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ABSTRACT

DESIGN OF EXPERIMENTS ENHANCED STATISTICAL PROCESS CONTROL FOR WIND TUNNEL CHECK
STANDARD TESTING

Ben D. Phillips

Old Dominion University, 2016
Director: Drew Landman

The current wind tunnel check standard testing program at NASA Langley Research Center is focused on
increasing data quality, uncertainty quantification and overall control and improvement of wind tunnel
measurement processes. The statistical process control (SPC) methodology employed in the check
standard testing program allows for the tracking of variations in measurements over time as well as an
overall assessment of facility health. While the SPC approach can and does provide researchers with
valuable information, it has certain limitations in the areas of process improvement and uncertainty
guantification. It is thought by utilizing design of experiments methodology in conjunction with the
current SPC practices that one can efficiently and more robustly characterize uncertainties and develop
enhanced process improvement procedures. In this research, methodologies were developed to generate
regression models for wind tunnel calibration coefficients, balance force coefficients and wind tunnel flow
angularities. The coefficients of these regression models were then tracked in statistical process control
charts, giving a higher level of understanding of the processes. The methodology outlined is sufficiently

generic such that this research can be applicable to any wind tunnel check standard testing program.
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Nomenclature

A = Reference Area
AT = Across-test
(o = Wind Tunnel Calibration Coefficient
Ca = Axial Force Coefficient
Cn = Normal Force Coefficient
Cum = Pitching Moment Coefficient
c = Chord Length
DOE = Design of Experiments
FA = Flow Angularity
HTC = Hard to Change Factor
LSWT = Low Speed Wind Tunnel
LaRC = Langley Research Center
mR = Moving Range
mR = Median of the Moving Range
(e]]V] = Old Dominion University
R = Range
R = Median of the Range
REML = Residual Maximum Likelihood
SPC = Statistical Process Control
S = Wing Span
S = Reference Area
WG = Within-group
WT = Within-test
o = Angle of Attack
= Roll Angle
o = Standard Deviation
a? = Variance
o = Estimate of the Standard Deviation
62 = Estimate of the Variance
q = Dynamic Pressure

AP = Differential Pressure
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1 INTRODUCTION

This chapter will introduce the background of current check standard testing at NASA wind tunnel
facilities, as well as the benefits and limitations of the practice. The fundamental principles and
applications of Design of Experiments (DOE) and Statistical Process Control (SPC) methodologies will be
introduced. The detailed discussion of the check standard practices and procedures is left for later

chapters.

1.1 Background

The current wind tunnel check standard testing program at NASA Langley Research Center is focused on
increasing data quality, uncertainty quantification and overall control and improvement of wind tunnel
measurement processes. The implementation of the check standard testing generally involves the
testing of a stable, representative test article in various facilities over time. Examples of these test
articles include a specialized Pitot-static probe which measures tunnel conditions and a generic
transport aircraft model. Two examples of these test artifacts from the 14x22 low-speed wind tunnel

and the National Transonic Facility are shown below®2.

Figure 1 14x22 Check Standard Probe (left) and NTF Check Standard Model (right)
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The current practice for developing uncertainty models and tracking variance in the measurements of
the check standard testing is based in statistical process control (SPC) first developed by Shewhart in the
1930’s. Shewhart, whose work focused on manufacturing, summarized the reasoning behind the
development of his methodology eloquently when describing quality control in a manufacturing

process®.

“He (the manufacturer) sets up a standard for the quality of a given kind of product. He then tries to
make all the pieces of product conform with this standard. Here his troubles begin. For him standard
quality is like a marksman shooting at a bull’s-eye, he often misses. As is the case in everything we do,
unknown or chances causes exert their influence. The problem then is: how much may the quality of a

product vary and yet be controlled? In other words how much variation should we leave to chance?”

Check standard testing with SPC methodology allows researchers and facility managers to develop
estimates of uncertainty for wind tunnel testing processes as well as understand the long-term stability
of measurements in the wind tunnel. This information is not only useful to researchers, but to wind

tunnel customers as well, as they will have some level of confidence in the data they receive.

While the SPC approach can and does provide researchers with valuable information, it has certain
limitations in the areas of process improvement and uncertainty quantification. For example, when
developing uncertainty estimates utilizing statistical process control, the only statistically robust
estimates are those at specific points within the tunnel’s operating envelope where data have been
taken. In Figure 2, the Mach — Reynolds number operating envelope of wind tunnels data are shown
with check standard data points taken from multiple tests, across multiple facilities.* With the current
practices in check standard testing, researchers are only able to robustly estimate uncertainties at the
points in which the data has been gathered. From inspection of Figure 2, it is clear that there are large
areas within the tunnel’s operating envelope in which no statistically defensible estimates of uncertainty
are available. This can become problematic for a number of reasons. First, if a customer wants to run a
wind tunnel test in areas of the design space (tunnel operating envelope) that were not part of the
check standard testing program, no statistically defensible estimates of uncertainty are available for the
researcher’s data. Second, if the check standard testing and statistical process control methodology
indicate that there are no problems with the process of obtaining wind tunnel measurements, facility

managers could potentially falsely conclude that the process is in statistical control. With current
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practices, the researchers are only able to conclude with statistical rigor the statistical control status of

the specific data points which have been gathered.

Design Space
Configuration 0, Alpha Sweeps at Roll =0
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Figure 2 Check Standard Testing Data from the FAVOR Test

Also, while the charting procedures of SPC can identify when the process is no longer in statistical
control, SPC struggles when establishing an “assignable cause”, that is a reason for the “out of control”
statistical control state. Statistical process control, through the establishment of process limits,
performs very well as an initial data quality control metric. However, the methodology, as it is currently
employed does not give the researcher any further insight into the causes of the unexplained variability
in the process. This is evident in Figure 3 which is a SPC across-test control chart of the pitching moment

coefficient from a check standard model. Clearly, tests 18 and 19 are out of the established process

control limits but that is all the information the researcher is able to gain.
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Figure 3 Example Control Chart with Out of Control Points

Furthermore, in certain facilities like the National Transonic Facility (NTF)°, gathering data at certain
locations within the tunnel’s operating envelope can be expensive relative to other locations. In Figure
4, the Reynolds — Mach number operating envelope of NTF is given. To achieve high Reynolds numbers,
the facility runs at cryogenic temperatures by injecting nitrogen into the flow. This is extremely
expensive and very rarely will check standard testing occur in this region. This can lead to an uneven

spatial distribution of data points (information) for the check standard program.
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Figure 4 NTF Operating Envelope

Overall, the current wind tunnel check standard program and implementation of statistical process
control methodology is inefficient with respect to the information gained and resources expended. An
effective statistical process control program for wind tunnel check standard testing should be able to

successfully address each of the following questions.

e How much variation is present in the data?

e What level of variation in the data would be considered excessive?

e How are we able to tell if the level of acceptable variation has been exceeded?
e What are the causes of increased or unexpected variation?

e What corrective actions are taken to reduce the undesirable variation?

It is thought by utilizing design of experiments methodology (DOE) in conjunction with the current SPC
practices that one can efficiently and more robustly characterize uncertainties and develop enhanced

process improvement procedures.
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1.2 Design of Experiments Methodology

Although design of experiments methodology is a relatively new technique to the aerospace
community, specifically the ground testing community, it has its origins in the agricultural industry
dating back to the early 1900’s. Initial work in the field was championed by the English statistician
Ronald Fisher.® Box and Wilson’ further expanded the methodology throughout the 1950’s and 1960’s
in the chemical and manufacturing industries, developing the foundations of response surface
methodology (RSM). In the 1980’s Taguchi® investigated quality improvement in industrial engineering
focusing on robust parameter design and overall process robustness. More recently (1990’s to present)
design of experiments has been expanded to use in computer programs, greatly simplifying the analysis

of complex designs.

The overarching goals of any experimentation is to understand how the experimental factors affect the
observed response. The most simplistic experimental technique is the best-guess or trial and error
approach. In this approach, the experimenter chooses experimental factor levels and combinations that
are thought to produce a desired response. The experiment is run followed by a successive experiment
with different factor levels or combinations based on the results of the first experiment. This technique,
as ad hoc as it may appear, is often times fairly successful. However this approach requires significant
knowledge of the entire process. Also the experimental procedure can continue on infinitely as there is
no statistical basis for determining if the “best” solution has been found. Another experimental
technique that is widely used across all fields is the one factor at a time (OFAT) approach (sometimes
mistakenly referred to as the “Scientific Method”). In this method, one factor is sequentially changed
while all other factors are held constant. Once the first factor has been sequentially changed to all
desirable levels, the second factor is subjected to the same procedure with the first factor held at a
nominal level, and so forth for the other remaining factors. Although a step up in robustness from the
best-guess technique, the OFAT approach still has a few flaws. If the experimental factors are not varied
simultaneously, the interaction between factors cannot be determined with any statistical rigor and the
variance estimates are often biased. Also, this approach is very inefficient due to the number of runs

required to exercise all factor combinations.
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Figure 5 General Experiment Diagram

DOE methods are utilized in both setting up a controlled experiment and the statistical evaluation of the

experiment. In comparison to the other experimental techniques introduced, it is a systematic,

rigorous, efficient approach to solving complex engineering problems. One of the fundamental

experiment designs in DOE is the factorial experiment. In the factorial experiment, the levels of the

factors are changed simultaneously instead of one at a time. Two-level factorial experiments are

referred to as 2* (“two to the k”), where k is the number of factors in the experiment and 2 represents

the number of levels of each factor. Figure 6 depicts a 22 design consisting of two factors and two levels

of each factor.

X,=Level 1 X, = Level 2
.
X2= Level 2 T X1= Level 2
X;=Level 1 X;=Level 1
. ®
X;= Level 1 X, = Level 2

Figure 6 Example Two Factor Factorial Experiment
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The naming convention of two-level factorial experimental designs refers to the number of runs
necessary to execute the experiment. For example, without replication, a 22 test would require 4 runs.
However, one of the fundamental principles of DOE is replication of runs. Repeating a runin an
experiment allows for the estimation of the “pure error,” or systematic error due to random factors in
the experimental process. For example, from Figure 6, if the run with X; = Level 1 and X; = Level 1 was

replicated, a different response could be observed even though the experimental factors were identical.

Another fundamental principle of design of experiments is the randomization of runs, which differs from
the sequential approach to experimentation in OFAT. An underlying assumption in DOE is that the
observations (or errors) be independently distributed random normal variables.® Randomization of the
test order gives the ability to guard against systematic bias in the experiment. For example if a non-
randomized designed experiment was conducted in the presence of a systematic bias such as a time
varying bias, there could potentially be correlation between a factor and the time varying bias. In this
scenario, the researcher could incorrectly conclude that changes in a factor caused the observed change

in the response.

In DOE, once the experimental runs have been completed, a regression model is built using the analysis
of variance (ANOVA) where the effects of the experimental factors are evaluated for significance using

F-tests.’ For the experiment design shown in Figure 6, the regression model could take the form

Y = P1xy + Baxz + B12X1%; (1)

where y is the response, x; and x, are the levels of the factors 1 and 2 respectively, and the B's are the
regression coefficients. To estimate terms of higher order in the regression model, such as f,,x7,

additional runs must be made at additional factor level combinations.

1.3 Statistical Process Control Methodology

Statistical process control (SPC) is a methodology focused on increasing the quality of a process through
the implementation of statistical methods. SPC was first developed by Walter Shewhart in the 1920’s
while he was working at Bell Telephone Laboratories. Shewhart was tasked with implementing a quality
control program for the production of telephone components. He later published his groundbreaking

work, “Economic Control of Quality of Manufactured Product” in 1931.1! In implementing a quality
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control program, the term “quality” must be well defined. However, defining quality may not be as
straightforward as one might expect. Quality could be defined based on a certain physical property of a
product such as weight, length, or color. It could also be defined based on a process outcome such as
time or cost to manufacture a product. In defining quality, it is easy to see that the definition, whatever
it may be, cannot be complete without the mention of variability. For example, the quality variable of
concern in the manufacturing of a ruler might be the overall length. The target value, for a 1-foot ruler
of course, is twelve inches. However, how much variability in the overall length of the ruler is
acceptable? Can we accept a ruler that is 12.1 inches long; how about 11.99 inches long? A definition of
quality that can be applied in any scenario is simply that “quality is inversely proportional to

variability.”*?> Therefore, the higher the variability in the process or product, the lower the quality.

Broadly speaking, SPC refers to a set of problem solving tools utilized to achieve process stability and
process improvement through the quantification and reduction of variability. Some of these tools
include cause-and-effect diagrams, defect concentration diagrams, scatter diagrams, Pareto charts,
histograms and control charts. An example cause-and-effect diagram for defects on a tank!? is shown in
Figure 7. A cause-and-effect-diagram lists and categorizes the potential causes of defects on the output

of the process with the attempt to identify the driving factors of variability.
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Figure 7 Example Cause-and-Effect Diagram

One of the fundamental tools of SPC is the process control chart. The control chart estimates and tracks
product or process variability in samples over time. An example control chart is shown in Figure 8.12
Most SPC charts consist of quality characteristics sampled over time, which are usually averages of

multiple values. A centerline and an upper and lower control limit based on the estimate of variability

are used to plot results.

www.manharaa.com




Sarmple quality charac teristic

Upper control limit

mn/@{m/%/\v/\v/\ /\VA\

Lower control limit

Sample number or time

Figure 8 Example Statistical Process Control Chart

11

Two common specific types of control charts are known as the “X-bar” and “R” charts. In this type of

charting, it is assumed that each individual sample is an averaged value made up of multiple samples

(subgroup). In these charts, the estimation of the process variability is based on the range of the

subgroups. That is, the difference between the largest and smallest value in each subgroup. The

centerline on the “X-bar” chart is the grand mean, X which is the average of all of the samples. The

upper control limit (UCL) and the lower control limit (LCL) are given by®:

LCL = % — A,R

()

(3)

where A, is an SPC constant which is a function of degrees of freedom (i.e. the number of samples) and

R is the average of the subgroup ranges. The centerline of the “R” chart is R and the upper control limit

is given by3:

UCL = D,R

(4)

where D, is an SPC constant which is a function of degrees of freedom. Example SPC X bar and R charts

are shown in Fi

ure 9.2
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Figure 9 Example X bar (top) and R (bottom) SPC Charts

Under the assumption of a normally distributed variable, the estimation of the standard deviation of the

process is given by3:

Q
I
S| =

(5)

where d, is a SPC constant which is a function of degrees of freedom. In the example given of the X bar

and R charts, SPC gives the ability to track quality variables over time and estimate process variability

which are the first steps toward overall process improvement. There are many different types of SPC

charts and rules for determining the control status of the process, the reader is referred to the

references of Montgomery? and Wheeler® for more detailed discussion of SPC charts.
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2 RESEARCH OBIJECTIVES

This chapter will discuss the overall scope of the research including objectives and limitations. The
factors of interest as well as the responses to be studied will be detailed for both the tunnel conditions

and airframe testing. Broadly speaking the overall research objectives were to:

e Develop and demonstrate methodology to combine Design of Experiments and Statistical
Process Control methodology for check standard wind tunnel tests at NASA Langley Research
Center (LaRC)

e Expand the classic SPC methodology by evaluating regression models for desired responses of
the check standard tests

More specifically, the initial goals associated with this research were to:

e Use current LaRC check standard practices at Old Dominion University Low-Speed Wind Tunnel
to generate a baseline for further research

e Use Design of Experiments to efficiently generate check standard data and allow for an
expanded envelope to be studied

e Focus on two check standard tests, tunnel conditions and airframe

e Use the combination of DOE and SPC to create a higher level of understanding of the “control
status”

e Use data from DOE runs for a dispersion study to locate areas within the design space with
higher variance

e Use DOE methodology to develop a baseline check standard regression model in which
statistically defensible limits can be derived for any desired point within the design space

The limitations of this research were:

e Due to contractual obligations, all preparation for testing, testing, data reduction and report
formulation were to be completed within two years

e Relative to other low-speed wind tunnel facilities at LaRC (eg. 14x22), the dynamic pressure
range of the ODU LSWT is limited

e The ranges and limits associated with the force balance provided, although functional, were not
ideal for this specific research (larger than desired full scale ranges)

2.1 Tunnel Conditions Testing Factors

The response of interest in the tunnel conditions portion of the check standard testing is the tunnel

calibration coefficient, C’. The tunnel calibration coefficient is used to correct the measured differential
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pressure on the static rings to the test section dynamic pressure during testing. The tunnel calibration

coefficient is defined by Equation 6, below.

APPitfot

I (6)
APStatic Ring

C'=

The differential pressure in the numerator is measured by a Pitot-static tube in the center of the test
section and the differential pressure in the denominator is measured by two static rings located on the
upstream and downstream ends of the contraction nozzle leading into the test section as depicted in
Figure 10. Note thatin some LaRC wind tunnel facilities, a Pitot probe is used to measure the reference
pressure upstream of the contraction nozzle. The process of determining the calibration coefficient

does not change.

Flow

Settlin Contraction . .
& Test Section [ |

Chamber Nozzle =
‘APPHU!

Figure 10 Calibration Coefficient Measurement

The factors which influence the tunnel calibration coefficient of the ODU LSWT are shown in Table 1

along with the ranges and levels studied.
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Tunnel Conditions Factors

Factor Symbol = Units Range Low Range High Factor Levels
Tunnel Dynamic Pressure q Pascals (Pa) 444 980 444,750,980
Tunnel Temperature T Celsius (C) 18 30 Uncontrolled

Table 1 Tunnel Conditions Testing Factors

The range of the tunnel dynamic pressure studied is representative of the ranges in which testing is
routinely conducted in the ODU LSWT and not necessarily the total capability of the facility. Due to the
fact the ODU LSWT is an atmospheric wind tunnel without any temperature control, the temperature
factor was uncontrolled. Refer to Chapter Error! Reference source not found. for an in-depth discussion

of the treatment of the factors.

To achieve the goals set forth for the check standard tunnel conditions testing, the overarching
philosophy was to build a regression model for C” as a function of dynamic pressure and

temperature, C' = f(q,T). This was to be achieved by taking data points at three levels of g with
multiple replicates and confirmation points for model verification. The testing procedure for the tunnel
followed a nested design structure which consisted of fifteen tests, each containing three groups.
Within each group, each data point was taken five times. This nested design structure allows for the
estimation of different time frame dependent variances as well as the implementation of DOE
methodology. For a detailed discussion of the test matrix and testing schedule for the tunnel conditions

testing see Section 5.3.

2.2 Airframe Testing Factors

The responses of interest in the airframe testing portion of the check standard testing were the balance
force and moment coefficients, axial, normal and pitching moment, C,, Cy and C; respectively. The

coefficients are given by Equation 7.

¢, =t o B M 7)
A7gs N T gs M7 ges
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where F,, Fy and M are the axial force, normal force, and pitching moment respectively and S and ¢
represent the reference area and chord respectively. The factors studied which influence the balance

force and moment coefficients are given in Table 2.

Airframe Testing Factors

Factor Symbol = Units Range Low Range High Factor Levels
Angle of Attack a Degrees (°) -2 6 -2,2,6

Roll Angle [0) Degrees (°) -90 180 -90,0,90,180
Tunnel Dynamic Pressure q Pascals (Pa) 444 980 444,750,980

Table 2 Airframe Testing Factors

Both the angle of attack and the tunnel dynamic pressure were treated as continuous factors while the
roll angle was treated as a categorical factor (Upright/Inverted and Right/Left). Chapter Error!
Reference source not found. presents an in-depth discussion of the treatment of the factors. Itis
important to note that these factors and associated levels are specific to the Old Dominion Low Speed
Wind Tunnel. When implementing the proposed procedures in this research, facility managers should
independently verify the factors and levels that influence their respective calibrations and airframe

check standard testing.

To achieve the goals set forth for the check standard airframe testing, the overarching philosophy was to
build a regression model for the balance force and moment coefficients as a function of angle of attack,
roll angle and dynamic pressure, Cy = f(a, ¢, q). This was to be achieved through the use of DOE
methodology, and similar to the tunnel conditions testing, a nested design structure. The airframe
testing consisted of twenty total tests with each test containing two groups for each level of dynamic
pressure. Within each group, each data point was taken twice. For a detailed discussion of the test

matrix, and testing schedule of the tunnel conditions testing, see Section 6.5.
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3 LITERATURE REVIEW

The research being conducted is related to the use of statistical methodologies employed in the
calibration and uncertainty quantification in wind tunnel testing. This research will enable wind tunnel
users and facility managers to develop robust estimates of uncertainty for wind tunnel testing processes
as well as understand the long-term stability of measurements in the wind tunnel. Facility calibrations
and uncertainty quantification have long been the focus of extensive research. Technical standards and
comparative testing procedures from the American Institute for Aeronautics and Astronautics (AIAA)*
and the Advisory Group for Aeronautical Research and Development (AGARD) give guidance on best
practices for wind tunnel research. This research, however, will be more specifically focused in the
application of Design of Experiments and Statistical Process Control methodologies and their

applications to uncertainty quantification and reduction in wind tunnel testing.

Design of experiments methodology, while initially developed for agricultural research, has since been
applied in numerous engineering fields as well as non-engineering disciplines such as economics
(Starmer®®, Aldrich'®, Miiller et al.'’), psychology (Brunswik®°, Campbell?°, Rosnow & Rosenthal?!) and
medicine (Collins et al.??, George et al.?%, Sonnaert et. al.?*, Knight?®). Applications of Statistical Process
Control have been primarily in industrial engineering and manufacturing (including automotive and
aerospace), however, the methodology has been employed in other fields such as ecology (Elskens et

al.?®) and medicine (Bartfai et al.?’, Rutman et al.%)

Recently applications of statistical process control in process monitoring referred to as profile
monitoring have been investigated. In general, profile monitoring refers to observing some quality
characteristic that is dependent on multiple input or process variables. The dependency or statistical
model is then tracked over time. The first mention of profile monitoring or the integration of DOE and
SPC methodologies was found in Kang and Albin’s work®. They monitored a process in which the
quality control variable, the amount of a sweetener that was dissolvable in water, was a linear function
of multiple process variables such as temperature, pressure and gas type. Kang and Albin monitored the
deviation in the linear regression model over time by observing model residuals. While regression
models were estimated using ordinary least squares (OLS), there was no discussion on experimental

design or data collection in their work.

www.manaraa.com



18

Although some practitioners insist on designed experiments being performed in a state of statistical
control, which would prevent the implementation of the methodologies, Bisgaard®® persuasively refutes
this notion. Bisgaard’s work is the foundation for the justification of employing design of experiments in
a continual improvement process. He concludes, “Design of experiments is perhaps the most potent

|H

tool available for the quality engineer to get a process in contro

Callahan et al.3!

demonstrated the use of statistical process control to monitor the sensitivity
coefficients of wind tunnel force balances over multiple calibrations. In their work, Callahan performed
the same calibration procedure for the force balances and attempted to identify potential problems in
the process of calibration or with the balance itself. Deficiencies in the force balance were able to be
identified by monitoring the balance calibration regression model coefficients. Noorossana et al.?? also

investigated the use of statistical process control to detect shifts in the process parameters of a multiple

linear regression profile of force balances.

Zhang et al.®®

investigated profile monitoring of a linear process where the detection of undesired
second order effects was of importance. In their application, the nature of the second order effect gave
insight into the potential deficiencies (or assignable cause of the deficiency) in the quality of the
product. Hypothesis testing on the second order regression model coefficients was used along with

exponentially weighted moving average (EWMA) charts to monitor the process profile.

Nikoo and Noorossana** discussed the monitoring of a nonlinear profile variance using nonparametric
regression with wavelet functions. They demonstrated the use of multivariate (multiple factors) control
charts formed from regression coefficients in addition to variance control charts to monitor the stability
of the process mean. Examples of the methods were given for the quality characteristic of the vertical

density of particleboard.

A critical review and assessment of recent calibration and facility process control methods developed for
wind tunnel testing was conducted. Some of the relevant papers by Kammeyer3, DeLoach?®, Hemsch
and Houlden?, and Hemsch?® are discussed in detail in this chapter. This list is not intended to be

exhaustive, but rather focus on the most directly relatable current research.
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3.1 Wind Tunnel Facility Calibrations and Experimental Uncertainty

3.1.1 Report Overview

In his paper “Wind Tunnel Facility Calibrations and Experimental Uncertainty”, Kammeyer explores the
impact of wind tunnel calibrations on the overall uncertainty in wind tunnel measurements. He was
able to show for examples in both transonic and supersonic flow regimes that the uncertainty in wind
tunnel calibrations was the “dominant contributor” to the overall measurement uncertainty. Kammeyer
further discusses the significance of documenting the full uncertainty analysis for wind tunnel

measurements.

3.1.2 Analysis of Content

3.1.2.1 Supersonic Measurements

Kammeyer walks through, step-by-step, the calculation of the uncertainty in both a pressure coefficient,
C, and a drag coefficient, Cp, for the Boeing St. Louis Poly Sonic Wind Tunnel (PSWT). The pressure

coefficient is defined as

C, =@ —ps)/q (8)

where p is the measured pressure, p; is the freestream static pressure and q is the freestream dynamic
pressure. In the supersonic regime, the static and dynamic pressure are calculated from isentropic flow

relations®.

4
-1 y-1
ps = po(1+5500)

-1 -1
q= pogMz (1 + V—Mz)y (10)
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where p, is the reference total pressure measured in the stilling chamber. The set point Mach number,
M is determined from a prior facility calibration, and y is the specific heat ratio (assumed to be constant
at a value of 1.4). To determine the uncertainty in the overall measurement of the supersonic pressure
coefficient, Kammeyer utilizes a Taylor Series expansion ignoring correlation and uncertainty in the

specific heat ratio®

ac,\* ac,\* ac,\*
2 P 2 4 2 14 2 11
UCP <6p> Up <6p0> Up <6M> Un )

Where Upo’ Uy and Ucp are the uncertainties in the total pressure, Mach number and overall pressure

coefficient respectively. Note that Equations 9 and 10 were substituted into Equation 8 so that the
freestream static pressure does not show up in Equation 11. An example measurement at tunnel
conditions of py = 33.9 psia, M = 1.97 psia and a measured pressure of p = 4.82 psia yields a
C, = 0.0227. To determine the overall uncertainty in the example measurement, the individual
uncertainties must first be defined, then substituted into the evaluated Equation 11. The individual

uncertainties are given in Table 3.

