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In 2014, NASA released a report outlining a future
state for aerospace computational fluid dynamics
(CFD), the CFD Vision 2030 Study (the Study).1

Developed by experts from industry, government, and
academia, the Study provided a forecast of CFD capa-
bilities required for turbulent, transitional, and react-
ing flow simulations across a broad Mach number
regime. In addition, the Study provided an aspirational
role for future CFD as part of a routine, efficient, and
physics-based aerospace design and development
process. This future role of CFD was summarized in
the Study as follows: “A single engineer/scientist must
be able to conceive, create, analyze, and interpret a
large ensemble of related simulations in a time-critical
period (e.g., 24 hours), without individually managing
each simulation, to a prespecified level of accuracy.”

The Study assessed industrial requirements, identi-
fied impediments, and formulated Grand Challenge
(GC) problems to highlight capabilities needed to
achieve the Vision as well as a development plan (the
Roadmap) to achieve these goals. The Study became
a focus for NASA CFD efforts, and other organizations
and universities used it to identify development needs.
Although the Study predated much of the current
emphasis on digital engineering and model-based
engineering, the Vision is highly aligned with many of
the objectives that these focal areas seek to achieve.

While the Roadmap defined a series of technical
milestones and demonstrations needed to advance the
aerospace community toward the Vision, an advocate
was required to maintain momentum. Original sponsors
and authors of the Vision, along with other industry lead-
ers, formed the CFD Vision 2030 Integration Committee
(the IC) in 2018within the American Institute of Aeronau-
tics and Astronautics (AIAA) to foster the Vision and pro-
mote accomplishments toward its realization. This effort
has led to the establishment of a website,a a five-year
anniversary special session at AIAA Aviation 2019 with
top experts from across CFD technologies, and the
recent refinement of three GC problems in commercial
air transport, full engine simulation, and space vehicle
design. Another key outcome of the IC in 2021 has been
a careful review of the advancement of technologies
identified on the Roadmap since its release2 and a corre-
sponding update to the Roadmap to reflect current sta-
tus and trends.3

THE ROADMAP TO CFD IN 2030
The updated Roadmap (see Figure 1) has a timeline
divided into six domains: high-performance comput-
ing, physical modeling, algorithms, geometry modeling
and mesh generation, knowledge extraction, and mul-
tidisciplinary analysis and optimization. Each of these
domains has one or more key technology areas identi-
fied with a colored bar representing the technology
readiness level evolution. Critical technology mile-
stones and demonstrations are distributed along
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these bars. The 2020 Roadmap update included
adjusting the dates for these milestones to reflect
accomplishments as well as addition of items to
reflect learning that has taken place since 2014.

There are three related technology demonstra-
tions that serve as intermediate indications of future
capabilities slated for 2023:

1) unsteady, complex geometry, separated flow at
high Reynolds number;

2) grid convergence for a complete configuration;
3) on-demand analysis/visualization of an unsteady

CFD simulation with on the order of 10 billion
mesh points.

There have been several recent key indicators of
progress on these topics. The AIAA CFD High Lift Pre-
diction Workshop is highly aligned with the first of
these. At the third workshop held in 2017, two partici-
pants performed time-dependent, scale-resolving sim-
ulations that provided encouraging results compared
to Reynolds-averaged simulations. The fourth work-
shop (scheduled for 2022) includes over ten teams con-
tributing scale-resolving solutions and generating
preliminary results in better agreement with experi-
ment than previous efforts. Less progress has been
made on the grid convergence demonstration. In 2018,
several teams were able to demonstrate grid conver-
gence on an ONERA M6 wing using mesh adaptation
and strong finite element solvers. Increasing the wing’s
angle of attack led to challengeswithmultiple solutions
being obtained, which creates issues for achieving grid-
converged results. This observation has resulted in addi-
tional effort being focused on controlling which solution
is attained. At SC19, NVIDIA, NASA, and ORNL provided
an interactive visualization of a lander entering the Mars
atmosphere using six billion elements and leveraging
state-of-the-art resources including computation of the
results on Summit, the world’s most powerful supercom-
puter at that time, and storage of 150 TB with visualiza-
tion driven by four DGX-2TM servers. While each of these
are significant accomplishments, they fall short of the
intended goals on the Roadmap’s timeline.

