On-line Monitoring of ResinFlow Using Capacitive Sensor
Array During VaRTM Production Process
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Abstract: Advanced composite products with high fibre volume often suffem dry spots
formation during VaRTM production proce#s.order tofacilitate mould design and process control,
numerical simulations are usually used. Commonly used simulations of the resin transfer moulding
process relies on a set of permeability coefficients. It is necessary to calibrate the permeability
coefficients foreach indvidual laminate stacking sequence and mould geometry separately. This
paper describes the development of a#irme monitoring systenfor calibration of the permeability
coefficients. Moreover, ikanmonitor acurestate of the composit&lonitoring sysem functionality

is demonstrated on a transparent mouldiamdso comparedith the simulation.
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1 Introduction

The vacuurassisted resin transfer moulding (VaRTM) production process is widely used production
method in the segment of advanced fileinforced plastic composite materials. The VaRTM production
method utilises a pressure gradieatvieen inlets and outlets for resin matrix transportation in the mould. A
fabric weaving style and its laminate stacking sequence strongly affect the fabric permeability. Increased
attention is focused on the permeability because this parameter diréathgthie occurrencef so-called dry
spots (see Fig. 1). Those uneven or insufficiently saturated places may occur especially in the case of products
featuring more complex forms. To avoid the dry spots, humerical simulations of filling process are widely
used for process desigr control. The permeability coefficients are one of the most critical entries into the
simulation.

Fig. 1: An example of a typical dry spot;

Methods for determining the permeability coefficieate based n D a r ¢ y gencipadnfermatidnhise
resin flow position during permeability measurement. Varioethodshavebeen usedlready. One of the



frstandweblk nown met hod is the SMARTweaveE (Sensor Mou
grid of conductors embedded into the fabric ampleyed for measuring of direct current conductivity at the
grid node. The main disadvantage of the SMARTweave is invasiveness by wires incorporated into a final
product or mounted on the mould wall still in touch with the product. Moreover, it is derganim plenty
of wires A similar method with lower demands on wires developed by Luthy et al. [2] utilises wérkisaal
configuration for direct current conductivity measurement. Flow position is thus continuous. Another method
with similar invasiveless has been developeddiyminauskagt al. [3]. The methois basean a timedomain
reflectometry, which measures the time delay between sending ®gegld electrical pulse and its echo
reflected from impedance discontinuities. The main advantageabibty to detect multiple flow fronts (dry
spots). An interesting approach has chosen Lekakou et al. [4], who embedded an optical fibre core at the
surface of the moulding.he flow front position and curing of an epoxy resin is measured by a loghDf i
Another possibility foflow front measurementtilisespressure sensovdch was performed by Wei et.§b].
The pressurbeside the flow froris a critical parameter for permeability measurement, so their approach leads
to reliable results.

Work described in this paper falls into an area of capacitive ser@@pesof the interesting work has been
done by Yenilmez et aJ6], who embedded a grid of opposite electrodes into the mould wall. Due to a precise
implementation ofhie electrodestheir solutionis norrinvasive. The invasiveness is one of the most focused
features indisputably; nevertheless, this solution has high demands on production and so costs, especially for
moulds with complex geometry. This disadvantage has partially awnerdty Kobayashi et al. [7], who
proposed a patetype flexible matrix capacitive sensdteir work was probably inspired by Hegg et[8].
The work, most related with our, was proposed by Matsuzaki et al. [9] thanks to employing of fringing electric
field capacitive sensors with interdigital electrodes. Theirs sensor configuration enablésdfulow
monitoring.

Next chapter describes the development and demonstrationafitoringsystem based on point fringing
electric field (FEF) capacitive ssors with interdigital electrodes. The main demands omdretoringsystem
are the noxinvasive, norntrusive, lowcost and easy installation of sensors, and wireless. An intended usage
of the monitoring system is for either permeability estimation paggs in arbitrary mould sectiar asa
verification tool during process design. Demonstration oftbaitoringsystem is performed on a transparent
mould ands also comparedith the simulation.

