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In-Flight Thrust Determination

PREFACE

The growing|need for determining in-flight propulsion system-thrust|employing
turbofan anﬂ turbojet engines has been apparent for several years. |The reasons
for requiripg this information, as specified in the E-33 Charter, are:

o Deterpination of aircraft drag
0 ProblEm rectification if aircraft performance is low
o Interpolation of measured thrust and aircraft drag over a range of

flight conditions by validation and development of analytical |models
o Establishment of a baseline for future*aircraft and engine modifications.

In 1972, the Safety Standardization Advisory Committee of the SAE Ag¢rospace
Council, working with the SAE Propulsien Division suggested the neeq for
improved knpwledge of aircraft propulsion system in-flight thrust. [Later, the
U.S. Air Force Aeronautical Systems Division independently made a similar
suggestion.

The Propulsjon Division and<the Aerospace Council concluded that the real need
was to establish a forum where this subject could be discussed by knowledgeable
experts on @ technical basis. SAE undertook to do so. Dr. Robert Abernethy
was commissjoned by George Townsend, Propulsion Division Chairman, t{o organize
the In-Flight Propulsion Measurement Committee E-33. Mr. Gary Adams,
representing the Air/Force, was also involved in organizing the E-33 Committee
at this ear]y stage. The first meeting took place in December, 1978.
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The E-33 Committee endeavored to gather industry-wide expertise in in-flight
thrust measurement and uncertainty analysis. The Committee was organized into
Subcommittees A/B which concentrated on thrust/drag bookkeeping and thrust
determination methodology, and Subcommittee C which addressed the subject of
thrust determination uncertainty.

After reviewing the industry state-of-the-art, Committee E-33 determined that
it would be appropriate to assemble and publish two companion Aerospace
Information Reports. Subcommittee E-33A/B was organized under Chairman John
Roberts to produce AIR 1703, "In-Flight Thrust Determination." Subcommittee
E-33C, under Chairman Gary Adams, produced AIR 1678, "Uncertainty of In-Flight
Thrust Determination." Together these reports provide a comprehensive survey
of in-flight thrust determination, beginning with definitions and concluding
with guidelines for planning a total program and estimating the measurement
errors.

Each member of this committee worked diligently for many years to proche
these two reports. We are indebted to them for their extraordinary effforts.
Special mention |s due the Sponsors, Bill Wallace and Jim Thompson and| the
Arnold Engineering Development Center that produced the figures? The member
sponsoring organjzations are to be commended for their support. Final[ly the
British MIDAP Group, the AIAA Thrust-Drag Editorial Boards<and our Consultants
provided valuable liaison.

R. B. Abernethy John Roberts Gary, Adams John Steurer
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Roman

Ao/Ac

DAFS

SYMBOLS

Description

Area

Inlet capture ratio = mass flow
ratio

Either discharge coefficient
or drag coefficient

Gross thrust coefficient

U.S. Common

Units

ft2

Lift coefficient

Specific thrust coefficient based
on ideal flexible convergent-
divergent nozzle expansion
Specific thrust coefficient based
on ideal convergent nozzle
expansion

Drag force (for subscripts see ¢g)

Aircraft system drag at full-scale
reference conditions

Function ofcargument within ( )
Force or absolute stream force
Excess thrust

Gross thrust and gauge stream force

Modified gross thrust at core or
bypass nozzle exit

1b

1b

1b

1b
1b

—
o

Instattedproputsiveforce
Measured test stand force

Net thrust between stations 0 and 9
for single-stream engine

—

o

1b

1b

SI
Units

me
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NPR
NPRA

SYMBOLS (CONTD.)

U.S. Common SI
Description Units Units
Overall net thrust between stations
0 and 00 1b N
Modified net thrust 1b N
Intrinsic net thrust between
stations 1 and 9 1b N
Ram drag or free stream momentum 1b N
Trunnion thrust 1b N
Gravitation constant ft/s2 m/s2
Gross thrust parameter - -
Flight Mach number - -
Engine rotational speed rpm rpm
Nozzle pressure ratio - -
Area-weighted nozzle pressure
ratio - -
Power leven-angle deg deg
Static pressure 1b/ft2 N/m2
Free'stream static pressure 1b/ft2 N/m2
Nozzle base static pressure
(distinguished from Pgq) 1b/ft2 N/m2
Mean static pressure over
i 2 N/m2
Total pressure 1b/ft2 N/m?
Freestream dynamic pressure 1b/ft2 N/m2
Gas constant ft-1b/1b R J/kg
Reynolds number index - -
Surface or reference area ft2 m2
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Roman

WRF

Greek

R

)

SYMBOLS (CONTD.)

U.S. Common

Description Units
Total temperature R
Velocity ft/s
Free stream velocity or flight
speed ft/s
Either mass flow rate or slug/s
aircraft weight 1b
Fuel mass flow rate slug/s
Afterburner fuel mass flow rate slug/s
Angle of attack deg
Specific heat ratio = Cp/Cy -
Non-dimensional pressure =
P/Pso, sL, STD -
Parameter incremental change -
Intake pressure recovery =
Pt2 /P -
Non-diménsional temperature =
T/Ts0; SL, STD -
Axial gauge force on a body or
stream tube surface 1b
Axial gauge.force on external surface

stations 19 and 00

Pressure area or buoyancy force in

engine test facility

Scrubbing force in engine test
facility

Xi

1b

1b

1b

SI
Units

m/s

m/s

kg/s
N

kg/s
kg/s

deg
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SYMBOLS (CONTD.)

U.S. Common

Greek Description Units
SFB Axial gauge force on engine fore-
body 1b
#plug Axial gauge force on plug surface
downstream of station 9 1b
$post Axial gauge force on post exit
streamtube between stations
9 and 00 1b
¢pre Axial gauge force on pre-entry
streamtube between stations 0 and 1 1b
Bpylon Axial gauge force on pylon surface
within bypass streamtube 1b
fs Pressure-area and scrubbing{forces
at ATF slip joint 1b
Subscripts
0,1,2,etc| Station designations (see Figure 2.1)
a and b Test cell ambient conditions
act Actual value (distinguished from
"jdeal")
AB Afterbody (i.e., nozzle/afterbody
drag)
AC Aircraft
AVG Average
con Convergent ideal nozzle
calc Calculated
eff Effective value of V at exit from
a con-di nozzle which, when multiplied
by Wact, gives Fg act, or effective flow area
EXH Exhaust

Xii

SI
Units
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Subscripts

flex-con-di

id

INL

L

max, MAX
min, MIN
ref, REF
s

STD

TRIM

SYMBOLS (CONTD.)

Description

Flexible convergent-divergent
jdeal nozzle

High-pressure engine spool

Ideal value (distinguished from
"actual")

Inlet

U.S. Common

Units

Low-pressure engine spool

Maximum

Minimum

Reference value or conditions
Static conditions

Standard (temperature or:pressure)
Total conditions

Aircraft trim related

Xiii

SI
Units
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1. INTRODUCTION:

The determination of in-flight thrust can be a complex process. Success
depends upon careful planning and meticulous attention to detail throughout
the test program. It is important that the participants involved (engine and
airframe manufacturers, military service, government agency, etc.) agree at
the outset on the definitions and the methods to be used for demonstration.
Provision for flexibility and redundant methods is important to provide for
unforseen difficulties with a particular method.

There are no industry or government standards for determining in-flight thrust
or associated uncertainty at present. The purpose of this AIR is to present
information and guidance on the selection of methodologies to predict and
assess i i i rams of

convent Methodologies
beyond gurations such
ed to be used as
panion document,
ainty of
ehensive
program would
objectives.

onal aircraft employing turbofan or turbojet engines.
hose presented are required in order to evaluate ‘confji
red thrust or V/STOL aircraft. The document is<inten
cal guide, not as a standard or legal documenty A co
1678, presents procedures for the estimation)of uncer
t thrust determination. Both documents _describe comp
es and tasks for implementing the methgdologies. Eac
hose tasks that are appropriate to meet its particula

used for the
basic
talled thrust of
ulate thrust of
the aircraft.
tions. This
(MIDAP) Guide,
to understand
in-flight
rmination

fully developed
duct of the

ort reviews the major aspects of processes that may b
determination of in-flight thrust. It includes discussions o
definitions, analytical and ground-test methods to predict in
a given|propulsion system, and methods to gather data and cal
the propulsion system during the flight development program o
Much of [the treatment is necessarily brief due to space limit
document and the British Ministry/Industry Drag Analysis Pane
which SAE Committee E-33 used as a starting point, can be use
the prodgesses and limitations involved in the determination o
thrust. {1.1)* Application to a specific in-flight thrust det
program|will require(the use of many important assumptions no
herein, |and these.assumptions must be evaluated during the co
program

This re

This AIR iscorganized into nine Sections containing the following major topics:

Definitions and Basic Methodolo Section 2): This section presents the
definitions necessary for the determination of in-flight thrust:

0 Gross and net thrust are defined along with the justification for the
selection of particular reference planes for the definition of inlet and
exhaust momenta. Modified gross thrust is introduced and explained in
relation to calibration practice. Details of the force derivation and
control volume are presented in Appendix A.

o A thrust/drag bookkeeping procedure, which establishes baseline reference
geometry and operating conditions for the throttle-dependent drag terms, is
described and terms defined. A1l aspects of this bookkeeping may not be
essential to all applications of in-flight thrust determination, as pointed
out in Section 3 .

*References are listed in Section 9.
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Definitions and Basic Methodology (Section 2) (Cont'd.):

o The various method options for determining gross and net thrust are
defined, i.e., overall performance, gas path/nozzle, nozzle exit traverse
and trunnion.

o The various nozzle coefficients used for determining flow and thrust in
the nozzle option method are defined.

Propulsion System Installations (Section 3): This section discusses the
application of thrust/drag bookkeeping for both podded and integrated engine

configurations. Inlet and nozzle considerations for variable geometry and
unusual f[installations are addressed briefly.

In-F1ight Thrust Methods (Section 4): This section describes [the various
method options available for determining in-flight thrust:

o Overalll Performance - These options require no<special engine gas-path
instrumentation for implementation. They are gen?rally the same as those
called "brochure" options in the MIDAP Guide< A special case
employs a cycle match computer simulation,

o Gas Path/Nozzle - These options require special calibrated [instrumentation
at various engine stations for implementation. A common example is the
use of calibrated instrumentation.@t the nozzle entry station in
conjupction with nozzle thrust and flow coefficients. Flow can also be

ined from instrumentation“at other convenient engine |stations.

methods are called gas, generator options in the MIDAR Guide.

Exit Traverse - This method uses in-flight measuremgnts of nozzle
ressures and temperatures to integrate into thrust and airflow. It
a commonly used method, although there are instanceg of its

sful implementation.

ion Method - This method involves the utilization of direct in-flight
ement-of force at the engine mounts. The force measyred at the

is“@ mixture of force terms that present a new set qf bookkeeping
ms. It has had 1Timited application. It is the only |method option

o Examples - Typical examples are presented in the final subsection.

Calibration Techniques (Section 5): Methods for calibrating engines and
sub-scale models in ground test facilities are discussed in this Section.
Subjects included are:

o Engine testing in a ground level test bed (GLTB)
o Engine testing in an altitude test facility (ATF)
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Calibration Techniques (Section 5) (Cont'd.):

o Scale-model nozzle testing relative to facility selection, model design
and fabrication

o Correction of model data and extrapolation to the full-scale flight vehicle

o Scale-model afterbody testing required to assess throttle-dependent
afterbody forces

o Scale-model inlet testing required to determine throttle-dependent
spill

J

sion simulator testing to determine throttle-dependent nozzle, inlet
terference forces.

o Propu

and i
Discussipns of facility considerations, test techniques and examples are
included

Data Acquisition (Section 6): A discussion of. general conceptis and good
practice|regarding data acquisition is contained in this sectipn. Sensor and
data system requirements for both in-flight,testing and testing in ground
facilitie¢s are discussed for the thrust measurement options described in
Section 4. Sensor requirements, signaliiconditioning, data recprding, data
processimng, datum checks, and calibration are addressed.

Test Analysis For Thrust Validation (Section 7): The use of ipformation from
ground and flight test programs to isolate and correct errors jand improve
confidenge in the results is_described:

o Prefli{ght consistency checks are a vital part of the overalll performance
evalugtion. Individual parameters, coefficients and overal|l performance
are compared among model and full-scale tests and the "math| model" using
redundant methods. Inconsistencies should be corrected pripr to the
flight test.

o Addit{onal‘checks of engine operation and performance data pre necessary
after|obtaining engine operating data at static and flight fonditions in
the aircraft.  Comparisons with ground test and math models will continue
with particular emphasis on verifying installation assumptions.

o A further data verification can be obtained when the aerodynamic drag
derived from the propulsion measurements produces a logical drag
representation of the aircraft. A more detailed discussion of the
fundamentals of this process is given in Appendix C.

o Drag determination techniques which are the basis for the aerodynamic
consistency checks discussed in Section 7.

o Examples - Typical examples are included in the final subsection.
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Test Planning Guidelines (Section 8): The necessity for ea

rly involvement of

all the participants in the formulation of an integrated test plan is
discussed. Specific topics include:

o The task force concept is one method suggested for formulating and
implementing a plan. The function of this group is desc

ribed.

o The factors to be considered in the selection of method(s) for computing
in-flight thrust and the impact which the flight test goals and data
validity requirements have on the selection process are presented.
Reliance on past experience and judgment and use of the uncertainty

ang
o An
Three
o Apf

Th1
thy
eqy

o Apy

Thi
thy
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0o Apy

Thi
vel
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dis

[Tysis are emphasized.

example of an integrated program plan is presentéd.
Appendices are also included:

endix A - Fundamentals of Thrust/Drag Accounting

s appendix starts from basic fundamentals to outline
'ust, drag, and force accounting which are the foundat
ations of Section 2.

endix B - Unsteady Influences:;on Thrust Determination
s appendix outlines methods for assessing the magnitu
rust terms, including unsteady engine thermal effects
trumentation measurement errors, that ordinarily are
n applying steady-state equations.

endix C - Aerodynamic Characteristics and In-Flight D
s appendix.provides an overview of the theoretical as
icle aerodynamic characteristics and in-flight drag d

hniques-which are the basis for aerodynamic consisten
cussed in Section 7.

the principles of
ion for the

de of transient
and transient
not considered

rag Determination
bects of air

btermination
cy checks
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DEFINITIONS AND BASIC METHODOLOGY:

The in-flight forces acting on the installed propulsion system are sometimes

difficult to define and are often even more difficult to evaluate.

In

distinguishing between 1n—flight thrust and drag forces, it is important that
the definition of thrust is well understood by all concerned and that there
is a proper accounting of all the forces acting on the propulsion system.

The following paragraphs discuss the definitions of thrust,
accounting, and other basic terms used for evaluating in- f]

thrust/drag
ight thrust.

Prior to discussing these terms, it is necessary to introduce a consistent
station numbering system to define flow path locations ahead, within and aft

of the
are co

propulsion system. Figure 2.1 presents ? summ%r%
hsistent with SAE's ARP 755A and AS 681C. (2.1, 2. }
ix A provides additional background information.for t
/drag expressions.

Append
thrust

2.1 Thrus
me thof
drag
defin
thrus
propu
in th
it wi
path.
that
there

t: A basic premise in establishing a useful in-fligh
dology is to define propulsion system thrust and assc
50 they are equal in level, non-accelerating flight.

ition should also facilitate the determination of dra
t measurements in unsteady flight.” To this end, the
sion system is defined as a force attributable to th
b absence of any losses in the external flow. Being
1 generally have components normal to and parallel t
For the purpose of thexdiscussion which follows, itf
the thrust axis is parallel to the flight path and th
fore equal to drag in-steady level flight.

18
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at thrust is
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1 2
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Figure 2.1 - Station Numbering System
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2.1 Thrust (cont'd.):

WV —=

The drag of a non-lifting body is entirely the consequence of energy
dissipation in the external flow due to viscous effects resulting from skin
friction, flow separation, and the formation of shock waves. In the absence
of a propulsive flow, drag may be equated to a momentum defect at a station
far downstream of the body where static pressures have returned to the
freestream ambient value. It is the sum of drag consistent with this concept
and of drag due to the generation of 1ift which equates to thrust in steady
level flight.

A mixing process begins at the conjunction of the internal and external flows
at the exhaust nozzle exit. Therefore, neither the thrust nor the drag of a
propulsilon system can be defined mathematically without either the hypothesis
of a frijctionless slip surface separating the internal andCexternal flows

am of the nozzle exit or the involvement of relationships defining
sfer of mass, momentum and energy between the two flows. With the

is of a slip surface, drag may again be equated to a momentum defect
tion far downstream and thrust may be equated to the momentum of the
stream(s) at a station far downstream of the nozzle exit station less
ntum of the internal flow at a station<far upstream of the engine

he overall net thrust of a single stream propulsion gystem is
represented by the expression:

FN = Wy V00 - wo V0 (2.1)

It is the equivalent of the sum of’the forces #ppre, FN, jpt, and Bpost
exerted jon the stream-tube boundlng the flow be%ween stations|0 and 00 (see
Figure 2.2). The adopted sign convention is that forces exerted by the flow
on the sltream-tube boundariés are positive in the upstream direction. The
intrinsilc net thrust, Fy,\int, is the force exerted between the inlet and
exit stations. The forces fpre and #post are implicit in the|definition

of drag [as a force whith can be equated to a momentum defect 3t station 00.
Their reactions must be included in the definition of thrust,|if thrust is to
be consildered equal to drag. That is:

Fiy-= ¢pre ¥ FN, int ¢post (2.2)
Nacelle ]
Slip Surface Between
P Internal and External
= EFt : — __Flows
@ in ~~_ .
— _“pre _ ' G9~ ~a,, ost ‘T
0 1 ) o oo

Figure 2.2 - Force Components for Simple Nacelle
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2.1 Thrust (cont'd.):

A natural consequence of the definition of thrust as the change in momentum
of the internal flow between stations far upstream and downstream of the
engine is the automatic inclusion in thrust of all forces exerted by the
internal flow on all surfaces wetted by it between those stations, whether
they be upstream of the engine inlet or downstream of the nozzle exit
stations. Thus for the case of a nacelle with a centerbody, Figure 2-3, the
forebody, #rg, and plug, fpiug, forces are included in the thrust

credited to the engine. For %his case, the net thrust is:

PN = Ppre - BB T TN, int © Ppost = Pplug (2.3)

Figures 2.2 and 2.3 use Fg as the symbol for gauge stream fgrce, which is
the sum of momentum and gauge-pressure times area terms.

The expressions for thrust assume the existence ©f one-dimensional (uniform)
flow at station O and 00. A rigorous definition applicable [to the general
case wpuld involve the use of vectors and surface integrals.

An alternate and equivalent definition of, thrust is:

N = Ng v

F 9" A9 (PSQ - PsO) ' dpost * ép]ug - w0 V0 (2.4)

Thrust af defined above, is called overall net thrust by tHe MIDAP Study
Group [1.1) and is dependentcon the aerodynamic design of the propulsion
system| and on free-stream(flow effects through their influerice on Wg (and
therefpre Wg) and Vop, or.alternatively on Wg, Vg, Ps9, 6p1ig
and fphst. As a consequence, overall net thrust is not compatible with
the nepd for a thrust-definition that is independent of the [external

aerodypamics of the-engine installation and the external flgw field.

Severa]l alternative expressions for thrust can be adopted and used as models
for infflight>thrust determination. These expressions can he related to the
overal] netthrust, as defined by Equation 2.4, by the elimination of one or
more terms. While these expressions do not conform to the definition of

thrust in a Strict sense, they are adequate for many purposes.
_‘,,—tJ:::_ - —_——
— frg Ppre FN, int Fra  ~ %post—
Mo *y o I TS
0 1 9 49]

Figure 2.3 - Force Components for Centerbody Nacelle
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2.1 Thrust (cont'd.):

An important definition excludes the Bpog¢ term from net thrust. This
deletion neither ignores its existance nor its effect on propulsion.
Rather, as a necessity or convenience, it establishes its accounting as a
"drag" term.

For the centerbody nacelle, elimination of the fpost term from Equation 2.4
results in the expression:

W (2.5)

* o -~ . -
*™n =g Yo 7 Rg g9 = Fso? ™ Pprug = %o "0

The symbol F; and the term modified standard net thrust haveg been assigned
*

to thip parameter by the MIDAP Study Group. The symbol FN a

modified net thrust will be used here to avoid-any implicatilon that the

adoptipn of this definition as an aerospace standard is intgnded.

nd the name

Elimination of the term dp1ug from the above expression for modified net
thrust| results in:

FN = Wg Vg *+ Ag (Pg9 - Pgg) - Wo Vp (2.6)

FN is termed standard net thrust.)in the MIDAP Report but willl be called
simply|net thrust in this report. Excluding fp1,q from thrust requires it
to be accounted as a drag term. This may be difficult, makijng modified net
thrust|a more convenient definition. Net thrust and modifigd net thrust are
the sape for an engine without an afterbody within the exhaust streamtube.

Thrust|can be assumed to depend on external flow-field effedts. Only if the
effects of the external flow field are neglected is it possiple to define a
thrust|that can<be established by direct force measurement through static
testing of the-engine and exhaust system in a ground-level or altitude test
facility. <Partial recognition of the effects of the external flow on thrust

may be|achieved through model testing (see Section 5.2). Force measurements
acquired_in_ihe_presence_nf_an_external_flnu_uill_inuariablj include

elements of drag or exclude elements of thrust which cannot be determined in
a direct manner.

In many instances, post exit thrust and afterbody forces are negligible; in
other cases, the relegation of post-exit thrust and/or unaccounted afterbody
forces to the drag account may be of no practical consequence. The degree
to which external flow-field effects are properly represented in in-flight
thrust determination depends entirely on the testing performed to establish
installed engine or exhaust system performance characteristics. Precise
accounting for external flow-field effects requires "wind-on" testing of the
engine installation in a wind tunnel and the application of appropriate
accounting methods to break down measured forces into thrust and drag
components.
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2.1 Thrust (cont'd.):

Numerous interpretations of the term "thrust" are possible.
involved in the determination of "thrust" in flight should reach early
agreement regarding the definition of “thrust" and corresponding "drag" and

of ac

onvenient thrust/drag accounting procedure.

The parties

The determination of

overall net thrust cannot be accomplished without the estimation of the
magnitude of one or more forces which cannot be measured directly.

Because of the difficulties in adapting overall net thrust into a practical
thrust/drag accounting system, other thrust definitions have been utilized

for ip=fHight—throst—determimatior—Modified et thrust—{E]

consi(

The e
Ccreatgq
post e
opposi
of mog¢
Figure

A comm
term 4

strean momentum, Wg Vp.
ing terms on the-right-hand side of the net thrust equation.

remain
for mg

ered an acceptable definition for most aircraft propu

tension of the above definitions to multiple-fléw pro
s no new problems. If one of the flows totally enclo
xit thrust term of the enclosed flow is can€elled by
te force exerted on the enclosing flow. _~An example o
ified net thrust to a high-bypass-rati® turbofan engi
2.4, is:

*

Fy =

Wg V

9 - P

g * Ag (Pgg - Poo)i¥8yug * W1g Vig

* Ao (Poyg - Pod* dpp - Wy Vo
on convention is to define net thrust as the vector s

nd an appropriate gross thrust term. Ram drag, FR, i
The gross thrust term is the sum o

dified net thrust:
* *.
FN = FG FR

quation 2.5) is
Ision systems.

pbulsion systems
ses another, the
an equal and

f the application
he, shown in

(2.7)

im of a ram drag
5 the free-

F the

Thus,

(2.8)

"19

Figure 2.4 - Force Components for Dual Stream Nacelle
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2.1 Thrust (cont'd.):

*
where: Modified gross thrust, FG’ for a single-stream engine is:

*

Fe = Fgo * ¢p1ug = Wy Vg + Ag (PSg - PsO) + ¢p]ug (2.9)
and for a dual-stream engine is:

*

Fn _F!‘n+¢-\1..n+Ff‘1n+¢l\D -wn vn An (P,o' PSO)

A\ } \¥ 4 lug \¥ | g Ial=d 4 4 4 ~
* Botug T Y19 Vo T Ao (Pgg - Pso) * Ohs (2.10)

The comparable relationship for gross thrust, Fg, for“a duall-stream
engine|is:

FG = w9 V9 + A9 (PSg - PSO) + wlg V19 + A19 (Pslg - PSO) (2.11)
The abgve equations are for steady-statecflow conditions. pendix B

presents information to substantiate the validity of this asjsumption for
fixed-throttle engine operation during steady-state and quasfi-steady-state
aircraft maneuvers.

2.2 ThrustfDrag Accounting: The measurement and validation of ip-flight thrust
requires definition of a thrist/drag accounting system that clearly defines
the treatment o§ all the propulsion-related forces acting onf the
system[2.3, 2.4) The wvariety of actual and possible propulision systems
makes jt impractical /to'specify a single rigorous accounting| system.
Therefore, to obtain;the most accurate and efficient bookkeeping system, the
accounting methododlegy is tailored to the requirements of each particular
system

Neither net nor modified net thrust account for inlet, exhaust, or
thrustfmoment related forces. However, these significant forces are
essentjal) to thrust/drag accounting. They must be accounted for but are
uniquely a function of the installation and the engine/aircraft operating
conditions. Figure 2.5 illustrates forces involved in the thrust/drag
accounting of an isolated, axisymmetric propulsion system. Inlet force,
which results from the différence between @ppre and Bcow], is @ functicon

of engine airflow. The afterbody force, which results from the difference
between gpost and ag, is generally a function of nozzle pressure ratio
and nozzle area. Therefore, changes in these forces, AFyy and AFgyys

are propulsion system dependent and must be accounted in the thrust/drag
bookkeeping procedure, along with other forces such as trim forces. The
above nacelle/aircraft friction and pressure forces (drags) are impractical
to separate from the propulsion system forces. Fortunately, this is not
mandatory as long as all forces are included either separately or as
differences between forces.
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Figure 2.5 - Forces Acting on a Propulsion Syste

The ggneral approach is to select an ajrcraft/propulsion-sy
operatling condition. Thereby, a reference drag for the air
establlished that includes reference;inlet, exhaust and fric
Differlences in overall aircraft drag from this reference ar
generdally from scale-model testing as a function of the inl
operatling conditions; and these throttle-dependent forces (
accourlted as changes in propulsive thrust in the thrust/dra
procedure. This accounting method permits aircraft perform
relatdd to engine net thrust and to a reference aircraft dr
(Apperidix C describes-aircraft drag polars).

The fqllowing paragraphs discuss the development of a thrus;
systen for a fully integrated (buried) propulsion system to
overalll approach. Considering an aircraft in level flight,

tem reference
raft is

ion forces.
established,
t and nozzle
rags) are then
accounting
nce to be

g polar,

£/drag accounting
illustrate the
the simplified

force |equation applied in the flight direction takes the form:
Fey = Fipr - Dpfs (2.12)
where, FEX = Excess thrust (or total unbalanced force) in the flight
direction.
Fipp = Installed propulsive force that is obtained from net

thrust with adjustments for deviations from full-scale

reference conditions.

DaAFs = Airframe system drag at full-scale reference conditions
as reflected in the aircraft drag polar.

(See Appendix C)
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2.2 Thrust/Drag Accounting (Cont'd.):

When excess thrust is zero or can be determined, aerodynamic drag
relationships can be used to validate the method for determining in-flight
thrust. The airframe system drag has several components that correct the
aerodynamic drag to the full-scale reference conditions. Appendix C
provides additional information.

The installed propulsive force is defined to be equal to the installed
modified net thrust at the full-scale reference conditions and accounts for
all propulsive forces acting on the aircraft. Additional forces are
included—in the airframe system drag. Fror excursions from tne full-scale

referen¢e conditions, incremental forces must be considered,”’| These
throttl¢-dependent forces are included as adjustments to_devellop the
installed propulsive force:
- * _ - -
Fipe = Fy AF ML = AFExn - AFrRIM (2.13)
where, FN* = Modified net thrust, accounting for installation
effects of inlet internal performance, [nozzle internal
performance, bleed ajr extractions, and shaft power
extractions.

AFINL = External force“increment between full-scale reference
and any given operating condition due Yo the inlet.

AFEXH = External force increment between full-sicale reference
and dny given operating condition due Yo the exhaust
system.

AFTRIM = External control-surface-trim force ingrement
associated with operating the propulsion system at
other than the chosen propulsion system reference
conditions.

The est@ablishment of the full-scale reference conditions requiires the
selectipn-of several variables, including inlet mass flow ratfio, inlet

geometry, N0ZZ1€ pressure ratio, nozzle geometry, secondary airflows, and

aircraft trim setting.

Since these variables influence the i

drag, a fixed set of reference conditions must be identified.
of full-scale reference conditions is influenced by practical considerations,
an important factor being the aero-reference model, which is the wind-tunnel

scale model used as the basis for determining the aircraft drag polar.

nstallation
The selection

The

model may be typically of a 5- to 10-percent scale and designed to be as

representative as possible of the full-scale aircraft.

It may have

flow-through nacelles, but it cannot altogether simulate the full-scale
engine inlet mass flow ratio, inlet geometry, nozzle geometry, and nozzle
pressure ratio.

Aero-reference conditions, therefore, ar

To minimize model complexity, secondary airflows are not
normally simulated.

e usually

characterized by a nozzle pressure ratio of about one, a modified and fixed
inlet or afterbody geometry, a non-representative inlet mass flow ratio, and
no secondary airflows.
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2.2 Thrust/Drag Accounting (Cont'd.):

Additional wind tunnel tests are conducted to determine the incremental drag
forces attributed to the inlet and afterbody geometry, inlet mass flow

ratio, and nozzle pressure ratio.
in Figure 2.6.

Three models may be used,
A convenient set of full-scale reference cond

as illustrated
jtions are

selected, and the aero-reference drags appropriately incremented to these

conditions.

The resulting full-scale drag polar is normally

characterized

by a fixed geometry for each flight speed, a typical operating inlet mass
flow ratio and nozzle pressure ratio, and no allowance for secondary flow.

The gen
The tes
throttl
determi
operati

2.2.1 Inlet

=)

t models and analyses provide a reference aircraft dra
b-dependent drag increments that are used with net ‘thn
ne installed propulsive force at any specific engine/a
ng condition.

Force Increment: The inlet force increment can consi

drag,

ramp bleed drag, and such secondary flow terms as byp

venti
incre
from
flow
varie

The d
inclu
the f
scale

ADINL}

full-
propu

For s
testi
alter
corre(
isola

ation airflow drag. The throttle-dependent inlet spi
ent (drag) is defined as the change.in aircraft drag
he difference between operating and full-scale referg
atios. Spillage drag, which is:Unrecovered inlet adg
with inlet mass flow, as illustrated in Figure 2.8.

ag of the aero-reference-model inlet (Point 1 in Figu
ed in the aero-reference‘drag. The incremental drag
11-scale reference condition (2) represents the scale
reference correction,to be included in the full-scale

Drag differences. between engine operating condition
scale engine reference condition (2) are accounted for]
sive-system-related inlet drag force, aFpyL.

Ubsonic podded installations, spillage drag can be inv
ng isolated flow-through models with internal geometry
inlet-mass flow ratio. Nacelle cowl geometry should
ct1y to account for possible inlet/afterbody coupling
ted,'nacelle drag test may be used to determine differe

due t

o Tass flow ratio:

in Figure 2.7.
g and the

ust to
ircraft

st of spillage
ass and

11age force
force resulting
nce inlet mass
itive drag,

re 2.8) is
between (1) and
model to full-
drag polar,

s (3) and

as

estigated by
variations to
be simulated
effects. An
nces in drag

An inlet spillage drag test is essential for complete thrust/drag

accounting of a fully integrated propulsion system.

The in

let and forward

fuselage, including any items which might affect inlet flows, should be

tested as a unit to assess the spillage drag.

A flow-throu

gh model with

internal duct modifications or an internal flow- metering device could be

used to conduct this test.

There is generally no requireme

nt to duplicate

the afterbody geometry, when inlet and afterbody forces are not closely

coupled as with podded installations.

For inlets on high s

peed aircraft,

inlet tests must be conducted to determine drag sensitivity to geometry
variation as well as inlet mass flow ratio.
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Characteristics
Aero Force and Moment ® Air Flow Normally Limited

@ Air Flow Control Usually Limited
> — ® Possible Support Interference and
W s Geometric Distortion

® Complete Model

Inlet Drag
‘ Characteristics
— /j, e Partial Model
= _A \c@ o Wide Range Air Flow Control
3 @ Sting Support

Characteristics

o Partial Model
@ High Pressure Ajr Supplied from

A7
' E%' External Sourc
<1 e—rg‘/é ‘—Hel—epeeld—MHxay Be Used

® Faired-Over Inlets

Jet Effects

Figure 2.6 - Example Test Models
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Figure 2.7 - Typical Thrust/Drag Accounting System
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Inlet Force Increment (Cont'd.):

Airf

nal Drag Force

Mach Number = Constant
o Asro-Reference |nlet Geometry and Flow
a Full-Scale Reference Inlet Geometry and Flow
A Full-Scale Engine Operating Condition

3
ARy

Inlet Mass-Flow-Ratio, Ay/Ac
Figure 2.8 - Drag Force Variation With Inlet Mass Flpw Ratio

Tows, such as bypass airflow dump, constitute secondary airflows.

Thei
thru
engi
impa
spil
thrg
adju
addi
test

Exhg

r ram drags (if the airflow is not part of the engine airflow) and

sts (if the airflow is-exhausted through an exit other than the main
ne nozzle) must be inctuded in the thrust/drag accounting system. Any
ct these flows may have on the operating inlet mass f]ow and resulting
lage drag must bé.considered. Since secondary airflows are often

ttle related, the net thrust or drag of each represents an additional
stment to net thrust to obtain installed propulsive fprce. These
tional throttle-dependent terms may be evaluated duripg inlet drag
ing by separate model tests or by analytical calculatjons.

ust<System Force Increment: The throttle-dependent ekhaust-system or

1nte

drag

rference force increment (drag) is defined as the chapge in aircraft
farce resulting from the difference between operating and full-scale-

reference nozzle pressure ratio and area. For integrated exhaust systems,
nozzle pressure ratio influences the afterbody pressure distribution and
drag. A change in nozzle area alters the afterbody closure and pressure
distribution which 1ikewise affects aircraft drag. For podded
installations, nozzle pressure ratio may influence pressure distributions
on the nacelle, pylon, wing, or fuselage. The resulting change in drag is

call
Typi
rati

ed propulsion-system-related interference drag or jet-effects drag.
cal variations in aircraft drag force with nozzle area and pressure
o are illustrated in Figure 2.9.
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2.2.2 Exhaust-System Force Increment (Cont'd.):

Measured External Force

>
/
///wf
//

Afterbody force tests are conducted to evaluate throttle-dependent
exhaust-system drag forces. The drag of the aero-reference-model nozzle
(Point 1 in Figure 2.9) is included in the aero-reference drag. The
incremental drag between (1) and the full-scale reference condition (2)
represents the scale model to full-scale reference correction to be
included in the full-scale drag polar, aDgpxqy. Drag force differences
between engine operating condition (3) and full-scale engine reference
condition (2) are accounted for as throttle-dependent exhaust system
force, aFgxy. Like the throttle-dependent inlet force increment,

AFEXH represents an adjustment to net thrust to obtain installed

propylsive—feorces £

Throttle-dependent exhaust-system forces can be investigated using a blown
aftenbody model or a blown aircraft model. The term "blown" refers to the
use gf a high-pressure external air source to vary‘nozzle|pressure ratio.
The girplane model inlets are faired over. The @fterbody|model simulates
only [the aft geometry and, therefore, has no-air intake system. The
varidtion in drag due to nozzle pressure ratio and nozzle|area changes is

measyred.

