

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

Ore (1) = [F1(t) = Fo (D] = (P1A + Wyuy) ~ (PoAo +W0Uo)+0-5AX(T+ .

(Eq.11)
expressed
J (Eq.12)

Ordinarily, the amount of error incurred from the linearity assumption will vary acgording to the

amount of nonlinearity in W and pA betweéen Sta. 0 and Sta. 1, although it is theq

retically

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 ang

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
Appendix B

provided in
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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 thropghout-theengine:

Principal energy input sources are engine fuel flow and the enthalpy of the-inlet girstream. For
power transjents, both sources change because the engine accelerates asa result of increased
fuel flow. Far 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 inle} recovery.

oo op

"o

For operatign at steady-state conditions, the energy input (fuel flow) is required ohly 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 maneyvers.

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

X(t) - Instantaneous Values
X;.Initial (Idle) Value

Xgs - Steady-State Value After Transient

Power Rotor

and Temperatures During a Rapid Throttle

Transient for a Typical Turbine Engine at M = 1.0 at 36,000 ft
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FIGURE 3A - Key Performance Parameters
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FIGURE 3B - Key Turbine Temperatures
e Parameters
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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-5007Dparagraph3-2-1;,andadistance of oneaircraft tength (50 fty wasysed to define
the region ¢f uniform flow upstream of the inlet.

Engine

31

Sta)

FIGURE 4 tations
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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 ma

discussed ip 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, ag in the case of
the acceleration, is the result of engine thermal response to varying’inlet conditigns. For the
case repregentative of current tactical aircraft (Figure 6C), the/increase in uncerainty in net
thrust is requced to about +1/2%.

From the results on Figures 5 and 6, time-variant corrections to inlet ram drag ate minimal for

aircraft limiting climb and acceleration flight test maneuvers, but in-flight thrust methods based
on steady-gtate 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 n¢ 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 apiece of information which, when combined with other aif vehicle energy
state properties througha 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 prédictions from sub-scale tests and/or other steady-state sourceg. Thus, one
must considefr 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)—itisbetieved-that theeffectsof thesetransients o the aircraft
aerodynamic performance characteristics would not be noticeable, but more rapid transients

to invalidate the use of the time-independent aerodynamic characteristics, thus the
limit is defined.

The first of {he 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. Thereforg, a 0.5%

nge 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.

pressure, one assumes that in the time interval it takes for the nose and the tail gf an airplane
to pass a cgmmon point in space, the velocity ofthe airplane has changed such that the
dynamic pregssure at the two velocities differs.by 0.5%. At any given Mach number the
acceleratior| is a function of the airplane excess thrust-to-weight ratio, the airplang 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.

In trying to determine whether an aircraft acceleration.results in a 0.5% uncertaiqty in dynamic
f

There is a ppssibility 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 (lLac), high-
performance vehicle operating at standard day sea-level conditions, and at maximum power
that airplang 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 0770 x 50 = 35 ft). However, observing Figure 7A, it is seen that the limiting
criteria rapiglyincrease 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 radlans) multlplled by the alrcraft Ilft exceeds 0. 5% of the vehicle drag. It is thus
possnble to determ j attitude-change ate-as a functlon of

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 attituge changes
very well may differ from the steady-state database, except for during very mild ¢ghanges on the

A note of cgution should be added to therabove 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 presgnted in

Figure 7B.
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Aircraft Angle-of-Attack Rate -- Wing Length Parameter,
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Aircraft Acceleration - Length Parameter,
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3.3.1

3.3.2

(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 i i '

variables alsq must be considered. However, this effect is a problem only for unchpked,
underexpanded nozzle cases where the net propulsive force.is‘a function of the lo¢al nozzle
pressure ratid. For situations with a choked throat and fully.expanded divergent nozzle, knowing
the internal engine pressures and the free-stream staticpressure is sufficient to dgtermine the
net thrust in 4 bookkeeping system as described in AIR1703. For the unchoked ngzzle,
assuming that the local nozzie exit static pressure is'measured, the effect of a trar|sient (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 ahd bulk inlet
swirl (which afffects 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 recavery and distortion variations to which the engine stability i i sitive. 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, assumlng that net thrust is dlrectly proportlonal to P,z For example referring to
Flgure 8, a

lapse rate with attitude of 0.5% per deg (Pv) 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'subsoni¢ Mach
numbers and increases proportionally with Mach number. A similarplot could be [prepared for
the effect of engine corrected weight flow (speed) change. The ¢ritical length woulld be the inlet
duct length [ Mach number would be replaced with corrected airflow W,, and lapsg 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 methpd that
assumes knjowledge of engine inlet P, 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 hangled by independently measuring the core and bypass flow propertiel 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 détermined as a

function of gorrected engine speed.
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3.4 Quasi-Steady Engine Transient Limits for Throttle-Dependent Aerodynamic Forces:

1,000

800

Altitude Rate Parameter, ¥ L, P, ft/s

200

Flight Mach No.

FIGURE 8 - Acceptable Attitude Change Rates for Determination of Engine Inlet P

The throttle-dependent forces (inlet spillage and nozzle-afterbody drag) that are cor|
part of the net propulsive force can be on the order of 5 to 10% of the aircraft drag.

ressure

)sidered a
The effects of

an aircraft trangient on these forces are considered to be negligible because these {orces vary

only slightly with Mach number and are generally insensitive to aircraft attitude. Thul
of an aircraft transient could.amount, at most, to only a few tenths of a percent.

s, the effects

A possible errgr in the throttie-dependent forces could result from an engine transiept because of

the time lag due to the wave propagation time from the engine to the affected surfag

Ces.
it may be

Considering the inlét spillage drag resulting from an engine airflow (speed) change,
shown as in 3.2 wi i ‘e incianifi

it. 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, VISIbIlIl’y given to the performance elements of the alrplane system, selection of
reference cond ed-propulsion and

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 r£e changes on
flight performance, nominal threshold transient rates for deviations of less than 1%|on in-flight
thrust data hgve been estimated(Table 2).

ABLE 2'- Aircraft QQasi-Steady Threshold Limits (Fixed Throttle)

’ Speed Regime Speed Regime Speed Regime
Type_Maneuver Subsonic Transonic Supersohic
Quasi Steady-State
e Accel/Decel Fex'Wac > 0.5 NA NA
e 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 gnd how they apply o various thrust calculation techniques. Gas path|jmethods,
transient engine[simulations, and engine independent techniques are discussed, @as‘well as the
validation and calibration procedures. Examples of the application to flight testdata afe shown,

along with the bénefits 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 thryst and inlet
ram drag. The|procedures used to make these caicuiations:are correiations based ¢n steady-
state data from ground and altitude test facilities. Application of these steady-state ¢orrelations to
flight testing has generally been successful for fixed-throttle operation at quasi-steady and

dynamic aircraft flight conditions (see Section 7).

For variable th[ottle or rapidly changing flight conditions, the uncertainty with gas path methods

can increase s
the stabilized ¢
must be consiq
and instrumen

411 F/WJT and
a mixed flow

gnificantly. This is caused by the implicit steady-state assumptions cpntained in

pst data used to develop the-correlations. The additional time-variant|factors that
jered are the transient energy terms, transient component performance changes,
ation lags in the measurement system.

F/AP Methods: \Figure 9 illustrates the most commonly used gas path methods for
afterburningturbofan. The F/AP method uses nozzle throat area (Ag), nozzle

pressure (Pg), and gross thrust coefficient (Cg) to determine gross thrust. Nozzle throat area is

measured di
pressure, an

ectly, nozzle inlet pressure is calculated from measurement of turbing discharge
i Cgis obtained from a correlation of nozzle pressure ratio and throal area.

The FIWJT

8

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 press

ure ratio and area ratio.
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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[calculafion using an energy balance that does not include the transignt rotor
acceleration| and heat-transfer terms. The F/AP method is insensitive to these trgnsient effects
because both the pressure and area are measured directly and are not based on energy

balance asspmptions. This is true even considering that the measurement of ab
have reduced accuracy since the measurement in the change in nozzle area typi

lute area may
cally provides

a better indication of transient thrust than that obtained using the steady-state egErgy balance

assumption (refer to 6.2.4 for a disscussuon of factors affecting fnozzle area me
For best overall uncertainty, a combined technique can be developed which useg

urement).
the FW VT

method to eyaluate the stabilized end points, and the F/AP-method to define the fransient
characteristic.

The steady-$tate gas path methods have been successfully used for quasi-steady maneuvers
such as aircfaft accelerations and dynamic maneuvers such as wind-up turns and push-
over/pull-ups. Even during maximum afterburner accelerations, this has resulted jn 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.

method (SG[TM) has been developed to compute engine gross and net thrust in real time over
the entire aifcraft 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).

Tailpipe MeFod: A specialized version of the F/AP method called the simplified gross thrust

For the dete mlnatlon of gross thrust, the SGTM requnres a measurement or detgrmination of
free-stream ent-s e-oeations in the
engine afterburner duct as shown in Figure 10 for the F404 engine appllcatlon 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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HPC High-Pressure Compressor LPT Dis.charge
LPT Low-Pressure Turbine Measuring Plane
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Inlet Discharge Discharge Inlet Throat
Free- Engine HPC Combustor Exhaust Nozzie| Exhaust Nozzle
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| \
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FIGURE 10A - F404 Engine Station and Sensor Locations

Station 558 Station 6 Station 7

FIGURE 10B - Location'of Engine Pressure Rakes Utilized by the SGTM

FIGURE 10 - Real-Time Thrust Method Engine Instrumentation System
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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.

=

N

Pisss Py .

»Ps/

Puss
§ v ¥
PT
. . PI7 / ’ A’
Calibration
Coefficients ’ I/ )/
Pu PPy,
x D A
P
P
-t o / | M / —— . ’J
) Po — | Ve 2
(AdAg) (M)

Z\|2

T

| S FG = f(Ps. P7. Pﬂ P.,. ‘Y) (unChOked)
Fg =f(Ag, Mg, P, Pe, ) (choked)

I,

FIGURE 11 - Flow Chart of the SGTM
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4.1.2 (Continued):

4.2 Engine Transient Simulations:

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 goefficients 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 lengine can
typically be gsed for all engines of the same model (Reference 4.3) with only a se¢cond-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
testing to +1.8% (20) which resulted in a net thrust uncertainty of £2.7% (Reference

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
requirementxqencourage further evaluation for dynamic applications. Section 7 contains examples
of the real-time thrust method during throttle transients.

Transient engihe 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 contrgl system design.
These models|can also be used for determination of in-flight thrust during transient pperation.

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 aefodynamic 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 ¢omponent
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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422

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.

the torque requirement of the fan or compressor.

Rotor acceleration is determined by evaluating the torque output of each turbine relative to

Heat-transfer calculations are performed in each engine component to accurately model the

engine metal and gas temperatures, and the resultant transient engine match.

The dyr

amics of the major engine component volumes are incorporated tor

epresent the

time rates of change of pressure, temperature, and mass within each companent.

compo!

Turbine
tempera

f. Control

their regponse to true gas temperatures, pressures, and geometry, and the r

system

Figures 12
transient m

addition of the "dynamics" representation for the transient model.

Simpilified L
linear mod

simulators, put can also be used for transient in-flight thrust determination. This
of a simplified linear representation of the engine rather than the comprehensive|

clearance effects are modeled to represent the transient blade tip a
ent efficiency and flow capacity.

cooling flow variation during transients is modeled by accounting for
ture on the flow capacity of the cooling passages.

sensor lags and actuator dynamics are included in the model to prop,
actions.
and 13 show typical examples of the calculation flow paths for steady

bdels, respectively. As indicated, the cycle analysis flow paths are sin

inear Model: The-second type of transient model commonly used is
I. This type of model is usually developed for real-time applications s|

hd seal

Therm
clearar?}e changes due to differential expansion of rotors and cases, resulting in changes in

the effects of

erly simulate

esultant control

-state and
nilar with the

the simplified

uch as flight

model consists
representation

of each component.asiin the nonlinear aerothermodynamic model. This results in less complex

computer cpde, making it capable of real-time execution, but usually at the expe
increased uncertainty.

nse of

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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(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

micmaodale
IEEIAVIRERAYA™ A2 [~ 1Y

y-state and transient operation, and refinements are made: to the mqdel as

necessary tp match the measured rotor speeds, gas path temperatures and pregsures, and
performance. For example, realistic modeling of the heat sink distribution is necgssary to

simulate the

validation pf
sients. Figure 14 compares an engine transient for IRT to Idle to IRT |at 35,000-ft

throttle tran
altitude, 0.8

proper engine match and correctly position the transient operating point. This
ocess is conducted at selected points throughout'the flight envelope [for various

M. Good agreement can be noted, thereby validating the modeling techniques.

and propulsjon system transients planned for flight tests can be reproduced to 1 o 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 wjth Altitude
Test Facility test data.

Engine trar%fient models can be calibrated in Altitude Test Facilities with the resujts that flight

Application pf Transient Models for In-Flight Thrust: Once the fidelity of the trangient model is
assured, it gan be used 1o 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
(Referenceg 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|(Py) 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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FIGURE 15B - Model Refinement

FIGURE 15 - Validation and Refinement of Transient Model
Simulation With Altitude Facility Test Data
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Calculated

FIGURE

424 (Continued):

Figure 17 ig a second example showing calculated in-flight thrust during a transf

seeeeee (Gas Path Method
Transient Simulation Method
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6 - Transient Simulation Comparison With Gas Path Method and Validation
ith Flight Data (ldle to IRT,Snap Throttle Transient at 40 Kft/0.5 M)

er from

maximum afterburner4o.secondary control at 30,000 ft, 1.2 M. During this procegs the
afterburner|flame is rapidly extinguished, resulting in a 60% thrust change in 0.1
agreement petweéen measured and calculated augmentor pressure (Py) and the

measured nozzle area gives confidence in the calculated thrust during the transi

s. The good
use of
nt. Relative to

the previoug €xample, the quasi-steady F/W T method in this case results in a|much larger
error due to the faster timing of the event, with as much as a +40% error in the transient thrust

value.

Figure 18 is a thrust analysis during an in-flight aerial refueling transient. In this maneuver, the
pilot is continuously modulating the throtties to position the aircraft relative to the tanker. Input
parameters were measured flight conditions, fuel flow, nozzle area, and variable geometry. The
calculated net thrust, together with throttle position and airplane longitudinal acceleration, N,, is
shown. Note that the net thrust changes are in phase with measured airplane acceleration.
This provides additional confidence that the thrust calculation is representative.
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FIGURE 17 - Errors in Gas Path Method for Rapid Events Such as Control Mode
Transfer From Primary to Secondary Mode (Maximum Power at 30 Kft/1.2 M)
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FIGURE 18 - Validation of Transient Simulation for In-Flight
Thrust During Aerial Refueling (20 Kft/0.65 M)
4.3 Engine-Independent In-Flight Thrust Methods:

In the vast majority of in<flight thrust approaches, the use of ground-based testing to produce
in-flight correlations has been necessary because of the general inability to directly measure the
engine characteristic.in question (i.e., inlet momentum, exit momentum, applied force). To a great
extent, the success of in-flight thrust strongly depends upon the ability of test cell gorrelations to
remain consistent during flight testing. The addition of time-dependence in thrust measurement
invokes an additional dimension on correlation requirements, making the task of ground
correlation more difficult. Three methods have been recognized which attempt to directly
measure in-flight thrust: engine inlet/exhaust surveys, engine mount (trunnion) strain
measurements, and excess thrust measurements.
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4.3.1 Inlet/Exhaust Survey Method: Engine inlet and exhaust wake surveys can be used to measure
the inlet and exit momentum of an engine under steady-state conditions, but have had limited
application because of the relative complexity of installation, coupled with the difficulty of
correlating associated installation effects. Since the traverse itself is time-dependent, it cannot
be used for evaluation of transient thrust without some time lag correction methodology. Direct
measurement of inlet and exhaust momentum may be possible in the future through the use of
laser velocimeters. This is an emerging technology that, conceptually at least, has the potential
capability to measure the flow velocity profile at both the engine inlet and exhaust planes. A
distinct advantage of this technology is the possible ability to measure transient conditions
without affecting the internal or external flow fields. The current capability of laser velocimeters
and laser Doppler anemometers is discussed in, for example, References 4.10 through 4.14.

