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ABSTRACT

Folding structures with a large surface area into a compact configuration and deploying
them only when required can be achieved by employing origami based folding
patterns. This technique is widely seen in nature and mimicking such mechanisms for
folding and deployment purposes can lead to highly efficient systems. This study
focuses on the biomimicry of insect wings in the design of wings for insect-sized micro
air vehicles (MAVSs). In order to achieve the required aerodynamic lift and forward
propulsion, the wings have to be sufficiently large. At the same time, for
manoeuvrability while on ground and also to protect the wings while not in use, the
size can be a limiting factor. The wing-folding technique used by certain class of
insects is an attractive design solution, which however leads to the need for rigorous
numerical analysis, as the fold lines introduced for folding purposes can alter the
aerodynamic behaviour of the structure. For a comprehensive analysis a fluid structure
interaction (FSI) framework will be required.

This thesis presents a detailed study of how the capabilities of commercially
available computational structural dynamics (CSD) and computational fluid dynamics
(CFD) codes can be exploited in conducting a FSI study of a system involving thin,
creased, membranous structures immersed in flowing fluid. For this purpose, initially
the suitability of two widely used software environments, ABAQUS and ANSYS
Workbench, was investigated. Based on requirements and resource availability
ABAQUS CAE and CFD solvers were chosen for the current work and a rigorous
study of the theoretical concepts employed by these codes was conducted to ensure

that it was in line with the objective at hand.

The FSI framework was implemented in three stages. First, the structural
domain was developed. A Mooney-Rivlin material model with a membrane
formulation was found to be suitable for modelling thin biological membranes.
However, for simplicity a linear elastic material with plastic properties was initially

assumed and was used in combination with a shell formulation.



Next, the fluid domain was developed using a Spalart-Allmaras turbulence
model and was verified qualitatively based on the variation in flow around a rigid
cylinder with Reynolds Number. Finally, both aforementioned domains were coupled
using an explicit Gauss-Seidal scheme through the Abaqus Co-simulation Engine. This
was verified against a standard benchmark study conducted by Turek and Hron (2006),
which involves a cylinder immersed in a laminar flow with a thin, flexible flap attached
to its downstream side. The sinusoidal oscillation of the flexible flap was captured and
features such as vortices and streamlines were reproduced to an acceptable extent.

However, the numerical accuracy of the solutions needs further improvement.

As the next stage, the behaviour of a creased membrane immersed in the above
fluid domain was studied. To introduce the crease effect, the crease geometry was pre-
defined on the structural component and this was then coupled with a fluid domain set
up following the same procedure as in the previous case. This method, while
presenting a simpler modelling path, has the disadvantage that the exact hinge-effect
introduced by an actual crease-line is not captured. However, the alteration to the flow

path from a geometric perspective was captured.

In the developed model a main concern was the processing time. To address
this issue a two-dimensional shell formulation was used in this work. The presence of
the shell was indicated by a seam crack in the fluid domain. Despite that, the model
still suffered from the severe disadvantage of processing time. Thus in future works,
other techniques should be incorporated to overcome this constraint. Also, the actual
behaviour of the crease-line and the region close to it should be captured. A technique

that could be used in future works was presented in the final section of the thesis.

Key words: Fluid structure interactions; Origami; Biomimicry; Deployable wings;

Abaqus co-simulation engine
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CHAPTER |

1. BACKGROUND

1.1. Bio-inspired Deployable Structures

Micro Air Vehicles (MAVS) is a class of miniature unaided air vehicles (UAV) that
have a size restriction of generally less than 15 cm. The Defence Advanced Research
Projects Agency (DARPA), US, defines MAV as “an aircraft having a dimension
lesser than 6 inches in any direction or a gross take-off weight lesser than 100 g”.
These are used for a wide variety of applications such as military surveillance, rescue
operations in hazardous environment, crowd control, pollution inspection, urban
traffic management, pipeline inspection, high risk indoor inspection and space

exploration. Such applications require one or more of the following characteristics:

e Light weight
e Minimal power consumption
e Manoeuvrability

e Robust and durable structural framework

These factors are inter-related and rigorous design methods are required to
ensure optimum performance. Weight is of major concern here, as it adds to the power
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Figure 1.1: Weight to span relationship of different natural and man-made fliers.
Source: (Taya, Van Volkenburgh, Mizunami, & Nomura, 2016)



requirement, leading to additional mass contributed by the power source as well. A
general comparison of weight to span ratio of common fliers is given in Figure 1.1.

Depending on the size of the flying object, the aerodynamic principles
exploited in flight differs. In order to gain understanding of these mechanisms
researchers have turned to nature for inspiration and studied the miniature natural

fliers, the insects. Some examples of such bio-inspired MAVSs are shown in Figure 1.2.

Dragonfly

HARVARD _
ShualolTngering WYSSSS INSTITUTE
bl

Mass: 80 mg
Wingspan: 3 cm

B Wingbeat frequency: 120 Hz

(© (d)

Figure 1.2: Bio-inspired MAVs with flapping flight mechanism (a) Delfly [TU
Delft] (b) Multi-wing flapping MAV [Georgia Tech] (c) Microrobotic Fly
[Harvard] (d) Robobee [Harvard]

However, the examples given in Figure 1.2 have a common feature, which is
that the wings cannot be folded. It would be advantageous to have a deployable wing
in an MAV so that a light-weight, membranous wing with a large surface area, that
can generate sufficient lift force, can be safely folded back until it is required. In
addition to protecting the wing, it will also provide the MAV with more
manoeuvrability if it is to be designed for ground locomotion as well. But the
deployment dynamics of the wing becomes complex when combined with the
aerodynamic factors involved in this system. Again, nature provides examples of self-
deployable wings, which not only perform the required folding and opening functions,

but also achieve this in the most energy efficient way possible. Saito, Nomura,
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Yamamoto, Niyama, & Okabe (2017), in a recent study on ladybird species Coccinella
septempunctata, observed the deployment process in detail by removing two-thirds of
the insect’s elytra and replacing it with an artificial, transparent one. It was seen that
the wing was folded back in an origami based pattern which facilitated smooth self-
deployment, while the actual opening force was given by the snapping back of the
veins. Here the veins act like deployable booms which are used in space applications.
They use the energy stored during folding, to open back. Hence the requirement for

additional actuators and power is avoided.

To replicate such a system, crease lines must be introduced in the membranous
wing to localize the folding location, so that the wing folds back to the same
configuration every time it is closed. Creases introduce a kink or a geometric distortion
in an otherwise flat membrane. This aspect should be analysed in light of the effect it
will have on the path of the air flowing around it during flight and thus the aerodynamic
performance. Studies done on corrugations and flexion lines in insect wings (Wootton,
1979 and Combes, 2010) suggest that a change in the wing’s cross sectional profile
does have an effect on its resulting behaviour. The magnitude of the effect remains to
be quantified.

1.2. Problem Statement
In order to study the effect of creases on the wing’s performance, a suitable
experimental or numerical setup should be devised. A number of experimental work

has been done in this area (Zhao, Huang, Deng, & Sane, 2010).

However, manufacturing process of MAVs is tedious, especially as
assembling should be done with precision despite working with parts of very small
dimensions. The complex nature can be illustrated by Figure 1.3. Even simplified
models can be hard to produce due to the intricacies involved in making just the wing,
requiring special techniques like precise laser cutting and assembling under
magnification. Also deployment would necessitate other techniques like self-opening
of shape-memory alloys. These additional external factors will be cumbersome in
determining a suitable crease pattern for folding the wing and each trial will be

expensive and time consuming.



Figure 1.3: Robobee developed at WYyss Institute, Harvard. Source: (Wood, Nagpal,
& Wei, 2013)

In addition to the structural aspect, a fluid domain set-up is required to study
the aerodynamic parameters. Specialized techniques like Particle Image Velocimetry
(PIV) are needed to monitor the flow pattern and wind or water tunnels with such

capabilities are required for this study.

At testing phase, numerical models provide a relatively cost efficient means
to test different parameters. For analysing the aerodynamic performance of a flexible
wing, a FSI framework which can handle a highly deformable structure and the
turbulence created by its movement is required. Usually this is dealt with by
developing project specific in-house codes with such advanced capabilities. However,
considering that the commercial codes available at present too have the flexibility to
incorporate many advanced applications, the present work seeks to harness such

features and unify it into an efficient numerical model.



1.3. Objective

The main objective of this study is to develop an efficient numerical model to study
the fluid structure interactions involved in thin, membranous structures subjected to a
steady flow of fluid using capabilities available in commercially available CSD and

CFD codes. This will be achieved through the following individual sub-objectives.

e ldentifying the appropriate commercial codes that can be used in an FSI
analysis and their limitations
e Developing a coupled fluid-solid interaction framework and verifying against

a standard benchmark

1.4. Outline

Chapter 1 presents the background for conducting this study. This includes an
introduction to deployable structures and biomimetic concepts in engineering
applications. The need for a fluid structure interaction (FSI) framework and the

objectives to be achieved in order to address it are also described.

