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Abstract

Polymers and fiber reinforced polymer composites containing microvas-
cular networks show great potential for use in self-healing applications.
However, in-situ mixing of stoichiometric healing agents in small microc-
racks is typically difficult to achieve because of low interspecies diffusivity
and minimal potential for chaotic advection. In this work, we investi-
gate the reactivity potential of two common epoxy-based healing agents
in a simulated crack plane using computational fluid dynamics simula-
tions. In the first round of experiments, fluid properties are varied and
the resulting inter-species diffusivity is investigated using Fickian diffu-
sivity mechanics. Component temperature was observed to have a large
effect on inter-species diffusivity. In a second round of computational ex-
periments, fluids were alternately pumped into a simulated crack using a
dual inlet configuration to facilitate component folding and mixing. Inlet
pressures and pumping frequency were varied in these experiments. My
results demonstrate that dynamic pumping protocols may be used to in-
crease component mixing in a simulated crack plane. Future work focused
on a full parametric study of pumping variables would be useful to gain
insight into an optimal pumping protocol for reacting two components in
a microfluidic region.
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1 Introduction Microfluidics

When talking about microfluidic one refers to the technology that involves ma-
nipulating fluids in structures in which at least one linear dimension is less than
one millimeter [1]. A main difference in microscopic flow compared to macro-
scopic flows is the absence of turbulence. This means that the mixing process
is dominated by molecular diffusion and not by spontaneous transverse flows,
which is preferable when mixing fluids, caused by turbulence. Molecular diffu-
sion is a very time consuming and non-effective process of mixing. Due to the
absence of turbulence one has to induce mixing by forcing the diffusive inter-
face to twist and fold, usually by altering the mixing architecture, making the
interfacial area larger and causing more diffusion across the fluids.

There are two different main strategies to induce these transverse flows;
active mixing and passing mixing strategies. The active mixers create transverse
motion in the principal flow with local, oscillatory forces generated with bubbles,
applied electric or magnetic fields. These methods can be very efficient but
require high accuracy controls. The passive mixers use fixed geometry obstacles
to force the fluid flow to rapidly change direction and induce transverse flows.

In microfluidic systems the governing equations are the same as for the
macroscopic flows [1], the Navier-Stokes equations. Also for scales above tens of
nano meters the no-slip boundary condition at solid boundaries are used. There
are though a couple general features that differentiate the microfluidics from the
macroscopic systems. In microfluidic flows, viscous forces and surface tension
play a more important role than gravitational and inertial forces [1]. As seen in
Equation 1 the relation between the inertial and viscous forces are presented.
This is also known as the dimensionless quantity of Reynolds number.

Re =
⇢v0L0

µ

(1)

where ⇢ is the density of the fluid, v0 is the reference velocity, L0 is the
reference length and µ is the dynamic viscosity.

In general the Re in microfluidic systems is said to lie under the value 100
[1], however in macroscopic flows, Re may extend to 2000 or beyond. Therefore,
we note that flows in microfluidic systems are rarely turbulent and we may not
rely upon chaotic advection for two-species interaction.

1.1 Research at University of Illinois at Urbana-Champaign

Inspired by early stages of clotting and hard callous formation in bone injuries a
synthetic system containing micro vascular systems has been developed to repli-
cate this phenomena [2]. This research demonstrates the ability to repeatedly
repair large damage volumes within a vascularized structural material for the
first time.

Investigations on how to slow down crack propagation with liquid healing
agents under fatigue loading on a double cleavage drilled compression sample
(DCDC) has also been investigated [3]. In Figure 1 the geometry of this sample
is illustrated.
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Figure 1: DCDC sample used in research on crack propagation. Here samples
were compressed along the long axis to propagate a crack from the center hole,
lengthwise, to the edges [3].

Results from this research show that the release of a rapidly curing, two-part
epoxy healing chemistry into the wake of a propagating crack reduces the rate
of crack extension by shielding the crack tip from the full range of applied stress
intensity factor [3].

There are three conceptual approaches for self-healing materials; capsule-
based healing systems, vascular healing systems and inherent reversible bond-
ing [4]. This project will involve the micro vascular healing systems. For the
vascular healing systems the self-healing process initializes from damage in the
vascular network that than will release the reactive fluids that subsequently
polymerize to restore mechanical integrity. The most effective healing results
are achieved from two liquid-phase components, where one is a resin and the
other one is a hardener, which will react upon contact. This means that the
network of the vascular system must be able to retain two separate reactive
liquids who will release automatically when the network is damaged. Most of
the earlier vascular self-healing materials use unpressurised networks, in which
capillary forces draw the healing agents into damaged regions. The method of
controlling and altering the pressure in the micro vascular network to achieve
better healing results are detailed in [4].

Up until the year 2010 these studies where only done in bulk polymer epoxy
materials. In 2010 the microvascular group at UIUC came up with a new way
to manufacture fiber-reinforced composite materials with microvacular networks
[5].

1.2 Problem statement

Up to date experimental work has been performed on fiber reinforced compos-
ites with microvascular networks with a two-part epoxy based healing system.
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The system of choice for this particular research is comprised of Epon 8132 as
the resin and Epikure 3046 as the hardener [6] [7]. The goal with this research is
to demonstrate recovery of mechanical properties following an impact damage
event. According to studies done by Jason Patrick in 2012 [8], the adequate
mixed zone between these fluids which will give good recovery of mechanical
properties has the boundaries as follows; 33.3 percent resin/ 66.7 percent hard-
ener to 71.4 percent resin/ 28.3 percent hardener. Within these boundaries an
adequate mix is assumed to occur.

To date investigations on degradation of flexural properties, stiffness and
strength, after impact and attempt to incorporate healing agents into a vascu-
larized composite with the goal of having the two components mix together in a
crack plane after an impact event. In Figure 2 the sample for these experiments
is illustrated. This geometry is used as an artificially made crack plane.

Figure 2: Sample used in experimental test.

However, because of the lack of mixing in the crack plane the mechanical
properties does not adequately recover after an impact. The aim with this
thesis work is to create a database that allows you to track the diffusional
mixing and enabling you to review the whole process. This will hopefully lead
to an optimization study, that will take form as finding the optimal physical
properties on the fluids for optimal mixing. The work will be done primarily
with using Computational Fluid Dynamics(CFD) to simulate the multiphase-
mulitcomponent transient mixing of the two fluids.

Due to the existence of the symmetry plane, the geometry in Figure 3a will
be used during the simulations. Figure 3b shows the symmetry plane and the
dimensions of the geometry.
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(a) Geometry used for the simulations together with
named sections. A) Inlet 1; Inlet boundary condi-
tion for Resin fluid. B) Inlet 2; Inlet boundary con-
dition for Hardener fluid. C) Symmetry; Symmetry
boundary condition. D) Outlets; Opening bound-
ary condition with gauge pressure 0 Pa.

(b) Dimension and symmetry plane of the geometry.

