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Many codes are now in existence to solve the partial differential

surface regression.

very large pipe-flow type effects

of flame spreading.

have on flame spreading rates and
waves.

cycle.

equations which medel the internal ballistics problem.
consider mainly granular propellant, differentiating between
distinct types by adjustments to the form function and rate of
This, however, cannot model the differences
in the way in which the gas will flow arcund the propellant, so
that for stick propellant where the aspect ratio of a "grain" is

closely packed grains the inhibition of the gas from flowing
within the propellant bed due to porous medium effects is
similarly discounted, leading to inaccuracies in the estimation

A mathematical medel is developed to
characterize the differences between stick-type and granular-type
propellant particles based on a f£luid mechanics type consideration
of the flow around and within beds of given propellant types.
Computations have been carried out using the guasi one-dimensional
code ABCl at Shrivenham in order to highiight the differences
between such propellant shapes, and the effects which these can

The results show that careful fluid mechanical
consideration of the flow field around and within propellant beds
is vital for accurate prediction of the internal ballistics

Most

are lgnored and for more

the generation of pressure

1.  INTRODUCTION

In this paper we wish to consider
the modelling of flame-spreading in
a propellant bed. We assume that
the gas/solid flow inside the gun
tube may be modelled as a two phase
reacting flow, the gas and solid
phases interacting during flame
spreading and combustion to give
rise to heat, momentum and mass
transfer. We approach the problem
from a quasi one-dimensional
viewpoint, with distance x measured
along the gun tube from the breech
and © representing time. This
leads us to partial differential
equations for the flow in the two
phases which are more manageable
than a fully two or three
dimensional treatment, but of a
higher order of complexity than
"lumped" parameter models which can
never hope to produce details of
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the pressure waves present in this
type of flow. It should be emphasized
that here we are only considering the
interaction between the gas and the
propellant, and not heat transfer to
the tube wall. We mention in passing
that in our experience with the code
ABCI for the calculation of quasi
cne-dimensional unsteady flows, the
interphase drag assumes an importance
greater than that of a "fine tuning"
modelling detail as it can have a
crucial effect on whether or not the
code exhibits numerical instability.
To fix our ideas, we consider _
specifically the interphase drag f

p . e
and heat transfer q, in the gas
momentum and energy equations
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Cur main aim is to find a way of
characterizing the differences
between granular {closely-packed
propellant particles with an aspect
ratic of order unity) and stick
propellant where the aspect ratio
of the propellant particles is
large. In "lumped” parameter models
the only independent variable in the
equations is time, so that there is
little scope for medelling the
differences between the flows
produced by sticks and granules.
All that we can do for these models
is to adjust the form function
coefficients, burning laws and
ballistic sizes accordingly, so
that no details of the contrast
between the "pipe flow" type
effects found in stick propellants
and the "porous medium" effects
found in bags of grains can be
included.

In the guasl cne-dimensional case,
as well as including the effects

of different ballistic size, form
functicns etc, we can also take
advantage of the dependence of the
flow quantities on the coordinate x.
We begin by considering the model
presented in {6]. 'This makes the
following assumptions for the
interphase drag and heat transfer:

Heat transfer in the case of granular
propellants is assumed to conform to
the correlations [5] where the Nusselt
number is taken to be

/3 . 1/3

Nu = 0.4 R62 Pr (1.1)

p P
so defining a heat transfer coefficient
between the solid and gas phases. The
Reynolds number is based on the
relative velocity of the two phases
and the particle diameter, and thermal
guantities are evaluated at the "film"

temperature

Ty

(IF'+17yY/2 (1.2}
p)/

where I 1is the temperature at the

surface of the propellant, which
during combustion will be between the
ignition and the adiabatic flame
temperatures.

The interphase drag for granular
propellant is given by a combination
of the correlations for porxous beds
from [4] and [1]. (For details see
f61.)

