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Measurement Uncertainty Applied to Cost-Effective Testing

RATIONALE

The rationale of this new report is to show how the methodology of measurement uncertainty can usefully be applied to
test programs in order to optimize resources and save money. In doing so, it stresses the importance of integrating the
generation of the Defined Measurement Process into more conventional project management techniques to create a Test
Plan that allows accurate estimation of resources and trouble-free execution of the actual test.
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1. SCOPE

The report shows how the methodology of measurement uncertainty can usefully be applied to test programs in order to
optimize resources and save money. In doing so, it stresses the importance of integrating the generation of the Defined
Measurement Process into more conventional project management techniques to create a Test Plan that allows accurate
estimation of resources and trouble-free execution of the actual test. Finally, the report describes the need for post-test
review and the importance of recycling lessons learned for the next project.

1.1 Introduction

Uncertainty analysis is a practical, scientific tool that is used to estimate the uncertainty of test measurements and of test

results determined from the measurements. Prior to actually running a test, the methodology of uncertainty analysis
allows the experimenter to learn much about the potential accuracy of a test result and to assess the relative effects of

various error sources 0
quantify the goodness o
over the past several ye
2.2.1,and 2.2.2.

Unfortunately, the plann
at the planning stage to
regard to the required ur
costs and timescales, ut
or are readily accessibl
testing has been comple
contractual, requirement

Obviously, cost-effectivd
environments, and the s
too uncertain to be ug
methodologies to the pl
effectiveness of its exed

ng, design, and execution of testing programs is still too frequently carri
the detailed needs of the recipient/end-user of the test fesults and con
certainty of the test measurements. A common scenario is that a test is
lizing facilities which are not optimal to the testing;program but which ars
b at reasonable cost. If the assessment of thé uncertainty of the resu
ted, then there is a risk that the accuracies actually obtained fail to mee

pD.

ness in the use of testing resources&is vitally important within both

cenario described above is based-upon this necessity for economy. Fin
ed effectively is not cost effective. However, the application of m
hnning of the test program canbenefit not only the final accuracy of t
ution. The action of defining-the measurement processes, including th

calibration hierarchies amnd elemental error sources, ensures that the test that is performed actua

level of measurement un
of expensive laboratory ¢

It is the purpose of this

planning and cost effec
particular the determinat
experimental setting and

certainty. It is not cost-effective to obtain a greater accuracy than is requ
r industrial scale testing facilities may be optimized and real savings ma

eport to present'a clearly defined approach to the application of uncert
ive conduet{of test programs. The report is written in the aero enging
on of in-flight thrust. However, the approach described in the report can
is recommended to all who undertake testing programs for commercial ¢

The report begins by d

N the total test uncertainty. After data Is obtained In the test, uncertginty analysis is used to
the experimental results. There has been an increase in the awaréness of uncertainty analysis
ars, and some of the key sources of information on it are given in)Re

rences 2.1.1.1, 2.1.21,

ed out without reference
sequently without proper
planned within budgeted
e either already available
Its takes place after the
[ the desired, sometimes

industrial and academic
ding that test results are
easurement uncertainty
he test but also the cost
e detailed breakdown of
lly provides the required
ired. In this way, the use
le.

hinty methodology to the
p-testing environment, in
be applied to almost any
ain.

pfining the basic requirements for a preliminary test plan from which

estimates of resources,

timescales, etc. may be drawn. It emphasizes the need to address the actual needs of the “customer” (whoever that may
be) at the initial stages of planning. The required uncertainty of the test results must be established through expert
dialogue between the supplier/test engineer and the customer/user. At this stage in the test program, an initial uncertainty
analysis is performed using knowledge of the probable instrumentation uncertainties and experience of similar testing
work. This initial uncertainty analysis helps to identify potential problems and to verify that the test has some reasonable
probability of meeting the required uncertainty for the test results.

Potential problems with both human and material resources, schedules, and other major test issues are identified in this
initial phase of the test program. The preliminary test plan section of the report stipulates the need to recognize the
limitations, risks, and the importance of a clear definition of program accuracy requirements.

The report continues with the description of the development of the Defined Measurement Process (DMP) in detail. The
DMP is comprised of three parts:
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calibration requirements.

estimates are made of the uncertainties associated with each error source.

assessed.

Definition of the measurement chain, including details of the type and number of instruments to be used and their

An elemental uncertainty analysis, in which all possible sources of both systematic and random error are defined and

A results uncertainty analysis, where the effects of propagation of the elemental uncertainties into the results are

Using this procedure, an estimate of the uncertainty of the final results is obtained and can therefore be compared to the
original requirement. Where there is a discrepancy, in the sense that the uncertainty is either greater or smaller than what
is demanded, the test plan can be modified, the DMP revised, and a new uncertainty estimate made. The uncertainty

analysis gives significa

t auidance on where the nroblems are and what needs to bhe correct
) g

processes, the test plan
may then be reviewed ar

Once the test plan is fif
quality of the data can &
Comparisons are made|
simulations. These com
program. The report em
but most effective, oppor

Following the execution
the groundwork for this €

Finally, a post-test revie
compared with prediction]
used to assist in plannin

1.2 Concluding Rema
Measurement uncertaint|

Sections 3 through 8 of
report.

<}8.F

]; the next similar testing program.
k

can be optimized prior to or during the initiation of any actual testing-w
d agreed upon by the customer, if necessary, before a final Test Plan/is

alized, the next stage is to perform a preliminary test and to\review t
e checked against the expectations from the DMP, and thé.discrepang
between the current test results and expected results obtained fron
parisons provide checks of the uncertainty estimates<and help to identi
bhasizes the importance of planning this preliminarydest into the progra
tunity for revisions to the test plan before serious testing proceeds.

bf the tests, the actual results must be analyzed and their uncertainties ¢

W is recommended, where the results obtained and the uncertainties ¢
s and discrepancies are investigated. Such investigations should be rep

s
y is a tool that cancbe applied to test programs in order to optimize res

this document describe how this tool is used, with an example. Figure 1

fost Test Review and Report

Have obhjg
If not, enq

and recor

ctives been'met?
ure reasoris are investigated
ded"as lessons learned

d. By iteration of these
ork. This optimized plan
published.

he results obtained. The
ies can be investigated.
h similar tests or model
y problems with the test
m since it offers the last,

stimated. Since much of

xercise will have been carried out already\in“an earlier stage, the effort r¢quired here is reduced.

ssociated with them are
prted openly and may be

burces and save money.
gives a roadmap of the

. 6. Preliminary Test and Review

1. Scope

2. References
7. Actual Test

AIR5925
MAP

3. Preliminary Test Plan =

4. Defined Measurement Pr

0Ccess

. 5. Final test Plan

Can test objectives be m
Can test proceed?

If not, return to appropriate
preceeding step

FIGURE 1 - AIR5925 MAP

et?

If not, return to Objectives
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3.1 Introduction

Uncertainty analysis applied in the earliest stages of a test program can help in the decision making process and can lead
to an economical use of resources. The Preliminary Test Plan defines the test objectives from customer requirements and
then defines the test process. An initial uncertainty analysis at this stage, based on historical information, lessons learned
and best estimates provides guidance for the defined measurement process and test plan development which will follow.

3.1.1  General

The first stage in any test program is to prepare a Preliminary Test Plan. This plan will be used to develop a detailed
Defined Measurement Process. Since this plan is intended to be preliminary, it must be prepared with scope for review
and revision at a number of stages during the program.

Due to time constraints,
this is the case, priority 1
estimations during the d
contractors, if employed,

The inclusion of measur
complexity of the task. T
effective.

To illustrate this, an exa
flight thrust determinatio

some preparatory work may need to be initiated before publication of th
nust be given to understanding the consequences of any revisions to)thg
bvelopment of the Preliminary Test Plan. Furthermore, it is essential tha
are included in the appropriate areas of the document control process.

ement uncertainty principles into the planning process doés not deman

he work associated with uncertainty will result in a plap-that is significant]

mple of a typical in-flight thrust determination Will'be worked throughot
N process is complex but is based upon straightforward measurements

if the result is to be sufficiently accurate. The sections that follow*will describe the preliminary

general terms and then

address the example in the same terms:*In this way, it will be seen th

measurement process can be planned methodically.

3.1.2 The Worked Ex4d

The worked example is
tests, ground level tests
conditions. This examplg
jet area and ambient pre
in-flight thrust are summ
to provide greater test ca

The example in this dogq
completed, with all the r¢g
flowchart for the entire g

mple

a case of in-flight thrust determination of an aircraft engine, using info

e Final Test Plan. When
time, cost and technical
customers and external

d a large increase in the
y more reliable and cost-

t this report. The full in-
which must be optimized
test planning process in
at the relatively complex

rmation taken from flight

and other component rig measurements to derive a value of net thiust at two defined flight

applies a Gas-Path/Nozzle Analysis method (based on the ideal thrust ¢

ssure F/AP) utilizing.a residual error procedure. This concept and other
arized in Referenee 2.1.1.2. Good test practice dictates more than one
nfidence; however, additional methods can impact the test program.

ument.will“concentrate on the flight test part only; the other parts are
sults‘ef.those tests available for use in the derivation of the flight test re
rocess with the flight test part to be worked in this document located af

jroup of thrust divided by
methods for determining
method should be used

assumed to have been
sults. Figure 3 shows the
the right of the diagram

enclosed by the dashed

ine
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RigTeston
model nozle GLTB Teston
complete engine|

Measured
Fn, W, P18
for all flight
conditions

Example Test
Process

Measured
Fn,w,P13
etc. at SLS

Calc ideal Fn, ¥,

complete engine|

:
H
:
i
i
i
i
! Flight Test on
1
1
1
1
i
:
:
1
:

Cy, Cd, for all flight . FPC fi
conditions including Calc ideal Fn, SLSm
full scale w condition
adjustments
¥ l Measured
Calc new SLS data ata
any fight —w Calc SLS Fn, W FPC mgm
condition condition

y

Compare
measured and
calculated Fn, W

h 4

Extrapolate FPC Calc ideal Fn,
to all flight » Watflight
conditions condition

]

o Calc Fnatflight
condition

Since the thrust of an
measurements are used
bypass duct of a turbofa
Adequate sampling to d
possible. This is especial
sea level test stand met
primary cause for any

disagreements between the calculated versus measured air flow

recognizes that other uTknown measurement/modeling errors (Reference 2.1.1.2) could also

closure.

