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Abstract Bio-shock tubes (BSTs) can approximately simulate the typical blast waves produced by nuclear or chemical
charge explosions for use in biological damage studies. The
profile of an ideal blast wave in air is characterized by the
overpressure, the negative pressure, and the positive pressure
duration, which are determined by the geometric configurations of BSTs. Numerical experiments are carried out using
the Eulerian equations by the dispersion-controlled dissipative scheme to investigate the effect of different structural
components on ideal blast waveforms. The results show that
cylindrical and conical frustum driver sections with an appropriate length can produce typical blast wave profiles, but a
flattened peak pressure may appear when using a tube of a
longer length. Neither a double-expansion tube nor a shrinkage tube set in BSTs is practical for the production of an ideal
blast waveform. In addition, negative pressure recovery will
occur, exceeding the ambient pressure with an increase in
pressure in the vacuum section.
Keywords Blast wave profile · Biological shock tube ·
Blast overpressure · Geometrical configuration
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1 Introduction
Blast overpressure (BOP) is defined as the increased pressure
over ambient atmospheric pressure that occurs in civilian and
military detonations or from the firing of weapons. Exposure to incident BOP waves is known to damage the hollow
gas-filled organs such as ears, lungs, and intestines [1–4].
Traumatic brain injury and blast-induced neurotrauma upon
exposure to blast waves have also been confirmed in animal
studies [5–9]. In order to reproduce the ideal blast wave profiles, the proper designs of these studies are appropriate to
replicate field conditions in the laboratory.
The ideal overpressure wave resulting from an air blast in
an open environment is described as a Friedlander waveform
[2,3,10]. This waveform (Fig. 1) is characterized by a steep
shock front, an initial positive phase, and a subsequent negative phase due to nonlinear decay, wherein the pressure falls
below the ambient pressure. The typical blast wave profile
is quantified by several factors such as overpressure, subambient pressure, positive pressure duration, and impulse.
To conduct explosion-simulation experiments in the laboratory, shock tubes have been extensively applied to the
study of auditory and non-auditory damage for both physiological and pathological manifestation [2]. In such tubes,
shock waves required for the measurements are driven either
by high-pressure gases or by detonation of a fuel–oxidizer
mixture. In particular, those tubes used to reproduce BOP
waves for the study of biological damage are usually designated as biological shock tubes (BSTs) [12], which include
compression-driven and blast-driven designs. Compressiondriven shock tubes [2,8,10–13,16] avoid the safety concerns
related to the storage and handling of high explosives and
reduce the cost of test facilities to maintain, but they often
fail to accurately represent the Friedlander waveform of freefield blast waves [5,6]. Blast-driven shock tubes [14,15,17]
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Fig. 1 Schematic diagram of an ideal blast wave profile with a positive
phase (above ambient pressure) and a negative phase (below ambient
pressure). P ∗ is the peak pressure, P0 is the ambient pressure, and td is
the positive phase duration

can produce more realistic pressure–time profiles than the
compression-driven ones, but their operation requires reliable facilities and is more dangerous due to the use of high
explosive materials. Most current shock tube designs do not
meet all requirements for fidelity of the pressure wave and
accessibility in terms of facilities and cost [9]. The blast wave
profile not only determines the survival of animal models,
but also the acute biomechanical injuries and the chronic biochemical sequelae [16]. Therefore, it is of great importance to
carefully design and operate bio-shock tubes to generate the
ideal blast wave. However, little research has been focused on
further understanding of the relationship between the ideal
blast wave profile and the detailed geometric configuration
of a shock tube.
In this paper, we have examined the effect of the geometric configuration of a BST on the propagation of an
ideal blast wave profile. Several structures including a cylindrical driver section, a driving section with a front-conical
tube, a double-expansion pipe, and a shrinkage tube are systematically investigated to determine the suitability of such
structures for the production of typical blast waveforms. Furthermore, the influence of pressure variation in the vacuum
section is also discussed.

