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Major Goals: The major goal of this project was to develop a new set of integrated multiscale space-time (ST)
methods for fluid-structure interaction (FSI) analysis involving the fundamental challenges of topology change in the
domain, slip interfaces between the subdomains, and multiscale coupling between the flow and thermal transport.
The ST Variational Multiscale (ST-VMS) method we developed earlier was giving us, in addition to a VMS
turbulence model, the “ST accuracy.” Like an arbitrary Lagrangian-Eulerian (ALE) method, the ST-VMS moves with
the fluid-solid interfaces the high-resolution meshes placed there. With a new ST-VMS method we targeted
developing in this project, we maintain those high-resolution meshes even when there is a topology change in the
domain, such as contact between solid surfaces. We also proposed in this project developing the ST-VMS version
of the variationally consistent slip interface methods that have recently been successful in the ALE-VMS context.
With that, we can handle the subdomains that contain spinning structures with the “ST accuracy.” With a new ST-
VMS method we also proposed developing for coupled flow and thermal-transport equations, we can have a
method that is multiscale in the way small-scale thermo-fluid behavior is represented in the computations. These
new methods, when properly integrated together, enable successfully addressing the formidable computational
challenges of a wide range of FSI applications.

Accomplishments: In computation of flow problems with moving solid surfaces, moving-mesh methods such as
the Space-Time (ST) Variational Multiscale method enable mesh-resolution control near the solid surfaces and thus
high-resolution boundary-layer representation. There was, however, a perception that in computations where the
solid surfaces come into contact, high-resolution boundary-layer representation and actual-contact representation
without leaving a mesh protection opening between the solid surfaces were mutually exclusive objectives in a
practical sense. Further development and enhancement of the ST Topology Change (ST-TC) method in this project
very much changed the perception. The two objectives are no longer mutually exclusive. The ST-TC makes
moving-mesh computation possible even without leaving a mesh protection opening. The contact is represented as
an actual contact and the boundary layer is represented with high resolution. Elements collapse or are reborn as
needed, and that is attainable in the ST framework while retaining the computational efficiency at a practical level.
The ST-TC now has strong record of achieving the two objectives that were long seen as mutually exclusive. With
the ST-TC and other ST computational methods introduced before and after, it has been possible to address many
of the challenges encountered in conducting flow analysis with boundary layer and contact representation, in the
presence of additional intricacies such as geometric complexity, isogeometric discretization, and rotation or
deformation of the solid surfaces. The flow analyses conducted with these ST methods include car and tire
aerodynamics with road contact and tire deformation, a first-ever computation. Our research efforts in this project
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Abstract

In computation of flow problems with moving solid surfaces, moving-mesh
methods such as the Space-Time (ST) Variational Multiscale method enable
mesh-resolution control near the solid surfaces and thus high-resolution
boundary-layer representation. There was, however, a perception that in
computations where the solid surfaces come into contact, high-resolution
boundary-layer representation and actual-contact representation without leaving
a mesh protection opening between the solid surfaces were mutually exclusive
objectives in a practical sense. Further development and enhancement of the ST
Topology Change (ST-TC) method in this project very much changed the
perception. The two objectives are no longer mutually exclusive. The ST-TC
makes moving-mesh computation possible even without leaving a mesh
protection opening. The contact is represented as an actual contact and the
boundary layer is represented with high resolution. Elements collapse or are
reborn as needed, and that is attainable in the ST framework while retaining the
computational efficiency at a practical level. The ST-TC now has a strong record
of achieving the two objectives that were long seen as mutually exclusive. With
the ST-TC and other ST computational methods introduced before and after, it
has been possible to address many of the challenges encountered in conducting
flow analysis with boundary layer and contact representation, in the presence of
additional intricacies such as geometric complexity, isogeometric discretization,
and rotation or deformation of the solid surfaces. The methods integrated with
the ST-TC are the ST-VMS, which serves as the core method, the ST Slip
Interface (ST-SI) method, and ST isogeometric analysis (ST-IGA). The flow
analyses conducted with these ST methods include car and tire aerodynamics
with road contact and tire deformation, a first-ever computation.

Objectives

Year 1 Objective: Test-prove the synthesis of the ST-VMS, ST-SI, and ST-IGA
methods.

Year 2 Objective: Test-prove the synthesis of the ST-VMS, ST-SI, and ST-IGA
methods on problems with complex geometries.

Year 3 Objective: Test-prove the synthesis of the ST-VMS, ST-SI, ST-TC, and
ST-IGA methods on tire aerodynamics with road contact.

