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ABSTRACT: The avalanche control industry is shifting towards the Remote Avalanche Control Systems 

(RACS) to protect both public and private infrastructure such as ski areas and transportation corridors. 

Though these systems originally employed condensed phase (solid) explosives, over recent decades, 

detonation tubes, also known as gas exploders in the snow community, have become increasingly popular. 

Currently, the bulk of the research into RACS has been conducted for solid point-source explosives. The 

growing popularity and prevalence of gas exploders in the field have led to an increase into gas RACS 

research. From experimental and field pressure measurements on the snowpack, it has been shown 

that spherical expansion of solid point-source explosions develop different pressure profiles compared to 

the directional blast waves of gas exploders. There remains a lack of clarity regarding the gas dynamics 

leading to the observed pressure waves above the snowpack.

In this study, we characterize the dynamics of the shock wave driven by a gas exploder through state-of-

the-art numerical simulations and provide a closed form analytical solution that identifies the relevant 

parameters and scaling laws. The model developed was found in excellent agreement with simulations. 

The dynamics of the air blast wave established by the detonation tube is shown to consist primarily in 

a layer of compressed air, driven by the momentum transfer from the combustion products exiting the 

tube and the slowing down effect of air accumulation in the geometrically growing layer. Calculations of 

reflection of the compressed air layer with a reflective surface clarifies the momentum transfer mechanism 

involving the re-direction of momentum as the jet impacts the ground and gets re-directed.
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1. INTRODUCTION

Avalanches are one of the most persistent natural 

hazards affecting transportation corridors, ski and 

recreation areas, mining operations and commu-

nities in mountain regions during the winter sea-

son. Stakeholders, such as communities, gov-

ernments and companies, have been working to 

improve the preventative approach to avalanches 

through installation of infrastructure (snow fences, 

avalanche sheds, etc.), as well as artificial trigger-

ing of avalanches before the snow volume builds to 

a dangerous level. Currently, this artificial trigger-

ing is done in several ways, hand thrown bombs 

(from skiers or helicopters), use of artillery, and 

Remote Avalanche Control Systems (RACS).

The modern development of RACS offers signif-

icant safety improvements over other explosive 

delivery systems, as it does not expose humans 

as much to the inherent explosive or avalanche 

hazards. Currently operating RACS generally fall 

into two categories: remote deployable bombs, 
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such as Wyssen and North American Avalanche 

Guard System as well as gas exploders such as 

Gazex, DaisyBell, and O’Bellx. Both types of sys-

tems use a shock wave produced above the snow 

to impact and trigger an avalanche. The shock 

waves differ in their configuration if they are pro-

duced by a point-source or in a detonation tube.

Decades of experimental research work has been 

conducted studying how blast waves impacting 

the snow can trigger avalanches (Perla 1976; 

Gubler 1977; Lachapelle 1977; Simioni et al. 2017; 

Simioni and Schweizer 2018; Larson et al. 2022; 

Meier 2024). Much of the work has been done 

for condensed phase explosives expanding from 

a pseudo point source (Gubler 1977; Friedlander 

1946; Brown 1980). In recent years, the popularity 

of gas exploders has grown and work has been 

done to characterize and predict the blast wave 

profiles produced from the detonation of gas in a 

tube (Meier 2024; Seitz 2021; Simioni et al. 2017; 

Larson et al. 2022).

Modern numerical modelling work has been con-

ducted to improve the understanding of how vari-

ous parameters affect the way in which air blasts 

from either point source or detonation tubes trigger 

avalanches. Work done by Miller et al. (2010) and 
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Miller et al. (2011) simulated both the air space 

and snow space affected by a blast wave and 

captured the nonlinear response of a shock im-

pacting the snow. A model produced by Sidler 

(2015) was developed to better predict the snow 

response to a blast wave for porous material. This 

model was shown to be better than viscoelastic 

continuum models and the work was extended 

to compare the model to acoustic field measure-

ments (Sidler et al. 2016). Generally, recent work 

shows a departure from empirically driven work, 

though significant work remains to develop a sys-

tematic understanding of the specific mechanisms 

at play (i.e. installation geometry, tube geometry 

and gas mixture).

