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- Specific heat of solid.
- Energy absorbed at ignitiom. :
- Average heat flux defined by Equation (5).

" = Heat flux,
- Regression ut:i of solid.
- Ignition delay.
Time.

- Surface temperature of solid.

Initial temperature.

Volume-to-surface ratio for a grain.
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Thermal diffusivity of solid.

Thermal conductivity of solid.
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Solid propellant density.

- Bulk temperature change.
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oo ;. Tn. THTRODUCTIGN .
¢ that 1t e difficult fo calculate the fgnition '**

sequence in a bed of solid propellant grains. Computer codes have "

B

v1o0s , bady

_...It 18 no secre

attempted to describe it by solving one-dimensional equations for the '

-two phase flow, Even if one concedes correctly posed diffefentisl ~ =
equations, there remains the question of posing the suxiliary equations
or data for ignition criteria, hest transfer to ‘the grains, transient s
rog:“esaié:‘_l rates, f@it‘: '3“4 : lé.& ot ﬂ!. ‘f o g ,:'v ay i insvno
" » " 2 & PO TEE 3 { "I P Ay

., Application ‘of these computer codes to solid propellant guns has
principally focussed on the description of pressure vave development
in the gun chamber. More than any other, it has become the standard ~
by which to judge the merit of a code. And well‘it should because "~
pressure difference is one of the few presently measurable phenomena to
compare with prediction. Parametric studies have established that re-
gression rates, bore resistance, and drag, can be varied encugh to force
agreement between prédicted and measured préssures. For the ‘time beiug,
this agreement is taken as a sufficient basis to justify ‘interior ball<

g ‘ :l.stt_;.iq__ ‘studies of gun ’behav:lor “’th&prope'lling charge 18 ‘modifieds v
"‘There is considerable evidence that ‘the ignition behavior strongly-
5 ] influences the gun's susceptibility to catastrophic overpressure. =

E’ E Describing the ignition requires first describing how the propellant

I - itself makes the transition from heating to combustion. In the gum,

| the ignition front movement is the progression of the transition event
: through the bed. The one measure of that movement is the flamespreading
: rate which is only beginning to be measured. Such measurements will,
however, provide another standard by which to judge a code. It is
necessary now to examine the details of the ignition and its computation
to improve, if feasible, the postulated laws. - i

This report will address the ignition criterion for the propellant
and the heating of the solid to the ignition regime, It will examine
the existing experimental ignition data and computational technique ,
of the NOVA computer code with a view to improving the. postulated igni-
tion sequence. 5

II. IGNITIQN CRITERION

? It would be most convenient if the solution of the transient heat
conduction in the solid led to an unambiguous condition that marked a
sharp transition from endothermic heating to self-sustained combustion.
Unhappily such a condition cammot be found by reference to experimental
data on ignitiom of nitrocellulose _bhase propellants. ‘Basily found in

: the conduction calculation are surface témperature, total energy ab-

} sorbed, distribution of temperature and emergy; of these, none has been
uniquely correlated with ignition. Worse, the propellant sees a time-
dependent, convective energy source but all the experiments used a
constant radiant source. It is nonetheless necessary to somehow apply
the data to obtain a usable ignition criteriom.

e
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Flamespreading codes to date hsve used surface temperature or .
total absorbed,energy as a criterion, usually without detailed justifi-
cation, Gough~ referenced the theory of Andersen® but uud surface
toqnu:uu for simplicity becauss "the avluabtiity of supporting dats
favors (it)", .It is rather the lack of available da ﬁsglu muc“ﬂ
of Andersen's ei-ozg that precludes its uss. Koo postulated &
sequence in which ablation otcrtod at some threshold é prature. The
transition to full combystion at the ignition t-ptrat’arc 8llowed a
convective contribution linearly dependent on how near tho surface tem-
perature is to the full ignition temperature. This is, in effact, a
surface temperature criterion because no other festure is considered.
References for the specific temperatures were not reported although t iy
are within the generally accepted l:lnits for lbhtian and combustion o
nittocelluloqe base propellants. :

