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Abstract

This paper highlights CFD verification and vali-
dation (V&V) at Boeing Research & Technology
(BR&T). As CFD becomes a significant source
of data at Boeing for design and certification it
is important that V&V is performed and doc-
umented for each code. This article particu-
larly highlights solution and code verifications
and provides a present list of preferred test cases
for verification of internal and external flows used
within Boeing. In this manuscript we distinguish
between benchmarking and validation and pro-
vide a number of example cases in how BR&T
conduct each at Boeing. At Boeing majority
of the code evaluation cases fall within bench-
marking due to the lack of experimental data that
meets the validation criteria.

1 Introduction

Computational Fluid Dynamics (CFD) is in wide
use at Boeing for design, analysis, optimization,
and certification. Over the past decade, CFD has
played a major role in providing the necessary
data for preliminary design and optimization and
now is in process of being used for certification.
As the paradigm shifts from experimental data
exclusively to the use of experimental and com-
putational data for design, optimization, and cer-
tification, the accuracy of the CFD code and pro-
cess must be quantified. There are two parts to
CFD code and process accuracy quantification:
verification and validation. Verification is estab-
lishing that the correct equation is being solved

and the right process is being applied. In another
word, it is the process of quantifying the accu-
racy of the discretized solution relative to the ex-
act solution of the model equation. Validation
is the process of quantifying the simulation re-
sults against “physically-realizable” experimen-
tal results. An important question is to assess
how accurately the discrete solution should rep-
resent the physical reality. Validation as stated
above answers how well the model equations rep-
resent the real world physics of the considered
phenomena, while verification answers how ac-
curately the governing equations are discretized
and solved. Therefore, both verification and val-
idations are necessary to gain confidence in the
CFD code being used to obtain simulation re-
sults.

Verification splits to two parts, code verifi-
cation and solution verification. Code verifica-
tion is concerned with how accurately the model
equation is discretized and implemented as well
as ensuring that no bugs have been introduced,
while solution verification addresses how well
the solution to the governing equations is re-
solved. Solution verification relates itself to esti-
mating numerical errors associated with grid res-
olution, time-step, relaxation parameters, conver-
gence order, and other parameters of the solution
process.[1, 2, 3, 4]

Uncertainty Quantification (UQ) is another
important element of the CFD process to quantify
the confidence in the CFD solution. This topic is
beyond the scope of this paper. The readers are
referred to References[5, 6].
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2 Verification and Validation at Boeing

2.1 Verification at Boeing

A closed form solution of the Euler and Navier-
Stokes equations for 3D configurations with
some complexity does not exist for many situa-
tions of interest. For rigorous verification it is
possible to use Method of Manufactured Solu-
tion (MMS). However, such verification requires
the ability to introduce a source distribution, usu-
ally through source code modification. At Boe-
ing, internally developed, NASA developed, and
commercially available CFD codes are used due
to diversity of applications. To avoid the MMS
requirement for ability to specify a source dis-
tribution, the CFD codes are verified using ex-
act solutions and rigorously established bench-
mark cases that have been evaluated using codes
previously verified with MMS[3, 7]. At Boeing,
code verification is performed prior to release of
a new version of an internally developed code
or when a new version is acquired from exter-
nal sources like NASA or commercial vendors.
This responsibility primarily belongs to the code
developer or Technical Lead Engineer (TLE) in
the appropriate subject matter. The verification
is performed on a number of different cases, as
identified in Fig. 1, for example. These cases
have been selected as such to exercise various
parts of the code including discretization of dif-
ferent terms and different interactions. The re-
sults obtained are compared against exact solu-
tions or other rigorously established numerical
results, such as the NASA Turbulence Modeling
Resource (TMR)[8]. The order of accuracy of so-
lution is also compared against the code formal
order of accuracy. While verification assesses all
elements of the analysis process from grid gener-
ation to post-processing, including all functional
reductions being used in intended program appli-
cations, only flow solution verification will be fo-
cused on in this section.

For industrial CFD codes, the number of fea-
tures and potential interactions of terms are quite
large, so a careful set of simulations has been de-
veloped to test many of the different features si-

Fig. 1 : Example of verification cases at Boeing.

multaneously, with failures in particular combi-
nations of cases being used to highlight poten-
tial root causes. As an example of this, the Mach
0.5 Joukowski airfoil case is solved for inviscid,
laminar, and turbulent flows with particular tur-
bulence models. The inviscid solution helps to
ensure that the pressure field is computed appro-
priately, the laminar solution (Re=1000) provides
evidence that the viscous discretization is ap-
propriate, and the turbulent simulation (Re=1E6)
demonstrates appropriate solution and coupling
of the turbulence model. This case features a
Joukowski airfoil to reduce the singularity in the
pressure field at the trailing edge. Not all codes in
use have been verified for all of these cases due to
limited resources, identification of a confounding
issue, or lack of need/capability for the code use.

