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ABSTRACT 

 
 This paper describes the application of a state-of-the-art coupled computational fluid 

dynamics (CFD) and computational structural dynamics (CSD) methodology to the 
simulation of an explosive-filled steel cylinder placed inside a long pipe. The physical 
mechanisms controlling the explosive detonation and cylinder break-up include: HE 
detonation initiation, detonation wave propagation through the HE, cylinder expansion 
under the high pressure, cylinder cracking, detonation products escape through the 
opening cracks, accelerating cylinder debris and airblast impact on the steel pipe, pipe 
response and airblast, cylinder and pipe debris propagation down the pipe. Accurate 
modeling of these mutually interacting processes requires coupling CFD-CSD codes.  

 
  Three simulations were conducted under this study: a bare charge detonation and 

two identical HE-in-a-cylinder charges. The first of these two modeled the cylinder 
debris to bounce elastically from the pipe; the second modeled the steel pipe response 
to the blast and debris loading. All models used identical explosive charges. The initial 
fluid energy loss required to break the cylinder and accelerate the cylinder debris is 
identical for both cylindrical charge simulations. At later times, the high-speed 
fragments bouncing elastically from the non-responding pipe accelerate the flow and 
reinstate a significant portion of the energy lost. For the responding pipe, most of the 
impacting fragment energy is lost on the shock wave within the steel pipe and the 
plastic work performed. Hence, the slow-velocity reflected fragments reinstate only a 
small portion of the fluid energy lost. The reflected cylinder debris from the pipe 
periphery focus toward the centerline, and recompress (or squeeze) the high-
temperature, high-pressure core, to form axial jets, waves with large mass and energy 
(both internal and kinetic) fluxes.     
 
1. INTRODUCTION 

 
Over the past few years we have conducted several fluid/structure interaction 

simulations. One of the (deceptively) simplest problems is the detonation of High 
Explosive (HE) within a steel cylinder, where the objective is to optimize HE-case 
coupling, explosive efficiency in accelerating the broken cylinder debris, debris mass 
and velocity distribution, and the blast and debris loading environments. In addition, it is 
typically desired to study the response of structures to such a blast and debris loading. 
When the interest is in close-in detonations, it is beneficial to examine charge 



detonation in a pipe, where the pipe-to-charge diameter ratio can be easily changed to 
correspond to a stand-off distance of interest. While for large pipe-to-charge diameter 
ratios the cased cylinder fragments accelerate to their full ballistic velocity before 
impact, for smaller ratios the fragments impact the pipe before they acquire full velocity. 
Similarly, for large pipe-to-charge diameter ratios the blast wave may impact the pipe 
before the fragments, while for small ratios the reverse is true.  

 
Over the past years there has been some debate regarding the proper modeling a 

cylindrical charge in a steel pipe. On one side of the spectrum are some that argue that 
for some pipes, e.g., high-strength steel, it is accurate enough to model the fragments 
as bouncing elastically from the pipe. Others have argued that it is proper to eliminate 
the fragments from the simulations once they impact the pipe (e.g., zero bounce). 
Finally, there are some that argue that proper modeling of the pipe response is critical 
to accurate modeling. One of the objectives of this study is to examine the validity of 
these view points. 

 
The numerical simulation of cased charge detonation is fairly complex as it involves 

several physical processes as well as several coupled numerical schemes. The 
controlling physical mechanisms include: detonation wave initiation, detonation wave 
propagation through the explosive, cylinder expansion under the extreme load, cylinder 
cracking, break-up and formation of debris, detonation products expansion through the 
forming cracks, and detonation products and cylinder debris impact on the nearby 
structure, or in this case, the pipe.  
 

 Over the last several years we have developed a numerical methodology that 
couples state-of-the-art Computational Fluid Dynamics (CFD) and Computational 
Structural Dynamics (CSD) methodologies. The flow code solves the time-dependent, 
compressible Euler and Reynolds-Averaged Navier-Stokes equations on an 
unstructured mesh of tetrahedral elements. The CSD code solves explicitly the large 
deformation, large strain formulation equations on an unstructured grid composed of 
bricks and hexahedral elements. The codes are coupled via a ‘loose coupling’ 
approach which decouples the CFD and CSD sets of equations and uses projection 
methods to transfer interface information between the CFD and CSD domains. The 
coupling modularity is kept by the addition of a `controller’ code, which handles the 
transfer of information between the different solvers, non-matching meshes at the 
interface and incorporates conservative interpolation schemes and fast techniques for 
neighbor search. The coupled numerical methodology will be described next, followed 
by the description of the numerical simulations and analysis of the results. 
 