4.3.2 Trunnion M engine thrust

is making

essential cg
inlet thrust. [The trunnion thrust method is, in principle, self-compensating-for engine thermal

4.3.3 Excess Thrust Method: Although not adopted as’a primary in-flight thrust methogd, excess
s for aircraft

flown with tyo different engine models, the difference in excess thrust can be uséd to assess
the relative engine performance change. This technique has been used to evaluate alternate
engine optigns for current high-performance aircraft. Excess thrust is either measured by
acceleromegers or calculated from an energy method based on flight path versug time. These
measurements are discussed in detail in 7.3.

4.4 Summary:

The determination ofin-flight thrust can be obtained during transient operation using several
methods. Theg conventional gas path techniques can be utilized for quasi-steady maneuvers with
fixed throttle. For maneuvers including variable throttle, the transient engine simulation approach
can reduce uncertainty by accounting for the transient energy and mass terms.
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4.4 (Continued):

5.

Gas path methods of in-flight thrust determination use measured flow properties throughout the
engine to determine gross thrust and ram drag based on steady-state correlations from ground
and altitude test facilities. Gas path methods in general are economical from both a development
and implementation correlation because of the use of steady-state relationships and reduced
computational data requirements. The two principal types of gas path method are the "flow-
temperature” (F/W /T ) and "pressure-area" (F/AP) methods. Successful application can be
expected for dynamic aircraft maneuvers with fixed throttle, such as aircraft
accelerations/decelerations, wind-up turns, and push-over/pull-ups. For variable throttle, a
combination of the two methods can provide better uncertainty and confidence in the resuits.

For variable throttte-orrapidiy-changingflight conditions;the-uncertainty withrgaspath methods

increases because of voiume dynamics, transient energy terms, component performance
changes, and instrumentation lags. The transient simulation approach can be utilized to account
for these unsteady terms, but at the expense of cost and development timé:;The nonlinear
aerothermodypamic model is the most accurate representation, and consists of a djomprehensive,
high-fidelity reEresentation of the engine components which models all.of the unstgady terms. An

alternate apprpach is the simplified linear model which is derived from the aerothermodynamic
mode! but utilizes transient correlations or a partial derivative matrix to determine the transient
performance. Although fast enough to execute in real time, the simplified model has increased
uncertainty due to less rigorous component representations.

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. Once the fidelity of the
transient model is assured, it can be used to evaluate transient in-flight thrust by fofcing the
simulation to run to the measured engine parameters such as fuel flow, variable geometry, and
flight conditions.

From a theoretical approach, engine-independent techniques could provide an attractive
alternative for|in-flight thrust by eliminating the need to account for internal engineiharacteristics.
However, to date, none of the totally engine-independent methods have demonstrated
measurement|uncertainty capabilities typically required for flight test thrust evaluatipns.
Techniques which are. identified in this category are inlet/exhaust surveys using the| laser
velocimeter, the strain-gaged trunnion, and excess thrust methods.

TEST FACILITIES:

There are four principal types of test facilities used in the determination of aircraft and propulsion
system performance:

Propulsion (Ground-Level and Altitude) Test Facilities
Aircraft Installed Facilities

Wind Tunne! (Aerodynamic Model Test) Facilities
Flight Test Facilities

coop
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5. (Continued).

Each of these test facilities plays a different but essential role in determining aircraft in-flight
performance. In this section, test facility transient operating characteristics and general capabilities
to support the determination of in-flight time-variant thrust are reviewed.

5.1

5.1.1

Propuision (Ground-Level and Altitude) Test Facilities:

While flight test is the process of evaluating the integrated performance of full-scale airframe and
propulsion hardware, the flight environment is not easily controlied for systematic test
evaluations. The Ground-Level Test Facility and Altitude Test Facility provide a means for
isolating the propulsion system in a controlled environment which enables systematic-type
testing. Propuytsi f =state
environmental conditions (as those encountered in steady-level flight), and to obtajn propulsion
system data guring engine power transients at set environmental test conditions. Ip the case of
the Altitude Tlest Facility, some capability to simulate environmental transients alsqg exists.

Facility Corfigurations: A typical Ground-Level Test Facility is shown in Figure 19. Pertinent
features of the facility include the atmospheric air intake system; the test cell and thrust stand,
the exhausf collector, and exhaust stack. In a Ground-Level Test Facility, enging transient
performande can be accomplished relatively easy and at moderate cost compared to an
Altitude Test Facility. The Ground-Level Test Facility is.generally limited to ambient inlet
environmental test conditions; however, there are some ground-level facilities with main ram air

capability.

Intake Tower

Exhaust Collector

I
— Thrust Stand

'

==
(= Nl

=
Intake Treatment
/—\ ro—

Turning Vanes

Access Platform

FIGURE 19 - Typical Ground-Level Engine Test Facility
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5.1.1

(Continued):

A conventional altitude test facility configuration with capability to control environmental
conditions during engine power transients is shown in Figure 20. In this installation, the turbine
engine is installed on a thrust stand with the inlet directly connected to the facility air supply
system. The installation employs a zero-leakage labyrinth air seal or a positive sealing plastic
slip-ring assembly as a means to mechanically isolate the fixed inlet structure from the free-

floating thrust stand. Air supplied to the engine inlet is conditioned to the pressure

and

temperature required to simulate the desired flight conditions. A bellmouth is employed to
provide smooth airflow to the engine inlet. To control the engine discharge environment
(corresponding to the ambient pressure at the simulated altitude), an exhaust collector duct is
installed to remove the englne exhaust gases and prowde pressure recovery to supplement the

pressure
the best
D engine

transient testing. Engine transient testing is generally conducted to verify @ngine gperability
characteristigs during engine power transients at constant engine inlet and exhaugt pressure
and constantf inlet temperature. in most altitude test facilities, the airflow control VFves and

exhaust control valves are remotely located from the engine test cell:’This remote
large, effective volumes which minimize the variance in set conditions during tran

operations.

An Altitude Test Facility configuration for optimal control.of environmental conditia

ess results in
ient engine

ns during

engine missipn simulation testing is shown in Figure 21: Pertinent features of the
the close-co
temperature

facility include

pled hot and cold air supply lines and.¢ontrol valves to accomplish rapid iniet air
and pressure changes. With this test'configuration, the test article c% be

temperature-conditioned and subjected to simulated mission profiles of time-variant flight

subsonic/supersonic Mach number and altitude with constant or variable ram recq
engine can ajso be concurrently subjected to inlet total pressure distortion, power
and fuel temperature conditions. Thedest configuration depicted in Figure 21 is pr
to engines up to the 10 to 20,000-Ibf thrust class.

very. The
extraction,
psently limited



https://saenorm.com/api/?name=3426af3d69b728d43fa8f22954df923f

SAE AIR5020A Page 57 of 161

From Airside Compressors
Valve
X
e
IQJ Befimouthvinlet Ducting é::
. . infet FOD Cooling Air Inbleed
Ay Screens — Test Article —~aw Exhaust Machines
:.J 5 5
. *_—: 3 13 | = E L t [ 3
L4 - —3 v
A lT) 1= I
<4 Flow Pe lame Cham e
Measyring Constant Area Ejectac ]
= IFlow enturi p_—Distortion Screen Collection Headers
Mixing Vajves m Straight- T - - .
Hot Leg p . L
. ening Gi
Expansion \ 9 I P&Q Valves
From Turbine

Compressor
g

\-— Spray/Surface Coolers

|
I

U TEC
P. Fosdback ontroll
controller Airside Mixing TEC
Valves Controller-Pz ceemes
TEC T
trof! wedback
*Same Configuration as Shown at A3 ontrarer-Tar

FIGURE 20 - Altitude Test Facility Configuration (Mission Simulation Testing)

Test Cell Cooling Air Manifold

Hot Air Cold Air
Exhaust Gas
> Diffuser Duct .
p < Test Article [L_('-
- ] :: b n"
- anl)imm
| Flow _[U_—J JJ
. e m \{ \ -
Lg & Z g 4 Ii

FIGURE 21 - Altitude Test Facility Configuration for Simulation of Flight Transients


https://saenorm.com/api/?name=3426af3d69b728d43fa8f22954df923f

SAE

AIR5020A Page 58 of 161

5.1.2

513

Facility Operating Concepts: In the Ground-Level Test Facility the only mode of transient
control is the engine power lever. In the altitude test cell, both the engine power and test
environmental conditions can be controlled. The Altitude Test Facility (Figures 20 and 21) has
three modes of control for flight and environmental conditions. The available modes are:
manual control by operators, automatic control by analog controllers, and automatic control
through use of a digital closed-loop control system.

To achieve optimal control of environmental flight conditions during power or flight condition
transients requires integrated control of the facility iniet airflow mixing valves, bypass flow, and
exhaust flow. Desired test conditions are programmed into the control system, either as set
points, time-dependent paths, or combinations. The actual set conditions are measured and fed
back to the test control system whlch commands valve posmons for the intet a|rrow bypass
flow, and exhaus er setting can be
controlled of en-loop via a programmable throttle if reqmred

of modern altitude test facilities (test configuration, Figure 20) to maintain set
conditions fgr rapid engine throttle movement (i.e., <5 s) from idle to intermediate| power is
dependent on the engine airflow rates and the particular test installation, but is ngminally 1 to
5% for presgure and 0.5 to 2% for temperature. Transient change of-environmental test
conditions is|also accomplished, but the degree of control of pressure and temperature is
influenced by a wide range of factors. In major engine altitude test facilities, the rates of change
in pressure to simulate aircraft in-flight maneuvers can usually be readily accompl|ished; the rate
control of temperature is the limiting factor. Temperature ramp rates of 1 to 3 deg/s, depending
on the test cpnditions and engine airflow rates, can normally be achieved using fdcility plant
equipment. $pecial test installations using circumferential array of nozzles for injection of liquid
or heated airl have been employed, but this type.installation is not considered standard practice
for engine performance evaluations.

Typical deviations from programmed trajectories for environmental flight simulatigns (test
configuration|, Figure 21) are Mach number (+0.05) and pressure altitude (+100 ft}.
Environmental flight simulation is also conducted in the test configuration depicted in Figure 20,
but with a higher deviation in Mach number. The magnitude of this deviation is primarily a

function of the required rate of change in engine inlet temperature.

Engine Sweep Testing:-Requirements to set and maintain simulated altitude flight conditions
for slow (>1 min) power sweep testing are well within the Altitude Test Facility capabilities
previously discussed. The airflow transients associated with this type of testing ierose less

severe requirements than during snap power transients; however, the objective of sweep
testing is to extract equivalent steady-state performance from the transient swee data. This
objective necessitates that set condition variations be minimized to reduce the magnitude of
adjustments to the data for deviations from desired test conditions.
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5.1.3

5.15

(Continued):

Shown in Figure 22 are transient and steady-state data results from Reference 5.1 for a low-
bypass turbofan engine during power sweeps of 1 and 5 min from idle-to-intermediate power
settings at fixed environmental test conditions. Shown in Figure 23 are transient and steady-
state thrust comparisons at four power sweeps of less than 1 min. The results in Figure 23 are
for a low-bypass turbofan engine at fixed flight conditions and illustrate that significant
deviations can be obtained in transient and steady-state thrust for the same energy (fuel flow)
input condition. Test results of the type shown in Figures 22 and 23 can be used to quantify the
magnitude of the time-dependent terms on engine performance and to evaluate the accuracy of
transient performance prediction methods. As engine transient simulation modeling techniques
are improved, sweep testing will become more attractive because of the potential for test cost
savings.

Aircraft Inlet Flow Simulators: Currently, three methods are generally used for the simulation of
igld distortion generated by an aircraft inlet system during maneuver conditions.
These methods are distortion screens, the Airjet Distortion Generator, AJDG, (Reference 5.2),
-jet Test concept (Reference 5.3). The three methods for 'simulating inlet
generated flow-field distortion are used for steady-state engine testing, but eachmethod can be

For instanc
eometry

test cost); this
theoretically offers the capability to simulate transient distortion (i.e., changes in distortion
intensity) to represent changing aircraft attitude. At present, the abgolute level of
distortion intensity attained with the AJDG is about half that provided by screens| There are also
ongoing efforts to evaluate the use of variable blockage-type screens which also|could have
some level pf transient and dynamic distortion simulation capability. The Free-jef Test concept
is dependent upon developing transient free-jet test methods for simulating aircraft maneuvers.

, the AUJDG (Figure 24) is basically a fast-acting air injection and cor§rol system and

Power and [Thrust Vector Transient Evaluation: This section discusses the methpdology used
in the Altituf’e Test Facility to characterize engine transient thrust performance, which is the
basis for developing in-flight thrust methods. The information herein is based on material
contained in Reference 5.4.

A major turbine engine operability consideration and specification requirement is|the need for a
propuision gystem-to respond to the selection of the power lever in a required time period with
no engine/component instabilities. This requirement often necessitates compreh¢nsive tests at
many flight condifions with installation effects and can involve tesfing with inlet pressure
distortion representative of specific aircraft/inlet maneuver conditions. New technology systems
such as the two-dimensional convergent-divergent (2D/CD) vectoring exhaust systems add an
additional dimension to this aspect of operability, i.e., thrust vector transients.
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5.1.5 (Continued)

the levels corresponding to the desired altitude and flight Mach number, and test|cell ambient
pressure is get to the level corresponding to the ambient pressure at the desired aititude.
Installation effects such as'bleed and horsepower extraction are generally set at the desired
levels at intermediate-rated thrust, and the power or thrust vector transient (or profile) of interest
is then performed. Satisfactory or unsatisfactory (instabilities experienced) completion of the
transients ig an obvious indication of engine/component stability or instability.

Power tran1§ents are simulated by. setting engine inlet total pressure and total temperature to

A figure of meritc . 3 asure of engine
responsiveness is tlme to thrust Tlme to thrust is determlned from power lever advance to the
attainment of the required thrust level (generally 90 to 95% of the change in gross or net
thrust). The transient calculation of gross and net thrust most often utilizes a calibrated
bellmouth to determine engine airflow for reasons previously discussed in 5.1.2. Force
measurements are taken directly from thrust stand load cells and do not require response
compensation. ldle-to-intermediate rated thrust response of a low-bypass-ratio augmented
turbofan engine is shown in Figure 25. The time to achieve 95% of the thrust change is also
indicated. A typical format for comparing thrust response to specification requirement is shown
in Figure 26.
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5.1.5 (Continued):

Alternate methods for determining thrust response time have been used in the past which relate
thrust to other more directly measurable parameters such as engine pressure ratio or corrected
speed. The relationship of thrust to speed or engine pressure ratio was developed from steady-
state data. These early methods have, for the most part, been abandoned in favor of thrust
determined directly from force measurements because of differences in steady-state and
transient variable geometry scheduling and the need to directly observe thrust response as a
function of time.

