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Abstract:  
 
  This experiment implemented the use of shadowgraphs to analyze and 
compare detonations of a single shockwave resulting from a single detonator and 
two parallel detonators. The specific focal point of this research is to determine if 
the shockwave interaction has a Mach number greater than one. The single 
detonator is used as a baseline to compare the interaction of shockwaves between 
the two parallel detonators. Leroy Henderson’s Triple Shock Entropy Theorem 
states that two shockwaves will produce a lower pressure, temperature, and Mach 
number values at the interaction face. Using advanced fluid dynamic calculations in 
conjunction with Phantom ™ software, we were able to verify this. Reviewing the 
analysis of the dual detonation, suggestion of a more precise mounting of the 
detonators should be utilized. The detonators should be mounted exactly parallel to 
maximize the interaction face. Lastly, a dual camera setup would also increase the 
reliability of the data, in which one camera would be placed overhead and another 
camera facing normal to the experiment.  
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Introduction: 

 
Shadowgraph is a visual technique that utilizes a light source in conjunction 

with an optical system that is used to observe density variations in a medium. 
Robert Hooke first developed this method in 1672 using the sun to direct light on to 
white surfaces to generate shadows. Harold E. Edgerton improved this technique in 
1958 by using a flash lamp in order to capture the shockwave from explosive 
reactions. His modified experimental procedure utilized a retroreflective screen, 
strobe illumination, and a standard old fashion view camera. The shadowgraph 
method has been improved over the years by modifying the cameras, lighting, and 
retroreflective screens. 

 
For the purpose of this report, the application of the shadowgraph technique 

has been applied in capturing the detonation of an explosive reaction while 
simultaneously showing the density contrast of the shockwave projected on a 
retroreflective screen. After the shockwave has been projected onto the screen and 
captured using high speed imaging software, an analysis will be performed to 
compare the measureable differences between a single detonators shockwave and a 
shockwave of one detonator (the left detonator) coinciding next to another 
detonator in parallel (right detonator).  
 

Objectives:  

 
1. Calculate the shockwave velocity of a single detonator and two parallel 

detonators. 
2. Calculate the pressure and temperature from the resulting single and parallel 

detonations. 
3. Calculate the fragment velocity of the single detonator.  
4. Calculate the Mach number from the resulting single and double detonations.  
5. Compare the results from the single and two parallel detonators.  

 

Materials:  

 
1. 2 RP-2 Shape Charge Electric Bridge Wire Detonators  
2. 1 RP-2 Electric Bridge Wire Detonator 
3. Stand for Detonators  
4. Wire For Hanging Detonators  
5. High Speed Imaging Camera Model  
6. Phantom High Speed Process Imaging Software  
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Procedure: 

1. Open the Phantom™ software located on the desktop. 

2. Locate and select the cine file “Shadowgraph EBWRP2 March4test1”.  

3. Under the Manage tab located on the top right of the software, click the 

preference button, see Figure 1. 

 
Figure 1 - Manager Tab and Preference Button Location 

4. Next select the measurements tab, see Figure 2. 

a. Select auto advance to next image 

b. Select auto update  
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Figure 2 - Measurement Tab 

5. Return to the Play tab located on the top right of the screen and scroll down to the 

Play Speed & Options tab. 

6. Next select the photos per frame (fps) button, see Figure 3. 

a. Select 1 ppf. 

 
Figure 3 - Play Speed 
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7. Under the Measurement tab, click the Calibrate button, see Figure 4. 

a. Pick two points that represents a measured distance. 

 
Figure 4 - Measurement Tab to Calibrate 

8. Set the origin for measurement purposes. 

a. Select the two boxes under Axes (“Show” and “Coordinates in mm”). 

b. Click on “Set Origin” 

i. Select the origin on the initial frame at the center of the detonator, 

see Figure 5 below. 
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Figure 5 - Origin Options 

9. Under the Measurement tab, under Instant Measurement, select the option (origin 

+ 1 point), see Figure 6. 
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Figure 6 – Measurement Selection Options 

10. Under the Measurement Tab, click on the “…” button. Create a file path to save 

the collected data. See Figure 7. 
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Figure 7 - Measurement Tab and Create a File Tab 

11. Give the file a name and click open. See Figure 8. 

 
Figure 8 - File Name Window 
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12. Fill out the Measurement Report File information then click the “OK” button. See 

Figure 9. 

 
Figure 9 - Measurement Report File Window 

13. Next click “Active” button. See Figure 7. 

14. Next click the “Active” button under Collect Points. See Figure 9. 

a. Click the “…” button to choose a file path. 

b. Input the number of points per frame (PPF). 

 
Figure 10 - Collection Point and PPF Input 

15. Next select the amount of points specified in the PPF box on the shadowgraph to 

measure the shock velocity.  