Mach Number = Constant

O Aero-Reference Nozzle Geometry and NPR
O Full-Scale Reference Nozzle Geometry and NPR
A Full-Scale Engine Operating Condition

[

N
YN

—_— 4§£)EXH ._.._.z;:\:Iféisigll::_

Nozzle Area Ratio, AO/Amax

Figure 2.9 - Drag Force Variation With Nozzle Area and Nozzle Pressure Ratio
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2.2.2 Exhaust-System Force Increment (Cont'd.):

2.2.3

Afterbody or interference drag force tests are conducted to establish a
baseline drag level at full-scale reference nozzle area and pressure ratio
which is included in the full-scale drag polar. Incremental changes from
this baseline level define the throttle-dependent exhaust-system force
adjustments to installed propulsive force.

Trim Force Increment: Aircraft weight, balance and maneuver conditions
can require changes in the trim surface positions that affect aircraft
drag. These drag differences'are normally included in the aero-reference

2.3 Thrus
defin
devel
forec
compl

t Method Options: Four methods for evaluating in-f1i
ed and briefly discussed to provide a foundation for
ppment and illustration. These encompass virtually a
asted procedures but are not necessarily inclusive.

ementary and jointly utilized for specific aircraft a
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set

rall Performance Methods: An ovérall performance mett
of dimensional or non-dimensional curves, a set of ta
uter program that is used to‘relate thrust to measure
ating parameters.
ine type or the individual performance of a specific ¢
ined area of operating(range.
od ranges from predictions prior to the first run of
ugh to comprehensive calibrations of one or more sped
lopment or production type.

all performance is expressed in terms of the major ef
meters fori-'defined inlet and exhaust nozzle operating
simplest case, prepared performance curves can be ent
ine parameter measured during flight tests at specifig
ational conditions, and the net thrust obtained as ar
meter can be a simple one, such as shaft speed, which

Several independent parameters may be necessary to define
operating conditions.

The key distinction of the overall performance method is

The background informat

dra or geometry may
alsp affect aircraft control-surface-trim positions. Th
for| these items, from the aero-reference condition, As-n
the| propulsion system and included in the installed™prop

drag increment
rmally charged to
1sion force.

ht thrust are
etailed

1 past and
hey can be
plications.

od consists of a
bles, or a
able engine

It describes either the average performance of an

ngine over a

ion for the

the engine

ific engines of a

gine control
conditions.
ered with one
flight
output. The
is readily
od may be such
ured parameters.
the engine

In

that it requires

no special instrumentation within the propulsion system flow path and

involves minimum measurements in flight.

2.3.2 Gas-Path/Nozzle Methods: An engine consists of compresso
turbine components assembled to provide a gas generator.

path measurements within these components may be utilized

r, combustion and
Internal flow-
together with
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Gas-Path/Nozzle Methods (Cont'd.):

mass-, momentum- and energy-continuity principles, to calculate flow
conditions at various stations within the engine and to project overall
engine performance. Inherently, these methods imply more engine
instrumentation and in-flight measurements than for the overall
performance method, with the expectation of improved accuracy in thrust
determination.

The special instrumentation is calibrated and correlated with component
and engine performance during ground tests where environmental and

operati iti igh accuracy is
ired, it may be necessary to utilize the same equipment,|during both
ibration and flight testing.

ture and pressure measurements at a convenient)Tocatilon or
nt flow/speed calibrations can be utilized to determijne mass flow
location. Then, engine inlet flow and ram drag may |be derived
ow continuity, making allowance for fuel and secondary flows. It
necessary to calculate flow properties“at stations where
entation cannot be directly placed:.>an example being total
ture at the exit of an afterburner., It is good practlice to measure
ent engine parameters to describe the gas properties [throughout the
and check for consistency. Gas-path/nozzle methods rormally
using nozzle performance coefficients derived from njodel and
ale experimental data.

Although nozzle methodology..is considered a subtopic under the gas-path/
nozzle|method, it is apprapriate to emphasize its importanceg. The gas
generator provides the total pressure, total temperature and mass flow to
the nozzle whose function is to convert energy to thrust. Since the
nozzle|produces losses during this conversion process, thrugt cannot be
determjned solelyfrom the characteristics of the gas generator. Thrust-
nozzle|methodology describes the procedure utilized to determmine exit
gross thrust from measurements or calculated conditions at the nozzle
inlet.| Pardgraphs 2.4 and 2.5 discuss this subject.

Swingigg Probe Method: A calibrated swinging probe or rake |of probes may
be used to traverse the nozzTe exhaust to measure Tocal total and static
pressures, total temperatures and flow directions. An integrated exhaust
mass flow and gross thrust can be calculated, provided that the traverse
data are representative of the whole cross section. Ideally, special
engine calibrations are not required. Fuel and secondary airflows are
needed to determine engine inlet flow and net thrust.

Trunnion Thrust Method: This method involves measuring the force
transmitted to the airframe via the engine mounting trunnions. This force
represents the difference between stream forces at the engine inlet and
exit stations taking into account engine nacelle pressure forces. To
determine gross or net thrust, measurements of the appropriate interface
stream forces are required. If the exhaust system is mounted separately,
a similar procedure is required to measure the load on this component.
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Trunnion Thrust Method (Cont'd.):

Ideal Thrust and Normalized Groups:

The presence of fire bulkheads, slip joints, ventilation flows, and
airframe-to-engine connections can impose additional forces on the

trunnions which must be taken into account.

2.4.1

Since the gross thrust, Fg, applies
at the nozzle exit plane (Station 9) while practical considerations dictate
that nozzle conditions be measured at the nozzle entry plane (Station 7), a
convention with several unique definitions has been developed to provide
in-flight evaluations of thrust and mass flow.
relate real nozzle performance to that of an ideal nozzle through the use of

The general procedure is to

empirically established coefficients.

Ideal Nozzle: For the ideal nozzle definitions, one-dimensi

pic flow is considered to exist within the nozzle dow

entry plane (Station 7). In the past, the additional
t specific heat ratio, vy, has often been assumed.

espread use of digital computers, the substitution of
jes does not present undue complications and is the p

re. The use of constant specific heat ratio serves a
in illustrating relationships.

isentr
nozzle
consta
the wi
proper
proced
purpos

The idgal flow calculations may assume an ideal convergent n

bnal,
nstream of the
constraint of

However, with

real gas
referred
useful

pzzle where

ansion is limited to sonic (or choked) conditions at

ane. At the critical operating condition, the entry-
-static-pressure ratio (Py7/Ps9) is just sufficient t
lTow at the exit plane via the one-dimensional isentro
ion. At subcriticaloperating conditions, Pgg equals
pressure, Pgg, and the exit Mach number is less than

itical operating.conditions, Pgg exceeds Pgp due to t
ion of unity Mach number at the exit plane.

the ex
exit p
to exi
sonic

assump
static
superc
Timita

1 flexibléiconvergent-divergent nozzle is defined as
ual geometry which is infinitely variable or flexible
atic pressure, Pgg, remains equal to Pgp. At subcrit
1 nozzle operating conditions, the ideal convergent a
ent-divergent nozzles are conceptually identical and

the nozzle
total-pressure
D produce

pic flow

the ambient
1.0. At

he

having a

such that the
ical and

nd ideal

have the same

ideal S

deal

convergent-divergent thrust exceeds the ideal convergent thrust by virtue
of complete isentropic expansion resulting in higher exit velocity.

Ideal-nozzle total temperature, total pressure and mass flow

are assumed

to remain constant and equal to the entry values (T¢7, Pt7, W7)

between the nozzle entry and exit stations.

Static temperature, velocity

and area (or static pressure) are calculated based on the one-dimensional

isentropic-expansion assumption.

The minimum area (throat) is designated

Station 8 and will be coincident with the exit plane (Station 9) for the

convergent nozzle.
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Non-Dimensional Groups: Three non-dimensional ideal-nozzle groups are in

common use to express the ideal flow and thrust. These are:

-
W RTt
= Flow Function

’Si

Thrust Function

\

f ]
FVRT T 44

The npzzle area used in forming the thrust function, whethgr for ideal or
actuall nozzle performance, is usually the throat area Ag. |[This
conveption is adopted for this report. Free stream static |pressure,

Psg, [is used in the thrust function. Alternaté{derivationg using the
exit prea, Ag, and the total pressure, Py, may-be substituted, where
needefl.

Specific Thrust Function

The ideal groups are related by the expression:
F W+/RT P
t Y - (2.14)

APt dig Pso

F G

p G = | ——
AP W+/RT
sO id t

id

In idpal one-dimensional flow, the ideal thrust expressiong are functions
of nogzle pressure ratio, P+7/Psp, and specific heat ratio, v, as
summarized in Table'2.1.

When using constant specific heat ratio calculations, theseg ideal thrust
expregsions are helpful in reducing the ca]cul?gig effortg and lead to
the sp called W\[T and AP thrust calculations.'¢->/ The ude of the
ideal| groups has diminished with the direct calculation of |real gas
propeftiés using digital computers. The so called WYT and PA options
provide—a—choice—in—the—setectionof nozzltecoefficient—

Referred Parameters: Engine performance is a function of inlet

temperature and pressure. Normalizing data to a reference inlet condition
removes much of this dependency and tends to collapse component and engine
performance parameters to a single-valued function. Sea-level, standard
temperature and pressure, Tsyp and Pgrp, are selected as the reference
condition. The non-dimensional temperature and pressure correction
factors are:

e = T/Tgo, sL, STD § = P/Pgp, sL, STD

Used with the inlet total temperature and pressure, they become:

ot2 = Tt2/Ts0, SL, STD st2 = Pt2/Pso, sL, STD
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+
Pso 2

ft_><7_+_>7}1'

Pso 2
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Table 2.1 - Ideal Nozzle Performance Groups

IDEAL NOZZLE TYPE
PERFORMANCE NOZZLE FLEXIBLE
GROUP CONDITION CONVERGENT' CONVERGENT — DIVERGENT
p. \X1
UNCHOKED? —311-[< P‘ ) Y —1]
Fg sO
| As Po 1 1 =1
CHOKED3) 2 (-%) (R 2 _2_\ 1P [y (P_’°.> v
Y P
C 7 ALY / PsO Pt
pail
UNCHOKED fs0)
w ./ RT, t
Ag Py
CHOKED
1
UNCHOKED v
Fg
W /RT, p—
SAME| AS UNCHOKED.
CHOKED 2t Pso
Y Pt
NOTES: 1) Ag = Ag
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2.4.3 Referred Parameters (Cont'd.):

Examples of referred (or corrected) engine-performance-parameters are:

net thrust, FN/GtZ’ and inlet airflow, wévetZ/GtZ'

2.5 Nozzle Coefficients: It is essential that a consistent set of coefficients
be defined to relate actual to ideal nozzle performance in a manner that is
practical for in-flight thrust determination.

2.5.1 Flow Coefficient, Cp: It is convenient to define the flow (or discharge)

cogfficient such that it applies to both the convergent {con) and the
flgxible convergent-divergent (flex-con-di) nozzle. ,The|coefficient is
baged on the throat area (Station 8) in the case of~the ¢onvergent-
diyergent nozzle. The notation is such that Pt and T{ ré¢present
suitable mean values of nozzle entry total pressure and temperature,
deflined at a reference plane located upstream of the nozzle, and that
Wadt denotes the actual mass flow passing through the nozzle of actual
(gdometric) area, Ajct.

Theg flow (or discharge) coefficient, Cp, is defined as the ratio of
actual to ideal mass flow for a given'nozzle geometry and pressure ratio.
It |may equally be defined as the ratio of effective to a¢tual (or
gedmetric) throat area required @o pass the actual mass flow. Hence,

CD - :act - AA8, eff (2.15)
id 8; act
Usilng the non-dimensional groups, the flow coefficient may also be defined
as:
W \/RTt:> W RTt
Cp{=Ap AP . (2.16)
8t t 8t id
And:

Ag, eff = Cp - Ag, act ,

WJRT W~/RT
=< ; t> [R/P tJ. (2.17)
t act 8t |id

2.5.2 Specific Thrust Coefficients, Cy and Cx: The specific thrust coefficient,

Cy, is defined as the ratio of actual specific thrust to ideal specific
thrust obtainable from an ideal flexible convergent-divergent nozzle at a
given pressure ratio. This coefficient can be expressed as the ratio of
an effective discharge velocity to the ideal velocity obtainable with an
ideal flexible convergent-divergent nozzle. Thus,
(F_/W) v

G act _ 9, eff (2.18)

V = =
(FG/W)id, flex-con-di v

C

9, id, flex-con-di
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2.5.2 Specific Thrust Coefficients, Cy and Cx (Cont'd.):

2.5.3

where,

Vg, off = (FG/N) act (2.19)

The fact that Fg/W may be interpreted as an effective velocity has led
some to call Cy a velocity coefficient rather than a specific thrust
coefficient.

Using the non-dimensional groups, the specific thrust coefficient, Cy,
may thenmbewritten:

F F
Cy <—°——> : (2.20)
RTt act W RTt id, flex-con=di

The resulting general thrust Equation is:

id, flex-con-di

F
G
Flo, act = Ov + Wact - VRTy [w—\]n'r; (2.21)

=C W v

vV TYact * 9, id, flex-con-di (2.22)

Another thrust coefficient;/Cy, is defined similar to Cy éxcept that
the [ideal nozzle parameters’ are based upon an ideal convergent nozzle.
Thug,

Co = (Fe/MDact _ (s i (2.23)
X (FG/W) id, con WyR t/ act wolslt id, [con

Grogs Thrust/Coefficient, Cg: The gross thrust coefficient, Cg, is

defined-as the ratio of actual thrust to ideal thrust obtgined from an
ided1“nozzle at a given pressure ratio. It may also be expressed as the
product of the flow and speciftic thrust coefficients for a given nozzle
geometry and pressure ratio. Using the ideal convergent nozzle as the
basis for coefficient derivation, the gross thrust coefficient is:

CD . CX (2.24)

Fa Fe
P VN (2.25)
A8 s0 /act A8 sO| id, con

CG, con



https://saenorm.com/api/?name=7a0822a1d90b4e6e978fa797a7575f7b

2.5.3 Gross

2-21

Thrust Coefficient, Cg(Cont'd.):

The notation Cg con refers to a gross thrust coefficient based on ideal
convergent nozzle performance characteristics regardless of type of actual

nozzle

being represented.

Using the ideal flexible-convergent-divergent nozzle as the basis for

coeffi

cient derivation, the gross thrust coefficient is:

Cg,flex-con-di = Cp - Cv

/[ 7

(2.26)

Both o
the pe
conven
care i
if the

The re
ideal

FG,

The pn
coeffi
requin

f the thrust coefficients presented above may be. used

gent-divergent. However, for convergent-divergent noj
s necessary in the area of the PA term. (Difficulty wj
flow and thrust coefficients are both<based on Ag.

sulting general thrust Equation, using the coefficieni
flexible-convergent-divergent nozzle, is:

Fa
A3 P

P

CG, flex-con-di . A8, act . sO .

act

sO| id,

9. id . Vo, id, flex-con-di

= CG, flex-contdi .
eceding equations define the most commonly used nozzl¢
cients. However, other forms may be derived to satis{
ements.

/;EEF_:\ o (2.27)
) KB sO} act/ L8 SOJ id, ﬂex-chn-di .

to represent

rformance of actual nozzles which are either‘convergent or

rzles, some
11 be avoided

t based upon the

(2.28)
flex-con-di

(2.29)

p-performance
fy specific
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PROPULSION SYSTEM INSTALLATIONS:

This Section extends the previously defined concepts and definitions to the

force accounting of various types of nacelle and integrated
systems.

propulsion

The net thrust and installed propulsive force equations are

discussed to emphasize the main performance bookkeeping requirements.

Aircraft engine installations differ widely.

Powerplant configurations

include high-bypass-ratio commercial turbofans, which have fixed-geometry
long- and short-duct nacelles, and highly integrated turbojet and 1ow-bypass-
ratio turbofans, which have variable-geometry inlets and exhaust nozzles.

Each p .

res. Despite this variety, force accounting procedun

For example, most will employ a well defined sét of
ions, utilize wind-off engine calibrations, seek to ag
lar as possible, etc. The form of the basic propulsi
the same, although the terms may differ inDimportant

t systems, the installed net propulsive-force, FipF,
jously shown in Equation 2.13. Thisidefinition inclu
ust, Fy*, and other terms or "deltas” that represent
nt forces (Section 2). The individual terms differ i
de among the various propulsion‘systems and their ope
raft/propulsion system reference conditions, the "del
F equals Fy* which in turn_equals the aircraft refersg
n steady non-accelerating)flight.

ation is valid in the general case and is applicable
ional turbojet/turbofan powered aircraft whether the
ation is highly tsintegrated or a nacelle/pod. Since p
ing systems are“intended to cover a wide range of ops
ng highly integrated military engine installations, t
e-dependent. force increments will require considerabl
f model <testing. In some cases, the aAFINL, AFEXH, af]
ay be.igncred, and less complex propulsion system per
ing/methods may then be adequate. Whether they may H
depends on-the range of aircraft and engine operating condit

conven
instal
accoun
includji
thrott
wind-o
terms

accoun

aerodypamic design of the aircraft and engine installation,

the objectives of the flight test program.

ments and

es have much in
reference

hieve as unique a
ve force equation
detail.

may be written
des the modified
throttle-

n form and

rating conditions.
tas" are zero,

nce drag,

to any

engine
erformance
rating conditions
he evaluation of
e wind-on and

d AFTRIM
formance

e ignored or not
ions, the

the mission, and

The purpose of including the force "deltas" in the Fipr term is to produce

an aircraft drag polar that is power independent.

Any throttle-related terms

either excluded, or improperly accounted, will result in the particular
force element being transferred from Fipr to the aircraft drag polar; that

is, the force element will have been moved to the aircraft (
performance bookkeeping account.

drag) side of the

This section illustrates for selected types

of powerplants the relative significance of the several possible throttle-
dependent forces so that the relationship of Fy* to Fipfr can be clarified.
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3. PROPULSION SYSTEM INSTALLATIONS (Cont'd.):

The general examples in Paragraph 3.1 encompass the podded nacelle
installation of a turbojet or mixed-flow and compound-flow turbofan, the
long-duct turbofan, and the intermediate or short-duct turbofan. Examples of
integrated installations are provided in Paragraph 3.2 together with special
inlet and nozzle/afterbody force accounting considerations.

3.1 Nacelle Installations: In the following examples, the nacelles are regarded
substantially as isolated from the airframe fuselage, wing or other major
structure. This simplification implies that the flow field of the airframe
has Tittle influence on the propulsion system and that the flow through and
about the powerplant has little influence on the aircraft drag. Essentially,
nacellps and airframe are considered to be decoupled. This'|idealized
assumption permits the retention of the simplified Fipr equgtion without
the ingtroduction of additional terms that may be required tq describe
nacellp/airframe interference forces.

The grpss thrust and ram drag are evaluated bylany approprigte thrust and
airflow method option described in Section 4.{ One of the referred thrust
and flpw groups, and nozzle coefficients defined in Paragraph 2.2 would be
used, [if a gas-path/nozzle option were adopted. The applicqtion of the net
thrust| equation is straight forward.

At fulll-scale reference conditions,”the incremental force tgrms are zero by
definition so that, for steady non-accelerating flight, Equations 2.12 and
2.13 yfield:

FN* = Dafs (at full-scale reference conditions) (3.1)

where,| Dars is the fullsscale airframe drag per engine inclyding the
nacelle drag at flight conditions.

At othpr operating conditions Equation 2.13 will in general [apply, and
Fipr ejquals the<full-scale airframe drag per engine excluding the nacelle
force [increments at those flight conditions.

For thecsubsonic isolated-nacelle installation, the incremental nacelle
forces 5 5 y—ai des may be

small and may not need to be identified separately. As stated earlier, any
non-zero terms could then be included in the aircraft drag polar to
acceptable accuracy. Then, Fy* equals (approximately) the full-scale
airframe drag per engine.
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3.1 Nacelle Installations (Cont'd.):

Generally, the aerodynamic force model includes the inlet flowing at or
close to nominal (cruise) mass flow ratio (MFR). With careful attention to
inlet 1ip and nacelle forebody design, sufficient pre-entry cancellation
force can be generated to a Tow inlet flow. This is particularly valid for
the majority of aircraft performance test conditions. Only at far
off-design conditions may the drag polar not generalize to an acceptable
degree so that explicit accounting for the inlet force increment, AFINL,
would be needed. Even so, practicalities may dictate that special model and
flight tests are not warranted to define the incremental inlet drag for
these 1imited number of conditions. Each program will have its own
requirements.

Driving factors in producing an exhaust-nozzle afterbody' force increment,
AFEXH,| from the reference condition are nozzle area and pregsure ratio.
With Yhe assumption of a fixed nozzle, the former js eliminated; and for
subsonlic aircraft, the excursion of nozzle pressure ratio from the full-
scale |reference pressure ratio may be small at_ the most impprtant flight
conditfions. Post-exit thrust effects would be insignificant. Any effects
of noZzle flow on adjacent airframe structure and power-related effects may
not bg significant, if the nacelles are ‘far-coupled". If $o, the explicit
accounting of AFExy may be avoided.

The change in control-surface trim{orces, AFTRIM, Which ar¢ associated
with gperating the propulsion system at other than the reference operating
conditlions, are generally quite-small and may be neglected for the subsonic
non-afiterburning aircraft. . If accounting for its influence|is required, it
will dusually be derived from force and moment increments obtained from
aircraft model tests.

The net thrust, Fy*,(9s often termed the "wind-off" thrust,|as it is
derived using calibrations of engines in ground test facilities. It is
common| practice to utilize calibrations in the form of non-dimensional
groups| or nozzle coefficients. It is these groups or coeffjcients that are
assumed invariant from wind-off (ground facility) to wind-op (aircraft)
conditlions<  The input parameters, such as pressures for the¢ in-flight
thrust calculation procedure, are measured in flight. For the simple
turbojle mple—with—chokednozzle;non—dimensional—performance is
independent of wind-off/-on effects, e.g., rematching effects. This would
not be so at unchoked nozzle conditions, and corrections to nozzle flow
characteristics would be required.

3.1.1 Turbojet Nacelles: The simplest installation example is a non-after-
burning engine installed in an isolated nacelle having neither variable
inlet nor exit geometry and operating with a choked nozzle in a subsonic
environment. In Equation 2.13, the terms. AFINL, AFEXH and AFTRIM
are generally assumed to be zero for this special case. This is shown
schematically in Figure 3.1, and also applies equally to mixed-flow and
compound-flow turbofans. The engine attachment pylon does not penetrate
into the flow stream and, therefore, produces no additional force in the
thrust equation.
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3.1.2 Long-Duct Turbofan Nacelles: The turbofan engine develops two separate

3.1.3

3.2

airflow streams, viz., that produced in the fan bypass duct and that
produced in the engine core. In some turbofan designs, the two streams
are expanded through separate coannular, coplanar nozzles, i.e., the exit
planes are essentially at the same axial location, requiring a long-duct
nacelle, as illustrated in Figure 3.2(a). Compound-flow and mixed-flow
turbofans have one exhaust nozzle and are also installed in long-duct
nacelles, as illustrated schematically in Figure 3.2(b) and Figure 3.3,
respectively.

For these long-duct nacelle installations, the overall force accounting
rati i i in essentially
unchanged from that of the isolated turbojet nacelle. In|particular, the
ulsion system force equations are the same exceptqthat, in the case of
dual-exhaust and compound turbofan, the exit gross thrust is normally
ulated separately for the two flow streams (see Equatjon 2.11).

he event that a plug nozzle forms part of{the long-du¢ct powerplant
jguration, it is customary to include the)plug force term in with the
s thrust (see also Paragraph 3.1.3).

rmediate or Short-Duct Turbofan Nacelles: An intermediate or short-
ductl nacelle, which is accomplished.by reducing the length of the outer
fan [duct, is typical of existing high-bypass-ratio turbofans. Figure 3.4
schegmatically presents this arrangement and the forces acting on the
system. The external nacelle.force chargeable to the engjne thrust has
beerl separated into the external core-afterbody force and|the external
prinjary exhaust plug force.; The external core afterbody force includes
the [bypass scrubbing force on that portion of the pylon that protrudes
thrdugh the fan-exit _streamtube.

The |separate assessment of all the forces shown in Figure(3.4 is a
difflicult task.. Experience has shown that it is more conyenient and
accyrate to define modified gross thrust terms which incorporate the
extdrnal core afterbody and plug forces. Equation 2.7 applies.

The [methddology for determining Fy* is selected from those discussed in
Section'4. Fy* is the "wind-off" modified net thrust.

Quantifying the incremental force terms, AF[NL and AFgxH, becomes more
complex when the fan cowl and aircraft wing are close coupled. Wind-off
to wind-on "external" effects are usually bookkept in the incremental
terms. In the event that fan and core nozzles are unchoked, rematching of
the engine components can occur and produce further flow-field interaction
and propulsion-system-force redistribution.

Integrated Installations: An integrated installation is defined as one in

which the propulsion system is buried within or closely coupled aero-
dynamically to adjacent aircraft structure (wing/fuselage/nacelle
interference). In such installations, the engine inlet airflow and exhaust
jet will influence the flow around the airframe and so influence the
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Integrated Installations (Cont'd.):

aircraft drag. A typical installation is illustrated in Figure 3.5.
Equation 2.13 applies, and the throttle-dependent incremental forces cannot
be ignored. In order to obtain a general aircraft polar necessary for
aircraft performance evaluation, these throttle-dependent forces and the
associated bookkeeping procedure described in Paragraph 2.2 should be
adopted. A unique polar, which is independent of power, may be difficult to
achieve, and more than one reference condition may be chosen, e.g., subsonic
and supersonic. In calculation of aAF[NL and AFExH, care must be taken

to ensure inclusion of the effects of secondary airflows and the effects of
propulsi i try.

Figure 3.5 - Typical Integrated Propulsion System
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3-7

Buried installations may feature one or more secondary

flows within or external to the engine flow stream that are exhausted
either separately or in the vicinity of the engine propulsion nozzle.

Examples are inlet diverter and bleed systems, and ejector nozzles.

flow characteristics may depend upon engine power setting.
example, shown in Figures 3.6 and 3.7, illustrates the non-afterburning

and a

fterburning cases, respectively.

Their
A typical

Inclusion of appropriate force

terms in Fipr is historically less well established than the terms
discussed previously, but they must be addressed and be accounted for in
the thrust/drag bookkeeping equation.

Some inlets and ejector nozzles receive secondary air from the airframe

Tocal
signi
must

"doub|
eithe

Inlet

ow 11 s s
ficant quantities of airframe boundary-layer air.  cCof
be exercised to properly account for the separate forg
le accounting,"”
r not be possible or, at the least, most difficult.

Considerations: The inlet spillage drag-cannot be di

in fl

deter
integ
AFINL
is co
i1lus
and t
force
2.2.1

model|i

scale
insta
rules
model
perfo
compa
airfl
measu

ight; either it is determined from inlet force model t
ined purely analytically. Inlet systems, which are ¢
ated with the aircraft, require intet model tests to

These model tests are described“in Paragraph 5.4.

include
siderable care
es without

as separation of individual force contributions may

rectly measured
ests or else
losely

develop

This process

plicated often by the addition of inlet variable geometry, as

rated by Figure 3.8. In model tests, the overall for
e momentum forces are subtracted to obtain the inlet

The concept and definition of aFyN_ was presented i
and the resultant is the incremental spillage drag.
ng techniques are necessary to obtain representative
effects become particularly significant in closely cd
lations because boundary-layer flow tends not to foll

Determination of boundary-layer behavioral differen
and full scale is extremely difficult, but fortunatel
mance point-of view, these influences tend to affect
ibility-more than spillage drag. Spillage drag is in
w andangles of attack and sideslip, thus requiring t
ements in both model and flight tests.

ce is measured
external drag
n Paragraph
Proper
values.
upled
ow scaling
ces between
y from a
inlet/engine
fluenced by
hese

Model
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Figure 3.6 - Typical Ejector Nozzle, Non-Afterburning

Ailrcraft External Shroud with Trail{ng Edge
Sdirface Flaps Open
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—— e Im—T——p
Secondary Ajr

r

C - - Engine Discharge A

Exhaust
Nozz Ie‘;:s__ Secondary Ajr

—MM———
Blow-in-Doors Closed

Figure 3.7 - Typical Ejector Nozzle, Afterburning
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Variable Ramps

Takeoff-Low Speed Hydraulic Bleed Exit Door
Actuator
- ft‘ X
= Engine |
Compressor!
Face

3.2.3 Nozzl

_|

1

| \_
Supersoni(

(Represent;

Figure 3.8 - Typical 2-D Inlet With Ramps

b /Afterbody Considerations: . Fhe nozzle/afterbody incn

AFEXH
measu

generally been used in the thrust validation process.

probl
drag.

re-shaping the aircraft. surfaces.

Very

surfa
Figur
accou
layer
scale
accou

Air is often used to simulate exhaust nozzle flow.

, 1s determined mostly through scale-model tests. Pre
rements have been made on‘full-scale aircraft in fligh
They
em areas such as severe flow separation and consequent
Results from these-pressure-measurement tests can le

careful attention must be paid to the scaling of all t

J
y

ative)

emental force,
ssure

t; these have
may reveal
sources of
ad to

he geometrical

ces, particularly in complicated designs such as illus
ps 3.6 and 3.7. Designing the model flow passages re
nting _for thermal expansion.
effécts on the force field is advisable.

hted

trated in
uires careful

Consideration of scale and boundry-
Any differences between
tmodel and full-scale reference areas or pressure ratios must be

If this

is done,

adjustment for the effects of the different gas properties (¥, R, T, P)

must be made analytically.

Use of hot gases minimizes such

corrections;

however, when mixtures, such as combusted hydrogen peroxide are used, the
gas properties will still differ from those of the actual engine exhaust
gas.

The desired model test result is an incremental force, AFgxy, as defined
in Paragraph 2.2.2. 1In reality, several models have to be tested.
Paragraph 5.3 describes the tests.
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3.2.4 Ejector Installations: The ejector nozzle requires special consideration
in arriving at a definition of thrust/drag terms, particularly if
individual components are required to be identified for analysis
purposes. Careful accounting of forces generated by the secondary and
tertiary flows at the nozzle exit is required to determine modified gross
thrust. Similarly, the ram drag must include the introduction of the

secondary flow.

Secondary flow will influence both the gross thrust coefficient and the
suppression effects of the external flow field. The gross thrust
determination of an integrated ejector nozzle requires adjustment of
unin ind- ici in the installed thrust
coeffficient. In the installed configuration, the externa] flow field is
generally asymmetric, further complicating the analysis. |The prime
concern is that all forces are accounted - but only _once.
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4,1 Overall Performance Options:

4-1

IN-FLIGHT THRUST METHODS:

The fundamental problem of in-flight thrust measurement is th

at the

methodology employed is indirect; that is, measurements are made of

indicators of thrust, rather than thrust itself. This sectio
separately each of four general method options used for in-fl
determination.
a few examples of the use of these methods.

The key distinction of an over
method for the determination of in-flight net thrust or modi
which distinguishes it from other method options, is that it
special i ithi i N
is determined from minimum measurements encompassing aircraf
engine power-setting conditions. Overall performance method
extensijely in their own right or in conjunction with -other
In-serviice thrust setting systems may be essentially averall

However|, overall performance methods can suffer from certain
ties, some of which can be overcome by covering a wi
onditions during engine calibration and others which
ome. Difficulties in the former category typically

ing for environmental effects (inlet distortion or no
fects) on engine performance, the increasing complex
ion data for engines with multiple degrees of freedo
ties in the latter _category include engine deteriora
calibration and flight test, external flow (wind-on/-off) ef
sensitijvity to engine build standards, etc.
gas-patjh/nozzle methods utilizing gas path instrumentation t
propulsfion system cémponent performance came to be employed

Even when using a.gas-path/nozzle method, an overall performi

be utillized as_a’secondary or supplementary method.

The fol[lowing paragraphs discuss overall performance methods
general| topics. First, the general methodology is presented
underlyling theory and form of the traditional expressions.

n discusses
ight thrust

Subsequently, method logic charts are presented to illustrate

all performance
fied net thrust,
requires no
in-flight thrust
flight and

are used
ethods.
performance

'mance method
accuracy.
intrinsic

e range of
cannot readily
nvolve

zle pressure
ty of

, etc. Typical
ion between
ects,

It is for such feasons that

determine
Paragraph 4.2).
ince method may

under two
L giving the

These can be

quantified directly from overall engine performance tests without the need

to interpret internal or component gas turbine performance.
general topic is computer model simulations.
advanced overall performance methods that, with the aid of h

The second

These can be looked at as

igh speed

computers, assemble much more complete numerical models of the propulsion
systems and provide an enhanced capability to determine performance,

including in-flight thrust.
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4,1.1 General Methodology: An overall-performance thrust method involves the
use of curves or tables that describe average engine performance or the
performance of each specific flight test engine which has been calibrated
in the ground-level test bed (GLTB) or altitude test facility (ATF). The
performance is expressed in terms of engine operating parameter or
parameters for defined engine inlet and exhaust-nozzle environmental
operating conditions. For example, in the simple case of the choked-
exit turbojet engine, the procedure can be entered with one engine
parameter measured at specified in-flight conditions to yield net thrust
directly as an output. The parameter can be a simple one, such as shaft
speed, or one that is less directly obtained, such as fuel flow. Ideally,
th i rdless of the "health"

the engine. For redundancy and added confidence, the|procedure may be

uctured to input a number of independent control parameters that are
ectly related to power setting and thrust. Other engjnes require more

n one independent control parameter to define engine pperating

ditions and hence thrust, e.g., a variable-géometry t
bofan in afterburning.

ines that are calibrated in the GLTB require their pe
rapolated to flight conditions. This involves correc
engine matching due to the effect of ram pressure rat
ssure and temperature, and true.specific heat variati
altitude; and accounting for nozzle thrust coefficien
wS, customer power extractiony etc. Some of these co
se due to altitude, may be based on experience with t
her than the individual, flight engine. Al1 engines c
provide quiescent ain (wind-off) thrust at a number
ditions and usually(over a range of engine power sett
be [necessary to account for changes in engine airflow an
frgm wind-on effectsi*on engine matching.

rall performance data are often presented in non-dime
reflerred forms*using the thrust and airflow groups, as de
Sedtion 2.~ Gross thrust and airflow data may be express
ma)y be combined to provide net thrust.