Chapter 2 gives an overview of the concepts related to insect-scale flight, description
about the adaptations of an insect wing to facilitate flight and the related origami
concepts. Also, the concepts related to FSI and the numerical techniques used so far
are presented in detail. This chapter concludes with a comparison between two
commercially available analysis environment ABAQUS and ANSYS and an in-depth
study on the FSI capabilities of ABAQUS.

Chapter 3 starts with a detailed study about the numerical implementation of
structural, fluid and coupling modules. It goes on to describe the procedure followed

to validate the proposed method.

Chapter 4 discusses the outcomes of the FSI analysis. At first, an initially flat plate
was analysed at two different inflow velocities and materials. Next, the analysis was
extended to a membrane with a predefined crease geometry and the resulting flow was

compared with the uncreased membrane’s behaviour.



Chapter 5 presents the findings of the research analysing the feasibility of the
proposed method for FSI analysis of a thin flexible membrane.

Chapter 6 discusses an overview on possible future improvements. A brief

introduction to a crease modelling technique is reviewed.



CHAPTER I

2. LITERATURE REVIEW

This chapter provides a brief overview of the theoretical concepts involved in FSI
analysis and the work that has been conducted thus far in this area. Section 2.1 gives
an introduction to the different principles governing the aerodynamic behaviour of
structures of different length scale and the mechanisms employed by insects to achieve
flight. Section 2.2 discusses the structure of an insect wing, paying attention to the
material model and origami-based deployment mechanisms involved. In Section 2.3,
a detailed review of the numerical simulation techniques is presented together with a
software comparison made between the ABAQUS and ANSYS environments with

regards to FSI analysis.

2.1. Insect-scale Flight Mechanisms

2.1.1. Macro vs Micro Flight Mechanisms

Considering both biological and man-made flyers, it is evident that the principles
governing their flight mechanisms is different based on factors such as their overall
size. In an aeroplane, for example, the Bernoulli's principle is primarily employed to
generate lift. Due to the shape of an aerofoil, the air flowing over it is at a higher
velocity than that under it and the pressure difference thus generated causes an upward
lift force. To achieve sufficient lift, the system has to move at high speed over some
distance, as is the case with planes, which make use of a runway for this purpose and
engine to provide the forward thrust. However, this is not feasible for all classes of
flyers. Biological flyers such as birds and insects use the “flapping wing” and soaring

mechanisms to overcome this limitation.

Flapping can be considered as a mode of powered flight. Force is produced by
swinging the wing in an arc at the body-wing joint with stroke reversal happening at
each half stroke. The direction and speed of flight is controlled by the tilt of the
flapping stroke plane. Different biological flyers employ different flapping patterns

resulting in various wing-tip paths as illustrated by Figure 2.1.



Figure 2.1: Wingtip paths relative to the body for a variety of flyers, as indicated by
arrows. (a) albatross (b) pigeon (c) horseshoe bat (d) horseshoe bat (e) blow fly (f)
locust (g) June Beetle (h) fruit fly. Source: Alexander (2004)

However, there is a major difference between bird and insect flight. Birds have
active control over the flapping motion as they have a skeletal structure running
through the wing, which allows them to have direct control over its shape even at
intermediate locations. Insect wings, on the other hand, are attached to the body at only
the wing base and the flapping motion is brought about by a set of flight muscles and
other coupling structures present in their thorax, acting as a lever system (Wootton,
1981). This is given in Figure 2.2 which further shows the different setups involved in
direct and indirect mechanisms. The motion thus produced is transferred throughout

the wing via the vein framework.

! muscles to
\ raise the wings iongitudinal

muscles

muscles to

fower the wings dorso ventcal

muscles

DIRECT FLIGHT MUSCLES INDIRECT FLIGHT MUSCLES

Figure 2.2: Flapping mechanisms in insects. Source: Madangopal, Khan, & Agrawal
(2005) (Courtesy: Hooper Virtual Paleontological Museum)



2.1.2. Insect-scale Flight Concepts

Insects operate at low to midrange Reynolds numbers of order 10* to 10* (Hao Liu,
2009). Owing to this they are referred to as “low Reynolds number fliers”. MAVs
designed at insect scale were originally envisioned to achieve Reynolds numbers of
order 10* to 10° due to the inherent issues related to such a type of flight. However, as
the understanding of the underlying concepts improved, it has been possible to achieve

lower numbers (Shyy, Lian, Tang, Viieru, & Liu, 2007).

The aerodynamic concepts governing flight at insect-scale is different from that
at a macro level. The main lift production mechanism is through vortices that circulate
bound to the wing surface, creating a pressure difference between the upper and lower
sides of the wing (R. Wootton, 1999). It has been observed that the lift produced by a
flapping wing mechanism is higher than that derived from conventional aerodynamic
calculations. To account for this discrepancy specialized “high-lift” mechanisms, such
as the production of a Leading-Edge Vortex (LEV), were postulated (Ellington, Van
Berg, Willmott, & Thomas, 1996). The authors. have confirmed this theory through

experimental observations made on a hawk-moth.

LEV is formed when the wing is suddenly accelerated at a high angle of attack.
This occurs just near the wing’s leading edge, so that the flow, which separates on
passing around the aerofoil profile, reattaches again to the surface. This phenomena
by itself is very short lived. However, the flapping motion has been observed to
stabilize this (Haas & Wootton, 1996). Thus the LEV gradually moves in a swivelling
path attached to the wing, producing a high velocity and low pressure zone at the core

of its path as shown in Figure 2.3.

Figure 2.3: (a) Path of the vortex on the upper surface of the wing (b) Suction zone
created at the core of the vortex. Source: Viieru, Tang, Lian, Liu, & Shyy (2006)



2.2.  Wing Structure of Insects
2.2.1. Material Model

Insect wings are basically very thin, membranous structures which are held in place
by a stiffer framework made up of the veins. Due to the large deformations involved,
a typical Hookean model cannot be used to describe their behaviour. Ideally, a
Mooney-Rivlin or Neo-hookean hyperelastic model should be adopted instead
(Jenkins, 1996).

Considering the Green Deformation Tensor, C, of the material, its invariants Iy,
I5 and I§ can be given as in Equation 2.1.

I :=tr(C) = Cir = A2 + 2 + A}

IEC = % [(tr 0)2 — tr(02)] = % [(CJJ)2 — CIKCKI] = /\f;\% -+ Ai/\% =+ )\g)f

IF = det(C) = X2A2AL. @.1)
Here, Ai denotes the principal stretch in the i-direction. For incompressible material the
third invariant is obviously 1, i.e. MA2A3=1. Mooney (1940) exploited this relationship
in simplifying the complex strain energy function by considering the deformation in
two steps: first, being a stretch and squeeze; the second, a shear deformation in the
plane normal to the stretch. In his work, starting from the relationship in Equation 2.2

a simpler linearized function to describe the strain energy, W, was obtained as in

Equation 2.3.
W =W(ly, I, I5) (2.2)
W= ci(l —3) + c;(I; — 3) (2.3)

where c; and ¢z are material constants. This relationship appropriately describes the
behaviour of naturally occurring hyper-elastic material such as the one at hand. The
material parameters should be determined using uniaxial or biaxial testing procedures
(Selvadurai & Shi, 2012).

2.2.2. Deployable Wings
In human limbs and bird wings, the presence of a bone-muscle framework makes
folding and unfolding, a repeatable, actively controlled mechanism. In insect wings

such a system is not present and thus calls for a different mechanism (Wootton, 1981).
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Initially two different basic mechanisms were postulated: one states that the original
position of the wing is the fully deployed state, and it is folded back with the help of
the hind legs or the abdomen; other states that the natural position of the wing is in
folded configuration and it is unfolded and kept rigid through the vein framework
(Forbes, 1924). Later entomological works like Wootton (1979), Brackenbury (1994)
and Haas and Wootton (1996), have presented detailed studies confirming the presence
of a retraceable folding configuration which also facilitates the opening process.
Recent observations made by Saito, et al. (2017) on a ladybird by replacing its elytron
with a transparent, artificial one and recording through a high speed camera (Phantom
V1611), further verify this theory. Also, the authors, in an earlier work, have presented
a “elastic origami model” to describe the deployment process (Saito, Tsukahara, &
Okabe, 2015), which will be discussed in more detail in Section 2.2.3.

Similarly, Deiters, Kowalczyk, & Seidl (2016) have pointed out through literature and
personal records that folding ratios of 1:10 and 1:18 have been observed in Forficula
auricularia and Labia minor earwig species. This was achieved through a fan-like
folding process. The stability of the unfolded wing was studied and it was identified

that this was ensured through in-built mechanisms in the wing such as the “mid-wing

mechanism” discussed in Section 2.2.3.

