Multi-Physics and Multi-Fidelity
Approaches for Digital Twin Integration

PhD in Design, Manufacturing and Operations Engineering

PhD Cycle XXXVII

Tutor: Prof. Marco Evangelos Biancolini
Coordinator: Prof. Francesco Vivio

PhD Candidate: Andrea Lopez




Main Activities

PhD focus on CAE methodologies for interactive design dashboards *f Leonardo

Conducted in collaboration with Leonardo Labs, Turin, with on-site Labs
internship periods

Some Other Collaborations:
University of Padova
University of Napoli
INAF
RBF Morph
Avio
Dallara

bf O
- -
' AVIO




Summary

Overview

Radial Basis Functions (RBF)
Multi-fidelity workflows
Multi-physics analysis

Shape parameters definition

Real Time Design Dashboards:
Adjoint
Reduced Order Model (ROM)



Overview

How to connect
the two models?
How to switch from
one to the other?

How to interact
with the parametric
space in real time?

Low Fidelity Preliminary
Design

L

High Fidelity Model

—

Dataset

Final shape

How to connect the
different physical
domains involved?
(each will have a
different model)
How to define

shape
parameters?




RADIAL BASIS FUNCTIONS (RBF)



Radial Basis Functions (RBF)

Given two heterogeneous domains (2: and (22, RBFs are used to interpolate quantities
from (21to (22 using a proximity criterion;

If m is the number of source points, the interpolation function can be expressed as:
fx) =Xz vipUle; — x|) + p(x)
Where:
p(x) = B1 + Box1 + -+ Pry1Xn

The unknowns of the system are the polynomial coefficients 3; and the weights y; of
the radial basis functions. These can be determined by enforcing the following conditions:

fe) =g
m
Z yip(c;) =0 RBF ¢(r)
i=1 Spline type | |™
. M Pl(Y g
In matrix form: [ T ]{ }={ }
PT 0l B 0 Multiquadric 1+ r2
Inverse multiquadric 1
V1 +7r?
Inverse quadratic 1
1472
Gaussian e’

Typical radial functions

The most commonly used poly-harmonic
functions, r = ||¢; — x||

Interpolation using a linear poly-harmonic spline ¢p(r) = r (top
left) and a cubic poly-harmonic spline ¢p(r) = 13 (top right).
Interpolation using C2 Wendland functions with r=0.7 (bottom

left) and r=0.4 (bottom right).
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Radial Basis Functions (RBF)

Mapping FSI
Shape parameters definition (Mesh Morphing) P —

Design

Response Surface Interpolation R
. %;m 4——-——_—_—_____—_—

Connect multi-fidelity analysis
High Fidelity Model
* How to connect the
. different physical
domains involved?
(each will have a
different model)

+ How to define
shape

. Dataset parameters?
* How to interact /
with the parametric

space in real time?

Final shape




MULTI-FIDELITY WORKFLOWS



Multi-Fidelity Workflows

E
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Multi-fidelity approaches enable the connection of
models with varying levels of accuracy. The
objectives of these approaches can be manifold: Sub-Modelling example

To model in detail only specific areas of interest
(sub-modelling, homogenization).

To connect different physical phenomena that
require varying degrees of accuracy.

To link low-fidelity tools and analyses for preliminary D O Coupling for electical and thermal analeis
design with high-fidelity numerical tools. For

Instance, combining analytical and numerical
approaches to optimize the design process

s |

From analytic to FEM




Multi-Fidelity Workflows

Shape Optimization of Frame Structures through a Hybrid Analytical-2D
and Numerical-3D Approach

Workflow
Step 1: Analytical Automatic Nj;fsrzi;al
Optimization - Uniform Creation of FEM o
Optimization -
Strength Model BGM

e —



Multi-Fidelity Workflows

Shape Optimization of Frame Structures through a Hybrid Analytical-2D

and Numerical-3D Approach

Step 1: Analytical Optimization - Uniform Strength

Why the Uniform Strength? ——>  Maximum mechanical efficiency

. 6 for constant section
Elastic Strain Enerqy 1 M (x)

~ mazimum enerqy that — (0,,..)> V)] I(z)
can be accumulated L

da

How to obtain the cross-section shape to guarantee
the Uniform Strength?

