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1. Project Overview

The work carried out under this subcontract involved the development and use of an
adaptive numerical method for the accurate calculation of high-speed reactive flows on over-
lapping grids. The flow is modeled by the reactive Euler equations with an assumed equation
of state and with various reaction rate models. A numerical method has been developed to
solve the nonlinear hyperbolic partial differential equations in the model. The method uses
an unsplit, shock-capturing scheme, and uses a Godunov-type scheme to compute fluxes
and a Runge-Kutta error control scheme to compute the source term modeling the chemical
reactions. An adaptive mesh refinement (AMR) scheme has been implemented in order to
locally increase grid resolution. The numerical method uses composite overlapping grids to
handle complex flow geometries. The code is part of the Overture-OverBlown framework of
object-oriented codes [1, 2], and the development has occurred in close collaboration with
Bill Henshaw and David Brown, and other members of the Overture team within CASC.

During the period of this subcontract, a number of tasks were accomplished, including

e an extension of the numerical method to handle “ignition and grow” reaction models
and a JWL equations of state,

e an improvement in the efficiency of the AMR scheme and the error estimator,

e an addition of a scheme of numerical dissipation designed to suppress numerical os-
cillations/instabilities near expanding detonations and along grid overlaps, and

e an exploration of the evolution to detonation in an annulus and of detonation failure
in an expanding channel.

These items are discussed in more detail in Section 3 below.

2. Dissemination of Results Supported by the Subcontract

Results of the subcontract work were presented at the following meetings:

e Ninth International Conference on Numerical Combustion, April 7-10, 2002, Sorrento,
Italy.

e Fourteenth U.S. National Congress on Theoretical and Applied Mechanics, June 23—
28, 2002, Blacksburg, Virginia.

e Twelfth International Detonation Symposium, August 11-16, 2002, San Diego, Cali-
fornia.



In addition to presentations given at the meetings above, the following paper is in prepara-
tion:

e W.D. Henshaw and D.W. Schwendeman, An adaptive numerical method for high-speed
reactive flow on overlapping grids, for submission to J. Comp. Phys..

3. Project Highlights

The numerical method has been extended to handle an ignition and growth model of
reactive flow [3]. In this model, the explosive mixture consists of two components, a reactant
and product. Each component is assigned its own equation of state, typically of JWL form
[4], from which is constructed a mixture equation of state under certain closure assump-
tions such as pressure and temperature equilibrium between the two components. A single
variable measures the progress of the reaction. Unlike a simple one-step Arrhenius reaction
rate which was implemented in the original code, the ignition and growth model consid-
ers a rate function that undergoes sudden changes in form as the progress variable crosses
certain values (although the overall rate function remains continuous). The model involves
many parameters that require experimental calibration, but our aim is the development of
the numerical method to handle the model and the mathematical issues surrounding the
model itself. An added difficulty in the implementation of the model is that the assumed
equilibrium between states must be maintained throughout the calculation. This is done in
a new separate section of code that is designed to handle mixture equations of state. The
implementation of this model is new and has yet to be fully exploited to study problems
involving detonation propagation in solid explosives.

In a previous subcontract (B515275), an automatic mesh refinement (AMR) scheme was
implemented in the code. The scheme is a patch-type refinement scheme similar in flavor to
that developed originally by Berger [5]. For a particular domain, a composite overlapping
grid is generated using Ogen [6] and this grid becomes the base grid on which AMR grids
may be built. As the solution evolves, AMR grids are created, modified or removed based on
an error estimate of the solution. The error estimate is based on first and second differences
of the solution, as was done in the first implementation of the method, and on a measure
of the error due to the source term which has been improved. As mentioned previously,
the method handles the source modeling the chemical reactions using a Runge-Kutta error-
control scheme. (There are separate chemistry time steps in the method corresponding to an
integration of a set of ordinary differential equations.) The error-control scheme estimates
the truncation error and this is now used in the AMR error estimator in order to determine
whether a grid cell should be tagged for refinement based on the fast scales due to the
chemical reaction model.

In addition to improvements in the way the source term contributes to the error estimate
for AMR, the AMR grids themselves are now handled more efficiently in the implementation
of the method. These improvements involve, in particular, better memory management and
more efficient interpolation. This has led to a significant improvement in the computational
time spent managing the AMR grids in a typical reactive flow calculation.

A scheme of numerical dissipation is now included in the method. This was done to
suppress numerical oscillations/instabilities that have been observed in various reactive
flow calculations. A typical case in which the oscillations were observed involves detona-
tion diffraction. If the detonation is expanding along a wall, numerical oscillations in the



state variables (in the density for example) occur in the direction normal to the wall. For
problems of this type, there is very little numerical dissipation provided by the calculation
of the numerical fluxes in the Godunov scheme so that an additional scheme of numerical
dissipation was considered to be appropriate. A similar problem has been observed near
shocks in non-reactive flows [7]. The problem is worse for reactive flows where small nu-
merical oscillation can lead to large errors in the solution due to the state-sensitivity of the
solution. Numerical oscillations have also been observed for problems in which a detonation
crosses a grid overlap, and our scheme of numerical dissipation helps in these situations as
well.

Figure 1: Initial temperature profile.

The numerical method has been used to study a number of problems involving high-
speed reactive flow. For example, figure 1 shows an initial temperature profile considered
in a study of the evolution to detonation in an annulus. The main goal in the study
was to describe mechanisms in which thermal nonuniformities lead to detonation in two-
dimensional curved geometries, an annulus being a simple example. For this particular
case, a one-step Arrhenius reaction model was used and showed the formation of a hot spot
which transitioned to detonation as indicated in the sequence of contour plots in figure 2.
These views provide only a small glimpse into the rich variety of mechanism discovered.

Another class of problems for which the numerical method was used concerns detonation
diffraction and failure in expanding geometries. When a steady detonation wave encoun-
ters an abrupt or smooth expansion, it may fail due to a weakening of the leading shock
and a decoupling of the supporting reaction zone behind it. This phenomenon is of ba-
sic interest in explosives research and may be studied theoretically by considering suitable
mathematical problems involving the reactive Euler equation with various reaction models.
We have examined this problem using a three-step, chain-branching reaction model of the
type described in [8]. An indication of the behavior is shown in figure 3. In this particular
example, an overdriven detonation wave propagates from left to right in the expanding
channel. The expansion at the lower wall weakens the leading shock there and lowers its
post-shock temperature to a level where the branching step in the three-step reaction model
fails. This may be seen in the views of temperature and radical mass fraction in the top
row of figure 3. The decrease in the mass fraction of radical behind the leading shock, the
key component in the branching step, indicates where the failure occurs. Beyond this point,



Figure 2: Transition to detonation. Top row is pressure p and bottom row is reaction
progress A.

there is no significant release in energy behind the shock due to chemical reaction and a
region of unreacted explosive is left behind. Of further interest for this channel geometry is
a process of re-birth of the detonation due to the strengthening of the shock caused by the
Mach reflection in the straight portion of the channel beyond the expansion. This is indi-
cated in the views in the bottom row of figure 3. Here, the high values of the mass fraction
of radical behind the Mach stem indicate the re-birth of the detonation. The views in the
last column of the figure show the overlapping grid/AMR grid structure for the calculation.
These views are intended to give a flavor of the results and to provide an indication of the
use of the numerical method developed.

4. Concluding Remarks

Work has continued on the development and use of a numerical method to solve the
reactive Euler equations on overlapping grids. A number of improvements have been made
to the method and its code during the period of the subcontract. In addition, the code has
been used to compute accurate and well-resolved solutions of the equations for a number of
problems involving high-speed reactive flow.
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