2.2.3. Origami Concepts
A crease can be considered as a geometric non-linearity introduced in a surface which
is initially flat relative to the final configuration. The fold-lines are classified into

convex (mountain fold) or concave (valley fold) as shown in Figure 2.4.

\//\

(@) ()

Figure 2.4: (a) valley fold (b) mountain fold

A flat plate with a single fold-line can be considered as an assembly of two

rigid panels connected at the fold-line by a hinge. The simplified “rigid folding” model
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based on the above consideration assumes that the panels remain flat while the entire

creasing deformation is concentrated at the fold-line (Lebée, 2015).

The combination of two or more such crease lines results in folding

mechanisms that form the basis of the ancient art of folding, known as “Origami”. A

sample folding pattern is given in Figure 2.5.

Figure 2.5: Folding sequence of thin membranes with “waterbomb” origami pattern
Source: Chen, Feng, Ma, Peng, & You (2016)

Similar concepts have been observed in deployable structures in nature. Leaves
of certain plants like the hornbeam exhibit this property (Mahadevan, 2005). Another
good example, which is also the application of primary concern in this study, is the
deployable wings of some insects like the ladybird. Saito et al. (2017) investigated the
folding and deployment mechanism of the Coccinella septempunctata species and

confirmed the exploitation of origami concepts in the process.

The shape morphing technique in the wing can be simplified into a mechanism
consisting of four creases meeting at common intersection point, known as the knot.
This is shown in Figure 2.6. Also it gives the different combination of mountain and
valley folds such that different folded configurations can be achieved. The opening
and closing processes are controlled by changing the angle € as illustrated by Figure
2.7. The semi-transparent wing captured by Saito et al. (2017) clearly shows how this

mechanism is incorporated in the wing structure (Figure 2.8).
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Figure 2.6: Simplified representation of the folding mechanism of an insect wing
Source: Haas & Wootton (1996)
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Figure 2.7: Different combinations of M and V folds forming the insect wing folding
mechanism. Source: Haas & Wootton (1996)
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Figure 2.8: (a) Folding mechanism in insect wing (b) Schematic representation
Source: Brackenbury (1994)
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Brackenbury (1994) has studied similar mechanisms in other insect species.
The comparison is given in Figure 2.9. The main role played by the concave, median
flexion line and the convex, principal transverse fold in the folding process are clearly

seen in this illustration.

Anterior

Figure 2.9: (a) Paper model of the diamond-shaped crease pattern seen in the hind
wings of ladybirds (b) Origami folding pattern in ladybird hind wings
Source: Saito et al. (2017)

This mechanism can be explained using the “Elastic Origami” model proposed
by Saito et al. (2015). The creased surface is represented as a three dimensional truss
with truss elements and pin joints replacing the fold-lines and vertexes and additional
members along the diagonal of the facets as shown in Figure 2.10. Saito et al. have
point out that, apart from special cases like the Miura-ori pattern, other patterns which
can be represented as a stable truss structure (i.e. degree of freedom < 0) cannot be
folded. However, if one element is replaced by an elastic member, this stability is
disturbed. The structure can either be in open or closed configuration and the
deployment process can be entirely controlled by the elastic member. This mechanism

is illustrated in Figure 2.11.

Fa

(@) (b)

Figure 2.10: (a) Creased surface (b) 3-D truss representation of surface in (a)
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Figure 2.11: Partially elastic origami model. The elastic beam A deforms
progressively throughout the folding process, enabling the stucture to collapse into the
final closed configuration. Source: Saito et al. (2015)
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2.3. Numerical Simulation techniques
2.3.1. Basic Concepts related to FSI Simulation
The complexity of an FSI problem can be decided based on the nature of the structural
response as shown in Figure 2.10. In this figure, it can be clearly seen that the

complexity level increases from left to right.

Fluid -Structure Simulations
FsSl

/N

Rigid structural Flexible structural
repansea response

/N

T-way coupling 2-way coupling
[small displacemeants) (large displacements)

Lingar structural response Nonlingar structural response
{small slrain) (large strain)

/N 7\

Sleady-slate  Transienl Steady—state  Transient

/N /N

Weakly Strongly Conslant Changing
coupled coupled lopology lopalogy

/N

Weakly Strongly
coupled coupled

I COMPLEXITY >

Figure 2.12: Complexity level of an FSI analysis
Source: ABAQUS Analysis User’s Manual

Depending on this extent of complexity one of the following analysis approaches can

be chosen:

e 6-DOF Solver: This is suitable for rigid body structural response
e Simple FSI : The structure is assumed to deform linearly and the
eigenmodes are considered sufficient to describe the structural response. Thus,

the coupling effect is incorporated via compliance matrices.
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e Staggered/ Partioned Approach :
The structural and fluid responses are calculated separately and exchanged at
the interface at certain intervals.
e Specialized techniques :
e.g. Smooth-particle hydrodynamics (SPH)
e Monolithic Approach
Both fluid and structural responses are incorporated in the same equation and

solved together.

The staggered approach has the advantage that it is less time consuming, memory
allocation required is less and it is easily implemented using available commercial

codes.

2.3.2. State of the Art in FSI Analysis

The issues associated with modelling the aerodynamic response of insect wings are
mainly due to its thin, membranous nature, which makes it highly deformable and the
unsteady aerodynamic flow associated with insect-scale flight. In addition, the mass
and thickness of the actual wing is not uniform throughout, leading to complex
structural FSI response.

In initial works, models have been developed under the assumption that the
insect wings act as rigid plates (Smith, Wilkin, Williams, & Lafayette, 1996).
However, later studies have identified the significance of wing flexibility in the
resulting wing performance. Mountcastle & Combes (2013) performed a study by
stiffening the wings of bumblebees. They found that these specimens showed a
reduction of 8.6% in the lift production compared to the natural fliers. Thus, it follows
that a numerical model which does not capture the wing flexibility would under-predict
its performance. This is especially significant due to the very low thickness of these
membranous structures. The thickness is generally in the order of micrometers. For
example, that of Allomyrina dichotoma beetle wings is 4.5 um in average (Ha, Truong,
Goo, & Park, 2013), while dragon flies are shown to exhibit a variation between 3.6
um to 15 um (Jongerius & Lentink, 2010).
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To incorporate the wing flexibility and the associated wing camber, membrane
models were developed. Initially these were developed based on the “Sail Equation”

(Newman, 1987) given by Equation 2.4.

, L0/a) (2.4)
Cr dx _d(y/a)
-7 f =0 T Tar

where the profile of the cambered membrane is given as a function of x coordinate,
incidence angle (o) and tension coefficient (Ct). However this relationship itself is
valid only for inextensible membranes in steady, inviscid flow fields. To extend such
models to bio-membranes, the membrane mechanics relationships have been
considered together with hyper-elastic of visco-elastic material models (Lian, Shyy,
Ifju, & Verron, 2002).

Issues associated with numerical simulation of membranous structures having
non-unique load paths and associated FSI analysis have been of interest for a long
time. Extensive work has been done prior to the 1990s as summarized by Jenkins &
Leonard (1991). FEM technigues have since been developed to handle structural
response involving large deformations. However, pneumatic membranes with
underconstrained degrees of freedom have posed a hurdle in this development history.
The stiffness provided by the material takes effect only under certain loaded conditions
and the behaviour is often non-unique until such a configuration is reached (Jenkins,
1996). Also, the possibility of wrinkling, due to the inability of thin membranes to bear
compressive loads, adds further complexity to the analysis. The tension field theory
was developed, as a result of the works of Wagner in 1929 and Reissner in 1938, to
address such issues. However, models developed on similar grounds provided a basis
to study the stress distribution at regions where wrinkling occur, but not the salient
features characterising the actual wrinkled geometry. FEM models have the
disadvantage of not being able to attain a straight forward convergent solution. This
has been overcome by methods such as introducing pseudorandom imperfections in
the membrane geometry to induce buckling (Tessler, Sleight, & Wang, 2003). At the

same time, wave based models have been developed and shown to have more
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agreement with experiments than FEM when solved with simplifications specific to
different geometric shapes (Liu, Huang, & Wang, 2017).

The selection of appropriate model and parameters for the fluid domain too is
a key in FSI analysis of insect wings. As with any fluid dynamics problem, the basic
Navier-Stokes equation should be satisfied, i,e, mass, momentum and energy balance
should be implemented. In addition the turbulence near the moving boundary region
even at a low Reynolds number should be captured. Spalart-Allmaras turbulence
model was shown to be suitable for this application by Thill, Downsborough, Lai,
Bond, & Jones (2010). However, the authors point out that the applicability for the

region where flow separation takes place should be verified.