2 Models and numerical methodology
2.1 Geometrical models
For this study, the BST is considered as a compressiondriven shock tube, in which the blast wave is produced by
compressed air instead of an explosive mixture. The primary configuration of a biological shock tube, which is
closely associated with the ideal blast waveform, consists
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Fig. 2 The geometrical configuration of the bio-shock tube, mainly
including a conical frustum driver section, an expansion section, a test
section, a vacuum section, and a constricted tube marked by a circle.
Two diaphragms are located at the end of the driver and vacuum sections.
R (m), L (m) and P (atm) are, respectively, designated as the radius,
length, and initial pressure of the bio-shock tube

of a driver section, a test section, an expansion section, and
a vacuum section, as sketched in Fig. 2. The detailed parameters of R, L, and P are, respectively, defined as the radius,
the length, and the initial pressure in different components
of BSTs. Several geometrical structures of BSTs considered will be investigated for the propagation of ideal blast
wave profiles, such as a cylindrical driver section designated
as the two radii R1 = R2 , a conical frustum driver section designated as the radii R1 < R2 , a double-expansion
tube determined by the parameters of R3 , R4 , L 4 , L 5 , and a
constricted tube positioned before the vacuum section determined by the parameters of R4 , R5 , R6 , which is shown in the
enlarged drawing. The total length of the BST considered in
this paper is L 9 = 72 m, and the test point is located at 40 m.
Two diaphragms are separately located at the end of the
driver section and the end of the test section, as shown in
Fig. 2. When the first diaphragm is ruptured, the static highpressure gases in the driver section generates a strong main
shock wave to the right and a rarefaction wave to the left.
Once the shock wave arrives at the test section, the pressure
at the test point increases sharply to reach the peak positive
pressure and then decreases rapidly below the atmospheric
pressure due to a reflected rarefaction wave catching up with
the shock wave from the back end of the driver section. As
a result, the typical blast wave profile, including positive
pressure, negative pressure, and positive pressure duration, is
formed. The shock wave continues to propagate away from
the driver section, breaks the second diaphragm, and enters
the vacuum section, where the high pressure is reduced. The
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reason for setting the second diaphragm before the vacuum
section is that the initial static pressures at the test section
(P1 ) and the vacuum section (Pv ) for numerical simulation
are not equal to each other. If the initial pressures P1 = Pv ,
the second diaphragm is automatically not available for the
shock tubes.
In Table 1, all the fixed parameters are listed for reference, including the different lengths of structural components (L 4 , L 5 , L 6 , L 7 , L 8 , and L 9 ), the corresponding radii
(R2 , R4 , R6 , and R7 ), the initial low pressure P1 in the test
section, and the initial high pressure P4 in the driver section.
The fixed total length (L 9 ) and test section radius (R4 ) of the
shock tube may leave limited flexibility for alternate designs,
but the present study of BSTs is focused on determining if
the production of ideal blast waveforms is feasible with the
possible geometrical configurations or not, and the following results will be applicable for other total lengths of shock
tubes, because the sizes of the structural components of the
shock tube are the major factors. The initial static pressure
P1 = 0.5 atm in the test section, corresponding to the height
of approximately 5000 m, can be regarded as a blast environment at high altitude or on continental plateaus rather than
at sea level. Although such a low pressure (P1 ) in the atmospheric environment—possibly causing stress on an animal
subject independent of the blast loading—is an issue and may
prevent the exact design proposed in this paper from being
used for live biological specimens, high or low initial pressures set in the test section for numerical experiments mainly
have an influence on the positive phase duration instead of
the typical blast wave profile. In addition, a fixed driver pressure (P4 ) is used to reduce excessive calculation variables,
which was not the main issue of concern in the present study.
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In Table 2, the other unfixed parameters for the calculations, such as L 1 , L 2 , L 3 , R1 , R3 , R5 , and Pv , will be used to
observe the blast waveform in different cases, which involve
the configuration of a driver section, a double-expansion tube,
a shrinkage tube, and the pressure variation in the vacuum
section.
2.2 Governing equations
All of the calculations are performed using several simplifying assumptions, including an ideal gas, inviscid compressible flow, and two-dimensional axisymmetric flow. The
inviscid simplification is justified because the gas viscosity
has little effect on the structure of the shock wave. Another
reason is that the thickness of the viscous wall boundary layer
in the test section of bio-shock tubes is much smaller than the
mainstream area. To reduce the computational cost, the flows
in BSTs are numerically simulated using 2-D axisymmetric
Euler equations. The governing equations can be written in
a conservation form, which are expressed as
∂U ∂F ∂G S
+
+
+ = 0.
∂t
∂x
∂y
y

(1)

Here, U is the unknown state vector, F and G are the inviscid
flux vectors along the x and y directions, respectively, and S
is the source vector, where
U = [ρ, ρu, ρv, ρ E]T ,

(2)

F = [ρu, ρu + p, ρuv, (ρ E + p)u] ,

(3)

G = [ρv, ρuv, ρv + p, (ρ E + p)v] ,

(4)

S = [ρv, ρuv, ρv , (ρ E + p)v] .

