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ABSTRACT 
 

In die casting process, flash is a common problem caused by the impact pressure 

spike of the molten metal inside the die cavity. This can be attributed to the quick 

deceleration of the plunger when the cavity is full. Considerable waste of raw material, 

higher maintenance cost, low efficiency, high post processing cost are some of the 

adverse consequences of this phenomenon. The problem can be viewed from a design 

perspective, for instance, in SoftShot® technology the size of the overflows are designed 

to limit the pressure spike. In this research, this idea has been studied, using a hydraulic 

bench test and a mathematical optimization approach. The hydraulic bench test is set up 

to emulate the phenomenon of pressure spike caused by fluid flow. The pressure and the 

deceleration values are recorded for fluid flow through orifices of different size. In the 

second approach, a mathematical model for estimation of peak cavity pressure is 

optimized using Differential Evolution Algorithm and Nelder Mead Revised Simplex 

Search methods. Both of these methods indicate that the impact pressure can be 

minimized by implementing proper design of overflows.  
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  Chapter 1

INTRODUCTION 

Die casting is a metal casting process in which molten metal is injected into a 

mold cavity with high velocity, maintaining high pressure inside the cavity. In the cold 

chamber die casting process, the molten metal is ladled into the shot sleeve, which is then 

pushed forward into the cavity with the help of a plunger. The plunger is driven by 

hydraulic power. The hydraulic system typically consists of an accumulator, an inlet 

throttle valve and an outlet throttle valve. The valves are used to control the speed of the 

plunger.  

In High Pressure Die Casting (HPDC), flash is a common phenomenon. 

According to NADCA Glossary about die casting, flash is “A thin web or fin of metal on 

a casting which occurs at die partings, vents and around movable cores. This excess is 

due to working and operating clearances in a die”. In a cycle of die casting process, metal 

pressure in the runner system is negligible until it reaches the main gate. Due to the 

restriction at the gate and high plunger velocity, pressure starts building up once the 

metal reaches the gate. When the cavity fills and metal starts flowing into the overflows, 

at that moment the pressure rises suddenly as the fast moving plunger comes to a halt. 

This pressure spike is often high enough to exceed the clamping force that holds die 
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halves together, followed by the occurrence of flash. Flash causes a number of problems 

in the process of HPDC. For instance it limits the speed of casting cycle (Milroy et al 

1998) and results in wastage of material. Occurrence of flash requires the dies to be 

cleaned frequently, which in turn impedes the overall production process. Due to severe 

vibration at each shot, the tool life reduces significantly and frequent maintenance is 

required. Several techniques have been developed to prevent flashing, such as cryogenic 

trimming (freeze barreling) for castings without thin portions, component tumbling and 

short blast methods (Chives A.R.L, Zinc Die Casting). Machining processes are also used 

to remove flash (Milroy et al 1998). Since all of these require additional cost and 

secondary operations, producing flash-free castings would make the entire process much 

more efficient and cost effective. 

The quality of the casting depends significantly on the pressure inside the cavity. 

The plunger velocity cannot be reduced under a certain point, and the intensification 

pressure has to be maintained in order to ensure the quality of the casting and satisfactory 

surface finish (Mickowski and Teufert 1993). After the completion of shot, the plunger 

applies pressure to the molten metal, known as ‘intensification pressure’ to minimize 

shrinkage porosity. The molten metal cools off and solidifies inside the cavity and 

eventually the die is open to eject the casting.  

The cavity pressure depends on a number of factors. For instance, shot velocity, 

area of the gate, density of the molten metal, filling time, solidification of metal, volume 

of the cavity all affect the pressure inside the cavity after the shot is complete.  
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 Flash-free Die Casting from a Design Perspective 1.1

In order to minimize the impact pressure spike, various techniques have been 

adopted and practiced, discussed in more detail in the next chapter. One idea is to modify 

the size of the overflows to contain the peak pressure at the time of the impact. This 

technique was named SoftShot®, which was proposed and patented by P. Olmsted. 

Overflows in die casting have been used traditionally for various reasons. For instance, 

overflows receive the molten metal entering first into the cavity, mixed with impurities 

and oxides. They act as a source of heat inside cavity, and help maintain steady 

temperature. Often they house the ejector pins, saving the part from having ejector pin 

marks. Air and gases are pushed to the overflows by the molten metal, and this ensures 

quality of casting. Hence the idea of designing overflows in order to reduce pressure 

spike is novel. To understand this method, a tour to the Port City Group, Muskegon, MI 

proved to be very helpful. Port City at first creates a MagmaSoft model to simulate the 

filling of the cavity to aid the overflow designs suggested by SoftShot®. Besides the 

reduction of impact pressure, adoption of this method has also resulted in downsizing 

shot cylinders and reducing injection velocity within the limits of required filling times. 

The procedure also facilitates cutting down the amount of die steel, greater tooling design 

options and increased dimensional control.  Moreover, the vibration on the die casting 

machine is reduced significantly, tooling requires less maintenance and tool life has 

increased considerably. 

Looking at the benefits of this approach, the idea of addressing the problem of 

flash from a design point of view seemed to be a potential research area in the field of die 



 

 4 

casting.  In this research, two different approaches were used to analyze and expand this 

idea of limiting the impact pressure by designing the overflows. The first approach was to 

conduct a hydraulic bench test in order to verify the idea if the size of the overflow could 

have an influence on the pressure spike at a small scale. Orifices of different size were 

used to perform a series of shots, and the peak pressure values are recorded. The bench 

test is described in Chapter 3, along with the results and observations. 

The second approach was to optimize a mathematical model, used for estimation 

of the dynamic cavity and runner pressures and the plunger velocity. The model was built 

using the equations given in the SoftShot® patent document. Two different algorithms 

were used, viz. Differential Evolution Algorithm and Nelder-Mead Revised Simplex 

Search method in order to minimize the peak pressure. The results of the two algorithms 

are shown and compared in Chapter 4 of this document. The findings indicate that 

numerical optimization techniques can be used to design the overflows in order to 

minimize the peak impact pressure, thereby removing flash from die casting process. 
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  Chapter 2

LITERATURE REVIEW 

With the advancement of simulation technology, die designs are simulated to 

reduce the time and cost of actually building several dies in a trial and error fashion. 