Other aspects of transient engine operation evaluated during snap power transients include
thrust overshoot and thrust droop. Thrust overshoot, illustrated in Figure 27, may be caused by

an overly aggress ot-a dt
overshoot and an undesirable thermal cycle on engine hot parts.
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FIGURE 27 - Thrust Overshoot


https://saenorm.com/api/?name=3426af3d69b728d43fa8f22954df923f

SAE AIR5020A Page 66 of 161

5.1.5 (Continued):

Thrust droop (Figure 28) can be caused by transient engine rematch leading to engine
operation being overridden by control limits. The steady-state match is eventually established
and thrust reaches the thermally stable level.
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FIGURE 28 - Thrust Droop

New applications of thrust vectoring to military aircraft propulsion systems, although not

addressed fqr in-flight thrust determination in this report, are emerging and, as such, test and

evaluation nﬂ?thodologies are being developed. One aspect of thrust vector oper{)ility currently
|

being evaluated in ground tests.is-the response relationship of the control vector fequest, O,
(or nozzle figp metal angles)to-the vector angle resolved from thrust stand force
measurements, O (Figure:29).
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FIGURE 29 - Thrust Vector Response
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5.1.5 (Continued):

5.2 Aircraft Installed Facilities:

Another consideration of engine power transient testing is that facility test conditions can
deviate from the desired set point. Variations in inlet pressure and temperature and ambient
pressure contribute additional uncertainty to the results obtained. Currently, much attention is
focused on developing methods to analytically adjust engine thrust response times to account
for these set condition variations. One method employed is the use of corrected net thrust, Fy/y,
as a means for quantifying time to thrust. This simple nondimensional adjustment satisfactorilty
accounts for inlet pressure variations, but does not address temperature or ambient pressure
set condition variations. Recently, another method of correcting for inlet pressure and
temperature and ambient pressure has been investigated. The method utilizes fundamentai
turbine engine cycle relationships to adjust transient data for set condition variations. This new
method offgrs a more comprehensive adjustment methodology, and the Timits fot its application
are exploredl and discussed in Reference 5.5.

Installed stati¢ thrust can be evaluated in aircraft tie-down facilities such as the one shown in
Figure 30. Although thrust cannot be determined at flight operating conditions, the |device can
provide useful information in evaluating the modified net thrustterm (F;Q) in Equatipn 2
(incorporating the installation effects of inlet internal performance, bleed air extrac:li:ns, and
horsepower extractions) for comparison with simulation models at both steady-state and transient
engine operating conditions.

Tie-down facilities are designed around "floating”. platforms which are instrumented with high-
precision loaq cells to measure thrust. The platform can be designed with the additional capability
of weighing the aircraft and locating the center-of-gravity position, but these additignal functions
require modifications to the thrust stand.design. Specifically, each of the landing gear requires its
own scale. Far aircraft equipped with atricycle landing gear, the main landing gear|is positioned
on the platform, and the tires are chocked. Bicycle landing gear would require a different
mounting installation; however, it:could be accomplished in much the same manner as for the
tricycle landing gear. The nose 'gear is free to move, ensuring that all thrust forces [are transmitted
through the mjain landing gear-chocks. For center-of-gravity determination and thryst vector
alignment with the platform, the nose gear requires an elevator for raising and lowering the nose.
The "floating”|of the platform is achieved by simple and/or pinned joints such that gnly axial
forces are measured;-The axial forces are focused to single or multiple supports through the use
of framing networks.1.oad cells are normally positioned on the positive longitudinal|axis focal
points for thrustmeasurements. Each focal point incorporates one or more high-precision load
cells. The us i ulation of the measurement which
provides for improved accuracy.

The physical boundaries attendant to the platform housing may induce forces on the aircraft and
thrust measurement structure that are included in the load cell measurements. Isolation and
correction of the load cell measurements for these items is accomplished in much the same
manner as for the ground level engine test cell as discussed in Section 5.1.2.2 of AIR1703
(Reference 1.1).
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Model Test (Wind Tunnel) Facilities:

The throttle-dependent aerodynamic forces that are accounted as a part of the net propuisive
force are determined in the aircraft development program. As such, the value of these forces is
part of the initial aerodynamic database that comes directly from wind tunnel test data and
analytical modifications thereto. In flight testing it is impossible to treat the airframe and engine as
separate entities; they are both parts of an integrated system. Thus, when addressing any
differences between flight test data and predicted air vehicle system performance (as is the topic
of Section 7), as well as determining whether any transient effects would affect either data set,
knowledge of the capabilities and characteristics of not only the engine Altitude Test Facility, but
also the wind tunnel, must be considered.
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5.3.1

532

Wind Tunnel Capabilities: The air vehicle configuration development process is long and
arduous (approaching, but not quite as long as the engine development). The initial
configuration resulting from mission requirements, manufacturer's databases, and
computational fluid dynamics (CFD) is refined and incrementally improved as the result of test
data obtained in fairly small, comparatively inexpensive wind tunnels. As the configuration
matures, higher quality and absolute (rather than incremental) data are required to more
accurately define the configuration aerodynamic performance, the throttle-dependent effects,
inlet performance characteristics, and to predict full-scale integrated system performance. This
requires larger scale models to improve model fidelity, as well as to maximize Reynolds number
(which could also be achieved at higher operating pressure and/or lower temperature as in the
NTF at NASA Langley Research Center). Naturally, larger models require larger wind tunnels to
minimize wind tunnel blockage and wall effects Typlcal examples and operatlng envelopes of
large, state; whe :
(EMD) wing
Reference 5
conditions e
These uncertainties are quite low and are the result of (extremely accurate) instrimentation and
tunnel calibration uncertainty, including the scatter in data due solely.to the wind tunnel
dynamics a} "steady" conditions. Not included are any model configuration-dependent effects
resulting frgm model/wall mutual interference which may become' significant (particularly in the
transonic speed range) when the model cross-section area exceeds 0.2 to 0.5% [of the tunnel
cross-sectign area.

Wind Tunnel Operating Characteristics: Except for a\very few special cases, wind tunnels are
designed to operate at steady-state conditions. Inclosed-circuit wind tunnels, any perturbation
to the flow anywhere in the circuit has the potential for changing the test section free-stream
conditions. [An exception would be to a solid. wall supersonic tunnel where for sufficient
pressure rafio across the nozzle the Mach number is a function only of the nozzl¢ area ratio. An
additional cpnsideration is that the free-Stream gas properties are also a function of the supply,
or stagnation conditions.) For example, changing the test model attitude changes the flow over
the model which changes the total test section drag (which is reflected as test section pressure
loss) which/in turn, can changéthe tunnel pressure ratio and, therefore, the freefstream Mach
number and/or pressure altitude. Thus, wind tunnel data typically are acquired orjly when the
set tunnel cpnditions are within a fairly small, predefined band about the nominal|desired
conditions, and the rate)of change in conditions is quite low.
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5.3.2 (Continued]:
Operation df each wind tunnel is a unique function of that respective facility. Thel mode of
control of tg

are four uni

stconditions varies with the range of condition, e.g., in the AEDC Tunnel 16T there
mwmmmmmmmmipends upon

the desired Mach number. Test condition rate of change in Tunnel 16T (which is fairly slow
because of the tunnel size) varies, depending upon the specific condition, but is on the order of
0.05 to 0.1 M per min, 1 psi per min for total pressure, and 0.5 to 3 °F per min for stagnation
temperature. During a Mach number change, it is almost impossible to maintain pressure
altitude, and during a pressure altitude transient, Mach number will vary. Even recognizing that
the rate of change of conditions is a strong function of the size (or inertia) of a tunnel, one can
see that real-time transient operation of a wind tunnel is not a practical method to obtain the

effects of transients on the vehicle aerodynamics or throttle-dependent forces.


https://saenorm.com/api/?name=3426af3d69b728d43fa8f22954df923f

SAE AIR5020A Page 71 of 161

5.3.2 (Continued):
In addition to the above, another complicating factor in obtaining usable transient data in wind
tunnels is the fact of the subscale wind tunnel models and the rate of change required for a

model transient to simulate a full-scale vehicle transient. For any given transient event, the
scaled model time (tuoq) increment is related to the full-scale time (tes) increment by:

tMod =Ks*trs (Eq.13)
where:

Ks = (model scale) x (flight temperature/wind tunnel tempc—:-rature)"2

breathing missiles). Thus, while wind tunnel model attitude variations occur at maximum rates
of only aboyt 0.1 to a maximum of 5 deg/s, depending upon the specific support system and
model masg, an air vehicle pitch rate of 20 deg/s would require a-10% model pitdh rate of 200
deg/s to simulate the transient. Also, to simulate an attitude change in the wind tunnel would
require thatthe model center of rotation be at the simulated vehicle center-of grayity location,
which presently is extremely difficult and would be quite expensive for most test ipstallations.
Clearly, simplating a transient like this would be impractical, if not physically impagssible. (It
might be possible to determine the approximate magnitude of the effects of a pit¢h transient on
performance data using dynamic stability testing techniques, but that has not yet|been
demonstrat¢d for performance data where the uncertainty requirements are much stricter.)

5.4 Flight Test Facilities:

Flight test faclities provide the final integration of airframe and engine for evaluation of overall
system performance. The objective.isto combine the thrust and drag characteristigs measured
from gound-based facilities with-in-flight measurements of system operating conditions to verify
that the engine and airframe meet performance requirements throughout the envelppe. Although
the flight envitonment is not'easily controlled for systematic test evaluations, the atmospheric and
operational disturbances.experienced in flight cannot be readily simulated in groungd or wind
tunnel facilities. This is\a’particularly important factor for evaluations at dynamic flight conditions
where externgl forces.and the inlet flow field are continually changing.

These aircraft may be production vehicles for engine upgrade programs, or prototype of new
aircraft (Figure 32). Because most dedicated propulsion flight test aircraft are multi-engine
platforms, little risk is involved when exploring new concepts. Their complexity and cost vary,
based on the goals and requirements of the experiment. The primary advantage of flight test
aircraft is that they provide a real environment to evaluate new propulsion concepts,
modifications, or improvements.
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FIGURE 32 - Features of a Flight Research/Facility

5.4 (Continued):

A separate clags of flight test aircraft is the "flying test bed." This consists of specially modified
aircraft to conduct propulsion research experiments:;in particular, they provide a means for
evaluating installed thrust during actual flight. The'gas path thrust determination methods (see
4.1) are commpnly used to determine Fipr during quasi-steady flight conditions. If the vehicle drag
characteristic is well known for the test bed, it can be used at stabilized flight conditions to verify
Fipr values. Exgess thrust methods can-also be utilized in flight if the aircraft is equipped with
accelerometers. Essentially, the changein thrust due to a throttle change is directly|measurable
with the determination of excess thrust. Detailed examples of this flight test techniqiie are
presented in Section 7,

5.5 Summary:

Ground-level
quantify enging time<variant performance and to provide the most accurate means f
of engine operational parameters to time-variant measured thrust which include sn
transients to d i e time-to= ) ; .
facilities are typically limited to engine power time-variant performance evaluations at ambient
test conditions, while altitude test facilities provide this capability over the entire engine
operational envelope with some additional capability for environmental transient engine testing.
For environmental testing, altitude facilities can track pressure altitudes for most aircraft flight
scenarios within 100 ft. Altitude facility airflow temperature rate change capability is typically on
the order of 1/2 to 3 deg/s. There are, however, test techniques that use liquid air or heated air
injection which enable higher temperature ramp rates to be obtained for smaller thrust class
engines.

ropulsien test facilities have established measurement systems and practices to
por correlation
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5.5 (Continued):

Aircraft sea-level tie-down facilities offer the opportunity to rapidly and inexpensively track the
behavior of an in-flight thrust measurement system as well as the opportunity to check various
engine installation sensitivities such as aircraft bleed and power extraction. Absolute levels of
installed thrust, however, are normally questionable due to unquantifiable induced aircraft and cell
forces. Tie-down facilities are useful for the validation of installed thrust transients where the
absolute level of thrust is not critical to the evaluation. In general, differences between the in-flight
thrust measurement system prediction and cell measured force is considered to be "cell factor."

Aerodynamic model test (wind tunnel) facilities use reduced-scale airframes and engine
propuision simulators to bookkeep both drag and throttle-dependent aerodynamic forces required

to determine
are designed

maneuvers (which are considered impractical for simulation in wind tunnels), trans

environments
external aero

Flight test fag
performance
flight test bed
capable of ag
to provide ne

The general (
are summariz

to operate at steady-state test conditions. With the exception of high

| simulation was not determined to be required to quantify conventior
dynamic performance.

ilities provide the capability to evaluate overall airfframe and engine s
pperating in the real flight environment, or near-real flight environmer

quiring and processing aircraft and engine time-variant operational m
ar real-time net propulsive time-variant thrust.

bapabilities of test facilities to support time-dependent in-flight thrust ¢
ed in Table 3.

c test facilities
“g" aircraft
ent

al aircraft

ystem
it in the case of

s. With today's hardware and software technology advances, flight teist beds are

easurements

eterminations
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TABLE 3 - Summary of Test Facility Simulation and Transient Capabilities
Facility Facility Facility Facility Facility
Capability Capability Capability Capability Capability
Simulation Propulsion Propulsion Aerodynamic Aircraft Aircraft
Parameter Ground Stand Altitude Wind Tunnel Ground Stand Flight
Aircraft Iniet Flow Inlet Flow Scale Models Full Scale Full Scale
Configuration Simulators Simulators
Aircraft inlet Distortion Inlet Distortion Flight Envelope o,B=0 Flight Envelope
Attitude, o, B (do, B/dt =0) {do, B/dt = 0) (da, B/dt = O) (da, P/dt = 0 (dot, prdt =
Duplicated)
Flight Sea-Level Static Engine Envelope Flight Envelope Sea-Level Static Flight Envelope
Mach No, M (dM/dt = 0) (dM/dt = Limited) (dM/dt = 0) (dM/dt = 0) (dM/dt =
Duplicated)
Flight Ambient Engine Envelope Flight Envelope Ambient Hlight Envelope
Altitude, H (dH/dt = 0) (dH/dt = Simulated) (dH/dt = 0) (dH/dt = 0) (dH/dt =
) Duplicated)
Engine Full Scale Full Scale Inlet’Exhaust Full Scale (Installed) Full Scale
Configuration Simulators (Instalied)
Engine Dupilicated Duplicated Inlet/Exhaust Duplicated Duplicated
Power Lever (dPLA/dt = (dPLA/dt = Simulation (dPLA/t = (dPLA/Dt =
Angle, PLA Duplicated) Duplicated) (dPLA/dt = 0) Duplicated) Duplicated)
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6. TEST DATA ACQUISITION SYSTEMS:

6.1

For the purpose of acquiring test data, measurement systems are classified as steady-state,
transient, or high-response in accordance with the frequency response requirements.

A steady-state measurement system is one in which the measurement signal can be time
averaged, whereas a transient measurement system signal can be averaged only over increments
of time sufficiently small to define the time-variant behavior characteristics. A dynamic
measurement system is one in which the spectral characteristics of the measurement system
signal are required. In discussing the material in this report, the general frequency guidelines used

to characterize

a. Steady-Sta
Based on
b. Transient
Based on 5
signals and
may limit th
c. High-Respg

These different
sensor, transdy

measurement of the higher frequencies associated with high-response systems is n¢
therefore, measurement system discussions in this section are limited to transient sy

(i.e., < 40 Hz).

