
AD-?171 84 NUMERICAL SIMULATION OF CURRENT ARTILLERY CHARGES USING III
THE TDNOVA CODE(U) DOUGH (PRUL) ASSOCIRTES INC
PORTSMOUTH NH P S GOUGH JUN 86 BRL-CR-555

UNCLIFIED DRRKIeI- 93C-51 F/ 1S/4 L

Ehhhh mmommhmhhlE lllllEEEllllE
A//////ElilEEI,
ElllEEEEElli
lllllEEE~llllI



jjjjj ~i. ~g** 14

125I III II ~ jfi6

MICROCOPY RESOLUTION TEST CHART 
4

kA00A SUREAU o1 STANOAfOS , 96 -A

a-~~ V -*'.0-

111112 ...
4- * .

MIROOP RSOUIO TSTCHR

NA60ALBRA O T~dA0 16



AD-A 171 084
InD

US ARMY
MATERIEL
COMMAND

CONTRACT REPORT BRL-CR-555

NUMERICAL SIMULATION OF CURRENT
ARTILLERY CHARGES USING

THE TDNOVA CODE
i~

Paul Gough Associates, Inc.
P.O. Box 1614

Portsmouth, NH 03801

DTICD

S June 1986 AUG 21 i8

US ARMY BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND

,'.,. -

,86 8 21 0O 7 ;''



UNCIASSIF lED
SECURITY CLASSIFICATION OF THIS PAGE rlilen Date Entered)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

I. REPORT NUMBER j2. GOVT ACCESSION NO .1 ECIPIENT'S CATALOG NUMBER

Contract Report BRL-CR-555 AD /

4. TITLE (amd Subtitle) TYPE OF REPORT & PERIOD COVERED

Numerical Simulation of Current Artillery Final Report
Charges Using the TDNOVA Code July 1983 - July 1985

. PERFORMING ORG. REPORT NLMBER

7. AUTHOR(e) 1. CONTRACT OR GRANT NUMBER(s)

Paul S. Gough
DAAK1 1-83-C-0051

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10, PROGRAM ELEMENT. PROJECT. TASK
AREA & WORK UNIT NUMBER '

Paul Gough Assoc., Inc.
P.O. Box 1614 IL161102AH43

Portsmouth, NH 03801
I1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

US Army Ballistic Research Laboratory June 1986

ATTN: SLCBR-DD-T 13. NUMBER OF PAGEf

Aberdeen Proving Ground, MD 21005-5066 253

14. MONITORING AGENCY NAME & ADDRESS(If different from Controlflin Office) 15 SECURITY CLASS. (of th~e report)

U.S. Army Ballistic Research Laboratory Unclassified
ATTN: SLCBR-IB

Aberdeen Proving Ground, MD 21005-5066 1s. DECLASIFICATION DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of t.le Report) %

Approved for public release; Distribution Unlimited.

I-

17, DISTRIBUTION STATEMENT (of the abetracl entered in Block 20, II diflerent from Report)

16. SUPPLEMENTARY NOTES .

I

1t. KEY WORDS (Continue on reveree side It neceseary aid Identify by block number)

Interior Ballistics

Computer Code

Numerical Simulations

20. A5T8RACT rCowue m rover" afdb F nct eary and id lly by block number) %

The TDNOJA Code provides a digital simulation of the interior ballistics of ,

gun propelling charges. The code is based on a numerical sohltion of the

two-dimensional balance equations for the macroscopic or average properties
of a heterogeneous two-phase flow with embedded discontinuilties of porosity.

Multi-increment charges may be simulated and 1ndividiial increment. may con-

sist of granular or stick propellant. When perforated sticks are considered,

the code distinguishes between the processes in the interstices and the

D FoP~M173 EWTIOM OF |I NOV65 IS OBSOLETE LNCLASS IFlED
DDI JAN 713 UCA~F

SECURI'y Ct.ASSiIrhTAIOW OF THIS PA.E P1en late Fnrered)

* , " b ,,, ..._ , ' ,,. -i ' : ;. . ~rl:.: .ii /.P .¢ ... . ?. P. P . .% P ' -& n-



UNCLASSIFIED

SECURITY CLASSIFICATION OP THIS PAGE(Wam Dte Bnon~e.K

pertorations. the containers of the individual increments are modeled as
attributes of the boundaries of the increments. The container attributes
include thickness, resistance to normal penetration by the gas, and reactivity
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here. We demonstrate the applicability of the revised code to the 1203,
M203E2, and XH216 Propelling Charges for the 155-im Howitzer. The M203 Charge
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1.0 nrmc mM

The TItlOVA code provides a simulation of interior ballistic phenomena
in Suns. Interest is focussed on flmespreading through the charge and the
development of pressure waves within the gun chamber. The code is designed
to address the manner in which these phenomena are influenced by such de-
tails of design as the distribution of the igniter elements, the distribu-
tion of ullage, and the permeability, reactivity and strength of the
containers used to package each of the charge increments. The model is
based on a numerical solution of the governing equations for the macroscopic
equations of two-phase heterogeneous flow with embedded discontinuities.
The code is intended to be broadly applicable to gun propelling charges in
generals however, medium caliber artillery charges have been of special
interest.

he principal objective of this report is to demonstrate the applica-
tion of TIJOVA to a number of artillery charges of current interest. We
discuss the representation of each of the charges by TDNOVA, the degree to
which the simulation is affected by the numerical solution technique, and
the sensitivity of the solutions to certain aspects of the packaging of the
charge. .

A second objective of this report is to document the code revisions
which were incorporated during the course of the present contract. We do
not provide herein a complete description of TIROVA. The mathematical basis
and the method of solution have been described previously in detail.
However, for the sake of completeness we do describe the physical content of
the model and the general manner of representation of each of the charge
components.

A third objective is to describe work which has been performed in con-
nection with algorithm developments which are intended to support future
extensions to the scope of applicability of the code.

he 7ThOVA code is described, in its present form, in Chapter 2.0 which
also documents all the revisions incorporated in the present contract. The
discussion of Chapter 2.0 is supported by Appendix A. In Chapters 3.0
through 7.0 we present numerical solutions for a variety of problems. In
Chapter 8.0 we discuss the topic of ongoing algorithm development and
provide a numerical solution for an idealized interior ballistic problem.

The balance of this introduction consists of two sections. In Section
1.1 we provide some discussion of background information. In Section 1.2 we
outline the scope of the present investigation.

' t

' 1



1.1 Background Information

The literature which documents the relationship between the occurrence
of pressure oscillations in the gun chamber and ignition anomalies of a
potentially dangerous nature has been reviewed by Budka and KnaptonI and,
more recently, by May and Horst. 2  The influence of annular ullage, or
spaces between the charge sidewalls and the tube, had been observed at an
early date by Kent. 3  The influence of axial ullage. or spaces between the
ends of the charge and the breechface or projectile base, and the influence
of the location of the ignition stimulus were studied by Heddon and Nance.

4

The importance of the distribution of ullage and the location of the igniter
stimulus in respect to the development of pressure oscillations is connected
with the phenomenon of flow resistance. Flow resistance, or impermeability
of the propelling charge, prevents locally produced igniter or combustion
gases from penetrating the bed and therefore promotes the development of
pressure gradients during flmespreading. Flow impediments can also arise
from the presence of the bag or other container material used to package the
charge initially. The properties of the container are surprisingly signi-
ficant in respect to the occurrence of ignition anomalies. May and Horst
describe an incident in which the substItution of an alternative cloth for a
155-m charge resulted in a breechblow.

The NOVA code, most recently described in Reference 5, was one of
several one-dimensional, two-phase interior ballistic codes developed for
the purpose of studying ignition-induced pressure waves. It was shown to
predict well the influence of axial ullage and the location of the ignition
------------------------------------------------------------------------

1 Budka, A.I. and Knapton, J.D.
* 'Pressure Wave Generation in Gun Systems - A Survey'

*Ballistic Research Laboratory Memorandum Report 2567
(AD B008893L) 1975

2 May, I.W. and Horst, A.W.

'Charge Design and Pressure Waves in Guns"
Progress in Astronautics and Aeronautics. Vol. 68,
Interior Ballistics of Guns, edited by H. [rier and M. Suamerfield 1979

Kent, R.H.
'Study of Ignition of 155-mm Gun'
Ballistic Research Laboratory Report 22 (AD 494703) 1935

4 Heddon, S.E. and Nance, G.A.
"An Experimental Study of Pressure Waves in Gun Chambers'
Naval Proving Ground Report 1534 1957

5 Gough, P.S.
'The NOVA Code: A User's Manual'
Naval Ordnance Station Contract Report IHCR 80-8 1980

2
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stimulus. 6 , 7 Further analytical studies, 8 9 based on a quasi-two-dimen-
sional model to reflect the presence of annular ullage and certain of the
bag properties, exhibited a theoretical sensitivity of pressure waves to
annular ullage and container material similar to that which had been
observed experimentally.

It was therefore determined that a two-dimensional, two-phase flow code
should be developed in order to model systematically the combined influence
of ignition scheme, ullage distribution and container properties on the path
of flamespreading and the development of pressure waves in gun propelling
charges. In Reference 10 the general strategy for the development of TENOVA
was described and two-dimensional convective flamespreading solutions were
obtained. In Reference 11 the code was extended to treat the ullage and
certain of the container properties, and the complete interior ballistic

6 Borot, A.V., Smith, T.C. and Mitchell, S.E.

'Key Design Parmeters in Controlling Gun Environment Pressure
Wave Phenomena - Theory versus Experiment s

Proc. 13th ANlAF Combustion Meeting 1976

7 Boat, A.V. and Gough, P. S.
'Influence of Propellant Packaging on Performance of Navy Case
Gun Ammunition"
J. Ballistics Vol. 1, p. 229 1977

8 Gough, P.S.

sTheoretical Study of 1wo-Phase Flow Associated with Granular Bag
Charge s"
Ballistic Research Laboratory Contract Report AMBRL-CR-00381
(AD A062144) 1978

9 orst, A.W. and Gough, P.S.
"fodeling Ignition and Fl mespread Phenomena in Bagged Artillery
Charge s*
Ballistic Research Laboratory Technical Report ARRRL-TR-02263
(AD 0917 90) 1980

10 Gough, P.S.

"Two-Dimensional Convective Flisespreading in Packed Beds of
Granular Propell ant"
Ballistic Research Laboratory Contract Report AUBRL-CR-00404
(AD A075326) 1979

11 Gough, P.S.
'A Two-Dimensional Model of the Interior Ballistics of Bagged
Artillery Charges*
Ballistic Research Laboratory Contract Report AWRL-CR-004$2
(AD A1007 51) 1981

3
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cycle of an M203 granular propelling charge was simulated. In Reference 12
the code was extended to treat multi-increment charges. Most recently, in
Reference 13, we described the extension of the code to treat stick as well
as granular charges.

Evaluations and demonstrations of the TDINOVA code have been presented
at various stages of its development. The accuracy of the code and
consistency of its predictions with those of the NOVA code were evaluated by
Horst.14 Accuracy was also evaluated by Robbins using an idealized problem
for which an analytical solution was available. 1 5 Studies were made of the
influence, on flmespreading through a 155-m granular charge, of various
details of the packaging of the propellant. 1 6 The application of TEDNOVA to
a 155-umm stick charge was discussed by Horst, Robbins and Gough. 1 7  In this
study, based on the code version described in Reference 13, attempts were
made to model the base igniter as a separate two-phase increment. This
representation of the base igniter may be contrasted with the previous
approach in which the igniter was treated as a surface source term. The
attempt to treat it as a separate increment was not successful and it became

12 Gough, P.S.

"Two-Diensional, Two-Phase Modeling of Multi-Increment Bagged
Artillery Charges"
Ballistic Research Laboratory Contract Report ARL-CR-00503
(AD A125482) 1982

13 Gough. P.S.

"Modeling of Rigidized Gun Propelling Charges"
Ballistic Research Laboratory Contract Report ARBI.-CR-00518
(AD A135860) 1983

14 Horst, A.W.

"Baseline Evaluation of the TIEOVA Code"
Ballistic Research Laboratory Memorandum Report ANBRL-NR-03198
(AD A120718) 1982

is Robbins, F.W.

"Comparison of TDNOVA Results with an Analytic Solution"
Ballistic Research Laboratory Memorandum Report AIBDL-IR-03299
(AD A132969) 1983

16 Horst, A.W., Robbins, F.W. and Gough, P.S.
"A Two-Dimensional, Two-Phase Flow Simulation of Ignition,
Flmespread, and Pressure-Wave Phenomena in the 155-mm Howitzer"
Ballistic Research Laboratory Technical Report ARBE-IR-02414
(AD A119148) 1982

17 Borst, A.W., Robbins, F.W. and Gough, P.S.

"Multidimensional, Multiphase Flow Analysis of Flmespreading
in a Stick Propelling Charge"
Ballistic Research Laboratory Memorandum Report ARBIL-iM-03372
(AD A145731) 1984
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of interest to explore the extent to which the code could be made suffi-
ciently rugged as to withstand the numerical strain imposed by simulations
of this type.

In the present contract we have pursued the objective of increasing the
ruggedness of the algorithm to treat not only the example considered in
Reference 17 but also another more complex charge consisting of several
increments. Both these charges are discussed briefly in the next section.

A second objective of the present contract has been to lay the ground-
work for future extensions of TIDNOVA. To date the two-dimensional solutions
have been obtained by representing the main charge as two-dimensional and
the ullage as quasi-one-dimensional. For high zone granular charges in
which the ullage occupies only a small portion of the combustion chamber,
this modeling approach is reasonable. For low zone charges in which the
ullage may involve one half of the available volume, a fully two-dimensional
treatment of the ullage is desirable. The same may be true in the context
of stick charges of any zone since the ullage occupies an increasing
proportion of the available volume as the projectile moves down the tube.

Our approach to each of these contract objectives and the scope of the

present effort are outlined in the next section.

1.2 Scope of Investigation

The demonstration of the present capability of TDINOVA is conducted with
reference to three propelling charges, illustrated in Figure 1.1. The first
is a granular charge, the M203 propelling charge for the 155-nm Howitzer.
The second and third charges are also designed for the 155-vm Howitzer, but
they consist of slotted stick propellant. The M203E2 contains a single
increment of stick propellant while the X216 charge contains three
separately packaged increments.

The 3203 granular charge is essentially the same as that which was
previously simulated by Horst 1 4 using an earlier version of the code. We
include it in the present study in order to assess the degree to which the
code predictions and accuracy have been affected by the extensions necessary
to treat stick charges. In Chapter 3.0 we present the results of studies of
the numerical convergence of TDNOVA by reference to the 1203 charge.

The M203E2 stick charge was the subject of Reference 17. As we noted
in the previous section, it was found possible to obtain solutions at that
time only if the base igniter was represented as a surface source term.
Because the igniter has so much structure it is desirable to treat it as a
separate increment and much of the effort in the present enquiry has been
devoted to achieving that goal. In chapter 4.0 we use the surface
representation of the igniter to generate solutions for the purpose of
assessing the numerical convergence of TIIOVA when applied to stick charges.
Then, in Chapter 5.0, we present solutions with the igniter represented as a
separate increment. We will refer to the single-increment and two-increment
representations of the M203E2 charge. The solutions in Chapter 5.0 are

V.
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generated for a number of data bases in which the initial permeability of
the case is varied. Some aspects of this topic have already been
reported. 1 8 , 19

Solutions for the 11216 charge are presented in Chapter 6.0. We exa-
mine the influence of variations in the permeability of the containers and
of the strength of the bonds between the increments. In Chapter 7.0 we
present some results pertaining to three other problems of interest. We
illustrate the use. of TINOVA to analyze the programmed fracture of a stick
charge, using the single-increment M203E2 data base as a starting point.
The M203 data base is used to study the effect of gas-phase chemical
reactions which cause the full energy of the propellant to be released at a
finite rate following a preliminary exothermic decomposition at the surface
of the solid-phase. Results pertaining to this topic have also been
reported elsewhere. 2 0  Finally, we use the M203 and M203E2 charges as
vehicles to examine heat transfer to the tube wall. A comparison of the
heatinS rates due to granular and stick charges was previously reported by
Horst2 1 based on solutions generated with the NOVA code.

Progress towards a fully two-dimensional representation of the ullage
is described in Chapter 8.0. An implicit algorithm is developed to solve
the balance equations for the gas-phase. An implicit solver was selected
even though the present gas-phase equations do not contain any diffusive
tems. Implicitness is required to circumvent the time step constraint
which can arise due to mesh concentration in the ullage as the mixture
approaches external boundaries. However, given the selection of an implicit
solver, it becomes of interest to add the diffusive terms for future studies
of boundary layer phenomena. In Chapter 8.0 we describe the implicit algo-
rithm and we present a solution for an idealized interior ballistic cycle.

18 Gough, P.S.
"Theoretical Effects of Packaging on Two-Dimensional Flamespread
Through Slotted Stick Propelling Charges'
Proc. 21st JANNAF Combustion Meeting 1984

19 Minor, T.C. and Horst, A.W.

"Theoretical and Experimental Investigation of Flamespreading
Processes in Combustible-Cased, Stick Propellant Charges"
Proc. 21st JANNAP Combustion Meeting 1984

20 Fickie, K.D. and Keller, G.E.
"Analysis of Solid Propellants as a Reactive-Diffusive System:
Dynamics of Ignition"
Proc. 21st JANNAF Combustion Meeting 1984

21 Horat, A.W.

*A Comparison of Barrel-Heating Processes for Granular and
Stick Propellant Charges"
Ballistic Research Laboratory Memorandum Report ARBRL-MR-03193
(AD A/18394) 1982
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The purpose of this chapter is to provide a description of the physical
content of the model and the method of solution. The governing equations
are not documented here. They are not changed in any significant way from
the foers given in Reference 13. Only the revisions are noted here. The
structure of this chapter is as follows. In Section 2.1 we first provide a
brief overview of the code. In Section 2.2 we then discuss, in some detail,
the representation of a propelling charge by the code, proceeding component
by component. The discussion of Section 2.2 incorporates a description of
some of the revisions to the code which were made during the present effort.
For completeness, we note in Section 2.3 all the substantive code revisions:
that is to say the revisions to the model equations or the solution
algorithm as opposed to the correction of programming errors.

It should be understood that the discussion of the TIN(OSA code given
here excludes any reference to the implicit solver for the regions of ull-
age. The implicit solver, referred to in Chapter 1.0, is not presently
linked to TIN(VA and does not represent a current capability in respect to
the modeling of complete propelling charges.

2.1 Overview of Code

The general representation of a propelling charge by TIMNOVA is illus-
trated in Fig. 2.1. The breechface and tube walls are taken to be rigid iw-
permeable boundaries. The projectile is viewed ar a rigid body and the base
and afterbody constitute a moving impemeable boundary. The computational
domain defined by these boundaries is divided into subregions within each of
which the solution is assumed to be continuous and to vary sufficiently
smoothly, both in time and from point to point, to permit the partial
derivatives in the governing equations to be well approximated by finite
differences. Each main charge increment defines a computational region
within which the flow is assumed to be represented with sufficient accuracy
by the macroscopic equations for a heterogeneous two-phase mixture. The
macroscopic fomulation models the flow in terms of averages of the state
variables. he average is not explicit but may be viewed conceptually as
formed over a volume which is large in comparison with the scale of
heterogeneity of the mixture. The use of a macroscopic formulation
introduces the porosity or the fraction of a unit macroscopic volume which
is occupied by the gas-phase. Closure of the macroscopic equations requires
that constitutive relations be defined to describe the microscopic
interactions between the phases due to mass, momentum and energy transfer.

We use empirical correlations to relate the microprocesses to the explicitly
modeled macroscopic variables. In the general case each main charge
increment envelopes a centercore igniter which is modeled as a quasi-one-
dimensional two-phase flow.

The ullage is decomposed into subregions which are predicated on the
instantaneous geometry of each of the increments. Each of the boundaries of
each of the increments defines a quasi-one-dimensional region of ullage.
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These continuous regions of ullage are linked by lumped parameter regions
located at the corners of the increments. The gas in the ullage is assumed
to be single-phase and inviscid. However, the conditions which link the
pressure at the boundaries of the continuous regions to the pressure in the
lumped parameter regions admit the possibility of losses as the flow turns
the corner. The continuous regions of ullage are linked to the flow in each
of the main charge increments through internal boundary conditions. The
boundaries of each of the increments are viewed as surfaces on which the
porosity jumps discontinuously. The physical boundary conditions then
follow from the jump conditions at a macroscopic discontinuity. By allowing
the finite balances of mass, momentum and energy to incorporate source or
loss terms we are able to model the reactivity, flow resistance and
mechanical restraint associated with the presence of the case. The case is
therefore viewed as an attribute of the boundaries of the increment which it
encloses and, except as specifically noted below in the discussion of the
rigidized case, we do not consider its motion independently of that of the
boundaries of the increment. We always consider the thickness of the case
but its inertia is only taken into account when it is rigidized.

The computational mesh within each two-dimensional region is
established using the time-dependent boundary fitting algorithm of Thompson
et al. 2 2  The mesh in the regions of ullage is attached to that on the
boundary of the relevant increment. The finite difference solution is
advanced in time using a scheme based on the explicit two step marching
algorithm of MacCormack. 2 3  Complete interior ballistic solutions are not
obtained using the fully two-dimensional model. When flamespread is com-
plete, all container sidewalls have ruptured, and radial pressure gradients
have subsided to within a user-selectable tolerance, the model is converted
to a quasi-two-dimensional representation based on coupled regions of
coaxial one-dimensional flow.

2.2 Charge Representation by TDNOVA

We now enlarge on the foregoing summary. We discuss the charge
component by component. We also pay attention to the differences between .

granular and stick propellant. Emphasis is given to the latter for three
reasons. First, current charge designs appear to be increasingly dependent
on the use of stick propellant. Second, the bulk of the present effort has
centered around the simulation of stick charges. Third, the analysis of
stick charges involves many more difficulties than their granular
counterparts, particularly when the sticks are perforated and slotted.
-------------------------------------------------------

22 Thompson, J.F., Thames, F.C. and Mastin, C.W.

"Automatic Numerical Generation of Body-Fitted Curvilinear
Coordinate Systems for Field Containing Any Number of
Arbitrary Two-Dimensional Bodies'
3. Comp. Phys. Vol. 15, p. 299 1974

23 MacCormack, R.W. ii

"The Effect of Viscosity in Hypervelocity Impact Cratering"
AIAA Paper No. 69-354 1969
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2.2.1 Main Charge Increment

When the main charge increment consists of granular propellant we model
average or macroscopic values of the following: gas-phase density, pressure
and velocity: solid-phase velocity, intergranular stress and either surface
temperature or surface regression, depending on whether the propellant is
locally ignited, and the porosity or fraction of a unit macroscopic volume
occupied by the gas-phase. As we have discussed previously, stick propel-
lant is at least as amenable as granular propellant to analysis in terms of
the macroscopic equations. 2 4  However, it is necessary to introduce double
valued state variables for the gas-phase properties and for the solid-phase
surface properties. We identify external properties formed by averaging
over the interstitial regions and the outer surfaces of the sticks, and
internal properties formed by averaging over the perforation regions and the
internal surfaces of the sticks. We refer to the resulting set of equations
as a dual-voidage model of flamespreading. At each location within the mix-
ture we have the exterior porosity, or fraction of a unit macroscopic volume
occupied by the gas-phase within the interstices, and the interior porosity,
or fraction of a unit macroscopic volume occupied by the gas-phase within
the perforations.

We emphasize that the average does not need to be viewed as formed over
a region which is large in comparison with the length of the sticks. If we
introduce coordinates aligned with the stick bundle we may define the
longitudinal direction as parallel to the axes of the sticks and the trans-
verse direction as normal to the axes. We assume that the bundle retains
orderly packing characteristics so that the natural coordinates are uniquely
defined at each location. This is certain to be true initially, is probably
true during flamespreading, and probably becomes untrue only when the charge
is substantially consumed by combustion. Then since the point of averaging
is simply to remove intractable microstructure from the solution it is
evident that longitudinal averaging is unnecessary and that the average need
be formed only in the transverse direction. As with granular charges, we
note the caveat that the chamber dimensions are not as large in comparison
with the scale of heterogeneity as we would like: they are separated by only
one order of magnitude whereas two or more orders would be desirable to
validate the macroscopic approach.

In addition to the introduction of the concept of a dual-voidage
formulation (which is, of course, only necessary if the sticks are per-
forated) it is necessary to revise several of the constitutive laws when we

24 Gough, P.S.
'Continuum Modeling of Stick Charge Combustion"

Proc. 20th JANNAF Combustion Meeting 1983
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consider stick rather than granular propellant. 1 4  The constitutive laws
which depend on the type of grain are those governing the theology of the
solid-phase and the interphase drag and heat transfer. In the subsequent
discussion we first note the approach taken for the granular charge and then
comment on the revisions pertinent in the case of a stick charge. We also
discuss the method of treating the presence of a slot in the stick charge.
Slotted sticks are used in both foreign and domestic charges. Finally, we
comment on those constitutive laws which are common to both granular and
stick charges,

2.2.1.1 leology

The low of interest here is that which defines the intergranular stress
or that part of the solid-phase stress tensor which is not due to the direct
local influence of the gas-phase. For granular charges we assume the inter-
granular stress to be isotropic and a path-dependent function of porosity.
We assume the existence of a well-defined settling porosity at which the
grains just make contact with one another. Above the settling porosity the
intergranular stress is assumed to vanish. Below the settling porosity
changes in the stress are proportional to changes in porosity, but the pro-
portionality coefficient, or the bulk modulus, depends on whether the poro-
sity is decreasing (loading) or increasing (unloading). There is no concep-
tual difference between the one- and two-dimensional laws for the granular
charge.

In the one-dimensional theory the law governing the intergranular
stresses in stick propellant expresses the assumption that each stick
behaves like an elastic rod subjected to the pressure of the interstitial
gas over its external surfaces. Using the elastic theory one may express
the axial stress in terms of the axial strain and, through the Poisson
effect, the transversely applied gas pressure. The stick bundle is assumed
to support both compressive and axial stresses and the relationship between
stress and strain is reversible. In contrast the granular charge supports
only compressive intergranular stresses and the relationship between stress
and strain is irreversible. For both types of charge, however, it is
possible to recast the relationship between stress and strain into one be-
tween stress and porosity.

The two-dimensional model of stick charge rheology is anisotropic and
incorporates features of both the stick and granular one-dimensional
theology. The longitudinal stress is assumed to be related to the

longitudinal strain according to a reversible elastic law and, through the
Poisson effect, to the sum of the gas pressure and the transverse component
of intergranular stress which acts on the exterior surfaces of the
individual sticks. On the other hand, the transverse component of stress is
assumed to be governed by a law identical to that for granular charges: the
transverse component of intergranular stress is assumed to be limited to
compressive states and to depend irreversibly on the external porosity. In
the natural coordinate frah-e of the bundle, the stress tensor is assumed to
be diagonal. In principle we should speak of two transverse components, one

12



essentially radial and the other essentially azimuthal. We assume that the
two components are equal in magnitude: this is tantamount to the assumption
that the bundle does not resist deformation in the transverse plane. To
have the stress tensor diagonal it is also necessary for the sticks to offer
no resistance to bending.

2.2.1.2 Interphase Drag and Heat Transfer

For the granular charge the interphase drag and heat transfer are
assumed to be isotropic, reflecting the random packing of the bed. The heat
transfer is assumed to be given by the correlation of Gelperin and
Einstein.2 5  The interphase drag for a packed bed may be modeled either
according to the correlation of Ergun2 6 or the more recent data of Robbins
and Gough. 2 7  In the fluidized regime, where the porosity exceeds the
settling porosity, the packed bed friction factor is faired into the 21alue
for a single particle according to the tortuosity factor of Anderason.

When we turn to the stick charge, the interphase drag and heat transfer
are posed in anisotropic forms. For purely longitudinal flow the drag and
heat transfer are assumed to be given by empirical correlations for pipe
flow in the same form as in the one-dimensional theory. For purely
transverse flow the drag and heat transfer are assumed to be defined by
correlations describing the flow through rod bundles. In the general
situation of oblique flow we define both longitudinal and transverse
components of drag which when combined are found to give reasonable
agreement with some empirical results reported by Iutateladze.2 9 The trans-
verse component of drag for the internal flow through the perforations is

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

25 Gelperin, N.I. and Einstein, V.G.

*Beat Transfer in Fluidized Beds"
Fluidization, edited by Davidson, J.F. and Harrison, D.
Academic Press, N.Y. 1971

26 Ersun, S.
"Fluid Flow Through Packed Columns"

Chem. Eng. Progr. Vol. 48. p.89 1952

27 Robbins, F.V. and Gough, P.S.
'Influence of Length and Diameter of Cylinders on Packed
Bed Flow Resistance"
Proc. 16th JAMNAF Combustion Meeting 1979

28 Andersson, K.E.B.

*Pressure Drop in Ideal Fluidization"
Chem. Eng. Sci. Vol. 15, p. 276 1961

29 Kutateladze, S.S. and Borishanskii, V.M.

"A Concise Encyclopedia of Heat Transfer"
Pergamon Press 1966
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taken to be infinite. Accordingly the internal flow is formally modeled as
though it were two-dimensional. Its inherently one-dimensional nature is

impose d by the inf inite transverse drag component. Transverse and

longitudinal components of heat transfer are also defined and combined by
forming an inner product with the relative velocity vector. The resulting

dependence on obliquity is speculative and requires confirmation. Of
course, only the longitudinal component of heat transfer is considered for
the internal flow.

Heat transfer is only computed during the ignition phase of the
interior ballistic cycle. The heat transfer is used to define a boundary
condition for the heat conduction equation in the solid phase. It is

assumed that there is no interaction between the external and internal
thermal waves. When the surface temperature reaches the specified ignition
temperature of the propellant, steady state combustion is assumed to begin.

The subsequent surface regression is assumed to depend on the ambient gas-
phase pressure according to an empirical law. The exterior ignition and

combustion events are completely independent of those in the interior.

2.2.1.3 Analysis of Slotted Propellant

If the propellant is slotted it is assumed that the slot is initially

closed. From the theory of thick elastic cylinders the hoop stress at the
inner surface may be computed: the external pressure is taken to be the sum
of the exterior gas-phase pressure and the transverse component of

intergranular stressi the internal pressure is the interior gas-phase

pressure. When the hoop stress is found to exceed a prespecified value the
slot is assumed to open irrevocably and to allow mass transfer between the
exterior and interior regions thereafter. As an alternative criterion, the

user may allow the slot to open when the internal pressure exceeds the sum
of the external pressure and the transverse component of the intergranular
stress. The rate of mass transfer is assumed to be such as to equilibrate
exactly the interior and exterior gas-phase pressures. An allowance is made

for the mass addition due to the burning of the faces of the slot. Although

the exterior and interior gas-phase pressures are made locally equal
wherever the slot is open, the same is not true of the other gas-phase state
variables and the dual-voidage model is still used. However, when the slots
are open everywhere in a given bundle of sticks and flamespread is complete

throughout the bundle, the dual-voidage model is terminated. The exterior
and interior state variables are combined to define equivalent single-

voidage state variables using the principles of local balance of mass,
momentum and energy. We also note that the transition of the representation
of the solution to a quasi-two-dimensional form is delayed until each
slotted stick increment has been converted to a single-voidage representa-
tion.

14p a



2.2.1.4 Other Constitutive Laws

Other constitutive laws pertaining to the main charge are as follows.
The gas is assumed to obey a covolume equation of state. The specific heats
and molecular weight are taken to vary with the composition of the mixture.
he viscosity is assumed to obey a Sutherland type dependence on temperature

and to be independent of pressure. The thermal conductivity follows from
the assumption of a fixed value of the Prandtl number.

Normally, the propellant is assumed to burn at a rate which depends on
the local pressure in accordance with an empirical exponential law. As an
option the user may define the combustion rate by reference to a quasi-
steady thermal wave theory in which the unsteady thermal response of the
solid-phase is driven by a steady-state gas-phase heat feedback subject to a
pyrolytic boundary condition. As an additional feature, the user may
specify that only a part of the chemical energy is released locally when the
propellant surface decomposes. The balance of the energy may be taken to be
released in the gas-phase according to an Arrhenius reaction rate law.

2.2.2 Igniter Increment

Originally it was intended to represent the igniter stimulus in TU4OVA
according to any or all of three different methods:

[1] As in NOVA S the igniter may be specified as a distributed source term.
This method has not been used except to compare solutions with those of
NOVA.

1 4

[2] Basepads and combustible case components may be represented as surface
source terms. This method has been used in connection with many problems
and is illustrated in all the non-trivial examples in the present report.

[3] If the increment has a centercore igniter, the igniter is modeled as a
two-phase flow. This method has also been exercised and is illustrated in
the present report in connection with the M203 charge.

In some instances, as for example the M203E2 charge, the igniter does
not easily fall into any of the three foregoing categories. It is tempting
then to represent the igniter as a separate increment of propellant and
model it as a two-dimensional two-phase flow. Due to the fine granulation
of the igniter charge, when compared with that of the main charge, certain
computational difficulties arise. Because of these difficulties, which we
will discuss in a moment, we have found it necessary to encode special
procedures for any charge increment which is identified by the user as an
igniter increment.

15
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Because the grains of the igniter material are very small they are
strongly susceptible to drag forces. Moreover, in a charge like the 1033,
the igniter increment has a very low loading density. Under conditions of
strong rearward blowing the igniter grains can be compacted against the
breechface. The caputational mesh can become very compressed with the
result that the time step, which is constrained in accordance with the
Courant-Lewy-Friodrichs stability condition. 3 0 becomes extremely small. he
cost of the calculation may then become prohibitive. We therefore eliminate
the igniter increment if it is compacted to less than 10l of its original
length. Second, the igniter increment may burn out early in the ballistic
cycle. When burnout occurs, the solid-phas streamlines default to those of
the gas-phase, and the increment may deform excessively. In fact, it is
possible for the increment to deforma to the point where the transformation
into the computational plane becomes singular. Therefore we eliminate the
igniter increment whenever burnout occurs at any point. We note that in all
the calculations presented here the igniter was eliminated duo to burnout
rather than compression. Elimination of the igniter increment means that
the solid-phase and case are dropped from further analysis. The volume
occupied by the igniter increment is consolidated with that of the
contiguous regions of ullage.