2. TECHNICAL APPROACH 

 
  Any blast-structure simulation proceeds through the following stages: 1. Pre-

Processing; 2. Grid Generation; 3. Coupled Fluid/Structure Solver; and 4. Post-
Processing 

 



 Automatic unstructured mesh surface and volume generation has reached a high 
level of maturity over the past several years. The graphic pre-processor FECAD 
(Löhner 2001) enables the preparation of the data sets for the solver and the mesh 
generator FRGEN3D. It also quickly generates CSM meshes from existing CFD 
domains, thereby easing the process of setting up a complex-geometry coupled 
problem (Baum 2004, Baum 2008).  

 
  Mesh generation for both CSM and CFD is be performed using FRGEN3D (Löhner 

1988, 1996). This unstructured grid generator is based on the advancing front method. 
The CFD mesh is composed of triangular (surface) and tetrahedral (volume) elements. 
The CSM mesh includes beams, triangular or quad shells and bricks or hexahedra 
(solids). Although the angles of a typical hex are less than perfect, extensive testing 
against perfect-angle bricks for both linear and nonlinear cases, produced almost 
identical results. This, nevertheless, necessitated the replacement of the Belytschko-
Tsay hourglass control model (default model in DYNA3D (Whirley 1991), with the 
Flanagan-Belytschko hourglass control model (model no. 3 in DYNA3D), incurring a 
30% performance penalty. 

 
  The flow solver employed is FEFLO, a 3-D adaptive, unstructured, edge-based 

hydro-solver based on the Finite-Element Method Flux-Corrected Transport (FEM-FCT) 
(Löhner 1992). It solves the Arbitrary Lagrangean-Eulerian (ALE) formulation of the 
Euler and Reynolds-averaged turbulent, Navier-Stokes equations. In addition to the 
more mature, FEM-FCT, several shock capturing features have been added over the 
years: Rieman solvers with a choice of limiters, Roe solvers [Löhner 2008], high-order 
(to eight) ENO schemes (Luo 2007), and the latest Discontinuous Galerkin solvers (Luo 
2011). The spatial mesh adaptation is based on local H-refinement, where the 
refinement/deletion criterion is a modified H2-seminorm (Löhner 1992) based on user-
specified unknowns. Equations of state (EOS) supported by FEFLO include ideal 
polytropic gas, real air EOS table look-up, water EOS table look-up, a link to the 
SESAME library of EOS, and the JWL EOS and several afterburning and combustion 
models (Togashi 2006, Togashi 2011). Flows with particles are treated via a second 
solid phase. The particles interact with the fluid, exchanging mass, momentum and 
energy, and are integrated in a time-consistent manner with the fluid. Flows with 
multiple moving bodies are handled using an embedded approach (Löhner 2004). 

 
  The CSD code is ASICSD, a new CSD code intended to model large structural 

deformations (Soto 2005, Soto 2007, Soto 2010) Both codes are unstructured, explicit 
finite element codes, well suited for modeling large deformations. They provide a good 
base for non-linear materials with elasto-plastic compartmental laws with rupture. 
These codes incorporate a large library of materials and various equations-of-state, as 
well as many kinematic options, such as slidelines and contacts. ASICSD models the 
weapon detonation/fragmentation, as it can model case cracking (thermal softening 
was defined by the Johnson and Cook model [Johnson 1983]). ASICSD is an 
unstructured, explicit finite element code that solves the continuous mechanics 
equilibrium equation. The weak formulation (virtual work principle) is written in the 



spatial configuration (actual configuration) and it is discretized in time using an explicit 
second-order central difference scheme. In space, the virtual work equation is solved 
by using stable finite element types. The most commonly used elements are: a fully 
integrated large-deformation Q1/P0 solid element (hexahedra with an 8 nodes 
interpolation scheme for the kinematic variables and constant pressure) which does not 
present hourglass modes and does not lock for incompressible cases. Several 3-node 
and 4-node large-deformation shell elements (Hughes-Liu shell, Belytschko shells, 
MITC shells, ASGS stabilized shells) which are formulated using standard objective 
stress update schemes (Jaumann-Zaremba, co-rotational embedded axis, etc,), are 
fully integrated to avoid hourglass spurious modes. Finally, some objective truss and 
beam elements (i.e. Belytschko and Hughes-Liu beams) have also been implemented. 
Many different material models have been included into the code. The most commonly 
used are: a plasticity model which relies on a hyper-elastic characterization of the 
elastic material response for the solid elements, and a standard hypo-elastic plasticity 
model for the shell, beam and truss elements. The most often used failure criterion is 
based on the maximum effective plastic strain and the stress tensor inside the element. 
The fracture may be simulated by element erosion and/or node disconnection. The 
code is fully parallelized using both OpenMP and MPI directives. The code has been 
extensively validated (Soto 2005, Soto 2007, Soto 2010). 