In-Flight Thrust Measurement:

Flight test air¢raft are unique because of the special instrumentation installed to ey

propulsion an

instrumentation, data processing, recording, and telemetry systems. Current flight

systems havg

Frequency Mpdulation (FM), Pulse Code Modulation (PCM), 1553 Mux (Reference

digital control

Engine instru
flows, variabl
sampling rat

illustrates the

measurement systems are typically:

TN 0402 ki
T - Ut UZTIL

ultiplex pressure valve settling times with minimal (50 ft of 1/8-in) Iin$ volume.

stem - 0 to 40 Hz

samples/s (sps) requirement for accurate reconstruction of periodic
general practice of acquiring data at 200 sps. Measurement probe/ g
s bandwidth to lower frequencies.
nse System - 0 to 20,000 Hz

operating frequency ranges have a significant influence on the measg

sinusoidal)
evice response

urement

cer, and data acquisition system design. For in-flight thrust determination,

d inlet systems. In each(case, the aircraft are modified to incorporate

bt required;
Istems

aluate the
flight test

test data

the capability to handle in excess of 3,000 parameters from a combination of

sources.

mentation typically includes gas path pressures, temperatures, rotor

6.1), and

peeds, fuel

e geometry, and control system parameters. These are routinely progessed at

s up;te"20 sps but for dynamic events are increased up to 500 sps .
typical engine instrumentation for flight test.

igure 33

The airborne instrumentation system is shown in Figure 34. This usually includes a PCM system
which provides a high-speed digital stream of the engine and airframe parameters. The PCM
signal is then recorded on the airborne tape recorder and transmitted via telemetry to the ground
station. A separate FM data system is frequently used for high-response instrumentation.
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6.1

6.1.1

are specified,| For instance, the\Gas Path Method requires a different set of engine
instrumentation in flight to maximize the data accuracy than the instrumentation required for the
transient simylations. In either case, the flight test instrumentation should be instal
engine during ground tests to calibrate the methods for flight test.

(Continued):

Figure 35 shows the real-time data system, including the ground station. The ground station
receives the aircraft telemetry signal, processes the PCM signal into engineering units, and drives
the real-time displays in the mission control room. These displays typically consist of cathode ray
tubes, stripcharts, X-Y plotters, and digital listings. Similar ground stations are used for posttest
processing of the airborne data tape for generation of the final test data.

Instrumentation
Multiplex/
Transmitter
Digital Displa - —
9 Y D Digital Tape
Strip Chart -
of T O
51 -1-]
X-Y Plotter \@ -— C)i
I SFu— Lo Receiver/
Printer ||@\ - Demultiplex
. Computer

FIGURE 35 - Example of a Real-Time Data System

In this section the instrumentation-required for the In-Flight Transient Thrust Methads of Section 4

ed on the

Gas Path Methods: Instrumentation requirements for in-flight thrust determinatign depend on
the flight tegt@nalysis method chosen. Each engine has its own unique set of parameters that
should be i i ftighti i i i sary to
calculate net thrust. For instance, nozzle throat area is constant on some engine configurations,
whereas other configurations have variable areas. In another case, fan inlet pressure is often
inferred from inlet rig data correlation to other measured parameters. The fundamental
parameters required for each method must be measured or inferred through correlation.
Instrumentation that increases data validation or accuracy of the in-flight thrust is optional. The
sensitivity of the methods to the optional instrumentation will vary for each engine configuration.
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6.1.1 (Continued):

Table 4 summarizes the typical instrumentation installed on the engine and aircraft for analysis
with the gas path methods. The thrust parameter (F/AP) and specific thrust parameter

(F/W T ) methods are the same gas path methods discussed in AIR1703 (Reference 1.1). The
Simplified Net Thrust Method (SNTM) in Table 4 is described in more detail in 4.1.2.

TABLE 4A - Typical Gas Path Methods Instrumentation
(Nonafterburning Engine with Constant Area Exhaust Nozzle)

Parameter Name F/AP FW ﬁ SNTM
Aircraft:
Altitude X X X
Mach No X% X% X
Fan Inlet Pressur: X X -
Free-Stream Totall| Temperature X X --
Engine Bleed Extraction (optional) X -
Engine Power Extraction (optional) (optional) -
Power Lever Angl X X -
Time X X X
Engine:
Fan Speed X X -
Fan Variable Vand Position (optional) (optional) -
Main Bumer Fuel flow - X -
Turbine Discharge| Total Pressure’ X X X

Nozzle Exit Static Pressure (optional) (optional)

Nozzle Inlet Static [Pressure - X

Exhaust Gas Temperature - - X
! Required to acquire[nozzle entrance pressurs, utilizing upstream measuraments of core and/or duct pressure at the mixing plane

location.
TABLE 4B - Typical Gas Path Methods Instrumentation
(Nonafterburning Enginé with Variable Area Exhaust Nozzle)
Parameter Name F/AP W J.F SNTM

Aircratft:

Altitude X X X

Mach No X X X

Fan Inlet Pressure X X -

Free-Stream Total [Temperature X X -

Engine Bleed Extraction (optional) X -

Engine Power Ext}cﬁon (optional) (optional) --

Power Lever Angl X X -

Time X X X
Engine:

Fan Speed X X -

Fan Variable Vane Position {optionarl) {opfional) -

Main Bumer Fuel Flow -- X -

Turbine Discharge Total Pressure’ X X X

Nozzle Throat Area X - -

Nozzle Area Ratio (optional) - -

Nozzle Exit Static Pressure - - -

Nozzle Inlet Static Pressure - - X

Exhaust Gas Temperature - - X

|Requwed to acquire nozzle entrance pressure, utilizing upstream measurements of core and/or duct pressure at the mixing plane
location.
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TABLE 4C - Typical Gas Path Methods Instrumentation
(Afterburing Engine with Variable Area Exhaust Nozzle)

Parameter Name F/AP FW ﬁ SNTM
Aircraft:
Altitude X X X
Mach No X X X
Fan inlet Pressure X X -
Free-Stream Total Temperature X X -
Engine Bleed Extraction (optional) X -
Engine Power Extraction (optional) (optional) -
Power Lever Angle X X -
Time X X X
Engine:
Fan Speed X X -
Fan Variable Vane Position (optional) {optional) -
Main Bumner Fuel = X --
Augmentor Inlet Tptal Pressure X X X
Augmentor inlet Static Pressure - - X
Augmentor Fuel Flow - X --
Exhaust Nozzle Injet Static Pressure’ - - X
Nozzle Throat Are X - -
Nozzie Area Ratio {optional) (optional) -
Nozzie Exit Static Pressure {optional) (optional) -

Turbine Exit Gas Temperature -

' Required to acquire nozzie entrance pressure, utilizing upstream measurements of cofe’and/or duct pressure at the mixing plane
location.

6.1.2 Transient Simulation Methods: In transient simulations, the flight test data are evaluated as a
function of time, rather than the instantaneous point-by-point basis with the conventional gas
path methogls. The advantage of the simulation'is the ability to account for time-variant effects
such as rotor acceleration and thermal effects on component performance. The fesult is that
secondary effects on nozzle gas flow and. entrance temperatures are addressed jn the thrust
estimate.

There are two different approaches to estimate in-flight thrust with an aerothermgdynamic
transient simulation during postflight data processing. The basic approach determines nozzle
gas flow, ngzzle entrance témperature, and nozzle coefficients based on similar i;\strumentation

requirements to the Gas.Path Methods (see Table 5, Aero Model Input Type 1). An alternative
approach is{to rely on the accuracy of the simulation thermodynamics to estimate thrust based
on measurgd engine control actuator and valve positions (see Table 5, Aero Model input

Type 2). The différence between the two approaches is the degree to which the gimulation
thermodyngmics-are relied upon to estimate in-flight thrust.

Real-time analysis during the flight test can be accomplished with the Simplified Linear Model
(SLM). Table 5 summarizes the typical instrumentation installed on the engine and aircraft for
analysis with the transient simulation methods.
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(Nonafterbumning Engine with Constant Area Exhaust Nozzie)

TABLE 5A - Transient Simulation Method Instrumentation

Aero Thermo Aero Thermo
Model Model
Parameter Name (Type 1) {Type 2) SLM
Aircraft:
Altitude X X X
Mach No X X X
Fan Inlet Pressure X X X
Free-Stream Total Temperature X X X
Engine Bleed Extraction (optional) X (optional)
Engine Power Extraction {optional) (optional) (optional)
Power Lever Angle - X --
Time X X X
Engine:
Fan Speed X - X
Fan Variable Van?LP@ﬁon {optional) - {optional)
High Pressure Compressor Speed - - 1 X
HPC Variable Vaneg Position - - {ogtional)
Main Bumer Fuel Flow X X X
Turbine Discharge [Total Pressure’ X - -
Nozzle Exit Static Pressure (optional) (optional) (optional)

! Required to acquire
location.

nozzle entrance pressure, utilizing upstream measurements of core and/or duct pressure at thp mixing plane

TABLE 5B - Transient Simulation Method Instrumentation
(Nonafterburning Engine with Variable Area Exhaust Nozzle)

Aero Thermo Aero Thermo
Modesl Model
Parameter Name (Type 1) (Type 2) BLM
Aircraft:
Altitude X X X
Mach No X X X
Fan Inlet Pressure X X X
Free-Stream Total [Temperature X X (ogtional)
Engine Bleed Extrdction (optional) X (oational)
Engine Power Extr}ction (optional) (optional) (ogtional)
Power Lever Angle - X X
Time X X X
Engine:
Fan Speed X - X
Fan Variable Vane|Position (optional) X (ogtional)
High Pressure Compressor Speed - X j X
HPC Variable Vang Position - - {ogtional)
Main Bumner Fuel Hlow - X -
Turbine Discharge [Total-Pressure’ X - -
Nozzle Throat Are: X X X
Nozzle Area Rati01 (optional) X X
Nozzle Exit Static Pressure (optional) (optional) (optional)

' Required to acquire nozzle entrance pressure, utilizing upstream measurements of core and/or duct pressure at the mixing plane

location.
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TABLE 5C - Transient Simulation Method Instrumentation
(Afterbuming Engine)

Aero Thermo Aero Thermo
Model Model
Parameter Name (Type 1) (Type 2) SLM
Aircratt:
Altitude X X X
Mach No X X X
Fan Iniet Pressure X X X
Free-Stream Total Temperature X X (optional)
Engine Bleed Extraction {optional) X (optional)
Engine Power Extraction (optional) (optional) (optional)
Power Lever Angle - X X
Time X X X
Engine:

Fan Speed X -- X
Fan Variable Vang Position {optional) - (optional)
High Pressure Compressor Speed -~ -- X
HPC Variable Vane Position - - (optional)
Main Burner Fuel Flow - X -
Augmentor Inlet Tptal Pressure’ X - -
Augmentor Fuel Fjow - X -
Nozzle Throat Arep X X X
Nozzie Area Ratio| (optional) X X

Nozzle Exit Static Pressure

(optional)

{optional)

(altional)
' Required to acquird nozzle entrance pressure, utilizing upstream measurements of cofe’and/or duct pressure at the mixing plane

location.

6.1.3 Excess Thr|

st Measurement Methods: The excess thrust method of in-flight thriist

determinatipn does not rely on any engine instrumentation, but on the measuren
thrust via methods described in 7.3 and lift coefficient. These data are then used
predefined grag polar to infer changes in net-propulsive force. Table 6 gives typig

instrumentad

tion required for the application of this thrust determination method.

TABLE 6 - Excess\Thrust Measurement Method Instrumentation

Flight Path Body Axis
Accelerometer, Accelerometer,

FPA BAA Energy

Parameter Method Method Method
Longitudinal Acceleration X X -
Lateral Acceleration - X --
Normal Acceleration X X --
Angle of Attack - X --
Angle of Sideslip - X -
Angular Rates X X --
Angular Accelerations - X -
Aircraft Weight X X X
Altitude X X X
Airspeed/Mach Number X X X
Ambient Temperature - - X
Time X X X

ent of excess
with a

tal
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6.2

6.2.1

Ground and Flight Test Facility Measurements:

This section presents the approaches used in ground propuilsion test facilities and flight test beds
to measure engine transient performance, and is based on material contained in Reference 5.1.

The current practice for transient test and evaluation is to use quasi-steady relationships (and
where possible, measurements) for most parameters of interest, i.e., airflow and thrust. The
same measurement principles used to acquire steady-state performance data are used to acquire
transient data for operability analysis. To avoid or compensate for unnecessary instrument lags,
some special practices or steps are taken.

The second- order or time- dependent effects are consudered for each mduwdual measurement or

relationship. Ser ment response
compensation jare dlscussed in the followmg subsectuons.

Engine Thrust/Force Measurement: With the direct-connect installation used in propulsion
altitude test facilities, engine thrust is most often determined using an external force balance
technique (Fjgure 36).

(WV),
(Wv)l (PA)s
PA
(PAX %~ P.A- Ay

FIGURE 36 - Thrust Stand Force Balance for a Planar Nozzle Engine
WV, +P,A, =WgVg + PgAg +P_ (A - Ag)—Fy (Eq.14a)
and the definition of gross thrust)(Fg) is
FG =WsgVg +Ag(Pg —P..) (Eq.14b)

With this technique;the determination of gross thrust,

Fa = WqVi +FRu + Aq(Py - P.) (Eq.14c)

requires measurement of all body forces acting through the engine mounts. The measurement
of a portion of these body forces, Fy, is accomplished with the thrust stand. For axisymmetric
exhaust nozzles, a conventional, single-component thrust stand is adequate for the
measurement of forces generated along the engine centerline. The quasi-steady expression for
gross thrust, (Equation 14c), and the corresponding quasi-steady: assumptions of steady, level,
nonaccelerating flight are used to determine transient gross thrust.
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6.2.1 (Gontinued):

The application of thrust vectoring to military aircraft propulsion systems necessitates the
measurement of multiple force components and requires special consideration be given to the
thrust stand. A multicomponent thrust measurement system is illustrated in Figure 37.

Basic Thrust Stand
Axial Forces (F})

@B Normal (Vertical) Forces (F,)
Lateral (Side) Forces (F,)

FIGURE 37 - Multi-Axis Thrust Stand

Measurement of transient forces in the vertical\and side axes, Fz and Fy, respectively, allows
the effective vertical vector angle, a.s and effective side vector angle, B« to be determined
using

og =TAN'F, /Fg4 (Eq.15)
Bet = TANT'F, /Fg (Eq.16)

Transient thrust stand response and force measurement capabilities have been ¢valuated and
found to require no transient response compensation. However, thrust stand forde
measurements are usually low-pass filtered at 10 Hz to eliminate stand natural frequencies
from the dafa. The response and acquisition of the pressure measurements used to quantifty
the airflow and pressure area terms of Equation 14 should be consistent with the|force
measurem isition-i in-matchedre sponse
characteristics.

6.2.2 Engine Total Airflow Measurement: Three methods for transient engine total airflow are
generally used for operability testing in the Altitude Test Facility. Any method employed must
consider the change of mass within the control volumes from the point of measurement to the
engine inlet, referred here as duct capacitance, and described by Equation 17.

dW,, /dt=(dp/ dt)(v,,) (Eq.17)


https://saenorm.com/api/?name=3426af3d69b728d43fa8f22954df923f

SAE

AIR5020A Page 84 of 161

6.2.2 (Continued):

The time-dependent effects resulting from the mass storage or duct capacitance for a direct-
connect altitude facility installation are most often minimized by using a calibrated bellmouth
calculation. The bellmouth measurement eliminates the contribution of plenum capacitance,
leaving only the effect of inlet duct capacitance. The capacitance of the inlet ducting is directly
related to the installation configuration, but current practice generally limits the length of the
inlet ducting to about 3 times the duct diameter. Based on representative idle-to-intermediate
snaps in typical regions of maximum airflow changes, the time-dependent effects are of a
second-order nature (Figure 38) and are therefore typically not accounted for in transient total
engine airflow and transient thrust calculations.

400

300

200

Engine Airflow,
Ibm/sec

100

ic—.l— 10 sec

Time

Capacitance,
Percent Total Airflow

inlet Duct Airflow

FIGURE 38 - Inlet Duct Mass Capacitance

There are bgsically two airflow. measurement techniques available in flight to determine engine
transient airflow rates: engine.inlet duct/engine face measurements, and engine fan or low-

pressure compressor flow.-mapping.