Figure 3: Geometry and its dimensions.
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2 Theory

2.1 Fluid mechanics

Fluid mechanics is the part of physics that studies different fluids and the forces
acting on them. Fluids are substances whose molecular structure offers no
resistance to external shear forces, even the smallest force causes deformation
of a fluid particle. Although a significant distinction exists between liquids and
gases, both types of fluids obey the same laws of motion. In most cases of
interest, a fluid can be regarded as a continuum, i.e. a continuous substance [9].

The flow in a fluid is caused by externally applied forces. In most cases
these forces are in form of pressure differences, gravity, shear, rotation and
surface tension. They can be classified as surface forces and body forces [9].

All fluids behave similarly under action of forces. However, the macroscopic
properties differ considerably between them. Important properties of simple
fluids are density and viscosity. Others properties such as Prandtl number,
specific heat and surface tension affect fluid flows only under certain conditions,
e.g. when there are large temperature differences.

The governing equations of a fluid flow is the Navier-Stokes equations to-
gether with the continuity equation, also known as the equations of motion.
These equations are derived from the assumption of conservation of mass, mo-
mentum and energy. The general form of the Navier-Stokes equation is seen in
Equation 2 and the continuity equation is seen in Equation 3,

⇢[
�u

�t

+ (u ·r)u] = �rp+ ⇢g + µr2
u (2)

�⇢

�t

+r · (⇢u) = 0 (3)

where u is the fluid velocity, ⇢ is the density of the fluid, r is the vector
differential operator, p is the pressure, g is the gravity constant and µ is the
dynamic viscosity [9].

The equations of motion are solvable for only a limited number of flows.
To enable studies on more complex flows others methods have to be applied.
One approach is to obtain an approximated solution numerically, this is done
by using a discretization method which approximates the differential equations
by a system of algebraic equation.

2.2 CFD - Computational Fluid Dynamics

Using a discreatization method to approximate differential equations by a sys-
tem of algebraic equation is what CFD is all about. The approximations are
applied to small domains in space which enables solutions in these discrete lo-
cations. All these small domains together is called the computational grid or
mesh. This method gives you a discrete solution numerically instead of a con-
tinuous solutions analytically as the Navier-Stokes equations will produce for
simple flows.

There are several different discreatization methods, but the most important
ones are; finite difference(FD), finite element(FE) and the finite volume(FV)
methods.
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The oldest method is the FD method [9]. This method results in one alge-
braic equation per grid node, where the variable value and a certain number
of neighbour nodes appears as unknowns. The result comes from that in every
node the approximation of the differential equation in done by replacing the
partial derivative in terms of the nodal value of the functions. All originates
from the conservation equation in differential form.

The finite difference method is a numerical method used to approximate the
solution to differential equations, such as the navier stokes equations listed above
in equation 2. Typically, a Taylor series approximation of the unknown deriva-
tive function is provided. Small changes in the differential are then tested and a
solution based on that initial guess is converged upon over multiple iterations.

The FE method is similar to the FV method. The main thing that separates
these methods is that in the FE approach the equations are multiplied by a
weight function before they are integrated over the entire domain. For the
simplest FE problems the solution is approximated by a linear shape function
within each element in a way that guarantees continuity of the solution across
element boundaries. This kind of function come from the values in the element
corners. The weight function is usually of the same form [9]. This results in a
set of non-linear algebraic equations.

2.3 Mesh requirements

In comparison to experimental work, as the accuracy of experimental result
depends on the quality of the tools that are used, the accuracy of numerical
solutions is depending on the quality of the discretizations. After a discreati-
zation method is chosen the computational grid has to be generated. This grid
is essentially a discrete representation of the geometric domain in which the
problem is to be solved.

2.3.1 Accuracy

Since numerical solutions of a fluid flow are approximate, there always exists
systematic errors. These errors are divided into three categories: modelling
errors, discretization errors and iterative errors. The modelling errors are seen
as the difference between the exact solution of the mathematical model and
the actual flow. Discreatization errors are defined as the differences that arise
from algebraic approximations. Finally the iteration errors are defined as the
difference between the iterative and exact solutions of the algebraic equation
systems.

It is of great importance to locate and investigate these errors. What is
more important is to be able to tell from what component these errors arise
from. Numerous errors may cancel each other, this can be very confusing due
to that a coarser grid may agree better with experimental data than a solution
from a finer grid which should be more accurate due to more elements. One
way to decrease the discreatization is to make a mesh convergence study. This
is done by evaluating different properties for different meshes with different
element lengths on the mesh. When a solution is reached where adding more
elements does not affect the results, a grid independent solution is achieved.
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2.4 Multiphase flow

A fluid flow that contains at least two different phases is called a multiphase
flow. In some cases fluids of the same phase are treated as a multiphase flow
e.g. oil and water [10]. The first thing to do when dealing with a multiphase
gas-liquid or liquid-liquid flow is to decide how the regime is best represented
by comparing it with the regimes described in Table 1 [10].

Table 1: Different flow regimes in multiphase flows.
Flow Regime Description
Bubbly Flow This is the flow of discrete

gaseous or fluid bubbles in a con-
tinuous fluid.

Droplet Flow This is the flow of discrete fluid
droplets in a continuous gas.

Slug Flow This is the flow of large bubbles
in a continuous fluid.

Stratified/free-surface flow This is the flow of immiscible flu-
ids separated by a clearly-defined
interface.

There are two approaches for the numerical calculations of multiphase flows:
Euler-Lagrange and the Euler-Euler approach [10].

2.4.1 Numerical Diffusion

For a diffusion-dominated laminar flow it is of great interest to investigate how
the numerical diffusion affects that solution. The numerical diffusion is a source
of error that is always present when using CFD. This is because of the approx-
imations that are made during the discretization of the differential equations.
This will arise as the following: in the energy equation, the solution will ap-
pear to have higher conductivity; in the momentum equation, the fluid will
appear more viscous; in the solution of the species equation, it will give a higher
diffusion coefficient.

The numerical diffusion can be minimized in two different ways, according
to [11]. First, if a higher order discreatization scheme is used, such as QUICK
or second order upwind [10], the effect of numerical diffusion will be reduced.
Second, if the grid is as fine as it can be and if quadrilateral or hexahedral meshes
are used, provided the flow is aligned with the mesh, the effect of numerical
diffusion will also be reduced.

2.5 Multicomponent fluid

In a flow with two or more miscible fluids, the flow is called a multicomponent
flow. In ANSYS FLUENT the multicomponent model is enabled by using the
species model. In ANSYS FLUENT when dealing with a diffusion-dominated
laminar flow one can either use Fickian Diffusion or full multicomponent diffu-
sion. For Fickian Diffusion the diffusion flux is computed by Fick’s Law.
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Ji = �⇢Di,mrYi (4)

where Ji is the diffusion flux, ⇢ is the fluid density, Di,m is the mass diffusion
coefficient for species i in the mixture and Yi is the mass fraction.