Various techniques have been adapted to model fluid flow, heat transfer and 

solidification of molten metal.  Minaie, Stelson and Voller (1991) used volume of fluid 

(VOF) method to model the fluid flow and an enthalpy technique on a fixed grid to model 

solidification. Cleary and Ha (1999, 2003, 2006) used a Lagrangian methodology known 

as Smoothed Particle Hydrodynamics (SPH) to model HPDC.  Some researchers have 

implemented numerical analysis of gating systems in die casting. Sulaiman and Keen 

(1997) proposed a model to show variation in pressure with different branch angles for 

the overflows. Hu et al. (1999) used numerical simulation technique to design and 

optimize runner and gating systems for a magnesium telecommunication part. Esparza et 

al. (2005) used a gradient-search optimization technique to design an optimal gating 

system for gravity processes to produce aluminum parts. Palekar et al. (2008) proposed a 

coupled- motion numerical model for the plunger and liquid metal. Wu, Fuh and Lee 

(2007) presented a parametric system for designing the gating system for die casting.  
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Some research has been done to model the pressure inside the die cavity and to 

reduce flashing by controlling the impact pressure. Mickowski and Teufert (1993) put 

forward the technique of rapidly decelerating the plunger just before the impact in order 

to reduce the impact pressure using a closed loop control system with the hydraulic 

cylinder of the die casting machine. Xue et al (2011) developed a lumped parameter 

model for the cavity pressure spike.  The SoftShot® process was explained by Branden, 

Olmsted and Kuhn (2002). Branden and Brown (2005) reported considerable process 

improvement after evaluating a tool design for an automotive transfer case using 

SoftShot®.The  SoftShot® patent (Olmsted 2007)  elaborates a  mathematical model for 

the shot system in a die casting machine beginning at a hypothetical position when the 

cavity is full and molten metal is about to flow into the overflows. The model evaluates 

velocity of the shot system, pressure in the runner system, pressure in the cavity and 

position of the shot system (Branden and Brown 2005). The model is suitable for 

evaluating tooling and overflow designs. SoftShot® is also capable of calculating the 

volumes and cross sectional areas of orifices for a series of deceleration overflows, given 

the allowable maximum pressure. An iterative procedure was used to calculate the 

optimal dimensions of the overflows. 

Attempts have been made to measure in-cavity pressure and temperature in die 

casting process. Hatamura et al. (1989) developed a pressure sensor and a heat 

flux/temperature sensor in order to measure these quantities inside die cavity and reported 

their findings on molten metal flow and solidification.  Venkatasamy (1996) used Kistler 

pressure sensors to measure in-cavity pressure and thermocouple probes to measure 

temperature in view of development of a process control system. Tong et al. (2002) used 
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in-cavity pressure measurement for casting of a hand phone component to ensure product 

quality and also reported the relation between process variables and gate freezing time.  

Dargusch et al. (2005) measured molten metal pressure for casting of radio frequency 

filter box housing to investigate the relation among machine parameters, cavity pressure 

and casting quality. But there is no evidence of research  based on in-cavity pressure 

measurement with dies of different designs of overflows, in order to observe the change 

in impact pressure. The hydraulic bench test described in chapter 3 is an attempt to 

emulate the pressure spike situation in the die casting machine to observe the change in 

impact pressure by varying the fluid flow through orifices of different size.  

In chapter 4, the modeling technique of SoftShot® is used for calculating the peak 

pressure in the cavity for various overflow designs. Two mathematical optimization 

methods are implemented in order to minimize the peak pressure inside the cavity. The 

first method is a heuristic approach to minimize non-linear and non-differentiable 

functions, known as Differential Evolution algorithm (Storn, Price 1997). The second one 

is a variant of the direct search method called Nelder-Mead Simplex Search (Nelder and 

Mead 1965), known as Nelder Mead Revised Simplex Search (Humphrey and Wilson 

2000) procedure. The outputs of these two procedures will be compared with the 

overflow dimensions suggested by SoftShot®.  
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  Chapter 3

HYDRAULIC BENCH TEST 

 Motivation 3.1

A hydraulic bench was set up in order to analyze the nature of pressure spike 

during the flow of pressurized fluid through orifices. Till date, no research has been done 

on variation of in-cavity pressure spike with the change of design of overflows. Since die 

casting machines are complicated systems involving a large number of variables, a small 

scale emulation of the process involving fewer sources of variability seemed to be 

appropriate. The hydraulic bench test satisfied that requirement. The hydraulic fluid HF-

28 was made to flow through orifices of different size. The fluid was pressurized by the 

hydraulic cylinder piston, moving at high velocity comparable to that of plunger velocity 

in high pressure die casting machines. Both molten metal and hydraulic fluid are 

incompressible, but there is no issue of solidification which might influence the 

magnitude of pressure spike. Hence the bench test can be looked upon as an instrument to 

effectively study the idea of reducing pressure spike by designing the overflows in the die 

cavity.   
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 Bench Test Setup 3.2

The arrangement is shown in the schematic diagram figure 3.1. A hydraulic 

cylinder (9) (Parker 02.50 H2HL2S19 6.000) was pressurized at the head end with the 

help of an accumulator (4) (Tobul TBR-30-1-N) at 1000 psi. One of the ports at the rod 

end of the cylinder was connected to an arrangement of cross fittings (14). The cross 

fittings were analogous to the main cavity in the die casting setting. The free ends of the 

crosses were fitted with an orifice, equivalent to the overflow in a die. Through the other 

port, a pressure sensor (10) (Omega PX303 5KG5) was inserted to monitor the pressure 

of the hydraulic fluid. In order to create sufficient thrust at the piston end, two Hydac 

solenoid control valves (5 and 5a) were connected in between the head end ports of the 

cylinder and the accumulator. The accumulator was pressurized by a SPX (PA6M-1, 

10000 psi) hydraulic foot pump (2). A vacuum pump (Welch 1400) (16) was connected 

to the cavity end cross fittings of the setup, in order to release the entrapped air in the 

system. A flip switch was used to actuate the solenoid valves 5 and 5a, upon triggering, 

the hydraulic pressure under accumulator would be applied to the head end of the piston. 