N(z) B M (z) y
Alz)  I(z)°

o.(2,y) =

ma:r:(arm(:z:, ;{;h(ar)/Q)) = 0;,, = CONSE ——> 0, = [V(@) + M (@) i) |:>

\® for Uniform Strength beams

(variable sections)

1 A
0N SN

rrrrr

ud of st
= 60MP
2h(x ;L(Fg,F;,Mg,m)_i/gw_H\/ZJr {/—1—\@]
4 p? [N ()] |M ()]
A=1+_"—= ; p(FlLz)=— ;oa(FL M x) = —
27(]2 ( * ) €A Oiso ( Y - ) CI Oiso
2-h (0 Circular cross-section Square cross-section
N cpa=m , ¢g=m/4 ca=1, ¢=1/12

2-h(x)  Ifthe stress contributes due to normal force is neglected and the distributed loads are nulls, it is

possible to integrate the kinematic equations: h(FJ, ﬂ/fg, .’I,‘) = [(3M o(x) - M(F;, ]MZI, .’I?)}%
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Multi-Fidelity Workflows

Shape Optimization of Frame Structures through a Hybrid Analytical-2D
and Numerical-3D Approach

RBF Mesh Morphing

Automatic Creation of FEM Model
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Multi-Fidelity Workflows

Shape Optimization of Frame Structures through a Hybrid Analytical-2D
and Numerical-3D Approach

Step 2: Numerical Optimization - BGM

BGM approach is based on the observation that biological structures growth is
driven by local level of stress.

Bones and trees’ trunks are able to adapt the shape to mitigate the stress level
due to external loads.

The process is driven by stress value at surfaces. Material can be added or
removed according to local values.

Was proposed by Mattheck & Burkhardt in 1990.

Automatic optimization is accoplished connecting adjoint and BGM data from
numerical simulation to mesh morphing tool.

Offset Surface shape modification allow to define for each node a displacement
according to the local normal direction.

When using BGM data, the direction and amplitude of displacement is defined
according to BGM stress data, considering the threshold stress value ath and the d
maximum displacement:

O node — Uth
S node = -d

T max — U min

12



Multi-Fidelity Workflows

Shape Optimization of Frame Structures through a Hybrid Analytical-2D and
Numerical-3D Approach

Performance Factors:

L \/2?31(0150 —oym)? 4
Surface exploitation factor: f; =

ns 01So

o \/Z?!l(fflso —ovm)® 4
Volume exploitation factor: f, =

ny 01S0o

Eq *2E
o150V

Energy factor: f; =
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Multi-Fidelity Workflows

Shape Optimization of Frame Structures through a Hybrid Analytical-2D
and Numerical-3D Approach

Testcase 1:

Fixed constraints, F = 7kN, g,5 = 2.5¢® Pa, R(x) = 3f_ 2l [3\/—1 +/A(x) + 3\/—1 — w/A(x)]

) MO jso
Baseline

| F
- R —

W o5
! !
Step 1 -— e =-— | - a
l )
& =




Multi-Fidelity Workflows

= Shape Optimization of Frame Structures through a Hybrid Analytical-2D
and Numerical-3D Approach

= Testcase 1:
= Results

VM_max | Vol [mA3] Surface Volume
[Pa] exploitation | exploitation
”” factor factor
Basellne 3333 _ Base 6 9e8 4 16e-003 0,72 0,8
33333
1e9 2,24 -003 0,53 0,64
5,7e8 1,95 e-003 0,48 0,612
= e —
33333
E _ Baseline | 48,2211 0,075
Step2 - Step1 98,108 J 0,28
g oo 102,23 0,335

Surface exploitation factor
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MULTI-PHYSICS ANALYSIS : FSI



Multi-Physics Analysis : FSI

Modal superposition vs two-way

FEM solver

FEM displacements

FEM model

Multi-Fidelity Workflows

4

A

RBF Mesh Morphing

Mapping

v

——>! CFD model

CFD solver

Another step?