However, for the full multicomponent diffusion the gradient of only one com-
ponent is not enough to derive relations for the diffusion fluxes. Instead a binary
mass diffusion coefficient of species i in species j is used, see [10] for governing
equations.

2.5.1 Diffusion Coefficient

The diffusion coefficient is a proportionality factor between the gradient in the
concentration of the species and the molar flux due to molecular diffusion [12],
this is the factor D in Equation 4. This constant is mostly determined by
experimental studies of the fluids of interest. However, if experimental data
does not exists the diffusion coefficient can be calculated.

During the 1950’s, Wilke and Chang [13] did a lot of experimental work
to find the analytical solution for the diffusion coefficient between liquids. This
empirical formula is seen in Equation 5 below,

DAB = 7, 4 ⇤ 10�8


(µB)

1/2 T

⌘B�
0.6
A

�
(5)

where DAB is the interdiffusion coefficient [cm2
/s], ' is the parameter of

association of substance B, µB is the molecular mass of substance B, ⌘B is the
viscosity of substance B, �A is the molar volume of substance A and T is the
absolute temperature in Kelvin.

2.5.2 Diffusional flux over time

For one-dimensional diffusion, the concentration of a species at any time may
be calculated using 6 [12],

CA(x, t) =
1

2
+

1

2
erf

✓
x

2
p
Dt

◆
(6)

where CA is the normalized concentration of species A, erf is the error
function, D is the diffusion coefficient of species A, t is time and x is length
vector.

2.6 Adequate mixing of hardener and resin

In self-healing materials, adequate mixing of the two reactive components in
the crack plane is required to achieve a complete polymerization reaction. To
achieve full polymerization, components must be mixed in a particular ratio.
When they are not mixed at or near this ratio, incomplete polymerization is
observed and minimal crack healing is achieved. Understanding the minimum
and maximum component ratios which give adequate polymerization must be
defined in order to quantify whether the two reactive species that diffuse into
each other in a flow will adequately react beyond this threshold. In this specific
case, previous work has been carried out by Patrick et al demonstrating that
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the minimum and maximum resin to hardener ratios required for polymerization
are 33.3 percent and 71.4 percent, respectively

This is illustrated for a 2-dimensional case in Figure 4 , where at t = 0 the
two fluids are totally separated and for t > 0 diffusion is taking place and mixing
occurs. From Figure 4 a length called lcritical is defined as the distance between
the two surfaces represented by 33.3 percent and 71.4 percent hardener.

Figure 4: Definition and visualization of lcritical.
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3 Method

In this project the diffusion between two different fluids is of interest so it is of
great importance to investigate how the computational grid will affect the diffu-
sion. The aim of this investigation is to determine how well the diffusional flux
is resolved during CFD. This investigation is done by studying fluid properties,
mesh convergence, initial conditions and choice of solution methods.

3.1 Initial material Properties

In this study, a diluted epoxy monomer (EPON 8132, Momentive mfg.) and
an amidoamine curing agent (Epikure 3046, Momentive mfg.) were used as
the reactive agents [7] [6]. The data sheets received from the company who
made these products did not contain all the necessary data to perform adequate
simulation, i.e. those constants needed to fulfil the governing equations for the
fluid flow [10]. Due to this a complementary sheet was made with data from
different sources, see Table 2 [14] [15] [16] [17].

Table 2: Material properties of Resin and Hardener.
Resin Hardener

Viscosity [Pas] 0.60 0.20
Density [kg/m3] 1102 935
Molar mass [kg/mol] 0.43 1.2
Thermal Conductivity [W/mK] 0.1 - 0.5 0.1 - 0.5
Specific Heat [J/kgK] 500 500

The values on the specific heat capacity and the thermal conductivity are
uncertain. However, results from the simulations are not particularly sensitive
to this data, and small differences are acceptable. The reason to this is that
during the simulations the temperature will be held constant and therefore very
little heat will be generated, i.e. the energy equation will have little effect on
the solution.

3.2 Geometries used for model evaluation

Choice of model for the evaluation of the numerical diffusion was a simple 3D-
model who consists of at least two global dimensions from the model that rep-
resents the sample of the artificial crack. These dimension are the width of the
crack, 0.05mm and the length of one side of the crack, 10mm, see Figure 3b
for better understanding. The model is a rectangular channel with rectangu-
lar cross-section, see Figure 5. This model is a very small piece of the whole
geometry, the reason to this is to save computational time. The geometry was
created in ANSYS ICEM:s modelling tool.
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Figure 5: The geometry used for numerical diffusion study.

In Figure 5 the inlet boundary conditions are also shown, called Inlet 1 and
Inlet 2. These boundaries will be described in the next section.

The structured hexahedral mesh was also generated in ANSYS ICEM, see
Figure 6. The hexahdral mesh was chosen due to the simple geometry and
whilst dealing with diffusion-dominated flows a hexahedral mesh align with the
flow is preferred to decrease the numerical diffusion [10].

Figure 6: One of the meshes used for numerical diffusion study.

If the results from the numerical diffusion study would show that a infinite
number of elements are needed to obtain a grid independent solution, a second
model evaluation was constructed parallel with the first one. The aim with
this evaluation was to find out the minimum global mesh size that accurately
resolves the inter-facial area between the two fluids. By doing this a model with
larger elements could be used as an adequate approximation. The model used
for this study is of the same length and height as the first one but it has a
rectangular cross-section. ANSYS ICEM was used to build both the geometry
and the structured hexa-hedral mesh, Figure 7 and 8.
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Figure 7: The geometry used for interface representation study.

Figure 8: One of the meshes used for interface representation study.

3.3 Numerical Details

Due to the investigation of mixing efficiency in the artificial crack plane, a
multi-species model was created in ANSYS Fluent. For the case when the nu-
merical diffusion was studied the fluids from Table 2 was used. To illustrate how
this "fake" diffusion(numerical diffusion) appears in the solution the following
method was applied; In ANSYS Fluent the species model is turned on. This
can model the mixing and transport of chemical species by solving conservation
equations describing convection, diffusion and reacting sources for each com-
ponent species. However, for this study all transport abilities were turned off
so that the numerical diffusion would be the only diffusive source. The fluids
from Table 2 were then created and added to the species model. This model
contains two inlets, one for the resin and one for the hardener. This is done
by setting the mass fraction of the hardener to 1 at inlet 1 and a value of 0 at
inlet 2. The inlet velocity for both inlets are set to 0.0043m/s. This value is
an average value from previous experimental work done in this field, where the
inlet velocity for the hardener is set to 0.0033m/s and the velocity for the resin
is set to 0.0054m/s. The temperature during this simulation was set as the
constant value of 300 degree Kelvin, to simulate room temperature conditions.
The outlet boundary is set as a pressure-outlet with gauge pressure 0.0 Pa, so it
would not affect the flow in the flow direction. All wall boundaries have no slip
condition to mimic the real sample. Inside the domain the reference pressure is
0.0 Pa.