2.2.3 The Case

We discuss first the chemical properties of the case and second the
mechanical properties.

2.2.3.1 Chemical Properties

At each point the case may be specified as having up to four reactive
substrates, two on the outside and two on the inside. A pair is specified t
on each side to pemit modeling of the regression of the surface of the case
and also the combustion of an attached component such as a basepad. The
rate of combustion of each substrate may be prospecified in tabular form or
it may be modeled explicitly. In the latter case we compute the heat
transfer to the surface according to an empirical pipe flow correlation and
compute the surface temperature in the same manner as for the propellant.
When ignition occurs the surface is assumed to regress according to an
exponeztial dependence on pressure. The pipe flow correlation requires that
a characteristic length scale be defined. For the exterior of the case we
use the hydraulic diameter defined by the cross-section between the case and
the gun surface. For the interior of the case we use the external diameter
of the propellant grains. When combustion of the case occurs the local
thickness of the wall is taken to decrease correspondingly.

30 Richtmyer, R.D. and Morton, K.W.

'Difference Methods for Initial Value Problems'
Inter scionce 1967
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2.2.3.2 Mechanical Properties

The case of any increment may be specified as rigidized. In such an
instance we model explicitly the longitudinal displacement of the case
sidewall independently of the motion of the boundary of the charge. How-
ever, the motion of the case in the direction normal to the charge boundary
is not modeled explicitly and is assumed to coincide with that of the
propellant. The sidewall is assumed to be ,a linear elastic solid. Friction
due to the normal force exerted by the propellant on the inner wall is taken
into account. The endwalls are assumed to be rigid. The notion of the
endwalls is determined by the forces due to the sidewall and the integral of
the sum of the gas pressure and Intergranular stress on each side of the
endwall. If the endwall is ruptured at some radial location, the integral
is performed only over values of radius larger than that at the point of
rupture. We note that the inertia of the case is only taken into account
when it is modeled as rigidized. Each rigidized case may be bonded to its
neighbors. Once the tensile force between the increments exceeds the bond
strength, the bond is broken irrevocably. The case ceases to be modeled as
rigidized whenever an unbonded endwall is completely ruptured or when the
equivalent stress at any point in the sidewall exceeds the tensile strength
of the sidewall material. Only when the case is rigidized do we consider
the endwalls to impede directly the motion of the solid-phase. The solid-
phase is permitted to separate from the inner surface of the endwall but is
not allowed to penetrate it. The sidewalls on the other hand may impede the
radial notion of the solid-phase whether or not the case is rigidized.
Until it is fully ruptured in the sense to be discussed below, the outer
sidewall of the case cannot be expanded beyond its initial diameter.

Once the case is determined to be no longer risidized it is modeled in
accordance with our earlier flexible case modal. 1 3  It is determined to
rupture when the sum of the gas-pressure and intergranular stress on the
inside exceed the sum on the outside by a prespecified amount. The only
exception to this rule pertains to the centercore sidewall for which the
absolute value of the difference is used. When rupture occurs the case
becomes increasingly pemeable to the gas-phase. The initial pemeability
of the case is defined at each point by specifying the value of a
dimensionless flow resistance coefficient K. The pressure drop across the
surface of the case is proportional to the product of K with the density of
the gas and the square of the normal component of velocity. Appendix A may
be consulted for further details. If K is greater than or equal to 100, the
surface is treated as completely impermeable. When rupture occurs the local
value of K decreases to zero over a prespecified interval of time.

Oriinally, 1 4 the failure of a rigidized case had no other consequence
than the elimination of a constraint on the notion of the solid-phase by the
endwalls of the container. The actual rupture of the various segments of
the container could only occur as a result of overpressurization from
within. For some propelling charges, like the 11216 charge considered in
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the present report, this model of case rupture may preclude the theoretical
prediction of ignition of one or more of the increments. If an increment is
completely enclosed by an impermeable container whose inner walls are inert
it may be impossible for rupture to occur as a result of overpressure from
within. Without rupture the container remains impermeable and the
propellant is never ignited. To circumvent such a possibility we have
encoded an obvious physical extension to the rupture model. If failure of
the rigidized case occurs at the endwall or the mesh point adjacent to the
endwall, the entire endwall is taken to commence rupturing at that time. If
the rupture occurs at any other point on the sidewall of the case, rupture
is taken to commence for the point in question and also for each of its
neighbors. Thus the transition to the flexible wall model occurs in such a
way that some portion of the container is in the process of rupturing and
therefore of becoming permeable to the gas-phase.

An additional option was encoded according to which the user may
specify that a given type of container material begins to rupture whenever
the main charge is locally ignited. This option is useful in cases where
the container is initially specified as being very pemeable to the gas-
phase. In such cases the pressure differential required to rupture the
segment may never occur. Rupture following main charge ignition provides a
phenomenologically reasonable criterion for container failure in such cases.

2.3 Summary of Code Revisions

We summarize here the revisions to TDNOVA which have been incorporated
since the last final report. 1 4 We describe substantive revisions only, that
is to say that we only consider revisions to the model equations or the
method of solution. Coding errors or logical flaws which were corrected
during the present effort are not described here except for one error which
affects previous simulations of the 3203 charge. The revisions described
here have for the most part been motivated by direct computational
experience. Revisions required in order to circumvent or remedy algorithm
weaknesses have been formulated and incorporated into the code at various
times and in connection with various data bases. Occasionally, the
algorithm revision which enables a stable solution to be obtained with some
new and complicated charge has the consequence that other data bases.
previously capable of being run with the code, are found to result in
instabilities. On the other hand, it may well be the case that earlier
revisions are in some sense superseded by new revisions. The revisions
discussed here are those which have been retained in the single code version
which has been used to generate all the results presented in this report.
We attempt to describe as completely as possible the motivation for each
revision and the implications in respect to limitations on the scope of
applicability of the code. The set of revisions given here should be viewed
as sufficient but not as completely necessary, since as noted above, it is
possible that some of the earlier revisions may have been rendered redundant
or unnecessary as a consequence of other later revisions.
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We do not attempt to order the revisions chronologically. Instead, we
have attempted to organize them into groups. Several revisions have no
direct logical association with any others and are dealt with in Section
2.3.1. Section 2.3.2 deals with revisions which were made in response to
observations of instability of the transverse boundaries in the quasi-two-
dimensional representation. Section 2.3.3 discusses revisions which were
made to improve the global mass balancing properties of the integration
scheme. In Section 2.3.4 we discuss revisions to the analysis of the motion
of the boundaries of the computational regions and in Section 2.3.5 we
consider the revisions to the analysis of boundary values. The discussion
of Section 2.3.5 is supplemented by Appendix A.

As a final remark here it should be stated that the process of code
revision is certainly not yet complete. When we review the computational
results in Chapters 3.0 through 7.0 we will note various numerical
anomalies. For some of these the remedy will be apparent while for others
the solutions will have to await further and deeper study.

2.3.1 General Topics

(1] In order for the representation of the solution to be converted from
fully two-dimensional to quasi-two-dimensional, it is necessary that
flsmespreading be complete throughout all increments of the charge, that all
outer sidewalls of all increments be fully ruptured, and that the difference
between the values of pressure at the tube wall and the centerline vanish to
within a user-specified tolerance throughout the gun chamber. That is, for
each axial location z we require Ip(zR) - p(z,o)t S PT(L Op(z,o) where PTOL
is the pressure tolerance factor and p(z,R), p(z,o) are respectively the
pressures at the tube wall and the centerline. We have revised slightly the
pressure tolerance criterion. Previously, we evaluated the pressure
difference at every axial location within each of the charge increments. We
have found that for very small values of the pressure tolerance factor,
FP(L < 0.01, conversion to a quasi-two-dimensional representation was pre-
cluded by numerical noise associated with the corners of the charge
increment regions. This is no doubt a result of the relatively crude
techniques used to define corner boundary values in TINOVA. We provide
further discussion of the corner boundary values below in Section 2.3.5.
7he revision made in response to this problem was simply to exclude the
corner positions from the set of axial locations at which compliance with
the pressure tolerance criterion is evaluated.

[2] Previously, all regions of axial ullage were represented as lumped

parameter following the transformation to a quasi-two-dimensional repre-

sentation. By axial ullage we mean regions of gas contiguous with the ends
of one or more increments. The radial ullage contiguous with the increment
sidewalls is treated as a one-dimensional continuum. This approach was
acceptable for granular charges which, in general, tend to be dispersed
nearly uniformly over the region between the breech and the base of the
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projectile. For stick charges. however, a revision was clearly required
since the stick bundle never changes in length appreciably and therefore
occupies a continually decreasing fraction of the available length of the
tube.

We have revised the code to transform the forward region of axial
ullage. that is to say the region adjacent to the projectile base, to a con-
tinuum when it becomes sufficiently large. Only the forward region of axial
ullage is affected. Other regions of axial ullage continue to be treated as
lumped parameter.

The conversion to a continuum occurs when the projectile is found to be
moving faster than the forward boundary of the charge and when the region of
ullage has a length greater than or equal to 2/(INDINZ - 1) times the axial
location of the front of the charge. Here INDINZ is the number of axial
mesh points used to represent the charge. The length criterion is
approximately equivalent to a requirement that the length of the ullage
exceed two mesh intervals in the charge. Subsequently, the mesh spacing in
the ullage is compared with that for the forward increment of propellant.
Whenever the mesh in the ullaSe exceeds that in the forward increment,
points are added to the ullage so as to halve the mesh spacing. Such
additions continue until either the ullago is assigned more than INDIE
points or the storage limit for the solution arrays is reached.

[3] An option was encoded to permit the simulation of proSramed fracture
of sinSle-perforation stick propellant. Two modes of fracture are possible.
In the first mode the stick bundle is converted to a different granulation
according to a criterion based on the state of stress at the midpoint of the
bundle. In the second mode, the stick bundle is replaced by two bundles of
shorter sticks. These, in turn, are capable of subdividing until the
originsl bundle is reduced to eight maller bundles. A final transformation
of the granulation of each of the one-eiShth length bundles may also occur.
Revisions were also made to the criteria for the opening of the slots of
slotted stick propellant and for the rupture of unslotted single-perforation
propellant.

We describe the various stress criteria in terms of the nomenclature of
Reference 13. Let opl, 6p2" Op3, be the principal stresses in the intrinsic

coordinate frame of the stick bundle. We identify apl, as a longitudinal or

axial stress and ap3 as a hoop stress. Moreover, we adopt the notmal

convention of continuum mechanics according to which a positive value is
assigned to a tensile stress. We use Oeq to represent the von Mises

equivalent stress, veq - 1/2 ((P, - ap2)s + (vP2 - cp$)* + (cp 3 - aPl ) * ) "

Then we may state the stress criteria for the foregoing events in the
following forms, where P. is a user-defined critical value of stress.
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Event Stress Criterion

Change of Granulation in >p3 ) 0 and aeq ) p*, at midpoint
Programmed Fracture

Bundle Subdivision in Op1 > 0 and aeq > Pe, at midpoint
Programmed Fracture

Opening of Slot of Slotted Stick VP3 > pe. locally

Rupture of Single-Perforation VP3 > 0 and aeq > p*° at any radial
Stick location

For convenience, however, we have retained as an option the previous

criterion for slot opening and rupture of single-perforation sticks, namely
that the internal gas pressure exceed the sun of the external pressure and
the transverse intergranular stress.

[41 We had previously encoded an input datum NCLDCD which allowed the user
to select either the Ergun or the Robbins-Gough correlation for the packed
bed. Because of computational difficulties associated with the unbounded
behavior of the idealized transverse interphase friction factor we extended
the meaning of NOLDCD to allow the user to limit the transverse components
of both friction factor and heat transfer to the values for a granular bed
of particles having the same external diameter as the sticks. This option
has been exercised in all the stick charge calculations presented here.
Only the external transverse friction factor is affected. The internal
transverse friction factor remains infinite so as to force the flow through
the perforations of the sticks to conform with the orientation of the
sticks.

[51 Orisinally,1 0 we had encoded a one-sided second order corrector for the
formation of spacewise differences. The use of this second order corrector

was dropped in connection with the evaluation of derivatives normal to the
region boundaries when it was found to be destabilizing. However, it was
retained in connection with the determination of convective derivatives at
interior mesh points. Experience during the present effort revealed that
for the most highly structured solutions, namely those for the X216 charge,
more harm than good was resulting from this second order corrector to the
convective derivative and it was eliminated. Accordingly, all derivatives
normal to region boundaries and all convective derivatives are evaluated
using a first order one-sided difference. 0

I p
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2.3.2 Transverse Boundary Instability

The topic of interest here is the behavior of the transverse boundaries
of the main charge increments in the quasi-two-dimensional representation.
When TDNOVA was originally fomulated it was expected that as the propelling
charge was consumed, the transverse boundaries would expand, the inner
boundary moving to the centerline and the outer boundary moving to the tube
wall. The principal mechanism for this expansion was expected to be the
drag exerted on the solid-phase by the transverse fluxes as they were
expelled from a region of strong Sat generation to a region of weak or zero
gas generation. However, with increasing computational experience with data
bases of increasing complexity- particularly the multi-increment charges-
it became apparent that our original expectation would not always be
satisfied. In fact, exactly the opposite behavior was occasionally
observed, particularly near the ends of the charge and particularly at
increment-to-increment interfaces. Rather than expanding to fill uniformly
the tube, the charge was found, in some cases, to contract in an unstable
manner with the result that the calculation either could not be completed or
else was contaminated with pressure wiggles. This was a very difficult
problem to treat and we are not certain that our present revisions are
necessarily complete, although they have proved adequate for all the data
bases of interest here.

The difficulty is that unstable boundary motion is not excluded from
the physics of the problem. It is possible that very non-uniform radial
distributions of propellant might occur in the gun, particularly toward
burnout, which is precisely where the computations run into trouble. As we
will discuss further, the governing equations do admit unstable behavior.
Thus in dealing with the problem one has to consider whether the observed
effect is a physical events a feature of the governing equations which could

be eliminated by reformulation, a weakness in the numerical algorithm# or
given the complexity of the programming, a simple coding error.

A basic assumption of the quasi-two-dimensional analysis is that the
gas-phase pressure is uniform over the cross-section of the tube. Since the
flow is modeled as a number of coaxial flows with slip boundaries, the po-
tential exists for instability of the Helmholtz type. We note however that
mass transfer between the regions may have a stabilizing effect. To under-
stand how the governing equations originally formulated for TIDN(VA can lead
to unstable behavior we briefly outline the solution method.

For simplicity consider a single increment charge with no centercore
but with external annular ullage. The charge and the ullage are represented
as coaxial one-dimensional flows. The ends of the region occupied by the
charge and the annular ullage are terminated by regions of axial ullage,
each of which is represented as lumped parameter. We illustrate the situa-
tion in the following sketch. The geometry of the problem is determined by
the motion of the projectile and the boundaries of the main charge.

2
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Ihe motion of the ends of the charge follows from the boundary values of the
solid-phase. The radial motion is determined mainly by the drag force on
the solid-phase due to mass transfer to the annular ullage. We model not
only the axial velocity of the solid-phase but also, in general, an outer
and an inner radial velocity. Once the mass transfer to the outer annular
ullage has been determined, as described below, it is used to define a
radial drag force which modifies the outer radial velocity of the solid-
phase and hence the boundary motion. A principle of equilibration of the
transverse intergranular stress also plays a role in defining the radial
motion of the charge in the quasi-two-dimensional representation, but it is
usually of secondary importance.

The state of the gas-phase in each of the continuum regions is governed
by equations perfectly analogous to those for the flow of an inviscid gas
through a duct of variable area and with an allowance for mass and heat
addition. At any interior mesh point (not on the boundaries or ends of the
charge) the pressure in the main charge and in the ullage, at the same axial
location, are first updated assuming that there is no transverse flux or
exchange between the ullage and the main charge. The assumption that the
pressure in the ullage is equal to that in the main charge, at the sine
axial location, then serves to define a unique value of the transverse flux.

Now consider the situation at the boundaries of the continuum regions.

As shown in the sketch below, let Al and it2 be the mass fluxes from the

continua to the adjacent lumped parameter region. Let &3 be the transverse

flux from the main charge to the ullage. Let P1' P2' P3 respectively denote

3
QlDP 2

LP
Q1D - , 4 P3
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the pressures in the main charge, the ullage and the lumped parameter
region. From tb equations of notion, with the help of the theory of
characteristics." it emerges that one can establish the following linear
relationships for sufficiently small changes of state:

AP 1 - allAH1  + alS3A% . (2.3.2.1)

AP 2 - + ,23 A 3 . (2.3.2.2)

Ap3 - G3 1 A3l + .2A;2 (2.3.2.3)

The principle of pressure equilibration implies

Pl " P2 a P3 " (2.3.2.4)

We therefore have five independent relations to determine six quantities and
the solution is underdetermined. From a physical standpoint the equations
may be viewed as admitting an infinite set of fluxes with an arbitrary
circulation. To close the equations we originally defined the transverse
flux im by assuming that the boundary value was equal to that at the
ne.ghboring interior mesh point. Eowever, unstable transverse boundary
notion was observed on occasion, usually at the internal boundary associated
with the presence of a centercore. Moreover, a symptom of the instability
was the development of unbounded increases in circulation at the ends of the
charges. The following revisions were made, successively, to deal with this
probl em.

[1] The solid-phase momentum equation includes the gradient of the gas-
phase pressure. Originally, we evaluated this term at the boundaries by
means of a first order one-sided difference. It was observed that during
the early stages of transverse instability, the pressure wiggle at the
boundary was exacerbated by the effect of the gradient tens on the solid-
phase motion and excessive condensation of the solid-phase was observed. To
circumvent this anomaly, we have evaluated the pressure gradient in the
solid-phase momentum equation using the first and second neighbors of the
boundary point. Thus if the boundary is at mesh point n, we evaluate
Pn-1 - Pn-2 to compute the pressure gradient. We emphasize that this
revision pertains only to the solid-phase and only during the quasi-two-
dimensional representation.

[2] It was observed that transverse instability generally manifested itself
towards the burnout stage of the interior ballistic cycle. Since the
rationale for modeling the positions of the transverse boundaries is to keep
track of low pemeability flow channels which can affect the development of
ignitio-induced pressure waves, interest in the boundary positions
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diminishes as the propellant is consumed. We also recognize the incomplete-
nass of the model phenomenology which makes it likely that estimates of
transverse boundary position are increasingly inaccurate as burnout is
approached. Accordingly, we have revised the code to tominate the analysis
of transverse boundary position once slivering occurs in a multiperforated
grain. For single-perforation grains the analysis is still continued
through burnout. The decision to discontinue the analysis of the motion is
made looally. The boundary radius is then frozen until burnout occurs
throughout the increment.

[31 In order to compute the transverse flux it is necessary to determine
the derivative of pressure with respect to the flux. The derivative depends
on the sign of the flux since an entering flux introduces irreversible
heating or cooling while an exiting flux has the effect of an isentropic
expansion. Originally, we used the current sign of the transverse flux to
detenine its direction and hence the derivative. During the transverse
instability it was observed that the flux could oscillate between predictor
and corrector steps with the result that the computed derivative was always
inconsistent with the sign of the flux. Te have revised the code to perform
an additional iteration, recomputing the derivatives of pressure with
respect to mass whenever the transverse fluxes turn out to have signs
different from those which were first assumed.

[41 As discussed previously, we originally determined the transverse fluxes
at the ndpoints of the charge by assmaing that they were equal to the
values at the neighboring point. We revised this slightly. If n is the

transverse flux at the boundary point n, we put in = l/2(inl + w_2).

(51 All the foregoing revisions alleviated the problem of transverse
instability to some extent but it still persisted. Although many data bases
were rendered tractable, others remained intractable. Because the
assmption of pressure equilibrium clearly allowed unbounded circulation
around the ends of the charge it was decided to relax this assumption at the
ends and to allow the pressure in the ullase to differ from that in the main
charge. Moreover we have constructed the potential pressure difference in
such a way that it introduces a stabilizing energy penalty on gas
recirculated around the end points. If the gas is exiting the continuum
region of ullage we take its pressure to be equal to that in the contiguous
lumped parameter region of ullage. However, if the gas is entering the
continuum region, we assume that the transfer from the limped parameter
region is adiabatic and isentropic. The pressure in the main charge is
assumed to be equal to that in the ullage independently of the sign of the
boundary value of velocity. The centerore is treated in the same way as
the continuum ullage. To compute the pressure drop associated with the
isentropic transfer one needs to know the gas velocity in the lumped
parmaeter region of ullage. This is computed by averaging all the mass
fluxes to and from the lumped par-meter region. 1 3

This revision is thought to be the moat significant change as regards
the problem of transverse instability. Possibly, the preceding revisions
ate no longer necessary. However, testing to confine that suspicion has not
been conducted.
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2.3.3 Global Mass Balancing

Finite difference schemes may be classified as conservative or non-
conservative. Conservative schemes are designed so that the total mass,
momentum and energy of the system being simulated are necessarily conserved
with a precision limited only by the round-off accuracy of the computer. It
should be noted that the automatic global conservation property is assured
only relative to a specific numerical algorithm for evaluating the integral,
usually the trapezoidal rule. Moreover, although the global conservation
property is obviously a desirable attribute of a numerical scheme, it does
not follow that the accuracy of the solution is necessarily mproved in any
other respect relative to a non-conservative scheme.

The algorithm used in TDNWA is non-conservative. We use the balance
equations in non-divergence form, discretized at interior mesh points
according to the MacCormack scheme and at the boundaries by reference to the
characteristic forms. The degree to which TIOVA fails to conserve total
system mass and energy is clearly of interest.

Many revisions were made in order to improve the 8lobal conservation
properties of the code, but most of these revisions constituted coding
corrections rather than algorithm changes. Of the three topics noted below,
it might be argued that only the third is a genuine revision. However the
first two were thought to be worth noting for future reference.

We will pay considerable attention to the global conservation of mass
and energy when we discuss the numerical examples in Chapter 3.0 through
7.0. Accordingly, we now note the manner in which we analyze the global
balances in TIOOVA. Let X be the total mass of the two phases within the
complete computational domain, as defined below, and let Mo be the initial
valu, of M. Then we define the mass defect at any time as

Am% = 100 ( 02.3.3.1)

and we note that this quantity is expressed as a percentage. The total ini-
tial mass M0 includes the mass of the gas-phase and the solid-phase but
excludes the mass defined by combustible case segments or other surface
source terms. Obviously, with this definition an apparent defect would
arise due to the real addition of mass to the computational domain as the
basepads and sidewalls were consumed. Accordingly, the value of M is
corrected at each time step to subtract the accumulated contribution from
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the surface terms. The quantity An% as used in subsequent chapters is
therefore to be understood primarily as a measure of the accuracy of the
numerical scheme and secondarily, as a reflection of errors in the numerical
evaluation of total mass at any time.

Let p be the density of the gas-phase and let e be the porosity. Then
M is evaluated as a sum of contributions from lumped parameter, quasi-one-
dimensional, and two-dimensional cells. The contribution from a lumped
parameter cell is epV where the volume V is computed from the formula

V = (r 1+ r2 + r3 + r4 ) area (r 1V r2 , 9, r (2.3.3.2)
2

where the r i , i = 1 .... 4, are position vectors of the four corners of the

cell and ri is the corresponding radial coodinate. The term area (rI, r2 ,

r3 , r 4 ) denotes the area of the trapezoid defined by the position vectors.

This is computed exactly using the formula for the area of a triangle. The
contribution from a quasi-one-dimensional cell is computed as psi where p

1/2(p, + p2) is the average value of the mesh roint values P1 and P2' and A

is the cross-sectional area of the flow. The contribution from a two-

dimensional cell is computed as piV where V is as in 2.3.3.2 and p

= 1/4 (P1 + P2 + P3 + P4 ) "  The mass of the solid-phase is computed

analogously. The contribution of the surface source terms is computed using
a trapezoidal rule to integrate over the surface and a first order predictor
scheme to integrate in time. Then V is computed as the sum of all the gas-
phase and solid phase contributions less the cumulative sum of all the
surface flux contributions.

The energy defect Ae% is defined analogously to AsS. The total energy
E includes the internal and kinetic energy of both phases, the kinetic
energy of the projectile and the work done against bore resistance. From
this total is subtracted the energy due to the surface fluxes. Not present-
ly taken into account are the heat loss to the tube and the kinetic energy
of gas in lumped parameter regions. The calculation of internal energy does
include the contribution of the chemical energy stored in any unreacted
pyrolysis products in the gas-phase.

The following are the revisions connected with the global balances.

[1] Originally, trial values of the gas-phase fluxes through the boundaries
were computed prior to the imposition of the solid-phase boundary
conditions. The subsequent adjustment of the solid-phase boundary velocity
was not reflected in the fluxes, creating an error in mass and energy
balancing. The code was revised so that the fluxes would be computed
following the determination of the corrected boundary velocities.

p.
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[2] As we discuss in the next section, there are a number of instances in
which the mixture boundary is moved slightly for bookkeeping reasons. For
example, when the mixture boundary approaches a stationary external boundary
to within a distance less than 1 mm, it is placed in contact. When this
displacement occurs on the outer circumferential boundary of the propelling
charge, a detectable contribution to the mass defect may result. According-
ly, care was taken, in the fully two-dimensional part of the calculation, to
adjust the gas-phase density and the porosity whenever a bookkeeping
displacement was introduced at the outer circumferential boundary.
Adjustments were also made in the quasi-two-dimensional part of the
calculation whenever a bookkeeping displacement occurred at either the outer
or the inner boundary of the main charge.

[3] In order to update the state of the quasi-one-dimensional regions it is
necessary to have an estimate of the time derivative of cross-sectional area
OA/at. For the lumped parameter regions a knowledge of bM/at is required
where V is the volume. Originally this was evaluated using the MacCormack
second order predictor/corrector scheme. However, in a simulation of a two-
phase flow consisting of a gas and a highly dispersed aggregate of small
inert particles, we observed the development of a large mass defect which
was traced to the use of the NacCormack evaluation of by/at for the lumped
parameter equations in non-conservative form.

It may be verified that the following representation of Mat leads to
perfect mass balancing, insofar as volume changes are concerned, when
applied to the balance equations in non-conservative form

V n ' --V predictor step
av V At

at 1
+pnAn) , corrector step

P_ An+' At/2

where p= 1/2(p + pn). Here we have used superscripts n, -, and n+z to de-
note present, future predictor and future corrector values respectively. An
analogons expression is used to evaluate 8A/8t for the quasi-one-dimensional
regions.

Although this revision was evidently necessary in connection with the
cited problem, for which satisfactory results were then obtained, it appears
to have no discernable consequences for the calculations presented in this
report.
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2.3.4 Editing of Boundary Positions

The boundaries of the computational regions are determined by the
external surfaces - the breech, the tube and the projectile - and by the
internal surfaces which envelop each of the main charge increments. In the
fully two-dimensional representation the main charge increments are modeled
as two-dimensional while the contiguous regions of ullage and the
centercores are modeled as quasi-one-dimensional. Lumped parameter corner
regions terminate the quasi-one-dimensional regions. The mesh in the one-
dimensional regions is attached to the contiguous boundary of the main
charge. Hence, the mesh is determined in all regions by the motion of the
main charge increments. However, although a solid-phase Lagrangian mesh
option is available, we do not normally tie the two-dimensional mesh to the
solid-phase. The two-dimensional mesh points are assigned velocity vectors
according to the following algorithm. On the boundaries of each main charge
increment the normal velocity component of the mesh equals that of the
solid-phase. But tangential slip is allowed in order to maintain uniform
spacing along the boundary. The interior mesh and its velocity field are
determined from the boundary distributions using an equipotential
algorithm.2 2

As the boundary of a main charge increment approaches an external
boundary- the tube wall for example- the contiguous region of ullage begins
to collapse. Collapse is taken to be complete once the transverse dimension
is less than 1 m. Once the ullage is collapsed at any point it is no long-
er possible to update the solution from the equations of motion. The state
is assumed to be the same as that at the neighboring main charge point. It
may therefore be anticipated that some numerical strain will occur at a mesh
point in the ullage which is adjacent to a point at which the ullage is
collapsed. In some instances it is possible for the case of the charge to
be fully ruptured over part of its length and fully expanded to the tube
wall while the remainder of the charge is still at its original diameter.
Under such conditions the flow area of the ullage will vary abruptly near
the point of attachment of the mixture to the wall. Difficulties can then
arise from the derivatives of the area as well as of the state variables in
the ullage. Other numerical difficulties can arise if, for example, an
isolated point on the mixture boundary has not yet attached to the tube
wall, while both its neighbors are attached. Alternatively, an isolated
point may begin to separate from the wall.

It should not be surprising, therefore, that a certain mount of
essentially ad hoc editing of the mixture boundary positions might be
desirable to keep the solution from wandering through computational paths
which are not only potentially destabilizing but also outside the resolving
power of the macroscopic framework on which the model rests. Our approach
to this topic has been to introduce such editing only when absolutely
necessary and only after exploring the benefits of various differencing
techniques at points adjacent to a collapsed region of ullage. The
following revisions represent the set of boundary restrictions necessary to
permit the complete simulation of all the data bases discussed in the
succeeding chapters.
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[I] A point on the mixture boundary is assumed to be in contact with an
external boundary when the separation between them is less than or equal to
1 sm. To eliminate problems associated with spurious separations in which a
point might approach the wall to slightly less than I = and then move
slightly further away, we edit the mixture boundary points, moving them into
precise contact with the external boundaries whenever the separation is less
than or equal to 1 mm. Moreover, on the stationary boundaries - the
breech, the tube wall and, prior to any motion, the projectile base - we
assume that once contact has been made by the mixture, separation never
occurs. This assumption rules out the possible blowing away of the mixture
from the wall due to a vigorously burning case segment and also, the
inertial separation which might occur as the mixture flows past a corner.
Of course, when the projectile is moving, the possibility of separation from
the mixture must be considered. At the base of the moving projectile,
therefore, the attachment logic takes into account the relative normal
velocity component of the solid-phase.

If a mesh point on the boundary of the mixture is separated from the
external boundaries by more than 1 mm while both of its neighbors are
attached, the point is moved into contact. This closing of ullage 'pockets'
is performed even more stringently in the quasi-two-dimensional representa-
tion. In this case a group of separated points, terminated at each end by
points of attachment, will also be moved into contact with the external
boundary.

Finally, in the quasi-two-dimensional representation, at a separated
boundary mesh point adjacent to an attached boundary mesh point, the normal
velocity component is defaulted to zero if it corresponds to increasing
separation.

[2] In order to determine the velocity field for the mesh on the boundaries
of the mixture we use the conditions that the normal velocity component be
equal to that of the solid-phase while the tangential velocity is such as to
preserve uniformity of the mesh. Previously, the components of the tangent
vector to the boundary were determined using centered differences. For
stability we found it necessary to use first order upwind differences
instead.

[3] For igniter increments the axial positions of the corners are assumed
to be equal to those of the neighboring points on the endwalls. This
revision was made necessary by the extreme volatility of the igniter
increment boundaries due to the fine granulation of the igniter charge.

[4] As an added safeguard against extreme compression of the igniter
increment we encoded logic to terminate capression if the thickness became
less than 0.5 cn at a given radius.
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2.3.5 Analysis of Boundary Values

The boundary conditions for the mixture are complex, both physically
and computationally. As might be expected, numerous revisions were made in
connection with the determination of the boundary values of both phases.
However, the basic approach, as documented in previous work, 1 3 was not
modified. The essential strategy for both phases is as follows. Pseudo-
characteristic forms are used to update the stress and pressure fields
assuming trial values of the normal solid- and gas-phase velocity compo-
nents. he tangential component of velocity is given a trial value from the
equations of motion for the gas-phase and by continuation from the interior
for the solid-phase. The porosity is updated either from the continuity
equation for the solid-phase or from a characteristic form, the choice of
the latter depending on the boundary orientation in the case of a stick
charge. The density and other thermodynamic parameters of the gas-phase are
updated using characteristic forms to maintain compatibility with the trial
value of pressure.

Together with the trial future boundary values we identify quasi-linear
relationships among them from the characteristic forms. Then the trial
values are adjusted, subject to the characteristic constraints, to satisfy
the physical boundary conditions. For the solid-phase either the normal
stress or the normal velocity component is specified and the solution is
completed in a straightforward manner. For the gas-phase the situation is
more complicated. The mechanical boundary condition may couple the boundary
values of several flows. For example, at an interface between two stick
charges, the pressures and mass fluxes of each of the two external
(interstitial) and internal (perforation) flows are all coupled through the
macroscopic mechanical boundary condition. Moreover, the mechanical
relationships are further complicated by the possibility of sonic flow for
any or all of the fluxes. Additional complications arise when reactive
components are placed on the interfaces and when the interfaces are
impermeable. Finally, special considerations have to be taken into account
when the sticks are slotted so that the internal and external pressures are
equal, even though the gas-phase velocities may differ.

We have taken the approach of solving the mechanical boundary condi-
tions - continuity and momentum - assuming that the density or temperature
of the gas-phase does not vary over the time step. Following the
determination of the gas-phase pressures and velocities, the enthalpies and
other thermodynamic properties -- molecular weight, specific heats, pyroly-
sis product mass fraction - are updated using either the characteristic
data or the macroscopic jump conditions, according as the flow is an efflux
or an influx respectively. The solution of the mechanical equations is then
repeated using these updated values of density. Iteration continues until
the solution converges.

The revisions pertaining to this topic are grouped into three cate-
gories. Two revisions pertain to the governing equations themselves. A
second category pertains to the physical model of the rupture of the case.
The third category pertains to the algorithm for the determination of the
boundary values.
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2.3.5.1 Governing Equations

[I A coding error was detected in respect to the analysis of flow resis-
tance through the case. This is the only coding error mentioned here. It
is noted because it has the effect of changing certain details of the solu-
tion for the 1203 charge. If K is the dimensionless friction factor which
characterizes the resistance of the case to normal penetration by the gas
(see Appendix A) then the error had the result that prior calculations used
an effective value equal to Ks1 /p where a is the porosity of the main charge
at the boundary point in question and p is the pressure. The error only
pertained to situations in which K ( 100. Values of K - 100 were correctly
interpreted as representing a completely impermeable case element.

