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ABSTRACT

The structural properties of a propellant and trecmanical loads acting on it during deflagration
can significantly alter its combustion behavior anmicroscopic scale, leading to what can be
considered as an “intrinsic” coupling mechanismisTdan affect the performance of a solid rocket
motor, and has been the subject of a study perfibah¢he SPLab (Space Propulsion Laboratory) of
Politecnico di Milano on AP-HTPB based compositegailant formulations. Part Il of this study
builds up from the results and experiments preseint®art . Modeling activities were performed to
understand and explain the coupling effect obseiwethe experiments and extrapolate them to
motor’'s conditions. A correlation between the ageratate of damage of the propellant and the
burning rate is suggested.

Nomenclature

a thermal diffusivity or crack length

ar Time-temperature superposition factor

c,/c,  Constant pressure/constant volume specific heat

E Stiffness

E(t) relaxation modulus in tension

G Cross flow in the bore of a solid rocket motor

g Strain softening function - Swanson & Christens@i’E model
a(e Strain softening function — Swanson & Christens®&i¥E model

H/C Hydrocarbon
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k thermal conductivity

LVE Linear viscoelastic material model
IM Insensitive Munition

NLVE  Non-linear viscoelastic material model
q thermal energy flux

M burning rate

Shapery’s damage parameter
Temperature

Time

Final flame temperature

surface temperature

soak temperature

strain rate

Strain

Thermal conductivity

Density

Stress
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Introduction

“Intrinsic” structural-ballistic interactions ardadse influencing the speed of deflagration of the
propellant itself. Their effect is on a microscop@ale, without any occurrence of structural caléap

of the grain by crack generation and propagatioaxasessiveleformation. Their triggering cause is
mechanical damage: the experiments illustratedaim Ipshowed that the root cause for burning rate
augmentation is the presence of porosity, kept dpea tensile stress/strain field and generated by
mechanical damage on a microscopic scale, i.e.sagh&acture between the solid particles and the
binder or cohesive fracture in the binder itseHisTmechanism, known as dewetting, alters therefore
the apparent burning rate of the material, increpsi, as it was suggested by Summerfield and
Parker in [1]. Part Il of this study describes sosmaple modelling activities performed to help
understanding the physical phenomena involved imibg rate augmentation. A correlation
between the amount mechanical damage and burnitegarsymentation is also suggested. This
information is useful to set a fundamental matepiaperty such as the burning rate for damaged
portions of the grain within the scope of rockettonsimulations [2].

Preliminary comments on the burning r ate experiments

Following results were obtained for damaged matsemples of an AP-HTPB based propellant
under load [3]:
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Focusing on the burning rate measurements of rahtarbjected to dewetting (1.47 mm/s vs. 1.15
mm/s), a few simple calculations give us more insiinto the phenomena involved in the
combustion of the propellant and explain the ldigening rate dispersion measured as well as the
maximum recorded values.

sl A

Fig. 1 Left: Evolution of one of the larger oxidizer particlés an undamaged propellant (Taken
from [4]). Right: the evolution of the same particle in a propetlaith dewetting.

Let us consider the evolution of one of the lamgddizer particles when it is reached by the bugnin
surface in an_undamagetbrtion of propellant (Fig. 1, left). Assuming théne thermal energy
feedback from the flame is constant and the ra#&PRotlecomposition ") is also constant, then the
mass flow generated by the particle is proportidadhe instantaneous surface exposed to the flame
(the top surface of a truncated sphere) and amaonts

h
o AP — AP_I 2 2
M= pPpp Iy A(t) = Paply ﬂerP - (rAP - h) J 1)
h is the consumed segmeniy the particle radius, a to be a sphere (®mesketch). The
averagemass flow generated by the particle until compéetesumption is therefore:
e 2
m= EpAP o 77T 4 @)

Let's now suppose that the particle belongs to matged portion of propellant, and _is completely
detached from the binder (full dewetting: Fig. ight). The initial burning surface is equal to the
surface of the sphere, and the mass flow amounts to

o AP A (1) = AP 4 g— AP 3

M=Ppp Ty A(t) = Pap Ty ATTTpp" = TTD"pppty, (3)
The_ averagenass flow generated by the dewetted particle ootitiplete consumption is then:

_ 4
m= 3 Pap o TTT o 4)

since the size of the two particles is the same, aberage burning rate of the material having
complete dewetting [3] is predicted to be aboutévthe rate of the undamaged material.
I'b, undamaged = 1.15 MMV/S; Iy uil dewetting = 2.3 mm/s. (cf. Table 2, third line) (5)

The estimate above would hold for pure AP, but:
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— In any propellant formulation, the HTPB-IPDI bardsystem and the metal fuel are much less than
the amount of AP (generally at least 70% in maas}l the fuel sublimation is controlled by the
thermal power feedback from the flame.

