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Abstract

The objective of this paper is to determine the optimized dimensions of the inlet tube to produce composite parts using VARTM method. Afterward, some samples with various diameters and lengths are produced using VARTM method while keeping the Vertical length of inlet tube on resin tank constant and also some samples were made by holding the length constant and changing the vertical images of inlet tube with various vertical distances. In both cases, experimental results are compared with simulation. The outcomes demonstrate that thicker inlet tube leads to lower ratio of energy drop to flow rate. Progression of the flow front will increase the length of movement route and the ratio of energy drop in different diameters to filled mold length will decrease and the velocities become closer. Also pressure drop and process duration will increase by increasing the length and the Vertical length of the inlet tube. In this paper the simulation gives a good agreement to experiments.
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1. Introduction

Composite materials have been widely used in marine, automotive, aerospace, etc. industries because of their unique properties such as high strength; high modulus; low density; excellent resistance to fatigue, therefore many researchers have investigated their mechanical properties [
, 
, 
], their behavior in different environments [
, 
], their application in 3D printing [
], and their behavior in presence of nanoparticles [
, 
]. Massive studies have been carried out so far investigating the impacts of effective parameters on resin motion velocity since, using this method; it is possible to achieve a proper design for producing large scale parts while confronting minimum complications. However, the influence of inlet tube has never been specifically analyzed. This paper theoretically and empirically inspects the effects of inlet tube on injection dies filling time to determine appropriate inlet tube dimensions. So far, carried out researches emphasizes on the importance of correctly estimating the inlet tube and injection location in different parts. Moreover, sample length, density and permeability along with vacuum pressure affect the position of the inlet tube. Placing the injection location to increase the resin conveying route increases the filling time and the possibility of incomplete part due to the less permeability resulted from lower pressure. Furthermore, substitution of groove injection, tube (Figure1 bottom-right) with typical injection tube has led to better results [
, 
, 
, 
, 
, 
, 
, 
]. Similarly, groove injection tube was used in this paper for performing the injection process. The studies of the inlet tube dimension effects can be stated as follows:

Nala et al. present an idea to use multi-segment injection line and omega tubes catch acceptable results in laboratory size molds [10]. In the last years, Owens [11], Vaidya [
] and Yenilmez [
], in their works present some of advantage using spiral tube(diagonal shear tube). Also Mack [
] presents terms about energy drops in the injection tube. Lopatnikov [
] and yoon [
] investigated the filling time and variety of thickness of final parts through a closed-form solution effects of injection tube. 

In this study, an injection tube with groove shears in cross of the die (see Figure 1, bottom-right) has been used. This makes uniform distribution of resin in die and lead to regular flow front. Permeability in cross section due to linear injection has insignificant effect on velocity and filling time. This case can be simulated in 2-dimension(X-Y) and third dimension (thickness) can be neglected.

2 Experimental and Simulation
2.1. Materials
In this research plain woven fabric E-glass were used with surface density 200 g/cm2 and the epoxy resin is from Axson (table 1). Thicknesses of preform and distribution layer are 2.55 and 1.4 mm respectively. Preform permeability factors are listed in table 2.
Table 1: Properties of used resin in tests [
].
	resin
	Resin density (g/cm3)
	Viscosity at 25 oC (mPas)

	Epoxy (Epolam 2002)
	1.17
	950


Table 2: Preform permeability factors.
	K2y (cm2) *10-6
	K2x (cm2) *10-6
	K1x (cm2) *10-6

	0.25
	5.2
	776


2.2. Experiments
In this work, 12 layers were provided from 200-gram (surface density) woven E-glass fibers in dimensions 300*500 mm with porosity 51.4% for each sample. Then sheet of distribution media was placed with thickness 1.4 mm and porosity 0.8 on top of the release ply. Attach plastic sheet on top of layers to act as a vacuum bag. Sealing between die and vacuum bag by two-side adhesive tape and apply respective vacuum pressure -0.8 bar and open to injection resin. Four samples are produced with internal diameter of inlet tube, D, in 2, 5, 8 and 12 mm with constant vertical length, Lv, 50 cm. and length, Lt[image: image2.png]