12] Among the physical boundary conditions which apply at the boundary of
the propelling charge is the finite balance of the tangential component of
momentu=. We have previously discussed the need to modify the obvious
direct statement of this principle. 1 1  Large velocity gradients can be
produced if influx occurs at a given point on the boundary while an efflux
occurs at a neighboring point. We have used a 'relaxed' tangential velocity
component which reflects the tendency of entering gas to be made conformable
with the gas in the mixture due to the effect of the interphase drag. An
additional compromise was made in connection with the reactive case seg-
ments. The gas produced by combustion on the mixture side of the case is
assumed to have a tangential component equal to that of the gas-phase at the
boundary. Thus the momentm defect which must be overcome to accelerate the
products of combustion of the case to a velocity comparable to that of the
mixture is neglected. The physical consequences of this assumption are
thought to be mall. We also note that this assumption was introduced at an
early stage in the shakedown process for TDIWNA. Possibly, it could be
eliminated, but testing to confirm this has not been conducted.

2.3.5.2 Rupture of the Case

The data base for TDKOVA admits the prescription of container
properties which vary discontinuously from point to point, either initially
or as a result of the evolution of the flow. Naturally, such discontinui-
ties place a strain on the numerical scheme. As with the analysis of bound-
azy motion, our approach has been initially to admit all possible situations
and then to impose such restrictions as are proved necessary in the search
for stable numerical solutions. We have made the following revisions.

[] If a segment of the case which is burning on its external surface is
forced sufficiently close to an external boundary the solution in the ullage
is discontinued. If the segment is mpermeable, there is no volume to
receive the products of combustion of the case. Rather than also discontin-
uing the model of external burning, which may affect the overall progessiv-
ity of the charge, we allow an impermeable case segment, which is both
burning on the outside and in contact with an external boundary, to begin to
rupture at the time when contact occurs.

4.
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[21 If a case segment is described as being very permeable to the gas-phase
it may happen that the am of the intergranular stress and the pressure
differential are never sufficiently large to cause rupture. Accordingly, we
have provided an option which causes rupture to begin locally for a case
segment whenever the main charge is locally ignited, and independently of
whether or not the mechanical forces are capable of inducing rupture. The
option can be applied independently to each of the case segment types or
uniformly, through a global switch.

[3] The revision of interest here has already been discussed in Section
2.2.3.2. As noted there, when a rigidized case fails we consider that the
case is locally ruptured in the sense of the flexible case model. We do not
repeat the details of motivation or implementation here.

[41 It may happen that part of the case sidewall is ruptured quite early in
the calculation, as for example if the risidized model leads to failure at
any interior point. Failure of the remainder of the sidewall may be delayed
until igniter gases penetrate the failed, and therefore increasingly
permeable, sidewall section and ignite the main charge increment. If the
failed section of the sidewall is permitted to expand freely during this
ignition interval, the shape of the boundary will become sufficiently
structured as to introduce nmerical strain which will clearly manifest
itself in the form of wiggles in the pressure field. To ease the numerical
strain somewhat we have revised the code to permit radial expansion of the
sidewall at a point where the case is fully ruptured only if both the
neighboring points are also fully ruptured.

2.3.5.3 Boundary Value Algoritba

We note six revisions here. The last four of these relate to the de-
termination of gas-phase pressures and mass fluxes on all boundary points
other than the corners. In the present section the discussion of these four
revisions is confined to a brief statement of the reasons for and nature of
each of them. Because of the importance of this topic, however, and also
because the revisions are non-trivial, we provide a self-contained discus-
sion of the solution of the pressure/mass-flux boundary conditions in
Appendix A.

El] In the previous version of TDNOVA,14 values of pressure at the corners
of the two-dimensional regions were determined by taking the average of the
values of the neighboring points on the two boundary elements which defined
the corner. For purely one-dimensional flows this approach introduces an
obvious mount of computational noise. Following some experimentation, the
algorithm for the definition of the boundary values was revised to use eith-

er the value on the - t or the v - n boundary according as Itzut + trvri <

jqzu + hrvqj. Here c, t .j are the computational coordinates which
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correspond approximately to t, z and r where t is time and z and r are cy-
lindrical coordinates. We have also used u and v as the velocity com:-
ponents of the gas-phase. The inequality mounts to a test of the flow
dilatation rates in each of the two coordinate directions, and was used in
our first studies of two-dimensional flow. 1 0  If the flow is one-dimen-
sional, the corner value will be chosen so as to maintain one-dimen-
sionality.

[2] At quite an early stage in the development of TDNOVA, 1 1 it was decided
to determine the tangential velocity component of the solid-phase by
continuation from the interior rather than by using the equations of motion
on the boundary itself. This decision was connected with the possibility
that due to the transfer of gas into the mixture, an anomalously high
tangential interphase drag component might cause excessive boundary deforma-
tion. The necessity of using the continued tangential component has not
been investigated subsequently. Since many other code revisions have been
incorporated it is possible that testing might reveal that the continuation
is no longer required. However, such testing has not been done and the
following revisions were made in connection with the determination of
porosity and intergranular stress on the boundaries. For stick charges we
also use continued values of porosity and transverse intergranular stress on
the v - t boundaries i on the T - il boundaries we use a continued value of
the longitudinal stress.

[3] A revision was made to the determination of the pressure and mass flux
at a boundary having a finite value of surface flow resistance. A Newton-
Raphson scheme was coded to account for the influence of the quadratic terms
in the momentum equation. The revised analysis is described in Appendix A.

[4] The gas-phase momentum balance is factored to determine the ratios of
the pressures of each of the streamlines intercepting the boundary element.
The pressures are all related through coefficients which are functions of
the Mach number. Previously, these coefficients were based on data in
current storage. This has been revised to limit the coefficients explicitly
to the values obtainable in a sonic flow. Further details are given in
Appendix A.

[5] Previously, we determined the boundary values of pressure for a slotted
stick charge, when the slot was open, in the following way. First we ob-
tained trial values of the external and internal pressure from the cb-,ac-
teristic forms. Second we determined a mass flux through the slot which
would equilibrate the internal and external pressures. Third, we adjusted
the pressures and fluxes to satisfy the physical boundary conditions. As a
result of the third step the internal and external pressures could fail to
be equilibrated on the boundary. Some oscillation of boundary values was
observed under some conditions. Accordingly, the scheme for the determina-
tion of the boundary values was modified to maintain the equilibration of
the internal and external gas-phase pressures for the slotted stick. De-
tails are given in Appendix A.
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16J In TUNWVA we consider that two adjacent charge increments are always
separated by, a region of ullage which may be either opefl, if theiy are
sufficiently far apart. or closed. if the increments are sufficiently close.
The two-dimensional method of solution entails a continuum analysis of the
ullage. in the tangential direction, only when it is open. Previously, the
decision to treat a region of allege as locally closed was based solely on
the criterion that its transverse dimension exceed 1 m. Under some
conditions, at low pressure during flinosprea4ing, involving ullage between
two increments with large values of through flux, the predicted density in
the allege may become negative. Accordingly, we modified the criterion to
treat the ullage as closed so as to take Into account the ratio of the
through flux to the gas contained in the mesh cell. Details are given in
Appendix A.
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3.0 79H M203 PROMPLDIU C(M

In the present chapter we consider the 3203 Propelling Charge for the
155-mm Howitzer. We have previously reported on the applicability of TDKtWA
to the simulation of this charge 1 ' and it was the subject of a study by
Horst. 1 4 The study by Borst included a comparison with NOVA and an assess-
ment of the influence of computational elements of the data base. Since the
time of these prior studies TDN(A has undergone substantial development and
revision. 1 2 , 1 3  It is therefore of interest to determine the implications of
the code revisions insofar as previous important milestone conclusions are
concerned.

In Section 3.1 we describe the charge from a physical standpoint and
discuss the representation by TDNOVA. Differences from the previous
representation are noted. In Section 3.2 we present some details of the
solution based on nominal computational parameters. Then, in Section 3.3,
we study the influence of the computational parameters on various aspects of
the solution.

The M203 Charge is also used in Chapter 7.0 as a baseline to examine
the effects of heat transfer to the tube and a finite rate of release of en--
ergy in the gas-phase.

3.1 Nominal Data Base

The 3203 Charge is illustrated in Figure 3.1. It consists of approx-
imately 12 kg of M30AI granular propellant contained in a cloth bag. The
charge includes a basepad igniter and a centercore tube igniter which runs
the length of the charge. While the bag is gas-permeable, the centercore
tube is not. In addition, the forward two-thirds of the outer sidewall of
the bag includes a lead foil liner which obstructs penetration by the gas-
phase. A further impediment to penetration of the bag by ignition gas is
due to the salt bag attached to the front of the bag. Since the diameter of
the bag is less than that of the chamber, annular ullage is initially
present and the initial configuration is not axisymetric. The charge is
normally spaced away from the spindle face. Therefore, axial ullage is
normally present at each end of the charge. .

The representation of the charge by TDNOVA is defined by the tabulation
of the input data given in Appendix B and also by Figure 3.2. Appendix B
contains the tabulation of data in essentially the same fomat as the TDNOVA
printout. Figure 3.2 illustrates the axisymetric representation of the
charge which is necessarily assumed by the code. Little is known about the
consequences of neglecting three-dimensional details of the charge distri-
bution. Some experimental steps towards understanding three-dimensional
details have been reported by Minor.3 1

31 Minor, T.C.
"MultiDimensional Influences on Ignition, F1 lmespread and Pressurization
in Artillery Propelling Charges'
Proc. 20th IANNAF Combustion Meeting 1983
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The boundaries of the main charge are considered to be the rear and
forward endwalls, the outer sidewall and the centercore tube. These
boundary elements are considered to have neither thickness nor inertia.
However we do attribute flow resistance to each segment and we attribute
reactivity to the outer part of the rear endwall, thereby simulating the
basepad as a surface source term. The basepad is also represented as
extending over the rear endwall of the centercore tube. We note the
convention for the reactivity file pointer, a four digit number. The
digits, read from left to right, point to files for the inner attached,
inner surface, outer surface and outer attached reactive substrates. Figure
3.2 shows that four different sets of permeability data are used to
represent the charge. Referring to Appendix B we see that the initial value
of KI is 0.01 so that the rear portions of the bag, including part of the
outer sidewall, are represented as very permeable. On the other hand, the
initial values of K2 , K3 and K4 are 101. so that the remaining sections of
the container are represented as initially impermeable.

We note that the rate of combustion of the basepad is prespecified.
Because both the rear endwall of the bag and the end of the centercore are
permeable, the igniter gas will stimulate both the centercore and the main
charge. The centercore is taken to contain black powder. Because of
uncertainties about the role of condensed phases in promoting flamespread
through black powder, the ignition temperature is set to an artificially low
value, namely 3000K. Accordingly, our representation of the charge will
strongly favor ignition of the centercore before the main charge increment.

The representation given here differs from that considered by Borst. 1 4

First, as we have already described, in Chapter 2.0. a correction has been
made to the dimensionless friction factor which defines the flow resistance
of the bag. Second, at one stage in the present effort it was discovered
that a stable calculation of the 1203 Charge could no longer be obtained.
The breakdown was associated with the sudden change in pemeability of the
forward endwall following rupture. The data base considered by Borst 1 4

defined the rupture interval for the forward endwall as zero. Accordingly,
the flow was required to adjust instantaneously from a condition of complete
Impermeability to complete pemeability. Although the code was able to
withstand this requirement in its earlier versions, the more recent versions
were found to break down. Accordingly, the data base was revised to include
an arbitrarily selected 2 msec interval of rupture for the forward endwall.
Third, following the other revisions of the present effort, it was found
that the rear part of the outer sidewall would not rupture. Accordingly,
transition to a quasi-two-dimensional representation would not occur.
Therefore, we exercised the code option which allows rupture to commence
when the main charge is locally ignited. This option was applied only to
the rear part of the outer sidewall for which Kl= 0.01 initially.

We note the computational elements of the data base. These are the
number of axial mesh points assigned to the main charge, the number of
radial mesh points assigned to the main charge and the pressure tolerance
factor which controls the transf ormation to a quasi-two-dimensional
representation. Denoting these parameters by Z, R and P respectively, we
note the convention that we will refer to the computational set in the form
Z X R 9 P. Thus the nominal mesh is described as the 30 X 7 6 0.01 case.

37



3.2 Nominal Solution

Aspects of the nominal solution are presented in Figures 3.3, 3.4 and
3.5. Figure 3.3 illustrates the pressure distribution at a variety of
times. Figures 3.4 and 3.5 depict the solid- and gas-phase velocity fields
respectively.

Referring to Figure 3.3, we see that at 1 usec the centercore is sub-
stantially ignited. Since the centercore tube is initially impesmeable it
confines the products of combustion of the black powder. Thus the pressure
in the centercore exceeds that in the main charge. The pressure
differential increases until the rupture criterion for the centercore tube
is satisfied. Subsequently, the pressure differential is moderated by the
increasing permeability of the tube and eventually becomes negligible. By
2.0 msec rupture of the tube is nearly complete over the rear section and
the main charge is pressurized. Towards the front, however, the interior of
the centercore tube is still at a higher pressure than the main charge. We
also see a pressure jump across the forward end wall. By 3.5 msec the main
charge is fully ignited and the solution is becoming increasingly one-
dimensional, as afar as the pressure field is concerned. The inner part of
the forward endwall has ruptured. As the gas flows out, it drags the solid-
phase towards the projectile base. By 4.0 msec impact against the projec-
tile has occurred.

Figures 3.4 and 3.5 reveal the degree to which the forward endwall is
deformed at 4.0 asec. The sharp variation in flow area in the foward axial
ullage creates numerical strain which is responsible for the pressure wiggle
seen at 4.0 mec in Figure 3.3.

By 5.421 however, the charge has made full contact with the projectile
base-see Figure 3.4-and the pressure field has become almost perfectly
one-dimensional-see Figure 3.3. At this point the pressure tolerance
criterion is satisfied and the transformation to a quasi-two-dimensional
representation occurs. Figure 3.3 contains distributions from this phase of
the calculation at times equal to 5.421, directly after the transformation
occurs, at 9.0 rsec, near maximum pressure, and at 16.0 msec, just prior to
muzzle exit.

The simulation of the 1203 Charge presented here differs from that
obtained by Horst 1 4  with the earlier representation. The persistant
pressure differential across the forward endwall was not seen previously.
The present calculation continues much further in the fully-two-dimensional
mode than the earlier simulation. As a consequence the present calculation
is required to treat the fully-two-dimensional impact of the solid-phase
against the base of the projectile.

The nominal solution required 289 seconds of CPU time on the CYBER 7600
computer.
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3.3 Influence of Computational Parameters

The influence of computational parameters on various details of the
simulation of the M203 Charge is illustrated by Figures 3.6 through 3.13 and
by Table 3.1.

The effect of the number of axial mesh points on the pressure distribu-
tions at 2.0. 3.5 and 4.0 asec is shown in Figures 3.6, 3.7 and 3.8 respec-
tively. No substantial differences are seen. We do note, in Figure 3.6, an
increasing resolution of detail near the forward part of the outer sidewall.
A small excursion due to the flow resistance of the bag is seen to emerge
progressively with increases in the number of axial mesh points. We also
note, in Figure 3.8, that the wiggles associated with partial collapse of
the forward axial ullage are exacerbated as the number of mesh points
increases. This increase in the amplitude of the wiggles reflects the fact
that the underlying cause is a discontinuous variation of bag properties as
we move along the boundary.

The effect of the number of radial mesh points is shown in Figures 3.9,
3.10 and 3.11 which focus on the same three points in time, namely 2.0, 3.5
and 4.0 asec. Again, additional mesh points do not help the situation in
the forward axial ullage near the time of impact of the solid-phase against
the projectile. In fact, a smoother solution is obtained by reducing the
number of radial mesh points, as we see in Figure 3.11.

In general, Figures 3.6 through 3.11 indicate that the nominal choices
of 30 axial mesh points and 7 radial mesh points are adequate and that the
solution is little changed by increases in those computational parameters.
Possibly, smaller values could be used without undue loss of accuracy.

The adequacy of the mesh is also confirmed by Figures 3.12 and 3.13.
Here we demonstrate the effect of mesh refinement on the path of
flmespreading-Figure 3.12--and the structure of the ignition-induced
pressure wave--Figure 3.13. Figure 3.13 represents the difference between
the pressure at the breech and that at the mouth of the combustion chamber.
In both cases the centerline value is used. Although some differences in
fine structure are observed in Figure 3.13, the mesh indifference is very
good.

Further information concerning the influence of the computational
parameters is given in Table 3.1. Here, in addition to the number of mesh
points, we consider the influence of the pressure tolerance factor. We also
examine the behavior of the mass defect as defined in Section 2.3.3. Each
run is identified by its computational parameters according to the conven-
tion of Section 3.1. We then tabulate the maximum breech pressure (Pmax),
the muzzle velocity (m.v.), the first minimum of the pressure difference
history (Apmin), the time at which transformation to a quasi-two-dimensional
representation occurs (t2QD), and three values of the percent mass defect
(AWI). We present the maximum, minimum and final values of A&%.

39



Table 3.1 Effect of Computational Parameters on Simulation
of M203 Propelling Charge

Run Pmax m.v. Apmin tQ2D AM%(-)

(MPa) (m/s) (MPa) (msec) max min final

Nominal Case

30 X 7 * 0.01 360.7 836.2 -11.4 5.42 0.00 -1.87 -1.44

Effect of Number of Axial Mesh Points

15 X 7 6 0.01 354.2 831.6 -12.6 5.02 0.00 -1.75 -0.88
45 X 7 6 0.01 362.2 834.1 -12.5 5.58 0.00 -1.81 -1.81

Effect of Number of Radial Mesh Points

30 X 5 6 0.01 372.3 845.8 -18.4 5.47 0.84 -1.29 0.30

30 X 9 0 0.01 357.9 836.9 -11.3 4.44 0.00 -1.53 -1.42
30 X 11 6 0.01 356.7 835.1 -11.8 4.41 0.31 -1.14 -1.03

Effect of Pressure Tolerance Factor

30 X 7 6 0.05 358.4 838.9 - 2.6 3.15 0.56 -0.98 -0.16
30 X 7 9 0.10 358.4 838.9 - 2.6 3.15 0.56 -0.98 -0.16
30 X 7 6 0.005 379.2 848.5 -12.2 5.92 0.70 -1.05 0.14

First minimum of pressure at 87.37 cm minus pressure at 0.01 cm on
centerline

The preceding observations concerning the indifference of the simula-
tion to the number of mesh points are confirmed by the results of Table 3.1. r
With the exception of the 30 X 5 0 0.01 case, the predictions of Pmax' m.v.

and APmin all show an acceptable level of insensitivity to the number of

mesh points. Excepting the 30 X 5 6 0.01 case, the variation in Pmax is

less than 2% while that of m.v. is less than 0.5%.

The range of values of the mesh parameters is too limited to permit us
to say that convergence is demonstrated. However, we note that the
variations in the ballistic predictions are of approximately the same
magnitude as the external values of An. As discussed in Section 2.3.3. the
value of Am% may be viewed as providing an independent estimate of the
accuracy of global aspects of the solution.
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We turn now to the influence of the pressure tolerance factor. The

results of Table 3.1 show that the ballistic predictions are not indifferent
to the value of this parameter. The cases with values of the pressure
tolerance factor equal to 0.10 and 0.05 appear to give essentially identical
results. While these two cases give predictions of Pmax and n.y. which are

in close agreement with the nominal 30 1 7 6 0.01 case, they produce a

noticeably lower value of APmin. On the other hand, the 30 X 7 6 0.005 case

produces a value of Apmin close to that of the nominal mesh, but the

predictions of P..a and m.v. are significantly higher than the nominal

values.

If we examine the mass defects we see that all three values for the
30 X 7 6 0.005 case exceed those of the nominal case by approximately 1%.
This differential suggests that the higher values of lax and .v. obtained
with the 30 X 7 X 0.005 case might be due to mass ba lancing errors. How-
ever, the possibility that other factors might be at work is immediately
suggested when we examine the values of AS1 for the 30 X 7 6 0.05 and
30 X 7 6 0.10 cases. These values are in close agreement with those for the
30 X 76 0.005 case. Nevertheless, we considered it to be of interest to
prepare a temporary version of the code in which perfect mass balancing was
enforced after every time step. In this temporary version we computed the
mass defect and then adjusted all values of gas-phase density and porosity
by a common factor which restored the value of As& to zero.

We ran the 30 1 7 V 0.01 and the 30 X 7 6 0.005 cases with the tempor-
ary code version. Although the values of AS1 are necessarily zero, the same
is not true of the values of Ae% and we examine them to see whether some
other global balancing error might be of significance. In Table 3.2 we
summarize the values of pmax, m.v., tQ2D and three values of As%. All three

Table 3.2 Effect of Pressure Tolerance Factor on Simulation of Propelling
Charge with Perfect hass Balancing

un Pmax M.v. tQ2D Aes

(MPa) (mis) (msec) max min final

30 X 7 6 0.01 363.9 839.9 5.16 0.37 -0.52 -0.31
30 X 7 6 0.005 371.3 843.5 5.64 0.38 -0.46 -0.24

values of Ae% are seen to be in close agreement for the two computational
cases. We also see that the values of Pa. and m.v. are brought into closer

agreement when perfect mass balancing is perfomed. Nevertheless, the resi-
dual differences are larger than those induced by changes in the number of
mesh points.
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7he present dependence of the results on the value of the pressure
tolerance factor mai be contrasted with the previous finding of Horst who
saw little effect. In that study, however, the values of to2D were 3.49
and 3.51 msec for the 30 X 7 9 0.01 and 30 X 7 4 0.005 cases respectively.
Here we see a more substantial delay: Tables 3.1 and 3.2 both indicate a
delay of approximately 0.5 msec to satisfy the smaller value of the pressure
tolerance factor. Moreover, the transformation to a quasi-two-dimensional
representation occurs at much higher pressures in the present calculations
than in those of Horst.14 At 3.5 msec the breech pressure is approximately
20 MPa whereas at 5.5 msec it is approximately 80 MPa.

The sensitivity to the time at which transformation to a quasi-two-
dimensional representation occurs will require further study. A basic
assumption of the modeling approach of TDNOVA has been that detailed radial
structure of the flow could be neglected beyond a certain point in time.
Moreover, it has been assumed that radial uniformity of the pressure
distribution provides an appropriate criterion for the transformation to a
quasi-two-dimensional representation. To verify these assumptions one would
ideally like to have the complete two-dimensional solution. But stable
solutions for the complete interior ballistic cycle have not been obtdined
as of this date. In the absence of the complete two-dimensional solution
one can only seek, as we have done here, to demonstrate indifference of the
results to the point at which the transformation to a quasi-two-dimensional
solution is effected. From a practical standpoint this goal must be
confined to showing indifference to a range of values of the pressure
tolerance factor larger than some minimum which corresponds to the onset of
instability in the fully-two-dimensional mode. It may be that the value
0.005 is too close to the minimum and that the observed increases in Pmax
and m.v. are symptomatic of latent instability. Or, it may be that the
fully-two-dimensional solutions actually do differ from their quasi-two-

. dimensional counterparts. In either case, our inability to show complete
indifference to the pressure tolerance factor makes it necessary to pursue
the goal of obtaining complete two-dimensional solutions in subsequent work.

It may also be desirable to provide the mass balance correction as an
option. Tracking of the cumulative correction would serve as a guide to
accuracy in the same way as the present tabulation of Am%. Such an option
would be useful provided that the cumulative correction did not exceed a few
percent.
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We now consider the 1003E2 Propelling Charge for the 155-rn Howitzer.
In the present section we consider a single-increment representation in
which the base igniter is modeled as a surface source term. Results for
this representation have previously been presented by Borst et S1.17 In
this chapter we will use the single-increment representation as a vehicle to
assess the influence of computational parameters on the interior ballistics
of a stick propelling charge. We will also use the single-increment
representation in Chapter 7.0 when we illustrate the modeling of programmed
fracture. In Chapter 5.0 we will present solutions based on a two-increment
representation of the M203E2 Charge in which the igniter is modeled as a
two-phase flow.

The format of this chapter is the same as that of the previous one. In
Section 4.1 we describe the charge and discuss the data base. In Section
4.2 we present some details of the nominal solution and in Section 4.3 we
study the influence of the computational parameters.

4.1 Nominal Data Base

The 1203E2 Propelling Charge is illustrated in Figure 4.1. It consists
of 12.7 kg of M31A1E1 slotted stick propellant loaded in a rigid combustible
cartridge case. The rear end closure has a permeable wall to allow the base
igniter combustion products to flow into the stick charge. The base igniter
consists of a small mount of CBI which is ignited by a black powder spot.
The igniter is held in place by an end cap which has a central hole to allow
ignition of the black powder by the primer located in the spindle. As with
the 1203 Charge, the initial condition involves axial ullage at both ends of
the charge as well as annular ullage around it.

The single-increment representation of the 1203E2 Charge by TIONOVA is
defined by the tabulation of the input data given in Appendix C and by
Figure 4.2. We see, in Figure 4.2, that the main charge is completely
enclosed by the case and that all the surfaces of the case are taken to be
reactive. Referring to Appendix C we see that the rate of combustion of the
surfaces of the case is represented in a predetermined tabular format.
Moreover we include an attached reactive substrate on the outside of the
rear end wall. This attached substrate represents the action of the igniter
which is therefore collapsed to a surface effect. Like the case, its rate
of combustion is represented in a predetermined tabular format. The case is
represented as rigidized. Thus we consider the longitudinal strain of the
outer sidewall until such time as it is determined to have failed.
Referring to Appendix C we see that the initial values of the flow
resistance coefficients are K6 = 10, K4 = K[ = 101. Therefore only the rear
endwall is represented as initially permeable to the gas-phase.

In contrast to the M203 Charge, we take into account the thickness of
the container in the present problem.
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The main charge consists of slotted stick propellant. Accordingly, we
model the interstitial flow independently of that in the perforations until
flamespread is complete and all the slots are fully open. In the present
instance the pressure required to open the slots is set so that they are
represented as open from the initial instant. Accordingly, the dual-voidage
model will be terminated as soon as flamespread is complete on all inner
and outer propellant surfaces. Because the slots are always open, the
interstitial and perforation pressures will always be identical at each
location. However, the other gas-phase properties may differ as may the
solid-phase surface properties.

4.2 Nominal Solution

In the present simplified representation of the M203E2 Charge the com-
bustion of the case is specified in a predetermined tabular format according
to which all internal and external surfaces begin to burn at the start of
the calculation. Therefore the case plays an important role in respect to
the ignition of the charge in this representation. In Chapter s.0
combustion of the case will be modeled in a more physically correct manner.

Because of the combustion of the case all the surfaces of the container
are pressurized early on. At the forward endwall the pressure differential
creates a sufficiently large stress in the sidewall, according to the model
of the rigidized case, that failure of the sidewall is predicted to occur at
the forward end in approximately 0.1 msec. Since the rupture interval for
all case segments is taken to be zero, in the present problem, the forward
endwall becomes fully permeable when the structural failure occurs.

Figure 4.3 presents the distributions of pressure at various times.
Since the slots are always open, the figure applies equally well to the
interstitial and perforation flows.

At 0.5 msec we see the elevated pressure in the rear ullage due to the
combustion of the igniter under the confinement of the endwall of the
charge. Although the endwall is initially permeable, it offers significant
resistance to penetration by the igniter gas. We see an even more
pronounced excursion in the outer annular ullage where the products of
combustion of the case are confined by the impermeable sidewall. Since the
forward endwall has been fully permeable for some time we see that the
internal case combustion products have been substantially vented into the
forward region of axial ullage. Not only is the pressure continuous across
the forward boundary of the charge, but the boundary condition has been
impressed on a significant part of the charge. Near the rear outer corner,
however, the pressure within the charge is still elevated. .
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By 1.0 msec the rear portions of the charge are ignited on both the
inner and outer surfaces of the sticks. Although the rear endwall has not
ruptured, the pressure differential across it has nearly disappeared. The
rear portion of the outer sidewall of the case will soon rupture due to the
overpressure created by propellant combustion. By 1.5 msec flamespread and
case rupture are nearly complete and the pressure is rapidly becoming nearly
uniform throughout the chamber. The dual-voidage model is terminated at
1.56 msec. By 2.224 msec the radial pressure gradients have disappeared to
within 1% as required by the pressure tolerance factor, set equal to 0.01.
Transfomation to a quasi-two-dimensional representation occurs. We present
the pressure distribution just before and just after the transformation.

We include the distributions of pressure at various times during the
balance of the interior ballistic cycle. These exhibit no important
physical details. However, we draw attention to the continuum
representation of the forward region of axial ullage.

The nominal solution was generated using the 30 X 7 6 0.01 computation-
al parameter set. It required 246 seconds of CPU time on the CYBER 7600
computer.

4.3 Influence of Computational Parameters

The influence of the computational parameters is illustrated in Figures
4.4 through 4.13 and by the data of Table 4.1. The results are seen to be
similar to those of the previous chapter. Very good indifference of the
calculations is seen insofar as the number of mesh points is concerned. But
some sensitivity of the maximm chamber pressure is seen as the value of the
pressure tolerance factor is reduced. The absolute values of the mass
defect reach maximum values of about 2%.

Figure 4.4 through 4.6 illustrate the influence of the number of axial
mesh points on the pressure distributions at three times. The agreement is
seen to be very good. The only noteworthy feature occurs in Figure 4.6
where the 45 X 7 £ 0.01 case exhibits some small wiggles on the outer bound-
ary. This is thought to be associated with the non uniform rupture of the
sidewall which occurs between 1.0 and 1.5 msec. As the mesh is refined it
becomes more sensitive to non-analyticities in the boundary conditions. We
saw a similar result in Chapter 3.0 in connection with the collapse of the
forward axial ullage as the charge approached the base of the projectile.

The effect of the number of radial mesh points is illustrated in
Figures 4.7 through 4.9. The indifference of the pressure distribution is
seen to be very good.

5
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Due to the permeability of the stick charge and the relatively early
equilibration of pressure across the rear end closure, the propellant does
not move significantly during flmespreading. This is illustrated in Figure
4.10 in which we display the solid-phase velocity field at the instant of
transformation to a quasi-two-dimensional representation. It should be
noted that the flow fields of Figure 4.10 are at a variety of times.
Accordingly, the shape of the charge boundary may vary from mesh to mesh.

Table 4.1 Effect of Computational Parameters on Simulation of M203E2

Propelling Charge

Run Pmax Z.v. APmin tQM) Am(-)

(MPa) (m/s) (MPa) (msec) max min Final

Nominal Case

30 X 7 6 0.01 357.9 799.4 - 4.4 2.22 2.11 0.00 1.06

Effect of Number of Axial Mesh Points

15 X 7 6 0.01 354.5 794.6 - 5.5 2.27 1.48 -0.37 -0.37
45 X 7 g 0.01 354.6 794.3 - 2.1 3.47 1.51 -1.73 -1.73

Effect of Number of Radial Mesh Points

30 X 5 6 0.01 352.0 793.7 - 3.6 2.45 1.37 0.00 0.23
30 X 9 6 0.01 357.4 799.0 - 4.4 2.22 2.04 0.00 1.01
30 X 11 @ 0.01 357.0 796.2 - 2.7 2.45 1.57 0.00 0.19

Effect of Pressure Tolerance Factor

30 X 7 g 0.05 356.0 798.2 - 4.8 2.04 2.00 0.00 0.91
30 X 7 6 0.10 356.0 798.2 - 4.8 2.04 2.00 0.00 0.91 'S

30 X 7 9 0.005 364.3 798.5 - 2.4 3.73 2.31 -0.47 -0.47

First minimum of pressure at 87.37 cm minus pressure at 0.01 cm on
centerline

Figures 4.11 and 4.12 illustrate the influence of the mesh on the path
of flamespreading through the interstices and the perforations of the stick
charge. Good indifference is seen. We also note only minor differences
between the external and itternal flmespread rates. In Figure 4.13 we note
the influence of the mesh on the pressure difference history. As with the
M203 Charge in the previous chapter, the indifference of the solution is
good, although there are differences in the fine structure. We note an
anomaly in the solution for the 30 X 7 6 0.01 case. The excursion at around
12 msec represents a flaw in the treatment of burnout. This algorithm
defect will be corrected in subsequent code versions. It was not judged to
be of sufficient importance to warrant repeating the present set of runs.
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In the previous chapter we presented simulations of the M20312
PropellinS Charge in which the Igniter was represented as a surface source
term. The base igniter contains a number of structural details, as may be
seen from an inspection of Figure 4.1, and it is therefore tempting to
represent the igniter as a separate increment, modeled according to the same
two-phase flow fomulation as the main charge. Early attempts to perfom a
two-increment simulation of the MO03E Charge were unsuccessful 1 7 and much
of the effort in the present contract has been directed towards ruggedizing
the code to meet this goal.

In this chapter we present solutions which demonstrate the achievement
of the goal of treating the igniter as a separate increment. The nominal
data base and certain details of the solution are presented in Section 5.1.
Then, in Section 5.2 we examine the theoretical influence of the pemeabil-
ity of the propellant container.

5.1 Nominal Data Base and Solution

The two-increment representation of the N203EZ Propelling Charge is
illustrated in Figure 5.1. The complete nominal data base is tabulated in
Appendix D. Most of the details of the representation are as in the
preceding chapter. The major differences are due to the treatment of the
reactivity of the container and, of course, the model of the base igniter.

Figure 5.1 identifies the mechanical property and reactivity file
pointers which are used to characterize the various sections of the
container. We note that all the container walls are taken to be initially
impermeable (M-101), except for the endwall between the increments which is
characterized by a value of K-10. We recall that the reactivity pointer is
a four digit nmber. Each digit points to a file of data for one of the
four possible reactive substrates in each segment of the container. A zero
value implies that the corresponding substrate is non-reactive. Referring
to Appendix D we see that with the exception of the black powder spot
located on the rear endwall of the main charge increment, all container
substrates are characterized by modeled combustion rates. Due to
ucertainties in the rate of convective heat transfer to the container we
have set the ignition temperature of the container material to be 3000K or
slightly more than the initial temperature of 294K. Accordingly, combus-
tion of the container will begin shortly after the onset of any appreciable
convection of high temperature gases. The combustion rate depends on
pressure according to the familiar exponential law.

