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a b s t r a c t

Analytical expressions were developed using gas dynamic equations to evaluate the energy associated
with the incident shock wave (incident energy) and the reflected shock wave (remaining energy) for
a shock tube experiment. The real time deformation profile of the specimen being loaded by a shock tube
was also used to calculate the deformation energy. A shock wave loading on a homogeneous aluminum
panel in a simple shock tube experiment was used to illustrate the implementation of these methods.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The ability of a structure to absorb and reflect blast energy is
extremely important in blast mitigation. Structures that can absorb
and reflect blast energy effectively will efficiently dissipate and
disperse the intensive pressure pulse and protect anything located
behind them. Evaluating various energies, such as the energy
stored in the shock wave and the energy transferred into the
structures, will help in understanding the energy redistribution
behavior during blast loading process; as a consequence the energy
absorption and reflection properties of the structures can be
evaluated.

However, the evaluation of energy contained in the blast wave
and the transfer of this energy to the structure during a blast
loading process is an important topic that is still not well under-
stood. Taylor [1] first derived the relation between the blast over-
pressure and the energy released during an explosion. His
pioneering work was utilized and extended in fluid-structure
interaction theory [2,3]. Taylor [2] states that when the structures
are exposed to the same blast, lighter structures acquire less
momentum than heavier structures. The theoretical results from
ref. [3] show that the energy transmitted to the structures can be
reduced when the blast is applied to either very light structures or
very heavy structures. However the fluid-structure interaction only
occurs in a very short time period, when the blast wave (shock
wave) impacts the structures [4,5]. After the shock wave impacts

the structures, the gas located behind the wave front continues to
load the structures. Therefore, these energies cannot be evaluated
by the fluid-structure interaction theory alone.

The response of structures under blast loading has been widely
studied. However, the results related to the energy absorption and
dissipation are obtained through primarily numerical methods
[6,7]. These numerical models were verified by the experimental
deflection of the structures or their deformation modes. The
numerical models were then used to calculate the energy absorbed
or dissipated by the structures. Due to the difficulties that arise in
regards to the measurement and calculation of energies for a real
blast-loading event, these numerical results could not be verified.

Shock tubes have been widely used to study the dynamic
behavior of structures under blast loading [8e10]. Due to the fact
that a shock tube can generate a controllable shock wave with
a planar wave front [11], it is possible to evaluate various energies
by a shock tube experiment. In this research, the methods to
evaluate the energies during a shock wave loading on a panel are
proposed based upon the experimental data obtained from a shock
tube experiment. The detailed steps to calculate the physical
parameters of the gas, such as particle velocity, density and sound
velocity of the gas, were described and implemented. The internal
energy, the translational energy of the gases and the work done by
the gases were evaluated using the calculated physical parameters.
The total incident energy in the impinging gas, the total remaining
energy in the gas after impact and the deformation energy of the
specimen were also evaluated. A simple experiment on an
aluminum panel using a shock tube was conducted to illustrate the
implementation of these methods for evaluating energies.
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2. Theoretical consideration

A planar shock wave loading process generated by a shock tube
experiment on a flat panel is used as a model to illustrate the
evaluation methods of the energies. Fig. 1 shows a typical shock
wave loading process. A planar incident shock wave front is trav-
eling from the left side to the right side through a shock tube
(incident process, Fig. 1a). The right side of the incident wave front
is undisturbed gas, while the left side of incident wave front is the
driver gas (helium) at a high pressure at the onset. After the inci-
dent shock wave impinges on a flat panel, which is located at the
muzzle end of the shock tube, a reflected planar shock wave is then
generated and travels from the right side to the left side (reflected
process, Fig. 1b). The left side of the reflected wave front is still the
driver gas, while the right side of the reflected wave front is now
the gas that is disturbed by reflected shock wave. Uþ and U� are the
velocities of the incident and the reflected shock wave fronts,
respectively. The state of the gas can be defined using the following
physical parameters: p, the pressure; u, the particle velocity; c, the
sound velocity; r, the density; s, the specific volume (i.e. volume
per unit mass); and e, the specific (internal) energy.

The subscript 0 on the parameters denotes the initial state of the
gas. Subscript 1 represents the state of the gas located behind the
incident shock wave front and it will be defined as the incident
state. Subscript 2 represents the state of the gas located behind the
reflected shock wave front and it will be defined as the reflected
state.