“

Krio: uloctod n ctiterioq conniatont with his continuun mechanics
mmeh by specifying a bulk temperature rise in the solid phase.
Although this is, on its face, a total energy absorbed criterion, it
cannot be directly compared with ignition experimental data, Ignition .
energy is reported on a unit surface area basis; the bulk temperature
criterion is on a unit mass basis. To compare the two, consider Krier's
gun .calculation, ., For a bulk. tnpontuu xise A'En the .energy absorbed
per unit surface area is. a4 ;

Big 60 AiT ) bFobudsos o3 guissed méed Pk b
vhere by v
p = density

¢ = gpecific heat
(V/S) = volume to surface ratio * L pat

P Gough, "Numerical Analysis of a .'Z'wo-Phaae Plow with Explicit
Internal Boundaries", ITHCR 77-5, Naval Ordnance Station, Indian
Head, MD, April 1977.

2. W.H. Andersen, "Model of z‘z'anuent Ignition to Self Sustained
Burning”, Comb. Sci. and Teoh. s 5 p- 75-81 (1972)

3. J.H. Koo and K.K. Kuo, "Transient Combustion in Granular Propellant
Beds, Part I. Theoretical Nbdcling and Numerioal Solution of
Traneient Combustion Processes in Mobile Gramilar Propellant Beds",
BEL Comtract Report No, 346, Augaat 1977. (AD M044998)

4. H. Krier, "Predictions of Flamespredading and Pressure Wave Propag&tion
in Propellant Beds", University of Illinoie Technioal Report MB- :
75-6, July 1975.
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gives the same ignition time

It should be noted here that for a given ignition energy, presumably
obtainable from experimental data, the bulk temperature assigned depends
on the volume to surface ratio of the ‘grains. 1In the problem demonstrated
by Krier, a 76mm gun, the ratio for the seven perforated gz;n:lnl wvas
0.014 cmd/cm?. If the gun contained ball propellant the ratic'ould
have been about 0.18 for balls having the same mass as the perforated
cylinders. With such a spread in the geometry term, there would have
to be a corresponding spread of an order of magnitude for the bulk
temperature rise to keep the ignition energy fixed. In the 76mm gun
simulation, Krier used a nominal bulk temperature rise of 30 R (17K)
vhich presumes an ignition emergy of 0.46 J/cm?.

‘When equivalent time to ignition was the criterion for evaluating

__the bulk temperature concept, a different conclusion was :uchod"énflhrs.

For a constant heating rate of 750 W/cm? a bulk temperature rise of 4K
same 1 ime as a surface temperature rise of 155K for
a multi-perforated grain. This should not be considered an indictment
of the bulk temperature concept any more than the surface temperature
concept. Both have absorbed the same energy at ignitiom, 0.17 J/cm®,
a value low by reference to any experimental data.

" Another popular criterion is that the ignition emergy must approxi-
mate the energy content of the solid for steady-state combustion at the

ignition -pressure. . For composite propellants, Derr and Fleming® found
a correlation of ignition delay with steady state burning rate for any
value of the constant stimulus. If one assumes (1) burning rate to be
at function of surface temperature only and (2) no subsurface reactioms,
the energy in the solid is

E = pe(T, - T) % (2)

where

T o232 surface temperature
o = thermal qiftunvity
' r = regression rate S atave

Y WEH

Se . obnly :lglalaq,n,,; ncomparison of Predictions for Three Two-Phase Flow
Codes", BRL Memorandum Report No. 2729, February 1977 (See also
13th JANNAF Combustion Meeting, September 1976). (AD #A037348)

6.  R.L. Derr and R.W. Fleming, "A Corrélation of Solid Propellant Arc
Image Ignition Data", 10th JANNAP Combustion Meeting, Newport, RI,
CPIA Publication 243, Auguet 1973.
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At a given burning rate, cmqnmm‘mummum

flux level; for the 0.5 cm/sec. hn:nﬂns aoe-..zh- quag.y tq—qbent 5.4

J/cm?. mmmmmm :

q (H/c-) . A2 I zm 125 63
(J/el) Sy O sodlionil. 1 b 33 ks, 7. i

Total cneriy (E) is neithat constaht’ nor -hply depcndcnt on heat ﬂut :
(q9). The steady buming anorgy is trutd‘ than the ignition energy by_
at least 30%. ; :