(5)

2

T

2

T
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T

Table 1 Geometric sizes and initial pressure for reference
L 4 (m)

L 5 (m)

L 6 (m)

L 7 (m)

L 8 (m)

L 9 (m)

R2 (m)

R4 (m)

R6 (m)

R7 (m)

P1 (atm)

P4 (atm)

20

21

51

52

53.5

72

0.2

0.5

0.6

2.0

0.5

50

Table 2 Different geometric
and pressure parameters given
for each calculation

Cases

L 1 (m)

L 2 (m)

L 3 (m)

R1 (m)

R3 (m)

R5 (m)

Pv (atm)

1

0.5

1.0

2.0

0.2

0.5

0.5

0.25

2

1.0

1.5

2.5

0.2

0.5

0.5

0.25

3

1.0

4.0

5.0

0.2

0.5

0.5

0.25

4

0.8

1.5

2.5

0.05

0.5

0.5

0.25

5

1.0

1.5

2.5

0.05

0.5

0.5

0.25

6

1.2

1.5

2.5

0.05

0.5

0.5

0.25

7

1.0

1.5

2.5

0.2

0.3

0.5

0.25

8

1.0

1.5

2.5

0.2

0.5

0.25

0.25

9

1.0

1.5

2.5

0.2

0.5

0.5

0.10

10

1.0

1.5

2.5

0.2

0.5

0.5

0.35

11

1.0

1.5

2.5

0.2

0.5

0.5

0.50
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The scalar E is the total energy per unit mass, which has a
relationship with the pressure to close the above equations,
i.e.,
(6)

where the ratio of specific heat γ is 1.4.
2.3 Numerical methods
The spatial discretization scheme adopts the DCD scheme
[18] in this study, which has been confirmed to be a satisfactory numerical technique for shock-capturing and complex
flow simulation [19,20]. The inviscid fluxes are solved by
the Steger-Warming splitting method, and the temporal discretization is obtained by the second-order Runge–Kutta
explicit method. The boundary condition is a non-viscous
slip wall, i.e.,
∂v
∂u
= 0,
= 0.
∂x
∂y

200

150

100

50

0
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Fig. 3 The blast waveforms at the test point for the coarse and fine
grids

(7)

The velocity at the initial instant is zero and the initial
pressures are given in Table 1, which are imposed to the initialization for all grids. The initial pressure Pv in the vacuum
section is given in Table 2 for the eleven test cases.
2.4 Grid-independence verification
Four groups of computational grids are used for the gridindependence verification, and the test point is located at 40.0
m along the central axis of BSTs. The test numerical results
are calculated using the same geometric sizes and the same
initial pressure, which is referred to as case 2 in Table 2.
In Fig. 3, four blast wave profiles exhibit a similar maximum of pressures for both coarse and fine grids, while the
two waveforms, respectively, associated with 3500 × 50 and
3500 × 100 grids are almost the same and the peak pressure
only changes 0.1% for the finest grid 3500 × 100, as given
in Table 3. In other words, the finest grids are sufficient to
resolve the equations for capturing the blast waveforms in
the subsequent computations.

3 Results and discussion
3.1 Driver section with a cylindrical tube
Three different lengths of the cylindrical driver sections
are studied for the blast wave profiles, the parameters of
which, respectively, correspond to case 1, case 2, and case 3
in Table 2. Figure 4 shows the typical pressure–time profiles for the blast waves and the geometric configuration
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250

Pressure (KPa)

1
p = (γ − 1)(ρ E − ρ(u 2 + v 2 )),
2

2500×50 grids
3000×50 grids
3500×50 grids
3500×100 grids

Table 3 The peak pressures for the coarse and fine grids
Groups

Grids

Peak pressure (kPa)

1

2500 × 50

280.54

2

3000 × 50

269.86

3

3500 × 50

266.69

4

3500 × 100

266.33

located at the top right corner of each plot. The cylindrical driver sections with the small scale L 2 = 1.0 m
and the medium scale L 2 = 1.5 m both exhibit a blast
waveform of the desired profile, as shown in Fig. 4a, b,
respectively. However, no sharp wave crest can be seen in
the driver section with L 2 = 4.0 m, which is shown in
Fig. 4c. The peak pressures obtained from the small- to
large-scale driver sections are 231.3, 266.7, and 269.8 kPa,
respectively, and accordingly the positive pressure durations
are 0.092, 0.104, and 0.090 seconds. Such high peak pressures and long pulse durations in these numerical simulations
are mainly determined by the initial pressure in the driver
section (P4 = 50 atm) and the pressure in the test section
(P1 = 0.5 atm), which may prevent an exact design and
fabrication proposed in the paper from being applied for
live biological specimens. However, the same shock tube
designs can be modified to obtain the blast loads of smaller
charges and lower positive phase durations, provided the
driver pressure P4 is given by a lower initial static pressure
and the cylindrical driver section is designed to a shorter
size.
Figure 5 shows the x−t wave system diagrams for a time
evolution of the blast wave in 0.4 s, which are obtained by the
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Fig. 4 p−t profiles for the cylindrical driver sections. a The small scale L 2 = 1.0 m. b The medium scale L 2 = 1.5 m. c The large scale L 2 = 4.0 m

