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1. 
 SMOOTH PARTICLE HYDRODYNAMICS

1.1 Historical Background

The mathematical techniques used in the Smooth Particle Hydrodynamics (SPH) computational method were first developed by Lucy (1977) as a Monte Carlo approach to solve three-dimensional problems in gas dynamics and self-gravitation. He showed that a relatively simple code could provide insight into the problem of dynamical stellar fission in multiple star system formation. Monaghan (1988) showed that by combining this approach with a more regular grid-based sampling technique, the inherent system “noise” could be greatly reduced. Monaghan also introduced an artificial viscosity scheme that enabled shock modeling, and called the technique “Smoothed Particle Hydrodynamics.” Subsequent development of the method included application to astrophysical problems such as the formation of the moon and supernova explosions by Benz (1989), and to various blast wave, laser and impact applications by Stellingwerf (1990). In the ensuing decade a veritable flood of SPH techniques and codes have appeared in the literature, each addressing a type of problem that more traditional codes find difficult or impossible to solve.

The code SPHC is a C language implementation of SPH developed by Stellingwerf in 1985-1995. This code formed the basis for the LANL hydrocode package SPHINX (Wingate, 1995-1998). SPHC is now being renovated as a very lean and focused implementation of the SPH technique as it was first proposed, plus some innovative additions that result in a highly optimized and reliable engineering tool for impact modeling. Thus, although parallel architecture is not supported in SPHC, the memory requirement is under 1.5 kb / particle, which makes a one million particle run possible on a personal computer or workstation with 1.5Gb of memory without invoking virtual memory. The grind time for SPHC on a 4 GHz processor is about 1.e-5 s/particle/step, so a 1 million particle run can be done (theoretically) in about 10-15 hours in a workstation environment. Actual run time depends on particle sizes, temperatures, and velocities, and is problem dependent. In practice, a typical hypervelocity 3-dimensional impact calculation is usually acceptably computed in a few hours run time with 50.000 - 100,000 particles. The ability to switch readily from 1D to 2D to 3D models is a strong point for the code, since much of the exploratory work for a particular problem can often be done in lower dimensional runs with good resolution, and only a few large 3D runs will then be needed.

1.2 SPH  Overview

In SPH, the “particle” is the analog of the mesh point in a traditional hydro-code. An SPH particle consists of a fixed mass of material at a given position in space, together with a smoothing function, or “kernel”, that defines the particle’s extent. SPHC can utilize a variety of kernels, but the standard choice is a cubic B-Spline function closely resembling a Gaussian in shape (see Section 1.3 for formula). The half-width of the kernel is called the “smoothing length”, or “sm_ln”, or “h”, and is always taken to be the same in all defined directions.  Each particle is thus represented by a spherical volume of influence extending to 2h in all directions. A normalization condition is imposed on the kernels that they integrate to unity. The usual particle spacing is equal to h, so the particles overlap, and the local mass density can be computed as the sum of the particle masses times the local kernel values at each point in space. This produces a smooth representation of the density function in space based on the discrete particles, and can be used as the basis for a model of interacting fluid and solid objects. 

A useful characteristic of the cubic B-Spline function is that a one dimensional sequence of equally spaced constant mass particles will produce a kernel sum that is exactly constant at all points in space. If the amplitudes vary linearly, an exact linear sum is produced, as seen in the following figure. The upper line is the sum of the kernels shown below.

[image: image1.png]oz

X

o1
wing ‘sauydg

<0

00

1.0

08

0.6

0.4

02

0.0




It can be shown that summing the compact B-Spline kernels is equivalent to a constructing a piecewise cubic polynomial fit, with the usual conditions on continuity and slope. This is also true for irregularly spaced kernels, as long as the overlaps are managed carefully. Thus, the series of spline kernels can fit any polynomial up to a cubic exactly. By using more than a single kernel, very impressive results can be achieved in fitting higher order polynomials or non-polynomial functions as well. The next figure shows a series of fixed-width B-Splines used to fit a sin(x)+2 function using periodic boundary conditions. Again, the upper line is the sum of the splines shown. The error (sum of splines – sin(x) - 2) is on the order of the thickness of the line.
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To make use of this technique in SPH, we visualize each particle as having a fixed mass distributed in space with the B-Spline density function. Summing the overlapping distributions can reproduce any density variation accurately (with the exception of step function discontinuities, which will be limited by the width of the kernels). As in the summations shown above, the density function will be positive definite, and has compact support. Total mass is strictly conserved. As the particles move in space, the degree of accuracy will be determined by how well we can maintain a reasonable spacing, overlap, and number of neighbors.

An example of a 2D SPH kernel treatment is shown in the following figure, which is a portion of the “Tennis Ball” test case. The circles are drawn with radius h around each particle position (colored on pressure). Note that in some regions, the particle spacing is not exactly h, but the kernel coverage is close to uniform nonetheless. A particle will have about 15 neighbors in this run.
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The next figure shows initial setup and 1.5 s plots of a 6 km/s Al on Al normal impact ball-on-plate SPHC calculation.  The dots represent particles, and each is about h/2 in radius. The different colors in the 1.5 s picture denote liquid (along the interface) and fractured (darker) areas in the aluminum objects. Extreme distortion, phase changes, fracture, and other difficult physical processes that occur in a hypervelocity impact are handled in a natural fashion by the code. The geometry for this run was 2D/cylindrical.
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SPH particles are always associated with a fixed parcel of mass, and the method is thus a Lagrangian technique, since the “mesh” points (i.e. particles) follow the material mass. SPH differs from the classical Lagrangian codes, however, since the particles are not linked to a spatial mesh, and can move about freely. (This is sometimes called a Free Lagrange approach). Problems with large mass distortions can be handled in SPH without fear of the grid tangling that typically appears in a traditional mesh-based Lagrangian calculation. The penalty incurred is that the neighbors of each SPH particle must be recalculated each timestep.

SPHC is a fully conservative code. This means that mass, momentum, and angular momentum are exactly (analytically) conserved, and energy is conserved to the accuracy of the calculation. A Runge Kutta integration scheme is used that allows specification of the timestep accuracy. Checks of the cumulative accuracy achieved during the run, as well as an energy check, are used to verify that the equation set has been adequately satisfied. If at any point during the run the accuracy condition is violated, the time step is recomputed with a smaller timestep to ensure overall accuracy. The combination of full conservation and guaranteed accuracy ensures a reliable computational result.

To ensure full portability, SPHC is a self-contained computational tool. All input and output is done through reading and writing ASCII text data files. The problem setup files are kept simple, and allow the use of user defined variables and computations within the setup file to simplify and clarify the setup process. User interfaces consist of editors or database tools to set up the input files, and plotters or analysis tools to display and analyze the data dump files. These interfaces may vary from system to system, and consist at present of an SPHC Console for Windows, file format control utilities, and the graphic plotter Thor (developed by C. Wingate, modified by R. Stellingwerf).

1.3 Analytics

For a complete derivation of the SPH equations, see references 1-5. Here we summarize the equations actually used in the SPHC code.

Neighbors: Neighbor lists are normally rebuilt each timestep using an octree technique. This is much faster than a simple N2 particle search, and scales as N log N. In addition, nearest neighbor lists are maintained by the code for problems involving strength. The typical number of neighbors is 4 in 1D, 24 in 2D and 64 in 3D, but the actual numbers vary widely.

Kernel: The cubic B-Spline kernel function associated with particle i, evaluated at the position of particle j is defined by:
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where r = |ri – rj| / h, and norm = 1.5 h in 1 dimension, = 0.7 h2 in 2 dimensions and =  h3   in 3 dimensions. The integral of W is unity for all cases.

SPHC is currently using either a table lookup scheme to generate this kernel and its derivative, or a cardinal basis function kernel generator. The tabular is slightly faster, but the analytic is smoother. Many other kernels are available for testing, but the cubic B-Spline has been found to produce the best results.

Continuity: The density is evaluated in one of two ways. If continuity = false (the default), a traditional sum of masses is used:

(2) 
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Here the sum is taken over all neighbors (i.e. all particles within distance 2h of particle i). This method is strictly consistent, but allows the density to drop near boundaries.

If continuity = true, the continuity equation is integrated each timestep to update the densities:

(3) 
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where vij = vi – vj (the vector difference between particle i and j velocities), and dWij = the derivative of Wij in the direction from particle i to particle j. The large dot represents the vector dot product.  In this case, the initial densities need to be specified, and subsequent changes in the density are given by Equation (3). This option is useful for solids in which the initial density needs to be strictly the solid density everywhere. 

The default density calculation in SPHC is the sum of masses, but with a “quiet start” correction to begin the calculation with exactly zero pressure in all solid objects (quiet_start_solid = true, default).

Momentum: Velocity updates are determined by conservation of momentum:

(4) 
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This is the classical form. An alternate formulation is provided if desired by setting alt_pressure_term = true:

(5) 
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Shock tube tests run with the two formulations are virtually indistinguishable, although very slight temperature oscillations are barely visible using the second form. In some cases with large density jumps, the second form may smooth the solution to some extent. The pressure used in this equation is computed by the equation of state, to which the artificial viscosity pressure is added, and the material stress is subtracted (see physics models section).

Shear Stresses (VSP): To model solids, the pressures are replaced by pressure tensors, which include the effects of shear, or “deviatoric” stress. In the “classical” SPH formulation, initially developed by Libersky, these pressure tensors are computed as an additional sum over the neighbors. Although technically correct, several problems are introduced by this approach: 1) the additional sum increases smoothing effects, 2) angular momentum is not conserved, preventing rotation, and 3) since all stresses are particle centered in this scheme, a well-known instability appears, in this case whenever the material is in tension. The solution to all of these problems is to approximate the pressure tensor by the sum of the deviatoric forces in the direction of each neighbor (in SPHC only the nearest neighbors are used for this term). This is done as follows: 1) For each neighbor, the current strain is computed. 2) From this number, the deviatoric strain is computed by subtracting the volumetric strain as given by the change in density at the particle. 3) A stress-strain relation appropriate to the material is used to compute the stress in the direction of the neighbor. 4) These stress vectors are then summed to compute the total deviatoric stress vector. Tests show that this approach can reproduce the shear stresses found from the stress tensor, and can sustain a shear wave with the correct magnitude and velocity. The equation of this “Virtual Stress Point” technique is given by:

(6) 
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The deviatoric stresses are computed for each pair of particles, and are located midway between the particles. No auxiliary mesh is needed. The stresses are computed “on the fly”, hence the “Virtual” nature of the technique.
Energy: The change in internal specific energy, E, is given by conservation of energy:

(7) 
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Here vij = (vi – vj), the relative velocity vector. The large dot represents the vector dot product.  In this case the Pi contains only the thermal pressure, with the artificial viscosity and the stress terms included within the summation, divided equally between the i and j particles. This is required to conserve energy exactly.

Artificial Viscosity: The form used by Monaghan (ref. 2) is used in SPHC. This form acts between pairs of particles. It has a linear term, with coefficient av_alpha, and a quadratic term, with coefficient av_beta, both defaulted to 1.0. Many other forms have been tried, with no appreciable improvement over this choice. In problems where shear viscosity could be a problem, the correction technique of Balsara (ref. 12) (switch balsara) can be used.

Variable Smoothing Length: To maintain proper contact between particles in regions of expansion or contraction, the size of each individual particle needs to be continually adjusted. This feature is turned on with the switch h_vary, which is true by default. The technique used by SPHC is to vary the particle size inversely with the density. This is a very delicate effect, since the particle size in turn affects the density, but if done carefully, it works very well. Currently, this feature is only used for regions of the problem that are in the vapor state.