IGURE 3 - TYPICAL IN-FLIGHT THRUST DETERMINATION PROCES

aircraft engine in-flight is difficult to measure directly through force
to derive the thrust-indirectly. In this example, fan delivery total pressu
N engine using ¢radial” rakes to provide a defining relation for thrust as a
btermine theyrepresentative gas path average pressure from such measurements is not always
ly true inthe -fan (by-pass) duct where large radial and circumferential v
hod assumes this known inability to measure the fan duct gas path average pressure to be the

UJ

instrumentation, other
res are measured in the
function of fan pressure.

Ariations often exist. One

and thrust. The method
contribute to the lack of

A ground level test stand calibration is used to define the fan pressure-thrust relation by means of a fan pressure
correlation (FPC). Fan pressure correlation is a scalar applied to the average measured fan duct pressure for use in
calculating both nozzle thrust and air flow. The calculated values of thrust and air flow are then compared to the
equivalent test stand measurements. Typically, errors other than those in fan duct pressure measurement prevent
derivation of a unique pressure correlation that simultaneously equates calculated and measured values for both thrust
and flow. Instead, the procedure establishes a fan pressure correlation that minimizes the calculated to measured
inconsistencies leaving residual errors on both air flow and thrust.
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Fan pressure correlation is derived on the ground level test bed using the following procedure. Core nozzle flow is
determined from the high-pressure turbine nozzle flow function (HPTFF). This flow along with measured P5 (LPT
discharge pressure), calculated T8 (LPT discharge temperature), and core nozzle velocity coefficient are used to
determine core nozzle thrust. The difference between the core flow and thrust and the total inlet bellmouth flow and
measured thrust is attributable to the bypass exhaust after proper accounting for parasitic flows, fuel flow additions,
internal recoups, leakages, scrubbing drags, etc. This provides equivalent measured test stand values for the bypass duct
flow and thrust. An iterative solution for the fan duct total pressure that minimizes the root sum squared differences in
bypass duct measured and nozzle calculated flow and thrust values (residual error) is then evaluated. The resulting
“calibrated” fan duct gas path average pressure is compared to the rake measurement (P13) to establish the pressure
correlation at a given test condition. Alternatively, the residual error terms can be defined using overall flow and thrust
instead of the bypass values, providing better alignment with the test stand measurements.

A unique pressure correlation characteristic is derived as a function of power for each podded engine. On-wing the
individual pressure corrdlafion of each calibrated engine 1S applied o the fan duct radial rake [neasured pressure. The
resulting fan duct “gas path average pressure” is then used in the determination of nozzle calculated in-flight thrust and air
flow.

A spreadsheet can be uged to determine the in-flight net thrust measurement uncertainty due to {he errors in the process-
measured inputs (see 4.3.5). The spreadsheet also calculates the required process sensitivify coefficients. Standard
methods, i.e., AIR1678A (Reference 2.1.1.1) or PTC 19.1-1998, Urss 95% coverage (Refererjce 2.1.2.1), are used to
propagate the measurefnent uncertainties for the flight test (“on-wing”) phase to in-flight net| thrust uncertainty. This
uncertainty would be cofnbined with the calibration and ground test uncertainty to get the total uncertainty of the thrust.
For this report, these additional uncertainty components have not been.included. Key assumptions in the uncertainty
calculations are outlined [below:
ASSUMPTIONS:
a. Separate flow and cgmplete expansion of the (non-mixed) hot and cold jets

b. Thermodynamic pafameters (C,, specific heat (ratio, etc.) remain constant for the small perturbations under
consideration

c. Core nozzle tempergture, T8, found from energy balance
d. Core flow from High Pressure Turbine-Flow Function (HPTFF)
e. Fan exit temperaturg measured-as TT13

f.  Nozzle characteristigs assumed constant for small error perturbations

3.2 Defining the Test (\hjanfi\/ne and Customer Reguirements.

3.2.1 Test Subject

The first step is to establish the subject of the test. In the context of this document it is likely that this will be either a
complete aero engine or an engine component, but the principles described below are applicable to many other testing
activities and technical disciplines.
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3.2.1.1  Example Test Subject

The test subject will be a full turbofan aero engine, complete with podded installation nacelle and flight-worthy
instrumentation systems. In practice, it is likely that there would be more than one engine to be tested, but for the
purposes of this document, only one will be considered.

3.2.2 Test Objectives
It is important to identify and define the principal aim of the test at an early stage, since there may also be supplementary

tests which could confuse the plan. It is also necessary to justify the test, both technically and commercially. The
justification may be addressed in terms of the risks of not doing the test, since the status quo may be unacceptable. Both

of these aspects may be better understood by discussing the actual, sometimes underlying, needs of the customer.

3.2.2.1 Example Test

The primary objective of
expressed as altitude, a
other tests will be perfo
typically include:

a.
b. Definition of power
c. Validation of produ

Such tests are beyond th
objectives since their inc

3.2.3 Test Requireme

The critical output param
These may be either dire

Assessment of thermal transient characteristics

]

Objectives
the test is to determine the in-flight net thrust of the engine at discrete,

rcraft Mach number and inlet temperature. A flight test is an expensiv
med in parallel with the thrust measurement to maximize the‘investme

anagement control schedules
on operating limits.

e scope of this document, but are mentioned here to illustrate the need
usion must not impede or displacethe primary objective.

hts and Uncertainty Levels

eters or Defined Test Results (DTR) required to meet the stated objecti
ct physical measurements or derived performance-defining parameters.

and statisticaliconfidence levels of the defined test results must be es

The required uncertainty
dialogue between the s
unacceptable. Current a
2.1.1.2). To stipulate req

The application of unce
accuracy for an engine

pplier/measurement engineer and the customer/user. The stipulation,
hievablesfevels of uncertainty of in-flight thrust determination are giver
irements.that are unachievable or inappropriate can lead to a test that is

nominal flight conditions,
e exercise and so many
nt. Such ride-along tests

or clarity in the setting of

es must be established.

tablished through expert
‘as good as possible” is

in AIR1703 (Reference
5 not cost-effective.

some absolute level of

ainty anaIyS|s may vary for d|fferent types of tests, from demandlng

Hicance in a comparatlve

(back-to-back) test. Back-to- back tests can benefit from |mproved uncertalnty in thelr results since, if properly planned, it
is likely that many sources of systematic uncertainty are common to both tests and may be reduced.

The uncertainty analysis needs to be developed in such a way that the results are easily understandable and usable. All
parties of the test team must coordinate in the definition of key engine and flight conditions for the analysis. Not all test
conditions need to be analyzed in the pre-test uncertainty analysis, just those that are critical for the defined
measurement process that follows.
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3.2.3.1 Example Test

Requirements

The primary defined test result is net thrust of the engine at both take off and cruise flight conditions. The total uncertainty

of the resultis to be no g

3.2.4 Limitations

reater than +1%, with 95% confidence.

There will be limits on the scope and accuracy of a test. Again, these must be established early in the preparations if
unpleasant surprises are to be avoided. Areas that may impose limitations include:

facilities, resources and a suitable test subject

tractual matters

a. Safety and regulatory issues
b. Financial constraints

c. Time limits

d. Availability of testing

e. Technical shortcomings

f.  Commercial and con

g. Politics

3.24.1 Example Test

The test to be worked he

construction and installafion of instrumentation and these standards must be addressed in the teg

The engine to be tested
process and, if systema
utilize the same instrum

both tests, even though they are not strictly necessary on the ground.

The test must be perfor|
business requirements
agreed between the sup

The test will require grou
to flight testing. The avai

| imitations

re is a flight test: this demands certain*'minimum safety standards to be n

ic measurement uncertainty is to be minimized, the ground level tests
entation systems. Consequently, the flight-worthy instrumentation syst

ed at minimum_cost associated with meeting the requirements. Times
nd deadlings for completion of the tests, or for the production of mi
blier and_thé customer.

nd level tests on both the whole engine and also rig tests on the enging
ability of facilities for all these tests must be established and included in

net regarding the design,
t plan.

will also have to be run insa.ground level test stand, as part of the ovgrall thrust measurement

and the flight tests must
ems must be utilized for

cales are constrained by
estone results, must be

nozzle assemblies prior
he test plan.

There may be technical shortcomings in the method used to derive net thrust from the measurements. The existence and
impact of these shortcomings must be agreed between the customer and the supplier.

3.2.5 Risks

There are likely to be many risks that prevent meeting the test objectives. These must be identified and assessed for
likelihood of occurrence and impact on the outcome of the test. Any of the areas listed as possible limitations above may
constitute a risk, since an excursion outside such limits naturally compromises the success of the test. This risk analysis
process is in addition to the uncertainty analysis and is not covered in this report. The basic concepts are covered in

Reference 2.2.3.
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3.3

3.3.1

Defining the Test Process

Outline Test Procedure

The basic steps of the procedure to be adopted for the test need to be established. This preliminary procedure needs to
be of sufficient detail to allow conventional project planning techniques to be used to estimate the work involved and
resources required. Flexibility will be necessary, since the procedure is likely to be modified once later planning stages

have been addressed.

Experience and “lessons learned” from previous similar testing programs should be applied here to optimize the outline
test procedure and to highlight vulnerable areas.

