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Abstract

To reduce development cost and to avoid late design fixes in aircraft design, meth-
ods that are fast and economic in estimating the aerodynamic characteristics of
complex flight vehicles at the preliminary design stage are desired. This work and
thesis focus on the adaptive-fidelity CFD approach, with emphasis on the high end
of the CFD tools available today.

The core idea of the method is to use computationally cheap modeling in the
part of the flight envelope where it is applicable. When the complexity in the flow
field increases more details and realism is included in the mathematical model, at
a computationally higher cost. A typical case where this would be required could
be at the border of the flight envelope, where flow phenomena such as shocks, flow
separation, and interacting vortex systems could occur.

Since the number of cases needed to resolve the flight envelope could be in the
order of ten thousands automation is required. The bottlenecks are the discretiza-
tion of the fluid volume and evaluation of raw CFD data and post processing of the
data. These issues are also discussed in this work.

The method has been tested on two real flying aircraft, the X-31 delta-winged
aircraft with vector thrust, and the Ranger 2000 Jet trainer, as well as on the SAC-
CON preliminary wing-body UCAV design. The results provide improved under-
standing of the usefulness of this method as an analysis tool during the preliminary
design phase all the way into the flight test diagnostic phase of a new aircraft.
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Dissertation

The first part of this Licentiate thesis gives an overview of the research area with a
summary of the work that lead to the appended papers. The second part collects
the published results in form of the following papers1.

Paper A

M. Tomac and A. Rizzi. “Creation of Aerodynamic Database for the X-31”. Pa-
per no. AIAA 2010-501. Presented at the 48th AIAA Aerospace Sciences Meeting
4-7 Jan 2010, Orlando, FL, USA

Paper B

M. Tomac, A. Rizzi, R.K. Nangia, M.R. Mendenhal, and S.C. Perkins, Jr. “En-
gineering Methods Applied to a UCAV Configuration - Some Aerodynamic Design
Considerations”. Submitted to AIAA Journal of Aircraft.

Paper C

M. Tomac and D. Eller. “From Geometry to CFD-Based Aerodynamic Deriva-
tives - An Automated Approach”. Paper no. ICAS 2010-305. Presented at the 27th

Congress of the International Council of the Aeronautical Sciences, 19–24 Sept
2010, Nice, France.

1The appended papers have been reformatted to comply with this licentiate thesis’ style and
layout.
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Division of Work Between Authors

Paper A

M. Tomac performed the computations, wrote and presented the paper. A. Rizzi
supervised the work and contributed with valuable comments for the analysis of
the results.

Paper B

M. Tomac performed the multi-fidelity CFD analysis using the CEASIOM frame-
work and contributed to the design considerations. M. Tomac was the correspond-
ing author for assembling the results from the other authors together with his own,
and submission to Journal of Aircraft.

Paper C

The paper was written together by D. Eller and M. Tomac, M. Tomac per-
formed the computations and presented the paper. D. Eller is the creator of sumo
the surface modeler. He coupled this together with Tetgen. M. Tomac proposed
and implemented the semi-automatic RANS meshing procedure.
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Introduction

An aircraft is a technically complex product whose design involves and requires
many different functions and many coupled systems. One of the main tasks is to
integrate and couple all the systems and functions into an efficient and reliable
component with high performance that may be produced at an affordable price.

Aircraft Design

The design process starts with an initial idea or concept. The sub-systems of the
concept are then simulated and tested, to see that all intra disciplinary systems
requirements are satisfied. If that is the case the whole concept is analyzed for
performance in order to check it against the main objectives and requirements. At
the next phase a physical model is constructed for experimental verification and
finally prototypes are manufactured for certification.

A subsequence of the principal steps including feedback loops is shown in the
block diagram Fig. 1, typical for determining range and payload performance.

Figure 1: Conceptual aircraft design
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The aerodynamic design goal is to define the overall surface shape to fulfill the
aerodynamic requirements, regarding lift, drag, loads, stability criteria etc. This
is done by sizing and placing the different geometrical components taking into
account propulsion integration, structures, and their volumetric demands. At hand
the engineer has a range of tools, such as:

• Handbook methods, approximate and parametric methods.