In the case of stick propellant, [6]
assumes that the drag is dominated by
the boundary layer, using the well-
known Karman-Nikuradse correlaticn

- 0.023 3-8
P

Nut Pr0’4 {1.3)
P
(see, for example [7]) where once
again the diameter of the stick
propellant is used to characterize
the length. The interphase drag may
then be deduced from the Nusselt
number by means of the Reynolds
analogy

/2 = 5t pr2/3 (1.4)

e

i
(where St is the Stanton number) to
give finally for the shear stress

-1/3 0.8, 0.4

T, = (pu {0.023 Rep Pr V.

0 eZ/Dp)Pr

r
As far as the mass transfer between the
two phases is concerned, we will not
consider this problem here, assuming
that the ignition criterion and the
burning laws are fixed.

Although the £four laws given above have
been used by a wide range of internal
ballisticians apart from the author of
[6], they are clearly not idezl. In the
next section we discuss scme of the
shortcomings of this approach, with
particular reference to the case of
stick propellant.

2. SHORTCOMINGS OF THE USUAL MODEL
FOR INTERPHASE TRANSFER EFFECTS

In discussing the defects in the meodel
presented above, we must first consider
whether it is in any way sensible to
model the physical problem as a two-
phase reacting flow. It seems
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apparent that in the case of a charge
consisting of a bag of grains, the
bag will scon rupture in a real
firing and the grains will become
distributed throughout sizeable
régions of the flow. So: probably

in this case the assumption that

the grains form a second “"phase"” in
the flow is reasonable. In the case
of stick propellant, however, it is
clear that we are on much shakier
ground. Most charges consisting
mainly of stick propellant are well
packed, and the sticks support each
cther under loading to produce an
overall structure which is much less
likely to be dispersed around the
flow. It is possible that some sort
of txeatment of the propellant bundle
as an elastic body (see for example
[8]) is more correct than a two-
phase flow approach, but for the
purposes of this paper we will assume
that we are justified in writing down
two-phase flow equations for the
stick propellant case, and attempt to
derive the most accurate possible
model based on this.

In the case of stick propellant the
correlations used are for flow in
circular pipes. When a charge is
composed of long propellant sticks
there will also be flow in the
interstices between the sticks, so
that some adjustment of the law for
stick propellant is needed. In [6]
the author remarks that any attempt
to adjust the Karman-Nikuradse
correlation to take into account the
interstitial flow must be regarded as
"pure speculation". This may be true,
but it is nevertheless the case that
the interstitial flow may be very
important indeed in the flame
spreading process. Experiments with
closely packed hexagonal sticks have
shown that inadequate flame spread
can result when the interstices are
not present. Sticks with and without
central holes are both in use so it is
clear that we must make some statement
about the interstitial flow. Note
also that slotted tube and non-
circular propellant shapes are not
taken into consideration in the model
as it stands. It may also be the case
that under the extreme loading
conditions encountered in a real

firing the tubes will experience
bending, leading to secondary flows
superimposed on the basic "pipe" flow.
These may have a drastic effect on the
heat and momentum transfer character-
istics of the flow. (Although of course
a quasi one-dimensional model could
never hope to predict these.)

Apart from the geometrical inaccuracies
mentioned above a much more serious
defect of the stick laws is that they
are relevant only to a steady fully
developed incompressible turbulent
attached boundary layer. It is clear
that when there are pressure waves
present in the flow there will be
reverse flow and sc the boundary layers
will separate in some circumstances.
Computations carried out with data
from the 105 mm light gun indicate
clearly the high velocity gradients

and areas of reversed flow present.
Quite apart from these difficulties
there is the question of compressibility.
Pressures of the order of hundreds

of megapascals mean that this is a
major effect inside a gun tube, and it
is unlikely that a purely
incompressible analysis will be
sufficient. Also the assumption that
the boundary laver is a fully developed
one needs justification. Clearly

there may be some parts of the tubes
and interstices where a hydrodynamic
and thermal entry length solution
would be more appropriate.

The questicn of boundary layer blow-off
must also be considered. In the case
of the stick laws, the author in [6]
chooses to set the heat transfer
between the two phases equal to zero
{thus ensuring that the drag is also
zero) whenever combustion occurs.

