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Computational Analysis of Mitigation of Shock wave using Water Column

Jayabal Rajasekar*, Tae Ho Kim** and Heuy Dong Kim*

Abstract The interaction of planar shock wave with rectangular water column is investigated 
numerically. The flow phenomenon like reflection, transmission, cavitation, recirculation of shock 
wave, and large negative pressure due to expansion waves was discussed qualitatively and 
quantitatively. The numerical simulation was performed in a shock tube with a water column, and 
planar shock was initiated with a pressure ratio of 10. Three cases of the water column with different 
thicknesses, namely 0.5D, 1D, and 2D, were installed and studied. Water naturally has a higher 
acoustic impedance than air and mitigates the shock wave considerably. The numerical simulations 
were modelled using Eulerian and Volume of fluids multiphase models. The Eulerian model assumes 
the water as a finite structure and can visualize the shockwave propagation inside the water column. 
Through the volume of fluids model, the stages of breakup of the water column and mitigation effects 
of water were addressed. The numerical model was validated against the experimental results. The 
computational results show that the installation of a water column significantly impacts the mitigation 
of shock wave.
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1. Introduction

Even though the interaction of shockwaves and 

water column is an interesting topic, very few 

researchers were worked on this subject(1–4). This 

work includes shock wave propagation inside the 

water column, the interaction of shock at the 

air-water interface (interface 1), water-air interface 

(interface 2), the breakup of the water column into 

droplets, and mitigation of shock wave. In this 

study, different numerical models were employed 

to achieve desired results. Eulerian multi-phase 

models are used to study the shock propagation in 

the water column, and volume of fluids models are 

used to study water's breakup and mitigation 

behaviour(5–9). Both air-water and water-air interface 

have a significant role in the shock wave's flow 
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properties, which may be due to the acoustic 

impedance difference between air and water(10–12). 

This topic involves various domestic and industrial 

applications such as rain erosion damage, atomization 

of the liquid jet, detonation, combustion of 

multi-phase mixtures, mining, military and naval 

applications Etc.(13).

Experimental and numerical results of Sembian 

et al. discussed the interaction of shockwave and 

cylindrical water column(13). In general, water has 

the nature to splash sideways if an external force 

hits it, but Sembian et al. used hydrophobic 

coating to fix the water column in a cylindrical 

shape. Numerical work by Xiang et al. presented 

the hollow cylindrical water column and the 

deformation of the water column during the 

interaction with the shock wave(14). The droplet 

breakup modes are classified based on the Weber 

number(14–16). Theofanous et al. reclassified it into 

Rayleigh Taylor piercing, shear-induced entrainment, 

and transition regime based on Weber number(17). 

The initial stages of droplet breakup and shock 

propagation were studied in different numerical 

works(15–18). Rajasekar et al. studied the effect of 

the equation of the state of water and air in 

computational simulations(19). Also, they investigated 

the mitigation of shock wave due to external 

barriers(20). Though there are few works in this 

area, no computational or experimental works are 

available in the study related to the rectangular 

water column, the interface's effect, and the water 

column's mitigation effects. Hence in this study, 

the above parameters were numerically studied.

The main aim of this study is to numerically 

evaluate the early stage interaction of planar shock 

wave and rectangular water column in a higher 

Weber and shear stripping regime. The finite 

volume-based numerical technique is employed in 

this study. Multiphase models such as Eulerian and 

Volume of fluids were used to study shock wave 

propagation and mitigation behaviour of the water 

column, respectively. The manuscript is organized 

as follows: numerical analysis in section 2, 

validation in section 3, result and discussion, and 

conclusion in sections 4 and 5.

2. Numerical Analysis

2.1 Governing Equations

The Reynolds number (Re) and Weber number 

(We) for incident shock Mach number (Ma = 3) 

were calculated using the following expressions:
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where u2 and ρ2 are the velocity and density of 

the gas behind the shock wave, μg is the dynamic 

viscosity of the gas, d0 is the diameter of the water 

column, and σ is the surface tension coefficient.

The Reynolds and Weber numbers were 

significantly higher for incident shock Mach 

number (Ma=3). Hence inertial force dominates 

over the surface tension, which is neglected in this 

model. The main aim of this study is to find the 

interaction between incident shock wave and water 

column during initial timeframes, so it is a 

reasonable assumption to neglect surface tension at 

early stages(21–22).

