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1. INTRODUCTION

The Interior Ballistics of High Velocity Guns (IBHVG2) programn has 2 wide and loyal following.
{t has developed in capabilities and sophistication over three decades, which is a very long time in
computing. IBHVG?2 is the standard against which many other interior ballistics modeling projects must
first demonstrate their accuracy. In view of this, an update of the code documentation has becn needed,
since the "User’s Guide" (Fickie and Anderson 1987; is based on Version 4.00, which is in English units,
while Version 5.C*, which is presenty thc most commonly used one, is in metric units.

In addition, recent propulsion systems, referred to as clectrothermal-chemical (ETC) guns and
generically shown in Figure 1, have combined electrical energy in the form of a plasma with propellants.
Endothermic, exothermic, solid, liquid, gel, and slurries have been consideres for the oropellant. Although
various designs have been tested, it is useful to develop a generic, zero-dimensional simulation capability
to explore both the physics ~f thz plasma-propsllant interaction and bascline performance predictions.
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Figure 1. Generic electrotherinal-chemical (ETC) gun.

IBHVG?2 is a lumped parameter (zero-dimensional) interior ballistic code which has been distriouted
by the Wecapons Technology Dircctorate, Amny Research Laboretory (WTD/ARL), formerly the Ballistic
Research Laboratory (BRL), to researchers involved with gun propulsion technology. The code is capable

of modzling the ballistic cycle of multiple solid propellants from propellant ignition to the blowdown of




combustion gases after the projectile cxits from the muzzle. Various automated search techniques are
available for finding optimized gun parameters, desired propellant characteristics, or matching experimental
data. The code also has an expansive output capability which allows the user to analyze variables of
interest over the time of the simulation. All the available options are activated from an input file, making
IBHVG?2 an ideal tool for the scientist who does not wish to program.

This tutorial provides current information on how to use the metric version of IBHVG2. The first part
of the tutorial describes the key differences between Version 5.04 and Version 4.00. It also includes a
description of extensions to the code for electrothermal (ET) and electrothermal-chemical (ETC)
calculations. The second part of the tutorial provides an updated summary of the input decks and presents
sample code calculations using the ETC enhancements. The major enhancements are (1) revision of the
cnergy equation 1o account for electrical energy; (2) provision for description of input power, and (3)
provision for a generalized gas generation rate. All search techniques in the original code have been
maintained.

2. THE INPUT FILE

The input format for IBHVG2 consists of an input file composed of various descriptive input decks.
All the input dezk titles and variables are written in uppercase letters. Each input deck is qualified by a
dollar sign in column 1, followed immediately by the title of the deck. A dollar sign in any other column
indicates to the code that what follows on that line is a comment. No tabs are allowed anywhere in the
input file,

Within an input deck, vanables are defineg by an equals sign followed by the value, with spaces about
the equals sign squeezed out. Some variable names have synonyms which can be found in the “User's
Guide.” Arrayed variables can be allocated values either by individually defining them,

GLOC(1)=10
GLOC(2)=20
GLOC(3)=30

or by scparating the values by commas,

GLOC = 10, 20, 30




noting that a.space after a value (instead of a comma) indicaies the end of the variable's definition. When
multiple entries are containcd witlun an input deck, the code uses the last definition for the simulation.

Character strings must be included in quotes or apostrophes when defined, for example,
SHOW = 'GAGE(2)’

The most rcent version of IBHVG2 distributed by the ARL is version 5.04, which uses metric units.
The standard measure of length is in meters, weight is in kilograms, and pressure is in MegaPascals. All
input and output parameters are described in these units. The only exception to this is when a user
references a pressure value from a $TDIS or $PDIS deck. In these cases, the referenced pressure is in
Pascals.

A summary of the input decks available in an input file folows.
REQUIRED INPUT DECKS

SGUN -- Defines gun physical dimensions and pressure probe locations.

SINFO -- Defines emror tolerance of run, pressure gradient selection, timestep of simulation, and output
print options.

$PROJ -- Defines projeclile parameters (mass).

$PRIM -- Defines primer, which is assumed all burnt at time 0.

$PROP -- Defines main propellant charge(s) (grain dimensions, physical properties, bum rate
and igution behavior).

$END -- Defines end of input file.

OPTIONAL INPUT DECKS

SRESI -- Defines gun tube resistance to projectile motion (shot start resistance), and air resistance o
projectile in gun tube.

$HEAT -- Defincs heat loss from combustion gascs 10 a thin shell of the gun tube (included by default).

$SETC -- Defines clectrical power input, and, if desired, time-dependent gas gencration rate.

SRECO -- Defines weight of gun which is used to calculate an energy loss due to recoil.

$COMM-- Comment deck.

$SAVE -- Used after the $SEND card. saves previous input, and allows the user '~ change only desired
parameters for another run.




PRINTOUT OPTIONS

$TDIS -- Specifies user-selected trajectory variables for printing.
$PDIS -- Specifies user-selected variables to be printed afier each parametric run.

SEARCH OPTIONS

SFIND -- Searches on any parameter to give a desired output variable.
SPARA -- Performs a systematic variation of any parameter.
$SPMAX.- Searches on a desired propellant characteristic to give a selected maximum breech pressure.

The following are not input decks, but are lists of variables 10 choose from for output printing and
for the SFIND search option.

S$STRAJ -- List of trajectory variables (sec Appendix A). Additional variables are available to include
ETC parameters, see SETC deck description.
SOUT -- List of output variables (see Appendix A).

3. DESCRIPTION AND DISCUSSION OF THE INPUT DECKS

3.1 SGUN Deck. The SGUN deck describes the gun tube and chamber physical dimensions to be
used by the code. The chamber volume (CHAM), tube diameter, and length must be specified. If the gun
tube is smooth-bore, the diameter is defined by the LAND parameter. (See Figure 1.) The TRAV
parameter defines the length of the gun barrel from the rear sealing point of the projectile to the muzzie.

If a gun tube with rifling is to be modeled, the diameter of the groove (GRVE) must be input with
a value o} twist (TWST) in calibers per tum. A value for the groove over land surface area (G/L) must
also be included. (See Figure 2.) The code uses these parameters to calculate a rotational kinetic energy
of the projectile.

Pressure probe locations in the gun tube and chamber are specified in the SGUN deck. NGAG defines
:he number of pressure probes (up to 30), and GLOC is an armay of size¢ NGAG which defines the
locations of each respective probe. Distances are meatured from the projectile base, "-" into the chamber
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Figure 2. i ¢ with g rifl

or "+" down the barrel.  The effective length of the chamber (CLEN), should be input to the code when
using in-chamber pressure probes. For example, Figure 3 contains the simulated pressure probe locations
used for 30-mm experiments at GT-Devices (McElroy, Grieg, and Juhasz 1991).

The maximum pressure calculated by the code in the gun at any given time is always located at the
breech face. The pressure at the in-chamber pressure probe locations are scaled down using the selected
pressure gradient model (chosen in the $INFO deck). The code calculates the pressure scaling for the in-
chamber pressure probes using CLEN, which by default is the chamber volume divided by the bore area.

If chambrage is present in the gun chamber, IBHVG2 has been modified to calculate the effect of the
change of diameter in the shoulder region on the developed pressure (Robbins, Gough, and Anderson
1989). The chambrage pressure gradient model is selected in the SINFO deck, but the physical
dimensions are entered in the $GUN deck. The location of the diameter change, DIST, is referenced from
the brecch face. The diameter at the location corresponding to DIST is input as DIAM. The number of
location-diameter pairs is input as CPTS, with a maximum of five allowed. (See Figure 4.)
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Figure 4. Chambrage parameters.
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3.2 $INFQ Deck. The SINFO deck defines the run options for a simulation. The title of the run (up
to 48 characters) is defined in this input deck by the vanable, RUN, and is printed at the top of each page
of the output.

The maximum integration timestep is set by DELT, and the printout timestcp is set by DELP.
Generally, if comparison 1o experimental data is desired, it is useful to set the printout timestep o0 match
the digitizer sampling rate,

If printout is desircd in steps of projectile travel, set the parameter DLPU equal to 2 and note that
DELP is now the printout step in units of projectile travel.

EPS is the maximum allowed esTor for the integrator timestep adjustment in Runga-Kutta integration
subroutine. This paramerter ultimately controls the run time for convergence of the program. If the code
terminates during a simulation or continues to run for an excessively long time, the EPS parameter is the
most suspect. Generally, if the EPS paramcter is increased, the code converges to a solution quicker.
Conversely, if greater accuracy is desired, lhis parameter should be decreased.

The models used for determining the pressure drop down the gun tube from the breech face can be
chosen from the Lagrange (GRAD=1), Pidduck-Kent (GRAD=2), or chambrage (GRAD=3) pressure
gradients. The Lagrange pressure gradient is appropriate for propellant charge over projectile mass (C/M)
ratios of less than 2. The Pidduck-Kcnt pressure gradient is often utilized for C/M ratios of greater than
one and is the best choice for large C/M ratios. If chambrage is present, a pressure gradicnt model
incorporating the changes in chamber diameter is available. The physical dimensions of the diameter
changes in the chamber is input in the SGUN deck.

Output file print options are specificd by thc POPT variable array, which contains five elements. The
default values for each elecment is 1, cxcept POPT(4) which has a default of O.

POPT(1) sct ¢cqual to 1 cchocs the input filc specifications at the beginning of the output file (setting

to 0 tums off this option). This can be of help in locating errors in the input format, since the code will

locate by card number and column an input it docs not understand,




The second element of the amray. POPT(2), represents the type of “trajectory” vanables vs. titne a user
might want to specify for a simulation. POPT(2) set equal to O instructs the code to skip the trajectory
printout. When POPT(2) is set equal to 1, trajectory print includes time, projectile travel, projectile
velocity, projectile acceleration, breech pressure, mean pressure, base pressure, mean temperature, and the
fraction of each propeliant deck burmned. The user can select to print out desired trajectory variables from
the STRAJ list by setting POPT(2) equal t0 2. Each user-defined output trajectory variable must then be
specified in a STDIS deck, which atlows a multiplication or division of the varizble t0 accommodate a
change in units. Up to 11 variables are allowed to be specified via $STDIS specifications.