Detonation tubes are also known as pulse-

detonation engines in the aerospace field of re-

search, where repeated operation provides a 

thrust-producing device. Despite their extensive 

development for propulsion applications, there is 

currently no existing model to predict the pressure 

decay from their exhaust in air. Existing models 

are empirical fits to experimental data borrowing 

scaling laws from the point-source blast wave scal-

ing (Anand et al. 2018).

In the current study, we conduct detailed simula-

tions focusing on the detonation tube exit to clarify 

the dynamics affecting the blast wave driven by 

the exhaust of detonation products. An analytical 

model is formulated to produce a simplified predic-

tion of the evolution of the shock strength as the 

blast wave travels into the far-field where it can im-

pact the snow surface. To complement the model, 

numerical simulations have also been conducted 

to show how the transmitted blast wave impacts 

the snow surface and what forces are generated 

on a rigid snow surface.

2. PHYSICAL MODEL & NUMERICAL 

METHOD

We first computed the solution to the problem of a 

blast wave exiting an infinitely long cylindrical tube 

into ambient air. The problem is modeled using 

the two-dimensional axisymmetric Euler equations 

using the perfect gas equation of state. All vari-

ables are non-dimensionalized using the ambient 

air density ρ0, pressure p0, and tube diameter D. A 

constant ratio of specific heats γ = 1.4 is enforced 

across the entire domain to capture the dynamics 

of the ambient air outside the tube.

The detonation wave exiting the tube is modelled 

by initializing the gas within the tube to the Chap-

man–Jouguet (CJ) state calculated for a stoichio-

metric octane–oxygen mixture. The CJ density ρCJ, 

flow velocity uCJ, and speed of sound cCJ are di-

rectly mapped onto the interior tube domain. While 

enforcing γ = 1.4 introduces a minor discrepancy 

in the static CJ pressure, matching these primitive 

properties accurately recovers both the acoustic 

impedance (ρCJcCJ) governing the wave transmis-

sion at the exit interface and the exiting momentum 

flux (ρCJuCJ), which reproduces the effective pis-

ton motion driving the shock through ambient air. 

Initial gas properties are summarized in Table 1.

Table 1: Initial conditions.

Property Ambient Air Detonation 

Products (CJ)

ρ∗ 1.0 2.428

u∗ 0.0 3.711

v∗ 0.0 0.0

p∗ 1.0 32.4

The governing equations are solved in cylindrical 

coordinates using a nominally second-order exact 

Riemann solver with Adaptive Mesh Refinement 

(Falle et al. 1993). Spatial resolution dynamically 

scales from a base grid of 10 cells/diameter up to 

a maximum resolution of 160 cells/diameter. The 

central axis at r = 0 is assigned an axisymmet-

ric symmetry boundary condition, while all outer 

domain boundaries employ zero-gradient outflow 

conditions. Solid tube walls are modelled using 

rigid reflecting boundary conditions.

3. SIMULATION RESULTS

The non-dimensional pressure and density con-

tours are presented in Figure 1. As the detona-

tion wave exits from the tube into ambient air, the 

initial interface interaction forms a Riemann prob-

lem consisting of a transmitted lead shock, a right-

propagating contact surface, and a reflected ex-

pansion wave travelling back into the tube, driven 

by the higher density of the detonation products 

relative to ambient air. As the wave exits the con-

finement, it diffracts around the tube end, trans-

forming the initially planar transmitted shock into 

a quasi-spherical profile. A centered expansion 

wave originating at the corner communicates this 

sudden geometric expansion to the flow field. In 

the initial frame (̃t = 0.745), the exiting flow un-

dergoes a rapid geometrically driven expansion 

analogous to expanding into a near-vacuum. The 

high-velocity displacement of ambient air by the 

expanding driver gas sustains the primary lead 

shock front. To match the low pressure of the over-

expanded driver gas with the higher pressure be-
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Figure 1: Contour Plots of (left) pressure, and (right) density, at time t = 0.745, 1.540, 2.540, 3.670, 4.905.
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hind the lead shock, an internal, rear-facing shock 