3.3.1.1

Example Outline Test Procedure

The outline procedure fo
3.3.2 Outline Measure

A list of the measuremer
sufficient detail to allow

it must be acknowledged that there will be a minimum number of instruments, ‘6f some known

achieve the uncertainties
through the Defined Me
finalized.

r the flight test is as shown in Figure 4.
ments

ts needed to achieve results of the required uncertainty must be drawn (
isibility of the general level of instrumentation and calibration standards

demanded by the Test Objectives. This minimumyinstrumentation regi
asurement Process, so this aspect will be subject to modification befi

Again, experience of prévious testing is valuable in identifying:the most important measureme

been established (Refer
in determining the accuf
measurements are parti
previous experience are

While the precise algori
before the final Defined |

bnce 2.1.1.2) that for in-flight thrust measurements, pressure measuren
acy of the results. With this knowledge, the DMP may be designed to
cularly well engineered. Furthermore, the DMP may be used to confirn
indeed applicable.

hms for derived output ‘parameters may not be required at this stage

p. This should only be in
necessary. In doing this,
andard of calibration, to

%e can only be estimated

re the test plan can be

nts. For example, it has
hent errors are dominant
bnsure that the pressure
n that such examples of

they must be specified

[leasurement ProcesS{DMP) can be completed. Assumptions need to b¢ explicitly defined.
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Plans Test Measurement
Preparation Process
A _.- i DMP identifies: E
\ i e Probabilityof  ‘of
L : achieving Y/C
e : uncertainty
Modify the Test Team Final requirements
TestPian Test: ey ants
5

Conditional “Go”
decision may

require rework of

plans or DMP
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Go-No
Go
decision

STEP Il
Preliminary
Test

Assess
Data

STEP Il1.
Perform
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Plan :

meagurements
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DMP-derived
assessment
parameters

STEPIV.
Test
Closure

Lessons
Learned

FIGURE 4 - PRELIMINARY TEST PLAN DIAGRAM
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3.3.2.1

Example Outline Measurements

The in-flight thrust is derived from the following measurements and inputs:

a.

b.

0.

p.

Typical ranges and accU
design of the engine (an
For example, reference
minimum altitudes spec
flight Mach numbers to b

Ambient pressure, P

0

Free stream total pressure, PT2

Free stream total temperature, TT2

Fan discharge pressure, PT13

Low pressure turbine discharge pressure, PT5

Compressor dischar
Compressor dischar:
Fan nozzle area, A1

Velocity coefficient o

Flow coefficient on fan nozzle stream, CD18

Velocity coefficient o

Fan discharge tempgrature, TT13

High Pressure Turbipe Flow Function, HPTFF

Fuel flow, WF
Nozzle discharge su

Fan Pressure Correl

je pressure, PT3
je temperature, TT3
B

h fan nozzle stream, CV18

h core nozzle stream, CV9

bpression factor, CD48SUP

htion Extrapolation Factor, FPCEX

 hencé pressure, temperature ratios, fuel flows, turbine capacity, etc.)

fied)and the instrumentation must be selected to cover this range. Lik

determine internal engine conditions.

racies of(measurement may be defined using knowledge of the flight conditions to be used, the

nd previous experience.

to stahdard atmospheric tables will show the range of PO to be expecled at the maximum and

wise, knowledge of the
mance model is used to

The specification of accuracy is more difficult without prior experience of the test to be undertaken. In this example, it has
been assumed that such information is readily available.

3.3.3

Initial Uncertainty Analysis

Known or estimated values for instrumentation uncertainty should be combined with the known or estimated influence
coefficients to produce an initial estimation of uncertainty for the results. Clearly, if this preliminary estimate of uncertainty
is greater than the required level, then the plans must be immediately reviewed. If it is acceptable then the plan may
proceed.
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3.3.3.1

In this example, the test methodology is well established and previous analyses have determined the typical levels of
systematic and random uncertainties and also the non-dimensional influence coefficients. These are summarized in Table
1 for the take-off condition and Table 2 for the cruise. The methodology used for the combination of these uncertainty
estimates is presented in Section 4 of this document. Also shown are Pareto charts for the two conditions, indicating the

Example Initial Uncertainty Analysis

relative contributions of errors in the parameters to the overall uncertainty of the result.

It may be seen from the Pareto charts that some parameters have a high contribution to errors in thrust measurement at
both flight conditions (e.g., CV18, CD18 and FPCEX), while others do not (P0). Knowledge of these characteristics allows

informed expenditure on instrument numbers, types and calibration requirements.

TABLE 1 - UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION

(ON-WING PHASE - TAKEOFF CONDITION)

Systematic || Random
Influence Ungeért. Uncertainty
Parameter Description Parameter | Coeff. %'RDG %RDG
1 |Ambient Pressure PO 2.905 0.067 0.029
2 |Fan Inlgt Total Pressure PT2 -3.971 0.046 0.008
3 |Fan Inldt Total Temperature TT2 0.157 0.153 0.038
4 |Fan Disgharge Pressure PT13 1.974 0.052 0.017
5 |Turbine|Discharge Pressure PT5 0.276 0.155 0.058
6 |Comprgssor Discharge Pressure PT3 0.181 0.159 0.124
7 |Compressor Discharge Temp. TT3 -0.038 0.163 0.160
8 |Fan Nozzle Area A18 0.731 0.260 0.000
9 |Velocity| Coefficient (Fan Noz) Cv18 1.094 0.224 0.000
10 |Flow Cqefficient (Fan Noz) CD18 0.731 0.316 0.000
11 |Velocity] Coefficient (Core Noz) CV9 0.275 0.224 0.000
12 |Fan Disgharge Temperature TT13 -0.161 0.285 0.149
13 |HPT FIqw Function HPTFF 0.181 1.000 0.000
14 |Fuel Figw WF 0.090 0.300 0.220
15 |Flow Cqeff (Suppressian) CD18SUP ]0.731 0.150 0.000
16 |FPC Exfrapolation FPCEX 1.974 0.100 0.000
PERCENTAGE
Name Code | Systematic | Std Dev Uncertainty
Net Thrust | FN 0.570% 0.105% 0.607%



https://saenorm.com/api/?name=9a9de2efffd4e7b8647e8329b52f4a72

SAE

AIR5925

-16 -

Percent Contribution

20%

18% -

16%

14% -

R
=
f

2
o~
‘

8%

6%

4%

2%

0%-

Uncertainty Contributions (FN) - Take-off Condition

ORANDOM
H SYSTEMATIC

S @@ PR @D QP O &L
oc?QQC < v§uq®9<&oq <

FIGURE\S - UNCERTAINTY FOR TAKE-OFF CONDITION

&

Parameter



https://saenorm.com/api/?name=9a9de2efffd4e7b8647e8329b52f4a72

SAE

AIR5925

-17 -

TABLE 2 - UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION
(ON-WING PHASE - CRUISE CONDITION)

Systematic | Random

Influence Uncert. Uncert.

Parameter Description Parameter Coeff. % RDG %RDG
1 |Ambient Pressure PO 0.425 0.067 0.029
2 |Fan Inlet Total Pressure PT2 -2.024 0.046 0.008
3 |Fan Inlet Total Temperature TT2 -0.248 0.153 0.038
4 |Fan Discharge Pressure PT13 1.901 0.052 0.017
5 |Turbine Discharge Pressure PT5 0.325 0.155 0.058
6 |Compressor Discharge Pressure PT3 0.142 0.159 0.124
7 |Comprgssor Discharge Temp. TT3 -0.031 0.163 0.160
8 |Fan Nqzzle Area A18 0.630 0.260 0.000
9 |Velocity Coefficient (Fan Noz) Cv18 2.521 0.224 0.000
10 |Flow Cpefficient (Fan Noz) CD18 0.630 0.316 0.000
11 |Velocity Coefficient (Core Noz) CV9 0.550 0.224 0.000
12 |Fan Discharge Temperature TT13 0.156 0.285 0.149
13 |HPT Flow Function HPTFF 0.142 1.000 0.000
14 |Fuel Flpw WF 0.231 0.300 0.220
15 |Flow Cpeff (Suppression) CD18SUP 0630 0.150 0.000
16 |FPC Extrapolation FPCEX 1.901 0.250 0.000

PERCENTAGE
Name Code | Systematic | Std Dev Uncertainty
Net Thrust | FN 0.828% 0.073% 0.841%
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3.3.4 Presentation of Results

The method and format of presenting the test results both during the test and as a final report should be established.
Typically the type and layout of graphs and tabular data need to be agreed along with the engineering units to be used.
The digital transmission of test data via networks or internet-based systems can improve uncertainty since it allows
numerical data to be transferred directly from the test bed data acquisition system to the post-test analysis system, then to
the customer, without the need for manual transcription. Technical issues to be considered are: data file format (including
parameter-identifying names, numbers or co-ordinates), transmission speed (since there may be large quantities of data)
and security.

3.3.4.1 Example Results Presentation

During the test, a facility will be required to display and record all measurements relevant to the test. Plots showing all
measurements from any[one instrument rake against radial position are essential for quick and.effective fault diagnosis.

It must also be possible fo display and record selected calculated parameters for data validation|purposes. Specifically, it
must be possible to display plots of any combination of net thrust, shaft speeds, various.engine pressure ratios, fuel flow,
etc. If possible, such plofs should be overlaid with model plots, previous data and/or acceptance I[mits.

The post-test analysis ofl the results must be done using data downloaded from-the test bed via
The uncertainty analysis| must be reported in detail using a formal technicaldeport style. It must
of the testing procedures, assumptions and calculations, and also a full report on difficulties/shg

Higital data transmission.
include a full description
rtcomings, etc. and how
nust be circulated to the

they were solved. Grap
customer and also to tho
3.3.5 Resources

In a broad sense, the
organization and infrastr
upon the scope of the te

for the test must be we
details, instrumentation n

In order to minimize erro|
and/or experienced pers
be known only when thg
the estimation of humar
assessed for impact on {

A suitable laboratory of

ical representations should be used where pdssible. The final report 1
se for whom the lessons learnt will be of bengfit in the future.

resources required to achieve the objectives of the test include su
Licture for carrying out the sophisticated testing described here. The act
5t, its impact in terms of safety and other crucial aspects. Regardless, th
Il ordered and have adninjstrative systems capable of maintaining p
natters, etc., preferably within an accredited quality management system

Irs due to poor practice and human failings, a test team must be selected
onnel. Adequate funding must be secured for the test, although the ex

resources\and costs. Compromises made in order to reduce cost an
ne uncertainty using the DMP.

other testing facility must be sought. Since the facilities used for tg

ch things as a suitable
lal demands will depend
e organization employed
roper records of project

from adequately trained
ct amounts required will

final test plan-is complete. Conventional project management techniqlies should be applied to

d/or timescales must be

sting aero engines and

components thereof are

st plan may need to be

matched to the capabilities of some existing facility. If the test plan demands that a new facility is necessary then costs
and timescales must be reviewed and the justification for the test reconfirmed.