The reasoning behind this is that
whilst combustion is taking place there
is considerable mass transfer between
the two phases, and we may now think of
the propellant sticks having porous
surfaces, with a non-zero normal gas
velocity. (Usually termed the
"injection” velocity.) It was noted
in [3] that when such blowing is of an
order of magnitude larger than the
vertical wvelocity of the boundary laver,
the boundary layer will be "blown off™
and an essentially inviscid rotational
layer will be formed near to the wall.
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The whole question of how the drag is
influenced by combustion does, however,
seem to be poorly understood.

Even if we do accept all the short-—
comings of the Karman-Nikuradse
correlation, we are still left with
the problem of how to define the
characteristic length and wvelccity
in the Reynolds number. There is
some confusion in [6] regarding the
length scale, but clearly the tube
radius of the cord would seem to be
a sensible length scale. With
regard to the correct velocity
scale, we assume that the flow is
close to "plug" flow so that the
approximation of [6] of using the
relative phase velocity xather than
the mean flow velocity is reasonable.

Having highlighted some of the
problems in modelling the heat and
momentum transfer for a stick
propellant, we turn to the case of
granular charges. The "patching” of
the correslations propeosed in [1] and [4]
suggests that the given law is capable
of simulating a wide range of bed
conditions, and indeed agreement of
the correlation with experiments has
been found to be good in a wide range
of cases (see [4]).

For the heat transfer in both types
of propellant, we assume that the
"Reyneclds analogy” will allow the
calculation of a heat transfer
coefficient from the definition of
the drag. To calculate the heat
transfer term as in the gas phase
enerqgy equation, some definition of
the surface temperature of the
propellant will be needed. The method
which we use to compute this
temperature will also affect the
accuracy of our model.

We also note that the expressions
used in [6] only estimate the STEADY-
STATE interphase drag and heat transfer.
We anticipate that the flow will be
influenced by a "virtual mass” effect
caused by unsteadiness. (See, for
example [2] for an explanation of this
pheromenon in the caseé of the ursteady
motion of a sphere through fluid.)
This additional drag is estimated in
[6] by the inclusion of "virtual mass
coefficients" in the partial

differential equations, which multiply
terms in the momentum and energy
eguations. BAlthough this constitutes
a practical solution to the problem,
the difficulty of ascribing a value to
these cofficients makes its value
doubtful.

Having accepted that for granular
propellant the popular existing model
for heat and momentum transfer is
probkably sufficiently accurate, we
consider what possible improvements may
be made to the stick pfopellant model.
3. IMPROVEMENTS TO THE MODEL FCOR
STICK PROPELLANT

Before we can consider improving the
present model, we must establish some
basic facts about the flow inside the
sticks. We must consider whether the
boundary layer flow is of fully developed
or entry length type, and also whether
boundary layer blow off is likely to
occur so that the drag should be set

te zero in the presence of ignition.

In order to determine estimates for the
hydrodynamic and thermal entry lengths
we consider some typical data, chosen
for example for a light gun. Assuming

a propellant stick hole radius of 1.2 mm,
and basing the Reynolds number on this
and the gas phase velocity, the

Reynolds number may be calculated using
an unsteady quasi one-dimensional code.
The resulting mean Reynolds number of
order 1,000,000 shows that certaialy

the flow is, as expected, turbulent.

We consider a thermal entrance region
where the temperature and velocity
profiles develop simultaneously. The
results of [10] and [7] suggest that the
ratio of the Stanton number for the
thermal entry region to that for the
fully developed flow is certainly closexr
to uwnity than

St/St g = 1+ 1.3/ (/D)

1
For the type of sticks which we are
considering the aspect ratio z/D has a
maximum value of the order of 500 so
that unless there are a large number of
separate boundary layer developments
within a stick, it seems that we are
well justified in neglecting the
hydrodynamic and thermal entry lengths.
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We may also estimate the likelihood

of boundary layer blow—off. BAlthough

agreement is not universal on the
injection velocities required for
lift-off of the boundary layer to

form a free shear layer,: clearly if
1/2)