The piston would move, and the hydraulic fluid on the rod side of the piston would flow 

to the cross fittings, emulating the process of molten metal flow in die casting machine. 

The pressure sensor (10) would measure the pressure of the fluid, an accelerometer 

(Sparkfun SEN09332, type ADXL 193) (11) mounted on top of the piston would measure 

the acceleration and deceleration of the piston. Acceleration and pressure signals were 

acquired with the help of an NI 6009 USB data acquisition device (12). Pressure gauges 

(6) and (13) were used to monitor pressure at the accumulator and at the rod end of the 
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hydraulic cylinder respectively. At the end of the shot, the ball valve (7) was opened to 

let the hydraulic fluid go back to the reservoir. The specification sheets for the main 

components are provided in Appendix B. The bench test arrangement pictures are shown 

in figure 3.2-3.6. 

 

Figure 3.1Schematic diagram of hydraulic bench-test 
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Figure 3.2 Accumulator and solenoid valves 

 

 

Figure 3.3 Sensors  
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Figure 3.4Bench test setup 

 

 

Figure 3.5 Orifice setup 
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Foot pump  
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Figure 3.6 Orifices used in bench test 

 

 Results 3.3

3.3.1 Phase 1 

The bench test was conducted in 2 phases. In the first phase, orifices of six 

different diameters were used, ranging from 0.015 inch to 0.094 inch, and also the 

configuration without any orifice. Three replications were performed with each of the 

seven configurations. The run order was randomized in order to reduce the effect of 

uncontrollable factors. For all the runs, the accumulator precharge pressure was 

maintained at 550psi, and the accumulator was charged at 1000psi. The pressure and the 

acceleration data were collected at the rate of 20000 scans per second.  A vacuum of -9 

psi was created at the orifice side before each run. Before every shot, 6 cu.in (100ml) of 

hydraulic fluid was poured on the rod end of the cylinder. The cylinder was drained after 

completion of each shot, to minimize variability in mass of fluid. Table 3.1 shows the 

observed peak pressure, maximum deceleration and observed pressure spike for each 

shot. An estimate of pressure spike is also given in table 3.1, using the moving mass 

(approximately 5.54 lbs, with an upper limit of 9 lbs and lower limit of 5.35lbs, including 

the mass of hydraulic fluid at the rod end, head end and inside accumulator, mass of 
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piston). The observed pressure spikes were calculated from the difference between 

maximum pressure observed at each run and the steady state pressure attained at the end 

of the shot. The estimate for the pressure spike was calculated using the equation given 

below 

                
(                    )  (           )

                                                   
 

Figures 3.7 and 3.8 are the plots of pressure and acceleration data collected during 

the bench test, for run 3 (using orifice of diameter 0.094 inches) and run 6 (with no 

orifice). The pressure spikes are quite conspicuous at the time of impact, showing an 

abrupt movement on the acceleration plot as well at the same time.  
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Figure 3.7 Recorded pressure and acceleration plot for orifice diameter 0.094 in. 

 

 

Figure 3.8 Recorded pressure and acceleration plot for no orifice 
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Run Orifice 

Diameter 

(in) 

Peak 

Pressure 

(psi) 

Spike 

Observed 

(psi) 

Calculated 

Spike (psi) 

Max. Deceleration 

(inch/s
2
) 

1 0.031 1013.02 187.144 151.7806 44603.85 

2 0.062 1015.57 146.83 133.3621 39423.94 

3 0.094 944.06 117.72 136.3168 40286.93 

4 0.047 992.58 168.31 109.8388 32640.49 

5 0.031 1007.91 179.45 167.4574 48958.17 

6 0 997.69 164.07 128.4002 37611.74 

7 0.062 987.48 156.33 131.9777 38721.58 

8 0.078 961.94 131.569 160.0719 46786.52 

9 0.062 936.64 129.72 149.8005 43826.68 

10 0.015 982.37 159.21 189.1543 55247.92 

11 0 967.04 146.52 188.9696 55247.92 

12 0.047 928.73 125.98 201.3789 58947.91 

13 0.047 954.27 114.74 165.852 48443.6 

14 0 995.14 171.22 101.879 29748.37 

15 0.031 972.15 157.1 172.2966 50320.37 

16 0.015 969.6 144.39 225.2271 65797.11 

17 0.015 946.61 134.63 225.5951 65886.88 

18 0.078 887.87 76.7 179.3586 52395.56 

19 0.094 938.95 129.39 182.5856 53334.15 

20 0.078 880.21 65.38 177.9298 51977.46 

21 0.094 936.4 121.1 119.6344 34957.8 

       Table 3.1 Observed and Calculated pressure spikes in hydraulic bench test phase-1 

 

The scatter plot of the observed pressure spikes with respect to the orifice size is 

given in figure 3.9.  The average values of observed pressure spike for each orifice size 

are plotted in figure 3.10.  Apparently, there is a decreasing trend until the minimum 

spike occurs at the orifice of diameter 0.078 inch, after that the pressure spike increases. 

To have more insight on the variation of spike with the size of the orifices, and to observe 

more of the trend, phase 2 was planned, where orifices of larger diameter were used. 
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Figure 3.9 Scatter plot of observed pressure spike w.r.t. orifice size 

 

 

Figure 3.10 Plot of average pressure spike w.r.t. orifice size 

3.3.2  Phase 2 

In phase 2, orifices of 7 different diameters were used, together with the 

configuration without orifice. The orifice diameters ranged from 0.015 inch to 0.2 inch, 

as shown in Table 3.2. 4 orifices had diameter (0.11 inch, 0.14 inch, 0.17 inch and 0.2 

inch) larger than the maximum diameter used in phase 1. Each configuration was 
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replicated 3 times, resulting in 24 runs altogether, keeping all the other conditions same 

as that of phase 1.  