The fluid domain mesh is another aspect of concern as it has to handle the
embedded moving boundary. Arbitrary Lagrangian Eularian (ALE) mesh has been
used in a number of works, as this gives a relatively smooth mesh deformation as the
solution proceeds. This method is discussed in detail in Section 2.3.4 (A). Immersed
boundary layer method (IBM) is another method that is widely used in FSI problems,
especially in biomechanical and biomedical applications (Tian, Dai, Luo, Doyle, &
Rousseau, 2014). It was originally introduced by Peskin (1972) for the purpose of
studying the heart valve. In this method the boundary is considered as part of the fluid
and the structural domain is replaced and monitored in terms of an Eularian mesh
(Rowlatt & Phillips, 2016). Tian, Dai, Luo, Doyle, & Rousseau (2014) developed an
in-house FORTRAN code based on the IBM and coupled using an implicit scheme.

Monolithic FSI approach and strongly coupled partitioned approach generally
require in-house codes. In the works by De Nayer, Kalmbach, Breuer, Sicklinger, &
Wichne (2014) and Tian et al. (2014), rigorous humerical codes were developed and
tested for the case of a flow around a cylinder with a flexible flap attached to the
downstream side. Nguyen, Shyam Sundar, Yeo, & Lim (2016) have developed a
similar scheme specifically for studying insect-scale wings and have presented it

together with a set of verification tests used along the way to test the proposed method.
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2.3.3. ABAQUS vs ANSYS Workbench

The ABAQUS environment, created by Dassault Systems Inc., offers structural and
CFD modules which can be used in an FSI Analysis. Both Implicit and Explicit solvers
are available for this purpose. The structural solver uses Finite Element Method (FEM)
while the CFD module uses a hybrid formulation which combines both FEM and FVM
(Finite Volume Method). Being initially designed to address non-linear material and
contact-related response and handling linear problems as a special case of it, ABAQUS
provides a robust framework for a wide range of structural applications.
ABAQUS/CFD is an incompressible, pressure-based solver. It provides the
capabilities to incorporate buoyancy driven flow and use energy equation for thermal
analysis. Also turbulence models such as Spalart-Allmaras and K-g& model are
available. Arbitrary Lagrangian Eulerian (ALE) meshing capability is available for

applications involving deforming mesh and moving boundaries.

For FSI data exchange, ABAQUS provides coupling between
ABAQUS/Standard and ABAQUS/Explicit with ABAQUS/CFD or external codes.
The former is achieved through the Co-simulation Engine (CSE) while the latter (i.e.
coupling between an ABAQUS solver and an external solver) can be done using an
external coupling code. Currently, MpCCI (Multi-Physics Code Coupling Interface)
from Fraunhofer SCAI is compatible with ABAQUS and many other commercially
available CSD and CFD codes.

ANSYS provides an integrated Workbench environment that acts as a
common platform for connecting different solvers such as Fluent, which are optimised
for specific applications. These solvers are available as individual modules in the
Workbench interface and can be added to the project together with other tools such as
“coupling” module. This makes ANSYS Workbench more user-friendly towards
multi-physics applications. In addition, this provides a very efficient meshing tool
which is especially important in CFD analysis in achieving refined mesh in the

boundary layer region.
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2.3.4. FSI Analysis Capabilities in ABAQUS
A. Arbitrary Lagrangian Eulerian (ALE) Mesh

A Langrangian description of a fluid flow refers to the observation made by an
observer moving with the fluid. In other words, it tracks the path of a single fluid
particle over time and space. In contrast, the Eulerian description can be made in terms
of the observations made by an observer fixed at one position, i.e. the position of fluid
particles moving through the point under observation is recorded over time. Similarly,
in a numerical implementation, the Lagrangian mesh deforms with the moving
material, while the Eulerian mesh remains fixed in one position and assesses the
material moving through it at specified time increments. The former is used in most

structural analysis, while CFD mesh is primarily Eulerian in nature.

In an FSI analysis, a moving boundary is involved. If an Eulerian mesh is
used in the fluid domain it would require heavy refinement to capture the details near
this boundary. A Lagrangian mesh on the other hand will undergo severe distortion if
applied directly or would require many number of remeshing iterations in the course
of the analysis to preserve the mesh quality. In earlier works this has posed a serious
hurdle and complex grid rotation and application-specific adaptive techniques were
used as in Liu and Kawachi (1998).

A solution to this is presented in the form of ALE mesh, which combines
the functionalities of both types discussed above. In this, typically a Lagrangian time
step is followed by an advection step in which the distorted Lagrangian mesh is
updated to a new undistorted mesh. In an Eulerian mesh, solution is mapped back onto
the original mesh. But in ALE, solution is mapped into a newly updated mesh. Thus,
ALE avoids the need for remeshing and high mesh density. Figure 2.13 presents a
schematic conceptual description of all three methods and Figure 2.14 gives a
comparison of the capabilities of ALE in contrast to the Lagrangian description in

accommodating excessive distortion.
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Figure 2.13: Conceptual description of Lagrangian, Eulerian and ALE mesh
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Figure 2.14: (a) Initial mesh (b) Distorted ALE mesh (c) Lagrangian
Source: Donea, Huerta, Ponthot, & Rodriguez-Ferran (2004)

The ALE formulation is based on the relative velocities between material and mesh as
given by Equation 2.5. The main solution procedure is implemented at the fluid-
structure interface and boundaries and interpolated elsewhere. A quantity of interest f
such as displacement, originally in the coordinate system X, is mapped to ALE
coordinates X using the relative velocity w.

of (Xy,t)  0f (x;,1) . of (x;,t) (2.5)
at ot Yooy
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B. Solution Controls

Abaqus provides solution control for non-linear solutions and time incrementation in
the Abaqus/Standard product and FSI stabilization controls for co-simulation between
Abaqus/CFD and Standard or Explicit solver (Abaqus, 2014).

Abagus treats the moving mesh domain in the FSI analysis as a pseudo-elastic
problem. Computational time can be reduced by reducing the number of smoothing
iterations or relaxing the linear convergence criteria. Increasing these parameters

ensures good mesh quality.

A “Penalty scale factor” is available in Abaqus to impose stabilization of the
FSI solution. It has a default value of 1, but can be increased to accommodate
extremely flexible structures. Increasing this value in increments of 0.1 is

recommended by the manual (Abaqus, 2014).
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CHAPTER 111

3. FSI SIMULATION OF THIN FLEXIBLE STRUCTURES

This chapter presents a detailed description of the theoretical concepts used in
developing the FSI framework of a flexible structure immersed in fluid. Section 3.1
presents the numerical formulation behind the procedures followed to set-up the
structural and fluid domains and the coupling algorithm. Section 3.2 gives the

verification for fluid domain and the overall numerical FSI framework.

3.1. Numerical Implementation Concepts

A detailed review of the underlying principles in the numerical implementation of
computational structural dynamics (CSD) and computational fluid dynamics (CFD) is
presented in this chapter. The CSD code is based on the Finite Element Method (FEM),
while CFD is based on a hybrid of FEM and FVM (Finite Volume Method). The

coupling scheme involves an explicit Gauss-Seidel algorithm.

3.1.1. Structural Domain
The CSD formulation can be derived based on the virtual work theory. Let the

displacement u in the three dimensional space be given by Equation 3.1.
u(X\Y,2) = X b (X, Y, 2wy, = [H{u} 3.1)

where hx and uk are the shape function and displacement respectively of the k™ node
in the considered element and can be written in matrix form as given in the second part
of the equation, where [H] is a matrix containing hx and {u} is the vector containing
u,,. Based on the balance of internal and external forces acting on a dynamic structural

system, the following general relationship can be obtained:

Inertial + Damping + Internal body-stress = Externally Applied
Force Force Forces Load

Using principle of virtual work, the above relationship can be written for the
equilibrium of an element as given by Equation 3.2.
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[M]{ii} + [CT{0} + {F} = {P} 3.2)

where [M] is the mass matrix, [C] is the damping coefficient matrix, {F} is the force
vector containing internal body stresses and {P} is the external force vector. Tian et
al. (2014) have presented a comprehensive FEM formulation for each of the above

terms. This is given in Equations 3.3 to 3.6.

M] = Ein Jpo ps[H]T [H]dV (3.3)
[C] =X Jy0 nalH]" [H]aV (3.4)
{F} = Zm Jyo [Be]"[0"]dV (3.5)
{P}=Zm Jyo ps[HI"(b}AV + i [0 [H]"(F}dA (3.6)

where [Be] contains the strain tensor Ejj with respect to the displacement and {P} is
given as a summation of body forces and surface forces. The components are
integrated over volume or area as is relevant with ;0 and A9, being the initial volume

and area respectively.

Here the internal stress force can be modelled as a spring-mass system. Based
on that the incremental component of the internal body stresses can be written as in

Equation 3.7

{6F} = [Kr]{6u} 3.7)

where [Kr] is the total stiffness matrix, which is derived based on the material model
being used. For an elastic material, the governing stress-strain relationship would be

of the form given by Equation 3.8.