The third variable, POPT(3), when set equal to 1, activates a summary of the simulation which
provides the default trajectory values at both the maximum breech pressure and at muzale exit. This
summary is very convenient since 1t provides ballistic performance in compact form. Setting equal to 0
tums off this option.

POPT(4) provides the user a choice of including a pressure blowdown phase after the projectile leaves
the muzzle. Set equal 10 0, the code ignores this option. When POPT(4) equals 1, the code calculates
blowdown until the rarefaction wave reaches the breech face. When POPT(4) equals 2 or 3, an additional
parameter, BLPR, must be included. This parameter limits the HYlowdown calculation to a desired breech
pressure. The results of the blowdown calculations are printed at the end of the output file.

POPT(S) is a print option similar to POPT(2), except that it provides output selections for parametric
variation runs. When POPT(S) equals O, the previously defined trajectory printout options, via POPT(2)
specificainns, are used for each result of the parametric calculations. When POPT(S) is set equal to 1,
the code nrints a full trajectory output for the first run and a single line summary for each additional run.
POPT(X) set equal 10 2 activates a user-defined parametric summary printout for each run vis SPDIS
specifications. Each SPDIS deck defines one variable to be printed. $PDIS decks are similar to STDIS
decks, although the variable selection is made from input variables, STRAJ list, or in the case of the single
line summary, the SOUT list. The output selections, for example, can be made to contain the changing

input paramcters as well as desired output values. A summary of the print options is contained in

Figure §.




POPT(1) No input echo

Echoes input

-0

POPT(2) No trajectory printout
Default trajectory printout

User-defined trajectory printout via STDIS specifications

nnn
N—-0

POPT(3) No interior ballistics summary

Interior ballistics summary

-0

POPT(4) No blowdown calculations

Blowdown calculations until rarefaction wave reaches breech face

Blowdown calculations until reaching a desired breech pressure, BLPR

(reduced printin;;;

Blowdown caiculations until reaching a desired breech pressure, BLPR

(expanded printing)

Printont for each parametric calculations in format consistent with

POPT(2) specification

=1 Printout for parametzic calculations with a complete trajectory printout
for the first run and singie line summary for cach additional parametric
run

=2 User-defined parametric summary printout via $PDIS specifications

W nn
N -0

n
w

POPT(S)

]
o

Figua. 5. Symmary of POPT options.

The ininmra . 1 following tie input echo and before the trajectory printout is the codes interpretation
of the variabl~s uefines in (2 input file, These speciﬂcnﬁons represent the values the code will use for
the simulation. The code is very capable (through default va\ues, user input errors, etc.) of misinterpreting
a yser's intentions without generating a parsing error.

A table of the enecgy distribution of the simulation is contained at the end of the output file after the
intemal ballistics summary. Various parameters are calculated after the run and are printed at the end of
the input file: loading Jensity. C/M, piezometric efficiency (mean pressure/max. breech pressure),
clectrical enhancement factoy (froj. KE/electrical energy), ad the expansion ratio (chamber volume + bore

volume/chamber volume).

To obain the maximum efficiency of a specific gun fixture, a constant pressure option is also available
in this input deck. The code holds a constant pressure during the ballistic cycle by varying the buming
rate (CONP=1) or the surface area (CONP=?) of a single propellant. The desired constant pressure is
defined by PRES, with an error tolerance on the pressure defined as TOL. Only one propellant deck

9




centaining a homogeneous (non-layered) grain can be included in this simulation. The propellant deck
must begin buming at the start of the simulation with no ignition delay.

3.3 $PROQJ Deck. This deck defines projectile parameters for the simulaton. The only required
parameter is the projectile weight, PRWT. Parameters for complex projectiles are also available, but will
not be discussed.

By specifying the C/M parameter, an option of calculating either the projectile weighe given a total
charge weight (COFT=1), or calculating a total charge weight given a projectile weight (COPT=2) is
available. If COPT=2 is used, the calculated total charge weight is distributed according to the relative
percentages of the initial individual charge weights.

3.4 3PRIM Deck. The primer deck is required by the code for each simulation. Required parameters
are the specific heu “atdo (GAMA), impetus (FORC), covolume (COV), flame temperature (TEMP), and
charge weight (CHWT). Enough energetic material should be included to raise the chamber pressure 0
at least 0.34 MP2 {50 psi). The primer is assumed to be completely bumed at time 0.

3.5 $PROP Deck. The propellant deck defines the main propellant charge characteristics. Up to five
different decks are allowed by the code. The grain density (RHO), GAMA, FORC, COV, TEMP, CHWT,
grain geometric shape, and buming rate must be specified for each charge.

Various form functions for defining propellant grain geometries (GRAN) can be chosen, including a
completely general form function which is defined by surface areas at a depth burned. The simpiest form
function is the spherical grain (GRAN="SPHR"), which only requires a value of DIAM for physical
description. The form function for ball powder grains, such as WC891, is GRAN="CAKE", which
requires a DIAM and a thickness (THCK) for physical description. The perforated grains used in large-
caliber guns for increased surface area require the most detail (inner and outer web, perforation diameter,
outer dimensions, ctc.) for complete physical description. Fortunately, examples and illustrations for the
mere complex grain geometries are contained in the "User's Guide.” The general form function is
specified by the number of depth bumed-surface area pairs (NSUR), with the array of depths defined as
DEPB and the array of surface areas at the corresponding depth bumed defined as SURF. Ratios of a
grain dimension to one or the other given dimensions are available which allow optimization via the
search options (o find desired propellant grain size characteristics.

10



The code in its present form can describe a vanation of propellant properties (thermochemistry and
bum rate) within a single grain with up to four points at desired depths into the grain. Descriptive
information is input for each layer boundary into arrayed varnables of length four, which have different
names than those previously discussed for homogeneous grains. Density at a layer boundary is now input
as RHOL, specific heat ratio as GAML, impctus as FRCL, covolume as COVL, and flame temperature
as TMPL. An example for a four-layer density input is as follows: ‘

RHOL = 1000, 1200, 1300, 1350

density: layer 1, layer 2, layer 3, core.

The last letter in all of these layered variables corresponds to the surface in question: L for lateral,
E for end, and P for perforation. In th: case of the CAKE form function, i.c., ball powder, only lateral
surface definitions are required. This is also the case for spherical grains.

Transition depths from layer to layer are required and are input into the DEPL array of length 3.
These transition depths from one layer boundary to the next are flagged during the simulation in the
trajectory printout as the bum progresses into the next layer. An example for a spherical grain is
presented in Figure 6.

5=2mm

d12=0.1 mm

dn:ozmm

" 0.3 mm

Spherical grain

DEPI. = 0.0001, 0.0002, 0.0003
DIAM = 0.002

Figure 6. Details of the transition depths for 2 layered propeilant grain.
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For propellants which can be defined with less than four layers, the user is still required to fill the four
cicment arrays (for the propellant properties), although it is sufficient to just duplicate the values for the
remaining unused layers. [f only one layer is present, it is taken to be the core layer and only one sct of
values is needed. The transition depth array must contain values of all three elements which are distinct
and increasing.

Note that the code linearly interpolates the given values from one layer boundary to the next, including
bum rate, with the center of the grain (layer 4) having constant properties throughout. An example of the
code interpretation for the variation in density for a layered grain is shown in Figure 7.

Propellant bum rates can be specified either by direct input of bum rate versus pressui~ or by defining
coefficients and exponents for the classical exponential bum rate function r = BP®.

RHOL = 1000, 1200, 1300, 1400
1400 _|
1300
CORE
Z 1200 - / 0
@ LAYER 3
8 _
LAYER 2
1000
7 LAYER 1
0 d d d center
12 23 34

Radius of grain

Figure 7. Example of the interpolation scheme for a layered grain.
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To input the bumn rate as a function of pressure. sct NTBL to the number of bum rate-pressure pairs.

PRIL is the pressure array, and BRIL is the bum ratc at that respective pressure.

If the grain is homogeneous and the bum rate is desired to be specified in the exponential form by
a single coefficient-exponent pair, the coefficient variable is BETA, and exponent variable is ALPH
(NTBL can be ignored or set equal to 0).

Otherwise, to input the bum rate in the exponential form, set NTBL to the number of
coefficient/exponent-pressure pairs but make it negative. The minus sign signifies to the code that the
desired entry format is the exponential bum rate function. PRIL is the pressure array, CFIL is the
cocfficient array, and EXIL is the exponent array at the corresponding pressure. If the pressure array is

deleted, the values of the coefficient and exponent are constant for all pressures (NTBL=~1),

The numbers in these variable names correspond to the referenced layer. If a homogeneous grain is
modeled, the code requires all the necessary input in the array at the location corresponding to the fourth
layer boundary (core). Therefore, the number in these vanables should be set equal to 4, for example,
PR4L, BR4L, or PR4L; CF4L, and EX4L. The last letter corresponds to the surface, as previously
discussed.

The propellant decks by default will begin buming at time O, although an ignition delay can be
incorporated into a simulation through a varicty of means. The variable IGNC in the propellant deck
controls the ignition specification. A $SPROP deck may be ignited at a specified time (IGNC=1), projectle
position (IGNC=2), mean pressure (IGNC=3), or at a2 mass fraction bumed of the previous propellant deck
(IGNC=4). The threshold values for these specifications is input via the THRC variable.

An additional ignition variation may be activated, IGNS, which igniws specific surfaces of the
individual propellant grains at thresholds specified by THRS. IGNS and THRS are arrays of length 3,
with cach clement corresponding to the P, E. and L grain surfaces, resy«ctively. The same ignition codes

are used as with IGNC vanable.

The propellant deck contains many options and is therefore the most complicated input deck. Emors
are easily made, and the user should carefully inspect the code interpretation of the input values in the

output file, especially for a newly created propel’ant deck. The user will find propellant decks take the
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most time to create and dcbug. Therefore, using previously crcated ones, if available, is desirable.

Sample test cases containing vanious propellant decks can be found at the end of the "User's Guide."

3.0 $END Card. The end of an input file is signified to IBHVG2 by an SEND card. No additional
lines are allowed after an $END card, except a $SAVE deck.

3.7 SRESI Deck. Gun tube resistance to the motion of the projectile is input via the resistance deck.
The resistance profile can be very important in an interior ballistics simulation because it controls how
fast the combustion volume is increasing. This affects the mean pressure, upon which the propellant bum
rate is highly dependent.