 
  Coupling between all modules is provided by FEMAP, via a loose-coupling approach. 

The embedded approach is used to couple the CFD and CSM module (Löhner 2007).  
 
3. THE NUMERICAL SIMULATIONS 

  A schematic of the model is shown in Fig. 1, which actually shows just the central 
portion of the pipe. The figure shows the explosive, the steel cylinder, and the steel 
pipe. As the damage to the pipe was expected to be limited, only the pipe section near 
the charge was included in the CSD model. The pipe is 10.12m long (in the Z direction), 
where at Z=0 (right side in this view) the pipe is closed, while the other end at 
z=10.12m (left) is open. Due to double symmetry, only one quarter of the pipe and the 
charge where modeled. While theoretically it is possible to model an even smaller 
sector of 300 or 150, the number of circumferential case fragments becomes too small 
for statistical analysis.  

 
 
 
 
 
 
 
 
 
 
Fig. 1. Test schematics: a cylinder filled with a generic explosive, placed within a long 

pipe. The closed end is at z=0.0; the open end at z=1012.0cm. 

 thick-cases cylinder 

External pipe 

Charge HE 

pipe 

Ignition point, z=665.3cm (tail) 

Closed end at 
 z=0.0 

Z Axis 

Open end at  
z=1012.0cm

Nose end at  z=621.6cm 



Fig. 2. Pressure, fluid velocity super-imposed on the CSD, and cylinder (CSD) velocity at 15.0µs. 

Fig. 3. Pressure, fluid velocity super-imposed on the CSD, and cylinder (CSD) velocity at 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

The cylinder is filled with a generic explosive. Detonation is centerline-initiated at 
z=665.3 cm (termed tail). The nose is at z=621.6cm. The result at 15.0µs is shown in 
Fig 2. Figures 2a and 2b present results on the plane of symmetry. While the cylindrical 
portion of the case has been deformed but not fragmented yet, the tail plate was 
sheared off. Detonation products are observed to jet through the opening (Fig 2b). The 
figures show the sharply-captured detonation front, the density rise behind the leading 
detonation front, wave reflection from the case, and the case deformation. Note the 
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Fig 4. Pressure, fluid velocity super-imposed on the CSD, and cylinder (CSD) velocity at 70.0µs.

thinning of the case due to the large difference between the case inner and outer face 
velocities, moving at about 1250 m/sec and 950m/sec respectively. At 50.0µs, just 
before the deformed cylinder impacts the pipe (Figs 3) we observe the sharply-captured 
detonation front, the detonation products escaping through the gap between the 
sheared tail plate and the cylinder at velocities of about 2.8km/sec, and the tail plate 
breaking, which allows more detonation products to pass through. The cylindrical 
section of the case has not been broken yet (Fig 3d), though it is pushing out the fluid 
at velocities similar to the expanding case velocity of about 1.25km/sec (Fig 3b). 

 
The cylinder debris impact the pipe at about 52µs. Immediate bounce is obtained for 

the non-responding pipe, while significant damage and slower and later bounce is 
obtained for the responding pipe. The detonation front impacts the nose plate at about 
57µs. At 70µs (shown in Fig 4 for the deforming pipe) we observe the reflected shock 
from the nose plate, the shearing of the nose plate from the cylindrical part and 
detonation products escape through the opening (Fig 4b); the reflected cylinder debris 
bouncing from the damaged pipe (Fig 4c) and producing a shock wave by their motion 
(Fig 4a). The reflected shock is still very pronounced at 100µs (Fig 5). The results at 
this time also show nose and tail plates break-up to small-size debris (Fig 5c) and 
detonation products propagation through the gap between the breaking nose plate and 
the cylindrical segment. 
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Fig. 5. Pressure, fluid velocity super-imposed on the CSD, and CSD (cylinder and pipe) velocity at 
100.0µs. 

