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Executive summary  

This technical report summarizes the research activities carried out in 2025 within the framework 
of the GECKO Project, focusing on the application of high-fidelity isogeometric structural models 
(IBRA) within partitioned multi-physics co-simulation frameworks. The overarching objective of 
this work is to enable robust, accurate, and scalable coupling strategies for coupled problems, 
where different solvers and fidelity levels must interact consistently across non-matching 
interfaces. 
 
Building upon the foundational work of the previous year, centered on mapping strategies, this 
year’s efforts advanced toward the integration of complete end-to-end co-simulation workflows 
that combine IBRA-based structural models with different fluid solvers. The emphasis was placed 
on demonstrating how isogeometric discretizations (e.g., Kirchhoff–Love shell formulations and 
multipatch representations) introduce specific challenges and opportunities in coupled 
simulations. 
 
A first major research pillar addressed aeroelastic co-simulation of a simplified wing configuration, 
combining a structural solver in Kratos Multiphysics (using both classical FEM and IBRA 
discretizations) with an external aerodynamic solver based on the Vortex Lattice Method (VLM). 
A partitioned co-simulation setup was constructed where structural displacements are transferred 
to the aerodynamic model and aerodynamic loads are mapped back to the structure. Special 
attention was given to the use of radial basis function (RBF) mapping to enable stable transfer 
across non-matching meshes and to incorporate rotation mapping, which is essential to correctly 
reflect the elastic contribution to the effective aerodynamic angle of attack. This framework 
enabled direct comparisons between FEM- and IBRA-based structural predictions in a consistent 
coupled environment. 
 
A second research pillar focused on partitioned vibro-acoustic co-simulation, coupling a structural 
harmonic response analysis in Kratos with an external Boundary Element Method (BEM) acoustic 
solver (implemented in MATLAB and accessed through Python). This workflow targets efficient 
simulation of fluid-borne noise phenomena governed by the Helmholtz equation while allowing 
high-fidelity structural representations. The study explored one-way and two-way coupling 
configurations and examined the impact of mapping and interface treatment on the ability to 
reproduce resonance peaks and modal behavior, particularly for single and multipatch IBRA 
models. 
 
Overall, the developments reported here contribute toward a general methodology for multi-
fidelity and multi-physics coupling with IBRA, showing that the combination of advanced 
discretizations and partitioned co-simulation can deliver both accuracy and flexibility, provided 
that interface mapping and coupling strategies are designed to respect the characteristics of each 
participating solver.  
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Introduction 

Numerical simulation has become an essential tool in aerospace and mechanical engineering, 
particularly for lightweight structures operating close to their performance limits. In such 
applications, the structural response is rarely governed by mechanics alone, but is strongly 
influenced by external physical fields such as aerodynamic loads or acoustic pressure waves. 
Reliable prediction therefore requires simulation strategies capable of capturing these multi-
physics interactions without incurring prohibitive computational costs. 

From a practical engineering perspective, the primary goal is often not to maximize fidelity in every 
physical domain, but to combine models of different complexity in a consistent and efficient 
manner. This motivates the use of multi-fidelity simulation frameworks, in which high-resolution 
structural models are coupled with reduced-order or boundary-based solvers that remain 
computationally affordable. Such approaches are particularly attractive for parametric studies, 
early-stage design, and conceptual investigations, where robustness and efficiency are as 
important as accuracy. 

A common strategy to achieve this balance is partitioned co-simulation, where each physical 
subproblem is solved independently using a dedicated solver, and interaction is enforced through 
the exchange of interface quantities. Compared to monolithic formulations, partitioned 
approaches offer clear advantages in terms of modularity, solver reuse, and flexibility, while 
naturally supporting heterogeneous discretizations and fidelity levels. Their effectiveness, 
however, depends critically on the stability of the coupling strategy and on the accuracy of the 
data transfer between non-matching interfaces. 

Within this context, particular attention is given to the integration of isogeometric analysis (IGA) 
for structural modeling using the IBRA framework in Kratos Multiphysics. The use of Kirchhoff–
Love shell formulations and multi-patch B-Rep representations enables smooth kinematics and a 
direct link to CAD geometry, but also introduces additional challenges for interface consistency 
and data exchange in coupled simulations. 

This report summarizes the developments carried out in 2025 toward complete co-simulation 
workflows combining IBRA-based structural models with low- and medium-fidelity external 
solvers. The first part focuses on aeroelastic coupling, combining Kratos (FEM and IBRA) with a 
Vortex Lattice Method aerodynamic solver. The second part addresses vibroacoustic coupling, 
linking harmonic structural response analysis in Kratos with an external Boundary Element 
Method solver for the Helmholtz equation. Together, these studies illustrate the capabilities and 
limitations of partitioned, multi-fidelity co-simulation strategies for aerospace applications. 
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1. Monolithic vs Partitioned Approaches in 
Multiphysics Simulations 
In multiphysics problem-solving, two primary approaches are widely used: monolithic and 
partitioned strategies. 
 
Monolithic Approach 
The monolithic approach involves solving all governing equations simultaneously within a unified 
framework. This method leads to a more stable and robust formulation, as all physical interactions 
are accounted for within a single system of equations.  
 
However, the monolithic strategy often results in a large, complex global system that can be 
difficult to solve, especially as the size of the problem increases. As the global system grows, the 
conditioning of the system tends to worsen, making it more computationally demanding. Despite 
these challenges, the monolithic approach offers high accuracy and robustness, making it well-
suited for certain complex multiphysics problems. 

 
Figure 1: System Matrix Level of the Monolithic Approach 

 
Partitioned Approach 
In contrast, the partitioned approach separates the problem into distinct subsystems, solving each 
independently while coupling them through data exchange, often in the form of boundary 
conditions.  
 
This approach allows for the reuse of existing single-field solvers, a key advantage in the co-
simulation philosophy, where different physical domains are solved independently. The 
partitioned method is modular, flexible, and scalable, enabling the integration of different solvers 
for various disciplines. However, it is often less robust than the monolithic approach, as the 
coupling between subsystems may introduce stability challenges, particularly in highly coupled or 
stiff problems.  
 
Despite this, partitioned approaches are more flexible and allow for easier integration of 
specialized solvers, making them valuable for complex multidisciplinary simulations. 
 

 
Figure 2: System Matrix Level of the Partitioned Approach 
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2. Partitioned Simulation of FSI Problems 
Fluid-structure interaction (FSI) simulations are essential for accurately modeling and predicting 
the behavior of systems where fluids and structures interact dynamically. It plays a critical role in 
various engineering fields, including aerospace, biomechanics, and civil engineering, where 
structural integrity and performance depend on fluid forces. By capturing the mutual influence 
between fluids and structures, FSI enables the design of safer and more efficient systems, such 
as aircraft wings, blood flow in arteries, and bridges subjected to wind forces. Without FSI 
analysis, critical phenomena like vibrations, instabilities, and failure risks may be overlooked, 
leading to inaccurate predictions and potential structural failures.  

FSI, like any multiphysics problem, can be solved using either a monolithic or partitioned 
approach. Monolithic methods solve the fluid and structural equations simultaneously, ensuring 
strong coupling but requiring complex solver development. The Partitioned method, on the other 
hand, is a computational approach where the fluid and structural domains are solved 
independently using specialized solvers, which are coupled to exchange key data at their 
interface.  

The structural solver provides the displacement field, defining the motion and deformation of the 
structure, which is then used by the fluid solver to update the fluid domain and enforce the moving 
boundary conditions. Conversely, the fluid solver calculates the pressure field (and sometimes 
shear stresses), which acts as the load applied to the structure. This bidirectional exchange of 
displacements and pressure fields ensures the mutual influence of the fluid and structure, 
enabling the accurate simulation of their interaction.  

