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Flat-scored metal diaphragms are essentially used in various hypersonic impulse facilities as quick-opening valves.
Their burst pressure is a key parameter to optimize the performance of shock wave experimental devices and ensure
the activation of overpressure safety devices. However, the conventional method to predict the burst pressure relies on
time-consuming experiments that pose significant challenges for ultrahigh driving conditions. In this study, the finite
element method (FEM) based on the Johnson—Cook model is adopted to predict the burst pressure of diaphragms
used in a shock tube. The influences of the diaphragm thickness and groove depth on the burst pressure are analyzed.
A simplified approximation based on the simulation results is obtained to estimate the burst pressure under a static
load rapidly. This method is more generalizable than the existing equation and produces results in good agreement
with experimental results. Furthermore, the burst pressure is investigated under different dynamic loads using the
proposed FEM method. The results show that the dynamic load results in larger burst pressures than the static load,
indicating that the burst pressure depends on the load type, the loading rate, and the magnitude of the applied forces.

Nomenclature

A, B,C,m,n = Johnson—Cook strength model constants,
MPa

a,b,c = coefficients of burst pressure

C isobaric specific heat, J/ (kg - K)
D = damage state variable
Johnson—Cook damage model constants

diameter of diaphragm, mm
Young’s modulus, GPa
thermal expansion, 1/K

grid number across grooves
pressure, MPa

open variable

material temperature, K
diaphragm thickness, mm
thermal conductivity, W/(m - K)
Taylor—Quinney coefficient
adiabatic temperature rise, K
groove depth, mm
equivalent plastic strain
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£ = strain rate, S~

81/; = failure strain

n = stress triaxiality

u = Poisson’s ratio

p = material density, kg/m?
o = material flow stress, MPa
T = current load time, ms

7o = total load duration, ms
Subscripts

m = melting value

r = reference value

K = static load

Superscript

* = nondimensionalization by reference value

I. Introduction

LAT-SCORED metal diaphragms have been used successfully
in various hypersonic shock tubes/tunnels and gas guns. These
diaphragms function as quick-opening valves that separate the driv-
ing and driven sections and are essential for ensuring undisturbed
flow by opening instantaneously. Numerous studies have investi-
gated diaphragm rupture issues, such as the time and distance for
shock formation [1-5], nonideal diaphragm ruptures, and the influ-
ence on the shock wave evolution [4-10]. This paper focuses on
predicting the diaphragm burst pressure, which is essential for
designing efficient test conditions and safe operations to maintain
the burst pressure within reasonable limits before each shot. This
fundamental role of the diaphragm is critical for combustion or
detonation-driven facilities that use flammable gases. Therefore,
the diaphragm must operate correctly to prevent a hang fire.
Diaphragms are usually flat metal disks in hypersonic impulse
facilities, and they are grooved to adjust the burst pressure and
minimize fragmentation. Predicting the burst pressure of diaphragms
typically relies on extensive experiments to establish empirical
or semi-empirical relationships between the pressure and relevant
diaphragm parameters. However, this approach is inefficient, espe-
cially when testing different diaphragm materials or structures. Most
published experimental results were obtained with light-gas guns.
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The existing semi-empirical equation describing this single driving
mode has an open variable whose value must be derived from experi-
ments or simulations [11]. Additionally, conducting experiments
with ultrahigh driving pressures poses significant challenges. For
instance, light-gas gun [12] or free-piston shock tunnel [13] experi-
ments in which the diaphragm burst pressure can reach up to 50 MPa
are nearly impossible to perform due to the capacity limitations of the
pressure-loading equipment or safety considerations.