1. Engine flow measurements can be made indirectly by using inlet/engine face pressure
rakes. Thjis is the most difficult method of determining airflow in flight and has|the
advantage-ofiaccounting for inlet distortion and pressure recovery variations.

2. Fan rotor speeds and airflow relationships (maps) can be used to estimate airflow. For
transient use, modified fan speed-airflow characteristics must be determined that account
for the transient operating line effects of blade clearance of the fan blades and vanes. The
slope of the corrected fan speed lines on the map must be considered. In addition,
correction factors to account for varying bypass airflow during the transient must be
accounted for, as well as the effects of accelerating versus decelerating fuel-air ratio

schedules.
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6.2.3 Engine Local Airflow Measurement: The concept of determining local Mach number, and
thereby local airflow was explored during the late 70's as part of the Air Force-sponsored "Non-

Recoverable Stali" program and during the early 80's as part of a NASA Energy Efficient Engine

program. These efforts led to the development of Mach probes which have seen increasing use
during altitude test programs. The Mach probes also provide a means for determining

compressor post-stall performance and operating characteristics, as well as a method for
quantifying compressor operating conditions at stail onset, i.e., stall line definition.

The Mach probe (Figure 39) operates on a relationship of forward and aft facing total pressure
taps to local flow conditions. The operating principle is that the forward probe measures free-
stream total pressure, and the aft probe measures a pressure which is indicative of free-stream

static pressure.

Mach numb

— Forward and Aft
) Facing Kielheads
Quick-Response
Thermocouples
Wall Statics

in Probe Base

High-Response
Pressures

Steady-State
Pressures

Side View

FIGURE 39 - Mach Probe

er is related to the.measured pressures through isentropic relationsh
-y
P; -P Y
M = 2 __1({"tfwd taft -1
v-1|[" Cp Pt aft

PS,

+I=m2 [JTisTD

5 P
W8 ¢ ‘lyl M LSTD
1
2

(Eq.18)

(Eq.19)
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2.3 (Continued):

Data uncertainties associated with Mach probe measurements are partially reduced by using a
more accurate steady-state airflow measurement to provide calibration relationships for the
airfiows indicated by a Mach probe. in the case of the high-pressiure compressor of a twin-spooi
turbofan engine, a choked turbine method of airflow determination often determines the
calibration standard. The calibration procedure involves the use of steady-state compressor
operating line data. A probe-derived airflow is developed and applied to Mach probe-indicated
airflow during the compressor transient of interest. This “calibration” procedure is illustrated in

Figure 40.

Steady-State Data

AWRECTY =
AAL AV AN (T

AAIDRER =
YVZOT s

{Presst

Choked Turbine
Caicutation from

Steady-State Measurements

ire from Scani-Valves)

Mach Probe
Airflow Calculation from
Transient Type Measurements
{Direct Transducers)
J

2.4 Engine Rotor Sy

| -

1

Linear Regression

W2sCT

W25MP

Transient Data

Mach Probe
Airflow

/.- e ----.---@

Calibrated
Mach Probe
Airflow

v

FIGURE 40 - Mach Probe Calibration Procedure

)eeds and Variable Geometry, Positions: Engine rotor speeds, compressor

variable geometry and power lever positions, and engine exhaust nozzle area are mgasured

with the same d

transient respo

Engine rotor speed measurements are usually made by measuring the frequency of
pickup on the rotor or engine generator/alternator. This method is considered highly
and requires no|time phase shift.

se in the bandwidth of interest.

bvices used to obtain steady-state data and typically require no corregction for

magnetic
ccurate

Variable geometry includes fan and compressor guide vanes, nozzle area, and inlet :Iamp/area.

In most cases,

linear variable differential transducer (LVDT) is used to measure v

ariable

geometry positions. The accuracy of LVDT measurements can vary, depending on mechanical
slippage and the magnitude and nature of the nozzle forcing functions. Nozzle area, for
instance, is difficult to measure because of thermal effects, hysteresis, and the complication of
error magnification caused by converting a linear measurement to an area measurement.
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6.2.5

6.2.6

Engine Fuel Flow: Highly responsive fuel flow meters should be used in transient performance
testing. Conventional axial-flow turbine-type volumetric flowmeters are normally used for
measurements of transient fuel flow rates. Flowmeters must be sized to the flow rate range of
interest to obtain best accuracy. Also, the flowmeter should have adequate signal conditioning
to provide a clean signal and still maintain adequate frequency response characteristics and be
located as close as possible to the engine to eliminate time phase problems. These type
measurements typically do not require corrections for transient response.

Pressure Measurements: Pressure measurements made to track transient engine
behavior/operation, whether facility or engine internal, are typically close-coupled to the sense
point to reduce attenuation, and to avoid inducing pneumatic lag. The practice of close-coupling
measurements generally eliminates the need for signal response compensation. For those
cases where-this-eannetbe-accomplished—method compensating-press easurements
with inadeqpiate response are available. One method commonly used is to condyct pretest
checks with|known pressure inputs and determine appropriate correction factors] Increased
data uncertainties accompany close-coupled pressure measurements because they are
generally sybstitute calibrated as opposed to multiplex pressure valves (steady-state system)
which are in-place calibrated against an accurate, traceable standard.

The primary difficulty in obtaining high-frequency pressure measurement is the pressure loss
owing to the friction attenuation within the sensing system. Typically, most of thefriction loss
comes from| within the pneumatic tubing used to transmit pressure impulses front the internal
engine sengor to the measurement transducer. This characteristic can be minimiged by careful
design of the pressure tube length and volume. Shott line lengths (small volumes) are desirable
to reduce aftenuation and obtain higher-frequency.response characteristics. In jme casesitis

not practical to close-couple the transducer and.sensor due to physical constraints. In this case,
the attenuafjon can be measured by laboratory test or estimated by mathematical models.
Whitmore discusses the development and validation of a generic technique derivied from the
Navier-Stokps equations to accurately-predict pneumatic attenuation errors (Refgrence 6.2).

Because transient engine performance is associated with variable pressure at a given engine
station, the pse of pressure rakes'may be required to achieve desired accuracy. In this case,
special attention should be given to line lengths to assure all pressures are of thg same time
phase. This|is particularlytimportant if the sensors are manifolded together.

To provide the best.accuracy during transients, high-response transducers are often paired
together with steady-state pressure transducers. The steady-state transducer is more accurate
during steady-state operation and provides a good reference for the high-response transducer.
Because pressure transducers (not sensors) are extremely sensitive to temperatiire variations,
they must be isolated with thermal blankets and/or heaters to maintain a constant thermal
environment. In addition, the transducer should be calibrated at its operating temperature.
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6.2.7 Temperature Measurements: Internal engine temperatures are critical to the measurement of

engine performance. Thermocouples have been, and remain at this time, the most-used
temperature technology in the gas turbine engine for the following reasons (Reference 6.3):

It is a well understood technology,

It is widely available,

It is a relatively inexpensive product,

The accuracy, while not the highest, is generally acceptable, and

The thermocouple ranges can be broad, depending upon the type of thermo-elements
chosen.

Pap o

Generally, aerodynamlc and metal temperatures are sensed usmg the same type

mounted ingide the test cell or, if test cell temperatures require, outside the test ¢ell. The
signals are then routed out of the cell through ports on the copper conductor. Coyrections to the
temperature data are made in the same manner as for steady-state data; the refgrence junction
temperaturd is measured with a resistance temperature device, and the indicated temperature
is adjusted to account for the reference temperature.

Corrections|for transient lag in the gas path measurements are accomplished usjng the first-
order differgntial equation

Tig = Tow +(Tic ) o) (Eq.20)

where:

Ty = the gas temperature corrected for the thermocouple response
Tw = the heasured temperatlre
T = the thermocouple time-constant

Thermocouple time constants are available for the most commonly used gauges|of
thermocouple wire and have been estimated based on NACA TN-3455. It should be noted,
however, that temperature measurements are frequently not compensated, i.e., the time-
dependent gspects are assumed negligible.

In addition to thermocouples, Resistance Temperature Devices (RTDs) are increasingly being
used in the compressor section of the engine because of their high accuracy. RTDs operate on
the principle that the electrical resistance of the material is temperature-dependent. The
resistance of the metals used as sensing elements usually increases with increasing
temperature, whereas commonly used semiconductor materials (such as thermistors) decrease
in resistance. RTDs are more accurate than thermocouples but are typically limited to +500 °C,
depending upon the materials used to fabricate the transducer.
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6.2.8

6.2.9

Aircraft Aerodynamic Forces: The aircraft aerodynamic forces and moment data are obtained
from six-component force and/or moment balances installed in the wind tunnel aircraft
model(s). Typically, these data are obtained in the vehicle body axis system and are
mathematically transformed into the vehicle stability axis system. The direct force and moment
measurements are adjusted for tares such as model weight, flow through inlet air momentum,
and model base/cavity pressure effects. These data are then modified for the effects of the
model support system, model test afterbody geometry and nozzle pressure ratio, model test
inlet geometry and mass flow ratio, vehicle center of gravity and trim effects, vehicle
excresences and protuberances not modeled, model-to-flight Reynolds number differences,
etc. as described in AIR1703.

Accelerometer Measurements: Modern aero-performance analysis methods often rely on
highly accu i ibed in 7.3. A
typical body-mounted accelerometer package is co-located with rate gyro and arjgular
accelerometer packages near the aircraft center of gravity. An inertial system-combines all of
these in one unit while the flight path accelerometer package is mounted on a bgom forward of
the aircraft away from the angular rate and acceleration measurement locations.

lerometer package normally consists of three accelerometers configured to

ly measure vehicle lateral, longitudinal, and normal-accelerations. In|the flight path
accelerometer package, only longitudinal and normal accelerations are measured. Sensor
alignment i critical to sensor accuracy. A special (“fine" ranged) linear accelerometer package
is often installed to provide more accurate acceleration measurements over a linfited

inties for both "coarse" and "fine" measurements used during a typical flight test
program (Reference 6.4).

TABLE 7 - Typical Accelerometer Ranges and Uncertainties

Coarse Coarse Fine Fire
Axis Range (g's) s\Uncertainty (g's) Range (g's) Uncertainty (g's)

Lateral (Ny) -1 to +1 +0.11 -0.65 to + 0.65 +0.p01
Longitudinal (Nx) -1to%1~ +0.11 -0.65 to +0.65 +0.p01
Normal (Nz) -3to'+8 +0.11 -1 to +3 +0.p03

6.3

Data Processlng:

Data processing requirements are primarily a function of the thrust measurement methodology
selected, the response characteristics of the instrument measurement system, sampling rate
capabilities of the data acquistion system, and measurement uncertainty goals. This section
contains some of the data processing considerations employed in propulsion test facilities, wind
tunnels, and flight test facilities.
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6.3.1 Propulsion Test Facility: Digital data acquisition systems are most commonly used in the
Altitude Test Facility for acquisition of low-bandwidth data (less than 20 Hz) such as for steady-
state performance testing and power and flight condition transient testing. Analog data systems
are used in the Altitude Test Facility but are utilized for the acquisition of more dynamic
data/phenomena (high frequency/bandwidth) such as time-variant inlet total pressure distortion,
investigation of compression system post-stall operating characteristics, and combustion
(acoustic) instabilities.

State-of-the-art digital data systems currently in use in the Altitude Test Facility are configured/
capable of acquiring an aggregate of 40,000 sps of data. To obtain data with sufficient samples
to characterize nonperiodic or random processes in the 20 Hz range requires sample rates as
high as 200 sps for each channel of data (i.e., measurement). This will typically allow the
acquisition i ¥ rating
characteristics. Another practice in use is to selectively sample measurementsat a rate
commensurate with the measurement device's response characteristics. This use of selective
sampling requires that data fill techniques be used when calculations areto be made with
parameterg of different sample rates.

The most ctitical feature in using transient measurement systenis is the selectiop of an
appropriatel bandwidth or low-pass cutoff frequency compatible with the test objectives. This
selection necessitates that the acquired data has dynamic.characteristics which fall below the
cutoff frequency and that all data above that frequency can be rejected. One of the more
common data filters used in ground tests to filter digital transient data is an autojregressive
software filler of the form:

Yk = CYk_1+{-C)Xk (Eq.21)
where:
Yk = filtered data at the currenttime step
Yk -1 = filtered data from previous time step
Xk = (infiltered data at the current time step
C = filter constant

This filter ig frequently employed for transient data processing because of its simplicity and
ease of usg. A more detailed description of filters, including mathematical derivations and
guidelines 1|or proper selection of filter constant, is provided in Reference 6.5.
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6.3.2 Wind Tunnel: Because of the fairly rigid wind tunnel balance and model-to-balance attachment
coupled with the often noisy and turbulent wind tunnel environment, there is usually a high
dynamic component in the model balance (force and moment) analog signals. As a result of
this, the balance signals are heavily low-pass filtered to a low, approximately 2 Hz, cutoff
frequency. Further filtering may be done on the digitized signal so that virtually all of the
dynamic component of a low-frequency (4 to 10 Hz) signal is removed from the data, and
considerably more at higher frequencies. It is possible to eliminate this filtering and record the
raw signal, but in the past this has resulted in such extreme data scatter, even at steady-state
conditions, as to be impractical. Eliminating the analog filtering (or setting a low-pass analog
filter cutoff frequency to some value slightly above the maximum frequency of interest) and
designing a "notch" digital filter to the specific frequency of interest is a method of acquiring
data to determine the tlme -dependent nature of the model transient aerodynamlc performance.

; 8 i ponents in
the 5 to 200 Hz range, and wnth a 10% scale model, 10 Hz sumulates only a 1 Hz full-scale

frequency.

Thus, it is apparent that air vehicle transients of interest (for performance measufements)
cannot be sjmulated adequately in wind tunnels (see 5.3.2), and evén if they could be
simulated, it is doubtful that meaningful measurements could be obtained.

6.3.3 Flight Test Facility: Data processing as defined in this document includes, but is|not limited to,
signal condijtioning, analog and/or digital processing, recording, telemetry, and final data
computations. Current, generally acceptable practices of data processing, hardwpare capacities,
data acquisjtion designs, and the recommendations made in AIR1703 for steady;state thrust
are also suitable for transient thrust measurement.\For transient thrust measurement, fully
digital data cquusmon systems may be used; however specual attentlon should be apphed to

6.3.3.1 Signal Copditioning: Signal conditioning is herein defined as a series of operatjons including

per second for engine data and 5 sps for flight condition data are typical rates fpr steady-state
thrust determination. Time-critical data involving transient thrust measurement or flight
condition measurement may require sample rates exceeding 200 sps. Sampling rates should
be ten timps-the expected data frequency to ensure accurate signal reconstruction.
PresampleTilfering for noise and antialiasing is a usual practice and may be especially
necessary for measurements that contain high-frequency data or noise. Time-critical data are
sensitive to the "filtering effects” of signal conditioning and will require careful accounting of
overall frequency response to determine change in signal spectral distribution, i.e., phase
shifts. (Reference 6.3).
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6.3.3.2

6.3.3.3

6.4 Measurement Uncertainties:

Time Correlation: As noted, time correlation proble - gsult from the normal process of
signal conditioning. Time correlation problems or phaz= shifts are minimized by careful design
of signal reconstruction methods using filters and sampling techniques. Also, careful design of
frame structure by locating individual words (time-critical data) as close together as possible
within a frame minim:» 2s phase differences during sampling. Time correlation problems are
eliminated or minimiz+d by sample methods such as simultaneous sampling and by signal
reconstruction methods using low-pass filters or linear interpolation. Simultaneous sampling is
hardware intensive, usually expensive, and represents a significant departure from
conventional systems, but is the most ideal for time correlation. Theoretical ideal signal
reconstruction is accomplished with a low-pass filter, allowing reasonable interpolation, but
requires very careful design to avoid additional phase shifting. Linear interpolation between
samples is the most-common method that may only be suntable for transuent data If sample
rates a Hictently s

Final Data Computations: Computational lag or time delay can result from computer
hardware|limitations and algorithm complexity. Algorithm iteration'rate should match the
highest input frequency data desired for real-time correlation. Estimates of timg delay can be
determineéd and, in some cases, corrected either online orpostflight. State-of-the-art systems
designed|for steady-state thrust determination can accommodate modest growth in input
requiremeénts and algorithm complexity. But the added complexity of transient math models or
increased instrumentation requirements commonly.require that time-delay cortections be
applied ppstflight.