Fig. 5 x−t wave system diagrams associated with the schlieren visualization for the cylindrical driver sections. a The small scale L 2 = 1.0 m.
b The medium scale L 2 = 1.5 m. c The large scale L 2 = 4.0 m

flowfield schlieren visualization. It can be observed that the
wave systems in the BSTs include a main shock wave generated at the first diaphragm position, a secondary shock wave
at the driver section, a contact surface between the main and
secondary shock waves, another secondary shock produced
at the second diaphragm, and other complex reflected waves.
The three p−t profiles in Fig. 4a–c, respectively, correspond
to the position of 40.0 m in the test section, as shown along
the dashed line in Fig. 5a–c. In the x−t diagrams, it can
be seen clearly that the main shock arrived at the test point
leading to a peak pressure of the p−t profile, and then the
high positive pressure decreases below the initial ambient
pressure because the reflected rarefaction wave comes from
the closed end of the driver section. As time progresses, the
negative pressure begins to rise again, due to the recompression of an upstream secondary shock produced at the second
diaphragm set before the vacuum section. When the highpressure gas flows through the second diaphragm, it causes a
new shock wave at the diaphragm to match the pressure difference in the flowfield because of unequal static pressures
on both sides of the second diaphragm. Comparing Figs. 4c
and 5c indicates that a flattening of the peak pressure profile

might be observed if the total driver-section length is long
enough, due to the fact that the rarefaction wave has not yet
caught up to the main shock wave.
3.2 Driver section with a conical frustum tube
Three driver sections with different sizes of conical frustum
tubes are investigated for the production of ideal blast wave
profiles, which corresponds to case 4, case 5, and case 6 in
Table 2, respectively. The three configurations have the same
total length of driver section with L 2 = 1.5 m and the same
radius with R1 = 0.05 m, whereas the conical sections are
of different lengths L 1 = 0.8, 1.0, and 1.2 m, as shown at the
top right corner of Fig. 6a–c. However, there are no obvious
distinctions for the blast waveforms among the satisfactory
p−t profiles when using a conical frustum tube. The numerical peak pressures obtained from the small- to large-scale
driver sections are 257.4, 254.5, and 251.9 kPa, respectively,
and the positive time durations for the three cases are all close
to 0.1 s in the simulations.
In Fig. 7a–c, the x−t wave system diagrams associated
with the schlieren visualizations are quite similar, showing
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Fig. 6 p−t profiles for the conical frustum driver sections. a The small scale L 1 = 0.8 m. b The medium scale L 1 = 1.0 m. c The large scale
L 1 = 1.2 m

Fig. 7 x−t wave system diagrams associated with the schlieren visualization for the conical frustum driver sections. a The small scale L 1 = 0.8 m.
b The medium scale L 1 = 1.0 m. c The large scale L 1 = 1.2 m

a main shock wave, two secondary shock waves generated, respectively, from the driven section and the second
diaphragm, a contact surface and other complex reflected
waves. Compared with the p−t profile for the cylindrical
driver section in Fig. 4b, namely case 2 in Table 2, the driver
section with a conical frustum structure can also produce an
ideal blast wave profile, but it has little effect on the production of the typical blast waveform. It indicates that the total
length (L 2 ) of the driver section has a significant impact on
the ideal blast wave profile rather than a conical frustum configuration in the driver section.

in Fig. 8a with the geometry used in the calculation shown
at the top right corner. The main reason for such a phenomenon in this case is that there is a weak compression
wave generated at the double-expansion position following
behind the main shock wave, leading to a recompression
process at the test point, which can be carefully observed
from the x−t wave system profile marked with a circle in
Fig. 8b. Therefore, it shows that the double-expansion tube
might produce unnecessary compression or shock waves
to disrupt an ideal blast waveform when set in bio-shock
tubes.