— The flame itself is controlled by the primary ABme at low to intermediate pressures [5], and
even at higher pressures, and the diffusion flameldvbe driven by the amount of available oxygen
and other oxidising species released by AP decoitipras

As a matter of fact, the predicted value Qffi dewetiing= 2 I, undamaged 2.3 Mm/s fits rather well with
the_maximunobserved values in propellant stretched to demge{.32 mm/s). Higher burning rates
were found only in association with damage pateamd 3 [3], i.e. observable cracks.

The reason why the average burning rate of the dadhmaterial is smaller than twice the rate of the
undamaged material (5) might depend on the follgwin

— An implicit assumption contained in the estimiat¢hat ignition occurs instantaneously around a
completely detached particle. Even in propellanttipns stretched to severe dewetting, not all
particles are completely disconnected from the dir{§B3] Fig. 2). Most will be partially bonded to
the binder, or wetted by binder and plasticizeidugeds. Therefore, not 100% of the AP particle will
ignite immediately: latent times for cracking antdkmation of the H/C might be longer than the
time needed to normally consume the AP patrticle [7]

— Another assumption made is that just one parisctietached from the binder. If several successive
neighboring particles are detached in depth belbes burning surface, then the burning rate
increases asy = k 2 ng,, with nyg, equal to the number of dewetted particles igniteith@ same time

as the first one and k<1 a proportionality const@iking into account the actual free, readily
ignitable surface with respect to the total surfatthe particle.

This two features generate a lot of scatter inbilming rate measurements, and the average burning
rate is expected to be between the undamaged satli¢he one corresponding with full dewetting.
In absence of convection, the average burning fiatea 2D sample under load in a layer with
dewetting should be inversely proportional to puess

I'b, damaged ~ Z(k/p)r b, undamaged (6)

since the thermal diffusivity is inversely proponal to p:a ~ 1/p. This effect would change the
overall pressure sensitivity of a propellant testéithout convection by accelerating the burningrat
at lower pressure. This holds in absence of meshansuch as those described in [8]. On the other
hand,_at motor conditionshermal power transmission will occur through wection and radiation,
so that the dewetted particle will ignite rapidiytlze free surface at any pressure.

Let's now consider a detached particle near anatherwhich is completely or almost completely
bonded to the binder (Fig. 1), as it is the caserata zone with diffused dewetting lays beside
another one which is mostly undamaged. Lookinghatrhass flow generated by such a pair, we
observe that the first particle generates a mughehriflow (see Fig. 2). This mass flow difference
generates vorticity. Vorticity generation produaida microscopic scale is therefore considerably
higher than for an undamaged propellant. In an onadged propellant [4], the maximum difference
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in normalized mass flow generated by two adjacartigles is equal ta; in a damaged propellant it

is 4 times higher. In the case of larger cracks,gioduction of vorticity is visible in the tegideo
recordings ([3] Fig. 7). Neighboring portions ofaterials with different damage levels burn at
different rates and the burning surface loosesapign Larger vortexes are generated at the surface
with an increase in combustion noise.

Normalized average mass flow generated by AP particles

i I
1.2 14 16 18
multiples of an AP particle radius

Fig. 2 Normalized mass flow generated by a detached (lalné)an undetached, large AP particle
(black). Assuming a constant AP decomposition thteabscissa can be expressed in time without
changing the shape of the curve: the burning tioneh undetached particle is twice the time
needed by a completely detached patrticle.

Modeling

Modeling activities on the 2D burning rate expenmseinvolved structural analysis and transient
thermal analysis.

