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ty Standardization Advisory Committees of the SAE Aerospace
Council, working with the SAE Propulsion Division suggested the need [for improved
knowledge of airgraft propulsion system in-flight thrust. Later, thelU.S. Air
Force Aeronauticpl Systems Division independently made a similar suggpstion.

- The Propulsion Division and the Aerospace Council concluded that the real need

' was to establish a forum where this subject could be discussed by knowledgeable
experts on a tedhnical basis. ~SAE undertook to do so. Dr. Robert Abernethy was
commissioned by |George Townsend, Propulsion Division Chairman, to organize the
In-Flight Propullsion Measurenment Committee E-33. Mr. Gary Adams, representing
the Air Force, Was also involved in organizing the E-33 Committee at [this early
stage, The firgt meeting took place in December, 1978.
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The E-33 Committee endeavored to gather industry-wide expertise in in-flight
thrust measurement and uncertainty analysis. The Committee was organized into
Subcommittees A/B which concentrated on thrust/drag bookkeeping and thrust
determination methodology, and Subcommittee C which addressed the subject of
thrust determination uncertainty.

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

Each mepber of this committee worked diligently for many years to produce
these two reports. HWe are indebted to them for their“extraordinary efforts.
Special|mention is due the Sponsors, Bill Wallace and Jim Thempson and the
Arnold Engineering Development Center that produced the figures. The member
sponsorjng organizations are to be commended for” their support. Finally the
British|MIDAP Group, the AIAA Thrust-Drag Editorial Board, apd our Consultants
provided valuable Tiaison.
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SYMBOLS
DESCRIPTION

True bias error: the fixed, systematic or constant component of the total

error, s.

Total erfpor: the difference between the measurement and the’ltrue value.

True prefpision error, sometimes called repeatability error or sampling

error, the random component of s.
The true| standard deviation of the population.
Absolute| Influence Coefficient

Fractionfal Influence Coefficient

The estimate of the upper limit o the bias error, 8.

Upper and Tower Timits of a(nonsymmetrical bias error.

Thrust

( ) Fundtional Relationship

The numbler of measurements available (the sample size).

Order ofl Curve Fit

Residual-error;—the—absotute—differencebetween—calcutatedand measured

performance.

Residual error, the fractional difference between calculated and measured

performance.

An estimate of the standard deviation, o, called the precision index.

Estimated Value of Residual Error Precision Index

Uncertainty, the largest expected error limit.

Additive Model: Uppp=B+2S
Root-Sum-Square Model: Upgs=7/B2+(25)2

Defined arbitrarily as:

¢

gy


https://saenorm.com/api/?name=4c4dbd0d905eaa9b5eeda0460cd23263

O
EAE:A,,I,,@]"’?E 65 WM 84357340 DOOS?10 7 mA

0-5

SYMBOLS (Cont'd.)
U+,U' Upper and lower limits of a nonsymmetrical uncertainty interval.
X

An individual measurement, sometimes called an observation or reading.

>

Average of a set of individual measurements.

-ico Average of the total population

Y A performance parameter
SUBSCRIPTS
c flight test corrected to desired test conditions

cm lapse rate| correction model error

i Flight insftrumentation (engine)

gt Ground test facility instrumentation
gi Ground insgtrumentation (engine)

. i The number| of the elemental error sourceiwithin the error category
~ J The number| of the error category which arbitrarily is assigned fas:

1 Callibration errors,

J

j = 2 Data acquisition errors,

j = 3 Data reduction errors,
k The number] of the individual measurement
m Measured
N Net

mn math model error

r Residual error

t as-tested flight condition
SUPERSCRIPTS

. * Fossilized precision error
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1, INTRODUCTION:

Estimating the measurement error or uncertainty is an essential element in
the complex process of evaluating in-flight thrust. During the pre-flight
ptanning phase, it is necessary to assess the accuracy of the candidate
methodologies for determining in-flight thrust and to select those which best
satisfy program requirements and resources. It defines parameter accuracy, .
data acquisition, and data reduction requirements for the ground and flight
test phases. Post-flight, it is used to examine the consistency of the test
results with pretest predictions and with vehicle performance estimates.

At present, there are no ind or governmen andard or determining
in-flight thrust or the associated uncertainty. The purpose of>this document
is to provifie information covering methods for est1matinq the measurement
error or ungcertainty of in-flight thrust determination in aircraft employing
conventiona] turbofan/turbojet engines. Methodologies beyond those presented
are requirefl in order to evaluate configurations such as.vectored thrust or
V/STOL. The document is intended to be used as a technical guide. It is not
intended to|be used as a standard or legal document.) A companion document,
SAE AIR 1708, presents information and guidance onithe selection|and use of
methodologips to predict and assess propulsion.system in-flight thrust. Both
documents dpscribe comprehensive procedures and tasks for implemg¢nting the
methodologips. Each program would select those tasks that are appropriate to
meet its particular objectives.

The term "“ip-flight thrust determination" is used synonymously with "in-flight
thrust measpirement" although in-fljght thrust is not directly measured but is
determined pr calculated using math modeling relationships between in-flight
thrust and parious direct measurements of physical quantities. The in-flight
thrust detefrmination process inCludes both Ground Testing and F1jght Testing,
Figure 1.1.| The math modeling relationships between the in-flight thrust and
the measurements of the physical quantities are calibrated in Grgund Tests.
Error estimptes for each-item shown in Figure 1.1 are required to calculate
the uncertafinty of the:"in-flight thrust measurement".

The text is| organized into the following major topics:

Measurement Uncerta1nty Methodo]oqy (Sect1on 2): Th1s sect1on déscribes the
concepts in hrtist. Its
purpose is to prov1de a common bas1s for understand1ng The methodology
includes the use of statistical and engineering concepts to meet the need for
an easily interpreted estimate of uncertainty {1.1)*,

In-Flight Thrust Measurement Processes (Section 3): This section describes
the ground test and flight test phases of the in-flight thrust determination
process. The five sets of fundamental error components which must be
evaluated to determine the uncertainty of in-flight thrust are identified.

*Numbers in parenthesis designate references 1isted in Section 5.
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Ground Test : Flight Test
Basic Measurement | Basic Measurement
Parameters I Parameters
v v '
Facility | [Math Models) ;
Measured Calculated :
Thrust Thrust I
| v
N Calibrated
’ Math Model(s)
' v
} Calculated In-Flight
| Thrust
L
]
Calibrated
TP Lapse Rate
Model
' v
| Calculated

In-Flight Thrust

Corrected to
Desired Flight Condition

Figure 1.1 - The In-Flight Thrust Measurement Process
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Application of Uncertainty Methodology to the In-Flight Thrust Program

(Section 4):
to the In-Flight Thrust Measurement Process described in Section 3.

The uncertainty methodology described in Section 2

is applied
Four

representative test program phases are defined, i.e., Program Definition

Planning, Ground Test, Flight Test, and Results Analysis.

The t

accomplished in each phase are described (1.2).

Seven Appendices are also included:

0

o

Appendix
Appendix

Special,
for the
thirty.
propagat
for degr

Appendix
This app
based on

and the

Appendix

A - Definitions

small, statistical methods are required to determine
btudent's tgn distribution when the sample sizecis le
This appendix discusses the t value, degrees of free
jon of degrees of freedom. A table of "tgs")values i
hes of freedom from one to thirty.

C - Impact of Measurement Process on.Error Classific
Estimation

endix discusses the decision logic for the classifica
the actual measurement process. Reclassification is
concept of fossilized error is introduced.

D - A Monte Carlo Comparison of Alternative Uncertai

Using a Monte Carlo simulation, this appendix compares the co

provided
calculat

Appendix
Appendix
This app

Missile
performa

by the additive mmodel and the root-sum-squares model
ion of measuremént uncertainty.

E - Example Influence Coefficient Calculations
F - Initial Performance Survey of Thrust Measurement

endix-uses the published results of the Air Launched
Program to illustrate the approach for conducting an

B Small-Samsle_Statistical-Method

asks to be

the value
5s than

Hom, and the
5 presented

ation and

tion of error
discussed
nty Methods

verage
for the

Options

Cruise
initial

[ce survey ot tnrust options.

Appendix G - Calibrated Math Model and the Associated Uncertainty

Components for Flight Test

The term "calibrated math model" is discussed and simplified examples of

two comm

on approaches are provided.
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2., MEASUREMENT UNCERTAINTY METHODOLOGY:

The methodology for determining the uncertainty of in-flight thrust must be
structured to combine statistical and engineering concepts in a manner which
can be systematically applied to each step in the assessment procedure. The
section addresses each of these steps and formulates the appropriate
methodology. The result is an easily interpreted, single value estimate of
thrust uncertainty.

The essential steps in the procedure for determining thrust uncertainty are:

1. Identify all elemental errors for each measurement in theignound test
facility and in-flight related to determining thrust.

2. Prelimiparily classify elemental error sources as bias or precision;

3. Estimate the magnitude of each elemental error,

4. For each flight test measurement process, make the final bigs or
precisipon classification.

5. Combind elemental errors to define measurement bias and preqision error
components and tabulate elemental errors.

- 6. Propagdte measurement error components to calculated thrust,

7. Calculgte uncertainty limit.from error components.

8. Report [results.

The following section defines measurement error and its componernts,

identifies |the sources‘of the errors, indicates how to classify [the errors

and providgs guidance-in estimating the error components. Combining the

elemental qrror sources to define measurement error components (bias and

precision) |and show to propagate (combine) these error componentsg to net

thrust is d1so-discussed. Section 2.2 introduces the concept of measurement

uncertainty obtained by combining the components of measurement |errors. The

uncertainty interval and its interpretation is explained for a basic

measurement.
measurement uncertainties.

