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Effects of Inclusions on the Performance of a Solid Rocket

Motor

F. Ponti, S. Mini?, L. Fadigati® and V. Ravaglioli*
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Abstract

Some of the most common defects that can be generated during the production of solid propellant are voids
and porosity, usually associated with the casting process, and cracks and debonding, typically initiated by
the high stresses caused by the curing process. This paper presents the development of an algorithm capable
of evaluating the burning surface regression of a solid rocket booster when inclusions are present within
the grain. The effects produced by the cavities are evaluated both in terms of performance (i.e., comparison
with the behavior of the nominal combustion surface), and in terms of safety (i.e., evaluation of the thermal
protection increased exposure). The paper also documents the influence of uncertainties in the knowledge
of the real dimension and position of the inclusions detected within the motor. The radiography inspection
of the motor is able to detect the presence of cavities within a certain level of accuracy, and the worst
combination of these uncertainties has to be determined in order to guarantee, even under such
circumstances, the safe and successful firing of the motor. The methodology developed in the paper is
adapted in order to identify the worst uncertainty combination, and to subsequently determine the

corresponding performance deviation.
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1 Introduction

The manufacturing process of a solid rocket motor has to be carefully designed in order to obtain a perfect
match between the design specifications and the final geometry, thus ensuring that performance and
reliability are aligned with the expectations. Unfortunately, even a perfectly designed process may involve
issues that can generate undesired defects and deviations [1] with respect to the expected geometry and
properties of the motor [2], [3].

One of the procedures typically susceptible to defects affecting both the performance and reliability of a
motor is the casting process [4]. While casting, for example, the propellant may not adhere perfectly to the
case: in this instance, a portion of the interface surface between propellant and case may detach during the
following manufacturing operations (i.e., vulcanization, handling, etc.). Handling and thermal expansion
may even cause the solid propellant to crack, increasing its apparent porosity. Another issue may be the
presence of cavities within the grain, due, for example, to the high viscosity of the propellant and to a
number of voids forming due to the entrapment of air during the casting phase. The entity of the
aforementioned defects could even degenerate once the combustion process is initiated, and their stability
has to be verified in relation to the loads generated by internal pressure and rocket acceleration [5].

For these reasons, every time a motor is manufactured, an extensive monitoring campaign is performed in
order to check its integrity and the possible presence of the previously mentioned — and other — defects. For
example, the motor may be examined using X-ray, magnetic resonance or ultrasound techniques that allow
to identify the presence of inclusions or detachments, and to evaluate their extension and localization within
the motor [6-8]. Once a single defect or numerous ones are identified, the following task is to quantify the
effects generated by its or their presence, both in terms of performance and reliability, and to determine
whether the motor may be safely and efficiently launched or not [9,10].

One of the most common defects that are identified during the monitoring campaign is the presence of
inclusions within the propellant, resulting from air bubbles, air gaps, and cavities that remain trapped within
the high-viscosity propellant during the casting process. The presence of porosities causes two main effects:
a faster progression of the combustion process, when each inclusion is reached by the burning surface, and
a quicker exposure of the thermal protections, that are reached sooner by the high-temperature gases
produced within the combustion chamber. The first effect causes a change in the instantaneous value of the
surface exposed to combustion, thus modifying the thrust profile and the performance of the motor, whereas

the second one mainly affects the reliability of the motor, since thermal protections are usually designed to
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last for a definite period of time while exposed to the hot gases in the combustion chamber, and a longer
exposure may completely consume the available layer of thermal protection.

If numerous inclusions are present within the propellant, investigating their effect on the performance of
the motor may become even more complex, due to the mutual influence on the progression of the
combustion surface. In addition to this, it should be underlined that the presence of defects is detected
through measurements that are affected by inaccuracies; consequently, the evaluation of the modification
in the performance profile and the reduction in reliability should be carried out so as to take into account
the worst possible effects, identified by combining flaws in the most dangerous possible way.

In the past, many approaches were developed in order to determine the 3D evolution of the combustion
surface of solid rocket motors; some of them were conceived through the so-called level-set method [11]
or by defining a distance function [12-14]. Usually, these types of methodologies are not able to deal with
propellant heterogeneities [15-17] and may provide a performance evaluation only under nominal
conditions. Some of them have been evolved [18-21] to consider the heterogeneities that may be produced
by the casting process [22,23] or by the granulometric composition of the propellant [24-27], whose effect
is a local change of the burning speed [28-31]. In other cases, a meshing procedure is used either to
represent the 3D grain geometry [32—34] or to discretize the 2D burning surface [35-37]. These approaches
may succeed in considering a point-by-point variation of the regression rate, thus simulating the non-
isotropic burning of a typical solid propellant [38,39]; some of them, by the same authors of this paper [40]
have also proven to be capable to treat inclusions and defects [41]. The expected accuracy of these
methodologies is related to the resolution of the meshes generated to describe the 3D or 2D geometries of
the grain or of its surface. The attempt to increase mesh resolution results in a very large number of vertices,
hence in a large computational effort. If the size of the identified inclusions is small, the need to precisely
describe their geometry would subsequently require a really fine mesh, and the number of involved vertices
would increase significantly. In the case of a large number of inclusions found in a motor of great size, the
problem becomes even harder to be correctly solved, and for this reason the number of inclusions that can
be treated with these tools is usually limited to some tenths.

