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. . . . ■ Summary 

The NOVA code is based on a quasi-one-dimensional model of the axial 
two-phase flow in a gun.  The present study examines the extent to which 
the neglect of the initial details of the charge configuration is appropri- 
ate for the simulation of bag charges.  Specifically, we appraise the prob- 
able influence of the bag material and of the circumferential ullage due to 
the fact that the bag does not fill the cross section of the tube. 

In order to assess the radial structure of the flow, we first study the 
cylindrical flow induced in a long axially uniform propelling charge subjec- 
ted to a uniform ignition stimulus at either the inside or the outside sur- 
face.  The problem parameters are loosely based on the 155mm Howitzer with 
M30A1 propellant.  The results show that a quasi-one-dimensional axial flow 
model may correctly assume all the flow variables to be uniform over the 
cross section of the tube except for the porosity.  Circumferential ullage 
is persistent.  Because it establishes a flow channel for the gas whose im- 
pedance is much less than that of the bed, the presence of circumferential 
ullage cannot be ignored. 

Secondly, we examine the extent to which the circumferential ullage 
may affect the ballistic processes in the 155mm Howitzer.  A baseline solu- 
tion is generated by means of the present level NOVA code for a charge con- 
sisting of 10.9 kgm of seven perforation, M30A1 propellant ignited by a 
CBI base pad.  The code is subsequently modified to recognize the presence 
of circumferential ullage.  A second solution is generated which accounts 
for mass transfer around the bag, bag rupture and mass exchange between the 
bag and the ullage. 

A comparison of the two solutions shows that the neglect of multi- 
dimensional features can result in a completely erroneous prediction of the 
manner of flamespreading.  As expected, the presence of the circumferential 
ullage serves to reduce considerably the amplitude of ignition related axial 
pressure waves.  However, the influence of a quasi-one-dimensional treatment 
of flamespreading is not found to be large in so far as the overall ballistic 
behaviour is concerned.  The predictions of breech pressure history and muzzle 
velocity are found to be quite close for the two calculations. 

Finally, we study the influence of an obstruction to the one-dimensional 
spreading of a convective flame in the same charge.  Such an obstruction 
could occur, in general, due to the failure of a center core igniter to func- 
tion properly since the flame would have to penetrate the cloth material 
separating zoned charge increments.  We take the forward portion of the 
charge, 17% by weight, to be insulated for a predetermined length of time. 
Three values of the ignition delay due to obstruction are considered, based 
on available data. 

Numerical solutions for these three cases, compared with the nominal or 
unobstructed case, reveal little influence of the flow obstruction on the 
ballistic behaviour.  Although the amplitude of the first reverse gradient 
Is increased as a consequence of the obstruction, damping quickly occurs and 
no significant increase in the subsequent pressure wave amplitudes is seen. 
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Accordingly, it is concluded that flow obstruction per se has an effect 
analogous to the inhibition of part of the charge and is not a probable 
direct cause of strong pressure waves. However, it is noted that strong 
compaction of the obstructed region can occur; therefore it is speculated 
that obstruction could lead to strong pressure waves if it produced frac- 
tures of the propellant grains. 
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Foreword 

Contract DAAK11-77-C-0028 consisted of several Tasks all of 
which related to a quasi-one-dimensional two-phase flow model of 
the interior ballistics of guns known as the NOVA code.  In ac- 
cordance with the contractual requirements, the findings of Tasks 
I, II, and III were documented in three interim reports.  The 
present report incorporates the contents of these interim reports 
and they should now be treated as obsolete. 

Technical cognizance for the subject contract has been pro- 
vided by Mr. C. W. Nelson, U.S. Army Ballistic Research Labora- 
tories, DRXDR-PR 
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1.0  INTRODUCTION  ,        .. f 

The study which we describe in the present report is based on a 
computer code for the digital simulation of the interior ballistics of 
guns.  The code, referred to herein as the NOVA code, incorporates an 
unsteady quasi-one-dimensional model of reacting two-phase flow.  Its 
development, from the initial formulation of the theory to the most re- 
cent code level, can be traced in references 1 through 5. 

The purpose of the present study is to assess the implications of 
certain assumptions which have been incorporated into the model.  As such, 
the present study is part of a more comprehensive program of validation 
and critical evaluation of the NOVA code.  The overall program has as 
its objective to determine which aspects of the code are most limiting 
in respect to its predictive capacity.  The importance of such an inves- 
tigation may be understood by reference to a recent paper by Horst et al^. 
The paper shows that the NOVA code is capable of matching the experimen- 
tally observed details of the pressure history in several guns using an 
uncompromized data base.  However, in certain other cases of equal prac- 
tical interest agreement may be obtained between theory and experiment 
only after manipulating the data base in an essentially ad hoc fashion. 

?. Gough,   P.S.  and Iwcuiti>,  F.J, 
"The.oKeJU.caI. Model (^oK IgyuZlon o{j Gun VnopelZant" 
Final ReponX.,   Vafvt  IT, Contract N00174-72-C-0223        VecembeA 1972 

2. Gough,   F.S. 
"Vandcmental Investigation Ofj the lnt.eAA.on. BallAJstLa6 
0^ Gun6" 
final RepofU,  Contract M00174-73-C-0501 1974 

3. Gough,   P.S. 
"The Tlow ol a CompH.e-i>6tble Gai> Thxaugh an kggnegate 
oi Mobile,  Reacting Vafvticlei," 
Ph.V The^l6 McGlU UnlveA^lty 1974 

4. Gough,   P.S. 
"ComputeA Modelling oi  Intehlofi Batta>tlc6" 
Tlnal Repent Contract m0174-75-C-0131 1975 

5. Gough,   P.S. 
"Numenlcal Analysis o{, a Tm-Pha^e TloM with 
Explicit InteAnal BoundanteJ," 
Final Repoht Contiact N00174-75-C-0259 1977 

6. HonAt,  A.;   UeJUon,  C.  and May,   I.       ' 
"Flame Spreading In GfianalaJi Pfiopellant Bed&- 

A Vlagnoitic CompafilAon 0|) Theony to ExpeAlment" 
Pn.oc.    AIAA/5AE    13th Joint Pnoput&lon Con^eAence 
Onlando,  Flonlda July    1977 
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Accordingly, the predictive capacity of the NOVA code may be described as 
very good in certain cases, principally Involving cased charges, and very 
poor in other cases, principally Involving bagged charges. 

In subsequent subsections of this introduction we provide a more de- 
tailed statement of the objectives of the present enquiry, some addi- 
tional background discussion concerning the NOVA code and, finally, a des- 
cription of the technical approach taken to satisfy the objectives. 

In chapter 2.0 we present a statement of the governing equations 
for the code, without derivation.  We comment briefly on the method of 
solution and we note those corrections and revisions which have been 
found necessary on the basis of computational experience with the ver- 
sion of the code described In reference 5.  Chapters 3.0, 4.0 and 5.0 
each present a discussion of a particular investigation of one aspect of 
the code.  Chapter 6.0 contains an overall discussion of these findings 
and leads to the conclusions and recommendations which are summarized in 
chapters 7.0 and 8.0 respectively. 

1.1  Objectives of Study 

In general we may state the overall objective of the present study 
as an attempt to assess the implications, in the context of a particular 
bag propelling charge, of certain assumptions inherent to the NOVA code. 
The particular area of interest here relates to the representation of the 
flow within the gun as quasi-one-dimensional and the absence of a repre- 
sentation of the influence of bag material. 

We may enumerate our specific objectives as follows, 
[l]  We assess the radial structure of the flow In a gun by examining the 
cylindrical flow induced in a propelling charge having axially uniform 
properties.  The scope of this study, described in chapter 3.0, is such 
as to provide information concerning: 

(a) The influence of the divergence term on flamespreading. 
(b) The effect of annular ullage on flamespreading due to a center 

core igniter and on the radial velocity acquired by the bed 
prior to impact against the tube. 

(c) The extent to which it is correct to assume uniformity of the 
flow properties over the cross section of the tube as is done 
in a quasi-one-dimenslonal model of axial flow. 

(d) The nature of the flamespreading induced by an external ignition 
stimulus. 

[2]  We assess the extent to which the quasi-one-dimenslonal approximation 
embedded in the NOVA code limits its predictive capacity in respect to a 
particular bag charge.  This is done by extending the model to recognize, 
in an approximate manner, that the propellant is initially contained 
within a bag, that the bag may serve as a flow impediment and that there 
exists, initially, a region of ullage between the cylindrical surfaces of 
the bag and the tube in addition to that in the breech and mouth of the 
chamber.  This study is presented in chapter 4.0. 

' w ..: 
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[3]  Finally, we assess the ballistic consequences of an obstruction to 

quasi-one-dimensional flamespreading.  Such an obstruction may be visua- 
lized as arising in a charge consisting of two or more zoned bags and for 
which the center core igniter fails to function.  The axially propagating 
convective deflagration wave will be impeded by the bag material as it 
attempts to pass from one zone increment to the other. 

1.2  Background Information 

In order to understand the choice of topics considered in the present 
study, we summarize briefly the content of the NOVA code and then comment 
on the limitations imposed by the scope of phenomenological modeling.  We 
also note some of the other topics which have either been evaluated or 
are in the process of being evaluated. 

The NOVA code is based on a quasi-one-dimensional formulation of the 
two-phase flow defined by the solid propellant and its products of com- 
bustion.  The balance equations which describe the evolution of the mac- 
roscopic averages of the state variables incorporate the exchanges of mass, 
momentum and energy that stem from combustion, heat transfer and inter- 
phase drag.  These latter processes are modeled by means of empirical cor- 
relations which relate the complex boundary layer phenomena to the bulk or 
average properties of the flow.  For example, the steady state combustion 
process is assumed to have the usual exponential dependence on pressure. 
In general, it is assumed that the steady state formulation is adequate; 
however, the code contains a theoretical extension from the steady state 
domain by means of the transient analysis of Zel'dovitch .  Similarly, 
the interphase drag is ordinarily represented by the steady state cor- 
relations of Ergun^ and of Anderssen^ although the code does contain a 
representation of the virtual mass effect-'- .  However, the interphase heat 

7. Simm2A{iieI.d,  M.; Ca.ve.ny,   L.H.; BcutX^Uta,  R.A.; 
Kubota,  M.; Go^tlnt^tv,   Vu,  A. and li>oda,  H. 

"Thzofiij 0^ Vynamlc ExtinguuJikrmnt  0(5 Solid VfiopdULantd 
Mlth Spzc-tal  RejjeAence to  Won Strndy Hzat  Feedfaacfe Law" 
J. Spaae-cAalt & RocikojU v.S,  N.3 7977 

S.       EfiQun,  5. 
"Fluid FloiA) Tknougk Facke.d Column^" 
Chm.  Eng.   Vnogfi. vol.48 pS9 ' 7952 

9. An(ieA44£n,   K.E.B. 
"?}te.i>i>aAZ Vfiop -in Idzal FluidZzatlon" 
Ckm.  Eng.  Sci. vol.15    pp276-297 ' 7967 

10. BcutcheZon.,  G.K. 
"An In-tA.oduc.tlon to Vluid Mzchanlci" 
Cambfildgz UnlvoA^lty ?fi2A& ' 7970 
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transfer is represented only in terms of the steady state correlations of 
Denton-'--'' and Gelperin and Einstein  . 

Granular stresses in excess of the ambient gas pressure are assumed 
to arise in the solid phase when sufficiently packed.  These are repre- 
sented according to steady state compactibility measurements.  The com- 
pactions are taken to be irreversible so that bed expansion does not 
occur as a consequence of elastic rebound. 

The action of the primer is represented by a predetermined rate of 
injection of energetic gas.  However, the flamespreading which is driven 
by the concomitant axial convection is deduced from the two-phase flow by 
reference to the interphase heat transfer, the surface temperature of the 
solid phase as deduced from the unsteady heat conduction equation and a 
criterion for ignition based on the surface temperature. 

Internal boundaries defined by discontinuities in porosity which 
occur at the interface between the mixture and a region of ullage or be- 
tween bags are represented explicitly within the code.  A shock may be 
recognized and represented in the forward region between the propellant 
and the projectile base.  The forward external boundary is characterized 
by the complex motion of an aggregate of filler and/or spacer materials. 
Both external boundaries may be gas permeable. 

Since the governing equations for the code comprise a system of non 
linear partial differential equations, the method of solution is based 
upon an explicit finite difference scheme supplemented by the method of 
characteristics at both the external and the internal boundaries. 

As part of the overall enquiry into the code we have assessed the 
influence of the method of solution. These results have been reported 
elsewhere  '   and will not be repeated here.  Some preliminary results 

j;.    Vtnton,  W.H. 
"GzmAat Vli>ctxi>i>lon on Hexit J>ioini>iQA" 
lyUst.  Mech Eng.  and Am.  So a.  Utah.   Eng. London 

?2.    GoJipiihJjn,  H.l.  and Ein6teyin,  V.G. 
"HQMX TftavUileA In Eluidlz^d Btd6" 
EluldlzaXXon,  Q,dJXQ.d by 1 .T.Vavi,d6on and V.  HanjvU>on 
AcadejnA,c P^eJ>6 

195] 
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13.    Gough,  P.S. 
"The. ln{^luzncz o^ an JmpticJX Rtph.zi>zntatA,on o{^  IntiiAnal 
BoundanleJ) on tkt Ealtvstla ?^&dlatlon^ o^ tke. NOUA Code." 
Vfioc.   14th Janna{, Combui,tlon MecXing 7977 

14.    Gough,  ?.S. 
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of an assessment of the importance of transient burning have also been 
reportedly.  Finally, the influence of grain fracture, a phenomenon not 
represented in the code, has been studied^^.  As expected, grain frac- 
tures were found to be very influential in respect to the formation of 
pressure waves. 

When we consider the limitations of the code we see that an obvious 
omission is the neglect of multi-dimensional flow.  Whereas the axial 
distribution of the propellant is sharply resolved, the details of the 
radial distribution are lost.  Moreover, the influence of a bag is com- 
pletely absent from the model.  No assessment may be made of its con- 
fining influence, its rupture or of its interference with flamespreading. 

The assumption that the flow is uniform on each cross section of the 
tube seems reasonable for many applications of interest including base 
ignited small arms propelling charges and case charges in which the 
primer is short and good radial confinement of the charge is provided. 
However, in the case of bag charges, the assumption of one-dimensional 
behaviour is hard to justify. 

The typical bag charge rests on the bottom of the chamber, is 
surrounded by ullage both circumferentially and axially and is ignited 
by a stimulus due to a center core charge of black powder contained in 
a nitrocellulose tube.  The circumferential or annular ullage may be 
extremely influential during the early stages of the interior ballistic 
cycle since gas may flow around the charge and the path of flamespread- 
ing is thereby modified.  In order to apply a one-dimensional model 
to a bag charge one has to suppose that fluidization occurs very early 
and that the radial ullage is quickly eliminated. 

Present understanding of the causes of pressure waves in guns is 
essentially based on the idea of inhomogeneity.  That is to say, the 
causes of ignition transients are associated with the localization of 
the propellant distribution, so that axial ullage is present, or to the 
localization of the ignition stimulus or to the interplay between these 
effects.  But the importance of these mechanisms is inherently associated 
with the low permeability of the granular bed since it is this attribute 
which prevents rapid equilibration of the pressure throughout the chamber. 
The presence of radial ullage will therefore be most influential since 
it provides a mechanism whereby axial pressure gradients can be mini- 
mized through mass transfer. 

75. MelAon,  C.W.,  Robbing,   F.W. and Gougk,   P.5. 
"FfLndlctzd E^e.c.ti oi T^Lam-ltnt BuA.yu.ng In Gun Fl(mii6pAeM.dlng" 

Vfiod.     14th 3(xnna{^ Combustion  MecXcng 1977 

76, Hofvkt,  A.W., Mat/, I.W. and Clwike,,   E.l^, 3fi. 
"The M-c64-tng Link  Be;&oeen P^£-64uAe WaveJ> and Bn.e.e.ahblou)i," 

?n.oc.     Uth Jannai Combustion  Mee^tng ?977 
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On the other hand, the inhibition of flamespreading by the bag material 
may contribute to inhomogeneity; it may well act to decrease the axial 
permeability of the charge. I^r .. 

We mention in this context the case of the Navy 76ram malfunction. 
Although bag material was not present in this charge, it was believed-'-' 
that the cause of the malfunction was the flow obstruction associated 
with the rupture of the bag of flash suppressant and the dispersal of 
the grains of salt within the forward part of the charge.  It was es- 
tablished that the deliberate introduction of the salt in the manner 
believed to have occurred during the malfunction produced greatly in- 
creased pressure wave phenomena by comparison with the nominal case. 

The presence of flow inhibition leads to two closely related effects. 
Since the gas cannot penetrate into the obstructed region, the isolated 
portion of the charge is subjected to high pressure over the interface 
with the external gas.  This will result in large granular stresses due 
to compaction of the isolated region and, if the loads are imbalanced 
as in the case of a one-dimensional flow, the isolated region may be 
strongly accelerated.  Accordingly, the grains in the isolated region may 
be propelled to a significant velocity prior to impacting against one of 
the external boundaries of the chamber.  The impact itself is associated 
with two processes which can introduce a strong reversed gradient.  The 
sudden stagnation of the isolated region as it impacts will produce a 
compression wave in the gas.  If the impact occurs at the forward end 
of the chamber, the amplitude of the compression wave may be sufficient 
to reverse the pressure gradient.  Secondly, if the stresses experienced 
by the solid phase are sufficiently high, fracture may occur resulting 
in a locally increased burning surface which will favor a reversed pres- 
sure gradient. 

In the present report we confine our attention to the influence of 
flow obstruction on the motion and compaction of the isolated region. 
The influence of grain fracture is not taken into account. 

17.  Olznlck,  P.J.  IK. 
"InveAtlgcition o^ th^ 76mm/62 CatlbeA MctAk 75 Gun 
Mount HcLt{^LLnct^on" 
NSWC/VL      TR-3144 OctobeA 1975 
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We conclude this discussion of background information by noting 

that several other two-phase models of interior ballistics have been 
advancedl8'"22^  With the exception of the works by Fisher at al, all of 
these other models have also been based on a one-dimensional formulation 
of the flow and have neglected the possible influence of bag material. 
The works of Fisher et al pay considerable attention to the presence of 
annular ullage and, in certain cases, to the influence of the bag mater- 
ial.  We comment further on the relationship between Fisher's work and 
the studies presented here when we describe our technical approach, in 
the next section. 

1.3  Approach and Findings 

The technical approach taken to investigate the radial structure of 
the flow is extremely straightforward, involving only minor modifications 
to the NOVA code.  We pose the problem as one of obtaining solutions to 
the governing equations for one-dimensional flow with cylindrical sym- 
metry.  Accordingly, the balance equations are dependent on time and the 
radial coordinate alone.  There appears in the continuity and energy 
equations a term reflecting the divergence of the cylindrical flow.  In 
fact, this term is formally equivalent to the existing area dependence 
term which is incorporated in the present code.  Thus it is possible to 
generate a cylindrical flow in the present level of the NOVA code by 
manipulation of the input alone.  However, some coding changes would still 
be required to treat properly the singularity which arises at the center- 

H.   Vli>h2A,   E.8.  and Gn.a.vzi,,   K.iU. 
"MathanatA.cal Modtl o^ Double. Boie FnopelZant 
Ignition and Combustion in the Slmm Ho^itaJt" 
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79.   FisheA,   E.B.  and Jnlppii,  A.P. 
"Vevolopmunt o^ a. Basti,  {^ofi Aactptance. of, ContinuoiuZy 

PKoduazd VnopzLtant" 
CALSPAM RepohX    1/^-5 763-1?-7     . " 79 73 

20. East,  3.1. and McCluAt,  V.R. 
"Projectile. Motion PK.edicte.d by a Solid/Gas  FloM 

InX-exloK BalUJitic UodeZ" 
Pfiod.     10th Jannal Combustion Meeting 7973 

21. KfvieA,  H.;  van Tassel,  W.F.;  Rajan, S.  and UeASkau),  J. 
"ModeZ 0^ Plxime SpA.eadtng and Combustion ThAough 
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Technical Repont AAE74-7,  UniveAJ>ity o{^ Illinois 
at Uh.bana - Champaign 1^14 

22. Kuo,   K.K.;  Koo,  J.H.;  Vavt&,  T.R.  and CoateA,  G.R. 
"Tfiansiznt Combustion in Mobile Gas-PeAme.able PA,opeIZants" 
ACTA    ASTROhlAUTICA    Vol.3    Ho.l-S,    pp574-591 7976 
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line.  This being the case, we simply added the cylindrical divergence 
term in the appropriate places. 