3 '2~,:, v 10 Latd N E - Tt £ 4

For nitrocellulose propellan:a with the valuca used in earlier
studies?, the steady ‘Stdte energy in the solid at a regression rate
0,75 cm/sec, 1s only‘about 1.3 J/cm2. The Deluca data® reported 1.9 I/ en®
energy dt 210 W/cm? flux and .84 J'Imziuc at 1050 W/cn? (extrapolated).
meue vslues are :I.ndepéndant of predturc ana thordfore ‘bumins ltat:e. ;

“ It 18 then not obv:l‘ou how steady burning energy cbntenf md
ignition are directly retatod ;

NOVA code studies of the 155mm howitzer with M30 propellant have
to date assumed a surface temperature ignition criterion of 450K, a
value obtained by using the DeLuca8 data for the arc ‘image ignition of
tx highly carbonized ‘double base ptopdllant with a slope of -2 0,
that 13, s

L1

72.0
tg @

where

tig = ignition delay time

q = heat flux.

Data on constant radiant flux stimulation of nitrocellulose pro-
pellants are available from the experiments of DeLuca et al8 for both
arc image and laser sources. They found that some propellants exhibit
a slope of -2.0 which means ignition energy and ignition surface tem-
perature are independent of heating rate. In most cases the relationship
was t a q‘1°6 which means some mechanisms other than simple surface
heat absorption, presumably gas phase chemistry or in-depth absorption
and heating. Because some of the propellant formulations absorb arc

7. L.H. Caveny, M. Summerfield, and C.W. Nelson, "Ignition Transients
and Preseurization in Closed Chambers", BRL Memorandum Report No.
2558, November 1975. (AD #A017747)

8. L. DeLuca, L.H. Caveny, T.J. Ohlemiller, and M. Summerfield,
"Radiative Ignition of Double Base Propellants"”, Part I., 14 (7),
p. 940-946, Part II, 14 (8), pp. 1111-1117 ATAAJ (1976).
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radiation in-depth and because the propellant stimulus in the gun chamber
is probably convective, it is reasonable to consider only the laser
heating data which is practically all absorbed at the surface as con-
vective flux would be.

Corroboration of these DeLuca data would be expected fro-.lrc image
experiments of Hayes and Lenchitz? who studied ignition of standard
Army propellants. But they found slopes of -1.0 to ~-1.3.

Table I and Figure 1 compare the two sets of experimentsl data for
uncatalyzed nitrocellulose propellants. The heat flux to the
propellant surfaces in the granular bed has been computed (by NOVA code)
to grow roughly linearly in time to about 1250 W/cm? at ignition. A
column has been added to predict the ignition time at a comstant flux of
840 W/cm? (an arbitrary but reasonable "average" value) assuming that
the time vs flux data can be extrapolated with no change in slope, from | 3
a reference value of 210 W/cm2, i.e., ; '

> 840"
t18(840) tig (210) (210)

where n is the reported slope.

The specific criterion is needed in the 155mm howitzer application
for the triple base M30 propellant. Hayes and Lenchitz ignited both a
usual film sample and a cylindrical grain in air with both a laser and
an arc. The laser fluxes were too low to be applicable and the results
too different from arc image results to be credible.

For M26 (double base) and Ml (single base) propellants, one should
expect comparability with DeLuca's findings for Plastisol (double base)
and M9 (single base) propellants respectively. Unfortunately, the
comparison is weak. The slope difference for the double base is -1.5
vs -1.0, and for the single base -2.0 vs -1.0.

Russian radiant flux data reports ignition of nitrocellulose base
propellant at low flux. Over the range 5-40 W/cm? the slope was -1.6,
consistent with DeLuca, but of only limited supporting value.

Given that this data must somehow yield an estimate of ignition
time vs flux level, it seems that the most likely candidate is the
data of DeLuca for the laser heating in air with a slope of -1.6 and
a predicted delay of 1.0 ms at 840 W/cm? flux.

