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Foreword

Measurement uncertainty has long been a topic of discussion and controversy within the aerospace com-
munity. The problem is not the lack of good methodology in this area, references on the subject exist and
are readily available. The difficulty has been in the application of the methodology by researchers and en-
gineers with consistency and regularity.

The AIAA Standards Technical Council approved an AIAA Standard on measurement uncertainty in 1995.
The AIAA has adopted the standard set forth by the NATO Advisory Group for Aerospace Research and
Development (AGARD) through AGARD publication AR-304. This standard is the result of an AGARD
working group and represents methodology consistent with that adopted by the AIAA Ground Test Tech-
nical Committee which has provided support and guidance in the adoption and review of this publication.

At the AGARD Fluid Dynamics Panel symposium on Aerodynamic Data Accuracy and Quality: Require-
ments and Capabilities in Wind Tunnel Testing in October 1987, continuing important problems related to
aerodynamic data quality were noted. The technical evaluator suggested that improved treatment of data
uncertainty would help alleviate some problems. The panel approved an examination of data quality as-
sessment methodologies with the intent of recommending specific improvements.

Measurement uncertainty is a complex subject involving both statistical techniques and engineering judg-
ment. The method reported here was adapted from currently accepted practices by Working Group 15 of
the AGARD Fluid Dynamics Panel and has been revised by the Standards Subcommittee of the AIAA
Ground Testing Technical Committee. The objective of the document, is to provide a rational and practical
framework for quantifying and reporting uncertainty in wind tunnel test data. The quantitative assessment
method was to be compatible with existing methodologies within the technical community. Uncertainties
that are difficult to quantify were to be identified and guidelines given on how to report these uncertainties.
Although this document uses wind tunnel testing examples exclusively in its treatment of experimental
uncertainty, the methodology is applicable all experimental test processes.

The members of the AGARD Working Group were (affiliation shown as of the publication date of the
AGARD document):

Mr. Robin D. Galway (NRC, Institute for Aerospace Mr. Travis W. Binion (Micro Craft Technology,

Research,Ottawa, Canada) Arnold AFB, TN, USA)
Mr. Claude Armand (ONERA, Centre de Modane Mr. David M. Cahill (Micro Craft Technology,
Avrieux, France) Arnold AFB, TN, USA)
Mr. Claude Quemard (ONERA, Centre de Modane Dr. Hugh W. Coleman (University of Alabama in
Avrieux, France) Huntsville, AL, USA)
Dr. Gunter Viehweger (DLR, Kéln, Germany) Dr. Keith L. Kushman, Chairman (USAF-AEDC,
Mr. Jan H. A. te Boekhorst (NLR, Amsterdam, Arnold AFB, TN, USA)
Netherlands) Dr. Frank Steinle (NASA Ames Research
Dr. David S. Woodward (DRA, Farnborough, UK) Center, CA, USA)

Mr. Keith Pallister (ARA, Bedford, UK)

The members of the Standards Subcommittee of the AIAA Ground Test Technical Committee who have
reviewed and revised this document have for some time been collaborating with the AGARD working
group and deliberating themselves on how best to present this methodology as a consensus document.
The AIAA, as an accredited non-government standards developer, was deemed to be ideal for this pur-
pose. This standard will be complimented by a recommended practice on its use.

The AIAA Standards Procedures provide that all approved Standards, Recommended Practices, and
Guides are advisory only. Their use by anyone engaged in industry or trade is entirely voluntary. There is
no agreement to adhere to any AIAA standards publication and no commitment to conform to or be guided
by a standards report. In formulating, revising, and approving standards publications, the Committees on
Standards will not consider patents which may apply to the subject matter. Prospective users of the publi-
cations are responsible for protecting themselves against liability for infringement of patents or copyrights,
or both.
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The AIAA Ground Test Technical Committee (Dr. A. George Havener, Chairman) and Standards Sub-
committee approved the original version of the document in June 1994. The AIAA Standards Technical
Council (Ali M. Ghovanlou, Chairman) approved the original version of the document in May 1995.

The Standards Subcommittee of the AIAA Ground Test Technical Committee (Ms. Laura J. McGill, Chair-
person) consisted of the following individuals at the time Revision A of the document was approved in

June 1999:

Mr. David M. Cahill (Sverdrup Tech., AEDC) Mr. Daniel E. Marren (AEDC/White Oak)

Mr. Daniel Cresci (GASL) Mr. Mathew L. Rueger (Boeing)

Dr. Susan T. Hudson (NASA Marshall Space Mr. William A. Straka (Applied Research Lab.,
Flight Center) Penn State University)

Mr. Wayne Kalliomaa (Air Force Research Lab.) Dr. James C. Yu (NASA Langley Research Center)

The AIAA Standards Executive Council accepted the document for publication in August 1999. The Stan-
dards Subcommittee would like to thank the following individuals for their review of this document. Ap-
proval of the document was unanimous.

Dr. Hugh W Coleman (University of Alabama in Hunstville)
Dr. Frank W. Steinle Jr. (Sverdrup Tech., AEDC)
Mr. Robin D. Galway (NRC Institute for Aerospace Research, Canada, Retired)

The AIAA and the GTTC would like to thank Mr. David M. Cabhill for his outstanding efforts to develop the
revisions, edit the document, and coordinate the revision process to produce Revision A of the Standard.

Summary of the major revisions and corrections made in Revision A:

Chapter 1 — Included the rational for retaining the Bias Limit and Precision Limit nomenclature

Chapter 2.5 — Included statement concerning the traceability of uncertainty to a primary standards organi-
zation such as the National Institute of Standards and Technology (NIST).

Chapter 4.3.3 — Clarification of transducer drift in final paragraph in the section.

Chapter 4.4.3 — Revision in the methodology used to estimate the correlated bias of W,. Also, clarification
of the method used to determine the measured gross forces and moments.

Chapter 4.4.5 — Correction for the way the bias and precision limits for the reference pressure, P were

REF’

propagated and the calculation of the partial derivatives taken with respect to P (thanks to Larry Meyn
for pointing out this error). Revision to include a second correlated bias resulting from the bias limit asso-
ciated with the drift in the transducers caused by a change in operating temperature.
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1. Introduction

Wind tunnel data are often presented without reference to the quality of the results. When data uncertainty
is considered, it is normally in the form of repeatability from a few supposedly identical tests. Only rarely
are estimates of uncertainty based on professional calibrations of facilities and instrumentation, a thorough
review of the process producing the data, and comprehensive accounting of significant biases inherent in
the experiment.

The development of new and modified aircraft is frequently compromised by inadequate consideration of
experimental error. References 1.1 through 1.4 are some of the AGARD publications that have reported
important problems over the past 20+ years. An AGARD Symposium in 1987 (Ref. 1.5) entitled “Aerody-
namic Data Accuracy and Quality: Requirements and Capabilities in Wind Tunnel Testing” highlighted
continuing problems. Two important improvements in data quality assessment practices are clearly
needed. The first is to adopt a consistent approach for integrating uncertainty analyses into all phases of a
test. The second is to provide a complete professional analysis and documentation of uncertainty for each
test. This report describes an engineering approach to wind tunnel data quality assessment that can alle-
viate many of the problems documented in Ref. 1.5. The method developed in this report is general. Air-
craft aerodynamic testing was selected as a specific example application to provide a focus for describing
and applying the method.