• Numerical aerodynamics, simulation and optimization methods.

• Experimental aerodynamics, wind tunnel experiments.

• Experimental aerodynamics, in flight tests.

Figure 2: map showing role CFD in aircraft
design

Figure 2 indicates how all these
various tools are used to create the
aerodynamic dataset of forces and
moments over the entire flight enve-
lope. These datasets then provide
the input for analyzing the aircraft’s
performance, for designing the flight
control system, and studying struc-
tural dynamics.

Focusing on the tools of numeri-
cal aerodynamics brings us to Com-
putational Fluid Dynamics (CFD),
which includes disciplines such as
fluid mechanics, numerical analysis,
computer science, scientific visualiza-
tion, and grid generation.

CFD in Aircraft Design

Typical applications for CFD includes shape optimization, performance predictions,
load estimations, aeroelastic design and system integration. A CFD simulation
entails several steps:

• Geometric modeling: approximation and definition of the wetted surface.

• Computational grid: discretization of fluid volume. The flow field/physics
dictates the shape of the grid, are gradients in flow field resolved? is scale
separation taken into account? are requirements on grid topology satisfied?

• Computational resources: what is the available computational budget and
resources?
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• Flow field computation: choice of numerical method, CFD solver program.

• Quality assessment of obtained solution: Visualization and post-processing.
Are there numerical related errors? is it possible to compare with indepen-
dent data? is assessment of the approximation needed? is grid convergence
achieved?

Depending on the type of flow field (attached, separated, vortical) the need for
realism in describing and modeling the physical flow field is different. For example,
consider the closure of the Reynolds-Averaged Navier-Stokes (RANS) equations.
Today it is widely accepted that there is no universal turbulence model that captures
all physics in turbulent flow. Instead, the engineer is left with a wide family of
models that are based on specific assumptions and restrictions. In early design,
conceptual or preliminary, only broad aerodynamic properties are sought first, so
linear CFD methods may well suffice. Hence, the intended use dictates the choice
of mathematical model which in turn leads to choice of solver software.

In fact high-end CFD usually is not used in conceptual design at the Future-
Project Office of an airframe manufacturer, less so for reasons that the results are
not beneficial, but more so because the learning curve for using these methods are
too steep and the methods themselves are too cumbersome and time consuming.
The same thing can be said about high-end CAD. The designers in the Future
Projects Office are just that, aircraft designers, and not extensively trained CAD
operators. Also the early conceptual configurations that the designers propose do
not call for all the power of CAD. Nevertheless, if their configuration could be
described as a meshable geometry, if a computational grid could be generated
automatically and if a nonlinear CFD solution could be produced with miminum
workload on the user, then these CFD results would be of greater interest to the
designer. For example, it would offer her the possibility of obtaining a second
aerodynamic ‘opinion’ on say what the pitch moment curve is. Therefore a major
focus in this work is to develop IT-based procedures that automate much of the
workload needed to produce this data in the early stages of design. Later, in the
advanced design stage specialists (i.e. highly trained CFDers as opposed to aircraft
designers) are needed to tackle detailed and specific problems, as e.g. may occur
at extremes of the flight envelope.

Computing the Stability & Control Database

Simulation of rigid aircraft flight in the quasi-steady regime requires the calculation
of six forces and moments from the state altitude, angle of attack, Mach number M,
sideslip angle, and rates in yaw (p), pitch (q), and roll (r), and the state of controls
of propulsion and aerodynamic actuators, such as control surfaces. Thus, there
are O(10) independent variables, which makes brute force look-up table approaches
infeasible.
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The sizes of the tables are reduced by exploiting weak dependencies, so super-
position can be used by linearization. Unconventional aircraft may have other weak
dependencies; if so, the break-down of tables must be adapted anew.

Table 1 is an example look-up table of data, from the CEASIOM software [1],
that must be computed for each point in the envelope of a flying aircraft. To fill the
aero-database matrix to an extent that it becomes sufficiently dense could easily
demand tens of thousands computations even for conceptual design, and hundreds
of thousands for more advanced design, see Jou [2]. For example, The number
of cases needed to fill the look-up table could be estimated with the following
expression.