2.2 General verification requirements

Oberkampf and Trucano[4] perform an extensive
review of verification and identify several char-
acteristics of algorithm testing and strong bench-
marks that are applicable to the present effort.
They argue for “exact, standardized, frozen, and
promulgated” definitions, statement of purpose,
requirements for code comparison, and success
criteria. The following examples attempt to do
these (at least within Boeing) for a given prob-
lem. In this context, the definition of the case pro-
vides all relevant information to state the math-
ematical problem. The statement of purpose is
used to identify what features/attributes are ex-
pected to be tested by the case. Comparison of re-
sults to the reference solution need to be specifi-
cally defined to ensure that results are being prop-
erly assessed. For example, while drag could be
defined by looking at a momentum deficit at the
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far field or by integrating on the surface, a spe-
cific methodology is specified for the verifica-
tion problem. Finally, a clear acceptance crite-
ria needs to be defined. These metrics should be
based on engineering significance, but since ver-
ification is a mathematical exercise, tighter toler-
ances should be applied.

A standard template has been generated to de-
fine the verification problem and document the
results. Note that these definitions are sufficiently
general that they do not have to be applied only to
the flow solver but could also be applied for grid
generation or post-processing (or other) codes as
a means for documenting correctness of calcula-
tions. To properly complete the verification, solu-
tions are required to be generated on one or more
families of grids.

2.3 Example verification case: inviscid bump

The 2D inviscid bump was used to establish
steady subsonic solution convergence in the pres-
ence of curved wall boundaries. The compress-
ible Euler equations (steady, 2D) with calorically
perfect gas was employed for this verification.
The computational domain extends from −1.5≤
x ≤ 1.5 and 0.0625exp(−25x2) ≤ y ≤ 0.8. The
upper and lower boundaries are slip walls. The
inflow boundary is specified as uniform flow at a
nominal Mach number of 0.5 parallel to the x axis
at atmospheric pressure with fixed total pressure
and total temperature. The outflow boundary is
set to free-stream static pressure. The acceptance
criteria is that the convergence of entropy error
on nested family of hexahedral meshes should be
consistent with other solvers of the same order
(within ±5%).Sample results are shown in Fig. 2
for an integrated entropy norm convergence. Ob-
serve that second order finite volume flow solvers
demonstrate an order of accuracy greater than the
theoretical value of two for this metric on this
problem as a result of the non-linearities. Sim-
ilar results are seen for other metrics. Because
this is an inviscid shock-free solution, the en-
tropy should be uniform; increasing grid resolu-
tion shows this trend. Some of the codes tested
failed this evaluation for reasons suspected to be

Fig. 2 : L2 norm of entropy convergence with
grid length metric. BCFD (with second order
inviscid wall boundary condition) has consistent
observed order of accuracy with second order
OVERFLOW and FUN3D.

inconsistent order of accuracy for the inviscid
wall boundary condition. This behavior was du-
plicated using BCFD to illustrate the cause. This
example highlights how multiple aspects of sim-
ulation codes interact even on simple cases and
can create verification challenges.

2.4 Verification case findings

In addition to the inviscid cases described above,
a range of turbulent cases have also been uti-
lized, leveraging the AIAA Higher order CFD
workshop[9] and the TMR[8]. While many of
these cases are two-dimensional, multiple grid
topologies contribute to the confidence that the
CFD codes are properly verified.

General observations associated with per-
forming these verification cases indicate that it
can be a challenging proposition in that a sig-
nificant number of details must be properly ex-
ecuted to get the appropriate results and seem-
ingly minor approximations can lead to signifi-
cant differences in the results. Some of these ex-
periences compared to linear codes or academic
problems have been outlined above where the as-
sumed order of accuracy is not observed even
when answers are changing below engineering
tolerance and discontinuities in the flow can dis-
rupt the expected convergence rate in some quan-
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tities. Other cases have demonstrated how very
minor differences in implementation of charac-
teristic boundary conditions can lead to different
results. Since a user does not always have ac-
cess to this level of detail, attempting verification
without code access can be challenging. If code
is available, MMS provides a mechanism to more
thoroughly isolate different components for test-
ing and would generally be recommended. Code
developers/vendors should provide adequate ev-
idence of verification to support the end user’s
confidence to perform validation and benchmark-
ing.

