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ABSTRACT 

The fluid flow front during impregnation of non-crimp 
fabrics is considered. Irregularities in fiber bundle 
architecture lead to generation of bubbles at the fluid 
front. The velocity of this interface is highly influenced 
by capillary forces mainly caused by the small fibers 
inside the bundles. In order to derive the shapes of the 
fluid front, a lattice-gas model has been applied. First, 
the macroscopic properties of the solved gas in the fluid 
are discussed. Next, the bubble inclusions are analyzed 
as to fluid-liquid interface position and concentrations of 
minor component in each phase. Finally, the flow in the 
interior of the fiber bundles is scrutinized, where the 
viscous stresses are considered, as well. 
 
INTRODUCTION 

 Resin Transfer Moulding (RTM) is a method to 
manufacture high quality and complex shaped fiber 
reinforced composite materials at relatively low costs. 
The process, that has many variants under acronyms 
such as SCRIMP, SRIM and VARTM, consists of several 
stages. To start with a dry fiber perform is shaped and 
placed in a tool cavity which is sealed. Liquid resin is 
then injected into the closed cavity in order to impregnate 
the fiber perform. After the mold is completely filled the 
resin is allowed to polymerize and a solid composite can 
be removed from the mold. Of importance during 
impregnation is that most fiber performs have a dual 
scale porosity since the fibers are collected in bundles [9]. 
The flow therefore takes place on two scales, the fiber 

scale 10 µm and the fiber bundle scale 100 µm.   

These two scales become pronounced in one type of 
reinforcements used in RTM called non-crimp fabrics. 
The main feature of these kinds of fabrics is that the 
bundles of fibers are straight and placed parallel in layers 
that are stitched together, see Fig. 1. Non crimp fabrics 
are becoming increasingly popular in-connection to 

aerospace and wind-mill industry, for instance. In order 
to get a full value of composites manufactured with this 
reinforcement it is however of highest importance that 
the amount of process induced defects are minimized. 
One such type of defect of highest importance is voids or 
in other words bubbles.  
 Bubbles frequently form during manufacturing of fiber 
reinforced composite materials and RTM is no exception. 
Bubbles may be present in the liquid resin before the 
processing, form during the impregnation and/or during 
solidification [9]. In addition to the formation of the voids 
the transport of them during processing has a large 
influence on the final distribution of voids in the final 
composite. During processing, enclosed gas (or volatile 
components in the resin) may move as bubbles or 
dissolve into the resin as molecules. One evidence of 
such transports was reported in [10] were laminates with 
different lengths were manufactured at identical 
processing conditions and by letting the resin flow from 
one side of the mold to the other in an overall parallel 
flow. Studies of micrographs showed that the leading 
liquid flow front was followed by a fully saturated flow 
front where the latter had a somewhat lower speed.  
 There is also an extensive mass of literature showing 
that residual voids in fiber reinforced polymer composite 
components can deteriorate properties such as the 
interlaminar shear strength, electrical insulation, surface 
finish and resistance to moisture. To exemplify, it has, as 
a rough generalization, been stated that on average the 
interlaminar shear strength decreases with 7 % for each 
volume percentage voids [8].  
 It is well known that the quality of composites made 
by RTM are highly improved when, during the 
impregnation, the inlet driving pressure is assisted by a 
reduced pressure (vacuum) on the outlet side of the mold 
[10, 11]. This positive result can be explained by 
assuming that bubbles are formed at the liquid flow front. 
Then, a lower pressure at the flow front makes less air 
available to be entrapped resulting in smaller bubbles in 
the liquid resin as compared to an impregnation without 
vacuum assistance. Other methods to improve the 
quality is to impregnate the fabric at an optimal capillary 
number [12], avoid dry spots [13], apply a pressure on 
the resin after filling [10, 14] and use matching material 
combinations [10]. The suggestion that voids are formed 
at the resin flow front has been confirmed by 
observations of injections carried out under microscope 
and by analytical models. 
 We will here present a model for the formation and 
transport of bubbles during impregnation of non-crimp 
fabrics. The work is based on a series of papers 
published regarding transport of bubbles and the flow 
through the part of the fabric already impregnated.  
 