We note that the rear endwall of the igniter increment is defined by
two segments. The inner segment represents the venthole shown in Figure 4.1
and is accordingly given zero values for the mechanical property and
reactivity pointers. The igniter increment is also depicted as having no
forward endwall. We have taken the forward endwall of the igniter to be the
rear endwall of the main charge even though, as shown in Figure 4.1, it is
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physically a part of the igniter case. Our purpose in so doing is twofold.
First of all, since TDNOVA will treat the endwall as moving with the
boundary of the increment to which it is ascribed, it is physically more
appropriate to identify it with the main charge. The ignition of the charge
has as its initial stimulus the venting of the black powder basepad located
on the rear face of the endwall. This will have the effect of blowing the
igniter grains rearward while at the same time thrusting the endwall against
the main charge. Second, ascribing the endwall to the main charge permits
us to retain the reactive stimulus and flow resistance of the endwall after
the igniter increment has been eliminated due to burnout.

Both the igniter and main charge containers are taken to be rigidized.
The containers are represented as bonded together with a bond strength of
106N. The maximum tensile stress for the container sidewall is 20.68 MPa.
This value is used to determine the point at which the analysis of sidewall
longitudinal strain is to be terminated. Subsequently, in the flexible case
mode, the endwalls offer no direct constraint to the motion of the solid-
phase. Rupture is taken to begin in the flexible case mode at an over-
pressure of 0.86 MP& and to require 1 msec for completion. All segments of
the containers are taken to have an initial thickness of 0.32 cm.

The igniter charge consists of 0.0283 gm of CBI (Clean Burning
Igniter). We take the ignition temperature of the CBI to be 3000K, ensuring
that it begins to burn shortly after the basepad starts to vent. The
initial porosity of the igniter increment is 0.963, very close to unity.

In order to prevent complete collapse of the igniter increment it was
decided, at an early stage, to set the settling porosity equal to the
initial porosity. Accordingly, the igniter will tend to resist compaction.
The necessity of this compromise of the data base in the context of sub-
sequent code improvements has not been verified. We note that since the
igniter increment has an initial length of 2.54 cm, the requirement that it
compress to a length no less than 0.5 cm, as discussed in Section 2.3.4, im-
plies that the igniter increment will never be eliminated due to excessive
compression. As discussed in Section 2.2.2, elimination due to compression
occurs when the igniter increment is compressed to less than 10% of its
original length which, in this case, would be 0.25 cm.

The solution is performed with the computational parameter set

30 X 7 it 0.05. The complete nominal solution requires 406 CPU seconds on
the CIBER 7600 computer.

Details of the nominal solution are presented in Figures 5.2 and 5.3.
Figure 5.2 illustrates the distributions of pressure at various times while
5.3 displays the solid-phase velocity field at a somewhat different set of
times. As in Chapter 5.0, the interstitial and perforation pressures are
always equal at every location in the main charge increment.
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The pressure distributions of Figure 5.2 are similar in many ways to
those presented in Chapter 4.0 with the single-increment representation.
However, pressurization at the rear of the charge is much more rapid in the
present case. Also, since the container does not begin to burn prior to the
onset of a sufficiently strong thermal stimulus, we do not see the rupture
of the main charge container at the forward endwall as occurred with the
single-increment representation. Rupture still occurs quite early on, at
approximately 0.1 msec. For both containers the sidewall fails at the
connecting endwall which then begins to become fully permeable.

The constitutive revision to allow the endwall to begin to rupture when
the sidewall fails at an endpoint in the analysis of rigidization was not
part of the code version used to produce previously reported results for
this problem. 1 8  The present solutions differ from those of Reference 18,
particularly as regards propellant motion. While the endwall is unruptured
it always allows the pressure differential across it to be transmitted into
the sticks, propelling them forward. Propellant motion is reduyd in the
present simulations when compared with those reported previously.o

As in the single-increment representation we see elevated pressures in
the rear of the charge at 0.5 msec. But the outer annular ullage is barely
pressurized. By 1.5 msec the annular ullage shows an excess of pressure
over that inside the charge, due at least in part to combustion of the outer
surface of the sidewall. By 2.5 msec flmespread is nearly complete but the
front endwall has not yet fully ruptured and the pressure in the charge is
greater than that in the forward axial ullage.

At 2.86 msec burnout occurs locally within the igniter increment. It
is eliminated as a separate increment at this time and consolidated with the
rear axial ullage. Any remaining unburned igniter solid-phase is ignored in
the balance of the calculation. At 3.03 msec flamespread is complete.
Since the data base specifies that the slots of the sticks are open from the
initial instant, the dual voidage re - ;sentation is terminated at this time.
At 3.207 msec the transformation to a quasi-two-dimensional representation
occurs. We display the pressure distributions just before and just after
the transf ormation.

At 3.5 msec the forward axial ullage is large enough to warrant a con-
tinuun analysis. Figure 5.2 concludes with the distribution at 14.0 msec,
just prior to muzzle exit.

Figure 5.3 Aisplays the solid-phase velocity field at four times up to
the instant at which the igniter increment is eliminated due to local burn-
out. Although the igniter is initially blown rearward and compacted against
the spindle, it subsequently expands forward when combustion of the igniter
propellant overwhelms the blowing action el the black powder spot. We note
that expansion of the igniter increment also occurs in the radial direction.
Due to their much larger inertia, the sticks hardly move.
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5.2 Effects of Container Pemeability

We now consider the influence of the permeability of the contaimr on
the theoretical behavior of the M203E2 Charge. In addition to the nominal
case we consider five other cases all predicated on the data base of
Appendix D. Only the initial flow resistance coefficients for the container
segments vary from run to rm. The values of the Ki are shown in Table 3.1
together with a sketch which identifies the segments to which they pertain.

Table 5.1 Values of Container Flow Resistance Coefficients for Simulations
of M203E2 Propelling Charge (Two-Increment Representation)

Case K1  K2  K3  K4  KS

1 101 10 101 101 101

2 101 20 101 101 101

3 101 0 101 101 101

4 101 10 0 101 0

5 0 0 101 0 101

6 0 0 0 0 0

K3 Ks

Nomenclature for values of Ki as in sketch

In Case 2 the value of K2 is doubled, making the endwall between the
igniter and main charge increments less pemeable to the gas-phase. In
Case 3 the value of K2 is set equal to zero. In Case 4 we let the sidewalls
be fully permeable by setting [3 = K5 = 0. In Case 5 we allow all endwalls
to be fully permeable by setting K1  K2 = K4 = 0. Finally, in Case 6 the
entire container is made fully permeable with all values of the Ki set equal
to zero.

7.
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In Table 5.2 we summarize the predictions of maximum pressure (Pnal),
muzzle velocity (n.y.) and the first minimum of the pressure difference
history (Apnin). We also present the maximum, minimum and final values of
the percent mass defect (Am%).

Table 5.2 Effect of Container Permeability on Simulations of 1203E2
Propelling Charge (Two-Increment Representation)

s Pmax m.v. ApminA

(UP) (ms) (MPa) max mn final

1 380.1 831.5 -2.4 1.48 -1.06 -0.25

2 375.7 828.5 -1.4 0.98 -1.18 -0.75

3 383.9 836.8 -4.7 1.96 -0.38 0.05

4 373.0 825.5 -3.7 0.65 -1.04 -1.04

5 381.7 831.4 -2.6 1.28 -1.48 -0.53

6 373.0 826.6 -5.8 0.96 -0.77 -0.77

*First minimum of pressure at 87.37 cm minus pressure at 0.01 a on

centerline.

The values of AsI are all reasonably small. the extrema do not exceed
2% and the final values are all 1% or less. Accordingly it is reasonable to
assume that the mesh indifference of the present solutions is similar to
that of the single-increment representation of Chapter 4.0. It follows that
the ballistic predictions of Table 5.2 do not exhibit a dependence on
container permeability which can be discriminated from the computational
noise. This finding is consistent with the experimental results of Minor
and Horst. 3 2

Details of the individual solutions are presented in Figure 5.4 through
5.9. In Figures 5.10 through 5.12 we compare the paths of flmsespreading
and the pressure difference histories for the various data bases.

32 Minor, T.C. and Horst, A.W
lIgnition Phenomena in Developmental, Stick Propellant. Combustible-

Cased, 155-mm. M203E2 Propelling Charges"
Ballistic Research Laboratory Report ARBRL-TR-02568 1984
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Doubling the initial flow resistance coefficient for the endwall be-
tween the igniter and main charge increments does not have a large effect on
the pressure distributions, as shown in Figure 5.4. However, it should be
borne in mind that failure of the container in the rigidized mode induces an
early rupture of the dividing endwall. On the other hand, setting the flow
resistance of the dividing endwall equal to zero has a more pronounced
effect on the pressure field, as we see in Figure 5.5. Without the
confining influence of the endwall, the CBI burns more slowly. We see
continuity of the pressure across the dividing endwall. In addition the
pressure increases much more slowly as a function of time.

Figure 5.6 illustrates the pressure distributions obtained with
permeable sidewalls while 5.7 presents the solution with permeable endwalls.
Finally, in Figure 5.8 we see the solution corresponding to the fully
permeable container. These three figures display the expected continuity of
pressure across the pemeable surfaces. We do note a small excursion near
the rear of the charge in Figures 5.7 and 5.8. 7his is due to the blowing
effect of the black powder spot which is attributed to the dividing endall.
We also note that for Case 6 the igniter increment was not eliminated until
after the transfonmation to a quasi-two-dimensional representation. Figure

o5.9 presents the solid-phase velocity field for Case 6. We note the extreme
compression of the Igniter increment at 1.5 msec.

Figures 5.10 and 5.11 illustrate the path of flamespreading over the
outer and inner surfaces of the stick charges. In spite of the fact that
the slots are always open, the outer and inner flamespread path differ. We
recall that transverse flow occurs only in the interstices so that the outer
and inner flow fields differ. Moreover, the outer and inner heat transfer
coefficients are expected to differ due to the differing characteristic
length scales used to evaluate the heat transfer correlation.

Figure 5.12 cempares the pressure difference histories for the six
cases. Small differences of detail are seen but in no case do we observe

what would be described as a dangerous level of pressure waves. This
tolerance of design variations by the stick charge is in agreement with the
previously mentioned finding of Minor and Horst."
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6.0 7M 13216 FKWEILIN9 CEMEJ

We turn now to a more demanding computational exercise, namely the p

simulation of the 11216 Propelling Charge for the 155-m Howitzer. In
contrast to the 4203E2 Charge we must now confront a total of three main
charge increments, each separately enclosed in its own container. Like the
M203E2 Charge, the X(216 Charge has a structurally complex base igniter
which we also wish to model as a separate increment. In Section 6.1 we
describe the XM216 Charge in more detail, discuss a nominal data base to
represent it, and present certain details of the solution. In Section 6.2
we examine the theoretical influence of the properties of the container. As
in Chapter 5.0 we consider the effect of the permeability of the various
sections of the container. We also examine the influence of the strength of
the bonds between the individual containers.

6.1 Nominal Data Base and Solution

The XM216 Charge is illustrated in Figure 6.1. The charge consists of
three main increments of M31 slotted stick propellant. The two forward main
charge increments are identical and are somewhat shorter than the first main
charge increment. They also have a somewhat larger web than the first main r
charge increment. Ignition is induced by a base igniter increment whose
characteristics are similar to those for the M203E2 Charge described in
Chapter 4.0. We note that the endwall between the igniter and the first
main charge increment is permeable, another point of similarity with the
N203E2 Charge. However, the two forward increments are completely enclosed
by impemeable containers. The igniter increment is strongly bonded to the
first main charge increment. The two forward main charge increments,
however, are only lightly bonded to each other and to the first increment.
As with the other charges we have considered in this study, ullage is
present to the rear of the charge, around it and in front of it. We note
that for the XM216 Charge the region of axial ullage between the charge and
the projectile is much more extensive than for the M203 or M203E2 Charges.

The nominal representation of this charge is defined by the data base
tabulated in Appendix E and is illustrated, in part, by Figure 6.2. Details
of the representation are, for the most part, similar to those for the two-
increment representation of the M203E2 Charge. All increment containers are
rigidized. All the increments of stick propellant are taken to have the
slots open at all times so that the pressure in the interstices is always
equal to that in the perforations. Combustion of the containers is fully
modeled with the exception of the black powder spot located on the outside
of the rear endwall of the first main charge increment. he ignition temp-
erature of the CBI, like that of the container segments is set equal to
300 K.

The principal difference between the container representation used here
and that for the M03E2 Charge is the present election of the option to
initiate container rupture when the main charge is locally ignited. This
constitutive modification was made to promote the rate of rupture of the
endwalls of the forward increments.
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The solution is performed with the computational parameter set
31 1 7 6 0.05. Some pre-allocation of the axial mesh points was performed
in order to ensure that the two forward main charge increments would receive
the same number of mesh points. The nominal solution required 1160 CPU
seconds on the CER 7600 computer. This relatively long run time, as
compared with the M03M Charge described in Chapter 5.0, reflects the long
ignition delay in the present example.

Some details of the nominal solution are presented in Figures 6.3 and
6.4. Figure 6.3 illustrates the pressure distributions at a variety of
times throughout the interior ballistic cycle. Figure 6.4 displays the
solid-phase velocity fields at various tines.

All four containers are modeled as rigidized. The first main charge
increment container fails at the rear endwall at about 0.1 msec.
Accordingly, the endwall between the igniter and the first main charge
increment begins to become fully permeable at this time. The rupture
interval, over which the flow resistance drops to zero, is 1.0 macc for all
segments of all containers. By 0.2 msec the igniter increment fails at the
rear endwall and it too starts to become fully permeable. The second main
charge increment fails at the forward endwall at 0.55 msec. The third main
charge increment fails at the same time at its rear endwall. Accordingly,
the boundary between the second and third main charge increments begins to
become fully permeable at this time. The commencement of rupture of all
other container segments is gradual and is a result of either overpressure
from within the container or the local ignition of the propellant. With
regard to the initiation of rupture by overpressure, we note that the load
on the container reflects the solid-phase intergranular stress as well as
the gas-phase pressure. Furthemore, if the exterior of the container is
burning, rupture will be taken to commence whenever the contiguous ullage
collapses.

In Figure 6.3 we see that at 0.5 msec the pressure in the igniter
increment is significantly higher than that in the first main charge
increment. Although the eudwall between the increments has ruptured, it
still has a finite flow resistance and supports a significant pressure
differential. Some pressurization of the outer annular ullage is also seen
at 0.5 macc. Due to the impermeability of the sidewall the gas does not
penetrate the propellant bed. Instead, the bed is compressed as the radial
pressure differential is transmitted through the sidewall of the container
and equilibrated by the transverse intergranular stress field on the
boundary.

By 1.0 msec the first main charge increment is pressurized The rear
endwall has become almost fully permeable. But the sidewall is still
intact. Flimespread has not started. Ignition of the first main charge
increment does not occur until roughly 2.5 msec have elapsed. At 1.5 macc
we see nearly aniform pressure throughout the first main charge increment
and near equilibration across the sidewall even though the sidowall is still
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impermeable. Meanwhile the two forward charge increments find themselves
being compressed by the pressure in the outer annular ullage. Although the
endwalls between the two forward main charge increments are permeable, the
increments are in contact and the model does not recognize the possibility
of gas leakage from the annular ullage into the collapsed region of axial
ullage between the increments.

At 4.0 asec the pressure distribution has not changed appreciably,
although we note the pressurization of the forward region of ullage.
However, flmespreading through the first main charge increment is nearing
completion. By 4.56 msec the first main charge increment is fully ignited
on both the outer and inner surfaces of the sticks. At 4.747 asec we see
for the first time some pressurization within the two forward main charge
increments. At 4.747 msec the igniter increment has been eliminated due to
local burnout.

Shortly thereafter, flemespreading begins in the two forward incre-
ments. By 5.02 msec the second main charge increment is fully ignited and
by 5.16 msec so is the third increment. At 5.5 msec the pressure is nearly
unifonm throughout all three increments. By 8.944 msec the containers are
fully ruptured and the solution satisfies the pressure tolerance criterion
for transformation to a quasi-two-dimensional representation. Te display
the solution directly before and directly after transformation. Figure 6.3
concludes with the pressure distribution at 21.024 msec as the projectile
reaches the muzzle of the gun.

Figure 6.4 displays the solid-phase velocity fields at various times.

We note that in contrast to the M203E2 Charge of Chapter 5.0, the XN1216
Charge involves substantial motion and deformation of the individual
increments. At 1.0 msec only the igniter increment has deformed or moved
appreciably. But by 4.558 msec, the first main charge increment has ex-
panded to the tube wall. The second main charge increment is beginning to
move forward. Although the outer part of the rear endwall of the second
increment is ruptured by 4.558 msec, the inner part is not and the inner
sticks continue to be pushed forward. They, in turn, push forward the inner
sticks of the third main charge increment. At the time of transfomation to
a quasi-two-dimensional representation the three main charge increments have
all separated. The endwalls have developed rather irregular shapes,
reflecting the potential for physical instability of the boundaries of the
charge.

6.2 Effects of Container Properties

Our assessment of the theoretical influence of the properties of the
container is similar to that of Chapter 5.0. Here, however, in addition to
the effect of the permeability of the container segments we also consider
the effect of the bonds between increments. Including the nominal solution
of Section 6.1 we consider a total of eight data bases. All data bases are
variations of the nominal data base tabulated in Appendix E. Only the bond
strengths and segment flow resistance factors differ from case to case.
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Table 6.1 presents the parmetric values of bond strength and container
segment flow resistance coefficients used in the eight simulations. Table
6.2 presents the corresponding ballistic predictions and the maximum,
minimum and final values of the percent mass defect. Details of the
solutions for Cases 4 through 8 are presented in Figures 6.5 through 6.12.

Table 6.1 Values of Container Bond Strength and Flow Resistance for
Simulations of 13216 Propelling Charge

Case B1e  B2 B3 K1 r2 K3 [4

(N) (N) (N)

1 10' 10 10 101 10 101 101
2 2 X 10' 20 20 101 10 101 101
3 0 0 0 101 10 101 101
4 10 10 10 101 20 101 101
$ 106 10 10 101 0 101 101
6 10 10 10 101 10 0 10
7 10' 10 10 0 0 101 0
8 10' 10 10 0 0 0 0

K3K13 K3

BB B3

Nomenclature for values of B t and Ki as in sketch

Referring to Table 6.1 we see that Case 1 is the nominal solution which
we have already discussed. In Case 2 the strength of the bonds between the
increments is doubled while in Case 3 it is set equal to zero. Since only
B1 , the strength of the bond between the igniter increment and the first
main charge increment, is appreciably different from zero it is the
influence of this single term which is being assessed in Cases 2 and S.
Cases 4 through 8 are analogous to Cases 2 through 6 of Chapter 5.0. In
Case 4 we double the flow resistance coefficient for the endwall between the
ignition increment and the first main charge increments in Case 5 we reduce
it to zero. In Case 6 the sidewalls are all made fully pezmeable. Finally.
in Case 8 all seSments of all containers are made fully permeable.

9
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We draw attention to the value of K4 in Case 6. Ideally we should have
used K4 - 101. However it was not found possible to obtain a complete solu-
tion with fully impermeable endwalls. Accordingly, the present choice of
K4 = 10 represents a compromise for the sake of nimerical tractability.

In general it may be said that all the simulations of the 1M216 Charge
presented here exhibit signs of numerical strain. This is perhaps not
surprising given the geometrical complexity of the charge configuration, the
non-analytic conditions due to the container properties and the limited
number of mesh points used to represent the solution. While a greater
number of mesh points would have been desirable we note that the nominal
solution already requires a substantial mount of computer time, almost 20
minutes of CPU time on the CYBUR 7600. However, a smoother distribution of
container properties could certainly been obtained by means of suitable
revisions to the constitutive laws for rupture and permeability. It is
recommended that such revisions be made, guided by experimental studies,
before more substantial commitments of computer time be regarded as
appropriate.

That the simulations of X216 are less accurate than those of the con-
figurally simple M203E2 Charge is apparent from the values of percent mass
defect (Am%) in Table 6.2. Here we see extremal values as large as 5% for
some of the cases. Accordingly, although the values of maximum pressure
(Psax) vary from 245 to 260 IPa and the values of muzzle velocity (m.v.)
vary from 679 to 702 m/s, these variations are not sufficiently large to be
discriminated from the influence of numerical inaccuracies in our Judgment.
We therefore conclude that the overall ballistic behavior of the 11216
Charge is computationally insensitive to the properties of the container
studied here.

Table 6.2 Effect of Container Bond Strength and Pemeability on Simulations
of X1216 Propelling Charge

Case max m.v. APmine

(NPa) (mis) (MPa) max min final

1 249.5 679.2 -20.5 0.42 -5.40 -5.40
2 249.5 679.2 -20.5 0.42 -5.40 -5.40
3 256.6 695.4 - 9.4 1.04 -3.31 -3.31
4 245.1 682.4 -14.0 0.18 -5.66 -5.66
5 260.6 702.4 - 2.1 0.97 -2.14 -2.14
6 251.4 688.6 -42.8 0.95 -3.89 -3.89
7 259.4 703.8 - 3.4 2.00 -0.82 -0.82
8 255.6 698.4 - 4.1 0.59 -2.42 -2.42

I

Absolute minimum of pres'ure at 87.37 on minus pressure at 0.01 ca on
centerline
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However, the structure of the longitudinal pressure field does appear
to exhibit a real level of sensitivity to the properties of the container.
Reductions in the flow resistance due to the endualls appear to reduce the
value of Ap in a finding which is in keeping with expectation. Here APoin
is the absolute minimum of the pressure difference history, not the first
minimum as was considered in the preceding chapters.

Figures 6.5 through 6.12 display some details of the solutions for
Cases 4 through 8. We present the pressure distributions for each of these
solutions at a number of times up to and including the instant of transform-
ation to a quasi-two-dimensional representation. For Cases S, 6 and 7 we
display the solid-phase velocity fields. In general these solutions are
easily understood in tems of the parametric values on which they are
predicated. Some unexpected features do arise, however, as a result of the
limited resolving power of the model. We will draw attention to these
anomalies.

Figure 6.5 presents the pressure distributions for Case 4 in which the
flow resistance of the endwall between the igniter and the first main charge
increment is doubled. As was the case in the corresponding solution for the
M203E2 Charge, we see very little difference from the nominal solution, Case
1. The effect of setting the resistance of the endwall between the igniter
and the first main charge increment to zero is seen in Figure 6.6. Pressur-
ization of the first main charge increment is seen to occur more slowly
since the CBI no longer burns under an initial confinement. The effect of
the black powder spot is seen in the distribution at 0.5 msec. Such a
pressure excursion would not be expected in practice and reflects the
inconsistency of the tabulated rate of discharge with the ambient pressure.

Interestingly, the rupture of the rear endwall of the second increment
occurs in a more regular fashion in Case 5 than in Case 1. Accordingly, the
two forward increments are not pushed forward as strongly as in Case 1.
This is seen clearly in Figure 6.7.

Figure 6.8 presents the pressure distributions for Case 6 in which the
sidevalls of all containers are made fully permeable. As we discussed pre-
viously, it was necessary to make the endwalls of the main charge increments
semi-permeable in order to obtain a stable solution. Figure 6.8 includes
details of the quasi-two-dimensional part of the solution. Figure 6.9
illustrates the solid-phase velocity fields.

Considering Figure 6.8 we see at 4.5 asec an anexpected feature of the
solution. Although the sidewalls are pemeable the two forward main charge
increments are unpressurized. The solid-phase velocity field at 4.5 msac
shows that the first increment has expanded to the tube wall, closing off
the annular ullage. At the same time, the model does not recognize the
opening of a gap at the forward endwall. The properties of the endvall are
attributed to the charge boundary and therefore result in flow resistance
over the entire section of the tube defined by the interface between the
first and second main charge increments.
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The sumerical strain associated with this solution is seen at 8.878
msc where we see pressure wiggles near the corners of the two fozward main
charge Increments. Because the corners are excluded from the set of axial
positions at which the pressure tolerance criterion is evaluated, trans-
formation to a quasi-two-dimensional representation occurs at this time in
spite of the presence of the corner wiggles.

Comparing Figure 6.9 with Figure 6.4 we see that Case 6 involves even
greater displacement and deformation of the forward increments than the
nominal solution. Apparently, the rate of compression of the ga in the
forward region of axial ullage, behind the projectile base, is sufficiently
rapid as to create a significant reverse gradient. This is reflected in
Figure 6.8 at 9.0 seoc and by the results of Table 6.2.

Figures 6.10 and 6.11 illustrate the pressure distributions and solid-
phase velocity fields for Case 7 in which the endwalls of all increments are
made fully permeable. As expected, the pressure field remains smooth,
except for the excursion due to the representation of the black powder spot,
and the charge increments suffer very little displacement during flame-
spread. Figure 6.12 presents the pressure distributions for Case 8 in which
the containers are fully permeable. No unexpected features are seen.

We conclude with Figure 6.13 which compares the histories of pressure
difference for all the eight cases. Only Case 6 exhibits a significant
reverse gradient.
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7.0 EIfNSDWL&N3IS APMLICTICKS OF TOIVA

The purpose of the present Chapter is to illustrate certain special
features of TDNOVA. In Section 7.1 we demonstrate the use of the code to

model a programmed fracture stick charge in which the sticks are divided
lengthwise at various stages of the interior ballistic cycle. The single
increment representation of the M203E2 Charge is used to define a data base
for this problem. In Section 7.2 we consider a variant of the M203 data
base of Chapter 3.0 in which the chemical energy of the propellant is
released, in part, at a finite rate in the gas-phase. Finally, in Section
7.3, we use the code to estimate the tube surface temperature associated
with firings of the 1203 Granular and 1203E2 Stick Charges.

7.1 Programmed Fracture Stick Charge

Because of their low axial flow resistance, stick charges minimize the
occurrence of ignition anomalies. On the other hand, their tendency to
remain in the breech creates a strong blowing condition through the mouth of
the chamber which is thought to result in increased heat transfer to the
tube.2 1  One possible approach to obtaining the ignition characteristics of
stick propellant and the heat transfer characteristics of granular propel-
lant is the programmed fracture stick charge.

Such a charge consists of stick propellant with strategically located
stress raisers. When the stress at the midpoint of the stick exceeds a
critical value rupture occurs and the stick is divided into two shorter
sticks. These, in turn, subdivide at some later time and, eventually, the
charge is reduced to a granular form. Thus one has regular packing during
ignition, minimizing the development of pressure waves, and random packing
subsequently, allowing a uniform distribution of propellant throughout the
tube.

The rupture criteria have been presented in Section 2.3.1. For the
present illustration of the method we used the 3203E2 single-increment
representation of Chapter 4.0 as tabulated ir Appendix C. The rupture
strength was set so that the subdivision would occur in the first few time
steps. This means, of course, that the simulation does not represent the
ideal behavior which would delay the subdivision until flamespread was
complete. Our objective here, however, is simply to demonstrate a computa-
tional option, not to design a charge. A

When a bundle of sticks has been produced through a three-fold V

subdivision, and therefore has a length equal to one-eighth of that of the
original bundle, it may be converted to a different granulation when the
rupture condition is met once again. Here we have allowed each bundle to
develop a single-perforation granular form consistent with the original
stick form except that the slot is not considered.
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and Aspects of the solution of this problem are presented in Figures 7.1
and 7.2. Figure 7.1 illustrates the pressure distributions at four times.
At 0.006 msec we have already allowed the original bundle to become four
smaller bundles. We note that the code recognizes the formation of regions
of axial ullage between the bundles. By 0.5 msec the original single bundle
of stick propellant has been reduced to eight bundles of single-perforation

* granular propellant. We observe the pressurization in the rear axial ullage
due to the igniter and in the outer annular ullage due to the case. These
details are not very different from those of the solution presented in
Chapter 4.0. By 2.055 msec flamespread is complete and the crse is fully
ruptured. Because of the configural complexity of this problem we used a

relatively large pressure tolerance factor of 0.1 which allows conversion to
a quasi-two-dimensional representation at this time. Finally, at 14.0 msec
we see the solution near burnout. We note the nearly uniform distribution
of propellant throughout the tube.

Figure 7.2 illustrates the path of flamespreading, the overall ballis-
tic behavior and the pressure difference history for this charge. The
contours of ignition delay show that the flamespread was influenced not only
by the base igniter but also by the radial convection through the sidewall
and the axial convection through the front endwall. The pressure difference
history shows that a detectable pressure wave has been created during
ignition, presumably because the data base induces a non-ideal rupture
schedule. The fine structure at later times in the pressure difference
history is not thought to be of physical significance.

7.2 Finite Rate Chemistry

In the original versions of TIDNOVA it was assumed that combustion of

the propellant occurred sufficiently rapidly that the full chemical energy
could be modeled as released simultaneously with regression of the surface
of the solid-phase. In the previous final report 13 we described an
extension to the code according to which the chemical energy could be
modeled as released in two steps. Regression of the surface was assumed to
result in the instantaneous formation of intermediate products of combustion
with a partial release of the chemical energy. We referred to the intermed-
iate products as pyrolysis products of combustion. The pyrolysis products

were assumed to react at a finite rate allowing the remaining fraction of

the chemical energy to be released gradually in the gas-phase.

Some results with this finite rate chemistry option have already been
reported. 2 0 Here we confine our discussion to one data base, a modification
of the representation of the M203 Charge which we presented in Chapter 3.0.
The data base is as in Appendix B with the addition of the kinetic data
presented in Table 7.1.
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Table 7.1 Kinetic Data for Finite Rate Chemistry Problem

Fraction of Energy Released at Surface (-) 0.117

Gas-Phase Arrhenius Pre-Exponent ((gm/cc) ** (1-N)/sec) 0.29 X 1010

Gas-Phase Arrhenius Expnnent (1/gmol) 67000.

Gas-Phase Reaction Order (-) 2.0

The specific heats and molecular weight of the pyrolysis products were
assumed to be identical with those of the final combustion products.

We present some details of the solution in Figures 7.3, 7.4 and 7.5.
Figure 7.3 presents the distributions of presure at four times up to and
including the transformation to a quasi-two-dimensional representation.
These have no remarkable characteristics and are similar to those for the
nominal 1203 solution presented in Chapter 3.0. We do note, however, that
the pressure increases at a significantly slower rate when the rate of
release of combustion energy follows the data of Table 7.1.

Figure 7.4 illustrates the distributions of the mass fraction of the
pyrolysis products at the same set of times that we considered in Figure
7.3. At 1.5 msec we see the first formation of the pyrolysis products near
the rear of the charge where ignition has occurred. By 4.0 msec fmespread
is almost complete and the mass fraction of the pyrolysis products is as
high as 0.3 in some portions of the charge. At the centerline the mass
fraction is very small since the combustion of the black powder centercore
impresses its own chemical properties on the local solution. On the inner
boundary of the charge the value of the mass fraction of the pyrolysis
products suffers a discontinuity at those locations where the gas flows from
the charge into the centercore. Towards the front of the charge the flow of
gas is directed from the centercore into the main charge and the mass
fraction remains continuous across the boundary due to the transport
condition.

Looking at the solution at 6.562 we see that the mass fraction is taken
to be close to zero at the front of the charge directly after the
transformation to a quasi-two-dimensional representation. This is due to
the code convention of using the values on the inner boundary of the charge
to define all gas-phase state variables following transformation. Clearly,
this needs to be revised.

Finally, in Figure 7.5 we illustrate the path of flamespreading, the
overall ballistics and the pressure difference history corresponding to the
present solution. Other than to delay the unfolding of events, there
appears to be no significant consequence of the finite rate of energy
rel ease.
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7.3 Heat Transfer to the Tube

We have already referred to a study by Horst 21 in which a comparison
was made of the rate of heat transfer to the tube due to granular and stick
charges. It was shown that ballistically equivalent stick and granular
charges of the same propellant formulation produced significantly different
rates of heating, that due to the stick charge being significantly higher.

An objective of the previous contract was to incorporate into TONOVA
models of heat transfer similar to those in NOVA. We therefore encoded a
total of three models.1 3  he first two are based on empirical correlations%
one uses a flat plate correlation while the second uses a pipe flow
correlation as in NOVA. $  The third is based on an unsteady integral
boundary layer fonmulation, also as in NOVA.

The objective of this section is to present predictions of wall
temperature with each of the two empirical correlations and for both stick
and granular charges. The solutions presented here are obtained with the
103 data base of Appendix B and the M203E2 data base of Appendix D,
modified to exercise the heat transfer options. The data of Table 7.2 were
used to characterize the thermal response of the tube. The tube surface

Table 7.2 Thermal Properties of Tube Wall

hermal Conductivity (/cm-sec-K) 0.66210

Thermal Diffusivity (cm2/sec) 0.14710

temperature is computed using an approximate cubic profile solution of the
unsteady one-dimensional heat conduction equation.

In Figures 7.6 through 7.9 we present distributions of wall surface
temperature at times corresponding to the occurrence of the maximum surface
temperatures. These times differ from figure to figure depending on the
charge and the heat transfer model.

Comparing Figures 7.6 and 7.7, which pertain to the granular charge, we
see that the temperature profiles are similar for the two heat transfer
correlations but that the tube flow correlation results in a maximum
temperature of approximately 1100*K or roughly 2000K more than that for the
plate flow correlation. Obviously, objections can be made to the use of
either of these correlations in the gun environment. However, that for the
flat plate is more reasonable since it embeds a gradually developing
boundary layer.
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Figures 7.8 and 7.9 present similar results for the stick charge. Once
again, the tube flow correlation produces a prediction of temperature which
exceeds that for the flat plate correlation by 200*K. We note that the
temperatures produced by the stick charge are actually less than those for
the grpnular charge. This finding is not iaconsistent with the results of
Rorst.1 In the present case the flame temperature of the stick propellant
is significantly less than that of the granular propellant, thereby
offsetting the increased heat transfer coefficient.