Measurement uncertainty analysis is themeans to identify error sources, their relgtive magnitude,
and limits whjch then provides a basis for selecting measurement systems and measurement
operational pfocedures. An added. advantage of uncertainty analysis is the capability to generate
error sensitivity charts. Error sensitivity is the uncertainty propagated to the final r¢sult because of
a unit uncertainty in the parameter. Error sensitivity charts can be generated by I"Elklng finite

i

increments il an element, usually through the data reduction program, and deter

ning the

percent change in the final‘parameter (refer to References 6.6 and 6.7 for details)| Error
sensitivity charts provide two major benefits: they enable the tester: (1) to make pretest
estimates of measurément accuracies for a specified level of effort, and (2) to identify the
measurement system error sources that can most effectively be worked to improvge the test
results. Other bénefits which can be realized include test matrix optimization and development of
automated data quality verification tools tailored to critical parameters. Generation of in-flight
thrust error sensitivity charts can be accomplished once the data reduction program, the
measurement inputs, and the data presentation format are specified. An example of an error
sensitivity chart used in an altitude test facility (Reference 6.8) net thrust determination is shown
in Figure 41. The chart abscissa lists the error sources that influence the measurement of the
performance parameter and the chart ordinate specifies the level of influence.
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FIGURE 41 - Example of a Thrust Error Sensitivity Chart

6.4 (Continued):

A preflight measurement uncertainty analysis and generation of error charts is essential to
programs with limited resources since it reduces the risk’of making erroneous decisions. The
methodology for estimating steady-state measurement.uncertainties is reported in everal
documents published by major technical organizations (e.g., References 6.6 and 6|7); and the
measurement uncertainty considerations for determining steady-state in-flight thrust are reviewed
in AIR1678. The methodology for estimating.time-variant measurement uncertainties, however, is
not established and requires development.of an industry-accepted methodology fof comparing
the measured value in time with the true value in time. A transient uncertainty methodology which
uses a transignt adder to the steady-state uncertainty value has recently been repqrted in
Reference 6.4. The concept of using an adder to the steady-state value is ideal from an
engineering application standpeint. Establishing error analysis techniques for time-yariant
functions can|be a complex issue and requires some means of evaluating measurgment system
factors such gs frequency.response, amplitude, phase position, roll-off characteristics,

steady-state 2
greater than corresponding steady-state values.
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6.4 (Continued):

If a time-variant measurement uncertainty methodology is not available, the tester must use
steady-state measurement methodology and his experience to predict the additional uncertainties
for time-variant effects. However, if the flight test techniques and measurement methods fall
within the quasi-steady assumption, as put forth in this document, then application of steady-state
measurement uncertainty methodology will provide an accurate first-order estimate of the
measurement errors, and the steady-state error sensitivity charts can be used to analyze and
evaluate the proposed in-flight thrust determination methods.

The following paragraphs in this section provide an overview of general measurement uncertainty
expectations for ground and flight testing.

6.4.1 Propulsion Test Facility: Because of resource and time constraints and the lack ¢f industry
accepted transient measurement uncertainty standards, transient measurement uncertainty
requirements are not typically specified by test users. Instead, it is assumed’that good transient
measurement system design and application practices are employed. To-quantifyf an
uncertainty level, several altitude engine test programs were reviewéd to provide jan estimate of
both steady-state and transient measurement uncertainties. The transient measurement
uncertainty levels identified in this survey were primarily based©on measurement {frequency
response requirements and generally range from 1-1/2 to 2 times the level obtainged for steady-

state measufements (Table 8).
TABLE 8 - Typical Altitude Facility Instrumentation Uncertainty
Uncertainty (Ugs), percent  Uncertainty (Ugs), percent
U = (B,+2S) U=(B+29S)
Parameter Steady State Transient <10 Hz
Pressure +0.1 0.5
Temperature (+0.25% Rd (+0.5% Rd +3.2 °F)
+1.1°F)
Fuel Flow +0.5 +1-1.5
Speeds +0.02 +0.3
Geomelry-Positions +1.0 +2.0
Force 0.4 +0.7

Engine Nozzle Area +0.7 +1.4
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6.4.2 Wind Tunnel: Typically, the wind tunnel environment allows much closer control of independent
variables than in flight testing. Also, being a permanent installation permits environmental
control of the instrumentation. This combination in turn allows acquisition of extremely accurate
data. In the Mach number range from about 0.3 to 1.5, Mach number is known to within 0.003
for most wind tunnels, and the free-stream pressures are accurate to within approximately 0.1%
of value (see 5.3.1). Model pressures routinely are measured with accuracies of 0.1% of the
instrument full-scale range, and model forces are measured to within 0.25% of full scale.
Confidence in data quality is provided by repeat measurements and redundant methods.
Consequently, a high-fidelity database of the aircraft model aerodynamic characteristics is
acquired before the first flight.

6.4.3 Flight Test Facility: Transient measurement uncertainties are not typically specified for flight

tests. ReprreMaﬁm—measuremnﬁmceﬂamﬂerquﬁedﬂsteadrstateﬂqhﬁsting are
presented in Table 9.

TABLE |9 - Typical Flight Test Instrumentation Uncertainty for Steady-State [

6.5 Summary:

Aircraft and e

Measurement Type Uncertainty (Usgs)

Pressure +0.5%

Temperature 10.5%

Fuel Flow +1.0%

Speeds 10.5%

Control Surface Positions  +£2.2 deg or 0.66%

Angular Rate +1.3%

Angle of Attack 10.2%

Linear Acceleration +0.5%

Airspeed 12 knots

Altitude +10 ft at sea level
140 ft at 40 kit

Engine Nozzle Area +3.0%

to analyze anﬁ v

ngine‘instrumentation should be selected to insure adequate acquisti

Data

pn of test data

alidate aircraft in-flight thrust. For instance, the various gas path methods are

quite similar ininstrument requirements and by adding engine customer bieed airflow, engine fuel
flow, and tailpipe static pressure, three gas path methods are available for the independent
evaluation of in-flight thrust. The benefit of multiple methods is the added confidence in the
results. Also, should instrumentation for either the nozzle area or the engine customer bleed
airflow gather erratic data, analysis of the other methods along with aircraft instrumentation can
help locate the faulty data. This type of measurement redundancy enables the affected method to
be discarded while the unaffected methods can be used for analysis of aircraft characteristics.
Redundancy, therefore, should always be added to increase the chances of obtaining adequate
data to analyze the aircraft drag polar.
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6.5 (Continued):

There is also much commonality in aircraft and engine instrument requirements for
transient simulation methods. The major difference between gas path and transient

gas path and
simulation

methods is the time-dependency measurement requirement of the simulation methods (gas path

methods require data only at specified times). Time-dependency means that the da
and process requirements for transient simulation methods are significantly greater
methods. Another consideration is that while transient simulations provide more det
information and account for engine thermal and inertial time effects, these methods

ta acquisition
than gas path
ailed

are also more

expensive to develop and maintain. Therefore, use of aerothermodynamic transient simulation

models also requires "cost-effective” considerations.

With respect t ;
steady-state pgrformance data can generally be used to acquire time-variant data;
second-order fime-dependent effects are accounted. Examples of second-order tim
effects include|thermocouple time constants and pressure mass storage oriduct ca
corrections.

to acquire
broviding
e-dependent
bacitance

Careful consideration should be given to the sample rates and response characteri

tics of the

measurement system. The response characteristic of the instrumentation system limits the rate at
which the datal can be acquired accurately and may limit the methods that can be cpnsidered to
analyze flight test data. Engine test facilities acquire transient,engine performance-fype data

using low-bangwidth data systems (i.e., less than 20 Hz) with a sampling rate of 20
Digital data systems with this capability are well within today's flight test technology
therefore, datg acquistion for in-flight time-variant thrust determinations should not j
problem. When processing time-dependent data, care is required in the selection of
appropriate bapdwidth or low-pass cutoff frequency to ensure compatibility with the
measurement system requirements. For this reason, final data filtering may best be
off-line or posttest, thereby ensuring that critical information is recorded.

A time-variant measurement uncertainty methodology has not yet been adopted by
one has recently been proposed in‘AGARD report AR-320. A steady-state measure,
uncertainty analysis will provide a-first-order estimate of time-dependent in-flight thr
nearly correct for elemental measurements if the data are obtained within the quasi

samples/s.
and,
bose a

an
thrust
accomplished

industry, but
ent

ist and will be

steady

guidelines specified in this'document. Redundancy of in-flight thrust determination methods is

also an accuragy issue/Itis through closure between different methods that diagno:

is and

quantification ¢f interaction of factors which influence the determination of time-depgndent flight
thrust can be rgsolyed, and confidence can be obtained in the aircraft measured drag polars.

Finally, early definition of how in-flight data are to be acquired, processed, reduced,

and

presented is essential to obtaining an accurate value of in-flight thrust. Through early definition,

in-flight thrust methods can be defined, engines can be properly instrumented, mea
error sensitivity charts can be developed, and thrust databases can be compiled as
engine and airframe preflight development testing.

surement
part of the
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7. FLIGHT TESTING:

Flight test in-flight thrust determination procedures were developed in AIR1703 for the quasi-
steady-state assumption. As discussed in Appendix C to AIR1703, the flight test methods and
procedures used to evaluate in-flight thrust are not limited to steady-state conditions and include
quasi-steady-state and aircraft dynamic motion. This section reviews the basic equations, the
elements of these equations, and the types of aircraft maneuvers employed for determination of
engine thrust and aircraft drag during time-dependent operating conditions. An additional
consideration of this section is discussion of the preflight and postflight consistency checks and
validation data checks that are done to enhance confidence in air vehicle thrust measurements.

Procedures for mves’ugatmg and quantlfylng the uncertalnty of m-flught thrust determinations are

values is accol
possible, of err
potential error

a.
b.

Unanticipat
Uncertainty|

modeled, or

Ground tes
Unplanned
"Mistakes"

c.
d.
e.
Any potential e
and resolved. [
coupling betwe

Failure of the p|
investigated an

Most elements
Section 7 of Al

plished through |mprovement in procedures and equipment, and-cor
rs which may be identified through analysis of all available informati
ources that may be isolated by test data analysis include thase-whicl
by: (examples ¢f these error sources are included in AIR1703).

bd instrumentation problems

analysis error propagation items that are erroneously excluded, impr
inaccurately bounded

facility limitations or test techniques

changes in engine operating characteristics

rror sources in the prediction analysis’or the flight test results should
)ata confidence is enhanced when two or more methods with relative
en input and output are employed and their results compare within e
redicted uncentainty bands tooverlap indicates an error source that
d resolved.

of the transient thrust'validation process are identical to those discus
R1703 for steady-state in-flight thrust determination. These validation

incertainty
rection, if

bn. The

h are caused

pperly

pe identified
y weak
eXpectations.
ust be

sed in
procedures

include preflight engine consistency checks, in-flight engine performance analysis, ahd definition of

air vehicle aerg

Additional proc

dynamic characteristics (drag polar).

bdures applicable to the nonsteady thrust determination include correjation between

flight-measured

excess thrust measurements for transient throttle maneuvers, and checks against th

engine transient characteristics and predictions, correlation between

thrust and
e validity of the

quasi-steady assumption.

The following sections illustrate the data validation process using examples that are representative
of actual programs.
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7.1

Aircraft Performance:

Section 3.1.1 developed the thrust-drag accounting system and basic equations for the fully
integrated aerodynamic/propulsion configuration and time-variant aircraft conditions. Assuming
the chosen thrust-drag bookkeeping meets the suitability and consistency characteristics for
tracking of the integrated propulsion airframe performance throughout the total development
program (see 3.1 and Reference 3.1) the AD\y_ and ADgxy terms in Equation 3 can be
incorporated into the reference drag at the flight stage of aircraft development.

Drerop = Dger + ADgxy + ADpy (Eq.22)

where:

Drerop is deJined as the air vehicle reference drag at full-scale operating reference conditions.
Therefore, Equation 3 may be rewritten:
DaFs =DgrerFop +ADTRiM + ADRN (Eq.23)

Substitution ofl Equations 2 and 23 into Equation 1 results in the)following simplified force
accounting equation applicable at the flight test stage of air vehicle development:

Fex =(FN *—ARNL — AFgxH - AFTRIM) - ODREFOP + ADTRIM + ADRN) (Eq.24)

measurements or energy considerations. A discussion of the equations associated with excess
thrust measur¢ement is deferred to 7.3 because-an expansion of the simplifying assimptions used
up to this point is required.

The Fgx (exce{s thrust) term in Equation 24 is evaluated through either aircraft accelerometer

A discussion gf the (modified net thrust) options available for in-flight thrust determipation for
time-dependent aircraft and/or engine operating conditions is contained in Section

The flight test yalues for the incremental forces due to the inlet, exhaust, and vehicle trim (AF .,
AFgxn, AFram @nd ADrriv)-are derived from wind tunnel scale model tests and incorporated into

the flight test data correction procedures. The rationale for applying these steady-state derived
increments to fime-dépendent aircraft and engine operating conditions is discussed|in Section 3.

The incremental-effect of Reynolds number (ADgn) On vehicle drag is determined analytically from
aerodynamic flat-plate skin friction theory and may include the effects of surface roughness, if
required.

Section 7.2 derives the aircraft lift and drag force balance equations for flight test evaluation of
the remaining term, Dgrerop, in Equation 24.
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7.2 Aircraft Lift and Drag Force Balance Equations:

Section 7.1 developed the thrust and drag relations for an air vehicle operating under level (flight
path angle equals zero), time-variant conditions. Expansion of these conditions to the cases
where the vehicle flight path angle is not zero and the thrust vector is not aligned with the vehicle
longitudinal reference axis is discussed in this section. AIR1703, Appendix C develops air vehicle
lift and drag equations based on the force balance diagram shown in Figure 42. The force
balance diagram has been simplified through the following assumptions: (1) all forces pass
through the aircraft center of gravity; (2) no lateral inclination of the gross thrust vector exists; and
(3) the aircraft is in symmetrical flight (i.e., the angle of sideslip for the steady-state, quasi-steady-
state, and dynamic maneuvers described in 7.4 is maintained at or near zero).

Horizon

FIGURE 42~ Aircraft Force Balance Diagram

For ease of calculation, the forees are resolved parallel (x-axis) and perpendicular {z-axis) to the
direction of flight (wind axés system). Resolving the forces along the flight path and assuming the
mass change(to be instantaneously zero, the excess thrust will result in an acceleration

ZFy =(W/gay,. (Eq.25)

FaCos(a +t)—-Fg ~ ARNL ~ AFExH — AFyim ~DaFs — WSiny = (W/glay (Eq.26)

Installed propulsive force along the flight path is defined as

Fipr, —FaCos(a+1)-Fg = AFyy — AFexy ~ AFyim, (Eq.27)
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7.2

Drerop =FaCq

7.3

7.3.1

(Continued):

Therefore, Eq

uation 26 can be rewritten

Dars =FpE, —WSiny - (W/gay .

For the forces perpendicular to the flight path

IF,=(W/gaz,.