Variable Uncertainty
p 0.036 psia
Po 0.009 psia
M 0.00076 Mach

Table 3 Uncertainties from Kammeyer’s Supersonic Pressure Coefficient Measurement

In addition to the uncertainty in the measurement of the Mach number listed above, Kammeyer
proposes the addition of another component due to the averaging of the Mach number measurement.
This additional term, Uy, is determined using a 95% confidence interval (t-statistic) which is related
back to the calibration of the tunnel. Therefore, the total uncertainty in this example pressure
coefficient represented as one standard deviation is C, = 0.0227 + 0.00654. The breakdown of the

components contributing to the overall uncertainty is given in Figure 11.
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Figure 11 Contributions to the Overall Uncertainty in the Supersonic Pressure Coefficient

From inspection of Figure 11, it is seen for this example that the Uy, _term contributes the majority of
the overall uncertainty. This implies that the uncertainty in the facility calibration is by far the highest
contribution to overall uncertainty. In his research, Kammeyer went on to show the same analysis for

the supersonic measurement of drag coefficient which the same conclusions were drawn.

3.1.2.2 Transonic Measurements

In the PSWT during transonic testing conditions, the test section conditions are determined from the
total temperature, T, total pressure, p, and the average static pressure in the plenum chamber, p,,.
The calibration was completed using a static pipe which runs the length of the test section. During the
calibration procedure, plenum pressure ratios, p, /p, versus static pressure ratios p,/p, are obtained
for the transonic flow regime. Linear interpolation is used when testing conditions are not directly
obtained in the calibration. Sample data from a calibration using the static pipe with the pressure ratios

and location along length of the test section (axial station) is shown in Figure 12.
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Figure 12 Example Static Pipe Calibration Data from the Boeing PSWT

In contrast to the supersonic testing conditions where the calibration uncertainty was based on the
Mach number, the calibration uncertainty in the transonic case must be based on the pressure ratio.
Kammeyer develops the estimate of uncertainty in the transonic calibration to be the standard deviation
of the mean value of the pressure ratio for the number of static pressure taps in the region of interest

(See Figure 12).

U

Pcal = tgssps/pON_l/z (12)

This formulation is valid assuming the bias errors in the individual pressure taps are independent and
random. Taking a nominal values from a sample test and their associated uncertainties, the total

uncertainty in the pressure coefficient at transonic conditions can be formulated.

www.manaraa.com



23

Variable Value Uncertainty

Do PSia 31.09 0.009

pp psia 24.33 0.01
Pcal, Ps/Po 0 0.000251

Table 4 Values for Uncertainty Calculation in Transonic Pressure Coefficient Measurement

The breakdown of the sources of uncertainty in the transonic pressure coefficient are shown in Figure

13.

Contributors

L

0 0.5 1 15 2 25 3

C 5 uncertainty %107

Figure 13 Contributions to the Overall Uncertainty in the Transonic Pressure Coefficient

Although the calibration uncertainty is not the largest source of uncertainty in the overall uncertainty in

the pressure coefficient, it is a still a large percentage, indicating the importance of facility calibration.

3.1.3 Summary

The importance of statistically rigorous characterization of wind tunnel uncertainty is clearly presented
in Kammeyer’s work. The step-by-step procedure of breaking down the contributors to the overall

variation is extremely insightful. The contribution of the uncertainty in the facility calibration to the

www.manaraa.com



24

overall measurements is not unexpected, however, the percentages are very high (over half in most
cases). With the methods to determine the overall uncertainty well established, more scrutiny should
now be placed on how the individual uncertainties are determined. At times, these values are
determined in an ad-hoc manner. For example, Kammeyer sets one uncertainty as “a value observed in
the past.” Adopting a design of experiments based calibration could eliminate most of the ambiguity in

assigning uncertainties and could lead further the goal of incorporating measurement uncertainty into

standard test data package.
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3.2 Check Standard Testing Across Multiple Transonic Wind Tunnels with the

Modern Design of Experiments

3.2.1 Report Overview

In his paper, “Check-Standard Testing Across Multiple Transonic Wind Tunnels with the Modern Design
of Experiments,” DeLoach presents the results from the analysis of wind tunnel data acquired from the
Facility Analysis Verification and Operational Reliability (FAVOR) project. The premise of the FAVOR
project was to conduct very similar, if not identical, wind tunnel tests at multiple transonic facilities with
the same test article, force balance and sting, and analyze the data with what DeLoach refers to as the
“Modern Design of Experiments” (MDOE). With the design of experiments and analysis of variance,
Deloach attempted to quantify the variance in the data and partition it into “explained” and
“unexplained” components. The unexplained variance was to be further subdivided into random and

systematic variance. These partitioned variances at each facility were then compared.

3.2.2 Analysis of Content

3.2.2.1 Experimental Equipment

The four participating wind tunnel facilities in the FAVOR project were the National Transonic Facility
(NTF) at NASA Langley Research Center (LaRC), the 8x6 Foot supersonic wind tunnel at NASA Glenn
Research Center (GRC), the 11 Foot Unitary Plan wind tunnel at NASA Ames Research Center (ARC) and
the 16T wind tunnel at the Arnold Engineering Development Center (AEDC). The test article utilized for
the FAVOR project testing was the AEDC check standard model which is a 5% scale model of the F-111.
Due to the different test section sizes, the model was modified to give a 48in wing span at a fixed wing
sweep angle of 35°. While not explicitly stated, it is assumed that data presented and analyzed in the
paper was independently “corrected” at each facility for wall interference and other effects as the
percent blockage in each tunnel will vary. Trip dots were located on the model nose, upper and lower
surfaces of the wing strake, wing and horizontal and vertical tails. The two control surface
configurations tested were a zero (Configuration 0) and ten degree (Configuration 1) deflection of the
horizontal tail. For all four tests, the same balance (NTF-115), balance calibration, sting and

instrumentation were used.
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Figure 14 FAVOR F-111 Test Article

3.2.2.2 Data Collection and Reduction

It is important to note that the test designs were developed and executed as OFAT designs and not with
design of experiments methodologies, however, DOE concepts were employed in the analysis of the
data. This post-test use of DOE to analyze data is not ideal as the full benefits of the methodology
cannot be exploited. However, the realities of complex ground testing sometimes do not permit the

ideal testing schedules.

Nearly 40,000 force, moment and pressure polars (both angle of attack and sideslip) were collected
across all four facilities for the FAVOR experiment (In this paper, the analysis of the data was limited to

|II

only the force and moment data). However, so few polars were collected at “identical” design space
locations that DelLoach was unable to quantify the across-facilities variance. The focus of the analysis
was thus shifted to characterize the within-test variance for each facility and compare these variances
across facilities. A representation of the design space for zero degree roll, angle of attack sweeps at

Configuration 0 was shown previously in Figure 2.

3.2.2.3 Data Analysis

The author goes into great detail in delineating the differences between “explained” and “unexplained”
variances. In short, explained variances are what aerodynamicists are interested in such as how the

independent variable angle of attack affects the aerodynamic forces. Facility managers are more
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concerned with unexplained variances; that is the “residual” variance that cannot be attributed to

changes in the independent variables.

The first question DeLoach attempts to answer relates to the replicated data within each facility,

specifically, are there statistical differences within the replicated polars at each of the four facilities. The

methodology employed by the author to characterize the differences within repeated data at each

facility is Analysis of Variance (ANOVA). Repeated drag polars from “Tunnel D” obtained over the course

of multiple days are given in Table 5 and the ANOVA calculations are given in Table 6.

AoA CD: 1CD5=5LC
Set-Point] Run1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8
-2.8 0.0354 0.0353 0.0355 0.0353 0.0354 0.0351 0.0352 0.0350
-1.83 0.0303 0.0304 0.0303 0.0304 0.0304 0.0303 0.0302 0.0303
-0.8 0.0289 0.0289 0.0289 0.0289 0.0290 0.0289 0.0288 0.0288
0.2 0.0300 0.0299 0.0299 0.0299 0.0299 0.0298 0.0299 0.0298
1.2 0.0337 0.0337 0.0336 0.0337 0.0336 0.0337 0.0337 0.0338
2.2 0.0412 0.0415 0.0412 0.0411 0.0410 0.0410 0.0414 0.0411
3.2 0.0526 0.0528 0.0524 0.0526 0.0527 0.0526 0.0528 0.0526

Table 5 Replicated Drag Polars for "Tunnel D" Configuration 0, Roll = 0 Re 4.5E06, Mach 0.85

Source SS df MS F P-value F crit
Rows 0.003435 6 5.73E-04 51648  1.5E-79 2.324
Columns | 1.45e-07 7 2.06E-08  1.863 0.1004 2.237
Error 4.66E-07 42 1.11E-08
Total 0.003436 55

Table 6 ANOVA for "Tunnel D" Repeated Drag Polars

The row sum of squares (SS) is given by

§Sg = (. —y-)?

(13)
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where n is the number of runs, ;. is the row average (average at one set angle of attack) and y.~ is the
grand average (average of all data points). The column sum of squares is similarly calculated by using
the column averages and number of angle of attack entries (7). The degrees of freedom (df) are given as
n — 1 for each of the rows and columns. The total degrees of freedom are given by total data points
minus one, and the sum of squares error is given by SS; — SSp — SS.. The mean square (MS) is given
by SS/df and the F value is given by MS/MSg. The test statistic, F,.;; is determined from the F
distribution with given degrees of freedom and the desired significance level (0.05 in this analysis). If the
F value is larger than the test statistic the null hypothesis can be rejected, in this case that there is no
statistical difference between the columns (runs) or separately the rows (angle of attack). From
inspection of Table 6 it is seen that the null hypothesis, that there is no statistical difference between
levels of angle of attack, can be rejected, which is not surprising. From first aerodynamic principles, one
would expect changes in angle of attack to cause changes in drag coefficient. However inspecting the F
test for the runs, the null hypothesis that there is no statistical difference between the runs was not able
to be rejected. The wording of the previous statement is important; the fact that we are unable to
reject the null hypothesis does not mean there is no difference between the runs. Clearly there are run-
to-run differences, but given the data, it was not able to be determine that there was a statistical

difference between runs at the chosen level of significance of 5%.

To further illustrate this point, assume that 19 replicated runs were completed for the data given in
Table 5 with the ratio of MS:/MSg. In this fictitious case, the degrees of freedom would have increased
to 18, giving a test statistic of 1.855 which would have been less than the F value. In turn, it could have
been determined that there was a statistical difference between the runs. This fabricated scenario
summarizes dilemmas often encountered in ground testing. That is, inferences or hypotheses may be
anecdotally supported by the data, but a large and usually expensive data set is sometimes necessary to

statistically accept or reject the hypotheses.

DelLoach examined all replicated polars, both angle of attack and sideslip, within each facility with the
ANOVA process outlined above and determined that combined in all four facilities that there was a

statistical difference in 51.4% of the replicated data. It should not be surprising that there was such a
large percentage of replicated data that was significantly different. It should however underscore the

importance of the design, execution and collection of the data.
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With the information derived from the ANOVA analysis, DeLoach outlines the methodology to develop a

total uncertainty due to unexplained variance, u,.

u? = MSyrandgom + MSsystematic (14)

Referring again back to the data in Table 5 and analysis in Table 6, the mean square error is designated
as the random component and the mean square associated with columns is designated as the
systematic component in Equation 14. Evaluating the equation for unexplained variance using the data
from the drag coefficient ANOVA gives a u, = 0.00018 (1.8 drag counts). The author further develops
the uncertainty estimate to an expanded uncertainty, Uy, which includes a coverage factor based on

degrees of freedom and a t-statistic.

Uy, = toplUc (15)

Due to the differing degree of freedom allocation in the columns and error in Table 6, a pooled estimate

for degrees of freedom, v is utilized for the t-statistic.

ug
v= 2 2 16
MSTandom MSsystematic ( )
Vrandom vsystematic

Evaluating Equation 16 with the data in Table 5 gives a pooled estimate of degrees of freedom of 15.8.
In turn, evaluating Equation 15 with a significance level of 0.05, yields an expanded uncertainty of
0.00038 (3.8 drag counts). This uncertainty value in the drag coefficient would be considered
unacceptably high for the type model and conditions tested. For a civilian transonic transport, it is

desired to have the uncertainty in the drag coefficient less than 1 drag count®.

3.2.3 Summary

The FAVOR experiment was unprecedented in its scope of testing across four facilities utilizing the same

experimental equipment (model, balance, sting and instrumentation). However, without the use of
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design of experiments methodology before conducting the testing, the ability to draw statistically
defensible conclusions from the across-facility comparisons is limited. The lack of replication and
randomization of data points at the same conditions at each of the facilities prevents the across-facility
comparison of variances. The author did try to reconcile this by averaging all the variance components,
explained and unexplained, at each facility. However the dispersion cannot be assumed to be constant
across the entire design space, thus the comparison of within-test dispersions of different facilities must
be evaluated at similar design space locations. Therefore comparison of the averages of the variances
across the facilities cannot be treated as an “apples-to apples” comparison. It is very likely that the
variance levels were not constant across all tunnel operating conditions. These circumstances highlight
the potential of the design of experiments methodology, when properly employed, to aid in check

standard wind tunnel testing programs.

3.3 Analysis of Flow Angularity Repeatability Tests in the NTF

3.3.1 Report Overview

In the paper “Analysis of Flow Angularity Repeatability Tests in the NTF”, Hemsch establishes the
procedure for quantifying the repeatability of flow angularity measurements in wind tunnel testing.
Repeatability estimates were primarily formulated through the analysis of ranges (ANOR) and statistical
process control (SPC) methodologies. Flow angularities from four check standard tests completed at the
NTF were analyzed for statistical consistency and characterization of angle of attack predictions for
customer tests. Hemsch also presents methodology for quality assurance of flow angularities during

customer tests.

3.3.2 Analysis of Content

3.3.2.1 Flow Angularity Calculation

The flow angularity in a wind tunnel test section is generally defined as a measure of the “straightness”
of the flow. More specifically, the flow angularity is given by the ratio of “up-flow” or “cross-flow” to

the streamwise flow.

v
FA = tan— (17)
u
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Where v is the velocity of the up-flow and u is the velocity of the streamwise flow.

Figure 15 Flow Angularity Diagram

During a wind tunnel facility calibration or characterization, the flow angularity is usually measured in
both the pitch and cross flow axis and can be given at a single point (5-hole probe) or as an average
(model pitch polars). In Hemsch’s paper, the flow angularity discussed is only the measurement of the

pitch flow angularity presented as an average.

To determine the test section flow angularity, a generic subsonic transport model was tested in the
linear range (-2° to 2.5°) of the lift curve slope of Cy vs AOA, both upright (0° roll angle) and inverted
(180° roll angle). If there was no flow angularity present, both the upright and inverted pitch polars
would be identical. If a detectable flow angularity was present, a difference would exist in the upright
and inverted pitch polars. To solve for the flow angularity, a least squares linear regression was fit to

each of the pitch polars.
CN = CNaa + CN() (18)
Then these equations were solved for each of the upright and inverted cases for the angle of attack, a”*,

at the normal force coefficient, Cy ,equal to 0.2 which was approximately the middle of the Cy range.

The flow angularity is then given by:

FA = O-S(Q:Apright - a;nverted) (19)
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where

a*=(Cy - CNO)/CNa (20)

A graphical representation of the calculations is given in Figure 16.
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Figure 16 Flow Angularity Pitch Polar Data

For check standard tests 121 and 137, five pitch polars, upright (1), inverted (2), upright (3), upright (4)
and inverted (5) were collected five times for a total of 25 polars at each condition (dynamic pressure,
total pressure, Mach number). For tests 121 and 137, runs 1 and 2 and runs 4 and 5 gave two estimates
of flow angularity forming a subgroup. Check standard test 149 collected only runs at upright (1)
inverted (3) and upright (3) each replicated five times. Estimates for flow angularity from test 149 were
given from runs 1 and 2 and runs 2 and 3. Check standard test 156 consisted of runs at upright (1),

inverted (2), inverted (3) and upright (4). A summary of the test data points is given in Table 7.
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Test
121
137
149
156

Run1

Upright
Upright
Upright
Upright

Run 2

Inverted
Inverted
Inverted
Inverted

Table 7 Check Standard Test Run Information

Run 3 Run 4
Upright Upright
Upright Upright
Upright N/A
Inverted Upright

3.3.2.2 Characterization of Repeatability

Run5
Inverted
Inverted
N/A

N/A

33

FA Calculations
1-2 and 4-5
1-2 and 4-5
1-2 and 2-3
1-2 and 3-4

To first characterize the repeatability of the flow angularity data, Hemsch fitted the ranges of the flow

angularity as a function of dynamic pressure. Previous check standard and tunnel testing suggested that

the repeatability of the normal force coefficient was a function of the tunnel dynamic pressure. Since

the measurement of flow angularity is determined via the acquisition of the normal force coefficient, it

was reasonable to assume that the repeatability of the flow angularity would display the same

tendencies with respect to dynamic pressure. The mean ranges of all the subgroup measurements for

each condition in each test as a function of dynamic pressure are shown in Figure 17. Note each data

point in Figure 17 represents the mean of the range of a set of 10 flow angularity measurements.
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Figure 17 Flow Angularity Mean Ranges vs Dynamic Pressure
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The mean of the range of the flow angularity subgroups were observed to be proportional to the inverse
of the tunnel dynamic pressure from zero to approximately 400 psf and constant thereafter. The fit of

the mean of the ranges was given as:

Ry = 0714/ (deg/psf)  qu < 398psf (21)

Rfiy = 0.00246 deg G > 380 psf (22)

Hemsch then estimated the flow angularity population standard deviation using the fit for the mean
range from Equation 22 citing that the most stringent requirements on flow angularity come from

transonic cruise performance testing which occurs in the higher range of dynamic pressure.

A Ry

After fitting the ranges, the author attempts to determine if the “scatter” in the ranges fits any
frequency distribution. To compare ranges across tunnel conditions, the ranges at each condition are
normalized by R/Ry;;. The frequency of the normalized ranges across all tests are shown in Figure 18

with a normalized range distribution from a standard normal distribution.
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Figure 18 Distribution of Normalized Flow Angularity Ranges 1

Hemsch notes that the distribution reasonably follows the standard normal distribution however a

“heavy tail” exists. He further explores the heavy tailed distribution with the analysis of ranges (ANOR).

With ANOR, the test for statistical consistency is given by Equation 24.

Ry 995 _ Wo.995 _ 3.970 _
Ry Writ 1.128

3.52 24

Equation 24 gives the critical value for the normalized mean ranges. For the chosen confidence level of
0.005, it was expected that only 0.5% of the normalized ranges (0.005*155 = 1) would exceed the critical
value by chance for a random sampling from a normal distribution. From inspection of Figure 19, it is

seen that the number of normalized ranges larger than the critical value in Equation 24 indicates a heavy

tailed, normal distribution.
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Figure 19 Distribution of Normalized Flow Angularity Ranges 2

The likely cause of the heavy tail, the author theorizes, is the contamination of another normally
distributed source of variation coming from a relatively large population standard deviation. However,
he points out that fitting the ranges rather than the variances is a more robust estimation process and
the presence of the heavy tail in the distribution is not problematic for using the repeatability to

estimate the uncertainty.

To characterize the repeatability of the within-test (between subgroup) flow angularity measurements,

a differential flow angularity variable is defined.
AFA = (FA — FA)/Rp; (25)

where FA is the average of the two flow angularities is obtained in each subgroup and FA is the flow
angularity average for all subgroups in a test for a given condition. To account for the variability
attributable to repeatability alone, upper and lower repeatability limits were established via a 99%

coverage range of the normal distribution by
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AF Ajimits = £2.5766%, (26)

where the standard deviation of AFA is given by

Gra = OFa/Rrit (27)

Noting that the FA is an average and if considering repeatability as the only source of variation

gives

6'ﬁ = O-FA/\/E (28)

Substituting Equations 23, 27 and 28 into Equation 26 and simplifying yields

OFa
fit

AF Ajimics = +2.576

= +1.615 (29)

The limits on the AFA quantity in Equation 29 can be misleading; it does not imply that the
limits placed on the flow angularity calculations are +/- 1.615°. Rather, for a R¢;; = 0.00246°,
the limit on the deviation of a subgroup average flow angularity from the average of all
subgroup flow angularities (see Equation 25) was approximately 0.004°. The variation in flow
angularity subgroup averages from Test 137 is given in Figure 20. While not necessarily
representative of the other three tests, the results from Test 137 give a general representation
of the variation of the flow angularities within each group. Test 156 exhibited the lowest
within-group flow angularity variation with only 2/35 points outside of the derived limits, while
test 149 exhibited systematic trends and had over half of the points outside of the derived

limits.
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Figure 20 Variation of Flow Angularity Subgroup Averages (FA — ﬁ)/Rﬁt Test 137

Overall for all four tests, 25% of the subgroup averages were outside of the derived limits which far
exceeds the expected number given the coverage factor of 1% chosen. Although the largest flow
subgroup angularity deviations were only 0.015°, this suggests that other sources of variation were

introduced during the acquisition of the flow angularity data causing measureable shifts in the data.

To develop an estimate of the overall uncertainty in the measurement of the flow angularity, the within-
test (between-subgroup) variability is examined. The between-subgroup variation is given by removing

the variation associated with the repeatability.

A _ ~2 — A2 g
O = \/U AFA,actual — O " AFArepeatability (30)

Solving for the variation associated with repeatability from Equations 23, 27 and 28 gives

www.manaraa.com



39

A

A OFA
OAFArepeatability — Rf' = 0.6269 (31)
it

To solve for the between-subgroup variation, the estimate for the actual AFA was obtained from the
averages of all four tests giving Gars actuqr = 1.140 and Gz = 0.9522. Carrying out the algebra gives

the value for the estimate of the combined variability.

A~ 2 A~

A~ N OFa OFra

Beombined = [0%pc —|=——] =147— (32)
Rfit Rfit

Equation 32 indicates that the estimate for the combined variability in the flow angularity measurement
is approximately 50% greater than the estimate of variability for the within-subgroup variability.
However, Hemsch notes that this should be taken as a “rule of thumb” due to the fact that the

combined uncertainty is likely heavily dependent on testing procedures.

3.3.2.3 Verification of Repeatability Predictions

The methodology for maintaining statistical control over the flow angularity measurements completed
during check standard testing can remain unchanged if the testing procedures remain constant. The
expected mean range can be predicted utilizing Equations 21 and 22 and the statistical control limit on
the normalized subgroup ranges given by Equation 24. However, to adapt the estimation of variability in
the flow angularity measurements for different models, modification of the formulation is necessary. By
carrying out a simple error propagation analysis and examining the assumptions of the linear regression
procedure, Hemsch shows that the variability of the flow angularity is proportional to the variability in

the normal force coefficient divided by the lift curve slope.

Ora ~ 0cy/Cn, (33)

Thus for a customer test, the flow angularity repeatability would be given by

_ GCN,customer CN a,PFI 34
OFA,customer — OFAPFI (34)

O-CN,PFI Na,customer
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where o4 ppy is the variability from the check standard test using the Pathfinder 1 (PFI) model. A
further assumption is made that the balance utilized in the customer testing will have similar

repeatability as the check standard testing resulting in

Sk CNa PFI
OFrA,customer — OFAPFI ( 2 ) ( - (35)

SR,customer CNa,cusmmer

where S is the model reference areaand Cy,, .. must be known or estimated. Similarly the

customer fit for the mean range is given by

Sk Cn PFI
Rfit,customer = Rfit,PFI( £H ) ( = (36)

SR;CUStomer CNa,customer

To verify the formulations proposed in Equations 35 and 36, a data set from a customer with a model
area and lift curve slope significantly different from the check standard model was analyzed. The fit for

the mean range in the linear range (low dynamic pressure) was given by

R _ 0.0714deg/psf (1.988ft*\ (0.140deg™"\ 0.436 deg/psf (37)
fit.customer = oo 5.563ft2) \0.082deg~') oo
The fit for the mean range was given by
1.988ft?\ [0.140 deg™?
Rfit customer = 0.00246 deg 5563/t7) \0.082deg T = 0.00150 deg (38)

The normalized subgroup ranges from the customer test are shown in Figure 21.
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Figure 21 Flow Angularity Ranges from Customer Test

It is seen from the ranges of the flow angularities in the customer test that no ranges exceeded the limit
set by Equation 24, the mean of all the subgroup ranges is nominally one, and no apparent difference

when operating the tunnel in cryogenic temperatures was observed.

3.3.3 Summary

Hemsch was able to demonstrate a comprehensive quality assurance process for wind tunnel flow
angularity measurements. It was shown that the confidence interval for flow angularity repeatability for
typical transonic cruise conditions at +/-20 coverage was +/-0.0044° (Equation 23) which is significantly
lower than the required +/-0.01°. Expanding the confidence interval to account for reproducibility also
falls within the required tolerance band. The methodology was applied to a customer test in which the
model utilized was significantly different (geometrically, aerodynamically) than the check standard
model with promising results. The calculation of the variability in the flow angularity repeatability
(within-subgroup) measurements based on the range is computationally straightforward and statistically

robust. However, a more robust methodology for the development of the within-test (what Hemsch
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refers to as “reproducibility”) is necessary to assure that the required tolerance band is met. Also the
author does not attempt to quantify the variability in across-test flow angularity. This variability would

be of interest if a full statistical process control program was implemented.

Presumably, it is also of interest to researchers to know how the flow angularity repeatability in the NTF
compares to other facilities. This knowledge could potentially lead to process improvement and drive

down overall uncertainty in flow angularity measurements.

3.4 Repeatability Modeling for Wind-Tunnel Measurements: Results for Three

Langley Facilities

3.4.1 Report Overview

In their paper “Repeatability Modeling for Wind Tunnel Measurements: Results for Three Langley
Facilities”, Hemsch and Houlden present check standard data from seven measurement processes
across three NASA facilities. The data were analyzed to test models for short-term, within-test and
across-test repeatability. Statistical process control was utilized to develop estimates of uncertainty for
the three time frames of data collection. The goal of the development of the repeatability models was

to support process improvement and development of uncertainty models for tunnel measurements.

3.4.2 Analysis of Content

3.4.2.1 Development of Estimates of Standard Deviations

The check standard testing campaign was developed to track the behavior of the wind tunnel’s
measurement systems over time frames to include short-term (within-group), within-test, and across-
test variations. This information in addition to estimates of repeatability can give facility managers
some objective evaluation of overall tunnel health. In order to verify the derived estimates of variation
through statistical process control methods, a model for the estimate of uncertainty (Equation 40) for a
given time frame of a generic force or pressure coefficient (Equation 39) was used.