Run Orifice 

Diameter  

(in) 

Peak 

Pressure 

(psi) 

Spike 

Observed 

(psi) 

Calculated 

Spike (psi) 

Acceleration 

(inch/s
2
) 

1 0.2 992.58 169.25 164.85 48026.42 

2 0.14 1069.21 253.21 201.59 58728.68 

3 0.078 936.4 120.77 192.72 56145.5 

4 0.047 892.98 102.84 161.69 47104.76 

5 0.14 972.15 170.37 177.54 51721.73 

6 0.11 949.17 147.28 204.82 59669.59 

7 0.17 961.94 160.16 183.12 53347.51 

8 0 931.29 120.56 167.11 48683.02 

9 0.047 910.86 117.34 137.36 40016.13 

10 0.11 951.72 142 188.70 54973.68 

11 0.14 1025.79 211.63 194.71 56724.73 

12 0.015 944.06 131.69 130.99 38161.41 

13 0.2 1000.25 179.22 177.23 51631.02 

14 0.015 946.61 130.2 140.69 40986.88 

15 0 954.27 144.19 154.59 45036.01 

16 0.17 1135.61 314.03 187.95 54756.52 

17 0.2 987.48 154.1 154.77 45089.03 

18 0.015 954.27 125.47 164.05 47792.77 

19 0.047 928.73 124.88 179.53 52300.96 

20 0 967.04 157.89 155.57 45320.72 

21 0.078 903.49 98.7 150.71 43905.04 

22 0.078 913.41 93.14 192.24 56003.73 

23 0.17 974.71 157.46 167.26 48726.61 

24 0.11 961.94 138.24 161.24 46973.2 

Table 3.2 Observed and calculated pressure spikes in hydraulic bench test phase-2 

 

The scatter plot of observed pressure spike with respect to orifice diameter is 

shown in figure 3.11. 
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Figure 3.11 Phase 2 scatter plot of observed  spike w.r.t. orifice size 

 

The scatter plot in figure 3.11 supports the observation in phase 1, that the 

minimum spike occurred for orifice with diameter 0.078 inch, and then the spike 

increased for larger orifices. However, the deviations in observed spikes at orifices 0.14 

inch and 0.17 inch were much greater than the rest.  In fact, the point circled with red is 

possibly an outlier at 0.17 inch. Due to the higher uncertainty at these two points, 2 more 

replications with each of these 2 orifices were conducted, and runs 25-28 are shown in 

Table 3.3. Figure 3.12 shows the new scatter plot, and figure 3.13 shows the plot with 

average spike at each orifice. The outlier at orifice with diameter 0.17 inch was omitted 

in the calculation of average pressure spike for the plot in figure 3.13.  
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Run Orifice 

Diameter  

(in) 

Peak 

Pressure 

(psi) 

Spike 

Observed 

(psi) 

Calculated 

Spike (psi) 

Acceleration 

(inch/s
2
) 

1 0.14 1064.1 247.54 148.28 43197.00 
2 0.17 995.14 169.97 243.58 70960.89 

3 0.14 1051.33 227.96 99.48 28981.26 

4 0.17 984.92 170.67 129.40 37699.2 

Table 3.3 Added runs in phase-2 

 

 

 

Figure 3.12 Phase 2 plot of observed pressure spike w.r.t. orifice size with added 

runs 
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Figure 3.13 Phase 2 plot of average pressure spike w.r.t. orifice size 

 

Figure 3.13 clearly shows, that the minimum pressure spike occurred with the 

orifice having diameter of 0.078 inch. Figure 3.14 shows the plot of observed values and 

calculated values for pressure spike for phase 2. The estimated values were much closer 

to the observed values for no orifice configuration, but were different for the other cases, 

since the orifice size has not been taken into consideration for the estimates. 
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Figure 3.14 Observed and calculated pressure spike with respect to orifice area 

 Bench Test Observations 3.4

From phase 1 and phase 2 of the bench test, evidently, the orifice size 

considerably influenced the impact pressure spike. In the above tests, the pressure spike 

was minimum for the orifice with diameter 0.078 inch and increased for larger orifices. 

This finding suggests that the pressure spike inside the cavity of the die casting machine 

can be minimized by appropriately designing the overflows. In the next chapter, a 

mathematical model is furnished and two different optimization algorithms are used in 

order to achieve the optimal design of overflows with the objective of minimizing the 

pressure spike.  
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  Chapter 4

MATHEMATICAL MODELING OF DIE CASTING 

PROCESS AND OPTIMIZATION 

 Overview of SoftSHOT® 4.1

The SoftSHOT technology is an innovative idea which suggests that by designing 

the overflows, it is possible to control the deceleration of the plunger and thereby 

reducing flash significantly in the process of die casting (Branden and Brown 2005). The 

mathematical model associated with this method can calculate the cross-sectional area 

and the volume of a series of overflows which would contribute to absorb the kinetic 

energy imparted by the plunger.  (Branden and Brown 2005) compared the design of 

these overflows with inefficient valves which cause high pressure drops at a given 

flowrate.  

To demonstrate the effectiveness of this method, an example was given in the 

SoftSHOT® patent document. A ‘prior art’ design for overflows was considered in 

example 1, and the pressure inside the cavity, runner pressure, velocity and position of 

the plunger were calculated using the model. The overflow dimensions are given under 

‘Example 1’ in Table 4.1. The machine parameters and initial conditions are given below: 
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Weight of the piston, plunger and tip (W) = 367 lbs 

Plunger velocity at impact (V0) = 130 in/sec 

Diameter of piston (Dp) = 7.00 in 

Diameter of piston rod (Dr) = 4.00 in 

Diameter of the plunger tip (Dtip) = 4.50 in 

Pressure of the accumulator (Pacc) = 980 psi 

Pressure of the cold chamber at impact (Pc) = 709 psi 

Weight of the trimmed casting (Wcav) =1.15 lbs 

Number of cavities in the mold (Ncav) = 2 

Weight of the runner system (Wrun) = 3.26 lbs 

The value of mold expansion to molten metal compression (Rac) = 2.0 

(Rac=1 is used in MATLAB® model) 

Casting metal = Magnesium 

The overflow areas and volumes for examples 1 and 3 are given in table 4.1. 