For the case when the interfacial surface between the fluid was studied the
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transport abilities were turned on in form of defining the diffusion coefficient as
D = 3.46⇤10�8

cm

2
/s, this was calculated with Equation 5. All other boundaries

were defined as the same as for the first case, see above text.

3.4 Convergence

This mesh convergence study is divided into two parts; one for the numerical
diffusion and one for the interface shape study. For the numerical diffusion
study the same simulation was repeated for six different meshes, theses meshes
are presented in Table 3.

Table 3: Meshes used for mesh convergence study of numerical diffusion.
Mesh Number Element length µm Number of elements, 103
1 25 16.8
2 12.5 131.2
3 10 255
4 7.5 634.9
5 6 1 260.3
6 5 2 020

The mesh convergence study was carried out by analysing how the mass
fraction of the hardener differed at the outlet, in 1-dimension. After every
simulation done in ANSYS Fluent the result file was exported to ANSYS CFD-
Post for post-processing. To visualize how the mass fraction differed in 1-D a
line segment was created at the outlet, see Figure 9.

Figure 9: Line created(Yellow) at outlet in CFD-Post. Plot is showing mass
fraction of hardener.

By then creating a plot, in CFD-Post, that shows how the mass fraction
differed at the line, this data from the plot could be exported as a CSV-file to
MATLAB for further analysis. In MATLAB one plot is made with values from
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all different meshes together with two lines who’s intersection with the curves
represents the position where the mass fraction of hardener is 71.4 percent and
33.3 percent, this is illustrated in Figure 10 and in Figure 11.

Figure 10: Mass fraction of hardener from simulations with different meshes.

Figure 11: Zoomed in version of Figure 10.

The difference between the values of every intersection will be used as a
reference for the convergence study. As the aim of this study is to see how the
mesh size affects the numerical diffusion, the difference between these values
from the intersections should be as small as possible or converge towards some
value. In Figure 12 the difference for each mesh are plotted. The x-axis in this
plot refers to the meshes in Table 3.
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Figure 12: Convergence study of numerical diffusion.

This study shows that the numerical diffusion is a phenomena that always
will take place in CFD-analysis. It is a numerical smearing that unintentionally
smooths the volume fraction gradient and depends only the discretization. This
smearing can only be reduced, not eliminated, by decreasing the element size.
For this case, were the diffusion coefficient is in the region of 10�8

cm

2
/s, the

element length in the mesh need to be infinitesimally small to enable distinct
difference between the molecular diffusion and the numerical diffusion.

However, the amount of diffusional flux is always dependent on the size of the
interfacial surface between two surfaces, i.e. larger area gives more interaction
between molecules. This means that even though numerical diffusion is a fake
representation of the real diffusional flux, it can be used in a comparison study
made to produce the largest interfacial area and therefore increase the diffusional
flux.

In the case were the interfacial surface was studied Table 4 gives information
about the four different meshes used for that case. For this study the same
simulation was carried out for all four meshes.

Table 4: Meshes used for mesh convergence study of interfacial shape.
Element length µm Number of elements 103

50 29.1
25 194.6
12.5 1 414.7
10 2 709.4

After every simulation done in ANSYS Fluent the result file was exported
into ANSYS CFD-post. To visualize how the interface between the two fluids
appeared in the domain, an ISO-Surface that represents hardener mass fraction
value of 0.5 was created for the whole domain. The ISO-Surface is illustrated
in Figure 13.
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Figure 13: ISO-Surface of 0.5 mass fraction hardener.

By then creating a surface at the outlet and plotting the X- and Y-value of
the intersection of the ISO-surface and the outlet surface this data was exported
as a CSV-File to MATLAB for further analysis. In MATLAB the units were
then non-dimensioned to make the representation more general. This plot is
shown in Figure 14 and a zoomed in version of the interfacial surfaces is shown
in Figure 15.

Figure 14: Interfacial surface with hardener mass fraction 0.5 for different
meshes.
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Figure 15: Interfacial surface with hardener mass fraction 0.5 for different
meshes, zoomed in version.

From Figure 15 it is clear that the shape of the interface differs very little
when changing the mesh size from 0.0125mm to 0.01mm. This means that if
using the mesh size 0.01mm an adequate surface tracking could be made.

From both these mesh convergence studies it shows that the molecular dif-
fusion is difficult to simulate using CFD. However, CFD-simulations can be
made to track the interfacial surface between the two fluids. This will enable
an optimization study for the interfacial shape and location.

3.5 Final geometry modelling and numerical details

In Figure 3a the geometry that represents the artificial crack plane is illustrated.
Due to the symmetry condition only half of the geometry can be used, which
will decrease the computational time.

The geometry was made in ANSYS ICEM:s modelling tool. Choice of mesh
was a hexa-hederal unstructured one. According to [11] a mesh which is aligned
with the flow will decrease the numerical diffusion, which the hexa-hedral mesh
mostly are. The mesh is constructed by using the blocking method in ANSYS
ICEM, which is done by creating edges alligned with the curves from the geom-
etry. The edges will then be associated with its corresponding curve. It is these
edges that the mesh will be constructed within when the mesh is generated.
Due to the two half circles in the geometry, which represents the two inlets, the
block needs to be split to create edges around these half circles, that later on
will be associated with the curves from the geometry. In Figure 16 the split
edges, the curves from the geometry, and both on them together is shown.
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(a) Curves from the geometry.

(b) Edges from the blocking.

(c) Edges and curves together.

Figure 16: Edges and curves from ICEM ANSYS.

When the blocking and association is done a pre-mesh is generated. From
the convergence study the global mesh size will be set to 0.01mm, which should
be adequate for the surface tracking. The pre-mesh at the two inlets is shown
in Figure 17.
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Figure 17: Mesh at inlets.

The number of nodes on each half circle, which represents the inlets, has to be
equal to the number of nodes outside the half circle. The shape of the mesh has
a corner with a 90 degree angle. This shape will give a high density of elements
in the corner, inside the half circle, and the elements in these corners have a
poorer quality then the surrounding elements. This poor quality is acceptable
because it is mostly the surface elements that are poor and those will not have
a large impact on fluid interaction.

As Andrew R. Hamilton et al. did in [3], the pumping scheme for the two
fluids, during the numerical solution, will be differed just to see how it will
affect the mixing. This will be done initially by setting the inlet boundary
conditions as a step function depending on the current time. These simulations
will be carried out in ANSYS CFX. In CFX-pre one uses CEL-expressions to
define time dependent boundary conditions. The aim here is to find the relation
between the frequency of the step function and the distance the interfaces of
the two fluids. This will be done by altering the frequency on the step function
and running a simulation for every frequency. An optimal pumping protocol
will cause the pattern shown in Figure 18. The numerical simulations, or the
experiment, cannot create a uniform pattern that look like this one due to that
the fluid will extend radially, which will lead to a linear decrease in velocity when
the distance from the inlet increases. This pattern illustrates a 2-D surface in
the same plane as the fluids will extend radially.
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Figure 18: Optimal pattern from pumping protocol, were the length a equals
approximately twice the critical length lcritical.

