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Abstract

This study numerically analyzes the characteristics of shock wave propagation
and attenuation in different mediums of explosion near the air-water interface
(free surface). This study discussed flow physics like shock wave propagation,
reflection, transmission, and cavitation qualitatively and quantitatively. The
numerical simulation is carried out with air, water, and TNT (Tri Nitro Tolu-
ene), which were modeled using the ideal gas, Mie-Gruneisen (shock), and
Jones-Wilkins-Lee (JWL) equation of state, respectively. The Coupled Eu-
lerian-Lagrangian model is employed. In an explosion above the air-water in-
terface, the shock wave propagates and reaches the free surface. Due to the
acoustic impedance of water, the incident shock wave reflects, and part of the
shock wave is transmitted into the water. The acoustic impedance of water is
much higher than that of air, so this free surface acts like a solid wall. On the
other hand, in an explosion below the interface, the incident shock wave
reaches the free surface and the shock wave reflects as an expansion wave, re-
sulting in cavitation. In an explosion at the free surface, shock wave propagates
in both air and water; the propagation and attenuation of shock wave were
studied. Hence, the free surface near the medium of explosion plays a signifi-
cant role in the characteristics of shock propagation and attenuation effects.

Keywords

Explosion, Air-Water Interface, Cavitation, Unsteady Flow, Underwater,
Acoustic Impedance

1. Introduction

Initially, researchers were interested in explosion-related studies due to military
applications, but later, they extended their interest to various other fields. An ex-

plosion in any medium results in damage to structures and materials. However,
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for the same amount of explosion, the characteristics of shock wave propagation
vary for a different medium [1]. In explosion-related studies, the medium of ex-
plosion in which it is burst is critical. In an underwater explosion, the shock front
interacts with either the free surface (water-air interface) or a fluid structure [2]
[3]. In the free surface case, the incident and reflected shock cancel each other out
near the interface, which results in cavitation [4]-[6]. In contrast, depending on
the strength of the structure, the shock wave in fluid-structure interaction is either
a compression wave or an expansion wave [7]-[9]. Numerous research studies
have been published on explosions in water over the years. RH Cole published the
similarity laws for calculating shock wave pressure in underwater explosions in
1948 [10]. Cavitation reloading near the free surface or structure is a very im-
portant parameter that is nearly equal to the incident shock and has a huge influ-
ence near the boundaries. The cavitation near the free surface, negative pressure
profiles, and surface effects of underwater explosions were discussed by Kedrinskii
et al. [11]. The effects of shock wave propagation and cavitation in underwater
explosions near boundaries were discussed by Gaohui Wang et a/ [12]. The phe-
nomenon of air and underwater explosions and their influence on plane plates
was reviewed by Rajendran and Lee [13]. The dynamic responses of fluid-struc-
ture interaction over the flat panel were studied by Librescu ef al [14]. Rajasekar
et al. investigated the influence of numerical modeling of water through polyno-
mial and the Mie-Gruneisen (shock) Equation of State in underwater explosions
[15]. In recent years, underwater explosions have been subjected to computational
analysis to determine the effects of a free surface, fluid-structure interaction, and
cavitation. It also needs more attention to study the effect of the shock wave prop-
agation and attenuation effects near the air-water interface.

In an air explosion, the shock wave propagates in the air and strikes either the
structure or the free surface (air-water interface). Depending upon the acoustic
impedance of the interacting object, the shock wave reflects and transmits as a
compression/expansion wave [16]-[20]. In air explosions, most of the researchers
were interested in unexpected accidents and their effects on civil structure, the
impact of shock wave on the human body, especially traumatic brain injury, the
effects on the environment due to explosions, mitigation of shock wave and small-
scale experiments to study the effect of shock wave on different materials [21]-
[26]. Liu et al discussed different schemes involved in explosion and implosion in
air [26]. While there are numerous studies related to air explosions, a comprehen-
sive examination of the impact of a free surface near an air explosion on shock
waves has not been undertaken thus far.