3 Validation/Benchmarking

3.1 Validation and Benchmarking at Boeing

The purpose of validation is to ensure that the
CFD code is appropriate for the intended use. At
Boeing that means to be able to use the CFD data
with confidence in design, analysis, and certifica-
tion. Therefore, the goal of validation is to assess
the validity of the model in accurately simulat-
ing the flow-field and predicting functional of in-
terest for intended applications. At Boeing, the
validation contains the CFD process from geom-
etry fidelity to post-processing. To validate our
CFD code we perform a grid resolution study
to demonstrate the grid convergence, and uti-
lize Richardson extrapolation [1, 3] to obtain the
functional interest at infinite grid resolution for
comparison with experimental data. A validation
process has two key elements: the validation ex-
periment and model accuracy assessment. These
are define as follows in Reference[1]

• Validation Experiment: experiments per-
formed expressly for the purpose of vali-
dating the model.

• Accuracy Assessment: quantify how well
the experiment and simulation results com-
pare.

Note that most of the experimental data typi-
cally collected in an engineering campaign do not
meet the “Validation Experiment” requirements

Fig. 3 : Boeing validation process.

due to their intended use being different than ob-
taining data for validation and a general incom-
pleteness in measurements and error/uncertainty
quantification. However, experimental data with
error quantifications are highly valuable in CFD
benchmarking. The distinction between valida-
tion and benchmarking is the level of rigor. In
benchmarking cases, portions of the validation
process such as grid resolution studies may be
skipped and experimental data used that were not
obtained with the rigors required for the “valida-
tion” purpose.

The procedure that Boeing follows is similar
to the one developed by the AIAA[2] with slight
modifications and is shown in Fig. 3. Some of the
key additions compared to the AIAA process are
associated with the use or development of best
practices, an emphasis on the entire process that
will be used in practice including grid genera-
tion, and specific guidance on assessing input un-
certainty and comparing results to experimental
data.
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3.2 Example Benchmarking Case: Super-
sonic Square Duct

Supersonic flow through a square duct is altered
by secondary vortical flow developing from the
corners. These secondary flows are generated
by Reynolds stress gradients acting in the cor-
ner region and appear to have similar structure
to those found in subsonic flow through square
ducts[10, 11, 12, 13]. Such flow is representa-
tive of various airplane inlets and therefore it is
important to understand and predict the impact
of this secondary flow on inlet pressure recovery
and distortion. An experimental study was per-
formed at the University of Washington to gain a
better understanding of how the secondary flow
associated with corners affects local flow condi-
tions in a square duct over the boundary layer
development length[12]. This configuration was
utilized in this study to verify the implementa-
tion of Quadratic Constitutive Relation (QCR)
into SA turbulence model, as well as validate the
SA-QCR turbulence model in BCFD for corner
flow simulation at Boeing.

Supersonic flow through the duct employed
in this study was tested by Davis and Gessner[12]
at the University of Washington. The square duct
tested has a length-to-width ratio of 50, with di-
mensions of 1x1x50 inches (Fig. 4). The com-
putational domain consists of two zones: an up-
stream zone to ensure clean flow entering duct,
and the test section highlighted in red in Fig. 4.
A grid resolution study was performed to ensure
the results presented in this manuscript are mesh-
converged. Two different grid families were used
in this analysis: a nested structured grid family
with appropriate boundary layer resolution and
a family of prismatic-tetrahedral meshes (mixed-
element mesh) that used the same set of surface
nodes as the corresponding structured grid reso-
lution. This grid study is not discussed further in
this paper, but this use of multiple meshes reflect
the expected use of unstructured mixed-element
meshes in practice. Based on the experiment per-
formed at the University of Washington, the flow
is steady and symmetric and therefore only 1/4
of the configuration was used to perform the body

Fig. 4 : Supersonic square duct benchmarking
case.

of the work as well as the mesh resolution study.
A periodic boundary condition was used to con-
nect the quadrants. A CFD run was obtained on
the full configuration to ensure the flow is steady
and symmetric, as was predicted in the experi-
ment.

The standard SST, SA, and SA-RC turbu-
lence models were selected for the purpose of this
study as they are the primary turbulence models
used at Boeing for design and analysis. The CFD
results obtained in this study are compared with
the experimental measurements of total pressure
and mean velocity which were collected at four
axial locations, X/D of 5.37, 20, 40, and 50. In
this paper we show only the results at X/D = 50,
for other location see Reference[13].

All turbulence models predicted the wall bi-
sector velocity profile with reasonable accuracy
at X/D = 50 where the flow is fully developed.
However, none of the standard turbulence mod-
els demonstrated good comparison to the veloc-
ity distribution at the corner bisector as shown in
Fig. 5.