Pressure Stabilization: This is a proposed solution to the “tensile instability” by Monaghan that modifies the pressure terms according to the signs of the particle i and particle j contributions. The present VSP technique is a more consistent and successful way to achieve this, but this technique can still be invoked via the  pstab  command, and in some cases will smooth the solution to some extent.
Pressure Offset:  For problems with liquids requiring equilibrium solutions (e.g. unperturbed water drops) the normal SPH pressure centered difference scheme can result in unphysical final states. This “offset” option allows the symmetry to be slightly broken, so that a relaxation is possible. Recommended use is  p_offset  {#=0.1}. Larger values produce quicker smoothing of initial noise, but result in a less smooth final state.

The following figure shows a badly converged water drop (using the “linear” EOS), as well as the effect of invoking p_offset, pstab, and both.
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Badly converged water drop….with p_offset.......…with pstab……..with both p_offset and pstab

XSPH: For cases with strong accelerations, Monaghan has proposed a smoothing technique in which the mean flow velocity is used in certain terms instead of the particle velocity. SPHC includes a fully self-consistent version of the technique, with control parameter eps_xsph, default value = 0.10. The switch x_sph must be set to true for this correction to be used (default=false). It is not needed in most cases tried.

Artificial Thermal Diffusion: To reduce the “wall heating” effect seen in the Noh test problem, Monaghan developed a thermal diffusion technique. It is implemented in SPHC with coefficients av_g1 and av_g2, both defaulted to 0. Nominal values are unity, and the effect is automatically turned on if either of the coefficients is non-zero. This addition to the calculation adds a thermal diffusion equation to the computation, triples the run time for most cases, and seems to have virtually no effect on the result in all cases except the spherical Noh problem.

Strength of Materials:  See section 3.7 for an overview of the “VSP” strength method.

1.4 SPHC Attributes

SPHC is versatile. This version of SPHC always uses spherical kernels. For most problems, and in combination with a slight irregularity in the setup process to simulate real materials, this produces the best result for large deformation problems with the least code complexity.  The trade-off is that in cases with large stretching in one or two directions, the SPH particles will not be able to model the deformation accurately. Theoretically, the spline interpolation can be improved by allowing asymmetric kernels, whose shape is based on the local deformation. Earlier versions of SPHC tried various types of non-spherical shapes for special cases, but no general technique has yet been found to implement this feature.

SPHC is extremely stable. In regions with large tensile forces the original SPH equations are unstable, producing pressure oscillations and loss of accuracy. This is the SPH tensile instability.  In SPHC, we believe that this problem has been eliminated through use of the VSP material strength model. In this model, the stress terms are offset to a point between pairs of particles, a technique known to stabilize traditional codes. The flyer plate test case is used to illustrate the stability of the code. See the physics models and test cases sections for details.

SPHC can do large rotations. A source of frustration with traditional SPH codes is inaccuracy in large rotation problems. As mentioned in the SPHINX manual, rotations larger that 90 degrees are often impossible, with a complete loss of angular momentum and even a reversal of the angular velocity sometimes observed. This phenomenon is caused by errors in the tensor formulation of the material stress near the edges of solid objects. The VSP material strength method eliminates this problem, since angular momentum is strictly conserved in all SPHC runs without exterior forces. The rotating rod test case is used to test this effect.

SPHC avoids many problems found in other SPH codes. One insidious problem involves rogue particles, or hot particles. Occasionally, in problems with strong shocks one or more particles are found to behave strangely, with high internal energies and possibly large velocities. The cause of this problem is not well understood. It could be related to errors generated when using the continuity equation, since the sum of masses technique seems to be less susceptible. A test has been installed in SPHC to identify any single particle that is severely constraining the time step. This would include hot particles, but may catch other situations as well. The error message is “Particle ## is very hot and/or small, DROPPED”. Dropped particles usually do not cause additional problems, and should speed up the run.
2. SPHC CODE OVERVIEW

2.1 The SPHC Console

For Windows systems, the easiest method of running the SPHC code is with the “SPHC Console”. This is actually a windows based dialog program called SPHInt. Once a shortcut to SPHInt.exe is created on the desktop, clicking on it results in the following display:
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The operation of the code using the console is intuitive once the input file is constructed and the working folders are selected. Details and troubleshooting tips can be seen by clicking the “Help” button. We present a summary of its use here:

Overview:

The basic idea of the console is to enable running SPHC by simply clicking the “RUN SPHC” button. This will launch a DOS window showing the code’s progress. The only setup required involves customizing this DOS window by right clicking on its border, selecting Properties and changing the number of lines displayed (50 is better than the default 25), the color, font, etc. The best choices will depend on your monitor resolution.

File Locations Control Group: 

In order to run, SPHC needs to know the locations of three files:  1) the executable, SPHC.exe, 2) the executable plotter file, THOR.exe, and 3) the input file xxxxx.inp. The data dumps will be written to the same location as the input file, and a special location is sometimes useful. By default both locations are \home\sdat  on the local disk.

The locations can be typed into the two fields (the top field works for both the SPHC and the THOR files, depending on the state of the Thor check box) as indicated in the console (type the paths only), or, the preferred method is to click on the “Browse” buttons and select the actual files on your machine. This eliminates typos and spelling errors. After browsing to the SPHC.exe, THOR,exe, or the xxx.inp file, the paths will be shown the “File Locations” boxes, and the input file name will be shown in the “Input File” box.

Input File Control Group:

If the input file has not already been specified, it can be typed in here. There is a unique input file name used for the “Module Run”, it is “input.inp”. Checking the “Module Run” box automatically selects this input file, and selecting this input file automatically checks the box. Each version of SPHC is set up to run a specific module problem by default, which has a special set of auxiliary setup commands and does the model build automatically. Alternatively, another input file may be selected, such as “shock.inp”  (which computes a shock tube test case). In any case, the “EDIT” button will bring up Notepad to modify the chosen file. A command window may appear along with the Notepad window. If it does not automatically close, close it manually. The Notepad edit window may be used to create a new data directory by using the “Save As” feature, and the folder create button (picture of a folder with a star) in the file browser.

Thor Workspace File Group:

This group allows specification of aTHOR workspace file (xxx.thor) by either directly entering a file name (the path is that of the input file), or browsing using the local BROWSE button. Most problems have an associated .thor file (e.g. udri.thor for udri.inp, shock.thor for shock.inp, etc.). Once a file has been chosen, the PLOT button launches Thor and will produce a plot. A black command window appears and may not disappear, depending on system settings. If it persists, it must be closed manually to allow further processing. To install a copy of the Thor workspace in a new data folder, use “Save Workspace”, and browse to the new folder. Thor will now display the data files in the new folder, rather that the default \home\sdat.

Run Modes Control Group:

This set of check boxes determines the run mode and the output format of the SPHC run. The four run modes Normal, Setup Test, Debug, and Restart will be discussed in the next section. Only one of these can be selected at a time. The “|more” check box will display the SPHC output one screen at a time. Type “Enter” or “Space” to advance the display. Type Ctrl-C to terminate the run. The “|more” option is useful to see the details at the beginning of the run. It will not easily show the end of the run (the window will close unless care is taken to single step to the end) - run in “Normal” or “Setup” mode without the “|more” option to see the end of the run. The “Show Cmd” box will display the actual command that the Console is attempting to execute before it passes it to the system. The command syntax is discussed in the next section. Examination of this command can sometime indicate why the code is failing to run properly.

Problems:

The console is designed to work with the code to produce some sort of an error message in the event that the code cannot execute properly. It is possible that the DOS window could close too rapidly to actually read this message, however (this behavior is system dependent). To test the console installation, run in “Module” mode, and make sure that the file “input.inp” is present in \home\sdat and that it contains a single line:  “bop_mod” (no quotes in the file). As a last resort, run the code without the console in a DOS window (see below for system command syntax).

2.2 Run Modes

In Windows, the code may now be run by clicking directly on the SPHC.exe icon. The default case will run. Modifications can be entered in the file “input.inp”, which must be located in \home\sdat.

To execute the code from a UNIX or DOS window, the command structure is:

sphc ? 

no execution, prints a list of valid arguments to the screen

sphc b

“ballistic” – normal run of pre-compiled model

sphc i file
run from an input script found in “file”

sphc s [i file]
setup test – performs problem setup, then quits

sphc d
[i file]
debug run, print full debug information to screen

sphc r
[i file]
full restart, use dump values for model and parameters



data is read from the files rs and rs.par

sphc x  path
any of the above modes in place of x, path = path for data writes and reads

The “pre-compiled” problem is a problem that is “built-in” to the program executable. Each module has a limited number of adjustable parameters, which are read from the file “input.inp”. See the users’ guide for each module for details. The “i” modes read the entire problem from an input script. In the case of a restart, the “sphc r i file” form should be used. In all cases an additional parameter can be added to the argument list, specifying a directory for data file reads and writes, as in “sphc b /home/rfs/data”.

Running the code with “sphc d” (debug mode), or setting the parameter debug=true, turns on screen output in all of the major functions. In particular, full details are shown at various times during the computation for a single particle, selectable with the assignment:

debug_part = ##

This debug output is voluminous, and care should be taken to start the run near the time desired (perhaps with a restart), and with the appropriate particle flagged. In the case of an unexpected run failure, the debug output provides a trace of the execution, so, hopefully, the point at which the failure occurred can be ascertained.

Following the setup, all initial physics quantities are computed (such as internal energy and density), and an initial dump is written to s.00 in the directory defined by the parameter PATH. PATH is normally “/home/sdat/”, but can be modified to suit the installation, or overridden in the calling sequence. In addition, the initial run parameters are written to the file s.00.par in the same directory, and if hist_dumps > 0, an initial entry is made in the history file, called “history”. We summarize the code output:

s.00, s.00.par

initial restart and parameter dumps at time=0s

s.01, s.01.par

running dumps, frequency determined by restart_dumps
s.02, s.02.par

......, ......

history
history file, written if hist_dumps>0, contains all history data. Copied to “history_final” at the end of the run.
The s.## files are used for restarts or plots of the model data using the plotter Thor. The variables contained in these files depend to some extent on number of dimensions and run options. If strength is enabled, the files s.##.nbr will also appear. These contain nearest neighbor information. 

For the 1D shock tube the variables are:

x


x position, cm

vx


x velocity, cm/s

density

g/cc

temp


temperature, K

energy

ergs

h


smoothing length, cm

pressure

dynes/cm^2

phase


see section 3.3

mass


gm

region

region index
pnum


particle number

Setting the flag dump_eos to true adds the following variables:

art_visc

artificial viscosity

thm_con

thermal conduction

%%heating

conduction + external heating

rhodelv

rho . del(v)

entropy

estimated entropy

Setting the flag dump_accel to true adds the following variables:

ax


acceleration vector, cm/s^2

ay

az

where pnum is the particle number to assist in debugging.

Setting the flag dump_rad to true adds the following variables:

r


particle radius from origin

theta


angle about origin, from x=0

vr


radial velocity

To view the s.## and history files  using the plotter Thor, type “thor” and either open a ....thor workspace file for the problem, if available, or set s.00 to the current data object. The data format for all dumps is CDAT, which is a text file format (see Section 6).

For large problems, more compact “plot_dumps” can be generated by specifying the parameter “plot_dumps = ##”. This produces a file with only the particle position, density, phase, and region. Additional parameters can be added to the plot dumps if desired, see the Setup Guide. The file names for the plot dumps are “p.00, p.01, p.02,…etc”. For both the restart and plot dumps the alternative format s.000, s.001,… and p.000, p.001,…can be specified if very large numbers of dumps are anticipated.
A short summary of the run status is printed to the screen from time to time. For small runs, this summary only appears when a data dump occurs. For large runs, every step is displayed. A run summary, including timing information, is displayed at the conclusion of a run. A summary of this information is also written to the run status file “status.txt”, and copied to the file “status_final.txt” at the conclusion of the run.
2.3 Screen Output
This section shows the screen output for the test problem. Other problems with other options may produce other diagnostics, but this basic format gives a good idea of what to expect. Annotations are in (red italics).
>>>STEP 0, N=1902, TIME=0, DT=0

    ...appending data to /home/sdat/history...done

    ...writing restart file to /home/sdat/s.00...