Guidelines are provided for validating the estimated
The final section provides guidelines for

reporting the error components of the basic measurements and the uncertainty
intervals of both the basic measurements and calculated thrust.
are presented in Appendix A.

2.1 Measurement Error:

calculated performance, have error,

Definitions

A11 quantities, ranging from basic measurements to
This error is the difference between

the measured or calculated observable value and the true non-observable

value, as

illustrated in Figure 2.1.

The true value for any measurement is

defined arbitrarily as the value that would be measured by a specific
metrology laboratory such as the United States National Bureau of

For calculated values, the true va]ue is defined arb1trar11y as
that value that would be calculated using "true" measurements.

Standards.



https://saenorm.com/api/?name=4c4dbd0d905eaa9b5eeda0460cd23263

SAE AIR*1L78 45 W 8357340 0005715 b -

Measured Value 9.2 True
Value
- Error, 6

2.1.1 Error Classification:

Parameter Measurement Value
Figure 2.1 - Measurement Error, &

components:

Measurement errors can be classified| as one of two
a precision (random) error or a bias (fixed) epror. A
precision error is one which can bé&estimated by statisticall analysis of

. repeated measurements, while estimating the bias error is aft least

True Value and
o Average of All
§ Measurements
g
L.
| -~ Parameter Measurement

partially dependent on non-statistical methods (2.1).

An accurate measurement herein is one that has small error fin both
- precisfion and bias, as_is Shown in Figure 2.2.

a. Unbiased, Precise, Accurate

=—True Value amd
Average of All
Measurements

Frequency

Parameter Measurement
c. Unbiased, imprecise, Inaccurate

l«—Average of All
Measurenjents
1y
§ True
gl Value
L.
P
Parameter Measurement |
b. Biased, Precise, Inaccurate
—Average of All
o) Measurements
o
5 True
= Vajue
=
—m

Parameter Measurement
d. Biased, Imprecise, Inaccurate

Figure 2.2 - Measurement Error (Bias, Precision, and Accuracy)

\”‘K‘W"
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PRECISION ERROR

Random errors are encountered in repeated measurements and are the
differences between the observed values and the average value of a very
large sample. Repeated measurements at steady state (constant) conditions
are not expected to produce precisely the same data. There are numerous,
small effects which may cause measurement variations. These variations
tend to spread about an average value in the fashion of a normal
distribution curve, Figure 2.3. The curve is characterised by the
standard deviation, o.

Average Measurement
;//’-(Large Sample)
. .
(3]
@ _
®
g 1 Scatter Due to
5] . Precision Error
1=} y
9
% — 0 ¢: Standard Deviation
- S: Estimate of ¢

Parameter Measurement Value

Figure 2.3 - Normal Distribution Curve Resulting from Typicall Steady
State Data. Measurement

The Predision Index,(S, is the computed estimate of the Standard
Deviatign, o, of the-data and is calculated as follows:

Pregision Index 2 S =_ (2.1)

where:
n = number of measurements

Xk = individual measurements

n
X = average value of Xk = k}=:1__x_k.
n
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The goodness of the precision index as an estimate of the true standard
deviation is dependent on the number of measurements (samples) used in the

initial estimation process.
available for this estimation.

Large samples, thirty or more, are usually
When large samples are used in estimating

the precision index, the interval defined by plus and minus two times the

precision index (#2S) will contain the true value 957 of the
bias is negligible.

time if the

Therefore, two times the precision index (2S) is used

as the recommended upper 1imit of the precision error uncertainty.

When large samples are not available, the analysis will require special,

small sgmple, statistical methods.

BIAS ERROR

The bia
unchanged for the duration of a test. In repeated measureme
state (g¢onstant) test conditions each measurement has the sa
magnitude. The relationship between bias, précision and the
the meagured quantity is depicted in Figure 2.4.
bias capnot be determined unless the measurements can be com
true value, which is not feasible. Therefore, bias 1imits (;
estimatéd using applicable test information and engineering |
Note that an uncertainty analysis assumes a carefully contro
measurement process within which every known calibration cor
been made. Because the calibration corrections are not idea]
fixed systematic errors will remain. The bias Timits are esi
largest|possible remaining systematic error after all correc
been made.

/True Value

Average Measurement
[ {Large Sample)

e B = Bias ————»

These are described in Appendix B.

component is a fixed or systematic error (&) which yemains

ts at steady
e bias
true value of

The magnitIde of the

ared with the
kB) are
judgment.

Ted

rection has

s some small
cimates of the
rions have

/ \ 8 = True Bias Error
Y B

b Pt H atad 1l i H
Lotfiateld Upysl i

of Bias

Parameter Measurement Value
Figure 2.4 - Bias Error

)
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2.1.2 Sources of Measurement Errors: A measurement system has many potential
sources of error. The errors for each source are referred to as elemental
errors. It is preferable to estimate the error for each elemental error
source; however, it is permissible to estimate the error for a combination
of elemental errors. For convenience, these elemental error sources for
any measurement can be divided into three categories indicated by the
subscript j:

j Category

1, Calibration Errors
2, Data Acquisition Errors

<+ B | s T
3- Da a REUuv Lion Lrrurs

Elemental error sources associated with each of the above three categories
are disg¢ussed in the following paragraphs.

CALIBRATION ERRORS (Category j=1)

The measurement uncertainty analysis assumes awell controlled measurement
process|in which there are no gross mistakes or errors. It also assumes
that regsonable calibration corrections have been applied. Calibrations
are pertormed to improve the test accuracy and to provide test measurement
traceabjlity to the national standards .Yaboratory. By applying the
calibration corrections, some biases are reduced but in the process some
other errors may be introduced. The’bias error of the uncaljbrated test

C o~ instrum¢nt is exchanged for the bias of the standard or master meter. In

: addition, the precision error ofithe calibration process wil] contribute

to the ¢alibration error. Incsome cases, the precision of the calibration
process|will contribute to the precision of the test result and in others,
it will|be converted into-fixed bias error. For a fuller digcussion, see
Appendix C.

Traceabylity is established and maintained through a calibration hierarchy.
Each comparison in: the hierarchy constitutes an elemental error source, i.

Figure 2.5 is an<example instrument calibration hierarchy.
i Source

/—— National Standards Laboratory’ | SL
I
{1 Il
Inter-Laboratory Standard [(ILS)] HILS)] HILS) (ILS)I
2 r——-—————]
Transfer Standard |(TS)]]{TS)] | (TS)
3 I__J_I

Working Standard [(WS}] |(WS)

J 4 ———

Measurement (| [(MD] oD
Instrument

Figure 2.5 - Measurement Calibration Hierarchy
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Each comparison in the calibration hierarchy has elemental errors

associated with it. Estimates of these elemental errors provide precision
indices and bias limits in each level of the hierarchy, as listed in

Table 2.1,
Calibration (j=1)
Bias Precision
i frror Source Limit Index
1 SL-ILS B11 S11
2 I1.S-TS RZI §21
3 TS-HS B3 S31
4 WS-MI B41 S41

TABLE 2.1 Calibration Hierarchy Error-Sources

DATA ACQUISITION ERRORS (Category j=2)

Table¢ 2.2 illustrates some of the error.sources, i, associated with the
data [acquisition system illustrated in_Figure 2.6. Data for this example
are gcquired by measuring the electrical output resulting|from pressure
applied to a strain-gage-type pressure measurement instrument. Other

erroy sources, such as electricalZsimulation, probe errorg, and
envifonmental effects, are also present.

Pressure
Transducer

Excitation
Voltage
Source
Signal | Recording
Conditioning Device

Measurement Signal

Figure 2.6 - Example Data Acquisition System

Ty

,
"we
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Data Acquisition (j=2)

Bias Precision
i Error Source Limit Index
1 Excitation Voltage B12 S12
2 Electrical Simulation Boo S22
3 Signal Conditioning B32 S32
4  Recording Device Bg2 S42
5 Pressure Transducer Bg2 Sgo
6 Probe Errors Bg2 Sg2
7 Environmental Effects B72 S72

TABLE 2.2 Typical Data Acquisition Error Sources
DATA REDUCTION ERRORS (Category j=3)

rs operate on raw data to produce output-in engineeri

ion. Typical data reduction error‘sources are listed

Data Reduction (j=3)

Bias Precision
i Error Source Limit Index
1 Curve Fit Bi3 S13
2 Computer Resolution 823 823

TABLE 2,3 Typical Data Reduction Error Sources

ing Measurement Errors: The following paragraphs out

approad
and big

hes and considerations for estimating and classifying
s error—components.

PRECISION ERROR ESTIMATION

The preéetsion—index;—S;—is—ecateulated—Fromtest—data——

ng units.

errors in this process stem from curve fits and computer

in Table 2.3.

line
the precision

For repeated or simultaneous observations the precision index can often be
reduced by treating the averages of the multiple observations as a single

measurement.