The skin friction results are shown in Fig. 6
for X/D = 50 and none of the eddy viscosity
models predict the experimental profile well.

These results clearly indicate the shortcom-
ings of eddy viscosity models due to the lack
of ability to predict the aspects of anisotropy,
namely the differences between streamwise,
wall-normal, and lateral Reynolds stresses, which
create the secondary flow. This result is not new
and was expected, as it has been known for many
decades that eddy viscosity models will not pre-
dict square duct flow. The QCR model devel-
oped by Spalart[14] has been implemented into
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Fig. 5 : Corner bisector velocity profile at X/D =
50.

Fig. 6 : Skin friction distribution at X/D = 50.

BCFD[15] for the SA and SST turbulence mod-
els. The same case was rerun to investigate and
document the improvements associated with the
QCR for supersonic turbulent flow in a square
duct with significantly better agreement to the ex-
periment, as shown with dashed lines in Fig. 5
and 6.

3.3 Examples of Validation Cases

Compared to benchmarking, validation cases
take the CFD assessment further in comparison
to experiment by including uncertainty analy-
sis and more rigorous discretization error analy-
sis. Including these steps enable a comparison
to careful experiments that can highlight capa-
bilities and shortcomings associated with phys-
ical modeling. These validation experiments typ-
ically require additional measurements than typ-
ical engineering experiments not only to develop
data to corroborate with simulation, but also to
inform potential experimental uncertainties asso-
ciated with geometry or inflow conditions.

The following sections describe two example
cases where this level of rigor has been applied
and identifies some of the challenges associated
with performing this type of analysis.

3.3.1 Backward-Facing Step

The backward-facing step validation case from
TMR[8] is based on an experiment by Driver and
Seegmiller[16] where the exit of the channel is 9
times the step height and the Reynolds number
based on step height is ReH = 36,000. The spe-
cific upstream conditions of the experiment were
determined by measuring the temperature and the
velocity profile 4 step heights upstream of the
step. For the CFD simulation, the exit pressure
was adjusted to achieve a peak Mach number of
0.128 at this location, consistent with experimen-
tal observation. The inflow length of the chan-
nel was established to provide a naturally devel-
oped turbulent boundary layer of approximately
the same thickness as observed experimentally
prior to the step (1.5H). One of the key metrics
for this test case is the location of the reattach-
ment bubble which was determined experimen-
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tally to be x/Hreattach = 6.26± 0.1 by interpolat-
ing laser oil-flow interferometer measurements of
skin friction to zero. This feature was observed
to be largely invariant with respect to span of
the tunnel. In addition to the measurements of
reattachment length, lower wall pressure and skin
friction measurements were made, as well as ve-
locity profiles at several stations both upstream
and downstream of the step.

To assess discretization error, 5 uniformally-
refined structured grids are defined on the TMR
ranging in size from 5K cells to 1.3M cells.
Present BCFD simulations with the Spalart-
Allmaras turbulence model suggested that the so-
lution was not yet asymptotic, so three additional
grids were generated by further refinement with
the finest grid being 82M cells (in 2D). Each
of these simulations were converged to machine-
zero to eliminate concerns of convergence er-
ror. The resulting grid convergence of the reat-
tachment length is shown in Fig. 7. One of the
reasons for the abrupt shifts in these results are
that as the region near the backward-facing step
is resolved, additional recirculation vortices ap-
pear that result in a shift in the overall reattach-
ment length. The additions of these features sig-
nificantly delay reaching asymptotic limits for
convergence and highlight one of the challenges
of performing validation analysis on non-trivial
cases. Note that skin friction upstream of the step
and far downstream of the step show smooth con-
vergence with grid, emphasizing the importance
to evaluate multiple metrics for grid convergence.

Because of the use of the experimental mea-
surements to develop the boundary conditions for
the CFD simulations, no further uncertainty was
associated with these conditions in this study.
However, uncertainty in the turbulence model
coefficients was investigated using non-intrusive
polynomial chaos similar to the approach taken
in [17]. As in the previous study, the uncertainty
in three coefficients were given by σ ∈ [0.6,1.0],
κ∈ [0.38,0.42], and cw3 ∈ [1.75,2.50]. This anal-
ysis was performed at two different grid levels
with very consistent results, suggesting that the
discretization error is much smaller than this un-

Fig. 7 : Grid convergence of reattachment length
of backward-facing step.