We note, in Figure 7.9, an anomaly which should be removed in future
studies. The temperature is seen to suffer a discontinuity at a location
which corresponds to the forward boundary of the charge. As in NOVA5 we
have treated the thermal parameter q.6 as continuous at the internal
boundary. Here qw is the rate of heat transfer to the tube and 6 is the
thickness of the thermal layer. This internal boundary condition should be
revised in tems of surface temperature in both TIDNOVA and NOVA.
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8.0 ILICIT SOLVER FOR R16IWS OF ULLAGE

The preceding chapters have described the current content of the TDNOVA
Code and have illustrated its applicability to a number of propelling
charges of current interest. In the present chapter we describe an
algorithm which is intended to provide a significant extension to the scope
of applicability of TENOVA. Although we provide evidence of the operability
of the algorithm on a stand-alone basis, we emphasize that it does not
represent a current TINOVA capability.

The revised algorithm consists of a Linearized Alternating Direction
Implicit (LADI) scheme to solve the two-dimensional, unsteady Navier-Stokes
equations with heat conduction in the regions of ullage. This algorithm
supersedes an existing explicit solver for the inviscid equations which has
been coded but has not been tested. Development of the implicit solver has
been motivated by computational experience to date with TDNOVA which
strongly suggests the need for physical dissipation in the ullage to assure
a well-posed computational problem. Moreover, the inclusion of diffusion
terms implies that the resulting code will be applicable to problems of
thermal erosion of the tube, at least in cases where the wall boundary layer
is confined to the ullage regions.

This chapter contains four sections. In Section 8.1 we discuss the
motivation for the algorithm and note the related studies which have
contributed to its development. In Section 8.2 we present the equations to
be solved. In Section 8.3 we discuss the algorithm itself and in Section
8.4 we present solutions for an idealized problem which admits an analytical
solution as a benchmark of accuracy.

8.1 Background Information

The TIONOVA solutions which have been presented in Chapters 3.0 through
7.0 have all treated the regions of ullage as either quasi-one-dimensional
or as lumped parameter. This approach has been adopted even during the

*. initial part of the calculations in which the propelling charges are
represented as fully two-dimensional. For charges like the M203 Charge or
the M203E2 Charge, the neglect of two-dimensional details within the regions
of ullage is not unreasonable, For these charges the transverse dimensions
of the ullage regions - the distances between the charge boundaries and the
external boundaries - are not large during flamespreading. On the other
hand, the 11216 Charge involves a region of axial ullage at the front of the
chamber which is as large as one of the charge increments. For such a
charge, modeling consistency demands a fully two-dimensional treatment of
the ullage, at least for the forward region.

TIIOVA has an algorithm to treat two-dimensional regions of ullage. 1 1

Referred to as the dynamic mesh option, the algorithm models regions of
ullage as lumped parameter, quasi-one-dimensional inviscid or fully two-
dimensional inviscid according to their axial and radial dimensions. As in
the simulations presented in the preceding chapters, which have been based
on the static mesh option, the ullage is decomposed into regions contiguous
with each of the sides of each of the charge increments and corner regions,
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As each such region changes in size and shape the dynamic mesh option allows
the representation of the region to vary among the three modeling possibil-
ities - lumped parameter, quasi-one-dimensional, fully two-dimensional. In
addition, the number of mesh points allocated to the region for a given
representation is allowed to vary. This approach has reflected the choice
of an explicit solver to integrate the governing equations. The Courant-
Lewy-Friedrichs stability criterion requires that the time step be restrict-
ed in accordance with the minimal mesh spacing. From the standpoint of
economy it is therefore desirable to delete mesh points as the region of
ullage collapses and eventually to treat the properties in the compressed
direction as lumped.

Although we have noted, in the preceding chapters, certain minor flaws
in the static mesh algorithm, and although some of the data bases of
interest appeared to be approaching the limits of the algorithm, it may be
said that development of the static mesh algorithm is complete. At this
time, particularly because of charges like the XM216 Charge, it is of
interest to model the ullage in greater detail. The existing dynamic mesh
option offers us an avenue to more detailed modeling of the geometrical
aspects of the flow in the ullage, but computational ruggedness has not been
established. Based on experience with the static mesh option it is thought
that the refinement of the dynamic mesh option to assure a level of
ruggedness comparable to that of the static mesh option will be a difficult
and time-consuming process. At the same time, the absence of physical
dissipation from the static mesh option may detract significantly from the
benefits of the increased level of geometrical detail.

Testing of the dynamic mesh option has been limited thus far to cycling
the code through one or two steps to ensure proper linkages of data and an
absence of major coding flaws. Interest in the dynamic mesh option has been
limited thus far due to several factors. First, the performance of the
matrix of runs presented in Chapters 3.0 through 7.0 required considerable
code development effort even through they involved the simpler static mesh
option. Second, with the exception of the XM216 Charge, interest has
previously been directed towards charges for which the neglect of two-
dimensional features of the ullage was reasonable. Third, while both the
static and the dynamic mesh options are based on solutions of the inviscid
single-phase balance laws, the static option has built into the boundary
conditions at the corners a representation of the flow losses due to
dissipation. The absence of physical dissipation from the two-dimensional
equations has the consequence that while the dynamic mesh option offers a
modeling extension in geometric temns it may in fact be less accurate than
the static option insofar as computations of pressure losses due to flow
around the corners are concerned. Finally, it may be anticipated that the
dynamic mode would involve considerable numerical strain in connection with
the tangential momentum boundary condition at internal boundaries.

The tangential momentum boundary condition represents a very difficult
numerical problem in the static mesh option in which its implications are
confined to the consequences of gas entering the mixture. We have
circumvented the numerical difficulty in that context by a modification to
the boundary condition itself, introducing a tangential momentum loss which
assures reasonable consistency of the tangential velocity of the entering
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gas with that within the mixture. In the dynamic mesh option we would be
confronted with the sue numerical problem but we would not be able to take
advantage of a similar constitutive revision. Only by the introduction of
physical dissipation could we reasonably assure stability in all cases of
interest.

But physical dissipation would require that an implicit solver be used
in order to avoid the severe time step constraint associated with the
diffusion terms, particularly if the mesh were properly refined so as to
resolve correctly the structure of the shear layers. On the other hand, if
an implicit solver were adopted in place of the existing explicit solver, it
would be possible to simplify the dynamic mesh algorithm by working
consistently with a two-dimensional mesh for all regions of ullage.
Finally, if an mplicit solver were used together with a model of both
mechanical and thermal diffusion processes in the ullage, the resulting code
would allow fresh insights into the problem of thermal erosion of the tube.

TINOVA presently has the capability to model heat transfer to the tube
wall by reference to empirical plate and pipe correlations. In Chapter 7.0
we presented results for the 3203 and 1203E2 Charges. A significant
difference was observed between the wall temperatures predicted with the
flat plate and pipe flow correlations, both in the granular M203 Charge and
in the stick 203E2 Charge. The need for a more detailed analysis of the
wall boundary layer is therefore obvious.

The problem of convective heating of the tube wall has been considered
by several other authors. This prior work is of particular relevance here

because we adopt the computational approach of the most recent
investigations in order to develop the present algorithm revisions to
TDNOVA.

The first attempt to analyze the heat loss as a boundary layer pheno-
menon appears to be that of Hicks and Thornhill as described by Corner.3 3

The boundary layer development was assumed to be similar to that for a flat
plate. An integral momentum law was used in combination with the assumption
that the core flow obeyed the Lagrange laws of uniform density and linear
velocity distribution. The idea of modeling the wall boundary layer driven
by an independently determined core flow has been elaborated most completely
in the TBLIMP code 3 4 which determines the time dependent solution of the
partial differential equations for a reacting boundary layer.

33 Corner, 3.
'Theory of the Interior Ballistics of Guns'
John Wiley and Son, Inc. New York 1950

34 Evans, R. 
,."User's Manual for Transient Boundary Layer Integral Matrix

Procedure TBLIMP"
Aerotherm Report U*-74-5$ 1974
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The first attempt to couple fully the wall boundary layer to the core
flow appears to be that of Shelton et al. 3 5  However, the effect of the

boundary layer on the core flow is limited to the incorporation of algebraic
momentum and heat loss terms. The core flow is treated as single-phase or
as a homogeneous mixture. The boundary layer development is modeled
according to a transient integral formulation. The model of Shelton is in
fact encoded into both NOVA 5 and TIDNOVA.1 3  However, computational exper-
ience has shown it to be unsatisfactory for all but the simplest charge
configurations. The boundary layer displacement thickness is found to be
susceptible to an unbounde. growth mode which appears to be intrinsic to the
model. Accordingly, still deeper analysis is required.

More recently, Gibeling et a,3 6-3 8 have described attempts to
obtain solutions of a set of equations which embed both the features of
the macroscopic two-phase flow model of Gough and the diffusive terms of
the Navier Stokes equations. A solution to these equations would provide
a fully coupled analysis of the core and boundary regions. Such
solutions as have been presented to date, however, are confined to the so-
called Lagrange gun problem in which the projectile is accelerated
non-reacting gas which is initially at rest and high pressure.
Solutions have been presented for the single-phase case and shown to agree
well with an analytical solution. Solutions have also been obtained with a
dilute suspension of particles and with the effects of the wall boundary
layer included.

However, solutions have not yet been presented in which the
initial condition is representative of an unignited propelling charge and
in which both the flamespread through the propellant and the
development of the wall boundary layer are determined simultaneously.

35 Shelton, S., Bergles, A. and Saha, P.
"Study of Heat Transfer and Erosion in Gun Barrels"
AFATL-TR-73-69 1973

36 Gibeling, H. J., Buggeln, R. C. and McDonald, H.

"Development of a Two-Dimensional Implicit Interior
Ballistics Code"

BRL Contract Report ARBRL-CR-00411 1980

37 Gibeling, H. 3. and McDonald, H.
"Development of a Two-Dimensional Implicit Interior
Ballistics Code"
BRL Contract Report ARBRL-CR-00451 1981

38 Gibeling, H. 3. and McDonald, H.

"An Implicit Numerical Analysis for Two-Dimensional
Turbulent Interior Ballistic Flows"
B L Contract Report ARBRL-CR-00523 1984

39S

Schmitt, J. A. and Mann, T. L. ,S
'An Evaluation of the Alpha Code in its One-Phase Mode"
BRL Memorandum Report ARBRL-MR-03081 1981
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A model very similar to that of Gibeling et al has been presented by
Sclmatt. 4 0  The major differences between the two models arise in respect
to the computational form of the equations and the details of numerical
solution. Both models are based on implicit schemes which are updated
using a non-iterative, linearized, alternating direction algorithm. T
scope of the calculations which have been published to date by Schmitt
and3 -bv Heiser and Schmitt 4 0 ' 4 1 does not go beyond those of Gibeling et
a1. 

W

In addition, efforts to analyze the boundary layer described by
Buckingham and co-workers 4 2 - 4 4 do not appear to go any further than those of
Gibeling et al as regards coupling to the combustion of the propellant and
recognition of its geometry.

In revising the analysis of the regions of ullage to treat two-
dimensional effects we follow the approach of Gibeling et al and of Schmitt.
That is to say, we replace the inviscid governing equations by the Navier-
Stokes equations with heat conduction. Moreover, we use the computationally
efficient linearized alternating direction implicit algorithm. Our
immediate purpose in so doing is to provide a better posed computational
approach through the inclusion of the appropriate physical terms -
mechanical and thermal diffusion - and to achieve simplification of the
coding through the use of a two-dimensional representation at all times.

40 Schmitt, 3. A.
"A Numerical Algorithm for the Multidimensional, Multiphase,
Viscous Equations of Interior Ballistics"
Proc. 2nd Army Conference on Applied Mathematics and
Computing, RPI 1984

41 Heiser, R. and Schmitt, 3. A.
"Simulations of Special Interior Ballistic Phenomena With and
Without Heat Transfer to the Gun Tube Wall"
Proc. 2nd Army Conference on Applied Mathematics and
Computing, RPI 1984

42 Buckingham, A. C.
"Propellant Driven Turbulent Interior Ballistics and Wall Erosion"
AIAA Paper 79-0007, 17th Aerospace Sciences Meeting 1979

43 Kang, S. W. and Levatin, 3. L.
"Unsteady Boundary-Layer Flows in Combustion Environments"
Proc. 17th JANNAF Combustion Meeting 1980

44 Buckingham, A. C. and Levatin, 3. L.
"Additive Thermochemical Effects in Turbulent Erosive
Boundary Layers"
Proc. 1983 YANNAF Propulsion Meeting 1983
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A more long range goal will be to examine the manner in which the
packaging of the charge influences the themal erosion of the Sun tube.
Ultimately. this goal will require the resolution of fundamental questions
regarding the structure of turbulence in the gun enviroment, the
relationship between thermal diffrsion and the macroscopic state variables,
and the interpretation of the internal boundary conditions at the boundaries
of the mixture regions.

8.2 Governing Equations

The governing equations for the regions of ullage consist of statements
of balance of mass, mmentm and energy together with a number of
constitutive laws. With p. density# u. velocity% a, stress tensors es
internal energyt q, heat flux vectors and g., a constant to reconcile
units, the balance equations may be written as follows

a+ .pu . (8.1)
at

an + .T.a = 0 (8.2)

at p

2e + u.e 1 1: + IT.q 0 (8.3)

at p p

7he stress tensor is assamed to have the form

* = - pI + (X - 1-p)( T. u) I + p'( Yu+ VuT ) (8.4)

3

where p is pressures I is the identity tensors p and I are the first and
second coefficients of viscosity respectivelys and we use a superscript T to
denote the transpose of a matrix.
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Let u be represented in cylindrical coordinates (r, z, 0) by (v. u, 0)
for an axisymmetric flow. Then the rate-of-strain tensor may be represent-
ed, in physical units, as

av 1. [v + a-u1  0
0d

Or 2 1 .OzOri

T=( U + y T) . [A-V+ Au 1 n 0
2 2 1 az or J8z

0 0 m
r

(8.5)

We note that

.=!v + a_ + v . (8.6)
or az r I.

SimIl arly,

18--(r ) +
ror rr 8z r

1. a (ra ) + zz (8.7)

rOr zr 0z

0
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The beat flux vector is assumed to obey the law

q = -kIT (8.8)

where T is the temperature and k is the thermal conductivity. The values of
p, X and k may be assumed to embed both molecular and turbulent diffusion.
The molecular contribution to viscosity is assumed to obey a Sutherland-type
law as in previous work1 0  and the corresponding thermal conductivity
follows from a fixed value of the Prandtl number. The turbulent diffusion
processes will be assumed to be governed by algebraic laws as used by
Schmitt, 4 0 at least for the time being. Finally, we have the equation of
st ate

e e(pp) , (8.9)

and equations for the time dependence of the molecular weight and specific
heats of the gas. As in previous work, 1 0 we assume a covolume equation of
state. We also use the previous expressions for the evolution of the
molecular weight and specific heats.

Making formal use of (8.1) (8.4) and (8.9) enables us to recast the
energy balance in the form

2t + PC " 1 IT. q + ( ) ( ) 2 + 2p E :p

Dt go [ae P l3J
lapI p (8.10)

where c is the isentropic speed of sound.

The balance equations may be written in full, in cylindrical coordinates, as
follows. The mass balance is

API + vt 2k + ur lk + pz [~ + L z- +--V 0 (8.11)

at 8r L I r az r
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The momeatm balances are

880+ ap 
at 8 r 8 z p 8r

L 1- [ 2 2L-!-A!±u] + 2L[Y

3 ra L oar J vr at as, a z LZ-o 'a
(8.12)

._u + v - + u +
at hr hz p a

so I ' -! + )-- a p arL'z ar 0 zzr as r

+ - [ !--L 2 L--u- v - v]+" L8u + --v + ]z 8 r 8 8 r"

as L3 h8 az~ or r r j
(S8.13)

The energy balance is

.+ VIP+ U! -_ _ PL v + au 1 f + a
at ar az o hr az r a: i
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where the mechanical dissipation rate is

3I 3'[ 1 [ L ' 21
I+_+ au+v _

4 8z3 L r J + [ V a Jr O (r ar z r 8z

ar Oz or r az

and the thermal dissipation rate is

aI __ ET +2.k& (8.16)

P I r ar I 8r I 8z 8Z

8.3 Method of Solution

Our approach is similar to that of Schmitt 4 0  and we adopt his
nomenclature in the present discussion. Like Schmitt we use a Linearized
Alternating Direction Implicit Algorithm to solve the balance equations.
The idea of replacing a multidimensional implicit integrator by a series of
fractional steps each involving implicitness in only one of the coordinate
directions is referred to as the Alternating Direction Implicit Method and
is discussed in such standard texts of those of Richtmyer et &130 and of
Roache. 4 5  The further step of linearizing the equations so that each frac-
tional step may be completed without iteration has bee 1 7 pioneered and

* described by Briley and scDonald 4 6 and by Bess and Waring.

Roache, P.J.
" Computational Fluid Mechanics"

Hermosa Publishers, Albuquerque 1972

46 Briley, V.R. and McDonald, H.

*Solution of the Multi-Dimensional Compressible Navier-Stokes
Equations by a Generalized Implicit Method*

Y. Comp. Phys. 24 pp 372-397 1977

47 Bean, R.M. and Warming, R.P.
'An Implicit Finite-Difference Algorithm for Hyperbolic Systems
in Conservation Form'
J. Comp. Phys. 22 pp 87-110 1976

144



Let y be a vector whose elements are the dependent variables. Then we
assume that we are required to solve the system

"t = '8(Y, yr, Yz° yrr, Yrz" Yzz )  (S.17)

where Yt - Oy/St and similarly for the other subscripts. Unlike Schmitt, 4 0

we assume that 0 has no explicit dependence on t, r or z. A second, and
more significant, difference from the approach of Schmitt relates to the
coordinate system. We assume a transformation from the physical coordinate
frame (t, r, z) to the computational frame (v, ij, 4) in which 'he physical
boundaries are mapped onto lines of constant vi or 4 and in which the mesh is
rectangular. We reflect the transfomation formally by writing, instead of
8.17, the system

y =6(y,,. y,. y ) (8.18)

where the vector function 0 is understood to have a different forn from its
counterpart in 8.17.

We use a superscript n to denote values corresponding to a now or
future time and superscript a to denote current or present values. Thus
yn - y(I, 4, Vn)and yc - y(j, 4, vc). We assume for the time being that the
transformation of coordinates is known at both the now and the current
times. This assumption is expected to be satisfactory unless we determine
the necessity for an adaptive nosh which is so tightly coupled to the
physical solution that it must be determined simultaneously with the
internal flowfield. No fundamental revision to the method would be required
in such a case. Whereas we presently assume y = [p, v, u, p]T, we could
Just as well include r and z in the list of dependent variables.

We also note that since we do not employ the conservative forn of the
balance equations we do not aird to consider the geometric conservation law
as described by Thomas et al.

48 Thomas, P.D. and Lombard, C.K.

'Geometric Conservation Law and Its Application to Flow Computations on
Moving Grids'
AZAA J 17 pp 1030-1036 1979
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Let Av - n- -cc, then expanding y about vn and vo by means of Taylor's
theorem and introducing the integration parieter A one say show,

40

-yn - POPA- - 70 + (1 - O)WAv + (F - 1/2)0(AC) + L(Av ) (8.19)

where Et(Avl) is a truncation error term of order Avl. Bvidently, when p -

1/2 one has the standard Crank-Nioolson scheme with truncation error of
third order. For values of A other than 1/2 the trucation error is seoond
order in time.

Linearization of 8.19 is accomplished through a Taylor expansion of On
about go

cn + o*& +c* c c? e + y+Ey+ MAy + MAy +EUAy + AMoy

+ *L(A- s) (8.20)

Here gon denotes an evaluation of 9 based on current values of y and now
values of the metric derivatives associated with the coordinate trans-
formation. We have introduced the Jaoobian matrices

iJ 0 1 [°y

and similarly for DMZ, M- and I.

In order to facilitate factorization of the system of equations into an
equivalent system of one-dimensional equations it is •ssid that Ay!s is
egligible. Alternatively, the cross-derivatives can be viewed as evaluated

only at the current level. Then 8.19 becomes

I nA n+u c c .. O (8.21)
)+ n' "-i- + ( D *) "o°+ g.

where

e fv + me ~ l ~c L i
[ qi sj1
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* a 2

DY - AT

Ly€ = A: (1 - p)gO + ,p6 c
°nJ

and I is the identity matrix.

Equation 8.21 is decomposed into the following pair of equations which
are equivalent to 8.21 to a level of accuracy consistent with the truncation
error of Equation 8.21. We have

(i- ADn)yI = (1- PD. )Y + LYc (8.22)

1[- AD n) y F -( 1- PD) y a+ (y I-) . (8.23)

We refer to 8.22 as the radial equation and 8.23 as the axial equation.
When the spacewise derivatives are approximated by finite differences each
of these equations becomes an algebraic system. We use the standard
centered differences to represent the first and second derivatives at
internal mesh points, namely

Si+I - Yi-I (8.24)

2Ai

is yi+l - 2y, + y 
(8.25)

At the boundaries we use the usual three point approximations which involve
the boundary point and its two neighbors. Thus far solutions have been
obtained only for problems involving impermeable boundaries and inviscid
flow. For these problems the physical boundary condition is the requirement
that the normal velocity component vanish. This condition replaces the
momentu equation for the corresponding component at the boundary.
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The result is a system of linear equations which is nearly block
tridiagonal, the departure from exact tridiagonality occurring only in the
first and last block rows as a result of the approximation of derivatives at
the boundaries. The linear systems are solved using the algorithms
developed by Hindmarsh et al.4 9 .

8.4 A Sample Calculation

The analysis described in Section 8.3 has been encoded into a
4 subroutine called LADIS (Linearized Alternating Direction Implicit Solver).

Subroutine LADIS has been coded to be fully compatible with the existing
structure of TNOVA. In order to exercise LADIS we have coupled it to a
version of TI4OVA in which the pre-existing integration scheme is
suppressed. The resulting code is referred to as TILADIS and accordingly
makes use of all the existing TDNOVA input/output conventions and is
structured around the existing TDNOVA arrays and storage procedures. For
the present TILADIS is restricted to rectangular physical domains for which
the mesh is readily constructed by interpolation between opposing pairs of
boundaries. However, the equipotential algorithm of TIDNOVA may be invoked
for the analysis of more complex configurations by simply unmasking a few
lines of code.

At present the physical boundary conditions are confined to a
requirement that the normal velocity component vanish and the tangential
velocity component be equal to the value determined by the tangential
equation of motion multiplied by a coefficient of accomodation. When the
coefficient of accommodation is zero a no-slip condition is obtained$ when
it is equal to one the slip condition applies. Only the molecular viscosity
and thermal conductivity are presently encoded.

It will be a goal of subsequent work to reproduce the single-phase
results obtained thus far by Schmitt40 and by Gibeling et al.38 For the
present we have simply exercised TILADIS by reference to the Lagrange
Ballistic Problem for which an analytical solution was obtained by Love and
Pidduck. 5 1 This is the same problem which revious investigators have used
to validate the TDNOVA,15 ALPHA 3 9 and DELTAA codes.

49 Hindmarsh, A.C.
'Solution of Block-Tridiagonal Systems of Linear Algebraic Equations"

Lawrence Livermore Laboratory, UCID-30150 1977

50 Hindmarsh, A.C., Sloan, L.J., Fong, K.W. and Rodrigue, C.H.

"IEC/SCL: Solution of Dense Systems of Linear Algebraic Equations"

Lawrence Livermore Laboratory, UCID-30137 1976

51 Love, A.E.A. and Pidduck, F.B.

fLagrange Ballistic Problem'
Phil. Trans. Roy. Soc., Vol. 222, pp 167-226 1921-1922
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This problem has been fully described by these previous investigators
and requires no particular discussion here. We are given a quiescent,
pressurized &as which propels a projectile through a cylindrical.
frictionless tube. The essential data are given in Table 8.1.

Table 8.1 Definition of Lagrange Ballistic Problem

Bore Diameter (cm) 15.0
Initial Projectile Displacement (a) 1.698
Maximum Travel of Projectile (a) 6.0
Projectile Mass (kS) 50.0
Covolume (ca'/gn) 1.0
Ratio of Specific Heats -) 1.22
Initial Pressure (ePa) 621.09
Initial Temperature (W) 2666.80

Two numerical solutions are discussed here. The first is generated by
TIN NA using the 16 X 3 (axial X radial) mesh in the quasi-two-dimensional
mode as described by Robbins. 1 5 The second is generated by TILADIS using a
26 X 5 mesh and an integration parmeter p = 0.8. The time step for the
T7LADIS calculation was computed using the existing TIJ(VA C-F-L criterion
with a safety factor of 1.1 so that the maximum Courant number did not
exceed 0.91. In Table 8.2 we compare the predictions of TIONOVA and TELADIS
with those of the analytical solution for the instant at which the
projectile exits the sun. Although the accuracy of the implicit scheme is
not as good as that of TINOVA, which is specifically oriented towards wave
propagation problems, the agreement between TILADIS and the analytical
results is certainly acceptable. Moreover, the accuracy appears to be at

Table 8.2 Conditions at Muzzle Exit According to Analytical Solution.
Tl?4OPJA and TILADIS

Analytical TIMOVA TILADIS

Nuzzle Exit Time (rese) 10.58 10.58 10.57

(0.00) (0.09)

Projectile Velocity (m/s) 807.7 807.9 809.6
(0.025) (0.24)

Base Pressure (MPa) 54.2 54.4 54.8
(0.37) (1.11)

Mass Defect (M) -0.135 0.218

Percent deviation fran analytical value
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least as good as that reported by Schmitt in connection with the KLT
code4 and to be better than that reported for the ALPHA code. 3 9 We also
note that the global mass balancing was quite stisfactory for both the
TDNOVA and TLADIS calculations. Final values for the two codes were
-0.135% and 0.218% respectively, and these were also extromal values.

To obtain further evidence of the operability and accuracy of TILADIS
we compare the histories of breech and base pressure as computed by the two
codes. Table 8.3 presents the computed values at every millisecond during
the ballistic cycle. The breech pressures never differ by more than 0.58%
and the base pressures never differ by more than 0.71%.

Table 8.3 Comparison of TItNOVA and TILADIS Predictions of Broch and Base
Pressure for Lagrange Ballistic Problem

Time Breech Pressure Difference Base Pressure Difference
(Usec) (iPa) (M) (MPs) %

TIDNONA TILADIS TINOVA TILADIS

1.0 605.4 606.5 -0.18 495.4 495.2 0.04

2.0 424.7 425.2 -0.12 407.9 408.0 -0.02

3.0 317.0 317.6 -0.19 281.1 282.0 -0.32

4.0 241.5 243.0 -0.62 203.9 204.5 -0.29

5.0 177.7 178.5 -0.45 156.8 157.3 -0.32

6.0 136.8 137.6 -0.58 125.5 126.0 -0.40

7.0 109.8 110.4 -0.55 102.4 103.1 -0.68

8.0 90.8 91.2 -0.44 84.3 84.9 -0.71

9.0 76.8 77.1 -0.39 70.2 70.6 -0.57

10.0 66.1 66.4 -0.45 59.4 59.7 -0.51
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9.0 (XNK(LUSIM3 AND IlIWDIMD1]OS

The following conclusions are drawn from the preceding discussion.

[1] The TIEOVA Code has been revised and shown to be applicable to three
propelling charges of current interest. Both computational and physical
elements of the data base have been varied to determine their influence on
the solution.

[2] The influence of computational elements of the data base has been
studied for the 3203 Charge, which consists of granular propellant, and the
203E2 Charge, which consists of slotted stick propellant. Excellent in-

difference is seen in respect to the number of axial and radial mesh points.
Overall accuracy is also confirmed by studies of the mass balance defect.
However, complete indifference was not demonstrated in respect to the time
at which transformation from a two-dimensional to a quasi-two-dimensional
representation is made. Because stable fully two-dimensional solutions have
not yet been made, it is not known whether the apparent dependence on the
time of transformation is reflective of latent instability of the two-
dimensional solution or of constitutive modeling assumptions in the quasi-
two-dimensional mode of calculation.

[3] The influence of the properties of the charge containers has been
studied for the 1203E2 and X216 Charges. In these studies the base igniter
was treated as a separate two-phase charge increment. Although variations
in the pemeability of various segments of the containers had a significant
effect on the path of flmespreading and the detailed pressure distribution
during the ignition of the charge, the overall ballistics of both the M203E2
and X1216 Charges were found to be essentially indifferent to the container
properties. In one case, however, the X216 Charge did exhibit a
significant level of pressure waves, due to the persistance of flow
resistance between the increments.

[4] Additional features of the TDN(OVA Code have been demonstrated including
the treatment of finite rate gas-phase chemistry, programmed fracture of
stick charges, and the calculation of heat transfer to the tube according to
empirical correlations.

[5] An implicit solver for regions of ullage has been developed based on a
Linearized Alternating Direction Implicit algorithm for the two-dimensional
Navier-Stokes equations. The solver has been shown to be operable by
reference to a simplified ballistic problem for which an analytical solution
is available.

The following recommendations are made.

[1] Although TI4OVA was originally formulated with the expectation that the
charge would be modeled as fully two-dimensional only through the ignition
phase it is now apparent that a complete two-dimensional simulation of the
interior ballistic cycle is required. Achieving this goal may necessitate
the performance of basic studies of two-phase flow instability.
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( 21 Further research is required in respect to the characterization of the
properties of the containars. Many computational difficulties could be
eliminated if the properties of the containers were allowed to vary
analytically over the surface rather than suffering discontinuities.

[31 Further testing of the implicit solver is recommended so that it can be
linked to TUDNOA to support fully two-dimensional solutions of charges in
which the ullage represents a significant fraction of the chamber volumie.
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AMUIJI A: B(LUTI(K M1 U GAS- M - (MIIACL BNIUAY CONDITIO1S

The overall method of determination of the boundary values for both
phases remains as described in Reference 13 and as outlined in Chapter 2.0
of the present report. In this appendix we focus attention on the solution
of the gas-phase mechanical boundary conditions. These boundary conditions
are understood to embrace the continuity and momentum balances and are
solved subject to the acoustic characteristic constraints between the
pressures and the normal velocity components. The further assumption is
made that the equations can be linearized by the neglect of changes in the
thermodynamically influenced coefficients such as density and isentropic
sound speed. Since, however, an implicit expression of the boundary
conditions in terms of future level properties is desirable, the analysis
described herein is performed iteratively at each time step. In each
iteration the density and sound speed are modified in accordance with the
solution of the finite energy balance and material characteristic equations.

We first discuss the mechanical boundary conditions, making the
implicit assumption that all the fluxes are subsonic. We then consider the
two separate cases in which the region of ullage which terminates all the
continuum fluxes is either open or closed. In each of these cases we note
the special considerations which pertain when some of the fluxes are sonic.
We conclude by discussing the special case of a slotted stick charge in
which the slot is open at the boundary so that the internal (perforation)
and external (interstitial) pressures are equilibrated.

A.1 The Boundary Conditions

At a discontinuity in porosity which connects a gas-phase continuum
state i with an exterior state n, we ve the following approximate expres-
sion of the finite balance of momentum

-ii a i !l S 8 +n~n
P t +  si , u 2 m + 1 s n 2

- u - g + m'i + = P u
so gopie i  j~ i j=l ji so (A.1)

Here we have p, pressures e, porositys p, density; go. a constant to
reconcile unitst K. the dimensionless surface flow resistance factors u, the
normal component of gas-phase velocity is = epu, the corresponding mass
flux, Usj, a surface mass sources J1, the number -' mass sources located on

the inner (mixture) side of the boundary. State n is to be thought of as
corresponding to the region of ullage which terminates each of the continua
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corresponding to i = 1...., n-1 at a common macroscopic point. In all
cases of interest here the velocity un is not an explicitly modeled
quantity. Even if the ullage is open its properties will be lumped in the
direction normal to the surface. We evaluate un from the finite mass
balance

J

SnPu i + i ,(A.2)j;
J=l ji

where I _ J1 is the total number of surface source terms.

It is convenient therefore to recast (A.1) in terms of mi as follows.

"1 11 1 "
mi K.I +

Pii +  a o:Pi + Is hih + ' i

si *ai i.s i

SPn + (A.3)SonnPn

We distinguish three separate computational regimes according to the value
of Ki .

[1] If Ki 2 100 we take the surface to be impermeable to flux i. The
boundary condition reduces to

+ =0

j=l ji

[2] If Ki ( 0.1 we assume that the normal loss due to flow resistance is
comparable in magnitude to the momentum flux term and that the quadratic de-
pendence on fik is no longer significant. A linearized scheme is used as
discussed previously13 and as noted below.

[3] If 0.1 - Ki < 100 we assume that the quadratic relation between pi and 'S

cannot be ignored. This is the case which interests us here.
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Ve further recast (A.3) as

Pi 1 I--. 1'
8o iPiPi IoPill [ .1

Pn I + (A.4)
0o nPnPn

where = Ka c cording as i+ i. j o . (A.S)

We now introduce quantities 01 and (#I which are understood to be defined in
terms of current storage, thereby linearizing equation (A.4) except for the
through-flux term. We put

a j

J=1
1+

I o anPnPn

i • s (A.6)

1+
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K
a

= 2 (A.7)
a

J.1 + i

1+

and we introduce Ai such that

it isji (A.8)

J=1

Then the momentum balance is put into the form

Pi 2rip = (A.9)

We note that if i- 0, as would be the case if Ki < 0.1, then (A.9) would
defins a relationshi btween Pi and Pn which may be viewed as linear from a
computational standpoint.

The n - 1 relationships of the form (A.9) are used in combination with

the conditions of compatibility between pressure and mass flux for all n

states to obtain the future level values of Pn, Ii, Pi' i I1.... n - 1.

The transport equations for enthalpy and the other state variables then
determine the remaining themodynamic properties for fluxes which are found
to enter their respective continuum regions. The material characteristics
serve the same purpose for exiting fluxes.

The compatibility conditions between pressure and mass flux depend on
whether the exterior state n corresponds to an open or a closed region and
also whether the continuum state is subsonic or sonic. Supersonic states
are not presently considered.
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The exterior region is considered to be closed if its extension normal
to the boundary element is less than 1 ma. Somewhat larger exterior regions
may also be treated as closed if the flow through the ullage is large. This
second criterion is applied only to regions of axial ullage which separate
charge increments during the fully two-dimensional part of the solution. If
At is the time step, the exterior state will be treated as closed if

At--. I > ap 0.1

m) 0 aimi

where Pn is the density in the ullage region.