In order to assess the importance of the cylindrical divergence term 
we perform an analysis of a planar and a cylindrical two-phase flow hav- 
ing the same nominal characteristics.  We find that qualitatively the two 
flows are very similar.  As would be expected, however, the rate of flame- 
spreading in the cylindrical flow is less than in the planar flow, the 
ignition stimulus being located at the center of the charge. 

This baseline comparison is performed for a charge having interior 
ullage corresponding to the dimensions of a typical 155mm Howitzer center 
core igniter.  No external ullage is considered, the charge being in con- 
tact with the external boundary.  Subsequently, we consider the influence 
of having an external gap of 1.27 cm and 2.54 cm surrounding the charge. 
These figures bracket the observed values of radial ullage in a typical 
155mm Howitzer at the 12 o'clock position.  The influence of the bag is 
ignored.  Particular attention is given, in these calculations, to the 
radial pressure gradient as a function of time and to the radial expan- 
sion velocity of the bed.  Large grain velocities are not observed, the 
maximum being approximately 10 m/sec.  This value may be compared with 
the axial velocities of typically 250 m/sec which have been observed in 
Navy 5-lnch guns23. 

Because it is easy to envisage cases when the ignition stimulus will 
occur at the outside of the charge, we present two calculations involving 
a 2.54 cm external gap and no internal ullage with primer venting in the 
exterior.  This situation would represent the response of a charge in a 
gas permeable bag with no center core igniter and an ignition stimulus 
due to a base bad whose products of combustion flow around the bag. 

By analogy with the linear wave propagation problem, one might ex- 
pect a significant reflected wave due to the convergence of the convective 
flame on the centerline.  Such is not the case.  The solutions have even 
less radial structure in the pressure distributions than those determined 
on the basis of an internal ignition stimulus.  Naturally, the grain 
velocities are very small. 

Perhaps the most important finding of chapter 3.0 relates to the 
persistence of the annular ullage.  We find that all the flow variables 
become essentially uniform over the cross section with the exception of 
the porosity.  The importance of this point becomes clearer when we turn 
to chapter 4.0 in which the influence of annular ullage is assessed. 

In order to discuss the technical approach taken in chapter 4.0 we 
refer to figure 1.3.1 in which we depict schematically the actual con- 
figuration of a typical Army bag propelling charge together with one- 
dimensional and two-dimensional axisymmetric representations.  In actu- 
ality the charge rests on the bottom of the chamber, its distance 

23. CulbeJvt&on,  V.W. and V(i\)oi>t,   l/.F. 
"InMAim^yvtatlon TeahyilqueA and tkn Application o{^ SpzctxaZ 
Analy6li> and LaboKatofiy Simulation to Gan Shock P/ioblcm" 
Skock and Vlbfiatlon BuIZctin,    42,  paxX. 5,  pp47-59        JanuoAy    1972 
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from the mushroom being controlled by spacing pins.  The distribution is   -': 
therefore not axisjoranetrical and the flow possesses three-dimensional 
characteristics.  The base pad is ignited by a stimulus transmitted 
through the mushroom.  The products of combustion flow partially into 
the bag and partially around the charge as a consequence of the radial 
ullage.  The bag material may have a variable permeability since regions 
of the circumferential portion may be lined with lead.  Accordingly, the 
igniter gas may enter the bag in more than one location and flamespreading 
may be very complex. 

) ■ ' 

The quasi-one-dimensional analysis of this problem necessarily ne- 
glects the influence of radial ullage.  The charge is depicted as uni- 
formly distributed between its axial delimiters.  Or, possibly, the 
variation in porosity associated with the varying cross section is taken 
into account.  However, the topology of the flamespreading process is 
simplified considerably.  Ignition must occur in the breech and spread 
monotonically towards the mouth of the chamber. 

Finally we consider what we will call a quasi-two-dimensional repre- 
sentation of the propelling charge.  The charge is represented by an 
axisymmetric distribution.  However, the presence of the axial ullage is 
recognized so that the model may incorporate mass transfer around the charge. 

The quasi-one-dimensional representation reflects the present status 
of the NOVA code.  This version is used to generate a baseline solution 
for the 155mm Howitzer.  Then the magnitude of the error associated with 
the neglect of multidimensional flow is assessed by means of the quasi- 
two-dimensional model, the analysis of which may be summarized as follows. 

The chamber is divided into four regions.  The end regions corres- 
pond to ullage and are treated according to a lumped parameter formula- 
tion.  The two remaining regions are coaxial and consist of the two-phase 
core flow and the region of radial ullage which surrounds the bag.  Each 
of these is treated according to a quasi-one-dimensional continuum 
analysis. 

The behaviour of the bag is taken to correspond to that of a flexi- 
ble, impermeable membrane until such a time as the pressure within the 
bag exceeds that outside by 0.035 Mpa.  At that point, the bag is assumed 
to rupture and mass transfer between the bag and the ullage must be taken 
into account.  These considerations apply only to the radial boundary. 
The axial boundaries are treated as though the end closures were always 
permeable.  The assumptions on which the present calculation rests there- 
fore correspond to a charge wrapped in a permeable bag which has a lead 
foil liner around the circumference. 

The analysis is quasi-two-dimensional in the sense that an explicit 
representation is made of an internal radial boundary.  In essence the 

-in 
present approach is very close to that pioneered by Fisher-^^.  However, , 
we do not find it necessary to introduce the concept of "pseudoholes". 
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The radial mass transfer follows from the conditions of adiabatic flow. 
Moreover, we consider the compaction of the charge due to excess pres- 
sure outside the unruptured bag and, once the bag is ruptured, the 
motion of the radial boundary is deduced from the mass transfer relation- 
ship, ,    .,,.., 

The predictions of flamespreading differ considerably in the two 
calculations.  The quasi-two-dimensional calculation predicts ignition 
to occur first in the breech as does the one-dimensional calculation. 
But whereas the one-dimensional calculation predicts a monotonic spread- 
ing of the flame from the breech to the mouth of the chamber, the quasi- 
two-dimensional calculation predicts ignition at the front due to convec- 
tion around the charge and two flame fronts are seen, moving to the center 
of the charge.  The pressure gradient in the chamber is much alleviated 
by the presence of the annular ullage; however, the influence of the ul- 
lage on the breech pressure history is not found to be large. 

It is emphasized, however, that particular aspects of the foregoing 
are strongly influenced by the choice of the constitutive laws for the 
bag. Thus, had we taken the bag to be permeable and included the con- 
vective heating due to radial heat transfer, yet another flamespreading 
path would have been opened. The importance of the bag material as an 
element of the ignition system is therefore emphasized and we now turn 
to the discussion of the bag as an obstruction to flamespreading. 

In order to study this topic it is necessary to solve three problems, 
namely: establish a numerical procedure for the determination of the so- 
lution during the period in which the flow obstruction is present; estab- 
lish a likely range of values of the flamespreading delay associated with 
the obstruction; and finally, establish a procedure for the transforma- 
tion of the internal boundary condition from one of obstruction to one 
of unimpeded gas flow.  We discuss our approach to each of these problems 
successively.  Complete details are given in chapter 5.0. 

In order to establish a numerical procedure we decided to neglect 
changes in the state of the gas phase in the insulated region and to 
analyze the response of the propellant according to the lumped parameter 
formulation previously developed to simulate compactlble filler materials^. 
The neglect of changes in the gas phase in the insulated region during 
this period is expected to be an excellent assumption. 

No appreciable convection of the gas in the insulated region is 
expected since both phases are initially at rest, there is no combustion 
and the boundaries of the region are impermeable.  Accordingly, changes 
in the state of the gas phase will be due solely to the compaction of the 
solid propellant and will therefore be small. 

Concerning the range of ignition delays due to obstruction we pro- 
ceed as follows.  The study of Fisher and Graves-'-" provides some independ- 
ent data for the time required to burn through bag material in a mortar 
together with a relationship between the heat transfer rate and the pres- 
sure of the attacking jet.  These are used to extrapolate to our own 
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problem assuming similar material characteristics. A probable nominal 
delay of 1 msec is deduced in this manner.  Three values are selected   .-»■*-  ■- 
corresponding approximately to nominal, one half nominal and twice nom- #1' 
inal.  These values are slightly modified to reflect available solution ";;>-?; 
levels as previously saved on disc, coincidence with a physically inter-      '  ■ '. 
esting stage of the interior ballistic process and finally, to incorpor- "-:;»,* 
ate a delay for flamespreading through the insulated region following ^% 
rupture of the bag. 

By physically interesting stages of the interior ballistic process 
we mean the following.  It is found that the insulated region is blown 
forward, separating from the remainder of the propelling charge.  It ac- 
quires a significant velocity and eventually impacts against the base of 
the projectile becoming extremely compacted in the process.  Subsequently, 
the remainder of the charge catches up to the forward region and impacts 
against it.  The three values of ignition delay that we use are such as 
to allow bag rupture first as the forward region is being accelerated 
strongly, secondly just after impact against the projectile and thirdly, 
just after the two regions of propellant have again made contact. 

The third problem relates to the analysis of the flow directly fol- 
lowing rupture.  Physically, we would expect rupture to be a rather grad- 
ual process so that the boundary conditions would change from impermeable 
to fully permeable over some small but finite period.  The importance of 
such a finite period of relaxation is that it permits the flow within 
the previously Insulated region to adjust, thereby alleviating the nu- 
merical difficulties.  However, given the nature of the present enquiry, 
we did not consider it worthwhile to study this relaxation and the subse- 
quent spreading of the flame into the insulated region.  The region in 
question is found to be quite short, no more than 10 cms, at the time of 
rupture.  Accordingly, flamespreading is expected to require no more than 
0.2 msec and therefore represents a detail whose fineness is comparable 
to the uncertainty in rupture delay.  Thus we assume that at the instant 
of rupture, the previously insulated material is uniformly ignited and 
pressurized throughout. 

The nominal configuration selected for this study is the same as 
that considered in chapter 4.0.  It is found that the interior ballistic 
cycle for this charge is remarkably tolerant of having a forward region, 
corresponding to 17% of the charge by weight, insulated for as much as 
2 msec.  A significant difference is seen in the first minimum of the 
history of pressure difference taken between the mouth and breech of the 
chamber.  Hoxvrever, the subsequent events are changed only slightly.  It 
is expected that our findings would have been different had we considered 
the possibility of grain fracture since the insulated region strikes the 
base of the projectile at a much higher velocity than is observed in the 
nominal case. 
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2.0  DISCUSSION OF THE NOVA CODE 

The introduction has already provided some discussion of the NOVA 
code.  We have summarized the theory as a system of partial differential 
equations which express, in a macroscopic sense, the balances of mass, 
momentum and energy together with empirical constitutive laws for the 
interphase transport phenomena.  In the present chapter we have two objec- 
tives.  First of all, we wish simply to state those governing equations 
which are relevant to the present enquiry.  Secondly, we wish to note 
such corrections and modifications as have been found necessary since the 
code was last documented^. 

I ■■ • 

The governing equations are summarized in section 2.1.  In section 
2.2 we discuss the corrections and modifications.  These consist princi- 
pally of changes in the numerical procedures which have been found nec- 
essary in order to avoid breakdown of computation or to speed up the 
convergence of algorithms.  However, we also provide some discussion of 
the influence of the covolume on the mass transfer relationships used to 
analyze the boundary conditions.  As we have noted previously^^, the cur- 
rent formulation^ neglects the influence of the covolume.  This approxi- 
mation is not believed to introduce any significant errors in the numeri- 
cal results, particularly when uncertainties in other constitutive laws 
are taken into account.  However, we have previously treated this approx- 
imation as though it were exact^^^S^ stating that the covolume did not in- 
fluence the mass transfer relationships at all.  This is simply untrue; 
reference 4 contains an error of analysis, the results of which have been 
preserved in reference 5.   Our purpose, in repeating the discussion of 
reference 14 in the present report is simply to ensure recognition-of the 
error by Army as well as Navy users of the code. 

2.1. Governing Equations and Method of Solution 

We state the balance equations in section 2.1.1 and the relevant con- 
stitutive laws in 2.1.2.  In 2.1.3 we comment on the boundary and initial 
conditions while describing the method of solution.  A more complete state- 
ment of the mass transfer relationships is given in section 2.2 where we 
also address the influence of the covolume.  It should also be noted that 
we incorporate a minor correction to the terms in the gas phase balance 
equations which relate to the density of the condensed phase of the primer 
gas, a source term. 

2.1.1  Balance Equations • 

The model assumes only piecewise continuity of the state variables. 
The computational domain is divided into regions which are separated by 
boundaries internal to the flow and whose motion is part of the numerical 
solution.  Each such region is occupied either by a two-phase flow or by 
a single-phase, gas flow.  The regions of single-phase flow correspond to 
axially distributed ullage and are analyzed according to either a contin- 
uum or a lumped parameter formulation depending on their size relative to 
the computational domain as a whole.  In addition, the right hand boundary 
of the flow is assumed to correspond with the first of any compactible 
filler materials which may be interposed between the propelling charge 
and the projectile in accordance with the demands of packaging. 
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Here we simply state the balance equations for the two-phase flow. 
Those for the continuum representation of ullage follow from the two- 
phase flow equations in the limit as the porosity tends to unity.  Those 
for the lumped parameter representation follow in turn by an integration 
of the continuum laws, the state variables being viewed as spacewise uni- 
form.  Finally, we do not consider the presence of filler materials in 
any of the present calculations.  However, the formulation previously   ' 
developed for the filler elements is adopted, in chapter 5.0, for 
another purpose.  Accordingly, in chapter 5.0 we present a discussion of 
the relevant equations. Likewise, chapter 4.0 contains some discussion 
of the lumped parameter formulation of regions of ullage.  Both chapters 
3.0 and 4.0 contain statements of the balance equations for two-phase 
flow in circumstances somewhat different from those in which the equa- 
tions were originally formulated^.  Hence the statement given here serves 
for comparative purposes. 

The balance equations for the two-phase flow do not include a state- 
ment of balance of energy for the solid phase.  The solid phase is pre- 
sumed to consist of packed or dispersed grains which are individually 
incompressible, although they are susceptible to deformation.  Accord- 
ingly, the bulk or average solid phase temperature is uncoupled from the 
flow.  Only the surface temperature of the solid phase is of interest, 
as governing the event of ignition, and this follows from the interphase 
heat transfer and the rate of conduction according to Fourier's law. 

We state the balance equations in terms of a convective coordinate 
scheme.  If the mixture occupies the physical region [zjCt), ZoCt)] we 
introduce the quantity ^ which maps this region onto the unit line: 

? = (z - z^it))/z^(t) ■ . .--  '  2.1.1.1 

where  Zr, = z^ - Zj. 

We also put: 

n = Zj- + Czg . 2.1.1.2 

In this coordinate frame, the balance equations for quasi-one- 
dimensional flow through a duct of cross sectional area A(z) may be 
written as follows: 

Balance of Mass of Gas Phase ■  I 

3t   zg  8C     Azg 9C ^ P M^    ^^       QjQ 
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Balance of Momentum of Gas  Phase 
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Balance of Energy of Gas Phase 
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e p         '^p M   s 
^o ^         ^  p 

+ (l-e)p2-^ d [e - e + ^ +    ^ 
S 

2g. 

^'^[^IG^p 
IG 

(l-£) - e + 
28. 

2.1.1.5 

Balance of Mass of Solid Phase 

3£ 
9t 

u -n 
+ ^_ilz^fAu = (l-e)p -Pd+d-e)-^ 2.1.1.6 

Balance of Momentum of Solid Phase 

3u 

Pp( 1-^)^-9^ 
+ 

u -n 9u 
_£ £ 

g. 

3.1 ""-^'ijH 
|£ + ^|. (l-c)R =     f 2.1.1.7 

Here we have used C,   porosity, p, gas phase density, p, gas phase 
pressure, e, gas phase internal energy, u, gas phase velocity, u^,^solid 
phase velocity, R, granular stress due to contact of particles, ' d, rate 
of surface regression, pp, solid phase density (a constant), Sp and Mp, 
surface area and mass of a single particle, e , chemical energy released 
in combustion of solid phase, i|j, rate of venting of primer gas, P-^^, 
density of condensed primer propellant, f^ the steady state velocity de- 
pendent interphase drag and q , the steady state interphase heat transfer. 
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By comparison with earlier work^, it should be noted that the virtual 
mass effect and heat loss to the tube have been neglected and that we have 
allowed for only one granular specie. 

2.1.2  Constitutive Laws ' • ' 

Certain of the constitutive laws need not be stated here since they 
are either not used in the present study or are obvious.  In the latter 
category we include the form functions for Mp and S and the composition 
dependence of the molecular weight and specific heats of the gas phase. 

The laws of interest here are as follows: 

Covolume Equation of State for Gas Phase 

2.1.2.1 
^ ^ P(l-bp) 

(Y-l)P 

where b is the covolume and y the ratio of specific heats. 

Granular Stress Law 

We put: ,! 

P ^O     p p 

where D/Dt  is the convective derivative along the average particle 
streamline and a is the rate of propagation of intergranular disturb- 
ances, assumed to obey: 

-a^e /e        ,  £■<£ 

a(e) = 

o 

a exp[-K(&-£ )],  £ <e<e, 2.1.2.3 
1   ■-     o -'    0   ■'■ 

0 : ,  e > £.,. 

Here, a^ is the value of a when e = £Q, the settling porosity, K is re- 
ferred to as the stress attenuation factor and e^ is the porosity above 
which a(e) =0.  In all the results presented here we have taken K = 45 
and E.   =  e    +  0.1535. 

0 ,   , ..        ,.  - ,  ,  .   . 

However, during unloading of the bed we set R = 0 independently of 
the porosity. 
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Interphase Drag Law 

The interphase drag is assumed to obey: 

■mi'-W.,.   'If 

1.75 e < e 

^-p|u-Up|(u-Up) 
1.75 [^^] 

0 

0.3 

0.H5 

e < c < e, 
o   — 1 

e^< G £ 1 

2.1.2.4 

1-e^ -1 
where e^ = [1 + 0.02(^^—)]  .  Equation 2.1.2.4 is based on the corre- 

lations of Ergun^ and Anderssen^.  The quantity D is the effective par- 
ticle diameter given by: 

6M 
D =—^ 
P  P s 

P P 
2.1.2.5 

Interphase Heat Transfer 

We assume that: 

Nu  = 
P 

^ , „ 1/3   0.7 
0.4 Pr   Re 

P 

0.4 Pr^/3 Re ^/^ 
P 

' e < e 

, e > £ 
— 0 

2.1.2. 

where Nu  = hD /k^, h = q /(T-T ), Re  = p|u-u |D /n^, Pr = 4Y/(9Y - 5), 
p      pf S      p      p    '^ ' plp^f I'^I     ^ 

The gas phase thermal conductivity, k^r, and viscosity, y^j are deter- 
mined at the film temperature (T + Tp)/2 according to a Sutherland-type 
law.  Here T is the gas phase average temperature and Tp is the surface 
temperature of the solid phase. 