CFD loads

No

END

Two-way FSI workflow

FEM solver

—=» Modal analysis f——— m modes
Morphing
Nodal
forces
v
—_— CFDrigid Another step? CFD.
model computing
CFD solver
END

Modal superposition workflow
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Multi-Physics Analysis : FSI

= Modal superposition vs two-way
= HIRENASD testcase: Two-Way

= Mach 0.8 and an AoA of 1.5°

CFD Loads

Baseline | Two-Way A%
C. | 0.3568 | 0.3395 | -4.85%
0 T
Cp | 0.0137 0.0144 | +5.11% S FEM
Displacements
— 'Il'ip Displacement ?2 way, Fine Mesh? M es h M 0 rp h | ng
0.0158[X 1
Y 0.015852
|
E0.0156 \\ '
5 R
Sootsa %
5 Rt
Sootsa
S ootst \\
N [x2 L ¥ 0014812 v 0014800
001481 \[Yootarss| — 4
00148, 15 2 3 35 4

25
Step Number

Tip Displacements convergence
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Multi-Physics Analysis : FSI _ First six vibration modes

= Modal superposition vs two-way

= HIRENASD testcase: Modal
Superposition

= Phase 1: The vibration modes of the deformable parts,

normalized with respect to mass, are computed through a FEM
analysis. bote

= Phase 2: The vibration modes are imported into the CFD model. X1
This requires the introduction of a mesh morphing technique ootss 1
and a mapping algorithm to deform the CFD mesh according to !

the linear combination of the extracted modes.

= Phase 3: The weights of each mode are estimated based on
equilibrium considerations. The mesh is then deformed, and the
aerodynamic variation is evaluated.

= Mesh displacements: Xcrp = Xcrpo + 2om XmGm:

Tip Displacement (Modal Superposition)
T T I

\
\\

\ |
\\

placem(;,-snt Value g’l]
= =
g S
T T
/
]

Dis
o
=
(42
N

T
|

n — \ 550149147‘ e X4
i . Y 0.0149056
Modal force: f,,, = E Xom,i * Ferp, ~ - _ |Yo0Me0%6) = |voovssms
i=1

1 1 | | |
0'01481 15 2 2:5 3 35 4
f Step Number

Modal weight: q,, = v
m

Two-Way | Modal
C, 0.3395 0.3395
Cp 0.0144 0.0144
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Multi-Physics Analysis : FSI

Modal superposition vs two-way
H I R E NAS D teStcase Tip displacements obtained as the number of modes considered varies,

Number of modes selection along with the percentage difference compared to the displacement
obtained with two-way

(b) (c)
= # Modes Displacements [mm]| A%
A -y 1 mode 15.94 /
2 modes 14.79 -7.21%
(d) (e) (f 3 modes 14.81 -7.09%
4 modes 14.89 -6.59%
5 modes 14.88 -6.65%
6 modes 14.88 -6.65%
Displacements error for increasing number of modes
Comparison
C,, G4 comparison Tip Displacements comparison Time required
Two-Way | Modal Two-Way | Modal Two-Ways [ Modal
C, 0.3395 0.3395 Disp [mm] 14.81 14.88 Time 4h 15min 59min
Cp 0.0144 0.0144




SHAPE PARAMETERS DEFINITION



Shape Parameters Definition

Two main approaches can be used in numerical simulations to define shape parameters:
= Parametric CAD

OpenVSP CAD Example

= Mesh morphing

.....
.....
-----
-----
-----

T VYT 71117777

RBF Mesh Morphing example on a cube

RBF Mesh Morphing example on NACA air intake
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Shape Parameters Definition

Hybrid methods
= AeroSUV Method

SSESER
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Wrapper CAD and support mesh Source points defined on CAD entities Morphed Mesh

=  OPAM method

Parametric Cloud Of Mesh New DP
CAD Points Morphing




REAL TIME DESIGN DASHBOARD

ADJOINT-BASED
ROM-BASED



Real Time Design Dashboard

= Adjoint-based

* ROM-based

0,002344
0,002163

0,001883

0,0003605
0,0001803
0,
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Adjoint Method Background