In an interface explosion, the shock wave transmits into both air and water at
different magnitudes. The attenuation of the shock wave is different for air and
water. Very few studies have been done on explosions at the interface [27]. Adrien
et al. discussed the shape and dynamics of the cavity due to explosions at the water
surface [28]. This interface explosion is a very interesting topic that many re-

searchers have yet to explore. It has applications related to floating bombs in water
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and many naval-related applications on the surface of the water. This study applies
to military, civil, environmental, mining, naval, and medical fields. Shock waves
occurring near the heterogeneous interfaces between liquid and gas exhibit highly
complex behaviors, involving reflection, refraction, and occasionally cavitation
phenomena. This field has attracted significant attention, not only for various en-
gineering applications but also for its relevance to shock wave therapy and other
medical applications. The use cases for this study vary depending on the magni-
tude of the shock wave and the medium of the explosion [29] [30]. Hence, explo-
sion-related research was not reasonably well developed to study the characteris-
tics of shock wave propagation and mitigation effects in different mediums of ex-
plosion near the free surface, and in-depth investigations are required. Hence, in
this study, explosions below, above, and at the free surface were studied numeri-
cally. The main objective is to capture the shock wave propagation characteristics,
attenuation, and cavitation effects near the air-water interface for different medi-
ums of explosions.

During an explosion, the shock wave propagates from one medium to another
either as a compression wave, or expansion wave. Depending on the medium of
the explosion, the flow characteristics of the shock wave vary. Similarly, reflection
and transmission phenomena also vary. This paper aims to investigate three dif-
ferent cases: 1) Underwater Explosion near free surface (the explosion in water);
2) The explosion above the free surface (explosion in air); and 3) Explosion at air-
water interface (explosion at free surface). The shock wave propagation and at-
tenuation characteristics in the different mediums near the free surface were care-
fully visualized, and the results were compared. For this study, a coupled numer-
ical model is employed. This is a combination of the Eulerian and Lagrangian
models. The Eulerian method is employed to model air with the ideal gas Equation
of state (EOS), water with the Mie-Gruneisen (shock) Equation of State, and ex-
plosives with Jones, Wilkins, and Lee (JWL) equation of state. Hence, in this study,
the shock wave reflection, transmission, cavitation, and attenuation effects near
the free surface for different mediums of explosions are discussed qualitatively
and quantitatively. This section is followed by: 2. Numerical Methods; 3. Valida-

tion; 4. Results; 5. Discussion; and 6. Conclusion.

2. Numerical Methods
2.1. Governing Equation
In this study, the Euler equations were solved using the Finite Volume Method
(FVM) [31]. In this approach, the FVM solver solves flow field variables at each
grid point for various time frames. The governing equations, such as the conser-

vation of mass, momentum, and energy equations, were solved using the FVM

approach. The equations are as follows:

%IpdV+Jp(u~n)dA:O (1)
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d
E!puidV+£pui (u~n)dA:—.£pnidA (2)

d
EIpEdV+;[pE(u-n)dA:—.[u-pndA (3)
where pressure, velocity, area, volume, density, and specific total energy are de-

noted as P, u, A, V, p, and E, respectively. The normal vector of each element face

is represented by n. For an inviscid 2D compressible flow, we have

oF(U) oG(U
8_U + L + L = 0 (4)
ot ox oy
For gas flow, the equation is given as follows,
P pu PV
T4 puv
O R V2 A W T (5)
pv puv PV +p
E (E+p)u (E+p)v

where uand vare flow velocities in the xand y directions, respectively.
Explosives were modeled using Jones, Wilkins, and Lee (JWL) equation of state.
The equation is as follows:
P=C|1-2 |emw o [ 1--2 |  @E (6)
R, R,v v
where F and vare specific internal energy and specific volume, respectively. G,
G, Ry, Ry, and ware material constants. In this study, commercial hydrocode soft-
ware is used, and values of all other constants are available in the hydrocode pack-
age [32]. Water and Air were modeled using Mie-Gruneisen (shock) and ideal gas

equation of state and the equations are as follows:

P (e)+ " 9

v
P=(y-1\L2E 8
(v )po (8)

where I'(v) is Gruneisen gamma, which is the thermodynamic property, and yis
the specific heat ratio (y=1.4).