Solid Phase Surface Temperature I 

Based on a cubic profile solution to the unsteady, one-dimensional 
heat conduction equation for the solid phase2^, we have: 

op       o 

2 hH 
3 k 2^ 

P 

+ ^ hTH 
3 k 2   T ] 

P     o 
2.1.2.7 

24.   EckoAt,   E.R.G.  and Vfiakt,  R.M. 
"Analy6^ oi Htat and MoAi T-^attij^eA" 
MCGKOW-HUI 1972 
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2.1.2.8 

,'.. Here, T  is the initial surface temperature and H satisfies: 

I .  ■ ^# 

■ *■ DH 
T;~ = a q 

■'/ P - ■ 

where a is the thermal diffusivity of the solid phase. 
-; p ■ ■ ■,. 

Rate of Surface Regression 

The rate of surface regression is assumed to obey the usual expo- 
nential law: • 

d = B^ + B^p  . 2.1.2.9 

*r'- 2.1.3 Method of Solution:  Initial and Boundary Values 

In fact, the numerical technique used to solve the equations is com- 
plex, due to the provisions for handling the internal boundaries5.  Here 
we will confine ourselves to the briefest possible summary. 

The initial conditions are straightforward; both phases are assumed 
to be at rest although their temperatures may differ.  The state vari- 
ables are all uniform initially, with the exception of the porosity which 
is only piecewise continuous.  The external boundaries are assumed to be 
at most gas permeable.  The left hand boundary is taken to correspond to 
the breech and is assumed to be stationary.  The right hand boundary is, 
of course, mobile.  At the internal boundaries the state variables are 
assumed to satisfy macroscopic forms of the jump conditions at a discon- 
tinuity and the granular stress (l-e)R is taken to be continuous.  The 
transfer of gas is taken to be adiabatic and either isentropic or choked, 
depending on the pressure ratio. 

Internal points of the finite difference mesh are updated by means 
of the MacCormack scheme  , modified to recognize the nonhomogeneous terms 
and to use upstream differencing for the convective terms in the solid 
phase balance equations.  Boundary points are updated by the method of 
characteristics supplemented by the solid phase balance equations based 

on one sided spacewise differences whenever insufficiently many character- 
istics occur as a consequence of the lack of total hyperbolicity of the 
balance equations. 

25. MacCo/Lmacfe,  R.W. 

AIAA    1th AeAo^paee ScAmcu MeeXtng,    Vapzn. 69-554 1969 
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2.2 Corrections and Modifications to Mass Transfer Analysis 

Since we will require a statement of the mass transfer relation- 
ships in order to discuss modifications to the analysis of the boundary 
between the two-phase flow and a region of ullage represented according 
to a lumped parameter formulation, we first address the influence of the 
covolume.  Subsequently, by setting the covolume to zero we will have 
the relations currently used in the code.  We will conclude with a 
comment on the analysis of flow reversal through an internal boundary 
which separates two continuum regions. 

2.2.1  Influence of Covolume on Mass Transfer 

We assume that the transfer from state 1 to state 2 is quasi-steady 
and adiabatic: 

p,   u ^       p   u ^ 
2.2.1.1 

For a gas satisfying the covolume equation of state this may be 
written as: 

2  2 

Cp(T^-T^)+b(p^-pp=^2^ 2.2.1.2 
O  , r, 

where c is the specific heat at constant pressure and is related to 
c , the specific heat at constant volume, according to c = c^ + R , 
R being the gas constant.  If the transfer is isentropic we also nave: 

T Y-1 
2.2.1.3 

By substituting 2.2.1.3 into 2.2.1.2 and using the equation of 
state to determine the density we may express the isentropic rate 
of mass transfer through area A , at which state 2 occurs, as: 
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3-  r  : 

^ o o        2.2.1.4 
isen   1       ^' 1 .  .  ■ ,- 

where TQ is the stagnation temperature and PQ the corresponding isentropic 
pressure. 

The mass flow rate given by 2.2.1.4 may not be physically realizable, 
particularly if a throat or section of minimum area occurs between 1 and 
2.  We may regard P2U2 ^^ ^ function of P2/P0 ^^'^  seek the pressure ratio 
at which the flow per unit area is maximized.  We put: * 

^ = P2/P0   ^ ■ '   ' . 2.2.1.5 ^,, 

- y = ^PQ^VO '••'^' '   •   2.2.1.6 

and find that the value of x at which the flow per unit area is maxi- 
mized is given by: 

1-Y i_   ;,'";)■ _2     'I 

Y-1     ^      (Y^-1)    '^ 2^ ^'* 
2(1+J^y)x   -2-5^y-^yx - (Y-l)y X =Y(-1     2.2.1.7 

While the transcendental nature of 2.2.1.7 defies a closed form * 
solution, particular results are quoted by Corner26 for the caseY= 1.25. 
We have: 

Y ■ ■' 
Y-1 

^P2^Po^crit"   ^Vfl^ [1-  0.248y + 0.117y^ + 0(y^)] 2.2.1.8 

Y+1 
Y-1 Yg„ n Jg P^ 2 

^P2"2)crit  =   ["1~W        ^       =   [1-  0.224y + 0.104y   ]     2.2.1.9 
o 

Corner notes that even at a pressure of 350 Mpa, the covolume cor- 
rection to the critical flow rate only amounts to about 6.5% 

26 ' ■   - ■ ■  CoxneJi,  J. ■   -:o 
"Thzofiij oj^ tkt Intdfilon. BaJitUitA.ci> 0|) Ga.vu>" \ .,. 

Mm YoA-k,    John WiZ^y and Som,   Inc. 1950 :j|.4. 
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We neglect the influence of the covolume whereupon the mass trans- 
fer is given by: , 

where: 
m = min (m.   , m  .^) 

isen  crit 

m. 
isen -1)} 2.2.1.10 

m 
crit = AJ 

TS 
Y+1 
Y-1 

1   ^ 
/T 

2.2.1,11 

and A^ is the throat area between 1 and 2.  It should also be noted that 
2.2.1.10 was stated incorrectly on page 69 of reference 5, although it 
was programmed correctly into the NOVA code. 

2.2.2 Treatment of Ullage 

As we have stated in the introduction, regions of ullage are des- 
cribed according to either a continuum or a lumped parameter formulation 
on the basis of their size relative to the computational domain as a 
whole.  We found it necessary, however, in certain cases to revise this 
approach and to retain a lumped parameter formulation even when the re- 
gion of ullage is quite large. 

We have found that during flamespreading a sonic condition can arise 
at the internal boundary between the mixture and a large region of ul- 
lage.  This is due to the rapid rise in pressure within the bed as the 
convective flame approaches the boundary and the inability of the pres- 
sure in the ullage to keep pace.  This condition exists for only a short 
time but it represents a computational barrier if a continuum representa- 
tion is made of the ullage since the code does not provide for a sonic 
condition in this case. 

Accordingly, the mach number at the internal boundary is checked 
at each stage of the calculation.  If it becomes large we effect a 
lumped parameter representation of the ullage independently of its size. 
Equations 2.2.1.10 and 2.2.1.11 form the basis for determining the rate 
of mass transfer. 
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2.2.3 Treatment of Internal Boundary Between Continua       (. 4J', ' 

5 
The algorithm which we have previously developed to analyze mass 

transfer through an internal boundary has been found to be very ineffi- 
cient when the flow is undergoing reversal.  However, in such a case 
the thermodynamic variables are very nearly continuous across the boun- 
dary.  Therefore, if the mach number is sufficiently low, we treat the 
pressure and internal energy as continuous and deduce the jump in vel- 
ocity of the gas phase from the jump in porosity. 
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3.0 CYLINDRICAL TWO-PHASE REACTING FLOW   '■• ; 

In this chapter we study the cylindrical flow induced in a propelling 
charge having axially uniform properties.  Such a condition may be envis- 
aged as occurring in a chamber length charge subjected to the stimulus of a 
uniformly venting center core igniter, prior to the onset of significant 
motion of the projectile.  The scope of the study is such as to permit an- 
swers to the following questions: 

a) What is the influence of the divergence term?  This question is 
answered by comparing the cylindrical flow with a related planar flow.  Par- 
ticular interest is given to the rate of flamespreading. 

b) What is the effect of annular ullage, or the initial presence of a 
gap between the propelling charge and the tube?  This question is answered 
by determining solutions for three values of the initial gap which effective- 
ly bracket the range observed in actual propelling charges.  Particular in- 
terest is given to the radial velocity acquired by the edge of the bed prior 
to impact against the tube. 

c) To what extent is it correct to assume uniformity of the flow over 
the cross section as is done in a quasi-one-dimensional formulation of the 
axial flow?  This point is investigated principally by reference to the 
structure of the pressure and porosity distributions at various times. 

d) How does an external ignition stimulus compare with an internal 
stimulus?  We answer this question by comparing a solution for a simulated 
center-core igniter with two in which the igniter gas is dumped into a re- 
gion of annular ullage surrounding the propelling charge. 

The analysis and code modifications necessary to treat this topic are 
contained in section 3.1.  In section 3.2 we discuss the data bases for the 
various problems which we presently solve.  The solutions are given in 
section 3.2 through 3.5.  A general discussion of the findings of this chap- 
ter in relation to the other studies considered in this investigation is con- 
tained in chapter 6.0. 

3.1 Analysis 

As we have stated in the introduction, the analysis required by this 
particular study is extremely straightforward.  We have only to recast the 
balance equations slightly to reflect cylindrical rather than planar symmetry. 
Thus we consider, in the next two sections, the forms of the balance equa- 
tions for the continuum and lumped parameter regions.  The remainder of this 
section provides some discussion of programming considerations; these, too, 
are straightforward. 

It is tacitly assumed, in the present investigation, that all the clos- 
ure relations remain unchanged as we pass from planar to cylindrical flow. 
This is probably true of the equations of state for each of the phases and 
of the burning rate law.  In view of the extreme shortness of the radial 
dimensions - amounting to only a few grain diameters - it is not clear that 
this assumption is correct in so far as the interphase heat transfer and 
drag are concerned. 
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3-1.1 Balance Equations for Two-Phase Cylindrical Flow 

Since we have previously given the three-dimensional form of the bal- 
ance equations^'^ it is only necessary to express them in cylindrical co- 
ordinates and express the symmetry by dropping the azimuthal and axial de- 
rivatives.  We recall that for the case of cylindrical sjrmmetry, the diver- 
gence of a vector 9 has the form: 

^•*=F97^*r=^ + f 3.1.1.1 

Then in our usual terminology the balance equations for the two-phase 
flow become: 

Balance of Mass of Gas Phase ; 

Balance of Mass of Solid Phase 

at  9r      p  Pp        r   ^  ^ p^^ 

Balance of Momentum of Gas Phase 

Du    9p       • , 
eP^;^ + e T^ = - f + m(u - u) - ipu 3.1.1.4 

Dt    9r    3    p 

Balance of Momentum of Solid Phase 

Du a    a 

(l-^)PpD^^ (1-^)97 ^^(l-^)^=fs       ■  3.1.1-5 
.  P 

Balance of Energy of Gas Phase 

De ^      Be   , 9u pu   ,   j,   . . 
^PDF+P DF+^P   97= -  ^   r   + ^s^"-V 

,2 

-   (l-^)Pp f % -^ ^(-IG  + f-^'-^^   -  ^ -^ ^)       3.1.1.6 
p IG 

(u-u   )2 

P 
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' ^ :. ^     I- 
By comparing these equations for those which govern the quasi-one-dimension- 
al model of the NOVA code, as summarized in chapter 2.0, it will be apparent 
that formal identity is obtained if we set A = r in the latter.  Of course, 
we use r here to represent the radial coordinate. 

3.1.2 Balance Equations for Cylindrical Lumped Parameter Region 

As in the preceding section, the modification is slight and may be es- 
tablished by setting A = r in the quasi-one-dimensional axial flow equations. 

! 
Thus we have: 

r 
o 

1 

m =  I  ijjrdr 3.1.2.1 

as the rate of mass generation per radian in a lumped parameter region 
bounded by r^, within, and r,-,, without.  The rate of change of volume of 
the lumped parameter region is: 

m 
V =—^+rr-r.r.    " 3.1.2.2 
o   Pjg    o o   1 1 

The mass  balance  is: 

P     = TT-   [m   (1 ~)   + r.ra.-  r m    + p   (r.r.-  r  r   )] 3.1.2.3 
c        V      '-   s p^^ 11        oo oil        OQ-' 

c IG 

where we take the convention that a positive value of m| corresponds to 
influx and a positive value of m corresponds to efflux. 

o 

The energy balance is: 

, p.   (u.- u )2       p 
• In* * lie C" e  = —-— [m (e^^- e) + r.m.(e.H 1 e ) - —  m r 
c   p V  '- SMG       1 1^ 1  p.      2s      c    p  o o 

'^c c ^1       ^o '^c 

-p (r.r.- r r )] 3.1.2.4 
c^ 1 1   o o'^J 

•       • • • 
provided m-j^, mQ>o.  If either mj^ or m is negative the coefficient must be 
appropriately modified. 

3.1.3  Computational Considerations 

The analysis of the cylindrical flow entailed only minimal code changes. 
Indeed, as we have observed, we could have effected the solutions simply by 
putting A = r in the input data file.  However, it is necessary to provide 
a means of treating the divergence terms near the centerline where the pre- 
sence of r in the denominator can produce computational difficulties.  This 
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problem is simply solved since by L'Hospital's rule: 

;''>^i?-'"l'' 

lim ^ _ 3(j) 
r-^o r ~ 8r 

8^ 
Hence if (J) is any flow property, sjrmmetry demands ^ -^ 0 and we therefore 
have (j)/r ->■ o at the centerline. 

A more significant problem arose in treating the case with 2.54 cm ex- 
terior ullage and ignition on the centerline.  As discussed in section 2.2.2, 
the venting became sonic at the external boundary of the bed and numerical 
instability occurred when we attempted to perform a continuum analysis of 
the ullage.  Therefore, we represented the external ullage according to a 
lumped parameter formulation.  Although we were able to perform a stable 
analysis of the 1.27 cm case using a continuum formulation, we repeated this 
case with a lumped parameter formulation to assure compatibility between the 
two cases. 

Because the external ullage was large in the cases considered here, we 
did not feel that it was appropriate to impose the condition of isentropic 
stagnation which is customarily used by the NOVA code in the case of a small 
lumped parameter region.  Thus the mass transfer was taken to be adiabatic 
and either choked or isentropic depending on the ratio of stagnation pressure 
at the exit plane to the static pressure in the region of ullage. 

3.2  Discussion of Data Base 

We present results from a total of six different problems.  All the 
problems have been predicated on essentially the same data base for the code, 
as exhibited in Tables 3.2.1 - 3.2.5.  The differences, which are summarized 
in Table 3.2.6, relate to the location of the charge, the presence or ab- 
sence of internal and external ullage, the region of venting of the primer 
and the nature of the symmetry of the flow, planar or cylindrical. 

The choice of the problem parameters is loosely based on the configura- 
tion of the 155mm Howitzer.  Thus we set the external boundary at 7.62 cm in 
all cases.  In problems 1-4 we consider internal ignition, or base ignition 
in case 1 which has planar symmetry.  The rate of venting is predicated on 
the properties of a center core igniter having 0.11 kgm of black powder in 
a nitrocellulose tube whose internal and external diameters are 1.91 cm and 
3.18 cm respectively and whose length is 47 cm.  The geometry of the prob- 
lems studied here is nominal in the sense that we have not attempted to 
reflect the precise structure of the primer.  The internal radius of the 
charge is set at 1.27 cms for the cases of internal ignition.  The primer 
is taken to vent uniformly over the region of ullage and, to avoid a sharp 
change in the source term, to vent over an additional 0.3 cm at a rate 
which drops linearly to zero with distance. 

It will be noted that the code requires values of the tube cross sec- 
tional area, a quantity which is meaningless in the cases of cylindrical 
flow.  However, the area is used to convert the input tabulation of primer 
venting data into a rate per unit volume.  Since this involves a division by 
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Table 3.2.1    Thermophysical Data 

|^-\        (1)  General Properties of Initial Ambient Gas: 
S: ' ■            Initial Temperature (°K) ., ,, ■    -294,4 
■ ' , ;             Initial Pressure (atm) .1.0 
'. ?              Molecular Weight (gm/gm-mol) i             29.0 

Ratio of Specific Heats (-) 1.4 

f'. (2)  General Properties of Propellant Bed: 
v:. ,::.                              .Initial Temperature (°K)         ::: ■  ,:   .       294.4 

,Virtual Mass Constant (-) ■ , ,,.   0. 
i-'y ■                                ;. Rate of Propagation of Intergranular Stress in ; 
*^                Settled Bed (m/sec) .      442. 

Settling Porosity of Bed (-) 0.4094 
W ■ 

(3) Properties of Propellant: 
Internal Boundary (cms)* , jr ;  /    . '   1.27 
External Boundary (cms) 7.62 
Initial Porosity (-) 0.4094 
Density (gm/cm^) ■.^..    „.              1.583 
Outside Diameter of Grain (cms) 1.0528 
Perforation Diameter of Grain (cms) .                0.0813 
Length of Grain (cms) '                2.413 
Number of Perforations of Grain (-) 7 

Solid Phase Thermochemical Data: 
Burning Rate Additive Constant 0.     ' 

n 
Burning Rate Pre-exponential factor (cm/sec/(Mpa) )   0.3436 
Burning Rate Exponent (-) 0.67 
Ignition Temperature (°K) 450. 
Thermal Conductivity (j/cm-sec-°K) 2.661 x 10" 
Thermal Diffusivity (cm^/sec) ,              8.677 x 10"^ 
Emissivity Factor (-)    . .' '        .       0.6 

Gas Phase Thermochemistry: 
Chemical Energy Released in Burning (j/gm)         4426. 
Molecular Weight (gm/gm-mol) 23.46 
Ratio of Specific Heats (-) 1.24 
Covolume (-) ,              26.15 

(4) Properties of Primer: ' 
Chemical Energy Released in Burning (J/gm)         3465. 
Ratio of Specific Heats (-) v               1.24 
Molecular Weight (gm/gm-mol) fl             22.40 
Specific Volume (cm^/gm) 0.634 

Set equal to zero in cases 5 and 6 for which an external ignition 
stimulus was considered. 
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Table 3.2.2   Tabular Values Used to Specify Geometry        \ 

Distance from Center "Tube Radius" 
(cms) (cms) 

D , '     1.43 
10.16 1.43   ' 

* 
Input quantity predicated on quasi-one-dimensional axial flow.  Value 

produces cross sectional area of unity in code units.  This is signifi- 
cant only in respect to computations of primer injection for which tab- 
ulated values of Tables 3.2.4 and 3.2.5 are divided by cross sectional 
area. 

Table 3.2.3   Tabular Values Used to Specify Resistance to Motion of 
External Boundary 

Distance from Center Resistive Pressure 
(cms) Mpa 

7.62 690.0 
10.16 690,0 

Table 3.2.4   Tabular Values Used to Specify Rate of Discharge of 
Internal Primer 

Rate of Discharge (kg/cm/sec) 

Position (cms) 0 1.270 1. 
Time (msec) 

0 0.273 0.273 0. 
20 0.273 0.273 0. 

Table 3.2.5   Tabular Values Used to Specify Rate of Discharge of 
External Primer 

Rate of Discharge (kg/cm/sec) 

Position (cms)        7.59         7.62 10.16 
Time (msec)                                . 

0                                  0.00                       0-273* 0-273^ 
20                                 0.00                      0.273" 0.273 

Fo/L pftoblzm 5 only.   In p^obttm 6 thz fiato, oi cLuckaAge. wcu, mt 
tqual to 0.0273 kQ/cm/iZd. 
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the area we simply used a value for the tube radius which would provide a 
unit value for the cross sectional area in the code system of measurement. 
The values of bore resistance were simply chosen to be sufficiently large 
as to preclude motion of the right hand or external boundary. 

From an inspection of the tables we see that problems 1 and 2 have 
identical data bases.  However, problem 1 is predicated on planar symmetry 
while problem 2 is predicated on cylindrical symmetry.  The results of these 
two cases are presented and compared in section 3.3. 