The distribution of the averages will have a smaller

precision index, as indicated in Figure 2.7 and defined by Equation 2.2.
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X (about X

wn
m
I

(2.2)

BIASCERROR UPPER LIMIT ESTIMATION

Information from special test and engineering judgment is the principal
source [for estimating the bias 1imit, B. The bias 1imit musft account for
small khown biases, which are too difficult to correct out, ps well as for
small upknown biases. These bias errors will include fossilfized precision
error from the calibration process, as d1scussed in Appendix[ C. In a well
control are no large
unknown biases. To ensure that a controlled measurement process exists,
all measurements shou1d be monitored with statistical quality control
charts (2.2).

The unknown bias error is commonly assumed to be equally distributed

(B~ and B*) about the measurement. Sometimes the physics of the

problem provides knowledge of the sign but not the magnitude of the bias,
resulting in nonsymmetric bias limits. The intent of the bias limit
estimate is to identify the largest value of the actual bias error of a
given measurement process.
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2.1.4 Combining Measurement Errors: After the elemental error sources are
identified they must be combined into the basic measurement error
components, precision and bias. Combining the elemental errors into
separate components is essential for modelling the basic measurement
uncertainty, for propagating measurement uncertainties to performance

= parameters, and for uncertainty reporting and validation.

Typically, only calibration, data acquisition, and data reduction error
sources are involved. These are combined to define the basic measurement
error.

COMBINING PRECISION INDICES

The pre¢ision index (S) is the root-sum-square of the é&lemental precision
indices|from all sources.

2
S = ﬁj Zi i (2.3)

where j|defines error categories: (1) calibration, (2) data|acquisition,
and (3)[data reduction and i defines elémental error sources|within a

category.

[ i

‘- For example, the precision index-for the calibration category is the
root-sulp-square of the elemental precision indices (reference Table 2.1),
2 2 2 2

In like|manner, the-precision index for the data acquisition|category,
S2, and| the precision index for the data reduction category,|S3, are
defined| by the root-sum-square of their individual elemental|precision
indices| '
The basic-measurement precision index is then the root-sum-shuare of the
precision indices of the three categories.

. 2 2 2 (2.5)

) 2 2 2
= \/Zisn +) ;52 *L ;553

- W/ijisl?j



https://saenorm.com/api/?name=4c4dbd0d905eaa9b5eeda0460cd23263

v

SAE AIRX1b78 85 NN 8357340 0005723 5 WM

2.1.5

2-10

COMBINING BIAS LIMITS

Most measurement processes will contain a large number of bias error
sources. The bias 1imit used herein is the root-sum-square of the
elemental bias error limits of all categories (2.3).

2
B=\/§:j L Byj (2.6)

The ind&vidua] category error limits; calibration (Bjy), dataLacquisition

(B2), and data reduction (B3), are defined by the root-sum-square of
their ipdividual elemental bias limits.

The bias 1imit for the basic measurement process is'then

2, 2,2 (2.7)

B =\/|;l + 8,7 + B,
2 2 2
='\/>:i Bip ¥ LiBi2 * L iBs3

=\/Ejzi8i§

If any ¢f the elemental bias. Fimits are nonsymmetrical separate
root-sum-squares are used torobtain B” and B~, (2.2).

Propagation of Basic Measurement Errors to Thrust Parameters} Basic

measurements such as_temperature and pressure are made and the thrust is
calculated as a function of the basic measurements. Basic components of
uncertajnty (S and-B) in the measurements are propagated to thrust through
the math model.,-<The effect of the propagation can be approxjmated using
the Taylor's series method (2.2).

For propagating errors, the concept of the jent" is
convenien his is the error propagatedto the performance! parameter due
to a unit error in the basic measurement. The "influence coefficient" of
each basic measurement is obtained in one of two ways:

"influence coeffi

a. Analytically - When there is a known mathematical relationship between
thrust, F, and the measured variables, Xj, X2 ...., Xk, the
dimensional influence coefficient, ey, of the quantity Xg, is
obtained by partial differentiation.

Thus, if F = f(X13, X2,...., Xk), then

Gk = -a—x- (2.8)
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Numerically - Where no mathematical relationship is available or when

differentiation is difficult, finite increments may be used to

evaluate oy.

Here eg is given by

AF

e
k AXk

(2.9)

For independent measurements, the basic measurement error components,
Sxk and Byx are then propagated to the thrust error components, Sf

and Bf,

Se

Br

Note:

complex
once in
appears

the errd
opposite
to the

be prope

2.2 Measuremer

2
==\$£i (e, Sy )

| 2

q

using the inriuence coefricients, ok, as follows:

are should be taken to check that thelerrors are indg
thrust calculations, the same measurement may be used
the formula. For example, in several thrust models,
both in gross thrust and ram drag. This may increasq
r, depending on whether the sign of the measurement i
If the Taylor's series reTates the most elementary
1timate result, i.e. net<thrust, these "linked" relaf
rly accounted for.

t Uncertainty: A single number (some combination of

precision)
number, c¢a
useful. 1
bias is ar
Any functi
quantity (
number to
warranted,

is needed to express a reasonable limit for error.
11ed uncertainty U, must have a simple interpretatiorn
t is impossible to define a single rigorous statistid
upper Timit involving judgment which has unknown cha
on of these two numbers must be a hybrid combination
bias) ‘and a statistic (precision). However, the neeq
measure error is so great that the use of an arbitrar

(2.10)

(2.11)

pendent. For
more than
airfiow

or decrease
s the same or
measurements

ionships will

bias and
This single
and be
because the
racteristics.
of an unknown
for a single
y standard is

Two options are in use:

UapD and Ugss. The former is the addi

tive

model in which two times the precision index is added to the bias limit,

thus:

Uapp =

The latter

(B + 25)

is the root-sum-squares combination:

Urss = VB2 + (25)2

(2.12)

(2.13)
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Either the Uppp or the Upsg option is viable; however, for ease of
presentation, Uppp will be used for illustration in the remainder of this
document. Appendix D provides a comparison of these two definitions using
Monte Carlo results.

Figure 2.8 illustrates the ® Uppp Timits which provide an estimate of the
largest error that may reasonably be expected for that measurement process.
The probability that the "true" values Tie within the uncertainty limits is
known as the Coverage.

Largest Negative Error Largest Positive Error

-~ -y

Y

+H ———d

«— -8 - +B ———s]

A

_/ N

o Measurement Scale

s Y2
Uncertainty Interval
[<¢—— (The TrueValue Should Be Within ——————

This Interval

Figure 2.8 - Measurement Uncertainty Interval (Additive Model)
Symmetrical Bias, Large Sample

If the bias is nonsymmetric, ie. BY # B~, then "each side" of| the
interval| should-be treated separately. Using equations similar to (2.12):

U app = B7=25 and U'app = BT +2s.
Nonsymmetric uncertainty intervals are discussed in reference (2.2).

2.2.1 Uncertainty Interval Coverage: A rigorous calculation of confidence level

or coverage of the true value by the uncertainty interval is not possible.

However, Monte Carlo simulations using various relative sizes of the bias
and precision components indicates that the coverage of Uppp is about 99%
while that of Upss is about 957. Additional details are covered in
Appendix D.

3

g
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2,2,2 Propagation of Uncertainty Components: The error components, bias (B) and
precision (S), are propagated separately. The basic measurement error
components are obtained by combining the respective elemental errors as
discussed previously. Then the basic measurement error components are

- propagated to the performance parameter error components.

2.2.3 Pretest And Posttest Analyses: The accuracy of the test is often
stipulated as part of the test requirements. The ability to meet the
accuracy requirements is estimated by a pretest uncertainty analysis.
Several
the most|accurate ones. If the experiment accuracy requirement is of the
same sizt or smaller than the projected measurement uncertainty, corrective
action should be taken to reduce the measurement uncertdinty ¢r else not
perform the experiment.

The pret¢st analysis is based on data and information that exjst before
the test} calibration histories, previous tests with similar|instrumenta-
tion, prjor measurement uncertainty analyses:and expert opinipns. In
complex tests there are often alternatives to’ evaluate: different thrust
models, yarious instrumentation layouts, dnd alternate calculation
procedure¢s. Pretest analysis will identify the most preferred test
methods.

-~ Posttest|analysis is required to.confirm the pretest estimates and to

- identify|potential problems. Comparison of test results with|the pretest
analysis|is an excellent data.validity check. The precision jndex
calculated by using repeated-points or redundant instruments should not be
significantly larger than.the pretest estimates. When redundant
instrumeptation or calcutation methods are available, the indjvidual
averages|should be within the pretest uncertainty interval. [f there are
several ways of obtaining a parameter, the uncertainty intervals should
overlap.| The final uncertainty Timits reported for the test results
should be based'.on. the posttest analysis. There may be a pretest and
posttest|analysis for both the ground test and flight test phases.

2.3 Reporting Weasurement Error: The uncertainty components, precision index,

bias 1imit, uncertainty Timit and influence coefficients are included in the
reports on measurement error along with applicable test conditions. Two
separate reports are recommended: The Measurement Uncertainty Summary
Report and the Elemental Error Sources Report.

h

MEASUREMENT UNCERTAINTY SUMMARY REPORT

The suggested reporting format is shown in Table 2.4. The error components,
S and B, are necessary to: (1) indicate corrective action if the

. uncertainty is unacceptably large before the test, (2) to propagate the
uncertainty to more complex parameters, and (3) to substantiate the
uncertainty limit.
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The influence coefficients for each measurement are provided to document the
calculation of the thrust error components (using equations 2-10 and 2-11),
The test condition (or range of conditions) must be identified to qualify
both the error components and influence coefficients. The flight condition

(actual or simulated) and engine power level must be identified in a manner
- that completely defines the engine operating point.

