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The code has been developed and tested at various stages in earlier
work. The principal objective of the present effort has been to make such
revisions and corrections as proved necessary in an attempt to model three
artillery charges of current interest. All such revisions are documented
here. We demonstrate the applicability of the revised code to the M203,
M203E2, and XM216 Propelling Charges for the 155-mm Howitzer. The M203 Charge
is a single~increment granular charge with a centercore igniter and is
initially contained in a cloth bag. The M203E2 Charge is a single-increment
slotted stick charge with a highly structured base igniter and is enclosed in a
rigid nitrocellulose container. The XM216 Charge consists of three increments
of stick propellant each enclosed in a separate nitrocellulose container and
has a base igniter similar to that of the M203E2 Charge.

We present the results of studies of the dependence of the solutions on
numerical parameters for both the M203 and M203E2 Charges, treating the base
igniter for the M203E2 Charge as a surface teru. We then examine the influence
of the permeability of the containers on the interior ballistics of the M203E2
and XM216 Charges, treating the base igniter as a separate charge increment.
Solutions are also presented to demonstrate other features of the code
including finite rate gas-phase chemistry, heat transfer to the tube and
programmed fracture of stick charges.

In addition, we describe the development of an implicit solver for the
regions of ullage which it is intended to use in future studies to provide
fully two-dimensional solutions for the ullage regions as well as the
propelling charges. Since the algorithm includes the effects of viscosity and
heat conduction it 1s also hoped that it will permit insights into the
influence of charge packaging on tube erosion. Operability of the algorithm is
demonstrated by reference to a simplified ballistic problem for which an
analytical solution exists.
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1.0 INTRODUCTION !

” The TDNOVA code provides a simulation of interior ballistic phenomena

in guns. Interest is focussed on flamespreading 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-
tsils of design as the distribution of the igniter elements, the distribu-
tion of ullage, and the pemeability, reactivity and streagth 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 gum propelling charges in b
. generaly however, medium caliber artillery charges have been of special
interest.

The principal objective of this report is to demonstrate the applica- 7
tion of TINOVA to a number of artillery charges of curremt interest. We
discuss the representation of each of the charges by TDNOVA, the degree to y
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. ( ——m

A second objective of this report is to document the code revisions
which were imcorporated during the course of the present contract. We do
not provide herein a complete description of TDINOVA, The mathematical basis
and the method of solution have been described previously im detail.
However, for the sake of completemess 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 conm- y
nection with algoritlm developments which are intended to support future
extensions to the scope of applicability of the code. N

The TDNOVA 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.

IR I

The balance of this introduction consists of two sections, In Sectiom
1.1 we provide some discussion of background information. In Section 1.2 we
outline the scope of the present investigation.
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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 dangerouns nature has been reviewed by Budka and Knapton1 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
ecarly 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 comnected
with the phenomenon of flow resistance. Flow resistance, or impemmeability
of the propelling charge, prevents locally produced igniter or combustiom
gases from penetrating the bed and therefore promotes the development of
pressure gradients during flamespreading., 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 BHorst
describe an incident in which the snbstitution of an alternative cloth for a
155-mm charge resulted in a breechblow.

The NOVA code, most recently described in Reference 5, was omne 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.J. and Knapton, J.D.

"Pressure Wave Generation in Gun Systems — A Survey”

Ballistic Research Laboratory Memorandum Report 2567

(AD B0O08893L) 1975
2 May, I.¥. 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. Krier and M. Summerfield 1979
3 KRent, R.H.

*Study of Ignition of 155-mm Gun"

Ballistic Research Laboratory Report 22 (AD 494703) 19358

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
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stimulus.b:7 Further sualytical studies,8:9 based on a quasi-two~dimen—
sional model to reflect the presence of annular 1ullage 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 dotermined 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 weves in gun propelling
charges. In Reference 10 the general strategy for the development of TINOVA
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 MHorst, A.W., Smith, T.C. and Mitchell, S.E.
*Key Design Parameters in Controlling Gun Enviromnment Pressure
Wave Phonomenas — Theory versus Experiment”
Proc. 13th JANNAF Combustion Meeting 1976

7 Horst, 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 Gougn, P.S.
*Theoretical Study of Two-Phase Flow Associated with Granular Bag
Charges”
Ballistic Research Laboratory Contract Report ARBRL-CR-00381
(AD A062144) 1978

9 Horst, A.W. and Gough, P.S.
"Modeling Ignition and Flamespread Phenomena in Bagged Artillery
Charges”
Ballistic Research Laboratory Technicel Report ARBRL-TR-02263
(AD 091790) 1980

10 Gougn, P.S.
*Two-Dimensional Convective Flamespreading in Packed Beds of
Granul ar Propellant”
Bellistic Regearch Laboretory Contract Report ARBRL-CR-00404
(AD A075326) 1979

1 Gough, P.S.
*A Two-Dimensional Nodel of the Interior Ballistics of Bagged

Artillery Charges”
Ballistic Research Laboratory Contract Report ARBRL-CR-00452

(AD A100751) 1981
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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.

et

Evaluations and demonstrations of the TDNOVA 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
l!orst.14 Accuracy was also evaluated by Robbins using an idealized problem
for which an analytical solution was available.l5 Studies were made of the
influence, on flamespreading through a 155-mm granular charge, of various 3
details of the packaging of the propellunt.m The application of TDNOVA to ) f.

13
£3

A
\J
N
L
e
W

a 155-mm stick charge was discussed by Horst, Robbins and Gongb.” 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 o
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 9

12 Gough, P.S.
*Two-Dimensional, Two—Phase Modeling of Multi-Increment Bagged

Artillery Charges” -
Ballistic Research Laboratory Contract Report ARBRL-CR-003503 p
(AD A125482) 1982 B
13 Gough, P.S. °
"Modeling of Rigidized Gun Propelling Charges”
Ballistic Research Laboratory Contract Report ARBRL-CR-00518 .
(AD A135860) 1983 N
ﬂ‘
14 gorst, A.W. N
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of interest to explore the exteant to which the code could be made suffi-
ciently rugged as to withstand the numerical strein imposed by simulations
of this type. X

In the present contract we have pursued the objective of imcreasing the
ruggednoss of the slgorithm to treat not only the example considered in A\
Roference 17 but also another more complex charge comsisting of several
increments. Both these charges are discussed briefly in the next section.

A second objective of the present contract has beem to lay the ground-
work for future extensions of TDNOVA., 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 reasonmable. For low zome charges in which the
. ullage may involve one half of the available volume, & fully two-dimensional
treatmont of the ullage is desirable. The same may be trve in the context
of stick charges of any zome since the ullage occupies an increasing
proportion of the available volume as the projectile moves down the tube.

Our spproach to each of these contract objectives and the scope of the .
present effort are outlined in the next sectionm. .

1.2 Scope of Investigation

The demonstration of the present capability of TDNOVA is conducted with
reference to three propelling charges, illustrated im Figure 1.1, The first
is a granular charge, the M203 propelling charge for the 155-mm Howitzer.
The second and third charges are also designed for the 155-mm Howitzer, but
they consist of slotted stick propellant. The M203E2 contains a single
increment of stick propellant while the XM216 charge contains three
separately packaged increments.

- e

The M203 granular charge is essentially the same as that which was Y
previously simulated by Horstl 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 M203 charge. N

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 s 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 TDNOVA when applied to stick charges. "
Then, in Chapter 5.0, we present solutions with the igniter represented as a N
separate increment, We will refer to the single—increment and two—increment .

representations of the M203E2 charge. The solutions in Chapter 5.0 are
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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.ls' 19

Solutions for the XM216 charge are presented in Chapter 6.0. We exa-
mine the influence of variations in the pemmeability 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 TDNOVA 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 enmergy of the propellant to be released at a
finite rate following & preliminary exothermic decomposition at the surface
of the solid-phase, Results pertaining to this topic have also been
reported elsewhere.20 Finally, we use the M203 and M203E2 charges as
vehicles to examine heat transfer to the tube wall. A comparison of the
heating rates due to granular and stick charges was previously reported by
Horst %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 imterior ballistic cycle.

18 Gough, P.S.
"Theoretical Effects of Packaging on Two-Dimensional Flamespread
Through Slotted Stick Propelling Charges”

Proc. 21st JANNAF Combustion Meeting

Minor, T.C. and Horst, A.VW.
*Theoretical and Experimental Investigation of Flamespreading
Processes in Combustible—Cased, Stick Propellant Charges”

Proc. 21st JANNAF Combustion Meeting

Fickie, K.D. and Keller, G.E,
"Analysis of Solid Propellants as a Reactive-Diffusive System:
Dynamics of Ignition”

Proc. 21st JANNAF Combustion Meeting

Horst, A.W.
"A Comparison of Barrel-Heating Processes for Granular and

Stick Propellant Charges”
Ballistic Research Laboratory Memorandum Report ARBRL-MR-03193

(AD A118394)
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2.0 DESCRIFTION OF THE TDNOVA OODE

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 foms given in Reference 13. Only the reovisions 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 TDNOVA 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 TDNOVA 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 TDNOVA is illus-
trated in Fig. 2.1. The breechface and tube walls are taken to be rigid im
permeable boundaries. The projectile is viewed as a rigid body and the base
and sfterbody constitute a moving impemmeable 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 & heterogeneous two-phase mixture. The
macroscopic fomulation models the flow in temms of averages of the state
variables. The average is not explicit but may be viewed conceptually as
fomed 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 definmed 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 & centercore igniter which is modeled as a quasi-one—
dimensional two-phase flow.

The ullage is decomposed into subregions which are predicated om the

instantansous geometry of each of the increments. Each of the boundaries of
each of the increments defines a quasi-onme—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 imviscid. 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 meain 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 emergy to incorporate source or
loss tems 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 a1.22 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. 23 Complete interior ballistic solutions are mnot
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.V.
"Automatic Numerical Generation of Body-Fitted Curvilinear
Coordinate Systems for Field Containing Any Number of
Arbitrary Two-Dimensional Bodies”
J. Comp. Phys. Vol. 15, p. 299 1974
23 MacCormack, R.V.
"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.24 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.

TR o -

RIS,

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 characteristice 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, weo
note the caveat that the chamber dimensions are mnot 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.

[ on 2% 5 LN
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In addition to the introduction of the concept of a dual-voidage

R 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 ’
2
24 Gough, P.S. A
"Continuum Modeling of Stick Charge Combustion” "
Proc. 20th JANNAF Combustion Meeting 1983 '
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i consider stick rather than granular propellunt.“ The constitutive laws
W which depend on the type of grain are those governing the rheology 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
Y, 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.
? Siotted sticks are used in both foreign and domestic charges. Finally, we
! comment on those constitutive laws which are common to both granular aand

stick charges.

2.2.1.1 Rheology

The law of interest here is that which defines the intergranular stress
or that part of the solid-phase stross tensor which is not due to the direct
local influence of the gas-phase. For granular charges we assume the inter- N
granular stress to be isotropic and a path-dependent function of porosity.
> Wo assume the oexistence of a well-defined settling porosity at which the
) grains just make contact with one another. Above the settling porosity the
)
q

Sty Lo N

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—
i tual difference between the one— and two-dimensional laws for the granular

charge.

A M‘.
. .

In the one-dimensional theory the law goverming the intergranular
stresses in stick propellant expresses the assumption that each stick
behaves like an elastic rod subjected to the pressure of the inmterstitial
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
stross 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 stross and strain into one be-
twoen stress and porosity.

' e
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The two~dimensional model of stick charge rheology is anisotropic and
X incorporates features of both the stick and granular one-dimensional
X rheology. The 1longitudinal stress is assumed to be related to the

longitudinal strain according to a reversible elastic law and, through the
P, Poisson effect, to the sum of the gas pressure and the transverse component
i 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 om the extermal porosity. In
> the natural coordinate fran3 of the bundle, the stress tensor is assumed to
be diagonal. In principle we should speak of two transverse components, one

12
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essentially radial and the other essontially azimuthai. We assume that the
two components are oqual in magnitude: this is tantamount to the assumption
that the bundle does not resist deformation inm the transverse planme. To .
have the stress tensor diagonmal it is also necessary for the sticks to offer

no resistance to bending.

st

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 3
Blnstein.zs The interphase dreg for a packed bed may be modeled either !
sccording to the correlation of Ergnn“ or the more recent data of Robbins
and Gough.27 In the fluidized regime, where the porosity exceeds the

- settling porosity, the packed bed friction factor is faired into thezgalue
for a single particle according to the tortuosity factor of Andersson. h

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 asssumed 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 Kutateladze.2? The trans~
verse component of drag for the internal flow through the perforations is

* o e v v -
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25 Gelperin, N.I. and Einstein, V.G. X
"Heat Transfer in Fluidized Beds" D
Fluidization, edited by Davidson, J.F. and Harrison, D. K
Academic Press, N.Y, 1971

26 Ergun, S,
"Fluid Flow Through Packed Columns”
Chem. Eng. Progr. Vol. 48, p.89 1952

27 Rmobbins, F.W. and Gough, P.S.
*Influence of Length and Diameter of Cylinders on Packed
Bed Flow Resistance”

Proc. 16th JANNAF Combustion Meeting 1979

28 Andersson, K.E.B. K
"Pressure Drop in Ideal Fluidization”
Chem. Eng. Sci. Vol. 15, p. 276 1961

29 Kutateladze, S.S. and Borishanskii, V.M.
t 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
imposed by the infinite 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 confimmation. of
course, only the longitudinal componment 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 sccording 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 stress; 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 sltermative 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 locelly 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 definme equivalent single-
voidage state variables wusing 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.
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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 beats
and molecular weight are taken to vary with the composition of the mixture.
The 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 numbder.

Normally, the propellant is assumed to burnm 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 referemce to a quasi-
steady thermal wave theory in which the unsteady thermal response of the
sol id-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 takenm to be
released in the gas—phase according to an Arrhenius reaction rate law.

2.2.2 Eniter Increment

Originally it was intended to represent the igniter stimmlus in TDNOVA
sccording to any or all of three differeat methods:

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

[2] Basepads and combustible case components may be represented as surface
source tems. This method has been used in comnnection 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 saall they are
strongly susceptible to drag forces, Moreover, in a charge like the M203E2,
the igniter increment has s very low loading density. Under conditions of
strong rearward blowing the igniter grains can be compacted against the
breechface. The computational mesh can become very compressed with the
result that the time step, which is constrained im accordance with the
Courant-Lewy-Friedrichs stability condition.3° becomes oxtremely small, The
cost of the calculation may then become prohibitive. We therefore eliminmate
the igniter increment if it is compacted to less than 10% of its original
length, Second, the igniter increment may burn out early in the ballistic
cycle. When burnout occurs, the solid-phase streamlines default to those of
the gas-phase, and the increment may deform excessively. In fact, it is
possible for the increment to defom to the point where the transformation
into the computational plane becomes singular. Therefore we elimimate the
igniter increment whenever burnout occurs at any point., We note that in all
the calculations presented here the igniter was eliminated due to burnout
rather than compression., Elimination of the igniter increment means that
thke 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
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 baseped. The
rate of combustion of each substrate may be prespecified in tabular fom 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.
Yhen ignition occurs the surface is assumed to regress according to an
exponential dependence on pressure. The pipe flow correlation requires that
a characteristic length scale be definmed. For the exterior of the case we
use the hydrauvlic dismeter defined by the cross—section between the case and
the gun surface., For the interior of the case we use the external dismeter
of the propellant grains. VWhen combustion of the case occurs the local
thickness of the wall is taken to decrease correspondingly.

30 Richtmyer, R.D. and Mortca, K.V,
*Difference Methods for Initial Value Problems”
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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
sidewsall 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. PFriction
due to the mormal force exerted by the propellant on the inner wall is takea
into account, The endwalls are assumed to be rigid. The motion 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 oan each side of the
endwall, If the endwall is ruptured at some radial location, the integral
is performed omly over values of radius larger than that at the point of
rupture. VWe 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 tenmsile force between the increments exceeds the bond
strength, the bond is brokenm 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 sidowall 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 motion 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 dismeter.

Once the case is determined to be no longer rigidized it is modeled in
accordance with our earlier flexible case model.l It is determined to
rupture when the sum of the gas-prossure and intergranular stress on the
inside oxceed 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. VWhen rupture occurs the case
becomes increasingly pemeable to the gas—phase. The initial pemmeability
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 compoment 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.

Ox:igimlly.14 the failure of a rigidized case had no other comsequence
than the elimination of a constraint on the motion of the solid-phase by the
endwalls of the containmer. The actuasl rupture of the various segments of
the container could only occur as a result of overpressurization from
within, For some propelling charges, like the XM216 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 impemmeable container whose inner walls are imert
it may be impossible for rupture to occur as a result of overpressure from
within, ¥ithout rupture the container remains impemmeable and the
propellant is never ignited., To circumvent such a possibility we have
encoded an obvions physical extemsion to the rupture model, If failure of
the rigidized case occurs at the endwall or the mesh point adjaceat 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 tranmsition 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.

RN

An additional option was encoded according to which the user may
X 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
X the container is initially specified as being very pemmeable to the gas-
y vhase. 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 containmer failure in such cases.

2.3 Summary of Code Revisions

! We summarize here the revisions to TDNOVA which have been incorporated
i since the last final report;.14 We describe substantive revisions oanly; 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 ome error which
affocts previous simulations of the M203 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 fommulated and incorporated into the code at various

times and in connection with various data Ddases. Occasionally, the

slgorithm revision which enables a stable solution to be obtained with some i
new and complicated charge has the comsequence 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 b
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 X
ss sufficient dut not as completely necessary, since as noted above, it is
: possible that some of the earlier revisions may have been rendered redundant
3 or unnecessary a&s a consequence of other later revisions.

b o s e -
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We do not attempt to order the revisions chromologically. Instead, we ,
have attempted to organize them into groups. Several revisions have no t
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 K
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 bdoundaries 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 K
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. e

2.3.1 General Topics h

(1] 1In order for the representation of the solution to be converted from
fully two-dimensional to quasi-two-dimensional, it is mnecessary that
fl amespreading be complete throuvghout 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 & user-specified tolerance throughout the gun chamber. That is, for
each axial location z we require lp(z,R) - p(z,0)}! £ PTQL *p(z,0) where PTOL
is the pressure tolerance factor and p(z,R), p(z,0) 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,
PTOL ¢ 0.01, comversion 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 TDNOVA, We provide .
further discussion of the cormer boundary values below in Section 2.3.5.
The 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. \

——_— -
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[2] Previously, all regions of axial ullage were represented as lumped
parsmeter 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 coatiguous 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 regiom of axisl
ullage is affected. Other regions of axial ullage continue to be treated as
lumped parsmeter.

The conversion to a continuum occurs when the projectile is found to bde
moving faster than the forward boundary of the charge and whenm the region of
uliage has a length greater than or equal to 2/(INDIMZ - 1) times the axial
location of the front of the charge. Here INDIMZ is the mmber of axial
mesh points used to represent the charge. The length criterion is
spproximately equivalent to a requirement that the length of the ullage
exceed two mesh intervals in the charge. Subsequently, the mesh spacimng in
the ullage is compared with that for the forward increment of propellant.
Vhenever the mesh in the ullage exceeds that in the forward increment,
points are added to the ullage 30 as to halve the mesh spacing. Such
additions continue until either the ullage is assigned more than INDIMZ
points or the storage limit for the solution arrays is reached.

{31 An option was emncoded to permit the simulation of programmed fracture
of single—pexforation stick propellant. Two modes of fracture are possible.
In the first mode the stick bundle is converted to s different granulation
according to & criterion based on the state of stress at the midpoint of the
bundle. In the second mode, the stick buandle is replaced by two bundles of
shorter sticks. These, in turn, are capable of subdividing until the
originmal bundle is reduced to eight mmaller bundles. A final transformationm
of the granulation of each of the ome—eighth 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 simgle-perforation
propellant.

We describe the various streas criteria in terms of the nomenclature of
Reference 13, Let opys Opys Op3e be the principal stresses in the intrinsic
coordinate frame of the stick bundle. We identify Cpy, 88 8 longitudinal or

axial stress and op; &8s @ hoop stress. Moreover, we adopt the nommal

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

equivalent stress, oo, = 1/2 {(opy - opy)” + (opy - apg)® + (opg - opg)?).

Then we may state the stress criteria for the foregoing events in the
following forms, where p, is s user-defined critical value of stress.




Event Stress Criterion

Change of Granulation in op3 > 0 and o4q ) po. 8t midpoint
Programmed Fracture

Bundle Subdivision in Opy > 0 and o, > p,. at midpoint
Programmed Fracture

Opening of Slot of Slotted Stick op3 ) pg» locally

Rupture of Single—Perforation op3 > 0 and %eq > Do+ 8t 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 sum of the external pressure and
the transverse intergranular stress.

[4] Ve had previously encoded an inmput datum NOLDCD 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 frictiom factor is sffected. The internal
transverse friction factor remains infinite so as to force the flow through
the pexforations of the sticks to conform with the orientation of the
sticks.

(5] Oti;inally.m we had encoded a one-sided second order corrector for the
formation of spacewise differences. The use of this second order corrector
was dropped im 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 XM216 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.
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2.3.2 Transversoe 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 gas generation to a region of weak or zero
gas generation. However, with increasing computational experience with data
bases of increasing complexity — particularly the mul ti-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-unifom 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 edmit unstable behavior.
Thus in dealing with the problem one has to consider whether the observed
effect is a physical event; a feature of the governing equations which could
be eliminated by refommulation; & 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 unifomm 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 fomulated for TDNOVA 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 situs-~
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.

