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PREFACE

Since its founding in 1952, the Advisory Group for Aerospace Research and Development has been responsible
through the AGARD Flight Mechanics Panel for the publication of a number of standard texts in the field of flight
testing. The original Flight Test Manual, which was published in the years 1954 through 1956, covered the areas of:

(1) Performance

(2) Stability and Control

(3) Instrumentation Catalogue
(4) Instrumentation Systems

Since then, developments in the field of flight test instrumentation have led to the update of Volume 4 of the
Flight Test Manual by means of AGARDograph 160. In its various volumes, AGARDograph 160 has covered the
development of this subject by a series of separately published monographs on selected subjects of flight test
instrumentation.

At a recent meeting of the Flight Mechar.ics Panel, it was decided that further specialist monographs should now
be published covering aspects of Volumes | and 2 of the original Flight Test Manual. The Panel also decided that the
first volume to be published would be the MIDAP Report which was being prepared in the United Kingdom by the
MIDAP (Ministry-Industry Drag Analysis Panel) Committee.

This Volume, which is published herewith, is in essence the text as prepared by the MIDAP Committee with slight
editorial changes to cover its presentation as an AGARDograph. The original document was published in the United
Kingdom by the National Gas Turbine Establishment as Report No. NGT R? 8004 The intention of the AGARD publica-
tion is to give this document a wider international circulation.

1t is to be noted that this volume is concerned with the calculation or determination of thrust as opposed to the
measurement of thrust, Means for the direct measurement of thrust are still being deveioped and will be reported in a
future AGARDograph, if appropriate.

Our acknowledgements are due to the MIDAP Committee for their work in the preparation of this document, to
the Flight Test Instrumentation Group members, and to the Flight Mechanics Panel for their assistance in the
preparation of this document. Credit is also due the late Mr.N.O.Matthews. Mr.Matthews was Chairman of the Flight
Test Instrumentation Group from 1976 to 1978 and served as the liaison between AGARD and the MIDAP
Committee, and was instrumental in converting the MIDAP Report into an AGARDograph.

F.N.STOLIKER

Member, Flight Mechanics Panel
Interim Chairman, Flight Test
Instrumentation Group
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NOTATION

SI units only will be quoted here.

In practice, factors of

powers of ten are often employed to suit local convenience.

Roman symbols

A

z

APR

ATF

by

BPR

Cps

CG,Ag,con-di

f

CG.A.,con-di

CG,Ag,con-di

Description

constant term in a polynomial
area

engine face area used with trunnion thrust
measurements

flow area at nogzle throat

flow area at nozzle exit (in the case of a
convergent nozzle Ay = Ay, but the symbol Ay is
preferred to emphasise the concept of "exit")
applied pressure ratio Ptvlpsb

altitude test facility

slope in a linear correlation

coefficient of z! in a polynomial

coefficient of £ in a polynomial

by-pass ratio

common element within two or more "linked",
non-independent, variables

either (a) discharge coefficient (a common
abbreviation for Cni)or (b) drag coefficient

discharge coefficient at the engine station "i"
(eg CDs for nogzle throat)

SI units

as appropriate

as appropriate

as appropriste

"AP" method gross gauge thrust coefficient based

FGo
on fully expanded A T using Ah

L soJID.con-di

yid

a
nd A act

"AP" method gross gauge thrust coefficient based
= —

Fo

on fully expanded yv

using Ao,id

aoJID.':ou-di

=3

and Ah,act

"AP" method gross gauge thrust coefficient based

-
Fo

Ay P
80JID,con-di

on fully expanded using A .
9,1id

.--.'l ) e

and Ab,act




NOTATION (cont'd)

Roman symbols Description SI units
CG,con "AP? method gross gauge chrust cogfficient based
on ideal convergent nozzle expansion
CL lift coefficient
Cp specific heat at constant pressure J/kg K
C, specific heat at constant volume J/kg K
Cv "W JT" method gross gauge thrust coefficient based
on fully expanded -éé: relative to complete
JTt . .
id,con-di
stream force [NV + A (Ps - P.o)]’.act
C& "W JT" method gross gauge thrust coefficient based
on fully expanded --Y—____ relative to momentum
. id,con-di
term [wv}s,act only
Cy "w,{T“ method gross gauge thrust coefficient based
on ideal convergent nozzle expansion
“Cm combination of n things, m at a time
D drag (momentum deficit) N
Da afterbody drag of the cowl N
DAB core engine afterbody drag (between stations 19 and 9) N
D,p airframe drag N
Dc cowi forebody drag N
wa1 complete fan cowl drag N
DCB centrebody drag (u.stream of station 1) N
Dm,spi?? modified spillage drag with side intakes N
Dnacelle nacelle drag (combined forebody Dc and afterbody Da) N
Dplug core engine plug drag (downstream of station 9) N
Dlpill intake spillage drag N
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¢ NOTATION (cont'd)
{
¥
£ Roman symbols Description SI units
i D jet interference drag (also known as incremental
. J
¢ afterbody drag) N
Y
: Dw drag on wetted surface with side intakes N
; E() particular value of errcr of argument within ( )
4
ECVT effective calorific value with outlet
temperature, T J/kg
EL( ) 206" error limit of argument within ( )
EPR exnaust pressure ratio Pt7/Pso
£() . either (a) fuaction of argument within ()

or (b) relative frequency of argument within ( )
A

s R AN RIS SRR A Ay Y, T ey
2]

a afterbody skin friction N
F Fishers variance ratio (= S;/S3)
FAR fuel/air ratio
§ Fy, F2 etc absolute stream force at statiors 1, 2 etc
% = [w, Vi + A PSI] etc N
' FGo : free stream gauge stream force (also known as
free stream momentum W;Vp or as ram drag, FD) N
FGoo overall gross gauge thrust | N

FGl FGn etc gauge stream force at stations 1, 2 etc
14

N~ : = [W, Vi + A (Pm - PSO)] etc N
; : FGo standard gross gauge thrust ) N
[ ' " . : .

FGo gross gauge thrust of core engine combined with
¢ N
plug
L ' , F_ * gross gauge thrust of by-pass exit flow combined
Grs with ¢ N
; AB
! Fm Go modified free stream momentum with side intakes N
) 14
s Fm N modified net thrust with side intakes N
i ]
|- .
FE F standard net thrust = (F, =~ F. ) for simple
b N turbojet & Go N
-
Fﬁ overall net thrust between stations O and 00 . - N
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Roman symbols

%
¥y

FN,int
Fp
GLTB
h

Hre

HA,Tt

Hstoic,Tt

IC(y:x)

MFR

IGV

NOTATION (cont'd)

Description

standard net thrust of two-stream engine combined
with ¢p1ug and ¢AB

intrinsic net thrust between stations 1 and 9
trunnion thrust

ground level test bed

half range of rectangular probability distribution
enthalpy of gas mixture at temperatﬁre, Tt

enthalpy of air at temperature 'I't

enthalpy of stoichiometric combustion products
at temperature, Tt

influence coefficient of input x relative to
output y

stoichiometric air/fuel ratio

spillage drag factor

number of engines in a multi-engine aircraft
lower calorific value of fuel

number of “successes" with Binomial Distribution
Mach number |
mass Zlow ratio, Ao/A!

number of things in Q collection

turbine nozzle inlet guide vanes

high pressure compressor shaft speed
intermediate pressure compressor shaft speed

low pressure compressor shaft speed

Net Propulsive Force

National Physical Laboratory

probability of a "success" in Binomial Distribution
a general parameter

probability of the event within ( )

SI units

as appropri

J/kg
J/kg

J/kg

J/kg

Hz

Hz

as appropriat
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Y, el Tt

fa g

A

Roman symbols

P
8

P
80

Psb_

REL( )

RSS

SC)

SEL( )

tos

NOTATION (cont'd)
Description
static pressure
free stream static pressure

nozzle base static pressure (distinguished
from Pso)

mean static pressure over engine carcase
total pressure

either (a) kinematic pressure = } pV?

or (b) probability of a "failure" in Binomial
Distribution (= (1 = p))

wJT

. . t

non dimensional flow group S
t

gas constant = 287.054 both for standard air and
also for combustion products

random error limit of the argument within ( )
root sum of squares

surface area |

specific heat of liquid fuel

standard deviation estimate of the argument
within ( ) (see also o( ))

systematic error limit of the argument within ( )
"Students t", a multiplying factor for standard

deviation to define a *+ interval enclosing 95%

probable results (tys. ¢ assumed « 20 in most of
this Guide)

liquid fuel temperature
static temperature
total temperature

unit form of a value of m (= = ; m)

uncertainty, at 95% probability, of the
argument within ( )

uncertainty of argument within ( ) defined by -
National Bureau of Standards, as used by Ref 4-2

SI units
N/w?

N/m?

N/m?
N/m?
N/w?

N/m?

J/kg K
as ( )

as appropriate

m2

J/kg K

as ( )
as ( )

K
K

as appropriate
as appropriate

as ( )
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14 NOTATION (cont'd)
? -
i Roman symbols Description SI units
1 L
: : v specific voluue o’ /kg
z
z v velocity n/s
14
; % w statistical weight of an uncertain result
I & = 1/EL? as appropriate
) .
b : W mass flow rate kg/s
! WF fuel mass flow rate kg/s
: ; WSREL (y) Welch-Satterthwaite random error limit of
| : the result, y as ( )
| :
X, general input parameter or measurement as appropriate
Yy, 2 general output results from calculations
involving x, as appropriate
Greek zymbols
a nozzle half angle degree
Y specific heat ratio = Cp/Cv
) deviation ofman observed point from a fitted
curve s y - y as y
i
ADspill intake spill drag relative to reference
conditionsg = Dc - Dc,tef N
AF. external flow interference on internal gross
thrust relative to reference conditions
\‘\, F& ’quies G’ N
. i AP dynamic pressure = P -P, N/u?
!
: A¢ afterbody interference force
? N (=6 =¢ ) N
, a a,ref
| A¢n jet interference axial gauge force on nozsle
| : external surface relative to reference conditions
L E : =4 % res N
€ elementary error quantum as appropriate
Tee combustion (chamber) efficiency
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Greek symbols

NOTATION (cont'd)
Description
intake pressure recovery Ptzlpto
reheat combustion efficiency
angle between local flow stresamline and flight path
reheat baffle cold pressure loss factor
theoretical mean value of argument within ( )

degrees of freedom
(eg v =n-1 for simple mean)

density

theoretical standard deviation of the argument
within ( )

(see also S( ))

local wall shear stress

axial gauge force on a body or stream tube surface
(such a rearward acting force is not in general
equal to the drag on the surface)

axial gauge force on afterbody of the cowl

axial gauge force on external surface of core
engine afterbody between stations 19 and 9

airframe rearward force
balance force for wind-tunnel model
axial gauge force on cowl forebody

axial gauge force on complete external surface
of fan cowl between stations 1 and 19

axial gauge force on centrebody upstream of
station 1 :

intake model force
jet interference gauge force

modified pre-entry force with side intakes
(scoop incremental drag)

model force in wind-tunrel

(= FN N ’bal)

13

SI units

as ()

kg/m®
as ()

N/m?

-

% =% = 2
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y % NOTATION (cont'd)
¥
: Greek symbols Description SI units
% *n axial gauge force on nozzle external surface N
L = ¢
Ce ; ¢ axial gauge force on outer nacelle surface between
b . i
) nacelle stations 1 and 9 N
b :
) ¢na nozzle/afterbody combined rearward force N
{ ¢ lu axial gauge force on plug surface downstream of
P plug station 9 N
t
i ¢ o8t axial gauge force on post exit streamtube
P between stations 9 and 00 - N
$ 08t.o axial gauge force on core post exit streamtube
P ’ between stations 9 and 00 , N
¢ o8t .1 axial gauge force on by-pass post exit stream-
post, tube between stations 19 and 00 N
o re axial gauge force on pre-entry streamtube
P between stations O and 1 N
¢ W rearward force on wetted surface with side
intakes N
Miscellaneous
() contents of the brackets show the argument of the
preceding operator eg o( ), EL( ), £()
P mean value of the parameter, P from "n" test points
P mean value of the parameter, P from "m" test rums
; curve fit value of y

(ie with a_curve of y versus x, best-fitted to -
n points, y is the value of y predicted by the
curve at a given value of x)

Other suffices

1 and 2 sometimes used as first and second stat= of a process -
this should not be confused with engine stations 1 and
2 when read in context

I Class I error
11 Class II error
I1I Class III error

act actual value (distinguished from "ideal")
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Other suffices

con
con-di
comb
crit

datum

design

effec

[

id

ind

model
non-ind
ob

pot

quies

ref

res

NOTATION (cont'd)
convergent ideal noszle
flexible convergent-divergent ideal nozzle
combustion fundamental pressure loss
critical, ie M = 1 value
datum value of "¢" or "D" corresponding to
parallel~sided streamtube upstream,of intake P
(MFR = 1) or downstream of nozzle (design point 3——)

80

design point relationship between area ratio and
pressure ratio, assuming isentropic flow

effective value of V» at exit from a con-di

nozzle which, when multiplied by wact’ gives FGD,act

general input measurement parameter

engine station designation
(see Section 2.4 and Figure 2-2)

ideal value (distinguished from "actual')
independent

general test point

model test value of thrust coefficient
non-independent (ie common, or linked)
observed value :

potential flow value

quiescent external flow for testing of full scale
engines and model nozzles

general value in a sequence

reference value of "¢" or "D" selected as alternative
to datum valus when the latter is an inconvenient
wind tunnel test condition

residual (applied to standard deviation of points
about a fitted curve)

random error

systematic error

15

SI units
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{ NOTATION (comt'd)
Other suffices Description SI units
thr.der thrust-derived value of P_ associated with model test
thrust coefficient togethir with actual values of
messured parameters
T tot total combined value
true true value
wm statistically weighted mean value
ws Welch-Satterthwaite method

[
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FOREWORD

A Study Group was set up in 1971 on the authority of Dr J Seddon,
Director General Scientific Research (Air), Ministry of Technology to act as
a specialist panel of MIDAP (Ministry - Industry Drag Analysis Panel). The
terms of reference were:

1. To re-assess the methods available for the measurement of

T

thrust and drag in flight,

2. To produce recommendations on the detailed procedure and

accounting to be used, under varying circumstances, for flight

7SN

testing and engine calibration. i
3. To be a continuing forum for discussion of current problems i
and a means of disseminating relevant information.

i 4, To identify areas where research studies may be necessary
; and to make appropriate recommendations. ; ﬁ
% An inaugural meeting was held on 9 June 1971, and was attended by
: representatives of BAC (Cormercial and Military Divisions), HSA (Hatfield, ' ;
E Kingston and Brough), Rolls Royce (Derby and Bristol), ARA, RAE, ASAEE and é {
: NGTE. These organisations were subsequently represented at all the Group's ;

working meetings. An invitation was extended to the Engineering Sciences § :
E Data Unit (ESDU) and a representative attended the early meetingé. \

Initially, the Study Group discussed the experience of the various ' 1
! specialists in measuring in-flight thrust. It was soon evident that there A |
was rarely complete satisfaction wit’. results obtained, and certainly there {
was no single method which had been proved satisfactory for all situatioms. i
One conclusion reached was that the difficulties in the determination of b
thrust to a desirable level of accuracy lie not in the definition of a a
method but in the application of the method, and special effort is required

both in determining the procedure to be used and in carrying out the related : v - ‘
test programme. _
Continuing discussions led to the further conclusion that there was

no new technological development which could be the basis for a recommended

procedure for the future and effort should therefore be concentrated on
establishing, in the light of past experience, how best use can be made of
existing techniques. It was consequently decided that a Guide should be
produced which would serve both as an introduction to the subject and as a
reference document for use during establishment of a specific test programme,




18

prime emphasis being given to the measurement of thrust-in-flight for the
assessment of aircraft performance and the determination of aircraft drag.

The first vez-si.ono"1

of the Guide evolved through many successive
draft stages in which points of difficulty, both fundamental and of presen~
tation, were revealed and discussed. A particularly difficult fundamental
point was the rigorous treatment of "drag" as distinct from a "rearward-
acting force" - practical treatments do not distinguish these. Another
probicm was the altitude to nozzle pressure ratio, expressed either as APR
or EPR. Again, srror-estimation procedures were still under development -
the question of "independence" between multi-engines and between nozzle
coefficients was settled pro tem. by a compromise.

These points were discussed in detail by separate teams set up for
each chapter. After agreed solutions were reached, revisions to the text
were approved by the Study Group.
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CHAPTER 1

FUNDAMENTALS OF THRUST MEASUREMENT IN FLIGHT

1.1 INTRODUCTION

Direct measurement of thrust and drag in flight is not feasible. Thrust
is normally deduced indirectly from measurement of related engine parameters.
Drag is determined by equating it to the thrust required for steady level
flight, with appropriate corrections made for any changes in aircraft speed
and height. This Guide therefore deals with the various methods available
for the indirect measurement of thrust, of turbojet and turbofan engines, at
steady conditions. The measurement of thrust-minus-drag is not considered,
being more specific to standard flight test procedures.

The subject is dealt with in some depth to establish the basic principles
and to highlight the necessary practical considerations. This first Chapter
provides an introductory description of the various aspects that are dealt with
in succeeding Chapters. Firstly, however, comment is made on the necessity
for in-flight thrust measurement, to point to the fact that it is fundamental
to the basic requirement for separating the airframe from the engine in aircraft
propulsion performance assessment. Thz Chapter concludes with some suggestions
on the planning and management of an overall test programme and summarises the
required procedure in c¢he format of a check list,

The core of the Guide is to found in Chapter 3 where the methods for
deriving thrust are described. Other aspects of the subject are dealt with at
some length, however, because of their significance in propuision system
analysis. Thrust and drag bookkeeping, covered in Chapter 2, is particularly
commended for attention as an aspect not always given adequate consideration.

A practical view of error assessment is given in Chapter 4 and its use reccm-
mended in planning the test programme as well as in conventional analysis of
test data. Chapter 5 covers aspects of instrumentation which require attention
but does not aim to be a guide for the spacialist instrumentation engineer.

A general comment on the overall subject is that experience has shown
that success is achievable only by great attention to detail. With limited
time or resources thrust can probably best be obtained from an engine brochure
and this procedure may be adequate for applying corrections to certain flight
performance measurements. Daetermination of thrust for the derivation of air-
craft drag may well require effort which is an order greater. The size of
this Guide is to some degree a measure of what is required.
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The specialist intent on the best possible measurement of thrust, and
thence of aircraft drag, will need not oaly to understand the aspects covered
by this Guide but also to have the best possible knowledge of the characteristics
of the engine. There is also great dependence on adequate freparation before
the flight programme and on the special care that must be taken in making all
necessary measurements; there is no substitute for good test data. It is to
be accepted too that there is no obvious best method for measuring in-{light
thrust and alternatives must be considered. The watch words for a successful
programme are in fact 'understanding' and 'care', coupled with the need to
'keep the options open' throughout engine testing and the flight programme.

1.2 THE NEED POR THRUST MEASUREMENT IN FLIGHT

In the flight testing of an aircraft, either by the manufacturer or a
customer, an assessment of its performance is generally required. In the
simplest terms the aircraft will be judged by its effectiveness es g means of
transport of passengers, cargo or military load. Measurements or deductions
may thence variously be required of load carried, distance travelled, speuds
achieved, fuel used and of climb, acceleration and manoceuvre capability. In
practice only limited aspects of performance may be of interest, and it is
essential to specify at an early stage not only the aim of the tests but also
the accuracy required. On this will depend the choice of the methods of testing
and analysis to be adopted and the expenditure of effort and money that will
be required,

It may be sufficient in a given case to measure specific range, or some
particular manoeuvre capability, and this may be adequate to qualify the air-
craft against a customer requirement. Such measurements, of course,mean that the
aircraft is being assessed as a complety unit of airframe and engines, and
this can be satisfactory only if the aircraft is to its final standarxd.

Comeonly, the sirframe and engines will be to prototype standard and an extra-
polation from flight test to production standard performance will be necessary.
The drag of the airframe and the thrust of the engines in the prototype must

then be determined separately.

In a similar way, extrapolation of performance to a wide range of flight
conditions is necessary for the production of operating manuals for the air- ;
craft type; again this is feasible only if the drag of the aircraft and the
performance of the engines can be described separately. In fact, the principal
aim of performance flight testing is the validation of the mathematical model
vhich will have been established during design and development to describe the

aircraft and its propulsion systam. If this is done then any specific
performance requirements can also be validated, though performance measured atrele-
vant conditions,and appropriately corrected, may provide additional confirmation.
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The engine performance assumed for a performance analysis model ia
normally specified by the engine manufacturer for engines which bave been or
will be gqualification tested at the appropriate standard in ground test
facilities., Confirmation of the drag polars of the performance model requires
that drag be measured in flight, which in turn means that thrust must be
measured in flight, There are ..rcumstances where the measurement is
required for engine asgessment purposes, but prime consideration is given here
to thrust determination for the purpose of deriving aircraft drag.

Once drag can be satisfactorily determined in flight fullest use can be
made of performance tests and, in summary, the reasons for measuring drag, and
hence thrust, in flight can be seen as:

1. Validation of the analytical model used in performance prediction.

2. Extrapolation of measured performance to conditions which have not been
tested.

3. Demonstration of compliance with contractual requirements,

4, Problem identification and .ectification in the event of performance short-
fall.

5. Identification of components which can be modified to give performance
gains for later developments of the aircraft.

6. Development of the analytical and test techniques used in predicting
aircraft performance.

1.3 BOOK-KEEPING (Chapter 2)

Engines are installed in aircraft in widely differing locations and the
layout of the engines themseives can ditfer appreciably. Variable intakes and
sophisticated nozzles may be fitted, the engines may be turbo—jets or turbo-
fans, with long or short cowls, jet pipec may be loug or short and reheat may
be fitted, The ways in which the forces produced by an engine are transmitted
to the airframe can therefore be quite complex and it is essential to have a
full appreciation of what constitutes thrust and drag not only to establish the
performance analysis model but also to decide how flight validation can best be
achieved. A detailed discussion of thrust and dreg book-keeping is therefore
included as Chapter 2 of this Guide,

A comprehensive re~appraisal is made of the fundamentals of inrust and
drag accounting and the relationship between the various component forces
firmly established. It is emphasised that there should be a strict definition
of drag as a force equivalent to an overall flow momentum deficit without
combination with buoyancy forces related to potential flow. A distinction is
also made between drag and force accounting and note made that a hybrid form
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of accounting is commonly necessary because of the conventional and more con-
venient definitions of engine net thrust, The implications for reference model
testing are discussed and an example is given of the application of the general
‘ principles in the case of a two-stream short cowl nacelle,
f 1.4 METHODS (Chapter 3)

There is no universal standard method for deriving thrust in flight.
The simplest procedure is to make use of the conventional brochure description
of engine performance with suitable adjustment for individual engine variatiomns,

using some parameter such as rotational speed to define operating conditionm, 1

R

but the method may not give adequate accuracy. The apparently direct method of
measuring trunnion thrust is attractive but has not so far been considered
H feasible because of the complexity of the engine support system and services
connections. Measurement of the flow leaving the engine nozzle by means of a
traversing rake has been attempted but the system has yet to be developed to an

acceptable standard. It is usual to rely upon some form of 'gas generator' f

method, where measurements are taken within the engine and nozzle such that flow
characteristics can be calculated and related to thrust through calibrations of 1

the engine and nozzle in a ground test facility. The process of 'meagsurement' 1

s W TR I

of in-flight thrust thus becomes cne of relating measurements made in flight
i to similar measurements made in controlled conditions on a ground level test

bed, and in an altitude test facility if maximum possible accuracy is required.

PO YRR

Differences in the simulation, and correction for particular features of a

given aircraft installation, will additionally require model and component tests,
and the overall testing plan will depend upon the type of engine, the form of
installation and the results required.

_—

The significant features of the various metliods available are discussed

in Chapter 3. The basic thrust relationships required for gas generator methods

are derived and summarised in Tables. The use of calibration coefficients is

N e T

explained and the options available compared. Measurement guidelines are

presented from the viewpoint of acquisition of representative pressure and

§ temperature values at different engine stations in the presence of real non-

i uniform flow, and a brief description is given of engine calibration facilities.

1.5  ERROR ASSESSMENT (Chapter 4) !
The principles of deriving thrust from the measurement of various para-~

meters are readily established. The difficulties lie in the practice: in accoumt-

ing for real flow conditions, in obtaining adequate accuracy in individual

measurements, and in producing relisble generalisations which make maximum use
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of necessarily limited data from ground test results. Experience has also
shown that not only must a special flight programme be planned but particular
care must be taken in establishing and using available methods.

An optimum method for all circumstances probably does not exist. What
has been found adequate for a fixed nozzle turbo-jet engine is unsatisfactory
for a turbo~fan with variable nozzle. It is recommended, therefore, that in
assessing the test requirements in a psrticular case a thorough study should be
made of the possible options and a choice of methods made only after an error
sensitivity survey, taking proper account of limitations in instrumentation and
cf possible inconsistencies in engine behaviour. If flight engines are
calibrated in an altitude test facility then study of the characteristic behaviour
may allow preferred options to be selected,but more than one option should be
carried through to the flight stage, partly because the standard of flight data
may differently affect the accuracy of a given method and partly becauée some
degree of redundancy is desirable as a cross check and as a fall back in case
of instrumentation failure.

To provide a basis for assessing different options the methods available
for making sensitivity surveys and error estimations are discussed in Chapter 4.
A prediction synthesis is proposed as a méans for making ~ational choices of
methods and instrumentation and this can lead to elimination of unsuitable
options or it can direct attention to the most critical measurements, When
test date are available it is important that consistency be assessed and
mistakes eliminated. A post test error analysis can then be used to indicate
the relative and absolute accuracies of the options retained.

1.6 INSTRUMENTATION (Chapter 5)

Study of the methods available shows what instrumentation is required

and a sensitivity survey indicates where particular care is necessary. In certain
cases standard instrumentation installed to monitor general engine behaviour may
prove adequate but for prime parameters special arrangements may need %o be

made to ensure that maximum accuracy is obtained. A pressure transducer, for
example, should obviously have its range chosen to match the variation expected
in flight, but it may be necessary to consider cascading transducers of different
ranges to give best resolution at various flight conditions. In additiom,
mounting transducers in a temperature controlled box should be considered, or

at least some r:ans introduced for monitoring transducer temperature. The

choice of suitable instrumentation is discussed in Chapter 5, and consideration
given to the design and location of probes, to the techniques for assessing and
minimising the effects of electrical interference, to methods of calibration,

and to assessment of errors.
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1.7 PROGRAMME PLANNING

The responsibility for arranging and planning an aircraft performance

flight test programme will lie with the organisatiom in control of the air-
craft, but for a full performance essessment where the measurement of thrust

is required there should be a joint responsibility with the engine manufacturer
for defining the methods to be used for producing the related input data. The
flight testing authority will have the necessary knowledge of the flight pro-
gramme limitations and of the available flight test instrumentation; the

engine manufacturer will have the understanding of the engine characteristics
and responsibility for arranging engine test programmes.

It is recommended that meetings between specialists of the two groups
should be held at the earliest opportunity to plan for thrust measurement,
not so much because there is extra work to be arranged but to ensure that
adequate attention is paid to the needs of in-flight thrust measurement when
the normal plans are being made for model, rig and engine testing, for air-
frame and engine instrumentation, and for analysis programmes. As an aid to
ensuring that proper arrangements are made it is useful to provide a thrust-
in-flight handbook as an interface control document for the aircraft and
engine combination. It suould specify in detail the various methods being
considered, the location and standard of the instrumentation required, the
necesgsary flight and ground test programmes, the computer analysis programs,
and be a continuing record of error analyses so that the eventual accuracy of
the overall flight programme may be assessed.

The general procedure to be followed may be summarised:-

1. Arrange specialist meetings.

2. Plan an in-flight thrust handbook.

3. Assess requirements of the flight programme,

4, Consider the thrust options.

5, Use sensitivity surveys or error predictions to short-list options.

6. Specify analysis programmes,

7. Specify instrumentation requirements.

8. Ensure that appropriate model and rig tests are planned.

9. Study correlation of general ATF data for the engire.

10. Arrange flight engine calibrations to match flight programme.

11. Plan samwe instrumentation and procedures on test beds as for flight.

12. Check engine calibration data for consistency, during and following the
calibration.

13. Analyge engine data to determine the best form of generalisation.
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14.
15.
16.
17.

18.

19,
20,
21.

22,
23,
24,
25,
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Use error analysis to determine preferred option, or optioms.

Retain some options to give cross checks and redundancy.

Specify calibrations for flight analysis programmes.

Ensure that significant changes are not made to engines between calibra-
tion and flight testing.

Arrange flight test schedules specifically for performance testing, and
use a crew thoroughly familiar with the aircraft and the techniques.
Monitor engine pérformance parameters before, during and after the flight.
Check engine and aircraft instrumentation repeatedly.

Correct flight data, as routine, to datum altitude, c.g., intake and
nozzle conditions.

Assess flight data for overall consistency and accuracy.

Consider results from different options.

Compare error analyses with predictions.

Choose best result and quote accuracy.

25
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CHAPTER 2

PROFULSION SYSTEM THRUST AND DRAG BOOK~KEEPING

2.1 INTRODUCTION

The definition of thrust and drag is central both to aircraft perfor-
mance estimation and to evaluation of flight and wind tunnel test datz. The
simple proposition that thrust is the force applied by tlr2= propulsion system
to the airframe is not particularly helpful in the analysis of ducted flow
systems, since a significant part of the total thrust can be distributed over
the airframe surfaces external to the engine, both inside and outside the
duct itself, Fortunately, the application of Newton's laws of motion to
measurements specified at a small nwumber of flow stations allows the effects
of the widely-distributed field of forces to be described. It is necessary
to set up a consistent, and preferably standardised, structure of definitions
for the various components of thrust and drag, so that no compoment is over-
looked and none is counted twice. This structure is conveniently knéwn as a
'book-keeping system'.

The variety of actual and possible powerplant configurations is such
that a totally comprehensive book—-keeping system would be extremely compli-—
cated. In practice, therefore, it is usual to adopt specific book—keeping
systems appropriate to any particular type of powerplant being analysed.
Nevertheless a consistent framework is possible. This Chapter describes such
a framework and illustrates the way in which it can be modified for special
applications without logs of overall consiateﬁcy.

2.2 BASIC REQUIREMENTS

A practical book-keeping system must conform to the following

requirements:

1. It must be free from ambiguity.

2. It must, so far as possible, provide for the separate study
of engine and airframe performance by the respective
manufacturers, both in preliminary paper projects and in any
subsequent model and/or flight testing.

3. It must include clear definition of the interfaces where

engine and airframe responsibilities meet, and facilitate a

proper understanding of any zones where responsibilities
overlap.

27
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4, It must assist in planning model and flight testing in such
a way as to provide the information required for design and
performance evaluation at minimum total cost.
5. It must recognise practical limitations in experimental and
theoretical techuniques.
2.3 FUNDAMENTAL CONCEPTS

2.3.1 Distinction between 'Drag' and 'Rearward Force'

It is extremely important to recognise at the outset of a discussion
of thrust and drag book-keeping that a clear distinction must be made between
the force on a part of a body and the drag of that part of the body.

The net force on a closed non-lifting body in isolation in infinite
subsonic potential flow is zero. This is the well-known 4':.embert's paradox.
Prandt12~3 extended the paradox to show that bodies of semi~infinite or
infinite extent in the streamwise direction also have zero net force in poten-
tial flow. The only forces acting in potential flow would be normal pressure
forces; there would be no skin friction. Thus the walls of an infinitely long
streamtube would experience no net force either outside, since the streamtube
could represent an infinite body, or inside, since pressures on either side
of a streamline are equal. However, if one considers a part of either a
closed body or an infinite body, then the force due to normal pressures will
in general be non-zero. Thus one can see that it is possible for a part of
a body to experience a streamwise force but it is not a drag; the force would
be cauncelled by equal and opposite components elsewhere on the body.

All bodies in real flow exhibit drag. If the flow is subsonic, this
drag comprises two components, the skin friction which is the integrated
shear stress at the wall, and the pressure or form drag arising from the modi-
fication of the pressure distribution due to boundary layer growth and,
perhaps, breakaway of the flow from part of the surface. The summation of
skin friction drag and form drag is usually called profile drag. Wnaen the
flow is supersonic, an additional drag component, wave drag, results from
a further modification of the pressure distribution. '

As the drag in potential flow is zero, the pressure drag in real flow
can be expressed as the difference between the integrated pressure force in
real flow and the integrated pressure force in potential flow, considering
the same body shape in both cases, This concept is useful when considering

parts of bodies because, as stated above, the integrated pressure force on




-~ T

B o T

R £ I AL

o
e recr At

ey o - o

part of a body in potential flow would be non-zero. Thus the drag of part

of a body is not the sum of the skin friction and the integrated pressure
force. The pressure drag will be the difference between the non-zero integra-
ted pressure force in potential flow and the integrated pressure force in

real flow. The integrated pressure force in potential flow is here termed
'potential flow buoyancy'. Its magnitude will clearly vary according to what
portion of the whole body is being considered, tending to zero as the portion
is extended to include the whole bedy.

Defining ¢ as the force acting on a solid or streamtube surface, then,
bearing in mind sign conventions:-

¢-[ (P —P)aineds*-]‘ T, cos § ds
surface 8 8o surface "

000-(201)
vhere 8 1is the local surface or streamtube angle

ds 1is the elemental surface area

T, is the local shear stress (tw = 0 in the absence of a
solid surface ie for a streamtube)

Noting that the streamwise projected surface area, dA = sin 6 ds

¢ = [ (Ps - P8 ) dA + [ T, ot 8 dA « e (202)
surface ° surface

Drag, D = f (PB - Ps,pot) dA + f' Ty cot 6 dA ....(203)
surface surface

. - - P -— - - se e 204
Hence D ¢ [ surface( s, pot Pso) dA N (204)

where the integral is the potential flow buoyancy, ¢pot’ which is zero for
any complete isolated body in infinite potential flow.

Force and drag are synonymous only if buoyancy is zero.

29
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It is important to note that the rebraic formulation (Equation (204))
properly represents vector addition and is presented here to illustrate the
relationship between drag and force. The integration in Equation (204) is
performed from front to back along the body; area increments dA must therefore
be negative for the afterbody integration, thus producing a drag term in the
correct (downstream) sense.

The ARC panel set up to consider 'thrust and drag definitions for ducted

bodies and jet engines'2‘4’2_5

defined external drag as the summation of forces
on the outside of both the nacelle and the streamtube bounding the flow which
passes through the duct, and the thrust, or internal drag, as the summation of
forces on the inside of the nacelle and streamtube. These definitions are
consistent because integrated forces on the streamtube, considered to extend
from a station an infinite distance upstream from the duct inlet to a station
an infinite distance downstream from the duct outlet, yield zero drag and
thrust in potential flow. Confusion will arise if the term 'drag' is inter-
preted to include potential flow forces on parts of the streamtube,

In principle,thrust may be determined by integrating the pressure and
skin friction forces acting on the internal surfaces of the nacelle duct. In
practice, the normally complex duct shape, including the interior of the engine,
makes this an impossible task and it is necessary to adopt an alternative approach.

2,3.2 Stream Force

Newton's Second Law of Motion, applied to a volume of fluid within a
streamtube, states that the total force on the fluid is equal to the time rate
of change of linear momentum. Thus considering the fluid between any two
Stations 1 and 2, and taking downstream—acting forces positive as illustrated
below, vectorially we have:-

XTI ¥
Wa V,
= WVy A
Ml arpg 2

——t' A2Ps.

FIG. 2-1 MOMENTUM FLUX AND PRESSURE FORCES ACTING ON AN
ENCLOSED PORTION OF A STREAMTUBE




P A + P dA-P A = W Vy -~ W, V4 e ee4(205)
81 [tube s b
surface
Hence jwbe P, dr = (‘h Vo+P Aa) -(w. Vi +P A.) ool (206)
surface

The form of this equation leads to the concept of an ‘'absolute stream
force', F:-

F = WV + P. A ve e (207)
whose change is equal to the absolute external force on the straamtube.