ELEMENTAL ERROR SOURCES REPORT

The el ]l errors of
each basic measurement. This report would normally be maintained by the
test center and be available for review.

The elemental contributions are required to confirm measurement
uncertainty estimates and to support any corrective.action meeded to
reduce|the uncertainty or to identify data validity problem$. This list

of elemental error sources should be reviewed-to0 ensure agajnst potential
missing sources.

Table 2.5 provides a suggested reporting format and illustrates the data
required to be recorded.
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3. IN-FLIGHT THRUST MEASUREMENT PROCESSES:

The in-flight thrust measurement process comprises:

- 0 Selection of the in-flight thrust determination methods and definition of
appropriate math models (see SAE AIR 1703).

o Calibration of the math models by facility testing.

o Calculatftomofthrustusing in=fHght measurements and the cqlibrated math
models.

During the |ground test phase, errors are introduced in measuring test
facility thrust, in calibrating the math model and from the insfrumentation
used to determine test facility flight conditions. InCflight tgqst, errors
result from the instrumentation required to determine the actual flight
condition. | An accurate assessment of thrust uncertdinty is depgndent on both
the precisq definition of all error elements as:well as a thoroygh
understanding of how the ground test errors aré’classified, comiined and
propagated |[to the flight measured result.

The initial decision on classifying elemental errors may be charjged after the
in-flight nmeasurement process has been defined and the instrumentation system
.~ has been cqnsidered. The error is classified as precision if if increases

- the scatten in the test data; otherwise, it is a bias error. THhe decision
logic for @rror classification, based on the actual measurement |process, is
s discussed 1n Appendix C. Reclassification of initial precision|error(s) to a
bias error{s) is marked with an asterisk (*) to indicate that the precision
error has hecome a fossilized or fixed error.

Two sets of measurement-are identified; the facility measurement and the
engine meagurement.</The former consists of those measurements required to
produce the facility-measured thrust, while the Tatter consists|of those
measurements, including simulated flight condition, that are exaected to be

made in flight-to calculate thrust. Both sets of measurements g¢ontribute

errors from calibration, data acquisition, and data reduction processes.

These errors are propagated through their respective thrust calculation

procedures, as outlined in Section 2, to define the calculated thrust error

components. The facility-measured thrust error components are referred to as
and Bgt. The instrumentation errors for the in-flight thrust

cg%cu1at1on have components Sgi and Bgj.

The following paragraphs discuss ground test and flight test phases of the
thrust measurement process. The associated error components are defined for
each phase and the combination and propagation of errors are discussed.
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3.1 Ground Test Measurement Process: The purpose of the ground test measurement
process is to develop calibrated math models and define their associated
precision and bias error. The process is illustrated in Figure 3.1. For

each methodology selected, two math models are required.

One model is used

to calculate thrust for test day conditions.
referred to as the "in-flight thrust deck."
ponents are defined as Spp and Bpyy.
test day thrust to some reference condition.

This math model is commonly
In this report its error com-

A second model is used to correct

This is normally referred to

as a Lapse Rate Model and it has error components Srm and B _ .

C

the faciljty-measured value is termed the "Observed Residual‘ E
is the average observed residual error. S, is the precision i
observed presidual error. Conceptually, the observed residual
ponents Sp and B, are used to adjust, i.e. calibrate, the math
minimize the differences throughout the engine opetating envel
bias and precision may be a function of the valué of the indep
variables|used in the math model.

The obseryed residual error is combined with<the facility meas
thrust cafculation error components to estimate the in-flight
error components. The bias limit is defined by:

B_ =\| B2, + B2, + 257‘)2

. gt g1 V———n_

The precipion index is bounded between zero (0) and the observ
error pregision index (Sy).

The lapse| rate correction error components are estimated from
instrumentation only.

3.2 Flight Tept Measurement Process: Flight tests provide calcula
using the[math-model or in-flight thrust deck. The general th
measuremept process is illustrated in Figure 3.2. The flight
engine bapic‘measurement errors are combined to define the f1i
instrumen > ST T+
with the thrust deck model error components, Spp

and By, to d

The difference between the thrust value calculated using them;Lth model and

rror."  Bp
ndex of the
error com-
model to
ppe. Both
endent

irement and
thrust decks

(3.1)
ed residual
flight test

ted thrust
rust
condition and
ght test
combined
etermine

the as-tested in-flight thrust error components, Sy and By. The

as-tested flight data may be corrected to reference conditions by means of
the lapse rate model. The error components for the instrumentation used to
determine the flight test conditions are similarly combined to define the
lapse rate model error components, Scp and Bep. Multiple data points

may be averaged to improve the thrust estimate.

The in-flight calculated thrust, corrected to the reference flight condition

has error components S¢ and Bc. These are related to instrumentation,
~ thrust and lapse rate model error components by the relations:

2 2 2
Se =-\/Sfi * Som * Sem
2

2 2
Be '-'.Véfi * B * Bem

+* 'i-ﬂ.ék- -

(3.2)

(3.3)
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. Engine and Si
Ground Test Facility - Flight Condi
Mepsurements (Error
Components Syt & Bgt) Measurements
gt = Pat Components Sg; & Bg;)
v _v
Facility Thrust Math Model
Calculation Calculat
¥ v
Racility Measured Calculat
Thrust Grou nd Test Thrust
Data Analysis
(Observed Residual Errors
I—— Sp & By —]
X

Calibrated Math Model (s)

(Error Components Spp

& Bpp) and Calibrated
Lapse Rate Model (s)
(Error Components Scm

& Bcm)

13

To
Flight
Test

Figure 3.1 - ground Test Thrust Measurement Process ncluding

Definition/Calibration of Math Model(s).
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v
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Thrust
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v

Calibrated Lapse Rate
Model(s)
(Error Components Scp & Bep)

v

In-Flight Calculated

Thrust Corrected to

Reference Condition
(Error Components Sc & Bc)

‘r Averaging of MHI’[!BI; _—-:'
I Data Points (n) :
: (Error Components  S¢ and B) )
] : |
L e e e o

Figure 3.2 - General Flight Test Thrust Measurement Process.
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4, APPLICATION OF UNCERTAINTY METHODOLOGY TO THE IN-FLIGHT THRUST PROGRAM:

Uncertainty analyses should be carried out throughout the test program. The
program can be organized into four phases: Program Definition and Planning,
- Ground Test, Flight Test, and Results Ana1yses Table 4.1 shows the
activities in each of these phases.

The overall process of uncertainty estimation is iterative. The closed loop
consists of estimating the error components (pretest) then re-evaluating them
in light

Careful a p11cat1on of the described methodology should lead‘tg both an
improvement in the actual estimate of the in-flight thrust thrqugh better
control of the elemental errors and an improvement in the intefpretation and
understanding of the final flight test results.

4,1 Program Definition and Planning: The first task'¥s to establish the
measuremgnt uncertainty requirement based on the objectives of the program.
The second is to consider a number of in-flight thrust measurément options
and condyct pretest uncertainty estimates.c, The number of options are
reduced with the aid of these estimates.< Several options shoyld be used to
provide redundancy.

-~ 4.1.1 In-Flight Thrust Measurement Options: The identification of potential
optiong to provide the desired accuracy is required. Net thrust has three
separate components, gross thrust, airflow, and aircraft velocity. Each

- of thege components may hdve a number of evaluation options|available.

) Cost/agcuracy trades are ‘considered.

Table 4.2 illustrates-a number of options, taken from AEDC-TR-81-2, "ALCM
Preflight-Thrust Uncértainty Analysis" (4.1). The matrix wquld be
augmented by considering additional options for airflow andfor aircraft
velocity.

The megsurements required are identified for each thrust option. These
include cthe facility and flight test thrust measurements. Data from
§§ some new instrumentation is utilized.

The error components for each measurement are estimated. Table 4.3 shows
an example format that can be used to tabulate the measurement error
components. Ground and flight test measurements are identified separately.