NPTS is the number of distance-resistance pressure pairs, with a maximum of 20 points allowed.
TRAV (array of length NPTS) is the distance from shot start at which a given resistance to motion occurs,
and PRES (amay of length NPTS) is the magnitude of the resistance pressure at the respective distance,
Note that the code linearly interpolates between the resistance pressure points.

A multiplication factor, FACT, is available to quickly scale the resistance pressure profile up or down
o maich experimental data. RFPT is a parameter which defines the first point in the resistance array to
begin multiplying by FACT.

Air resistance to the motion of the projectile in the gun tube is caiculated by whe code when the

parameter AIR is set equal to 1.

3.8 $HEAT Deck. Heat loss from the combustion gases to the gw barr=i is defined in the SHEAT
input deck. The parameter HL is the toggle switch for including heat loss (Hi.=1). T9 wm off this
option, set HL=0. Heat is transferred from the combustion gases to the barrel through a convective heat
transfer coeffisicnt, HO (default is 11.35 W/m2- K). Over the time s2.Je cf -* “imufations (rilliseconds),
the gun barrel heat sink is modeled as a thin shell (default, TSHL=0.1 . 4 given specific heat.
The shell is initially at room temperature (TWAL=293 K) by default.  For guns in different thermal
cnvironments, the initial temperaturc can be defined with the TWAI. parameter.  Default +-Jdues, which
cover a wide range of steels, are given for the gun tube density (RSHL=7361.1 kg/m3) and specific heat
(CSHL=460.3 1/K).
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Ur'ess changes are desired for tie input parameters given above, the inclusion of the SHEAT input
deck in an input file is not required; by default all the calculations are performed.

The code is capable of modeling only one heat sink, therefore Lexan chamber liners and capillary
liners present in ET guns cannot be modeled in addition to the steel gun tube.

3.9 SETC Deck. In the solid propellant electrothermal-chemical (SPETC) gun, electrical energy in
the form of a plasma is utilized in the combustion chamber to perform various roles. A discussion of ETC
guns can be found in the literature (Juhasz et al).

The parameters incorporated into this deck are electrical power addition and time-dependent gas
generation rate of the propellant. Each of these parameters is input as a piecewise linear function of time.
This feature allows easy input, for example, from an experimental gun electrical power-time curve by just

entering points from the experimental power curve.,

The addition of electrical power input directly into [IBHVG2 updates the previous method which
required the user first to input the electrical energy in the form of electrons into the BLAKE (Freedmar:
1982; Bunte and Oberle 1989) thermochemistry code. The output par.meters from BLAKE on the
clectrically augmented propellant were then input into IBHVG2. This laborious process is no longer
needed, assuming the electrical energy does not alter propellent thermochemistry or propellant bum rate,
and tha! propellant gas proper.ies determined at a fixed loading density are applicable. However, it is
noted that the BLAKE calculations show that this assumption may not be strictly valid (Wren and Oberie
1992). With the present code, ETC gun electrical energy augmentation is modeled directly in IBHVG2
with unmodified propellant thermochemistry.

The electrical power input, &, is provided in the SETC deck a3 a piecewise linear function of time.
This function is integrated in closed form, and the resulting energy is added to the left side of the energy
halance cquation, Eq. (A.01), which becomes

t
12 mi,c\,UTf'J +mec, Ty + det - [§ mi;cy, + m,cv':l’l'm“n + L. )
) 0 .

The complexity of specifying bum ralcs as a function of pressure, or providing coefficients and

exporzuts for the bum rate can be overridden to allow input of a gas generation rate as a function of time.
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An exotic propellant can bc modcled without attempting to determine both the bum rate and the surface
areas by providing an estimate of the gas gencration rate versus time. The sysiem designer can then
perform simulations to determine a gas generation rate which meets system requircements, and then
subsequentdy design the propellant surface areas and bum rates which can produce the optimal gas

generation rate. The gas generation rate is also specified as a piccewise linear function of time. This

function replaces ty; in Eq. (A.15).

The input parameters related to ETC gun modeling are:

ELECTRICAL POWER

NPWR - integer numbcr of power-time pairs (min = 2, max = 20)
TPWR - time (s)

PWR - powerin Watts at time TPWR

GAS GENERATION RATE

NBRN - integer number of gas gencration ratc-time pairs (min = 2, max = 20)
TBRN - time (s)
BRN - g@s generation rate at ime TBRN (kg/s)

The following relatcd parameters have been added to the STRAJ deck:

EPWR - Electrical power (Waltls)
EENE - Electrical cnergy integrated from =0 (Joules)
XBRN - Gas generation rate (kg/s)

Any or all of these can be specificd in a $TDIS dcck, and the corresponding variable will be printed

out as a function of time dunng the run.

3.10 SRECO Decck. Rccoil losses for a gun system can be calculated in the code through the use of
the recoil input deck. The only required paramcter is the weight of the recoiling sysicm

(RCWT.Generally, the encrgy expended in recoil of a gun is of the order of a tenth of a percent of the

total :nergy, thercfore the inclusion of recoil in a simulation has a negligible cffect.




3.11 SCOMM Deck. This input deck is used for making comments which identify a simulation.
Everything that follows until the next input deck is considered a comment. Multple comment decks are
allowed.

3.12 $SAVE Deck. The $SAVE input deck, after a SEND card, allows the user 10 save all the
previous information given in the input decks and change only desired variables to make a variation on
the previous simulation all in the same run. The input deck(s) which contains the variable(s) to be
changed must referenced, followed by the variable redefinition. Another $SEND card must follow the
changes to indicate to the code that the end of the input has becn reached.

3.13 $TDIS Deck. Each $TDIS deck defines a single trajectory vanable, from the $TRAJ list, to be
printcd in the output as a function of time. A maximum of 11 $TDIS decks are aliowed in a simulation.
The parameter SHOW identifies the variable to be printed. A multiplication (MULT) or division (DIV)

- of the selected output paramcier is available to allow a change in units. At the top of each printed page
of the trajectory output, a remark (REM)) is printed which helps identify cach column. An example is
shown in Figure 8.

$TDIS
SHOW = 'GAGE(1)' REM1 = 'LOC:-.116 m (PSV}' DIV = 6895

Figurc 8. $TDIS dcck example.

Note that POPT(2) m*st he set cqual to 2 in the $INFO deck to activate the STDIS option.

3.14 $PDIS Deck. This deck is similar to the $TDIS deck except the $PDIS deck is for specifying
a desired output for a paramctric variation scarch. Again, only 11 $PDIS dccks are allowed. In general,
this can help identify which vanables have changed duning a parametric vanation and rclevant related
output. The varables can be sclected from any deck cxcept SFIND, SPARA, $SPMAX, $PDIS or $TDIS.
SHOW identifies which vanable is 1o be printed, DECK identifies the name of the deck containing the
variable. and NTH cormresponds to the number of the deck (if there is more than one). A MULT
or DIV of the sclected parameicer is available 1o allow a change in units. An REMI 1o identify the column

of output i3 also available. An example of a $PDIS deck is contained in Figure 9.
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$PDIS
SHOW = "WEB" DECK = "PROP" NTH =2

Figwe 9. $PDIS deck example for parametric output of the web of the second propeilant deck.

POPT(S) must be set equal to 2, in the SINFO deck, for this option to be activated.

3.15 $FIND Deck. The SFIND deck instructs the code to optimize a desired output variable (from
the SOUT list) through a search over a selected input parameter. The desired output variable is specified
by OUTV and the pasameter to be searched over is defined by VARY. The location of the VARY
parameter is defined by DECK and NTH (if there is more than one). The initial value for the parameter
to be varied is defined by FROM. Bounds can be placed on the VARY parameter with the MIN and
MAX variables. EPS (incorrectly defined in the "User's Guide”) is the smallest allowable change in the

parameter to be varied.

CODE must be set to 0 to achieve a desircd value (defined by VAL) of OUTYV. If CODE is set equal
to 1, the code will antempt to maximize the value of OUTV.

Up to six SFIND decks are pemmissible. If multiple SFIND decks are used, the parameter MULT is
a user-defined weighting of cach iind deck.

The $FIND deck has a problem in selecting the correct increment (0 change the VARY parameter.
This results in the code overshooting the exact point of VAL the uscr desires, although by adjustment of
EPS, usable results can be found. This problem may be much more critical if one is using the SFIND
deck to maximize an output variable (OUTV) with CODE equal to one.

3.16 $PARA Dcck. A SPARA scarch routine performs a systematic variation of any chosen input
vaaable, defincd by VARY. The input deck coniaining the vanable to be changed must be specified with
the DECK paramcter. If there are multiple decks, NTH is set to identify which deck contains the variable
10 be varied. The initial valuc of the variable (o be tricd is set by FROM, e increment of change by BY,
and the final value by TO.
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Up o four SPARA dccks are simultancously pemissible, which means a four-dimensional vaniation
matrix can be filled. A multidimensional parametric vanation can result in many hundreds or thousands
of runs, therefore the user must clearly identify the region of interest as narrowly as possible 1o minimize

excessive run uime.

The print options for the parametric vanations are sclected by POPT(S) in the SINFO deck.

3.17 $PMAX Deck. The SPMAX option performs an intemal search over a sclected propellant
characteristic to achieve a maximum breech pressure. To use this option, the user must specify the
propellant variable t0 be varied with the VARY parametcr and give two initial guesses, TRY1 and TRY?2.
The following guesscs are based on interpolation from these values. If multiple propeliant decks are
present the NTH parameier must be set to identify which propellant deck is to undergo the changes. The
user-defined maxiinum breech pressure is PMAX and the allowed emror is EPS. Bounds can be set on the
range of variations with the MIN and MAX variables. The LOOP parameter sets a limit on the maximum
number of iterations allowed in the search (dcfault is 20).

The user can minimize convergence time of the scarch by adjusting LOOP and EPS. If there are
multiple local pressure maximums, the specific peak can be specified with the NPMX parameter. If
intermediate information during the search is desired, the parameter PRNT can be sct to 1.

4. TEST CASES

Following the conclusions, four sample calculations are performed using metric units. The first is a
simplification of the standard test case number 6 from the IBHVG2 "User’s Guide." It is simplified by
merging the two propellant decks into one, and removing the multiple SPMAX and SPARA decks, which

iterate for a specific pressure and paramctrically vary the propellant geometry.