/U

ol > O(Re

o, .

ing
in the laminar case then we may
expect some sort of blow-off to
occur. In the case of the turbulent
boundary layer, a commonly used
criterion (see, for example [3])
is

v. JU > 0.02
ing’ e

We may estimate the injection wvelocity
as follows: considering once again the
example of a light gun, the rate of
surface regression of the propellant
stick is given by

D df/dt = -Bp”

where ¢ = 1, B = 0.138 cm/sec/Mpa,
and f is the fraction of the ballistic
size remaining. This implies that
the inmner wall of the stick recedes
at a rate of 0.138 m/sec, when the
pressure is 200 MPa. (A typical
pressure for the flow when combustion
is fully established.) Assuming that
the evolved gas has a density 1000
times smaller than the solid
propellant, we see that if the
injected gas is constantly removed
by the transverse boundary layer flow
then approximately

U, . = 138 m/sec.
inj
Boundary layer blow-off is thus

likely to occur if the velocity inside
a stick is less than the order of

6900 m/sec, and so for all practical
purposes we may assume that the
boundary layer will not be strong
enough to support the injection effect
caused by the evolution of gas, at
times when the combustion is fully
established. During flame spread,

the position is somewhat different.

A typical pressure early in the
internal ballistic cycle is 10 MPa,
and this would lead to an injection
velocity of 6.9 m/sec. In this case
the boundary layer would be blown off
only with a transverse velocity of
less than 345 m/sec.

1-77

With this knowledge, we may f£ix our
ideas on when we should compute the
interphase drag and heat transfer.

In the case of stick propellant, we
assume that interphase drag takes place
during times when ignition has not
taken place, or when combustion is
present but the boundary layer has not
blown off. This latter criterion is
especially important since gas velocities
are typically large near to a flame
front. Heat transfer takes place only
when there is no ignition. When the
propellant is burning, there will be a
flame zone separating the surface of a
cord from the evolved hot gas and the
assumption that the gas is evolved at
the adiabatic flame temperature
effectively accounts for any heat
transfer which may be taking place.

Prescribing the drag to be zero in the
later stages of combustion alsoc allows
us to make the assumption that the
interstices retain their shape whilst
the drag is non-zero. Clearly in the
later stages of the cycle the sticks
will be blown apart, becoming

individual cylinders. We assume that
this does not take place until sufficient
time has elapsed for the boundary lavers
tc have been blown off.

In the case of granular propellant, we
assume that there is interphase drag
during the entire internal ballistic
cycle, as the drag is now dominated by
base drag rather than boundary layer
effects. Heat transfer takes place
only when the propellant granules are
net burning, for the reasons given in
the previous paragraph.

4, A MODEL FOR INTERPHASE DRAG AND
HEAT TRANSFER IN STICK OR GRANULAR
PROPELLANT

We may now present a complete model

for the interphase drag and heat
transfer. From the burning rate egquation
we may calculate the speed of the
receding burning surface, giving the
"injection velocity"

U.

_ a
ing = 0.005 Bp (pp/p) m/sec {(4.1)

where the pressure p is measured in MPa.
The contribution to the drag from the
heoles in the sticks is

2

=0.
ch = 0.046 ReT




Here the tube Reynolds number is based
on the hole diameter, the relative
velocity, and the kinematic viscosity
evaluated at the gas temperature.
This assumes that the flow is very
nearly "plug" flow in the tube, so
that the relative gas velocity is
close to the mean turbulent flow
velocity. It also assumes that
Sutherland's law is appropriate for
the evaluation of the viscosity as

a function of temperature.