Ove

Font @éxample, using the ideal thrust expressions in line {

irbojet or

rformance to be
ting for changes
o, inlet total
pns from sea level
t changes, leakage
rrections, such as
ne engine type
alibrated in the
pf specific flight
ings. It may also
d thrust resulting

nsional or
bfined in
bd separately or

P of Table 2.1 and

h A L2 2 L o N L L2 S N ) dela
t c aerinieion OF gross uruste Locirieicnt, Lic ygross=in

ust group for the

choked, fixed-nozzle turbojet or mixed-flow turbofan engine operating dry
can be related to a representative spool speed by the implicit expression:

1

y-T F p

1 g Pso Pi7

1

2

1+

C A, P

8 "s0

<‘Y+1> > X =
2 G, con act Pt2 Pt2

(4.1)

P N
Veeo
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4.1.1 General Methodology (Cont'd.):

This may be generalized for illustration purposes to yield

_._>
tz

Referred airflow may be expressed in the functional form:

FG, act

P

Pio

: f<__

P

sO sO

the functional

(4.2)

2

P

wact\/etZ

S¢2 sO -

G

Hencd, the corrected net thrust:
N, act _ f<it_2 N
Pso Pso VOrt2

Iterdtive procedures may be used to evaluate subsidiary co
for
effeqts, actual nozzle pressure ratio, etc. Such suppleme
be based on comprehensive GLTB:and ATF engine calibration
data.

For &

pressure compressor may be used. The selected independent

eter may be different, e.g., fuel flow could be used.

dirflow and nozzle thrust duecto Reynolds number variaj

(4.3)

(4.4)

rrection terms
Lions, real gas
tary data may
ata and model

twin-spool engine, the referred speed of either the high- or Tow-

engine

ye, utilizing
erall gross

ly 1rrespect1ve

An engine with

a s1ng]e var1ab1e f1na1 nozz]e operat1ng in the dry mode requires a second

independent variable in order to define engine performance.

The nozzle

area itself or a more convenient parameter may be used, thus:

PN, act

PsO

t2

(4.5)
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4.1.1 General Methodology (Cont'd.):

4,1.2

In the case of a two-spool engine with variable geometry, the two referred
spool speeds may be used as inputs to the overall performance method.

Engines operating in the afterburning mode require a third independent
variable, such as afterburner fuel flow, to specify nozzle entry

cond

itions and hence gross thrust. Engine performance up

to the Tow-

pressure-turbine exit plane may be expressed in terms of two independent
variables, with an afterburner parameter providing the nozzle entry

cond

itions, e.g.:

l.

A co
that]
tion
stat
for
suff

( H "rF
EXP
Pso V St2 ®t2

mmon feature of all the overall performance methods o
flight thrust data can be generated without recourse
within the engine gas path provided that’the engine-
ic pressure ratio, Pt2/Pgp, is defined.and that the d

N, act

main and supplementary performance curves or tabulati

iciently comprehensive to account-‘for aerothermodynam

occu
meth
cons

turbpmachinery performance.

and

Comp

throughout the engine. In this respect, these over
ds differ from gas-path/nozzle methods, in that they
ructed to yield calibrated-net-thrust data largely i
The methods treat the flange
inal nozzle as one assembly.

ter-Model Simulations: The preceding section descri

perf

Comp!

rmance methods for in-flight thrust determination th
tly from engine“tests in a GLTB or ATF. Other overa
ds use engine digital-computer simulations to determ
late, in-flight thrust. These methods also use avai

to reduce-the uncertainty associated with the comput
ations--however, they are much more than a table-look
e for retrieving stored test data.

(4.6)

tlined above is
to instrumenta-
ntry-to-ambient-
ta provided

ns are

¢ changes which
11 performance
can be
respective of
to-flange engine

ed overall

t are obtained

1 performance
ne, in essence
able engine test
r-model
up/interpolation

omponent and

nozzle performance linked together by an executive program logic that will
satisfy continuity, energy, and momentum requirements to "match" the

components at any specific engine operating condition.

Thermodynamic

subroutines must handle the real gas properties of air and air/combustion

products for the temperatures of interest.
Timitations are incorporated as necessary.

Control functions and
Alternate match options should

also be available in order to select specific independent variables, e.g.,
power lever angle, net thrust, fuel flow, rotor speed, or turbine inlet

temperature.

simulations are contained in SAE publication, AS 681C.

The general requirements for these digit?}-g?mputer
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4.1.2 Computer-Model Simulations (Cont'd.):

To obtain in-flight thrust, the inlet performance, nacelle secondary
airflows, and installation losses (shaft horsepower and bleed flow) must

als

o be specified. The computer program output may be 1i

mited to the net

thrust and fuel flow or, depending upon the test program scope, may
include detailed component performance at each simulated flight condition.

The accuracy of the simulation is dependent upon the quality of the

component data available for the computer program.

dev

or
For
adj

The
in

any
con
and
com
par
pre
per
exh
it

ope
per

Initi
elopment program, these data may be estimated from pas

ugh the design, development, preliminary flight test,
Lification/qualification, and production phases.

e may be several different computer models that simul
ne or a group of engines, as well as\satisfy a specif
5e could reflect minimum engine performance as defined
bther criteria, average performance, or any other spec
in-flight thrust determination; an average model whic
tisted to particular hardware.performance is desired.

computer model may be used as the only thrust determi
q

ally in a

t experience with
rigs and/or

h component

ed, they will

By this process,
rogram progresses

ate a specific
ic intended use.
by contractual
ial definition.
h has been

nation method or
this report. In

tonjunction with any of ;the other methods described in

Fidence in the computer simulation. Prior to the fli
engine test data‘should be correlated with the model

Eicu]ar test hardware. Unless test data are availabl
iction must rely entirely on GLTB calibrations and c

aust-pressure-ratio conditions encountered in flight.
s imperative that the component test data cover the

case, all available supporting data should be utilize
onent and overall performance parameters) to refine

Formance ‘maps to calculate the engine performance at i
rdting conditions to which each component wi]! be.subj

d to improve

ht test, all rig
prediction (both
he model of the
from an ATF, the
ponent

nlet and

For such cases,
ull range of
ected. Component
pressure and

temperature distortion and component interactions; such as radial

distortion, inlet swirl, boundary layer effects, etc.

During and after flight test, confidence in the model simulation can be
further improved by additional correlations of available flight test

data. Even when the computer model is the single thrust-determination
method and no special internal engine instrumentation has been added, some
useful data may be available. Examples include fuel flow, rotor speeds
(other than the thrust-setting parameter for multi-spool engines), and
interturbine or exhaust-gas temperature.
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4.1.2 Computer-Model Simulations (Cont'd.):

Where more than an overall performance method is planned for in-flight
thrust determination, more information (gas path measurements) will be
available. Correlation of these measurements with the computer simulation
will add confidence in all methods being utilized. Conversely, a lack of
correlation should be pursued to uncover difficulties and resolve differ-
ences. Thus, the computer-model simulation is a powerful performance
determination method that has a role in most in-flight performance
evaluation programs.

: - ili ibrated
measurements of gas-generator-flow properties at various statjons within the
engine. [ Many method options are available for accomplishing this, but a
particulpr propulsion system will have a preferred option.or a minimal set
of optiops.

The basils of virtually all methods is the separate, determinatjon of nozzle
gross thrust or thrusts, and ram drag. Net thrust expressiong for

propulsijon systems having single and dual-stream exhausts are|presented in
Section R.1.

Gross thrust calculations require a knowledge of the nozzle g¢ometry, entry
conditions, operating pressure ratio, and nozzle performance.| Ram drag
calculatfions require a determinationof the total engine-inlet airflow.

Various loptions exist for obtaining mass flow at different lo¢ations within
the gas |generator flowpath. The engine-inlet air-mass-flow djffers from the
nozzle-exit gas-mass-flow by virtue of fuel addition, service|bleed,
leakage,| etc. Thus, the determination of ram drag using a nozzle flow

nt requires accounting for secondary flows.

ath/nozzle methods require determination of ambient pressure, Pgp;
am total pressure, Ptg; and inlet total temperature,|Tt2. Other
variablels which may'require determination include:

Inlgt total pressure, Pi2

NozZle mass flows, Wg and Wig

Enginé-inlet mass flow, W2

Noz s Ag, Ag, ATg and—ATg

Nozzle entry temperatures, Tt7 and Ty17

Nozzle entry pressures, Pt7, Pg7, Pt17 and Pg17

O O0OO0OO0OO0OOo

The particular variables to be measured or calculated will depend on the
gas-path/nozzle method option adopted. In many cases, aircraft and
calibrated flight development engines are instrumented to provide more
information than may be required to meet the need for in-flight thrust
determination. Notable examples are: accurate fuel flow measurement to
determine aircraft specific range and engine specific fuel consumption, and
data to compare engine component behavior with projected component
performance or to confirm control functions. Various stations throughout
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4.2 Gas-Path/Nozzle Options (Cont'd.):

the engine can be used for evaluating the flow quantities needed for
in-flight thrust determination.

A universal methodology applicable to all propulsion systems cannot be

considered feasible.

Optional choices are highly configura

tion dependent

and involve clear identification of engine/airframe interfaces within an
agreed thrust/drag bookkeeping system for a particular configuration.

The nu
large.

f flow-path options is

er of combinatjons o
TR.I, I-S, 4.3, l-4§ It is not the intent herein to

in def
under
it is
shoulg
facili
desirg
enging
numbey

4.2.1 Mass

development.
important to assess them for each individual case.

tate this, an uncertainty analysis should be:used to
ble options.

Flow Determination:

dete
meth
pref
grou
5.1,
faci
at 1

4.2.1.1 C3

rmination of mass flow are discusséd. Experience wi
erred method(s) for a particular application.
nd and flight data should be'consistent for each meth
5.2 discusses airflow medasurements in engine test fac
1ity measurements should be used to calibrate an in-f
east, to check consistency.

1ibrated F1ight.InTet: For some flight inlet configu

pY
us
be
fl
at
of
di

actical to add jnstrumentation that will permit the f
ed much 1ike'a venturi flow-measuring device. The f1l
calibrated'using facility flow measurements or other
ow-determination methods. When the flight inlet is c
pressures substantially lower than the sea-level sta
the measured flow may be required to account for bou
fferences. Consistency of pressure instrumentation a

ge
4.2.1.2

Compressor Flow Capacity:

development, various preferred options should be kept open.
of options should be related to thrust accuracy requjirements.

evaluate them

Th for the many engine configurations that exist in_sgrvice or are

It is sufficient to note that options,dp exist and that
Preferred options
| be identified for each powerplant early in its.develppment.

To
jscard the less

Since circumstances may change’ during the course of

The

Some of the more important methpds for in-flight

various

ods, backed by an uncertainty analysis, will lead to the choice of
Comparfison of post-test

d. Paragraph
ilities. These
1ight method or,

rations, it is
low area to be
ight inlet must
engine mass-
alibrated or used
ndard, adjustment
pdary layer

nd spinner

ometry, etc. must be maintained

Compressor flow capacity may

calcuTlate core-engine airflow.

The pressure ratio and

be used to
referred speed

are measured in the engine, and the flow determined from the compressor

performance map.

The measurements of the compressor in

let temperature

and pressure, and exit pressure must be comparable to those made to

construct the component map.

Adjustments for circumfer

ential and radial

profiles, Reynolds number, radial tip clearances, and humidity may be

required.

Adjustment for interference effects resultin

g from engine

compressors operating in series, rather than singularly, as in a rig,

may be necessary.

If the compressor is equipped with v

vane-angle correlations will also be necessary.

ariable stators,
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4.2.1.2 Compressor Flow Capacity (Cont'd.):

4.2.1.3

4.2.1.4

4.2.1.5

The general method need not require a component performance map.

By

using facility measured airflow from an engine test, the compressor (and
engine) flow capacity can be correlated to engine referred speed and

com

pressor pressure ratio.

For some systems, ram pressure ratio,

Pt+2/Pgp, or some other parameter may be used as the second
correlating parameter, thereby reducing the instrumentation requirements.

For a turbofan engine, total inlet airflow may be determined in a

sim

Tur

ilar manner using the fan flow capacity
L} 4

bine Flow Parameter: The turbine flow parameter, NW/q

esp
nea
cho
tur
eng
by

fun
ref
for

Tur
cal
obt
app
pre
air

Tem

pcially useful for determining core-engine airflow bed
rly constant over a wide range of engine operating con
ked value may be determined from rig tests and modifie
bine-nozzle area in the test engine. It can be calibn
ine ground test using engine instrumentatjon and airfl
another method. Corrections to the flow parameter are
ctions of turbine pressure ratio (or.an equivalent parn
erred speed, and gas properties. QOther adjustments md
the effects of thermal expansion, etc.

pbine-nozzle inlet total temperature and pressure are 1
culate gas mass flow from the flow parameter. These 4
pined by measuring compressor discharge temperature ar
ying calculated corrections for the combustor temperd
sure loss. The combustor calculations will require f
low, and will be iterative.

erature and Pressure Rakes: Mass flow can be obtaine

int
ins
cal
Pot
ins
the
pro

ernal static-pressure and total-pressure and -temperat
trumentation. After installation, the flow correlatig
ibrated(in an engine test using flow determined from 3
entialflow-path lTocations which may accommodate the
trumentation rakes include the compressor exit, the by
Tow-pressure turbine exit. Sufficient instrumentatig

[¢+/Pt, 1S

ause it is very
ditions. The

d for the

ated during an
ow determined
required as

ameter),

y be necessary

eeded to

re normally

d pressure and
ture rise and
f'uel flow and

d from engine
ure

n should be
nother method.
equired

pass duct, and
n (numbers of

e

erage pressures

and temperatures over the intended range of engine operating

con

ditions.

These diverse conditions may introduce signi

ficantly

different radial and circumferential profiles at the measurement plane.
The large amount of instrumentation required for this method may be a

maj

Thr

or disadvantage.

ust Nozzle:

Mass flow from the thrust nozzle can be calculated if

the nozzle-entry total pressure and temperature, nozzle pressure ratio,

noz

zle area, and flow coefficient are known.

If entry conditions

incorporate large profiles or swirl, their effects should be included in

the

nozzle performance determination.

The instrumentation is

essentially the same as required for nozzle specific thrust
determination, discussed in Paragraphs 2.5.2 and 4.2.2.
nozzle method of mass flow determination is especially useful because

The thrust
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4.2.2
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Thrust Nozzle (Cont'd.):

the "linked methodology" of using the same airflow method for gross
thrust and_ram drag cancels some errors in the resulting net
thrust. (1.1, 4

Energy Balance: For turbofan engines, the above methods, when used
singularly, determine either inlet total airflow or core-engine flow,
but not bypass ratio. Energy-balance calculations using temperature
rise in the core engine and bypass duct can be used to determine the
flow split between the two streams. Fuel flow, T2, T¢7, and T¢17
measurements are required.

Nozzle Thrust Determination: Nozzle thrust determinationm, trequires a

4.2.2.1

knowledge of nozzle size, entry conditions, pressure ratio|, and nozzle
perfgrmance. Nozzle thrust may be described as either grogs thrust or
specific gross thrust, which must be multiplied by nozzle mass flow to
obtain gross thrust. In-flight, the above option*may lead|to a choice of
measyring either nozzle area (gross thrust) or/nozzle inlet temperature
(speqific thrust). Other measurements will also be required.

The gelected method may correlate actual thrust directly wjth the measured
eters or may correlate measurements ‘to a nozzle coeffjcient. The

t coefficient relates real nozzle-performance to that|of an ideal

e, as described in Paragraph 2.5. The use of nozzle ¢oefficients

ts a direct "visualization"- of nozzle performance, which is separated
the gas generator performance, and is an excellent te¢hnique to

e credible and consistent:performance representations

5) thrust and
rust and

in the
rmined using
lues of
atio. Fan-duct
the full-scale
rust using the
he primary
e consistency,
gnificantly
impact total thrust (or airflow) if the same procedure is used throughout
the ground- and flight-test program.

separate-stream turbofan engine, the fan-duct (bypas
airfllow can be determined by subtracting the core-engine t
airflow from the total-thrust and airflow that are measure
GLTBAATF. Normally., the core (primary) thrust will be det
scalg-model-derived coefficients and full-scale measured v
nozzle-inlet témperature and pressure and nozzle pressure

nozzle thrustiand flow coefficients can be calculated from
fan-duct thrust and airflow, and the ideal bypass-nozz1e t
nozzle entry conditions and pressure ratio. Any error in

nozzle-coefficients would affect the level, and poss1b1y t

The nozzle throat area canr also be used in a calculation of flow
continuity to verify the afterburning nozzle-inlet total temperature.

The following paragraphs discuss the several parameters required for
in-flight nozzle thrust determination.

Nozzle Area: The in-flight nozzle area is required when the gross-

thrust (or PA) option is selected. For fixed area systems, this can be
obtained from physical measurement of the flight test hardware with an
adjustment for the operating metal temperature. For variable geometry
systems, some form of in-flight measurement will be required.
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(Continued):

The nozzle area can also be used in a calculation of flow continuity to
verify the afterburning nozzle-inlet total temperature.

Nozzle-Inlet Total Temperature: The nozzle-inlet total temperature is

required when the specific-thrust (or W)/T) option is selected. Nozzle
mass flow will also be required. The same temperature may be used in
conjunction with a nozzle flow coefficient to calculate this flow. The
temperature may be measured or determined from a correlation with other
measured parameters such as speed or pressure ratios.

For non-afterburning engines, direct measurement of nozzle entry
tenjperature is accomplished by placing thermocouple rakeg downstream of
thg LP turbine and in the bypass duct. The temperature-measurement in
theg engine will not ordinarily provide the true average temperature due
to [profiles and the practical 1imit placed on the riumber [of thermo-
couples. The average temperature will differ from scaleimodel tests
usgd to evaluate nozzle performance, and the magnitude of the
discrepancy can vary with flight condition and from one é@ngine to
andther.

For] afterburning engines, direct in-fiight measurement of nozzle entry
temperature is not generally feasible? Inlet temperature to the
aftlerburner is usually measured and-corrected for the hegt addition to
obtlain the nozzle inlet temperature. Other methods of cglculating
noZzle inlet temperature are also possible using heat balance procedures.

NoZzle-Inlet Total Pressuré: All gas-path/nozzle methodg require

noZzle-inlet total pressure. For non-afterburning engings, the most
cormon approach is to. ptace total pressure probes downstrneam of the LP
tu bine and in the bypass duct. The effect of pressure profiles on the
"avlerage" pressuré)inferred from the individual measuremgnts must be
carlefully evaluated, as discussed above for the nozzle-inlet total
tenmperature.

For] afterburning engines, direct pitot-probe measurementsg at the nozzle

inllet may be feasible using water-cooled probes. A more |common practice
is |to place the pitot rakes ahead of the afterburner and|correct the

pre i nozzle inlet.

For some in-flight applications it is possible to infer average
nozzle-inlet total pressure from static pressure measurements, if the
total-to-static pressure correlations have been predetermined during
calibration tests.

Nozzle Operating Pressure Ratio: Nozzle environmental (base) static

pressure, Psp, at the nozzle exit plane may differ significantly from
the ambient static pressure, Pgg. The relationship between base and
ambient pressures may vary between wind-on and wind-off conditions and
with engine power setting. A clear distinction between nozzle exhaust
pressure ratio, P¢7/Pgp, and nozzle applied pressure ratio,

Pt7/Psg, must be made. Gas-path/nozzle thrust method options can be
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4.2.2.4 Nozzle Operating Pressure Ratio (Cont'd.):

constructed using either Py7/Pgg or Py7/Pgg (though in some
cases the measurement of Pgp to sufficient accuracy may

impractical).

be

The options formulated for a single nozzle may be

illustrated by the functional relationships of Table 4.1.

Nozzle Pressure

P
P 0pTION

P
‘p'tl', OPTION
sB

Ratio (Exhaust Pressure Ratio) (Applied Pressure Ratio)

Nozzle Dis¢ geometry,

Coefficient residual M
effects

Nozzle Grog
Thrust
Coefficient

P
s Cg=f <§§g°, geometry, M Cg=" (

residual M
effects

1;1_, geometry
sB
N\

In
UR
cd

4.2.2.5 Th

Table 4.1 - Nozzle Pressure Ratio Options

some cases when nozzle thrust.coefficients are only weakly dependent

on external flow, it may be.appropriate and expedient
librated static or wind-offivalues.

to utilize

rust Coefficients: Nozzle thrust coefficients, together with nozzle

1
of
ng
b

0

(o]

ow coefficients, are“the prime variables that account
actual gross thrust from the ideal value. They are f

zzle pressure ratio and nozzle geometry. Actual flow
accounted for in the thrust coefficients include:

Three-dimensional nature of flow in the nozzle
Corrections for real gas effects which may arise in 1

of 4model nozzle test data to full scale, particularly
préssure low-temperature conditions

for departures
functions of
effects that may

Lthe application
y at high-

Nonuniformity of pressure and temperature profiles across the duct at

the nozzle entry plane

The coverage (number and location) of the pressure and temperature

probes, which will not in general give mean values

Non-axial flow at the nozzle inlet and exit, including swirl

Value of y used for thermodynamic functions

Dissociation of real gases at high temperature and energy mode

fixation during rapid nozzle expansion



https://saenorm.com/api/?name=7a0822a1d90b4e6e978fa797a7575f7b

4-12

4,2.2.5 Thrust Coefficients (Cont'd.):

0 Errors in estimation of pressure losses between the measurement plane

0

and the nozzle entry, particularly with afterburning

Mass flow leakage from the nozzle.

Additional terms may be included in the thrust and flow coefficients,
e.g., for separately exhausted dual stream nozzles, wind- off cowl
scrubbing forces may be lumped with Station 19 coefficients and wind-off
core-flow plug forces may be Tumped together with Station 9 coefficients.

No
wh
no

wi
Th
Co
is
qu
fr
me
ai
es|
no
to

be|
no

Fo
Te
an
co
co
cr
ex
(r

iescent air (wind-off) conditions.

zle flow and thrust coefficients are determined by t

ich mass flow, nozzle-entry total pressure and temper

zle-exit static pressure or ambient pressure are-mea

ith nozzle thrust over the nozzle operating preSsure r

oretical estimates may be made.

fficients are obtained from representative subscale
lated nozzle or installed nozzle-plus-afterbody asse
Nozzle coefficien
m installed subscale-nozzle wind-on tests when the n
ric. Nozzle coefficients may be ‘derived from full-s

tests of the engine on the GLTB and in the ATF. Co
ablished from engine-plus-nozzle tests include the e
zle-entry flow profiles_and can be referenced to the
be used in flight for.a defined nozzle entry plane.
ween the GLTB/ATF andCaircraft installations that co
zle-entry profile should be evaluated.

engines that-gperate with choked nozzle(s) at the h
el-static conditions, nozzle coefficients may be bas

scale-model- nozzle testing, as illustrated in Figur
fficient)curve shape is used to extrapolate the full
fficients to cruise nozzle pressure ratios. As illu
ss-hatched area in Figure 4.1, the uncertainty assoc
rapolation is relatively small, since it is assumed

sting nozzles in
ture, and

ured together
tio range.

nd full-scale
blies tested in
s may be derived
zzle assembly is
ale quiescent-
fficients

fect of
instrumentation
Any differences
1d change the

gh-power ground-
d on engine GLTB
4.1. The model
scale nozzle
trated by the
ated with the

he precision

ndom) errors are reduced by obtaining sufficient datj.

A high-bypass-ratio turbofan will have unchoked nozzle(s) during ground-

level-static operation.

The engine match, fan operating lines, and

pressure and temperature profiles at the fan nozzle entry station will
differ between high-speed cruise and static operation.
increased uncertainty when the model coefficient curve shape is used to
extrapolate nozzle coefficients to cruise nozzle pressure ratios, as

illustrated in Figure 4.2.

Nozzle coefficients derived

This results in

from ATF engine

testing can be used to reduce the uncertainty band (Figure 4.2).

A detailed discussion of how nozzle thrust and flow coefficients are
measured is contained in Section 5.
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Notes:

1. Choked nozzles result in similar operating lines at sea level and cruise
2. Extrapolation based on scale model shape and measurement error
3. Legend: TO = Typical Takeoff Power

CR = Typical Cruise Power
0 = SLS Outdoor Testing
4&? [ Scale Model 'c_; MCR
p 2 . + B
n o O Shape Uncerizinty— =
oo i - —
Y > O
SR The = T R 5 o —
8 N Y A 2 SSI o
Q0. Q.
Difference due to & ' / tude Cruise
- B measurement error, = —
ot | b sclemotes ., —F
oo _ B To <CR
oo |l
o+ 9| | Bypass Fljow,
o— Q
a 8 -

Y12 Vo
St2

Nozzle Pressure Ratio,
P£17/Pso

Figure 4.1 - Nozzle Coefficient Extrapolation for Low-Bypass-Ratio Engine

Notes|:
1. OQOperating lines are different at sea level and cruise
2. Qreater uncertainty in extrapolation of measurement error
3. Llegend: o SLS PQutdoor Testing
o Altitude Test Data

£
2 Scaie Model
(7 IS o)) - N —
=S o= i 0
LS o -~ ixtrapclztegd ;
= g C{C? A Extrapc-lc;:;:q\“— 'E =
o oENN Iy VI = _
]
1 & -
3 O
w —| N
A v +4 1N
i go o Altitude
o= = e - Cruise
50 o === ted =
S - S-- txtrapolate w /3"'
G4 0o 55‘: TQ0 CR
Ly 710 CR I N1 B 1
e8 [ [ 1 Bypa?s Flow.
Nozzle Pressure Ratio, W \/e
12 2
P+17/Pso L Tt

8
t2
Figure 4.2 - Nozzle Coefficient Extrapolation for High-Bypass-Ratio Engine
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Thrust Coefficients (Cont'd.):

In order for model and full-scale coefficients to be compatible,
adjustments must be made for differences in Reynolds number, surface
roughness, geometry detail such as steps and gaps and acoustic
treatment, leakage, instrumentation loss, real-gas effects, flow mixing,
profiles, and swirl. Some of the required adjustments are easily made;
others are more difficult and peculiar to a particular installation.
Part of the method application process to ensure accurate in-flight
thrust determination is to reconcile differences between exhaust nozzle
coefficients derived from model and full-scale tests.

4.2.3 ExterJa] Flow Effects: Engine gross and net thrust may be
flow donditions in the nozzle operating environment and ‘air
the ailrcraft inlet/engine interface. For some propulsion s
the short cowl turbofan and the integrated nozzle/afterbody
systen, it may be impractical to separate the forces acting
surfades external to the nozzle exit plane from the quiesce

calibrlated thrust. Significant shifts in matched engine ope

conditlions, thrust and external forces can:occur between wi
wind-dn conditions. A clear thrust/drag bookkeeping method
partiqularly important in such cases.

4.2.3.1 NozZle Environment: Existing engine GLTBs and ATFs do no
capa

Mordover, significant local external-flow effects can aris

affected by

Tow quality at
stems, e.g.,
boattail

provide a

ard speed and
5tablish
sented in

Tow effects on

generator

antitative

4,2.3.2

gu1de11nes on the re]at1onsh1ps between PsB, Pso» nozzle operating
pressure ratios, thrust and flow coefficients, and flight speed at
simulated flight conditions.

Engine Inlet Conditions: Engine gross thrust and airflow at a given

aircraft and engine operating condition depend on the engine-inlet total
pressure and temperature. Engine-inlet total pressure needs to be
measured to compare measured and predicted engine performance and flight
thrust, to set up GLTB and ATF flight-engine calibration tests, and to
expedite some in-flight gas-path/nozzle method options, e.g., those
involving airflow determination from inlet or compressor normalized
flows. Other method options, such as those employing calibrated



https://saenorm.com/api/?name=7a0822a1d90b4e6e978fa797a7575f7b

4-15

4,2.3.2 Engine Inlet Conditions (Cont'd.):

instrumentation internal to the engine, do not require knowledge of the
inlet pressure directly.

Engine-inlet average total pressure and inlet total-pressure-recovery
factor should be defined and agreed upon for a particular propulsion

system development.

The definition should be used consi

all phases of the propulsion system development.

stently through

4.3 Nozzle Exit Traverse: One theoretical approach to the determination of

in-fli
integr
force,
accomp

The tr
temper
minimi
must b
scan r
acquis

Veloci
temper
illust
must b
to yie

The us
Timite
couple

4.3.1 Rake

ate across the area to calculate the exhaust velocity),
and mass flow. The traversing rake is a tool that-ha
lish this.

aversing rake measures total pressure, statiC pressure
ature across the flow field. This can belidone rather
ze exposure time to the hostile environment; however,
e sTow enough to provide time to acquire representativ

ate must be selected for the particular installation,
ition requirements and the drive_system.

ty and mass-flow-per-unit-area‘are calculated from the
ature measurements along the“arcs travelled by the ins
rated in Figure 4.3. Along with the measured static
b integrated in a manner_representative of the exhaust

Id overall mass flow,.momentum, and pressure-area ford

e of a traversing.rake for in-flight thrust determinat
1 application, because of the relative complexity of 1

d with the difficulty of correlating associated instal

Design and Installation:

4.3.1.1 Numbersof Measurements:

The l1ocation and number of indi

me
de

asurements required is highly installation sensitive 4

zle exit and

pressure-area
s been used to

, and total
quickly to

the scan rate

e data. The
considering data

pressure and
trumentation, as
ressure, these

stream geometry
e.

jon has had
he installation
Tation effects.

vidual
nd must be

veToped for each application. For example, a single-g

tream turbojet

would tend to have more uniform exit flow properties than a dual-stream

turbofan and, therefore, would require fewer measurement locations.

The

task is eased if the exhaust nozzle system is symmetric, so that
measurements can be made from one pivot location and applied to the

"mirror image" second side.

Comparison of data from different rake

pivot locations enables the determination of the degree of exit flow
symmetry.

Ground tests to evaluate the number of measurements required, and the
rake geometry and pivot location are mandatory to establish a

satisfactory rake design and installation.

An ATF evaluation of the

system capability to accurately determine thrust is recommended.
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——7r—Arcs of Travel

Probe
\ Locations— \ \

Rake Pivot

Nozzle
NG

Figure 4.3 - Traversing:Rake Arrangement

Rake Mounting: The rake size and pivot location must permit traversing
the nozzle exit plane to provide sufficient temperature|and pressure
data. A major consideration is to find a satisfactory part of the
ailrcraft upon which to mount the rake. Accessible aircraft structure is
required, which may not'be available for all propulsion|installations.

t area

This can be a
rake itself can
rplane
installation.
model of the

The rake and its-mounting hardware influence the aircra
dil[stribution at-the location where they are installed.
crlitical area.from the aircraft drag viewpoint, and the
influence airplane performance. The determination of a
performance requires accounting for the drag of the rak
Dilf ferent methods can be used. One method is to build
rake -to-the scale of the aerodynamic force model and deyelop a rake tare
i €he wind tunnel. Another approach is to develop a generalized set of
th i : i iom using the rake
and then repeated stabilized maneuvers without the rake. The thrust
differential between rake-on and rake-off tests are used to determine
the rake drag increment. This requires care to assure similarity of
flight conditions and to correct the thrust for ambient temperature
conditions.

Environmental Considerations: The rake operates in a hostile
environment, with temperature and sonic fatigue being major 1ife-
limiting concerns. Temperature is far more extreme in an afterburning
engine. The adverse effects of temperature are reduced by cooling and,
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4.3.1.3 Environmental Considerations (Cont'd.):

most significantly, by decreasing the exposure time to the high

temperature.

This brief exposure period is the major reason for

employing a traversing rake rather than installing a fixed set of

probes.
in the hostile environment for short periods only.

The

Also, sonic fatigue effects are reduced by operating the rake

speed at which

the rake is traversed across the flow stream is a compromise between
requirements for reducing the exposure to the hostile environment and
providing sufficient time for accurate temperature measurement.

4.3.2 Data Analysis:

The exhaust gas velocity and mass flow are calculated by

int
cro
ter
sta
wei
rak
wou
the
per

Use
car
mus
by

tur

4.4 Trunn

grating the traversing-rake pressure and temperature profiles over the

s-sectional area of the internal stream tube.

Integration limits, in

s of radial distance, are defined by the condition that total and

ic pressure existing at the edges of the stream tube pre constant.

A

hted area must be defined for each probe, as<a”functipn of angular

position, and used in the integration calculation.

d be accomplished by assuming symmetry of,'the exhaust| stream.

nitially, this
Moving

rake pivot and probe locations for identical operating conditions

its verification of this assumption.

of the traversing rake for measuring thrust in flight
ful ground calibration.
be determined. Temperaturecprobe correction factors
omparison of rake data taken at selected scan rates w
data obtained from a fixed rake at similar power set

on Method: The trunnion method is based on evaluatin

the m
engin
thrus
illus
force

asurement of reaction forces of the engine and nozzle
airframe mounts, or trunnions, toget?sr w12h ppropr
and integrated) pressure force terms.

ration shown'in Figure 4-4 where none of the externa]
act through the engine mounts, the trunnion force, F

- ”V2 - A2 (Psz - Pso) ¥ (A2 - A9) (Pse -

T = Fad Pso

requires a

The time constant of the temperature probes

can be developed
ith kn wn Eempera-
tings.

g net thrust from
assembly on the
iate stream

r the simplified
nacelle surface
T, 1S given by:

) (4.7)

The pressure/area terms represent appropriate integrals or mean values,
e.g., Pse is the average static pressure over the external surface of the

engine. Thus, knowledge of internal flow variables and external eng1ne-
surface pressure forces is necessary. Hence, the net thrust is given by:
Fy = Fp * WOV, - Vo) + Ry (P - Pog) - (Ay - Ag) (Pge - Pg)  (4.8)

The above equation for the simplified installation shows that F1 approxi-
mates the net thrust at low subsonic flight speeds. As the flight speed
increases, the momentum- and pressure-difference terms become large relative
to F1, so the net thrust is sensitive to correctly assessing and measuring
these terms. Care must be exercised in measuring the integrated average
pressures and computing the engine stream thrust in flight at representative
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'Free' Joint

Figure 4.4 - Simplified Trunnion Thrust Method

Trunnion Method (Cont'd.):

mass f1
close a
tion.

connect
install
include
mounted
thrust

w rates. Accurate measurement of the trunnion loads|requires that
tention be given to the design and installation of the instrumenta-
eal friction forces and tare loads from airframe to engine

ons must be included in the force accounting. For mpre complex
tions, such _as a podded turbofan, the trunnion measured force would
some external nacelle forces and drags. When the nogzle assembly is
separate]y from the flange-to-flange engine, the evafuation of net
equires that loads on the nozzle mounting points be peasured.

The dirgct,force measurement system may be extended to podded installations
by empl = . i s are
negligible, the thrust-minus-drag of the pod would be determined and could
be used directly, or corrected for drag terms, to yield in-flight net thrust.

The use of the trunnion method for measuring in-flight thrust has had
limited application to date. At least in part, this has been because of the
difficulties of instrumenting the mounts, recording the loads, and assessing
the in-flight tare forces between the airframe and engine.