    ...writing param data to /home/sdat/s.00.par...

    ...writing nbr data to /home/sdat/s.00.nbr...done
(all data dumps are indicated when generated)
---UDRI : 4-1360  (0 / -1)---
(the numbers in parenthesis are current number of restart and plot dumps. Negative means none requested)
>>>STEP 1, N=1902, TIME=0.000e+000, DT=4.953e-010, visc=1.343e+000/1716/1841
(visc is the max value of the artificial viscosity, and the particle numbers where it occurs)
 Regs: 1:ke=2.770e+011,te=3.339e+009 2:ke=1.414e+004,te=1.062e+009
(energy summary by region here)
E=2.814e+011,KE=2.770e+011,TE=4.401e+009,V=5.046e+005,TM=1.659e+000
(total energies, V = velocity of center of mass, and TM = total mass at this time)
 Echeck=1.52e-005%(0)  dt_fl=1.992e-008/862  dt_hy=1.606e-008/862

 Error=4.18e-005, Courant mult=4.63e-002, dt_fact=1.50e+000
(Echeck = running energy check, dt_fl=flow timestep, dt_hy=hydro timestep, etc.)

(Error = roundoff error for this timestep, Courant mult=timestep/min sound time across particle, dt_fact = multiplier for next timestep, based on current errors)
    ...appending data to /home/sdat/history...done

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
>>Finished UDRI : 4-1360    On step = 369, code version 12.08

  Retries = 0, max-cou-mult = 0.50, tol = 1.0e-003, echk = -0.16%
(total step retries for run, maximum cou_mult for run, tol=requested error tolerance, echk=overall energy imbalance for the run)
  Started:  Problem time = 0.0000e+000,  Clock time =  08:03:39 17 Jun 2014

  Finished: Problem time = 2.5014e-006,  Clock time =  08:03:49 17 Jun 2014

        CPU SUMMARY

    total time =  10.11 s     1/grind = 69441 parts/s

    -------------------------------------------------------

    build tree =   0.28 s   2.8%

    setup      =   0.01 s   0.1%

    eos        =   0.19 s   1.9%

    density    =   3.53 s  34.9%

    compute    =   0.10 s   1.0%

    step       =   0.06 s   0.6%

    io         =   0.29 s   2.9%

    hydro      =   5.47 s  54.1%

    thm_diff   =   0.00 s   0.0%

    other      =   0.17 s   1.7% --> 100%

    -------------------------------------------------------

->run terminated by finish - normal termination

Writing status_final.txt and history_final (w) ...

        1 file(s) copied.

        1 file(s) copied.
(last thing done is to make backup copies of status and history files. If this step fails, check file permissions)
2.4 Timestep Control

The "step" portion of the code advances the equations using a second/third order Runge-Kutta algorithm.  See Fehlberg, NASA TR-R-315, 1969.  The Runge-Kutta technique evaluates the maximum relative error each timestep adjusts the next timestep to achieve a desired level of accuracy.  This scheme may choose integration steps larger or smaller than the usual Courant condition (in SPH the Courant condition is min( h / c ), where h is the smoothing length, c is the local sound speed), as the problem warrants.  The initial timestep is chosen to be one-tenth the Courant step (determined from the minimum of the physics timesteps), and allowed to gradually increase.  For problems with sound waves and shocks, the final timestep is usually near the physics step size.  For simple translation or expansion phases, the step size is larger, but subject to a user-defined limit (generally taken to be 5 times the Courant step).  For violent phases of problem evolution, such as collisions, a large step may be recalculated several times to resolve the onset of the action, and the final step may be smaller than that determined by the physics. The "physics" timesteps are estimates of the Courant stability condition for each process. In the present scheme, accuracy rather than stability is used to determine the timestep.

The details of the current scheme are, given a target error  “err_tol", and a computed error "error" for the timestep, we have

                       error  < 0.5 err_tol      
increase timestep, max = 50% increase

 0.5 err_tol <  error  < 0.7 err_tol      
no change

 0.7 err_tol <  error  < 1.5 err_tol      
decrease timestep

 1.5 err_tol <  error          
       
redo step with decreased timestep

The amount of the timestep increase or decrease is computed by the Runge-Kutta code to produce the desired error adjustment.  In addition, the timestep is usually limited to 5 times the normal Courant timestep as a safety margin. Finally, no increase is allowed if the previous timestep was decreased or recomputed. err_tol is usually taken to be about 1.e-4.

Another option is to "turn off" the error control (error_control = false).  This turns off the step retries and sets the timestep according to the usual Courant condition. The error estimate will show the resulting level of accuracy.  This option is often used for a new problem to get some idea of the accuracy of a normal Courant run before setting the desired tolerance.

2.5 Restarts

The data dumps written from time to time during a run serve two purposes. Normally they  are used as input to the plotter to monitor the run and view the results. In addition, sufficient information is included in the dumps to restart any run from any data dump file.

Maintaining a reliable restart capability is probably the most difficult task in code development. SPHC is frequently tested for its restart capability, and should correctly perform a restarts for all normal setup conditions, including runs that use strength and runs that drop particles.

The easiest way to restart an SPHC run is via the User Interface. Select the “Restart” check box. A browse window will show the current set of data files. Select the desired “s.##” file for restart. A number of file copy commands will automatically occur (visible as flashing command windows). Clicking on “Run SPHC” will now restart the run. 

Here are the details of what happens: restart information is read from the special file names “rs” , “rs.par” and (for strength runs) “rs.nbr”. The initial dump, s.00, will also be read to establish an initial coordinate frame, as well as a consistent version of the setup deck used to specify the problem setup. Normally, all of these components are present if a run is interrupted, or if a longer run time is needed. To restart from an old dump, a consistent set of files will be needed.

An example will illustrate the procedure: suppose on a long run involving 50 dumps, the run is interrupted just after dump number 34. To restart and complete the run, do the following:

1) Do not disturb the initial dump file, s.00
2) Copy the last successful dump to the rs files:

s.34   -->   rs

s.34.par  -->  rs.par

s.34.nbr  -->  rs.nbr

3) For a module run using “input.inp”, type   sphc r
4) For a run with a setup file, start.inp, say, type    sphc r i start.inp
After restart, the files s.34 and s.34.par will be overwritten with the data as read and may be examined or plotted to check for accuracy. At present, the restart data is single precision, and this can cause the continuing run to differ slightly from a run done without the restart using double precision throughout.

If any parameter changes are needed following a restart, then these parameters should be changed in rs.par. Exceptions to this rule are “max_time”, “debug”, and “debug_part”. These three variables are written to rs.par, but may be overridden in the input file (e.g. start.inp) for convenience. So, to extend the max_time, simply edit this parameter in the “.inp” file.

All data dump files are labeled with the current Code Version. Future versions of the code should be able to recognize and read earlier dump files, making the appropriate adjustments.

2.6 Quiet Start

The normal run mode for problems with solid materials and strength of materials active is “quiet_start_solid” and density computed using the sum of masses. This results in a run mode similar to that obtained by choosing the continuity equation computation for the density changes, with solid density to start, but uses the sum of masses instead - a computation that has been found to be somewhat more robust. 

The quiet start code operates in two stages. First, all densities are corrected to be exactly the initial density specified at problem setup for the material. In most cases, this results in zero pressure at time zero. The relative correction applied appears in the restart dump as the variable “r0”. The usual correction occurs at the edges of objects, and is about 10%. The maximum correction occurs at corners of objects, and could be 30%. 

For some materials, and/or for some equations of state, a small nonzero pressure may result after the density correction. If this is the case, an additional correction, this time to the initial pressure, is applied. This appears in the restart dump as the variable “p0”, with cgs units. This is only applied if needed, and is normally not used.

Another possible option is just “quiet start”. In this case liquids as well as solids are treated with the corrections if needed. In no case are the quiet start procedures applied to gaseous material. Setting quiet_start turns off the quiet_start_solid flag, if set.

The quiet start corrections can change during a run in two circumstances: 1) less correction will be applied if the material distorts, with the corrections set to zero if the particle’s strain reaches 10%, 2) if the material vaporizes, or melts in the quiet_start_solid case, the corrections are set to zero. This restores normal physics computations in regions that have undergone strong shear forces, or for external surfaces that become internal interfaces.

One additional option is available. This is update_density = false, in which case the normal procedure of updating all densities to the quiet start density will not be implemented. The quiet start density will be used in the equation of state if selected, but the density on the restart dump will be the sum of mass density, and the corrected density will not be used in any other physics computations. This choice is not recommended, and is included for test purposes only.

2.7 Boundaries

“Boundaries” in SPHC refer to the edges of the calculation where a wall may be simulated, a symmetry boundary where an exact reflection of the calculation is desired, etc. In most cases, the boundary setup is automatic. 

If the 1D or 2D geometry option “cylindrical” is chosen, then a boundary condition of type “axis” is automatically set at x=0, and the setup will include positive x values only. 

Similarly, if the problem is symmetric about x=0, y=0, and/or z=0, the commands

symmetry x

symmetry y

symmetry z

can be used to set a reflect type boundary in the specified direction, and also tell the setup routines to exclude negative values on that axis. The normal choices are “x” in 1D, either “x” or  “y” in 2D, and either “z”, or “x” and “z” in 3D.

Another valid boundary choice is “periodic” . For periodic boundaries, the offset (for the ghost particles) must be set with the command per_offset.  For example, for periodic boundaries at x=0 and x=1, per_offset would be +1 for the x=0 boundary and –1 for the x=1 boundary.

Valid boundary choices are:  “reflect”, “soft_reflect”, “fixed”, “glued”, “ambient”, “inflow”, and “outflow”.
The additional boundary choices “wall”, “periodic”, and “piston” have been used, but are currently not supported. They can be activated if needed. 

The workhorse (and default) boundary type is “reflect”. This models a layer of thickness twice the local smoothing length beyond the boundary with particles that are exact reflections of the particles in the computational region. If particles are approaching the boundary, the reflections will approach from the other side. This produces a well defined result, and is perfect for many applications with containing walls or extended structures. There can be unwanted effects, however. The following figure shows a wind tunnel simulation of a water drop. A bow wave has formed, and shows reflections from the reflect boundaries at the top and bottom of the model, disrupting the down stream flow. In this case, we would prefer to have some sort of outflow condition to eliminate the reflections, but an “absorb” boundary allows all the gas to escape in short order.
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The solution to this problem is the “soft_reflect” boundary option. This boundary is similar to a reflect boundary, except that the particles in the boundary layer move in the same direction as the particles near the boundary, and particles crossing the boundary are dropped. Thus, outflow is allowed in outflow regions (in this case in the vicinity of the shock), but no outflow is present in region of flow parallel to the boundary. The result with this boundary looks like this:
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The “soft_reflect” boundary is not perfect. Since it merely extends the flow field a small distance beyond the boundary, and does not account for gradients in the flow, the solution near the boundary will not duplicate the same run with a wider X coverage. It is possible that instabilities in the flow will develop as a result. Also, there is no provision for inflow across a soft_reflect boundary. Usually, placing the boundaries sufficiently far from internal disturbances will avoid these problems, but care should be taken.

More general setup options for implementing boundaries are discussed in the Setup Guide.

See the test cases section for further examples of boundary implementation.

2.8 Data Probes

Three types of data probes are provided: “fixed” or Eulerian, probes monitor the conditions at a fixed point in space, “moving” or Lagrangian, probes monitor conditions as seen from a particular particle that is moving with the flow, and “reg” probes that move with the center of mass of a specified region. Probe information is written to the history file, and thus a “history” of the probe points is obtained.

