Q‘EAerOSpace AEROSPACE SAE AIR5925 REV. A
An SAE International Group IN FORMATION

Issued 2007-02
REPORT Revised  2013-07

Superseding AIR5925

Measurement Uncertainty Applied to Cost-Effective Testing

RATIONALE
The purpose of this revision is to align the methodology, nomenclature, and terminology with AIR1678 Revision B.

TABLE OF CONTENTS

1. ST O SRS 4
1.1 T 1 oY 013 o) [PPSR 4
1.2 (070] a1t [ o [T a ol =100 E= L1 1 T RSP SSR 5
2. REFERENGES........ooiiiieiii ettt ettt sttt e ettt esate e s et e e esteeeaseeeaseeesnteeeaseeeanseeansaeesnseeenseeeanseesaeeeanseeensennn 6
2.1 PN o] o] for=T o LT B o Yot U 4 g1 o | €3PSR 6
2.2 F Y o] o] or=T o] LT A= (=T =Y o Lot SRS 6
3. THE PRELIMINARY TEST PLAN ..ottt ettt e et stte e e stee e st e s tee e smteeeseeesnteeaaseeesnseeansseesnseeesseeensenenns 6
3.1 T 1oTo [0 T3 o) [PPSR 7
3.1.1 LCT=) o= RSP OP 7
3.1.2 The WOTKEA EXAMIPIE ...cooiieiiieeeeee ettt ettt e e e e e et e e e e e e e e et b s aeeeaeeeeesaantsseeeeeesannsntaneeaaeeeannnnne 7
3.2 Defining the Test Objectives and Customer REQUIrEMENTS............c..uviiiiiiiiiiiiiieee e 9
3.21 LI 0N (][ PSP PPRPRRN 9
3.2.2 LT O o)1= (1Y RSO PURRN 10
3.2.3 Test Requirements and Uncertainty LEVEIS.............uuiiiiiiiiii ettt 10
3.24 I3 1) 2= [ o 1= R PRR OO 11
3.2.5 ] QXY= 0 =Y o SRR 11
3.3 DefiNiNG the TESE PrOCESS.....cciii ittt e e e e e e e e st e e e e e e s ss e e e e aaeesesanssenees 12
3.3.1 OULINE TEST PrOCEAUIE ...ttt e e et e e e e e e et a e e e eaeeeesasatsaeeeeaeeantssaaeeaaaeeaaannes 12
3.3.2 OULINE MEBASUIEIMENTS ...ttt e ettt e e e e e e et e e e e e e e e s e aasbaaeeeaaeesesassssseeeeaeeannsssaneeaaeeesannnes 12
3.3.3 Initial UNCertainty ANGIYSIS ......ooo et e e e e e e e e e e e e e e s e s e ae e e e e e s enraaanreaaeaean 14
3.34 Presentation Of RESUILS .........ciiii i e e e e e e e e e e e e s et e e e e e ae e e e e snnsrsaees 19
3.3.5 LT T0] U o= PRSPPI 19
3.4 SUIMMIAIY ettt e e e e e e et e et e eee e e s e s aataaeeeeeeeeeaasssesaeeeaeeeseassstsaeeeeaeesesansssteaaeessannsssanneaaaneaannnnes 20
4, DEFINED MEASUREMENT PROCESS (DMP) (FIGURE 7)....ccuuieiiiiiiiee et 20
4.1 Measurement Chain DefiNitioN.............uuiiiiiii e e e e e e e e e e e e s e sabn e e eeaaeeesennnes 21
4.1.1 1071 [1 0] =1 (o o [PPSO PURRRN 21
4.1.2 Instrumentation Installation EffECES ... 22
41.3 (D= = I ot 8171 (o] o TSP SP 22
414 (D= = I =T U3 o ) o [PPSO 23

SAE Technical Standards Board Rules provide that: “This report is published by SAE to advance the state of technical and engineering sciences. The use of this report is
entirely voluntary, and its applicability and suitability for any particular use, including any patent infringement arising therefrom, is the sole responsibility of the user.”

SAE reviews each technical report at least every five years at which time it may be reaffirmed, revised, or cancelled. SAE invites your written comments and suggestions.
Copyright © 2013 SAE International

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted, in any form or by any means electronic, mechanical,
photocopying, recording, or otherwise, without the prior written permission of SAE.

