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Numerical analysis of viscous fluid impregnation and
void formation in a fibrous porous medium —toward a

gas-liquid separation control mechanism in complex
two-phase flows—
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Gas-liquid two-phase flow control is a key challenge in various engineering systems, particularly under microgravity,
where capillary effect is dominated [1,2]. An example of such capillarity-dominated two-phase flow can be found in
composite manufacturing processes, such as Vacuum Assisted Resin Transfer Moulding (VARTM), where resin
impregnation into fibrous porous medium involves displacement of gas by liquid [3]. Accurate prediction of impregnation
behaviour and void formation remains difficult, as previous Darcy-scale models cannot capture detailed interface
dynamics. This study employs a pore-scale numerical approach to investigate impregnation and macrovoid formation in
a single-layer woven fibre bundle. Figure 1 shows the computational domain. A single-layer woven fibre bundle is
confined between parallel plates, with fibre volume fraction matched to experimental conditions, resulting in a relatively
large modelled fibre diameter. The fluid propaties of liquid and gas are applied to those of 350 cSt silicone oil and air,
respectively. Simulations are performed under zero-gravity conditions to replicate microgravity impregnation. The gas—
liquid interface is tracked using the Volume of Fluid (VOF) method, with surface tension implemented via the Continuum
Surface Force (CSF) model. The capillary number, Ca = Ui, /0o, is defined as the ratio of viscous stress to surface

tension, where p is the viscosity of liquid, U, is the characteristic velocity, and o is the surface tension.
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Figure 1. Computional domain: (a) bird-eye view, (b) top view, and (c) side view.

Figure 2 illustrates a representative macrovoid formation sequence. This figure represents how the liquid (shown
in deep grey) permeates a single-layer woven fibre bundle (shown in semi-transparent light grey) under Ca = 0.001.
For the sake of visibility, the flow fronts near the bottom wall (thin line (in red)) and near the top wall (thick line (in
blue)) are also illustrated. The flow front advances nonuniformly along both the top and bottom walls. Intra-bundle
regions allow faster liquid penetration, whereas inter-bundle regions exhibit noticeable delays. As a result of this lead—
lag behavior across different spatial scales, a first snap-off event occurs in the downstream intra-bundle region adjacent
to the top wall (thick blue line, t* = 2435). The trapped gas then persists in the lower part until a second snap-off takes
place near the bottom wall (thin red line, t* = 2675), ultimately leading to complete entrapment of the immiscible fluid
within the inter-bundle region (t* = 2938). These results provide a detailed description of macrovoid formation
through two successive snap-off events, corresponding to mechanical entrapment, and the observed trend agrees with

that reported in previous studies [4,5].
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Figure 2. Temporal variation of impregnation of permeating liquid under Ca = 0.001. In each panel,
permeating liquid is represented in dark grey, whist fibres and air are represented semi-
transparently light grey. Thin- (in red) and thick- (in blue) lines denote flow fronts near

bottom wall (at y =50 pum) and near top wall (at y = 650 pm), respectively.

We analyse the streamwise velocity distribution near the bottom wall under conditions leading to
macrovoid formation. Figure 2 shows successive snapshots on a plane at (x,y = 50 pm, z), with velocity
normalized by the inlet velocity. At t* = 1525, high U, is observed within the intra-bundle region, while
the inter-bundle region exhibits much lower U,, resulting in a non-uniform flow-front advance. As the flow
fronts change direction and converge, a snap-off occurs in region (A) at t* = 2675. After this event, the
velocity field shows a negative U, upstream of the upstream-side interface and a positive U, downstream

of the downstream-side interface, indicating the complete entrapment of gas in the inter-bundle region.
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These results demonstrate that pore-scale modelling provides valuable insight into capillary-driven

impregnation phenomena relevant to both microgravity fluid management and composite manufacturing.
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Figure 3. Velocity distribution in streamwise direction before and after snap-off event occurs near flow

front near bottom wall (at y = 50 pm) under Ca = 0.001.
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