The recent evolution of diagnostic systems made it possible to identify an increasing number of defects of
reduced dimensions [42]. On the one hand, this advancement allows to determine the thrust profile of each
motor with greater precision, and therefore, to assess more accurately if the calculated performance would
fall within the acceptance limits; on the other hand, managing many small-sized defects would make the
task of estimating the precise performance profile of the actual manufactured — and imperfect — motor
harder to be obtained, on account of two conflicting needs, which are: to obtain a good description both of
the defects and of the burning surface of the motor, and to maintain the computational effort at a reasonable

level. For a very high number of inclusions the solution with the existing tools becomes unpractical.
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In order to evaluate the consequences generated by a large number of small inclusions precisely, it is
therefore necessary to develop a dedicated tool which is able to predict both the performance change and
reduction in reliability, given estimates of the dimensions and location of the cavities. This paper illustrates
a new geometric approach that is capable of reaching such a goal for an unlimited number of small spherical
inclusions that are present into the grain, identifying both the ensuing modifications in the performance
profile and the increase in the time of exposure of thermal protections to hot gases. The approach is
developed using the 3D nominal regression of the burning surface as input, evaluated through a solid rocket
motor tool developed by the authors of this paper, namely ROBOOST. The geometric evolution of the
combustion surface provided by ROBOOST is used to assign a web coordinate to each position within the
grain. Such coordinate identifies the distance covered by the combustion process on its path to reach that
position, starting from the initial combustion surface; the developed methodology ultimately allows to
assess the web coordinate variations caused by the presence of the investigated inclusions [43].

Another important attribute of the developed algorithm is the capability of assessing the influence of the
dimension and position uncertainties of the inclusions on the calculated web difference, focusing on the
evaluation of the worst possible combination of the measured uncertainties, both on a global and local scale.
The developed approach has been validated using an example in which an analytical solution is known and
used to evaluate the effects of a large set of inclusions detected on a real rocket; the algorithm has been
finally integrated into ROBOOST in order to increase its capability of simulating solid rocket motors.

The paper is divided into three main sections, organized as follows: the first section presents the developed
approach; the second shows the validation of the methodology applied to some test cases whose analytical
solution is known; the third section discusses the results obtained by applying the algorithm to a real motor

with a large number of identified inclusions.

2 Methodology Description

2.1  Combustion surface nominal regression and web coordinate definition

The first step of the developed methodology is the definition of the web coordinate, w, determined using
the nominal regression of the combustion surface. Web coordinate is indeed defined, for each position
within the grain, as the distance covered by the combustion process on its path, i.e., the total grain thickness
burnt to reach that position. If the propellant has an isotropic behavior, without heterogeneities, the web
coordinate value (from now on referred to as “web value”) corresponds to the minimum distance measured
from the initial combustion surface. If the burning propellant is not isotropic, however, the web value and
the minimum distance may differ, due to the dissimilar regression rates that may be applied in the different

directions of the combustion progression. For this reason, the calculation of the web value is performed by
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assigning to the points belonging to the combustion surfaces, evaluated at each instant of time, a web equal
to the integral of the nominal regression rate with respect to time. If the instantaneous combustion surface
has been calculated by taking into account the non-isotropic behavior of the propellant, the web value will
be determined accordingly. The described approach is also valid for isotropic propellants, since the integral
of the nominal regression rate coincides, in this case, with the minimum distance evaluation. Nevertheless,
its application is more general, since it allows to consider even the potential non-isotropic behavior of the
propellant; for this reason, it is the preferred one. A tool that is capable of calculating the combustion surface
regression also under these conditions has been developed by the same authors of this work and is described
in previous papers on the topic [40]. Since the development of that tool (ROBOOST) is well beyond the
scope of the present study, the details of its working mechanism are not described in this paper, and its
outputs are used, as already mentioned, to obtain the web value. An example of this process is described in

the following Figures, in which the surface regression of a finocyl motor is represented in normalized units.

oo

a) Norm. web 0.00 b) Norm. web 0.32 c) Norm. web 0.64 d) Norm. web 0.96

Fig. 1: Combustion surface at different normalized web coordinates in a finocyl motor

Each of the surfaces represented in Fig. 1 is associated to a precise value of the web (expressed in
normalized units). The web distance between two consecutive surfaces has been fixed as equal to 5- 107
normalized web. The availability of such a large number of combustion surfaces at different web
coordinates allows for the evaluation of the web coordinate value at each internal position of the motor, as
described in Fig. 2, where some characteristic sections are shown.