.t
a®nmTad



///////////////

/S v
;ﬁ Asaular Ullage - QID || //// / Jl \/ .
] Ana Axial N AN
/ Ullage Main Charge - Q1D Ullage Proj ectile \
/] w LP .
/! NN

VAV AV A S AV i GV & GV AV GV GV VG G A e e A

The 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, am 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 ma:cs 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
oexchange 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 same
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 @y and my be the mass fluxes from the

continus to the adjacent lumped parameter regionm. Let li3 be the transverse

flux from the main charge to the ullage. Let py. py., p3 respectively denote
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the pressures in the main charge, the ullage and the lumped parameter
rogion. From t}s equations of motion, with the help of the theory of
characteristics, it emerges that ome can establish the following linear
relationships for sufficiently small changes of state:

Apy = ajjAly + ag3ding , (2.3.2.1)

Ap3 = a3jAm + agjAmy . (2.3.2.3)

The principle of pressure equilibration implies

pl = pz = Ps . (2030204)

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 -3 by assuming that the boundary value was equal to that at the
ne .ghboring interior mesh point, However, unstable transverse boundary
motion was observed on occasion, usually st the internal boundary associated X
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 evaluvated this term at the boundaries by
means of a first order one-sided differemce. 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 tem om the solid- d
phase motion and excessive condensation of the solid-phase was observed. To 3
cizrcumvent 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
Pp-1 - Pp-2 to compute the pressure gradient. VWe emphasize that this

revision pertains only to the solid-phase and only during the quasi-two- X
dimensional representation. y

[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
ignition-induced pressure waves, interest inm the ©boundary positions

........
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diminishes as the propellant is consumed. Wo also recognize the incomplete-
ness of the model phenomenology which makes it likely that estimates of
transverse boundary position are increasingly insccurate as bdurmout is
approached. Accordingly, we have revised the code to terminate the analysis
of transverse boundary position once slivering occurs im a multiperforated
grain. For single-perforation grains the analysis is still continued
through burnout. The decision to discontinue the anslysis of the motion is
made locally., The boundary radius is them frozem until burmout occurs
throughout the increment.

[3] 1In 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 anm isentropic
expansion. Origimlly, we used the current sign of the transverse flux to
dotemmine 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. Ve have revised the code to perform
an additional iteration, recomputing the derivatives of pressure with
respect to mass whenever the transverse fluxes turm out to have signs
different from those which were first assumed.

[4]) As discussed previously, we originally determined the transverse fluxes
st the endpoints of the charge by assuming that they were oqual to the
values at the neighboring point. We revised this slightly. If i, is the

transverse flux at the boundary point n, we put in =1/2(i, 1 + Ry ).

(5] All the foregoing revisions slleviated the problem of transverse
instability to some extent but it still persisted. Although many data bases
were rendered tractable, others remained intractable. Because the
assumption of pressure equilidbrium clearly allowed undbounded circulation
around the ends of the charge it was decided to relax this assumption at the
onds and to sllow the pressure in the ullage to differ from that in the main
charge. Moreover we have constructed the potential pressure difference in
such & way that it introduces s stabilizing energy penslty 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
continumm region, we assume that the transfer from the lumped parmmeter
region is adisbatic 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 centercore is treated in the same way as
the continuum ullage. To compute the pressure drop associated with the
isentropic transfer one mneeds to know the gas velocity in the lumped
parsmeter region of ullage. This is computed by averaging all the mass
fluzes to and from the lumped parameter region.

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

Finite difference schemes may be classified as conservative or non-
conservative, Conservative schemes are designed so that the total mass,
nomentum 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 comservation
property is obviously a desirable attribute of a numerical scheme, it does
, not follow that the accuracy of the solution is necessarily improved in any
y other respect relative to a non-conservative scheme.

The algorithm used in TDNOVA is non-conservative. We use the balance
equations in non-divergence form, discretized at interior mesh points .
according to the MacCommack scheme and at the boundaries by reference to the

* characteristic forms. The degree to which TDNOVA fails to conserve total

system mass and energy is clearly of interest.

Many revisions were made in order to improve the global 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.

Chad R i b By

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 manmer in which we analyze the global
: balances in TDNOVA, Let M be the total mass of the two phases within the
» complete computational domain, as defimed below, and let My be the initial
value of M. Then we define the mass defect at any time as

M- uo
J A% = 100 | ———— (2.3.3.1)

£ uo

and we note that this quantity is expressed as a percentage. The total ini-
; tial mass M, includes the mass of the gas-phase and the solid-phase but )
; excludes the mass definmed 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 Anh as used in subsequent chapters is
therefore to be understood primarily as a measure of the accuracy of the
numerical scheme and secondarily, as & reflection of errors in the numerical
evaluation of total mass at any time,

Let p be the density of the gas-phase and let ¢ be the porosity. Then
M is evaluated as a sum of contributions from lumped parameter, quasi-ome~
dimensional, and two-dinenmsional cells. The contribution from a 1lumped
parameter cell is £pV where the volume V is computed from the formula

V= f (r1 + r, + I, + 14) area (rl. T, T, r4) (2.3.3.2)

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

cell and r; is the corresponding radial coodinate. The term ares (r;, =x.
13, ,,-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. P:e
contribution from a quasi-one-dimensional cell is computed as p & A where p =

1/2(91 + py) is the average value of the mesh roint values p; and p;, and A
is the cross-sectional ares of the flow. The contribution from a two-
dimensional cell is computed as pgV where V is as in 2.3.3.2 and p
= 1/4 (py + p3 + p3 + pg)- 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 s first order predictor
scheme to integrate in time., Then M 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 Ash. 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 anmy unreacted
pyrolysis products in the gas—phase,

The following are the revisions connected with the global balances.

{1] Originally, trial velues 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
wag 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.
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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, ¥hen 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
ctlculation 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
9A/3t. For the lumped parameter regions a knowledge of 3V/dt 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 MacCormack evaluation of 3V/at for the lumped
parameter equations in non-conservative form,

It may be verified that the following representation of 3V/dt leads to
perfect mass balancing, insofar as volume changes are concerned, when
applied to the balance equations in non-conservative fom

[ n ~ n
%f- [ -y ] » predictor step
av v At
ot 1
. - [ ARt — p A +p™aAM) ] , corrector step
P _A 2p
~ antl At/2
[ p A

where ; = 1/2(; + pB)., Here we have used superscripts n, ~, and n+t1 to de-
note present, future predictor and future corrector values respectively. An
analogoas expression is used to evaluate 9A/9t for the quasi-one—-dimensional

regions,

Al though this revision was evidently necessary in comnectiocn with the
cited problem, for which satisfactory results were then obtaimned, 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 ocomputational regions are determined by the
oxternal surfaces — the breech, the tube and the projectile — and by the
internsl surfeces 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 wullage and the
centercores are modeled as quasi-one-dimensional. Lumped parsmeter cormer
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 nommsally 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 eoquals that of the
solid-phase. But tangential slip is allowed in order to maintain unifomm
spacing along the boundary., The interior mesh and its velocity field are
determined from the ©boundary distributions wusing an equipotential
algorithn.zz

As the boundary of s main charge increment approaches an externmal
boundary - the tube wall for exmmple— the contiguous region of ullage begins
to collapse. Collapse is taken to be complete once the transverse dimension
is less than 1 mm, 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 thenm
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., Altermatively, an isolated
point may begin to separate from the wall,

It should not be surprising, therefore, that a certain amount of
essentially ad hoc editing of the mixture boundary positions might bde
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 adjscent to & collapsed region of nullage. 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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[1] A point on the mixture boundary is assumed to be in coamtact with an
external bdboundary when the separation between them is less than or equal to
1 mm, To eliminate problems associated with spurious soparations in which a
point might approach the wall to slightly less than 1 mm and then move
slightly further away, we edit the mixture boundary points, moving them iato
precise contact with the external bdboundaries whenever the separation is less
than or equal to 1 mm, Moreover, on the stationary boundaries — the
breech, the tube wall and, prior to amy 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 cormer,
Of course, when the projectile is moving, the possibility of separation from
the mixture must be considered. At the base of the movimg projectile,
therefore, the attachment logic takes into account the relative nomal
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 =m 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 externmal
boundary.

Finally, in the quasi-two-dimensional representation, at a separated
boundary mesh point adjacent to an attached boundary mesh point, the nommal
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 detemmined using centered differeaces. For
stability we found it necessary to use first order upwind differences
instead.

[3) For igniter increments the axial positions of the cormers 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 compression if the thickness became
less than 0.5 cm 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 docmmented in previous work, was not
modified. The essential strategy for both phases is as follows. Pseudo-
characteristic foms are used to update the stress and pressure fields
assuming trial values of the normal solid- and gas—phase velocity compo—
nonts. The tangential compoment of velocity is given a trial value from the
equations of motion for the gas—phase and by continuation from the imterior
for the solid-phase. The porosity is updated either from the ocontinuity
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 foms 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 constreints, to satisfy
the physical boundary conditions. For the solid-phase either the nommal
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 intermal (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 demsity. Iteration continuwes wntil
the solation converges.

The revisions pertaining to this topic are grouped into three ocate-
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 determinmation of the
boundary values.
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h 2.3.5.1 Governing Equations

[1] A coding error was detected in respect to the analysis of flow resis—
= tance through the case. This is the only coding error mentiomed here. It
g is noted because it has the effect of changing certain details of the solu-—
tion for the M203 charge. If K is the dimensionless friction factor which
K 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 Ke*/p where & is the porosity of the main charge
4 at the boundary point in qguestion and p is the pressure. The error only
pertained to situations in which K ¢ 100. Values of K 2 100 were correctly
interpreted as representing a completely impermeable case eclement.

[2] Among the physical boundary conditions which apply at the boundary of
the propelling charge is the finite balance of the tangential component of
momentum. We have previously discussed the need to modify the obvious
direct statement of this principlo.n 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 & "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 commection with the reactive case seg-
ments. The gas produced by combustion on the mixture side of the case is
sssumed to have a tangential component equal to that of the gas—phase at the
boundary. Thus the momentum defect which must be overcome to accelerate the
products of combustion of the case to a velocity comparable to that of the
mizture is neglected. The physical consequences of this assumption are
thought to be small. We also note that this assumption was introduced at an
early stage in the shakedown process for TDNOVA. Possibly, it could be
eliminated, but testing to confirm this has not been conducted.
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2.3.5.2 Rﬂ)tue of the Case

The dsta base for TDNOVA admits the oprescription of container
properties which vary discontinuously from point to point, either imitially
or as a result of the evolution of the flow. Naturally, such discontinui-
4 ties place s strain on the numerical scheme. As with the anslysis of bound-

ary motion, our approach has been initially to admit all possible situations
f and then to impose such restrictions as are proved necessary in the search
) for stable numerical solutions. We have made the following revisions.

(1] 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 impermeable, there is no volume to
receive the products of combustion of the case. Rather than also discontin-

L i

. uing the model of extermal burning, which may affect the overall progessiv-
) ity of the charge, we allow an impermeable ocase segment, which is both
. burning on the outside and in contact with an external boundary, to begin to
& rupture st the time when contact occurs.
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[2] If a case segment is described as being very permesble to the gas-phase
it may happen that the sum of the intergranular stress and the pressure
difforentisl 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,

[4] It may happen that part of the case sidewall is ruptured quite early in
the calculation, as for example if the rigidized 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 pemmitted to expand freely during this
ignition interval, the shape of the boundary will become sufficiently
structured as to introduce numerical 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 pemmit 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 Algorithm

Ve 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.

{1] 1In 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
velues of the neighboring points on the two boundary elements which defined
the corner., For purely one-dimensional flows this approach introduces an
obvious mmount of computational noise. Following some experimentation, the
slgorithm for the definition of the boundary values was revised to use eith-

er the value on the v - { or the t - n boundary according as Itzup + tt'{" 2

"‘z“n + 'lt"nl' Here <=, {'. n are the computational coordinates which




correspond approximately to t, z and r where t is time and z and r are cy-
lindrical coordinates. We have algso used u and v as the velocity com-
ponents of the gas—phase. The inequality amounts 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.10 If the flow is one-dimen-
sional, the corner value will be chosen so as to maintain one-dimen-
sionality.

[2] At gquite an early stage in the development of TDNOVA,11 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 continned values of porosity and transverse intergranular stress on
the v - { boundaries; on the T - n 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 influvence of the guadratic tems
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 ch-rac-
teristic fomms. 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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[6] In TDNOVA we consider that two adjacent charge increments are slways
separated by s region of ullage which may be either open, if they are
sufficiently far apart, or closed, if the increments are sufficiently close.
The two-dimensionsl method of solution entails a continuum analysis of the
ullage, in the tangential directionm, only when it is open. Previously, the
decision to treat s region of ullage ss locally closed was based solely on
the criterion that its transverse dimension exceed 1 mm. Under some
conditions, at low pressure during flmmespreading, involving ullage between
tvo increments with large values of through flux, the predicted density in
the ullage may become negative. Accordingly, we modified the criteriom 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.




3.0 THE M203 PROPELLING CHARGE

In the present chapter we consider the M203 Propelling Charge for the
155-mm Howitzer. VWe have previously reported on the applicability of TDNOVA
to the simulation of this chargel and it was the subject of a study by
Horst.14 The study by Horst 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 TDNOVA has undergone substantial development and
revision.12: It is therefore of interest to determine the implications of
the code revisions insofar as previous important milestonme 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 parsmeters. 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 M203 Charge is illustrated in Figure 3.1, It comsists of approx-
imately 12 kg of M30Al1 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—pemmeable, 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 pemetration 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 axisymmetric, 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 format as the TDNOVA
printout. Figure 3.2 illustrates the axisymmetric 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.31

31 Minor, T.C.
"Mul tiDimensional Influences on Ignition, Flamespread and Pressurization
in Artillery Propelling Charges”
Proc. 20th JANNAF 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. The se
boundary eolements are considered to have neither thickness nor inmertia.
However we do attribute flow resistance to each segment and we attribute
reactivity to the outer part of the rear endwzll, 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 mnote 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 K; is 0.01 so that the rear portions of the bag, including part of the
outer sidewall, are represented as very pemmeable. On the other hand, the
initial values of K,, K3 and K4 are 101. so that the remaining sectioms of
the container are represented 8s initially impemrmeable.

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
pemeable, 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 300°K. 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 Horst .14
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 M203 Charge could no longer be obtained.
The breakdown was associated with the sudden change in pemmeability of the
forward endwall following rupture. The data base considered by Hor st
defined the rupture interval for the forward endwall as zero. Accordingly,
the flow was required to adjust instantaneously from a condition of complete
impermmeability to complete pemmeability. 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 preseat effort, it was found
that the rear part of the outer sidewall would not rupture. Accordingly,
transition to a quasi-two-dimensional representation would mnot 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 K;= 0.01 initislly.

¥e 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 transformation 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 fomm
Z XR E€P. Thus the nominal mesh is described as the 30 X 7 @ 0.01 case.
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3.2 Nominal Solution

Aspects of the nominal solution are presented in Figures 3.3, 3.4 and
3.5. PFigure 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 msec the centercore is sub-
stantially ignited. Since the centercore tube is initially impermeable 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. Ve
also seeo 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 endwsall is
deformed at 4.0 msec., The sharp variation in flow area in the foward axial
ullage creates numerical strain which is responsible for the pressure wiggle
seon at 4.0 msec 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
represontation occurs. Figure 3.3 containg distributions from this phase of
the calculation at times equal to 5.421, directly after the transfomation
occurs, at 9.0 msec, near maximum pressure, and at 16.0 msec, just prior to
muzzle exit.

The simulation of the M203 Charge presented here differs from that
obtained by Horst14 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 V

\

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. .

L,

The effect of the number of axial mesh points on the pressure distribu- H

tions at 2.0, 3.5 and 4.0 msec is shown in Figures 3.6, 3.7 and 3.8 respec- t

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 R
increases. This increase in the amplitude of the wiggles reflects the fact y
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 msec. 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.

wor

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.

AT N
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The adequacy of the mesh is also confirmmed by Figures 3.12 and 3.13.
Here we demonstrate the effect of mesh refinement on the path of
flmmespreading—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 bdboth cases the ceaterline value is used. Although some differences in
fine structure are observed in Figure 3.13, the mesh indifference is very
good.
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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 comven—
tion of Section 3.1. We then tabulate the maximum breech pressure (Pnu)'
the muzzle velocity (m.v.), the first minimum of the pressure difference

history (Apnin)' the time at which transformation to a quasi-two-dimensional r_
representation occurs (tj D)' and three values of the percent mass defect )
(Axfh) . Ve present the muﬁnm. minimum and final values of Anfk. :
¥
R
r
“
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Table 3.1 Effect of Computational Parameters on Simulation 9
of M203 Propelling Charge !

Rnn pn‘x m.V, Apmin‘ tQZD Allﬁ(-) nd

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

Nominal Case

30x7 @0.01 360.7 836.2 -11.4 5.42 0.00 -1.87 -1.44
Effect of Number of Axial Mesh Points :
r
r
15X 7 € 0.01 354.2 831.6 -12.6 5.02 0.00 -1.75 -0.88 by

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 N

30 X5 €o0.01 372.3 845.8 ~-18.4 5.47 0.84 -1.29 0.30
30xX9 e¢0.01 357.9 836.9 ~11.3 4.44 0.00 -1.53 -1.42 :
30X 11 € 0.01 356.7 835.1 ~-11.8 4 .41 0.31 -1.14 -1.03 "

Effect of Pressure Tolerance Factor

30X 7 @ 0.05 358.4 838.9 - 2.6 3.15 0.56 -0.98 -0.16
30x7 ¢0.10 358.4 838.9 - 2.6 3.15 0.5¢ -0.98 -0.16 K
30X 7 @ 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 N
centerline ;
The preceding observations concerning the indifference of the simula- i
tion to the number of mesh points are confirmed by the results of Table 3.1. ;
With the exception of the 30 X 5 € 0.01 case, the predictions of pyeyr Wm.V. g
and App;n all show an acceptable level of insensitivity to the number of ¥
)

mesh points, Excepting the 30 X 5§ @ 0.01 case, the variation in pp,y is 3
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 . K
variations in the ballistic predictions are of approximately the same N
magnitude as the external values of Anfk. As discussed in Section 2.3.3. the L4
value of Amnh may be viewed as providing an independent estimate of the
accuracy of global aspects of the solution.




We turn mow to the influence of the pressure tolerance factor. The
roesults 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 Pnax #0d m.v. which are

in close agreement with the nominal 30 X 7 €@ 0.01 case, they produce &
noticeably lower value of Ap,;,. On the other hand, the 30X 7 @ 0.005 case
produces a value of Apg., close to that of the nominal mesh, but the

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

values.

If we examine the mass defocts we see that all three values for the

30 X 7 @ 0.005 case excoed those of the nominal case by approximately 1%.
This differential suggests that the higher values of ax 8nd m.v. obtained
with the 30 X 7 X 0.005 case might be due to mass balancing errors. How-
ever, the possibility that other factors might be at work is immediately
suggested when we examine the values of Ask for the 30 X 7 € 0.05 and
30X 7@ 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 Asnfk to zero.

We ran the 30 X 7 @ 0.01 and the 30 X 7 @ 0.005 cases with the tempor-
ary code version. Although the values of Asfé 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 Pnax’ ®-V.:, tgap and three values of Ae%. All three

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

Run Ppax n.v. ta2D Ae%
(MP2) (m/s) (nsec) max min final
30x7¢0.01 363.9 839.9 5.16 0.37 -0.52 -0.31
30X 7 € 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 sece that the values of p,,, and m.v. are brought into closer

agreement when perfect mass balancing is perfomed. Nevertheless, the resi-
dual differences sre larger than those induced by changes in the number of
mesh points.
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The present dependence of the resulis on the value of the pressure
tolerance factor may be contrasted with the previous finding of Horst who
saw little effect.l In that study, however, the values of tg,p, were 3.49
and 3.51 msec for the 30 X 7 € 0.01 and 30 X 7 €@ 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 traasformation 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 1like to have the complete two—-dimensional solution. But stable
solutions for the complete interior ballistic cycle have not been obtained
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 ppgay
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 Amk. Such an option
would be useful provided that the cumulative correction did not exceed a few
percent,
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(Contours correspond to intervals of 0.32 msec)
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4.0 THE M203E2 PROPELLING (HARGE — SINGLE-INCREMENT REFPRESENTATION

We now consider the M203E2 Propelling Charge for the 155-mm 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 Horst et 21.17 1In
this chapter we will use the single—increment representation as a vehicle to
assess the influence of computational parameters on the interior ballistics r
of a stick propelling charge. We will also use the single—increment
ropresentation 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 s
representation of the M203E2 Charge in which the igniter is modeled as a b
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 K
study the influence of the computational parameters.

4.1 Nominal Data Base f

The M203E2 Propelling Charge is illustrated in Figure 4.1. It consists

of 12,7 kg of M31A1E1l slotted stick propellant loaded in a rigid combustible )
cartridge case. The rear end closure has a permeable wall to allow the base y
igniter combustion products to flow into the stick charge. The base igniter
consists of a small mmount of (BI 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 M203 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 M203E2 Charge by TDNOVA is
defined by the tabulation of the input data givemn 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 soe that the rate of combustion of the
surfaces of the case is represented in a predetermined tabular fommat.

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 offect. 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 detemmined to have failed.

1E PPl

- Reforring to Appendix C we see that the initial values of the flow
resistance coefficients are Kg = 10, K4 = Kg = 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 i
the container in the present problem, t
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The main charge consists of slotted stick propellant. Accordingly, we
model the interstitial flow independently of that im 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 formmat 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 5.0
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 pemmeable, 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 pemmeable 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 mnearly
uniform throughout the chamber. The dual-voidage model is terminmated 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 eoxhibit 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 @ 0.01 computation—
al parameter set. It required 246 seconds of CPU time on the CYBER 7600

computer.

4.3 Influence of Computational Parsmeters

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 concermed. But
some sonsitivity of the maximum 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 wmiform rupture of the
sidewall which occurs between 1.0 and 1.5 msec. As the mesh is refimed it
becomes more sensitive to nom-analyticities in the boundary conditions. We
saw a similar result in Chapter 3.0 in conmection with the collapse of the
forward axial ullage as the charge approached the base of the projectile.