However, it is now possible to perform numerical simulations of
the response of structures to loads involving transient or long dura-
tions, large material deformation, and material damage and failure.
The results can provide detailed information on the rupture dynamics
of the diaphragm, and this approach is more efficient and less costly
than experiments. Tretjakovas et al. [14] conducted simulations of the
rupture of diaphragms with different defect depths and found that
deeper grooves moderated the stress concentration at the clamped
location of diaphragms. Colombo et al. [15] revealed that increasing
the diaphragm thickness exacerbated the instability during crack
propagation, resulting in a more asymmetrical deformation during
the diaphragm opening. Although some researchers have considered
factors influencing the burst pressure [16,17], they only conducted
qualitative analyses. Only a few studies, such as those by Rast [18]
and Helminiak [19], used quantitative analyses of the effective/total
thickness. Quantitative numerical simulations of flat-scored dia-
phragms have not been conducted systematically, although they are
a simple method for predicting the burst pressure, as demonstrated by
Colombo et al. [15]. Additionally, the reviewed studies primarily
focused on diaphragms subjected to quasi-static loads. It should be
noted that the effective driving pressure in experiments may require
some time to reach the peak, which may be longer than the rupture
process. As Prickett’s experiments [20] showed, the bearing capacity
of metal sheets increased under high loading rates, highlighting the
importance of the dynamic material characteristics. Several studies
[16,21,22] have demonstrated the similarity of deformation between
the diaphragms and the disks. However, the diaphragm burst pressure
under dynamic loads has been rarely studied. Therefore, there is a
lack of comprehensive analyses of the burst pressure of diaphragms
in impulse facilities, necessitating further in-depth investigations.

In view of the importance of the prediction of the diaphragm burst
pressure for the operation of hypersonic impulse facilities, such as
shock tubes and shock tunnels, the primary goal of this study is to
estimate the burst pressure for different diaphragm structures and
load profiles. The finite element method (FEM) with a detailed
numerical model is applied. The burst pressure of diaphragms with
different thicknesses, groove depths, and widths is examined. A
simplified approximation is obtained to estimate the burst pressure
under a static load quickly and accurately. The burst pressures under
step and dynamic loads are discussed to investigate the mechanisms
for guiding diaphragm design in hypersonic impulse facilities.

II. Model and Numerical Method

A. Diaphragm Specification

This paper focuses on diaphragm issues at a particular facility,
namely, JFX, a shock tunnel located in the State Key Laboratory of
High-Temperature Gas Dynamics (LHD), Institute of Mechanics,
Chinese Academy of Sciences (CAS). The facility consists of a
driving section and a driven section with lengths of 6.6 and 6.9 m,
respectively, and the same inner diameter of 126 mm. A curved
opening with a radius of 8 mm in the driven section next to the
diaphragm is considered in the geometric model. Figure 1 shows the
diaphragm details relevant to the rupture process. The dumping
section, nozzle, and test section were not considered in this study.
More information on the shock tunnel can be found in Ref. [23].

The diaphragm material depends on the operational characteristics
of the shock tube, such as the pressure, temperature, and gas compo-
sition in the driving tube. The material includes simple polymer films,
such as cellophane [24] and Mylar [25], and common metals, such as
brass, aluminum, and stainless steel [26-28]. However, a flat-scored
metal diaphragm is generally used in impulse facilities with high-
pressure operating conditions, such as in the JFX shock tunnel. It has
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Fig.1 Schematic view of diaphragm in the JFX shock tunnel.

amaximum pressure exceeding 20 MPa and a maximum temperature
of 3000 K in the driving section, where a hydrogen—oxygen mixture
is ignited [29]. X-shaped scored steel diaphragms with different
thicknesses and groove depths are used to adjust the critical bursting
pressure and minimize fragmentation. When the predetermined
bursting pressure has been reached, the diaphragm ruptures and tears
along the grooves, forming petals that fold back against the tube wall,
not hindering the gas flow. The two grooves of the diaphragm have
90° angles, and the groove cross section is rectangular, as shown
in Fig. 1. The length and width of the scored grooves are 130 and
3.5 mm, respectively, and are the same in all simulations. The
diaphragm’s notched side faces the driven section, and the diaphragm
is clamped by two flanges and tightened by 12 bolts.