O-iljj = Diijmn (38)

Here, al-’](- is the second Piola-Kirchhoff stress tensor related to the Lagrangian

strain through elastic matrix component Dijm. Similarly, in the case of a Mooney-Rivlin
hyper-elastic material, the stress-strain relationship can be derived based on the strain

energy W given by Equations 3.9.
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W= c;(I; —3) + c,(I, — 3) (3.9

where, 11 and 1, refers to the invariants of the non-trivial solution for the strain
relationship discussed in Section 2.2.1. and ci and ¢z are material constants which
should be determined using uniaxial or biaxial testing procedures (Selvadurai & Shi,
2012).

3.1.2.  Fluid Domain

A hybrid FEM-FVM (Finite Element and Finite Volume Method) formulation is used
in Abaqus. In this approach, pressure calculation is based on a node-centred FEM and
other transport variables such as velocity, temperature and turbulence are based on
cell-centred FVM. The Projection Method is adopted in this work to solve the Navier-
Stokes Equation (NSE). According to this, the pressure term and other variables are
de-coupled and solved successively in two steps as explained below.

STEP 1:- Pressure term in NSE is ignored & intermediate velocity is calculated using

a time discretization scheme

Temporal schemes available: Backward Euler, Galerkin, Trapezoid (Crank-

Nicolson)
STEP 2:- Intermediate velocity is then corrected for pressure term

In the current work backward Euler time discretization scheme was chosen. It is an
implicit scheme that is more appropriate for steady state solutions. An explicit scheme
is more suitable for the present work, but this requires the use of very small time steps
to obtain physically meaningful results (i.e. to prevent the wave from propagating to
more than one cell in one time-step as difference equations typically involve only
neighbouring cells and those beyond have no numerically defined influence on the
solution of the cell under consideration). In the implicit method, numerical damping is
applied making the solution stable even at relatively larger time steps, but this also
makes the solution inaccurate in assessing the intermediate transient response.
However, a computationally less expensive method was required for the initial

assessment of the current system and thus the implicit scheme was chosen.
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For a first order ordinary differential equation system of the form given in Equation
3.10, the standard time discretization scheme can be written as Equation 3.11.

Z—IZ +Ru,t) =0, for t € (t", t7*1)
u(t™) = u" , vn=01,.... M—1 (3.10)
n+i_ ,,n
L ¥ F[ORW™MY, ) + (1 — O)RW™, )] = 0, 0<6<1 (3.11)

At

Here, 0 is the measure of implicitness and takes a value between 0 and 1 according to
the method being used. In backward-Euler method, 6=1, which makes it a fully implicit
scheme. This has been adopted for the current work.

Applying this time discretization in combination with the Projection Method, the
momentum conservation equation is obtained in the form shown in Equation 3.13. An
intermediate velocity u; is introduced to this same relationship for the de-coupling

purpose and taking the divergence this yields Equation 3.13.

Al 12
0x;

At 0x; 0x; g p 0x;

16w '9 foum™u™ o [ 8 [ oul 9 (1ap™h 1ap* (3.13)
J— t + I_ J [ —_ ‘Ll t —_— — L
At 6x; Eaxl- 0x; Ox; \ dx;\" 0x; ox;\ p 0x; , pox;

Since the actual guantities involved are only those enclosed by the dashed lines in

Equation 3.13, the relationship in Equation 3.14 naturally holds.

i(lap*> _ 1o (3.14)
dx; \p 0x;) At 6x;

This is then used in the correction term as given in Equation 3.15.

utt — g 10p® (3.15)

At p 0x;
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In addition, the turbulence model too was incorporated in the current work in order to
capture the vortex production. . The Spalart-Allmaras model, given by Equation 3.16,

was chosen for this purpose and was used to calculate the kinematic viscosity .

99 1 . 2 (3.16)
So V7D == (7((0 + vIVD) + il VD) + 4, SBID — € (D) (E)
\ Y ]\ Y )
Diffusion Production Dissipation

where the damping functions and the model coefficients are as follows (ABAQUS
6.14 Documentation, 2014)

fumg (i)’ 9= 1+ cun(r® =),
g+ cha

S =2R;Ri;.

T v’ R;; = i fhh - EJL
! 2\ du; o,

Table 3.1: Spalart-Allmaras model coefficients

Ch1 Ch2 | Cv1 o Cw1 Cw2 | Cw3 K | Cy2

0.1355 | 0.622 | 7.1 | 0.6667 | o1, 11 Cbz
K? o

03| 2 |041] 5

Abaqus uses a hybrid wall function implementation. For fine mesh, a wall-function
free approach is implemented using a single smooth correlation proposed by Reichardt
(1951). For coarse mesh, a near-wall gradient, which asymptotes to conventional

solution, is achieved using an effective edge viscosity concept.

3.1.3. Mesh
Lagrangian mesh is used for the structural domain, while Arbitrary Lagrangian—
Eulerian (ALE) is used for the fluid domain for the purpose of incorporating the

movements of an immersed, flexible structure.
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The ALE formulation used is similar to that discussed by Angel Fernandez and
Ferndndez (2011). Consider an ALE mapped domain A; belonging to the fluid domain
Qs(t). The NSE written in this context is given by Equation 3.17.

Pl a4+ pl(u —w) - Vu —dive(u,p) =0 in Q(t), (3.17)
divu=0 in Q(t),

Here, p' is the density of the fluid, dw|ais the ALE time derivative, o (u, p) is the fluid
Cauchy stress tensor and p the fluid dynamic viscosity. This is implemented together
with the boundary conditions indicated in Figure 3.1.

Top and Bottom walls
V,=2m/s; V,=0; Vy=0
U;=0;U,=0;U3=0

Inlet
V,=2m/fs; V,=0; V;= 0

U,=0;U,=0;U,;=0

Parallel Faces (Symmetry)

Cylinder Wall
Wall Condition: No-slip )
U,=0;U,=0; U,=0 /
.-'/:’

7

FSI Surface of Flap

U -> From Structural Module

Outlet
P=0
U.=0;U,=0;U,=0

Figure 3.1: Boundary conditions imposed on the fluid domain

The deforming surface was defined through a “seam” crack. In this definition,
overlapping nodes are placed at the specified crack region. Initially this remains
closed, but during the analysis, it can open and deform as shown in Figure 3.2. This
method is used in order to provide an FSI surface definition in the fluid domain, which

_ sketched

_ seam
Z. partition 3

crack

Figure 3.2: Seam crack definition
Source: ABAQUS 6.14 Documentation, (2014)

29



is equivalent to the two dimensional shell element formulation used in the structural

domain.

3.1.4. Coupling Scheme

A partitioned FSI coupling scheme was implemented using an explicit, Gauss-Seidal
algorithm. In this, the CSD module was the leading solver (i.e. it executes first)
followed by the CFD module, which is the lagging solver. At each coupling cycle
Abagus/Standard was allowed to sub-cycle until a stable solution is reached and the
displacement data was transferred to Abaqus/CFD through the Co-Simulation engine.
The CFD module was allowed to proceed in “lock-steps”, so that for each coupling
cycle, Abaqus/CFD executed only one sub-cycle. The updated boundary conditions at
the end of each coupling step was used in the solution assessment of the next coupling
step, thus making this algorithm globally explicit. Time step size was determined based
on the minimum of the step sizes required for CSD and CFD module. The whole

procedure is given as a schematic in Figure 3.3.

dfmtl = gsn
$ Co-simulation
Engine
O-S’n+1ns = Gf’n+1nf - Gaguss—SeideI coupling AbaqUSICFD
algorithm (Lagging Solver)
Abaqus/Standard - Step size: . L
(Leading Solver) Minimum of the time ¢ ) Lock step .t'm?
incrementation schemes increment (i.e. single
»  Sub-cycling allowed of both solvers increment per
until stable solution coupling step)
* Convergence ‘
criteria checked at Kinematic Compatibility
each cycle is imposed Update state of Fluid
domain:
3 Dynamic Compatibility J_
| isimposed OUTPUT -> Pressure
When convergence
reached: o
OUTPUT -> Displacement

Figure 3.3: Coupling procedure for the co-execution of CSD and CFD modules
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3.2. Model Specifications
In this section, the details of the developed model are presented. Commercial analysis
package ABAQUS, version 6.14, and a workstation with Intel® Xeon® E5-2687W v3

processors and 128 GB of RAM were used for this work.

A partitioned/staggered FSI approach was chosen as this method requires lesser
memory allocation and processing time compared to the monolithic approach
discussed in Section 2.3.1. Also it can be easily implemented using commercially
available codes. Structural Domain was analysed using Abaqus/Standard and the fluid
domain was handled by Abaqus/CFD and data exchange was established at the
interface through the Co-simulation Engine. Multiple processing cores were used in
parallel, six for the CSD and fourteen for CFD. More cores were allocated for the fluid
domain in order to handle the higher number of control volumes involved. Simulations

were allowed to run for an average of 17 hours per trial.