Partitioned FSI offers flexibility and modularity by integrating existing solvers without significant 
modification, but it relies heavily on effective data transfer and coupling algorithms to maintain 
stability and accuracy, particularly in cases involving strong interactions or large deformations. 
The data transfer between the fluid and structural domains is accomplished through various data 
transfer operators, which ensure that critical information, such as displacement and pressure 
fields, is exchanged correctly. These operators are vital for ensuring the robustness of the 
coupling, and their efficiency will be addressed shortly. 

 
Figure 3: Data Transfer in Partitioned FSI Simulations  
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3. Fundamental Concepts of CoSimulation 
CoSimulation is inherently a partitioned approach. In this context, multiple simulation tools or 
solvers, each specializing in a specific physical phenomenon, are coupled together to model 
complex systems involving interactions between different physical domains. Unlike the monolithic 
approach, where all phenomena are solved together within a single system, CoSimulation allows 
for the independent solution of each phenomenon.  
 
These individual solvers are then coupled through specialized methods and tools to ensure 
accurate interaction between the domains. This partitioned nature of CoSimulation enables the 
reuse of existing solvers, offering flexibility and reducing development time, though it may require 
careful attention to ensure stability and accuracy, especially in cases involving strong interactions. 
 
 
3.1 Building Blocks of CoSimulation 
 
CoSimulation using the partitioned approach consists of several fundamental building blocks that 
are essential for ensuring effective and stable interactions between different solvers. These 
building blocks are synchronization, data exchange, and data transfer, as illustrated in Figure 4. 

 

Figure 4: Building Blocks of CoSimulation (Ref. [1]) 

1) Synchronization and Solution Techniques: The first building block of CoSimulation, 
shown in Figure 4, is synchronization, which encompasses the coupling algorithm and 
strategy. This block determines the sequence in which the participating tools are applied, 
as well as the incorporation of additional components, such as relaxation techniques. The 
selection of these procedures greatly impacts the robustness, accuracy, performance, 
efficiency, and stability of the coupled simulation, making it crucial to choose them based 
on the specific problem being addressed. 

 
2) Data Exchange and Data Transfer: Each coupling partner employs its own solution 

technique, chosen based on what best suits the specific application. Consequently, each  
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tool handles and stores data in its own format. For CoSimulation, it is essential to transfer 
data between coupling partners. Often, this requires data exchange.  

Additionally, the data must be converted from one format to another, a process referred 
to as data transfer in this work, as shown in column three of Figure 4. The flow of 
information proceeds from the origin to the destination, as illustrated in Figure 5. 

 

Figure 5: Flow of information during data transfer between solution techniques, from origin to 
destination, from the origin to the destination (Ref. [1]) 
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4. Data Transfer Operators for CoSimulation  
As part of this year’s work, a set of data transfer (mapping) operators specifically targeting IGA-
based coupled simulations was implemented and integrated into Kratos Multiphysics. These 
include standard approaches such as Nearest Neighbour and Nearest Element mapping, as well 
as higher-order techniques like Radial Basis Function (RBF) interpolation, and the Mortar Mapper. 
 
Data transfer operators are fundamental building blocks of partitioned solution strategies within 
CoSimulation frameworks, as they enable the consistent exchange of interface quantities (e.g., 
displacements, rotations, forces, or pressures) between distinct physical domains and non-
matching discretizations. In practice, different coupling scenarios and mesh/interface 
configurations require different mapping choices, and a wide spectrum of techniques is available, 
ranging from simple proximity-based mappings to variationally consistent formulations. 
 
A critical requirement in co-simulation is to preserve the non-intrusiveness of existing single-field 
solvers. This means that the coupling procedure should avoid modifications to the internal 
formulation of each participating code and instead enforce interaction through well-defined 
interface variables and external communication. In this setting, robust and accurate mapping 
operators play a central role in achieving stable and reliable coupled simulations. 
 
In the following, the implemented data transfer operators are discussed. 
 
 
4.1 Nearest Neighbour Mapper for IGA  
 
The Nearest Neighbour (NN) mapper is a simple proximity-based transfer operator in which each 
destination integration point receives the value of the closest origin integration point. 
In the context of IGA-based coupling in Kratos, the local neighbour search is performed between 
integration points located on the coupling interface. However, since IGA solutions are stored at 
the level of control points, the final mapping operator must ultimately transfer the field between 
control-point degrees of freedom. 
 
Let !x!"# with 𝑖 = 1,… , 𝑛"denote the set of destination integration points, and !x#$#	with 𝑗 =
1,… , 𝑛$	the set of origin integration points. For each destination point 𝑖, the index of the closest 
origin point is defined as 

closest(𝑖) = arg	 min	
#∈{',…,*!}

∥ x!" − x#$ ∥. 
 
The nearest neighbour transfer at the integration-point level is then given by 
 

𝑢>!" = 𝑢>$(closest(𝑖)), 𝑖 = 1,… , 𝑛". 
 
This operation can be written in matrix form as 
 

u>" = H,- u>$, 
 
where the integration-point mapping matrix H,-is defined component-wise as 
 

(H,-)!# = A1, 𝑖𝑓	𝑗 = 𝑐𝑙𝑜𝑠𝑒𝑠𝑡(𝑖)
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  

 
In isogeometric analysis, values at integration points are obtained from control-point values  
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through the shape functions. This relationship can be expressed as 
 

u>$ = N$u$, u>" = N"u". 
 
Combining the nearest neighbour mapping with the IGA interpolation yields 
 

N"u" = H,- N$u$. 
 
Since N"is generally not square, the final control-point mapping 
 

u" = Hu$ 
 
is obtained through a weighted least-squares projection. This formulation shows that, although 
the proximity search is performed between integration points, the resulting operator transfers 
quantities consistently at the level of IGA control-point values. 

 
Figure 6: Nearest Neighbour mapping at integration-point level: each destination integration 

point copies the value of the closest origin integration point (Euclidean distance) 

4.2 Nearest Element Mapper for IGA 
For IGA-based coupling, the Nearest Element mapper transfers interface quantities by exploiting 
the geometric representation of the origin IGA patch. In this approach, each destination integration 
point is mapped to the origin side through a geometric projection procedure; for this reason, the 
method is also commonly referred to as the closest projection mapper. 
 
Given a destination integration point x!" defined in physical space, the algorithm first identifies a 
set of candidate patches on the origin interface. The destination point is then projected onto the 
geometric space of the closest origin IGA patch. As part of this procedure, the corresponding 
parametric coordinates 𝜉!$	on the origin patch are computed by solving the inverse mapping from 
physical space to parametric space. 
 
Once the parametric position 𝜉!	$	is known, the mapped value at the destination integration point 
is obtained by evaluating the origin IGA field at this location using the origin shape functions. In 
practice, the mapped value is computed as 
 

𝑢>!" = N$(𝜉!$) u$, 
 
where u$denotes the vector of origin control-point values and N$(𝜉!$)is the vector of origin shape 
functions evaluated at the projected parametric coordinates. 
 
Consequently, the mapping operation can be written in linear form as 
 

u>" = H u$, 
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where H	is the transfer matrix whose entries correspond to the origin shape-function coefficients 
evaluated at the projection points. Each destination integration-point value is therefore expressed 
as a weighted linear combination of the origin control-point degrees of freedom. 
 
It is important to note that this mapper naturally provides mapped values at the destination 
integration points. Depending on the application, these values can either be applied directly at the 
destination interface or further transferred to the destination control points. 
 
The main advantage of the Nearest Element mapper is that it yields a smooth interpolation of 
interface quantities while remaining relatively straightforward to assemble once the projection 
information is available. However, the robustness of the method strongly depends on the success 
of the projection and inverse mapping procedures. For complex geometries or challenging 
interface configurations, projections may fail or become ill-conditioned, requiring additional 
safeguards or fallback strategies to ensure stable and reliable data transfer. 