 Example 1 (prior art) Example 3 

( SoftSHOT®   

 recommended) 

Overflows Area (sq. in) Volume(cu.in) Area (sq. in) Volume(cu.in) 

1 1.136 0.050 0.220 0.055 
2 1.136 0.060 0.348 0.042 
3 0.947 0.050 0.441 0.034 
4 1.136 0.050 0.519 0.029 
5 1.136 0.050 0.598 0.026 
6 1.136 0.061 0.477 0.017 
7 - - 0.393 0.012 

           Table 4.1 Overflow dimensions for example 1 and 3 given in SoftShot® patent 
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Figure 4.1 shows the pressure and velocity profiles for example 1. The lines A5 

and B5 represent cavity pressure and runner pressure respectively, as percentages of 

their corresponding maximum values. C5 represents the plunger velocity and D5 shows 

the distance travelled by the plunger. The peak pressure obtained is 13763 psi, which is 

considerably higher than the desired Pmax value, and hence the clamping force. 

Moreover, the negative velocity suggests that the plunger would bounce back and forth 

before coming to a stop. This may have adverse consequences on machine life and 

tooling. All of these indicate the shortcomings of the design and suggest against 

implementation of such a design.  

To mitigate the excessive impact pressure spike, SoftShot® determined through 

an iterative process the volumes and areas of the overflows, which would limit the peak 

pressure to 3498 psi, within the specified Pmax value. The dimensions are shown under 

‘Example 3’ of table 4.1.  The pressure and velocity profiles are shown in figure 4.2. A7 

and B7 represent the cavity and runner pressure values respectively, and C7 represent 

the plunger velocity. It is interesting to note that the velocity gets attenuated steadily and 

never goes negative, suggesting less severe vibration in the die casting machine, thereby 

lowering maintenance and longer tool life.  
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         Figure 4.1 Example 1 pressure and velocity profiles using SoftShot® 

  

 

Figure 4.2 Example 3 pressure and velocity profiles using SoftShot® 

 Issues with SoftShot® approach 4.2

In the SoftShot® method, the user cannot specify a preferred number of 

overflows, or suggest a reasonable upper bound and lower bound on the size of the 

overflows. The dimensions solicited by this method may not be feasible to implement in 
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cases where number of overflows is too many to accommodate in the design.  If the 

recommended dimensions are too small, then machining these overflows may seem to be 

physically impossible. Hence a method which will enable the users to apply this novel 

idea, with the additional capability of specifying the number of overflows and mentioning 

reasonable limits on dimensions appeared to be a natural extension in this field of 

research.  

 

 Developing Mathematical Model in MATLAB® 4.3

In the SoftShot® patent (Olmsted 2007), the equations required to estimate the 

dynamic pressure inside the cavity and runner and the velocity of the plunger are given. 

These equations are stated below. 

At time T=0, the plunger is travelling at fast shot speed and cavity pressure is zero 

with all the overflow chambers being empty.  

The net force applied by the piston at time T is given by 

      (          )  (  (
 

  
)
 

)           (
 

  
)
 

                (1) 

Where V is the plunger velocity at time T, Pmo is the initial runner pressure, Apist 

is the cross-sectional area of the piston and Atip is the cross-sectional area of the plunger 

tip. Based on the value of the force imparted by the piston, the incremental velocity of the 

piston is given by, 

     (               )           (2) 
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dT is the time step in seconds (0.0005 milliseconds), g is the acceleration due to 

gravity (386 inch per second) .  

The initial flow rate through main gate is            (cubic inch per second). 

At any instant T, the flow rate is Q, calculated in the following way, 

     √(         )       when            

      √(         )       when             (3) 

Where Prun is the pressure in the runner system and Pcav is the pressure in cavity. 

The flow rate through overflow gate is given by 

   ( )            ( )  √               when    ( )      ( ) 

   ( )     when    ( )      ( )     (4) 

Orf(i) is the cross-sectional area of i
th 

overflow gate, Denc is the density of the 

molten metal and Fcoeff is the flow coefficient, with the value 0.78. Vol(i) is the volume 

and Fill(i) is the volume of molten metal accumulated in the i
th 

overflow gate. The rate of 

filling for the i
th

 overflow is given by     ( )    . The incremental change in runner 

pressure is calculated as follows 

      (             )                (5) 

The RunRate is the spring rate of the runner system, derived as  

          
    

     (     )
       (5.1) 

E is the modulus of elasticity of the molten metal.  

The incremental change in cavity pressure in time dT is given by 

        ∑    ( )             
        (6) 
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Where n is the number of overflows, and CavRate is calculated in the following 

way 

          
    

     (     )
                    (6.1) 

 

These equations are combined in a step by step integration process to develop the 

MATLAB® model. The motivation to build this model is to find an optimal arrangement 

of overflows to minimize peak cavity pressure using numerical optimization methods.  

The following changes and assumptions are made in the model: 

1. Change in equation(4) in the above set of equations, to calculate the flow rate 

inside the overflow, the following relation is used in the MATLAB® model:   

    ( )            ( )  √    (         )        

when    ( )      ( ) 

   ( )     when    ( )      ( ). 

2. The value of Rac (ratio of mold expansion to molten metal compression) is 

considered to be 1 instead of 2.  

3. Modulus of Elasticity of Magnesium is considered to be 6.5*10
6
psi, and the 

liquid density to be 0.0572 lb/in3. These values were not mentioned in the 

patent document. 

To ensure the MATLAB® model behaves closely to the SoftSHOT® model, both 

example 1 and 3 are evaluated. Figure 4.3 and 4.4 are the plots generated from these two 

examples respectively. The peak pressure recorded was 13990.59 psi for example 1, 

whereas the SoftShot® generated value was 13763psi. The plot, though it looks similar to 
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that of the one generated by the SoftShot®, has a few noticeable differences. For 

instance, in the original SoftShot® plot in figure 4.1, the peak occurs at around 8.5 

milliseconds, whereas, the same occurs at around 5milliseconds in the plot generated by 

the MATLAB® prototype.  

 

Figure 4.3 Example 1 pressure and velocity profiles using MATLAB® prototype 

 

Figure 4.4 is the plot generated by the prototype using the example 3 overflow 

areas and volumes. The peak pressure recorded was 3537.51 psi, whereas the SoftShot® 

generated value was 3498psi. Comparing with figure 4.2, they appear to be reasonably 

close.  
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Figure 4.4 Example 1 pressure and velocity profiles using MATLAB® prototype 

Based on the evidences above, the model is used for optimization using   the 

Differential Evolution algorithm and Nelder Mead Revised Simplex. The algorithms and 

the outcomes are elaborated below. 