L - WCosy +FgSin(a + 1) = (W / g)az AC

Equations 28
flight in the tw
can be obtain
geometric rel

with the Fipe
on Dgeror, W

Finally, comla

NOTE: Exce
this s

Excess Thrust Measurement Options:

Air vehicle lift

L = W(Cosy + (W /glaz ac — FaSin(e+1)

and 31 are the drag and lift force-balance equations for an aircraft in
o-dimensional wind axis coordinate system. With Equation’27, aircrg
d through evaluation of engine gross thrust and ram drag, the a, v,
tions, and aircraft acceleration along and normal to.the flight path.

ning Equations 27 and 28 and incorporation of.the incremental force
nd Dars terms in Equation 24, results in definition of an air vehicle dr]
ich is independent of engine and airframe-operating conditions.

s (0. + 1) —FR ~ ARNL — AFEXH — AFTRING~ ADTRIM — ADRN — WSiny - (W

t where indicated, Dgrerop is.the-basis for the drag coefficient (Cp) da
ction.

and drag may be determined through direct measurement of the acd

g)a XAC

terms, auac a

d a,ac, in Equations 28 and 31, or from the total energy change of th

(Eq.28)

(Eq.29)
(Eq.30)

(Eq.31)

symmetrical
ft lift and drag
and ©

5 associated
ag polar based

(Eq.32)

ta presented in

eleration

aircraft.

Accelerometer methods€mploy highly accurate accelerometers to obtain an instanptaneous
measuremen{ of inertial accelerations along and perpendicular to the flight path. Tp obtain a
direct measurement of excess thrust, the accelerometer must be aligned to the airgratt flight path,
either mechanically,”as is the case with the Flight Path Accelerometer (FPA) method, or
mathematically,as is the case with the Body Axes Accelerometer (BAA) method.

Flight Path Accelerometer (FPA): The FPA is mounted internal to a boom extending into the
flow field ahead of the aircraft and is mechanically connected to an externai angle-of-attack
vane where it is free (theoretically) to align itself with the flight path of the aircraft. The true
accelerations parallel and perpendicular to the flight path for the FPA are:
(References 7.1 and 7.2)

Axepa = xpc + gSiny

(Eq.33)
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7.3.1 (Continued):

Bzep, = 8z, +0COSY (Eq.34)

Substitution of Equations 33 and 34 into Equations 28 and 31 results in:
Dars =Fpr, —(W/Qaxg,, (Eq.35)
=(W/g)az,, —FaSin(o+1) (Eq.36)

where the wind axes Iongltudlnal and normal acceleratlons are related to the measurement of
-6 A e-in actual
practlce detailed attentlon must be given to the items which might cause misalignment of the
actual flight path of the aircraft, such as boom misalignment, bending of the boom
and fuselage, aircraft pitch rates, and the local flow field in the vicinity ofithe FPA angle-of-
attack vaneg.

7.3.2 Body Axes Accelerometers (BAA): The BAA is not aligned with the-aircraft flight[path because
it is fixed to|the aircraft structure. Therefore, the aircraft angle©f)attack must be included in the
resolution of the accelerometer vectors. Assuming the BAA is mounted along thg fuselage
reference line, FRL, the aircraft acceleration along the x.and z axes is (Reference 7.1):

8y,c = axpp, COSA—az Sina - gSiny (Eq.37)

8z,; =8xpp SiNa+ay,, Coso-gCosy (Eq.38)

Substitution| of Equations 37 and 38 into-Equations 28 and 31 results in:

Dars = |:|’:>|:x -W/ g{axFRL Coso - 8zepL Sinaj (Eq.39)

L=W/dayg, Sina+a, Coso]-FgSino+1) (Eq.40)

7.3.3 Energy Method: If accelerometers are not available in the test aircraft, excess thrust may still
be determined from-energy considerations. Also, correlation of the energy method with
accelerometer method results can aid in the isolation and correction of any bias érrors that may
exist in initigl ‘@ccelerometer measurement results. The total energy possessed by an air vehicle
may be expressed instantaneously as the sum of its potenfial and kinefic energies:

E =PE+KE = WH+WV2 /2g (Eq.41)
The energy per pound of aircraft weight or "specific energy"” is

E/W=H+V2/2g (Eq.42)
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7.3.3 (Continued):

The rate of change of specific energy is obtained by differentiation of Equation 42:

po < JE/W) _ dH+V?/29) _dH, vV
S at dt dt g dt

(Eq.43)

Where Pg is defined as specific excess power, the aircraft performance parameter commonly
used as a measure of an aircraft's ability to climb and/or accelerate. The relationship between
excess thrust and the rate of change of specific energy is (References 3.4 and 7.2):

Therefore,
[H + V?/2g]
and airspe

Several me
and combi

Askania ca
positioning,
positioning

Radar and ¢

WAE/W) _wdH+V2/20)  wlaH vdv]

TEX=AFP-DAFS -y g -V d _V|d gd]

valuation of excess thrust may be obtained from either a time-histon

(Eq.44)

/ of the

erm in Equation 44 or the summation of [dH/dt + V/g (dV/dt)] from separate altitude

d time histories.

thods are available for obtaining the requisite time<history informatior|
tions of techniques which have been employed-include radar space
era space positioning, pitot-static pressure measurements, inertial g
inertial velocity measurements from an inertial navigation system, an
system.

. Techniques
positioning,
pace

d global

radar or th

dolite range. The accuracy in both cases depends primarily on the

camera data do not require aircraft.instrumentation but restrict aircra%

tracking data, which depends on such factors as number of recording stations, r.
elevation angie.

operation to a
uality of the
nge, and

Pitot-static pressure measurement approaches require onboard aircraft instrumentation and
stable atmospheric conditions. {f wind shears, gusts, or changing static pressure
altitude relationships exist in-the test air mass, erroneous apparent energy fluctu

and the resulting data scatter will increase significantly. Incorporation of inertial
measurements into the-energy method equations will alleviate the problems as
wind shearg and gusts, but requires velocity measurements from a highly accur

inertial guidance system.

geometric
ations will exist,
locity

s}jciated with
e onboard

7.4 Flight Test Maneuvers:

Various maneuvers are employed during flight test programs for evaluation of engine and air
vehicle performance. These maneuvers range from steady-state (equilibrium conditions) to quasi-
steady-state and dynamic operating conditions. The characteristics of the most commonly used
fixed and variable throttle nonsteady maneuvers are outlined in Table 10. A brief description of
these maneuvers is contained in the following paragraphs.
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TABLE 10 - Flight Test Maneuvers
Maneuver Nominally Constant Primary Variables Residual Variable
STEADY-STATE
1-g Cruise  Mach/Altitude * None « Note'
Sustained g Turn * Mach/Altitude * None « Note'
QUASI STEADY-STATE
Accel/Decel e Altitude » Mach » Angle-of-Attack
e Net Thrust
» Excess Thrust
Climb/Descent e Mach ¢ Altitude ¢ Angle-of-Attack
sNetThrost—]
» Excess Thrist
DYNAMIC
Push-Over/Pull-up e Mach o Angle-of-Attack « Excess Thrust
e Net Thrust « Altitude
Windup/Down Tum * Mach » Angle-of-Attack « Net Thrust
» Excess Thrust
o Altitude
' Although excess thrust is targeted to be zero, any residual must be evaluated.

7.4.1 Quasi-Steagly-State Maneuvers: Quasi-steady maneuvers are those flown near [1-g normal
acceleration with a fixed throttle position (i.e., climbs, descents, level-flight accelerations, and
decelerations). Figure 43 is an example of a level flight aircraft acceleration. Altitide is
nominally held constant while Mach numbet.is the primary variable. Net thrust varies as a result
of the change in flight conditions and vehicle excess thrust varies as the differen¢e between the
propulsion and aerodynamic forces. The drag coverage for these types of maneuvers is limited
to that obtaijnable within the near 1-g-altitude and airspeed envelope of the vehicle, as indicated
in Figure 43 (see AIR1703, Appendix C or Reference 7.3 for a discussion of the development of
aircraft drag polars).

7.4.2 Dynamic Maneuvers: Bynamic maneuvers are characterized by transient variatipns in aircraft

longitudinal

and normal-acceleration while the engine throttie is either fixed or vatied. These

maneuvers @allow evaluation of the vehicle propulsion and aerodynamic charactefistics covering

a range of g

ngles ot attack beyond that which can be achieved through employment of either

steady-state or,quasi-steady-state maneuvers. The two types of dynamic maneuyers typically
used are tht-push-ovvrrpmrup-and-wrmrupfduwn-rums- = = :
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FIGURE 43 - Example Aircraft Acceleration Maneuver

7.4.2.1 Push-over/Pull-up Dynamic Maneuvery' The characteristics of the push-over/plill-up maneuver
are illustrated in Figure 44. The maneuver is performed after stabilizing at specified test
condition$ (altitude, Mach, and thrust required for equilibrium). Without a change in throttie
setting, a|push-over to approximately 0 g is performed, followed by a pull-up tq approximately
2 g's (obderving aircraft angte-of-attack and/or buffet limitations). The maneuver should be
performed with aircraft pitch changes in a smooth, steady manner over a duration of not less
than 20 s| Since Mach-number will vary from the nominal test conditions, this maneuver is
usually performed(in the flight regime where the Mach variations do not materiglly affect
evaluation of the vehicle aerodynamic characteristics (below drag divergence Mach number
and angle of ‘attack). Above drag divergence Mach number, this maneuver may be performed
over a linited angle-of-attack range to mitigate the effect of Mach number variptions on drag
characteristics. Therefore, extensive drag polar coverage can be obtained along the left
boundary, as indicated in Figure 44, but is somewhat limited at higher Mach numbers.
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FIGURE 44 - Example Push-Over/Pull-Up Maneuver

7.4.2.2 Wind-Up/Down Turn Dynamic Maneuvers: The wind-up/down turn may be performed with

the engine throttle either fixed.or varied. The aircraft is stabilized at the target Mach number
and altitude, after which a coordinated turn is initiated to either a target level of normal
acceleratipn or angle of attack. In a wind-up turn, Mach number is nominally held constant,
while duripg a wind-dewn turn, Mach number is allowed to fall off as altitude is hominally held
constant. Wind-up turns are typically employed to evaluate the elevated angie ¢f attack and
Mach divergenceflight regimes where control of Mach variations is critical to the evaluation of
the vehicle aerodynamics. Wind-down turns are employed to evaluate a particular elevated
angle of attack or normal load factor across a range of Mach numbers.

Figure 45 is an example of a fixed throttle wind-up turn. Mach number is nominally held
constant. As angle of attack is increased, altitude is traded in an attempt to maintain the
target Mach number. Drag polar coverage is along constant Mach lines, as indicated in
Figure 45.
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FIGURE 45 - Example Fixed-Throttie Wind-Up Turn Maneuver

7.4.2.2 (Continued):

Figure 46 is an example of a variable throttle wind-up turn maneuver. The manguver is
similiar to the fixed-throttle wind-up turn except that, in addition to Mach numbey, altitude is
nominally held constant through-modulation of thrust as normal acceleration is increased
during the coordinated turn: Vehicle excess thrust will vary as a result of the changes in the
aerodynaniic and propulsion forces. As with the fixed-throttle wind-up turn, drag|polar
coverage ig along lines.of constant Mach number.

7.5 Data Consistency Checks:

As stated prevjously, most elements of the transient thrust validation process are identical to
those discussed in Section 7 of AIR1703 for steady-state thrust determination. The transient
validation process includes:

a. Preflight Engine Consistency Checks: All performance data should be included in the
preflight engine consistency checks. Individual parameters, coefficients, and overall
performance are compared between model and full-scale tests and with simulation models.
Inconsistencies should be investigated prior to the flight test portion of the program. When
satisfactorily completed, these consistency checks improve the overall confidence in the test
program.
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FIGURE 46 - Example Variable;Throttle Wind-Up Turn Maneuver

7.5 (Continued):

b. Postflight|Engine Performance;. Specific flight tests, as outlined in AIR1703 Chapter 7, are

performed to determine and-validate installed engine operating characteristics,
fuel flow, and measured gas generator parameters as functions of engine pow

i.e., thrust,
pr setting and

flight opetating conditions: The types of flight tests and data correlation techniques are those

required tp verify and validate engine calibration information. This information i

hcludes Mach

number effects, Reynolds number and installation effects, and the effects of varying inlet and

engine cantrol.schedules.

¢. Aerodynamic Characteristics: The thrust measurement process, incorporating

proper

accountability for thrust and drag bookkeeping, Mach and Reynolds number effects, should
result in a "unique” drag polar for a given aerodynamic and propulsion configuration. Analysis
of the flight test aerodynamic data is useful, therefore, in identifying trends that are
symptomatic of errors or inaccuracies within the various elements of the thrust/drag
measurement process. These errors may be evidenced by a disagreement in the level of total
air vehicle drag between one or more types of maneuvers or flights of the same aerodynamic
configuration, or through erratic representation of the air vehicle induced drag and/or
compressibility (Mach) characteristics. Appendix C to AIR1703 contains an overview of these

items.
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7.5

7.6

7.6.1

(Continued):

Additional procedures discussed in the following subsections applicable to time-dependent thrust
determination include correlation between flight-measured engine transient characteristics and
predictions, correlation of the calculated change in thrust with that measured with an onboard

accelerometer for transient throttle flight maneuvers, and checks against the validity
steady assumption.

Evaluation of the Quasi Steady-State Assumption:

of the quasi-

The Quasi Steady-State Assumption implies that the steady-state thrust equations and
relationships developed in AIR1 703 are appllcable to aurcraft and engme condutlons involving

some level of t
accomplished through comparlson of data obtained from qua5|-steady and/or dyna

maneuvers with that obtained from corresponding steady-state maneuvers. Howeve

comparisons
effects of centgr of gravity, Reynolds number (skin friction drag), and engine thrust
for all maneuvers. Acceleration-deceleration maneuvers may require correction to g
normal load fagtor, normally 1 g. Dynamic maneuvers, e.g., push-over-pull-ups and
turns, require g¢orrection to 1-g trimmed conditions to account.for the additional conf
deflections (above that for 1-g flight) required to generate the,maneuver. Subsequ

completion of

ic
r, detailed
attention must|be made to the various corrections that are required in order that these

re made based on a common set of reference conditions. Adjustmerts for the
are required

constant

wind-up
rol surface

tto

lhese corrections and the data consistency checks described in 7.5, gny remaining

differences (or|lack thereof) in the comparisons with the steady-state drag polar data may be

used in assessing the validity of the Quasi Steady-State Assumption. Examples of

ese

comparisons for quasi-steady and dynamic maneuvers with fixed throttle and for dyhamic

maneuvers with variable throttle are presented.in the following paragraphs.

Quasi Steady-State Maneuvers: Figure 47 compares quasi steady-state (acceleration) data

gsts. Airflow for engine ram drag was deduced from a correlation of

7.4. Each

or to conduct

ngine low-

pressure rotgr speed with test facility airflow measurements. Engine gross thrust was

determined f
thrust (i.e., F.

om a correlation of Nozzle Pressure Ratio (NPR) with test facility megasurement of
AP gas path-method). All flight data were corrected to a common set of reference

conditions, and vehicle excess thrust was determined using the energy method described in
7.3.3 incorparating Velocity measurements from the vehicle inertial guidance system.