 

Figure 6: Nearest Element (closest projection) mapper for IGA, the destination integration point 
is projected onto the origin IGA patch 

4.3 Mortar Mapper for Body-Fitted and Unfitted Discretizations 
One of the most used data transfer operators in CoSimulation approaches with IGA-FEM is the 
"Mortar Mapper", which has been the primary focus of our work.  

Let ɸ/(𝑥) be a known origin field and ɸ0(𝑥) the destination field. The Mortar Mapper can be 
derived from the minimization of the following functional 𝜑(ɸ0(𝑥)) (minimization of the L2-Norm 
Error between the origin and destination field): 

 

As in any FEM-like approach, both fields are represented as a linear combination of nodal values  

and their associated shape functions. To minimize the functional, its stationarity with respect to 
the nodal values of the destination field is imposed. This leads to a minimization problem that can 
be expressed in the following matrix form: 
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The primary challenge in the mortar mapper is determining the integration domain ΓOD, which 
represents the overlapping region between a destination element and a neighboring origin 
element. The following subsections will outline the procedure for defining this integration domain 
across various discretization scenarios. 
 
4.3.1 1D IBRA-IBRA or IBRA-FEM Interface 
 
The process of determining the intersective integration domain in the 1D Isogeometric B-Rep 
Analysis (IBRA) mortar mapper consists of three main steps. First, the knots from the parameter 
space of the slave patch (destination) are projected onto the parameter space of the master patch 
(origin) to establish a geometric relationship between the two. Next, integration points are defined 
within the parameter space of the master patch, ensuring proper numerical integration over the 
overlap region. Finally, these integration points are mapped back from the master domain’s 
parameter space to the parameter space of the slave domain, effectively defining the intersective 
integration domain needed for accurate coupling. 

 

Figure 9: Definition of the integration domain for the 1D IBRA-IBRA interface (Ref. [5]) 
 
 

4.3.2 2D IBRA-FEM Interface 
A particularly relevant scenario for 3D Fluid-Structure Interaction (FSI) simulations arises when 
the structural domain is discretized using a high-order NURBS multipatch surface, while the fluid 
domain is represented by a low-order finite element or finite volume mesh. In such cases, it is 
crucial to define an appropriate integration domain between the origin (fluid domain) and the 
destination (structural domain) for the mortar mapper. This process involves several steps to 
ensure accurate coupling between the two domains. 

 

Figure 10: Low order FEM discretization (fluid) and CAD surface (structure) (Ref. [4]) 
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First, the finite element nodes from the fluid domain are projected onto the parameter space of 
the NURBS patch, and the corresponding elements are reconstructed. For elements that are only 
partially projected into the patch, the finite element edges are clipped using the tessellated 
trimming curves that define the patch’s boundary, with the help of some clipping algorithm. Next, 
the projected finite elements are clipped with the knot lines of the patch’s parametric space, 
followed by a simple triangulation of the resulting geometry. Finally, integration points are placed 
in the master domain (fluid domain) and then projected back onto the destination finite elements 
(structural domain) to complete the coupling process. These steps ensure that the integration 
domain is well-defined for the mortar mapper, enabling an effective exchange of data between 
the fluid and structural solvers in FSI simulations. 

 

Figure 11: Projection of the low order element to the CAD surface (Ref. [4]) 
 

4.4 Radial Basis Function (RBF) Mapper 
 
The Radial Basis Function (RBF) mapper is a smooth interpolation technique used to transfer 
data between two non-matching discretizations. In contrast to nearest-neighbour or closest-
projection approaches, RBF interpolation is inherently more global: the value at each destination 
point is expressed as a weighted combination of contributions from all origin points. As a result, 
the method typically yields a smooth mapped field and improved accuracy for irregular or non-
matching interfaces, at the expense of a higher setup cost and denser coupling operators. 
 
Let !x#$#, 𝑗 = 1,… , 𝑛$, denote the set of origin points with known values 𝑢#$(e.g. displacements, 
pressures, or loads). The interpolated field 𝑢R(x)is approximated as 

𝑢R(x) =S𝜆#

*!

#1'

 𝜙 V∥ x − x#$ ∥W + p(x)2𝛾, 

where 𝜙(𝑟)is a radial basis function kernel depending only on the distance 𝑟, 𝜆#are the RBF 
interpolation weights, p(x)is an optional polynomial enrichment basis (e.g. constant or linear 
terms), and 𝛾	contains the corresponding polynomial coefficients. 
 
The unknown coefficients 𝜆	and 𝛾	are determined by enforcing the interpolation conditions at the 
origin points, 

𝑢R(x!$) = 𝑢!$				,					𝑖 = 1,… , 𝑛$. 
 
If polynomial enrichment is employed, the standard side constraint 
 

P2𝜆 = 0 
 



   DC4 - Juan I. Camarotti 

 
 
 
 

                                              Technical Report    Page 17 of 37 
  

is added to ensure uniqueness of the solution, where Pcontains the polynomial basis evaluated 
at the origin point coordinates. 
 
Defining the distance matrix A	with entries 
 

𝐴!# = 𝜙 V∥ x!$ − x#$ ∥W, 
 
and the polynomial matrix P	with entries 𝑃!3 = 𝑝3(x!$), the interpolation coefficients follow from the 
saddle-point system 

` A P
P2 0a b

𝜆
𝛾c = `u

$

0 a . 
 
Once 𝜆and 𝛾are known, the mapped values at the destination points !x!"#, 𝑖 = 1,… , 𝑛", are 
obtained by evaluating the same interpolant. Introducing the matrix B	with entries 
 

𝐵!# = 𝜙 V∥ x!" − x#$ ∥W, 
 
and the polynomial matrix P"at the destination points, with VP")!3 = 𝑝3(x!"W, the mapping reads 
 

u" = B𝜆 + P"𝛾. 
 
Since the coefficients 𝜆	and 𝛾	depend linearly on the origin values u$, the transfer can be written 
in compact form as 

u" = H u$, 
 
where H	denotes the RBF transfer matrix. In practice, this operator is assembled once during the 
initialization phase and subsequently reused throughout the partitioned coupling iterations. 
 
For IGA-based interfaces, the RBF interpolation is constructed using the integration points of the 
coupling surface. However, the coupling quantities are ultimately exchanged at the level of 
degrees of freedom, namely between IGA control points on one side and FEM nodes on the 
opposite side. Consequently, the final transfer operator is expressed as a linear mapping between 
control-point values and nodal values, while integration points are used only internally for 
assembling the interpolation. 
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5. Co-simulation Framework for Aeroelastic Analysis 
of an IBRA Wing (IBRA + VLM) 
Aircraft development is inherently multidisciplinary and typically requires combining several 
analysis tools across different design stages. In early phases, uncertainty is high and 
computationally inexpensive models are preferred to enable rapid exploration of the design 
space, whereas in later stages more accurate simulations become necessary to assess structural 
integrity and performance in detail. This naturally motivates multi-fidelity co-simulation 
frameworks, where different physical models and fidelity levels can be combined in a modular 
and non-intrusive manner to balance accuracy and efficiency. 

 

Figure 12: Aircraft design cycle 

In this context, the present work considers a partitioned co-simulation workflow for aeroelastic 
analysis, coupling the structural response of an IBRA-based wing model with a low-fidelity 
aerodynamic solver based on a vortex-lattice (panel) formulation. The structure is resolved with 
a high-fidelity shell representation, while the aerodynamic loads are computed at low cost without 
requiring a full 3D CFD domain. The coupling is performed through a staggered exchange of 
interface quantities: structural deformations are transferred to the aerodynamic discretization to 
update the lifting surface geometry, and the resulting aerodynamic forces are mapped back to the 
structural interface. This strategy enables the prediction of aeroelastic effects such as static 
deflection and load redistribution under aerodynamic excitation while preserving the non-
intrusiveness of both solvers. 

