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ABSTRACT
Using a mold or die, primary shaping manufacturing processes form material from an initially
unshaped state (usually melt) into a desired shape. All of these processes have in common that the
exact design of the mold cannot be determined directly and intuitively from the product shape. This
is due to the non-linear behavior of the material regarding the flow and solidification processes.
Consequently, shape optimization as a means of numerical design can be a useful tool in mold
development.
The core of our optimization tool [1] is the in-house flow solver XNS, which combines a space-time
method with either polynomial or isogeometric shape functions with a GLS stabilization. XNS is
able to exploit the common communication interfaces for distributed-memory systems. The flow
solver has been coupled with the open-source optimization frameworks NLOPT and Dakota. For
geometry representation, no matter the function representation, we utilize an in-house spline library
which supports both NURBS and T-splines. Spline representations are very natural in engineering
design, as they allow the shape optimization result to be easily transferred back into the CAD-based
design process. Furthermore, they require a low number of optimization parameters and allow the
incorporation of manufacturing constraints. Isogeometric analysis aligns well with this type of shape
optimization.
Topics discussed will be our approach to shape optimization as well as methods for simulating the
flow through, in and behind the mold/die. Furthermore, advances in the topics of solidification and
free-surface flows with boundary-conforming isogeometric methods will be shown [2].
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ABSTRACT
In this work we consider a 2D peridynamic model with a finite nonlocal horizon parameter d
which characterizes the range of nonlocal interactions, and its interaction with the surounding
fluids. In the nonlocal IDEs the boundary conditions should be defined in a nonlocal way, namely,
on a region with nonzero volume outside the surface, while in fluidstructure interaction
applications the physical boundary conditions are typically provided on a sharp codimension one
surface. In this work we present a new nonlocal Neumanntype constraint as an analog to the
traction load applied on a sharp interface. Moreover, with rigorous mathematical analysis we show
that the peridynamic model with this nonlocal constraint converges to the corresponding local
problem with the local traction load with second order convergence as d>0. This convergence rate
is optimal considering the O(d2) difference from the nonlocal equation to its local limit. As a
numerical verification and application of the new constraint, we have implemented the nonlocal
boundary condition in the context of an optimization based meshfree quadrature rule [1] and
coupled it with a numerical solver based on divconforming Bsplines for incompressible flow [2],
to capture the fluidinduced damage on materials.
REFERENCES
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ABSTRACT
The divergence-conforming immersed boundary (DCIB) method is presented to tackle a longstanding issue of immersed boundary (IB) methods for fluid-structure interaction, namely, the
challenge of accurately imposing the incompressibility constraint at the discrete level [1]. The
DCIB method follows up on our previous works [2-3], where we developed discretizations of the
mathematical model proposed by the IB method based on non-uniform rational B-splines
(NURBS) and T-splines, respectively. The DCIB method can handle both codimension zero and
codimension one solids. In the DCIB method, the Eulerian velocity-pressure pair is discretized
using divergence-conforming B-splines, which leads to inf-sup stable, H^1-conforming, and
pointwise divergence-free Eulerian solutions. By combining the generalized-α method and a
block-iterative solution strategy, the DCIB method results in a fully-implicit discretization, which
is key to impose accurately the no-penetration and no-slip conditions at the fluid-solid interface.
Various two- and three-dimensional problems are solved performing mesh-independence studies,
comparisons with other methods from the literature, and measurement of convergence rates. The
DCIB method leads to completely negligible incompressibility errors at the Eulerian level and
various orders of magnitude of increased accuracy at the Lagrangian level compared to other IB
methods. Finally, we use the DCIB method to answer open questions in cell-scale blood flow.
REFERENCES
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ABSTRACT
We present a precise platform to perform exterior acoustic Isogeometric analysis by employing a
high-order local absorbing boundary condition derived from exact Fairfield expansion of the
outgoing waves in the exterior domain. We study the effectiveness of the proposed method by
solving benchmark two- and three-dimensional exterior acoustic scattering problems modeled by
the Helmholtz equation in unbounded domains. We verify that the proposed method can
conveniently reduce both pollution and domain truncation error to negligible levels even in highfrequency regimes. In fact, the error introduced at the artificial boundary can be reduced to the level
of accuracy of the high-order Isogeometric Analysis in the interior. Our numerical results show the
improved accuracy and simplicity of this novel combination compared to other approaches.