TO PLACE A DOCUMENT ORDER:  Tel: 877-606-7323 (inside USA and Canada) SAE values your input.ino ir fmo'e’f
Tel: +1724-776-4970 (outside USA) on this Technical Repourt, piecse Misitument Sharing [Hub
Fax: ~ 724-776-0790 http://www.sae.org/technical/standards/AIR5925A
Email: CustomerService@sae.org

SAE WEB ADDRESS: http://www.sae.org

Full document details: SAE AIR5925A


http://www.avadocuments.com/doc/sae-air5925a
http://www.avadocuments.com/doc/sae-air5925a

SAE AIR5925A Page 2 of 56

41.5 Errors of Method (and Other Non-Instrumentation Effects).........cccccviiiiiiiiiii e, 23
4.1.6 Example Measurement Chain Definition ..............cooiiiiiiiii e e 24
4.2 Elemental Uncertainty ANAIYSIS ..........oeiiiiiii e e e e e e e e e e e e e nnne e eas 25
4.2.1 Random Standard UNCEMAINTY...........oociiiiiiiiee e e e st e e e s nte e e e e nte e e e e nnreeeeenneees 26
422 Standard Systematic UNCEMAINTY..........ocuiiiiiiiii et et e e e et e e e s snbeeeeesraeeeeanes 26
4.2.3 Uncertainty of EMPIriCal Data ...........cccuuiiiiiiiiiiiiiie ettt e e ee e e st ae e e s snte e e s enreeeeennnes 27
424 Example Elemental Uncertainty ANAIYSIS ..........eiiiiiiiiii e 27
4.3 Results Parameter Uncertainty ANalYSIS ...........eiiiiiiiiii e e 30
431 U =T g Ter @0 =Y o7 1Y o | SRR 30
4.3.2 Overall Uncertainty Of RESUIT ..........eiiiiiiee et e e e e et e e e e et e e e erte e e e e snraeeeennnees 30
4.3.3 Correlated SySteMEALIC EITOIS .. ... e e e e e e et e e e e ste e e e e nntee e e e nnnes 31
434 Example: Installation Effects and Errors of Method for PT2 Measurement................cccoeccivieeeieccieiciinnen. 32
4.3.5 LIS I LT O oL g 1 o 1= = o) o SRR 33
4.3.6 Pareto Analysis of Uncertainty CONtriDULIONS .........ooiiiiiiiiiiiii e 33
4.4 Example Results Parameter Uncertainty ANalySis ........ceeeieiiiiiiiiie e 33
441 Analysis at Takeoff CONITION .........oouiiiiiiiie e e et e e s s e e e nraeeesennneeeas 33
442 ANalysis at CruiSE CONAItION .........ooiiiiiii ittt sttt e e sttt e e e st e e e ssaeeeesanaeeeannsaeeesannneeens 36
4.5 ST =T SRR 38
5. FINAL TEST PLAN L.ttt ettt ettt a bt e e bt s et e et et e sa bt e e bt e e oa b e e e abe e e smbe e e abeesaeeesmbeeesareeennes 39
51 T (0T 0T { o] o [ PR PPRR 39
52 Prepare Final Test Plan PropoOSal............oooviiiiiiiiiiiiiiiieieeeeeeeeeee ettt eeeeteeeaeaessssasasssasssssssssssseseesssssssnnnees 39
5.3 Test Team and CUSTOMET REVIEW ........cccuuiiiiiiiiiie ettt e e e et e e e s ente e e e e sntaeeeeanreeaesnseeeaeanes 39
54 Modify and FINAliZe TeSt PIAN.........ooo it e e s e s e e e s e te e e e e nree e e e enees 40
5.5 ST 0] 0 = SRR 40
5.6 e Taa] o] LR = L =Y o F= T o I PPPPPPPPPPPRS 40
6. PRELIMINARY TEST AND REVIEW (FIGURE 13) .....oiiiiiiiiee ittt 41
6.1 T (0T 0T { o] o [ PR PPRR 41
6.2 Check Out Test Plant and Instrumentation Performance............ccccveiiiiiie e 41
6.2.1 LIS 9 AN 4 (][RP PURTRN 41
6.2.2 L= T 112 TP 42
6.3 REVIBW ettt oo oottt et e e e e e o e be ettt e e e e e e e e ah et ee et e e e e e e e e naneeeeee e e e e nnbeeeeeeeeeaeaannrerees 42
6.3.1 ASSESS RESUIES....coeeee ettt e e oo e ettt e e e e e e s bttt e e e e e e e e e e e e e e e e e e e aannnneeeaeaaaean 42
6.3.2 Compare Actual Uncertainty with PrediCtions............oooiiiiii i 42
6.4 PN o] o] [To= 11 Te] T (o T 1= o1 o] [= T PPRPPPPPPR 44
6.5 ST =T SRR 45
7. ACTUAL TEST (FIGURE 18)....utiiiiiieitite ittt ettt ettt b et sttt e e eb e e e e e e nnt e e sabe e e nareeennes 46
71 LA o5 G (o T I =TS G o = o PRSP PRN 46
7.2 Monitor Measurements and Results During the Test ..........oo e 46
7.3 Dat@ REICASE ......eeeeeiiie ittt oottt e e e e e e e ettt e e e e e e e e a e beee e e e e e et eeeeeaeee e e e nnreeeeas 47
7.4 ANAlYSIS OFf ACIUAI RESUIES......coeiiiii et e st e e st e e e s eeesse e e e annsaeeesnnnneeeas 47
7.5 Performance Data EXAMIPIE.........coo it e e e e e e e e e e e e e e e e e e aarrrae e 48
7.6 Post-Test Uncertainty Determination EXample..........cooo i 50
7.6.1 107 UL 7] o o {117 o 1SR 51
7.6.2 LI 12 G @ 1 O7o 3 T 11 o T o PSRRI 52
7.6.3 1070 ] Lo 013 o o SRR 52
7.7 ST 0] 0 = SRR 54
8. POST-TEST REVIEW AND REPORT (FIGURE 24).........coiiiiiiiiiiiie et 54
8.1 Compare Performance Results 10 PrediCtions ... 54
8.2 Prepare FINAl TESE REPOIT......... ittt ee e aeeaeeeaeesaasssssssassssssssssssstssssssstssssssssssnsnsnsssnsnsnnnnns 55
8.3 Update LessoNs LeArNed File..........oooe ittt tatsastseststatstsbsbstsbsbsbssssssnbesssssssesssnnnnns 55
8.4 @70 o1 013 o o SRR 56
9 I (O 1 S USRS 56