 

Figure 13: Multi-fidelity modelling spectrum for aerodynamics and structures 
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5.1 Aerodynamic Loads Calculation 
The aerodynamic solver adopted in this work is based on a vortex-lattice (panel) formulation under 
the classical assumptions of inviscid, incompressible and irrotational flow. Under these conditions, 
a velocity potential ϕ exists and satisfies Laplace’s equation: 
 

𝛻²𝜙	 = 	0, 	 	 𝑉	 = 	𝛻𝜙 
 
The lifting surface is discretized into N vortex panels of unknown strengths, collected in the vector: 
 

𝛾	 = 	 [𝛾₁	 𝛾₂	 …	 𝛾4]ᵀ 
 

 

Figure 14: Wing discretization with VLM 

The induced velocity at a spatial location x due to a vortex filament is computed using the Biot–
Savart relation: 
 

𝑉(𝑥) 	= 	 (𝛾	/	4𝜋	)		q
(𝑑𝑙	 × 	𝑟)

𝑟5ℓ
	 

 
To determine the unknown vortex strengths, the no-penetration boundary condition is enforced 
at each collocation point i, together with the Kutta condition. This yields: 
 

𝑉7 	 · 	𝑛! 	+	𝛴{#1'}
{4} 	𝐴𝐼𝐶!# 	𝛾# 	= 	0 

 
Equivalently, the system can be written in matrix form as: 
 

𝐴𝐼𝐶	𝛤	 = 	𝑏8 , 	 	 𝑏8 =	−𝑉7 	 · 	𝑛 
 
Once the circulation distribution is obtained, the pressure coefficient on each panel can be 
computed as: 
 

𝛥𝐶{9,!} 	= 	 {
2
𝑐!
}	 · 	𝐴𝐼𝐶{!#}

{:'} 	 · 	𝑏{𝑐, 𝑗} 	= 	𝐴𝐼𝐶{;9,!#} 	 · 	𝑏{8,#} 

 
Finally, the aerodynamic force acting on the structure is assembled from the pressure distribution. 
In the implementation used here, the aerodynamic load vector can be expressed as: 
 

𝑓< 		= 	𝑞	𝐴	𝐴𝐼𝐶{;9}	(𝛼=!>!? 	+	𝛼@3ABC!8) 
where q denotes the dynamic pressure, A the panel area matrix (or area scaling), and 𝛼=!>!? and 
𝛼@3ABC!8 represent the rigid and elastic contributions to the effective angle of attack. 
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5.2 Aeroelastic Co-simulation Framework 
 
The aeroelastic co-simulation framework couples a structural IBRA solver with a vortex-lattice 
aerodynamic solver in a partitioned manner. The structural model provides the elastic deformation 
of the wing, while the aerodynamic solver computes the corresponding loads on the lifting surface. 
The coupling is based on a staggered exchange of interface quantities using consistent mapping 
operators. 
 
On the aerodynamic side, the panel method computes the aerodynamic force vector as 
 

𝑓< 	= 	𝑞	𝐴	𝐴𝐼𝐶89	(𝛼=!>!? 	+	𝛼@3ABC!8), 
 
where q is the dynamic pressure, A is the panel area scaling, and 𝐴𝐼𝐶89 denotes the aerodynamic 
influence coefficient operator used to obtain pressure (or force) contributions from the effective 
angle of attack. The total angle of attack is decomposed into a rigid contribution 𝛼=!>!? (e.g., 
prescribed flight condition) and an elastic contribution 𝛼@3ABC!8	induced by the structural 
deformation. 
 
The elastic contribution is obtained from the structural solution by transferring the relevant 
deformation measure (here the sectional rotation around the y-axis) to the aerodynamic 
discretization: 

𝛼@3ABC!8 	= 	𝑇<DE	V𝜃FWB 
 
The operator 𝑇<DE represents the mapping from structural degrees of freedom to the aerodynamic 
evaluation points, ensuring that the deformation-induced change in angle of attack is applied 
consistently. 
 
After the aerodynamic forces are computed on the panel discretization, they are transferred back 
to the structural coupling interface as external loads: 
 

𝐹B 	= 	𝑇<DGH 	𝐹A. 
 
Here, the transpose mapping is used to guarantee energetic consistency, meaning that the work 
transferred between both solvers is preserved across the interface. This two-way coupling allows 
the aerodynamic loads to update according to the current wing deformation, enabling an efficient 
aeroelastic co-simulation without requiring a high-fidelity 3D CFD model. 

 

Figure 15: Aeroelastic co-simulation framework 
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To compute the elastic contribution to the effective angle of attack on the aerodynamic panels, 
the structural deformation must be transferred not only as displacements, but also as local 
rotations (or slopes). This is achieved using the same RBF interpolation framework employed for 
displacement mapping but additionally evaluating the spatial derivatives of the RBF interpolant at 
the aerodynamic interface points. 
 
For example, using a thin-plate spline (TPS) RBF, the out-of-plane displacement field in the z-
direction can be expressed as 
 

𝑢I 	= 	𝑤	 = 	𝛾J +	𝛾'𝑥	 +	𝛾K𝑦	 + 	𝛴	𝜆!𝑟!K ln(𝑟!K), 
 
where 𝑟! denotes the distance between the evaluation point and the RBF support point i, and the 
coefficients {𝛽₀, 𝛽₁, 𝛽₂, 𝛾!} are obtained from the RBF interpolation system.  
 
The corresponding rotation around the y-axis (slope in the x-direction), which represents the 
elastic contribution to the local angle of attack, is computed as the derivative of the displacement 
field: 
 

𝜃F 		= 	𝛿𝛼@3ABC!8 	≈ 	𝜕𝑤/𝜕𝑥	 = 	𝛾₁	 + 	2	𝛴	𝜆!	(1	 + 	𝑙𝑛(𝑟!²))	(𝑥	 −	𝑥!) 
 
In this way, the aerodynamic solver receives a rotation (or angle-of-attack correction) that is 
consistent with the mapped displacement field, enabling a robust evaluation of aerodynamic loads 
on the deformed lifting surface. 

5.3 Test Case Set-up 
The aeroelastic co-simulation workflow is demonstrated on a representative wing test case 
generated with a parametric geometry definition. A trapezoidal wing planform is defined using a 
CPACS-based setup, where the main geometric parameters (span, area, aspect ratio, taper ratio 
and sweep angle) can be easily modified. The airfoil is selected as a symmetric NACA 4-digit 
profile, enabling a controlled benchmark configuration. 
 
The structural model is represented as a shell-based wing box with uniform material properties. 
The selected parameters include the shell thickness, density, Young’s modulus and Poisson’s 
ratio, which define the stiffness and inertia characteristics of the wing. To represent the internal 
load-carrying structure, the model includes front and rear spars as well as three ribs located at 
the root, mid-span and tip. This provides a minimal but meaningful internal layout, allowing 
bending and torsional effects to develop under aerodynamic loading. 
 

 
Figure 16: Wing geometry and material definition 
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5.4 Linear Aeroelastic Analysis 
The minimal wing test case is coupled through a partitioned aeroelastic co-simulation workflow, 
where the structural response is solved in Kratos (IgaApplication), while the aerodynamic loads 
are evaluated with a vortex-lattice (panel) solver. The coupling is implemented in a non-intrusive 
manner using CoSimIO, such that both solvers can be executed independently while exchanging 
interface data at each coupling iteration. 
 