, 55 cm. Inlet tube length effects made in four samples with lengths 20, 40, 70 and 110 cm with D = 5mm and Lv =20cm. Three samples were produced in vertical length of tube 15, 35 and 70 cm. Time of flow front position in different points are detected, and by using interpolation velocity are estimated versus distance from inlet point curves. Finally experimental results are compared with simulation results.
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Figure 1: Experimental tests to determine optimum dimensions of inlet tube
3.2. Simulation of VARTM 
Simple geometry can be simulated by analytical solution with drops effects of resin transfers in the injection tube in VARTM process. Vacuum suction has an important role on resin transfer in the fibers preform as resin flow in a space same as distribution media and preform media follow Darcy’s law [
].
	(1)
	
[image: image4.wmf]P

K

u

Ñ

-

=

.

m




In Darcy’s law Equation 1, u is resin velocity and K, permeability and μ, resin viscosity. Assumption, incompressible fluid and spot pressure drops in injection tube can combine Darcy’s law with momentum and continuity equations, and extract term of flow front velocity. Then by integration and assumption uniform resin flow in contact of tube and preform, by simplification, give filling time as follows [11]:
	(2)
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Where 
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 is viscosity, 
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, resin density, Lt, length of injection tube, Lv, vertical length, k, Kozeny-Carmen constant for permeability, ΔP, apply pressure, 
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, fibers porosity, R, injection tube radius, W, die width, h0, die height, 
[image: image18.wmf]0

P

, suction pressure in outlet, E, preform material’s modulus and s, distance from die head   (Figure 2).
3. Results and discussion
3.1 Effect of diameter:
After running the simulation in MATLAB software, results were compared with the experimental results. Figure 3 indicates that the filling time decreases quickly in a diameter of inlet tube from 5mm to 8 mm. But for higher diameters (more than 8 mm) there are insignificant varieties in pressure drops. Because higher tube diameter in die front decrease the energy drops growth over flow rate. So primal resin velocity is increased, but by flow progress in the die resin flow is increased (figures 3,4). In this case affect of pressure drops in different diameters increase the filled length of die and close velocities. Increasing flow front length, pressure drops due fiber permeability and die dimensions has more effective than injection tube diameter. So with increasing injection tube diameter make change in filling time in end of die poorly. But average velocity in path length need to increase the tube length, cause to decrease product time in low length (less than 1 meter). In higher length, diameter of inlet tube misses its effect. To find optimum diameter consider the velocity and manufacturing cost, So recognize optimum length to place inlet tube can increase flow front velocity in large injected parts.
Generally, according to obtained experimental results optimum diameter in low thickness can be more than preform thickness (in range of 1.5 to 2 times of thickness). The best range for inlet tube diameter is between 5 to 8 mm. It means if inlet tube diameter is less than 5 mm, filling time of die increases extremely and if it is more than 8 mm, time variation is insignificantly (variation is less than 10 percent). In this case, to choose optimum diameter, other parameters should be considered: preform thickness (if diameter of inlet tube be high longer than preform thickness (more than 2 times), increases preform thickness variance surrounding inlet respect to outlet and thickness variation is nonlinear[1]), resin viscosity (viscosity addition in higher diameters decreases effect of flow front primary velocity), die dimensions and cost (by increasing diameter, increases primary cost include tubes and links and remainder resin lead to cost addition (table 3)). So according to investigations tube with 8 mm diameter is best choice to produce VARTM parts in this research.
[image: image19.png]P atm

RIS NI NN RTIREY

R Tt iy

L o R O R 1}
Vacuum Pressure P(Q)

Resin Flow Front

{

From Resin tank

Lm




Figure 2: Schematic of flow front in the die.