Documents

Document Sharing Hub

Full document details: SAE AIR5925A


http://www.avadocuments.com/doc/sae-air5925a
http://www.avadocuments.com/doc/sae-air5925a

SAE AIR5925A Page 3 of 56

FIGURE 1 ARSI 2E M A P .o e e e e e 5
FIGURE 2 PRELIMINARY TEST PLAN .ottt ettt e et e e e e e e e e e e e e e e e e e e e e e aeanas 6
FIGURE 3 TYPICAL IN-FLIGHT THRUST DETERMINATION PROCESS ... et 8
FIGURE 4 PRELIMINARY TEST PLAN DIAGRAM ..ottt e et e e e e e e e e 13
FIGURE 5 PARETO ANALYSIS OF IN-FLIGHT THRUST PARAMETER UNCERTAINTIES (TAKE-OFF)............... 16
FIGURE 6 PARETO ANALYSIS OF IN-FLIGHT THRUST PARAMETER UNCERTAINTIES (CRUISE).................... 18
FIGURE 7 DEFINED MEASUREMENT PROCE SS ... ettt e e e e s 20
FIGURE 8 CALIBRATION HIERAR CHY ..ottt e e e e e e et e e e e r e e e e 22
FIGURE 9 EXAMPLE PRESSURE MEASUREMENT SY ST EM ..ot oottt e e e s 25
FIGURE 10 PARETO ANALYSIS OF IN-FLIGHT THRUST PARAMETER UNCERTAINTIES (TAKE-OFF)............... 36
FIGURE 11 PARETO ANALYSIS OF IN-FLIGHT THRUST PARAMETER UNCERTAINTIES (CRUISE).................... 38
FIGURE 12 Lol A I S I = I LSRR 39
FIGURE 13 PRELIMINARY TEST AND REVIEWV . ...ttt ettt e e e e e e e e e e e e e e e e 41
FIGURE 14 MEASUREMENTS FALL WITHIN UNCERTAINTY PREDICTION ....couiieiee e 43
FIGURE 15 MEASUREMENTS EXHIBIT SYSTEMATIC ERRORS FROM PREDICTION ....coeiiee e, 43
FIGURE 16 MEASUREMENTS EXHIBIT RANDOM ERRORS FROM PREDICTION .. ..o 44
FIGURE 17 PLOT OF COMPRESSOR DISCHARGE PRESSURE PROFILE.... ..o 45
FIGURE 18 PN O U N R I s R TRRR 46
FIGURE 19 EXAMPLE OF A PERFORMANCE CURVE PLOTTED AGAINST A COMPARATIVE DATA