The effect of the number of radiel mesh points is illustrated in
Figures 4.7 through 4.9. The indifference of the pressure distribution is
seen to be very good.
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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 flamespreading. 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 Puax n.v. APmia®  ta2p Au(-)
(MPa) (m/s) (MPa) (msec) max min Finpal
Nominal Case
30X 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

15X 7 € 0.01 354.5 794 .6 - 5.5 2.27 1.48 -0.37 -0.37
45X 7 ¢0.01 354.6 794 .3 -2.1 3.47 1.51 -1.73 -1.73
Effect of Number of Radial Mesh Points
30X5 ¢0.01 352.0 793.7 - 3.6 2.45 1.37 0.00 0.23
30X 9 € 0.01 357.4 799.0 - 4.4 2.22 2.04 0.00 1.01
30X 11 ¢ 0.01 357.0 796.2 - 2.7 2.45 1.57 0.00 0.19
Effect of Pressure Tolerance Factor
30X7 ¢0.05 356.0 798.2 - 4.8 2.04 2.00 0.00 0.91
30X 7 € 0.10 356.0 798.2 - 4.8 2.04 2.00 0.00 0.91
30X 7 ¢ 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 externasl and internal flamespread 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 indifferemce of the soluvtion is
good, although there are differences in the fine structure. We note an
snomaly in the solution for the 30 X 7 €@ 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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Figure 4.3 Pressure Distributions for M203E2 Charge Obtained with
Nominal Mesh (30X 7 @ 0,01)
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5.0 THE M203E2 FROFELLING CHARGE — IVO-INCREMENT REPRESENTATION

In the previous chapter we presented simulations of the M03E2
Propelling 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 tho main charge. Early attempts to perfom a
two—increment simulation of the M203E2 Charge were unsuccessfull? 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 wo examine the theoretical influence of the permeabil-
ity of the propellant container.

5.1 Nominal Data Base and Solutiom

The two—increment representation of the M203E2 Propelling Charge is
illustrated in Figure 5.1. The complete nominal data base is tabulated in
Appendix D. MNost of the details of the representation are as in the
preceding chapter. The major differemces are due to the treatment of the
reactivity of the comtainer 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 (K=101), except for the endwall between the increments which is
characterized by s value of K=10, We recall that the resctivity pointer is
a foor digit number. Each digit points to a file of data for one of the
four possible reactive substrates in each segment of the containmer. 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
uncertasinties in the rate of convective heat transfer to the container we
have set the ignition temperature of the container material to be 300°K or
slightly more than the initial temperature of 294°K. 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
resctivity pointers, The igniter inorement is also depicted as having no
forward endwall. VWe 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 takenm to be rigidized. )
. The containers are represented as bonded together with a bond strength of !
' 10°N. 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 comstraint to the motion of the solid-
phase. Ruopture is taken to begin in the flexible case mode at an over

y pressure of 0.86 MPa 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 (BI (Clean Burning d
Igniter). We take the ignition temperature of the (BI to be 300°K, ensuring b
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 ‘s
' 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-

E P R IR

plies that the igniter increment will never be eliminated due to excessive K
compression. As discussed in Section 2.2.2, elimination due to compression :
occurs when the igniter increment is compressed to less tham 10% of its -
original length which, in this case, would be 0.25 cm. :

The solution is performed with the computational parameter set
30X 7 @0.05. The complete nominal solution requires 406 CPU seconds on .
the CYBER 7600 computer.

oy g vy "y

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 X
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
o of the main charge container at the forward endwall as occurred with the
"‘;f single-increment representation. Rupture still occurs quite early on, at
" approximately 0.1 msec. For both containers the sidewall fails at the
w 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 problemn.18 The present solutions differ from those of Reference 18,
particul arly as regards propellant motion. While the endwall is mruptured
it always allows the pressure differential across it to be transmitted inmto
- the sticks, propelling them forward. Propellant motion is rednc{d in the
present simulations when compared with those reported previously.1

k)

.

‘:

- As in the single-increment representation we see elevated pressures in
N the rear of the charge at 0.5 msec. But the outer annular ullage is barely
o pressurized. By 1.5 msec the annular uvllage shows an excess of pressure
32 over that inside the charge, due at least in part to combustion of the outer
' surface of the sidewall. By 2.5 msec flamespread is nearly complete but the
A 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 burmout occurs locally within the igniter incremenmt., It
j,: is eliminated as a separate increment at this time and consolidated with the
3\ rear axial ullage. Any remaining unburmed igniter solid-phase is ignored in
-, the balance of the calculation., At 3.03 msec flmmespread is complete.
: Since the data base specifies that the slots of the sticks are open from the
b, initial instant, the dual voidage re, :sentation is terminated at this time.
59 At 3,207 msec the transformation to a quasi-two-dimensional representation

occurs. We display the pressure distributions just before and just after
< the transfommation,

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

Figure 5.3 Aisplays the solid-phase velocity field at four times wup to
N the instant at which the igniter increment is eliminated due to local burnm

out, Although the igniter is initially blown rearxward and compacted against
the spindle, it subsequently expands forward when combustion of the igniter

j’. propellant overwhelms the blowing action of 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 Contasiner Permeability

Ve now consider the influence of the permeability of the contaimer om
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
sogments vary from run to run. The values of the K; are showa in Table 5.1
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 Ky Ky K3 Ky Kg

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

* Nomenclature for values of Ki as in sketch

In Case 2 the value of Ky is doubled, making the endwall between the
igniter and main charge increments less pemeable to the gas—phase. In
Case 3 the value of Ky is set equal to zero., In Case 4 we let the sidewalls
be fully pemeable by setting K3 = Kg = 0. In Csse 5 we allow all endwalls
to be fully permeable by setting Kl = Ky = K4 = 0. Fimally, in Case 6 the
entire container is made fully pemmeable with all values of the K; set equal
to zero.

E N K
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In Table 5.2 we summarize the predictions of meximum pressure (p-‘!),
muzzle velocity (m.v.) 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 M203E2 {
Propelling Charge (Two-Increment Representation) :
Case Pmax m.v. APnin‘ Aot
(MPs) (m/s) (MPa) max min final
1 380.1 831.5 -2.4 1.48 -1.06 -0.25
2 3715.7 828.5 -1.4 0.98 -1.18 -0.75
3 383.9 836.8 -4.1 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 0.7 -0.77

*First minimum of pressure at 87.37 cm minus pressure at 0.01 cm on
centerline. }‘

The values of Anfé are all reasomably small, the extrema do not exceed
2% and the final values are all 1% or less. Accordingly it is reasomable 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.

TP ar

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

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

"Ignition Phenomena in Developmental, Stick Propellant, Combustible— T
Cased, 155-mm, M203E2 Propelling Charges”
Ballistic Research Laboratory Report ARBRL-TR-02568 1984 py
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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
offect on the pressure field, as we see in PFigure 5.5. VWithout the
confining influence of the ondwall, the (BI 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 pemmeable surfaces. We do note a small excursion near
the rear of the charge in Figures 5.7 and 5.8. This is due to the blowing
effect of the black powder spot which is attributed to the dividing endwall.
We also note that for Case 6 the igniter increment was not eliminated until
after the transfomation to a quasi-two—dimensional representation. Figure
5.9 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 compares 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 s dangerous level of pressure waves. This
tolerance of design variations by the stick chu&e is in agreement with the
previously mentioned finding of Minor and Horst.
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Figure 5.2 Pressure Distributions for the M203E2 Case 1 (Nominal) Data
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6.0 THE IN216 PROFELLING CHARGE "

We turn now to a more demanding computational exercise, namely the :;
simulation of the XM216 Propelling Charge for the 155-mm Howitzer. In

contrast to the M203E2 Charge we must now confront a total of three main o

charge increments, each separately enclosed in its own container. Like the ,

M203E2 Charge, the XM216 Charge has & structurally complex base igniter o,

which we also wish to model as a separate increment. In Section 6.1 we 'Z

describe the XM216 Charge in more detail, discuss a nominal data base to Y

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 pemeability of the various
sections of the container. We also examine the influence of the strength of
the bonds between the individual containers.

AR

2

6.1 Nominal Data Base and Solution

L |

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
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. Ve note that the endwall between the igniter and the first
main charge increment is pemmeable, another point of similarity with the
M203E2 Charge. However, the two forward increments are completely enclosed
by impemmeable containers, The igniter increment is strongly bonded to the
first main charge increment. The two forward main charge increments,
however, are omly 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.
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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. The ignition temp— ,
erature of the (BI, like that of the container segments is set equal to : S

SR NRY

A

300°K.

{

The principal difference between the container representation used here
and that for the M203E2 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 X786 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 CYBER 7600 computer., This relatively long run time, as
compared with the M203E2 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 times.

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 funlly pemmeable at this time. The rupture
interval, over which the flow resistance drops to zero, is 1.0 msec 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 incremoent fails at the forward endwall at 0.55 msec. The third main
charge increment fails at tho 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 containmer 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 sece that at 0.5 msec the pressure in the igniter
increment is significantly higher than that in the first main charge
increment. Although the endwall 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 msec. Due to the impermeability of the sidewall the gas does not
penetrate the propellant bed. Instead, the bed is compressed as the radial
prossure 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 bocome almost fully pemeable. But the sidewall is still
intact. Flmmespread has not started. Ignition of the first main charge
increment does not occur until roughly 2.5 msec have elapsed. At 1.5 msec
we see nearly uniform pressure throughout the first meain charge increment
and near equilibration scross the sidewall even though the sidewall is still




impermeable. Meanwhile the two forward charge increments find themselves
being compressed by the pressure inm 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 msec the pressure distribntion has not changed appreciably,
although we note the pressurization of the forward region of ullage.
However, flamespreading 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 msec 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, flamespreading 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
unifom throughout all three increments. By 8.944 msec the containers are
fully ruptured and the solution satisfies the pressure tolerance criterion
for transfomation to a quasi-two-dimensional representation. We 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 XM216
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 inmmer
sticks of the third main charge increment. At the time of transfommation to
a quasi-two-dimensional representation the three main charge increments have
all separated. The eoendwalls 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 parsmetric values of bond stremgth and contaimer
segment flow resistance coefficients used in the eight simulations. Table
6.2 presents the corresponding ballistic predictions and the maximum, ,
Rinimum and final values of the percent mass defect. Details of the g
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 :
Simul ations of XM216 Propelling Charge

| :
CI“ Bl Bz Bs ‘1 Kz 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
5 10¢ 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
k3 K3 K3 K3 /
K ,
i
‘2 K4 K4 K4 I4 l4 :
Bl Bz Bs <

* Nomenclature for values of Bi and K; as in sketch

Roferring 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 dbetweem the
increments is doubled while in Case 3 it is set equal to zero. Since only

' i By, the strength of the bond between the igniter increment and the first \

’ main charge increment, is appreciably different from zero it is the 3
influence of this single term which is being assessed in Cases 2 and 3.
Cases 4 through 8 are analogous to Cases 2 through 6 of Chapter 5.0. Im
Case 4 we double the flow resistance coefficient for the endwall between the
ignition increment and the first main charge increment; in Case 5 we reduce
it to zero. In Case 6 the sidewalls are all made fully pemeable. Finally,
in Case 8 all segments of all containers are made fully permeable.

v e e
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Ve drav attention to the value of K, 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 numerical tractability.

Prs

In general it may be said that all the simulations of the XM216 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
b number of mesh points used to represent the solution. While a greater
. number of mesh points would have been desirable we note that the nomimel

solution already requires a substantial amount of computer time, almost 20
minutes of CPU time on the CYBER 7600. However, a smoother distribution of
contsiner properties could certainly been obtained by means of suitable
roevisions 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.

» -

" w

That the simulations of XM216 are less accurate than those of the con—
figurally simple M203E2 Charge is apparent from the values of percent mass
defect (Aw%) 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
(Pyex) Vary from 245 to 260 MPa 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 imaccuracies in our judgment.
We therefore conclude that the overall ballistic behavior of the XM216
Charge is computationally insensitive to the properties of the container
studied here.
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Table 6.2 Effect of Container Bond Strength and Pemmeability on Simulations
of XM216 Propelling Charge

.
. Case Pnax m.v. Apgpin Asth

(MPa) (m/s) (MPa) nax 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

* Absolute minimum of pres-ure at 87.37 cm minus pressure at 0.01 cm
centerline
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However, the structure of the longitudinal pressure field does appear

to oxhibdit a real level of sensitivity to the properties of the contaimer.
. Reductions in the flow resistance due to the endwalls appear to reduce the
: value of Ap_,.. & finding which is in keeping with expectation. Here Ap,;,
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
i solutions at a number of times up to and including the instant of transform-
ation to a quasi-two—dimensional representation. For Cases 5, 6 and 7 we
display the solid-phase velocity fields. In general these solutions are
easily understood in tems of the parmmetric values on which they are
¢ predicated. Some unexpected features do arise, however, as a result of the
limjted 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
N203E2 Charge, we see very little difference from the nominal solution, Case
1, The effect of sotting 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 (BI no longer burns under am initial confinement. The effect of 4
the black powder spot is seem 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 oendwall of the second increment
occurs in & more regular fashion in Case 5 than in Case 1. Accordingly, the
tvo 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
sidewalls of all containers are made fully permeable. As we discussed pre- p
viously, it was necessary to make the endwalls of the main charge increments
semi-permeadle in order to obtain a stable soluntion. 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 msec an unexpected 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 msec .
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 endwall are
attributed to the charge bdoundary and theroefore result in flow resistance
over the entire section of the tube defined by the interface between the
first and second main charge increments,

" v v

---------------
.................
--------



The mumerical sirain associated with this solution is seem at 8.878
msec where we see pressure wiggles near the cormers of the two forward main
charge inorements. 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.

Compsaring Figure 6.9 with Figure 6.4 we soe that Case 6 involves even
greater displacement and deformation of the forward increments than the
nominal solution. Apparently, the rate of compression of the gas in the
forward region of axial ullage, behind the projectile base, is sufficiently
rapid as to ocreate a significant reverse gradieant. This is reflected in
Figure 6.8 at 9.0 msec 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 fleme-
spread. Figure 6.12 presents the pressure distributions for Case 8 in which
the contaimers are fully permeable, No mexpected features are seen.

We oconclude with Figure 6.13 which compares the histories of pressure
difference for all the eight cases. Only Case 6 eoxhibits a significant
reverss gradient.
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7.0 MNISCELLANBOUS APFLICATIONS OF TDNOVA

The purpose of the present Chapter is to illustrate certain special
features of TDNOWA. 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. 1In 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 M203 Granular and M203E2 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.21l 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 conmsists 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 MO3E2 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 & computa-
tional option, not to design a charge.

When a bundle of sticks has been produced through a three—fold
subdivision, and therefore has a length equal to one-eighth of that of the
original bundle, it may be converted to a differemt 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 fom except that the slot is not comsidered.
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Aspects of the solution of this problem are presented in Figures 7.1
and 7.2. PFigure 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
granul ar 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 preseanted 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 mnon-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 TDNOVA 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 report13 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
teported.20 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 Kipetic 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 10*°
Gas—Phase Arrhenius Exponent (J/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 M203 solution presented in Chapter 3.0, Ve 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 flamespread
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
condi tion.

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.

Fipnally, 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
release,
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7.3 BHeat Transfer to the Tube

We have already referred to a study by Horst2! 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 fomulation 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 TDNOVA
models of heat transfer similar to those in NOVA. We therefore encoded a
total of three models. The first two are based on empirical correlationss
one uses a flat plate correlation while the second uses a pipe flow
correlation as in NOVA.5 The third is based on san unsteady integral
boundary layer fomulation, 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
M203 data base of Appendix B and the MO3E2 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

Thermal Conductivity (J/cm-sec-X) 0.66210
Thermal Diffusivity (cm®/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 maximom
temperature of approximately 1100°K or roughly 200°K more than that for the
plate flow correlation. Obviously, objections can be made to the use of
either of these correlations in the gun enviromment. 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. Omnce
) asgain, the tube flow correlation produces a prediction of tempersture 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 t
the u;nulu' charge. This finding is not ianconsistent with the results of )
Borst.?l 1In 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. i

C oo o o

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 NOVAS we .
have treated the thermal parameter q'B’ as continuous at the intermal ]
boundary. Here q, is the rate of heat transfer to the tube and 8 is the
thickness of the thermal layer. This internal boundary conditios should be t
revised in tems of surface temperature in both TDNOVA and NOVA.
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8.0 IMPLICIT SOLVER FOR RBGIONS 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 TDNOVA. Although we provide evidence of the operability
of the algorithm on a stand-alone basis, we emphasize that it does not
represent a current TDNOVA capability.

The revised algorithm consists of a Linearized Alternating Direction
Implicit (LADI) scheme to solve the two-dimensional, unsteady Navier—Stokes

1 ) equations with heat conduction in the regions of ullage. This algorithm ;
3 supersedes an existing explicit solver for the inviscid equations which has
) beon 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 nmeed 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 regioms. ’

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 Infommation

The TDNOVA 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 wnreasonable, For these charges the transverse dimensions

g v -

of the ullage regions — the distances between the charge boundaries and the
external boundaries — are not large during flamespreading. On the other
. hand, the XM216 Charge involves a region of axial unllsge at the front of the b
g ' chamber which is as large as onme 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. )

TDNOVA has an algorithm to treat two-dimensional regions of nllage.n
Referred to as the dynamic mesh option, the algoritlm 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.

PR
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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- N
ities — lumped parameter, quasi-one—-dimensional, fully two-dimensional. 1In
addition, the number of mesh points allocated to the region for a given Y

representation is allowed to vary. This approach has reflected the choice
of an explicit solver to integrate the governing equations. The Couraat-
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 N
ullage collapses and eventually to treat the properties in the compressed At

direction as lumped.

Although we have noted, in the preceding chapters, certain minor flaws K
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.

% % % e )
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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 imvolved 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 8 representation of the flow 1losses 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 temms 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 straim in connmection with
the tangential momentum boundary condition at internal boundaries.

& ‘. ’n.' '~.'; ’.-- -l‘.

CAARAL

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 numerjcal difficulty in that context by a modification to
the boundary condition itself, introducing a tangential momentum loss which
assures reasonable consistency of the tangentisl 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 same numerical problem but we would not be able to take
advantage of a similar comstitutive 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 wullage.
Finally, if an implicit 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.

TDNOVA 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 M203 and M203E2 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 M203E2 Charge. The noed for a more detailed analysis of the
wall boundary layer is therefore obvious.

The problem of convective heating of the tube wall has been comsidered
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
TDNOGVA.

The first attempt to analyze the heat loss as a boundary layer pheno-
menon appears to be that of Hicks and Thornhill as descrided by Corner.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 flos 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 code34 which determines the time dependent solution of the
partial differential equations for a reacting boundary layer.

33 cormer, J.
*Theory of the Interior Ballistics of Guns”
John Wiley and Som, Inc. New York 1950

34 Ppyans, R M.
"User’'s Manual for Transient Boundary Layer Integral Matrix
Procedure TBLIMP*
Aerotherm Report UM-74-55 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 a1.33 However, the effect of the
boundary layer on the core flow is limited to the incorporation of algebraic
momentum and heat loss temms, The core flow is treated as single-phase or
as a homogeneous mixture. The boundary layer development is modeled
according to a transient integral fommulation. The model of Sheltom is inm
fact encoded into both NOVA® and TONOVA. 13 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 unbounded. growth mode which appears to be intrinsic to the
model. Accordingly, still deeper analysis is required.

More recently, Gibeling et a136'38 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 Dboundary 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 3?33
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 simul taneously.

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.
"Devel opment of a Two~Dimensional Implicit Interior
Ballistics Code”
BHR. Contract Report ARBRL-CR-00411 1980

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

38 Gibeling, H. J. and McDonald, H.
"An Implicit Numerical Analysis for Two-Dimensional
Turbulent Interior Ballistic Flows”
BRL Contract Report ARBRL-CR-00523 1984

39 Schmitt, J. A. and Mann, T. L.
“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
Schmitt. 40  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. %
scope of the calculations which have been published to date by Schmitt
andséwy Heiser and Sc:luni.tt‘o'41 does not go beyond those of Gibeling et

al.
y In addition, efforts to analyze the boundary layer described by
h Buckingham and co-workers42-44 do not appear to go any further than those of
' A 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.
v That is to say, we replace the inviscid governing equations by the Navier-
3 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 themmal diffusion — and to achieve simplification of the ,
coding through the use of a two-dimensional representation at all times. y

40 Schmitt, J. A. '
"A Numerical Algorithm for the Mul tidimensional, Multiphase,
Viscous Equations of Interior Ballistics" 5
Proc. 2nd Army Conference on Applied Mathematics and
Computing, RPI 1984 \

41 Heiser, R. and Schmitt, J. 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”
ATAA Paper 79-0007, 17th Aerospace Sciences Meeting 1979

43 Kang, S. W, and Levatin, J. L.
*Unsteady Boundary-Layer Flows in Combustion Environments”
Proec. 17th JANNAF Combustion Meeting 1980

44 Buckingham, A. C. and Levatin, J. L. ¢
*Additive Thermochemical Effects in Turbulent Erosive

Boundary Layers”
Proc. 1983 JANNAF 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 thermal erosion of the gum tube.
Ultimately, this goal will require the resolution of fundamental questions
regarding the structure of turbulence im the gun enviromment, the
relationship between thermal diffvsion and the mscroscopic 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, momentum and onergy together with a number of
constitutive laws., With p, density; w, velocitys o, stress temsors e,
internal enmergys q, heat flux vectory and g,, a constant to reconcile
units, the balance equations may be written as follows

% , ypou=0 \ (8.1)

at

' 4
® L (eVe-"Va=0 . (8.2)
it p

at [ P

The stress tensor is assumed to have the form

o=-pI+ (A-20)(¥ w) I+pu(Vus Vol) (8.4)
3

where p is pressure; I is the identity temsor, p and A are the first and
second coefficients of viscosity respectively; and we use a superscript T to
denote the transpose of a matrix,
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Let u be represented in cylindrical coordimates (r, z, ) by (v, u, 0)

for an axisymmetric flow.

od, in physical units, as

B=l(VI+VIT)=
2

We note that

"‘=-a-v—+-a-n_+l.

dr Oz r

Similarly,
13 (ro
rdr T
"c = .!'_.a_._ (rq
rdr
L 0

|

do
) +
dz

do
) +

dz
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v
ir
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r

141

}

> \'\ IS TN

i[ﬂ+i&
2 L3z dr

LY
dz

R R IR
ratatak e N v

" <

Then the rate—of-strain tensor may be represent-

(8.5)

(8.6)

(8.7)
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The heat flux vector is assumed to obey the law

ce -~

q=-kVT (8.8)

where T is the temperature and k is the themmal conductivity. The values of
B, A and k may be assumed to embed both molecnlar and turbulent diffusion, A
The molecular contribution to viscosity is assumed to obey a Sutherland-type \
law as in previous work1® and the corresponding thermal conductivity
follows fram a fixed value of the Prandtl number., The turbulent diffusion

R processes will be assumed to be governed by algebraic laws as used by i
‘ Schmitt,40 at least for the time being. Finally, we have the equation of
*, state

e = el(p,p) , (8.9)

and equations for the time dependence of the molecular weight and specific

heats of the gas. As in previous work,10 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 C
energy balance in the form :

Dp . pc’ 1 2

3

PP gy ou-= [——I—V.Q‘*(l-—u)(v.u) +2uB:B] \
¢ s, (=]t 3 |
13
ap 1, (8.10) p
where c is the isentropic speed of sound. :
The balance equations may be written im full, in cylindrical coordinates, as .
follows. The mass balance is R

22+v_3_2+u3£+p[21+_83+1 =0 . (8.11) " o)
ot ar dz dr d:z r \
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The momentum balances are

8
Y 4 v, L8V, e 3

at dr dz p dr

- _°{a_ W (a3 ¥ a_n,]+z..a_[3]
p ar { 3 or r d: or | =

R T 1

(8.12)

)
a_n-i- v.al-i- na_u-!»_:gz
ot ar dz p Oz

St (R R ey
ek ..,,"Zf'f]”[,,,*‘m - :

(8.13)
The energy balance is
3
a_’+va’+u.9£-_pf_[a_'+_a_"_+1] = 1 (§+8) (8.14)
at ar iz 3, dr 9z 4
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where the mochanical dissipation rate is

e

)
3

3 3 .
+[3_u] [y av,3v 9u,¥v a_u”
9z L r dr dr 9z r 9z

4 3 - L
+,,[_al‘.+21] + A v, ¥, 38 (8.15)
dr Iz L or T azJ

and the thermal dissipation rate is

[ [u ]+3— kﬂ]] . (8.16) '
r or or oz d2

8.3 Method of Solution

Our approach is similar to that of Schmitt4? and we adopt his
nomenclature in the present discussion, Like Schmitt we use a Linearized
Alterbating Direction Implicit Algorithm to solve the balance equations.
The idea of replacing a multidimensional implicit integrator by a2 series of
fractional steps each involving implicitness in only ome of the coordimate

. directions is referred to as the Alternating Direction Implicit Method and
) is discussed in such standard texts of those of Richtmyer et 2130 ang of
: Roache.45 The further step of linearizing the equations so that each frac-
. tional step may be completed without iteration has beoxi.,pioneered and
\ described by Briley and MacDonald46 4nd by Bean and Warming.