Ncases = Nα·NM ·(1+Nβ+Nq+Np+Nr+Nelevator+Nruder+Naileron+Nflap,1+Nflap,i)

Where N indicates “Number of” followed by corresponding variable. If one
looks at five flight Mach numbers, seven angles of attack, seven side slip angles,
excluding flaps, and the other variables a very crude five point study one gets a
bare minimum of 1330 cases to be computed. This would correspond to a very
course table.

α M β q p r δe δr δa CL CD Cm CY Cl Cn
x x x - - - - - - x x x x x x
x x - x - - - - - x x x x x x
x x - - x - - - - x x x x x x
x x - - - x - - - x x x x x x
x x - - - - x - - x x x x x x
x x - - - - - x - x x x x x x
x x - - - - - - x x x x x x x

Table 1: Ingredients of the Aerodynamic Dataset: Force & Moment Coefficients
Stored in Look-up Table at Each Point in the Flight Envelope

Ways to Reduce Workload

There are a number of ways to reduce the number of cases to compute and the
amount of computational work overall. Sampling together with Kriging is one tech-
nique for determining which points in the envelope to compute and how densely
spaced they must be. Data fusion is another technique that combines data from
low- and high-fidelity sources. Both techniques are subject to research and devel-
opment, some recent representative work has been presented in [3–5].

Once the aerodynamic dataset has been obtained, along with mass and inertia
properties, the stability and control (S&C) analysis of flying and handling qualities
can begin. For example by using the analysis offered in CEASIOM that solves the
nonlinear 6 DOF mathematical model of rigid aircraft motion presented in [6].
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CFD Toolbox for Aircraft
Designers

Given the objective of creating an aerodynamic dataset for S&C analysis and eval-
uation, the engineer needs to take into account not only the cruise conditions but
also other parts of the flight envelope, e.g. take-off, landing, climb-out, maneuver,
supersonic operations, etc. An example is seen in Fig. 3a. A range of differ-
ent models and methods is at hand, some are represented in Table 2. The table
presents a hierarchy from low-order potential flow solvers (Vortex-Lattice Method),
to more advanced solvers such as Panel or Euler Solver, and the Reynolds Averaged
Navier-Stokes (RANS) Solver.

All methods have their benefits and drawbacks. While the RANS solver may
have more realism and capture a larger part of the different flow phenomena, it
also severely increases the computational cost. On the other hand, the low-order
potential flow solver methods such as Vortex-Lattice, have a very low computational
cost but lacks in realism in its modeling of the flow field, limiting it to the linear
part of the flight envelope.

This is well aligned with the basic idea of Multi Fidelity CFD: To use cheap
methods in areas of the flight envelope where they are sufficient and to use higher-
order modeling where it is required, in the nonlinear and extremes of the flight
envelope. This is one way to reduce the computational workload.

Multi Fidelity CFD

Figure 3b illustrates some basic considerations in the multi-fidelity approach. Lin-
ear ’singularity’ methods use only lifting surfaces or surface grids, while nonlinear
’field’ methods use space grids. This places different requirements on the underlying
geometry, more details are explained in paper A. An example of how different the
required flight envelope could look for two different types of aircrafts is illustrated
in Fig. 3a. A transport airliner and a delta winged fighter aircraft. The areas
where the different CFD models are suitable are also shown.
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Linear ‘Singularity’ Methods Nonlinear ‘Field’ Methods
VORTEX-LATTICE PANEL EULER NAVIER-STOKES
METHOD SOLVER SOLVER SOLVER

