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Abstract

The flow fields associated with regular and irregular reflec-
tions of detonation waves in double-layer cylindrical (DLC) high
explosives (HE) are analyzed, and an analytical model for pre-
dicting the detonation wave configurations is proposed. Regular
reflection and three-shock Mach reflection during detonation
wave propagation are discussed. Calculated results of pressure,
flow velocity, and specific volume are presented and the Mach
stem height is also determined based on mass conservation. The
corresponding numerical simulation based on the Lee–Tarver
model is developed to generate data comparable with an ordina-
ry cylindrical charge. It is shown that steady convergent detona-
tion wave propagation occurs in the DLC charge. The maximum
pressure up to 4.0 times of Chapman–Jouguet (CJ) pressure is
reached at the collision point related to the Mach reflection, and
the predictions based on the proposed model correlate well with
corresponding numerical results.

Keywords: Detonation Wave, Double-layer Charge, Explosion
Mechanism, Mach Reflection, Overdriven Detonation

1 Introduction

Due to requirements of the material processing, explosion
synthesis of new materials, generation of high velocity
projectiles, and various ways using high explosives (HE)
to obtain an ultra-high pressure have been studied by
many researchers in recent years. However, the energy of
an HE charge depends on its own property, and hence its
energy is limited. Hence, many researches focus on im-
proving the capacity usage ratio of HE charge. Consulting
the related literature, it is considered that the maximum
detonation wave due to overdriven detonation might be
twice as fast as the normal detonation velocity. This over-
driven detonation process can be realized by using high-
speed flying plate impact, initiated on the outer surface
of a cylindrical or spherical HE charge and Mach reflec-

tions of detonation wave. A double-layer cylindrical
(DLC) charge is an efficient way to achieve stable con-
vergent detonation wave propagation with overdriven
detonation. The illustration of DLC charge is shown in
Figure 1. The inner cylindrical HE charge is surrounded
by a concentric HE cylinder with high detonation velocity
(DO). The charge was initiated at annular surface at one
end of the outer-layer charge. Because of higher detona-
tion velocity of the outer-layer charge, a conical detona-
tion wave converges on the axis of the cylinder as the det-
onation progresses, and generates regular reflection or
Mach reflection at the symmetry axis of the charge.

DLC charge is a simple way to obtain a convergent
detonation wave, and it is of high value in shaped charge,
high-speed flying plate acceleration and explosion synthe-
sis of new materials development. Research groups all
over the world have carried out extensive research work
on detonation wave propagation of DLC charges. As
early as 1978, M�ller [1] conducted the Mach reflection
test of detonation waves in DLC charges by flash X-ray
radiography. A strong detonation of Mach disk was ob-
served in the inner layer of an HE specimen. Held [2]
and Adadurov [3] presented the detonation wave shape
of DLC charge using high-speed rotating-mirror streak
camera with inner charge of TNT (Trinitrotoluene), glass
and HMX/Binder(85/15), etc. Liu et al. [4–7] derived the
equation of state of detonation products at an overdriven
detonation state. Numerical studies of overdriven detona-
tions by Mach reflections of detonation waves were also
carried out. Otsuka et al. [8], Itoh [9], and Hamada et al.
[10] used a manganin gauge and optical fibers to measure
the detonation velocity and pressure at overdriven deto-
nation of double cylindrical HE charges. A pressure four
times higher than the normal detonation pressure (the
Chapman–Jouguet (CJ) pressure) was obtained in their
studies. Kato et al. [11] carried out numerical and experi-
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mental studies on DLC shaped charges by using tungsten
loaded high-density PBX as an inner charge. The experi-
mental results showed that the initial jet velocity and jet
penetration velocity were significantly increased by using
DLC shaped charges. Zhang et al. [12] presented a nu-
merical simulation of jet formation and penetration of
DLC shaped charge, the results showed that jet tip veloci-
ty and kinetic energy were increased by about 20 %. Con-
sulting the related literature, limited analytical results of
the detonation behavior were available for DLC charge.
Analytical models and insight simulation were rarely used
to describe the detonation wave propagation in DLC
charges.