2.1. Incident and remaining energies

The energy of a shock wave is stored in the gas, which is located
behind the shock wave front. In the shock wave loading processes
as shown in Fig. 1, there are two shock waves, the incident and the
reflected shock wave. The energy stored in the gas located behind
the incident shock wave front is defined as the incident energy and
the energy stored in the gas located behind the reflected shock
wave front is defined as the remaining energy.

The energy stored in the gas can be separated into three parts:
the internal energy, the translational energy and the work done by
the gas as it propagates through the cross-section of the shock tube.

We assume that a gas with a pressure profile, p(t), propagates
within a shock tube with a cross-sectional area, S, with a particle
velocity, u(t). During time element dt, the internal energy of the gas
[12], the translational energy and the work done by the gas can be
described as following,

dEinternal ¼
pðtÞ*S*juðtÞj

g� 1
dt (1)

dEtranslational ¼
1
2
*ðrðtÞ*S*juðtÞjÞ*juðtÞj2dt ¼ 1

2
rðtÞ*S*juðtÞj3dt

(2)

dEwork ¼ pðtÞ*S*juðtÞjdt (3)

where, g is adiabatic exponent of the gas.
Therefore, the total energy stored in the gas can be obtained by

integrating these energies with respect to time. The formulas for
the incident energy Eincident and the remaining energy Eremaining are
as follows,

Eincident ¼
Z h

dEincidentinternal þ dEincidenttranslational þ dEincidentwork

i
¼

Z
S*ju1ðtÞj

�
g*p1ðtÞ
g� 1

þ 1
2
r1ðtÞ*ju1ðtÞj2

�
dt

(4)

Eremaining ¼
Z h

dEremaining
internal þ dEremaining

translational þ dEremaining
work

i
¼

Z
S*ju2ðtÞj

�
g*p2ðtÞ
g� 1

þ 1
2
r2ðtÞ*ju2ðtÞj2

�
dt

(5)

where, p1(t), ju1(t)j and r1(t) are, respectively, the incident pressure,
the absolute value of particle velocity and the gas density behind
the incident shock front, p2(t), ju2(t)j and r2(t) are the reflected
pressure, the absolute value of particle velocity and the gas density
behind the reflected shock front at any time, respectively.

In Eqs. (1)e(5), the cross-sectional area, S, of the shock tube is
a known constant and the pressure profiles of the shock wave, p(t),
can be measured. The particle velocities of the gas, ju(t)j, the gas
density, r(t), and the sound velocities of the gas, c(t), are unknown
parameters and need to be calculated using experimental data and
through the theory of gas-dynamics [12].

For polytropic gases, the physical parameters used to describe
the state of gas have the following basic relationships,

rs ¼ 1 (6)

e ¼ 1
g� 1

ps (7)

rc2 ¼ gp (8)

p ¼ Arg (9)

where, A is a constant related to the initial state of the gas during
a reversible adiabatic process (an isentropic process).

By following the basic laws of physics, the jump conditions for
the shock wave can be derived and the procedure is shown below
for the incident shock wave process (Fig. 1a) as an example:

Conservation of mass : r0v0 ¼ r1v1 (10)

Conservation of momentum : r0v
2
0 þ p0 ¼ r1v

2
1 þ p1 (11)Fig. 1. Sketch of the incident and the reflected shock process. (a) Incident process.

(b) Reflected process.
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Conservation of energy :
1
2
v20 þ e0 þ p0s0 ¼ 1

2
v21 þ e1 þ p1s1

(12)

where, n is the relative particle velocity with respect to the shock
wave front. v0 ¼ u0 � Uþ and v1 ¼ u1 � Uþ.

Combining Eqs. (6), (10) and (11) gives,

ðs1 þ s0Þðp1 � p0Þ ¼ v20 � v21 (13)

�p0 � p1
s0 � s1

¼ r0v0 ¼ r1v1 (14)

p1 � p0
r1 � r0

¼ v0v1 (15)

The Hugoniot relation can be derived by substituting Eq. (13)
into Eq. (12),

Hðs1; pÞ ¼ e1 � e0 þ
1
2
ðs1 � s0Þðp1 � p0Þ ¼ 0 (16)

In the shock tube experiments, the parameters e and s are
extremely difficult to measure. Therefore, Eq. (16) needs to be
modified into another form with different parameters, which are
easier to obtain in experiments.