3.2.1. Verification Model

The standard benchmark study done by Turek & Hron (2006) on an elastic,
flexible structure immersed in a laminar, incompressible flow was used for
verification. The geometric details of the specified model is given in Figure 3.4.
Polypropylene was used for the flexible structure and it was immersed in the viscous

medium of glycerine.

n 11D -
o) No-slip wall
Q v h=0.2D
T . I=3.5D g
- D=l - = - /
-
= \ Outlet
1 F Inlet No-slip wall

Figure 3.4: Schematic of benchmark study used by Turek and Hron (2006)

A diameter D of 10 mm was used. Combination of fluid and structural properties used
for the study are given in Table 3.2. The model that was setup in the Abaqus
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environment is shown in Figure 3.5 and more details are provided about each
component in Section 3.2.2 and Section 3.2.3.

Table 3.2: Properties of structural and fluid components

Material Fluid Structure
Density = 1000 kg/m?
Water (WAT) Dynamic = 1x10° Pa.s
Viscosity
=
>
[T
G|ycerine Density = 1000 kg/m3
(GLY) Dynamic = 1x1073 Pa.s
Viscosity
Density = 1420 kg/m?®
Kapton (KAP) Young’s Modulus = 49 MPa
Poisson’s ratio = 0.39
=
©
» Density = 1000 kg/m?
Polypropylene
Young’s Modulus = 140 MPa
(PROP)
Poisson’s ratio = 0.4

Cylinder

ABAQUS
CO-SIMULATION
ENGINE

FSI Surface 4
of Flap ﬂ
Pressure f‘

—b FSI Surface of Flap

—

Outlet

Displacement

Abaqus/CFD Abaqus/Standard
(Fluid Domain) (Structural Domain)

Figure 3.5: FSI setup implemented in ABAQUS environment
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3.2.2. Structural Domain
Two element formulations were tested for the structural module. In Model 1
continuum shell elements were used and in all other methods 2D shell element

formulation was used. The model details are summarized in Table 3.3.

A number of works before have used solid element formulation for FSI analysis
as discussed in Section 2.3.2. (Nguyen et al., 2016) In this study, shell element
formulation was chosen instead. If solid elements were used, second order elements or
first order solid elements with at least four in the through thickness direction will be
required to capture the bending behaviour. Both options are computationally expensive
than a shell formulation for a very thin membranous structure. De Nayer et al. (2014)
have used shell formulation in their work involving an in-house code, In the present
work, the capabilities of the Abaqus software package was exploited. Abaqus/Standard
offers thick, thin and general purpose elements for FEM analysis. Though
geometrically the structure satisfies thin shell criteria, general purpose shell elements
were used as recommended by the Abaqus 6.14 Documentation. Element S4 (four-
noded, fully integrated, finite membrane strain element) and S4R (four-noded, finite

membrane strain element with reduced integration), shown in Figure 3.6 were

;) ) @ &

& € (@ G & ®)

Figure 3.6: General-purpose element in Abaqus/Standad (a) S4 (b) S4R

Cylinder
Not Considered in Analysis (Display
Body Constraint)

Flap
Fixed Edge

FSI Surface of Flap
Pressure load -> From Fluid Module

Figure 3.7: Structual model setup in Abaqus/Standard
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considered. S4R was chosen with computational time as the main factor. Also, S4R is
compatible with hyper-elastic material. Though this material model is not considered
in the current study, having the flexibility to extend this model to that regime in future

works was considered an added advantage.

The cylinder in the considered structural geometry was assumed to show rigid
behaviour. Therefore it was modelled with a “Display body” constraint, which
effectively removes it from the analysis and displays it as in Figure 3.7 only for
visualization purposes. To address numerical difficulties encountered at different
stages of the analysis, different combination of materials and formulations were

attempted for the flexible structure and the fluid as given in Table 3.3.

Table 3.3: Different cases considered for FSI analysis

Model | Formulation Fluid
Model 1 Continuum Fluid: GLY
Shell Solid: PROP
u=10m/s
Model 2 Shell Fluid: GLY
Solid: PROP
u=10 m/s
Model 3 Shell Fluid: GLY
Solid: PROP
u=20m/s
Model 3 Shell Fluid: GLY
Solid: KAP
u=20m/s
Model 4 Shell Fluid: WAT
Solid: KAP
u=20m/s
Model 5 Shell Fluid: WAT
(Creased Solid: KAP
membrane) u=20m/s
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3.2.3. Fluid Domain

Three dimensional, eight-noded continuum elements were used, the schematic
representation of which is shown in Figure 3.8. The Spalart Alimaras turbulence model
was used to capture the vortices generation close to the moving boundary. Initial
turbulent kinematic eddy viscosity was set to 1x10° Pa.s. Backward Euler time
integration with automatic time-stepping and a maximum CFL of 1 was used. Due to
the flexible moving boundary involved in this analysis, a user defined pressure
equation solver was used. The “Flexible generalized minimal residual solver” with
Algebraic multi-grid preconditioning was used for this purpose. Residual smoothening
was achieved through “Incomplete factorization method” and two pre-sweeps and two

post-sweeps.

For Model 1 since continuum shells are used for the structural domain, it is
introduced in the fluid domain as a three dimensional cut as shown in Figure 3.9. In
Case 2 to Case 5 a two dimensional seam surface is introduced in the fluid domain to

indicate the presence of the shell section as shown in Figure 3.9.

w2
face 1 face 3

B-node element

Figure 3.8: FC3D8 element in Abaqus/CFD
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Figure 3.9: Three-dimensional cut in the fluid domain demarcating the fluid-structure
interface

3.2.4. Verification of Fluid Domain
To verify the suitability of the fluid mesh, a standard simulation of “flow around
a rigid cylinder” was initially performed and the results were compared qualitatively

with the flow pattern expected at different Reynolds numbers as presented in Figure
3.9.

= R <5

S d
T 5-15<R < 40
<0 ] a0<r <150

5
150 <R < 3x10

5 6
3x10 < Rd <3.5x10

] 6
=On.N\, 3.5x10 < R_

Figure 3.10: Flow patterns at different Reynolds numbers
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Trial 1

First trial was performed with a mesh of 101700 control volumes. Element size

was 2mm close to the moving boundary and 17mm further away. The different inflow

velocities considered in order to cover different regimes of Reynolds number are given

in Table 3.4.

Table 3.4: Cases considered for verification of fluid domain set-up

Reynolds Number Inflow Velocity (mm/s)
CASE 1 0.038 4.77 x 103
CASE 2 50 6.27
CASE 3 100 125
CASE 4 195 245
CASE 5 600 60

The flow patterns obtained from the simulation are given in Figure 3.11. These

tally qualitatively with the expected flow patterns, confirming that the setup is

consistent numerically. Further investigations were done comparing the vortex

shedding period. The Strouhal Number was calculated using Equation 3.18 based on

the Reynolds number, a relationship contrived by Rayleigh in 1896. Then using this

value, Equation 3.19 was exploited to calculate the period of oscillation. This was

compared with the period obtained from the numerical simulation. The comparison is

presented in Table 3.4.

St =0.195x(1—20'1)
Re
f_ StxU
T d
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(d)

Case 5 (e)

Figure 3.11: Results from verification of fluid domain based on the simulation of
“flow around a rigid cylinder” (a) Re << 5 (b) Re = 60 (c) Re = 100 (d) Re >> 100 (e)
Re =600



Table 3.5: Comparison of period of oscillation from calculation and simulation

Case Re St Fcalculated Tealculated Tsimulation Error %
3 100 0.156 0.195 5.1 4.8 5.8%
4 195 0.175 0.428 2.3 21 8.7%
5 600 0.189 15.1 0.066 0.08 21%

Comparing the difference in the period of oscillation calculated and obtained from
simulation, it can be seen that the percentage of error increases with increasing
Reynolds number. Since the Reynolds numbers considered for the current work were

in the range of Case 3 and Case 4, this mesh was considered suitable.

However, when implemented in the FSI framework, this gave a response
characterised by highly random vibratory oscillations, as shown in Figure 3.12. Further
investigation revealed that the structural response was being transferred mainly
through the lower face of the FSI surface, thus giving the higher amplitude of
oscillation only in that direction, as shown in Figure 3.12. The reason for this was
identified as the ill-defined mesh and a finer one was used in obtaining the results in

Chapter 4. More details on the mesh are presented in Appendix A.