- e e e i o e - e e e 2

45 Roache, P.J.
® Computational Fluid Mechanics”
Hermosa Publishers, Albuquerque

Briley, W.R. and McDonald, H.
"Solution of the Multi-Dimensional Compressible Navier-Stokes
Equations by a Generalized Implicit Method”

J. Comp. Phys. 24 pp 372-397

Beam, R.M. and Wamming, R.F.
"An Implicit Finite-Difference Algorithm for Hyperbolic Systems
in Conservation Form"

J. Comp. Phys. 22 pp 87-110




Let y be & vector whose olements are the dependent variables. Then we
assume that we are required to solve the systeam

Y, =&y ¥y ¥, Vo Ve V) (8.17)

where y, = 9y/3t and similarly for the other subscripts. Unlike Sch-itt.‘o
we sssume that @ has no explicit dependence on t, r or z. A second, and
more significant, difference from the approach of Schmitt relates to the
coordimmte system. Wo assume a transformation from the physical coordimate
frame (t, =, z) to the computational frame (v, n, §) in which -he physical
boundaries are mapped onto lines of constant n or ¢ and in which the mesh is
rectangular. We reflect the transfomation fommally by writing, instead of
8.17, the system

"! = a(’n ’na yao y'm. ‘lgn ,{g) (8.18)

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

We use a superscript n to denote values corresponding to a nmew or
future time and superscript ¢ to demote curreant or present values. Thus
y2 = y(n, &, t®)and 3¢ = y(n, &, t©). Ve sssume for the time being that the
transformation of coordinmates is known at both the new and the curreat
times. This assumption is expected to be satisfactory unless we determine
the necessity for an adaptive mesh which is so tightly coupled to the
physical solution that it must be determined simultaneously with the
internal flowfield. No fundmmental revision to the method would be required
in such a case. VWheroas we presently assume y = [p, v, u, p]T. we could
Just as well include r and 2z in the list of dependent variables.

We also note that since we do not employ the comservative fom of the

balance equations we do not ng to consider the geometric conservation law
as described by Thomas ot al.

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

"Geometric Conservation Law and Its Application to Fiow Computations on
Moving Grids”

AIAA J 17 pp 1030-1036 1979
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Let At = ¢t® - ¢©, then expanding y about t® and t° by means of Taylor's
theorem and introducing the integration parameter P one may show?

Y" - %At = y° + (1 - B)6%Arx + (B - 1/2)0(Ac’) + B.l.(Ar') (8.19)

where Et(At') is a truncation error term of order Atv'. BEvidently, when § =
1/2 one has the standard Crank-Nicolson schemoe with truncation error of
third order. For values of P other than 1/2 the trumcation error is secoand

order in time.

Linearization of 8.19 is accomplished through a Tsylor expansion of @°
about @°

ot w .

G=G’ + DAy + IR'A + IZA +Ay +MAy +IEZAy
y "l y& m ‘lg ‘g

+ EL(At’) .

. Here @°'™ donotes an evaluation of @ based on current values of y and new
p values of the metric derivatives associated with the coordinmate trans-
formation. We have introduced the Jacobian matrices

c
ayJ ay'lj 'I‘Ij :

snd similarly for DRZ, DZ and DEZ,

In order to facilitate factorization of the system of equations into an

) equivalent system of ono-dimensional equations it is assumed that Ayn: is
negligible. Altermatively, the cross—derivatives can be viewed as evaluated

only at the current level. Then 8.19 becomes

- n n n _ o ¢ c , . \
I p(nn + ng)] y [x p(n“ + ”t’] Yy + Ly (8.21) .

oo o ] e ]



Logetafig L™ lgl (oo G B g Aoy

o[ (] = [5]]

Ly® = ac (1 - pre°® + pe ?] .
and I is the identity matrix.

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

(I - an:‘)yl - x-phy’+ 1y, (8.22)
n R c. © I c
(I - Bng)y = (I - Bnt)’ +(y -75) . (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

ay] T " Vi

» (8.24)
m 3, 2Aq
- +
a'y] Y T Y . (8.25)
am’ s (An)?

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 impemmeable boundaries and inviscid
flow. For these problems the physical boundary condition is the requirement
that the normal velocity component vanish, This condition replaces the
momentum 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 imn the
first and last block rows as a result of the approximation of derivatives at
the boundaries. The li.nur sxstans are solved using the algoritims
developed by Hindmarsh et a1.4

8.4 A Sample Calculation

The analysis described in Section 8.3 has been encoded into a
subroutine called LADIS (Linearized Alternating Direction Implicit Solver).
Subroutine LADIS has been coded to be fully compatible with the existing
structure of TDNOVA. In order to exercise LADIS we have coupled it to a
version of TINOVA in which the pre-existing integration scheme is
suppressed. The resulting code is referred to as TDLADIS 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 TDLADIS 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 TOINOVA may be invoked
for the analysis of more complex configurations by simply ummasking 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
rosults obtained thus far by Schmitt40 and by Gibeling et a1.38 For the
present we have simply exercised TILADIS by reference to the Lagrange
Ballistic Problem for which an analytical solution was obtainmed by Love and
Pidduck.3l This is the same problem which &revions investigators have used
to validate the TDNOVA,15 ALPHASY and DRELTAY? codes.

49 Bindmarsh, A.C.
"Solution of Block-Tridiagonal Systems of Linear Algebraic Eqguations”
Lawrence Livermore Laboratory, UCID-30150 1977
50 Hindmarsh, A.C., Sloan, L.J., Fong, K.W. and Rodrigue, G.H.
"DEC/SOL: Solution of Dense Systems of Linear Algebraic Equations”
Lawrence Livermore Laboratory, UCID-30137 1976

51 Love, A.E.A. and Pidduck, F.B.
"Lagrange Ballistic Probl em”
Phil. Trans. Roy. Soc., Vol, 222, pp 167-226 1921-1922




This problem has been fully described by these previous investigators
and requires no particular discussion here. We are givem a quiescent,
f pressurized gas vwhich 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) 5.0
Initial Projectile Displacement (m) 1.6
Maximum Travel of Projectile (m) 6.0
Projectile Mass (kg) 50.0
1.0
1.2

Covolume (cm’/gm)

Ratio of Specific Heats (-)
Initial Pressure (MPa) 621.09
Initial Temperature (K) 2666.80

Two numerical solutions are discussed here. The first is genmerated by
TDNOVA using the 16 X 3 (axial X radial) mesh in the quasi-two-dimensional
mode as described by Robbins.15 The second is genorated by TDLADIS using a .
26 X 5§ mesh and an integration parameter p = 0.8, The time step for the
TOLADIS calculation was computed using the existing TINOVA C-F-L oriteriom
with & 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 TDNOVA and TILADIS
with those of the analytical solution for the instant at which the

h projectile exits the gun. Although the accuracy of the implicit scheme is "
not as good as that of TDNOVA, which is specifically oriented towards wave
propagation problems, the agreement bdetween TILADIS and the analyticsl .

rosults is certainly acceptable. Moreover, the sccuracy appears to be at .

Table 8.2 Conditions at Muzzle Exit According to Analytical Solution,
TDNOVA and TILADIS

Analytical TDNOVA TDLADIS

Muzzle Exit Time (msec) 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 Prossure (MPs) 54.2 54.4 54.8
’ (0.37) (1.11)

Mass Defect (%) -0.135 0.218

*Percont deviation from analyticsl value

-



least as good as that reported by Schmitt in connection with the DELTA
code4? and to be better than that reported for the ALPHA code.39 We also
note that the global mass balancing was quite satisfactory for both the
TDNOVA and TILADIS calculations. Final values for the two codes were
~0.135% and 0.218% respectively, and these were also extremsl values.

To obtain further evidence of the operability and accuracy of TILADIS
we compare the histories of breech and base pressure as ocomputed by the two
codes. Table 8.3 presents the computed values at every millisecond during
the bdallistic 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 TDNOVA and TILADIS Predictions of Breech and Base
Pressure for Lagrange Ballistic Problem

Time Breech Pressure Difference Base Pressure Difference
(msec) (MPa) (%) (MPa) %

TDNOVA  TILADIS TDNOVA  TDLADIS
605.4 606.5 495.4 495.2
424.7 425.2 407.9 408.0
317.0 317.6 281.1 282.0
241.5 243.0 203.9 204.5
177.7 178.5 156.8 157.3
136.8 137.6 125.5 126.0
109.8 110.4 102.4 103.1

90.8 91.2 84.3 84.9
76.8 77.1 70.2 70.6

66.1 66.4 59.4 59.7




9.0 CONCLUSIONS AND RECOMMENDATIONS

The following conclusions are drawn from the preceding discussion.

[1] The TDNOVA 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 i
the solution.

[2}] The influence of computational e¢lements of the data base has been '
studied for the M203 Charge, which consists of granular propellant, and the '

q M203E2 Charge, which consists of slotted stick propellant. Excellent in-

g difference is seen in respect to the number of axial and radial mesh points,

Overall accuracy is also confimed 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 guasi-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- R

dimensional solution or of constitutive modeling assumptions in the quasi-

two-dimensional mode of calculation.

[3] The influemce of the properties of the charge containers has been
- studied for the M203E2 and XM216 Charges. In these studies the base igniter X
3 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 flammespreading and the detailed pressure distribution
during the ignition of the charge, the overall ballistics of both the M203E2
and XM216 Charges were found to be essentially indifferent to the container
properties. In one case, however, the XM216 Charge did exhibit a
significant 1level of pressure waves, due to the persistance of flow
resistance between the increments.

[4] Additional features of the TDNOVA 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.

o o e, e ., -

The following recommendations are made.

[1] Although TDINOVA was originally formulated with the expectation that the &
charge would be modeled as fully two-dimensional only through the iganition

phase it is now apparent that a complete two—dimensional simulation of the
interior ballistic cycle is regquired. Achieving this goal may necessitate v
the performance of basic studies of two-phase flow instability. ‘

-------
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[2] Further research is required in respect to the characterization of the
properties of the containers. Many computational difficulties could be
eliminated if the properties of the containers were allowed to vary
anslytically over the surface rasther than suffering discontinuities.

{3] Further testing of the implicit solver is recommended so that it can be
linked to TDNOVA to support fully two-dimensional solutions of charges in g
which the nllage represents a significant fraction of the chamber volume. '
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APPENDIX A: SOLUTION OF THE GAS-PHASE MECHANICAL BOUNDARY CONDITIONS

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 boundery 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 componments. 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 isenatropic
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.
Ve 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 lﬁve the following approximate expres-—
sion of the finite balance of momentum

J J
c:lpi 3 xi ! ' €0Pn 2
p, + a9, ~————— | nm, + 2 m m, + } ) =p_ + u .
i 8 g p 83 i sji i s,i n n
o o'ii j=1 j=1 J & (A.1)

Here we have p, pressures e, porositys p, density; g, a constant to
reconcile unitsy K, the dimensionless surface flow resistance factorsy u, the
normal component of gas-phase velocityy m = epu, the corresponding mass
flux, i’j i» a surface mass source; Jip, 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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quantity.
direction normal to the surface.
balance
h g
€Pn®n = B * } Ny i ’
=1

cases of interest here the velocity u,
Even if the ullage is open its properties will be lumped in the
Ve evaluate u, from the finite mass

corresponding to i = 1,,..., -1 at a common macroscopic point.

is not

In all
an explicitly modeled

(A.2)

where J 2 J1 is the total number of surface source terms.

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

LA 3
m, K 1
1 L
p, *+ - 3 m, + } m
i s
BofiPi  BofiPj j=1 4%
= pn+

J

1
i‘i*E

i=1

ji

ji i (A.3)

We distinguish three separate computational regimes according to the value

Of xio

[1] If K; 2 100 we take the surface to be impermeable to flux i. The

boundary condition reduces to

1 4

[2] If K; ¢ 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-

A linearized scheme is used as

pendence on i, is 1o longer significaat,
discussed previously 3 and as noted below.

[3] If0.1 % EK; < 100 we assume that the quadratic relation between p; and
m; cannot be ignored. This is the case which interests us here.
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Wo further recast (A.3) as

8’ 71 '
P, 1+ i LS 3 ii + } i‘ ‘
8,%5PiPs | BoPi%y jer 41 ,
3
I ¥
[-1 + Eﬂ. ‘ » .
=1 3
=P, 1+ ’ (A.4)
'o'npnpn
T
where K = * K according as l'li + } i. % o . (A.5) '
ji
i=1

We now introduce quantities g; and p; which are understood to be defined in
toerms of current storage, thereby limsarizing equation (A.4) except for the
through-flux term. We put




. 3

8,P1%

= - » (Aa7)
# "i s
; J
)
N i'i M i'ji
¥ j:l
1+

"y 8 & p P

\ onnn

and we introduce p; such that

] J‘l

* o = L2 L]

h Ry =@, +§ n‘ji . (A.8)
j=1

3

&

3 Then the momentum balance is put into the form

4
—i—- Qi'.‘i’ = p . (Aog)

A n

We note that if ¢; = O, as would be the case if K; < 0.1, then (A.9) would
o define a relations’hip between p; and Pp 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 py, i, pjr &+ = 1,.00s 2 = 1,

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

The compatibility conditions bdetween 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 mm. Somewhat larger exterior regions
may also be treated as closed if the flow through the ullage is large. This
second criterion is applied omnly 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

. 9p
At } [.i—l > 0.1
Pa m>0 ol

where p, 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
P =p  + 2 B (B, - R) (A.10)
i=1

where p; is the trial future level value computed from the balance equations

for the ullage on the basis of trial fluxes l.lli'. Since the l.ll‘ji are given
it follows from (A.8) that
n-1
[ 4 . .'
B =p, *+)BG,~k) . (A.11)
i=1

A.2.1 Subsonic Fluxes

The compatibility relation between p; and ji; is the acoustic character-
istic condition

N U
pi = pi + — ("i - "i ) ’ (AQIZ)
¢

where (!i = aii/ ani and e is the characteristic derivative apilani. Ve
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’ substitute (A.12) into (A.9) to obtain i'i as a function of p, and the trial
or present storage quantities:

;« ' 1/3
: [ [ ap ]
K ' ii
[} 3 p -
] i

a a 1 C
4 * i i i
) p = h 5 + — -p . (A.13)
: i n

2¢ Cy 24 Cy v ¢
1idi Ll "iiil il i J

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 ®; as embedded in K. Particularly when the direction of the flux is
near reversal the sign of @; may not be known a priori and experience shows
that the numerical doterminmation of the boundary values may become unstable
if an incorrect guess is made.

> ¢ & 0 2 taf

Dt D i

Al though (A.13) allows two roots, we may see from graphical coamstruc—
tion that (A.9) and (A.12) can have only one intersection. We observe that
(A.9) describes a parabola with @; > O if &, > 0 and @; < 0 if jy; < 0. Also

. we have a;/C; < 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.

~Equation (A.9)

Equation (A.12)
]

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

. tion lim ji; be bounded shows that the minus sign is correct.
. ¢i 0
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We proceed as follows. We set K = + K according as

’
¢ aghy >
- $;p, ¢ 0 , thereby using the solution for ¢, = 0 as & guide

ci

to the sign of jp;. Given K and hence we have a functional relationship
i Pi

between ji; and p,:

2 ' 1/1
2¢.C.o , Q.4
-1+ 2 11 p, -+i_g, (A.14)
i i*n
®%; | 9 ¢ .

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

n-1
f(pn) =p, -, * 2 Bi[ ;’xi - ﬁi(pn) ] =0 . (A.15)
i=1

., This equation may be solved by Newton’s method according to which the trial
value Bn is replaced by the improved value P, such that

f(p)

Py =Py - . (A.16)

f'(Sn)
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Evidently

n-1
f(p)=1- 1+
n 2
. i=1 %9; @4
, -1/3

1 2¢,C;0; o' @y - (A1)
‘ i i*a *

®;#; ey s .

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

: .G ' . Ww; Cipy
X b= —= [ .0, = P, ] +p; and —= in forming the sums in (A.15)
e, 1 apn o,

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 ﬁi 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 ﬁi = ﬁi' for a sonic flux. It is assumed,

of course, that pn' has been made compatible with ﬁi' prior to the sgecond
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 p, no lonmger
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.

168

R N, T T T e T T



......

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

1
Y | & + ) 8 =0 . (A.18)
i=1 =1 3

A.3.1 Subsonic Fluxes

As in the case when the exterior regiom is open, Equations (A.9) and

(A.12) lead to the determination of the j; according to (A.14). In this
. case the quantity p, is to be thought of as a reference pressure which may :
5 not be realized by any real local state but which emerges fomally from the !
analysis. From (A.18) we see that we must solve

n-1 J
£(p ) =§ iy (o) +§ i N o . (A.19)
i=1 =14 J

; We use (A.16) and we note that
4
% n-1 1 2p.C.p ;
y f'(p ) = 2 i°1%1 1+
) n 2' a
. i=1 i i .
: [ _;/8
1 | 295 LA
P, - - P, . (A.20) '
LZLE ey ¢

The situation when g; = 0 is treated in the same way as the case when the
exterior region is open.

........................................................
.........................