The fixed probe data is obtained by doing an SPH sum over all particles that are neighbors of the specified (x,y,z) point. The “reg” calculation is similar, but the (x,y,z) point is moved with the region. The “moving” option is also specified at an (x,y,z) point at time 0, but the nearest SPH particle is found and tracked in the history file. 
2.9 Particle Division

In cases with extreme expansion, such as ablation at the surface of a solid object or explosive processes, situations may arise in which the density drops rapidly and resolution is lost due to lack of particle coverage. For these cases, particle division may help.

The division scheme used in SPHC depends on the size of a particle. If the size increases beyond a set bound, the particle divides into 2 particles in 1D, into three particles in 2D, and into 4 particles in 3D (tetrahedral). The sizes and masses of the new particles are equal, and the positions of the offspring are chosen to minimize disruption of the local variable fields. The orientation of the new particles is chosen randomly. 

For convenience, the input quantities are the maximum number of particle divides allowed (this limits the process, default value = 4), and the smoothing length multiple at which the divide takes place (default = 2). From these, the actual trigger size and the lower mass limit are computed. Some noise is introduced in the calculation by this process, but most cases work fairly well. Room for the extra particles must be allowed for in the choice of nparticles. As an example, a test case of an expanding 3D sphere of gas was computed. The normal result with 500 particles and the result with particle division starting with 500 particles and ending with 4000 are shown below. Color is the smoothing length.
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The dual process, particle combination, is sometimes used by the code to clean up a difficult situation, but is not a user option at this time.

2.10 Freezing the Hydrodynamics
In some cases the hydrodynamics (pressure waves) in a region are not needed, but the interaction of the region with adjacent regions is still important. An example would be a bullet moving through the air, or a cylinder that acts as a piston. For these cases the region can be designated as “frozen”. The density and pressure are computed, but no accelerations will be applied within the region. Any initial velocity will remain constant. An optional argument gives a “defrost time” after which the region is computed normally. 

In a frozen region the velocity can be specified as a function of time to model accelerating or decelerating pistons. See the setup guide for the proper input syntax to achieve this.
2.11 Modeling Large Scale Fluid Flow

Monaghan (early paper) has demonstrated that SPHC can be used to model large scale fluid flow, such as flow in a river, dam failure, or ocean waves. This type of calculation is normally impossible in a hydrocode because the sound speed in the fluid is large, causing the timestep to be small, and the run time to be too long. The solution is to artificially reduce the sound speed to allow the calculation to proceed. This is done in the region block with eos of water, moylan or grun by specifying a variable “mu”, which is used to scale the pressure, so the sound speed scales as the square root of mu. For most cases a value of mu in the region of 1.e-3 seems to work, but each application should test for stability and accuracy over a range of mu values. A validation test case has been added to the test suite in version 8.66 that models a breaking ocean wave. See chapter 4 for details.
Using a “mu” value for solids in the “grun” eos can be used to decrease the sound speed in a solid as well. Use with caution. The strength treatment is not modified, only the volumetric pressure/density relation.
3. PHYSICS MODELS

3.1 Units

All computation and input quantities in SPHC are in “cgs” units. A complete set of conversion from other units to the cgs system has been compiled and stored in the file “units.inp”. This file contains a set of user variables that are initialized to the needed conversions from other types of units. An example of its use:

#---SPHC input example---

read_file units.inp

  Length = 3.*In

  Width = 4.*Ft

  Height = 8.*Km

  Pressure = 4.*Bar

max_time = 50.*Usec

The file contents (note two units for “pounds”, Lbm = mass, Lbf=force).:

#----SPHC conversion factors----

#   SPHC is cgs

#   SI = SI units

#   Br = British engineering units

constant       //  fix all values

#---constants---

  Rgas = 8.317e7

  Clight = 2.9979e10

  Atmden = 1.2928e-3

  Msol = 1.9891e33

  Tesol = 5778

  Lsol = 3.846e33

  Rsol = 6.955e10

  Gsol = 27444.1

  Gconst = 6.674e-8

#--length = l

  Cm = 1

  Mm = 0.1

  Um = 1.e-4

  In = 2.54

  Mil = .001*In

  Ft = 30.48   // Br

  Mtr = 100   // SI

  Km = 1.e5

  Mi = 1.609344e5

  Au = 1.4960e13

  Ly = 9.4605e17

  Pc = 3.0857e18

#--area = l^2

  Cm2 = 1

  Mm2 = 0.01

  Mtr2 = 1.e4   // SI

  In2 = 6.4516

  Ft2 = 929.03  // Br

  Km2 = 1.e10

  Ba = 1.e-24

#--volume = l^3

  Cm3 = 1

  Mm3 = 0.001

  Ltr = 1.e3

  Qt = 946.35

  Mtr3 = 1.e6   // SI

  In3 = 16.387

  Ft3 = 2.8317e4  // Br

  Ozfl = 29.574

  Gal = 3785.412

  Bbl = 42*Gal   // oil barrel

#--time = t

  Sec = 1   // SI, Br

  Msec = 1.e-3

  Usec = 1.e-6

  Nsec = 1.e-9

  Min = 60

  Hr = 3600

  Day = 86400

  Yr = 31557600

  Shake = 1.e-8

#--speed = l/t

  Cmps = 1

  Mtrps = 100   // SI

  Kmps = 1.e5

  Ftps = 30.48   // Br

  Inps = 2.54

  Mph = 44.70

  Mps = Mph*60*60

#--accel = l/t^2

  Cmps2 = 1

  Grav = 980.67

  Mtrps2 = 100   // SI

  Ftps2 = 30.48   // Br

#--mass = m

  Gm = 1

  Kg = 1.e3   // SI

  Mg = 1.e-3

  Ug = 1.e-6

  Slug = 1.4594e4  // Br

  BTon = 9.0718e5   // 2000 lb

  Ton = 1.e6        // metric ton

  Lbm = 453.59237

  Oz = 28.349523125

  Grain = Lbm/7000

#--force = ml/t^2

  Dyne = 1

  Lbf = 4.4482e5  // Br

  Kip = 1.e3*Lbf

  Gf = 980.67

  Ntn = 1.e5   // SI

#--pressure = m/lt^2

  Dynecm2 = 1

  Bar = 1.e6

  Torr = Bar/760

  Kbar = 1.e9

  Mbar = 1.e12

  Psi = 6.895e4

  Ksi = 6.895e7

  Msi = 6.895e10

  Pa = 10    // Nt/m2  SI

  KPa = 1.e4

  MPa = 1.e7

  Mpa = MPa

  GPa = 1.e10

  Lbfft2 = 478.8   // Br

#--density = m/l^3

  Gmpcc = 1

  Lbmft3 = 1.6018e-2

  Slgft3 =  0.515379   // Br

  Lbmin3 = 27.68

  Kgm3 = 1.e-3   // SI

#--areal density = m/l^2

  Kgm2 = 0.10   // SI

  Lbmft2 = 0.48824

  Lbmin2 = 70.30696

  Slgft2 = 15.7089   // Br

#--energy = ml^2/t^2

  Erg = 1

  Joule = 1.e7   // SI

  KJ = 1.e3*Joule

  MJ = 1.e3*KJ

  Cal = 4.1868e7

  KCal = 1.e3*Cal

  Ftlb = 1.3558e7   // Br

  Btu = 1.0551e10

  Ev = 1.6022e-12

  Kev = 1.e3*Ev

  Mev = 1.e6*Ev

  Kton = 4.2e19

  Jerk = 1.e16

#--temperature--

  DegK = 1   // SI

  DegR = 5/9

  DegF = 5/9  // ADD 255.372  Br

  DegC = 1    // ADD 273.15

#--power = ml^2/t^3

  Ergps = 1

  Watt = 1.e7   // SI

  Hp = 7.457e9  // 550 Ftlbps

  Ftlbps =  1.3558e7   // Br

#--frequency = t^-1

  Radps = 1

  Hz = 2*pi   // SI

#---angles

  Rad = 1   // SI

  Deg = pi/180

#---Miscl

  Mpg = 42.515

constant false

Units in the plot and restart files can also be specified using the command “set_units”. An example to set the length unit of inches, with the label “:

set_units  location  “  In

See the setup guide for details.

3.2 Materials

SPHC has a set of predefined material parameters for a limited set of materials. The preset parameters can be modified during setup. The current materials data set is defined in eos.c. The materials are:

Number
Name

Description

1

pg

Perfect Gas, must define Gamma, Mu [GammaP] by region

2

polysty

Polystyrene, CH

3

nylon

Nylon 6, cast

4

al6061

Aluminum 6061-T6

5

al1350

Aluminum 1350-O

6

al2017

Aluminum 2017-T4

7

al_ox

Al 2 03 – sapphire/ceramic

8

glass

SiO2 – silica glass/quartz

9

n2

N2 – nitrogen

10

au

Gold

11

dt

DT

12

h20

Water

13

pb

Lead

14

h2

Hydrogen

15

d2

Deuterium

16

xe

Xenon

17

fe

Iron

18

cu

Copper, annealed

19

cd

Cadmium

20

c

Carbon

21

w

Tungsten

22

rub

Rubber (used for tennis ball impact test)

23

granite

Westerly Granite

24

ti

Titanium, grade 1

Material parameters have been obtained from various sources, including matweb.com. Some of the values are approximate; some are guesses. All values should be checked and updated as needed for a new application. In addition to these, up to 25 additional materials per run can be defined by use of the add_material command. Individual material constants can be adjusted by use of the set_material command.

The material parameters are (all are cgs unless otherwise noted):

Name

Description

rho_0

Solid density – used in a variety of models

cs_0

Solid sound speed  – used or computed by all eos’s

cv_0

Solid specific heat – used by eos_grun, eos_won, timestep

a_mol

Molecular atomic weight – used by eos_grun, eos_won

a_atm

Atomic wieght – used by eos_grun, eos_won, opacity

z_atm

Atomic charge – used by eos_grun, eos_won, opacity

ion_en

First ionization energy (eV) – used by eos_grun

gamma_G
Grueneisen Gamma – used by eos_grun, eos_won, eos_usup

gamma_1
Grueneisen density factor – used by eos_grun, eos_won, eos_usup

s_shock
Grueneisen “s” parameter – used by eos_grun, eos_won, eos_usup

gamma_mol
Molecular gamma for ideal gas law – used by eos_grun, eos_won

cv_liq

Liquid specific heat – used by eos_grun

tmelt

Melt temperature – K - used by eos_grun

hmelt

Heat of fusion – used by eos_grun

tvap

Vaporization temperature– K - used by eos_grun

hvap

Heat of vaporization – used by eos_grun

tdiss

Dissociation temperature – K - used by eos_grun

hdiss

Dissociation energy (heat) – used by eos_grun

dbar

Wondy /PUFF eos constant – used by eos_won

sbar

Wondy /PUFF eos constant – used by eos_won

thmcon

Thermal conductivity - ergs/cm-K-s – used by e_diff (thermal conduction)

ey

Young’s modulus – dyne/cm2  - used in strength model

sy

Yield strength – dyne/cm2 - used in strength model
st

Tensile strength  – dyne/cm2 - used in strength model

sf

Fracture strength  – dyne/cm2  - used in damage model

pr

Poisson’s ratio (in the range 0 -> 0.5)- used in strength model

em

Epsilon-max – maximum extension at fracture- used in strength model

br

Brittleness index – 0 -> 1 – used in damage model

To see the current values for all of these parameters and for all of the currently defined materials, include the command “print_eos_table” in any input script. A .csv (comma delimited) table will be written to the screen, and can be redirected to any convenient file. This file will be viewable with any spreadsheet program, such as Excel.

See the following sections for more information on these parameters.

