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Abstract
This work addresses a novel approach for modelling the temporally advancing fluid flow front in radial flow experiments. In particular, fitting of an elliptic paraboloid model is suggested to model the entirety of flow front sensor data collected throughout radial flow experiments in a single step approach. The shape of the fluid flow front at a specific point in time during the radial flow experiment is known to be elliptic as permeability is represented by a symmetric second order tensor. The dimensions of the temporally advancing flow front shows a parabolic nature as was empirically justified by the authors in a recent work. This leads to fitting an elliptic paraboloid model to the flow front data collected throughout the radial flow experiment. The newly proposed ‘elliptic paraboloid’ method allows for a direct computation of the in-plane degree of anisotropy, i.e. the ratio of minor and major principal in-plane permeability values, from the model parameters. This significantly simplifies the subsequent computation of anisotropic permeability data. In addition, the approach adds robustness to the analysis of temporally or spatially incomplete sets of flow front data. The applicability of the method is demonstrated on flow front data acquired with different types of sensors.


1.	Introduction

[bookmark: _CTVP001f131ca0c705c451bba212706e0a9cf34][bookmark: _CTVP001181c59ef09d9427f87099b22cd78be9f]In liquid composite moulding (LCM), dry preforms of reinforcing fabrics are placed in a mould and impregnated with a liquid polymer matrix material. Impregnation quality plays a key role as insufficiently saturated regions directly affect the mechanical properties of the finished composite part. The actual impregnation process involves flow of viscous fluids (the liquid polymer matrix) in porous media (the fibrous reinforcing structure), as well as fibre-liquid interactions such as fibre wetting or swelling [1–4]. Modelling of these aspects results in mathematically complex relations, which in general cannot be solved analytically. For a selection of geometrically simple  flow problems though, specific analytic solutions exist. In the given context, the flow of viscous fluids in fibrous media can be described by means of Darcy’s law [5], which is commonly presented as a relation between the phase-averaged flow velocity  and the driving pressure gradient, which can be reproduced as:
	
	[bookmark: _Ref439681734][bookmark: _Ref362335354](1)


with the dynamic fluid viscosity  as well as the permeability tensor .
[bookmark: _CTVP00138d48bc1204f47c9991b3e89ecfd3996][bookmark: _CTVP0016fef95d11a5e4c6bb865e4189f379197]Neuman [6] reported a derivation of Darcy’s law from the Navier-Stokes equations involving the following set of assumptions: (i) incompressible and (ii) isothermal flow of a (iii) viscous fluid with Newtonian characteristics through (iv) saturated porous media with (v) homogeneous porosity in (vi) laminar flow regimes and (vii) neglecting the impact of gravity. Although assumptions (ii) and (iv) are quite often not met in LCM processes, reported observations suggest that Darcy’s law can still be applied with reasonable accuracy [7]. Despite its mathematical simplicity, this explains its popularity in the composite processing community. 

For the characterization of unsaturated in-plane permeability of reinforcing materials, the channel flow and radial flow techniques are most prominent. The channel flow method is based on one-dimensional fluid flow through the reinforcing structure. It shows two major disadvantages:
· [bookmark: _CTVP001653de9e7db844cf2aeb333fa8e06a7d1][bookmark: _CTVP001cc3767f7f4c249978ee144d904a80b28]Race tracking [8] is very likely to appear in gaps along the side edges of the material, deteriorating the rectilinear flow front advancement. Thus, specific care needs to be taken when preparing the experiments, typically by sealing the preform material at the side walls of the characterization cell [9–11].
· [bookmark: _CTVP001c4bfe268185c4ec3a6857e43578e8e34]Three experiments are required to fully characterize the in-plane permeability tensor. Thus, the number of experiments increases the testing effort compared to the radial flow method, even when ‘multi-cavity parallel flow cells’ are used [12–15].
[bookmark: _CTVP0018cafb49bba284d63b83b2b0453d235dd][bookmark: _CTVP00114392fe798f944f8bb3f567ce56663da]In-plane permeability characterization by the radial flow technique is based on two-dimensional fluid flow through the reinforcing structure. It avoids race tracking issues by nature, allows to fully characterize the in-plane permeability tensor from a single experiment and basically involves three major aspects: (1) flow front tracking by acquisition of specific sensor data during the actual experiment, (2) flow front modelling by processing the sensor data to determine temporal characteristics of flow front advancement and (3) calculation of the permeability tensor entries according to specifically developed mathematical algorithms. The paper at hand concentrates on the aspect of modelling flow front data acquired during radial flow experiments. In a recent work published by the authors [16], it was shown empirically that the temporal advancement of the fluid flow front in radial flow experiments can be well approximated by means of a parabolic model. In combination with the knowledge about the elliptic characteristics [17] of the flow front shape in experiments on anisotropic materials, this allows to fit an elliptic paraboloid model to the flow front data in a combined time-space-coordinate system as shown in Figure 1.