2 Methodology and implementation

2.1 Online monitoring system

Themonitoringsystems basedn capacitive sensors with a fringing electric field. Capacitance changes of
sensor depend on changes of dielectric propentyatérial penetrated by sensbectric field. The sensitivity
of FEF sensor decreases exponentiaiih the distance between the sensor surface and dielectric changes
[10]. The sensor consists of several ceshbped coplanar electrodes. An example of the electrodes
arrangemenis shownin Fig. 2a.

a) An arrangement of FEF sensor coplanar b) An example of used FEF sensor;
electrodes;

Fig. 2: Ademonstration ofensomwith coplanar electrodes;



The driving electrode (red)s connectedo the harmonic voltage supply. The sensing electrode (ldue)
connectedo the signal processing circuit. The sensor cantssmuippedvith a guard electrode (in the figure
marked in black) which shields, to a certain extent, the surrounding field that might cause interference. The
guard electrodes also ensure that thesmeanent area is not affected by a deformed electric field at the sensor
edges. Developed monitoring system has the side guard electrodes excluded for sihplieityheless, used
sensors havimcluded backplane guard shielsh example of used FEF sensmd their modeis depictedn
Fig. 2b. It is evident that FEF sensors are intended solely formetallic moulds. To satisfy main
requirements on the monitoring system it is necessary to instal the sensors into the mould wall as close as
possible to tB mould surface, but still below the surface as is depicted irBFfg electrical field intensity
lines in Fig.3 (marked by 6) has a pattern typical for interdigital electrodest iBsndicated by attenuated
field line thicknesssensed area is pdrsted by the field lines with lowéntensity, and so sensor features
lower sensitivity. Moreover, due to low cost and easy sensor installation, the sensitivity may differ rapidly
among sensors. The development of the monitoring sysesrcommencelly author's previous work [11],
which via pioneering experiments helped to find main requirements orfirthle system. Pioneering
experiments confirmed FEF sensor sensitivity, as it became a crucial factor for next analogue circuit design.

Fig. 3: Side view of FEF sesor installed in the mould wall.
(1-mould, 2gelcoat, 3fabric, 4fabric&resin, 5sensor, &EF);

Developed monitoring system, depicted in block diagram in4iig.intended to instal onto the mould for
better manipulan during the production process. Wireless communication is provided by radio frequency
modul e XBee E by Digi International. The pair of
as a serial line replacement. Both communication directimnssed The wireless module at the mould part
is connectedvith a microcontroller hardware serial interface. The microcontroller controls a multiplexer
ADG1406to channel selection according to preprogrammed measuring cycle in a range up to 48 channels.
Sensing electrodes are connected directly to multiplexer inputs. The multiplexer output leads measured signal
into analogue circuits which are the heart of the tooimg systenbecausé converts the measured electrical
capacitance of the sensor to an electrical voltage. The analogue circuits aélcribeih the next paragraph
in detail. Themeasured analogwggnalis digitisedby 24-bit analogueo-digital converterAD7710, which is
controlled by the microcontroller via a serial peripheral interface. Because the mould part of the monitoring
system is powered by a battery, the andtedigital converter is also used for monitoring battery condition.

The micraontroller periodically reads the set of channels and send data frame into a personal computer.
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Fig. 4: Schematic diagram of main components ofrttomitoring system;



A user application for data processing was created by LabVIEW development.siiseeuser application is
among others able to visualise data by the help of gr@phicCAD model loaded in STL format.

The analogue circuits desiggclosely relatedvith satisfying the main demands on thenitoringsystem.
Above mentioned problems wiensorsensitivity leads to analogue circuits, white able tdandle with
low signatto-noise ratio. Synchronous demodulation is a dmetwn methd for recovering these signals.
Synchronous demodulatios basedn multiplying the measured signal by reference signal and subsequent
filtering off every harmonic component@pt DC component of the signak is depicted in the block diagram
of the anbbgue part (Fig5), the synchronous demodulation is used for conditioning of both measuring and
reference (harmonic voltage supply ondhiging electrode) signals. These signale consequently processed
proportionally. The ratio A/B ensures a suppi@s®f reference signalridt. Both synchronous detectand
ratio implementation are part of AD698, which is here usatdaditionallybecause it is signal conditioning
subsystem for a linear variable differential transformer. One of the most imppatsis the capacitance
converter, whichs basedn AD823 wired in currento-voltage configurationHarmonic voltage supply with
frequency 15 kHis generatedyy low distortion sine generator, which is also part of the AD698.
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Fig. 5: Schematic diagram of analogue circuits;

2.2 Permeability estimation

The resin flows through a porous medium such as fibrous reinforcement according to [Cavcyibich
states that the flow rate of resin per unit area is proportional to the pressure gradient and inversely proportional
to the viscosity of the resilarcy's Lawis givenas follows

® -n0, 1)

where is Darcy's velocityp) is permeaility tensor,n0 is a pressure gradient, ands a viscosity of the
resin. In order toin-plane permeability measurement or estimate respectively, théhibkness permeability
is neglected. In case of thin shell structures with isotropic fabgodgsible to express-plane permeability
as follows:
o ‘0 —5 2
where' is the fluid viscositys is the prefornporosity,andL is the distance between pressure differéfice
For accurate permeability measurement is necessary to measure the preghagregdace of FEF sensors.
Nevertheless, hereafter system demonstration uses pressure gradients estimated from the numerical simulation.