2.2. Computational Domain

The computational domain is shown in Figure 1. The domain is 12 m in length
and 10 m in height. The domain is symmetric about the Y axes. The lower half is
filled with water and the upper half is filled with air, which is separated by an
interface. Three cases were analyzed in this study. Case 1: Underwater Explosion
near the free surface (explosion in water); Case 2: Explosion above the free surface
(explosion in the air); and Case 3: Explosion at air-water interface (explosion at
the free surface). TNT is used as a cylindrical explosive with a charge weight of 10

kg. The Euler sub-grid is employed to study the flow properties. The grid is equally
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spaced, and the flow is allowed to pass through the material. The gauge points
were fixed near the interface to monitor the pressure history. The numerical do-
main is modeled using a transmitting boundary condition. It reduces stress wave
reflection from boundaries. The commercial software ANSYS workbench is used

to model the simulations.

TY (Symmetric axis)

A
Air
Sm
Case 2
Interface Im X axis
i Case 3 >
5m TNT® Case 1
Water
v
12m

Figure 1. Computational domain for three cases. Case 1) Underwater explosion near the
free surface, Case 2) Explosion above the free surface, and Case 3) Explosion at the air-
water interface.

2.3. Grid Independence Study

4 Y (Symmetric Axis)

PRESSURE (Pa)

7.074e+7
6.367e+7
Sm .
Gauge Point 2 5.659c+7
0.5m] |

Gauge Point 1 [952e+7

1.5m {4 044¢+7

/. > L5536

Explosion 282947
Charge D 121et7

Water
1414e+7 §
Water
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-1 456c+4
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(a) (b)

Figure 2. (a) Computational domain of free field explosion; (b) Pressure contour of free field explosion at time t = 1 ms.

Sm

To validate the numerical model and perform a grid independence study, the
computational domain of free field explosion is shown in Figure 2(a). It is mod-
eled with only water, and 10 kg of TNT is fixed at the center of the domain. The

monitoring point was fixed at 1.5 and 2 m meters from the explosion. These do-
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main dimensions and other boundary conditions remain the same as in Figure 1.
The grid independence study has been carried out for underwater explosions us-
ing five different grids 0of 0.3, 0.53, 0.768, 1.2, and 2.13 million cells, and each mesh
corresponds to a physical length (Ax = Ay) of 20 mm, 15 mm, 12.5 mm, 10 mm,
and 7.5 mm, respectively. These simulations were carried out on five different
grids, as mentioned above. The flow field variables were monitored at the gauge
point fixed at 1.5 m and 2 m above the explosion. The peak pressures measured at
1.2 and 2.13 million grid cells predict similar results, and the difference is negligi-
ble, as shown in Figure 3. So, a further increase in mesh does not impact the re-
sults. Hence, considering the computational time, a physical length (Ax= Ay) of

10 mm and 1.2 million cells are used in this study.

80
® Peak Pressure
79 1
° [ ]

§ 1.2 million 2.13 million
2 78
E ®
@ 0.768 million
2
: 77
2 ®).53 million

76

[ ]
0.3 million
75 T T T T
0.5 1.0 1.5 20

Grid Cells (in millions)

Figure 3. Peak pressure calculation for different grid sizes at 1.5 m from the center of the
explosion.

3. Validation

In the underwater explosion, due to a lack of experimental data, the numerical
model was validated against analytical results. The analytical results were calcu-
lated using peak pressure and time decay formulas from underwater explosions
by RH Cole. The formulas are as follows:

P(t)=Pe™" 9
where 6, £, and P,, denote the exponential time decay constant, time, and shock

wave peak pressure, respectively. The peak pressure and time decaying constants

are as follows:

W1/3 A
b, =k1( n J (10)
13 \*2
0=k2W'/3(—WR ] (11)

where Wis the weight of explosives and ki, &, a1, a; are constants.
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Figure 4. Comparison of present CFD and analytical calculation results at (a) 1.5 m and (b) 2 m from the center of the

explosion.