forms. This shock re-compresses the expanded 

product gases, establishing a region of nearly uni-

form pressure behind the lead wave. The contact 

surface separating the detonation products from 

the ambient air is visible in the density field, situ-

ated between the lead shock and the rear-facing 

shock.

In the subsequent frames (̃t = 1.540 and 2.540), 

the quasi-spherical blast structure continues to 

expand outward as the lead shock front progres-

sively decays. This decay is accompanied by an 

increase in the distance separating the lead and 

rear-facing shocks from the contact surface. The 

flow exiting the tube can also be seen to expand 

to a lower pressure and density as the rear-facing 

shock distances itself from the tube exit. The two 

final frames (̃t = 3.670 and 4.905) show a further 

decay in the blast wave accompanied by a further 

increase in the separation distances. However, 

the rear-facing shock begins to stabilize towards 

a fixed distance from the tube exit, breaking the 

spherical symmetry observed at earlier times.

Figure 2: Pressure Profile along the central axis. 

Dash-dotted line from steady 1-dimensional the-

ory.

The pressure profile along the central axis is pre-

sented in Figure 2. In the near field of the tube 

(x ≤ 1), the lead shock retains its square wave 

profile with minimal expansion of the flow. As the 

shock distances itself from the tube (x ≥ 1), the 

spatial profile consists of the expansion of the flow 

exiting the tube which follows a common curve due 

to the isentropic nature of the expansion. This is 

followed by an increase in pressure across the rear 

facing shock. The high pressure region between 

the two shocks has a shallow pressure gradient 

which decays in time. Eventually, the multidimen-

sional nature of the phenomenon appears through 

the form of fluctuations, appearing once the lead 

shock has propagated sufficiently far from the tube 

exit (x ≥ 9). These pressure fluctuations appear 

from the pressure waves generated in the mixing 

regions having propagated inwards towards the 

axis.

Figure 3: Density Profile along the central axis. 

Dash-dotted line from steady 1-dimensional the-

ory.

The density profile is presented in Figure 3. Similar 

to the pressure profiles, the flow expansion at the 

exit of the tube follows a common curve due to 

the isentropic expansion process. The density 

disparity of the flow on both sides of the contact 

surface is evident in this figure, with the density of 

the products expanding to a density which is an 

order of magnitude smaller than the density of the 

shocked air.

4. ENGINEERING MODEL

We derived a closed form model for the dynamics 

of the leading shock wave. The leading shock is 

sustained by the detonation products, which act as 

a piston. The strategy is to establish first the dy-

namics of this interface (the piston). This will then 

permit to apply the shock jump conditions, which 

will provide the evolution of the shock pressure 

history as it decays from the tube exit.

The problem along the axis can be treated as a 

problem with spherical symmetry. At time 0, a 

spherical source turns on with flow density and 

speed denoted by ρs, us and source radius as 

Rs = RT , where RT  is the tube exit radius. Upon 

the start of the source, the interface drives a lead 

shock (S1) and backward facing shock (S2), the 

expanding flow between the source and the back-

ward facing shock is steady. We take a control 

volume bounding the material between the two 

shocks (see Figure 4). We assume that the mate-

rial in this layer moves at the speed of the interface 

and has uniform properties at a given time, an as-

sumption that is well supported by the simulations 

shown in the previous section. The conservation 
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Figure 4: The model tracks the evolution of the 

material accumulating between the forward facing 

and backward facing shocks along the axis.

of linear momentum for this material yields

d

dt

(︃
(mA +mB)

dR

dt

)︃
= ṁs

(︂
u2 − Ṙ2

)︂
+p2A2−p0A1

(1)