3.3 Double-expansion tube

3.4 Shrinkage tube before the vacuum section

The double-expansion tube is set between the driver and
test sections, which is described by the geometrical parameters, i.e., R3 , R4 , L 4 , and L 5 , as shown briefly in Fig. 2. For
case 7 in Table 2, we have tentatively reduced the geometrical radius R3 to be 0.3 m and located the double-expansion
tube at L 4 = 20 m in the BST for numerical simulation.
It can be obviously seen that two peak pressures appear in
the unsatisfactory p−t profile, as shown in the enlarged plot

To examine the effect of a shrinkable device on pressurerelief protection when the strong main shocks propagate
into the vacuum section, a shrinkage tube determined by
the geometrical parameters of R5 = 0.25 m, L 6 = 50 m,
and L 7 = 51 m is positioned before the vacuum section, as
simply described and marked by a circle in Fig. 2. For the
production of an ideal blast waveform, the p−t profile will
be worse with a given shrinkage tube than without, which is
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Fig. 8 p−t profile and the wave system diagram associated with the schlieren visualization for the double-expansion tube. a p−t profile.
b x−t profile

Fig. 9 p−t profile and the wave system diagram associated with the schlieren visualization for the shrinkage tube. a p−t profile. b x−t profile

clearly shown in Fig. 9a and the corresponding calculation
parameters can be obtained from case 8 in Table 2. Compared
to the benchmark test without a conical frustum, a doubleexpansion or a shrinkage tube in case 2, the only difference in
case 8 is that the radius R5 located before the vacuum section
is reduced by half. Unfortunately, the non-ideal p−t profile
in Fig. 9a exhibits two peak pressures for the unsatisfactory
blast wave, because a reflected shock wave comes from the
constricted tube for recompression at the test position, which
can be observed clearly from a marked circle in Fig. 9b. Consequently, it seems reasonable to avoid setting the shrinkage
structure before the vacuum section of a BST, since the unsat-

isfactory blast waveforms can be attributed almost entirely
to the effects of an unnecessary reflected shock.
3.5 Pressure change in the vacuum section
In order to investigate the effect of pressure change in the vacuum section for the production of an ideal blast wave profile,
four p−t profiles in Fig. 10 are calculated using the same
cylindrical driver section with a medium scale L 2 = 1.5 m
for the BSTs, the geometrical parameters of which, respectively, correspond to case 2, case 9, case 10, and case 11 in
Table 2. The ideal blast waveform as a benchmark result with
P = 0.25 atm for case 2 is presented by the solid line with
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Pv=0.10 atm
Pv=0.25 atm
Pv=0.35 atm
Pv=0.50 atm

250

P (KPa)

200
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50

sure in the vacuum section and may increase to approach the
ambient or positive pressures.
The above results for simulating the blast wave profiles are
based on the inviscid axisymmetric flows and some simple
configurations of a bio-shock tube. Despite this limitation,
these findings may, to some extent, shed new light on identifying an appropriate geometrical structure for the BST, which
can produce an ideal blast wave with a short duration and a
smooth profile. Further investigations and experimental validations are required to ascertain the details of the geometric
sizes of BSTs necessary to generate an ideal blast wave profile.
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Fig. 10 p−t profiles for different pressures in the vacuum section

triangles in Fig. 10, while the other initial low pressures in
the vacuum section are 0.10 atm for case 9, 0.35 atm for case
10, and 0.50 atm for case 11, respectively. Comparison with
the calculated results show that the four cases have the same
ideal blast wave profiles and positive pressure durations, but
differ in the negative pressure variations in the vacuum section. In other words, the higher the initial low pressure set in
the vacuum section, the more quickly the recovery of the negative pressure; even the recovering low pressure may exceed
an initial ambient pressure to be an overpressure, such as the
numerical description of the solid line with circles for case
11.

4 Conclusions
A numerical investigation is performed to study the geometric configurations of a bio-shock tube capable of generating
ideal blast wave profiles, and the findings are summarized
as follows. First, the total length of driver section should not
be too long because of a probable pressure plateau appearing in the blast wave profile. Second, the cylindrical and
conical frustum driver sections can both produce a typical
blast waveform when the driver sections are of an appropriate total length; the same design can be modified to obtain
smaller blast loads and shorter positive phase durations from
a lower initial driver pressure and a shorter scale of cylindrical driver section. Thirdly, double-expansion and shrinkage
tubes set in the BST have a significant impact on the blast
waveforms, which are not desirable for the production of
an ideal blast wave profile. In addition, the negative pressure
recovery occurs more quickly with the higher initial low pres-
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