First, the aerodynamic discretization (panel mesh) is exported to Kratos in order to define a 
compatible mapping interface. In practice, the aerodynamic lifting-surface points are created as 
a Kratos ModelPart, and the corresponding mesh information is sent through 
CoSimIO.ExportMesh(). This enables the mapping operators in Kratos to establish the transfer 
matrices between the aerodynamic and structural discretizations. 
 
During the coupled simulation, the aerodynamic solver imports the elastic contribution to the angle 
of attack from Kratos, which is obtained from the current structural deformation. This is performed 
via CoSimIO.ImportData(), providing the aero solver with the updated elastic AOA values required 
to account for changes in the lifting surface orientation due to elastic deformation. 
 
With the current flight condition and the imported elastic AOA, the aerodynamic solver then 
computes the panel forces, i.e. the updated aerodynamic load distribution acting on the lifting 
surface. These forces are subsequently exported back to Kratos using CoSimIO.ExportData(). 
 
On the structural side, the aerodynamic loads are not applied on every structural node. Instead, 
they are transferred to a selected set of load application points, which are defined as locally stiff 
regions to ensure a robust and physically meaningful load introduction into the structural model. 
This avoids artificial local deformations caused by applying concentrated panel forces directly on 
a highly flexible shell discretization, and provides a stable coupling interface for the aeroelastic 
iterations. 
 
This workflow results in a staggered coupling loop in which (i) structural deformation is transferred 
to the aerodynamic model as an elastic AOA update, and (ii) the resulting aerodynamic forces 
are transferred back to the structure through dedicated load application points, enabling the 
prediction of static aeroelastic effects such as wing deflection and load redistribution. 

 
Figure 17: Structural load application points and corresponding aerodynamic panel 

discretization 

 



   DC4 - Juan I. Camarotti 

 
 
 
 

                                              Technical Report    Page 23 of 37 
  

5.5 Results: Linear Aeroelastic Response of the Minimal Wing 

As a first step, the aeroelastic response of the minimal wing is compared using two independent 
finite element solvers: the Kratos StructuralMechanicsApplication and the Airbus in-house 
Lagrange solver, both using shell element. In both cases, the structural models are subjected to 
the same aerodynamic loads computed by the vortex-lattice (panel) solver and transferred to the 
structure through the coupling interface. 
 
As shown in Fig. 18, the resulting displacement fields show very good agreement between the 
two solvers in terms of overall deformation shape and displacement levels. The spanwise bending 
behavior and the location of the maximum out-of-plane displacement near the wing tip are 
consistently captured. Small differences are mainly related to differences in mesh resolution and 
shell element formulations. 
 

    

Figure 18: Comparison of FEM structural responses under aerodynamic loading, left is Kratos 
solution (26850 ShellThinCorotational3D3N elements) and right is Lagrange (18516 CQUAD4 

and CTRIA3 elements) 

This comparison validates the Kratos FEM solution under panel-based aerodynamic loading and 
serves as a reference for the subsequent structural analysis using IGA shell elements. 
 
The aeroelastic response of the minimal wing structure was also computed using an Isogeometric 
Analysis (IGA) formulation based on an IBRA shell discretization. The structural model is 
represented by a Kirchhoff–Love shell formulation. 
 
The IGA model is constructed as a multipatch NURBS surface representation, allowing a modular 
description of the wing topology. Interface continuity (C0 and C1) between patches is enforced 
using a penalty-based coupling approach, and the wing root support condition is also imposed 
via a penalty method. The aerodynamic loads applied to the IGA model originate from the vortex-
lattice panel solver, mapped onto the structural interface using the previously defined transfer 
operators, ensuring consistency with the FEM-based reference analysis. 
 
As seen in Fig. 19, the resulting displacement field exhibits the expected global bending and 
torsional deformation patterns, showing qualitative agreement with the FEM solutions obtained 
using both Kratos and the LAGRANGE in-house code.  
 
In this example, the multipatch formulation required a careful fine-tuning of the penalty parameters 
to achieve numerical stability and accurate inter-patch continuity. This tuning process proved to 
be time-consuming and problem-dependent, highlighting a known limitation of penalty-based 
coupling strategies in complex multipatch configurations. While satisfactory results were obtained, 
this motivates the investigation of more robust and parameter-free coupling approaches, such as 
Nitsche-based coupling methods, which are expected to improve numerical robustness, reduce 
 
user intervention, and enhance performance and scalability in future large-scale aeroelastic 
simulations. 
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Figure 19: Structural Deformation of the Minimal Wing Using an IBRA Shell Model (9184 CPs) 

5.6 Results: Aeroelastic Lift Coefficient Comparison 

To assess the accuracy of the proposed aeroelastic coupling framework, the rigid and elastic 
lift coefficient obtained with different structural discretizations is compared for the minimal wing 
test case. The comparison includes a Lagrange-based reference solution, a Kratos FEM shell 
model, and a Kratos IBRA shell model. 
 
In all cases, the aerodynamic loads are computed using the same vortex-lattice (panel) solver, 
and the same flight conditions are applied. This ensures that any differences in the resulting lift 
coefficients are exclusively attributable to the structural formulation and the mapping strategy 
employed in the coupled analysis. 
 

 
Figure 20: Lift Coefficient Comparison 

 
For the rigid configuration, all three approaches yield virtually identical lift coefficients, confirming 
the consistency of the aerodynamic model and load transfer. When elastic effects are included, a 
small increase in lift is observed due to the elastic contribution to the effective angle of attack, 
which is consistently transferred from the structural solver to the aerodynamic solver within the 
co-simulation framework. 
 
The elastic lift increment remains below 0.2% for both Kratos FEM and Kratos IBRA, with the 
IBRA formulation exhibiting a slightly smaller deviation from the reference solution. This level of 
agreement demonstrates that the IBRA-based structural model is capable of accurately capturing 
the aeroelastic response while delivering results fully comparable to classical FEM formulations. 
Overall, these results validate the correctness of the coupling strategy and establish the FEM-
based solution as a reliable reference for the subsequent aeroelastic analyses using IGA shell 
elements. 
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6. Partitioned Co-simulation Framework for 
Vibroacoustic Systems 
Vibroacoustic problems involve the coupled interaction between a vibrating structure and the 
surrounding acoustic medium. To efficiently address this multi-physics interaction while 
preserving solver modularity, a partitioned co-simulation approach is adopted. Within this 
framework, the structural subproblem is solved using the Kratos StructuralMechanicsApplication, 
while the acoustic field governed by the Helmholtz equation is resolved using a MATLAB-based 
boundary element solver. Both subproblems are treated independently and coupled through the 
exchange of interface quantities in the frequency domain, enabling a flexible and non-intrusive 
vibroacoustic simulation strategy. 
 
 
6.1 Governing Equations 

Structural Subproblem 

The structural dynamics of the elastic body are governed by the semi-discrete equations of motion 
 

𝐌𝐮̈(𝑡) + 𝐂𝐮̇(𝑡) + 𝐊𝐮(𝑡) = 𝐟L(𝑡) + 𝐟A(𝑡), 
 
where 𝐌, 𝐂, and 𝐊	denote the mass, damping, and stiffness matrices, respectively, 𝐮(𝑡)collects 
the structural degrees of freedom, 𝐟L(𝑡)represents mechanical loads, and 𝐟A(𝑡)corresponds to 
the acoustic pressure-induced forces acting on the vibroacoustic interface. 
 
Assuming time-harmonic excitation at angular frequency 𝜔, the structural response is expressed 
in the frequency domain as 
 

(−𝜔K𝐌+ 𝑖𝜔𝐂 + 𝐊)𝐮�(𝜔) = 𝐟�L(𝜔) + 𝐟�A(𝜔). 
 