In this paper, a theoretical analysis of detonation wave
propagation in DLC charges was presented. The velocity
and angle of the conical detonation wave in DLC charges
were calculated as a function of parameters of the outer
and inner layer charges. The flow fields associated with
regular and irregular reflection of detonation were ana-
lyzed, and an analytical model for determining Mach
stem height was proposed. Numerical simulations based
on ignition and growth model were conducted by using
AUTODYN

�

software, which were compared with theo-
retical analysis results.

2 Analysis of Detonation Wave Propagation in
DLC Charges

2.1 Propagation Description of Detonation Waves in
DLC Charges

As shown schematically in Figure 1, the outer layer
charge is initiated with a velocity of DO which is higher
than that of the inner charge. A conical detonation wave
propagates in the inner layer charge as the detonation is
progressing. Due to the shock induced by initiation of
outer layer HE charge, the detonation wave in the inner
charge delays to that of outer layer charge, and conical

detonation wave propagates with a larger incident angle
at beginning of detonation. With the detonation progress-
ing, the detonation wave will satisfy a steady state condi-
tion and propagates with a constant shape ultimately. Be-
cause of the velocity difference of the two charges, there
are two cases in propagation of detonation wave in DLC
charge. In the first case, the incident angle yI, which is
defined by DO and DI, is less than the critical angle yIC

for Mach reflection. There will be a regular reflection of
detonation wave in inner charge at axial line, propagating
with a constant shape ultimately. The second case is that
yI > yIC, regular reflection is not possible and Mach re-
flection will be expected to occur in this case.

From the descriptions above, the ultimate state of deto-
nation wave in DLC charge is decided by parameters of
two layers charge. Most of HE used by military have a CJ
detonation velocity of 6500– 10000 ms�1, and the velocity
ratio of two layer charges is always smaller than 1.5. The
detonation wave always propagates with yI > yIC and
Mach reflection is expected to occur in the inner charge.
The mathematical description of propagation and Mach
reflection of detonation wave in DLC charge will be pre-
sented in the subsequent sections.

2.2 Mathematical Description of Detonation Waves in
DLC Charges

The detonation wave configuration of DLC charge is
shown schematically in Figure 2, in which the incident
detonation front (I) intersects with the reflected shock
(R) at O, a point on the line of collision. From the deto-
nation reflection description in condensed HE of Dunne
[13,14] and Sternberg and Piacesi [15], the parameters of
each region are described as follows. The parameters be-
tween the detonation-front reaction zone and the reflect-
ed shock have the subscript 1, and those in the region be-
tween the reflected shock front and the overdriven deto-
nation have the subscript 2, and those in the region be-
tween the overdriven detonation and the streamline have
the subscript 3.

In the regular reflection process, the flow entry I with
normal and tangential components deflects with a deflec-
tion angle q1 from its original direction, and then pro-
ceeds in a straight path to the reflected shock. In passing
through this discontinuity it is again deflected upward
with an angle q2 =q1 and then the flow again becomes
parallel to the collision line. In region (1), we assume that
region (1) meets the CJ condition.

P1 ¼ PCJ ¼ 10D2
I

�
ðgþ 1Þ ð1Þ

11 ¼ 1CJ ¼ ðgþ 1Þ10=g ð2Þ

u1 ¼ DCJ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g= gþ 1ð Þ½ �2þ1=tan2 yI

q
ð3Þ

M1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ gþ 1ð Þ2

�
ðg tan yIÞ2

q
ð4Þ

Figure 1. Configuration of DLC HE.

Propellants Explos. Pyrotech. 2011, 36, 210 – 218 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.pep.wiley-vch.de 211

Detonation Wave Propagation in Double-layer Cylindrical High Explosive Charges

http://www.pep.wiley-vch.de


where 10 is the initial density, g is the exponent of poly-
tropic state for inner layer charge. DCJ, 1CJ, and PCJ are CJ
detonation velocity, density, and pressure of inner charge,
respectively.