Examples of In-Flight Thrust Methods: Several simplified examples are

discussed to illustrate the use of in-flight thrust methods. Logic charts
(schematics) are presented to depict the particular measurement and

calculation process. Such charts should be prepared early in the planning
process for each candidate method. They depict the in-flight measurements
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4.5 Examples of In-Flight Thrust Methods (Cont'd.):

required and the data correlations that must be developed prior to the

flight

test.

4.5.1 Single-Spool Fixed-Nozzle Turbojet: The use of an overall performance

method for a simple turbojet is illustrated in Figure 4.5. Measurements
are designated within a rectangle and calculated parameters within a
parenthesis.

The gross thrust relationship, which is used to correlate in-flight
thrust, is essentially that given previously in Equation 4.1; while the

airflow relationship, which is needed for ram drag, is basjed upon the
compressor speed/flow operating line. Secondary parameter]s are shown to
corr¢ct for Reynolds number and real gas effects. Al ‘of [these
relationships must be developed through GLTB and ATF-engine calibrations.

A11 {n-flight thrust methods require a knowledge of Pgg, Th2, and P2

(or Rt1) at each data point. The simple overall performance method
presénted in Figure 4.5 requires only one.additional measured value (N) as
input to the calculation procedure.

4.,5.2 Single-Exhaust Turbofan: Three different options are presented including
both[simpTe gas-path/nozzle and overall performance metho The use of
multi{ple methods to provide redundancy is a desirable feature for any test
program.

A11 three of the examples.mdke use of a fan-speed correlatlfion to determine
total airflow and ram drag. Thus, the methods are not totally independent.
Figure 4.6a illustrates a gas-path/nozzle method for in-flfight thrust
detefmination. A-correlation of referred gross thrust, Fgg/st2, versus
areatweighted nozzle pressure ratio, NRPA, and ram pressure ratio,

Pt2/Rs0, is used based upon ATF measurements. In-flight measurements

of cqore and bypass nozzle-entry pressures are required, inf addition to Tow
rotor speedy; for the airflow calculation.

Figure-4.6b and ¢ illustrate in-flight thrust methods which do not require
gas | i i ' i1 erall

performance methods. Most flight test programs require the measurement of

fuel

flow. From ATF calibrations, referred gross thrust can be correlated
ex

in terms of referred fuel flow, wF/et2 P 6t2, and ram pressure ratio (or

an alternate gas-generator parameter). The exponent in referred fuel flow
by simple dimensional analysis is 0.5 but actually may be higher due to

real

gas properties.
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Figure 4.5 - Overall Performance Method for Single-Spool Fixed-Nozzle Turbojet
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a. Area-Weighted Nozzle Pressure Ratio Method
Figure 4.6 - In-Flight Thrust Evaluation for Single-Exhaust Turbofan
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Figure 4.6 (Cont'd) - In-Flight Thrust Evaluation for Single-Exhaust Turbofan
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Single-Exhaust Turbofan (Cont'd.):

The third in-flight thrust method (Figure 4-6c) uses a correlation of
gross thrust parameter, GTP, versus referred rotor speed. From ATF
measurements, the GTP is calculated:

F p .
G9 sO

GTP = 7+ ] P (4.9)
<}8 sO :) t2

This correlation (essentially the same as shown in Figure 4.5) is
insensitive to Mach number when the thrust nozzle is choked.

Separake—Stream Turbofan: A gas-path/nozzle method for in-flight thrust

determiination of a separate-stream turbofan is illustrated in Figure 4.7a

-stream thrust and airflow are determined using nozzle-entry
pressure and temperature measurements and nozzle thrust and|flow
coefficients. The nozzle thrust coefficient i's based on sc3le-model
coefficients adjusted for engine measurement Sampling errors and other
effectls, determined by analysis of full-scale test data. The nozzle flow
coefficient is based upon data from the ATF engine test. The primary
coeffilcients are the same as those used.during the ATF calibration to
determine fan coefficients, except for adjustments to account for
free-sitream suppression.

Fan thrust and airflow are determined using fan-nozzle pressure and
temperiature measurements andCnozzle thrust and flow coefficjents
determined from the ATF tést. The fan coefficients are adjysted for the
effect| of free-stream suppression. Ram drag is calculated from inlet
total-airflow determined by adding the fan- and primary-nozzle gas flows
and adjusting for fuel flow and air bleeds.

The melthod uses)the same measurements and calculated airflow for both
gross [thrust @nd ram drag. This has the advantage of lessening the error
in net| thrust due to any error in airflow. The choice of preferred
in-flijght. thrust methods should be based upon the results of an
uncertfainty analysis, as discussed in AIR 1678.

Mixed-Flow Afterburning Turbofan: A gas-path/nozzle method for in-flight

thrust determination of a mixed-flow afterburning turbofan is illustrated
in Figure 4.8. Two alternative options are presented: a F/AP method and
a F/WVYT method. In the first option, gross thrust is obtained using a
Cg nozzle coefficient that is obtained from correlations measured in the
ATF and represented as functions of nozzle pressure ratio, P¢7/Psq,

and throat area, Ag. Nozzle inlet pressure, P{7, is determined by
measurement of turbine discharge pressure, Pyg, adjusted by calculation
for the pressure 1oss in the afterburner. Nozzle throat area must be
measured in flight.
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4.5.4 Mixed-Flow Afterburning Turbofan (Cont'd.):

In the second option, specific gross thrust is obtained using a Cy

nozzle coefficient that is obtained from correlations measured in the ATF

and represented as functions of nozzle pressure ratio and throat area.

Nozzle inlet temperature is obtained from a heat balance calculation based

upon engine inlet temperature, inlet airflow, bleed flow, and ccre and

afterburner

fuel flows.

For both options, total airflow is obtained from a correlation of fan
referred airflow versus referred LP-rotor speed with adjustment for
Reynolds number.
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CALIBRATION TECHNIQUES:

The purpose, objectives and techniques of full-scale engine tests and
scale-model nozzle, afterbody and inlet tests in ground facilities are
discussed in their relationship to determining in-flight thrust.

Full-scale engine static tests (no external airflow) in ground facilities and
scale-model nozzle tests are used to obtain calibration data for correlating
the modified gross thrust and airflow characteristics that are necessary to

determine in-flight modified net thrust.

in Sections 5.1 and 5.2.

These test techniques are described

Aircraft

system 1
uninstal
account]
effects
describe

Methods
effects
cases wh
simulatc
pressurg
Section

5.1 Engine

scale-model tests are utilized to determine the rema
nstallation-related forces which complete the 1inkage
led and installed thrust in a manner consistent with
ng systems. These test techniques, which account for
with changing engine airflow and nozzle area‘and pres
d in Sections 5.3 and 5.4.

described in Sections 5.3 and 5.4 assume that the inl
are independent, and for many applications, this is a
ere the inlet and exhaust effects may be coupled, a p
r, which can simulate simultaneodsly airflow and nozz

ratio, may be beneficial. This technique is describ
5.5.

Ground Testing:

5.1.1 O0Objed

tives and General Requirements: Most in-flight metho

net 1
calcl
engirn

(o]

hrust require some means of determining gross thrust
lation of ram drag. The primary objective of calibra

e(s) in a ground facility is to correlate airflow and
eters that .can be measured in flight.

Correlation da

ining propulsion
between
thrust/drag
external-flow
sure ratio, are

et and nozzle
cceptable. For
ropulsion

le area and

ed in

ds of deriving
and airflow for
ting the flight
thrust with the
ta may be based
Compressor flow
ther internal

-cpre flow split

ine tests.

he engine

i : 8 e—and-—modet-nozzle tests.
Depend1ng on the se1ected in- f11ght thrust method requ1rements, the flight
engine calibration would be structured to:

hardware

pressure-ratio conditions on engine performance

Generate or confirm the exhaust nozzle coefficients

extraction and inlet distortion on performance

Calibrate the existing engine performance model to the flight test

Determine the effects of inlet-pressure, inlet-temperature and engine-

Determine the installation effects of compressor bleed, power
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5.1.1 Objectives and General Requirements (Cont'd.):

0o Determine engine performance at specific simulated altitude and flight

conditions.

Several versions of Ground Level Test Beds (GLTB) and Altitude Test

Facilities (ATF) are available.

©o O o

Open Air Test Stand
Ground Level Test Cell
Alti

tude Test Cell

The following are typical examples:

Othg

Ground
for enc
acceptd
When ec
facilit
with r¢
above,
at the
thrust
engine
conside
dictate

(0]

The tyq
are gre
accurag
engine
relatig
pressuy
by deri
desireq
ground
profile
along t
test st

D [l Lk I
 Rdill TAUTTTULITO,.

facilities are used extensively during the engine,dev
urance testing, troubleshooting, production and everh
nce, and evaluation of subsequent engine hardwdre imp
uipped with airflow and thrust measuring capabilities
iies may be used for calibrating the flight engines or
presentative flight hardware. Of the four facilities
the ATF offers the most flexibility since calibration
simulated flight conditions that are-planned for the

evaluations and the influence of jnlet pressure and t
performance can be defined separately. However, econ
rations and, in some cases, limitations in ATF capabi

the use of a GLTB alone.

e of ground facility and<instrumentation used in the
atly influenced by the-jin-flight evaluation option se
y desired, and on the-type of engine. For example, fi
with choked nozzle, the in-flight net thrust can be d
nships of engine.rotor speed to airflow and of exhaus
e ratio to corrected gross thrust. Similar results m
ving the nozzle flow and thrust coefficients. In eit
correlation data may be obtained in an open air test
level test cell. Since the exhaust nozzle is choked,
(s) atsthe nozzle entry plane will vary only with powy
he_éngine operating line experienced in an open air o

at the

lines as well as the power setting.

b1 opment cycle
aul

rovements.

, these

other engines
mentioned

5 can be made
in-flight
emperature on
bmi C

ity may

ralibrations
ected, by the
br a turbojet
btermined from
t nozzle

ny be obtained
her case the
stand or a
the

pr setting

r ground level

and.  In the case where the nozzle(s) are unchoked, t

ne profile(s)
operating

The error associated with

extrapolating the sea level data to higher flight speeds may be relatively

small for the choked nozzle.

However, for an afterburning turbofan or a

high-bypass-ratio turbofan, the calibration may have to be conducted in

the ATF, if the accuracy of the simple turbojet is to be achieved.

In

most engine test facilities, the afterbody flow field cannot be simulated;
and the wind-on effects on nozzle performance have to be determined from
the wind tunnel tests, either full scale or model.

In the thrust calibration procedures of this report, most flow variables

have been expressed as properly averaged one-dimensional parameters.

A

well designed test calibration process should provide the one-dimensional
averages in two general ways:
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5.1.1 Objectives and General Requirements (Cont'd.):

0 Design the test facility installation configuration so that pressure
and temperature gradients are minimized at the control volume
boundaries.

o Make sufficient measurements so that a proper average can be
determined when gradients may exist.

The application of the AIR 1678 uncertainty methodology recommends
quantitative estimates of how well the average flow variables can be
determined by a specific instrumentation/measurement system in a
particular test facility. Validity checks to identify unanticipated
errofs in the in-flight thrust determination process are-discussed in
AIR 1703, Section 7.

Sectlion 6 provides data measurement guidelines that.apply [to ground
facijities and to in-flight measurements. It is ‘recommended that
identical pressure and temperature probes and position sensors be used for
both| the ground calibration and the in-flight thrust evaluation. The
environment around the data acquisition components should pe monitored
and, |where practical, should be controlled. Even though the current data
acqujisition systems are sophisticated, the need for frequepnt calibrations,
some| duplication of measurements, uncertainty analysis, and continuous
atteption to details cannot be overemphasized. Reference .1 is a
comptehensive guide for the gas turbine measurements and the uncertainty
analysis related to the ground facilities.

Groupd calibration data are'generally acquired at stabiliz
condjtions. If, however; the selected in-flight method em
manelivers, the flight engine calibration may include a defji
engipe performance in\ the semi-transient environment. Eng
that|are usually méasured include: airflow, thrust, compr
flow, power extraction, inlet pressure and temperature, tu
pressure and temperature, rotor speed(s), fuel flow, ambie
many| other poténtial correlating parameters. If the exhau
the jnlet geometries are variable, these too must be measu

d engine

loys aircraft
nition of

ine parameters
ssor bleed
bine discharge
t pressure and
t-nozzle and
ed.

tion can be

are required
between power points. However, when highest quality data are desired, it
is good practice to repeat the calibration on a different day. This will
provide some insight into the engine operating repeatability (trim limits)
and added assurance that the data are valid. ATF calibrations take more
time because the engine environment is controlled by a complex facility.
Due to the high cost of operating an ATF, sophisticated real-time data
reduction systems are used to cross-check the data with predictions. This
is done to minimize the need for rerunning tests.

pendir and ground level test stands, an engine calibr

5.1.2 Ground Level Test Beds:
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5.1.2.1 Open Air Stand: An open air test stand can provide for essentially a
direct measurement of gross thrust. The instrumentation environment
remains constant during instrument calibrations and engine testing.
Since the calibration data are obtained only at ground level static
conditions, the effects of altitude and Mach number on engine
performance have to be determined from other sources. The wind
velocity/direction and humidity are important considerations. The
influence of crystal or liquid water ingestion on engine performance is
difficult to assess, therefore performance calibrations should not be
run during any type of precipitation.

In an open air test stand, the engine, along with the calibrated
bellmouth (flow nozzle) and the supporting structure, is supported by

er from an overhea nd platform
(Fidure 5.1). Axial force (thrust) on the structure is-measured by the
strain-gage load cell. To prevent hot gas reingestion, sgme
installations have a pivoting mechanism which allows. the eéngine to be
pointed into the wind. When the wind speed is zero, the test stand
meadured force, the engine gross thrust and the net thrust are equal.

If dngine testing is done at other than zero-wind conditigns, correction
to fhe measured force may be necessary. Fadpy éxample, the|ram drag
correction for a 10-knot headwind is equal.to about 0.5 1bs per 1b/sec
of dngine airflow. It is accepted practice to test in headwinds but to
limilt the calibrations to test periods‘when wind velocity|is less than
10 Knots and steady.

W1 O ®

@ ~—5 ——

P — :

/L \
/

/ Load Cell

/
——— Turntable
SIS ST T 7777777777777 77

Figure 5.1 - Open-Air Test Stand
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5.1.2.2 Ground Level Test Cell: Engine installation and thrust and airflow

measurements in the GLTB (Figure 5.2) are similar to the open air test
stand except that the gross thrust measurement is more involved, because
the physical boundaries of the enclosure may induce additional forces on
the engine and the attendant structures. These forces have to be
derived either by correlating the test cell measurements to an engine
whose performance is well defined(5.2) or by calculations based upon
measured velocities and pressures. The magnitude of the correction
force is unique to the engine model/installation.

YL L) ) /////_A

N———-—._

ﬂ
RN R
N S
~
~—— e ——
—_——-4’
o
~ J
S ‘,‘r" .

[
///f//////J/////////////

Figure 5.2 - Ground Level Test Cell

Total airflow through the test cell is the sum of engine airflow and
secondary flow induced by the exhaust plume entrainment. For a given
test cell cross-sectional area, the thrust correction forces increase
with an increase in the total cell airflow. Generally, the free stream
momentum is the dominant factor. The scrubbing force and pressure area
force are directly related to the secondary airflow. Some test cells
have a front bulkhead. In this arrangement, the scrubbing forces are
negligible, and the total airflow through the forward part of the test
cell is reduced. There may be an attendant increase in pressure
difference from the front to the back of the test cell.
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5.1.3 Altitude Test“Facility: Gas turbine engine component perfo
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(Cont'd.)

In the GLTB, the gross thrust for a single stream engine is related to
the test stand measured force by the following expression:

Fgo = FmM + WoVo * & * 9D (5.1)
where, Fpm = measured net test stand force

wOV0 = freestream momentum

) = A; (Psa - Psp) = pressure area or buoyancy force

) = scrubbing force on the engine and supports

The tlest cell thrust correction factors can be derived.by:| (1)
corrdlation with calibrated test stand, (2) correlation with a
calibrated exhaust nozzle, (3) semi-empirical calculations|based on test
cell [measurements, or (4) the use of a thrust measuring be]lmouth plus
area [and pressure measurements. The first two)methods proyide only the
totall correction factor. It is good practice to use a sec¢nd method to
check the cell corrections. This process provides added confidence to
the dxperimentally derived correction factor and provides technical
base |for future test cell improvements. For the test cell|depicted in
Figure 5.2, typical force values that contribute to the overall thrust
corrgction factor are:

o WgVp less than 5 percent of Fgg
o #g less than 2 percent of Fgg
o Tess than:0.5 percent of Fgg

Some |of the older test cells which were designed for low ajrflow engines
may not be suitable for calibrating the current large turbpfan engines.

ance and

rotor $peed-matching is influenced by the altitude and the f]ight speed,
but engine calibration in the GLTB does not define these effpcts. The
major advantage i ver a wide
simulated flight spectrum. Depending on ATF capabilities, the exhaust
nozzle coefficients can be determined over the complete nozzle-pressure-
ratio operating range, and altitude and inlet condition effects on engine
performance can be defined.
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5.1.3 Altitude Test Facility (Cont'd.):

An ATF is a complex facility comprised of the air supply system, the

altitude test cell, and the exhaust system.
typical engine installations in an altitude test cell.

Figures 5.3 and 5.4 show
The air supply

system includes air compressors, temperature control equipment, and

pressure/flow control valves.

Conditioned air is supplied to the engine

through a flow measuring device or a duct section in which the flow is
measured.

The inlet duct contains a seal (slip joint) to separate the fixed

structure from the free-floating test bed.

an e
comp

The

meas
This
func

augment exhauster pumping capability.

sizi
dual
scav
reci

Isol

accopplished by means of a skp joint.

seal
or o
the

an a
an i
This
cali
may

cont
with
ino

Engine exhaust flows through

jector or a gas collector, a gas cooler, fTow control
ressors that discharge the exhaust gases to atmosphere

cooling/scavenging airflow to the altitude cell-is con
red.
enables the scrubbing forces (carcass drag)-to be def
tion of total secondary airflow. Most ATFS have exhau
For <single exhaust
ng is relatively easy and good test cell scavenging is
exhaust turbofan engines this task s more difficult,
enging air may be needed to eliminate or reduce the ex
rculation.

tion of the thrust balance-system at the engine inlet
Labyrinth and pres

are the most common. ~Airflow through the labyrinth
t of the duct, depending on the static pressure diffe
seal. Airflow through the labyrinth seal is calculate
ssumed discharge _coefficient or a calibration. Some s
nflatable rubbér)boot which, when inflated, provides a
arrangement,..in conjunction with the upstream venturi
prate the airflow through the slip joint. Other slip
nclude a<cavity in which the pressure can be closely
rolled..-When the cavity pressure is matched to the st
fn the'duct, this pressure balance seal prevents the a
r out of the main engine duct.

Y?%Ygﬁ’ and the

trolled and

Leakage through the labyrinth seal is ‘al'so a known quantity.

ined as a

st ejectors to
engines, ejector
possible. For
and additional
haust gas

is usually
sure balance
seal may be in
rential across
d using either
eals may contain
positive seal.
, may be used to
joint designs
monitored and
atic pressure
ir from flowing

Figure 5.3 shows a dual exhaust turbofan engine installation featuring an

overhead suspension and thrust measuring system.
the venturis located upstream of the bellmouth.

Airflow
Generally

is measured with
, some flow

straightening arrangement is required downstream of the venturis to

provide a uniform flow profile at the bellmouth.

Figure 5

.4 shows a

single exhaust engine installed in an ATF with under-engine thrust sled.
Here, the airflow is calculated from the pressure and temperature profiles

measured downstream of the slip joint at Station 1.

As an

alternative, a
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5.1.3 Altitude Test Facility (Cont'd.):

calibrated bellmouth with some accounting for the slip joint leakage flow
may be used. Additional information on thrust and airflow measuring
systems is provided in Paragraph 5.1.5.2

In an ATF, the desired flight speed for a given altitude is simulated by
controlling the engine inlet total pressure, P2, and temperature,
Tt2, to the flight speed stagnation values. The aircraft inlet duct
recovery and the inlet distortion may be considered in establishing the
inlet flow condition. In]et distortion 1s s1mu1ated ?y various density
irij i nerators(5. located in front
of the engine to reproduce the flight 1n1et tota1 pressure profile at the
engipe face at a specified airflow. The desired altitude pressure is set
by the test cell ambient pressure, Pgg. The inlet and the| altitude
pressures are controlled by the ATF flow/pressure control valves. Some
ATFs|are equipped with fast-acting flow control yalves, and the desired
flight conditions can be maintained during engine transients.

In an ATF, the flight engine calibration may be a relativelly limited
performance check at the desired flight.conditions or a more extensive
evalyation, depending on the requirements of the selected [in-flight
option. Other factors that impact the scope of the calibration include:
previjous experience with the specific engine model, availapility or
capability of the ATF, resources:and timing.

For an engine with single exhaust nozzle, Figure 5.4, the gross thrust is
determined from the following relationship:

Fao =Fm " Fer. " #p * 95

Fy *WyVy + Ay (Pgy - Pgg) * 8y * dg (5.2)

G9

wher¢, wlvl =<-inlet duct momentum
A
¢D = scrubbing force on engine skin and supports

= pressure-area and scrubbing forces at the slip joint

1 (PSl - PSO) = inlet duct pressure-area force

Generally, #p plus fg is less than 0.5 percent Fgg

Calculation of gross thrust for a dual exhaust engine, Figure 5.3, is
similar, although additional pressure measurements along the core
afterbody may be required. Relation of the gross thrust to the measured
force is as follows:

(5.3)

Fa1o * Fao = Fy * WV * Ay (Pgy = Pog) * 85 - Bpp = Bo1ug = Poyion * 9D

where, ¢AB force on core afterbody
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Altitude Test Facility (Cont'd.):

Measurement of the core afterbody, the pylon and the plug forces is
difficult; therefore, it is more practical to utilize the modified fan and
core exhaust gross thrusts (Section 3). The relation of the modified
gross thrust to the test cell measured force can be reduced to the
following terms:

* *

Other Ram Facilities: Test facilities that enable partial simulation of

the [fTight environment are also available and may be used|for calibrating
the [flight engines. These facilities are generally desighed so that the
air [compressors can be used either as exhausters or blowers. In the
former case, compressors are used to control enginelexhaust or altitude
static pressure while the engine inlet is open via“a pressure valve to the
prevailing ambient conditions. A significant portion of the flight
envelope may be simulated; however, lack of dtnilet temperature control may
be 3§ limiting factor. When compressors are’used for rammjng, the engine
exhgust is open to atmosphere. In this mode, inlet temperature is usually
controlled, and simulation of a wide range of flight speeds at sea level
is possible.

Figyre 5.5 depicts a ground level;test cell with inlet ram capability
only. Here, the engine is supplied with air at controllef pressure and
tem erature, while the envireonment around the engine remajins at prevailing
groynd level pressure. Engine installation, and thrust apd airflow
measuring systems and techniques are similar to the ATF shown in

Figyre 5.4. The major advantage of calibrating the flight engine(s) in a

/ ram|facility is that\the data can be obtained at higher npzzle pressure
// ratios.
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Figure 5.5 - Ground Level Test Cell with Inlet Ram Capability
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5.1.5 Special Considerations:

5.1.5.1

5.1.5.2

Thrust Measurement: The basic elements of the thrust measuring systems

are similar for all ground facilities. The test engine and at least a
part of the inlet duct is supported by flexures, either from an overhead
structure or from a platform. In most GLTB installations the inlet
belTmouth is attached to the engine, while in most ATF or ram facilities
the bellmouth is isolated from the force-balance system (thrust stand).
The flexure arrangement restrains all but axial travel of the thrust
stand. Axial force is usually measured by a strain-gage load cell.
Hydraulic and pneumatic pressure capsules have been used in the past,
but_currently, load cells are more common

Strain-gage load cells may be vented or hermetically~sealed. Vented
loaf cells are insensitive to ambient pressure variationsg. Temperature
effects on a load cell can be eliminated by maintaining g constant
loafl-cel1 temperature. The test stand axial travel need§ to be greater
thap the total deflection of the load cell under full load to provide
for| thermal expansion and other factors. This is an impgrtant
congideration for an ATF, where high test €ell ambient temperature and
prefsure variations may occur.

Thrist stand calibrations are performed with the engine qompletely
installed and fuel lines pressurized. To reduce hysteregis, all service
and| instrumentation lines should<have a generous length dnd be
perpendicular to the direction of the measured force. Typically, a
hydraulic jack is used to apply a force through a calibrdgtion load cell
(working standard) to thecthrust bed and the test-cell 1qad cell.
Ideplly, the calibratian,force should be applied through |the engine
thrpst center. When the calibration force is not applied on the engine
center-line, a correction to the calibration may be necegsary. This
correction can be'determined by applying several different moments to
the| thrust stand-during the calibration.

One| of the(major problems with test cell thrust measuremgnt, especially
in the ATF; is the difficulty in reproducing the thrust measuring system
environment during calibrations and during the engine tegts. Some
facfiUities conduct thrust calibrations with the engine operating, while
othe i i i ring the engine
test to spot-check the initial calibration. Tare forces must remain
unchanged during the system calibration and with the engine operating.
Reference 5.3 provides some typical measurement uncertainties.

Airflow Measurement: The two most common ways to measure airflow at the

inlet of the gas turbine engine involve the use of a flow nozzle
(belTmouth) or a critical-flow venturi. Flow nozzles are used
extensively in the GLTB, while either the venturi or the flow nozzle is
used in the ATF. The airflow is calculated either: (1) from pressure
and temperature measurements and a flow coefficient or (2) from pressure
profiles and temperature within the flow measuring device.
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5.1.5.2 Airflow Measurement (Cont'd.):

5.1.5.3

5.1.5.4

Calculation of airflow through the critical-flow venturi requires
minimum instrumentation, and the flow coefficient can be calculated with
a high degree of confidence. (5.1) Disadvantages include the need for

a flow straightening screen or grid to preclude inlet distortion and for
accounting of the slip joint airflow. The pressure drop across the flow
measuring system may be a limiting factor for a facility that has
limited air supply capability.

A calibrated bellmouth requires little instrumentation for calculating
airflow, but the system is sensitive to flow disturbances near the
1Tmouth. Airflow can also be measured downstream of, the bellmouth
roat provided that sufficient instrumentation is uSed|to measure the
t velocity profiles, including the boundary layer. Locating the
strumented section downstream of the labyrinth seal e]iminates the
d for determining the leakage flow. The uncertainty|band of
lculaged ma§§ flow becomes larger at lower, fTow Mach pumber (less

0

Q c O

pressor bleed flow, turbine cooling-flow, anti-icing|flow, etc., may
measured with a sonic nozzle, venturi flowmeter, or c¢alibrated
ifice.

oOUTO t O =S -

Humidity Corrections: Engine performance may require hymidity
corrections. Gas properties of air are affected by spe¢ific

hu idity.(5-8) For a 90°F day with a relative humidity|[of 85 percent
(specific humidity of 26.5 grams of water per kilogram ¢of dry air), R
Cp and Cy are 1.5-, 2:2-and 2.5-percent higher, respectively, than

for dry air. For an. engine operating in this environment, the observed
thrust would be about 0.4-percent lower and observed fug¢l flow about
1.B-percent higher than the values that would be attained if the engine
were operating‘at the same rotor speed with dry air. Reference 5.9
provides data for humidity corrections.

Inlet Duct’Condensation: Condensation of water vapor in the engine

inflet duct during static tests may occur if ambient relative humidity is
su f1c1ent1y h1gh This problem shou]d be cons1dered in the engine
because—conden : nificant—influence on engine
performance The gas propert1es are affected by the specific humidity,
while the condensation problem is related to the relative humidity.
Since the engine inlet duct velocity is relatively high (Mach 0.3 to
0.5), the stream static temperature and pressure are significantly lower
than ambient (about 3 percent for absolute temperature). Thus, even air
at a relative humidity of 58 percent has sufficient water content to
saturate the air at the engine inlet. Higher ambient humidity may
result in condensate formation. Whether it occurs or not depends on the
inlet duct length, the perturbations that produce higher local velo-
cities, and the amount of solid particles in the air stream. Condensa-
tion results in an increase in total temperature and a decrease in total
pressure of the gas flow entering the engine. These effects are diffi-
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5.1.5.4 Inlet Duct Condensation (Cont'd.):

cult to measure. Temperature and pressure changes on engine performance
can be derived analytically, but the effects of 1liquid water ingestion
have to be derived experimentally. The problem is further complicated
by the fact that the liquid/vapor equilibrium conditions may not exist
at the engine inlet, i.e., water vapor may be in the supersaturated
state. Currently, the condensation effects on engine Eerformance can
only be determined by semi-empirical methods. (5.10, 5.11)

5.1.5.5 Inlet Screen: Ground test facilities have inlet screens to prevent
debnt i i o Y 3 duce the
advdrse velocity gradients at the engine inlet. The inlet screen in the
ATF |is isolated from the thrust measuring system, while ip the GLTB, it
may |[be attached to the bellmouth. If the engine inlet pressure is
meaqured downstream of the screen, the referred ordcorrected engine
parameters are not affected by the screen pressuve drop (for a choked
exhaust nozzle). A ram pressure ratio correction is requjred to adjust
the |data to a desired reference condition.

5.1.6 Enging Calibration Examples: This section-presents simplifjed examples of
how ATF engine calibration data are used’to derive nozzle cpefficients and
other [correlating parameters for several in-flight options.| Examples
include:

0 The single-exhaust turbofan
0 Theg intermediate-cowl turbofan
0 Theg mixed-flow afterburning turbofan.

These |lexamples weré jintroduced as examples of in-flight thryust methods in
Paragrlaph 4.5.

For cllarity,.'only the parameters that are essential to the $pecific
in-flilght option are shown in the illustrations. Many other parameters
are gdnerally measured to cross-check measured values and to verify
contrqlJimits and schedules.

5.1.6.1 Single-Exhaust Turbofan: This example illustrates three alternate
methods to determine in-flight thrust for a single-exhaust non-
afterburning turbofan. A1l three methods correlate airflow using fan
rotor speed, but use different gross thrust correlations.

The first method correlates nozzle gross thrust with nozzle pressure
ratio. Figure 5.6a shows the schematic chart for the ATF calibration
generating the in-flight correlating relationship. The fan and core
discharge total pressures, Pt1g and Ptg, and test cell ambient
pressure, Pgp, are used to calculate the area-weighted nozzle pressure
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Single-Exhaust Turbofan (Cont'd.):

ratio, NPRA. Engine gross thrust is determined from Equation 5.2. For
this example, the engine and labyrinth seal scrubbing forces were
assumed to be negligible, and for expediency, the pressure-area force at
the labyrinth seal was included in the term by adjustment to Aj. The
airflow, the inlet duct momentum and the pressure-area forces are
calculated from the inlet duct total pressure profile, static pressure
and temperature. Station 2 measurements are the reference conditions.

Corrected gross thrust versus NPRA as a function of ram pressure ratio,
P+2/Pg0s i ] r speed
are tpe outputs used from the ATF calibration.

For the second method, nozzle gross thrust, referenced“to Jtation 2
conditions, is determined in exactly the same manner’described above.
It is|correlated versus corrected fuel flow rather than nozzle pressure
ratio, Figure 5.6b shows the schematic chart for the ATF dalibration
generating the desired relationships using this method. THe exponent
used jn the fuel flow temperature correction ‘can be estimatled
analytically using the cycle match simulation and verified
experjmentally in the ATF and later in.the aircraft.

Corregcted gross thrust versus corrected fuel flow as a fundtion of
engine pressure ratio and corrected airflow versus corrected rotor speed
are the outputs used from the ATF calibration.

A third alternative method.makes use of a gross thrust parameter
correlation versus correctéd HP rotor speed. The gross thrust parameter
(Equation 5.5) tends to_normalize to a single line versus any gas
generator parameter for the case of choked thrust nozzles.

F p

6TP =| | 89 % 1| SO _ (Feg s AgPeg)/Pro Ag (5.5)
AP P

8 s0 t2

Figure 5s6¢ shows the schematic chart for the ATF calibratipns
generating the desired relationships using this method. Gross thrust
parameter versus corrected HP rotor speed and corrected airflow versus
corrected LP rotor speed are the outputs used from the ATF calibration.

Intermediate-Cowl Turbofan: An example of an ATF calibration setup is

shown in Figure 5.7. Overall wind-off (quiescent air) thrust is
determined from load cell measurements and calculated stream thrust,
Fg1, at engine entry after correcting for tare forces. The engine is
operating at simulated aircraft flight conditions set by P¢2, T2,
and Pgg for various fixed-throttle power settings.
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Intermediate-Cowl Turbofan (Cont'd.):

Figure 5.7 shows the ATF calibration flow chart for generating the

nozzle flow and the thrust coefficients.

In this example, the actual

mass flow used to define the primary nozzle flow coefficient is

determined from the choked turbine nozzle parameter.

The scale-model

primary nozzle specific-thrust coefficient and the flow coefficient are

used to calculate primary-stream thrust.

The fan-stream thrust and mass

flow are equal to the difference between the total measured values and

the core stream values derived above.

Fiqure 5.7 shows a method option based on the modified thrust

efinitions.

he nozzle discharge coefficient is used to account f
ull-scale tests (see Paragraph 5.2.1.1).
ozzle pressure ratio, as shown in Figure 5.7.

ixed-Flow Afterburning Turbofan:
fterburning turbofan engine is shown in Figure 5.8.

ypass flows are partially mixed. Some bypass air is
he afterburner liner. The final convergent-divergent
o be fully variable between*dry and maximum afterburn

alibration of the low=bypass-ratio afterburning turbo

ozzle entry pressure, all parameters are also measure
igure 5.8 is-an abbreviated schematic diagram that sh
n-flight correlation parameters are derived from the
alibrationy®” Thrust coefficients are generated for us
ethod options:

he_fan rotor speed-to-airflow relationship with accou
arjable vane position, is used in both options to cal

dwvacs

the F/AP method and the F/W\/T method,.

It is assumed that the exhaust NPR plus |specific thrust
oefficient option will be used with an ideal convergent-divergent
/WVT thrust group reference for both primary and‘secondary nozzles.

r wind-on/-off

flow suppression) effects, which are derived: from scale-model or
The calibration outputs are
he primary and secondary nozzle coefficients versus the respective

A-general arrangement sketch of the

Core engine and
utilized to cool

nozzle is assumed
fer settings.

igure 5.8 shows the engine parameters that are measured in the ATF

fan engine. With

he exception of airflow, thrust, engine discharge temperature, and

d in flight.
ows how the
ATF engine

e with the two

ting for the
Fu]ate the

Udraye.

Correlation of the nozzle entry pressure to the turbin
pressure is used to calibrate the pressure loss calcul
and afterburning pressure losses. The dry mixing loss
engine pressure ratio, and the afterburning pressure d
function of afterburner temperature rise.