Analytical results for a 10 kg TNT underwater explosion at 1.5 m and 2 m from
the center of the explosion were calculated using the above equations and com-
pared to the CFD results. The shock wave propagation was shown in Figure 2(b)
at time =1 ms. The comparison of present CFD and analytical results is shown
in Figure 4(a) and Figure 4(b). It shows the shock front reaches its peak instantly
and then returns quasi-exponentially to its initial values. The pressure-time results
predicted by the numerical model show good agreement with the analytical re-
sults. In Figure 4(a) and Figure 4(b), there are a few numerical oscillations fol-
lowing the peak pressure. This may be due to a strong shock wave discontinuity,
which cannot be predicted by a numerical model. In this result, the initial shock
strength and peak pressure of both the CFD and analytical results match reason-
ably well. The relative errors of arrival time and peak magnitude are negligible.
This shows that this numerical model can predict shock wave propagation and

attenuation effects effectively.

4. Results

The explosion near the interface involves complex physical phenomena. Each case
follows different flow physics, like reflection, transmission, cavitation, and prop-
agation of a shock wave. In both air and water explosions, the shock wave ap-
proaches two types of boundaries. The first one is a free surface, and the other is
a fluid-structure interaction. These boundaries have a significant impact on the
propagation of shock wave [17]-[20]. Whereas in the interface explosion, the
shock wave initially hits the interface and propagates in both air and water. De-
pending upon the medium of the explosion, the shock wave attenuation varies
considerably. The computational domain for all three cases was modeled using an
Euler sub-grid, which includes water, and air separated by an interface, and TNT
was positioned. The domain is symmetric about the y-axis. The explosion charge

is positioned 1 meter below the interface for Case 1, 1 meter above the interface
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Sm

Sm

for Case 2, and in the interface for Case 3. The charge weight is 10 kg. The trans-
mitting boundary is employed in these simulations to avoid the effects of reflected
shock wave. The monitoring points were fixed in the vertical direction symmetric
to the charge center to calculate the flow field variables.

4.1. Underwater Explosion Near Free Surface (Case 1)
TY (Symmetric axis)

TY (Symmetric axis) TY (Symmetric axis)

Interface i X axis

Interface

12m 12m 12m
a b c

Figure 5. (a) Computational domain of Case 1) Underwater explosion near free surface. Monitoring points are fixed at 0.2 m, 0.4

m, and 0.6 m below the water-air interface. (b) Computational domain of Case 2) Explosion above the free surface. Monitoring

points fixed at 0.2 m, 0.4 m, and 0.6 m below and above the air-water interface. (c) Computational domain of Case 3) Explosion at
the free surface. Monitoring points are fixed at 0.6 m, 0.8 m, and 1.0 m above and below the interface.

PRESSURE (Pa) a) Time t=0.5ms b) t=0.55ms o) t=0.6ms

9.645e+7
8.299¢+7
6.953e+7 Interface
5.608e+7
4262e+7 Water
2917e+7

e) t=1.0ms

1.571e+7

2.253e+6

-1.120e+7

-2.466e+7

-3.812e+7

-5.157e+7

Figure 6. Pressure contour of Case 1) Explosion in water. Key Features 1. Center of Explosion. 2. Shock front. 3. Shock wave reflec-

tion at interface. 4. Initiation of cavitation. 5. Cavitation zone. 6. Secondary reflected shock wave due to gas bubble.

Figure 5(a) shows the computational domain of Case 1: explosion in water.
After the detonation of the charge, the spherical shock front radiates out from the

center as shown in Figure 6(a). The shock wave propagates and moves toward the
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free surface, as shown in Figure 6(b). Once the initial shock front interacts with
the water-air interface, the shock wave transmits into the air medium, and the
compression shock wave reflects as a tensile reflected wave as shown in Figure
6(c). At 1 atm and 15°C, the acoustic impedance of air and water is 410 and 1.5 x
10° kg-m2s~! respectively. These values show that the acoustic impedance of wa-
ter is nearly 3500 times higher than that of air. Due to the huge difference in acous-
tic impedance between air and water, the transmitted shock is much weaker com-
pared to the reflected rarefaction waves. Due to this reason, the transmitted shock
is not visible in Figure 6(d). The reflected shock wave has the same strength as
the incident shock wave. Since water cannot withstand significant tension, the re-
flected rarefaction wave causes a sudden decrease in water pressure that results in
cavitation, as shown in Figure 6(e). As the propagation of the rarefaction wave
continues, the pressures of the incident and reflected waves cancel each other, re-
sulting in a very large cavitation zone beneath the free surface, as shown in Figure
6(e). Further, the reflected waves interact with the gas bubble at the center of the