3.3 Equations of State

The equation of state in SPHC accepts the initial density and temperature of the material and computes the pressure, internal energy, phase and sound speed. In subsequent steps, the eos accepts the density and the internal energy, and computes the pressure, temperature, phase, and sound speed.

Problem setup:


[setup]  (  (, T, material)  (  [EOS]  (  (P, E, cs)
Problem execution:

[SPHC]  (  (new , E )  (  [EOS]  (  (P, T, cs)

Some equations of state do not change the internal energy or the temperature. In this case only a single routine is needed to compute the pressure from the density at startup and during the calculation.  If the energy is allowed to change, however, then two forms of the equation of state must be supplied, one to compute the initial internal energy from the setup temperatures, and the other to compute the current temperatures from the computed changes in internal energy.

The selected equation of state will be called at least once for each SPH particle each time step. It is passed the material number and pointers to the temperature, density, pressure, energy, and csq (sound speed squared). Usually there are two versions, a “pt” version, and a “pe” version depending on whether the temperature or the energy is needed. This decision is made in the calling routine eos().
Several standard equations of state have been implemented in SPHC. They are:

Perfect Gas – “pg” – usually used with the perfect gas material, also “pg”. This equation of state represents the ideal gas equation of state. The description is:

P = (R/)  T
E =   (R/) T / ( – 1)

or

T =  ( – 1) E / (R/) 

P = (R/)  T

where R = 8.317e7 (gas constant, fixed),  mean molecular weight (input as “mu”), and = gamma = Cp / Cv = d lnP / d ln |s (input as “gamma”). Simple gases have  = 5/3, molecular gases are in the vicinity of  = 4/3, and very high internal degree of freedom gases may approach  = 1). Example (from shock tube test case):
set_region "high den"

    material pg

    eos pg

    gamma = 5/3
    mu = 1
    density = 4
    temp = 300
end_region

This version of the ideal gas EOS also supports the “polytropic” version:

P = k ’
The polytropic case is selected by specifying ’ = “gammap” = (Cp – C) / (Cv – C), where C = dQ / dT.  It is implemented by using the usual version of the pg eos, plus an energy change condition of the form
dE /dT = (dE/dT)0 (1 - ’) / (1 – )
Some favorite cases would be:

C = 0

=>  ’ =  

=>  adiabatic case as usual

C = ∞  
 
=>  ’ = 1

=>  isothermal case (all  != 1)

C = Cp

=>  ’ = 0

=>  isobaric case

C = Cv

=>  ’ = ∞

=>  constant density case

The “polytropic index” is defined as  n = 1 / (’ – 1). This quantity is = 3 for ’ = 4/3 and is = 1.5 for ’ = 5/3.

Linear Solid – “linear” – pressure defined by the bulk modulus.

Description follows:
The linear solid equation of state is:
        P = K ( / 0 - 1) = K (V0 – V) / V0
        E = E0
where

        K = Bulk Modulus = Ey / (3 * (1 - 2 * Pr)

        Ey = Young's modulus

        Pr = Poisson's ratio
        E0 = 3e9    (an arbitrary value)
This eos is used in strength tests where the density stays near solid at all times. This EOS can also be used for liquids, provided the appropriate changes are made to Ey and Pr in a “set_material” block.
Linear Solid – “usup” – pressure defined by linear US UP shock conditions.

This actually a Mie-Grueneisen model, called “usup” for consistency with the SPHINX code. Description follows:
P = Ph + (gamma_G + gamma_1 * (0 / )) *  * (E – Eh – E0)
E0 = Cv * 300

The quantities Ph and Eh are the Hugoniot (linear US UP):

Ph = K0 η / (1 – s η)2


Eh = (1/2) Ph η / 0

Where

K0  = 0  cs2

η = 1 - 0 / 

s = s_shock     (specified, but usually ~ 1 / (gamma_G – 1) )
By default for standard materials, gamma_G is set to the Grueneisen gamma, and gamma_1 is set to zero. In general, solid density,  sound speed (set as the square of the sound speed csq_0), gamma_1, gamma_G and s_shock (used to compute Ph) must be specified. . Temperature variation is not computed for this EOS. 

Use only for materials that are not expected to melt.

Grueneisen Analytic – “grun” – US UP plus high temperature models

This generalized Mie-Grueneisen eos is the standard eos used for most high velocity impact problems in SPHC.

This eos is intended to be a reasonable approximation across a wide range of conditions, including solid, liquid, gas, and plasma. The solid formulation is a linear USUP, but with the zero point of the energy shifted to zero temperature. The initial conditions are given in terms of the temperatures of the material, and the eos then computes the initial energy. As the computation progresses, the pressures and temperatures are computed from the energy as given by the energy equation. The temperature is then used to determine the phase of the material, and the pressure computation changes as the material melts and vaporizes.

Volumetric tension is the solid regime is limited by the parameter “pmin” (default = -1e9). pmin is a global variable, but can be varied by region (see Setup Guides). For the liquid phase, a different tension parameter is used: “pmin_liq”, with a default value of -1.e6.
At melting temperature and above, this model approximates phase changes by a series of jumps in energy, with appropriate changes in the pressure law in each regime. Description is:

/*==================== energy jump model for temperature ====================*/

/*  we define six regions with different energy curves in each:

    1 - solid           T = 0 -> T_melt

    2 - liquid          T = T_melt -> T_vap

    3 - mol vapor       T = T_vap -> T_diss  (if molecular)

    4 - atomic vapor    T = T_diss -> T_low

    5 - ionizing        T = T_low -> T_high

    6 - fully ionized   T > T_high

for each region, we have:

    e1, e2, etc.        energy at upper T of region

                        (but at bottom of any energy jumps)

   REGION:

     |  1       2        3         4     5      6 ->              _______-----

 e   |                                       ______-------~~~~~~~~

 n   |                                      / e5 [

 e   |                                    /      [ E_ion

 r   |                          ________/e4      [

 g   |                _________|e3               [ hdiss

 y   |               |                           [ hvap

     |        _______|e2                         [  "

  e0 |_______|e1                                 [ hmelt

     |

     | solid   liquid   molec.     atoms         fully ionized -->

     +-------+-------+---------+--------+----+-------------------------------

     0     Tmelt   Tvap       Tdiss    Tlow  Thigh

                                TEMPERATURE

*/

Above the fully ionized temperature the pressure is given by an ideal gas law. The ionization energy for the first electron is specified as a material property (ion_en). The ionization energy for higher states is approximated by a Z2 scaling law.

This equation of state has been tested by comparison to the LANL SESAME tables for some materials. This eos is implemented in SPHINX as the “SAS” option.

Puff / Wondy Analytic – “won” – Sandia linear US UP eos

This is the solid US UP equation of state used in the codes PUFF and Wondy. The coding is similar to the “grun” model / solid state, except that a fit using the parameters sbar and dbar is used for the cold curve if these data are available. The code uses approximate values for these numbers if dbar[mat] = 0..

Water EOS – “water” – Analytic water pressure formulations

Described below:

 The liquid water equation of state is:
        P = Pw * (7 - 0 7)
where

        0 = 1.  g/cc

        T0 = 300.  K
        Temperature is not changed in this version.

        E0 = 1.e10 erg/gm

        Cv = 4.187e7 erg/K/gm

        Pw = 3.e9 *  

        c = sqrt( 7 * Pw) = 1.45e5 for Pw = 3e9

        Monaghan uses Pw = 0 * c02/7 = 3e9

        In general, if the timescale is T, 

            want dt = 1.e-3 * T

            if zone size is dr, then dt_cou = dr/c = dr/20*sqrt(Pw)

            equating, get, Pw = (50*dr/T)2
        Use “mu” in the region setup to adjust.
        e.g. dr = .01, T = 1 means that Pw = 0.25, mu = 1.e-10

             dr = .01, T = 1.e-5 means that Pw = 2.5e9, mu = 1

        If mu < 0. ... use alternative form for the pressure:

        P = Pw * 7
            where Pw = -mu .
This water eos is designed to allow incompressible liquid computations, such as wave formation and flow problems, with a hydro-code. Several options are provided, and some adjustment of the parameters may be needed for a given problem.

Moylan Water EOS – “moylan”
This is a high accuracy equation of state for water based on a Van der Waals derivation. The details are currently under development.
3.4 EOSs for Porous Materials

Snow Plough Model for general Porous Materials

This is the simplest, most robust and most general approach to porous materials. No special eos is needed. We use the normal eos for the material, but set the initial density in the region setup to a density lower than the material solid value and set pmin = 0 for the region (no volumetric tension).  Also, “no_quiet” should be set to turn off quiet_start for the region. This has the effect of removing the volumetric pressure during the crush phase until normal solid density is attained, after which the normal pressure for the fully crushed material is computed.  Shear stress will be implemented as usual if strength is enabled.

set_region al-foam

    material al1350

    eos usup

    density 1.35

    pmin = 0.

    no_quiet

end_region

Porous Solids – “crush”

This is a general, path dependent equation of state to represent porous solid material. At present, the fully crushed state is represented by a “usup” eos (see above). In addition to the material, this eos requires the specification of the parameters:


porosity – initial porosity of the material (< 1) (sets the initial density)


    (or) density –  will set or reset the porosity consistently


p_elastic – the maximum pressure at which the initial elastic behavior is seen


p_crush – the pressure at which the material is fully crushed


cshape – an exponent that determines the curvature of the crush curve

The default value for p_elastic is five times the yield strength, for p_crush is ten times the tensile strength, and for cshape is 1.0, a linear ramp. These are intended to provide very rough initial values, and are not expected to represent the actual material behavior. 

The variation of pressure with density in this model is illustrated in the following figure:

[image: image66.png]sooae”

sanssaad

Ssoonit

oe




Here “n” represents the porosity (1 – rho/rho_0). The initial model is located at the lower left of the diagram a density = rho_0*(1-n0). With slight compression, the material responds elastically, until the pressure p_elastic is reached. Further compression produces a decrease in the porosity, and the pressure increases along the “crush” curve – the less inclined straight line if cshape = 1, the upper curved line if cshape > 1 (max of about 2 is recommended), and the lower curved line if cshape < 1 (a value of about 0.5 is recommended). The change in porosity is irreversible, and relaxation proceeds along the dotted line to zero pressure. This behavior is similar to the yield model for the stress in plastic deformation, except that this relaxation applies to the volumetric pressure. Energy is dissipated whenever the material is crushed. When the pressure reaches p_crush, the material is fully crushed, the porosity is zero, and subsequent evolution proceeds along the usual US UP line (at right). No further dissipation occurs beyond this point.

Running the “Burt” test case with a porous aluminum impactor requires a setup as follows:

set_region ball

    material al1350

    eos crush

    porosity 0.5      //  this automatically reduces the initial density

    p_elastic = 2.e9  //  optional – defaults to 5 sy

    p_crush = 1.e10   //  optional – defaults to 10 st

    cshape = 0.75     //  optional, defaults to 1

end_region

This model works well for porosities up to about 0.80. If the porosity is higher than this, the snowplough model is recommended.

Fabric EOS – “fabric” – Soft fabric treatment

Fabric materials can be very strong in certain directions under tension, but do not support hydrodynamic behavior such as shocks and compression waves. This is approximated in the following way:

1. A soft crush equation of state is used to model compression. The elastic pressure is taken to be zero, and the crush pressure can be specified, but is defaulted to 1/10 the yield strength (assuming that stronger materials will generally be stiffer). The crush eos is implemented exactly as described above, and porosity will be computed for each particle.

2. The shear strength is assumed to be zero in compression, but is fully applied in tension. This can optionally be combined with a strength mode that specifies the directions of the fibers, and the strength in other directions, if any.

