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Abstract 

 

Resin Transfer Moulding (RTM) is one of the key manufacturing technologies for automotive carbon 

fibre reinforced plastic composite parts. Flow channels in the tool assist the resin distribution, since they 

decrease the longest distance the fluid has to flow through the preform and temporarly increase the flow 

front length. Hence, a well-designed system of flow channels can help to strongly reduce cycle times. 

Yet, the flow channels can also affect the mechanical properties. In this study the effects of flow channels 

on the mechanical part properties are investigated in a series of RTM plate manufacturing experiments. 

An influence of the flow channel cross section has been observed. The orientation of the fibres relative 

to the flow channel influences the movement of fibres into the flow channel. The experiments have 

shown that close to the injection point fibre undulation is worse than at the end of the flow channel. The 

observed fibre undulations correlate to a reduction of mechanical properties. The results help to reduce 

the influence of flow channels on mechanical performance of parts due to optimized flow channel 

attributes. 

 

1. Introduction 

 

To increase process stability and reduce the injection pressure needed to fill the mould, typical 

automotive Resin Transfer Moulding (RTM) tools not only have an injection point but also a resin 

distribution pattern consisting of flow channels integrated into the tool. Although flow channels across 

the part surface do not affect the permeability of the preform, they reduce the longest distance the fluid 

has to flow through the preform. Furthermore they temporarily increase the flow front length, since they 

act like an extended injection gate. In [1] different injection gate forms have been investigated, with the 

result that the length of the flow channel is particularly important. An influence of the flow channel 

cross section shape on the injection time has not been proven. While [2] and [3] show different 

approaches to optimize the layout of the flow channel distribution system, the cross section shape is not 

optimized. In [4] optimal cross section shapes for heated flow channels in injection moulds are 

discussed. In this work the optimal solution is a full circular channel shape. Since this requires exact 

shaping of both tool halves, a compromise solution, a one sided parabolic shape, is shown. In this work 

the focus is on industrial HP RTM processes. Therefore apart from the process requirements, the impact 

on the part properties, especially the part weight and mechanical performance, has to be considered.  
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2. Flow channel cross section and classification 

 
This study focuses on the flow channels (FC) on the tool surface. The flow channels have the task to 

transport the fluid through the cavity and spread it into the preform. The flow through the flow channel 

can be described with the Hagen-Poiseuille equation. The estimated Reynolds number is below 1. 

Assuming the following values, fluid density ρ: 1kg/m3, viscosity µ: 0,1Pa s, FC diameter d: 6mm and 

mass stream M: 25 gr/s. The increase in weight due to additional flow channels is a negative side effect, 

assuming the flow channels have no other purpose. The increase in weight is directly related to the cross 

sectional area of the flow channel. To compare different cross section shapes to each other and to the 

permeability of the fabric, an equivalent permeability KFC is calculated with the Hagen Poiseuille 

equation (Eq. 1). The radius of the flow channel is r, the perimeter is P and the length of the flow channel 

is lFC. For all non-circular cross-section shapes, the radius can be described using the hydraulic radius 

(ratio of the flow channel cross-section area and wetted perimeter). In (Eq. 1) the Hagen-Poiseuille is 

equated to the equation from Darcy’s law. This leads to an equivalent permeability in (Eq. 2). The 

validity of an equivalent permeability has been shown in [5]. 

 

𝑄 = −𝐴 
 𝑟2

8 𝜇 𝐿
∆𝑃  = − 

𝐾 𝐴 

𝑥𝑓 𝜇
 ∆𝑃 

(1)  

𝐾𝐹𝐶 =
𝑟2

8
 

(2)  

 

Dividing the FC equivalent permeability by the corresponding cross-sectional area leads to a 

dimensionless factor (parallel to the pipe friction factor). While a circular cross section is not possible, 

since the fabric would divide the cross-section into two semi-circles, the parabolic cross-section is the 

next best cross-section shape. A different optimization goal (for example a limited height of the flow 

channel) may lead to a different optimal cross-section shape.  