The plates are made of stainless steel 304, which has high elonga-
tion and relatively high ultimate strength in the annealed condition.
Stainless steel plates can withstand a high degree of deformation
without fragmenting. The material is assumed to be homogeneous
and isotropic in this study. The diaphragms have the same geometry
and are made of the same material as those typically used in shock
tube tests. The cause of diaphragm rupturing in this study is over-
pressure, rather than other causes such as defects, line perforations
from piercers, or cuts from knife edges. Thus, the important factors
affecting rupturing are the diaphragm thickness ¢ and the groove
depth ¢ (the dimensionless ratio ¢/¢ is used in this study and is
referred to as the depth hereafter).

Experimental tests were conducted to obtain the burst pressure at
the failure of the scored diaphragms with different thicknesses and
groove depths and validate the simulation results. The driving section
was pressurized by a high-pressure tank (~10 MPa). The pressure in
the driven section was maintained below 10 kPa using an air pump.
The air entry into the chamber was controlled by an electrovalve
connected to a remote PC that stops pumping after the diaphragm has
ruptured. The resulting pressure variation was linear, with an average
loading rate of 0.0022 MPa/s. The pressure evolution inside the
pressurized chamber was monitored by pressure transducers. This
method is universal and applicable to other facilities, although the
diaphragm parameters are based on the JFX shock tunnel.

B. Numerical Modeling

The deformation and rupture characteristics of the diaphragm are
analyzed using the finite element (FE) software Abaqus. The focus is
on the burst pressure of the diaphragm before the rupture, without
considering the opening process when the driving gas expands into
the driven tube. Thus, the issue is simplified by directly applying the
load profiles in the FE model. Since a large pressure difference exists
between the driven (~kPa) and driving (~MPa) sections, the force
exerted by the test gas is ignored, and only the pressure of the driving
gas is considered. The diaphragms are loaded by a uniform pressure
maintained over a circular inner area, whose diameter corresponds to
the internal pressurized chamber size (126 mm). The loaded area is
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shown in Fig. 1. The translational and rotational degrees of freedom
of the outer annulus of the diaphragm that contacts the tube are zero.

The diaphragm has double-axial in-plane symmetry. Therefore,
only a quarter of the system with a symmetric boundary is considered
the three-dimensional FE domain. Figure 2 shows the one-quarter
section view of the 3D FE model, retaining part of the low-pressure
section tube that is 80 mm long. The low-pressure section tube serves
as a circumferential constraint and is modeled as a rigid body without
considering tube vibration or elastoplastic deformation.

1. Load Profiles

The load exerted on a diaphragm is influenced by the behavior of
the high-pressure driving gas on the upstream side. In the JFX and
similar shock tube/shock tunnel setups, a predetermined quantity
of a hydrogen—oxygen mixture is typically introduced into the
high-pressure section before the operation. It is essential for efficient
and safe operation to maintain the burst pressure within close limits in
order to achieve the ignition of the flammable mixture before the
diaphragm bursts and prevent a premature explosion. This scenario is
required in all shock tube and shock tunnel configurations because
the diaphragm must withstand the initial inflation pressure before
each shot. Once a shot begins, the gas in the driving section is ignited
or compressed to generate sufficiently high pressure, causing the
diaphragm to burst and the formation of an incident shock. Generally,
shock tube flow simulations use the driving gas overpressure as the
initial condition. It should be noted that the pressure rise requires a
certain amount of time that depends on the driving mode.

The variations in the load profiles, such as the duration, pressure
peak, and growth rate, can significantly influence the response of
a structure. Two types of loading conditions are considered in the
present simulations: static and dynamic loads. The static load is
required to determine the burst pressure in impulse facilities. Exper-
imental tests to obtain this burst pressure are regarded as quasi-static
processes, in which the gas pumping time is much longer than the
structural response time of the diaphragm. Rather than an explicit
pressure—time curve, a total pressure value is assigned in the simu-
lations and divided into small increments. Nonlinear static equilib-
rium equations are then used to derive the strain after each increment
until it reaches the critical value. This strategy enables us to obtain the
failing pressure of the diaphragm, which corresponds to the static
burst pressure.