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ABSTRACT
In this work, we develop a computational framework for the modeling and simulation of
transcatheter heart valves. To account for physiological realism, main components of the system
are modeled and fully coupled, including the arterial wall, blood flows, heart valve leaflets, and the
stent. For a better integration between design and analysis, the computational framework is
developed based on isogeometric and immersogeometric analysis. The proposed framework is
applied to study the performance of various transcatheter valve designs and the effectiveness of the
models will be discussed.
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ABSTRACT
Patient-specific vascular modeling typically involves three fundamental steps: image processing,
analysis suitable model generation, and computational analysis. Analysis suitable model
generation techniques that are currently utilized suffer from several difficulties and complications,
which often necessitate manual intervention and crude approximations. Because the modeling
pipeline spans multiple disciplines, the benefits of integrating a computer-aided design (CAD)
component that offers a robust, intuitive, and highly customizable framework for the geometric
modeling tasks has been largely overlooked. In this work, we present a CAD-integrated templatebased modeling framework that streamlines the construction of solid NURBS (non-uniform
rational B-spline) vascular models from imaging data for performing isogeometric finite element
analysis [1]. Examples of arterial models for mouse and human circles of Willis and a porcine
coronary tree are presented. The benefits of the presented approach, such as quicker processing
time and more accurate reconstruction of complex models, are also discussed.
REFERENCES
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ABSTRACT
The vast majority of heart attacks occur when vulnerable plaques in the coronary arteries rupture,
releasing their lipid content into the blood stream forming a thrombus. This restricts blood flow to
the heart muscle, inducing myocardial infarction. Hemodynamic features near vulnerable plaques
are known to affect plaque instability. For instance, plaque ulcerations are known to occur in areas
of high wall shear stress (WSS), while highly positive wall shear stress gradients (WSSG) are
known to affect the endothelial cell alignment on the plaque cap, potentially weakening its fracture
toughness. The effect of degree of stenosis, plaque aspect ratio, and plaque axial symmetry on
WSSG is not well understood. In addition, there have been no reports studying the effects of
differing distal and proximal plaque shapes on plaque vulnerability. Therefore, a computational
workflow has been developed within an isogeometric analysis (IGA) framework to enable a
comprehensive parametric study detailing the effect of 3D plaque shape on WSS and WSSG.
Parameterized geometric plaque models within an idealized cylindrical blood vessel were created
in the computer-aided design software package Rhinoceros leveraging a robust algorithm
development plugin called Grasshopper [1]. A large number of models can be produced by varying
the four parameters: plaque length (l), minimum plaque diameter (d), the axial symmetry
parameter (a), and the proximal/distal symmetry parameter (b). For the purposes of this study, four
representative solid NURBS plaque models were created by adjusting the axial and proximal/distal
symmetry parameters, while keeping the plaque length and diameter fixed. Navier-Stokes
equations, subjected to appropriate boundary conditions, were solved using IGA to simulate
realistic bulk flow features and compute relevant near wall quantities including WSS and WSSG.
Results show that the maximum velocity is unaffected by plaque shape for the same degree of
stenosis. Maximum WSS and WSSG, however, are affected by as much as 22.8% and 57.7%,
respectively, within the four represented geometries. The proximally skewed model has the most
vulnerable combination of high WSS and high positive WSSG. The methodology created in this
work provides a foundation for developing an efficient computational model for computing WSS
and WSSG around plaques of arbitrary shape. If confirmed in a large study of patient data, this can
lead to a more accurate assessment of plaque vulnerability based on their 3D shape.
REFERENCES
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ABSTRACT
Data-driven mesh deformation can be used in moving boundary computation or used as prescribed shape in combination with Fluid-Structure Interaction. Reliable computation analysis
requires the data-driven mesh deformation to meet certain physical properties. Here, we focus on
the temporal continuity properties. In ﬂuid mechanics computation, the mesh deformation with 𝐶 2
temporal data is needed. It faces several challenges without 𝐶 2 continuous in time. The challenges
include the greater convergence challenge and targeting solution discontinuous in time due to the
discontinuous temporal mesh deformation. We present a novel algorithm to translate the
discontinuous temporal mesh deformation to high order B-spline representation. Compared to
least-squares projection, we introduce two penalty terms in the energy functional, which are
related to the control-point velocities and control-point accelerations. The optimal mesh
deformation, that corresponds to the mesh deformation data with 𝐶 2 temporal data is computed
through the minimization of the energy functional. The optimal mesh deformation generated by
this algorithm avoids unnecessary oscillations (known as the Runge’s phenomenon) which is
appeared in the least-squares projection method. Local optimization is also considered so that
optimal mesh deformation differs from discontinuous temporal mesh deformation locally around
the discontinuous phase. The performance of the proposed algorithm is demonstrated on
discontinuous temporal mesh deformation to show an improvement in computational results.