An important concern of
an aircraft developer is the
risk inherent in predicting
the flight performance of a
full-scale system. There
are numerous contributors
to the uncertainty of flight
predictions, as shown in
Fig. 1.1. Note that some of
the contributions occur as
the result of analyses that
use wind tunnel data as
the starting point. Model
protuberance, propulsion
temperature effects, and
extrapolation from refer-
ence conditions are ex-
amples of such analyses.
Other contributions to data
uncertainty are directly
related to the wind tunnel Figure 1.1 Contributions to predicted flight performance uncertainty

test. While the method

presented applies to any contribution, the scope of this report is limited to those associated with the wind
tunnel test. The discussion is pointed toward providing the uncertainty of data for an unsupported rigid
model in free air at the wind tunnel test conditions (Mach number, Reynolds number, boundary-layer
state...), commonly known as the aerodynamic reference condition. Figure 1.2 illustrates typical contribu-
tors to uncertainty within the scope of this report. A well-defined, useful reference condition and related
uncertainty analysis should be reported by wind tunnel facilities for all tests, regardless of type.

INCREMENTS TO
AERODYNAMIC
RFFFRENCFE DATA

THEORETICAL
PREDICTIONS

CALIBRATION

DATA
ACQUISITION AND
PROCESSING

EXTRAPOLATION
EFFECTS

PREDICTED
FLIGHT PERFORMANCE
IINCFRTAINTY

MODEL
FIDELITY

PROPULSION
EFFECTS

THEORETICAL
AND/OR EMPIRICAL

SIMULATION
TECHNIQUES

The terms “data quality” and “uncertainty” are used interchangeably throughout this report to reinforce the
concept that intelligent design, execution, and documentation of a test adds great value to the results and
must be done in a structured, consistent framework to gain the greatest benefit. It is clear that the risk in-
volved in predicting flight performance is directly related to how well tests are designed to provide useful
simulations of flight and suitably accurate data. Risk is managed by careful objective and subjective rea-
soning about the primary sources of error in the prediction processes. Experimentalists know that a
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comprehensive uncertainty analysis
uses quantitative estimates that are
developed in a structured manner
with as much rigor as is appropriate
and possible. An assessment of the
system development and test proc-
esses involves judgments about the
“quality” of the results to be pro-
duced. A major component of such
judgments must be an uncertainty
estimate.

TEST ENVIRONMENT
« CALIBRATION

* SPATIAL NONUNIFORMITY
* UNSTEADNESS

*« HUMIDITY

* WALL INTERFERENCE
BOUYANCY

DATA ACQUISITION
AND PROCESSING
« CURVE FITS

« CALIBRATIONS

AERODYNAMIC
REFERENCE
UNCERTAINTY

Data quality assessment should be
a key part of the entire wind tunnel
testing process. A simple schematic
of the process (Fig. 1.3) shows con-
siderations for uncertainty influenc-
ing the decision whether to test or
not, the design of the experiment,
and the conduct of the test. Figure
1.3 also shows the important step of
proper analysis and documentation of the un-

MODEL FIDELITY
* AS-BUILT GEOMETRY
* AERO-ELASTIC

DEFORMATION
o SIIRFACF FINISH

SIMULATION TECHNIQUES
* SUPPORT INTERFERENCE
* REYNOLDS NUMBER
* MACH NUMBER

e BOUNDARY LAYER

Figure 1.2 Contributions to aerodynamic reference uncertainty

certainty of final results. This report addresses DEFINE PURPOSE OF THE TEST RESULTS
the entire process shown in Figure 1.3. Chapter

Two focuses on the analysis and reporting *

method. Chapter Three overviews the test proc- SELECT UNCERTAINTY METHODS

ess for wind tunnels and provides insight about

possible error sources and .thelr significance. DESIGN THE TEST
Chapter Four presents a specific example of the « DESIRED PARAMETERS (C,, C,, ...)
method applied to wind tunnel testing. Key * MODEL CONFIGURATION(S)

. . . > | °* TEST TECHNIQUE(S) <
points are summarized and recommendations « MEASUREMENTS REQUIRED
are presented in Chapter Five. « SPECIFIC INSTRUMENTATION

« CORRECTIONS TO BE APPLIED

A few considerations were prominent in devel- Y

opment of this uncertainty method:
DETERMINE ERROR SOURCES

AFFECTING RESULTS

1. Simplification of the analyses to permit the
greatest possible insight with the least possi-
ble effort is important. The method is general
enough to apply to any test. The importance
of focusing only on significant error sources
is stressed, as is the use of “end to end” cali-
brations to avoid needlessly determining un-
certainty contributions of every element in a
process.

ESTIMATE EFFECT OF ERRORS ON RESULTS

UNCERTAINTY
ACCEPTABLE

IMPROVEMENT
POSSIBLE
?

2. Recent technical contributions to the practice LEENT
of uncertainty analysis have been incorpo- CANCEL TEST
rated. Therefore, correlated bias errors and
an improved way to treat errors for small

sample sizes are discussed in Chapter Two.

The entire method is consistent with con- Figure 1.3 Integration of Uncertainty Considerations in an
cepts developed and evolving in international Experimental Process

standards committees (Ref. 2.2)
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3. The method should provide a basis for meaningful and efficient communication of quality assessments.
A standard confidence level and process are recommended, and a consistent reporting procedure, in-
cluding precision and bias limits and total uncertainty, is described. In the body of the report, the meth-
odology for uncertainty estimates based
on large sample sizes is discussed. This
method can be used in most wind tunnel
testing, and uncertainty estimates should
be those appropriate over long sampling
times.

4. Although the methodology contained in
this document is in agreement with current
international standards, a decision was
made to retain the terms Bias Limit and
Precision Limit rather than Type A and
Type B uncertainties. The terms are fa-
miliar to the practicing engineer and retain
the distinction between systematic and CONTINUE PacnLEM
random sources of error regardless of
whether they are determined from statisti-
cal (Type A) or other (Type B) methods.

MEASUREMENT
SYSTEM

PROBLEM
?

RESULTS
ACCEPTABLE
?

A

This report assumes the reader is familiar ESTIMATE ACTUAL

PURPOSE

with wind tunnel testing and desires an im- ACHIEVED DATA
. . . UNCERTAINTY
proved understanding of uncertainty analysis ?
techniques. References describing tech-
nigues and testing experiences in detail are v
cited, t.)ut.only qurmatlon essential to the DOCUMENT RESULTS
report is included in the text. Readers are « REFERENCE CONDITION
iati « METHODS AND TECHNIQUES
encguraged to develop an appreciation for - PRECISION LIMITS
the importance of a professional treatment of « BIAS LIMITS
data uncertainty and to accept the challenge * TOTAL UNCERTAINTY
of improving the quality of their experiments
and data. Figure 1.3 Concluded

The units used in this report are the Sl units

for force (N, Newtons), pressure (Pa, Pascals or Newtons per sq. meter), length (m, meters), and angles
(degrees and radians). For simplicity, the units associated with a parameter are only shown for the result
of a calculation and not in the equation.

References
1.1.Kuchemann, D., “Problems in Wind Tunnel Testing Techniques.” AGARD-R-601, November 1972.

1.2. Carter, E.S. and Poisson-Quinton, Ph., “Flight/Ground Testing Facilities Correlation.” AGARD-CP-187,
April 1976.

1.3.Dietz, R.O. and Laster, M.L., “Wind Tunnel Corrections for High Angle of Attack Models.” AGARD R-
692, February 1981.

1.4.0hman, L.H., “Wind Tunnel and Testing Techniques.” AGARD-CP-348, February 1988.