Basic O× ~u = 0 ~u = OΦ Φi = µi =
∑

aijµj O � (ρ~u) = 0 O � (ρ~u) = 0
Eqns wi =

∑
aijΓj = V∞ dY

dx
+

∑
kijV∞ D~u

Dt
= − Op

ρ
D~u
Dt

= − Op
ρ

+ (ν + νt)O2~u

Properly + sweep, low AR + fuselage, nacelle... + vorticity, + viscous effects
models.. effects entropy (turb. model approximate)
Compressi- Approx. via P. - G. Approx. via P. - G. ‘Exact’ ‘Exact’
bility
Viscous Difficult. Via BL solvers Via BL solvers Already present
Effects Not done in practice and δ? correction and δ? correction
CL Yes Yes Yes Yes
dCL/dα Yes (no thickness effect) Yes Yes Yes
CDinduced Yes (Trefftz Plane) Yes (Trefftz Plane) Lousy Lousy

(Can’t use Trefftz) (Can’t use Trefftz)
CDshock No No Yes Yes
Cm Yes Yes Yes Yes
Surface Cp Maybe (Inaccurate Yes Yes Yes

at leading edge)
CPU time 5 sec. - 1 min. 10 min. - 1 hr. 1 - 15 hrs Days
/ Case

Table 2: Multi fidelity CFD table showing sub-methods and models

(a) flight envelope (b) CAD and CFD hierarchical model

Figure 3: Left typical flight envelope: Right multi fidelity CFD hierarchical model

Surrogate Modeling: Sampling & Kriging

Surrogate modeling provides a means to reduce the computational workload, and
Fig 4 indicates the procedure. Select a linear CFD solver from the toolbox (Fig
4a), say the VLM code and compute all the entries needed in the table. This
produces the lower surface of CL values shown in Fig. 4b. In the nonlinear regions
of the table, we know these values will be inaccurate. So sample those regions
by computing with a nonlinear CFD method, say an Euler solver. Doing so will
produce the upper surface of CL values shown in Fig. 4b. In the nonlinear regions,
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the distance between these two surfaces will be large, so fuse (discard the inaccurate
values) the two into one, and use Kriging to obtain points between the coarser
spacing of the sampling locations. The end result is a ‘fused’ table in which only
some points are computed with expensive nonlinear CFD and others are obtained
by Kriging. It is an approximation that acts as a surrogate model for computing
all the points with nonlinear CFD.

(a) CFD Toolbox (b) Sampling & Kriging to fill in database tables - the
Surrogate Model

Figure 4: Surrogate modeling concept: sampling & Kriging

Thus the development of a highly automated adaptive fidelity CFD toolbox for
constructing aero-data bases for performance and S&C analysis targets the following
goals:

(a) Shorten the time for requirements analysis, configuration design cycle and
performance analysis through automation.

(b) Provide higher fidelity aerodynamic datasets earlier in the design cycle.

(c) Reduce as far as possible tedious, repetitive, and manual workload on the
engineer, thereby reduce careless error and thus increase the quality of the
aerodynamic dataset.



10 M. Tomac

Objective

For a given flight envelope the design engineer needs a complete aero-data set in
order to simulate performance and stability and control characteristics. In order to
create this aero-data set with greater ease by numerical aerodynamics, the following
parts of the CFD cycle need to be improved:

• Geometric modeling and approximation.

• Grid generation of geometry and if required, wetted surface area.

• Setup, running & managing the solver on computing cluster machines.

• Post-processing, quality check, produce aerodynamic derivatives as well as
visualization of data.

The geometric modeling is usually performed in a industry standard general pur-
pose CAD system, generation of computational grids is left to a commercial mesh
generator, and the mesh is finally exported to a CFD solver. This approach has
significant disadvantages. Due to the complex nature of both CAD systems and
high-fidelity flow solvers together with licensing and training cost, the number of
engineers with expertise in CFD as well as CAD systems is rather limited. It
should also be mentioned that the complexity and high level of details in the geom-
etry coming from commercial CAD system often tends to be unnecessarily complex
and usually requires extensive manual simplification efforts, thereby severely en-
cumbering automation. In addition, although the steps above may all be rather
straight forward for an experienced CAD-CFD engineer, the sheer number of cases
still makes the work error-prone.

Expanding the CFD Toolbox

The aim of this work is to develop and expand the CFD toolbox available to the
design engineer today. The toolbox should ease the task of producing aerodynamic
datasets and, as far as possible, reduce tedious and costly error-prone repetitive
work, minimizing the risk of optimizing just the model related design and not the
future aircraft it self. This thesis focuses on the automation of the CFD process for
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Nonlinear ‘Field’ Methods which use space grids, in particular high-fidelity RANS
solvers.