Fig. 1. One type of non-crimp fabric where the grey areas 
are fiber bundles, the black areas inter bundle channels and 
the white the stitching. 
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OUTLINE OF MODEL FOR FLUID FRONT AND 

CREATION OF BUBBLES  
 A 3D numerical finite volume model has been 
developed in order to predict the motion of a fluid front 
through a non-crimp fabric and the practically obligatory 
creation of bubbles behind the front. Focus is set on bi-
axial fabrics consisting of an unlimited number of fiber 
bundles. To start with the number of bundles in one layer 
is however limited to about 100 and a number of finite 
volumes, 10-100000 are chosen to be discrete elements 
of either the interbundle gaps or the fiber bundles. For 
the impregnated areas it is assumed that Darcy law is 
valid, implying creeping flow of a Newtonian liquid 
through a stationary porous media. Furthermore, the 
permeability is modeled with existing relationships for as 
well the interbundle [1, 7] as the intrabundle [2] flow. 
Additionally, a previously derived model for bubbles 
jumping between constrictions is added in order to derive 
the motion of the formed bubbles as they move behind 
the front [3]. Such a movement is generated by the 
competition between the local pressure within the liquid 
resin and the energy required for a bubble to move 
through constrictions in the porous medium. Examples of 
such transport of the bubbles are shown in Fig. 2. In this 

particular case, the size of fiber radius is 20 µm. The 
wetting phenomena are taken into account by 
considering capillary pressure in addition to the 
hydrodynamic one. The capillary pressure depends on 
volume fraction of liquid in that and neighboring cells.  

However, if the size of fibers is as small as about 7 µm 
then wetting phase becomes wider than size of the cell 
and the used algorithm does not work entirely correctly 
and additional considerations should be included [5] (see 
Fig. 3). The wetting phenomena will be described in 
more in detail in the next sections. In the context of 
bubble dynamics it is besides this pressure-surface 
energy relationship very important to study how the 
enclosed gas is dissolved into the liquid resin. At a given 
pressure this is the only mechanism that can vary the 
size of completely trapped bubbles. 
 

 
Fig. 2. Development of flow front and jumping of created 
bubbles behind the fluid front. The flow is from the bottom 
of the Figure to the top of it. 

 

 

 
 
LATTICE-GAS MODEL IN THE MEAN FIELD 

APPROXIMATION 
 Consider the 3D cubic lattice-gas model as it is 
described in [4, 6] with application to fluid-liquid 
interface studies. In this model atoms can be placed in 
elements being ordered in a rectangular cubic lattice. 
The atoms can thereafter interact with neighboring ones. 
The form of each element is a small cube with a typical 
length �� and a corresponding volume ���. For simplicity, 
let us use this length as the unit for spatial dimension. 
The number of elements is N0 which then acts as the 
typical volume of the cubic system. Now, consider a 
system with Nc atoms implying N-Nc free elements and 
an average concentration of the system according to c 
= Nc/N0. With such a system the free energy and other 
macroscopic quantities such as pressure, chemical 
potential can be derived. For the problem in focus in 
this work symmetric boundary conditions are 
considered for simplicity. As temperature variations are 
not of interest in this case is is assumed that the unit of 
temperature is simply such that kBT = 1, where kB is the 
Boltzmann constant. By doing this assumption the 
temperature dependence can easily be added to the 
final system of equations.  
 
SOLVED GAS IN LIQUID  
 The model of dissolvence of gas into the liquid resin 
will now be modeled. The entropy S is a logarithm of 
the number of states W in which a system can be 
present. The number of states for one phase system is 
 

� � ��!
�	!
����	�!     (1a) 

 
where the factorial in Stirling’s approximation for large 
N is: 
 

ln �! � � ln ��
� � .     (1b) 

 
Thus the entropy is: 
  � � ��
��� � ln � � ��
��� � ��
�� ln �� �
1 � ���ln 
1 � ����,    (2) 
 
where �� � 1 � �  is the volume fraction of solved gas 
inside the liquid and S0(N0) the entropy for fluids without 
gas inclusions. The intensive (not directly related to the 

size of the system) variables PS, µS conjugated to 
extensive (proportional to the size of the system) 
variables N0, Nc by entropy S are: 
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Fig. 3. A schematic sketch of the saturation of a fluid front 
during impregnation [5]. As seen, capillary pressure 
becomes of importance near the fluid flow front. 
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� � � ��
��	 � ln !"