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,

A4 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 ¢ for the interstitial flux define compatibility with
the ullage region which terminates the continuum, If we adopt the
convention that the perforation flow bhas label i and the interstitial flow
has label i-1 then (A.9) is replaced by

P, =Py, (A.21)

for flux i. We consider first the case when the ullage region is open.
Provided that both ji; and ji;_y are subsonic it follows that the contribution

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

ag, =2 i i-1 4 (A.22)

i-1
@  Ci 1B

where Af;_1 is the contribution corresponding to flux i-1. Similarly, the

contribution to the sum in (A.17) is

»  BC. e,
At = i Lt Y S (A.23)

o Ci1Biy

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

: € % .
1) - 14 ’
f == [ " -5 ] + + ’ 2
. Aty . C i1 7 Py y 2 "’sji (A.24)
! i "i-1 =I#+1
2 , C, a, . i _
: ag =2 2 =, (A.25)
3 a; Cyq 9dp,
. dit,
. where follows from (A.14).
i dp
" n
]
In the event that either flux i or flux i-1 turns out to be sonic, the

algorithm uses the previously discussed procedure for sonic fluxes and the

9 equilibration condition (A.21) may fail to be satisfied.
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APPENDIX B

INPUT DATA FOR NOMINAL SINULATION OF M203 CHARGE
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OONTROL PARAMETERS

NPRINT (0=NO PRINT, 1=PRINT)

NSUMRY (0=NO SUMMARY TABLES, 1=YES)

NPLOT (0=NO ISOMETRIC CARPET FLOTS, 1=PLOT)

NVHL (O=HIDDEN LINES DELETED, 1=RETAINED)

NPLCON (0=NO CONTOUR PLOTS, 1=PLOT)

NPLFLO (0=NO FLOW PLOTS, 1=PLOT)

NPLFLM (0=NO FLAMESPREAD PLOT, 1=PLOT)

NDSEW (0=NO DISC SAVE, 1=DISC SAVE)

NDSKR (0=NO DISC START, >0=DISC START AT STEP
' NDSER)

MESH 0 POROSITY 0
PRESSURE 1 DENSITY 0
SOLID AXTAL VELOCITY 0 GAS RADIAL VELOCITY 0

PYROLYSIS PRODUCT MASS FRACTION 0

MESH 0 POROSITY 0
PRESSURE 1 DENSITY 0
SOLID AXIAL VELOCITY 0 GAS RADIAL VELOCITY 0

PYROLYSIS PRODUCT MASS FRACTION 0
SCALE FACT(R FOR PLOTTING(-)
LENGTH OF Z-AXIS IN CALCOMP PLOTS (IN)

LENGTH OF R-AXIS(IN)
LENGTH OF ORDINATE AXIS(IN)

LOGOUT PARAMETERS

NUMBER OF STEPS BEFORE LOGQUT

THAT VARIABLE LOGOUT SCHEDULING IS INTENDED.
TIME INCREMENT BEFORE LOGQOUT(MSEC)

PARAMETERS AFTER Q-2-D TRANSFORMATION

NUMBER OF STEPS BEFORE LOGQUT
TIME INCREMENT BEFORE LOGOUT (MSEC)

CONTOUR PLOTIED QUANTITIES (1=YES, 0=NO)

PARAMETERS PRIOR TO Q-2-D TRANSFORMATION

N.B. A NEGATIVE ENTRY FOR THE ABOVE DATUM IMPLIES

A®,"e”,"
b~

- .

e B M Al |

Ok HOOM M

(=]

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

GRANULAR STRESS 0
GAS AXTAL VELOCITY O
SOLID RADIAL VELOCITY 0

GAS TEMPERATURE 0 PARTICLE SURFACE TEMPERATURE 0

GRANULAR STRESS 0
GAS AXIAL VELOCITY 0
SOLID RADIAL VELOCITY 0

GAS TEMPERATURE 0 PARTICLE SURFACE TEMPERATURE 0

.40
12.01
4.01
5.00

2000

.5000

2000
1.0000




SUMMARY TABLE PARAMETERS

NUMBER OF PRESSURE SUMMARY STATIONS
TIME INCREMENT FOR PRESSURE SUMMARY STORAGE
(MSEC)

DEBUG PRINT REQUIRED (0=NO, 1=YES)
EXTENDED PRINT REQUIRED (0=NO, 1=YES)

TERMINATION PARAMETERS

MAXIMUM NUMBER OF STEPS BEFORE TERMINATION
MAXIMOM INTBGRATION TIME (MSEC)
MAXIMOM PROJECTILE TRAVEL (CM)

CHARGE REPRESENTATION PARAMETERS

NUMBER OF PROPELLANTS IN CHARGE
NUMBER OF BAGS IN CHARGE
MESH ALLOCATION MODE (0=STATIC, 1=DYNAMIC)
MAXIMUM NUMBER OF STORAGE POINTS FOR DYNAMIC
MESH ALLOCATION
NUMBER OF MESH POINTS IN AXTAL DIRECTION
NUMBER OF MESH POINTS IN RADIAL DIRECTION
NUMBER OF ITERATIONS TO DETERMINE INITIAL
MESH
EQUIPOTENTIAL (0) OR LAGRANGIAN (1) MESH
QUAS I-TWO-DIMENS IONAL FLAMESPREADING
(0=NO, 1=YES)
NEW(0) OR OLD (1) INTERPHASE DRAG AND HEAT
TRANSFER FOR GRANULAR PROPELLANT
BED IGNITION RUPIURES CASE (0=NO, 1=YES)
(GLGBAL OPTION)
SAFETY FACTOR FOR C-F-L (RITERION
MAXIMUM FRACTIONAL DISPLACEMENT FOR OON-
VERGENCE OF INITIAL MESH DISTRIBUTION
OVER-RELAXATION FACTOR FOR DETERMINATION OF
INITIAL MESH DISTRIBUTION
PRESSURE TOLERANCE FACTOR FOR REDUCTION TO
QU AS I-TWO-DIMENS IONAL. REPRESENTAT ION(-)
AXIAL SPATIAL RESOLUTION FACTOR(-)
RADIAL SPATIAL RESOLUTION FACTOR(-)
SOURCE STABILITY FACTOR (-)
MAX. FRACT. OF TUBE FOR CENTERCORE IN Q2D(-)

2500
25.0000
520.7

1.1000
.100E-04
1.600

.010
.100
.100
0.000
0.000
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AMBIENT CONDITIONS

INITIAL TEMPERATURE(DEG.K) 294 .4
INITIALL PRESSURE (MPA) .1014
INITIAL RATIO OF SPECIFIC HEATS(-) 1.24300
INITIAL MOLECULAR WEIGHT(GM/GM-MOL) 23.36000

PROPERTIES OF PROPELLANT TYPE 1 MAIN CHARGE

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 CONDUCTIVITY(J/CM-SEC-DEG.K) .160100E-02
THERMAL DIFFUSIVITY (QM**2/SEC) .645200E-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
MOLECULAR WEIGHT (GM/GM-MOL) 23.360
COVOLUME (CC/GM) 1.030

SOLID PHASE COMBUSTION CHARACTERISTICS

NOMBER OF BURN RATE DATA 2
EROSIVE EFFECT OONSIDERED (0=NO, 1=YES) 0
FINITE RATE CHEMISTRY (0=NO, 1=YES) 0
IGNITION TEMPERATURE(DEG.K) 444 .4
CHEMICAL ENERGY(J/GM) 4384.
SURFACE FLAMESPREAD DELAY (MSEC) 0.0000
EROSIVE PRE-EXPONENT ((M**2-DEG.K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF ENERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARRHENIUS PRE-EXPONENT

((GM/CC)**(1-N)/SEC) 0.
GAS-PHASE ARRHENIUS 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-MOL) 0.000

= _Ja 2R R R IR I
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. MAX. PRESSURE  BURN RATE ADDITIVE CONSTANT  PRE-EXPONENT  EXPONENT
L (MPA) (04/ SEC) (C1/SEC-MPASSBN) =)
R 68.95 0.00000 .41170 .63370

* 689.50 0.00000 .22180 .78640

GRAIN GEOMETRY

FORM (0=CYLINDER, 1=SPHERE, 2=SOLID STICK, 0
3=PERFORATED OR SLOTTED STICK)
p EXTERNAL DIAMETER(CM) 1.060
o LENGTH (CH) 2.408
e DIAMETER OF PERFORAT IONS(QX) .086
NUMBER OF PERFORATIONS(-) 7.
, SLOT WIDTH(CM) 0.000
MAX. PERF. STRESS (R OVERPRESSURE(MPA) 0.000
< NXSTR (IF 0, ABOVE VALUE IS HOOP STRESS.
N IF 1, VALUE IS OVERPRESSURE) 0

PROPERTIES OF PROPELLANT TYPE 2 CENTERCORE

SOLID PHASE CONSTITUTIVE DATA

i -~ Kt A %%

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

R SPEED OF EXPANSION WAVE (M/SEC) 1270.0

0 DENSITY OF SOLID PHASE(GM/CC) 1,7990

¥ THERMAL CONDUCTIVITY (J/CM~SEC-DEG.K) .160000E-02

g THERMAL DIFFUSIVITY(CM**2/SEC) .600000E-03
LONG ITUDINAL WAVE SPEED (M/SEC) 0.0

. (STICK PROPELLANT ONLY)

N POISSON RATIO(-) 0.000

) (STICK PROPELLANT ONLY)

~

o GAS PHASE CONSTITUTIVE DATA
RATIO OF SPECIFIC HEATS(-) 1.24300
MOLECULAR WEIGHT(GM/GM-MOL) 23.360
COVOLUME (CC/GM) 1.030

!
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SOLID PHASE COMBUSTION CHARACTERISTICS

NUMBER OF BURN RATE DATA

EROSIVE EFFECT CONSIDERED (0=NO, 1=YES)

FINITE RATE (HEMISTRY (0=NO, 1=YES)

IGNITIN TEMPERATURE (DEG.K)

CHEMICAL ENERGY(J/GM)

SURFACE FLAMESPREAD DELAY (MSEC)

EROSIVE PRE-EXPONENT(CM**2-DEG.K/N)

EROSIVE EXPONENT(-)

FRACTION OF ENERGY RELEASED AT SURFACE(-)

GAS-PHASE ARRHENIUS PRE-EXPONENT
((GM/CC)**(1-N)/SEC)

GAS-PHASE ARRHENIUS EXPONENT(J/GM-MOL)

GAS-PHASE REACTION ORDER(-)

RATIO OF SPFECIFIC HEATS OF FINAL PRODUCTS(-)

MOLECULAR WEIGHT OF FINAL PRODUCTS (GM/GM-MOL)

MAX. PRESSURE BURN RATE ADDITIVE CONSTANT

(MPA) (CM/SEC)
.52 0.00000
690.00 0.00000

GRAIN GEOMETRY

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

EXTERNAL DIAMETER(CM)

LENGTH(OM)

DIAMETER OF PERFORATIONS(CM)

NOMBER OF PERFORATIONS(-)

SLOT WIDTH(CM)

MAX. PERF. STRESS OR OVERPRESSURE (MPA)

NXSTR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE)

2
0
0

300.0
2489.

0.0000
0.
0.000
0.000

0
.000
.00000
.000

QOO CO

PRE-EXPONENT EXPONENT
(CM/SEC-MPA**BN) =)

2.50800 .46200
2.00700 .13300

.300
0.000
0.000

0.000
0.000
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PROPERTIES OF BAG NUMBER

MAIN (HARGE PROPELLANT TYPE 1
CENTERCORE IGNITER PROPELLANT TYPE 2
Y REAR BASEPAD REACTIVITY DATA 1
5 FORWARD BASEPAD REACTIVITY DATA 0
REAR OF CENTERCORE PERMITS SOLID EFFLUX
) (1=YES, 0=NO) 0
i FRONT OF CENTERCORE PERMITS SOLID EFFLUX
(1=YES, 0=NO) 0
! STRONG BAG OPTION (1=YES, 0=NO) 0
K CASE IS RIGIDIZED (1=YES, 0=NO) 0
: PROGRESSIVE FRACTURE OPTION(0=NO; 1,2=YES) 0
K FINAL MAIN (HARGE PROPELLANT TYPE 0
INCREMENT IS IGNITER(0=NO; 1=YES) 0 .
MASS OF MAIN CHARGE (KG) 11.8600
5 INITIAL POROSITY OF MAIN CHARGE(-) 0.0000
MASS OF CENTERCORE C(HARGE (KG) .1134
‘ INITIAL POROSITY OF CENTERCORE CHARGE(-) 0.0000
} INCREMENT STANDOFF (M) 0.0000
STRENGTH OF BOND TO NEXT INCREMENT(N) 0.

FRACTURE STRENGTH OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OPTION(MPA) 0.0
PERFORATION RELAXATION TIME (MSEC) 0.0

CONFIGURATION OF REAR OF BAG

: AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO.PTS DATA

- POS(CM) POS(CM) (CM) DATA DATA PRE-ASSIGNED (0=D,1=N)

J 2.540 1.270 0.000 1 1 0 0

' 2.540 3.400 0.000 1 0 0 0
2.540 17.620 0.000 0 0 0 0

X\

CONFIGURATION OF FRONT OF BAG

AXTAL RADIAL THICENESS FLOW RES. REACTIVITY NO.PTS
POS((M) POS(H) () DATA DATA PRE-ASSIGNED  (0=D,1=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 THICKNESS FLOW RES. REACTIVITY NO.PTS DATA

POS(OM) POS(OM) (M) 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 FLOW RES. REACTIVITY NO.PTS DATA
POS(QM) POS(QM) (o) DATA DATA PRE-ASSIGNED (0=D,1=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

CONFIGURATION OF BREECH

AXIAL POSITION(OM) RADIAL POSITION(CM)
0.000 0.000 :
0.000 7.060 )
-3.450 8.480

CONFIGURATION OF PROJECTILE BASE

AXIAL POSITION(QM) RADIAL POSITION(CM) h
87.380 0.000 -
87.380 7.140 ’
96.420 7.850

CONFIGURATION OF INSIDE BOUNDARY

AXIAL POSITION(CM) RADIAL POSITION(CHM)
0.000 0.000
87.380 0.000

CONFIGURATION OF OUTSIDE BOUNDARY

[

AXIAL POSITION(CM) RADIAL POSTITION(CM) K
~3.450 8.480 .
92.460 8.050 ,
96.420 7.850 .

PROPERTIES OF PROJECTILE

PROJECTILE MASS(EG) 46.720

NUMBER OF ENTRIES IN BORE RESISTANCE TABLE 7

RESISTANCE LAY NUMBER 1

N.B., IF <1 OR >3, VALUE WILL DEFAULT TO 2 INTERNALLY 3

NUMBER OF FILLER FLEMENTS 0 .

WALL HEAT LOSS OPTION (0=IGNORE, 1=PLATE,
2=TUBE, 3=SHELTON) 0 '

WALL TEMPERATURE UPDATE OPTION (0=IGNORE, -
1=CUBIC, 2= CUBIC PLUS INV. EMB.) 0




BORE RES ISTANCE DATA

PROJTECTILE 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

BAG SEGMENT ME(HANICAL PROPERTIES

TYPE(-) 1 2 3 4
RUPTURE IF BED IGNITED (0=N, 1=Y) 1 0 0 0
‘ INITIAL FRICTION 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
THICENESS(CM) 0.000 0.000 0.000 0.000
STRUCTURAL THICKNESS((M) 0.000 0.000 0.000 0.000
DENSITY OF STRUCTURAL PART
‘ (GM/CC) 0.000 0.000 0.000 0.000
LONGITUDINAL TENSILE MODULUS
(MPA) 0.000 0.000 0.000 0.000
LONGITUDINAL COMPRESSIVE
MODULUS(MPA) 0.000 0.000 0.000 0.000
POISSON RATIO(-) 0.000 0.000 0.000 0.000
MAX. LONGITUDINAL STRESS(MPA) 0.000 0.000 0.000 0.000
OOEFFICIENT OF FRICTION(-) 0.000 0.000 0.000 0.000

DATA TO DESCRIBE REACTIVITY OF BAG SUBSTRATE 1

ENERGY RELEASED DURING DECOMPOS ITION(J/GM) 2489,

DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.7990
RATIO OF SPECIFIC HEATS(-) 1.2430
MOLECULAR WEIGHT(GM/GMOL) 23.3600

BAG SUBSTRATE DISCHARGE CHARACTERISTICS

TIME (MSEC) RATE OF DISCHARGE(GM/CM*#2-SEC)
0.000 2.620
.100 26 .200
30.000 26.200
182
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LOCATION OF POINTS FOR PRESSURE SUMMARY TABLE

AXIAL LOCATION(CM) WALL(0) OR AXIS(1)
.010 0
87.370 0

183
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APPENDIX C

INPUT DATA FOR NONINAL SIMULATION OF M203E2 CHARGE
(SINGLE- INCREMENT REPRESENTATION)
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CONTROL PARAMETERS

NPRINT (0=NO PRINT, 1=PRINT)

NSUMRY (0=NO SUMMARY TABLES, 1=YES)

NPLOT (0=NO ISOMETRIC CARPET PLOTS, 1=PLOT)

NVHL (O=HIDDEN LINES DELEIED, 1=RETAINED)

NPLCON (0=NO CONTOUR PLOTS, 1=PLOT)

NPLFLO (0=NO FLOW PLOTS, 1=PLOT)

NPLFLM (0=NO FLAMESPREAD PLOT, 1=PLOT)

NDSKW (0=NO DISC SAVE, 1=DISC SAVE)

NDSKR (0=NO DISC START, >0=DISC START AT STEP
NDSKR)

COOOOON

(=]

ISOMETRICALLY PLOTIED QUANTITIES (1=YES, 0=NO)

MESH 0 POROSITY 0 GRANULAR STRESS 0 .
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY 0 .
SOLID AXIAL VELOCITY O GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY 0 .

GAS TEMPERATURE 0 PARTICLE SURFACE TEMPERATURE 0
PYROLYSIS PRODUCT MASS FRACTION 0

CONTOUR PLOTTED QUANTITIES (1=YES, 0=NO)

MESH 0 POROS ITY 0 GRANULAR STRESS 0 .
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY 0 ;
SOLID AXTAL VELOCITY O GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY 0

GAS TEMPERATURE 0 PARTICLE SURFACE TEMPERATURE 0

PYROLYSIS PRODUCT MASS FRACTION 0 ‘
SCALE FACTOR FOR PLOTTING(-) .40 |
LENGTH OF Z-AXIS IN CALCOMP PLOTS(IN) 12.00

LENGTH OF R-AXIS(IN) 4.00

LENGTH OF ORDINATE AXIS(IN) 5.00 K

LOGOUT PARAMETERS
PARAMETERS PRIOR TO Q-2-D TRANSFORMATION
NUMBER OF STEPS BEFORE LOGOUT 2000 \
N.B. A NEGATIVE ENTRY FOR THE ABOVE DATUM IMPLIES g
THAT VARIABLE LOGOUT SCHEDULING IS INTENDED. .
TIME INCREMENT BEFORE LOGOUT (MSEC) .5000

PARAMETERS AFTER Q-2-D TRANSFORMATION

NUMBER OF STEPS BEFORE LOGOUT 2000 p
TIME INCREMENT BEFORE LOGOUT(MSEC) 1.0000




SUMMARY TABLE PARAMETERS

NUMBER OF PRESSURE SUMNARY STATIONS
TIME INCREMENT FOR PRESSURE SUMMARY STORAGE
(MSEC)

DEBUG PRINT RBQUIRED (0=NO, 1=YES)
EXTENDED PRINT RBQUIRED (0=NO, 1=YES)

TERMINATION PARAMETERS

MAXIMUM NUMBER OF STEPS BEFORE TERMINATION
MAXIMOM INTEGRATION TIME(NSEC)
MAXIMOM PROJECTILE TRAVEL (QOM)

(HARGE REPRESENTATION PARAMETERS

NUMBER OF PROPELLANTS IN CHARGE

NUMBER OF BAGS IN CHARGE

MESH ALLOCATION MODE (O0=STATIC, 1=DYNAMNIC)

MAXIMUM NUMBER OF STORAGE POINTS FGR DYNAMIC

MESH ALLOCATION

NIMBER OF MESH POINTS IN AXIAL DIRECTION

NUMBER OF MESH POINTS IN RADIAL DIRECTION

NUMBER OF ITERATIONS TO DETERMINE INITIAL
MESH

BQUIPOTENTIAL (0) OR LAGRANGIAN (1) MESH

QUASI-TWO-DIMENS IGONAL FLAMES PREADING
(@m' 1=YBS)
NEW(0) GR OLD (1) INTERPHASE DRAG AND HEAT
TRANSFER FOR GRANULAR PROPELLANT
BED IGNITION RUPTURES CASE (0=NO, 1=YES)
(GLOBAL OPTION)
SAFETY FACTR FR C-F-L (RITERION
MAXIMUN FRACTIONAL DISPLACEMENT FOR CON-
VERGENCE OF INITIAL MESH DISTRIBUTION
OVER-RELAXATION FACTOR FOR DETERMINATION OF
INITIAL MESH DISTRIBUTION
PRESSURE TOLERANCE FACTOR FOR REDUCTION 10
QUAS I-TWO-DIMENS IGNAL REPRESENTATION(-)
AXIAL SPATIAL RESOLUTION FACTOR(-)
RADIAL SPATIAL RESOLUTION FACTOR(-)
SOURCE STABILITY FACTOR (-)
MAX, FRACT. OF TUBE FOR CENTERCORE IN Q2D(-)

2500
25.0000
520.7

1
0

1.1000
.100E-04

1.600
.010
.100
.100

0.000
0.000
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AMBIENT CONDITIONS

INITIAL TEMPERATURE(DEG.K)

INITIAL PRESSURE (MPA)

INITIAL RATIO OF SPECIFIC HEATS(-)
INITIAL MOLECULAR WE IGHT (GM/GM-MNOL)

PROPERTIES OF PROPELLANT TYPE 1
SOLID PHASE OONSTITUTIVE DATA

SETILING POROSITY OF GRANULAR BED(-)
SPEED OF COMPRESSION WAVE (M/SEC)
SPEED OF EXPANSION WAVE(MN/SEC)
DENSITY OF SOLID PHASE(GM/CC)
THERMAL OCONDUCTIVITY(J/CM-SEC-DEG.K)
THERMAL DIFFUS IVITY (Qi*¢2/SEC)
LONGITUDINAL WAVE SPEED(M/SEC)
(STICK PROPELLANT ONLY)
POISSON RATIO(-)
(STICK PROPELLANT ONLY)

GAS PHASE OONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-)
MOLECULAR WEIGHT (GM/GMN-MOL)
OOVOLUME (CC/GM)

294 .4
.1014
1.40000
29.00000

CBI

0.00000
442.0
1270.0
1.6500
.160000E-02
.600000E-03
0.0

0.000

1.23400
24.200
1.097

SOLID PHASE OOMBUSTION CHARACTERISTICS

NUMBER OF BURN RATE DATA
EROSIVE EFFECT CONSIDERED (0=NO, 1=YES)
FINITE RATE CHENISTRY (0=NO, 1=YES)
IGNITION TEMPERATURE(DEG.K)
CHEMICAL ENERGY(J/GN)
SURFACE FLAMESPREAD DELAY(MSEC)
EROSIVE PRE-EXPONENT(OM**2-DEG.K/N)
EROSIVE EXPONENT(-)
FRACTION OF ENERGY RELEASED AT SURFACE(-)
GAS-PHASE ARRHENIUS PRE-EXPONENT
((GM/CC) **(1-N)/SEC)
GAS-PHASE ARRHENIUS EXPONENT(J/GM-MOL)
GAS-PHASE REACTION ORDER(-)
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-)
MOLECULAR WEIGHT OF FINAL PRODUCTS(GM/GMN-MNOL)

189

e O T o A A D ST

-----

OPR AN P U P AN



MAX. PRESSURE BURN RATE ADDITIVE CONSTANT
(MPA) (ON/SEC)

690.00 0.00000

GRAIN GEOMETRY

FORM (0=CYLINDER, 1=SPHERE, 2=SOLID STICK,
3=PERFORATED OR SLOTIED STI(X)

EXTERNAL DIAMETER(CNM)

LENGTH(OX)

DIAMETER OF PERFORATIONS(CM)

NUMBER OF PERFORATIONS(-)

SLOT WIDTH(CN)

MAX. PERF. STRESS OR OVERPRESSURE (NPA)

NISTR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE)

PROFERTIES OF PROPELLANT TYPE 2
SOLID PHASE CONSTITUTIVE DATA

SETILING POROSITY OF GRANULAR BED(-)
SPEED OF COMPRESSION WAVE (M/SEC)
SPEED OF EXPANSION WAVE(M/SEC)
DENSITY OF SOLID PHASE(GM/CC)
THERMAL CONDUCTIVITY(J/CM-SEC-DEG.K)
THERMAL DIFFUS IVITY (Q{**2/SEC)
LONGITUDINAL WAVE SPEED(M/SEC)

(STICK PROPELLANT ONLY)
POISSON RATIO(-)

(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA
RATIO OF SPECIFIC HEATS(-)

MOLECULAR WE IGHT (GM/GM-MOL)
COVOLUME (CC/GM)

PRE-EXPONENT
(QM/SEC-NPA**BN)

.40000 1.00000

MAIN (HARGE

0.00000
152.4
1270.0
1.6500
.160100E-02
.645200E-03
1270.0

.500

1.26000
22.200
1.084




SOLID PHASE COMBUSTION CHARACTERISTICS

NUMBER OF BURN RATE DATA

EROSIVE EFFECT OONSIDERED (0=NO, 1=YES)

FINITE RATE CHENISTRY (0=NO, 1=YES)

IGNITION TEMPERATURE(DEG.K)

CHEMICAL ENERGY(J/GN)

SURFACE FLAMESPREAD DELAY (MSEC)

EROSIVE PRE-EXPONENT (OM**2-DEG.K/N)

EROSIVE EXPONENT(-)

FRACTION OF ENERGY RELEASED AT SURFACE(-)

GAS-PHASE ARRHENIUS PRE-EXPONENT
((GM/CC)**(1-N)/SEC)

GAS-PHASE ARRHENIUS EXPONENT(J/GM-MOL)

GAS-PHASE REACTION ORDER(-)

RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-)

MOLECULAR WEIGHT OF FINAL PRODUCTS(GM/GM-MOL)

MAX. PRESSURE BURN RATE ADDITIVE OONSTANT

1

0

0

445.0

3794.