« . f P dA = Fz -Fl 0000(208)
tube

surface

If all pregsures are expressed relative to ambient pressure, Pao’ ve have
the Gauge Stream Force

F, = WV+(P8-PSO)A .ve. (209)

surface

Applying this concept to the flow within a rigid duct, we note f:om
Newton's Third Law that the forward force on the duct between Stations 1 and 2
is equal to the rearward axial force on the streamtube, and therefore to the
change in stream force between these stations.

ie Net Gauge Thrust = FGa - FG: eees(211)
This concept of thrust as a change in astream force is generally far more
convenient than the alternative concept of the integral of pressure times
surface area plus viscous effects, but it is essential to realise that the two
are fundamentally equivalent. Using this concept, it is now possible to define
the thrust of an aircraft propulsion system in terms of the change in stream
force between two reference stations. If these two reference stations are not

3l
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chosen at upstream infinity and at downstream infinity, then it is important
to realise that, in general, there will be potential flow buoyancy forces acting.
In all the following sections the word 'drag' is reserved for forces
which can be totally equated to a momentum defect at downstream infinity. The
word 'force' is used in all other cases. Thus, in general, a 'force' comprises
the sum of a drag and a potential flow buoyancy.
2.3.3 Aerodynamic Interference

When two or more bodies are brought into close proximity within a common
external airstream, each one modifies the flov fields around the others. In
potential flow, these changes will aifect th: duoyancy forces on the bodies:
the Prandtl/d'Alembert theorem remains valid for the total assemblage of bodies
(though not for individual bodies) so that the buoyancy forces must form a
mutually balanced system.

The total drag in real flow is not in general equal to the sum of the

drags of the several bodies in isolation: the difference can be either positive

or negative, and is termed "Interference Drag". If the force on one particular
body is considered separately, it will include both a change in buoyancy force

and interference drag: these combine to give an "Interference Force".

These concepts are equally applicable to the interaction between a fluid
stream (such as a propulsive jet) and an adjaceni body, or between different
parts of a single body.

Common examples of aerodynamic interference are Wing/Body interference
and Model/Wind Tunnel Interference. Within the propulsion area, however, the
word "Interference" is sometimes reserved for interactions between the propul-
sive jet and the adjacent airframe surfaces. This usage is natural because the
propulsion system exhaust assembly and the airframe can be, and frequently are,
tested separatcly. Analogous interactions between the air intake flow and
adjacent surfaces nay‘oﬂ‘the other hand be treated as part of the airframe or
cowl aerodynamics without using the term "interference".

The magnitudes of interference forces and drags acting on parts of a
particular assemblage depend on the way in which these parts are defined and
on the book-keeping :yltin adopted. If the drag of a complete aircraft with
an operating powerplant in an infinite free stream could be calculated directly
there would bz no interference drag. In the real world this is not possible,
limitations in theoretical methods and wind tunnel capabilities compel one to
consider the aircraft as an assemblage of parts. All interactions between these
parts constitute "interference" items in the broadest sense of the word.
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2.4 POWERPLANT STATION DESIGNATION
The system adopted is based on SAE's ARP 681B (Reference 2-1) and ARP
7554 (Reaference 2-2). Figure 2-2 is an example given cf a three-shaft, by-pass

engine with separate noszle for the fan flow.

In any station number, the 'units digit' identifies the appropriate part
of the engine process, eg the 'units digit' 2 as in 2, 2.1., 2.2., 2.3., 2.4.,
etc, represents rotor compressicn and the 'units digit' 3 as in 3, 3.1., 3.2.,
etc, identifies the combustion section. A leading 'l' as the 'tens digit'
denotes the first by-pass. If there were a second by-pass, then a leading '2'
would be used. ' '

Of particular note for thrust purposes is the fact that the propelling
nozzle exit can alvays be demoted by the digit '9' ('19' for by-pass nozzle
exit) while the nozzle inroat is always denoted by the digit '8' ('18' for
by-pass nozzle throat). If the nozzle has no divergent part, ie is convergent
only, then '9' superimposes upon '8' (in Figure 2~2 we have '19' superimposed
upon ‘'18').

References 2-1 and 2-2 do not consider a station at downstream infinity
where the static pressure has once more attained ambient level, and so for the
present Guide it has been necessary to apply to this the designation '00' as
an aid to understanding. Thus ambient conditions at station '00' are equal
to those at station '0'.

2.5 ILLUSTRATION OF FORCES ON AN ISOLATED NACELLE
The forces acting on a complete single stream nacelle will now be

considered ‘as illustrated in Figure 2-3.

For simplicity, the diagrams an&‘equationc in this Guide asgsume axi-
symmetric flow so that all velocity vectors and pressure forces act parallel
to the engine axis, which is assumed parallel to flight direction. (This
conforms with the methods used in References 2-6: 2-5, 2-6 and 2-7.) Imn any
real case of non—-axial vectors the forces would be resolved along this datum
axis, but the principles would be unchanged, (see for example Reference 2-8).
Furthermore, one-dimensional steady flow is assumed for simplicity; integral
versions of the equations would be required in the more complex cases
representing real flows? 4.

, In Pigure 2-3, the force vectors ¢ represent forces exerted by the
appropriate region of the fluid, eg $nacelle
lltqtlnl flow on the nacelle surfaces.

is the force exerted by the
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FIG.2-3 FORCES ACTING ON A SINGLE STREAM NACELLE

Figure 2-3 represente the region from station (0) at upstream infinity
to (00) at downstream infinity. At these stations the static pressure is

taken as the ambient static pressure, Pso‘

Dashed lines represent streamtubes which would, in potential flow,
divide the internal and external flow regions. The force which acts on the
inside of the pre-entry streamtube is balanced by an equaliand opposite force,
¢
one could imagine the surface of the pre~entry streamtube to be an impervious
membrane incapable of sustaining a pressure difference,

pre’ on the outside of the streamtube. In order to visualise these forces

It is easily shown from the basic concepts outlined in Section 2.3
that the Net Propulsive Forcs, NPFt is given by:

NeF = (g - Fg,) - #nacelle vers (212)

where, ‘nacelle - }nacell? (P’ - Pso) dA + ];acelle Ty cot 6 dA veee(213)

is the force exerted by the fluid on the external surface of the nacelle,
positive in the downstream direction, and FGD - FG:) represents the change
in gauge stream force between stations (9) and (1), ie the summation of forces

exerted by the fluid on the internal surfaces of the nacelle, assumed positive
in the upstream direction.

LR I N R R e T T e T T T T T N A . I L

*Expressions for NPF occur frequently in this Guide, IHowsver it is unlikely that the reader will encourter
it either in flight test analysis or in design work, WPF.iz used here as an aid to understanding by
allowing the relevant powerplant "thrust! and "drag" terms to appear in one equation,

D ST
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The drag of the powerplant is given by Equation (204):~

Dnacellc - ‘nucolle - /;urface (Ps.pot - Pso) a = ¢nacelle - 0nlcelle,pot

eeeo (214)

For the infinite 'body' comprising pre-entry, nacelle, and post exit stream-
tubes in potential flow it follows from the Prandtl/d'Alembert paradox that

¢Pre * 0nacelle,pot * ‘poat =0 .o (215)
Hence in Equation (214):-
Dnacelle - ¢pre + ¢n.cg11e + ¢p°3t ve0e(216)

'Drag' is seen to be the susmation of the forces on the outside of the

nacelle and the infinite pre—entry and post—exi: potential flow stream-

tubesz-a’z—s. As stated earlier it is only under very special circumstances,

Pre and ¢post
quantitatively identical.

when ¢ are zero, that nacelle drag and external force are

The net propulsive force equation (212) can now be written as

NPF = (FG, - Fc,) * ¢pre * ’post - Dnacelle oo (217

The idealised pre-entry and post-exit forces are respectively equal
to the change of stream force between atations (0) - (1) and (9) - (00),
Figure 203.

Qpre - FG] - FGO es e (218)

’poat - FGOO = FG’ L ] (219)

Hence Equation (217) becomes

NEE = (FGOO - PGQ)V- Djacelle «ve.(220)

P
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Equations (212) and (220) symbolize two alternative approaches to
external force/drag accounting, in their simplest poasible forms. 1In
Force Accounting the forces are derived directly, for example from wind tunnel

tests, and the measured force on sny component will in genersl include poten-
tial flow buoyancy; in Drag Accounting the buoyancy term is excluded.

The direct evaluation of drag requires that the momentum defects in
the external flow be determined. An alternative approach involves evaluating
drag from force measurements which can be accomplished by correcting for
buoyancy*. (Equation(214).)

Equations (212) and (220) demonstrate that a book-keeping system for
external force/drag componeuts must be consistent with the definitions of
thrust that are to be adopted, eg, the bracketed terms of these equations.
This is discussed in the next Section.

2.6 THRUST DEFINITIONS AND THRUST/DRAG INTERFACES
The choice of propulsion system interfaces for thrust definition is

strongly influenced by practical considerations; it is of little use choosing
interfaces if it is impractical to define conditions that exist there.
Equally,there is not necessarily a unique definition applicable to any given
case. It is important that early agreement be obtained on preferred interfaces.

The thrust of an aircraft propulsion system may be defined as the
change of stream force between the entry and exit stations. The ‘entry' and
'exit' stations must of course be defined. The possible choices may be
illuetrated by reference to the example of a simple igolated nacelle (Fig 2-4).
(See also Ref 2-6).

At first sight it might seem appropriate to locate the interfaces at
the entry and exit of the propulsive duct (Stations 1 and 9) and to define
intrinasic net thrust,Fy jny,which is the actual thrust on the internal duct
surfaces. In practice, however, this is not a convenient definition because
thrust is then strongly dependent on intake geometry. The engine manufacturer
would not, with this definition, be able to express performance in a compact
way applicable to all installations. Thus intrinsic net thrust does not
readily satisfy the basic requirements set out in Sectiom 2.2,

An alternative entry interface is the 'engine face', station 2 (Fig 2-2).
Again thrust would be ve*y dependent on intake conditions and in aircraft

*The resder should bewars of mich loose terminology in the literature: the teram "drag" is often used without
sdequate definition or qualific.tion regarding the possible presence of potential flow buoyancy.
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FORCE DEFINITIONS

FGOO = (QOverall gross thrust
FG9 = Standard gross thrust

FG1 = Intake stream force

FGo = Free stream momentum force ("ram drag')
¢pre = Pre-entry force

Y = Post—exit force

post

FIG 2-4 CHOICES OF ENTRY AND EXIT STATIONS

/

installations it may be difficult to estimate or measure the stream force at
this station since the flow is often non-uniform and unsteady. This interface
i is however relevant in connected engine altitude test facilities (ATFs) where

’ ' stream force is usually determined at station 2 as part of the evaluation of
standard gross thrust from direct force measurements. In the ATF, flow
conditions at station 2 are very carefully controlled in order to facilitate
the accurate determination of Fg, . Flow conditions at station 2 are also
important for evaluating engine intake conditions, eg, intake pressure
recovery and flow distortion, which have an important impact on in-flight
thrust evaluation and installation effects.
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A far more convenient entry interface is the undisturbed free stream
located at 'upstream infinity', station (0). This interface satisfies all
the basic book-keeping requirements because it can be defined precisely in
terms of aircraft velocity and is the only possible upstream station free
from any disturbance by the body.

A possible exit interface, located at 'downstream infinity', station
(00) may be considered where the 'overall' or 'fully-expanded' gross thrust
&t this station is

F - W V

Goo 00 0000(221)

As a practical interface station (00) suffers because wake processes
make it difficult to evaluate Faoo» although various approximations may be
madez-a’z-g. The inherent uncertainty and arbitrary nature of such estimates
has discouraged the widespread use of station (00) as an interface, but it
is important to recognise it as a valuable station at which to define an
ideal stream thrust against which actual propulsion system performance may
be assessed. Fg,, provides a means for estimating potential flow post exit
force. The question is discussed more fully in Section 2.7 and Chapter 3.

The gauge stream force at station 9, the standard gross thrust, FG;’
defined at the engine nozzle exit (Figs 2-3 and 2-4) has proved to be

both a convenient and an informative quantity. For 'classic' single-stream
norzles at least the flow conditions at station 9 are often independent of
external flow effects and are under the engine manufacturer's control.
Standard gross thrust forms the basis of virtually all methods for evaluating
thrust in flight, and standard net thrust, Fy» forms the basis of most
thrust/drag accounting systems and many engine brochures.

Expressions for net thrust and the corresponding Net Propulsive
Force are sumnariied in the following table.
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TABLE 2-1. Net Thrust and Net Propulsive Force for Different Interface
Choices
Entry -
and Net Thrust Ac;zunt Net Propulsive Force Line
Exit Definition g sgem NPF No
Station y
1,9 ;ntrlns:anet_t:rust Force FN,int - ¢nace11e
N,int @ G Drag FN,int * ¢pre + ¢post - Dnacelle 2
0,9 Standard net thrust Force FN - ¢pre - ¢nace11e
FN = FGo - FGo Drag FN * ¢post - Dnacelle
Y - - -
0,00 Overall net thrust Force FN ¢pte ¢post ¢nace11e 5
' = - '
FN FGoo FGo Drag FN Dnacelle

2.7 COWL FOREBODY AND AFTERBODY ACCOUNTING

Cowl forebody and afterbody forces have usually been accounted

separately. This situation is often unavoidable in practice because separate
wind tunnel tests have to be used to obtain correct flow conditions at the
intake and nozzle. Also, until recently,theoretical analysis has usually
treated the forebody and afterbody flows separately, due to limitations in the
available mathematical methods. Whilst separate treatment may be satisfactory
for nacelles having a reasonably iohg mid body of almost constant cross-—
sectional area (high fineness ratio) the technique can introduce serious errors
for short nacelles. Considerable interaction can exist between cowl forebody
and afterbody flow fieldsz—l?

To simplify the explanation of fundamentals, this Guide will treat the
cowl forebody and afterbody flows separately, but the reader should be aware
of the limitations inherent in this approach.

Using suffices c and a to refer to cowl forebody and afterbody respec-

tively, Equation (214) may be expanded to give
Dc * Da - ¢c * ¢a - { ¢c.pot * ¢a,pot}

- {¢c - ¢c,pot} + {¢a - ¢a,potl .ees(222)
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and so, from the formal definition of drag
Dc - ¢c - ¢c.pot

eees(223)
Da - ¢a - ¢a,pot

Equation (215) may be expanded to yield

¢pre * ¢c,pot * ¢a,pot +A¢post =0 eees(224)
and treating cowl forebody and afterbody separately implies that
¢pre * cbc,p'::t: -0
.Q'.(225>
¢a,pot * ¢post =0
Hence for the cowl forebody
Dc - ¢c + ¢pre vees(226)
and for the afterbody
D, = ¢ ¢ ¢post - . eeee(227)

2.7.1 Cowl Forebody

The streamtube area at station (0) for a given engine airflow is
determined by free stream conditions and in general is not equal to the
intake area. The area ratio AOIAi is known as the intake Mass Flow Ratio
(MFR) and in cruising flight is usually less than unity.

With MFR less than
unity the intake is said to 'spill' flow.

Since the stream forces and the
external cowl force and drag change with mass flow, it is necessary to book-

keep such changes: the condition at MFR = 1.0 provides a suitable datum and
is known as Datum Intake Flowz'.5

Considering the forces on the pre~entry streamtube, (Fig 2~3), it has
already been shown (Equation (218)) that

¢pre = FGl - FGO

Hence at MFR = 1, the datum condition

and from %quation (225)
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When MFR ¢ 1, in ideal flow, we have from Equations (223) and (225)

% pot = “Pore vee . (228)

¢

c

ie, the pre-entry force is balanced by the forebody buoyancy force, and

P T v o v o e e e Y ST T

since there is no drag, this is the only external force on the cowl forebody. : 1

e e

In a real, viscous and compressible flow, the external pre-entry force §

is not exactly balanced by the force acting on t'ie cowl forebody,ie ¢c d ¢c pot ?
spCOL.

The resulting net force, which is the vector sum of the external pre-entry f

force and cowl forebody force, depends on mass flow ratio, Reynolds number, ? 1

o BN P ST p

Mach number, incidence, etc.
For MFR <1.0, "intake spillage drag" may be defined such that

ey by

Dspill - Dc - Dc,datum »e 00 (229) ;
from Equation (226) :
Dc,datum ¢c,datum « -+ (230) i *
Hence Equation (229) becomes é
- - 1
Dspill D. ¢c,datum : »oee (231) j {
"
or Dspill = ¢pre - {¢c,datum -¢c} veee (23D) ; {

Intake spillage drag may therefore be considered as comprising the
difference between two terms: the pre-entry force ¢pre (commonly called
'pre-entry drag' or 'additive drag') and a term representing the difference in
cowl forebody forces which arises when airflow is reduced from datum mass
flow. This force difference is often loosely called the 'cowl suction force'.
From Equations (229) and (223)

D - 4, - ¢ ) - .o (233)

Dc,datum l '_

spill c,pot

i The term in brackets represents the departure of the cowl suction force in
real flow from the potential flow suction force (at the same mass flow ratio)

due to viscous or wave effects.

Using a force accounting approﬁch, we would define "cowl suction force”

directly as -

epill = *c 7 %c,datum ver(238)
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vhere ¢c and ¢c,datum would be measured as part of the corresponding nacelle

forces ¢nace11e and ¢nacelle,datun’ From Equation (232) it may be seen that

for a sharp lipped cowl with no projected frontal area, neglecting changes in

cowl friction drag with MFR, D in = ’pra' For other cowls Dspill is usually

sp
less than ’pre.

Spillage drag data can be obtained either by direct force measurements
on complete ducted bodies or intake/forebody models, or by assessing the
momentum defect in the surrounding flow by means of total and static pressure
traverses. Experimental data can be expressed relative to pre-entry force to
yield a spillage drag factor K, defined by

Dlpill = Ks . ’pre v o0 (235)
For this type of correlation it is usual to calculate opre on the
assumption of one dimensional isentropic flow.

For MFR <1 and for incompressible flow

_:252_ = (1 - MFR)?

.er.(236)
1oV,

or for compressible flow

‘gre s +y H})(Pnl /Fs0) - 1

- 2(MFR) v (237)
VoA by ¥

For a blunt-lipped intake, the stagnation line moves around the lip

contour as MFR varies, so that,strictly spesking,the srea A; is variable.

However, since K; has to be determined experimentally, ‘pre is only required

as a reference value and a fixed value of Aj,eg the intake leading edge

(highlight) avea, way be used.
Alternatively, spillage drag may be expressed as a force coefficient

using either inlet area or nacelle maximum cross—sectional area, plotted or

tabulated directly as a function of MFR and other relevant operating conditiouns.

Both these types of data presentation are commonly found in the litotaturcz—ll '
2.7.2 Cowl Afterbody '

For a simple single stream nacelle as shown in Fig (2-3) the afterbody

drag is given by _ : L

D, * j'. (B, = By oge) A ¢ £, ere0(238)

vhere £, is the afterbody friction drag.
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Equation (223) states

Da - ’a - ‘l.pot

This shows the rselationship between afterbody drag and force: ’a,pot
represents the afterbody buoyancy. It is important to recognise that after-
body drag can be determined from afterbody force measurements only if a correc-
tion is made for this buoyancy term, which, contrary to the analogous forebody
situation, can not be uniquely evaluated. Afterbody drag results from the
failure of the afterbody force to match the potential buoyancy force.

Another expression for drag was given in Equation (227)

D = ¢

a te

a post

where (Equation 219)

¢post - FGoo - FG’

The evaluation of FGoo

flow involving mass, momentum and energy transfer between the jet and external

and hence ‘poot presents difficulties in real

flow. This cannot be idequately modelled by a streamtube representation of
the jet since there is no unique exit streamtube. Nevertheless, strong inter-
action forces between jet and body can exist. In consequence, afterbody/
nozzle book—keepinglrequircl particular care to ensure a consistent accounting
procedure, quite apart from any experimental difficulties.

The drag accounting method adopts the convention that drag is related
to force by the potential flow buoyancy. Thus a change in afterbody force
resulting from real jet effects is seen as a change in afterbody drag. In
the special case whare the propulsion jet is fully expanded,ie when the nozszle
environmental pressure and the jet exit static pressure are both ccual to
ambient pressure, P.o, the afterbody potential flow buoyancy and post exit
force are zero. This case may, as for the intake, be regarded as an important
datum condition.

Then from Equations (223) or (227) at this datum point afterbody force
and drag are identical:-

D «e+4(239)

a,datum \

When nozzle operating pressure ratio differs from the datum point

a,datum

pressure ratio we may define an "Incremental Afterbody Drag" or "Jet Inter-
ference Drag", DJ, in a manner analogous tointake spillage drag, such that

D = D -D ..-.(2‘0)

J a a,datum
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'Hence from Equation 7223):-

b " l" ) ’l.POt} " Dy, datum v (241)

or, alternatively, using Equation (225)

DJ - .a + ’pout - Dl.datun ve00(202)

Jet interference drag thus results from the failure of the afterbody
force to match the potential flow afterbody buoyancy, ie to react the
potential flow post exit force.

An incremental afterbody force or jot-int;rfsroncc force, which
tupresents the difference between afterbody and datum afterbody forces and

is related to DJ via ’poct’ may be formulated from Equation (239) and (242):-

¢, " D, -

a,datum “ %

a ’J

post

In an actual test situation it is usually difficul” to set up a true
cinulation of the nozzle datum condition in the presence of external flow.
For this reason and because of the difficulties previously noted of defining
FGob’th‘ drag accounting method has not often been ' :ed for afterbodies. It
has the advantage, however, that DJ is always positive in the drag sense thus
making afterbody performance losses more visible.

2.7.3 Combined Forebody and Afterbody (Isolated Nacelle)

Using the equations developed in the previous Sections,more detailed

equations for overall propulsive force may now be written using an isolated
‘single-stream nacelle as the simplest example. The external nacelle force
and drag are taken as the sums of forebody and afterbody components,

¢

nacelle - ’c * ‘a

e e+ (243)

D D +D
a

nacelle * c

Refe_ring to Fig 2-4, the simplest possible expression for net propulsive
force in terms of Drag is (Equation 220):-

RPF * Fooo ~ Feo ~ Pnacelie

or frow che definition of overasll net thrust Fy (Table 2-1, Line. 6)

- V- .
NPF F Dnac.llo

48




Substituting for Dn from Rquation (229) and (240) we have

acelle

- M -
NPF Fh (D DJ +D

nacollc,datu.) ooes (244)

spill *

The simplicity of these equations makes Overall Net Thrust a natural
choice for Drag accounting systems: the only drawback is the difficulty of
relating it to Standard Net Thrust by evaluating ‘pout' as alraady discussed
in Sec:ions 2.6 and 2 7.2, In terms of Standard Net Thrust, (Equation (244}
becomes

NPF = FN * ’pout - (D-pill * DJ * Dnacollc,datun) vo e (245)

The simplest possible expression for net ptpﬁﬁllivc force in terms of
nacelle forces is

NPF = Feint ~ *nacelle oo (246)

Using Standard Net Thrust and substituting for ¢
and (243)

nacelle from Equations (234)

NPF = FN -¢ - {¢__. + ¢

pre spill +e) ces . (247)

c,datum a

However, by definition,opre - FG: - FGo (Equation (218)),thus ‘pro cannot
be determined without knowing FG‘: in effect we are still using FNint' The
unsatisfactory nature of station 1 as a thrust interface was discussed in
Section 2.6, To circumvent this problem we may eliminate ‘pre using
Equation (232) and (234) to give

NPF = FN - (Dlpill + ’c,datun + ¢‘) e ose (268)

But ¢

c,datum - Dc,datu- (E?uatxon (230)) so that we may write

-

NPF = F_ - (

N D'Pi‘ll * DC,dltu. + ’.,) LR N (2‘9)

Equation (249) is a Hybrid using Drag accounting for the cowl forebody and
Force accounting for the afterbody, and is the natural result of using
stations O and 9 as the interfaces for Standard Net Thrust.

Equation (249) is the basis for the procedures normally used in wind
tunnel test accounting.

The more important equations are summarised in Table 2-2.

i
!
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T8 TABLE 2-2. Extended Expressions for Net Propulsive Force
[ & Account- Line
t S Net Thruat ing Net Propulsive Force NPF No
oo System
§ Standard Force rN - ‘prc -[‘npill + ’c,datun + ¢;] 1 %
% Net Thrust Dreg Fy ¢ ‘poot - [Dopill * Dy Dnacelle,datum] 2 ?
Fy = Fo = Fgo | Hybrid | Fy - [Dlpill * D¢ datum * ‘.] 3
3
: " - — =
; Overall Force FN ‘prc ’po.t [’npilr'f ’c.datun * ¢a] 4 .
2 v o . !
% et Thrust Drag FN [Dlpill * DJ * Dnacelle,datun] 5 i
' - - <
"N " Fooo ~ Foo
Of these poaiibilitiec,th&t most often used is hybrid accounting

(line 3) with standard net thrust.

2.8 REFERENCE MODEL TESTING
It hag already been mentioned that it is not always possible to set up

] the "datum" conditions during wind tumnel tests of intakes and nozzles, and

correct simulation of both simultaneously is scarcely ever possible. To !
obtain the best possible data, each component is tested separately, and the

performance of the complete aircraft is synthesized by relating the various

tests to each other through carefully selected and reproducible wind tunnel !
< ' 'reference' configurations. The performance of each separate component is :
expressed as a change from the reference condition. In most installations
the basic airframe drag wodel would include some representation of the intake,

and the same configuration would be included as a reference in separate

: tests of the intake. Similarly, both the airframe drag and nozzle models
T would include the same reference afterbody configuration. The drag model
E way include engine simulators, 'flow through' propulsive ducts, or may even

- ne g

have the propulsion system omitted entirely.

2.8.1 Forebody Reference Conditions 4
;' In ideal circumstances the Datum Intake Flowv (MFR = 1.0) would be used
' as a reference condition. In practice, for example due to wind tunnel model

liqitationl, it may not be possible to arrange for (Hll)r.f to equal unity.
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If reference conditions are chosen such that (HFR)ref <1.0, then

Dc.ref ’ ’c.rcf because ’prc
cowl forebody drag accompanying further reductions in MFR below the reference

¢ O and buoyancy is non-gzero. Any increases in

value then represent increments in spillage drag; in such cases the reference
drag includes an element of spillage drag. Thus we define "incremental
spillage drag" (cf Equation (229)) as

ADlpill - Dc - Dc,tef «+ o (250)

For well designed subsonic cowls there is generally a range of MFR
below unity where the spillage drag is negligible. The lower limit of the
MFR range for which this is true is often termed the 'critical' or 'drag rise'
mass flow ratio and will vary with free gstream Mach number, incidence,etc.
It is important that reference MFR be chosen to be as close to unity as
possible go as to remain in the low drag range. If this condition is not
satigfied, there may be a substantial region of separated flow adjacent to
the cowl, which could lead to inconsistent reference drag and poor test
repeatability.

Installations requiring special care are those in which the pre-entry
streamtube is not isentropic. Examples of this are when the streamtube
passes through airframe generated shock waves or passes over an airframe
surface.

For supersonic conditions the reference configuration must include a
good intake representation to ensure that the inlet external shock system is
representative. The reference MFR will include spillage due to airframe and
inlet shocks and the reference drag will include the drag due to this spillage
and due to the losses in the pre-entry streamtube.

When the inlet streamtube passes over an airframe surface, as in the
case of fuselage-side intakes,the force on the wetted surface (which we may
call ¢w) imparts an equal and opposite forward force to the inlet airstream.
Hence Equation (218) is no longer valid, but must be replaced by

¢pre kR Fcn - FGo «v+.(251)

With the definitions »f Net Thrust in Table 2-1, ¢w is an "internal”
force ond is implicitly included im the thrust account: it must therefore

‘be removed from the drag account. However, the extent of the wetted forebody

{
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!
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surface varies with MFR, producing a corresponding variation of b thus
the remaining "external" airframe drag also varies, making this an incon-
venient accounting method.

1f 0" is included in the basic "airframe drag" account, it must be
removed from the thrust account. There are two accapted ways of doing this.
The more usual procedure is to define a "modified pre-entry force'", known
as "mgdi.gied pre-entry drag"z—" or (in the USA) as "scoop incremental
drag"

L vve s (252)

and a corresponding "modified spillage drag",

D eess(253)

m,spill - Dupill N ‘H

(Note that D is not strictly a drag)

m,spill

This method is very suitable for accounting wind tunnel tests, since
the apparent spillage drag measured in a force-balance test of a combined
intake and forebody approximates very closely to Dm,spill'

An alternative procedure is to replace the free stream momentum force

or "ram drag" by a "modified ram drag".

Fm.co FGo - 0" vees(254)
This leads to a "modified net thrust"
Fn’n - F@ - Fm’co FN + ¢w teo e (255)

This method may be appropriate for preliminary project studies where

test data for Qn,upill

For many forebody shapes, the total net buoyancy force is small, and

are not yet available.

changes in buoyancy due to spillage are largely confined to the cowl. The
buoyancy contribution to Qw can then be neglected, and ¢w represents the
profile drag: 0" o Dw. It may be estimated with sufficient accuracy on the
basis of skin friction only.

With either method, the engine mass flow and thrust will be influenced
by the air intake total pressure recovery (P:zlpto) which in turn is affected
by ingestion of forebody boundary layer. If a diverter or bleed system is

fitécd. its drag must be accounted in a manner consistent with the treatment

. of forebody drag. Further discussion of the methods applicable to particulsr

intake layouts may be found in the litoraturoz-13.
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2.8.2 Afterbody Reference Conditions

As in the intake/forebody case, reference conditions may be chosen

such that ¢ is non-zero and ¢. ref $D In practice, for example
’ .

post a,ref’
during wind tunnel afterbody model component tests, it is not usually possible
to achieve datum conditions where ¢polt is zero. Moreover,on overall aircraft
drag models which incorporate nacelle simulations it is seldom possible to
arrange that intake/forebody and noszzle/afterbody datum conditions are
achieved simultaneously. As for the forebody case, the afterbody reference
drag then includes an element of jet interference drag.

In the general case of an arbitrary reference condition, we have an

interference force.

b, = ¢ - ¢

a a,ref v es0(256)

The afterbody reference force,¢.,ref,is measured with external flow
simulating the true flight condition as nearly as possible, but with a
simplified nozzle/internal flow configuration which can convenienﬁly be
reproduced on the overall.aircraft drag model. The 'actual' afterbody
force ’a is measured with the best possible simulation of both the external
and internal flows and nozzle geometry.

An essential requirement for a reference configuration is that the
flow should be consistent, so that drag measurements are repeatable. If
possible the flow pattern should not be sensitive to Reynolds number, since
the various tests will generally use models of different scales to suit the
available test facilities. It follows that, for example, a blunt based
afterbody providing a controlled separation at the base may well be more
appropriate than a well streamlined shape. The base pressure should be
adequately measured, and appropriate corrections made if it is found to vary
between test facilities. If the drag reference model has a throughflow
nacelle, a fairly low energy jet will be formed, and this condition must slso
be tested on the afterbody reference model. Because of the relationship
between post exit force and afterbody buoyancy, the choice of reference jet
condition will influence the afterbody force measured. Hence the reference
jet must be reproduced on the drag reference model and the afterbody reference
model.

The above illustrates the close interplay between afterbody external
'drag' and internmal 'thrust' accounting. Very careful book-keeping and test-~
ing are required when the synthesis of overall propulsion system performance
involves cross referencing between various test assemblies.

—— -
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2.8.3 Engine Reference Conditions

The basis on which installed thrust is established is normally the
test of the engine itself in the engine test facility, with a uniform inlet
flow and with the exhaust flow expanded into quiescent conditions. In some

Y Ty G

cases, for example in the early days of a project, an 'engine' may have to be

defined from rig tests of the various engine components.

P

In many installations the effects of external flow on nozzle flow
capacity and internal thrust are important. Examples include an unchoked
nozzle, or a plug nozzle in which the plug torce is to be regarded as internal
to the nozzle. 1In all these cases the nozzle gross thruat,FG’,could in
principle be evaluated at the actual flight conditions, in which case there

would be no internal interference term. Howevar, the practical problems of

e e Tt

measuring FG, under these conditions are considerable, even at model scale.
Determination of FG’ for the full scale engine with external flow would be a ]
very costly undertaking; there are few test facilities capable of providing
adequate external flow simulation for a large turbofan or turbojet engine.

As a practical proposition, therefore, it is necessary to determine the : {

o TR I RS P~ W

basic engine and nozzle performance by quiescent-air testing, and to account

separately for the effects of external flow using small scale models. :

R

With external flow, the internal performance of the nozzle must be

.

related to the external conditions. Two methods are used; one is to specify
internal performance in terms of 'Applied Pressure Ratio'yAPR = Pt7/Psb’

where Psb is the mean base pressure existing around the nozszle exit,

- e s won

The alternative is to use 'Exhaust Pressure Ratio',EPR = thlpso’
where Pso is the free stream static pressure.

The 'best' methoc will depend on the particular installation under
investigation. External flow effects on internal thrust at a given nozzle
pressure ratio may be treated as an interference item.

AF = FGo,quiel - FG’ «eee(257)

where F - is the gross thrust under quiescent-air conditions. The

Go ,quies
magnitude of AF will depend on the nozzle operating conditions and the
method (EPR or APR) used to relate quiescent ("wind off") and external flow
("wind on") operating conditions. For model testing (Section 2.8.4) it is
usually necessary to ensure that quiescent gross thrust is evaluated at the

correct "wind on" non dimensional mass flow by means of nozzle flow and

force coefficients. Chapter 3 treats these topics in more detail.
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A further item which can conveniently be treated as an interference
term is the force change on any exposed exterior surface of the nozzle itself.
This is strictly speaking part of the afterbody, but since the nozzle is
attached to the engine (at full scale) or to the blowing duct (at model scale)
it can be very difficult to separate this force from the irternal thrust.

Thus it is often more convenient for this force to appear on the propulsion
account rather than as part of the reference airframe drag. This item also
includes changes to base force due to, for exampl~, unrepresentative boundary
liyers on the afterbody/nozzle model or cooling air exhausted through the

base.

bo. = ¢ - ¢ .00 (258)

n n n,ref

where ¢n is the nozzle external force under reference conditions. In
]

ref
practice it may be difficult to separate the AF, A¢n and A¢a terms.

2.8.4 Wind tunnel testing and synthesis of NPF

The particular tests required to synthesize net propulsive force will
depend on the aircraft type and configuration; Refs 2-14 and 2-15 give examples.
All the necessary equations can be derived as special cases of, for example,
the hybrid equation (Equation (249)). Taking the net measured balance force

as positive upstream, and denoted by ¢ba1,we can rearrange Equation (249) as

F,

%a1 = Py " Dgpi11 ~ Dc,datum " %a cvel(259)

where FN is the net internal stream thrust defined in the standard way and

derived from internal measurements.

Writing FN - ¢ba1 = ¢

model’ we have

D ..., (260)

$.)

¢model = (Dspill * c,datum * %a’model

This is applied to each component in turm.

For the Airframe Reference Model, the ¢, term in Equations (249) to

(260) is expanded to include the airframe drag, DAF,ref'

¢’Al’,l?ef - Dspill,ref * Dc,datum * ¢a,ref * DAF,ref .+ (261)

which is the sum of airframe drag, nacelle forebody drag,and nacelle after-

body force, in the reference condition.
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This expression is directly applicable for an aircraft with podded
powerplants. For an integrated powerplant design, Equation (261) is still
applicable if DAF,ref is understood not to include the drag of those parts
of the airframe in the "cowl" and "afterbody" regions. It will often not
be possible to separate "airframe", "cowl", and "afterbody" reference force/
drag components in this case.