As mentioned before, the detonation begins with a
large incident angle yI which is nearly equal to p/2. With
the detonation progressing, the detonation wave will
propagate with a constant value of the incident angle.
The incident angle of detonation wave can be defined as

sin yI ¼ DI=DO ð5Þ

The deflection angle from region (0) to region (1) is de-
fined by

tan q1 ¼
tan yI

1þ gð1þ tan2 yIÞ
ð6Þ

In region (2), using mass, momentum, and energy con-
servation, there are:

P2

P1
¼ 2g

gþ 1
M2

1 sin2 yII þ q1ð Þ � g� 1
gþ 1

ð7Þ

12

11
¼ gþ 1ð ÞM2

1 sin2 yII þ q1ð Þ
g� 1ð ÞM2

1 sin2 yII þ q1ð Þ þ 2
ð8Þ

u2 ¼
11

12

u1 sin yII þ q1ð Þ
sin yII

ð9Þ

The deflection angle q1 and yII þ q1 satisfy the follow-
ing relationship.

tan q1 ¼
½M2

1 sin2 yII þ q1ð Þ � 1� tan�1 yII þ q1ð Þ
M2

1½ gþ 1ð Þ=2� sin2 yII þ q1ð Þ� þ 1
ð10Þ

As the incident angle yI increases and the regular re-
flection is limited to a certain value of yI, Mach reflection
would be expected to occur. As the deflection angle q2 is
smaller than q1, mass will be accumulated in region (2)
which forces the collision point O moving to O’. Part of

the mass flows through the incident detonation front, and
then through the reflected shock front, while the other
part flows through the detonation front which forms the
Mach stem. This reflection configuration involves four dis-
continuities: the incident detonation wave, the reflected
shock wave, an overdriven detonation wave and a contact
discontinuity between the region (3) and the region (2).

For region (2), the reflection flow is deflected from
region (1) which is not parallel to the line of collision.
Again referring to Figure 2, the pressure, density and
flow velocity in region (2) can be written as

P2 ¼ P1 þ u2
1r v1 � v2ð Þ

�
v2

1 ð11Þ

u1r ¼ u1 sin yII þ q1ð Þ ð12Þ

v2 ¼ v1 tan yII þ q1 � q2ð Þ=tan yII þ q1ð Þ ð13Þ

u2 ¼ u1 sin yII þ q1ð Þ v2=v1ð Þ=sin yII þ q1 � q2ð Þ ð14Þ

From the experimental observation of Hull [16], the
Mach stem is a curved surface, normal to the symmetry
axis at point O, and tangent with detonation-front (I) at
point O�. The deflection angle a in Mach stem varies
from point O with a value of a=08 to point O� with a
value of a=q1 � q2, whilst the angle of the tangent line
at Mach stem to symmetry axis b varies from p/2 to yI.
Using conservation relation of Mach stem, the parame-
ters in region (3) can be defined as

P3 ¼ P0 þ DCJ sin b= sin yIð Þ2 v3 � v0ð Þ
�

v2
0 ð15Þ

a ¼ b� arctan v3=v0ð Þ tan b½ � ð16Þ

u3 ¼
v3

v0

DCJ sin b

sin yI sin b� að Þ ð17Þ

From Sternberg�s definition [15], when Mach reflection
occurs there is a slip line in the detonation products ema-
nating from the triple point. This line is a streamline
across a place where the pressure is continuous but the

Figure 2. Flow setup used to describe Mach reflection.
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velocity and density are not. Therefore, there exists a
triple point at P3 ¼ P2. As mentioned before, mass accu-
mulation in region (2) is the main reason of Mach stem.
The flow at triple point in region (3) is both from mass
flow of region (2) in vertical direction and region (0) in
horizontal direction. The parameters in region (3) at
triple point is given by

u3t ¼ u0 cos yI þ u2 sinðq1 � q2Þ cos yI½ �=cos yI � ðq1 � q2Þ½ �
ð18Þ

13t ¼
u010 sin yI þ u212 sinðq1 � q2Þ cos yI½ �

sin½y1 � ðq1 � q2Þ½ �=u3t
: ð19Þ

P3t ¼ D2
CJðv0 � v3tÞ

�
v2

0 ð20Þ

From Eqs. (11–14) and Eqs. (18–20), values of P2, u2,
12(v2), q2, yII, u3t, and 13t can be determined.