Substituting Eq. (7) into Eq. (16) gives,

p
p
¼ s0 � m2s1

s1 � m2s0
(17)

Combining Eqs. (8), (14) and (17) gives,

p
p
¼

�
1þ m2

�
M2

0 � m2 (18a)

or,

p
p
¼

�
1þ m2

�
M2

1 � m2 (18b)

where, m2 ¼ ðg� 1Þ=ðgþ 1Þ, and M is the Mach number,
M1 ¼ ju1 � Uþj=c1 and M0 ¼ ju0 � Uþj=c0.

Finally, combining Eqs. (8), (12) and (15) gives,�
1� m2

�
ðUþ � u0Þ2�ðu1 � u0ÞðUþ � u0Þ ¼

�
1� m2

�
c20 (19a)

or,�
1� m2

�
ðUþ � u1Þ2�ðu0 � u1ÞðUþ � u1Þ ¼

�
1� m2

�
c21 (19b)

The jump conditions for the shock wave Eqs. (10)e(12) and the
modified Hugoniot relations Eqs. (18) and (19) compose the system
of governing equations. Only three equations in this system of
equations are independent in the incident process (Fig. 1a). The
same procedure can be applied to the reflected process (Fig. 1b) by
changing the subscript 0 to 1, subscript 1 to 2 and subscript þ to �.
Thus, during a shock tube experiment, there are six independent
equations. There are 15 parameters in the equations, p0, p1, p2, u0,
u1, u2, c0, c1, c2, r0, r1, r2, Uþ, U� and g. Note u0 is zero, c0 is the speed
of sound in air, r0 is the density of the air with one atmospheric
pressure and room temperature, the adiabatic exponent, g, is a gas
constant and p0, p1, p2, Uþ, U� can be measured. Therefore, there
exist six unknown parameters, u1, u2, c1, c2, r1 and r2. These six
unknown parameters can be determined using the six independent
equations. Now, the incident and remaining energies can be
calculated by substituting the value of physical parameters into Eqs.
(1)e(5).

Note signs of the velocities in Eqs. (18) and (19) indicate the
direction of motion. In Fig. 1, a positive sign indicates that the
direction is the same as the propagating direction of the incident
shock wave front and a negative sign indicates that the direction is
opposite of the propagating direction of the incident shock wave
front.

2.2. Deformation energy

After the incident shock wave impinges upon the panel,
a reflected shock wave is generated and the reflected pressure is
applied on the panel to deform the panel. The total work done by
the gas to deform the panel is defined as deformation energy.

The calculation of the deformation energy requires the evalua-
tion of the deflectionetime data from the high-speed deflection
images and the force-time data from the reflected pressure profile.
Combining the deflectionetime data and the force-time data will
result in forceedeflection data. Now, the deformation energy can be
obtained by integrating the forceedeflection data.

The deflection of the panel and the reflected pressure are two
important quantities in the deformation energy calculation. Fig. 2
shows a typical real time side-view image of a deflected panel.
Based on the experimental observation, the deflection of each point
on a horizontal line along thewidth can be assumed to be the same.
This means that the panel bends like a beam. Therefore, the
deflection of the side viewof the panel can be extended to thewhole
panel.

Since the force is applied on the front face of the specimen, the
deflection of the front face of the specimen is what we need. Curve
fitting methods, such as cubic spline curve fitting, polynomial curve
fitting, etc., can be used to match the shape of the front face, as
shown in Fig. 2. After calibrating the distance, the deflection of
every point along the front face can be calculated.

By assuming that the pressure applied on the shock area is
uniform and combining the pressureetime data and the
deflectionetime data, the pressureedeflection profile can be
obtained. The deformation energy (Edeformation) can now be
calculated by integrating the pressureedeflection profile for
every point inside the shock loading area. The formula is as
follows:

Fig. 2. Curve fitting to simulate the front face profile.
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Edeformation ¼
I

Sshock tube

�Z
p2ðtÞdldeformation

�
dS (20)

3. Experimental procedure

A controlled shock wave loading experiment on a homoge-
neous aluminum panel was carried out using a shock tube to
illustrate the implementation of the energy evaluation methods
described above. The experimental setup is shown in Fig. 3. A
shock tube apparatus was utilized to generate a planar shock
wave with a controlled overpressure level. A flat aluminum
panel was held in front of the end of the muzzle section. A
high-speed digital camera, IMACON 200, was used to capture
the real time side-view deformation images of the specimen.
The detailed description of the shock tube apparatus can be
found in Ref [8].