Porous Rock Eos’s – “granite”, and  “berrea” - porous material model for rocks

These are accurate models for porous “hardhat” granite and berrea sandstone, which include a crush/recovery model using the “porosity” as the tracking variable. They are both special cases of the “crush” model described above, but with special values for the parameters and fully crushed pressure curve. This is a model currently in use at LANL, except that the present implementation uses a piecewise linear fit to the experimental pressure curves.  An implicit root finder is used to model the recovery phase. More details are given in the following section (“crush”)

For the granite, use the “granite” material, as well as the “granite” equation of state and set the initial porosity to the void fraction of the rock field under study.

set_region rock

  material granite

  eos granite

  porosity 0.25

end_region

To model the sandstone, again use the “granite” material , but reset the initial density to 2.6657 g/cc ,  use the “berrea” equation of state, and set the initial porosity to 0.154. 

set_material granite

  rho_0 2.6657

end material

set_region rock

  material granite

  eos berrea

  porosity 0.154

end_region

For both of the rock models, the porosity must be set to activate the crush model. If not, an error message will appear and the run will halt..

For porous material with a very coarse structure, such as crushed rock, the pores can be modeled explicitly by omitting particles from the solid regions. A grain model has been developed, but is not implemented in this version of SPHC. 

JWL – explosive by-products

The “JWL” equation of state is used for the products of explosives. 

/*============ JWL - Johnson/Wilson/Lee ===========

   This version taken from SPHINX jwl.c routine

   Agrees with the MESA version

  Need to specify constants w, A, B, R1, R2.

  press = w * E * rho + A exp(-R1/rho) * (1 - w rho/R1)

                  + B exp(-R2/rho) * (1 - w rho/R2)

  Cv must also be set to convert from energy to temperature

  Material properties are not used, so set mat = "pg" 

*/

The five constants must be set by the command (units for A, B = cgs):
set_jwl  w  A  B  R1  R2
Since this EOS always describes a hot gas, set the material for the region to “pg”. Only a single region with JWl  EOS is currently allowed.
3.5 EOS Phases

The Grueneisen eos provides the phase of the material, as well as the pressure and temperature. The strength models can also modify the phase variable, which appears in the restart dumps. The possible values of this flag are:

FRACTURED    
 -10

DAMAGED       
  -5

CRUSHED

  -3

PLASTIC       

  -2

SOLID           

    0

MELTING         
    5

LIQUID         

   10

VAPORIZING     
   15

MOLEC_GAS      
   20

DISSOCIATING  
   22

ATOMIC_GAS     
   24

IONIZING       
   26

FULLY_IONIZED  
   30

Coloring a Thor plot on this variable usually gives a good idea of the physical state of the material. Note: for brittle materials, the “PLASTIC” phase indicates areas that are in a state of high stress and are nearly fractured. Although these materials do not deform plastically, usually a buffer range of near-fracture stress is applied for numerical stability, and this flag indicates areas that have entered this buffer (pre-fracture) phase.

3.6 EOS Test Mode

A special run mode has been provided to test the equations of state and quantify differences and possible problem areas. To run this test set dimension=2, and “eos_test” in the general parameter section of the input file. This turns off the quiet start option, sets the perturbation size to 0, and sets the number of steps to 1. Then, in the set_region section of the input file, include the commands:


vary_dens  min_dens  max_dens



vary_temp  min_temp  max_temp

These commands set the limits of the density and temperature variation. The material and eos are chosen normally. In the model build section, specify any 2-dimensional object (do_block is the normal choice). The code will run one timestep, and compute the eos chosen across the object in which the density and temperature are continuously varying. See “eos_test.inp” for a sample setup file. The results can be viewed with Thor (use eos_test.thor for best results). Two dump files will be produced; they should be checked for consistency.
As an example, the “pg” equation of state for al1350 produces the following plots:
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The input file for this run is:

#====eos test====

problem_title "EOS-TEST"

run_title "al/pg"

#----basic settings---

    dimension = 2

    nparticles = 10000

    eos_test

#-------regions----------

set_region test_area

    material al2017

    eos pg

    gamma = 5/3

    mu = 27

    vary_density 1. 5.

    vary_temp 100. 5.e3

    pmin = -1.e12

end_region

#---- model build follows----

begin_region test_area

    part_mult = 1

    do_block 1. 1. 1.

3.7 Strength of Materials

Strength of materials was first introduced in SPH codes by Libersky and Petschek (1990) using a technique based on the theoretical tensor formulation. Although very useful for some problems, two deficiencies were eventually identified with this method: 1) an instability tended to develop in regions under tension (“SPH tensile instability”) (Swegle, et. al., 1995), and 2) large rotations proved very hard to model due to edge effects in the tensor strength terms. This led to new approaches by Monaghan (1999), and Randles, et. al.,  (2001), called the “Dual Particle Dynamics” method, or DPD. Monaghan’s approach uses smoothing techniques to damp the instability, but still has problems with rotation. Dual particle techniques use SPH formalism, but intersperse “dual” or “stress point” particles between the SPH particles to simulate the staggered mesh techniques that appear to be stable in tension. This complicates the methodology, and raises the question of how to relocate the stress points as the particles are deformed. Again, rotations could be a problem with this technique.

In SPHC 6.0 a new variation of the stress point method is implemented. We call this method, “Virtual Stress Point”, or VSP-SPH. Instead of using a dual grid of particles for the stress points, we interject a stress point between every pair of particles. At these points, the uniaxial deviatoric strains are computed between the pair of particles, the strength model is implemented, and the fracture criteria are applied. These points are “virtual” because they are implemented in such a way as to not require any permanent storage (all quantities can be computed “on the fly”). This is important because there can be as many as 80 times as many stress points as there are particles, since all neighbors are included, not just the nearest neighbors. The details of this technique are still being developed and tested, and will be fully reviewed in Stellingwerf (2003).

The distinguishing feature of the VSP technique is that all stress forces are applied along the line of particle centers, rather than in a direction determined by the stress tensor. This means that angular momentum will be strictly conserved with this technique, and rotations should not be a problem (see Rotating Rod test case, below). In addition, since intermediate stress points are used, the stabilization of the staggered mesh should be attained (see Flyer Plate test case, below). Furthermore, tests show that, with proper calibration, this model can handle shear test cases as well as the tensor technique.

This technique also allows a straightforward implementation of anisotropic strength models. Strength in a single direction, several specific directions (as in a woven fabric), in a plane, or on a tri-dimensional-ellipsoid  are implemented. See the Setup Guide for details.

Strength is enabled and the type of strength model is selected with the command strength_model. Possible values are:

no_strength

turns deviatoric strength off

elastic


linear elastic model

elas_perf_plas

elastic perfectly plastic model

elas_str_hard

elastic strain hardening model

elas_str_soft

elastic strain softening model

high_str_rate

high strain rate model

johnson_cook

Johnson Cook strength model

The figure below is a schematic representation of the various models. Here St = tensile strength, Sy = yield strength, Em = maximum elongation at fracture. The upper line is the elastic approximation, with slope equal to twice the shear modulus. The next (upward sloping) line is the strain-hardening model, which passes through the point (Em, St). The curved one represents the Johnson-Cook model (see below).  The horizontal line is the elastic-perfectly plastic model, and the downward sloping line is the strain-softening model (applicable to some brittle substances, such as ice). The high strain rate model is similar to the elastic perfectly plastic model, but with the yield strength increased to 3 * St. The degree of increase of the yield curve can be controlled by the parameter hsr_mult (0->1). At zero value, the curve is elas_str_hard. For hypervelocity impacts this setting seems to produce more realistic damage and fracture. This can be tested for specific applications by choosing the elastic-perfectly-plastic model and increasing the yield strength while comparing the results with experiments. 
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If  Johnson-Cook parameters are available for the material (Ref. 13), strain rate hardening and temperature softening effects can be modeled in either the Johnson-Cook strength model (curved line in the diagram) or the elas_str_hard model . These effects may be needed for ductile metal impacts at high velocities. The commands are:


jc_params  [A  B]  n 
set parameters for the Johnson Cook strength model


temp_soft  m

where m is the Johnson Cook “m” exponent


strain_rate  C

where C is the Jonhson Cook “C” parameter

and the flow stress is given by


s = [A + B (yn] [1 + C ln (d/dt)] [1 – (T*)m]

where  is the true strain, y is the yield strain,

y = Sy / Ey
and T* is the homologous temperature, defined by 

T* = (T – Troom) / (Tmelt – Troom)

with Troom = 300 K for the SPHC application. Reference 13 gives the J-C parameters values for OHFC copper, ARMCO Iron, and 4340 steel. If parameters are not available for a material, the jc_params command can be used with a single argument (n). A and B will be computed from the values of Sy, St, and em for the material.  

A = Sy


B = (St – Sy) / (em - y )n
A good value for “n” for metals is 0.30. For other materials, a stress/strain curve can be matched. Note that the effect of the temperature softening term is to depress the strength curve at high strains, and can result in behavior similar to elas_strain_soft model – i.e. a brittle response.
During the run, the code computes the local values of the strain and strain rate for each particle, and applies the strength corrections accordingly.

With Version 8.00 of SPHC a full implementation of the “Baushinger Effect” has been installed. This means that recovery from a yield surface can reverse the sign of the stress, but only until the extension of the reflected stress line from the compression side of the diagram is encountered. This happens when the stress has decreased by twice the yield stress. The compression side of the diagram is exactly a reflection of the tension side, except that fracture can only occur in tension.

Strength models can be set globally and/or by region in the problem. If each region has a strength model defined, the global model is used to compute the interaction between regions. An additional option, slip_regions = 0-1 (default = 0) defines a multiplier for tension between different regions of a problem. Set to 0, no tension is supported, set to 1, the tension is the same as that within a region. This parameter can be globally defined, and/or defined separately within each region setup. If a regional value is the command is slip = 0-1 and it replaces the global value for all edges of this region. If an interface occurs between two regions, both of which have local values defined, the average is used.

Material constants needed for this approach are the Elastic (or Young’s) modulus, Ey, Poisson’s Ratio, Pr, maximum elongation at fracture, Em, yield strength, Sy, tensile strength, St. Given these inputs, the shear modulus is given by:

Sm = Ey / (2 * (1 + Pr)).

If only the shear modulus is known, estimates for Pr = 0.33 and Ey = 2.66 * Sm can be used (this is an input option).

The bulk modulus, K, which is the slope of the volumetric pressure versus strain relation, is given by:

K = Ey / (3 * (1 – 2 * Pr )).

Note the singularity at Pr = 0.5. This is the case of deformation at constant volume, and no change in the density or volume is allowed. K is not an input quantity, but is embedded or calculated by various eos’s.

Output Quantities: In this model, the stresses are computed separately as uniaxial forces between pairs of particles, and the resulting accelerations are added as a vector sum in the hydro calculation. Two variables are computed for each particle as diagnostics in the restart dumps: eps = max strain, stress = max stress, and eps_yield = max yield. These variables are always positive. Note that in the deviatoric frame, there will be both positive and negative components to these three variables in different directions about each particle. The output quantities indicate the degree of distortion at a point, not the direction or the nature of the distortion.

3.8 Yielding

An additional variable eps_yield is also on the restart dump. This is the average deviation to the right of the elastic line on the above figure if any of the yielding strength models are selected. If the strain relaxes to a lower value before the fracture point is reached (or if fracture is not enabled), the stress undergoes a hysteresis effect and moves along the downward sloping dotted line in the figure. This “yield” value can be positive (tension) or negative (compressive) for each pair of particles. The average value at each particle is provided. 