For an Intake Model with no afterbody

¢intake = Dspill + Dc’datum 1000(262)

Applying this successively to the Reference and actual intake

MFR, Dc,datum cancels out, leaving the Incremental Spillage Drag
¢intake - ¢intake,ref - Dspill - Dspill,ref (263)
ADspill 7

The Nozzle/Afterbody wmodel typically has a non-metric forebody and the

internal airflow enters with zero axial stream force, or is corrected to that
condition. If the nozzle and afterbody are mounted on a common force balance,
Equation (259) becomes: F

%va1 = Fg " %4

or in the case of separate nozzle-force accounting,

¢ba1 - FG9 - ¢a - ¢n .o.n(264)
Combining Equations (257) and (264)
¢ba1 " Fcc,quiea - AF - ¢a B ¢n

so we have in the same notation as before

na = Fos,quies ~ bal
- ....(265)
AF + ¢, * 0

The nozzle for the Airframe Reference Model is chosen to be a simple one
(such as a convergent flow—-through duct) for which external-flow effects may
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be negligible, ie AFref = 0% This same nozzle configuration must be tested
on the Noszle/Afterbody model: applying Equation (265) succeseively to this
test and to the test at the Real Inflight Nozzle Condition, and subtracting,
we get the Nozgle/Afterbody Interference Force

*na " %na, ref AF + ¢, * by = b4 rer ™ %, ref

A¢na = ¢na - ¢na,ref = AF+ A¢a * Ad’n vee . (266)

This is assumed to be the same both for full scale and model scale.
The incremental force on tine afterbody includes the term AF necessary
to account for any effects of external flow on nozzle internal performance.
Alternative nozzle/afterbody model test arrangements having, for
example, the afterbody and nozzle assemblies mounted on separate force
balances, may be employed. Such arrangements are necessary for distinguishing
between the individual terms comprising A¢na.

2.9 SYNTHESIS CF OVERALL NPF

Taking airframe drag into account, the hybrid NPF equation (line 3
Table 2~2) for the aircraft becomes:

For preliminary project gtudies, the bracketed terms may be obtained

by theoretical estimation or from test data on similar designs: FN would

be obtained from an engine brochure. When model test data become available,
the methods of Section 2.8 may be applied to synthesize overall NPF. From
Equations (256), (261) (263) and (267):

NPF = FN - (¢AF,ref * Anspill + A¢a)

. where FN is the inflight or installed engine standard net thrust. In the

absence of engine test facilities with extermal flow simulation (Sectien 2.8.3)
it is necessary to determine thrust from full scale quiescent-air tests using
appropriate calibrations.

“For configurations where AI'“’, £ 0, this term need not be evaluated providing that it ocan be taken that
the same value arises on both airframe reference and noszle/afterbody reference nodels,
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MODEL TEST SYNTHESIS
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FIG.2-5 EXAMPLE OF NET PROPULSIVE FORCE SYNTHESIS
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Defining the engine “'quiescent-air net thrust" as

FN,quies - FGo,quies FGo
it follows from Equation (257) that
Fy = FN,quies - oF
so that

NPF = F

Each item in Equation (268) must be corrected as far as practicable
to allow for differences between model and full scale, and between test bed
and flight. Several important engine-versus-model nozzle differences, such
as nozzle leakages and non~uniform gas flow and gas properties, are automati-
cally included by using the full scale value of Fbo,quies‘

Differences between test bed and flight include engine cycle changes
due to varying APR, Reynolds number, etc (which can be assessed in an ATF),
and also due to external-flow effects on nozzle discharge coefficients.

It is essential that F and A¢na should all be evaluated at the

. , F
Go ,quies’ ~Go
mass flow appropriate to the "wind-on" condition.
In the "thrust in flight" case, if F .
N,quies

measurements and nozzle calibrations, the effects of engine rematching are

is derived from pressure

correctly accounted.

For performance prediction, the test bed FN .
,quies

corrected, using an engine cycle program, to the flight condition.

may have to be

These matters are discussed more fully in Chapter 3.
Figure 2-5 summarises the reference test procedure as described in

the preceding Sections.

2.10 APPLICATION TO A TWO STREAM SHORT COWL NACELLE

The principles given in this Guide are not only applicable to the

simple single stream nacelle. The more complex case of a short cowl turbofan
installation having separate exhausts and an inlet centrebody, as illustrated
in Figure 2-6, is considered in this Section. ‘

A fuller treatment of this type of nacelle is given in Reference 2-9.

N,quies ~ Par,res * Pgpin1 * A0y4) ... (268)
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FiG.2-6 FORCES ACTING ON A TWO STREAM MACHINE

2,10.1 Force Equations

By direct integration of forces acting on the nacelle, the net
Eiopulsive force is:

NPF = (FG’ + FG” - FGx) - %aceue vee.(269)
where ‘¢nace11e = ¢CB + ¢cowl * ¢AB * ¢plug »=++(270)
1e NPF 5, FN,int - ¢plug - ¢AB - ¢CB - ¢cowl ve o0 (271)
and Eﬂ,int is the intrimnsic net thrust,

FG@ and FGu are primary and secondary standard gross thrusts.
Momentum conservation in the pre-entry streamtube yields
¢pre = (FGl - FGo) *+ ¢op v ee0(273)

Primary and secondary flow post exit streamtubes may be constructed
such that, by momentum conservation in potential flow:

F = F, +¢

Goo Go ceee(274)

post,o- ¢plug.pot
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FGI oo FGU * ¢poat:,,.' ‘POlt,o- ’AB,pot eess (275)
where FGoo and PGnoo are the gross thrusts of the primary and secondary
flows expanded from P" and P." to P.O:

¢p].l.lg.p()t and OAB’pot are plus and lftel‘body buoyancie..

Standard Net Thrust is:

FN - FGo + FGn - FGo «ee« (276)

From Equations (276), (272) and (273):

Py ® "ot *Fa " Feo = FN,int * %pre T YcB wee - 277)
Hence Equation (271) may be written in terms of standard net thrust:
NPF = FN - ¢plug - ¢AB - ¢pte - ¢cowl -+ (278)

If, as is sometimes the case, plug and afterbody forces are lumped with
primary and secondary standard gross thrusts to define corresponding
"Modified Gross Thrusts",

* - - LI 3
F Go FG9 ¢plug (279)
* - - LI )
F G119 FG]O ¢AB (280)
then we may define a "Modified Standard net thrust':
- ] * - - - - D
Fhy Fho + PR, = Fo Fy = 51ug ~ *an ... (281)
So that in Equation (278):
- N - -

This expression is then comparable to that developed for the single
stream nacelle (cf Table2-1Line 3). Clearly, other permutations are possible,

eg ¢ may be lumped with FGD’ but ¢AB treated separately.

plug
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2.10.2 Drag Equations

From the fundamental definition of drag, Equation (214) gives

Deowl ¢cowl - 0covl,pot: 00 (283)
Pap = *aB ~ “aB,pot ve. (284)
DP1“8 0plug - ¢plug,pot «v..(285)

The effects of ’CB have been included in FN (cf Equation (278)). By
the Prandtl/d'Alembert paradox, Equation (215) becomes

‘ a 0 -000(286)

¢ te post,:

pre cowl,pot *

Using Equation (283) and (286), Equation (278) can be rewritten as

NPF = FN - ‘plus - ¢AB - Dcowl + ‘po:t,: «oe.(287)
or using Modified Standard Net Thrust,
- " - -
Ne¥ F N Dcovl + ¢p0't o1 ++0 - (288)

This eipre.sion is comparable to that derived for the aingle stream nacelle

(Table 2-1,1line 4). The ¢ and ’AB terms are, of course, still present

even though concealed. Tgizscan be eliminated by using "Overall Net Thrust",
Pﬁ - rGoo + ’c:oo - Fco v e+ (289)
Substituting from Equation (274) and (275) gives
Fﬁ = (rGo - ’plus.pot) * (’G:, * ‘poat.n - ¢AB,pot) - FGo
FN - 0plug,pot + ‘polt.n - 0AB.pot v+ (290)
Hence Equation (287) becomes |
NPF = Py - Dplug = Dyp = D1 eees(291)

which follows the standard form of Drag equation, Table 2-1, line 6.

s =

ey
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2.10.3 Hybrid Rquations
As in the single-stream nacelle, the simple force Equations (278) and

(282) are inconvenient for practical force accounting because they contain

’PtO: this can be eliminated by using drag accounting for the cowl forebody.

Dividing the cowl force into forebody and afterbody components, (Equation (243)),
¢ ¢+ ¢.
Bquation (278) becomes, via Equations (226) and (229)

cowl c

NPF - FN - (Dlpill * Dc,datun * ’a * ’AB * ¢p1ug) .+ ++(292)
and Equation (282) becomes
- * -
NPF FN (Dlpill + Dc.dat’un + 0‘) eess(293)

2.10.4 NPF Synthesis

The equations used for NPF synthesis utilising full-scale and wind

tunnel model measurements are analagous to those developed for the single
stream nacelle. The ATF supply conditions and engine settings may be arranged
to give the flight values of exhaust parameters, but the shape of the jet
boundaries will differ between flight and the ATF due to the constant static
pressure conditions around the powerplant in the absence of external flow.
Thus jet pressures and velocities, etc, are altered so that afterbody and

plug forces are changed ;nd engine component rematching occurs. Some of these
changes are usually accounted using small scale models tested, as for the
single stream nacelle, in both "wind-on" and "wind-off" conditions.

It is freqﬁently wore convenient to include the plug force as part of
the core engine internal thrust and to account for it in a nozzle thrust
coefficient. This approach can also be used for the by-pass flow, using a
wodified by-pass noszzle thrust coefficient to include D,., which is a con-
venient scheme for testing a fan engine in the ATF. Whichever book-keeping
system is adopted for DAB it must be noted that there is an intimate connection

in the presence of external flow between D and internal flow.

AB’ Dplug’ Dcowl
In tests with external flow these are difficult to separate. A full discussion
of the interactions between these various terms is outside the scope of this

document. The subject is more fully covered in Reference 2-9.

P
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2.11 CONCLUSION

This Chapter has pointed to the need for a carefully thought out
thrust and drag book-keeping system. Such a system must be appropriate to
the powerplant under consideration and to the division of technical
responsibilities for the parts of the powerplant. It must also be applicable
both to the prediction of performance and to flight test analysis.

The SAE's standard powerplant station designation system is
recommended. ' .

A careful distinction was made between the terms "force" and "drag".
Rigorous definition of the terms used in a book-keeping system is recommended.

The items which should appear in the book-keeping system were

discussed and their relationship to Net Propulsive Force indicated for Force, °

Drag or Hybrid accounting.
Wind tunnel tests needed to define the thrust/drag components and

mutual interference effects were described.
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CHAPTER 3
THRUST EXPRESSIONS, METHODOLOGY, AND OPTIONS

i e

3.1 INTRODUCTION

Chapter 2 introduced some of the major propulsion system thrust, force,
and drag book-~keeping items necessary for determining net propulsive force.
. Alternative accounting methods or options for synthesising NPF were outlined.
] These were shown to depend on the particular installation in question,
appropriate procedures being dictated by powerplant component model and full
3 scale test facilities available. In particular, the need emerged to define a
t practical interface for internal thrust assessment utilising quiescent air

f

engine thrust measurements, expressed usually as standard gross and net thrust.
In this Chapter attention is concentrated mainly on methods for deter-
mining engine standard gross and net thrust which, directly or indirectly,
{ form the basis of virtually all procedures for evaluating thrust in flight.
Several method options exist, involving varying degrees of effort, complexity,
and accuracy. These may involve the use of:-
- A performance brochure for the engine breed.
- Performance brochures for flight engines calibrated individually
| in the Ground Leve. Test Bed (GLTB) or Altitude Test Facility (ATF).
- Calibrated flight instrumentation located at measurement planes

within the gas generator.
] = A calibrated probe or rake of probes traversing the engine nozsle
exhaust flow.,
~ Engine trunnion load measurements.

The methods listed are not axclusive and may be complementary. The
choice of an appropriate method depends crucially on the accuracy to which
aircraft drag needs to be known. It is important at the outset to identify
the main aircraft mission points at which high thrust measurement accuracy
is required.

Brochure Methods

A “brochure" consists of a set of dimensional or non-dimensional curves,
a set of tables, or a computer program. It describes either the average per-
formance of an engine type or the individual performance of a specific engine
of that type over a defined area of operation. The background information to
a brochure ranges from predictions prior to the first run of the engine

%
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through to comprehensive calibrations of one or more specific engines of the
type on the GLTB and/or ATF, and includes extensive performance development
experience.

Brochures may be produced for individual £light test engines. These
require calibration on the GLTB and extrapolation of results to flight. In
general this involves correcting for changes in engine matching due to the
effect of ram pressure ratio, inlet Ptz and th' and true specific heat varia~-
tions from sea level to altitude; accounting for nozzle thrust coefficient
changes, flow leakage, and changes in mass flow and gross thrust resulting
from external flow. Corrections for some of these terms, eg, those associated
with altitude changes, may be established from experience on the breed of
engine. Flight performance engines calibrated in the ATF provide quiescent

air thrust performance at a number of apecific flight mission points, and

" altitude brochure input data.

Brochure performance is expressed in terms of the major engine control
parameters for defined inlet and exhaust nozzle operating conditions. Im the
simplest case the brochure can be entered with one engine parameter measured
during flight tests at specific flight operational conditions, the net thrust
being obtained as output. The parameter can be a simple one such as shaft
speed, which is readily available to good accuracy. The brochure may be such
that it can be entered with a number of alternative measured parameters.
Several independent parameters may be necessary to define the engine operating
conditions.

It is desirable and usual but not essential for thrust evaluation to

measure other major flow parameters within the engine, in order to provide

. additional information on engine flight performance. Brochure methods involve

minimum measurements in flight.

Gas Generator Methods> 113-2,3-3

An engine consists of a set of components such as compressors, turbines
etc, which make up a gas generator. Their characteristics can be determined
during ground.level tests given sufficient instrumentation. Operating points
on the component characteristic can be determined by relatively few key
measurements in flight. Using the component data, together with mass flow,
energy and momentum conservation principles, the "gas generator" flow
properties at various stations within the engine can be determined either
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directly from calibrated flight instrumentation located at those stations

or indirectly by using instrumentation located at other stations. In
particular, flow conditions at engine and propulsion nozzle inlet planes can
be established so enabling gross thrust and airflow to be derived at any
flight condition.

Techniques for calculating rather than measuring the flow properties
at a station are important to several performance synthesis and thrust method
options. In reheated engines, for example, the jet pipe total temperature
may be too high to allow instrumentation to be located at nozzle entry. If
accurate measurements can be taken at the final nozzle then a direct descrip-

AT I TR 8 A D TN, 5,

tion of exhaust flow and thrust, FG,, is obtainable. Engine inlet flow and
ram drag, FGo’ may be derived from flow continuity, making allowance for fuel
and secondary flows. This can be considered an elementary portion of a full
"'gas generator" method, which, in these circumstances, is not required to
derive unmeasured quantities at nozsle entry. It is good practice to measure
other engine parameters and describe the gas properties throughout the engine,
checking for consistency throughout the engine cycle. Gas generator methods
usually involve using nozzle performance coefficients derived from model and
full scale experimental data.

The measurement of internal engine parameters in the aircraft using
calibrated instrumentation to yield standard net thrust increases onboard data
acquisition system requirements but provides the means for extending GLTB and
: ATF calibrations to a wider range of aircraft operating conditiomns. It may
be necessary for high accuracy to utilise during engine calibration the same
sensors and data system as are used on the aircraft, with correct simulation
of the equipment operating environment.

Swinging Probe Method > '
A calibrated swinging probe or rake of probes mgy be used to traverse

the noszle exhaust in order to measure local total and static pressures, total ;
temperature and flow direction. Provided that the traverse data are representa-

i

tive of the whole crosa-séction. an integrated exhaust mass flow and gross
thrust can be calculated. Ideally, special engine calibrations are not
required. Fuel and secondary air bleed flows are needed to determine engine

o im e —————.

inlet flow and hence net thrust.
Trunnion Thrust Method
The method involves measuring the force transmitted to the airframe via !

the engine mounting trunnions. This force represents the difference between
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stream forces at engine inlet and exit stations taking account of engine
external carcass pressure forces, etc. To determine gross or net thrust,
measurementg of the appropriate interface stream force. are required. If the
exhaust system is mounted separately then a similar procedure is required to
measure the load on this component. The presence of fire bulkheads, slip
joints, and ventilation flows, may impose additional forces on the trunnions
which must be accounted, The method might be extended to measure the pylon
load of a pod installation.

Engine Calibration Conditions

The choice of GLTB and ATF test conditions should reflect a sensible
balance between requirements for establishing calibrations applicable directly
to aircraft mission points, data consistency, and the aircraft drug polar.
Timescales, engine life and coats may dictate that such testing be limited.
The test data apply in general to stabilised flight conditions. If tramsient
flight test techniques are employed to determine drag, dyramic response data
may be needed to account for time-dependent factors such as engine gettling
time, instrumentation lags, etc.

Teats yield quiescent air or "wind-off" engine airflow and thrust which
may be read across to flight provided that aircraft installation effects such
as intake total pressure loss, flow distortion, and propulsion nozzle "wind-on'
or external flow effects that impact engine matching, are evaluated.

Most current procedures for evaluating thrust in flight employ either
brochure or gas generator methods. Given that appropriate calibrations have
been carried out both procedures should yield the same answers. The '"brochure"
approach rests on the assumption that all relevant influences have been taken
into account, If, however, the engine flight environment differs markedly
from that of the ground test, or ageing occurs, engine performance may depart
significantly from the brochure model and net thrust would differ from the
calibrated value. Gas generator methods attempt to take care of this situation
and will do so provided flow and thrust calibration coefficients remain
invariant.

The above methods are discusgsed in greater detail in the ensuing
Sections following a description of relevant thrust accounting methods.

Section 3.2 deals with the basic definitions of thrust, non-dimensional mass
flow, and thrust groups. Departures from ideal nozszle gross thrust relation-
ships, expressed in terms of flow and thruet coafficients, are presented in
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Section 3.3, leading to expressions for actual gross thrust, A discussion
of the various options for deriving thrust are presented in Section 3.4
together with recommended procedures for selecting proposed options. An
outline of the basic measurements required for the various options are dis-
cussed in Section 3.5. Finally, engine calibration techniques are discussed
briefly in Section 3.6.
3.2 BASIC THRUST EXPRESSIONS

2.2,1 Standard Gross and Net Thrust

The Standard Net Thrust for a single nozzle engine, FN’ is defined by:

FN = FG9 = FGO te oo (301)
where FG9 = W Vg + Ay (P89 - Pso) .e 0+ (302)
an Fpo = W V, «.+.(303)

The standard gross thrust, L is defined at the nozzle exit plane
(Plane 9) and should be understood to represent the integral over the nozzle.
geometric area of relevant flow properties with associated directional or
vector terms. Departures from uniform one-dimensional flow conditions at
Plane 9 stem from the geometry of the nozzle, upstream flow profiles, and
downstream or external flow effects. The measurement of flow conditions
directly at Plane 9 is not practicable so that it is usual to reference the
performance of the nozzle to conditions defined at nozzle entry (Plame 7),
and utilise empirically established coefficients to relate real nozzle
performance to that of an ideal nozzle operating at the same mean nozzle entry
conditions. :

3.2.2 1deal Gross Thrust

The flow downstream of the nozzle entry, Plane 7, may be regarded as

an ideal flow either fully expanded to free-stream static pressure, Pso’ at
nozzle exit for the complete range of nczzle operating pressure ratios,
Ptvlpso; or, for so-called supercritical operation when nozzle pressure ratios
exceed an ideal "critical" or "choked" value, to be limited in its expansion
to sonic conditions defined ideally at nozzle exit.

The ideal flow is usually assumed to be one-dimensional and isentropic
with the additional constraint that the specific heat ratio, y, may be held
constant during the expansion process.

The concept of full expansion to free stream static pressure at nozzle

exit such that the nozzle exit static pressure, P89 id° ideally equals Pso
>
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for all nozzle operating conditions yields the so-called "ideal convergent-

divergent nozzle'" having a conceptual geometry which is infinitely variable

or flexible. Limiting the flow expansion to sonic or choked conditions for

supercritical operation yields the so-called "ideal convergent nozzle" in

which the nozzle exit pressure, P89 id° is greater than Pso’ and is related
H
isentropically to the nozzle entry total pressure, Pt7’ via the one-dimensional

sonic throat pressure ratio (M = 1), which defines the critical nozzle

pressure ratio. At subcriticaihzzgtcritical nozzle operating conditions the
ideal convergent and convergent-divergent nozzles are conceptually identical
and so have the same ideal thrust performance. At supercritical conditions
the ideal convergent-divergent thrust exceeds the ideal convergent thrust by
virtue of differences in the ideal nozzle exit velocity term and the absence
of the gauge pressure term in Equation (302).

The ideal convergent nozzle concept provides an ideal standard gross

thrust, at a conceptual nozzle exit Plane 9 against which actual

FG9,id,con,
nozzle thrust, or the thrust efficiency of the expansion process from Plane 7
to Plane 9, essentially within the actual nozzle, may be assessed. It may be
used to provide a thrust datum for convergent-divergent nozzles but is
normally restricted to providing a datum for convergent nozzles.

The ideal flexible convergent-divergent nozzle concept also provides

an ideal standard gross thrust, F , at a conceptual nozzle exit

Gy ,id,condi
plane, which is used to provide a thrust datum for convergent and convergent- !

divergent nozzles. In this case, however, as the ideal flow is conceived to

be fully expanded to Pso and practical nozzles cannot achieve this state at
Plane 9 over their entire working range, it is importamt to recognise that
thrust efficiency statements using this datum represent flow expansion effici-
encies from Plane 7 to Plane 00 downstream of the actual nozzle exit. The
thrust efficiency therefore includes thrust losses both internal to the actual
nozzle, between Planes 7 and 9, and losses external to the nozzle. The concep-
tual ideal nozzle exit Plane 9 is effectively at Plane 00. !

Ideal Convergent Nozzle Thrust

The ideal convergent nozzle gross thrust, F » adopted for the

G ,id,con
purpose of this Guide, is the conceptual nozzle exit stream force defined on a j
one~dimensional isentropic, constant Y basis. This concept, which is widely

used, then leads to:

FG9 ,id,con = w’ (v’)id + A’,id (PBQ,id = PBO) ....(304) ;
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The concept is illustrated in Figure 3-1 below.

Noz. Throat = Noz. Exit

® = 0O

S - For Con Nozzle
Wi——~ o > :
S~
Nozzle \\\ AN
~ ~
i 0 ~ \\ - \\ _Pt7 - ‘
T~ TTy 2
W o
"Boxed Vo,id | [T Ag,id
Boxed Items are found from L — %,
one dimensional isentropic gs‘ii";d —=
flow relations given Pty L L |
Tt7 (and Pso if subcritical) ' Ma id —=i &

F1G.3-1 THE IDEAL CONVERGENT NOZZLE

For subcritical or critical nozzle conditions, Ps9 id is equal to the
H

free-stream or ambient static pressure, P o® SO the gauge pressure term

vanishes. (V9)id is then an ideal veloci:y defined one-dimensionally at the
ideal nozzle exit. For supercritical conditions both (V‘9)id and Ps9,id
become the one~dimensional critical values at the idzal nozzle exit plane.
Planes 8 and 9 coincide.
Ideal Convergent-Divergent Nozzle Thrust

The ideal thrust, FGo,id,con-di

nozzle exit stream force resulting from the one-dimensional, constant v,

, adopted herein is the conceptual

isentropic expansion of the nozzle flow to Pso’ so that (V9)id is then the

fully expanded velocity of the internal flow.

FGo,id,con-di
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The concept is illustrated in Figure 3-2 below.

Nozzle

Nozzle Flexible Exit Ptq = Pty
Throat Walls

Ttq =Tyy

IRERRE

I
0
3

Aqid

I

FIG.3-2 THE IDEAL FLEXIBLE CONVERGENT —DIVERGENT NOZZLE

It is important to have consistent terminology when defining ideal
datums so that departures from ideal nozzle performance which®occur in actual
propulsion nozzles are clearly understood.

Other Ideal Thrust Definitiomns

The convergent-divergent ideal thrust datum adopted in this Guide
refers to the ideal flexible-geometry nozzle, as previously explained. It
should be noted that for some applications it may be convenient to adopt a

fixed-geometry convergent-divergent ideal thrust datum. This fixed-geometry

datum is based on a fixed design point pressure ratio. Thrust departures

from this fixed-geometry ideal thrust ﬁay then be expressed at other than
nozzle design pressure ratios (either greater or less than the design pressure
ratio) in terms of appropriate coefficients. On this basis:

For P /Pso < (Pt1/P )

t7 so’Design: The ideal nozzle over-expands the flow, ie

isentropic expansion of the flow is limited
to an area less than the geometric exit
area. The flow may contain severe shock
waves.
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For P /Pso > (Pt /P_)

t 2's0)Design: The ideal nozzle under—expands the flow, ie

the flow expands to an area greater than the
geometric exit area downstream of the exit
plane, the flow within the nozzle remaining
shock free.

In both cases the fixed nozzle thrust coefficients will differ from
values based on the ideal flexible-nozzle datum.

Further convergent or convergent—divergent ideal thrust datums, using
other ideal flow models based, for example, on isentropic, variable y, one- or
two-dimensional expansions of the flow to free stream or sonic conditions, may
be constructed. For supercritical operation an absolute force datum, using
the ideal absolute stream force at the nozzle exit station may be used in
conjunction with a so-called "absolute thrust efficiency" to assess the
internal performance of the propulsion nozzle.

3.2.3 Non-Dimensional Ideal Thrust Groups

Ideal standard gross thrust may be expressed ''non—-dimensionally' by

the well known groups*:

FG FG
— and AP
W JTt . 59 lideal
ideal

These groups form the basis of two methods for evaluatihg thrust: the
so-called "W JT" and "AP" thrust options, respectively.

The development of the ideal thrust expressions of the above Section
leads to the following equations for the ideal one-dimensional thrust groups:

Convergent Nozzle

FG, \'/ Pssl 1 Pso 1
————— = — -+ F— . $ - 'P— ¢ om—— 0000(306)
LA Tto— id,con v Tt 9 to t [Qy]
-
FGo v t
-Z-, P = +* 89 P 2 - 1 0.-.(307)
82134, con JT:.p t ) so

W s en e S o % W W TR om o W T W e o SR o SE oan e M N W M e g4 E S A W T R e TE e W v e e e

*The former group ia conventionally termed "nonedimensional” but does in fact have units, The strict non-
dioensional group would ba (*‘G(\J 4R Tt). Treatments of non-dimensional groups based on dinensional analysis
may be found in References 3-5 and 3-6.
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where, [Q] represents the non-dimensional flow function X'é?w .
- t).
id
Planes 8 and 9 are coincident in the case of a convergent nozzle so that

(v’)id = (v’)id etc. For subcritical or critical flow Pso,id - Pso'

Convergent—Dive;gent Nozzle

F \
G9 — = —L R (308)
W ST, /T, ,
id,con—-di 9id,P P
89 so
F 4
G; i Y .o .. (309)
b g /T
891id,con-di so t
’ %did,p P
89 8O
or,
F P
Go - L .. +.(310)
A Pool P /T
id,con~di so t/ll. .
id,con-di

It should be noted that in Equation (310) the velocity term is defined
at Plane 9 where the static pressure is Pso’ whereas the Q group is defined
at the nozzle throat, Plane 8., Again, Pt7 - Pt. = Pts’ for this ideal nozzle ‘
case.

In ideal one-dimensional flow the square bracketed terms appearing in
the above equations are, in general, functions of nozzle pressure ratio and
the gas properties. For the ideal convergent nozzle operating critically or
supercritically, ie "choked", the bracketed terms appearing on the righthand
side of the equations become independent of nozzle pressure ratio and are

functions only of the gas properties — in particular, the specific heat

" ratio y.

The further development of these expressions to yield equations explicit

in nozzle pressure ratio, Ptvlpso’ are summarised in Table 3-1.
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Note 1 The tabulaced thrust groups are entities in their own right and
! ~ are generally evaluated as such, '
Note 2 The term 'critical" in Table 3~1 refers to conditions in ideal ‘
convergent or convergent-divergent nozzles where the Mach number
at the throat (Plane 8 in the con-di nozzle case, Plane 9 in the

con nozzle case) just obtains a value of unity.
Y

P =1
At M = 1.0, FE - 1-3;-—1
8

For a convergent nozzle this pressure ratio represents Pto/Pso'
For a convergent-divergent nozzle the pressure ratio represents
Pto/Psu'

For pressure ratios less than this critical value the nozzle is
unchoked or subcritical, ie, Mg <1, and the ideal con-di thrust . )
is identical to the ideal convergent thrust. For pressure ratios
greater than critical when the nozzle is choked or supercritical,

the throat Mach No. Ms = 1 at all times, supersonic flow occurs

[P SIS T

in the diverging portion of the flexible con-di nozzle, and the

ideal con-di thrust exceeds the ideal con nozzle thrust at the

same nozzle pressure ratio, Pt1/Pso' '

Note 3 Identical relationships occur within Table 3-1 because the
flexibility of the ideal convergent divergent nozzle requires
exact expansion of the flaw to Pso'

Note 4 The non-dimensional flow is given at any station by the isentropic

!
!
g expression
i
13

‘ W ,/T P ¥y i 2y R

! [Q] = t - 2Y -t -1 _t (311)

:f id A Pt R Y - 1 P P X -
id :

Note S Alternative non-dimensional groups, not presented herein, may be

forrulated to describe non-dimensional nozzle performance.

In order to derive the foregoing relationships, the specific heat
ratio, vy, has been assumed constant ir the isentropic gxpansion process.

A value of Y = 1.4 may be taken as an approximate ideal value for cold air.
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;? In the past an approximate value of y = 1.333 has been taken to represent ;

% turbine exit exhaust gases. Modern practice uses true specific heat routines '

§ in order to evaluate the gas properties for calculating ideal thrust, flow

E expressions, etc, in preference to the constant y approximation. }

g The equations and the relationships given in Table 3-1 form the ;

i bases for two alternative approaches to deriving in-flight thrust, the so- i |
§ called "W JT" method and the "AP" method, depending on the in-flight

i measurements to be made. The equations when used with the nozzle pressure !
i ratio, Pt1/P.°, and the nozzle flow function, Qid’ indicate that the two i )
: methods are exactly equivalent in ideal conditioms. :

To illustrate the relationship between these groups and engine
operation, taking the choked convergent nozzle ideal thrust group for a
simple unreheated turbojet engine as an example, (Line 6 of Table 3-1), it

may be shown that:

7T F . P P )
Y+1 _Gg,id||l s0 t7 N
i\ Lels My )ln, t 7, " \FL) T A=) et |
80 ) to ta JT . :
, M i

Frrumeay

where, ng = Ptzlpto is intake total pressure recovery, Pto/Pso the flight
} pressure ratio, and Pt1/Ptz the overall engine total pressure ratio.

The ideal thrust group is directly related to engine non-dimensional
speed. Similar relationships arise for the other thrust groups. These
form the bases of non-dimensional engine brochure presentations.

i The above derivations refer to ideal one-dimensional isentropic
flows through so-called ideal nozzles. These expressions may not be used

directly for the evaluation of gross thrust for a number of reasons some of

o e e i A 2R A Rl 1. i

which are given in Table 3-2.

Such considerations lead to the use of various nozzle gross thrust e 1
coefficients and a discharge coefficient which lump a number of these |
; effects into empirical factors intended to account for differences between
actual and ideal gross thrust and flow. The following Section deals with
these coefficients.
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TABLE 3-2 Actual Flow Effects

(a) Three~dimensional nature of flow in the nozzle.

(b) Corrections for real gas effects which may arise in applying some
model nozsle test data to full scale nozzles (in particular at
high pressure and low temperature conditions).

(c) Non-uniformity of pressure and temperature profiles across the

exhaust duct at the nogzzle entry measurement plane.

(d) The coverage of the pressure and temperature probes, which will not
in general give representative mean values. ‘

(e) Local flow direction, including swirl, in the plane of measurement

(£) Value of vy used for isentropic groups (if Ideal Gas Thermodynamics

are not used),

€3) Dissociation of real gases at high temperature, and energy-mode-
fixation during rapid nozzle expansion.

(n) Pressure losses between plane of measurement and nozzle entry,
particularly with reheat.

(i) Mass flow leakage from the tailpipe and nozzle.

3.3 NOZZLE COEFFICIENTS

It is egsential that a consistent set of coafficients be used to

relate alternative thrust groups, pressure ratio, and nozzle flow. In

this Guide the following definitions, which are widely used and are consis-

tent with the ideal thrust expressions of Section 3.2.3 are advocated:
3.3.1 Definition of Nozzle Coefficients

It is convenient first to define the discharge or flow coefficient -
vhich applies to both the convergent and the con-di nozzle. The coefficient
is based on the throat area (Plane 8) in the case of the con-di nozzle.

For the convergent nozzle Plane 9 is coincident with Plane 8. Noting that
Pt and Tt represent suitable mean values of nozzle entry total pressure and
temperature defined at a reference plane located upstream of the nozzle and
that H‘c: denotes the actual mass flow passing through the nozzle oanctual

(geomatric) area, Aact :

c——

et s b -




Flow (Discharge) Coefficient, Cp

The flow discharge coefficient is defined at the nozzle throat by:

JT_
¢ - :_p_ [Q]id

act t

«ee. (313)

Actual and ideal non-dimensional flows are evaluated at the same
nozzle pressure ratio, P /P 50"
The denominator 1n this expression can be viewed in either of two

equivalent ways:

| [ Wia T
either, [Q]id “\x ¥ «eee (314)
act ¢t
wactual
Hence, CD el «ves (315)
ideal

ie, the flow coefficient is the ratio of actual to ideal flow for a given

nozzle geometry and pressure ratio,

W JT '
Or, [Q]id = -—i'ci?i l.'.(316)
id 't
. A,
hence, CD - 332351— .00 (317)
actual

ie, the flow coefficient is the ratio of the ideal or effective nozzle area

required to pass the actual mass flow, W;, to the geometric nozzle area.

(Figures 3-1, 3-2), Thus, given Pt? and Tt7 and the actual mass flow, wact’
entering the nozzle then, with no flow leakage, the ideal nozzle throat area
required to pass the flow, Aideal’ can be calculated. The actual geometric
throat area required to pass the actual flow will be greater than this ideal
area (Equation (317)).

The numerical values of Cps interpreted in these alternative ways,
are identical.

Velocity Coefficient, Cv

This is defined as:

FG,.Act FG

Waet ﬁ:.uct Ve

t 9 ,id,con-di

Cv-

tane (318)
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It can be applied to both convergent and convergent-divergent noazlas
but in either case the denominator in the expression is that appropriate to
a flexible ideal con-di nozzle. The denominator is obtained from the flexible
con-di equations, lines 1, 2, 3 of Table 3-1.

FGb,id.con-di is defined as the ideal thrust corresponding to the
total pressure, total temperature, and actual mass flow at station 7; P

T

tr!

er? and W.ct, respectively, for zero nozzle leakage:

¥ F

G o _0Ov,id,con-di
w JTt w'act JTt,act

»,id,con-di

The ideal flow is fully expanded so that Pav,id - Pso
Hence,
F F. . F
v = Go ,act &,1d - st veea(319)
Wact JTt,act Wact JTt.act G ,id,con=di

Thus, Cv represents the ratio of actual to ideal specific thrusts,
the latter representing the ideal thrust per unit of actual air mass flow,
which is equivalent to the actual: ideal gross thrust ratio for the actual
mass flow of gas through the propulsion noszle for a given pressure ratio,
Ptvlpso'

This coefficient® can be expressed as the ratio of an effective
discharge velocity to the ideal velocity obtainable with an ideal flexible
con-di nozzle. Noting that:

W

FGo,id,con-di act v;,id,con"di

(Pso)id Pso

we may define an effective velocity, V » at Plane 9 such that

s ,effec

FG’ ,act = w‘ct * v’ ’.ff.c ssee (320)

"Thin usage is followed in this Quide, It should be noted, however, that the term Cv has been used elsevhere
a8 a rultiplier on the velacity term appearing in the gross thrust expression for a convergent noasle
(Reference 3-7)




so that
F v
—2a8Ct . gy . effec ceve(321)
Gs ,id,con-di s ,id,con-di

It should be noted that in general P.’ ¢ P, 80 that

sact

Fov,act = Yact Vs,act * A ,act Fay,act " Tso)
e e00(322)
Thus, Vs ,effac 4 Vs act unless Peo,act = FPso

Thrust Coefficient, Cy

This coefficient is similar to that of Cv except that the ideal
thrust group is appropriate to the ideal convergent nozzle, as discussed in
Section 3.2.2, thus:

FGo,act I"G

wact JTt ,act wJT

o‘o-(323)

9 ,id,con

It is commonly used in conjuncticn with convergent nozsles. Cx again
represents the ratio of actual to ideal specific thrusts and may be expanded
to yield the ratio of actual to ideal thrusts for the actual mass flow of gas
through the nozzle at a given pressure ratio.