With all these approximations, the flow is 

modelled by 2D compressible multiphase equations. 

The Volume of Fluids (VOF) is used to capture 

the movement of the shock wave interaction with 

the water column based on volume fraction. In this 

study, the Navier-Stokes equations were employed 

to model the flow. It expresses the conservation of 

mass, momentum, and energy for compressible 

flow along with the standard k-ε turbulence model 

that was solved. The equations were expressed as 

follows:
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Where Gb and Gk are the generations of turbulence 

kinetic energy due to the buoyancy and mean 

velocity gradients respectively. YM is the contribution 

of the fluctuating dilatation in compressible 

turbulence to the overall dissipation rate. C1ε, C2ε, 

and C3ε are constants. σk and σε are the turbulent 

Prandtl numbers for k and ε respectively.

The ideal gas equation of state is given as 

follows:

 1p e   , (4)

Where  is constant specific heat ratio and in 

this case  > 1. e is specific internal energy. 

The water column was modeled using Tait’s 

equation and it is given as follows:
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Where ρ0 and p0 where reference density and 

pressure, γ is the adiabatic index, and B is a 

pressure-like constant. γ and B were chosen 

between 6.68 and 3050 bars respectively. 

2.2 Computational Domain

The computational domain is shown in Fig. 1. 

The domain consists of the driver (P4) and driven 

Fig. 1 Schematic diagram of the computational 

domain. All Dimensions are in mm.

(P1) sections separated by the diaphragm. The 

driver-to-driven length ratio is 1:5, and the pressure 

ratio is 10:1 bar, respectively. The diameter of the 

shock tube is 25mm. Once the diaphragm ruptures, 

it creates a shock wave front due to the pressure 

difference between the chambers. The shock wave 

has a very high Mach number followed by density, 

pressure, and temperature jumps. In this study, a 

water column was introduced into the driven 

section of the shock tube to study the water's flow 

characteristics and mitigation characteristics. 

As shown in Fig. 1, different water column 

lengths are installed in the shock tube a) Plain 

shock tube, b) Shock tube with water column 

0.5*D, c) Shock tube with water column 1.0*D, d) 

Shock tube with water column 2.0*D. Computational 

fluid dynamics simulations have been carried out 

in different water column domains.

2.3 Numerical Scheme

Computational simulations were carried out to 

find the shock wave propagation characteristics of 

the air-water and water-air interface and the 

mitigation characteristics of the water column. As 

the pressure ratio of the driver and driven shock 

tube is 10:1, once the diaphragm ruptures, the 

shock propagates at a relatively higher Mach 
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number, and corresponding Re and We numbers 

are relatively high. This shows that the inertial 

force dominates the surface tension and viscous 

forces. Since we mainly study the shock propagation 

at air-water and water-air interface, neglecting 

surface tension and viscosity is a reasonable 

assumption. Hence Eulerian Multiphase model is 

used to solve the governing equations for each 

phase. Our second aim is to find the mitigation of 

shockwave using a water column; since the fluids 

are immiscible, the Volume of fluid (VOF) is 

employed in this study to capture the movement of 

air-water and water-air interface based on volume 

fraction. The VOF model considers all fluids as 

immiscible phases and shares pressure, velocity, 

and temperature fields. The commercial CFD 

software package Ansys Fluent is used in this 

study(23). 

Grid plays a vital role in determining the flow 

parameters at each location in a computational 

domain. In this study, a uniform grid was applied 

using commercial meshing software ANSYS 

ICEM CFD. The domain has been discretized 

equally using quadrilateral cells with a grid size of 

0.625 million cells and a corresponding physical 

length of 0.1 mm.

3. Validation

The numerical simulation was validated against 

the experimental work done by Sembian et al.(13). 

In the experimental work, Sembian et al.(13) studied 

the wire explosion inside the shock tube without a 

water column. The pressure time histories were 

monitored at 200 mm and 240 mm from the charge 

using sensors. In the computational analysis, the 

charge was modelled using the TNT, and gauge 

points were fixed in the place of sensors. 

Fig. 2 compares pressure time histories of 

numerical and experimental results. As shown in 

Fig. 2, the numerical results show good agreement 

Fig. 2. Comparison of present CFD results and 
Experimental results(13)

with experimental results. The results were able to 

predict the pressure profiles, speed, and location of 

the shock wave at each sensor. A grid independence 

simulation was also conducted, and the above 

results were independent of grid size. 