��!".    (3) 

 
The first expression is analogous to the pressure for non-
interacting atoms while the second expression is the 
chemical potential of non-interacting fermions: 
 

� � �
�#�$%& � 1 � '�(&.    (4) 

 
The resulting Onsager’s fluxes are: 
  ) � �*++,�� � *+(, �,    (5) 

-( � �*(+,�� � *((, �.  (6) 

 
Eq.(5) is just overall transport of volume and is therefore 
a velocity. The first term on the right-hand side in this 
Equation is just the Darcy law and Onsager’s coefficient 

Lpp becomes equal to K/η, where K is permeability and η  
the dynamic viscosity. The second term on the right-hand 
side of Eq.(5) is much smaller because the concentration 
of solved gas in the liquid is relatively small. Since the 
density of cells itself cannot change the flow is non-
diverging ,) � 0. 
Eq. (6) is solely transfer of gas. The conservation law of 
this Equation may be expressed in the following way 
 

 
��1
�/ � ,- � 0      (7) 

 
Where the first term in the flux is transport of substance 
by convection  )�1 . So that *(+ � �1*++ . Due to 

symmetry properties of the Onsager’s coefficients *(+ � *+(. The second term is just diffusion: *(( � �10 , 

where D is the coefficient of diffusion of dissolved gas in 
the liquid. Finally, the equations of conservation of both 
fluxes become: 
 

,) � 0,  ) � � 1
2 ,�3, 

��1
�/ � ),�1 � ,
0,�1�. (8) 

 
Thus Ph can be considered as a hydrodynamic pressure. 
 
TWO PHASE SYSTEM 
 The concentration of the solved gas in the liquid 
cannot exceed a certain value beyond which two phase 
system is present for temperatures much lower than 
critical ones, i.e., the system consists of a liquid phase 
and a gaseous phase if the average concentration finds 
a certain criterion. For the model an interaction between 
neighboring elements is required for the phase 
transition to take place. Now let the energy of the pair 

interaction of two neighboring atoms be, ε > 0. Due to 
the cubic lattice structure set-up it is apparent that for 
each atom a maximum of 6 interactions with 
neighboring atoms can take place. Next the size of the 
liquid phase is defined to be N1 and the size of the 
gaseous phase gets a corresponding value termed N2.  
Obviously, N0 = N1 + N2. The liquid phase consists not 
only of non-empty elements but also some small 
number of empty elements. At the same time the 

gaseous phase consists not only from empty spaces 
but also from some small number of atoms. Thus let us 

set the concentration in the liquid phase to 1 - ξ1 and in 

the gaseous phase to ξ2, where ξ1, ξ2 are small << 1 if 
the temperature is much lower than the critical one. A 
two phase system is possible if the average 
concentration c in the system is between the 
concentrations in the liquid and the gaseous phase: 1-

ξ1 > c > ξ2. It is now important to recall that the entropy 
S is a logarithm of the number of states W in which a 
system can be present. The number of states for the 
system with a clear phase boundary is therefore 
 

 � � ��!
�"!�4!

�"!
5�"
��!"�6!5�"!"6!

�4!
5�4!46!5�4
��!4�6!.  (9) 

 

Thus the entropy for small ξ1 and ξ2 is: 
 

 � � ��
��� � ���� ln !"
� � �7�7 ln !4

� .  (10) 

 
The internal energy U of the system in a mean field 
approximation (neglecting correlations) is now given by 
 

  8 � �9 :3��
1 � ���7 � 3�7 �77 � < =�7
1 � ��� �

��!"�4

7 � !44
7 >?,     (11) 

 
where A is the interfacial area of a phase boundary. 
The free energy F(T,N0,Nc) is, in its turn, defined as 
  @ � 8 � � .     (12) 
 
Finally, number of elements in respective phase is 
given by: 
 

�� � �A�!4��
��!"�!4, �7 � ��
��!"���A

��!"�!4 .   (13) 

 

Thus, ξ1 and ξ2 can be found by deriving the minimum 
of the free energy. This fact will to start with be applied 
to a bubble located inside the liquid, see Fig. 4a. 
 