REFERENCES
[1] Takizawa, K.; Henicke, B.; Puntel, A.; Kostov, N. and Tezduyar, T. E., Space–time techniques
for computational aerodynamics modeling of flapping wings of an actual locust,
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ABSTRACT
Immersed boundary methods have been an effective solution for fluid–structure interaction (FSI)
problems involving large deformation and changes in topology. However, they can also show
limitations in the approximation of quantities such as the shear stress in immersed thin-shell
problems. Although the shear stresses on the two sides of the immersed shell are discontinuous,
they are being approximated using a continuous function across the immersed surface. As a result,
the shear stress is poorly resolved. Shear stress is an important physical quantity in many
biomedical applications. For example, it is linked to calcification and durability of bioprosthetic
heart valves. In this talk, we present a novel approach to better resolve the shear stress
approximation and test the formulation using benchmark problems.
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ABSTRACT
Understanding the mechanics of the aortic valve (AV) has been a research focus for many years,
with the aim of improving our understanding of its function in health and disease, as well as guiding
the design of prosthetic replacements. Yet, we still do not fully understand how the AV is
“designed,” including what features are most critical to ensure its efficient operation during the
cardiac cycle. In the present study, we utilized a computational framework to determine how key
characteristics of the AV interact and vary, while still maintaining proper valve function. Major AV
features simulated included leaflet geometry and anatomical asymmetry, heterogeneity, prestrain,
anisotropy, and layer contributions, as well as the shape and mechanical behaviors of the aortic sinus
and aortic walls. AV dynamics and performance were assessed by a number of metrics, including
effective orifice area, wall shear stresses, and leaflet coaptation, stress and strain fields within the
leaflets and aortic root.
To achieve this computationally, we simulated the coupling of the deforming aortic root, heart
valves, and the surrounding blood flow under physiological conditions through several cardiac
cycles using our immersogeometric fluid-structure interaction (FSI) methodology. Leaflets were
modeled as a thin shell structures using various material behaviors and structural features. In
particular, effects of leaflet shape, heterogenous structure, and interactions with the aortic root and
sinus were studied in detail. We observed a noticeable influence of the surface curvature on the
effective orifice area of the valve and the overall leaflet deformation. Sensitivity results also
demonstrated that incorporating an anisotropic material model for leaflets had a significant influence
on the valve deformation during diastolic closure. The basis for this was noted in part that in dynamic
simulation of the AV during the opening phase the leaflet was in the small strain regime, when the
majority of the collagen fibers were not recruited, so that the isotropic like tissue matrix dominated
the valve deformation. Geometric studies clearly delineated the range of leaflet shapes acceptable
for physiological function, and in particular what characteristics might be allowable in prosthetic
valve devices. The results of this study demonstrate the effectiveness of the proposed platform for
analyzing the heart valve function with greater levels of physical realism and can provide guidelines
for detecting anomalies in the natural valve or improving leaflet tissue’s design in the artificial valves
to enhance valve durability.
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ABSTRACT

Fig. 1: Blade of the NREL Phase VI wind turbine: Computational model (left) and exploded view
of the underlying trimmed NURBS multipatches (right)
Lightweight shell structures are popular in engineering design as they offer high load carrying
capacity in combination with low weight due to their high stiffness as consequence of the
curvature. While classical Finite Element models of such structures have been extensively used in
practice, the shell formulations for Isogeometric Analysis (IGA), particularly for Kirchhoff-Love
shell structures [1], have demonstrated benefits arising from the smooth geometry description and
the highly accurate solutions that are enabled. Moreover, the direct use of CAD-models for the
structural simulations is possible based e.g. on the Isogeometric B-Rep Analysis (IBRA) [2].
Herein, the application of IBRA to Fluid-Structure Interaction (FSI) simulations of wind turbines
is demonstrated, thus naturally extending IBRA to coupled multiphysics problems. For this
purpose the NREL Phase VI wind turbine extensively studied in [3] is employed and subsequently
the results are compared against a classical Finite Element discretization of the wind turbine blades
with a Reissner-Mindlin underlying physical model.
REFERENCES
[1] J. Kiendl, K.-U. Bletzinger, J. Linhard and R. Wüchner, Isogeometric analysis with KirchhoffLove shell elements, Computer Methods in Applied Mechanics and Engineering, 198, 39023914, 2009.
