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Abstract— Composites are light weighted materials that can replace the metals in strength promisingly in future. The
residual porosity of the composites alters the thermo-physical properties of the material to a maximum level. During the
impregnation of fibre in matrix (injection), the presence of air voids changes the direction of the flow of resin. This also
affects the material properties in terms of flexibility, durability but agitates the effective thermal conductivity (keq).The
physics behind the effect of air void on the effective thermal conductivity cannot be captured in commercial software or
experiments. The best way to solve this problem is by numerical codes using finite element approach, by dividing the whole
macroscopic domain into numerous subdomains as possible. The divided subdomain should be periodic in nature with
respect to the whole domain. If the heterogeneities are similar, dual scale approach is used and so on. If the heterogeneities
are different and if they are of two types, triple scale approach is used. The contrast ratio and volume percentage of fiber is
used as variables. The air void creates a giant leap for saturation in both, which in turn effect the effective thermal
conductivity. Air void troubles the effective thermal conductivity mainly because of its insignificance in scalar values of
thermal conductivity when it is compared to fiber or matrix mathematically.

Keywords— composites, effective thermal conductivity, homogenization, impregnation, matrix, fibre, preform, contrast
ratio, saturation, liquid composite moulding.

l. INTRODUCTION

The Liquid Composite moulding (LCM) is one of the most predominant processes in the manufacturing of composites. The
reinforcement of dry fiber called as perform is kept inside the moulding cavity. The moulding cavity is locked and the resin
is injected to the moulding cavity. Initially, the resin that is injected to moulding cavity will rush the air entrapped between
the fibrous networks outside the moulding cavity thus forming a composite on curing.

The major defect during injection is voids, These are due to entrapment of dissolved volatile gases in resin or due to
improper balance of velocity and capillary force. There are voids formed within the tows and also in between the tows,
naming micro porosity and macro porosity respectively. As described by R.J Bascom [1],the composite test rings having void
contents of 0.2 Volume % or less had interlaminar shear strengths 40-100% greater than the conventional rings with high
void contents(5%).The void formation is related to the liquid properties and fluid-liquid contact angle. The micro scale flow
pattern and the void formation, movement and removal is related to fibre mat architecture [7].

The laminates with the highest average content of voids had an transverse strain to failure as high as 2% whereas low void
content laminates failed at 0.3%. Low void content laminates form only few large and well defined transverse cracks whereas
the high void content laminates form multiple transverse cracks with irregular shapes and also small cracks. The irregularity
of these cracks results in lower stress concentration as per the conclusion of J.Vama [2].

The LCM processes such as Resin transfer moulding is increasingly used to manufacture parts of industrial application and
were cost efficient. The work by LS Lecrec [5] which was carried out on different type of fibrous reinforcements and the
optimal condition for the impregnation of resin to avoid macro and micro voids relating the local capillary number. The
contrasts in the thermal properties existing between the dry and the fully saturated reinforcement is used to determine the
dynamic saturation curve. As explained by Maxime Viliere [6] the evolution of residual voids for several resin flow rates
with respect to the capillary number.

When the material properties of the composites are known the effective thermal conductivities of woven-reinforcement
composites is predicted the models proposed by Maxime Villiere [9].The heterogeneous media uses two pairs of local and
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homogenized problems, described at the smallest scale is seen to affect the medium macro-scale or effective behaviour. The
homogenization is used to formulate the Fourier heat conduction problem[10]. The homogenization process using the double
scale asymptotic developments as macroscale and microscale is much appropriate[11] and it also permits the determination
of the correct model for a given macroscopic boundary value [12].

1. METHODOLOGY
21 Homogenization

This process can be defined as the converting the domain with numerous heterogeneities to homogeneous domain. It is a
process in which the heterogeneities in a domain are divided into small subdomain. This process can be defined as the
converting the domain with numerous heterogeneities to equivalent homogeneous domain. Consider heat equation,

pC, 2=+ div . (K.VT) = 0 (1)
Assuming it as steady heat flux,
div (-¢) =0 )
Where @ is the heat flux density
@ =K.VT (3)
The version of homogenised equation can be written as
<p>=<pX).VT (X) >=K*.< VT > 4)

Where k* is known as effective thermal conductivity in macroscopic scale. We can see how the conductivity in the micro
scale is homogenised to macro scale through the process of homogenisation.