For the contribution from the inter-
stitial flow, we assume that the
sticks are tightly packed so that
each interstice is formed by the
contact of three cylinders. 1In

this case we define the "equivalent
diameter" as

D_ =

p = 44/P = Dy[2/3-mlfr - 0.1027 Dy

where A4 is the cross-sectional area
of an interstice and P is its
perimeter length. Then assuming in
addition that the actual interstitial
drag ¢ .. and t e £ duct
g £I nd the drag fe or a duc

of circular cross—-section of diamater
DE are related by

cfijcfé - K2
gives us an expression for the
interstitial drag. With regard to
this last assumption, for laminar
flow the ratio of the two friction
coefficients may be shown to be
independent of Reynolds number on
theoretical grounds. Experiment
has also shown this likely to be true
in the turbulent case. We take the
value of K, to he 0.68 (see [°])
- 2
giving for the drag due to the
interstices
-0.2
ch = 0.049 ReI
where the interstitial Reynolds number
is based on the diameter of a
propellant stick. Using the fact that

up)

we may derive an expression for the
total drag for stick propellant.
{See 4.2.}) In doing sc the
contributions from the holes and the
interstices have been scaled by a
relevant characteristic length
{volume/area ratio).

cf = ZTo/p(u -

We must also consider the heat transfer.
In the granular case we use the
correlation of [5], employing a2 granular
Reynclds number based on a “"equivalent
particle diameter"” Dp = 6Vb/Sp. The

temperature difference multiplying the
heat transfer coefficient is taken to be
the difference between the gas and
ambient temperatures, thereby assuming
that the propellant surface temperature
remains close to ambient before ignition.
Making a similar assumption in the case
of stick propellant, we may determine
the heat transfer using a standard
Reynolds analogy and the expression for
the interphase drag. Finally the
complete drag model is

?s = F k2(1—261)1/2/(1—z) (granular)

2
/D,

Il

= -0.2 2 _m2 ~0.
r[O.OQZDOReT /(D1 DO)+0.0984ReI

(stick, Uinj/lu_up1<0'02 or T<1€gn}

0 (stick, Uinj/[u—upl>0.02 and T>Tign}
where (4.2)
F=op A (u-u)ju-u
oy i) L=ty |
corresponding heat transfer

- -1/
s H[O.4ReG

with

o0
fl

3
/Dp] (granular, T<fign)
~0.2

I

{stick, ka}gn)

i

7 -0.2 2_n2
H[O.092DOR9T /(D1 DO)+0.0984RQ /D1

1

(Granular and stick
propellant)

0 otherwise

where

F= (T -T /3
g

-2
amb)pgcpglu—uplApPr

5.833k1, £ < €

f1-¢){ %o Y]°-*®
= il < e <
k2 = 15.8337(1 [{ . ][1_8 ]] gy S €5 €

Lkl £ > £,

with
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(1) -1

1 + 0.02 c
0

€1=

5. INFLUENCE OF THE MODEL ON
NUMERICAI. RESULTS

In order to evaluate the effect of
the new interphase transfer model

on numerical results,  test cases were
run using the qﬁasi one—-dimensional
code ABC! with data for a typical
light gun burning stick propellant.
As well as the model considered above,
calculations were performed with no
interphase transfer, and a granular
model with a "reduction factox".

The latter has been used in the
absence of a stick propellant model
as a crude approximation with the
"drag reduction factor" relating the
granular to the stick case typically
taken to be 0.1

Figure 1 shows the calculated pressures

after 1,2 and 6 milliseconds. For the
first two of these times ignition is
well established in some parts of the
flow but the shot has not moved an
appreciable distance. Clearly it is
in the early stages that an accurate
prediction of the drag will have the
most effect. The new model is seen
to retain the qualitative effects of
the zero drag flow where generally
more extreme pressure profiles may be
expected, whilst the "reduced" model
has the undesirable effect of almost
completely smoothing out the flow.

At 6 ms where the total mass fraction
burnt is 0.829, the pressure is no
longer influenced by the details of
the drag model and has evolved to a
typical approximately linear profile
from breech to shotbase.