Fig. 6. Pressure contours on two scales, fluid velocity super-imposed on the CSD on the plane of 
symmetry and the surface at 200.0µs. 

  The results at 200µs (Fig 6) indicate that the pressure at the core detonation zone 
persists for a long time. Figures 6a and 6b show pressure contours on a plane of 
symmetry on two scales, demonstrating that the peak pressures of the airblast leading 
shocks (in both the nose and tail directions) are about an order of magnitude lower than 
at the stationary core. The high pressure zone has a fairly low velocity, as it is confined 
by the cloud of charge case debris (Figs 6c and 6d).  
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Fig. 7. Case debris radial velocity for several CSD elements 
along the cylinder, comparing velocity evolution for 
interaction with responding and non-responding pipes. 

The analysis so far was focused 
on the results obtained for the 
responding pipe. The two 
cylindrical charge results are 
identical until the cylinder debris 
impact the pipe. Figure 7 shows 
a comparison of debris velocities 
for both responding and non-
responding pipes. The velocities 
were obtained for 20 stations 
spread along the length of the 
cylinder. The results show 
identical case break-up and 
debris acceleration to about 
1.35km/sec before impact on the 
pipe. The elastically-bounced 
debris for the non-responding 
pipe will reach about the same 
velocity in the opposite direction, 
while the energy loss on work 
done on the responding pipe will result in bouncing fragments with significantly reduced 
velocities. This is the most significant difference between the two cases. Until this time 
the solutions were identical. The fast-moving bouncing debris for the non-responding 
pipe slow down (Fig 7) as they accelerate the flow. The bouncing debris focusing 
toward the centerline compress (squeeze) the high-pressure core zone to produce jets 
with high mass, momentum and energy fluxes in both directions. The bouncing debris 
for the responding pipe will result in a similar, but much weaker effect. A close 
examination of Fig 7 shows that time from impact on the pipe to velocity direction 
reversal (zero velocity) is significantly shorter for the elastic response, although they 
appear to be virtually indistinguishable on the time scale shown. Once the debris 
converge to about the centerline and encounter the high-pressure zone, radial velocity 
slows and finally reverses. 
 
    Temporal evolution of cylinder debris and fluid energy is described in Figs. 8. A 
comparison of debris energy between the responding (in red) and no-responding 
(green) pipes is shown in Fig 8a. For each, plotted are the debris kinetic energy, the 
cylinder internal energy (I.e., the energy required to compress and break the cylinder), 
and the sum (total energy). The internal energies for both cases are naturally identical. 
The kinetic energies are identical till the first fragments impact the pipe (at about 52µs). 
After that, the debris for the non-responding pipe bounce to significantly higher 
velocities and higher kinetic energy. The bouncing fragments accelerate the fluid, losing 
energy in the process, as evident by the reduced debris velocities after about 70.0µs. 
The figure also shows the total energy vested by the fluid in breaking up and 
accelerating the debris (in purple). Energy exchange between the fluid and the 
structure is evident in Fig. 8b, that shows the temporal evolution of fluid energy in the 



Fig 8. Energy comparison for responding or non-responding pipes: a. Case fragment energy; b. Fluid 
energy and c: Fluid and CSD energy for the responding pipe case.  