Structural Analysis of unflawed and flawed samples
To investigate the stress, strain and damage lisivn for the 2D burning rate samples under load
with and without the presence of small cracksualitptive structural analysis was performed using

Merlin, a FE program developed at the universityCoflorado in Boulder for fracture mechanics
problems [9].
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The sample was modeled using a 2D geometry ane girass quadratic elements with a Poisson’s
ratio of 0.495. The propellant was considered tdirarly elastic with a reference modulus chosen
following Shapery’s principle of correspondence, l1:
At*
1

— | E(t*-71)dr (7)
]

R=

with At* the time needed to reach the final strajg, applied at constant rate for this particular case;
t* is a reduced time which takes the temperatut@ account. Results for the unflawed sample show
a non-uniform distribution of strain and stresgy(A, left). This generates a non-uniform amount of
damage in the material. What happens when dewedtintyes into a small local crack? Results for a
model reproducing the 2D sample shown above (FHg§) indicate that a crack produces a high
perturbation of the

Fig. 3 Left: FEA of the undamaged, loaded sample shown in Figf7[3]: strain (&) distribution
(magnified displacementdRight: FEA of the damaged, loaded sample shown in Figef7,[3]:
strain (&) distribution (magnified displacements). Notice thffect of the crack: it takes up the
applied displacement and reduces the strain atctireesponding specimen ordinate (red zone), but
magnifies the load at the tips (blue, butterfly mha

strain, stress and displacement field. Locally, matthe stress is not transmitted, but at thesstre
concentration spots in the process zone regioheatipps the material is more loaded than without a
crack. Cracks do not necessarily appear at thes sgitht the highest strain level, but rather whéue t
local load overcomes the local material capabilityxing and casting effects or the very nature of
the materials used in a propellant cause concenirajradients of constituents, like a local
accumulation of oxidizer or metal fuel particleslire form of agglomerates of complex shapes, or a
local enrichment of one phase with respect to ttheerg, such as near the bore or the thermal
protection, where the mere presence of a boundagupes an enrichment in terms of binder, fine
oxidizer and fine metal fuel particles [22]. Thietérogeneity varies from formulation to
formulation. It has a different influence when newredients, like metal nanopowders, partially
replace older constituents, and when particlesvuich no really effective bonding agent exists are
used (like metal fuel, some explosive crystals,)etthe consequence of this are high failure
properties gradients if the scale of observatisniall enough.
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Mechanical damage

Since mechanical damage and tensile load are lemtbseary to alter the burning rate, and both are
not uniform and not perfectly reproducible, therbng rate on a sample, being the fingerprint of
damage andbad, will be distributed in different ways on féifent specimens. This does not fit with
the idea of having a function correlating the loksd (applied displacement/strain) and damage
with the local burning rate, like in [1], where dies are quoted in which it is suggested that for a
particular level of applied strain, the burningeraicreases by a precise factor.

A practical way to proceed in order to obtain action correlating burning rate enhancement with
mechanical damage for the purpose of ballistic ktrans could be calculating a surface average of
the burning rate for the damaged sample and assignthe material layers for which structural
analysis predicts a similar averagfate of damage, i.e. obtain a function of thrsifo

I'b, damaged = T (I'b undamaged, d@Mage par ameter) at constant pressure (8)

Tensile load is a pre-requisite for burning ratgraantation effects to occur. Bearing this idea in
mind, we considered the non-linear, viscoelastitstitutive model of Swanson and Christensen [12]
and chose the scalar strain softening functi@) to be a good parameter to express the average stat
of damage for a continuum element of the mateA#tler this model, the convolution integral of
linear viscoelasticity [10,11,13] is corrected akdws for a one-dimensional state of stress:

t
_ )%
oft)= g(e)l Bt - 7)ed7) 7 (9)
or, in general:
R JE; 10
S, (t)= 9(5)_([ Gy (t - T)(/’(T)? dr (10)

with SI'j = Sj - (Skk /3)| the deviatoric part of the Piola-Kirchhoff stress.