A.2 Exterior State Open

In this case state n has lumped properties in the normal direction.
The compatibility relation for state n may be written as

n-1
Pn Pn + (i i ) (A.10)

i=1

where Pn is the trial future level value computed from the balance equations

for the ullage on the basis of trial fluxes hi Since the &sji are given
it follows from (A.8) that

n-I
Pn =  P n +  i( - t) (A.11)

irni

A.2.1 Subsonic Fluxes

The compatibility relation between pi and Ai is the acoustic character-
istic condition

P= Pi +- (i ) (A.12)
Ci

where C, M OS/ u I and a is the characteristic derivative 8p i/Ou We
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substitute (A.12) into (A.9) to obtain i as a function of p. and the trial
or present storage quantities:

ap/

a i i

+ p ( 13)

i I i
IL ± - p .(A.13)

i n
20 C V 20 C V 0

iii iL i i i

Care must be exercised in respect to the choice of signs in equation
(A.13). Apart from the correct selection of the physical solution from the
pair defined by the quadratic roots, there is the uncertainty concerning the
sign of 9t as embedded in j. Particularly when the direction of the flux is
near reversal the sign of qi may not be known a priori and experience shows

*that the numerical determination of the boundary values may become unstable
if an incorrect guess is made.

Although (A.13) allows two roots, we may see from graphical construc-
tion that (A.9) and (A.12) can have only one intersection. We observe that
(A.9) describes a parabola with Iii > 0 if Ai > 0 and 9i < 0 if Ai < 0. Also

we have Qi/Ci < 0 in all cases. Hence (A.12) describes a straight line with
negative slope. We sketch the situation below. One and only one intersec-
tion can occur.

PiUd

\ -Equation (A.9)

---.- __ _ Pn

" Equation (A.12)

Assuming that Vi is small, and performing a binomial expansion, the condi-

tion lim Ai be bounded shows that the minus sign is correct.
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We proceed as follows. We act K ±K according as

-i > 0 0 thereby using the solution for i 0 as a guide

to the sign of ij. Given Kand hence #,we have a functional relationship

between uij and n

(p ) 
p

20iCi~i

1 l+.. 1i injJ (A.14)

The n -1 equations of the form (A.14) may be substituted into (A.11) to ob-
ta in

n-i1

f(pn) = n- p + Pi~[ ai - Ypn j 0 (A.15)

This equation may be solved by Newton's method according to which the trial

value pn is replaced by the improved value p nsuch that

np

- ft .(A167
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Evidently

~n-1

i=l 21)iI, -1

21 ici i of) _- pP (A. 17)

9ii L i CL

If it happens that = 0 for a given flux we may use the solution

C. a± ~
Pi= f i n- PiJ + ji and a - in forming the sums in (A.15)

i i
aP n  a i

and (A.17).

A.2.2 Sonic Fluxes

Equation (A.15) is first solved assuming that all the fluxes are
subsonic. Once the updated fluxes are determined from (A.14) they are
tested to see if they are indeed subsonic. If any normal velocity is found
to be supersonic, based on the value of the speed of sound computed using
current storage data, the corresponding i is replaced by the sonic value.
Equation (A.15) is then solved once again. Only the subsonic fluxes are

included in the sum over i since for a sonic flux. It is assumed,

of course, that pn has been made compatible with Ai prior to the second
pass.

At present, the uniqueness of solutions involving sonic fluxes has not
been established.

We note the role played by the condition of sonic flow. For an efflux,
the sonic condition replaces the condition of exterior compatibility as ex-
pressed by Equation (A.9). That is, the exterior pressure Pn no longer
affects the interior of continuum region i. For an influx, the sonic
condition replaces the condition of interior compatibility as expressed by
the characteristic relation (A.12). The boundary values are determined by
the exterior state and not by the interior flow.
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A.3 Exterior State Closed

In this case the state of the external region is not modeled and Equa-
tion (A.11) cannot be used. Instead, we use directly the finite balance of
mass

n-1

ihi + ik 0 o(A.18)
i-1 J=l

A.3.1 Subsonic Fluxes

As in the case when the exterior region is open, Equations (A.9) and
(A.12) lead to the detemnination of the fr according to (A.14). In this
case the quantity pa is to be thought of as a reference pressure which may
not be realized by any real local state but which merges fomally from the
analysis. From (A.18) we see that we must solve

n-1 J

i) j='n +1 j  -
i=1 Jm3+ I j

We use (A.16) and we note thatI- e l I
f (P n) 1 +

I [ -iPn . (A.20)

'Fiii a pi C i

The situation when qi = 0 is treated in the sine way as the case when the
exterior region is open.
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A.3.2 Sonic Fluxes

As with the case of the open exterior region, it is initially assumed
that all fluxes are subsonic. Subsonic fluxes are replaced by sonic values
and the solution of (A.19) is repeated with the sum in (A.20) confined to
subsonic states. If all the fluxes are found to be sonic, the sum in (A.20)
only excludes those fluxes which correspond to inflows to their respective
continuum regions. Further discussion of this topic may be found in
Reference 52.

A.4 Treatment of Slotted Sticks

When the slot is open the interior (perforation) and exterior
(interstitial) fluxes are assumed to have the same pressure. We assume that
the values of P and q for the interstitial flux define compatibility with
the ullage region which terminates the continuum. If we adopt the
convention that the perforation flow has label i and the interstitial flow
has label i-1 then (A.9) is replaced by

Pi = Pi I (A.21)

for flux i. We consider first the case when the ullage region is open.
Provided that both i and Ai-l are subsonic it follows that the contribution

of flux i to the sum in (A.15) is

PiC I a -
Af. =ii i- Af I (A.22)

a Ci-li-I

where Afi I is the contribution corresponding to flux i-l. Similarly, the

contribution to the sum in (A.17) is

, iCi Qi- 1 ,
Af. - Af . (A.23)

i i-ift i-1

52 Gough, P.S.
"Theoretical Modeling of Navy Propelling Charges"
Final Report for Contract N00174-83-C-0241, IGA-IR-84-1 1984
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When the ullage is closed we have the following contributions to the sums in
(A.19) and (A.20) respectively.

A fi - [ - 1 + Ii A (A.24)

C a ild -
Af , ild (A.25)

where- follows from (A.14).
dpn

In the event that either flux i or flux i-i turns out to be sonic, the
algorithm uses the previously discussed procedure for sonic fluxes and the
equilibration condition (A.21) may fail to be satisfied.
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CONIR(L PARAMETERS

NPRINT (0-NO PRINT, 1=PRINT) 1
NSUMY (0NO SUMMARY TABLES, 1=YES) 1
NPLOT (0NO ISOMETRIC CARPET ILOTS, 1=PLOT) 1
NVHL (0-RIDDEN LINES DELETED, 1=RETAINED) 0
NPL(XW (0NO O)NTOUR PLOTS, I=PLOT) 0
NPLFLO (0=ND FLOW PLOTS, 1-LOT) 1
NPLFLM (0=N0 FLAMESPREAD PLOT, I=PLOT) 1
NDSKI (0=1) DISC SAVE, 1=DISC SAVE) 0
NDSKR (0NO DISC START, >0DISC START AT STEP

NDSKR) 0

ISOMETRICALLY PLOTTED QUANTITIES (1-YES, 0=NO)

MESH 0 POROSITY 0 GRANULAR SIESS 0
PRESSURE I DENSITY 0 GAS AXIAL VELOC1TY 0
SOLID AXIAL VELOCITY 0 GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY 0
GAS TEMPERATURE 0 PARTICLE SURFACE TEMPERATURE 0
PYROLYSIS RODUCT' MASS FRACTION 0

CONTOUR PLOTTED QUANTITIES (1=YES, 0NO)

MESH 0 POROSITY 0 GRANULAR STRESS 0
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY 0
SOLID AXIAL VELOCITY 0 GAS RADIAL VELOCITY 0 SOLID RADIAL VL OCrTY 0
GAS TEMPERATURE 0 PARTICLE SURFACE TEMPERATURE 0
PYROLYSIS PRODUCT MASS FRACTION 0

SCALE FACTOR FOR PLOTTING(-) .40
LENGTH OF Z-AXIS IN CALCOMP PLOITS(IN) 12.01
LEII3TH OF R-AXIS(IN) 4.01
LENGTH OF ORDINATE AXIS(IN) 5.00

LOG CUlT PARAMETERS

PARAMETERS PRIOR TO Q-2-D TRANSFORMATION

MER OF STEPS BEFORE LOGOUT 2000
N.B. A NEGATIVE ENTRY FOR TEE ABOVE DATUM IMPLIES

THAT VARIABLE LOGOUT SCHEDULIND IS INTENDED.
TIME INCREMENT BEFORE LOGOUT(MSEC) .5000

PARAMETERS AFTER Q-2-D TRANSFORMATION

NUMIER OF STEPS BEFORE LOGOUT 2000
TIME, INCREMENT BEFORE LOGOUT(MSEC) 1.0000
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SUMMARY TABLE PARAMETERS

NUMIER OF PRESSURE SUMMARY STATIONS 2
TIME INCREMENT FOR PRESSURE SUMMARY STORAGE

(MSEC) .200

DEBUG PRINT REQUIRED (0=NO. 1=YES) 0
EXTIDED PRINT REQUIRED (0=NO, 1=YES) 0

TERMINATION PARAMETERS

MAXIMUM NUMBER OF STEPS BEFORE TERMINATION 2500
MAXIMIM INTEGRATION TIME(MSEC) 25.0000
MAXIMUM PROJECTILE TRAVEL (CM) 520.7

CHARGE REPRESENTATION PARAMETERS

NUMBER OF PROPELLANTS IN (IARE 2
NUIMER OF BAGS IN CHARGE 1
MESH ALLOCATION MDDE (0=STATIC, 1=DYNAMIC) 0
MAXIMUM NUMIER OF STORAGE POINTS FOR DYNAMIC

MESH ALLOCATION 0
NUMER OF MESH POINTS IN AXIAL DIRECTION 30
NUMIER OF MESH POINTS IN RADIAL DIRECTION 7
NUMBER OF ITERATIONS TO DETERMINE INITIAL

MESH 200
EQUIPOTENTIAL (0) OR LAGRANGIAN (1) MESH 0
QUAS I- O-DINMNSIONAL FLAMESPREADING

(0=NO, 1=YES) 0
NEW(0) OR OLD (1) INTERPHASE DRAG AND HEAT
TRANSFER FOR GRANULAR PROPELLANT 1
BED IGNITION IPTURES CASE (0=NO, 1=YES) 0

(GLOBAL OPTION)
SAFETY FACTOR FOR C-F-L CRITERION 1.1000
MAXIMUM FRACTIONAL DISPLACEMENT FOR CON-
VERGEMCE OF INITIAL MESH DISIRIBUTION .100E-04
OVER-RiLAXATION FACTOR FOR DETERMINATION OF
INITIAL MESH DISTRIBUTION 1.600
PRESSURE TOLERANCE FACTOR FOR REDUCTION TO

QUAS I-WO-DIKMES IONAL REPRESENTAT ION(-) .010
AXIAL SPATIAL RESOLUTION FACTOR(-) .100
RADIAL SPATIAL RESOLUTION FACTOR(-) .100
SOURCE STABILITY FACTOR (-) 0.000
MAX. FRACT. OF TUBE FOR CENTERCORE IN Q2D(-) 0.000
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AJIBENT CONDITIONS

INITIAL TEMPERATURE(DEG. K) 294.4
INITIAL PRESSURE (MPA) .1014
INITIAL RATIO OF SPECIFIC HEATS(-) 1.24300
INITIAL M(LECULAR WEIGHT(GM/GJM- MOL) 23.36000

PROPERTIES OF PROPELLANT TYPE 1 MAIN (ARGE

SOLID PHASE CONSTITUTIVE DATA

SETTLING POROSITY OF GRANULAR BED(-) 0.00000
SPEED OF COMPRESSION WAVE(M/SEC) 152.4
SPEED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(GM/CC) 1.5830
THERMAL CONDUCrIVITY(J/CM-SEC-DEG. K) .160100E-02
IERMAL DIFFUS IVITY ( (**2/SEC) .6 45200E-03
LONGITUDINAL WAVE SPEED(M/SEC) 0.0

(STICK PROPELLANT ONLY)
POISSCN RATIO(-) 0.000

(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.24300
MLECULAR WEIGHT(GM/GM-MOL) 23.360
0(VOLUME (CC/GM) 1.030

SOLID PHASE COMBUSTION CHARACTEISTICS

M1BER OF BURN RATE DATA 2
EROSIVE EFFECT CONSIDERED (0=NO, 1=YES) 0

FINITE RA7E (NEMISIRY (0=NO, I-YES) 0
IGNITION 7ENPERATURE(DEG. K) 444.4
(EMICAL ENERGY(J/GM) 4384.
SURFACE FLANESPREAD DELAY(MSEC) 0.0000
EROSIVE PRE-EXPONENT(CM**2-DEG.K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF ENERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARRHENIUS PRE-EXPONENT

((GM/CC)**(l-N)/SEC) 0.
GAS-PHASE ARRHENIUS EXPONENT(J/GM-IDL) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PROIUCTS(-) 0.00000
MOLECULAR WEIGHT OF FINAL PRODUCTS(GM/GM-MOL) 0.000

177
'.1

* .- . .. C .' C -, * ~ , .~ 7 
5 5

'~~% ~ ,. . . . .*~*.~*?: .. J..-~.



MAX. PRESSURE BURi RATE ADDITIVE CDNSTANT PIE-EXPONENT EXPONENT
(MPA) (M/SEC) (CM/SEC-MPA**BN) (-)

68.95 0.00000 .41170 .63370
689.50 0.00000 .22180 .78640

GRAIN GEON7RY

FORM (O-CYLINDER. I=SPHEE, 2-SOLID STICK, 0
3=PERFORATED OR SLOTrED STICK)

EXTEN4AL DIAIETER(C1) 1.060
L13NG1I(CM) 2.408
DIAMETER OF PERFORATIONS(CM) .086
NUJES OF PERFORATIONS(-) 7.
SLOT WIDTH(OI) 0.000
MAX. PERF. STRESS OR OViRPRESSURE(MPA) 0.000
NISIR (IF 0, ABOVE VALUE IS HOOP S3IESS.

IF 1, VALUE IS (VEPRESSURE) 0

PROPERTIES OF PROPELLANT TYPE 2 C4TEUCORE
-1

SOLID PHASE CONSTITUTIVE DATA

SETILING POROSITY OF GRANUAR BED(-) .40000
SPEED OF COMPRESSION WAVE(M/SEC) 442.0

" SPEED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(GM/CC) 1.7990

4 THERMAL CCNDUCT IV1TY (3/C-SEC-DEG. K) .160000E-02
TERMAL DIFFUSIV1TY(CM*02/SEC) .6000OOE-03
LONGITUDINAL WAVE SPEED(M/SEC) 0.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) 0.000

(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS-) 1.24300
rMLECULAR WEIGHT(GM/GM-ML) 23.360
COVOLUME (CC/GM) 1.030
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SOLID PHASE COMBUSTION CHARACTERISTICS

NUMlR OF BURN RATE DATA 2
EROSIVE EFFECT CONSIDERED (0=NO, 1=YES) 0
FINITE RATE CHEMISTRY (0=NO, l=YES) 0
IGNITION TEMPERATURE (DEG.K) 300.0
CHEMICAL ENERGY(J/GM) 2489.
SURFACE FLAMESPREAD DiLAY(MSEC) 0.0000
EROS IE PRE-EXPONENT(CM**2-DEG. K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF ENERGY RELEASED AT SJRFACE(-) 0.000
GAS-PHASE AR]IfHIUS PRE-EXPONENT

((GM/CC)** (l-N)/SEC) 0.
GAS-PHASE ARIENIIUS EXPNIENT(J/GM-MOL) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-) 0.00000
M)LECULAR WEIGHT OF FINAL PRODUCrS(GM/GM-M)L) 0.000

MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONENT EXPONENT
(MPA) (CM/SEC) (CM/SEC-MPA**BN) (-)

.52 0.00000 2.50800 .46200
690.00 0.00000 2.00700 .13300

GRAIN GEOMETRY

FORM (O=CYLINDER, 1=SPHERE, 2=SOLID STICK, I

3=PERFORAIED OR SLOTTED STICK)
EXTERNAL DIAMETER(CM) .300
LEMTH( 01) 0.000
DIAMETER OF PERFORATIONS(CM) 0.000
NUiSER OF PERFORATIONS(-) 0.
SLOT WIuH(CM) 0.000
MAX. PERF. STRESS OR OVERPRESSURE(MPA) 0.000
MIR1 (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE) 0
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PROPERTIES OF BAG INBIE1 1

MAIN (BARGE PROPELLANT TYPE 1
CENTERCORE IGNITER PROPELLANT TYPE 2
REAR BASEPAD REACTIVITY DATA 1
FORWARD BASEPAD REACTIVITY DATA 0
REAR OF CENTERODRE PERMITS SOLID EFFLUX

(1=YES, O=NO) 0
FRONT OF CENTERCORE PERMITS SOLID EFFLUX

(1=YES, O=NO) 0
SI ONG BAG OPTION (1=YES. 0=NO) 0
CASE IS RIGIDIZED (1=YES, 0=NO) 0
PROGRESSIVE FRACTURE OPTION(O=NO 1,2=YES) 0
FINAL MAIN (ARGE PROPELLANT TYPE 0
INCRENJNT IS IGNrTER(O=NO; 1=YES) 0
MASS OF MAIN (2IARE(KG) 11.8600
INTIAL POROSITY OF MAIN CHARGE(-) 0.0000

MASS OF CEITERCORE (NAIE(KG) .1134
INITIAL POROSITY OF CENTERCORE (BARGE(-) 0.0000
INCREMIMT STANDOFF (Of) 0.0000
SlRENG1H OF BOND TO NEXT INCREMENT(N) 0.

FRACTURE SIRENGTH OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OPTION(MPA) 0.0

PERFORATION RELAXATION TIME(MSEC) 0.000

CONFIGURATION OF REAR OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACIVITY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (O=D,I=N)
2.540 1.270 0.000 1 1 0 0
2.540 3.400 0.000 1 0 0 0
2.540 7.620 0.000 0 0 0 0

CONFIGURATION OF FRONT OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVTY NO. PtS DATA
POS((K) POS(O) (0) DATA DATA PRE-ASS IGNED (0=D,f=N)
78.740 1.270 0.000 2 0 0 0
78.740 7.620 0.000 0 0 0 0

CONFIGURATION OF INSIDE OF BAG

AXIAL RADIAL HICKNESS FLOW RES. REACTIVITY NO. PTS DATA
POS(Of) POS(CM) (04) DATA DATA PRE-ASSIGNED (0=D,1=N)
2.540 1.270 0.000 3 0 0 0

78.740 1.270 0.000 0 0 0 0
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CONFIGURATION OF OUTSIDE OF BAG

AXIAL RADIAL THICKNESS FLO RES. REACTIVITY NO. PrS DATA
POS(01) POS(CN) (01) DATA DATA PRE-ASS IGNED (0=D,I=N)
2.540 7.620 0.000 1 0 0 0
27.940 7.620 0.000 4 0 0 0
78.740 7.620 0.000 0 0 0 0

C(NFIGURATIN OF BREECH

AXIAL POSITION(01) RADIAL POSITION(CN)
0.000 0.000
0.000 7.060

-3.450 8.480

CCNFIGURATICN OF PROYECTILE BASE

AXIAL POS1TION(CI) RADIAL POSITION(Of)
87.380 0.000
87.380 7.140
96.420 7.850

C(iFIGURATIN OF INSIDE BOUNDARY

AXIAL POSITION(OC) RADIAL POS1TION(C0)
0.000 0.000

87.380 0.000

CONFIGURATION OF OUTIDE BOUNDARY

AXIAL POSITION(CM) RADIAL POSITION(CM)
-3.450 8.480
92.460 8.050
96.420 7.850

PROPERTIES OF PROJECTILE

PROJECrILE MkSS(KG) 46.720

NUM OF ENTRIES IN BORE RESISTANCE TABLE 7
RESISTANCE LAW NUMBER 1
N.B. IF <1 OR >3, VALUE WILL DEFAULT TO 2 INTERNALLY
NM OF FUILi H.EML4TS 0
WALL HEAT LOSS OPTION (0=IGNORE, 1=PLATE,

2=TIRE, 3-SRELTON) 0
WALL TEMPERATURE UPDATE OPTION (0=IGNORE,

1=CUBIC, 2= CUBIC PLUS INV. EMB.) 0
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BORE RES ISTANCE DATA

PROJECTILE IRAVEL(CX) RESISTIVE PRESSURE(MPA)

0.000 1.720
1.016 23.100
2.540 34.100
3.937 25.000
5.207 22.400

11.430 17.200
520.700 10.300

BAG SBGKM MECHANICAL PROPERTIES

TYPE(-) 1 2 3 4
RUPrURE IF BED IGNITED (0=N, 1=Y) 1 0 0 0
INITIAL FRICrIGN FACTOR(-) .010 101.000 101.000 101.000
MAX. PRESSURE DIFF. (MPA) .300 .600 .600 .300
RUPTURE INTERVAL(MSEC) 0.000 2.000 2.000 0.000
THICKNESS(CM) 0.000 0.000 0.000 0.000
STIMCTURAL THICKNESS(O() 0.000 0.000 0.000 0.000
DENSITY OF STRUCTURAL PART

(GM/CC) 0.000 0.000 0.000 0.000
LONGITUDINAL TENSILE MDULUS

(MPA) 0.000 0.000 0.000 0.000
LCNGITUDINAL COMPRESSIVE

M3DULUS(MPA) 0.000 0.000 0.000 0.000
POISSON RATIO(-) 0.000 0.000 0.000 0.000
MAX. LONGIIUDINAL SIRESS(MPA) 0.000 0.000 0.000 0.000
COEFFICIENT OF FRICTION(-) 0.000 0.000 0.000 0.000

DATA IO DESCRIBE REACTIVITY OF BAG SUBSTRATE 1

ENERGY RELEASED DURING DECOMPOSITION(J/GM) 2489.
DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.7990
RATIO OF SPECIFIC HEATS(-) 1.2430
MDLECULAR WEIGHT(GM/GN3L) 23.3600

.1

BAM SUBSTRATE DISCHARGE CHARACTERISTICS

TIME(MSEC) RATE OF DISCHARGE(GM/O4**2-SEC)

0.000 2.620
.100 26.200

30.000 26.200
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LOCATION OF POINTS FOR PRESSURE SUMMARY TABLE

AXIAL LOCATION(CM) VALL(0 OR AXIS(1M

.010 0
87.370 0
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CONTROL PARAMETERS

NPRINT (0=NO PRINT, 1=PRINT) 1
NSUNRY (O=NO SUMMARY TABLES, 1=7ES) 2
NPLOT (0=NO ISOMETRIC CARPET PLOTS, 1=PLOT) 0
NVBL (O=BIDDEN LINES DELETED, I=RETAINED) 0
NPLCON (0=NO CONTOUR PLOTS, 1=PLOT) 0
NPLFLO (O=NO FLOW PLOTS, I=PLOT) 0
NPLFLM (O=NO FLAMESPREAD PLOT, 1=LOT) 0
NDSKV (O=NO DISC SAVE, 1=DISC SAVE) 0
NDSKR (0=)NO DISC START, )0=DISC START AT STEP

NDSKR) 0

ISOMETRICALLY PLOTIED QUANTITIES (1=YES, O=NO)

MESH 0 POROSITY 0 GRANULAR STRESS 0
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY 0
SOLID AXIAL VELOCITY 0 GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY 0
GAS TEMPERATURE 0 PARTICLE SURFACE TEMPERATURE 0
PYROLYSIS PRODUCT MASS FRACTION 0

CONTOUR PLOTTED QUANTITIES (1=7ES, O=NO)

MESH 0 POROSITY 0 GRANULAR STRESS 0
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY 0
SOLID AXIAL VELOCITY 0 GAS RADIAL VELOCTY 0 SOLID RADIAL VELOCITY 0
GAS IEMPERATURE 0 PARTICLE SURFACE TEMPERATURE 0
PYROLYSIS PRODUCT MASS FRACTION 0

SCALE FACTOR FOR PLOWTING(-) .40
LENGTH OF Z-AXIS IN CALCOMP PLOTS(IN) 12.00
LENGTH OF R-AXIS(IN) 4.00
LE IH OF ORDINATE AXIS(IN) 5.00

LOGOUT PARAMETERS

PARAMETERS PRIOR 1O Q-2-D TRANSFORMATION

NUMBER OF STEPS BEFORE LOGOUT 2000
N.B. A NEGATIVE ENI RY FOR THE ABOVE DATUM IMPLIES

THAT VARIABLE LOGOUT SCIEDULING IS INTENDED.
TIME INCREMENT BEFORE LOGOUT(MSEC) .5000

PARAMETERS AFTER Q-2-D TRANSFORMATION

NUMBER OF STEPS BEFORE LOGOUT 2000
TIME INCREMENT BEFORE LOGOUT(MSEC) 1.0000
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SUMMARY TABLE PARAIETERS

NUMBER OF PRESSURE SUMMARY STATIONS 2
TIME IN(REIMENT FOR PRESSURE SUMMARY STORAGE

(MSEC) .200

DEBUG PRINT RMUIRED (O-NO, 1=YES) 0
EXIENDED PRINT RBQUIRED (O=NO, 1-YS) 0

TERMINATION PARAMETERS

MAJXIMJM MUMR OF STEPS BEF RE TERMINATION 2500
M&IIhM INTEGRATION TIIE(MSEC) 25.0000
MAXIMUM PROFECTILE TRAVEL ((0) 520.7

CHARGE REPRESENTATION PARAMTERS

NUMBER OF PROPELLANTS IN CHARGE 4
MJER OF BAGS IN (ANGE 1
MESH ALLOCATION M1DE (O-STATIC, 1-DYNAMIC) 0
MAXIMUM NUMBR OF STORAGE POINTS FOR DYNAMIC

MESH ALLOCATION 0
NUMB OF MESH POINTS IN AXIAL DIRECTION 30
NUMBER OF MESH POINTS IN RADIAL DIRECTION 7
NUMWE OF ITERAIONS TO DETERMINE INITIAL

MESH 200
EUIPOTHITIAL (0) OR LAGRAIOIAN (1) USE 0

QUAS I-WO-DIMENS IGNAL FLAMESPREADINI
(O=NO, l-YES) 0

NEV(O) (I OLD (1) INTURPRASE DRAG AND HEAT
NRANSFER FOR GRANULAR PROPELLANT 1
BED IGNITION RUPTURES CASE (O-NO, 1-YES) 0

(GLOBAL OPTION)
SAFETY FACTOR FOR C-F-L CRITERION 1.1000
MAXIMUM FRACTIONAL DISPLACEMENT FOR CON-
VEGI;(N OF INITIAL ME DISNRIBUTION .100E-04
OVER-RELAXATION FACTOR FOR DETIRMINATION OF
INITIAL MESH DISTRIBUTION 1.600
PRESSURE TOLERANCE FACTOR POR REDUCTION TO

QUAS I-1WO-DIMENS IONAL REPRESENTATION(-) .010
AXIAL SPATIAL RESOLUTION FACTOR(-) .100
RADIAL SPATIAL RESOLUTION FACTOR(-) .100
SOURCE STABILITY FACTOR (-) 0.000
MAX. FRACT. OF TUBE FOR CENTERCORE IN Q2D(-) 0.000
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£16 ENT CONDITIONS

INITIAL 7ENPUAURE(DEG .K) 2%4.4
INITIAL PRESSURE (EA) .1014
INITIAL RATIO OF SPECIFIC HEATS(-) 1.40000
INIT IAL NOLECUAR WEIGffr(GK/GN-NOlL) 29.00000

PROPERTIES OF PROPELLANT TIPS 1 Cox

SOLID PHASE CONSTTTVE DATA

SETIN POROSITY OF GRANULAR BED(-) 0.00000
SPUED OF COMPRESSION WAVECKSEC) 442.0
SPEED OF EXPANSION VAVE(KSEC) 1270.0
DENITY OF SOLID PHASE(ICC) 1.6500
THERMAL CCNDUCrIV rY(I/ CU- SEC-DUG.*K) .1600001-02

* HNAL DI FFUS IV TY(Cl** 2/ SIC) .6000001-03
LORGIDINAL WAVE SPEED(K/SEC) 0.0

(STICK PROPELLANT OLY)
POISSOR RATIO(-) 0.000

(STICK PROPELLANT ONLY)

GAS PHASE CON STITUTVE DATA

RATIO OF SPECIFIC BEATS(-) 1.23400
N(LECULAR WEIGHT (GN/GM- MDL) 24.*200
CDOLUU (CC/GM) 1.097

SOLD PHASE OMUSTION CHARACTRISTICS

NMUR OF BURN RAZE DATA 1
EROSIVE EFFECT CONSIDERED (0-NO. 1-78S) 0
FINIT RANE CREMISNY (0-NO. 1-YES) 0
IGNITION TMWERATURE (DEG. K) 300.0
CWEMICAL INERGY(J/G) 4372.
SURFACE FLANSPREAD IULAY(NSEC) 0.0000
EROSIVE PltE-EXPIN~(WK*2-DHG.K/N) 0.
ROSIVE EXPONENT(-) 0.000
PRACTIOR OF ENERGY RELEASED AT SURFA(-) 0.000
GAS-PEASE £tRHENIUS &R-EXPONElIT

((GM/CC) **(1-N)/SEC) 0.
GAS-PEASE ARIEIUS EIPCNBNT(JT/GNWL) 0.0
GAS-PAE RKAICTION (RDU(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PROUCrI- 0.00000
MOECULAR WEIGHT OF FERAL PlOIRJCTS(GX/GM-NOL) 0.000
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MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PI-EXPONENT EXPONENT
(EPA) (Cl/SEC) (Ci/SEC-MPAeSBN) C-)

690.00 0.00000 .40000 1.00000

GRAIN GOME7RY

FORM (O=CYLINDER, 1=SPERE, 2=SOLID STICK, 0
3=PERFORA7ED OR SOTIED STICK)

EXrERNAL DIAMETER (CM) .071
LENTH(Of) .013
DIAME R OF PERFORATIONS(CE) 0.000
NUJ ME OF PERFORATIONS(-) 0.
SLOT WIDTH(CM) 0.000
MAX. PEF. SUIESS OR OVlRPRESSURE(MPA) 0.000
NXSTR (IF 0. ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVEPRESSURE) 0

PROPERTIES OF PROPELLANT TYPE 2 MAIN (MARGE

SOLID PHASE CONSTITUTIVE DATA

SETILING P0ROSlTY OF GRANULAR BED(-) 0.00000
SPEED OF COMPRESSION WAVE(M/SEC) 152.4

SPEED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(GM/CC) 1.6500
THERMAL (C)NICTIVITY(3/CM- SEC-DEG. K) .160100E-02
ITERMAL DIFFUS IVTY( (N**02/SEC) .645200E-03
LONGITUDINAL WAVE SPEED(M/SEC) 1270.0

(STICK PROPELLANT ONLY)
POISSON RATIO (-) .500

(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.26000
NLECULAR WEIGHT(GM/GE-MOL) 22.200
COVYLUME (CC/GM) 1.084
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SOLID PHASE C01MUSTIC4 (IARACTUISTICS

NIMS OF BURN RATE DATA 1
EROSIVE EFFECT WINSIDERED (0=NO, 1=13S) 0
FINITE RATE CHEMISTRY (0=-NO, 1-YES) 0
IGNITION UENPERATURE(DBG. K) 445.0
(EMI CAL RNEE3Y CJ/G) 3794.
SURFACE FLAMES READ DELAY(MSEC) 0.0000
EROSIVE PE-EXPONIWT((W*2-DEG.K/N) 0.
EROSIVE EXPONIENT(-) 0.000
FRACTION OF m4ENGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARIlIUS PRE-EXPONINT

((G/CC)**(1-N)/SEC) 0.
GAS-PHASE ARIHENUS EXPONIEIT(J/GM-MDL) 0.0
GAS-PHASE REACTIGN ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-) 0.00000
NILECILAR WEIGHT OF FINAL PROIXCTS(GM/G--MOL) 0.000

MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONENT EXPONENT
(NPA) (OA/SEC) (Cl/SEC-MPA *BN) (-)

690.00 0.00000 .23672 .70000

GRAIN GEOMETRY

FORM (0=CY4INIER, I=SPHERE, 2=SOLID STICK, 3
3=PERFORA7ED OR SLOTTED STICK)

EXTERNAL DIAMETER(C) .640
LENTH(NM) 73.660
DIAMETER OF PERFORATIONS(C) .234
NMBER OF PERFORATIONS(-) 1.
SLOT WIDTH(C) .025
MAX. PiUF. STRESS OR OVERPRESSURE(MPA) -1000.000
NXSTR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE) 0
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PROPERTIES OF PROPELLANT TYPE 3 CASE MkTERIAL

SOLID PHASE CONSTITUTIVE DATA

SETTLING POROSITY OF GRANULAR BED(-) 0.00000
SPUD OF COMPRESSION WAVE(MISEC) 152.4
SPEED OF EXPANSION WAVE(M/SEC) 1270.0
DINSITY OF SOLID PHASE(GM/CC) 1.0000
THERMAL OONMUCrIVrTY(J/CM-SEC-DEG. K) .160100E-02
THRMAL DIFFUS IVITY (010*2/ SEC) .645200E-03
LONGITUDINAL WAVE SPEED(M/SEC) 1270.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) .500

(STICK PROPELLANT ONLY)

GAS PHASE CX)NSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.27500
MOLECULAR WEIGHT(GM/GM-MOL) 21.400

OVOLUJN (CC/GM) 1.180

SOLID PHASE COMBUSTION CHARACTISTICS

NUMBER OF BURN RATE DATA 1
EROSIVE EFFECT CONSIDERED (O=NO, 1=!ES) 0
FINITE RATE CHEMISIRY (0=NOo 1=YIS) 0
IGNITION TEMPERATURE(DEG. K) 300.0
CEMICAL ENERGY (/GM) 2350.
SURFACE PLAIESPREAD EELAY(MSEC) 0.0000
EROSIVE PRE-EXPONHaT ( r** 2-DEG. K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF E4ERGY RELEASED AT SURFAC((-) 0.000
GAS-PHASE ARRHENIUS PRE-EXPONINT

((GM/CC)**(1-N)/SEC) 0.
GAS-PHASE ARRHEIUS EXPONINT(J/GM-X)L) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-) 0.00000
MOLECULAR WEIGHT OF FINAL PRODUCTS(GM/GM-MOL) 0.000

MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONENT EXPONE4T
(MPA) (0I/SEC) (C(/SEC-MPA*BN) (-)

690.00 0.00000 .04000 1.28700
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GRAIN GEOMETRY

FORM (0=CYLINDER, 1=SPHERE, 2=SOLID STICK, 0
3=PRFORATED OR SLOTIED STICK)

EXTERNAL DIAETER (CM) 0.000
LENGTH( C) 0.000
DIAMETER OF PERFORATIONS(CM) 0.000
NUMBER OF PERFORATIONS(-) 0.
SLOT WIDTH(CM) 0.000
MAX. PEUF. STRESS OR OVERPRESSURE(MPA) 0.000
NXSTR (IF 0, AB(WE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE) 0

PROPERTIES OF PROPELLANT TYPE 4 CASE MATERIAL

SOLID PHASE ONSTITUTIVE DATA

SE1ILING POROSITY OF GRANULAR BED(-) 0.00000
SPEED OF COMPRESSION WAVE(M/SEC) 152.4
SPEED OF EXPANSION WAVE(M/SEC) 1270.0
D NSITY OF SOLID PRASE(GM/CC) 1.0000
THERMAL OONDUCrIVITY(J/CM-SEC-DEG. K) .160100E-02
THERMAL DIFFUS IV1TY (COI**2/SEC) .645200E-03
LONGITUDINAL WAVE SPEED(M/SEC) 1270.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) .500

(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.26000
MOLECULAR WEIGHT(GM/GM-MOL) 24.000
COVOLUM (CC/GM) .920

SOLID PHASE COMBUSTION CIARACTERISTICS

NUIJER OF BURN RATE DATA 1
EROSIVE EFFECT CONSIDERED (O=NO, I=YES) 0
FINITE RATE CHEMISTRY (O=NO, 1=YES) 0
IGNITION TEMPERATURE (DEG. K) 300.0
CREMICAL ENE Y(J/GM) 1880.
SURFACE FLAMESPREAD IDELAY(MSEC) 0.0000
EROSIVE PRE-EXPONNT(CM**2-DEG.K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF ENERGY RLEASED AT SURFACE(-) 0.000
GAS-PHASE ARRHH4IUS PRE-EXPONENT

((GM/CC)40(1-N)/SEC) 0.
GAS-PHASE ARRHENIUS EXPONENT(J/GM-MNOL) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-) 0.00000
MOLECULAR WEIGHT OF FINAL PRODUCTS(GM/GM-MOL) 0.000
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MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONENT EXPONENT
(MPA) (OC/SEC) (CH/SEC-MPA* BN) (-)

690.00 0.00000 .04000 1.28700

GRAIN GEOMEIRY

FORM (O=CYLINDER, 1=SPHERE, 2=SOLID STICK, 0
3=PERFORAIED OR SLOTIED STICK)

EXTERNAL DIAMETER (CM) 0.000
LENGTH(C0) 0.000
DIAMETER OF PERFORATIONS(CM) 0.000
NUMBER OF PERFORATIONS(-) 0.
SLOT WIDTH(CM) 0.000
MAX. PERF. STRESS OR OVERPRESSURE(MPA) 0.000
NXSIR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE) 0

PROPERTIES OF BAG NUMBER 1

MAIN CHARGE PROPELLANT TYPE 2
CENTRECORE IGNITER PROPELLANT TYPE 0
REAR BASEPAD REACTIVITY DATA 0
FORWARD BASEPAD REACTIVITY DATA 0
REAR OF CENTERCORE PERMITS SOLID EFFLUX

(1=YES, 0=NO) 0
FRONT OF CENTERCORE PERMITS SOLID EFFLUX

(1=YES, 0=NO) 0
STRONG BA OflION (1=YES, O=NO) 0
CASE IS RIGIDIZED (I=YES, 0=NO) 1
PROGRESSIVE FRACTURE OFrION(0=NOj 1,2=YES) 0
FINAL MAIN CHIARE PROPELLANT TYPE 0
INCREMENT IS IGNITER(O=NO% 1=YES) 0
MASS OF MAIN CIAIE(KG) 12.7000
INITIAL POROSITY OF MAIN CHARGE(-) 0.0000
MASS OF CEITERCORE C(ARGE(KG) 0.0000
INITIAL POROSITY OF CENTEROGRE (ARGE(-) 0.0000
INCREMENT STANDOFF (04) 2.5400
SRENGTR OF BOND TO NEXT INCREMENT(N) 0.