In Figure 19 a schematic representation of a square-shaped pumping scheme
is shown, were the velocity will be pending between 0ms

�1 and 0.0033ms

�1

for the hardener and between 0ms

�1 and 0.0054ms

�1 for the resin. The values
on the inlet conditions comes from the experimental work done by Kevin Hart
earlier in 2014. The initial value on the pumping time step, which is the amount
of time the fluids are pumped in for each step, is 0.4545s. This value also comes
from the experiments done by Kevin Hart. The time spectrum here is about
3 s.

Figure 19: Schematic illustration of the intial pumping scheme.

The boundary conditions used for this case is presented in Table 5 and
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illustrated in Figure 20.

Table 5: Boundary conditions.Where f is a frequency set to the value 2.2002
and step is the built in function in CFX-Pre.
Location Type of boundary condition
Inlet 1 Inlet for resin, 0.0054 ⇤ step(sin(f ⇤ t ⇤ ⇡ + ⇡))
Inlet 2 Inlet for hardener, 0.0033 ⇤ step(sin(f ⇤ t ⇤ pi))
Opening Opening, reference pressure 1 atm

Symmetry Symmetry condition
Top, Bottom Walls, no slip.
Fluid domain Reference pressure is 1 atm and Volume fraction of air equals 1

Figure 20: Visualization of boundary conditions. Where the black arrows repre-
sents the two inlet conditions, the red arrows represents the symmetry conditions
and the blue arrows represents the opening conditions.

This transient simulation will have an initial time step size at 1E � 4 [10].
The total physical simulated time is initially 5 s which will give a value of 50
000 number of time steps. To achieve some form of convergence the amount of
iterations per time step is initially set to the default value of 10. If the solution
is to be very time consuming these values can be modified.
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4 Results and Discussion

4.1 Differing material properties

The investigation on how the material properties affect the diffusional flux is
made by creating a 1-D diffusional flux model in MATLAB. The MATLAB-
code is constructed in a way that only one material property is differed at each
simulation and the effect on the diffusional flux is then studied with respect to
that property, see Appendix 6.

This investigation will be done by differing the following material properties;
molar mass, viscosity and temperature. The way these properties will affect the
diffusion are reflected in how the diffusion coefficient, Equation 5, will change
during the altering of the properties. According to the earlier work the mixing
is analysed after 2h. The value of reference will be lcritical, which is explained
in the above text.

For an arbitrary fluid with a certain temperature and viscosity, it is well
known that if the temperature increases the viscosity will decrease. For the
particular fluids used in this study there are no empirical data or analytical
equation that shows how the viscosity is dependent on the temperature. How-
ever, Loos and Springer [18] have found that for a similar fluid, 3501-6 Epoxy,
Equation 7 is valid for the viscosity/temperature relation,

⌘ = ⌘1exp

✓
EV

RT

◆
(7)

where ⌘1 is a viscous scaling constant, EV is the activation energy for viscous
flow, R is the gas constant, 8, 3144 JK

�1
mol

�1, and T is the absolute tempera-
ture in Kelvin. For the 3501-6 Epoxy the viscous scaling constant has the value
7, 93e � 14 Pas and the activation energy for viscous flow is 9, 08e4 Jmol

�1

[18]. In Table 6 a comparison of material properties is made between the 3501-6
Epoxy and the fluids used in this project.

Table 6: Comparison of material properties.
Type offluid 3501-6 8132 3046
Density [kgm�3] 1260 1102 935
Specific Heat [Jkg�1

K

�1] 1.26 0.5 0.5
Thermal Conductivity [Wm

�1
K

�1] 0.167 0.1-0.3 0.1-0.3
Viscosity @25C [Pas] 0.65 0.2 0.6

As seen in Table 6 the difference in density and thermal conductivity are not
as big as the difference in the specific heat constant. However, a difference in the
specific heat constant only means that more/less energy is required to raise the
temperature in the material by one degree Kelvin. For this purpose it is more
important that the ability of transferring heat through the material(Thermal
Conductivity) has a lower difference then that the specific heat has a low dif-
ference. This is because an analogous assumption of how the viscosity changes
with temperature is to be made.

So together with the assumption that the governing equation of temperature
dependent viscosity is Equation 7 for the resin and hardener, and that the
diffusion coefficient is calculated with Equation 5 the graph in Figure 21 shows

22



how temperature will affect the diffusion, see Appendix 6 for MATLAB-code.
Figure 22 illustrates how the temperature affects the critical length lcritical.

Figure 21: Concentration at interface with differing temperature and limits
for adequate mixture. Arrows shows the direction in which the temperature
decreases.

Figure 22: Critical length increasing with increasing temperature.

This shows that the critical length increases from 15.1µm to 225µm when
the temperature increases from 298 K to 348 K.

Equation 5 are used when the molar mass is differed, for one of the species, to
see how the diffusion coefficient is affected, see Appendix 6 for MATLAB-code.
In Figure 23 the effect on concentration at the interface is illustrated during

23



a increase of molar mass. Figure 24 is then showing how the critical length is
dependent on the molar mass.

Figure 23: Concentration at interface with differing molar mass and limits for
adequate mixture. Arrows shows the direction in which the molar mass in-
creases.

Figure 24: Critical length changing with increasing molar mass.

From these figures is it clear that the diffusional flux will decrease with an
increase of molar mass of one species, for this case the hardener. The critical
length is also decreased from 15.1µm to 4.9µm when the molar mass is increased
from 500 gmol

�1 to 20000 gmol

�1. The higher value is chosen arbitrary just to
show the affect on the diffusional flux.
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The last study is done on how the viscosity alone, isothermally, will affect
the diffusional flux. Same as for the case with the molar mass, Equation 5
is used to calculate the diffusion coefficient. In Figure 25 the diffusion at the
interface is shown at different viscosities of one species, the hardener. Figure 26
illustrates how the viscosity alone affects the critical length that gives adequate
mixing.

Figure 25: Concentration at interface with differing viscosity and limits for
adequate mixture. Arrows shows the direction in which the viscosity increases.

Figure 26: Critical length decreasing when viscosity increases.

This shows that the critical length will decrease when the viscosity increases.
From Figure 26 it is seen that the critical length decreases from 22.3µm to 7µm
when the viscosity increases from 100 cP to 1000 cP . The higher limit is an
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arbitrary number just to show the effect, on the diffusional flux, of an isothermal
process were the viscosity is increasing.