 

 
 

Figure 1. Comparison of different flow channel cross sections. 

 
In the next step, with analogue to natural distribution patterns, a classification of the flow channels is 

possible. In regard to transport systems, two main optimization goals are important. First a sufficient 

supply of fluid is needed. In this case the FC, has to transport enough fluid to supply all subsequent 

routes with enough fluid. The next goal is to spread the fluid as efficiently as possible over the surface. 

The secondary flow channels do not need to have a large cross-section area. However, the position and 

course of the distribution channels is critical. This is very similar to the veins of a leaf. To sum up the 

general distribution pattern, the fluid comes from the injection point to the supply channels. The large 

supply channels provide the smaller distribution channels with sufficient fluid. In the next iteration, the 

fabric itself has a distribution system, consisting of the flow channels within the textile materials due to 

the stitching [6]. 
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The previous explanations state that flow channels have a very positive influence on resin injection. Yet, 

they can also disturb the fibre structure: When looking at polished micrograph cross-sections of flow 

channels, an undulation of the reinforcing fibres can be observed. In Fig. 3 a typical undulation of the 

fibres within the flow channel is shown. All cross-sections in this work have the following in common, 

the undulation of the fibres is due to an increasing cross-sectional area of the rovings. The height of the 

roving in Fig. 2 is doubled compared to other rovings. This also leads to an undulation of load carrying 

layers, which might lead to decreased mechanical properties due to the induction of a three dimensional 

stress field [7]. 

 

  
 

Figure 2. Example of fibre inwash into a flow channel cross sections. 

 

3. Material and Methods 

 

Based on initial observations, six parameters have been chosen for a series of RTM plate manufacturing 

experiments; FC cross-section area, (supply FC / distribution FCs), relative layup orientation to the FC 

orientation, clamping of the fibres next to the FC edges, position along the FC length, preform cut 

parallel to FC at the sides of the preform and the injection rate. 

 

The main focus of the experiment is to show the influence of the FC cross-section area / shape in regard 

to the textile, and therefore these parameters are chosen for a full factorial design. In Fig. 3 the three FC 

cross-section shapes for the experiment are shown. One large supply channel, the same supply channel 

shape with a clamping line and five distribution channels parallel to each other have been chosen. 

 

 
 

Figure 3: Classification of RTM-flow channel distribution systems. 

 

For mould design it is important to know how fibre inwash evolves. While various hypotheses have 

been proposed, the influence parameters for fibre inwash are unknown. In the part factorial design more 

parameters are chosen for investigation (listed below), to screen for further influences on the creation of 

fibre inwash. 

 

The layout of the manufactured plates is shown in Fig. 4. The experiment is devided into a full factorial 

design (parameters 1-3) and a part factorial design (1-6). The resulting fibre undulation in the 

manufactured test panels has been optically measured from images obtained from cross-sectioning, and 

the influence on the component properties has been evaluated with tensile tests orthogonal to the FC. In 

this work fibre undulation is defined as the ratio of the height wh and the width wb of the load carrying 
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90° layer. As defined in Fig. 2. The fibre inwash is defined as the total height of fibres in the flow 

channel and is not connected to any specific layer.  

 

 
 

Figure 4. Schematic of experimental RTM platen layout 

 

The FC configuration is distinguished by supply channels, and the five distribution channels. The 

dimensions of the flow channels are shown in Fig. 3. The five small flow channels are equally distributed 

along the free length for the tensile test [8]. The hypotheses for the cross-section area size is, that the 

fibre inwash into the FC is related to the cross-section area size and that the five small FC are therefore 

superior to the one single large supply channel.  

 

The four applied preform layups have the same quasi isotropic set up, only the relative angle of the layup 

to the FC is varied. For all experiments a standard non-crimp carbon fibre fabric is used with an area 

weight of 2700g/m2  and a fibre volume fraction of 50%. Since the layup is quasi isotropic, the tensile 

strength for all specimens should be the same. It is assumed that the fibre inwash might be related to the 

orientation of the fibres relative to the FC. Therefore, the layer adjacent to the FC varies with each stage. 