@ is a function correcting the basic LVE convolutimtegral for changing temperature-corrected
strain ratesg(g) is in general a function of the strain invariantdtee deviatoric part of the Green
strain tensor, which is valid for large strains

. E
E; = Ej -(?':k |] and E; :1/2(Fji R - I) (11)

For a uniaxial state of stress (like in a uniat@&isile test at constant strain ratg(g) is a scalar
function expressing the ratio of the Cauchy stessseasured during the test to the one that would
be obtained applying the LVE constitutive model.

g(E,E'aT) - G'test(E,E'aT) (12)

O vel(€ €'ar)

Therefore,g(g) takes the softening generated by dewetting intmowat: g< 1 fore > 0. In a
propellant like formulation 1, with an effectivefing agent, g decreases progressively only when

the onset of damage is reached (Fig. 4). Othervgs#dgcreases progressively as soon as a tensile
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load is applied. Ref. [12] does not prescribe aaytipular form for the function g as long as
experimental data is fitted well. In [14] followirfg was taken to fit uniaxial stress-strain data &
formulation 1 propellant:

9=G +GX+GY+Gxy+(G +GX+GYy+GXy) arctan(g +GoX+ Gy +GoXy+ CpX’ +014XZY)With X =
maximum principal tensile strain, y = Igg(¢’a;) the temperature reduced strain ratewes
determined via least-square fitting of uniaxialsiémdata. In a thermoviscoelastic material botb ra
and temperature control the amount of availablegyntr microcrack generation and propagation.
The use of the damage factor g allows a good @iioel between uniaxial tensile tests and theory
(9) with respect to what is obtained applying therenLVE model (Fig. 4).For the 2D samples of
this study (formulation 1), following average daradgctor was computed:

g(e) = 0.375. The stress is therefore 37,5% of what would be ige¢eé in the undamaged material
without load.

22

—O—testl
—O— test 2
——test 3
-v-LVE

--#-- LVE + softening

20

18

16

14

12

1.0

stress [MPa]

0.8

0.6

0.4

0.2

0.0 & ————1———1———————————————
0.0 0.1 0.2 03 0.4 05 0.6

strain [-]

Fig. 4 LVE prediction, Swanson model prediction with alralted ( ¢) and uniaxial test data, taken
from [14]
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Thermal ssimulations

Focusing on (micro)cracks, since the burning raeasarements show faster decomposition rates
and subsurface ignition in absence of significanvection, following propagation mechanism for
the samples was suggested (Fig. 5) and confirmedidnicated visualization experiments not
reported here:
1. A conduction-induced decomposition of binder andaérAP particles producing a high
concentration of reactive gases in the crack, fzdid by:
2. Local ignition near an AP particle producing a gdtgases having E T;. The gas jet
impinges the opposite crack surface and ignitdsriglly:
3. Hot reaction gases fill the crack; thermal enegygelivered to the rest of the crack surface
and the whole crack ignites.

Fig. 5

Preheated zone in the crack is deeper Sketch

Local Flow dlrectlon for the
Crack tp thermal
” energy
and
Flame, T=T, Flame, T =T

Preheated zone in the solid is thin flame

\
Localised ignition prop:_;lga
tion

scenario
into open micro-crackwithout convection and radiation

Thermal simulations were performed to check whetihés scenario is possible, and in which
pressure range it is expected to accelerate theingurate. If a microcrack is open under the
combined action of a previous mechanical damagetemslle load, subsurface ignition is likely to
occur in depth if thermal energy can propagate tinéocrack faster than in the solid phase. Thermal
diffusivity, a = kfc,, will therefore play a fundamental role in conliraj the energy diffusion
through conduction for such a transient diffusioagess. Following conditions must be met for the
above burning rate augmentation mechanism to hold:

— Thermal energy must propagate faster in the ctiagk in the solid (the rate of thermal energy
propagation in the solid is the burning rate at tmessure and soak temperature under
consideration).

— The propagation of thermal energy in the gapoisnsich faster that the solid heats up to
decomposition temperature and ignition occurs enghs phase before the main burning surface has
reached the bottom of the crack.

Considering the thermal diffusivity of the propeliawe have:

Apropaiant = 0.46 +/- 5.6% W/MK; ayopaiam=2.7 10° cm?s. (measurement with the hot disk
technique on formulation 1).

For the gases in the cragkdepends on pressure (inverse proportionality)uthinats dependence on
p[15]. Pressure will therefore play a fundamental rolealise it decreaséise thermal diffusivity of
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the gas in the crack and at the same time it isesthe burning rate, so that the deflagration wave
in the solid moves ahead faster.

For air, the thermal conductivity is one order afgnitude less then for the propellak;(at 20°C is
about 2,6 18 W/mK) but at 1 atm the density is 3 orders of niagte less, so thataat 1 atm is
about: g, = 0.188 cIfis VS. 3openan=2.7 10° cnf/s. At higher pressure, the situation changes,and
about 80 atm the diffusivities match (at a tempeeabf 20°C).