  

4. Results and Discussion

4.1 Flow Characteristics

In this study, the shock tube consists of high-pressure 

and low-pressure air separated by a diaphragm. 

Once the diaphragm breaks, the incident shock 

wave moves toward the water column. The incident 

shockwave reaches the air-water interface, and the 

shockwave gets reflected in the upstream region 

and transmitted downstream of the shock wave. 

The reflected and transmitted shock wave is either 

the shockwave/compression wave or expansion/rarefaction 

wave. It depends on the acoustic impedance of the 

impinging body. Acoustic impedance is defined as 

Z=ρc, where ρ and c are the density and speed of 

sound, respectively. In this study, the shockwave 

hits the water, and the acoustic impedance of 

water is much higher than that of air (Zwater >> 

Zair). Hence the reflection of a shockwave is 

similar to that of a shockwave reflected from a 

solid body.
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The flow was simulated using the Eulerian 

multiphase model in all three cases. This model is 

employed to visualize the shock propagation inside 

the water region without disturbing the structure of 

the water column. So, with the help of these 

computational techniques, the breakup of water 

was neglected, and able to visualize the shock 

wave propagation inside the water column.

As shown in Fig. 3, when the diaphragm breaks, 

the planar shock wave approaches and encounters 

the water column. At time t = 0.145 ms, due to 

the acoustic impedance of water, the shock wave 

reflects as a compression wave along the upstream 

and transmits as a shockwave with a considerably 

higher magnitude. Hence the shockwave transmits 

into the water column and reaches the water-air 

interface at t=0.15ms. Here again, the acoustic 

impedance of water plays a significant role. Due to 

that, transmitted shock reflects as an expansion 

wave at the water-air interface. The shockwave 

expansion inside the water region results in negative 

pressure in that region, which is otherwise said to 

be cavitation. 

Negative pressure means the absolute pressure 

drops below 0 for a few milliseconds. Naturally, 

liquid substances have considerable cohesive forces 

and withstand higher tensile stress or negative 

pressures. As per Classical Nucleation Theory 

(CNT), due to its strong, cohesive nature, water 

Fig. 3. Pressure contour of case 2 
(water column = 12.5 mm) 

Fig. 4. Pressure contour of case 3 
(water column = 25 mm) 

can withstand a negative pressure of around –

100MPa(24). The pressure due to tension stress in 

water was referred to in this study as negative 

pressure. Hence due to this reason, the cavitation 

due to reflected wave is very minimal and neglected. 

This shockwave is trapped inside the water column, 

moves back and forth, and attenuates gradually.  

In Fig. 4, the flow physics of shockwave 

propagation inside the water column remains the 

same as in case 1. 

Fig. 4, at time t=0.1575 ms, clearly shows that 

the shock wave propagation inside the water is 

faster than that of the reflected wave at the 

air-water interface. This is due to the acoustic 

impedance difference between air and water. The 

acoustic impedance of water and air at a pressure 

of 1 atm and temperature of 15oC is 1.5*106 kg 

m-2 s-1 and 410 kg m-2 s-1, respectively. Due to this 

reason, the shock propagation inside the water 

column is around four times higher than that of 

shock propagation in the air region. 

As shown in Fig. 5, the shockwave enters the 

air-water interface at time t=0.145 ms. It reflects at 

interface 1 and propagates inside the water column 

at a higher pace. It reaches the water-air interface 

at time t=0.175 ms. Here water tries to transmit in 

the air region and reflect in the water column. 

Again, it reaches the air-water interface at time 

t=0.2075 ms. This time it transmits at interface 1 
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Fig. 5. Pressure contour of case 4 
(water column = 50 mm) 

and reflects in the water column at t=0.2425 ms. 

At this point, the reflected and transmitted shock 

combine, and shock pressure in that region also 

increases significantly, as shown in Fig. 5. Hence 

the shock wave was trapped inside the water 

column and moved back and forth inside the 

column. It results in the attenuation of the shock 

wave. On the other hand, it results in the breakup 

of the water column.

4.2 Mitigation Characteristics

In this study, the computation was modelled 

using the volume of fluids (VOF). VOF method of 

simulation is used to study the break-up physics 

and mitigation characteristics of water. 