0.4

o
N

o

] . 25

Y- Displacement (mm)
=) S
» N

o
=N

0.8 -
Time (s)

Figure 3.12:Displacement of the free end of the flap in the y-direction
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CHAPTER IV

4. RESULTS AND DISCUSSION

The results from the implementation of the different cases indicated in Section 3.2 are
presented here, analysing the feasibility of using the different methods covered in each
case. Section 4.1 focuses on the simulation of an uncreased, thin, flexible structure
immersed in a low Reynolds number flow. Both continuum shell and conventional
shell formulations were adopted and the latter was chosen owing to the lesser
processing time required. The behaviour of two structural materials, polypropylene and
kapton, were also studied. In the next section, the effect of the presence of a crease on
the flow path of the fluid was studied and was compared with that of a similar case in

the previous section.

4.1. Uncreased Membrane
A description of each model is given in Table 3.4. Model 1 was not feasible due to the
computational time required for processing. In contrast to the conventional shell that
uses a reference surface to perform the numerical calculations, continuum shell
considers the three dimensional nodal geometry. Owing to the inactive rotational
degree of freedom in this formulation, it is effectively modelled like a continuum solid
element. But the overall behaviour being similar to conventional shell, it provides a
faster solution procedure than solids. However, in the case of an FSI problem, this was
not computationally feasible with the available resources. Thus, the conventional shell
formulation (hereinafter referred to as shell) will be considered in the succeeding

sections.

Model 2 was analysed using the shell formulation. The resulting displacements
inthe x and y directions were compared with that presented by Turek and Hron (2006).
This corresponds with the FSI 2 model presented by the authors. It must be noted that
the developed model is 1/10" of the dimensions used by Turek and Hron. The
oscillation amplitudes in x and y directions are compared based on a direct geometric

scaling down of the values from literature. When scaling down geometric, kinematic
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and dynamic similarities should be enforced. If geometric and dynamic similarities are
preserved, kinematic similarity is automatically satisfied, since it describes the motion
of the structure resulting from the forces acting on it (General Modelling and Scaling
Laws, n.d.). In this case, all dimensions of the setup were uniformly scaled down to
1/10" as mentioned earlier. Reynolds number was preserved ensuring that the ratio of
inertial to viscous force was same. Pressure forces are a direct function of the area (i.e.
the length). Thus this is satisfied by the developed model. Elastic fluid forces of the
fluids considered in this study are negligible, which eliminates the need to compare
the Mach number. Effect of gravitational forces was considered negligible. Thus
dynamic similarity conditions are satisfied. This enables the comparison of amplitudes
through direct scaling down as described before. The results are given in Table 4.1. It
can be seen that the amplitudes are much less than expected. However, it must be noted
that the simulation has proceeded only 0.046s, compared to the 20s defined for this
flow step in the input, to get comprehensive response data. Also, Figure 4.2 shows that
the displacement is still in developing stage, showing an increasing trend. The
simulation should be allowed to proceed for sufficient amount of time until a stabilized

oscillation is obtained.

Model 3 corresponds to the FSI 3 model in the benchmark test referred to
earlier. The inlet velocity is increased from 10 m/s to 20 m/s, resulting in a Reynolds
number of 200. The flow becomes more turbulent with a diverging vortex street as
shown in Figure 4.1. The higher amplitude of oscillation in the simulation is due to the
undamped trailing edge. To get a stable response a trailing mass has been used in the

benchmark study, which is not accounted for in the simulation.

Next, to investigate the capability of the developed simulation technique to
handle a structural material of lower stiffness, Model 4 was analysed with kapton as
the flexible component. This material was chosen as it is commonly used in MAV
wing designs. This initially gives a highly random oscillatory movement (Figure 4.2)
as expected due to the low stiffness of the structure. It is anticipated that if the

simulation is allowed to proceed for a sufficient time, it will reach steady state.
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Table 4.1: Comparison of FSI simulation with benchmark test

Model Turek and Hron (2006) ) )
Simulation
(Scaled down by 1/10t)
Ax Ay Ax Ay
Model 2 —1.45+1.24 1.23+80.6 | 0.02 0.00 £ 0.45
Model 3 —0.27+0.25 [ 0.15+3.44 {0.92+£0.82 | 0.00+6.5

Note: ‘A’ is the amplitude of the sinusoidal displacement curve. It is expressed as a
displacement in the positive and negative direction, starting from a mean value, given by the
first term in the expressions for amplitudes.

Figure 4.1: Velocity plot for inlet velocity (a) 10 m/s (b) 20 m/s
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Figure 4.2: Displacement of point A (Fig. 3.4) in X and Y direction for: (a) Model 2 (b)
Model 3 (c) Model 4 (d) Model 5. Note: All displacement values are in millimetres.
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4.2. Creased Membrane
Model 5 was implemented in a manner similar to the previous models, but with a
crease line introduced parallel to the axis of the cylinder. A simplified crease geometry
as the one shown in Figure 4.3 was used. A detailed study in the lines of crease
modelling can be found in the works of Dharmadasa & Mallikarachchi (2016) and
Mierunalan & Mallikarachchi (2017). Further, details of using an “effective elastic
modulus” in the crease region to account for the change in structural response is
discussed by Cai et al. (2017). Such intricacies were not included in the present study.
Rather, Model 5 was used as an initial study to observe the change in flow pattern due

to the presence of a creased thin membrane from a purely geometric perspective.

| : 2 mm

Crease line

Panel A

Panel B

Figure 4.3: Crease geometry used in the study

The deformed profiles in Figure 4.5 clearly shows a difference in the response
of a creased and uncreased geometry. While the uncreased membrane exhibited a
mixed mode 1 and mode 2 type vibratory deformation, the creased one displayed a
comparatively stiffer response. In the latter case, the movement can be described by
considering panel B as a cantilevered section attached to moving points on the crease-
line, while the translation of the crease itself is governed by panel A.
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Creased ESEEEES

Un-creased i

Figure 4.4: Comparison of flow over creased and uncreased membrane (a) velocity
profile of creased membrane; Time history of streamlines in (a) creased (b)
uncreased structure

The difference in vortex generation between the two geometries is shown in
the vorticity plots given in Figure 4.5. Vorticity indicates the number of rotations per
second. It is one of the important phenomena that starts off an oscillatory motion in

FSI problems.

It is also the key mechanism that governs insect flight as discussed in Section
2.1. Insect wings employ various mechanisms to keep the instantOaneous leading edge
vortex (LEV) attached to the wing for a longer period. Creases, in theory, seem

geometrically suitable to capture and retain them for a longer period.
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t=0.005s

t=10.004 s

Creased Un-creased

Figure 4.5: Vorticity plot for (a) an uncreased membrane (b) a creased membrane

However, when the vorticity was plotted over the length of the wing for three
successive time frames as shown in Figure 4.5, the uncreased one displayed a more
vortical flow. This is due the stiffer behaviour of the creased model, imparting lesser
obstruction to the flow. However, it should be noted that neither the exact rotational
stiffness at the crease-line nor the stiffness of the region adjoining it have been
incorporated in this model. Also, the above observation is not sufficient to derive
conclusions on the vortex retention time as that requires the study of the vortices over
a longer time frame. It may be possible that, though the strength of the resulting vortex
itself is comparatively lesser in creased membranes, it might still be sufficient to keep
an insect scale object afloat and by retaining the vortex longer, such membranes may

perform better in sustaining the flight.

—s—t=0.081s
t=0.082s ﬂ
14000 t=0.083s

Vorticity
§
Vorticity
g
o

10 15 20 25 30 35 10 0 10 20 40

Distance (mm) Distance (mm)

Figure 4.6: Vorticity plot along the length of the (a) Uncreased plate (b) Creased plate
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CHAPTER V

5. CONCLUSION AND FUTURE WORK

5.1. Conclusion

A detailed study on performing a fluid-structure interaction analysis involving a thin,
flexible membrane immersed in a flowing fluid was conducted and a technique was
proposed based on the commercially available ABAQUS multi-physics environment.
Initially, the suitability of the method was investigated. Based on a rigorous review of
the theoretical background, the ABAQUS code was verified to be appropriate for the

purpose.

The FSI framework was implemented in three stages. First, the structural
domain was developed. Shell and continuum shell formulations were used in order to

decide on the optimum formulation.

Next, the fluid domain was developed using a Spalart-Allmaras turbulence
model and was verified qualitatively based on the variation in flow around a rigid
cylinder with Reynolds Number. Finally, both aforementioned domains were coupled
using an explicit Gauss-Seidal scheme through the ABAQUS Co-simulation Engine.
This was verified against a standard benchmark study conducted by Turek and Hron
(2006), which involves a cylinder immersed in a laminar flow with a thin, flexible flap
attached to its downstream side. A precise reproduction of the results of the benchmark
case was not achieved in the above simulation. However, salient features like the
vortex street and the streamline were captured. Further, the suitability of using a two
dimensional shell formulation together with a 2D seam surface crack in the fluid

domain was proved.