4,1.2 Initial Survey of Thrust Measurement Options: The survey results will
direct attention to the measurements which are most critical to the
success of the test program. The approach to the survey is to determine
the influence that each measurement has on the output net thrust, Fy.
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Program Phases Related Activities Relevant Section
Program Definition o Establish Program In-Flight Thrust
and Planning Uncertainty Requirements 4.1
- o Identify Potential Thrust Measure- :
ment Math Model Options 4.1.1
o Conduct Math Model Options Survey
and Select Options for Use in the 4,1.2 4.1.,3
Program
Ground Test Pretest 4.2.1

o Estimate Engine and Facility
Measurement Errors (Sg1, Bg1)

0 %1matg Se1ected Math Model{s)
Errors (Smms Bmum) -

Posttest 4.2.2

o cConfirm Pretest Estimates, Adjust
as Necessary

o Calibrate Math Models) and Derive

Errors (Spyms Bmm)

Flight Test Pretest 4.3.1 éi
o Estimate glight Measurement Errors
. B s
’

- 0 €1mat£15e1ected Math Model(s)
Errors (obtained from ground test
éstimates) (Spms Bppy)

o “Estimate the In- F11ght Thrust Errors
(Sc, Bc)

Posttest 4.3.2

o Confirm Pretest Estimates, Adjust
as Necessary

o—Calculate In-Flight Thrust Measure

ment Uncertainty o

Results Analyses o Examine Consistency of Ground and 4.4
Flight Test Data
o Compare Thrust Options Results 4.4,1

with Program Predictions
0 Resolve Test Data and Performance

Discrepancy Problems 4.4.1
0 Report Test Results and
Uncertainties 4.4.3

TABLE 4.1 In-Flight Thrust Measurement Uncertainty Activities
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The table of influence coefficients, o, are established (Table 4.3). The
influence coefficient is the ratio of the change in Fy for each
measurement change, expressed in units of the measurement. The influence
coefficients are obtained readily by programming the thrust measurement
equations on a computer and observing the Fy output variations with
successively small input perturbations, as illustrated in Appendix E. The
values of o will vary with flight condition, engine power setting and
thrust option and should be established for every option under
consideration. Each error component is propagated to define the precision

index and bias 1imit for the ground instrumentation (Sqj and Bgi), the

flight inptrumentation {Sfj and Bfj), and The Tacilily measure
1 performante parameter (Sgt and Bgt}. Thus:
)y 2
Y 2
\/ 2
Sgi = Zk (ggi,k Sgi,k) (4.3)
Y 2
- Bgi ='\/ k (®gi k Bgi k! (4.4)
) 2 '
- Sei =-\/ k (i iS¢ ,k! (4.5)
T 2
Bes =\/ k- $9¢1 k Bri k! (4.6)
where there are k_measurements contributing to each bias and precision
summation.
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An estimate of the in-flight thrust calculation precision index, S., and
bias limit, B., are determined using Equations 3.2 and 3.3. The
procedure is repeated for each test condition and thrust option. The
final results for each can be combined to define the single value, U,

representing uncertainty.

This procedure will rank the candidate options

and may identify different options as being best for different flight

conditions.
and areas for improvement.

When
selec
fligh

4.2 Ground
estimat
and (2]
the cal
product
measure

4,.2.1 Grou

Test: The uncertainty evaluation activities ¥nclude;
ing of engine and facility measurement errors and mat
posttest confirmation of pretest error_estimates and
ibrated math model including model error. determinatig
is the calibrated math model which will satisfy the
ment accuracy requirement.

d PreTest Error Analysis: The ‘objective of the preteg

analy
the |
Figuy

The 1
data
A def
each

sis is to ensure that the candidate measurement syste
rogram accuracy requirement.~ A logic flow chart is s
e 4.1,

total measurement systém, including calibration, data
reduction processes, is identified using the selectec
tailed pretest error analysis, including elemental erty
error category; is made following the methodology of

The

format shown intTable 2.5.
measyrement in.-Table 4.4.

Temental error-sources and estimates may be tabulateq
An example is shown for a typi

It will also identify critical areas to be closely monitored
An example is provided in Appendix F.

st program are

ted. The selection will involve particiption by airgraft, engine,
t and ground test, instrumentation, and performance dnalysis experts.

(1) pretest

th model errors,
definition of
n. The end

in-flight thrust

st error
ms will satisfy
hown in

acquisition, and
| thrust options.
'or estimates for
Section 2.0.

| using the

cal pressure

The results“of the pretest error analysis of the measurement parameters

should be'reported in the Measurement Uncertainty Summary

show

Report format

in Table 2.4.

with

These resuits would also

test conditions.

The measurement errors should be propagated to the
desired performance parameters.
the summary report.

be reported in

Performance parameter uncertainties may vary widely
To report representative uncertainties it may be

necessary to provide a separate summary report for each expected test
condition, or to provide a number of summary reports each of which cover a

range of test conditions.
format.

Table 4.5 i1lustrates a typical summary report
The measurement error component data for this example are taken

from AEDC-TR-81-2, "ALCM Preflight-Test Thrust Uncertainty Analysis."

(4.1)

The influence coefficients and net thrust error components were
calculated using one thrust model from the same report.

A summary of this
is contained in Appendix E.

The net thrust error components illustrated

represent the ground instrumentation error components, Sqi and Bgi -
Similar data would be required for the facility instrumentation érror
components, Sgt and Bgt.

£
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Thrust Measurement

Option(s)

v

Engine and Facility
Instrument Requirements

v

ldentify Improved
Measurement Approach,
Test Approach, etc

Engi ne Mgth Model(s) Thrust and
Facility Fhrust Measurement

Error Estimates

(S4i» Bgi) - Engine

(S t Bgt) - Facility

[Zan]

v

Evaluation of Estimated Model
Error Limits for In-Flight Thrust
Medsurement Option(s)

Smme Bmm!

Error Limit No

for Option(s) ~ )>-

Satisfied

Calibrated Math

Yes —p—— Model(s) to
Flight Test

Figure 4.1 - Ground Test Measurement Process Evaluation Cycle
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Only one flight condition is shown in this example.

4-10

When examining a

range of test conditions, the error components for each test condition
should be propagated and the results combined in an appropriate fashion.

A conservative estimate would use the largest value of uncertainty for the

performance parameter over the range of test conditions.

Ground Posttest Analysis: The objectives of posttest data

(1) to confirm the pretest measurement error estimates and

analysis are
(2) to provide

a calibrated engine thrust math model(s) and the lapse rate correction

model, including error components.

CONFIRMATION OF PRETEST ESTIMATES

The precision index for each measurement can be verified f
points. The bias 1imit can only be checked in a gross sen
thrusft can be checked against predicted values and the fin
be tested for consistency, and deviations from predicted p
multiple thrust options are available they may)be compared
additlional assurance that bias 1imits have been properly a
procedure guards against large unknown biases going undete

CALIBRATION OF THE MATH MODEL AND ESTIMATION OF ERROR CO

om repeat data
e in that

1 results can
rformance. If

to provide
sessed. This
ted.

PONENTS

on the specific form of the math-model itself. Appendix
detaills. Once the calibrated<math model is defined, the
companents, illustrated in Figure 4.2, can be defined in a
process.

provides
th model error
four-step

The procedure for the derivation- of the calibrated math model will depend
e

First], the ground test facility instrumentation error components are pro-

pagatled to define_the error components Bgt and Sgt of the
perfdrmance measurement.

Secorld, the error components of the engine ground test ing
propdgated_through the calibrated math model to define the
instnumentation error components Bgj, and Sgj.

facility

trumentation are

ground

P
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Ground-Thrust Calibration

Instrumentation Error

Bgt: St Byi Sgi
|
1
Observed Data
Residual Error vy_ ¥
Flight=Test

.

n

Zh =\/ =(t; - By)°
$or n-k

Thrust-Calculation Flight
I nstfumentation Error

Math Model Error

=\/ 2 +BZ-+<ZSEE

gt " "gi " T

=0 or Sym F Sr

I\Jl

Bfir Sfj l l
In-Flight Thrust
Measurement Error
Be= i+ B
Se= szi * Shim
Lapse-Rate
Model Error l'
B. S In-Flight Measurement
cm’ ~cm Error at Desired Condition

= |/R2 2 2
Be= VBfi * Bnm * Bem

_ 2 2
S¢= \/szi *Sim* Sem

Figure 4.2 - In-Flight Thrust Measurement Process Error Propagation
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Third, the thrust is calculated using the calibrated math model for each
ground test data point, comparing this calculated thrust (Fcaic) to the
facility measured thrust (Fp) to define a residual error (r12 “This
could be done as an absolute difference;

r=Fearecmfn (4.7)
or as a fractional value;
F F
- cale - 0 (4.8)

m

The firactional value which is not necessarily constantCthriough the range
of Fp values, is more advantageous when examining a.range pf test
condiftions. The definition used will affect the mumerical| value of the
error| estimates.

Fourth, the information of the first three steps is combined to identify
the math model error. The math model willialways have a bias error.
The 1fimit of this error can be estimated.from the informatiion above.
Initifally, the observed bias error (gp)’is defined. This [is the average

residual error for the flight condition or range of condiffions of interest

(Figure 4.3). Care should be taken in defining the range |of test

condiftions for which data can be\combined. Appendix G prgvides some

guidglines.
Ty,

(4.9)
r-n

8

The precision index of the observed residual error (Sy) myst also be
calcylated (Figure 4.4).

Z.( r.- 8 )2
i 1 r
S, =\/_—T_—k—-— (4.10)

wherd k’is the order of the curve fit.

For any reasonable calibration process the residual bias error should be
essentially zero.

Two cases are considered to define the math model bias limit. In the
simplest case the flight test engine and its instrumentation are assumed
to be those used in the ground test. If the total flight test data
acquisition and reduction process is replicated then the math model bias
limit is defined by the ground facility measurement bias limit

(Bgt) and the fossilized precision element from the calibration process;

2S

by root-sum-squaring these two components.