To enable efficient coupling with the acoustic solver, a modal reduction strategy is employed. The 
structural displacement field is approximated using a truncated expansion of mass-normalized 
eigenmodes, 

𝐮�(𝜔) ≈ S𝝓*

4"

*1'

𝑞R*(𝜔), 

 
where 𝑁Ldenotes the number of retained modes and 𝑞R*(𝜔) are the modal amplitudes. This 
reduced-order representation significantly decreases the computational cost while retaining the 
dominant dynamic behavior in the frequency range of interest. 
 
 
Acoustic Subproblem 
 
The acoustic field is assumed to be linear, inviscid, and time-harmonic, and is governed by the 
Helmholtz equation in the acoustic domain, 
 

∇K𝑝̂A(𝐫, 𝜔) + 𝑘K𝑝̂A(𝐫, 𝜔) = −𝑖𝜌A𝜔𝑞RA(𝐫, 𝜔), 
 
 
where 𝑝̂Adenotes the complex acoustic pressure, 𝑘 = 𝜔/𝑐 is the acoustic wavenumber, 𝑐	is the  
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speed of sound, and 𝜌A	is the fluid density. 
 
To efficiently treat unbounded domains, the acoustic problem is solved using a boundary element 
method (BEM) formulation. The structural motion enters the acoustic problem through Neumann 
boundary conditions prescribed on the vibroacoustic interface, where the normal fluid particle 
velocity is imposed by the structural velocity, 
 

𝑣R* = 𝑖𝜔𝑢R*  on ΓBA. 
 
Once the acoustic problem is solved, the resulting pressure field is evaluated on the interface and 
converted into equivalent nodal forces acting on the structure. 
 
 
Vibroacoustic Coupling Conditions 
 
Let ΩBbe the structural domain and ΩAthe acoustic domain, sharing the interface Γ = ∂ΩB ∩ ∂ΩA. 
Denote by 𝐧	the unit normal pointing from the structure into the acoustic domain. 
 
1) Kinematic condition (velocity continuity) 
The normal component of the acoustic particle velocity equals the structural normal velocity on Γ: 
 

𝑣*A(𝐱, 𝜔)   =   𝑣*B(𝐱, 𝜔)			∀𝐱 ∈ Γ. 
 
With time-harmonic convention 𝑒!MC, the structural normal velocity is  
 

𝑣*B(𝐱, 𝜔)   =   𝑖𝜔 𝐮(𝐱, 𝜔) ⋅ 𝐧. 
 
For a pressure-based Helmholtz formulation, the corresponding Neumann boundary condition is 

∂𝑝
∂𝑛 (𝐱, 𝜔)   =   −  𝑖𝜔 𝜌A  𝑣*B(𝐱, 𝜔)   =   𝜔K𝜌A  𝐮(𝐱, 𝜔) ⋅ 𝐧, ∀𝐱 ∈ Γ, 

 
where 𝜌Ais the acoustic medium density. 
 
2) Dynamic condition (traction equilibrium) 
The structure is loaded by the acoustic pressure acting as a normal traction: 
 

𝝈(𝐮) 𝐧   =   −  𝑝 𝐧	on Γ, 
 
i.e. the external interface traction is 
 

𝐭N(𝐱, 𝜔)   =   −  𝑝(𝐱, 𝜔) 𝐧. 
 
In discrete form, the equivalent structural load vector is 
 

𝐟N(𝜔)   =   q𝐍O
N

(𝐱) 𝐭N(𝐱, 𝜔) dΓ   =   −q𝐍O
N

(𝐱) 𝑝(𝐱, 𝜔) 𝐧 dΓ. 

 
 
 
 
 
 
 



   DC4 - Juan I. Camarotti 

 
 
 
 

                                              Technical Report    Page 27 of 37 
  

6.2 Monolithic and Partitioned Approaches for Vibroacoustic 
Systems 

Monolithic Vibroacoustic Formulation 

In a monolithic approach, the structural and acoustic governing equations are assembled into a 
single coupled system. The structural displacements and the acoustic pressure are treated as 
unknowns of one global problem, and the coupling conditions at the fluid–structure interface are 
enforced implicitly within the system matrix. 
 
After spatial discretization and assuming time-harmonic behavior, the coupled system can be 
written as: 

b𝐊B −𝜔
K𝐌B 𝐂BA

𝐂AB 𝐊A −𝜔K𝐌A
c `
𝐮
𝐩a = b𝐟B𝐟A

c , 

 
where 𝐮	denotes the structural displacement vector, 𝐩	the acoustic pressure vector, and 𝐂BA, 
𝐂AB	represent the coupling operators enforcing velocity continuity and pressure loading at the 
interface. 
 
The main advantage of the monolithic approach is its numerical robustness and unconditional 
stability, since the coupling is resolved implicitly. However, it requires a single solver framework, 
leads to large coupled systems, and significantly reduces flexibility. As a result, it is often 
impractical when different specialized solvers or software environments are used for the structural 
and acoustic domains. 
 

Partitioned Vibroacoustic Formulation 

In contrast, the partitioned approach solves the structural and acoustic subproblems 
independently, using dedicated solvers, and enforces the coupling through an exchange of 
interface quantities. The structure and the acoustic field remain modular, and the interaction is 
handled through boundary conditions at the vibroacoustic interface. 
 
In operator form, the partitioned coupling can be expressed as: 
 

𝑝 = 𝒜(𝑣*), 	𝑣* = 𝒮(𝑝), 
 
where 𝒜 and 𝒮 denote the acoustic and structural solution operators, respectively. 
The partitioned approach can be implemented using: 
- Weak (explicit) coupling, where the interface quantities are exchanged once per frequency. 
- Strong (iterative) coupling, where the solvers are iterated until convergence of the interface 
residual. 
The main advantages of the partitioned strategy are solver modularity, non-intrusive coupling, 
and scalability, which make it particularly suitable for multi-physics and multi-fidelity workflows. 
The main drawback is the potential loss of stability for strongly coupled problems, which may 
require iterative coupling and relaxation techniques. 
 

6.3 Co-simulation Strategies for Partitioned Vibroacoustic 
Systems 

6.3.1 Coupling Methods 
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Let 𝒮	denote the structural solution operator that maps acoustic pressure acting on the interface 
to the resulting structural normal velocity, and let 𝒜	denote the acoustic solution operator that  
maps a prescribed structural normal velocity to the resulting acoustic pressure on the interface. 
For a given angular frequency 𝜔, the coupled vibroacoustic problem can be written as the fixed-
point system 
 

𝑣* = 𝒮(𝑝), 𝑝 = 𝒜(𝑣*), 
 
or equivalently, 

𝑣* = 𝒮(𝒜(𝑣*)). 
 
1) Weak (Explicit) Coupling 
In a weakly coupled (explicit) partitioned approach, the interface quantities are exchanged once 
per frequency without iteration. Given an initial estimate of the structural state (e.g. a purely 
mechanical solution or zero pressure loading), the structural normal velocity is computed and 
passed to the acoustic solver: 

𝑝(J) = 𝒜(𝑣*
(J)). 

 
The resulting acoustic pressure is then applied to the structure to compute the updated structural 
response: 

𝑣*
(') = 𝒮(𝑝(J)). 

 
The procedure stops after this single exchange. While this approach is computationally 
inexpensive and straightforward to implement, it neglects the feedback loop between the structure 
and the acoustic field. Therefore, weak coupling is only suitable for problems with weak fluid–
structure interaction, where the acoustic loading has a limited influence on the structural 
response. 
 