The resulting test deck is a representative exampic of an optimized 120-mm gun loaded with JA2.

The first three sample calculations show:

[. performance of the unmodified gun;

2. adding 1 kilojoule clectric per gram of JA2: and

3. additionally designing the propcllant for a flat pressure pulse.




Thesc three cases are illustrated in Figure 10. A fourth case shows how the trajectory output can be
printed in English units.

Figure 10. Breech pressure (MPa) vs. tim¢ (ms).

Case 1 shows a typical propellant bum, with the nising pressure curve, peaking at about 3.5 ms. Due
to the relatively long time involved in this pressurc risc, the projectile has time to accelerate down the
barrel before the propellant has an opportunity to do its most cfficient work. This reduces the gun

efficiency.

In Case 2, the electrical energy, which is only 16.5% of the total, is delivered in a trapezcidal pulse
during the first millisecond of the shot, to speed up the propellant combustion. The result is an eary,
steep pressure rise, which increases the muzzle kinetic cnergy by 46%, but also overpressures the gun.

In Case 3, the propellant gas genceration rate is adjusted to restrain the maximum pressure so the gun
is not overpressured. The muzzle kinctic cnergy improvement of 27% is less than for Case 2, but still
well above Case . In this age of "designer” propellants, the gas generation rate versus time plot,

combincd with the pressure history from the simulation, can provide the guidance to the propellant

designer to construct a laycred propellant that meets the required performance specifications.




5. CONCLUSIONS

IBHVG?2 is capable of modeling a wide vancty of solid propellants of intercst to the propulsion
community with rclative ease of use. The input file is capable of specifying and activating all available
options for a simulation. Once the propellant deck is satisfactorily complete, variations in loading density,
gun dimensions, and other optimizations are automated and relatively simple to make. With the
modifications to allow the addition of parameters important in ET processes, modeling with IBHVG2 has
been extended to include ETC guns. It is hoped that experimental thrusts can be accentuated and directed
from results obtained using IBHVG2. In addition, safety in the l1aboratory may be increased by finding
overpressure situations for a specific gun fixwre.

The authors hope that this tutorial will be an aid to the new uscr of IBHVG2. Comments or

suggestions for a future version are welcome.
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APPENDIX A:
SUMMARY OF INPUT DECKS

(Updated Version of Appendix in BRL-TR-2829)

25




INTENTIONALLY LEFT BLANK.

26




A. SYNTAX RULES

Input dawa stream for IBHVG2 consists of a scries of "decks.” The start of each deck is identified by
a line starting with a "$" in the first column and followed by a four letter mnemonic. All lines of input
data between decks should in principle be closely related ballistic parameters.

Inputs are free format in that more than one can be included per line. Comments may be incorporated
by preceding thern with a "$” in any column other than the first. The formats are

variable =value
for ordinary unsubscripted variables and
variable (sub) =value|, -, value,

for subscripted vaniables, with commas and/or blanks between consecutive variable/value constructs.
Integer and real formats are legal for all numericat values. Character strings must be delimited with either
apostrophes or quotes. All keywords, to include deck cards and variabie names, must be in uppercase.

The first blank between consecutive vanable/value fields is the legal delimiter; any additional ones
are ignored. Blanks embedded in variable names, subscripts, or numeric values are illegal. Leading
blanks in character strings are squeezed out.

An omitted “(sub)” in a subscripted variable is taken to be 1. Consecutive values fill locations sub,
sub+1, sub+2, etc., while pairs of commas with nothing or blanks between them advance to the next
subscript (i.e., a subscript is skipped over). All character variables default to blank strings while numerical
variables default to either zero or a convenient value listed below. If a variable is multiply-defined, the
last input ovemides all previous ones.  All syntax errors are flagged. A list of all valid deck names

fol.ows as well as descriptions of all varniables within each deck.

IBHVG2 Version 500 scries is a conversion (0 metric units from the previous level of IBHVG2
(Version 408) which uses Imperial units of pounds. inches, feet, and psi. In Version 500 series, all
measurements of length are based on the mcter (m), all mass measurements on the kilogram (kg), and
pressurc input units are the mcga-pascal (MPa). A list of the constants used is in subroutine DATINP.
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There are a tew discrepancics. Units of pressure in the FORTR AN-coded equations use Pascals (Pa),
while the unit of choice for input is the Mega-Pascel. Thercfore, most instances of pressure during the
input phase are convertcd intemally from MPa 10 Pa without the user’'s knowledge. Three instances
remain distinct and must be recognized by any program user attempting a FIND process or outputs via
PDIS and TDIS. In these three cases, any reference to a pressure value from the $TRAJ list assumes that
pressures will be used in units of Pascals. PDIS and TDIS, as special cases for dealing with output
displays, have provision for multiplic2¢ion (MULT) or division (DIV) of the output values. The FIND
deck as an input for an intemal rearch process, has no such factor; any reference to a pressure value from
the STRAJ deck must be in Pascals.

B. Decks 1n Alphabetical Order

scoMMm

All cards between a SCOMM and the next deck card are ignored to allow the tagging of a data input

file with user comments.

SEND

This control card signifies end-of-input for the current case. IBHVG2 will then execute. Afterwards,
it will start reading the next card, if any. This is to allow the processing of other runs or for the code
itsell to generate runs intcmnally. An end-of-input condition for a user’s input deck is processed as if the
$END card was read in. A frequent mistake by novice users is to include the $END and follow it by a
blank line. The code assumes this is another run and procceds to produce errors due to insufficient

information.

$ETC

Allows introduction of clectrical 2nergy into the combustion chamber for clectrothermal-chemical
(ET(") gun simulation. This deck also allows the gas generation rate to be specified as a piecewise linear
func.ion of ime. This option overrides the calculation of the surface arcas and other features of the

chemistry.
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NPWR | number of power-time £~-i 5 (min = 2, max = 20)

TPWR time of power input (s)

PWR power at time TPWR (watts)

NBRN | numuer of gas generation rate-time pars (min = 2, max = 20)
TBRN time of gas generation (s)

BRN gas generation rate at time TBRN (kg/s)

SFIND

For inputs to a general variation-and-search ale~-ithm, utilizing function minimization techniques.
Up to six $SFIND decks may be submitted in one run anowing a variation in six dimensions. A list of
additional option variables for outputting is found at the end oi this section.

VARY | name+ of parameter including any subscript

DECK | nair: of denk containing parameter; four characters max; may
not be PARA, PDIS, FIND, PMAX, or TDIS

NTH number of deck if there are several with same name
(default = 1]

FROM | initdal value of parameter in proper units
EPS convergence criteria for the varying parameter

OUTV | name of desired output variable from run completion variables
(see end of this section)

CODE | 0 to achieve desired vaiue of OUTV variable
1 to maximize QUTYV variable

VAL desired value if CODE is 0, else ignored
MULT | multiplier for fuaction-minimizer residual (default = 1.0)
MIN minimum allowable value of VARY parameter [default = 0.0]

MAX maximum allowable value of VARY parameter {default =
1.0E+10}
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SGUN

For vanables related 10 gun-tube geometry, namely:

NAME

CHAM

CvoL
GRVE

TRAV
LENG

GL

LOPT

LDEN

NGAG
GLOC

name of gun; 28 characters max

chamber volume [m’]

groove diameter [m)
land diameter (m)

travel to shot-exit (m]

ratio of groove 10 land surface area; smooth-bore if G/L=0
{default)

rifling twist [calibers/tumn] (default = 999]

0 {default] to ignore LDEN )

1 to calculate CHAM from total charge weight and LDEN

2 1o calculate total charge weight from CHAM and LDEN;
primer and charge weights must be specified. they are scaled
proportionally to sum to required total charge weight

ratio wotal charge weight/chamber volume kg/m:‘: used when
LOPT = 1 or 2 {default = 0.2}

CAUTION: LDEN calculations are done after C. ch
may have altered charge weights) is used.

effective chamber length (in) for scaling in-chamber p..ssure
gauge locations [default = CV/bore area)

number of gauge locations (default = 0, max = 30)

gauge location array of size NGAG [m] (defaults = 0.0).
Distance is measured (+) downtube from the breech or (~) into
chambe from the initial position of the projectile base.
CAUTION: IBHVG2 will discard duplicate or ous-of-range
values and will rearrange distances in ascending order, if
necessary. This should be kept in mind when using, for
example, a 3SAVE deck—ihe position you reference may not
be the one the computer code decided upon.




SHEAT

For heat-loss-related variables, namely:

TSHL tube shell thickness for heat sink [m] [default = 0.0001016)

CSHL shell specific heat [J/&kg-K) covering a broad range of steels
{default = 460.316318)

RSHL shell matenial density [kg/m’] {default = 7861.0916)
TWAL | initial wall temperature (K] {default = 293.0)

HO free convective heat transfer coefficient for air in the tube
[W/mz-l{] {default = 11.34821852]

HL 0 to ignore heat losses in energy balance
1 (default) 1o include heat losses

SINFO

For run-related inputs, the varniables are:

DELT max integration time step (s} (dcfauli = 0.00C1])

DLPU 1 [default] for DELP in units of time [s]
2 for DELP in units of projectile travel {m)

DELP integrator logout and print step (s] or [m]; resct to DELT if DLPU = | and DELP
< DELT

SOPT 0 to suppress file storage of run output [default]

1 10 write trajectory data for each run into output file STORE for post-processing

2 to write only single-line summaries for each parametric run into file STORE;
ignored if nonparametric runs are being conducted

GRAD | 1 for Lagrange gradient (dcfault]

2 for Pidduck-Kent gradient

3 Chambrage gradicnt. Requires description of chamber gecometry in SGUN in
form of pairs of chamber diamcter DIAM versus distance from breech face
DIST with CPTS points in all

UNIT unit system for output; not implemented yet, but will be a choice between O for
St and 1 for English
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POPT print option array of size 6 (all dcfaults = 1]. Detailed descriptions given below

between the double bars:
POPT(1) | O to suppress

1 to print

POPT(2) | O to suppress trajectory print
1 to print default trajectory variablcs
2 to print user-specified STDIS variables

POPT(3) | O o suppress
1 to print IB summary

POPT(4) | O to suppress blowdown calculation

1 tube blowdown (10 include tube recoil when the recoil options is in effect, see
$SRECO) until first rarefaction wave reaches breach face

2 tube blowdown until specificd breech pressure BLRP in $INFO has been reached
(reduced printing)

3 tube blowdown as in (2) but with more detailed intermediate printing

NOTE: Analysis for POPT(4) = 2 or 3 is an extension of Con..r’s equations in

POPT(4) = 1, although this analysis is strictly valid only until rarefaction wave reaches

breech face.