The dynamic load represents the dynamic pressure applied to the
diaphragm. Figure 3 shows three typical pressure profiles. The
abscissa is normalized by the total recorded time, while the ordinate
is normalized by the average peak pressure. The recorded times for
normalization are 3, 90, and 35 ms for the detonation, free-piston, and
combustion curves, respectively, which correspond to the peak pres-
sures of 31.35, 45.37, and 6 MPa. The detonation curve (red) is
obtained using data from a pressure transducer located in front of the
diaphragm of the JFX shock tunnel [29]. An ignition tube is generally
used to induce the detonation. However, the three-dimensional struc-
ture of the ignition tube can cause reflection and diffraction of the
detonation wave. This complex flow causes pressure oscillations

Fixed annulus

Loaded area

Symmetry surface
Rigid driven section

Fig. 2 One-quarter-section view of the 3D FE model, boundary con-
ditions, and mesh distribution.
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Fig.3 Typical nondimensional pressure—time curves for dynamic loads.

close to the diaphragm, but they attenuate with distance [30]. The
free-piston load curve generally uses pressure data near the secondary
diaphragm, such as that in the light gas gun DBR30 [12] or the
expansion tube X3 [24]. The piston is propelled by impulse loads
from the reflected wave initiated by the detonation or the compressor.
Under this action, the diaphragm is in a fluctuating pressure envi-
ronment due to pressure waves rebounding throughout the driving
tube as the piston rapidly compresses the gas. The combustion load
curve is obtained from shock tube tests by igniting a hydrogen—air
mixture in the driving section on the tube axis [31]. The pressure
exhibits a smooth increase as the cylindrical flame surface extends
radially and decays slightly as the high-temperature gas dissipates
heat into the wall after complete combustion. The two black curves
represent functional approximations to the pressure histories of the
free-piston and combustion driving modes, respectively. The two
fitted profiles are applied to the same diaphragm with different
peak pressures and loading durations. A detailed discussion of this
approach is provided in Sec. III.

2. Material Model

The large deformation behavior of the diaphragm material for
different strain rates requires an appropriate method to capture the
characteristics of the large deformation and rupture processes under
quasi-static and dynamic loads, especially for the latter. The strength-
ening effects of the strain, the strain rate, and the softening effect of
the temperature should be considered. The complex damage and
failure process of the material cannot be adequately described by a
physically based constitutive equation; therefore, phenomenological
relationships are often used in simulations [32]. The Johnson—Cook
(JC) model is widely utilized to describe the stress—strain behavior
for different strain rates and temperatures because it is suitable for
computational procedures. This study uses the JC plasticity model
[33] to model the flow stresses of an isotropic material. This dynamic
criterion model performs nonlinear fitting of the strain, strain rate,
and temperature:

c=o0(eéT)=(A+ Bey)(1 + Cln(p)(1 = (T*)™") (1)
where ¢ is the flow stress, €, is the equivalent plastic strain, &, =
&/¢&, is the dimensionless strain rate, &, is the reference strain rate
(which is typically 1 s7!), and T* is the homologous temperature
defined as T* = (T —-T,)/(T,, —T,), where T, is the reference
temperature and 7, is the melting temperature of the material. The
material constants are A, B, n, C, and m. The JC model parameters
under dynamic loads for stainless steel 304 are obtained from [34].
This set of JC parameters is suitable for a high strain rate, but it can
only describe the material behavior correctly when the strain is less
than 0.3 at a quasi-static strain rate of 0.001 s~!. Therefore, the static
JC parameters obtained from [35] are modified to ensure that the
reference strain rate is 1 s7! in the stress—strain curve before the
damage occurs.