9. E. Hayes and C. Lenchits, "The Thermochemigtry of Ignition", BRL
Report No. 1833, ed. E.. Freedman, K.J. White, I.W. May, 1976.
(AD #A016902)
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For convective heating to ignition, Keller et .110 used a shock.

tunnel with a constant gas velocity inlet gas temperature to :l.;ninz
composite propellant samples using heat fluxes from 125 to 630 W/cm

The slope was -2.0 compared to -1.8 in the uducﬁm furnace. Gtt;otcv
et alll ignited pyroxylin (nitrocellulose) - by l}w meivo 1
. heating (10 sec) [convective heating coeff « ,01 W/ cmd/ 12
compared to a calculated h = 0,4 in the gun ] lom ot al 1
s ignited pyroxylin slabs with combustion pr t ﬁcu with mean heat
fluxes 8-50 W/cm2 although in each test the flux was monotonicelly in- -

creasing. Plotting ignition time vs mean heat ﬂ::gu: a olopa of 1
-3 with pyroxylin products and -1.5 to -2.0 with

products. A scatter of 60% in ignition time# was re cnbnnd .
et all3 reported that in an increasing heat flux the offo& of kinetic
and thermophysical parameters on ignition time is much less t in' a
decreasing or constant heat flux. For rapidly i;\qruim beat flux,
the effect "may be unimportant and :I.gnition lag ¢an be doutlincd lely
by the dynamics of the external heat flow". :Mer and-Aversont# in
a r#view paper observed that thermal theory .and .xpct:hunt agree to
within about 10X. They also observed that in iucroutng -heat flow,
ignition times are nearly the same. . :

TV R e Y T

. Hot wire ignition yields no more credible data. ~Zarko’ and- nzlc\mo:l.ls

ignited ballistite (double base) propellant’ with an imbedded nick‘l wire
using mean heat fluxes ranging from 20-125 Q{cnz “Although experimental
results "agreed" with their theoretical calculations, tha slope of the
ignition time ves mean heat flux was near -4.0 for the experiment and
-3.0 for the theory. Heat flux history was not reporteds Accuracy of
totnl ignig:;lon enq_rgy wag estimated to be not less than.iOX.

? 10. J.A. Keltar; A.D, Baer, and N.W, Ryan, "Ignition ofﬂP Composgite :
~ Propellante by Conveatwe Heating”, AIAA J, 4; (8), p. 1358-1365

( 1966). o .

11, Y.M. igorev, V.I. Lzsztaku, and A. G. Marthnov "Tgnition of 1
Condensed Substance in Hot Gas”, Futka Goreﬂiya 1 Varyva, 3 (4), t
p. 513-526' (1967). A |

12. . V.I. Rosenband, V.V. Baraykin, and A.G. Merahanov, "Igmtwn of
Condensed Substancee by Comvective Heat Fluxes of Medium Intemsity
Under Dynamic Conditiome”, Fizika Goreniya % Vsm(va, 4 (2), p.
171-175 (19868).

e —————————————

«rm

13. V.I. Roagnband, A.E. Averson, V.N. Baraykin, and A. G. Ilcrzhanov,
"'Some Charactamstwa of Dynamic Ignition Regimes", Fiaika Gorem.ya
i Varyva, 4 (4), p. 494-500 (1968). : >
14. A.G. Mershanov and A.E. Averson, "The Present State of The:malg : ’
Ignition Theory”, Combustion and Flame, 16, p. 89-124 (1971). i

15. V.E. Zarko and S5.5..Khlevnoi,. "Hot Wire.Ignitiom of Ballistite . .
Propellante®; Pisika Goremiya £ Varyva, 4 (2),"p. 158-170 (1968){:.
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Given the data scatter and the um,um‘ of interpreting thaé“" “*¢

slopes of -3 with ligtle or no information

littie’purpose in tt;m to apply it io*tﬁ ‘gun /ignition " dui-«%”
more useful course seems to be to adapt the radiant fmmwn
data. %9, the uneteady convastive heating in the gUBs .. . coucre o ln e

oukd nolilugt 30%

The Princeton laser-in-air data yields a formula

gar X T
e

- 3.98 q -1.6 ! s : &«h
“ ag £.0 00 iagnen o § 3 a!fﬂ' & 3% k8T

vherq q is the heat flux in cal/ca’/sec; Bityg 48400800, 3 a0 2T
~giixs no ebmpgsl sismiass em 8.0 ad¥ onofitngd e .0 %%3 % ;1:

A WMMA mcﬂmimm m,h-t ﬂm Qq !."5‘-*“‘ m

33 y!o YaE

q= 13 4 + 4, 6 x 10 (M,‘ { v b ?Te.f ';»;.a 555 )

where ithe heating starts at ¢ . Ry T e B0
The mean heat flux is then )

t JSeavuang aed golbibow ,fl\".» -4 a3 i
= 1 3 3
q -(——— s th o %)
t t%) to . 30 sHibie seddtogh sesidly Jol Hae .‘3:-'-93,"--

IR 6 ghwodd ma€ s Lo

One;:!route toAconputins thc :I.gnition delay wdi:ld «i)p A\t:lu W. P

£ .&'Ffjgygﬁ)‘ﬁ’loﬁ 2D TEHT SO0% PACUAHD ATAG TUSWI . IT HAEAT (5)

TN 4 xufﬂ(l.-
although th:[u nay not work woll for
P o

o €2 4.6 x 107 o 1916
F1g ~ 3?'»98, s ;1*‘3{;

'.tr'gp’ldly changing flux such as

9itineg

.
Solve to find & :
e HRONSLS BANT JosTAs 03 A8UoRs . YO STE ARZNBNRS SR
saodsaleadisy sid nedRodE 9p 4

t, = 0.8 ms,

ig

vibesree a1y yaibssggesspll bols

Mtﬁ‘wlwi«ﬂ&) bazti ad; 308

oA Ji’cu:uﬁ.’n %go use

n" T LY gppXevs win Dod
P _‘"“,'Q_:;TL:' % e U be  RREHC T e

h‘ 3 h’);.f"'q s 52 B’ L, s R e Ry Gl
(Y GHIn 4 Jaed o worigs '.‘-‘.-»f;: § §

@ bios wGT) ukjm,&' ofy v 2F 0 o
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q=a+bh (t-to)
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R W ) o) el is n, s3utbagrys 1 ‘ L u_,én - Fp magole
- @S, ,LJ(&; b $s-t,n - i Ak ,9« agCha241
s voaws vull fnadisx sd? Yqubs ©2 G B Seuns LuXogy SOl
¥hen this expression i# 'substitucéd into lﬂl. (‘7. which“1s’ M ‘solved "
- for ignition time
fumrzoX o bleky pish sld-al-yoersl podesn’yi ody
t,. = 1.7 ms.
18 » B R

(£)
This is a long time compared to 0.3 ms.

The heat flux’estimates were GM from calculations which ‘oﬂy’ S
went to the 0.3 ms ignition. The 0.8 ms estimate depends on extra-
polation of the heat flux. One cléck ‘is to'caléulste the flamespresding
using the continuously calculated mean heat flux to decide 1f un:l.t:l.on
criterion has been satisfied. Eq. (4) bwonq oAl AT -

1 t -106 i § J 1 Rz Aafd ol ABOw
= 3.‘98 [ -t_:t: t: qdr] . ; 8y

v adl

t18

Ift > (t 1g + to), ignition has occurred.

4

A test case for these ignition studies can be conﬂruetod 'usily
by modifying the input data for a 155- hovitur caleuluion. The only
changes ‘are shown in Table II. : i o83LaY Sy

. TABLE II. INPUT DATA CHANGES FOR TEST CASE (IWA CODE).

15 Howitzer ' Test Case

g grspsia vih e ixed
Projectile :  Movable ) 3 .
Chamber Length 2.2 em . e
Charge Length 53 cni =
Igniter Length . gk

These changes are not enough to affect the flamespreading in noot of
the bed, but they do shorten the calculation.

Using the ignition delay criterion (-1.6 .slope) reduces t),’qa
ated flamespreading rate markedly. Whereas tln rate was about -luc
for the fixed ignition temperat (450 K), At is y half value
with the average flux method. g:- a rate o 0 1 21/110 jmt%:dde
the igniter input region it reaches 0.15 mm/us in a distance of 17 cm;
thereafter it is approximately constsnt., The predicted y:opuatm
rate of the first absorption of heat by the grain decelerates from
0.6 mm/us near the igniter to 0.35 mm/us downstream. (The sound speed
in the undisturbed air in the bed is 0.34 mm/us.) Ignition delay time
increases from 0.4 ms at the igniter region to 1.9 ms well downstream.