[2] M. Breitenberger, A. Apostolatos, B. Philipp, R. Wüchner and K.-U. Bletzinger, Analysis in
computer aided design: Nonlinear isogeometric B-Rep analysis of shell structures, Computer
Methods in Applied Mechanics and Engineering, 284, 401-457, 2015.
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Thermal multi-phase flows exist in many important industrial processes, such
as additive manufacturing, which involves rapid mass, flow and heat transport
between gas, liquid, and solid phases. Various associated challenges, such as
the large density ratio between gas and condensed phases, complicated
interface topological changes, and phase transition, make accurate, robust
thermal multi-phase flow simulations of these processes very difficult. In order
to address these challenges, a computational framework using isogeometric
analysis for thermal multi-phase flows is developed. The mathematical
formulation will be discussed in detail. We will first demonstrate the superior
performance of IGA for the calculation of interfacial forces, such as surface
tension and Marangoni stress, which is one of the most important factors in
bubble dynamics and manufacturing processes. Then several challenging
engineering applications in bubble dynamics and manufacturing processes will
be shown. The computational results are compared with analytical,
experimental and simulation data from other researchers, with good agreement
in cases where such data is available.
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ABSTRACT
A computational fluid dynamics study of airflow over complex terrain is presented with
application to wind energy. A major knowledge gap in wind energy is the topic of complex
(mountainous or hilly) terrain. In such terrain, the wind speed is highly variable based on location
(i.e. ridge or valley) and stratification (movement of atmospheric layers), and is currently not fully
understood. The objective of this work is to improve understanding of atmospheric flows over
complex terrain through development of an efficient model.
The governing equations for flow over complex terrain are the incompressible Navier-Stokes
equations for stratified flow. This code uses a residual-based variational multi-scale (RBVMS)
method as a framework to solve the governing equations. The framework can also handle stable
stratification such as that of atmospheric boundary layer flow over complex terrain [1] [2]. The
computational domain is discretized using quadratic NURBS. The weakly enforced essential
boundary condition is applied on the domain boundary representing the terrain surface.
Modeling techniques are first validated by comparing simulation results to experimental data for
two different terrain shapes, the Gaussian and Bolund hills. For further testing the airflow is
modeled over complex terrain from the Perdigao project location, where a large field study has
collected experimental data. The Perdigao experiment is part of the New European Wind Atlas,
and has a focus on characterizing flow over complex terrain. The experimental region of interest,
containing points of sampled data, is approximately 5700m x 2500m.
REFERENCES
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ABSTRACT

We derive a hyperelastic shell formulation based on the Kirchhoff–Love shell theory and isogeometric discretization, where we take into account the out-of-plane deformation mapping [1].
Accounting for that mapping affects the curvature term. It also affects the accuracy in calculating the deformed-configuration out-of-plane position, and consequently the nonlinear response of
the material. In fluid–structure interaction (FSI) analysis, when the fluid is inside a shell structure, the shell midsurface is what it would know. We also propose, as an alternative, shifting
the “midsurface” location in the shell analysis to the inner surface, which is the surface that the
fluid should really see. Furthermore, in performing the integrations over the undeformed configuration, we take into account the curvature effects, and consequently integration volume does
not change as we shift the “midsurface” location. We present test computations with pressurized cylindrical and spherical shells, with Neo-Hookan and Fung’s models, for the compressibleand incompressible-material cases, and for two different locations of the “midsurface.” We also
present test computations with aorta walls.
REFERENCES
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to appear in a special volume to be published by Springer, 2018.
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ABSTRACT

Stabilized methods, which have been very common in flow computations for many years, typically
involve stabilization parameters, and discontinuity-capturing (DC) parameters if the method is
supplemented with a DC term. Various well-performing stabilization and DC parameters have
been introduced for stabilized space–time (ST) computational methods in the context of the
advection–diffusion equation and the Navier–Stokes equations of incompressible and compressible flows. These parameters were all originally intended for finite element discretization but
quite often used also for isogeometric discretization. The stabilization and DC parameters we
present here for ST computations are in the context of the advection–diffusion equation and
the Navier–Stokes equations of incompressible flows and target isogeometric discretization. The
parameters are based on a direction-dependent element length expression. The expression is
outcome of an easy to understand derivation [1]. The key components of the derivation are
mapping the direction vector from the physical ST element to the parent ST element, accounting for the discretization spacing along each of the parametric coordinates, and mapping what
we have in the parent element back to the physical element.
We extend the element length calculation method to complex geometries and apply the method
to flow analysis of a turbocharger turbine.