Scripting tools

Figure 5 shows an overview or if one wants how the CFD pipeline could look like
for a single flight envelope. Following the flow from left clockwise we have:

1. On the left side the engineer on his workstation sets up the geometrical input
and flight envelope to be tested

2. A sampler puts together a set of cases to be computed in a automated manner

3. This package of cases is sent to a script tool, which from here on takes over

4. Dependent on the workload the script tool send the individual case to a high
performance cluster or if low workload the job is conducted on the local
workstation or laptop

5. When the results are back from the cluster or local workstation, the forces
and moments etc. are reported back for further analysis.

6. A data filter and fuser collects the necessary data in a hierarchical manner
and the results are shown to the engineer hence closing the loop.

In order to do this in an automatic manner the script tool needs to be able
to prepare the model (generate mesh), pre-process the data, communicate with
cluster if necessary, and extract desired data from the raw results with minimum
or no support by the engineer.

Figure 5: CFD pipeline for dataset creation
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Projects and Test Cases

This section introduces some of the projects where the adaptive CFD approach
has been used. It also presents the three test applications, Fig. 6-8, on which the
method was applied.

NATO RTO AVT-161 Task Group

An assessment of Stability and Control Prediction Methods for NATO Air and Sea
Vehicles is underway in the RTO (Research and Technology Organization) AVT-
161 (Applied Vehicle Technology) task group. The main purpose is to validate
and benchmark modern CFD codes and check their readiness to predict accurately
static and dynamic stability characteristics of air and sea vehicles. The task group
investigated two designs, the X-31 flying vector aircraft and a preliminary UCAV
design called SACCON (Stability and Control CONfiguration), Fig 6 and Fig 7
respectively. The task group provides:

1. Static and dynamic validation data [7–9].

2. Steady state and dynamic CFD predictions of the configurations [10–13].

3. Analysis of the experimental and numerical data.

This group also provides “best practice“ procedures to predict the static and
dynamic behavior specially for configurations with vortex dominated flow fields
where nonlinear effects have a significant impact.

KTH participated with providing CFD aero-data created by the adaptive CFD
approach. The data was compared to the experiments in the German Dutch Wind
Tunnels (DNW) Low Speed Wind tunnel Braunschweig (NWB) and the National
Aeronautics and Space Administration (NASA) at Langley 14-by-22-Foot Subsonic
Tunnel.
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(a) Three-view sketch (b) In-flight photo; courtesy U.S. Marine
Corps photo

Figure 6: X-31 vector aircraft

(a) Four-view sketch (b) upside-down in wind-tunnel;
courtesy DNW NWB

Figure 7: SACCON UCAV design

(a) Three-view sketch (b) In-flight photo; courtesy EADS-MAS

Figure 8: Ranger 2000 Jet trainer
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SimSAC

The SimSAC project [1], Simulating Aircraft Stability and Control Characteristics
for use in Conceptual Design, is a 6th Framework Program European project. The
focus is on gaining better knowledge about Stability and Control (S&C) early in
the aircraft development process including flight control system (FCS) architec-
ture. Usually FCS design only starts near the end of the conceptual design phase,
increasing the risk of detecting costly mistakes late in the design process.

Figure 9: CEASIOM integrates four modules: geometry/grid generation, CFD,
CSM (Computational Structural Mechanics) and flight control into a
framework for design.

The SimSAC project contains the following primary work elements:

1. Development and subsequent linking of a series of discipline-analysis software
modules into the a computerized system (CEASIOM)

2. Thorough benchmarking of the developed expert software toolboxes (mod-
ules)

3. Application of CEASIOM to a select number of aircraft design problems
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4. Wind-tunnel verification of a CEASIOM-designed aircraft

The CEASIOM tool mentioned is illustrated in Fig. 9. Some of the modules in-
cluded are Geometry, Propulsion, Weights and Balance, Aerodynamics CFD, Con-
trols and Structures. The contribution of this work to the SimSAC project was in
expanding the CFD toolbox, primarily by adding the RANS capabilities to the CFD
module, but also with scripting procedures etc. Automation was increased and the
workload together with the learning curve for the user was decreased. Figure 8
shows the second flying aircraft the Ranger 2000 jet trainer, for which wind-tunnel
data was made available to the participants[14].