 Constraints for Overflow Design 4.4

For designing the overflows, several aspects have to be taken into consideration. 

The dimensions of the overflows typically depend on the shape and size of the cavity 

they are attached to, hence vary significantly from one die to another. However, a 

designer should adhere to some constraints while designing the overflows. For instance, 

since each overflow act as an extra heat source to the cavity (Thukkaram, 1972), having 

too many of them might add to the cycle time and require more cooling lines. 

Traditionally, trapezoidal or semi-circular cross-sections are used for overflows, and the 

thickness should be less than that of the main runner to ensure solidification before the 
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main gate. The overflows should be small enough for easy ejection, and multiple small 

overflows are preferred to one big overflow. The gate or feed of the overflows should be 

thin enough to facilitate easy trimming, but they should be strong enough to withstand 

ejection force as well. All of these have to be considered, and additionally there could be 

more constraints based on particular design requirements. Keeping in mind these criteria, 

the designer can decide upon the number of overflows and the upper and lower bounds 

on the size of the overflows. 

 

 Differential Evolution Algorithm 4.5

Differential Evolution (DE) is a heuristic approach to find global optimal 

solutions for non-linear functions (Storn, Price 1997). The advantages of DE include 1) 

it’s capability of handling non-differentiable and multimodal functions, 2) it’s 

parallelizability by using vector populations so that the stochastic perturbation of the 

population vectors can be done independently, 3) it has an efficient self-organizing 

scheme which is claimed to be superior than other evolution strategy algorithms and 4) 

good convergence properties. The DE algorithm consists of four steps, namely  

Initialization: A population of size NP of D-dimensional vectors is created by 

randomly generated values with uniform distribution. This is done in order to cover the 

entire parameter space. If there is an initial solution available, the population can be 

created using deviations generated by normally distributed random values. The 

population vector in generation G is defined as  
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Mutation: New parameter vectors are generated by combining difference of two 

vectors with a certain weight (F) and adding it to a third vector. This process is called 

mutation.  This is represented as follows 

                (           )                     

r1, r2 and r3            are mutually different random numbers, which are also 

different from the index i and F (   ). 

 

 

Crossover: A trial vector u is formed 

       (                  ) 

Where  

        {
               ( )                (   )

             ( )                 (   ))             
 

CR is the crossover constant in the range      , rand(j) is a uniformly distributed 

random value       , generated at the j
th 

time, and rndint is a randomly chosen index 

between 1 to D.  

Selection: The cost function using the trial vector        is evaluated and if it 

renders a smaller value than the cost function using the target vector     , then        

    , otherwise the old value of     is retained for the next generation. 

These steps are repeated G times, and parameter vector in the G
th

 generation with 

the minimum cost function value is regarded as the solution. 
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 Differential Evaluation for optimization of Peak pressure 4.6

DE algorithm is used to minimize the peak cavity pressure value, varying the 

cross-sectional areas and the volumes of the overflows. First 1 overflow gate is 

considered with the dimensions given in example 1, i.e. the prior art design as the initial 

values. Applying DE with 100 generations each of population size 200, the minimum 

peak pressure value found was 9354.2 psi.  Then the number of overflows is incremented 

to 8, and the optimal peak pressure value came out to be 2258.3 psi.  Table 4.2 shows the 

optimal solutions using number of overflows from 1 to 8, along with the time required to 

run the algorithm. The DE parameters used in this case were F=1.5 and CR=0.7. Figure 

4.5 shows the plot of pressure and velocity profile, using 8 overflows. The initial values 

of 0.05sq.in. for diameter and 1.5 cu. in are used for orifices for each of this cases. The 

upper bound and the lower bound on the volumes are 2 cu. in and 0.2 cu.in. respectively. 
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Number 

of 

Overflows 

Peak pressure 

(psi) 
Volume (cu. in) Orifice Area (sq. in) 

Time Required 

(seconds) 

1 
9354.2 

 

2 0.1500 395.65 

2 
6120.5 2.00, 2.00 

 

0.0804, 0.1500 

 

1345.63 

3 
4422.3 2.00, 2.00, 2.00 

 

 

 

0.0661,  0.0402 ,   0.1500 1525.49 

4 
3586.1 2.00,   2.00,   2.00   2.00 

 

 

0.0358, 0.1412, 0.0642, 0.0100 

 

1667.75 

5 

2903.1 
2.00,  2.00,  2.00,  

2.00, 2.00 

 

 

0.1500, 0.0229, 0.0100,  

0.0383, 0.0678 

 

1836.62 

6 

2349.0 
2.00, 2.00, 2.00, 2.00, 2.00, 

2.00 

 

0.0100, 0.0346, 0.1148, 0.0579, 0.0177, 

0.0100 

 

 

1987.41 

7 

2296.6 
2.00,  2.00, 2.00, 2.00, 2.00, 

2.00, 2.00 

 

0.0100, 0.0162, 0.0100, 0.0531, 0.1124, 

0.0100, 0.0300 

 

 

2173.19 

8 
2258.3 

2.00, 2.00,  2.00, 2.00, 2.00, 

2.00, 2.00, 2.00 

0.0100, 0.0100, 0.0153, 0.0100,  0.0100, 

0.0435, 0.1165, 0.0278 

 

2258.3 

Table 4.2 Optimal solutions using DE 

 

 

Figure 4.5 Pressure and velocity profiles using 8 overflow gates with DE 
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 Nelder Mead Revised Simplex Search 4.7

The Nelder Mead is a direct search method for function minimization (Nelder, 

Mead 1960). This is a simplex procedure applied on a function of n variables, in which 

the function values are compared at (n+1) vertices, among which the vertex with the 

highest value is replaced by another point. There are three operations, viz. reflection, 

expansion and contraction that are performed to modify the simplex and to arrive at the 

optimal solution. In the Revised Simplex Search (RSS) method (Humphrey and Wilson, 

2000), the optimization is performed in three phases, and within each phase new 

simplexes are generated using reflection, expansion and contraction. RSS claims to 

adhere the desirable properties of the original Nelder Mead method, in addition, it is less 

affected by the choice of starting values, less prone to terminate at local optima and more 

robust in terms of handling noisy responses and computational efficiency.   