explosion, which results in a secondary reflected shock wave as shown in Figure

6(f).
3000 4 v\® —— Monitoring Pt. 1| 5450 ] —— Monitoring Pt. 2| 1500 4 —— Monitoring Pt. 3
2500
1500 - 1000 c
2000 4 a b
S
& 15001 1000
° 500 1
§ 1000 - 500 - y (: )
: n -
o 5004
o 01
0 ._J
-500 -500 500
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time(ms) Time(ms) Time(ms)

Figure 7. Pressure-Time history graph at different monitoring points. (a) 0.6 m (b) 0.4 m and (c) 0.2 m below the interface. Key
Features 1. Peak pressure of incident shock wave. 2. Cavitation zone due to negative pressure. 3. Arrival of reflected shock wave. 4.
Secondary reflected shock wave.

The pressure time histories of monitoring points near the interface are depicted
in Figure 7. The monitoring points are fixed at 0.2 m, 0.4 m, and 0.6 m below the
water-air interface, respectively. The results show that the incident shock front
has a pressure ratio of nearly 3000 at monitoring point 1 and attenuates at points
2 and 3, respectively as shown in Figure 7. At monitoring point 3, which is very
close to the interface the incident shock strikes the interface and reflects as shown
in Figure 7(c). Because of the very large acoustic impedance difference between
air and water, the pressure ratio of the reflected shock reduces abruptly to around
—500. The other monitoring points also record similar variations in pressure. This
large negative pressure results in a huge cavitation zone near the water-air inter-
face for a few milliseconds. Further, the reflected wave interacts with the initial
bubble, resulting in a secondary reflected shock wave, and cavitation due to these

secondary reflections is not significant as shown in Figure 7(c).
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4.2. Explosion above the Free Surface (Case 2)

Figure 5(b) depicts the computational domain of Case 2: explosion in air. In this
case, the explosion medium is air. Once the explosion ignites, the shock wave
propagates in all directions as shown in Figure 8(a). The density of air is 1.225
kg/m? and the speed of sound propagation is approximately 340 m/s. So, the
propagation of shock wave is slower in the air compared to that of water. Figure
8(b) depicts the shock wave approaching and interacting with the air-water inter-
face. Due to the nature of water, the surface of the water almost acts like a solid
wall. At time ¢= 0.6 ms, the shock wave impinges on the interface and attempts to
transmit inside water and reflect in air, as shown in Figure 8(c). Unlike an explo-
sion in water, both the reflected and transmitted shock waves are compression
waves in this case, so both can be seen in Figure 8(e). The density of water is 998
kg/m?, and the speed of sound in water is nearly 1500 m/s. So once the shock

interacts with the interface, it tries to reflect as a compression/shock wave. Also,

it propagates inside the water as a compression/shock wave as shown in Figure

8(f).

PRESSURE (Pa) a) Time t=0.5ms b) t=0.55ms
9.589e+6 1

8.579¢+6

Interface

7.569¢+6
— 6.559¢+6
= 5.549¢+6
—— 4.539¢+6 d) t=0.7ms

= 3.529¢+6

—— 2.518et+6

1.508e+6

4.983e+5

-5.118e+5

Figure 8. Pressure contour of Case 2) Explosion in air. Key Features 1. Shock front. 2. Shock wave interaction at interface. 3. Re-
flected shock wave 4. Transmitted shock wave.

Figure 9 shows the pressure time histories of Case 2 Explosion in air. The mon-
itoring points were fixed above and below the interface at a distance of 0.2 m, 0.4
m, and 0.6 m, respectively, as shown in Figure 5(b). As the incident shock ap-
proaches the interface, the pressure ratio at monitoring point 1 is around 40 and
attenuates further at the 2nd and 3rd monitoring points to 27.6 and 20.4, respec-
tively as shown in Figure 9(b) and Figure 9(c). Once the shock impinges on the

air-water interface, the water almost acts like a solid body, so the reflected shock
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strength measured at monitoring point 3 is higher than that of the incident shock
as shown in Figure 9(c). The reflected shock attenuates gradually, and other mon-
itoring points record lower values as shown in Figure 9. In this case, the arrival of
secondary shock wave reflection due to the presence of an air-water interface is
shown in Figure 9(c) and it dissipates immediately due to its weak shock strength.