FRACTURE STRHGTh OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OFTION(MPA) 0.0

PERFORATION RELAXATION TIME(MSEC) 0.000
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CONFIGURATING OF REAR OF BAG

AXIAL RADIAL THICINESS FLOW RES. REACTIVrrY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (O=DI=N)
2.240 0.000 .940 6 224 0 0
2.240 2.540 .940 6 224 0 0
2.240 7.940 .940 0 0 0 0

CONFIGURATION OF FRONT OF BAG

AXIAL RADIAL TIICKNESS FLOW RES. REACTIVITY NO. FrS DATA
POS(ON) POS(01) (0) DATA DATA PRE-ASS IGNED (O=D,1=N)
76.210 0.000 .320 4 330 0 0
76.210 2.540 .320 4 330 0 0
76.210 7.940 .320 0 0 0 0

CONFIGURATION OF INSIDE OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0=D.1=N)
2.240 0.000 0.000 0 0 0 0

76.210 0.000 0.000 0 0 0 0

CONFIGURATION OF OUTSIDE OF BAG

AXIAL RADIAL TIICKNESS FLOW RES. REACTIVITY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0=D,1=N)

- 2.240 7.940 .320 5 330 0 0
76.210 7.940 .320 0 0 0 0

CONFIGURATION OF BREECH

AXIAL PcSITION(CM) RADIAL POSITION((N)
0.000 0.000
0.000 7.060

-3.450 8.480

CONFIGURATION OF PROTECTILE BASE

AXIAL POSITION(C1) RADIAL POSITION(CO)
87.380 0.000
87.380 7.140
96.420 7.850
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CONFIGURATII OF INSIDE BOUNDARY

AXIAL POSITION(0i) RADIAL POSITION(OM)
0.000 0.000

87.380 0.000

CONFIGURATION OF OUTSIDE BOUNDARY

AXIAL POS1TION(CM) RADIAL POSITION(CM)
-3.450 8.480
92.460 8.050
96.420 7.850

PROPERTIES OF PROJ ECTILE

PROJECTILE KASS(KG) 46.720

NUMIER OF EN'RIES IN BORE RESISTANCE TABLE 7
RESISTANCE LAW NUMIER 1
N.B. IF (1 OR >3, VALUE WILL DEFAULT 10 2 INTERNALLY
NUMBER OF FILLER ELENITS 0
WALL BEAT LOSS OPtiON (0=IGNORE, I=ILATE,

2=TUBE, 3= EL TON) 0
WALL TEMPERATURE UPDATE OPTION (O=IGNORE,

1=CUBIC, 2=CUBIC PLUS INV. EMB.) 0

BORE RES ISTANCE DATA

PROJECrILE TRAVEL(CM) RESISTIVE PRESSURE(MPA)

0.000 1.720
1.016 23.100
2.540 34.100
3.937 25.000
5.207 22.400

11.430 17 .200
520.700 10.300
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BAG SEGMENT MECHANICAL PROPERTIES

TYPE(-) 1 2 3 4 5 6
RUFrURE IF BED IGNITED 0 0 0 0 0 0

(0=N, 1=Y)
INITIAL FRICTION 101.000 10.000 101.000 101.000 101.000 10.000

FACTR(W-)
MAX. PRESSURE DIFF. .860 .860 .860 .860 .860 .860

(MPA)
RUPTURE INTEVAL 0.000 0.000 0.000 0.000 0.000 0.000

(MIEC)
THICDNESS(CM) .320 .320 .320 .320 .320 .940
STJUCTURAL THICKNESS .320 .320 .320 .320 .320 .320

(cM)
DENSITY OF STRJCTRAL PART
(GM/CC) 1.000 1.000 1.000 1.000 1.000 1.000

LOgITUDINAL TENSILE MODULUS
(MPA) 1000.000 1000.000 1000.000 1000.000 1000.000 1000.000

LONG ITUDINAL COMPRESS IVE
NDIULUS(MPA) 1000.000 1000.000 1000.000 1000.000 1000.000 1000.000

POISSiQ RATIO(-) .500 .500 .500 .500 .500 .500
MAX. LQG1TUDINAL STRESS

(MPA) 20.680 20.680 20.680 20.680 20.680 20.680
COEFFICIENT OF

FRICTION(-) .500 .500 .500 .500 .500 .500

DATA T DESCRIBE REACTIVITY OF BA SUBSTRATE 1

ENERGY RELEASED DURING DE(DMPOSITION(3/GM) 1352.
DENSITY OF DECOMPOSING SCLID-PEASE(GN/CC) 1.7990
RATIO OF SPECIFIC HEATS(-) 1.2190
MOLECULAR WEIGHT(GM/GMOL) 34.8600

BAG SUBSTRATE DIS(HARGE (CtA k'TrERISTICS

TIIE(MSEC) RATE OF DISCIARGE(GM/CM**2-SEC)

0.000 1.000
.100 98.000

10.000 98.000

DATA TO DESCRIBE REACTIVITY OF BAG SUBSIRATE 2

ENERGY RLEASED DURIND DEC0MPOSITION(J/GM) 2350.
DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.0000
RATIO OF SPECIFIC HEATS(-) 1.2750
MOLECULAR WEIGHT(GM/GIL) 23.0000
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BAG SUBSURAIE DIS(ARGE CHARACTERISTICS

TINE(MSEC) RATE OF DISQIAIGE(GM/OA*2-SEC)

0.000 1.000
1.000 5.000
5.000 5.000

DATA TO IES(RIBE REACTIVITY OF BAG SUBSTRATE 3

NERGY RELEASED DURING DECOMPOSITION(J/GM) 1880.
DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.0000
RATIO OF SPECIFIC HEATS(-) 1.2600
MOLECULAR WEIGHT(GM/GMOL) 24.0000

BAG SUBSTRATE DISCHARGE CHARACTERISTICS

TINE(MSEC) RATE OF DISCXARGE(GM/CM**2-SEC)

0.000 1.000
1.000 5.000
5.000 5.000

DATA ID DESCRIBE REACTIVITY OF BAG SUBSIRATE 4

EERGY RELEASED DURING DECOMPOSITION(J/GM) 4372.
DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.6500
RATIO OF SPECIFIC HEATS(-) 1.2340
MNLECULAR WEIGHT(GM/GMOL) 24.2000

BAG SIISUATE DIS(AIGE CHARACTERISTICS

TIME(MSEC) RATE OF DISCHARGE(GM/O(**2-SEC)

0.000 1.000
1.000 50.000

10.000 50.000

LOCATION OF POINTS FOR PRESSURE SUMMARY TABLE

AXIAL LOCATION(CM) WALL(O) OR AXIS(l)

.010 0
87.370 0
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C0I4ROL PARAMETERS

NPRINT (0-NO PRINT, I-PRINT) 1
NSUJY (0-NO SUMMARY TABLES, 1-YES) 2
NPLOT (0-NO ISOMETRIC CARPET PLOTS, 1-PLOT) 1
IWVL (0-HIDDEN LINES DEED, 1-RETAINED) 0
NpLOCI (0-ND ONTOUR Ml.,S, 1-LOT) 0
NPLFLO (0=ND PLW PLOTS, l=l.OT) 1
NLFLM (0-NO LAMESPREAD PLOT, I-,OT) 1
NDSK (O-NO DISC SAVE, 1-DISC SAVE) 0
NDSIR (0-NO DISC START, )O-DISC START AT STEP

NDSU) 0

ISOIEIRICALLY PLOTTED QUANTITIES (1-YES, 0=N0)

MESH 0 POROSITY 0 GRANULAR STRESS 0
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY 0
SOLID AXIAL VELOCITY 0 GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY 0
GAS TEMPERATURE 0 PARTICLE SURFA(E TEMPERATURE 0
PIROLYSIS PROlUCT MASS FRACTION 0

CGNTOUR PLOTTED QUANTITIES (1-YES, 0-NO)

MESH 0 POROSiTY 0 GRANULAR STRESS 0
PRESSURE 1 DENiSITY 0 GAS AXIAL VELOCITY 0
SOLID AXIAL VEOCITY 0 GAS RADIAL VELOCITY 0 SOLID RADIAL VE.OCITY 0
GAS TEMPERATURE 0 PARTICLE SURFACE 7MEWRATURE 0
PYROLYSIS PRODUCT MASS FRACTION 0

SCALE FACTOR FOR LOTrING(-) .40
LENG79 OF Z-AXIS IN CALCOMP IOIS(IN) 12.00
LDMTH OF R-AXIS(IN) 4.00
L GTH OF ORDINATE AXIS(IN) 5.00

LOSWaT PARAMETERS

PARAMETERS PRIOR TO Q-2-D TRANSFORMATION

MJBIE OF STEPS BEFORE LOGOUT 2000
N.D. A NBGATIYE ENTY POR TE ABOVE DATUM IMPLIES

THAT VARIABLE LOG(UT SCIEDULIM3 IS INTENDED.
TIEM INCREMENT BEFORE LOGOUT(MSEC) .5000

PARAMETERS AFTER Q-2-D TRANSI)RMATION

NUMER OF STEPS BEFORE LOGOUT 2000
TIM INCREMENT BEFORE LOGOUT(NSEC) 1.0000

,'
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SUMMARY TABLE PARAMETERS

NUMBER OF PRESSURE SUMMARY STATIONS 2
TIME INCREMT FOR PRESSURE SUMMARY STORAGE

(MSEC) .200

DEBUG PRINT RBQUIRED (0=NO, 1=YES) 0
EXT NDED PRINT RBQUIRED (0-NO, 1=YS) 0

TERMINATION PARAMETERS

MAXIMUM NUMBER OF STEPS BEFORE TERMINATION 2500
MAXIMUM INTPGRATION TIME(MSEC) 25.0000
MAXIMUM PROJECTILE TRAVEL (CM) 520.7

CHARGE REPRESENTATION PARAMETERS

NUMBER OF PROPELLANTS IN CHARGE 4
NUMBER OF BAGS IN (ARGE 2
MESH AILOCATIQ MDDE (0=STATIC, 1=D7NAMIC) 0
MAXIMUM NUMBER OF STORAGE POINTS FOR DYNAMIC

MESH AILOCATION 0
NUMBER OF MESH FOINTS IN AXIAL DIRECTION 30
NUMBER OF MESH POINIS IN RADIAL DIRECTION 7
NUMBER OF ITERATIONS 10 DETERMINE INITIAL

MESH 200
EQUIPO TIAL (0) OR LAGRANGIAN (1) MESH 0

'4. QUAS I-IWO-DIMENS IONAL FLAMES PREADING
(O=NO, I=YES) 0

NEW(O) OR OLD (1) INTERPHASE RAG AND HEAT
TRANSFER FOR GRANULAR PROPELLANT 1
BED IGNITION RUPTURES CASE (0-NO, 1=YES) 0

(GLOBAL OPTION)
SAFETY FACTOR FOR C-F-L CRITERION 1.1000
MXIMIM FRACTIGNAL DISPLACEMENT FOR CON-
VERGENCE OF INITIAL MESH DISTRIBUTION .100E-04
O*VER-RELAXATION FACTOR FOR DETERMINATION OF
INITIAL MESH DISTRIBUTION 1.600
PRESSURE TOLERANCE FACTOR FOR REDUCTION TO

QUASI-1VO-DIMENSIONAL REPRESENTATION(-) .050
AXIAL SPATIAL RESOLUTION FACTOR(-) .100
RADIAL SPATIAL RESOLUTION FACTOR(-) .100
SOURCE STABILITY FACTOR (-) 0.000
MAX. FRACT. OF TUBE FOR BNTERWORE IN Q2D(-) 0.000
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AMS IENr CNDITIONS

INITIAL TEMPERAURE(DEG.K) 294.4
INITIAL PRESSURE(PA) .1014
INITIAL RATIO OF SPECIFIC HEATS(-) 1.40000
INITIAL M)LECULAR WEIGHT(GM/GN-MDL) 29.00000

PROPERTIES OF PROPE LANT TYPE 1 (3I

SOLID PHASE CONSTITUTIVE DATA

SETILIM POROSITY OF GRANILAR BED(-) 1.00000
SPEED OF COMPRESSION WAVE(M/SEC) 1270.0
SPEED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(GM/CC) 1.6500
lIERMAL CCNDIXCIVITY(S/CM-SEC-DEG.K) .160000E-02

HER2MAL DIFFUSIVITY(CM*02/SEC) .6OOOOOE-03
LONITUDINAL WAVE SPEED(M/SEC) 0.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) 0. 000

(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.23400
MOLECULAR WEIGHT(GM/GM-IML) 24.200
COV OLUIE(CC/GM) 1.097

SOLID PHASE CUUSTION CARACTERISTICS

NUMBER OF BURN RATE DATA 1
EROSIVE EFFECT CONSIDERED (0=NO, 1=YES) 0
FINITE RATE CEEMIS IY (O=NO, 1=YES) 0
IGNITION TEMPERAIURE(DEG.K) 300.0
CHEMICAL IRUGY(J/GM) 4372.
SURFACE FLAMESPREAD DELAY(MSEC) 0.0000
EROSIVE FRE-EXPONEmT(CM**2-DEG.K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF ENERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARHEIIUS PRE-EXPONENT

((GM/CC)**(1-N)/SEC) 0.
GAS-PHASE ARNIIUS EXPONENTm(J/GM-MOL) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-) 0.00000
M)LECULAR WEIGHT OF FINAL PROIJCrS(GM/GM-MDL) 0.000
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JRX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPCNENT EXPONENT

(MPA) (CM/SIC) (CM/SEC-PA**BN) (-)

690.00 0.00000 .40000 1.00000

GRAIN GBouRY

POREM (0,CLLINIER, 1-SPREE. 2-SLID STICK. 0
3-PUFORAUED OR LOTED STICK)

EXTERNAL DIAU1EU (CM) .071
L3IBTH( ) .013
DIAMETER OF PEROIRATIONS(C) 0.000
NUINB OF PEFORATIONS(-) 0.
S.LOT gm'H ((I) 0.000
IRX. PUP. STRESS OR OVERPRESSUIE(MPA) 0.000

NXS7 (IF 0, ABOVE VALUE IS HOOP STRESS.
IF 1, VALUE IS OVEPRESSURE) 0

PROPERTIES OF PROPELLANT TIM 2 E31

SOLID PHASE CONSTITUTIVE DATA

SETILDIG POROSITY OF GRANULAR BED(-) 0.00000
SPEED OF COMPRESSION WAVEC/SEC) 152.4
SPEED OF EXPANSION UAVE(M/SEC) 1270.0
DINSITY OF SOLID PRASE(GM/CC) 1.6500
THRNAL (X)NlIC~IVlTY(J/CE-SC-DG. K) .1601OOE-02
THIEMAL DIFPUS lTY(CMS2/SIC) .645200E-03
LONGITUDINAL WAVE SPEED(M/SEC) 1270.0

(STICK PIOPELANT ONLY)
POISSN RATIO(-) .500

(STICK PROPUlLANT ONLY)

GAS PHASE CONSTITUTIVE DATA

RATIO OF SPECIFIC BEATS(-) 1.26000
NMOLECILAR WEIGRT(GM/GM-MOL) 22.200
ODVOLUM (CC/GM) 1.084
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SOLID PHASE CONUSTION CHARACTEISTICS

MWMlE OF BUiN RATE DATA 1
EROSIVE EFFECT CONSIDERED (0-NO, l-YES) 0
FINITE RATE CHEMISTRY (0-NO. I-YES) 0
IGNITION IENM1RATURE(DBG. K) 445.0
CHEXICAL lIERIY( {Om) 3794.
SURFACE ILAEWPSEAD IELAY(MSEC) 0.0000
EROS IE PEB-EXPG NEIT ((N**2-DEG. K/N) 0.
EROSIVE EIPONENT(-) 0.000
FRACTIG OF DGY RELEASED AT SUJFAC(-) 0.000
GAS-PHASE ARMUE4IUS IE-EPONENT

((GMICC)**(l-N)/SEC) 0.
GAS-PHASE ARRHEIIUS EXPONET(J/GN-M)L) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PROICTS(-) 0.00000
MOLECULAR WEIGHT OF FINAL PIOWVCTS(GM/GII-MOL) 0.000

I.

MX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONIT EXPONENT
(MPA) ((31SEC) ( (1 SEC-MPA*eB N) (-)

690.00 0.00000 .23672 .70000

GRAIN GBONSTRY

FORM (0-CLINDER, 1-SPHERE, 2-SLID STICK, 3
3-PERFORAIED OR LOTIED STICK)

ExrERNAL DIAJTE (CM) .640
LENGTE( C) 73.660
DIATER OF PEURATIONS(CN) .234
NUUBR OF PERFR ATIOGS(-) 1.
SLOT WIDmu(CM) .025
NII. PURF. STRESS OR OVBPRESSUIE(MPA) -1000.000
NXSIR (IF 0. AOVE VALUE 1S 1OOP STESS.

IF 1, VALUE IS OVMpMESME) 0

PROPERTIES O PROPELLANT TIPE 3 72% NC CASE

SOLID PASE CONSTITUTIVE DATA

SETILING POROSITY OF GRANULAR BED(-) 0.00000
SPED OF (MPRESSION WAVE(M/SEC) 152.4
SPEED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(GM/CC) 1.0000
TiERMAL CONIXCTIVITY(J/CM-SEC-DEG. K) .160100E-02
TmRMAL DIFFUSIV(TY(O*02/SEC) .645200E-03
LONGITUDINAL WAVE SPEED(M/SEC) 1270.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) .500

(STICK PROPELLANT ONLY)
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GAS PHASE (DNSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.27500
MOLECULAR WEIGHT (GM/GM- MOL) 21. 400
COVOLUME (CC/GM) 1.180

SOLID PHASE COMBUSTION CHARACTERISTICS

NMBER OF BURN4 RATE DATA 1
EROSIVE EFFECT CONSIDERED (O=NO, 1-YES) 0
FINITE RATE CHEMISTRY (0=NO, 1=YES) 0
IGNITION 7EMPERATURE(DEG. K) 300.*0
CHEMICAL ENERY/GM) 2350.
SURFACE PLAMESPREAD DELAY(SC) 0.0000
EROSIVE PRE-EXPG4FJNT ( (N*2-DEG. K/N) 0.
EROSIVE EXPONENqT(-) 0.000
FRACTION OF ENERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARRHENIUS PRE-EXPONENT

((GM/CC)*(1-N)/SEC) 0.
GAS-PHASE ARRHENIUS EXP0NENT(3/GM-M)L) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PRODUJCTS(-) 0.00000
MOLECULAR WEIGHT OF FINAL PROIXJCTS(GM/GM-MOL) 0.000

MAX. PRESSURE BUMRN ATE ADDITIVE CONSTANT PRE-EXPONET EXPONEN1T
(MPA) (COt/SEC) (Of/ SEC!-MPA**3N) (-

690.00 0.00000 .04000 1.28700

GRAIN GEOMTiRY

FORM (0=CYLINDER, 1=SPHEZE, 2=SOLID STICK, 0
3=PERFORAIED OR SLOTTED STICK)

EXTERNAL DIAMETER (CM) 0.000
L ENGTH01 0.000
DIAMETER OF PERFORATIONS(CM) 0.000
NMBERU OF PERFORAIONS(-) 0.
aLut WIDTH(CM) 0.000
MPIX. PERF. STRESS OR OVERPRESSURE(MA) 0.000
NXS'IR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS (WUFtRESSURE) 0
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PROPERTIES OF PROPELLANT TYPE 4 52% NC CASE

SOLID PHASE ONSTITUTIVE ITA

SETTLING POROSITY OF GRANULAR BED(-) 0.00000
SPED OF COMPRESSION WAVE(M/SEC) 152.4
SPEED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(GM/CC) 1.0000
THERMAL O)NiNrIVrrY(I/CM-SEC-DBG. K) .160100E-02
"I]ENAL DIFFUSIVITY( (K**2/SEC) .645200E-03
LGNGTUDINAL WAVE SPEED(M/SEC) 1270.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) .500

(STICK PROPELLANT ONLY)

GAS PHASE CONST1TUTIVE DATA

RATIO OF SPEaFIC BEATS(-) 1.26000
MOLECULAR WEIGHT(GM/GM-MOL) 24.000
COVOLUE (CC/GM) .920

SOLID PHASE COUUSTION CHARACrITSTICS

MJIBSU OF BUR RA7E DATA 1
EROSIVE EFFECr CONSIDERED (0=NO, 1=YES) 0
FINITE RATE WEMISRY (O-NO, 1=YES) 0
IGNITION TEMPERATURE(DEG. K) 300.0
(NEMI CAL ENERGY(J/GM) 1880.
SURFACE FLAIESPREAD DELAY(MSEC) 0.0000
EROSIVE PRE-EXPONIET ( CN** 2-DEG. K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACrIGI OF ERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARRHENIUS PRE-EXPONEN4T

((G/CC)**(l-N)/SEC) 0.
GAS-PHASE ARRHN4US EXPONENT(J/GM-ADL) 0.0
GAS-PHASE REACrIGN ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-) 0.00000
MNLECULAR WEIGHT OF FINAL PROICTS(GM/GM-MOL) 0.000

MAX. PRESSURE BURN RATE ADDITIVE (DNSTANT PRE-EXPONENT EXPONENT
(MPA) (Gi/SEC) (GA/SEC-MPA**BN) (-)

690.00 0.00000 .04000 1.28700
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GRAIN GEOMETRY

FORM (0=CYLINDER. 1-SPHERE, 2-SOLID STICK, 0
3=PERFORATED OR SLOTTED STICK)

EPTERNAL DIAIETER(CM) 0.000

LEMNTH( 0) 0.000
DIAMETER OF PERFORATIONS(CM) 0.000
NBE OF PERFORATIONS(-) 0.

SLOT WIIYrH(CM) 0.000
JiX. PEUF. STRESS OR OVEUPRESSURE(MPA) 0.000
NIST (IF 0. ABOVE VALUE IS HOOP STESS.

IF 1, VALUE IS (WEPRESSURE) 0

PROPERTIES OF BAG MMISR 1

MAIN CHARGE PROPELLANT TYPE 1
CEINTECORE IGNITER PROPELLANT TYPE 0
REAR BASEPAD REACTIVITY DATA 0
FOINARD BASEPAD REACTIVITY DATA 0
REAR OF CENTWRORE PERMITS SOLID EFFLUX

(1-YES, O-NO) 0
MRUNT OF CENTERODRE PERMITS SOLID EFFLUX

(1-YES. O=NO) 0
STRONG BM OPION (I=YES, O=NO) 0
CASE IS RIGIDIZED (1-YES, ONO) 1
PROGRESSIVE FRACTURE OPrION(0-NOs 1,2=-ES) 0
FINAL MAIN CHAI1E PROPFLLANT TYPE 0
INCREJENT IS IGNrTER(O:NO% 1-YES) 1
MASS OF MAIN CHA3E(KG) .0283
INITIAL FOROSITY OF MAIN CHARGE(-) 0.0000
MASS OF CENTlRCORE AME(KG) 0.0000
INITIAL POROSITY OF CENTERODRE CHARGE(-) 0.0000
INCREMN4T STANDOFF (0) 2.5400
STRENGTH OF BOND TO NEXT IN(IEENT(N) 1000000.

FRACTURE STENGI OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OPrION(MPA) 0.0

PERFORATION RELAXATION TIME(MSEC) 0.000

.-
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CONFIGURATION OF REAR OF BAG

AXIAL RADIAL UHICNESS FLOW RES. REACrIVTFY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0=D.I=N)
0.000 0.000 .320 0 0 0 0
0.000 2.540 .320 1 220 0 0
0.000 7.940 .320 0 0 0 0

CONFIGURATION OF FRONT OF BAG

AXIAL RADIAL INICKNESS FLOW RES. REACTIVITY NO. PTS DATA
POS(Oi) POS(COI) ((N) DATA DATA RE-ASSIGNED (0=D,=N)
2.860 0.000 0.000 0 0 0 0
2.860 2.540 0.000 0 0 0 0
2.860 7.940 0.000 0 0 0 0

CONFIGURATION OF INSIDE OF BAG

AXIAL RADIAL ICIENESS FLO RES. REACTIVITY NO. PTS DATA
POS(CI) POS(CM) (CM) DATA DATA MRE-ASSIGNED (O-D, I=N)
0.000 0.000 0.000 0 0 0 0
2.860 0.000 0.000 0 0 0 0

CONFIGURATION OF OUISIDE OF BAG

AXIAL RADIAL 7ICNESS FLOW RES. REACTIVITY NO. PS DATA
POS(CM) POS(CM) (CM) DATA DATA RE-ASSNED (0-D, 1-N)
0.000 7.940 .320 3 220 0 0
2.860 7.940 .320 0 0 0 0

2
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PROPERTIES OF BAG IUUER 2

MAIN CHARGE PROPELLANT TYPE 2
CENTERCORE IGNITER PROPELLANT TYPE 0
REM BASEPAD REACTIVITY DATA 0
FOWARD BASEPAD REACTIVITY DATA 0
REAR OF CENTODRE PERMITS SOLID EFFLUX

(1-YES, 0-NO) 0
FRONT OF CENTERCDRE PERMITS SOLID EFFLUX

(1=YES, O=NO) 0
STRONG BAG OPTION (1YES, 0=NO) 0
CASE IS RIGIDIZED (1=YES, O-NO) 1
PROGRESSIVE FRACTURE OFTION(O=NO% 1,2-YES) 0
FINAL MAIN CHARGE PROPELLANT TYPE 0
INCREMENT IS IGNlTER(0-NOs 1=YES) 0
MASS OF MAIN CHAIIE(IG) 12.7000
INITIAL POROSITY OF MAIN CHARGE(-) 0.0000
K/ASS OF CENTERCOE CABI3E(KG) 0.0000
INITIAL POROSITY OF CENITERORE CHARGE(-) 0.0000
INCEMENT STANDOFF (01) 0.0000
S UH 4GT OF BOND TO NEXT IN(REENT(N) 0.