The Taylor cylinder test case is used to test the yield process. The following figure shows the results of the Iron test case (the solid line is experimental data), colored on the yield parameter. The agreement is excellent.
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3.9 Strain Rate Effects

In versions 7.62 and  later a model for the hardening due to strain rate effects has been included in SPHC. This model is based on the Johnson-Cook treatment (Ref. 13). It takes the form:


Ys  ->  Ys * ( 1 + c ln( eps_dot) )

Where Ys is the yield strength given by one of the strength models discussed above, “c” is the rate coefficient in the Johnson Cook model (0.06 for Armco Iron, 0.002 for Al6061, ), and eps_dot is the strain rate, which is computed from the velocity gradient. To activate this correction term the command   strain_rate  [c]  is used in the strength section of a region setup block. If “c” is not specified, it is taken to be 0.06. When active, the quantity “strain_rate” appears in the restart dump. This is the ratio of the correction term and the uncorrected yield stress. A value of 0.20 for the “strain_rate” means that the yield strength has been increased by 20% for this particle at this time.

3.10 Temperature Softening

A temperature softening model, also based on the Johnson-Cook strength model can be activated using the command  temp_soft [m]. The softening depends on the homologous temperature, defined as: 

T* = (T – 300) / (Tmelt – 300)

The effect of the softening is to decrease the amplitude of the local stress in the following way:

Softened Stress = Stress * (1 – T* m)

Values of the exponent “m” can be found in the literature of the Johnson-Cook model (0.55 for Armco iron, 1.09 for OHFC copper, 1.03 for 4340 steel). When active, the quantity “temp_var” appears in the restart dump. This is the ratio of the correction term and the uncorrected yield stress. A value of 0.80 for the “temp_var” means that the stress has been decreased by 20% for this particle at this time.

3.11 Fracture

The fracture model is indicated by the vertical line at the right of the stress/strain diagram. Fracture occurs if the strain exceeds the max strain (Em), and the flag is set as follows:

fracture =  true;

If the fracture flag is not set, the stress is given by the dashed lines at the right of the diagram. Strength must be enabled for the fracture model to work. The fracture criterion on the strain is applied separately to each particle (i, j) connection, and a given particle may have no fractured connections, just a few, or all connections may be fractured. Deviatoric strength is set to zero on any connection flagged as FRACTURED.

Output Quantities: fracture can be monitored on the data dumps in two ways. First the “phase” (Section 3.5) reserves the value –10 for particles that have at least 1 in 1D, 2 in 2D, and 3 in 3D, of their neighbor connections fractured (indicating a separation plane). This gives some idea of the extent of the significantly fractured region.  The second method is through the dump variable nfrac. This parameter is the number of bonds for each particle that are currently flagged as fractured. By coloring on this variable, the degree of fracture can be ascertained. See the ball-on-plate test case for an example of these diagnostics.

3.12 Weibull Fracture Model

The normal “strain-to-fracture” model used in SPHC breaks the bond between particles whenever the local strain exceeds the experimentally measured maximum elongation for the material. Although theoretically accurate, this single parameter model does not capture many of the nuances present in actual tensile failure of many materials. This problem was extensively studied by Grady and Kipp (1985, J.Appl.Phys.58, 210) and by Benz and Asphaug (1995, Comp.Phys.Comm. 87, 253) who conclude that local, and sometimes microscopic, variations in the strength of a material can have important consequences for the type of failure modes in real materials. This can affect the strength of a sample (larger samples break more easily), and the response to rapid impulse loading (high rate samples break less easily). It can also affect the size distribution of the fragments after an impact. Most of these affects can be addressed through use of a statistical fracture model.

In SPHC Versions 7.06 and later, a statistical model of fracture is available. This model is based on the assumption that fractures observed in a metallic or brittle material are initiated not by the average strength of the material, but by the weakest point in the material. Each SPH particle will include some set of “flaws”, or variations in strength, of the material represented within its volume. The weakest of this set of internal flaws will determine when the particle is likely to fail under tension. This set of “weakest flaws” will follow a distribution called the “Weibull Distribution”. Weibull first published an analysis of processes following such statistics, including fracture, in a 1951 paper in the Journal of Applied Mechanics (1951, J.Appl.Mech 18, 293). In SPHC this fracture model is invoked in a region setup command block as follows:

weibull  [width  [shape]]     (both args are optional, default values are 1, 2 )

weibull2  [width  [shape]]     (both args are optional, default values are 1, 2 )

where the “width” parameter is the desired amount of variation of the fracture criterion  above its normal value. Width = 0.2 indicates that the distribution is approximately centered  at a value of 1.2 times the normal values. The “shape” parameter is an exponent in the distribution that determines the shape of the probability distribution of random values used. The two forms of the command implement different models for the process. “weibull” modifies the fracture criterion at max-elongation without changing the yield strength, while “weibull2” changes the yield strength and tensile strength without changing the max elongation criterion. These two models produce different fracture patterns – the correct model should be chosen based on observed or expected material behavior.

The following figure shows the distribution shapes for “shape” values of 1 (lowest curve at 1.0) through 4 (highest) using the random flaw generator as implemented in the code. Here “X” is the factor added to the usual fracture criterion, and “Y” is the relative abundance of each X value. As “shape” increases, fewer particles have values near nominal (X=0 in this plot), and more particles have values near the peak value (X=1). These curves all have “width” set to 1. Different values of “width” would move the peak to the left or right, accordingly.
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As an example, Weibull found for the yield strength of a sample of Bosfors steel, “width” = 0.20 and “shape” = 2.93. This means that the local strength was about 20% larger than the “failure” strength on the average, and that the distribution of values was moderately sharply peaked. He analyzed 389 experiments, grouped into 10 bins, to derive these characteristics.

An example of the use of this technique is a impact of a water drop on a solar panel consisting of two layers of glass and a thicker layer of kapton. the region setup is:

set_region sphere

    material h2o

    eos grun

end_region

set_region plate

    material glass

    eos grun

    weibull .5

end_region

set_region scell

    material glass

    eos grun

    weibull 2

end_region

set_region subst

    material kapton

    eos usup

end_region

Note that the two glass layers are identical materials, but the top layer has a Weibull width of 0.5, indicating that most particles will be near the nominal glass fracture values, while the lower layer has a width of 2.0, indicating that relatively few particles will be near the nominal values – most particles will be less likely to fail. The setup, colored on the Weibull factor (blue=0, red=5), looks like this:
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The two glass layers are the same material, but will behave differently when placed under stress. Only the blue particles (in either layer) have the same properties as the uniform fracture model. Hence, although both layers will begin to fail at the same stress level, the fracture pattern in the upper level can be expected to be more rapid and more extensive than in the lower layer. For high velocity impact problems, the Weibull model will make the material appear to be less fractured. For very slow processes, the weak flaws have time to merge and the Weibull option should have little effect. Experience shows that, although this technique can be used to model cracks in brittle materials, very high resolution is needed to obtain a realistic crack pattern.

3.13 Damage  (not active for version 8.84 and later)
SPHC include a rudimentary damage model, which operates if strength is enabled, and 

damage = true;
This model keys on the parameter Sf in the eos table, the “fracture strength” and Br, the “brittleness” of the material. Whenever the stress between a particles and any of its neighbors exceeds the fracture strength, but does not exceed the tensile strength, the damage parameter for the particle is set to the brittleness times the fractional distance attained between the tensile and fracture strength. Thus, the brittleness is the maximum value allowed for the damage, attained if the stress reaches the tensile strength. The stress is then reduced by the factor (1-damage). This will only have an effect for the ELASTIC and the ELAS_STR_HARD strength models, and the effect will be to limit the peak stress of any particle, rounding off the peak that occurs in the diagram at the peak stresses, and reducing the stress by (1-brittleness) at an undamaged stress of St . Since the damage can only increase, and is the maximum of the neighbor values, the effect will tend to be cumulative. Tests show results similar to the fracture model, but differing in details. Both approaches can be tried for a particular problem to determine applicability.

3.14 Fragmentation Model  (not active for version 8.84 and later)
This is a variation on the fracture model that flags regions that once had high pressure (shock damage), and then incurred low densities (pore growth). Such regions are labeled as spalled, and the volumetric pressure is reduced in tension. Used in conjunction with the fracture or damage models, this type of model could handle the volumetric effects of fracture. The current implementation probably needs additional calibration. Enabled if fragmentation = true.

3.15 Other Physics Modules

SPHC includes a number of other physics options, not normally used in impact problems. These include:

1. Gravity (planar and radial)

2. Mass diffusion

3. Thermal diffusion and thermal boundary conditions

4. Radiative diffusion

5. Implicit integration

6. Grains

7. Magnetic fields

8. Laser deposition

9. Ablation / surface modeling

Activation of these options would require some code work and testing. Inquire if needed.

4. TEST CASES

Test cases are provided to compare with an installed version to verify correct operation. These tests are also part of a general code validation test suite.

4.1 Shock Tube

The 4:1 density jump shock tube test is the easiest and the best diagnostic for the hydro part of the code. Very little physics is used, just a perfect gas equation of state, 2 regions, and a simple setup.  Run with 500 particles, the run time on my 1.8 GHz Windows machine is 15-20 seconds. Here is the final screen summary:

>>>STEP 639, N=500, TIME=1.452e-006, DT=2.276e-009, visc=6.522e-001/393/394

 Regs: 1:ke=2.787e+009,te=5.128e+010 2:ke=1.362e+009,te=2.691e+010

 KE=4.149e+009,TE=7.819e+010,V=4.869e+004,OM=0.000e+000,TM=2.200e+000

 Echeck=1.87e-003%  dt_fl=1.618e-008/287  dt_hy=4.543e-009/206

 Error=1.07e-005, Courant mult=5.00e-001, dt_fact=9.98e-001

        ...appending data  to /home/sdat/history...done

        ...writing new data to /home/sdat/s.15...done

>>Finished 1D Shock Tube : spl3/1.5    On step = 661

  Retries = 0, max-cou-mult = 0.50, tol = 1.0e-004

  Started:  Problem time = 0.0000e+000,  Clock time =  16:45:37 25 Jan 2002

  Finished: Problem time = 1.5019e-006,  Clock time =  16:45:56 25 Jan 2002

        CPU SUMMARY

    total time =  19.22 s  grind = 5.81543e-005 s

    build tree =   0.00 s   0.0%

    setup      =   0.05 s   0.3%

    eos        =   0.10 s   0.5%

    density    =   4.35 s  22.6%

    compute    =   2.81 s  14.6%

    step       =   4.35 s  22.6%

    io         =   0.44 s   2.3%

    hydro      =   4.80 s  25.0%

    thm_diff   =   0.00 s   0.0%

    other      =   2.32 s  12.1% --> 100%

->run terminated by finish - normal termination

Interpretation of this output is:

Line 1:  timestep 639 dump, 500 particles, time = 1.45s, timstep=2.3ns, viscosity=.65 (maximum value, occurs between particles 393 and 394),

Line 2: Region summaries of kinetic and thermal energy

Line 3: Overall kinetic energy, thermal energy, velocity of the center of mass (V), rotational angular velocity (O), total mass (TM)

Line 4: energy check (2.e-5), energy faults, flow timestep, hydro timestep, each with the particle giving the smallest timestep

Line 5: error = timestep error (1.e-5), Cou_mul, dt_fact= ratio of this to previous timestep

Lines 6, 7: output information.

Lines 8-end, final run summary. 661 timesteps in full run. Time summary shows that most of the time is spent in hydro for this run. The “grind” is the time per particle per timestep.
Details of the setup are covered in the “SPHC Setup Guide.” The smooth_vars() function call is used to smooth the initial jump a bit, which is what normally happens in more realistic cases. The boundaries are reflecting, and the boundary code is standard. There are no user inputs for each step.
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The figures above show the density, pressure, velocity and internal energy for the final configuration at 1.5 s. The analytic solution is also shown on the density and velocity plots. To obtain these plots, run Thor with the workfile shock.thor. See Ref. 5 for a more compete discussion of this test. The pressure glitch at the interface is characteristic of SPH, but does not affect the rest of the solution. Sum of mass method is used to compute the density. Using the continuity equation, the pressure glitch is slightly larger.