Considering a moving reference centered on theageftion wave, we write the energy equation

neglecting chemical reactions ahead of the bursiméace or in the gas phase of the crack:
oT

cppE—D[ﬂp ucT-A0T)=0 (13)

Chemical reactions would increase the local tentpezaso the estimate is conservative.

An assumption made for the non-stationary simutati@s to neglect the fact that the deflagration
wave moves forward. This way, we have a fixed frasheeference and can neglect the convective
energy term in equation 13, obtaining Fourier'satgun. We can partially compensate it through the
boundary conditions assuming stationary thermdilpsoduring the time required to decompose one
of the larger AP particles at the sides of the lcrdcat (x,y,t) =(L,.,0) can then be chosen to lhe t
average of the thermal profile in the gas phaséwdsn the surface and;.LThe final flame
temperature is calculated at various pressures Riéh [23] and T is taken from [24]. For the
formulation investigated we have=T3050 K at 1 bar and:¥ 3500 K at 60 bar. In our case the
boundary condition would be approximately T=199@tkL bar and 2250 K at 60 bar. Following the
logic above, we take a characteristic timg,f3to be the time needed by the deflagration wave to
move ahead by the average size of one larger [gartfgae = Dap/ Iy in our case: {f.e = 0.1739 s
atp =1 bar and §%..= 34 ms at 60 bar.

Propagation was computed for this time interval 402D geometry. At the interface, there is no
continuity of physical properties, and the assuampteading to Fourier’s equation:

a(kaT] to k(asz does not hold. The domains were therefore sephiate gas phase and
0x 0x ax2

condensed phase, where Fourier's equation holdsgcalculations were iterated until the fluxes at
the interface matched, i.e. applying following bdary condition:

kOT [ =kOT [
_olid .
Results at 1 bar and 60 bar qualitatively confilm previous estimates (Figs.7-8). At about 60 bar,
the temperature at 200-3@@n depth in the crack is just above 620 K, the valuerhich, according

to [16], fast and complete decomposition of AP @sciVhich further reaction will then produce a
localized ignition and ignite the rest of the craeklls by impingement/convection depends on
pressure. For a premixed flame a temperature dfitadioleast 830 K is necessary (formation of a
liquid layer on an AP crystal) [7]: at pressureswab20 bar [6], ammonia and perchloric acid lead to
an explosive reaction (the AP premixed monopropelflame) and localized ignition would occur
through this mechanism. At pressures below 20 Wwarknow that the AP monopropellant flame
generated by HClQand NH does not occur. In this case, HGI@ould attack the hydrocarbon

at the interface between gas phase and condehasd p
AS
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molecules coming from some volatilized (and fragtedhbinder or plasticizer and produce ignition,
i.e. generating the same kind of diffusion flaméstmxg during normal propellant combustion.

Gas temperature in the center of the crack Gas temperature in the centre of the crack
oo Pressure: 1 bar - Time: 174 ms Crack width: 4 mm
PP Semi-infinite gas medium: exact solution J o— Pressure: 1 bar - Time: 174 ms
~—— Semi-infinite gas medium: numerical simulation S y — Pressure: 60 bar - Time: 34 ms
+— Gas inside 2D crack: width 2 mm g
»—= Gasinside 2D crack: width 3 mm o
~— Gas inside 2D crack: width 4 mm pd
v 1500 v
P & 1500
1 d £~
E e E
21000 +” =)
g £ 1000
= o =
¥ -« )
. o
S00] Seeeeet 500
-0,5 -04 -03 -0,2 -0,1 0 0,5 -04 -0,3 -0,2 -0,1 0
Depth, cm Depth, cm

Fig. 7 Left: Temperature profile at the centre of the crack ¢gsaof different width) at 1 bar after
t=t*; Right: Temperature profile at the centre of the crackraft¢* for a crack of 4 mm width at 1
(dotted line) and 60 bar (continuous)
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Fig. 8 Contour plot of the temperature distribution insi@erack after t = t* at 1 bar, showing
thermal energy penetration in the crack. Right: f&d for the simulation

This flame would stabilize the HClGnd NH reaction at explosive rates. Notice that according
[16], HCIO, enhances the volatilization of the binder by fragtimey the molecules at the surface.
The source of H/C could be the binder but enoughcgald be generated by the plasticizer, which is
definitely more prone to evaporation.
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At 60 bar, conduction in the gas phase can produssf-sustained decomposition of AP by a depth
equal to the size of a larger AP particle. At mastthis pressure, no subsurface ignition in an
observable crack will occur. The situation in a anotvould be different, because thermal energy
exchange by convection of the combustion produrctee bore will quickly ignite any small crack.