The list of measurements drawn up in 3.3.2 must be used to estimate instrumentation and calibration resources. Common
sense dictates that allowance for redundancy be made in this estimation and so the minimum instrumentation regime
must not be used for the estimation process. If the facility selected does not normally use instrument calibrations which
are traceable to national standards, the additional associated work, delay and cost must be recognized in the plans.

The test will require a data acquisition and storage system, as well as computing and analysis tools. Again, the precise
requirements will be developed as the measurement process is defined, but intelligent estimations should be made. Desk
top personal computers and reprographic facilities are necessary for report preparation to an agreed standard or format.

Cost, time and measurement uncertainty are often in conflict when estimating resources. The parties involved in the test
program must agree how these aspects are to be balanced. Subsequent changes to the test plan can alter this
equilibrium and frequent reviews may be necessary to keep all three aspects under control.
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directly and to develop the fan pressure correlation data necessary to derive in-flight thrust.

f properly trained and equipped personnel to carry out the work required

infrastructure capable of operating such facilities safely and -Success

3.3.5.1 Example Resources
a.
b.
requirements.
C.
the ground for later analysis.
d.
(cost, timescales, etc.)
e. Adequate numbers ¢
f.  An organization and
Quality Assurance sy
3.4 Summary

The Benefits of Measure

The foregoing describe
measurement uncertaint
affected. By introducing

The customer requirem
measurement process (¢
therefore, not additional
employed in the pre-test

4. DEFINED MEASUR

8. Post Test Review and Repo)
—_—
objectives bean mer?

_ 1 Actual Te:

ment Uncertainty Analysis:

s the initial work required to define a préliminary test plan. It int
y at an early stage, since decisions over jnstrumentation and testing prg

ents, the test objectives and theyuncertainties associated with them
escribed in the next section..This task has to be done at some stag
work. Traditionally, it has .béen done after testing is complete, howe
stage where the benefits of having a defined measurement process may

EMENT PROCESS (BMP) (FIGURE 7)

1. Scape

2iReferences

3. Preliminary Test Plan

t

6. Preliminary Test and Review
o T TEImInAry 1est anc heview _ .

5. Final tes g
Can test proceed?

t Plan
ropria

Ifnot, r
precee

 3pprop

An engine, suitably instrumented, and previously calibrated on a ground-level test bed to measure thrust and air flow

An aircraft of suitable type to mount the engine and to be capable of flying the envelope demanded by the test

Instrumentation, data acquisition and analysis systems to support the tests, both installed inside the aircraft and on

Controlled documentation systems for instrumentation schedules, test schedules, fault reporting and project control

ully, utilizing recognized

stems and with traceability to national measurement standards‘where n¢cessary.

oduces the concept of
cedures may be directly

incertainty this early in the planning, maximum benefit may be obtained from the work.

, predicate the defined
e of the project and is,
er it is more effectively
be maximized.

Measurement Chain_

AIR5925

Bl

MAP

Analysis

emental Uncertainty

_ 4. Defined Measurement Process / A

Can test objectives be met?
If not, return to Objectives.

e

SAE AIR1678A,
ASME PTC 19.1

Results Parameter

Uncertainty Analysis

FIGURE 7 - DEFINED MEASUREMENT PROCESS

This section discusses the Defined Measurement Process (DMP), consisting of a measurement chain definition, an
analysis of the elemental uncertainties, and the propagation of elemental errors to a result, all of which should be included
in the test plan. To illustrate each of these steps, a measurement uncertainty analysis of in-flight thrust calculation is
provided as an example. Sections 4.1 through 4.3 are designed to give the reader an overview of uncertainty analysis.
They summarize the determination of systematic and random uncertainties of the parameters and of the test result.
Section 4.4 gives examples of how the uncertainty analysis information can be used to save money, whilst assuring the

quality of the results.
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4.1 Measurement Chain Definition

The measurement chain definition is a complete description of the elements that make up a measurement. The
measurement definition should consider measurements from “end to end,” to include all potential error sources. It is
helpful to draw a block diagram showing all of the major elements of how a measurement is made, starting from the field
of measurement, and proceeding through sensing devices, data acquisition equipment, data reduction processes, and
system calibration techniques associated with the selected test facility. If the desired parameter is not measured directly,
each individual quantity associated with the derived result must be identified and defined similarly.

Mapping of the measurement chain helps to identify potential systematic and random error sources. It is sometimes
helpful to identify elemental errors in the following categories:

a. Calibration hierarchy

b. Data Acquisition
c. Data Reduction
d. Real Effects (Errors pf Method or other non-instrumentation effects)
4.1.1 Calibration

Calibration is the process of transferring measured results from an instrument of higher quality fo the acquired response
of a lower quality instrumjent. The purpose of calibration is to economigally eliminate large, knowr] systematic errors. What
is left is then the systematic uncertainty associated with the calibratioh standard. When calibration data is used to convert
measured data into engipeering units, all random uncertainty of-Shigher-level calibration standards is treated as a
“fossilized” systematic uncertainty and combined with other~higher-level calibration systentlatic errors. Calibration
laboratories are required|to provide the uncertainties associated with their transfer standards. NMeasurements shall be
traced back to a nationall standards laboratory according, to-the following example hierarchy:

National Standards Laboratory (SL)

l
Inter-Laboratory Standard (ILS)
l

Local Laboratory Transfer Standard (TS)

l
In-situ Working Standard (WS)
l

Measurement Instrument (M)

FIGURE 8 - CALIBRATION HIERARCHY

Each level in the calibration hierarchy contributes to the overall uncertainty of the measurement. In practice, the
contributions of the higher level calibration sources can sometimes be ignored if they have uncertainties that are
significantly less than lower level instruments. Traceability to a national standard must be demonstrated.
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4.1.2 Data Acquisition

Data Acquisition involves a sensor that transfers a physical property to some other form, typically an electrical signal with
a proportionate voltage level or frequency. Often this signal is altered, or “conditioned,” to filter out unwanted frequency
components, or to sharpen a frequency transition. Then, the signal is converted to a digital value, usually through an
analog to digital converter, or a frequency to digital converter. Since sensors, signal conditioning, and signal conversion
all affect measurement uncertainty, the process definition and its graphical depiction should include all of these elements,
as well as any environmental affects associated with temperature, humidity, barometric pressure, etc. Elemental
systematic and random uncertainties are sometimes estimated from manufacturer’s specifications. Often, however, it is
better to estimate these uncertainties based on special end-to-end tests to capture error sources that are difficult to

estimate, such as environmental and installation affects.

41.21 Sensors

Sensors convert a varia
transformation is rarely g
may be done through in|
errors in their ability to
considered if “truth” is dg
4.1.2.2 Signal Conditi
Signal conditioning elen
should be captured by
converters and frequeng
associated with these
specifications. The latte
understood. Otherwise, {

4.1.2.3 Environmental

Environmental effects to

data acquisition equipment are subject to additional uncertainties due to temperature, humidity,

effects. Test requiremer
performed to estimate
environmental errors ma
4.1.3 Data Reduction

Conversion of raw binar

ble physical property to another property, typically either a voltagg le
ompletely linear, and care must be taken to capture the appropriate’tran
Lsitu calibrations or perhaps a lab calibration. Sensors can exhibit both
convert the desired physical properties. Also, the installation effects
fined as the value of the property if a sensor were not presént.

bning/Conversion

nents such as filters, multiplexers, and amplifiers all add uncertainty
the measurement process description. Signal conversion elements i
y to digital converters, each with systematic and random error compo,
elements can be determined through' special tests, calibration ¢
must be used with caution, and the.basis for manufacturer’'s specifig
hese errors may be captured by special end-to-end tests.

Effects
each of the above megasurement elements must be considered. Often
ts may drive the-user toward expensive environmental control proced

instrument error-sources, environmental errors may be captured.
y be estimated.separately.

vel or a frequency. This
sfer characteristics. This
systematic and random
of the sensor must be

to a measurement, and
hclude analog to digital
nents. The uncertainties
jata, or manufacturer’'s
ations should be clearly

signal conditioning and
and other environmental
lres. If special tests are
If this is not possible,

how this engineering un

test plan should define

y data to an engineering unit value results in various uncertainties. Th
i i i i ineering unit conversion

method routines, such as thermocouple tables, lab calibrations, and in-situ calibrations. Typically, computer resolution is
not an issue in modern computer systems. However, if the test plan includes use of an older system, this should be noted
in the DMP. Computer resolution could also be an issue if older conversion programs are used that do not take advantage
of double-precision calculation techniques. Though most modern computer systems have negligible uncertainty due to
resolution, curve fit techniques and other engineering unit conversion methods can result in significant uncertainties, and
should henceforth be listed in the test plan. In the engineering unit conversion process, various correction factors are
used that have associated uncertainties. Various properties that are obtained from reference sources may be a significant
source of measurement uncertainty. Care and rigor should be exercised in estimating their uncertainty contribution.
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4.1.4 Real Effects (Errors of Method and Other Non-Instrumentation Effects)

Other measurement elements that do not fit well in the above categories can be captured in the method category. Some
common examples include:

a.

stand has systematic error associated with it.

Instrumentation installation effects on probes such as conduction, convection, and radiation.

A factor that is used to correct thrust measured in an indoor test cell to a value that would be obtained in an outdoor

Other calculated quantities such as fuel flow measurement and air flow measurement that have calibration factors.