4.2 Multiphase flow

As this will lead up to an optimization study it is important to be able to see
how theses fluids progress in the crack plane and how the critical length changes
with time. This is done by looking at three different locations in time and
analyzing them separately. The analysis will be in form of measuring the critical
length and note that the fluids fill the crack in a wanted uniformly way. In
Figure 27 the three different cases are shown. The figures are showing the volume
fraction of the fluid hardener at different time steps. This is done by creating
a plane between the upper and the lower boundaries in the geometry and then
creating a contour plot of the volume fraction. The green circle represents the
inlet for the hardener and the yellow circle is the inlet for the resin. This
flow is a three phase flow and all the phases are shown by showing the volume
fraction of only one phase, which makes it hard to distinguish the other two from
each other. For this particular case the blue color outside the outer red circle
represents air and the blue color inside the outer red circle represents resin.
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(a) Hardener volume fraction at 0.9s.

(b) Hardener volume fraction at 1.73525s.

(c) Hardener volume fraction at 1.89345s.

Figure 27: Volume fraction of hardener at different time steps.

In Figure 28 the time for the three cases are marked out in the pumping
scheme to get a clue on how much fluid that have been pumped in at the
different time steps.
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(a) 0.9s.

(b) 1.73525s.

(c) 1.89345s.

Figure 28: Marked out time steps for the different cases.

The measurement of the critical length was carried out by detecting the
surface where the volume fraction of the resin and the hardener is 50 percent
and the measure the distance between these surfaces. This was done for all three
cases and is done by first plotting the surface in CFX-Post and then creating
a poly line that represents the intersection of the surface and the symmetry
plane. By then exporting the X- and Z-values for this poly line into MATLAB
the distance is found.
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In Figure 29, 30 and 31 all the measured critical lengths are explained.

Figure 29: 0.9s.

Figure 30: 1.73525s.
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Figure 31: 1.8345s.

The distances are presented in Table 7.

Table 7: Distances between surfaces.
0.9s Distance [mm]
A 1.00
B 0.032
1.73525s
A 0.44
B 0.16
C 1.38
D 0.09
E 0.028
F 0.78
G 0.033
1.8345s
A 0.44
B 0.15
C 1.17
D 0.064
E 1.39
F 2.5
G 0.064
H 0.78
I 0.064

As can been seen in Table 7 the distance between the surfaces differ between
0.0028 mm and 2.5 mm. It is difficult to say how good the overall mixture will
be by just analysing these distance. However, this will give a good foundation
for a future optimization study. By looking at these distances and compare
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them to the critical length, which is needed for complete mixture, an optimal
pumping scheme can be developed for every specific case. As for this case, where
the critical length has a value around 15 µm, the current pumping scheme will
not give such a good overall mixture due to the high difference between the
distances between the surfaces and the critical length.

4.3 Future work

For this study the two fluids, the hardener and the resin, have been assumed to
act like a newtonian fluid. This assumption is made because no studies on these
specific fluids have been made in the purpose to determine whether they act
like newtonian or not. As a future experimental work it would be interesting to
find out if they are newtonian or not.

As this problem contains of a relatively simple geometry but with a lot of
elements and a complex multiphase flow, one could do two things to get more
effective and decrease the computational time. Either use a computer with a
lot of computational resources or investigate if the full Navier-Stokes equations
are necessary for this particular problem, if not then fewer equations would take
less time to solve and still retain the accuracy in the results.

To get a better understanding on how these fluids behaves in each others
presence, studies could be made to determine the diffusion coefficient between
them. During this study, Equation 5 is used to calculate the diffusion coefficient.
However, this equation is based on empirical data for experiments done on
different liquid-phase newtonian fluids. To get a more realistic coefficient some
validations or comparison-studies on similar systems has to be made.

There are some differences between microscopic and macroscopic flows that
you need to encounter whilst simulating these types of flows. One of these
differences are the surface tension of the fluids. For this study no experimental
validation has been made on the used surface tension coefficient. The coefficient
for this case is taken form experimental work done on a similar fluid. To achieve
a better and more accurate flow this coefficient should be measured. Another
difference is the importance of viscous friction that occurs in the fluids. These
forces should also be considered to achieve better and more accurate results.

For the equation that governs the temperature-dependent viscosity, some
studies have to be made to get the viscous scaling constant and the activation
energy for viscous flow for both fluids. When these constants are determined,
a proper representation of the viscosity during temperature changes can be
developed and implemented.

The method to achieve an optimal pumping protocol for this project was to
do a couple of simulations and from the results analyse the flow and by doing
that find the best pumping protocol. This study showed that using such a
method was neither time efficient nor optimal. More time has to be spent on
the preparation and the configuration of the pumping protocol.

Up to this date, during the experimental work, a constant volume flow has
been used whilst pumping the fluids into the artificial crack plane. This is
not optimal due to that the volume of "non-filled" crack decreases during the
whole process and that an uniform pattern over the whole domain is desired.
By controlling the total volume of the two fluids, which are pumped in to the
crack plane, an optimal pumping scheme can be developed. A draft on such a
pumping scheme is shown in Figure 32. These inlet boundary conditions are

31



constructed in CFX-pre by using the built in CEL-expressions, see Appendix 6
for details.

Figure 32: Stair function shaped inlet boundary conditions.
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5 Conclusions

Using CFD as a tool for predicting mixing(self-healing) is a fairly new concept
and if it could be implemented in a correct manner the cost and time would
decrease for the scientists who are doing these experiments. This study shows
that it would be possible to use numerical methods for an optimization study
and thereby enhancing the self-healing effect.

With today’s software used for predicting fluid flows it is necessary to de-
couple this type of problem because of the two different time scales that occurs.
In some point of view this problem is a mixture of a transient and a steady-
state problem; transient in the manner of pumping the fluids into the crack and
steady-state in the manner of the diffusion between the two fluids.

The effect on the diffusion is most affected if the temperature in the fluid
is increased. Just by increasing the temperature from room temperature to 50
degrees C higher the diffusion will become 10 times larger. This would lead to a
lower frequency on the inlet boundary condition in the pumping scheme, which
may be preferred.

For the convergence studies the software ANSYS FLUENT was used. For
this type of steady state simulations the solutions converged in a good manner.
In the case where the multiphase transient simulations was carried out, the
solutions in ANSYS FLUENT diverged. The only way to avoid divergence
was to use a tiny time step. However, that resulted in an immense amount of
iteration,⇠ 4 ⇤ 109 for this case, which is too computationally expensive.