F

C= (39)
QOOSRef
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(40)

where in Equation 39, C is the generic coefficient, F is the applied force, g, is the tunnel dynamic

pressure, Sger is the model reference area. In Equation 40, A is the effective resolution of the

instrument(s) divided by the reference area, B is the coefficient of variation of the dynamic pressure

(0400/ o) multiplied by the force or pressure coefficient value and p is the correlation coefficient for

the A/q. and B sources of variation. The values for the coefficients for the given facilities, testing

conditions and timeframes are given in Table 8.

Facility Check Standard Time Frame A B p
14x22 Pitot-Static Probe Back-to-Back ¢, Sweeps 0.00985 0.000325 0.225
| Within-Test 0.0109 0.000956 -0.9

| Across-Test 0.0160 0.00267 -0.2

Elliptical Wing (CN) Back-to-Back Polars 0.00919 0.000321 0.2

| Within-Test 0.025 0.00067 -1

| Across-Test 0.0163 0.00159 0

Elliptical Wing (CA) Back-to-Back Polars 0.00266 0.000061 0.2

| Within-Test 0.0050 0.00012 -1

| Across-Test 0.0032 0.00014 0

NTF Pathfinder I (CN) Back-to-Back Polars 0.126 0.0009 0.2
| Within-Test 0.40 0.00075 0.4

| Across-Test 0.50 0.00143 0.22

Pathfinder I (CA) Back-to-Back Polars 0149 0.00005 2

| Within-Test 0.0390 0.00006 3

| Across-Test 0.0500 0.000235 0.22

LTPT Efﬁé’;&‘:ﬁgﬁ’ﬂ Back-to-Back Polars 0.00306 0.0007 -1

(ivearted presse) | oovoszs | ootz | o

Table 8 Model Coefficients

The three time frame estimates of the standard deviations are denoted as within-group, ¢ within-
test, 6y and across-test, G,7. The estimates of standard deviations for the within-group and within-

test are pooled across all tests. The mathematical formulations for each are given as
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Owe = ch/dz} (41)

Equation 41 stares that the estimate of the within-group population standard deviation is equal to the
median of all of the within-group ranges divided by the bias correction factor d,. The within group
measurements are obtained as “back-to-back” measurements, thus representing the shortest possible

timeframe for repeatability.

6WT = ﬁWT/d4 (42)

Equation 42 states the estimate of the population standard deviation of group averages obtained within
a test is equal to the median of all the within-test group average ranges divided by the bias correction

factor d,.

Gar = THRAT / dy (43)

Equation 43 states the estimate of the population standard deviation of the test grand averages is equal
to the median moving range of all the test grand averages divided by the bias correction factor d,. The
bias correction factor in Equations 41-43 are a function of the degrees of freedom in each equation. The
authors note that the development of the estimations of standard deviations through the statistical
process control method and the ability to compare these estimates to the derived error propagation

model are highly dependent on the degrees of freedom (i.e. the number of tests performed).

3.4.2.2 Data Analysis: 14x22 Test Section Calibration Coefficient

The NASA Langley 14x22 subsonic wind tunnel is calibrated through a procedure in which a pitot-static
pressure probe is located in the test section and compared to a reference pressure measurement made

upstream of the test section. The calibration coefficient, C' is defined as

c' = (Ptotal - static)probe _ DPC

= = (44)
(Ptotal - Pstatic)reference DPI
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It is important to note that the measurement of the calibration coefficient is dependent on two sensors,
which were identical to ensure similar performance. The calibration coefficient was obtained in groups
during testing of three back-to-back “polars” ranging through the DPI range of 0.5 to 120psf. The
medians from the within-group statistical process control charts (not given) along with the uncertainty
propagation based model (Equation 40) are shown in a log-log plot across 14 tests (yielding 90 total

degrees of freedom) in Figure 22.

© MEDIANS FROM WG CONTROL CHARTS
—MODEL

\‘\‘"
RQ ‘LIMITS (90 DOF)
=—Mensors at 0.0045% FS
0.0100
O-WG
0.0010
0.0001 I i E LAY
0.1 1.0 10.0 100.0

DPI, PSF

Figure 22 Model of Gy for C' from 14x22 with Control Limits for 90 Degrees of Freedom

To obtain the coefficients in the uncertainty propagation based model (Equation 40), empirical fits and
averaging methods were employed. The model coefficient A was obtained by averaging o * DPI over
the region for which the 1/DPI dependence holds (low dynamic pressure, approximately DPI = 0.5-
25psf). The model coefficient B was obtained by averaging o over the region where it “seems to be
constant” (approximately DPI 25-120psf). The correlation coefficient, p was chosen to fit the largest
number of data points between the limits. The limits in Figure 22 are given via statistical process control
methods for the within-group degrees of freedom (90). Also shown in Figure 22 is the expected result

using the manufacturers quoted combined repeatability, nonlinearity and hysteresis. It is seen that the
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uncertainty propagation based model is in very good agreement with the statistical process control
derived data as no data points are outside the prescribed limits. Similar figures are shown for the

within-test, and across-test estimates of the standard deviations.

O MEDIANS FROM WT CONTROL CHARTS

| =—MODEL

0.0100 -

Owr
0.0010 -
0.0001 : o :
0.1 1.0 10.0 100.0

DPI, PSF

Figure 23 Model of Gy, for C' from 14x22 with Control Limits for 22 Degrees of Freedom
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Figure 24 Model of G,y for C' from 14x22 with Control Limits for 13 Degrees of Freedom

Figure 23 and Figure 24 again show very good agreement with the uncertainty propagation based model
and the statistical process control based data, as only one data point is outside of the prescribed limits.
Note however that the degrees of freedom for the within-test and across-test are significantly lower
than the within-group leading to much larger limits. The authors recognize this and state that the

agreement between the models should be “considered provisional”.

3.4.2.3 Data Analysis: 14x22 Normal Force Coefficient

The check standard model utilized for the 14x22 is a generic elliptical wing model shown in Figure 25. It
is important to note for the check standard practice the geometry of the model is not crucial. Rather it
is important that the geometry and methods of data collection remain unchanged so that the variation
observed in the data can be attributed only to the process repeatability. The data and the process of
obtaining it for the normal force coefficient was similar to the calibration coefficient. Pitch polars in

angle of attack were obtained back-to-back in groups at different levels of tunnel dynamic pressure. The
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analysis of the normal force coefficient conducted by the authors was limited to the 2° angle of attack

case as this condition is most representative of a transport cruise condition.

Figure 25 14x22 Elliptical Wing Check Standard Model

The results from the within-group repeatability for the normal force are shown in a log-log plot for data
across 11 tests giving 82 degrees of freedom in Figure 26. The medians from the within-group statistical
process control charts, their associated limits and the uncertainty propagation based model are shown.
Also given is the expected behavior of the balance at its quoted calibration uncertainty of 16 =0.012%
full scale. The same procedure to determine the constants in the uncertainty propagation based model

for the calibration coefficient was also followed.
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Figure 26 Model of G, for Normal for Coefficient from 14x22 with Control Limits for 82 Degrees of Freedom

From inspecting Figure 26 it is seen that the model fit from the uncertainty propagation based model is
in very good agreement with the statistical process control derived data as no data points are outside
the prescribed limits. Similar charts showing the within-test and across-test estimates of the standard
deviations are given in Figure 27 and Figure 28 respectively. The same good agreement between the
uncertainty propagation based model and the statistical process control derived data exists. As was the

case with the calibration coefficient data, lower degrees of freedom at within-test and across-test levels

cause the limits to be inflated.
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Figure 27 Model of Gy, for Normal for Coefficient from 14x22 with Control Limits for 22 Degrees of Freedom
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Figure 28 Model of G, for Normal for Coefficient from 14x22 with Control Limits for 12 Degrees of Freedom
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3.4.3 Summary

The authors demonstrated the data derived from the statistical process control methodology can at
least, provisionally, be considered to be in very good agreement with uncertainty propagation based
models for wind tunnel check standard testing. The uncertainties at the lower levels of tunnel dynamic
pressure at the within-group level are driven by the resolution of the measurement devices (both the
force balance and pressure sensors). The authors also note that the within-test and across-test variation
at all levels of tunnel dynamic pressure “seem unreasonably large” and suggest “significant performance

improvement might be possible by examining the measurement process in detail.”

One of the major benefits of the application of design of experiments methodology is its ability to
reduce the influence of systematic, time based variances on regression models. It is thought that
through the implementation of design of experiments methodology in conjunction with traditional
check standard procedures, the authors’ goals of achieving significant performance improvement can be

achieved.
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4 EXPERIMENTAL SETUP AND DESIGN

This chapter will detail the experimental setup including both the hardware and software developed for

this research. Also covered in this chapter are the experimental design process and procedure.

4.1 Equipment

This section will detail the hardware and software utilized in the wind tunnel testing.

4.1.1 Wind Tunnel Description

The Old Dominion University Low-Speed Wind Tunnel (ODU LSWT) is an atmospheric, closed circuit
tunnel supplied by AeroLab LLC circa 1971. Research conducted at the ODU LSWT has been
multidisciplinary in nature and includes studies in aeronautical, automotive and architectural fields. Itis
powered by a 93kW electric motor and is capable of speeds ranging from 10m/s to 50m/s (dynamic
pressure range of 61Pa to 1500Pa). The tunnel has two test sections, a high-speed and low-speed
section with 2.13 x 2.44 meters and 0.91 x 1.22 meters cross sectional areas respectively as seen below
in Figure 29. Instrumentation includes pressure probes and pressure transducers with up to 80
channels, multiple force balances, as well as particle image velocimetry and hot wire anemometry

capabilities.
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Figure 29 ODU Low-Speed Wind Tunnel

Wind tunnel dynamic pressure is held constant through a fully automated system and measured by a
differential pressure transducer connected between two static rings located on the upstream and
downstream ends of the contraction nozzle leading into the high speed test section. Test section

turbulence intensity is about 0.2%.

4.1.2 Aircraft Model

The model utilized in the wind tunnel testing was fabricated in-house at Old Dominion University’s
machine shop. The model was constructed as part of a previous design project focused on the
improvement of research capabilities for the ODU LSWT*. The overall configuration was based on the
Standard Dynamics Model (SDM) developed in part by the National Research Council (NRC) of Canada in
the late 1970’s. The SDM was developed by the NRC for dynamic stability research and was loosely

based on a generic representation of a fighter aircraft of the time period*.

The ODU SDM model has an axisymmetric fuselage and flat tapered lifting surfaces with a wing span of
1ft, a mean aerodynamic chord of 0.333ft, a wing area of 0.333ft?and some removable control

surfaces®. Note that for the testing of the SDM model carried out for this research study, the canopy,
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leading edge strakes, and control surfaces were removed. This was done to ensure that the model’s

geometry was not altered from repeated installations as these components were fragile.

Figure 30 ODU SDM Model

4.1.2.1 Model Modification

During initial verification of the model support system it was observed that the aircraft model did not
generate an ample amount of axial force at the desired tunnel conditions and model attitude such that
the force measured was significantly larger than the balance uncertainty in the axial direction. Altering
the model attitude or tunnel conditions to increase the axial force generated was felt to be not
representative of future larger scale testing, so it was necessary to modify the model itself. Four
identical airbrakes were fabricated from aluminum angle stock such that both the upper and lower
surfaces of each wing maintained symmetry. It is important to note that airbrakes of this magnitude
and crude aerodynamic design would never be employed on an aircraft similar to the SDM; the sole
purpose of these airbrakes was to increase the axial force generated. Since the motivation of this study
is to monitor and characterize forces measured on the SDM and their variation over time, it was not
crucial to dedicate a great deal of attention to an “airworthy” design of the airbrakes, but only to assure

that the mounting of the airbrakes remains constant throughout the testing process.
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4.1.2.2 Airbrake Development

After installation of the model with the airbrakes, it was observed that the axial force generated
significantly exceeded the balance uncertainty. However, the model exhibited an undesirable amount
of tail buffeting at higher tunnel speeds and angles of attack. The tail buffeting contributed to unsteady
dynamics of the model and potentially higher loadings on the balance and model support system. With
the mechanical loadings on the balance and model support system potentially approaching their limits,
it was decided to further modify the airbrakes to reduce the tail buffeting and subsequent unsteady

dynamics

Extensive research was conducted during the Second World War in airbrake design, primarily for use in
dive bombers such as the JU-88. At that time, tail buffeting posed a problem for aircraft with airbrakes
deployed. The research compiled by the Aeronautical Research Council* goes into great detail on the
methods for reducing tail buffeting caused by airbrakes. One method employed was adding slots or
perforations to the airbrake vertical surfaces in an attempt to decrease the width of the wake behind
the airbrakes. Of the patterns studied by Davies et al., the recommended choice is the chordwise slotted
flap with a 27% open area ratio (type C in Figure 31). This configuration is most effective at reducing tail

buffeting and only decreases the overall airbrake drag generating potential by 15%.
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Figure 31 Possible Airbrake Modifications

Chordwise slots were milled into the airbrakes with an open area ratio of approximately 27% as Davies

et al. suggested. The modified airbrakes were subsequently reinstalled and verification testing was

again conducted.
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Figure 32 SDM Model with Modlified Slotted Airbrakes

It was observed with the modified airbrakes that the appearance of tail buffeting was greatly reduced
and the unsteady dynamics attenuated. The drag reduction from the solid airbrakes to the slotted

airbrakes was in agreement with the predicted value, measured at 14%

4.1.3 Force Balance

The force balance utilized for the wind tunnel testing was the NASA 2044a, which is a 6 degree of
freedom strain gage based internal balance. The specifications and calibration information for the
2044a can be found in APPENDIX A. The balance was inserted into the fuselage bulkhead of the model
and locked into place by a dowel pin from the top of the aircraft model. The tapered non-metric end of
the balance was then fit to a custom sting where the balance would be wired through the sting. The fit
between the tapered end of the balance and the sting secures the connection of the model to the model
support system and subsequently the tunnel itself. See Section 4.1.4.2 for the details of the mechanical
connection of the balance to model and balance to sting. The balance with installed water jacket and
sting are shown in Figure 33 for size reference. Although the balance was outfitted with a water jacket,
as its initial use was in high speed facilities with elevated temperatures, it was not actively used during

this testing.
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During the initial verification of the balance, it was observed that there was a substantial amount of

electrical noise on the balance signal lines. To mitigate this electrical noise, it was decided to install low

pass filters on each channel with a cutoff frequency of 10Hz. The relatively low frequency was selected

due to the quasi-static nature of the testing to be performed. A block diagram of the electrical

connections of the balance to the National Instruments data acquisition card is shown in Figure 34.

Voltage
Supply
Bl Wiring Low Pass
alance Interface Filters
o NI DAQ NI 'II;’elrmIinaI
oc

Figure 34 Balance Wiring Block Diagram

www.manaraa.com



59

4.1.4 Model Support Design and Use

This section will detail the background as well as the design and implementation of the model support

system for the tunnel conditions testing.

4.1.4.1 Background

In preparation for conducting testing in the ODU LSWT, the existing capabilities were reviewed and
compared to the project requirements. The existing model support system in the high-speed test
section was a pitch crescent type design with remote pitch and yaw capabilities. Although more than
capable of conducting basic testing, the need for precise, and more importantly, repeatable model
positioning along with remote roll capability prompted the development of a new model support

system.

Figure 35 ODU LSWT Pitch Crescent Model Support

The major design considerations for the new model support system included full automation, remote
pitch and roll control, ease of construction, minimal cost, and ease of implementation, modularity and
adaptability. First, for the automated pitch and roll control, it was of upmost importance that the

positioning be both reliable and repeatable. When conducting a study such as this where repeated
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measurements are taken, the researcher needs to have a great deal of confidence that the repeated
measurements are in fact taken at the same position. Or more importantly, that the model positioning
repeatability must remain constant. Second, the ease of construction and implementation was of great
importance due to the overall timeline of the project. Due to contractual obligations, the entire project
including the construction of the model support and data collection was not to exceed two years’ time.
Also the entire fabrication of the model support was to be completed in-house at ODU’s machine shop
on a limited budget relative to larger tunnel facilities. Thirdly, the model support system was to
continue to serve as the primary three-dimensional model support system for NASA projects at the ODU
LSWT, following completion of the project. Therefore there had to be a degree of modularity built into

the system such that other models and experiments could be accommodated.

With these design considerations in mind, two of the most common model support systems were
considered. An arc sector type such as the system in the NASA LaRC National Transonic Facility*?, and

the twin lead screw type model such as the system at the NASA LaRC Transonic Dynamics Tunnel*.

| Fixad
‘ tairing
L ",.'
1 Roll drive
Locking pin —.
“\
. \
Shell
Crosshead
" Insulation
" Hydraulic
eylindar

Figure 36 NTF Model Support (Left) and TDT Model Support (Right)
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Both of the model support systems would have been able to satisfy most of the design requirements,
however for the intended application, the arc sector design was deficient in a few areas. First, for an arc
sector model support, the length of the sting must be fixed to keep the model on tunnel centerline while
pitching. This would prevent the model support from being sufficiently adaptable. Second, the
fabrication of the arc sector itself posed multiple challenges whereas the vertical struts of the twin lead
screw design did not. With these considerations, a twin lead screw model support system based on

commercially available lead screw stages was chosen for development.

4.1.4.2 Model Support Mechanical Design

The overall assembly drawing for the twin lead screw model support system is shown in Figure 37. The

following discussion of the components in this section will reference Figure 37 when appropriate.

Figure 37 ODU Twin Lead Screw Model Support Assembly
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A complete list of the mechanical components of the model support, with numbering consistent with

Figure 37, is found in Table 9. CAD drawings for the individual components can be found in APPENDIX E.

Component Part Name

Number

1 Sting

2 Sting Shaft

3 Sting Mount

4 Sting Revolve Mount

5 Sting Support Mount

6 Slide Mount

7 Motor Mount

8 Motor Coupling

9 Rear Dowel Pin Connector

10 3/8in x 4in Dowel Rod

11 3/8in x 5/8in Shoulder Screw (x2)
12 3/8in x 1/2in Sleeve Bearing (x2)
13 3/8in x 1/16in Thrust Bearing (x4)
14 3/8in x 1 1/4in Sleeve Bearing
15 3/8in x 1in Flanged Sleeve Bearing (x2)
16 Inclinometer Mount

17 Back Plate

18 Top Plate

19 Turntable Replacement

20 Front Aero Fairing

21 Rear Aero Fairing

22 Velmex XY Slides (MA4036)

23 Inclinometer (LSRP-90)

24 Motor (GM9232E967-500PPR)
25 Model

26 O-Ring

27 Pitot Tube

28 Pitot Tube Filler Piece

29 Pitot Register

30 Pitot Block Bracket

Table 9 Model Support Mechanical Components List

In the development of the twin lead screw model support system, consideration was given to

incorporate commercially available products so that the overall design, fabrication and validation time
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could be reduced. The first hardware components chosen were the slide positioning systems, a
commercially available product produced by Velmex*. Two MA4036 Velmex slides which included
integrated stepper motors would function as the twin lead screw drives for the model support system.

The stepper motors were driven by an available NF90-3 motor controller produced by Velmex?®.

The model support system and necessary tunnel modifications would be designed around the chosen
slides. A back plate (Part 17, Figure 37) was designed such that the two slides could be fastened
together at a set horizontal distance of 4 in. Two slide mounts were designed as tie in points for the
model support arm to the slides (Part 6, Figure 37). The slides with the slide mounts assembled to the

back plate are shown below in Figure 38.

Figure 38 Slide and Back Plate Assembled

To integrate the now joined slides and back plate into the wind tunnel test section, the existing tunnel
floor required modification. The previous three-dimensional model support system was tied into the
tunnel floor via a turntable (See Figure 35). It was determined that the modification necessary to
integrate the new slides and back plate into the turntable would have rendered the rotary function of

the table inoperable. Consequently a separate turntable replacement was required. Of all the
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components required, the turntable replacement was by far the largest and most mechanically complex

to machine.

Figure 39 Turntable Replacement during Fabrication

The turntable replacement fastened (Part 19, Figure 37) to the test section via eight mounting holes
along the edge of the plate. Pockets were milled to allow for the assembled slides and back plate to sit
flush with the test section floor. An access hatch was also designed so that electrical connections from
the balance and instrumentation could be passed through the turntable replacement. To allow for the
top of the model support to fasten to the test section a top plate was designed (Part 18, Figure 37). This
component secured the top of the back plate to structural cross members on the exterior top of the test

section as shown in Figure 40.
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Figure 40 Model Support Top Plate Installed

To complete the strut portion of the model support, half ellipsoid aerodynamic fairings were designed to
be fastened to the upstream (Part 20, Figure 37) and downstream (Part 21, Figure 37) faces of the strut.
It should be noted that the two aerodynamic fairings were the only components dedicated to
streamlining or reducing the model support aerodynamic interference. This was due to the fact that no
model support interference corrections were to be made on the aerodynamic force measurements,

hence a great deal of time was not dedicated to model support interference reduction.

The next set of components designed comprised the model arm assembly. The sting mount component
(Part 3, Figure 37) is connected to the slide mounts via a shoulder screw (Part 11 Figure 37) on the front
slide mount and a shoulder screw, dowel pin (Part 10, Figure 41) and sleeve bearing on the rear slide

mount (Part 14, Figure 41). A section cut of the entire model arm assembly is shown below in Figure 41.
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Figure 41 ODU Twin Lead Screw Model Support, Arm Section View

The design of the sting support allows the model arm assembly to pitch up and down when the lead
screws are driven, with little movement of the model upstream or downstream in the test section.
When the model arm assembly pitches up or down the rear dowel pin (part 10, Figure 37) slides into or

out of the sting support (part 5, Figure 37).

The roll motor (Part 24, Figure 37) was mounted to the inside of the sting support by the motor mount
bracket (Part 7, Figure 37). To connect the model, balance and sting to the sting support and allow for
remote roll functionality, the end of the sting was designed such that it could be fit into a flanged sleeve
bearing and coupled to the shaft of the roll motor. The model support fully assembled (without

aerodynamic fairings) and installed in the test section shown in Figure 42.
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Figure 42 Model Support System Installed in Test Section

4.1.4.3 Inclinometer

The instrument utilized in the airframe portion of the testing to measure the model’s angle of attack was
a high precision closed loop gravity referenced servo inclinometer, LSRP-90, manufactured by Level
Developments*” The inclinometer (Part 23, Figure 37) was located on the upstream end of the sting

mount, approximately 10in downstream of the model.

During the early phases of the model support design, an internally mounted, full inertial measurement
unit (IMU) was considered, allowing for extremely accurate attitude measurement. However due to the
size of the model and other constraints, this option became too cost prohibitive. The positioning of the
inclinometer could conceivably lead to small differences in angle of attack reading and the angle of
attack seen by the model due to deflection of the sting and balance. Also the location of the
inclinometer could potentially cause added model support interference. However, due to the nature of
the testing being performed, the aforementioned potential issues are not critically important. Again it is
beneficial to mention that the goal of this testing was not to aerodynamically characterize the model,

but to obtain repeated measurements over time and to characterize and possibly diagnose the nature
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and causes of the variance in the measurements. Full specifications of the LSRP-90 inclinometer can be

found in APPENDIX B.

4.1.4.4 Roll Motor

The motor and integral gear reduction drive utilized to remotely control the roll angle of the aircraft was
the Pittman GM9232E967-500PPR DC gear motor (Part 24, Figure 37). The roll motor was positioned
such that the rotation of the motor shaft would directly translate to rotation of the model in the roll
direction. The positioning of the motor shaft, coincident with the model x-body axis, is visible in Figure
41. The motor included an optical encoder which when connected through a counter provides the
relative rotation angle to be measured. This allows the PC, through relays, to drive the motor and in
turn the model to a specified roll angle. The fact that only the relative and not the absolute roll angle of
the model is able to be determined from the encoder will be discussed in Section 4.2. Full specifications

of the roll motor and encoder can be found in APPENDIX C.

4.1.4.5 Model Support Electrical Design

A block diagram of the overall model support electrical connections is shown below in Figure 43.

PC
NI-DAQ 1 NI-DAQ 2 NI-DAQ 3
NI Terminal Stepper Motor NI Terminal NI Terminal
Block 1 Controller Block 2 Block 3
Balance Dedicated Stepper Stepper Voltage Supply 2 Voltage Supply 3
Voltage Supply Motor 1 Motor 2
Wiring Interface L | NI SEXI Inclinometer

and Filters

NI Terminal

Balance Block 4
Roll Motor  — Roll Motor
Encoder

Figure 43 Model Support Electrical Connections Block Diagram
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The balance was excited by a dedicated precision (Part 7, Table 10) power supply where the voltage
supplied to the balance is measured and internally corrected to maintain a constant supply voltage. The
balance component output cable harness was connected to an interface box where the low pass filters
were applied. The connections then entered a National Instruments (NI) terminal block (Component 10,
Table 10) before entering the 16 bit NI data acquisition card (Component 16, Table 10) which connected
directly to the PC (Component 19, Table 10). The stepper motor controller (Component 15, Table 10)
was sent signals from the PC and operated the stepper motors (Components 2 and 3, Table 10) which in
turn drove the lead screws on the model support. The roll motor (Component 4, Table 10) received
power by a voltage supply (Component 8,Table 10) which was wired into a NI SCXI relay (Component 14,
Table 10) and NI terminal block (Component 13, Table 10) . The roll motor encoder was also powered
by the same power supply and its signal was sent to a NI terminal block (Component 11, Table 10) and
NI data acquisition card (Component 17, Table 10) which was connected directly to the PC. The
inclinometer (Component 6, Table 10) received power from a power supply (Component 9, Table 10)
and its signal was sent to a NI terminal block (Component 12, Table 10) and NI data acquisition card

(Component 18, Table 10) which was directly connected to the PC.