In computing Cx values (associated with an ideal convergent nozzle)
or Cy, values (associatad with an ideal flexibie con-di nozzle) the furmulae
from the appropriate set in Table 3-1 of Section 3.2.3 must be used, as
indicated in Table 3-3.

Thrust Coefficient, Cg

This is defined as:

FGb.act FG

¢ Acct Pao AP
—-id

..+ (324)

To distinguish between convergent and convergent-divergent nosszles a
suffix is used yieldiung:

and

cG,con cG,con—di
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For the convergent nozzle it is easily shown that
cG,con - CD . CX «e00(325)

For a convergent-divergent nozzle, the relationships between CG' CV’

and CD vary according to the area used in the —& group and hence on
AP
r

preferences regarding the corresponding expressions relating the groups to

nozzle pressure ratio (Table 3-1).

The coefficient CG,As,con-di is defined as:

F F
Couto scon-di = |22 | 55 vre s (326)
e 9 ,act 80 80

9 ,id,con-di

The denominator is evaluated from lines 4, 5, 6 of Table 3-1.
It may be shown that:

el&

-) v e (327)

=) [
Co,a0 ,com-di = Cv Cps (K’.‘ 1 et

Alternatively, a ccefficient C may be defined:

G,As ,con-di

FGg,act FGo

" eoes (328)
bG,Ag,con-di A‘a.act Pso b Pso

id,con-di

The denominator is evaluated from lines 7, 8, 9 of Table 2 -1 according as
Pt7/Pso is subcritical, critical, or supercritical. It ~an be shown that:

CG,As,con-di = Cy Cp,  for all P /P oo v (329)

Again, we may define C; . , 1ntroducing a superscript to
G,As ,con-di
distinguish the resulting coefficient from that of Equation (329), 3juch that:

C' du - _'F_@—L!c—t—- 'A_'F'g'— ...-(330)
G,As ,con~di - Ah.lct Pao

° 9 ,id, con-di
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where the denuominator is evaluated from lines 4, 5, 6 of Table 3-1 as before.

It may be shown that:

P e

c, C

' - Ay
€6, A ,con-di V “De A‘)id for all P /P . 0.0 (331)

A
As

Note (1) For subcritical operation(-——) = 1 and Equation (331) reduces

to Equation (329), ie id
Cé,Aa,con—di > CG,A;,con-di .. (332)
Note (2) From Equations (327) and (329):
CG,Ao ,con-di (%)act - CG,A; ,con-di (%)id +0+(333)
for all Pt_,;'Ps
Note (3) From Enuations (327) and (331):
cG,Ao,con—di (gi)act = cé,Aa,con—di vees (338)

for all Pt7/Pso

Note (4) The methodology accompanying the use of Equation (328) is commonly
used. it is important to note that in this case the algebraic
expressions for the ideal isentropic thrust group change between

sub- and supercritical operationm.

Summary of Nozzle Coefficient Definitions

fable 3-3 presents expressions for evaluating actual gross thrust
utilising the various coefficients and appropriate ideal thrust datums as
discussed above.

In general, there are various options, the choice of a preferred one
being dictated, for example, by the physical characteristics of the nozzle under
consideration. Whichever method is used it is important that a completely

consistent approach between calibration and applicetion is maintaiuned.
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TABLE 3-3  Actual Gross Thrust Expressions

Actual Nozzle Gross Thrust Table I
(F ) Nozzle line for
G ,act condition .
ideal
Convergent nozzle Con—-di nozzle Ptm ;::z;t
. - . (Station 8 = Throat Station) P
(Station 8 = Station 9) (Station 9 = Exit Station) 8o [ ]id
F F Subcritical 1
c ¢ c W JT.|—2—
R v oact Tt T Critical 2
ty. ti.
id id
Supercritical 3
F " F ] Subcritical 4
c., A P |8 c A P |2 ,
G,con 9 ,act so| AP G,con-di 9 ,act so AP J Critical 5
so|. so |,
id - id
Supercritical 6
i ] Subcritical 4
F
ct A P |—S—
G,con-di 8 ,act so AgPso Critical 5
_ 21id
Supercritical 6
B F h Subcritical 7
c A _p |-S
G,con—-di s ,act so AgPsO Critical 8
- —id
Supercritical 9

In supersonic flight the nozzle pressure ratio will normally be higher
than in subsonic flight and thrust gains can be obtained by use of a
convergent—-divergent nozzle. The coefficient Cv will éhow how nearly real
nozzle gross thrust approaches the ideal thrust.

3.3.2 Determination of Nozzle Coefficients

Flow, Velocity and Thrust Coefficients are normally determined by con-
ducting tests on nozzles in which mass flow, nozzle entry total pressure and
temperature, nozzle exit static pressure or ambient pressure, and gross thrust
are measured over the requisite range. In some instances theoretical estimates
of nozzle flow fields are made.

Empirically derived coefficients are normally obtained from representar

tive model and full acale isolated nozzle or installed nozzle/afterbody
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) : ~“ cients may be derived from installed nozzle "wind-on" tests in which the
P \ nozzle is metric and external flow is simulated so that external flow effects
‘ L Eﬁ on internal performance are included. Full scale coefficients derived from
' ’ quiescent air engine tests in the GLTB or ATF include the effects of nozzle
f ,. entry flow profiles and can be referenced to the instrumentation to be used
) : in £light.
)
' b2 Typical results for simple conical convergent nozzle models tested
4 . R . N . . e .
: in quiescent air are shown in Figure 3-3, the coefficients being presented
02
% 1121 —— - 48|] contraction
i - ig Semi oAngle
m . u
; 2‘_:5 100
§ £t 099
@
[¥]
a&*
i 28 097
£ 0456 FIG. 303a
: 1 2 3 4 5 6 7 8 9 10 N 12
Nozzle Pressure Ratio Pt7/Pso
1'00 50
/ L 10°
E o / 20°
~. 18} 30¢
# 5.&
3 ' (-]
’ . o< /__.—————40
b Q§ / /
0¥ 090
i N m /
| 48
Lr : | r4 /
085 [
i FIG.303b
1 2 3 & 5
Nozzle Pressure Ratio Pn/ Pso
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as functions of exhaust pressure ratio and nozzle geometry. Even in models
of this nature, where entry conditions are substantially uniform in respect

of pressure and temperature, the geometry of the nozzle causes the flow to

B

depart markedly from the one-dimensional isentropic ideal. At the ideal

critical pressure ratio, the Mach number at the throat of a real nozzle will

A e

not be unity. When ''choked", a real convergent nczzle might, for example,

ot

have a flow at the throat with the Mach number less than unity at the centve
and greater than unity near the outer wall, which can result in a value of
Cx greater than unity. A real nozzle will not "chokef, that is to say reach
a unique limiting value of W JT:YPt, until the pressure ratio is greater

3 than the ideal critical value. ,
When deriving nozzle coefficients it is important to define clearly i

an entry plane (Plane 7 in our Notation) which may also be the instrumenta-

T

tion plane. For models, a plane approximately one pipe diameter upstream of
the start of nozzle contraction is conventional. If measurements are taken
further upstream, eg at Plane 6 ahead of a reheat system, then a clearly
defined procedure must be laid down to derive Ptv and Tt7 from the measured
P__ and Tts' It is important to ensure that nozzle entry measurement

te
planes are defined when nozzle coefficients obtained from small scale nozzle

o e TSNS Y P .5

tests are used at full scale.
i Dual flow, mixed or partially mixed stream, and ejector exhaust
; systems need extra parameters to define system performance characteristics
: and appropriate coefficients3-8.

Engine and nozzle configurations differ widely. In the simpler
arrangements, such as single stream engines with long jet pipes, it is
possible to derive coefficients which agree closely with quiescent air model

test data. At the other end of the spectrum the engine may be a dual-flow

mixed~cycle design with a short jet pipe and possibly an ejector nozzle.

o v e AT PV <y 7 - e e

. ; Instrumentation can be very limited and the resulting coefficients may differ

significantly from those derived from simple model tests - for reasons such

e o e & ¢ o . S b B N i 7 i
. .

as those listed in Table 3-2. Foremost amongst these reasons is the difficulty

% ; of measuring "mean" pressure and temperature. In the case of "mixed-flow"

!
}
[

engines there is an inherent non-uniformity of pressure and temperature.
i i Attempts should always be made to recognise patterns of pressure and tempera-

ture so that measured quantities can be related properly to "mean" values.

Mean total temperature, for instance, can be computed from overall heat

balance and related to measured values. Similarly, a derived mean total




pressure can be computed by assuming values of coefficients (derived from the
geometry and simple model tests), the measured value of nozzle pressure then
being correlated with this derived pressure. Such correlations (shape factors
or pattern factors) may be functions of nozzle pressure ratio, non-dimensional
speed, etc. All possible checks should be used to identify reasons for non-
uniform pressure and/or temperature and quantify them in a manner related to
the physics of the situation. 1In rthis way the nozzle coefficients will be
nearer true values related to the nozzle itself and will not be a depository
for unknowns.

The choice and application of a particular set of nozzle coefficients
for a specific installation is dictated by the propulsion bookkeeping system
adopted and the model and full scale experimental facilities available.

3.3.3 Application of Nozzle Coefficients

Thrust coefficients provide a measure of the shortfalls in thrust
relative to the ideal datum and reflect internal flow losses from Station 7
to 9, for defined flow conditions at Station 7, and losses arising from the
fact that the nozzle exit flow may be under-expanded and non-axial. Nozzle
performance depends on the nozzle base environmental pressure, Psb’ which
may differ significantly from ambient pressure, Pso’ and may vary from
"wind-off" to "wind on'' conditions, ie, when external flow is present. Great
care is necessary to bookkeep exhaust system and afterbody performance
correctly taking asccount of these pressure differences. A distinction must
be made between:
Nozzle Exhaust Pressure Ratio (EPR) = Pt7/Pso " eees(335)
Nozzle Applied Pressure Ratio (APR) = Pt7/Psb .00« (336)
and a number of options for bookkeeping nozzle thrust arise.

APR (Ptvlpsb) Options

Case 1

Thrust and discharge coefficients may be regarded as functions of APR
with the numerator and denominator of the thrust coefficients being
referred to Psb' Measurements of average base pressure,Psb,would be

required ~ by no means an easy task. In this case the nozzle may be said

to "be aware' only of Psb'
In order to determine standard gross thrust from empirical correlatiouns

a correction to the gross thrust gauge pressure terms utilising the data
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relating Ps and P is required. Thus
8o

b

(FGO) -(FG,) - (P’b - Pso) A ceom ceee(337)
Pso Psb

For consistency within this option the ideal datum thrust should be
considered as referrred to Pab also (eg, in order to relate Cx, CGa and
CD consistently). An advantage of the method is that data scatter due
to external flow effects may be minimised. Disadvantages stem from the
problem of measuring P'b.

Case 2

The numerator and denominator of the thrust coefficients may be
referred to Pso directly, the coefficients themselves being regarded as
functions of APR., Measurements of average Psb are again required. The
nozzle operational environment needs to be specified together with changes
resulting from external flow. The numerator of the thrust coefficient
provides standard gross thrust directly. For complex installations, eg,
those incorporating ejectors, great care is required in bookkeeping nozzle
performance bearing in mind forces acting on the remaining part of the
exhaust assembly and on the external surface of the nozzle. The method is
more direct than Case 1. Disadvantages are that Psb measurements are
still required, quiescent air data may not be used directly.

(Pt7/Pso) Option

The flow or discharge coefficient, CD’ and the thrust coefficients
may be expressed as functions of EPR and a second parameter such as free-
stream Mach number, M, (eg for afterbody installations) or Psb/Ptv'

The numerators and denominators of the thrust coefficients

are referred to P'O. Meagsurement of Pab may be dispensed with provided

~ that the nozzle is tested in its correct environment (which usually

entails wind on and off tests). In practice local or sample measurements
of Psb may be considered desirable for monitoring and information
purposes. The method is easy to apply, largely circumvents the problem
of P.b measurement, but in general requires a multi-variate correlation
based on careful testing of the nozzle assembly in a correctly simulated
enviromment with and without external flow.

Nozzle discharge and thrust coefficient data derived from "wind~off"
and "wind-on" tests of representative nozzle/afterbody models may be used in
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conjunction with engine quiescent air calibrations and performance deck i
calculations to estimate in-flight thrust prior to flight testing. An %
important option entails correlating nozzle discharge coefficients for g
external flow effects, for example in the functional form CD (Mo, APR), or i
CD (Mo, EPR), and assuming that thrust coefficients, Cx or Cv, are functions : 1
only of APR or EPR. This approach is widely used where the only source of b H
nozzle thrust coefficient data is quiescent air tests.

Gas generator methods for evaluating thrust in flight account directly i '

Y L s T L

ERESTTIRE

for any engine rematching due to external flow effects. Wind-off to wind-on
changes in Cp, may not be needed for thrust evaluation unless engine flow is

Rk abae

derived from final pozzle area (Section 3.5.5).

The cases described above do not exploit all possible optionas but are

N i

representative of current practice. Whichever approach to correlating nozzle

performance is adopted a consistent bookkeeping system, proper identification

Bk e

of engine/airframe interfaces, and adequate calibration facilities must be j |
provided through all phases of development from small-scale model tests to ‘
flight. Flow field coupling between external and internal streams must be : 1
borne in mind continually. The distinction between APR and EPR approaches : 1

to correlating internal nozzle performance by means of performance coeffi-

e 1707 L R IR W R

cients derived from quiescent air tests has an important bearing on thrust

A

in flight evaluation and on nozzle/afterbody thrust and drag accounting in

the presence of external flow.

S oy a1 A A Mt | =

3.3.4 Afterbody Performance Asgessment

Afterbody force contributions to propulsion system NPF are synthesised
largely from tests on sub-scale models of aircraft and propulsion system L

PR

components carried out in quiescent air and in external flow (Chapter 2).

This procedure stems from the great practical difficulty, cost, etc, in

arranging for comparable full scale tests and the fact that it is seldom :
§ possible to confirm afterbody performance directly by measurement in flight. - *
: For the single stream nacelle a most convenient form of the propulsion )

system equation is given in Section 2.9 by:

NPF «e+.(338) ' ‘

FN,quies - (¢AF,ref * ADapill + Mna) : 4

Model and full-.cale nozzle calibrations, generally expressed at a §
given flight condition in terms of flow and thrust coefficients at specified
or measured EPR or APR, provide standard gross thrust, Fcb, corrected from
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quiescent air conditions to the appropriate "wind on" engine air mass flow,
enabling net thrust in flight to be determined. In Equation (338) the effects
of external flow on internal gross thrust, AF, are included in the nozszle/
afterbody interference force, Mna' 1f significant errors are made in reading
across quiescent air calibrations to external flow conditions then errors in
accounting for the nozzle/afterbody interference force and hence in aircraft
drag will arigse, Particular care is required in accounting cases where the
nozzle forms part of the afterbody boattail. An explicit bookkeeping system
which consistently accounts for measured model forces and full scale engine
thrust calibrations must be adopted.

In order to evaluate afterbody drag and afterbody incremental- or jet-
interference drag of a single stream nacelle, afterbody force terms have to
be corrected for afterbody buoyancy, which is related to the cunceptual
potential flow post exit stream force, ‘post’ and nozzle exit gross thrust,
FGo’ via the overall gross thrust, FGoo' (Chapter 2):

“a)po: = -¢post = Fg, = Fooo e 004 (339)

To set up a potential flow model of the afterbody for computing
buoyancy, a jet plume geometry which describes the nozzle flow expansion from
conditions at station 9 to station 00 needs to be specified. In practice,

difficulties arise in defining internal flow conditions at, and downstream

- of, the nozzle exit, and in accounting for flow extrainment effects, stemming

from mixing in the jet wake, which modify the external flow over the boattail
and base regions of the afterbody. An adequate flow model cannot be specified
uniquely. Consequently, values ascribed to buoyancy, post-exit thrust, and
overall gross thrust, FGoo’ are equivocal.

It is important to note in this context that conventional one-
dimensional isentropic flow expansion models used to provide ideal convergent-
divergent nozzle thrust datums for evaluating standard gross thrust, Fge,
(Section 3.2.2) are inadequate for determining post exit thrust, as are other
methods, e.g., the Pearson Thrust Method (Reference 2-4), which have been
proposed.

The inherent difficulties associated with accounting drag have
encouraged the widespread use of force accounting procedures for afterbody
performance assessment. Unfortunately, it is not at all clear in much of the
extant literature whether quoted afterbody drags are drags and not fcrcea; and,

E T
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if so, what method was used to account afterbody buoyancy. Assumptions made
for a particular installation must be specified very clearly as part of the
bookkeeping system.

3.4 THRUST OPTIONS

The methods currently available for evaluating net thrust in flight,

outlined in Section 3.1, provide different options which may be examined
rationally in order to choose the best overall method for prescribed circum—-
stances, viz, type of powerplant, availability of calibration facilities,
cost, time-scale, etc. This Section discusses the various options in greater
depth.

3.4.1 Brochure Methods

Brochure information is often presented in non-dimensional form based
on the (FG/AP) and (FG/W JT) non-dimensional groups (Section 3.2.3). Thus

for the relatively simple case of a single spool turbojet engine operating with
a choked fixed-geometry convergent nozzle a standard gross thrust group can

be deduced from Line 6 of Tables 3-1 and 3-3 which may be related directly to
engine non-dimensional speed by Equation (312) with the addition of C

X G,con
y + 1\ 1 FG,act 1 Pso P N
i( 2 ) 1 + —C— A—-'-"'—P— ‘n— . 'P_ - -P—- - f esesn (340)
G,con \ "9 ,act "so/]| 'I to t2 J T,
where o= Ptz /Pt:o

Hence, for the choked nozzle case the LHS of Equation (340) is
substantially dependent only on non-dimensional engine speed. Therefore, for
a given matched engine - nozzle combination:

F P
SG,act g B N eee. (341)
8o 80 J'rt

Engine mass flow may be expressed non—-dimengionally* in the form:

w__JT. P .
ts 80 J th
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*The term "pondimensicnal® is used in the ocuventional sense. See footnote, Section 3.2.3, page 69
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d so that, after correction for fuel mass flow and bleeds:

T J
FN,act - Fqlgct - wact Jth Ptz vo (343) !
: Peo Peo P P o JT_ T i
; to
; |
H {
ie, FN,act - £ Ptz ; N ; vo or £n. ; 5 M,
Peo Poo T UT I JT._
t2 to ta o 0s (344)

Similar functional relationships hold for the unchoked nozrle (Tables
3-1 and 3-3, Line 4).

Alternative relationships based on matching engine and nozzle perform-

(O - o

ance characteristics via the (FG/W\ﬁf) group ray be formulated. |
As has been stated earlier, expressions involving the use of the

adiabatic index y are limited in scope and additional corrections are generally

required to acount for variations in engine inlet total pressure and tempera-

ture via computerised "true Cp" routines.

In a two-spool turbojet engine the non-dimensional speed of either

the high or low pressure spool may be used, the other becoming a dependent
variable. It should be noted that for such a fixed nozzle engine the indepen-
dent engine input parameter need not necessarily be engine speed but could

be another flow parameter, eg, non-dimensional fuel flow, which is functionally
related to the engine control parameter.

An engine with a single variable firnal nozzle but no reheat requires a

. A o 5 o

further independent variable to specify engine "flange to flange" performance
and hence nozzle entry conditions. The nozzle area itself or any other more
convenient paramster - for a two-spool engine perhaps snother non-dimensional
spool speed, may be used. The addition of reheat requires a third independent
variable such as non-dimensional reheat fuel flow or reheat temperature to

i NI s . e ae . a e e e

specity nozzle entry conditions. For a turbojet engine having a variable

nozgzle in reheat it is the 'blockage' presented by the reheat system and noszle
i together that determines spool matching at a given non~dimensional spool speed. '
Non-dimensional engine parameters may be expressed in this case in terms of
non-dimensional shaft speed and a parameter such as non-dimensional LP turbine

exit flow. It follows that engine performance up to the turbine exit plane
may be expressed in terms of two independent non-dimensional variables, a
reheat system parameter then giving nozzle entry conditions.
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It may be shown that the same considerations apply to the more complex
reheated mixed-stream turbofan engine provided that the total engine flow
passes through the reheat system and proper accounting for conditions at by-
pass duct and turbine exit planes is made.

The process of deriving standard gross and net thrust for non-dimensional

unmixed turbofan engines is conventional: overall gross thrust (both streams)
and flow, representing measured engine quantities, may be lumped and expressed
by the functional relationships presented above. Additional acéounting for
fan cowl, gas generator cowl and plug drag and changes from quiescent air
conditions are req:ired (Chapter 2). Losses and leakages due, for example, to
thrust reversers become significant and matching of high by-pass ratio engines
may be considerably influenced by the aircraft flow field.

3.4.2 Gas Generator Methods

For some purposes the use of brochure thrust characteristics explicitly
in terms of overall "matched" powerplant parameters may be inadequate and
recourse is made to evaluating thrust from measured or calculated nozzle entry
conditions and the (FG/AP) and (FG/W /T) thrust groups, together with engine
flow. A knowledge of noszle operating pressure ratio, entry flow, and
temperature, or area, and gas properties, is fundamental to these so~called
"gas generator AP and W T methods'.

Various options arnd sub-options may be adopted for evaluating the

quantities involved. Sowme of the more important of these are outlined below:
Mass Flow Measurement

- From final nozzle area measurements and entry conditions.
- From flow correlations with engine corrected shaft speeds and/or compressor
characteristics (bearing in mind intake flow distortion effects).
- From choked HP turbine gtators.
- From internal engine pitot and total temperature rakes and wall static
pressure measurements, eg, at compressor exit, within the by-pass duct,
at LP turbine exit. Measurements at engine entry may be posgible for
simple podded inlets but, in general, are too inaccurate due to inlet flow
distortion.
= From heat balance relations using measured total temperatures.
Nozzle Inlet Total Temperature
= Direct measurement using temperature rakes. Such measurements downstream
of reheat systems are not, in general, feasible in flight.
= From enthalpy relationships using compressor/turbine work balance and
heat balance across the reheat system. For by-pass engines this method

a
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is not sufficient as the LP compressor work i{s split between core amd
by-pass streams. Additional knowledge of core or by—pass flow properties
is necessary in this case.

Nozzle Inlet Total Pressure

- Direct measurement from calibrated pitot probes or rahes at mozsle eatry.
(In the case of reheat water-cooled probes may be mecessary.)

- Direct measurement from calibrated pitot probes or rakes at LP turbise
exit (with corrections for reheat cold loss, ie, pressure loss or drag;
and fundamental heating loss).

A potent method of calibrating jet pipe pressure wtilises the so-called
"mean thrust-derived total pressurs" which may be obtaimed, for exsmple, from
GLTB and ATF meagured gross thrust, mass flow, nossle emtry temperaturs aad
jet pipe pressure via the appropriate thrust equation aad the beast thrust
coefficient data available. It's us effectively implies that differemces
in thrust coefficients, which tend to be known more accurately tham absolute
levels, are used in correcting from GLTB or ATF engine calibratiom test
conditions, and that engine profile effects are more accurately accounted
for in the thrust/pressure calibration procedure.

Clearly, the number of combinatious of these options is large. It is
not possible in this Guide to evaluate them in depth for the multi-various
engine configurations currently in service or under development. It is
important to recognise that options do exist and they should be agsassed for
any individual case.

3.4.3 Trunnion Thrust Method

This method is based on evaluating net thrust from the measurement of

reaction forces of the engine and jetpipe nozzle assembly on the engine/
airframe mountings or trunnions, together with appropriate stream thrust and
integrated pressure force terms. For the simple arrangement illustrated in
Figure 3-4, trunnion thrust is given by

Fp o= Fg - ¢+ (pae - Pso) (Ae - A,) .o (345)

where FG: = W, V3 + A (P!'3 - Pso) .00 (346)

Hence standard net thrust is given by

By = Fp+ W (V2 - V) + 4 (Pm - Pw) - (Pse - Pso) (Ae - A.) vee. (347)

TR, T
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where FT represents the trunnion thrust, and other flow terms represent
appropriate integrals or mean values, A knowledge of engine internal flow

variables and external engine carcass pressure forceas is necessary.

\Free’ Joint

Trunnion

FIG.3-4 SIMPLIFIED TRUNNION THRUST METHOD

For a simple installation at subsonic speeds the trunnion thrust method

may be attractive as FT approximates the standard net thrust, FN‘ Thus for
o’ Ps: =P
so that F, = F_ if Pae # P, The method obviates the need to measure flow

N T 80
quantities in the hot stream. Figure 3-5 illustrates relationships between

the simple case illustrated at matched inlet conditions when V3 = V

trunnion, gross,and net thrusts for an example installation operating over a
range of flight Mach numbers at ses level.

In practice,difficulties may be encountered in arranging for sccurate
measurements of the trunnion loads, for measuring engine stream thrust in
flight at representative inlet mass flow ratios, accounting for seal friction
forces, etc. For more complex installations - for example for podded by-pass
engines, standard net thrust is not obtained directly. Where the jetpipe
nozzle assembly is mounted separately from the "flange to flange" engine the
evaluation of net thrust requires that loads on the noszsle mounting points
also be measured. Calibration difficulties also arise.

An extension of this direct force measurement to podded installations
to yield "thrust minus drag" of the pod directly may be employed using pylon-
mounted load cells, }
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FIG.3-5 ILLUSTRATIVE EXAMPLE OF COMPARISON OF GROSS &
TRUNNION THRUSTS RELATIVE TC STANDARD NET THRUST

3.4.4 Swinging Probe Method>

Standard gross thrust is fundamentally defined in terms of a summation
of the axial momentum and gauge pressure coantributions integrated over the
nozzle exit area:

| F, = /A’ {pv2 cos® 8 + (P’ - P”)} dA ve..(348)

In the swinging probe method, measurements of the exit flow distribution are
made directly, using a rake of probes that is traversed across the jet efflux
at a sufficiently fast rate to prevent the rake structure overheating. The
minimum requirement for determining gross th.ust groups in this way is a know—
ledge of the static and total pressure distribution, together with the

e
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appropriate integration area. However, measurements of the local flow
direction, 6, may also be necessary (particularly for high pressure ratio
conditions) to enable local force vectors to be resolved axially and to account
for incidence effects on the pitot and static probes. If the exit mass flow
(and hence net thrust) is also to be measured directly by the swinging probe,
without recourse to brochure or ''gas generator' techniques, then measurements
of the total temperature distribution are also required.

Designs of traversing rake systems have demonstrated the feasibility
of obtaining the required pressure and temperature profiles during the short
period that the swinging arm can be immersed in the hot stream.

The maximum immersion time is governed by the thermal inertia of the
armyand the jet temperature, and is typically of the order of 5 seconds with
afterburner operation and 20 seconds for the dry engine. However, before the
technique can be applied with confidence it will be necessary to develop a
system embodying the following features:

-~ A sufficient number of probes to avoid significant sampling errors

and to define accurately the periphery of the jet.

- A support arm that does not bend or warp significantly when

immersed in the hot jet, so that the instantaneous probe locations
can be determined from measurements of the arm location.

- Suitable fast response probes to measure static pressure, pitot

pressure and flow direction, all in the same plane, preferably
with all three measurements combined in one probe (eg, a five-hole
yawmeter).

- A suitable temperature probe of rapid response.

- Instrumentation systems of sufficient response and sampling rate

to faithfully record gradients in the flow variables (particularly
the steep radial gradients associated with high pressure ratios).

If a traversing rake system, capable of giving sufficiently accurate
and detailed information on the exit flow conditions were available, then this
method would offer a number of potential advantages over alternative procedures:

= It would be independent of test cell engine calibrations.

- The thrust so obtained might automatically take into account any

non-uniformities due to intake or fuselage induced flow distortioms.

- The method can be applied to tests at non-zero incidence, which

cannot be fully simulated in either the conmected-jet type of
altitude test facility or ground level test beds.
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- The total thrust and exit mass flow are measured. Allowing for any
secondary or tertiary internal flows, engine intake airflow may in
principle be established.

- Apart from giving gross and net thrust, it offers valuable additional
information on the exit flow distributions, which may be useful in
assessing norzle performance.

One potential problem is that under some conditions the rake of probes

may induce a change in the flow field, altering the thrust to be measured.

3.4.5 Option Selection

It is important that preferred thrust options be evaluated for any
particular powerplant early in its development. To facilitate this, a simpli-
fied 'sensitivity survey' of the possible errors should be used to discard the
less desirable options. During the course of engine development circumstances
may change so that various preferred options should be kept open. The number
of options should be related to the thrust (drag) accuracy requirements which,
ultimately, dictate the technological effort required to calibrate components
and specify on-board data acquisition systems. '

Sensitivity Survey

When standard engine net thrust in flight is evaluated from engine
gross thrust, airflow, and aircraft foruard speed the first step in establish-
ing how accurately FG» and FGo’ (and hence detailed engine parameters) need
to be known for a given FN or aircraft drag accuracy requirement, is to carry
out a simple sensitivity survey. The relationehip:

FGb vo
-F;.. = 1+TF—N7ﬁ7 o...(349)

is an important basic ingredient in assessing net thrust and hence aircraft
drag accuracy, as shown below. FN/W is the engine specific thrust, which is
an important engine thermodynamic parameter.

The fractional error in net thrust may be related to the errors in
gross thrust and ram drag by differentiation of:
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For example for a gross to net thrust ratio of FGo /FN = 2.0

SF &F §F
F—“ - (2)xF°’-(1)xFG° vve.(351)
N I Go

ie, a 1 per cent error in FGo with no error in F

Go implies 2 per cent

positive error in FN

a 1 per cent error in Fco with no error in FG9 implies 1 per cent

negative error in FN

When there is error in both FGo and FGo it is necessary to consider
the question of "independence'" of errors, which is dealt with in detail in
Chapter 4. There are two distinct cases:

(a) Unlinked Methodology

In this case the errors in FGo and FGo are independent. For example,

using an "AP', method 1 per cent error in F_, could come from error in nozzle

Ge
area. One per cent error in FGo could come from error in N/ ‘/Tt which

causes error in mass flow.

The likely error limits can combine by root-sum-of-square (rss):

EL (FN)
— - f(z)’ x (10)? + (1) x (12) = 2.24% e ees(352)

N

(b) Linked Methodology

In this case the errors in FGo and FGo are linked, for example by a
common mass flow. Also an error in FG’ has a positive effect on F_., whereas

an error in F o has a negative effect on FN' hence partial cancellation occurs.
For example, usiag a "W ./T" method:

1 pexr cent error in FG’ could come from 1 per cent error in mass flow

1 per cent error in FGo would come from the same error in mass flow.

T PP
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Such errors must be combined algebraically (not by rss):

EL (FN)

Fx

= (2) x (%) - (1) x (1) = 1 eeer(353)

The above relationships demonstrate the benefits of linked methodology
and that very high accuracy in basic measurements would be required for net
thrust to be known accurately, if unlinked methodology is used. This is ;
particularly so at high values of gross:net thrust ratios-g. '
In practice, consideration should be given to the transmission of
errors in "input" measurements of pressure, temperature, fuel flow etc,
along the complete chain of calculations right through to the "output" of
Fy (or even further to the output of drag coefficieat). If this is done
then any effect of methodology linking is automatically incorporated in the
influence coefficient or sensitivity factor (see below) and we may then

combine the errors by rss:

2 2
EL (output) = 5'[1c]i EL, (inputs) vee. (354)
i

[Ic]i is the Influence Coefficient or Semsitivity Factor

EL (output) denotes the Z error limit of the output

ELi (input) denotes the % error limit of the respective inputs.
A "Sensitivity Survey" is a simple form of "Error Predictior Synthesis".

It provides an aid to thrust option selection and to the assessment of

candidate sensors, transducers and equipment accuracy requirements. Error

prediction and analysis is discussed in detail in Chapter 4.

3.5  MEASUREMENT GUIDELINES o
3.5.1 Introduction

The various methods of determining thruat in flight require the
measurement of a number of engine internal parameters ranging from a small
set for a brochure method to a large set for a full gas generator method.
The large number of parameters which can be measured fall into the following ;
two classes:

i. Parameters sampled at discrete points eg Pre.onroi,
which may require "integration" over an ares. :;:P::.;::"'
Mass Flows.
ii, Naturally-integrated parameters obtained eg Areas,
by direct measurement. ::::tggz:lr:gz:f.'




The more important principles involved in formulating measurement
requirements for these are diascussed in Sections 3.5.3 to 3.5.5 (parameters
requiring integration), and Sections 3.5.6 to 3.5.8 (naturally-integrated
parameters). Instrumentation and measurement systems are discussed in
Chapter 5.

General points are:

1. All methods for determining thrust require measurements of ambient
pressure, free stream and inlet total pressure, and inlet total temperature.
These parameters are normally obtained from aircraft

rather than engine instrumentation and are essential for determining in-
£iight engine performance. They should be included in error analyses.

Some engine pressures may be measured relative either to aircraft static or
freestream total pressure.

2. Engine psrformance and hence thrust may be significantly affected by
the prcsence of instrumentation.

3. Thrust calibrations should be carried out using flight-standard
instrumentation &nd, as far as possible, flight data acquisition systems.

4. A unique eaquivalent one-dimensional flow which represents a complex
non-uniform flow identically in respect of mass flow, enthalpy, momentum,
area and static pressure cannot be defined. Compromise definitions of mean
quantities have to be selected, as appropriate, taking into account the
probes used to measure the flow quantities. These definitions and the
associated probe arrays must be used consistently, first in deriving calibra-
tions and, subsequently, in using the calibrations in flight.

S. Time-dependent non-uniformities, such as time-variant inlet flow
distortion, pressure variations downstream of engine rotors, may be expected
to occur, Engine performancs and thrust evaluation ispredicated on the
assumption that the flow field is steady. It should be recognised that probes
will not provide true time-averaged quantities if the flow is significantly
unsteady.

3.5.2 The Problem of Flow Distortion

One of the major problems encountered in assessing cngine performance

is that of accounting for flow profiles at the various measurement planes.
These arise from basic engine design conditions, and installation effects
stemming from the intake and nozsle operational enviromment. Chapter 2

and Section 3.3.3 discussed the impact of nozzle external flow on engine
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matching and thrust at subcritical or unchoksd nozzle conditions. Engine
design and intake flow distorticn features are discussed briefly below. It
is necessary to recognise that the flow is non-uniforr. so that instrumenta-
tion can be adequately provisioned and disposed to determine appropriate
mean or consistent reference values of relevant flow parameters at each
measurement plane.’

(a) Engine Design Features

Compressors and turbines may be designed to have radial total presrure,
sratic pressure, velocity and total temperature profiles at their outlet
planes. The engine annulus is divided into a number of segments by structural
spokes or support vanes which generate wakes. There will be a dircrete
number of combustion chamber burners. Circumferential flow profiles will
therefore arise so that several flow segments having similar radial and
circumferential patterns of pressure and temperature will exist. These
patterns may vary over the engine operating range, eg, depend on shaft speed.

Flow distortion at nozzle entry is a particularly important issue in
mixed~ or partially-mixed-flow turbofan engines where severe radial profiles
may occur at the entrance to the mixing region. Conditions at nozzle entry
can be very non~uniform, depending on the degree of mixing which, in turu,
depends on mixer design and the length of jet pipe, at defined entvy
conditions., Nozzle entry flow profiles and mean values of i‘he entry flow
variables may vary significantly with engine speed and by-paas ratio.

Sufficient pitot pressure tubes, total temperatur: probes and local
static pressure instrumentation should be located at turbine and by-pass duct
exits to ensure adequate sampling of the flows into the mixing region.
Calibrated probes and wall static pressures may be required at nozzle entry.

In reheated installations, which employ variable geometry nozxles,
total pressure and temperature probes or rakes downstream of the burnmers are
precluded, unless cooled, by the high temperatures invnalved so that the
asgegsuent of flow conditions at nozzle entry has to be established by
indirect means.