The web value obtained for each position within the motor can be now represented as a function of the
coordinates of that position, as described by the following equation:

w=w(x,y,z) (1)
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2.2 Evaluation of the path followed to reach the motor case

The same set of combustion surfaces may also be used to evaluate the path that is followed by the
combustion process to reach each of the positions located on the motor case. This can be done by reverse
integrating the local normal to the combustion surface, starting from each location on the motor case, until
a corresponding position on the initial combustion surface is reached. Some combustion paths, obtained for
the same motor geometry considered in the previous figures, are shown as an example in Fig. 3. Knowing
the followed path is important for the evaluation of the danger associated to each inclusion, since an
inclusion that is located on the path followed by the combustion process to reach a position on the motor
case will be more dangerous for that position, with respect to inclusions far from that path.

< o, o, 1.0

Web [normalized]

Fig. 2: Web coordinate representation in some characteristic sections of the motor
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Fig. 3: Combustion paths followed to reach different locations on the motor case

2.3  Effect of a spherical cavity on a grain position

The second step of the methodology is the evaluation of the effects of a single spherical cavity placed in a
generic position within the grain. The spherical inclusion is identified by its diameter D.., and by the
position of its center (Xcav, Veaws Zeav); the use of Equation (1) allows to determine the web coordinate wee,

in which the center of the cavity would have been reached by a nominal combustion:

Ween = W(xcavr Yeavs anv) (2)

The cavity is reached by the combustion process at a web value w., that is lower than we.,, as clearly

displayed in Fig. 4 and reported in Equation (3).

Weav = Ween — Dcav/ 2 (3)
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As soon as the cavity is reached by combustion, its internal surface becomes part of the burning process
and the regression begins to proceed, propagating in all directions.
A generic point P of coordinates (x,, ¥ z,), under nominal conditions, would have been reached by the

combustion process at a web coordinate w;:
wp = w(xp, ¥p, 2p) 4)

Due to the presence of the inclusion, the same point could be reached by the combustion process at a
different web coordinate. Following the combustion path that goes through the cavity, it is then possible to
determine that the generic point could be reached by the combustion coming from the inclusion at a web

coordinate wj ca,, Which is equal to:

Wp cav = Weav + diStp cav — Dcav/2 (5)

where dist, cav is the distance between the center of the cavity and point P (see Fig. 4).

(Xcaw ycaw anv)

cav

cen

(Xor Ypr Zp)

Fig. 4: Graphic representation of the effect of a cavity on a grain position

If wy, v >wy, the presence of the cavity does not produce any effect on the combustion timing for the point
P. On the other hand, if w, . <w;,, the presence of the inclusion causes an advance (AW, cav= Wy ~-W) cav)

of the web value in which point P is reached by combustion, as expressed by Equation (6):

0 , 1fwy ey > Wy,
Wp — Ween — dlStp cav T Dcav, if Wy cav < wy

Ay can = | (6)

The condition expressed by Equation (6) allows to split the web that is reached by the combustion process

after the incorporation of the cavity into two separate regions: the one that is affected by the presence of
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the inclusion (characterized by a positive value of the web advance (zone of influence)); the one that is not

affected by the cavity.

(XEHV' VCBV-' ZEBV)

Zone of influence

Fig. 5: Zone of influence of a cavity

2.4  Effect of a cavity on another cavity

If more than one cavity is present within the grain, they may exert a mutual influence on each other, and

for this reason, the web in which each inclusion is reached by the combustion process may differ from that

obtained under nominal conditions. This scenario is schematized in Fig. 6:

(Xcavll Yeavis anvl)

(XcaVZf Yeava, anvz)

Fig. 6: Graphic representation of the effect of a cavity on another cavity

Weavt
Ween1

Ween2

The second cavity shown in Fig. 6 is reached by the combustion surface under nominal conditions (i.e.,

without any influence from the first inclusion) at a web coordinate:

Weav2 = Ween2 — Dcavz/2

(7)
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Due to the presence of the first cavity, the combustion process may reach the second inclusion through a
path that crosses the first one, at a web coordinate:

Weav2 cavt = Ween1 — Dcavl + diStlZ - Dcav2/2 (8)

The presence of the first cavity determines an advance of the web (Awz;= Weavz -Weavz cavz) In Which the
second inclusion is reached by combustion only when weavz cavs <weavz, Otherwise no mutual influence may

be exerted among the considered inclusions, as expressed by Equation (9).