Spatial or profile uncertainty in the conversion from discrete point measurements to station averages.

e. Instability, non-repes

f.
These are estimated fror

4.1.4.1 Instrumentatio
Errors due to the insta
conduction, radiation, an
4.1.4.2 Probe Samplir
If the test plan demand
contributions may result.
4.1.4.3 Instability, Nor
Measurement system v3
analysis from previously

the data may help defin
increasing test cost.

tability, and hysteresis of the test process.

Effect of instrumentation on engine performance.

N experience and assumed to be repeatable when based on-one-time te
n Installation Effects

lation of probes and other instrumentation may be significant. Ther
d recovery are beyond the scope of this document, but have been estimg

g and Spatial Nonuniformity

s a non-homogenous spatial quantity that is estimated by spatial sz
Treatment of this is described-in_détail for pressure measurement sampl

-repeatability, and Hysteresis of the Test Process
riation and instabiljtyin the quantity being measured cause variation off

run similar tests will-indicate the level of test article instability. If possibl
e the amount wf.'sampling needed to produce acceptable uncertaintie]

5ts.

mocouple errors due to
ted in a variety of texts.

mpling, significant error
ng in Reference 2.1.2.1.

acquired data. Post-test
b, preliminary analysis of
S, without unnecessarily

ed by an engine in flight.

4.1.5 Example

Measurement Chain Deffnition: Consider the example of measuring the amount of thrust produc
In the in-flight thrust determimatiomexamptethe-fottowingmeasurements mustbe-made-thataffe
of interest:

a. Ambient pressure, PO

b. Free stream total pressure, PT2

c. Free stream total temperature, TT2

d. Fan discharge pressure, PT13

e. Low pressure turbine discharge pressure, PT5

f. Compressor discharge pressure, PT3

ct the calculated quantity
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g. Compressor discharge temperature, TT3

h. Fan nozzle area, A18

i.  Velocity coefficient on fan nozzle stream, CV18
j-  Flow coefficient on fan nozzle stream, CD18

k. Velocity coefficient on core nozzle stream, CV9
I. Fan discharge temperature, TT13

m. High Pressure Turbine Flow Function, HPTFF

n. Fuel flow, WF
0. Nozzle discharge suppression factor, CD18SUP

p. Fan Pressure Correlfition Extrapolation Factor, FPCEX

A measurement chain fqr each of these measured parameters should be defined in the test plz
measurement of PT2, fan inlet pressure is considered. Initially, an individual transducer with a n]
of 0.25% was proposed| A comprehensive measurement uncertainty analysis will show that th

unacceptable in the ovdrall measurement of in-flight thrust, which réquires an overall uncertai

alternate, high-accuracy| pressure measurement system was proposed to bring the overall in

within the 1% desired by the test customer. The following example is a detailed analysis of the
PT2 obtained using the glternate system.

The first step is to consider the measurement from flow.field, back to the national standards labol
See the block diagram below that illustrates the Defined Measurement Process for the measun

the diagram shows the measurement of PT2 in terms of its potentially significant error sources; ¢
acquisition, data reductign, and real effects.

Nptional Standards e e .
System Worki
ol S — ) m— =

Inter-Laboratory
Standards (ILS)

Local Calibration
Lab Transfer Standards (TS)

n. For this example, the
neasurement uncertainty
is level of uncertainty is
nty of less than 1%. An
-flight uncertainty levels
blemental uncertainty for

atory definition of “truth.”
ement of PT2. Note that
alibration hierarchy, data

My T Data-Cu

] _—
_____ System Working A/D Converter Computer
Standard

TRANSDUCER 1
CAL TEST

TRANSDUCER 2 PT2

X 0

FAN INLET

RAKES
N

FIGURE 9 - EXAMPLE PRESSURE MEASUREMENT SYSTEM
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4.2 Elemental Uncerta

inty Analysis

The Defined Measurement Process analysis proceeds with an analysis of the uncertainty of all elements identified in the
measurement chain. To do this on a pre-test basis, the analysis will require the following information for each element:

a.
b. Measurement Units
c. Estimated Paramete
d.

Full Scale Range of Measurement

r Values at points of interest

Systematic and Random error estimates of error sources

The full-scale range of
instrumentation, transdu
slightly higher than the h
proper instrumentation s

Measurement units are
may be measured by a
parameter may be expre
measurement of barome

Estimated parameter va
percent of reading value
4.21 Random Uncertz
Random errors are estin

estimated elemental rar
provided that the test is

data, the sample standaid deviation, Sx is as follows:

where:

N = Number of inde

measurement is the calibrated range of the measurement instrumen
cers, and signal conditioning are selected so that the full-scale range
ghest expected measured value. Hence, full-scale measurement.inform
plection and to analyze elemental error sources that are defined-as a per

dentified in terms of their input to the calculated parameterof interest.
ransducer that is referenced to atmosphere, yielding asmeasurement in
ssed in units of psia, requiring addition of the barometri¢ pressure. Thus
fric pressure must also be considered.

lues at the point of interest are required . if ‘€lemental error estimates|

inty
hated by inspection of the measurement scatter during special tests, ol

dom errors. Typically, it is;better to determine random variations fro
representative of all typical error sources. If the random uncertainty is t

pendent measurements

[. Obviously it is best if
of measurement is only
ation is required to verify
cent of full scale.

A pressure, for example,

psig. The derived result
uncertainties due to the

are characterized as a

by combining known or
M actual measurements
o be estimated from test

(Eq. 1)

X = Individual measurements

(Ea. 2)

If the averages of repeated samples are used to characterize the measurand, then the standard deviation of the

distribution of the averag

es is:

(Ea. 3)
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Sometimes, all random error cannot be captured during the special test. Therefore, elemental contributions to random
error must be estimated. If elemental error sources Sy are known or estimated, the random uncertainty is calculated to be:

where:

1 [
Sizﬁ Zk:1s§

S = Standard deviation for elemental error source k

(Eq. 4)

N = Number of measurements made to determine X
n = Number of errofsources
4.2.2 Systematic Uncgrtainty

The systematic uncertainty B is an estimate of the true systematic error evaluated at & specified

95%). Systematic errors
judgment and/or special

a.
b. comparison of stand
c. special calibrations

d. manufacturers’ repo
e. engineering judgmer

As the test progresses,
elemental error sources
be the manufacturer’'s sp

Error sources are grou
systematic uncertainty:

are often more difficult to estimate than random error, and are usual
fests. Examples of estimates include (Reference 2.2.3):

inter-laboratory or infer-facility tests

ards with instruments in the actual test enviromment

ts
t
better information regarding the systematic error sources may becon
may need to be updated. For example, the systematic error for a transdy

ecifications, but updated when in-situ calibrations are performed by a se

bed into the Sproper measurement chain categories, and then comb

5 =X &

confidence level (usually
y based on engineering

e available, and certain
cer may be estimated to
condary standard.

ned to give the overall

(Eq.d)

where:

B; = Elemental systematic uncertainty for error source i

n

= Number of error sources

4.2.3 Uncertainty of Empirical Data

Uncertainties for empirical data corrections must also be estimated if they are part of the measurement chain. An example
would be an empirically derived factor to correlate measurement of jet engine thrust in an indoor test facility to the amount
of thrust produced if the engine were outdoors. Other correction factors may include the test result if the environmental
conditions were normalized to sea level static pressure and standard day temperature. Uncertainties are derived for these

constants from the tests

used to produce them, and are typically classified as systematic error.
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4.2.4 Example: Elemental Uncertainty Analysis

Figure 9 shows the improved pressure measurement method proposed for in-flight thrust measurement. In this system,
an in-situ working standard, calibrated in a lab traceable to a national standards laboratory is used to produce a
calibration table for each of a number of individual gage pressure transducers in the measurement system. A pressure
rake with two immersions will measure pressures between 0 to 5 psig. This value is then added to the barometric
pressure measured with an instrument of the same quality as the pressure system working standard. The reported value
is in units of psia.

Elemental uncertainties will be shown as (B); for systematic uncertainties, and (S); for standard deviation estimates
where:

i = error source within a category

j = category
Categories:

1 = Calibration

2 = Data Acquisition
3 = Data Reduction
4 = Real Effects (Errors ¢f Method)
Data are summarized in [Table 3.

TABLE 3 - EXAMPLE ELEMENTAL UNCERTAINTY SUMMARY TABLE

PARAMETER: TYPE OF SENSOR MEASUREMENT RANGE: UNITS:
PT2 Silicon Pressure Transducer | 14 — 19 psia
TEST CONDI|TIONS: Power Cal N2:= 9000 - 9500 RPM
Systematic Standard Substantiation
ELEMENTAL ERROR SOURCE | Uncertainty Deviation Source and Nofes
(B (S)j

Sub-Script +/- unless indicated +/- unless indicated

CALIBRATION
11 ILS=FS .00025 - .005% on 5 psia Range
21 TS+ WS .0023 - .01% on 23 psig Range
31 Barometer .0015 .0075 Review of Calibration Lab

Data

DATA

ACQUISITION
12 Data Acquisition .006 .0023 Historical Data, Many in-situ

calibrations

DATA

REDUCTION
13 Calibration Curve .005 - Evaluation of non-linearity of

Fit in-situ calibrations

Resultant .0083 .0014

Error Components | .044% .008%

(RSS)
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4.2.41

Calibration Errors

The Local Laboratory Transfer Standard is an air dead weight tester with uncertainty of .005% of reading, or +.0001 psi;
whichever is greater, over a pressure range of 0.2 to 725 psig. Therefore, the uncertainty component due to calibration

transfer is as follows:

(B)11 =.00005 * 5 psi = .00025 psi

(S)11 = N/A (all error is fossilized as systematic)

The in-situ working standard in this example is a 23 psia vibrating quartz crystal transducer that has a digital output to the

data acquisition system.