Ductile and shear failure of the material may occur under high-
strain-rate deformation. The former is attributed to the nucleation,
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growth, and coalescence of voids, whereas the latter is caused by the
formation of shear band localization [36]. Both criteria use the
equivalent plastic strain as the failure criterion, which is achieved
by integrating the strain rate components over time. The JC damage
model [33] is employed as the ductile failure criterion:

e} = (D + D) (1 + Dy In(é))(1 + DsT™) 2

where €” is the current failure strain, 7 is the stress triaxiality defined
as the ratio of the pressure stress to the Von Mises stress, &}, is the
dimensionless strain rate, and 7 is the homologous temperature, the
same as in Eq. (1). D; — D5 are material constants. After the plastic
deformation occurs, the damage accumulates, and the stress increases
as the equivalent strain increases monotonically until the tensile
strength is reached; then, the stress decreases. The stress degradation
follows the relationship 6p = o(1 — D), where D = ) (Ae,/ e;) is
the damage parameter. It is considered that the material fails until the
state variable D reaches a value of 1. The element is then removed
from the FEM model by Abaqus.

In addition, some driving modes, such as detonation and combus-
tion, occur under high-temperature operating conditions. However,
the heat transfer from the hot gas to the diaphragm is negligible
during a short period because the total time for diaphragm opening is
in the order of milliseconds. Meanwhile, it is acceptable to assume
that this process is adiabatic. Most of the plastic strain energy of
metallic materials is dissipated into heat, resulting in a temperature
rise [37]. Therefore, the flow stress is calculated and incorporated into
the JC strength model using the following relationship:

AT = oC, ode, 3)
where p is the material density, C,, is the isobaric specific heat, and
is the Taylor—Quinney coefficient, representing the percentage of
plastic work converted to heat; the value is typically 0.9. The param-
eters of the stainless steel 304 are listed in Table 1. It is worth noting
that the damage constants under a static load are not given because the
pressure remains constant for a relatively long time in the quasi-static
experiment. Once the maximum stress of the diaphragm reaches the
tensile strength, the pressure pushes the material to the failure point.
Thus, the criterion for the diaphragm rupture under a static load is the
maximum strain value of 0.638.

3. Grid Independence Study

The mesh density is crucial in this study because the criteria for
diaphragm rupture are based on material failure. Defining the dia-
phragm rupture is an important step in this research because it has not
been explicitly addressed in other investigations. Before rupturing,
the diaphragm bulges due to the increasing pressure of the gas,
forming a dome. The strain energy accumulated during the deforma-
tion. When the strain energy density of an element exceeds the failure

Tablel Material properties of stainless steel 304

Parameter Static/dynamic value

p 8000

E 207.8

u 0.3

A, B,n C,m 260, 1150, 0.68, 0, 1/280,

802.5, 0.622, 0.0799, 1

D1, D2, D3, D4, D5 —/0.69, 0, 0, 0.0546, 0

£ 1

T, 1673
T, 1000
K 17.8E-6
a 16.2

p 0.9

C 452

=

criteria, the element is removed, resulting in a hole, indicating the
occurrence of rupture. Both simulations and experiments indicate
that the diaphragm failure typically occurs at the corner of the groove
intersection due to the stress concentration, as shown in Fig. 4. In the
simulations, the diaphragm rupture is defined as the occurrence of
holes at the corner of the groove intersection. In the experiments, it is
characterized by a sudden increase in the gage value in the driven
section.

A grid convergence study was conducted on the diaphragm with a
thickness of + = 1.8 mm and a groove depth of ¢ = 1.4 mm. The
mesh was generated by scaling the global mesh size proportionally.
The main focus of the grid setup was the grooves. An equally spaced
mesh was applied, where the mesh size was 1/N of the groove
width. Thus, there were N grids in the groove width direction, and N
ranged from 10 to 200. Figure 5 shows the burst pressure for
different grid resolutions. It is evident that the simulated burst
pressure decreases quickly with mesh refinement in the early stage.
This result can be attributed to the fact that a lower mesh density
requires a higher energy supply for an element to rupture. After the
burst pressure reaches its maximum, it converges gradually to a
constant that is the mesh-independent value. In the present case, a
mesh size of 1/100 of the groove width is used, and acceptable
convergence is obtained.