(0481 244 =1 = I I PR 49
FIGURE 20 RANDOM UNCERTAINTY LIMITS FOR THE COMPARISON BETWEEN TEST DATA AND

PREVIOUS INFORMATION (INCLUDES SUSPECT POINT) ..cotiiieiiiiee e eiee et 49
FIGURE 21 RANDOM UNCERTAINTY LIMITS FOR THE COMPARISON BETWEEN TEST DATA AND

PREVIOUS INFORMATION (SUSPECT POINT REMOVED) .......cotiiiiiieiiiiee e 50
FIGURE 22 POST-TEST UNCERTAINTY PARETO ANALYSIS (CRUISE CONDITION) ....cccviveiiiiie e 53
FIGURE 23 POST-TEST UNCERTAINTY PARETO ANALYSIS (TAKE-OFF CONDITION).....cccoiiiiiieeiiiee e 53
FIGURE 24 POST-TEST REVIEW AND REP ORI ... oottt ettt r e e e e e e e e 54
TABLE 1 UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION (ON-WING PHASE -

TAKEOFF CONDITION) ...eiiiiiiiiiee ettt e sttt e e sttt e e ettt e e ettt e e e s sateeeeesnteeeeesmtaeaeesnsaeeeeasaeeaesanseeaessaeaessnssneasanns 15
TABLE 2 UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION (ON-WING PHASE -

CRUISE CONDITION) ...etiiitiittite e seete ettt e e ettt e e e sttt e e e ettt e e e e asteeeeaasteeeeaastaeeeaansaeaaesnseeaeeansseeeesteeeesnnseneeennsens 17
TABLE 3 EXAMPLE ELEMENTAL UNCERTAINTY SUMMARY TABLE ..o 28
TABLE 4 UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION (ON-WING PHASE -

TAKEOFF CONDITION) ...eetiiiitiite ittt ete et e sttt e ettt e e ettt eeessateeaesssteeeeeantaeaeesnsaeeeeasseeaeaasseeaessaeaesanseneasanns 34
TABLE 5 UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION (ON-WING PHASE -

TAKEOFF CONDITION = IMPROVED PT2)....cuiiiiiiiiiie ittt steee e st e e steee e staeea e snnteeaesnnseeaeesnsaeeesnes 35
TABLE 6 UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION (ON-WING PHASE -

CRUISE CONDITION) ...etiiieiittite e eeete e sete e e ettt e e e sttt e e e eteeae e aasteeeeaasteeeeeastaeaeaansaeaeeanseeaeeansseaeesteeeeeanseneeeansees 37
TABLE 7 EXAMPLE OF PRESSURE RAKE MEASUREMENTS (PSIA) .....uiiiiiieieeie e 44
TABLE 8 EXAMPLE OF PERFORMANCE DATA (TAKE-OFF CONDITIONS) ....cciiiiiiiieiiiiee e 48
TABLE 9 POST-TEST UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION

(CRUISE CONDITION) ...ttt ettt ee e en et 51
TABLE 10 POST-TEST UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION

(TAKE-OFF CONDITION). .. .tttttiiititte ettt e sttt e s ettt e e sttt e e e asaeeeesasseeeeaassaeeeaansteeesanseeeeaansaeaeaanteeeannseeeeaansens 52

Documents

Document Sharing Hub

Full document details: SAE AIR5925A


http://www.avadocuments.com/doc/sae-air5925a
http://www.avadocuments.com/doc/sae-air5925a

SAE AIR5925A Page 4 of 56

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 on the total test uncertainty. After data is obtained in the test, uncertainty analysis is used to
quantify the goodness of the experimental results. There has been an increase in the awareness of uncertainty analysis
over the past several years, and some of the key sources of information on it are given in References 2.1.1.1, 2.1.2.1,
2.2.1,and 2.2.2.

Unfortunately, the planning, design, and execution of testing programs is still too frequently carried out without reference
at the planning stage to the detailed needs of the recipient/end-user of the test results and consequently without proper
regard to the required uncertainty of the test measurements. A common scenario is that a test is planned within budgeted
costs and timescales, utilizing facilities which are not optimal to the testing program but which are either already available
or are readily accessible at reasonable cost. If the assessment of the uncertainty of the results takes place after the
testing has been completed, then there is a risk that the accuracies actually obtained fail to meet the desired, sometimes
contractual, requirements.

Obviously, cost-effectiveness in the use of testing resources is vitally important within both industrial and academic
environments, and the scenario described above is based upon this necessity for economy. Finding that test results are
too uncertain to be used effectively is not cost effective. However, the application of measurement uncertainty
methodologies to the planning of the test program can benefit not only the final accuracy of the test but also the cost
effectiveness of its execution. The action of defining the measurement processes, including the detailed breakdown of
calibration hierarchies and elemental error sources, ensures that the test that is performed actually provides the required
level of measurement uncertainty. It is not cost-effective to obtain a greater accuracy than is required. In this way, the use
of expensive laboratory or industrial scale testing facilities may be optimized and real savings made.