BUBBLE INSIDE THE LIQUID 

 Assume that size of the bubble N2 in Fig. 4a is much 
less than the size of the system N0 so that the bubble is 
completely located in the system. The shape of the 
bubble in the cubic lattice is close to cubic [4] at low 
temperature but becomes spherical at higher 
temperature. The second case implies that the interfacial 

area is  < � √36DE �77/�
. For small ξ1 and ξ2 the 

minimization of the free energy gives the equilibrium 
values of the minor concentrations: 
 

�� � �� exp :
����7�A�J
�AKL ?, 

�7 � ��exp :7J
KL?,     (14) 

 

where �� � '��J; MN � � 3
4D 
�� � �P��1/3

 – the radius of 

the bubble. This is just Henry’s law for curved interfaces 
giving concentrations of the minor component in each 
phase as well as the partial pressure. One result of this is 
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that ξ1 = ξ2 = ξ0 if the contact interface has a minimal 
curvature. This is true if the size of the atoms of the two 
components is about the same. Otherwise, the 
configurational entropy has a slightly different form than 
stated in Eq.(9). Because the exponent in Eq.(14) is 
always positive the concentration of liquid in a gaseous 
bubble increases and the same is true for the 
concentration of gas in the liquid phase. Thus the curved 

surface increases both concentrations ξ1 and ξ2.  The 
minimized free energy is 
 

 @ � ���
��� � ���� � 39�P � �J
7KL 
�� � �P� �

        J
Q���R�A�
KL ��.     (15) 

 
And the pressure inside the system is  
 

 � � � �S
��� � �� � ξ� � J

KL � 
��������A�J
�
����A�KL ��. (16) 

 
The second term on the right-hand side is just the 
Clausius-Clapeyron pressure of solved gas in the liquid P 
= ngkBT in standard units, where ng is the concentration 
of gas per cubic meter. The third term on the right-hand 
side is the additional pressure created by a curved 
surface. This term is usually called the Young-Laplace 
pressure � 2UVW MN⁄   where UVW is the surface tension of 
the gas liquid interface. A direct comparison yields that 9 � 2 UVW.  
The chemical potential may now be expressed as 
 

  � �S
��A � �39 � J

KL � ξ�
J4
Y���Z�A�
�
����A�KL    (17) 

 
which is also influenced by a curved phase interface so 
that new particles like to enter into the system. The 

intensive variables PS and µS can now be conjugated to 
the extensive variables N0, Nc by entropy S at phase 
equilibrium according to: 
 

�� � ��
��� � �� � ξ� �1 � 39 � J
��������A�


����A�KL �, 

� � � ��
��A � ξ�

J4
Y���Z�A�

����A�KL    (18) 

 
in approximation by Eq.(10-14), respectively. The first 
expression consists of the hydrodynamic pressure and a 
configurational part with little influence from the curved 
phase interface. The second expression is very small 
when the phases are in equilibrium. It, however, 
becomes very important if the phases are imbalanced 
since it works towards equilibrium by diffusion of minor 
concentrations. The second intensive variable neglecting 
surface energy according to Eq.(10) becomes 
 

� � � ��
��A � �7 ln !4

� � �� ln !"
� .   (19) 

 
Consequently the diffusion in Eq.(8) tends to 
homogenize the concentrations so that Henry’s law 

ξ1 = ξ2 is present near the phase interface at small 
surface energies. 
 

 
 
 
 
 
 

 

 
 

INTERIOR OF FIBRE BUNDLES 

 Consider now another situation when the liquid-gas 
system is located inside a bundle of fibers (see Fig. 5). 
Such fibers are orientated in parallel and let us assume 
that they are organized regularly and that the fiber radius 
is equal to rp. Let us, furthermore, separate the total 
volume in n parts so that each part has a fiber at the 

centre and let the radius of this part to be rγ. The 
relationship between these radii can easily be calculated 

to be M[ � M\/√Π, where Π is the fiber volume fraction 

within the bundle. The number of parts n will thus be:  
 

 ^ � ��4/E
_K̀4�"

a���.      (20) 

 
Assuming that the variation of hydrodynamic pressure is 
small in the small meniscus, mean curvature of surface is 
macroscopically constant along it. Then the shape of the 
surface can be expressed by incomplete elliptic integrals 
of the first and second kind [15]. The integral form of the 
shape of the liquid-gas interface is thus: 
 

 bc
M� � �"
�� ���/� � d ef
K�

g��ef4
K� hMK
Mi � M\jc,  (21) 

 
where 

kc
M� � coso
pqp � p

pqpqp`�p`
pq

, jc � �
Mi d

pq4$p4
pq4$p4̀ ef
K�
g��ef4
K� hMKq

Mi .  (22) 