Estimates based on many calibrations over many ranges are as follows:

(B)21 = .0023 psi

A 15 psia transducer of |
(B)31=.0015 psi

4242
The data acquisition prd
and environmental effec
due to signal condition
Estimates of the error co|
(B)12 =.006 pSl

4.2.4.3 Data Reductio

()21

ke quality is used to reference the measurement to barometer:

= N/A (all error is fossilized as systematic)

(8)31 =.0075 pSl

Data Acquisitipn Errors

cess will contribute uncertainty due to signal exgitation, signal conditio
s. Since the working standard is used to calibrate’each of the transduce
ng are calibrated out. Through many calibrations the remaining er
htribution due to data acquisition are as follows:

(8)12 =.0023 pSl
h Errors

N, pressures are applied to_the individual transducers, and the correspg

During system calibratio

for each of approximatg

acquisition, the respons
quantity. The linear inte
result in a data reductio
(B)13 =.005 pSl

4244 Real Effects (

In this example, errors o

ly 10 calibration points evenly distributed through the range of the

of the transducer-is:used to interpolate this calibration table, resultin
polation of the table assumes perfect linearity between points. There
contribution towncertainty. The estimate of this error is as follows:

(8)75*= N/A (SAME CALIBRATION ASSUMED)

ning, transducer effects,
rs in place, many effects
fors may be estimated.

nding output is recorded
transducer. During data
g in an engineering unit
fore, any non-linearities

rese effects are estimated

based on the average pressure measured at the cross sect|on and not on the |nd|V|duaI pressure taps, real effects will be
analyzed in the results parameter analysis section.
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4.24.5 Combined Pressure Error

Note that the standard deviation estimates in Table 3 represent the random uncertainty for 1-second samples of the
measurement. Since the uncertainty of a 30 second average is desired, the sample standard deviation of the mean is

used, with N=30.

Equations 4 and 5 are used to combine all elemental error sources, resulting in the following:

>" B? =4.00025% +.0023* + .0015 + .0067 + .005

1 n
Sﬁ = W VZK=1 S'f =

1 2 2
— J.00752 + .0023

=.0014 psi (.008% of ful

4.3 Results Paramete

4.3.1 Influence Coeffiq
Influence coefficients a
coefficients are someti
analytically from the da
estimated uncertainty le
a series of computer pro

The influence coefficient:

or by perturbing the inpu

Care should be taken to
the influence coefficient

e
:Ines referred to as sensitivity coefficients or.éxchange rates. They

36
scale)
Uncertainty Analysis
ients

the ratios of the change in a result to a unit_change in each ing
a reduction equation or numerically by perturbing the input parameteg
el. The latter is typically used if the data reduction equation is complex,

jrams that are difficult to dissect. The test\plan should specify all inputs g

5, 0, of a result, r, where r=f(X4,X;. ., X]), are evaluated by the partial deriv

_ o
L oX,

parameters one at'aytime and evaluating the change in the output:

o - AT
AX,

choose’a perturbation interval that is appropriate for the test. This can b
ortwo different intervals, such as 1% and 0.5%, and ensuring the results

ut parameter. Influence

are determined either
r by a unit close to the
or if it is implemented in
nd assumptions.

ative,

(Eq. 6)

(Eq. 7)

e checked by calculating
are consistent.

It is helpful to express the influence coefficients in a non-dimensional form as relative influence coefficients, 0"

X,
0 = —

_ X o
‘ r oX

(Eq. 8)

A value greater than 1 indicates that the influence of the uncertainty in the variable is magnified as it propagates through
the data reduction equation into the result. A value of less than 1 indicates that the influence of the uncertainty in the
variable is diminished as it propagates through the data reduction equation into the result.
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4.3.2 Overall Uncertainty of Result

As previously stated, it is often desired to determine the overall uncertainty of a quantity not measured directly, but
derived from a number of measured quantities, each with its own systematic and random error estimates. These
estimates must be correctly propagated to yield an estimate for overall uncertainty. The following information is needed
from the test plan in order to perform this analysis:

a. Elemental systematic and random error estimates

b. Influence coefficients of the measured quantities with respect to the results parameter

c. An analysis of any correlated systematic errors (see 4.3.3)

d. The type of testing being proposed (back-to-back, multiple tests, etc.)
The Results Parameter [Uncertainty analysis may then be used to determine if the proposed fest plan will adequately
answer the question being proposed. The analysis will also show which measurements ‘should be improved to yield a
lower result uncertainty.

For a large sample, the yncertainty of the derived parameter is given by

U? =B + (2S,) (Eq.9)
where
J J21 J
B = > 6B +2> > 06,B, (Eg. 10)
i=1 i=1 k=i+1
and
J
St =) 68, (Eq. 11)
i=1
where:

Br = Resultant systg¢nmiatic uncertainty

Sk = Random standard deviation of the result
0; = Influence coefficients

Bix = Correlated systematic uncertainty terms between any of the J measurements
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4.3.3 Correlated Systematic Uncertainties

Correlated uncertainties must be carefully considered in an uncertainty analysis, since they may improve or degrade the
resultant uncertainty. Correlated systematic uncertainties are those that are not independent of each other, typically a
result of different measured variables sharing some identical error sources.

Table 3 shows a summary of all the error sources for a PT2 measurement. PT2, however, is an average of 2 rake
element measurements that share some common systematic error terms. Each pressure measurement shares common
calibration hierarchy terms ((B)41, (B)21, (B)z1). All other systematic terms are not considered correlated.

Equation 10 contains a term for correlated systematic uncertainties, By, where

where:
L = Number of corrg
a = Elemental unce
4.3.3.1

Example: Corn

The following example W

55 _ P12, + P2,

2
The systematic uncertair
Brr2(1) = Bpr22) = .0083 p)
Since the elemental syst
pressure sensor, the cor
uncertainties determined

Ber1pr2 = (0.00025)%+ (0.

Using Equation 10 with i

lated elemental uncertainties
tainties common to B; and By
elated Systematic Uncertainty for PT2 Measurement

ill show treatment of correlated systematic:€rror sources for the 2-eleme

ty for each element of PT2 from Table 3 is
Si
bmatic errors associated with the pressure transducer calibration hierarc
related systematicuncertainty term Bprpr; is the sum of the products of
from Table 3 as

D023)? +(07.0015)? = 0.0000138 psi

hfluehce coefficients of 0.5 and assuming correlated systematic uncertair

(Eq. 12)

nt PT2 system, where

hy are the same for each
the common systematic

ties:

2
PT2

2
PT2

0.000041
B

PT2

1)? , (1Y ,
(Ej (0.0083)> + (Ej (0.0083)> + 2(

1

3|

1
2

j0.00001 38

= 0.0064 psi =.033%of F.S.
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4.3.4 Example: Real Effects for PT2 Measurement

As stated in 4.2.4, the real effects (or errors of method) for the PT2 example are based not on the individual pressure
measurements, but on the average, therefore these effects are combined with the uncertainties of the PT2 average.

Tests on many rake installations using similar rakes in wind tunnel calibrations shows the following distribution of
expected error due to rake installation and spatial non-uniformity:

Installation Effects:
(B)14 = .005 psi (S)14 = N/A (SAME CALIBRATION ASSUMED)

Spatial Non-uniformity:

(B)24 =.007 pSl 8)24 =.003 pSl

The combined uncertainfy for the PT2 average is, therefore, as follows:

B.r, = \/.00642 +.005f +.007% = .011 PSI (0.058% full scale error).
2
S.., = \/(%) +.0p3* = .0032 PSI (.017% full scale error).

NOTE: The first term is

435 Test Type Consi
The type of test needs
uncertainty of the deri
instrumentation and sam
uncertainty.

Another significant test t
example, if a test is to
uncertainty must be pro

jivided by the square root of 2 because-there are two rake elements in th
fHerations

to be considered to determine if correlated systematic uncertainties
ed parameter. For example, measurements made in a back-to-b3
e calibration are considéred correlated and will affect the systematic pq

pe consideration;exists if the required result is a relationship between ty
result in amX=Y relationship of two measured parameters, the influe]
bagated to"the uncertainty reported for the Y value. Reference 2.2.2, ¢

e PT2 probe.

exist that will affect the
ck test with the same
rtion of that parameter’s

Vo measured values. For
nce of the X parameter
hapter 7, and Reference

2.1.2.1, Appendix D, givg additienal'information on the treatment of this situation.

4.3.6 Pareto Analysis pfUncertainty Contributions

At this point in the analysis, it is helpful to review the contribution of each error source in relation to the total estimated
uncertainty. If there are multiple error sources, a Pareto chart can be assembled to assess the relative impact of each
elemental error source. It is a common problem to focus resources on insignificant error sources. This analysis should
take place with respect to the uncertainty sources combined with the influence coefficients. Analysis such as this will
maximize the efficiency of limited resources.

4.4 Example: Results Parameter Uncertainty Analysis

4.4.1 Example: Results Parameter Uncertainty Analysis at Takeoff Condition

Tables 4 and 5 summarize the uncertainty analysis for the on-wing test portion of in-flight thrust determination, prior to the
PT2 measurement improvement. The relative influence coefficients were derived by perturbing inputs one at a time
through the data reduction program by 1%. Systematic and random error components were estimated based on analyses
similar to that used to derive the uncertainties for PT2 in our example.
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The overall uncertainty of this portion of in-flight thrust measurement is higher than the desired 1%. Tables 6 and 7
summarize in-flight thrust measurement uncertainty changing only the uncertainty estimate for the improved PT2
measurement. Using the alternate pressure measurement system, the overall uncertainty of in-flight thrust is .635%, well

within the customer requ

irements.