A further source of flow distortion in the entrance region of bottom-
or side~mounted nozzles, such as those employed in lift or vectored lift/
thrust engines, stems from flow field curvature. Measurement and calibration
problems may be severe, particularly in close-coupled turbine/noszsle
configurations.
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(b)  Engine Air Intake

The flow deliverad to the engine by the aircraft intake may be spatially
nen-uniform and unsteady in the major flow variables: total pressure, mass
flow, velocity componente, ctc. Jimple pitot intakes operating over a modest
incidence range provide substantially uniform flow at frcestream total
prassurs, pressure losses being confined to the boundary layer. More complex _
intake designs may produce unsteady flow having exteasive regions of low f
total pressure at the engine inlet plane. Severe velocity distortion can '
occur at the outlets of short highly curved iniet ducts in which total pres-
sure losses are insignificant.

Situations where the flow distortion at engine entry may be described
solely in terms of steady or time-averaged spatial variations of total
presgsure must be distinguished from those where it may uwot. Most current
performance accounting procedures for conventional installations are based
on assessing the effects of time-averaged total pressure profiles.

Engine component rematching and significant performance penalties may
occur if the engine inlet airflow is severely distorted. Perturbations in
baseliine or design engine component flow profiles, in particular at internal
and nozsle entry maeasuremeut stations, may be promoted. Additional instrumen~
tation may be required at these measurement stations.

Flight engine thrust calibrations in the GLTB and ATF are usually
conducted in uaiform or "clean" inlet flow. The inlets of these facilities

D v N T PR

provide air either at ambient pressure (venturi intake, GLTB) or at total
pressure levels defined by appropriate face-averaged total pressures represen—
tative of those delivered by the aircraft intake at specific fligut conditions

L et et

(direct connect ATF). Duct boundary layers are thin. Clean flow calibrations
may be invalidated if the actual inlet total pressure distortion is sufficiently
high. In order to derive standard gross thrust from ATF thrust capsule
measurements it is necessary to correct for the engine inlet stream thrust,
FGn’ which is a large term of comparable order to the gross thrust. High
quality uniform flow is essential to achieve the required accuracy.

Flight engines may be calibrated in the ground test facilities with
sinulated total pressure distortion. Accurate measurements of FGh required
either directly for the ATF teats or for determining thrust losses due to the
distortion simulator in cases where the simulator is part of the metric system,
ars however extremely difficult to achieve in practice. Comprehensive instru-
mantation is necessary downstream o the simulator.

Pressure measuremants are discussed in Section 3.5.3(a).
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3.5.3 Pressure Measurement

Mean or characteristic local values of total pressure are required
at a number of stations through the engine: at engine inlet, nozzle entry
and stations designated for measuring mass flow. Additional measurements
may be made at other stations in order to confirm engine component per-
formance. Wall static pressure measurements may be required in prefarence
to local total pressure measurenents in order to circumvent the profile
sampling problem, and for the evaluation of mass flow.

(a) Intake Total Pressure

Engine gross thrust and airflow at a given engine operating point
depend on the engine inlet total pressure and temperature, both of which
vary with ambient conditions and flight speed. Engine inlet mean total pres-
sure needs to be measured in order to compare measured and predicted instal-
led engine performance, to set up GLTB and ATF calibration tests, and to
expedite some in-flight thrust measurement options. Other options, eg,
those which employ calibrated instrumentation internmal to the engine to
determine gross thrust and airflow, do not require that the inlet pressure
be known or measured directly.

The proportion of free 3tream total pressure recovered in the intake
is a primary and commonly used measure of intake internal performance. The
intake mean total pressure recovery factor (nI) is usually derived from model
or full scale measurements of local total pressure obtaiued from multi-probe
pitot rakes at engine inlet by weighting the individual pitot measuremeats.
Alternative mean recovery factors may be defined by adopting different
weighting procedures: Area weighting; Mass Flow weighting; or more complex
weightings involving momentum flux, entropy, etc. A one-dimensional "continuity
mean" may be defined from measured wall static pressures, non-dimensional
flow, and area. These alternatives arise from the fact that an equivalent
one-dimensional flow cannot be definel uniquely (Note 4 Section 3.5.1).

Whichever definition is adopted it is important that it is used -
consistently through all phases of propulsion system and system component
design and development,

Performance effects attributable to intake total pressure distortion
are defined relative to the measured quasi-one-dimensional GL'I'B or ATF
performance corresponding to the designated mean total pressure at engine
inlet. At low distortion levels, differences between alternative values
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of mean total pressure and performance changes specifically due to distortion

: i wmay be of the order of experimental accuracy and difficult to distinguish,

! g, Where total pressure losses are limited to the boundary layer, conventional
3 accounting for inlet pressure loss using face-averaged values may not be
g meaningful as engine parformance will be dictated by turbomachinery response
? to radial distortion, which is of comparable magnitude to that generated in Z
? the GLTB and ATF. For complex total pressure patterns, full face measurements ;
§ using pitot rakes at engine inlet are necessary. Full scale measurements é
g should be preceded by representative inlet model tests with appropriate f
? accounting for scale effects.
%. (b) . Nozzle Inlet Pressure
¢ The messurement of nozzle inlet pressure is central to the determination
§ of gross thrust both for the "AP" and "W ./T" group methods.

Direct Measursment of Noxzzle Total Pressure

For an engine without reheat, mean total pressure at noszzle inlet may
be measured directly by means of calibrated pitot rakes. Rakes can be
located at a plane some distance ahead of the nozzle - the turbine exit

annulus being a possible station for engine core flow. Any station in the
by-pass annuius of a two-stream engine may be used, preferably near the exit.
Nozzle coefficients determined by model tests, engine GLTB or ATF tests,

ro oI T

will be correctly expressed in terms of these measured mean total pressures
in flight, provided that identical rake geometry is used and that no change
in the profile occurs between ATF and flight., Sufficient instrumentation
should be provided to monitor that this is so.

Direct Measurement of Nozszle Static Pressure i
1

An arrasy of static tappings distributed around the circumference of

1 the jet pipe ahead of the noszle may be used to measure noszsle inlet static
pressure. The corresponding total pressure may be calculated, knowing the
pipe area, mass flow and temperature. Providing the nozzle coefficients are
determined by appropriate model and engine calibrations, these coefficients
will correspond to this derived total pressure in flight. Identical static

tappings should be used and, again, possible changes in the profiles between
ground facilities and flight test should be borne in mind.

An alternative to the calculation of a total pressure from the measured
static is to express 'practical' coefficients directly in terms of jet pipe
static pressure ratio, P.,/P.o. . L
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Reheat Systems Pressure Loss
In reheated installations the total pressure, Ptn' may be measured by

pitot rakes upstream of the reheat assembly, and the total pressure, Pt’, at
nokzle inlet may be calculated from a knowledge of reheat baffle pressure

losses.
The baffle loss characteristic may be sstablished on the engine test

bed either by direct measurements using temporary pitot rakes downstream of

the reheat section, from continuity calculations across the system using noszle
coefficients or downstream static pressure measurements, or from 'difference’
tests - pressure losses being inferred from engine thrust measurements with
and without the baffle fitted. '"Cold losses" are found first for "dry"

(reheat off) operation, and may be expressed for a single stresm engine as:

P =P w JT
A - (BB - £ e st (355)
cold Qs P“
cold

vhere, q¢ is a turbine exit reference dynamic head,

or,
P - P w ./'1‘
- | _ts t7 - ¢« Vts
Acold w £ P: » BPR .o 0. (356)
cold ¢

for a by-pass engine with a single noxzzle,

The reheat-on or “"hot" loss characteristic may be established using
water-cooled rakes on the test bed or iterative inferences from measured
downstream parameters, eg, jet pipe static pressure and final nozzle area.
An alternative procedure is to separate the cold loss from the fundamental
heating or combustion pressure loss. Thus, defining Station 6.1 as baing
downstream of baffle cold loss but upstream of combustion, we hava:

(P - P ) - (P - P ) . 0.0(357)
ts te .1 hot te ty cold
Acold . m (XX (358)
(Pt6 , " P ) = fundamental combustion pressure luss
' t7/ comb




sc that:
P -P ) - (p - P ) +(P -P ) ver. (359)
( ts 13 hot te te .1 hot te .t tr comb

The fundsmental heating loss is established from routine combustion calcula-
tions utilising best available information on reheat combustion efficiency.
Hence, in~flight P:? mnay be calculated from measured P“ by means of the
baffle cold loss factor, A, and the routine combustion calculation. Care is
required to account for interference terms vhich may arise between reheat on
and off cases, and accounting is complex. Various options exist.
Thrust-Derived P tr

As with other methods in this Guide, practical considerations such as
(a) through (i) of Table 3~2 are incorporated into 'practical" thrust and
discharge coefficients which are associated with measured or derived (actual)
values of nozzle entry flow parameters, given a particular set of instru-
mentation. Thus for a convergent noxsle with thrust derived by the "W J/T"
method we have:

F
W — G

T
7,act t? W Jrr-t- P

l'G.lct‘. * c!,practicn . s 0+ (360)

t;.act id, t;.act
8o 80

The values of Cx.pnctiu

be found by full-scale engine tests in ground facilities, but because these '

1° which incorporate profile effects, eatc, need to

are expensive and the range of nozsle operating conditions is reatricted,the
number of points on the C
be limited.

A way round the difficulty is to utilise a "thrust derived P e ". The
method is based on recognising that changes in noszle thrust losses (expressed
in this instance in terms of cx) between the GLTB, for example, and flight

x curves tends to be amall so that the curves may

occur principally becauss nozsle mean pressure ratio varies, and that noszle
entry conditions, eg, profiles, swirl, axe essentially engine flow properties.
As all gas generator methods involve a search for a suitable mean total
pressure at nossle entry it is appropriate for single-stream exhaust nozszles
to define a value which derives from high quality measurements of gross thrust,
exhaust flow,and temperature in the ground facilities. By utilising appro-~
priate and well defined noszszle cx data (eg from models) to corract the
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measured FG/W~JT'group to an ideal value,and relationships such as Equations

1, 2, 3 of Table 3-1, a derived mean total pressure P may be

1, thr.der.
defined, as follows:

F
- —— G
Fc.nct cx,model w, sact JTU W JT P
t?,thr.der t t1,thr.der
—tp T L R id,_.__ai_______
80 so

«es.(361)

By suitable iterations (which in practice involve true C_ calculations) a
calibration curve, as illustrated for example in Figure 3-6, can be produced.
ATF tests extend the calibration range to cover operational flight conditions.
Advantages of the method are that engine testing required to establish
the curve is minimal, the method is always consiatent with thrusts measured
in the ground facilities, and, as it effectively uses differences in nuszzle Cx
rather than absolute values for varying flight conditions, it is insensitive
to errors in nozzle loss accounting.
Calibrations may be based on other options, eg, the "AP" method
instead of the "W./T" method.
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FIG.3-6 CORRELATION OF THRUST-DERIVED Py7' FOR TURBOJET ENGINE




The correlation of thrust-derived pressure, exemplified in the above
figure may, depending on the exhaust system layout, be expressed differently.
Thus, thrust derived Pcv may be related to any appropriate jet pipe pressure,

total or static, measured at any relevant and convenient station. Similarly,

engine parameters other than turbine exit flow function may be adopted.

3.5.4 Temperature Measurement

As for pressure, temperature measurement requirements are also subject
to flow distortion considerations, particularly towards the rear of the engire.
At stations internal to the engine, circumferential and radial profiles occur
which must be taken into account when choosing probe locations.

(a) Engine Inlet Temperature

The inlet stagnation temperature is for most practical purposes the same
as free stream stagnation temperatﬁre (in the absence of any secondary flows,
eg aircrart cabin bleeds recirculated back to inlet) and is uniform across
the inlet.

Free stream stagnation temperature is normally an "aircraft measurement.
In supersonic aircraft the measurement is often taken inside the engine inlet
duct (ie, located in a subsonic stream). A check upon the temperature
recovery of the probe should be made, noting that anti-icing features when in
use, can seriously modify the recovery characteristics. The aircraft probe
is subject to errors under static and very low forw.rd speed conditions (early
take-off) and may be subject to solar radiation errors.

(b) Nozzle Inlet. Temperature

Direct Measurement

Provided the temperature is not too high, it can be measured satisfac-
torily with thermocourle probes or resistance bulbs. Such would be the case
. For accurate

t17
results an allowance would be made for the temperature recovery factor of the

for the by-pass flow of a turbofan engine, for example, T

probe.

Again, direct measurement in the turbine exit annulus would give Tts'
which, in the ahsence of reheat, could be equated to the temperature, Tt’,
at the nozzle.

Calculated Temperature

If reheat were in use,the temperature Tt7 would be too high for direct
measurement with conventional thermocouple probes. In this case the tempera-
ture rise could be calculated from fuel/air ratio and enthalpy relationships,
thus:
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nm FAR,
HA)Tt" - HA;TtG - 1+ ncc Fm * Echt" tv.o(362)

vwhere, n_,.. and n__ are the combustion efficiencies for the reheat system and
RR cc

the engina combustion chamber, and HA,Tto and HA,Ttv are the enthalpies per

kg of the air component of the gas before and after reheat. The effective
calorific value, Echtv’ of the fuel is a function not only of the lower

calorific valye, LCV, but also of the ocutlet temperature, Tt1, thus:

ECVpe, = LCV *+ 5 (TF - 288) * k(HA,Ttv - “A.zu)

- (k+1)(H vee.(363)

stoic,Tty - Hstoic,zan)

where, SF TF - 288) is an allowance for the sensible heat of liquid fuel,

while HA and Hstoic

combustion products, and k = 14,656 is the stoichiometric air/fuel ratio.

are enthalpies per kg of pure air and of stoichiometric

The enthalpies H and H are known in the form of polynominals
A,Tte A,Tt
of Tta and Ttv’ hence these temperatures can be found by an iterative
calculation.

Even if reheat is not in use, calculated Tts may be derived as an
alternative to direct measurement., To illustrate the procedure for a simple
turbojet, drawing an 'energy box' round the system between Station 2 and
Station 5 we need not account for shaft work of the compressors and turbines.

Then:

H ~-H Nee FARe % EC «ee.(364)

A,Tes " Ma T T e Vres
where, Nee is a function of the combustion chamber air-loading parameter
(involving W3, T, and Pta)' A constant value near to unity may be justified.
' Then,

is found from the polynomials

t3

B, rea is calculated from polynomials in the measured temperature, T
]

working backwards from the above equation, Tts

vwhich describe HA,Tts'
The procedure is more complicated for the by-pass engine because the

LP compressor (or fan) puts energy into both the by-pass flow and the core

flow, whereas the LP turbine, which drives the fan, extracts energy only from

the core flow.
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In general, allowances for bleeds, power off-take, mechanical
efficiency,etc, must be made when applying enthalpy methods.

3.5.5 Mass Flow Measurement
General Considerations

The accurate measurement of main engine mass flow is a major concern.
All secondary airflows (ejectors, cooling systems, aircraft services bleeds)
must also receive careful attention and due allowances must be made for them.
All methods, with the exception of that utilising the flow character-

istics of the compressor, involve the expression for mass flow in a duct:

AP |V ,/'i:
w = CD-;T:- K—P;— . .0-0(365)
t id
where:
. y=1 ]
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AT . J «ee+(311)bis

¢ is a local discharge coefficient, which may be a function of
pressure ratio, Total and static pressures and total temperatures may
represent mean values or calibrated local values at the station.

Thus, from local measurements of Pt’ Pa’ Tt’ a knowledge of geometric
area, A, and a value of CD’ the mass flow, W, may be calculated. It is
recommended that Pt and P8 should not be measured separately in absolute
pressure terms, but via the differential pressure, (Pt - Ps)’ so that the
consequences of measurement error are minimised.

If the measurement station is a choked throat (ie, M = 1) then the
critical value of the isentropic non-dimensional flow group, Equation (311);
which is independent of pressure ratio, is used in Equation (365).

The value of Y used in Equation 311 is derived from the conditioms

pertaining to the station in question. It should again be noted that current

methods may employ true specific heat computer routines in preference to
explicit relationships involving the adiabatic index, Y.
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The discharge coefficients,cn,must be determined by engine calibration
b and ma; remain a function of pressure ratio, the mass flow being measured by

means o. the test facility airmeter. Most of the practical effects noted in

Table 3~2 (Section 3.2.3) for thrust coefficients will also apply, to a
different extent, to discharge coefficients. Again, it is essential that

the same instrumentation be used in flight as is used for the calibration in

e o i < P =

engine ground test facilities.
i Typical engine stations at which flow can be measured, with comments
' on potential problems, are described below.

The Final Nozzle

For the non-reheated engine, when the nozzle may be a simple fixed-

geometry conical convergent or convergent-divergent design, the nozzle itself
can be used as the flowmeasuring device. The static pressure is taken to be

equal to measured nozzle base pressure, Psb’ in the unchoked convergent nozzle

cagse. When the pressure ratio Ptvlpsb is equal to or greater than the
critical (M = 1) value, the static pressure is not needed for the isentropic
group but is needed in this case to enter CD curves such as in Figure 3-3b.
Nozzle flow becomes "“frozen", ie independent of base pressure, at sufficiently
large pressure ratios (depending on nozzle geometry).

A knowledge of convergent or convergent-divergent rozzle geometric
throat area is required. Due to nozzle expansion problems great care is
requirad when using this method if high accuracy is required.

e o s O

For variable nozzle reheated engines the problem of determining flow

via nczzle measurements is particularly scute and should be avoided.

Compressor or Turbine Exits

The mgin reguirement here is to specify sufficient instrumentation
(Ps’ Pt’ Tt) to monitor that no changes in radial and circumferential profiler
and hence calibration curves have taken place between calibration tests and
flight tests.
Choked Turbine Inlet Guide Vanes

In all engines the inlet guide vanes (IGVs) are choked over a wide
operating range and the throat areas are known. Problems are to determine the
temperature and pressure, vhich cannot usually be measured directly, and to
account for theraal expansion effects by suitable calibration testing.

It is usual practice to measure pressure and temperature at combustion
chamber inlet together with fuel flow. An iterative calculation is made by
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assuming an air mass flow and computing the temperature rise, compressor exit

diffuser, and combustion chamber losses taking into account combustion effici-

ency, effective calorific value, etc, to derive (W.JTt/A Pt)a cale at the IGVs, |
’ !

The iteration continues until the critical value (My = 1) is found. This process i
: ' ' 3 $ i
yields the two 'calculated' values “;,calc and Tta.calc' In a single stream :

engine the 'calculated' flow is checked against the test bed airmeter to
give the IGV discharge coefficient, CDa' making allowances for fuel addition ]
and bleeds.

In a multi-stream engine the 'calculated' turbine flow cannot be

checked directly against an airmeter - a detailed engine analysis must be made
to obtain the best flow synthesis. i
: By—pass Duct ’

In two-stream engines, the fan by-pass flow may be measured by instru-

mentation (Ps’ Pt’ Tt) in the by-pass duct. Dynamic head may be low so that t
particular care is needed to evaluate (Pt - Ps).

1f the flow discharges via a separate nozzle (unmixed turbofan) then
the by-pass nozzle can be used to check the flow calculation. Direct calibra-
tion against the test bed airmeter is not possible. Enough rakes and tappings

have to be provided to define profiles adequately and yield the correct

- A

synthesis of engine performance (eg the sum of by-pass and core mass flows
must equal the airmeter flow).

Compressor Characteristics

The inlet non-dimensional flow function of any compressor can be

expressed generally as a function of non~dimensional shaft speed and pressure

L o S o ot

ratio and, for turbofan engines, by-pass ratio:

b : ¥ Jth

P
1 --P————- - f _N__ » Pt'?uc ') BPR [ Y (366) l
. ta J'l‘t t,in '

vhere, Wa repreaents the total airflow at compressor entry.

Inlet flow distortion, Reynolds number, and inlet temperature affect
the compressor characteristics and engine matching. Allowance must also be
made for variable IGVs and bleed flows. These factors can be asscsged by
compressor rig tests and engine calibration tests on the GLTB and in the ATF. i
The method may also be used for "downstream" compressors, eg, the core ;
compressor (s) of a turbofan engine.
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In flight, the measurement of mean inlet pressure and, for downstream
compressors, of temperature, pose difficulties. A full engine analysis is
required as direct comparison with the facility airmeter may not be possible.
Enthalpy Balance

Enthalpy relationships can be used to determine flow. For this
purpose appropriate temperature measurements are required plus a knowledge of
fuel flow, combustion efficiency, bleeds, power off-take, etc.

3.5.6 Rotational Speed

Shaft speed signals are provided either by tachometer generators or by
'phonic' wheels on the shafts with appropriate pick ups. In both cases the
speed is derived either by measuring the time for one complete revolution, or
the revolutions per unit time. The timing circuits (which may also be used
for fuel flow rate measurement) need to be of high quality.

If a given speed signal is to be used for many purposes, for example
for one or more cockpit instruments, engine control system, and one or more
flight test recorder circuits, care must be taken to ensure that the generator
can supply all these circuits. It may be necessary to boost the signal to
avoid degrading it.

3.5.7 Fuel Flow Rate

" This important parameter is measured either by volume or mass flow
meters.

Volume flow rate can be measured by a piston or vane type displacement
meter, or by a turbine type meter. A displacement meter is bulky but is not
sensitive to non-uniformity of entry flow. Turbine type volume flowmeters
are compact but can be sensitive to entry flow conditions, therefore, if h
possible, they should be installed in a long length of straight pipe. Because
of their small sizes such meters are frequently inserted into complex pipe
runs on the engine. In such cases they should be calibrated with the appro- *
priate upstream and downstream piping.

A Mass flowmeters are similar to turbine volume meters. A known angular
rotation is imparted to the flow and the resulting mass momentum is measured
by virtue of its reaction on vanes. They are compact and can be located in
engine pipe runs. Similar precautions in respect of pipe runs and calibrations
should be observed.

Fuel density needs to be measured to enable mass flow rate to be
obtained from volume meter readings. This is usually achieved by tiking a
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fuel sample from the tanks before (and possibly after) flight. Fuel tempera-
ture must be measured at entry to the flowmeter to enable the sample density
to be converted to the actual test conditions.

Flowmeters should be located in the fuel system to measure the fuel
consumed by the engine. In come cases, particularly with reheated engines,
difficulties arise because "spill fuel" may be returned to the tanks rather
than to the fuel feed lines downstream of the meter. When returned to the
tanks some metered fuel is not used by the engine. In such cases it may be
necessary to measure two or even three flow rates to arrive at the engine
combustion chamber and reheat fuel flow rates.

Every effort should be made to avoid these situations by giving con-
sideration to the need to measure fuel flow rate at an early stage of the fuel
system layout design. As fuel meters are sensitive to the engine enviromment,
eg, vibration, consideration should be given to arranging calibrations during
engine tests whenever possible.

Calorific Value

Careful fuel stock management at the airfield is desirable to monitor
and control the calorific value. Ground tanks should not be "topped up"
indiscriminately. Immediately after a complete refill, a storage tank
should be fully stirred and samples taken for determination of the calorific
value. For the highest accuracy, this determination should be done by
bomb calorimeter, with occasional samples sent to the National Physical
Laboratory (NPL) for ultimate checking. In the abseunce of such strict ground
fuel tank control, continual flight-to~flight checks on the fuel in the
aircraft tanks may be done by the simpler aniline/gravity methods. This would
give good relative data but would not yield the rewlly accurate measurements
in the absolute sense that a good bomb calorimeter determination could produce.

3.5.8 Area Mesasurement

Wherever air or gas mass flow is to be measured there is need to know
the duct area. All locations other than the final noszsle will involve fixed
areas in the engine, whose magnitude can be measured at the time of engine
build. As stated earlier, some locations, such as turbine nozzle guide vane
throats, are subject to large temperature variations of which account should
be taken.

Final noszles are usually circular or annular end the cold area of
fixed geometry configurations can readily be measured. Noszzls trimming needs
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to be taken into account. Thermal expansion must be considered. A variable
nozsle, usually associated with reheat, presents great problems with respect
to area measurement. Area is usually derived from the linear movement of
the actuating gear and this linear movement is measured during engine operation
in flight. Problems of backlash, thermal expansion,etc, are liable to upset
cold calibrations. This is a basic measurement: problem to which the complete
solution is not yet available.
3.6 ENGINE CALIBRATION FACILITIES

3.6.1 Introduction

Engine calibration facilities exist to test engines under closely coa-
trolled conditions and are well provided with high quality data acquisition
systems. In the context of in-flight thrust evaluation an important feature
is the ability of the facilities to measure airflow and thrust forces, thus
enabling calibrations of airflow and thrust to be obtained as functions of
other parameters, which, in turn, can be measured in flight.

Test facilities fall into two main classes. By far the more common are
Ground Level or Sea Level Test Beds (GLTBs). These are test beds in which the
engine operates under the prevailing sea level static conditions. Intake and
exhaust pressures are the same. The second type, Altitude Test Facilities
(ATFs), are provided with extensive air compressor equipnent in order to
enable engine inlet and nozzle exhaust pressures to be independently controlled
and inlet air to be conditioned in respect of pressure and temperature. Thus
the facility can simulate the inlet and exhaust conditions of an angine over
a range of altitude and aircraft flight Mach numbers.

3.6.2 Ground Level Test Beds

In the GLTB the engine is mounted from a framework which, itself, is

suspended from a fixed stvucture by means of flexure strips, diaphragms or by

other means to enable the engine in its framework or cralle to move freely in

the axial direction. The axial movement is restrained and the resulting force
measured, usually by a strain gsuge "load cell".

The air intake to the engine is usually a flare or venturi designed as
an airmeter. This intake or airmeter is also mounted on the cradle so that
under static conditions the force on tha cradle, measured by the load cell,
is very close to the gross thrust of the engine, (Figures 3-7(a), (b),(c)).

The GLTB is capable of accommodating aircraft intake distortion simula-
tion screens or the aircraft intake itself.
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Figure 3-7(a) represents schematizally an open air test bed. If
testing is conducted in conditions of szero wind then the measured force is the
gross thrpnt. Such ideal conditions are rare and testing may need to be dona
with a wind blowing. It is good practice to restrict calibrations to conai-
tions where the wind speed is not greater than 10 knots, and is a head wind.
The resulting free stream momentum correction to measured thrust will then be
of the order of 1 per cent.

GLTBs are enclosed test cells. Enclosure may lead to the need to make
furthsr tbrust correcticns. The siwmplest type of indoor cell is sketched in
Figure 3-7(b). Because of the enclosurs, engine air is constrained to
approach the inlet venturi from the front with a small but consistent velocity,
which again leads to an i(.proach wmomentum force defect on the venturi. More
usually, the GLTB will take the form of Figure 3-7(c). For silencing and
cell scavenging reasons the exhaust from the engine is discharged into an
ejector tube or detuner. Entrained secondary air is drawn over the engine
from the test bed intake. This has the effect of increasing the approach
momentum of the air entering the engine. 0Nrag forces are exerted ou the
engine external carcass and cradle structure, and the static pressure around
the engine is modified to a saall degree. Further corrections thus have to
be made to the measured load in order to cbtain the gross thrust.

The lcad cell system meisuring the cradle load can be calibrated by
applying axial loads to thue complete engine/airmeter/cradle assembly by means
of weights or via a mascer load cell system.

The correctionk to the measured lcad to obtain gross thrust are derived
by one of two ways (2) by a careful cross calibration with an open air test
facility, (b) by computation using air velocities and pressures masasured io
the test cell. If should be noted that those corrections are particular to
the engine type and te t ce¢ll .rrangement. The magnitude of the correctiouns
can vary from zevo 0 some S per cent.

3.6.3 Altitude Test !acilitiooa-lo

The ess-atial feature of the ATF in the context of thrust measurement
is the physical separation of the inlet from the engine. ™Mme arrangement is
illustrated in Figure 3-7(d). Tha plant facilities supply air at the requived
tomperature snd pressure via a flow measuring system. There has to be
separation between the "live”® (or freu to move) engine and the fixed supply
ducting. This is achieved by a low friction slip joint. Leakag» of air
through the joint seal must be minimal and quantifiable.




The engine exhausts into the free space of the chamber, the chamber
itself being exhausted to the required ambient pressure level. The cradle
load represents approximately the difference between the standard gross thrust
of the engine and the gauge stream force at the sliding joint:

F, - F

Fload ce11 ™ Fo G,slip joinmt «v . (367)

Allowances have to be made for engine carcass external pressure forces,
any carcass drag resulting from chamber ventilation flows, pipe frictiom,
drags, etc.

Adequate instrumentation has to be provided to enable the stream force,
FG,llip joint,to b: ;juantified accurately as the load cell measures the
difference between two large quantities.

The standard net thrust of the engine is derived from the measurements

of gross thrust, FG,' and calculated ram drag, F. , corresponding to the

simulated flight condition utilising the aitnetegomnas flow measurements. It
is usual in calibrating flight performsnce engines to set inlet total pressure
equal to the mean total pressure delivered by the aircraft inlet to the

engine face at the simulated flight condition.

Altitude facilities vary greatly in their physical layouts and have
different capabilities in respect of the range of altitudes and flight speeds
they can simulate. Generally, these ATFs are "connected" facilities, ie, the
test cell inlet ducting is "connected" to the engine. "Free-jet" plants
which provide for testing of the aircraft intake and engine together are not
suitable for determining engine standard gros= and net thrust.

The sketches presented in Figure 3-7 ipply to engines having single
exhaust nogzles. Arrangements for by-pass engines with separate exhaust
nozzles are similar. The test facilities do not enable any effects of external
flow on engine performance, eg, on the gas generator cowl drag of a short-cowl
by-pass engine or flow rematching during unchoked nozzle operation (which
affects calibrated standard gross thrust) to be evaluated directly.

3.6.4 Engine Calibrations

A detailed explanation of the procedures involved in calibrating the
multivarious engine types that are tested on the GLTB and in the ATF is beyond
the scope of this Guide. The calibrations required for turbofan engines with

separate exhuusts, for example, are strongly dependent on propulsion system
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bookkeeping. For engines having single exhaust noszles the determination cf
standard thrust is relatively straightforward.

Thrust and flow calibrations will be done on both types of facility,
GLTB and ATF, recording and calibrating all the parameters which are to be
measured in flight according to the thrust option or options adopted. Nozzle
coeffici-its and other correlating parameters are obtained. Tests need to be
conducted utilising best "test code practice" including complete error
synthesis models for the important aircraft operating conditions so that
critical measurements can be identified and steps taken to ensure adequate
consistency and accuracy.

Any test bed, and an ALF in particular, is a complex tadility and
continued calibration of instrumenty, plus checks of redundant measurement
for consistancy should be made to ensure the highest quality data.

In planning calibrations of engines, advantage should be taken of the
flexibility of the ATF to run curves at different levels of Pta‘ Tta' Pt’/P.o.
etc, to find the separate effect, if any, ot these important parametars on
engine matching, nozsle coefficients,and correlation parameters. Where
possible, calibration curves should bu based on eight or more test points ,
per flight condition and be repeated so that statistical checks for smoothness, ;
consistency, and errors can be made.

It may happen that the life of initial flight performance engines is |
limited. In this circumstance great care should be exercised when conducting
GLTB and ATF calibration tests to ensure that high quality data ara obtained
efficiently.
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CHAPTER 4
ERROR ASSESSMENT AND CONTROL

4,1 INTROCUCTION

The process of experimentation may be viewed as an attempt to order
reality by first creating an appropriate mathematical model which simplifies
the real world. For in-flight thrust purposes this first mathematical model
(the "thrust model") is a set of exprwssions for calculating results such as
CL' CD, etc from various measurements. The measuring instruments are them
selves modelled mathematically through calibrations (the "instrumentation
model"). The combination of these two mathematical models could be called
the "thrust measurement system mcdel". Mathematical models of another type
(the "error model") are also used in this chapter to describe the properties
of error distributions to enable the uncertainty of various results to be
calculated. The super—position of all these models onto physical reality
leads to the need to interpret most carefully the data derived from a given
experiment.

The outcome of an advanced experiment is the correlation of one set
of outputs (y) against another set (z). Each of these outputs (y,z) is
derived from s set of measured input variables (xi) which are subject to
error., For example, (y,z) may be (CD. CL) or (CDO,M). The purpose of this
chapter is to estimate and deal with the uncertainties of the outputs (y,z)
due to propagation of errors from the inputs (xi) or due to any invalidity
of the mathematical modelling.

The word ‘'errors' in this Guide is understood to exclude 'mistakes'.
A gross mistake, for example the supply of pressures in millibars to a
calculation which expects pressures in kilo-pascals, should be obvious, but
many wmore subtle mistakes may go undetected unless care is taken continually
to check the data. Thus 'errors' are deviations from the truth which remain
after all 'mistakes' have been eliminated. They are assumed to be distri-
buted about a central value within soms limit at some level of probability.

The class of error most easily treated is associated with so-called
recording "noise' and may loosely be termed “"random". A more insidious type
of error arises from the form of the mathematical models used for the "thrust
measurement system" and is, therefore, termed "systematic". The latter is
more serious because, being constant, its presence is not obvious and may be
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overlooked if only one test series is carried out. If though, this error
changed between test series, it may be possible to observe and eliminate

its effect over the course of several series or flights. Suck an error may
arise from fajlure to include a ralevant term in the model of reality, from
an inadequately calibrated instrument or from a post-calibration datum change.

In addition, it must be ensured that the "thrust model" is valid for
both a calibration and a flight experiment, For example, an engine calibra-
tion established in an ATF may not correlate for genuine yet obscure
aerodynamic reasons and, in flight, the calibration may be affected by
further such variables as intake distortion or nozzle environment which may
not have been simulated in the ATF. Any such invalidity is a systematic
error and sllowance should be made for it.

There are two distinct modes in which uncertainties may be estimated
(Reference 4-1, pp 67-8)

Mode A: estimation by prediction synthesis
and Mode B: eatimation by post-test analysis of experimental

observed data.

Mode A is usually applied before the teats take place and is useful
for the early rejection of unsuitahle methods. It can also be used after-
wvards to examine a new hypothesis suggeiated by the test results. It deals,
in the main, with the consequences of various assumptions for "Error Limits",
following the laws of probability. There is no single standard text book but
the References (4~1, 4-2, 4-3) provide useful ideas to support the present
guide.

To be pendantic, the operations of "Statistics" apply only to the
analysis of real data, which the standard text books (eg Refs, 4-4 to 4-9)
cover very well. Thus the statistical tests of Sections 4.2.3 to 4.2.5 are
fully applicable to Mode B, but they will only be applicable to the preli-
minary stages of Mode A, and then only if real data is sampled (see Section
4.2.7).

Both Modes A and B have their place. The former, in dealing with the
details of error contribution is useful for trouble shooting and is the only
process availablc at the planning stage. The latter, by treating the
experimental data, gives an essential check with reality and may lead to a
revision of the Mode A synthesis., It is important that the studies of Modes
A and B be compared since such a comparison may well lead to a more thorough
understanding of the particular experimental process.
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When attempting to explain unexpected results from different flight
tests, it may be necessary to analyse the data using special hypotheses
tailored to fit the evidence (Section 4.5.4). In such cases the emphasis
should be put on finding explanations for the deviant flight data and
correcting for these. Often it will be possible to find "mistakes" and
other identifiable error sources. The variations remaining after all such
corrections have been made must then be designated as unknown errors
contributing to the uncertainty of the results, For discussion of these
errors, a 3-class model, described in Section 4.3.2, may be helpful.

Readers already familiar with standard statistical theory may not
need to read Section 4.2 (Basic Principles). However, Section 4.3 (Develop-
ment of Ideas) contains several concepts which may not be well-known. The
practical application of Mode A is given in Section 4.4, and Mode B in
Section 4.5.

The aim of a successful thrust-in-flight exercise should be to
identify methods of high validity, to eliminate mistakes and to assess and
control errors. Although this Chapter deals mainly with error estimates,
nevertheless, the problems of validity and mistakes must not be forgotten.
4.2 BASIC PRINCIPLES

4,2.1 Probability Distributions

A probability distribution can be represented >y such a diagram as
Figure 4~1 in which the abscissa x, say is a variable whose exact value is
uncertain, while the ordinate is the relative frequency of occurrence, f(x)
- sometimes called the "probability demnsity", dP/dx. The probability that
x will fall between any two limits, A and B, is:

R
P (that A<x <B) = j%.dx vve. (401)
A

This is the area under the curve between A and B as shown in Figure 4-1.