system. The initially energy includes the explosive energy and the energy of the air in 
the pipe. The bare charge energy (cyan) remains constant until detonation products 
starts escaping the open end of the pipe (demonstrating a perfectly conservative 
scheme). For the cylindrical charges fluid energy decreases as the detonation products 
perform work on the charge case, breaking and accelerating the debris. For the non-
responding pipe, the reflected debris accelerate the flow and the total fluid energy 
increase (the green curve). For the responding pipe (in red) the bouncing debris are 
much slower, and the acceleration of the air by the debris is significantly lower. For the 
responding pipe we also examined the summation of the energy contained in the fluid 
and the structures (for both the cylinder and the pipe), both kinetic and internal (heating 
and plastic work). Total energy is preserved to within 0.1% (Fig 8(c)). While during the 
material compression and break-up the total energy is reduced slightly due to the non-
reversible processes, total energy increases later, erroneously, by about 0.1%. We 
believe that this error results due to the relative coarse CFD mesh resolution near the 
pipe (about 4 CFD elements per fragment width). To validate this, a simulation with 
much finer CFD mesh resolution is currently under way.    
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To further validate our interpretation of the energy exchange mechanisms we 
examined the temporal evolution of the axial distribution of pressure, velocity and 
energy along the pipe (Fig 9). The values shown are averaged across the cross-section. 
At t=0.4ms, the faster reflected fragment for the non-responding compressing the core 
zone resulted in higher pressure (red) than the responding case (green). The initial 
blast wave velocity in both directions is about the same, but the velocity behind is 
higher (in absolute value) for the non-responding, resulting in significantly higher fluid 
energy. This observation holds at later times, with more energetic and faster flows, and 
higher pressures for the non-responding pipe. While the pressure at a few points in the 
core zone are higher for the responding pipe (late arrival of the slower debris), the 
overall internal and kinetic energies are significantly higher for the non-responding pipe.  
 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 9. Comparison of spatial distribution of pressure, velocity and energy. 
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Mass, internal and kinetic energy flux across two planes and their corresponding 
integrated values are shown in Fig 10a through 10c, and Figs 10d through 10f. The 
positive direction is toward the open end (tail end), while the negative is toward the 
closed-end (nose). Surface 1 is located 45.8 cm downstream of the detonation point 
(tail side), while surface 2 is located 28.0cm from the nose plate. The results shown are 
consistent: significantly higher mass and energy fluxes for the non-responding pipe 
than the responding pipe.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Temporal mass, Internal and kinetic energy flux across two opposite surfaces, 

and their corresponding integrated values. 
 

Finally, Figs 11a through 11i show pressure and impulse comparisons at several 
locations. In general, the pressure-time histories are significantly different between the 
bare and the cylindrical charges, as both cylindrical charges exhibit the effect of 
compression waves formed by the reflected debris. Stations 11a through 11c are 
located downstream (+Z direction) of the ignition point (i.e., between the ignition point 
and the open end), at distances of 200cm, 300cm and 400cm, respectively from the 
ignition point. The results shown in stations 11d through 11i were obtained at distances 
of 200cm, 300cm, 400cm, 500cm, 600cm, respectively, from the ignition point (in the –z 
direction), and at the closed end (z=0). As the explosive length is about 43.8cm, these 
stations are slightly closer to the edge of the detonation zone. The results support the 
conclusions derived above. At the closed end of the pipe, station 11i, the shock arrival, 
peak pressures and impulse are ordered as expected: highest for the bare charge, then 
lower (and slower) for the no-responding pipe, and finally the lowest values for the 
responding pipe. Marching from the closed end in the +Z direction to the explosive 
location we observe, until fairly close to the explosive, that the incident and reflected 
wave amplitudes and time-of-arrival are consistent with the observation above. The 
order changes closer to the explosive; while the incident shocks peak pressure and 
time of arrival follow the expected order, a second wave (a compression wave rather 
than a shock) with large impulse is observed. Furthermore, closer to the explosive, the 
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impulse for the non-responding pipe is even higher than for the bare charge (Fig 11d). 
This compression wave is observed for both cased charge simulations, though it is 
significantly weaker for the responding pipe. Similar behavior is observed on the other 
side of the explosive, with highest impulse for the non-responding pipe persisting for 
even longer distances (Figs 11a through 11c). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Pressure and impulse time histories at several stations along the pipe. 

 
 
4.  CONCLUSIONS 

 
 The objective of this effort was to investigate the effect of pipe response on energy 

propagation resulting from cylindrical charges detonation in the pipe. The simulations 
modeled three identical size explosives, a bare charge and two identical cylindrical 
charges filled with the same HE. For the cylindrical charges, in one the case debris 
bounced elastically from the pipe, and in the other we modeled the steel pipe response. 
The initial fluid energy loss required to break the cylinder and accelerate the debris is 
identical for both cylinder simulations. At later times, the high-speed cylinder debris 
bouncing elastically from the non-responding pipe accelerate the flow and reinstate a 
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significant portion of the energy lost. For the responding pipe, most of the impacting 
debris energy is lost on the shock wave within the steel pipe and the plastic work 
performed. Hence, the slow-velocity reflected debris reinstate only a small portion of 
the fluid energy lost. The reflected debris from the non-responding pipe focus toward 
the centerline, and recompress (or squeeze) the high-temperature, high-pressure core, 
to form axial jets (in both axial directions), waves with large mass and energy (both 
internal and kinetic) fluxes. This results in a propagation of a compression wave in both 
directions in the pipe, with a resulting significant impulse; a major difference between 
the bare and cylindrical charges.   
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