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The NASA Juncture Flow test, whose purpose is CFD validation for wing juncture trailing edge separation
and progression, was designed from the outset to be a highly collaborative effort between CFD computational-
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that provided funding to the team, while the others are personnel managers.

From the beginning, because of the emphasis to ensure a focus on the CFD validation aspect of this experiment, a
UQ consultant was brought onto the team. The impact of this decision will be discussed below. On the experimental
side, two members of the company that developed the LDV system speci cally designed for the needs of this test were
also involved throughout the project.

Team meetings (by WebEx™) were held for one hour approximately every two weeks. At the TTT project level,
progress was marked by occasional milestones. Also, special sessions were held at AIAA meetings, for which invited
papers were written summarizing the project’s status. Funding for the JF work was primarily provided by the TTT
project, although a few other projects contributed funding for various parts of the work that were of interest to them.
The majority of the funding was for the building of the JF model(s) and related hardware, instrumentation, and testing
costs.

B. Team Functioning and Dynamics

A key feature of the JF team is that it has been comprised of both CFD and experimental experts from the very start.
In terms of functionality, having both together was highly bene cial, as consultation and cross-fertilization was rapid.
In terms of team dynamics, this make-up provided both advantages as well as challenges. Traditionally, CFD and
experiment operate separately to a signi cant degree. Although each may consult the other during the course of a
project, typically there is not an extremely tight linkage. As a result, all aspects from the two sides are not commonly
considered when making decisions. The main advantage of a close coupling of the experiment and CFD on the same
team is that that both experimental and CFD points of view are heard as a part of every team decision and in every
step of the process. On the other hand, the close linkage at times can yield some tensions. The CFD and experimental
cultures are somewhat different, and this difference can lead to clashes and frustrations. The author’s main takeaway
from this aspect of the team’s experience is that, contrary to the popular aphorism, familiarity usually breeds trust and,
if not agreement, at least a workable level of acceptance. The more that individuals from different backgrounds work
closely together, the more they come to understand and accept each others positions, strengths, and weaknesses.

For the JF project, some of the aspects of the experiment considered important from the CFD perspective may not
have been done, or perhaps would have been given a lower priority, if such a close working relationship had not been
present between the experimentalists and the computationalists. Similarly, needs and priorities of the experimentalists
would likely have been overlooked if CFD requirements and desires had been simply thrown over the fence. In the
very beginning of the team meetings, an effort was made to put in writing the goals and priorities for the experiment,
taking into account both CFD and experimental perspectives. This goals document (provided in the Appendix) in-
cluded a prioritization of how turbulence models would be assessed as well as a prioritized list of the data needed to
accomplish this. This latter list included not only speci ed ow eld data, but also geometry and boundary condition
information. The number one priority item (even above the data itself) was documentation of the test article geometry
and surface, as fabricated, as assembled, and as tested in the wind tunnel. The goals document also emphasized the
importance of including uncertainty measurements and analysis. It should be stressed that achieving all of the goals
laid out in the document may not have ultimately been easy or even possible, but having them clearly written down
helped to unify the team and aided with decision making.

Having team members from two different backgrounds (experiment and CFD) is one thing. Including team mem-
bers from completely outside of the home organization is another. On the JF team, for example, there are a number
of external members who do not participate consistently. Because they are remote, and not physically present, it is
dif cult for them to feel fully accepted to be a part of the team. It is possible that given more time and effort dedicated
to team building, a more cohesive team spirit could have been engendered. However, such team building would have
been very dif cult to accomplish because of the team’s non-locality, shifting membership, and other barriers. Nonethe-
less, the team continued to purposefully include the external members in every bi-weekly team meeting. The inclusion
of these members added considerable bene t (in the author’s opinion), as they often represented a different perspective
when problems were encountered and dif cult decisions needed to be made. It should be emphasized that the team
strove to give due consideration to any team members’ ideas before making a decision. The main takeaway here is
that regular inclusion of many voices does not necessarily engender team cohesion, but it does add fresh perspectives
that ultimately can help the team’s nal product.

A UQ consultant was included on the JF team near the start of the project because one of the team’s sponsors had
previously found the idea to be bene cial for a different project [26]. During the JF team meetings, the consultant’s
voice, which represented both an outsider to the home organization as well as an outsider in terms of his primary area
of focus, was commonly the one that raised the most questions and posed the most alternative/unconventional ideas.
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Although sometimes frustrating for the team, these questions and ideas engendered more thought and debate than may
otherwise have occurred.