2
B 2 (25’;

mm =Y gt + (4.11)

*
r for large sample sizes (n > 30). The math model bias limit is defined

T
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(0] / (o]
7 R
e’ S
SR ¥
F S &/ &
&7 N D
g X0 Qé \\>Q
o .0 /'f &
f Observed 7
g Bias Error, Bp—= \»Q'/\
=] {
1] o\ { «
& - % 7
p o0.” .
E 7 Bgi, Engine Ground
| /g I nstrumentation Bias
. 7 Error (Unobservable)
),

*..__ Bgt, Facility Bias Error
(Unobservable)

Facility Measured Thrust, Fin

Figure 4.3 - [llustration of Math Mode! Bias Error

Engine Grpund

Instrumeptation .
Precision|Error _ \
Sg\

Calculated Thrust, Ecalc

/ 1\ Facility Precision Error
|
it =

Facility Measured Thrust, Fp,

Figure 4.4 - lllustration of Math Model Precision Error
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For the case where any portion of the flight test measurement process is
not identical to the ground test measurement process the bias limit of the

ground
carried
Timit i

instrumentation, Bqj, (or at least that portion which
over into flight %est) must be considered. The math
s then defined by:

2
2 2 25*

Bom =\/39t + Bgy ,<_r>
VAL

is not
model bias

(4.12)

In addition to the bias error, the precision error should be investigated.

The thr
random
(r)iS
of the

The act
using e
Appendi
ground
modelin
Math Mo

If a si
equal t

Care mu
calibra
evaluat
conserv
could a

prrors.  An estimate of the precision index of the-res
calculable from the root-sum-square of the precision
two sets of measurement errors, Sgt and Sgj.

2 2
er = Sg1: + Sgi

1al precision index (S,) is calculated. from the obsery
nuation 4.10. The two are compared using an F test as

test process is well controlled and understood and th:
5 process does not introduce any random error. In thj
del precision error is zero.as shown in Eq. 4.14.

Sm=0

gnificant difference_exists then the Math Model preci:
D Sr.

Smm = Sr

5t be taken' to ensure that the derived error from the

introduce any
idual error
components

(4.13)

ved data
defined in

K G.4 If they are essentially theéZsame it can be assiymed that the

't the math
s event the

(4.14)

sjon error is

(4.15)

resultant

ted math model does not excessively misstate the unce

ative ‘estimate (maximum value) for the desired test e

ion coUld assess only the worst case condition and prfvide a

rtainty. The

velope, or

ssess data throughout the envelope to provide an average estimate.

Since it may not be feasible to identify the worst case condition prior to
completion of the data analysis, the latter option may be the most
practical for evaluations which require broad flight envelope testing.

The assumptions made in combining flight test conditions can be tested by
subdividing the final combined conditions and showing that the math model

results

remain essentially constant.
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DERIVATION OF THE CALIBRATED LAPSE RATE CORRECTION MODEL AND
ITS ERROR COMPONENTS

An additional task which may be part of the posttest analysis is that of
defining the procedure to correct actual flight test data to desired
standard conditions. This also requires an evaluation of the errors
introduced by the correction process, By and Scp.

The procedures are discussed in Appendix G.3. The lapse rate correction
will have a number of similarities to the math model. The Tapse rate
correction error components can be shown to be dominated by the flight
test instrumentation error components. The flight test instrumentation
error copponents are required since the correction is from a fmeasured test
conditiop, which contains error, to an absolute desired condition. These
flight test instrumentation error components are estimated’usjng the same
techniques required for the other instrumentation sets.

4,3 Flight Test: The flight test activities include pretest estimating of
flight meapurement errors and in-flight thrust errors, and postiest
confirmatipn of pretest error estimates. A logi¢/flow chart is|shown in

Figure 4.5|

4.3.1

4.3.2

Flight Pretest Error Analysis: The total-measurement system,|including

calibratfion, data acquisition, and data reduction processes, js identified
from the| selected thrust options. A detailed pretest error a£a1ysis is

made as for ground test. Tables similar to 4.4 and 4.5 are completed.
This analysis provides the flightlinstrumentation error components Sfy
and Bgy.| The results are combined with the math model error ¢omponents
(Smm and| By,) and, where appropriate, the lapse rate correction model
error cop ponents (Scm and Bgjp) to define the flight test thrust
measurement error components (Sc and B¢):

2 2 2
2 2 2
Bc =-\/Bﬁ. +B ch (4.17)

For as-tested conditions, the lapse rate error components would be deleted.

Flight Posttest Analysis: The primary purposes of the posttest data
analysis are to confirm the pretest measurement error estimates and to
calculate the in-flight thrust measurement uncertainty for the selected
math model options. The same procedure described in Section 4.2.2 is used.
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Figure 4.5- Flight Test Measurement Process Evaluation Cycle
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4.4 Results Analyses: The objective of this effort is to ensure that systematic
unknown bias errors do not go undetected in the various program processes.
The program results review consists of examining the consistency of the
program test results (ground and flight tests) with pretest predictions and
with vehicle performance characteristics. Gross checks should reveal
specific areas requiring detailed test data analysis. Problem areas should
be resolved and, as a result, the uncertainty intervals for the in-flight
thrust measurement options may require adjustment.

4.4,1 Review
ensurd that the ground test calibrated math mode](s) is vigble and
corresponding error components are applicable to the actual flight tests.
In thd review, factors that may void or alter the applicabillity of the
math njodel should be identified, such as instrumentation failures (and
possibfly subsequent substitutions), differences inithe insyrumentation
type dnd probe Tocation between ground and flight test, dififerences
betwedn the simulated flight conditions and the actual flight conditions,
and differences in engines or engine configurations between ground and
flighy test. Adjustments to the final flight thrust resulfs are made on
the bdsis of this review.

Techniques for testing data validity\using aircraft performance data
consigtency (e.g., drag polar analysis, Ref. AIR 1703, Sectiion 7) may be
employed. These techniques are. useful for identifying prohjlems.

4,4,2 Test Nata Averaging:

1F

It mai be advantageous, to combine data points to improve the performance
estimgtion. The precision index of an average is reduced by the inverse
ratio|of the square'root of the number of data points in the average
compared to the precision index of single points. This regults in an
uncertainty forthe average (Uz) defined by:

U= B, e (4.18)
\["

Since repeat data points are generally not totally achievable, it is
corrected test data which would normally be averaged. Therefore, the
error components would include the lapse rate model error.

If more than one independent thrust measurement option is available for a
given flight test condition it may be possible to combine data to improve
the estimate. However, defining the uncertainty of such combined data is
very complex and beyond the scope of this document, (4.2).
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4.4,3 Program Data Uncertainty Reporting: The flight test performance results
should be reported following the general requirements of Section 2.3. The
uncertainty interval and its components for each thrust option should be
reported and should include supportive error information: each option's
measurements error components and the corresponding elemental error
sources with their error estimates. It may be useful to report
intermediate performance results.

For combined data points, it is necessary to report the number of data
point i itq S¢ and B¢
compgnents.
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APPENDIX A
DEFINITIONS

Accuracy The closeness or agreement between a measured value and
the true value.

Average value (X) The arithmetic mean of n readings.

Bias (8) The difference between the average of the measurement
population and. the true varue,
Bias Limit| (B) The expected upper 1imit of the true bias error, 8,

often determined by judgment.

Calibration The process of comparing the response of arnl instrument
to a standard instrument over the measuremgnt range.

Corrections may be applied im'an attempt tq reduce the
instrument bias.

Calibratign The chain of calibratiofis which 1inks or tvaces a
Hierarchy measuring instrument to a primary standard
Confidenceg The frequency in.percent with which the calculated
Level statistic is coprect. (See also coverage)
Coverage ‘The frequency with which an interval estimgte of a

parameter.may be expected to contain the true value. A
ninety.five percent uncertainty interval provides 95%
coverage of the true value. That is, in r¢peated
sampting, when a 95% uncertainty interval {s constructed

for each sample, over the Tong run, the intervals will
contain the true value 95% of the time.

Degrees of A sample of n values is said to have n degrees of
Freedom (v) freedom, and the first statistic calculated from it is
also said to have n degrees of freedom. Ope degree of

freedom is Tost tfor each previously calculated statistic
used to calculate a new statistic.

Elemental The bias and/or precision error associated with a single
Error error source.
Estimate A value calculated from a sample of data as a substitute

for an unknown population constant. For example, the

precision index (S) is.an estimate of the population
standard deviation (o).

Fossilization Sometimes the precision error from the calibration
process becomes part of the fixed bias error. This
conversion from random to bias error should be called

fossilization, and is indicated by an asterisk
superscript. ’
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Influence
Coefficient, (8)

Laboratory
Standard

Measurement
Error

A-2

For a given functional relationship, the effect a small
change in an input parameter has on the output.

An instrument which is calibrated periodically against
a primary standard. The laboratory standard may also be
called an interlab standard. '

The difference between the true value and the measured
value. It includes both bias and precision errors.

Precisipn

Precisipn
Error

Precisipn
Index (Sy)

Precision Index
of Mean (Sg)

Primary Standard

Repeatdbility

Sample [Size (n)

Sampling-Error

-National Standards Laboratory

The closeness of agreement between repeated measurements.
The random error based on a set of. repeated measurements.
Also known as repeatability errorpor sampling error.

The product of the Student t value and the precision
index is an estimate of the precision error uncertainty,

The estimated standard deviation based op N measurements.

Calculated as follows for n measurements|:

s i

X \/ n
A primary physical standard or one maintained at a

See precision error.