Fig.4 Rupture characteristics of the diaphragm in the simulations (top,
N = 20 as an example) and quasi-static loading experiments (bottom).

34 1

p (MPa)
w

26 1

1 1 il il
0 50 100 150 200
N

Fig. 5 Predicted burst pressure obtained from mesh sizes with
t =18 mm and ¢ = 1.4 mm.
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III. Results and Discussion
A. Static Burst Pressure

Since the primary function of the diaphragm is to maintain the
inflation pressure below the critical burst pressure before each shot, it
is necessary to predict the burst pressure under a static load. Two key
parameters of the diaphragm burst pressure are considered here, i.e.,
the diaphragm thickness and the groove depth. The burst pressure
obtained from the experiments and simulations for different /¢
values at a diaphragm thickness of 1.8 mm is shown in Fig. 6. In
the experiments, ¢/t equals 0.722 and 0.778. Repeated tests were
conducted for both. The simulation has the advantage of easier
operation, and &/t ranges from 0.5 to 0.9. For a given diaphragm
thickness, a diaphragm with a higher ¢/¢ value has a lower burst
pressure. The burst pressure does not vary linearly with the depth, as
observed in previous research, but exhibits an exponential trend.
Bemier [11] proposed Eq. (4) to provide a rapid estimate of the burst
pressure:

1145
= R /5 13750/

)4 “

However, this equation contains an open variable, R, which
requires additional experiments to determine its value. In this study,
the simulated burst pressure results were utilized to obtain suitable
values for R, as depicted in Fig. 6. Despite selecting two R values
with different ranges, a significant discrepancy between the exper-
imental and simulation results remains, especially at e/t = 0.9,
approximately 30%.

Similar to Bernier’s work, a new fitting correlation based on the
calculation results can be obtained as

p = ctieb?/! (5)

where a, b, and ¢ are constants obtained from the Levenberg—
Marquardt algorithm, a nonlinear surface fitting method. The expres-
sion of the diaphragm burst pressure for a given radius and groove
width under the static load is obtained:

p= 47.74tl,2956—4.768s/t (6)

The estimated burst pressure obtained from this equation is shown
in Fig. 6, resulting in an acceptable agreement between the simulated
and experimental results. Unlike Eq. (4), Eq. (6) has no open varia-
bles. More simulations and experiments were conducted to validate
the effectiveness of Eq. (6). In the simulations, t was 1, 2, 3, and
5 mm, and ¢/t ranged from 0.5 to 0.9. In the experiments, ¢ was 1 and
1.8 mm, and ¢/f ranged from 0.7 to 0.9. The results are shown in
Fig. 7, where the data on the abscissa are in the form of ¢! ¢=4768¢/7,

10 1 T T T
] t=1.8mm
8 o} Experiment
—— Fitting curve
—— Bernier [11]
—~ 6
©
o
2
o 4t
2 =
0 1 | | | 1
0.5 0.6 0.7 0.8 0.9
et

Fig.6 Verification of simulation by experiments using an exponential fit
and comparison with the existing equation.
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Fig. 7 Effect of diaphragm thickness and groove depth on burst pres-
sure under a static load.

The simulated burst pressure agrees well with the experimental
results. Our proposed correlation also shows good agreement for
most cases, with a deviation within 0.3 MPa. Therefore, Eq. (6) is
verified within the scope of this research.