In general, the derivative of a function is defined using the concept of the limit of the incremental ratio:
af . fx+h)-fk)
= lim
dx  h-0 h
This definition cannot be used in a numerical code, it must be discretized.
The simplest technique for sensitivity calculation is finite differences. The method used in this thesis is the adjoint

method. o
Let f be the objective function, which generally depends on both physical variables x and design variables a: 118061
3} a 85692
f=fxa) —-6fi= fl 6 + fl Sak 53322
Considering the residuals of the governlng equations, it must be verified that R(x, a(x)) = 0 ‘j‘:jf:z
OR JR )
OR = [—l ox + [—l da=0 -43785
0x Ja 76155
The problem can thus be reduced to a constrained optimization problem, where the goal is to minimize the objective 208524
function f, with the function R serving as the constraint. By introducing Lagrange multipliers and differentiating the Fl
auxiliary function, we obtain: 173262
af af OR OR af
8f =5 0x + -6 — A== 6x + | =—=]| b = —/IT— AT—
Ais the added vector, and the values of its components are arbltrary. Therefore, a vector is chosen in such a way that .
the terms related to ox are cancelled, making the observable function dependent only on the external parameters: Shape sensitivity map for a cube for drag
or1T ., _ or
5 A=%

This equation depends only on the derivatives with respect to the fluid dynamics variables. The solution to the adjoint
problem, therefore, allows the calculation of the adjoint variables A. Once these variables are known, it is then possible
to construct the gradient using expression, which can be reformulated as follows:

- ithg = 2L _r 2R
Sf—Gé‘a,wnhG—aa A py
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Real Time Design Dashboard

Adjoint
The goal of this work is to create a real-time adjoint-based design

procedure that enables the definition of any shape parameter and
provides a prediction of the variation in the monitored observable

Adjoint Method can be used to estimate effects of shape variations on
observables.

Figure:

Orange Curve: Vary parameter amplification, modify mesh, evaluate observable via CFD
analysis.

Blue Curve: Same amplifications, use adjoint method.
Observation: Blue curve is tangent to the objective function at the origin, representing
the rate of mesh deformation as the parameter varies.

oV _ ¥, 6x

Sensitivity: 52" ¢ 3a

Pressure-drop
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Adj

CFD

20
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Real Time Design Dashboar
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Wrapper CAD and support mesh

Source points defined on CAD entities Morphed Mesh

Edge2x Edge2z

Edge3x Edge3y

Shape parameters definition

28



Real Time Design Dashboard

= Adjoint
=  AeroSUV Testcase
= Velocity inlet: 50 m/s

= 6 shape parameters

contour-1
log10(Shape Sensitivit...
1.25e+01

1.17e+01
1.09e+01
1.01e+01
9.33e+00
8.53e+00
7.73e+00
6.94e+00
6.14e+00
5.35e+00

Comparison of baseline and optimized shape

4.55e+00
Cd
Adjoint shape sensitivity
Baseline 0.3
Optimized 0.29 (-3.33%)

Edge 1x Edge 1z Edge 2x Edge 2z Edge 3x Edge 3z
CFD Mesh Range -1+1 -1+1 -1+1 -1+1 -1+1 -1+1
Sensitivity 0.04 -0.33 0.54 -0.9 0.2 0.1
Final Value -0.12 1 -1 1 -0.6 -0.3
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Reduced Order Model (ROM)

Proper Orthogonal Decomposition (POD) is a dimensionality reduction technique
used to analyse complex data and identify the main modes of variation

One of the most effective methods used alongside POD is SVD:

Do Do g - 0 Do
M: [Sl Sn] e [ul ces un]X e vee e X|:171 ces vn
o Do 0 - o, Do

The field solution X in the design space can then be approximated as a linear
combination of r modes:

r
X = z Vl'O'l'Ul'
i=1

ris a critical parameter that balances accuracy and compression while excluding
noise. Generally, an energetic approach is used to select the number of modes,
which corresponds to imposing the condition:

r 2
2219 _ g g9
Zi=1 oi?

Once the modes have been extracted and the optimal number of modes r has been

selected, it is necessary to identify a correlation between the model's input
parameters and the mode weights. The main methods used in literature are:

T
=yzvT

= Genetic Aggregation Response surface (GARS)
= Neural Network (NN)

= (Gaussian Regression

= RBF network

Snapshot 1

Snapshot 2

Snapshot 3

Snapshot 4

Mode 1

Mode 2

Mode 3

Mode 4

High-fidelity samples

POD

Field reconstruction with
reduced basis
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Real Time Design Dashboard

ROM
Open Parametric Aircraft Model (OPAM)

Workflow Proposal: Creation of advanced aerodynamics design P

dashboards. - M

CAD modeler linked to CFD simulation results, real-time exploration of

shape parameters' effects on aerodynamics.