As the next step, a membrane with a predefined crease geometry was tested
in the same FSI framework. Due to the stiffer behaviour of the creased model, the
vortical behaviour of membrane was limited. Also the significance of incorporating
rotational stiffness at the crease-line and the stiffness of the region adjoining it was

identified. Further, in order to assess the aerodynamic performance, a study over a
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longer time period is required. Thus more work has to be performed to bring down the

processing time.

5.2. Future Work
This section presents a brief overview of possible avenues to extend this work in order
to assess the aerodynamic performance of a deployable wing. The following areas

require special attention.

e Mesh sensitivity study for both fluid and structural domain as well as the FSI
framework
¢ Include hyper-elastic material model

e Introduce a crease model

A brief theoretical background and the initial analysis performed in the area of crease

modelling is described in Section 6.1.1.

5.2.1. Crease Modelling through Plastic Damage

A crease can be modelled as a plastic damage of the material, which has left an
irreversible kink in the geometry relative to its initial shape, i.e. if sufficient stress is
applied such that the yield stress is surpassed, plastic yielding occurs along the crease

line preventing it from returning to its original shape.

This concept can be implemented through FEM by following the procedure
illustrated by Figure 6.2 and Figure 6.3.

Deactivate
the “Press”
condition
and allow
the plate to
open

Press with a
Plate to
localize the
deformation

Apply initial
rotation

Figure 5.1: Procedure to introduce crease as a plastic deformation in an initially flat plate
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This method requires a mesh of high refinement near the crease line and
comprehensive material data describing the progressive damage. A detailed study was
not performed in this area as it is beyond the scope of the project. However, in order
to assess the aerodynamic performance of a deployable insect-scale wing, the above
method should be studied further.

Figure 5.2: Localizing a plastic deformation by pressing between two rigid plates
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APPENDIX
A. MESH DETAILS
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INPUT FILES

Fluid Domain

*Heading

** Job name: jul25evel-fluidD z Model name: fluidD z
** Generated by: Abaqus/CAE 6.14-2

*Preprint, echo=NO, model=NO, history=NO, contact=NO
* %

** PARTS

* %

*Part, name=fluid
*End Part

** ASSEMBLY
* %

*Assembly, name=Assembly
* *
*Instance, name=fluid-1, part=fluid
-39.75, -95., -0.5
*Node
** Nodal definition of parts and assembly omitted
* %
** Section: Section-1
*Fluid Section, type=SINGLE FLUID, elset=Set-5
turek july,
*End Instance

** MATERIALS
* %
*Material, name=turek july
*Density
1le-09,
*Viscosity
le-060,
*Material, name=water
*Density
le-09,
*Viscosity
1le-09,

* *

** PREDEFINED FIELDS
* %

** Name: Predefined Field-1 Type: Fluid turbulence
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*Initial Conditions, type=TURBNU, Element Average

PDF WholeModel, 1le-09

** STEP: Step-1

* %

*Step, name=Step-1, nlgeom=NO
*CFD, incompressible navier stokes
0.002, 40., 0.025, 1., 1

le-15, 1., , 1., 1.

*Momentum Equation Solver

1000000, 2, le-10

*Pressure Equation Solver

1000, 2, 1le-10

Icc, 2, 2, FGMRES

*Transport Equation Solver

1000, 2, 1le-10

*Turbulence Model, type=SPALART ALLMARAS
0.1355, 0.622, 7.1, 5., 3.2391, 0.3, 2., 0.6667
0.41

0.8889,

** BOUNDARY CONDITIONS

* %

** Name: cylin bound Type: Fluid wall condition
*Fluid Boundary, type=Surface

cylinder int, DIST, 0.

*Fluid Boundary, type=Surface

cylinder int, VELX, 0.

cylinder int, VELY, O.

cylinder int, VELZ, O.

*Fluid Boundary, type=Surface

cylinder int, TURBNU, O.

** Name: d cylin Type: Displacement/Rotation
*Boundary

cylin, 1, 1

cylin, 2, 2

cylin, 3, 3

** Name: d ext Type: Displacement/Rotation
*Boundary

ext, 1, 1

ext, 2, 2

ext, 3, 3

** Name: d symm Type: Displacement/Rotation
*Boundary

sym, 3, 3

** Name: inlet Type: Fluid inlet/outlet
*Fluid Boundary, type=Surface

inlet, VELX, 1000.

59



inlet, VELY, O.

inlet, VELZ, O.

** Name: outlet Type: Fluid inlet/outlet
*Fluid Boundary, type=Surface

outlet, P, O.

** Name: symm Type: Fluid inlet/outlet
*Fluid Boundary, type=Surface

symm, VELZ, O.

** Name: top bot Type: Fluid inlet/outlet
*Fluid Boundary, type=Surface

top bot, VELX, 1000.

top bot, VELY, O.

top bot, VELZ, 0.

** TLOADS

* %

** Name: grav Type: Gravity

*Dload

, GRAV, 9.81, 0., -1., O.

** Interaction: fsi

*CONTROLS, TYPE=FSI, DISTORTION CONTROL=ON
1111-5

*Co-simulation, name=fsi, program=MULTIPHYSICS
*Co-simulation Region, import, type=SURFACE
fluid-1.seam, U

fluid-1.seam, V

*Co-simulation Region, export, type=SURFACE
fluid-1.seam, LUMPEDMASS

fluid-1.seam, TRSHR

** QUTPUT REQUESTS

* %

*Restart, write, number interval=80
* %

** FIELD OUTPUT: F-Output-1

* %

*Qutput, field, time interval=0.001

*Node Output

DENSITY, PRESSURE, TURBEPS, TURBKE, U, V, VORTICITY
*Output, history, frequency=0

*End Step
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Solid Domain

*Heading

** Job name: jul25evel-structD z Model name: structD z

** Generated by: Abaqus/CAE 6.14-2
*Preprint, echo=NO, model=NO, history=NO, contact=NO

* %

** PARTS

* %

*Part, name=Part-2

*Node

** Nodal definition of parts and assembly omitted
** Section: Section-1

*Shell Section, elset=whole, material=turek july
2., 5

*End Part

** ASSEMBLY
* %

*Assembly, name=Assembly
* %

*Instance, name=Part-2-1, part=Part-2
5., 0., -0.5

*End Instance
* %

*Instance, name=Part-3-1, part=Part-3

20., 0., -3.25
20., 0., -3.25, 19.
0., -3.25, 90.
*End Instance
* K
*Node

** Nodal definition of parts and assembly omitted
** Constraint: Constraint-1

*Display Body, instance=Part-2-1

*End Assembly

14

** MATERIALS
* %
*Material, name=kapton
*Density
1.42e-09,
*Elastic
49., 0.34
*Plastic
69., 0.
90., 0.02
231., 0.69
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*Material, name=mylar
*Density

1.39e-09,

*Elastic

49., 0.38

*Plastic

100., 0.
200., 1.16

*Material, name=rigid mat
*Density

7.8e-09,

*Elastic

2e+08, 0.3

*Material, name=rubber
*Density

1.36e-09,

*Elastic

16., 0.48

*Material, name=turek july
*Density

le-09,

*Elastic

140., 0.4

* %

** INTERACTION PROPERTIES

* %

*Surface Interaction, name=IntProp-1

1.,

*Friction

0.,

*Surface Behavior, pressure-overclosure=HARD
* %

** BOUNDARY CONDITIONS

* *

** Name: fix Type: Symmetry/Antisymmetry/Encastre
*Boundary

Part-3-1.fix, ENCASTRE

** Name: z prev Type: Displacement/Rotation
*Boundary

Part-3-1.whole, 3, 3

Part-3-1.whole, 4, 4

Part-3-1.whole, 5, 5

* *

** STEP: Step-1
* %

*Step, name=Step-1, nlgeom=YES, inc=10000000
*Dynamic
40.,40.,1le-15
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** Interaction: FSI

*Co-simulation, name=FSI, program=MULTIPHYSICS
*Co-simulation Region, import, type=SURFACE
fsi surf, CF

fsi_surf, LUMPEDMASS

*Co-simulation Region, export, type=SURFACE
fsi surf, U

fsi surf, V

** CONTROLS

* %

*Controls, reset

*Controls, analysis=discontinuous
*Controls, parameters=time incrementation

4 4 4 4 4 4

0.5, 0.75, 0.8, 0.7, 0.5, 0.5, ,

** QUTPUT REQUESTS

* %

*Restart, write, number interval=80, time marks=NO
* %

** FIELD OUTPUT: F-Output-4

* %

*Qutput, field

*Node Output

A, U, V

*Element Output, directions=YES
E, LE, S

* %

** HISTORY OUTPUT: H-Output-1

* %

*Output, history, variable=PRESELECT
*End Step

Co-Simulation Engine (Coupling Module)

*include, input=jul25evel-fluidD z.inp
*include, input=jul25evel-structD z.inp
*include, input=jul25evel config.xml
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