POPT(S) | O to honor above print options for every run of parametric variation

1 to honor above print options for first run of parametric variation and print a single-
line summary thereafter

2 like 1, but summary print variables supplicd via $PDIS specifications

POPT(6) | is currently unused

RUN run title on output pages; 48 characters max
TITL
EPS maximum error {or integralor time-step adjustment and transition tolerances (default =
0.0002)
CONP 0 for usual non-constant pressure run [default)
1 for run with constant pressure maintained by varying the buming rate of the single
charge
2 for run with constant pressure maintained by varying the surface arca of the single
charge
PRES desired constant breech pressure (psi] when CONP option is 1 or 2

BLPR desired breech pressure for blowdown calculation with POPT(4) = 2 or 3 in $INFO

TOL error tolerance (MPa) for PRES [dcfault = 1.0)




SPARA

For parametric variations: up to four SPARA decks per run pemit a four-dimensional matrix 0 be
systematically tried. The DECK must contain a nominal value of the variable 1o be VARY'd.

VARY { name of parametric variable including any subscript

DECK | name of deck containing variable; four chars max; may not be PARA, PDIS, FIND,
PMAX, or TDIS

NTH deck number if there is more than one (default = 1)
FROM | initial value of variable

TO final value of vanable
BY increment/decrement value
$PDIS

LEach deck defines one variable to be printed in lieu of the default'sct for each line of the parametric
summary print. There can be up to 11 SPDIS decks in effect; 1 for each vaniable printed for the interior
ballistic cycle. Be sure o include the line POPT(S)s2 (print opton) in the SINFO deck. To write the
summary information to a file attached to UNIT=7, include the line SOPT=2 in the $INFO deck. ($PDIS
is similar to the $STDIS deck.) A list of additional option variables for outputting is found at the end of
this section.

SHOW | name of variable to print; four chars max

DECK | name of deck containing the desired variable; any deck may be named except PARA,
PDIS, FIND, and PMAX

NTH number of deck if more than one (default = 1]
MULT | number to multiply data value by [default = 1.0]
Dy number to divide data value by (dcfault = 1.0}

REMI 20 character remark string to identify the variable being displayed
REMK
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$SPMAX

For variation of charge weight or web to achieve a desired maximum breech pressure. If web is
vaned, grain ratios rather than grain dimensions may be the better choices in the SPROP deck concemed.
The SPROP deck must contain a nominal value of charge weight and web, even though one or the other
will be varied in the SPMAX operation. Note that a DECK="PROP’ card is not needed in a SPMAX; the
program knows that it must be varying some propellant characteristic. If you include DECK='PROP’,
the program will complain but will still do the proper things. .

VARY | variable name in a $PROP deck including any subscript
NTH number of $PROP deck [default = 1]
TRY1 first value of VARY 10 try

TRY2 second value of VARY 1o try; third and subsequent guesses are based on
interpolation. NOTE: the last two guesses from the previous run are
employed as the first two guesses in .ccond and subsequent SPARA runs

PMAX | maximum breech pressure (MPa) sought

EPS error tolerance [MPaj} for PMAX; (default = 1.0)

Loor max number of tries before quitting {dcfault = 20)

MIN minimum allowable value of VARY parameter [defauit = 0.0}
MAX maximum allowable value of VARY parameter (default = 1.0E+10]

NPMX | O (default] if PMAX rcfers to the max breech pressure cver achieved during
the run

n where n e ({1.2...5}) if PMAX refers to the NPMX-th local breech pressure

maximum achieved

$PRIM

For primer data. The “primer” is considecred completcly burned at the start of integration. For this
rcason, it is considered wise (o include only cnough primer 1o rcach sufficient pressurization to ignite the
propelling charge. Real primers arc usually modclled with IBHVG2 by simulating the function with both
a $PRIM and a $PROP deck. A typical correspondence is 10% by weight for the SPRIM and 90% as a
$PROP. Constant-pressure runs may include or exclude a primer. A primer is mandatory for conventional

simulations.
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$PROJ

NAME | name of primer, 28 characters max
TYPE

GAMA | specific heat ratio
FORC force {J/kg)

cov covolume [m*/kg)
TEMP | flame temperature (K]
CHWT | weight (kg]

CHGW

Cw

For projectile-related variables.

NAME

PRWT

COoPT

cM

SOPT

WTSP
LSP
DSP
PDcES
SABO

projectile designation; 28 characters max
projectile weight (kg)

0 {default] to ignore C/M

1 to calculate PRWT from total charge weight and CM

2 to calculate total charge weight from PRWT and C/M. primer and all charge weights
must be specificd, but they will be scaled proportionally 10 sum to the required total

charge weight

used when COPT=1 or 2 ratio of total charge weight and projectile weight {default =
1.0)

0 (default) bypass PRWT calculation based on subprojectile parameters and sabot
formula

| find PRWT based on projectile weight estimation formula of Bums

2 find PRWT based on same weight estimation formula using coefficients yielding 15%
lighter sabot

subprojectile weight (kg)

subprojectile length (m]

subprojectile diamcter (m]

max dcsign pressure (MPa] for saboted projectile
sabot weight (kg); not input—set by IBHVG2
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$PROP

Defines a main propelling charge clement IBHVG2 will recognize up to five such decks and considers
them independently (i.e., order is unimportant). The following are basic input variables most useful for
describing homogeneous, undeterred grains:

NAME name of propellant; 28 chars max
TYPE

RHO density (kg/m’)
DENS

GAMA specific heat ratio
FORC force (J/kg)

Ccov covolume [m’/kg]
TEMP flame temperature (K]
CHWT weight (kg]

CHGW

ALPHA | buming rate exponent, a

BETA buming rate coefficient, f (m/s - MPa%) [where bumning rate sfP° (m/s) where P is
mean pressurc in (MPa]

EROS erosive buming coefficient, empirical factor multiplied by projectile velocity (m/s] to
add to buming rate (default = 0.0]

GRAN granulation code chosen from 7PF (or 7P), 1PF (1P), CORD, RECT (SLAB), SPHR
FORM (BALL), SLOT, 37HX (37H), 19HX (19H), 19PF (19P), GEN, PIE (STAR), GHEX
(HEX), MONO

The following form functions have been addcd to IBHVG?2 since the User's Guid¢ (Anderson and
Fickic 1987) was publishcd.

a) Flattened ball powder grains produced from ball powder by rolling to a pancake shape with
constant thickness. The form function name ic PAN or CAKE, and the geometry is defined by
DIAM and THCK. DIAM comesponds (0 the outer diameter or maximum width. THCK
corresponds to the thickness of the rolled portion or distance between parallel planc surfaces. If
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only the original ball diameter and target thickness are known, the form function will calculate the
final disk diamcier when DIAM is the negatve of the value of the original ball diameter (DIAM
< 0). In this casc, thc computcd disk diameter is prinicd during the propellant description phase
of program output.

b) Rosette form function ROSE. The geometry is similar o that described in ARBRL-MR-03380.
The required dimensions are: perf diameter, web thickness (as WEB or as W1 and WO where WO
corresponds only (o outermost web), and length. Additionally, the number of perf rings NRNG as
described in the general hexagon form function must be specified. Layering is allowed on any or
all surfaces.

¢) General hexagon (GHEX) form function. GHEX may have a different thickness of the outer web.

Previously, all webs were equal.

FORM | PAN(CAKE)
ROSE

LY}




wi
WIN

wo
wouT

wM
WMID

DIAM
GDIA

PD
DpP
PDIA

SLOT
NSLT
NRNG

GL
LEN
GLEN

WDTH
THCK
NSUR
DEPB
SURF
IGNC

inner web for cylindrical/hcxagonal grains (m]

outer web for cylindrical/hexagonal grains [m]

middle web for cylindrical/hexagonal grains (m]

common value of all inner, middle, and outer webs (m]; also resets W1/O

grain diameter, if applicable {m]

perf diameter, if applicable {m)
{defauit = 0)

slot width in SLOT and PIE grains (m])
number of diametral slots in PIE grain 2 2

number of concentric rings of perfs around central perf in HEX and rosette grains; 2 0
{default = 2]

grain length, if applicable [m]

grain width in RECT grains {m|

grain thickness in RECT gnins {m]

number of depttvsurface pairs for GEN grain (dcfault = 1, max = 20)
depths-bumed array (m] for GEN grains: ignored if NSUR = |
surface area array [m?) for GEN grains

code specifying charge ignition:
0 to ignite at stant of integration (default)
1 to ignite at some time (s]
2 to ignite at some projcctile travel (m)
3 10 ignite at some mean pressurc [MPa)
4 1o ignite at some Z (mass (raction bumcd) of the charge described by the previous
$PROP dcck
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THRC | threshold value for ignition if IGNC > 0

IGNS | amay of size 3 specifying ignition codes for the perf, end, and lateral grain surfaces,
respectively, same codes as IGNC; ignored if IGNC > 0.0

THRS | amay of threshold values for surface ignition

PA-B | O [default] for standard treatment of charge: set automatically if grain has no perfs or if
runs has either constant-pressure option set
1 for perf-augmented buming of charge until grain fracture

DSCF | Robbins-Horst discharge coefficient in weight flux computation for perf-augmented
buming model (dcfault = 1.0]

FRAC | O [default] for no user-defined grain fracture criterion of charge with PA-B = 1. NOTE;
web bum-through tums off perf-augmented buming.

1 to specify pressure-difference grain fracture threshold for charge with PA-B = 1,
NOTE: web bum-through triggers fracture,

NFRG | number of fragments when 1PF grain fracture 2 1

THRF | absolute value of difference between chamber and perf pressures for grain fracture
{MPa}; ignored if FRAC = 0 (default = 0.0)

IBHVG2 will calculate grain dimensions if given either actual measurements, or altematively, a single
measurement combined with ratio specifications. This latter technique is quile uscful when the code is
used to optimize a charge design. For example, a CORD grain can be defined by D and L, or by L and
the ratio L/D. For a 7-perforated grain, W1 and DP too2ther with WI/O, D/DP, and L/D will completely
specify the grain geometry. The slot width of a SLOT or PIE grain will be calculated given SW/D and
D. Care must be taken to avoid over-specificd or inconsistent information since the computer program
may make arhitrary or poor decisions. IBHVG2 prints the grain dimensions prior to ballistic calculations;
experienced users of the code always scrutinize this portion of the output for any surprises.