4.2 Rotating Rod

Rotation has been one of the toughest problems encountered using SPH plus strength of materials. The tensor version of the strength equations performs an SPH sum on the velocity gradient to obtain the strain rate tensor. This tensor is then symmetrized, which introduces a rotation component, and integrated to obtain the strain tensor. Although this is theoretically correct, there are two problem areas with this approach: 1) the tensor operations are linear, and can have large errors for non-trivial rotation angles, and 2) the SPH sum is not accurate near object edges, and can introduce substantial torques on a rotating object just due to the edge error. Since the forces generated by such a method are computed via the tensor terms, angular momentum is not conserved locally, and, again, near the object edge large errors can be generated. In some widely used implementations of SPH, for example, this rotating rod will decelerate in about 180 degrees or less, and may even begin rotating in the opposite direction!

If this test case is attempted without strength, the rod will stretch as a fluid, and fly to infinity. The strength terms must give the rod enough rigidity to maintain its shape while spinning wildly about a transverse axis (the velocity has to high enough to have some movement on a hydro time scale, so some slight distortion and wave effects are expected). The velocity chosen for this test is 0.1 km/s at the end of the rod, which gives us about 320 s / revolution.

The final run summary is:

>>>STEP 16933, N=396, TIME=1.980e-004, DT=1.170e-008, visc=6.000e-001/173/176

 Regs: 1:ke=4.548e+006,te=8.127e+008

 KE=4.548e+006,TE=8.127e+008,V=8.236e-004,OM=1.996e+004,TM=2.709e-001

 Echeck=-1.24e-003%  dt_fl=1.611e-006/198  dt_hy=2.340e-008/1

 Error=7.48e-007, Courant mult=5.00e-001, dt_fact=1.00e+000

        ...appending data  to /home/sdat/history...done

        ...writing new data to /home/sdat/s.20...done

>>Finished Rot Rod Test :     On step = 17104

  Retries = 0, max-cou-mult = 0.50, tol = 1.0e-004

  Started:  Problem time = 0.0000e+000,  Clock time =  16:17:16 30 Jan 2002

  Finished: Problem time = 2.0001e-004,  Clock time =  16:25:57 30 Jan 2002

        CPU SUMMARY

    total time = 520.92 s  grind = 7.69092e-005 s

    build tree =   0.00 s   0.0%

    setup      =   0.06 s   0.0%

    eos        =   5.08 s   1.0%

    density    = 160.42 s  30.8%

    compute    =  10.88 s   2.1%

    step       =   5.89 s   1.1%

    io         =   0.79 s   0.2%

    hydro      = 302.55 s  58.1%

    thm_diff   =   0.00 s   0.0%

    other      =  35.25 s   6.8% --> 100%

->run terminated by finish - normal termination

About 17,000 timesteps are needed for the run, which takes about 10 minutes.

Note that this test was done with the sum of masses density option, rather than the continuity equation. Either method should work.
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These consecutive plots show the rod in motion. The particles are colored on particle number to show the orientation more clearly. As seen in the final plot, below, the rod shape is maintained perfectly as the object rotates. Longer runs have been done, with no indication of any change in the rotational velocity or shape of the rod.

4.3 Tennis Ball Impact

Another test case for elastic behavior is the behavior of a hard-hit tennis ball hitting a wall. In this case the ball undergoes drastic deformations, and must recover rather that disintegrate on impact due to instability. The material used for this run is “rubber”, and the strength model is pure elastic. Using a strain-hardening model also works, with a small amount of yielding, but no breakup.
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This sequence of plots, taken 200 s apart, shows the behavior of the 100 mph impact. The color is average stress. The bounce is well modeled, and the ball continues to oscillate after the impact. Red is positive stress, or tensile, regions, blue represents negative stress, or compressed, regions. This run was done with h_inp = 1, and h_vary = false. These values represent the toughest case, since increasing h or allowing h to vary  are techniques used to stabilize cases with large deformation.

The final run summary is shown here:

>>>STEP 23304, N=544, TIME=2.950e-003, DT=1.127e-007, visc=6.024e-001/114/115

 Regs: 1:ke=9.368e+007,te=3.748e+010

 KE=9.368e+007,TE=3.748e+010,V=3.780e+003,OM=2.304e-001,TM=1.249e+001

 Echeck=-1.66e-001%  dt_fl=3.295e-005/301  dt_hy=1.389e-006/25

 Error=4.98e-005, Courant mult=8.50e-002, dt_fact=1.05e+000

        ...appending data  to /home/sdat/history...done

        ...writing new data to /home/sdat/s.30...done

>>Finished Tennis : 2    On step = 23696

  Retries = 0, max-cou-mult = 0.42, tol = 1.0e-004

  Started:  Problem time = 0.0000e+000,  Clock time =  18:49:28 30 Jan 2002

  Finished: Problem time = 3.0001e-003,  Clock time =  19:06:10 30 Jan 2002

        CPU SUMMARY

    total time = 1001.24 s  grind = 7.7672e-005 s

    build tree =   0.00 s   0.0%

    setup      =   0.06 s   0.0%

    eos        =   7.84 s   0.8%

    density    = 296.57 s  29.6%

    compute    =  24.15 s   2.4%

    step       =  10.96 s   1.1%

    io         =   1.51 s   0.2%

    hydro      = 598.90 s  59.8%

    thm_diff   =   0.00 s   0.0%

    other      =  61.25 s   6.1% --> 100%

->run terminated by finish - normal termination

4.4 BURT Ball on Plate Impact

This is a test case originally suggested by Burt Cour-Palais (NASA) to test the behavior of an orbital debris particle impacting a thin sheet of aluminum as used in a Whipple shield. It is also similar to the thin target material case in experiments at UDRI by Piekutowski (1996). This case is also discussed in the SPHINX Manual (Ref. 5).

The final screen summary should look like this:

>>>STEP 229, N=986, TIME=1.986e-006, DT=1.041e-008, visc=6.154e-001/634/713

 Regs: 1:ke=2.616e+011,te=7.099e+009 2:ke=1.128e+010,te=1.881e+009

 KE=2.729e+011,TE=8.979e+009,V=5.934e+005,OM=0.000e+000,TM=1.391e+000

 Echeck=-2.10e-001%  dt_fl=2.157e-008/454  dt_hy=2.083e-008/454

 Error=2.18e-006, Courant mult=5.00e-001, dt_fact=1.00e+000

        ...appending data  to /home/sdat/history...done

        ...writing new data to /home/sdat/s.20...done

>>Finished BURT : fract    On step = 231

  Retries = 2, max-cou-mult = 0.50, tol = 1.0e-003

  Started:  Problem time = 0.0000e+000,  Clock time =  15:02:35 03 Feb 2002

  Finished: Problem time = 2.0067e-006,  Clock time =  15:03:05 03 Feb 2002

        CPU SUMMARY

    total time =  29.99 s  grind = 0.00013167 s

    build tree =   0.00 s   0.0%

    setup      =   0.06 s   0.2%

    eos        =   0.23 s   0.8%

    density    =  11.64 s  38.8%

    compute    =   1.48 s   4.9%

    step       =   0.40 s   1.3%

    io         =   1.44 s   4.8%

    hydro      =  13.47 s  44.9%

    thm_diff   =   0.00 s   0.0%

    other      =   1.27 s   4.2% --> 100%

->run terminated by finish - normal termination

The configuration at 2 s is shown in the following two plots. The first is colored on phase, the red particles are liquid, and the aqua green particles represent solid fragments. The second is colored on number of fractures/particle, and the blue (unfractured) particles are solid fragments. Red here represents a maximum of 9 fractured connections with near-neighbor particles.
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The above plot is the same case, but run with fracture=false, and fragmentation=true. Here the blue particles are the fractured particles are given by the fragment model, and the green particles are still solid at this time. The spall area is more extrensive and show less structure than the normal fracture model. Further study is needed to determine the best modeling technique, but the strain-to-fracture approach (“fracture”) seems to give the best results for this test case.

The next plot shows the result of a similar run, but with two changes: 1) the projectile material is changed to the stronger Al alloy 2017-T4., and 2) the time shown is 15 s. The shading is given by a grey-scale adjusted so that the dark areas are solid, and the lighter areas are either liquid or fractured. This 2D plot represents a “cut” through a 3-dimensional object. The top shell of fragments are the spall off of the rear surface of the projectile, the central flattened and fractured region contains the dangerous surviving fragments of the projectile, and the lower, lighter region is the melted material from the target and projectile. This picture is very similar to a UDRI radiograph shown below for comparison.  The various features of the debris cloud as well as the fragment number and sizes seem to be modeled well.
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4.5 Flyer Plate Impact

This is a 2D test of a flyer plate impact. It can be run in 1D mode as well, but the 2D tests the deviatoric stress and boundary conditions, as well as the ability of the code to run 2D strength problems correctly.

This problem is run with the rather stringent conditions of no variable h and h_inp = 1. This is done to illustrate the “tensile instability” normally lurking in SPH runs with strong tensile waves. The plot below shows the X/Y plot of this problem at 1.2 s. The moving block has impacted the stationary block at X=0, and a colored pressure wave has been launched and is moving to the right. Note that the “Reflect” boundaries at the top and bottom of the blocks are working perfectly, and the problem shows 1-dimensional symmetry throughout the calculation.
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These plots show a “side view” of pressure versus X for this no-strength run. This run illustrates the instability discussed by Swegle, et. al. in Reference 7.  A compressive wave is generated and moves to the right (first two plots). After reflecting off the right boundary, a strong tensile region is generated, which should be a wave moving to the left, but instead degenerates into a region of instability as shown. This instability can be eliminated by either limiting the tension via pmin = -1.e9, say, , or by increasing the smoothing length by using h_inp = 1.5. However, without recourse to these fixes, we can simply turn on the strength model to see its effect.
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This set of plots show the same run, but with strength activated. The times have been adjusted to be comparable to the times in the previous plots. Again, these represent the “side view” of a 2D run with boundaries at the sides to make it essentially 1D. Note that the instability has disappeared. A check against the analytic result shows that the amplitudes and velocities are correct (the pressure in the first plot should be slightly in excess of 2e10). The weakness of this calculation is the round corners of the wave due to coarse zoning in the 2D case. Redoing this problem with Dimension = 1 produces a much better resolved wave.

4.6 Breaking Wave

A validation test case, called “Wave1” computes a breaking water wave on a beach. The setup file can be found in in the “test_output” folder. In this case two details are of interest. First the water treatment is set up to allow long timescale runs, as follows:

set_region ocean

    material h2o

    eos water  

    mu = 1.e-3     // <--- for time step adjustment...

    pmin = -5.e6   // surface tension

end_region

Second, the “beach” is constructed as a “frozen” region of nylon (material doesn’t matter here), as follows:

set_region beach

    material nylon

    eos grun

    frozen

end_region

The wave is driven by a slug of water at the left boundary. The result is shown here at 0, 1, 1.5 and 2 sec. The total width of the picture is about 50 m (150 ft). The color is pressure, with red = 5 psi.
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5. SPHC ISSUES

5.1 Operating System

Since SPHC does not include windows interface calls or graphics output, it requires no machine dependent libraries, and should compile and run correctly on most operating systems with standard C compilers. 

On UNIX type systems, use of a makefile is recommended, and a standard version is provided. Some modification may be needed on specific systems.

On Windows machines, use of the Visual C++ compiler is recommended, and a full workspace version of the code is available. Normally, a custom setting for the code variable PATH is needed, followed by a “Rebuild All” to convert the system files to the local environment.

5.2 Bug Reporting and Resolution

It is our intention to correct “bugs” or inefficiencies in the code immediately as they are uncovered. Accordingly, please report all problems to the author, along with any debug output that suggests a program issue. e-mail at rfs@stellingwerf.com is the preferred reporting method. The normal license agreement for the code includes upgrades for a period of 1 year. This includes all problems as well as added features. 
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