HIGH-PERFORMANCE
COMPUTING (HPC)

The HPC domain made an accurate assessment of the
increases in computing capacity since 2014 and identi-
fied some of the challenges associated with the transi-
tion to heterogeneous computing platforms such as
GPUs. On the journey to exascale computing, there are
several potential disruptive technologies that are

identified, but these have yet to mature to a point for
significant industrial CFD usage. The key milestones for
the Vision identified in this domain include demonstra-
tion of algorithms for extreme parallelism in NASA CFD
codes, demonstration of efficient scaling of CFD on
exascale systems, and demonstration of a challenge
problem consisting of a 30 exaFLOP simulation of a
maneuvering flight with a full engine simulation. While
we are still several years away from the latter two,
NASA’s FUN3D CFD code has been demonstrated to
scale effectively on large systems such as Summit, run-
ning on over 16,000 GPUs with an equivalent perfor-
mance of severalmillion Xeon cores.

Reaching for the improved performance of exascale
computing is necessitating a paradigm shift from the
traditional computing advances. In the recent past,
increases in clock speed and memory performance,
addition of cores, and vectorization support have facili-
tated improvement in CFD without large-scale applica-
tion changes using node-level parallelism on the order
of a few hundred processes. Manufacturing constraints
and power requirements have forced computer ven-
dors to seek continued improvements through vastly
higher levels of parallelism and developing more com-
plicatedmemory hierarchies. These changes are neces-
sitating a shift in not only the programming of CFD
software, but also leading to CFD algorithms that are
tailored to specific hardware classes. These changes
stem from both the typical memory-bound nature of
traditional CFD routines and the increased level of par-
allelism that must be exploited. There has also been
progress on performing CFD on a range of revolutionary
hardware systems including quantum computing, but
these efforts are presently immature for industrial CFD
applications.

PHYSICAL MODELING
The physical modeling domain of the Roadmap includes
both turbulence model and chemical reaction enhance-
ments to support increased prediction accuracy. One
timeline focuses on Reynolds-averaged Navier–Stokes
(RANS) modeling. RANS approaches have helped indus-
try to providemuch of the CFD success inmodeling over
the last 25 years, but have limitations as simulation
objectives extend past cruise conditions (where the
boundary layers tend to be attached) towardmore sepa-
rated flows at more extreme conditions. The dominant
turbulent models for industrial applications were intro-
duced in the early 1990s and have received several
extensions but have not been replaced. At the time of
the original Study, therewas considerable hope that Rey-
nolds Stress Transport models could provide much of
the additional accuracy, but these have not yet gained
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general acceptance. Instead, the scale-resolving
approaches identified in the next two timelines (hybrid
RANS/LES and LES) have becomemore prevalent. These
approaches represent the dominant unsteady turbulent
scales to improve the predictive accuracy; they differ pri-
marily in the representation of turbulent flows near the
wall. These methods have seen faster growth than
originally predicted. Considerable questions need to
be resolved for both hybrid RANS/LES and LES
methods to realize their potential. The final timeline
in this domain focuses on combustion modeling
and reliably representing detailed chemical reac-
tions, particularly in time-dependent flows. Key
challenges in this area include increasing the
computational efficiency for predicting complex
chemical kinetics and improving the modeling of
chemical kinetics in turbulent flows. This capability
builds toward modeling time-dependent separated
flows such as rotating turbomachinery including
chemical reactions.