[image: D:\Work\Publikationen\02_Konferenzen\2018_06_ECCM18_Athen\02a_ManuscriptEwald\Images\SchemeParaboloid.png]
[bookmark: _Ref512887923][bookmark: _CTVP0011bbb2b615e704d46b08b80f34dc3a2b7]Figure 1: Schematic of an elliptic paraboloid fitted to the temporally advancing fluid flow front [16].
2.	Experimental Work

The applicability of the method is demonstrated on flow front data acquired with different types of sensors mounted in permeability characterization cells of four European research institutions:
· quasi-continuous flow front data from sequence images evaluated by digital image processing techniques at the Processing of Composites Group (LVV) at Montanuniversität Leoben (Austria) and the Department of Polymer Materials and Plastics Engineering (PuK) at Clausthal University of Technology (Germany) as shown in Figure 2 and Figure 3, respectively,
· sensor saturation data of linear capacitive sensors in a permeameter of the Institut für Verbundwerkstoffe (IVW) in Kaiserslautern (Germany) as depicted in Figure 4 (left) and
· flow arrival times derived from pressure point sensors in a permeability characterization cell of the University of Nottingham (UK) as shown in Figure 4 (right).


[image: ]

[bookmark: _Ref512890030]Figure 2: Measurement images and flow front data from the optical permeameter systems at LVV.


[image: ]

[bookmark: _Ref512924803]Figure 3: Measurement images and flow front data from the optical permeameter systems at PuK.
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[bookmark: _Ref512889978]Figure 4: In- plane permeability characterization cells based on linear capacivite sensors (left) and pressure point sensors (right).


[bookmark: _CTVP001c730c1b8308f418fb65c422043b72487][bookmark: _CTVP001f6e855c71f524bed84a239e22cb3242f][bookmark: _CTVP0016f5005c811504eddbee140d68270a8eb][bookmark: _CTVP0015354811eaad1436c8a505784037ebf52]In the past, various algorithms have been developed for evaluating the acquired flow front data. They are applicable to specific sensing strategies and the corresponding  data. The approach of Weitzenböck et al. [18,19] was introduced for evaluating flow arrival time data derived from pressure or electrical point sensors. The most prominent methods developed for characterization cells based on optical systems, such as those of Adams et al. [20], Chan and Hwang [21] as well as Carter et al. [22] are all based on a ‘step-wise ellipse fitting’ approach, where a set of data points along the flow front is modelled by an ellipse at each point of time during the experiment. 

By contrast, the ‘elliptic paraboloid’ method proposed by the authors allows for the evaluation of all types of such data and thus, provides a uniform approach for evaluating flow front data acquired in radial flow experiments. Due to space limitations in this paper, the basic procedure of the method is just briefly revised here:
1. in a combined time-space-coordinate frame as shown in Figure 1, a type-specific elliptic paraboloid model is fitted to the entirety of flow front data collected during the experiment,
2. by application of principal component analysis, the orientation angle  of the major axis of the cross-sectional ellipse with respect to the x-axis is determined,
3. rotation of the paraboloid by the angle  ensures alignment of the model with the coordinate frame and allows for the derivation of the major and minor intersecting parabolae,
4. the in-plane degree of anisotropy can now be analytically computed from the parabolae parameters and
5. [bookmark: _CTVP00158ab7f11ba0c45adbd3b4f87850aafea]the principal in-plane permeability values are finally computed following the method reported by Adams et al. [20].


3.	Results and Discussion

Figure 5 shows elliptic paraboloid models fitted to flow front data from optically tracked radial flow experiments on two different, exemplarily chosen materials conducted at LVV and PuK, respectively.
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[bookmark: _Ref513096020][bookmark: _Ref513096014]Figure 5: Elliptic paraboloid models fitted to flow front data from optically tracked radial flow experiments at LVV (left) and PuK (right).