The standard deviation of any distribution such as shown in Figure 4-1 is:

$00

o(x) = f x-07 . £ ax .. (402)

-l
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If the distribution is "Gaussian'" or "Normal", then the interval from
x = 20(x) to x + 20(x) contains about 95 per cent of all values of x, as
shown in Figure 4-2(a). If the distribution is rectangular, the x $20(x)
interval contains 100 per cent of the values of x as shown in Figure 4-2(b).

To prevent misunderstanding in the following Sections, it is important
to draw attention to the similarity of the distribution of a "measurement", x
and the "error" of that measurement, E(x), (as distinct from the "error limit"
of the measurement, EL(x) which is explained later, in Section 4.2,6). The
Error E(x) is the difference between the "measured" value, x and "true" value,

X rue 28 indicated in Figure 4-3.

Probability N
distribution
of x

. .

0 x x Meas. value
Zero true

Possible value
of x

I
——

e _d

Probabitity | E(x)
distribution | "
of E(x) |

Corresponding
error of x

Error of x

W W— > ——e
0 E (x) _ E (x)
Zero

FIG. 4-3 DISTRIBUTION OF ERROR OF MEASURED VALUE

The probability distribution of x is identical to that of E(x), except
‘for a shift in origin. Consequently, the Standard Deviation of x and of E(x)
are identical.
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4.2.2 Gaussian (Normal) Law of Errors

The most convincing argument for the use of the Gaussian (or Normal)
Distribution is its well established applicability to most experimental
situations, and the fact that it has a fairly simple analytic form. In
cases of doubt, the form of distribution can be tested by empirical trial
(Section 4.2.3).

The Gaussian "Law of Errors" may be derived a priori by the following
simple historical approach as used originally by Gauss. The rigour of the
derivation may well be questioned, but it demonstrates the assumptions
implicit in the method.

Suppose that an observation is affected by n independent elemeutary
errors, E, each of wiich may take, with equal likeliﬁood the two poasible
values either -¢ or +e¢. This is an example of the Binomial Distribution
which is desrribed in any statistics text book, eg Reference 4~4, page 111,
The total error has a range of possible values between: -ne and +ne, with
the general value:

Etot - (n - 2m)e 'EXX) (403,
where m = number of "minuses", -¢, in one result. The concept is illustrated
in Figure 4-4 for the case of n = 4,

The chance of a "-¢" is p = |, while the chance of a "+¢" is
q=(1l-p)=} also. It is shown in the text books that the probability

of the general result for Eto as in Equation (403) is:

t

P(E

- Wea s "
cot) P(exactly m “minuses")

- B m  n-m
C,P g

n! (P e oo (404) j

me (0 - M), i

Also the mean and standard deviation are given by:

um) = np = §n - ee oo (405)

o) = fopq -/—E eoo s (406)
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As the number of errors ni tends to infinity the Binomial Distribution
Equation (404) tends to the Normal Distributiom:

dP exp S"I" - EIIZO'Z
- -ooo(‘o7)
& T o
or, in unit form:
dP e -u® /2
- eeso (408)
& I
vhere w = BoB ve o (409)

The above derivation was simplified, but more rigorous treatments
still contain the following assumptions: A

(a) The elemental errors E 4 must be independent

(®) The elemental errors ¢ are small

(ec) The number n is large

(d) All the E, are of the same order.

If the data under examination contains an error term that does not
conform to the assumptions, then tendencies inconsistent with a Normal
distribution will occur. This inconsistency could be realised in many forms,
the most obvious of which will be the manifestation of more outlying points
than expected, or of "between test" variations in mean value and/or standard
deviation. .

Using the gymbol x for the varisble wvhose exact value is uncertain due
to the presence of error, the most useful characteristics of such formal
distributions as Gaussian are the mean u(x) and the standard deviation o(x).

It can be shown that the best estimate of the mean u(x) of a "parent
distribution" from a random sample of size n is the mean x of that sample.

Similarly the bast estimate of the standard deviation o(x) can be
shown to be S (x) where

t(xi - x)?
S(x) = W o eee (410)
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It can be shown that if a sample of sizse n is drawm from any distribu-
tion (eg Gaussian, Rectangular, etc) the standard deviation of the mean x is:

-~

o(x) = 2 vens (412)

n V. 1

.,

An extremely valuable property of the distridbutiom of the mean is that

it tends rapidly towards Normal, no mattar what ars the shapes of the source %
distributions, providing they are fairly symmetrical amd independent. This g ‘
is illustrated in Figure 4=5 with the mean of as little as 2 or 3 items drawn ! :
from a Rectangular Distribution (see Reference 4-5, pp. 166-167). ! i
a(x,) olx,)
-1 o 1 E(xy) -1 0 1 Elxy)
gl (31) o't 12)
P ey
-1 0 o1 E(x,) -1 0 o1 E(x,) |
- -1 0 +1 E (xs’
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FIG. 4-5 TENDENCY OF MEAN VALUE DISTRIBUTION TOWARDS NORMAL
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The above example in Figure 4-5 was of the msan value of several items
drawvn from one parent rectangular distribution. Similar tendencies towards
Normal occur when several different distributions are combined. Many
detailed examples are given by l)icl:x-i.i::h“m3 from vhom the following table is
extracted. It shows the probabilities corresponding to tlo, t20, 230 for
combinations of rectangular distributions. It can be seen that the 20
limits rapidly converge on the Gaussian value of 95 per cent probability.

TS e e e - o coon em————

TABLE 4-1
COMBINATION OF RECTANGULAR DISTRIBUTIONS

, Probability of occurrence of an error
i botween multiples of the standard deviation

given below for the stated frequency

Type of distribution distributions
-0 to O 20 to 20 . =30 to X

Rectangular 0.5770 1.0000 1.0000
Combination of 0.6448 0.9663 1.0000
two similar rectangles
(Triangular)
Combination of three 0.6666 0.9583 1.0000

similar rectangles

Combination of four 0.6669 0.9580 0.9993
! similar rectangles

L Gaussisn 0.6826 0.9545 0.9973 S

3

i !
’ . 4.2.3 "Chi-squared” Test for Normal Distributions .
| In many cases it is necessary to test that the distribution of

measurements sbout the calculated mean is not significantly different from

the Gaussian (or Normal). The x* test may be used for this purpose. The

data x, are sorted into local cells with central values x; and the number

in each cell ny is counted. The total m‘dnr of data points is n = znj.

Then the "Observed" proportion in the jth cell is:- .

Oj e nj /n . - XX (‘13) 4‘“

The "Expected" proportion lj in each cell may easily be calculated from
tables of the Gaussian distribution. Thence:-




esse (‘1‘)

If the numerical value of x* is less than the 5 per cent probable value
(ie higher probability) given in the x' tables, then the test is said to be
"not significant"* and it is reasonable to accept that the observed messure-
wments do come from a Gaussian distribution,

4.2.4 F-Test for Probable Equality of Variance

This test may be used to test the hypothesis that the variances derived
from two sets of data are both samples of the variance of cne paremt distridu-
tion.

Given two samples of data size n, and n, respectively, then estimates
S} and S} of the population variace may be nbtained.

The ratic F = S} /S} is formed (where & » S3). If this value of I is
less than the 5 per cent probable value (ie higher yrobability) given in the
F-tables, then the variances of the two sets of data are "not significantly
different"® and the following t-test may then proceed. Strictly, a standard
t-test is not valid unless the preceding F-test is "not significamt".

4.2.5 t-Test for Differences in Mean Values '

Given two independent samples with n; and n, members respectively, the

t- distribucion may be used to test whether or not the means of the samples
differ significantly. In effect, we test the hypothesis that they are samples
from the same (normal) population.

Students "t" is defined as the ratio of any statistic to the standard
deviation estimate, S of that statistic.

In the present case the statistic of interest is a difference in meaan
values (X, - x,), hence

: -5
t - p— = oo-o(blS)
8(x, - x,)
% -x
- 0000(416)
s 1,1
pool/n,  n,

where spooli" the pooled standard deviation from the two samples.

®It should be moted that these tests are biased iz fuvour of the iaitial assuspiions, ie that the distride-
tion is Gemssism, that the sazples ho/e the seme variance, amd the same mean, If however two distributioms
vers considered & priori equally pro'sble, s wuch lowsr level of sigrificanece (eg 50 per cemt) might be
appropriate, otbervise the distritvieion that was firet ochessn would be favoured.
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The degiees of freedom are:
vV = o +n -2 voes (417)

If the numerical value of t from Equation (416) is less than the 5 per cent
valoe in the t—tables, (ie higher probability) then the t~test is said to be
“not significant"* and it is reasonable to accept that there is no real
difference between the means x, and ;,.

The t-test may be generalised to test the significance of any

statistic such as a correlation coefficient or a curve-fitted value.
4.2.6 Brror Limits, or Uncertainty

Since the measurement or result of an experiment is never capable of
exact description it is important to estimate the Error Limits or Uncertainty
of the exact value. The result and its Uncertainty should be stated together
as an inseparable pair.

It is necessary to define a standard measures of the Uacertainty, and
in this Guide, following common practice, the 95 per cent Probability Error
Limits are chosen. With a Gaussian (Normal) distribution these Error Limits
bound an area under the curve given by:

EL(x) = $1.96 o(x), say t20(x) oreo (418)

as indicated in Figure 4-2(a). With a Rectangular distribution, 95 per cent

probability would be somevhat less than 20(x) as indicated in Figure 4-2(b),

but in practice thie is not usually important because a mean value (and other
combinations) of lictlngular distributions tend rapidly towards Gaussian, as

explained in Section 4.2.2 with the help of Pigure 4-5.

When dealing with error assessment by "Prediction Synthesis" (mode A)
it may be convenient to deal with estimates of Error Limits, eg EL (xi) for
the input variables, X;, Or EL (y) for the output result, y, from the
combined effect of all the inputs. (See Section %.2.7).

When actual results y are available for "Post Test Analysis" (mode B)
it is natural to deal directly with y, rather thamn x; . Thers is no need to
use nyuthuio‘ vhich is the only pogoibility in the prediction modo. Also,

*It should be moted that these teste are bissed in faweur of the initial sssunptions, ie that the Aistribe-
tion is Gmussian, that the sazples have the same varismce, and the same seei. If however twe édlstridutiome
were considered a priori equally predable, o mack lover level of sigaifiermoe (og 50 por cant) night ve
appropriate, otherwise the distributien that wae first chesem would be fuvoured.
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standard statistical procedures can be applied to real data. Thus the

statistical estimate of standard deviation s (y) from samples of n data
points is:

D -

n-1

s (y) - 0000(419) Ai

For small samples, the 95 per cent Error Limit is a function of sample size,
n, thus:-

EL (¥) = tys . 8 (y) . oo (420) :

where tys is the two-tailed value for v = n — 1 degrees of freedom.

The probability of falling outside any given limit may be important :
when safety is being conlidered‘-u. For these cases the Gaussian distri- J
bution may not be the most appropriate if the "tails" do not correctly

represent the measured probability.

L o 2o ane s b Pad o leudiiiciad

4.2.7 Raudom Brror Limits of a Result with Several

‘ Variables
{ . In the simplest case suppose y is the sum of several different 3
; variables:- |
i Y =X otx b v X 4 «ese(421)
! For each variable x; the Standard Deviation is estimated from a sample of
1 size n, by:- : 4
S (xi - ;i)’ B :
8(x;) - TR «++.(410)bis
! The Degrees of Freedom of each sawple are given by:- ‘
{ v(x;) = m -1 vere(422)
Then the Standard Deviation of y is:- :
l‘ .
S() = [(x) +8xm) + .. Sx) v ... “ere(423)

The Degrees of Freedom of S(y) are given by the Welch-Satterthwaite formula
X as explained in Reference 4-2.
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[s‘(x,) + 80 (x,) ¢ .. ST () 4 ]
viy) = eoes (426)

v(x,) *le,s * vaiS th

The nearest integral value of v(y) goes to the t-table to extract the 95 per )
cent value t,, WS* Thence the 95 per cent Random Error Limits of y are:-
»

WSREL(y) = #ty, uo . S() cor (425)

In the general case when y is a more complicated function of several items,
x; then the Standard Deviation of y is given by

S(y) = [z [-g-fq S(xi)]: oot (426)
1

instead of Equation 423,

In Equation 426 there is no "covariance" term because the present Section

4.2.7 is restricted to the random errors of variables x; which are completely

independent of each other. The more complicated case involving non-
independent errors is described in Section 4.3.3.

In the present case, the Welch-Satterthwaite formula for the Degrees
of Freedom becomes:~

vy) - [Z[a S(xi)]], ceve @27)
| [

instead of Equation 424,

This Welch-Satterthwaite trestment is used for "Precision" calculations
in Reference 4-2. It should be used when it is possible to take proper statis-
tical samples of all the independent sources of error of a complicated messured
result., The estimate of the 95 per cent REL by Equation 425 with this method
is the most refined application of "Prediction Synthesis" (Mode A). However,




it is often not possible to achieve this level of refinement and the estimates
of standard deviation of the individual sources may only be inspired guess-s.
In this case the "guesses" would be expressed directly as error limits:-

REL (xi) = za(xi) xXxxl (428)

and the prediction synthesis becomes:-

REL (y) = /Z [%m (xi)]' von (429)

i

The Welch-Satterthwaite rules cannot be applied to this latter less exact
calculation.
4.3 DEVELOPMENT OF IDEAS

4.3.1 Combination of Random and Systematic Errors

Only Random Errors have been treated so far. However, when an experi-

mental system contains suspected Systematic Errors, the total Uncertainty
associated with the outputs from that system must take account of those
suspicions.

An effective treatment due to Dietrich4_3 is

based on the assumption
that a maximum range can be assigned to a Systematic Error and further, the
error itself may be expected to be equi-probable throughout that range, ie
a Rectangular Distribution as in Figure 4-2(b).

The Standard Deviation of such an error is given by

Ogp(®) = e v e sl (430)

vhere h is the maximum likely semi-range of x.
The Standard Deviation of a combination of Random Error and Systematic !

Error is then given by root-sum~squares, rss:-

Opoe(® = /o-’“(x) + a3 (x) veso(431)

Dietrich publishes tables of the probability distribution of otot(x), but it
is usually adequate to assume Gaussian probabilities. If a mean value X of n
points of x are taken then:-
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- )
"co:(") - /é"u(x) + O’SE(x) voee (432)

When the Uncertainty of & result y with several varisbles x; is required, the
treatment of the Random and Systematic Errors should be kept separate until
the Error Limits of y are established. Then by Predicﬂion Synthesis (Mode A)
using the refined Welch-Satterthweite rules: -

S (y) = \/z% .S (x) veso (426)bis

WSREL (y) - *t” 'ws ° S (y) X (425>b)’.

or by the approximate method in Mode A:~-

REL (y) = Z %— REL (x,) vees (433)
b §

With Post Test Analysis (Mode B) of actual results y:-

REL (y) = t,5 . 8 (y)

Z(y-§)’
- t” . —-n—:_l__ ll..(434)
In either mode the Random Error Limit of the mean value ; is: -
REL (5) = L) veel (435)

fn

The systematic Error Limit cannot be found by Post Test Analysis, but may be
estimated by Prediction Synthesis:-

2
SEL (y) = ZE{I SEL (x,) ees (436)
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SRS Bl

assuming that the systematic errors of the separate sources x, are independent

(see Sections 4.3.7 and 4.3.4). There is no reduction in SEL of the mean value y
ie SEL (y) = SEL (y) voos (437)

The total Error Limit from the combined Random and Systematic Error Limits

is:-

EL, () = l [mn(y)]’ + [sm.(y)]’ ver. (438)

v = -]-'- -”\‘ 2 2
and EL, . j = [REL (y)] + [SEL (y)] eees (439)
Other methods of combining Ran&om and Systematic error could be adopted

such as the arithmetic combination of Abernethy4-2,.viz:—

UNBS - tOS’ws x S (Y) + B (Y) -..-(440)

Here, x § (y) is the "Precision" of y which is evaluated by Welch-

tos

WS
Satterthwaite rules, It is the refined evaluation of WSREL (y) as described
in Section 4.2.7 by Equations (426), (427) and (425). Also B(y) is the
"Bias" of y which corresponds to SEL(y) of Equation (436). To quote from

Abernethya-z, NBs(y) is the "Uncertainty" of y such that .... "errors larger

‘than the Uncertainty should rarely occur."

The Urcertainty UNBs(y) by arithmetic combination is greater than the
ELtot(y) by rss by an amount depending on the relative sizes of REL and SEL,
as shown in Figure 4-6.

The extra size of the Uncertainty NNBS(Y) might be regarded as a use-
ful 'safety factor', but this Guide recommends the rss treatment of ELtot(y)'
In the next Section the res treatment is developed to include an intermediate
class of error (Class II) which is both random and systematic.
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Unes (V)
ELtot (V)
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SEL
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SEL
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FIG. 4-6 ALTERNATIVE COMBINATIONS OF RANDOM AND
SYSTEMATIC ERROR LIMITS

4.3.2 A Three Class Error Model

In general, great efforts should always be made to eliminate or correct
for Systematic Errors, and to reduce variability between tests. However, in a
disturbing minority of cases, post-test analysis will reveal that there are

indubitably three (at least) types of error associated with a particular
experiment.

These may be classified as follows:
Class I ¢ within test variability, exemplified by scatter or

dispersion about a mean or correlation of the data
from one test.

Class II ¢ between test variability, which might be shown by
finding significant values of the t-statistic
(Section 4.2.5) in Post Test Analysis.

Class III :

a long term systematic error that may be postulated
to explain such phenomena as smsll uncertainties in
instrumentation calibrations or mathematical model.
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The initial basis of this classification was the time scale of the
error, but recent development of the theory has included error mechanisms
which are not time dependent (see 4.3.6), Those errors which change between
one scan and the next are assigned to Class I. This has been associated
with the word "Precision'". Class I errors are completely Ind:pendent and
hence Error Limits of successive readings may be combined by ..SS to get the
EL of the mean value. At the other extreme, those errors which remain fixed
over a long time scale, covering a complete test series, are assigned to
Class III. This has been associated with Systematic Error or Bias. Now,
there is often reason to suspect the existence of an intermediate type of
error which remains constant during the course of one test period, but which
shifts to some other level for the next test period. An example might be
room temperature affecting an experiment on one day, changing to another
level on the next day. This is assigned to Class IT.

The main reason for using these error classes is to prevent a false
impression of 'accuracy' in the mean value of n test points taken during a
single test period - each of these test points would have a fixed Class II
error, and a fixed Class III error, which are not reduced by taking the mean
value (ie the RSS process is invalid between non-independent items). To
formulate a rule, suppose there are n téest points in each of m different

tests and an overall mean value is found of a result y:

Overall mean value, ; = %15 v oo (441)

and the Error Limit of y is defined as:-

- /1 2 . 1 3 2
EL; 11,1110 = /= [ELI (Y)] *a [ELII(Y)] * [ELIII (7)]
' ool (442)
vhere ELI(y) is the Class I "20" Error Limit

ELII(y) is the Class II "2¢" Error Limit
ELIII(y) is the Class III "2¢" Error Limit

4.3.3 Combination of Errors with Influence Coefficients

In general the results of an experiment is a complicated functiom of
many input variables, y = f (xi). If £ (xi) is expanded by Taylor's theorem
excluding all terms above the first order, provided that the errors E(xi) are
small, the change in the result E(y)* ie given by

W ew W WS wm ek G M W WP Em e G WD SR D AP S WS W SR SR EA e WS @R W ) % W W G S e W MR W

"blxg) 45 "spot point error” of z;. This should not be gonfussd with LL(xj) which is the “Error Limit"
within which s(,ﬁonu probebly lie,

anten g
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S B D 3. E(xp) e (403)
b ' 1 i
:*?; ? This Equation (443) applies to any kind of small errors.

il ( .

k{ : For Random Errors which are independent of each dther, the Standard

- -
L3

Deviation (xi) can be used as the root mean square value of E(xi). Then:-

r .
: | oly) = 2[-2}'{ . 0% (x,) eor(444)

Equation {444) may be re-arranged in percentage terms

2 2
[Z_g_(!l] - Z IC(y : x;) Roy) oo (445)

y i X

where the Influence Coefficients are

X.
: - . 2 '
IC(y : x;) % '3 oo v e (446)

Expressing Equation (446) in words : "“the Influence Coefficient is the
percentage change in the result, y, caused by a 1 per cent change in xi".

For Equations (444), (445) and (446) to hold, it is important that all
the x; are‘indegendent. That is, a change in the value of x (say) will not
produce a corresponding change in X perhaps caused by a common linking

e -

variable c. However in the error synthesis mode the relationships between L
all the measurements and the outputs are defined by the assumed mathematical '

model of the aircraft and of the instrumentation, which does involve some j"fi_ D

common linking variables. Their effect is given by a preliminary application
of Equation (443) which is valid for any kind of small errors. Thus with two
variablés having a common lirk c, for example:~

,
{
i
i
!
|
!
i
|
i
'

Ify = x, +x where x_ = fa(c) and x, = fb(c)

then E(y,) = }%; . E(x)) and E(y,) = §§; . E(x,)
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axa 3xb
also E(xa) - 5 E(c) and E(xb) -5 E(c)

Then from Equation (430):-

) E(y) -gfi.mw%?—.z(xb)
3
& x
9 a 9 %
g = -a%a- . -—c—— axb . -a—c—— E(c) 0000(447)
]
§

Hence the errors of x, and x, may be additive or even may cancel depending on
the signs of the partial derivations in Equation (447).

The exact value of E(c) will not be known, but its Standard Deviation
can be specified and used i\nstead. Thus:-

3x 9
- |2 a,? ™ «eeo (448) ,_,
o okt | ¢ © |
\ a :
ox. :
-\ 2 i i
[ 37;1- - ]a(c) vees (449) |
- [Z-}} a(e) v e es (450)

A more general statement of this result may be obtained as follows:-

lety = f (xi.c) : eeee(451) P

vhere the x; are independent variables and ¢ is a linking variable.
Then combining Equation (444) for the independent errors, with Equation :
(450) for the linking variable:- -

p.

o (y) [ z , c’(x) [Z%] ¢ @ tinkea 47
: ax, | |
were[TH] - [T
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An important principle illustrated above is that the Influence Coeffi-
cients or partial derivatives, should relate the elementary sources of error
(x,c) all the way through to the ultimate result of interest such as drag
coefficient of a multi~engined aircraft. Unfortunately this principle is
not always easy to apply, in which case it is necessary, to avoid completely
misleading results, to give very careful thought to the implications of
practical procedures which may not apply this principle.

N
AT GERON TR 1 ~E Ty ilﬁ"'l"-“w. AT

Equation (452) shows how, in principle, the error of a common linking
variable, ¢, affects the result, y. Indeed, if it is possible to identify
and account the linking variables in this way, they revert to fully indepen-

W ey v

dent variables as x; in the simple Equation (444). However it is often
impracticable, if not impossible, to manage the error assessments in this
ideal fashion. An important practical instance of this situation is in the
propagation of engine calibration uncertainty from test bed to flight, which
is described in Sections 4.3.7 and 4.4.2 to 4.4.4.

As an aid to calculations, the above points can be expressed as a rule.
'Combine all non-independent errors or error limits arithmetically before

commencing the root-sumr~squares combination".

Thus, expressing the results in terms of "20" Error Limits, EL ( ) we proceed
by the following three stages:-
1. Combine non-independent errors

ZEL(xi)

zz;.( ) T z [Ic(, . "i)] S veos (453)

This term is equivalent to the covariance term that occurs when
experimental data is correlated with a set of variables, eg Cp = f(H,RN.CL,u) e
vhere C; and a are non-independent and it is required to separate the error

contributions from each source.

2. Combine independent errors \

Yy xj

XBEL(x,)
XEL(Y) - Z [Ic(y : x)], .| —i veeo (454)
IND , 3
J
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F 3. Final combination

) 5 After allowing for all non-independent errors the intermediate results
Ey are themselves independent and may be combined by root-sum~squares.

S
§ . : z
. L) - XEL(y) + |ZEBLG) veoe (455) i
% Y |roTAL Y |Now-1ND Y |mo }
t 4.3.4 Beneficial and Detrimental Effects of ‘;
i !Ion-lﬁcgcndcn: Errors
% The theory of the previous Section for combinations of non-independent -,
3 errors is illustrated in the following examples. $

The first example can be so beneficial that it merits the special title
of "Linked methodology". It has been described by Butchnl'-m as the "TIW
method". Briefly, if both Gross Thrust (x, = FG) and Mass Flow as needed for
freestream momentum (x, = W Vo) use common measurements (perhaps they both

use noszle area), then the Net Thrust (y = N) is given by:

y - !‘ -x’ 06-0(456)

The magnitude of the error E(x;) will not be the same as that of the
error E(x,), but E(x,) will have the same sense as E(x,), either both positive
or both negative. Either way, partial self-cancellation of error occurs so
that: ) J 1

Ey) = E(x) - E(x;) vees (457)

’

| and |E(y)| must be less than the greater of |E(x,)| and [E(x,)].

It would be quite wromg to use root-sum-squares combinatiomn, (which
should apply only to independent errors) ie: .

EL(y) * [[n.(:.)]' + [!L(x.)]’ se0+(458)

which would give too high an error limit for y = Py

Fortunately, it is possible to avoid the pitfalls by not assessing
errors at the intermediate stages of rc and W. Instead, all the input errors




142

oy

E(xi) such as prassures, temperatures, areas, etc, should be related to the

ultimate output of y = Fye or better stilly = Cq

g’ If this is done, then
the benefits of "Linked Methodology" will be correctly appraised by a root-

sum—squares combinaticn such as shown by the example of Option 5 in Tsble 4-2
i of Sectiomn 4.4.2,

o emap -y

The second example of non-independent (ie common) errors could occur
with a multi-engine aircraft.

For example, fuel calorific value has an error
common to all the engines.

Nozzle thrust and discharge coefficients have
errors which may be partly common to all engines if they are calibrated in the
same test facility. In fact the different engines have a mixture of errors
some of which are common while some are independent.

The pessimistic view would be to assume that all the errors were common
between engines. This can be shown to give:

EL(total FN)

EL(single engine FN)

total FN

«oee (459)
single FN

P o il

The nptimistic view would be to assume that all the errors were indepen-

dent between "¢" different engines, then a root-sum—squares combination gives:-

EL(total FN)

EL(single engine F°

1 o s+ (460)
‘total FN ﬁ- single FN

When both independent and common errors exist they can be combined as follows:-

2 ]
EL(total FN) } 1 EL(single l"n) . EL(single PN)-I
total F 2 single F single F J
N r N Jmo N Jynow-18D
' sew - (‘61)
The

*d_example concarns non-independence of errors in Thrust Coef-
Losent Ct. and Discharge Coefficient CD. in a single engiiu. Both these

coefficients are established at the same time by tests on the engine in a test
facility.

Part of their error limit comes from common sources, &g nozzle area
Ay, nozzle pr ce Pt.' as measured in the test facility, although other
sources of ev..r are independent between CG and CD.. Unlike the second

i ————————




s R R e Ll ot el Lt iy o b

example, the optimistic view is now given by a common error assviption because
errors in Ce and CD. will tend to cancel out in Net Thrust (ie "Linked Metho-
dology"). The pessimistic view is given by assuming independence of errors
between C, and CD. leading to root-sum-squares combination.

From the above discussion it is seen that an incorrect assumption of
independence between errors which are really non-independent, sometimes leads
to optimistic results, sometimes pessimistic.

4.3.5 Curve Fitting

Test results usually require presentation in the form of a correlation
of a main out, ut y versus annther output s, where both y and 3 are affected
by errors in the measuremants X;. For such correlations, best curves of y
versus ¢ may be calculated using some such method as "least squares” or the
"method of moments".

More successful curve fits can often be effected by avoiding high
order polynomials. A useful rule of thumb for general use is to restrict the
number of unknowns in any one way correlation to [n (vhorc. n is the number of
test points considered). The text boolu‘-‘ to 4-8 described tests of signi-

ficance that help to determine the appropriate order of curve that may be
applicable,

If a theoretical form for the correlation is applicable, it is good
practice to transform the variables in such a way as to reduce the order of
the fitting function, if possible to a straight linme.

In the "Prediction thesis" mode, consideration can be given to the
mechanism by which error will be propagated to a graphical display of results
y plotted against z, say. The most common curve-fitting routines operate by
minimising the deviations ir. the y-direction, with the z-direction being
assumed free from error. Consider an input measuremant x; with a "spot point"
error E (xi). This will produce the simultaneous "spot point" output errors:

B (yi) - %’x-i- . B (xi) - «ooe (462)
and E (s) = %;- E (x,) + eees (463)

wvhich would correspond to an 'observed' point (= ob® 7 ob) as in the following
diagram:

143
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y observed point
A (Job,yob)

=Ytrue + E (y)
Yob #

apparent
§ deviation

from the

curve

.

“true point [
(Ftrue, Vtrue)\ }E(B)%
Ytrue # d >
" E(3)
0)(
only the slope g
IS required for
the present discussion —
3 true 3ob §

FIG.4-7 EFFECT OF GRAPH SLOPE ON SPOT POINT ERROR

From Figure 4-7 we see that the deviation, § from 'the curve' is:

§ = E(y) -E (.)%{- ee. (468)
hence 6 = E(x) . %i”%’.‘: . %] v v e (465)

An altevnative form of Equacion (465) in terms of influence coefficients is:

LY

y X

[IC (y: xi) - IC (z :xi) . %%% «e00 (466)

An error synthesis consists of setting up a table with all the different
. [ J
input errors X, These are then combined by root-sum~squares as follows:

e e e e e . o e it A e e s e
v c.
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EL (8 . - zd
TOTAL._y._). - /'zi —x—i—-— «JIC (y ¢ :i) IC (= :xi) y?i] vees (467)

Of course, if the gradient % is small, Equation (467) reduces to:

EL (8) . EL () . EL (x;) ,
TOTAII—;— TOTAL ‘-—yl' z x . IC (y . xi) Dl.l(468)

i

and there is no extra problem. When the gradient is steep, for example at the
bottom end of a Cye CD or CG graph (see Figure 3-3), or at the top end of a
drag polar, then the effect is important.

Steep gradients can often be avoided by expressing results in the form
of a suitable ratio or increment. For an exasple from the Engine Test Bed,
ify' = CG/cc’uodcl instead of y = C, is plotted versus z = NPR, then the
gradient will be shallow. For flight test results, the use of y' = (CD-xC’L )
instead of y = C) might be plotted versus x = (.‘L

In the "Post Test Analysis" mode, curves are often fitted quite well
by eye, but the use of computer curve-fitting will facilitate the analysis of
observed scatter for Class I and, possibly, Class II error assessment.

Having chosen a suitable theoretical form and fitted the curve
to the data, we now consider the interpretation of the residual scatter and
the extent to which the fitted curve represents the "true' curve,

A 'best' curve is fitted as in Figure 4-8 such that Zs} is a minimum.
This 'best' curve is only an estimate of the 'true' curve, just as the mean

value x of a sample of n values of x is only an estimate of the true popula-
tion mean.

e
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FIG. 4-8 CURVE-FITTING ERROR LIMITS

A typical point on the fitted curve is denoted Ay"j and its Standard Deviation
(assuming a quadratic curve fit), is:

0@ = [Ral M+ E-D . )t =T Lo )

- i
+(z-2) (22 - 2) cov (b, b,)] ceee (469)

N
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vhere the residual standard deviation is:

61
) = o (8) = Zi

n - (degree of curve fit)

O esid vees (470)

The standard deviation of the fitted curve a(;) increases as the square of the
distance away from the centroid - thus for a fitted straight line

y = a+bz vees (471)
= y+b (z -1z veee (472)

The standard deviation of this fitted line at the position of a general point
a,
(z, y) is:

o () = j;k @) + (z-2) xo* (b) «ea s (473)

Near the centroid, (z - z) + O, and we have:

82

Tresid
I

As we move along the line away from the centroid, the factor (z - z)?, which
multiplies o (b), increases so that ¢ (;) increases.

@) +o0 ) = veee (478)

Note that the standard deviation of the slope

o.o'(b75)

is reduced by provision of data points far from the centroid, ie by large
(z - 2)®. Similsr principles apply to curve fits other than straight
lines.

When the results of n points in a single flight test are analysed by
curve fitting, the residual standard deviation, ¢ (§) should be compared with
9 (y) for Class I error predicted by synthesis as described in Section 4.4.6.
The standard deviation of the fitted curve ¢ (;) represents an uncertainty in
curve position due to Class I error which can be reduced by increasing the

number of test points, ntp‘




4.3.6 Fossilisation and Propagation of
Calibration Uncertainty

Even though instruments are calibrated to a high standard, these
calibrations still contain small errors which eventually affect the output.
In an in~flight thrust exercise the engines may be considered to be thrust
measurement 'instruments' and their calibrations on an engine test bed or
ATF will contain errors. The engine test data will be curve fitted and the
uncertainty of the position of the fitted curve is dete-mined from the
residual standard deviation and the number of data points, as indicated in

Figure 4-9.

7Y‘CG
Best fitted curve ?:'G

Error limit of
curve fit

EL (Cg)

curve fit
EL (Cg)

Unknown position
ot true curve

2= NPR -
FIG. 4-9 UNCERTAINTY OF ENGINE CALIBRATION CURVE
If, for example, the quadratic:
Y = a +b z+bh o ve s (476)

were fitted to the data of y = CG' z = NPR then the Standard Deviation of the
curve fit would be given rigorously by EBquation (469).
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A rough approximation to Equation (469), near the centre of the data, is:

o¥) = o, o(resid) vero(474)bis
o

Thus the Class I Error Limit of the calibration curve is:

! _
W 3 E

ey b I Indge L0 ¥
e WM 3 g gl o B e

L (C) = 20 &)

20 (resid)
Jﬁ
In addition to the uncertainty due to the Class I random error during

calibration there may also be Class II and III errors. The total uncertainty

cees (BTT)

in the position of the curve is a combination of all three error classes. It

should be remembered that the true position of the curve is expected to lie

A FIIOPELT R g R bese § - onei? o ofef SopWT

within these limits at a certain level of probability. But within these
limits the true curve may deviate from the fitted curve by different degrees
(Section 4.3.5) and in different directions as the range of the independent
variables is traversed. The fitted calibration curve is now used for all
future computations and, therefore, any uncertainty in the curve position
will appear as errors in the analysis.

The importart thing to note is that this uncertainty is fossilised by

the act of using the fitted curve, Random scatter is not transferred as

such but is transferred as a contribution to the fixed "long term" uncertainty
of the curve position. The way that this uncertainty is propagated depends
on the way in which the curve is used and on the type of flight data analysed.
' In the sizplest case the calibration will be read at the same values
of the independent variables for a set of flight points. In this case the
uncertainty in the curve position is aiways the same and it therefore contri-
butes an in-flight Class III systematic error. In a complex flight experiment
this simple case never occurs. Even for nominally identical points, some
variation in the variables is inevitable. Since the uncertainty in curve
position changes throughout the range of the varisbles the error in using the
calibration curve vill also change. Thus the calibration error may appear in
flight to be a random (Class I) error or even a between flight test (Class II)
error, if different regions of the calibration are used on different flights.
For example, the use of steady levels for measurement of store drag
will result in the engines operating at a different'rating when the aircraft

is carrying the stores than for clean aircraft tests. This change in rating
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will place the points on different parts of the calibration curve with
different values for the error in curve position. These changes could
produce a Class II (between flight) error, or a Class III error on store
drag increment.,

It can be seen that any calibration which exhibits a large uncertainty
should be used with great care. It may be necessary to use special measure-
ment technique to reduce these errors. For example, in the case quoted
above, the full range of engine power settings could be used for the
derivation of store drag. If this were done, the apparent Class I1I error
could probably be accounted for and a more satisfactoxry, yet scattered, result
obtained. The Class I scatter in flight can be safely dealt with by the
expedient of curve-fitting. The remaining Class III uncertainty, propagated
from engine calibration to flight is quite difficult to account, but may be
estimated by the methods exemplified in Sections 4.4.4 to 4.4.6. Fortuna-
tely, the error-cancelling properties of "linked methodology" can also apply
to the engine calibration coefficients Ce and Cpe.

4.3.7 The Weighted Mean Value

If a result could be obtained by several different methods (options)
then a Weighted mean of all the methods would, in general, have less uncer—
tainty than any single method.