Component Component Manufacturer Model Number
Number
1 Balance Modern Machine (NASA) 2044A
2 Stepper Motor 1 Velmex PK 266-03A
3 Stepper Motor 2 Velmex PK 266-03A
4 Roll Motor Pittman GM9232E967
5 Roll Motor Encoder HP 91-500PPR
6 Inclinometer Level Developments LSRP-90
7 Balance Dedicated Power HP E3615A
Supply
8 Voltage Supply 2 Agilent E36103A
9 Voltage Supply 3 Datel BOM-15/200
10 NI Terminal Block 1 National Instruments BNC-2110
11 NI Terminal Block 2 National Instruments SCB 68
12 NI Terminal Block 3 National Instruments BNC-2110
13 NI Terminal Block 4 National Instruments BNC-2110
14 NI SCXI National Instruments SCXI-1160
15 Stepper Motor Controller Velmex NF90-3
16 NI DAQ 1 National Instruments PCI-6220
17 NI DAQ 2 National Instruments PCI-6220
18 NI DAQ 3 National Instruments PCI-6221
19 PC Dell Dell T3600

Table 10 Model Support Electrical Component List
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4.1.4.6 Model Support Software Design

The software controlling the model support, wind tunnel, and monitoring of the balance was developed
and implemented in LabVIEW. The LabVIEW software is a development environment for creating
custom applications or Virtual Instruments (VI's) that interact with signals or real-world data using the G
programming language*®. Three main VI’'s compromised the software for the model support system
each of which was individually responsible for monitoring the balance and recording data, executing the
test matrix and moving the model support, controlling the wind tunnel and interfacing with the user. All
three VI's communicated with one another through the use of a global VI. A screenshot of the panel is

shown below in Figure 44.

l ODU Twin Lead Screw Model Support System .
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Figure 44 Model Support Front Control Panel
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The process of positioning the model during testing is shown in the flow chart in Figure 45.

-

Moni‘toring Conditions

Set Tunnel To Desired
Dynamic Pressure

l

Move Slides To Desired .
Angle of Attack (Based . Move To Desired ] Move To Adjust for
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on Slide Geometry) Roll Angle

! | |

Y Wait for Dynamic Wait 1 sec
Pressure to Change
(If Needed) l
Advance to Next Move Slides to Move to Zero Take Data
Data Point Zer::;nglte of Wait 1 sec | < Degree Roll * (15 sec)
ac

A 4

Figure 45 Model Support Movement Flow Chart

All conditions are continually monitored by the software and once the desired test set point is received,
the tunnel is brought to the desired dynamic pressure. Then the slides are moved to the locations that
would create the desired model angle of attack which is based on the slides and model support arm
geometry. Knowing the distance between the centers of the slide mounts and the distance from the
slides to the nose of the model, the model can be positioned (roughly) at the desired angle of attack
while remaining on the tunnel centerline. Once this movement is complete, the roll motor drives the
model to the desired roll angle. Next the inclinometer is read and the model is corrected to the precise
angle of attack and data is taken. During the data taking process, the balance signals were sampled at
10Hz for 15 seconds (the cut off frequency for the low pass filters) and then averaged over the 15
second sample time. When the data have been recorded the model returns to both zero roll angle and
zero angle of attack to avoid aerodynamic hysteretic effects. This entire process is repeated for the
duration of the test. During testing, the average time per data point, including model movement and

data sampling was approximately 90 seconds.
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4.1.5 Pressure Probe Assembly

This section will detail the Pitot-static probe and the pressure transducers utilized for the tunnel
conditions testing.

4.1.5.1 Pitot-Static Probe Hardware

The Pitot-static probe utilized in the wind tunnel testing was a 24in long probe manufactured by United
Sensor. The Pitot-static probe assembly consisted of four components which are shown in Figure 46

below. The part numbering is consistent with Table 9.

Figure 46 Pijtot Tube Assembly

The turntable replacement had a pocket milled out such that the entire Pitot assembly could be easily
installed and removed from the test section. A screenshot of the CAD model showing the Pitot tube

assembly in the turntable replacement is shown in Figure 47.
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Figure 47 Pitot Tube Assembly CAD Model

The Pitot-static tube (Part 27, Figure 46) was fit to the Pitot tube filler piece (Part 28, Figure 46) via a
threaded compression fitting. The Pitot-static tube was then positioned such that the total pressure
measurement was at the longitudinal center of the test section (18in above the test section floor). The
Pitot-static tube was accurately positioned both in distance from the test section floor and angle with
respect to the oncoming flow using the Pitot register (Part 29, Figure 46) and the Pitot block bracket
(Part 30, Figure 46). Set screws in the Pitot register locked the Pitot-static tube into position by
clamping the static pressure end of the tube. This arrangement allowed for repeatable positioning of
the sensor as it was installed and removed multiple times throughout the testing process. The Pitot-

static tube assembly is shown installed (looking downstream) in the test section in Figure 48.
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Figure 48 Pitot-Static Tube Installed in the Test Section

4.1.5.2 Pressure Transducers

To calculate the velocity in the test section and complete the tunnel conditions portion of the testing,
two pressure transducers were necessary. One measured differential pressure from the Pitot-static
tube and the other measured differential pressures between the static rings located on the upstream
and downstream ends of the contraction nozzle leading into the high speed test section. Identical
Mensor series 6100 pressure transducers with 10 inches of water range were used following a
professional 1ISO:9001 calibration. The complete specifications for the Mensor pressure transducers

along with the calibration information can be found in APPENDIX D.

4.2 Testing Procedures

This section will outline the practices and procedures utilized for both the airframe and tunnel
conditions testing. The specific test schedule and design will be discussed in Sections 5.3 and 6.5. It is

necessary to again reiterate the importance of following the exact procedure established each and every
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time when performing a check standard test. Without this rigid adherence to the established

procedures it is impossible for the researcher to draw any meaningful conclusions from the test data.

4.2.1 Pitot-Static Probe Assembly

During the tunnel conditions portion of the testing, multiple tests were performed with each test
compromised of multiple groups. The procedures were established to replicate as closely as possible
the actual processes of check standard testing in larger facilities. The following procedures were

established for in-between tests:

e Atthe end of each test, the entire Pitot tube assembly was removed from the test section and
reinstalled at the beginning of the next test

e All plumbing was leak checked before the start of the test

e All electrical connections were tested

e Both pressure transducers were zeroed

e If more than one test was completed in a day, the tunnel was allowed to return to the ambient

temperature before conducting the next test
The following procedures were followed for in-between groups:

e Atthe end of the group, the tunnel was brought to zero velocity
e At the end of the group, the test section was opened and hardware was inspected

e Before the start of the next group, the pressure transducers were zeroed

It should also be noted that the physical condition of the tunnel was unchanged throughout the testing.
For example if there were mounting holes for a different piece of hardware in the test section, it was
taped closed and remained taped closed for the entire duration of testing. In addition, the pressure
transducers were always supplied power throughout the course of testing. However, it was necessary

to zero the transducers due to the changes in tunnel temperature.

4.2.2 Aircraft Model, Balance and Model Support

www.manaraa.com



76

4.2.2.1 Balance Testing Procedure

The 2044a force balance borrowed from NASA LaRC for this testing was received with a water jacket, a
component that allows for the balance temperature to be regulated by pumping cool water through the
jacket in high temperature test environments. Employing this feature was overly complex, would
require a tube to cross the metric gap, and is typically not used for low speed testing. The balance gages
are temperature compensated while it is recognized that temperature change primarily arises from the
fact that the resistance based strain gages will exhibit dependencies on temperature and also will serve
as heating elements. During initial validation testing it was observed that the balance would increase in
temperature for an extended period of time before it appeared to reach a thermal equilibrium. Unable
to regulate the balance temperature, the best alternative was to allow the balance to reach its thermal

equilibrium before beginning to test.

In an attempt to find the timeframe in which the balance would reach a thermal equilibrium, the
balance was supplied power and the force outputs were measured for an extended period of time.
Each force channel was sampled approximately every 20 seconds for approximately 24hrs. The result

from the axial force response is shown in Figure 49.

Axial Force vs Time
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Figure 49 Balance Thermal Equilibrium Test
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It is seen in Figure 49 that roughly around the 400 minute mark, the measurements appear to stabilize.
The other channels of the balance exhibited similar responses over the same time period. With this, it
was decided to apply power to the balance for a minimum of 7 to 8 hours before testing to allow for the

balance to sufficiently reach a thermal equilibrium.

4.2.2.2 Model Support Testing Procedure

As was the case in the tunnel conditions testing, the airframe testing consisted of multiple tests with
each test consisting of multiple groups. Again, as was done in the tunnel conditions testing, procedures
were established to replicate as closely as possible actual processes of check standard testing in larger

facilities. The following testing procedures were followed between tests.

e Only one test per day was conducted
e At the end of each test:
0 the model and support arm assembly were removed from the strut as shown in Figure
50 (The strut was not removed from the test section during testing)
0 the balance and all supporting electronic equipment were powered down
o Before the start of the next test:
0 the balance and all supporting electronic equipment were powered for at least 8 hours
before beginning testing
0 the model and model support arm assembly was reattached to the strut
0 the reference zero slide positions were obtained

0 the reference zero degree roll and angle of attack were obtained and a tare was taken
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Figure 50 Model and Support Arm Assembly Removed from Strut

Due to the fact that the roll motor encoder only reported relative position, it was necessary to establish
the reference zero degree roll angle. This was accomplished by placing two leveling gage blocks of the
same exact height and a high precision level on the wing tips of the model and rotating the model until
the zero roll angle was reached. A similar process was necessary to establish a reference zero degree
angle of attack. Even though the inclinometer reported an absolute angle, the model installation angle
and tunnel installation angle did not necessarily coincide with this reference zero degree angle. The
same process with the leveling gage blocks and level was followed but this time the blocks were
positioned on the leading and trailing edges of the left wing. Once the reference zero slide positions
were obtained, only the front slide was moved to obtain the reference zero degree angle of attack and
the new position of the front slide was saved as the zero slide reference position. The uncertainty in the

initial offset of the roll angle and angle of attack was estimated to be 0.1°.
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Figure 51 Reference Angle Procedure (Roll Angle Left, Angle of Attack Right)

The original reference zero slide positions were also manually set due to the fact that the stepper motor
encoders only reported relative position. This was accomplished by driving each of the stepper motors
to the very bottom of their travel limits then driving them up an established distance that would leave

them in the direct center of the test section.

The following procedures were followed for in-between groups:

e Atare was taken if the time between tares had exceeded 60mins (This did not necessarily
coincide with the end of each group, sometimes one tare was used on more than one group)

e At the end of each group, the reference zero degree roll and angle of attack were reestablished

e At the end of each group, the tunnel was brought to zero velocity

e At the end of each group, the test section was opened and all hardware and electrical

connections were inspected
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5 TUNNEL CONDITIONS TESTING

This section will detail the research conducted for the tunnel conditions portion of the check standard
testing. Standard Statistical Process Control methodology, its applications, and its enhancement by

Design of Experiments methodology will be explored.

5.1 Introduction

The tunnel conditions portion of the wind tunnel testing took place over the course of six months from
September 2014 to February 2015. In total, 44 tests and 132 groups were completed. For the purposes
of this testing, establishing a baseline for the SPC charting required 15 to 20 tests” in which the data
were in statistical control or reasonably close to statistical control. As the testing progressed, the values
obtained for the calibration coefficient were plotted in SPC charts. This allowed trends to be observed
and at times problems to be corrected. For example after test 6, the increasing trends in the calibration
coefficient prompted an in-depth investigation of the experimental setup for an assignable cause. This
led to the discovery of a crack in the Pitot tube; the failure was corrected and testing resumed. The
ability of SPC to identify potential problems in the system was again apparent after test 29. The trends
in the data for a second time prompted investigation into the experimental setup. After this
investigation it was discovered there was assignable cause due to the failure in the seals surrounding the
test section access door. Again this failure was fixed and testing resumed. It was only after an
additional 15 tests were performed (tests 30-44) that it was decided that a sufficient baseline had been
established. Therefore the data presented from Section 5.2 through Section 5.4 will only cover the
baseline tests for the statistical process control charting, tests 30 through tests 44. In Figure 52, the

reasoning for using only the last 15 tests for the baseline becomes clearly evident.

* There is no universally accepted number of baseline tests necessary to establish the first phase of the SPC
charting practice. However, 15-20 tests are generally considered to be sufficient.
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Figure 52 q=444 Pa Test Averages for All Tests

5.2 Standard SPC Charting

This section will detail the methodology and implementation of statistical process control charting as it
relates to the tunnel conditions testing and the wind tunnel calibration coefficient. It should be noted
that for this research when the term “Standard SPC” chart is used it is not implied that this is the
standard or conventional method for all statistical process control charting. This term is used to refer to

the standard practice currently utilized at LaRC for implementing SPC charting.

5.2.1 Methodology

From Hemsch?, the use of statistical process control with the check standard testing allows researchers
to characterize the short-term (within-group), within-test and across-test repeatability of wind tunnel
measurements. This method of analyzing check standard testing data is intended to support process

improvement and development of uncertainty models for measurements.

Four SPC charts are adapted for use with the tunnel conditions testing portion of the check standard
testing. The across-test control charts are utilized to estimate the test to test variation of the tunnel
calibration coefficient, the longest time frame of variation studied. The within-test range control charts

are utilized to estimate the variation within each test of the tunnel calibration coefficient, the
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intermediate time frame of variation. The shortest time of variation in the tunnel calibration coefficient
is estimated by the within-group range control charts. The fourth control chart is the test moving range
chart and although this chart does not directly give an estimate of variation of the tunnel calibration
coefficient, it serves as another metric to visualize the test to test changes. The control limits on each

control chart will be presented as the associated chart is presented in Section 5.2.2.

Adapting the conventional statistical process control methods to a low degree of freedom process such
as wind tunnel testing can be difficult. In conventional SPC applications focusing on quality control, a
worker may randomly select a part from an assembly line for inspection. The quality control variables of
interest would be recorded and this process would be repeated for the duration of the production of the
parts. The major difference between the application of SPC in the case of the parts and wind tunnel
testing is the availability of samples. The part maker has an extensive number of parts available, thus
increasing both the ability to estimate variations and the ability to identify when the process is out of
statistical control. In the application of SPC to wind tunnel testing, the number of samples (tests)

available can be very low in comparison.

5.2.2 Standard SPC Chart Results

This section will discuss the results of the tunnel conditions testing in the context of the standard

statistical process control charts.

The degree of freedom allocation for the SPC charts is shown below in Table 113. (Refer to Section 5.3.2

for a detailed description of the test design and Section 1.3 for the background on SPC)

Degree of Freedom Allocation
Chart n
Test Control 2
Test Moving Range Control 2
Within-group Range Control 5
Within-test Range Control 15

Table 11 Degree of Freedom Allocation for SPC Chart Limits
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SPC Factor Values

Chart Coefficient Value
Test Control dy 0.954
Test Moving Range Control D 3.865
Within-group Range Control D 2.179
Within-test Range Control Dg 1.678

Table 12 Statistical Process Control Factor Values

5.2.2.1 Across-Test Control Charts

The limits on the across-test control charts are given by the upper and lower control limits defined by
Equations 45 and 46 respectively. The equations read the upper or lower control limit is equal to the
median of the test averages plus or minus three times the median of the moving range of the test

averages divided by the statistical process control factor, d,. The value of the factor is given in Table 12.

- 3mR
UCL= X + (45)
dy
- 3mR
LCL =X — (46)
d,
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Figure 53 q=750Pa Across-Test Standard SPC Control Chart
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g=980 Across-Test Control Chart
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Figure 54 q=980Pa Across-Test Standard SPC Chart

The across-test variation in the tunnel calibration coefficient displayed at the three levels of dynamic
pressure indicates that the process is not in strict statistical control however the magnitude of the
variations are small and trends are minimal such that the application of the proposed methodology is

feasible.

5.2.2.2 Within-Test Range Control Chart

The limit on the within-test range control chart is the upper range limit which is given by Equation 47
below. The equation reads the upper range limit is equal to the statistical process control factor, D,

multiplied by the median of the moving range of the test ranges. The value of the coefficient is given in

Table 12

URL = Dg * mR (47)
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www.manharaa.com



87

g=980Pa Within-Test Range Control Chart
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Figure 57 g=980Pa Within-Test Range Standard SPC Chart

The above test range control charts indicate that the within-test variation of the tunnel calibration
coefficient is in statistical control and that the proposed methodology can be evaluated since all data

points are under the set limits.

5.2.2.3 Test Moving Range Control Charts

The limit on the test moving range control chart is the upper range limit which is given by Equation 47 in
Section 5.2.2.2. However the moving range now refers to the moving range of the test averages. The
equation reads The upper range limit is equal to the statistical process control factor Dg, multiplied by

the median of the moving range of the test ranges. The value of the coefficient is given in Table 12.

The results for the three levels of dynamic pressure are given in Figure 58 through Figure 60.
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Within-Test Grand Averages Moving
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Ranges

88

qg=444Pa Test Moving Range Control Chart

0.0007

0.0006

0.0005

0.0004
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0.0001

31 43 44

Test Index

Figure 58 q=444Pa Test Moving Range Standard SPC Chart

0001 g=750Pa Test Moving Range Control Chart

0.0009
0.0008 Median
0.0007
0.0006
0.0005
0.0004
0.0003
0.0002

0.0001

0 T T T T T T T T T T T T 1
31 32 33 34 35 36 37 38 39 40 41 42 43 44

Test Index

Figure 59 q=750Pa Test Moving Range Standard SPC Chart

www.manharaa.com



89

g=980Pa Test Moving Range Control Chart

0.0012

0.001

Median

0.0008

0.0006

0.0004

0.0002

Within-Test Grand Averages Moving
Ranges

31 32 33 34 35 36 37 38 39 40 41 42 43 44
Test Index

Figure 60 qg=980Pa Test Moving Range Standard SPC Chart

With the exception of test index 34 in Figure 60, the moving range control charts could be said to be in

statistical control. There was no assignable cause found for the results of test index 34.

5.2.2.4 Within-Group Range Control Charts

The limit on the within-group control charts is the upper range limit which is given by Equation 47 in
Section 5.2.2.2. However the moving range now refers to the moving range of the group ranges. The
equation reads the upper range limit is equal to the statistical process control factor, Dg, multiplied by

the median of the moving range of the group ranges. The value of the coefficient is given in Table 12.

The results for the three levels of dynamic pressure are given in the three charts below. The plots show

group numbers for the three groups in each test. For instance test 30 has three groups, 88, 89, and 90.
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Figure 61 q=444Pa Within-Group Range Standard SPC Chart

g=750Pa Within-Group Range Control Chart

Limits

Median

88 90 92 94
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Figure 62 q=750Pa Within-Group Range Standard SPC Chart

www.manharaa.com



91

g=980Pa Within-Group Range Control Chart

0.0014 -

0.0012

0.001
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0.0004
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Figure 63 q=980Pa Within-Group Range Standard SPC Control Chart

Inspecting the within-group range control charts and the associated short-term variance shows that the
process is in or very close to being in statistical control such that the application of the proposed

methodology can proceed.

5.2.3 SPC Estimates of Standard Deviation

The estimation of the standard deviation, adapted from Hemsch? utilizing the SPC method is shown

below. Where n represents the number of observations per group and b represents the number of

observations per test.

Owe = ﬁwa/dzt (48)
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- 62
owr = \](RWT/dtL)Z - ;VG (49)
R ~ ,_ Glwr (50)
Gar = | (MRyr/dy)* — bn

The total uncertainty estimate for the tunnel calibration coefficient is given by combining each level of

variation.

Gy = Ja,gT L8246, (51)

Where the statistical process control factor d, is a function of degrees of freedom which follows Table

11. The values for d, are given below in Table 143.

d,4 Values
Level DOF Value
Across-Test 2 0.954
Within-Test 3 1.588
Within-Group 5 2.257

Table 14 Values of d, for use in Estimation of the Standard Deviation
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Level q=444Pa q=750Pa q=980Pa
O ar 0.000104 0.000213 0.000124
owr 0.000487 0.000374 0.000442
Owe 0.000178 0.000262 0.000227

or 0.000529 0.000504 0.000512

Table 15 SPC Estimates of Standard Deviation

5.3 Use of Design of Experiments Methodology

This section will outline the use of design of experiments as it relates to the tunnel conditions testing

including the test design and analysis.

5.3.1 Split-Plot Designs

One of the benefits of using Design of Experiments is the ability of the methodology to minimize the
possible influence of lurking variables. That is variables that may be present during the experiment that
are not necessarily well defined or controllable, but have the potential to alter the response. To take
advantage of this feature of DOE, fully randomized, replicated designs are necessary. In certain
scenarios the test schedule cannot be fully randomized for a number of different reasons. For example
it may be expensive to change the level of a factor, or the changing of a factor level may be time
consuming. For this research the factor of dynamic pressure is treated as a Hard-to-Change (HTC)
factor’. In general when there is a restriction on randomization of the test design, statistical power and
overall inference ability are both adversely affected. Also special designs and statistical analysis must be
employed to account for this restriction on randomization. One of these designs and statistical analysis
combinations that will be utilized in this research is the split-plot design and analysis of variance through
Restricted Maximum Likelihood (REML). It is beyond the scope of this dissertation to describe the
theory and requirements of split-plot design and analysis; the reader is directed to references by

Montgomery et al.>1°

" For the ODU LSWT it is not necessarily difficult to change the dynamic pressure however for purposes of
demonstrating this methodology and making the approach adaptable to cases in which HTC factors exist, the
dynamic pressure was treated as HTC.
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5.3.2 Test Design and Evaluation

The primary goals of the test design were to one, create a balanced, nested design to simplify the
calculations of standard deviation estimates and two, to create a design with the ability to handle a
second order split-plot based regression model. Also of importance was to create a design which was
adaptable to any factors of interest including multiple hard-to-change factors. For example, at the ODU
LSWT, the tunnel calibration coefficient is only dependent on tunnel dynamic pressure and temperature,
however at a more complex facility with more controllable variables (i.e. pressure, Reynolds Number,
Mach etc.) the tunnel calibration coefficient could be dependent on multiple factors, some of which
could be hard to change. The design structure of the tunnel conditions testing is shown schematically in

Figure 64 below.

Test Group Within Group
O > »O >
15 Tests Total 3 Groups per Test 3 Levels of g Per Group
Test 1 Across-Test Variance > TEST 2

Group Nested
Within Test Within-Test Variance

Group 1 Group 2 || Group 3

Within-Group Variance ﬂ\ N

{ Low | ( Med | { High {q Low |  Med | { High { Low | § Med | { High

Figure 64 Tunnel Conditions Test Design

Absent from the test structure above is the temperature factor. The ODU LSWT is an atmospheric tunnel
and no temperature control is available; therefore, the analysis of temperature will be completed using

analysis of covariance.

As was introduced in Section 2.2, the tunnel conditions testing baseline consisted of 15 tests which were

performed over the operational range of the tunnel, 20m/s to 40m/s (444Pa to 980Pa). Each test

www.manaraa.com



95

consisted of three groups with each group consisting of 17 fully randomized individual data points
(runs). Within each group, data points at the three levels of g (444Pa, 750Pa, 980Pa) were each taken
five times and two confirmation points (600Pa, 865Pa) were also obtained. A sample group run
schedule is shown in Table 16. For each test, 51 runs were performed, six of which were confirmation

points not used to build the model.

Run ¢ (Pa)
1 980
2 750
3 600
4 750
5 444
6 750
7 980
8 750
9 444
10 444
11 750
12 980
13 444
14 865
15 980
16 980
17 444

Table 16 Example Group Run Schedule

Although the levels of dynamic pressure were fully randomized within the design, the analysis of the
design still utilized the split-plot methodology where the dynamic pressure was treated as a hard-to-
change factor for the purpose of demonstrating the general applicability of the method in
accommodating hard to change factors. There was no difference in the regression analysis completed

using the split-plot and ordinary least squares.

The statistical power and prediction variance for the model are shown in Table 17 and Table 18. Added
to the evaluation is a case for comparison in which the dynamic pressure was treated as an easy-to-
change factor, a completely randomized design (CRD). This demonstrates the consequences of loss of
statistical power and inference ability associated with a split-plot design. It should be noted that the

statistical evaluation for the temperature term was completed by using the average of all test run data.
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The statistical power of the executed design is presented in Table 17 at a 5 % level of significance to
detect signal-to-noise ratios of two standard deviations. The fact that temperature was an uncontrolled
factor leads to different test matrices and subsequently differing statistical evaluations. Note that 750Pa
is not the center of the design space which lowers some of the statistical design parameters (non-
orthogonality). If the center of the design (712Pa) was used instead of the 750Pa factor level, a minimal

increase in power and prediction variance would be observed.

Power to Estimate Terms
SPD CRD

q 48.84% 99.96%

T 23.85% 59.76%

Table 17 Test Design Statistical Power Evaluation

Average Prediction Variance
SPD CRD
0.4317 0.1072

Table 18 Test Design Prediction Variance

5.4 Regression Model Charts

This section will detail the development of regression models for the tunnel calibration coefficient

through the use of design of experiments.

5.4.1 Methodology and Applications

The proposed methodology of integrating design of experiments with statistical process control centers
around building a regression model for the tunnel calibration coefficient. This regression model gives a
continuous response for the entire design space, which in this case is the entire operating envelope of
the wind tunnel. This is in contrast to the current SPC approach where the estimates for the tunnel
calibration coefficient are only available at discrete points. It is proposed that a local regression model
be built for each tunnel condition test (15 total) as well as one global regression model that
encompasses all data obtained from the baseline. As testing progresses and the local regression models

are built over time, it is proposed that the coefficients of the regression models be tracked in SPC charts
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in a similar manner to the across-test control charts. By inspecting the regression coefficient control
charts, a higher level of understanding of the overall variation in the tunnel calibration coefficient can be
gained. This leads to another benefit of the proposed methodology, the diagnostic ability of the
regression model charts. In the standard SPC charting methodology, the variation in the tunnel
calibration coefficient is easily attainable, however, the sources of that variation are not. In a standard
SPC chart a test data point may indicate that the process is out of statistical control; however, there is
little more information available and no assignable cause as to why that point was out of control. It is
believed that through the regression model charts, an assignable cause for the control status is more

easily attainable than current practice allows.

After initial investigations, it was discovered that the wind tunnel calibration coefficient was a function
of both tunnel dynamic pressure and temperature. Further investigations showed that this temperature
dependence appeared to be linear in nature (it was observed that the interaction term g * T was not
significant) thus it was decided to model the wind tunnel calibration coefficient as shown below in
Equation 52. If the temperature range studied was expanded significantly, it is possible that other

trends in the calibration coefficient with respect to temperature could be observed.