Table 3: Volume of resin in tubes.
	Lt (cm)
	R (cm)
	V add (cm3)[image: image21.png]
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	80
	0.1
	2.5133

	80
	0.25
	15.7080

	80
	0.4
	40.2124

	80
	0.6
	90.4779
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Figure 3: Simulation and experimental results for inlet tube diameter
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Figure 4: Velocity versus position of flow front by changing diameter of inlet tube.
3.2 Effect of length of tube:
Depicting the curve of the filling time changing versus inlet tube length in two cases theory and experiment (Figure 5), can be found that increasing inlet tube length increased filling time, this change is caused by pressure drop increasing within the injection tube. Increasing injection tube length difference between experimental and theoretical values less than 10 percent. Pressure drops can be calculated using equation 3.
	(3)
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	for laminar flow;


Where h, is head, Re, Reynolds number, v, mean velocity, g, gravity and Lt, length of tube.

3.3 Effect of vertical length: 

Also, figure 6 shows that vertical length of inlet tube has no effect on experimental results. It means pressure drops scale due to height variation is negligible. It is considered in Figure 6 obviously. Vertical length of the inlet tube don’t change in experimental results. Whereas simulation results show increasing Vertical length of the inlet tube cause to decrease resin velocity and increase filling time (Figure 6), It can be realized from this challenge between experimental and simulation results that this simulation is proper in different diameters and lengths but it is not suitable to determine filling time in vertical images of the inlet tube and by increasing Vertical length of the inlet tube, large difference exist between experimental and simulation results.
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Figure 5: Simulation and experimental results for inlet tube length.
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Figure 6: Simulation and experimental results for vertical images of inlet tube in filling time,(R = 2.5 mm)
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Figure 7: Experimental results for position-time of flow front due to changing, Lv (R = 2.5 mm)
3.4 Comparing effect of Lt and Lv on pressure drops:

By comparing the results of Figure 5 and Figure 6 can be concluded that the effect of Lt, on filling time is more than Lv effect. This phenomenon can be explained as follows. Pressure drops of the inlet tube is as follows:
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h, is calculated from Equation 3.
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ΔP1 can be neglected in comparing to ΔP2 where ΔP1, is pressure drops due to gravity, ΔP2, pressure drops due to friction forces and ΔP, total pressure drops.
Calculating the pressure drop due to friction forces and comparison with the pressure drop due to gravity(is shown in the Table 4), can be found pressure drops due to gravity is very less than pressure drops due to friction forces, and virtually it has little effect on the overall pressure drops in the tube. So we can say pressure drop inside the injection tube is more affected length of the injection tube. Thus filling time depends on the length of injection tube and is not affected by Lv. If assume that in a tube, Lv and Lt be equal. Depicting curves of pressure drops in an inlet tube(figure 8), as horizontal axis shows Lv and Lt changing and vertical axis shows  pressure drops due to gravity, friction forces and total drops. It is clear, total pressure is conformed pressure drops due to friction forces, and pressure drops due to gravity is negligible.
Table 4: Drop pressures
	g(m/s^2)
	d(mm)
	Viscosity(pa.s)
	v(m/s)
	Lv(m)
	Lt(m)
	Density(gr/cm^3)
	Drop pressure(pa)
	

	9.81
	5
	950E-3
	0.125
	0.5
	0.5
	1.17
	8.892E7
	ΔP1

	9.81
	5
	950E-3
	0.125
	0.5
	0.5
	1.17
	5.7389E3
	ΔP2

	9.81
	5
	950E-3
	0.125
	0.5
	0.5
	1.17
	8.8926E7
	ΔP


4. Conclusion

Optimizing the effective parameters in VARTM method may lead to a proper design for manufacturing large parts while facing the least number of problems. In this paper, the effects of injection tube dimension on die filling time are investigated and its effectiveness on determining optimum dimension in various parts is demonstrated. According to the results, optimum diameter for inlet tube in VARTM method is between 1.5 to 2 times of thickness.
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