Case Study: OPAM (Open Parametric Aircraft Model), a simplified Boeing el CAD —Mesh RBF Mesh New DP
287 model. CAD Connection Morphing

Hybrid workflow: Combination of CAD parameterization and mesh

morphing to generate DPs. Hybrid workflow

ROM Development: Linking CFD analysis results to chosen

parameterization.

sy Scalar Response VR
RSM for Scalar quantltles Values Surface Dashboard
Exported as FMUs for easy management in any environment.
VR Design Dashboard created in Unity environment, enables interaction POE FHu
with geometric model in an immersive and intuitive environment, Field com MATLAB
MetaQuest 3 headset selected for tests. Quantities Dashboard

Design Dashboard
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Real Time Design Dashboard

ROM
Open Parametric Aircraft Model (OPAM): CFD Baseline

The following main options are configured:
Steady-state simulation;

Density-based solver;

k-omega SST turbulence model;

Air as an ideal gas with the Sutherland viscosity law;

Inlet [pressure-far-field]: Mach equal to 0.7 inclined by a = 0°

Outlet [pressure-outlet]: Pressure and temperature standard (101325 Pa,

298 K)

Side [pressure-far-field]: Same conditions as the Inlet. CED Mesh

Symmetry [symmetry]: Symmetry plane.

Plane [wall].

The implicit Roe-FDS formulation with second-order discretization was Number of faces 4,979,838

em-ployed. Number of cells 957,205
Number of nodes 3,366,691

Min. Orthogonal Quality 1.50172e-01
Max. Aspect Ratio 1.38865e+02
y+ <10

Mesh Properties
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Real Time Design Dashboard

= ROM
= Open Parametric Aircraft Model (OPAM): DOE

= Out of the 53 model parameters, the 6 parameters are chosen
= A DOE consisting of 66 DPs was generated using the LHS

Aspect R Sweep AlphaB | Camber B| AlphaT | CamberT
Range 8+10 33 +37 -5+-1 [0.02+0.06] -10+-6 |0.02 +0.06

Baseline 9 35 -3 0.04 -8 0.04
Min Orthogonal Quality DP
182?)?)?:11:821 basillne Effect of cambert_t
9.94842e-02 10
9.51205e-02 20
1.02042e-01 30
1.02038e-01 40
9.15076e-02 50
9.12111e-02 60
5.18119e-02 65
9.16307e-02 66

Comparison of CAD and mesh for DP 65 33



Real Time Design Dashboard

= ROM
= Open Parametric Aircraft Model (OPAM): RSM

Observations MSE R Observations MSE R
Train 40 (60%) 0.0001 0.9989 Train 40 (60%) 2.15 x 1075 0.9989
Validation 13 (20%) 0.0013 0.9829 Validation 13 (20%) 5.37 x 10 0.9765
Performance of RS for lift evaluation Performance of RS for drag evaluation
Response Surface of Lift Response Surface of Lift Response Surface of Lift Response Surface of Drag Response Surface of Drag Response Surface of Drag
6.64 71 . 12
% ) 185 1.95
o 68.62 9 19
68 &6 18 )
6.6 6.56 175 . 18 1751

1.84

1.82

1.76

174

172

1.68

1.66

o2 37 1.7 006 //

- 005 .
0.03 -2 A3 6.5 10 > <
Sk - 3 e & 18 OO TR e 2
004 " 3 62 e W o " < S
65 . > P 005 N -9 6.48 ¥ N a5 003 N 7 9
0.05 \\/ 4 6.1 P6 wing cambert 006 -10 PS5 wing alphat B2 s 33 > R " P6 wing cambert 002 -10 P5 wing alphat
P1 wing aspect 6.48 P4 wing camberr 006 -5 P3 wing alphar

P2 wing sweep 37 8

RS for lift evaluation RS for drag evaluation
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Profile 0.75 CFD Profile 0.756 ROM