For the parameters at collision point O (b=908), there
are three indeterminate values (P3, v3, and u3) but only
two formulas of Eqs. (15) and (17). An additional equa-
tion should be used to determine above values at collision
point. Consulting Mader�s results [17], the state equation
of the detonation products is assumed in the form of P=
P(E,v), where P is the pressure, E the specific internal
energy, and n is the specific volume (1/1). The detonation
state variables behind the detonation front are found by
solving the system

P ¼ PðE; vÞ ¼ Av�1 þ Bv�2
� �

Eþ Cv�3 ð21Þ

E ¼ E0 þ pþ p0ð Þ v0 � vð Þ=2 ð22Þ

where the subscript zero refers to the undetonated explo-
sive.

2.3 Computational Results for Detonation Reflection in
DLC Charge

In order to have a detailed understanding of detonation
wave propagation in DLC charges, the reflection parame-
ters are determined using the above equations. Here, we
take TNT (10 =1.63 g cm�3) as inner charge for example,
the CJ detonation parameters are g=2.856, DCJ =
6973 ms�1, ECJ =7 · 106 Pa m3 kg�1. Using related experi-
mental data for TNT, the values obtained for A, B, C in
Eq. (21) are A=0.3501, B=7.02 ·10�5 m3 kg�1, C=
1.18Pa m9 kg�3. Using the methods of Dunne [13], the
critical Mach reflection angle is determined to be 45.68
for TNT.

As shown in Figure 3, pressures at triple point O’ and
collision point O with different incident angle yI are first
determined. From Figure 3, we can see that the ratio of
the pressure behind the reflected shock to PCJ during reg-
ular reflection is about 2.4. As the incident angle yI in-
creases (larger ratio of DI/DO), Mach reflection occurs
and the pressure at collision point increases suddenly to
about 3.5 times of PCJ with critical Mach reflection angle

yI and then decreases with increasing of yI. As the inci-
dent angle increases to about 808, pressure at triple and
collision point are both equal to PCJ. This means the DLC
charge becomes expansion detonation with large value of
incident angle.

The reflection and deflection angle for detonation
propagation in inner charge are shown in Figure 4. The
reflection angle yII increases as incident angle increases
in regular reflection. Due to mass accumulation at region
(2), with the collision point moving to the triple point O�,
the reflection angle is discontinuous at the critical Mach
reflection angle yI. The deflection angle q1 increases at
low incident angle and reach the maximum value at 528
of the incident angle, then decreases to zero at 908. The
deflection angle q2 has maximum value at the critical
Mach reflection angle yI, which means q1–q2 begin with
its maximum value at the critical Mach reflection angle
and decreases to zero at yI =908.

Figure 3. The calculated pressure versus incident angle at triple
and collision point.

Figure 4. The calculated reflection angle and deflection angle
versus incident angle.
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From the discussion above, Mach reflection is the main
reason of overdriven detonation in the inner layer charge,
and the parameters in Mach stem are determined based
on Eqs. (15–17) and Eqs. (21–22). Calculated pressure in
Mach stem versus tangent of angle b of curved Mach
stem for different incident angles is shown in Figure 5.
Pressure increases with central angle of curved Mach
stem and the maximum value, 4.0 times of PCJ, is reached
at an incident angle of 468. As shown in Figure 6, the
flow velocity decreases, while the density increases with
increasing central angle.

2.4 Mach Stem Height Prediction

There are many experimental results and numerical pre-
diction of reflection of detonation wave in the related lit-
erature [12,13, 18, 19]. To date there is no accurate
method of predicting the height of Mach stem in irregular
reflection of detonation wave. An accurate prediction of
the Mach stem height is not only useful in understanding

the behavior of the shock reflection in condensed HE but
also important in the design of DLC charge.