In the above results, a constant groove width of 3.5 mm was
maintained, corresponding to the groove width used in the experi-
mental diaphragm. However, this study also conducted calculations
with varying groove widths. The groove width is typically larger than
3 mm due to the practical challenges and costs associated with
processing diaphragm groove widths below 3 mm. Consequently,
our calculations considered diaphragm groove widths of 3.5, 5, and
7 mm; the results are illustrated in Fig. 8. A slightincrease in the burst
pressure is observed as the groove width increases. Nevertheless, the
influence of the groove width on the burst pressure is relatively minor
compared to the 7 and ¢/ variables. Hence, the impact of the groove
width is not extensively investigated, and a consistent groove width
of 3.5 mm is maintained in subsequent analyses.

Numerical simulation methods offer a reliable and safe means of
determining the burst pressure for existing test facilities and dia-
phragm structures, replacing physical experiments. Additionally, a
new fitting formula was developed after extensive calculations to
estimate the burst pressure rapidly. Note that the above results were
obtained for conditions of 1 MPa < p <10 MPa, ] mm <t <
5 mm, and 0.5 < &/t < 0.9, covering the typical range.

B. Dynamic Burst Pressure

The previous section describes the diaphragm burst pressure under
static loads. However, the rupture process of a diaphragm typically

30 | T T L
[—e— w=35mm
25| w=50mm|
w=7.0mm
20+ B
g
= 15F 4
Q.
10F N
S increasing w ]
0 L L L L
0.2 04 0.6 0.8
e/t

Fig.8 Simulated burst pressure vs ¢ /¢ for different groove widths with
t =18 mm.
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occurs under dynamic loads, as shown in Fig. 3 for three typical
working conditions. This study first considers a case where the
pressure increases instantaneously to a very high value with an
extremely short duration for the pressure rise. The detonation case
in Fig. 3 is such a case where the pressure rises to its peak quickly
once the flammable gas mixture is ignited. The piezoelectric sensor in
our experiments records data in the order of microseconds [27]. An
impulse step load lasting 0.2 ms is adopted to represent this case. The
load profiles are shown in the central insert in Fig. 9. In this paper, the
“step load” is used to represent this load profile. This extreme
comparison allows us to visualize the strain rate effect of the material
exposed to burst pressure.

The burst pressure under step and static loads is shown in Fig. 9,
where 7 is 1.0, 2.0, 3.0, and 5 mm, and &/t ranges from 0.6 to 0.9.
Figure 9 shows that the step load results in a higher burst pressure than
the static load in all cases. The authors of Ref. [31] provide a stress—
strain curve for stainless steel 304; the strengthening effect becomes
more significant as the strain rate (1-1000 s~!) increases. In addition,
unlike static conditions, a dynamic load not only provides the strain
energy for deformation but also generates the kinetic energy for high-
speed motion. Due to the above reasons, a higher burst pressure exists
under a step load. The damage and failure patterns of the structure
under a dynamic load are closely related to the diaphragm thickness,
the loading method, and the material properties. However, most
structures of the diaphragms used in our lab fall within the range
shown in Fig. 9.

In more common cases, the pressure increases to the burst pressure
of a diaphragm at a certain time, as shown in the pressure profiles in
Fig. 3 for the free-piston and combustion cases. In gas guns, the
durations last in the order of 10 ps. Here, three sets of approximate
dynamic load profiles are adopted to investigate the critical burst
pressure of the diaphragms. The first one has a constant growth rate,
i.e., a linear relationship between pressure and time, whereas the
other two have variable rates extracted from two typical driving
modes: combustion and free-piston modes (Fig. 3). The curves for
the two cases derived from the experiments are fitted by simple
functions:

p = az’ for the combustion driving mode @)
p = (a — pr)77 for the free — piston driving mode 8)
where a, f, and y are constants. The peak pressures of the variable-

rate loads are higher than those of the constant rate load to ensure
diaphragm rupture. The equations for the three dynamic profiles are

p = 51‘/‘[0 (9)
P =8(z/x)’ (10)
50 T T ! !
P Step load
[ N (R B Static load i
40 —-—e— {=1.0mm
0 —=  t=2.0mm
-0.1 0 0.1 02 |—@— {=3.0mm
= 30 time (ms) —@—  t=50mm | ]|
o
=3
= 20
0 ?------.------’------
0.6 0.7 0.8 0.9
elt