Problems 3 and 4 are similar to 2, all having cylindrical symmetry; 
however, they introduce external ullage by means of enlarging the external 
boundary of the container, the charge being fixed.  These problems are dis- 
cussed in section 3.4. 

Finally, problems 5 and 6 are similar to 4.  However, they contain no 
internal ullage and the primer is taken to vent in the exterior region. 
These results are given in section 3.5.    - 

3.3  Comparison of Cylindrical and Planar Solutions 

We now present and compare the solutions to problems 1 and 2 which are 
identical except for the nature of their respective symmetries.  Problem 1 
has planar symmetry and corresponds to the base ignition of a rather short 
propelling charge.  This solution was generated with the unmodified version 
of the NOVA code.  In problem 2 we simulate the center core ignition of a 
charge having the same dimensions but cylindrical geometry.  In each case 
ignition occurs rapidly and is followed by smooth flamespreading throughout 
the bed.  However, ignition at the forward end (problem one) or the outside 
(problem two) is delayed since the impermeable boundary condition results in 
a very low rate of convective heating. 

Figures 3.3.1 through 3.3.7 present distributions of density, tempera- 
ture, pressure, gas velocity, solid phase velocity, granular stress and por- 
osity in the planar case.  Figures 3.3.8 through 3.3.14 present the corres- 
ponding distributions in the cylindrical flow at essentially the same in- 
stants in time. 

Figure 3.3.15 presents a comparison of the rate of flamespreading in 
each of the two cases and we begin with a discussion of this figure.  As we 
might expect, ignition at the left side (planar case) or inside (cylindrical 
case) occurs at essentially the same time in the two problems.  However, as 
flamespreading proceeds, the flow becomes increasingly sensitized to the 
divergence in the cylindrical case.  Convective flamespreading depends on the 
presence of a large pressure gradient to force the hot combustion products 
into the unreacting material and ignite it.  As the cylindrical flame pro- 
gresses it envelopes volume at a faster rate than its planar counterpart. 
This has the result of impeding its progress since the rate of production of 
gas behind the flame does not keep pace.  Figure 3.3.15 shows the planar 
flame to propagate roughly 50% faster than its cylindrical counterpart. 
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The figure also shows just how extended the delay becomes near the for- 
ward (planar case) or external boundary (cylindrical case).  However, after 
0.2 msec both cases show most of the bed to have been ignited. 

There remains one feature of figure 3.3.15 which requires discussion. 
Ignition is seen to occur first just inside the bed rather than on the boun- 
dary.  This is a consequence of the representation of the rate of primer dis- 
charge according to which there is some intrusion into the bed.  The rate of 
discharge per unit volume is computed to be higher just inside the bed than 
it is outside.  Therefore, the flow is initially to the left (planar case) 
or the inside (cylindrical case).  Subsequently, as the interior ullage is 
pressurized, the flow begins to move uniformly to the right (planar case) or 
outwards (cylindrical case).  Thus the convection at the boundary becomes 
quite small as the flow reverses.  This loss in heat transfer is sufficient 
to delay ignition on the boundary relative to neighboring points within the 
bed for which the flow direction remains constant. 

Turning now to the various distributions we first consider figures 
3.3.1, 3.3.2 and 3.3.3.  We see that the density distributions in the planar 
case are quite flat except for a wave like structure at the earliest time 
and a substantial excursion near the forward boundary.  Reciprocal behaviour 
is shown by the temperature distributions in figure 3.3.2.  The waviness at 
the earliest time is due to adiabatic compression of the gas near the region 
of primer venting.  Likewise, the density and temperature excursions near 
the forward boundary reflect pressure equilibration through a region where 
the gas is cold due to the absence of combustion. 

Figure 3.3.3 illustrates the extent to which the pressure distribution 
throughout the chamber becomes uniform once flamespreading is essentially 
complete.  The pressure field has virtually no structure at all at the later 
times.  Even during flamespreading, the pressure gradient is not extreme. 
By comparison with previous studies of axial flamespreading in a gun the 
distributions look very flat indeed.  In fact, this is due in large measure 
to the scale of the present problem.  The entire chamber is only 7.62 cms 
in length and this is not much larger than the thickness of the pressure 
profile through the flame. 

Figures 3.3.8, 3.3.9 and 3.3.10 present the corresponding distributions 
for the cylindrical case.  These are qualitatively similar to those for the 
planar problem and do not exhibit any new structural details.  However, it 
is noteworthy that the pressure in the cylindrical case is less than in the 
planar case at the corresponding times.  This observation correlates with the 
difference in the respective rates of flamespreading as discussed previously. 

Figures 3.3.4 and 3.3.11 present distributions of gas velocity in the 
planar and cylindrical cases respectively.  These are qualitatively similar 
although there are differences which we discuss presently.  The two solutions 
have the following features in common.  Very strong forward or outward con- 
vection is seen at the earliest time.  The relatively sharp variation in the 
rate of primer venting is imprinted in the earliest distributions which re- 
flect a certain amount of numerical noise in their detailed structure.  A 
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period of moderate forward or outward blowing occurs in each case during and 
after flamespreading.  Subsequently, after about 0.3 msec there is virtually 
no velocity profile in either case.  The flow has damped almost completely 
as a consequence of the interphase drag and the near equilibration of the 
pressure field as seen in figures 3.3.3 and 3.3.10.  At times later than 
those shown here the velocity in the cylindrical case reverses reaching a 
minimum value of about - 800 cm/sec before returning towards the quiescent 
state.  Accordingly, it appears that for axially uniform center core ignition 
with no external ullage, the radial flow velocity does not exceed roughly 
lOm/sec in absolute value once flamespreading is complete.  Further damping 
would probably occur but the influence of the motion of the projectile at 
later times makes such a statement speculative in nature since the present 
solution can no longer be applied. 

The principal differences between the two solutions are as follows: 
Figure 3.3.11 shows considerably more feeding of the outside of the charge 
at any time than does figure 3.3.4 for the planar case.  This, again, is a 
reflection of the more rapid increase in volume behind the convective flame 
in the cylindrical case.  Moreover, figure 3.3.11 shows considerably more 

ij' motion of the internal boundary than does 3.3.4 as may be deduced from the 
positions of the velocity jumps.  This reflects the capacity of the cylin- 
drical charge to accommodate dilation of its internal boundary with less 
overall compaction than the planar charge which is therefore stiffer.  The 
relative motions of the internal boundaries may also be seen clearly by 
turning to figures 3.3.7 and 3.3.14 which present distributions of porosity. 

Apart from making clear the extent of the motion of the internal boun- 
daries, the porosity distributions reveal little interesting information. 
The distributions are rather flat in both cases. Also, both cases show a 
progressive decrease in porosity at all the times of interest here. This 
indicates that the compaction of the charge by the primer blast continues 
to overwhelm the influence of combustion for the first 0.5 msec. 

As would be expected from the porosity distributions, the distributions 
of solid phase velocity show an essentially monotonic decrease from the 
primer interface to the opposite boundary.  This statement is true with only 
minor qualification in the case of cylindrical flow, figure 3.3.12.  This 
figure shows some inflections at the latest time when the charge is beginn- 
ing to respond to the external boundary condition.  Figure 3.3.5 does show 
a pronounced variation from purely monotonic behaviour in the planar case. 
Indeed, the distribution at 0.25 msec has considerable structure.  This 
correlates directly with the behaviour of the granular stress distributions 
and we conclude our discussion of these solutions with some cpmments on this 
quantity. 

The distributions of granular stress are shown in figures 3.3.6 and 
3.3.13.  These frankly show more structure than intuition is able to credit 
to the physical problem.  The root of the difficulty lies in the irrevers- 
ible granular stress law according to which the solid phase experiences an 
average stress different from the gas phase only when the bed is undergoing 

■ft,,. 
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progressive compaction.  If the bed dilates, even infinitesimally, the gran- 
ular stress is set equal to zero locally.  The structure of the solid phase 
velocity distribution at 0.25 msec, shown in figure 3.3.5 is easily under- 
stood by reference to the corresponding distribution of granular stress, 
figure 3.3.6.  An enormous gradient is produced by the relaxation of the 
material forward of the position 4.5 cm.  This results in a local increase 
in solid phase velocity at the corresponding location.  Figures 3.3.6 and 
3.3.13 illustrate, in our opinion, the difficulty of working with a non- 
analytic constitutive law.  It may be worthwhile, in later work, to incor- 
porate an experimentally supported unloading curve.  The purpose, in so 
doing, will not be so much to increase the accuracy of physical modeling as 
to alleviate the difficulty of obtaining a well behaved numerical solution. 
In any event, a better posed constitutive law should be used even if exper- 
imental data are unavailable.  As presently posed, the granular stress law 
is appropriate only to problems in which a single load/unload cycle occurs. 

3.4  Influence of Radial Ullage on Grain Velocity 

The preceding section has shown that the transition from planar to cylin- 
drical geometry introduces no unexpected features.  Principally, the differ- 
ences amount to a retardation of the convective flame and an increase in mo- 
tion of the internal boundary due to primer blast.  The preceding cases have 
taken the outside of the propellant bed to be in contact with the external 
boundary.  In this section we displace the external boundary first by 1.27 cm 
and subsequently by 2.54 cm so as to introduce external ullage. 

The choice of values for the gap between the charge and the external 
boundary is based on the characteristics of the 155mm Howitzer charge.  At the 
breech the chamber has a diameter of 17.78 cms while the charge has a diameter 
of approximately 15.24 cms.  Thus a gap of 1.27 cms produces external ullage 
whose cross sectional area is the same as that which occurs in the asymmetri- 
cal charge configuration.  However, due to the asymmetry of the actual charge 
configuration, the gap between the bag and the chamber wall varies from zero ■• 
at the six o'clock position to 2.54 cms at the 12 o'clock position.  Previous 
studies of Navy propelling charges-^'^ have shot\m the importance of run up on 
the grain velocity as the bed approaches the base of the projectile.  By 
analogy, it was felt that the radial run up length might play a similarly in- 
fluential role in the present study. 

Accordingly, the choice of a gap of 1.27 cm represents an attempt to cap- 
ture the volume of the ullage.  The value of 2.54 cms represents an attempt to 
capture the run up length at the 12 o'clock position.  It is expected that the 
actual charge configuration would exhibit behaviour intermediate to the two 
examples considered here. 

The results of these calculations are contained in figures 3.4.1 through 
3.4.8.  They are compared with each other and with the zero ullage case, prob- 
lem 2, in figures 3.4.9 through 3.4.12.  Figures 3.4.1 through 3.4.4 present 
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distributions of pressure, gas velocity, solid phase velocity and porosity at 
four times for the case of 1.27 cm ullage.  These are chosen to exhibit the 
behaviour shortly after flamespreading ends, as the bed moves outwards and 
finally, after the bed has contacted the outside wall of the tube.  Figures 
3.4,5 through 3.4.8 present similar information for the case of 2.54 cm ullage, 
although the solution is not continued to the point of contact with the ex- 
ternal boundary. 

We begin by discussing the comparative data.  Figures 3.4.9 and 3.4.10 
show that there is a substantial difference in the pressure histories in each 
of the cases not only at the outside of the charge - as expected - but also 
at the center.  By reference to figures 3.4.1 and 3.4.5 we see that this is 
due to an almost complete absence of any radial pressure gradient shortly 
after flamespreading is complete. 

The nature of the radial pressure gradient in each of the three cases is 
seen quite clearly in figure 3.4.11.  The figure presents the difference be- 
tween the pressure at the center of the charge and that at the outside.  In- 
terestingly, the maximum is virtually independent of the external ullage and 
reflects pressurization of the interior prior to the arrival of the convec- 
tive flame at the outside of the charge.  The maximum value of approximately 
2 Mpa is very modest by comparison with the levels experienced in the axial 
direction in even well behaved propelling charges.  Only the most minute re- 
verse gradient is seen. .      ■ 

Figure 3.4.12 presents the rates of flamespreading in the three calcula- 
tions.  The only noticeable difference occurs at the external boundary of the 
bed.  As would be expected, the introduction of ullage enhances flamespreading 
since the convection is not restricted. 

We now return to the detailed distributions for the case of 1.27 cm ul- 
lage, problem 3.  Figure 3.4.1 presents the distributions of pressure.  We 
see that shortly after flamespreading is complete the pressure is virtually 
uniform across the chamber.  The Impact of the bed against the external boun- 
dary is not associated with any sort of pressure wave phenomena. 

Figure 3.4.2 presents the distributions of gas velocity.  We see that 
once the flamespreading transient is complete, the flow develops an almost 
stationary character.  The distributions at 1.13, 1.76 and 2.32 msec are al- 
most identical.  The magnitudes of the velocity at these times are not especi- 
ally large. They range from - 60 m/sec to + 20 m/sec.  These values are very 
small by comparison with the axial flow velocities which will be of the order 
of the projectile velocity, namely 1000 m/sec.  We note, from the positions 
of the jump in the gas velocity, the substantial motion which the external 
ullage permits the internal boundary to develop. 

This is seen more clearly in figure 3.4.3 which presents the distribu- 
tions of solid phase velocity and in figure 3.4.4, distributions of porosity. 
The internal boundary which was initially at 1.27 cm is pushed out to just 
over 4.0 cm as a consequence of the primer blast.  Only at the latest time 
considered here does the solid phase velocity reverse, becoming negative 
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after the impact against the external boundary.  Even so, the velocities at 
this time are very small.  Accordingly, one must conclude from this calcula- 
tion that radial ullage may be very persistent.  The assumption of uniformity 
of properties incorporated into a quasi-one-dimensional axial flow analysis 
may be very poor in respect to the porosity.  We will return to this point 
in chapter 6.0. 

The corresponding distributions for the 2.54 cm case, problem 4, are 
given in figures 3.4.5 through 3.4.8. We see that the pressure distributions, 
figure 3.4.5, exhibit somewhat greater structure than their counterparts in 
figure 3.4.1. However, following the completion of flamespreading it is again 
true that there is very little radial pressure gradient.  Likewise, figure 
3.4.6 shows the distributions of gas velocity to damp considerably.  The mag- 
nitude of the radial gas velocity is similar to that in the 1.27 cm case. 

Figures 3.4.7 and 3.4.8 exhibit clearly the radial expansion of the bed. 
The enlargement of the central ullage by the primer blast is even greater in 
this case, as expected.  Since the previous case did not exhibit the formation 
of a pressure wave upon impact of the propellant against the external boundary, 
we did not continue problem 4 beyond the point shown. 

We conclude this section with a discussion of the radial velocity ex- 
perienced by the outside of the charge.  From figures 3.4.3 and 3.4.7 we ob- 
serve that in both cases the grains develop a certain velocity during flame- 
spreading when the pressure gradients and Interphase drag are at a maximum. 
Subsequently, the boundary velocity is virtually constant as the bed expands. 
There is a clear dependence on the magnitude of the external ullage.  The 
boundary velocity is approximately 6 m/sec in the 1.27 cm case and approxi- 
mately 12 m/sec in the 2.54 cm case.  These results indicate a linear depend- 
ence of boundary velocity on external gap size.  However, it is by no means 
clear that this relationship has a general validity beyond the cases examined 
here and it should be quoted with caution. 

3.5  Comparison of Internal and External Ignition Stimuli 

Thus far we have considered only those cylindrical flows for which igni- 
tion is first stimulated at the center of the charge.  These problems have 
corresponded to the functioning of a long center core igniter with an axially 
uniform rate of venting.  We may visualize cases, however, where the ignition 
is stimulated externally.  This may happen in a region where there is no cen- 
ter core primer, or there is one but it fails to work.  The ignition of the 
propellant in this region of the charge will either occur as a consequence 
of axial flamespreading or, if there is external ullage, as a consequence of 
local intrusion of the products of combustion of the base pad.  In such a 
case the effect of the ignition sequence will be, initially, to compact the 
charge rather than to blow the grains out towards the wall of the tube. 

In order to investigate the response of a propelling charge to an extern- 
al ignition stimulus we take essentially the configuration of problem 4 with 
no internal ullage.  Thus the charge is a solid cylinder of radius 7.62 cms 
enclosed in a container of radius 10.16 cms.  We consider that the primer 
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vents uniformly in the region of ullage with a rapid ramp down to zero at the 
edge of the bed.  We choose two values for the rate of venting, both specula- 
tive.  In the case of problem 5, which we refer to as the strong external ig- 
nition case, we use the same value as was used for the previous internal igni- 
tion cases.  In problem 6, the weak external ignition case, we use one tenth 
of this value.  In each case flamespreading is found to occur in the pres-   ,: 
ence of an external pressure of 1-4 Mpa, values which are comparable with 
those seen in the 155mm Howitzer prior to ignition  . It is believed that the 
rate of external pressurization is the correct parameter to consider here. 
The size of the ullage is believed to be of secondary importance.  As we will 
see when we perform a continuum analysis of the flow in the ullage, its 
properties are quite uniform. 

Figures 3.5.1 through 3.5.4 present distributions of pressure, gas vel- 
ocity, solid velocity and porosity for the strong external ignition case and 
figures 3.5.5 through 3.5.8 present corresponding information for the weak 
external ignition case.  In figures 3.5.9 and 3.5.10 we compare the history 
of radial pressure difference across the bed as deduced for each external 
ignition case with that deduced in problem 4 using internal ignition.  Finally, 
in figure 3.5.11 we present the rates of flamespreading in each of the exter- 
nal ignition cases. 

Figure 3.5.11 reveals an anomalous feature.  Near the center of the 
charge the direction of flamespreading is reversed slightly in the case of 
the strong ignition stimulus.  This is believed to reflect numerical noise 
rather than a physical event.  As we will see, the solution for this case 
contains some numerical wiggles and it is to these that we attribute the 
flamespreading anomaly.  In neither case does the flame reach the center. 
This is due to the absence of convection and is similar in nature to the con- 
dition at the outside of the charge in problem 2.  In practice, of course, 
flamespreading will continue but by mechanisms which are not reflected in the 
phenomenology of the code. 

Figures 3.5.9 and 3.5.10 show that there is little to choose between in- 
ternal and external ignition from the standpoint of the radial pressure grad- 
ient.  Naturally, the difference is initially reversed in sign.  All converge 
to zero following flamespreading.  The oscillations seen in the difference 
history for the case of strong external ignition are thought to represent 
numerical noise for reasons which will be clear when we inspect the pressure 
distributions. 

Figure 3.5.1 shows the pressure distributions to become quite flat fol- 
lowing flamespreading to the center, although the center is never ignited in 
this calculation.  The oscillation near the center is thought to represent 
numerical noise.  This sort of wiggle is not seen in the previous calculations. 
It is probably driven by the strong inwardly propagating pressure field. Study 
of the solution suggests that the problem is aggravated by the irreversible 
granular stress law and could be alleviated by suitable modifications.  How- 
ever, the specific modifications would require investigation of a scope in- 
consistent with the purpose of the present study and have not been pursued. 

11 
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Figure 3.5.2 presents the distributions of gas velocity.  It is noteworthy 
that once the flame has spread to the center, the velocity is damped almost 
completely.  Wiggles are seen near the center.  These correlate with those in 
the pressure distributions.  Figure 3.5.3 presents the solid phase velocity 
distributions in the case of a strong external stimulus.  These contain numer- 
ical noise at quite an early time.  It is possible that the numerical error 
is first associated with this variable.  Once flamespreading is complete the 
solid phase is virtually at rest, having a velocity of only - 2 m/sec. 

The distributions of porosity, figure 3.5.4, reveal two interesting fea- 
tures.  First, as we would expect, the external boundary is but little dis- 
placed by comparison with the internal boundary in the previous cases.  Sec- 
ondly, because of the convergence of sections as we approach the center, even 
a mild displacement of the external boundary can be associated with large 
changes in the porosity near the center.  We see that there is, in effect, an 
implosion.  The porosity is decreased by roughly 25% near the center, while   - 
the value at the outside is only slightly depressed. 