C. Accomplishments to Date

As of the time of this writing, approximately 14 total weeks of testing on the JF model have taken place in two tunnel
entries (this does not include the earlier risk-reduction experiments or wind tunnel in ow characterization experi-
ments). By any standards, the JF project has been highly successful so far. Not only has high-quality ow eld and
surface data been acquired toward the goal of CFD validation of juncture ow, this JF test also represents a break-
through in its use of an on-board laser measurement system in a major NASA production wind tunnel. Considering
the prioritized list of input data in the Goals Document included in the Appendix, most have been achieved or are on
their way to being achieved.

1.

10.
11.
12.

13.

To help ascertain the as-built and as-tested shape, the model with F6 wings was laser-scanned twice while in the
tunnel (wind off), once with horns and once without. Photogrammetry was also used (wind on) to determine the
wing deformation and twist under load.

For tunnel boundary conditions, test section wall pressures were recorded along the side walls and ceiling.
Floor pressures were recorded in the diffuser using an additional pressure rail installed specially for this test.
Wall rakes on the side walls and ceiling were used to record tunnel wall boundary layer thickness and growth.
Attempts were made to measure details of the incoming tunnel freestream. Regarding the model itself, ow-

eld details were measured on the nose well upstream of the wing, helping to establish an on-board upstream
boundary condition.

LDV was used to measure mean velocity components in three areas over the JF model: upstream on the nose,
near the wing leading edge, and near the back of the wing upstream and within the separation region. The LDV
probes provided simultaneous measurements of three velocity components. The measurement volume could be
placed 200 m off the surface of windows and 500 m off the surface of the wing. Some complementary PIV
data was also taken.

The LDV data acquired in (3) above is also being used to obtain second moments at the same locations.
Time-averaged steady surface pressures were obtained on the fuselage and both wings.

Boundary layer trips were used on the fuselage nose and on the wing upper and lower surfaces. Details regard-
ing their locations, types, etc. were recorded. Infrared thermography was used to detect and record transition
locations both with and without the trips.

The wind tunnel wall geometry had been previously laser scanned for the entire 14x22 tunnel. Current laser
scans of the mast/sting con gurations also included tunnel walls in the test section. (The model, including mast
and sting in a speci ¢ con guration, is shown in Fig. 2.)

Laser scans were conducted (wind off) to record the mast and sting con gurations (including cabling) in the
tunnel at the angles of attack tested with LDV.

The angle of attack of the model was monitored throughout the test. Accelerometers on board the model mea-
sured acceleration.

A few unsteady shear stress sensors were included in the test at selected locations on the model, for evaluation.
Unsteady pressures were recorded at several locations on the model.

The tunnel’s freestream turbulence intensity had been previously measured in the 14x22 wind tunnel [27]. These
measurements were not repeated for this test. The tunnel’s freestream turbulence length scale is not known.

Triple velocity correlations are possible to obtain from the LDV data taken, although the uncertainty will be
signi cantly higher than for the velocities and second moments.
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Figure 2. Photograph of JF model in the 14x22 wind tunnel, showing mast and sting.

A complementary experimental accomplishment was made during the exploration of the incoming tunnel freestream
as a part of this project: a method for correcting small bias errors (present in the ow angle measurements when using
the QWSS measurement device) was devised [11]. This technique allowed useful information to be obtained, and it
could prove bene cial for future freestream measurements using this or a similarly-designed device.

A few complementary accomplishments have been made on the CFD side as well. Preliminary CFD comparisons
were made against the risk-reduction oil ow experiments, and parametric CFD studies including tunnel walls were
conducted [12]. And most recently, a CFD automated error controller boundary condition was devised and tested [28].
This latter CFD advance could save a signi cant amount of time and effort for anyone using CFD to run this type of
subsonic wind tunnel case. It also allows for closer matching of the CFD conditions with the wind tunnel conditions.

All of these accomplishments are not only a testament to the skills of the individual JF team members, they also
re ect the bene ts of team-based planning and organization.

IV. Summary of Lessons Learned

The Juncture Flow test represents a deliberate and determined effort toward a CFD validation-quality wind tunnel
experiment. It is the product of an integrated CFD/experimental team. While there have been challenges, the team has
been very productive, and there are several positive takeaways from its experiences.