1.5.Monnerie, B. and Ohman L., “Aerodynamic Data Accuracy and Quality: Requirements and Capabili-
ties in Wind Tunnel Testing.” AGARD-CP-429.
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2. Uncertainty Assessment Methodology

The methodology for estimating the uncertainties in measurements, and in the experimental results cal-
culated from them, must be structured to combine statistical and engineering concepts in a manner that
can be systematically applied to each step in the data uncertainty assessment determination. In this
chapter, an uncertainty analysis methodology is presented, and its application in the different phases of an
experimental program is discussed. The methodology is based primarily on material from Ref. 2.1 and is
consistent with the most current drafts of international guidelines and standards [Refs. 2.2, and 2.3]. Defi-
nitions of specific terms are made as required in the following text, and the international vocabulary of me-
trological terms (VIM) is incorporated herein as Ref. 2.4,

2.1 Overview

The word accuracy is generally used to indicate the closeness of the agreement between an experimen-
tally determined value of a quantity and its true value. Error is the difference between the experimentally
determined value and the truth. Accuracy is said to increase as error approaches zero. The true values of
standard measurement quantities (e.g., mass, length, time, volts, etc.) generally only reside in national
standards laboratories. Only in rare instances is the true value of a quantity known. Thus, one is forced to
estimate error, and that estimate is called an uncertainty, U. In general, the uncertainty of a quantity is a
function of the value of that quantity. However, it is common practice to quote the same value of uncer-
tainty for a range of values of the quantity, e.g., percent of full scale of an instrument. In this document, all
estimates are assumed to be made at a 95-percent confidence level, meaning that the true value of the
guantity is expected to be within the U interval about the experimentally determined value 95 times out of

100. o § 5
Errors can be considered to be composed of
two components: a precision (random) compo-
nent and a bias (systematic) component. An
error is classified as precision if it contributes to
the scatter of the data; otherwise, it is a bias
error. It is assumed that corrections have been
made for all systematic errors whose values are

known. The remaining bias errors are thus tue h ¢ bl
equally as likely to be positive as negative. Figure 2.1 Errors in the measurement of a variable X

FREQUENCY OF OCCURRENCE

|
| |
| |
| |
| |
| |
| |
| |
| |
| |
X H

MAGNITUDE OF X

The effects of such errors on multiple
l«— TRUE VALUE AND AVERAGE OF ALL i i i
AVERAGE OF AL | < EASUREMENTS _reao_llngs of a variable X are |Ilus_trated
MEASUREMENTS TRUE in Fig. 2.1, where the bias error is de-
VALUE . . .
noted by (. The qualitative influence
of various combinations of large and
small precision and bias errors on ac-

curacy is depicted in Fig. 2.2. For ex-
PARAMETER MEASUREMENT PARAMETER MEASUREMENT amp|e an accurate value is one with

a. Unbiased, precise, accurate b. Biased, precise, inaccurate small bias and precision errors (Fig.
| 2.2a), whereas one may have small
l«— TRUE VALUE AND l€— AVERAGE OF ALL [y .
AVERAGE OF ALL TRUE measurements  PTECISION errors but inaccurate values
MEASUREMENTS VALUE (F|g_ 2_2b)_

Estimates of error are meaningful only
when considered in the context of the
process leading to the value of the
PARAMETER MEASUREMENT PARAMETER MEASUREMENT quantity under consideration. In order

c. Unbiased, imprecise, inaccurate  d. Biased, imprecise, inaccurate to identify and to identify and quantify
error sources, two factors must be

FREOUENCY
FREQUENCY

FREQUENCY
FREOUENCY

Figure 2.2 Measurement Error (bias, precision, and accuracy) considered: (1) the steps used in the
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processes to obtain the measurement of the quantity, and (2) the environment in which the steps were
accomplished. Each factor influences the outcome.

In nearly all experiments, the measured values of different quantities are combined using a data reduction
equation to form some desired result. A good example is the experimental determination of drag coeffi-
cient of a particular vehicle configuration in a wind tunnel test. Defining drag coefficient as

2Fp

2 (2-1)
pV2A

CD=

one can envision that errors in the values of the variables on the right-hand side of Eq. (2-1) will cause

errors in the experimental result C.

A more general representation of a data reduction equation is
r=r(X;, X, ..., X;) (2-2)

where r is the result determined from J measured variables X.. If B and P are taken as estimates of the
magnitude of bias and precision errors, respectively, the experimental situation is represented schemati-

cally in Fig. 2.3.
[} [} [}

Each of the measurement systems used to | / NS N\ | /<— ELEMENTAL
measure the value of an individual variable X; is ¥ 8 ERROR SOURCES
influenced by a large number of elemental error 2 E :\’;‘EDA'\QB:Q'\LAENT
sources. The effects of these elemental errors SYSTEMS
are manifested as a bias error (estimated by B, ,

isi i i X X X
and a precision error (est|n_1ated by P) in the 1 2 3 le— MEASUREMENT
measured values of the variable. These errors | B,, P, B, P, B, P, OF INDIVIDUAL
in the measured values then propagate through VARIABLES

the data reduction equation, thereby generating
the bias and precision errors in the experimental

result, r.

A
In performing an uncertainty analysis, it is con- r=rX, X, - X)) |<— DATA REDUCTION
venient to consider the things which could pro- EQUATION

duce errors in a measurement as elements . For
example, the elements associated with a pres-

sure measurement could be the unsteady test role

conditions, orifice, tubing, transducer, trans- B, P, EEZE'E'TMENTAL

ducer environment, signal amplifier, power sup-

ply, analog-to-digital converter, and recording Figure 2.3 Propagation of Errors into an Ex-
device. In typical wind tunnel experimental pro- perimental Result

grams, it is generally not cost effective to try to

estimate the precision errors of each elemental error source. It is usually far more effective to estimate the
precision of a group of elements (such as the output of the entire measurement system for X; - the P,
level in Fig. 2.3). This way, the measurement system precision is considered an element contributing to
the total uncertainty of pressure measurements. Better yet would be to compute directly the precision of
the result (P, in Fig. 2.3) if multiple results at the same set point are available.

Bias errors, on the other hand, are generally easiest to estimate at a smaller elemental level. For example,
the bias caused by imperfect orifices would not be identified in any single set of experimental data and
thus must be estimated. However, this should not be taken to imply that bias estimates must be made for
each component of the measurement system. Each measurement system should be calibrated in as large
a piece as possible (ideally, an end-to-end calibration under operating conditions). In most situations, such
an approach removes the need to estimate the bias errors of individual components of measurement
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systems. The examples in Chapter 4 describe ways to estimate the bias and precision of a measurement
system.

In Section 2.2, the methodology for obtaining estimates of the precision errors and bias errors in the
measured variables X; is presented, and in Section 2.3 the methodology for obtaining estimates of the
precision errors and bias errors in the experimental results determined from the X: is presented. The
methodology discussed in the body of this chapter assumes that error distributions are well-approximated
by the Gaussian distribution, that uncertainty estimates are made at a 95-percent confidence level using
large sample size techniques’, and that all precision errors are uncorrelated. In Annex 2-A, a more com-
prehensive (and more complex) methodology (Ref. 2.2) that is valid for either small or large sample sizes
and either Gaussian or non-Gaussian error distributions is discussed. In Annex 2-B, a method for identifi-
cation of outliers in samples is presented.

2.2 Estimating Uncertainty Components in Measured Variables

In this section, the methodology for obtaining estimates of the precision errors and bias errors in the
measured variables X; is presented. The methodology for obtaining estimates of the precision errors and
bias errors in the experimental results r, computed using the measured variables in data reduction
equations of the form of Eq. (2-2), is discussed in
Section 2.3.

2.2.1 Definitions

A
=™
Y

To estimate the magnitude of the precision errors in
measurements of a variable X;, a precision limit P,
is defined. As illustrated in Fig. 2.4, the *P; interval
about a measurement of X; is the band within which
the (biased) mean value, Y, of the variable would
fall 95 times out of 100 if the experiment were re-
peated many times under the same conditions us-
ing the same equipment. The precision limit is thus e % W MAGNITUDE OF X

an estimate of the lack of measurement repeatabil-

ity caused by random errors, unsteadiness, inability rigyre 2.4 95-percent Confidence Precision Limit Inter-
to reset experimental conditions exactly, etc., val Around a Single Reading of a Variable

«<— P, <—|—P;—>\

FREQUENCY OF OCCURRENCE

D

To estimate the magnitude of tihe bias errors in X

measurements of a variable X;, a bias limit B, is

defined. The bias limit is estimated with the understanding that the experimenter is 95-percent confident
that the true value of the bias error, if known, would be less than [B,[.