L/D grain length/grain diameter

L/DP | grain length/perf diameter
L/PD

D/DP | grain diameter/perf diameter
D/PD




/WD grain length/grain width
WD/T grain width/grain thickness
SW/D slot width/grain diameter

w10 inner web/outer web for multiperforated grains; web eccentricity
for single perf grains (default = 1.0}

For deterred grains, further (or replacement) inputs to handle varniable thermochemistry and buming
rates are necessary. Visualize each grain having, in general, three disjoint surfaces:

Surface Description

p perf (includes the slot, if any)
E end

L lateral

Extending inward from each surface are layers 1, 2, 3, and 4 (the innermost or "core”), and any or
all of the first three may be of zero thickness (nonexistent) on one or more of the P, E, or L surfaces.
The core layer is always present and its properties, unlike those of the outer layers, are independent of
depth. As there is only one common 4th layer, L-specifications for the core override all others to prevent
conflicts. All depth-varying properties are consecutively defined at the outer surface of each layer from
the outside in so each of the following is an amray of size 4. Linear interpolation is performed by
IBHVG2 when intermediate values are required.

RHOP | density [kg/m?) on P surfaces
RHOE on E surfaces
RHOL on L surfaces
GAMP | specific heat ratio on P surfaces
GAME on E surfaces
GAML on L surfaces
FRCP force {J/kg] on P surfaces
FRCE on E surfaces
FRCL on L surfaces
COVP covolume [m3/kg] on P surfaces
COVE on E surfaces
COvL on L surfaces
TMPP flame temperature (K] on P surfaces
TMPE on E surfaces
TMPL on L surfaces
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Array of size 3 specify the transition depths {m] between the first and second, the second and third,
and the third and fourth layers, respectively, for each surface (measuring from the surface).

DEPP transition depths on P surfaccs

DEPE on E surfaces

DEPL on L surfaces
[defaults = 0.0)

Transition depths will be calculated by IBHVG2 if positive ratios specifying transition depths as
fractions of surface-to-surface distance are input. Arrays of size 3 store the ratios [the default for alt
values is 0.0).

DP/S ratios of transition depths on P surfaces to WI; used for perforated grains only

DE/S | ratios of transition depths on E surfaces to:
* min(GL,WDTH) for RECT
» GL for perforated and CORD gnrains

DL/S | ratios of transition depths on L surfaces to:
° D for CORD and SPHR grains

* THCK for RECT grains

* WI for perforated grains

FP/L | ratios of DP/S to DL/S; DP/S values will be found given FP/L and DL/S; useful
for defining a rclation between transition depths on P and L surfaces

Finally, buming rate for the outer surface of each layer may be incorporated via several altemative
methods. It should be noted that interpolation is linear for depths and betas, but logarithmic for alphas
and tables of pressure versus buming rates.

NTBL | method of specifying bumning rate inputs ... absolute value is number of table entries on
every surface layer; range of valucs: =10 to +10
< 0 to specify betas and alphas as tabular functions of mean pressure (MPa), NTBL
triples 1n all
= 0 to define one beta/alpha pair (dcfault|
> 0 to specify buming ratcs (m/s] as tabular functions of mean pressure (MPa], NTBL
pairs in all. NOTE: if NTBL = I, burning rate is constant so corresponding
pressure value, if any, is ignored.

PRIL pressures {MPa) on outside of layer 1, L surface.
PR2L, PR3L, PR4L, PRIE, PR2E, PR3E, PR4E, PRIP, PR2P, PR3P, PR4P are defined
similarly.

42




BRIL buming rates (m/s] on outside of layer 1, L surface. BR2L, BR3L, BR4L, BRIE,
BR2E, BR3E, BR4E, BR1P, BR2P, BR3P, BR4P are defined similarly.

CFIL buming rate coef‘icients (betas) on outside of layer 1, L surface. CF2L, CF3L, CFAL,
CF1P, CF2P, CF3P, CF4P are defined similarly

EXIL tuming rate exponents (alphas) on outside ot layer 1, L surface. EX2L, EX3L, EX4L,
EX1E, EX2E, EX3E, EX4E, EX1P, EX2P, EX3P, EX4P are defined similariy

$ReCO

For re.oil data. [n the model currently available, the gun tube frecly recoils under the influence of
breech pressure less rcsistance pressure.  This option has rot been fully tested and should not be
considered reliable.

RECO 0 for fixed wbe, no recoil [default}
1 to employ recoil option

RCWT | weight (xg) of tuhe and recoiling parts

NAME | name of recoil system; 28 cl.aracters max
TYPE

$RESI

This precedes .esistance pressure inputs. The variables are:

number of travel/pressure pairs (min = 0, max = 20}
projectile travel amay of size 20 (m]
resistance pressure array of size 20 [MPa)

0 10 suppress adding in air resistance
1 to include air rusistance (default]

fraction of work done to overcome barrel resis'ance which is uscd

{0 pre-heat t 'be wall, 0.0 S HTFR < 1.0 {default = 0.0]




A factor to allow t~. b r istance profile to be raised or lowered duning an iterative searching

process can be specificd. Tue factor works in conjunction with SFIND or SPARA.

FACT factor by which the resistances (in MPa) will be multiplied (default = 1.0)

RFPT point in the PRES ana, w.ere factoring will begin; factor will be applied
to all subsequent points fdefault = 3]

$SAVE

Actually, not a deck card. but a control card. If it is the first card in a run after an SEND card, the

values of all input variables are retained, so that succeeding decks nced only update selected variables.
If an SEND card is not followed by a $SAVE card, all input variables must be reinitialized.

$TDiS

Each deck defines one variable (o be printed in licu of the defauit set for each line of the trajectory

print. There can be up to 11 $TDIS decks in effect—one for each variable printed for the interior ballistic

cycle. Be sure to include the line POPT(2)=2 (print option) in the $INFO deck. To write the trajectory
information to a file attached to UNIT=7, include the line SOPT=2 in the $INFO deck. ($TDIS is similar
to the $PDIS dcck). The list of option variables available for use is found at the end of this section,

SHOW
MULT
DIv

REMI
REMK

name of variable to print from deck TRAJ; four characters max
number to multiply data value by [default = 1.0)
number to divide data value by [default = 1.0}

20 character remark string to identify the vanable being
displayed

Trajectory Variables

Below is a list of keyword variables which can be used in conjunction with the $TDIS, SFIND, and
$PDIS decks to reference quantities other than the defauit sct. To use them with $PDIS and $FIND, one
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must include the line DECK="TRAJ’; a reference within $TDIS assumes the keyword will come from the
following list. Test cases 3 demonstrates the use of $TDIS to change the trajectory display printed during
the ballistic cycle.

MEAN mean gas pressure in chamber (Pa]

PRFP ammay of size S of mean gas pressure in perfs (Pa) of each charge; equal to
mean if no perf-augmented buming in that charge at current time step

GAGE array of size 30 of gauge pressure (Pa]
BRCH breech pressure (Pa)

BASE pressure at projectile base (Pa)

PDOT d(mean chamber pressurc)/dt [Pa/s]

PDTP amray of size S of d(mean perf pressure)/dt [Pa/s], one for each charge

TBAR mean gas temperature in chamber (K]

PRFT array of size S of mean gas temperature in perfs [K] of each charge; equal
to TBAR if no perf-augmented buming in that charge at current time step

FRCR bore-friction resistance pressure {Pa)

AIRR air resistance pressure (Paj

TOTR sum of FRCR and AIRR

TWAL temperature of tube wall shell (K]

WTB array of size 5 of weight bumed of each charge [kg); reference by
subscript

WTBR amay of size S of weight-buming rate of each charge (kg/s}; reference by
subscript

WTBT total weight of gas in chamber (kg)

PREJ projectile translational kinetic energy (J]

PRJ% PRJE * 100 / TOTE

PRPE propellant and gas kinetic energy (J]

PRP% PRPE * 100 / TOTE

ROTE projectile rotational kinetic cnergy (J]

ROT% ROTE * 100 / TOTE
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FRTE
FRT%

FRE%
DRGE
DRG%
RECE
REC%

HET%
LOSE

LOS%
TOTE

EDOT
GASE
GAS%
SRF

SRFT
TIME
TRAV
VEL
ACCL

DB-P

| barrel-frictionsl work to tube [J]

FRCE * 100 / TOTE

barrel-frictional work not absorbed as heat to the tube wall (J]
FREE * 100 / TOTE

work done against air in barrel (J)

DRGE * 100 / TOTE

kinetic energy of recoiling tube (J]

RECE * 100 / TOTE

energy lost as hea¢ convected 10 wbe wall (J]
HETE * 100 / TOTE

sum of all energy losses [J]

LOSE * 100 / TOTE

total chemical energy released by combustion {J)
d(TOTEYdt (J/s)

intemal energy of gas (J), i.e., TOTE - LOSE
GASE * 100/ TOTE

array of size 5 of buming-surface area of cach charge (m?); reference by
subscript

total surface area of all ignited chzrges {m°}

time [s]

projectile displacement from initial position {m]

ground-based projectile velocity (m/s)

projectile acceleration {G's)

array of size S of charge weight fractions bumed; reference by subscript

amay of sizc S of depth bumed into P surface of each charge (m);
reference by subscript

same as above for E surfaces
same as above for L surfaces

same as above for F (fracturc) surfaces

ammay of size 5 of buming rate on P surface of each charge (m/s); reference
by subscript




BR-E same as above for E surfaces

BR-L same as above for L surfaces

BR-F same as above for F (fracture) surfaces
EPWR | electrical power (walls)

EENE clectrical energy integrated from t=0 {J)
XBRN | gas generation rate (kg/s) '

RUN COMPLETION VARIABLES

These are output variables defined after a complete IBHVG2 run. Typically they represent some
global extrema which can only be ascertained at the conclusion of ballistic computation. For example,
a maximum pressure is determined after shot ejection, while there could be several local maxima during
the pressure history. The variables may be referenced by name using $PDIS (with DECK="OUT") or by
$FIND as the value inserted for OUTV.