As we are interested in the dynamics of this gas for 

R ≫ RS , when the mass of the products shocked 

by the backward facing shock mA is negligible 

compared with the mass of air driven by the in-

terface mB. As the gas in the steady region ac-

celerates from us to u2, the speed at which the 

backward facing shock Ṙ2 is propagating is neg-

ligibly small. As the flow in the expansion region 

accelerates to hypersonic speeds, the pressure 

p2 is negligible compared to the momentum flux 

ṁsu2. Likewise, the pressure of the ambient air 

is assumed to play a negligible role, as verified 

numerically a posteriori. The momentum balance 

simplifies to

d

dt

(︃
mB

dR

dt

)︃
= ṁsu2 (2)

The mass of the air can be approximated by

mB = ρ0
4

3
π
(︁
R3

1 −R3
s

)︁ ∼= ρ0
4

3
πR3 (3)

while the mass flux exiting the source is

ṁs = 4πR2
sρsus (4)

We also take the speed of the gas in the steady 

expansion to be close to its maximum speed in a 

free hypersonic expansion as:

u2 = umax = us

√︄
γs − 1 + 2/M2

s

γs − 1
(5)

Where γs is the ratio of specific heats of the gas 

emanating from the source. Integrating the ODE 

with initial conditions at t = 0, R = Rs → 0 and 

dR/dt = umax provides the evolution of the inter-

face radius with time R (t). This relation can be 

differentiated to obtain the speed of the interface:

up (t) =
dR

dt
=

ϕ

R (t)
=

√︃
ϕ

2t
(6)

with

ϕ =

⌜⃓⃓⎷3

2

ρs
ρ0

u2
sR

2
s

√︄
γs − 1 + 2

M2
s

γ − 1
(7)

Which shows that the piston speed decays as 1R
or as 1√

t
. Given the speed of the piston driving the 

lead shock, the shock overpressure is obtained 

from the Rankine-Hugoniot shock jump relations 

in terms of u.

z(t) ≡ pS1 − p0
p0

(8)

=
γ (γ + 1)

4

(︃
up

c0

)︃2
⎛⎝1 +

(︄
1 +

(︃
γ + 1

4

up

c0

)︃−2
)︄ 1

2

⎞⎠
(9)

The lead shock position can be expressed in terms 

of the piston position. Assuming the gas evolution 

between the piston and lead shock is in quasi-

steady state, we can relate R1 to R by the Rankine-

Hugoniot relations:

R1

R
=

D

u
=

γ + 1

2
(10)

The resulting shock pressure is shown in Figure 5 

along with the results of the numerical simulations. 

Very good agreement is obtained. This provides 

for the first time a closed form prediction of the 

shock pressure driven by a gas detonation tube, 

which can be used in engineering calculations for 

gas exploders.

Also shown in Fig. 5 is the prediction of the shock 

pressure without neglecting the speed of the con-

trol volume in (1) and accounting for the gas speed 

evolution u2(r). This requires the numerical inte-

gration of the following ODE

d

dt

(︃
mB

dR

dt

)︃
= ṁs

(︂
u2 − Ṙ2

)︂
(11)

but provides excellent fidelity of the pressure evo-

lution of the lead shock. 

5. BLAST WAVE IMPINGING ON A SUR-

FACE

To visualize how the expanding shock wave im-

pacts the angled surface, two-dimensional simu-
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Figure 5: The shock pressure dependence on ax-

ial distance obtained numerically and analytically; 

blue line is the closed form solution given by (9) 

while the red line is the numerical integration of

(11).

lations were done with OpenFoam using the Rho-

CentralFoam solver. The example presented in 

Figures 6 is set up with a horizontal shock tube 

and an angled surface set 40 degrees from the 

centerline of the shock tube as seen in Figure 6 A). 

The shock wave in this simulation is driven from 

a high-pressure gas (P = 633.592 kPa) suddenly 

released from the tube into 1 bar of pressure.