TABLE 4 - UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION
(ON-WING PHASE - TAKEOFF CONDITION)

SYS STDEV

Parameter Description Parameter o' % RDG %RDG
1 |Ambient Pressure PO 2.905 0.067 0.029
2 |Fan Inlet Total Pressure PT2 -3.971 ***0.250 |0.008
3 |Fan IptetFotat-Femperature 2 8457 8453 9.038
4 |Fan Discharge Pressure PT13 1.974 0.052 0.017
5 |Turbine Discharge Pressure PT5 0.276 0.155 .058
6 |Compressor Discharge Pressure PT3 0.181 0.159 0.124
7 |Compressor Discharge Temp. TT3 -0.038 0.163 0.160
8 |Fan Nozzle Area A18 0.731 0.260 (0.000
9 [Velogity Coefficient (Fan Noz) Cv18 1.094 0.224 (0.000
10 |Flow Loefficient (Fan Noz) CD18 0.731 0.316 0.000
11 |Velodity Coefficient (Core Noz) CV9 0:275 0.224 (0.000
12 |Fan Discharge Temperature TT13 -0.161 0.285 0.149
13 |HPT Flow Function HPTFF 0.181 1.000 .000
14 |Fuel Flow WE 0.090 0.300 0.220
15 |Flow Coeff (Suppression) CD18SUP |0.731 0.150 (.000
16 |FPC Extrapolation FPCEX 1.974 0.100 .000

*** Prior to improvement

[ABLE 5 - ON-WING MEASUREMENT UNCERTAINTY SUMMARY FOR
IN-FLIGHT THRUST DETERMINATION

PERCENTAGE
Name Code | Systematic | Std Dev | Uncertainty
NetThrust | FN 1.130% 0.105% 1.149%
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TABLE 6 - UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION
(ON-WING PHASE - TAKEOFF CONDITION - IMPROVED PT2)

SYS STDEV

Parameter Description Parameter ' % RDG %RDG
1 |Ambient Pressure PO 2.905 0.067 0.029
2 |Fan Inlet Total Pressure PT2 -3.971 ***0.058 |0.017
3 |Fan Inlet Total Temperature TT2 0.157 0.153 0.038
4 |Fan Discharge Pressure PT13 1.974 0.052 0.017
5 |Turbine Discharge Pressure PT5 0.276 0.155 0.058
6 |Compressor Discharge Pressure PT3 0.181 0.159 0.124
7 |Compressor Discharge Temp. TT3 -0.038 0.163 0.160
8 |Fan Nozzle Area A18 0.731 0.260 (0.000
9 [Velogity Coefficient (Fan Noz) Cv18 1.094 0.224 (0.000
10 |Flow Loefficient (Fan Noz) CD18 0.731 0.3186 0.000
11 [Velodity Coefficient (Core Noz) CV9 0.275 0224 (0.000
12 |Fan Discharge Temperature TT13 -0.161 0.285 0.149
13 |HPT Flow Function HPTFF 0.181 1.000 .000
14 |Fuel Flow WF 0.090 0.300 0.220
15 |Flow Coeff (Suppression) CD18SUP  |0:731 0.150 (.000
16 |FPC Extrapolation FPCEX 1.974 0.100 .000

*** Using improved presgure measurement system

TABLE 7 - IMPROVED ON-WING-MEASUREMENT UNCERTAINTY
SUMMARY FOR IN-FLIGHD THRUST DETERMINATION

Name Code

PERCENTAGE

Systematic

Std Dev | Uncertainty

Net Thrust EN

0.587%

0.121% 0.635%

The Pareto chart for the pncertainty determination using the improved measurement system is gi

en in Figure 10.
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Uncertainty Contributions (FN) - Take-off Condition
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4.4.2 Example: Resulf

The above analysis was
relative influence coeffic
well as the distribution of

I
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Parameter

IGURE 10 - PARETO ANALYSIS OF IN-FLIGHT THRUST PARAMETE
UNCERTAINTIES (TAKE-OFF CONDITION)

5 Parameter Uncertainty Analysis at Cruise Condition
repeated at cruise~conditions, instead of takeoff power. Note below

ents and the_uncertainty estimates cause a change in both the overal
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how the changes in the
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TABLE 8 - UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION
(ON-WING PHASE - CRUISE CONDITION)

SYS STDEV

Parameter Description Parameter ' % RDG %RDG
1 |Ambient Pressure PO 0.425 0.067 0.029
2 |Fan Inlet Total Pressure PT2 -2.024 0.058 0.017
3 |Fan Inlet Total Temperature TT2 -0.248 0.153 0.038
4 |Fan Discharge Pressure PT13 1.901 0.052 0.017
5 |Turbine Discharge Pressure PT5 0.325 0.155 0.058
6 |Compressor Discharge Pressure PT3 0.142 0.159 0.124
7 |Compressor Discharge Temp. TT3 -0.031 0.163 0.160
8 |Fan Nozzle Area A18 0.630 0.260 (0.000
9 [Velogity Coefficient (Fan Noz) Cv18 2.521 0.224 (0.000
10 |Flow Loefficient (Fan Noz) CD18 0.630 0.3186 0.000
11 |Velogity Coefficient (Core Noz) CV9 0.550 0224 (0.000
12 |Fan Discharge Temperature TT13 0.156 0.285 0.149
13 |HPT Flow Function HPTFF 0.142 1.000 .000
14 |Fuel Flow WF 0.231 0.300 0.220
15 |Flow Coeff (Suppression) CD18SUP |0:630 0.150 (.000
16 |FPC Extrapolation FPCEX 1.901 0.250 .000

[ABLE 9 - ON-WING MEASUREMENT UNCERTAINTY SUMMARY FOR
IN-FLIGHT THRUST DETERMINATJON (CRUISE CONDITION)

PERCENTAGE
Name Code | Systematic | Std Dev | Uncertainty
Net Thrust | FN 0.831% 0.079% 0.846%
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Uncertainty Contributions (FN) - Cruise Condition
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4.5 Summary
Benefits of Uncertainty
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Plan (Section 5). If the |
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ANALYSIS OF IN-FLIGHT THRUST PARAMETER UNCERTAINTIES (

incertainties are.determined for each parameter, and an estimate ig
total uncertainties in the test result. This information feeds into the deve
bvel of expécted uncertainty in the result meets the test requirements, t
for prelitminary testing. If the level of expected uncertainty in the result

be redefined or an imprgved instrumentation system will have to be designed. Identifying proble

CRUISE CONDITION)

Analysis: In the Defined Measurement Process of a test program th¢ measurement chain is

made of the expected
opment of the Final Test
hen the test plan can be
is too large for the result
he objectives will have to
ms with meeting the test

to meet the test objectivis, then the objectives will have to be reconsidered. Either the limits on t

objectives at the DMP stagé’can help prevent the costly discovery of these problems later in the t

st program.
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5. FINAL TEST PLAN (
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FIGURE 12 - FINAL TEST PLAN

b preparation phase of the program and reviews all-aspects of the testi

are
t is understood and supported by all parties.

er to proceed on the basis of that plan;to return to an earlier stage of th

5S has been optimized.

Plan Proposal

e developed frond the Preliminary Test Plan, using the information from t
and accuracy. It must develop and describe the design of the test to

ency plans must be drawn up for all major risks.

hg, with reference to the

rocess. It lays the foundations for a rational decision to proceed to the testing phase of the

e planning process, or to

he defined measurement

mentation numbers, calibration requirements, etc. and also the critical neasurements for health

optimize the range and

the prelimihary test phase and the main test program, as well as the sample size and statistical

d.

rédhand the checks used to monitor them during testing must be identifie

The Final Test Plan must review the resources, limitations, risks and assumptions associated with the program. The cost
and timescales must also be re-established. When this has been done and compliance with the customer requirements is
assured, the Final Test Plan may be presented to the Test Team to propose moving on to the preliminary test phase of

the program.

If compliance with the requirements cannot be achieved, the proposal to the Test Team must be to return to the very first
steps of the planning process so that new measurement processes and Test Plans may be defined.


https://saenorm.com/api/?name=9a9de2efffd4e7b8647e8329b52f4a72

SAE AIR5925 -39 -

5.3 Test Team and Customer Review

The decision to proceed to testing should be taken at a Test Team review meeting, including the customer if applicable.
The Final Test Plan should be presented including a review of the uncertainty analysis, the state of readiness of test
vehicle, instrumentation and all other test management systems.

It is possible that shortfalls in meeting the original requirements may be accepted by the customer. Depending upon the
real implications to the results of the test caused by the shortfalls, contractual implications of such compromises must be
assessed.

The Pre-test Uncertainty Analysis must be reviewed and accepted as good by the customer. It is critical that all team
members understand and agree upon any modifications to be made to the Test Plan and DMP, why these modifications
are to be made, and how all test team members’ work may be affected by such modifications.

The customer should have a clear understanding as to what the test team’s approach will’pe in meeting all stated
performance requiremerits. The customer should also feel assured that the Test Plan and DMP will allow all performance
requirements to be achigved within the cost and schedule constraints established at the'initiation pf the test program.

5.4 Modify and Finalizg Test Plan

The proposed Test Plan|jand DMP, having been presented to the customer for ‘approval, may now be modified as agreed
in the Test Team Review and finalized.

Representatives from the team which installed the test vehicle and instrumentation should confirm that those tasks are
complete and to the Plan. Quality and safety documentation, checklists, etc. should be audited af this point. Likewise, the
configuration of data acquisition and on-line analysis systems sheuld be confirmed as complete.

Other work required at this time includes finalization of the data analysis algorithms and preparafion of Quality Assurance
plans, including instrumgntation connection and calibration lists, documentation controls and|fault management. The
parameters to be used fqr test data quality checks must,be established and agreed.

With approval being granted by the customer, the. test team must be prepared to adopt the test|plan in full. Further Test
Team reviews may be required to complete_this. Notwithstanding that the Test Plan has been formally accepted at this
stage, it may continue t¢ be modified onge\testing begins: it is important that Test Plan changg controls continue to be
maintained also.

5.5 Benefits of Uncertainty Analysis to Final Test Plan
Conscientious use of thg pre-i€st uncertainty analysis will keep the test team focused on the relptive importance of each

measurement to the achievement of the customer requirements and give guidance to settirj]g priorities for remedial
activity.

The uncertainty analysis may have profoundly affected the design of the test, e.g., details of each test run, order of testing
and even selection and design of test apparatus. Clearly the uncertainty analysis is not just a luxury or useful aid to
meeting the customer requirements; it is an essential part of defining those requirements and is crucially important in
controlling the outcome of the test.