The nozzle entry temperature is calculated from the en
afterburner heat balance. Measured turbine discharge
used for engine monitoring and to cross-check the engi
results. Real gas properties are used to calculate th
thrust and flow parameters.

e discharge

ation for the dry
is a function of

rop is primarily a

gine and

temperature is
ne heat balance
e ideal nozzle
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5.1.6.3 Mixed-Flow Afterburning Turbofan (Cont'd.):

The ATF calibration outputs are:
o Airflow as a function of fan rotor speed and inlet-gu

o Nozzle entry pressure as a function of turbine discha
dry and afterburning modes

0 Nozzle inlet total temperature as a function of fuel

ide-vane position

rge pressure for

flows and airflow

0 Nozzle thrust coefficients as a function of nozzle pressure ratio and

asured nozzle area
5.2 Sca]e-$:Ze1 Nozzle Testing: Scale-model nozzle tests are-conducted to

develop the nozzle coefficients needed to characterize /the e
exhaust system performance. Model test results, whemjused i
with GUTB or ATF full-scale engine test results provide the

o Determination of the magnitude and variation of nozzle pe
nozzle pressure ratio

o Extrapolation of GLTB nozzle coefficients to higher nozzl
rat{os which occur in flight

o Adjustment of GLTB and ATF nozzle&’coefficients for extern
(wind-on/wind-off) which occur. with unchoked nozzles.

5.2.1 Nozzle Performance Charactebization: As discussed in Para
nozzle coefficients are defined to relate actual to ideal
perfgrmance in a manner .that is practical for in-flight th
detenmination. The-Coefficients are characterized primari
of nqzzle pressure ratio and, for variable area systems, n

ngine and
n conjunction
data for::

rformance with

P pressure

a1l flow effects

graph 2.5,
nozzle

rust

|y as functions
bzzle area.

They [define internal nozzle per formance and are used to ca
grosy thrust.Corrections for external force increments m
to ohtain the)installed propulsive force, Equation 2.13.

culate nozzle
y be required

Sepanate. flow systems require that core and fan nozzle coefficients and
the gffect of fan flow (core nozzle suppression) be evaluated. Single-

nozzle, mixed-tiow systems require accounting for both pressure and

temperature differences in the two streams. Variable-area

convergent/

divergent nozzles such as used for supersonic, multi-mission aircraft,
require characterization ove, a broad range of areas and pressure ratios

for either turbojets or mixed-flow turbofans.

These three exhaust nozzle configurations are shown in Figure 5.9,
Examples of these nozzle characterizations and model test requirements are

discussed further.
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a. Separate Flow

n8
I\
j

b. Long Duct Mixed Flow

Jet Nozzle Throat

— -

c. Variable Area Convergent/Divergent

Figure 5.9 - Exhaust System Configurations
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Four nozzle coefficient curves, il

Tustrated in

Figure 5.10 are required to define the exhaust system performance at

static conditions.
established by operating the model with zero fan flow.

The core-nozzle specific thrust coeffi
That test also

cient curve is

establishes the upper 1ine on the core-nozzle flow coefficient plot.

With both the fan and core streams flowing, the variation

flow coefficient with fan-nozzle pressure ratio is establi

of core-nozzle
shed. That

variation is due to the interaction between the nozzle exhaust flows in

the vicinity of the core-nozzle exit plane. The interacti

on between the

two flows imposes a modified static pressure on the core nozzle that

determines the amount of flow passed through the nozzle.

Since the

ideal flow remains the same at a fixed core-nozzle pressure ratio, the

flow coefficient is apparently changed.

The [fan-nozzle flow coefficient is obtained directly from
test| results. The fan-nozzle specific thrust coefficient
fan |stream thrust which is determined by subtracting. the

value of core-nozzle thrust from the total thrust measure
flow operation. Any force contribution due to the intera
the [two flows in the vicinity of the core nozzle is autom

inclluded in the fan-nozzle specific thrust<coefficient.

Extegrnal flow can affect the nozzle flow coefficients and
predicted in-flight net thrust. The dnteraction between

free stream flow and the engine exhaust flow produces a p
nozzle 1ip that may be different ithan the corresponding 1
presisure during static testing..\'In-flight thrust calcula
shoultd account for this freexSteam suppression of the noz

assumed<that flow suppression only affects the quant

a changelin nozzle specific thrust due to free stream supy
be blookkept in aircraft drag.

is passed by the nozzle and not the nozzle efficiency.

the dual-flow
is based on a
alculated
during dual
tion between
tically

hence the
he external
essure at the
cal static

ion procedures
le flow

be

nt change,
m Mach number
of suppression
| may also vary

ity of flow
Therefore,
ression would

An alternate method used to account for fan suppression of core nozzle
coefficients and external-flow suppression of fan nozzle coefficients is

based on applied nozzle pressure ratio.

Nozzle base stati

C pressures,

Psg and Pg19, are substituted for free-stream ambient pressure in

the nozzle pressure ratio used to characterize the coefficients.

technique may preclude the need for wind-on model testing.

This
Use of this

nozzle performance characterization for flight test evaluations would

require the measurement of the nozzle base pressures.
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Figure 5.10 - Typical Separate Flow Exhaust System Nozzle Coefficient
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gure 5.11 - Nozzle Flow Coefficient Suppresion (Isola

ked-Flow Systems: For a mixed-flow exhaust system, a
jure 5.9b, single-valued thrust and flow coefficient

pd to chanacterize the static nozzle performance char
pse curves would normally be multi-valued. This form

rformance characterization requires the development o
Jationship to define an appropriate average nozzle pr

2.6 2
ted Nacelle)

s shown in
curves, can be
acteristics.

of nozzle

f an empirical
essure ratio that

T-provide a nearly single valued curve. In general

the form of that

re

P p

P

t7pvg

T = f
s0

t17
s0

ationship 15t
Py Te7
Ps0 Te17

(5.6)

The mass averaged total temperature is used in conjunction with the
empirically determined total pressure to calculate the ideal flow and
velocities that are needed to determine the nozzle coefficients.
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Mixed-Flow Systems (Cont'd):

An improved version of this approach is to analytically model the duct
losses and mixing process to arrive at a mixed nozzle-inlet total
temperature and pressure that can be used with conventional nozzle
coefficient curves. An adiabatic constant-area mixing process is
assumed, using real gas properties and an empirically determined mixing
efficiency.

Another approach to nozzle performance characterization for a mixed-flow
i curves

nditions. The

bypass pressure

separately to

re based on

st coefficient

ts, with the sum

ble to use the

than the bypass

ustrated in Figure 5.12 for the wind-off operating @
ationships are parametric in core pressure ratio.and
io. The core and bypass total temperatures are'used
culate the flow functions, and the ideal velocities
ansion to ambient pressure. The single specific thr
applied separately to the core and bypass_ideal thru
ng the total thrust. In some cases, it'may be desir
io of bypass to core pressure as a parameter, rather
ssure ratio.

ernal flow and installation effects on the nozzle flow coefficient
also be important for a mixed.flow system. The approaches for

dling these effects are identical to those discussed [for

separate-flow systems.

Variable-Area Convergent<Divergent Nozzle: For the varijable-area

copvergent-divergent nozzle shown in Figure 5.9(c), the |nozzle specific
thrust coefficient and discharge coefficient curves, as |shown in Figure
5.13 can be used to‘define the nozzle static performanceg. Performance
curves will be needed to cover the range of variable geogmetry required
for installedwengine operation. Appropriate design studies should
inyestigate~the effect of nozzle throat area and area ratio on the
installed(performance in order to define the area ratio |schedule. After
selection>of the area ratio schedule, it may be convenignt to reduce the
nogzle performance characterization to single-valued curlves for that
specific area ratio schedule.

External flow and installation effects on performance of internal-
expansion nozzles are negligible due to the high nozzle pressure ratios
of transonic/supersonic aircraft. For external-expansion ramp or plug
nozzles, the effects of external flow can be significant.

5.2.2 Model Test Program Planning: This section provides guidelines for

scale-model nozzle test program planning including comments on test
requirements, facility considerations, and model design and
instrumentation.
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Figure 5.12 - Alternate Mixed Flow Exhaust System Performance Parameters
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Figure 5.13 - C-D Nozzle Performance Curves

5.2.2.1 Teést Requirements: Scale-model test requirements are pased on an
evaluation of both aircraft missions and engine operatfion:within the
flight envelope. This evaluation defines the types of| testing and the
data-point test matrix required to provide the data necessary to develop
the exhaust system nozzle performance characteristics.| The scale-model
test program must be structured to generate data which| completely bounds
the pressure ratio ranges produced in flight.

For separate-flow systems;‘the core nozzle should be tpsted with zero
fan flow over a range oficore nozzle pressure ratios. | During dual flow
teésting, the fan nozzle should be tested over the corresponding nozzle
pressure ratio range,-and for a range of fan-to-core sftream total
pressure ratios. . A sufficient number of static test.ppints should be
rén to allow cross plotting of the test results to obtpin the nozzle
performance curves depicted in Figure 5.10.

For mixed-fTow exhaust systems, static tests are conducted with cold
flow in“both streams and with hot core flow at the fulfl-scale engine
core-to~fan stream temperature ratio. The cold flow data is used along
withthe hot f]ow data to determlne a m1x1ng effect1ve ess based on

- ; d—4 nd-o oeffficient
suppress1on tests. Add1t10na11y, a co1d f]ow conf]uent configuration is
tested to determine mixer pressure loss by comparing test results with
the cold-flow mixer configuration. An exit temperature and pressure
survey may be used for verification of mixing effectiveness and pressure
losses.

Tests to determine suppression effects should be included to better
characterize the thrust performance of the installed engine. Figure

5.14 provides an illustration of the magnitude of the flow coefficient
suppression at the key mission operating conditions. At high engine
power settings, no flow coefficient suppression is observed. Significant
suppression occurs at the lower power settings for the example
considered.



https://saenorm.com/api/?name=7a0822a1d90b4e6e978fa797a7575f7b

5.2.2.1 Tedt Requirements (Cont'd.):

5-28

Approach

_ 0.01— Takeoff

<: Oﬂéro — SR KRR
25 - A
33 00308 Alt
=& 0,02 0/ ; Cruise
25 0.0}, 6/ _ fP'oner Scan)
gg’ _0.04/0 7/ nuld

3 0.4 - Descent

= '0.05 l 7 !" \ N | f 1

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Nozzle Pressure RatiosPt17/Pso

Figure 5.14 - Nozzle Flow.Coefficient Suppresgion

A dimilar evaluation may be made of the effects of the jinstallation
(wing/flap position, angle of attack, etc.) on nozzle fjow coefficient
sugpression.

Thg scope of wind-on testing to determine installation pffects for the
calculationlof in-flight thrust is dependent on the detail required in
thg installed performance characterization and upon the| thrust/drag

acqounting system employed.

The ‘a@ssumption is made that the installation interferenge affects only
the nozzle flow coefficient, with other effects included in the vehicle
drag polar, including the throttle-dependent exhaust system drag. This
permits wind-tunnel suppression testing to be accomplished without force
measurement.

For the variable-area convergent-divergent nozzle, specific requirements
for test matrices will be unique to each nozzle system and related
design points, area ratio schedules, operating conditions, etc. The
range of test variables (both geometry and pressure ratio) should cover
the range of operating conditions over the important performance rating
points. There may be some cases where important design point pressure
ratios are too high to be attained by the facility. For these
conditions, it is accepted practice to define thrust coefficients using
a constant stream thrust parameter and flow coefficient. The stream
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5.2.2.1 Test Requirements (Cont'd.):

5.2.2.2

thrust parameter, fg, is the absolute stream force divided by an
appropriate pressure-area term and, for a single nozzle, can be related
to the specific thrust and flow coefficients as follows:

(5.7)

fs = (Fgg * PspAg)/Pt7Ag

_ce | fe uYRT| L Fso P9

- DYV

WYRT| A Pe)., Pur Ag
id id

Since both the stream thrust parameter and the flow,Coe
cgnstant once the nozzle operation becomes supercritica
cdn be rearranged to calculate the specific thrust coef]

-

Fi
b€
re
th
TH
cq
cq
pé€
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gure 5.15 is an example of test<data which shows that
come constant and permit the extrapolation of Cy. Th
corded for at least four different pressure ratios wh
rust parameter is constant, in order to obtain a good

is usually occurs at or_above pressure ratios near th
efficient. Additionally, data should be recorded at

nsiderable engine test data analysis is expected, and
rformance assessment will be required even though the
nditions may not-be at key rating points.

id

fficient remain
1, Equation 5.7
ficient.

(5.8)

Cp and fg

p data must be
ere the stream
pverage value.

e peak thrust
conditions where
nozzle
operating

cility ConSiderations: Successful scale-model nozzle

te
th
re
cq
re

sting depends on the accuracy characteristics and flo
e facility being utilized.

performance
capability of

Facility accuracy and reppatability

quirvements should be established and imposed to insurp a high

nfidence level in the test results.

Facility accuracy and

peatability characteristics are based on performance fata acquired

from tests of accepted calibration nozzles, usually ASME nozzles.

Both static and wind-on nozzle tests may be required to determine the
exhaust system performance characteristics of a particular configuration.
Data can be acquired in either continuous flow or blowdown (1imited flow)

test facilities.

The facility selection process involves consideration

of facility availability, confidence in the facility (experience and
availability of historical data), and test program cost.
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5.2.2.3 Model Design and Instrumentation: The design and fabrication of the
model hardware depends upon the type of test (separate flow, cold, or
mixed hot/cold flow) to be conducted. For example, hot flow tests
require special materials, for the facility adaptors and the model, that
are not required for cold flow tests. In both cases, the materials used
must be both thermally and dimensionally stable. In all cases, the
adaptors should be designed to provide a smooth channeled flow path into

the model from the facility.

Due to the necessity of having to

periodically replace malfunctioning instrumentation, an additional
design constraint is the ease of model build-up and teardown when test

duration is 1imited.

graphs.

rate flow exhaust system models are generally .tested

ironment in one or more of three modes; staticyrisolat
alled wind-on. The model size (scale) is normally de
Tow capacity of the facility, specifically the abilit
red maximum pressure ratio for each mode. of testing.

1 hardware is to be used in all three modes, the modeg
en so as to be compatible with the«facility that has

bility.

btain the appropriate model définition for cold flow
-scale nominal coordinates_(or offsets) are sized to

A description of the design and fabrication

following

in a cold flow

ed wind-on, or

termined by the

y to reach the
If the same

1 scale is

the Towest flow

testing,
the chosen

e. The full-scale offsets should be the hot loft 1i
etric features of the .exhaust system should be simul
1; i.e., the bifurcations, pylon, fan case, fan case
, and turbine case'struts. However, the model repre
-scale hardware «ds-1imited, due to physical limitati
mulation of the“acoustic treatment, thrust reverser 1
s, bleed ponts; and associated steps -and gaps.

ay be de®irable to simulate in the model the radial
umferential total pressure profiles and swirl that e

b

es. The major
ted in the
struts, turbine
entation of the
ns in providing
inks, guide

nd
ist in the

ne at the entrance to the exhaust system. Total pres
lation may be accomplished by placing screens in the
tor section.

sure profile
model/facility

The last screen should be located as far as possible

upstream of the model total pressure measurement station.

The model instrumentation incorporated to measure the exh

aust stream

total pressure and temperature for nozzle coefficient determination
should be located as close as possible to the nozzle charging station.

As a gcal, the model should contain at least the same qua

ntity of

pressure instrumentation (number of rakes and probes) as the full-scale
hardware. Static pressure taps located adjacent to each rake on the
inner wall and the outer wall are desirable to facilitate total pressure
averaging techniques for the scale-model data.
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5.2.2.3 Model Design and Instrumentation (Cont'd.):

Hot-flow models are more difficult to design and fabricate because of

the

airflow capacity of the hot flow facility.
the proper airflow at the desired total pressure and temperature.

The model scale is normally determ
The facility

test environment.

ined by the
must provide
From

a design aspect, thermal expansion of the model requires special

attention.

The model must be designed so that the hot f1

ow lines are

geometrically similar to the corresponding full-scale hot flow

coordinates.

Provisions are needed to minimize warpage d

thermal growth.

The
sca
pre
ach
be

pre
sho
amb
ide
ang
par

The
tes
Sca
tot
ins
to
diag

external contour of a convergent-divergent nozzle is

e-model static tests provided steps are taken to_insu
sure exists on this area. When tests are conducdted i
eve desired operating conditions and Reynolds numbers
equired at the nozzle exit plane, as shown in Figure

ent jet flow recirculation within the chamber. Stati
1d be installed on the nozzle external surfaces to as
ent pressure on the model. The model “internal contou
tical to full-scale geometry for proper definition of
larity losses. Figure 5.16 describes some of the imp
meters which are necessary to simulate in the scale m

quantity of instrumentation.Gsed for convergent-diver
s is normally not consistent with full-scale engine i
e-model instrumentation should be sufficient to defin
1 pressure and temperature for the model test. Stati
rumentation should be-installed on the primary and se
etermine gas loads for full-scale hardware mechanical
nostic analysess

Shiel

No Physical

Contact .
o lp ~“‘~LZEE\J

Anti-

ue to the

tot critical in
e that ambient
h a chamber to
, a shield may
5.16, to

C pressure taps
sure constant,
r must be
friction and
prtant major
pdel.

gent nozzle
nstrumentation.
e nozzle inlet
C pressure
condary nozzle
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d
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Figure 5.16 - Model Geometric Similarities
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5.2.3 Testing and Data Reduction:

5.2.3.1 Test Procedure: Reference nozzles, such as those of ASME, should be run
at the start of the static test program to check the facility operation.
Data from each system of a dual flow facility should be obtained using
an appropriately sized nozzle and compared to previous historical and
analytical results. This comparison can be used to demonstrate the
repeatability of the facility and to validate the model performance
results. The same set of reference nozzles should be run at the end of
the test to insure data closure and to provide facility repeatability
information.

Twp nozzle sizes are normally used for calibration in-the test program
for a variable-area convergent-divergent nozzle: one cqrresponding to
the minimum dry throat area and the other for the.maximym afterburning
arpa.

A1)l pressure instrumentation in the model should be leak checked prior

to| the start of testing. A continuous check of pressurg data, e.g.,
total pressure profiles, pressure distortion levels, stdtic pressure
prpfiles, and any related facility parameters, should be made during the
test program to provide early and timely detection of any instrumentation
prpblems that may arise in the model or the facility.

Acturate flow coefficient determination requires an accyrate
determination of the nozzle(throat area. The techniques used to
determine fan and core nozzle throat areas must be analytically sound
anfl physically achievable. The procedures used should he consistent
with the area measurement used on the full-scale hardwane.

At| the start of static testing, the core nozzle is operdted over the
reguired range (of pressure ratio, taking data in ascending pressure

ratio in order.to avoid hysteresis. A curve fairing through the core
nogzle specific thrust coefficient data is established fior use in the
data reduction of the dual-flow runs.

Uppn. completion of the core only runs, dual-flow nozzle [performance
chpracteristics are obtained. The model is tested for 3 series of
nozzle pressure ratios, with runs being made at each fan-to-core stream
total pressure split. By using the previously measured core specific
thrust coefficient, the coefficient level for the fan nozzle may be
defined.

If a flow suppression test is to be conducted, the same model is then
installed in a wind tunnel. The same set up and performance run
procedures are used. For this test, the data from the static test are
used as the guidelines for determining the nozzle flow coefficient curve
levels and shapes. The model is then subject to forward speed (wind-on)
conditions. The resulting data give free stream effects on the exhaust
configuration. The boundary layers over the model, as installed in the
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Test Procedure (Cont'd.):

wind tunnel, should be properly simulated.

If the model was disassembled

and reassembled, to install the wing, static performance should be

repeated and compared to the previous data.

Extrapolation to Full Scale: The model test results
to accurately represent full-scale nozzle performance
Two types of adjustments are usually appropriate.

require adjustment
characteristics.

The first corrects

the wind-on flow coefficient data for the effects of test Reynolds
number on friction and external boundary layer representation. A good

approach is to acquire data at two Reynolds numbers f

extrapolation to full scale. This procedure is requi
suppression testing for subsonic, low-pressure-ratio
engines.

The second type of model data adjustment accounts for
such as leakage, cooling flow losses, thermal expansi
links, steps and gaps, acoustic treatment) oil cooler
These types of corrections may be analytically derive
sub-component tests.

For variable area convergent-divergent nozzles, the R
corrections may not be necessary. The models are gen
Reynolds numbers near full s¢ale, and the adjustment

changes is nearly insignificant. The model data are

leakage and cooling lossés as appropriate for the spe
design. Additionally, variable-area convergent-diver
require a correction for differences in specific heat
scale model and full scale due to gas temperature and
These correctionshave the effect of changing the sha
peak of the gross thrust coefficient curves.

e-Model Afterbody Testing: Wind-tunnel scale-model a

geonetry and jet effects (nozzle pressure ratio).

5.2.3.1

5.2.3.2

5.3 Scal
used
requ
adju

to define the external drag characteristics related
Two gr
ired<  corrections to the afterbody aerodynamic force
st the afterbody drag for differences in test configu

cond

Htions between—thescate modet—and—aircraft;—anmd—incr

or purposes of
red only for nozzle
[unchoked nozzle)

non-modeled losses
bn, thrust reverser
5 and the like.

1 or based on

pynolds number
brally tested at
for frictional
ndjusted for

cific nozzle

gent nozzles

ratio between
composition,

pe and shifting the

fterbody testing is
Lo variable

pups of data are
data base which
ration and test
emental force data

which comprise the throttle-dependent éfterbody’drag (see Paragraph 2.2.2).

These results, properly scaled to the flight test environment, are required

in the in-flight thrust determination procedure.

Afterbody force characteri-

zation, pre-test preparation and design of the test model, and testing and
data reduction are important considerations.
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rbody Performance Characterization:

Afterbody external force is

characterized as a function of flight Mach number, nozzle pressure ratio,
and nozzle exit area or an equivalent parameter defining nozzle variable

geometry position.

Figure 2.9 shows the variation in afterbody or exhaust
system force, Fgxy, at constant Mach number.
representation for a single flight test condition.

This is a convenient
Another representation

is shown in Figure 5.17 with nozzle position held as the constant.

The exhaust system force increment, aAFgxy is the difference between
FExH at full-scale actual and reference nozzle area and pressure ratio
conditions.

5.3.2 Mode

| Test Program Planning: Factors which need to be co

the
capa
or o
mode
obta
syst

5.3.2.1 Fa

bre-test phase of a scale-model afterbody test progra
pilities of the test facility and the degree to which
ther airframe components in close proximity to.the exH
Jed during the test. The testing techniques ‘should be
in results consistent with the established thrust/drag
bm.

Cility Considerations: The choice ofithe test facilit

mo
re
di
f1

Fa
Ma
of
pr
mi
to
te
no
di¢

In
se(
ent

el afterbody testing should consider the same facilit
peatability, and types of operation (continuous or bld
scussed in Paragraph 5.2.1 for scale-model nozzle test
pw capability and test section size are also important

cility flow capability isithe primary technical consid
Ch number range of the wind tunnel must meet the envel
the vehicle. Reynolds number capability--achieved by
pssures and Tow total temperatures--should permit mode
nimum of boundary.layer corrections and allow reasonab
full scale. _Depending on the type of engine exhaust
sted, it may be desirable to attain high mass flows th
rzle. In-tow to moderate flow facilities, this requin
ctate an~impractically small scale for the model.

addition to the facility flow capability, the size of

i

sidered during
include the
afterbody, wing,
aust, should be
tailored to
accounting

y for scale-

y accuracy,

w down),

ing. Facility
considerations.

eration. The
ope requirements
high operating
1 scaling with a
le extrapolation
system being
rough the
ement may

the test

that could bias the external performance measurements.

ttion is also an important consideration. The model ﬂ
2 n n

fon flow area

ust be small
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Figure 5.17 - Throttle-Dependent Afterbody Force Increments
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Model/Support Design: The afterbody model in many cases must include

the entire aircraft external surface if systematic errors in afterbody
force test results are to be precluded. This is a consequence of two
considerations: the model must include all external surfaces whose
aerodynamic forces are significantly affected by nozzle operating
conditions and must also include other surfaces which interfere with
these areas. In most cases the inlets will be faired-over due to the
difficulties in simulating simultaneously both inlet and exhaust flows.

One objective of afterbody force testing is to provide data to correct
from the aero-reference-model nozzle conditions to actual nozzle
-reference in
no nozzle at

up the exhaust
include tests

Y p g Yy dup g
the| afterbody tests. The aero reference model may have
, €.9., it may be supported with a rear entry sting(s
le location(s). The afterbody model tests must. then
a dummy sting to provide the reference force‘data.

The| mode1 support must provide sufficient cross-sectional area for the
pasjsage of the nozzle airflow and should not” affect the gerodynamics of
afterbody region. Figure 5.18 shows.several different support

ems. For engine installation on or'near the aircraft centerline,
., single and dual engine fighter-and trainer aircraff, twin wing-tip
orts best isolate the afterbody“-from support interference effects
may force a compromise of outboard wing geometry to provide

icient airflow area. Fuselage-mounted struts provide sufficient
low area but give rise tounquantified afterbody interference

cts, particularly for-aircraft with fuselage engine installations.
rear entry sting support is a suitable choice for aircraft with
-mounted engines.. “I't has been used for aircraft with twin fuselage
ted engines but 'usually with some compromise in afterbody contours
» therefore, with an associated unquantified systematic error in the
st/drag accounting procedures. A promising newer te¢hnique is the
reafr entry sting with co-annular nozzle flow. This techpique is
appllicable, to-both single and twin-engine configurations| Some
supplementary testing using an alternate support system, |e.g., wing tip
supports or vertical tail tip support, may be required tq establish the
annular-flow conditions required to properly simulate the complete

noz

Testing Techniques: The afterbody force increments can be measured with

force balances, surface pressure integration techniques, or a
combination of these approaches. A smaller number of pressure
measurements and flow visualization techniques, e.g. oil flow and
schlieren techniques, can be used during afterbody design evaluation for
configuration optimization and for isolating the origin of unanticipated
results, e.g. boundary layer separation.
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a. Wing-Tip Support b. Lower Huselage
Mounted Strut
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c. |[Upper Fuselage d. Rear Enfry Sting
Mounted Strut
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e. Coannular Rear Entry Sting

Figure 5.18 - Afterbody Model Support Systems
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5.3.2.3 Testing Techniques (Cont'd.):

Where surface pressure measurements are used in conjunction with force
balances, testing should be done with and without the pressure tubes to
determine if the tubes act as significant redundant load paths. Any
redundant load paths should be eliminated or force balance data usage
should be limited to tests with the tubes removed. The use of plastic
jumper tubes to cross the balance will usually render the redundant
forces negligible.

Four methods to quantify the afterbody drag i1ncrements are discussed
beJow.

o |A single drag balance measuring only external drag fdrces with
non-metric internal thrust nozzles: This method results in a non-
representative trailing edge annular gap which’is reguired for the
drag balance arrangement. The significance'-of the gap is accentuated
by model scale, and accurate extrapolation of the data to full scale
is difficult.

0 |A thrust-minus-drag balance measuring a combination of external drag
forces and nozzle thrust: It is~difficult to obtain jaccurate results
with this approach because it involves finding the small force
difference between two Targecmeasured forces. Recent]ly developed
testing techniques have improved the results obtained with this
approach.

0 |A single afterbody drag balance with pressure instrumented non-metric
nozzle: The annular‘metric break is located in a smopth flow

region. The nozzle is grounded to remove thrust froml the model force
equations, and the drag of the nozzle exterior surfacg is.determined
from the integration of pressure area terms developed from highly
concentrated pressure instrumentation. This approach|is described in
Reference 5.27. The method provides an excellent compromise between
the two-approaches described above.

first method 1isted above.

In general, it is not possible to test a scale model configuration over
the Reynolds Number range experienced by the full-scale vehicle. A
separate assessment of Reynolds Number effects is therefore desirable.
Typically, the effect of increasing Reynolds number is an increase in
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Testing Techniques (Cont'd.):

the magnitude of local flow expansions and recompressions. It is
recommended that some testing to determine Reynolds number sensitivity
be performed.

The data base available with which to assess real gas effects by
comparison of hot- and cold-flow test results is somewhat Timited. Most
afterbody tests have used cold air for nozzle simulation because of
technical, cost, and safety considerations involved with hot flow
testing. However, sufficient data does exist to make corrections to the
cold| flow data or to adjust the nozzle pressure ratio im.the cold flow
test| to yield an afterbody drag force which is more repnesentative of
the hot gas conditions of the aircraft.

5.3.3.1

5.3.3.2

Instrumentation: Afterbody force model testinstrumentatjon consists

primarily of a force balance (or balances);<{pressure taps| and
transducers for the measurement of nozzle pressure ratio and
variagble-geometry nozzle position. Frequently variable ngzzle geometry
is sfimulated in the wind tunnel with:discrete test nozzles corresponding
to key operating conditions of the. full-scale variable nozzle.
Freestream Mach number and model @ttitude is .usually provided by
permanent wind tunnel instrumentation and pre-existing calibration data.

The [force balances and pressure transducers must be calib
known standards. Typically, a balance with six-component
three orthogonal forces and three orthogonal moments, wil
calipration must ineclude loading of all components except
corresponding to aircraft rolling moment. Further, the cg
reduction must accommodate the possibility that any compo
non-pegligible~interaction with any other components. Ba
which may provide a significant redundant load path, shou
and hereby included as an integra] part of the balance ba

ated against
capability,

be used. The
possibly that
Tibration data
p)ent may have a
ance seals,
d be installed
sic
calibration
for he ba]ance forces 1nduced by pressure d1fferences across the

- S - 5+ minds-drag balance

is used, 1t must be ca11brated w1th the nozz]e flow momentum at the
metric/non-metric interface.

Test Approach and Run Schedule: The test data must be sufficient to

permit parametric determination of aircraft performance; yet the cost of
wind tunnel testing precludes testing all combinations of all variables
over their complete expected operational ranges. Consequently, the
proper test approach involves the formation of a test matrix including
all key mission points and limiting the number of test points devoted to
multi-variable parametrics. For example, large excursions of angle of
attack are required primarily for maneuver points. By contrast rather
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5.3.3.2 Test Approach and Run Schedule (Cont'd.):

complete excursions of flight Mach number and nozzle pressure ratio will
usually be done.

The test matrix should be structured in a run schedule considering the
relative difficulty of changing test variables in the wind tunnel. If
changing tunnel Mach number requires tunnel wall movement, all testing
at a given Mach number should be grouped together.

5.3.3.3 Data Reduction: The data reduction procedure requires close attention
to detail. The algorithms for obtaining the drag components must be
carefully designed and checked. Data quality checks on all measurements
uld be performed frequently throughout the test. Pregsentation of the
a in printed and plotted form should employ precise momenclature and
vide maximum visibility of the resultant data. [Afterbody data should
the same area reference as the aerodynamic foirce model for the drag
ar correction data.

odel Inlet Testing: Scale-model inlet £ésting is usgd to define both
the internal (total and static pressure distortion, and recdvery) and the
externgl (1ift, drag, etc.) performance characteristics of 4 particular
design{ These two test objectives are usually accomplished [in separate
model tests. The fact that inlet system external forces cannot be directly
measure¢d in-flight elevates the importance of obtaining accurate scale-model
result$ where direct measurement isZpossible.

The inlet external force test results can be divided into two groups of
data: |corrections to the vehicle aerodynamic force data base which adjust
the vehicle drag for differences in test configuration and conditions, and
increme¢ntal force data which comprise the throttle-dependent inlet spillage
drag. |The first groupwof data addresses the external and interference force
increménts associated with the representation, by the inlet model, of
full-s¢ale inlet configuration and the operating reference nass flow ratio,
which {fisually differ from the reference configuration and mass flow of the
aerodynamic model. These data are acquired across the Mach jnumber and,
frequently, -angle-of-attack spectrum. The incremental forcel data are

i ranges.

t, can increase
the accuracy of the final in-flight thrust determination procedure. Inlet
performance characterization, pre-test preparation and design of the test
model, and testing and data reduction are important considerations.
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Inlet Performance Characterization: Inlet system performance is
characterized as a function of one key parameter, the inlet capture ratio,
Ag/Ac, (or mass flow ratio), as defined in Figure 5.19. For a given
freestream Mach number and inlet geometry, there is a maximum inlet
capture ratio that corresponds to choked conditions at the inlet throat.
This is called the critical capture ratio.

The breakdown of the inlet captured airflow into its constituent parts is
an important performance characteristic. The bleed and bypass system
flows must be known to compute the drag associated with each system. A
typical set of airflow curves is given in Figure 5.20a. The duct airflow
sh i i i i i i i W, any accessory
ainflow (e.g., for use by the Environmental Control System), and an
ainflow allowance to account for duct leakage.

Inlet internal performance can be characterized as;a fun¢tion of Mach
number, inlet geometry, inlet capture ratio, and-angle of attack, a.
Typlical curves of internal inlet performance{are shown in Figure 5.20b.

Inllet external performance (i.e., aerodynamic forces) is|also

racterized by Mach number, inlet geometry, inlet captuyre ratio, and

le of attack. This is true for both an isolated inlet and an

grated inlet/airframe installation. Typical curves ¢f inlet 1ift,

g, and pitching moment are shown in Figure 5.20c. In|the propulsion
ust/drag accounting, the external inlet force, FINL, {s divided

een the aircraft drag and the installed propulsive force by assigning
spillage drag at the full-scale reference conditions|to the aircraft
polar (see Section 2¢2.1). The spillage drag increment, AFINL, due
to @ change in mass flow ratio from the full-scale reference, is included
in [the installed propulsive force. Inlet 1ift and moments effects are
inc[luded in the aerodynamic polar.

(A_o) _ Captured Streamtube Freestream Area
Ac Inlet Projected Capture Arda

Ac

Figure 5.19 - Capture Ratio Definition
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Model Test Program Planning: Factors which need to be considered during

5.4.2.1

5.4.2.2

the pre-test phase of a scale-model inlet test program include the
capabilities of the test facility and the degree to which forebodies,
wings, or other airframe components in close proximity to the inlet,
should be modeled during the test. Testing techniques should be
established to obtain results which are consistent with the selected
thrust/drag accounting system.

Facility Considerations: The choice of the test facility for scale-
model inlet testing should consider the same facility accuracy,
repeatability, and types of operation (continuous or blow down),
discussed in Paragraph 5.2.1 for scale model nozzle testing. Facility
capability and test section size are also important |considerations.

ility flow capability is the primary technical considgration. The
number range of the wind tunnel must meet the envelgpe requirements

he vehicle. Reynolds number capability--achiéved by |high operating

sures, low total temperatures--should permit model sqaling with a

imum of boundary layer corrections and to\allow reasorable extrapo-

ion to full scale. Depending on the type of inlet sygtem being

ed, it may be desirable to attain critical mass flowg through the

t. In Tow to moderate flow facilities, this requirement may dictate

impractically small scale for the~model.

ddition to the facility flowscapability, the size of [the test

jon is also an important consideration. The model myst be small

gh to prevent excessive*'blockage" of the test sectidn flow area
could bias the external performance measurements. Also, the

ility test section must be large enough to accommodate the desired

e of model attitudes (angle of attack and sideslip) without creating

e model/test section wall interactions.