Additional key challenges identified in the physical
modeling domain include better modeling of the transi-
tion to turbulence as well as improvements to models
through machine learning. Turbulence transition is
important for a wide range of applications from improv-
ing drag through increased laminar flow to hypersonic
heat transfer predictions. Transition methods typically
used in industrial applications are based on stability the-
ory or, more recently, on empirical corrections included
as a partial differential equation. These have focused
on modeling transition based on Tollmien–Schlichting

waves, but there are additional important transition
mechanisms that need to be included. Some of the
scale-resolving methods described earlier suffer from
inconsistent generation of turbulence that stems from
numerically induced transition. Machine learning for tur-
bulence is an example of a CFD technology that did not
appear on the original roadmap because of its infancy at
the time. There are now numerous efforts to improve
turbulence modeling through the use of machine learn-
ing to adjust turbulencemodels to better represent flow
behavior.

ALGORITHMS
The algorithms domain recognizes that there are
enhancements in numerical methods that are neces-
sary to continue to make efficient use of new HPC
hardware and to support the simulation requirements
of industrial CFD applications. For example, scale-
resolving simulations require low-dissipation numerical
algorithms and the ability to maintain accuracy for
long-time integrations. On top of these new challenges,
there are ongoing issues associated with achieving
grid-converged solutions as traditional CFD numerical
methods have challenges reaching convergence. This
has been improved upon in some cases, but has further
highlighted the challenges of multiple solutions men-
tioned previously. Developing appropriate solution
methods to ensure that iteration error is sufficiently
small is an additional challenge. Both high-order meth-
ods and entropy-stable solvers are seen as options
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for reaching some of these goals, but there remains
considerable development necessary to mature the
scalability and robustness of these technologies for
industrial applications.

A second timeline in the algorithms domain is
uncertainty quantification. This discipline has been
gaining increased awareness in its applications to
CFD because of the increased reliance on CFD for
emerging industrial analysis and design applications.
Previously, the near-linear behavior for many applica-
tions did not require a detailed determination of the
solution confidence as the solutions are heavily sup-
ported by experimental evidence. To reach the desired
accelerated timelines for future aerospace applica-
tions, testing will need to be used more for validation
of CFD results than performance estimation as used
presently. This necessitates better characterization of
the CFD results and understanding of the numerical,
modeling, and condition uncertainty. Techniques for
doing this are being developed, but reliable error esti-
mation for CFD tools does not presently exist for a
broad range of applications.

TO REACH THE DESIRED
ACCELERATED TIMELINES FOR
FUTURE AEROSPACE APPLICATIONS,
TESTINGWILL NEED TO BE USED
MORE FOR VALIDATION OF CFD
RESULTS THAN PERFORMANCE
ESTIMATION AS USED PRESENTLY.

GEOMETRY MODELING AND
MESH GENERATION

The Roadmap update expanded the elements associ-
ated with geometry modeling and mesh generation by
the incorporation of timelines for both geometry model-
ing and HPC-based meshing methods. These new
revisions are driven by increased recognition that signifi-
cantly more automation will be necessary to provide the
discretization needed for future engineering simulations.
The techniques to robustly and accurately manipulate
geometry representations and efficiently generate large
(billions of cells) meshes require considerable develop-
ment and coordination across a range of different organ-
izations. Incorporation of multidisciplinary analysis and
association to geometry will continue to be required for
increased simulation complexity.

Fixed-grid meshing and adaptive mesh refinement
have made progress but have not reached the
expectations suggested by the original timelines,

partially due to the increased simulation emphasis on
time-dependent simulations. First-time quality of
automated grid generation has improved significantly
over the last decade, but user intervention is pres-
ently required for a number of key scenarios. Simi-
larly, adaptive meshing has demonstrated increased
capability for a range of flow domains and flow solv-
ers, but is not yet an industry standard, despite hav-
ing multiple options available to accomplish this. A
significant portion of the challenges faced by mesh
generation involve the use of geometry models from
industrial computer-aided design applications that all
too often include nonphysical gaps, overlaps, and
other geometry problems.