¢'=f(qmn (52)

C'=pBo+ B1q+ BT (53)

A sample output from REML via the JMP* software package from test 34 is shown below in Figure 65.
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4 Summary of Fit

RSquare 0.985118

RSquare Adj 0.984409

Root Mean Square Error 0.13878

Mean of Response 0.084695

Observations (or Sum Wgts) 45

4 Parameter Estimates

Term Estimate Std Error DFDen tRatio Prob:|t|
Intercept -3.906109 0.749064 27.82 -5.21

Q -0.004081 0.000573 6.776 -7.13

Temp 0.2861014 0.025745 41.27 1111
' Random Effect Predictions
4 REML Variance Component Estimates

Random Var

Effect Var Ratio Component Std Error 95% Lower 95% Upper Pct of Total
Group 7.1816711 0.138319 0.0773274 -0.01324 0.289878 87.778
Residual 0.01926 0.0046046 0.0126697 0.0327745 12.222
Total 0.1575789 0.0773733 0.0727129 0.5608761 100.000

4 Prediction Expression
0.95842436365364 + 0.00021011215305* Temp + -0.0000029973608* Q

Figure 65 JMP REML Output for Tunnel Conditions Test 34

From inspection of Figure 65, the model for test 34 was fit well with an R? of 0.985 and an adjusted R? of
0.984. Both the dynamic pressure and temperature terms are highly significant as seen under the “Prob
> |t]” output line. Note that the figures derived under that tab “Parameter Estimates” were done so
using the standardized response of C’. This allowed JMP to properly calculate the numbers of degrees
of freedom for significance testing. The overall prediction expression in terms of engineering units is
shown at the bottom of Figure 65. While all tests differed to some degree, the overall analysis of each

test was similar to that shown for test 34.

5.4.2 Development of a Global Regression Model

After the baseline of 15 tests was completed the entire data set was utilized to build a global regression
model. This model was built using the same split-plot and REML analysis as was done in the
development of the local regression model. However, in addition, a nested design was also
implemented for a global regression model as was outlined in Figure 64. The global model is shown in

Equation 54 in terms of engineering units (Pa, °C).

C' =0.9582 —4.081x107° x g + 2.329x10"* * T (54)
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for significance testing.

4 Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error 0.144822
Mean of Response 0.042201
Observations {or Sum Wagts) 675

4 Parameter Estimates

Term Estimate Std Error

Intercept -2.766086
Temp 0.2358244 0.007246
Q -0.004132 0.000157

> Random Effect Predictions

0.98423
0.984183

DFDen
0.223134 367
641.8
117.3

t Ratio
-12.40

32.55
-26.28

4 REML Variance Component Estimates

Random Var
Effect Var Ratio Component
Test 3.8030801 0.0797637
Group[Test] 7.4602123 0.1564664
Residual 0.0209735
Total 0.2572036

4 Prediction Expression

99

The output from REML via the JMP software package for the global model is shown in Figure 66. Again
note that the figures derived under the tab “Parameter Estimates” were generated using the

standardized response of C’. This allowed JMP to properly calculate the numbers of degrees of freedom

Std Error 95% Lower 95% Upper Pct of Total

0.0369886
0.0210103
0.0012803
0.0414771

0.00726/4
0.1152869
0.0186741
0.1919524

0.1522601
0.1976459
0.0237276
0.3626496

0.95820095997629 + 0.00023287131268* Temp + -0.0000040807317* Q

31.012
60.834
8.154
100.000

Figure 66 JMP REML Output for Tunnel Conditions Global Regression Model

To evaluate the established global regression model, residual diagnostics are investigated. In Figure 67

through Figure 70, the distribution of residuals should not trend with any factors, predicted values or
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0002 Residual vs. g
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Figure 67 Tunnel Calibration Coefficient Global Regression Model Residuals vs Dynamic Pressure
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Figure 68 Tunnel Calibration Coefficient Global Regression Model Residuals vs Temperature
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Residual vs. Predicted ('
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Figure 69 Tunnel Calibration Coefficient Global Regression Model Residuals vs Predicted
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There are moderate trends in the residuals verses test number in Figure 70, however, they are small in

magnitude and did not correlate to any testing procedures or timeframes. From inspection of all the

residual diagnostics, it is concluded that the global regression model established for the tunnel

calibration coefficient is valid and can serve as the baseline regression model. This will allow for future

check standard testing to be treated as confirmation points for the established model. Further general

discussion of the application of a global regression model developed through the use of design of

experiments methodology will be explored in Chapter Error! Reference source not found..

5.4.3 Regression Model Chart Results

The results presented below are the coefficient charts where each test entry represents the coefficient

associated with the regression model (Equation 53) built for that test. The limits for these control charts

are given by Equations 45 and 46 in Section 5.2.2.1.
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B, (Intercept) Coefficient Control Chart

R I e et

0.962 -
0.961 -

0.96
0.959
0.958
0.957
0.956
0.955

0.954

Median

Limits

30

-2.50E-06

-3.00E-06

-3.50E-06

-4.00E-06

-4.50E-06

-5.00E-06

-5.50E-06

31 32 33 34 35 36 37
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Figure 71 C’ £ (Intercept) Coefficient Control Chart

B, (q) Coefficient Control Chart

Median

Limits

L

30 31 32 33 34 36 37

Test

38 39 40 41 42 43 44

Figure 72 C’ /&1 (q) Coefficient Control Chart
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B, (T) Coefficient Control Chart
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Test

Figure 73 C’ /%, (T) Coefficient Control Chart

From inspection of the coefficient control charts above, it can be said that the regression intercept and
temperature coefficients, Boand B2 are within statistical control and their effects on the response are
within a tolerance that could be considered as “natural process variation.” However Figure 72 indicates
that the variation in the dynamic pressure regression coefficient is out of statistical control due to the
downward trend from test 34 to test 38. This would indicate a problem associated with dynamic
pressure. The ability to identify this potential problem and associate it with a specific factor represents
a marked improvement in understanding, using the new DOE/SPC hybrid methodology versus the
standard SPC approach. Although the standard SPC control charts may not indicate any problems as far
as statistical control is concerned, the regression model charts can identify underlying undesirable

variances in components which make up the overall tunnel calibration coefficient.

5.4.4 Comparison of SPC and REML Standard Deviation Estimates

For a balanced, nested design it can be shown that REML estimates of standard deviation will equal the

estimates based on the analysis of variance approach shown below?!
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(55)

(56)

(57)

~ MSyr - MSy¢

owr = - .
~ MSpr -MSyr

Opr = —bn

Where there are a levels of treatment A (Tests), b levels of treatment B (Groups) nested within A (Test)

and n replicates. For unbalanced designs, REML follows the same principle, but the degree of freedom

allocation is altered. The comparison of the REML and SPC estimates of standard deviation are given in

Table 19 through Table 21.

q = 444Pa REML Estimates
Gar 0.0001283
owr 0.0003785
Owe 0.0002097
or 0.0004513

SPC Estimates
0.0001036
0.0004867
0.0001783
0.0005286

Percent Difference
19.2%
28.6%
15.0%
17.1%

Table 19 Standard Deviation Estimates Comparison q=444 Pa

q = 750Pa REML Estimates
Gar 0.0002557
Gwr 0.0003302
Bwe 0.0002586
or 0.0004913

SPC Estimates
0.0002126
0.0003744
0.0002623
0.0005041

Percent Difference
16.9%

13.4%

1.4%

2.6%

Table 20 Standard Deviation Estimates Comparison q=750 Pa
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q = 980Pa REML Estimates SPC Estimates Percent Difference
Gar 0.0002972 0.0001238 58.4%
owr 0.0003757 0.0004422 17.7%
Owe 0.0002546 0.0002273 10.7%
or 0.0005425 0.0005124 5.5%

Table 21 Standard Deviation Estimates Comparison q=980 Pa

The expected dependency of the standard deviation of the tunnel calibration coefficient on the
timeframe in which it was obtained was not experienced. For example it would be expected that the
variance levels at the across-test level would be higher than those at the within-test level due to the
timeframes associated with each level. The deviation from this expectation is due primarily to the effect
of temperature on the calibration coefficient and that the ODU LSWT is an atmospheric tunnel with no
temperature control. Within each test, temperature variations (increasing temperatures) drove the

overall variation as shown in Figure 74 where the temperature is given in degrees Celsius.
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Figure 74 Tunnel Calibration Coefficient Scatter Plot

www.manaraa.com



107

While the difference between the SPC and REML estimates differed at each level of variation, (across-

test, within-test and within-group) the overall standard deviation estimates were in much better

agreement.
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6 AIRFRAME TESTING

This chapter will detail the research conducted for the airframe testing portion of the check standard
testing. Standard statistical process control methodology, its applications and its enhancements by

Design of Experiments methodology will be explored.

6.1 Introduction

The airframe portion of the check standard testing consisted of 20 tests and took place over 20
consecutive days during July and August 2015. As was the case for the tunnel conditions testing,
establishing a baseline for the SPC charting required 15 to 20 tests in which the data were in statistical

control or reasonably close to statistical control.

qHTC
q444 Pa q750 Ba q 980 Pa
o=6" a=6°
o=2" =27
@@ a-0 e ©® a-=0 — @ a=0°
a=-2" a=-29
$=0 ¢ =180 $=0 $ =180 ¢ =180
¢ =-90 $=90 ¢ =-90 ¢ =90 =90

Figure 75 Airframe Test Design

One of the project objectives related to the airframe testing portion of this research was to recreate the
standard SPC charts while combining the two methodologies of DOE and SPC. Therefore the test design
was centered in angle of attack around 2° due to the fact that the majority of available check standard
data for the aerodynamic force coefficients was at this value and the prediction variance would be
lowest in this design at the (pseudo) center point. The airframe test design is shown in Figure 75
Airframe Test Design. The roll angle, ¢ was treated as a categorical factor with two levels, upright (¢ =

0) and inverted (¢ = 180°). Roll angles of -90° and 90° (green design points) were also obtained, but
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were not included in the model build. Instead, they were used to obtain the cross flow angularity that

will be discussed in Section 6.4.2.

Again, as was the case with the tunnel conditions testing, the tunnel dynamic pressure, g was treated as
a hard-to-change factor (randomization restriction). The levels of g remained the same as the tunnel

conditions testing to maintain continuity throughout the entire check standard testing.

Each test consisted of 6 whole plots with 3 of the whole plots serving as replicates (three levels of
dynamic pressure, each repeated). The run order of the whole plots was fully randomized. At the
subplot level each design point was replicated once. An example test run schedule with added

confirmation points (dynamic pressures of 600Pa and 865Pa) but without the cross flow angularity

points is shown in Table 22 (See Table 39 for the cross flow angularity runs added).
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444
444
444
444
444
444
444
444
444
444
444
444
980
980
980
980
980
980
980
980
980
980
980
980
980
980
980
980
980
980
980
980
980
980
980
980
444
444
444
444

a ¢
Inverted
Upright
Upright
Upright
Upright
Inverted
Inverted
Upright
Inverted
Inverted
Inverted
Upright
Upright
Inverted
Inverted
Upright
Upright
Inverted
Inverted
Upright
Upright
Inverted
Upright
Inverted
Inverted
Inverted
Upright
Upright
Inverted
Upright
Inverted
Upright
Upright
Inverted
Upright
Inverted
Inverted
Upright
Inverted
Upright

Table 22 Example Airframe Test Run Schedule

Run
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

q

444
444
444
444
444
444
444
444
865
865
865
865
750
750
750
750
750
750
750
750
750
750
750
750
600
600
600
600
750
750
750
750
750
750
750
750
750
750
750
750

110

¢
Upright
Inverted
Upright
Inverted
Upright
Inverted
Inverted
Upright
Upright
Inverted
Inverted
Upright
Upright
Upright
Upright
Inverted
Upright
Inverted
Upright
Upright
Inverted
Inverted
Inverted
Inverted
Inverted
Inverted
Upright
Upright
Inverted
Upright
Inverted
Inverted
Upright
Upright
Inverted
Upright
Upright
Inverted
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The statistical power of the executed design is presented in Table 23 at a 5 % level of significance to
detect signal-to-noise ratios of two standard deviations. The variance inflation factors (VIF's) show

nearly no correlation in the model terms. Degrees of freedom for error estimation are presented.

Term  StdErr Error DoF VIF Power
q 0.520416 5 1.006702 345%
@ 0.144578 58 1.003328 99.9%
¢ 0118047 58 1.003328 99.9%

qa  0.176187 58 1.003328 99.9%
q9 0.143856 58 1.003328 99.9%
a¢  0.144338 58 1 99.9 %
q* 0.922959 5 1.006702 14.4%

g 0.25 58 1 97.6 %

Table 23 Statistical Evaluation of Test Design

As the case in all restricted randomization designs, the statistical power for the HTC factors is heavily
dependent on the number of whole plot replicates. The effect of increasing the whole plot replication

on the statistical power is shown below.

Term 9 WP's 12 WP's 15 WP's
q 50.6 % 67.8% 79.6 %
q2 20.2 % 27.8% 351 %

Table 24 Power to Estimate Dynamic Pressure Terms - Whole Plot Replication Statistics

It is seen that increasing the whole plot replication increases the statistical power for the hard to change
factor. However, even in cases with relatively high levels of replication the statistical power still remains
low compared to the sub plot factors. Thus, the balance of resources available and desired level of
statistical power is one of the main factors that needs to be considered when developing the split-plot

test.

Multiple designs were explored before deciding to run the split-plot face centered design. Of those
candidate designs, several optimal designs were the most seriously considered. Computer generated
optimal designs are one of the most commonly employed methodologies to develop test matrices which

satisfy specific requirements. The general premise of optimal designs are to locate the design points
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throughout the design space to satisfy a certain optimum criteria such as minimum prediction variance
or higher precision estimates of model terms. Table 25 gives some common optimal designs and the

design parameters which are optimized.°

Optimal Designs

Name Focus Parameters
D Regression Coefficients Min |(X'X) 72|
A Regression Coefficients Min tr(X'X)~?!
v Prediction Variance Min(xo(X'X) " 1xg)

| Integrated Prediction Variance Min trf(X’V‘lX)_lf(x)f’(x)dx

Table 25 Common Optimal Designs

It may be beneficial to utilize an optimal design such as the D-Optimal design when performing the
check standard testing outlined in this research. The D-Optimal design would minimize the model
dependent variation in the regression coefficients. This would be especially useful when tracking the
regression coefficients in control charts. The use of a D-Optimal design was explored for this research
however, the benefit of a decrease in model dependent variation in regression coefficients (an increase
in Scaled D-Optimality) was negligible in comparison to the standard split-plot FCD design. The
statistical evaluation of I-Optimal, D-Optimal and the base split-plot FCD are shown in Table 26. Each of

the designs were allocated the same number of whole plots and total runs for comparison purposes.

Design Power Power Average Prediction Max Scaled D- G-
q> q> Variance VIF Optimality  Efficiency
Split-Plot FCD 35% 144 % 1.224 1.007 4.317 18.9%
I-Optimal SPD 200% 12.8% 1.209 1.054 4.900 10.0%
D-OptimalSPD 313% 9.7% 1.324 1.034 4.157 10.9%

Table 26 Comparison of Statistical Evaluation of Candidate Designs

From investigation of the comparison of candidate designs, it is seen that the I-Optimal SPD design has
the lowest average prediction variance and lowest G-Efficiency. G-Efficiency is a metric for the average

prediction variance as a percentage of the maximum prediction variance.® The FCD has the highest G-
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efficiency. All the designs have low correlation of regression terms as seen in the VIF’'s. The D-Optimal
design has the lowest Scaled D-Optimality but relatively high average prediction variance. It should be
noted that when any optimal computer generated design is formulated, it is not guaranteed that the
design is the “best” based on the desired criteria. The algorithms that generate the designs only can
guarantee that the design generated is the best of the candidate points evaluated and there is a random
error associated with design generation. Therefore, it is necessary to run the computer generated

design algorithms multiple times and then choose the best of the multiple designs created.

For the factors studied and anticipated model build in this research, it was sufficient to use the base
split-plot FCD design. However, in a scenario which a more complex model build and or factors of
interest are incorporated into a wind tunnel check standard test, there may be more benefit to using
computer generated optimal designs. In addition, for split-plot designs, it could be beneficial from the
analysis perspective to run a test that is an ordinary least squares (OLS) equivalent. This allows the
regression analysis to be completed utilizing the same methodology for completely randomized designs.

For more information on OLS equivalent designs, the reader is referred to references by Parker et al.>% !

6.2 Standard SPC Charting

This section will detail the standard statistical process control charting of the balance force coefficients
from the airframe portion of the check standard testing. For the background and methodology of the
SPC charting see section 5.2. The test design consists of 18 individual points with each point
representing a specific tunnel condition and model attitude (See Figure 75). This allows the tracking and
charting of each one of these conditions consistent with the current practice. The degree of freedom

allocation for the SPC charts is detailed in Table 27 and the SPC factor values are shown in Table 28.

Degree of Freedom Allocation

Chart n
Test Control 2
Test Moving Range Control 2
Within-group Range Control 2
Within-test Range Control 4

Table 27 Degree of Freedom Allocation for SPC Charts
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SPC Factor Values

Chart Coefficient Value
Test Control dy 0.954
Test Moving Range Control Dg 3.865
Within-group Range Control Dg 3.865
Within-test Range Control Dg 2.375

Table 28 SPC Factor Values

Only the standard SPC charts at @ = 2° are presented here as these charts are the most directly
relatable to the check standard airframe data available. The across-test control charts will be presented

first.

6.2.1 Across-test Control Charts

The across-test range control charts will be presented in this section. The limits on these charts are
given by Equations 58 and 59 below which read the upper or lower control limit is equal to the median
of the test averages plus or minus three times the median of the moving range of the test averages

divided by the statistical process control factor, d,. The value of d, is given in Table 28 above.

- 3mR
UCL= X + (58)
dy
-~ 3mR
LCL=X — (59)
d,
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6.2.1.1 Normal Force Coefficient Standard SPC Control Charts
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Figure 76 Across-test Control Chart Cy a=2° ¢p=0° g=444Pa
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Figure 77 Across-test Control Chart Cy a=2° ¢=0° g=750Pa
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Figure 78 Across-test Control Chart Cy a=2° ¢p=0° q=980Pa
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Figure 79 Across-test Control Chart Cy a=2° ¢p=180° q=444Pa
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Figure 81 Across-test Control Chart Cy a=2° ¢p=180° q=980Pa
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6.2.1.2 Axial Force Coefficient Standard SPC Control Charts

The results for the axial force and pitching moment coefficients will be presented for the upright roll

condition (¢ = 0°) only.

C, 0=2° ¢$=0° q=444Pa
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Figure 82 Across-test Control Chart C4 a=2° ¢=0° q=444Pa
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Figure 83 Across-test Control Chart C4 a=2° ¢p=0° q=750Pa
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Figure 84 Across-test Control Chart Ca a=2° ¢p=0° q=980Pa
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6.2.1.3 Pitching Moment Coefficient Standard SPC Control Charts
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Figure 86 Across-test Control Chart Cy a=2° ¢=0° q=750Pa
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Cy 0=2° $=0° g=980Pa
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Figure 87 Across-test Control Chart Cy a=2° ¢=0° q=980Pa

6.2.2 Test Moving Range Control Charts

For brevity, test moving range, the within-test range, and within-group range control charts will be
presented only for the design space represented by ¢ = 0°, @ = 2°,q = 750Pa for each response. The
upper range limit (URL) for the test moving range charts is given by Equation 60 which reads the upper
range limit is equal to the statistical process control factor, Dg, multiplied by the median of the moving

range of the baseline test’s ranges. The value of Dy is given in Table 28.

URL = Dg xmR (60)
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Cy a=2° $=0° q=750Pa
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Figure 88 Test Moving Range Control Chart Cy a=2° ¢=0° q=750Pa
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Figure 89 Test Moving Range Control Chart Cy a=2° ¢p=0° g=750Pa
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Figure 90 Test Moving Range Control Chart Cy a=2° ¢=0° q=750Pa

6.2.3 Within-Test Range Control Charts

The within-test range control charts will be presented in this section. The upper range limit (URL) for
these charts is given by Equation 61 below which reads the upper range limit is equal to the statistical

process control factor Dg times the median of the baseline test’s ranges. The value of Dy is given in

Table 28.

URL = Dg xR (61)
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Figure 91 Within-Test Range Control Chart Cy a=2° ¢$=0° q=750Pa
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Figure 92 Within-Test Range Control Chart Cya=2° ¢=0° q=750Pa
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Cy 0=2° $=0° q=750Pa
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Figure 93 Within-Test Range Control Chart Cy a=2° ¢=0° g=750Pa

6.2.4 Within-Group Range Control Charts

The within-group range control charts will be presented in this section. The upper range limit (URL) for
these charts is given by the same equation for the within-test range control charts, Equation 61,
however the median range value now represents the median of the baseline group’s ranges. The

statistical process control factor also changes to the value given in Table 28.
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Figure 94 Within-Group Range Control Chart Cy a=2° ¢=0° q=750Pa
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Figure 95 Within-Group Range Control Chart Coa=2° ¢=0° q=750Pa

www.manharaa.com



127

Cy a=2° $=0° gq=750Pa

0.004 -
0.0035 -
0.003 -
0.0025 -
0.002 -

0.0015 —@— CM Range

Within-Group Ranges

o000 +—++—+n—+n—+7-——"-—"9HhAp—"F7"—"""""¥+Ht+Hr—V+1+V+—X "1\ =-=--- Median

----- Limits

0.0005

5 27 29 31 33 35 37 39

7 19 21 23 2
Group

1 3 5 7 9 11 13 15 1

Figure 96 Within-Group Range Control Chart Cy a=2° ¢=0° q=750Pa

6.2.5 SPC Estimates of Standard Deviation

The statistical process control methodology estimates the standard deviation of the airframe data at
three levels, across-test, within-test and within-group, which correlate to long, medium and short-term
repeatability respectively. The calculation of these estimates are identical to those completed in the

tunnel conditions testing in Section 5.4.4. However, the formulations are presented again below for

convenience.

Owe = ch/dcx (62)
~ 5 2 62WG (63)
owr = |(Rwr/ds)* — n
PN —~ 2 6\-ZWT (64)
Gar = | (IMRyr/dy)* — bn
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where n is the number of observations per group and b is the number of observations per test. The

statistical process control factor d, is a function of degrees of freedom which follows Table 29. The total

uncertainty estimate for the balance force coefficients is then given by combining each level of

variation.

~ A2 ~2 ~2
or = \/UAT + oy + Oyyg

d4 Values

Level DOF Value
Across-test 2 0.954
Within-test 4 1.588
Within-group 2 0.954

(65)

Table 29 Values of d, for use in Estimation of the Standard Deviation

For comparison purposes, the normalized estimates of variation are shown for each dynamic pressure

level and each response at the tunnel condition ¢ = 0° and & = 2°. The normalized estimate of the

standard deviation is given by the SPC estimate divided by the median of the force coefficient at that

design location.

Normalized SPC Estimates of the Standard Deviation for Cy ¢ = 0°, a = 2°
q = 750Pa

Level
Owe
Owr
Gar

or

q = 444Pa
0.02940
0.07465
0.07144
0.10743

0.018412
0.023894
0.040800
0.050741

q = 980Pa
0.0281
0.024089
0.014856
0.039878

Table 30 SPC Estimates of the Standard Deviation for Cy

Normalized SPC Estimates of the Standard Deviation for Cy ¢p = 0°, ¢ = 2°
q = 750Pa

Level
Owe
Owr
Gar

~

or

q = 444Pa
0.013624
0.024471
0.007459
0.028988

0.008441
0.014526
0.014798
0.022391

q = 980Pa
0.009222
0.012978
0.006622
0.017244

Table 31 SPC Estimates of the Standard Deviation for Cy
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Normalized SPC Estimates of the Standard Deviation for Ca ¢p = 0°, a = 2°

Level q = 444Pa q = 750Pa
Owe 0.001410 0.000908
owr 0.003341 0.001233
Oar 0.000806 0.001239
or 0.003715 0.001970

q = 980Pa

0.000905
0.001088
0.000831
0.001641

Table 32 SPC Estimates of the Standard Deviation for Ca

Due to the fact that the estimates of the standard deviation derived from the statistical process control

methodology are formulated using the medians of ranges (or moving ranges), the magnitude of the

standard deviation is not necessarily an indicator of the process control status. For example, the largest

value of the normalized SPC estimate of the standard deviation occurred at across-test level at a

dynamic pressure of 444 Pa. However, there were no points out of statistical control at that design

point. Itis as expected that the largest normalized estimate of the standard deviation occurs at this

design space location given it is the lowest total force generated as a function of the balance full scale

limits. This will be discussed further in Section 6.2.8.
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Table 33 Number of Points out of Statistical Control

From inspecting Table 33, there were no trends with respect to the number of points out of statistical

control and the independent variables (dynamic pressure, angle of attack and roll angle). From a wind

tunnel check standard perspective, this is a welcome finding. This indicates that the “controllability” of

the measurement process is not dependent on or correlated with the independent variables. Again to

reinforce this concept, the controllability does not trend with independent variables but the variance

does.

6.2.6 SPC Charting Conclusions

The following conclusions were drawn from the standard SPC charting:

e The SPC charting practice can certainly provide a valuable quality control mechanism for a wind

tunnel facility even in a relatively low degree of freedom environment.
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e For every level of the standard deviation captured by the standard SPC charts, the axial force
coefficient remained in statistical control for more tests when compared to the other two
responses studied. This could have been due in part to the fact that the axial force measured
was a larger percentage of the full scale range of the balance than the other two responses.

e The pitching moment coefficient remained in statistical control at the lowest rate of the three
responses. From the existing available data on balance coefficient check standard data in the
literature, maintaining statistical control of the pitching moment appears to be difficult.

o  While none of the responses remained in strict statistical control at all levels, from an overall
perspective the variance in all three responses would not be a cause for alarm in practical
application. For example in Figure 85, an across-test control chart for Cy, the chart indicates a
process out of statistical control however the total range of the test averages is only 0.0036.

Thus the SPC charts must be viewed with an “engineering perspective.”

From the evaluation of the statistical process control charts, it is concluded that the data set does not
deviate substantially from statistical control and the application of the proposed methodology is

feasible.

6.2.7 Comparison of SPC and REML Standard Deviation Estimates

For a balanced nested design it can be shown that REML estimates of the standard deviation will equal
the estimates based on the analysis of variance approach shown below®. This is the same formulation as

shown in the tunnel conditions testing; it is shown here again for convenience.

A MSyr - MSy¢
Oowr = n

A MSpr - MSyr
Oyt = —bn
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Where there are a levels of treatment A (Tests), b levels of treatment B (Groups) nested within A (Test)
and n replicates. For unbalanced designs, REML follows the same principle but the degree of freedom
allocation is altered. The comparison of estimates of standard deviation will be shown for the case of

¢ =0° a=2°q=750Pa.