Fig. 6 shows the phase change diagram of case 

2. It also shows the pressure contour diagram at 

time t=0 for better visualization. Once the diaphragm 

Fig. 6. Phase change diagram of case 2 
(water column = 12.5 mm)

Fig. 7. Phase change diagram of case 3 
(water column = 25 mm)

breaks and the shock reach the air-water interface, 

the maximum pressure from the air region transmit 

inside the water column. Due to high pressure 

from the shock wave, water cannot retain such 

tensile force, and it starts to deform longitudinally 

and break up successively, as shown in Fig. 6 at 

time t=0.375 ms.

In Fig. 7, the water column has a length of 

1.0*D, so the thickness of the water column is 

25mm. As the thickness of the water column was 

higher, it could withstand the force given by the 

shockwave for a few more milliseconds. Then the 

deformation of shock starts, and the breakup of 

water follows up. The water column moves along 

with the direction of the shock wave, and the 

thickness of the water column is reduced 

significantly due to flow field variables and the 

water breakup into smaller droplets on both the 

sides of the wall, as shown in Fig. 7.

As shown in Fig. 8, the thickness of the water 

Fig. 8. Phase change diagram of case 4 
(water column = 50 mm)
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column is 50 mm. The maximum pressure used in 

this study is 10 bar. As the shockwave impacts the 

water column, due to the thickness of the water 

initially, it can withstand the shock. The shockwave 

moves back and forth as time proceeds, and the 

breakup process begins. Due to the resistance of 

the water column, the deformation and break up of 

water into droplets are considerably small. Thereby 

the shockwave was attenuated significantly.

4.3 Wave Diagram

As shown in Fig. 9, the wave diagram helps 

study the shock wave propagation inside the shock 

tube. At the distance of 50mm, the planar shock 

initiated and propagated downstream as a 

shockwave and upstream as an expansion wave. 

When the shock reaches interface 1 (i.e. air-water 

interface), the shock wave transmits and 

propagates at a higher speed. The other part of the 

shock reflects in the air region and propagates at 

a comparably lower pace. The transmitted shock 

reaches the water-air interface, and again it 

transmits at interface 2 and reflects inside the 

water column, as shown in the Fig. . This time the 

reflected shock is a rarefaction wave due to the 

acoustic impedance difference between air and 

water. The transmitted shock is very weak and 

Fig. 9. Wave diagram of case 3 
(water column= 25mm)

attenuated significantly due to the presence of a 

water column.

Comparison of Results

Fig. 10 shows the comparison of all cases of the 

water column. For calculating the percentage reduction 

of shock pressure, the monitoring line was 

positioned before and after the water column at a 

distance of 100 mm and 200 mm, respectively. 

The area-weighted average of pressure values was 

computationally analyzed and monitored. The 

graph clearly shows that the mitigation of shockwaves 

is directly proportional to water column thickness.  

Fig. 10. Percentage reduction of shock pressure for 
different water column thickness

As in case 2, the percentage reduction in shock 

pressure is 52.12%. Cases 3 and 4 are 64.76% and 

67.43%, respectively. Hence for the pressure ratio 

of 10 bar, the water column thickness of 25 mm 

mitigates the shock wave significantly, and a 

further increase in water column thickness shows 

a very minimal increase in the percentage reduction 

of shock pressure, as shown in Fig. 10.

5. Conclusion

This study aims to investigate the interaction of 

planar shock wave with rectangular water column 
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and numerically calculates the mitigation effect of 

different water column thicknesses. For studying 

the shock propagation inside water, the water column 

was modelled using the Eulerian multiphase 

approach, so it neglects the deformation characteristics 

of water. Hence in all three cases, the shockwave 

approaches the water column and impinges at the 

air-water interface. The shock wave transmits into 

the water column and reflects in the air region. 

The transmitted shock propagates in the water 

column and reaches the water-air interface. Due to 

the acoustic impedance difference between air and 

water, the shock wave reflects and transmits as a 

weak shock wave inside the water column. Hence 

the shock moves between both interfaces and 

dissipates abruptly. 

For studying the effect of mitigation, the water 

column was modelled using the volume of fluids. 

In all three cases, once the planar shock interacts 

with the water column, the thickness of the water 

shrinks due to the strength of the shock wave. The 

pressure of the shockwave was monitored at two 

locations and compared for all three cases. The 

water column thickness of the 1D case shows a 

significant impact, and a further increase in thickness 

gives minimal impact in mitigation. Hence the 

results show that the water column plays a 

significant role in the mitigation of shock wave.
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