 
2) Strong (Iterative) Coupling 
In a strongly coupled (iterative) partitioned approach, the fixed-point problem is solved iteratively 
until convergence of the interface quantities is achieved. Starting from an initial guess 𝑣*

(J), the 
following iterations are performed: 
 

𝑝(R) = 𝒜(𝑣*
(R)), 

𝑣*
S𝑘+1U = 𝒮(𝑝(R)), 

 
for 𝑘 = 0,1,2, …, until the interface residual satisfies a prescribed tolerance. A common 
convergence criterion is based on the relative change of the normal velocity: 
 

∥ 𝑣*
S𝑘+1U − 𝑣*

(R) ∥
∥ 𝑣*

(R) ∥
< 𝜀. 

 
Strong coupling accounts for the mutual interaction between structure and acoustic field and 
ensures consistency of the interface conditions. Although it requires additional solver calls and 
increased computational effort, it provides improved stability and accuracy, especially for 
problems with strong vibroacoustic coupling. 
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6.3.2 Data Exchange between the Solvers 
In the partitioned vibroacoustic framework, the structural and acoustic subproblems are solved by 
independent solvers running as separate processes. As a consequence, an explicit interprocess 
communication (IPC) mechanism is required to exchange interface quantities during the co-
simulation. In this work, data transfer is handled using CoSimIO, which is integrated into the 
Kratos CoSimulationApplication and provides a lightweight, solver-agnostic communication layer. 
CoSimIO supports different IPC backends.  
 
In the present implementation, a file-based IPC strategy is employed for the communication 
between the structural solver in Kratos and the external MATLAB BEM acoustic solver. In this 
mode, interface data are exchanged through files written to a dedicated communication directory. 
Synchronization is ensured by auxiliary control files, guaranteeing that data are accessed only 
after being fully written by the sending solver. This approach avoids race conditions and allows 
the solvers to remain loosely coupled in time. 
 

 

Figure 21: Data exchange architecture in the partitioned vibroacoustic co-
simulation 

From a practical standpoint, file-based IPC offers several advantages for this application. It is 
robust, easy to set up, and well suited for coupling solvers implemented in different languages 
and execution environments. Moreover, it allows straightforward inspection of the exchanged 
data, which is particularly useful during development and debugging. While this communication 
method introduces a higher latency compared to shared-memory or socket-based approaches, 
its overhead is acceptable for the frequency-domain vibroacoustic analyses considered here. 
 
During each coupling step, the structural solver exports the relevant interface quantities (e.g., 
displacements at the vibroacoustic interface) using CoSimIO. The acoustic solver then imports 
this data, solves the Helmholtz problem, and returns the resulting acoustic loads, which are 
subsequently applied as external loads in the structural analysis. In this way, CoSimIO enables a 
clean and modular data exchange without requiring intrusive modifications of either solver. 

6.3.3 Data Mapping 
In partitioned vibroacoustic simulations, the structural and acoustic solvers typically employ 
different discretizations at the coupling interface. As a result, a data mapping step is required to 
consistently transfer interface quantities between the non-matching meshes used by the two 
solvers. This mapping operation constitutes a key component of the co-simulation workflow, as it 
directly affects the accuracy of the coupled solution. 
 
In the present work, data transfer across the vibroacoustic interface is performed using mapping 
operators provided by the Kratos MappingApplication. For the vibroacoustic test cases 
considered, two mapping strategies are employed: the nearest neighbour mapper and the nearest 
element mapper. Both approaches have been introduced and discussed in detail in the previous 
sections of this report. 
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6.4 Numerical Results 
This section presents a set of numerical examples designed to evaluate the proposed partitioned 
vibroacoustic co-simulation framework across increasing levels of complexity. The test cases are 
deliberately organized in a progressive manner, allowing the performance, robustness, and 
consistency of the framework to be assessed systematically. Three representative benchmark 
problems are considered. 
 
For all examples, the acoustic response is evaluated and presented in terms of the Sound 
Pressure Level (SPL), which provides a standard logarithmic measure of the radiated acoustic 
field. The SPL is defined as 

SPL = 20log	'J {
𝑝VWX
𝑝VYZ

}     [dB], 

 
where 𝑝VWXdenotes the root-mean-square acoustic pressure and 𝑝VYZ = 2 × 10:[ Pais the 
reference pressure in air. Expressing the results in terms of SPL enables a direct assessment of 
how structural vibration characteristics, and in particular resonance phenomena, influence the 
acoustic field over the investigated frequency range. 
 
The first example addresses a one-way coupled vibroacoustic problem. A simply supported 
rectangular plate is subjected to a prescribed surface load, and the resulting structural vibration 
is transferred to the acoustic solver. No acoustic source is present, and no feedback from the 
acoustic domain to the structure is considered. This configuration serves as a baseline case for 
validating the structural-acoustic data transfer and for analyzing the impact of structural 
resonances on the resulting sound pressure levels. 
 
The second example extends the previous configuration to a two-way coupled problem, where 
the same simply supported rectangular plate is excited by a single acoustic monopole. In this 
case, the acoustic pressure field induces structural vibrations, which in turn modify the acoustic 
response. This setup introduces bidirectional coupling and increased numerical complexity, 
allowing the stability and consistency of the partitioned coupling strategy to be assessed. 
 
Finally, a simply supported hemispherical structure subjected to an incident plane acoustic wave 
is considered. This example combines a curved structural interface with a distributed acoustic 
excitation in a fully three-dimensional setting. It represents the most challenging configuration and 
is used to evaluate the robustness of the framework with respect to geometric complexity and 
strongly coupled vibroacoustic interactions. 
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6.4.1 Example 1: One-Way Coupled Vibroacoustic Analysis of a 
Simply Supported Rectangular Plate subject to a Surface Load 
The first numerical example considers a one-way coupled vibroacoustic problem involving a 
simply supported rectangular plate subjected to a uniform surface load. The plate has length 𝐿 =
1	and width 𝑤 = 0.5, and is simply supported along all edges, as illustrated in Fig. 22. A constant 
harmonic surface load of unit amplitude 𝑞 = 1is applied normal to the plate surface. The structure 
is modeled as a thin, homogeneous, isotropic elastic shell with thickness 𝑡 = 5 × 10:5	𝑚, density 
𝜌 = 2780 kg/m5, Young’s modulus 𝐸 = 7.3 × 10'J Pa, and Poisson’s ratio 𝜈 = 0.33. 
 

 

Figure 22: Rectangular plate simply supported along all four edges and subjected to a uniform 
surface load 

In this configuration, only the structural-to-acoustic coupling is considered. The structural 
response is computed in the frequency domain, and the resulting displacements at the plate 
surface are transferred to the acoustic solver as boundary conditions. No acoustic source is 
present, and feedback from the acoustic domain to the structure is neglected. This setup allows 
the isolated effect of structural resonances on the acoustic field to be analyzed. 
The radiated acoustic response is evaluated by computing the sound pressure level (SPL) at a 
fixed field point located at 

𝐱$\X = [0.5,  0.25,  1], 
 
measured from the plate reference frame. The SPL is evaluated over a prescribed frequency 
range in order to identify peaks associated with the structural resonance frequencies. 
 
The following image compares the monolithic and partitioned solutions. The results show very 
good agreement across the investigated frequency range, demonstrating that the partitioned 
approach reliably captures the structural resonance effects on the acoustic sound pressure level. 
 

 
Figure 23: SPL Frequency Sweep: Monolithic vs. Partitioned One-Way Coupling 
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The first 20 structural natural frequencies of the simply supported rectangular plate are listed in 
Fig. 24. By analyzing the SPL frequency sweep, it can be clearly observed that pronounced peaks 
occur at frequencies that closely match these structural eigenfrequencies. This indicates that the 
applied surface load efficiently excites specific structural modes, which in turn dominate the 
radiated acoustic response. In particular, modes whose modal shapes are compatible with the 
spatial distribution of the surface load lead to strong structural vibrations and a corresponding 
amplification of the sound pressure level at the observation point. This confirms that the acoustic 
field is primarily driven by structurally induced resonances in the considered one-way coupled 
configuration.  