Comparison Standard Deviation Estimates of Cy ¢ = 0° a = 2° q = 750Pa

Level REML Estimates SPC Estimates Percent Difference
owe 0.00174 0.001565 10.06%
owr  0.00232 0.002031 12.46%
Gar 0.00308 0.003468 12.60%
ot 0.00423 0.00431 1.95%

Table 34 Comparison of Estimates Standard Deviations for Cy

Comparison of Standard Deviation Estimates of Ca ¢p = 0°a = 2° q = 750Pa

Level REML Estimates SPC Estimates Percent Difference
6WG 0.00095 0.000644 32.24%
owr 0.00049 0.000632 28.96%
Gar 0.0006 0.000367 38.80%
or 0.00123 0.00097 20.53%

Table 35 Comparison of Estimates of Standard Deviations for Ca

Comparison of Standard Deviation Estimates of Cy ¢p = 0° @ = 2° q = 750Pa

Level REML Estimates SPC Estimates Percent Difference
owe | 0.00069 0.000908 31.59%
owr  0.00128 0.001233 3.67%
Gt 0.00042 0.001239 195.00%
ot 0.00151 0.00197 30.14%

Table 36 Comparison of Estimates of Standard Deviations for Cy

From inspection of Table 34, Table 35 and Table 36 above, it is seen that the estimates of standard
deviation between REML and SPC vary, and in some instances vary greatly. However the total standard

deviation estimates appear to be in better agreement than the individual levels. It is also important to
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note that displayed above is only one design point and it is expected that the estimates and difference in

the estimates of the standard deviation will change as a function of the design space location.

6.2.8 Variance Modeling

With the estimates of the standard deviation from the REML analysis it is possible to model the variance
throughout the design space. For researchers to achieve the goal of the overall reduction of variation in
the wind tunnel measurements, the variance must first be very well understood. Modeling the variance
throughout the design space is one method to visualize and better understand the variance. To model
the variance, the response studied is the natural log of the variance. This is due to the fact that the

expected distribution of the variance is chi-squared, not normal.®

Ln(o?) = f(a, ¢, 9) (66)

While it is possible to model each level of variance, that is, within-group, within-test, across test and
total, only the total variance will be modeled as it includes each level of variation. The estimates of the
force coefficients standard deviations plotted against dynamic pressure, colored by angle of attack and

symbolically noted by roll condition are given in Figure 97, Figure 98 and Figure 99.
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Figure 99 REML Estimate of the Total Axial Force Coefficient Standard Deviation

Previous research by Hemsch! encountered the same trends in the estimates of the standard deviation
of the force coefficients found in the tunnel conditions testing which is given as a log-log plot in Figure
100. Note that the dynamic pressure range in Figure 100 is given in pounds per square foot and is not a

one-to-one scaling with the data presented above 980Pa =~ 20.5psf.
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Figure 100 Estimate of the Deviation of the Normal Force Coefficient from Check Standard Testing at the Langley 14x22

The models for the natural log of the total variance for each of the force and moment responses are
given in Equations 67, 68 and 69. The equations are given in terms of coded units so that the relative
magnitude of the coefficients can be compared. It is seen that for all of the models, the dominant factor

on the variance is dynamic pressure.

In (&,?AT) = —13.07 — 0.7458q — 0.03227a — 0.1111¢ — 0.05916qa + 0.36444>

(67)
— 0.07554a? + 0.2495qa>
in (62, ) = —11.05 — 0.4998q — 0.2474a — 0.2999¢ + 0.1370a¢ + 0.3905¢> .
+0.2467a?
in (62, ) = —13.57 — 0.3253q — 0.02597a — 0.1679¢ — 0.04119qa — 0.1860q¢
T (69)

+0.04119ga + 0.1340q% — 0.01508a2 — 0.1160qag + 0.1520a%¢
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To further examine the causes of the variance in the wind tunnel measurements during the check
standard testing, the known drivers of variance should be removed or accounted for. This will allow the
researcher to identify areas within the design space that have higher levels of variance that are not
directly attributable to an independent variable. The “known” or attributable variance in the
measurements can be derived from an uncertainty propagation for a generic force coefficient, Cr and is

given by

€= (70)

where F is the applied force, g, is the freestream reference dynamic pressure and S is the reference

area. The generic moment coefficient is given by

Cy = M (71)
M goSc
where c is the reference chord. The uncertainty in the force coefficient and moment coefficient
assuming no uncertainty in reference area are given respectively by’ °?

, _(0C\* , _ aC ac ac\* 7
0f, = (ﬁ) or’ +2p F g op0g,, + (—aqoo) o, (72)
, _(9C\ ac ac ac\* 73
OCy = (m) oy’ +2p m—aqw OMO0q,, T (—aqoo) 0do (73)

Where p is the correlation coefficient between the measured force or moment and reference dynamic

pressure given by Equations 753,

cov(xy, x3,)

PO = o o
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n
1 Xq — Xy —
P(xpxz) — 1 :uxl 2 #xz (75)
n—1 Z Oy, Oy,
i=1

The correlation coefficient will differ for each force (axial, normal, pitch moment). The correlation of
axial force and dynamic pressure is shown in Figure 101. Due to the relatively low angle of attack values
in this testing, there is a very strong correlation between axial force generated and the dynamic

pressure, p = 0.992.

Axial Force vs. Dynamic Pressure

2.5

1.5 .

Axial Force (Ibs)

0.5

0 5 10 15 20 25
Dynamic Pressure (psf)

Figure 101 Correlation of Axial Force and Dynamic Pressure

From Equation 70 the partial derivative of the force coefficient with respect to the applied force,

moment and the partial derivative of the force coefficient with respect to the freestream dynamic

pressure are given respectively as

0 _ 1 (76)
OF QS
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ac, 1

= (77)
oM q.Sc

aC, —F

- - 78

09w 955 (78)
acy —-M

L 79

090 q&S 79)

Substituting Equations 76 and 78 into the uncertainty propagation in Equation 73 gives the “known” or

attributable variance.

142 1 —F —-F\?
2 _ 2 2
=(—) o2 +20—— +(=—— (80)
o (qoo5> T P s q5s 70 (qé5> Oaeo
Similarly, the formulation for the generic moment is given by

1 \2 1 -M —M\?
2 2 2
= (—) ou?+2 — + (S (81)
PCu (qooSc> om pqooSc qéSCGMU"w (qz Sc) %4eo

(00

If the estimates of the variance generated by the REML procedure are normalized by Equation 80, the
attributable variance can effectively be removed from the analysis. If there was no other variance
(other than that variance attributable to Equation 80) in the force measurements present, the resultant
variance ratio would be under one for the entire design space, which is desirable. This would indicate
that the vast majority of the variance in the force and moment coefficients was due to instrumentation;
implying that there were no other factors inflating variance. The normalized REML estimate of the total

normal force, axial force and pitching moment coefficients variances are given in Table 37.
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Design Space Location Normalized Estimates of Total Variance

q

444
444
750
750
980
980
444
444
750
750
980
980
444
444
750
750
980
980

a ¢
-2 Upright
-2 | Inverted
-2 Upright
-2 | Inverted
-2 | Upright
-2 | Inverted
2 | Upright
2  Inverted
2 | Upright
2  Inverted
2 | Upright
2  Inverted
6 Upright
6 Inverted
6 Upright
6 Inverted
6 Upright
6 Inverted
Mean

Table 37 Normalized Estimates of Total Variance

o,
0.245033
0.074912
0.132919
0.073403
0.162033
0.080526
0.239363
0.111429
0.110197
0.064814
0.167954
0.076788
0.272815
0.175901
0.172205

0.14949
0.228027

0.17654

0.150797

o,
0.016093
0.018182
0.011231
0.009947
0.016655
0.015186
0.031588
0.016835
0.014516
0.012859
0.014535
0.008832
0.023195
0.015525
0.012927
0.010945
0.014477
0.013734

0.015403

o,
0.005238
0.005875
0.004021
0.004393
0.004846
0.003711
0.006863
0.006029
0.005491
0.003467
0.004678
0.002369
0.0021
0.004021
0.001626
0.00176
0.001669
0.000843

0.003833
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While none of the values in Table 37 appear to be near unity, confidence intervals are placed on the

normalized REML estimates to ensure that statistically rigorous conclusions are drawn regarding the

areas of higher variance. Assuming that the estimates of variance derived by the uncertainty

propagation are those of the virtual population, the test statistic for statistical significance on the

normalized estimates of variance is given by an y? test in Equation 82

X5

2
0y

(n—1)S?

(82)

where 5?2 is the normalized estimate of the total variance from REML, and ag is the equivalent

normalized estimate of total variance from the uncertainty propagation which is simply unity. For

rejection of the null hypothesis that the normalized estimates of variance from REML are not statistically

greater than the normalized variances of the uncertainty propagation, )(g > ;(Zw_l
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where Xﬁ,n—1 is the chi-squared distribution,> n is the degrees of freedom, in this case 20 (for the 20
baseline tests), S? is the estimate of the standard deviation, in this case the REML estimate and a is the
significance level, in this case 0.05. After applying the statistical test in Equation 82 to the data in it
Table 37 was concluded, as expected, that the null hypothesis could not be rejected. Therefore it could
be concluded that the estimates of REML total variance were not larger than those from the uncertainty

propagation estimates.

Because the estimates of the REML total variance were normalized, the mean values could also be
compared for the different responses. To compare the normalized estimates of variance across the

responses, an F test for equal variances could be used with the test statistic:®

Fy=—= (83)

For rejection of the null hypothesis that the mean of the variance of each of the responses is equal,

Fo > Fa/an,-1n,-1 07 Fo < Fi_q/2n,-1n,-1- Where the degrees of freedom of the mean variance are
equal to the 20 tests multiplied by the 18 unique design point locations giving a total of 360. After
applying this statistical test, it is seen again as expected from inspection of the mean values in Table 37,
the mean normalized estimate of the total variance of the pitching moment was statistically lower that

the normal force and axial force coefficients.

6.3 Balance Tare Charting

It is common during the process of wind tunnel testing to monitor the balance voltage output under a
zero applied load condition. This gives researchers a method to monitor the balance health throughout
the course of the testing. Conventionally, the zeros are obtained after the tare process at a “wind off”
condition, hence yielding a value of zero nominally. It is important to note that this condition is not
unloaded strictly speaking as the balance is supporting the weight of the model (the weight of the model
is removed via the tare process). The absolute tare values better serves as a metric for monitoring
balance health. Presented in Figure 102, Figure 103 and Figure 104 are the tare values at 2.2 degrees
angle of attack and 0.5 degrees roll prior to each test. The limits on the charts are derived from the
same formulation of the across-test control charts presented previously in Equations 45 and 46. Within-

test tares were also taken for new tares but are not presented. The attitude of the model is not at zero
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degrees angle of attack and roll due to the nature of the test matrix and the need for the tare values to

“bracket” the measured value. The values obtained for the tares are also confounded with the

positioning error of the model support system.

Normal Force Balance Tare

—@— Normal Force

----- Median

Normal Force (Ib)

----- Limits

1 2 3 4 5 6 7

8 9 10 11 12 13 14 15 16 17 18 19 20
Test

Figure 102 Normal Force Balance Tare
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Axial Force Balance Tare

—@— Axial Force
----- Median

----- Limits

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Test

Figure 103 Axial Force Balance Tare

Pitch Moment Balance Tare

—@— Pitch Moment
----- Median

----- Limits

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Test

Figure 104 Pitch Moment Balance Tare
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While there appears to be a similar trend across each of the responses for the first 3 tests, it is not of the
magnitude to cause any concern in the health of the balance or overall quality of the data. Given these

charts, there can be a high level of confidence that the balance is performing as it should.

6.4 Flow Angularity

A separate response in addition to the three balance force coefficients acquired during the airframe
testing was the tunnel flow angularity. The test design allows for the calculation of both pitch flow and
cross flow angularity. It is important to note that for the testing completed and the processes outlined,
the flow angularities obtained are not strictly the aerodynamic flow angles. They are a combination of
aerodynamic flow angularity, model misalignment and other process driven factors. Both flow
angularity responses should be viewed as quality control variables that represent the actual
aerodynamic flow angularities. The flow angularity was obtained through an adaptation of the

framework developed by Hemsch3®

6.4.1 Pitch Flow Angularity

At each dynamic pressure tested, both upright (¢ = 0°) and inverted (¢ = 180°), the normal force
coefficient was fit as a function of angle of attack across the range of angle of attack tested (-2° to 6°).
Thus Equations 84 and 85 would be obtained for each level of dynamic pressure which would result in
six total equations. Due to the nature of the aerodynamics of the model tested, a second order model in

angle of attack was necessary to properly characterize the normal force coefficient.
CNUP = CNO + CNa(Z + CNaZOZZ (84)
CNINV = CNO + CNaa + CNazaz (85)

For each curve fit at a given dynamic pressure, the normal force coefficient at zero angle of attack, Cy, is

found for the upright and inverted case, CNOUP and CNOINV respectively and then averaged to

obtain C_NO Then for each level of dynamic pressure, Equations 84 and 85 are solved for the angle of

www.manaraa.com



145

attack, a* that gives the averaged zero angle of attack normal force coefficient. Finally, the pitch flow

angularity is found by Equation 86 below.
PitChFA = O'S(a;‘NV - af,p) (86)

The set of calculations for Test 9 is shown as an example in Table 38.

qPa)  Cy,p  Cngppy Ch, ayp @y Pitchgy,
444 -0.03617 -0.01245 -0.02431 0.2165 -0.2236 -0.22005
750 -0.03414 -0.01474 -0.02444 0.1718 -0.1766 -0.1742
980 -0.03261 -0.01647 -0.02454 0.14 -0.1434 -0.1417

Table 38 Test 9 Pitch Flow Angularity Calculations

Both pitch and cross flow angularity were obtained for each level of dynamic pressure for each of the
twenty airframe tests. These values were then charted using the standard SPC practice for across-test
charts where the limits are given by Equations 58 and 59. The pitch flow angularity SPC charts are given

in Figure 105, Figure 106 and Figure 107.

Pitchg, q=444Pa

0
-0.05
----------------------------------------------------- —@— Pitch Flow Angularity
B e e s e e e e e e s s s s [NV Median

Pitch Flow Angularity (Deg)

1234567891%)_2%1121314151617181920
es

Figure 105 Pitch Flow Angularity Control Chart g=444Pa
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Pitchg, q=750Pa

—@— Pitch Flow Angularity

----- Median

Limits

Pitch Flow Angularity (Deg)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Test

Figure 106 Pitch Flow Angularity Control Chart g=750Pa

Pitch;, q=980Pa

-------------------------------------------- —@— Pitch Flow Angularity
005 ——F—T——T——"T—TT"T"TT""T T T T 1T 1T ] ==—-- Median

Limits

Pitch Flow Angularity (Deg)

1 2 3 4 5 6 7891_?%(1121314151617181920
es

Figure 107 Pitch Flow Angularity Control Chart g=980Pa
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From inspecting the pitch flow angularity charts above it is seen that the pitch flow angularity response

remains in control for all levels of dynamic pressure.

6.4.2 Cross Flow Angularity

The added runs for the calculation of cross flow angularity are shown as an example from test 12’s run
schedule in Table 36. The order of the runs was fully randomized within the whole plots (levels of
dynamic pressure) and the ordering of the whole plots was randomized. At each level of dynamic
pressure three data points at each of ¢ = 90 (Right) and ¢ = —90 (Left) were gathered (green points in
Figure 75). With the added runs for the calculation of cross flow angularity, the total number of runs for

each airframe test was 120.

Run q a (0] Run q a (0]
1 980 0 Right 61 865 0 Right
5 980 0 Right 66 865 0 Left
9 980 0 Left 71 444 0 Right
12 980 0 Left 77 444 0 Right
13 980 0 Left 79 444 0 Left
14 980 0 Right 80 444 0 Right
21 600 0 Left 81 444 0 Left
24 600 0 Right 82 444 0 Left
25 980 0 Left 85 750 0 Left
26 980 0 Right 87 750 0 Left
28 980 0 Right 88 750 0 Right
31 980 0 Left 95 750 0 Left
34 980 0 Left 97 750 0 Right
42 980 0 Right 98 750 0 Right
53 750 0 Right 103 444 0 Left
54 750 0 Right 104 444 0 Right
55 750 0 Right 105 444 0 Right
56 750 0 Left 107 444 0 Left
57 750 0 Left 108 444 0 Right
59 750 0 Left 112 444 0 Left

Table 39 Example Cross Flow Angularity Run Schedule

The procedure to calculate the cross flow angularity was similar to the calculation of the pitch flow
angularity but without a separate Cyversus alpha curve. The values of normal force coefficients were

averaged at each dynamic pressure and each roll angle to give GRight and GLeft. Then, these values
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were substituted into the average of Equations 84 and 85 to give the “true” value of the Cyversus alpha
curve. Next the angle of attack that resulted in the averaged normal force coefficient was solved to give

ARignt and @p ez Finally the cross flow angularity is found by

Crosspy = O'S(Q;?ight - a;:eft) (87)

q (Pa) C_NRight C_NLeft a;ight azeft Crosspy
444 0.012659 -0.07313 0.84425 -0.74045 0.79235
600 0.012554 -0.06962 0.7722  -0.72705 0.749625
750 0.010587 -0.05334 0.6726  -0.46985 0.571225
865 0.00657 | -0.04881 0.5548  -0.42765 0.491225
980 0.009502 -0.04684 0.55585 -0.43335 0.4946

Table 40 Test 12 Cross Flow Angularity Calculations

The calculation of cross flow angularity in this method gives an estimate which does not have the same
statistical power as the pitch flow angularity due to the fact that only single points at zero degrees angle
of attack were obtained instead of building another set of Cycurves. It is possible to build separate
curves of the normal force coefficient which would give more insight into the cross flow angularity
however the increase in the number of runs per test put this method out of reach for this initial
research. To find the “true” cross flow angularities with the airframe model, four distinct pitch polars
would be necessary. As was discussed earlier in this section, both flow angularities should be treated as
quality variables with more importance placed on the variation in the values over time, not necessarily

the relation to the “true” aerodynamic flow angles.

Similar to the pitch flow angularities, the cross flow angularities are charted in the standard SPC test
control fashion. The cross flow angularity control charts are given in Figure 108, Figure 109 and Figure

110.
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Crossp, q =444Pa

©
>

0.75

0.7

0.65

0.6

0.55

Cross Flow Angularity (Deg)
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Figure 108 Cross Flow Angularity Control Chart g=444Pa

Crossg, g =750Pa

—@— Cross Flow Angularity
Median

9 10 11 12 13 14 15 16 17 18 19 20
Test

Figure 109 Cross Flow Angularity Control Chart g=750Pa
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Crossg, g =980Pa
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Figure 110 Cross Flow Angularity Control Chart g=980Pa

From inspection of the cross flow angularity charts above, the cross flow angularity could be considered
sufficiently close to statistical control such that the testing completed could serve as the baseline for

further research.

6.5 Use of DOE and Regression Modeling

This section will detail the development of the regression models for both the flow angularities and
balance force coefficients. Both the local and global regression model builds for the balance force
coefficients will be explored. The methodology and use of the prediction interval generated from the

balance force coefficients global regression models will be described.

6.5.1 Flow Angularity Regression Modeling

The goal in obtaining flow angularities at three discrete levels was to build a regression model as a

function of dynamic pressure as shown in Equations 88 and 89 below.
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Crossgs = f(q) (89)

To build the regression model for both flow angularities the data set from all twenty baseline tests was
utilized. For example, each test used three data points, one for each level of dynamic pressure, giving a
total of 60 data points. The method for building the model was a simple least squares regression as
there was only one factor involved. The results from the regression model in engineering units of

degrees and Pascals are shown below for both the pitch and cross flow angularities

Pitchg, = 0.000135q — 0.0294 (90)

Crosspy, = —0.000460q + 1.02 (91)
If the responses were treated as true aerodynamic flow angularities, both angles could now be identified
throughout the entire design space (in this case dynamic pressure range). A second benefit to the
development of a regression model for flow angularity and the initial split-plot design is the adaptability
of the methodology. Any factor of interest thought to have an effect on flow angularity could be

explored.

6.5.2 Balance Force Coefficients: Local Regression Models

A regression model was built at the local level (each test) for all three responses using the data from the
split-plot design and REML analysis, where only the statistically significant terms were used to build the
regression model. The fitted regression model for the normal force coefficient is given as Equation 92.
In each of the responses, the dynamic pressure term [8; was retained to maintain hierarchy. For all
responses, this term was either not significant or marginally significant at the 5% level of significance.
For example in test 8, for the normal force coefficient response, the dynamic pressure term was not

significant, however in test 9 the same term was marginally significant.
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Cy = Bo+ B1q + Bra+ B3¢ + Bizqa + Pria® (92)

An example output from the normal force coefficient REML analysis from Test 18 is given in Table 41. It
is seen that the dynamic pressure terms are not significant but interactions with the dynamic pressure
and other factors are. The last column in the table, labeled “p-value Prob>F” is a measure of model
term significance (based on an F-test at a significance level of 0.05), the smaller the value, the more
statistically significant. In this particular local test, some reduced cubic terms were statistically
significant. This was not the case for the majority of other local tests. As expected for the normal force
coefficient, the angle of attack term is highly significant. Investigating the ratio of variance components
of whole plot to the sub plot in Table 41 shows that the variance ratio is approximately 0.9. From the
split-plot analysis'?, if the variance ratio is less than one, the design can be analyzed as a completely
randomized design. Due to the fact that on a test-to-test basis, this variance ratio varied above and
below one, each local regression model was analyzed using REML for consistency. An advantage to the
REML analysis in JMP for split-plot designs is the ability to have confidence intervals placed on the
variance components. With so few degrees of freedom for the whole plot in this analysis, the interval
on the whole plot variance contains zero. Also note for this test, the very high R-Squared and Adjusted
R-Squared values indicating a very good model fit. A third variance component, labeled Tare in Table 41,
is the variance associated with the three different tares for this test, treated as a blocking effect. For a

model having no differences in the individual tares, this variance component should be low.
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Fixed Effects

REML Analysis for selected model

Term
Source df
Whole-plot 2
q 1
q° i
Subplot 9
a 1
()] 1
qa 1
qo 1
agp 1
a? 1
qad 1
7*a 1
q’¢ i
Variance Components
Source Variance
Tare -1.7E-08
Whole Plot 3.82E-06
Sub Plot 4.26E-06
Total 8.06E-06
-2 Log -532.726
Likelihood
R-Squared 0.999906
Adj R-Squared 0.999887

Error
df
0.998618
1.684183
3.015873
56.01674
56.04541
56.03381
56.00869
56.00869
56.0215
56.01311
56.00887
56.03389
56.02578

StdErr

3.6E-06
4.17E-06
8.06E-07

F
Value
0.859524
1.727491
1.444098
82541.96
221818.2
298.1321
247.0389
25.59761
7.0145
4961.427
6.814053
5.827838
5.332264

95% ClI

Low
-7.1E-06
-4.4E-06

3.04E-06

BIC

AIC
AlCc

p-value
Prob > F
0.6066
0.339398
0.315281
0
0
0
0
4.84E-06
0.010484
0
0.011582
0.019066
0.024645

95% Cl
High
7.04E-06
1.2E-05

6.42E-06

-468.786

-502.726
-493.999

Table 41 IMP REML Analysis for the Normal Force Coefficient from Test 18
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An advantage in displaying the model in terms of coded factors (centered and scaled) is that the

coefficients are non-dimensional and their relative magnitudes may be compared directly. From this

comparison the most influential factors on the response can be seen. Later it is shown by observing

Equation 95 (the global model), as expected, the most influential factors on the normal force coefficient
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are the angle of attack and angle of attack squared (5;and ;7). Although all significant model terms

can be charted, only the most influential model terms will be shown in the standard SPC chart format.

The o coefficient control chart shown in Figure 111 represents the intercept of the regression model.
This chart is the most directly relatable to the single point values of the traditional SPC charts currently
utilized to track the balance force coefficients as it represents the design point where all factors are at
their center (or pseudo center for the categorical roll factor) point. Therefore, the chart below could be
viewed as the normal force coefficient response at the average of the upright and inverted roll

conditions at the design point @ = 2°,q = 712Pa.

Cy B, Coefficient Control Chart

0.102

0.1 Median
0.098 Limits

0.096
o8 0.094

0.092

0.09

0.088

0.086

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Test

Figure 111 Cy £ Coefficient Control Chart
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Cy B, Coefficient Control Chart

0.2615
0.261
0.2605
0.26

N 0.2595
0.259
0.2585
0.258

0.2575

0.257

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Test

Figure 112 Cy £ Coefficient Control Chart

The above control chart for 2 is similar to a lift curve slope coefficient. The downward trend in the
chart suggests a problem associated with setting or measuring angle of attack. The process of tracking
the regression model coefficients proves its value with the above figure. The individual point value
statistical process control charts may indicate that the normal force coefficients are in statistical control,
but by charting the regression model coefficients, the components of the overall value can be
scrutinized. For example, Equation 92 can be viewed as a summation of the contributions to the overall
normal force coefficient from the individual factors (or interaction of factors). Therefore, it is possible
that the overall variation in Cy may be relatively constant but the underlying contributions of individual
factors may be varying greatly. Understanding the variation in the contributing factors of the overall
force coefficient values will allow for a better understanding of the variation of the force coefficient

itself.

The (3 coefficient control chart shown in Figure 113 could be viewed as a quality control variable related
to tunnel pitch flow angularity. This chart shows the effect of the roll position of the model
(Upright/Inverted) on the overall normal force coefficient. The magnitude of this regression model

coefficient directly relates to the magnitude of the overall flow angularity.
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Cy B; Coefficient Control Chart
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Figure 113 Cy £ Coefficient Control Chart

The control chart in Figure 114 tracks the angle of attack squared coefficient which is most probably
attributed to the wing leading edge delta-like sweep. Tracking the value is important due to the

influence of the term on the overall response.
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Cy B, Coefficient Control Chart
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Figure 114 Cy f411 Coefficient Control Chart

The next three figures will show the regression coefficient charts associated with the axial force
coefficient response. The axial force coefficient was previously defined in Equation 7 in Chapter 2 as the

normal force divided by the reference area multiplied by the dynamic pressure.
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C, B, Coefficient Control Chart
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Figure 115 C, 5 Coefficient Control Chart

C, B, Coefficient Control Chart
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Figure 116 C, f> Coefficient Control Chart
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C, B, Coefficient Control Chart
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Figure 117 C f11 Coefficient Control Chart

The next three figures will detail the regression coefficient charts associated with the pitching moment

coefficient response. The pitching moment coefficient was previously defined in Equation 7 in Chapter

2.
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Cy B, Coefficient Control Chart
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Figure 118 Cy f, Coefficient Control Chart

As was seen in the individual control charts, the pitching moment coefficient was least likely to remain

in statistical control which is again reinforced by Figure 118.