The problem setup is shown graphically in Figure 2. As
mentioned before, the Mach reflection in condensed HE
is induced by compression of region (2). Due to Mach re-
flection of detonation wave in inner charge, the income
mass flow is divided into two parts. The first part flows
though PO� and flows out EH for reflection in region (2),
and the second part flows though O�O and flows out TH
for Mach reflection in region (3). The mass flow is equa-
ted to the mass flow through EH and TH corresponding
to u212 and u313, respectively. We assume Hm is the Mach
stem height and ET ¼ H is the diameter of the inner
charge. Equating the two mass fluxes produces the fol-
lowing equations

10u0p H �Hmð Þ2 sin yI

sin yI � q1ð Þ þ 10u0pH2
m ¼

12u2 cos q� eð ÞpEH2 sin yII þ q1 � q1ð Þ
sin yII þ q1ð Þ

þ
Z

13ðaÞu3ðaÞ cos ads

ð23Þ

EH can be written as

EH ¼ H �Hmð Þ þ H �Hmð Þ
tan yIIð Þ tan q1 � q2ð Þ ð24Þ

The flow which passes through the Mach stem has a
higher temperature, a greater increase in density and en-
tropy, and a lower particle velocity than the flow which
passes through the detonation front and reflected shock.
So the mass flow though Mach stem is the integration at
the curved Mach stem.

Z
13u3 cos ads ¼

Z
p=2�yI

0
13 dð Þu3 dð Þ cos a � s dð Þdd ð25Þ

where d is the central angle of the curved Mach stem, a

is the deflection angle behind Mach stem.
Using numerical solution of integral equations s dð Þ can

be written as:

s
�
d
�
¼ p

h
Hm sin d= cos yI �

�
Hm tan yI þ

�
H �Hm

�
= tan yII

�Hm cos d= cos yI

�
tan a

�
d
�i2

� p
h
Hm sin

�
dþ dd

�
= cos yI �

�
Hm tan yI

þ
�
H �Hm

�
= tan yII �Hm cos

�
dþ dd

�
=

cos yI

�
tan a

�
dþ dd

�i2

ð26Þ

Take DH ¼ Hm=H as the indeterminate in Eqs. (23–25)
and Eq. (26).

The Eqs. (23–26) are solved based on the calculated re-
sults in Section 2.3. Among the calculated parameters, the
most interesting one is the Mach stem height correspond-
ing to different initial conditions. Comparable results of

Figure 5. The calculated pressure in Mach stem.

Figure 6. Flow velocity and density in Mach stem at incident
angle of 468.
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the normalized Mach stem height Hm/H with different ini-
tial conditions are shown in Figure 7. Parameters of three
different HEs with lower detonation velocity are shown
in Table 1. The results show that Mach stem height in-
creases with incident angle. The Mach stem height based
on the present prediction is about 0.22H near critical
Mach reflection angle. This indicates that regular reflec-
tion to Mach reflection transition takes place with discon-
tinuous variation. The predicted values of the Mach stem
heights are slightly higher for lower values of the poly-
tropic exponent for inner charge.

3 Numerical Simulation of Detonation Wave Prop-
agation in DLC Charges

3.1 Numerical Simulation Model

Detonation phenomena occur on the microsecond time
scale, and simulation of detonation process usually re-
quires large deformation of grid. In this case, the appro-
priate equations that describe the material response are
the Euler equations, which describe the conservation of
mass, momentum, and energy for an inviscid, compressi-
ble fluid. Euler codes model perforation as a hydrody-
namics event, providing a robust characterization of
multi-material movement, at the cost of complex mixed-
cell thermodynamics and interface tracking algorithms.
An inordinately fine mesh may be required to model det-
onation products transport. In the present paper, Euler
codes were used to describe the detonation and shock in-

duced initiation of HE. Figure 8 shows the finite element
model of the simulation. Since the model is an axial sym-
metry question, we only need to build up a two-dimen-
sion axial symmetry model. The inert material shaper was
used to get an initial annular detonation wave.

3.2 Ignition and Growth Model

Traditionally, the reaction models which are used for con-
densed HE are divided into two common categories [20].
The first is the prescription model where the arrival time
of the detonation wave is assigned a priori. The compres-
sion and reaction front comprising the detonation wave
are treated as a single front. Program Burn and Detona-
tion Shock Dynamics models are two typical examples of
this category. They pre-define the pressure as a function
of relative volume and internal energy per initial volume,
and the lighting time is computed at beginning of initia-
tion. These models are very useful in solving engineering
problems because the grid resolution requirements are
not as stringent as other options. However, one trait of
these models is that they typically do not resolve the von
Neumann pressure spike and reaction zone associated
with the detonation front. Such resolutions can be key
issues in certain problems such as the interaction of deto-
nation waves with metal.