The purpose of this report is to present a clearly defined approach to the application of uncertainty methodology to the
planning and conduct of cost effective test programs. The report is written for the aero engine-testing environment, and in
particular for the determination of in-flight thrust. However, the approach described in the report can be applied to almost
any experimental setting and is recommended to all who undertake testing programs with cost constraints.

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

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

¢ An elemental uncertainty analysis, in which all possible sources of both systematic and random error are defined and
estimates are made of the uncertainties associated with each error source.

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

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 significant guidance on where the problems are and what needs to be corrected. By iteration of these
processes, the test plan can be optimized prior to or during the initiation of any actual testing work. This optimized plan
may then be reviewed and agreed upon by the customer, if necessary, before a final Test Plan is published.

Once the test plan is finalized, the next stage is to perform a preliminary test and to review the results obtained. The
quality of the data can be checked against the expectations from the DMP, and the discrepancies can be investigated.
Comparisons are made between the current test results and expected results obtained from similar tests or model
simulations. These comparisons provide checks of the uncertainty estimates and help to identify problems with the test
program. The report emphasizes the importance of planning this preliminary test into the program since it offers the last,
but most effective opportunity for revisions to the test plan before formal testing commences.

Following the execution of the tests, the actual results must be analyzed and their uncertainties estimated. Since much of
the groundwork for this exercise will have been carried out already in an earlier stage, the effort required here is reduced.

Finally, a post-test review is recommended, where the results obtained and the uncertainties associated with them are
compared with predictions and discrepancies are investigated. Such investigations should be reported openly and may be
used to assist in planning the next similar testing program.

1.2 Concluding Remarks

Measurement uncertainty is a tool that can be applied to test programs in order to optimize resources and save money.
Sections 3 through 8 of this document describe how this tool is used, with an example. Figure 1 gives a roadmap of the
report.

a 8. Post Test Review and Report

Have objectives been met?
If not, ensure reasons are investigated 1. Scope
and recorded as lessons learned

B 2. References
7. Actual Test M
? ) AIR5925
MAP ___ 3. Preliminary Test Plan -

a 6. Preliminary Test and Review |

.

L

4. Defined Measurement Process
o 5. Final test Plan > =4

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

preceeding step

FIGURE 1 - AIR5925 MAP
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2. REFERENCES

2.1 Applicable Documents

The following publications form a part of this document to the extent specified herein. The latest issue of SAE publications
shall apply. The applicable issue of other publications shall be the issue in effect on the date of the purchase order. In the
event of conflict between the text of this document and references cited herein, the text of this document takes
precedence. Nothing in this document, however, supersedes applicable laws and regulations unless a specific exemption
has been obtained.

2.1.1  SAE Publications

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside
USA and Canada) or 724-776-4970 (outside USA), www.sae.org.

2.1.1.1  AIR1678B, Uncertainty of In-Flight Thrust Determination
2.1.1.2 AIR1703A, In-Flight Thrust Determination
2.1.2 ANSI Publications

Available from American National Standards Institute, 25 West 43rd Street, New York, NY 10036-8002, Tel: 212-642-
4900, www.ansi.org.

21.21 PTC 19.1-2005 American National Standards Institute/American Society of Mechanical Engineers, Test
Uncertainty, ASME, New York, 2005.

2.2 Applicable References

2.2.1 International Organization for Standardization, Guide to the Expression of Uncertainty in Measurement, 1SO,
Geneva, 1995.

2.2.2 Coleman, H. W. and Steele, W. G., Experimentation and Uncertainty Analysis for Engineers, 3rd Edition., John
Wiley and Sons, Inc., New York, 2009.

2.2.3 Robert V. Hogg and Elliot A. Tanis, “Probability and Statistical Inference”, Macmillan.
2.2.4 “Experimental Determination of Time Constants and Nusselt Numbers for Bare-Wire Thermocouples in High-
Velocity Air Streams and Analytical Approximations of Conduction and Radiation Errors,” Marvin D. Scadron and

Isisdore Warshawsky, NACA TN 2599, January 1952.

2.2.5 Boris Iglewicz & David C. Hoaglin “How to Detect and Handle Outliers” Volume 16, The ASQC Basic References
in Quality Control: Statistical Techniques Series. 1993.