All these trends ¢an be seen in Figure 2 where they are compared with
the ignition speed predicted with the fixed surface temperature
criteria of 810 amnd 1500 R. - o

This ignition criterion and transient.regression csmnot be simul-
taneously applied, The transient regression assumes that tha temperature
profile in the solid at ignition is the initial condition for the
combustion. This ignition criterion ignores the temperatuve profile
and looks only at the rate of heat absorption. The gasification period
of the flame development is not a straightforward conduction problem
and the temperature profile cannot be so computed. Until & model for
the flame development can give initial conditions for the combustion,

a quasi-steady pressure dependence is the only credible formula.

III. INTEGRAL vs FINITE DIFFERENCE SOLUTION:

Heating of the solid to ignition requires a solution to the
transient heat conduction equation. Because the boundary condition of
heat flux cannot be specified, a numerical solution is dictated. A
choice must be made between "exact" finite differemce and approximate
: techniques. Both have been reasonably well studied; it remsins only
4 | to judge their relative errors for the problem at hand. 3

ol

" It is widely recognized that the FDE solutions can come almost
as close to the exact solution as tl6\o user is willing to shrink his
discretization. Kooker and Nelsonl® found that for an intense heating
:. problem the invariant imbedding technique estimated surface temperature
| within 1% of the exact solution. '

. A well known approximate method for transient conduction is the
integral method of Goodman which has a surface temperature error of 92
for a parabolic and 2% for a cubic profile when the incident heat flux
1s constantl?. ' Because the heat flux in the propellant bed ‘is computed
to be approximately a linear ramp in time, it would be worthwhile to
estimate the error for these profiles.

The form of the exact solution is given by Carslaw and J;"uci:m as:

16. D.E. Kooker and C.W. Neleom, "Numerioal Solution of Solid Propellant
Transient Combustion”, ASME Paper 77-HT-17, August 1977.

| 17. T.R. Goodnan, "The Heating of Slabe with Arbitrary Heat Inputs”,
5 J. Aerospace Sciences, 187-188, March 1969. A

E | | 18. H.S. Carelaw and J.C. Jacgu', "Conduction of Heat in Solide", -
! ‘5 Oxford Press, 2nd ed., pp. 76, 1969.
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which estimates an error of 152 for the parabolic profile and 8% for .
the cubic profile. For the more useful estimate of error in time to
reach a specified surface temperature the uthntu are 10! tor the
parabolic and 62 for the cubic.

The FDE invariant imbedding technique produces an estimated errot

 of less than 12.

Since there is little difference in computational effort between
the parabolic and cubic approximations it is not surprising that the
cubic is already used by Gough and Kuo. And ’f surface temperature
accuracy were the only criterion, it would be: rather straight forward
to make the trade-off between accuracy and efficiency. If quasi-steady
combustion is assumed after ignition, surface temperature is probably
an adequate test because the ignition criterion will probably be
dominated by the surface behavior.

If, however, transient combustion is to be calculated with a
thermal theory model, it is also necessary to have an accurate. temperature- .
distance profile in the solid. For this reason, the only code coupling
transient combustion to the flow uses an FDE technique throughout. For

a constant heating problem, the error in the temperature vs distance
calcuhtion can be found by direct calculation of both the exact and
the integral solutions. The error of 2.3% at the surface represents
a temperature error of 8.3 K for a problem of heating at 840 W/cm2 for
0.8 ms. The temperature error decreases with distance to a distance
of 1.5v/at at which point the two solutions cross over such that the
approximate solution is less than the exact solution and the error
begins to grow although the values of both are small.

IV. NUMERICAL PROBLIIS ' s

NOVA economizes on storage and running time by using marker
particles (fewer than grid points) to compute the ignition and transient
combustion. Matching the solutions there to the flow field at the grid
mesh points requires interpolation. in both directions. In the limit as
the marker particle spacing approachu the mesh spacing, interpolation
errors shrink toward zero.