The RSS procedure is described here in brief. Let  ̂(  ) be the function value at 

   where i= 1,2,…d+1 and         ̂    , ̂    and  ̂    denote the maximum, 

minimum and next-to-worst values of the function at each stage q with xmax , xmin and xntw 

being the vertices respectively. Within phase φ, at each stage q (where q= 1,2,…) the 

centroid xcen of all vertices are calculated, excluding the xmax.  

     
 

 
{(∑   

   
   )       }                                                                                (i) 

In original RSS, the phase φ terminates when  ̂ meets the termination criterion. 

However, in order to ensure reasonable execution time, the execution of phase φ is ended 

if the number of stages q reaches 150 or the termination criterion is satisfied.  The steps 

of the algorithm are described below: 
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a) Initialization: The phase counter φ is set to 1 and the stage counter q is set to 0. 

The d+1 vertices are calculated as below 

                                                                                                (ii) 

Where     {
   { |    |        }         

           
  

   is the initial vertex and   is a vector with the i
th 

element as 1 and rest being 0. 

b) Reflection:  The reflected point xrefl is obtained in this step by reflecting xmax 

across  xcen  or the centroid of the vertices excluding xmax. 

             (         )                                                                         (iii) 

where   is the reflection coefficient and the value is taken to be 1, as considered 

in Nelder and Mead (1965). If  ̂     ̂      ̂    then xmax is replaced by xrefl and the 

termination criterion (e) is checked. Otherwise step (c) is attempted. 

c) Expansion: If  ̂      ̂    then the search is extended towards the direction of 

(          ) and the expansion point is obtained by  

            (          )                                                              (iv)  

where the expansion coefficient      , as given in Nelder and Mead (1965). If 

 ̂     ̂    then the expansion is accepted and xmax is replaced by xexp. Otherwise the 

expansion is rejected and xmax is replaced by xrefl. The termination condition (e) is 

checked followed by this. If   ̂      ̂   , then the contraction step (d) is attempted. 

d) Contraction: If  ̂      ̂   , then the size of the current simplex is reduced. If 

 ̂      ̂   , then xrefl and  ̂     replace xmax and  ̂    respectively. The 

contraction point is computed by 

             (         )                                                              (v) 

where the contraction coefficient      , as given in Nelder and Mead 

(1965). If  ̂      ̂   , then xmax is replaced by xcont.. Otherwise  
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(if  ̂      ̂   ), the lengths of all the edges of the current simplex are 

reduced to produce a new simplex. The vertices are given by 

           (       ) for i= 1,…d+1                                           (vi) 

   is a shrinkage factor. The termination condition (e) is checked. 

e) Termination criterion at each stage:  After each of the above steps, the 

following termination criterion is checked. 

   ||       ||  {
  ||    ||    ||    ||    

  
              (vii) 

Where    and    are user specified tolerances. If the condition (vii) is not 

satisfied, the stage counter q is incremented by 1, and the steps are repeated from 

reflection again. 

 

f) Final termination:  The termination point of current phase is recorded   ( )  

      and the phase counter is incremented      . When      the final 

optimal solution is given by 

            ̂(  ( ))                 

If     then the next phase is set up by setting the counter q=0. The 

initial values and the parameters v and    are updated in the following way 

     (   ) 
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 Implementation of Nelder Mead RSS with SoftShot® 4.8

The NMRSS optimization procedure is implemented in order to minimize 

the peak pressure inside the cavity with the volumes and the cross sectional areas 

of the overflow gates as the decision variables. The optimization is done over 1 to 

8 gates. The upper bound and the lower bound on the volumes are 2 cu. in and 0.2 

cu.in respectively. For the cross-sectional areas, these values are 0.15 sq. in. and 

0.01 sq.in. The initial value for volumes is 1.5 cu. in. and for areas is 0.05 sq. in. 

Table 4.3 shows the peak pressure values and the corresponding overflow gate 

dimensions when the modulus of elasticity E is considered to be 6.5*10
6
 psi, and 

density of molten metal is 0.0572 lb/cu.in. The right-most column gives the time 

required by the Nelder Mead algorithm to find the optimal solution for each 

number of overflows.  
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Number 

of 

Overflows 

Peak pressure (psi) Volume (cu. in) Orifice Area (sq. in) 
Time Required 

(seconds) 

1 7201.5 1.99 0.1305 13.94 

2 4014 1.99, 1.88 

 

0.0632, 0.1500 

 

133.89 

3 3115 1.28, 1.99, 1.99 

 

 

0.1499,  0.0388 ,   0.0883 345.68 

4 3193.6 2.00,    1.88,    0.7,     2.00 

 

 

0.0374, 0.0182, 0.0910, 0.0745 

 

564.08 

5 2357.7 2.00,     1.88, 1.98, 2.00,     

0.73 

 

0.0385, 0.0720, 0.0178, 0.0878 

 

913.85 

6 2364.8 
1.95,1.66, 0.21,1.25,     

1.96, 1.97 

 

0.0213, 0.1154, 0.1430, 0.0496, 

0.0176, 0.0392 

 

 

1178.4 

7 2271.2 

1.99,     1.84,     1.99,     

1.61,     1.94,     1.68,    

0.25 

 

0.0174, 0.0162, 0.0166, 0.1066, 

0.0277, 0.0496, 0.0950 

 

 

1373.91 

8 2188.9 

1.03,     1.93,     0.70,     

1.55,     1.96,     1.85, 2.00, 

2.00 

 

0.0134, 0.0169, 0.0921, 0.0652, 

0.0162, 0.0354, 0.0173, 0.0158 

 

 

1723.02 

Table 4.3 Optimal solutions for peak pressure  using NMRSS 

 

 

Figure 4.6 Pressure and velocity profiles 8 overflow gates with NMRSS 
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In the SoftShot® patent examples, the maximum pressure allowed was 3500 psi, 

and the best solution achieved was 3498 psi using the 7 overflows with sizes described 

example 3, compared to that, both DE and Nelder Mead had obtained peak pressure 

values of much smaller magnitude. With 8 overflows, the peak cavity pressure estimated 

was 2188.9 psi using Nelder Mead and 2258.3 psi using DE.  