 
The surface is concave and cos o r 50,16 when the liquid 
wets the fiber (see Fig. 4b). If the fiber volume fraction is 

high, then kc
M� � coso tM[ � Mu tM[ � M\uv  and the 

shape of the meniscus becomes spherical. The part 

of the fiber covered with liquid phase is  � r 50,16: 
 

 � � wftK̀ u
�01/3 � �1�0 � xjo,    (23) 

 

Fig. 5. A characteristic distribution of fibers in bundles. 
Left: cross-section of bundle. Right: side view of bundle as 
located in impregnating fluid moving upwards. 
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Fig. 4. a) Bubble inside liquid. b) Shape of fluid around 
fiber at typical wetting 0 y cos o y 1. 
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where x � M\ ���/�⁄ . The surface area of one meniscus 

defined in Fig. 4b is given by the integral: 
 

 < � 2DM\7zc,   zc � �
K̀4 d K

g��ef4
K� hMKq
Mi .  (24) 

 
The internal energy of the system may now be 
expressed as 
 

 8 � �9 {3��
1 � ���7 � 3�7 �77 � ��|f}"
a�� ~2�7
1 � ��� �


1 � ���7 � �77� � ��
K̀ �"

a��� 
�
1 � ���7 � 
1 � ���77�� �
97 7��

K̀ �"
a��� 
�
1 � ��� � 
1 � ���7�,   (25) 

 

where ε2 is the interaction energy of the liquid atom with 
the fiber. Comparing this energy with the pair-interaction 

energy ε  it is found that their ratio is a type of 

approximation of the contact angle, θ: 
 

 � � J4
J � ���#�&���&�

7��� � cos7 c
7,   (26) 

 
where U�V  is the surface energy of the solid-liquid 

interface and U�W is the surface energy of the solid-gas 
interface. The minimization of the free energy now 

results in the following relationships for ξ1 and ξ2: 
 

�� � �� exp { J
K̀ �"

a��� �1 � 7}
� tzc � jc
1 � ��u��, 

�7 � �� exp { J
K̀ �"

a��� �1 � 7}
��� 
zc � jc����.  (27) 

 
And the free energy after this minimization becomes: 
 

 @ � ����� � 39�P � ��J
K̀ �"

a��� � , 

 � � zcx � 
1 � 2��
� � jcx�.   (28) 
 
Thus, the minimization of free energy in this 

approximation at small ξ1 and ξ2 is just minimization of 
surface energy of the liquid interface.  Taking the 

derivative of f with respect to contact angle θ, we find that 
at minimum cos o � 2� � 1 , which assures Eq.(26). 
Nontrivial minimum of the free energy exists if 
 0 � � � 1.     (29) 
 
The fiber is fully coated with liquid at larger values of this 
range and the fiber does not touch liquid at smaller 

values. Now suppose that the fiber volume fraction is Π = 
0.7. Then the dependence of free energy parameter on 
contact angle is shown in Fig. 6. The consequence of 
this is that cos o will tend to the highest possible value for 

an overcritical value κ > 1. In the contrary, the fluid will try 

to repel from the fiber if κ < 0. The size of the particular 

system in Fig. 6 is chosen so that δ = 0.2, i.e., this small 
system has an order of 10 fibers that enables to see 
better the dependencies in the Figures. For an inner 
range of values in Eq.(29) the minimum of f gives 

stationary value of cos o � 2� � 1  independent on the 
concentration c as shown by horizontal lines in Fig. 7. 
The interpretation is that when increasing the 
concentration c the fluid just goes up and the shape of 
the meniscus does not change. If c is very small then 
there is not enough fluid to shape the meniscus with 

optimal contact angle θ. The same is true if c is close to 
1 with insufficient amount of gas in this case to shape 
the optimal meniscus.    

 
Fig. 6. The free energy parameter f vs. cos o at c = 0.05. 

Left:  κ=-0.1, 0.3, 0.7 and 1.1 (from up to down). 

 
Fig. 7. Dependence of optimal cosθ on average 

concentration c at κ=0, 0.25, 0.75 and 1 (from down to 
up). 

 
Fig. 8. Minimized free energy parameter f vs. average 

concentration c in the system. κ=0, 0.25, 0.75, 1 and 
overcritical 1.1 (from up to down). 