3. THE PRELIMINARY TEST PLAN

Define Test Objectives from Customer
_ Requirements

' Define the Test Process_

Process

wrar abjecdyes e e
IF o reeirn o Objestves

FIGURE 2 - PRELIMINARY TEST PLAN
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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, some preparatory work may need to be initiated before publication of the Final Test Plan. When
this is the case, priority must be given to understanding the consequences of any revisions to the time, cost and technical
estimations during the development of the Preliminary Test Plan. Furthermore, it is essential that customers and external
contractors, if employed, are included in the appropriate areas of the document control process.

The inclusion of measurement uncertainty principles into the planning process does not demand a large increase in the
complexity of the task. The work associated with uncertainty will result in a plan that is significantly more reliable and cost-
effective.

To illustrate this, an example of a typical in-flight thrust determination will be worked throughout this report. The full in-
flight thrust determination process is complex but is based upon straightforward measurements which must be optimized
if the result is to be sufficiently accurate. The sections that follow will describe the preliminary test planning process in
general terms and then address the example in the same terms. In this way, it will be seen that the relatively complex
measurement process can be planned methodically.

3.1.2 The Worked Example

The worked example is a case of in-flight thrust determination of an aircraft engine, using information taken from flight
tests, ground level tests and other component rig measurements to derive a value of net thrust at two defined flight
conditions. This example applies a Gas-Path/Nozzle Analysis method (based on the ideal thrust group of thrust divided by
jet area and ambient pressure F/AP) utilizing a residual error procedure. This concept and other methods for determining
in-flight thrust are summarized in Reference 2.1.1.2. Good test practice dictates more than one method should be used
to provide greater test confidence; however, additional methods can impact the test program.

The example in this document will concentrate on the flight test part only; the other parts are assumed to have been
completed, with all the results of those tests available for use in the derivation of the flight test results. Figure 3 shows the
flowchart for the entire process with the flight test part to be worked in this document located at the right of the diagram
enclosed by the dashed line.
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FIGURE 3 - TYPICAL IN-FLIGHT THRUST DETERMINATION PROCESS

Since the thrust of an aircraft engine in-flight is difficult to measure directly through force instrumentation, other
measurements are used to derive the thrust indirectly. In this example, fan delivery total pressures are measured in the
bypass duct of a turbofan engine using “radial” rakes to provide a defining relation for thrust as a function of fan pressure.
Adequate sampling to determine the representative gas path average pressure from such measurements is not always
possible. This is especially true in the fan (by-pass) duct where large radial and circumferential variations often exist. One
sea level test stand method assumes this known inability to measure the fan duct gas path average pressure to be the
primary cause for any disagreements between the calculated versus measured air flow and thrust. The method
recognizes that other unknown measurement/modeling errors (Reference 2.1.1.2) could also contribute to the lack of
closure.

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 correlation of each calibrated engine is applied to the fan duct radial rake measured 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 used to determine the in-flight net thrust measurement uncertainty due to the errors in the process-
measured inputs (see 4.3.5). The spreadsheet also calculates the required process sensitivity coefficients. Standard
methods, i.e., AIR1678B (Reference 2.1.1.1) or PTC 19.1-2005, Urss 95% coverage (Reference 2.1.2.1), are used to
propagate the measurement uncertainties for the flight test (“on-wing”) phase to in-flight net thrust uncertainty. This
uncertainty would be combined 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:

a. Separate flow and complete expansion of the (non-mixed) hot and cold jets.

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

c. Core nozzle temperature, T8, found from energy balance.

d. Core flow from High Pressure Turbine Flow Function (HPTFF).

e. Fan exit temperature measured as TT13.

f. Nozzle characteristics assumed constant for small error perturbations.

3.2 Defining the Test Objectives and Customer Requirements

3.2.1 Test Article

The first step is to identify the test article (subject of the test.) In the context of this document it is likely that this will be
either a complete aircraft engine or an engine component, but the principles described below are applicable to many other
testing activities and technical disciplines.

3.2.1.1 Example Test Article

The example test article will be a full-scale turbofan aircraft 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.
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3.2.2 Test Objectives

It is important to identify and define the principal aim (primary objective) of the test at an early stage. Supplementary
(secondary) test objectives should also be identified. It is necessary to justify the test, both technically and commercially
in terms of the principal and supplementary objectives. The justification is often supported by a hypothesis statement such
as the new engine part will improve specific fuel consumption by 1%. The justification may be addressed in terms of the
benefits of the test, or alternatively, the risks of not doing the test if the status quo is unacceptable. The technical and
commercial benefits and risks are better understood by discussing the actual, sometimes underlying, needs of the
customer.