Year 4 Objective: Test-prove the synthesis of the ST-VMS, ST-SI, ST-TC, and
ST-IGA methods on car and tire aerodynamics with road contact.



Findings

Year 1 Objective: Test-prove the synthesis of the ST-VMS, ST-SI, and ST-
IGA methods

The ST-SI-IGA is the synthesis of the ST-VMS, ST-SI, and ST-IGA methods. The
moving-mesh feature of the ST-VMS enables mesh resolution control and
accurate representation of boundary layers near moving solid surfaces.
Compared to semi-discrete methods, the ST context brings to flow solution
higher accuracy in space and time. The ST-SI accurately connects the parts of
the solution obtained over two mesh zones with nonmatching meshes at the Sl
between the zones, and thus we can still use the ST-VMS as a moving-mesh
method. With that, we can compute flow problems with rotating solid surfaces.
The ST-IGA brings superior accuracy in representing the problem geometry and
flow solution. Figure 1 from [1] shows one of the earliest test computations with

the ST-SI-IGA.

N

.
|
|

Figure 1. Aerodynamics of a vertical-axis wind turbine, computed in 2D with the
ST-SI-IGA. Wind turbine model and the velocity magnitude at three instants. For
the 3D computation, see [1].



Year 2 Objective: Test-prove the synthesis of the ST-VMS, ST-SI, and ST-
IGA methods on problems with complex geometries

While the IGA discretization offers superior accuracy, IGA mesh generation for
problems with complex geometries is known to be a significant challenge. We
have overcome that challenge with a NURBS mesh generation method we
developed [2]. We have successfully extended the scope of the ST-SI-IGA to
problems with moving solid surfaces and complex geometries. We can conduct
high-fidelity computations with fewer control points (i.e. unknowns) compared to
standard discretization methods such as the finite differences, finite volumes, and
finite elements. Figure 2 from [2] shows the computation for a turbocharger
turbine and exhaust manifold, carried out with the ST-SI-IGA.

0 100 200

Figure 2. Flow in a turbocharger turbine and exhaust manifold, carried out with
the ST-SI-IGA. NURBS mesh and the velocity magnitude (m/s) at an instant.



Year 3 Objective: Test-prove the synthesis of the ST-VMS, ST-SI, ST-TC,
and ST-IGA methods on tire aerodynamics with road contact

The ST-SI-TC-IGA is the synthesis of the ST-VMS, ST-SI, ST-TC, and ST-IGA
methods. The ST-TC makes moving-mesh computation possible even without
leaving a mesh protection opening. The contact is represented as an actual
contact and the boundary layer is represented with high resolution. Elements
collapse or are reborn as needed, and that is attainable in the ST framework
while retaining the computational efficiency at a practical level. The ST-TC now
has a strong record of achieving the two objectives that were long seen as
mutually exclusive. It has been successfully applied to several classes of
challenging problems with complex geometries. Figure 3 from [3] shows tire
aerodynamics with near-actual tire geometry, road contact, and tire deformation,
computed with the ST-SI-TC-IGA. This computation was first of its kind.
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Figure 3. Tire aerodynamics with near-actual tire geometry, road contact, and tire
deformation, computed with the ST-SI-TC-IGA. Tire model and isosurfaces
corresponding to a positive value of the second invariant of the velocity gradient
tensor, colored by the velocity magnitude, viewed from the bottom. The gray
zones are the contact areas.



Year 4 Objective: Test-prove the synthesis of the ST-VMS, ST-SI, ST-TC,
and ST-IGA methods on car and tire aerodynamics with road contact

Extending the ST-SI-TC-IGA to complex-geometry problems like the car and tire
aerodynamics with road contact requires overcoming the IGA mesh generation
challenge encountered in such never-before-attempted computations. We have
overcome that challenge with a combination of the NURBS mesh generation
methods developed in [2] and in [4]. Figure 4 from [4] shows car and tire
aerodynamics with near-actual car and tire geometries, road contact, and tire
deformation. This computation was first of its kind. While the method in [4] was
developed in the context of car and tire aerodynamics, the underlying concepts
are more general and are applicable to other classes of flow problems with
complex geometries.
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Figure 4. Car and tire aerodynamics with near-actual car and tire geometries,
road contact, and tire deformation, computed with the ST-SI-TC-IGA. Car body
and tire models and isosurfaces corresponding to a positive value of the second
invariant of the velocity gradient tensor, colored by the velocity magnitude (km/h).
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