Suppose Y. is the result of the rth option which has the Error Limit,
EL (yr). then the statistical weight of that result is:

1

w - llll(478)
t IEL (}',.,)I2

The Weighted Mean Value of n different resulcs is

n n
Yim = Z v, Y, wa eves (479)
r=1 ™1

vhere the Weight of the Weighted Mean is

n

Ve - Zwr ov e (480)

r=1
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and the Error Limit of the Weighted Mean is:

EL(y0) = /-‘,—‘1&- vees (481)

From the fuller discussion in Refzrence 4~11 the lesson is that if any
one option clearly has a much smaller Uncertainty than the rival options,
then this one good option can be accepted straight away as the definitive
result (although it would do no harm to calculate the weighted mean). Rut
the situation may be that no single option is clearly the best. In this
general case the Weighted Mean should in theory produce a valuable reduction
in the Uncertainty of the Drag Coefficient from the flighf tests. This im
provement will not be fully realired in practice if the results in each set
are not fully independent. Hence the recommended working procedure is to
identify a preferred option, after considering all the evidence, for the
definitive result, (See Section 4.5.5 for a further discussion.)

4.4 APPLICATION TO ERROR PREDICTION SYNTHESIS
4.4.1 Scope of Prediction Synthesis
In the prediction synthesis mode A, flight test data are not available

and so it is impossible to make statistical calculations. Instead, the ‘20’
error limits, EL must be estimated from the best available evidence. The
error limit of a future result is then predicted by synthesis, using the same
underlying laws of probability as are used in strict statistical calculatioms.
Numerical results of prediction syntheses are rough approximations in

an absolute sense, but are valid in a relative sense for selecting the most

suitable instrumentation, calibrations, procedures and options.

4.4.2 Rensitivity Survey of Alternative Thrust Cptions

A number of distinctly different methods should always be provided
for in-flight thrust measurement. It is general practice to plan a ~ertain
amount of redundancy so that if a measurement vital to one method were to
fail then another option could take its place. The tendency in the past has
been for some organisations to favour a particular procedure to the exclusion
of others,

During the earlier stages of a new project a large number (20 say) of
different combinations of possible methods should be considered. This number
would be reduced to manageable size (about 10) as exemplified in Table 4~ by

eliminating the least attractive methods with the aid of a Sensitivity Survey.
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TABLE 4.2 TYPICAL THRUST OPTIONS HIKRARCHY FOR MIXED-STREAM ENGINE
' ]ftion Al Option A2
F, F,
Fg + CoAP ﬁg W f[wﬁq
G
@ 1deal T T s gem
bix] B2 B3 B4 B1 B2 B3 B4
By-pass | By-pass By-pass By-pass
Fan calib calid Nozzle Fan calid calid Nozzle
W > chic and and calidb chic and and calid
beat turbine | Cp, heat turbine | Cp,
balance | capacity balance capacity
C1 (4] C2 c1 c2 c1 c2 c1
T -+ Heat Heat | Mix- | Heat | Mix- | Heat | Mix | Heat
8 bal |bal |ing |bval |ing | bal |ing |va1
Option - . .o .
Yo o 1 2 3 4 5 6 " 8 9 10 |n
NOTE: * Options 4 and 11 may be equivalent if C_, C_, C

** Options 7 and 8 are also equivalent, although calculations may be done in different
seruency

Table 4-3 illustrates the principles of selection by cbmparing

Option 1 against Option 5, but in practice all the possible options (20 say)

should be shown or. the same table.

There is no attempt at this stage to

introduce Error Classes, but "Instrumentation" is separated from "Calibration
Coefficients". Option 1 uses nozzle "AP" for FG’ but obtains mass flow as

required for FN from fan maps (unlinked methodology). Option 5 also obtains

' mass flow, W from fan maps, but uses this W for both FG and FN (linked
methodology) .

fall on Option 1 with its EL(FN) of 4.2 per cent, compared with 2.3 per
cent for Option 5.

If one of these options had to be thrown out, the axe would
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TABLE 4-3 RXAMPLE OF SINPLR SENSITIVITY SURVRY (SINGLE ENGINRD PIGHTER AIRCRAFT)
Flight condition: supersonic crulse with reheat on
Type of output: y = Py

T B PRI R R SR e TR

| {
= ratio = 1.6 Option 1 Option 5
Iy “AP" mathod "W /T method
x
Ioput paramater xj “::' (:::“ IC(y:x{) n ; Ic IC(y:x{) b 1 1C
Calibrations etc
Full scale noszla Cy carpet 1.52 - - 1.6 2.4
Full scale nozsle Cg carpet 1.52 1.6 2.4 - -
Full scale nozzle Cpy carpet 1.5% - - - -
Fan chic 1.52 -0.6 -0.9 -0.6 -0.9
Turbics stator Cp, 2.0% - - - -
AP duct Cp,, 2.0 - - - -
Puel cal, val., LCV 1.0%2 0 0 0.3 0.5
ZRL (y) = Jl: im. xIC B - - 2.6% - 2.6%
Instrumentation
Eog. face Py 1.0% ~0.6 -0.6 0.3 0.3
Eng. face Te, 1.0% 0.4 0.4 -0.2 -0.2
Fres stresm Pso 0.52 2.2 0.1 0.2 0.1
By-pass duct APy 1.0% - - - -
By~pass duct Payy 1.0% 0.9 0.9 -0.5 0.5
Nozzle inlet Pgy 2.0% 1.8 3.6 0.4 0.8
CC fuel flow WrC 2.0% - - 0.1 0.2
RH fuel flow wrR 4.0% - - 0.5 2.0
LP spool N 0.5% -1.1 -0,55 0.5 0.25
Rozzle area As 2.0% 0.9 1.8 0.1 0.1
Power offtake Q 0.5% - -
Services bleed 1.0 - - =0.4 -0.4
TEL (y) = 7: (gxL x 1 12 - 4,28 - 2,32

Note: EL(xi) is the "20" or 95% Error Limit of an input x;
EL(y) is the "28" or 95% Error Limit of the output y

IC(y:xi) is the Influence Coefficient x; relative to the output y

Another use of the Sensitivity Survey table is to direct early
attention to the critical items of measufement. In the case of Option 1
the most critical item is nozzle inlet pressure Py amodest 2% EL in Pg,
produces 3.6X EL in Fy due to the large' influence coefficient of 1.8, In
the case of Option 5 the most critical item is reheat fuel flow - the _
influence coefficient is only 0.5, but the large EL in Wpr of 4% produces
2% EL in Fy. Thus effort can be directed to improve these critical items
of instrumentation at an early stage of a new project.

However, there is more to selection of method than the features
examined in a sensitivity survey. The validity of the various methods has
also to be considered. For example does the calibration which has heen
derived in the cloéely controlled conditions of an engine test bed actually
apply to the flight situation? '

When flight testing begins, a modest number of options should remain
available for use, as was indicated in Table 4-2,
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4.4.3 Engine Calibration Uncertainty

The object of an engine calibration in a test facility is to establish
correlation curves between instrumentation readings (which readings can also
be taken in flight) and the thrust and mass flow (which can not be measured
directly in flight). The most convenient correlations are in the form of
the coefficients Co» CD! and Cx plotted against NPR. Thus:

F F
G G
CG M P o P s s (682)
8% Test bed measurements 80%]1deal
| W VTG WT
Cm = “ Pts A Pt XK (483)
Test bed measurement deal
'_ F F
% i cx - .G —'g"_ esss (484)
§ w /T WJT
} Test bed measurement Ideal

All the various measurements x, of a typical exercise are shown b
column-wise in Table 4-4 with the influence coefficients IC(CG:xi) in the |
next column. Estimates of Error Limits of each x; for the three Classes I,
II, III are multiplied by the respective ICs and inserted separately for each
Class. Note that EL(CDA) for the airmeter appears only as the fossilised

Class III (Section 4.3.6). The calorific value of the fuel also occurs only
as Class III.




a
i.
§ 155
¥ TABLE 44  ENGINE TEST CALIBRATION UNCERTAINTY
& AMrmeter calibration o
i Class 1 ) This EL fossilisad as Class III
£ g:::: gl EL(mean Cpy curve) = 0.3% > [ before transfer for use in Engine Tests
‘ SIngle-engine callibration uncertalnty
oS Flight condition = 0.9 MM at low altitude, “High-Power", Dr
11 Input parameter 1C(Cgxy) Class 1 c!un ¥ 3 Class III
L 3 £ | mmucxp) IC x BL | REL(x{)  IC x RL_ | ¥WL(=j) IC x BL
1 Coa 0.2 — —_— 0.5 0.10
§ 1 N 0.1 0.02 0.00 0.11 0.01 0.05 0.01
if AP 0.1 0.10 0.01 0.37 0.04 0.21 0.02
o Tea =0.1 0.0% ~0.01 0.3%7 -0,04 0.40 -0.04
% PcRLL -0.5 0.04 =-0.02 0.17 -0,08 0.08 -0.04
" Pu 1.4 0.01 0.01 0.10 0.14 0.05 0.07
Ta 0.1 0.09 0.01 0.37 0.04 0.40 0.04
¢ | -1.2 0.02 -0.02 0.07 -0.08 0.03 -0.04
3 I ~1.0 0.40 ~0.40 0.97 -0.97 1.13 -1.13
i r, 0.3 0.23 0.07 0.30 0.09 0.61 0.18
! wrce -0.0 0.70 -0.00 0 0 0.0 -0.00
VIR 0 0 0 ) o
CALVAL 0.0 —— — — —— 0.15 0.00
XEL (Spot Point Cg) = JT(IC x EL)? | —— 0.41 _— 0.99 —_— 1.15
I Y 0.99 .
XEL (Cg curva) w 0.2% ‘ mr 0.49 —— 1.15
Results of similar calculation for Cm
ZEL (Spot Point Cpy) 0.44 1.01 —_— 1.14
ZEL (Cpy curve) —_— Qﬁ.’i «0.22 -‘—}%‘- -0.50 | — 1.1
Results of similar calculation for C
XEL (Spot Point Cy) — 0.16 0.25 — 0.26
ZEL (Cy curve) — | -o08| — —-°j:5 =013 | — 0.26

The uncertainty of spot point measurement of the coefficients C
CD- and CX’ calculated by RSS within each Class, are, from Table 4-4:—

G-

TABLE 4-5 SINGLE ENGINE CALIBRATION SPOT POINT UNCERTAINTIES

Class 1 Class II | Class I1II

ZEL (spot point Cg) 0.41 0.99 1.15
ZEL (spot point CD‘) 0.44 1.01 1.14
ZEL (spot point Cx) 0.16 0.25 0.26

However, the uncertainty of a spot point is not transferred to flight.
Rather, it is the uncertainties of the coefficient curves which are transferred
as explained in Sectiom 4.3.6.
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Assuming that the curves are drawn through mn = 4 test points on each of m = 4
different test runs, then the uncertainties are reduced by the factors 1/ /n
and 1/ /m to become the values shown in the following table:

TABLE 4-6 SINGLE ENGINE CALIBRATION CURVE POSITION UNCERTAINTIES

Class 1 Class II | Class IIiI all ﬁiisaes
XEL (CG curve) 0.21 0.49 1.15 1.27
ZEL (CDa curve) | 0.22 0.50 1.14 1.26
XEL (cx curve) 0.08 0.13 0.26 0.3

Note that Class III uncertainties are not reduced by the curve-fitting
process.

The way in which the different Classes are combined depends upon
whether "linked methodology" is to be used in flight as discussed in Section
4.3.4 and also upon whether both engines, or only one engine, are calibrated

in same test bed, (as also discussed in Sectiom 4.3.4).

4.4.4 Propagation of Calibration Uncertainty to Flight
Linked Methodology, Single Engine Aircraft)

Assuming that mass flow in flight, as well as gross thrust, are both
to be found by nozzle coefficients then this is an example of "linked
methodology", such that common errors in CG and CD‘ (such as nozzle area
measurement in the test bed) will be partially cancelled in flight. This

benefit would be lost if mass flow were to be derived from some other

correlation, say from cowpressor maps with gross thrust coming from nozzle
coefficients. '

Treating cG and CD. separately to begin with, their uncertainty is
‘transferred to flight according to the following equations:
(i) From CG

EL (Fy) ( ) EL (cG) EL (C;) (585
—— m IC(F,:C.) X ——— = A X —————
Fy N'“G o Co
(ii) From CD'
EL (FN) EL (Cn.) ) EL (cm)

N

F - IC(FN:CD.) x——c—;———- = B Gy «ev s (486)

wndiatnns
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However some of the test bed errors causing EL (CG) are the same dnu
that cause EL (CD.) so some partial cancellation or reinforcement is to be
expected. CG and clh are not independent and so a root-sum—-squares combina-
tion is not valid.

Let us examine the problem numerically. Typically A= 2, and B = -1.3.
Now suppose ALL the error in CG and CD. is due to an error in nozzle area
which affects CG and Cm equally. 1If CG and Cn. are both misplaced by this
error of up to 1 per cent then the error in calculated net thrust will be
up to:

(2 x 1) + ("1.3 X 1) - 0-71 ) nool(487)

On the other hand, if CG is misplaced by up to 1 per cent due entirely to
load cell error which does not influence Clh » and CD. is similarly misplaced
by up to 1 per cent due entirely to fuel flow error which does not influence
CG’ the likely error in calculated net thrust i_g given by

J@x 1 + (13 %1 = 2.42 ees (488)

Considering all the test bed errors, some of them affect both CG and
CD. , some affect CG but not clh , while others affect Cm but not CG' Thus
CG and CD- are partly independent, partly non-independent, and so the root-
G and c& terms. To get

round this problem it is necessary to go right back to the test bed errors

sum-squares combination is invalid with separate C

and note how they are propagated through the CG and CD. curves all the way
to the flight result PN. Thus for a single test bed parameter, x,:

EL (F,) BL (x.)
N - *1
..._i;_ - 1C ((Acc+ncm).xi)x xi
flight test bed

oo (489)
The explicit non-independen_t or coumon relationship between cc and CD. is .
thus taken fully into account in Equation (489) and so the remaining
Independent elements of the n different x; parsmeters may now be combined by
RSS, thus:

' 3
EL (F.) n EL (x,)
N i
Ty = Z m((A Co * B Cp) ¢ "i) * T

flight imy

test bed

«ie. (490)
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. A more convenient form of Equation (490) can be shown to be:

EL (F.) EL (C.)]? EL (C, )] (EL (C) P
N 2 G De X
— N o e aB) | ——S 4 B e aB) | ——D | - ap | —X
Py Ce Che Cx
i vee s (491)

In this equation the common errors in C_. and Cn._are cancelled by the "C)"

G X

‘ term, rather like a covariance in a formal statistical treatment.
é Referring back to the calibration curves uncertainties in Table 4-6
EL (CG curve) = 1,27%
EL (ch curve) = 1,262 all Classes combined
EL (Cx curve) = 0,32
and using the typical values of A = 2 and B = -1.3 to insert in Equation (491)

F

EL (F.) —
— . J/1.4 x [1.27]2 - 0.91 x [1.26]-2 + 2.6 x [0.3]2 - 1.0%
N

ees.(492)

If it had been assumed that all the errors in CG and CDa were common

then we would have:

EL (FN)

F

= (2 x1.27) + (-1.3 x 1.26) = 0.9% «e..(493)
N .

On the other hand, if it had been assumed that errors in CG and CDu

were completely Independent then we would have:

| | Effifﬁl - \/ 2 x [1.27]2 + (-1.3)* «x [1.26]’ = 3.0%

i coe o (494)

This latter figure corresponds to the "simple rss theory" which is
still in common use. If error in CG and CDo were the only ones to consider,
then the "simple rss theory" would be extremely misleading. In practice,

however, the wrongness is alleviated by the impact of other effects.
4.4.5 Propagation of Calibration Uncertainty to Flight
Linked Methodology, Twin qu;nea Alrcrafit)
Some of the erxrors of F

N
pressure P . for example is a Common airframe reading. Other errors are

in flight are Common to both engines - ambient

Independent - eg the individual engine fuel flowmeters.




In this Section however we are concerned with a more subtle distinction

e s

between Common and Independent errors which occurs with respect to the calibra-

tion curves of two engines calibrated consecutively in the same facility. It :
; can reasonably be expected that the Class III errors of the test bed remain »
: constant during both engine calibrations, so that Class III calibration ‘
uncertainty must be considered as Common. By definition Class I and II :

calibration error must be considered as Independent of the other engine.

PO 2 T A

Splitting the engine calibration errors thus we put:

(al) "Independent of other engine" (ie those due to Classes I and II in
the ATF)

(a2) “Common to both engines" (ie Class III in the ATF).

.- a

. Another category (b) applies if only that one engine is calibrated in
the ATF while the other engine calibrated in the SLSTB is assigned to
category (c). Categories (dl) and (d2) correspond to (al) and (a2) but with
both engines calibrated in the same SLSTB. Category (e) relates to the
"simple rss theory" which assumes Independence between C. and Cy *

o 4%

TABLE 4-7 UNCERTAINTY TRANSFER OF LINKED CALIBRATION COEFFICIENTS FROM ATF TO FLIGHT

{ONE_ENGINE OF TWIN-ENGINED ATRCRAFT)
Flight condition: 0.9 MN at low altitude, "High-Power", Dry
" Equation (37)
T M
Cane rom Table 4~4 T“( + AB){ ?IEL (Cg) |’ P ;;
. + (B + AB XBL (Cpy) XEL(Fy) .
XEL (separate coefficients) - AB{ZEL (Cp)]°
(al) Independent |XEL (Cg) 'J,/Q* T, 0.49° = 0.54 (4.75 - 3.34)0.58' = 0.41 .
35 of other engine |XEL (Cps) = + = 0.55 *+ (2.34 - 3.38)0. 55 =-0.30 i
E3 (Classes I and IX) |ZEL (Cyx) 0.08° + 0.13 = 0,15 + 3.3 x 0.15% = 0.08 i
E 5 0.19 { JO.19 ‘
1 39 (a2) common to  [ZEL (CQ) = 1.15 (6.75 ~ 3.38)1.15' = 1.87 |~ 044X
3 v both engincs XEL (Cpy) = 1.14 + (2.34 = 3.34)1.14% = -1.31
£ 4| (Class 11D) XEL (Cx) = 0.26 + 3.34 x 0.26 - 0.2)
1 L 0.77 | JO.
3 ~ - 0.“:
B) onl i = :
} gb:m d’i:“zr;“‘““ 8l 1yl (Cg) = J0.217¢ 0.49°+ 1.15'  1.27 | (4.75 - 3.36)1.210 = 2.2 :
\ iii 91:--“ I, 11 and IEL (Cpn) = J0.22%+ 0.50%+ 1,147 = 1.26 |+ (2.34 = 3.34)1.26* = -1.61
oth.;“.;‘;g::‘“ of TEL (Cx) = /0.087+ 3.137+ 0.260 = 0.30 |+ 3.3 x 0.30° . 0.30
“ 0.96 0.96
i = 0,98%
{c) Both engines 01d Theory"
calibrated in ATF TEL (Cg) = 1.27 4,78 x 1.2 - 7.6
"0ld Theory" 2EL (Cps) = 1.26 2.34 x 1,26 - 3.1
37 | AL
T e 3378

These linked calibration coefficient uncertainties becoms
"fossilised" into Class III upon transfer from ATF to flight




%
.i
+
Vc\
b
h

160

The calculations, making use of Equation (491) are shown in Table 4-7
with values of influence coefficients for the flight condition of 0.9 MN at
low altitude, "high power", dry

A= IC (R :Cy = 2.18
B = IC(Fy:Cyy o _y 53

Values for XEL (CG curve), ZXEL (CDa curve) and XEL (Cx curve) for the three
classes are taken from the bottom of Table 4~4 for use in Table 4-7.

A summary of the results from Table 4-7 is shown in the following
Table:

TABLE 4-8 UNCERTAINTIES OF LINKED CALIBRATION CURVES OF CG' ch AND Cx
(ONE ENGINE OF TWIN-ENGINED AIRCRAFT)

EL (1 engine

Case spot point Fy)
(al) "Independent of other engine" 0.447
(a2) "Common to both engines" 0.88%
(b) "Independent of other engine" 0.98%
(e) "Simple rss theory", Independent 3.372

The category (c) applies if only that one engine is calibrated on the SLSTB
(other engine in ATF). For this the uncertainty of FN due to CG and ch is
arbitrarily put three times that of category (b), because of the extra
uncertainty of extrapolation to flight conditions, and the practice of
taking fewer test points, all during one run on the SLSTB.

Further categories (dl) and (d2) apply if both engines are calibrated
on the SLSTB. The uncertainties are put three times those of (al) arnd (a2).

If the error in flight was due entirely to the uncertainty of CG’ Cl)a
and Cx curves, transferred from the calibration in the engine test facilities,

then the total FN of the twin-engined aircraft would be as in Table 4-9,

-calculated with Equation(461) of Sectiomn 4.3.4.

Results from a similar calculation for a "low power" flight condition

are entered in a column alongside the "high power" ones for comparison.




TABLR 4. Uncertajnty prediction of {n-flight thrust of twin-engined aircraft (due only to engine
cllzgrltzoni
Calibrations X EL (Spot point twin engine total Py)
Engine 1 Bngine 2 "High Power" "Low Power"
€ same ATF — 0.447? 2 -
(a1), (a2) | (a1), (82) J[‘.ﬁ] + 0.8 0.92 1.6%
[ &) | susmco ] ’[o.sa]' ] o - oum 2.7
€——same SLSTB — 3 » 0.4] : o
& o @ f[T] o3 = o8] - 2. a9
¢~ different ATFs — ’ 0.98)’ .
[ ) l ®) ] [T] +0 0.7% 1.2%
(-—di!hnnt SLTBs — 3 x 0.98) -
o ) ’[T] .0 2,12 3.68
Same ATF "old theory" 3.38 -
[ (.) | (o) . B 2.2 2.3

From inspection of the above results, due entirely to engine calibra- 4
tion uncertainties it is possible to formulate provisionally the conclusions

listed at the end of Section 4.4.6, which also takes account of uncertainties

i BRI, +

of instrumentation readings in flight.

4,4,6 Full Prediction Synthesis for Twin Engine Aircraft

It is necessary to calculate the uncertainties of each single engiue
(Part 1 of Table 4-10) before dealing with the total thrust of the twin-
engined aircraft (Part 2 of Table 4-10).

The uncertainties of the linked calibration curves of CG’ CD. and Cx
transferred from the engine test bed are entered near the top of Table 4-10.
Just as the airmeter Coa calibration errors were fossilised into a Class III
uncertainty upon transfer for engine testing (see Table 4-4), in a similar
way the engine calibration errors are fossilised into a Class III uncertainty
upon transfer for flight testing in Table 4-10. The extra complication is
that they are separated into the two columns: ''Independent of the other
engine" or "Common to both engines".

Five possibilities, (a) through (e), are considered for the calibration
of one engine vis—-a—-vis the other.

The uncertainty estimates due to instrumentation readings are also
entered in Part 1 of Table 4-10. 1Tn the case of "Aircraft Instrumentation",
the uncertainties are entirely ''Comuon" to both engines. In the case of

-------------------------------------------------------
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Caution: The numerical values in Table 4-9 are only exsmples to show possidle relative uncertainties of
various procedures.
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"Engine Instrumentation', the Class I uncertainties are entered as entirely
"Independent™, the Class II are split between "Independent" and "Common"
while the Class III are put as entirely '"Common".

With the particular thrust method employed, the nozzle inlet pressure
was found from the walli static readings, Ps7' The pressures Pts and Ptxs
were not usad and so their influence coefficients are zero with this
particular thrust method.

The RSS combinations of the separate classes are shown at the hottom
of Part 1, keeping "Independent" apart from ''Common".

Part 2 of Table 4-10 shows various possible engine calibration
arrangements. Where the "Independent" ELs are the same for each engine, the
1/ J% factor can be applied as shown in Section 4.3.4, Equation (461), but
with combination "b + c¢" the "Independent" ELs are numerically different for
the two engines.

Finally, the "Independent'" ELs are combined with the "Common" by RSS
to give the uncertainties of the twin engine spot point CT = (FNl + FNz)/qS.

The r2sults are copied intc Table 4-11 below together with similar

_ calculations for a "low power”" flight condition at low Mach number, low

altitude.

TABLE 4-11 SUMMARY OF COMPLETE PREDICTION OF TWIN
ENGINE IN-FLIGHT THRUST UNCERTAINTY

Calibrations ngﬁt(::;:tegg;ne
My o ”
Engine 1 Engine 2 Pz:g:" Potzz"
¢ sane ATF —— «
'[ATF (b) SLSTB (c)] 2.0% 3.2%
¢—— same SLSTB --—
[(dl) @ | @ (d2)] 3,12 5.1%
™ 3
&« different ATFs — ]
) | (b) 1.5% 2,0%
[ «—different SLSTBs —>
" sdme ATF "simple Ts¥ ] :
L (e) ltheory" (e) 2.7% - 2.82

These uncertainties are comewhat higher than those due to engine calibrations

alone (see Table 4-9) but the same conclusions can be drawn as set out below.
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Comparison of simple rss theory and refined theory

The "simple rss theory" (e) + (e) in Table 4-11 seriously over-
estimates the in-flight.thrust uncertainty with two engines calibrated in
the ATF, compared with the "refined theory" [(al), (a2) + (al, (32)]. This
is because the "simple rss theory" wrongly assumes complete independence
between CG and ch whereas in fact there is a significant "Common" element
when using "linked methodology".

In mitigation of the "simple theory", the additional assumption of
complete independence between two engines produces a small underestimation
of in-flight thrust uncertainty, and it was hoped that these opposing effects
would cancel out. But when realistic numerical values are used the over-
estimation part of the "simple rse theory" is found to swamp the underestima-
tion part.

Choice of test facility for engine calibration

Calibration of just a single engine in an AIF is a significant improve-
ment over the case of no ATF calibration, should it be impossible to calibrate
both engines in the ATF (compare (b + c¢) against (d + d)).

A calibration in different facilities of the same type ie 2 ATFs or
2 SLSTBs gives a marginal improvement in accuracy over that obtained from
calibrations in the same facility.

Effect of engine setting

Calculations at high power are significantly more accurate than those
at low power (except for the anomalous "simple rss theory").
4.5 APPLICATION TO POST TEST ANALYSIS

4.5.1 Scope of Post Test Analysis

In the Post Test Analysis mode, with flight test data available,
statistical calculations can be made. This certainly applies to Class I error,
it may possibly apply to Class II error if more than one comparative flight
test is carried out, but Class III error remains hidden and can only be
estimated by Prediction Synthesis, and comparison of options.

The Post Test Analysis of Class I and Class II error should be checked
by comparison with the Prediction Synthesis. If these comparisons are very
different then further investigation is needed.

4.5.2 Rejection of Data

There is no general agreement as to the criteria to adopt in order

that data (not in accord with the expectations of the experimenter) may be
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rejected. Some extreme opinion has it that no data whatsoever should be
laid aside unless circumstances can be cited that show beyond any doubt that
such results are invalid. However the probability distributions of general
statistical theory (see Section 4.2.1 and 4.2.2) are not appropriate to the
inclusion of large but infrejuent errors, or to single gross mistakes.
Deletion of such outlfing points will improve the validity of the mean value
or curve fit,

If a result is required for guarantee or safety pm:pcses"_12 it may
be necessary to quote a value which will not be exceeded except on a very
small percentage of occasions. The form of the distribution in the tails
may be important in this case, aﬁd the evidence from outlying points must
be given particular attention.

In the general run of fiight experiments where so many parameters are
beyond the contrel of the engineer, assumptions abound. The probability of
a violation of those assumptions is not low. In such circumstances dubious
data could well be generated.

Therefore, some workers have adopted a more liberal approach and

rejection criteria based on 50 per cent probable error (0.7 standard

46 inter alia,

deviations) have been suggested. For instance Braddick
proposes that data lying outside five times the probable error (3.5 standard
deviations) may be rejected out of hand. Further, the same author suggests
that data lying outside 3.5 times the probable error (2.5 standard deviations)
ought to be rejected if any circumstances appear suspicious.

Al:uzrnet:hy‘v-2 uses a more sophisticated approach which, however, reduces

to a similar set of criteria.

If the outlying data are not rejected the value of the mean, or the
position of the fitted curve, could be affected. An explanation shculd be
sought for these points but no obvious reason might be found and engineering
judgement may then have to be exercised in order to reach a decision.

4.5.3 Analysis of Class I Scatter

Scatter can usually be observed, distributed about the curve fits of
the flight data. The ultimate scatter should be compared with that predicted
in the prediction synthesis and any differences investigated. This applies
not only to the case where too much scatter is apparent but also where the
scatter is less than expected. Flight data that show too little scatter
should be investigated particularly for analysis and data recording errors.
Too great scatter should be analysed particularily for systematic effects.
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Observable scatter might at first gight be distressing, but it is in
fact the least of the flight test engineer's problems. Its effects are
reduced to negligible proportions by the expedient of taking a sufficiently
large sample, n, for the curve fits. The uncertainty of the curve fit will
then improve approximately by the factor 1/v/n (see Section 4.3.5).

4.5.4 Between Flights Variation (Class II)

Repetition of tests may yield different results even when no known
feature has changed. When this occurs the first procedure is to check the
significance, using Fisher's F test (Section 4.2.4) and Student's t test
(Section 4.2.5), of the changes in the standard deviation and mean values,

or the position of the curve. If these differences are not significant (no

+Class II error) the data may be considered as belonging to the same population

and the two sets should be combined. 1If any difference is significant this
should be investigated as its cause may lie in the instrumentation, the
mathematical model of the instrumentation or in the thrust model of the
aircraft. If reasons are discovered the analysis should be repeated.

Where no reason is found or the reason is unusable (for example it may
be proved that the change is due to temperature sensitivity of amn instrument
but this temperature was not monitored) the difference must be accepted as
a Class 1I error.

4.5,5 Treatment of Results from Alternative Thrust
Calculation Procedures

At the flight tést analysis stage, a number (perhaps 6 or 8) of thrust
calculation procedures should be available. The problem arises as to how to
derive a single figure for thrust which is to go forward to the drag analysis.

In general terms the different results should be inspected to determine
whether the different procedures are producing essentially random or essen-—
tially systematic discrepancies. Pressures and temperatures through the
powerplant should be checked for thermodynamic consistency. With multi-
engined aircraft, comparisons of the behaviour of different engines may
indicate whether an effect is mere inaccuracy or a genuine effect oncurring
in all engines or one particular engine.

In practical terms some of this analysis could be fulfilled in the
following ways. Let us suppose the engines had been calibrated in an ATF
and that several variants of each of the gas generator options of Section
4.4.2 Table 4-2 are available together with the possibility of using "brochure”
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methods based on shaft speed or fuel flow. Variants of gas generator options
arise from, for example, use of different jet pipe pressure tappings for
calculating nozzle properties, or different fan exit pressure tappings for
calculating fan pressure ratio.

The first requirement is to examine the self consistency of each
option from flight to flight by checking a datum point as exemplified by
Table 4-12.

TABLE 4-12 COMPARISON OF SUSCEPTIBILITY TO CLASS I AND II ERRORS OF
DIFFERENT OPTIONS AT A DATUM POINT

M=0,7, Altitude = 5000 ft, Config = Output y = CDo
Brochure Methods Gas Generator Methods
Flight Fuel flow | Rev/min | Option | Option | Option
8 ~ method method a B Y
1
2
3
4
5 enter results in each colummn for datum point
6 in each flight
7
8
9
Observed
y
Observed
o (y)
I& 11 2,52 1.8% 0.7% 3.0%
Predicted
o (y) 3.0% 1.5% 1.0% 1.8% 2.0%
I1&I1II

By comparing the observed standard deviations against the predicted
ones, it can be seen immediately that option B8 is performing significantly
worse than expectation and that the fuel flow method and option y have
confirmed their rather poor pre~test estimate of uncertainty. At this point
a detailed analysis of the parameters used in option f could be undertaken
in order to identify which parameter(s) are causing the poor repeatability. It
might be possible to use an alternative parameter and thereby restore the
repeatability of the option.
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In the analysis of Table 4-12 the general advice of Section 4.5.4
A should be followed. A further caveat concerns the choice of datum £light
. E P condition which should be representative of the general flight programme.
; ; In particular the influence coefficients of the input parameters should be
\ ' representative. Clearly a datum point at cruise power low altitude subsonic
speed is not representative of a flight condition with reheat at supersonic
speed. The best option at the former flight condition might be the worst at
the latter!

Oy e .

/ Having compared options for Class I and II error, an impression of
Class III error can be found by analysis of an option performance over a range
of flight conditions. Options which have already shown up poorly on the
repeatability test might still be useful in this further analysis. (See

Section 4.3.6) Using a careful selection of flight data, a table similar to

.o

Table 4-13 might be constructed:

4.

TABLE 4-13 CHECK AGAINST CLASS III ERROR

EUSRNE RS St 2T 1L

AFN/FN % relative to Option 4A
i
i Brochure method Gas Generator Methods
e Fuel | Rev/min | Option | Opticn | Option | Option | Option | Option .
Flight | Alt| Mach | o 1od| method | 1A 4B 5A 5B | 9AN | 9aX *
Datum point -
(average data) *1.5 0.2 0.2
1 +1.5 -1,5 +0.1
1 +1.7 -2.1 -0.7
2 +2.0 +0.7 -0.5
3 +1.3 +3.0 +0.3 -
4
4 +1.6 ~1.1 -0.7 !
4 +1.3 | +0.3 0.5 |
7 +1.1} =2.0 -0.3 '
10 -1.0 | +1.5 -0.2
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In Table 4~13 the option numbers correspond to those in Table 4-2:
the letters with the option numbers define different variants eg A and B
indicate alternative jet pipe pressure probes, N and X indicate by-pass cali-
brations based on measurements at entry and exit respectively.

Brief examination of a table such as this will produce some initial
conclusions as to whether different procedures are producing essentially random
or essentially systematic discrepancies. From the illustrative numt :rs inserted
in Table 4~13 one might tentatively conclude:

(i) the fuel flow method gives approximately 1} pef cent more thrust
than Option 4A;

(ii) the rev/min method is rather scattered but generally gives
similar answers to Option 4A;

(idi) Options 4A and 4B generally agree,with the major exception of one
obvious bad point in Flight 4, shown ringed in the table.

At this point having completed the above "macro" analysis one should pass
on to "micro" analysis. For instance more detailed analysis of the discrepant
point in the comparison of Options 4A and 4B may take the form of a graph such

as:

Discrepant point
4 o |

Correlation curve
found in ATF

FIG. 4-10 EXAMINATION OF PRESSURE CORRELATION
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From this plot one would note the point of major discrepancy. Further analysis
would show where the problem lay. If no good reason for the discrepancy were
found then perhaps the point should be classified as '"not fully stabilised"

and excluded from further analysis.

A further observation from the above plot is of a systematic discrepancy
at low nozzle pressure ratios. This may be blamed on instrumentation accuracy
or may be a genuine effect found on engines installed in the aircraft. In the
latter case a re-assessment of the validity of options at low nozzle pressure
ratios would be required.

Investigations such as these should proceed to some depth. With
experience, checking procedures, such as the pressure probe correlation above,
will be developed to highlight discrepancy in various parameters.

From detailed analysis of this sort it is normally possible to deduce
which prucedure is giving the most appropriate calculation of thrust. However
it should be recognised that due to vagaries of instrumentation this may not
be the same procedure on all engines in an aircraft at one time or at different
times. '

This situ;tion of actually being able to choose the best procedure by
analysis of flight data depends for its success on having maximum information
in terms of flight conditions examined in the air and insthe ATF and in terms
of the extent of the instrumentation in the engine. It is strongly recommended
that a thrust-in-flight exercise be managed in such a way that comparative
analysis and selection of options can be made.

Unfortunately it is sometimes n2cessary to do a thrust-in-flight exercise
under less than ideal circumstances, for example with only little instrumentation
or lacking reliable ATF calibration data. In these circumstances the recommended
technique for handling results from alternative thrust procedures (des:ribed
above) may not yield any firm conclusions as to which option is best although
it is usually possible to eliminate certain data. Therefore an alternative
technique of taking a weighted mean value (see Section 4.3.7) of a number of
options may be adopted. Statistical theory indicates that the uncertainty of
this weighted mean result is better than that of the individual results.