First and foremost, combining CFD and experimental experts on the same team is very effective. The bene ts
from the close interactions and different points of view far outweigh any downsides to the collaboration. Also, the
more interaction, the more the two sets of experts learn from each other, and the more trust is built. Second, although
it is dif cult to fully integrate less-active and/or remote members or consultants on a team, including them in regular
meetings is still useful because they help bring outside points of view to the table. These points of view increase
debate, broaden perspectives, and ultimately improve the end product. And nally, it is important to take time in the
beginning of a project to write a Goals Document that summarizes the goals and priorities for the project. Everyone on
the team should have input on, and ultimately agree with, this document. Furthermore, it should be reviewed regularly
(and modi ed if necessary) during the course of the project.
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Appendix

Goals for the NASA Juncture Flow Model Validation Experiment

Introduction

True validation experiments are designed and executed for the primary purpose of assessing the predictive capa-
bility of mathematical models. With this in mind, it is very helpful and constructive to formulate a prioritized list of
goals for the NASA Juncture Flow Model (JFM) validation experiment. The formulation of these goals by the project
team is not only a constructive process in itself, but the list of goals can then serve as a reference point for project
decisions dealing with the test article design, instrumentation, and wind tunnel test conditions.

The JFM validation experiment is designed to be a high quality CFD validation experiment. Speci cally, its
primary purpose is to provide experimental data for CFD turbulence model validation, and its goals should not be
diluted for other purposes. The JFM ow eld is not only of practical importance for ight vehicles, but also because
it displays competing physical effects that impact turbulence modeling and ow separation. If it is successful, the
experimental data will be used by a large number of turbulence modelers and CFD researchers and practitioners.

In setting the goals for the experiment we do not presume any speci c type of mathematical model for predicting
the JFM ow eld. We could reasonably expect that the range of physics modeling delity will be:

1. Reynolds-Averaged Navier-Stokes (RANS) models with a likely range from 1-equation through 7-equations for
turbulence closure.

2. Hybrid models such as delayed detached eddy simulation (DDES) type models, which represent a blend of
RANS near walls and LES in free shear layers and wakes.

3. Large eddy simulation (LES) models.

4. Direct numerical simulation (DNS).

For a given mathematical model of the ow physics and boundary conditions, there are a wide range of methods
for the numerical solution of the discretized equations. With adequate code and solution veri cation, however, each
solution method for a given discretized model is expected to converge to the same solution to the mathematical model
of the physics. As a result, the goals of the validation experiment do not address any issues related to software
correctness, numerical solution methods, or numerical convergence. This document concentrates on the goals of the
validation experiment, the experimental measurements that are needed for input to the mathematical models, and the
experimental measurements needed to assess the accuracy of the predictions of the models.

With a wide range of possible modeling approaches to the JFM ow eld, it is expected that each class of models
will yield different levels of predictive capability for various uid dynamic response quantities. Consequently, a wide
range of ow eld measurements should be made so as to provide a spectrum of predictive dif culty applicable for
the full range of mathematical models. Stated differently, it is desired to measure a wide range of quantities so that all
of the mathematical models, including sub-model choices, will have suf cient information for an assessment of their
respective predictive capabilities. Using RANS as an example, we would like to be able to not only assess the predictive
capabilities of various complete RANS models, but also to assess their component pressure-strain correlation models,
diffusion models, etc.

Goals of the Experiment

Considering the wide range of mathematical models and the experimental instrumentation techniques available,
the goal of the JFM validation experiment is to obtain experimental data so that the following prioritized validation
assessments of existing models can be made (top priority rst):

1. Assess the ability of existing models to predict the onset and extent of the three-dimensionally separated ow
near the Wing Juncture Trailing Edge (WJTE) region of a full-span wing-body con guration, in terms of the
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surface topology of the ow eld structure. To provide a range of prediction dif culty, a variation of WITE ow
elds are required, including the onset and progression of corner separation.

2. Assess the ability of the models to predict the time-averaged velocity components, U, V, and W, at a large
number of locations. These locations include several planes of data along the fuselage (upstream of the wing)
and multiple planes of data near the wing and body between the leading edge and the trailing edge, with a focus
in the WJTE region. These locations include outside and within the boundary layer and the separated ow
region, and as close to the walls as possible (at least within a y+ of 100).