Fig. 9 Burst pressures under static and step loads.

p =10/(5 - 47/7)> (11)

where 7 is the current loading time, and 7, is the total time. In theory,
the longer the loading time, the closer the results are to the static case.
The burst pressures under dynamic loads at different times and under
astatic load were compared to understand this phenomenon (Fig. 10).
The same diaphragm (r = 2 mm, &/t = 0.8) was used with five
loading durations (2, 5, 10, 20, and 40 ms) to change the average
strain rate during the deformation. The dynamic loads were applied at
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= | 0ad profiles

st ==@-=: Rupture pressure | |
~ 6 h
©
o
=
Q. m e sm—.————— |

/ Ps
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time (ms)
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10 T T T T
[

4
h
[\
[\
[\
[}
[}
[}
[}
[
[
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¢) Result for loads with a variable growth rate with p = 10/(5 — 4t/1¢)*

Fig. 10 Burst pressures of the diaphragm (¢ = 2 mm, ¢/t = 0.8) under
dynamic loads.
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7 = 0 s. The blue lines are the burst pressure under the static load for
a specific diaphragm.

The results depicted in Fig. 10 reveal a consistent trend: as the
duration increases, the burst pressure decreases and eventually levels
off for all three loading cases. Notably, the burst pressures are higher
for the three dynamic loads than for the static case. This disparity can
be attributed to the relatively lower input momentum of the dynamic
loads. Moreover, the diaphragm’s burst pressure differs for the three
load profiles. The material’s strength diminishes as the loading
duration increases due to the decreasing strain rate, whereas the
failure strain remains relatively constant [31]. Consequently, a sig-
nificant reduction in the threshold value of the rupture occurs as the
loading rate decreases. This effect is particularly pronounced when
the loading time is relatively short. Also, due to the accumulation of
the strain rate strengthening effect, the faster increments of the rate of
dynamic loads within the same loading durations increase the rupture
pressures obviously, as shown in Figs. 10b and 10c. In general, the
critical burst pressure of the diaphragm is between the pressure
observed under static and dynamic loads, and its magnitude depends
on the loading type, the loading rate, and the magnitude of the applied
forces. Therefore, achieving an optimal diaphragm design necessi-
tates the careful consideration and integration of these factors.

Note that the actual loading may differ from the above calculations
since the pressure is closely related to the three-dimensional structure
of the impulse facilities and the test conditions. Thus, the primary aim
of the dynamic load analysis is to assess qualitatively the burst
pressure disparity between dynamic and static loading profiles.
However, the proposed burst pressure calculation method remains
applicable if the type of pressure load is known.

IV. Conclusions

A numerical model was established to predict the burst pressure of
flat-scored metal diaphragms in a shock tube. The influence of the
diaphragm structures on the burst pressure was investigated, and an
improved equation to estimate the static burst pressure rapidly was
proposed. A good agreement was obtained between the simulation
and experimental results. The proposed equation has better appli-
cability and feasibility than the existing equation with an undeter-
mined coefficient. Although the equation is based on a specific shock
tube (JFX) and diaphragm material (stainless steel 304), the estab-
lished process can be easily transplanted into other impulse facilities.
The results of two types of time-varying loads (step and dynamic
loads) on the diaphragm burst pressure were discussed. The burst
pressure was higher under dynamic loads for the same diaphragm
thickness and groove depth due to the strengthening effect of the
material. As the loading time increased, the burst pressure was higher
under a dynamic load than under a static load. The driving modes and
operating conditions of shock tubes or shock tunnels significantly
affect the burst pressure and diaphragm design.
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