3.2.2.1 Example Test Objectives

The primary objective of the example test is to determine the in-flight net thrust of the engine at discrete, nominal flight
conditions, expressed as altitude, aircraft Mach number and inlet temperature. A flight test is an expensive exercise and
so many other tests will be performed in parallel with the thrust measurement to maximize the investment. Such ride-
along tests typically include:

a. assessment of thermal transient characteristics;
b. definition of power management control schedules;
c. validation of production operating limits.

Such tests are beyond the scope of this document, but are mentioned here to illustrate the need for clarity in the setting of
objectives since the inclusion of secondary objectives must not impede or displace the primary objective.

3.2.3 Test Requirements and Uncertainty Levels

The critical output parameters or Defined Test Results (DTR) required to meet the stated objectives must be established.
These may be either direct physical measurements or derived (calculated) performance parameters.

The required uncertainty and statistical confidence levels of the defined test results must be established through expert
dialogue between the supplier/measurement engineer and the customer/user. The stipulation, “as good as possible” is
unacceptable. Current achievable levels of uncertainty of in-flight thrust determination are given in AIR1703A (Reference
2.1.1.2). To stipulate requirements that are unachievable or inappropriate can lead to a test that is not cost-effective.

The application of uncertainty analysis may vary for different types of tests, from demanding some absolute level of
accuracy for an engine performance parameter (e.g., thrust) to specifying some level of significance in a comparative
(back-to-back) test. Back-to-back tests can benefit from improved uncertainty in their 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.

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 result is to be no greater than £1%, with 95% confidence.
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3.2.4 Limitations

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:

a. safety and regulatory issues;

b. financial constraints;

c. time constraints;

d. availability of test article, test facilities, and other resources;
e. technical shortcomings;

f. commercial and contractual issues;

g. political constraints.

3.24.1 Example Test Limitations

The example test is a flight test; this demands certain minimum safety standards to be met regarding the design,
construction, and installation of instrumentation and these standards must be addressed in the test plan.

The test article (engine to be used in the flight test) will need to be run in a ground level test stand as part of the overall
thrust measurement process. If systematic measurement uncertainty is to be minimized, the ground level tests and the
flight tests must utilize the same instrumentation systems. Consequently, the flight-worthy instrumentation systems must
be utilized for both tests, even though they are not otherwise necessary for ground level testing.

The test must be performed to meet requirements within cost constraints. Timescales are dictated by business
requirements; therefore, deadlines for completion of the tests and for the production of milestone results, must be agreed
between the supplier and the customer.

The test will require ground level tests on both the full engine and also rig tests on the engine nozzle assemblies prior to
flight testing. The availability of facilities for all these tests must be established and included in the 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 Risk Assessment

There are likely to be many factors that could prevent meeting the test objectives. The most significant factors must be
identified in a risk assessment. The risk assessment evaluates the likelihood (probability) of occurrence, and impact
(severity) 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. The risk assessment should include plans to
mitigate risks that are deemed unacceptable. The risk assessment process is conducted separately from the uncertainty
analysis and is not covered in this report. The basic concepts of risk assessment are covered in Reference 2.2.3.
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3.3 Defining the Test Process
3.3.1 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 for the flight test is as shown in Figure 4.
3.3.2 Outline Measurements

A list of the measurements needed to achieve results of the required uncertainty must be drawn up. This should only be in
sufficient detail to allow visibility of the general level of instrumentation and calibration standards necessary. In doing this,
it must be acknowledged that there will be a minimum number of instruments, of some known standard of calibration and
level of redundancy, to achieve the uncertainties and confidence level demanded by the Test Objectives. This minimum
instrumentation set will be estimated through the Defined Measurement Process (DMP), so this aspect will be subject to
modification before the test plan can be finalized.

Again, experience of previous testing is valuable in identifying the most important measurements. For example, it has
been established (Reference 2.1.1.2) that for in-flight thrust measurements, pressure measurement errors are dominant
in determining the accuracy of the results. With this knowledge, the DMP may be designed to ensure that the pressure
measurements are particularly well engineered. Furthermore, the DMP may be used to confirm that such examples of
previous experience are indeed applicable.