By using the solver ANSYS CFX, which is not that sensitive to larger time
steps, the divergence problem was solved for a reasonable amount of iterations.
For this particular problem the times step could be increased by a factor 1000
when switching from ANSYS FLUENT to ANSYS CFX.
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6 Matlab Script and Velocity Boundary Condi-

tions

%% Denna fil måste öppnas tillsammans med Variabler_Numerical_Diff_Use.mat.
%% I den filen ligger alla vektorer som är exporterade från CFD-Post.
%% Denna plottar alltså den numeriska diffusionen.
 
clc
close all
figure
 
x2=0:0.001:1; % Positionsvektorn som agerar x-axel. I cm enligt ekvationen.
l=length(x2);
a=ones(1,l);
y3=a.*0.714;
y4=a.*0.333;
 
 
y=0.004:0.004:1;
l=length(y);
x0=(ones(l,1).*0.5);
 
plot(X25,MF025, 'b', X125,MF0125, 'r', X1, MF01, 'gr', X075, MF0075, 'c', 
X06,MF006 
, 'gr--',X05,MF005 , 'r--', x0,y, x2,y3 ,'b--', x2,y4 , 'c--');
title('Mass fraction hardner over domain at diffrent mesh sizes');
xlabel('Scaled width'); ylabel('Hardener mass fraction');
hleg1=legend('Max size = 0.025 mm', 'Max size = 0.0125 mm', 'Max size = 
0.01 mm', 'Max size = 0.0075 mm', 
'Max size = 0.006 mm', 'Max size = 0.005 mm', 'Inital interface', 'Higher 
limit', 'Lower limit');
set(hleg1,'Location','SouthEast')
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% Detta program skall undersöka hur molekylvikten av A (Hardner) påverkar 
blandningen.
 
clear all
close all
clc
 
c=7.4e-8; % Konstant.
c_a=1;  % Associationsfaktor.
M_B=1180.54; % Molekylvikt av fluid B.
mu_A=200; % Viskositet av fluid A (Hardner), [cP]
mu_B=600; % Viskositet av fluid B (Resin), [cP]
V_B=1073.22; % Molal volume av B (Resin), [cm3/mol]
 
T=298; % Konstant temperatur
high_limit=input('Higher limit of mixing zone:'); % Input
low_limit=input('Lower limit of mixing zone:');  % Input
 
                        
x=-0.1:0.0001:0.1; % Positionsvektorn.
l=length(x);
a=ones(1,l);
y1=a.*high_limit;
y2=a.*low_limit;
 
g=[]; % Skapar initiellt tom vektor
r=[]; % Skapar initiellt tom vektor
 
for M_A=500:2000:20000; % Molekylviktens spann, godtyckligt.
    V_A=M_A.*1.06; % Molal volume som beror av molekylvikten 1.06*M_A.

Räknat från 454(Molal volume)/427(Molecular Weight)
    D_AB=c.*(((c_a.*M_B).^(1/2)).*T./(mu_B.*(V_A.^.6))); % Diffusion 
coefficient.
    t0=7200; % Tiden är 2 h, 7200s. 
    c0=0.5.*erf((x)/(sqrt(2.*D_AB.*t0)))+0.5; % Koncentrationen A till B
    
    idx=find(y1==c0); % If-sats som skall hitta skärningspkt mellan y1 och 
c0
    if isempty(idx)
        d=y1-c0;
        s=diff(sign(d));
        f=find(s,1); % Denna ger vart i vektorn c0 de korsas
    end
    
    g=[g x(f)]; % Skapar vektor.
    
    plot(x,c0, 'b-'); % Plottar koncentrationen i varje iteration                                          
    hold on
    
    idx_1=find(y2==c0);
    if isempty(idx_1)
        d_1=y2-c0;
        s_1=diff(sign(d_1));
        f_1=find(s_1,1); % Denna ger vart i vektorn c0 de korsas
    end
    
    r=[r x(f_1)]; % Skapar vektor 
end
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%% Detta program skall undersöka hur temperaturen påverkar blandningen.
clear all
close all
clc
 
c=7.4e-8; % Konstant
c_a=1; % Associationsfaktor
M_A=427.646; % Molecular Weight av fluid A
M_B=1180.54; % Molecular Weight av fluid B
V_A=454.942; % Molal volume av A
V_B=1073.22; % Molal volume av B
mu_A=200;    % Viscosity of fluid A
muinf=7.93e-14; % Constant.
E=10900; % Activation energy
 
x=-0.8:0.0001:0.8;% Positionsvektorn
l=length(x);
a=ones(1,l);
y1=a.*0.714;
y2=a.*0.333;
 
g=[]; % Skapar initiellt tom vektor
r=[]; % Skapar initiellt tom vektor 
 
for T2=298:5:348;% Temperaturspannet
    mu_B=muinf*exp(E*(1/T2));% Viscosity of fluid B 
    D_AB=c.*(((c_a.*M_B).^(1/2)).*T2./(mu_B.*(V_A.^.6)));% Diff coeff
    t0=7200; % Time, 2h.             
    c0=0.5.*erf((x)/(sqrt(2.*D_AB.*t0)))+0.5;% Concentration over time.
    plot(x,c0, 'b--')
    hold on
   
    idx=find(y1==c0);% If-sats, skärningspkt
    if isempty(idx)
        d=y1-c0;
        s=diff(sign(d));
        f=find(s,1);
    end
    
    g=[g x(f)];% Skapar vektor 
    
    plot(x,c0, 'b-');% Plottar koncentrationen i varje iteration                                          
    hold on
    
    idx_1=find(y2==c0);
    if isempty(idx_1)
        d_1=y2-c0;
        s_1=diff(sign(d_1));
        f_1=find(s_1,1);
    end
    
    r=[r x(f_1)]; % Skapar vektor
end
RR=g-r; % Kritiska längden 
SS=length(RR);
DD=1:1:SS;
XX=298:5:348;
 
hold on
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%% Detta program skall undersöka hur viskositeten av A(Hardener) påverka 
blandningen.
 
clear all
close all
clc
 
c=7.4e-8;% Konstant
c_a=1;% Associationsfaktor
M_A=427.646;% Molecular Weight av fluid A
M_B=1180.54;% Molecular Weight av fluid B
mu_B=600;% Viskositet av fluid B, cP
V_A=454.942;% Molal volume av A, vilken enhet?
V_B=1073.22;% Molal volume av B,
 
T=298;
high_limit=input('Higher limit of mixing zone:');% Input
low_limit=input('Lower limit of mixing zone:'); % Input
 
                        
x=-0.05:0.0001:0.05;% Positionsvektorn
l=length(x);
a=ones(1,l);
y1=a.*high_limit;
y2=a.*low_limit;
 
g=[];% Skapar initiellt tom vektor
r=[];% Skapar initiellt tom vektor
 
for mu_A=1000:-100:100;% Viskositetens spann
    D_AB=c.*(((c_a.*M_B).^(1/2)).*T./(mu_B.*(V_A.^.6)));
    D_BA=c.*(((c_a.*M_A).^(1/2)).*T./(mu_A.*(V_B.^.6))); 
    t0=7200;% Tiden 2h
                       
    c0=0.5.*erf((x)/(sqrt(2.*D_BA.*t0)))+0.5;% Koncentrationen A till B
    
    idx=find(y1==c0); % If-sats
    if isempty(idx)
        d=y1-c0;
        s=diff(sign(d));
        f=find(s,1);
    end
    
    g=[g x(f)];% Skapar vektor
    
    plot(x,c0, 'b--');
    hold on
   
    
    idx_1=find(y2==c0);
    if isempty(idx_1)
        d_1=y2-c0;
        s_1=diff(sign(d_1));
        f_1=find(s_1,1);  
    end
    
    r=[r x(f_1)];% Skapar vektor
    
end
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%% Detta program är ett utkast som skall beräkna den volym av vätska som
%% krävs för att fylla den artificiella sprickan
 
clc
close all
clear all
 
%% Calculation of required volmue flow
 
r=0.5e-3; % Radius of inlet, 0.5e-3 m.
d=1e-3; % Distance between inlets, 1e-3 m.
g=20e-3; % Width of crack, 20e-3 m.
l_critical=0.02e-2;% Critical length for diffusion, 0.02e-2 m.
 
a=l_critical*2;  % Distance between interfaces of the fluids.
u=a+2.5*r; % Radius from centre of one inlet to edge on
the other inlet plus distance a.
alfa=0.05e-3; % Thickness of crack.
 