30 25

Pressure (P/P0)
S

— Monitoring Pt. 1

—— Monitoring Pt. 2 ‘_® —— Monitoring Pt. 3

al , b c

—Q

25+

15

10 4

0 1 2 3
Time(ms)

5 0 1 2 3 4 5 0 1 2 3 4 5
Time(ms) Time(ms)

Figure 9. Pressure-Time history graph at different monitoring points. (a) 0.6 m (b) 0.4 m and (c) 0.2 m above the interface. Key
Features 1. Peak pressure of incident shock wave. 2. Reflected shock wave. 3. Secondary shock wave reflection.

150 4 <—® —— Monitoring Pt. 1| 450 —— Monitoring Pt. 2| 454 —— Monitoring Pt. 3

1254 al 1251 bl 1251 c
5 1004 100 100
3
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P 754 754 754
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o 504 50 4 50 4
n. /J

JL 2 ©
0 0 0 M————\
0.0 075 1 TO 1 75 ZTD 215 0.0 075 1 TO 1 75 270 275 0.0 075 1TO 1 75 270 215
Time(ms) Time(ms) Time(ms)

Figure 10. Pressure-Time history graph at different monitoring points. (a) 0.2 m (b) 0.4 m and (c) 0.6 m below the interface. Key
Features 1. Peak pressure of incident shock wave. 2. Secondary shock wave. 3. Cavitation due to negative pressure.

The monitoring points in Figure 10 recorded the pressure time histories of the
transmitted shock wave in the water region. Once the incident shock interacts
with the air-water interface, the monitoring points near the interface experience a
considerable transmitted shock wave, as shown in Figure 10. At monitoring point
1, the shock wave pressure ratio is around 153, and it attenuates gradually in mon-
itoring points 2 and 3 as shown in Figure 10. The shock wave propagates as a
compression wave in the water medium, but once it crosses, it experiences a
smaller negative pressure variation and the secondary shock waves as shown in
Figure 10(c). As per Classical Nucleation Theory (CNT), water has a strong, co-
hesive nature and can withstand a tensile stress or negative pressure of nearly 100
MPa [18]. as the negative pressure recorded at these monitoring points is very
minimal and not able to withstand considerable time. Hence, the cavitation in

these regions is neglected. In this case, both reflected shock and transmitted shock
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wave are significant. The magnitude of the transmitted shock wave is higher in

water due to its acoustic impedance.

4.3. Explosion at Air-Water Interface (Case 3)

Figure 5(c) shows the computational domain of Case 3: Explosion at the interface.
In this case, the explosive charge is fixed exactly at the interface. Once the explo-
sion occurs, the shock wave approaches both air and water equally as shown in
Figure 11(a). As the explosion happens at the interface, it deforms the air-water
interface and the acoustic impedance of water is very high; the shock wave that
tries to enter water experiences a considerable reflection at the interface as shown
in Figure 11(b). At time #= 0.3 ms, the reflected shock from water joins the inci-
dent shock that is propagating in the air medium as shown in Figure 11(c). Hence,
initially, the incident shock wave propagation in both air and water is significant
as shown in Figure 11(d). Then the shock wave attenuates at a faster pace in air
compared to water due to the nature of the respective medium as shown in Figure
11(e). The shock front pressures for air and water are of different magnitudes due
to their huge acoustic impedance differences. At time ¢#= 1 ms, the magnitude of
the shock front in the air side is weak compared to that of water as shown in Fig-
ure 11(f).

¢)t=0.3ms
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Figure 11. Pressure contour of Case 2) Explosion at the interface. Key Features 1. Incident shock front in air. 2. Shock front in

water 3. Deformation of interface. 4. Reflected shock wave due to interface.