3 System demonstration

3.1 Experimental setup

The transparent mould in the form of a fan blade with dimensions 75 x 33 cm was pratid2@ sensors
monitoring systemSquare sensorf 1 cnt area were installed into the mould wall approximately 0.5 to 1
mm below the mould surface. Whole experinaésetups depictedn Figure6. Laminate stacking sequence
of thin shell product was composed of 3 layers of glagdsimat(fabric 0/90, mat900 g/m2) with epoxy resin
Havel LH288. Moreover, the laminate was provided by flow mé€simpoflex RF 150 for ncreasing
permeability. Two inlets and one outlet gates were equipped by rumhersof 1.5 mmdiameter. The resin
at the inletwas freely suckethto the mould by a pressure gradient between atmospheric pressure and pressure
of vacuum pump, which kembsolutepressure 15 kPa. Based on fibre volume fraction measurement, the
porosity of laminate was 65 %. Resin viscosms measureduring the filling process for both, more accurate



permeability estimation and numerical simulati®he filling process warecorded by a cameiram the top
view so that monitoring system outputs could be easily compared with reality.
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Fig. 6: Schematic setup of the experimental demonstration;

Numerical simulationvas performedvith the help of PAMRTM software. Based on the abementioned
experimental setup, the filling process was modelled asdtwome ns i on al by neglectin
thickness direction. Among others, the pressure gradient was obtained from thécalusigulation for
permeability estimation purpose.

3.2 Result and discussion

Based on thexperiment mentioned abgvyagermeabilities in five sections of the mould was estimated with
the help of equation 2. The permeabilities and relevant pararaetesamrarisedin Tablel.

Tab. 1 Estimated permeabilities and relevant parameters;

section time (s) length (m) pressure (Pa viscosity (P&s) permeability (m)
[-11 101 0.17 50549 0.24 4.4E10
-1l 167 0.17 32463 0.21 3.6E10
l-v 230 0.17 24777 0.20 3.3E10
V-V 321 0.17 18814 0.19 2.9E10
entire mould 959 0.75 85000 0.21 4.7E10
As is mentioned imablel, the permeability estimation was performed in the sectidinglHIl, 1l -1V,

IV-V, and within the whole mould. The filing times of the sections were evaluated from relative cimnges
the capacitance (see Fif). measured and stored by the monitgraystem. Relevant pressures gradients in
the sections were estimated from the numerical simulation, whereas pressure gradiesritire theuldwas
givenby the vacuum pump and atmospheric pressure.
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Fig. 7: The sensor relative capacitance changesgldilling process;

The permeability was also estimated by best fitting the simulated and measured filling times in the relevant
sections. Thus founded permeability was 4-18n?, and itwas usedor numerical simulation in the next
comparisonln Tale 2it is possible to see the comparison between real filling process from a camera, the
graphical output from the monitoring system, and numerical simuldtids.clearly seerthat simulation
matchesreal filling process very well. Only a little difference cée foundat the beginning of the filling
process. The permeability founded by best time fitting poiodaccordance with the permeability estimated
from theentire mould filling time. Other permedlty estimates are affected probably by pressure gradients,
whose valuevas roughly estimatefdlom the numerical simulation.

—o—|-A

relative capacitance (%)

15 45 75 105 135 165 195 225 255 285 315 345 375 405 435 465
time (min)

Fig. 8: The sensor relative capacitance changes during curing process;

The curing proceswas also monitoredEpoxy resin containsonsiderablgolar groups that lead to the
intense capacitive response [12]. The concentration of the polar groups changes by the epoxy resin crosslinking
during its curing. The curing is possible to see in Figure 8. Because usaitivapsensors are sensitive not
only to resin but also to fabric and its stacking sequence, it is necessary to verify more rigorously the relation



between capacitive response and curing process before utilisation the monitoring system for cure monitoring
at this sensor setup

Tab. 2 Comparison oflow front progress;

time[g] camera monitoring system simulation

28

129

296

526

847

4 Conclusion

The online monitoring systenwas developedand experimentally demonstrated on the permittivity
estimation. Thanks to the signal conditioning with synchronous demodulation has accessiédaten of
capacitive sensors with the fringing electric fielthe sensorconfiguration allows noinvasive and non
intrusive measuring the presence of the resin. Due tanvasiveness and nantrusion of the monitoring
system, the permeability can be estimated directly in thaedalle production mould with redfectto maulding
quality. Nevertheless, future work will be focused on enriching of monitoring system by pressure measurement
for permittivity estimation improvement. As was shown, the graphical output from theeomonitoring
system can be efs usedasthe tod for verification of the process design, whereas possibility to store
capacitance data cée usedor permeability estimation during pegtocessing.