The second category model is kinetic based reaction
schemes. These models include the reaction process in an
explicit manner. The progression of the reaction is dictat-
ed using a rate law that is dependent on variables such as
pressure and temperature. This class of models is similar
to the kinetics schemes commonly used in gas phase com-
bustion simulations. A popular kinetics scheme that has
been successfully used for the detonation problem is the
Ignition and Growth Model proposed by Lee and Tarver
[21,22].

The Ignition and Growth Model is a Zeldovich-von
Neumann-Dçring (ZND) model as described by Fickett
and Davis 2000 [23]. This class of model treats the shock
of the detonation front as a discontinuous and explicit re-
action process behind the shock. The level of resolution
of the reaction front will depend on numerical aspects of
the hydrocode used.

Figure 7. Calculated Mach stem height versus incident angle
with different inner HE.

Table 1. Parameters of some HEs with lower detonation veloci-
ty.

High Explosive 10 DCJ PCJ g
(g cm�3) (ms�1) (GPa)

TNT 1.63 6930 20.30 2.856
Comp B(RDX/TNT(60/40)) 1.68 7840 29.45 2.630
Tritonol (TNT/Al(80/20)) 1.72 6700 25.65 2.010

Figure 8. Numerical simulation model of double-layer charge.
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A JWL equation of state defines the pressure in the un-
reacted explosives as [24]

Pe ¼ r1e�r4Ve þ r2e�r5Ve þ r3
Te

Ve
r3 ¼ weCvp

� �
ð27Þ

Another JWL equation of state defines the pressure in
the reaction products as

Pp ¼ ae�rp1Vp þ be�rp2Vp þ rp3

Tp

Vp
g ¼ wpCvp

� �
ð28Þ

where Ve, Vp, Te, Tp are relative volume and temperature
of unreacted explosive and reactive products, respective-
ly.

The chemical reaction rate for conversion of unreacted
explosive to reaction products consists of three physically
realistic terms: an ignition term in which a small amount
of explosive reacts soon after the shock wave compres-
sion, a slow growth of reaction as this initial reaction
spreads, and a rapid completion of reaction at high pres-
sure and temperature. The form of the reaction rate equa-
tion is

@F
@t
¼ I 1� Fð Þb 1=10 � 1� að Þx

þG1 1� Fð ÞcFdpy þG2 1� Fð ÞeFgpz

ð29Þ

3.3 Material Model Parameters

Several HEs with different detonation velocity are used
in numerical simulation. Casted TNT with lower detona-
tion velocity is used as inner charge, and the ignition and
growth model is used to describe the shock induced initia-

tion and detonation wave interaction. Table 2 shows the
JWL EOS parameters for TNT and detonation products,
and Table 3 gives the shock induced initiation rate param-
eters.

Four explosives with different detonation velocities
(from 7980–9110 m s�1) are used as outer layer charge.
JWL EOS parameters are shown in Table 4.

3.4 Typical Detonation Wave in DLC Charge

The inner layer charge is shielded by a cone of nylon to
prevent direct coupling of the detonation wave into the
charge and initiated by annular detonation wave. The
outer layer charge has a thickness of 5 mm, which is
larger than critical detonation diameter. Typical detona-
tion propagation was simulated using different ratios of
detonation velocity at time of 9, 15, and 25 ms. Figure 9(a)
shows the detonation wave propagation in an ordinary cy-
lindrical charge. Figures 9(b) and (c) show the detonation
wave propagation with Mach reflection and regular re-
flection, respectively.

The detonation wave in an ordinary charge propagates
with a convergent shape at beginning of initiation. As
detonation is progressing, it propagates with a spherical
shape of nearly constant curvature. The detonation front
of the outer layer charge in DLC is clearly prior to the
inner charge. From this detonation front a conical detona-
tion wave runs into the inner charge. There are two cases
of detonation wave in the inner charge. As the incident
angle has a higher value than the critical angle for Mach
reflection, there is obviously a Mach stem with higher
pressure near the axis of inner layer charge which is
shown in Figure 9(b). As the incident angle is smaller
than the critical angle of Mach reflection, there is a coni-
cal convergent detonation wave in the inner charge. With
the detonation progressing, detonation wave with the reg-
ular reflection and Mach reflection in the inner charge
both propagates in steady state which includes the shape,
velocity, and pressure. Figure 10 shows a typical pressure
history at collision point of detonation wave to symmetry
line for DLC charge and ordinary charge. From these re-
sults we can see that overdriven detonation occurs in
inner layer charge, and maximum transmitted pressure,
70 GPa, is shown to occur at collision point during Mach
reflection.