PMAX | max breech pressure (MPa])

HUMP | amay of size 5 of local breech pressure maxima [MPa]
GCMAX | amay of sizc 30 of gauge pressure maxima {MPa)
VMUZ | muzzle velocity (m/s)

AMAX | max acccleration (g’s]

BMAX | max base pressure {MPa]

X@BO | armay of size 5 of projectile position (m) at charge bumnouts: reference by
subscript

PMUZ base pressure at shot exit ([MPa]

ZMUZ | array of size § of charge weight fractions bumned at shot exit; reference by
subscript

IMPL final impulse (momentum (N-s))
LDEN | calculated loading density fkg/m?)
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INTENTIONALLY LEFT BLANK.
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APPENDIX B:
SAMPLE CASES
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B.1. SAMPLE CASE 1

This is a simplified version of IBHVG2 Benchmark test case 6. The simplifications are the removal
of the SPMAX and $SPARA decks, and combination of the two propellant decks into a single, 8-kg
load. )

While the input is basically the same, the output is not. The $TDIS decks direct the display of three
new variables: the clectric power, the integrated electric energy, and the propellant gas generation rate.
The first two of these are 0 in this case. The third shows the gas generation rate as & function of time.

This case is a baseline against which the other two cases should be compared. The breech pressure
traces for all three cases are shown in Figure 10 on page 20.

The input deck:

sCoOMM
SIMPLIFIED IBHVGC2 BENCHKMAAK TEST CASE &

$INFO
RUN

41204 T6 WITHOUT PRESSURE CONSTRAINT’ OZLT =~ 5¢~6 DOCLLP = SC~5

GRAD = 2 POPT - 1,2,1,0,2 $OPT = 0
tPs - 0.00:

SHEAT
TSHL = 0.000114) CSHL « 460.3163106 RSHL = 7861.0916
TWAL « 293 HO e 11.348210 HL =1

SCUN
HANME = ° 120MM GUN TEST CASL’ CHAM = 9.009946948 CGRVE = 0.1199896
LAND « 0.1199096 G/L = 1. TRAV = 4.732594
TWHST « 99

$PROJ
NAME = ‘APFSUS’ PRWT = 7,09072

$COMM

‘POIS’ VALULS USED WITH PARAMETRIC PRINT OPTION POPT(S)e2

$PDIS

SHOM=’ PMAX’ DECKe’QUT’ DIV=$6894.757

sP018

SHOWe’ CHWT’ DECKe’PROP’ NTHe2 DIVe0.45359237

$POIS

SHOW»’DIAM’ DECKe’PROP’ NTHe2? 01Ve0.0254

$PDIS

SHOWe’ PO’ DECK=’PROP’ NTHe2 DIve0.0254

SPOIS

SHOW='WEB’ DECK=’'PROP’ NTH=? 01ve0.025%4

3POIS

SHOMW=' VMUZ’ DECK<‘OUT’ DJV=0,30486

$POILS

SHOW=' ZMUZ (2)’ DECK='OUT’

$POIS

SHOWe’ LDEN’ DECK=’OUT/
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SRES!

NPTS = 4 AIR = 1
TRAV = 9, 0.02032. 0.0762, 4.7498
PRES = 0.6894757, 17.2368925, 0.6894757, 0.6094737
$TDIS
SHOW="TIME’
$TDIS
SKOW=’TRAV’ DIVe.0254 REMK=’'INCHES’
$TD1IS
SHOW='VEL’ MULT=3.20083)) RIMK='FT/8’
$TDIS
SHOW=’ ACCL’ REMX~’GRAVITIES’
$TDIS
SHOM='BACH’ DIV=6894.737 ADMR=’PS1’
STOIS
SHON=’ WTAN'’ DIVe6894.757 RDMEK=~'PSI’
$TOIS
SHOW~' BASE’ OIV=6894.737 ROMKe’PS1’
$TD18
SHOW="LPWR’ ADMK~’'WATTS CLECTRIC’
$TDIS
SHOW='TENT’ ADIK=’ JOULLS CLECTRIC/
$TDIS
SHOW=’ 2 (1)
$T018
SHOWe' XBRM’ REDMX=’BURN RATL’
SALCO
NAME = ' NONE’ RECO = O RCWT = O
SPRIM
NAME = ‘' BENITE’ CHWY = 0.001573966
GAMA = 1.2§ FORC = €135176.737%
cov = 0.001002019 TDW - 2000
SPROP
HNE = 'JA2 TP’ CHWT - 0.0 GRAN = ‘TPT7’
AHO = 1306.611868 GNWA - 1.22%7 FORC = 1142277.932
cov : 0.00099277¢ TD® = 3400 TROS = 0.0000000
NTBLe
PRAL= 11.709514, 27.579028, 68.94757, 172.36092%
SRéL= 0.02667, 0.030600, 0.074422, 0.16662¢
LEN = 0.0163322 DIAM = 0.010660 PD = 0.000%500
WI = 0.0019304 WO - 0.001879¢
$IND

Produced the following output:
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B.2. SAMPLE CASE 2

This case differs from sample case 1 by the addition of 1 kJ of electric energy per gram of JA2
propellant. For 8 kg of JA2, that means 8 MJ of clectrical encrgy.

This energy is (arbitrarily) delivered by means of a trapezoidal pulse in approximately | ms. The
precise details are shown in the SETC deck below. The trapezoid rises linearly in the first 100 ps, remains
flat for 900 ps, and then drops lincarly in a final 100 us. The two triangular rising and falling scgments
may be combined geometrically to show that the net result is a 1-ms pulse.

This carly delivery of energy causes the JA2 to reach higher pressures than it was originally designed
for, increasing the bum rate and therefore substantially increasing the peak pressure and decreasing the
time required to reach it.

The input deck:

$CoMmM
SIMPLIFILD IBHVG2 BENCHMARK TEST CASE €
WITH A 1 MS FLAT ELECTRIC PULSL
CONTAINING A TOTAL OF 1KJ ELECTRIC PER GRAM OF PROPLLLANT

$INFO
RUN = 7120MM T6¢ IX‘I’H 1 KJ/G ELECTRIC! DELT « 5C-5 OCLP ~ SC-5
GRAD = 2 POPT = 1,2,1,0,2 SOPT » O
cPs = 0.05
$nCAT
TSHL = 0.0001142 CSHL = 460.316)186 RSHL - 7861.0916
TWAL = 293 HO - 11.340218 HL =1
$CUN
NAME = /120MM GUN TEST CASE’ CHAM o 0.009946948 GCRVE « >.1199896
LAND « 0.119989¢ C/L =1, TRAV = 4.752%94
THST = 99

$PROJ
NAME = ‘APFS0S’ PRWT = 7.09872

SCoM
‘PDIS’ VALULS USED WITH PARAMETRIC PRINT OPTION POPT(S) =2

$PDIS
SHOW=' PMAX’ DECK«’OUT’ DIVe§8%4.757
seo1s
SHOW=' CHWT’ DECK=’PROP’ NTHe2 D1Ve0.45359237
$PD1S
SHOMW='DIAM’ OLCKe’PROP’ NTHe2 DIV=0.02%4
$PD1IS
SHOW=’ PO’ DECKe’PROP’ NTHe2 DIV=0.,0254
$PD1S
SHOWa’ WEB’ DECKe’PROP’ NTH=2 DIV=0.02%4
seD1s
SHOWe=’ VMUZ’ DECK=’OQUT’ D1Ve0.3048
SPDIS
SHOWe’ 2MU2 (2)’ DECK=’OUT’
SFD1S
SHOWe’ LDEN’ DECKe’OUT’
SRESI
NPTS = 4 AIR = 1
TRAV = 0, 0.02032, 0.0762, 4.7498
PRES - 0.6094757, 17.2368925, 0.6834757, 0,60947%7
$TOIS -
SHOW=’ TIME’
$TDIS

SHOWe’ TRAV’ DIVe,0254 REMKe’ INCHES’
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$TDIS
$TOIS
$TDIS
$TDIS
3$T0IS
$TDIS
$T0IS
STDIS
$TDIS

SRECO

SPRIM

$PROP

$SCOMM

SETC

SEND

SHOW=’ VEL’ MULT«3.2008333 REMK~’FT/8‘
SHOWe’ ACCL’ REMKe’GRAVITIES’
SHOW='BRCH’ DOIV=6894.757 REMXe’PS1’
SHOW=' MEAN’ DIV=6894.757 REMK=’'PSI’
SHOW=’ BASE’ DIV=6094.757 REMK~’PSI’
SHOW='EPWR’ REMK=’WATTS CLICTRIC’
SHOW='LONE’ ROMK=’'JOULES ELECTRIC’
SHOMNe’ Z (1)

SHOW=’ XBRN’ REMK~’BURN RATL’

NAME = ‘NONL’ RECO = O RCWT = 0

NAME - ’BENITE’ CHWT ~ 0.001573966
GAMA = 1.25 FORC « 6€35176.737%
cov - 0.001083819 TEMP - 2000

NAME = ‘JA2 7P’ CHWT = 8.0 GRAN « ’'7PF’

RHO = 1506.611068 GAMA - 1.225" FORC = 1142277.932
cov - 0.000992778 TEMP - 3400 EROS = 0.0000000
NTBL=4

PR4L= 13.709%14, 27.579028, 60.947%7, 172.168925

BR4Le 0.02667, 0.038608, 0.074422, 0.166624

LEN = 0.0163322 DIAM « 0.010668 20 = 0.000508
Wl = 0.0019304 w = 0.001879¢

DEFINE A TRAPEZ0IDAL ELECTRIC POWER PULSL
8 GIGAWATTS FOR 1 MILLISECOND,
WITH L00 MICROSECOND LINEZAR RAMPS UP AND DOWN.

NPWR « 4
PWR «0.0, 8r9, 8Ly, 0.0
TPWR=0.000,0.0001,0.001,0.0011

Produced the following ouspus:
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B.3. SAMPLE CASE 3

Here, sample case 2 has been modified with the adcition of propellant bum rate control. The bum
rate has been adjusted to produce a constant-breech-pressure case. The gas generation rate table appears
in the SETC deck below, after the electrical power input deck.