 

Figure 24: First 20 natural frequencies of the considered structure 

6.4.2 Example 2: Two-Way Vibroacoustic Coupling - Rectangular 
Plate with Surface Load and Monopole Excitation 
The second numerical example considers the same simply supported rectangular plate 
introduced in Example 1 (dimensions 𝐿 = 1, 𝑤 = 0.5, simply supported along all four edges). In 
contrast to the previous one-way configuration, this case introduces an acoustic excitation and a 
two-way vibroacoustic coupling, such that both solvers influence each other through the interface 
conditions. 

 

Figure 25: Rectangular plate simply supported along all four edges and subjected to a uniform 
surface load and an acoustic monopole excitation 

The plate is subjected to a harmonic uniform surface load of unit amplitude 𝑝 = 1, acting normal 
to the plate surface. In addition, the acoustic domain is excited by a harmonic monopole source  
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located at 
𝐱L = [0.5,  0.25,  1.0], 

 
i.e., aligned with the plate center and positioned above the structure. The monopole generates 
an incident acoustic pressure field that loads the plate and induces structural vibrations. The 
resulting structural motion is transferred back to the acoustic solver through the normal-velocity 
boundary condition, thereby modifying the acoustic field and leading to a fully coupled 
vibroacoustic interaction. 
 
As in the first example, the acoustic response is quantified in terms of the Sound Pressure Level 
(SPL), evaluated at the fixed observation point 
 

𝐱obs = [0.5,  0.25,  2.0]. 
 
A frequency sweep is performed to assess the combined effect of direct acoustic excitation and 
structurally radiated sound, and to identify the influence of structural resonances under 
bidirectional coupling. 
 
Figure 26 shows the SPL frequency response obtained with weak (explicit) and strong (iterative) 
partitioned coupling strategies. At low frequencies, the response is dominated by the direct 
contribution of the acoustic monopole. Superimposed on this baseline, pronounced SPL peaks 
appear at frequencies corresponding to the structural resonance modes of the plate, indicating a 
strong interaction between the structural and acoustic subsystems. 
 

 
Figure 26: SPL Frequency Sweep - comparison between partitioned two-way strong coupling, 

partitioned two-way weak coupling, and single-physics acoustic solution. 
 
Differences between weak and strong coupling are most evident in the vicinity of resonance 
frequencies. The weakly coupled solution tends to overpredict the SPL peaks, whereas the 
strongly coupled approach yields a smoother and more stable response due to the iterative 
enforcement of interface equilibrium.  
 

 



   DC4 - Juan I. Camarotti 

 
 
 
 

                                              Technical Report    Page 34 of 37 
  

6.4.3 Example 3: Simply Supported Hemispherical Shell 
Subjected to an Incident Plane Wave and Surface Pressure Load 

The final numerical example considers a fully coupled vibroacoustic problem involving a simply 
supported hemispherical shell subjected to both a harmonic acoustic plane wave and a uniform 
structural pressure load. This case represents the most challenging benchmark in the present 
study, combining geometric curvature, distributed acoustic excitation, and strong structure–
acoustic interaction. 
 
The hemispherical shell has radius 𝑅 = 0.25	𝑚	and is simply supported along its circular base, as 
illustrated in Fig. 27. The structure is modeled using IBRA Kirchhoff–Love shell elements, 
enabling a smooth CAD-integrated representation of the curved geometry. The shell has a 
uniform thickness 𝑡 = 0.01	𝑚	and is assumed to be made of a linear elastic material with Young’s 
modulus 𝐸 = 1 × 10]	𝑃𝑎, Poisson’s ratio 𝜈 = 0.45, and mass density 𝜌 = 1200	𝑘𝑔/𝑚5. 
 

 
 

Figure 27: Simply supported hemisphere subjected to a pressure load and an acoustic plane 
wave excitation 

 
In addition to the acoustic excitation, a pressure load of prescribed amplitude 𝑝 = 100	𝑃𝑎 is 
applied normal to the shell surface, providing a direct structural excitation mechanism. The 
acoustic domain is excited by a harmonic plane wave propagating in the positive 𝑥-direction, 
which induces a spatially varying acoustic pressure field on the shell. Both the acoustic pressure 
and the structural surface load contribute to the shell vibration. 
 
The resulting structural motion is transferred back to the acoustic solver through the normal-
velocity boundary condition, leading to a fully bidirectional vibroacoustic coupling. 
 
The acoustic response is evaluated in terms of the sound pressure level (SPL) at a fixed 
observation point located at 
 

xobs = [−0.94,  0.0,  0.34]. 
 
Figure 28 presents the SPL frequency response obtained from the partitioned two-way coupling 
approach, comparing weak (explicit) and strong (iterative) coupling strategies, together with a 
purely acoustic reference solution. At low frequencies, the response is dominated by the incident 
plane wave and the applied surface load, resulting in similar SPL levels across all approaches. 
At higher frequencies, pronounced SPL peaks emerge due to structural resonance modes of the 
hemispherical shell, indicating strong vibroacoustic interaction. 
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Differences between weak and strong coupling become more pronounced in the vicinity of these 
resonances. The weakly coupled solution exhibits sharper and higher SPL peaks, whereas the 
strongly coupled solution provides a smoother and more stable response due to the iterative 
enforcement of interface consistency. This highlights the importance of strong coupling strategies 
for curved structures subjected to combined acoustic and structural excitation. 

 

Figure 28: SPL Frequency Sweep - comparison between partitioned two-way strong coupling, 
partitioned two-way weak coupling, and single-physics acoustic solution. 
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8.     Conclusions  
This report presented the implementation and application of partitioned co-simulation workflows 
for aeroelastic and vibroacoustic problems within the Kratos Multiphysics framework. The work 
focused on the practical realization of solver coupling, data exchange, and interface mapping, 
with particular attention to reproducibility and modularity of the co-simulation setup. 

A central aspect of the presented developments is the use of CAD-integrated structural analysis 
through the IBRA framework, employing Kirchhoff–Love shell formulations for both aeroelastic 
and vibroacoustic simulations. The use of isogeometric B-Rep representations enabled smooth 
structural kinematics and consistent geometric descriptions across the coupled solvers, while also 
introducing specific challenges related to multi-patch coupling. 

In the aeroelastic part, IBRA- and FEM-based structural models were coupled with a low-fidelity 
Vortex Lattice Method aerodynamic solver using an RBF-based mapping strategy. Particular 
attention was given to the transfer of rotational information and to the treatment of multi-patch 
structural models, where penalty-based coupling was employed. While this approach allowed the 
simulations to be carried out successfully, the results highlighted the sensitivity of penalty 
formulations with respect to parameter tuning, motivating the investigation of Nitsche-type 
coupling methods as a more robust alternative in future work. 

For the vibroacoustic applications, a frequency-domain partitioned framework was implemented 
by coupling harmonic structural response analysis in Kratos with an external Boundary Element 
Method acoustic solver implemented in MATLAB. Nearest-neighbor and nearest-element 
mapping techniques were used to exchange interface quantities between the structural and 
acoustic domains. The numerical examples demonstrated that the co-simulation framework 
captures the expected resonance-driven acoustic behavior for increasing levels of problem 
complexity. 

Overall, the developments presented in this report contribute to the establishment of structured 
and reproducible partitioned co-simulation workflows, combining CAD-integrated structural 
models with external aerodynamic and acoustic solvers within Kratos Multiphysics. These 
workflows provide a consistent basis for further investigations of coupled aeroelastic and 
vibroacoustic problems using heterogeneous solvers and discretizations. 
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