0 » IfWeaz cavt > Wearz
Ween2 — Ween1 — dlStlz + Dcavlv if Weav2 cavi < Weav2

Aw,, = { ©)

2.5 Effect of two cavities on the position of a grain

The next step is the study of the effects generated by the two inclusions considered in the previous step on
a generic point P of coordinates (x,, ¥, z,). As can be seen in Fig. 7, point P can be reached by combustion
through 3 different paths:

- Nominal combustion reaches point P at web w,, = w(xp,yp,zp)
- Combustion surface coming from the first cavity at web w, — Awy,
- Combustion surface coming from the second cavity at web w, — Awp,

each of them causing a web advance, as expressed by Equation (10).

0
AWpl = Wp — Ween1 — diStpl + Deavt (120)
Asz = Wp — Ween2 — distpz + DL‘a‘UZ + AW21

The shortest path is the only one to be considered to evaluate the web coordinate in which point P is reached
by combustion; the web advance for point P (4w;,) can be therefore determined as the maximum of the web

advances associated to each of the possible paths:

Aw, = max(O, Awpl,Awpz) (11)
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(Xcavll Yeavis anvl)

Weav1

Ween1

Weavz - AWlZ

(XCBVZJ Ycavar anvz)

02

(Xp; yp.' Zp)

Fig. 7: Graphic representation of the effects of two cavities on a generic position of the grain

The approach may now be extended to a generic set of inclusions by simply taking into account that the
web advance of a single cavity is determined as the maximum of the mutual influences generated by all the
other inclusions, each of them considered with its own web advance, in turn caused by the other cavities.

For a generic i-th cavity, out of a set of N cavities, the web advance Aw; can be measured as:

Aw; = max(0,Aw;q, ..., Aw;y) (12)

Even if the process seems complex due to the apparent large number of mutual influences to be taken into
account, it can be strongly simplified by considering a tree of influences between cavities built bearing in
mind that if cavity 1 influences cavity 2, it can be stated that cavity 2 does not influence cavity 1. Such tree
can be built simply by looking at the web in which each of the cavities should be reached by combustion
under nominal conditions, referred to as we., and then by sorting them using this quantity. The influence
on a specified cavity 7 by another cavity jis studied only when weay .> Wearj- Wio,, Where wy, is a tolerance
value that guarantees that the influencing cavities are considered even when the initial order is changed by
the application of the relative influence.

Once the web advance Aw;has been measured for each inclusion, the effect of the N inclusions on a generic
point P within the grain can be obtained as the largest value among the web advances generated by each

cavity on that point:
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Awy, = max(0, AWy, ..., Aw,y) (13)

If point P is located within the grain, the methodology presented above allows to evaluate the burning
surface change that is caused by a given set of inclusions and, consequently, also the performance variation
of the SRM under study. If point P is located on the thermal protection, the evaluation of the web advance
allows to estimate the increase of exposure to the hot gases generated by combustion that the set of cavities
is causing on that point of the thermal protection.

The methodology described in this paper is based on a scenario involving spherical cavities because they
are the most common type of inclusions that can be observed and detected in a solid rocket motor. However,
such approach can be extended also to cavities with a generic shape simply by considering their shape as
obtained from a combination of elementary inclusions shaped like spheres. Such a process may always be
set up to describe generic shapes, the only side effect being the increased number of cavities to be

considered.

2.6  Effect of uncertainties
The effects discussed in the previous sections are computed using the nominal diameter and positioning of
the cavities. Each cavity is known through experimental observations of the manufactured motor, and
nominal diameter and position are affected by uncertainties that can produce different evaluations of the
web advance. The goal is to evaluate the worst-case scenario by taking into account all the uncertainties.
In order to perform this operation, the effect of a single cavity on the web advance of a generic point is
studied, as obtained through Equation (6):
- The larger the diameter of the cavity, the larger the effect on the exposure map (since it implies a
larger value of D¢y in Equation (6));
- The effect generated by a cavity on the point under study is most substantial when the cavity is
located along the path followed by the regression surface to reach that point (this implies a lower

value of ween+dist, cav, that appears with a negative sign in Equation (6)).

The same considerations may be extended also to a combination of two (or more) cavities:
- The larger the diameter of each cavity, the most pronounced the combined effect;
- The more the cavities are aligned along the path followed by the regression of the surface, the

most pronounced the effect on the point under study.

Figure 8 describes the concept of cavity alignment, highlighting that for each position within the grain, the
worst condition for that position would be obtained by applying the uncertainties with different

combinations.



274

275

276
277

278
279
280
281

Ween1

Cavity 1 ™ —. -

m— Nominal
dimension
and position

- Maximum
dimension

—.—.- Maximum -—-] Cavity 2
center N
position f
inaccuracy \

= \Norst case
for Point A

\~
~

l‘ chr"l
NN
Cavity 1 ™

Nominal
dimension
and position
- Maximum
dimension
—.—.- Maximum
center
position
inaccuracy

avity 2

Ween2

= \Norst case
for Point B

Point A Point B

Fig. 8: Graphic representation of the worst-case inaccuracy application for two different points A
and B

Based on these considerations, it can be stated that the absolute worst combination of inaccuracies does not
exist, since the worst-case configuration may differ for each point. If these considerations are applied to the
motor case, this means that the worst possible web advance should be evaluated independently for each

position on the case. By combining the worst-case conditions for each point on a surface (e.g., the thermal
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protection surface), it is possible to obtain a map that can be referred to as the worst-case map for that

surface.