Figure 12 shows the pressure time histories of monitoring points fixed near the

interface. In this case, the monitoring point was fixed at 0.6 m, 0.8 m, and 1 m
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below and above the interface, respectively. Monitoring points were fixed a little
far because the initial explosion has a very high magnitude compared to other
gauge points. To avoid those initial effects, the monitoring points were fixed
slightly away from the interface in this case. The shock wave propagates as a com-
pression wave in the air medium, as shown in Figure 12(a). It reaches a peak and
drastically attenuates at all monitoring points, as shown in Figure 12(a). In water,
the shock wave also enters as a compression wave, as shown in Figure 12(b). Once
the shock crosses the monitoring point, it experiences secondary shock and it
gradually attenuates. In this case, the monitoring points record small negative
wiggles in Figure 12(b) but the strength of those negative pressure profiles is neg-
ligible.
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304 —— Monitoring Pt. 2 —— Monitoring Pt. 2
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25 1250 -
— i S 1 .
g 20 a g 000 b
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Figure 12. Pressure-Time history graph at 0.6 m, 0.8 m, and 1.0 m (a) above (in air) and (b) below (in water) the interface.

5. Discussion
5.1. Shockwave Propagation Near Free Surface

Figure 13 shows the wave diagram of all three cases. In this analysis, the charac-
teristics of shockwave propagation are discussed in detail. This graph shows that
the region from 0 - 5 m in the x-axis is filled with water, 5 - 10 m is filled with air,
and the water-air interface (free surface) was fixed at 5 m in all three cases.
Whereas the explosion is fixed at 4 m (1 m below the interface) for Case 1, at 6 m
(1 m above the interface) for Case 2, and at 5 m (at the air-water interface) for
Case 3. Figure 13(a) depicts the wave diagram of an underwater explosion. In this
case, TNT is fixed at 1 m below the interface in the water medium and explodes
at time ¢= 0. The shock propagates in water and it approaches the water-air inter-
face at time #= 0.5 ms. The shock wave reflects and transmits due to the effect of
the interface. The difference in acoustic impedance between air and water is very
high. Because of that the reflected expansion wave drops below the ambient pres-
sure and results in cavitation and the transmitted shock is very minimal, as shown

in Figure 13(a). The strength of the reflected and incident shock wave is of equal
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magnitude; the reflected rarefaction wave propagates in water as does the incident

shock wave, as shown in Figure 13(a).
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Figure 13. X-T wave diagram of (a) Explosion in water; (b) Explosion in air; (c) Explosion at the interface.

In Case 2, the explosion is fixed at 1 m above the interface in the air medium,
as shown in Figure 13(b). The remaining conditions are identical to those in Case
1. After the explosion, the shock wave moves toward the air-water interface (free
surface). When the shock wave reaches the interface, part of it transmits into the
water and the other part reflects in the air region, as shown in Figure 13(b). Due
to the cohesive nature of water, the reflected shock wave and transmitted shock
wave are strong compression waves. The speed of sound in water is around 1500
m/s, so the transmitted shock wave propagates inside the water medium faster
compared to that of the reflected wave in the air medium, as shown in Figure
13(b). In Case 3, the explosion is fixed at the interface. After the explosion, the
shock wave propagates in both regions as shown in Figure 13(c). Initially, the
shock wave propagated in the air at a faster pace. This could be caused by the
reflected wave from the interface interacting with the incident wave in the air me-
dium. But as time proceeds, the attenuation of shock wave in the air is higher than
that of water. So, the shock gets weaker in magnitude and is not able to propagate
a greater distance. Hence a significant bend in the curve was able to be noticed in
the air region and it was compared against the imaginary line as shown in Figure
13(c). The imaginary line is a shock wave propagation pattern without the effect
of the interface. On the other hand, the shock wave in water experiences a signif-
icantly higher magnitude of shock wave due to its acoustic impedance. Further-
more, water has a much higher density and sound speed than air, allowing it to

transmit shock wave at a much faster rate.