The table was constructed incrementally, by performing a series of runs, and adjusting each data point,
working from left to right, to smooth out the pressure-versus-time trace. Note that this could not have
been dore with a model which assumes bum rate is a function of pressure alone. Over the long, flat
region, the gas generation rate varies from 800 to 4,000 kg/s, cven though the mean pressure, on which
it "depends,” remains nearly constant.

The ‘nput geck:

sCOMY
SIMPLIFIED IBHVG2 BENCIDIRK TEST CASEC 6
WITH S 1 M8 FLAT LLECTRIC PULSE
CONTAIN'NG A TOTAL OF 1KJ ELECTRIC PER GRAM OF PROPELLANT
PROPLLLANT SURN SATZ TAILORLD FOR TFLAT PRESSURL PULSE

$INFO
PUN o 'T6, . XJ/G ELECTRIC, DESIGNER BURN RATC’ OCLT e S€-6 DELP = SL-3

“RAD * 2 POPT = 1,2,1,0,2 30PT = O
EPs - 0.001
SHEAT
TSHL e 0.000114) CBHL = 460.3143186 RSHUL « 7861.0916
TWAL < 29) HO - 11.,3482180 HL =1
SCUN
NAMT = ‘1200 GUN TLST CASP/ CHAM = 0.0099469048 GRVE = 0.119989¢
LAMD = 0..1996% G/L e 1. TRAV = 4.782594
THST < 99
S$FROJ

com NAME = ’'APFSDS’ PAWT « 7.0987:2
"POIS’ VALU.S USLD WITH PARAMEARIC PRINT OFTION POPT($)=2

SPUIS
CHOWe’{ AN’ DfCK=’OUT’ DIV=6894.757
$P0°'s
3hOWe’ CHWT’ DECKe’PROP’ NTH=Z CIV*0.451592137
$PO1LS
SHOW=' J'AM’' DECK<’'PROP’ NTH=2 0[v=0.02%4
L1028
SHOWS’ PD’ DLCK<'/PROP’ NTH=-2 21Ve0.025%4
sp0Is
SHUWe’ WEB’' DECK=’DROP! NTH=2 Dlve. 0254
$P0IS
340W-’ VMUZ’ SCCK='OUT’ DIVeD,)048
$P018
YHO ler &' (2)' DETKe’ OUT!
SPUIAN
SHOWs=’ LDELN’ DECK~'OUT’
SALS]
NPTS = d AIR e |
TRAAY ~ 0, 0.02032, 0,0762, 4.749

[}
PRES - 0.6094737, 17.2268925, 0.6094757, L.609047%7




STDIS

SHOWe’ TIME'
$TDIS

SHOW=’TRAV! DIVe.02%4 REMKe’ INCHES'
$TDIS

SHOW=’ VEL’ MULT=3.2808333 REMK~’fT/8’

SHOW=’ ACCL’ REMK~’'GRAVITIES’
SHON=’BRCH’ DIVe6094.757 REMKe’PSI’

$TDIS
STDIS

$TDIS

SHOM= MLAN DIVe6894.757 ADMK='PS1’
$TDIS

SHOM=’ BASE’ DIV=6894.757 RDMK~='P8L’
$TDIS

SHOW=’EPWR’ REMX=’WATTS ELECTRIC’
sT01S

SHOWe/EONE’ RIDMKe’ JOULLS ELECTRIC’
$TDIS

SHOW=’2 (1)’

SHOMe’ XBRN’ REMKXe‘BURN RATL’

$TDIS

SRECO
NAME = “NONC’ RECO » O RCWT « O

$PRIM
NAME = ’BENITE’ CHWT
GAMA = 1.25 FORC « 613176.737%
CoV - 0.001083819 TR - 2000

0.001573966

SPROP
NAME o “JA2 7e¢ CYNT « 0.) GRAN = ’lpr’
RHO =« 1586.€11868 CAMA » 1.2257 FORC = 1142277.932
COY « 0.000972778 1D - 3400 EROS = 0.0000000
NTBL=4
PREL= 13.709514¢, 27.179020, 6€0.94757, 172.360925
BR4L= 0.02667, 0.038600, 0.074422, 0.166624
LEN = 0.0163322 DIAM = 0.010660 PD = 0.000508
Wl = 0,0019304 w0 = 0.001879¢

SCOMeY
OEFINE A TRAPEZOIDAL ELECTRIC POWER PULSE
100 MEGAWATIS FOR | MILLISECOND,
WITH 100 MICROSECOND LINLAR RAMPS UP AND DOWN,
SETC
NPWR « 4
PWR 0.0, 8€9, B8E9, 0.0
nn—g.ooo.o.ooox,o.oox.o.oon
NBRN=-
TBRN=0,000,0.0001,0.000%,0.001,0.0015, 0.002,0.0028, 0.003, 0.004
$ANe 10.0, €0.0, 200.0,500.0,1750.0,2%00.0,3000.0,4500.0, 3000.0
SEND

Produced the following ouipus:
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B4. S §.ECASE4

The physics of this case is identical with that of sample case 3. Changes have been made in the
$TDIS decks to display the trajectory data in English units. The purpose is to illustrate the flexibility of
the output. The user is free to choose the units of his choice.

This facility is provided through three parameters: MULT, DIV, and REMK. The MULT and DIV
parameters are constants by which the metric variable is multiplied or divided before being printed in the
trajectory. The REMK is a 20-character field which is printed at the top of each page next 10 the column
number of the variable being displayed in the trajectory. This, plus the 12-character name of the variabie,
provides enougl: space to document on each page the actual units in which the variable is being printed.
It is of course, the responsibility of the user to insure that the factor is consistent with the claimed

conversion!

The input deck:

scomMM

SIMPLIFIED ISHVG2Z BENCHMARK TEST CASL 6
MITH A 1 MS FLAT ELECTRIC PULSE
CONTAINING A TOTAL OF 1KJ ELECTRIC PER GRAM OF PROPELLANT

PROPLLLANT BURN RATE TAILORED FOR FLAT PRESSURE PULSE

TRAJECTORY DATA CONVERTED TO ENGLISH UNITS

SINFO
RUN =
CRAD =
EPS
SHEAT
TSHL =
TWAL -

NAME »
LAND -
TWST =

SGUN

$PROJ
NAME ~
SRES]

NPTS ~ 4

TRAV -
PRES -
$TODIS
SHOW='TIML’/
STDIS
SHOWe’ TRAV/
$TO0IS
SHOWe=’ VEL’
STOIS
SHOWe’ ACCL'’
STOD!S
SHOW=’ QRCH'
$TDIS
SHOW=’ MCAN’
$TO1S
SHOW=’ BASE’
$TD1S
SHOWs'’ tPWR’

'T6, 1 XJ/GC ELECTRIC,
2
0.001

OLSICNER BURN RATE’
eoPT - 1,2,1,0,2 SOPT + O

0.0001143
293

CSHL = 460.3163186 RSHL < 7861.0916
HO = 11.348218 HL =1

'120MM GUN TEST CASE’ CHAM = 0.009946948

3.119989¢ /L = 1. TRAV = 4.752594

99

* APFSDS’ PR¥T = 7,09872
AR - 1

0.02032, 0.0762, 4.7490
17.2366925, 0.60894757, 0.66947%7

0,
0.6094757,
REMKe’ MILLISECONDS’

DIVe0.0254 REMKe*INCHLS'
MULT®}.2008333 REMKe’FT/S’
DIVe9.8067 REMKe’GRAVITIES’
DIVe6894.7%7 REMKe’PRESSURE,PSI’
DIVe6894.757 REMKe’'PRESSURE, PSI’
D1V=6894.757 RLMKe=’PRZISURE, P31’

DIV=746.0 REMK=’'HORSZPOWER, ELECTRIC’

83

OELT = SE-6 OELP = S5E-5

GRVE = 0.119989%¢6



STDIS

SHOW=’EENE’ MULT=1.156 REMKe’FOOT-POUNDS ELECTRIC’

STDIS
SHOW=’ 2 (1)’
STDIS
SHOW='XBRN* DIV=0.0254 RLMK~‘BURN RATE (IN/SEC)‘
SRECO
NAME=’ NONE’ RECO =~ 0 RCWT = 0
$PRIM
HAME = ‘BENITE’ CHWT = 0.001573966
GAMA = 1.25 FORC = 635176.727%
CoV = 0.001083819 TEMP < 2000
$TDIS
1018 SHON=' BASE’ DIVe6894.757 RDMX=’PSI’
1
SHOW=’ EPWR’ REMKXe’MATTR CLECTRIC’
STDIS
SHOWe!CENE’ REMKe’ JOULES ELECTRIC’
$TD1S
SHONWa’ 2 (1)’
$TD1S
SHOMW=’ XBRN’ REMX=’BURN RATE’
SRECO
NAMI = ‘NONE’ RECO = O RCWT = 0
SSPRIM
NAME « 'BENITE’ CHWT = 0.001573966
GAMA = 1.25 FORC = 635176.737S
cov = 0.0010083019 TEMP < 2000
SFROP .
NNE = ‘JA2 TP’ CHWT = 8.0 GRAN = ’7pf’
RHO = 1586.611868 GAMA = 1.22%7 FORC = 1142277.932
CoV = 0.0009927789 TDO® = 3400 EROS = 0.0000000
NTBL=4
PRAL~ 13.789514, 27.579028, €8.947%7, 172.316892%
BR4L~- 0.02667, 0.030608, 0.074422, 0.166624
LEN = 0.0163322 DIAM ~ 0.010669 (4] - 0.000508
(1] 4 = 0.0019304 W = 0.001079¢6
SCOMM
DEFINE A TRAPLZOIDAL ELECTRIC POWER PULSL
100 MECAWATTS FOR 1| MILLISECOND,
WITH 100 HMICROSECOND LINCAR RAMPS UP AND DOWN.
SETC
NPWR = ¢
PWR =0.0, og9, 8E9, 0.0
TPWR=0,000,0.0001,0.001,0.00112
NBRN=9
T8RN=0.000,0.0001,0.0008,0.0031,0.0015, 0.002,0.0028, 0.003, 0.004
8RNe 10.0, 60.0, 200.0,500.0,1750.0,2500.0,3000.0,4500.0, $000.0
SEND
Produced the following ouspus:
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