3 Methodology Validation

3.1 Comparison with test cases
The developed methodology has been used to determine the variations of the burning surface due to the
presence of cavities for three test cases, whose results can be determined through simple geometric
considerations. The three cases have been designed to investigate different types of interaction between the
burning surface and the inclusions, also considering different mutual influences that may be exerted among
cavities. In all test cases, a planar combustion surface has been considered to guarantee a precise evaluation
of the ideal surface variation; the planar surface incorporates one or more inclusions in the following way:
A. Asingle inclusion;
B. A sequence of two inclusions placed along the same combustion progression line;

C. Two identical inclusions located at the same web coordinate.

For each test, the nominal combustion surface has been discretized using a triangular mesh, and the effects
of the cavities have been evaluated by applying the described methodology to each vertex of the mesh. The
extension of the nominal and the modified surface has been determined by summing up all the areas of the
mesh triangles. Finally, the difference between nominal and modified areas has been compared with the

same difference obtained through geometric computations.

3.1.1 TestA

A single inclusion with a diameter D..,=16 mm and center (Xcavw, Vean, Zeav) = (0,100, 0) mm is incorporated
by a planar combustion surface characterized by a regression direction aligned with the y-axis. When the
surface reaches a position in the y direction equal to 140 mm, the effect of the cavity appears as a spherical
cap, with radius R equal to 56 mm and cap height A equal to the inclusion diameter of 16 mm. The surface
of the spherical cap can be measured as 2zRh, whereas the surface of the plane that is substituted by the
spherical cap is equal to z(R?-(R- D.a,)?). The surface increase due to the cavity is therefore the difference
of these surfaces, equal to 7A?=804.25 mm?.

Figure 9a reports the result of the methodology described in the previous section applied to a triangular
mesh with a maximum edge size equal to 0.4 mm. The estimation of the surface increase is 799.50 mm?,

with a percent error of 0.59%.
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3.1.2 TestB

Two inclusions with diameters D..,;=16 mm and De.,>=8 mm and centers (Xcavz, Yeavs, Zeavi) = (0, 100, 0)
mm and (Xeavz, Veavz Zeavz) = (0, 130, 0) mm are incorporated by a planar combustion surface, in a similar
way to what was described in Test A. When the surface reaches a position in the y direction equal to 140
mm, the effect of the cavities appears as a combination of two spherical caps, with radiuses R equal to 56
mm and 34 mm respectively, and cap heights #equal to 16 mm and 24 mm respectively. The intersection
between the two spherical caps is observed at a height equal to 8 mm, meaning that the first 8 mm of the
combined surface are obtained as a portion of the first spherical cap (that becomes a spherical sector of
height A7), while the following 16 mm are the final portion of the second spherical cap of height 4 (see
Fig. 9b for more details).

The extension of the described surface can be therefore evaluated as the sum of the area of a spherical sector
and a spherical cap, obtaining 2 zR;h;+2 =Rzh2, whereas the surface of the plane that is substituted by the
spherical cap is equal to z(R:?-(R:- Deav1)?). The surface increase due to the cavity is therefore equal to the
difference of these surfaces, amounting to 1407.44 mm?-.

Figure 9b reports the result of the methodology developed in this paper applied to a triangular mesh with a
maximum edge size equal to 0.4 mm. The estimation of the surface increase is 1401.20 mm?, with a

percent error of 0.44%.

3.1.3 TestC

Two inclusions, both with diameters of 20 mm and centers (Xcavz, Veavt, Zeavs) = (0, 140, 16) mm and (xcavz,
Veavs, Zeav2) = (0, 140, -16) mm respectively are incorporated by a planar combustion surface in a similar
way to Test A. When the surface reaches a position, in the y direction, equal to 140 mm, the effect of the
cavities appears as a combination of two portions of spherical cap, with radiuses R equal to 20 mm, cap
heights 4 equal to 20 mm, with a missing portion of cap whose height is 4,=4 mm (see Fig. 9c for more
details).

The extension of the described surface can be evaluated as the sum of two semispherical caps (thus
obtaining a spherical cap), whereas the surface of the plane that is substituted can be obtained as the sum
of two circular segments. The surface increase due to the cavity is the difference of these surfaces, which
is equal to 2141.42 mm?-.