2.1.1  Analytical Method

Consider a domain £, having the boundary a12. The microscopic domain surfaces are periodic which means that the same
domain can be repeated numerous times as required. The borders of the domain are having the temperature of T? .
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FiG 1: Physical way of Homogenization FIG 2: Micro and Macro cells
divy (—0¢(X)) = f(x) in Q (5)
¢ (X) = K.VxT® (X) in Q (6)
T=T°" on F (7
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FIG 3: Asymptotical approach

To determine the asymptotic behaviour of the temperature T and flux @, solutions of the heterogeneous problem arises
when ¢ tends to 0 when we use here the method asymptotic developments several scales. This is done by expanding T by
the following development.

Te(x,y) = T°(x,y) + eT' + £*T?+.. ®)
0 (x,y) = 0°Cx,y) + 0" + £20% + ... ©)
Divergence between macro and micro scales can be derived as,

0

ay (10)

V=4 o+
When the divergence are expanded in heat equation for k, T and T is expanded asymptotically, Steady state heat conduction
equation

V.(KVT)= 0 (11)
solving for e~2problem it leads to, T°— T (x) only Hence T° can be only usedfor macroscale.
solving for £ problem it leads to,

T (x,y) = W.V.T? (12)
And also the cell equation

v, (1( (e; + vym.)) =0 (13)

Solving for £° problem it leads to,

Vel J, K(1+9,W))1T" = 0 (14)
And
r=1
K=o K(1+9,Ww®) (15)
such that
VK VT =0
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2.1.2

Numerical Analysis

7

,\\

v

RN

.\

AERFORCEMENT

N

FIG 4: Type 1 cell —fiber at centre alone

FIBER

N

'/\/// FIBER

/\-\ ~ TN AR
\.\ (S /7;1“: /
é/_ﬁ [ /,«V///

FI1G 5: Type 2 cell — fiber at centre and at corner

The unit cell geometry is created by having fiber at centre alone and fiber with centre and at corner also. Since, it is a unit
cell the cube is of dimensions 1 x 1 x 1. The Grid independence study has been carried out for three different characteristic
length and the ke has found the minimum change between the two types.

The characteristic element doesn’t have any length since, it is dimensionless. Gmsh software is used to generate the geometry
and mesh and the Free Fem++ is used to solve the problem.
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for contrast ratio 10

2.2 Triple Scale

FIG 13: Type 1 Vs Type 2 cell in longitudinal direction
for contrast ratio 10

In the iterative homogenization, the homogenization is done multiple times in which the solution of microscopic
scale to mesoscopic tows are taken. On preceding the next step of homogenization the macroscopic properties are

obtained.
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2.2.1  Analytical Analysis

If the heterogeneities are in dual scale, homogenisation is done in iterative manner. This can be considered as a realistic
approach.

The macro, meso and micro scale is taken as X, y and z scale respectively. The divergence in x,y,z scales are differentiated as,

NaWaNa

%2 i | Vo= | o 17)
)
The calculation can be done with
=2+ (%% + (51_2)£ (18)
When this is substituted to heat equation,
V.(KVT)= 0 (19)

The equations which we obtain are similar, but the only difference is calculation is carried in two steps. Micro meso is one
step and meso macro is another step.

As a first step let us explain T*®
T¢(x,y) = T°(x,y) + €T + £2T%+ ... (20)
The divergence between meso and micro scales can be declared as

a 10
V= 54‘;0—2 (21)

When it is solved for VKVT, by taking mean and applying greens theorem for order -2 we will get to know that T is a
macroscopic property

When we solve the order of -1 we will get cell equation as,

V,(k(e; +V,W;) =0 (22)
And also the same order of scaling factor leads to

T' > T'(x,y) = X(¥).V,T° (23)

The effective conductivity in radial and longitudinal direction for micro scale is found using the following equation. These
values are substituted to effective conductivities for meso scale and so the macro properties are found

r -1
=, k(1+v,wo))dp (24)
The same procedure has to be carried out for the meso macro where the macro properties are found
N 1
=i, k(I +V.X())dp (25)

Where P refers to the periodic domain. So the thermal conductivities obtained in this meso scale is considered as the final
values for the macro scale.

2.2.2  Numerical analysis

Iterative homogenisation in actual: The cell geometry used for microscopic scale and mesoscopic scale should be different.
The double homogenisation method should be more realistic. An elliptical geometry is considered in mesoscopic scale and
the similar cylinder geometry is carried out for microscopic scale. This is a true approach and can be used for better accuracy.
The microscopic heterogeneities repeat periodically in mesoscopic scale and mesoscopic heterogeneities are repeating
periodically in macroscopic scale.
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FIG 15: Physical explanation for actual way to do double

This is done using software as follows when we implement to the unit cell with fibre in centre alone.