REFERENCES
[1] K. Takizawa, T.E. Tezduyar, and Y. Otoguro, “Stabilization and discontinuity-capturing
parameters for space–time flow computations with finite element and isogeometric discretizations”, Computational Mechanics, published online, DOI: 10.1007/s00466-018-1557-x, March
2018, doi: 10.1007/s00466-018-1557-x.
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ABSTRACT

One of the challenges in computational fluid–structure interaction (FSI) analysis of spacecraft
parachutes is the “geometric porosity,” a design feature created by the hundreds of gaps and
slits that the flow goes through. Accurate geometric-porosity modeling becomes essential for
FSI analysis because computations with resolved geometric porosity would be exceedingly timeconsuming. The geometric-porosity model introduced earlier with the space–time FSI (STFSI)
method enabled successful computational analysis and design studies of the Orion spacecraft
parachutes in the incompressible-flow regime [1]. Recently, new porosity models and ST computational methods for compressible-flow aerodynamics were introduced in [2]. These models
and methods were tested in finite element computation of a drogue parachute with geometric
porosity. The key new component of the ST computational framework was the compressibleflow ST Slip Interface method, introduced in conjunction with the compressible-flow ST SUPG
method. Here, we integrate these porosity models and ST computational methods with isogeometric discretization. We use cubic and quadratic NURBS basis functions in structure and
fluid mechanics computations, respectively. This gives us a parachute shape that is smoother
than what we get from a typical finite element discretization. In the flow analysis, the combination of the ST framework, NURBS basis functions, and the SUPG stabilization assures
superior computational accuracy. The computations we present for a drogue parachute show
the effectiveness of the porosity models, ST computational methods, and the integration with
isogeometric discretization [3].
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ABSTRACT

Sequentially-coupled FSI (SCFSI) analysis [1, 2] was introduced in [1] in the context of arterial
FSI. It is a sequence of standalone fluid and structure computations, with the structure deformation and fluid forces coming from the last computation where they were generated. The
objectives range from computational-cost reduction to multiscale capability to implementation
expediency. Sometimes the standalone computations are combined with a (fully) coupled FSI
(CFSI) computation. We present a heart valve SCFSI analysis. In the first step, the structure deformation comes from a CFSI computation based on the Immersogeometric Analysis
(IMGA) [3]. This is followed by a fluid mechanics computation with the “ST-SI-TC-IGA” [4,5].
The IMGA generates a reasonably good solution. The ST-SI-TC-IGA improves the flow solution accuracy by dealing with the contact between the leaflets while maintaining high-resolution
representation near the leaflet surfaces, including an accurate representation of the wall shear
stress distribution over the two sides of the leaflets.
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ABSTRACT
Kinetic theory of fluids is concerned with a generalized phase-space description of molecular flow.
In kinetic theory, the description of fluid dynamics is based on the Boltzmann equation that
governs a distribution function which depends on velocity, space and time variables. Of particular
significance is the account provided by the Boltzmann equation for fluid dynamics that do not
conform to continuum models. However, the velocity-space-time phase-space description of the
flow renders a high dimensional problem setting: in D spatial dimensions, the Boltzmann equation
is defined in 2D(+1) dimensions. The computational cost of resolving such high dimensional
problems using traditional numerical methods is prohibitive.
In this presentation we consider a novel numerical approximation technique for the Boltzmann
equation, in which the velocity-space-time discretization is decomposed in to a tensor product
between velocity and space-time. We show that such a low-rank formulation presents significant
computational benefits that addresses the so-called curse of dimensionality associated with the
Boltzmann equation.
In velocity dependence we propose an isogeometric-based approximation. The B-spline bases
associated with isogeometric analysis provides an ideal candidate to approximate distribution
functions for the generally noteworthy accuracy per-degree-of-freedom of isogeometric
discretizations. Moreover, B-splines provide accurate approximations of Gaussians [1] which play
an important role in the characterization of solutions of the Boltzmann equation. Further efficiency
opportunities are provided by efficient integration rules that can be devised for integrating such Bspline bases [2].
We also establish that the proposed velocity discretization preserves the fundamental properties of
the Boltzmann equation, namely entropy dissipation and conservation of mass, momentum and
energy. Furthermore, we show that the proposed velocity discretization facilitates the use of
traditional numerical methods, such as isogeometric analysis and finite-elements, to discretize the
space and time variables. Finally, we will conclude this presentation with some numerical results
to illustrate the approximation properties of the proposed method.
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