The behaviour of the weak external ignition case is reflected by figures 
3.5.5 through 3.5.8.  We see that all the features are qualitatively similar 
although, as expected, the compaction of the bed is substantially less. 
The solution is carried further forward in time than the preceding case. 
Accordingly, we see, in figure 3.5.6, venting of the bed to the external ul- 
lage at a rate of about 40 m/sec.  As may be seen, in figure 3.5.7, this 
causes a reversal of the initial compaction of the bed.  The solid phase is 
beginning to move outwards although its radial velocity is a very modest 
1 m/sec. 
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4.0 THE INFLUENCE OF ANNULAR ULLAGE AND BAG RUPTURE   ...  ... . '   .; '       .".' 

In this chapter we attempt to assess the extent to which the quasi-one- 
dimensional approximation embedded in the NOVA code limits its predictive 
capacity in respect to the behaviour of a particular Army propelling charge. 
We do so by extending the physical model of the charge to recognize, in an 
approximate manner, that the propellant is initially contained within a bag, 
that the bag may serve as a flow impediment and that there exists, initially, 
a region of ullage between the cylindrical surfaces of the bag and the tube 
in addition to that in the breech and mouth of the chamber. 

The numerical solutions are deduced from the 155mm cannon XM199 contain- 
ing a charge of 10.9 kgm of seven perforation, M30A1 propellant ignited by a 
base bad.  A solution is first generated using the present level of the NOVA 
code which does not recognize the annular ullage or the existence of a bag. 
Subsequently, the code is extended to treat the annular ullage as an axi- 
symmetric continuum which exchanges mass with the centrally located propelling 
charge and with the axially distributed ullage.  A model is proposed for the 
rate of opening of the bag and dispersal of the charge into the annular ullage. 
When the propellant is completely ignited, the solution is completed by means 
of the present version of the code.  The two solutions are then compared with 
particular emphasis being given to the history of breech pressure, base 
pressure and pressure difference in the chamber. 

In contrast to the previous chapter, a considerable body of analysis is 
required to establish what we have described in the introduction as a quasi- 
two-dimensional model.  This is discussed in detail in section 4.1.  The 
quasi-one-dimensional solution is presented in section 4.2.  The corresponding 
quasi-two-dimensional solution is discussed in section 4.3 and the ballistic 
predictions of the two solutions are compared in section 4.4.  Further dis- 
cussion of these results is contained in section 6.0. 

4.1 Analysis 

We consider, in successive subsections, the balance equations for the two- 
phase flow within the bag, the balance equations for the annular and the axial 
regions of ullage and the constitutive laws which govern the behaviour of the 
bag and the mass transfer across it. 

4.1.1  Balance Equations for the Two-Phase Flow within the Bag 

We have previously deduced the balance equations under the assumption 
that the cross sectional area varied with position but not with time.  In the 
present application we shall view the cross section of the bag as constituting 
the flow channel for the mixture until such time as the flow is fully fluid- 
ized and expanded to the walls of the tube.  Therefore, the balance equations 
must be extended to reflect the time dependence of the cross sectional area. 
Moreover, we shall have to consider the bag as permeable to the gas phase al- 
though not to the solid phase. 
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Previously we deduced the quasi-one-dimensional form of the balance 
equations in an essentially analytical fashion, postulating a linear velocity 
profile in the radial direction and beginning with a three-dimensional formu- 
lation.  However, in the interest of physical clarity we effect the desired 
extension by reference to a control volume formulation of the physical prin- 
ciples of conservation of mass, Newton's law of motion and the first law of 
thermodynamics. 

4.1.1.1  Balance of Mass 

It is taken for granted that our state variables will be macroscopic 
quantities.  That is to say, they will constitute averages taken over regions 
large in comparison with the scale of heterogeneity of the mixture but small 
in comparison with the dimensions of the container.  We deduce the governing 
equations for these average quantities by invoking the balance equations for 
the microscopic flow and asserting the coincidence of the local flow proper- 
ties with the macroscopic value at all points within the control volume except 
those which lie on the interface between the media.  On the interface it will 
be necessary to recognize the microscopic boundary condition expressed in 
terms of the jump conditions at a discontinuity. 

->• ■ 

Consider an arbitrary volume V bounded by the closed surface S.  Let w 
be the velocity of a point on the surface and let u be the fluid velocity at 
the same point.  Let p be the density of the substance which occupies V and 
let n be the outward facing normal to S.  Then the principle of conservation 
of mass has the control volume formulation: 

_d_ 
dt h' /' p(w-u) nda 4.1.1.1.1 

In order to apply this principle to each of the two phases of the heterogen- 
eous mixture, consider the sketch shown below.  Let the cross sectional area 

of the duct be A(z,t).  Let two stations 
be chosen, separated by a distance dz.  The 
quantity dx is to be understood as a differ- 
ential in the sense of continuum mechanics. 
That is to say, it represents a distance 
over which the average or macroscopic prop- 
erties of the flow vary infinitesimally yet 
it is large compared with the scale of het- 
erogeneity of the mixture.  Let the volume 
occupied by the gas phase between the two 
stations be V and let V be the volume occu- 

pied by the solid phase.  Let the total volume defined by the interval dz be 
denoted as V = V + V .  Let the cross sectional area at each of the axial 
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bounding surfaces be decomposed into A and A in a fashion analogous to that 
for the volume. Finally, denote the interface between the phases lying with- 
in dz as Z.  Evidently V is bounded by A Ul while V is bounded by A UZ. 

g g P P 

We may now state the mass balance for the gas phase by applying 4.1.1.1.1 
to the control volume V : 

-^        /pdV =     / p(w-u)- 

V        A UE 
g        g 

nda 4.1.1.1.2 

We now evaluate the terms of 4.1.1.1,2 one by one.  Since the control volume 
is infinitesimal relative to the scale of variations of the macroscopic state 
variables we have: 

/ 

pdV = pV = eApdz 4.1.1.1.3 

where we have introduced the porosity: 

e = V /V 
g 

4.1.1.1.4 

We may think of the state variables as representing microscopic quanti- 
ties within the control volume law 4.1.1.1.2.  However, equation 4.1.1.1.3 
expresses a transformation from the microscopic to the macroscopic scale so 
that the resulting balance equations refer to average properties of the flow. 

Accordingly, the left hand side of 4 .1.1.1.2 is: 

V 

T^ / PdV 9t 
[eAp] dz 4.1.1.1.5 

We now turn to the evaluation of the surface integral on the right hand side. 
We suppose that, the surface of the solid phase is regressing, due to combus- 
tion, at a rate d.  Therefore, on E we have w = u + nd.  Making use of the 
jump condition which expresses conservation of mass at a discontinuity, we 
write: 

/ 
p(w-u)"nda = 

^p" 
/ 

da 4.1.1.1, 
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The remaining integral on the right hand side of 4.1.1.1.6 is just the inter- 
phase surface area within the volume V. Taking the solid phase to consist of 
an aggregate of similar particles of individual surface area S and mass M s 
we have: P P ■'.■ 

Thus; 

S p 
(1-e) -^ A dz M 

p(w-u) -nda = (l-e)p ^ d -2- A dz 
p  M 

P 

4.1.1.1.7 

4.1.1.1.8 

In order to evaluate the integral over A we assume that the porosity e also 
describes the fraction of surface area available to the gas phase on both 
the ends and the circumferential portion of A .  Then, using r  to denote 
the radius of the bag we have: bag 

f r- I  p(w-u 

A 

-u)-nda = -   [-r— epAuldz - [ZTTr,      edzlm^ 4.1.1.1.9 dz -^ bag   -" bag 

where we have u as the non-vanishing component of the macroscopic velocity 
and: 

™bag p(u-u )*n 
P 

4.1.1.1.10 

is the mass flux per unit area across the circumferential portion of the 
control volume.  Evidently mbag represents the mass transfer between the 
bag and the radial ullage and will require a constitutive law which will 
relate it to the average conditions in the two regions.  We take a positive 
value of ra,  to mean a transfer from the bag to the ullage. 

By substituting 4.1.1.1.8 and 4.1.1.1.9 into 4.1.1.1.2 we have the con- 
tinuity equation for the gas phase in the form: 

eAp + ^— eApu = (l-e)p ^rr" Ad - Zirer^    m^ 
-^' p M bag D. 3t dz g oag 

4.1.1.1.11 

We have not considered the influence of the primer in the derivation of 
4.1.1.1.11.  As in previous work, we will represent the primer by a pre- 
determined source term which we will incorporate in section 4.1.1.4 when 
we summarize the balance equations. 
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The balance of mass of the solid phase follows in an essentially analo- 
gous fashion.  However, there is no transport of the solid phase across the 
circumferential portion of the control volume.  Therefore, we have: 

-^ (l-e)A + 4-  (l-e)Au = 
dt dz        p 

■I      S 

P 

4.1.1.1.12 

in which the assumption p = constant has been incorporated. 

I 
4.1.1.2 Balance of Momentum 

The momentum balance for the gas phase within V may be stated analyti- 
cally as: 

_d_ 
dt 

pudV =     I O'nda  +   I pi: 

V A UZ I A UZ 

pu(w-u)'nda 4.1.1.2.1 

where our nomenclature conforms with that of the previous section and we have 
introduced the stress tensor "*a^.  As in the previous section, we evaluate the 
terms one by one.  Evidently, confining our attention to the axial component 
of velocity: 

_d_ 
dt 

/ 
pu^dV=gY [eApu]dz 4.1.1.2.2 

In order to evaluate the stress integral we suppose that the stress is 
everywhere hydrostatic and equal to the average gas pressure except on Z where 
the influence of the boundary layer due to relative motion makes itself felt. 
We set: I 

- pi + a' 4.1.1.2.3 

where a' may be thought of as a stress fluctuation tensor and is zero except 
within the boundary layer around each particle.  We use i to signify the unit 
tensor of rank two.  Evidently: 

a*nda =   la   -nda  -    I pnda 

A UZ        Z      . '     A UZ 
g   ^ I      g 

4.1.1.2.4 
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We assume that the first integral on the right hand side reflects the influ- 
ence of drag and is a function of the relative velocity of the phases.  It 
is to be resolved by reference to empirical data.  As for the remaining term, 
we assume the pressure to be a smooth function of position so that using the 

divergence theorem and treating -^ as constant throughout V we have: 

(d'-a)   da = - Af dz - eA 1^ dz 4.1.1.2.5 
z        s       8z 

A UZ '. . 
g 

where fg is understood to represent the velocity dependent interphase drag 
per unit volume.       < 

Finally, referring to 4.1.1.2.1, we see that we must evaluate the mo- 
mentum flux integral.  On Z we may apply the jump condition at a discontin- 
uity in the form: 

pu (w-u)'n =pud+Ap 4.1.1.2.6 

where Ap is the pressure jump and is negligible in all problems of interest 
to the interior ballistician.  Thus using 4.1.1.2.6 and the nomenclature of - 
the preceding section to describe the mass flux through the circumferential 
boundary of V we have: 

/ pu 

ZUA 

2^'       8     2 
pu (w-u)*nda = (l-e)p  —^ Adu dz - x—[eApu ]dz 

P       p P 

-   r27rr^     edzlum, 4.1.1.2.7 
'-  bag     D£ jag 

Here we have assumed m, > o. If mj^^ < o, the corresponding momentum flux 
will Involve u rather than u, where u is the gas velocity in the region of 
annular ullage.  We will proceed under the assumption m]-j^„ > o and note the 
revisions required when m,   < o in section 4.1.1.4. 

^ bag 

Thus combining 4.1.1.2.1, 4.1.1.2.2, 4.1.1.2.5 and 4 .1. 1. 2 . 7 we see 
that: 

^ [eApu] + {-  [BApu2] + CA 1^ = - Af^ 

4.1.1.2.8 
S 
2D* * 

+ (l-£)p  r;^ Adu - 2-n'eur^  m, 
p M    p       bag bag 
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If the left hand side is expanded and use is made of the continuity equation 
4.1.1.1.11 we have the gas phase momentum equation in the form: 

P 

The derivation of the momentum equation for the solid phase is essen- 
tially similar to that for the gas phase.  Indeed, when the solid phase is 
dispersed so that the average pressure in the particles is the same as in the 
ambient gas, the only differences arise from the fact that the exterior of 
the bag, by definition, is impermeable to the solid phase and the sign of f 
is opposed to that in equation 4.1.1.2.8.  Thus the momentum equation for 
the dispersed solid phase may be deduced from 4.1.1.2.8 by replacing u by u 
throughout, setting mj^ap-= 0, changing the sign of f^ and finally, replacing 
e by 1-e, the corresponding quantity for the solid phase. 

However, when the solid phase is packed we may not assume that the aver- 
age stress is the same as that in the gas.  We must consider that: 

■   ■    V =^- RI . I 4.1.1.2.10 
P 

where R is the (hydrostatic) pressure due to contacts among the particles. 
Moreover, contributions to R can arise only on A since on Z the jump condi- 
tion for momentum applies.  We assume that the reaction against the bag, or 
the wall of the tube, is similar in nature to that of the gas pressure. 
Therefore, the porosity will appear inside the derivative of the granular 
stress term, but the cross sectional area will not.  Thus the solid phase 
momentum equation is: 

(l-e)Pp [-^ + Up-^]+ (l-e)|^ + ^(l-e)R=f^      4.1.1.2.11 

The constitutive law for R will be discussed in detail in section 4.1.3.2. 

4.1.1.3  Balance of Energy 

1-5 
As in previous work   , we consider it necessary only to deduce an 

energy equation for the gas phase.  Using e to denote the internal energy 
per unit mass and q to denote the heat flux we may state the first law of 
thermodynamics for the control volume V in the form: 

g 
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dt 
p(e+—)dV =     / p(e+^+ -2-)(w-u)-nda  -   / pw 

V ■   A UE A UE 
g ,    g g 

4.1.1.3.1 

q'nda +   I a 'u* 

A UZ A UE 
g g 

nda 

The procedure should be clear by now.  The term on the left hand side 
will produce a partial derivative with respect to time of the total energy 
in the differential control volume V .  The first term on the right hand 
side will provide a partial derivative with respect to z of the total en- 
thalpy together with a source term due to combustion on E and a loss due to 
efflux over the circumferential boundary of A„.     The third term will involve 
a contribution only on E and will be interpreted as the interphase heat trans- 
fer, a quantity to be resolved empirically.  The fourth term represents the 
rate of work done by the drag force and is readily stated in terms of fg. 
Finally, the second term on the right hand side may be interpreted as the 
work to expand the control volume and may be resolved as: 

nda = p vr Aedz    ' 4.1.1.3.2 
/P^*"-  - 9t 

A UE 

The energy equation is thus determined to be: 

A [eAp(e+i^)]+^ [,Apu(e+£ + ^)]+P^ [Ae ] 

S o S_  .     _   u 
Au 

2 

•f  - (l-e)p T;^ Aq + (l-£)p ^ -£ Ad[e + -^ + -f 
p  s      '^p Mp ^s        P Mp       Pp   2 

- 27Tr^ ek      [e+^ + ~-] 4.1.1.3.3 
bag iDag ■-  p   2 -■ 
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■■ f . '•■ 

If we expand the differentials on the left hand side and make use of the 
gas phase continuity and momentum equations we will have: 

, r3e ,   Be, ,  .  9u , ,dAe   ,     9eA-, 

s       j 
= (u-u )f A - (l-e)p 7^ Aq 

p  s p M   s 
P 

S 
+ (l-e)p ^rf^ Ad[e + ^ - e + h   (u-u )2] 

■ 

- 2iTr  e-'-m, I 4.1.1.3.4 
bag  p bag 

4.1.1.4  Summary of Balance Equations 

We now summarize the balance equations in a form suitable for com- 
parison with earlier workl"^,  xt will be necessary to incorporate the 
influence of the primer.  Moreover, a transformation to convective co- 
ordinates will be required, as described in chapter 2.0.  We find: 

Balance of Mass of Gas Phase: 

8e P , u-n S    , ep 8 ,   /I  \ 2 P j , I /I  fP \ 
3t  zp H Azg 8c       ^P^p      PIG 

_-^^^   _S£ [|A_ JL|A]   4.1.1.4.1 
r A L^t  z  Be-' 
bag bag B 

where we have assumed A = Tirj^  and \p  represents the action of the 
primer which we treat as injected without axial momentum.  Moreover, we 
restrict our considerations to a single granular specie. 

Balance of Momentum of Gas Phase: 

''^|| = -f^-^u+(i-c)p;' 
p 

r 9u , u-n 9UT ,   o3p    ^    ,.^i\„2 _p ^   , s 
^Pt3r^-zf'3?] + — 3l="'s-^^^ ^'-^^%t      V"\.1.1.4.2 

5 
Here we have neglected the Influence of virtual mass  and incorporated 
the dimensional constant g .  We have assumed m,   to be positive. 

o Dae; 
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Balance of Energy of Gas Phase; 

3Au 
g 3?^ ■ *- L9t • Zg 9C^ ' Azg 9C 

f S 
s /   ,   /IN   P     ep r 9A  n  9AT 

g     p p M ^s   A "■ 9t  z  9^ 
O P D 

'^  ^IG 2g^J  r^^g ^^g p 

S (u-u )^ 
+ (l-e)p 2-£ d [e - e + -^ +  „ P  ]       / 1 1 / ^ 

P Mp   "^ p     p     2g^  -'       4.1.1.4.3 

Again, the effect of virtual mass has been neglected and we have 
assumed m   > 0. bag 

Balance of Mass of Solid Phase: 

9e , V^ 9e  (1-e) 9 ., _ ,, ^s^ j^ ^   . (1-e) r9A  n 9A. 
9t   z  dC   Az  9(;  p        p M       A   ^9t  z  9C 

D D P ij 

+ ii;(l-e)/Pjg 4.1.1.4.4 

Balance of Momentum of Solid Phase: 

9u   u -r| 9u g '^   8  '^ 

It has been assumed throughout the preceding development that mj^^  is posi- 
tive, corresponding to a transfer from the bag to the annular ullage.  We 
must also allow for the possibility of reversed flow.  If m-^^g  is negative, 
4.1.1.4.1, 4.1.1.4.4 and 4.1.1.4.5 will be unchanged.  However, 4.1.1.4.2 
will exhibit a source term involving mj-igg ^""-^  the velocity difference (u-u) 
where u„ is the axial velocity of the entering gas.  Similarly, 4.1.1.4. j 
will involve, as a coefficient of mj-,^ , the expression (e + Pg/Pg + 
(u-u) /2gQ- e) where the subscript g has been used to designate proper- 
ties of the region of ullage. 
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4.1.2  Balance Equations for Regions of Ullage 

Two distinct formulations are required to describe the regions of 
ullage. The annular ullage which arises due to the gap between the bag 
and the cylindrical walls of the tube is treated as a continuum so that 
axial transport can be studied.  However, the axial ullage due to spaces 
in the breech and mouth of the chamber is treated according to a lumped 
parameter formulation throughout the period in which annular ullage 
exists.  Once the radial gap has closed, our earlier formulation is 
adopted as described in chapter 2.0.  Accordingly, the axial ullage is 
subject to a continuum representation, if sufficiently large, and pro- 
vided that the annular ullage has disappeared. 

j 

The two subsequent subsections summarize the balance equations for 
the annular and axial ullage respectively. 

4.1.2.1  Region of Annular Ullage , 

The balance equations for this region view the flow as that of an 
inviscid single phase substance subject to mass addition, or loss, as a 
consequence of transfers between the gap and the bag.  The mass transfer 
is taken to be positive when the bag is the donor and the gap is the re- 
ceiver.  For computational reasons, we retain the balance equations in 
divergence form. 

We note that: i 

Zg 3C Zg K       Zg H Zg 

where 4; is an arbitrary quantity.  Then by analogy with 4.1.1.1.11 and 
using 4.1.2.1.1 we have: 

Balance of Mass 

^ (A p z ) + — [A p (u -n)] = 2TTer^ m^  z^ 4.1.2.1.2 
3t  g g B   9C •- g g g ' ■'      bag bag B 

We have used the subscript g to denote properties of the annular gap. 
The value of porosity on the right hand side refers to the properties 
of the bag at the same axial station. 