5.6 Example: Final Test Plan

The DMP described in Section 4 clearly indicated that the uncertainty of the thrust measurements taken from the test
program would fulfill the customer’s requirements, provided certain details of the instrumentation are changed as
recommended. Specifically, it showed how the measurement of PT2 and ambient pressures must be made using
instruments of adequate accuracy, if the overall aim of the test is to be achieved. The final test plan for the example test
program will therefore incorporate the outcome of the DMP and state the instrumentation requirements clearly.
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Those measurements that have the greatest influence on the uncertainty of the thrust measurement have been identified
in the DMP; the test plan must make clear the steps to be taken to monitor these during the tests and also lay out
contingency plans for dealing with any difficulties that do arise. Such actions should be discussed at the Test Team
Review to ensure that test team members are aware of their specific responsibilities.

Ultimately the Final Test Plan, as ratified by the Test Team Review, will be distributed to all relevant parties according to
the requirements of the document control system.

6. PRELIMINARY TEST AND REVIEW (FIGURE 13)

Prelimihary Test . 6. Preliminary Test and Review

FIGURE 13 - PRELIMINARY TEST-AND REVIEW
6.1 Introduction

Once the final preparatigns and review has been completed the preliminary part of the test program can be started. This
is known as the test shakedown run. The shakedown run is used to test out the complete meagurement and processing
system including facility, instrumentation, performanece calculations and the test article itse|f. A shakedown run is
considered particularly inportant if any part of the\tdtal system has not been used before, or if|the different parts of the
system are being combjned for the first timesSince the life of the test article may be a risk|factor the length of the
shakedown run should be minimized. Howeyer;'it must be long enough to allow the total system tp be checked and collect
enough data for the performance of the test article to be analyzed. It is a very important part of the¢ test.

6.2 Check Out Test Plant and Instrumentation Performance

6.2.1 Test Article

One of the most important aspects of the shakedown run is the checkmg of the validity of the data being obtained, or, in
other words examining tt ner e done by applying the on-line data
checks, specified in Section 5. It is generally during the shakedown run when most instrumentation faults will be found.
Instrumentation faults can be many and varied, but can include damage during transportation, instrument lines not
connected and incorrect calibrations being applied to instruments. It is at this stage that the comprehensive Instrument
Schedule created during Section 5 of the project can be used to minimize the problems associated with instrument
identities, misconnections and calibrations. For example, the Instrument Schedule can be used to check that the correct
pressure channels have been connected to the pressure rakes. Any changes to the Instrument Schedule due to these
problems must be properly documented using the QA system set up earlier. It is also at this stage that the instrument fault
control system (which should be as fully automated as possible) is used for the first time. The instrument fault control
system will have been designed during Section 5 and constructed as to cross-reference to the Instrument Schedule for
ease of use and commonality. Note that each fault should be individually identified and include information on the
originator of the fault sheet, the instrument that has failed, an indication of the nature of the fault, the priority that should
be given to this instrument and a reply detailing the repair or stating the fact that the instrument is not repairable.
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Once identified by the shakedown run, as many as possible of the instrumentation faults should be corrected before the
test program continues. Priority must be given to those faults that directly impact the quality of the defined test result. The
amount of time and effort required to resolve such instrumentation faults may be reduced by building some redundancy
into the measurement system. This would allow some substitution of instrumentation, instead of having to attempt to
repair every instrument which could lead to an unacceptable delay in the test program.

It is usual to look for instrumentation faults during the shakedown run, and it is normal to use “engineering judgment” as
well as computer programs to spot problems. It is important to take into account the number and impact of faulty
instruments discovered during the shakedown run. The agreed DMP should define the instruments that cannot be lost

before testing continues.

6.2.2 Facility

It is important to check
even though the test pr
altitude, or other special
test conditions required
pre-agreed “next best” p

It is also important to cH
software QA system be
confirmation can be mag
representative of real te
authentication must be
authenticate the perform

At this time, the results
measurement uncertaint

that the shakedown run does not adversely affect the test facility in/sg
bgram has been designed to avoid foreseeable problems with the tes
zed environmental facility, it is also necessary to check that the test/fac
by the test program, otherwise the results from the shakedowntun may
bsition may be adopted.

eck analysis software operation. Although the software‘should have bg
fore the beginning of the shakedown run (by breaking the software ¢
e much simpler and quicker), the whole analysis:package should be su
5t data. Where schedule constraints prevent a‘cemplete check out of p
carried out during the running of the preliminary test phase. This is
bnce of "legacy" software or programs imported from other systems.

of the shakedown run should they be-considered valid and can be ug
levels.

me unforeseen manner,
facility integrity. For an
lity actually achieved the
be considered invalid. A

ben tested as part of the
own into modular form,
bjected to trial input data
rograms beforehand, full
5 often the only way to

ed to verify the pre-test

6.3 Review

6.3.1 Assess Results
Only after all software has been authenticated and all instrumentation has been checked for fa
none of the faulty ingtruments aretcritical to the performance calculations does it becomn
performance of the test grticle. It should be noted that this is another advantage for having some
measurement system. Checking performance validity of the test article can be carried outin a n
all of these techniques must use-some sort of comparative methodology. If the test article had

elsewhere then comparigon.could be made against that test. Alternatively, the comparison ma
model prediction. In any|case, the comparison should be kept as simple as possible, whilst ens
as expected by the cust i i i -

Llts and assuming that
e possible to verify the
redundancy built into the
umber of ways, although
been tested successfully
y be against a computer
uring that the results are

Analysis should be made of the scatter of the data with the most likely source being “test article instability.” If the scatter of
the data is relatively small then it can be considered as a component of the random uncertainty, however, if it is large,
then other considerations should be examined. If the instability is caused by the test article, then its control system should
be examined in concert with the test article owner. From the investigation, it may be necessary to modify/change the
control system, replace the test article with another unit or even to abandon the test series if the level of the random
uncertainty is unacceptable. If the instability is caused by the facility, then its control systems will need investigation and
the appropriate action taken. Note should be made here that any changes will almost certainly cause a delay in the
project.

Lastly, it is important to hold a post shakedown run meeting for all relevant parties to discuss the results of the shakedown
run. This meeting should be used to discuss in general terms the instrumentation, the software and the performance of
the test article. This meeting allows all interested groups to raise individual concerns and to prioritize the required
workload before the main body of the test program can be started. However, this meeting should not be used to discuss
whether or not the test program should be continued, as a separate meeting would be required for such a discussion.
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6.3.2 Compare Actual Uncertainty with Predictions

The review of the preliminary testing should be carried out with the customer. If the measurement uncertainty
levels produced at this stage are greater than those predicted at the pre-test stage, or if the test article does
not produce the results expected and all outside influences have been taken into account, then a decision to
modify or abandon the test program has to be made here.

Examples of how the data comparison is used are shown in Figures 14 through16.

Y a Predicted
Uncertainty band —
\t _ [ odel or

1 11
plodicicd ddata

-

Measured data

v

F

GURE 14 - MEASUREMENTS FALL WITHIN UNCERTAINTY PREDICTIDN

A Predicted
Uncertainty\band
Model or
.- predicted data

Measured data

Y

FIGURE 15 - MEASUREMENTS EXHIBIT SYSTEMATIC ERRORS FROM PREDICTION
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6.4 Application to Exainple

As noted in 6.2 the qua
article. A good example
two aspects to this. Firs|
general instrument pro
consequences if not corr

The compressor dischar
giving a total of thirty ins
these pressure readings

TABLE 10 - EXAMPRLE OF PRESSURE RAKE MEASUREMENTS (PSIA

X

RE 16 - MEASUREMENTS EXHIBIT RANDOM ERRORS FROMPREDI(

ting has been completed, reviewed and approved and any-resulting m
n the process can enter the main part of the test program.

ity of the data needs to be checked before it.can be used to verify the
would be the analysis of instrumentation rakes fitted into various planes
Lly, are any of the instruments out of paosition in comparison with the r
ile as expected both in shape and’jin level. Both of these aspe
ected (or at least taken account of).

pje pressure (PT3) is measurediby a five-arm rake with each arm fitted W
trument channels. Given below in tabular form (Table 10) are the result

CTION

pdification or repair work

performance of the test
of an engine. There are
est, and secondly, is the
cts could have serious

ith six individual probes,
5 from one data point for

Radial Circumferential Position
Position 0° 72° 144° 216° 288°
1 360.3 3724 372.8 371.6 370.7
2 371.5 371.1 372.1 371.9 371.5
3 3711 373.0 371.8 371.6 371.3
4 3704 36901 3699 368.5 3606
5 367.7 364.0 366.4 363.3 365.6
6 364.0 362.7 363.6 362.4 363.9

This converts in graphical form into Figure 17.
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FIGURE 17 - PLOT OF GOMPRESSOR DISCHARGE PRESSURE PROFILE

Examination of the figur¢ indicates a distinct-pattern across the profile, with the pressure level af Radial Position 6 being
low and the pressure leyel at Radial Position 1 being high. Discussion with the engine owner [suggests that this is the
expected profile as Radial Position 6-is‘close to the wall and Radial Position 1 is near the centre-line of the flow. However,
it is also clear from the figure that ohe of the pressure probes looks out of place, that being Radial Position 1 on Rake Arm
at 0°. It is agreed that this instrument channel is faulty, but because of the difficulty of actually physically reaching the
probe, it is agreed that|this_instrument be deleted from the calculation of the compressor discharge pressure (PT3).
Therefore the average cpmpressor discharge pressure will be based on the mean of the remaini|ng 29 probes. Thus, this
instrument set is passedfeffurtherdse-during-the-rmain-part-ef-the-testing-

Note that examination of the DMP confirmed that the loss of a single instrument in this rake was not a problem. Maximum
allowable instrument failure for PT3 was three in total or two on any one radial/circumferential position.

6.5 Benefits of Uncertainty

Uncertainty analysis at the preliminary testing phase can provide a great deal of useful information to the relevant
personnel. Although obviously not providing information on the total testing regime, it should be possible to partially
validate the uncertainty results from the pre-test phase. This should particularly be the case with the random uncertainty,
as for the first time the program has gained “real” data. Therefore, the new uncertainty information from the preliminary
tests can be used to give the go ahead for the continuation of the testing or to require remedial action to solve problems
which could invalidate the test program.
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