The quasi stgady-state and steady-state data in Figure 47 show excellent agreement with

approximately the same level of precision data scatter of 1%. The data presented
also contain results from sustained g turns (steady-state maneuvers performed at
normal acceleration) which also show agreement with the 1-g steady-state and qu

in Figure 47
elevated
asi steady-

state data. Within the range of time-dependent vehicle and engine conditions encountered

during this flight test program, the Quasi Steady-State Assumption is validated.
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FIGURE 47 - Vehicle Drag Poles - Steady and Quasi-Steady-State Flight Maneuvers
7.6.1 (Continued):
Figures 48 and 49 compare quasi steady-state (accelerations and climbs) and steady-state

drag data fqr a mixed-flow, afterburning turbofan, twin-engine configuration reported in
Reference 7.5. Calibration data were-obtained from testing of separate engines in an altitude
test facility. [The generic calibration data were used with uncalibrated engines, in¢orporating the

required instrumentation, in the.flight portion of the program to compute in-flight
hm drag was determined from correlation of engine low-pressure rot

for engine r.

jhrust. Airflow
r speed with

test facility airflow measurements. Engine gross thrust was determined using the|F/AP gas path

method. Ve

method desgribed in 7.3.2.

hicle excess thrust was calculated using the Body Axes Accelerometer (BAA)
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7.6.1

7.6.2

7.6.3

(Continued):

The fairing through the quasi steady-state data (Figure 48) is identical to the fairi

ng through the

steady-state data (Figure 49), except that 0.7 M drag divergence is included at lift coefficients

greater than 0.6. The results show excellent drag level correlation between the q
state and steady-state drag measurement techniques, and again demonstrates t
the Quasi Steady-State Assumption for the range of time-dependent vehicle and

uasi steady-
he validity of
engine

conditions encountered during this program. It should be noted that the precision data scatter

has increased from a level of +1% for steady-state data in Figure 49 to approxim

ately +4% for

the quasi steady-state data in Figure 48. Therefore, a larger quantity of quasi steady-state data
is required to obtain the same level of confidence in the drag measurements than is required for

the steady-state technique.

Dynamic Maneuvers - Fixed Throttle: Dynamic maneuver data from the References 7.4 and

7.6 flight programs are presented in Figures 50 and 51, respectively. The data’in
were obtaingd to investigate the applicability of the dynamic test technique-to un
vehicles. In gaddition to extending the range of drag polar definition, the results sh

correlation

state test te
Figure 50, i
of pitch rate
maneuver (|

The data in
slowly, smo
attention to
level of preg
worse than

ith the segment of the drag polar defined by the steady:state and qy
chniques (0.2 to 0.5C,) in Figure 47. Although the data scatter is sigr
ne results suggest that the quality can be improved through more op
during the maneuver. Note that the data scatter'is decreased near t
ow pitch rates) and increased in the vicinity of zero lift (high pitch rat

Figure 51 are the result of a conscious effort to perform the dynamic

ision data scatter in Figure 51, which shows that the subsonic 0.7 M
he quasi steady-state data scatter in Figure 48.

As evidence
special atte

d by the results in this section and the statements in References 7.4
tion must at least be.made to the control of pitch rate during the dyn

maneuver t¢ maintain the validity of the Quasi Steady-State Assumption. Pitch r3
the calculation of excess thrust'may also contribute to the increase in data scatte
maneuver results in this section agree favorably with the discussion of the limits
transients affecting aircraft performance in 3.3.

Figure 50
manned air
ow good
jasi steady-
Jificant in

e peaks of the
s).

imum control

maneuver

pthly, and uniformly with pitch rates exceeding not more than 1.5 deg/s. The
berforming the dynamic maneuver smoothly with low pitch rates explpins the lower

data are no

and 7.5,

amic

ite effects on

r. The dynamic
df aircraft

Dynamic Mgneuvers - Variable Throttle: Dynamic maneuvers with variable throtie have not

traditionally been-used to obtain either aircraft or engine performance. However,

during the

Technology|Demonstrator program of Reference 7.6, dynamic maneuvers (wind;

up turns) were

performed with both fixed and variable throttie. Figure 52 compares the results of a fixed-
throttle wind-up turn, a fixed-throttie push-over-pull-up, and a variable-throttie wind-up turn.
Center-of-gravity, Reynolds number, and control surface trim corrections were not applied to
the test results; however, the maneuvers were flown at nominally the same conditions (0.5 M,

20,000-ft altitude) such that the corrections would be approximately the same for

each of the

maneuvers. Airflow for engine ram drag was based on an altitude test facility-developed airflow
map as a function of low-pressure rotor speed. Engine gross thrust was determined using the

F/W T gas path method utilizing the generic engine test calibration scheme. Excess thrust

was determined using the Body Axes Accelerometer (BAA) method of 7.3.2.
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1.6
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FIGURE 52 - |Vehicle Drag Polar for Fixed and Variable Throttle Dynamic Aircraft Maneuvers

7.6.3 (Continued}:

Although thiere are no steady-state data available for comparison, the variable- and fixed-
throttle datg correlate very well. This comparison does not validate the Quasi Steady-State
Assumptior]. However,if-other comparisons of fixed throttle correlate well with steady-state data
(see 7.6.1 and 7.6.2),then it can be assumed that the variable-throttle data will also correlate.

Variable-throttle maneuvers offer the ability to better control the transient flight conditions of a
maneuver Qyallowing both Mach number and altitude to be maintained which, ir| turn, allow

lower pitch : e useful in
maintaining the validity of the Quasi Steady-State Assumption as discussed under the fixed-

throttle dynamic maneuvers in 7.6.2.
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7.6.4 Dynamic Maneuvers - Additional Considerations: Dynamic maneuvers at a fixed- or variable-
throttle setting can have an effect on engine as well as vehicle performance measurements.
During extreme maneuvering, inlet distortion can seriously degrade engine performance by
producing large fluctuations in pressure and mass flow entering the engine. Ram recovery can
be significantly reduced by inlet distortion. Figure 53 illustrates the effect of angle of attack on
thrust. Thrust is shown as a ratio of the 0-deg angle-of-attack value for various flight conditions.
These data were originally obtained in a wind tunnel and later validated with flight data.

104 ......... ......... ....... ......... ......... .........
: : : : Mach}Anitude, ft :
: : : : L) ———— 0.2/15K

1021 - R T O e 0.2/85K

1.00

098 -

F(x)
Fn (x=0)

096/

094

Thrust Ratio =

0.92]-

0.90]-

088 : : : : : : .
0 10 20 30 40 50 60 70
Angle of Attack, a,deg

FIGURE 53 - Angle of Attack Effects on Engine Thrust

Most in-flight thrust models require an accurate understanding of the engine entrance
conditions. The measurement of inlet distortion during flight is difficult because of the
instrumentation and data acquisition challenges. Inlet pressure contours are obtained from an
array of pressure probes recorded at high sample rates. Data analysis is also difficult because
of the continual variation and large quantities of data.
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7.6.4 (Continued):

The analysis of vehicle performance during dynamic maneuvering can require correction for
trim drag effects, flow separation from lifting surfaces, and reversal of horizontal control surface
lift. Large trim lift and drag corrections are caused by high maneuver rates or large changes in
maneuver rate. If a maneuver is performed at a high rate, generally large longitudinal control
surface deflections are required to generate the commanded pitch rates and accelerations. The
large control surface deflections must be corrected back to the trimmed (zero pitch rate and
accelerations) condition with resulting large corrections in trim lift/drag. Figure 54, developed
during the Reference 7.6 program, shows the effect of maneuver rate on the vehicle drag polar
when the results are not corrected for trim effects. The aerodynamic configuration of

Reference 7.6 has a three-surface pitch control system (forward canards, wing camber control,
and trailing Ha i i : i ects illustrated
in this example were caused by the slow tracking rate of the control surface scheduling during
wind-up tum maneuvers.

Medium

Maneuver Rate kast

Lift Coefficient - C,

Drag Coefficient - C,

FIGURE 54 - Maneuver Effects on Variable Drag Polar for Wind-Up Turns at Various Rates


https://saenorm.com/api/?name=3426af3d69b728d43fa8f22954df923f

SAE AIR5020A Page 117 of 161

7.6.4 (Continued):

The reversal of control surface lift can also cause difficulties when analyzing dynamic vehicle
performance maneuvers. For a conventional, stable aircraft, the horizontal control surface is
downloaded. That is, for trimmed flight, the control surface has negative lift relative to the flight
path. In performing a dynamic push-over maneuver, it is possible, particularly at aft center-of-
gravity conditions, to upload the horizontal control surface. When this occurs, the control
surface drag has gone through its minimum value (see Figure 55). Most incremental correction
schemes assume it is still decreasing, causing an error in the correction (in this case in the
wrong direction). If the tail lift were known precisely, the correction could be made properly, but
correcting through the minimum drag point remains difficult.

Jp
o—l
€
2
[ 3]
& 0
[ 4
S
Normal Trim.Ral
.-ET
[
Down
Tail Drag Coefficient - C,,,,
EIGURE 55 - Hori | Tail Lift T Coeffici

Another problem associated with dynamic vehicle performance is that of aerodynamic
hysteresis associated with flow separation. This phenomenon is not easily recognized, but does
exist (see Reference 7.7). Once flow has separated from the surface, it will normally reattach at
a much lower angle of attack. Also, the repeatability of the reattachment location is not always
consistent and may be time-dependent. In effect, this is an airflow hysteresis. Figure 56
illustrates this' phenomenon based on data obtained during the Reference 7.8 flight program.
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FIGURE 56 - Airflow Hysteresis Effects on Variable Drag
Polar for Push-Over Following-a Pull-Up at M = 0.85
7.7 Validation of Transient Thrust Measurement:
Flight test analysis techniques were developed to evaluate the accuracy of in-flight thrust
measurement during transient engine operation. Thrust accuracy was assessed by comparing

engine and aircraft performance-response during varying throttie perturbations at ¢
state flight cohditions. This approach relies on an accurate measure of aircraft exc
to evaluate the computed installed propulsive force, Fier, using the relationship of §

Fex = Fipr - Dars

juasi steady-
ess thrust, Fex,
Fquation 45:

(Eq.45)

During stabilized flight conditions, drag can be assumed constant. This provides tvl/o important

relationships tor-dynamic evaluation.

AFgx = AFjpp

and

AFpx / At=ARpp / At

(Eq.46)

(Eq.47)
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7.7

7.71

(Continued):

Two transient throttle maneuvers were formulated to use the above relationships. Throttle steps
at various rates were used to compare the change in Fipr t0 Fex. Throttle frequency sweeps were
used to evaluate the effect throttle rate has on calculated thrust. Both techniques give insight into
the accuracy of calculated Fier during variable-throttle usage. Examples of each are presented
using current in-flight thrust methodology utilized during recent flight test programs. The
instrumentation and data acquisition systems used to obtain the data presented in this section
were designed for typical vehicle performance testing. No attempt was made to optimize it for the
dynamic performance application. These examples are presented only for the purpose of
illustrating the time variant inflight thrust validation techniques.

Throttle Tr.

bypass turbpfan engine installed in an advanced technology demonstrator during

aircraft fligh
typical throf]
and interme
system or tt

Max A/B

IRT

ENGINE THRUST SETTING

conditions. Figure 57 illustrates three throttle rates: fast, medium, a
He step inputs. Similar transients were developed for throttle ¢hops fri
diate rated thrusts. Actual throttie rates would be tailored to-the spec
arust method being evaluated.

. I~ Fast (Throttle Movement) Ll
: . Y ¥ . .

on a low-
stabilized
hd slow for
bhm maximum
fic engine

idle-IRT

idle

- = - = jdie-Max

Time, s

FIGURE 57 - Comparison of Throttle Transient Rates for Dynamic Fipr Analysis
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7.71

(Continued):

Thrust accuracy was evaluated by comparing the change in net propulsive force, AFer, to the
change in aircraft measured excess thrust, AFex, during the transients. Figure 58 shows the
time-history response of various aircraft and engine parameters obtained during a series of
throttle transients. The maneuver was initiated with the aircraft stabilized at the indicated flight
conditions and the throttle set at the power required for level flight, PLF. After stabilization, the
throttle was advanced to Max thrust at a medium rate, held for 10 s, then decreased to
intermediate rated thrust, IRT, held until afterburner cancellation was complete, then reduced to
idle.

Thrust was calculated using the conventional mass flow-temperature version of the gas path
method (sef 4.2). lTwas supplied by g intended for quasi-steady-
state applications. Figure 59 provides a comparison of Fier to Fex for the thrattle fransient
presented gbove. It also includes the ideal line computed from the dynamic relationship
presented in Equation 46. The results show this particular thrust model tends to pverpredict Fipe
while the thfottle is advanced and underpredicts it while throttiing back:, This tendency can be
attributed tq the accei/decel scheduling of fuel flow during the transient. The thryst model uses
measured fluel flow, fan inlet temperature, and compressor speed (Figure 58) to [calculate a
temperature rise and mass flow rate through the engine. Thesmodel assumes a steady-state
fuel-air ratiq, thermal stabilization, and an energy balance.between the turbines and
fan/compressor components. Because these assumptions)do not hold during a throttle
transient, the model overestimates nozzle mass flow and nozzle throat temperature during
throttle advancements and underpredicts both values during throttle reductions. [The tendency
is more propounced the faster the throttle transient rate.

Comparisons of Fipe versus Fex calculated during various throttle rates are shown in Figure 60.
An obvious [difference occurs between afterburner and dry power transients. Aftarburner
transients are more sensitive to throttle'rate, particularly during throttle chops. The primary
reason for this is the use of power lever angle (PLA) to select when the afterbumer is on or off.
The thrust dalculation logic doestnot account for augmentor transition time. This fimitation is
most noticepble during the Max thrust to IRT throttle step (Figure 60A), where afterburner fuel

afterburner flowmeter when no fuel flows through it. In this case the model uses the noise as
the afterburperfuel flow value resulting in an overestimation of Fipe. Figure 60B i|lustrates this
during the i i i ation is being
initiated, Fie¢ is influenced by the incorrect fuel flow value feeding the afterburner logic in the
model. Calculated net thrust takes a sudden drop as soon as minimum afterburner operation is
achieved because the afterburner fuel flowmeter is now operating normally. Figure 61
summarizes the effect of using PLA as a logical test for afterburner operation on the assumed
fuel flow value in the thrust model.
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FIGURE 58A - Aircraft Flight Conditions
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FIGURE 58C - Engine Parameter Values

FIGURE.58-- Throttle Transient Time Histories
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FIGURE 59 - Comparison of Fipe and Fgx for a RLF-Max-IRT Throttle Transient
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FIGURE 60A - Max to IRT to Idle
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FIGURE 61 - Problems With Fuel Flow Calculation Caused by Using PLA as Afterburne
(Continued):

7.71

The nonafterthurner engine throttie step results in Figure 60 are noticeably affectec
engine accel/lecel schedule, but show little sensitivity to throttle rate. The slow Idl
transient (Figure 60C) differs from the.ideal Fipr value (based on change in Fex) b
while the IRTto-ldle transients (Figure 60A) deviate up to 1,000 Ibf from the ideal
Variations in Fjpr due to throttierrates are less than 100 Ibf of each other, indicatin
possible throttle rate limiting ¢ondition exists in the engine control. This could be v
repeating the|maneuver at slower PLA rates

r Logic Test

up to 500 Ib
alue.

that a

rified by

A comparisor} of three.various thrust calculation methods was made using the medium-rate

throttle steps presénted in Figure 58. In addition to the mass flow-temperature me

od

(F/W JT ) preyiously discussed, the gas path technique based on nozzle throat area and

pressure (F/A

ped for real-

time application (4.1.2 ) was also tested. This method only uses augmentor-measured static

and total pressures to calculate gross thrust. These three methods were calibrated i

inan

altitude thrust facility where the steady-state gross thrust accuracies were determined to be
1.2%, 1.65%, and 1.8%, respectively, for FF/W /T, F/AP, and SGTM (Reference 7.9). The
transient Fpr values calculated using these methods are compared in Figure 62. Small
adjustments (biases) were made to the F/AP and SGTM thrust values to improve their
agreement at steady-state conditions. Both the F/AP and SGTM methods show improved

dynamic results over the F/W T method, particularly during dry power operation. This is
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