FRACTURE STRENGTH OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OPTION(MPA) 0.0

PERFORATION RELAXATION TIME(SEC) 0.000

CONFIGURATION OF REAR OF BAG

AXIAL RADIAL IHICKNESS FLOW RES. REACrIV[TY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0-DI=N)
2.860 0.000 .320 2 221 0 0
2.860 2.540 .320 2 220 0 0
2.860 7.940 .320 0 0 0 0

CONFIGURATION OF FRONT OF BAG

AXIAL RADIAL THICKNESS FLON RES. REACTIVITY NO. Prs DATA
POS(01) POS(CM) (01) DATA DATA PRE-ASSIGNED (0:D,I-N)
76.210 0.000 .320 4 330 0 0
76.210 2.540 .320 4 330 0 0
76.210 7.940 .320 0 0 0 0

CONFIGURATION OF INSIDE OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0-D,1-N)
2.860 0.000 0.000 0 0 0 0

76.210 0.000 0.000 0 0 0 0
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CG4FIGURATIG1 OF OUTSIDE OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0=D,1=N)
2.860 7.940 .320 5 330 0 0

76.210 7.940 .320 0 0 0 0

C(NFIGURATIGN OF BREECH

AXIAL POSITION(C0) RADIAL POSITION( Cl)
0.000 0.000
0.000 7.060

-3.450 8.480

CONFIGURATIGN OF PRQTECTILE BASE

AXIAL POSITION(C() RADIAL POS1TION(C$)
87.380 0.000
87.380 7.140
96.420 7.850

CCNFIGURATI(N OF INSIDE BOUNDARY

AXIAL POS1TION(01) RADIAL POSrTION(CA)
0.000 0.000

87.380 0.000

CONFIGURATION OF OUTSIDE BOUNDARY

AXIAL PoSITION( CM) RADIAL POSITION(CM)
-3.450 8.480
92.460 8.050
96.420 7.850

PROPERTIES OF PROJECrILE

PROECTILE MKSS(KG) 43.170

NUMT OF ENTRIES IN BORE RESISTANCE TABLE 7
RESISTANCE LAW NUJBER 1
N.B. IF <1 OR >3, VALUE WILL DEFAULT TO 2 INTERNALLY
NMER OF FILLER ELEMENTS 0
WALL BEAT LOSS OPTION (0=IGNORE, 1=ILATE,

2-TUDE, 3=H.,TON) 0
WALL TEMPERATURE UPDATE OPION (O=IGNORE,

1-CUBIC, 2- CUBIC LUS INV. EMB.) 0
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BORE RES ISTANCE DATA

PRCOTECTILE TRAVEL(CM) IBSISTIVE PRESSURE(MPA)

0.000 1.720
1.016 23.100
2.540 34.100
3.937 25.000
5.207 22.400

11.430 17 .200
520.700 10.300

BAG SEGMFr ]MECHANICAL PROPERTIES

TYPE(-) 1 2 3 4 5
RUPTURE IF BED IGNITED (0=N, 1=Y) 0 0 0 0 0
INITIAL RICTIIN FACTOR(-) 101.000 10.000 101.000 101.000 101.000
MAX. PRESSURE DIFF. (MPA) .860 .860 .860 .860 .860

IUPIURE INTERVAL(ISEC) 1.000 1.000 1.000 1.000 1.000
TICKNESS(CM) .320 .320 .320 .320 .320
STRUCTURAL THICINESS(Of) .320 .320 .320 .320 .320
DENSITY OF SIRUCTURAL PART

(GM/CC) 1.000 1.000 1.000 1.000 1.000
LGIGITUDINAL IENSILE MDEIULUS

(MPA) 1000.000 1000.000 1000.000 1000.000 1000.000
LCGI1TUDINAL COMPRESSIVE

MJDULS (EPA) 1000.000 1000.000 1000.000 1000.000 1000.000
POISSCN RATIO(-) .500 .500 .500 .500 .500
IX. LONGITUDINAL STRESS(MPA) 20.680 20.680 20.680 20.680 20.680
COEFFICIENT OF FRIC'rION(-) .500 .500 .500 .500 .500

DATA MU DICRIBE REACTIVITY OF BAG SUBSTRATE 1

EERGY RELEASED DURING DECOMPOSITION(I/GM) 1352.
DENSITY OF DECOMPOSING SOLID-PRASE(GM/CC) 1.7990
RATIO OF SPECIFIC BEATS(-) 1.2190
MDLECULAR WEIGHT(GM/GMDL) 34.8600

BAG SUBSTRAIE DISCHARGE CHARACTERISTICS

TIXE(MSEC) RATE OF DISCHARIE(GM/O**2-SEC)

0.000 1.000
.100 98.000

10.000 98.000
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DATA TO DESCRIBE REACTIVITY OF BAG SUBSTRATE 2

ENERGY RLEASED IRING DECMPOSITION(M/GM) 2350.
DENSITY OF DECOMPOSI?8 SOLID-PNASE(GM/CC) 1.0000
RATIO OF SPEIFIC HEATS(-) 1.2750
MOLECUAR WEIGHT(GM/GMOL) 21.4000

SUBS IRATE DISCHARGE (HARACrERISTICS M)DELED AS IGNITION AND COMBUSTION OF
PROPEIL ANT TYPE 3

DATA 1O DESCRIBE REACTIVITY OF BAG SUBSIRATE 3

ENERGY RELEASED IRING DEDMPOSITION(I/GM) 1880.
DENSITY OF DECOMPOSING3 ScLID-PHASE(GM/CC) 1.0000
RATIO OF SPECIFIC HEATS(-) 1.2600
MKLECULAR WEIGHT(GM/GMOL) 24.0000

SUBSTRATE DISCHARGE (HARACTERISTICS MODELED AS IGNITION AND COMBUSTION OF
PROPELLANT TYPE 4

LOCATION OF POINTS FOR PRESSURE SUMMARY TABLE

AXIAL LOCATION(CM) WALL(0) OR AXIS(l)

.010 0
87.370 0
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CONTOL PA EITERS

NIMINT (0-NO PRINT, I=IMINT) 1
NSUNRY (0-NO SUNMARY TABLES. 1-YES) 1
NPLOT (0-NO ISOIS7RIC CARPET PLOTS, 1=lOr) 1
WNRL (0-IDDEH LINE DELETD. =1RETAINED) 0
NPLCON (0-ND CONIUUR PO1S. I-LOT) 0
NPFLO (0-ND FLOW PLOTS, I-HOT) 1
NHPL.M (0-NO FLAJSMEAD PLOT, I-HOr) 1
NDSKV (0-ND DISC SAVE, 1=DISC SAVE) 0
NDSIU (0-NO DISC START, >0)-DISC START AT STEP

NDSIR) 0

ISOIETRICALLY PLOTTED QUANTITIES (1=7ES. 0=NO)

MESH 0 POROSITY 0 GRANULAR STRESS 0
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY 0
SOLID AXIAL VELOCITY 0 GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY 0
GAS UMPI1AURE 0 PARTICLE SURFACE TEMPERATURE 0
PYROLYSIS IMODUCr MASS FRACTION 0

CONTOUR HOTIED QUANTITIES (1-YES, 0-NO)

MESH 0 PORITY 0 GRANULAR STESS 0
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY 0
SOLID AXIAL VELOCITY 0 GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY 0
GAS TMPERATURE 0 PARTICLE SURFACE TEMPERATURE 0
PYROLYSIS PMODUCT MASS FRACTION 0

SCALE FACT( FOR PLOTTING(-) .40
LMGI7 OF Z-AXIS IN (CLODMP HOTS(IN) 12.00
LEI79 OF R-AXIS(IN) 4.00
LENGH OF ORDINATE AXIS(IN) 5.00

LOGOUT PARAMETERS

PARAMETERS PRIOR TO Q-2-D TRANSFORMATION

NUMBE OF STEPS BEFORE LOGOUT 5000
N.B. A NBGATXVE ENTY FOR TIE ABOVE DATUM IMILIES

THAT VARIABLE LOGOUT SCREDILINM IS INTENIDED.
TIME INCREMENT BEFORE LOGIJT(MSEC) .5000

PARAMETERS AFTER Q--2-D TRANSFORMATION

NUMER OF STEPS BEFORE LOGWUT 5000
TIEM INCREMENT BEFORE LOGUT(MSEC) 1.0000
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SUMMARY TABLE PARAMETERS

NUIBER OF PRESSURE SUMMARY STATIONS 2
TIME INCREMNT FOR PRESSURE SUMMARY STORAGE (MSEC) .200

DEBU PRINT REQUIRED (0=NO, 1=YES) 0
EXTENDED PRINT REQUIRED (O=NO, 1=YES) 0

TERMINATION PARAMETERS

MAXIMUM NUMBER OF STEPS BEFORE TERMINATION 2500
MAXIMUM INTEGRATION TIE(MSEC) 25.0000
MAXIMUM PROJECTILE TRAVEL (04) 520.7

CHARGE REPRESENTATION PARAMETERS

NUMBER OF PROPELLANTS IN CHARGE 5
NUMBER OF BAGS IN CHARGE 4
MESH ALLOCATION MDDE (0=STATIC, 1=DYNAMIC) 0
MAXIMUM NUIER OF STORAGE POINTS FOR DYNAMIC

MESH ALLOCATION 0
NUMBER OF MESH POINTS IN AXIAL DIRECTION 31
NUMIBR OF MESH POINTS IN RADIAL DIRECTION 7
NUMBER OF ITERATIONS 1 DETERMINE INITIAL MESH 200
BQUIPOTENTIAL (0) OR LAGRANGIAN (1) MESH 0

QUASI-TWO-DIMENSIONAL FLAMESPREADING
(0=NO, 1=YES) 0

NEW(0) OR OLD (1) INTERPHASE DRAG AND HEAT
TRANSFER FOR GRANULAR PROPELLANT 1
BED IGNITION IRUFURES CASE (O=NO, 1=YES)

(GLOBAL OPTION) 1
SAFETY FACTOR FOR C-F-L CRITERION 1.1000
MAXIMUM FRACTIONAL DIS..ACEMWff FOR CON-
VERGENCE OF INITIAL MESH DISTRIBUTION .100E-04
OVER-RILAXATION FACTOR FOR DETERMINATION OF
INITIAL MESH DISTRIBUTION 1.600
PRESSURE TOLERANCE FACTOR FOR REDUCTION TO

QUASI-TWO-DIENSIONAL REPRESENTATION(-) .050
AXIAL SPATIAL RESOLUTION FACTOR(-) .100
RADIAL SPATIAL RESOLUTION FACTOR(-) .100
SOURCE STABILITY FACTOR (-) 0.000
MAX. FRACT. OF TUBE FOR (ENTERCORE IN Q2D(-) 0.000
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AMBIEiT CONDITIONS

INITIAL TEMPERATURE (DEG. K) 294.4
INITIAL PRESSURE(MPA) .1014
INITIAL RATIO OF SPECIFIC HEATS(-) 1.40000
INITIAL NDLECULAR WEIGHT(GM/GM-MDL) 29.00000

PROPERTIES OF PROPELLANT TYPE 1 (BI

SOLID PHASE CONSTITUTIVE DATA

SETTLING POROSITY OF GRANtLAR BED(-) 1.00000
SPEED OF COMPRESSION WAVE(M/SEC) 1270.0
SPEED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(GM/CC) 1.6500
THERMAL CONDUCrVITY(J/CM-SEC-DEG.K) .160000E-02
THERMAL DIFFUSIVrrY(CM**2/SEC) .6000OOE-03
LONGITUDINAL WAVE SPEED(M/SEC) 0.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) 0.000

(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.23400
MOLECULAR WEIGHT(GM/GM-NDL) 24.200
CVOLU ME(CC/GM) 1.097

SOLID PHASE (DNBUSTION (HARACTERISTICS

NUMBER OF BURN RATE DATA 1
EROSIVE EFFECT CONSIDERED (O=NO, 1=YES) 0
FINITE RATE CHEMISTRY (0=NO, 1=YES) 0
IGNITION TEMPERATURE (DEG. K) 300.0
CHEMICAL ENERGY(J/GM) 4372.
SURFACE FLAMESPREAD DELAY(MSEC) 0.0000
EROSIVE PRE-EXPONENT(CM**2-DEG. K/N) 0.
EROSIVE EXPONEqT(-) 0.000
FRACrION OF ENERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARIUIENIUS PRE-EXPONIENT

((GM/CC)**(l-N)/SEC) 0.
GAS-PHASE ARRENIUS EXPONENT(J/GM-MOL) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-) 0.00000
MOLECULAR WEIGHT OF FINAL PRODUCTS(GM/GM-M0L) 0.000
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MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONHT EXPONDT
(MPA) (C/SEC) (CI/SEC-MPA**BN) C-)

690.00 0.00000 .40000 1.00000

GRAIN GE0MEURY

FORM (O=CILINDER, I=SPHEo 2=SOLID STICK9  0
3=PERFORATED OR SLO1IED STICK)

EXIRAL DIAETEU(N) .071
LEIG1(CM) .013
DIAMETER OF PRFOATIONS(C1) 0.000
NUIBE OF PERFORATIONS(-) 0.
SLOT WIDTH(COI) 0.000
MAX. PERF. STRESS OR OVEPRESSURE(MPA) 0.000
NXSTR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS (VEPRESSURE) 0

PROPERTIES OF PROPELLANT TYPE 2 M31

SOLID PHASE CONSTIIUTIVE DATA

SETILIN POROSITY OF GRANULAR BED(-) 0.00000
SPEED OF COMPRESSION WAVE(M/SEC) 152.4
SPED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(GM/CC) 1.6500
TIHEMAL CCNDuCrZIVIT( 3/ CN-SEC-DBG. 1) .160100E-02
THERMAL DIFFUS1VITY(CMS*2/SEC) .6452001-03
LONGITUDINAL WAVE SPUD(M/SEC) 1270.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) .500

(STICK PROPELLANT ONLY)

GAS PEASE CONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.26000
MOLE ULAR WEIGET(GM/GN-MDL) 22.200
COVOLU l(CC/GM) 1.084
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SOLID PHUME W(DUSTION CRA3ACTERISTICS

NUMER OF BURN RATE DATA1
ROSIVE EFFECT CONIDERID (0-NO. 1-YU) 0

FINITE RATE (NEMISIRY (0-NO. 1-YES) 0
IGNITION 70EPURE (DEG.K) 445.0
CHEMICAL WUEGY(J/M) 37 N.
URFACE PLANEPlEAD DELA! (IEC) 0.0000

EROSIVE PRE-EIPCNH4T(CM**2-DDS.K/N) 0.
ROSIVE EXPONENT(-) 0.000

FRACTION4 OF R4U2GY RELEASED AT WURFAQ(-) 0.000
QASPHSEARSE4IUS PIEf-EXPONENT
GA-EAE((GKICC)**(1-N)/SEC) 0.

GAS-PHASE ABRdIIUS IIPfiDIT( JIGM-OL 0.0
GAS-PHAME REACTION ORDER(-) 0.000
RATIO OF SPECIFIC ZEA7S OF FINAL PRODUJCTS(-) 0.00000
INDLEWLAR, WEIGHT OF FINAL PROMICr8(GM/W-N0L) 0.000

M&x PRSUE BURN RA7B ADDiTIVE CQGTAJNT P35-R UDIT EXPONENT

690.00 0.00000 .23672 .70000

GRAIN GEDWUTY

FOR (0-CILDIDER. 1-SPUHEE 2-SCLID STICK, 3
3-PERFOIATED OR UAOIIIED STICK)

EXTERNAL DIABTER(00 39
LANGTH(CM) 22.451
DIUTE OF PMFCEATlCNS( (1) .152
NMBE OF PERFOR)ATIONS(-) 1.
aOT WIDIU(WM) .025
MAX. PElP. STRESS (t (WUMRESUENPA) -1000.000
NISUR (IF 0, ABOVE VALOR IS 8OOP SRES.

IF 1. VALUE is WUMURESURE) 0
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PROPRTIES OF PROPELLANT TYPE 3 M31

SOLID PHASE CONSTITUTIVE DATA

SET1LINM POROSITY OF GRANULAR BED(-) 0.00000
SPEED OF COMPRESSION WAVE(M/SEC) 152.4
SPED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(GN/CC) 1.6500
THERMAL CNCrIVITY(I/CM-SEC-DEG.K) .160100E-02
THERMAL DIFFUSIVrrY(CM**2/SEC) .645200E-03
LOMIUDINAL WAVE SPEED(/SEC) 1270.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) .500

(STICK PROPELLANT ONLY)

GAS PHASE CONSTIUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.26000
MOLECULAR WEIGHT(GI/GM-MIL) 22.200
COVOLUME(CC/GM) 1.084

SOLID PHASE COMBUSTION CHARACTERISTICS

NUMIIER OF BURN RATE DATA 1
EROSIVE EFFECT CONSIDERED (0=NO, 1=YES) 0
FINITE RATE (HEMISTRY (0=NO, 1=YES) 0
IGNITION TEMPERATURE (DEG. K) 445.0
CHEMICAL ENFZGY(J/GM) 3794.
SURFA(E FLAMESPREAD DELAY(MSEC) 0.0000
EROSIVE PRE-EXPONENT(CM*2-DEG.K/N) 0.
EROSIVE EXPONrT(-) 0.000
FRACTION OF ENERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARRtENIUS PRE-EXPONENT

((GM/CC)** (l-N)/SEC) 0.
GAS-PHASE AREENIUS EXPONENT(J/GM-MOL) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PIODUCTS(-) 0.00000
NOLECULAR WEIGHT OF FINAL PRODUCIS(GM/GM-NDL) 0.000

MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONENT EXPIMENT
(MPA) (CN/SEC) (Of/SEC-MPA**BN) (-)

690.00 0.00000 .23672 .70000
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GRAIN G)MIERY

F(I (0-CILINDER, I-SPHERE, 2-S(LID STICK, 3
3-PERFORATED OR SLOTED STICK)

EXTE34AL DIAMETUR((W) .498
LiNG7H(CN) 16.358
DIAMTERU OF PElFORATIONS(CI) .175
NUMER OF PERFORATIONS(-) 1.
SLOT WIDTH(OI) .025

MAX. PERF. SRESS OR OVEMUESSURE(fPA) -1000.000
NXSUR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS (ERPRESSURE) 0

PROPERTTIES OF PROPELLANT TYPE 4 M31

SOLID PHASE CONSTITUTIVE DATA

SETILING POROSITY OF GRANILAR BED(-) 0.00000
SPEED OF COMPRESSION WAVE(M/SEC) 152.4
SPEED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(Gi/CC) 1.6500
7ERMAL CONIICr1[ViT (J/C-SEC-DEG. K) .160100E-02
THERMAL DIFFUSIV1TY(CMO*2/ SEC) .645200'-03
LONGITUDINAL WAVE SPUED(M/SEC) 1270.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) .500

(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.26000
MOLECULAR WEIGHT(GM/GM-MIL) 22.200
COVOLURE (CC/GM) 1.084

SOLID PHASE COMBUSTION CHARACTERISTICS

NUMER OF BURN RATE DATA 1
EROSIVE EFFECT CONSIDERED (O=NO, 1=YES) 0
FINITE RATE (NEHIS7RY (0=NO, 1=YES) 0
IGNITION TEMPEATURE(DEG.K) 445.0
CHEMICAL iIERGY(J/GM) 3794.
SURFACE PLANESPREAD DELAY(MSEC) 0.0000
EROSIVE PRE-EXPONENT(CM$*2-DEG.K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF ENEERGY RELEASED AT SURFACE(-) 0.000
GAS-PEASE ARNIRHIUS PRE-EXPONINT

((GK/CC)** (1-N)/SEC) 0.
GAS-PHASE ARRIUS EXPCNINT(J/GM-MOL) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEAIS OF FINAL PRODUCTS(-) 0.00000
MOLECULAR WEIGHT OF FINAL PROUCrS(GM/GM-M)L) 0.000
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u4 V- 7-T u0

MRX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPON IT EXPONENT
(MPA) (CMISEC) (CM/SEC-MPAe*BN) (-)

690.00 0.00000 .23672 .70000

GRAIN GEOMETRY

F RM (O-CILINDER, 1-SPHERE. 2=SOLID STICK, 3
3-PERFORATED OR SLOTTED STICK)

EXTERNAL DIAMETER(C0) .498
LENGU9(CM) 16.358
DIAMETER OF PURFORATIONS(C0) .175
NUMBER OF PERFORATIONS(-) 1.
SLOT WIDTH(0) .025
MAX. PERF. STRESS OR OVTJURESSURE(NPA) -1000.000
NISTR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS (VRPRESSURE) 0

PROPERTIES OF PROPELLANT TYPE 5 72% NC CASE

S(LID PHASE CONSTITUTIVE DATA

SETfLIM POROSITY OF GRANULAR BED(-) 0.00000
SPEED OF COMPRESSION WAVE(C/SEC) 152.4
SPED OF EXPANSION WAVE(M/SEC) 1270.0
DEISITY OF SOLID PHASE(GN/CC) 1.0000
IHRMAL CONDU CTIV1TY(3/ C*-SEC-DEG. K) .160000E-02
THERMAL DIFPUSIVrrY(CMS*2/SEC) .60000O -03
LONIT1UDINAL WAVE SPED(/SEC) 0.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) 0.000

(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.27500
MLECULAR WEIGHT(G/lG-M)L) 21.400
COVOLUE(CC/GM) 1.180
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SOLID PHASE COMBUSTION HARACTERISTICS

NUIMBE OF BURN RATE DATA 1
EROSIVE EFFECT CONSIDERED (0=NO, 1=YES) 0
FINITE RATE CHEMISTRY (O=NO, I=YES) 0
ION 1TION TEMPERATRE (DEG. K) 300.0
CEMICAL HEPRGY(J/GK) 2350.
SURFACE PLAMESPREAD DELAY(NSEC) 0.0000
EROSIVE PRE-EXPONiNT(CM**2-DEG.K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF ENERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARRIHNIUS PRE-EXPONENT

((GM/CC) ** (-N) /SEC) 0.
GAS-PHASE ARHENIUS EXPONENT(J/GM-MOL) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-) 0.00000
MOLECULAR WEIGHT OF FINAL PROM CTS (GM/GM-NDL) 0.000

MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONRNT EXPONENT
(MPA) (CM/SEC) (CM/SEC-MPA**BN) (-)

690.00 0.00000 .04000 1.28700

GRAIN GBOMRY

FORM (0=-CLINDER, 1=SPHERE, 2=SOLID STICK, 0
3=PERFORATED OR SLOTED STICK)

EXTERNAL DIAJETER ((!) 0.000
LENGTH(CM) 0.000
DIAMETER OF PUFORATIONS(0A) 0.000
NUMBER OF PERFORATIONS(-) 0.
SLOT WIDTH(O) 0.000
MAX. PERF. STRESS OR OVERPRESSURE(MPA) 0.000
NXSTR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE) 0
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PROPERTIES OF BAG NUMBER 1

MAIN CHARGE PROPELLANT TYPE 1
CENTERCORE IGNITER PROPELLANT TYPE 0
REAR BASEPAD REACTIVITY DATA 0
FORWARD BASEPAD REACTIVITY DATA 0
REAR OF CENTIRCORE PERMITS SOLID EFFLUX

(1=YES, 0=NO) 0
FRONT OF CENTERCORE PERMITS SOLID EFFLUX

(1=YES, O=NO) 0
STONG BAG OPTION (1=YES, 0=NO) 0
CASE IS RIGIDIZED (1=YES, 0=NO) 1
PROGRESSIVE FRACTURE OPTION (O=NOs 1,2=YES) 0
FINAL MAIN (ARGE PROPELLANT TYPE 0
INCREMENT IS IGNITFR (O=NOs 1=YES) 1
MASS OF MAIN (ARGE(KG) .0283
INITIAL POROSITY OF MAIN (ARGE(-) 0.0000
MASS OF CENTERCDRE CHARGE(KG) 0.0000
INITIAL POROSITY OF CENTERCORE CHAIE(-) 0.0000
INCREMENT STANDOFF (CM) 2.5400
STRENGI OF BOND TO NEXT INCREMIET(N) 1000000.

FRACTURE STRENGTH OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OPTION(MPA) 0.0

PERFORATION RELAXATION TIIE(MSEC) 0.000

CONFIGURATION OF REAR OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO.rs DATA
POS(Om) POS(OM) (CM) DATA DATA PRE-ASS IGNED (O=Do1=N)
0.000 0.000 .200 0 0 0 0
0.000 2.540 .200 1 220 0 0
0.000 7.300 .200 0 0 0 0

CONFIGURATION OF FRONT OF BAG

AXIAL RADIAL TIIICKNESS FLOW RES. REACTIVITY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0=D, l=N)
2.980 0.000 0.000 0 0 0 0
2.980 2.540 0.000 0 0 0 0
2.980 7.300 0.000 0 0 0 0

CONFIGURATION OF INSIDE OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO.PrS DATA
POS(C1) POS(04) (CM) DATA DATA PRE-ASSIGNED (0=D,1=N)
0.000 0.000 0.000 0 0 0 0
2.980 0.000 0.000 0 0 0 0
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CONFIGURATION OF OUTSIDE OF BAG

AXIAL RADIAL HICKNESS FLOW RES. REACTIVTY NO. Pr DATA
POS((C) POS(01) (01) DATA DATA PRE-ASS IGNED (0=D,1=N)
0.000 7.300 .200 3 220 10 0
2.980 7.300 .200 0 0 0 0

PROPERTIES OF BAG NUMBE 2

MAIN (ARGE PROPELLANT TYPE 2
CENTIRCORE IGNITR PROPELLANT TYPE 0
REAR BASEPAD REACTIVITY DATA 0
FORWARD BASEPAD REACTIVITY DATA 0
REAR OF CENTERCORE PERMITS S(LID EFFLUX

(1=YES, 0=NO) 0
FRONT OF CENTERCORE PERMITS S(LID EFFLUX

(1=YES, 0=NO) 0
STRONG BA OPTION (1=YES, 0=NO) 0
CASE IS RIGIDIZED (1=YES, O=NO) 1
PROGRESSIVE FRACTURE OPTION (OfNO 1,2=YES) 0
FINAL MAIN CHARGE PROPELLANT TYPE 0
IN(REMENT IS IGNITER (O=NO 1=YES) 0
MASS OF MAIN CXARGE(KG) 2.7200
INITIAL POROSITY OF MAIN (flARGE(-) 0.0000
MASS OF CENTERCORE CEAMGE(KG) 0.0000
INITIAL POROSITY OF CENTERCORE (ARGE(-) 0.0000
IN(REMEIT STANDOFF ((N) 0.0000
SIRENGIH OF B(ND TO NEXT IN(REMENT(N) 10.

FRACTURE SIENGIH OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OPTION(MPA) 0.0

PERFORATION RELAXATION TIE(MSEC) 0.000

CONFIGURATION OF REAR OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO. PTS DATA
POS(C1) POS(CM) (CM) DATA DATA PRE-ASSIGNED (O=D,1=N)
2.980 0.000 .200 2 221 0 0
2.980 2.540 .200 2 220 0 0
2.980 7.300 .200 0 0 0 0

CONFIGURATION OF FRONT OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO. PT DATA

POS(CM) POS((M) (CM) DATA DATA PRE-ASSIGNED (0=D,1=N)
' 26.670 0.000 .200 4 220 0 0

26.670 2.540 .200 4 220 0 0
26.670 7.300 .200 0 0 0 0
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CONFIGURATIQ OF INSIDE OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0=D,1=N)
2.980 0.000 0.000 0 0 10 0

26.670 0.000 0.000 0 0 0 0

CONFIGURATION OF OJISIDE OF BAG

AXIAL RADIAL TIICKNESS FLOW RES. REACTIVITY NO. P1S DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0=D,I=N)
2.980 7.300 .200 3 220 10 0

26.670 7.300 .200 0 0 0 0

PROPERTIES OF BAG NUMBER 3

MAIN CHAIE PROPELLANT TYPE 3
CENTERCORE IGNITER PROPELLANT TYPE 0
REAR BASEPAD REACTIVITY DATA 0
FORWARD BASEPAD REACTIVITY DATA 0
REAR OF CENTERCORE PERMITS SOLID EFFLUX

(1=YES, 0=NO) 0
FRONT OF CENTERCORE PERMITS SOLID EFFLUX

(1=YES, 0=NO) 0
STROM BAG OPTION (1=YES. O=NO) 0
CASE IS RIGIDIZED (1=YES, 0=NO) 1
PROGRESSIVE FRACTURE OPTION (0=NOs 1,2=YES) 0
FINAL MAIN (HARGE PROPELLANT TYPE 0
INCREMENT IS IGNITER (0=NOs 1=YES) 0
MASS OF MAIN (EARGE(KG) 2.8600
INITIAL POROSITY OF MAIN (IARE(-) 0.0000
MASS OF CENTER(DRE (NARGE(KG) 0.0000
INITIAL POROSITY OF CENTERCORE CHAiE(-) 0.0000
INCREMENT STANDOFF (CM) 0.0000
STRENGH OF BOND TO NEXT INCREMiONT(N) 10.

FRACTURE STRENGTH OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OPTION(MPA) 0.0

PERFORATION RELAXATION TIME(MSEC) 0.000

CONFIGURATION OF REAR OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO. FTS DATA
POS(OA) POS(CI) ((N) DATA DATA PRE-ASSIGNED (0=D,1=N)
26.670 0.000 .200 4 220 0 0
26.670 2.540 .200 4 220 0 0
26.670 7.300 .200 0 0 0 0

2
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CONFIGURATION OF FRONT OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACHVrITY NO. PTS DATA
POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0=D,1=N)
43.820 0.000 .200 4 220 0 0
43.820 2.540 .200 4 220 0 0
43.820 7.300 .200 0 0 0 0

CONFIGURATION OF INSIDE OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO. PrS DATA
POS(O() POS(0) (CM) DATA DATA PRE-ASSIGNED (0=D,1=N)
26.670 0.000 0.000 0 0 6 0
43.820 0.000 0.000 0 0 0 0

CONFIGURATION OF OUTSIDE OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO. PTS DATA
POS((N) POS(O) (0A) DATA DATA PRE-ASS IGNED (0=D,1=N)
26.670 7.300 .200 3 220 6 0
43.820 7.300 .200 0 0 0 0

PROPERTIES OF BAG NUMBER 4

MAIN (ARGE PROPELLANT TYPE 4
CENTERCORE IGNITER PROPELLANT TYPE 0
REAR BASEPAD REACTIVITY DATA 0
FORWARD BASEPAD REACTIVITY DATA 0
REAR OF CENTERODRE PERMITS SOLID EFFLUX

(1=YES, 0=NO) 0
FRONT OF CENTERODRE PERMITS SOLID EFFLUX

(1=YES, 0=NO) 0
SIRONG BAG OPTION (1=YES, 0=NO) 0
CASE IS RIGIDIZED (1=YES, 0=NO) 1
PROGRESSIVE FRACTURE OPTION (0=NO 1,2=YES) 0 U

FINAL MAIN CHAIE PROPELLANT TYPE 0
INCREMENT IS IGNITER (0=NOs 1=YES) 0
MASS OF MAIN (CAII3E(KG) 2.8600
INITIAL POROSITY OF MAIN CHARGE(-) 0.0000
MASS OF CENTIRCORE CHAIE(KG) 0.0000
INITIAL POROSITY OF CENTERODRE (ARGE(-) 0.0000
INCREMENT STANDOFF(04) 0.0000
S R GIH OF BOND 1O NEXU INCREMENT(N) 0.

FRACTURE STRENGTH OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OFfION(MPA) 0.0

PERFORATION RELAXATION TIME(MSEC) 0.000
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CONFIGURATIQ OF REAR OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTlITY NO. PTM DATA

POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (O=D.1=N)

43.820 0.000 .200 4 220 0 0

43.820 2.540 .200 4 220 0 0

43.820 7.300 .200 0 0 0 0

(NFIGURATION OF FRONT OF BA

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO. FTS DATA

POS(OI) POS((N) (01) DATA DATA PRE-ASSIGNED (0=D,1=N)
60.970 0.000 .200 4 220 0 0

60.970 2.540 .200 4 220 0 0

60.970 7.300 .200 0 0 0 0

CONFIGURATION OF INSIDE OF BAG

AXIAL RADIAL TIICKNESS FLOW RES. REACTIVITY NO. PIS DATA

POS(cm) POS(CM) (CM) DATA DATA PRE-ASSIGNED (O=D,1=N)

43.820 0.000 0.000 0 0 6 0

60.970 0.000 0.000 0 0 0 0

CONFIGURATION OF OUTSIDE OF BAG

AXIAL RADIAL IHICKNESS FLOW RES. REACTIVITY NO. PTS DATA

POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (O=Dl=N)

43.820 7.300 .200 3 220 6 0
60.970 7.300 .200 0 0 0 0

CONFIGURATION OF BREECH

AXIAL POSITION(01) RADIAL POSITION(0)
0.000 0.000

0.000 7.060
-3.450 8.480

,. CONFIGURATION OF PROTECTILE BASE

AXIAL POSlTION((N) RADIAL POSITION(CM)
87.380 0.000
87.380 7.140
96.420 7.850
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CCNFIGURATIN OF INSIDE BOUNDARY

AXIAL POSITION(CM) RADIAL POSITION(CM)
0.000 0.000
87.380 0.000

CONFIGURATION OF OUTSIDE BOUNDARY

AXIAL POSITION(CM) RADIAL POSITION(CM)
-3.450 8.480
92.460 8.050
96.420 7.850

PROPERTIES OF PROYECTILE

PROYECTILE MSS(KG) 43.170
NUMBE OF EIRIES IN BORE RESISTAN(E TABLE 7
RESISTANCE LAW MUMBER 1
N.B. IF (1 OR >3, VALUE WILL DEFAULT TO 2 INTERNALLY
NUMBE OF FILLER ILEMENTS 0
WALL HEAT LOSS OPTION (0=IGNORE, 1=I.ATE,

2-tUBE. 3=SHELTON) 0
WALL TEMPEATURE UPDATE OPTION (0=IGNORE,

1=CUBIC, 2=CUBIC PLUS INV. ElM.) 0

BORE RESISTANCE DATA

PROWECTILE IRAVEL(01) RESISTIVE RESSURE(MPA)

0.000 1.720
1.016 23.100
2.540 34.100
3.937 25.000
5.207 22.400

11.430 17.200
520.700 10.300
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BAG SGIENT IECHANICAL PROPERTIES

TYPE(-) 1 2 3 4
RJUPTURE IF BED IGNITED (O=N, 1=Y) 0 0 0 0
INITIAL FRICTION FACTOR(-) 101.000 10.000 101.000 101.000
JKX. PRESSURE DIFF. (MPA) .860 .860 .860 .860
RJPIURE INTERVAL(MSEC) 1.000 1.000 1.000 1.000
T!ICDNESS(O) .200 .200 .200 .200
STRUCTURAL mICKNESS(CM) .200 .200 .200 .200
DENSITY OF STMJCTURAL PART

(GM/CC) 1.000 1.000 1.000 1.000
LONGITUDINAL TENSILE MIDULUS

(MPA) 1000.000 1000.000 1000.000 1000.000
LONGITUDINAL COMPRESSIVE

MDDULUS(MPA) 1000.000 1000.000 1000.000 1000.000
POISSON RATIO(-) .500 .500 .500 .500
MAX. LONGITUDINAL SIRESS(MPA) 20.680 20.680 20.680 20.680
COEFFICIENT OF FRICTION(-) .500 .500 .500 .500

DATA TO DESCRIBE REACTIVITY OF BAG SUBSTRATE 1

INERGY RELEASED DURING DEaO)POSITION(Y/GM) 1352.
DENSITY OF DECOMPOSING SOLID-PHASE(GMICC) 1.7990
RATIO OF SPECIFIC HEATS(-) 1.2190
MOLECELAR WEIGHT(GM/GMOL) 34.8600

BAG SUBSTRATE DISCHARGE CHARACTERISTICS

TIE(MSEC) RATE OF DISCHARGE(GM/CMN*2-SEC)

0.000 1.000
.100 98.000

10.000 98.000

DATA 70 DESCRIBE REACTIVITY OF BAG SUBSIRATE 2

•lENEY RELEASED DURING DECOMPOSITION(J/GM) 2350.
DENSITY OF DECOMPOSING SOLID-PRASE(GM/CC) 1.0000
RATIO OF SPECIFIC HEATS(-) 1.2750

)VLECULAR WEIGHT(GM/GNQL) 21.4000

StBSRA7E DISCHARGE CHARACTERISTICS JIDELED AS IGNITIG AND OOUSTION OF
PROPELLANT TYPE 5
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LWCATIGI OF POICN75 FUR PRESSURE 331*1 TABLE

AXIAL WWCAION((N WALL(0) (U AXIS(1

.010 0

87.370 0
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-M
A Cross-sectional area

a Rate-of-strain tensor

* Internal energy

:0 Constant to reconcile waits

I Unit tensor

K Friction factor associated with awroal flux of sgs through
the container

k Thermal conductivity

a Nass flux

* ms Surface source term

p Pressure

q Heat flux vector

r Radial coordinate

t Time

SVelocity vector with components or ve ax ut me 0

V tVolume

Axial coordinate

Greek Symbol$

SCharacteristic derivative

0 Integration perameter for implicit algorithm

Derivative of Imped parameter ullage pressure with respect
to mass flux
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Nomeanlsture oontiaued

APoroost me$ defeat

AT Time isoremeat

4 Porosity

Campatational coordinste

q Cmputs tioaal coordinate

Sond oooffioient of visoosity

p First coeffiieot of visoosity

a Computatioal coodmsto

p Dossity

a stress teasor

ap Solid-pbasm stress

PP

Compstatiosial tins,
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