The +U, uncertainty interval about the measured value of X; is the band within which the experimenter is
95-percent confident the true value of the variable lies. The 95-percent confidence uncertainty is given by

1
U = @? +Pf)2 (2-3)
2.2.2 Estimating Precision Limits

The precision limit for a measured variable X; is given by

P.=KS, (2-4)

' A discussion of what constitutes “large” sample sizes is given in Annex 2-A. In most practical wind tunnel test situations, if the
dominant uncertainties are estimated based on 10 or more readings, then use of large sample size methodology is justified. (Of
course, it is always desirable to have as many readings as possible so that a better estimate can be made of the true variance of
the distribution from which the sample readings are taken.)
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where K is the coverage factor and equals 2 for a 95-percent confidence level, S, is the standard deviation
of the sample of N, readings of the variable X; and is defined as

[, ki fl]zg (2-5)

and the mean value is defined as

— 1 Ni

Xi = W (X|)k (2'6)
k=1

An interpretation of the +P; interval is shown in Fig. 2.4.

The use of K = 2 assumes a large sample size and Gaussian error distribution. It is instructive to note,
however, a 1993 policy statement (Ref. 2.5) by the U. S. National Institute of Standards and Technology
(NIST): “To be consistent with current international practice, the value of K to be used at NIST for calcu-
lating U is, by convention, K = 2. Values of K other than 2 are only to be used for specific applications
dictated by established and documented requirements.” A discussion of estimating the coverage factor K
for “small” sample sizes is presented in Annex 2-A. Also discussed in that annex is the method for com-
bining precision limits estimated at the elemental error source level (Fig. 2.3).

When a mean (averaged) value of X; is to be used in Eq. (2-2) to determine the result r, the appropriate
precision limit is the precision limit of the mean defined by the following equation and shown graphically in
Fig.2.5

b o P
X; N

Two questions that often arise in evaluating a precision limit from a sample of N, readings are

(2-7)

1. What should be done with those data
points (outliers) that are far from the
majority of the points in the sample?

2. How should data variations that occur
because of system unsteadiness rather
than from random error sources be
evaluated?

One method for identifying outliers is dis-
cussed in Annex 2-B. Note that apparent out-
liers can be due to two basic causes O truly
spurious events not connected with the test, X
or phenomenologically relevant data varia-

tions that, though improbable, occur during Figure 2.5 95-percent Confidence Precision Limit Interval
the first N, readings taken. Aerodynamic folk- Around the Mean Value of a sample of Read-
lore is full of stories about vehicles which ings of a Variable X;

“discovered” adverse events during flight tests

only to find the same event in the ground test

data which was erroneously considered to be an outlier. (Note that outliers can only be identified in rela-
tion to a mean value computed from a number of samples taken at the same test conditions.) To avoid
such occurrences, all outliers should be examined for relevance to the phenomena being investigated.

|
<

I

T

FREQUENCY OF OCCURRENCE

itrue MAGNITUDE OF X

Consideration of the appropriate time interval for collection of the N; readings is critical if appropriate preci-
sion limits are to be estimated. Consider, for example, an experiment in which some of the test variables
have a time variation such as that shown in Fig. 2.6. If the question in the experiment is “what is the result
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for time interval At?”, then M multiple sets of
readings of the (X, ... , X,) taken over that inter-
val can be used in the data reduction equation
[Eq. (2-2)] to determine M values of the result r, | I

and the mean result and appropriate precision %i m
limit can be computed using the techniques dis- : |

cussed below in Section 2.3.2.1. —> At |e—

A more typical situation in wind tunnel testing
occurs when the test data are taken at “steady”

conditions, but the actual variation of the X's TIME, t
with time is similar to that shown in Fig. 2.6. In Figure 2.6 Variation of a Variable Xj with Time for a
this case, one typically desires the result deter- “Steady” Experimental Condition

mined using the data reduction equation to be

indicative of the value of the result over the interval during which several complete variations in the vari-
ables occur. However, it is usually not possible to take measurements over that entire interval, as some of
the variations may have periods of hours or even days and others may not be cyclic at all, but vary binar-
ily. In most wind tunnel tests, measurements are taken over a short period with the full understanding that
the interval for variation of some of the variables is much longer than the measurement time. In such a
case, a value of X determined over such a relatively short At should be considered as a single reading
and the appropriate precision limit is estimated by Eq. (2-4), not by Eq. (2-7). Note that this interpretation
holds whether the value of X; is the average of 10, 103 or 108 readings taken during At.

One may obtain an appropriate estimate of the sample standard deviation [Eq. (2-5)] during the testing
process by taking repeat data provided that all of the error sources contributing to the total precision are
allowed to vary during the repeat process. For example, taking multiple-samples of data as a function of
only time while holding all other conditions constant merely identifies the precision associated with the
measurement system and the unsteadiness of the test conditions. The precision associated with other
precision error sources, e.g., repeating test conditions, model positions, configuration variables, etc, must
also be included to determine the proper precision limit for the variable of interest.

In a given test, the value for the precision limit to be assigned to a single reading would have to be based
on previous information about that measurement obtained over the appropriate time interval (Ref.
2.6). If such previous information consists of N, repeated readings for each of the X; variables, the preci-
sion limit for each variable can be determined from the N, previous readings using Egs. (2-4) and (2-5). If
previous readings of a variable over an appropriate interval are not available, then the experimenter must
estimate a value for P, using the best information available at that time.

The concept of a precision limit is very useful in all phases of an experimental program. For example, in
the design phase of an experiment, a 95-percent confidence estimate of the “scatter” expected for a given
measurement based on past experience with the measurement technique may be all that is available. In
the debugging phase of the experiment, the comparison of the precision limits estimated in the design
phase and the precision limits actually calculated from multiple samples in the debugging phase allows the
experimenter to verify that all the factors that influence the precision of the measured variables have been
properly taken into account (Ref. 2.1).

2.2.3 Estimating Bias Limits

A useful approach to estimating the magnitude of a bias error is to assume that it belongs to some as-
sumed statistical distribution. For example, if a thermistor manufacturer specifies that 95-percent of sam-
ples of a given model are within +0.5°C of the reference resistance-temperature (R-T) curve supplied, then
one might assume that the systematic errors (the difference between the actual R-T curves of various
thermistors and the reference curve) belong to a normal distribution with a standard deviation b, equal to
(0.5°C)/2, corresponding to a bias limit estimate B, = 2b; (analogous to Eq. (2-4)) or 0.5°C.

More discussion of assumed bias error distributions is given in Annex 2-A. In the following, all bias errors
are assumed to be normally distributed and the coverage factor K = 2, as before.
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One might separate the bias errors which influence the measurement of a variable into different catego-
ries: calibration errors, data acquisition errors, data reduction errors, test technique errors, etc. Within
each category, there may be several elemental sources of bias, as indicated schematically in Fig. 2.3. For
instance, if for the Jth variable, X, there are M elemental bias errors identified as significant and whose
bias limits are estimated as

(By)1: (By) 55 s (B

then the bias limit for the measurement of X, is calculated as the root-sum-square (RSS) combination of
the elemental limits

M

By= E(Z (BJ)E

The elemental bias limits, (B,),, must be estimated for each variable X; using the best information one has
available at the time. In the design phase of an experimental program, manufacturer's specifications, ana-
lytical estimates, and previous experience will typically provide the basis for most of the estimates. As the
experimental program progresses, equipment is assembled, and calibrations are conducted, these esti-
mates can be updated using the additional information gained about the accuracy of the calibration stan-
dards, errors associated with calibration process and curve fit procedures, and perhaps analytical esti-
mates of installation errors (such as wall interference effects, sting effects, etc).

(2-8)

Moy, .