16. Choose the next frame and select the next points on the graph. See Figure 10. 

a. Make sure the points are selected in the same order. 
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Figure 11 - Selecting Data Points Example 

17. Repeat step 15 for four additional frames.  

18. The data will save automatically to the file set up in the previous steps. 

19. Rename the file extension to .xls to export the data into the an Excel spreadsheet.  

20. The results should be similar to format shown in Figure 12. 

 
Figure 12 - Example of initial data format from PCC Software 



 13 

 

Calculations: 

 

Analysis and Results:  

 
The results from the single and parallel detonators show significant 

measureable differences in pressure, temperature, and the Mack number. The single 
detonator generally had higher calculated pressure, temperature, and Mach number 
values in comparison to the two parallel detonator interaction (Appendix, Tables 1 
and 2). The highest values of the single detonator were calculated at point 2 and 
frame 3. The Mach number was calculated to be 6.64, almost 4 times as high as the 
two parallel detonator interaction, which was 1.62 (Appendix, Tables 3 and 4). The 
singular detonator was a shape charge. Shape charges are designed to create a jet at 
detonation, this is the phenomena at point 2. The graphs of the single detonator and 
of the two parallel detonator interaction were also different. Since the values of 
pressure, temperature, and the Mach number were high, especially at point 2, this 
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caused the graphs to become skewed, providing difficulty in analyzing the 
relationship of the pressure, temperature, and Mach number between each frame 
and point (Appendix, Figures 1-4). The graphs for the two-detonator interaction 
were less skewed, since the values at point 2 were not as high compared to the 
single detonator.  

The reason for the significant difference between the values for pressure, 
temperature, and Mach number values is contributed from the shockwave 
interaction difference between two detonators versus one detonator. The two 
parallel detonators have shockwave interference where the two shockwaves 
resulting from each detonator collide (Henderson), Figure 13.  

 

 
Figure 13: Collide Shockwaves of Two Parallel Shockwaves (Henderson) 

According to the Triple Shock Entropy Theorem, the entropy increase across 
a sequence of two shock waves is smaller than that of a single shockwave 
(Henderson). Additionally, the theorem continues to state that the pressure is also 
smaller than that of a single detonator as well. This theorem validates the results 
that were calculated in Tables 1-4, where the pressure and Mach number were 
calculated to be smaller of the two parallel detonators than that of the single 
detonator. Lastly, since there is a less entropy with the interaction of two 
shockwaves, the increase the temperature is also smaller compared to that of a 
single detonator (Henderson).   

Error Analysis: 

 
There were four associated areas within the data analysis. The first error is 

contributed within the assumptions that were used to calculate pressure and 
temperature. Standard temperature and pressure conditions were assumed when in 
actuality, a barometer should have been used as a reference in calculating the actual 
values for temperature and pressure. Therefore, the speed of sound used in the 
calculations is not the true value. The speed of sound affects the Mach number 
calculations, consequently, the reported Mach number are not a true representation 
of the correct values.  

The second error is contributed to the user error of the Phantom ™ software. 
Calibration of grid had significant error depending on how the mouse was placed on 
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the software. Also, selecting the points varied among each frame and depending on 
how well the user could track the points, the location of the points varied among 
each frame.  

The detonators used to compare the results are different, where the single 
detonator is and RP-2 electric bridge wire detonator, and the parallel detonators are 
RP-2 electrical bridge wire shape charge detonators. Therefore, the results being 
compared are not from the same detonator, which makes it difficult to draw 
conclusions on the shockwave interaction.   

Also, there were two assumptions that were made throughout the 
calculations and analysis. The first assumption was that the resulting explosive 
reactions were isentropic and adiabatic. The isentropic assumption means there is 
no heat transfer between the fluid and the environment. The adiabatic assumption 
states there is no change in entropy during the analysis. We can then relate pressure 
temperature and density during our analysis. In reality, detonations are neither 
isentropic nor adiabatic; energy is transferred in the form of heat. Two constants 
were used in the calculations, k = 1.4 and R = 286.9 J/kg*K, these are a product of 
our assumptions.  

These four contributing errors lead to significant amount of error within the 
results and analysis, but did not detract from the main objectives of this report. A 
table listing the assumptions made within the analysis is included below, Table 1.  

 

Table 1: Assumptions Made in Analysis and Calculations 

Parameters  Symbol 
Assumptions 

Error 
Assumed Actual 

Room Temperature 
(K) TO 293 294.66 0.57 

Pressure (kPa) PO 101.3 82.06 18.99 

Density (kg/m^3) ρ 1.293 1.0345 19.99 

Humidity (%)  0 25 - 

Elevation (m)  0 1737.8 - 

Gas Constant (J/kg*K) R 286.9 286.9 0 

Adiabatic Index k 1.4 1.4 0 

 

Conclusions:  

 
The objective of this report is to show the interaction of a single shockwave 

from two parallel detonators compared to a single detonator. The resulting 
calculations for a single shockwave resulting from both a single detonator and two 
parallel detonators proved to follow suit with the Triple Shock Entropy Theorem 
presented by Leroy Henderson. The theorem explained that the interaction of 2 
shockwaves has a decrease in entropy, which yield lower pressure, temperature, 
and Mach number values in comparison to a single detonator, which had higher 
entropy values. It is important to acknowledge the error in the assumptions listed in 
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Table 1 because the assumptions made do not reflect the true conditions 
(temperature and pressure) of the laboratory settings.  Even though there was 
significant error within the assumptions and use of the Phantom ™ software, the 
results proved to be consistent with known published shockwave theory. In the 
future, a barometer should be present in the lab testing room to have an accurate 
measure of the temperature and pressure. Additionally, the same detonators should 
be tested in order to ensure that the same detonator properties.  Lastly, there is 
always going to be user error when using the Phantom ™ software, therefore it is in 
best practice to have the same user utilizing the software for consistency purposes. 



Appendix:  

 
Tables: 
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Graphs:  
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Figure 1A: Corresponding Shockwave For Figure 1 
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