ALEF

Aerodynamic Loads Estimation at Extremes of the Flight Envelope (ALEF) is a 7th
Framework Program European project. The main objective of the ALEF project
is to enable the European aeronautical industry to create complete aerodynamic
models of their aircraft based on numerical simulation methods. The second aim is
to create greater confidence in computational results. The final scope is to reduce
the development cost by simulating the complete flight envelope by means of a
numerical toolbox.

Our contribution to the ALEF project included continuation of the development
of the Aerodynamic CFD module in the CEASIOM framework. As a test case a
extended CFD analysis was performed on the X-31 flying aircraft, Fig. 6. Three
aspects of the ALEF objective in relation to this contribution are:

• Comprehensiveness.
Refers to the ability to predict aerodynamic forces, moments and their deriva-
tives over the complete flight envelope. Our approach, the aerodynamic CFD
toolbox, which uses the adaptive fidelity CFD method to produce results from
several fidelity levels.

• Quality.
Refers to accuracy and physical correctness of results for each simulated flight
point. Variable fidelity of the aero-data prediction tools offers a novel ap-
proach to improving quality and control of data reliability.

• Efficiency.
The ability to compute the complete aero-data table (space) within reasonable
time frames dictated by industrial design processes. By using target specific
CFD tools the computational cost is reduced using scripting procedures to
automate the work.. Increasing the level of automation in the CFD process
attempts to reduce manual work and risk of human errors.
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Results and Discussion

The chapter contains a summary of the appended papers as well as additional
results and analysis, in order to further clarify the overall conclusions.

Paper A – Creation of Aerodynamic Database for the X-31

The paper gives a more detailed introduction of the multi-fidelity CFD method as
well as an overview of the work undertaken. The core of the high fidelity CFD
script tool system was developed and applied to the X-31 flying aircraft, Fig 5. In
general one can see that the results from the RANS simulations are better than
the other two methods as expected, Fig 10. However, the semi-automated RANS
grid requires a higher effort than the other two methods, both in terms of manual
work and computational cost. The approach seems promising, however simulations
at the borders of the flight envelope have not yet been tested.

(a) CL and CD vs Angle of Attack (b) Cm vs Angle of Attack

Figure 10: Subsonic VLM and Euler and RANS results compared to experiment
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Paper B – Engineering Methods on the SACCON
configuration - Some Design Considerations

This paper compares three engineering methods targeted for preliminary aircraft
design, applied on a UCAV design called SACCON. The methods are, the Nangia
panel method [12], the Shaman approach [15], and the multi-fidelity CFD approach
of CEASIOM [1]. The methods captured design errors in agreement with experi-
ments, but also proved to have difficulties predicting pitching moments, Fig. 11b.
The different CFD models within the multi-fidelity CFD framework deviate from
each other even in regions of the flight envelope where they are expected to overlap.
Hence, the engineer is warned that something is out of order, indicating the value
of the second ‘opinion’.

(a) CL and CD vs Angle of Attack (b) Cm vs Angle of Attack

Figure 11: SACCON: Subsonic VLM and Euler and RANS results compared to
experiment

The methods capture lift and drag with satisfactory precision, Fig. 11a. There
was also a high speed investigation done with CEASIOM on the SACCON model.
Some high speed behavior and some results of the development of the post-processing
module can be seen in Fig 12a. The analysis of the SACCON is subject to intensive
computational and experimental study by the NATO RTO task group AVT-161.
This study and design exercise will continue with investigating the unsteady aero-
dynamics for which experimental data is available [7–9], as well as how to control
this flying wing in sideslip.