As Moffat (Ref. 2.7) suggests, there can be additional conceptual bias errors resulting from not measuring
the variable whose symbol appears in the data reduction equation. An example would be a free-stream
velocity value measured at a particular axial position on the tunnel centerline and used as “the” free-
stream velocity at that cross section in determining C,, but there may be a cross-sectional gradient of ve-
locity at that location causing the “average” value to be different.

2.3  Estimating Uncertainty Components for Experimental Results

In the previous section, the methodology for obtaining estimates of the precision errors and bias errors in
the measured variables X; was discussed. In this section, the methodology is presented for obtaining es-
timates of the precision errors and bias errors in the experimental results r computed using those meas-
ured variables in data reduction equations of the form of Eq. (2-2).

2.3.1 Definitions

To estimate the magnitude of the precision component of uncertainty in an experimental result, the preci-
sion limit of a result P, is defined. The +P_interval about a result is the band within which the (biased)
mean result, p, would fall 95 percent of the time if the experiment were repeated many times under the
same conditions using the same equipment. The precision limit is representative of the scatter (or lack of
repeatability) caused by random errors, unsteadiness, inability to reset experimental conditions exactly,
etc.

To estimate the magnitude of the bias component of uncertainty in an experimental result, the bias limit
of a result B, is defined. The bias limit is estimated with the understanding that the experimenter is 95-
percent confident that the true value of the bias error, if known, would be less than B, [

The U, uncertainty interval about the result is the band within which the experimenter is 95-percent
confident the true value of the result lies. The 95-percent confidence uncertainty is defined as

1

u, = B2+p2) (2-9)
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2.3.2 Propagation of Precision Limits into an Experimental Result
2.3.2.1 Multiple Tests

If a test is repeated a number of times so that multiple results at the same set point are available, then the
best estimate of the result r would be r where

Z (2-10)

and where M is the number of separate test results. The precision limit for this result would be P, = Py
calculated as

™

where K is the coverage factor and is taken as 2, as before. S, is the standard deviation of the sample of
M results and is defined as

§||—\

Pr=

(2-11)

Z _KiEE (2-12)

Obviously, this cannot be computed until multiple results are obtained.

Also note that the precision limit computed is only applicable for those random error sources that were
“active” during the repeat measurements. For example, if the model was not disassembled and reassem-
bled between the multiple results, then the precision limit calculated would not account for the fact that the
model may not be assembled exactly the same way every time to represent the full-scale article. Further,
if the test conditions were not changed and then reestablished between the multiple results, the variability
due to resetting to a given test condition would not be accounted for.

2.3.2.2 Single Test with Single Readings

The often-encountered situation, discussed in Section 2.2.2, is when measurements of the variables are
averaged over a period that is small compared to the periods of the factors causing variability in the ex-
periment. A proper precision limit cannot be calculated from readings taken over such a small time inter-
val. For such data, the measurement(s) of a variable X; should be considered a single reading, and the
precision limit must be estimated based on previously determined information (calibration data, previous
testing in the same facility, previous testing using similar equipment, etc). Once estimates are obtained for
the precision limits of all of the measured variables, the precision limit for the result is calculated as

1

0J ZDZ
P, =0ON (o) °C (2-13)
1=1
where ©; = - o (2-14)
oX

Here the precision limits are assumed to be based on large sample sizes. Procedures for small sample
estimates are discussed in Annex 2-A. Equation (2-13) is an approximate equation that can be derived
(Ref. 2.1) using a Taylor series expansion and neglecting all terms higher than first order.
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2.3.2.3 Single Test with Averaged Readings

If a test is performed in such a manner that some, but not all, of the X's in Eq. (2-2) are determined as
averages over appropriate time periods, then Eg. (2-13) should be used with the precision limits for the
averaged variables being computed from Eq. (2-7). If a test is run such that all of the X/'s could be deter-
mined as averages over appropriate time periods, then multiple individual test results can be determined,
and the method of Section 2.3.2.1 should be used.

2.3.3 Propagation of Bias Limits into an Experimental Result

When a result is given by
r=r(X;, Xy ..., Xj) (2-15)

the bias limit of that result is related to the bias limits B, of the measurements of the separate variables X

by
2 2 ZB
Bf = EZ [6i8]" o+ 26,,68,B 1B}, (2-16)
=1 O

where the quantities By, and B|, are the portions of the bias limits for measurements of variables X_ and
X, that arise from the same sources and are presumed to be perfectly correlated (Ref. 2.1), and the bias
limits B, are estimates at 95-percent confidence of the magnitude of the bias errors in the measurements
of the separate variables X; as previously discussed. Equation (2-16) is an approximate equation that can
be derived (Ref. 2.1) using a Taylor series expansion and neglecting all terms higher than first order.
There is a term similar to the final term in Eq. (2-16) for each (m,n) pair of measured variables whose bias
errors are correlated.

For example, if
r=r(X, X, Xj) (2-17)
and it is possible for portions of the bias limits B,, B,, and B, to arise from the same source(s), then
2 _ 0202 . 02r2 4 02R2 'n . |
BI’ = elBl + esz + 9383 + 291928182 + 291938183 + 292938283 (2-18)

If, for instance, the measurements of X, and X, are each influenced by 4 elemental error sources and

sources 2 and 3 are the same for both X, and X,, then

B = (51)12 + (51)22 + (Bl):f + (Bl)f (2-19)
BS = (52)12 + (52)22 + (Bz)g? + (Bz)f (2-20)
and

BB, = B1),B2), + B1): B2)s (2-21)

Correlated bias errors are those that are not independent of each other. It is not unusual for the uncertain-
ties in the results of experimental programs in the fluid and thermal sciences to be influenced by the ef-
fects of correlated bias errors in the measurements of several of the variables. A typical example occurs
when different variables are measured using the same transducer, such as multiple pressures sequentially
ported to and measured with the same transducer, or temperatures at different positions in a flow meas-
ured with a single probe that is traversed across the flow field. Obviously, the bias errors in the variables
measured with the same transducer are not independent of one another. Another common example oc-
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curs when different variables are measured using different transducers, all of which have been calibrated
against the same standard, a situation typical of electronically scanned pressure (ESP) measurement
systems. In such a case, at least a part of the bias error arising from the calibration procedure will be the
same for each transducer, and thus some of the elemental bias error contributions in the measurements of
the variables will be correlated. Treatment of these situations is illustrated in Chapter 4.

A comparative test program is another obvious instance where correlated bias error effects are of great
importance. If a test article is tested sequentially at the same free-stream conditions and orientation with
and without a configuration change, and the difference in lift coefficients is the experimental result, then
most (if not all) of the elemental errors in the measurement of an individual variable will arise from the
same source in the two tests. Note that the axiom “bias errors subtract out in comparative tests” is

not generally correct, even though that is commonly accepted as a truism. The partial derivatives in
Eqg. (2-16) are evaluated at the particular values of the measured variables, some of which are different in
the two tests in a comparative program. Also, the bias limits can be functions of the measured value of a
variable O this occurs when bias limits are of the “% of reading” type rather than the “% of full scale” type,
for instance.

Depending on the particular experimental approach, the effect of correlated bias errors in the measure-
ments of different variables can lead either to increased or to decreased uncertainty in the final experi-
mental result as compared to the same approach with no correlated bias errors. Consider the final term in
Eq. (2-16) O if some bias errors are correlated (B,B,, not equal to zero) and the partial derivatives (8,
and 6,) are of the same sign, the term is positive and B, is increased. On the other hand, if some bias er-
rors are correlated and the partial derivatives are of opposite signs, the term is negative and B, is de-
creased. This observation suggests that the effect of correlated bias errors can sometimes be used to ad-
vantage if the proper strategies are applied in planning and designing the experiment [0 sometimes one
would want to force correlation of bias errors using appropriate calibration approaches, sometimes not.