From this we may conclude that
although the modelling of the inter-
phase drag and heat transfer will not
have much effect on for example the
muzzle velocity of the gun under
consideration, an accurate represent-—
ation of these effects is crucial if
we wish to consider processes such as
the initiation and eveolution of

flame spread. Inaccuracies may lead
to the suppression of shock waves and
discontinuities in the flow, ox
conversely to the overprediction of

peaks and troughs of flow variables.

In some cases we have found that an
overestimation of the drag effect with
the conseguential large-scale

convection of propellant particles may
lead to numerical instability so severe
that the code cannot be executed without
overflow occurring. It is our view that
the new model provides an acceptable
compromise between the neglect of drag
and use of a modified granular medel.

It also has the advantage that it has
been developed with the basic differences
between flow arcund beds of granular and
stick propellant in mind and hence will
lead to greater accuracy in the
computation of such flows.

REFERENCES

[11 K E B Andersson, "“Pressure Drop
in Ideal Fluidization" Chem. Eng.
Sci. Vol. 15, 1961, pp276-297.

{21 G K Batchelor, "Introduction to
Fluid Pynamics”, C.U.P, 1967.

[3] J D Cole and J BArcesty, "The
Blowhard Prcoblem - Inviscid Flows
with Surface Injection" Int. J.
Beat Mass Transfer, Vol. 11, 1968
pplle7-1183.

[4] S Ergun, "¥Fluid Flow through Packed
Columns", Chem. Eng. Prog. Vol. 48
1952, pp89-94.

[5] N I'Gelperin and V G Einstein,
"Heat Transfer in Fluidized Beds",
Fluidizaticn, ed. J F Davison and
D Harrison, Academic Press, New York.

(6] P S Gough, "The NOVA Code - A
User's Manual" PGA-TR~79-5, 1979,
Paul Gough Associates Inc.
Portsmouth, New Hampshire.

[N W M Kays, "Convective Heat and Mass
Transfer"™ TATA McGraw-Hill Publishing
Company, New Dehli, 1979.

£8] X K Kuo, K C Hsieh and M M Athavale,
"Modelling of Combustion Processes
of Stick Propellants via Combined
Eulerian-Lagrangian Approach. To
appear.

{31 Engineering Sciences Data Unit,
"Friction Losses for Fully-Developed

1-79




[101

Flow in Straight Pipes", EDSU
66027, 4 Hamilton Place,
ILondon, April 1977.

Engineering Sciences Data Unit,
"Heat Transfer Under Conditions
of Forced Convection for the
Subsonic Turbulent Flow of Gases
in Smooth Straight Ducts of
Constant -Cross Section", EDSU
00.02.05, 4 Hamilton Place,
london, February 1981.

Nomenclature

a Pressure index in burning law

A Cross~sectional area

B Burning rate coefficient

cf Dimensionless friction factor

cfé Equivalent Z£riction factor

ch Friction factor for flow in holes

cpg Specific heat of gas at constant
pressure

D Diameter

DO Tube hole diameter

D1 Propellant stick diameter

DE "Equivalent" diameter

DS Ballistic Size

e Chemical energy

£ Porosity

€4 Settling porosity
Fraction of ballistic size
remaining

Fs Interphase drag

K2 Friction factor coefficient

m Mass transfer term

Nt  Nusselt Number = St Pr Re

r Pressure

P Perimeter length

Pr  Molecular Prandtl Number

53 Interphase heat transfer

He  Reynolds Number

Re  "Granular" Reynclds Numbexr

HeT Reynolds Number based in hole

diameter
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p Density

St Stanton Number

Stfd Stanton Number for fully developed
flow

t Time

T Temperature

Ihmb Ambient Temperature

T, TUFilm" Temperature

i}gn Propellant ignition temperature

Ty Wall shear stress

81 Form function coefficient

u Velocity

U'nj Injection velocity

U Relative velocity = u - u

rel o)

U Free stream velocity

=]

z Horizontal co-ordinate

4 Fraction of propellant volume
burnt

Subscripts

T Pertaining to ignitor

7] Pertaining to the propellant
or a particle of the propellant

I Pertaining to interstices




Figure 1 Numerical Results for 105mm Light Gun
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