However, efiort should be made to apply the comparative analysis method before

resorting to the 'weighted mean'.
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4.5.6 Stating the Final Results and their Uncertainties

At the completion of the post test analysis the most valid results
from different options will have been established by following the procedures
described above. Usually, a preferred option will have been identified, not
necessarily the same for each flight condition. In rare cases it may be
necessary to quote a weighted mean from several options.

Curves will be fitted to the data points, for example y = cD against
g = CL’ from the preferred options. The curve fit values §’can be stated
as the most valid results for CD' If only one flight is done with n test

poin;n the residual standard deviation ¢ (y) about the curve is evidence

res
of Class I error and the uncertainty of ¥ would be approximately:

U =« s xo () s (495)

Jn res

If two different flights are done at the same conditions, then a t test
(Section 4.2.5) will show whether they are significantly different. 1f the
test is "not gignificant”", data from the two flights can be combined and "n"
in Equation (495) will be the total number of poiuts from the two flights.

In this case it is assumed that Class II error does not exist (strictly it is
not big enough to matter). However, if the t test is “sigﬁificant" then in
principle more flights should be called for. Suppose "m" different flights
were flowm, there would be m curve fits and the best result would be the

mean of the "m" curve fits, §¥. A rigorous statistical treatment would involve
"analysis of variance" techniques, but this would hardly ever be justified for
the complex conditions of flight experimentation. Instead, an approximate
Class II Error Limit can bs judged for the spread of the "m" different curves.
The combined Class I and Class II uncertainty of‘§'wou1d then be:

U ® - /% [t,, x o, (y)]’ +1 [ELH ('y')]2 ee s (496)

- (where in this example y denotes the drag coefficient, CD)

The overall uncertainty should include an estimate of Class III Error
Limit, which will be available from the "prediction synthesis", Mode A, but
modified by any evidence which comes to light in the "post test analysis"
described in Section 4.5.5. Thence:
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+

8l

(where in this example y denotes the drag coefficient CD)

It is recommended that the uncertainties for each ClassI, II and III be

stated separately, together with the combined uncertainties of Equations
(496) and (497).

4.6 SUMMING UP

The end product of a series of flight tests may be a Drag Polar curve
and the instinct is to judge the quality of the results by the width of the
scatter band about the curve. It is possible, however, to get more informa-
tion out of the data than merely to say "the drag coefficient is measured to
t 8o much scatter". What is really needed is an estimate of the uncertainty
band within which the true position of the drag curve lies.

Early Sensitivity Analysis plays its part in helping to eliminate any
unsuitable thrust measurement options and to define the instrumentation
requirements to a sufficiently high standard. This will be followed, nearer
the time of the flight tests, by a full Error Prediction Synthesis to
re—assess the remaining modest number of options.

After the flight tests and all the possible checks for consistency,
mistakes and logical engine behaviour have been done, the results of Post-
Test Analysis should be compared with the Error Prediction Synthesis for the
options in use. If reasonable agreement is found then confidence in the
(already predicted) estimated uncertainty of the drag curve will be established.
If disagreement is found between Prediction Synthesis and Post-Test Analysis
for one of the options, it may be possible to point to a cause with the help
of the details shown in the s&nthesis table.

Differences between the observed drag curves given by the various
thrust options should fall within the estimates of Class I1I error in the
Prediction Synthesis. A weighted mean value of drag coefficient from all

the options might yield an improved uncertainty.

S et S e e
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Thus, by using the procedures outlined in this Chapter the following

benefits will accrue: ,

? -~ the best choice of methods and instrumentation will be made early %
% in the project ‘
i - the flight trials will be planned and conducted to give adequate .
: discrimination between experimental results E
} -~ false conclusions may be avoided é
- different parties will understand one another's statistics ;

- a framewo:k will exist to help in fault-finding :

- maximum information will be extracted from the data." :
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CHAPTER 5

INSTRUMENTATION

5.1 INTRODUCTION

The choice of thrust methodology in Chapter 3 will indicate which physi-
cal quantities (e.g. total pressure, differential pressure, temperature, rota-
tional speed, fuel flow) are to be measured - these are the "input'" measurements
of Equation (354), It will also indicate the engine station or plane where
measurement is required, see Sections 3.5.3 and 3.5.4. A sufficient number of
independent probes will be required at least to monitor the profile of the
measured quantity and indicate with an acceptable degree of confidence that it
has not changed between ground level calibration and flight (Section 3.5.2).

If it has changed, even more probes may be needed to establish the new profile,
but these would not normally be installed unless they proved necessary.

The various flight conditions will have been analysed to indicate the
expected values of each measured quantity. The range of these values will
indicate the operating range of the instrument (often denoted the "turndown
ratio"). The type of flight testing will determine the frequency of measure-
ment e.g., accelerated flight or manoceuvring may demand more frequent measure-
ment than steady flight.

This information will define for the instrument designer the number of
channels and the rate of data generation in his system. The design of each
channel will depend to a large extent on the accuracy required and the environ-
mental conditions, bearing in mind that the flight test engineer is interested
in accuracy as a percentage of the quantity (e.g., net thrust) which is used in
his calculations, whereas the instrument supplier normally specifies accuracy
as a percentage of full scale output. The relation between these two measures
involves the number of measurements, the influence coefficient (see Section
4.3.3) and the turndown ratio.

Hence to achieve a performance measurement to an accuracy of say *l per
cent over a range of 10/1 in net thrust for example may require disproportion-
ately high instrumentation systems accuracy; thus if three separate measurements
with substantial influence coefficients are involved the error in any one should
not exceed 1/ V3 or 0.58 per cent. If the influence coefficient is 1.0 the
allowable systems error is 0.58 per cent of reading or 0.058 per cent of full
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Several procedures might be used to reduce excessive demands on instru-
mentation syatems accuracy but all are likely to involve cost penalties. Thus
replication of the same test condition ir different flights will both evaluate
and reduce Class II error but only in the ratio of the square root of the number
of replications. Simultaneous use of instruments of different range for the
same measurement has cost penalties and involves design problems e.g., protection
against overloading., Averaging readings from a number of independent instru-
ments is common in ground level testing but difficult in flight., It is clearly
advantageous to choose a methodology with low influence coefficients and few
measurements,

5.2 SYSTEM DESIGN CONSIDERATIONS

5.2.1 Resolution and Interference
The first consideration should be gystem resolution, i.e. the smallest

change of instrument reading that can be detected by the whole measurement system®*
including the data reduction facility which is often part of an existing ground
level system. It is suggested that resolution should be 2 to 5 times smaller

than the allowable error specified in Section 5.1. Resolution will affect the
design of data gathering, recording and transmitting systems. In particular if
digital systems are used it will define the number of bits per word.

The effects of electrical interference upon instrument readings need early
consideration. Some forms of interference (e.g., an a.c. component added to a
d.c. signal) are expected to affect only the Class I error and produce a random
effect (as often positive as negative); others such as the presence of spurious
pulses in a pulse counting system will produce a bias of random size but constant
sign., To improve signal to noise ratio, the obvious requirements are %o produce
large signals and to minimise noise by sound screening and earthing practices.
Digital procersing of information is very eff_ctive since a digital system can be
set to disregard noise pulses of smaller amplitude than signal pulses. For
example a bit error rate of 10 ' has been observed, (see Reference 5-1, P+ 26.4)
in an airborne recording system. However it must be remembered that the residual
errors are as likely to contaminate the most significant digit as the least.

To be effective however, amplification and/or digitisation must take place

*A nessurenent system in genersl comprises a probe, connecting pipe or wire, sensor or transducer, data
conditioning squipment and data reduction facility - ses Figure 5-1,
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FIG.5-1 OUTLINE OF MEASUREMENT SYSTEM

Particularly for systems in which digitising is not justified, some
procedure should be provided to estimate the possible effects of electrical
interference on the system. A convenient method that is often applicable is
to provide zero or constant input to the system (eg to connect the ports of
a differential pressure transducer together) and monitor the output as other
systems are switched on and off or operated.

Detailed discussion of the various environmental effects on the accuracy
of instrumentation systems are found in the papers by Prof. P. K. Stein of the
Mechanical Engineering Facility, Arizona State University (References 5-2,

5-3, 5-4, 5-5, 5-6).
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In a system that has been designed to minimise spurious signszls and
electronic errors, the main residual errors are likely to be in the transducer
or sensor, and in the sensing probe. At this stage of the discussion the time
scale of error becomes very significant, and involves at lesst the three error
classes of Chapter 4. It is possible that specific studies would justify finer
division, but this will not be considered here,

Transducer errors are expected to contribute to all three classes. For
examp le pressure transducers can contribute Class I error due to vibration,
ripple on the exciting supply, and electrical noise that may be internally
generated. Class II error is produced by a drift of transducer parameters (zero
and sensitivity) between calibration and flighé - it may also arise from environ-
mental changes (e.g. of temperature) on the transducer. Class III is likely to
arise from drift in the calibration equipment (which should itself be checked
at intervals against local or national standards).

Probe errors may be very substantial in unfavouravle cases, but are
likely to be most prunounced in Class III. Thus the pressure or temperature
correction factor of a badly designed probe may be significantly different from
the calculated value, but it is unlikely to change during test unless the probe
is damaged or contaminated (e.g. by icing). Such damage is expected to cause
Class II error. 1t should be remembered that the factor may differ substantially
from one test conditiun to another.

The number and positions of probes, discussed in Chapter 3 Section 3.5,
may affect Class 1I error in certain circumstances. Thus for example if changes
in airframe or engine intake are made between flights during a test series, the
flow distribution in the intake may be :1ltered. If this distribution is being
sampled by a small number of probes the rel.tioa between aprarent and true
average pressure might well change. Such change might provide a systematically
erroneous indication of the effect of the airframe/engine change — it is also
Jikely to invalidate an AIF calibration. There is very little that the
instrument designer in iscletion can do, other than tr indicate that a change
of profile nas occurred. Clearly in a critical plare, even if it is not possible
to have enough probes to fully cheracterise the distrioution, there should be
enough to indicate whether or not ~hanges have occurred.

A general account of design nethods is given in the fullowing Sections.
However a much more detailed treatment of some aspects is given in AGARD Flight

Instrumentaction publicctions 5-7,
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5.2.2 Design of Calibration Sub-System '

The first requirement of calibration is that it should check as much of
the instrumentation system as possible. Thus ideally known physical inputs
should be applied to the system probes, with the same environmental conditions
as in flight. For practical reasons the ideal is rarely attainable, but the
uncertainty produced by less complete checks should be clearly recognised.

The usual compromise is to apply a simulated input to the transducer as
in Figure 5-1. For example, a pressure scanning (Scanivalve) system operates
in this way - it can test the transducer, energising supply, amplifier, AD
converter and data links, but it does not test the pressure probe and the
connecting pipe.

A less desireble compromise is to inject an electrical signal into the
amplifier, e.g. by shunting one arm of a transducer's mecasuring bridge circuit
with a calibrating resistor. This method does not check the physical operation
of the transducer, e.g. for mechanical changes in a pressure or force sensing
member.

5.3 DESIGN METHODS FOR REDUCING ERROR

5.3.1 Probe Design

The aerodynamic design of probes is discussed in several standard works

~ e.g. Reference 53-8, but is greatly affected by installation problems that are

specific to each installation. Some guidance on practical installations is
given in References 5-5 and 5~10;the former indicates that probes should first
be designed to minimise error, and then calibrated to evaluate residual error
as far as possible. However since it is not possible to calibrate for all
conditions of use, some uncertainty must be accepted.

It may be useful to indicate some .of the elemeatary requirements that
®ay nevertheless be difficult to satisfy in practice. Thus Reference 5-9
states that static hole edges must be as sharp as possible but with all burrs
removed. Maximum deburring chamfer to be 0.25 mm in e.g. a 1.5 mm hole. If
there is an irregularity in the duct of height h, the static pressure tapping
should be at least 10 h upétream or 15 h downstream of the irregularity.

If a pitot tube is required to be insensitive to flow direction, the end
should not be cut square but internally bevelled to a narrow angle. Use of
thin walled tube has a similar but less marked effect.

In situations where the airflow direction is not known and may be at 15°
cr more to the probe axis, damage to probes or contamination may well affect

their response.
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The design of total temperature probes involves several compromises.
Thus if a substantial recovery of total temperature (e.g. recovery factor 0.9)
is required, then the probe must decelerate the flow to about 0.3 Mach number.

s e

oo

Too low a flow however will reduce the heat transfer to the probe sensing

P NS

element and increase conduction errors. Probes with multiple shields can have

O . -,
e Y

better recovery factors and reduced conduction error but are bulky, less robust

; ; and respond more slowly to transiemt conditionms.

' i 5.3.2 Transducer/Sensor Design

Transducers are sensors which provide an output (nearly always electrical)

; proportional to the input (e.g. pressure, temperature). In nearly all cases the

: transducing component (é.g. strain gauge) is so closely linked to the sensor

(e.g. diaphragm) that no distinction will be made between transducers and sensors.
Most transducers provide analogue outputs at fairly low level (e.g. tens

of millivolts). It is advantageous to amplify and/or digitise this signal as

near to the source as possible to avoid contamination. Small relatively in-

expensive amplifiers and A/D converters are now available - some transducers
have these components packaged in the same enclosure.
Transducer errors can be controlled in three main ways (i) choose a stable

design of transducer, (ii) control its environment, (iii) monitor its calibration
frequently. Commonly all three will need to be applied to some extent.

Choice of a transducer which is stable under all environmental conditions
e.g. changing temperature, temperature gradients, and varying excitation voltage
is not easy. Manufacturers' specifications must be examined critically; for
example a temperature compensated unit may have been adjusted to read correctly
at two or three temperatures in a unifbrm temperature oven, but this is no
guarantee that it will do so at intermediate temperatures or in a temperature
gradient., Nevertheless some transducer designs are better than others. The
performance of pressure transducers has been studied in some detail in regard to

their application for powerplant control systems. It may be worth examining
instruments of non-traditional types, for example vibrating pressure transducers
appear to have long term stability and are used in altimeters, and small force
balance transducers are claimed to have good accuracy, though both are limited
in the temperature range over which they can operate.

Some control of environment is generally desirable. In particular, the
effect of thermal gradients and of electrical noise may be reduced by surround-
ing the transducer with a thermally and electrically conducting box (note that
pure metals are much better conductors than alloys). If as a further step the
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box is temperature controlled (conveniently to a temperature above any ambient
value) the thermal effects on output are likely to be smaller than the secular
changes. It is clearly also desirable that power supplies to transducers be
(i) free from ripple (e.g. ripple % < resolution %) and (ii) stable in time.
Numerous voltage stabilisers are available particularly for d.c. supplies, but
they attain maximum stability only some minutes after switch on. Moreover the
value of the controlled voltage generally changes if they are switched on and
off. Where environment cannot readily be controlled, it may be monitored and
a correction calculated - for example transducer excitation voltage and trans-—
ducer temperature may be monitored and-recorded. This procedure however
complicates data analysis. ’ '

The frequency of calibration has a considerable effect on Class II errors,
since the time scale of drift is commonly hours or days, hence calibration
within seconds or minutes of the test reading will greatly reduce the effect of
drift whether due to progressive environmental changes or to secular effects
(changes in transducer properties with time). If calibration can only be made
before and after test flights, on the ground, it is unlikely to include the
effects of any uncontrolled environmental changes in flight. However, comparison
of calibration results before and after flights give a useful indication of the
magnitude of drift with time and hence of the necessity or otherwise for more
frequent calibration. Some data currently available suggest that for readings
near full scale output, the drift of zero and the drift of sensitivity are
comparable - but for readings at say 10 per cent full scale the drift of zero
is usually the dominant error. Since the error at 10 per cent full scale will
be a much larger percentage of the measured quantity, it is often worthwhile to
calibrate an instrument for zero input only. An example is to connect the ports
of a differential pressure transducer together and read its output. Calibration
at inputs other than zero requires either comparison with a more accurate
instrument, or the availability of standard inputs. Provision of either is
more difficult in flight than in ground level testing, nevertheless some tech-—
niques are available. Rolls—Royce (DED) find pre-flight checks with dead engine
most valugble in detecting damage or marked change in instrumentation calibratiom.
In these tests all differential pressure instruments should read zero and all
apsolute pressures should be equal to barometer.

Class III errors that are attributable to errors in calibration uources
can generally be reduced to insignificant levels if cost and ease of operation
are not limiting factors. Commercial calibrators on the other hand may be of
marginal accuracy and if so should be checked at intervals against local or

national standards.
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5.3.3 Signal Conditioning Equipment Design

The function of this equipment is to convert transducer signals into in-
formation for subsequent processing. The information is then assumed free from
further contamination. The form of output may be very varied e.g. chart record,
paper tape, magnetic tape, printed digits or coded radio signals. From the
error analysis standpoint, Class III error is likely to be insignificant but
both Class I and Class II may be present.

Class I error is most likely to occur from electrical noise whether ex-
ternally or internally generated. Since small signals are most vulnerable early
amplification is desirable. Electrical screening is nearly always necessary,
and "driven" screens may be advantageous for transducers with both output term-
inals live (i.e. non earthed). Design of earths 5~11to avoid earth loops is
important - some form of test should be specified. Electrostatic screening is
rarely much protection against electromagnetic induction, generally the most
effective precaution is separation of signal lines from power lines, but screens
of high magnetic permeability may be useful. Iron cored components - motors,

generators, saturable reactors, and to a lesser extent transformers should be

avoided. A useful test is to apply zero inmput to the measuring system, and
monitor the output as other systems are successively activated and operated. ?
Filtering of signals may be effective if frequency response permits, '

also integration over a fixed whole number of power supply cycles. Fortunately
the effectiveness of these measures can be readily assessed by use of a dummy

' ! input (e.g. a fixed resistor bridge) and monitoring the output.

i Care should be taken to avoid saturation of signal conditioning equipment,
' particularly where subsequent filtering could mask the occurrence of such

saturation.
Class II error may occur through drift qf amplifier zero and amplifier
s gain., Similar effects may occur in A/D converters. If desired these effects

b
X

can be evaluated by switching to known inputs (e.g. zero, known resistance,
¢ known voltage) and monitoring the output. It is also useful to monitor the

energising voltage applied to the transducers. Some manufacturers offer options
of this kind and imply that they are calibrating the system - but of course the

transducer is not included, only the signal conditioning equipment. A further
1 disadvantage of one method, namely shunting the transducer with a fixed resistance,
\ is that the output change will vary with transducer resistance and this itself may
1- have changed.
|
]
|
!
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It may well iu convenient and more satisfactory to lump Class II error
from conditioning equipment with that from the transducer and calibrate the
whole system. |

Class III contributions might arise from errors in electrical calibrat-
ing equipment but this is usually so accurate that errors are negligible. In
general no other contributions are anticipated but particular systems should
be examined for possible Class III error. It may well be more -convenient to
assess any Class III error for the measurement system as a whole,
5.4 METHODS OF REDUCING ERROR IN SPECIFIC MEASUREMENTS
5.4.1 Pressure Measurement

The pressure transducers should be mounted in the best environment
available (e.g. an engine mounted transducer should be near the compressor
inlet and not on the reheat pipe!). However if rapid response 5-1254 required
the pipe length between probe and transducer may dictate the location. If no
provision for in-flight calibration can be made, the transducer should be select-
ed for good secular stability, and mounted in a well designed temperature-control-
led box. It should be connected by short leads (using a minimum of connectors
or gwitches) to a signal conditioning unit and/or digitiser. This unit may also
require environmental control, depending on location. All earthing connections
should be made to a common point preferably at the transducer, Signal earth
should be separate from power earths. Non-earthed screens may with advantage be
"driven" from the signal amplifiers.

If a measured pressure varies widely in different conditions of flight,
it may be advantageous to use two transducers of different range either (a)
pneumatically switched or (b) left permanently in parallel, If method (a) is
chosen, it is necessary to provide a reliable leak-free pneumatic switch that
is automatically operatad to cut out the more sensitive transducer at higher
pressures - if (b) is chosen the sensitive transducer must accept overloads with-
out damage or change of calibration.

If a measured pressure differs only slightly from ancther pressure that
is accurately measured, it may be convenient to measure the difference using a
differential transducer. Any errors in the differential measurement will have a
much smaller effect on the total pressure. A familiar example is the measurement
of airspeed from differential pressure and static pressure (altitude). In other
cases a reference pressure may be supplied from a tank whose pressure is monitored
by means of an accurate transducer (e.g. vibrating cylinder) in a controlled
environment (see Reference 5-10 pp 29, 30).

Another method of reducing the effects of transducer drift is to provide
frequent in-flight calibration. The simplest form is one in which a differential

Tm it e
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transducer is disconnected from its probe and its inputs connected together
(Reference 510, p 46 ). This procedu.e monitors only rero drift, but this may
be the dominant source of error (Sectior 5.3.2). More complete calibration is
provided by a scanning valve system, in which th: transducer is connected in
turn to one or more pressure probes, and :iien to two or mor: standard pressurss,
The detailed configuration depends on the speed of response required, the number
of pressures to be read in the neighbourhood of the system, and the detailed
properties of the tramnsducer (particularly its hysteresis). If low hysteresis
transducers are used the system can be simplified. One reference pressure may
be provided from the same source as a differential transducer reference,

The calibration pressures may be read frequently (e.g. once in 30 seconds)
and the current calibration used to reduce the observed readings to engineering
pressures. Alternatively a running mean can be used. One scanning system has
been used in flight testing (Reference 5-13 pp 7,8 but apparently without a
pressure reference system. The valves were mounted in a nscene and the use of
"Scanivalves" minimised the number of connections between the nacelle and the
flying test bed. |

Speed of response, accuracy and cost are as in many other cases in comp~
etition, and engineering judgement will be required to make the required trade-
off in each situation. Thus for example if speed of response is unimportant, a
large number of pressure probes (e.g. 45) may be connected through a single
scanning valve to a single transducer. More frequent readings can be provided
at higher cost by parallel comnection of a number of scanning valve ports to a
single pressure probe. In the extreme, the scanning valve would have only one
port for unknown pressure, monitor this pressure almost continuously, and omly
stop monitoring when a calibration was réqui.red.

This extreme case almost reduces to the system of Reference 3-10 above.
Such a system would clearly be of high cost, and s system involving a very
accurate transducer in a temperature controlled environment might be preferred.

The accuracy5~14,5-15 attainable with ground-based scamning valves is
better than 0,05 per cent full scale at 95 per cent confidence (errors from
Classes I, 1I and III added as root sum of squares). For individual transducers
without in-flight calibration values of 0.7 per cent have been quoted. When
an accuracy of better than 0.5 per cent is required, the treatment of transducer
hysteresis is also important. According to the method of calibration, hysteresis
can appear as Class I, Class II or Class III error.
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Hysteresis can sometimes ba minimised by appropriate choice cf transducers;
it can also be greatly reduced by using a scanning valve in the interporting
mode. In this mode the transducer is connected to a pressure either higher or
lower than any measurad pressurs bafore each measurement. Thus the maasured
pressurc is alvays approoched from the same directiom.

Ground~based calibration standards may be either quartz~tube bourdon
devices (Texas or Ruska) or dead-weight testers of adequate quality. If the
latter, a convenient form is that with a ceramic ball as piston which can be

used within limits as a pressure controller.

5.4,2 Tcmperature Measurement

Generally either thermocouples or resistance bulbs are used as sensors.
Probe design can be difficult 5'16. The major source of error is generally the
(unknewn) difference between gas and sensor temperature. Various methods are
available for minimising this difference, but the most effective methods involve
a bulky probe. The difference in temperature depends on the temperature of solid
objects in the sensor'sneighbourhocd, thus e.g. at constant gas temperature the

e = b b i A it Rl 35l i G A

sensor reading will increase as the probe body and duct heat up. Apart from this
effect, the difference will represent a Class III error. Methods of probe ;

design and celibration are given in Reference 5-~17. Class I errors are likely
te arise mainly from electrical noise which can be minimised by the same tech-
niques as in Section 5.4.1.

o rberit

Class II errors can have several aources. One is a change in calibration
of the sensor from flight to flight, caused e.g. by cycling it through critical
temperatures, This effect is found with some grades of chromel~alumel thermo-~
rouples, It can also occur as slow drift by contamination in both thermocouples
and resistance thermometers. Varying temperatures in connecting leads can also
cause errors, particularly in contaminated thermocouples and in two-wire
resistance thermometers. Where possible, resistance thermometers should have 3
or 4 vires and be connected in Wheatstone or double Kelvin configuration.

Class III errors can be csused by imperfact calibration techniques as
well as by imperfect standards. Thus if a thermocouple that has been contam:
inated in service is calibrated with a different depth of immersion to that in :
service, errors are to be expected. Ideally probes should be calibrated by re-

producing their operating conditions as closely as possible and using the flight .
instrumentation to process and resi out the data. if s comparison sensor (e.g. g
a standard thermocouple) is used, considerable care must be taken to ensure it

is at the same temperature as the sensor being tested. Recommended celibration
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standards for standard sensors are the freezing points of pure substances
(particularly metals). .

In regard to the choice of sensor materials, platinum is generally recom-
mended for resistance bulbs with nickel as a cheaper alternative for temperatures
near smbient. However very little metal is used in a resistance sensor so cost
is not critical. Chromel-alumel (T1/T2) is generally used for thermocouples in
engineering work but it has the widest error limits of all the common materials
(i.e. £3°C to loOO°C, t} per cent to 1,000°C).The maximum temperature of operation
is affected by the wire diameter 5'18. thus 3 mm diameter wires are recommended
up to 1150°C but 0.3 mm only to 750°C. Precious metal thermocouples are obtain-
able to much closer tolerances (+1°C at 1064°C) but have a smaller output. They
have been uoeds--]'9 in industrial practice up to 1400°cC.

Connection of the thermocouple wires to the measuring instrument can
introduce errors mainly in Class III. Thus if "compensating leads" are used
there is a risk of incorrect connection leading to erroneous readings. Further
errors >~18 are introduced if the pair of junctions between thermocouple and
compensating lead, or the pair between compensating lead and measuring instru-
ment, are not at the same temperature. It may be advantageous to proceed directly
from thermocouple to copper, provided the junctior temperature is monitored.

This is a standard procedure at Rolls Royce with T1/T2 thermocouples. For temp-
erature measurements near ambient (e.g. -50°.C to +100°C) the copper constantan
couple minimises interface problems and is more repeatable than most. However
the high thermal conductivity of the copper element sometimes presents problems
in probe design. If different sensors are used this may cause confusion in
installation and data reduction. However in some circumstances technical
advantages may predominate.

" 5.4.3 Nozzle Area Measuremant

The problem of nozzle area measurement has been considered in Section 3.5.8.
Since the basic problem is to find a reliable physical method for determining the
nozzle area, of variable nozzles, and since the existing method is very indirect,

being based on remote measurement of the displacement of the operating jacks,
it is difficult to estimate the error from experimental readings. However it
seems likely that Class II and Class III errors will predominate over Class I.
Section 3.5.5 recoumends that nozile area/mass flow correlations should be
avoided in variable nosxle engines.

For fixed nozsles the problem is largely one of measuring thermal ex-
pansion. If this is measured via the nosszle temperature then the largest source
of error (Class II and particularly Class III) is likely to be the installation
of the thermocouple hot junction. Techniques developed for turbine blade

temperature maasurement may be appropriate.




187

Howsver if a more direct measurement of nozgzle area becomes available
the options involving nozzle area should be reconsidered, since this class of
option involves the smallest number of measured quantities.

5.4.4 Fuel Flow Measurement

Transducers are available whose long term repeatability is better than
the current naticnal standard, i.e. their Class I and II errors are smaller than

Class III. These instruments, based on commercial rotary piston meters equipped
with low—-torque digitisers, are however bulky and heavy, and rarely used in
flight.

Turbine type meters of the type used in flight may on the other hand
have very small Class I errors e.g. 0.05 per cent but with substantial Class II
and III, e.g. changes in calibration of 0.5 per cent have been observed during
a flight test period and "agreement of $0.05 per cent in some tests is countered
by hysteresis jumps in characteristics, and without individual selection and
calibration the accuracy is probably not better than +2 per cent" 5-20, gsuch
meters should be installed in lengths of straight pipe: when this is not possible
the instrument should be calibrated in its flight piping to avoid Cléss III
installation errors that are likely to result from use of a manufacturer's flow
bench calibration.

The signal from either instrument consists of a succession of pulses.
Two methods are available for determining flow rate (i) to count the number of
pulses in a given time, (ii) to determine the time interval between two or more
pulses. Method (i) may require a relatively long time to count sufficient
pulses for adaquate resolution (e.g. 1,000 pulses for 0.1 per cent) and hence
method (ii) is preferred when flight tests are performed under non-steady
conditions. However to avoid possible phase errors it may be desirable to time
a fixed number of pulses (e.g. 10). Errors in signal processing may arise from
noise pulses or from counting failures - but if these .are avoided by suitable
design the only source of error in timing pulses is an error in the timing
oscillator. Oscillators are available with high stability and their frequency
can readily be checked if required.

To derive mass flow from volume flow we require a measure of fuel density.
This may be obtained either from a density meter or by means of pre-flight
density measurement combined with temperature measurement in flight. It should
be noted that large changes of fuel temperature accompanied by significant
change of density can occur in flight. BErrors in density measurement are unlikely
to contribute to Class I error but may contribute to Classes II and III. The
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temperature sensing probe requires a suitable installation near the flowmeter
with adequate immersion. Hawker Siddeley recommend the use of miniature
resistance thermometers with which temperature can be measured to 1.0°C.

Some errors in mass flow may arise in electronic or other devices designed
to compute mass flow from volume flow, measured temperature, and a manually
injected value of reference density. It is preferable to take performance
readings from directly measured quantities subject to later computation rather
than to use processed data unless the processor is known to be accurate.

As an alternative to volume and density measurement, direct mass flow-
meters are used e.g. in USA. Tests at Rolls Royce, Hucknall, suggest a repeat-
ability of 10,15 per cent with an estimated accuracy (Class II and Class III?)
of 0.35 per cent. Tests at ICI have indicated a reﬁeatability of 0.3 to 0.4
per cent.

5.4.5 Direct Aerodynamic Air Mass Flow Measurement

This is currently based on sample measurements of total and static pres-
sure, and of total temperature, in a suitable duct. Errors may be contributed
by both the pressure measuring and temperature measuring systems, and for these
the discussion of Sections 5.4.1 and 5.4.2 applies. Since the difference between
total and static pressure enters directly into the calculations it is always
desirable to measure this directly with a differential transducer.

Class III errors may be contributed by the calibration of the airflow
measuring duct (normally in a ground level facility). If the airflow distri-
bution happens to change between one flight and another, this calibration factor
is likely to chanbe 80 introducing Class II error. If sufficient probes are
used it may be possible to determine mean flow despite this change, but in
general sufficient probes are unlikely to be available. There should, however,

be enough to indicate whether or not a change of diastribution has occurred.

Some general rules ror installation suggested by BAC Military Aircraft a
Division are that pitot and static tappings should have at least 10 diameters
of straight duct upstream and 3 diameters downstream, also the temperature probe !
should be 2 diameters downstream of the pitot and static tappings.

A practical detail is that any large difference in time lag between pitot
and static tappings may cause an excessive pressure differential pulse upon a
low range differential pressure transducer.

5.4,6 Rotational Speed

The measurement of rotationsl speed of gas turbine components is very
gimilar to the measurement of pulse rate from a fuel flowmeter, of Section 5.4.4.

»
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However the influence coefficient is likely to be large so that high accuracy
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is desirable. If the flight test plan permits operation at steady conditions
for a sufficient time (e.g. 30 seconds) it may be convenient to count rotations
in a fixed time. If the plan involves continucusly chamging conditions, it may
be better to time a small number of complete rotatioms. The same pracautions
as in Section 5.4.4 against spurious pulses are required. 1If screeming fails
to eliminate them, it may be possible to detect them in data smalysis if they
should represent impossible valuas of speed.

5.4.7 Alternative Thrust Measurewent by Mechanical Mesns

The reaction of an engine upon its mountings hes beem determined in
flight, Refererce 5-13, pp 6,7 for an engine/nacelle coubimation mowated om »
flying test bed - in this case swinging links and a temsion tramsdecer were
used, The repeatability betwveen one ground level calibration end amother wes
0.1 per cent. Modern designs of transducer may permit force msesurement through
existing mountings ~ for example engine thrust has been wsasured om a growmd
level test bed through the engine trunnions®"21,

Attention must be paid to forces tramsmitted through othar strectwral
components e.g. pipes and cables, but it appears that in favourable circem
stances these forces may be (a) smal' and (b) calculable. Thus the Class 11
and Class III error of an installation on a ground level teat bed vwith mumsrows
connections to the engine was found to be less than 0.1 par camt of full scale.
5.5 COST-EFFECTIVENESS IN INSTRUMENTATION

Accurate instrumentation is expensive in first cost, in installation amd
in maintenance. On the other hand the cowmercial or military value of an air-
craft may be affected by quite small changes of performance hence substantial
investment may be justified., To attain a given degree of accuracy more repeated

flights may be needed with instruments of low accuracy. Statistically omne
flight with a Class II error of 0.5 per cent is worth as much as four flights
with 1 per cent error. If Class II error is excessive, the flight tests may
not indicate with confidence whather sn experimental change of engine or air-
frame configuration has made any change in performance thus nullifying one of
the purposes of flight testing.

Estimation of the optimum total expenditure upon instrumentation is not
within the province of the instrumentation engineer, but he may produce a graph
of accuracy versus cost for various forms of instrumentation. An example is
given in Figure 5-2 for a pressure measurement system. The figure illustrates
the effect on cost and accuracy of improving the transducer quality and of
controlliag its environment.
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If the cost versus accuracy curve is intersected by a curve of value
versus accuracy, as in Figure 5-2, an appropriate level of accuracy is

dcfineds_zz. The instrumentation engineer can then select from the possible
combinations the one which most economically provides this accuracy (ie at
the lowest total cost).

Information for constructing cost/accuracy graphs is still limited but

could be increased by systematic collation of £light experience.

3

4 5.6  CHECK LIST FOR INSTRUMENTATION

. 1. What physical quantities are to be measured?

3 eg, pressure, temperature, force, fuel flow.

i 2. Over what range?

%; 3. With what accuracy? ~ as percentage of measured value or

& percentage of full scale? !

| 4, What are the Influence Coefficients? g.
S. Hence define resolution and accuracy of each measuring channel. §
6. How is interference likely to affect readings? E

: 7. Design circuit, screening, and earth connecticns. !

§ 8. Decide probe numbers, location, design.

j 9. Estimate probe errors.

: 10. Select transducers - with particular attention to environmental

stability in transient or non-uniform environments.

e s o Ao P e Bt

11. Are transducers adequate?
12, If not - improve environment (eg temperature control)
calibrate on-line (eg scanning valve). ;
13. Monitor signal conditioning ejuipment for errors. In particular
L measure output with zero signal but representative interference.
A 14. Use calibration data to indicate instrumentation system defects;

eg an increase in Class 1 scatter may indicate the need for
instrument maintenance; a change in Class II may indicate probe
damage.

The block diagram in Figure 5-3 indicates some of the many aspects of

instrumentation choice and design to be considered. Neither this figure, nor : ’
the check list above is exhaustive.
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ITEM To
: [ 77~ OBJECTIVES ~ T |Be TESTED - -
o Defined by Flight T
1. Test Engineer "
g ! Purpose cf Accuracy ‘
ol test required !
1
Method of |
| A/%M
' Frequency Quantities Range of each lnfluence !
of reading to be measured measured quantity Coefficient
I
Scanning Number, type of Turn -down ratio
| { rate instrumentation of channel !
T channels
Information ;
i bandwidth \ Instrumental METHODS |
1 accuracy In tDe:r:Z:?ott’Yon |
: i stru i .:
Size of required Engineer '
store
! '
} Probe Choice of Choice of Acceptable
; design transducer calibration noise level
{method
! !
. Probe Control of Calibration Screening ,filtering
calibration environment frequency early amplification
{
' '
|
Class III Class Il Class ! -
i [error error error ! |
!-Bias of whole Test to test oUTPUT Within test ,I
l test series scatter To Test scatter
Engineer
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