Cy B, Coefficient Control Chart
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Figure 119 Cy /5, Coefficient Control Chart
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In Figure 119, the downward trend again points to a problem associated with setting or measuring angle

of attack. In Figure 120 it is seen that the roll effect is in control.

Cy B Coefficient Control Chart
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
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Figure 120 Cy /5 Coefficient Control Chart

6.5.3 Validation of Local Test Regression Models

In applying design of experiments methodology to test data, the researcher must validate the models by
investigating multiple diagnostic criteria. One of the diagnostics investigated is the ability of the model
to predict the confirmation points. For this, testing confirmation points were taken during each test
however the number and location of the points varied within the design space. To evaluate each of the
local regression models a metric was developed based on a normalized residual. The normal force

coefficient normalized root mean square error for confirmation points is given as

] 2
Sy(x))

Where ¢; is the residual (measured minus predicted) of the it confirmation point and SH(x); is the

CNgumsec = (93)

standard error of the prediction of the i" confirmation point given by*
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Sy = (VMSE )\ xo' (X' X)1x, (94)

Where MSE is the mean square error of the regression, x; is the vector in coded units representing the
location of the it confirmation point within the design space and X is the model matrix (See Table 49 in
Section 6.5.4.1 for an example). Normalizing the residuals in this manner allows the comparison of the
predictive ability of all the local tests to each other regardless if the confirmation points are identical.
The normal force coefficient normalized root mean square error for confirmation points is shown for

each of the 20 tests in Figure 121.

Cy Normalized RMSEC

----- Median
----- 3-Std Err

Normalized RMSEC

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Test

Figure 121 Normal Force Root Mean Square Error Confirmation Points

The limiting value in Figure 121 is three times the normalized standard error, which is simply three.
From the DOE practitioners perspective, if the predictive ability of the model is not good, i.e. does not
pass the diagnostics of the confirmation point test, other models or characterizations would need to be
explored. From inspection of Figure 121, it is seen that the regression model built from the data in Test
7 did not predict the confirmation points well and would not be a suitable model to use in building the
global regression model. From the DOE practitioner’s perspective, this test should not be used in the

global regression model build. However, omitting Test 7 does not significantly alter the resulting model
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(See Section 6.5.4). For the predicted value of the normal force coefficient from the global regression
model at the center of the design space, only a 0.07% difference was observed from omitting Test 7.

Therefore, Test 7 was not omitted from the global regression model build.

Another diagnostic tool utilized to validate the local regression model built is the evaluation of residuals
(of data points used to build the model unlike the discussion above of confirmation points which are not
used to build the model). There should not be any trends in the residuals versus time, factors, or
predicted values and they should be reasonably* normally distributed. Examples of these diagnostic
tests form the regression model for the normal force coefficient from Test 18 are shown in Figure 122
through Figure 126. By inspecting each of these figures, no significant departures from normality, or
trends in residuals were observed. There are some slight trends with the residuals in the dynamic
pressure and angle of attack plots (Figure 122 and Figure 123) which allowed the variance models to be
built in Section 6.2.8. However these trends are not significant enough to prevent the regression
analysis from being modified. It is also seen there was a single “outlier”, a data pointat a = 2°,q =
712Pa. There are procedures to statistically determine whether or not a point can be classified as an
outlier and can be rejected from the data set.>* However, this point was only marginally outside of the

three sigma limits and was retained in the data set.

* DOE methodology is robust to small departures from normality
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Normal Plot of Residuals
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Figure 124 Test 18 Normal Force Coefficient Regression Model Normal Plot of Residuals
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Figure 126 Test 18 Normal Force Coefficient Regression Model Residuals vs Predicted

6.5.4 Balance Force Coefficients: Global Regression Model

At the completion of the 20 baseline tests, a global regression model was built to serve as the baseline
check standard model for the entire design space. Three different model analysis techniques were
explored to build the global model. First a composite global model was built by using the medians from
each of the individual regression coefficient control charts as the coefficients for the global model
(coded units). The individual regression coefficients from each test for the normal force coefficient are

shown along with their respective medians in Table 42.
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Test Bo B1 B> B3 B12 B13 B2s3 B11

1 0.09400 0.00447 0.26014 0.01064 0.00509 -0.00303 0.00186 0.03793
2 0.09777 | 0.00282 0.26117 0.00963 | 0.00426 -0.00132 0.00218 0.03639
3 0.09823 0.00034 0.26053  0.00987 0.00488 -0.00175 0.00150 0.03555
4 0.09564 | 0.00362 0.26053  0.01125 0.00553 -0.00209 0.00089 0.03616
5 0.09669 0.00359 0.25977 0.01246 0.00454 -0.00223 0.03561
6 0.09381 0.00357 0.25983 0.01021 0.00544 -0.00102 @ 0.00095 0.03746
7 0.09527 0.00357 0.25955 0.01038 0.00590 -0.00149 0.00069 0.03751
8 0.09391 @ 0.00289 0.25972 0.00674 | 0.00569 -0.00142 -0.00086 | 0.03782
9 0.09588 0.00292 0.25937 0.00966 @ 0.00607 -0.00190 0.00020 0.03751
10 0.09184 | 0.00612 0.25883  0.01329 0.00514 -0.00258 -0.00063 0.03656
11 0.09613 0.00240 0.25736  0.00630 0.00545 -0.00002 -0.00036 0.03710
12 0.09125 0.00871 0.25869  0.01075 | 0.00551 -0.00325 0.03750
13 0.09339 0.00587 0.25863 0.01484 0.00543 -0.00195 0.00191 0.03713
14 0.09334 0.00342 0.25913 0.01595 0.00569 -0.00150 0.00211 0.03577
15 0.09472 0.00177 0.25921 0.01255 0.00668 0.03712
16 0.09289 0.00341 0.25864  0.01548 0.00649 0.03608
17 0.09694 0.00645 0.25731 0.01032 0.00533 -0.00164 0.00121 0.03690
18 0.09740 0.00134 0.25914 0.00766 @ 0.00574 -0.00151 -0.00080 @ 0.03653
19 0.09070 0.00611 0.25996 0.01064 0.00543 -0.00178 0.00022 0.03801

20 0.09343  0.00471 0.25900 @ 0.00699 @ 0.00612 -0.00148 0.00000 0.03746
Medians 0.09436 0.00357 0.25929 0.01051 0.00548 -0.00169 0.00079 0.03711

Table 42 Normal Force Coefficient Regression Local Coefficients

In this technique, the model built directly uses the medians of the regression coefficients. Note as
previously discussed some of the higher order terms were marginally significant in the local tests. Only
regression coefficients that were significant in 75% or 15 out of 20 local tests were used for this model.
The resultant model for the normal force coefficient in terms of coded factors is given in Equation 95.
Of the three techniques explored, this technique to assemble the global model is the simplest

analytically.

Cy = 0.09436 + 0.00357q + 0.2593a + 0.01051¢ + 0.00548ga — 0.001695q¢

(95)
+0.0007872a¢ + 0.03711a?

Following the same procedure gives the global regression models for the axial force coefficient and the

pitching moment coefficient in Equations 96 and 97 respectively.
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Cy = 0.04584 + 0.0005074g + 0.08057a + 0.002502¢ + 0.0008750qa (96)
—0.0006420g¢ — 0.0009021a¢ + 0.0003054a>
C4, = 0.2807 + 0.0002803qg — 0.01021a — 0.001358¢ — 0.0003701qga — 0.002311a¢ (©7)
97
—0.01068a?
The second technique to build the global regression model was to use all of the baseline test data (1440
data points, 72 per test times 20 tests) and follow the same split-plot REML analysis that was done on

|”

the local level. This option is the most relatable to “conventional” DOE methodology. This technique is

the most direct in the analysis and gives the following global regression models:

Cy = 0.09491 + 0.00355¢ + 0.2595a + 0.01090¢ + 0.00554qa — 0.001702g¢

(98)
+ 0.0006808a¢ + 0.03686a2 + 0.001001a?¢
Cy = 0.04582 + 0.0003780q + 0.08052a + 0.002530¢ + 0.0008920q« (9)
99
—0.0006426g¢ — 0.0009054a¢ + 0.0002885a2 — 0.0003679a%¢
C, = 0.2802 + 0.0005907g — 0.01021a — 0.001264¢ — 0.0002755qa + 0.000083g¢ )
100

—0.002379a¢ — 0.01064a? — 0.0001413a2¢

In each of the three global models, the mixed cubic term, a?¢ was significant. This term was significant
at the local level for some of the tests for each of the responses but it did not meet the threshold of

inclusion into the first technique’s model of being significant for 15 out of the 20 tests.

The third technique explored to build the global model is to use the baseline test medians as data points
(18 unique data points per test, giving 18 medians, totaling 360 data points) and follow the same split-
plot REML analysis that was done at the local level. Using the medians of the test values gives the
analysis robustness against outliers in the data set similar to the method of establishing the bounds on

the traditional SPC charts. This model technique gives the following regression models:
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Cy = 0.09442 + 0.004072q + 0.2591a + 0.01086¢ + 0.005573ga — 0.001667q¢

(101)
+0.0006792a¢ + 0.03688a2 + 0.001020a%¢
Cy = 0.04580 + 0.0005359¢ + 0.08053a + 0.002485¢ + 0.0008706qc (102)
102
— 0.0006338g¢ — 0.0009005a¢ + 0.0002696a% — 0.0003445a2¢
C, = 0.2802 + 0.0006020g — 0.01019a — 0.001348¢ — 0.0002929ga + 0.0001040g¢ (103)
103

—0.002369a¢ — 0.01064a? — 0.0004273a2¢

A comparison of the most significant regression coefficients (angle of attack and intercept) for the three
techniques is shown in Table 43 and Table 44. For clarity, Technique 1 is the analysis using the medians
of the regression coefficients, Technique 2 is the analysis using the full data set and Technique 3 is the

analysis using the medians of the test data points.

Regression Intercept Comparison

Technique 1 2 3
Cy 0.09436 @ 0.09491 0.09442
Cu 0.04584 0.04582 0.04580
Cy 0.2807 0.2802 0.2802

Table 43 Comparison of Model Building Technique’s Regression Intercepts

Regression Angle of Attack Coefficient Comparison

Technique 1 2 3
Cy 0.2593 0.2595 0.2591
Cy 0.08057 0.08052 0.08053
Cy —0.01021 —-0.01021 —0.01019

Table 44 Comparison of Model Building Technique’s Angle of Attack Regression Coefficient

It is seen that there is very little difference between the estimates of coefficients between the three
techniques. To statistically compare the regression coefficients, a confidence interval can be placed on

them by
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B\] — ta/Z,n—p ’626” < ﬁ < B} + ta/Z,n—p ’62611 (104)

where £ is the “true” value of the regression coefficient, [3} is the estimate of the j*regression
coefficient (for example the values in Table 43 and Table 44) and Cj; is thejjth element of the (X'X)!
matrix (X is the model matrix, see section 6.5.4.1) and 62 is the estimate of variance given by the
regression MSE. After applying the statistical test in Equation 106, it was seen that for each of the highly
significant model terms in Table 44 are not statistically different. It should be noted that for some of the

less significant model terms, there were statistical differences.

6.5.4.1 Prediction Interval Development

Once each of the global regression models were established for each of the responses, a prediction
interval was developed to allow for the regression models to serve as the check standard baseline
model. The prediction interval allows future testing using confirmation points for the established global
model. The prediction interval is defined as a bound on a future individual observation and is based on
Equation 105°. It should be noted that the prediction interval is for a single test average which must be
consistent with the baseline test’s degrees of freedom per data point. For example, during the baseline
tests each data point was obtained four times, therefore the prediction interval is valid for an average of
four samples. The primary advantage to this approach is that the future tests need not be in the same

region of the design space as there is now a continuous global model covering the design space.

y(xo) — ta/Z,n—p\la-z(l +x0' (X' X)71xg) <y <P(xo) +
(105)

ta/Z,n—p\/62(1 + xOI(X,X)_le)

In Equation 105, X is the model matrix, 2 is the mean square error (MSE), x,, is the design space vector
representing one point within the design space (eg. the confirmation point), n is the number of unique
design point locations, p is the number of model terms, a is the significance level and J is the regression
model predicted value. A benefit to this approach of generating the prediction interval is that
statistically, the number of degrees of freedom necessary to construct the interval are independent of

the number of baseline tests. As long as the number of unique design points (n) exceeds the number of
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model terms (p), the interval expression is valid. However, the mean square error (MSE) will be
dependent on the number of baseline tests completed. A comparison of the three techniques’
predicted values and confirmation points is given in Table 45 and Table 46. Because each of these
confirmation points was only obtained once, an average value was obtained from four baseline tests to
maintain continuity with the degrees of freedom of the global models. Therefore in Table 45, the
measured values are an average of the confirmation points obtained in tests 10-13. Similarly, for Table

46, the measured values are an average of the confirmation points obtained in tests 14-17.

| Technique 1 2 3 1 2 3
q « () Measured Predicted Residual
865 1 Upright 0.0276 0.0238 0.0237 = 0.0237  0.0039 @ 0.0040 0.0040
865 -1 Upright -0.0851 -0.0885 -0.0890 -0.0892 0.0034 0.0039 0.0041
865 1 Inverted 0.0478 0.0425 0.0432 @ 0.0433  0.0054 0.0046 0.0046
865 -1 Inverted -0.0634 -0.0706 -0.0693 -0.0692 0.0071 0.0059 0.0058
600 1 Upright 0.0229 0.0199 0.0198 @ 0.0198 0.0030  0.0031 0.0031
600 -1 Upright -0.0875 ' -0.0896 -0.0907 -0.0907 0.0021 0.0032 0.0033
600 1 Inverted 0.0463 @ 0.0420 0.0429 0.0423 0.0043 0.0034 0.0040
600 -1 Inverted -0.0642 -0.0684 -0.0671 -0.0675 0.0042 0.0029 0.0033

Table 45 Comparison of Model Predicted Values of Confirmation Points 10-13

| Technique 1 2 3 1 2 3

q « ()] Measured Predicted Residual

865 1 Upright 0.0254 0.0238 0.0237 0.0237 0.0017 0.0018 0.0018
865 -1 Upright -0.0864 -0.0885 -0.0890 -0.0892 0.0021 0.0026 0.0028
865 1 Inverted 0.0502 0.0425 0.0432 0.0433 0.0078 0.0070 0.0070
865 -1 Inverted -0.0620 -0.0706 -0.0693 -0.0692 0.0086 0.0074 0.0073
600 1 Upright 0.0217 0.0199 0.0198 0.0198 0.0018 0.0019 0.0019
600 -1 Upright -0.0883 -0.0896 -0.0907 -0.0907 0.0014 0.0024 0.0025
600 1 Inverted 0.0488 0.0420 0.0429 0.0423 0.0069 0.0060 0.0066
600 -1 Inverted -0.0596 -0.0684 -0.0671 -0.0675 0.0088 0.0076 0.0079

Table 46 Comparison of Model Predicted Values of Confirmation Points from Tests 14-17

In Table 47, the prediction intervals for each of the model techniques along with the status (In/Out) of
the confirmation points from tests 10-13 are given. Similar data are given in Table 48 for the

confirmation points from tests 14-17.
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q
865

865
865
865
600
600
600
600

q
865
865
865
865
600
600
600
600

Technique
a () Pi low
1 Upright @ 0.0195
-1 Upright @ -0.0928
1 Inverted 0.0382
-1 Inverted -0.0749
1 Upright @ 0.0156
-1 Upright  -0.0939
1 Inverted 0.0377
-1 Inverted -0.0727
Table 47 Prediction
Technique
a (0] Pi low
1 Upright = 0.0195
-1 Upright @ -0.0928
1 Inverted 0.0382
-1 Inverted -0.0749
1 Upright @ 0.0156
-1 Upright | -0.0939
1 Inverted @ 0.0377
-1 Inverted -0.0727

1
Pi high
0.0281
-0.0842
0.0468
-0.0663
0.0242
-0.0853
0.0463
-0.0641

Interval Comparison for Confirmation Points from Tests 10-13

1
Pi high
0.0281
-0.0842
0.0468
-0.0663
0.0242
-0.0853
0.0463
-0.0641

IN?
Y
Y
N
N
Y
Y
N

Y

IN?

Y
Y
N
N
Y
Y
N

N

Pi low
0.0155
-0.0972
0.0350
-0.0775
0.0116
-0.0989
0.0346
-0.0754

Pi low
0.0155
-0.0972
0.0350
-0.0775
0.0116
-0.0989
0.0346
-0.0754

2
Pi high
0.0319
-0.0808
0.0514
-0.0612
0.0280
-0.0824
0.0511
-0.0589

2

Pi high
0.0319
-0.0808
0.0514
-0.0612
0.0280
-0.0824
0.0511
-0.0589

IN?
Y
Y
Y
Y
Y
Y
Y
Y
IN?
Y
Y
Y
Y
Y
Y
Y

Y

Pi low
0.0104
-0.1025
0.0300
-0.0825
0.0061
-0.1040
0.0290
-0.0808

Pi low
0.0104
-0.1025
0.0300
-0.0825
0.0061
-0.1040
0.0290
-0.0808

Pi high
0.0369
-0.0759
0.0565
-0.0560
0.0326
-0.0775
0.0555
-0.0542

3
Pi high
0.0369
-0.0759
0.0565
-0.0560
0.0326
-0.0775
0.0555
-0.0542

Table 48 Prediction Interval Comparison for Confirmation Points from Tests test 14-17
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From inspection, it is seen that the first model technique, building the global model from the medians of

the test regression coefficients performs very poorly when predicting the confirmation points. In

contrast the second and third techniques to build the global regression model perform very well in the

prediction of confirmation points. Although this is the case, the width of the prediction intervals for

each of the techniques should be explored. From inspection of Table 48, is it seen that on average the

first technique produces the smallest prediction interval and third technique produces the widest

prediction interval.

The graph in Figure 127 shows the example prediction intervals from all three techniques superimposed

over a control chart at that design location to give a visualization of how the global regression model’s

prediction interval compares with the SPC derived limits. Similar charts are shown for the coefficient of
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axial force and pitching moment coefficient in Figure 128 and Figure 129. An example of the variables

used in Equation 105 to generate the charts are given in Table 49 for the third technique of assembling

the global model.

Desired Point Parameters
a 2° X  Model Matrix
¢ Upright &2  1.34E-05
q  750Pa n 18
P 9
a 0.003
Xo 1, x1, x5, X3, 1%, XX, X2X3, X5, X3 x3]

=[1, 0.14,0, — 1,0, —0.14, 0, 0,0, ]

Table 49 Global Prediction Interval Sample Calculation
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Figure 127 Global Prediction Interval Sample Graph for Cy
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Figure 128 Global Prediction Interval Sample Graph for Cy
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Figure 129 Global Prediction Interval Sample Graph for Ca
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From inspection of the global prediction interval sample graphs it is seen that the limits on the predicted
values are in fair agreement with the SPC derived chart limits. Although each of the three techniques to
build the global models only varied slightly in the predicted values, there was much more variation in
the prediction intervals. The second and third model techniques are in better agreement with the SPC
limits than the first technique. This is most likely do to the choice of MSE for the first technique. The
MSE was chosen as the median of the baseline tests’” MSE which was significantly less than the other
two models. Also, for the second and third model building techniques, all of the baseline test averages
were within the prediction interval. While each of the models were fair agreement, the most
statistically robust technique to assemble the global regression model is the third option, using the
medians of the individual test values. This method allows for the integration of the SPC and DOE
methodology, taking advantage of the benefits of each. The choice of medians instead of means of the
tests baseline data is keeping within the current SPC practices and allows for the robustness against
outliners. The regression diagnostics will be completed using, the third technique the global regression

model assembled using the medians of the individual test values.

6.5.4.2 Global Regression Model Diagnostics

The same evaluation of the local regression models will be utilized to evaluate the validity of the global
regression models. The same basic diagnostic tests are applicable, normal distribution of residuals, no
trends of residuals with factors, time or prediction. Again as was the case with the local regression
model example, there are some slight trends with the residuals in the dynamic pressure and angle of
attack plots which allowed the variance models to be built in Section 6.2.8. However these trends are
not significant enough to prevent the regression analysis from being modified. The analysis of the
validity of the axial force and pitching moment coefficients was also completed (not shown) and no

trends in residuals or any other diagnostic tests significantly deviated from the assumptions.
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Similar diagnostic procedures were completed for the evaluation of the axial force and pitching moment
coefficients global regression models and no substantial deviations from normality or trends with

factors, time or prediction were encountered.

6.5.5 Error Detection

To further evaluate the methodology of tracking the regression model coefficients in addition to the
traditional statistical process control charts, a simulated error was injected into the data set. The
thought process behind this exercise was to investigate the ability of the regression model charts to
identify possible problems in the data set that would not be identifiable in the traditional SPC charting
methodology. The injected error was represented by a simulated angle of attack offset (bias). This
would be encountered in tunnel testing if the reference angle of attack was incorrectly measured or

recorded.

For the demonstration of the injected error, the normal force coefficient response was studied, as it is
most sensitive to changes in angle of attack. Test 9 was utilized for this exercise due to the fact that
both the test average and the regression coefficient associated with angle of attack, 5, were near the
median values of all 20 tests. First the difference in normal force coefficient due to an injected angle of
attack offset, Cy, , (Equation 106) was found by evaluating the established global regression model
(Equation 95) for a condition of ¢ = 750Pa, a = 2°, ¢ = 0° and angle of attack offsets, Aa =
—0.1,—-0.05,0.05,0.1. The results are shown superimposed on the across-test control chart for the
normal force coefficient of Test 9 in Figure 136. From inspection, it is seen that the injection of the
angle of attack offset in the standard SPC control charts would not indicate a process that is out of

statistical control.

Chpe = Cn(q,a + Da, §) (106)
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Figure 136 SPC Chart with Injected Angle of Attack Offset

To determine the new regression coefficient 8, for Test 9 due to the injected angle of attack offset, the
entire (local) regression model was rebuilt in the form of Equation 92. The model was built using the
actual recorded response for normal force coefficient, but with the new angle of attack due to the
injection of the bias. The same procedure was followed as was used to originally build the model (FCD
split-plot, REML). The new regression coefficient, 3, is shown superimposed over the regression control

chart for all 20 Tests in Figure 137.
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Figure 137 Regression Coefficient Control Chart with Injected Angle of attack Offset

From inspection it is seen that the injected angle of attack bias into the regression coefficient control
charts presents a much greater relative change in 8, verses the standard control chart for Cy. In Table
50 the normalized residual calculated for each of the charts is presented to compare the relative

sensitivities. For the regression coefficient chart the normalized residual is defined as

A —
o5, = 22— P (107)

9B,

where Aaf, is the new regression coefficient due to the injected error and G, is the estimate of the
standard deviation from the charting procedure. The normalized residual for the standard SPC chart is

given as

Cy, —C
ec, = —ba N (108)

N PN
O'CN

where 6¢,, is the estimate of the standard deviation from the charting procedure.
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Aa ecy eg,
0.1 1.517 3.283
0.05 0.529 1.709
-0.05 -1.306 -1.439
-0.1 -2.153 -3.013

Table 50 Normalized Residuals from Angle of Attack Error Injection

This sensitivity metric is presented in Table 50 and it is shown that for each of the angle of attack errors,
the regression coefficient control chart is more sensitive to detecting errors. Injecting an error
simulated by an angle of attack offset into the check standard data gives an objective metric for the
efficacy of the regression coefficient charts. This exercise demonstrated that the regression coefficient
control charts are able to identify potential underlying problems in the check standard data that may
not be identifiable in the standard SPC charting methods. In these cases, the standard SPC charting
methods would have indicated no problems and no investigations into the angle of attack measurement
process would have been undertaken. This could potentially lead to entire tests being run with faulty

measurement systems in place.
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7 CONCLUSIONS

The current check standard testing program at NASA Langley Research Center is focused on increasing
data quality, uncertainty quantification and overall control and improvement of wind tunnel
measurement processes. The statistical process control methodology employed in the check standard
testing program allows for the tracking of variations in measurements over time. While the SPC
approach can and does provide researchers with valuable information, it has certain limitations in the
areas of process improvement and uncertainty quantification. It has been shown that in using design of
experiments methodology in conjunction with the current SPC practices, that one can efficiently and

more robustly characterize uncertainties and develop enhanced process improvement procedures.

The developed methodology provides a continuous regression model for force balance coefficients as a
function of dynamic pressure, angle of attack, and roll angle across the entire tunnel operating
envelope. This is a marked improvement over the traditional approach which only yields multiple
discrete points from pitch polars. Similarly for the tunnel conditions testing, a continuous regression
model for the calibration coefficient is built as a function of dynamic pressure and temperature across
the entire tunnel operating envelope. This, again, is a marked improvement over current practices in
which discrete points are obtained. Likewise, the flow angularities obtained throughout the airframe
testing are also modeled continuously throughout the design space which is an improvement over
current practices. The general procedure outlined in this research for the combination of DOE and SPC
methodologies is adaptable to any factors of interest that are thought to have an influence on the

tunnel calibration, flow angularities, or balance force and moment coefficients.

The demonstrated methodology of tracking the regression model coefficient in standard SPC charts can
provide a higher level of understanding of the overall variation in the balance force coefficients as well
as an aid in identifying assignable causes of the control status. The ability of the regression model
control chart to identify underlying problems within the check standard testing data was explored. It
was shown that the regression model charts can be more sensitive to these underlying problems and
can potentially detect these problems when the standard application of the statistical process control

charts may not have indicated any problems.
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The established global regression models and associated prediction intervals from the baseline testing
for the tunnel calibration coefficient and balance force and moment coefficients allow future check
standard testing to be treated as regression model confirmation points, drastically reducing the required
test time and resources. The developed prediction interval can be applied with relatively few degrees of
freedom (baseline tests). The vast improvement over current SPC practices is the ability of the global
regression model to generate the prediction interval for locations within the design space where data

were not gathered during check standard testing.

The outlined procedure of variance modeling is able to generate statistically defensible estimates of
uncertainty throughout the entire design space. The models are also able to identify areas within the
design space that exhibit higher relative variances through the implementation of uncertainty

propagation models.