Detailed dimensions and locations of the muzzle, pressure
transducers (PCB102A), specimen and supports are shown in Fig. 4.
The inner diameter of themuzzle is 0.0762 m(3 in),which is also the
diameter of the loading area. Two transducers are mounted at the
end of the muzzle section to measure the incident pressure and the
reflected pressure. The distance between the two transducers is
0.16 m and the distance between transducer 2 and the end of the
muzzle isw0.02 m.

The specimen panel was fabricated using 6061 Aluminum. The
overall dimensions of the specimen are 101.6 mm (4 in) wide,
254 mm (10 in) long, and 10 mm (0.375 in) thick. The support
fixtures ensure simply supported boundary conditions with
a 0.1524 m (6 in) span and the support lines are parallel to the
width of the panel.

In the present study, a shock wave, with an incident over-
pressure of approximately 1 MPa and a velocity of approximately
1045 m/s was generated and impacted on the panel. With an inter-
frame time of 70 ms, 14 high-speed image frames of the loading
process were obtained.

4. Experimental results

4.1. Velocity measurement of the shock wave fronts

The velocity of the shock wave fronts (Uþ and U�) can be
measured using the pressure profiles from the two transducers,
which are shown in Fig. 4. Fig. 5 shows the typical pressure profiles
from the two transducers.

An incident shock wave front travelling from left to right
(Fig. 1a) through the muzzle section reached transducer 1 first, and
gave a first jump on the pressure profile of transducer 1. This
incident shock wave front then reached transducer 2 and gave
a first jump on the pressure profile of transducer 2, as shown in
Fig. 5. Thus, the time between the first jumps of two pressure
profiles is the time taken by the incident shock wave to travel from
transducer 1 to transducer 2. Since the distance between two
transducers is known, the average velocity Uþ of the incident shock
wave can be calculated. In present experiment, the time between
the first jumps is 154 ms. Thus, the average velocity of incident
shock wave is 1045 m/s.

Similarly, the reflected shock wave, generated after the incident
shock wave impinges upon the panel, propagated in the opposite
direction back down the barrel. Therefore, the reflected shock wave
front reached transducer 2 first and subsequently reached trans-
ducer 1. The reach times are represented by the second jumps in the
pressure profiles (Fig. 5). The average velocity U� of the reflected
shock wave can now be calculated using the distance between two
transducers and the time between two second pressure jumps. In
the present experiment, the time between two second pressure
jumps is 444 ms. Thus, the average velocity of reflected shock wave
is 363 m/s.

4.2. Incident and reflected pressure measurements

Since the pressure profiles were measured at the end of the
muzzle section and not directly on the specimen, it is important to

Fig. 3. Experimental setup.

Fig. 4. Details of dimensions of the muzzle section.

Fig. 5. Typical pressure profiles from two pressure sensors.
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verify that both are indeed equal. A simple experimental setup, as
shown in Fig. 6, was designed to verify this assumption. The two
transducers were mounted at their original positions on the
muzzle. A thick steel plate was placed in the same position as the
test panel and supported firmly on the back side. An additional
transducer, transducer 3, was mounted in the center of the loading
area on the steel plate. Thus, the pressure profile from transducer 3
was exactly the pressure on the plate during the shock wave
loading. Fig. 7 shows pressure profiles measured during the
experiment from transducers 2 and 3. It is obvious that
the measured pressure profile from transducer 2 is the same as the
pressure profile exactly at the center of the plate.

Since the reflected pressure profile overlaps on the incident
pressure profile (discussed in Section 4.1 and shown in Fig. 5),
the pressure profiles obtained from the transducers cannot be
used as pressure profiles of incident and reflected shock waves
directly. The incident pressure profile can be acquired from the
first to second jumps of the pressure profiles from two trans-
ducers. Due to the overlap problem, only 600e700 ms pressure
profile can be used for energy evaluation. Total shock wave
loading process lasts more than 5000 ms. Since the pressure
pulses are repeatable in shock tube experiments [8,10], the
incident pulse generated with the same initial overpressure was
first recorded without the specimen in place. This pressure
profile as shown in Fig. 8 was used in the calculation of the
incident energy.