Figure 9c reports the result of the methodology developed in this paper, applied to a triangular mesh with
maximum edge size equal to 0.4 mm. The estimation of the surface increase is 2133.70 mm?, with a

percent error of 0.39%.
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Fig. 9: Results obtained in three different test cases

The obtained error for the test cases taken into account is satisfactory and allows to state that the validation
of the methodology has been successful. Nevertheless, accuracy depends on the chosen resolution to
generate the mesh used to describe the surfaces. An investigation of the effects of the resolution has been
carried out obtaining the results shown in Fig. 10. As can be observed, in order to obtain an accurate
evaluation of the effects generated by the cavities taken into account, the maximum edge size should be
lower than 1 mm. Since the diameter of the inclusions ranges from 8 to 20 mm, it can be stated, as a general
rule, that the dimension of the edge size of the mesh should be smaller than 1/10 of the diameter of the

cavities under investigation.
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Error [%]

0 1 2 3 4 5 6 7
Triangle side size [mm]

Fig. 10: Percent error variation as a function of the mesh edge size

4 Results and discussion

The developed methodology has been used to investigate the effects generated by a large number of cavities
found on an actual motor. A significant number of cavities (670) had been generated during the casting
process of a segment of the Ariane 5 solid rocket motor namely segment S3. The presence of the cavities
has been detected through the diagnostic procedures that follow the manufacturing phase, by employing an
X-ray instrumentation.

Since the detected cavities are localized in a relatively small portion of the motor, the investigation of their
effects was focused on that portion, thus neglecting a large part of the original geometry, and considering
only the interesting one. The geometry of the part considered in for the present study is represented in Fig.

11, together with the location of the detected cavities. Neglecting the portion of the motor with no detected
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inclusions is useful to reduce the computational effort needed (the higher the extension of the motor, the
larger the number of triangles to be used to cover the entire combustion surface), and/or increase the
accuracy of the evaluations.

Fig. 11: Geometry of the investigated portion of the motor with the detected cavities

The portion of the motor has been studied in its nominal configuration to identify the web coordinate and
the path followed by combustion to reach the motor case, so as to develop the methodology used to evaluate
the effects of the cavities precisely. The process that allows to determine this piece of information requires
the knowledge of the combustion surface regression at different web values, obtained through the tool
introduced at the beginning of this work (ROBOOST) and displayed in Fig. 12:

a) Norm. web 0.15 b) Norm. web 0.45

¢) Norm. web 0.75

Fig. 12: Regression of the combustion surface at different web values



389  The extension of the combustion surfaces measured at different web coordinates by ROBOOST has been
390  displayed in Fig. 13 as a function of the web coordinate, represented in a normalized form for confidentiality
391  reasons. Since the surface is evaluated on a portion of the entire motor, its waveform does not represent the
392  complete generated thrust directly, even if the difference caused by the inclusions is the same as the one
393  that affects the whole motor.
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395 Fig. 13: Combustion surface vs web coordinate

396  The knowledge of the combustion surfaces reported in Fig. 12 allows to determine the web coordinate
397  value, shown in Fig. 14, following the same procedure already described in a previous section of this paper.
398  As for Fig. 15, it illustrates the lines describing the path followed by the combustion process to reach each

399  of the available positions on the motor case.
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401 Fig. 14: Web coordinate representation for the longitudinal section of the motor
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Fig. 15: Combustion paths followed to reach the different locations on the motor case

As already mentioned, 670 cavities with a diameter ranging from 5 to 14 mm have been detected on this
motor; consequently, a very fine mesh was required to describe the surface regression. The location of each
cavity has been used to evaluate the web coordinate of the centers, and to sort them based on the expected
order of incorporation into the combustion surface (i.e., based on the web coordinate). This piece of
information is very useful to determine the mutual influence of the various inclusions efficiently, as already
explained in a previous section. Fig. 16 illustrates the number and total volume of the cavities as a function
of the web coordinate, showing that the largest part of the inclusions is contained in the first half of the web
coordinate (i.e., approximately in the first half of the duration of the combustion).
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Fig. 16: Number and total volume of inclusions vs web coordinate
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The effect of the detected inclusions can now be evaluated both in terms of performance modification (i.e.,
combustion surface changes), and in terms of longer exposure of the thermal protections of the motor case
(i.e., web coordinate advance).

4.1  Effects on performance

The evaluation of the combustion surface change is performed by applying the methodology to each vertex
of the mesh describing the burning surface at the different web coordinate values. Based on the
considerations made in the validation phase of the procedure, the chosen edge size is 0.5 mm. The evaluated
web advance has been used to represent the motion caused by the inclusions on each vertex, thus obtaining
a geometrical representation of the modified surfaces, some of which are shown in Fig. 17. The regions
affected by the inclusions are represented in a darker gray in order to better highlight them. As it can be
noticed, even if the initial dimension of the inclusions is relatively small (see Fig. 17a), the extension of
their effect spreads around due to the regression process (see Figures 17b and 17c).