Fig. 8 : Illustration of backward-facing step flow
field with reattachment length annotation.

certainty for this particular case. In terms of
reattachment length, the uncertainty interval as-
sociated with the turbulence model coefficients is
about 0.595H, whereas the discretization uncer-
tainty is about 0.011H. Fig. 8 depicts the flow
field and identifies the experimental attachment
length location, as well as the nominal turbulence
model result and the associated uncertainties in-
cluding both discretization error and turbulence
model coefficient uncertainty. Since the exper-
imental range is contained within the numerical
estimation of the range, there is no evidence that
the turbulence model is incorrect for this quan-
tity. However, comparisons between the simula-
tion and the experiment in Fig. 9 for the pressure
coefficient within the bubble illustrate that differ-
ences exist in these regions of the flow.

3.3.2 Common Research Model Example

The common research model is a representation
of a modern commercial transport developed by
Boeing and NASA to provide an openly-available
relevant geometry. This model was initially used
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Fig. 9 : Pressure coefficient on lower wall of
backward-facing step validation case comparing
experiment with CFD (including uncertainty).

as part of the AIAA Drag Prediction Workshop
series in DPW-4 and was subsequently tested
in multiple NASA facilities. This configuration
is used as a demonstration of full-configuration
validation at a transonic Mach number of 0.85,
a chord Reynolds number of 5× 106 represent-
ing the wind tunnel condition and a lift coef-
ficient CL = 0.5 (with tail incidence at zero).
In addition to the discretization error and epis-
temic uncertainty on the turbulence model de-
scribed in the previous section on the backward-
facing step, aleatory uncertainty associated with
expected variations in the wind tunnel test condi-
tions were included based on NTF estimates[18].
The Mach number was taken to be normally dis-
tributed about 0.85 with a standard deviation of
0.005. Similarly, the angle of attack and angle
of sideslip were assumed to also be normally dis-
tributed about the nominal lift coefficient with no
side slip with a standard deviation of 0.008◦ and
0.01◦, respectively. Although subsequent inves-
tigations have identified impacts from the blade
sting mount and the tunnel walls, these effects are
assumed to have been corrected out. There is ad-
ditional evidence that the aeroelastic effects were
not properly represented in the geometry used for
the computational model, but these effects have
been ignored for the present example.

With this combination of uncertainties, a
probability box representation of the predicted
drag coefficient is depicted in Fig. 10. In addi-
tion to identifying the epistemic uncertainty as-
sociated with the turbulence model and the addi-
tional uncertainty associated with the discretiza-
tion error, the effect of the aleatory uncertainty
in freestream conditions is reflected by the cu-
mulative density function aspect of the probabil-
ity box. The experimental data, interpolated to
CL = 0.5 from multiple tests are also illustrated
in the figure as a set of discrete dashed lines.
Note that the higher drag results come from ex-
periments performed in the NASA Ames 11foot
tunnel compared to the other results from the
NASA NTF facility. The predicted uncertainty
band for the BCFD simulations has a significant
overlap with the experimental observations, but
there is a region where the probability boxes do
not overlap; this region is the evidence for dis-
agreement between the experimental and numeri-
cal results and provides a representation of model
error, given the previous assumptions. Fig. 11
and Fig. 12 provide two representative pressure
profiles that highlight the comparison between
experiment and simulation in this case. The ex-
perimental measurement error bars are smaller
than the symbols used for plotting and the pri-
mary uncertainty associated with the CFD sim-
ulations are observed to be associated with the
shock location.

4 Summary

In this paper we provided the definitions of veri-
fication, validation, and benchmarking that have
been adopted by Boeing. The process that is fol-
lowed and some of the test cases in use for V&V
have been provided. The verification and valida-
tion is an expensive proposition, however, CFD is
an essential element of the design, certification,
and risk mitigation at Boeing and it is essential
to be performed. The use of CFD data without
V&V at best is risky. The CFD technology is
still maturing and V&V should remain an essen-
tial part of the process. The Uncertainty Quantifi-
cation was not discussed in this paper, however,
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Fig. 10 : Probability box comparing BCFD simu-
lation with experimental observation of drag co-
efficient on CRM at specified conditions. Solid
black line represents aleatory uncertainty pre-
dicted from input uncertainties, interval between
blue curves is uncertainty associated with free
stream conditions and turbulence model coeffi-
cients, region between red curves is additional
uncertainty associated with discretization error.
Black dashed line represents experimental uncer-
tainty from multiple experiments. Green shaded
area represents the region of discrepancy between
the two methods.

Fig. 11 : Pressure coefficient distribution at 30%
span on CRM wing.

Fig. 12 : Pressure coefficient distribution at 50%
span on CRM wing.

it was employed in one case to indicate its impor-
tance in validation process.
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