The reflected pressure profile was obtained from transducer 2
and is measured from the second pressure jump onwards. This is
also shown in Fig. 8 and was used in the calculation of the
remaining energy.

4.3. Calculation of the physical parameters

The incident and the reflected pressures in these experiments,
as well as the gas particle velocities, the gas densities and sound
velocities of the gas, are all functions of time. It is important to
correlate the pressures and these physical parameters, which were
used in the calculation of various energies. The calculation of the
physical parameters can be separated into following steps.

4.3.1. Calculation of the initial values of the physical parameters
(t¼ 0)

The initial values of the physical parameters (t¼ 0) at the time
that the shock wave impinges on the specimen are significantly
important for the calculation of the physical parameters at t> 0.
Though the process inwhich the gas crosses the shock wave front is
an adiabatic process and not reversible, the other processes behind

or in front of the shock wave front, such as the pressure change, are
all reversible adiabatic processes (isentropic processes). Therefore,
the values of the physical parameters at t> 0 are all based on the
initial values.

Based on the incident and reflected shock wave loading
processes (shown in Fig. 1), three equations of the Hugoniot rela-
tions can be obtained using Eqs. (18) and (19).

�
1� m2

	ðUþ � u0Þ2�ðu1 initial � u0ÞðUþ � u0Þ ¼ �
1� m2

	
c20
(21a)

p2 initial
p1 initial

¼ �
1þ m2

	�u1 initial � U�
c1 initial

�2

�m2 (21b)

�
1� m2

	ðU� � u1 initialÞ2�ðu2 initial � u1 initialÞðU� � u1 initialÞ
¼ �

1� m2
	
c21 initial ð21cÞ

and another two equations can be obtained using Eq. (10),

r0ðu0 � UþÞ ¼ r1 initialðu1 initial � UþÞ (21d)

r1 initialðu1 initial � U�Þ ¼ r2 initialðu2 initial � U�Þ (21e)

where, p1_initial and p2_initial are the peak pressure values of the
incident and reflected shock wave pressure profiles, respectively,
Uþ and U- were calculated from the experiment as described in

Fig. 6. Three pressure transducers setup.

Fig. 7. Pressure profiles equality verification.

Fig. 8. Modified incident and reflected shock wave pressure profiles.
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Section 4.1. u0¼ 0 m/s. c0¼ 340 m/s. m2 ¼ ðg� 1Þ=ðgþ 1Þ is the gas
constant.

Thus, the initial value of the gas particle velocity behind the
incident shockwave front can be explicitly derived fromEq. (21a) as,

u1 initial ¼ u0 þ
�
1� m2

	ðUþ � u0Þ2�
�
1� m2

	
c20

Uþ � u0
(22)

The initial value of the sound velocity of the gas behind the
incident shock wave front is derived from Eq. (21b),

c1 initial ¼ ju1 initial � U�j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ m2

ðp2 initial=pÞ þ m2

s
(23)

The initial value of the gas particle velocity behind the reflected
shock wave front is derived from Eq. (21c),

u2 initial ¼ u1 initial

þ
�
1� m2

	ðU� � u1 initialÞ2�
�
1� m2

	
c21 initial

U� � u1 initial

(24)

The initial value of the gas density behind the incident shock
wave front is derived from Eq. (21d),

r1 initial ¼
�

u0 � Uþ
u1 initial � Uþ

�
r0 (25)

The initial value of the gas density behind the reflected shock
wave front is derived from Eq. (21e),

r2 initial ¼
�
u1 initial � U�
u2 initial � U�

�
r1 initial (26)

In a shock tube experiment, prior to the diaphragm rupturing,
one side of the diaphragm was filled with high-pressure helium
(driver side), while the other side of the diaphragmwas air (driven
side) at normal pressure. After the diaphragm ruptured the
compressive shock wave traveled from the direction of higher
pressure to lower pressure (helium/ air). Since the particle
velocity of the helium gas located behind the shock front was less
than the velocity of the shock front itself, airs passed over the shock
front and occupied the space located between the helium gas and
the shock front during the propagation of the shockwave. Therefore,
by the time the shockwave reached the specimen, the gas located to
the left and the right side of the shock front were both air. Thus, the
adiabatic exponent of air, g¼ 1.4, was used in present calculations.