1 Design: . Simulation of the inlet flow field environment will

ire the jinelusion of proximate vehicle surfaces such |as wing and

n for a~podded installation and nose, forebody (inclyding any
ificant- protuberances), diverters, strakes and possibly the wing
for’a buried installation. It is important to duplilcate vortices,
angularities and local Mach number. In addition, 1dcal surface

scale vehicle.

Podded installations can safely be modeled (at least upstream of the
inlet) as isolated inlets, if they are located a sufficient distance
from the airframe forebody/fuselage. The degree to which airframe
features located downstream of the inlet should be simulated on the test
model depends on the speed regime in which the model will be tested.
Full or at least partial modeling of wings, pylons, horizontal/vertical
tails, etc. is generally required for testing at subsonic Mach numbers,
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5.4.2.2 Model Design (Cont'd.):

5.4.2.3

because disturbances caused by downstream features can propagate

upstream and affect the inlet flowfield.

supersonic testing is generally not required.

Full downstream modeling for

The decision to fully or partially model the inlet/airframe is also
affected by the development status of the configuration under test.
Early in the development of an inlet system, it may be advantageous to

limit the degree of overall vehicle modeling.

Usually, this will permit

a larger scale model of the inlet to be tested with a larger number of
surface pressure taps.

Max

imum model size is dictated by the degree of full airgcraft simulation

indqluded as well as test facility limitations and fabrication costs. A
154 to 20-percent scale would generally represent -a practical upper
1init on model size; this is influenced, of course, by full scale
vehicle size. Minimum model size is influenced’by Reynolds number
requirements, geometric complexity and volume. for instrumentation. A 5-

to

ful
sha
Mog

7-percent scale would be a Tower 1imit{and should be

1 vehicle is simulated. Experience has proven that t
uld be as large as possible within the aforementioned
el size directly improves the test”quality due to the

si

Th

full-scale vehicle.

co
b1d
thn
corn
is

model.

byH
of

Var
out

ilarity and the larger forces measured.

inlet force model must represent the inlet configura
Any variable geometry features such
pression surfaces, translating/rotating cowls, flappe
w-in doors should be represented. Compression surfac
oat and/or engine bypass airflow, and any auxiliary f
tributes to total.inlet flow should be duplicated in

true regardless)of the degree of vehicle modeling or

In some'instances the requirement to fully model
ass systems.may be the determining factor in establis
the model<

iab¥e geometry on the model should be remotely positi
sidé the tunnel, if model scale permits. This result

ised only if the
he model scale
constraints.
Reynolds number

tion of the

as moveable

r doors, or

b bleed, inlet
low which

the model. This
the scale of the
all bleed and
ning the scale

bnable from
5 in significant

imp

Testing Techniques:

irovements in tunnel utilization efficiency, |

Accurate measurement of inlet total

recovery is essential during scale-model testing.
two important uses. First, it serves as a check on the accuracy of the

in-

flight measured inlet recovery. Secondly, it is used

pressure

This measurement has

to compute the

scale-model inlet drag that is ultimately used in the determination of
in-flight engine thrust.

The presence of high levels of distortion can significantly degrade the
accuracy of the inlet total pressure recovery measurement. Therefore,
testing to document aircraft/engine/inlet performance should be done at
conditions where inlet distortion is as low as possible, for example, at
lTow to moderate angles of attack and with 1ittle or no sideslip.
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5.4.2.3 Testing Techniques (Cont'd.):

External inlet performance is characterized by the resultant aerodynamic
forces exerted on an inlet by the flow of air through and around it.
Accurate determination of these forces during the scale-model testing is
critical, since they cannot be directly measured in-flight. The model
results must be properly scaled for use in the calculation of installed
propulsive thrust, as discussed in Paragraph 2.2.

There are two primary techniques used in the determination of inlet
scale- model aerodynam1c forces surface pressure 1ntegrat1on and force
and meme bala : 3 2 d weaknesses.

The [surface pressure integration technique allows the\contribution of
the|individual inlet elements (cowl, sideplates, ramps, eftc.) to the
overall inlet forces to be determined. This is am)important advantage
in the early development stages of an inlet system. It helps to
identify those elements which can be adjustedto improve the overall
inlet external performance. The disadvantage of this technique is that
it generally requires a large scale model\ to accommodate [the number of
surface pressure taps needed to provide:acceptable accuracy. Also, the
large scale required for the model usually will Timit the| degree to
whig¢h other airframe features (forebodies, pylons, etc.) fan be
simylated on the model. For some-tonfigurations, this limitation can
sevgrely reduce the usefulness of the data obtained.

The |force and moment balance ‘technique allows the use of p small,
comgact model. Important. airframe features or even the eptire airframe/
inlg@t configuration can.be modeled. Where the configuratjion has been
frogen, this ability.to model as much of the total vehiclp as possible
has |been shown to provide accurate overall results for usp in
detgrmining in-flight thrust. The disadvantages of this technique are
two] extensive ‘calibration of the balance must be performed, and a
thenmal conttol system to maintain the balance at a unifoprm temperature
must be inéluded in the model design. Despite these compllications, the
use |of a Fully metric total vehicle model has been demonstrated as a
highlytsuccessful technique for measuring the effects of finlet airflow
spillage on vehicle external performance.

The effect of inlet system airflow spillage on overall vehicle
aerodynamic forces can be significant. Reference 5.12 concludes that
the best technique for character1z1ng the effect of inlet spillage on
overall vehicle aerodynamic forces is to employ a fully metric vehicle
model which completely simulates the inlet system(s). The force and
moment balance technique is recommended over the pressure integration
technique because it is more accurate at low subsonic conditions.
Reference 5.12 also re-emphasizes that complete simulation of the inlet
system(s) is necessary to minimize bias errors in total vehicle
aerodynamic force measurements caused by interaction effects resulting
from bleed and bypass system operation, and inlet geometry variations.
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5.4.3 Testing and Data Reduction:

5.4.3.1

Instrumentation: The manner in which testing is conducted contributes

much to the degree of success (or lack thereof) in accomplishing the
test objectives within the allotted schedule and cost. A detailed test
run plan, designed to maximize test quality and efficiency, is a basic
requirement. Similarly, a data reduction plan and thoroughly checked
data reduction software must be available in advance of the test. The
following paragraphs present examples of instrumentation requirements
and the practices and procedures for test conduct and data reduction
which serve to promote a successful test.

effort to maximize modeT geomelry and flow field sim
orted by the employment of quality instrumentationi
tity to provide the data being sought. The two,prim
he inlet force model test are force and mass flow.

urements required are static and total pressures, te
ition (displacement), and flow angles.

larity must be
sufficient
ry measurements

force balance requirements--the number/of axes instr
e and/or moment--are set by the objectives of the te
jority of inlet drag tests require thé measurement of
es. The balance is mounted inside the model and sup
1 (or metric portion thereof) on the sting. Thermal
kets are employed to maintain “the balance at a const
ing calibration and testing.\" Properly calibrated, su
achieve a measurement uncertainty of 0.5 percent of

xial and normal
orts the entire
control

nt temperature
h a balance
rated Toad.

led and
ertainty of the
t uncertainty
ow measurement.
and bypass

t flow, is

t mass flow is a primary variable and must be contro
ured with great precision. A goal of 0.5-percent un
Tow measurement ‘is justified. A l-percent measureme
1d be considered an upper limit for the inlet mass f
to 2-percent) uncertainty in the measurement of blee
s, which_represent up to 20 percent of the total inl
uate.

rough model is
in the sting.

t mass flow measurement on a sting-supported, flow t
accomplished using a calibrated flow plug ins?a]led

Some small-scale complete models with flow-through ducts and the
wing-mounted podded nacelle require the use pressure rake data for
airflow measurement. The mass-flow calibration, in terms of total and
static pressure and temperatures, is capable of yielding accuracies
equivalent to the flow plug system, but may require calibration. Mass
flow modulation may be accomplished by inserting screens of varying
porosity or plugs in the duct system. If plugs are used, care must be
taken to isolate any effect on the force balance measurements.

A multiple-probe engine face rake is used to measure inlet total
pressure recovery. The number and type of probes used on this rake
depend on the particular application and on the desired/required
accuracy. The design of a typical engine face rake is discussed in
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Instrumentation (Cont'd.):

Reference 5.13.

It is critical that the rake used for the scale model

inlet testing allow integration with the flight test results.

The rake should have low response (<1/2 Hz) instrumentation to measure
steady-state inlet total pressure recovery and distortion, and high

response (up to 6000 Hz) instrumentation to measure ti
total pressure distortion, if deemed necessary.

A typical inlet scale model will contain many surface

etermine the aerodynamic forces. Internal (ramp and
cowl) pressures should be obtained at locations consi
1ight vehicle measurements to provide correlation/con
ull-scale vehicle spillage drag characteristics. Oth
urface pressure taps are: to locate regions of possi
eparation, to locate the position of normal shock wa
etermine the pressure potential available on any comp
rive flow through a bleed system.

leed and bypass systems should be-adequately instrume
inimum, the entrance and exit total and static pressu
espective plenum pressures should be measured. These
ritical in determining the amount of flow through the

inally, all variable geometry elements should be inst
osition measurements.of variable geometry are require
hey are correctly positioned before a given run and t
hift during the course of a run.

est Approach: ‘-The overall test approach maximizes th
he data obtajned while minimizing the tunnel time req
t. This-is accomplished through careful review of th
ission/usage requirements. The test matrix is then t
s much>data at critical mission/usage points as possi
ertinent parameters are varied throughout their expec
anges to provide a broad data base for interpolation

me-unsteady inlet

pressure taps.

e is not used to
uct) and external
stent with planned
ormation of

r uses for

le boundary layer
s, and to

ression surface to

nted. As a
res and the
pressures are
se systems.

rumented.
d to assure that
hat they did not

p usefulness of
ired to record
aircraft

ilored to provide
le. A1l

ed operational

o conditions not

A run program is established that will minimize tunnel
test article configuration changes. For example, it i
desirable to establish the correct tunnel flow conditi
run and then vary the inlet operating point (capture r
maximum to minimum value. This provides some continui
being recorded and facilitates "on-line" detection of

However, for flow-through type models, the inlet opera
varied by installing different throat area nozzle “cho
case, it is more efficient to record all of the requir
particular nozzle “"choke", and its associated inlet op

down time for
s usually

ons for a given
atio) from its
ty in the data
bad data.

ting point is
kes". In this
ed data for a
erating point.
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Test Matrix:

usage requirements.

As discussed in Paragraph 5.2.3, the scale-model test
matrix is established after careful review of the aircraft mission/
While extensive data point replication would be

desirable, i} is §imp1y not practical in the typical wind tunnel test

environment.

Test Mach number and angle-of-attack coverage should be
consistent with vehicle performance capability.

thoroughly

Transonic testing

should include a finer Mach number increment in order to reveal any

local shock effects on cowl 1ip suction.

minal values and those that combine the 1imit values
th the nominal values of all the others.

off-nominal parameters are defined.
oss-coupling, a limited amount of data is,also record
e parameter set at off-nominal values.

ONOO0OUTE I3 X

lected test points should be repeated at a second Rey
ovide data for extrapolating thectest results to full
ttern of testing should be used which considers force
curacy, such as testing in the direction of increasin
uld, for instance, consist-of progressively increasin
d/or decreasing mass flow-ratio at a given Mach numbe
tput should be sampled-three times at each stabilized
n contribute increased accuracy through averaging.

OOV ETVWUTT W

ta Reduction: JThe data reduction procedure requires

O

detail. The(algorithms for obtaining corrected bala
ow, and the various drag components must be carefully
ecked. Data quality checks on all measurements shoul
equently.&hroughout the test. Presentation of the da
otted form should employ precise nomenclature and pro
sibility of the resultant data. Force and mass flow
=qu1red show1ng the various components 1nc1uded in the

Extrapolation to Full Scale: Test data acquired at two

T possible combinations of the pertinent parameters-chnnot be tested.
e tested combinations are usually limited to those(coptaining all

f one parameter

In this manper, good
seline documentation data are obtained and the“1imits| of the effects
To investigate pny possible

d with more than

nolds number to
scale. A
balance

g loads. This

g angle-of-attack
r. Balance

condition. This

rlose attention
nce forces, mass
designed and

d be performed

ta in printed and
vide maximum
diagrams are

data reduction

aerodynam1c force mode] for the drag po]ar correctlon data.

arence as the

different

Reynolds numbers will provide the primary means to adjust the vehicle

drag and spillage drag to full scale.
properly scaling the drag of integrated systems lies in

layer characteristics and resultant inlet flow field effects.

The primary difficulty in

the boundary
The

reduced Reynolds number of the model can frequently cause improper

scaling of the forebody boundary layer height.

This effect may cause

more boundary layer to be ingested into the model inlet than would occur
on the full-scale vehicle and may sometimes be corrected by adjusting
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5.4.3.5 Extrapolation to Full Scale (Cont'd.):

the model geometry (such as moving the inner sideplate outboard) to

P

roperly scale to boundary layer height.

Another approach would be

analytical correction using a 3-dimensional forebody flowfield

c
i

omputation. Pressure data acquired from the model wil
ndication of boundary layer effects.

5.5 Turbopowered Simulators:

1 also provide an

5.5.1 Introduction: As discussed in Paragraph 2.2, the aircraft drag polar is

5.5.2

gen
tes
ins
tra
pro
jet
and
inl
fie
the

Es required to define the baseline reference aircraft
talled propulsive force are also covered in Paragraph
ted in Figures 2.6 and 2.7. An alternate test approac
pulsion simulators. A propulsion simulator is‘essenti

xample models and
drag polar and
2.2 and illus-

h is the use of
ally a miniature

engine which enables the correct or near cofrect simu
exhaust system flows, simultaneously. The simultane

lation of inlet
us simulation of

pt and exhaust system flow is especially important when large flow-
d interactions are likely between theé.inlet and exhaust systems and/or
propulsion system and the aerodynamijc surface flow field; e.g., in-

flight vectoring/reversing, STOL and VSTOL applications, [thrust reversing,

and
com
int
thr
for
tes

It

bet
deg
sig
pro
sta
noz

Typ

close-coupled inlet and nozzle,

{oduce significant errors in\ the evaluation of the co
ttle-dependent drag forces and/or adjustments to the
power-on effects. Thusl, the propulsion simulator was
L technique for scale-model wind tunnel testing.

thould be recognized that, although turbopowered simul

ree of complexity to the test program. The simulator
ificant amount of instrumentation which must be caref
ide highlguality data, and the units must also be cal
ic test_stand in order to accurately define the inlet
le thrust during the wind tunnel tests.

For the above examples, testing one
onent without simulating the.other (inlet but not nozzle) is liable to

onent
dircraft polar
introduced as a

ators provide a

ter simulation of 'the inlet and exhaust flowfields, their use adds a

units require a
ully monitored to
ibrated in a
airflow and

ps_of Simulators: There are two types of turbine-powe

red propulsion

sim

ulators available for this type of testing: a turbine

powered

simulator (TPS) for subsonic applications and a compact multimission
aircraft propulsion simulator (C-MAPS) primarily for applications with

mix
of f
ind
pho
dev
ill

ed subsonic/ supersonic mission requirements. The TPS
-the-s?e]f item and has ?een used quite extensively th
ustry. (5.14 through 5.18) Fjigures 5.21 and 5.22 show
tograph of a TPS model. On the other hand, the C-MAPS
elopment stage. Figure 5.23 shows a cross-section of
ustrates the C-MAPS airflow system. Literature regard

is an
roughout
a schematic and
is still in the
the C-MAPS and
ing the

development and operation of the C-MAPS may be found in References 5.19

thr
alt

ough 5.26. Another approach employs ejector-powered s
hough these are not illustrated in this document.

imulators,



https://saenorm.com/api/?name=7a0822a1d90b4e6e978fa797a7575f7b

5-51

HIGH PRESSURE
AIR SUPPLY

2-STAGE FANl———\\

L—-3-STAGE TURBINE

S

Figure 5.21 - Subsonic Turbo-Powered Simulator Cross. Sectia

Figure 5.22 - Subsonic Turbo-Powered Simulator
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5.5.3 Operational Characteristics: Both of the turbopowered simulators are

Inlet

driven by high pressure air brought on board the model through the support
system. In the case of the TPS, which is primarily used for high-bypass-
ratio turbofan engine simulation, all of the drive air is exhausted in a
manner to simulate the engine core airflow. Therefore, the TPS only pumps
the amount of air required for the fan nozzle or bypass, and the scaled
model inlet is smaller than the scaled real inlet which would handle core
and bypass airflow. This test technique is acceptable for directly
comparing the installed performance of different nacelle aft ends with the
same inlet. However, if power-on-adjustments to the aircraft drag polar
are required, a more rigorous approach must be used that includes flow-
thru nfcelTe model testing of both the real inlet and the IAS inlet in
order to make the proper adjustments.

For the C-MAPS the inlet airflow does scale directly ;. however, because
heat i5 not added to the flow, part of the spent drive air is mixed with
the inJet airflow in the tailpipe to achieve the correct exhaust nozzle
flow. |The remainder of the drive air is manifolded and exhausted through
bleed Jines in the support system in a similar manner to thg way the drive
air was brought on board. This is illustrated in Figure 5.43.

Compressor Drive Mixelr

e
e U

-~ Nozzle
Scavenge

Figure 5.23 - Compact Multi-Mission Propulsion Simulator



https://saenorm.com/api/?name=7a0822a1d90b4e6e978fa797a7575f7b

6-1

6. DATA ACQUISITION:

The data acquisition guidelines center on sensor and data system
requirements, both in flight and in ground facilities, for the described
thrust options. Included in this discussion are sensor needs, signal
conditioning, calibration techniques, recording, processing and checking.

6.1 Sensors: The sensors to be used for a test program as well as their number
and Tocation should be selected to match the thrust options chosen, the
desired accuracy as determined through an uncertainty analysis, and the data
analysis techniques to be used. The class (special purchase or
of f-the-shelf), range, number and 1ocat10n of these 1nstruments should be
based pn—a , - g i i re—expected value
and error for each of the measurements, and the ant1c1pated environment.

The type of flight testing will determine the frequency 'response desired
from epch sensor.

Good mpasurement resolution and freedom from interference arfe primary sensor
needs.| Resolution is the smallest change in anidinstrumentation reading that
can be| detected by the whole measurement system/including the data reduction
facility. Data system resolution capabilities must be compatible with
overalfl system requirements as determined“from an error analysis, e.g.,
sufficfient bit size is a requirement which may in some instances necessitate
a doubfle channel signal. It is suggested that the reso]utlwn of ?
measurpment be 2 to 5 times smaller:than the allowable error. (1.1
Interfprence can be encountered(when an AC component is added to a DC signal
or spurious pulses are added-to a pulse counting system. These must be
elimingted or minimized by -improving the signal-to-noise ratio through
appropriate filtering and‘grounding.

6.1.1 Types of Sensors: The types of sensors used for in-flight thrust
detemination are those pertaining to the measurement of pressure,
tempprature, rotational speed, fuel flow, area, force, acgeleration,
engipe inlet<mass flow, angle-of-attack, and pitch angle.

A pressure-measurement at a specific point in a gas stream is usually
senspd by“a probe and then conveyed to a transducer. Many types of
pressure transducers have been developed in recent years for use in engine
testing.{®.1] Extreme care should be taken in the selection of pressure
transducers for the air data system. The static pressure measurement is
difficult, and the selection and placement of the tap contributes greatly
to the accuracy of the measurement.

Hysteresis, non-linearity, zero drift, creep and temperature effects are
factors that affect measurement error and must be considered in the
selection of a pressure transducer. It is necessary to minimize these
factors or account for their effects in the data analysis program.
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pes of Sensors (Cont'd.):

Normally, the pressure measurement is made with a single transducer;
however, for widely varying ranges of pressure in a flight program this

may be inadequate.

As alternatives, delta-pressure transducers or

transducers of different range, which are controlled by a pneumatic

SwW

itch, might be used.

Temperatures are measured using either thermocouples or resistance

th

ermometers.

The most general type of thermocouple used throughout an

engine is that consisting of chromel wire and alumel wire, but the type of

ma
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to
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It
f1
by
an
me
me
ho

terial chosen at a particular engine station should fi

nge of application.

tational speeds are sensed by either magnetic transduc
nerators used in conjunction with eddy current type in

b types of meter which are used to measure fuel flow n
rbine-type which measures vo1?me§§ic flow_and the mas
ter which measures mass flow. (0. Both types have s
in-flow conditions so the calibration setup should i
bresentative portion of piping. Calibration of fuel f
scussed further in Paragraph 6. 6.

addition to engine performance and vehicle specific n
b1 consumption, as determined from the engine fuel fl
ilized to calculate aircraft weight during the flight
ight is calculated as.the empty vehicle weight plus r
nsumables (fuel, nitrogen, water, etc.) and the crew.
5tflight weighing. should be utilized to verify the cal

is necessary~to quantify airflows other than the engi
bW, such aswengine compressor bleed, installation vent
pass. This may be accomplished through in-flight meas
alytical estimates. Where measurement is appropriate,
thod .is~a pre-calibrated flow-section using pressures
Asured in flight. Other less direct methods have been
t<wire anemometers.

]
)

t the temperature

ers or tachometer
dicators.?G'g?
ate are the
-angular-momentum
me sensitivity
clude a

Tow meters is

ange analyses,
w meter, may be
mission. Aircraft
maining

Preflight and
culation procedure.

ne propulsive
ilation and inlet
urements or by
the preferred
and temperatures
used, including

Variable areas are most often measured indirectly by sensing the
displacement of actuating gear with either or both a rotary or a

rectilinear potentiometer.
the potential exists for large errors in this measurement.
mea

op

Because of the indirect natu

ns of obtaining nozzle are

? ar? the use of a pucker s
tical and digital encoders.(2.5

re of this method,
Alternative
tring length or

Fixed areas can be accurately measured in the cold condition, but in order
for this area to be used in flight, the material cold-to-hot relationship

mu

st be known as a function of temperature.
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6.1.1 Types of Sensors (Cont'd.):

Measurement of scale force, as described in Section 5, is the most
commonly use me}hod of thrust determination for propulsion engines in a
GLTB or ATF.(6.4) The sensors used to measure this force consist of (1)
an element to which the force is applied and which reacts in a measurable
manner as a result of this force, and (2) a measuring element which
detects the change on the loaded element and supplies an indication of
this change.

Common mass-spring devices for sensing acceleration are the strain gage
and piezoelectric type transducers. This type of instrument has no fixed

reference or structure; rather, the measurement 1s made
soje element which tends to remain fixed in inertial, Spa
shquld be considered in the choice of these transducers
conpensation for temperature variation, ?ros§ axis.sensi
under vibration, and frequency response. 6.5

Ac
di
ac

elerometers have been used to determineexcess thrust
ect measurement of acceleration. These methods emplo
elerometers to obtain an instantaneous measurement of
acdeleration along the flight path. In"order to obtain

medsurement of excess thrust, the accelerometer must be

flight path; either mechanically,.as in the Flight Path

(FHA), or mathematically, as incthe Body Axes Accelerome
FPA package is mounted internal to the boom and mechanic
exlernal angle-of-attack vanes which are free to align t
acdelerometer with the flight path of the aircraft. The
moynted to aircraft structure, and the flight-path accel
mathematically calculated during data reduction. The de
of |these techniques.can be found in Appendix C, Paragrap

surements of‘angle of attack and sideslip angle for d
craft's attitude in flight may be obtained by vanes t
mselves-with the flow field. A potentiometer, connec
rellates the' flow field angle with the attitude of the ve
be |noted, that corrections for upwash, position error, fl

Med

ith respect to
e. Factors which
re repeatability,
ivity, stability

in flight through
highly accurate
inertial
direct
ligned to the
ccelerometer
er (BAA). The
11y connected to
nemselves and the
BAA is hard
bration must be
rivation of each
h C.3.3.

ptermining the
nat align

ted to each vane,
nicle. It should
bw components

| effects, and

requtting from angular velocities, surrounding flo fg 1
bendd

Another method

is the use of an array of static pressure taps along with a data reduction
scheme that interprets the attitude of the aircraft from the relationship
of the me?gur?d pressures, thus eliminating the need for a pitot-static
noseboom. (0.7

Pitch rate measurement is used in correcting for angle of attack and,
also, as a correction to accelerometers which are not lTocated at the
vehicle's center of gravity and to dynamic data used in developing the
performance characteristics of the vehicle. The sensor used may be a rate
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Types of Sensors (Cont'd.):

gyro or part of the inertial guidance system, depending on the accuracy
and sensitivity needed for the task. Sensor selection should consider the
method of data acquisition, either dynamic or steady-state, and the
fo]]oy—on use of the measured output as a correction factor to other
data.(6.8)

Sensor Location: Sensors must be located to take into account radial or
circumferential flow profiles which occur because of basic engine design
features or installation effects. Locations are often selected to provide
either area or mass-flow weightings. Sufficient total pressure and

t be located so
?f X?]ues of the flow

P
determine mean values or consistent referen
eters of interest at each measurement plane.

r Redundancy: Sensors, in addition to those. needed fpr the basic

thru$t options, should be considered if failure of an important sensor
would interrupt the test, if a significant improvement in measurement
uncertainty can be obtained, and if changes{in airframe or| engine
configuration during a test program may change the flow dilstribution at a
critical measurement plane resulting in‘an erroneous average measurement
at this plane. Should it not be possible to have sufficient sensors to
fully characterize the altered distribution, there should pt least be
enough instrumentation to indicate;whether or not changes have occurred.
Redundant sensors might also permit the use of alternate thrust method
options should key instrumentabion for a primary option falil. Additional
sensors can be used to improve accuracy or to cross check [the accuracy of
a sepsed parameter. The-uncertainty of a measurement may pe lessened
throygh association with-other measurements (e.g., a voting system to
elimjnate bad measurements).

Samp]ing Rate and.Dynamic Response: The frequency with which a

measlirement must be taken and the dynamic response required of the sensing
transducer js<determined by the type of testing. As an example, for
steagly-state-conditions, pressures can be measured with a [rotary-valve
system, and the data sampled at a slow rate, e.g., 1 to 6 ports/second
ssure level.

the use of high
response pressure transducers which are monitored continuously, if engine
operating pressures are to be known with a high degree of fidelity.

Range of the Instrument: The normal measuring range of an instrument is

the range of values of the measurand which the instrument gan measure with
the accuracy, sensitivity and linearity specified for it.(6.9)  Since

the errors of many types of transducers are proportional to their range,
generally the best accuracy will be obtained if the range of the instrument
is equal to or slightly larger than the range of the measurand. The
maximum measurand levels are typically encountered at the simultaneous
occurence of lowest altitude, highest flight speed and highest engine
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6.1.5 Range of the Instrument (Cont'd.):

6.2

6.3

6.3.1 Cockplit Displays:

6.3.2 Paper Trace:
pen and ink recorder and the recording oscillograph.

power setting, and the minimum levels at highest altitude,
speed and lowest engine power setting.

Towest flight

Obviously the instrumentation used

must be capable of durably withstanding this minimum/maximum range.

Signal Conditioning and Conversion:

The output signal from a transducer is

usually modified several times before it reaches the final form in which it

can be used for computations.

Examples of these operations are signal con-

ditioning activities that include amplification or attenuation, filtering,
zero shifting, compensation, and signal conversion which is a class of
operation where the signal js.changed by §uch methods as modulation,

demodul =to=

Data Recording: Data acquisition in flight can be achieved 1

n a number of

different ways, and the method used should be determined"from an analysis of

relativie costs, accuracies and program requirements. ‘‘Several
approaches are discussed. It should be noted that data recor
contributes to measurement uncertainty.

different
tding

The least expensive approach to data ac
flighit is the use of cockpit gages. Contrary to popular o
gages| are not necessarily less accurateé’than other data sy
sual method of recording is by manual observation and
ror and not easily verified. 5In addition, time corre
is difficult. A further shortcoming is space limitat
aft may not be able to accommodate the required numbe
drawback may be improved by locating all the measurem
separfate, remotely located:panel. Recording can be done b
elimilnating the disadvantages of manual observation. Data
howeVer, becomes an unpleasant and time-consuming task of

recorlding before analysis can begin. Film recording of co
been |employed to provide permanent records and time-consis
1ight parallax and interference problems render this a poo
best.

AnotHer type of cockpit display is the Head-Up Display (HU
permilts ‘the presentation of primary flight information, ei
or dilrectory type, on a reflector or combing glass through

views the projected display and the outside world simultaneously.

uisition in
inion, cockpit
tems. However,
can be subject
ation of the
on; the test
of gages.
nts on a
camera, thus
reduction,
ilm reading and
kpit data has
ent data; but
choice, at

), which

her situation
which the pilot
This

system would normally be used to monitor critical test parameters rather

than as the primary data recording system.

On-board systems can also include paper traces, such as the

The paper traces are

helpful for the type of test where interpretation can be made directly

from the recorded time histories, but these recorders have
capacity, limited accuracy, and automated data processing i

limited channel
s not possible.
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Special Instrumentation Package: Most developmental test aircraft commit

to greater data acquisition capability than is available with cockpit
data. As previously stated, the cockpit data are usually sufficient to
obtain thrust information and might be employed in a quick-Took special
effort, but its use is limited for an overall development program. For
this, a special instrumentation package is usually employed and will
consist of the various stimuli transmitters, signal conditioning
equipment, and recording hardware. For some time, the use of this system
implied the installation of tape recorder(s) in the aircraft, with the
data recorded on these tapes at the command of the flight crew. Tape
capacity usually limits the quantlty of data that can be recorded. This
method, if ly de d es da el of accuracy,
time|correlated; and, when used in conJunct1on w1th appropriate data
redug¢tion programs and system hardware, is fairly easily reduced and
pres¢nted for analysis. The major disadvantages, other than cost, are the
size|of the recorder, the required handling of the tapes,
1imited number of test points imposed by the tapeicapacity|, and the
possibility of not activating the tape for theltest point.

At a|further increase in initial cost, some<of these disadvantages can be
elimjnated by telemetering the data to a.ground station and reducing it in
real} or near-real time. The transmitted data are recorded on the ground,
and because the ground station is not{limited to one tape per flight, the
entire flight can be recorded. Moreover, should something| interesting
occur at other than a planned test'condition, it too can be recorded and
analyzed. Processing the data.in real time eliminates the| tape handling
and goftware setup required for reducing aircraft tape datp. The
disaqvantage, other than cost, is transmission interferencp, which can
inhihit data acquisition or discredit its validity. A possible second
disadvantage might be _transmission capacity limitations. {Qbviously,

the nost sophisticated (and expensive) course of action is|to transmit,
recond and reduce-data in real time, but also record the data on aircraft
tape| which can pe-used should the telemetered information| be deficient.

Grourld Test Facility: GLTB and ATF's have sophisticated data systems not

inhiBQited by the space limitations of a flight test vehiclp. A larger
numbgr of transducers, signal conditioners, recorders and findicators are
ava11ab1e in contrast to the alrcraft system, wh1ch may be| limited to just
those ee 2 ecialized calibra-
tion systems and techn1ques are also available in the ground facility. In
short, all the data recording capabilities used for the flight program are
availab]e in the ground facility, but the system can be larger and more
sophisticated.

6.4 Data Processing: Data processing includes the conversion of analog tape

signals to digital form; the removal of redundant data samples; the merging
of analog and digital data; the scaling of data to engineering units; the
application of correction factors to measurements, and the arranging of
data on plotted and tabular presentat1ons

must include data processing.

Uncertainty analyses
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Data Processing (Cont'd.):

6.4.1

6.4.2

6.4.3

Data processing equipment in the ground facility is available for
processing, computing and reducing instrumentation system calibration data
and data acquired during engine test operations. A broad range of computer
programs is available for processing both digital and analog data to satisfy
test data requirements. The ATF and GLTB data processing operations include
on-line and off-1ine modes to provide processed data during and after the
test operation.

Qu1ck Look Data process1ng in the qu1ck 100k or on- 11ne mode is

. on 3 ght-m : and those

H|with evaluating
Critical

pmeters can be monitored on the ground and in flight y

h HUD.
-flight processing that demonstrate test<objectives,
btition of test points, and allows for ddentification
unctions which could affect the processing of post-fl

ple Rate: The desired sampling rate is a function of
ng performed, steady-state or transient, and the imporn
ameter being measured. In short, the requirements for
nels and the requirements for the total data collecti
ighed before selecting the best sampling rate.

Aircraft flight tests usually involve t
je amounts of measured data. Raw data may be stored f
cessing or may be telemetered to a ground station. Fd
b form of absolute or elapsed time reference must be 1
1taneously with the data. The recording of time enab
on {ifferent devices to be correlated accurately in time,
progcessing iS not performed simultaneously. It also allg
time history 'of each measured parameter to be obtained.

Chronization:

The| number of possible time-measuring systems is large, ¢
simplest (for elapsed time only) being a periodic voltagg
constant and known frequency. A more complex, but also m
useful, system may provide absolut? tim?-of-year (days, h
seconds) in parallel digital form.

6.5 Datum Checks:

As previously mentioned, more than one thrus

sing paper

es, and on the ground as tabulated data on CRT)displdys or in flight
This allows a selection of only those“time segments of data for

allows for
of instrument
ight data.

the type of test
tance of the

the individual
on system must be

he acquisition of
or subsequent

r most tests,
ecorded

les data recorded
even when

WS an accurate

ne of the
waveform of a
ore generally
ours, minutes and

t option should

be used for a flight test program, and if a particularly sensitive
measurement or thrust calculation is needed, a number of measurement options
should be included. In particular, those measurements in inaccessible areas
should be provided with back-up measurements in the event of a failure. In
an adequately redundant system, an erratic or failed probe need not cause an
aborted test nor a repeated test, even if the failure is not found until
after the flight.
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Datum Checks (Cont'd.):

Test procedures should include pre- and post-flight checks a
instrumentation monitoring during a flight. Pre-flight chec

s well as
ks should

include an inspection of the mechanical condition of transducers,

connectors, cabling, and tubing, recorders, etc. Each chann

el should be

sampled and compared with known levels, e.g., differential transducers at

zero and absolute transducers at barometric pressure, and wh
leak checked.

ere appropriate,

Stability and noise levels of all outputs, particularly with

regard to any adverse 1nteract1on with aircraft systems, should also be

checked.

A few basic parameters or measurements should be continuald
on-board the aircraft to insure success of the flight. Alr
this regard were gages and paper traces. On the ground, ‘pa
should|be supplemented with basic parameters displayed on C
calibr@tions and calibrations within seconds or minutes of
are preferred. A comparison of these values with known ref
verify|whether a calibration has shifted. If_ S0, correctiv
be completed prior to proceeding with the test. A shunt ac

se, a constant check should be made“of the data agai
ps, distortion levels, or predicted values. Post-fli
airy to insure that the entire data system is still fu

; Calibration is the-“process of comparing the me
eristics of an individual instrument with more accura
dards as references; such as international standards,
ds, and individual Taboratory standards. The objecti
isurement uncertainty.
@d as a part of this calibration procedure.

ibration-Should not necessarily be directed at achiev
at fullsscale (maximum) measurand value. It may be mo

moni tored

ady mentioned in
er-trace data
T's. In-flight
test reading
rences will
action should
oss the ports of

prential transducer during flight willalso check for |zero shift.

st known
ht checks are
ctioning

asuring

te instruments
national

ve is to reduce

Pre- and post-flight checks can also be

ing minimum
re important to
ry 1nterest

br the operating _range at the test conditions of prima

1nstrumentat1on shou]d be ca11brated for minimum error in th

is range.