■ 

Balance of Momentum 

3 3 ^P . 
3— [A p u z ] + ^- [A p u (u -n)] + g A TT- =  2iTeur,  m,  z„ 
3t >■ g g g BJ  3? ' g'^g g g ' -■   o g 3(;       bag TDag B 

4.1.2.1.3 
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Balance of Energy 

g ^ ^VB% * i-'^B^ * k [Vg<\ * 2t:"""- "I'l 

f^-—-^]   +^  (A u p   )   =  2TTer      m      z  re+£+ ^ + z  p  L^ - -^ -^    + ^  (A u p   )   =  2TTer      m      z^[e+^+ ^1 
B g    3t        Zg    9? 9C       g g g bag Tsag B"-      p      2g J 

4.1.2.1.4 

It should be noted that in the foregoing we have assumed m|^^  to be 
positive and the coefficients have therefore been designated as proper- 
ties of the bag.  If m-^^^    is negative the coefficients must naturally 
correspond to the properties of the region of ullage. 

4.1.2.2 Region of Axial Ullage 

The regions of axial ullage are treated according to a lumped par- 
ameter formulation during the period in which the annular ullage exists. 
Therefore, the balance equations for each such region consist of state- 
ments of mass and energy conservation; a momentum equation is not required. 
The equations must reflect mass transfer between the region of axial ul- 
lage and both the bag and the annular ullage.  In addition, mass genera- 
tion within the ullage may occur as a consequence of primer venting. 

Using a subscript c to designate the properties of the lumped par- 
ameter region and using m^ to denote an entering mass flux and m^ to 
denote an exiting flux we have: 

Rate of Change of Volume 

dV    m 

^ = ^+VR- VL 4.1.2.2.1 

where z^,   z.^  are the left and right hand boundaries and A , A are the 
corresponding cross sectional areas of the tube.  We also have: 

z 

m^ =   /  i|;Adz 4.1.2.2.2 

z 
L 
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Balance of Mass 

c        IG 
c^ L L R R' 

4.1.2.2.3 

where the summations are over all entering and exiting fluxes. 

Balance of Energy 

de .p.        (u.-u  )^ 
—£- = -^—  [m   (e^- e  )   + Em. (e.+ — + —^ e  ) 
dt        p V     '-   s^   IG       c'^ 1^   1     p. 2g c 

CO 1 o 

p        . 

-^^i  + PC^VL  - W^ 
c 

4.1.2.2.4 

In the sum over the entering fluxes, the coefficients involve the prop- 
erties of either the annular ullage or the bag according to the source 
of m. . 

4.1.3  Constitutive Laws , 

In the two preceding sections we have considered those balance equa- 
tions which are either new or modified as a consequence of the present 
study.  It should be noted that the NOVA code does contain other balance 
equations^ such as those for the compactible filler elements or for the 
heat conduction in the tube walls or the solid phase.  However, we pay 
no attention to them here.  Similarly, when we turn to the constitutive 
laws we cite only the new or modified laws associated with the present 
enquiry.  We will discuss, in the subsequent subsections, the assumed be- 
haviour of the bag, the granular stress law, the radial motion of the bed 
and, finally, mass exchange between the bag and the ullage. 

4.1.3.1 Behaviour of Bag 

18 
With the exception of the work of Fisher  , little appears to be 

known about the behaviour of the bag used to contain the charge, at least 
in the sense defined by the requirements of the present study.  In general, 
the bag may be viewed as a thin structural member whose properties are 
uniform throughout its thickness.  Therefore, it may be viewed as a mem- 
brane whose inertia may be neglected but whose strength and/or permeabil- 
ity may be important. 

As a provisional measure, we adopt the following model of the be- 
haviour of the bag.  We assume that if the pressure outside the bag, with- 
in the region of annular ullage, exceeds the pressure within the bag, then 
the bag acts as an impermeable boundary whose motion is governed by the 
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compactability of the propelling charge.  Thus we suppose that the excess 
external pressure is transmitted through the flexible cloth into the solid 
phase which takes up the load.  The impermeability reflects the intrusion 
of the material into the intergranular interstices. 

However, the situation is quite different when the bag is subjected 
to an excess of internal gas pressure.  No external support exists, un- 
less the bag is in contact with the tube, a case which we do not consider. 
Accordingly, the pressure differential must be supported by the hoop 
stress within the bag.  As the bag cannot be expected to be particularly 
strong, rupture must occur under a relatively small load.  Once this rup- 
ture load is exceeded we expect the bag material to be blown aside and the 
boundary between the mixture and the ullage to become fully permeable. 
Initially, we felt that it would be appropriate to neglect entirely the 
strength of the bag and to allow rupture to occur as soon as the internal 
pressure exceeded the external pressure.  However, we found that the 
assumption of a small but non-zero strength was necessary to filter out 
the influence of numerical noise which precipitated what seemed to be 
premature rupture under pressure differentials whose magnitude corres- 
ponded to truncation errors. 

18 
On the basis of the data of Fisher we assumed tentatively that the 

bag could support a radial pressure differential of 0.035 Mpa.  This fol- 
lowed from Fisher's value of ~ 0.26 Mpa-cm for the shear strength of a 
typical material, the assumption that the tensile strength would be simi- 
lar and the thin pressure vessel formula a = pr/t where r is the radius 
and t the thickness.  However, the strength of the end closures was ne- 
glected altogether. 

In the following sections we will note the influence of the assumed 
model of bag behaviour on the constitutive laws for granular stress, 
radial motion of the bed, and mass transfer. 

4.1.3.2  Granular Stress Law 

As described in chapter 2.0 we customarily use the constitutive law: 

Dt 

p a^ 
(l-e)R 

D£ 
Dt 

if 
D£ 
Dt 

4.1.3.2.1 

and: 

R = 0 if De 
Dt 

> 0 4.1.3.2.2 

Therefore, granular stresses are considered to occur in the solid phase 
only during loading.  The functional dependence on porosity of the rate 
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of propagation of granular disturbances is: 

le 
if T-—- < o e < e 

Dt  —    — 0 

De 
a(e) = i   a^exp [-K[e-e ]]  if ^^ <o,   e^£ e £ e^ 4.1.3.2.3 

if e > e =e + 
1 o 

£nlOOO 
K 

where £Q  is the settling porosity, a^ the corresponding value of a and 
K  is the stress attenuation factor. 

It must be recognized that this constitutive law is predicated on 
the assumption that the stress in the solid phase, due to granular con- 
tacts, is hydrostatic or isotropic in nature.  This is tantamount to 
assuming that the granular aggregate has negligible shear strength or 
resistance to deformation.  A natural consequence of this point of view 
is the fact that the normal reaction of the solid phase against the cir- 
cumferential boundary must be equal to the granular stress just as is 
the case with the gas pressure.  This fact is incorporated into the bal- 
ance equation for the momentum equation for the solid phase, as described 
in section 4.1.1.2.  In previous work the circumferential boundary was 
taken to be the wall of the gun tube.  However, in the present study, the 
circumferential boundary is initially defined by the configuration of the 
bag which fails to provide the same constraint on lateral motion as the 
tube. 

Accordingly, we must assume that if the bag is ruptured, no granular 
stress can arise until the solid phase has expanded to the wall of the 
tube.  On the other hand, if the bag is sealed and the external pressure 
exceeds the internal pressure, we have the condition of radial equilibrium: 

(l-e)R = p„- p 4.1.3.2.4 

During the period in which the bag is sealed, 4.1.3.2.4 combines 
with the constitutive law to define the variation in porosity of the 
charge.  Thus: 

D£ 
Dt 

g o  D 
p a^ Dt 
P    P 

(P„- P)     . loading 

, unloading 

4.1.3.2.5 
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As we discuss, in the next section, this result may be combined with 
the continuity equation to enable a determination of the cross sectional 
area of the bag. 

4.1.3.3 Radial Motion of Bag 

When the bag is sealed the cross sectional area follows from 
4.1.1.4.4 as: 

3A = JL 3A + ^_ r-D^ _ (l-£) A Au -(I-e)p ^ d - ^^ (l-e)l 

4.1.3.3.1 

where De/Dt^ is evaluated according to 4.1.3.2.5.  The radius of the bag 
P 9 follows from the simple relationship A = irr^ bag 

When the bag has ruptured, we assume that the motion of the radial 
boundary is driven by the interphase drag associated with the mass trans- 
fer.  As an approximation, we assume that the high Reynolds number ver- 
sion of the Ergun correlation  can be used to describe the relationship. 
Therefore, the radial component of the drag is given by: 

f   = 1.75 a:L£l!W 4.1.3.3.2 
s,r        Dp 

P 

where Dp is the effective particle diameter D = 6Mp/SpPp.  The radial 
equation of motion may be expressed by: 

8u    ,    3u       s,r / 1 T Q o ^r—p, r + u ir-V, r =  7J T 4.1.3.3.3 3t      p 37, '   p (l-e) 

which is just the solid phase momentum equation in the absence of radial 
gradients.  The bag radius itself follows from: 

_bag + ^   bag ^ ^ 4.1.3.3.4 
3t      p 3z      p,r 

4.1.3.4 Mass Exchange Between Bag and Ullage 

As in previous work, we suppose that the mass transfer can be de- 
scribed by the isentropic relations for an ideal gas.  Thus we have: 
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y-l    ' ■    y-l      ':■',''' 

Yg_  P. P  2Y   2   P, Y    u 

where the subscripts 1 and 2 refer to the donor and receiver sides re- 
spectively.  However, the mass flow rate may not exceed: 

"2 T+1 h 

m. = AJ-^ C;:^)   i   -^        '.:, 4.1.3.4.2 
/T7 * j R   Y+1' 

1 

where A. is the minimum flow area between 1 and 2 and A is the flow 
area on the receiving side.  Thus: 

■: ^^.    ' .    i-        ■ 

m,   = min (m.m.,.) 4.1.3.4.3 
bag "      •■  • 

In the case of transfer to or from the radial ullage AA is taken to be 
equal to e.  The value of A^^^  is equal to 1 if flow is directed towards 
the ullage and e  if reversed.  The static pressures are used to evaluate 
p, and P25 the axial motion being treated as essentially uncoupled.  In 
the case of transfer to or from the axial ullage these values of A... and 
A   are multiplied by the value of the cross sectional area of the tube. 
However, the value of p  is based on the isentropic stagnation pressure 
on the donor side while Y>2  ^^  still taken to be the static value on the 
receiver side. 

4.1.4  Computational Considerations 

As far as the flow within the bag is concerned we simply note that 
the previously developed methodology^ is followed here with a suitable 
allowance for the additional terms.  In brief, the balance equations for 
the two-phase flow are updated using the MacCormack scheme supported by 
the method of characteristics at the boundaries.  The axial ullage is 
represented according to a lumped parameter formulism and is updated by 
means of a predictor/corrector scheme simultaneously with the determina- 
tion of the boundary values for the mixture. 

The region of annular ullage, which has a continuum formulation, is 
also updated by means of a two-step explicit scheme.  However, we decided 
to use the Richtmyer version28 of the Lax-Wendroff scheme rather than that 
of MacCormack.  We felt that the mass transfer from the bag might be a 
rather irregular function of position and that the smoothing effect of the 
predictor step, based on the diffusive Lax scheme, would be beneficial. 
The boundary values for the region of annular ullage were deduced accord- 
ing to the method of characteristics. 

Of 
VlchtmyeA,  R.V. and lAoKton,  K.W. 

"VliiM-dncQ. HzthocU)  iofi Iviltial [/atat Vfiobltmi," 
lnt2A^CA.e.ncz '96 7 
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Both the two-phase flow and the flow in the annular ullage are re-  " -f 
quired to be compatible, in some physical sense, with the state of the 
axial ullage at each end of the chamber.  Conceptually, therefore, we 
are presented with a computational problem analogous to that previously 
solved in the case of ullage occurring between two bags of propellant^. 
That is to say, we must simultaneously update the lumped parameter region 
together with the boundary values of two contiguous continuum regions. 
An existing subroutine was modified for this purpose. 

4.2 Quasi-One-Dimensional Solution 

The data base for the analysis of the 155mm Howitzer was essentially 
the same in the two calculations, the only differences being associated 
with the representation of the initial distribution.  The data are given 
in Tables 4.2.1 through 4.2.4.  It may be seen that we are considering 
the same physical problem as that described by Nelson  and also by 
ourselves^.  The following points are noteworthy. 

[1]  The value of the settling porosity corresponds to the initial condi- 
tion for the quasi-two-dimensional calculation in which the bag radius is 
assumed to be 7.49 cms.  Since, in the one-dimensional representation we 
take the bag as initially expanded to the walls of the tube, the initial 
value of the porosity in the present calculation is substantially larger 
than the settling porosity.  Accordingly, the present calculation views 
the charge as dispersed.  This assumption affects the magnitude of the 
granular stress, since the bed is compactible, and it affects the inter- 
phase drag, which is reduced as the bed is fluidized. 

c     on 
[2]  In contrast to earlier analyses of this problem '  , the initial   ** ' 
condition takes no account of the presence of the salt bag at the front 
end of the charge.  We had previously noted^ that the manner of represen- 
tation of the salt bag was open to criticism since it was treated as a 
compactible filler element whose stiffness corresponded to the adiabatic 
compression of the column of air between it and the base of the projectile. 
Moreover, the flow of gas around it was neglected. 

We desired to have as much compatibility as possible between the two 
present calculations.  Since, therefore, we felt that flow from the annu- 
lar ullage into the forward region would play an important role and since 
there was no obvious way to incorporate this effect simultaneously with an 
analysis of the salt bag, the salt bag was neglected altogether in both 
calculations. 

The phenomenology of this problem, as perceived by a quasi-one-dimen- 
sional formulation, has been discussed in detail elsewhereS.  In brief, 
venting of the igniter in the region of rear ullage causes ignition in the 
rear of the charge and monotonic flamespreading to the front.  The bag is 
accelerated forward and, following ignition, also expands rearward.  Stag- 
nation of the forward boundary against the projectile base is closely as- 
sociated with the formation of a reverse pressure gradient and is followed 
by stagnation at the breech.  Separation of the forward boundary occurs 
following motion of the projectile.  
29. HdUon,  C.W. 

"Somn SZmulaXion^ oi a 155mm HoMltz^ with the. MOUAE Code." 
BRL    IMR 451 No\>mbejL    1975 
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Table 4,2.1 Thermophyslcal Data Used to Simulate 155nim Howitzer 

(1) General Properties of Initial Ambient Gas: 
Initial Temperature (°K) ; 
Initial Pressure (atm) 
Molecular Weight (gm/gm-mol) 
Ratio of Specific Heats (-) 

(2) General Properties of Propellant Bed: 
Initial Temperature (°K) 
Virtual Mass Constant (-) 
Rate of Propagation of Intergranular Stress 

in Settled Bed (m/sec) 
Settling Porosity of Bed (-)     v- 

(3) Properties of Propellant: 
Left Hand Boundary (cms) 
Right Hand Boundary (cms) 
Mass (kgm) 
Density (gm/cm^) 
Outside Diameter (cms) ' 
Perforation Diameter (cms) 
Length (cms) i 
Number of Perforations (-) j 

294.4 
1.0 

29.0 
1.4 

294.4 
0. 

442. 
0.4094 

5.08 
71.12 
10.886 
1.583 
1.0528 
0.0813 
2.413 
7 

Solid Phase Thermochemical Data: 
Burning Rate Additive Constant 0. 
Burning Rate Pre-exponential factor (cm/sec/(Mpa) )   4.567 
Burning Rate Exponent (-) 0.67 
Ignition Temperature (°K) 450. 
Thermal Conductivity (J/cm-sec-°K) 2.661x10" 
Thermal Diffusivity (cm^/sec) 8.677x10" 
Emmissivlty Factor (-) ■:        0.6 

Gas Phase Thermochemistry: 
• Chemical Energy Released in Burning (J/gm) 
Molecular Weight (gm/gm-mol) 
Ratio of Specific Heats (-) 
Covolume (-) 

4426 
23.46 
1.24 

26.15 

(4)  Properties of Primer: 
Chemical Energy Released in Burning (J/gm) 
Ratio of Specific Heats (-) 
Molecular Weight (gm/gm-mol) 

3465 
1.24 

22.40 

(5)  Projectile and Rifling Characteristics: 
Initial Position of Base of Projectile (cms) 
Mass of Projectile (kg) 
Polar Moment of Inertia (kg-cm^) 
Angle of Rifling (rad) 

82.194 
43.545 
40.969 
0.1047 
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^''T*"" ' ;.. ■■■^m-. .wc 
Table 4.2.2 Tabular Values Used to Specify Internal Radius i'^ ^'>•&(' 

of Tube of 155iran Howitzer* 

^^'i^» 

Distance From Breech 
(cms) 

0 
82.194 

596.900 

Radius 
(cms) 

8.890 
7.620 
7.620 

Table 4.2.3  Tabular Values Used to Specify Bore Resistance 
in 135mm Howitzer 

Distance From Breech 
(cms) 

''    82.194 
*, 86.004 

. '. 89.814 
596.900 

Resistive Pressure 
(Mpa) 

8.274 
105.076 
82.737 
82.737 

Table 4.2.4  Tabular Values Used to Specify Rate of Discharge 
of Igniter* 

Position (cms) 
Time (msec) 

0 
50. 

Rate of Discharge (kg/cm/sec) 

0.        5.08        5.105 

*** 

0.2857 
0.2857 

0.2857 
0.2857 

0. 
0. 

Values linearly interpolated 

Multiplied by Factor 14.7V" '  if V , projectile velocity, > 8.2 m/sec 
p       p — 

k* 
Interpolated first spacewise then timewise 
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The numerical solution is illustrated in figures 4.2.1 through 4.2.6 
which present distributions corresponding to the period of flamespreading. 
In spite of the difference in the treatment of the forward boundary con- 
dition they are quite close in appearance to those of reference 5 and re- 
quire little discussion.  In fact, it was asserted in reference 5 that this 
would be the case since the salt bag was found to be blown forward quite 
rapidly.  The only point deserving a comment here relates to figures 4.2.1, 
and 4.2.6.  We draw attention to the large jumps in pressure and tempera- 
ture which occur at the forward boundary of the bed. 

■^.  ■ :   ,.        ...■.;.;■ 

4.3 Quasi-Two-Dimensional Solution ', 

Except that the propellant is explicitly represented as being con- 
tained in a bag whose initial radius is 7.49 cms, the data base for this 
solution is identical to that discussed in the previous section.  The so- 
lution, during flamespreading, is exhibited in figures 4.3.1 through 4.3.11. 
Two things are immediately apparent from an inspection of these figures: 
the solution, within the bag, is completely different from that deduced 
according to the one-dimensional approximation and, the quality of the 
numerical solution is not as satisfactory. 

As a consequence of the venting of the igniter, the propellant at the 
rear boundary of the bag is quickly ignited, just as it was in the one- 
dimensional representation.  However, the presence of the annular ullage 
causes the flame to stall for some time.  Burning continues at the bound- 
ary but the flame does not penetrate the bed appreciably.  Instead, the 
products of combustion are found to vent around the bag.  The converging 
cross sectional area soon results in a choked condition at the forward 
boundary of the region of annular ullage.  This tends to limit the rate of 
loss somewhat and flamespreading through the bed resumes at the rear. 
Since the bag is treated as impermeable from without prior to rupture, 
there is no mass exchange between the bag and the annular ullage at this 
time.  Rather, the bag is compressed due to the pressure differential and 
granular stresses of the order of a few Mpa are observed. 