The minimized free energy and capillary pressure are 

shown in Fig. 8 and Fig. 9, respectively. If κ > 0.5 then 
free energy decreases with concentration since the liquid 
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likes the contact with a fiber. The free energy instead 

increases with concentration if κ < 0.5. The capillary 

pressure is furthermore zero at c = 1 as it should be. If κ 

> 0.5 then the capillary pressure is positive. If κ < 0 then 
liquid is separated by very thin layer from the fiber and 
both the free energy and capillary pressure is the same 

as in case of κ = 0. If κ  > 1 then fiber is everywhere 
coated with liquid so that the capillary pressure is the 

same as for κ = 1. 

 
Fig. 9. Stationary capillary pressure parameter in the 

liquid phase vs. average concentration c. κ=0, 0.25, 0.75 
and 1  (from down to up). 

 
Fig. 10. The under-exponential term ϕj in concentration 

equation ξ� � ξ�exp :��- :M\ ��
� � 1�?⁄ ? for ξ1 (going down), 

ξ2 (going up) in finite closed system showing increase of 
minor constitutions in each phase with change of 

average concentration in the bundle. κ=0.75. 

In practice, the system needs some time to reach the 
equilibrium. One can assume that local curvature 
parameter tends to its stationary value cos o� by: 
 � ��� c

�/ ~ � ��
� ��� c �

�
cos o � 1 � 2�� }
K̀ ���4 c d Kef4
K�

t��ef4
K�uE/4 hMKq
Mi  . (30) 

 
It gives 
 � ��� c

�/ � � ��� c���� c�
�     (31) 

 
at small deviation from stationary value with some 

characteristic time τ. That is why hysteresis is present for 
additional pressure [5] during filling of the bundle and 

subsequent emptying. The liquid moves more freely 
through the open parts of the bundle and it needs time 
for fluid transfer on fibers. The Henry’s law changes 
considerable for curved liquid gas interface (see Eq.(26)). 
As shown in Fig. 10, the minor concentrations (gas in 
liquid phase and liquid in gaseous phase) in each phase 
increases upon inflow of fluid in the bundle. 
 
VISCOUS STRESSES AT MENISCUS 

The shape of the meniscus with cos o � 0 is clearly 
not optimal from a fluid dynamics point of view 
because large viscous stresses at the corner of fluid 
surface with the fiber will tend prevent the fluid of 
going into this corner. It clearly depends upon the 
speed of filling the composite material. The higher 
the speed, the more significant the deviation from the 
previously described shape of the meniscus will be. 
Let us consider the fluid dynamics from the point of 
view of a moving frame of reference that travels 
upwards along the direction of the fibers with an 
average velocity of fluid front in bundle v (see Fig. 11). 
Furthermore, let us consider that some stationary 
shape is reached upon constant filling of the 
composite. Thus, looking from the moving frame of 
reference the fiber is moving downwards with speed 
v and the shape of the fluid front does not change. 
Due to simplicity non-slip boundary condition at the 
fiber is assumed so that the fluid at the fiber interface 
is also moving downwards with speed v. The 
calculation of the fluid dynamics is now made by a 

velocity potential ψ and vorticity ω approach. The 
proper boundary conditions are showed in Fig. 11. 

 
 
 
 

 
Assuming stationary flow with low Reynolds number the 
vorticity satisfies , � 
, � �� � 0 . In other hand the 
velocity potential has an equation: , � 
, � �� � � . In 
axial symmetric coordinates the last equation takes the 
following form 
 
�

�K ��
K

�
K��
�K � � �4�
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The solution of the velocity potential far down from the 
meniscus where the dependence on z can be ignored is 
the following 
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Fig. 11. Fluid dynamics from point of view of moving frame 
of reference. 
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The velocity potential surely should approach zero 
close to the meniscus. Let us then consider the 
following approximation 
 

�
M, b� � tanh �¡ wf
K��w
K�K̀ � ��
M�,   (34) 

 

where bc
M�  comes from Eq.(21), α > 0 is some 
parameter that satisfies the boundary conditions well. 
The solution of equations for the velocity potential and 
the vorticity is equivalent to minimization of the 
dissipation rate of energy: 
 Φ5�6 � 2 d
�7 � ��7�h£,    (35) 
 

where ω0 is the vorticity far from meniscus as obtained 

from Eq.(33). Thus we can find the optimal parameter α. 

The result of this is shown in Fig. 12 at cos o � 0 with 
an optimal α ≈ 0.66.  
 