0.0000

0.

0.000

0.000

0.

0.0
0.000
0.00000
0.000

PRE-EXPONENT EXPONENT

(MPA) (CM/SEC) (OM/SEC-MPA**BN) (-)
690.00 0.00000 .23672 .70000
GRAIN GEOMETRY
FORM (O=CYLINDER, 1=SPHERE, 2=SOLID STICK, 3
3=PERFORATED OR SLOTIED STICK)
EXTERNAL DIAMETER(CM) .640
LENGTH(ONM) 73.660
DIAMETER OF PERFORATIONS(CM) .234
NUMBER OF PERFORATIONS(-) 1.
SLOT WIDTH(CM) .025
MAX. PERF. 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 MATERIAL
SOLID PHASE CONSTITUTIVE DATA
SETILING POROSITY OF GRANULAR BED(-) 0.00000
SPEED OF COMPRESS ION WAVE (M/SEC) 152 .4
SFEED OF EXPANSION WAVE(M/SEC) 1270.0
DENSITY OF SOLID PHASE(GN/CC) 1.0000

THERMAL OONDUCTIVITY(J/CM-SEC-DEG.K)
THERMAL DIFFUSIVITY (QM*®2/SEC)

.160100E-02
.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(-) 1.27500
MOLECULAR WE IGHT (GM/GM-MOL) 21.400
COVOLUME (CC/6NM) 1.180
SOLID PHASE COMBUSTION CHARACTERISTICS
NUMBER 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) 300.0
CHEMICAL ENERGY(J/GN) 2350.
SURFACE FLAMESPREAD DELAY(MSEC) 0.0000
EROSIVE PRE-EXPONENT (QM**2-DEG.K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF ENERGY RELEASED AT SURFACR(-) 0.000
GAS-PHASE ARRHENIUS PRE-EXPONENT
((GM/CC)**(1-N)/SEC) 0.
GAS-PHASE ARRHENIUS 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-MOL) 0.000
MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONENT EXPONENT
(MPA) (OM/SEC) (QM/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)
EXTERNAL DIAMETER(CM) 0.000
LENGTH( () 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
' NXSTR (IF 0, ABOVE VALUE IS HOOP STRESS.
Y IF 1, VALUE IS OVERPRESSURE) 0
PROPERTIES OF PROPELLANT TYPE 4 CASE MATERIAL
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 r
DENSITY OF SOLID PHASE(GM/CC) 1.0000
THERMAL CONDUCTIVITY(J/CM-SEC-DEG.K) .160100E-02
THERMAL DIFFUS IVITY (O4**2/SEC) .645200E-03
LONG ITUDINAL 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
COVOLUME (CC/GM) .920 :
SOLID PHASE COMBUSTIGN CHARACTERISTICS ‘
NUMBER OF BURN RATE DATA 1
EROSIVE EFFECT CONSIDERED (0=NO, 1=YES) 0
FINITE RATE CHEMISTRY (0=NO, 1=YES) 0 |
IGNITION TEMPERATURE (DEG.K) 300.0 ,
CHEMICAL ENERGY (J/GM) 1880.
SURFACE FLAMESPREAD DELAY (MSEC) 0.0000
EROSIVE PRE-EXPONENT ((OM**2-DEG.K/N) 0.
FROSIVE EXPONENT(-) 0.000
FRACTION OF ENERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARREENIUS PRE-EXPONENT
((GM/CC)*#(1-N)/SEC) 0. i
GAS-PHASE ARRHENIUS EXPONENT(J/GM-MOL) 0.0 J
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) (OM/SEC) ( OM/ SEC-MPA$*BN) (-) '

690.00 0.00000 .04000 1.28700 )

GRAIN GEOMETRY '

FORM (0=CYLINDER, 1=SPHFRE, 2=SOLID STICK, 0
3=PERFORATED OR SLOTIED STICK)
; EXTERNAL DIAMETER (CM) 0.000
, LENGTH( M) 0.000
DIAMETER OF PERFORATIONS(CM) 0.000
NOMBER OF PERFORATIONS(-) 0. .
SLOT WIDTH(CM) 0.000
MAX. PFRF. STRESS OR OVERPRESSURE (MPA) 0.000
NXSTR (IF 0, ABOVE VALUE IS HOOP STRESS.
IF 1, VALUE IS OVERPRESSURE) 0
|

PROPERTIES OF BAG NUMBER 1

MAIN QHARGE PROPELLANT TYPE 2 :
CENTERCORE IGNITER PROPELLANT TYPE 0 2
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 n
(1=YES, 0=NO) 0 ’
STRONG BAG OPTION (1=YES, 0=NO) 0
CASE IS RIGIDIZED (1=YES, 0=NO) 1
PROGRESSIVE FRACTURE OPTION(0=NO; 1,2=YES) 0 K
FINAL MAIN (HARGE PROPELLANT TYPE 0 .
INCREMENT IS IGNITER(0=NO; 1=YES) 0 .
MASS OF MAIN CHARGE (KG) 12.7000 ’
INITIAL POROSITY OF MAIN (HARGE(-) 0.0000 =
MASS OF CENTERCORE C(HARGE (KG) 0.0000 -
INITIAL POROSITY OF CENTERCORE (HARGE(-) 0.0000 -
INCREMENT STANDOFF (OM) 2.5400 "
STRENGTH OF BOND TO NEXT INCREMENT(N) 0. .

FRACTURE STRENGTH OF STICK PROPELLANT IN ) X
PROGRESSIVE FRACTURE OPTION(MPA) 0
PERFORATION RELAXATION TIME(MSEC) 0
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AXIAL
POS (CN)
2.240
2.240
2.240

AXIAL
POS( M)
76.210
76.210
76.210

AXIAL
POS(CM)
2.240

76.210

AXIAL
POS(CM)
2.240
76.210
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CONFIGURATION OF REAR OF BAG

RADIAL THICKNESS FLOW RES, REACTIVITY NO.PTS DATA
POS (CN) (cN) DATA DATA PRE-ASSIGNED  (0=D,1=N)
0.000 .940 6 224 0 0
2.540 .940 6 224 0 0
7.940 .940 0 0 0 0
CONFIGURATION OF FRONT OF BAG
RADIAL THICENESS FLOW RES. REACTIVITY NO.PIS DATA
POS(QM) (ol) DATA DATA PRE-ASSIGNED  (0=D,1=N)
0.000 .320 4 330 0 0
2.540 .320 4 330 0 0
7.940 320 0 0 0 0
CONFIGURATION OF INSIDE OF BAG
RADIAL THICKNESS FLOW RES, REACTIVITY NO.PTS DATA
POS(CM)  (CM) DATA DATA PRE-ASSIGNED  (0=D,1=N)
0.000 0.000 0 0 0 0
0.000 0.000 0 0 0 0
CONFIGURATION OF OQUTSIDE OF BAG
RADIAL THICENESS FLOW RES, REACTIVITY NO.PTS DATA
POS(CH)  (CM) DATA DATA PRE-ASSIGNED  (0=D, 1=N)
7.940 .320 5 330 0 0
7.940 .320 0 0 0 0
CONFIGURATION OF BREECH
AXIAL POSITION(QN) RADIAL POSITION((M)
0.000 0.000
0.000 7.060
-3.450 8.480
CONFIGURATION OF PROJECTILE BASE
AXIAL POSITION(CM) RADIAL POSITION(CM)
87.380 0.000
87.380 7.140
96.420 7.850
195
TR LIPS L e L L P A L T A e R R A Ne e



CONFIGURATION OF INSIDE BOUNDARY

AXIAL POSITION(OM) RADIAL POSTITION(OM)
0.000 0.000
87.380 0.000

OONFIGURATION OF OUTS IDE BOUNDARY

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

PROPERTIES OF PROJECTILE
PROJECTILE MASS(XG) 46.720

NUMBER OF ENTRIES IN BORE RESISTANCE TABLE
RESISTANCE LAW NUMBER
N.B, IF <1 OR >3, VALUE WILL DEFAULT TO 2 INTERNALLY
NOMBER OF FILLER ELEMENTS
WALL HEAT LOSS OPTION (0=IGNORE, 1=FLATE,

2=TUBE, 3=SHELTON)
WALL TEMPERATURE UPDATE OPTION (0=IGNORE,

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

BORE RESISTANCE DATA
PROJECTILE 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
RUPTURE IF BED IGNITED 0 0 0 0 ()} 0
(0=N, 1=Y) -
INITIAL FRICTION 101.000 10.000 101.000 101.000 101.000 10.000
FACTOR(-) :
MAX. PRESSURE DIFF. .860 .860 .860 .860 .860 .860
(MPA) ,
RUPTURE INTERVAL 0.000 0.000 0.000 0.000 0.000 0.000 :
(MSEC)
THICENESS (CM) .320 .320 .320 .320 .320 .940 :
STRUCIURAL THICENESS .320 .320 .320 .320 .320 .320 :
(CM) :
DENSITY OF STRUCIURAL PART .
(GM/CC) 1.000 1.000 1.000 1.000 1.000 1.000 2
LONG ITUDINAL TENSILE MODULUS
(MPA) 1000.000 1000.000 1000.000 1000.000 1000.000 1000.000 ;

LONG ITUDINAL. OOMPRESS IVE

o o

MODULUS(MPA) 1000.000 1000.000 1000.000 1000.000 1000.000 1000.000
POISSON RATIO(-) .500 .500 .500 .500 . 500 .500
MAX. LONGITUDINAL STRESS
(MPA) 20.680 20.680 20.680 20.680 20.680 20.680
COEFFICIENT OF X
FRICTION(-) .500 .500 .500 .500 .500 .500

DATA TO DESCRIBE REACTIVITY OF BAG SUBSTRAIE 1

ENERGY RELEASED DURING DECOMPOSITION(J/GM) 1352.
DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.7990
RATIO OF SPECIFIC HEATS(-) 1.2190

MOLECUL AR WEIGHT(GM/GMOL) 34.8600

BAG SUBSTRATE DISCHARGE (HARATTERISTICS

TIME (MSEC) RATE OF DISCHARGE(GM/CM**2-SEC)
0.000 1.000
.100 98.000
10.000 98.000

DATA TO DESCRIBE REACTIVITY OF BAG SUBSTRATE 2

ENERGY RELEASED DURING DECOMPOS IT ION(J/GM) 2350.

DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.0000

RATIO OF SPECIFIC HEATS(-) 1.2750

MOLECULAR WEIGHT(GM/GMOL) 23.0000
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BAG SUBSTRATE DISCHARGE (HARACTERISTICS

TIME (NSEC) RATE OF DISCHARGE (GM/CM*%2-SEC)
0.000 1.000
1.000 5.000
5.000 5.000

DATA TO DESCRIBE REACTIVITY OF BAG SUBSTRATE 3

ENERGY RELEASED DURING DECOMPOS ITION(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 (HARACTERISTICS

TIME (MSEC) RATE OF DISCHARGE(GM/CM**2-SEC)
0.000 1.000
1.000 5.000
5.000 5.000

DATA TO DESCRIBE REACTIVITY OF BAG SUBSTRATE 4

ENERGY RELEASED DURING DECOMPOS ITION(J/GM) 4372.

DENSITY OF DECOMPOS ING SOLID-PHASE(GM/CC) 1.6500
RATIO OF SPECIFIC HEATS(-) 1.2340
MOLECULAR WEIGHT(GM/GMOL) 24.2000

BAG SUBSTRATE DISCHARGE CHARACTERISTICS

TIME (MSEC) RATE OF DIS CHARGE (GM/(M*#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(0) OR AXIS(1)
.010 0
87.370 0
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APPENDIX D

INFUT DATA FOR NONINAL SIMULATION OF M203E2 CHARGE
(TVO- INCREMENT REPRESENTATION)

T

he e n o g

ACAL IR ML RS R S,



-y

. \
RO P S WL L g

AWl .
R0 O T O AN 2

CONTROL PARAMETERS

NPRINT (0=NO FRINT, 1=PRINT)

NSUMRY (0=NO SUMMARY TABLES, 1=YES)

NPLOT (0=NO ISOMETRIC CARFET PLOTS, 1=PLOT)

NVHL (O=HIDDEN LINES DELETED, 1=RETAINED)

NPLOON (0=NO CONTOUR PLOTS, 1=PFLOT)

NPLFLO (0=NO FLOW PLOTS, 1=PLOT)

NPFLFLN (0=NO FLAMESPREAD PLOT, 1=PLOT)

NDSKW (0=NO DISC SAVE, 1=DISC SAVE)

NDSKR (0=NO DISC START, >0=DISC START AT STEP
NDSKR)

O MOOMNK

o

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

MESH 0 POROSITY 0O GRANULAR STRESS 0
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY O
SOLID AXIAL VELOCITY O GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY 0
GAS TEMPERATURE 0 PARTIQLE SURFACE TEMPERATURE 0

PYROLYSIS PRODUCT MASS FRACTION 0

CONTOUR PLOTIED QUANTITIES (1=YES, 0=NO)

MESH 0 POROSITY O GRANULAR STRESS 0
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY 0
SOLID AXIAL VELOCITY O GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY O
GAS TENPERATURE 0 PARTICLE SURFACE TENPERATURE 0

PYROLYSIS PRODUCT MASS FRACTION 0

SCALE FACTGR FOR PLOTTING(-) .40

LENGTH OF Z-AXIS IN CALCOMP FLOTS(IN) 12.00

LENGTH OF R-AXIS(IN) 4.00

LENGTH OF ORDINATE AXIS(IN) 5.00

LOGQUT PARAMETERS
PARAMETERS FRIOR TO Q-2-D TRANSFORNATION
NUMBER OF STEPS BEFORE LOGQT 2000
N.B. A NEGATIVE EINTRY FOR THE ABOVE DATUM INPLIES
THAT VARIABLE LOGOUT SCHEDULING 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 PARAMETERS

NUMBER OF PRESSURE SUMMARY STATIONS
TIME INCREMENT FOR PRESSURE SUMMARY STORAGE
(MSEC)

DEBUG PRINT REQUIRED (0=NO, 1=YES)
EXTENDED PRINT REQUIRED (0=NO, 1=YES)

TERMINATION PARAMETERS

MAXIMUM NUMBER OF STEPS BEFORE TERMINATION
MAXIMUM INTEGRATION TIME(MSEC)
MAXIMUM PROJECTILE TRAVEL (CM)

CHARGE REPRESENTATION PARAMETERS

NIMBER OF PROPELLANTS IN C(HARGE

NUMBER OF BAGS IN (HARGE

MESH ALLOCATION MODE (0=STATIC, 1=DYNAMIC)

MAXIMUM NUMBER OF STORAGE POINTS FOR DYNAMIC

MESH ALLOCAT ION

NUMBER OF MESH POINTS IN AXTAL DIRECTION

NOMBER OF MESH POINTS IN RADIAL DIRECTION

NUMBER OF ITERATIONS TO DETERMINE INITIAL
MESH

EQUIPOTENTIAL (0) OR LAGRANGIAN (1) MESH

QUASI-TWO-DIMENSIONAL FLAMES PREADING
(0=NO, 1=YES)
NEW(0) OR QLD (1) INTERPHASE DRAG AND HEAT
TRANSFER FOR GRANULAR PROPELLANT
BED IGNITION RUPTURES CASE (0=NO, 1=YES)
(GLOBAL OPTION)
SAFETY FACTOR FOR C-F-L CRITERION
MAXIMUM FRACTIONAL DISPLACEMENT FOR CON-
VERGENCE OF INITIAL MESH DISTRIBUTION
OVER-RELAXATION FACTCR FOR DETERMINATION OF
INITIAL MESH DISTRIBUTION
PRESSURE TOLERANCE FACTOR FOR REDUCTION TO
QUAS I-TWO-DIMENSIONAL REPRESENTATION(-)
AXIAL SPATIAL RESOLUTION FACTOR(-)
RADIAL SPATIAL RESOLUTION FACTOR(-)
SOURCE STABILITY FACTOR (-)
MAX. FRACT. OF TUBE FOR CENTERCORE IN Q2D(-)

202

.200

2500
25.0000
520.7

1
0
1.1000
+.100E-04
1.600 -
.050
.100
.100

0.000
0.000
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AMBIENT CONDITIONS

INITIAL TEMPERATURE (DEG.K) 294 .4

INITIAL PRESSURE(MPA) .1014

INITIAL RATIO OF SPECIFIC HEATS(-) 1.40000

INITIAL MOLECULAR WEIGHT(GM/GM-MOL) 29.00000
PROPERTIES OF PROPELLANT TYPE 1 @1

SOLID PHASE CONSTITUTIVE DATA

. - SETILING POROSITY OF GRANULAR 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 CONDUCTIVITY(J/CM-SEC-DEG.K) .160000E-02
THERMAL DIFFUSIVITY(CM**2/SEC) .600000E-03
LONG ITUDINAL 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
MOLECQULAR WEIGHT(GM/GM-MOL) 24.200
COVOLU ME (CC/GM) 1.097

SOLID PHASE COMBUSTION C(HARACTERISTICS

NUMBER OF BURN RATE DATA 1
» EROS IVE EFFECT CONSIDERED (0=NO, 1=YES) 0
) FINITE RATE CHEMISTRY (0=NO, 1=YES) ()
. 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.
. EROS IVE EXPONENT (-) 0.000
N FRACTION OF ENERGY RELEASED AT SURFACE(-) 0.000

GAS-PHASE ARRHENIUS PRE-EXPONENT

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

690 .00 0.00000
GRAIN GEOMETRY

FORM (0=CYLINDER, 1=SPHERE, 2=SOLID STICK,
3=PERFORATED OR SLOTIED STI(K)

EXTERNAL DIAMETER (CM)

LENSTH(OM)

DIAMETER OF PERFORATIONS(CM)

NIMBER OF PERFORATIONS(-)

SLOT WIDTH(CM)

MAX. PERF. STRESS (R OVERPRESSURE (MPA)

NISTR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE)

PROPERTIES OF PROPELLANT TYPE 2
SOLID PHASE OONSTITUTIVE DATA

SETILING POROSITY OF GRANULAR BED(-)
SPEED OF COMPRESSION WAVE (M/SEC)
SPEED OF EXPANSION WAVE(M/SEC)
DENSITY OF SOLID PHASE(GM/CC)
THERMAL CONDUCTIVITY(J/CM-SEC-DEG.K)
THERMAL DIFFUSIVITY (Qi**2/SEC)
LONG ITUDINAL WAVE SPEED(M/SEC)
(STICK PROPELLANT ONLY)
POISSON RATIO(-)
(STICK PROPELLANT ONLY)

GAS PHASE OQONSTITUTIVE DATA
RATIO OF SPECIFIC HEATS(-)

MOLECULAR WE IGHT(GM/GM-MNOL)
COVOLUME (CC/GN)

PRE-EXPONENT EXPONENT
(CN/SEC-MPA**BN) -)

.40000 1.00000

071

.013
0.000
0.
0.000
0.000

M31

0.00000
152.4
1270.0
1.6500
.160100E-02
.645200E-03
1270.0

.500

1.26000
22.200
1.0“
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SOLID PHASE COMBUSTION CHARACTERISTICS

NIJMBER OF BURN RATE DATA 1
EROSIVE EFFECT CONSIDERED (0=NO, 1=YES) 0
FINITE RATE CHENISTRY (0=NO, 1=YES) 0
IGNITION TEMPERATURE(DEG.K) 445.0
CHEMICAL ENERGY(J/GN) 37%4.
SURFACE FLAMESPREAD DELAY(MSEC) 0.0000
EROSIVE PRE-EXPONENT (Qi*¢2-DEG.K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTIN OF ENERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE MRRHENIUS FPRE-EXPONENT
((GM/CC)**(1-N)/SEC) 0.
GAS-PHASE ARRHENIUS EXPONENT(J/GMN-NOL) 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 EXPONENT
(MPA) (OM/ SEC) (Ot/ SEC-NPA**BN) (-)
690.00 0.00000 .23672 .70000

GRAIN GEOMETRY

FORN (0=CYL INDER, 1=SPHERE, 2=SOLID STICK, 3
3=PERFORATED OR SLOTIED STI(X)
EXTERNAL DIAMETER (CM) .640
LENGTH(ON) 73.660
DIAMETER OF PERFORATIONS(CM) 234
NUMBER OF PERFORATIONS(-) 1.
SLOT VIDTH(CN) .025
MAX. PERF. STRESS (R OVERPRESSURE (MPA) -1000.000
NXSTR (IF O, ABOVE VALUE IS HOOP STRESS.
IF 1, VALUE IS OVERPRESSURE) 0
PROPERTIES OF PROPELLANT TYPE 3 72% NC CASE

SOLID PHASE CONSTITUTIVE DATA

SETILING 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) 1.0000
THERMAL CONDUCTIVITY(J/CM-SEC-DEG.K) .160100E-02
THERMAL DIFFUSIVITY (Qi**2/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 OONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-)
MALECULAR VEIGHT (GM/GM-MOL)
COVOLUME (CC/GM)

NIMBER OF BURN RATE DATA

EROSIVE EFFECT CONSIDERED (0=NO, 1=YES)

FINITE RATE CHEMISTRY (0=NO, 1=YES)

’ IGNITION TEMPERATURE(DEG.K)

" CHEMI CAL ENERGY(J/GM)

SURFACE FLAMESPREAD DELAY(MSEC)

EROSIVE PRE-EXPONENT ( (M**2-DEG.K/N)

EROSIVE EXPONENT(-)

FRACTION OF ENERGY RELEASED AT SURFACE(-~)

GAS-PHASE ARRHENIUS PRE-EXPONENT
((GM/CC)**(1-N)/SEC)

GAS-PHASE ARRHENIUS EXPONENT(J/GM-MOL)

GAS-PHASE REACTION ORDER(-)

RATIO OF SPECIFIC HEATS OF FINAL PRODUCIS(-)

MOLECULAR WEIGHT OF FINAL PRODUCTS(GM/GM-MOL)

L g

MAX. PRESSURE BURN RATE ADDITIVE CONSTANT
(MPA) (OM/SEC)

690.00 0.00000

GRAIN GEOMETRY

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

EXTERNAL DIAMETER (CM)

LENGTH(OM)

DIAMETER OF PERFORATIONS(CM)

NUMBER OF PERFORATIONS(-)

! SLOT WIDTH(CM)

MAX. PERF. STRESS (R OVERPRESSURE (MPA)

NXSTR (IF O, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE)

. YT s T

SOLID PHASE COMBUSTION CHARACTERISTICS

1.27500
21.400
1.180

1
0
0

300.0
2350.