Reference 2.1 presents a derivation of the propagation equation for bias errors, including the effects of
correlated elemental bias sources and discussions of the approximation of such terms in practical applica-
tions.

2.4 Summary of Methodology

The uncertainty assessment methodology is summarized in

. . . DETERMINE THE DATA REDUCTION EQUATION
Fig. 2.7. For each experimental result, the data reduction r=r(Xq, X1 -ons X)
equation [EqQ. (2-2)] must be determined. Once this has been
done, the X/'s that must be considered are known, and the
sources of uncertainty for each X; should be identified. (Note
that a math model for a correction, such as for blockage or
wall interference effects, is an X; whose uncertainty must also
be considered.)

Y
I IDENTIFY SOURCES OF UNCERTAINTY FOR EACH X;

Y
ASSESS RELATIVE SIGNIFICANCE OF

H . iy - UNCERTAINTY SOURCES
Once the sources of uncertainty have been identified, their (ORDER OF MAGNITUDE ESTIMATES)

relative significance should be established. This is often done
using order of magnitude estimates of the sources. As a “rule

Y

of thumb” for a given X, those uncertainty sources that are CONSIDERING THE SIGNIFICANT SOURCES,
! ESTIMATE THE PRECISION AND BIAS LIMITS

smaller than 1/4 or 1/5 of the largest sources are usually con- FOR EACH X;

sidered negligible. Resources can then be concentrated on (e.g. Equations 2-4 and 2-8)

obtaining estimates of those uncertainties of most importance.

For each X;, estimates of the precision limit and the bias limit Y
FOR THE EXPERIMENTAL RESULT r,

are then made. In most wind tunnel tests, it is generally not DETERMINE THE PRECISION AND BIAS

cost effective or necessary to try to estimate precision limits at LIMITS AND OVERALL UNCERTAINTY
. . (e. g. Equations 2-13, 2-16, and 2-9)

the elemental error source level. It is far more effective to es-

timate the precision of the measurement systems (at the P,

level in Fig. 2.3 and as defined by Eq. (2-4)) or, even better, Figure 2.7 Summary of the Uncertainty
Assessment Methodology
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the precision of the mean result as given by Eq. (2-11) if multiple results at the same set point are avail-
able. Of course, if one encounters unacceptably large P's, the elemental sources' contributions must be
examined to see which need to be (or can be) improved. It is generally easiest to obtain an estimate of the
bias limit for X; by estimating the bias limits of the significant elemental sources and using Eq. (2-8).

The precision limit, bias limit, and overall uncertainty for the experimental result, r, are then found using
Egs. (2-13) [or (2-11)], (2-16) and (2-9). Note that the partial derivatives can be numerically approximated
(using finite difference techniques, for example) if one prefers that to finding them analytically.

2.5 Reporting Uncertainties

For each experimental result, the bias limit, precision limit, and overall uncertainty should be reported. For
situations in which the large sample assumption is not applicable, the small sample methodology and cov-
erage factor used should be reported and discussed. If outliers are rejected, the circumstances and ra-
tionale used in rejecting them should be reported.

Details of the uncertainty assessments (as outlined in Fig. 2.7) should be documented either in an appen-
dix to the primary test report or in a separate document that can be referenced in the primary test report.
The details should include explanations of error sources for the measurement processes (Sec. 3.2) and
documentation of the instrumentation calibration hierarchy (traceability). The hierarchy should culminate in
a primary standards organization such as the National Institute of Standards and Technology (NIST).
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Annex 2-A: A Comprehensive Uncertainty Analysis Methodology

In this Annex, a comprehensive uncertainty analysis methodology is presented and discussed. This meth-
odology is applicable for either large or small sample sizes and for either Gaussian or non-Gaussian error
distributions.

Consider the situation in which the experimental result is determined from
r=rX, X, ... X;) (2-A-1)

where the X's are the values of the measured variables. Then the combined standard uncertainty — u,
(Ref. 2.2) is given by

J J J J
ug = Z %Izblz + 08Py, bi by (L3 ) EJ’Z %FSF + 00cps, SEME 6ik)é (2-A-2)
U k=1 U i=1Q k=1 L

In Eq. (2-A-2), the 82 are the variances of the precision error distributions of the X;, the b2 are the vari-
ances of the (assumed) bias error distributions of the X, the pg, are the correlation coefﬁments appropriate
for the precision errors in variables X, and X, the P, are the correlation coefficients appropriate for the
bias errors in variables X; and X,, 9, is the Kronecker delta defined to equal 1 when i = k and 0 when i #
k, and

6; = o (2-A-3)

0X;

Eqg. (2-A-2) is an approximate equation obtained using a Taylor series expansion and neglecting all terms
higher than first order. A derivation is given in Appendix B of Ref. 2.1. No assumptions about type(s) of
error distributions are made to obtain Eq. (2-A-2). To obtain an uncertainty Ur at some specified confi-
dence level (such as the 95 percent chosen for use in this document) the combined standard uncertainty
u, must be multiplied by a coverage factor, K,

Ur=Ku, (2-A-4)

Itis in choosing K that assumptions about the type(s) of the error distributions must be made.

An argument is presented in Ref. 2.2 that the error distribution of the result, r, in Eq. (2-A-1), may often be
considered Gaussian because of the Central Limit Theorem, even if the error distributions of the X; are not
normal. In fact, the same argument can be made for approximate normality of the error distributions of the
X, since the errors typically are composed of a combination of errors from a number of elemental sources.
If it is assumed that the error distribution of the result, r, is normal, then the value of K for 95-percent cov-
erage corresponds to the 95-percent confidence level value (Table 2-A-1) from the t distribution so that

J J 3 3
= t2 z %@biz + z 0 kab kb bk 1- 6”( t2 z %FSIZ + z 0. ekpS kS Sk(l 6”( )E (2-A-5)
U

i=10 k=1 1=1 k=1
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Table 2-A-1. The t Distribution*

S 0.900 0.950 0.990 0.995 0.999
1 6.314 12.706 63.657 | 127.321 | 636.619
2 2.920 4.303 9.925 14.080 31.598
3 2.353 3.182 5.841 7.453 12.924
4 2.132 2.776 4.604 5.598 8.610
5 2.015 2.571 4.032 4.773 6.869
6 1.963 2.447 3.707 4.317 5.959
7 1.895 2.365 3.499 4.029 5.408
8 1.860 2.306 3.355 3.833 5.041
9 1.833 2.262 3.250 3.690 4,781
10 1.812 2.228 3.169 3.581 4.587
11 1.796 2.201 3.106 3.497 4.436
12 1.782 2.179 3.055 3.428 4.318
13 1.771 2.160 3.012 3.372 4.221
14 1.761 2.145 2.977 3.326 4.140
15 1.753 2.131 2.947 3.286 4.073
16 1.746 2.120 2.921 3.252 4.015
17 1.740 2.110 2.898 3.223 3.965
18 1.734 2.101 2.878 3.197 3.922
19 1.729 2.093 2.861 3.174 3.883
20 1.725 2.086 2.845 3.153 3.850
21 1.721 2.080 2.831 3.135 3.819
22 1.717 2.074 2.819 3.119 3.792
23 1.714 2.069 2.807 3.104 3.768
24 1.711 2.064 2.797 3.090 3.745
25 1.708 2.060 2.787 3.078 3.725
26 1.706 2.056 2.779 3.067 3.707
27 1.703 2.052 2,771 3.057 3.690
28 1.701 2.048 2.763 3.047 3.674
29 1.699 2.045 2.756 3.038 3.659
30 1.697 2.042 2.750 3.030 3.646
40 1.684 2.021 2.704 2.971 3.551
60 1.671 2.000 2.660 2.915 3.460
120 1.658 1.980 2.617 2.860 3.373
00 1.645 1.960 2.576 2.807 3.291

* Shown are the values of the two-tailed t distribution for
confidence level C and degrees of freedom v