Figure 6 (left) shows saturation data acquired with linear capacitive sensors in the characterization cell at IVW and Figure 6 (right) visualizes flow arrival time data captured with pressure point sensors in the cell at University of Nottingham. Both data sets were acquired on different materials and are shown together with the elliptic paraboloid models fitted to the data.
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[bookmark: _Ref513096056]Figure 6: Elliptic paraboloid models fitted to flow front data acquired with linear capacitive sensors at IVW (left) as well as to flow arrival time data acquired with a cell at University of Nottingham (right).
Obviously, temporal and spatial availability of flow front data during the radial flow experiments strongly depends on the design of the permeability characterization cell as well as the particular type of sensors used for tracking the flow front:
· in cells based on optical systems, the flow front is temporally occluded by the mechanical elements used to increase the structural stiffness of the optically transparent part of the mould, e.g. the bar and cross-beam structure visible in Figure 2 and Figure 3, respectively,
· the test rig equipped with linear capacitive sensors shows limitations in the spatial traceability of the flow front as a result of the limited number of sensors as well as temporal limitations as the flow front can just be tracked along the finite length of a particular sensor and
· the in-plane permeability characterization cell with the pressure point sensors allows for the derivation of a distinct set of flow arrival times, the number of data points being limited to the number of sensors.

[bookmark: _CTVP001fe3661c53acb4a838ba4d14f0107738c][bookmark: _CTVP001ca87adad651a473b99f0deba4fcac198]As a result, the total set of flow front data is incomplete to some degree as can be seen in Figure 5 and Figure 6, respectively. The proposed method of fitting the elliptic paraboloid model however, is capable of robustly handling this aspect. The validity of the ‘elliptic paraboloid method’ has already been verified by the authors as reported in [16]. There, data sets from radial flow experiments tracked by optical means as well as linear capacitive sensors have been evaluated and the results obtained have been compared to those of the conventional ‘stepwise ellipse fitting method’. In this work, the applicability of the method for evaluating sets of flow arrival time data is studied. For this purpose, a virtual radial flow experiment as well as a set of real experiments were evaluated. The virtual flow experiment was realized by running a flow simulation in PAM-RTM® on a flat plate geometry representing a fibrous preform of known in-plane permeability. The pressure point sensors were represented by virtual sensors in the simulation model and the fluid pressure characteristics at the sensor positions were evaluated to derive flow arrival time data. As with the data from the real experiments, these were finally processed towards in-plane permeability values k1 and k2 as well as the orientation angle  according to (a) the method of Weitzenböck et al. [18,19] and (b) the newly proposed ‘elliptic paraboloid method’. Table 1 summarizes the results obtained for this analysis.


Table 1. Comparison of in-plane permeability values calculated from flow arrival time data derived from pressure point sensor characteristics in radial flow experiments.

	Experi-ment number
	Material
	Weitzenböck / elliptic paraboloid method

	
	
	k1
[10-10 m²]
	k2
[10-10 m²]
	
[°]

	1
	virtual experiment
(filling simulation)
	0.50 (input)
0.49 / 0.50
	0.08 (input)
0.08 / 0.11
	90 (input)
91 / 89

	2
	orthogonal weave 3D carbon fibre fabric
	2.87 / 1.60
	0.60 / 0.56
	-1 / 5

	3
	twill weave glass fibre fabric
	0.53 / 0.57
	0.31 / 0.32
	93 / 99

	4
	± 45° glass fibre non crimp fabric
	0.20 / 0.24
	0.16 / 0.16
	111 / 122




Analysing the results obtained for the virtual experiment, a high level of conformity with the input data of the simulation model was found and the results of the ‘elliptic paraboloid method’ are well comparable to those obtained with the conventional method. Evaluation of the real experiments reveals highly comparable results as well with the only exemption being the data of the orthogonal weave (experiment number 2). This is most likely related to the high level of anisotropy inherent to this specific material, which is not reflected in the elliptic paraboloid model fitted to the data as a result of the low number of data points used for the fit. This in turn might cause the deviations in the results. This effect will be subject to future investigations in order to elaborate strategies for further improvement.


4.	Summary and Conclusions

The present paper addresses a newly introduced method for modelling the flow front data collected during radial flow experiments for in-plane permeability characterization of reinforcing fibrous materials. This newly proposed ‘elliptic paraboloid method’ shows a number of advantages over conventional methods:
1. The method is based on fitting an elliptic paraboloid to the entirety of flow front data collected during the experiment. Thus, it uses all of the available measurement data for the model fitting process.
2. It allows for a direct computation of the in-plane degree of anisotropy, i.e. the ratio of minor and major principal in-plane permeability values, from the model parameters. As a result, this significantly simplifies the subsequent computation of anisotropic permeability data.
3. The method can be uniformly applied to flow front data acquired with different types of sensors:
a. quasi-continuous flow front data as obtained from optically tracked radial flow experiments,
b. linear saturation data captured with linear capacitive sensors and
c. flow arrival time data as derived from pressure or electric point sensors.

The validity of this method was verified in a recent work of the authors on flow front data acquired by optical means as well as linear capacitive sensors. The paper at hand provides an extension of that work in terms of a successful study on the applicability of the method for evaluating flow arrival time data derived from pressure point sensors.
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