Comparisons between the simulations and the present
predictions for several DLC charges are shown in
Table 5. Calculated incident angles and pressure at colli-
sion point in Mach reflection from the present model
agree well with the corresponding numerical results. The

Table 2. JWL EOS parameters for TNT and detonation prod-
ucts.

Parameters Unreated explosive Detonation products

10 (g m�3) 1.63 –
A (GPa) 1798 371.2
B (GPa) �93.1 3.23
R1 6.2 4.15
R2 3.1 0.95
w 0.8921 0.3
CV (GPaK�1) 1.540E-3 1.0E-3
T0 (K) 298 –
E0 (GPa) 0 7.0

Table 3. Rate parameters for TNT.

Parameters Value Parameters Value

I 50 a 0.02
G1 0.00 E0 0.081
y 2.0 G2 40.0
d 0.667 g 0.222
C 0.222 e 0.00
Cp 1.0E-5 z 1.20
Cv 2.487E-5 Fmax 1.00
x 4.0 Fmin 1.00

Table 4. JWL EOS parameters for outer layer explosive.

Parameters HMX PBX 9404 RDX-inert Comp B

1 0 (g cm�3) 1.891 1.84 1.700 1.717
DCJ (ms�1) 9110 8800 8425 7980
PCJ (GPa) 42 37 29.6 29.5
DO/DI 1.31 1.27 1.22 1.15
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predicted values of the normalized Mach stem heights
Hm/H are slightly lower than the numerical simulations
especially for larger values of the incident angle. In spite
of the fact that the assumptions used for the present pre-
dictions may introduce errors to some extent, the main
reason is likely attributed to neglect expansion of detona-
tion products.

4 Conclusion

Detonation wave propagation in DLC charge has been
discussed in this paper. The regular and Mach reflection
configurations as well as the resulting flow field in steady
flow have been analyzed and formulated. Flow parame-
ters are determined based on the assumption of continu-
ous pressure at triple point. Non-parallel flow of region
(2) to axial line creates Mach stem and mass conservation
has been used to determine the Mach stem heights. The

Figure 9. Detonation process of double layer charge (a) Ordinary charge, (b) Mach reflection in DLC charge, (c) regular reflection
in DLC charge.

Figure 10. Pressure at collision point of symmetry line.

Table 5. Comparison simulation and model predictions.

Type DO/DI YI (8) Hm/H Pm (GPa

Simulation Eq. (5) Simulation Eqs. (23–26) Simulation Eqs. (15–17)
Eqs. (21–22)

Comp B-TNT 1.15 59.47 60.28 0.435 0.365 47.82 43.35
RDX(inert)-TNT 1.22 56.61 55.10 0.373 0.305 53.99 52.37
PBX9404-TNT 1.27 53.97 51.95 0.305 0.273 61.47 59.27
HMX-TNT 1.31 50.09 49.53 0.285 0.252 66.91 64.24
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corresponding numerical simulation based on the Lee–
Tarver model has been carried out using DLC charge to
have a contrast to normal charge. It has been found that
for a given DLC charge the Mach stem heights are solely
determined by difference of the detonation velocity. It
has also be shown that the Mach stem height is 0.22 near
the critical Mach reflection angle, which means regular
reflection to Mach reflection transition takes place with
discontinuous variation. The results show that the analysis
results correlate well with the corresponding numerical
results, also double layer charge is an efficient way to im-
prove performance of HE charge.

Symbols and Abbreviations

P Pressure (GPa)
u Flow velocity (ms�1)
1 Density(g cm�3)
g The exponent in polytropic of state
M Mach number of detonation wave
E Specific internal energy of HE (J kg�1 =Pa m3 kg�1)
v Specific volume (m3 kg�1)
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