0.0000
0.
0.000
0.000

0000
00

COoOCOO

0
000
0
0

PRE-EXPONENT EXPONENT
(OM/SEC-MPA**BN) (-)

.04000 1.28700

0.000
0.000
0.000
0.

0.000
0.000
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PROPERTIES OF PROPELLANT TYPE 4

SOLID PHASE OONSTITUTIVE DATA

52% NC CASE

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 SGLID PHASE(GMN/CC) 1.0000
THERMAL OONDUCTIVITY(J/CM-SEC-DEG.K) .160100E-02
THERMAL DIFFUS IVITY (O{**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
COVOLUME (CC/GM) .920

SOLID PHASE OOMBUSTION CHARACTERISTICS
NIMBER 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) 300.0
CHEMICAL ENERGY(J/GM) 1880.
SURFACE FLAMESPREAD DELAY(MSEC) 0.0000
EROSIVE PRE-EXPONENT (Qi**2-DEG.K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF ENERGY RELEASED AT SURFACE(-) 0.000
GAS-PHASE ARRHENIUS PRE-EXPONENT

((GM/CC)**(1-N)/SEC) 0.
GAS-PHASE ARRHENIUS 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-MOL) 0.000

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

690.00 0.00000 .04000 1.28700
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GRAIN GEOMEIRY

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

EXTERNAL DIAMETER(CM)

LENGTH( QM)

DIAMETER OF PERFORATIONS(CM)

NIMBER OF PERFORATIONS(-)

SLOT WIDTH(CN)

MAX. PERF. STRESS (R OVERPRESSURE (MPA)

NXSTR (IF C, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE)

PROPERTIES OF BAG NUMBER 1

MAIN CGHARGE PROPELLANT TYPE

CENTERCORE IGNITER PROPELLANT TYPE

REAR BASEPAD REACTIVITY DATA

FORWARD BASEPAD REACTIVITY DATA

REAR OF CENTERCOORE PERMITS SOLID EFFLUX
(1=YES, 0=NO)

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

STRONG BAG OPTION (1=YES, 0=NO)

CASE IS RIGIDIZED (1=YES, 0=NO)

PROGRESSIVE FRACTURE OPTION(0=NO; 1,2=YES)

FINAL MAIN CHARGE PROPELLANT TYPE

INCREMENT IS IGNITER(0=NO; 1=YES)

HASS OF MAIN (HARGE (KG)

INITIAL POROSITY OF MAIN (HARGE(-)

NASS OF CENTERCORE (HARGE (KG)

INITIAL POROSITY OF CENTERCORE CHARGE(-)

INCREMENT STANDOFF (Q{)

STRENGTH OF BOND TO NEXT INCREMENT(N)

FRACTURE STRENGTH OF STICK PROPELLANT IN
PROGRESS IVE FRACTURE OPTION(MPA)
PERFORATION RELAXATION TIME(MSEC)

0.000
0.000
0.000
0.

0.000
0.000

(-] QOO+

HOOMRKOO

.0283

0.0000

0.0000

0.0000

2.5400
1000000.
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AXIAL
POS(CM)
0.000
0.000
0.000

AXIAL
POS(ON)
2.860
2.860
2.860

AXIAL
POS (CN)
0.000
2.860

AXIAL
POS(CM)
0.000
2.860

CONFIGURATION OF REAR OF BAG

RADIAL THICKNESS FLOW RES. REACTIVITY NO,PTS

POS(CN) (cn) DATA DATA PRE-ASS IGNED
0.000 .320 0 0 0
2.540 .320 1 220 0
7.940 .320 0 0 0

CONFIGURATION OF FRONT OF BAG

RADIAL THICENESS FLOW RES. REACTIVITY NO.PTS

POS(OH) (a0 DATA DATA PRE-ASS IGNED
0.000 0.000 0 0 0
2.540 0.000 0 0 0
7.940 0.000 0 0 0

CONFIGURATION OF INSIDE OF BAG

RADIAL THICENESS FLOW RES. REACTIVITY NO.PTS

POS(CNM) (C) DATA DATA PRE-ASS IGNED
0.000 0.000 0 0 0
0.000 0.000 0 0 0

CONFIGURATION OF QUISIDE OF BAG

RADIAL THICENESS FLOW RES. REACTIVITY NO.PTS

POS (CM) (CN) DATA DATA PRE-ASS IGNED
7.940 .320 3 220 0
7.940 .320 0 0 0

DATA
(0=D, 1=N)

DATA
(0=D,1=N)
0
0
0

DATA
(0=D, 1=N)

DATA
(0=D, 1=N)
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B PROPERTIES OF BAG NUMBER 2

MAIN CHARGE PROPELLANT TYPE 2
CENTERCORE IGNITFR PROPELLANT TYPE 0
; REAR BASEPAD REACTIVITY DATA ()
FOBRWARD BASEPAD REACTIVITY DATA 0
REAR OF CENTERCORE PERMITS SOLID EFFLUX
(1=YES, 0=NO) 0
FRONT OF CENTERCORE PERMITS SQLID EFFLUX
(1=YES, 0=NO) 0
STRONG BAG OPTION (1=YES, 0=NO) o
5 CASE IS RIGIDIZED (1=YES, 0=NO) 1
P PROGRESSIVE FRACTURE OPTION(0=NO; 1,2=YES) 0
N FINAL MAIN CHABGE PROPELLANT TYPE 0
. INCREMENT IS IGNITER(0=NO; 1=YES) ()
MASS OF MAIN CHARGE (EG) 12.7000 )
¢ INITIAL POROSITY OF MAIN (HARGE(-) 0.0000
% MASS OF CENTERCORE (HARGE (KG) 0.0000
INITIAL POROSITY OF CENTERCORE CHARGE(-) 0.0000
2 INCREMENT STANDOFF ( (M) 0.0000
“ STRENGTH OF BOND TO NEXT INCREMENT(N) 0.
. FRACTURE STRENGTH OF STICK PROPELLANT IN
4 PROGRESSIVE FRACIURE OPTION(MPA) 0.0
3 PERFORATION RELAXATION TIME (MSEC) 0.000
CONFIGURATION OF REAR OF BAG
i AXIAL  RADIAL THICENESS FLOW RES. REACTIVITY NO.PTS DATA
g POS(CM) POS(CM)  (CM) DATA DATA PRE-ASSIGNED  (0=D,1=N)
2.860 0.000 .320 2 221 ()} 0
‘ 2.860 2.540 .320 2 220 0 ()}
y 2.860 7.940 .320 0 0 0 0
4
4
\ CONFIGURATION OF FRONT OF BAG
: AXIAL  RADIAL THICENESS FLOW RES. REACTIVITY NO,PTS DATA
- POS(CM) POS(CM)  (OM) DATA DATA PRE-ASSIGNED  (0=D,1=N)
N 76.210  0.000 .320 4 330 0 0
y 76.210 2.540 .320 4 330 0 o
76.210 7.940 .320 () 0 0 ()}
CONFIGURATION OF INSIDE OF BAG
:" AXIAL  RADIAL THICENESS 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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CONFIGURATION OF QUTSIDE OF BAG

AXIAL RADIAL THICENESS FLOW RES. REACTIVITY NO,PTS DATA

POS(CN) POS(CM) (CH) 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

CONFIGURATION OF BREECH

AXIAL POSITION(CM) RADIAL POSITION((M)
0.000 0.000
0.000 7.060
-3.450 8.480

CONFIGURATION OF PRAWECTILE BASE

AXIAL POSITION(OM) RADIAL POSITION(CM)
87.380 0.000
87.380 7.140
96.420 7.850

CONFIGURATION OF INSIDE BOUNDARY

AXIAL POSITION(OM) RADIAL POSITION(CM)
0.000 0.000
87.380 0.000

CONFIGURATION OF OUTS IDE BOUNDARY

AXIAL POSITION(CM) RADIAL POSITION(CM)
-3.450 8.480
92 .460 8.050
96.420 7.850

PROPERTIES OF PRQFECTILE

PROJTECTILE MASS(KG) 43.170
NUMBER OF ENTRIES IN BORE RESISTANCE TABLE 7
RESISTANCE LAV NUMBER 1
N.B. IF <1 OR >3, VALUE VWILL DEFAULT TO 2 INTERNALLY
NUMBER OF FILLER ELEMENTS 0
WALL HEAT LOSS OPTION (0=IGNORE, 1=PLATE,

2=TUBE, 3=SHELTON) 0
WALL TEMPERATURE UPDATE OPTION (0=IGNORE,

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

211
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BORE RESISTANCE DATA

PROJECTILE 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

BAG SEGMENT MECHANICAL PROPERTIES

TYPE(-) 1 2 3 4 5
RUPTURE IF BED IGNITED (0=N, 1=Y) 0 0 0 0 0
INITIAL FRICTION FACTOR(-) 101.000 10.000 101.000 101.000 101.000
MAX. PRESSURE DIFF. (MPA) .860 .860 .860 .860 .860
RUPTURE INTERVAL(MSEC) 1.000 1.000 1.000 1.000 1.000
THICKNESS(CM) .320 .320 .320 .320 .320
STRUCIURAL THICENESS(OM) .320 .320 .320 .320 .320
DENSITY OF STRUCTURAL PART

(GM/CC) 1.000 1.000 1.000 1.000 1.000

LONGITUDINAL TENSILE MODULUS .
(MPA) 1000.000 1000.000 1000.000 1000.000 1000.000 :

LONGITUDINAL OCOMPRESSIVE

NODULUS (MPA) 1000.000 1000.000 1000.000 1000.000 1000.000
POISSON RATIO(-) .500 .500 .500 500 .500
MAX. LONGITUDINAL STRESS(MPA) 20.680 20.680 20.680 20.680 20.680 .
COEFFICIENT OF FRICTION(-) .500 .500 .500 .500 500 |

DATA TO DESCRIBE REACTIVITY OF BAG SUBSTRATE 1

ENERGY RELEASED DURIN: DECOMPOS ITION(J/GM) 1352.

DENSITY OF DECOMPOSING SOL ID-PHASE(GM/CC) 1.7990
RATIO OF SPECIFIC HEATS(-) 1.2190
MOLECULAR WEIGHT(GM/GMOL) 34.8600

BAG SUBSTRATE DISCHARGE (HARACTERISTICS

2¥ ¥ 8 vy

TIME (MSEC) RATE OF DISCHARGE(GM/(M®*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 RELEASED DURING DECOMPOSITION(J/GM) 2350. -
DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.0000
RATIO OF SPECIFIC HEATS(-) 1.2750
MOLECULAR WEIGHT(GM/GMOL) 21.4000

SUB STRATE DISCHARGE (HARACTERISTICS MODELED AS IGNITION AND COMBUSTION OF
PROPELLANT TYPE 3

DATA TO DESCRIBE REACTIVITY OF BAG SUBSIRATE 3

. ENERGY RELEASED DURING DECOMPOS ITION(J/GM) 1880. -

. DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.0000 3
RATIO OF SPECIFIC HEATS(-) 1.2600
MOLECUL AR 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(1) L

.010 0
87.370 0
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CONTROL PARAMETERS

NPRINT (0=NO FRINT, 1=PRINT)

NSUMRY (0=NO SUMMARY TABLES, 1=YES)

NPLOT (0=NO ISOMETRIC CARFET PLOTS, 1=PLOT)

NVHL (O=HIDDEN LINES DELEIED, 1=RETAINED)

NPFLOON (0=NO OCONTOUR PLOTS, 1=PLOT)

NPLFLO (0=NO FLOW FLOTS, 1=FPLOT)

NPLFLN (0=NO FLAMESPREAD PLOT, 1=FLOT)

NDSKW (0=NO DISC SAVE, 1=DISC SAVE)

NDSKR (0=NO DISC START, >0=DISC START AT STEP
NDSKR)

O HOOM MM

(-]

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

MESH 0 POROSITY O GRANULAR STRESS 0
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY O
SOLID AXIAL VELOCITY O GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY 0
GAS TEMPERATURE 0 PARTICLE SURFACE TENPERATURE 0

PYROLYSIS FRODUCT MASS FRACTION O

CONTOUR PLOTIED QUANTITIES (1=YES, 0=NO)

MESH 0 POROSITY 0 GRANULAR STRESS 0
PRESSURE 1 DENSITY 0 GAS AXIAL VELOCITY O
SOLID AXIAL VELOCITY 0 GAS RADIAL VELOCITY 0 SOLID RADIAL VELOCITY 0
GAS TEMPERATURE 0 PARTICLE SURFACE TEMPERATURE 0

PYROLYSIS PRODUCT MASS FRACTION 0

SCALE FACT(R FOR PLOTTING(-) .40

LENGTH OF Z-AXIS IN CALOOMP PLOTS(IN) 12.00

LENGTH OF R-AXIS(IN) 4.00

LENGTH OF ORDINATE AXIS(IN) 5.00

LOGOUT PARAMETERS
PARAMETERS PRIOR TO Q-2-D TRANSFORMATION
NUMBER OF STEPS BEFORE LOGOUT 5000
N.B. A NEGATIVE INTRY FOR THE ABOVE DATUM IMPLIES
THAT VARIABLE LOGOUT SCHEDULING IS INTENDED.
TIME INCREMENT BEFORE LOGOUT(MSEC) .5000
PARAMETERS AFTER Q-2-D TRANSFORMATION

NUMBER OF STEPS BEFORE LOGOUT 5000
TIME INCREMENT BEFORE LOGOUT (MSEC) 1.0000

o g od
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SUMMARY TABLE PARAMETERS

A Al opohad @b Bl Bf Ak

NUMBER OF PRESSURE SUMMARY STATIONS 2
TIME INCREMENT FOR PRESSURE SUMMARY STORAGE (MSEC) .200
DEBUG PRINT RBQUIRED (0=NO, 1=YES) 0
EXTENDED PRINT REQUIRED (0=NO, 1=YES) 0

TERMINATION PARAMETERS
MAXIMGUM NUMBER OF STEPS BEFORE TERMINAT ION 2500
MAXIMUM INTEGRATION TIME (MSEC) 25.0000
MAXIMOM PRWWECTILE TRAVEL (M) 520.7

CHARGE REPRESENTATION PARAMETERS
NUMBER OF PROPELLANTS IN CHARGE 5
NUMBER OF BAGS IN (HARGE 4
MESH ALLOCATION MDE (0=STATIC, 1=DYNAMIC) 0
MAXIMUM NUMBER OF STORAGE POINTS FOR DINAMIC

MESE ALLOCATION 0

NUMBER OF MESH POINTS IN AXIAL DIRECTION 31
NUMBER OF MESH POINTS IN RADIAL DIRECTION 7
NUMBER OF ITERATIONS TO DETERMINE INITIAL MESH 200
BQUIPOTENTIAL (0) OR LAGRANGIAN (1) MESH 0
QUAS I-TWO-DIMENSIONAL FLAMES PREADING

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

(GLOBAL OPTION) 1
SAFETY FACTOR FOR C-F-L CRITERION 1.1000
MAXIMUM FRACTIONAL DISPLACEMENT FOR CON-

VERGENCE OF INITIAL MESH DISTRIBUTION .100E-04
OVER-RELAXATION FACTR FOR DETERMINATION OF
INITIAL MESH DISTRIBUTION 1.600
PRESSURE TOLERANCE FACT(R FOR REDUCTION TO

QUAS I-TWO-DIMENSIONAL REPRESENTATION(-) .050
AXTAL SPATIAL RESOLUTION FACTOR(-) .100
RADIAL SPATIAL RESOLUTION FACTOR(-) .100
SOURCE STABILITY FACTOR (-) 0.000
MAX. FRACT. OF TUBE FOR CENTERCOORE IN Q2D(-) 0.000



AMBIENT CONDITIONS

INITIAL TEMPERATURE (DEG.K)

INITIAL PRESSURE(MPA)

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

PROPERTIES OF PROPELLANT TYPE 1
SOLID PHASE CONSTITUTIVE DATA

SETILING POROSITY OF GRANULAR BED(-)
SPEED OF COMPRESSION WAVE(M/SEC)
SPEED OF EXPANSION WAVE (M/SEC)
DENSITY OF SOLID PHASE(GM/CC)
THERMAL CONDUCTIVITY(J/CM-SEC-DEG.K)
THERMAL DIFFUSIVITY(CM**2/SEC)
LONG ITUDINAL WAVE SPEED (M/SEC)
(STICK PROPELLANT ONLY)
POISSON RATIO(-)
(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA
RATIO OF SPECIFIC HEATS(-)

MOLECULAR WEIGHT(GM/GM-MOL)
COVOLUME (CC/GM)

SOLID PHASE COMBUSTION (HARACTERISTICS

NUMBER OF BURN RATE DATA
EROSIVE EFFECT CONSIDERED (0=NO, 1=YES)
FINITE RATE (HEMISTRY (0=NO, 1=YES)
IGNITION TEMPERATURE (DEG.K)
CHEMICAL ENERGY(J/GM)
SURFACE FLAMESPREAD DELAY (MSEC)
EROSIVE PRE-EXPONENT(CM**2-DEG.K/N)
EROSIVE EXPONENT(-)
FRACTION OF ENERGY RELEASED AT SURFACE(-)
GAS-PHASE ARRHINIUS PRE-EXPONENT

((GM/CC)** (1-N) /SEC)
GAS-PHASE ARRHENIUS EXPONENT(J/GM-MOL)
GAS-PHASE REACTION ORDER(-)
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-)
MOLECULAR WEIGHT OF FINAL PRODUCTS (GM/GM-MOL)
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294 .4

.1014
1.40000

29.00000

1.00000

1270.0
1270.0

1.6500
.160000E-02
.600000E-03

0.0

0.000

1.23400

24.200

1.097

1
0
0

300.0
4372.

0.0000
0.
0.000
0.000

0
0.0
0.000
0.00000
0.000
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MAX. PRESSURE BURN RATE ADDITIVE CONSTANT
(MPA) (CM/ SEC)
690.00 0.00000

GRAIN GEOMETRY

FGRM (0=CYLINDER, 1=SPHERE, 2=SQLID STICK,
3=PERFORATED OR SLOTTED STICK)

EXTERNAL DIAMETER (ON)

LENGTH(CH)

DIAMETER OF PERFORATIONS(OM)

NUMBER OF PERFORATIONS(-)

SLOT WIDTH(OM)

MAX. PERF. STRESS OR OVERPRESSURE(MPA)

NXSTR (IF 0, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE)

PROPERTIES OF FROPELLANT TYPE 2
SOLID PHASE CONSTITUTIVE DATA

SETILING POROSITY OF GRANULAR BED(-)
SPEED OF COMPRESSION WAVE(M/SEC)
SPEED OF EXPANSION WAVE (M/SEC)
DENSITY OF SOLID PHASE(GM/CC)
THERMAL CONDUCTIVITY(J/CM-SEC-DEG.K)
THERMAL DIFFUSIVITY(CM®**2/SEC)
L ONG ITUDINAL WAVE SPEED (M/SEC)
(STICK PROPELLANT ONLY)
POISSON RATIO(-)
(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA
RATIO OF SPECIFIC HEATS(-)

MOLEQULAR WEIGHT(GM/GM-MOL)
COVOLUME (CC/GM)

220

PRE-EXPONENT
(CM/SEC-MPA**BN) (-)

.40000 1.00000

.071

.013
0.000
0.
0.000
0.000

N31

0.00000
152 .4
1270.0
1.6500
.160100E-02
.645200E~-03
1270.0

.500

1.26000
22.200
1.084
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SOLID PHASE CDMBUSTION CHARACTERISTICS

NUMBER OF BURN RATE DATA 1
ERGSIVE EFFECT CONSIDERED (0=NO, 1=YES) 0
FINITE RATE C(HEMISTRY (0=NO, 1=YES) 0
IGNITION TENPERATURE (DEG.K) 445.0
CHENICAL INERGY(J/GM) 37%4.
SURFACE FLANESPREAD DELAY (MSEC) 0.0000
EROSIVE PRE-EXPONENT(CN**2-DEG.K/N) 0.
EROSIVE EXPONENT(-) 0.000
FRACTION OF ENERGY RELEASED AT SURFACE(-) 0.000

GAS-PHASE ARRHENIUS PRE-EXPONENT
((GN/CC)**(1-N) / SEC) 0
GAS-PHASE ARRHENIUS EXPONENT(J/GM-MOL) 0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SFECIFIC HEATS OF FINAL PRODUCTS(-) 0
MOLECULAR WEIGHT OF FINAL PRODUCTS (GM/GN-MOL) 0

MAX PRESSURE BURN RATE ADDITIVE CONSTANT PRE-RXPONINT
(MPA) (Cx/SEC) (CM/SEC-NPA**BN)
690.00 0.00000 23672

GRAIN GEOMETIRY

FORM (0=CYLINDER, 1=SPHERE, 2=SQLID STICK, 3
3=PERFORATED OR SLOTTED STICK)
EXTERNAL DIAMETER(OM) ' 399
LENGTH(CN) 22.45
DIAMETER OF PERFORATIONS(OM) 1852
NUMBER OF PERPORATIONS(-) 1.
S.0T VIDTH(ON) .028
MAX. PERF. STRESS (R OVERPRESSURE(MPA) -1000.000

NXSTR (IF O, ABOVE VALUE IS HOOP STRESS.
IF 1, VALUE IS OVERFRESSURE)

EXPONENT
-)

.70000
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PROPERTIES OF PROPELLANT TYPE 3 N31

SOLID PHASE CONSTITUTIVE DATA

SETILING 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) 1.6500
THERMAL CONDUCTIVITY(J/CM-SEC-DEG.K) .160100E-02
THERMAL DIFFUSIVITY(CM**2/SEC) .645200E-03
LONG ITUDINAL WAVE SPEED (MN/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) 22.200
COVOLU ME (CC/GN) 1.084

SOLID PHASE COMBUSTION CHARACTERISTICS

NUMBER OF BURN RATE DATA 1
EROSIVE EFFECT CONSIDERED (0=NO, 1=YES) 0
FINITE RATE CHEMISTRY (0=NO, 1=YES) 0
IGNITION TEMPERATURE (DEG.K) 445.0
CHEMICAL ENERGY(J/GM) 3794.
SURFACE FLAMESPREAD 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 FPRE-EXPONENT

((GM/CC)*#*(1-N)/SEC) 0.
GAS-PHASE ARRHENIUS 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-ML) 0.000

MAX. PRESSURE BURN RATE ADDITIVE CONSTANT
(MPA) (CM/SEC)

690.00 0.00000

222

PRE-EXPONENT EXPONENT
(CM/ SEC-NPA **BN) (-)

23672 .70000
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GRAIN GEOMETRY

FORM (0=CYLINDER, 1=SPHERE, 2=SQLID STICK,
3=PERFORATED OR SLOTTED STICK)

EXTERNAL DIAMETER (OM)

LENGTH(CN)

DIAMETER OF PERFORATIONS(QNM)

NUMBER OF PERFORATIONS(-)

SLOT WIDTH(ON)

MAX. PERF. STRESS OR GVERPRESSURE(NPA)

NXSTR (IF O, ABOVE VALUE IS HOOP STRESS.