The static calibration of pressure transducers can be made with a dead-

weight piston gage in which precision weights equivalent to

are applied to the test apparatus and thus to the transducer.

a known pressure
Thermocouples

most commonly undergo immersion tests in a fluid whose temperature after a
sufficient stabilization time is measured with a precision resistor

thermometer or thermocouple whose calibration is traceable b
standard. Tachometer-generators do not require calibration

ack to a primary
due to their

principle of operation, while the eddy-current indicators are usually

calibrated using a tachometer generator driven by a motor wh

ose speed is
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6.6 Calibrat

known an

jon (Cont'd.):

d adjustable.

Magnetic sensors do not require calibration, but

their associated electronic devices, e.g., frequency-to-voltage converters,

are cali

brated using a sine-wave voltage generator.

Flow meters should be calibrated with piping representative of the actual
aircraft installation since, as was previously mentioned, the flowmeters are

sensitive to inlet flow profile, distortion, swirl, etc.

A flowmeter

calibration method having a high degree of accuracy collects the flow
through the meter in a tank for a given period of time and weighs the

contents
complica
through
already

tunnel e
tested.

The accu
measurenm
previous
provides

ed. A secoﬁd method of calibration involves compari
he meter with the flow through a simple, basic méter
een calibrated against a primary standard.

sor calibrations are accomplished by applying known f{
t being calibrated and recording the output. Several
the range of the instrument are applied:using a prov]
which are traceable to a primary standard, first up §
e, to determine hysteresis errors.

ate and dynamic ca]ibrati?n t?chniques are used to dq
istics of accelerometers.(6.5

error corrections, particularly for the pitot-static-
-attack and sideslip-angte measurements, should also
he calibration factors. These corrections account fq
ft attitude on the'sensed flow field surrounding the
termined duringthe calibration of the probe system 1
hvironment, where' a series of attitudes for each Mach

acy desired for any calibration should be determined
nt unceptainty analysis. Each calibration should be
ones,.and a record maintained through periodic checks

e
g the flow
which has

forces to the
known forces
ng ring or

cale and then

ycument the

system,

be included as
)r the effects
probes. They
n a wind
number are

by a
compared with
This

for-a near-term check and also for a long-term check

repeatab

i1ty characteristics.

of

This calibration should also he checked, to

the extent possible, after the complete system has been installed.

Finally,

every effort should be made to have the same set of instrumentation for
GLTB, ATF and flight tests to remove the uncertainties associated with
different types of instruments, different calibrations, and different

techniqu

es for calculating thrust.
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TEST ANALYSIS FOR THRUST VALIDATION:

Previous sections have dealt with the individual elements of propulsion
system thrust definition and measurement. This section discusses the
preflight and postflight consistency checks and validation of the data that
are done to enhance confidence in air vehicle thrust measurements.

Procedures for investigating and quantifying the uncertainty of thrust
measurements are presented in AIR 1678. This process must be tailored to the
complexity and resources of each test program. The improvement in
accuracy/uncertainty is accomplished through improvement in procedures and
equipmenft, and correction, it possible, of errors which may bé& identified
through pnalysis of all available information. The potential’'|error sources
that may| be isolated by test-data analysis include those,which are:

Caused by unanticipated instrumentation problems (examples]

instrumentation bias shifts subsequent to calibration, temp
sensitivity effects on the accuracy of pressure-transducer
or fllight test maneuver/instrumentation response incompatil

Uncertainty analysis error propagation items that are eithg
excluded, improperly modeled or inaccurately bounded (examp
incorporation in the error propagation analysis error bands
instrumentation equipment without @, sufficient historical ¢

Attriputable to ground test fa¢ility inadequacies, limitati
technfiques (examples: ATF basis for assessment of transiern
operation in flight, wind-tunnel methodology for determinin
enging interactions, and transonic wall interference effect
model| test results used to define airframe/engine interacti

Attriputable to changes in engine operating characteristics

"rematching" ofsmulti-spool engines caused by differences i
effects betweén the altitude test facility (ATF) and flight
and ephgine_control system operational differences between f
d for the engine performance data base).

defing

erature
measurements,
ilities).

r erroneously
le:

for
ata base).

ons or test

t engine

g airframe/

s on subscale
ons).

(examples:
n installation
environment,
light and that

a reduction

programm1ng errors andfthrust measurement'errors assoc1ated with the use
of different techniques to calibrate nozzle areas between ATF and flight

test engines).

Potential errors in the error prediction analysis and the test results must
be closely scrutinized. Al11 available information should be used to improve
data quality. Confidence is enhanced when two or more methods with relatively
weak coupling between input and output are employed and their results compare
favorably. Failure of the predicted uncertainty bands to overlap may
indicate an error source and should be investigated and resolved. The
following paragraphs discuss this validation process for both ground and
flight test data using examples that are representative of actual test
programs.
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7.1 Preflight Engine Consistency Checks:
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The primary purpose of the preflight

performance testing is to develop and calibrate the in-flight thrust

procedure.
process.

The engine performance definition is developed i
Some of the steps have been discussed in previous

include:

0

n a multi-phased
sections and

Engine component testing to define compressor, combustor and turbine

efficiencies; fan/compressor airflow relationships; tailpipe/afterburner
pressure drop; and combustor/afterburner temperature rise.

ins

Gro
eng
hor
ins
air
ins

A1l pe
checks
compar
Incons

program.

the ov

7.1.1 Comparison of Mass Flow:

H

ind level test bed (GLTB) and ATF tests which provide:
ne operating characteristics, i.e., uniform inlet ain
sepower extraction and no compressor bleed airflow ext
tallation sensitivities, i.e., horsepower extraction,
Flow, and distorted inlet airflow which simulate the 3
tallation.

rformance data should be included in the preflight eng

Individual parameters, coefficients and overall pen
bd between model and full-scale tests and with simulat
jstencies should be investigated prior to the fiight ¢
When satisfactorily completed, these consistency ¢
prall confidence in the test program.

Mass flow measurements for the i

dete
one

Teak
inco
faci
meth
conf
cali

rmination of inlTet ram drag and exit gross thrust may
pf the several methods discussed in Paragraph 4.2.1.
ige, engine bleed and fuel flows is necessary. Ground
rporate more (than one mass flow method, in addition tg
ity airflew-measurement. Airflow calculated using ea
pds should-be consistent. Comparison of test data sho
jrm the'choice of the in-flight measurement method and
pration.

The

primary airflow measurement systems in engine ground-t

are sonic venturis and calibrated engine inlet bellmouths.

are discussed in Paragraph 5.1.5.2.

Scale model testing to define nozzle flow and thrust coefficients, engine

uninstalled
flow, no
raction; and
compressor bleed
irframe

ine consistency
formance are

jon models.

est portion of a
hecks improve

n-flight

be obtained from
Bookkeeping of
tests should
the primary

ch of the

uld be used to
to provide the

est facilities
Both systems

The airflow consistency checks should

be preplanned activities to validate both the primary airflow measurement

and the preferred in-flight measurement method.

Some typi

check methods are described in more detail.

7.1.1.1 Duct Checks:

Duct checks consist of comparing the magni

cal airflow

tude of engine

airflow from the primary measurement system with the calculated airflow
value at the engine inlet station or engine-duct slip-joint Tocation

(see Figure 5.5).

A duct airflow calculation requires measurements of

the total pressure and temperature, of the duct flow area, and of the
wall static pressure which may or may not be used in conjunction with a
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Duct Checks (Cont'd.):

duct flow coefficient or with a prescribed static pressure profile.
Typical duct-check comparisons for a nonafterburning turbojet test are
shown in Figure 7.1. The duct check data are within one percent of the
facility primary airflow from the critical flow venturi. Since the
facility airflow data is within the estimated measurement uncertainty
band for the duct-check airflow, the consistency check is considered to
be satisfactory. If the airflow data were outside of the estimated
uncertainty band, additional analysis would be required to identify the

error source.

flow duct checks are most effective for duct Mach_nu
n 0.3. Measurement uncertainty bands for 10Yer ?uct
large to effectively serve as a data check. 3.5

Ai
th
to

ilpipe Continuity Checks: Mass flow at the exhaust n

ained (for comparison with the facility primary airf
measurement of the exhaust gas properties and their
egration. This is similar to the in~flight nozzle-e
hod discussed in Paragraph 4.3, butit is accomplish
lete syrvey,_just upstream of the nozzle throat, us
?pment ?5-5{ 791?. P

essential components of this method are shown in Fi
ingle exhaust nozzle. If the engine is equipped with
entire system must be repeated for each exhaust noz

computer softwarerequired to support this method m
w-field model which will define some flow-field prop
sured directlys-the two most important such properti
ssure profiles”and the flow-field angularity. The n
t be defined as a function of engine operating condi

ility-To-Facility Checks: During most engine perfor

engine will be tested in more than one test facility
prlacticé to compare airflow measurements for these diff
installations. Care must be taken to assess any test g

condition that will affect engine performance.
differences in:

o Engine inlet-flow pressure and temperature profiles,
angularity, and humidity

bers greater
Mach numbers are

zzle can be

OW measurement)
umerical
it-traverse

d by a more

ng facility

ure 7.2 for a
ultiple nozzles,
le.

st include a
rties not

s are the static
zzle geometry
ion.

ance programs,

It is standard
rent test
ometry or

Some such conditions are

turbulence,

o Large secondary flow effects in the vicinity of the nozzle afterbody

0 Instrument sampling rate

o Engine hardware
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Test Conditions Sym

Altitude - 5500 Ft. @  Engine-Duct Slip-Joint
Flight Mach No. -0 Station

Temperature - 599 Engine Inlet Station

X 100,

Facility Measured Airflow
percent difference

Duct Check Airflow - Facility Measured Airflow

Cruise Military
Engine Power Setting——

Figure 7.1 - Airflow Duct Check (Nonafterburning Turbojet Engine)
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@ Uses Multi-Dimensional
Computer Codes to Define
R Flow-Field Properties

® Program Inputs Include
Rake Pt

Rake Tt

%’ T~ Fuel-Air Ratio
e Nozzle Geometry
X

Ambient Pressure

v

WA [ 1y

7’ @®_Program Outputs Include
o Flow-Figld Properties
Nozzle Mass Flow
Nozzle Gross Thrust

Figure 7}2 - Tailpipe Continuity- Check Method (Rake Located at{ Nozzle Throat)

7.1.1.3

7.1.1.4

Facility-To-Facility Checks (Cont'd.):

o | Capability to simulate ambient pressures

o | ATF/cell heating and recirculation effects.

Any differences must be quantified in terms of engine gperational
behavior before comparing data. After all engine assessment checks have
been completed, the facility-to-facility airflow check should be
consistent with the estimated measurement uncertainty bands.

Turbine Nozzle Checks: The HP turbine-nozzle flow function,

N4\/Tt4/Pt4, or w41/et4/6t4, are often used for flow checks,

because they will be essentially constant for a choked turbine, indepen-
dent of the particular test condition. The total temperature and
pressure at the HP turbine nozzle is usually calculated from measured
values at the compressor discharge, measured fuel flow, and demonstrated
combustor performance. Only an engine core-flow check is achieved by
this method.
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Scale-Model Checks: Airflow data from scale-model tests has been used

to aid in validating engine airflow data from a ground facility test.
However, this presents significant difficulties because of the inherent
differences between the scale-model and full-scale tests. It is much
more common to use the scale-model data to validate the trends and curve
shapes of the engine test data. This is particularly true when exhaust-
nozzle flow coefficients are used in the in-flight thrust procedure. 1In
any case, analysis to verify the consistency of the model- and engine-
derived coefficients should be completed.

Differences between the model and full-scale coefficients should be
consi i i i account for
omena not simulated in the scale model. Adjustmentrof the model

ved nozzle coefficients will be needed to accounti'for] all signi-

nt real-engine effects, including steps and gaps, 'leakage, Reynolds
er, surface roughness, instrumentation, gas properties, flow mixing,
swirl. Adjustment due to differences in struts, reverser drag links,
blocker doors may be needed in some installations. Then, any resid-
differences between model and full-scalé coefficients| are considered
e due to sampling errors En the measurement of nozzle entry pressure
emperature in the engine. 7.2

ks Using the Computer-Model Simulation: A digital-computer

ormance simulation is normallylavailable for all gas [turbine

nes. As described in Paragraph 4.1.2, these computer| models

mble an extensive amount of component data together wiith the

gerial logic necessary to-completely simulate the thermodynamic

ormance of the engine( " Normally, the pretest accuracy of the

uter-model simulation'will not be good enough to use fthe model as a

dity check of the facility measurement system, unless| the model has
"trimmed" to avparticular engine using data from a ground test

lity. Therefore, an important activity during the engine ground

ing is to validate the engine computer-model simulation to provide a

brated math model (Refer to AIR 1678) for in-flight

rmination. To validate an engine math model, the engine operational

10?7 ;S $ngined in terms of flight Mach number and Reynolds number

X A9, 1o An output from this validation process [identifies

bias differences between the ground test data and the| computer

. ] i the complete

engine operating envelope, and these regions should be identified.

The differences for many engine performance parameters, not just thrust
and mass flow, should be identified. The facility-to-computer-model
check is usually conducted after the engine airflow has been validated
by the methods discussed previously. Some modifications to the
component performance assumptions may result that improve the overall
performance simulation. Agreement within the program requirements
should exist between the computer-model predictions and the test data,
before the data check is considered to be satisfactorily completed.
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7.1.2 Thrust Checks:
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The primary facility measurement used for determination of

engine thrust in ground test facilities is the test stand measured force,

Fm.
tme e

The essential characteristics of the engine test facility are that
ngine is installed as a free body and that the other forces acting on

the external surfaces of the free body may be quantified and summed to
provide a determination of the engine gross or net thrust.
mounted in an unrestrained thrust stand, and a load cell is used to

measure the net excess force acting on the engine free body.

The engine is

The gross

thrust measurement uncertainty range for a ground facility varies
depending on the test conditions, engine cycle, and engine geometry.
References 5.3 and 5.5 provide some typical magnitudes of measurement
uncertainty.

Thrust consistency checks should be preplanned activities t
the facility thrust measurement and the preferred in=flight

determination method.

more

7.1.2.1 Tai

Some typical thrust check methods an
detail.

Ipipe Momentum Checks: The tailpipe momentum check me

the
(Pa
che
int

The
in

the
mea

same hardware and computer codes as_the tailpipe cont

ragraph 7.1.1.2). The difference in-the continuity an
ck is that the flow properties at the nozzle charging
egrated for flow impulse in addition to mass flow.

measurement uncertainty range for the tailpipe moment
the nonaugmented regime of-engine operation is basical
primary facility measurement.
surement uncertainty of the tailpipe momentum check in
the inability to measure directly the local total temy
zle gas stream.

ility-To-Facility Checks: It is standard practice to

ust as determined in different ground test facilities.

maiptained.-ds was discussed for airflow checks (Paragraph
Whep sueccessfully completed, the gross thrust obtained by
faclility method should be consistent with the estimated y

of
noz
7.1.2.2 Fac
thr
att
7.1.2.3

Scale-Model Checks:

0 validate both
thrust
e described in

thod utilizes
inuity check
d momentum
station are

um check method
ly the same as

In the augmented regime, however, the

creases because
erature of the

compare engine
The same

ntion to<differences in test geometry or conditions must be

7.1.1.3).
the primary
ncertainty band.

As is the case for engine airflow (Paragraph

7.1.1.5), scale-model checks are not typically used to validate the

primary facility thrust measurement.

However, such checks are necessary

to validate in-flight thrust methods and, possibly, to extrapolate

ground test data.

Scale-model checks compare scale-model nozzle thrust data to full-scale
engine thrust. For example, gross thrust from a nonafterburning
turbojet obtained from a ground test fa?ility is compared in Figure 7.3
to nozzle thrust from scale-model data (/-1), In this particular
approach to thrust measurement, the gas-path properties at the exhaust
nozzle inlet were measured experimentally during engine operation. The



https://saenorm.com/api/?name=7a0822a1d90b4e6e978fa797a7575f7b

7-8

7.1.2.3 Scale-Model Checks (Cont'd.):

measured gas property values were then used in combination with thrust
coefficients from duplicate system scale-model tests to obtain a gross
thrust value which was independent of most of the parameters used to
obtain the gross thrust value by the facility method. Since the
difference in thrust measurement is obviously unacceptable for
validation of engine gross thrust measurement, the thrust data from

8
£ g
=
) "
a
3 5. 0-percent
2 6 Difference
3
(Vo)
c
o
9 5
8
=
S 4 Line of Perfect Agreement
8
(&)
2
S
3
a

2 3 4 5 6 7 8

Measured Gross Thrust-Full Scale Data, Units

Figure 7.3 - Scale Model Check Thrust Comparison - Initial Results
(Nonafterburning Turbojet)
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7.1.2.3 Scale-Model Checks (Cont'd.):

7.1.2.4

’

Ratio of Gross Thrust
,FG (Cold Flow Scale Model Data)

Fg (Full Scale)
S

these two relatively independent methods were analyzed and compared to
quantify the term-by-term differences and determine the cause. The
results of this effort are shown in Figure 7.4. When all factors are
properly placed into the scale-model check, the results from the two
methods agree within one percent. This type of comparison requires a
concentrated effort but is necessary to achieve thrust validation.

Checks Using the Computer-Model Simulation: A1l engine thrust checks
shouTd incTude a comparison of facility determined thrust with the
output generated by the digital-computer performance simylation. As
dis¢ussed for the airflow check in Paragraph 7.1.1.6, (agrleement should
exist between the computer-model predictions and the faci|lity test data,
befpre the data check can be considered to be satisfactorlily completed.

— + - Thrust Prediction Based on

Uncorrected Cold Flow Scale
Model Data

/Fi nal Thrust Prediction Based on Model Data’
Corrected for Full-Scale Engine Effects |

Gross Thrust (Full Scale) -

Figure 7.4 - Resolution of Scale Model and Full Scale Engine Thrust
(Nonafterburning Turbojet)
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In-F1ight Engine Performance: The final definition of installed engine

7.2.1

operation is determined in the air vehicle by obtaining engine operating
data at both sea level static and flight operating conditions. Prior to the
flight test program, the aircraft may be installed on a thrust stand, in the
flight configuration, and thrust stand force measurements are -obtained over
the sea-level-static nozzle pressure ratio range in conjunction with the
vehicle instrumentation measurements. Engine consistency checks are
performed in a manner similar to the preflight performance checks discussed
in Paragraph 7.1,

Specific flight tests are performed to determine and validate installed
engine i isti i d measured gas
generatior parameters as functions of engine power setting an
operating conditions. The type of flight tests and data/cor
techniques that are discussed in this section are those ‘requ
and vallidate engine calibration information. This jnformati
number effects, Reynolds number and installation effects, an
inlet and engine control schedules.

red to verify
n includes Mach
the effects of

In-fllight Engine Tests: Air vehicle performance data are ¢btained during
ies of flight maneuvers termed steady-state, quasi-steady-state and
ic maneuvers, as described in Appendix C. Engine characteristics

ay be obtained either separately.or in conjunction wjth air vehicle
rmance tests. The maneuvers currently used are limited to steady-
and quasi-steady-state maneuvers. However, acquisitjon of engine
cteristics data during dypamic aircraft maneuvers, through employment
of the techniques described. _in-Appendix B, may become a future

ine Thrust/Fuel Elow Characteristics - Steady-State: |The thrust and
1 flow characteristics for part-power engine operation for single-
ine installations and for multi-engine installations,|with the
triction ofiusing nearly equal thrust for each enginel are defined by
icious selection of steady-state maneuvers covering the air-vehicle
rating @nvelope (altitude and Mach number), as illustrated in Figure
The-test results can be used for comparison with the predicted
1.and ATF tests. Ideally, the use of corrected, or referred,
ameters tend to collapse the engine characteristics t¢ one line for
5 N ,_Reynolds number
effects, which can degrade component efficiency, cause a decrease in
overall cycle efficiency with altitude (lower pressure). This manifests
itself in requiring greater fuel flow for an equivalent value of thrust
as altitude increases. The use of total pressure and total temperature
ratios, in lieu of static values for correcting engine parameters, will
aid in minimizing altitude effects.

For multi-engine aircraft where symmetric power is not a requirement, it
is possible to stabilize the aircraft at a specific steady-state
operating condition for a finite period while varying engine thrust from
idle through a high power setting. This is accomplished by varying the
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Figurel 7.5 - Engine Part-Power Corrected Thrust Versus Corrdcted Fuel Flow

Throttle Setting = K

_—
1
-

\

A

|

“\

! !

— - Constant Altitude Accelerations
———-—— Constant Mach Climbs

Mach Number, M

Figure 7.6 - Thrust and Fuel-Flow Definition at a Constant Thrust Setting

Using Quasi Steady-State Maneuvers
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7.2.1.1 Engine Thrust/Fuel Characteristics - Steady-State (Cont'd.):

7.2.1.2

7.2.1.3

7.2.2

thrust on the remaining engine(s) to maintain the desired equilibrium
conditions. Use of this approach is restricted to engine installations
where external drag effects due to power setting are minimal or are
accounted for separately (see Appendix C). The flight test results from
this technique at a given altitude define a constant Mach number line in
Figure 7.5. The flight test results can be compared with the predicted
model or ATF data.

Engine Thrust/Fuel Flow Characteristics - Quasi-Steady-State: Constant
alti 1 Mach numbers cTimbs (quasi-steady-
state maneuvers) provide engine data over a wide rangenof flight
conditions. These maneuvers are performed at constant throttle settings
(ysually intermediate or maximum afterburning thrust). [These engine
ta expand the range of flight conditions with respect [to inlet-
mperature and pressure influence obtained over the stelady-state engine
st data. Figure 7.6 illustrates the thrust and fuel f{low information
tainable from these types of quasi steady-state maneuvers. Care must
taken to assure stabilized aircraft and engine operatfi
mmencement of data acquisition for guasi-steady-state

OTO ctct QA

gine Operating Characteristics: As many engine operati

aracteristics as possible should be compared with predi
F results to determine whether ‘changes exist that might affect the
lidity of the calculated in-flight engine thrust values. Flight-to-
ight and engine-to-engine'data comparisons are also advisable to
velop the largest possible data base. The selection
riables and the type“of comparisons evolve from the e
stallation, thrust measurement methodology, and engine parameter
certainty values.\ For example, engine thrust and fuel| flow may be
aluated and compared as functions of other independent] measurements,
ch as enginelrotor speed, engine pressure ratio, nozzle pressure,

c. Engine.measurements other than thrust and fuel flgw should also be
aluated-for consistency. In addition, data validity checks for error
olation-must be developed and be tailored to the in-flfight thrust
asurement methodology.

S =DDODW0VODOE < A-Hh< >0O|M

Engine’ Installation Effects: Flight test results include |effects on the
engine operation due to their installation in the aircraft. Therefore,
comparison of the flight results with ATF and model data must be made. A
partial list of engine installation effects to be scrutinized include the

following:

0

0o

Engine accessory horsepower extraction
Engine compressor bleed airflow
Inlet airflow pressure recovery

Inlet airflow distortion
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Engine Installation Effects (Cont'd.):

7.2.2.1

7.2.2.2

7.2.2.3

The sensitivity of engine performance to these installation effects is
determined from engine test cell measurements or a calibrated
computer-model simulation. The effect of each item on the in-flight
engine performance is determined from these sensitivity data and estimates
or actual flight measurements, i.e., actual bleed rate, horsepower
extraction, etc.

Engine Horsepower Extraction:

extract1on is a small proport1on of engine power, 1t can

raction, which is derived from GLTB and ATF tests of
ch simulation programs, is used with the amount of“ho
raction to define the effect of horsepower extraction
ine performance.

ine Compressor Bleed Airflow: The best ptocedure for

unt of engine compressor bleed airflow 4s) by measurin
ainflow using temperature and pressure ijnstrumentation.

engine characteristics may then be compared directly at

compressor bleed flow rates, as illustrated in Figure 7.
engine measurements should also bexperformed with engine
blged selected both "on" and "off' to verify the compres
senisitivity developed in the ATEY Poor correlation of t
flight and ATF predicted compressor bleed flow measureme
ernors in either the ATF sensitivity tests or the flight
blged flow measurements,

Andlytical estimates may be made, if in-flight compresso
medsurements are not available. Verification of the est
blged flow extraction is acquired through evaluation of
megsurements with compressor bleed selected "on" and "of
conjunction/ with the ATF developed compressor bleed engi
sensitivities and isolated bleed system flow simulator té

Inllet Airfiow Pressure Recovery: During scale-model tes]

repgresentative flight conditions, inlet pressure recover)

When the amount of air-vehicle horsepower

be accounted
horsepower
ralibrated cycle
rsepower

on installed

determining the
j the bleed
Flight and ATF
pquivalent

/. In-flight
compressor

sor bleed flow
ne effects of
hts indicates
compressor

r bleed flow
imated amount of
jn-f1ight engine
F", in

ne performance
psts.

ks at
Y is measured

and m 1
recovery is ver1f1ed by measuring the engine performance

let pressure
during GLTB and

ATF tests with inlet pressure set to simulate the inlet pressure

recoveries.

measurements add a small uncertainty in the test results.

Estimated inlet recovery values instead of actual pressure

However,

during supersonic flight, the requirement for in-flight pressure
recovery measurement becomes a necessity, if aircraft and engine

performance are to be accurately defined.
are generally adequate for follow-on flight tests.

Flight-verified model data



https://saenorm.com/api/?name=7a0822a1d90b4e6e978fa797a7575f7b

Fuel Flow, W F

7-14

ATF Results at o)
Flight Compressor
Bleed Flow Conditions

Altitude = Const.
Mach No. = Const.

3 O Flight Test Results at Flight
o Compressor BleedFlow Canditions

Net Thrust, FN

Figure (7.7 - ATF/Flight-Engine Thrust Versus Fuel Flow With Compressor
Bleed Airflow

Installed Performance
(With Inlet Recovery and Distortion
and Power Extraction)

B]eed
Altitude =Const. //

Mach No. =Const. -z
X
s

1eed

Engine Chanacteristic,
eql Wr

Engine Characteristic, eq. Fy

Figure 7.8 - Engine Calibration Characteristics Comparison
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Inlet Airflow Distortion: In addition to the total pressure loss
developed by the inlet, inlet flow may be distorted and affect engine
performance. The development of distortion sensitivities is far more
complex than for compressor bleed airflow sensitivities and inlet
pressure recovery sensitivities (usually one-dimensional parameters),
because of the associated multi-dimensional characteristics (circum-

ferential and radial location, magnitude and time dependency).

The

aerospace industry has devoted considerable effort to developing

distortion methodologies,
provided in ARP 1420 (7.

5) and AIR 1419 (7.6

Guidelines to som? of these methodologies are

Static pressure profiles or flow angularity may be as significant as
total pressure profiles for some applications.

Se
me
di
di
de
of
hi
pr
is
pe

7.2.3 Cons

nsitivity of engine performance to inlet airflow diste
asured during GLTB and ATF testing by operating the en
stortion screens or other types of distortion simulatg
stortion patterns to be generated by the screens are i
termined analytically and by inlet model testing. The
ten verified by in-flight measurements, using temperat
gh-response pressure instrumentation. <As”in the case
bssure recovery, the necessity for in~flight measurems
far greater for supersonic operation. Distortion eff
rformance tend to be minimal for.most aircraft in subs

istency of Installed Net Thrust and Engine Characteris

rtion is

gine behind

rs. The
nitially

se results are
ure and

of inlet

nt of distortion
ects on engine
onic flight.

tics: A

comp
to ¢
and
agre
for

—

0

0

—

I
P

Arison process, such as illustrated 1n Figure 7.8, is
pmpare thrust, fuel flowxand engine characteristics fq
validation to predictions. The results are analyzed 4
bment is reached or differences explained. Areas to b
resolving discrepancies, include:

n-flight measurement inaccuracies
rediction_inaccuracies such as errors in model data
hcorrect-engine installation sensitivities

hcorrect engine installation factors such as magnitude

ressure—recovery
U1+ T oo VT

engines between ATF and flight.

often employed,
r consistency
nd refined until
e investigated

of inlet

Unaccounted installation factors such as rematching of twin-spool

Another correlation process is to compare the quasi-steady-state data
(climbs and accelerations) to the steady-state engine calibration

results.

Unaccountable differences may be caused by engine control system

lags, such as the failure to keep up with changing inlet temperature and

pressure.

Analysis of key engine operating parameters wil

1 reveal whether

or not the apparent differences are due to variations in effective power

settings caused by control system lags or are due to other causes.

If the
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7.2.3 Consistency of Installed Net Thrust and Engine Characteristics (Cont'd.):

gas generator characteristics are not within the expected uncertainty
interval at the same flight Mach number, the reason for the difference
should be determined and corrected or accounted for in the data analysis.

If the effects of Reynolds number and inlet distortion on gas-generator,
ATF, and flight-test results are small, free-stream-suppression can be
determined from the gas-generator. The suppression effect on the
in-flight nozzle d1scharge coefficient or overall performance correlation
must be 1nc1uded in the 1n f11ght thrust-determ1nat1on procedure. A

3 d 3 d : or differences are

7.2.4 ary: In-flight engine performance analysis is.enhanced by proper

nozzlle pressure ratio changes-from an unchoked condition. | For this case,
the changes in the nozzle coefficients are partly real, dye to profile

environmental pressure, to which the nozzle flow expands, |changes as
condfitions in theadjacent nozzle flow stream change. In|any event,
sufflicient analysis should be conducted to explain the cofrelations.

Engipe installation sensitivities from these tests should|be defined in a
manner stich that the effects of differences between actual installation
factprs'and their predicted values can be adequately assegsed. The flight
test program must be planned so sufficient data are acquired to enable
cross-checking and validation of the engine performance and operating
parameters.
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7.2.4 Summary (Cont'd.):

7.3

Overall performance methods can be developed from correlations of measured

thrust with measured gas-generator parameters.

Part of the recommended

process for ensuring accurate in-flight thrust is a consistency-analysis
of gas-generator data from all sources effectively producing an overall-

performance method for each compared gas-generator parameter.

The most

sophisticated, overall-performance method is the cycle-match, computer

simulation.

The simulation combines the gas-path/nozzle and overall-

performance methods into a single bookkeeping system which is internally
consistent and satisfies the mass-, energy-, and momentum-conservation

Aerody

Yy p en
11ght thrust involves continuous development of the.¢
uter simulation within an acceptable and accountable

from all sources.

namic Characteristics: Analysis of the flight test a

7.4

is use
cies w
These
vehicl
aerody
vehicl
Evalua
unders
in-f1i
validg
vehicl

ful in identifying trends that are symptomatic of err
ithin the various elements of the thrust/drag measure
errors may be evidenced by a disagreement in the leve
e drag between one or more types of‘maneuvers or flig
namic configuration, or through _erratic representatio
e induced drag and/or compressibility (Mach) characte
tion of the aerodynamic characteristics for this purp
tanding of the theoretical -aspects of air vehicle aer
ght drag measurement processes and techniques, and th
tion of the incrementall-drags used in "normalization"
e drag polar. Appendix C contains an overview of the

The examples in the following section include the concepts ¢

tion through proper definition of air vehicle aerodyn:

The examples of test analysis f{

7.4.1

tion are’a continuation of the examples in Paragraphs
single-exhaust turbofan, an intermediate cowl turbofa

valida

charadteristics.

Examplles of Test Analysis:
valida

for a

mixed-{flow afterburning turbofan.

of the

The examples discuss and

uring accurate,
cle-match
olerance, using

rodynamic data
rs or inaccura-
ent process.
of total air
hts of the same
h of the air
ristics.
Dse requires an
pdynamics, the
b ijsolation and
of the air
5e items.

bf thrust
Am1i C

br thrust

4.5 and 5.1.6
h, and a
illustrate many

facets of preflight engine consistency checks, fligh

engine

performance ana1ys1s and definition of aerodynam1c characteristics required

to enhance confidence in air vehicle in-flight thrust measurements.

The

examples are taken from in-flight thrust measurement programs designed to

isolate and document air vehicle aerodynamic characteristics.

The examples

are taken from both published (7.7 through 7.13) and unpublished sources.

Single-Exhaust Turbofan:

A series of in-flight thrust measurement

programs have incorporated the single-exhaust turbofan engine installation.

A significant aspect of these programs was that the in-flight thrust
measurement methodologies involved the calibration in an ATF, prior to the
conduct of the flight tests, of each engine used for air vehicle perfor-
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Single-Exhaust Turbofan (Cont'd.):

7.4.1.1

7.4.1.2

mance measurements. The ATF calibration conditions (altitude, Mach number
and power setting) were designed to encompass the anticipated flight
conditions for each individual test vehicle. Therefore, the in-flight
engine performance measurements were tailored to and based on the
individual engine ATF calibration information. The examples develop and
correlate the results of three independent (or alternate) methods for
in-flight thrust determination. A1l three methods deduce engine airflow
from correlation of engine rotor speed with ATF facility airflow
measurements, but each uses a different gross thrust correlation procedure.

Gross Thrust Correlation With Nozzle Pressure Ratio:

ind tunnel and flight propulsion/aerodynamic measurem
rogram resulted in development of the nozzle pressure
ethod. The application of this method during‘the f?l
unnel test program provided no particular problems. /
1ight test application, however, produced<a differenc
efinition for two successive flights with the same ai
erodynamic configuration, as shown for ‘the vehicle No
igure 7.9. Even though initial evaluation of the veh
TF and flight measurements revealed no obvious discre
ould account for the different results between flight
rror(s) in the in-flight thrust measurement process e
nd correction of this errorivequired analysis of the

uel flow measurements discussed in the following para

ross Thrust Correlation With Fuel Flow: The rational

n drag characteristics observed on the first flight o
as not resolved until the air-vehicle specific range
n-flight measurement of fuel flow and true airspeed w
Tmost exact agreement in specific range values existe
onditions.common to the two flights of vehicle No. 2
igure 7.10). The ATF engine calibrations for the two
irtually identical uninstalled thrust/fuel flow chara
nown,changes affecting drag were made to the vehicle
1lights. It was concluded that the drag characteristic
Tights must be identical. This information prompted

nitial full-scale
nts under this
ratio (NPR)
-scale wind
-7)  The initial
in drag polar
vehicle
. 2 flight data in
icle No. 2 engine
ancies which
, suspicion of
isted. Isolation
flight-test engine
graph.

e for the change
f vehicle No. 2
data from
ere reviewed.
d for test
(circled points in
engines showed
teristics, and no
etween the two
on the two
thorough

re-examination of all instrumentation parameters invol
in-flight thrust calculation procedures. The investig
unexplained calibration shift on the first flight of v

ved in the
ation revealed an
ehicle No. 2 in

either or both of the engine fan or core discharge pressure transducers
used to measure the manifolded total pressure at the primary/bypass duct
mixing station. In this in-flight thrust measurement program,
redundancy of methods was provided by the engine ATF calibrations
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Figure 7.9 - Flight-Test Drag Characteristics
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Mach Number, M
Figure 7.10 - Flight Test Specific Range
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Gross Thrust Correlation With Fuel Flow (Cont'd.):

defining the uninstalled engine thrust/fuel flow characteristics.
Therefore, the in-flight thrust and drag data from the first flight of
vehicle No. 2 were salvaged by adjusting the ATF calibration thrust/fuel
flow characteristics for the installation effects defined on the second
flight of vehicle No. 2 (primarily for the effect of inlet pressure
recovery) and by extracting the flight installed engine thrust using the
in-flight measured fuel flows. This process brought all aerodynamic
drag data into agreement, and enhanced confidence in the accuracy of the
in-flight thrust measurements.