4.3.2. Calculation of the densities and sound velocities of the gas at
t> 0

Since the processes behind or in front of the shock wave front,
such as pressure change and density change of the gas, are all
reversible adiabatic processes (isentropic processes), the densities
and sound velocities can be calculated using initial values and the
state Eqs. (8) and (9) for a polytropic gas.

As a reminder, Eqs. (8) and (9) are as follows,

rc2 ¼ gp (8)

p ¼ Arg (9)

where, A is a constant related to the initial state of the gas during
a reversible adiabatic process (isentropic process).

Through these two equations, the densities and sound velocities
of the gas behind the incident shock wave front or in front of the
reflected shock wave front at t> 0 can be calculated as,

r1ðtÞ ¼
�

p1ðtÞ
p1 initial

�1
g

r1 initial (27a)

c1ðtÞ ¼
�

r1ðtÞ
r1 initial

�g�1
2

c1 initial (27b)

The densities and sound velocities of the gas behind the
reflected shock wave front at t> 0 are,

r2ðtÞ ¼
�

p2ðtÞ
p2 initial

�1
g

r2 initial (28a)

c2ðtÞ ¼
�

r2ðtÞ
r2 initial

�g�1
2

c2 initial (28b)

Figs. 9 and 10 show the calculated density and sound velocity
change with respect to time.

4.3.3. Calculation of the particle velocities at t> 0
Before implementation of the calculation of the particle veloc-

ities at t> 0, two hypotheses are given as follows.

1. The velocity of reflected shock wave front does not change
during the shock wave loading process.

2. The physical properties of the gas, such as pressure and particle
velocity, located on each side of the reflected shock wave front
are uniform.

Then the particle velocities can be calculated by the analysis
described below.

Based on the reflected process (shown in Fig. 1b), two equations
using different forms of the Hugoniot relation can be obtained.

p2ðtÞ
p1ðtÞ

¼
�
1þ m2

��u1ðtÞ � U�
c1

�2

�m2 (29a)

�
1� m2

�
½U� � u1ðtÞ�2�½u2ðtÞ � u1ðtÞ�½U� � u1ðtÞ�

¼
�
1� m2

�
c21 (29b)

In these two equations, the first hypothesis allows one to use the
average reflected shock wave velocity described in Section 4.1. The
second hypothesis allows one to use the measured pressure profile

Fig. 9. Density change.
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at the muzzle to replace the pressure data in Eq. (29), which
denotes the pressure exactly located in front of and behind the
reflected shock wave front, though the reflected shock wave front is
propagating.

Therefore, the particle velocities of the gas located on both sides
of the reflected shock wave front can be solved as,

u1ðtÞ ¼ U� þ c1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½p2ðtÞ=p1ðtÞ� þ m2

1þ m2

s
(30a)

u2ðtÞ ¼
�
1� m2

	n½U� � u1ðtÞ�2�c21
o

U� � u1ðtÞ
þ u1ðtÞ (30b)

where, p1(t) and p2(t) were the incident and reflected shock wave
pressure profiles, which were shown in Fig. 8.Eqs. (30a) and (30b)
were substituted into Eqs. (1)e(5) and subsequently Eqs. (4) and
(5) were numerically integrated to obtain the incident and the
remaining energies. Fig. 11 shows the comparison of u1 and u2 for
the present experiment.

4.4. Side view deflection reconstruction

Real time side view images of the panel deflection are shown in
Fig. 12. Seven points were chosen along the profile of the front face
of the panel in each image, as shown in Fig. 2. The spline curve
fitting method was utilized to track the deformation of the front

Fig. 10. Sound velocity change. Fig. 11. The comparison of the particle velocities.

Fig. 12. High-speed deflection images.
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face. The reconstructed shapes along with the seven data points
used are shown at six time intervals in Fig. 13. Since the pressure
was applied to the panel within the muzzle’s inner cross-sectional
area, the reconstruction was only carried out for this area. Through
this reconstruction, the deflection data of each point on the front
surface of the panel (such as Fig. 2) can be obtained and utilized in
the calculation of the deformation energy.