Figure 6 A shows the shock wave expanding out 

of the tube before impacting the surface. As the 

shock wave expands further, it first impacts the 

surface at point 1 which corresponds to the mini-

mum distance from the exit of the tube to the sur-

face. The shock wave forms a regular reflection 

which expands away from the surface while the in-

cident shock wave continues to impact the surface. 

In figure 6 C the regular reflection has expanded 

and shows some distortion from interacting with 

the flow trailing behind the incident shock wave. 

As the shock continues to impact the surface, the 

reflection transitions to a Mach reflection which 

can be seen at point 4.

We can estimate the shear and normal forces on 

the surface assuming it is a rigid surface. The 

normal pressure on the surface can be estimated 

using the pressure in the first cell from the bound-

ary. In these simulations the boundary layer was 

not resolved, the shear on the wall can be esti-

mated from taking the velocity of the first cell from 

the wall as the free stream velocity and calculating 

the shear force with the empirical 1/7th power law. 

By integrating the forces for each time-step the 

impulse on the surface can be estimated for each 

cell. Figure 7 shows an estimate of the impulses 

from shear and normal pressure plotted as a dis-

tance along the surface from point 0. The plot is 

marked with CL to show the location of where the 

centerline of the tube meets the surface.

This shows that the point of highest normal im-

pulse take place where the flow stagnates against 

the surface at point 2. This point is slightly further 

along the surface from where the initial shock im-

pacts the surface, seen at point 1. Point 2 also 

shows the point where the shear force diverges. 

Before that point the shear force is in the nega-

tive direction (towards point 0) and after that the 

shear force is in the positive direction. The shear 

force steadily rises from point 2 until around point 

4. After this point the normal force and shear force 

begin to reduce as the flow field dissipates. The 

normal force develops a second peak after the 

shock reflection transitions into a Mach reflection 

seen around point 4.

This gives an estimate of the behaviours seen on 

a rigid snow surface. The normal force is orders 

of magnitude larger than the shear force and has 

two peaks. The shear force shows a divergence 

where the snow would experience being pulled 

apart.

6. SUMMARY

This ongoing study seeks to clarify the gas dy-

namics and surface loading mechanisms of blast 

waves generated by gas-based RACS. Axisym-

metric numerical simulations demonstrate the for-

mation of a quasi-spherical structure comprised 

of a lead shock, followed by a contact surface 

separating detonation products from quiescent 

air. Behind this interface, a rear-facing shock 

recompresses the detonation products that un-

dergo quasi-steady expansion upon exiting the 

tube. Modelling the evolution of this layer as a 

spherical piston driving a shock yields a closed-

form analytical model in strong agreement with 

numerical results, providing a predictive blast de-

cay model derived from first principles.

Simulations of the blast wave impinging on an an-

gled wall reveal that normal impulse dominates 

shear impulse by orders of magnitude. The maxi-

mum normal force occurs at the flow stagnation, 

with a secondary peak emerging as the shock 

transitions from a normal reflection to a Mach re-

flection. The stagnation point is also the location 

where shear stress diverges, subjecting the sur-

face to localized tension. Preliminary validating 

experiments will be presented at the conference, 

with future work to study the failure mechanism of 

snowpacks from the interaction with a blast wave.
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Figure 6: OpenFoam simulations conducted for a case with a surface set 40 degrees from the centerline 

of the tube using a high-pressure tube suddenly released. A) shows the shock expanding before it has 

impacted the surface (0.0018 s after release). B) shows the start of a regular reflection forming on the 

surface (0.0027 s after release). C) shows the regular reflection before it begins to transition to a Mach 

reflection (0.0037 s after release). D) shows a Mach reflection on the surface (0.0050 s after release).

Figure 7: A plot of the estimates of normal pressure impulse calculated over 0.0075 s simulation and the 

estimate of the shear stress calculated from the empirical 1/7th power law.
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