In particular, the load carrying 90° orientation layer has different positions for each layup. The definition 

of the 0° orientation is shown in Fig. 4. Following this argumentation, the second layup with the adjacent 

layer being parallel to the FC should be the worst case. Furthermore, Layup 3 and 4 should show the 

best results, with regards to reduced fibre undulation.  

 

By consideration of the preform cut, and the clamping line (CL) at the FC edges, the possible influence 

of a fixation of the fibres is investigated. A micrograph of a supply channel with CL is seen in Fig. 3. 

The CL should fixate the fibres directly next to the FC and therefore help to reduce fibre inwash. Since 

a greater fibre inwash is expected for the supply channel, the clamping line is only realized for this 

shape. The CL geometry itself already leads to an undulation of the fibres, which already will lead to a 

decrease in mechanical performance. Therefore, a CL is not suitable for distribution channels. The 

applied preform cut should break the fixation of the fibres due to the clamping of the preform at the 

plate edges, which should lead to increased fibre inwash into the FC. The five specimen are evenly 

spaced along the FC (see Fig. 4).  

 

The design of experiment is shown in Tab. 1. All stages of the design have been repeated three times, 

with three plates per each parameter set. Therefore, for each parameter set a convenient repetition of 15 

specimens per stage has been chosen. During the experimentation a strong influence of the specimen 
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position was observed. For the design of experiments, this implies the addition of an additional 

parameter. Since the specimen position is varied in five stages, this resulted in a decreased number of 

repetitions per stage. For the screening series of experiments a part factorial design according to Plackett 

Burmann has been chosen. The same number of repetitions was used. Since the CL is not relevant for 

the distribution channels, experiments 2, 9 and 12 in the part factorial design have not been realized. 

Experiment 7 for the part factorial design is identical to experiment 2 of the full factorial design. A total 

of 60 RTM plates has been manufactured and 360 tensile specimens (including the reference specimens) 

have been tested and visualized via micrograph. 

 

Table 1: Design of experiment, a) full factorial design and b) part factorial design. 

 

  
 

4. Results 

 

Due to very different effect sizes and the unexpected influence of the specimen position, the influence 

parameters are clustered according to their impact. The cluster of results for different influence 

parameter combinations also help to counter the reduced number of repetitions. First, the results can be 

divided by the size of the FC cross-section area. The results show, that no undulation of a load carrying 

layer can be observed for any configuration in combination with the smaller distribution channels. For 

the larger supply channels almost always fibre undulations are observed. The next largest influence is 

the position of the specimen along the FC length. The largest fibre undulations are observed at specimen 

position 1. After specimen position, the results can be grouped for the different layup orientations. Layup 

orientation 1 and 2 exhibit the largest undulation as was hypothesized during the experimental design. 

Therefore, the remainder of this section is divided into four subsections according to the above explained 

effect groups. 

 

4.1.  Influence flow channel cross-section area  

 

The tensile strength data for each of the three FC configurations is summarized in Fig. 5. The error bars 

demonstrate the uncertainty, being plus/minus two standard variation. The small distribution channels 

exhibited no fibre inwash. Therefore, the tensile strength measured from all 90 specimens with the small 

FCs was not decreased. In contrast, the tensile strength is significantly reduced due to the fibre inwash 

into the supply flow channels. The tensile strength of specimens next to the injection point can be 

reduced by up to 70 %. This is shown with the red indicators in Fig. 6, which represent the lowest 

measured tensile strength for a single specimen. The determined reference strength (base 60 specimens) 

is 560,6 MPa, with a standard deviation of 50,5 MPa. The tensile strength can be related to the fibre 

inwash, in particular the undulation of the tensile load carrying layer. When no fibre inwash was 

observed, the tensile strength is not decreased. Due to the negligible influence of the distribution 

channels, only the two supply channel configurations are considered below. 
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Figure 5: Fibre inwash along the supply channel for the different layups. The red indicators represent 

the lowest measured tensile strength for a single specimen next to the injection point. 