Gross Thrust Correlation With Gross Thrust Parameter: A|later

devielopment program, which involved moderate changes/to the vehicle
aerjodynamic configuration, required a redefinition of the vehicle
aerjodynamic characteristics to validate performance estimates. The
development of the gross thrust parameter (GTP)-in-flight thrust method
durfing this program and correlation with the{NPR and fuel flow methods

Pripr to commencement of the flight test, program, all three approaches
to [gross thrust calculation (NPR, fuel flow and GTP) were subjected to
an extensive error analysis to develop an estimafs Yf total uncertainty
of [flight test derived 1ift and drag parameters. he error
anallysis revealed that the threeéZin-flight thrust measurement processes
were essentially equal in accuracy. A slight advantage was shown for
the| NPR method, which was sélected as the preferred methgd because it
had| been successfully employed in the original flight tegt program.

After review of the initial flight test results, however| excessive data
scatter caused by _jnstrumentation problems with the NPR method resulted
in selection of GTP as the primary thrust method. GTP w3s preferred
over the fuel flow method because a single primary variaBle (engine
rotpr speed)»is required for gross thrust determination.| The fuel flow
method requires determination of three primary variables|(fuel density,
fuell viscosity and fuel volume flow) for gross thrust determination.
Figure'7. 11 is a comparlson of 1nsta11ed propu]s1ve force (Fipf)

ady suver for the three
in- fllght thrust measurement procedures The thrust data scatter
observed with the NPR method is 5 to 6 percent and was attributed to
electrical difficulties in the acquisition of the engine fan and core
discharge pressure transducer signals. While this level of the data
scatter is excessive, the average thrust values were found to be in
close agreement with the values obtained with the GTP and fuel flow
methods.

The gross thrust data for the GTP method resulted in two Fipfr levels
representing a difference of approximately two percent, as shown in
Figure 7.11. The thrust level changes were traced to high-pressure
rotor speed shifts attendant to the least significant bit of the data
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Thrust Method Comparison (Cruise at 8,000 ft Altitude)

GTP Thrust Method Data Fairing (Relaxed Spline) '
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Figure|7.11 - Net Propulsive Force Variation During a Typica]l Steady-State
F1ight Maneuver

7.4.1.3 Gross’ Thrust Correlation With Gross Thrust Parameter (Cont'd.):

transmission link. This problem was alleviated using a relaxed
spline-curve-fit procedure to obtain representative Fipp values
(weighted average based on data density).

The flight test drag polar derived with the selected GTP thrust method
is presented in Figure 7.12 and is compared with the drag polars
obtained using the NPR and fuel flow thrust methods. The drag polar is
repeated (with the drag coefficient scale staggered) for comparison with
the test data points derived with the NPR and fuel flow thrust
determination methods. A low level of data scatter is observed in the
drag polar characteristics obtained with the GTP thrust method. Ninety
percent of the data points for the Mach number range of 0.59 to 0.75
fall within a scatter band of *1.5 percent relative to the faired drag
polar. Although the data scatter is greater for the other two thrust
methods, good agreement exists in the defined drag polar characteristics.
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Figure 7.12 - Flight Test Drag Variation with Lift - Thrust Method Comparison

7.4.1.4

7.4.1.5

Throttle-Dependent Force Increments: The throttle-depengent force
incriements used for flight-test Fipr and drag normalizatjon for both
in-fllight thrust measurement programs were based primarily on wind

1 information...The subcritical inlet spillage drag|variation with
t-mass-flow ratio and Mach number was obtained with a 1/3-scale
dynamic model.

oattail-base-drag variation with nozzle pressure ratio and Mach

r werederived using a 1/3-scale powered nozzle/afterbody model.
subscale boattail-base-drag corrections were verified by pressure/
1ntegrat1on of boattail-base surface pressures meas red during

he validity of
the boattail-base drag 1ncrements is achieved because of correlation in

nozzle exit static pressure measurements between the flight and the
full-scale wind tunnel tests.

Post-Test Evaluation of the Uncertainty Analysis: A pre-test
uncertainty analysis had been conducted to evaluate the measureme }
process and aid in selecting preferred in-flight thrust methods. (7.12)
The major sources of predicted uncertainty for in-flight thrust were the
engine calibration information and the data resolution from the pulse
code modulation system for transmitting engine speed. The later problem
was alleviated using a relaxed spline-curve-fit procedure. The
post-test evidence available from engine calibrations and validation of
air vehicle aerodynamic characteristics did not appear to support as
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7.4.1.5 Post-Test Evaluation of the Uncertainty Analysis (Cont'd.):

7.4.2

large an uncertainty band as predicted during the pre-test analysis.
The extensive data included:

0

0o

0o

Approximately 20 engine calibrations from two different ATF's

Calibration of one engine in two ATF's and a GLTB(7.13)

Correlation of air-vehicle draggfor two completely separate in-flight

thrust measurement programs.(7

A

us
th
in
th
si

Inte

review indicated that the pre-test uncertainty estimat
ing a limited data base of uncertainty information\
b post-test review additional information was availabl
strumentation uncertainty assumptions. When utilized
p overall uncertainty, the resulting uncertainty bands
gnificantly lower than the pre-test estimate.

rmediate-Cowl Turbofan: This in-flight ‘thrust measure

7.4.2.1

deri
moun
coef

In

yed from a multi-engine transport aircraft incorporati
ted intermediate-cowl turbofans. _The procedure is bas
Ficient information from scale-model, GLTB and ATF tes

tF1ight Thrust Validation: _Independent checks of the

ca
th
chg
col
th
th
ca
av
in

Th

culation procedures were obtained through airplane gn
rust stand measurements.and engine airflow correlation
pck was obtained by measurement of static thrust on a
hparison of the result, on a point by point basis, wit
rust using the in=flight thrust calculation procedure.
js process are shown in Figure 7.13 for the average me
culated enginethrust. The agreement is better than
prage enginé.thrust. This procedure is useful in reso

es were obtained

At the time of

e to improve the
to re-estimate
were

ment example is
ng nacelle-

ed on nozzle
ts.

in-flight thrust

ound-level

s. The first

thrust stand and

h the calculated
The results of

asured and

+]1 percent of

lving

strumentation and gross thrust determination methodology problems.

in
in

\‘

p second check compared in-flight engine airflow obtai
ependent sources. Inlet airflow was determined from

ned from two
a survey of the

et 'flow using an inlet rake to measure both total and

static

pressures and total temperatures.

Airflow was also determined

throughout the program by the summation of engine nozzle flows from

measured nozzle pressures and temperatures.
agreement in the airflow obtained from these two sources.

Figure 7.14 shows excellent

This

agreement adds confidence to the validity of the nozzle coefficients,
which are used for both airflow and gross thrust calculations.
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Aerodynamic Characteristics: The aircraft drag polars generated from

the in-flight thrust measurements are presented in Figure 7.15.
Confidence in the powerplant thrust measurements is achieved because of
the consistency in definition of the drag characteristics as a function
of 1ift coefficient and Mach number. The scatter is +3.5 percent for
vehicle minimum drag with drag-due-to-1ift removed as discussed in
Appendix C.

Validation of Throttle-Dependent Force Increments: The computation of

installed propulsive force for this aerodynamic and engine configuration
comprises a synthesis of engine-airflow, net-thrust, and incremental-

h model and full-scale test programs. Validation of
remental propulsion related forces (pylon and core co
g, plug scrubbing drag, and nacelle forebody and afte
gs) would be difficult even with extensive preSsure i
was not attempted during this flight test program.
fidence in the validity of the throttle-dependent dra
achieved by evaluation of the consistency in calculat
g, which incorporates the empirical throttle related

euvers using diverse engine thrust’operating conditio
tter for climbs and descents is #2 percent about the
ditions evaluated, no disCernible bias differences ex

attributable to an inaccurate accounting of the throti
pulsion forces.

ise flight, as shown by the\solid line in Figure 7.16}

e results of

he effects of

1 scrubbing
rbody pressure
nstrumentation
However, some

j increments can
pd aerodynamic
forces. This

be accomplished by comparing the normalized drag resylts from

s, such as

For the example program, the data

irag level for
For the

jst that might
t1e dependent

-Flow Afterburning Turbofan: The mixed-flow afterbur

7.4.3.1

Te pertains to a twin-engine aircraft incorporating a
d propulsion(system. The thrust measurement procedur
ine nozzle coefficients and airflow calibration data fr
separate<engines in an ATF. Generic calibration data

ing turbofan
fully inte-

s are based on
m testing of
are used with

uncallibrated._engines incorporating the required instrumentation to compute

in-fllight/ thrust.
presquré=area and airflow-temperature, were developed.

Two in-flight thrust measurement proced
Du

res, termed
to differences

in in-flight thrust from these two procedures, effort was éxpended to

understand the reasons, as discussed below.

In-Flight Thrust Validation Checks:
scrutinized for normal engine operating characteristics.

Each data set was thoroughly

Evaluation of

the parameters shown in Figure 7.17 (engine TSFC; fuel flow, nozzle
entry pressures, and nozzle area measurement) was made to assure that
all fell within expected tolerances based on historical tracking of
these parameters. Any deviation from expected trends was thoroughly
evaluated for its potential impact on the validity of the data set.
Particular attention was given to in-flight measurement and definition
of installation losses (primarily, inlet pressure recovery and
compressor bleed airflow).
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Figure~7.17 - Data Validity Checks - Steady-State Maneuvers

-F1li : rly air vehicle aerodynamic

D

characteristics evaluated using this approach would not generalize as a
function of engine thrust level (correlation in drag for steady-state
and quasi-steady-state maneuvering could not be established).
Investigation of the error sources in this method involved expansion of
the engine performance data base from two to four engines, including an
engine removed from a flight test aircraft. Incorporation of the
refined pressure-area method based on the expanded ATF engine sample is
shown in Figure 7.18 and compared to the steady-state drag polar defined
by the airflow-temperature thrust measurement method. The data indicate
good agreement between steady-state and acceleration data at medium and
high 1ift coefficients. At low 1ift coefficients, scatter in the
acceleration data prevents accurate definition of the air vehicle
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Area-Pressure In-Flight Thrust Method (Cont'd.):

minimum drag level. This disparity could be caused by uncertainty in
turbine discharge pressure measurements at high Mach number, Tow
altitude conditions (upper end of instrumentation pressure range
1imit). The drag values for the 10,000-ft steady-state data (shaded
squares in Figure 7.18) are questionable because of uncertainty in
nozzle area measurements caused by disengagement of the nozzle flap
actuation rollers from the roller cam surface at low pressure ratios
(NPR less than 2.5). The data are included for comparison with the
airflow-temperature method in Figure 7.19.

4irf1ow-Temperature In-Flight Thrust Method: Investigation of the error

ources in the pressure-area in-flight thrust method was facilitated
hrough use of an alternate in-flight thrust method whjch did not

equire accurate measurement of the nozzle area a critical parameter

or accurate pressure-area thrust measurement. The alternate method was
ased upon fan corrected airflow correlations, fuel flpw measurements,
nd heat balance calculations to determine nozzle temperature and
irflow. The results of this analysis, utilizing the fame data sets as
resented for the pressure-area method in Figure 7.18,|are presented in
igure 7.19. The results show excellent agreement between the
teady-state and low and high altitude quasi-steady-state (acceleration)
aneuvers at all 1ift coefficients. However, considergble data scatter
is introduced at higher lift.coefficients when the Tow|altitude maximum
hrust accelerations are included. One possible explapation is that the
irflow-temperature method (particularly the tailpipe temperature model)
ay be inaccurate due“to the limited ATF test data avajlable pertaining
o these low-altitude“operating conditions.

alidation of Thrnottle Dependent Forces: The subcritical inlet spillage
drag variation_with inlet mass-flow-ratio and Mach number was derived
ilrom a subscale aerodynamic model. These test results|were assumed to
he applicable to the full-scale vehicle. The nozzle/afterbody drag
ariation’with nozzle pressure ratio and nozzle exit area were obtained
irom<a_subscale powered nozzle/afterbody model. Validation of the
throttle dependent nozzle/afterbody force 1ncrements was accomplished

Q on-0 3 suresbetween the subscale
mode] and the f11ght veh1c1e, as d1scussed in Appendlx C. Correlation
of these pressures at selected longitudinal locations is shown in Figure
7.20. The correlations are in good agreement, except where influenced
by discontinuities on the flight article, and provide confidence in the
accountability for the throttle-dependent forces acting in the vicinity
of the nozzle and afterbody.
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Conditions: Mach 0.9, 1 g, 30,000 ft.

Legend:

FS - Fuselage Station
CP - Pressure Coefficient
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Figure 7.20 - Comparison of Afterbody External Static Pressures
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8. TEST PLANNING GUIDELINES:

8.1 Approach to Planning: A systematic approach to advance planning is required
for the effective and efficient conduct of a flight test program. Since the
flight test program is an integral part of the overall development process,
the data acquisition systems, data reduction procedures, and test plan
matrices must be structured to meet the overall program objectives. The
success achieved from the test program is directly related to the degree of
attention given to details early in the planning phase of the overall
development program.

A properlyplanned program will necessitate the integration of:

0 Modell, rig, and full-scale propulsion system test programs

0 Airfirame wind tunnel test programs
o Airfjrame and propulsion system test instrumentation
0o In-fllight thrust computational methods

o Data handling procedures used for both>the propulsion system ground tests
and jairframe/propulsion system flight ‘tests

o Datal accuracy requirements and assessment capabilities.

Early involvement of both propulsion system ground test and flight test
specialfists will enhance the potential for successfully accomplishing the
desired ground and flight test goals.

8.1.1 Task Force Concept: A 'successful approach for integrating|the planning
and prosecution of the overall development program, with i{s various test
progrlams, has been~the use of a task force concept invo]vimg all the
varidus specialists of all organizations associated with the development,
test,| and evaluation of both the propulsion system and the|airframe/
propulsionssystem combination. An integrated planned appr¢ach should be
formylated’by the task force and responsibilities assigned|for prosecution
of the“plan. Periodic meetings of the task force should be held to review
progréss and update the plan. The organization responsible for the
combined airframe/propulsion system performance would normally be expected
to:

o Formulate the task force

o Provide overall leadership in the formulation of an integrated plan
which meets the program objectives with optimum utilization of
available resources

o Ensure each specialist understands how his particular function fits
into the overall plan
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Task Force Concept (Cont'd.):

o Ensure there are adequate interfaces between related functions
0 Assess the success/failure of each phase of the plan.

Integrated Program Elements: The following summarizes a systematic

approach to test pTanning and program prosecution:

o Establish overall program objectives

A vaslabhla wmaecarnmasne
0 O2oCOO aAvValtTauTT TTISUUT LTS

o FHormulate task force

o
[¥0]

et test program goals
o Hstablish data accuracy goals
) jevise an integrated, comprehensive pregram plan

ssign task responsibility

o
o

onduct uncertainty analysis oficandidate instrumentatjon/data
]cquisition systems and in-flight thrust computational|methods

ssess prior success/failure of candidate computationa] methods with
ame/similar propulsion-systems

(72}

o
N

elect primary and alternate computational methods

o Yelect appropriate instrumentation and data acquisitiop systems

o
o

evise intégrated detail test plan matrices for the grpund and flight
est programs

=3

o Update uncertainty analysis as new information/data begcome available

o Assess the success/failure of each phase of the program plan
o Modify program plan and individual test plan matrices as required

o Assess the validity of the data generated during the ground and flight
test programs, and publish results.

Several critical aspects to be considered in the selection of in-flight
thrust computational methods are discussed in Paragraph 8.2, and an
outline for an integrated program plan is presented in Paragraph 8.3.
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The selection of a method (or methods)

for computing

in-flight thrust is predicated on the particular circumstances of the

specific program.

0

o}

o The
can
(tu

The go

influe

paramo
comput
ground

o To
pro

o To

o To
des
air

o To
the

o To

A perf

on air

overal

Factors which should be considered in thi

s selection are:

The scope and nature of the flight test program, as dictated by the
applicable flight test goals and program objectives

The economics of the particular situation, as dictated by available
resources relative to the desired test goals and program objectives

ideptification of the causes of departures

-of-the- i btainable from eac
idate methods which are appropriate to the type of pn
bojet, turbofan, nozzle type, etc.).

1s of the flight test program are predominant factorsg
ce the selection of a method for computing in-flight

tional method. General test program goals, applicabl
and flight test programs are:

ubstantiate that the design performance of the propul
ulsion system/airframe combination has been met

provide information for assessment of departures from
provide information tocpredict performance variations
gn changes which may,be made during the operational 1

Frame and propulsion system

provide information to the designer to substantiate an
pbretical estimation techniques

brovideca data base for the improvement of future desi

prmance prediction of the propulsion system/airframe g

fFrame drag estimates and propulsion system thrust esti

h of the
opulsion system

which will
thrust. It is

nt that these goals be established prior to-any attempt to select a

e to both the

sion system and

design goals and

resulting from
ife cycle of the

d enhance

gns.

esign is based
mates. The
the flight test

program without specific knowledge of propulsion system thrust and airframe
However, if the goal of the flight test program is to provide

drag.

information for the explicit assessment of departures from the design goals,
then an in-flight thrust computational method which will provide accurate

in-flight thrust information is required.

The cost involved in the

development and utilization of one particular in-flight method compared to
another must be weighed against the fidelity/uncertainty of the data
obtainable from each of the methods and related to the accuracy requirement

of the desired departure assessment.

The necessity for providing highly

accurate information for the enhancement of theoretical estimation
techniques, and the size and quality of the data base to be generated for
the assessment of design changes and improvement of future designs, must be
considered.
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Selection of Method (Cont'd.):

Selection of in-flight computational methods and the associated

instrumentation/data-acquisition systems will be influenced

by the desired

accuracy and the resources available for achieving this accuracy.
Uncertainty analysis of the proposed instrumentation and computational
methods should be conducted early during program planning to establish the
predominant parameters which influence accuracy and to highlight areas where

the expenditure of resources would be most beneficial. The
can be used to:

0 Asgdess the necessity for alternate computational methods
sellection

o Endure that the model, rig and full-scale propulsion sys
prqgrams are adequate to achieve the desired‘flight test

o Enhance the confidence level associated -with the validit)
obtjlained during the flight test program.

Uncertlainty analyses should be initiated early in the progr

uncertainty data

utational method
and aid in their
Lem ground test
accuracies

y of the data

am planning

procegs and updated as additional information becomes available.

Any camplete in-flight thrust program should include backup
thrust determination. Although”backup methods may appear t
cost, [having other method data can minimize retest and sche

Examplle of an Integrated Program Plan: The following progr

is prdsented to illustrate the various functions that shoul
during the early planning phase of a development program.

dividgd into sections related to the development of the pro
the dgvelopment of the air vehicle, and the conduct of the |
program. Most)of the functions in the first two sections cq
concurrently, but some of the results from the air vehicle

requinedto’complete certain of the propulsion system funct

method(s) for
D add program
dule slippages.

am plan outline
1 be considered

The plan is

pulsion system,
Flight test

an be conducted
tests are

jons.

8.3.1 Propulsion System Development:

0 Conduct nozzle tests on scale models to determine momentum losses due
to friction and non-axial flow at nozzle exit, static pressure
distribution over the nozzle length, and thrust and flow coefficients.

Adjust results to full scale.

o Conduct analyses to determine anticipated nozzle mass flow variations

and/or leakage.

o Conduct rig tests to determine frictional (and blockage) and total
pressure losses from the pressure measurement station to nozzle inlet.
Conduct analyses to determine additional total pressure and momentum
losses resulting from leakage and the addition of heat, if applicable.
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8.3.1

8.3.2

8-5

Propulsion System Development (Cont'd):

(o}

Air Vehicle System Development:

Update engine thermodynamic-cycle computer model based on component
rig, scale-model, and engine test results.

Review recent experience and state-of-the-art accuracies obtained with
similar propulsion systems and candidate in-flight thrust computational
methods.

Initiate uncertainty analyses of candidate in-flight thrust
computational methods and instrumentation/data acquisition systems.

Select primary and alternate in-flight thrust computatijonal methods,
and establish computation procedures/computer routines |to be used to
apalyze full-scale GLTB and ATF data.

blect and standardize instrumentation for.GLTB, ATF and flight
rograms using information developed from method and uncertainty
halyses. Establish instrumentation calibration accurdcy requirements.

T N

m

stablish flight test and GLTB/ATF test plan matrices.

bnduct engine ground calibrations, including the effeqgts of inlet
istortion, ram recovery, and.Shaftpower and bleed extractions.

C

d

Apalyze GLTB and ATF data,.updating in-flight thrust cgmputational
rputines, and thermodynamic-cycle computer models, as appropriate.
Update uncertainty amalyses to highlight areas of concern.

Review early flight test results to ascertain the necegsity for
additional ground testing and/or revision to the in-flight thrust
cpmputational ‘routine.

Cbnduct wind tunnel tests on aerodynamic scale models at selected
eference conditions and adjust data to full scale.

-

Conduct wind tunnel tests to determine throttle-dependent force
increments.

(a) Determine inlet spill drag characteristics from inlet drag model.

(b) Determine aft-end/nozzle drag characteristics from jet effects
model.

(c) Assess other force increments, if appropriate.
Determine inlet-duct total pressure recovery.

(a) Determine inlet recovery from wind-tunnel test data using
aerodynamic or inlet-drag model.



https://saenorm.com/api/?name=7a0822a1d90b4e6e978fa797a7575f7b

8-6

8.3.2 Air Vehicle System Development (Cont'd.):

(b)

Establish full-scale flight test instrumentation requirements and
flight-data handling/default substitution criteria, based on
uncertainty analyses.

o Establish horsepower extraction relationships based on full-scale rig
testing.

o Determine bleed airflow extraction requirements and measurement
technique:

—

)
D)
(¢)

—

Establish bleed duct instrumentation configuration
Calibrate full-scale bleed ducts/instrumentation

Incorporate this information into flight-vehicle uncertainty
analyses.

o Conduct analyses to determine drag increments associategd with

8.3.3 Flight Test Program:

efgine-bay cooling airflow, inlet-ramp boundary-layer bleed flow, and
other systems.

o Conduct preflight performance model updates:

(q)

(b)

Update installed=engine-performance model (thrust, fuel flow, and
airflow as functions of altitude and Mach number) |based on GLTB,
ATF and inlet\pressure recovery data

Update airframe-system-drag model with available wind tunnel data.

Establish~instrumentation/data-acquisition system calibration
procedures, tolerance 1limits, and special calibration jlig requirements
based<on uncertainty analysis; and establish data handl{ing procedures.

plan matrices.

Provisions should be made in the flight program to:

0

o Es
(a)
(b)
(c)
(d)

Verify the wind tunnel inlet recovery data
Verify the installed engine performance model

Verify the airframe system drag and investigate the throttle-
dependent drag increments (inlet spill and aft end/nozzle drag)

Verify that the performance models accurately calculate aircraft
performance throughout the flight envelope
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8.3.3 Flight Test Program (Cont'd.):

(e) Provide flexibility and redundancy that will permit the
investigation of unanticipated results and the isolation/
identification of causes or error sources.

0o Analyze flight test results for consistency and accuracy. Update
analytic models as required.

o Publish flight handbook performance data.
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A

D
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F’

FEX

Fa

P&

Fipr

N

FX

FN

Fnet

AF
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APPENDIX A
FUNDAMENTALS OF THRUST/DRAG ACCOUNTING

TABLE OF CONTENTS

ES ACTING ON A PROPULSION SYSTEM

SYMBOLS

Description

Projected area(normal to the
freestream flow direction

Drag

Absolute force vector

Excess thrust

Gross thrust or gauge stream force

Modified gross thrust

Installed propulsive force

Net thrust

Modified net thrust

Overall net thrust

Axial component of net (gauge) force

Incremental force bcokkept as part
of Frpr

PAGE
A-4
A-4
A-6
A-8
A-9
A-12
A-14
A-15
A-21
US Common SI
Units Units
ft2 m2
1b N
1b N
1b N
1b N
1b N
1b N
1b N
1b N
1b N
1b N
1b N
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Greek

o

AT

A-2

SYMBOLS (CONTD.)

US Common SI

Description Units Units
Unit vector normal to surface
element dS directed outward
Net propulsive force 1b N
Static pressure 1b/ft2 N/m2
Area weighted static pressure b/ ft2 N/m2
Stagnation (total) pressure b/ ft2 N/m2
Surface area fit2 me
time S S
Volume ft3 m3
Velocity vector ft/s m/s
Outward component of velocity
vector normal te surface area
element, dS ft/s m/s
Axial component of velocity
vector ft/s m/s
Axial component of mass weighted
velocity ft/s m/s
Mass flow rate slug/s kg/s
Local surface incTination
relative to freestream
flow direction deg, rad rad
Net (gauge) axial force 1b N
Density slug/ft3 kg/m
Summation
Local shearing stress vector 1b/ft2 N/m2, Pa
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Subscripts
0

A-3
SYMBOLS (CONTD.)

Description

Upstream infinity

US Common

Units

1 Inlet highlight

2 Inlet discharge, engine
front face

7 Engine discharge exhaust nozzle inlet

9 Engine exhaust nozzle discharge

00 Downstream infinity

AB Afterbody

AFS Airframe system

EXH Exhaust

FB Forebody

INL Inlet

inst Installed

int Intrinsic

isol Isolated

meas Measured

nac Nacelle

op Operating

post Post-exit

pot Potential flow

pre Pre-entry

quies Quiescent, "wind-off"

REF

At reference conditions

SI
Units
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A.2

INTRODUCTION:

A-4

APPENDIX A
FUNDAMENTALS OF THRUST/DRAG ACCOUNTING

The material of this appendix proceeds from ba

sic

fundamentals to outline the principles of thrust, drag, and force accounting
for an axially aligned propulsion system, as indicated schematically on

Figure A.1.
described in Paragraph 2.2 of the main report.

This appendix

illustrate only the basic principles involved.

The objd

2.2 and

aircraft drag polar based on in-flight thrust determination.
thrust/c
(CTOL) 4
installg
drag ove
conditig

In discy
to begir

removed

the prop
cases, 1
propulsi

cancel,

unfavora
interfen

induced
AIR.

Force Ac

The relationships derived herein are consistent with those

is intended to

ctive of the thrust/drag accounting method described
developed herein is the production of a throttle-inde

rag accounting method is specifically applicable to ¢
ircraft incorporating highly integrated (buried) engi
tions in situations requiring the detailed bookkeepin
r a wide range of engine throttle settings at a given
n (e.g. flight at Mach 0.3 with the throttle set for

ssing the fundamentals of thrust/drag accounting, it

by considering an isolated propulsion system, such a
from the flow field of the remainder of the aircraft.
ulsion system (if in fact itcis physically possible)

esult in changes in the forces exerted on both aircra
on system surfaces. If the axial components of these
the result is interference drag which may be either f
ble. Lift is also }ikely to be affected, and therefo
ence drag at constant 1ift may include incremental ch
drag and other aerodynamic effects that are beyond th

ting On A<Surface: The force exerted on a surface by

fluid 15
normal (
Using ve

—.
F =

a vector_quantity and is equal to the surface integr
pressure] and shearing (friction) stresses acting on
ctornotation, (See Figure A.2a)

in Paragraph
pendent

This
pnventional

ne

g of thrust and
flight

Mach 3.0).

is convenient

5 a nacelle
Isolation of
will, in most
ft and

changes do not
avorable or

re the

anges in

b scope of this

a flowing
b1 of the
the surface.

(A.1)

(-ps'n*ﬁ’\ ds

surface

—
Where, F

the total force acting on the surface

nn

relative motion of the fluid.

the static pressure acting on the surface element

the hydrostatic buoyancy plus the incremental force due to the

, dS,
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Full-Scale Reference Flight
Conditions

I ntegrated

Faxial = Fex = Fipr Dars

7 _—
I nterfere nce m—’ 4\\

/ I nterference For¢
/_ \Cl
Isolated \ Isolate

®
== N, int,
(FN, int” i
“{Ex-nt - Pnaclintegrated

Figure A.1 - Definition and Bookkeeping of Propulsion Related Forces
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A.2 Force Acting On A Surface (Cont'd.):

‘7#

—
n

the shearing stress acting on dS, and

the unit outward normal vector (i.e. vector of magnitude 1, normal
to dS and directed into the fluid).

In the case of an axisymmetric or two dimensional flow the axial (parallel
to the freestream flow and directed downstream) component of this force is
represented by the expression (See Figure A.2b).

Faxia] B s (A.2)

surface

where, |[dA = sin e dS = the area of the surface element.dS prpjected on a
plane normal to the free stream flow direction, and

o| = the acute angle between the freestream flow directjon and a plane
tangent to the surface element dS (5in e always popitive).

The sign convention adopted is such that the axial component of the force
acting|on a surface element is considered positive when diregcted downstream.
Thus, the static pressure, Pg, is givén a positive sign for [forward facing
surface elements and a negative sigh’ for aft facing elements|. If the axial
compongnt of the local velocity is directed upstream, the shparing stress is
given 3 negative sign.
Finally, if hydrostatic buoyancy forces are neglected, the axial component
of the|net (gauge) force (i.e. the force due to the relative motion of the
fluid) |is given by

g = / [(Ps - PSO) +T cot e] dA (A.3)

surface

A.3 Momentim Equation: The momentum theorem provides a means ofl relating the
Torces|exerted on a fluid within a control volume to the ratle of change of
linearlmomentum within the volume and the net outflow of linear momentum.
For a fixed reference system (for all practical purposes one moving at
constant velocity relative to the earth's surface) and using vector
notation, the relationship is:

ZP:%? /onv +/p7 (Ve ds (A.4)

control control
volume surface
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-Psnds

T
f Tds

\
\J\/

UJd

dF = (-Pg N+ T)ds

a. General case

-
Free-Stream Flow

-Psnds

—»T C0S O ds
<— P sinBds

dF;xial = (-Ps sin @ + T cos 6) ds

b. Two-dimensional or axisymmetric flow
(Lateral component of shearing stress vector = 0.)

Figure A.2 - Force Definitions
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Momentum Equation (Cont'd.):

Nhere,I:?’is the vector sum of all forces acting on the fluid within the
control volume and is conventionally considered positive when acting in the
downstream direction. The forces comprising) F consist of:

Body forces such as gravitational, magnetic, and electrodynamic
forces which are often negligible or non-existent, and

Surface forces resulting from normal (pressure) and shearing
stresses.
/s
d J/ - . .
v oV dv  represents the time rate of change of flpid momentum
* “control within the control volume and is zero.for a steady flow.

volume P and.V’are the local density and yelocity within an
element of control volume dv.

J/{ JV’(V'Q—;) dS represents the net outflow of 1inear| momentum
control surface through the closed control surface. | In this case
T is the unit normal directed outwand from the

control surface.

For a two dimensional or axisymmetric,.steady flow with body, (gravitational)
and hyfrostatic forces neglected, the:axial component of the net force
acting|on the flow is given by:

I:F = oV, V _dS (A.5)

control
surface

where,| Vx is the axialcomponent of velocity and Vp is the qutward
nt of velocity normal to dS.

I:Fnet is conventionally considered positive when acting on the flow in the
downstiream direction; its reaction will therefore be positiye when directed
upstregm. <In applying the momentum theorem, it should be noted that surface
forces| evaluated according to the sign convention of Section A.2 will be
posi tilve—i i i i ntributio t°§:Fnet will
be -¥ 4.

Definition of Drag: The term drag is frequently used to represent forces or
Terms in the momentum equation which, in a strict sense, are not drag. The
terms ram drag (momentum), and additive (or pre-entry) drag (force) are
examples of this practice. A similar comment can be made with regard to
thrust.
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Definition of Drag (Cont'd.):

_ _lr____________

For the purpose of this appendix, drag is defined as follows:

The drag of a surface is the difference between the axial component of
the net force, ¢, acting on the surface in a real flow and the axial
component of the net force, Bpot, which would act on the surface in a
potential flow. The latter force, #pot, is called potential flow
buoyancy.

The drag, as defined above, of a closed surface may be equated to an axial
momentum defect at downstream infinity. This is consistent with drag being
a corlsequence of energy dissipation occurring in the exter£a1 flow. Given

that [the force acting on a surface is known, the drag of)the surface can be
entum defect

knowrl only if either its potential flow buoyancy or the'mo
attrilbutable to the surface is known.

Applilcation of The Momentum Theorem:

a) The force exerted on a closed, isolatedi<non-1ifting, body immersed in a
fllowing fluid:

gstreamtube

- S~
e \\

\\______-‘_-___/ 2

Figure A.3 - Flow About a Closed Non-Lifting Body

The lateral portion of the control surface between stations 1 and 2
(Figure A.3) consists of a streamtube which contains the entire wake of
the body. The net force exerted by the flow on the surface of the body

is:
%8ody = § [(p, - P ) * T cot o] & (A.6)

body
surface
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A.5 Application of The Momentum Theorem (Cont'd):

The net force exerted by the streamtube surface on the flow within the
control volume is:

¢Streamtube = J/ﬁ(Ps - PsO)dA (A.7)
streamtube
surface
Letting /r
AN - (A.8)
V="—F— at statfons I and 2
and _ ﬁ)s dA
PS = X at stations 1 and 2, (A.9)

the moIentum equation is

(Psl- SO)Al * BStreamtube " dBody - (Pgy «oPgg)Ay = WV, - V) (A.10)
or

fstreamtube " ¢sBod.y = Fa2 - Fai (A.11)
where, |F.= WV + A(E; - PSO) is called gauge stream forge (A.12)

(see reference A.1).

If the|distance from the body to the streamtube is sufficiently great that
Pg = Pgo at the streamtube surface and if stations 1 and 2 are located
sufficfently far upstream and downstream that Pgy = Pgp = Pgp, then:

and

Fa2 = Wo = W ake "wake = Woutside '0 (A.14)
of wake

Therefore

'¢Body = Fa2 = Far = Ywake (Voake ~ Vo) (A.15)

Furthermore, in a potential (isentropic) flow there is no wake (or alterna-
tively the velocity at station 2 is everywhere equal to V,), and the
force, #Body, pots is the potential flow buoyancy and is equal to zero.
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