The number of independent measurements of a parameter in
a sample.

See precision error.

Standard
Deviation (o)

Traceability

The true measure of dispersion of a population.

The ability to trace the calibration of a measuring
device through a chain of calibrations to a primary
standard. Traceability does not guarantee accuracy but
helps to assure it by the discipline of a documented
calibration hierarchy.
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Transfer
Standard
True Value

Uncertainty
Interval

A-3

A Taboratory instrument which is used to calibrate
working standards and which is periodically calibrated
against the laboratory standard.

The actual value of the parameter being measured.

The interval expected to contain the true value: # U for
symmetrical bias 1imits and +U* and -U- for nonsym-
metrical bias limits. See Appendix D for a discussion

on confidence level or coverage of the true value by the

Uncertajnty
Limit (Y)

Working
Standar

==

ntervar,

The expected error 1imit of a resulticfor|a given
coverage.

An instrument which is calibrated in a laboratory
against an interlab or transfer standard|and is used as
a standard in calibrating(measuring instruments.
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APPENDIX B
SMALL SAMPLE STATISTICAL METHODS

With a large sample arbitrarily defined as > 30, the following small sample
methods are not required as the value of student's t may be assumed to be 2.0.

B.1 Student's "t"

The uncértainty limit, defined either as:

Up

where B
percent
The t v
calcula
will be
the 1im
used.

freedonm
from 30

B.2 Degrees

2 2
ip = (B * tgeS) or Upee =\/ BS + (tgss)

is the bias 1imit, S is the precision index, and tgs
11e point for the two-tailed Student's t" distributi
dlue is a function of the number of degrees of freedo
ting S.

smaller, approaching 1.96 as a lower limit. The use

$ince 30 degrees of freedom yijeld a t of 2.04 and inf
yield a t of 1.96, an arbitrary selection of t=2 for
to infinity is made for simplicity.

of Freedom (v):

the size¢ of the sample.

degrees

When a statistic is calculated from
of freedom associated with the statistic are reduced

For small samples, t will berlarge, and for ]

(B.1)

is the 95th

n (Table B-1).
(v) used in

arger samples t

of t inflates

t U to reduce the risk of underestimating S when a small sample is

nite degrees of
values of v

In aCsample, the number of degrees ¢f freedom is

the sample the
by one for
For example,

(B.2)

every estimated parameter _used in calculating the statistic.
from a sample of size n, X is calculated:
2
X % -1 xi i
n
which has v = n degrees of freedom, and
n v—
(X,-X)2
=1 !
s =Y 1=
n-1

(B.3)

which has v=n-1 degrees of freedom because X (based on the same sample of

data) is used to calculate S.
one degree of freedom may be lost.

In calculating other statistics, more than
For example, in calculating the standard

error of a curve fit, the number of degrees of freedom which are lost is
equal to the number of estimated coefficients used to define the curve.

_ Each precision index (S) with its associated degrees of freedom (v) are used

to find

the corresponding value of Student's "t".
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B.3 Propagation of Degrees of Freedom: When precision indices of elemental

error sources are combined (root sum square), the degrees of freedom of the
result must be determined if any of the elemental degrees of freedom are
less than 30. The Welch-Satterthwaite formula is used for this purpose. It
is a function of the degrees of freedom and the magnitude of the elemental
precision indices.

If §4 =V3112 + 3212 + 5312 with degrees of freedom vyq, vy, v31s (B.4)

2 2 2 (B.5)
then, j _ [S117 + Sp1” 4 S5 |2
= . 4 4 T
S S S
1 S R
Vi1 V21 V31
The general form being:
(B.6)
2
2
vp =[Z1' S_i ]
R .
i Si
-

When precision indices for-measurement are propagated to the final test
result|with influence coefficients, the precision index of the result will
be obtgained from an_équation like:

then . (5.8)
_ 2 B.8
SRR s? + @R sy1? v (BB )’
3R 4 3R 4 3R 4
(5x Sx)° * Gy Sy) * (37- Sz)
\)x \)y \)Z

In this manner, the degrees of freedom are propagated to the final test
result and used to determine the tgs value for the uncertainty interval.
Note that it is conservative to round Ve down if the vy is not a whole

number.

£
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B.4 Students "t" Table: The table of Student's "t" distribution (Table B.1)
presents the two-tailed 95% "t" values for the degrees of freedom from one
to 30. Above 30, the value is rounded to 2.0.

— The table is used to provide an interval estimate of the true value about an
observed value. The interval is the measurement plus and minus the standard
deviation of the observed value times the "t" value (for the degrees of
freedom of that standard deviation):

interval = measurement & tg5S

The 95 Student's "t" value for 17 deg of freedom is 2.110, \With a standard
deviation|of 50 the interval is:

measyrement *-‘(2.11 X 50): measurement * 105.50
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N

1

2

3

4

5

6

1 2

8 2.306 24 . 2.064
9 2. 262 25 2. 060

10 2.228 26 2. 056

11 2201 21 2. 052

12 2.179 28 2. 048

13 2.160 29 2.045

14 2.145

15 2.131

16 2.120 30 or more use 2.0

——2-112%
Degrees of Degrees of s

Freedom Freedom %
12. 706 17 2.110
4,303 18 2.101
3,182 19 2.093
2.716 20 2. 086
2.571 21 2. 080
2. 4417 22 2.074

Z. 365 23 069—

Table B.1 - Two-tailed Student's "t" Table

I
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APPENDIX C

IMPACT OF MEASUREMENT PROCESS ON ERROR
CLASSIFICATION AND ESTIMATION

Measurement errors are initially put into one of two classes, precision or bias,
depending on how the error is derived. The precision error, S, is derived by a
statistical analysis of repeated measurements while the bias limit, B, is at
least partia i = tsti : i achl makes a
very complex|situation manageable and keeps the statistical estimpte and the

Jjudgment estjimate error components separate until the appropriate| time to combine
them.

The initial fecision on classifying elemental errors may)be changpd after
considering the defined in-flight measurement processiand the instrumentation
system.

Calibration prrors are the most common initial ‘error(s) which may| or may not be
reclassified| as a result of the defined measurement process. For| example,
considering fthe measurement of air flow for*a gas turbine engine pt a test
facility over a long period, the uncertainty of this measurement will contain

errors due variations between calibrations, test stands, and mpasurement
instruments.| The initial classification of errors would likely remain
unchanged. However, if the same measurement were from a singlie test stand

involving one calibration, then the initial precision in the calipration process
would manifest itself as a bias'for this process. Reclassificatipn of initial
precision enror(s) to a biaswerror(s) is marked with an asterisk [(*) to indicate
that it is a fossilized or fixed error for this process.

The uncertailpty analysi's.-for the above examples will be different from the
uncertainty lanalysis<{for a comparative, back-to-back test to measure air flow on
a single tegt stand for a single engine, which is a different megsurement
process. Calibration errors (bias and precision) which propagate as a bias into
the measurenent process may be ignored in comparative testing when the same
instrumentatjion and equipment are used for all testing, and calibration errors do
not affect the comparison of one test with another (the test objective being to
determine if a design change is beneficial). In these examples, the defined
measurement process may include the same engine, instrumentation, and test stand;

however, there is still a difference in uncertainty due to the difference in test
objectives and test duration.

The planned instrumentation, type and number, is also part of the definition of
the measurement process. If the end measurement is an average of (1) a series of
individual repeat points or (2) a number of simultaneous readings, or (3) a
combination of both, this must also be specified, as the precision index depends
on this information. Significant reductions in precision error can be obtained

1 Her Majesty's National Physical Laboratory Report "A Code of Practice for
the Detailed Statement of Accuracy", 1973, P. J. Campion, J. E. Burns, and
A. Williams, Section 5 Recommendations.
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if averaging can be used. (Averaging can be used (1) with repeated single
measurements if the measured variable is constant, or (2) if redundant
instruments can be recorded simultaneously). The decision Togic for error
classification based on the actual measurement process is shown in Table C.1.

In summary, errors from the calibration process merit special consideration.
There are four cases to consider: .

1. If the test period is long enough that instrumentation may be calibrated more
than on¢e and/or several test stands are involved, the precision errors in
the caljbration hierarchy should be treated as contributing-to the overall
precision index.

2. For a single set of instrumentation, calibrated only once during the test,
all the|calibration error is frozen or fossilized into bias.| The uncertainty
of the calibration process is all bias. An asterisk is used|to designate
calibration precision error that is fossilized} i.e. S*.

3. For comparative, back-to-back, development tests where the tpst objective is
the difference between two successive tests, all the calibration error (bias
plus precision) is a constant in both_.tests and is cancelled| by taking the
differehce. Trending errors are anexception as described next.