KNOWLEDGE EXTRACTION
The knowledge extraction domain stems from the under-
standing that the increased level of simulation will neces-
sitate better methods for gaining understanding, not only
from a single simulation but also from complete simula-
tion databases. The level of manual inspection of each
simulation performed in the past is not feasible at present
CFD throughput levels let alone the future levels. This
domain focuses on extracting the key results from simu-
lations, whether it be visualization of a single solution or
understanding the fluid-dynamic sources that impact
engineering quantities of interest across an entire data-
base. Engineering applications require thousands of simu-
lations to represent aerospace problems, and it is likely
that multifidelity data fusion techniques will be required
to represent different levels of approximation and test
data. These techniques are important to achieve a digital
thread design concept, but many present approaches
cannot consume completeCFD solutions.

MULTIDISCIPLINARY ANALYSIS
ANDOPTIMIZATION

Because aerospace products are increasingly inte-
grated across disciplines, a key element of the Vision is
extending CFD analysis to interface with additional dis-
ciplines including structures, control, aeroacoustics,
and others. To facilitate this, it is expected that stand-
ards need to be defined to enable both analysis and the
determination of sensitivities across the interfaces of
these domains. In some cases, such as structures, it
might be straightforward to envision a cosimulation at
the highest levels of fidelity, but the disparate time
scales and solution costs for different domains will
introduce challenges. Coupling of other disciplines is
less direct at the high-fidelity level necessary for an
integrated domain, but other approaches may suffice if
sufficient sensitivity information can be obtained.
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Combining this with the very large number of design
points (hundreds for an aircraft loads survey), design
variables (potentially tens of thousands), and design
constraints (up to hundreds of thousands) highlights
how daunting of a task this is.

While there are not yet accepted standards for
coupling disciplines, approaches are emerging and
some systems have demonstrated initial abilities for
performing integrated multidisciplinary optimization.
Other approaches use a scripting language to inter-
face multiple analysis tools together, but this often
limits the determination of fully coupled sensitivities.

THE PATH FORWARD
The CFD Vision 2030 is a comprehensive look at compu-
tational simulation technologies with a practical focus
on overcoming today’s challenges in order to deliver the
necessary tools for achieving the digital engineering
capabilities required for advanced aerospace applica-
tions in less than a decade. The challenges faced are
not easily overcome. Several challenges are in domains
that are largely technological: effective use of HPC plat-
forms to drastically reduce turn-around time, numerical
algorithms that exploit HPC architectures while also
delivering the desired accuracy, and improved physical
modeling of turbulence, separation, and combustion
that will expand CFD’s applicability near the boundaries
of the flight envelope. Other challenges are in domains
that are largely process-oriented: practical automation
of mesh generation that accounts for both the complex-
ity of the geometry model and the simulation needs of
the CFD solver, tools for engineering knowledge extrac-
tion that provide insight from hundreds or thousands of
simulations, and ecosystems of software that are truly
interoperative and enablemultidisciplinary simulations.

The CFD Vision 2030 Integration Committee is
continuing to champion the objectives defined in the
2014 Study to support a stronger digital engineering
capability in CFD. This effort includes not only moni-
toring technical progress for identification of new
approaches and technology maturation, but also adv-
ocacy for technology risks associated with slowed
development. Through both annual reports on the
state of the Roadmap and industry-wide advocacy for
specific GC problems representing enduring chal-
lenges, progress across the industry can be achieved.
While this effort focuses on CFD, it parallels and com-
plements industry-wide trends in digital engineering.

The next set of Technology Demonstrations for
2023 include achieving accurate results for unsteady
simulations on complex geometries, demonstration of
grid convergence on a full configuration, and interac-
tive visualization of a 10 billion mesh point unsteady
simulation. None of these will be easy to achieve, but

solid progress has been made across all Roadmap
domains in the last five years, which will support reach-
ing these goals.
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