Figures 17a-f show that all the inclusions generate effects within the portion of the motor that has been
selected, thus confirming that the choice of taking into consideration only a portion of the original motor
with the purpose of reducing the computational effort was right. Another aspect to be highlighted is the
effect produced by adjacent surfaces characterized by different regression directions, such as the one that
occurs in the lower part of the selected portion of the motor. Due to this, the initial circular shape of the
inclusion located lowest in the drawings is progressively cut and modified by the advancement of the

inclined burning surface connecting the cylindrical surfaces at the bottom and top of the motor.
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Fig. 17: Combustion surfaces at different web coordinates affected by the inclusions

The evaluation of the change of the regression area is reported in Fig. 18. The instantaneous absolute value
can be as high as 7% of the maximum nominal combustion surface, even if the dimension of the inclusions
is small. The maximum instantaneous absolute difference is located at approximately 55% of the web
coordinate, in the region where the largest cylindrical portion of the motor’s internal surface reaches the
thermal protection layer. Such a large difference is due to the advance with which the thermal protection is
hit, and to the corresponding reduction of the burning surface that disappears when the case is reached. It
should be underlined that this large value is obtained because only a portion of the entire motor is
represented. The value would have been lower than 1% (and, therefore, acceptable) if the total motor had
been taken into consideration.
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Fig. 18: Combustion surface percent variation vs web coordinate

During the first half of the propulsion phase, the combustion surface variation is positive, meaning that the
amount of propellant burnt during that phase is larger than the nominal one. This is due to the propagation
of the combustion surface, starting from the cavities, that increases the extension of the burning area and
also the amount of propellant involved in the combustion process. In order to quantify this effect, the

volume increase of burnt propellant with respect to the nominal condition is reported in Fig. 19.
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Fig. 19: Burned volume vs web coordinate

As can be observed in Fig. 19, the volume difference is quite high in the first half of the propellant’s burning
phase, with a peak in volume difference that is a lot higher than the total volume of the cavities. As already
mentioned, this is due to the spreading of the burning surface of the cavities once they have been

incorporated into the combustion process. At a normalized web equal to 0.55, this effect disappears since
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most cavities are located in the upper region of the portion of the motor, characterized by a larger internal
diameter and therefore a shorter burning time. The final value of the volume difference will be negative
and equal to — in absolute value — the total volume of the cavities (reported in blue in Fig. 19), since the

volume of the inclusions is filled with propellant in the nominal case, and empty in the real case.

4.2  Effects on the exposure time of thermal protections

The evaluation of the exposure time increase for the thermal protections is studied by applying the
developed methodology to each vertex of the mesh describing the thermal protection surface. The smaller
the mesh edge size, the higher the accuracy of the web advance obtained, as already discussed in previous
sections. For this reason, the chosen mesh edge size is 0.5 mm. Fig. 20 shows the web advance value for
the thermal protection surface, represented as a function of its curvilinear and angular coordinates (Fig.
20a) and reported on a 3D representation of the surface (Fig. 20b).

o
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[ [\ w () e
o w o [4)] o
Web advance [mm]

Case curvilinear normalized coord. [-]

0
-180 -135 90 45 0 45 90 135 180
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a) Web advance represented in curvilinear and angular coordinates

b) Web advance reported on the thermal protection surface

Fig. 20: Web advance obtained on the thermal protection surface
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The same values are also reported on a waterfall representation in Fig. 21 in order to highlight the peak
values, which appear to be as high as to 32 mm. Each web advance value obtained should be now checked
to verify if the thermal protection is able to survive to the additional exposure to the high-temperature hot
gases in the combustion chamber. Since the thickness of the thermal protection for this motor is a function
of the curvilinear coordinate of the case only (i.e., the thickness does not vary in the angular direction), the
piece of information that is needed to complete this check is the maximum web advance for each value of

the curvilinear coordinate, as reported in Fig. 22.

0.5
0 45 90135189 0 Case curvilinear

Angle [deg] normalized
coordinate [-]

-180-135 .90 .45

Fig. 21: Waterfall representation of the web advance

The values reported in Fig. 22 have been obtained by simply considering the maximum web advance
estimated for each case curvilinear coordinate. Since the maximum diameter of the detected cavities is equal
to 14 mm approximately, and the maximum web advance is more than twice that value, there is a strong
effect of mutual influence between inclusions. In particular, the highest value is the effect of the
combination of 5 cavities (with a maximum nominal diameter of 11.5 mm) which are almost aligned on
the line that describes the path followed by combustion to reach the corresponding position on the thermal

protection.
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Fig. 22: Maximum value of web advance as a function of case curvilinear coordinate

4.3  Effect of uncertainties

The final point to be evaluated in the present study was the effect of the uncertainties on the properties of
the cavities. The assumption is that the maximum uncertainty on the diameter of each cavity is 1 mm,
whereas the knowledge of the position is less accurate, and the inaccuracy can be as high as 10 mm. This
larger inaccuracy stems from the fact that the position of each cavity is obtained by matching together
different views of the same cavity, obtained through X-ray investigations of the same grain portion seen
from different view angles.