3. Assess the ability of the models to predict the components of the turbulent stress tensor, such as Reynolds
stresses, at the same locations given in Item 2.

4. Assess the ability of the models to predict the time-averaged surface pressure at a number of surface locations.
These include locations on the body and on the wing, with a focus near the WJTE region. Assessments are also
desired along chordwise lines out the wing, including near the wing tip; and along spanwise lines, particularly
aft of mid-chord.

5. Assess the ability of the models to predict the surface shear stress at a number of locations on the wing and body,
particularly near the WJTE region.

6. Assess the ability of temporally-accurate models to predict the power spectral density of measured ow eld
quantities and surface pressures at a number of locations on the wing and body, including near the WJTE region.

7. Same as Item 3 for triple moments.

To attain this wide range of goals, the experimental data will need to be obtained over a range of wind tunnel
conditions. The list of controllable wind tunnel conditions are prioritized as follows (top priority rst):

1. Angle of attack (alpha) of the aircraft model.
2. Free stream Reynolds number.

3. Free stream Mach number.

The primary controllable condition that will be used is the angle of attack of the test article.

Input Data and Uncertainties

To attain the above listed Goals of the Experiment, two features must be designed into the experiment. First, we
must carefully measure all of the anticipated input data that various mathematical models may require concerning the
experiment. Input data to the mathematical model refers to independent information that must be provided to obtain
a solution to the partial differential equations. These data can be divided into ve general categories: system geometry,
initial conditions, system modeling parameters, boundary conditions, and system excitation. For example, we need to
carefully characterize the test article geometry and surface features, thermo-physical properties of the air in the wind
tunnel, in ow and test section boundary conditions, and, if needed, the acoustic environment in the test section. This
information needs to be measured so that it will be easier to isolate the effects of the mathematical model assumptions
and approximations, as opposed to the uncertainty associated with unmeasured input data for the mathematical models.
Stated differently, we are attempting to greatly reduce the number and importance of adjustable parameters available
to the analyst so as to critically assess the key assumptions and approximations of the modeling approach.

Second, we must measure the uncertainties associated with each of the input quantities that are needed by the
mathematical models. If the uncertainty of a model input quantity is small, and if the quantity produces little change
in the system response quantities of interest, then the analyst will probably choose to consider these inputs as  xed,
deterministic, quantities. However, if the uncertainty of an input quantity is large and/or if the uncertainty in the
quantity produces large changes in the system response quantities of interest, then the analyst may choose to conduct
a non-deterministic simulation.

The following prioritized list of input data for the mathematical models should be obtained and documented for
the analysts (top priority rst):

1. Documentation of the test article geometry and surface, as fabricated, as assembled, and as tested in the wind
tunnel.
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2. Tunnel boundary conditions upstream, around, and downstream of the test article for each alpha condition tested.

3. Mean velocity components through the boundary layer on the fuselage and wing (both upstream and within the
WJTE region).

4. Second moments (Reynolds stress tensor components) through the boundary layer (same locations as in Item
3).

5. Time-averaged (steady) surface pressure coef cients on the fuselage and wing.
6. If boundary layer trip(s) are used, details regarding their location, type, attachment, etc.

7. Documentation of the surface geometry of the wind tunnel test section and the contraction section upstream of
the test section.

8. Documentation of the geometry of the mounting hardware and cabling for the test article in the test section.
9. Time-series measurements of angular position and acceleration on-board the test article.
10. Surface shear stresses on the test article (both upstream and within the WJTE region).

11. Time history and spectra of unsteady velocity and pressure at various locations on the fuselage and wing (both
upstream and within the WJTE region).

12. Freestream turbulence intensity and turbulence length scale.

13. Triple velocity correlations through the boundary layer (same locations as in Item 3).

All of the mathematical model input data described above will include a rigorous estimation of total experimental
uncertainty, i.e., both random (precision) uncertainty and systematic (bias) uncertainty. The total uncertainty in wind
tunnel experiments is commonly divided into three groups of sources; random uncertainty, ow eld non-uniformity
uncertainty, and test article and instrumentation uncertainty. The contribution from each of these sources can be
estimated using statistical design of experiments (DOE) techniques and these are discussed in detail in Refs. [26,29].
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