Fi1c 16: Micro cell for actual double FiG 17: Meso cell for actual
homogenisation double homogenisation

The evolution in meso scale

10%o0f tow content 40% of tow content content 65% of tow content content
F1G 18: Evolution of Meso scale
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FiG 19: Effective conductivity in radial and
longitudinal direction for volume percentage of
fiber in micro scale is fixed to 65

FIG 20: Zoomed view for plot to explain effective
conductivity in radial direction

When the fiber inside the microscopic unit cell is fixed as 50% for whole cell volume, and if the fiber inside the mesoscopic
cell is changed from 10% to 65 % the following plot is obtained. Plots to explain effective conductivity in radial and
longitudinal direction for volume percentage of fiber in micro scale is fixed to 65. Zoomed view for plots to explain effective
conductivity in radial direction.

2.3 Saturation

The voids created in LCM are of different natures depending on whether they are in or between the fibre it can lead to two
effects micro-saturation, macro-saturation. The geometric parameters are of the two scales reinforcement. The volume rate of

fibres in the composite is noted as 7. The volume percentage of fibre in microscale denoted by ¢§"*. The volume fraction in
atow is ¢f,.

Such that
0f = o' * 95, (2.26)
2.3.1  Micro saturation

Micro saturation is defined as the space that is present in the cell for the matrix to fill in Micro Scale. Micro-
saturation is calculated as followed,

volume percentage of airvoid in microscale

Spu=1

volume percentage of matrix in microscale
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F1G 21: Micro saturation
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2.3.2 Micro saturation

Macro-saturation is defined as the complement of the ratio of the total volume of macro voids subtracted to the total volume
they could take maximum, namely the inter-space available other that bubbles.

RENFOACEMENT vOMD MATHIX

F1G 22: Meso Saturation

SM = volume percentage of airvoid in macroscale

volume percentage of matrix in macroscale

2.3.3  Total saturation

The total saturation or the overall saturation of the reinforcement as a linear combination of micro- and macro-saturations,

weighted by factors that depend only on the geometry of the fiber and voids. These reflect the fluid fractions present in the
strands and between the strands.

The Total saturation is obtained by

Ph— 7 1— ¢S,
ST = ( 1_(p/£f)5 + (1_5; )SM7 (27)
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F1G 24: Micro cell with voids Fi1G 25: Meso cell with voids

Where Sy, =0 the curve is obtained, the space intermeches is filled in an ideal manner, the bubbles located only within the
stands. The above tells us that the inter-locks space represent 59% of the volume that can occupy the fluid because
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Calculation of the thermal conductivity was then repeated for all possible pairs of Su-SM. The curves are set in SM, and for

each value of Sy, the ST value is found. The set of curves obtained represents what is referred to hereinafter as a set of curves
radial and longitudinal thermal conductivity.

2.4 Computational method

The calculations are done by fixing the saturation in meso scale, and changing the saturation value in micro scale from 1 that
is known as fully saturated to 0 where only dry air is present.

The values of effective conductivity that are obtained are plotted against the total saturation values

TABLE 1
PARAMETERS FOR STUDY SATURATION

Pm 0.70
o5 0.70
o5 0.49
rf 0.472
0.45
0.37
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FIG 26: Plot that explains about variation of effective conductivity in X — direction w.r.t. total saturation
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FIG 27: Plot that explains about variation of effective conductivity in y — direction w.r.t. total saturation
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FIG 28: Plot that explains about variation of effective conductivity in y — direction w.r.t. total saturation

1. CONCLUSION

By this research work the following studies had been done.

(1]
(2]
(3]

(4]
(5]

(6]
(7]
(8]

e The contrast ratio influences effective thermal conductivity. The ratio of thermal conductivity between the fibre and
matrix is known as contrast ratio. As this parameter increases the effective thermal conductivity increases
drastically.

e The volume percentage of fibre in macro scale can be determined directly by the fibre content in micro scale in dual
homogenisation. In iterative homogenisation the volume percentage of fibre in macro scale is determined by fibre
content in micro scale and the rate at which fibre is rooved.

e The effective thermal conductivity depends on the position and shape of the fibre. As the volume percentage of fibre
increases, the effective conductivity increases gradually in radial direction and increases linearly (most likely) in
longitudinal direction.

e The iterative homogenisation is most useful for realistic approach since the geometry of fibre in micro scale differs
with the geometry of tow in the mesoscale. This method increases the accuracy in terms of volume percentage of
fibre.

e The micro and macro voids effects micro and meso saturation. The effective conductivity decreases when the
saturation decreases or the volume occupied by the air void increases
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