Correlation of average damage factor and average burning rate

For our samples, we suggest that in the presendarafge caused by dewetting and the action of
tensile load, the burning rate is:

k(i 1
I’b,damaged = 5 (g(&‘)} I’b,undamaged (14)

the average gj was determined to be 0.375. At 1 bar the ratawafmentation was 1.28; k is
therefore 0,48. This formula should be validatethwnore experiments at different damage levels
and pressures, since pressure dependence mightotee aomplex. The constants are material-
specific would need to be determined by least-sgjuar

In a motor, the thermal energy exchange in miciads radically different; convection and hot
particles impingement during the ignition transiantd normal burning would ignite any microcrack
exposed to the burning surface, with significafé@&s on motor performance [2, 17]. Even radiation
alone would produce ignition [18]. An empirical peaty relationship for damaged material layers
for a motor would therefore be:

(K
I’b, damaged ™ (g(a)

Coupling effects with erosive burning mechanisms possible: if the propellant zone near the
surface of the bore or at other highly stressedsai® damaged and is kept under tension because of
the compliance of a lightweight case [10,11,13hated thermal energy transfer induced by a high
cross-flow might be affected by the different nataf the propellant surface. Widely used semi-
empirical models, like Lenoir and Robillard’s, has@nstants which are fitted to match the pressure
traces from development motors [19]; these constawatuld turn out to be different for a damaged
lightweight motor if the surface porosity affedietthermal energy exchange in boundary layer.

J I’b, undamaged (15)

Effects on motor level

Applying structural analysis [11, 13] to a flightight motor we observe that under internal pressure
the inner region of the grain at the bore is subj@¢to tensile strain because of the case comgianc
A mechanically aged grain would satisfy the cowdisi investigated in this study if some

microcrack-induced softening occurred before ignitiit would have layers of propellant with

microcracks kept open by a tensile load duringfitis¢ phase of burning. Depending on the motor’s
geometry and load history a quick estimate inddtat the inner portion of the grain could be
affected by dewetting and microcracks if the mdias been subjected to thermal cycling and is
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designed to achieve a good performance (high watiidn). Notice that chemical aging affects the
same zone of the grain making it more brittle tigtowxidative cross-linking [20]. An excellent
structural simulation of a large motor showing ditribution of porosity in the grain at the bownc
be found in reference [21]. An average 1.5-foldé@ase of the burning rate in the inner 10% of the
web would produce a 5 % decrease in the total bgrtime, with consequences on the overall
performance of the system.

Conclusions

The coupled effect of mechanical damage and loady WsP:HTPB propellant samples has been
modeled, with following results:

For the samples described in Ref. [3], thermal g@nepropagates quickly into cracks and
microcracks at low pressures. Cracks will igniertitg from hot spots. On the other hand, material
previously subjected to dewetting but without csabkirns faster (up to twice as fast).

Mechanical damage coupled with a tensile load cbsitlge burning rate: a correlation between the
burning rate increase and the average state ofglamsing the definitions provided by Swanson and
Christensen’s NLVE material model was obtained.

If a propellant has an optimal degree of saturatibthe binder and an effective bonding agent, the
onset of mechanical damage is delayed and nothapgdns at strain levels below the threshold of
damage. This confirms Summerfield’s suggestionscatdd in ref. [1]. On the other hand, if for
some reason the mechanical properties of the rahtme poor (e.g. if effective bonding agents for
new oxidizer crystals do not exist), then augmeriiathing rate is expected already at very low
strains, since microcracks are generated contitysterting from very low strains.

While the thermal energy exchange into micro- ocmaracks for the samples of this study is
driven by conduction, on a system level, thermahergy exchange into a layer of damaged
propellant at the bore would be heavily intensifieg radiation and convection; a burning rate
increase would occur at all pressures, with paibotinsequences on a system level.
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