The effective number of degrees of freedom v, for determining t is given (approximately) by the so-called
Welch-Satterthwaite formula (Ref. 2.2) as

4
v, = Ue (2-A-6)

z {[(eisi)4/Vsi ]+ [(eibi)4/vbi ]}

i=1

where u, is given by Eq. (2-A-2) with all correlation coefficients set equal to zero and with

vg =N,-1 (2-A-7)

for the number of degrees of freedom associated with the S,. For the number of degrees of freedom v, to
associate with a non-statistical estimate of b,, it is suggested in Ref. 2.2 that one might use the approxima-
tion
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vy, = LEAby E (2-A-8)

where the quantity in parenthesis is the relative uncertainty of b,. For example, if one thought that the es-

timate of b, was reliable to within + 25 percent, then

vy, = 025) 7 =8 (2-A-9)
If b, results from the influence of M elemental error sources (b)),, then
2 i 2
b= (bi) (2-A-10)
k=1

(An analogous equation holds for S, if precision uncertainties (S), are estimated for elemental error
sources.) There are several distributions [0 Gaussian, rectangular and triangular, for instance O that
might logically be assumed for bias errors (Ref. 2.2). For an assumed Gaussian distribution, one might
estimate the 95-percent confidence bias limit (B,),, make the large sample assumption so that t = 2, and
then

(i) = % (2-A-11)

If one estimates that it is equally probable for (b)), to lie anywhere within an interval +a and highly unlikely
that it would lie outside that range, then a rectangular error distribution of width 2a might be assumed and

(i) =2 (2-A-12)

73

If one estimates that it is highly unlikely that (b;), would lie outside a range *a, but that values near the
midpoint are more likely than near the bounds, then a distribution shaped like an isosceles triangle of base
2a might be assumed and

i) =—~ (2-A-13)

In most practical wind tunnel tests, it seems (from an engineering perspective) that the use of the preced-
ing equations [(2-A-5) and (2-A-6)] in this Annex would be excessively and unnecessarily complex and
would tend to give a false sense of the degree of significance of the numbers computed using them. In
determining what additional simplifying approximations can reasonably be made, the following factors
should be considered.

The propagation equation [(Eq. (2-A-5)] is approximate [ it is not an exact equation. Unavoidable uncer-
tainties are always present in estimating the bias uncertainties b, and in estimating their associated de-
grees of freedom, v, . The S, are usually estimated based on previously determined information (since in
most wind tunnel tests it is not possible to obtain multiple readings of an X; over an appropriate time inter-
val), and the uncertainties associated with these S; can be surprisingly large (Ref. 2.2). For samples of a
Gaussian parent population with standard deviation g, 95 out of 100 determinations of the S, will scatter
within an interval of £0.45¢ if the S, are determined from N=10 readings and within an interval of +0.25¢ if
the S, are determined from N=30 readings (which has traditionally been considered a “large” sample).

Considering the 95-percent confidence t table (Table 2-A-1), one can see that for v, > 9 the values of t are
within about 13 percent of the large sample t-value of 2. This difference is relatively insignificant compared
with the effects discussed in the preceding paragraph. For most engineering applications, it is proposed
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that Gaussian error distributions and v, > 9 be assumed so that t = 2 always. (This could be called the
“large sample-size assumption”.) This eliminates the need for evaluation of v, using Eqg. (2-A-6) and the
need to evaluate all of the v and v,,.

Consideration of Eq. (2-A-6) shows that, because of the exponent of 4 in each term, v, is most influenced
by the number of degrees of freedom of the largest of the 8S, or 6,b, terms. If, for example, 6,S, is domi-
nantthen v = Vg, 2 9 for N, = 10 (recalling Eg. (2-A-7)). If, on the other hand, 8,b, is dominant then v,
=V, 2 9 when the relative uncertainty in b, is about 24 percent or less (recalling Eq. (2-A-8)). Therefore,
invoking the “large sample-size assumption” essentially means that if a 6,S; is dominant then its N, > 10 or
if a B,b, is dominant then the relative uncertainty in that b; is about 24 percent or less. If there is no single
dominant term, but there are M different 6, and 6,b, that all have the same magnitude and of degrees of
freedom v, then v = Mv,. If M=3, for example, v, would only have to be 3 or greater for v, to be equal to or
greater than 9. Therefore, t can often legitimately be taken as 2 for estimating the uncertainty in a result
determined from several measured variables even when the degrees of freedom associated with the
measured variables are very small.

If the “large sample-size assumption” is made so that t = 2, then from Eq. (2-A-5) the 95-percent confi-

dence expression for U, becomes

BgiZ ﬂﬁz + i 88k Ph EQ%HEQB—"Hl‘ Oik )E

O
H'0 20 & 02mM 20 H

+3 PEEs )+ opues, lsesy o5 @A

Remembering the definition of the precision limit P, [Eq. (2-4)], this equation can be written

3
u? = > %izBiz + 8iBkpp, Bin(l_éik)E"'
U U

i=1 k=1

Mo

J
%iZPiZ + z Giekpsik PiPk (1_ 6ik )E (2-A'15)
O k=1 O

1

If it is additionally assumed that precision errors in different variables are uncorrelated and if the correlated
bias term is approximated as discussed in Section 2.3.3, then Eq. (2-A-15) reduces to those equations
presented in the body of this chapter.

The methodology discussed in the body of this chapter is recommended for use in practical wind tunnel
testing situations unless there are other overriding considerations which require the application of (the still
approximate) Equations (2-A-5) and (2-A-6).
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Annex 2-B: Identification and Elimination of Outliers in Samples

All experimental endeavors can produce data points which appear to be spurious. Such points (outliers)
may be caused by intermittent malfunctions of the instrumentation or a physical perturbation not con-
nected with the experiment. For example, a calibration of a pressure measurement system was recently
disturbed by random spikes in the data caused by a crane being operated in an adjacent room. Obviously,
errors of this type should not be included in the uncertainty estimates, assuming that crane operation
would be prohibited during a test. When such points occur, they should be removed from the data if the
“best” estimate of the sample standard deviation is desired. Thus, all data should be inspected for spuri-
ous data points. Identification criteria should be based on engineering analysis of the instrumentation, the
physics of the phenomena, theoretical predictions, and/or the history of similar experiments. To ease the
burden of examining large amounts of data, computerized routines are available to scan data sets and flag
suspected outliers. The suspected outliers should then be analyzed with respect to the data set in order to
make a judgment about their quality.

The effect of outliers (if they are not rejected) is to increase the estimate of the precision limit of the vari-
able. One of the several techniques in common usage for determining if spurious data points are outliers
is Chauvenet's criterion (Ref. 2.1).

Consider a sample of N measurements of a variable X with a  Table 2-B-1. Chauvenet's Criterion

sample standard deviation of S,. The outlier tests are performed Number of Readings (N) T
as follows. Compute 3 1.38
— 4 1.54
8 =Xy ~ X (2-B-1) . Lo
. 6 1.73
Determine T from Table 2-B-1. If . 180
8 1.87
5, 21S, (2-B-2) 9 Lol
. . - . 10 1.96
then X, meets the criterion and is identified as an outlier. 15 213
In general, removing an outlier from the data sample will have a 20 2.24
relatively small effect on the mean value, but can have a large 25 2.33
effect on the sample standard deviation. There is a continuing 50 2.57
controversy over whether the criterion should be applied only 100 2.81
once, or more than once, to a given data set. Rejection of out- 300 3.14
liers should be documented and reported. 500 3.29

A curve-fit equation for 1 using Chauvenet's criterion for N <
833,333 is

1= iAi[ln(N)]i (2-B-3)

where
A,=0.720185, A, =0.674947,
A, =-0.0771831, A, = 0.00733435,

A, =-0.00040635, and A, = 0.00000916028.
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3. Wind Tunnel Error Sources
3.1 Introduction

The decision process for establishing a wind tunnel test is idealized in Fig. 1.3. The choice of whether or
not to conduct a particular test in a certain facility should be governed by the ability of the expected test
outcome to achieve the test objectives within the allowable uncertainties. The outcome of any test will
be dependent on the entire experimental process. The process includes the design of the experiment,
the techniques employed, the instrumentation selected, the flow quality of the facility, and both the reduc-
tion and presentation of data and data adjustments or corrections to convert the data to the appropriate
reference condition. Under the premise that unacceptable results are worse than none at all, once the best
experiment that can be conducted is found to be short of what is needed, the test should not be con-
ducted. The usefulness in quantifying uncertainty for a test is thus to aid in designing the experiment and
in formalizing the expected quality of the outcome so that the customer will know what can be expected
from the test. Further evaluation and documentation of the test results, including uncertainty, will serve as
a reference basis beneficial to both the subjective appraisal of test quality and the assessment of uncer-
tainty for future tests.