The failure of the inviscid CFD tools to predict the pitching moment at low
angle of attack also highlights the issue of data reliability. A check tool was imple-
mented and a manual mesh model was created and analyzed as well, Fig. 12b. The
additional manual effort clearly pays off in terms of how averaged data approaches
experimental results. However, the large error bars indicate the uncertainty of the



18 M. Tomac

(a) Top view: λ shock wave structure and Cp (b) Cm vs Angle of Attack

Figure 12: SACCON: Left: Transonic CFD results; Right: Subsonic VLM and
Euler and RANS results compared to experiment

new dataset. This way the engineer is systematically warned by discrepancy be-
tween different models. However the question of data reliability is still subject to
further studies and development.

Paper C – From Geometry to CFD-Based Aerodynamic
Derivatives - An Automated Approach

The paper goes into detail of the task of automatic mesh generation for inviscid
and viscous flow simulations. Inviscid mesh generation was tested on a number of
different types of aircraft and variants and displayed satisfactory robustness. Auto
generation of viscous grids did not reach a satisfactory level of robustness. This
was improved by adding input options, for example the option to change boundary
layer growth strategy. The difficulties in handling sharp trailing edges require fur-
ther investigation and work as illustrated in Fig. 13a.

With the improvements of the meshing module, when a base model could be
successfully meshed, modifications to the geometry could easily be meshed without
large effort. For example, not only modifying wing profiles but also by changing
complete components, as the v-tailed version of the Ranger 2000, Fig. 13b.

During this study the tool for meshing was further developed and reorganized
to its current state, Fig. 14. Inputs to the mesh module are geometrical defini-
tions, job-matrix, solver requirements, and special requirements can be input by
the engineer. Templates from a library are modified before sending the job to the
meshing software. For inviscid flow meshing the sumo software is used [16]. In
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case of viscous RANS computation the resulting mesh from sumo is exported to
the commercial software icemcfd [17]. By conversion tools the viscous mesh is
exported in suitable format to the CFD solver. In case of failure of the automatic
procedure the engineer needs to be included.

(a) Difficulties in meshing viscous boundary layer
mesh around sharp trailing edges

(b) Successful boundary layer mesh on heavily
modified geometry

Figure 13: Automatic generated boundary layer mesh for viscous simulation; Left:
X-31; Right: Modified Ranger 2000

Figure 14: Overview of automatic grid generation



20 M. Tomac

Conclusions and Future Work

The multi-fidelity CFD toolbox is promising and helps capture difficulties where a
single model may fail, it shortens the turn-around time and also reduces workload
on the design engineer. However, the framework requires the user to understand
how the different models function and what the corresponding requirements are to
get reliable results from the different sub-methods used within the framework. It is
an elementary requirement, not calling for a highly trained CFDer. It is something
that aircraft designers can learn with reasonable effort.

Results from investigations of the three test cases highlight some issues to be
resolved. The designer/engineer is needed in the loop. So far, the tool has only been
applied on a limited part of the flight envelope and the usage and benchmarks should
be expanded to extremes of the flight envelope. Another possible improvement is
to implement a ‘listener’ monitoring the progress of the CFD solution, if a job fails,
some standard steps could be taken. Some potential future technological work can
be summarized as follows:

• Robustness of the meshing module needs to be improved for RANS meshing.
A poor automatic RANS mesh still requires time-costly manual repair work.

• Automatic mesh analysis, this in order to avoid sending away jobs expected
to fail or result in poor results.

• Development of an “Active” listener program, monitoring the solver. The
listener should take action if necessary, and make the basic engineering steps
if a case turns out to be difficult.

• Development and improvement of the data reliability, surrogate modeling,
data fusion & sampling of the different data sources created by the multi-
fidelity CFD tool.

• Seamless implementation into the CEASIOM framework.

This research will also proceed to evaluate the possibility to implement mod-
els and tools with higher requirements then basic RANS modeling. For example
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transition prediction modeling which plays an important role when designing air-
crafts. Another possible direction could be multi-disciplinary design including the
aerodynamic interaction with the structural airframe. One goal here could include
a unified geometry description from which both CFD and CSM grids could be
generated. Another one could be the development of a multi-fidelity CSM toolbox.
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