While the precise algorithms for derived output parameters may not be required at this stage, they must be specified
before the final DMP can be completed. Assumptions need to be explicitly defined.
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3.3.2.1  Example Outline Measurements

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

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

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 Correlation Extrapolation Factor, FPCEX

Required measurement ranges and expected measurement uncertainties may be defined using knowledge of the flight
conditions to be tested, the design of the engine (and hence pressure, temperature ratios, fuel flows, turbine capacity,
etc.) and previous experience. For example, reference to standard atmospheric tables will show the range of PO to be
expected at the maximum and minimum altitudes specified and the instrumentation must be selected to cover this range.
Likewise, knowledge of the flight Mach numbers to be flown will allow the range of PT2 to be easily found. The engine
performance model is used to determine internal engine conditions.

The specification of accuracy requirements requires a detailed understanding of test objectives, success criteria, and the
required level of confidence that will be associated with the final result. In this example, it has been assumed that such
information has been made 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  Example Initial Uncertainty Analysis

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

The Pareto chart analysis presented in Figures 5 and 6, reveals 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 optimal expenditure on instrumentation (e.g., numbers and types of sensors and calibration
requirements.)

TABLE 1 - UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION
(ON-WING PHASE - TAKEOFF CONDITION)

Systematic | Random
Standard Standard
Influence | Uncertainty | Uncertainty
Parameter Description Parameter |Coefficient| % RDG %RDG
1 |Ambient Pressure PO 2.905 0.034 0.029
2 |Fan Inlet Total Pressure PT2 -3.971 0.023 0.008
3 |Fan Inlet Total Temperature TT2 0.157 0.077 0.038
4 |Fan Discharge Pressure PT13 1.974 0.026 0.017
5 |Turbine Discharge Pressure PT5 0.276 0.078 0.058
6 |Compressor Discharge Pressure PT3 0.181 0.080 0.124
7 |Compressor Discharge Temp. TT3 -0.038 0.082 0.160
8 |Fan Nozzle Area A18 0.731 0.13 0.000
9 [Velocity Coefficient (Fan Nozzle) Cv18 1.094 0.112 0.000
10 |Flow Coefficient (Fan Nozzle) CD18 0.731 0.158 0.000
11 |Velocity Coefficient (Core Nozzle) CV9 0.275 0.112 0.000
12 |Fan Discharge Temperature TT13 -0.161 0.143 0.149
13 |HPT Flow Function HPTFF 0.181 0.5 0.000
14 |Fuel Flow WF 0.090 0.15 0.220
15 |Flow Coefficient (Suppression) CD18SUP |0.731 0.075 0.000
16 |FPC Extrapolation FPCEX 1.974 0.05 0.000
Propagated Uncertainties

Systematic | Random Expanded

Standard Standard Combined

Name Code | Uncertainty |Uncertainty| Uncertainty

Net Thrust | FN 0.28% 0.10% 0.61%
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FIGURE 5 - PARETO ANALYSIS OF IN-FLIGHT THRUST PARAMETER UNCERTAINTIES (TAKE-OFF)
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TABLE 2 - UNCERTAINTY ANALYSIS FOR IN-FLIGHT THRUST DETERMINATION
(ON-WING PHASE - CRUISE CONDITION)
Systematic | Random
Standard | Standard
Influence | Uncertainty |Uncertainty
Parameter Description Parameter | Coefficient| % RDG %RDG
1 |Ambient Pressure PO 0.425 0.034 0.029
2 |Fan Inlet Total Pressure PT2 -2.024 0.023 0.008
3 |Fan Inlet Total Temperature TT2 -0.248 0.077 0.038
4 |Fan Discharge Pressure PT13 1.901 0.026 0.017
5 |Turbine Discharge Pressure PT5 0.325 0.078 0.058
6 |Compressor Discharge Pressure PT3 0.142 0.080 0.124
7 |Compressor Discharge Temp. TT3 -0.031 0.082 0.160
8 |Fan Nozzle Area A18 0.630 0.13 0.000
9 [Velocity Coefficient (Fan Nozzle) Cv18 2.521 0.112 0.000
10 |Flow Coefficient (Fan Nozzle) CD18 0.630 0.158 0.000
11 |Velocity Coefficient (Core Nozzle) Cv9 0.550 0.112 0.000
12 |Fan Discharge Temperature TT13 0.156 0.143 0.149
13 |HPT Flow Function HPTFF 0.142 0.5 0.000
14 |Fuel Flow WF 0.231 0.15 0.220
15 |Flow Coefficient (Suppression) CD18SUP |0.630 0.075 0.000
16 |FPC Extrapolation FPCEX 1.901 0.125 0.000
Propagated Uncertainties

Systematic | Random Combined

Standard Standard Expanded

Name Code | Uncertainty |Uncertainty| Uncertainty

Net Thrust | FN 0.41% 0.07% 0.84%
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