Vf=[];
 
for f=g:-a:u;
    V_f=(2*f*a+a^2)*pi*alfa; % Volume of slice of fluid, se figuren som är 
ritad.
    Vf=[Vf V_f];
end
AA=length(Vf);% Finding out length of Vf
SS=1:1:AA;% Create vector with same length as Vf for plotting
b=(g/2)-(d/2)-(r/2);% Distance from centre of on inlet to edge of crack.
V_Critical=(u^2)*pi*alfa;% Critical volume to fill pass the other inlet.
Y=ones(1,AA);
V_Crit=Y*V_Critical;
 
 

 
figure
plot(SS, Vf,'r', SS, V_Crit, 'g'); % Plotting the volume
xlabel('Number of pumping cycles'); ylabel('Volume [m^3]');
title('Showing how many pumping cycles that are needed');
legend('Volume of slice','Critical volume');
 
%% Calculation of required pumping scheme
t_fill=input('How fast would like to fill the crack?:'); 
step=(t_fill)/AA; % Time step size, total time / amount of cycles
 
h=[];
for n=1:1:AA % 
    hx=Vf(1,n)./step;% Compute volume flow for every time step                 
    h=[h hx];% Create a vector with volume flow for every time step
end
 
YY=[];
%RR=[];
e=1
for t=0:step:t_fill-step% Create a loop over the time to fill crack.
    RR=[];
    for dt=0:step/100:t
     y=(h(1,e)/2)+(h(1,e)/2)*square((pi/step)*dt); 
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Velocity Boundary Condition Specification 1 
 Vhardener Vmaxhard*step(sin(f*t*pi)) 

Vmaxhard 0.0033 [m/s] 
Vresin Vmaxres*step(sin(f*t*pi+pi)) 
Vmaxres 0.0054 [m/s] 
f 2.2002 [Hz] 

 

Velocity Boundary Condition Specification 2 
 Vhardener 
step(sin(f*t*pi))*((Vhard1*step((0.4545 [s]-
t)*1[Hz]))+Vhard2*(step((1.3635 [s]-
t)*1[Hz])*(step(((t-0.4545 
[s])*1[Hz]))))+Vhard3*((step((2.2725[s]-
t)*1[Hz]))*(step((t-
1.3635[s])*1[Hz])))+Vhard4*((step((3.1815[s]-
t)*1[Hz]))*(step((t-
2.727[s])*1[Hz])))+Vhard5*((step((4.0905[s]-
t)*1[Hz]))*(step((t-
3.1815[s])*1[Hz])))+Vhard6*((step((4.9995[s]-
t)*1[Hz]))*(step((t-4.0905[s])*1[Hz])))) 

Vhard1 0.0054 [m/s] 
Vhard2 0.0050 [m/s] 
Vhard3 0.0046 [m/s] 
Vhard4 0.0043 [m/s] 
Vhard5 0.0039 [m/s] 
Vhard6 0.0035 [m/s] 
Vresin 

step(sin(f*t*pi+pi))*((Vres1*step((0.9090 [s]-
t)*1[Hz]))+Vres2*(step((1.818 [s]-
t)*1[Hz])*(step(((t-1.3635 
[s])*1[Hz]))))+Vres3*((step((2.7270[s]-
t)*1[Hz]))*(step((t-
2.2425[s])*1[Hz])))+Vres4*((step((3.6360[s]-
t)*1[Hz]))*(step((t-
3.1815[s])*1[Hz])))+Vres5*((step((4.5450[s]-
t)*1[Hz]))*(step((t-4.0905[s])*1[Hz])))) 

Vres1 0.0052 [m/s] 
Vres2 0.0048 [m/s] 
Vres3 0.0044 [m/s] 
Vres4 0.0041 [m/s] 
Vres5 0.0037 [m/s] 
f 2.2002 [f] 

 

40



41



References

[1] http://www.accessscience.com/content/microfluidics/802120. 8 June 2014.

[2] Nancy R. Sottos Andrew R. Hamilton and Scott R. White. Self-healing of
internal damage in synthetic vascular materials. Advanced Materials, 2010.

[3] Nancy R. Sottos Andrew R. Hamilton and Scott R. White. Mitigation of
fatigue damage in self-healing vascular materials. Polymer, 2012.

[4] Nancy R. Sottos Andrew R. Hamilton and Scott R. White. Pressurized
vascular systems for self-healing materials. Interface, 2012.

[5] Aaron P. Esser-Kahn. Three-dimensional microvascular fiber-reinforced
composites. Advanced Materials, 2011.

[6] Momentive. Material Safety Data Sheet FOR INDUSTRIAL USE ONLY
Material Safety Data Sheet - EPIKURE Curing Agent 3046, August 2011.

[7] Momentive. Material Safety Data Sheet - EPON Resin 8132, August 2012.

[8] Jason F. Patrick et al. Continuous self-healing life cycle in vascularized
structural composites self-healing life cycle in vascularized structural com-
posites. Advanced Materials, 2014.

[9] J.H. Ferziger and M.Peric. Computational Methods for Fluid Dynamics.
Springer, 2002.

[10] ANSYS FLUENT User’s Guide, November 2011.

[11] Elizabeth M. Marshall and André Bakker. Computational fluid mixing.
Technical report, Fluent Inc., 2011.

[12] Timothy G. Gutowski, editor. Advanced Composites Manufacturing. Wiley,
1997.

[13] C.R. Wilke and Pin Chang. Correlation of diffusion coefficients in dilute
solutions. University of Berkley, 1950.

[14] http://www.guidechem.com/cas-112/112-24-3.html. 8 June 2014.

[15] http://www.guidechem.com/cas-250/25068-38-6.htm. 8 June 2014.

[16] http://www.guidechem.com/cas-686/68609-97-2.html. 8 June 2014.

[17] http://www.momentive.com/products/technicaldatasheet.aspx?id=2039.
8 June 2014.

[18] Alfred C. Loos and George S. Springer. Curing of epoxy matrix composites.
Composite Materials, 17, 1983.

42