The methodology described in the previous section has been employed to determine the worst condition for
each point on the thermal protection surface. As already mentioned in the methodology description, each
thermal protection surface point has its own worst condition, determined by a dedicated application of the
inaccuracies (especially in terms of position). For this reason, the worst global condition is the collection
of all the worst results determined for each position on the investigated surface and obtained with different
cavity configurations. The worst global condition represents a collection of web advances that can be
obtained locally but cannot be obtained with the same intensity starting from a single cavity configuration.
The comparison between the maximum web advance for each value of the curvilinear coordinate under the
nominal cavity configuration and the one resulting from taking into consideration the collection of the worst

cases is shown in Fig. 23.
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Fig. 23: Comparison between nominal inclusion configuration and worst case

The total number of simulations performed to determine the worst condition for each point of the thermal
protection surface was equal to 275 000 and required approximately 70 hours of work to be completed.
The highest value of the web advance is still in the same position, even if its value is higher by 20 mm,
amounting to a 60% increase. That increase cannot be explained simply by considering the diameter growth
introduced with the uncertainties, since the 5 cavities involved in the nominal configuration to generate the
maximum web advance level would have generated a 5 mm increase maximum. This means that other
cavities exert an influence for that position once they have been considered in their most dangerous position:
as a matter of fact, the total number of cavities playing a role rises to 9.

The difference obtained between nominal cavity configuration and worst-case application of the
inaccuracies highlights the importance of considering this effect. The increment of the highest web advance

is indeed substantial, and its exact evaluation is crucial in guaranteeing the safety of the motor under study.

5 Conclusions

A methodology to evaluate the effects of cavities inside the grain of a solid rocket motor has been developed
and validated. The methodology has been presented in detail by taking into account inclusions with a
spherical shape, however, it may be extended to cavities with a generic shape by simply considering them
as being composed of a set of spherical inclusions. The output of the developed procedure is the change in
burning surface (linked to the change in internal pressure and generated thrust), and the variation of
exposure time of the thermal protection surface. This set of information is needed each time a set of
inclusions is detected inside a manufactured rocket to make sure that the motor can be safely launched. In

the validation phase, the methodology was proven effective as long as the dimensions of the edge size of
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the mesh employed to describe the burning surface and/or the thermal protection surface is small enough.
Under these conditions, it is indeed possible to guarantee an accuracy that remains under 1% of the
variations generated by the presence of the cavities.

The procedure has been extended to assess the effects generated by the inaccuracies in the measuring of the
dimension and position of the cavities — usually detected through X-ray inspection of the grain. The
outcome of the methodology is in the collection of the local worst-case scenarios, obtained as the result of
the combination of the most dangerous positioning and sizing of the inclusions within the inaccuracy limits.
The algorithm has been applied to an actual motor containing a large number of inclusions (670), produced
during the manufacturing process. The methodology was proven effective in the evaluation of the
consequences caused by the presence of the cavities, highlighting their mutual interactions that would not
have been otherwise considered. The highest exposure advance of the thermal protection surface was
located in a region in which 5 different inclusions were interacting, generating an advance approximately
3 times higher than the maximum diameter of the largest cavity of the cluster. The methodology can be

applied to any motor simply by knowing its geometry and dimension and location of its cavities.

Nomenclature

D.qy = diameter of the cavity [m]

dist;,= distance between the centers of cavity 1 and cavity 2 [m]

dist,; = distance between point P and the center of cavity 1 [m]

disty, = distance between point P and the center of cavity 2 [m]

distycq, = distance between the center of the cavity and the generic point P [m]

w = web coordinate [m]

Wqqy, = Web coordinate in which the cavity is incorporated into the burning surface [m]

Weav2cav: = Web coordinate in which cavity 2 is reached by the combustion coming from cavity 1 [m]
Ween, = Web coordinate of the cavity center [m]

wy, = web coordinate on a generic point P [m]

Wpeav = WeDb coordinate in which point P is reached by the combustion coming from the cavity [m]
x = coordinate of points along x-axis [m]

y = coordinate of points along y-axis [m]

z = coordinate of points along z-axis [m]

Aw,, = web advance caused by cavity 1 on cavity 2 [m]

Aw; = web advance on the i-th cavity caused by a set of cavities [m]
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Awy,
Awy,q

Awy,;,

= web advance on point P caused by a set of cavities [m]
=  web advance caused by cavity 1 on point P [m]

=  web advance caused by cavity 2 on point P [m]

Awpcq, = Web advance caused by a cavity on point P [m]
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