 

4.2.  Influence of specimen position 

 

The maximum fibre undulation was typically observed at the position next to the injection point. While 

the specimens at the end of the FC suffered a significantly less fibre inwash.  

 

 
 

Figure 6: Influence of the specimen position for layup orientations 1 and 2, a) influence on tensile 

strength and b) influence on fibre undulation (wh/wb) 

 

According to the decreasing magnitude of fibre undulation the tensile strength increases as demonstrated 

in Fig.6. In Fig. 6 the results for the tensile strength and fibre undulation for layup orientation 1 and 2 

and the two supply channel configurations in the full factorial design are shown. The decreasing trend 

in the undulation is similar to reduction in undulation depicted in the parallel micrograph presented in 

Fig. 7.  

 

The comparison against specimen position and layup is shown in Fig. 7. Above the different layups an 

example specimen with a micrograph parallel to the FC is shown. Both the parallel as well as the 

orthogonal micrograph cross-sections show a decreasing fibre inwash along the FC length.  
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Figure 7: Micrograph visualisation of fibre inwash along the supply channel for the different layups. 

 

4.3.  Influence of lay up orientation 

 

In Fig 8. the experimental results are displayed. The results are filtered for specimen position one in the 

full factorial design. The tensile strength for layup orientation 3 and 4 is larger then the tensile strength 

for 1 and 2. This proves the hypotheses, that layup 3 and 4 lead to the best results. It is assumed that this 

is due to the interface between the FC and the adjacent fibres, which is smaller for layups 3 and 4. This 

also explains why layup configurations 1 and 2 show the lowest tensile strengths. For those layups, the 

critical fibre orientations 90° (load carrying layer) and 0° (layer parallel to the FC) are adjacent to the 

flow channel.  

 

 
 

Figure 8: Influence of the layup orientation for specimen position 1, a) influence on tensile strength 

and b) influence on fibre undulation (wh/wb) 

 

The size of the interface between the fibres and the flow channel is related to the orientation of the fibres 

relative to the flow channel. For an orthogonal orientation of the adjacent fibres to the flow channel, the 

overlapping length is equal to the flow channel width. This changes with differing layup angle. In the 

worst case scenario the fibre orientation is parallel to FC and the overlapping length is equal to the FC 

length.  
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4.4.  Remaining influencial parameters 

 

Even with the grouped results, for the injection rate, preform cut and CL no remarkable influence on the 

fibre inwash was observed. Although for the CL, a minor effect can be shown. The effect is less 

important compared to the main influence parameters of FC cross-sectional area, specimen position and 

layup orientation. In a direct comparison to a specimen with a specific layup orientation and position, 

the specimen with the CL always exhibits a decreased fibre inwash when compared to the specimen 

without an CL. However, the effective reduction of fibre inwash varies for each parameter set.  

 

5. Summary and Conclusions 

 

The presented flow channel cross-section shape is an optimal solution with regard to weight and 

permeability. A circular cross section is not possible because of the textile in the cavity, and therefore a 

parabolic shape is the next best solution. The presented calculation also shows, that for a different 

purpose and optimization goal a different shape might be better. One example is a limited height. Since 

the permeability is directly related to the cross-section area size, a larger cross-section area size may 

require a different shape. The presented RTM experiments have shown that the flow channel itself does 

not have a negative impact on the tensile strength of the part. Specimens with the distribution FC cross 

section reached one hundred percent of the reference tensile strength. However, for bigger cross section 

shapes significant fibre inwash may occur. This inwash of fibres into the flow channel leads to an 

undulation of possible load carrying fibres. The undulations leads to a three dimensional stress field in 

the area. Depending on the undulation the tensile strength is reduced by up to 70%. The presented 

experiments show, that apart from the cross-sectional area, the position along the flow channel and the 

relative fibre orientation to the flow channel have an influence on the fibre inwash.  
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