4. FElementhl errors that trend withCtime merit special attentiop. For example,
consideping a flow meter with a-calibration history as shown| in Figure C.1,
the datp show some trending'characteristics. Every effort should be made to
remove pr reduce the trending. If the test process is long,| like "B", -
including many calibratiens, this trending error is a precisfion error. On

r hand, if the)test is short, 1ike "A", an argument can be made that

or is fixed; a bias.

e, trending errors should always be included in an uncertainty
. A_trénding error is the exception to both paragraphs 2 and 3 above
always contribute to the uncertainty estimate. In |comparative

back-to-back testing, trending errors should be carefully evaluated as they
rgp arrors
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ERRORS CLASSIFIED AS:

Many Tests over Long
- Periods with Many
Calibrations

B1 = BCALs S1 = SCAL
S2, S3, B2, B3 Unaffected

Single Test, One
Calibration

AT1 error from calibration process is fixed or

fossilized into bias

By = BgAL ¥ (ZS*gAL )2

where n =
S1 =0

number of samples

S2, S3, B2, B3 = Unaffected

Comparative dr Back-to-

ATT biases (Bj,.B2, B3) cancel out when first

Back Test, Orje Calibra- test result is subtracted from second result. Cali-
tion, Ground|Test or y R\ S - . *
Flight Test bration precision is fossilized into S1 = 0.
*
Sl=Bl=BZ=BB=0
o S,, S, Unaffected, S =1/S,> + 2
2° 73 >V 7 2 3
Uapp or Upss = * (2S), a two-sided statistical
confidence bound
Flight Test uses‘Same Ground test calibration of thrust model will elimi-

Engine Instryumentation as
Ground Test Without

nate engine instrumentation bias error.

Recalibration

Pressure Differential
(P; - P2) uses Same
Transducer for Both
P31 and P

Bias 1imit for transducer cancels out.

Trending Error

Cannot be dropped out by any of the above.

Subscript Notation:
3

Calibration; 2 = Data Acquisitfon;
Data Reduction

TABLE C.1 DECISION LOGIC DIAGRAM TO SUMMARIZE RULES OF ERROR CLASSIFICATION
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APPENDIX D

MONTE CARLO COMPARISON OF ALTERNATIVE UNCERTAINTY METHODS

If the bias and precision error estimates are propagated separately to the test
end result and the equation used to combine them into uncertainty is stated,
either Uppp or Upss can be used. Monte Carlo simulation was used to compare
the additive and root-sum-squared values.

UNCERTAINTY INTERVAL COVERAGE

A rigorous calculation of confidence level or coverage of the"true|value by the
interval is not possible because the distributions of bias errors and limits,
based on judgment, cannot be determined. Monte Carlo simulation of the intervals
can provide approximate coverage assuming various biasdimit distributions.

For large samples (N > 30):

Uapp = (D.1)
-~ For small samples:

Uapp = B ¥ tos S (D.3)
= 2 2

URSS = -J'B + (t95$) (D.4)

where tgs is fletermined from the degrees of freedom calculated from the Welch-
Satterthwaite| approximation.

As the actual|bias-<error and bias Timit distributions will probably never be
known, the simulation studies were based on a range of assumptions|

SIMULATION CASES—CONSIBERED—{102cases)

A number (102) of simulation cases were first considered, These included:
o From 3 to 5 error sources, both bias and precision

o Bias errors distributed both normally and rectangularly

o Precision distributed normally

o Bias 1imits at both 95% and 99.7% for both the norma]rand the rectangular
distribution
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Precision indices based on sample sizes from 3 to 30 E
Ratio of precision to bias errors at 1/2, 1.0 and 2.0
Another 102 cases were simulated with errors from up to 19 sources with
similar results.
The result of the studies comparing the two intervals was:

o Uapp averaged 99.17% coverage while Upss provided 95% based on bias
limits assumed to be 95% (2¢ for normally distributed biases and 1.645¢
for re anquiariy d riputed D14ases. qure U, !I.

o Uppp dveraged approximately 99.7% coverage and Upss coverade was 97.5%
if the bias limits were assumed 99.77% (30 for normal and 1/7320 for
rectarjgular bias limit.) (Figure D.2.).

o Becauge of these coverages, Uapp is sometimes called Ugg and Upss is
calleq U95.

o If the bias error is negligible, both intervals provide a 95% statistical
coverdgge.

o If the precision error is negligibie, . both intervals provide 95z to 99.7%
depending on the assumed bias Timit size.

o When the interval coverages were compared, Uspp provides a|more precise
: estimgate of the interval size (range of 98% to 100%) as opposed to 93% to
100g for URSS (Figures D.1 to D.4).

o Upapp was larger than Ugss. . The average ratio of the Uppp interval
size to URSS interval size/was 1.35:1,

£

1

THE SIMULATIQN PROCEDURE

1. Measyred values, X = by + . . . +tby #S1 *. . . *Sy were generated.
The bj's are-randomly generated bias errors generated from N distribu-
tiong (rectangular or normal) and the Si's are randomly gmnerated
precision errors from the normal distribution. The means|of the
distribitions were 3 B1Q he precision indi yere 1nput as above.

2, N random samples of size ny, . . ., ny were drawn from normal
distributions, i=1, . . ., N

3. The standard deviations of the N distributions, the Welch-Satterthwaite
degrees -of freedom and the Uppp and Upgg uncertainty intervals were
calculated.

4. It was determined whether
(X - Upss) < 0 < (X + Upsg)

(X - Uapp) < 0 < (X + Uppp)

The percent of times the interval covered 0 was calculated for 500 cases.
The results are shown on Figures D.1, 2, 3 and 4.
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Figure D.1 - Coverage Distribution for 95% Bias Limits
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Figure D.2 - Coverage Distribution for 99.7% Bias Limits
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APPENDIX E
EXAMPLE INFLUENCE COEFFICIENT CALCULATIONS

The basis of this example is found in report AEDC-TR-81-2, ALCM Preflight-Thrust
Uncertainty Analysis. The format has been changed sl1ght1y and additional
information provided as necessary for completeness. The in-flight thrust model
uses five measurements:

Low Rotor Speed N1 (RPM)
High Rotor Speed N2 (RPM)
Inlet Static Press. PS1 (PSI)
Inlet Delta Press. DELPO  (PSI)

(Total Minus Static)
Inlet Total Temp. T2 (°R)

The exhaust n¢zzle area, A8, is fixed and measured. The functional relationships
are as follows:

Fy = FG - (WA) (V0)/& (E.1)
FG = [(F&P) (p2r -11 (PS1)(AB) (E.2)
FGP = F(N2C) (E.3)
N2C <Cthiz) V218:67 (E.4)
therefore FGP = f(N2,T2) (E.5)
P2 = (Po) (ETAR) (E.6)
3.5 '
PO = PS1 [1. + 0.2 (XM) § (E.7)
i = V5. [RELPO 4 g ,).286 (E.8)
ETAR = f(WAC) (E.9)
WAC = f(NIC) (E.10)

NIC = anil—%ﬂ (E.11)
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E-2
P2 - f(PS1, DELPO, N1, T2) (E.12)
A8 = 32.08 in.2 (E.13)
WA = WAC (7 bgg) -\/5%2491 (E.14)
therefore WA = f(PS1, DELPO, N1, T2) (E.15)
o
VO = (49.02) (XM) YTSO (E.16)
TSO = T2 ; (E.17)
1. + (0.2) (XM)
therefore - f(DELPO, PSl, T2) (E.18)
G = 32.174. (E.19)

Net thrust i

the calibrat

relationship
FGP = 6
WAC =1
ETAR =
The final fu

on of the math model,
5 were derived from test datazas follows:

442 - 2.463 x 10-4 N2¢ +2.883 x 10-9 (N2C)2
1185 + 4.666 x 10-¥ Ni¢ - 2.593 x 10-10 (N1C)2
19876 + 2.551 x10-3 WAC - 1.525 x 10-4 (WAC)2

defined by equations ES16 and E.17.

The task of

Rather, a computer program can be written to calc

nctional relationship was derived from the physics of

$ then related through the functional relationships represented by
equations E.$, E.12, E.15, and E.18 to the five basic measurements.
the first three of these funct

As part of
onal

(E.20)

(E.21)

(E.22)

fluid flow as

deriving the influence coefficients by partial derivatives would be
quite lengthy.

ulate both the

nominal valupcof the performance parameter as well as the influenge coefficients

for any set |
results for

of 1000 feet and Mach 0.65,
intended only for illustrative purposes.

a sample test case.

E.2 shows the

The test case chosen was for a flight condition
The rotor speeds chosen are completely arbitrary and
The output lists the absolute values

for the influence coefficient. That is,
aF
91 = ZY_IT (E.23)
where Xj represents the measurements. It also shows a relative influence
coefficient (e') defined by:
+ _ AFN/FN
Gi = 'KW (E.24)
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The program also provides the influence coefficients for the intermediate
performance parameters (FG, WA, VO).

The exhaust area (A8) is assumed to be a known constant. Actually, the exhaust
area will have two éerror components. The first is a bias due to the measurement
which established the value used. This error would essentially be calibrated out
in the math model calibration. The second error is in the assumption that it is
a fixed (constant) value. The actual area will vary with temperature and
pressure. This too will be calibrated out to a certain extent. If all the
temperature and pressure profiles are not duplicated both internally and
externally, aph error could be introduced by this assumption and shpuld be
evaluated.

Y

The resultant| influence coefficients will be used to propagate thel measurement
error componepts to the performance parameter (as illustrated in Tpble 4.5 of the
main text). Alternately, the computer program could be modified use the
estimated errpr components as perturbations rather than the somewhat arbitrary 1%
used in the ekample program. The result would be the “direct calcullation of the
error componept contribution. Two passes through-.the perturbation| would be
required, one| for the precision index and one for the bias.

i}
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