 
Fig. 12. Minimization of dissipation rate with respect to 

parameter α at cos o � 0. 

 
Fig. 13. Streamlines according to Eq.(34) at cos o � 0.8 in 
moving frame of reference. 

By using the minimum of the parameter α streamlines 
according to Fig. 13 results. The most significant 
viscous stresses are of course at the corner and close 
to the fiber. As mentioned above the fluid flow could 

change the shape of the meniscus. In equilibrium the 
pressure is constant along the surface. Therefore the 
tangential pressure gradient is zero along the surface: 
 �+
�� � 2 �¦

�§ � 0,     (36) 

 

where τ is tangential direction and n - normal direction. 
It means that vorticity will tend to be minimize near the 
meniscus. Thus, we must search for the global minima 
in Eq.(35) to find the proper shape. As seen in Fig. 14 
the minimized dissipation rate has approximately 
exponential dependence on cos o. Thus, the viscous 
force will tend to decrease the sharpness of the 

contact angle. Consequently, the term <'¨ ��� c  
should be added to the free energy Eq.(28) with 
proper constants A and B. 
 

 
Fig. 14. Minimized dissipation rate (squares) and 
exponential approximation (line) vs. cos o. 

NOMENCLATURE �� size of cubic element in lattice gas method [m] 
N0  number of elements in the system 
Nc number of atoms in the system 
c average concentration 

ε energy of pair interaction 
kB Boltzman constant [J/K] 
T Temperature [K] 
N1 number of elements in liquid phase 
N2 number of elements in gaseous phase 

ξ1 concentration of free spaces in liquid phase 

ξ2 concentration in gaseous phase 

ξ0 concentration in gaseous phase for infinite 
system 
S entropy 
W number of different states in the system 
U internal energy 
F free energy 
P pressure UVW surface tension of liquid-gas interface U�V surface tension of solid-liquid interface U�W surface tension of solid-gas interface 

µ chemical potential 
PS  ©�/©�� 

µS  ©�/©�P 

jµ flux of the substance 
Lij Onsager’s matrix elements 
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K permeability 

η dynamic viscosity 
rb radius of bubble 
rp fiber radius 

rγ radius of one part with one fiber 

Π fiber volume fraction 

zθ(r) height along fibers �  part of fiber covered with liquid phase 

Iθ integral to calculate surface of paraboloid 

θ contact angle 

δ M\/���/�
 

ε2 energy of interaction of liquid atom with fiber 

κ ratio of energies 97/9  
f part of surface energy in free energy 

ω vorticity 

ψ velocity potential 

Φ rate of viscous dissipation of energy 
 
CONCLUSIONS 

 The 3D finite volume algorithm developed enables 
us to describe the motion of fluid flow front during 
impregnation of distorted non-crimp fabrics. Elementary 
permeabilities inside and outside of bundles are 
modeled by independent approximations. 
 Additionally, the creation, transport, splitting, 
combining, changing in size and dying of inter-bundle 
bubbles behind the fluid front is modeled. The creation 
of bubbles behind the fluid front occurs especially near 
crossings, narrower gaps between the bundles and 
sides of the finite system. 
 The wetting phenomena and properties of the 
interface of impregnating fluid are analyzed by a lattice-
gas model in a mean field approximation. Based on 
Onsager’s theory this allows us to obtain the 
macroscopic equations of the impregnating fluid and 
the dissolved gas that are required for the description of 
the continued story of trapped bubbles. 
 The properties of the fluid near a curved phase 
interface are studied by the same lattice-gas model. It 
gives both the equilibrium conditions of the pressure 
and the partial pressure of minor components in each 
phase. In other words, it enables us to obtain the 
effects of surface tension and Henry’s law in an overall 
model. 
 The interior of the fiber bundles is looked upon in 
the same fashion at an arbitrary wetting of fluid with the 
fiber introducing interaction energy of fluid particle with 
fiber. This interaction energy is found to be a function of 
the contact angle. Equilibrium states of liquid-gas 
interface shapes are obtained as well as concentrations 
in each phase. Additionally, dependence of capillary 
pressure and concentrations upon filling fraction of the 
bundle is obtained that has a large influence on the 
contact angle. Kinetic aspects of change of curvature of 
fluid-liquid interface give simple relaxation upon time. It 
now remains to incorporate the theory developed into 
an existing model [3] for formation and transport of 
bubbles in a non-crimp fabric.  
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