Meanwhile the forward region of ullage is filled with gas venting 
around the bag.  Since the forward end of the bag is represented as perme- 
able, a reversed flow occurs at the forward end.  The rate of convection 
increases in vigor until ignition occurs at the forward end and flame- 
spreading now proceeds in two regions, one at each end of the bag.  As the 
two convective flames approach each other the regions in which ignition 
has occurred soon develop an excess of pressure with respect to the annu- 
lar ullage.  The bag ruptures in these stations, venting occurs and bag 
expansion commences.  Eventually, the two flames coalesce, flamespreading 
is complete and the calculation is concluded by means of a quasi-one- 
dimensional formulism. 

The manner of flamespreading is evident by reference to figure 4.3.1 
in which the positions of the two flame fronts are apparent from the 
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pressure distributions.  These distributions also reveal numerical wiggles 
which are not seen in the quasi-one-dimensional calculation.  These are 
probably associated to a certain extent with the added structure of the 
flow field.  However, the principal contribution is thought to arise from 
the mass transfer to the annular ullage.  This turned out to have consider- 
able stiffness, as we discuss further and, moreover, to have considerable 
variation with position, as we anticipated. 

Figure 4.3.2 presents the density in the bag.  The very large den- 
sity just ahead of the flame fronts is due to local pressure equilibra- 
tion superimposed on a sharp temperature gradient and is analogous to the 
density variation in a thermal boundary layer. 

Figure 4.3.3 presents distributions of porosity.  The local maximum 
at the left hand boundary of the bag is due to the early ignition at this 
point.  We believe that the adjacent minimum represents a numerical anom- 
aly although a careful check of the coding did not reveal any errors. 

The distributions of gas and solid phase velocities are shown in 
figures 4.3.4 and 4.3.5.  The loss of quality of the numerical solution 
can be ascertained by comparing figures 4.2.4 and 4.3.4.  The multiform 
structure of the convective flame and the mass transfer to the annulus 
results in numerical wiggles which are not seen in the one-dimensional 
case.  Figure 4.3.6 presents distributions of temperature within the bag 
and exhibits clearly the presence of the two separate flames. ' 

The behaviour of the gas in the region of annular ullage is contained 
in figures 4.3.7 through 4.3.10.  The pressure distributions, figure 4.3.7, 
are, of course, much smoother than their counterparts within the bag.  The 
wiggles seen in the later distributions are not instabilities; they repre- 
sent points at which the bag is freshly ruptured.  It should be noted that 
at the later times, the static pressure at the forward boundary is almost 
continuous even though the flow is choked.  This is due to the fact that 
the pressure within the bag is close to that in the region of axial ullage 
due to the large connecting flow area and that, following rupture, the 
pressure in the annular ullage must also approximate that within the bag 
as a consequence of mass transfer.  The choking of the flow from the annu- 
lar ullage into the region of axial ullage follows from a consideration of 
the stagnation pressure at the forward boundary, which is considerably 
larger than the static pressure. 

The strong positive gradient of the gas velocity in the annular 
ullage is seen in figure 4.3.9.  Figure 4.3.8 presents distributions of 
density, which are seen to be smooth.  The temperature is seen in figure 
4.3.10 and exhibits sharp variations in the vicinity of the freshly rup- 
tured bag material. 

Finally, figure 4.3.11 presents the distributions of bag radius at 
various times.  It is noteworthy that the calculation represents this 
quantity as nearly constant.  While surprising, this is in accord with 
the findings of the previous chapter. 
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We conclude this section with a discussion of the behaviour of the 
radial mass transfer which is the driving mechanism for radial bed ex- 
pansion. .   .    I I 

From a computational viewpoint, the mass transfer between the bag and 
the annular ullage proved to be quite troublesome.  We found that an ex- 
tremely small time step was required to assure numerical stability in the 
sense of an ordinary differential equation.  Moreover, the pressure differ- 
ence between the bag and the surrounding ullage tended to be so small that 
the mass transfer oscillated substantially between predictor and corrector 
steps.  Probably, an operator splitting procedure would have to be incor- 
porated if future calculations of this type are desired.  That is to say, 
the mass transfer would be deduced according to a finer mesh spacing than 
the convective processes. 

4.4 Comparison of Ballistic Predictions 

In figures 4.4.1 through 4.4.3 we 
tions of breech and base pressure and o 
breech and mouth of the chamber.  It is 
solutions are completely different in r 
ing, the overall effect on the chamber 
ing to little more than a bias in time 
that the neglect of the radial ullage r 
strength of pressure transients.  This 
figure 4.4.3. 

present comparisons of the predic- 
f pressure difference between the 
evident that although the two 

espect to the manner of flamespread- 
and base pressures is small, amount- 

Generally speaking, it appears 
esults in an overestimate of the 
is borne out by a consideration of 

The reduction in pressure wave amplitude is a consequence of the 
tendency of the annular ullage to effect pressure equilibration through- 
out the chamber.  This, too, results in a much reduced forward momentum 
of the propelling charge during flamespreadlng.  We might also mention 
that the predicted values of muzzle velocity were very close being 769.4 
m/sec and 771.8 m/sec for the quasi-one-dimensional and quasi-two- 
dimensional calculations respectively. 
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5.0 OBSTRUCTED QUASI-ONE-DIMENSIONAL FLAMESPREADING 

In this chapter we perform a study of the ballistic consequences of 
an obstruction to one-dimensional flamespreading in a typical gun pro- 
pelling charge.  Such an obstruction may be visualized as arising in a 
charge consisting of two or more zoned bags and for which the center 
core igniter fails to function.  In such a case, breech end ignition 
would produce an axially propagating convective deflagration wave whose 
passage from zone to zone would be impeded to a certain extent by the 
presence of the bag material.  Since this would result in an increased 
lack of simultaneity of ignition of the overall charge it would be ex- 
pected that the amplitude of ignition related pressure waves would also 
be increased. 

The scope of the study is as follows.  We consider a propelling 
charge based on the properties of the 155mm Howitzer with 10.9 kg of M30A1 
propellant.  A nominal solution is generated taking the ignition stimulus 
to be due to a base pad.  Subsequently, we generate a solution in which 
part of the charge, at the front end, is isolated from the flame by an 
impermeable membrane.  The membrane is presumed to transmit stress to the 
forward portion but does not admit the passage of the gas phase. 

Following a predetermined delay the membrane is assumed to have been 
destroyed as a consequence of thermal and mechanical attack and the pre- 
viously insulated propellant is represented as pressurized and burning. 
Three separate solutions are obtained based upon different values of the 
ignition delay introduced by the obstructing material.  Complete interior 
ballistic cycles are determined and the results are compared with those 
for the nominal case with particular reference to the history of pressure 
difference between stations located in the breech and the mouth of the 
chamber. 

In section 5.1 we describe such analysis as was required by the 
present study.  The behaviour of a charge in which the forward region is 
insulated is discussed in section 5.2 and the influence of the ignition 
delay due to obstruction is assessed in section 5.3.  Further discussion 
of these results in a broader context is given in chapter 6.0.  The  , 
nominal charge configuration for this study is that described in the 
previous chapter and requires no further attention here. 

5.1 Analysis -   '      ,    ' , 

As we have described in the introduction, the principal task re- 
quired of the analysis is the modification of the existing methodology 
for the filler elements to embed the mechanical characteristics of the 
solid propellant.  In section 5.1.1 we present the required analysis . 
We discuss the sources for the choice of ignition delays due to flow ob- 
struction in section 5.1.2.  In section 5.1.3 we comment on the method of 
solution. 
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5.1.1 Governing Equations for Insulated Region 

The governing equations consist solely of statements of continuity, 
conservation of momentum and the constitutive law for the solid phase. 
However, the balance equations are not stated in the usual Eulerian form. 
Indeed, we do not express them as differential equations at all.  Instead 
we pass directly to the difference equations.  Following our previous 
treatment of the inert filler elements we establish nomenclature in accord- 
ance with the sketch below. 

"1-1 "1+1 

A a 
o o 

-1 n-l  n n 

We set M^ equal to the mass of element i, Z- the position of its left 
hand boundary, A^ the cross sectional area of the tube at the center of 
element i and a^  the stress (positive in tension) at the center of element 
1.  The subscript o denotes the boundary condition at the adjacent region 
of the two-phase flow.  Subscript n+1 refers to the projectile. 

It must be noted that the granular stress is assumed to be isotropic 
or hydrostatic.  Accordingly, the solid phase only experiences stress 
when it is confined radially.  Thus we must suppose that the propellant 
fills each cross section of the tube in which it resides or we must assume 
that It is stress-free.  Here we take the propellant to occupy completely 
the cross section and to experience a reaction due to the wall.  Rather 
than incorporate the wall reaction explicitly as we have done previously 
for incompressible elements 5 we embed it implicitly by constructing the 
momentum balance as follows: 

1   M.   M. 

5.1.1.1 

Thus 5.1.1.1 expresses a momentum balance per unit cross sectional area 
for one half of element i plus one half of element i-1.  At the endpoints 
i-1 and n+1 we proceed as previously5  , respectively taking a balance 
for one half of element 1 and one half of element n plus the rigid pro- 
jectile. 

form: 
The equation of continuity may be expressed simply in the algebraic 

M. 
e = 1 ±  
1      p A.(Z.  -Z.) 

p 1  1+1  1^ 
5.1.1.2 
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where p is the density of the solid propellant which, as usual, we take 

to be a constant.  The constitutive law assumes irreversible compaction 
of the solid phase.  We have: 

a. = f(e) f(ej) 5.1.1.3 

and 

f(e) = 

- (1-e) 
28o ^ 

p -2K(e-e ) 
— e      o 

,e>e 
— o 

5.1.1.4 

a^p 

(1-c) -L-P  [J-+ e2 (1_ J-)],e<£ 
g   '-2K   0 e  £ ^''  o 
o o 

where e^ is the initial porosity of the insulated section and e is the 
settling porosity of the propellant bed.  Equation 5.1.1.3 is valid 

provided e _£ £^ and e < o.  When the bed is unloading we assume K = o 
since there are no forces available to expand the bed.  This condition 
of unloading is expressed in the form: 

Z.A.  = Z. ,A. 
1 1^   1+1 ij^ 

5.1.1.5 

where A-j^ , Ai  are the cross sections of the tube at the left and right 
hand sides of element i respectively. 

It should be noted that this constitutive law is somewhat differ- i 
ent from that which we have used in the past.  Previously we have set 
a = o on unloading and then to increase according to da = - p^a^de/g 
during reloading.  The present constitutive law assumes no further com- 
paction on reloading until the stress level at which unloading occurred 

is once again established.  The present law is thought to represent more 
accurately the behaviour of the granular bed.  It is, moreover, better 

behaved from a computational point of view and its implementation into 
the NOVA code would be desirable. 

It should also be noted that by differentiating 5.1.1.5 along the 
element pathline we can show that for an unloading element: 

Z. = a.Z. ,   + 3. 
1   1 1+1   1 

5.1.1.6 

where a. = A. /A. 

h  2 3. =(A! Z/ , - A! Z/ )/A. 
1   ij^ 1+1   1^ 1 ^ 1^ 

5.1.1.7 

5.1.1.8 
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5.1.2 Ignition Delay Due to Flow Obstruction 

We now comment on the ignition delay associated with burnthrough of 
the impeding material.  According to Fisher and GraveslS, studies of the 
attack of a Mortar bag by the high pressure jet issuing from the boom 
yielded the following observations: 

(i) Penetration of bag after ~0.12 msec 
(ii) Possible ignition by -0.18 msec 

(iii) Massive bag failure after 0.30 msec 
(iv) Pressure of jet ~80 Mpa 
(v) Bag heat transfer rate a ph 

Studies of the nominal solution which we described in section 4.2 show the 
gas pressure at the flow obstruction to be much lower than that observed 
by Fisher, being typically 10 Mpa.  Moreover, the nominal solution shows 
that ~0.2 msec is required for the flame to spread through the forward 
region. , 

Thus assuming that Fisher's relationship for the heat transfer rate 
is applicable, we find that a delay of roughly 0.3 - 0.8 msec is required 
for ignition of the propellant and massive failure of the impeding material. 
Since there will be a delay of roughly 0.2 msec to spread the flame through 
the previously insulated region, it follows that a nominal estimate of the 
ignition delay due to the flow obstruction will be 1 msec. 

5.1.3 Method of Solution ' 

The method of solution is as follows.  The determination of the nom- 
inal solution requires no comment here since it is performed with previ- 
ously established methods.  Concerning the inhibited solution, we proceed 
in three steps.  The problem is first represented in terms of a two-phase 
flow analysis of the rear portion of the charge which is initially separ- 
ated from the projectile by a series of inert and compactible elements. 
We took a total of six elements in the present study. Five of these re- 
presented the propellant and the sixth represented the space between the 
forward end of the bag and the base of the projectile. 

The solution of the balance equations of section 5.1.1 proceeded in 
the fashion we have described previously '  .  At any stage in the analysis 
the boundary value of the stress, a   ,   is always known.  It is assumed that 
all elements are loading whereupon all stresses are determined and the 
values of Z-, Z- may be updated.  It is then verified that each element 
is indeed in a loading condition.  If not, the integration is repeated 
with the relevant value of o^ taken as indeterminate.  The value of a^  is 
eliminated by using the unloading condition 5.1.1.6 and adding the balance 
equations which involve this term.  The iteration is continued until a 
self consistent solution is established. 

The second step of this solution is implemented following the delay 
for ignition due to flow obstruction.  At this point the problem is 
transformed so that a two-phase flow analysis may be conducted for the 
forward region of propellant. 
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The third and final step is conducted using the existing coding. 
The propelling charge is treated as a multibag configuration with in- 
ternal ullage. 

5.2  Solution with Forward Region Obstructed 

The position of the flow obstruction was taken to be 10.67 cm from 
the leading edge of the charge.  Thus approximately 17% of the charge is 
located in the insulated region.  The solution which we present here is 
continued for 6.28 msec and forms the basis for the subsequent studies of 
the influence of bag rupture, ignition and pressurization of the insulated 
region.  In all other respects the data base for this problem was that 
described in section 4.2 for the nominal case. 

In figures 5.2,1 through 5.2.4 we present some distributions of pre- 
sure, porosity, gas velocity and particle velocity at various times. 
Figures 5.2.5 and 5.2.6 compare the histories of breech and "base" pres- 
sure in the nominal and insulated configurations.  These latter figures 
illustrate the fraction of the interior ballistic cycle for which the 
insulation is presumed to operate.  It may be seen from 5.2.5 that the 
effect on the breech pressure of insulating the forward region is very 
mild; a noticable deviation between the two calculations occurs only after 
about 6 msec. 

Figure 5.2.6 requires some explanation.  The base pressure for the 
nominal solution corresponds to that detected by a gage mounted on the 
base of the projectile.  Such a gage would, in the insulated region, 
register only ambient or possibly a modest increase over ambient pres- 
sure due to adiabatic compression of the air in the forward ullage.  The 
base pressure plotted for the insulated configuration corresponds to that 
observed by a gage mounted in the rear face of the insulated region.  It 
is interesting to observe the plateau which extends for about 1 msec. 
This corresponds to the period in which the insulated region is being 
propelled towards the base of the projectile.  It is terminated by the 
impact of the bag against the base; the subsequent rise looks quite sim- 
ilar to that in the nominal configuration. 

The full sequence of events captured by the present solution is as 
follows.  As in the nominal configuration, ignition occurs first in the 
breech and subsequently in the interior of the bed as a consequence of 
an axially propagating convective deflagration wave.  Of course, the 
flame is unable to penetrate the flow obstruction located some 10 cms 
from the forward end.  Prior to the arrival of the flame at this internal 
boundary, the pressure exerted by the gas on the insulated region causes 
it to be propelled forward, separating from the permeable part of the 
charge.  At the same time, the region is compacted. 

The location of the insulated region at several times can be seen in 
figure 5.2.2 which provides some distributions of the porosity.  The re- 
gions of ullage are denoted by the concomitant value of unity which 
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characterizes the porosity as well as the sharp discontinuities in this 
quantity which are recognized by the method of solution.  The figure shows 
quite clearly the compaction of the insulated region as it is pushed for- 
ward.  Subsequently, when the insulated region impacts against the base 
of the projectile, an extraordinary degree of compaction is observed. 
The porosity is reduced to -0.15.  This extremely low value reflects in 
part the relatively large velocity which the propellant acquires prior to 
impact, namely -200 m/sec.  It also reflects the absence of a buffering 
effect by the gas phase which characterizes the impact of a fully perme- 
able region.  In addition, since the boundary is impermeable, once the 
bag has collapsed against the projectile, the entire force due to the 
pressure of the gas must be supported by the intergranular stress.  Ac- 
cordingly, the solid phase is found to experience stresses of the order 
of 70 Mpa towards the end of the present solution. 

This stress level is so intense as to throw certain of our assump- 
tions into doubt.  The constitutive law for the granular stress is purely 
speculative in this regime; it is entirely possible that even greater 
degrees of consolidation would be developed than those deduced here. 
Moreover, the assumption that the grains will not fracture becomes dif- 
ficult to defend, in general. 

Figure 5.2.1 presents the distributions of pressure at various times. 
We see that only a mild reverse gradient is associated with the sudden 
change in gas velocity at the boundary corresponding to the flow obstruc- 
tion when the bag strikes the projectile.  Figures 5.2.3 and 5.2.4 pre- 
sent the distributions of gas and particle velocity at various times.  In 
figure 5.2.4 we can see quite clearly the variation in particle velocity 
at the earliest time while compaction of the insulated region is in 
progress.  Subsequently, the velocity in this region is nearly uniform, 
reflecting the strong consolidation of the propellant. 

5.3  Influence of Ignition Delay Due to Obstruction 

In this section we study the consequences of assuming the flow ob- 
struction suddenly to disappear at various times and the previously in- 
sulated region to be ignited and pressurized.  The solution of the pre- 
ceding section is transformed to a multi-bag problem at three times, 
namely; 4.45 msec, 5.51 msec and 6.07 msec.  These correspond to ignition 
delays due to the obstruction equal to 0.62 msec, 1.68 msec and 2.23 msec 
respectively.  The delays have been predicated on the nominal estimate. 
However, the specific values have also been influenced by the desire to 
allow ignition at certain interesting stages of the solution. 

The first choice provides ignition as the forward region is being 
propelled towards the base of the projectile.  The second provides igni- 
tion shortly after the impact and compaction of the forward region against 
the base of the projectile.  The final choice provides ignition only after 
the rear portion of the bag has moved forward and has impacted onto the 
forward region so that there is ullage only in the breech of the chamber 
at the instant of ignition. 
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Distributions of pressure, porosity, gas velocity and particle vel- 
ocity are contained in figures 5.3.1 through 5.3.4 for the first case, 
5.3.5 through 5.3.8 for the second and 5.3.9 through 5.3.12 for the third. 
Finally, in figures 5.3.13 through 5.3.15 we compare the histories of 
pressure in the breech and mouth of the chamber and the difference of 
these quantities for each of the three cases and for the nominal config- 
uration. 

We begin by examining the comparative histories.  Figure 5.3.13 makes 
it quite clear that this propelling charge is astonishingly tolerant of 
variations from the nominal path of burning.  As far as the breech pres- 
sure is concerned the effect of insulating part of the charge for some 
time is similar to inhibiting the grains themselves.  A somewhat lower 
maximum pressure is achieved.  There is no evidence in this figure of 
increased wave structure due to the increased velocity of the leading edge 
of the charge or due to the combustion of the strongly consolidated for- 
ward region. 

Figure 5.3.14 essentially corroborates this picture.  It should be 
noted that the differences here at the early times are due to a gage 
uncovering effect modeled by the code.  The gage at the mouth of the 
chamber registers ambient pressure until the forward region is ignited 
and pressurized. 

In order to study the structure of the pressure waves we turn to 
figure 5.3.15 which presents the difference between the values of pres- 
sure in the breech and the mouth of the chamber.  The figure shows con- 
siderable differences in the first maximum; however, this is associated 
with the effect of uncovering the gage in the mouth and is not intrinsic 
to the pressure wave itself.  The first minimum is seen to be influenced 
by the ignition delay.  However, a significant difference is seen only 
for the third case, in which the forward region is trapped between the 
projectile and the rear part of the charge without ullage interposed. 
Moreover, the excursion is rapidly damped and the subsequent history of 
pressure difference is virtually uninfluenced by the presence of a flow 
obstruction. 