As stated above, an experiment's outcome is process dependent. The purpose of this chapter is to dis-
cuss some aspects of the process of producing aerodynamic reference coefficients and the various fac-
tors that contribute to uncertainty at each step of the process. The chapter highlights considerations es-
sential to the identification and assessment of significant error sources, both of which are key steps in the
test process shown in Fig. 1.3. The definitions pertaining to uncertainty and the mathematical tools for es-
timating uncertainty are discussed in Chapter 2 of this report. Specific examples of the application of the
methodology in Chapter 2 for the estimation of uncertainty for a variety of error sources are contained in
Chapter 4.

In principle, the application of the tools of Chapter 2 is relatively simple (Fig. 2.7). But, because of the
scope of the process from sensor selection to aerodynamic reference results, the application can be quite
time consuming if carried out in rigorous detail.
When the approach of Chapter 2 is utilized, QERODYNAMIC REFERENCE DATD
rigor is required to assure that bias error
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sources are identified as being either corre-
lated or uncorrelated to arrive at the estimate
of uncertainty. The discussion in this chapter
assumes that the planned test techniques
are employed faithfully and that no unde-
tected measurement problems occur.  Sub-
ject to the considerations stated above, the
approach described in Chapter 2 and Fig. 2.7
can be used to define the uncertainty.
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Figure 3.1 Simplified Data Flow Process
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put from the test at the aero-reference condition is depicted. Here, the final output is assumed to be the
derived parameters which can be used as the starting point in the process of extrapolating/predicting full-
scale flight results. The parameters include coefficients, nondimensional quantities (Mach number, Rey-
nolds number, etc.), fluid and stream properties (temperature, enthalpy, dynamic pressure, etc.), angles,
and deflections. The process of extrapolating to flight is not considered here; this process has its own un-
certainties. Depending on the test objectives, it may not be necessary to estimate the uncertainty at the
aerodynamic reference condition. For example, if an increment is being sought between two conditions,
corrections such as wall interference and buoyancy may, with good approximation, be the same for each
condition and thus can be neglected in the assessment of uncertainty for the increment in question (see
Section 2.3.3 for discussion of correlated bias error).

The first step, then, in performing an uncertainty analysis is to trace the entire data flow process from sen-
sor output through all the conversions and adjustments to the data in arriving at the final result. Implicit in
the data flow are all of the factors which serve as tributaries to the flow such as the calibrations (traceable
to national standards) and all corrections applied (empirical, semi-empirical, and theoretical). Further, it is
assumed that sufficient significant digits are presented such that any adjustments to or manipulations of
the data flow will not create additional uncertainty.

In each case, uncertainty estimates must be made to decide whether a significant contribution to either
bias or precision error is produced. Uncertainty should not automatically be estimated for each potential
contributor in the entire chain making up the process. Instead, it is recommended that opportunities for
end-to-end uncertainty assessments be identified. There are two reasons for this recommendation. First,
an end-to-end assessment will often produce a more realistic (usually lower) estimate of process uncer-
tainty. Second, long-term experience may be of more value in estimating overall uncertainty than knowl-
edge derived from expending resources to determine individual uncertainties for a series of error sources.
Regardless of the method employed, it is expected that the first time an assessment of overall uncertainty
is developed, it will be more involved than subsequent ones since future assessments will benefit from
knowledge gained from prior work.

In Fig. 3.1, the simplified data flow process is shown as starting with the environment affecting the sensors
which then respond through the signal conditioning to initiate a data flow. This data flow is processed and
modified by input from various sources as it progresses through the several levels to the aerodynamic ref-
erence data level. The aerodynamic reference condition is assumed to represent the reference aerody-
namic model shape in a free-air environment at wind tunnel test conditions. Departures from any of these
aerodynamic reference conditions lead to corrections to the data stream.

Figure 3.2 depicts a more detailed bottom-up data flow process which begins with the environment affect-
ing the sensors (balance, transducers, etc.). The purpose of the increased detail is to illustrate the range
of the contributors to the data stream, particularly the environment. The representation is not exhaustive.
For example, model motion (inertial forces) is shown coming from the environment and feeding into the
balance only and not other instrumentation such as angle sensors and transducers. In general, the
sources shown in Fig. 3.2 can be classified as test technique, model, tunnel, instrumentation, and math
model related, each of which will be discussed in the following sections.

3.2.1 Test Technique

Although a major potential source of uncertainty, test technique is not shown explicitly in Fig. 3.2. How-
ever, it is intimately related to the design of the experiment and should be considered along with the un-
certainty sources implied in Fig. 3.2. It is essential that each step of the test technique be examined

to identify and estimate uncertainty contributions to the desired result . In general, the effects of un-
certainty due to test technique must be assessed on the basis of experience aided, whenever practical, by
computation. Some examples of test technique-related error sources are presented below.

Model selection and mounting O The method of mounting a model and the choice of the model size are
factors which lead to a variety of installation effects that may or may not be acceptable for the purpose of
the test. The choice of the mounting system will compromise the test results particularly if done improp-
erly. The choice of the size of a model may be influenced by wall interference considerations. The desire
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range of conditions and not for drag.
When cruise drag is also one of the pri- Figure 3.2 Detail Data Flow Process

mary objectives, the proper technique is

to change balances and run a drag test with the correctly sized balance. A related common occurrence,
driven by schedule and economics, is to try to simultaneously obtain a massive amount of pressure data
and force data. This entails crossing the balance with a host of wires and flexible tubing which generally
renders the drag measurement useless for accurate determination of cruise performance. The proper
technique for drag is to remove all extraneous items bridging the balance and conduct the drag portion of
the test separately.

Boundary-layer simulation [0 Simulation of proper boundary-layer development and verifying the result is
an important test technique. In principle, the techniques for sizing and application of artificial roughness
are widely known. There are many techniques for application that are all effective. However, there can be
secondary effects that become important in situations where accurate aerodynamic reference drag data
are required. To assess these effects properly, additional testing is needed. If not verified, the roughness
strips can either be partially ineffective (particularly true if the strips are not maintained) or produce too
much drag of their own.

Flow angle correction [0 Stream angle assessment methods are widely used test techniques. An average
effect is generally obtained by testing the model both upright and inverted. The choice of how to do this
(roll both model and balance, or roll only model) is a part of the technique. The latter has the advantage of
eliminating errors in the original positioning of the balance in the process of transferring from the balance
axis to the model axis while the former maintains the same load distribution among the balance compo-
nents. This approach of averaging data from upright and inverted tests is accurate if there is no spanwise
variation in stream angle. In that case, drag is affected differently from lift, and a more involved computa-
tional technique is required. Similar effects in the lateral direction can lead to large errors in directional
static stability assessment if the model moves off centerline and the stream angle in the lateral direction is
not constant. In this event, it isn't sufficient to assume that the model is symmetrical and apply a constant
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