4.5. Energy evaluation

The internal energy, the translational energy and the work done
by the gas obtained from Eqs. (1)e(3) are shown in Fig. 14. It can be
seen that the highest energy is the incident internal energy of the
impinging gas. The incident translational energy is about 1/3 of the
incident internal energy and the work done by the incident gas is
about 1/4 of the incident internal energy. After the shock wave
loading on the specimen, the levels of the remaining energies were
highly reduced. The remaining internal energy is only 2/5 of the
incident internal energy. The work done by the reflected gas is
about 1/5 of the incident internal energy and the remaining
translational energy is almost zero. This is due to the substantially
lower reflected gas particle velocity, which is roughly less than 20%
of the incident gas particle velocity.

The total incident and remaining energies obtained fromEqs. (4)
and (5) are shown in Fig. 15. It can be seen that the incident energy
is much larger than the remaining energy, which indicates that
there is a large amount of the energy lost during the shock wave
loading process. The energy difference between the incident and
remaining energy is termed as the total energy loss. This total
energy loss is consumed in panel deformation energy, panel kinetic
energy, heat, sound, light and any energy lost out of the side of the
panel.

The deformation energy was calculated by substituting the
modified reflected pressure profile in Fig. 8 and the reconstructed
deformation information in Section 4.4 into Eq. (20). The evaluated
deformation energy is shown in Fig. 16. Since the high-speed
images captured by the camera covered about 1ms, the deflection
energy was only calculated for this time duration. From Fig. 16, it
can be seen that a very small amount of energy, which is less than
5% of the total incident energy, is used to deform the panel and the
bulk of the energy is lost elsewhere.

4.6. Discussion of the errors from the hypotheses

In Section 4.3.3, we have given two hypotheses in order to
implement the calculation process of the particle velocities. They
will induce some errors in the calculations. In this section, we
discuss the feasibility of these hypotheses.

Fig. 13. Reconstructed shape of the panel at different time.

Fig. 14. Evaluated energies of different types.

Fig. 15. The incident energy, remaining energy and total energy loss.

Fig. 16. The deformation energy.
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For the first hypothesis, the average velocity of the reflected
shockwave front used in this study is 363 m/s. This average velocity
is close to the speed of sound (340 m/s) in the air with one atmo-
spheric pressure and room temperature. As we know, the weak
shock wave will propagate with the speed of sound of the gas. The
average velocity of the reflected shock wave front will only change
less than 10% of its original value. Therefore we can conclude that
the first hypothesis is feasible.

For the second hypothesis, the synchronized pressure profiles,
whichweremeasured from the different locations on themuzzle and
shown in Fig. 5, can be utilized to verify this hypothesis. Two time
periods need to be considered. The first time period is between the
time that the incident shock wave reached transducer 2 (correlate to
the first jump of the pressure data from transducer 2) and the time
that the reflected shock wave reached transducer 2 (correlate to the
second jumpof thepressuredata fromtransducer 2).During this time
period, twotransducersmeasured thepressuredataof thegas located
behind the incident shock wave front, which correlates to the state 1
in Fig. 1. The second time period is after the reflected shock wave
reached transducer 1 (correlate to the second jump of the pressure
data from transducer 1). During this time period, two transducers
measured the pressure data of the gas located behind the reflected
shockwave front,which correlates to the state2 inFig.1. It canbe seen
that the pressure profiles overlapped very well during the first time
period. This indicates that the physical parameters behind the inci-
dent shock wave are uniform. During the second time period, the
pressure profiles from two transducers overlapped during amajority
of the time (over 60% of the total time) of the shock wave loading
process. The region where there was no overlapping of pressure
profiles within the second time period, the difference between them
is less than 15%. Thus, it can be concluded that the second hypothesis
is also feasible.

5. Summary

In this study, the method to evaluate the energies associated
with the incident shock wave, the reflected shock wave and the
energy that deforms the specimen in a shock tube experiment have
been developed. The determination of these energies is based on
the shock wave pressure profiles and the high-speed deformation
images that are obtained during a shock tube experiment. The

implementation of this method is demonstrated by conducting
a controlled experiment on a homogeneous aluminum panel using
a shock tube. The results indicate that only a small amount of the
incident energywas used in deforming the specimen and imparting
kinetic energy to the specimen. Most of the incident energy
remained in the gas and was dispersed as heat, sound, light and
other forms of the energy and losses through the sides of the panel.
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