The reason for the strong tolerance of the flow to the presence of 
a flow obstruction whose effect is to delay ignition and compress the 
forward region seems to be associated with the rapid recovery of the 
forward region once ignition occurs.  It is true that the region becomes 
overpressured due to the low voidage.  But the result of the overpres- 
surization is to force a rapid expansion of the previously insulated 
region.  Only a modest increase in size is required to relax the porosity 
to a value close to that experienced in the nominal solution at a compar- 
able stage of the interior ballistic process.  The pressure excursion is 
no longer fed by enhanced combustion in a confined volume and the tran- 
sient is dissipated rapidly. 
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Thus the situation here is apparently different from that associated 
with fracture of the grains as studied by HorstlB.  Once the grains are 
broken, producing increased surface area, relaxation of the flow to the 
nominal condition is not so readily accomplished.  The increased surface 
area will be persistent and will be able to support a pressure excursion 
in spite of local expansion of the bed.  Accordingly, there is little 
doubt in our mind that the results of the present study would have been 
quite different had we allowed for fragmentation of the insulated region. 

The rapid relaxation of the flow following ignition of the forward 
region can be seen in the distributions of porosity in figures 5.3.2, 
5.3.6 and 5.3.10.  Figures 5.3.6 and 5.3.10 correspond to the cases in 
which the insulated region is allowed to impact upon the base of the 
projectile prior to ignition.  These show that within a millisecond after 
rupture and ignition occur, the porosity in the forward region has re- 
sumed values typical of the nominal solution. , 

It is emphasized that the recovery does not represent an elastic 
effect.  There are no appreciable intergranular stresses in the bed fol- 
lowing ignition.  The expansion is due to the drag exerted by the prod- 
ucts of combustion expelled from the compacted region.  The distributions 
of gas velocity are seen in figures 5.3.3, 5.3.7 and 5.3.11.  It is 
particularly interesting to note how the distributions at the latest time 
presented in these figures shows very little trace of the preceding de- 
parture from nominal combustion.  A similar comment is true of the dis- 
tributions of particle velocity, figures 5.3.4, 5.3.8 and 5.3.12. 

Finally, in figures 5.3.1, 5.3.5 and 5.3.9 we have the distributions 
of pressure.  Only figure 5.3.9 reveals an appreciable reverse gradient. 
But this is only momentary and quickly dissipates due to the failure of 
the combustion process to feed it adequately. 

i-u^ 
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6.0  DISCUSSION OF RESULTS 

Chapters 3.0, 4.0 and 5.0 have provided the results of investiga- 
tions of certain of those aspects of bag charge phenomenology which are not 
embedded in the quasi-one-dimensional NOVA code.  Here we wish to review 
the findings of each chapter, separately and in relation to one another. 
This discussion will lead to the formulation of certain conclusions and 
recommendations which will subsequently be summarized in chapters 7.0 
and 8.0 respectively. 

Chapter 3.0 tdok as its objectives the elucidation of the radial 
structure of the two-phase flow occurring in a gun propelling charge and 
the interpretation of these findings in respect to the NOVA code.  The 
scope of enquiry was necessarily limited.  We looked at only one type of 
charge and considered some variations in ullage distribution and primer 
venting characteristics.  Moreover, the study was, itself, conducted on 
a one-dimensional basis, the flow being regarded as axially uniform and 
azimuthally sjnmnetric.  More complete answers  must await the development 
of multi-dimensional codes and their application to a wide spectrum of 
problems. 

However, several definite conclusions may be drawn from even the 
present limited study of this topic.  We will state these directly and 
then proceed to a discussion of their implications. 

From the comparison of the planar and cylindrical flows, section 3.3, 
we learned that cylindrical flamespreading is qualitatively similar to 
planar flamespreading in respect to the structure of the distributions of 
the state variables.  However, cylindrical flamespreading due to a center 
core igniter is slower than the corresponding planar case.  In the par- 
ticular case under consideration the planar speed was found to be roughly 
50% greater than the cylindrical wave speed. 

From the study of the influence of external ullage, section 3.4, we 
found that external ullage has little effect on flamespreading except at 
the outside of the charge where it favors convection and reduces the 
ignition delay.  The grain velocities at the outside of the bed were found 
to depend linearly on the magnitude of the external gap, for the cases 
studied here.  However, large grain velocities were not seen, the maximum 
value being roughly 10 m/sec.  Virtually no wave structure was seen in 
the radial pressure distribution following the conclusion of flamespread- 
ing.  The gas velocities likewise were strongly damped.  However, the 
porosity distributions were far from uniform even after 2.0 msec, the 
primer blast creating substantial internal ullage at the expense of the 
external ullage. , 

The studies of exterior ignition, section 3.5, showed that consider- 
able compaction of the central portion of the charge can occur if the 
external rate of pressurization is fairly high.  However, bed motion was 
restricted in this case and the problem of grain impact against the ex- 
ternal boundary was avoided.  The rate of flamespreading was found to be 
strongly dependent on the primer strength. 
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From the point of view of forming a critical evaluation of the 
validity of the NOVA code the most important findings of chapter 3.0 re- 
late to the radial flow distributions.  We have seen that the pressure 
may justifiably be taken as uniform over each cross section following a 
brief period of radial flamespreading.  Likewise, there is very little 
velocity associated with either phase at the conclusion of flamespreading. 
The remaining state variables, other than the porosity, may be treated as 
uniform.  The large variations in temperature and density which occur 
near the impermeable boundaries due to excessive ignition delays repre- 
sent model anomalies and are not expected to be present in practice. 

However, we found that ullage, or a non-uniform distribution of 
porosity can be very persistent in the cylindrical flow.  It is difficult 
to generalize this finding to the multi-dimensional case since we can 
visualize charges in which a center core is not uniformly present.  None- 
the-less, it was seen in chapter 4.0 that annular ullage can change sub- 
stantially the manner of flamespreading and, moreover, serves to reduce 
the amplitude of axial pressure waves.  Therefore, we emphasize the im- 
portance of the present finding that one cannot safely assume the charge 
to be fluidized and uniformly distributed over the cross section of the 
tube.  Moreover, one may question the suitability of an essentially lam- 
inar description of the two-phase flow. 

By this we mean that we do not consider any of the correlation terms 
which arise in the two-phase flow equations.  We speculate that if, in 
practice, the ullage is found to disappear rapidly so that the mixture 
becomes distributed in a uniform manner across each section of the tube, 
then the flow will lie outside the scope of solutions obtainable with 
the present governing equations, even in the multi-dimensional case. 
Conceivably, it may prove to be important to include the effect of tur- 
bulent mass diffusion.  It is strongly urged that experimental studies 
be undertaken to investigate the radial structure of the flow with par- 
ticular reference to the distribution of the solid phase. 

From the standpoint of charge design the most important finding of 
the present study relates to the value of the radial velocity of the 
solid phase.  This is small even in an extreme case of external ullage. 
Accordingly, the present results indicate that grain fracture due to 
radial primer blast is unlikely to be a serious problem.  It should be 
noted, however, that the radial velocity will be increased as the primer 
strength is increased and, as the permeability of the bed is decreased. 
Therefore, vigorous center core ignition of a finely granulated or 
strongly consolidated charge might cause difficulties. 

In chapter 4.0 we assessed the consequences of treating a typical 
Army bag propelling charge as though it were one-dimensional.  This was 
done by extending the NOVA code to recognize a region of annular ullage 
around the bag, the rupture of the bag, mass exchange with the annular 
ullage and the coupling to the ullage at the ends of the chamber. 

We found that, for the particular bag constitutive laws adopted 
herein, a quasi-one-dimensional model can be seriously in error in so far 
as flamespreading is concerned, even when heat transfer due to radial 
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convection is unimportant. It must be emphasized that the assumptions 
concerning the permeability of the bag are most influential. Indeed, a 
study of multi-dimensional flow in guns seems pointless unless properly 
supported by empirical data to define the influence of the bag. We may 
also speculate that use may be made of the bag permeability as a design 
parameter in respect to the control of ignition transients just as is 
bed permeability. 

The calculation presented in chapter 4.0 cannot be said to have pro- 
vided a firm prediction of the actual influence of the annular ullage. 
The model was too crude and, moreover, we completed the solution using a 
quasi-one-dimensional model from a point at which the bed was not yet 
fully expanded in the radial direction.  However, the results showed that 
the chamber pressure history may be remarkably tolerant of a wide varia- 
tion in the behaviour during flamespreading.  Moreover, the influence of 
neglecting the annular ullage appears to be such as to overestimate the 
strength of the pressure waves in the gun chamber. 

In chapter 5.0 we considered, on a purely theoretical basis, the 
possible consequences of having an obstruction to the passage of a convec- 
tive flame through a propelling charge.  Physically, we envisage such a 
condition as arising in a zoned charge for which the bag material itself 
constitutes the temporary obstruction to the flame.  However, under cer- 
tain anomalous conditions such as those believed to have occurred in a 
Navy 76mm gun  , the obstruction might be due to flash suppressant dis- 
persed throughout the bed.  It is well known that a mixture of grains of 
very different sizes may exhibit extremely low porosity due to the intru- 
sion of the smaller particles into the interstices formed by the larger. 

The physical consequences of the obstruction are perceived to in- 
clude compaction of the insulated region, since the gas is unable to 
penetrate the boundaries, and acceleration in the direction of propa- 
gation of the flame. >  ,, . 

Two distinct mechanisms can therefore be identified as potential 
causes of pressure waves in the gun.  The acceleration of the insulated 
region may, if there is sufficient run-up between the charge and the base 
of the projectile, induce a large velocity in the propelling gas.  The 
subsequent impact of the insulated region against the base of the projec- 
tile and concomitant stagnation of the gas may produce a reverse gradient 
in the same fashion as do the compactible filler materials in Navy cased 
ammunition.  Secondly, the compaction of the insulated region will lead 
to low voidage so that when the obstruction is finally overcome and 
ignition occurs, the subsequent combustion will take place in a rela- 
tively confined environment.  This may result in a significant over- 
pressure. 

Apart from these two mechanisms which have been modeled in the study 
presented in chapter 5.0, we must note the possibility of a third mechan- 
ism; due to the strong compaction of the isolated region, fracture may 
result.  This was not modeled. 
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A major uncertainty in the modeling of the obstruction itself was 
the formulation of criteria according to which the obstruction is over- 
come.  With increasing pressure accompanied by thermal attack it is ex- 
pected that penetration of the barrier will eventually occur.  Here we 
used three values of the ignition delay associated with the obstruction. 
These were based on the only independent data available and are believed 
to represent a reasonable range of values. 

The results have shown quite clearly that at least for the charge 
configuration considered here, the internal ballistic history is virtu- 
ally indifferent to a flow obstruction.  The consequences of delaying the 
ignition of 17% of the charge at the forward end are in keeping with an 
intuitive perception rooted in a lumped parameter picture of the overall 
process.  The cases considered here produced enhanced boundary motion and 
stagnation as well as considerable compaction of the insulated region. 
Ignition in the forward region was delayed in such a fashion as to pro- 
duce rupture at three distinct stages of the flow, namely; with the for- 
ward bag in motion, with the bag collapsed against the projectile, and 
finally with the permeable portion of the charge collapsed against the 
forward portion. 

t ^  . 

Only the latter case, in which confinement was greatest, produced a 
significant change in the first minimum of the pressure difference plot. 
However, this was quickly damped and the subsequent history differed but 
little from that of the nominal configuration. The physical explanation 
for the absence of pronounced pressure wave enhancement is believed to 
reside in the rapid relaxation of the compacted region to near nominal 
voidage. 

Possibly, a smaller obstructed region would acquire a higher veloc- 
ity thereby producing a stronger stagnation wave upon impacting the pro- 
jectile.  However, the mass of the compactible filler elements used in 
Navy cased ammunition and which are associated with the formation of a 
reverse gradient is much less than that of any probable zone increment. 
In view of the failure of the present calculations to show any signifi- 
cant stagnation wave associated with the insulated region we conclude 
that it is unlikely that flow obstruction in conventional medium caliber 
Army weapons would lead to significant pressure wave structure through 
this particular mechanism. 

Since, moreover, the compacted propellant quickly expands to near 
nominal porosity following ignition, it is believed that the second 
mechanism, namely confined burning, is not a probable first cause of 
strong pressure wave phenomena in medium caliber weapons of the type 
studied here.  We might also mention that the presence of radial ullage, 
neglected in chapter 5.0, would act to reduce the acceleration of the 
insulated region since the gas pressure would more completely equilibrate 
in the axial direction as we saw in chapter 4.0.  The probability of 
fracture of the grains due to impact would be reduced accordingly. 

- 112 - 



-^j;\-4r}-s:t:tls> - '•■«T^'';^<'i%"'-^!^!^>: 

Thus, from the study presented in chapter 5.0, we conclude that flow 
obstruction, per se, is not a likely cause of pressure waves in medium 
caliber guns.  On the other hand, flow obstruction is reported to have 
been responsible for a catastrophic malfunction of the 76inm Oto Melara 
gun.  It was conjectured by the investigators of the malfunction-^' that 
grain fracture, due to the Impact of the obstructed region against the 
base of the projectile, was responsible for the observed overpressure. 
Accordingly, we conclude that our present findings should be qualified in 
this respect and that further investigation of the probability of grain 
fracture is desirable. 

I 

Studies of the mechanical response of propellant grains to transient 
loads of amplitudes of at least 10 Mpa and preferably 100 Mpa are desir- 
able if a theoretical characterization of the occurrence and consequences 
of grain fracture is to be made. , 

Moreover, both chapters 4.0 and 5.0 point to a definite need for 
better characterization of the behaviour of bag materials.  Data are re- 
quired to resolve the permeability of the bag and its response to mechan- 
ical and thermal attack.  Models of bag charges cannot neglect such data 
if meaningful predictions are to be made of the path of flamespreading 
and the formation of pressure waves.  Indeed, the bag should be viewed, in 
our opinion, as an influential element of the ignition train and not 
simply as a container for the propellant.  The present study suggests that 
by making a suitable choice of bag materials, the designer can exert as 
much control over the flamespreading path as is customarily achieved 
using a distributed ignition system.  We also conjecture that the bag 
materials can be selected so as to preserve annular ullage throughout 
flamespreading, thereby minimizing the amplitude of ignition related 
pressure waves. 
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7.0  CONCLUSIONS 

(1) Except that flamespreading tends to be slower, the cylindrical two- 
phase reacting flow demonstrates no essential differences from the planar 
case. 

(2) External ullage has little effect on cylindrical flamespreading. 
For the nominal 155mm configuration considered only modest radial grain 
velocities were computed; virtually no wave structure was found in the 
pressure distributions following the completion of flamespreading. 

(3) External ignition of a cylindrical charge having no internal ullage 
was found to induce quite strong compaction at the center. 

(4) Solutions of the cylindrical flow problem showed that following the 
completion of flamespreading, all the flow variables, except the porosity, 
become uniform over the cross section of the tube.  However, annular 
ullage was found to be persistent, invalidating the application of a 
quasi-one-dimensional model of axial two-phase flow to the simulation of 
bag charges. 

(5) A quasi-two-dimensional solution for a bag charge showed that the 
annular ullage can be extremely influential although the precise conse- 
quences of its presence are believed to be strongly dependent on the per- 
meability of the bag material.  The annular ullage was found to reduce 
the amplitude of the history of pressure difference between the breech 
and mouth of the chamber.  For the bag constitutive laws assumed herein, 
flamespreading was found to proceed in two fronts, one starting at the 
breech and another starting at the front of the charge as a consequence 
of convection through the annular gap. 

(6) The obstruction of axial flamespreading by bag material was not 
found to have any significant ballistic consequences.  However, it is 
believed that this conclusion would not hold if the propellant grains 
were susceptible to fracture. 
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8.0  RECOMMENDATIONS 

(1)  It is recommended that experiments be performed to determine the 
distribution of bagged propelling charges at various stages in the early 
part of the interior ballistic cycle.  From the point of view of modeling 
it is desirable to know the extent to which a laminar two-phase flow 
prevails.  From the point of view of design it is important to understand 
the dynamic role played by ullage in respect to flamespreading and the 
formation of ignition transients. 

(2) It is recommended that a determination be made of the permeability 
and resistance to thermal and mechanical attack of candidate bag materials, 
Such data are essential for meaningful modeling of bag charges and, more- 
over, are expected to be useful to the designer who must evaluate the in- 
fluence of the bag on the path of flamespreading. 

(3) Independent data to characterize the mechanical response and the 
probability of fracture of propellant grains are desired in the transient 
loading regime for stress amplitudes of at least 10 Mpa and preferably 
100 Mpa. . j 

(4) It is recommended that the numerical technology developed herein be 
linked permanently to the NOVA code to produce an upgraded  quasi-two- 
dimensional version in which a realistic representation may be made of 
the influence of a center core primer and of annular ullage. 
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Nomenclature 

A        Cross sectional area for two-phase flow 

Ag        Cross sectional area of annular ullage.  Also, part of 
control surface occupied by gas phase 

A.        Cross sectional area of tube at center of i  element 

A!        dA.(Z)/dZ 

A        Part of control surface occupied by solid phase 
■■  .1 

B ,82 Burn rate coefficients 

b Covolume 

a Rate of propagation of granular disturbances 

a^ Value of a when bed is in settled condition 

Effective particle diameter, D =6M /p S 

d Rate of regression of surface of solid phase 

e Internal energy of gas phase 

^CHEM Chemical energy released by combustion of solid phase 

e-j-g Chemical energy released by combustion of igniter material 

fg Steady state velocity dependent interphase drag 

g Gravitational acceleration 
o 

h Film coefficient 

I Unit tensor of rank two 

k Thermal conductivity 
P 

M. Mass of i  lumped parameter element 

M Mass of a propellant grain 

• 
m Rate of mass transfer 

Nu Nusselt number based on effective particle diameter 

->- 
n Normal vector 

n Burn rate exponent 
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■•■1 -.■f-^, -.^i-.-^'-^ r^'^i;^ 

Pr Prandtl number 

p Pressure 

q Steady state interphase heat transfer 

R Granular stress due to contacts between particles 

R Gas constant 
g 

Re^       Reynolds number based on effective particle diameter 

Radial coordinate 

P 

r, Radius of bag bag ^ 

S Control surface 

S Surface area of a grain 

T Temperature 

t Time 

u Velocity 

V Control volume 

V Volume of Lumped Parameter Region 

V Part of control volume occupied by gas phase 

V Part of control volume occupied by solid phase 

w Velocity of point on control surface 

th Z., Z. Position, Velocity of Left hand side of i  element 
11 

z Axial position 

z Length of Computational Region 
D 

z   ,   z Position of Left and Right hand sides of computational regions 
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01        Thermal diffusivity of solid phase 

a^, B^    Coefficients used in back substitution procedure to 
analyze unloading elements 

Y Ratio of specific heats 

e Porosity 

e. Porosity of i  element 

t Settling porosity of propellant bed 

Ej^ Initial porosity of propellant bed 

?        Non-dimensional spacewise coordinate used in computational 
scheme 

n        Velocity of convected mesh, n = Z.+ ^Z 
J_t 

K        Stress attenuation factor 
i   ■     ■ 

y        Viscosity 

p        Density 

■*-*■ 

O Stress tensor 

-*-*■ 

0'        Stress deviator 

cr.        Stress at center of i  element 

^ Rate of venting of igniter gas 

$        Arbitrary vector 

The subscript p is used to denote a property of the solid phase. The 
subscript g denotes a property of the gas in the region of annular ullage. 
Properties of the gas phase within the bag are unsubscripted.  The sub- 
script c is used to denote properties of a region of axial ullage.  The 
subscript IG is used to denote a property of the igniter.  We use f to 
denote a gas phase property at the film temperature. 
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