Real Time Design Dashboard

0 Y 0 =
N 05 = . 05
= ROM N W
i 02 04 06 08 i "% 02 04 06 08 1
= Open Parametric Aircraft Model (OPAM): ROM fromalee Ton A
= Mesh ROM
- -
50% of the DPs were used for training P - o
Six modes were selected o mREe e e
The error of the ROM evaluated by the software is less than 1% 1
- H 0.2 04 06 08 1 0 0.2 04 06 08 1
Static Pressure ROM CP profile on the chord at 0.75 and 0.5; comparison between CFD and
50% of the DPs were used for training ROM for the DP in the test set with maximum error

Five modes were selected

(a) x10% [ {2 (b) <10* [T
The error of the ROM evaluated by the software is less than 5.1%. ’ ' ’ '

=

&

Compearison of pressure: CFD (a) vs. ROM (b) for the DP with max errog>
in the test set [Pa].



Real Time Design Dashboard

= ROM

= Open Parametric Aircraft Model (OPAM): Optimization
results
= Better guided flow.

Comparison of baseline (black) and optimized shape (red)

* Reduced separation at the trailing edge.
* Increased pressure on the lower surface enhances efficiency.
* Reduced separation on the upper surface lowers drag.

Aspect R Sweep Alpha B Camber B Alpha T Camber T

Range 8+10 33 +37 -5+-1 [0.02+0.06] -10+-6 |0.02+0.06
Optimized 9.31 34.39 -2.93 0.025 -6.2 0.027
Comparison of baseline (left) and optimized shape (right)
cl Cd Eff
Baseline 0.505 0.134 3.77
Optimized 0.535 (+6%) 0.129 (-4%) 4.15 (+10%)

Static Prossure [ Pa)

4 200404 3400404 2540404 -1 066esD4 -B3T0a03 2220402 5780403 1730404 2500404 3440404 4300404

Comparison of pressure contours: baseline-upper (a), baseline-lower (b),
optimized-upper (c) and optimized lower surface (d) 36



Real Time Design Dashboard

Parameter Value Slider

= ROM

= Open Parametric Aircraft Model (OPAM): VR Dashboard

= ROMs loaded into interactive VR dashboard.

= Meta Quest 3 headset used for real-time exploration of CAD-based
parameters.

= Geometry and pressure modes loaded into GPU memory at
initialization.

* FMUs loaded into CPU for real-time updates of mode weights.
= Visualization Performance: stable at 60 frames per second.

= Parameter Menu activated by facing left-hand palm towards the
camera.

= Sliders: Interacted with using index finger. Grabbing and dragging
updates parameter values, geometry, and pressure field.

= Smaller Model: Manipulated by dragging with index finger and
thumb.

= Updates both smaller and larger models with pressure field.

Full plane in the hangar with CFD results 37



Conclusions And Next Steps

Solid framework for integrating multi-physics and multi-fidelity analyses were developed and tested

Hybrid workflows to link CAD and mesh were developed

Design processes were studied to improve real-time data accessibility.

Advanced techniques (ROMs, adjoint methods) and automated workflows enhance engineering design
efficiency.

Transfer these workflows to industrial cases
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Shape Optimization of Frame Structures through a Hybrid Analytical-2D and Numerical-3D Approach, Andrea Lopez, Christian landiorio, Daniele Milani, Pietro Salvini, and Marco E.
Biancolini, AIAS 2024, Published
The multi-physics analysis and design of CUSP, a two CubeSat constellation for space weather and solar flares X-ray polarimetry, https://doi.org/10.1117/12.3018369, Published.
The payload design of the CubeSat Solar Polarimeter (CUSP), for Space Weather and Solar flares X-ray polarimetry, AIAS 2024, Published

Industrial Magazines
Revolutionizing aerodynamic design with a VR-enabled workflow, Enginsoft

Workshops and Conferences:
4-month internship at Leonardo S.p.A.
MISE workshop on Advanced Product Design.
Workshop Digital Twin for Industry at BI-REX in Bologna.
Workshop Simulation: Driving the Convergence to Electrification, an Automotive Perspective.
HxGN Live Conference, Las Vegas.
AIAS 2023 Conference, Genoa.
AIAS 2024 Conference, Naples.
ICAS 2024 Conference, Florence.



https://doi.org/10.3390/app15020846
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