5.2. Effect of Acoustic Impedance in Shockwave Attenuation

Figure 14 shows the comparison of shock wave attenuation in air, water, and in-
terface explosions. The Euler number is used as the scaling parameter to compare
the results of air and water. Density and speed of sound are the major parameters
that differentiate air from water. To compare the results of air, water, and interface

explosions, the Euler number is plotted against the distance to study the attenua-
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tion effect of the shock wave in different mediums of explosion. In all cases, once
an explosion initiates from the center, the shock wave reaches its peak at each
monitoring point and attenuates with respect to time. In this graph, the monitor-
ing points were fixed at 1 m, 2 m, 3 m, and 4 m from the charge to measure the
flow field variables, and the Euler number was calculated at each point. For water
and air explosion, all four monitoring points are fixed at the water and air me-
dium, respectively. In an interface explosion, four monitoring points each are

fixed on both the air and water medium from the charge center.
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140 —s— Water Explosion
: Interface Explosion (Air)
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§- |
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Euler Number (Eu
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Figure 14. Comparison of shock wave attenuation of explosion in air, water, and interface.

In water explosion, the Euler number at the initial point is 154.49 followed by
83.4, 57.08, and 41.81 respectively. Meanwhile, in the case of air explosions, the
Euler numbers were 10.59, 3.53, 1.56, and 1.05, respectively. The Euler number
calculated at each location for water explosion (Case 1) is significantly higher than
that of air explosion (Case 2). Also, the shock wave in water attenuates gradually,
whereas, in the air, it reaches its minimum within a shorter time scale as shown
in Figure 14. This major difference is due to the cohesive nature of water and the
acoustic impedance difference between the respective mediums. Interface explo-
sions have both air and water sides, shock wave attenuation on the waterside (Case
3) is similar to water explosions (Case 1). The calculated Euler numbers are 89.69,
47.53, 32.99, and 25.11 respectively. The magnitude is considerably lower than in
Case 1 due to the transmission of shock wave through the interface. However, the
magnitude of the explosion on the air side of the interface (Case 3) is 20.07, 9.44,
5.14, and 3.00 respectively. It is slightly greater and gradually diminishes when
compared to the air-side explosion (Case 2). This could be because the shock wave
reflected from the water-air interface during an explosion joins the incident shock
wave, resulting in a larger magnitude and slower attenuation than in an air explo-

sion. Hence the graph shows the medium of the explosion near the interface has
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a significant impact on the shockwave propagation and attenuation characteris-

tics.

6. Conclusions

This study aims to numerically investigate the shock wave propagation, attenua-
tion, and free surface effects for different mediums of explosion. In an underwater
explosion, the shock wave reaches the interface and is reflected in the water as an
expansion wave and transmitted in the air as a weak shock wave due to the acous-
tic impedance of water. Cavitation happened near the free surface when the re-
flected expansion wave abruptly dropped to extremely negative pressure. In an air
explosion, the shock wave reaches the free surface and reflects as a compression
wave. Due to the cohesive nature of water, the free surface acts like a solid body,
and the reflected shock wave is of equal magnitude to that of the incident shock
wave. Unlike underwater explosions, the transmitted shock, in this case, propa-
gates as a strong compression shock wave.

In an explosion at the air-water interface, the shock wave propagates at different
magnitudes in air and water. In both air and water regions, it reaches the peak
pressure and then reduces exponentially back to the ambient pressure. The water
region experiences minor negative pressure fluctuations, which are insufficient to
cause cavitation. The comparison of results shows that the shock wave in an air
medium attenuates faster than in a water medium. Because the density and speed
of sound in water are much higher than those in air, shock wave propagation and
mitigation behavior differ significantly. In contrast, due to the effect of the free
surface, slightly higher pressure magnitudes are experienced on the air side of the
interface explosion compared to that of the explosion in the air. This may be due
to a reflection of the shock wave at the free surface, which joins with the incident
shock in the air medium. So, the shock wave propagates faster initially in the air
medium and gradually attenuates. Whereas, due to the effect of the free surface,
the shock that enters the water medium has a slightly lower magnitude compared
to that of an explosion in the water. Hence, in this study, the characteristics of
shock wave propagation and attenuation in air, water, and interface were studied,
and the results were compared. This study shows the free surface near different
mediums of the explosion has a considerable effect on shock wave propagation,

attenuation characteristics, and flow physics in explosion-related studies.
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