The original scheme computed grain temperatures in the flow mh
by linear interpolation between the markers. Surface temperature
computation of the marker stopped at ignition. The result was a leap
frog flamespreading as shown in Figure 3.  The problem was the tempera-
ture interpolation. An artifice was then incorporated which continued
to heat the ignited marker as an inert body without taking the heat
from the gas. It was hoped thereby to smooth the interpolatiom mithout
affecting the energy balance in the gas. Things improved considerably
as shown by the curve in Figure 3 marked 3.0. By comparison the grid
spacing was 0.6, leaving five (5) grid points between marker particles.
Even this flamespreading is ragged; the local flamespreading rate varies
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over a factor of two. With the marker spacing equal to the grid spacing
over a portion of the bed, the flamespreading rate was constant (vari-
ation less 2Z). Note that at the end of the closely packed marker
particles the rate changes dramatically as the interpolation gtgtnl
Jumps to 9.5 between there and the forward end of the bed.

_ route is thus marked to a smooth computation; her the t

artifice of superheating fatally distorts the physics remains to be
determined by the effects on the chamber dynamics. Apynun.tlyl the
overall rate is only slightly affected. J £
j éj 3 ﬁ'J

m fortune this error efficiency tudc-p;f is unpecessary
bocauu, as is shown in the section on FDE vs integral solution, errors
are small enough to avoid a full numerical inte ration up to ignition.
The intcﬁal approximation is adequate and can | cconén:l.cally used at
every grid zpoint. r

Ly
$

oy V. EFFECT OF Icm'rni :
*uanupruding calculations usually show & doiiﬁcndonce of the rate
on the assumed strength of the igniter gas fl In the limit of a
long bed,: the effect should die out far from, . gas source if the
rate choﬂl invariant in time. To test the ﬂtuation, a problem was
cmt.d to assume an igniter of variable sty t.h at the end. Specifi-
cllly, the igniter occupied the first 3. }e _ a bed 53 cm long.
'l'ablc’ Iﬁ~lhmn the results.
i\ § "n'

- TABLE III. EFFECT OF IG#TER FLOW RATE
Asmd h'her Y

Flw Rate Mcn] sec) 50 cm
a 07
.89 A1
1.79 .10
3'58 ~ld

Ignitcr flow rate can’ bc incrused by changing its atMed length
while kuplng the flow rate per unit length the same. The effect of
such a variation is shown in Table IV for the nominal case of a delay
time cr:l.tction and 0.9 kg/cm/sec flow rate.

TABLE IV. EFFECT OF IGNITER LENGTH

o T

Igniter Length (cm) - ook Babo D02t
Flame Spread Rate i .06"':”11 oOé"?. 12 ."‘1’0‘* 15 z -
(-/ll.) = . £ e e A

: ¢ A
i ; g L, $ 13k} tade
¥l LWy |
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. That is:mot to say, howaver, that the gun calculstion will be otm

Because gun chargus are usually not long ompared to igniter
length, any caleulatiou of flamespresding rate will be sensitive to
igniter assumptions. Such unplessant news means that assusptions
about the igniter must either be cai y formulated from experimental ‘

data or the flow rate will become just another arbitrary

useless; some important ballistics variables seém insensitive to
flamespreading rate. How insensitive is not immedistely assessable.

VI. COMPARISON WITH MEASUREMENTS

East et 1119 have made the few measurements of the flamespreading
rates in naval gun propellant beds. Their data are shown in Table V
which shows the major variables expected to affect the flamespreading
rate. ; B 5 ept! i ¢ 14 !

TABLE V. mmwmmmm .

Nominal ] “o .l Geadn Burning Flamespread
Chamber © " " 'Length ‘Diameter Rate 7 MPa- '~ HRate
Diameter Propellant ' (mm) - 5-2 -~ _(mm/sec) " {g‘ us)’
76 mm M6 ‘ 17 P W | / 3d.. .. 4 «36-.48
76 mm M6+2 : 17 s 12 i 035=.39.
127 mm M26 30 14 11 44

127 mm NACO 13 6.9 ik

It may well be noted that there are experimental uncertainties in
igniter gas flow, in flame fromt location at only a few discrete . ..
locations, and in distinguishing the ignition front from the luminous
gas penetration ahead of the fromt. Nevertheless, it is clear that -
the observed rates are much higher (0.4 vs 0.2) than those calculated.
under the ignition delay criterion, The only calculatione which estimate
these observed rates are those under a surface temperature criterion of
about 150°C. : .