 Comparison of two algorithms 4.9

From the results shown above, Nelder Mead provides marginally better solutions 

for almost all the cases, and also Nelder Mead takes less time. The time required by DE 

changes with the number of generations and the population size. The number of function 

evaluation for DE was 200000 for all the cases presented here. From the above approach, 

it is evident that a mathematical optimization technique can be used to determine the 

optimal design of overflows to minimize the peak pressure inside the cavity. Moreover, 

with this approach, the user has the choice to specify the number of overflows and also 

the upper and lower bounds on the size of the overflows. If the outcome for a particular 

number of overflows is not satisfactory, the user can vary the number and observe the 

solutions in order to make a final decision on the design of the cavity. 
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                                                                                    Chapter 5

DISCUSSIONS AND CONCLUSION 

The goal of the present research is to approach the problem of flash from a design 

perspective, and study the idea of achieving flash-free die casting by designing the 

overflows. Two different approaches are described here to analyze the effect of changing 

overflow sizes in order to control the pressure spike at the end of the travel of the 

plunger. The first approach was to observe the pressure spike values obtained from a 

hydraulic bench test using orifices of different size. The second approach was 

optimization of a mathematical model, based on the equations provided in the SoftShot® 

patent using two different algorithms, viz, Differential Evolution and Nelder Mead 

Revised Simplex Search. The hydraulic bench test indicated that for a specific orifice 

size, the pressure spike attains the minimum. The modeling and optimization approach 

furnished the optimal design of overflows to minimize the pressure spike inside cavity for 

a particular die design and given machine parameters.  Both of these approaches 

indicated that design of the overflows can have  considerable effect on the impact 

pressure of the die casting process and proper design can ensure elimination of flash from 

the system.  
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Some measurement errors might have influenced the data collected from the 

bench test. The accelerometer used had a sensitivity of 8mv/g. The acceleration data 

collected by the accelerometer might include the effect of vibration of the entire bench as 

a result of the quick movement of the cylinder and coming to a sudden stop. Since the 

shots were replicated for each run  and the setup was the same for all the shots, those 

effects should not be significant on the relative differences among the pressure spikes 

from shot to shot. The randomization of the run order also helped suppressing the effects 

of other factors such as  difference in volumes of fluid discharged from the accumulator 

from shot to shot or loss of precharge pressure of the accumulator from influencing the 

outcome in general. If more replications were taken for each orifice size, the pressure 

spikes could be found to be converging towards particular values.  

The performance of the DE algorithm could be changed by varying the 

parameters F and CR. Also, by increasing the number of generations and the population 

size might help towards reaching a better solution. But more often, the improvement is 

marginal compared to the rise in computational cost. Still it would be interesting to 

observe if the optimal solutions change significantly for a much higher number of 

generations and population size.  

There are multiple research avenues that can be pursued from here onwards. The 

optimal solutions found using the algorithms can actually be implemented on a die 

similar to that described in the patent example. The pressure inside the cavity can be 

measured using a pressure sensor, and it will be interesting to see how much reduction in 

pressure spike can be achieved using the overflows suggested by the algorithms. It might 

be difficult to manufacture such overflows in the first place, since the sizes are not 
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standard for most of the time. Also, the model does not provide the location of the 

overflows, so that have to be determined separately. Using a simulation software to 

estimate where the molten metal will reach last might be one way to resolve this issue.   
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APPENDIX A: PLOTS FROM HYDRAULIC BENCH TEST 

PHASE-2 

 

Figure A. 1 Pressure and Acceleration for  Phase-2  Shot 1 

 

 

Figure A. 2 Pressure and Acceleration for  Phase-2  Shot 2 
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Figure A. 3 Pressure and Acceleration for  Phase-2  Shot 3 

                                                          

 
Figure A. 4 Pressure and Acceleration for  Phase-2  Shot 4 
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Figure A. 5 Pressure and Acceleration for  Phase-2  Shot 5 

  

 

 

Figure A. 6 Pressure and Acceleration for  Phase-2  Shot 6 
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Figure A. 7 Pressure and Acceleration for  Phase-2  Shot 7 

 

 
Figure A. 8 Pressure and Acceleration for  Phase-2  Shot 8 
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Figure A. 9 Pressure and Acceleration for  Phase-2  Shot 9 

 

 
Figure A. 10 Pressure and Acceleration for  Phase-2  Shot 10 
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Figure A. 11 Pressure and Acceleration for  Phase-2  Shot 11 

 

 
Figure A. 12 Pressure and Acceleration for Phase-2 Shot 12 
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Figure A. 13 Pressure and Acceleration for  Phase-2  Shot 13 

 

 

Figure A. 14 Pressure and Acceleration for  Phase-2  Shot 14 
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Figure A. 15 Pressure and Acceleration for  Phase-2  Shot 15 

 

 

Figure A. 16 Pressure and Acceleration for Phase-2 Shot 16 
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Figure A. 17 Pressure and Acceleration for  Phase-2  Shot 17 

 

 

Figure A. 18 Pressure and Acceleration for  Phase-2  Shot 18 
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Figure A. 19 Pressure and Acceleration for  Phase-2  Shot 19 

 

 

Figure A. 20 Pressure and Acceleration for  Phase-2  Shot 20 
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Figure A. 21 Pressure and Acceleration for  Phase-2  Shot 21 

 

 

Figure A. 22 Pressure and Acceleration for Phase-2 Shot 22 
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Figure A. 23 Pressure and Acceleration for  Phase-2  Shot 23 

 

 

Figure A. 24 Pressure and Acceleration for  Phase-2  Shot 24 
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Figure A. 25 Pressure and Acceleration for  Phase-2  Shot 25 

 

 

Figure A. 26 Pressure and Acceleration for Phase-2 Shot 26 
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Figure A. 27 Pressure and Acceleration for  Phase-2  Shot 27 

 

 

Figure A. 28 Pressure and Acceleration for  Phase-2  Shot 28 
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APPENDIX B: SPECIFICATION SHEETS 

 

 

Specification for Tobul accumulator 
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Specification for NI 6009 USB DAQ Device 
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Specification for Hydac solenoid valve 
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Specification for Omega pressure sensor 
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Specification for Parker hydraulic cylinder 

 