IF 1, VALUE IS OVERPRESSURE)

PROPERT IES OF PROPELLANT TYPE 4
SOLID PHASE CONSTITUTIVE DATA

SETILING POROSITY OF GRANULAR BED(-)
SPEED OF COMPRESSION WAVE(M/SEC)
SPEED OF EXPANSION WAVE (M/SEC)
DENSITY OF SOLID PHASE(GM/CC)
THERMAL CONDUCTIVITY(J/CM-SEC-DEG.K)
THERMAL DIFFUSIVITY(CM**2/SEC)
LONG ITTUDINAL WAVE SPEED (M/SEC)
(STICK PROPELLANT ONLY)
POISSON RATIO(-)
(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA
RATIO OF SPECIFIC HEATS(-)

MOLECULAR WEIGHT(GM/GM-MOL)
COVOLUME (CC/GM)

498
16.358
175

1.
.025
~1000.000

0

M31

0.00000
152 .4
1270.0
1.6500
.160100E-02
.645200E-03
1270.0

.500

1.26000
22.200
1.084

SOLID PHASE OOMBUSTION CHARACTERISTICS

NUMBER OF BURN RATE DATA

EROSIVE EFFECT CONSIDERED (0=NO, 1=YES)

FINITE RATE CHEMISTRY (0=NO, 1=YES)

IGNITION TEMPERATURE (DEG.K)

CHEMICAL ENERGY(J/GM)

SURFACE FLAMESPREAD DELAY (MSEC)

EROSIVE PRE-EXPONENT(CM**2-DEG.K/N)

EROSIVE EXPONENT(-)

FRACTION OF ENERGY RELEASED AT SURFACE(-)

GAS-PHASE ARRHINIUS PRE-EXPONENT
((GM/CC)** (1-N) / SEC)

GAS-PHASE ARRHENIUS EXPONENT(J/GM-MOL)

GAS-PHASE REACTION ORDER(-)

RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-)

MOLECULAR WEIGHT OF FINAL PRODUCTS (GM/GM-MOL)

223
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MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONENT EXPONENT
(MPA) (CM/SEC) (CM/ SEC-MPA**BN) (-)

690.00 0.00000 .23672 .70000

GRAIN GEOMETRY

FORM (0=CYLINDER, 1=SPHERE, 2=SQLID STICK, 3
3=PERFORATED OR SLOTTED STICK)
EXTERNAL DIAMETER(OM) 498
LENGTH(CM) 16.358
DIAMETER OF PERFORATIONS( (M) 175
NUMBER OF PERFORATIONS(-) 1.
SLOT WIDTH(COM) .025
MAX. FPERF. STRESS OR OVERPRESSURE(MPA) ~-1000.000
NXSTR (IF O, ABOVE VALUE IS HOOP STRESS.
IF 1, VALUE IS OVERPRESSURE) 0

PROPERTIES OF PROPELLANT TYPE 5§ 72% NC CASE

SOLID PHASE CONSTITUTIVE DATA

SETILING POROSITY OF GRANULAR BED(-) 0.00000
SFEED OF COMPRESSION WAVE(N/SEC) 152 .4
SPEED OF EXPANSION WAVE (M/SEC) 1270.0
DENSITY OF SOLID PHASE(GM/CC) 1.0000
THERNAL CONDUCTIVITY(J/CM-SEC-DEG.K) .160000E-02
THERMAL DIFFUSIVITY(CM**2/SEC) +600000E~-03
LONG ITUDINAL WAVE SPEED (M/SEC) 0.0

(STICK PROPELLANT ONLY)
POISSON RATIO(-) 0.000

(STICK PROPELLANT ONLY)

GAS PHASE CONSTITUTIVE DATA

RATIO OF SPECIFIC HEATS(-) 1.27500

MOLECULAR WEIGHT(GM/GM-MOL) 21.400

COVOLU ME (CC/GN) 1.180
224



SOLID PHASE OOMBUSTION C(HARACTERISTICS

NUMBER OF BURN RATE DATA 1

EROS IVE EFFECT CONSIDERED (0=NO, 1=YES) 0
FINITE RATE (HEMISTRY (0=NO, 1=YES) 0
IGNITION TEMPERATURE (DEG.K) 300.0
CHEMICAL ENERGY(J/GM) 2350.
SURFACE FLAMESPREAD 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)** (1-N)/SEC) 0
GAS-PHASE ARRHENIUS EXPONENT(J/GM-MOL) 0.0
GAS-PHASE REACTION ORDER(-) 0.000
RATIO OF SPECIFIC HEATS OF FINAL PRODUCTS(-) 0.0
MOLECULAR WEIGHT OF FINAL PRODUCTS(GM/GM-MOL) 0

NXSTR (IF O, ABOVE VALUE IS HOOP STRESS.
IF 1, VALUE IS OVERPRESSURE)

---------

.................

MAX. PRESSURE BURN RATE ADDITIVE CONSTANT PRE-EXPONENT EXPONENT
(MPA) (CM/ SEC) (CM/ SEC-MPA**BN) -)
690.00 0.00000 .04000 1.28700

GRAIN GEOMETRY

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

EXTERNAL DIAMETER (M) 0.000

LENGTH(CM) 0.000

DIAMETER OF PERFORATIONS(CM) 0.000

NUMBER OF PERFORATIONS(-) 0.

SLOT WIDTH(OM) 0.000

MAX. PERF. STRESS OR OVERPRESSURE(MPA) 0.000
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]
PROPERTIES OF BAG NUMBER 1
MAIN CHARGE PROPELLANT TYPE 1 ‘
CENTERCORE IGNITER PROPELLANT TYPE 0 .
REAR BASEPAD REACTIVITY DATA 0 v
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 BAG OPTION (1=YES, 0=NO) 0 N
CASE IS RIGIDIZED (1=YES, 0=NO) 1 K
PROGRESSIVE FRACTURE OPTION (0=NOs 1,2=YES) 0 !
FINAL MAIN (HARGE PROPELLANT TYPE 0 X
INCREMENT IS IGNITER (0=NOs 1=YES) 1 . -
MASS OF MAIN (HARGE(KG) .0283 b
INITIAL POROSITY OF MAIN CHARGE(-) 0.0000 3
' MASS OF CENTERCORE (HARGE(EG) 0.0000 :
INITIAL POROSITY OF CENTERCORE CHARGE(-) 0.0000 8
INCREMENT STANDOFF (CM) 2.5400 :
STRENGTH OF BOND TO NEXT INCREMENT(N) 1000000 . '
FRACTIURE STRENGTH OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OPTION(MPA) 0.0 ')
PERFORATION RELAXATION TIME(MSEC) 0.000 )
H CONFIGURATION OF REAR OF BAG 3
AXIAL RADIAL THICENESS FLOW RES. REACTIVITY NO.PTS DATA N
POS(OM) POS(OM) (M) DATA DATA PRE-ASSIGNED  (0=D,1=N) P
0.000 0.000 .200 0 0 ) 0 )
‘ 0.000 2.540 .200 1 220 0 ]
0.000 7.300 .200 0 0 0 0 0
X
CONFIGURATION OF FRONT OF BAG ,-.
1 AXIAL RADIAL THICENESS 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 0 0 "
2.980 2.540 0.000 0 0 0 0 Y
2.980 7.300 0.000 0 0 0 0 %
-
CONFIGURATION OF INSIDE OF BAG o\
AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO.PTS DATA R
POS(OM) POS(OM) (M) DATA DATA PRE-ASSIGNED  (0=D,1=N) .
0.000 0.000 0.000 0 0 0 0 h
2.980 0.000 0.000 0 0 0 0
;
3
Ld
¢
226

. n( -\ *-\-\ AT PR A \\.-\ A TSI T T TR AN



e e Ve e s

P aVe ks &

N W el St

CONFIGURATION OF OUTSIDE OF BAG

AXIAL RADIAL THICENESS FLOW RES. REACTIVITY NO.PTS DATA
POS(Q() POS(OM) o) DATA DATA PRE-ASSIGNED (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 NUMBER 2

MAIN (IARGE PROPELLANT TYPE
CENTERCORE IGNITER PROPELLANT TYPE
REAR BASEPAD REACTIVITY DATA
FORWARD BASEPAD REACTIVITY DATA
REAR OF CENTERCORE PERMITS SOLID EFFLUX
(1=YES, 0=NO)
FRONT OF CENTERCORE PERMITS SOLID EFFLUX
(1=YES, 0=NO) 0
STRONG BAG OPTION (1=YES, 0=NO) 0
CASE IS RIGIDIZED (1=YES, 0=NO) 1
PROGRESSIVE FRACTURE OPTION (0=NO; 1,2=YES) 0
0
0

coonNn

o

FINAL MAIN CHARGE PROPELLANT TYPE
INCREMENT IS IGNITER (0=NO; 1=YES)

MASS OF MAIN CHARGE(KG) 2.7200
INITIAL POROSITY OF MAIN CHARGE(-) 0.0000
MASS OF CENTERCORE CHARGE (KG) 0.0000
INITIAL POROSITY OF CENTERCORE (HARGE(-) 0.0000
INCREMENT STANDOFF (M) 0.0000
STRENGTH OF BOND TO NEXT INCREMENT(N) 10.
FRACTURE STRENGTH OF STICK PROPELLANT IN

PROGRESS IVE FRACTURE OPTION(MPA) 0.0
PERFORATION RELAXATION TIME (MSEC) 0.000

CONFIGURATION OF REAR OF BAG

AXIAL RADIAL THICKNESS FLOW RES. REACTIVITY NO.PTS DATA
POS(CH) POS(CM) (CM) DATA DATA PRE-ASSIGNED  (0=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 THICENESS FLOW RES. REACTIVITY NO,PTS DATA
POS(QM) POS(OM) (o) 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 17.300 +200 0 0 0 0
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CONFIGURATION OF INSIDE OF BAG k

AXIAL  RADIAL THICENESS 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 X
¥

CONFIGURAT ION OF GUTSIDE OF BAG

AXIAL RADIALL. THICENESS FLOW RES. REACTIVITY NO.PTS DATA
POS(CM) POS(CM) (CH) DATA DATA PRE-ASSIGNED (0=D,1=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 CHARGE PROPELLANT TYPE 3
CENTEROORE IGNITER PROPELLANT TYPE 0
REAR BASEPAD REACTIVITY DATA 0
FORWARD BASEPAD REACTIVITY DATA 0 .
REAR OF CENTERCORE PERMITS SOLID EFFLUX 9
(1=YES, 0=NO) 0
FRONT OF CENTERCORE PERMITS SOLID EFFLUX
(1=YES, 0=NO) 0
STRONG BAG OPTION (1=YES, 0=NO) 0
CASE IS RIGIDIZED (1=YES, 0=NO) 1
PROGRESS IVE FRACTURE OPTION (0=NO, 1,2=YES) 0 ‘
0
0

)

FINAL MAIN (HARGE PROPELLANT TYPE
INCREMENT IS IGNITER (0=NOs; 1=YES)

MASS OF MAIN CHARGE(KG) 2.8600
INITIAL POROSITY OF MAIN CHARGE(-) 0.0000 q
MASS OF CENTERCORE (HARGE(KG) 0.0000

INITIAL POROSITY OF CENTERCORE CHARGE(-) 0.0000

INCREMENT STANDOFF (CM) 0.0000

STRENGTH OF BOND TO NEXT INCREMENT(N) 10.

FRACTURE STRENGTH OF STICK PROPELLANT IN -
PROGRESSIVE FRACTURE OPTION(MPA) 0.
PERFORATION RELAXATION TIME (MSEC) 0

gl Sl T

CONFIGURATION OF REAR OF BAG

-

AXIAL RADIAL THICENESS FLOW RES, REACTIVITY NO.PTS DATA '
POS(OM) POS(OM) (M) 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 »
r 3

N

~
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CONFIGURATION OF FRONT OF BAG

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

43.820 0.000 .200 4 220 0 0 Y
43.820 2.540 .200 4 220 0 0 ;
43.820 7.300 .200 0 0 0 0

CONFIGURATION OF INSIDE OF BAG

AXIAL RADIAIL, THICENESS FLOW RES. REACTIVITY NO.PTS DATA o
POS(OM) POS(M) () DATA DATA PRE-ASSIGNED  (0=D,1=N) -
26.670 0.000 0.000 0 0 6 0 N
‘ 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(QM) POS(ON) (o) DATA DATA PRE-ASSIGNED  (0=D,1=N)

26.670 7.300 .200 3 220 6 0 i
43.820 7.300 .200 0 0 0 0 Q

PROPERTIES OF BAG NUMBER 4

MAIN (HARGE PROPELLANT TYPE 4
CENTERCORE IGNITER PROPELLANT TYPE 0 y
REAR BASEPAD REACTIVITY DATA ()} N
FORWARD BASEPAD REACTIVITY DATA 0 .
REAR OF CENTERCORE PERMITS SOLID EFFLUX y
(1=YES, 0=NO) 0 N
FRONT OF CENTEROORE PERMITS SOLID EFFLUX i
(1=YES, 0=NO) 0 N
STRONG BAG OPTION (1=YES, 0=NO) ] :
CASE IS RIGIDIZED (1=YES, 0=NO) 1 .
PROGRESSIVE FRACTURE OPTION (0=NO; 1,2=YES) 0 N
FINAL MAIN CHARGE PROPELLANT TYPE 0 3
INCREMENT IS IGNITER (0=NO; 1=YES) 0
MASS OF MAIN CHARGE (KG) 2.8600
- INITIAL POROSITY OF MAIN (HARGE(-) 0.0000
MASS OF CENTERCORE (BARGE(EKG) 0.0000
INITIAL POROSITY OF CENTERCORE (HARGE(-) 0.0000
INCREMENT STANDOFF ( (M) 0.0000
STRENGTH OF BOND TO NEXT INCREMENT(N) 0.
FRACTURE STRENGTH OF STICK PROPELLANT IN
PROGRESSIVE FRACTURE OPTION(MPA) 0.0
PERFORATION RELAXATION TIME (MSEC) 0.000
~
b
<
“~
e
229 '\
".‘\'. '. . _-. T S T R N R ST I I _'.'_._.-. TR ,.. _ e _'-._- :‘ .-ty ‘,"-'.-\.-“.-.‘.,‘-'.f ........... e '

2 W



Fai ok A %]

4

e

DA /AR RN

S b4

|l O A

)’““—‘ .8

)

AXIAL
POS(CN)
43.820
43.820
43.820

AXIAL

POS( QM)
60.970
60.970
60.970

AXIAL
POS(CHN)
43.820
60.970

AXIAL
POS(CM)
43.820
60.970

GRS LY

CONFIGURATION OF REAR OF BAG

RADIAL THICEKNESS FLOW RES. REACTIVITY NO.PTS

POS(CM) (CM) DATA DATA PRE-ASS IGNED
0.000 .200 4 220 0
2.540 «200 4 220 0
7.300 .200 0 0 0

OONFIGURATION OF FRONT OF BAG

RADIAL THICENESS FLOW RES. REACTIVITY NO.PTS

POS(CM) () DATA DATA PRE-ASS IGNED
0.000 .200 4 220 0
2.540 .200 4 220 0
7.300 .200 0 0 0

CONFIGURATIGN OF INSIDE OF BAG

RADIAL THICENESS FLOW RES. REACTIVITY NO.PTS

POS(CM) (M) DATA DATA PRE-ASS IGNED
0.000 0.000 0 0 6
0.000 0.000 0 0 0

CONFIGURATION OF QUTSIDE OF BAG

RADIAL THICENESS FLOW RES. REACTIVITY NO.PTS

POS(CM) (CM) DATA DATA PRE-ASS IGNED
7.300 .200 3 220 6
7.300 .200 0 0 0

CONFIGURATION OF BREECH

AR AT NN

AXIAL POSITION(OM)
0.000
0.000
-3.450

RADIAL POSITION(OM)
0.000
7.060
8.480

CONFIGURATION OF PROJECTILE BASE

AXIAL POSITION((M)
87.380
87.380
96 .420

RADIAL POSTTION(CM)
0.000
7.140
7.850

230

DATA
(0=D, 1=N)
0
0
0

DATA
( 0=D, 1= N)

0
0
0

DATA
(0=D, 1=N)
0
0

DATA
(0=D, 1=N)
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CONFIGURATION OF INSIDE BOUNDARY

AXIAL POSITION(OM) RADIAL POSITION(CM)
0.000 0.000
87.380 0.000

OCONFIGURATION OF OUTS IDE BOUNDARY

AXIAL POSITION(CM) RADIAL POSITION(CM)
-3.450 8.480
92 .460 8.050
96.420 7.850

) PROPERTIES OF PROJECTILE

; PROJECTILE MASS(EG) 43.170

\ NUMBER OF ENTRIES IN BORE RESISTANCE TABLE 7

y RESISTANCE LAW NUMBER 1

{ N.B. IF <1 OR >3, VALUE WILL DEFAULT TO 2 INTERNALLY
NUMBER OF FILLER FLEMENTS 0

- WALL HEAT LOSS OPTION (0=IGNORE, 1=PLATE,

. 2=TUBE, 3=SHELTON) 0
WALL TEMPERATURE UPDATE OPTION (0=IGNORE,

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

BORE RESISTANCE DATA

: PROFECTILE TRAVEL((M) 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
RUPTURE IF BED IGNITED (0=N, 1=Y) 0 0 0 0
' INITIAL FRICTION FACTOR(-) 101.000 10.000 101.000 101.000
MAX. PRESSURE DIFF.(MPA) .860 .860 .860 .860
RUPTURE INTERVAL(MSEC) 1.000 1.000 1.000 1.000
THICENESS(OM) .200 .200 .200 +200
STRUCTURAL THICKNESS(CM) .200 .200 .200 200

” DENSITY OF STRUCTURAL PART
(GM/CC) 1.000 1.000 1.000 1.000

LONGITUDINAL TENSILE MODULUS
(MPA) 1000.000 1000.000 1000.000 1000.000
LONG ITUDINAL COMPRESSIVE
MODULUS(MPA) 1000.000 1000.000 1000.000 1000.000

POISSON RATIO(-) .500 .500 .500 .500
MAX. LONGITUDINAL STRESS(MPA) 20.680 20.680 20.680 20.680
COEFFICIENT OF FRICTION(-) .500 .500 .500 .500

DATA TO DESCRIBE REACTIVITY OF BAG SUBSTRATE 1

ENERGY RELEASED DURING DECOMPOS ITION(J/GM) 1352.

DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.7990
RATIO OF SPECIFIC HEATS(-) 1.2190
MOLECUL AR WEIGHT(GM/GMOL) 34.8600

BAG SUBSTRATE DISCHARGE CHARACTERISTICS

TIME (MSEC) RATE OF DISCHARGE(GM/CM**2-SEC)
0.000 1.000
.100 98.000
10.000 98.000

DATA TO DESCRIBE REACTIVITY OF BAG SUBSTRATE 2

ENERGY RELEASED DURING DECOMPOS IT ION(J/GM) 2350.

DENSITY OF DECOMPOSING SOLID-PHASE(GM/CC) 1.0000

RATIO OF SPECIFIC HEATS(-) 1.2750 )
MOLECULAR WEIGHT(GM/GMOL) 21.4000 D

SUBSTRATE DISCHARGE CHARACTERISTICS MODELED AS IGNITION AND COMBUSTIMN OF
PROPELLANT TYPE 5
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LOCATION OF POINTS FOR PRESSURE SUMMARY TABLE
AXIAL LOCATION(ON) WALL(0) GR AXIS(1)

.010 0
87.370 0
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A Cross—sectional area
Rate-of-strain tensor

e Intermal energy

8 Constant to reconcile units
I Unit temsor

Friction factor associated with normal flux of gas through
the container

Themal conductivity

Mass flux

Surface source term

Pressure

Heat flux vector

Radial coordinate

Time

Velocity vector with components ¥y = v, u; = u, ug = 0

Yol ume

Axial coordinate

Greek Symbdols

Characteristic derivative

Integration parameter for implicit algorithm

Derivative of lumped parsmeter ullage pressure with respect
to mass flux
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Nomeaclature coantinued

Aslh Perceat mass defeot i
Ax Time increment '
] Porosity

t Compstationsl coordinmate

] Computationsl coordinmate S
by Seocond coefficient of viscosity

[ First coefficient of viscosity

3 Computationsl coordinate '
P Density
[ Stress temsor '
% Solid~phase stress :
* Computatiosal time '
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