For the 155mm howitzer propellant bed which formed the basis for
these calculations, the propellant geometry and burning rates are much
the same as the 127mm gun. One would expect the flamespreading rate
to vary only in relation to the degree by which the igniter gas flow
differs.:

19. J.L. East and D.R. MoClure, "F evw » Studiee of Ignition and
Combustion in Naval Guna", Pre.e..unge of the 12th JANNAF anbu!twn
Meeting, Newport, RI, Auguet 1975 (See also 1ith JANNAF Combustion. ;
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That the calculations predict s lower than measured rate suggests
that some aspect has been incorrectly represented. The ignition -
criterion based on a delay seems supportable by experimental data: 3}
although below the expected heat flux range. The most likely suspects
then are the heat flux calculation, and Che transient regression rate

. just after ignition, Because there have besn no direct measurements of -

these variables, their contribution must still be crudely estimated.
For now, the surface temperature criterion gives more credible answers
despite its apparent deficiencies.

VII. GUN APPLICATION

Since the motivation for these studies is improvement in the
ability to simulate gun ballistics, the ignition criterion was tested
in a simulation of a 155mm howitzer. The base case was a bore size
charge simulation reported in Reference 5. It was this that formed
the base for the flamespreading calculations. An additiomal calculation
simulated averaging the function_ (g-1:6) by doubling the computed
ignition delay time from the (q™1°®) as used in Equation (1). Table V
compares the predictions. But by this time the temperature has dropped
to only 10% of the surface temperature. Although it is not straight-
forward to estimate the effect of such an error on the non-linear
conduction problem of combustion, such errors are often accepted in
combustion calculations. ‘

For many cases, however, there is little practical benefit to
combining an integral method for heating and an FDE method for transient
combustion. The only attractive combination would be a condition
wherein the ignition time is at least comparable to combustion time

and a surface temperature ignition criterion is used. Under amy other

conditions the useful combination would be either (1) integral heating--
ignition delay criterion——quasi-steady combustion, or (2) FDE heating--
surface temperature cri;er:lon--trannhnt combustion. :

For a nominal case with igniter flow rate 0.9 kg/cm/sec over 15 cm,
comparisons are shown in Table VI of ignition propagation rates in the
first 10 cm ahead of the igniter.

" ITABLE VI. EFFECT OF INTEGRATION METHOD

Surface Temperature Ignition Delay

Criterion (450K) Criterion
FDE 0.21 (mm/us) 0.11 (mm/us)
Integral 0.23 (mm/us) 0.13 (mm/us)

These differences between the FDE and integral method are small
enough to justify using the integral method.
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TABLE VII, EFFECT ON BALLISTICS
* " Doubled

Revised Revised
: Commodity ~ Experimental Basse Case Ignition Ignition
g’ -Flame Spread Rate unknown 0.35-0.44 0.2-0.3 .17-.21
} (wm/us)
, Peak Pressure (MPa) 235 293 268 265
] Prz;;uro Differences ~40/35 ~73/48 ~75/51 -67/53
R : Muzzle Velocity (l/l) 790 768 ~ Ne

* - Pirst number is first negative difference; second is second positive.

An immediate conclusion drawn from Table VII is that the ignition
criterion does not appreciably affect pressure difference amplitudes.
The results also show that the reduction of 50% in flame speed reduces
peak pressure by only 102.

It should not be considered significant in this study that all
the simulations over-predict the actual ballistics. This condition
, could be remedied by adjusting the mostly guessed-at bore resistance
3 : function. The trends should remain the same.

VIII. CONCLUSIONS

(1) Laser-in-air radiant heating data yield the most credible
basis for an ignition criterion.

(2) An integral method based on a cubic temperature profile is a
{ satisfactory approximation for calculating transient conduction in the
solid. Only a small error is thereby caused in flamespreading rate.

(3) Calculated flannspreading rate is sensitive to the assumed
ignition criterion.

(4)4Experimnntal data on ignition, transient regression rates,
and flamespreading rates are too scarce to form a basis for definitive
conclusions on the correct methods.
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