The use of design of experiments methodology can efficiently provide these enhanced models in
addition to providing data which is directly relatable to current SPC and check standard practices. The
benefits of design of experiments methodology over traditional methods as it relates to resources
necessary to operate a wind tunnel facility for a check standard test scale with the number of factors
studied. Therefore the more factors of interest identified, the more DOE can benefit check standard
testing. Future guidelines and best practices will be developed to outline the procedures for the

implementation of the methodology for facility managers.

It is recognized that the research performed as it relates to the potential benefits of the applications of
design of experiments is still a point of contention within the ground test community. For many years,
the traditional approach of one factor at a time testing has provided relatively reliable results. However,
it is the hope of the author that as more research is conducted into the applications and benefits of the
design of experiments methodology in check standard testing and ground testing more broadly, that

more facilities and researchers consider its implementation.
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APPENDIX A: FORCE BALANCE SPECIFICATIONS

* h Kk k k B ok ok d o o ok ok ok kR ok ® MASA * ok ok ok koW h K ok ok Kk %k ok x ok ok ok ok
* ok bk ok & Ok % & F * o x LanqleYResearchCenter*"“************

STRAIN GAGE BALANCE CALIBRATION HESULTS

FIMNAT, FINAL
Balance: 2044A Engineer: Tom Stokes
Calibration Date: 10/1%/06
Calibration Full Scale Sensitivity Accuracy
Component Load Range Qutput Constant % F.5.
{1b/mv/V)or (N/mV/V)or (95 %
(lb or in-1b}) (N or HNm) (mV/ V) {in=-1b/mV/V) (Nm/mV/V) Conf.)
1 NOERMAL 70.0 311.376 1.664 42.0578 187.0824 0.05
-70.0 -311.376
2 AXIAL 15.0 66.723 1.064 14.0933 B2.6301 0.10
=15.0 -66.723
3 FITCH 70.0 T.808 1,761 39,7539 4.4981¢6 o.o7
=70.0 -7.909
4 ROLL 15.1 1.700 0D.676 22.2690 2.5161 0.61
-15.1 =1.700
5 YRW 25.0 2.825 1.167 21.4279 2.4210 0.18
-25.0 ~2.825
6 SIDE 25.0 111.206 1.200 20.8329 92.6653 0.10a
-25.0 -111.206

MOMENT CENTER = 1.65 INCHES AFT OF FCRWARD DOWEL
BALANCE EXCITATION: 5.000 wvolts

DELTA W: 0.0000E+0 lbs

SPECIAL REMARREKS: Man

SVS Calibration. FS RM = 15.05 in-lb.
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APPENDIX B: INCLINOMETER SPECIFICATIONS

Environmental Characteristics

Operating Temperature Range °C -18 to 70

Survival Temperature Range C -40 to 70

Constant Acceleration Overload g 50

Shock Survival 1500g, 0.5msec, ¥ sine

Endurance 35g rms, 20 Hz to 2000 Hz sinusoidal
Environmental Sealing IP65

Range =1° *3° +14.5°  £30° +90°
Excitation Voltage Volts dc +12 10 +18

Current Consumption mA (nom) +15 +15 +15 +15 +15
Full Range Output (FRO) (see note 1) Volts dc +5

Output Standardisation % FRO (max) =1

Output Impedance Ohm <10

Output Noise V rms (max) 0.002

Non-Linearity (see note 2) % FRO (max) 0.08 0.05 0.02 0.02 0.05
Non-Repeatability % FRO (max) 0.02 0.01 0.002  0.001 0.0005
Resolution arc seconds 0.1 0.2 1.0 2.0 4.0

-3 dB Frequency Hz 10 15 30 40 55
Sensitive Axis-to-Case Misalignment deg (max) +0.15  +0.15 +0.25 +0.5 +1.0
Cross-axis sensitivity (see note 3) % FRO (max) 0.1

Zero Offset (see note 4) Volts dc (max) +0.08  +0.04 +0.04  £0.02 £0.02
Thermal Zero Shift %FRO/C (max) +0.05 +0.03 +0.01 +0.005 +0.003
Thermal Sensitivity %Reading/°C (max)  +0.05 +0.03 +0.01 +0.006 +0.006
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Gearmotor Data, continued

APPENDIX C: ROLL MOTOR SPECIFICATIONS

194

Reduction Ratios
Line Mo | Parameter [ smbol | ueits | 534 [ 1151 [1974 [ 3834 [ 6554 [127.84 | 21844 | 42591 | 72801 [1429.8a (426 94 473054
MO-LOAD SPEED &l Gears), continusd
5 | cvoss Sy mm | 1075 | 55 322 | 166 | 969 | 497 | 201 | 149 | B7 | 44 | 26 | 13
Lo iredgs) [ (1925) | (ST.B) | (33.7) | (AT | (04) | (53 | 304 | (L6} | (843 | (488 | [274) | (1404
s | cMonss sy rpm B4 | 427 | 250 | 158 | 75 | 385 [ 225 | 145 | 68 [ 35 [ 20 | 10
Lo iredfs) | (873 | (44.7) | (26.2) | (434 | (7.85) | (403 | (236 | (1200 | (7L | (38T) | (.209) | (105
Motor Data
LineMo.|  Parametsr  |Symbol|  Units EMaxaz EM9X33 EMaxN EMIX35 GMIX3E
an Continuous T. ozin 23 4.7 81 6.9 8.5
Torgua (Max} k {N-mi) (162 X 10 (332X 103 31X 109 (487 X 107 BTAXI0
a1 Peak Tu:r'gJe T ozin 1338 . 318 413 494 618
ISt P [N-m) (97.5 X 10-% (2232 X103 (2917 X 103 (3489 ¥ 10-3) 43840103
azin/ W 162 266 am 37 411
32| MoorConstant | By | iy | (eax109) 188X 109 213X 109 (227 %10 (20031079
; rpm 7015 5093 6151 G348 2015
33 | Moloed Spead a5} (T34.8) {BZT.6) (6447 {BE4.5) {514.8)
—_ ozin 0.5 06 06 0ES 08
34| Fction Tomue | Ty N-mi (25 X109 42X 107 42X10% 6 X103 (5.6 X 10
35 Rotor Inertia | azing? 2TH10 48X 104 59X 10" Toxirt 1010
- B ¥ hgames) (1.91 X 10-5 (3.25 X 105 .17 X 105 (5.58 % 10-5) (T.06 X 10-5
Electrical Timea i . - -
36 Cometant T mis 0.63 0.4 0.85 089 106
Meachanical Time -
7 % 5 A .25 X
7 Cometont a m 14 .29 0.2 109 B5
s L ﬁﬁuin Dg;org— o | = n/kpm QU272 00335 00387 0.0450 0.0525
rifs ] . - -
mpadanca {W-m,frad,f5) (183 X 105 (2.5 X 105 {260 X 105 (3.03 X 10-5) (3.54 X 10-5
a0 L 5“;"5 Dsz"ﬂrs— | azin/kpm 1.94 5.23 6.8 76 125
ErD: urca
mpadenc fo {H-mfrad 5) (131X 104 (352X 1074 450X 104 (512X 10-4 (B.42% 104
a0 Maximum a F 31 31 31 3 31
Winding Tamp. W (°C) {155} [155) [155) (155} [155)
0 Thermal . “Fjwatt 72.9 GE.4 623 535 55.3
mpadanca ™ | *Cfwatt (22.7) [19.1) (7.4} (14.7) [13.5)
Thermal Time -
4 - T 5
2 Cometant Ty min T.H 111 12.0 129 13,
£ Mictor Weight W az .93 8.90 10.1 00 13.8
(Mass) M i@ (197.9) (252.3) (286.3) (TBD} [38L.2)
Model GM9XX2 Winding Data (0ther windings available upon request)
Line Mo Parameter Symbol | Units 32
44 | Refarance Vohage E v 120 191 4.0 30.3
a5 ozin/A 2m 350 440 553
Torgue Constant M| e 156X 103 (247 X 10-Y [BL1X 10 (201X 10-Y
e ) ¥ /krpm 163 259 125 4.00
4 F Constant . 2 % 7
B | BockEMFConstant | Ke |y ids) (156 X 10-% (24.7 X 103 (314X 10 (391 X 103
47 | Resisterce Rr o 193 470 7.38 116
43 Inductanca L mH 116 204 454 T
49 | Meload Cument ha A 0.32 0.20 0.16 0.13
50 | Posk Cument (Stall | L A 6.22 406 135 260

Continuous forgue speclied 3t 25°C ambient temperature and without additional reat sink.
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2.1581 (27.05)
[ {3.08)
| DIA.
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#1 TERMINAL—\\

288
218 —’l
@ 047 E.H} \ 020732
1.19) EF. 51
L~ DIA TV | .
LLLE B3GR,
21.21j
@ 1584
(3.87)  1.085 MAX.

OPTIOMAL
MOUNTING
PATTERM

GM94XX Motor
Ly MAX.
gtgn%} Z010.25)
7 8.27
DiA. —— LpMmaxr | ™
+000 L1090 { 51} 110
= & - .
R R DL
I .
(157) [ Gy
a1
(TET)
@30 j—L — I N - -
) @ 2406 —E T
(B.24)
o 2403
£33}
1A —
204
518 £.D02 (.05)
£10-32 UNF-28, A 052 —
250 (.35) DP. REF. (157)
2 HOLES 180° APART
ON A 1,500 (32.10) DIA B.C.
- L3 MAX
—= L max”

GM92XX Motor

I

__{

uL ) gu-? %an

STYLE 10071
187 {457) RED & BLACK
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Ly M + 858 MAK, ——————=| - 1575 o
{18.71) o 4001}
{1785) 54321
MR OPFTIONAL
LEAD WIRES
= -'—{fg} AVAILABLE
GM94XX Motor .
with 91XX Encoder {m}—-‘ e
(]

I L
(e

695
— (17.55) |—
A

GM92XX Motor

with 91XX Encoder e
~—@00)

Encoder Connection Chart
Pin No. Color Connection
1 Black Ground
2 Green Index/NC
3 Yellow Channel &
4 Red Vo
b Blug Channel B
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APPENDIX D: PRESSURE TRANSDUCER SPECIFICATIONS

Total Uncertainty 0.01% FS for ranges = 1 psig to 6000 psig
0.03%: FS for ranges < 1 psig
0.01% FS for ranges = 7.5 psia to 6015 psia
0.03% FS for bi-directional spans 0.36 psi < span < 1 psi
0.01% FS for bi-directional spans 1 psi < span < 6015 psi

Uncertainty statement includes all temperature, linearity,

hysteresis and repeatability effects.
Calibration Stability Better than 0.010% FS (0.03% for FS ranges < 1 psig) for 180
(after warm-up) days with periodic re-zercing.

Relative accuracy 10.012%I| FS (10.036%I for FS ranges < 1
psig) maximum, between any two pressure points.

Calibration Interval 180 days
Calibration Adjustments Zero and Span via the serial interface
Pressure Ranges - Standard psia: 0-7.5 to 0-6015 max

psig: 0-0.36 to 0-6000 max

Pressure Range - Bi-directional,  psig: -0.36 to +0.36 min,
\acuum -atm to 6,000 max

Pressure Units psi, inHg @ 0°C and 60°F, inH20 @ 4°C, 20°C and 60°F,
ftH20 @& 4°C, 20°C and 60°F, mTorr, inSW @ 0°C, ftiSW @
0°C, ATM, bars, mbars, mmH20 @ 4°C, cmH20 @ 4°C,
MH20 @ 4°C, mmHg @ 0°C, cmHg @ 0°C, Torr, hPa, mPa,
kPa, Pa, D/cmsqg, g/cmsg, kg/cmsg, mSW @ 0°C, OSl, PSF,
TSF, TSI, mHg @ 0°C, %FS. All seawater units are 3.5%

salinity.
Resolution Up to 1 ppm, depending on measurement units and range
Overpressure Limit 150% FS or greater, depending on range
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Compensated Temp. Range 15°C to 45°C
Operating Temp. Range 0°C to 50°C
Storage Temperature Range 0°C to 70°C
Warm-up 10 minutes to rated accuracy
Reading Rate 50 Hz
Moise Filter set to 90% (factory default):
20 ppm peak-to-peak and 6.5 ppm rms.
Filter set to 0%:
53 ppm p-p and 12.5 ppm rms.
Filter set to 99%:
13 ppm p-p and 4.2 ppm rms.
Orientation Effects < 30 psi, orientation must be specified
Communications RS-232 or RS-485. From 9600 to 56k baud.
Case Size See"5.2 - Dimensions”
Weight Approximately 17.8 ounces (505 grams)

Media Compatibility

Fittings

Power

Option

Mechanical Shock
Multi-drop Capacity

Compliance

Optional Output

Clean, dry, non-corrosive gases for ranges <15 psi.

All other ranges compatible with aluminum, 316 stainless
steel, brass, Buna N, Viton, sealant, and silicone grease.
Mot designed for oxygen use.

Female 7/16-20 SAE/MS straight thread port.

1/8 inch female NPT adapter fitting is included.
6-20VDC, 56mA @ 12VDC

Relief valves

3g max

The maximum number of RS-485 CPT6100 transducers
which can be connected to a single host computer is 31.
The CPTE100 is compliant to the following CE Standards:
EM 50081-1, EN 50082-1, EN 50081-2, EM 50082-2.
Analog: 0-1, 0-5, and 0-10 VDC @ 0.010% FS accuracy
(0.030% FS for ranges < 1 psig).
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electronics
Mfr; Mensor Desc: __ Digital Pressure Transducer Cert #: 6547260
Model: 6100 Serial # 582245 Asset #: 51817-2
As-Left:
Report Informatiom s S e N N g b Mg s 0 e :

Test Performed: Thursday, May 28, 2014 @ 1:5:8 PM

Data file: C:\Program Files\COMPASS for Pressure\Data\Mensori592245\20140529_002. dat
Procedure:; COMPASS for Pressure Enhanced 4.2.0, Differential comm
Device Under Test (DUT) Information. . .

Measurement Mode: Gauge

Nominal Uncertainty: 0.01 %Fs

Pressure Range: -10.000 to 10.000 inH20@20C

Data Acg. Method; Manual

Excitation: nia

Ambient Pressure:  30.1213 inHg

Ambient Temperature: 71.0F

Ambient Humidity: 49 %RH

Test Data o T R I e W A e I (0 T ol 4
Standard DUT DI.IT
Indication Pressure Deviation Deviation Tolerance Result
inH20@20C | inH20@20C | inH20@20C % of Span inH20@20C

0.00000 0.0000 0.0000 0.0000 0.0010 Pass
5.53920 5.5394 0.0002 0.0010 0.0010 Pass
10.04140 10.0412 -0.0002 -0.0010 0.0010 Pass
5.53920 5.5395 0.0003 0.0014 0.0010 Pass
0.00000 0.0000 0.0000 0.0000 0.0010 Pass
-5.53920 -5.5385 0.0007 0.0036 0.0010 Pass
-10.04140 -10.0408 0.0008 0.0031 0.0010 Pass
-5.53920 -5.53080 0.0002 0.0011 0.0010 Pass
0.00000 -0.0003 -0.0003 -0.0015 0.0010 Pass
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Calibration Certificate

Accredited Calibration

CalCertID: 112455

Cust. Name: OLD DOMINION UNIVERSITY Page 1 of 2
Address: DEPARTMENT OF MECHANICAL &
AEROSPACE ENGINEERING
4750 ELKHORN AVE RM 1309

City: NORFOLK
State/Zip: VA 23529 us
Instr SN: 410005YJ/824985 Out1 Min Range: 0.000000 PsI Cal Date: 04/27/2015
Instr Descr: 6100 Out1 Max Range: 0.360000 PSI Cal Time: 2:20 pm
Sensor SN: 410005Y /824935 Limit of Error:  0.030%F.S. Cal Tech: CRISK
Procedure ID: W102058 Pressure Type: Gauge Order Nbr: 6433

Qut2 Min Range: 0.0000 VOLTS
Out2 Max Range: 10.0000 VOLTS

Limit of Error:  0.030%F.S.

Test Points Values and Readings

Qutput 2
Test Reference Measured Reading
Point Value Values Error Uncertainty | non-accredited | Deviation | Uncertainty
# PSI PSI % F.S. PSI VOLTS % F.S. VOLTS
1 -0.0000120 -0.000012 0.000 .0000021 -0.0003 0.000 .00005
2 0.0719316 0.071935 0.001 .0000027 1.9981 0.000 .00011
3 0.1438050 0.143818 0.004 .0000038 3.9940 0.003 .00017
4 0.2157452 0.215752 0.002 0000051 5.9931 0.002 .00023
5 0.2876896 0.287692 0.001 .0000065 7.9913 -0.001 .00029
6 0.3595630 0.358566 0.001 .0000079 99879 0.000 .00035
7 0.2876896 0.287691 0.000 .0000065 7.9913 -0.001 .00029
8 0.2157452 0.215753 0.002 .0000051 5.9931 0.002 .00023
9 0.1438051 0.143817 0.003 .0000038 3.9948 0.002 .00017
10 00718316 0.071931 0.000 .0000027 1.9980 -0.001 .00011
11 -0.0000120 -0.000020 -0.002 .0000021 -0.0008 -0.003 .00005
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APPENDIX E: MODEL SUPPORT DRAWINGS
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12500
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APPENDIX F: ESTIMATES OF THE STANDARD DEVIATION OF THE

q (Pa)

444
444
750
750
980
980
444
444
750
750
980
980
444
444
750
750
980
980

BALANCE FORCE AND MOMENT COEFFICIENTS

a (deg)

A OO OO0 N NDNDNDNNDN

SPC Standard Deviation Estimates for C,4

¢

Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted

Owe
0.00106
0.00131
0.00103
0.00107
0.00084
0.00095
0.00141
0.00124
0.00091
0.00089
0.00104
0.00078
0.00116
0.00111
0.00089
0.00084
0.00079
0.00088

Swr
0.00225
0.00198
0.00124
0.00106
0.00116
0.00117
0.00334
0.00222
0.00123
0.00146
0.00103
0.00101
0.00253
0.00220
0.00133
0.00071
0.00113
0.00089

Gar
0.00112
0.00135
0.00056
0.00052
0.00087
0.00098
0.00081
0.00132
0.00124
0.00069
0.00084
0.00029
0.00135
0.00189
0.00127
0.00071
0.00133
0.00085

Or
0.00272
0.00273
0.00171
0.00160
0.00168
0.00180
0.00371
0.00286
0.00197
0.00185
0.00169
0.00131
0.00310
0.00310
0.00204
0.00131
0.00191
0.00152
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q (Pa)

444
444
750
750
980
980
444
444
750
750
980
980
444
444
750
750
980
980

a (deg)

A OO OO OO0 N NDNDNDNMNNDN

SPC Standard Deviation Estimates for Cy

¢

Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted

bwe
0.00211
0.00222
0.00141
0.00148
0.00172
0.00142
0.00235
0.00216
0.00156
0.00143
0.00272
0.00109
0.00212
0.00249
0.00157
0.00184
0.00223
0.00193

owr
0.00581
0.00357
0.00210
0.00278
0.00392
0.00195
0.00597
0.00305
0.00266
0.00197
0.00205
0.00219
0.00637
0.00565
0.00236
0.00348
0.00250
0.00344

Gar
0.00409
0.00311
0.00320
0.00171
0.00207
0.00253
0.00571
0.00341
0.00341
0.00148
0.00136
0.00072
0.00588
0.00321
0.00574
0.00406
0.00403
0.00271

224

Or
0.00741
0.00523
0.00408
0.00358
0.00475
0.00349
0.00859
0.00506
0.00460
0.00285
0.00367
0.00255
0.00893
0.00696
0.00640
0.00566
0.00524
0.00478
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q (Pa)

444
444
750
750
980
980
444
444
750
750
980
980
444
444
750
750
980
980

a (deg)

A OO OO OO0 N NDNDNDNMNNDN

SPC Standard Deviation Estimates for Cp;

¢

Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted

bwe
0.00045
0.00042
0.00031
0.00029
0.00027
0.00022
0.00058
0.00052
0.00037
0.00032
0.00045
0.00036
0.00051
0.00053
0.00038
0.00042
0.00046
0.00042

owr
0.00075
0.00088
0.00067
0.00063
0.00039
0.00049
0.00104
0.00112
0.00063
0.00055
0.00057
0.00047
0.00089
0.00105
0.00051
0.00088
0.00049
0.00058

Gar
0.00085
0.00126
0.00083
0.00086
0.00099
0.00057
0.00032
0.00093
0.00064
0.00042
0.00030
0.00037
0.00045
0.00040
0.00061
0.00076
0.00116
0.00028

225

Or
0.00122
0.00159
0.00111
0.00110
0.00110
0.00079
0.00123
0.00155
0.00097
0.00077
0.00079
0.00070
0.00112
0.00124
0.00088
0.00124
0.00134
0.00077
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q (Pa)

444
444
750
750
980
980
444
444
750
750
980
980
444
444
750
750
980
980

a (deg)

A OO OO OO0 N NDNDNDNMNNDN

REML Standard Deviation Estimates for C 4

¢

Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted

bwe
0.00103
0.00113
0.00088
0.00089
0.00091
0.00094
0.00154
0.00153
0.00070
0.00085
0.00100
0.00086
0.00115
0.00095
0.00093
0.00082
0.00072
0.00079

owr
0.00173
0.00182
0.00094
0.00078
0.00085
0.00069
0.00226
0.00131
0.00131
0.00099
0.00062
0.00026
0.00200
0.00158
0.00076
0.00070
0.00076
0.00027

Gar
0.00062
0.00065
0.00042
0.00048
0.00075
0.00074
0.00095
0.00063
0.00027
0.00055
0.00060
0.00049
0.00073
0.00071
0.00068
0.00067
0.00072
0.00091

226

Or
0.00211
0.00224
0.00136
0.00127
0.00145
0.00138
0.00290
0.00211
0.00151
0.00142
0.00132
0.00103
0.00242
0.00198
0.00138
0.00127
0.00127
0.00124
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q (Pa)

444
444
750
750
980
980
444
444
750
750
980
980
444
444
750
750
980
980

a (deg)

A OO OO OO0 N NDNDNDNMNNDN

REML Standard Deviation Estimates for Cy

¢

Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted

bwe
0.00230
0.00209
0.00142
0.00162
0.00178
0.00155
0.00265
0.00242
0.00173
0.00125
0.00224
0.00128
0.00223
0.00284
0.00160
0.00267
0.00192
0.00248

owr
0.00767
0.00371
0.00268
0.00229
0.00269
0.00107
0.00677
0.00367
0.00242
0.00182
0.00173
0.00152
0.00729
0.00511
0.00246
0.00171
0.00236
0.00221

Gar
0.00150
0.00146
0.00348
0.00196
0.00308
0.00251
0.00339
0.00326
0.00295
0.00233
0.00353
0.00232
0.00384
0.00357
0.00431
0.00368
0.00428
0.00320

227

Or
0.00815
0.00450
0.00462
0.00343
0.00446
0.00314
0.00802
0.00547
0.00419
0.00321
0.00452
0.00306
0.00854
0.00685
0.00522
0.00486
0.00525
0.00462
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q (Pa)

444
444
750
750
980
980
444
444
750
750
980
980
444
444
750
750
980
980

a (deg)

A OO OO OO0 N NDNDNDNMNNDN

REML Standard Deviation Estimates for Cy,

¢

Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted
Upright
Inverted

bwe
0.00230
0.00209
0.00142
0.00162
0.00178
0.00155
0.00265
0.00242
0.00173
0.00125
0.00224
0.00128
0.00223
0.00284
0.00160
0.00267
0.00192
0.00248

owr
0.00767
0.00371
0.00268
0.00229
0.00269
0.00107
0.00677
0.00367
0.00242
0.00182
0.00173
0.00152
0.00729
0.00511
0.00246
0.00171
0.00236
0.00221

Gar
0.00150
0.00146
0.00348
0.00196
0.00308
0.00251
0.00339
0.00326
0.00295
0.00233
0.00353
0.00232
0.00384
0.00357
0.00431
0.00368
0.00428
0.00320

228

Or
0.00815
0.00450
0.00462
0.00343
0.00446
0.00314
0.00802
0.00547
0.00419
0.00321
0.00452
0.00306
0.00854
0.00685
0.00522
0.00486
0.00525
0.00462
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Within-Test Grand Averages CA

Within-Test Grand Averages Moving
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APPENDIX G: STANDARD STATISTICAL PROCESS CONTROL CHARTS
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0.0045
0.004
0.0035
0.003
0.0025
0.002
0.0015

Within-Group Ranges
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C, 0=-2° =0° q=444Pa
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Cy a=-2° $=0° q=444Pa
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0.035

0.03

0.025

0.02

0.015

0.01

Within-Test Ranges

0.005
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0.005
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Within-Group Ranges
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Within-Test Grand Averages CM

Within-Test Grand Averages Moving

-0.035

Cy a=-2° $=0° q=444Pa
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0.0045
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0.0025
0.002
0.0015

Within-Test Ranges
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0.0018
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0.0004
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Cy 0=-2° $=0° q=444Pa
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C, a=-2° $p=180° q=444Pa
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0.012

0.01

0.008
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0.004

Within-Test Ranges
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C, a=-2° $p=180° q=444Pa
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Within-Test Grand Averages CN
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Within-Test Ranges

Within-Group Ranges
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Within-Test Grand Averages CM

Within-Test Grand Averages Moving
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Within-Test Grand Averages CA

Within-Test Grand Averages Moving

0.2815
0.281
0.2805
0.28
0.2795
0.279
0.2785
0.278
0.2775
0.277
0.2765
0.276

241

C, a=-2° $=0° q=750Pa
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Within-Test Grand Averages CN

Within-Test Grand Averages Moving
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Cy a=-2° ¢$=0° q=750Pa
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Within-Test Ranges

Within-Group Ranges
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Cy a=-2° $=0° q=750Pa
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Within-Test Grand Averages CM

Within-Test Grand Averages Moving

-0.034

Cy a=-2° $=0° g=750Pa

-0.035 -

-0.036

-0.037

-0.038

-0.039

-0.04

-0.041 -

0.003

0.0025

0.002

0.0015

Ranges

0.001

0.0005

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Test

Cy 0=-2° $=0° g=750Pa

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Test Index

245

—— CM
----- Median

—@— CM mR
----- Median

----- Limits

www.manharaa.com



246

Cy a=-2° $=0° q=750Pa
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Within-Test Grand Averages CA

Within-Test Grand Averages Moving
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